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ABSTRACT: The low-frequency conductivity of aqueous kaolinite suspensions has beenmeasured as a
function of volume fraction and concentration ofKCl,K2SO4 andBaCl2, respectively. Thesemeasurements
were interpretedwith a theoreticalmodel accounting for surface conductivityand particle shape. For the first
time, an internally consistent data set was established by measuring all parameters necessary to solve the
relevant equations. The simultaneous availability of surface conductivity, surface charge density and diffuse
layer charge density permitted the estimation of counterionmobilities in the stagnant layer and a consistency
check for the evaluation procedure of the conductivity experiments. In agreement with current literature
results, monovalent counterions were found to have a Stern layer mobility similar to their bulk mobility,
whereas the mobility of divalent counterions in this layer is reduced by a factor of ∼2.

KEYWORDS: surface conductance, surface charge density, zeta potential, Stern layer mobility, cation exchange
capacity, kaolinite.

Kaolinite is a very common clay mineral in highly
weathered soils and many sedimentary rocks, where it
may contribute significantly to sorption and cation
exchange processes (Dixon, 1989; Bergaya et al.,
2006). Recently, the impact of kaolinite on fluid flow
in porous media such as reservoir rocks gets increasing
attention due to attempts to understand permeability
changes in the course of enhanced oil recovery
(Goldenberg et al., 1993; Amirianshoja et al., 2013)
or to establish quantitative relationships between pore-
water chemistry and electrical resistivity measurements
(Choo et al., 2016).

The structure of kaolinite (Al2Si2O5(OH)4) consists
of a tetrahedral siloxane sheet, which shares oxygens
with the octahedral Al-containing sheet. The OH
groups on the bottom of the octahedral sheet bond to
the siloxane sheet of the next layer (Brindley &
Robinson, 1946). Although, in comparison to other
clay minerals, kaolinite has a simple structure, a
detailed understanding of ion adsorption and exchange
mechanisms is still lacking. Controversially, even the
origin of surface charge on kaolinites is discussed.

Weiss (1959) introduced the concept of a permanent
negative charge which is due to isomorphous substi-
tution of Al3+ for Si4+, a concept which recurs
frequently in the literature (Bolland et al., 1976;
Bersillon et al., 2003). Ma & Eggleton (1999), on the
other hand, noted that “according to the principle of
local charge balance, charge differences inside a crystal
are not likely to be compensated far from their source,
i.e. at the surface”. Due to the absence of an interlayer
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region (as in smectites, vermiculites and micas), the
only conceivable cation which could compensate the
deficient charge from Al3+ in the tetrahedral sheet
could be an extra proton. But no structural evidence for
such a charge balance has ever been presented (Ma &
Eggleton, 1999).

Schofield & Samson (1954) observed that chloride
ions adsorb positively under certain experimental
conditions. Those authors presumed that this adsorp-
tion takes place at the hk0 faces (or, in short, at the
“edges”). In order to explain such features and pH-
dependent cation exchange capacities, the surface

charge of kaolinite is often viewed as having one
permanent (negative) component stemming from the
faces and one variable (pH-dependent) component that
is only assigned to the edges. This view was, however,
not confirmed by a very careful and detailed
experimental study (Ferris & Jepson, 1975). The
latter authors concluded that ion adsorption and
exchange on kaolinite cannot be explained by a
simple “permanent charge plus edge charge” model.

In line with Ferris & Jepson (1975), Ma & Eggleton
(1999) and Zhou & Gunter (1992) presented evidence
for more complicated charging mechanisms than often
envisioned for kaolinite. Those authors concluded that
the basal faces are also able to protonate and can thus
contribute to pH-dependent adsorption and exchange
reactions. A strict geometrical distinction in terms of
edge charges and face charges thus does not appear
realistic. Such a picture seems plausible in view of the
fact that kaolinite is a natural material that will not have
atomically flat surfaces, but rather show growth steps
and other “imperfections” on its basal planes (see Fig. 1).

Another important point is that the counterion
surface excess (and thus cation exchange capacities)
are concentration-dependent quantities. For kaolinite
this has been demonstrated experimentally by Ferris &
Jepson (1975) and was modeled by Vasconcelos et al.
(2007). The latter authors predicted that counterion
adsorption takes place in the inner part of the electrical
double layer, increases with increasing ionic strength
and depends on the type of counterion.

Apart from classical cation exchange and modelling
studies, electrokinetic experiments can help to gain a
better understanding of charging mechanisms and
double layer structure. In clay systems, by far the most
abundant technique is electrophoresis in which the
electrophoretic mobility is the primary experimental
parameter. This quantity is usually converted into a ζ
potential by virtue of the Helmholtz-Smoluchovski
theory. Apart from other limitations inherent in this
theory (Delgado et al., 2007), it does not account for
surface conductance. Illustrative examples for the
prominence of surface conductance can be found in
few articles (O’Brien & Rowlands, 1993; Rowlands &
O’Brien, 1995; Rasmusson et al., 1997; Chassagne
et al., 2009). Comparing different electrokinetic
techniques with conductance data, those authors
concluded that part of the surface conductivity
originates behind the slip plane and that the particle
shape needs to be taken into account when converting
electrokinetic or conductance data to electrokinetic
potentials. Despite their experimental and theoretical
efforts, they were not able to achieve electrokinetic

FIG. 1. (a) AFM amplitude contrast image of an individual
kaolinite particle. The image is 3.8 µm × 3.8 µm in size.
(b) SEM image showing a kaolinite aggregate/stack in

side view.
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consistency, i.e. obtain the same electro-surface
parameters from two independent techniques. In this
regard it is important to realize two things: (1) ζ
potentials are not directly measurable quantities, there
is always a theoretical conversion step and the resulting
electrokinetic potential will depend on the suitability of
the theory used to compute it. (2) If surface
conductance behind the slip plane is indeed operative,
it must be incorporated in the calculation of electro-
kinetic potentials. This implies that the electrokinetic
potential is not the only parameter that characterizes
the electrical state of an interface.

