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Interpretation of the interfacial equilibrium at the solid/liquid interface based on the Surface
Complexation Model requires introduction of the concept of the constant capacitance capacitor
in the inner part of the electrical interfacial layer (EIL). There are two possible variations of
this concept. The common approach is to define capacitance by the surface charge density in
the inner part of the layer (o). This concept is related to the simplified scheme of the serially
connected capacitors within EIL. Another possibility was examined in this article. If one as-
sumes that capacitors are connected parallel, the surface charge density of the plane in which
associated counterions are located (op) should be introduced into the definition of capacitance.
The problem was analyzed on the basis of experimental findings as well as by numerical simu-
lation. As assumed, it was found that both concepts provide almost the same result if the de-
gree of counterion association is high. In the case of a low degree of counterion association, at
a low electrolyte concentration, no pronounced discrepancy in surface charge density and sur-
face potential was obtained by using these two different concepts. This unexpected result could
be explained by considering the mutual dependency of the parameters determining the equilib-
rium in EIL. It was concluded that it is very difficult to distinguish between these two concepts
experimentally, so both of them are still equally applicable.

INTRODUCTION

Solid/liquid interfaces are common in nature, as well as
in numerous technological applications. Probably, the
most extensively investigated interfaces are metal oxide
aqueous systems. Charging of a metal oxide surface in
contact with aqueous solution is due to specific interac-
tions with ions from the bulk of the solution. Quantita-

tive interpretation of the ionic interfacial equilibria con-
siders specific interfacial reactions, accompanied with
definitions of equilibrium constants taking into account
the effect of electrostatic potentials on the charged spe-
cies. The commonly accepted approach is the Surface
Complexation Model (SCM).! Consequently, it is neces-
sary to introduce relationships between surface charge
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science. It happened so that the critical equation in this article, which is analyzed here, bears the number 13 and is connected
to the meaning of the surname Trinajsti¢, which is a diminutive of the word thirteen (thirteen is trinajst in Cakavian dialect of
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densities and the corresponding electrostatic potentials.
For this purpose, a certain structure of electrical interfa-
cial layer (EIL) including several characteristic planes
should be assumed. There are several variations of both
SCM and EIL models, and the proper choice cannot be
easily made on the basis of experimental data. Despite
this shortcoming, however, the general behavior of the
metal oxide aqueous interfaces is fairly well understood.
This article will focus on examining the concept of con-
stant capacitance of the inner layer within EIL.

Equilibria of Surface Reactions

The mechanism of surface reactions and equilibrium
constants will be treated here in the traditional way, i.e.,
by the 2-pK concept of the Surface Complexation Model,
as originally introduced by Parks? in the 1960’s. This
model assumes the presence of amphoteric surface MOH
groups that undergo protonation (p) and deprotonation
(d) according to:

MOH + H* - MOH,*

I .
(MOH})
K, = exp($oF/RT) (1)
At (von)
MOH — MO~ + H*
agy I MO~
Ky = exp(—poFIRT) —- M) 2)
(MOH)

where M denotes the metal atom at the surface, I is the
surface concentration of the surface species, K, and Ky
are the corresponding (thermodynamic) equilibrium con-
stants, @ is the potential in O-plane that affects the state
of charged surface species, a is activity in the bulk of so-
lution, while F, R and T have their usual meanings.
These two reactions involve potential determining ions
(H* and OH~) and are responsible for the charging of the
inner plane of the inner layer within EIL.

Association of counterions with charged surface
groups is also treated as a surface reaction with surface
sites:

MOH} + A~ — MOH}-A-

J—
MOH; -A
Ka = exp(— gpF/RT) — 2220 (3)
Aat voH;)
MO~ + Ct - MO~-C*
Lo
Kc = exp(@gF/RT) — M0 €0 4)
et (o)

where A~ and C* denote anions and cations, respec-
tively, and K, and K¢ are respective (thermodynamic)
equilibrium constants. The state of associated counteri-
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ons is affected by electrostatic potential ¢ correspond-
ing to the B-plane, i.e., to the outer plane of the inner
layer.

