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Does electrical double layer formation lead to salt exclusion or to uptake?
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When electric double layers are formed, cases have been reported where this formation involves expulsion
of electrolyte into the solution and cases in which electrolyte is absorbed from the solution. Both situations are
experimentally and theoretically documented, but they cannot be simultaneously correct. In this paper it is
shown that this seeming conflict finds its cause in the way the double layer is formed: expulsion for double
layers forming spontaneously by ion adsorption from the solution, but uptake when the double layer is formed
by an external field. A thermodynamic analysis is presented.
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|. PROBLEM STATEMENT Regarding the difference between the two charging
mechanisms, it is mandatory to recall the difference between

In the scgen]:uflc gteratﬁre _seen;lnhgly clontraglctory 'r_‘fr?r'hthe natures of the charge-forming processes. In the ideal
mation can be found on the sign of the salt exchange With theaqe in order to apply an external potential difference be-

surroundingguptake or expulsiorwhen electric double lay-  veen two metal electrodes, these interfaces shouleblee-
ers are formed. _ N _ izable implying that the applied potential does not leak away
On the one hand, there is the familiar Donnan equilib-py Faradaic currentéhere are no interfacial redox reactions,
rium, according to which charging of a polyelectrolyte or etc). For the sake of argument, below we shall assume this
colloid leads to salt expulsion, i.e., to an increase of electroto be the case. On the other hand, colloidal particles in aque-
neutral electrolyte in the dialysate from which the sol isous electrolyte solutions acquire their surface charge by pref-
separated by a semipermeable membrgiRed]. This phe-  erential uptake of certain ionic species, sayatd OH ions
nomenon is well established, both theoretically via doubl€or oxidic materials. Such interfaces are continually in
layer thermodynamic4] and experimentally by direct mea- adsorption-desorption equilibrium with the solution. We de-
surements. A telling illustration of the latter category is thatnote such interfaces aslaxed Henceforth we shall assume
of salt sieving by soils, which is the environmental precursorsuch systems to be ideally relaxed. In the literature examples
of reverse osmosis through plugs or membranes. can be found of interfaces that are partially polarizable and
On the other hand, formation of double layers by applyingPartially relaxed, so-calle@mphifunctionalinterfaces[6].
an electric field across two polarizable metal electrodes imYVe shall not consider these here. On the basis of these con-
mersed in an electrolyte leads to electrolyte uptake. For thi§iderations one can qualitatively understand the sign differ-
phenomenon also compelling evidence is available, both ex2Nce between the salt uptakes of the two systems.

perimentally and theoretically. For a recent contribution, see_ FOf Polarizable electrodes, the driving force for double
Ref. [5], where other references can be found. So ther ayer formation is external and of electric origin. One of the

seems to be a problem of principle: double layers canna lectrodes attains an excess of electrons, the other a deficit.
simultaneously absorb and expel eleétrolyte 0 neutralize the resulting surface charges the former needs
In this paper it is shown that this is only é seeming Con_extra cations, the latter extra anions. These are absorbed

troversy which is caused by the way in which the doublefrom the surroundings. Qualitatively, this <.a>_<plal|ns th_e trend
of electrolyte uptake. However, for quantification this con-

layer is formed: lying an external for r ntane-., ~. . .
;g:ly s formed: by applying an external force, or sponta ecIu3|on has to be qualified: surface charges, imposed on an

electrode, are not solely compensated by counterions ab-
sorbed from the solution, but also by negative adsorption of
co-ions, leading to electrolyte expulsi¢d]. For very low

As a first step to discriminate between the two differentsurface potentials these two contributions are equal, hence in
ways of charging double layers it is important to realize twothat case there is no overall expulsion or uptake by electro-
basic features. lyte. However, in the usual situation of not-so-low potentials,

