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LOW-FREQUENCY ELECTRICAL CONDUCTIVITY OF AQUEOUS KAOLINITE
SUSPENSIONS II: COUNTERION EFFECTS AND ESTIMATING STERN LAYER
MOBILITIES OF COUNTERIONS
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Abstract—The electrical state of the interface between a kaolinite-dominated clay sample and aqueous
electrolyte solutions was characterized using low-frequency conductance measurements. From these
measurements, the {-potential and surface conductivity contributions from the diffuse and non-diffuse
parts of the electrical double layer were obtained. The suspensions were studied as a function of volume
fraction, electrolyte concentration, and electrolyte type (LiCl, NaCl, KCl, CsCl, CaCl,, SrCl,, and BaCl,).
Interpretation in terms of the surface conductance revealed that a substantial part of the surface
conductivity originates in the inner part of the double layer. Electrokinetic potentials and related diffuse
double layer properties are highly dependent on the nature of monovalent counterions, whereas divalent
counterions do not show such clear dependencies. Further presented was a simple way to estimate the order
of magnitude of counterion mobilities in the inner part of the electrical double layer. All counterions were
shown to have a substantial mobility in the inner part of the double layer. Finally, we suggest that the
apparent ion-specific effects observed in the diffuse part of the double layer are at least in part related to the
finite size of the counterions. Our findings are relevant to scenarios where fluid flow in porous media is
accompanied by charged species transport, e.g., in electro-osmotic remediation, spectral-induced
polarization, or permeability measurements.

Key Words—Kaolinite, Spectral-induced Polarization, Stern Layer Mobility, Surface Charge Density,

Surface Conductance, Zeta Potential.

INTRODUCTION

Surface charging and electrokinetic phenomena are a
classical topic in clay and colloid science, because the
formation of electrical double layers and the resulting
distribution of ions has an impact in a wide range of
situations. Nowadays, these phenomena have practical
applications, such as soil remediation by electroosmotic
flow (e.g., Dzenitis, 1997), interpretation of spectral
induced polarization (SIP) data (e.g., Weller and Slater,
2015), or membrane filtration (e.g., Labbez et al., 2001).

Despite ample experimental data, however, a general
and consistent interpretation of electrokinetic data,
especially for clay minerals, is still lacking for various
reasons: clay minerals have a non-spherical morphology,
have pH-dependent and non-homogeneous charge dis-
tributions, may form aggregates, and are seldom in a
pure state. What is less clear, however, is which of these
factors are crucial for the interpretation of an experiment
and which are less important.

Described in a previous article (Weber and Stanjek,
2017) was how to interpret low-frequency conductance
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measurements with internal consistency and how to
derive electrokinetic ({) potentials, surface conductance,
and counterion mobilities in the Stern layer.

In agreement with previous electrokinetic studies of
clay suspensions (O’Brien and Rowlands, 1993;
Rowlands and O’Brien, 1995; Rasmussen et al., 1997,
Chassagne et al., 2009), a substantial fraction of surface
conductance originated in the inner part of the double
layer. In these studies, the authors were not able to
quantify surface conductivity in the inner part of the
double layer and estimates about the distribution of
mobile charges within the double layer were not
possible. Such information is not only interesting from
an academic point of view, but is also vital for practical
purposes.

A particular example are SIP measurements (i.e. ‘low
frequency range’ impedance spectroscopy that is typi-
cally performed from 1 mHz to 1 kHz), which are used
in many different ways to characterize porous media,
especially sedimentary rocks and soils (Revil and
Florsch, 2010; Revil, 2014; Weller et al., 2015;
Kruschwitz et al., 2016; Weller et al., 2016). Recent
theoretical developments emphasize the links between
interactions in the matrix-fluid-system and within the
electrical double layer and correlations with petrophy-
sical parameters, such as specific surface area, perme-
ability, and the distribution of pore radii. A variety of
polarization models, either grain based or pore based,
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have been developed over the past years to describe the
polarization effects in sedimentary rocks (e.g., Scott and
Barker, 2005; Tarasov and Titov, 2007; Kruschwitz et
al., 2010; Revil, 2012; Weller and Slater, 2015). Akin to
the electrokinetic literature, most of these models
distinguish between a purely diffuse part of the double
layer and a Stern layer. In contrast to the inner part of
the double layer, much theoretical and experimental
information is available about the diffuse part. While the
latter is entirely characterized by the {-potential, which
is directly proportional to the charge density of the
diffuse layer, the electrokinetic characterization of the
inner part of the double layer relies on a determination of
the surface conductivity in this region. This quantity can
be expressed as (Lyklema, 1995):

