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SIMULTANEOUS ADSORPTION OF CESIUM AND SODIUM
CATIONS ON PLATINIZED PLATINIUM

V. E. Kazarinov and O. A, Petril UDC 541.135.52.92~-183

Using the radioactive indicator method, we have investigated adsorption of Cs* and Nat cations from
solutions of 10~% N (Cs,S0, +Nay;SOy) +1073 N H,S0, at the reversible hydrogen potential (¢, =0) and from
10~2 N solutions of (NaOH + CsOH) at different potentials. When ¢ =0, preferential adsorption of Cs* ions
is observed. In an alkaline solution, preferential adsorption of Nat ions is observed on oxidized platinum,

From the data thus obtained we calculated the selective adsorption constant Kg=(Tcg+ / I'n a+) X
(cNat/ccgt), Where I'gg+and INgt+ are respectively the Cs* and Nat adsorption values, and cgg+ and
cNa+ are their concentrations in the mixture. The value of Kg depends on the potential, the solution pH, and
the concentration ratio cgg+/Cya+, and decreases with an increase in the latter.

The experimental data were processed by two methods: by the formal thermodynamics used for des-
cribing adsorption on ion exchangers, and by means of Temkin and Frumkin isotherms for a mixture of two
substances. :

Quantitative data characterizing the relation between adsorption of Cs* and Na* cations (specifically
adsorbed on a platinum electrode [1-7]) are necessary for understanding the structure of the double elec-
tric layer. Such data may also be of independent interest as regards selectivity in the theory of ion-ex-
change processes. When platinized platinum is used as the adsorbent, the factors governing selectivity be-
comerevealed more readily because, ifthe concentrations are nottoo low, diffusionlimitations are than virtually
absent and swelling of the adsorbent is excluded. Furthermore, one may also affect the selectivity of the
process by controlled change of the interface potential.

We investigated simultaneous adsorption of Cs* and Na* cations on a platinized platinum electrode in
an acid (pH 3) 1072 N solution of (Cs,SO, + Na,S0,) at the reverse hydrogen potential and in an alkaline solu-
tion of 1072 N (CsOH + NaOH) at various different potentials. The adsorption value was determined by
means of Cs!3¢ and Na?? isotopes, the procedure being the same as described in [8]. The electrode prepara-
tion conditions, the method for determining the true surface, and the solution preparation procedure were
the same as described in our previous communications, for example, in [1, 5]. The experiments were per-
formed at room temperature (20 +3°C). The potentials ¢, are relative to a reversible hydrogen electrode
in the same solution. The order of the experiments was as follows. Solutions containing Cs* and Na*
cations were poured successively into the cell in a specific ratio. In the first series of experiments the
solutions were labeled with radioactive cesium, the second series with radioactive sodium.

" The electrode potential was measure by a P-5827 potentiostat, but in the case of measurements at the
reversible hydrogen potential we saturated the solution with hydrogen. The electrode was kept in the solu-
tion of given composition for 15 min. Special experiments showed that, in agreement with [9], this period ‘
was sufficient to establish adsorption equilibrium. Owing to the high process rate (~90% in 5 min), quanti-
tative investigation of the exchange kinetics by this procedure was impossible..

