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THERMODYNAMIC CHARACTERIZATION OF
CLAY/ELECTROLYTE SYSTEMS

C. NEAL, A. G. THOMAS, AND V. W. TRUESDALE
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Abstract—Clay/electrolyte systems are best characterized using a new variable, notional interfacial content
(NIC). The NIC approach emphasizes that any division of the total amount of a species present in a clay/
electrolyte system into that part which ‘belongs’ to the clay and that part which ‘belongs’ to solution is
necessarily arbitrary. It carries out this division by choosing one of the species as a reference species
and defining it as being completely in a notional bulk solution which had the same composition, but not
extent, as the real bulk solution. The NIC of each of the other species present, that is that part of their
total amount not in the notional bulk solution, therefore represents the amounts of those species ‘belonging’
to the clay.

The NIC concept is universal and hence encompasses several other, older terms. For example, by choos-
ing different reference species, the variables hitherto called ‘water adsorption’ and ‘negative adsorption’
(which have been used to describe the same phenomenon) may be obtained. Similarly, certain earlier def-
initions of exchangeable and adsorbed cations (some being pragmatic are not included) as well as that of
ion surface excesses may be accounted for. The NIC approach thus provides a rationalization of several
earlier terms which are, in fact, plagued by a multiplicity of definition which makes their use very com-
plicated.
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INTRODUCTION

Previously, in the characterization of clay/electrolyte
systems (classically cation-exchange systems), the par-
ticular variables measured have been determined ex-
plicitly or implicitly by selection of an exchange model,
e.g., Helmholtz or Gouy-Chapman models, etc. Under
these circumstances the validity and relevance of vari-
ables is dependent upon the correctness of the assump-
tions inherent in the chosen model. In this paper it is
shown how a better, more rigorous approach can be
obtained by adopting what is essentially a thermody-
namical treatment involving a new variable, notional
interfacial content (NIC). The relationship between the
NIC and cation-exchange capacity, negative adsorp-
tion, water uptake, exchangeable and adsorbed cat-
ions, and ion surface-excesses is explained in detail.
Adoption of the NIC concept unifies the three major
approaches used earlier, that is, thermodynamic,
mechanistic modeling (e.g., the Gouy-Chapman model)
and practical approaches.

THE CLAY/ELECTROLYTE SYSTEM

In this paper the clay/electrolyte system is defined as
consisting of four components, negatively charged clay
platelets, uncharged species (e.g., water), cations, and
anions, and, unless stated otherwise, is only considered
at equilibrium. Positive charges on the clay are not con-
sidered, and to avoid unnecessary complication, weak-
ly dissociating acids and bases are neglected. While it
is appreciated that part of the charge upon some clays
is variable and pH-dependent, in common with most
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existing modeling studies, only the fixed-charge case is
examined.

A generalized model

A generalized clay/electrolyte system allows its ions
and uncharged species to reside in a solid phase, aliquid
phase (bulk solution), and an interfacial region. In such
a system the term phase is applied rigorously as being
an environment that is not significantly inhomogeneous
(Moore, 1962). Following existing practice, the solid
phase is considered to contain neither water nor ions
which are involved in the equilibrium, and the clay
platelet is solely a source of negative charge. Species
‘attached’ to the clay in the sense of a Helmholtz or
Stern layer (Helmholtz, 1879; Stern, 1924) are in the
interfacial region.

Cation-exchange capacity (CEC)

The CEC of a clay is defined here as the amount of
cations equivalent to the negative charge () upon unit
mass of the clay. For charge neutrality in a system con-
taining T,, and T- equivalents of cations and anions,
respectively (where T, = 2 Ty,and T_ = 2 Ty, and k

-
is any ion), the sum of the positive charges equals the
sum of the negative ones. Therefore,

T, = T_ + a, and since a« = CEC
CEC=T, -T._. (1)

Defined in this manner, CEC is a fundamental prop-
erty of the clay and is independent of the condition of
the solution, e.g., ionic strength. This usage contrasts
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with other uses of CEC (van Olphen, 1977). In princi-
ple, CEC is therefore determinable by measuring the
total amounts of cations and anions in the system using,
for example, a multiple extraction technique (Zaytseva,
1962).