Surface charge densities corresponding to the postu-
lated planes within EIL are according to the 2-pK mo-
del:

6o = FC(MOH,*) + I(MOH,* - A~ —
- ('MO") - I'MO~ - CY) (5

og = F'(MO~ - C*) — I'(MOH,* - AY)) 6)

The net surface charge density o, is opposite in sign
to that of the diffuse layer and is equal to:

Oy = —0q =0p + op = F(F(MOH2+) _F(Moi)) (7)

Capacitors within the Electrical Interfacial Layer

In addition to the equilibrium and mass balance equa-
tions, solution of the equilibrium situation at the inter-
face requires the relationships between surface charge
densities and the corresponding electrostatic potentials.
The problem will be discussed on the basis of the rela-
tively simple Gouy-Chapman-Stern model. This model
defines two layers and three planes. The inner layer (of-
ten called the Helmholtz layer) consists of an inner
0-plane and outer B-plane. Inner O-plane is located at the
solid surface, and in this plane the charges developed by
interactions with potential determining ions are located.
Therefore, the charged surface groups MOH,* and MO~
are exposed to the electrostatic potential @,. Centers of
associated counterions are located in the outer B-plane,
so they are exposed to the electrostatic potential ¢g. The
second layer is a diffuse layer (often called the Gouy-
Chapman layer). The onset or inner boundary of the dif-
fuse layer is d-plane characterized by the electrostatic
potential ¢4. Theoretically, this layer extends to infinity.
However, there are two characteristic planes within the
diffuse layer. The first is the electrokinetic slipping or
shear plane (e-plane) characterized by the electrokinetic
{-potential. The second plane characterizing the exten-
sion of the diffuse layer is the »thickness of the diffuse
layer« k! depending on the ionic strength I., tempera-
ture 7 and permittivity & as:

[r72
e 2F°I, )
eRT

Three capacitors can be defined within the electrical
interfacial layer. For the sake of simplicity, we shall dis-
cuss the simplified structure of EIL as shown in Figure 1.

The simplification with respect to the general
scheme?# of EIL lies in the assumption that the onset of
the diffuse layer (d-plane) is identical to the plane in
which associated counterions are located (3-plane). The
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0 p=d e

Figure 1. Schematic presentation of the electrical interfacial layer,
at the assumption ¢g = ¢g.

consequence of this assumption is that the corresponding
potentials equal:

P = Pa )]

and that we need to consider only two capacitors, i.e.,
the outer or diffuse layer capacitor and the inner layer
capacitor. The outer layer capacitor is commonly consid-
ered by the Gouy-Chapman theory. This theory gives the
relationship between the potential at the onset of the dif-
fuse layer and the corresponding surface charge density:

4F]1 F
Oy= —04 = —sinh ¢d—;
K 2RT
oK

& zg arsinh (10)

C
According to (10), the »effective capacity« of the diffuse
layer is:

Car =2 ()
%4
Analysis of above equations shows that even at con-
stant x, the value of Cg;; depends on the potential, so this
capacitor cannot be considered as the »constant capaci-
tance capacitor«.
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b) —

Figure 2. Schematic presentation of the concepts of serially (a)
and parallel (b) connected capacitors.

According to the simplified structure of EIL (Figure
1), the inner layer Helmholtz capacitor has two planes:
0-plane and B(= d)-plane. These two planes are assumed
to be divided by the space of permittivity €. Since the
distances between the planes are determined by the ef-
fective sizes of the ionic species in close contact, the ca-
pacity of this capacitor C; (divided by the surface area)
is assumed to be constant and is commonly defined as:

%o

$o—

Index ., is related to the approximation that this ca-
pacitor acts as being in the serial connection with the
diffuse layer capacitor and, consequently, to introduction
of the surface charge density of the O-plane into Eq.
(12). The problem of the above definition lies in the fact
that charges located in the O-plane and B-plane are not
equal in magnitude. To analyze this situation, we shall
consider also the EIL as being composed of two parallel
connected capacitors. These two approximations are
demonstrated schematically in Figure 2.