On top of the surface conductance issue there may
be a number of reasons why electrokinetic consistency
has not been achieved in clay systems. One obvious
issue might be the fact that certain properties of the
particles such as their particle radius and/or aspect ratio
are treated as fit parameters in some data-evaluation
schemes (Rasmusson et al., 1997). Though this
procedure is not objectionable as such, it may mask
interesting and relevant features of the double layer.
Further complicating aspects include the non-spherical
particle shape and the particle-size distribution, the
uneven and pH-dependent charge distribution, the
possibility that the particles aggregate in different
arrangements, depending on pH and electrolyte
concentration and the fact that the particles may have
rough surfaces. Moreover, clay samples are often not
pure, meaning that other mineral phases are present as
well.

In summary we can state that there are many aspects
that may hinder a consistent interpretation of data from
electrokinetic experiments. However, little is known
about which of these points, if not all, are in fact crucial
in the conversion of a measured quantity into electro-
surface parameters. Here we adopt a practical, guided
approach and consider only some characteristics of the
particles and see whether a consistent data interpret-
ation can be achieved. These characteristics are the
particle shape and surface conductance originating
behind the slip plane. All parameters that are needed
for solving the relevant electrokinetic equations have
been determined experimentally and, whenever pos-
sible, double-checked by independent methods.

THEORY

Surface conductance

In electrokinetic studies the influence of surface
conductivity (Kσ) is usually expressed relative to the
conductivity of the equilibrium electrolyte solution

by means of the dimensionless Dukhin number, Du
(Lyklema & Minor, 1998)

Du ¼ Ks

KLl
(1)

Here KL is the conductivity of the solution and l the
characteristic length scale of the system. The surface
conductivity has two contributions: one originating in
the inner part of the double layer (Ksi

), and one
ascribed to the diffuse part of the double layer (Ksd

).
Lyklema (2001) summarized the need for distinguish-
ing between these two contributions. In terms of
Dukhin numbers onemay define (Delgado et al., 2007)

Du ¼ Dud þ Dui ¼ Ksd

KLl
þ Ksi

KLl
(2)

The diffuse part of the surface conductivity was studied
in the 1930s by Bikerman (1935). For a symmetrical
electrolyte his result is commonlywritten as (Lyklema&
Minor, 1998):

Ksd ¼ 2F2z2c1

RTk

�
Dþ(e

�zyek=2 � 1) 1þ 3mþ
z2

� �

þ D�(e
zyek=2 � 1) 1þ 3m�

z2

� ��
(3)

Here F is the Faraday constant, R the ideal gas constant,
T the temperature, c1 the electrolyte concentration in
the bulk, z the charge of the ions (including sign),
yek the dimensionless electrokinetic potential
(yek ¼ Fz=RT ) and k the reciprocal Debye length,
defined as

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2P

i z
2
i c

1
i

RT110

s
ð4Þ

The dimensionless quantity m is given by

m+ ¼ RT

F

� �2 2110
3hD+

(5)

in which 10 is the permittivity of free space, 1 the
relative dielectric constant of the solvent, h its
viscosity and D+ the diffusion coefficient of the
ionic species considered. The relevant diffusion
coefficient is the self diffusion coefficient in the bulk
solution, which is related to the ionic mobility via the
Nernst-Einstein relationship.

For high negative electrical potentials, the contri-
bution of co-ions becomes negligible and equation 3
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can be rewritten as:

Ksd

2 ¼ 2F2z22c
1

RTk
D2(e

�z2y
ek=2 � 1) 1þ 3m2

z22

� �� �
ð6Þ

Restricting equation 2 to cations (subscript 2)
delivers (Minor et al., 1998b)

Du2 ¼ Dud2 þ Dui2 ¼
Ksd

2

KL
2 � l

1þ Ksi

2

Ksd

2

 !
(7)

in which KL
2 denotes the conductivity due to counter-

ions, which can be obtained from (Lyklema, 1991)

KL
2 ¼ F2

RT
z22c

1
2 D2 (8)

Substituting equation 6 into equation 7 provides Du2
for a symmetrical electrolyte

Du2 ¼
2

KL
2 l

F2z22c
1

RTk
D2(e

�z2y
ek=2 � 1) 1þ 3m2

z22

� �� �

� 1þ Ksi

2

Ksd

2

 !

(9)

The last equation illustrates nicely that Ksi

2 =K
sd

2 needs
to be known in order to calculate yek from Du2. The
corresponding relations for 2-1 and 1-2 electrolytes are
provided in the Appendix.

Conductivity of suspensions consisting of oblate
spheroids

Based on the initial efforts of Dukhin & Shilov
(1980), O’Brien & Ward (1988) developed a theoret-
ical framework describing the static electrical con-
ductivity of dilute suspensions made up of randomly
oriented, mono-disperse spheroids with relatively thin
double layers (kl � 1). Their analytical solution,
derived for two-species electrolyte solutions, was
given by (O’Brien & Ward, 1988)

K�

KL
¼ 1� w[f 0(0)þ 2f 1(0)]

� wD2z
2
2n

1
2PN

j¼1 Djz
2
j n

1
j

[f 0(Du2)� f 0(0)

þ 2{f 1(Du2)� f 1(0)}] (10)

Here K� denotes the conductivity of the suspension, w
the volume fraction of solid and n1 the ionic number
density in the bulk solution. Counterions are indicated
by subscript 2 and the summation over j includes all

species present in the solution. For easy reference the
f-functions for oblate spheroids (aspect ratio n , 1) are
collected in the Appendix. These functions describe
the polarization of the particle in field-parallel
(superscript 0) and field-perpendicular (superscript 1)
orientation. Note that f (0) means f (Du2 ¼ 0).

