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Some problems related to the theoretical concepts applied in studying
interfacial equilibria at solid/liquid interfaces are discussed. It was shown
that assumptions related to the mechanism of surface reactions and the
structure of interfacial layer need to be reconsidered. The commonly used
3-layer models were considered as simplification of the general 4-layer
model. The concept of the capacitors of constant capacitances was
discussed. The equilibrium at the electrical interfacial layer was used to
discuss the colloid stability phenomenon. The Schulze-Hardy rule, i.e. the
effect of the lyotropic series was explained on the basis of equilibrium
constants of counterion association with charged surface groups. It was
concluded that new experimental methods are necessary for further
progress in this area. The second route is to apply all existing
experimental methods to one sample and to interpret the data
simultaneously.
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1. INTRODUCTION
Surface Complexation Model (SCM), together with the Electrical Interfacial
Layer Model (EIL), serves as a tool for understanding the equilibria at
solid/liquid interfaces [1,2]. In their quantitative form, they are used for
evaluation of equilibrium parameters by interpreting the experimental data.
These two concepts are enough general, so that they may be in principle applied
to any system. However, they are still approximative and should be further
refined. The problem is that some assumptions are not verified, and the fact that
they do not contradict to experimental findings cannot be used as the test of
their validity. It is known that several different variations of the original models
agree with the experiments, which is mainly due to numerous adjustable
equilibrium parameters, and due to relatively low accuracy of the measured
data. The question is in which direction one should orient the research.
Accumulation of data for different systems and interpretation by chosen models
does not solve the problem. It is clear that we need better experiments, we need
to apply new techniques for determination of the structure of interfacial
complexes, but we also need to have more accurate data and to apply the correct
mathematical analysis that takes into account the statistical weights of the
experimental points. Another concept would be to use all available data,
obtained with different techniques, and to interpret them simultaneously. Such
an approach would result in constraints that will probably distinguish between
different variations of SCM and EIL and may lead to the choice of the most
representative theoretical concept. Applying this approach, we have introduced
electrokinetic data and have interpreted them simultaneously together with
adsorption [3-9], surface charge [10] or surface potential [11] data. An
additional question is how far one may proceed in refining the basic SCM and
EIL models. It is obvious that more refined model contains more (adjustable)
equilibrium parameters and consequently will better fit the experimental data.
However, it does not mean that such a model represents the physical situation at
the interface better. Therefore, it is reasonable to conclude that one should
proceed with refinement if significantly better fit is obtained, but also if there
are other theoretical or experimental evidences that support such attempts.
In this article we shall discuss some theoretical and experimental aspects of
the problems related to examination of the interfacial equilibria at the
solid/liquid interface.
2. SOLID/LIQUID INTERFACE
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Surface Complexation Model and Equilibrium Constants. Surface