Particular interest is attached to the exchange kinetics of adsorbed Cs™ ions on Na* cations at ¢,=0
and of adsorbed Nat cations on Cs* cations on oxidized platinum in alkaline solutions, i.e., as will be shown .
below, the exchange kinetics of preferentially adsorbed cations on less strongly adsorbed cations. In these
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L pC/cm; cases, after rapid exchange of the bulk of the adsorbed cations on the - -
2 / electrode surface, 10~15% of the initially adsorbed cations remains, B
even after 30 min. An explanation of this requires a special investi-
10 gation. Bearing in mind our previous remarks, in the investigation - -
of coadsorption of Cs* and Nat ions the experiments were always be-
0 gun with solutions containing an excess of less strongly adsorbed
wf <t fons. | :
/ / 2 ’
ok i 1 The experimental data are given in Fig. 1 a-f. The data of
2 Fig. 1c were obtained at an electrode, the potential of which was
R brought from ¢ =0 to ¢,,=1.2 V in a solution of 1072 N CsOH (NaOH)
c £ with a current of 0.1 mA/cm? on the visible surface. Thirty minutes
20 / - 120 after the current was switched off, the potential was established at
/ ~1.1 V-and its subsequent rate of displacement during purging of the
nr 2 i 0 cell with argon was less than 0.5 mV/min. As follows from the ;
p] i Z charging curves, such an electrode state is characterized by cover-.
0 woo s, N0, age of ~50% of the Pt surface atoms by adsorbed oxygen. - The data
of Fig. 1 d-e were obtained for electrodes preliminarily oxidized in a
Fig. 1. Tggt (1) and GNa+ 2), - CsOH (NaOH) solution or in 0.1 N H,S80, at oxygen evolution pobéntjal_s.

A change in the current density in the range 0.1-1 mA /cm? on the
visible surface, and of the duration of polarization in the range 10-60
min, had no effect on the adsorption measurements. Such electrode
preparation corresponds to approximately monolayer coverage of the
platinum surface by adsorbed oxygen. The residence time of the
electrodes after switching off the polarization in CsOH and NaOH solu-
tions reached 30 min, which was necessary to attain steady values

of Cs* and Na* adsorption. e R

plotted vs solution composition:
a-e) 10°2 N MeOH: a) ¢r=0; b)
¢r=0.55; ¢) ¢r=1.1; d) prelimi-
narily anodically oxidized elec-
trode in a solution of 10~ N
NaOH (CsOH) by a current of

5 mA/cm? for 10 min; e) elec-
trode preliminarily anodically

oxidized in 0.1 N H,;S0,, as in It will be seen from Fig. 1 that in both alkaline and )acld%}ilu} .
previous case; f) 10-2 N (Na,SO, + tions, at the reversible hydrogen potential we observe preferential -7 "

Cs,S0,) + 1073 H,SO,; ¢p=0. _ adsorption of cesium cations. In an alkaline solution, as the potential
changes toward the anode side, the difference between the adsdrba.bil}- '
ties of Cs* and Na* cations begins to decrease, and preferential adsorption of sodium cations is already ob-
served on an electrode oxidized at oxygen evolution potentials. The results shown in Figs. la and lfygx_'q’ e
briefly discussed and compared with analogous data for a mercury electrode in [7]. - T
Let us examine the experimental data from the viewpoint of ionic equilibria. From the quation‘ of . :
electrochemical potentials of ions of the same type in the adsorbed state, (w)* and in solution, @.}ar;_@_}froxp .
the equation for electrochemical potential in the form ' - : S ] IR
m=pd+ RTlhae +zFe - e
' he stan (=1t follows -

7

where a 1' is the‘rl_oni:c acti;rii:y, zi is the valence, pdis the standard chemical potential, whgn z
that o . s
5% + RT 10 8css — pias — R Mo = — FAGesrr @

V fida+ + RT InGyas — Plat - RT lnc;;a‘«\ = — FA@ya+- : S B @

in wﬁich \vtlhese’ ion_si are a.d- _
Su (3) from

The pofentiéls A?Cs* a.zi_d A(pﬁé# édrréspond tothe potentials of the plangs
sorbed, with respect to the potential in the bulk of the solution (the ¥ pqtential)f _ Subtgactjpg Ed.
Eq. (2) and making simple transformations, we get - - R LCR L R

Gt _or ;&4+;§a+;uas;'—'p&;;]
Frevwehahid A RT ‘
F{Apesr — A‘PNaj*) ] =’ K,éxP [__ ‘?(AT@+ — AQya+ ] ,

@)

*Here and.‘belo‘wy, symb'o'lsbwith a wavy line above them denote adsorbed ions.
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Fig. 2. Ratio Igg+/T'Nat plotted vs cog+/Cyg+. Notation same as

in Fig. 1. The dashed line is a plot of PCS+/rNa+ VS Cogt/CNat for
an ideal system.