Apart from field-aligned particles with n , 0:1 and
Du2 , 0:05, the analytical representation of f 0(Du2)
agrees within 5% with the numerically evaluated
value. For such particles O’Brien & Ward (1988)
provided numerical values (see their table 1).

MATER IALS AND METHODS

Sample preparation

A kaolinite from Caminau, Saxony, Germany, was
converted to homoionic forms by exposing the raw
material repeatedly to 3 M and 1 M solutions of
KCl and BaCl2, respectively. The samples were
washed in a pressure filtration with deionized
water using a 0.45 µm filter. When the conductivity
of the washing water fell below 2 µS/cm, the samples
were re-dispersed in deionized water and freeze dried.
X-ray diffraction revealed 0.81 g/g kaolinite, 0.18 g/g
illite/muscovite and 0.01 g/g quartz (Weber et al.,
2014).

Measurement of electrical conductivity

The electrical conductivities were measured with a
WTWLF-3000 conductivity meter. The device adjusts
its frequency depending on the conductivity of the
solution between 170 Hz (20–200 µS/cm) and 400 Hz
(0.2–20 mS/cm). The conductivity cell K25 from
Spectronic Camspec has four carbon electrodes
separated by a gap of 6 mm. The cell constant was
calibrated at 25°C using 0.01, 0.1 and 1 M KCl
solutions, the conductivities of which were taken from
Haynes et al. (2012). The conductivities of all
solutions were well described by a single cell constant,
which indicates linearity in the potential-current
response and absence of electrode polarization.

For conductivity measurements, the samples were
placed in a double-walled, water-filled glass vessel
connected to a water bath. Suspensions were prepared
by immersing an appropriate mass of sample in
100 mL of the desired electrolyte solution. After the
suspensions were stirred for some time at 25°C, the
stirrer was turned off and the material was allowed to
settle. After measuring the conductivity of the particle-
free supernatant, a defined volume of this equilibrium
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electrolyte was withdrawn and the conductivity of the
remaining suspension was measured. Adding aliquots
of the equilibrium electrolyte solution provides
suspensions of varying volume fraction, but without
changing the chemistry of the system. All measure-
ments were performed at 25.0°C.

pH measurements

pHmeasurements were performed in suspensions of
0.1 vol.% at 25°C. The electrolyte concentration was
adjusted by adding dry salt (KCl or BaCl2, respect-
ively) to the suspensions. A Schott A1180 glass
electrode was used in combination with a Schott
B2200+ Ag/AgCl reference electrode, filled with 3 M
KCl. EMF readings were taken with a Keithley 6514
electrometer with an input impedance >200 TV.
Readings were considered stable when the voltage
drift was <0.1 mV/min for several minutes. The
electrodes were calibrated against secondary WTW
standards of pH = 4.01, 7.0 and 10.01 at 25°C. Note
that: (1) no effort was made to exclude CO2 from the
suspensions, as this was not done in the conductivity
measurements; and (2) moderate stirring had no
significant influence on the EMF measured.

Surface charge density

Surface charge densities have been calculated by
measuring the decrease of counterion concentration in
particle-free equilibrium solutions. For this purpose,
suspensions of 1.1 vol.% were prepared and
left for sedimentation overnight. The counterion
concentrations were determined in the equilibrium
electrolyte solutions and in the initial solutions,
respectively, by ion chromatography (Metrohm IC
850 professional).

The counterion surface charge density (s0
2) is

calculated from

s0
2 ¼ �z2FG2 (11)

where G2 is the surface excess of counterions in mol/
m2. This quantity is obtained from

G2 ¼
n1i � n1e

A
(12)

in which n1i and n1e denote the number of moles in the
initial and equilibrium solution, respectively.
Multiplication of the specific surface area Asp (see
below) with the mass of solid m in suspension gives A.
Concentration measurements were done in triplicate
with a reproducibility of better than 1%.

Particle size, shape and aggregation

Atomic force microscopy (AFM) and scanning
electron microscopy (SEM) images were recorded in
order to obtain a visual impression of the particle shape
and surface structure of the particles. Aqueous
suspensions (∼4 × 10–4 vol.%) were pipetted onto
microscopic cover glasses for AFMmeasurements and
onto metallic stubs for SEM measurements. The
samples were then either dried overnight or on a
heating plate.

Equivalent spherical diameters were assessed by
ultrasound attenuation, laser scattering and sedimen-
tation, respectively. The aspect ratio used in the present
study was determined conductometrically in 50 mM
BaCl2 solutions. In contrast to earlier experiments
(Weber et al., 2014), the temperature was reduced to
5°C. The main idea of working at low temperature is to
reduce the mobility of counterions and thereby
minimize surface conductance, which is a necessary
requirement for obtaining accurate aspect ratios from
conductance measurements.

The absence of aggregation within the range of salt
concentrations was judged from ultrasound attenuation
measurements (Dispersion Technology DT1200) on
suspensions of varying salt concentration.

Specific surface area

Nitrogen adsorption and desorption isotherms were
recorded on a Micromeritics Gemini VII at 77 K. The
samples were outgassed in vacuum ( p = 2.6 kPa) at
130°C for 12 h. BET surface areas were calculated
following the recommendations of Rouquerol et al.
(1994). In addition to BET values, surface areas were
measured by column wicking experiments with
n-octane. For details regarding sample preparation
and the equations presented below, we refer to our
earlier work (Weber & Stanjek, 2012).

