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Electrokinetics in extremely bimodal suspensions ✩
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Abstract

Prompted by the results obtained by Mantegazza et al. [Nature Physics 1 (2005) 103], where the electric birefringence of suspensions of
elongated particles was strikingly affected by the presence of a sea of very small (size ratio lower than 10:1) colloidal spheres, we have undertaken
an investigation of other electrokinetic phenomena in suspensions containing various relative concentrations of large (Teflon or polystyrene latex)
and small (nanometer-sized silica spheres) colloids. We have determined the quantities that might be greatly affected by the size distribution of the
particles, mainly in the presence of ac electric fields, since the response of the suspensions will show very characteristic relaxations, dominated in
principle by the size of the particles. In this work, we report on measurements of the dielectric dispersion of mixed particles as a function of the
concentration, ionic strength, and field frequency. The results indicate that the response is not just a simple combination of those obtained with
suspensions of the individual particles, and in fact the presence of even small amounts of the small particles affects considerably the frequency
response of the suspensions.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

During the past years, a number of phenomena have been de-
scribed that are a consequence of interactions between particles
in colloidal suspensions, such as electrically or magnetically
induced structures [1–6] or phase separation in bidisperse sys-
tems [7–9]. In particular, it has long been reported that some
dispersed systems exhibit intriguing anomalous electroorienta-
tion manifested in negative electric birefringence [10–14]. But
all these phenomena disappear for dilute suspensions, for which
the interactions between particles can usually be neglected and
only single-particle effects are expected to be measured.

✩ During the preparation of this manuscript, Professor D.A. Saville, from
Princeton University, passed away. The authors benefited on countless occa-
sions from scientific discussions with him.
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However, electrokinetic and related phenomena of dilute
systems are not completely understood. For instance, it has
been experimentally shown that the usual parallel orientation
of elongated particles under the action of an electric field is
dramatically affected by the presence of small quantities of
nanoscale charged particles [15]. Electric birefringence spec-
troscopy measurements demonstrate that the anomalous ori-
entation is affected by both the particle charge and medium
conductivity. This phenomenon, only partially understood up
to now, seems to be produced by the presence of an asymmet-
ric accumulation of the small particles (SP) around the large
particles (LP) induced by the electric field.

The anomalous orientation is the only new electrokinetic
phenomenon of bidispersed suspensions described up to now,
but it has stimulated further investigations on electrokinetic
measurements such as low-frequency dielectric dispersion
(LFDD), where both the amplitude and characteristic frequen-
cies are very sensitive to the properties of the medium, the
particles, and their interfaces. For these reasons, interest in its
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determination and its theoretical evaluation has increased dur-
ing the past years [16–23].

This technique makes it possible to measure the α-relaxation
in the dielectric spectra caused by an electrolyte concentration
gradient beyond the electrical double layer (EDL) [16]. The
characteristic frequency of this relaxation is determined by the
size of the particle. Hence, in principle, two different sizes in
the suspension should result in two relaxation phenomena at
two different characteristic frequencies associated with the LP
and the SP, respectively. In spite of the fact that the theory pre-
dicts that both relaxations are simply added in the spectra and
do not affect each other for sufficiently dilute suspensions, such
as the majority of those studied in this work, we will show that
it is experimentally observed that the α-relaxation of the LP is
accelerated and the amplitude decreases with the concentration
of the SP.

2. Theoretical background

Colloidal particles (including their EDLs) in aqueous sus-
pensions polarize when an electric field is applied. Due to
the different time scales of the various phenomena that con-
tribute to the induced dipoles, the dielectric constant exhibits
some relaxation phenomena when the frequency of the ac
field is increased. At a low frequency (on the order of 104–
105 rad/s), a first relaxation (known as α-relaxation) occurs.
This is a consequence of the concentration polarization effect:
counterions undergoing tangential electromigration (if the field
is applied from left to right, and the particle charge is negative,
counterions—cations—will move to the right of the particle;
see Fig. 1a) find co-ions brought by the field in such a way
that both counterions and co-ions accumulate on the right and
are depleted on the left. The characteristic time for the forma-
tion of this electrolyte concentration gradient is the diffusion
time [16],

(1)τα ≈ (a + κ−1)2

D
,

where a is the particle radius, κ−1 is the thickness of the EDL,
and D is the diffusion coefficient of the ions. τα is on the
order of 10−4 s, so the characteristic α-relaxation frequency,
ωα ≈ 104 rad/s.