Complexation Model considers equilibrium of the reactions of defined surface
groups with bulk ions and/or molecules. This concept is, from the chemical
point of view, superior to those based on accumulation of bulk species at the
interface. The model based on defined surface reactions was for the first time
suggested more than thirty years ago [12]. The model was in 1974 refined by
Yates, Levine and Healy [13] as Site Binding Model. Later, the name Surface
Complexation Model was introduced [14-16]. Our early attempts were
essentially similar to that concept. We have considered a colloid particle as
"molecular entity" with the "valency" equal to the number of active surface sites
[17-19]. The statistical treatment enabled us to obtain the number of bound ions
to one colloid particle, i.e. the particle charge. The advantage of this approach
was that the distribution among particles was also obtained. The problem was
solved only for two limiting cases; for zero and also for infinite ionic strength.
The second shortcoming of the treatment of colloid particles as a "molecules" is
that their "valency" depends directly on their size; it is proportional to the
surface area. This problem was avoided in the SCM by introducing surface
concentrations of reactant and product species at the interface. In addition, the
definition of the equilibrium constants with an exponential term that takes into
account electrostatic interactions makes SCM model superior in common use.
There are two assumptions involved in SCM. The first one is postulation of
the mechanism of the surface reaction, and the second one is related to the
definition of the surface equilibrium constant. Several different mechanisms of
surface reactions were assumed to be responsible for the charging mechanism at
the solid/liquid interface, namely 1-pK [20], 2-pK [21], MUSIC [22-24] and
CD-MUSIC [25,26] models. All mentioned models could fit the measured data
so that interpretation of the experiments cannot be used to decide which concept
is more realistic. In our work, we were using the 2-pK concept for simple
reason; this original approach was enough refined to successfully interpret the
measured data. The physical reason for not using 1-pK concept is that it seems
to us that the charge number of surface species should be +1 or -1 (±1), but not
e.g. ±½, in order to produce enough electrostatic attraction towards counterions
so that they could be bound. Another reason is that 2-pK concept predicts, in
some cases, change in the slope in the zero charge region, which is not the case
if 1-pK concept is applied. We consider this question still open for discussion
and further research, concluding that probably some systems are more close to
1-pK
concept
while
other
behave
more
close
to
the
2-pK concept. More elaborated models as MUSIC and CD-MUSIC are
advantageous since they take into account different mechanisms and the surface
heterogeneity. Regarding the traditional terminology, one may say that the
terms "1-pK" and "2-pK" are not the best choices. In fact, the term "1-pK"
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means that one reaction mechanism, characterized by one equilibrium constant,
is responsible for charging of the interface. Similar applies to "2-pK model"
which considers the amphoteric behaviour of the surface sites that can be either
protonated or deprotonated. However, the terminology is not subject of this
article and is of minor importance. For the sake of simplicity, further discussion
will be based on the traditional "2-pK" model ("Amphoteric Model").
According to 2-pK mechanism amphoteric surface sites (≡MOH) on metal
oxide surface, developed by hydration, undergo charging by protonation and
deprotonation, with extents depending on the pH of aqueous solution
Γ(≡ MOH +2 )
a (H + )Γ(≡ MOH )