In these experiments, the mass uptake (m) due to
spontaneous imbibition is measured as a function of
time (t). For vertically homogeneous powder packings
a plot of the squared mass vs. time results in a linear
relationship. With the assumption that n-octane
completely wets the kaolinite surfaces (i.e. cos θ = 1)
the slope of said relationship is evaluated to obtain the
capillary constant C

C ¼ dm2

dt
� 2h

r2glv

(13)

where r and h are the density and viscosity of the
liquid and glv is the surface tension of the liquid-vapour
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interface. C is related to the effective pore radius reff by

reff ¼
C

(1� w)2A2
c

(14)

where w is the volume fraction and Ac the macroscopic
cross-sectional area of the powder column. Knowledge
of the porosity and the solid density rs allows us to
estimate the specific surface area Asp from the effective
radius (White, 1982):

Asp ¼
2(1� w)

wrsreff
(15)

RESULTS

Particle size, shape and aggregation

The SEM image (Fig. 1b) shows an aggregate/stack
of kaolinite particles in side view, which illustrates the
highly non-spherical shape of the particles. On the
AFM scale (Fig. 1a) one observes quite irregularly
shaped particles with a variety of morphological
surface features such as islands, pits, steps and other
particles adhering to it. The lateral dimensions of this
particular particle are ∼3–4 µm and depending on the
position, the height of the particle is ∼101–102 nm.
Inspection of a number of particles reveal similar
features. These observations underline the ill-defined
nature of the sample. Treating such particles as oblate
spheroids is an approximation in itself and defining an
aspect ratio even for a single particle is quite
ambiguous, as the lateral dimensions and correspond-
ing heights are not homogeneous across the particle.

In order to check the accuracy of approximating the
particles as oblate spheroids, three different particle
sizing techniques have been used. The resulting
particle-size distributions are displayed in terms of
equivalent spherical diameters (esd) in Fig. 2a. The
observed discrepancies between the different techni-
ques have a physical origin: the standard evaluation
schemes in particle sizing devices treat the particles as
being spheres. In the case of non-spherical particles, a
technique that relates the volume of a particle in a given
size class to its diameter (as in acoustic spectroscopy)
must result in a different esd than a technique that
relates the area (as in laser scattering) of this particle to
its diameter. For a given geometrical model of the
particle, the different esd values are related to each
other by the aspect ratio. The availability of multiple
particle-size distributions and independently deter-
mined aspect ratios not only offers a way to check the

aspect ratio, but also the accuracy of the underlying
geometrical model.

Figure 2b shows the particle-size distribution after
recalculating the data of Fig. 2a to diameters of oblate
spheroids. For these calculations we have used the
conductometrically determined aspect ratio (n = 1/27)
and the relations of Jennings & Parslow (1988) for
oblate spheroids. The good agreement between the
recalculated particle-size distributions in Fig. 2b shows
that treating the particles as oblate spheroids with a
single-valued aspect ratio is a good approximation.

Finally, note that the particle-size distributions
displayed in Fig. 2 have been measured in different
aqueous electrolyte solutions. Laser scattering experi-
ments were conducted in a Na-pyrophosphate solution,
which is a standard dispersant for particle sizing.
Ultrasound measurements were performed in pH≈ 10
solutions and the sedimentation analysis has been
performed under unspecified conditions1.

Because no dispersant was used in any of the
conductivity experiments, ultrasound attenuation mea-
surements were performed under the relevant condi-
tions, i.e. similar volume fractions and 1–50 mM KCl

TABLE 1. Dukhin numbers, ratios of inner- to diffuse layer-
surface conductivities and ζ potentials of KCl, K2SO4 and

BaCl2 suspensions at 25°C.

c12 [mol/m3] Du2 Ksi

2 =K
sd

2 z [mV]

K2SO4, K
sd

2 = 2.8·10−10 S
1 0.47 0.8 −45
5 0.29 4.7 −26
10 0.24 8.5 −20
50 0.20 38.9 −10

KCl, Ksd

2 = 2.9·10−10 S
1 0.48 0.8 −44
5 0.28 4.1 −25
10 0.24 7.8 −18
50 0.20 35.6 −9

BaCl2, K
sd

2 = 6.4·10−10 S
1 0.56 0.6 −41
5 0.29 3.3 −25
10 0.25 6.4 −20
50 0.22 31.5 −11

1These values are taken from the materials’ data sheet, established in a
round-robin and documented by the Ernst-Moritz-Arndt University
Greifswald in 1987. The document is available on request from the
authors.
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and BaCl2, respectively. No differencewas noted in the
particle-size distribution shown in this section. These
results provide good evidence that no electrolyte-
induced aggregation takes place, which allows us to
use the same aspect ratio and particle size for all
calculations to follow.

Specific surface area

In terms of IUPAC nomenclature (Thommes et al.,
2015), nitrogen ad-/desorption isotherms were of type
2 with a minimal hysteresis loop of type H3.
Application of the BET equation with a molecular
cross section of 0.162 nm2 gave a specific surface area
of 15.5 ± 0.03 m2/g.

The volume fraction in equation 15 has been
estimated from the amount of kaolinite (rs =

2,630 kg/m3) weighed in a given volume and from
the amount of liquid taken up by the column. Both
approaches provided a similar volume fraction of
w = 0.247 ± 0.004. Three replicate measurements
resulted in a specific surface area of 15.4 ± 0.1 m2/g,
in agreement with the gas adsorption result. Note that
reasonable agreement between surface areas from gas
adsorption and from negative adsorption of co-ions was
observed for kaolinites (Schofield & Samson, 1954).