THE NOTIONAL CLAY/ELECTROLYTE
SYSTEM

The requirement for a notional clay/electrolyte sys-
tem, and hence notional interfacial content, arises from
the need to assign part of the species present in the sys-
tem to the clay, and the rest to the solution. As this
separation is the primary step in characterizing the sys-
tem, it is essential that the means by which it is per-
formed be applicable to any system. Unfortunately,
there is no absolute way of carrying out this separation
when part of the clay’s negative charge is counterbal-
anced by ions in solution, and thus, an arbitrary sepa-
ration must be imposed. Such a step is common in ther-
modynamical argument, perhaps the most common
example being the arbitrary division of a measured
EMEF for a cell into two half-cell potentials (Willard et
al., 1965; Glasstone, 1962). Thus, in both the electro-
chemical and clay cases, there is no additional physical
property that would determine how the absolute sep-
aration should be made, and hence it can only be made
arbitrarily. If clay/electrolyte systems were known to
behave according to the Helmholtz model, an absolute
separation could be based on the fact that all the charge-
balancing cations reside on the clay surface and hence
are physically separable from those in solution. The
first task in arbitrarily dividing the total amount of each
species between the clay and the solution is to choose
one species as a reference species. The reference
species can be any of the species present in the system
but, as will be demonstrated, the choice ultimately de-
pends upon the use to which the data are to be put. In
the electrochemical analogy any half-cell can be chosen
as the reference cell, although usually the hydrogen/
proton couple is selected.

The second task is to assume a distribution for the
reference species. In the electrochemical case this sec-
ond task is equivalent to defining both the value of the
standard electrode potential of the reference electrode,
usually as zero, and the standard conditions under
which it has this value, which, where possible, is usu-
ally unit molarity for the oxidized and reduced species.
For clays, the reference species’ distribution is most
conveniently chosen so that the reference species re-
sides entirely in the notional system’s bulk solution,
i.e., the amount in the notional interfacial region is
zero. The notional bulk solution is chosen to have the
same composition, but not the same extent, as the real
bulk solution to maintain the notional system as close
as possible to the real system. Thus, defining j as the
reference species, the amount of a given species, i, in
the notional bulk solution can be expressed as the prod-
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uct of T;, the total mass of the reference species in the
system, and C,;, the concentration of i with respect to
j in the real bulk solution. Therefore,

T; = NIC,y, + T; X Ci, @

where NIC,;, is the notional interfacial content of i with
respect to the reference species, j, and henceforth is
written as the i NIC(). If the reference species itself is
considered (i = j),

Tj X Cj(j) = Tj and NICj(j) = 0,

because by definition j is absent from the notional in-
terfacial region. The most useful dimension for NIC;,,
and therefore for T, and T, is milliequivalents per unit
mass of clay, because this value will relate most readily
to the units generally used for CEC. It follows that the
concentration term, Cy,, will be dimensionless, being
aratio of two equivalents. Although the concentration
terms in-more common usage are not dimensionless,
there is nothing untoward in the treatment used here.

Itis worthwhile to underline the generality of the NIC
concept. First, the concept applies to any distribution
of species; it is not dependent on any distribution model
(Truesdale et al., 1982). Second, the only necessary
qualification of the reference species is that it is present
in the real bulk solution. The behavior of the reference
species is irrelevant and the choice is from any species
present. Third, once the reference species is chosen,
the NIC of all other species present may be estimated.
This includes any mixtures of variously charged
species. From Eq. (2), the NICs for a system are de-
terminable in principle by measuring the total amounts
of the species in the system by a multiple stripping pro-
cedure (Zaytseva, 1962), or, in the case of water, gravi-
metrically by heating to dryness, and by measuring the
concentrations of the species in the bulk solution. Con-
ventional analysis of the bulk solution will yield con-
centrations relative to a given volume of solution, and
these values will need to be converted to the form re-
quired by Eq. (2).