K5 = o - i (1)

where K§' is the surface conductivity of the inner part of
the double layer, o) is the charge density in this region,
and ub is the corresponding counterion mobility. Note
that the subscript 2 indicates that only counterions are
considered. This is an approximation that has been
checked experimentally for similar systems (Weber and
Stanjek, 2017). Equation 1 indicates that, apart from
counterion adsorption in the inner part of the double
layer, the ions need a certain mobility in order to
produce inner layer surface conductance.

Based on the geophysical literature, neither the
mobilities in the inner part of the double layer nor the
corresponding charge densities have been sufficiently
investigated in relevant systems. This hampers an
understanding of the impact of these properties on low-
frequency polarization effects in porous media. A
specific example is found in discussions about the
ionic mobilities within the Stern layer in clay-bearing
systems, where surface complexation models predict a
drastically reduced (by a factor of about 300) counterion
mobility (Revil, 2012, 2014; Weller et al., 2013).

The objective of the present contribution was to
present low-frequency conductivity experiments on a
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kaolinite-dominated clay sample and to interpret the
results with regard to {-potentials and the concentration
dependence of inner- and diffuse-layer surface conduc-
tance values for different counterions (Li*, Na*, K", Cs",
Ca®*, Ba®", and Sr*"). Furthermore, a simple way is
presented to estimate the order of magnitude of the
counterion mobility in the Stern layer, and thus provide
valuable data to test the theoretical models mentioned in
the previous paragraphs.

MATERIALS AND METHODS

A kaolinite-dominated clay sample from Horni Briza
(Czech Republic) that contained 0.76 g/g kaolinite,
0.21 g/g illite/muscovite, and 0.03 g/g quartz was
examined in the present study (Weber et al., 2014).
The kaolinitic material was exposed at least three times
to >3 M LiCl, NaCl, KClI, or CsCl and to >1 M CaCl,,
BaCl,, or SrCl, solutions, respectively. The samples
were washed with deionized water during pressure
filtration until the water reached an electrical conduc-
tivity of <2 puS/cm and then freeze-dried.

Electrical conductivities were measured at 25.0°C in
the same manner and with the identical equipment as
described in Weber and Stanjek (2017). Aspect ratios of
the kaolinitic samples were determined conductometri-
cally at 5°C (Weber and Stanjek, 2017) in a 100 mM
CacCl, solution and the particle size distributions were
assessed using acoustic spectroscopy and laser scattering
as described in Weber et al. (2014). The suspension pHs
ranged between 6 and 7 and depended slightly on the
electrolyte type and concentration.

Nitrogen adsorption and desorption isotherms were
recorded using a Micromeritics Gemini VII
(Micromeritics Instrument Corporation, Norcross,
Georgia, USA) at 77 K. The samples were outgassed
in vacuum (p = 2.6 kPa) at 130°C for 12 h. The BET
(Brunauer et al., 1938) surface areas were calculated
following the recommendations of Rouquerol er al.
(1994) and yielded a specific surface area of 15 m*/g.
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Figure 1. Cumulative particle size distributions from acoustic spectroscopy and laser scattering: (a) equivalent spherical diameters,
(b) recalculated major diameters of oblate spheroids using the conductometrically determined aspect ratio (n = 1/24).
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RESULTS AND INTERPRETATION

The particle size distributions determined by acoustic
spectroscopy and by laser scattering (Figure la) were
reproduced from Weber et al. (2014). The corresponding
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diameters of oblate spheroids (Figure 1b) were calcu-
lated with the aspect ratio determined conductometri-
cally (n = 1/24) using the appropriate relationships
presented in Jennings and Parslow (1988). The agree-
ment between the two methods was improved when the
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Figure 2. Suspension conductivity (Horni Briza LiCl, NaCl,
KCl, CsCl, BaCl,, SrCl,, and CaCl,) over solution conductivity
(K*/K") as a function of volume fraction (¢) at 25°C.
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particles were treated as oblate spheroids, but was not
entirely satisfactory. This was partially because the
actual distribution is bimodal, whereas the data evalua-
tion scheme used to evaluate the acoustic spectroscopy
data assumes log-normal distributions (more detail
provided in Weber et al., 2014). Also, the possibility
that different size fractions have different aspect ratios
(see Slepetys and Cleland, 1993) cannot be excluded.