Surface charge density

For Ba- and K-kaolinite, the surface charge densities
s0
2 (cf. equation 11) increase linearly with increasing

bulk concentrations (Fig. 3) and the intercepts of both
regression lines do not differ from zero. The Ba-
saturated sample shows far greater charge densities

FIG. 2. Cumulative particle-size distributions from different experimental techniques: (a) equivalent spherical diameters;
(b) recalculated major diameters of oblate spheroids using the conductometrically determined aspect ratio. Note that the

aspect ratio of the inset in part b is not to scale.
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than the K-saturated one. Further, it is important to note
that the pH of the suspensions is between 5.5 and 5.6,
independent of the electrolyte.

Electrical conductivity

The conductivity ratio K�=KL is linear in volume
fraction and intercepts at K�=KL ¼ 1 for w ¼ 0
(Fig. 4). K2SO4 and BaCl2 suspensions have been
studied at approximately half volume fraction as
compared to KCl suspensions due to the lack of
material.

The slope of the K�=KL(w) relation is close to zero
for the smallest counterion concentration, where the
systems are close to their isoconductive point. For
higher concentrations the slopes increase to reach an
electrolyte-independent value at 50 mol/m3.

As a first step in the data evaluation, Du2 was
calculated from equation 10. The Dukhin numbers
obtained represent averages of five individual mea-
surements with standard deviations of ∼±0.01. For
these calculations, and those to follow, the negative
adsorption of co-ions was ignored. This can be justified
by considering that the surface area of kaolinite is quite
small and the volume of the suspension is large.

Diffusion coefficients valid at infinite dilution were
used (Haynes et al., 2012). Because ionic diffusion
coefficients are concentration-dependent quantities,
typically decreasing by a few per cent in the
concentration range studied here, a comparison with
concentration-dependent diffusion coefficients was
made (Chhih et al., 1994). The diffusion coefficients
were calculated at the corresponding bulk concentra-
tion and no significant changes in the results were
observed.

A plot of Du2 vs. 1=K
L
2 (see Fig. 5) shows a striking

linearity and a non-zero intercept for 1=KL
2 ! 0. At

low electrolyte concentrations, in particular, Dukhin
numbers were observed to be greater for Ba2+ than for
K+. To gain an understanding of the significance of the
observed linearity, we rewrite equation 7 as:

Du2 ¼
Ksd

2

l
� 1

KL
2

þ Dui2 (16)

This equation suggests that the slope of the linear
relation shown in Fig. 5 is given by Ksd

2 =l, which is
independent of electrolyte concentration. The motiv-
ation for writing equation 16 in this specific form
derives from the fact that electrical double layers
become more and more non-diffuse as the concentra-
tion of the supporting electrolyte is increased. This is
captured in the constant Dui2-term, which implies that

FIG. 3. Counterion surface-charge density as a function of
electrolyte concentration. Error bars result from three
replicate measurements and lines show a linear regression

through the data.

FIG. 4. Ratio of suspension conductivity to the conduct-
ivity of the equilibrium electrolyte solution as a function
of volume fraction at 25°C. Grey symbols denote
K-kaolinite in K2SO4; open symbols denote Ba-kaolinite
in BaCl2; and black symbols denote K-kaolinite in KCl,
respectively. The counterion concentration is 1 mol/m3

(circles), 5 mol/m3 (squares), 10 mol/m3 (triangles) and
50 mol/m3 (diamonds).

FIG. 5. Du2 as a function of 1=KL
2 at 25°C, electrolyte

indicated. Symbols represent experimental points and
lines are linear regressions.
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Ksi

2 is a linearly increasing function of bulk electrolyte
concentration. In relation to a concentration-independ-
ent ionic mobility in the inner part of the double layer
(see below), the linearity of Ksi

2 suggests a linear Stern
layer adsorption isotherm.

To quanitfy the individual components of the
surface conductivity, a discussion about the
characteristic length, l, is in order, and this is provided
below.

D I SCUSS ION

Particle size and associated parameters

The particle-size distribution of the Caminau
kaolinite shows a considerable spread over two
orders of magnitude (Fig. 2), which invokes the
question about how this spread affects electro-surface
parameters. As long as kl � 1, the ζ potential, the
diffuse-layer charge density and the diffuse contribu-
tion to the surface conductivity will be independent of
particle size. Moreover, the measured surface-charge
density is a single-valued number, representing an
average over all particle sizes. From the overall
electroneutrality of electrical double layers, we can
conclude that si should be single valued as well. The
samewill then be true regarding the inner-layer surface
conductance. As the experimental Dukhin number
represents an average over all particle sizes, it appears
reasonable to use a single characteristic length.

Here, the dimensions derived from the aspect ratio
(n ¼ 1=27) and the d50 of the cumulative distribution
of Fig. 2b are used. The maximum cross-sectional
radius normal to the axis of revolution is thus a =
3.97 µm and along the axis of revolution b =
0.147 µm. But which length has to be used as the
characteristic length l in all equations above? Different
authors define the characteristic length differently
without apparent reasoning for their choice. O’Brien &
Ward (1988) define l as the dimension of the larger
semi-axis, whereas Chassagne & Bedeaux (2008)
define l as the dimension of the short semi-axis of an
oblate spheroid. In discussing relaxation times of
charged, non-spherical particles subject to an external
electrical field, Jiménez &Bellini (2010) stated that the
characteristic length may be a suitable combination of
the dimensions of the spheroid’s principal axes. From a
perspective of electrokinetic radii (the product kl), it
would be logical to use the dimension of the short
semi-axis, because this is the limiting factor for the
applicability of most theoretical frameworks. Using the
above-mentioned lengths for a and b and c12 = 1 mM,

the Caminau kaolinite would have “average” electro-
kinetic radii of kb ¼ 15 and ka ¼ 413 for the 1-1
electrolyte, kb ¼ 27 and ka ¼ 715 for the 2-1
electrolyte, and kb ¼ 19 and ka ¼ 506 for the 1-2
electrolyte, respectively.