For sufficiently high field frequency, this accumulation can-
not form and the diffusion currents ( �j±

D in Fig. 1a) will be
frozen. Still, there is time for counterions to accumulate on
the left and co-ions on the right side of the particles, respec-
tively, as shown in Fig. 1b. This polarization is basically due to
the mismatch between particle and medium conductivities [24–
26]. However, this contribution will eventually also disappear
when the characteristic Maxwell–Wagner–O’Konski relaxation
frequency, ωMWO, is reached. This frequency depends on the
particle, Kp, and the medium, Km, conductivities as follows,

(2)ωMWO = (1 − φ)Kp + (2 + φ)Km

(1 − φ)εpε0 + (2 + φ)εmε0
,

where ε0 is the vacuum permittivity, εm and εp are, respectively,
the dielectric constants of the medium and the particle, and φ
(a)

(b)

Fig. 1. Schematic representation of the fluxes of counterions (+) and
co-ions (−) around a negatively charged colloidal particle in the presence of an
electric field, �E0. In (a) the concentration polarization (electrolyte concentra-
tion, c(�r), increased on the right and depleted on the left) brings about diffusion
fluxes ( �j±

D ) in addition to the electromigration ones ( �j±
em) due to the direct

action of the field. In (b) the frequency is above the α-relaxation and only elec-
tromigration fluxes remain.

is the volume fraction of solids. For the case of insulating par-
ticles with a charged atmosphere, the theory of the Maxwell–
Wagner–O’Konski relaxation can still be used after replacing
Kp with an effective conductivity Kp = 2Kσ /a, where Kσ is
the so-called surface conductivity, which is a measure of the ex-
cess conduction parallel to the charged interface, produced by
the excess of counterions in the electric double layer [27].

The value of this frequency is typically 108 rad/s, i.e., about
three orders of magnitude larger than ωα .

Note that the processes described influence to a large ex-
tent the strength and direction of the dipole induced by the
field. Thus, the ionic accumulation and depletion existing at
low frequencies compress the EDL on the high-electrolyte-
concentration side and expand it on the opposite side (Fig. 1a).
As a consequence, there is a displacement between the centers
of the EDL and particle charge distributions, thus modifying
the induced dipole. In addition, the diffusion fluxes that oppose
the electrolyte gradient ( �j±

D in Fig. 1) redistribute the charge
in the EDL, decreasing the induced dipole. On the other hand,
these slow diffusion fluxes of counterions inside the EDL in-
crease the displacement currents, leading to a huge value of the
low-frequency permittivity of the suspension [16].

The α-relaxation of dilute systems has been widely studied
in the past [16–20,28,29]. Both in analytical and in numerical
studies, the starting point is that the particles are well separated
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and the dipolar field is not affected by the neighbor particles,
and hence, the relative permittivity depends linearly on the par-
ticle concentration; that is,

(3)ε′(ω) = ε′
m + 3φε′

m

[
C1(ω) − Km

ωε0εm
C2(ω)

]
,

where ω is the angular frequency and C1 and C2 are the real
and imaginary parts of the induced dipole coefficient related to
the induced dipole by the expression

�d = 4πε0ε
′
ma3[C1 − iC2] �E0.

There are diverse approaches to the determination of the dipole
coefficient. In fact, the models described above fail to explain
the electrophoretic mobility and the conductivity measurements
with the same parameters of the EDL. This obstacle is over-
come if the stagnant-layer conductivity is taken into account
[17,29–31]. Recall that the stagnant layer is a region adjacent
to the solid surface in which the liquid is considered immobile.
In the so-called standard electrokinetic model it is assumed that
ions are also immobile, so that the conductivity of the layer is
negligible. Speaking of stagnant-layer conductivity means as-
suming that, while the liquid is hydrodynamically stagnant, ions
can move in response to an applied field, although perhaps with
a mobility different from that in the bulk. This new ingredient
improves the quantitative results but the main features remain
the same as in the models without stagnant layer conductivity.