Cl,ser = ( 12)

According to the approximation based on the con-
cept of parallel connected capacitors, the charges di-
vided in the inner layer capacitor are —-op and OB, but not
0 as in the case of the first commonly accepted concept,
so that the second approximation leads to:

o—L (13)
=t

Since the concept of the inner layer capacitor of
constant capacitance is an approximation of the reality, it
is hard to distinguish between the two variations, i.e.,
between the serial and parallel connection of capacitors
as defined by Egs. (12) and (13), respectively. In the
case of a relatively high degree of association (- op/oy
— 1), there is no significant difference between these
two concepts. On the other hand, if the degree of
counterion association is low, a pronounced difference is
expected. The aim of this study is to analyze the conse-
quences of these two opposite assumptions for the mea-
surable characteristics of the solid/liquid interfaces.

Croat. Chem. Acta 77 (1-2) 243-249 (2004)



246

EXPERIMENTAL FINDINGS

In order to discuss the difference of the applicability of Egs.
(12) and (13), the behavior of an ordinary colloidal system
was examined. Figure 3 displays the dependency of o, o
and o for the alumina aqueous NaNQOj electrolyte interface
(I, = 11073 mol dm). The surface charge density in the
0-plane was determined by the standard potentiometric titra-
tion while the net surface charge density oy was calculated
from {-potentials via the Gouy-Chapman theory using the
slipping plane separation® of 20 A. Regardless of the approx-
imations employed in data evaluation, it is clear that o, does
not significantly differ from —oyp (the degree of counterion
association is ~92 %), so both Egs. (12) and (13) lead essen-
tially to the same results. The situation is similar in most of
the examined systems; the net surface charge density is
markedly lower than the surface charge density in the inner
layer o so that both concepts, serial and parallel connections
of the capacitors within EIL, are practically equivalent.

In addition to the evaluation of surface charge densities
from potentiometric and electrokinetic measurements, useful
information on the counterion association and applicability
of the examined concepts can be obtained from direct mea-
surements of counterion adsorption data. Janusz and co-
workers® studied the adsorption of Na* and CI- ions at the
hematite-electrolyte interface. From their experiments at /. =
103 mol dm™ the degree of counterion association can be
calculated as ~87 % for Cl~ and ~74 % for Na* association.
Breeuwsma and Lyklema’ studied the adsorption of ions on
hematite and compared the charge ionic components in the
electrical interfacial layer. The degree of counterion associa-
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Figure 3. Dependency of oo, o3 and a4 values on pH calculated
for the alumina aqueous interface at 25 °C in the presence of
NaNO3 at I. = 1-10-3 mol dm=3 on the basis of potentiometric
and electrokinetic measurements. The slipping plane separation of
s = 20 A was used in the calculation.
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tion obtained by them for Ca%*, K*, CI- and SO,2 at I. =
103 mol dm= was also found to be close to 100 %.

Another issue that should be discussed is the fact that
the inner layer capacitance is not constant but significantly
depends on the electrolyte concentration and pH. Several at-
tempts at analyses of the capacitance constancy can be found
in the literature. Trimbos and Stein® examined the ZnO aque-
ous electrolyte interface by measuring o, and {-potentials.
Applying the assumption § = ¢, the C; values were calcu-
lated on the basis of Eq. (12). It was shown that C; values
were not independent of pH, i.e., C; values depend on the
surface potential ¢, as calculated on the basis of the Nernst
approximation.10 Sprycha!! examined the anatase/aqueous
electrolyte interface in the same manner and showed the de-
pendency of Cj, as defined by (12), on both pH and the ionic
strength. These findings do not mean that the concept of the
inner layer capacitor of constant capacitance is in principle
incorrect. The variation in capacitance may be due to other
assumptions used in data evaluation, e.g., due to the assump-
tion that ¢ potential obeys the Nernst equation.