The 1-1 electrolyte situation, in particular, comes
close to the condition kb � 1 of a “flat double layer”,
for which the Bikerman (1935) and the O’Brien and
Ward (1988) theory was derived. A modification of the
theory to small electrokinetic radii would require a
solution of the Poisson-Boltzmann and electrokinetic
equations in spheroidal geometry. Although efforts in
this direction have been taken (Chassagne & Bedeaux,
2008), this particular theory is limited to electrolytes of
equal diffusion coefficients.

Given the drastic modifications needed to create a
sufficiently general theory, and the questionable
meaning of surface excess conductivity at radii close
to k�1, we will accept the resulting uncertainties from
the flat double layer approximations.

Characteristic length

To judge whether a or b needs to be identified with l,
the following approach is used:

(1) Calculate the total surface conductivity from
Du2 using either a or b as l

(2) Calculate Ksd

2 from the slope of the Du2 vs.
1=KL

2 relations, again using either a or b as l
(3) Obtain Ksi

2 as the difference between Ks
2 and

Ksd

2 .

To decide which length scale is relevant, the surface
conductivity needs to be compared with the experi-
mental surface charge density. Expressing the total
surface conductivity in terms of charge densities and
ionic mobilities results in:

Ks
2 ¼ ui2s

i
2 þ u12 1þ 3m2

z22

� �
sd
2 (17)

where ui2 is the mobility of counterions in the stagnant
layer and u12 their bulk mobility. The condition of
electroneutrality s0

2 þ si
2 þ sd

2 ¼ 0 provides, then, in
combination with equation 17, the following relation:

Ks
2 ¼ �ui2s

0
2 þ 1þ 3m2

z22

� �
u12 � ui2

� �
sd
2 (18)

This relation was used by Löbbus et al. (2000) to
estimate stagnant layer mobilities and shows that a plot
of Ks

2 vs. s0
2 should result in a straight line with slope
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�ui2 and an intercept that is proportional to sd
2. The

critical parameters for deciding whether a or b needs to
be defined as the characteristic length are values for the
stagnant layer mobility.

Figure 6 shows a plot of the surface conductivity
(calculated with l ¼ b) as a function of surface charge
density for KCl and BaCl2 suspensions. The stagnant
layer mobilities, expressed relative to the bulk mobility,
are uiK=u

1
K ¼ 1:06+ 0:04 and uiBa=u

1
Ba ¼ 0:54+ 0:02.

Though our Ba mobility ratio is somewhat lower than
usually found for divalent ions, the values are in good
agreement with stagnant layer mobilities reported in
the literature (Lyklema & Minor, 1998; Minor et al.,
1998a,b; Löbbus et al., 2000; Lyklema, 2001, 2002,
2003; Jiménez et al., 2005). The second choice of
a ¼ l leads to mobility ratios in the stagnant layer of
∼27 for potassium and ∼14 for barium. It is therefore
the dimension of the short semi-axis, which results in
physically sound mobilities.

Diffuse layer charge density

Having identified the characteristic length scale for
our system, the values of Du2, K

sd

2 and Ksi

2 are used to
extract the electrokinetic potential from equation 9 for
symmetrical electrolytes and the corresponding relations
given in the Appendix for the asymmetrical electrolytes.
For the symmetrical case, the counterion component of
the diffuse layer charge density of a flat double layer
can then be calculated from (Lyklema, 1995):

sd
2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2110RTc1

p
[e�zyd=2 � 1] (19)

Here yd is the dimensionless electrical potential at
the outer Helmholtz plane which will be set identical to
the dimensionless electrokinetic potential. For a
general discussion on this “identity” see studies by
Hunter (1981) and Lyklema (2011) and for the

kaolinite-aqueous solution system see Hunter &
Alexander (1963a,b).

As a consistency check, sd
2 computed from the

conductivity data can be compared with the value
calculated from the linear regression of the data in
Fig. 6. Note that these two data evaluation schemes are
independent. Electrokinetic potentials, and thus sd

2,
depend on the ratio of inner- to diffuse layer-surface
conductivity, which is obtained from equation 16. The
diffuse layer charge density obtained from the
regression on the other hand, depends only on the
total surface conductivity and the surface-charge
density, which is determined independently.

Regarding the KCl samples, we obtain (all values in
µC/cm2) sd

2(cond:) = 0.25 ± 0.02 and s
d
2(reg:) = 0.32 ±

0.15; for the BaCl2 samples sd
2(cond:) = 0.75 ± 0.01

and sd
2(reg:) = 1.0 ± 0.7. Taking into account the large

number of experimental parameters (surface area,
surface charge density, particle size and distribution,
aspect ratio and conductivity) and the possible errors
inherent in their experimental determination, this
agreement is very encouraging.

General discussion

Table 1 shows the Dukhin number, electrokinetic
potential (equation 9 and those in the Appendix) and
the ratio of inner- to diffuse layer surface conductivity
obtained from equation 16. The correspondence of all
parameters for KCl and K2SO4 at similar counterion
concentration shows that the approximations made in
the theoretical section, i.e. ignoring the co-ion
contributions, were reasonable for our systems. This
is a requirement for the application of equation 10 and
allows further data interpretation. The fact that
essentially identical electrokinetic potentials were
obtained regardless of the cationic charge may be
fortuitous, but for further conclusions, other monova-
lent and divalent ions should be studied. At this point it
is stressed that treating the surface conductivity as
entirely diffuse (i.e. ignoring the (1þ Ki

2=K
d
2 ) term in

equation 9) would have resulted in electrokinetic
potentials that, in terms of absolute numbers, increase
with increasing electrolyte concentration.

