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ABSTRACT: Colloidal particles adjacent to electrodes have been observed to exhibit drastically different aggregation behavior
depending on the identity of the suspending electrolyte. For example, particles suspended in potassium chloride aggregate
laterally near the electrode upon application of a low-frequency (∼100 Hz) oscillatory electric field, but the same particles
suspended in potassium hydroxide are instead observed to separate. Previous work has interpreted the particle aggregation or
separation in terms of various types of electrically induced fluid flow around the particle, but the details remain poorly
understood. Here we present experimental evidence that the aggregation rate is highly correlated to both the particle zeta
potential and the electric field amplitude, both of which depend on the electrolyte type. Measurement of the aggregation rate in
26 unique electrolyte−particle combinations demonstrates that the aggregation rate decreases with increasing zeta potential
magnitude (i.e., particles with a large zeta potential tended to separate regardless of sign). Likewise, direct measurements of the
oscillatory electric field in different electrolytes revealed that the aggregation rate was negatively correlated with solution
conductivity and thus positively correlated with the field strength. We tested the experimentally measured aggregation rates
against a previously developed point dipole model and found that the model fails to capture the observed electrolyte dependence.
The results point to the need for more detailed modeling to capture the effect of electrolyte on the zeta potential and solution
conductivity to predict fluid flow around colloids near electrodes.

■ INTRODUCTION

Micrometer-sized colloidal particles have been widely observed
to form planar aggregates near an electrode surface in response
to an ac electric field applied normal to the electrode.1−18 This
aggregation was originally considered to be counterintuitive
because each particle has similar surface charge and dielectric
properties, so assemblies of particles will experience repulsive
forces due to Coulombic and dipole−dipole interactions.
Because of the clearly long-range nature of the attraction, the
aggregation was initially interpreted in terms of an electro-
hydrodynamic (EHD) fluid flow (also known as induced-
charge electroosmotic flow19−21) induced by each colloidal
particle near the electrode surface.2,4,6,11,22 Trau et al. proposed
that the presence of the particle perturbs the otherwise constant
electric field near the electrode, creating a tangential electric
field and corresponding EHD fluid flow directed toward the
particle; nearby particles become mutually entrained in the

flow, and aggregation ensues.2,4 Ristenpart et al. further
elaborated this model via a scaling analysis that treated the
particles as point dipoles.11 The model predicted that the EHD
flow magnitude and corresponding aggregation rate should
scale as the square of the applied ac electric field, and
approximately inversely with frequency; this E2 dependence is
consistent with the observed aggregation under ac polarization.
These scaling predictions have been corroborated experimen-
tally via measurements of the aggregation rate of colloidal latex
particles for varying applied potential and frequency.9,11,23

Although the point dipole EHD model captures the effect of
the electric field on the observed rate of aggregation, to date the
model has had a shortcoming: it did not appear to explain the
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observed effect of the suspending electrolyte.12,15,17 Specifically,
multiple researchers have observed that the choice of
electrolyte has a huge effect on the aggregation rate; particles
are even observed to separate strongly rather than aggregate in
electrolytes such as potassium hydroxide and sodium
hydroxide.5,8,9,11,13,14,16,18 A comprehensive list of previously
observed electrolyte-dependent particle aggregation/separation
is shown in Table 1. A key feature of this table is that there is
no obvious trend with respect to which electrolytes yield
aggregation or separation. Kim et al. originally showed that
particle pairs separated in 0.1 mM NaOH and KOH solutions
and initially attributed the separation behavior to electrode
reactions and the transference number of the electrolyte;6,9

however, further work showed that aggregation was not
correlated with the transference number.24 Additionally, Kim
et al. concluded that the zeta potential of the particles did not
have a significant effect on the particle behavior in ac electric
fields, at least for the range of particle zeta potentials they
examined (e.g., between −55 and −15 mV for particle
aggregation).
Fagan et al. continued work on particle pair dynamics12 and