≡MOH + H+ Q ≡MOH2+;

K p = exp(φ 0 F / RT )

≡MOH Q ≡MO− + H+;

K d = exp(−φ 0 F / RT )

a (H + )Γ(≡ MO − )
Γ(≡ MOH)

(1)

(2)

where Γ denotes equilibrium surface concentration, φ0 the potential in 0-plane
affecting the state of charged surface species, Kp and Kd are thermodynamic
surface equilibrium constants, a is activity in the bulk of solution, while F, R
and T have their usual meaning.
Counterions (anions A− and cations C+) from the solution associate with
charged surface sites according to
≡MOH2+ + A− Q ≡MOH2+·A−; K A = exp(−ϕ β F / RT )

≡MO− + C+ Q ≡MO−·C+;

K C = exp(φβ F / RT )

Γ(≡ MOH +2 ⋅ A − )
a (A − )Γ(≡ MOH +2 )

Γ(≡ MO − ⋅ C + )
a (C + )Γ(≡ MO − )

(3)

(4)

Traditionally, for the equilibrium constants, as defined above, the term
"intrinsic" equilibrium constant was used. The origin of this term is the original
treatment according to which particular surface reaction was split into two steps.
For example, in the protonation reaction, the first step is transport of the H+ ion
from the bulk of solution to the "intrinsic state" and the second step is binding
of H+ ion from the "intrinsic state" to the surface site. First step was described
by the Boltzmann function, while the second one by the "intrinsic" equilibrium
constant. The same exponential term in the expression for the equilibrium
constant could be obtained by introducing the activity coefficients of surface
species, and it could be shown that "intrinsic" equilibrium constant is in fact the
thermodynamic equilibrium constant of a given surface reaction [27]. The
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exponential term could be also considered as an electrostatic correction term for
the equilibrium constant. In any case, the use of the exponential term, with
electrostatic potential affecting the state of charged surface species, implies that
species of the same kind are exposed to the same potential. Moreover, the
consequence of such approach is that ≡MOH2+ and ≡MO− surface species are
assumed to be exposed to the same φ0 potential. It is clear that electrostatic
potentials affecting the states of these charged surface groups are closely related
so that it may be concluded that such a practice would not lead to disagreements
with experimental finding, but would rather affect the obtained values of
equilibrium constants. In the case of counterion association, the situation is
somehow less complicated since in the "positive region" association of anions
takes place, while in the "negative region" the associated counterions are
cations. In the case of counterion association there is no region where both
≡MOH2+·A− and ≡MO−·C+ are present at the interface, as it is in the case of
≡MOH2+ and ≡MO− groups. However, as it is known from the solution studies,
electrostatic ion pairs are not characterized by just one separation distance, but
rather distributed in the association space between two limits (distance of
closest approach and the Bjerrum critical separation distance). Consequently,
the associated counterions are not exposed to the same and constant φβpotential. This problem was solved by introducing the Bjerrum concept to
surface association, but the resulting equations are somehow to complicated for
use in the regression analysis commonly applied in the data interpretation
[28,29].
Electrostatic Interfacial Layer. In the interpretation of the interfacial
equilibrium one cannot avoid to use the relationships between surface charge
densities and electrostatic potentials at certain assumed planes. At first one
should assume certain structure of the electrical interfacial layer (EIL). In the
literature one is able to find different models of EIL [3]. It is clear that the
simple Helmholtz and Gouy-Chapman models cannot explain the experimental
findings. However, the combination of these two opposite extremes (Stern
model) was found to be applicable. Several different combinations were
proposed. Our early work was influenced by the F. Krempler [30] approach
according to whom the significant potential drop occurs in a layer between the
plane in which centers of associated counterions are located and the
electrokinetic slipping plane. Properties of this layer depend on the type of
solvent. In electrophoresis, this layer moves together with the particle so that
outer plane of this layer is the electrokinetic slipping plane, while in the inner
plane the centers of associated counterions are located. As it will be shown,
Leckie [14-16] assumed that slipping plane is identical to the onset of diffuse
layer, while we have assumed that slipping plane is located within the diffuse
layer. By analyzing the common practice, we have concluded that all variations
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of the Helmholtz-Gouy-Chapman-Stern model could be covered by the general
model 4-layer model (Figure 1), which could be easily simplified into two
different types of 3-layer models (Figures 2 and 3).
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Fig. 1. Schematic presentation of the general 4-layer model of the electrical
interfacial layer. Reproduced with permission from Croatica Chemica Acta [2]
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Fig. 2. Schematic presentation of the 3-layer model of the electrical interfacial layer
as proposed by Davis, James and Leckie [14-16], with assumption φd = ζ. Reproduced
with permission from Croatica Chemica Acta [2]

The first choice (Figure 2), introduced by Leckie and coworkers [14-16],
assumes the potential drop between β-plane and the onset of the diffuse layer,
the potential of which corresponds to the electrokinetic potential. The second
choice, preferred by us, (Figure 3) assumes that β-potential is equal to the
potential at the onset of diffuse layer, but introduces the concept of the slipping
plane separation, so that electrokinetic potential becomes lower in magnitude
with respect to the potential at the onset of diffuse layer. This problem will be
discussed in more details later.
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Fig. 3. Schematic presentation of the 3-layer model of the electrical interfacial layer,
with assumption φβ = φd. Reproduced with permission from Croatica Chemica Acta [2]

Surface Charge Densities. Within the EIL model one may define surface
concentrations and the surface charge densities in the following way.
The total surface concentration (Γtot) of active surface sites is
Γtot = Γ(≡MOH) + Γ(≡MOH2+) + Γ(≡MO−) + Γ(≡MO−·C+) + Γ(≡MOH2+·A−)