(i) The surface charge on the colloidal particles or elecwhich we shall now consider, the positive adsorption of
trodes is partly compensated by an excess of counterions amdunterions outweighs the negative adsorption of coions,
a deficit of co-ions. Stated otherwise, positive adsorption otonfirming the general uptake found by Bazantl. [5].
counterions must take place together with negative adsorp- For relaxed interfaces, the driving force for double layer
tion of co-ions. formation is intrinsic and of a chemical origin. In these sys-

(ii) Double layers as a whole are always electroneutraltems, positive and negative adsorption also takes place but in
Hence, in the quest for a basic thermodynamic analysis ipractice the situation is more complex because the solution
must therefore be possible, if not mandatory, to formulate thénvariably contains two electrolytes. The first electrolyte con-
various ionic uptakes and releases in terms of overall eledains ions that strongly chemically adsorb on the surface and
troneutral entities only. are consequently responsible for the formation of the surface

II. PRINCIPLE OF THE SOLUTION OF THE PROBLEM
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charge. Such ions are callatharge determingCD). Ex-  GJ, is, for a relaxed interface, related to the surface excesses
amples are protondd™) and hydroxyl iongOH") for oxidic  of T'; of all electroneutral componentsn the system,

surfaces. They are administered as aditNO3;) and/or

bases(KOH). Automatically KNO; may be formed. The dGI=->Tidu (R). ©)
concentration in the solution of these electrolytes is mostly i

low, say less than T6M. The double layer resulting from o fiq interfaces(3¢ is the interfacial tension; the quanti-

such an addition is not well defined, because part of th§es 1 (in moles per unit argaare also known as surface
added acid, or base, is also negatively adsorbed. For insgncentrations.

stance, when to an oxide HNGs added of which the pro-  £or 5 polarized interface an additional electric term is
tons adS(_)rb, the_cquntercharge is partly made up of the a%jeeded, caused by the applied field:
companying NQ ions, partly by NQ  stemming from
KNOj; that may have been formed, and partly by negative dG? = ¢°do®- >, Nidw (P, (4)
adsorption of nonadsorbed protons, acting as co-ions. In i
practice, this situation is always better defined by adding an o )
indifferent carrier electrolyte KNO; in this case. Electro- Whereo® is the(electron surface charge angf’ the potential
lytes are called indifferent when they do not contain charge@PPlied. The extra term is positive: the charging of the elec-
determining ions, i.e., their ions are only electrostaticallytrodes increases the Gibbs energy. _
attracted by, or repelled from, the charged surface. They Reference states have to be specified. Following Gibs
behave as a carrier electrolyte if their concentration stronglyll Surface excessds are referred to the major component,
exceeds that of the acid and/or base. Consequently, tH@ater._'_l’hls means that the Gibbs dividing plan_e is located at
amounts of counterions and co-ions are dominated b Position wherel’,,=0. As for low mole fractions of all
the second electrolytéKNO; in this casg So, under the dl_ssolved sub_stance(:xi<xw) tr_ns plane virtually c_omm_des
usual practical conditions, from a positively charged oxideWith the physical solid-water interface, we may identify all
(resulting from adsorption of Hions), K* ions are repelled, 1's to their analytical excesses and ignore khelw,, term in
which is observed as an increase of the KNncentration ~EGs.(3) and (4). With respect to the reference point for the
beyond the double layer; from a negative surféog OH charge, for theP? case we assume that=0 in the absence of
adsorption NO;™ is repelled, leading to the same result. _the field. At that point the potential drop across the interface
In conclusion, charging of relaxed double layers by CDIS probably nonzero, and not known, i is measurable.
ion adsorption always leads to electrolyte expulsion, jusfOne of the electrodes becomes positive, the other negative
the other way around from what occurs when charging?y Polarization. For th&k® case the point of zero charge is
by application of an external field across two electrodesthatpH in the solution for whichl'y:=T'o- at givenus. In
This is basically the physical background of the observedhe presence of carrier electrolyte this zero point is measured
“contradiction.” asI'ino,=T'koH-

Elaboration of these principles requires a double layer ldentifying the various componentsfor the R case
model. However, it is also possible to do so on a higher level -
of abstraction by thermodynamic arguments, which do not dG; = _FHNogd:“HNOS_FKOHd:“KOH ~Tdps. (5

require such a model. . - .
q Equation (1) can be used to eliminate eith&luykoy or