conducted direct measurements of the particle height over the
electrode using total internal reflection microscopy
(TIRM).24,25 By measuring the height of individual particles
in each electrolyte using TIRM, Fagan et al. determined that
whether the particles separated or aggregated was correlated
with the electrolyte-dependent phase angle between the
oscillating particle height and electric field.12,26 Particles with
phase angles greater than 90° were observed to undergo lateral
aggregation, whereas particles with phase angles of less than 90°
were observed to separate. Fagan et al. developed a model to
calculate the drift rate of two isolated particles in various
electrolytes based on electroosmotic flow on the particle surface
(ECEO), faradaically coupled electroosmotic (FCEO) flow on
the electrode due to electrochemical reactions, and induced
dipolar repulsion between adjacent particles.12 The origin of the
electrolyte dependence in Fagan’s model is the electrolyte-
dependent FCEO flow on the electrode, which causes
asymmetries in the ECEO fluid flow on the particle surface
leading to either aggregation or separation of the colloidal
particles. Fagan’s model interprets particle separation and
aggregation in terms of the O(E) ECEO fluid flow on the
particle surface; because the particle height is also oscillating
with the electric field, the direction of the ECEO flow that the
particle feels at the top of its oscillation (when it is farthest from
the electrode and has the highest mobility) determines whether
it will aggregate with or separate from a neighboring particle.
To capture this effect quantitatively, Fagan’s model invoked a
phase-angle-dependent ECEO fluid flow on the particle surface:
for particle-current phase angles of less than 90°, the particle
feels a predominantly repulsive ECEO flow at the top of its

oscillation and vice versa for phase angles greater than 90°. The
model was qualitatively consistent with their observations of
the aggregation and separation of particles in various
electrolytes. Hoggard et al. extended the experimental
observations of electrolyte-dependent particle behavior to
more electrolytes13 and multiparticle systems,14 which
corroborated previous work on particle pair dynamics.9

However, Wirth et al. showed that the electrolyte-dependent
phase angle persisted in the absence of electrochemical
reactions, suggesting that the FCEO flow in Fagan’s model
was not the sole source of the symmetry breaking that led to
the particle-current phase angle.16 Most recently, Wirth et al.
solved the standard electrokinetic model numerically and
predicted phase angles that qualitatively agreed with the
experimental values at some frequencies.16,17 They suggested
that the two effects leading to electrolyte-dependent particle
aggregation and separation were the electrolyte-dependent
complex dynamic electrophoretic mobility and the electrolyte-
dependent electric field strength.
Although Sides and Prieve and co-workers have convincingly

demonstrated experimentally that the phase angle is correlated
with aggregation versus separation, key questions remain.
Specifically, an important aspect of the particle drift model is
that the direction of the fluid flow that the particle feels at the
top of its oscillation reverses for phase angles of less than 90°,
resulting in the particle feeling a predominantly repulsive drag
force.12,16 Notably, there is no direct evidence that the flow
direction is actually reversed in electrolytes where separation
occurs: what is observed experimentally is simply that the
particles separate. The separation could indeed result from a
reversal in the flow direction, but an alternative explanation that
must be considered is that the flow direction actually remains
unchanged and a repulsive interaction simply becomes
dominant.
This possible interpretation is especially pertinent given that

induced dipolar forces between particles are known to influence
tremendously the particle behavior near the electrode,
contributing to the formation of colloidal binary superlattices,10

wormlike structures,7,14,27 aggregates with large interparticle
separations,14 and colloidal dimers28 and molecules.29 For two
identical particles in a plane orthogonal to the applied field, the
dipolar interaction is always repulsive and scales as Fdipole ∼
C0

2E0
2, where C0 is the particle dipole coefficient. Although

dipolar forces presumably affect the observed aggregation rate,
their exact role and the effect of the electrolyte identity on both
the dipolar interactions and the electrically generated fluid flow
have remained unclear.
In this article, we experimentally measured the aggregation

rate of 26 different electrolyte−particle combinations, all at 1
mM ionic strength, when subjected to a 100 Hz ac electric field.
We also directly measured the ac electric field strength and zeta

Table 1. Previous Reports of Electrolyte-Dependent EHD Aggregation/Separation

electrolyte ionic strengh (mM) particle diameter (μ m) frequency (Hz) pairwise/multiparticle particle behavior ref

KCl 0.15, 1.0 2.7,4.2, 5.7 100−4000 pairwise, multiparticle aggregation 11, 13, 14, 8
NaCl 0.1, 1 2, 9.7 50−2000 pairwise, multiparticle aggregation 9, 18
NaHCO3 0.1, 0.15 5.7, 9.7 50−1000 pairwise, multiparticle aggregation 9, 13, 14, 16
NaN3 not provided 1, 2 <1000 multiparticle aggregation 5
NH4OH 0.15 5.7 100 pairwise no motion 13
H2CO3 0.15 5.7 100 pairwise separation 13
KOH 0.15, 1.0 5.7, 9.7 50−100 pairwise, multiparticle separation 9, 13, 14, 16
NaOH 0.1, 0.15, 1.0 9.7 10−1000 pairwise separation 9, 13
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potential of the particles in each electrolyte. In contrast to a
previous report,9 we find that the aggregation rate decreases
strongly with increasing zeta potential magnitude (i.e., the
higher the zeta potential magnitude, the slower the particles
aggregated). Likewise, we found that the aggregation rates were
positively correlated with the experimentally measured electric
field strengths. We tested the aggregation rate data against the
point dipole EHD model, combining Ristenpart et al.’s scaling
analysis11 and Hinch’s model for the effect of the zeta potential
on the particle dipole coefficient,30 but found that the point-
dipole model fails to capture the observed dependence on the
zeta potential. The results shed new light on the effect of
electrolyte on particle aggregation near electrodes and point to
the need for more detailed modeling that includes the effect of
electrolyte type on both the zeta potential and electric field
magnitude.