(5)

Surface charge density in 0-plane (σ0), where the charges produced by
interaction with potential determining ions are located, is

σ0 = F(Γ(≡MOH2+) + Γ(≡MOH2+·A−) − Γ(≡MO−) − Γ(≡MO−·C+))

(6)
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while surface charge density in β-plane (σβ), where associated counterions are
located, is

σβ = F(Γ(≡MO−·C+) − Γ(≡MOH2+·A−))

(7)

The net surface charge density (σs) is neutralized by the charge in diffuse
layer (σd)

σs = −σd = σ0 + σβ = F(Γ(≡MOH2+) − Γ(≡MO−))

(8)

Surface Potentials. The important problem in quantitative description of the
EIL is the relationships between surface charge densities and corresponding
electrostatic potentials. The potential drop between the 0-plane and the β-plane
is commonly described by the constant capacitance (C1) of the inner Helmholtz
layer
C1 =

σ0
φ 0 − φβ

(9)

while the potential drop between β-plane and the onset of diffuse layer
(d-plane) depends on the capacitance of the outer Helmholtz layer (C2).
C2 =

σβ
φβ − φ d

(10)

The Leckie 3-layer model, presented on Figure 2, is characterized by the
potential drop between β- and d-planes that correspond to C2 < ∞. Such an
assumption was necessary due to the statement that φd = ζ. The main reason for
such a choice is that experiments require |φ0| > |φβ| > |ζ|. If one assumes slipping
plane separation, then the above requirement is satisfied also if β- and d-planes
are taken as identical (φβ = φd; C2 → ∞). These two different simplifications of
the general model could be described quantitatively by
|φ0| > |φβ| > |φd = ζ|; C2 → ∞
and
|φ0| > |φβ| = φd|> |ζ|; C2 < ∞
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Apart from the problems related to the choice between these two different
simplifications of the general EIL, the introduction of the constant capacitance
concept, as commonly accepted, remains unjustified. Let us consider the first
capacitor C1. The question is why σ0 is introduced in relationship but not σβ.
The simple electrostatics, considering parallel capacitors, would suggest the
second choice, and not the first one as commonly accepted.
The additional problem is the equilibrium in the diffuse part of EIL for
which the Gouy-Chapman theory is used. According to this theory surface
charge density in the diffuse layer (σd) is related to φd by

σ d = − 8RTεI c sinh

φd F
2 RT

(11)

where ε is medium permittivity and Ic ionic strength. In addition to the already
known problems related to the approximations implied in the Gouy-Chapman
theory, the use of the above equation requires the representative and exact
values of the surface charge density. Let us imagine the surface that is rough on
the nanometer scale. In such a case, one should consider that the surface area
corresponding to σd is smaller than the surface area related to σ0 and σβ. By
ignoring this fact, the relationships between potentials of different planes in the
EIL become questionable.
According to the Gouy-Chapman theory, the φd-potential is related to the
electrostatic potential (φx) at the distance x from the onset of the diffuse layer by
 exp(− xκ ) + tanh (Fφ x / 4 RT ) 
(12)
φd = 2 RTF −1 ln 

 exp(− xκ ) − tanh (Fφ x / 4 RT ) 
where reciprocal Debye-Hückel length κ is given by

κ=

2I c F 2
εRT

(13)

The pH-dependency of surface potential ϕ0 can be derived from Eqs. (1,2) as

φ0 =

RT K p RT Γ( ≡ MOH +2 ) RT
ln a(H + ) =
−
+
ln
ln
F
2F K d 2F
Γ(≡ MO − )

=

Γ (≡ MOH +2 )
RT ln 10
RT ln 10
(pH pzc − pH ) −
log
2F
F
Γ ( ≡ MO − )

(14)
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In certain pH range surface potential φ0 is approximately linear with respect to
pH, with the slope lower then RTF −1 ln10. The deviation from ideality could be
expressed by factor α as