On the other hand, for concentrated colloidal suspensions,
the linear relation between the dielectric increment and the par-
ticle concentration fails. Neighbor particles affect the hydro-
dynamic and electric fields around a given particle and hence
modify the response of the latter to the external electric field. As
a consequence, the dielectric increment differs from the predic-
tions of a linear relation. In this case, the different approaches
are based on the Kuwabara cell model [32], in which the whole
suspension is replaced by an equivalent imaginary system con-
sisting of a unique central particle of the same size surrounded
by a finite shell of electrolyte. This model is combined with
some appropriate electrostatic boundary conditions, of either
Dirichlet or Neumann type [21,33].

In Fig. 2a is shown a typical spectrum [21] of the dielectric
constant. There are two clearly observed relaxation processes

(a) (b)

Fig. 2. (a) Theoretical predictions of the model in [21] for the real part of rela-
tive permittivity of a suspension of 0.5 mM KCl and ζ = −100 mV, φ = 0.02,
and a = 200 nm (—) and 400 nm (- - -). (b) (2) Theoretical predictions of the
low-frequency dielectric constant of suspensions with 200-nm particles and dif-
ferent volume fractions (ζ = −100 mV, 0.5 mM KCl). (—) Results obtained
assuming a linear dependence on the volume fraction.
at 60 × 103 and 60 × 106 rad/s, respectively, and, accordingly,
two absorption peaks in the spectrum of the imaginary part of
the permittivity. Perhaps against intuition, it is found that the
permittivity of the suspension depends in a nonlinear fashion on
the volume fraction of solids even for unexpectedly low particle
concentrations. For instance, in Fig. 2b, we show the dielec-
tric increment for a suspension of particles for volume fractions
ranging from 0.05 to 4%. The lack of linearity can be consid-
ered as a consequence of the existence of hydrodynamic and
electric interactions between particles that disturb their individ-
ual contributions, thus reducing the positive influence on the
permittivity of the dispersion.

3. Materials and methods

The suspensions are composed of large particles and small
particles. As LP we used three kinds of negatively charged
polystyrene latex spheres: L530, UCM190, and UCM177. In
the case of L530, the charge comes from sulfonate groups
on the surface, while the surface charges of UCM190 and
UCM177 come from carboxylic groups. All these particles are
essentially nonporous. The SP are negatively charged silica par-
ticles. The sizes and electrophoretic mobilities are detailed in
Table 1. The pH of the suspensions was about 4.5, with little
change upon addition of different volume fractions of either of
the particles used.

The electrophoretic mobility measurements were performed
in a Malvern ZetaSizer 2000 (Malvern Instrument, England)
based on photon correlation spectroscopy. The electric permit-
tivity of the suspensions was determined as a function of fre-
quency (in the 3 × 103 to 6 × 106 rad/s range), by measuring
the impedance of a thermostated conductivity cell with variable
distance between the platinized platinum electrodes [34]. The
applied field strengths were 91 mV/cm for the suspensions of
UCM177 and 167 mV/cm for the samples L530 and UCM190.
The logarithmic derivative procedure [35] was used to correct
for electrode polarization and other stray capacitances. Briefly,
this method is based on the analysis of the logarithmic deriva-
tive of the real part of the dielectric constant

(4)ε′′
D = −π

2

∂ε′(ω)

∂ lnω
.

