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Abstract

Dielectric properties of four suspensions of spherical polystyrene particles were measured at 25 ◦C over a broad frequency range extending from
100 Hz to 10 MHz, using a HP 4192 A Impedance Analyzer. The instrument was coupled to a cell with parallel platinum black electrodes and
variable spacing, and the quadrupole calibration method was used. The aqueous electrolyte solutions were prepared using equal concentrations of
NaCl, KCl, NaAc, or KAc, so that the calculated Debye screening length and Zeta potential remained constant, while the conductivity changed.
The polystyrene particles used (Interfacial Dynamics Corp., surfactant-free white sulfate latex) have a diameter of 1 micron and a surface charge
density that is independent of the pH. The dielectric spectra were described using the Nettelblad–Niklasson expression combined with a Debye
type high-frequency term and analyzed using the Shilov–Dukhin theory and numerical results. The theoretical prediction that the low-frequency
dispersion parameters are determined by the co-ion diffusion coefficient was experimentally confirmed. This also allowed to justify an alternative
definition of the characteristic time of the low-frequency dispersion. On the contrary, the prediction that the high-frequency dispersion parameters
are determined by the diffusion coefficient of counterions could not be confirmed, possibly due to experimental problems. However, the ζ -potential
values deduced from high-frequency data were compatible with values deduced from electrophoretic mobility measurements.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Dielectric dispersion; Diffusion coefficients; Colloidal suspensions; Polystyrene particles; Counterions; Co-ions; Dielectric spectroscopy; Permittivity;
Conductivity
1. Introduction

The frequency behavior of the dielectric properties of aque-
ous suspensions of charged spherical monodispersed particles
was widely studied experimentally [1–7], theoretically [8–12]
and numerically [13–15]. Most of the studies deal with the
dependence of the dielectric spectra on the particle size, par-
ticle concentration, particle charge, electrolyte concentration,
and pH. However, except for a few recent experimental [16],
theoretical [17], and numerical [18–20] studies, there is little
information about the dependence on the difference between
the counterion and co-ion diffusion coefficients.
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In this work we analyze this dependence considering four
suspensions that are identical in all respects except for the elec-
trolytes used: potassium acetate (KAc), sodium acetate (NaAc),
potassium chloride (KCl), and sodium chloride (NaCl). These
particular salts were chosen in order to get symmetrical and
non-symmetrical systems, in what concerns the ion diffusion
coefficient values, Fig. 1. Moreover, since for each counterion
(K+ and Na+) there are two possible co-ions (Ac− and Cl−),
and vice versa, this set should suffice to determine the spectral
properties that are mainly determined by the counterions or the
co-ions in the system.

We present experimental data, measured in a broad fre-
quency range covering both the low- and the high-frequency
dispersions. This data is first described using a spectral func-
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Fig. 1. Diffusion coefficients of counterions and co-ions present in the four studied suspensions.
tion and then analyzed using theoretical results, which are in
turn verified with the help of numerical calculations.

2. Materials and methods

Four suspensions of monodisperse latex particles suspended
in aqueous electrolyte solutions were prepared. They all con-
tained a volume concentration φ = 0.01 of surfactant-free white
sulfate latex particles (Interfacial Dynamics Corp.), which
have a nominal radius a = 0.5 µm with a 0.012 µm stan-
dard deviation, and a pH independent surface charge density
of 7.6 µC/cm2. The number concentration C∞ = 1.765 ×
1023 m−3 of counterions or co-ions in the suspending medium
was also the same, and the only difference was in the elec-
trolytes used: KAc, NaAc, KCl, or NaCl.

The electrolyte solutions were prepared using bidistilled and
deionized water, while the different salts: KAc (J.T. Baker),
NaAc (Timper), KCl (Cicarelli), and NaCl (Mallinckrodt), were
used without further purification. The particles, supplied as a
8.2±0.1 g/100 ml suspension in distilled deionized water were
also used without further purification.