φ0 = α

− RT ln10
(pH - pH pzc )
F

(15)

Measurements of the surface potential φ0 are not popular. Penners and
Lyklema measured the potential of the platinum electrode covered by the
hematite [39]. The slope was found to be close to the Nernstian. Avena and
coworkers obtained significantly lower slope with titania electrode [40]. These
results suggested that measurements of the surface potential might help in
understanding the interfacial equilibria at the solid liquid interface. However,
the problem with metal oxide electrodes is that one cannot be sure that
measured electrode potential is directly related to the surface potential. It is
possible that porosity of oxide layer makes electrode to behave as the electrode
of the second kind. To solve this problem we have constructed the ice electrode
that is not porous. The slope of ice electrode was significantly lower than the
Nernstian due to sodium ion association [41]. In addition, the comparison with
the electrokinetic data enabled us also to estimate the equilibrium parameters for
ice/water interface [11]. These kinds of measurements may help in
characterization of other systems. For that purpose it might be advisable to use
field effect transistors [42,43] and membrane electrodes with PVC carriers [44].
Zero Charge Condition. Zero charge condition at the surface is commonly
described by two quantities, i.e. by the isoelectric point (i.e.p.) and by the point
of zero charge (p.z.c.). Isoelectric point corresponds to the condition at which
ζ = φd = 0, and consequently to the zero effective charge; σs = −σd = 0. The
point of zero charge is defined through the consumption of potential
determining ions from the bulk of the solution. In the case of metal oxides, the
point of zero charge corresponds to pH at which

Γ(≡MOH2+) + Γ(≡MOH2+·A−) = Γ(≡MO−) + Γ(≡MO−·C+)

(16)

In the absence of specific adsorption, p.z.c. corresponds also to σ0 = 0.
The third zero charge condition is the point of zero potential (p.z.p.) defined by
φ0 = 0.
In the absence of specific adsorption, and in the case of negligible
(Γ(≡MOH2+·A−) = 0, Γ(≡MO−·C+) = 0) or symmetric (Γ(≡MOH2+·A−) =
Γ(≡MO−·C+)) counterion association, at i.e.p. all interfacial potentials (φ0, φβ, φd)
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are zero, and also σ0 = 0, σs = 0, Γ(≡MOH2+) = Γ(≡MO−) so that all three zero
charge conditions coincide
pH pzc = pH iep = pH pzp =

Kp
1
⋅ log
2
Kd

(17)

Point of zero charge and the isoelectric point are important characteristics of
the system. They separate the region of the positively charged surface from the
region where surface bears the negative charge. Such finding is useful for
consideration of the coagulation and adhesion phenomena. Also, if these two
points coincide one may conclude that no specific adsorption takes place. In the
opposite case one may deduce the charge of species that are specifically
adsorbed. In addition, the temperature dependency of the point of zero charge
enables evaluation of the difference in standard enthalpies of protonation and
deprotonation reactions [45,46]. For that purpose the "mass titration method"
i.e. the measurements of temperature dependency of pH of concentrated
suspension was found to be suitable [47,48]. Temperature dependency of pHpzc
yields standard enthalpy and entropy change, while calorimetric data are
influenced by the electrostatic effects [49-51]. It should be noted here that
values of thermodynamic quantities directly depend on the assumed mechanism,
and also on the way how the stoicheiometric reaction equation is written [52].
The isoelectric point of conductive metallic surfaces is also an important
parameter, especially in considering adsorption and adhesion phenomena.
Except for metallic colloid particles, the classical electrokinetic cannot be
applied so that "adhesion method" was introduced showing that electrical
properties of metallic surfaces are closely related to the corresponding metal
oxides [53,54].
3. EFFECT OF ELECTROLYTES ON THE COLLOID STABILITY
Stability of colloids in aqueous electrolyte solutions is due to electrostatic
interactions i.e. determined by the equilibrium at their interfacial layers. The
increase of electrolyte concentration is followed by simultaneous increase of
counterion concentration and consequently increase in the extent of their
association at the surface. The net surface charge is reduced so that substantial
drop of the ϕd potential occurs. This phenomenon reduces electrostatic
repulsion and promotes the aggregation. The second reason for the instability is
so called compression of the diffuse layer. In this paragraph we shall analyze
the effect of association of counterions at the interface on the colloid stability. It
will be shown that their specificity (Schulze-Hardy rule) is characterized by the
surface association equilibrium constants (Eqs. 3,4).
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Fig. 4. Different theoretical contributions to the general theory of the colloid
stability. Reproduced with permission from Croatica Chemica Acta [2]