IIl. THERMODYNAMIC FOUNDATIONS dMHNO3- Choosing the former,

Consider the simplest systems compatible with the dGY = - (T'uno, — Nkon)duino, = Tkon + Tdus  (R),
present issue: either an ideally polarizab® or fully re- 8 8
laxed(R) interface in an aqueous solution containing HNO (6)
KOH, and an excess of KNO None of the ionic species \yperer

adsorbs specifically on the electrode, but strong specific +T, as the charge contributed by thé on, o+/F. HereF
s 5 + .

adsorption of H and OH ions does take place at tHe . . ;
. ) is the Faraday, equal ®N,, whereN,, is Avogadro’s num-
surface and this is responsible for the surface chafy@y ber ande they elgmentar@/ charge.A\I/:or a r?egative surface

“specific adsorption” is meant adsorption by chemical forces.

When such forces are absent ions can onl eIectrostaticaIIUK+>0; for a positive oneoy: <0 (expulsion. Had we
. . y -_eliminatedduyno., We would have obtained the correspond-
interact with a charged surface. Because of the chemica 3

Hno,~Tkon may be identified a®/F and ko

equilibrium HNO,+KOH = KNO5+H,0, Ing equation W|thaN03—; the two are equivalent and relatgd
by 0'0+0'K++0'N03—:0, because of overall electroneutrality.
d/U«HNO3 +dukon =dus+duy,  (P,R) (1) Hence,
wheres andw stand for saltKNO) and water, respectively. o0 o+
At p, T fixed u,, is also fixed, sau,,=0 and dG=- FdMHN%_ ?d,us (R). (7)
+ = . . . _—
dusno, * dkon = dps - (P.R) 2) We continue to consider the situation thafyo,

According to Gibbs[7], the excess Gibbs energy, also > Cuno,.Ckon- Then, in Eq(4) the electrolyte contribution is
known as Gibbs free energy or free enthalpy, per unit areahe only adsorption term left,
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dGg = lr//Odo'O -T'dus  (P) (8) N
whereas in EQ.(7) dunno,=dun+=-2.30RT dpH) (R
=Naykg) so that

_ 2.30RT

o 0 Ok+
dG; = o d(pH) - ?dﬂs (R). 9

Equationg8) and(9) must now be compared with respect
to the sign of the salt absorption. In practice, for polarized
interfaces mosthl'g is measured as a function of an applied
potential, so that Eq8) should be transformed into _

dé=- 0%y -Tdus (P). (10

Hence, FIG. 1. Trend of the titration charge on oxides for different
electrolyte contents.
dr, do® y
ar) “\am P, (11
) g \Ous/ o

stating that the change of the surface concentration with theositive do® it therefore follows thatdoy+<0, i.e., K is
applied potential equals the change of the surface chargeegatively adsorbed, meaning that the salt is expelled. In this
with the electrolyte activity at fixed potential. The latter de- situation NQ~ is positively adsorbed as HNOOn the other
rivative is always positive: for positive potentialdy®> 0) side of the point of zero charge*Ks positively adsorbed as
a° becomes more positive jf; is increased because of better KOH, whereas the NQ is negatively adsorbed, also as
screening, whereas for negatidg® also do®/dus<0 be- KNOj.

causec® becomes more negative. This is in line with the

findings of Bazangt al.[5]. We note that the thermodynam-

ics can be elaborated to also account for the negative adsorp-

tion part that makes the uptake zeflout never negative IV. CONCLUSION
close to the zero point.
For the reversible situation, from E(P) Double layers formed by an externally applied potential
2 30RT o absorb electroneutral electrolyte, whereas double layers
dé'=-= (pH)do® - —dus (R, (12)  formed spontaneously by adsorption of charge-determining
F F ions expelelectrolyte.
2.303?T(d0'<0) =—<M> R. (13
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