It can be shown that the contribution of electrode polarization
behaves asymptotically as follows [35],

(5)ε′′(EP) = Aω−1,

(6)ε′′
D(EP) ∝ L−1ω−3/2,

Table 1
Identification of the particles used, together with their radii and electrophoretic
mobilities ue in 0.5 mM KCl solutions

Particle Radius (nm) ue (10−8 m2 V−1 s−1)

L530 265 −5.7
UCM190 168 −4.3
UCM177 113 −4.1
A300 7.0 −2.5
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where L is the distance between electrodes and A is a constant.
There are three advantages in using the logarithmic derivative
instead of ε′′: (i) Experimentally, the latter is calculated from
conductivity measurements (ε′′ = (K − K(ω = 0))/(ωε0)),
and it remains undetermined at low frequency because of the
noise; (ii) ε′′

D(EP) decreases with the distance between elec-
trodes, while ε′′(EP) does not depend on it (compare Eqs. (5)
and (6)); and (iii) the absorption peak of every dielectric re-
laxation is narrower in the spectra of ε′′

D than in the spectra
of ε′′. Hence, the electrode polarization contribution can be re-
duced if the electrodes are sufficiently separated. Furthermore,
the high-frequency Maxwell–Wagner relaxation, usually a tiny
contribution as compared to the α-relaxation, can be observed
as a separate peak in the spectrum of the logarithmic derivative,
in contrast to that of ε′′.

Fig. 3 shows an example of an experimental spectrum (full
symbols in Fig. 3a) and its correction from electrode polar-
ization by fitting the low-frequency part, where the electrode
polarization is the main contribution (line in Fig. 3a) to Eq. (6).
Note that the maxima in ε′′

D(ω) are very well defined and allow
reliable estimation of the α-relaxation characteristic frequency
or time. The dielectric increment of the suspension (δε′(ω), full
symbols in Fig. 3b) is then calculated from Eq. (4) by integrat-
ing the remaining ε′′

D data (open symbols in Fig. 3). According
to Eq. (4), such integration would provide values of ε′(ω), ex-
cept for an integration constant, and hence one is in fact obtain-
ing a dielectric increment δε′(ω) = ε′(ω) − ε′(∞) using this
procedure. Finally, the δε′(ω) data are fitted to the real part of
the Havriliak–Negami relaxation function [36],

(7)δε′(HN) = Re
{
δε∗(HN)

} = Re

{

ε

[1 + (iωτ)a]b
}
,

and this makes it possible to quantitatively estimate the ampli-
tude of the relaxation by means of the 
ε (equivalent to δε′(0))
parameter.

All experiments were carried out at 25 ◦C.

4. Experimental results

Fig. 4 illustrates the goodness of the method used in two as-
pects. First, it shows that no relaxation is observed if a pure

(a) (b)

Fig. 3. (a) Logarithmic derivative of the dielectric constant of a 2% suspension
of L530 in a 0.5 mM KCl solution. (2) Experimental results; (1) data corrected
from the electrode polarization; (—) best fit of Eq. (6) to the low-frequency
part of the spectra. (b) Dielectric increment (2) and logarithmic derivative of
the dielectric constant (!) of the same suspension. (—) Best fit of the Havril-
iak–Negami function to the relative permittivity.
electrolyte solution is measured, as expected from the absence
of any interfacial relaxation. Second, the figure demonstrates
that the small A300 particles do not display any relaxation ei-
ther, since the expected α-relaxation frequency for these parti-
cles (≈6 × 106 rad/s) is beyond our experimental limit. In con-
trast, one can clearly observe an absorption peak of UCM190
suspensions for frequencies around 20 × 103 rad/s, a typical
value for particles around 300 nm in size (similar to that of
UCM190).

Let us now consider how the permittivity of the suspensions
of LP is influenced by the addition of SP (A300). Fig. 5 shows
the results for both the logarithmic derivative of the permittiv-
ity ε′′

D(ω) (Eq. (4)) and the real part of the dielectric increment
δε′(ω), when the LP is UCM190, for three ionic strengths and
different A300 concentrations. Through simple visual inspec-
tion it is clear that (except for the lowest ionic strength tested)
the addition of the nanoparticles both reduces the amplitude of
the α-relaxation and increases the relaxation frequencies. This
is also true for L530 latex suspensions, as Fig. 6a demonstrates.
In contrast, the UCM177 suspensions do not seem to be affected
in their dielectric relaxation upon addition of A300.