From the ratio Ksi

2 =K
sd

2 it is evident that the diffuse
layer contribution dominates slightly at c12 = 1 mM.
The increase in Ksi

2 =K
sd

2 with increasing electrolyte
concentration shows that the double layer becomes
increasingly non-diffuse under these conditions,
meaning that the surface-charge density is more
compensated in the non-diffuse part of the double
layer than in the diffuse one. This is in line with the

FIG. 6. Ks
2 as a function of s0

2 at 25°C, calculated with
l ¼ b. Symbols represent experimental points and lines,

linear regressions.
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modeling results of Vasconcelos et al. (2007) men-
tioned in the introduction. Given the quoted stagnant-
layer ionic mobility, the non-diffuse nature of the
double layer results in a substantial surface conduct-
ivity that mainly originates behind the slip-plane.

The significance of surface conductance in clay-
systems has already been realized by Lorenz (1969)
and Swartzen-Allen & Matijevic ́ (1974) mentioned
several references stressing the importance of Stern
layers. Evidence for the importance of counterions
residing in the Stern layer can also be deduced from the
large low-frequency dielectric increment often
reported for kaolinite and other clay minerals
(Arulanandan & Mitchell, 1968; Lockhart, 1980;
Arroyo et al., 2000; Ishida et al., 2000).

Considering the huge theoretical efforts that have
been made in developing electrokinetic theories for
non-spherical particles, it is surprising that the great
majority of electrokinetic experiments on clay minerals
use the simple Helmholtz-Smoluchovski theory.
Exceptions (O’Brien & Rowlands, 1993; Rowlands &
O’Brien, 1995; Rasmusson et al., 1997; Chassagne
et al., 2009) stress the importance of accounting for
surface conductivity, especially for stagnant layer
conductivity. But even in these advanced studies the
authors did not obtain electrokinetic consistency. Apart
from the difficulty of accounting properly for stagnant
layer conductivity, the reasons for this are not entirely
clear. Some points to note are: (1) experiments were
interpreted on the basis of equivalent spherical
diameters and, depending on the experimental tech-
nique, these were used as adjustable parameters;
(2) aspect ratios were guessed or used as fit parameters;
(3) the long semi-axis was used as the characteristic
length, which in connection with the use of equivalent
spherical diameters is somewhat inconsistent. These
points hinder a direct comparison of our results with
those of the aforementioned articles. Note that the ζ
potentials obtained by O’Brien & Rowlands (1993)
and Rowlands & O’Brien (1995) are far greater than
those reported here. Apart from differences in pH, the
choice of the characteristic length may be responsible
for this discrepancy. Had we used the long semi-axis
for further interpretation, ζ potentials of comparable
magnitude would have been obtained, but then at the
expense of obtaining unrealistically high stagnant layer
mobilities and a strong disagreement between sd

2(reg.)
and sd

2(cond.).
Finally the present authors wish to comment on the

estimate of stagnant layermobilitymade byRowlands&
O’Brien (1995) and Rasmusson et al. (1997). Those
authors estimated a ratio of inner-layer to bulk mobility

of 0.56 and 0.6 for Na on kaolinite and smectite,
respectively. Their argument may be summarized as
follows: the diffuse layer charge densities obtained
from dielectric response measurements (sDR) were
greater than those obtained from (dynamic) mobility
measurements (sMob). They go on to argue that sDR is
likely to have a contribution from stagnant layer ions
whereas their influence would not necessarily be
reflected in sMob. The mobility ratio was then estimated
from

sDR ¼ sMob þ dStsSt

where dSt denotes the ratio of stagnant layer to bulk
mobility and sSt is our si. The Stern layer charge is
then estimated as �s0 ¼ sSt þ sMob, in which s0 is
determined from the cation exchange capacity. This
last step is the problematic one because cation
exchange capacities2 are frequently determined at
high concentrations of the index cation, except
methods based on high selectivity such as the Cu-
Trien method (Stanjek & Künkel, 2016). The reason-
ing for high concentrations is to shift the exchange
reaction to the right as far as possible and then the
amount of exchanged cations would reflect the
isomorphous substitution in the crystal structure.
However, considering the results in Fig. 3 and older
literature on clay minerals (Jenny, 1932, 1936; Ferris &
Jepson, 1975; Weiss, 1959) the counterion surface
excess (and thus cation exchange capacities and
surface charge densities) are electrolyte-concentration
dependent quantities for these systems. It is therefore
not precluded that the surface charge density used by
Rowlands & O’Brien, 1995 and Rasmusson et al.
(1997) is overestimated, at least for the lower
concentration range. Lower surface-charge densities
would correspond to greater mobility ratios in their
calculations.

The little experimental evidence available on the
inner part of the double layer in clay systems points
towards a stagnant layer mobility that is of the same
order of magnitude as bulk mobilities. Such experi-
mental estimates of stagnant layer mobilities are very
useful in geophysical models, where their order of
magnitude is debated intensively (Revil, 2012, 2014;
Weller et al., 2013).