The relationship between NIC and CEC

The CEC equals the difference between the sums of
the cation and anion NICs with respect to an uncharged
species, e.g., water. Thus, from Eq. (1),

CECZET}(—ET}(,
- =

and using Eq. (2) with i relating to charged species
(k) only,

CEC = Y {NIC;, + T; X G}
T
= 3 {NIC, + T; x Gy}

Because the sums of the concentrations of anions and
cations are equal in the bulk solution,
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CEC - 2 NICi(j) - 2 NICi(j). (3)
T -

The relationship between NIC and

negative adsorption

The sum of the anion NICs (water) helps to explain the
phenomenon of negative adsorption. So-called negative
adsorption (see below for a clarification of adsorption)
is manifest as the increase in the total concentration of
anions and cations that occurs when a dry, salt-free clay
is added to an electrolyte solution. Earlier workers
have tended to describe this phenomenon solely in
terms of anion behavior (e.g., Wiklander, 1964). The
relationship is established by applying Eq. (2) to the
mixture. Thus, after rearrangement,

NIC_w = T- — Ty X (C_w)s,

where (C_w); is the concentration of anions with re-
spect to water in the final bulk solution. Since all the
anions and water of the final mixture originate from the
electrolyte solution,

T_ = Tw X (C_aw)o

where the subscript o refers to the original electrolyte
solution. Therefore,

NIC_w = Tw X {{C—w)o — (C_cwy)e}
= TW X {—AC_(w)}, (4)

where AC_y, is the negative adsorption of anions, ex-
pressed so as to take positive values. Since the bulk
solution must be electrically neutral, this identity is true
when AC, ), the total increase in cation concentration,
is substituted for AC_y,.

The link between NIC and negative adsorption can
be exploited to explain the relationship between work
performed under the heading of negative adsorption of
anions (Bolt and Warkentin, 1958; Wiklander, 1964)
and that under the heading of water adsorption or water
uptake (Dufey and Laudelout, 1976; Edwards and
Quirk, 1962; Norrish, 1954). This link has not yet been
explained adequately and can give an impression that
two distinctly different phenomena exist: water ad-
sorption and anion répulsion. In fact, one approach is
the ‘inverse’ of the other; the two approaches arise di-
rectly from the need to choose a reference species ar-
bitrarily. Thus, given that the NICs describe a relative
distribution, the above derivation can be rewritten us-
ing total anions as the collective reference species,
whence,

NICw) = T- X{(Cw-)o — (Cw—)s}
=T_ x {ACw}s

where ACy_, is the ‘water uptake,” expressed so as to
take positive values. Moreover, given the inverse re-
lationship between the concentration of water with re-
spect to total anions and that of the total anions with
respect to water, i.e., Cyw_, = 1/C_, ‘Water uptake’

https://doi.org/10.1346/CCMN.1982.0300407 Published online by Cambridge University Press

Thermodynamic characterization of clay/electrolyte systems

293

can be simply expressed in terms of negative adsorp-
tion,

ACw— _ AC_w ACwe, _ AC-(W)‘
Cwde  Coomdk Cwode (Comdo
DISCUSSION

Probably the greatest advantage to be gained from
the adoption of the NIC concept is the unification of the
three major approaches that are used in clay/electrolyte
work. These three approaches arise from earlier work
having a predilection for thermodynamics (e.g., Thom-
as, 1965), mechanistic models, e.g., the Gouy-Chap-
man model (Bolt, 1955), or practical solutions (e.g.,
Reitemeier, 1946) for characterizing clay/electrolyte
systems. No previous work has provided a means of
synthesising these as well as does the NIC concept.
Nevertheless, the works of Laudelout et al. (1968) and
Bolt (1967) deserve special mention. The former work-
ers, taking a thermodynamic stance, presented an
equation which is essentially identical to that for NIC
and applied it to practical work. In doing so, however,
they appeared to be unaware of its universal applica-
bility to the mechanistic modeling. Moreover, although
these workers mentioned the arbitrariness of their ap-
proach, they presented it as being of a practical nature
and not a fundamental one. Bolt (1967) introduced the
concept of ion surface-excesses in the context of the
Gouy-Chapman model, claiming that they are ‘experi-
mentally accessible.” However, he did not extend it to
other mechanistic models, e.g., the Donnan and Helm-
holtz models (Donnan, 1935; Helmholtz, 1879), and this
concept has remained confined to discussions of the
Gouy-Chapman model (van Olphen, 1977). Moreover,
in introducing ion surface-excesses, Bolt (1967) sepa-
rated them from thermodynamic considerations and
apparently did not appreciate their thermodynamic
character. This contention is reinforced by the fact that
Bolt did not indicate that the ion surface-excesses
would be arbitrary, even when he recognized that de-
rivative terms, e.g., adsorbed cations, are. Notwith-
standing these points, Bolt failed to state that values
for ion surface-excesses are, in fact, experimentally in-
accessible without assuming, as the Gouy-Chapman
model does, that the concentration of water is constant
throughout the exchange system.