■ EXPERIMENTAL METHODS
The experimental methods are similar to those presented by
Ristenpart et al.11 The experimental apparatus (Figure 1) consisted

of two glass slides coated with tin-doped indium oxide (ITO, 5−15 Ω)
separated by a 1-mm-thick nonconductive poly(dimethylsiloxane)
spacer. Prior to each experiment, the electrodes were washed with soap
and water, then ultrasonicated in acetone and DI water for 10 min
each, and finally dried with filtered compressed air. Stock solutions of
each electrolyte were prepared at a concentration of 1 mM using
Millipore-grade DI water (18.2 MΩ cm). We restricted our study to
1:1 monovalent electrolytes to keep the Debye length constant at ∼10
nm. Colloidal suspensions using various electrolytes were made by
adding either 4-μm-diameter silica particles (Polysciences), 2-μm
sulfated polystyrene (PS) (Invitrogen), or 2-μm aliphatic amine PS
(Invitrogen) to the desired electrolyte at a volume fraction of 5 ×
10−6; each suspension was washed at least three times by
centrifugation and resuspension. The zeta potential of each colloidal
suspension was measured using dynamic light scattering (Zetasizer,
Malvern Instruments Ltd.). Refer to the Supporting Information for
the relevant particle and electrolyte properties (Table S1).
To begin an experiment, the colloidal suspension was added to the

fluid well, and the particles were allowed to settle by gravity to the
bottom electrode. The negatively charged silica and sulfated
polystyrene particles remained separated from the negatively charged
ITO by colloidal scale forces (i.e., double-layer repulsion). In contrast,
the positively charged aliphatic amine particles tended to adhere

irreversibly to the ITO upon contact. To prevent adhesion, an 800 mV
dc bias was applied to the cell during the sedimentation period. This
small dc bias provided an electrostatic “bumper” that prevented
adhesion but had little other observable effect on the particles, which
remained separated from the electrode and were observed to continue
moving by Brownian motion.

After the particles were adjacent to the electrode, an ac potential
was applied to the cell with a function generator. The resulting particle
behavior was observed with a reflection microscope and recorded at 15
images per second with a digital camera. For all 4 μm silica
experiments, an ac potential of 5 V peak-to-peak (Vpp) and 100 Hz
was used; for all 2 μm PS experiments, an ac potential of 2 Vpp and
100 Hz was used. The 800 mV dc bias for the positive PS particles was
removed immediately prior to application of the ac field. For a typical
experiment, we recorded the particle behavior for 15 s prior to
application of the electric field to establish an average number of
particles and then recorded for approximately 30 s following electric
field application. The field was then removed (and dc bias reapplied if
using amine PS), and the particles were allowed to disperse via
Brownian motion for 10−15 min before repeating the experiment.
Three trial replicates were performed for each electrolyte−particle
combination.

The ac electric field magnitude of each electrolyte suspension was
directly measured using a high-precision electrometer (Keithley
Instruments Inc.), which measured the current with a sampling
frequency of 50 000 Hz. An ac potential was applied to each cell for 2
to 3 s, and the amplitude of the measured ac current was averaged over
100−200 periods; currents on the order of milliamps were typically
recorded through the experimental cells. The average current was then
divided by the electrode area and the conductivity of the electrolyte to
yield the ac electric field magnitude. The measured amplitude of the ac
electric fields is of the same order of magnitude as predicted by simply
dividing the applied potential by the cell thickness (E = 5 V/1000 μm
= 5 kV/m). Note that the electrolytes with higher conductivities
tended to yield relatively lower field strengths (Figure S1, Table S1).