For the four suspensions, the value of the product κa, where
κ is the reciprocal Debye length

κ =
√

2e2C∞
ε0εekT

,

had the same value 28.1, calculated for the temperature of the
measurements (25 ± 0.2 ◦C). In this expression, e is the ele-
mentary charge, k the Boltzmann constant, T the absolute tem-
perature, ε0 the absolute permittivity of free space, and εe the
relative permittivity of the electrolyte solution. On the contrary,
the conductivities of the suspending media:

(1)σe = e2C∞ (
D+ + D−)

,

kT
where D+ and D− are the diffusion coefficients of counte-
rions and co-ions, varied in the 0.00351 S/m (for NaAc) to
0.00554 S/m (for KCl) range.

Impedance spectroscopy measurements were made in the
100 Hz to 10 MHz frequency range using a Hewlett Packard
4192A Impedance Analyzer under computer control. The mea-
surement cell is a Plexiglas cylinder with flat 15 mm diameter
electrodes and variable spacing that can be continuously ad-
justed between 0 and 9 mm [21]. The platinum electrodes,
coated with platinum black, are connected to the instrument
by means of coaxial cables in the Five–Terminal Pair config-
uration (5T) [22]. All the measurements were performed using
the same pair of electrodes that were platinized prior to each
measurement. In view of the low conductivity of the samples
(σs(0) ≈ 0.005 S/m) the spacing was reduced to minimize
stray field effects: between 3 and 1 mm in 0.5 mm intervals [21].
The calibration of the instrument was made using the quadrupo-
lar method [23] that complements the standard short and open
calibration with a third calibration using the cell filled with an
electrolyte solution with known dielectric properties as a load.

These measurements were complemented with determina-
tions of the pH of the suspensions using a PerpHecT model 370
meter. The electrophoretic mobility of the particles was mea-
sured in highly dilute suspensions (φ ≈ 10−4) prepared with
the four electrolyte solutions (KAc, NaAc, KCl, or NaCl), us-
ing a Malvern Zeta-Sizer 2000 (Malvern Instruments, UK).

3. Experimental results

The experimental results for the relative permittivity εs(ω)

and conductivity σs(ω) spectra of the four studied suspensions
appear in Figs. 2–5. They clearly show two dispersion regions.
Due to the large size of the particles and to the low conductiv-
ity of the electrolyte solutions, the low- and the high-frequency
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Fig. 2. Permittivity and conductivity spectra for a suspension of latex particles in aqueous KAc electrolyte solution. Theoretical values (dashed lines), fitted values
(solid lines), experimental permittivity (squares) and conductivity (diamonds) data.

Fig. 3. As Fig. 2 but for a NaAc electrolyte solution.
dispersions are well separated and fit inside the frequency range
of the measurements. Note that the plotted quantities are ac-
tually εs(ω) − εs∞ and σs(ω) − σs(0), where εs∞ and σs(0)

are the limiting high-frequency permittivity and low-frequency
conductivity of the suspensions. This particular representation
made it possible to use logarithmic scales, expanding the oth-
erwise invisible high-frequency permittivity and low-frequency
conductivity dispersions.
The strong permittivity increase at low frequencies corre-
sponds to the alpha dispersion. The variable spacing technique
[24], combined with a Short-Open-Load calibration performed
at all the measurement frequencies using a load impedance
value close to that of the sample [21,23,25], assures that this in-
crease is not an artifact due to electrode polarization. The strong
conductivity increase at frequencies of the order of 1 MHz cor-
responds to the Maxwell–Wagner–O’Konski dispersion.
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Fig. 4. As Fig. 2 but for a KCl electrolyte solution.

Fig. 5. As Fig. 2 but for a NaCl electrolyte solution.
3.1. Macroscopic dispersion parameters

In order to describe the experimental data we used the spec-
tral function proposed by Nettelbalat–Niklasson [26] for the
description of the LFDD, plus an additional high-frequency sin-
gle time constant dispersion term:

σs(ω) + iωε0εs(ω)

= σs(0) + iωε0

[
φ

(
δεL

1 + γ
√

iωτL + iωτL
(2)+ δεH

1 + iωτH

)
+ εs∞

]
.