Fig. 3. Kg plotted vs ratio of Cs* and Na* ionic concentrations in the
solution. Notation same as in Fig. 1.

where K is the thermodynamic equilibrium constant. Since the emeriménts

bgK
i ;» were performed at constant ionic strength in relatively dilute solutions,
AN the ionic activities in the solution may be replaced by the concentrations.
15 B The activities of the ions in the adsorbed state are replaced by the product
’ of the activity coefficients f' by the surface concentration. Hence
l f’(;s«c- I‘cyc,\va), . [ F ] )
\\\: f'—Na; 11N3+ch+ .._Kexp W(A(pcs+ A(PN3+) . (53.)
0,5[x b
c The method of expressing the volumetric and surface concentrations is
ok irrelevant because they are present in Eq. 5a as ratios, Transposing the
. activity coefficients to the right-hand side of Eq. 5a, we get
-0,5 -1 . Tesr  exas [ et [ F ]
) = ——— — Ay 5b
or 47 45 07 ”fbw T or K T exp| — 7 (A%cs+ — APxas) | - (5b)
Fig. 4. Log Kgvs I'g+ The left hand part of Eq. (5b) can be determined directly by experiment.
Notation same as in Fig. 1. However, a quantifative verfification of Eq. (5b) is at present imposs1ble

because the specific form of the exponential term and the ratio fNa+ /f(38+
are unknown. A verification is apparently only possible after further development of the theory of the
double electric layer formed by specifically adsorbed ions of two types. The experimental data were there-

fore processed by the procedure used in the theory of 1on-exchange equilibria, namely Eq. (5b) was written
1n the form : e

Teaf (‘l.s+ CNA; S S ' o N
o Cst/Cst  CNav 6
I’ Na+f Nat Ccg+ K ( )

In this equation
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fcg+ = f'c" exp [—ig’,—' A(P@+]. a fN.+ = f;;.; [exp RI; A(PN”].Q
Thus fgg+ and fNa" also reflect the difference between
the plane potentials of the adsorption of differentions.
Equation (6) may be regarded as the adsorption isotherm ,”“ "
of two substances. Deviations from the Henry isotherm - .
are formally taken into account by introducing the ac- 7
tivity coefficients, Lo , :

10

Equation (6) is written in the form

0 ) Test  Cna+ f ﬁn Lo
S T o~ K Jou = Ks m
B Lo

“ne The value of Kg , the selectivity constant, can be calcu-

Fig. 5. Log Ks plotted vs log ccg+/cNat+. Nota- lated from the experimental data. The marked deﬁen- ‘_ 
tion same as in Fig, 1. dence of Kg on cog+/cnat (Figs. 2, 3) indicates devia~ -
: ' tion of the properties of this system from an ideal sys- R

| ti_t‘em, and also that fNa.+ andfCS“f depend on Ty +and . | s

; As shown in [10], the properties of such a system may be analyzed by means of the Gibbs-Dubhem.

! equation and by selecting a standard state for the adsorbed ions, different from that for ions In solution.* -

f In this ca,se}"Me+ is taken as 1 at complete coverage of the surface by ions of the given type. In our system
! this state corresponds to the presence in solution (and therefore on the electrode) of only C‘s'f b; Na"j ions,"
Such an approach enables one to calculate the thermodynamic exchange constant K, and also the dependence -
of fMe* on surface coverage by ions of given type. For our systemt, such relationships have ;Qg form. .-

1( 1T . . - 3 .