Numerical Simulations

To analyze the difference between the concepts of paral-
lel (12) and serially (13) connected capacitors, numeri-
cal simulations were performed. In all calculations, equi-
librium parameters were kept constant and were as fol-
lows: &, =78.54, T=298 K, C; = 1 Fm=, log K, =3.1,

0.08

l;=1072 mol dm™® /
Kyn=Kc=15 /
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Figure 4. The pH dependency of surface charge for the metal ox-
ide/aqueous solution inferface obtained by numerical simulations
for I. = 102 mol dm=3. Calculations were performed with: &, =
7854, T=298K, C; =1Fm? log Ko = 3.1, log Ky = - 9.4,
PHpe = 6.3, Ka = Kc = 15. Full lines represent calculations based
on the concept described by Eq. (12), while dashed lines represent
calculations based on the concept described by Eq. (13).



INNER LAYER CAPACITOR AT THE SOLID/LIQUID INTERFACE

100

=102 mol dm™
KA=KC=15

50 -

¢ /I mV
o

-100 A

-150

-200 : T T

pH

Figure 5. The pH dependency of surface potentials within EIL for
the metal oxide/aqueous solution interface obtained by numerical
simulations for I. = 1072 mol dm=. In calculations, the same set
of parameters was used as in Figure 4. Full lines represent calcu-
lations based on the concept described by Eq. (12), while dashed
lines represent calculations based on the concept described by
Eq. (13).

log K4 = -9.4, pH,,. = 6.3. The values of these parame-
ters were chosen to apply to an ordinary metal oxide
system'2-16 such as e.g. Fe,03, ZrO,, Al,Os. Particularly,
the above values describe approximately the titania!’
aqueous interface. The counterion association equilibrium
constants were chosen to be equal for anions and cations.
As expected, for a high degree of counterion association
(~100 %), achieved by high association equilibrium con-
stants K, = K¢ = 1500, no significant difference between
the two concepts was observed even at ionic strengths as
low as 10~ mol dm.

However, in the case of a low degree of counterion as-
sociation, i.e., a low value of association equilibrium con-
stant, the situation is somehow different. The results are
displayed in Figures 4 — 7.

In all figures, full lines represent calculations based on
the »serial« concept described by Eq. (12), while dashed
lines represent calculations based on the »parallel« concept
described by Eq. (13). To achieve a low degree of associa-
tion, the counterion association equilibrium constants were
chosen as Ky = K¢ = 15. Figures 4 and 5 describe the case
of a higher electrolyte concentration (I. = 102 mol dm)
when about 70 % of the charge developed in the O-plane is
compensated by associated counterions. The surface charge
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Figure 6. The pH dependency of surface charge for the metal ox-
ide/aqueous solution inferface obtained by numerical simulations
for I. = 10~* mol dm=3. In calculations, the same set of parameters
was used as in Figure 4. Full lines represent calculations based on
the concept described by Eq. (12), while dashed lines represent
calculations based on the concept described by Eq. (13).

densities calculated by Eq. (12) are by about 25 % higher in
magnitude compared to those calculated by Eq. (13). Surface
potentials ¢, ¢4 and ¢ are practically equal (Figure 5). A sig-
nificantly more pronounced discrepancy was expected at low
electrolyte concentrations (I, = 10* mol dm=3) when the de-
gree of counterion association is markedly lower (Figures 6
and 7). At an electrolyte concentration of 10 mol dm™,
only about 35 % of the charge in the O-plane is compen-
sated by associated counterions, i.e., oy is approximately
three times higher in magnitude than og. Accordingly, one
would expect a markedly pronounced difference when Eq.
(13) is used instead of (12). Contrary to the expectations,
the resulting difference does not exceed 20 %. The calcu-
lated surface potentials (Figure 7) show even lower discrep-
ancy. These unexpected results could be understood if one
considered the mutual effect of several parameters govern-
ing equilibration in the electrical interfacial layer.