Apart from these uncertainties, the other phases,
especially illite/muscovite, may contribute to the bimodal
character of the particle size distribution. Illite/muscovite
may have a different aspect ratio than the dominant
kaolinite phase. Because conductivity measurements
performed here can only yield an average value of the
quantity of interest, delineating the specific influence of
accompanying phases using such macroscopic measure-
ments is not possible. Anticipating the discussion about
electrokinetic potentials and surface conductance, the
impact of mineralogical impurities on electric surface
parameters cannot be estimated for the same reasons
outlined above. A reliable estimate of such effects would
require very careful study of the pure components and
defined mixtures. The principal behavior of the present
sample is, however, similar to what was observed by
Weber and Stanjek (2017), where a kaolinite with a
different mineralogical composition was studied.

For the remainder of this article, the dsq of the laser
scattering experiments, which is defined as the cumula-
tive distribution median, will be taken as a guide. From
this value, the major axis radius was calculated as a =
3.6 um and the dimension of the minor half axis as b =
0.15 pm. Plots of the suspension conductivity/solution
conductivity (K*/K*) ratio as a function of volume
fraction ¢ (Figure 2) reveal that the various counterions
behave quite differently from each other. Isoconductive
points (K*/K* = 1) were observed for Li", Na*, and K",
but not for Cs" or the divalent cations. These observa-
tions give a first hint towards a certain ion specificity.

The K*/K*($) relationships were evaluated with the
aid of O’Brien and Ward’s theory, which is valid for

Low-frequency electrical conductivity of aqueous kaolinite suspensions 89

randomly oriented particles with xI>>1. With the
particle dimensions quoted above, kb ~ 16—110 can
be calculated for monovalent electrolytes and kb =~
27—191 for divalent electrolytes (the corresponding
products for xa are a factor of 24 higher). For two
species electrolytes, the relevant equation is (O’Brien
and Ward, 1988):

K*

KL

0 1 $Daz3n®
=40+ 2 0] - 2

[F*(Duz) = 1°(0) + 2{f (Do) = f1(0)}]  (2)

where D, is the counterion diffusion coefficient (sub-
script 2); z,, the charge; n5°, the number density [1/m3]
in the bulk solution; Du,, the counterion Dukhin
number; and the sum over j includes all solution species.
The functional relationships for the f~functions of the
oblate spheroids are collected in the Appendix of Weber
and Stanjek (2017). Note that these functions depend
only on the aspect ratio and the Dukhin number. Because
the aspect ratio was determined independently, equation
2 can be solved explicitly for Du,. The resulting Dukhin
numbers showed the very same behavior that was
already observed in Weber and Stanjek (2017) (see
Figure 3). Du, is linear for inverse counterion con-
ductivity 1/K% and Du, is finite as ﬁ — 0. This
dependence was interpreted in terms of:

1 p .
——K§' + Dub (3)

Du, =
KL

where / is a characteristic length scale of the particles,
K% is the conductivity contributed by the bulk counter-
ions, Kz"‘/ is the contribution of the diffuse layer to the
surface conductivity, and Dub is the Dukhin number of
the inner part of the double layer. From equation 3, the
slopes of the curves in Figure 3 are proportional to K2"d
and the intercepts are given by Dub. For monovalent
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Figure 3. Du, as a function of inverse counterion conductivity at 25°C.
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counterions, both the slopes and intercepts are counter-
ion-specific. The slopes decrease in the order Li* ~ Na*
> K" > Cs" and the intercepts decrease in the order Li* >
Na“ > K" > Cs". Such pronounced slope and intercept
variabilities, respectively, were not observed for divalent
counterions. While the slope was somewhat higher for
Sr?", the values for Ca®" and Ba?" were indistinguishable
and the intercepts were identical for all three divalent
counterions.