It is worthwhile to explain that we were unable to
appreciate the true value of the work of Laudelout et
al. (1968) until well after the derivation of NICs because
of confusion over the meaning of the term, adsorbed;
at least ten different meanings are in current use: (Over-
beek, 1952; Davis, 1945; Yong and Warkentin, 1966;
Helmy, 1963; Thomas, 1965; Neal, 1977; Murali and
Aylemore, 1981). Indeed, in one sense this entire paper
provides the case for rationalizing the ideas underlying
the use of the term adsorption. It separates the older
mechanistic meaning, ¢.g., that associated with the
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Helmholtz model, from the contemporary need merely
for a means of dividing species ‘belonging’ to the clay
from those ‘belonging’ to the solution.

To emphasize the universal nature of the NIC con-
ceptitis necessary to explain how it embraces variables
which have arisen earlier from the use of one or other
of the mechanistic models, and which it was thought
would divide the total ion complement into a part as-
sociated with the clay and another with the solution.
The terms adsorbed or exchangeable (e.g., adsorbed
sodium, exchangeable sodium) used with the Helm-
holtz model (e.g., Hesse, 1971) are equivalent to both
cation NIC (water) and cation NIC (anion). In the
Helmholtz model all cations that counterbalance the
clay’s negative charge reside at the clay surface and are
therefore not in solution; all of the anions and all of the
water are in the bulk solution. Thus, under circum-
stances where the Helmholtz model is valid the intro-
duction of the notional system, with the need for all the
reference species to be in the notional bulk solution,
duplicates the Helmholtz model when the reference
species are anions or water. It follows that anion NIC
(water) and water NIC (anion) are both zero; indeed,
this condition offers a good practical test of the rele-
vance of the Helmholtz model. The term, adsorbed or
exchangeable cation (e.g., exchangeable sodium),
when used with the Gouy-Chapman model (Bolt,
1967; van Olphen, 1977), is equivalent to cation
NIC (anion). Thus the equation provided by Bolt
(1967) includes the term, C* /(Ct, + C**,). For the
general case this term gives the ratio of the con-
centration in the bulk solution of one particular cation
to the concentrations of them all. Given the condition
of electrical neutrality in the bulk solution, this term is
identical to the Cy;, term of Eq. (2) when the total anion
complement is the reference species. If the Gouy-
Chapman model were valid, the water NIC (anion) and
anion NIC (water) would not be zero because a value
of zero implies an identical interaction for both anions
and water with the clay surface. Also, if values of anion
NIC (water) are positive, the Gouy-Chapman model
can be dismissed. Given that NICs are entirely arbi-
trary, one can understand Bolt’s (1967) statement that
his definition of adsorbed ‘contains a somewhat arbi-
trary element.’ It is important to recognize, as estab-
lished above, that both of the terms exchangeable and
adsorbed have been used in a multitude of different
ways. Many of these are defined inadequately, and
most are not directly relatable to the NIC concept.