The aggregation rate of colloid particles is determined by the collision
frequency and collision efficiency (see Fig 4). The later quantity is reciprocal
value of the commonly defined stability coefficient (W) and depends on the
interaction energy barrier
∞

exp( E / RT )
dx
x2
0

W = 2r ∫

(18)
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where r is radius of spherical particles and x is the separation distance between
two interacting particles. Interpretation of the aggregation kinetics in the
electrolyte solution requires the knowledge of the total interaction energy (E)
which may be taken as a sum of the electrostatic repulsion between two
particles (Eel), dispersion van der Waals attraction (EvdW) and short range
repulsion (Er)
E = Eel + EvdW + Er

(19)

For the purpose of this study, we shall consider interaction of two identical
spherical particles of radius r with the potential at the onset of diffuse layer φd.
The Hogg, Healy, Fuerstenau (HHF) approximation [55] for electrostatic
interaction energy between two charged particles separated by distance x with
the same surface potentials φd yields
Eel = 2πεrφd2 ln [1 + exp(-κx)]

(20)

For the same system, according to Hamaker [56], the attractive dispersion
contribution EvdW is given by
EvdW = − AH

r
12 x

(21)

where AH is the Hamaker constant. Short-range repulsion (Er) could be
approximated by a "hard wall concept" (Er = 0 at x > xmin and Er = ∞ at x < xmin).
Theoretical interpretation of the slow aggregation in the presence of the
energy barrier is not straightforward. The problem lies in the Hamaker constant
(Eq. 21), which is commonly accepted as adjustable parameter, but also in the
unknown value of the surface potential determining the electrostatic repulsion.
According to the SCM, equilibrium at the metal oxide/liquid interface is
characterized by several parameters. They are: total surface concentration of
surface sites (Γtot), four equilibrium constants (Kp, Kd, KA, KC) and one or two
capacitances (C1, C2). The values of these parameters could be obtained by
interpretation of adsorption measurements and electrokinetic data. For the
aggregation kinetic, the potential at the onset of diffuse layer is essential (see
Eq. 20). This potential can be easily calculated once the interfacial equilibrium
parameters are known. Another possibility is to use Eq. (12) and calculate φd
potential from measured ζ-potential.
According to the Eq. (17), the value of pHiep is given by the ratio of
protonation and deprotonation equilibrium constants. The dependency of the φd
potential on pH for two metal oxides of the same pHiep, but characterized with
different Kp and Kd, values, is presented in Figure 5. It is obvious that low
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values of Kp and Kd result in the broad region of low surface potential around
the isoelectric point. Therefore, one may conclude that in such a case a broad
instability region may be expected which is not a case if the values of Kp and Kd
are enough high.
40
-5.6

φ d / mV

20

-11.6
0

-20
log(K pK d) =

-40
2

4

6

8

10

12

pH
Fig. 5. Dependency of the φd potential on pH for two metal oxides of the same
pHiep = pHpzc = 7.5, at 25 ºC and Ic = 10-2 mol dm-3. In the numerical simulation the
following values of parameters were used: r = 30 nm, KA = KC = 1500,
Γtot = 1.5×10-5 mol dm-3, C1 = 2 F m-1;
(a) −log (KpKd) = 5.6 (Kp = 5×104, Kd = 5·10-11)
(b) −log (KpKd) = 5.6 (Kp = 50; Kd = 5×10-14)