To calculate absolute surface conductivity and (-
potential values, the characteristic length scale of the
particles must be known. One option used to decide
which is the relevant axis is to relate the surface
conductivity to the independently measured surface
charge density: (see Lobbus er al. (2000) and Weber
and Stanjek (2017) for details)

5 o

)

K$ = —uboy +[(1

where K5 is the surface conductivity calculated from
Duy = KS/(K>*1), u5 is the bulk ionic mobility, u5 is the
corresponding ionic mobility value in the inner part of
the double layer, o9 is the surface charge density due to
the counterions, 9 is the diffuse-layer charge density
due to the counterions, and m, denotes the counterion
ionic drag coefficient:

o — RT 22880
>~ \F ) 3nD,

(5)

where g is the permittivity of free space, € is the relative
dielectric constant of the solvent, and n is the viscosity.

Due to the relatively high aspect ratio, which
translates into absolute surface conductivity values, uy'
is rather sensitive to the choice of characteristic length.
Surface charge densities were determined for the CsCl
sample (Figure 4) using ion chromatography (see Weber
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and Stanjek, 2017, for experimental details). For the
surface conductivity values, /=5b = 0.15 um was used as
the characteristic length scale. The inner layer to bulk
mobility ratio was up/ul = 0.6 £ 0.03. If the major half-
axis dimension had been used as the characteristic
length, the mobility ratio would be around 14, which is
far too high. Further support for the choice of / = b stems
from a comparison between (1) the diffuse-layer charge
density calculated from the regression analysis intercept
(69 (reg)) and (2) the diffuse-layer charge density
computed from the (-potentials (o9 ({)). From these
calculations, we found that 6§ (reg) = 0.1 + 0.2 nC/cm?
and 6§ ({) = 0.12 £ 0.01 uC/cm?. Although the particle
size distributions do not match perfectly after correction
for the particle shape, the reasonable value for the inner
layer mobility, and the correspondence between the
diffuse layer charge densities suggests that the choice of
characteristic length was reasonable.

After deciding on the characteristic length value, the
{ potentials can be calculated from Du, by inverting

2 F272¢%
D _ = 2
“* =K RTx
ek 3m KS'
Dy(e™ " P -1+ - (1+-2)  (6)
£ K7

which is valid for symmetrical electrolytes. For 2-1
electrolytes, such as BaCl,, the relevant relation is (see
Appendix of Weber and Stanjek, 2017):

I Y
> KFIRTx
p, VTG ] RS
? V3 2 K3

Because K3 and de are known from the Dukhin
number and from the respective straight line slopes in
Figure 3, K can be obtained as Ky = Kfszcd. With
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Figure 4. Correlation between surface conductivity (calculated with /=5 = 0.15 pm) and independently measured surface charge
density. The line is a linear regression through the experimental points.
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this information, equations 6 and 7 can be solved for y*
= FC/RT. Table 1 summarizes the various double layer
parameters obtained in this manner.

DISCUSSION

Inspection of Table 1 shows that the diffuse-layer
surface conductivity contributions of each electrolyte are
independent of electrolyte concentration and are about
0.1 nS. The part of the surface conductivity that
originates in the inner part of the double layer is roughly
the same order of magnitude (or somewhat lower) at a
1 mM concentration and linearly increases with
increased concentration to reach values that are 10—60
times larger than the diffuse contribution. This indicates

that the inner part of the double layer is more and more
important at higher electrolyte concentrations. Due to
better screening, larger parts of the surface charge
density will be compensated closer to the surface, i.e.
within the inner part of the double layer. In connection
with a concentration-independent ionic mobility in the
inner double layer (see below), this also implies that the
ionic transport in this part of the double layer becomes
more important as the electrolyte concentration is
increased.

For the { potentials, we observed the same order of
values as for the diffuse part of the surface conductivity
mentioned above: Li" &~ Na" > K" > Cs", whereas the {
potentials for divalent counterions were more or less the
same for a given concentration (Table 1). Somewhat

Table 1. Dukhin number, surface conductivity, ratio of inner to diffuse layer surface conductivity, and electrokinetic potential

of kaolinite suspensions at 25°C.