2Though cation exchange capacities are used routinely as key
quantities in the characterization of clay minerals, the term is quite
improperly defined. Some authors acknowledge the dependence on
external parameters such as temperature and solution composition,
while others describe it as a property of the solid that is independent of
external parameters.
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SUMMARY AND CONCLUS ION

It has been shown that it is essential to include the
particle shape and surface conductance originating
behind the slip plane in the interpretation of conduct-
ivity experiments. Regarding the quantitative estima-
tion of surface conductance, electrokinetic potentials
and charge densities, it is essential to identify the
relevant length scale of the system. From a correlation
of surface charge density and surface conductance, it
was shown that the dimension of the small semi-axis is
the relevant length scale of the studied system. The
comparison of diffuse layer charge densities obtained
from the aforementioned correlation and independ-
ently evaluated conductivity experiments shows that
low-frequency conductivity measurements can be
interpreted with internal consistency and that a
distinction between inner- and diffuse layer-surface
conductivity can be made.

The simultaneous availability of surface charge
density and surface conductance allows us to estimate
tangential counterion mobilities in the inner part of the
double layer. While potassium retains its bulk mobility
in the Stern layer, barium shows about half of its bulk
mobility in this layer. Both values are in good
agreement with literature data and help to constrain
these parameters, e.g. in induced polarization models.
Furthermore, this work highlights that kaolinite (and
probably other clay minerals) do not behave very
differently from other solids in this respect.

The consistency of the data interpretation suggests
that many of the complicating features mentioned in
the introduction are not critical in the evaluation of
conductance experiments. However, the present
authors are cautious in terms of generalizing with
such a statement. Firstly, the pH dependency has not
been studied yet and other electrokinetic experiments,
especially ac-techniques, may reveal new features that
are simply hidden in dc-techniques. As the results
presented herein provide a good starting point, a
comparison to ac-techniques such as electroacoustics
would be very welcome.
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APPEND IX

Ionic components of diffuse layer charge density,
surface conductance and Dukhin numbers for
1-2 and 2-1 electrolytes

Analytical solutions for the components of the
diffuse layer charge density and surface conductivity of
asymmetric electrolytes can only be obtained for the
cases of 2-1 and 1-2 electrolytes. The expressions
relevant to the present document will be presented in
the following. They were derived from the “non-
specific adsorption coefficients” of Grosse (2009).
These are the ionic components of the surface excess
and relate to the ionic components of the diffuse layer
charge density by sd

2 ¼ z2FG
d
2. For a definition of

symbols the reader is referred to the theoretical section
of the main text.

For 1-2 electrolytes sd
2 is given by:

sd
2 ¼

6Fc1

k
� e

�yek=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eyek þ 2

p � ffiffiffi
3

pffiffiffi
3

p (20)

Using

Ksd

2 ¼ u12 1þ 3m2

z22

� �
sd
2 (21)

we obtain

Ksd

2 ¼ 6F2c1

RTk
D2

e�yek=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eyek þ 2

p � ffiffiffi
3

pffiffiffi
3

p 1þ 3m2

z22

� �" #

(22)

and

Du2¼
6

KL
2 l

F2c1

RTk
D2

e�yek=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eyek þ2

p � ffiffiffi
3

pffiffiffi
3

p 1þ3m2

z22

� �" #

� 1þKsi

2

Ksd

2

 !

(23)

By similar reasoning we find for 2-1 electrolytes:

sd
2 ¼

6Fc1

k
� e

�yek=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e�yek þ 2

p � ffiffiffi
3

pffiffiffi
3

p , (24)

Ksd

2 ¼12F2c1

RTk
D2

e�yek=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e�yek þ2

p � ffiffiffi
3

pffiffiffi
3

p 1þ3m2

z22

� �" #

(25)
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and

Du2¼
12

KL
2 l

F2c1

RTk
D2

e�yek=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e�yek þ2

p � ffiffiffi
3

pffiffiffi
3

p 1þ3m2

z22

� �" #

� 1þKsi

2

Ksd

2

 !

(26)

The general procedure for calculating yek for the non-
symmetrical electrolytes is the same as for the
symmetrical case which is described in the main text
above, the only difference being that equations 23 and
26 were solved by a least-squares procedure.

f-Functions of equation 10

The following equations summarize the f functions3

to be used in equation 10 (O’Brien & Ward, 1988):

f 0(Du2)¼
�Du2 sinh(j0)K1�2=3

3sinh(j0)cosh
2 (j0)[(2=3)iQ

0
1�Du2Q1K1]

(27)

in which Q1 is the Legendre function of the first kind,
evaluated at x ¼ isinh(jo)

Q1(x) ¼
x

2
ln

xþ 1

x� 1

� �
� 1 (28)

and Q0
1 its derivate with respect to x. f 0(0) is obtained

by setting Du2 ¼ 0.
K1 and f 1(Du2) are found from

K1 ¼
sinh2 (j0)

2
þ 1

� �
ln

cosh (j0)þ 1

cosh (j0)� 1

� �
� cosh (j0)

(29)

and

f 1(Du2)

¼ �8=3 sinh (j0)þ 2Du2 cosh
2 (j0)K2

3 sinh (j0) cosh
3 (j0)[(4=3)i(Q

1
1)

0 � Du2Q
1
1K2]

(30)

where Q1
1 is the associated Legendre function of the

first kind given by:

Q1
1(x) ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p

2
ln

xþ 1

x� 1

� �
� xffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 � 1
p (31)

As above, (Q1
1)

0 is the derivate with respect to
x ¼ isinh(j0) and f 1(0) ¼ f 1(Du2 ¼ 0).

K2 is obtained from

K2 ¼ (cosh (j0)þ cosh�1 (j0))

� sinh2 (j0)

2

sinh (j0)

cosh (j0)

� �2

�ln cosh (j0)þ 1

cosh (j0)� 1

� �
(32)

and for an oblate spheroid

j0 ¼
1

2
ln

1þ n

1� n

� �
(33)

where n is the aspect ratio.
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