! InK = \In K,dfom, @

I . s 1 o L o~ D RS SN ‘\\ ; N )

1 S " hfe=—0—Te)hk — {mkdlon, @
= _ o | » e

i where TyMe+ denctes the mole fraction of the given cation in the adsorbed state; .

CFgem o Tor
S Ter o Dray
«  Twe . R :
Pres = I'nat + Tes+ ! . - L " 1;-". s et N

2

:- fw’*‘fﬁu.—:i.‘ '.‘:’.' N . i o3 i o 1
Figu:"é‘;plots log Ké vs sz-a-. The solid lines are t'h‘eirctirve.s obi;é.inéd by direbtpglwlatlon;from the ex~ e
perimental data. Although possible in principle, measurements of the adsorption values of cesium cations o
at low (< 5°10™* M) concentrations involve specific experimental diffiquli?igs. To determl)ne the dependence - .
of T'cgt onlog Kg in the I'cg+ region where direct measurements °f\rCs_+ were not made, we th_‘e;efgrfa A
used the following Pi'Qgedure, : o ) . T B
*A detailed eprsition of such an approach to the exchange»thermpdynauﬂcs is given, for gxample, in [11-15}. . 5
t In contrast with the system examined in [10], our system is not a two-component system, but a po s{cf:‘r;po-- o,
nent one, and the total amount of adsorbed ions does not remain strictly constant. Ifowevez, the fir ; or v
is of no significance because all the experiments were performed at constat.lnt g?;:ntxa&l (¢r t—icon:gl :t.t;oncgz;-, -
; : : £ the solution, therefore the corresponding terms in the Gibbs adsorption o=
ey stant ionic strength of the soluti re the corr in. mind that the change In the charge Is

1 ‘ small, Egs. (7), (8), and (9) may be regarded as a first approximation. o S

EERALE ]

~

S come zero. The second factor is more significant, but, bearing




» 0.'5 /,lo N
Ttse 49 O, 50, !
Fig. 6 Fig. 7 i
Fig. 6. sz‘* (1) andia+ (2), plotted vs FCS"'; a, b, f were plotted
for the same conditions as in Fig. 1.

Fig. 7. T g+ plotted vs logarithm of the concentration: 1) 1072 N
CsOH + xNa,SO,, ¢,=0; 2) in the same solution on an electrode pre-
liminarily oxidized in acid; 3) 2-107% N Cs,50; + xN Na,S0;, ¢, =0,
pH=3.

It will be seen from Fig. 5 that to a first approximation a linear relation exists between log Kg and
log (cCs+/cNa+) in a wide range of log (ccg+/cNat). The latter was extrapolated to the region of low
cesium concentrations (the dashed sectors of the straight lines). Then, assigning values to Kg and finding
the ratio ccs*/cNa+, from the ratio (Icg+ Cngt/Tya*t €Cs™ Kg), we determined the mole fraction of cesium
cations in the adsorbed state, I'cg+ , at the given Kg. The~dependence thus obtained are represented by

the dashed sectors of the curves in Fig. 4. The values of fcg+ and th’\Ia“‘ for different FCS+ were then cal-
-culated from Egs. (8) and (9). The results are given in Fig. 6. It is of interest that the adsorption potential
has little effect on the dependences of fcg+ and fNa* on T'ggte

Thus the introduction of the activity coefficients of the ions in the absorbed state enables one to
describe quantitatively the adsorption isotherm of two ions on a platinum electrode.

From the analytical expression of the data of Fig. 5 in the form
lg K, =IlgK' — alg (ccst/enat) (10)

and the expression for Kg=(I'gg+ /rNa+) (cNat/CCst), We can obtain an empirical equation for the adsorp-
tion isotherm: : - , . ,

Tost/Trat = K’ (costlegas)*.