¢® (mol/m?) Dus, KS (nS) K§'/KS' ¢ (mV)
LiCl, K3 = 6.7+0.3:107'° S, Dub = 0.33+0.02

1 1.48 0.9 0.3 —88
5 0.60 1.7 1.6 —57
10 0.41 2.4 2.5 —46
50 0.36 10.4 14.5 -25
NaCl, K§' = 7.140.2:107'° S, Dujy = 0.23%0.01

1 1.18 0.9 0.3 -85
5 0.41 1.5 1.4 —54
10 0.35 2.6 2.7 —43
50 0.23 8.8 11.3 —24
KCl, K§' = 4.120.2:107'° S, Du = 0.18+0.01

1 0.55 0.6 0.5 —55
5 0.26 1.4 2.5 -32
10 0.20 2.2 45 —24
50 0.20 10.7 25.3 —12
CsCl, K§' = 1.4£0.1-107'° S, Dub = 0.1620.01

1 0.28 0.3 1.3 -25
5 0.17 1 5.9 —13
10 0.17 2.0 13.4 -9
50 0.16 9.4 65.9 —4
CaCly, K§' = 5.4£0.4107'° S, Dub = 0.20+0.01

1 0.50 0.9 0.7 —38
5 0.28 2.5 3.6 -23
10 0.24 43 6.9 -18
50 0.19 16.9 30.4 -10
StCly, K§' = 6.120.6:107'° S, Dub = 0.21+0.02

1 0.55 1 0.6 —41
5 0.27 2.4 2.9 25
10 0.27 49 7.0 -20
50 0.20 17.8 28.2 —11
BaCl,, K§' = 4.840.5-107'° S, Dub = 0.20+0.01

1 0.45 0.9 0.8 -35
5 0.28 2.6 45 21
10 0.23 45 8.2 —16
50 0.19 18 36.3 -9
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surprising was the fact that Cs* was more effective in
lowering the  potential than divalent counterions. This,
however, was not due to a very high inner-layer affinity,
but it was rather due to the low K" value that caused the
large KY' /K" values, which are in line with the
substantlal inner-layer Cs™ mobility calculated above.
Although a mobility ratio of around 0.6 may hint
towards a certain specificity in the inner part of the
double layer, this value can equally be rationalized by
considering that the surfaces may be quite rough so that
the ions have to follow a tortuous path (Lyklema, 2001)
or that the estimated characteristic length is somewhat
off. However, on the basis of the current data set it is
rather difficult to reach a final conclusion.

A qualitative picture on where the observed ion
specificity originates, i.e. in the diffuse part or in the
inner part of the double layer, can be developed if the
ionic mobilities of all the counterions are known. This
would permit the charge density in the inner part of the
double layer to be calculated via equation 1 and thus
allow a comparison between the different counterions.

In the following text, a simple way to estimate the
order of magnitude of the mobility ratio ub/us® will be
presented. The general idea for this approach comes
from Verbich et al. (1999). These authors developed a
clever method to estimate mobility ratios by exploiting
the varying Stern layer adsorbability of different
counterions on the same surface. In short, they observed
that different counterions influence isoconductive points
(K*/K* = 1) quite substantially. Furthermore, they
noticed that the Dukhin number at the isoconductive
point (icp) is only determined by the ion diffusion
coefficients and the particle geometry. Having identified
one counterion that does not adsorb in the inner part of
the double layer and a counterion that does adsorb, they
compared the Dukhin numbers at the icp’s to derive:

W, (1+3m/z7) - z; - ¢ (icp),

P C
L~ 8
u® c®(icp) i ®)

where 7 indicates the counterion that specifically
adsorbs, j is the counterion that does not specifically
adsorb, and ¢™ (icp);; denotes the concentrations at the
icp. It must be noted that in their derivation the authors
assumed that the surface charge density does not vary
with electrolyte concentration or type. For this reason
and because no counterion can be identified that does not
adsorb in the inner part of the double layer (¢f. Table 1),
equation 8 cannot be used to estimate inner layer
mobilities in the systems investigated in the present
study.

In the present case, the Dub constancy essentially
permitted an estimate of the order of magnitude of the
counterion mobility in the inner part of the double layer.
As remarked above, the Dukhin number at the icp
(Dus jcp) is fully determined by the particle shape and the
ion diffusion coefficients. The Dukhin number at the icp
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is, thus, a quantity that can be calculated using
equation 2 by setting K*/K* = 1. Combined with the
observation that D} is constant and counterion-specific,
extracting some information about the ionic mobility in
the inner part of the double layer by comparing Du’ and
the Dukhin number values at the icp should be possible.
Expressing Du, in terms of charge densities and ionic
mobilities (see Weber and Stanjek, 2017, for a summary
of the relevant equations and references),

3mz KUV
Duy = KLlu2 62(1+—2) (1+K§d) (9)
and dividing by
Dby = KLlu262 (10)

provides for a given counterion at a given concentration.