A summary of the main features of the relaxation spec-
tra, namely, 
ε and the characteristic time, τ (Eq. (7)), for
UCM190 and L530 is given in Figs. 7 and 8, respectively, as
a function of the concentration of A300. Briefly, one can say
that adding the A300 SP leads to a decrease in 
ε (Fig. 7a).
Note that the increase observed for the lowest ionic strength is
most likely an artifact due to the fact that the small relaxation
amplitude is hindered by the electrode polarization; hence, the
uncertainty in this low ionic strength is too large to make any
conclusion about the observed variations in the graph. The over-
all trends of both 
ε and τ to decrease are confirmed by the
L530 data in Fig. 8, where A300 concentrations up to 3.5%
(v/v) have been included.

Note that according to Eq. (1), the characteristic time should
decrease with ionic strength (since the thickness of the dou-
ble layer κ−1 decreases) and increase with the particle radius.
However, in Fig. 7b, we observe an increase in τ with ionic
strength, and the comparison between this figure and Fig. 8 sug-
gests a lower characteristic time for the larger L530 particles.
These are apparent effects, due to the unavoidable electrode po-
larization. Comparing Figs. 3 and 4, it is clear that in the case

(a) (b)

Fig. 4. Logarithmic derivative of the dielectric constant of a solution of 1 mM
KCl (2), a suspension of A300 0.43% and 1 mM KCl (!), and UCM190 1.9%
and 1 mM KCl (Q): (a) Without electrode polarization correction; (b) after
electrode polarization correction.
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Fig. 5. Left: logarithmic derivative of the permittivity of UCM190 suspensions (1.9% volume fraction) for the KCl concentrations and different amounts of A300
nanoparticles added (indicated as % volume fraction). Right: dielectric increment of the same suspensions. Lines: best fits of the real part of ε∗(HN) (Eq. (7)).
(a)

(b)

Fig. 6. Left: logarithmic derivative of the permittivity of L530 (a) and
UCM177 (b) latex particles (2% volume fraction) in 0.5 mM KCl solutions.
Right: dielectric increment of the same suspensions. The lines are the best fits
of the real part of ε∗(HN) (Eq. (7)). The labels correspond to (LP concentration,
%) − (A300 concentration, %).

of UCM190 particles the absorption peak is partially masked
by the electrode polarization decay, while these two processes
are better separated in the case of L530. Hence, the character-
istic frequency in the first case appears lower (the characteristic
(a) (b)

Fig. 7. Dielectric increment at zero frequency (a) and characteristic time (b)
of the suspensions of UCM190 as a function of A300 concentration, for the
indicated ionic strengths.

Fig. 8. Dielectric increment at zero frequency (1) and characteristic time (")
of suspensions of L530 as a function of A300 concentration. The arrows indi-
cate the dielectric increment at zero frequency (left) and the characteristic time
(right) for the suspensions of 2% L530 without added A300. KCl concentration
0.5 mM in all cases.

time longer) than in the second case, even though the UCM190
particles are smaller. On the other hand, the electrode polariza-
tion increases with the conductivity of the suspension, hence,
also the characteristic time.
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Nevertheless, we may trust that for a given ionic strength, the
electrode polarization will not be much affected by other exper-
imental parameters, particularly, the solid contents. In fact, if
we add A300, the conductivity of the sample should either in-
crease or not vary at all. This would lead to either an increasing
or a constant time, and we observe a decrease in τ , as observed
in Fig. 7b. Moreover, this behavior is observed in all samples
without exception, so we believe that it is a real tendency rather
than an artifact. This means that the effect of A300 concen-
tration observed in Figs. 7b and 8 is an actual one, unlike the
apparent increase in τ with ionic strength, which must be taken
with caution.