This equation is similar to the Baedeker~Freundlich equation, widely used for investigation of ion ex-
change [14]. :

Calculating the thermodynamic equilibrium constant from Eq. (7), we can find the standard free energy
of exchange AG=-RT In K, i.e., the energy gain obtained by replacement of one mole of adsorbed Cs*
cations. It was found that in the case of a solution [10-% N (Cs,SO, + Na,SO,) + 10-% N H,80,, AG=—1.5
kcal/mole]and in the case of a 1072 N alkaline solution 1.9 kcal/mole when ¢,=0; —1.1 kcal/mole when
¢r=0.55 V; —0.5 kcal/mole when ¢r=1.1V; and+0.5 kcal/mole when ¢ =1.3 V. ‘

- For average values of T s+ to a first approximation a linear relation exists between log Kg and
T'cs+ This means that the free energy of exchange of adsorbed Nat cations for Cs+ cations decreases
linearly with the mole fraction of Cs* cations on the platinum surface. Thus in our system we have a
relationship similar to that observed during adsorption on surfaces, the properties of which are described
by means of the model of a uniformly inhomogeneous surface or that of repulsive interaction (the Temkin |

isotherm). i B A S A TR A 1

It is of interest to examine the experimental data as adéofﬁtiqn isotherms of a mixture of two sub-
stances. Temkin [16] has already undertaken this (he does not give the precise form of repulsive inter-
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action). The equations obtained have the form

= G __ 01 ) o I P
0, = 3 In Bye, - In B,e,, (12)

_ % —On :
0, = —In By, — —2-In Byc, (13)

where 6, and §, are respectively the degrees of surface coverage by the first a.nd second substénces. By

B, ¢4, and ¢, are respectively the adsorption equilibrium constants and concentrations (pressures) of the .
first and second substances, a,;, a4y, and a,, are coefficients characterizing mutual repulsive interaction - - .
of the particles, and A = ayy -a;;~a;,. Here and below the subscript 1 relates to a Cs* cation, the subscript
9 to an Na* cation. Dividing Egs. (12) and (13) by one another, we get ' R A
6, TIi™ T, K= @,41n Bycy — a3 10 Bty : ’ : - B :':—: "(14)‘

—— T i S5 sarett

9’ ) I‘,I‘l“ I" an In B,Cg - (13 In Blc]_ ’

where T and T3 are the limiting surface coverages by Cs* and Na* cations, respectively. Solution of i

Eq. (14) gives us five constants: By, By, ayy, 81, anda,,. However, the absolute values of . T'{ and I‘;":.re-’f -

main indeterminate, because the solution of the equation gives their ratio K. As shown by calculations, the .

data of Fig. 1a-b and f are satisfactorily described by an equation like (14). ' S
We made an attempt to examine the experimental data by means of the Frumkin isotherms for a mix- K

tures of two substances [17, 18]. Inthe presence of repulsive interaction the isotherm bas the form”, | =

9 - exp[2a¥191;+ 2&,,6,], v‘

Biv=—1—%,~5,

(14). Dividing by oheranotb_ef the édﬁa,t;on’é.bg ‘t;vprg (15) for sodium :

R

where the notation is the same as in Eq.
ions and cesium ions, we get ’

Biew o B T
S Lexp{2(anf 4 68— 6,) — axa83]}. ' )
By 0, L B T -
By transformation, we get ' _ ST T 2,

0,01 _ Tyes Iy - | PN '_..__Bl' ‘9 - _e B 9 '
0,cy .—':_rxcgl‘."’» - Lies K“, B_l exp{zlau 1+an(’, 1)»'-'. a‘? ’]} AR

As stated above, the value of I'c;/T1¢,=Kg i8 readily determined from the experimental data, a linear .
relation between log Kg and FCB* being observed for average values of T g+ Sucha dependence agrees .. ..
with Eq. (17). In fact, if we replace 9y and 6, by the mole fraction of Cs* and Na* cations in the ,@@30_"_1?_?@ P

state, when FCS"‘ & fNa“ w~ 0.5, the middle term of the exponent may bg dix?regarfied. and henc}'e‘