In this expression, the lower indexes L, and H refer to the low-
and the high-frequency dispersions, δεL, τL, δεH , and τH , are
the amplitudes and characteristic times of these dispersions, and
γ is a dimensionless fitting parameter that has a value of the
order of unity.

The fitting was performed taking care to ensure a perfect
agreement for the high-frequency permittivity and the low-
frequency conductivity, which is required for the logarithmic
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Table 1
Measured (first two rows) and fitted parameter values. The ζ -potential values
were deduced from measured electrophoretic mobility data using Eq. (16)

KAc NaAc KCl NaCl

pH 7.1 6.2 7.1 6.1
ζ (mV) −202 −198 −206 −215
εs∞ 77.4 78.1 78.2 77.8
δεL (104) 5.80 5.80 5.80 5.80
δεH 125 147 236 193
τL (10−5 s) 11.0 9.50 6.50 6.50
τH (10−8 s) 4.50 6.70 7.10 5.80
σs(0) (10−3 S/m) 3.69 3.57 5.55 4.51
γ 1.27 1.48 1.39 1.54

representations. The obtained results are shown in Figs. 2–5,
while the fitted values of the macroscopic parameters appear in
Table 1. In view of the low sensitivity of the used spectral func-
tion, Eq. (2), to the value of the parameter γ , its value could
not be directly determined given the precision of the experi-
mental data. Therefore, the values of this parameter appearing
in Table 1, and used in the fitting process of the remaining para-
meters, were calculated using the following expression, based
on the theoretical model described below

γ =
√

a2

DefτL

,

where

(3)Def = 2D+D−/
(
D+ + D−)

.

Table 1 also includes ζ -potential values deduced from mea-
sured electrophoretic mobility values u, using Eq. (16) [20].
These values correspond to the second, high ζ -potential, solu-
tion.

4. Analysis of the experimental data using a theoretical
model

4.1. Theoretical model

In order to analyze the experimental results we used the
Shilov–Dukhin model [8,27] for the low-frequency dielec-
tric dispersion, combined with the Maxwell–Wagner–O’Konski
model [28–30] for the high-frequency dispersion. This leads to
the following frequency dependence of the dipolar coefficient
of a suspended particle [17,31]

d∗(ω) = d∗
L(ω) + d∗

H (ω),

where

d∗
L(ω) = δdL

1 + iωτL

1+√
2/S

√
iωτL

,

(4)d∗
H (ω) = δdH

1 + iωτH

+ d∞.

For binary univalent electrolyte solutions, the analytical expres-
sions for the dipolar coefficient parameters are

(5)δdL = −3
(
R+ + R−)

H/(2B),
(6)τL = Sa2/(2Def),

(7)S = A/B,

δdH = Rel − 2

Rel + 4
− d∞,

(8)τH = ε0(εi + 2εe)

2σe(Rel + 1)
,

(9)d∞ = εi − εe

εi + 2εe

,

where

(10)R± = 2G±
0

aC∞
+ 6m±

[
G±

0

aC∞
± ζ̃

κa

]
,

G±
0 = 2C∞

κ

(
e∓ζ̃ /2 − 1

)
,

m± = 2ε0εe

3ηD±

(
kT

e

)2

,

H =
[(

R+ − R−)(
1 − �2) − U+ + U−

+ �
(
U+ + U−)]/

A,

(11)� = (
D− − D+)/(

D+ + D−)
,

(12)U± = 48m±

κa
ln

(
cosh

ζ̃

4

)
,

(13)A = Rel + 4,

(14)

B = (
R+ + 2

)(
R− + 2

) − U+ − U−

− (
U+R− + U−R+)/

2,

(15)Rel = R+ + R− − �
(
R+ − R−)

,

ζ̃ = ζ/(kT ),

and εi is the relative permittivity of the suspended particle.
The expression for the dipolar coefficient makes it possible

to calculate the electrophoretic mobility of a suspended particle
and the dielectric properties of the suspension. We could not
use the well-known Dukhin–Semenikhin result [32] because it
is limited to the case D+ = D−. We used, therefore, the expres-
sion for the electrophoretic mobility deduced in [20]

u = 2ε0εeζ

3η

{
1 − δdL − δdH − d∞

(16)+ δdL

H

[
� − 4

ζ̃
ln

(
cosh

ζ̃

4

)]}
.