5. Discussion

As previously mentioned, the overall behavior of a suspen-
sion in the presence of an external electric field is the sum
of the individual responses of the particles and their ionic at-
mospheres, which in turn depend on the local particle concen-
tration. Since the SP do not present any relaxation phenomena
in the frequency range under study, their contribution to the
permittivity is a constant and that does not affect the dielec-
tric relaxation amplitude. In addition, considering that they are
smaller than the LP, the concentration polarization dynamics
is faster around the SP and will always be present during the
formation of the concentration gradients around the LP, which
are responsible for the α-relaxation experimentally observed.
Furthermore, according to Eq. (1), the possible aggregation or
viscosity increase due to possible gel formation by A300 parti-
cles should lead to an increase of the characteristic time. It can
also be argued that the observed behavior is the result of the
overlapping of the electrical double layers of large and small
particles. It is easy to prove that this is not the case in most
of the suspensions considered: taking into account the double-
layer thickness for the electrolyte concentration used, we can
estimate the effective particle radius of the SP, and from this
their effective volume fraction. This should be compared to the
free volume left by the large particles. As a result, it is found
that only for volume fractions of SP above 4.7% for 1 mM KCl,
2.5% for 0.5 mM KCl, and 0.9% for 0.2 mM KCl can we expect
a significant double-layer overlap. Since most of our experi-
ments were performed with lower volume fractions, a general
explanation, valid also for such dilute systems, must be offered.

It is proposed that the concentration polarization around the
SP located near the LP along the electric field direction (see
Fig. 9a) partially counterbalances that around the LP and hence
the amplitude of the α-relaxation must decrease, in agreement
with observations. On the other hand, the diffusion path length
of the counterions decreases, and this leads to a shortening
of the characteristic time of the dielectric relaxation (Fig. 9b),
again in agreement with the experimental observation.

It is also worthwhile to compare the results for different salt
concentrations and different LP. In Fig. 10 we show the relative
decrement of 
ε upon addition of A300 (
ε(LP) is the dielec-
tric increment of the suspensions without SP). In Fig. 10a we
plot the results for two different salt concentrations and the la-
tex UCM190, and it can be seen that the decrease in 
ε with
Fig. 9. (a) Schematic representation of one LP surrounded by SP. In the clouds,
the darkest parts represent the highest electrolyte concentration. (b) The spatial
distribution of concentration gradient for the LP alone (i) and the LP surrounded
by SP (ii), respectively.

(a) (b)

Fig. 10. Relative variation of the dielectric increment as a function of the vol-
ume fraction of A300. (a) Suspensions of UCM190 at 0.5 mM and 1 mM KCl.
(b) The suspensions indicated with 0.5 mM KCl.

A300 concentration is more significant the smaller the ionic
strength. This may arise from the fact that increasing the ionic
strength compresses the double layer, shortening the counterion
diffusion path, perhaps to distances smaller than those of max-
imum nanoparticle approach. Under such conditions, the effect
of the small particles can be expected to be less noticeable, as
observed.

Concerning the effect of the type of the large particles, let
us mention that in [15] it was shown that under the action of
the electric field, small particles accumulate on one side of the
bigger particles, and this effect is magnified by the increase in
the surface charge of the latter. Accordingly, the larger variation
of the α-relaxation amplitude in L530 can be explained by an
increased (in comparison to the other LP) accumulation of SP
due to the larger difference in their electrophoretic mobilities
(see Table 1). This explanation agrees with the large differ-
ences observed in the case of L530 for a tiny addition of A300
(Fig. 10b) with respect to the L530 alone: if the accumulation
mentioned should not occur, such a decrease in the suspension
permittivity would only take place for a much higher A300 con-
centration. Only for such large numbers of small particles could
one expect significant overlap between LP and SP polarization
clouds. We conclude that the significant parameter is not the av-
erage concentration of A300 but its local concentration around
the large particle, so that one could consider the bidisperse sys-
tem under the action of an electric field as a nanoconcentrated
system.
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6. Conclusions

We have measured the low-frequency dielectric spectra of
bidispersed systems formed by large particles and smaller par-
ticles, both negatively charged. We have observed a decrement
of the amplitude and an acceleration of the α-relaxation. These
effects can be explained by an increase of the SP concentra-
tion around the LP, which reduces the electrolyte concentration
gradient responsible for the comparatively high values of the
low-frequency permittivity of colloidal suspensions.
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