Figure 6 shows the φd (pH) function calculated for the symmetric (KA = KC)
and also for asymmetric (KA > KC) counterion association at different ionic
strengths. The significant reduction in the magnitude of φd potential due to
increase of the ionic strength was observed (full lines). In addition, the leveling
of the ϕd(pH) function is notable, especially at higher ionic strength. Since the
rapid coagulation takes place at relatively high concentrations of 1:1
electrolytes, one may conclude that in the pH-region enough far (2-3 pH units)
from pHiep, the critical coagulation concentrations (c.c.c.) would not depend
significantly on the pH. Such conclusion was supported experimentally [57]. In
the case of higher association affinity of anions (with respect to cations) the
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isoelectric point shifts towards lower pH-values (dashed line) changing the
instability domain, respectively.
40
-3

I c / mol dm :
0.01

φ d / mV

20

0.02
0.1

0

0.1
-20

-40
2

4

6

8

10

12

pH
Fig. 6. Dependency of φ d potential on pH calculated for the symmetric (KA =
KC = 1500, full lines) and asymmetric (KA = 1500; KC = 100, dashed line) counterion
association at 25 ºC and different ionic strengths. In the numerical simulation the
following values of parameters were used: r = 30 nm, Kp = 5×104, Kd = 5×10-11,
Γtot = 1.5×10-5, C1 = 2 F m-1

According to the HHF equation Eq. (20), the electrostatic repulsion
decreases by electrolyte addition due to two reasons. At higher electrolyte
concentration the κ value is higher and consequently the factor exp(−κx)
representing the "compression of the diffuse layer" decreases reducing the
electrostatic repulsion. This effect is not specific; all 1:1 electrolytes will exhibit
the same behaviour. The second effect, connected with decrease of the φd
potential, is specific since it is determined mainly by the counterion association,
i.e. by the association equilibrium constant (KA in positive
pH-region and KC in the negative pH-region.).
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Fig. 7. Effect of counterion (anion) association constant KA on the φd(log Ic)
function at pH = 4 and 25 ºC. In the numerical simulation the following values of
parameters were used: r = 30 nm, Kp = 5×104, Kd = 5×10-11, KC = 100, Γ tot = 1.5×10-5,
C1 = 2 F m-1

Figure 7 shows the effect of electrolytes on the potential at the onset of
diffuse layer φd. Calculations were performed using different values of
counterion association equilibrium constants; from 0 to 1500. It is clear that φd
potential decreases (almost) to zero value at extremely high electrolyte
concentrations. However, the concentrations of electrolyte, required for φd = 0
(or e.g. 25 mV) conditions, is significantly decreased for counterions with
higher association affinity. Figure 7 demonstrates that counterion association
plays essential role in the aggregation kinetics but also that even in the absence
of counterion association φd drops to zero at (extremely) high electrolyte
concentrations.
Figure 8 displays effect of ionic strength on the total interaction energy,
Emax, at the maximum of the E(x) function. The electrolyte concentrations at
which Emax is reduced to zero may be taken as critical coagulation concentration
(c.c.c.). It is obvious that c.c.c. highly depends on the value of counterion
association equilibrium constant, which explains the well known observation of
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the lyotropic series effects in the coagulation phenomena (Schulze-Hardy
rule) [58].
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Fig. 8. Dependency of the total interaction energy Emax at the maximum of the E(x)
function on the ionic strength at pH = 4 and 25 ºC calculated for four counterion
association constants: KA = 1500; 100; 2; 0. In the numerical simulation the following
values of parameters were used: r = 30 nm, Kp = 5×104, Kd = 5×10-11, KC = 100,
Γtot = 1.5×10-5, C1 = 2 F m-1
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