The complex conductivity of the suspension was calculated us-
ing the Maxwell mixture formula

σs(ω) + iωε0εs(ω) = (σe + iωε0εe)
{
1 + 3φd∗(ω)

}
.

Including, as usually done [31], just one low-frequency term in
the permittivity and conductivity expressions

εs(ω) = εe

{
1 + 3φ

[
Re

(
d∗
H

) + σe

ωε0εe

Im
(
d∗
L + d∗

H

)]}
,

σs(ω) = σe

{
1 + 3φ

[
Re

(
d∗
L + d∗

H

) − ωε0εe

σe

Im
(
d∗
H

)]}
,



978 M. Tirado, C. Grosse / Journal of Colloid and Interface Science 298 (2006) 973–981
leads back to Eq. (2), with the following expressions for the
macroscopic dispersion parameters

(17)σs(0) = σe

[
1 + 3φ(δdL + δdH + d∞)

]
,

(18)δεL = −3σe(τL/ε0)δdL,

(19)δεH = 3σe(εe/σe − τH /ε0)δdH ,

(20)εs∞ = εe(1 + 3φd∞),

(21)γ = √
2/S.

It should be noted that the macroscopic and microscopic values
of the characteristic times τL and τH coincide with one another.

Fig. 6 shows theoretical permittivity spectra calculated for
the four considered electrolytes and for the following parame-
ter values C∞ = 1.76 × 1023 m−3, εe = 78.54, εi = 2, and
ζ = −210 mV. The analytical results are compared to numeri-
cal data calculated using the Network Simulation Method [33].
As can be seen, there is a very good agreement in the whole
frequency range, except for a slight discrepancy at low frequen-
cies. In view of this agreement we used theoretical results for
all the forthcoming analysis.

It should be noted that some of the curves in Fig. 6 over-
lap almost exactly so that only two pairs of curves seem to
be visible. At low frequencies, the lowest pair corresponds to
KAc and NaAc, while the highest pair corresponds to KCl and
NaCl. On the contrary, at high frequencies, the lowest pair cor-
responds to NaAc and NaCl, while the highest pair to KAc and
KCl. This means that, at least in the considered case of highly
charged particles, theoretical and numerical results predict that
the low-frequency dielectric dispersion is mainly determined
by the diffusion coefficient of co-ions [16], while the diffusion
coefficient of counterions determines the high-frequency dis-
persion.
This high-frequency behavior can be easily interpreted com-
bining Eqs. (1), (8), (11), (15)

(22)τH = kT

2e2C∞
ε0(εi + 2εe)

(2R+ + 1)D+ + (2R− + 1)D− .

This result shows that D+ and D− enter the expression of τH

in a non-symmetric fashion. For highly charged particles, the
diffusion coefficient of counterions is multiplied by a large fac-
tor (R+ is large, Eq. (10)), while the diffusion coefficient of
co-ions is multiplied by a factor that is close to one (R− is
small). Therefore, the second addend in the denominator of
Eq. (22) becomes negligible as compared to the first showing
that the characteristic time of the high-frequency dispersion is
determined by the diffusion coefficient of counterions. This is a
rather obvious conclusion since the high-frequency dispersion
parameters depend on the surface conductivity of the particles,
which is mainly determined by the mobility of the ions in the
double layer (mostly counterions).

The interpretation of the low-frequency behavior is slightly
less evident. We start calculating the parameter S, combining
Eqs. (7), (11), (13)–(15)

S = 4

D+ + D−
(R+ + 2)D+ + (R− + 2)D−

(R− + 2)(R+ + 2 − U+) + (R+ + 2)(R− + 2 − U−)
.