Du 3my. oduP
21+ 502241 (11)
Du, 2 chith

Equation 11 is not very useful, because the ionic
mobility in the inner part of the double layer occurs in
the equation as a product term with the inner layer
charge density. This quantity can only be determined if
the surface and diffuse layer charge densities are
simultaneously available (6’ = — 6° — o%. The o
values are available for a K-kaolinite, a Ba-kaolinite
(Weber and Stanjek, 2017), and for the Cs sample
studied here. These experimental results suggest that
od/ch ~ 1 at the icp for monovalent counterions. This
means that under these conditions the surface charge
density is equally compensated in the diffuse and inner
parts of the double layer. Accepting this approximation
for the moment and restricting equation 11 to the
isoconductive point, it can be reorganized as follows:

i 1 30
LS | Zf) (12)
U3 (Duz,icp/Duz‘iCp) -1

and equation 12 provrdes ~ 0.74 £ 0.05 for the Cs"

mobility ratio, which compares reasonably well with the
0.6 = 0.03 ratio determined above. For the K-kaolinite,
Weber and Stanjek (2017) determined K ~ 1.06 = 0.04,
which agrees well with the ~1.05 Value obtalned from
equation 12. Proceeding in the same manner for the other
counterions gives: u’/u” ~ 0.76 + 0.07 for Li*, ~ 0.75
+ 0.07 for Na*, and ~ 0.88 + 0.07 for K".

For divalent counterions, the situation is somewhat
different. For the Ba-kaolinite studied in Weber and
Stanjek (2017), the mobility ratio determined from the
correlation between surface conductance and surface
charge density was ukh,/ug, ~ 0.54 + 0.02, whereas the
mobility determined from equation 12 was uk,/uff, =~
0.8 £ 0.1. This might be due to the steeper surface-
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charge density increase with increased divalent counter-
ion concentrations. As a result, the Gg/cé ratio may be
<1 or at least less than the monovalent counterion ratio
and as a consequence, the mobility ratio will be
somewhat overestimated. For the divalent counterions
studied here, equation 12 delivers: ub,/uly ~ 0.65 +
0.06, upa/ug, ~ 0.73 + 0.08, and us,/us; ~ 0.68 + 0.08.

Because very few complete data sets were available,
judging the accuracy of the approximation used to arrive
at equation 12 was very difficult. Therefore, absolute
values of the mobility ratios will not be discussed in
detail, but rather note that the order of magnitude of the
values are very reasonable in comparison to experi-
mental literature values for a large variety of surfaces
(Rowlands and O’Brien, 1995; Rasmussen et al., 1997,
Lyklema and Minor, 1998; Minor et al., 1998a, 1998b;
Lobbus et al., 2000; Lyklema, 2001, 2002, 2003;
Djerdjev et al., 2003; Jiménez et al., 2005). The main
point is that counterion mobilities in the inner part of the
double layer are substantial, which is an observation that
will be beneficial for constraining the parameters in SIP
modeling.

No obvious trends were noted when the mobility
ratios of different counterions of the same charge were
compared. The invariance of ionic mobility with respect
to counterion nature argues against a chemically driven
mechanism (i.e. any kind of force that acts on the
counterions in addition to purely electrostatic attraction)
that causes the observed specificity. Figure 5 illustrates
that the apparent specificities are related to the counter-
ion volumes. On the left side of Figure 5, the inner layer
charge density was estimated using equation 1 and
plotted as a function of counterion volume. The right
side of Figure 5 shows the corresponding plot for the
diffuse layer charge density. The ionic radii were
obtained from Marcus (1988) and were converted into
ion volumes by assuming a spherical symmetry.

The charge density of the inner layer decreases as
monovalent counterion size increases and reaches a
constant value for K' and Cs'. In comparison to the
inner layer, the charge density of the diffuse layer shows

Low-frequency electrical conductivity of aqueous kaolinite suspensions 93

a more pronounced dependence on counterion volume
for monovalent ions. Similar trends can of course be
observed for the { -potentials and the surface conductiv-
ities of the diffuse layer. For the divalent counterions,
trends were not evident for the inner layer or for the
diffuse layer charge densities. In principle, this result is
in line with the literature for other systems. Kruyt and
Klompé (1943), for instance, observed a similar condi-
tion when the critical coagulation concentrations of Agl
sols were compared. Breeuwsma and Lyklema (1971)
observed pronounced ion specific effects on the surface
charge density of monovalent cations adsorbed to
hematite. In contrast to the monovalent ions, no ion
specificity was observed for Ca®', Ba®’, and Sr*'.
Although ion specific effects have sometimes been
observed for divalent cations (Dove and Craven, 2005),
the effects were not as pronounced in comparison to
monovalent cations. As suggested by Lyklema (2003),
the effect of doubling the charge (in going from
monovalent to divalent counterion) possibly dominates
the more subtle influence of ion size.