McConnell et al. (1964) stated that the addition to a
mixed electrolyte solution of an inert substance with an
uncharged surface results in the larger ions being at a
greater concentration in the bulk solution than the
smaller ones. This ‘geometric’ effect is due to the small-
er ions having access to the space which is enclosed
between the inert substance’s surface and one radius-
distance of the larger ion; space denied to the larger ion.
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According to this argument, the negative adsorption
observed when a dry clay is added to an electrolyte so-
lution represents the sum of both the effect of the clay’s
electric field upon the ions and the ‘geometric’ effect.
While the theory of McConnell et al. (1964) is interest-
ing and seems to explain a number of otherwise unre-
solved anomalies, e.g., ‘exclusion of aqueous KCl by
blood charcoal,’ it is difficult to see how it can operate
without involving a charged bulk solution. This prob-
lem is particularly evident when an inert and uncharged
surface is added to a solution of a single salt con-
sisting of a large anion and small cation. Notwithstand-
ing this reservation, our calculations using hydrated
potassium and magnesium ions (which have arelatively
large difference in ionic radii), together with the equa-
tions of McConnell et al. (1964), suggest that the effect
will be insignificant in clay studies. Thus, if 1 g of pow-
der with a surface area of 8 x 10° m¥%kg (approximately
that of a smectite) were added to 1 ml of a potassium
and magnesium nitrate solution, the Mg concentration
would increase by approximately 12% relative to that
of the K. Under more typical experimental conditions,
€.g., a solid to liquid ratio (w/v) of 0.04, the increase is
only 0.2%. Concern for the ‘geometric’ effect might be
the unexpressed reason why in experiments upon neg-
ative adsorption some workers (e.g., Bolt and Warken-
tin, 1958; Edwards and Quirk, 1962; De Haan and Bolt,
1963) preferred to start with the sample of clay already
in contact with electrolyte, whereas others used dry
clays (e.g., Bower and Goertzen, 1955; Posner and
Quirk, 1964; Schofield and Talibuddin, 1948). There
appears to be no significant difference in the magnitude
of the results from either approach.

This paper, in common with most earlier work on
cation exchange, assumes the absence of any positive
charge upon the clay that would involve anion ex-
change. The effect of allowing for positive charges upon
the clay is under consideration. Nevertheless a prelim-
inary analysis shows that whereas Eq. (2) will be un-
affected by this change, Egs. (1) and (3) will need to be
modified with a net exchange capacity (cation-ex-
change capacity minus anion-exchange capacity) re-
placing CEC. However, Eq. (4), with its assumption
that there are no anions upon a dry salt-free clay, will
no longer apply.
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Pesiome—CHCTEMbI IJIHHA/3EKTPOJIAT MOXKHO 0XapaKTEPH30BaTh CaMbIM JIYYIIMM 06pa3oM (IpH HCIOJIb-
30BaHHM HOBO# NepeMeHHOM) BooGpakaeMbIM MeXKCIIOHHBIM cofieprkanueM (BMC). BMC noguepkusaer,
4yTo Kakoe Ju0o pasjiejieHHe BCero MaTephalia, NPUCYTCTBYIOUIETO B CHCTEME TINHHA/9JICKTPOJMT, Ha
YacTh, KOTOpas ‘‘MpUHARJIEIKAT PacTBOPY M Ha 4acTh, KOTOpPasi NPHUHAMJIE)KAT JIMHE, SBJIAETCS MON-
HOCTBIO MPOH3BOJIbHLIM. Takoi (BMC) nemxoy coBepliaeT 3To pa3fieieHne, BbIONpasi OfHY U3 COCTaBJIs-
JOLIMX KaK OCHOBY H OIIPENIENISs ee KaK HaXOsYIOCS IIOJHOCTHIO B BOOOPa’kaeMOM pacTBOPE, HMEIOIIUM
TaKOM K€ caMoil COCTaB, HO He TAKOH e pa3Mep Kak JeHCTBHTeNbLH I pacTBop. BMC apyrux cocrasia-
IOLLMX, YTO SBJISIETCS YaCThIO MX MOJHOTO KOJIMYECTBA, HEHAXOASMICHCS B BOOOpaXkaeMOM pacTBOpE,
nNpeCTaBaseT TOrda BEJUYNHbI COCTABIISIOMUX , ‘ ‘IPUHAIIEXKAIINX ® TIIMHE.