In this expression, the addends U±, Eq. (12), which are related
to the convective flow of ions in the double layer, are relatively
small so that they can be neglected leading to

S ≈ 2

D+ + D−
(R+ + 2)D+ + (R− + 2)D−

(R− + 2)(R+ + 2)
.

Combining this result with Eq. (6) and canceling the Def factor,
Eq. (3), finally gives

(23)τL ≈
[

1

(R+ + 2)D+ + 1

(R− + 2)D−

]
a2

2
.

Just as in the preceding case, the diffusion coefficient values
D+ and D− enter the expression of the characteristic time in
Fig. 6. Theoretical (dashed lines) and numerical (solid lines) permittivity spectra for suspensions of the indicated aqueous electrolyte solutions.
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a non-symmetric fashion. For highly charged particles, the dif-
fusion coefficient of counterions is multiplied by a large factor
while the diffusion coefficient of co-ions is multiplied by a fac-
tor that is close to two. Therefore, the first addend in Eq. (23)
becomes negligible as compared to the second showing that
the characteristic time of the low-frequency dispersion is de-
termined by the diffusion coefficient of co-ions.

It should be noted that the analytical expression used to de-
fine τL, Eq. (6), is not obvious. Actually, the original definition
[8,27] does not include the parameter S

(24)τL,ori = a2

2Def

so that the expression for the dipolar coefficient has also a dif-
ferent form

d∗
L,ori(ω) = δdL

1 + iωSτL,ori

1+√
2
√

iωτL,ori

.

However, Fig. 6 shows that the used definition, Eq. (6), seems
to be preferable to the original one, Eq. (24), since, in the latter,
the diffusion coefficients of counterions and co-ions enter in a
fully symmetric fashion, Eq. (3).

4.2. Theoretical predictions

In order to calculate the permittivity and conductivity spec-
tra predicted by the theory it is necessary to first determine the
values of all the parameters defining the model. For each sus-
pension this was done as follows:

1. Equations (9) and (20) were combined with the fitted value
of εs∞, Table 1, and the value εi = 2, to give the permittiv-
ity of the suspending medium εe. This forced the theoretical
and fitted permittivity spectra to coincide at high frequen-
cies, making it possible to include the theoretical results in
Figs. 2–5.

2. The conductivity σe of the suspending medium was ad-
justed so that the theoretical value of the limiting low-
frequency conductivity, Eq. (17), reproduced the corre-
sponding fitted value, Table 1. Again, this made it possible
to include the theoretical conductivity results in Figs. 2–5.
The value of the conductivity was used to calculate the ion
concentrations C∞, Eq. (1).

3. We first tried to adjust the ζ -potential in such a way as
to make δεL, Eq. (18), coincide with the value deduced
from the experimental data, Table 1. This proved to be im-
possible since the fitted values of δεL were always much
higher than the maximum predicted by the theory (Eqs. (5),
(6), (18) with ζ → −∞). Therefore, the ζ -potential values
were adjusted to best reproduce the high-frequency disper-
sion parameters. This was done by forcing the theoretical
value of the limiting high-frequency conductivity

σs∞ = σe + 3φ

(
σed∞ + ε0εeδdH

τH

)
which has the advantage of being a function of both the
amplitude and the characteristic time of the high-frequency
Table 2
Model parameters (first three lines) and theoretical predictions

KAc NaAc KCl NaCl

εe 78.5 79.3 79.4 78.9
σe (10−3 S/m) 3.66 3.55 5.54 4.52
ζ (mV) −185 −184 −193 −202
δεL (104) 2.65 3.28 3.23 3.55
δεH 169 158 152 164
τL (10−5 s) 6.95 7.31 4.01 4.11
τH (10−8 s) 5.77 6.54 4.36 4.88
γ 1.60 1.69 1.77 1.94

The ζ -potential values were deduced from high-frequency dielectric dispersion
data, see text.

dispersion, to coincide with the value deduced from the ex-
perimental data:

σs∞ = σs(0) + φε0

(
δεL

τL

+ δεH

τH

)
.

The theoretical model and parameter values so obtained
appear in Table 2, while the theoretical curves are shown in
Figs. 2–5.