CONCLUSION

The results of this study suggest that the choice between
the concepts of serially connected capacitors (Eq. 12)
and parallel connected capacitors (Eq. 13) cannot be
made unambiguously on the basis of experimental find-
ings, even for the systems in which the counterion asso-
ciation is low. Therefore, taking into account experimen-
tal accuracy, it may be concluded that these two ex-
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Figure 7. The pH dependency of the potential in EIL for the metal
oxide/aqueous solution inferface obtained by numerical simulations
for I, = 104 mol dm=3. In calculations, the same set of parameters
was used as in Figure 4. Full lines represent calculations based on
the concept described by Eq. (12), while dashed lines represent cal-
culations based on the concept described by Eqg. (13).

tremes may equally well describe the experimental
findings. However, if one considers the effect of the de-
gree of counterion association on the B-plane potential,
it is possible to conclude that the concept of parallel
connected capacitors is closer to the reality. The reason
for such a speculation is as follows. Let us imagine a de-
crease in counterion concentration followed by a de-
crease in the degree of counterion association at constant
oy. According to the classical concept of serially con-
nected capacitors, the potential drop in the inner layer
remains constant. Even if the degree of association ap-
proaches zero, this potential drop will be the same. The
concept of parallel connected capacitors suggests that
the decrease of counterion association will cause a re-
duction in potential drop in the inner layer, suggesting

N. KALLAY et al.

that in the limiting case, in the absence of counterion as-
sociation, ¢ approaches the ¢, value. This result is in
accordance with the fact that electrostatic potential does
not change with the distance from the infinite planar
charged plate if no charge compensation takes place.

The question that remains unsolved is the assumed
constancy of the capacitance of the assumed capacitors.
The observed dependency of C; could be attributed e.g.
to the effect of the surface potential on the permittivity
in the interfacial region.
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SAZETAK
Kondenzator unutrasnjega dijela medusloja ¢vrsto/tekuce

Nikola Kallay, Davor Kovadevié, Ana Cop i Martina Medvidovi¢

Interpretacija povrsinske ravnoteZe na medupovrsini ¢vrsto/tekuce, zasnovana na modelu povrsinskih reakcija
(SCM), zahtijeva uvodenje koncepcije konstantnoga kapaciteta unutrasnjega dijela elektrickoga medupovrsin-
skoga sloja (EIL). Postoje dvije mogucnosti. Uobicajeni pristup je definiranje kapaciteta rabeci povrSinsku gu-
sto¢u naboja unutrasnjega dijela sloja (o). Ovaj je pristup povezan s pojednostavljenom shemom serijski spo-
jenih kondenzatora u elektrickome medupovrSinskome sloju. U ovom radu ispituje se druga moguénost. Ako se
pretpostavi da su kondenzatori spojeni paralelno, potrebno je u definiciju kapaciteta uvesti povrSinsku gusto¢u
naboja plohe na kojoj se nalaze asocirani protuioni (o). Problem je analiziran na temelju eksperimentalnih
nalaza, kao i numerickim simulacijama. Kao Sto je i pretpostavljeno za slucaj visokoga stupnja asocijacije protu-
iona obje koncepcije daju gotovo jednake rezultate. U slucaju niskoga stupnja asocijacije protuiona, pri niskoj
koncentraciji elektrolita, takoder nije uoc¢eno naglaSeno odstupanje u povrSinskim gustoama naboja i povr-
Sinskim potencijalima prilikom uporabe navedenih dviju koncepcija. Ovaj neocekivani rezultat moZe se objasniti
uzevsi u obzir viSestruku ovisnost parametara koji odreduju ravnotezu u elektrickome medupovrSinskome sloju.
Moguce je zakljuciti da se navedene dvije koncepcije vrlo teSko mogu eksperimentalno razluditi te su stoga obje
jednako primjenjive.
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