Konnenuust BMC siBiIsieTCS YHUBAPCAJBHON M HO3TOMY BKIIIOYAaeT HECKOJIBKO APYIMX, paHEe BBEIEHHbIX
noustuii. HanpuMmep, BbIOHpasi pa3jiMyHble OCHOBHBIE COCTABISIOIINE, MOXKHO ONPEACIHTL BEJIHYHHbI
mpeJxje Ha3bIBaeMbIe ‘‘ajcopOuus BOAbI M ‘‘OTpUIATeJbHAS aicopOuys’’ KOTOpPhIE HCNONb30BAINCE IO
OMHCAHMS TAKOTO XK€ caMoro sBJieHus. [ToqoGHBIM 06pa3oM MOXKHO HOCTYNHTH C HEKOTOPBIMH NPEXKHUMH
onpenesieHusiIME OOMEHHBIX M aIcOPOMPOBAHHBIX KATHMOHOB (HEKOTOpBIE NparMaTHUYECKHE HE BKIKOYa-
0TCS), TaKXKe KaK u OmNpefesieHusIMA H3OLITOYHbIX HOHHBLIX moBepxHocTeit. Takum o6pa3oMm moaxon
BMC oGecrieunBaeT paMoOHAJIH3ANNIO HECKOJILKIX MPEXHNX TEPMHUHOB, KOTOPBIE, B IEHCTBHTEIILHOCTH,
CTpafaloT MHOTO3HAYHOCTBIO, YTO CHIILHO OCJIOXKHSET HX ucnons3osanue. [E.C.]
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Resiimee—Ton/Elektrolyt-Systeme werden am besten charakterisiert, wenn man eine neue Variable, ‘‘no-
tional interfacial content’” (NIC), verwendet. Der NIC betont, daB jegliche Aufteilung des Gesamtgehaltes
einer vorhandenen Substanz in einem Ton/Elektrolyt-System in den Anteil, der zum Ton ‘‘gehért,”” und
den anderen Anteil, der zur Losung ‘‘gehort,”” willkiirlich sein muf. Durch den NIC wird diese Aufteilung
so durchgefiihrt, daBl die eine der Substanzen als eine Bezugssubstanz verwendet wird. Diese Substanz
wird dadurch definiert, da} sie vollstindig in einer theoretischen Durchschnittslgsung vorhanden ist, die
die gleiche Zusammensetzung aber nicht das gleiche Ausmaf hat wie die tatséchliche Durchschnittsiésung.
Der NIC jeder anderen anwesenden Substanz, d.h. der Teil des Gesamtbetrages, der nicht in der theore-
tischen Durchschnittslosung ist, stellt dann die Substanzgehalte dar, die zum Ton *‘gehéren.”’

Das NIC-Konzept ist universell und beinhaltet mehrere andere, frilher verwendete Begriffe. Zum Bei-
spiel kann man durch die Wahl verschiedener Bezugssubstanzen die Variablen, die bisher als **Wasser-
adsorption’” und ‘‘negative Adsorption”” bezeichnet wurden und dasselbe Phanomen beschrieben haben,
erhalten. In dhnlicher Weise lassen sich gewisse friihere Definitionen fiir austauschbare und adsorbierte
Kationen bzw. auch fiir den Ioneniiberschufl an Oberflichen beriicksichtigen (pragmatische Definitionen
werden nicht beriicksichtigt). Das NIC-Konzept ermdglicht daher die Rationalisierung mehrerer, friiher
iiblicher Begriffe, die durch eine Vielzahl von Definitionsméglichkeiten verwirrend sind. [U.W.]

Résumé—L es systémes argile/électrolyte peuvent &tre le mieux caractérisés par I'utilisation d’une nouvelle
variable, le contenu interface notionale (NIC). NIC souligne que toute division de la quantité totale d’'une
espece présente dans un systéme argile/électrolyte en la partie qui ‘‘appartient’” a 'argile et la partie qui
““appartient’’ 4 la solution est nécéssairement arbitraire. L’approche NIC éffectue cette division en chois-
issant une des especes comme espéce de réference et en la definissant comme étant complétement dans
une solution en masse notionale qui a la méme composition, mais pas la méme étendue que la solution en
masse réelle. Le NIC de toutes les autres especes présentes, ¢’est a dire la partie de leur quantité totale
ne se trouvant pas dans la solution en masse notionale représente par conséquent les quantités de ces
espéces ‘‘appartenant’ a I’argile.

Le concept NIC est universel et comprend donc plusieurs autres termes plus anciens. Par exemple, en
choisissant des espéces de réference différentes, les variables appellées jusqu’a présent ‘‘adsorption d’ean’’
et ‘‘adsorption négative’’ (qui ont été utilisées pour décrire le méme phénomene) peuvent étre obtenues.
De méme, on peut répondre de certaines definitions du passé de cations échangeables et adsorbés (certaines
étant pragmatiques ne sont pas inclues) ainsi qe d’exces de surfaces d’ions. L’approche NIC fournit de
cette maniére une rationalisation de plusieurs termes du passé qui sont en fait encombrés d’une multiplicité
de définitions qui rend leur emploi trés compliqué. [D.J.]
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