5. Discussion

The aim of this study was to analyze the dependence of the
low- and high-frequency dielectric spectra of latex suspensions
on the difference of the counterion and co-ion diffusion coef-
ficients. This was done considering four different electrolytes
(KAc, NaAc, KCl, and NaCl) and comparing measured dielec-
tric data with theoretical and numerical predictions.

The experimental data was fitted using the Nettelblad–
Niklasson [26] expression, which allows a direct comparison
with the theoretical predictions of the Shilov–Dukhin model
[8,27], since this model leads to the same spectral function for
the dielectric spectrum. This function of frequency proved to be
satisfactory for the description of the permittivity and conduc-
tivity data using 7 adjustable parameters, Figs. 2–5 and Table 1.
We actually used only 6 free parameters, expressing the seventh
in terms of the characteristic time of the low-frequency dielec-
tric dispersion, the ion diffusion coefficients, and the particle
radius.

The main qualitative conclusion drawn from the theory for
the considered case of highly charged particle suspensions
(both analytical expressions and numerical calculations), is that
the low-frequency dispersion parameters should depend on the
diffusion coefficient of co-ions, while the high-frequency dis-
persion is dependent on the diffusion coefficient of counterions,
Fig. 6. This behavior is partly reproduced by our experimental
results, Table 1 and Fig. 7, which shows in a single plot all
the experimental results. Clearly, the low-frequency behavior is
mainly determined by the diffusion coefficient of co-ions. How-
ever, there seems to be no evidence on the dependence of the
high-frequency dispersion on the diffusion coefficient of coun-
terions.

The reason for this disagreement is most likely of experi-
mental nature. The measurement cell used in this study was de-
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Fig. 7. Experimental permittivity (declining curves) and conductivity (rising curves) spectra for suspensions of latex particles in KAc (squares), NaAc (diamonds),
KCl (circles), and NaCl (triangles), aqueous electrolyte solutions.
signed to optimize low-frequency measurements: angular fre-
quencies well below the relaxation frequency of the electrolyte
solution σe/(ε0εe). Under these conditions, the main problem
to overcome is that of the electrode polarization. However, at
high frequencies, the main difficulty is that of the stray field
surrounding the cell. We tried to overcome this last problem
by reducing to a minimum the range of spacings used in the
measurements: electrode separations of 1–3 mm for a 15 mm
electrode diameter. Apparently this was not sufficient to de-
termine with acceptable precision the parameters of the tiny
high-frequency dispersion (dispersion amplitude of the order of
one dielectric unit for a 1% particle concentration).

For the considered suspensions, the theoretical predictions
lead to characteristic time values of the low-frequency disper-
sion, that are acceptably close to the experimental ones, Ta-
bles 1 and 2. More important, all these values are in qualitative
agreement in what respects to their dependence on the diffusion
coefficients: they markedly increase with decreasing mobility
of co-ions and are little dependent on the mobility of counteri-
ons. In the case of the theoretical values, this behavior is only
obtained for the definition of τL given in Eq. (6), since the orig-
inal definition, Eq. (24), is totally symmetric with respect to the
diffusion coefficients of counterions and co-ions.

As for the low-frequency dispersion amplitudes, the theo-
retical predictions lead to values that are much smaller than
the experimental ones, Tables 1 and 2. This discrepancy, which
was often reported in the literature [2,3,7], cannot be overcome
with an appropriate choice of the ζ -potential in the theoretical
model. It stems from a still elusive inadequacy of the stan-
dard electrokinetic model to represent the considered system
(extended models including an anomalous surface conductivity
[34,35] are often still inadequate).
Finally, despite the probable lack of precision of the high-
frequency dielectric dispersion data, this data could be fairly
well reproduced by theoretical results using ζ -potential values
that were compatible with those deduced from electrophoretic
measurements, Tables 1 and 2. This suggests that the stan-
dard electrokinetic model was adequate for the representation
of the surface conductivity [36,37], so that the anomalous or
stagnant layer conductivity is relatively small in the considered
systems [38].
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