The dependencies found for monovalent counterions
indicate that the apparent differences are less due to a
chemical specificity, but are rather related to the
counterion volume. In the case of the inner layer, it
may be reasoned that the available surface space permits
more Li and Na to accumulate in comparison to the
larger K and Cs. For the diffuse layer, the situation is
somewhat more involved. The theory of O’Brien and
Ward (1988) is based on the Poisson-Boltzmann (PB)
theory, which assumes that the ions have no volume. The
observed trends may at least be in part a result of
neglecting ion volumes. Although corrections to the PB
theory, which take ion volume into account, are
available (e.g. Bikerman, 1942; Biesheveul and van
Soestbergen, 2007; Lopez-Garcia and Horno, 2011),
comparatively little has been done to include the finite
volume of ions into electrokinetic theories (Aranda-
Rascon et al., 2009a, 2009b). On top of the lack of a
suitable theory for non-spherical particles, the different
behavior of divalent ions indicates a more complicated

TF 0 1mM 001
F O Monovalent © Divalent
S ¢ ¢ »: O smM [o
?\o\o\ 0.008 [ 5
& N A 10mM +
& A 4 L 0.006 %
& fn\AO\H\A0 somvy  E SO0 %
Q F a 2 i
. - o ~ r
o tmM R 0004 |
F o
0.01 |
k L L o O s5mM
b 0.002 |-
?B\ﬂ\n\nzs 10mM [
| o
oot b o 0w ¢ 50mM ol v 0 vy
0.005 0.01 0.015 0.02 0.005 0.01 0.015 0.02
Vion (nm3) Vion (nm3)

Figure 5. Estimated inner-layer charge density and diffuse layer charge density of counterions as a function of counterion volume.
Lines are shown to guide the eye. Open symbols indicate monovalent counterions and filled symbols divalent counterions.
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situation. Realizing that the ion specific effects observed
in double layer parameters may be at least in part an
effect of the finite ion size may be useful in modeling
studies, where ion-specific effects are usually treated in
a chemical sense within the inner double layer.

CONCLUSION

By studying the low-frequency electrical conductivity
of clay suspensions, a number of useful double layer
parameters can be derived. In general, the surface
conductance was shown to be substantial for kaolinite
particles and that only a fraction of it originates at the
shear plane, which indicates that a major part of
counterion adsorption occurs in the inner part of the
electrical double layer. The inner part of the electrical
double layer becomes more and more important at higher
electrolyte concentrations.

The ionic mobilities of counterions within the inner
part of the double layer were estimated by studying the
isoconductive points and showed that all studied
counterions have a substantial mobility in the inner
part of the double layer. Although we cannot say much
about the accuracy of the approximations used to derive
equation 12, the cases where independent data were
available showed good agreement for monovalent ions.
Some caution should be exercised with multivalent
counterions, where less agreement was found with
independent data.

With respect to different counterions, the conclusion is
that monovalent counterions behave distinctly differently
from divalent counterions. While monovalent counterions
showed pronounced differences in double layer para-
meters, the divalent counterions basically behaved alike.
Ion-specific effects of monovalent counterions are most
readily observed in the diffuse part of the double layer via
C-potentials and related quantities. Both the estimated
charge density of the inner layer and the diffuse layer
charge density showed trends with counterion volume for
monovalent counterions. Hopefully, the findings of this
study, especially those regarding ionic mobilities in the
Stern layer, will help to constrain parameters in the
modeling of SIP spectra and to improve the understanding
of these very complex systems.

Future work should include the study of pure clay
minerals and defined mixtures of clay minerals. By
performing such experiments, the impact of accompany-
ing phases on electro-surface parameters may possibly
be estimated. Studying mixtures of materials with low
and high cation exchange capacities would be particu-
larly interesting.
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