K s = —‘g—’- K’ exp {2411ﬂ —anly— a,,f,} (8, - 65).
N " e :

Since Fy=1-F; and 0, +6,=Lweget ORI ECE
K, =%K’exp{2 [fauly— das (1 — 1)1} ”—"ﬁ:‘K exp(2(Ti(an+en) —anll ~ = (18) B}
Rt EEIE Pt : - RS AU ‘;;./:‘.M" - o e :
Hence it follows that yvh.en;f'_‘i'é Fz, S T R SRTESEE

It follows frou{ apﬁfdjdmaté eqtiéti()n' :(19) that when the ctp‘n‘géxm_.tréiion of the fi.i""st substance (Cs") remaina\
constant and that of the second substance (Na*) increases, I’y must decrgase linearly as log ¢, increases;

ngs ==lg f:c: a=;lg;—ﬁf +lgc,-— Igcx ceTn




Since with I'y =T, log (I'y/T'5) ® 0, and log c¢; =const, we may write

: consty -+ lg ¢ = consty — kT,
or
T, = const — &' Ig c,. 0)

A similar equation is derived directly from Temkin equations (12) and (13). The presence of a linear de-
pendence between I' g+ and log CN3,S0, is confirmed by Fig. 7. *

The ratios ay:ay,:ay,, calculated from Eq. (14) and from Eq. (16) for the case in Fig. 1f, showed
close mutual agreement and were 1.0 :1.2:1.3. Such a result agrees with the conclusions drawn from an
examination of the individual adsorption isotherms of Cs* and Nat cations at pH 3 [5]). It follows from this
report that the ratio of the coefficients in the isotherm equation I =const + (1/f)Inc for Cst and Na+ cations
is also close to 1:1.3. The increase in f as one goes from Cs* to Nat is due to the more marked charge
‘transfer for specific adsorption of Cs*.

Note, however, that this ratio ay :ay,:a,, characterizes the so-called effective mutual repulsion of
adsorbed particles, because it was obtained without taking account of the areas occupied by ions in the ad-
sorbed state. A more detailed analysis of the physical meaning of the a values, given in [20], shows that
"true” repulsion between adsorbed particles increases in the sequence -

Na* « Na* << Na* & Cs* < Cs* & Cs*.

Thus data on adsorption of Cs* and Na* cations on an electrode in relation to the solution composition
may be represented satisfactorily both by introducing the activity coefficients of ions in the adsorbed state
and by means of isotherms of specific form, namely Temkin and Frumkin isotherms.

To explain the change in selectivity in the sequence Cs+ and Na* with the electrode potential in an
alkaline solution, we must make certain assumptions on the model of the double electric layer and on the
adsorption mechanism of the ions.T A comparison of the adsorption values of Cs* and Na* cations at the
reversible hydrogen potential shows that the charge on the double electric layer formed by Cs™ cations is
approximately 25% greater; this might be due to the smaller size of hydrated Cs* cations and to the pres-
ence of their specific reaction with platinum [3-7]. Thus the preferential adsorption of Cs* cations on re-
duced platinum may be explained by the same ideas as those developed for the explanation of the data ob-
tained at a mercury electrode [23-25]. ' : '

In accordance with our previous assumption [21, 26], for oxidized platinum we must assume that the
negative charge is concentrated on adsorbed oxygen. The latter is incorporated more readily into the co-
ordination sphere of the Na™ cation than in the case of the Cs+ cation, probably owing to the stronger inter-
action with Na* cations, which are smaller in dehydrated form. The gradual change in the selectivity con-
stant as one goes from reduced to oxidized platinum must be aftributed to a change in the adsorption mech-
anism with increasing accumulation of adsorbed oxygen on the surface. '

We are very grateful to Academician A. N. Frumkin and L. I. Krishtalik for useful comments in the
discussion of this work.
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