■ RESULTS AND DISCUSSION

Electrolyte-Dependent Aggregation Experiments.
Consistent with prior observations, the identity of the
suspending electrolyte affected both the quantitative and
qualitative behavior of the colloidal particles upon application
of the oscillatory electric field. Figure 2 shows representative
time-lapse images of particle behavior in different electrolytes,
demonstrating the three main qualitative behaviors observed
during experimentation: strong separation (Figure 2a), weak
separation (Figure 2b), and strong aggregation (Figure 2c).
Figure 2a shows that silica particles in NaOH separated
strongly within the first 2 s of electric field application and
continued to separate more slowly over the next several
seconds (e.g., the particles outlined in red). In contrast, a weak
separation of particles was observed for the silica in NH4OH
with little observable change in particle positions other than
those imparted by Brownian motion (Figure 2b). Finally,
Figure 2c shows the rapid aggregation of particles suspended in
NaCl. Single particles formed planar aggregates on the surface
of the electrode within seconds; the aggregates remained
mobile throughout the experiment and were dispersed by
Brownian motion when the electric field was removed. We
emphasize that the particle type, applied electric potential and
frequency, and ionic strength were identical in all three trials
shown in Figure 2; the only difference was in the type of
electrolyte (and parameters whose magnitude depends on the
electrolyte type, cf. Table S1). Similar aggregation or separation
was observed in all 26 measured electrolyte−particle combina-
tions, with only the apparent rate of aggregation changing
between electrolytes.

Figure 1. Schematic of (a) the experimental setup and (b) EHD flow
streamlines and force vectors for the EHD drag force and induced
dipolar repulsion (not to scale).
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To quantify the aggregation and separation behavior of
particles in each electrolyte, we employed the singlet tracking
methodology developed by Ristenpart et al. in which the
number n1 of unaggregated particles (singlets) is tracked versus
time.11 Assuming that the loss of singlets is dominated initially
by singlet−singlet aggregation events allows the process to be
modeled as a second-order kinetic reaction, yielding

= +
n
n

k n t11
0

1
E 1

0

(1)

where n1
0 is the initial concentration of singlets prior to applying

the electric field, t is time, and kE is the aggregation rate
“constant” which depends on the magnitude of the attractive
force pulling the singlets together. Using standard image
analysis techniques, we determined the number of singlets as a
function of time. Representative singlet concentrations versus
time are shown in Figure 3a. The number of singlets in NaOH
increased rapidly by roughly 25% after the electric field was
applied and then plateaued over the next 15 s, while in NH4OH
the number of singlets increased gradually over 15 s. In
contrast, strong aggregation in NaCl was commensurate with a
rapid decrease in the number of singlets, in this case ultimately
decaying to approximately 15% of the original number of
singlets. To quantify each aggregation rate, we made use of eq 1
and fit the inverse singlet concentration versus time. An
example of this procedure is shown in Figure 3b for NaCl, NaF,
and NH4OH. The inverse number of singlets for each
aggregating electrolyte increased approximately linearly for
the first 5−10 s and then became nonlinear due to aggregate−
singlet and aggregate−aggregate collisions. On the other hand,
the inverse number of singlets decreased slightly with time in
NH4OH, commensurate with particle separation increasing the
total number of singlets. The effective aggregation rate constant
kE was then extracted from the initial slope of the inverse singlet
concentration. To ensure that the extracted aggregation rate
was dominated primarily by singlet−singlet aggregation as
assumed in eq 1, the slope was determined via linear regression
for t < 10 s or (n1

0)/(n1) < 5, whichever occurred first. Note that

the larger kE is, the higher the observed rate of aggregation is;
for electrolytes where separation occurs, kE is negative. The
slope of the inverse number of singlets clearly increases with
the aggregation rate of the particles, in this case, kE,NaCl > kE,NaF
> kE,NH4OH. While the analogy of a second-order reaction breaks
down for kE < 0, this approach provides a single succinct metric
that indicates whether particles aggregate or separate.
This procedure was repeated for all 26 electrolyte/particle

combinations, with at least 3 trial replicates per combination.
The results summarized in Figure 4 exhibit several noteworthy
trends. First, our results are qualitatively consistent with
previous reports of the effect of electrolyte on aggregation or
separation (cf. Table 1): particles suspended in KOH and
NaOH strongly separated, particles in NH4OH weakly
separated, while particles suspended in NaCl, KCl, and NaN3
aggregated rapidly. Our work also clarifies the effect of several
previously untested electrolytes. For example, KBr induced the
fastest aggregation of any electrolyte tested for the silica
particles, while LiOH induced separation behavior similar to
that of KOH and NaOH. Most intriguingly, aliphatic amine PS
particles separated strongly in acidic electrolytes (HCl and
HNO3) as well as hydroxide salts (i.e., KOH, Figure 4b). This
result strongly indicates that the separation behavior is not
solely due to high pH or some other aspect associated with
hydroxide ions.
Figure 4 also suggests that the silica particles aggregated

much more rapidly than the polystyrene particles: kE was on the
order of 100 μm2/s for the silica particles, whereas kE was on
the order of 10 μm2/s for both the positively and negatively
charged polystyrene particles. Note, however, that both the
particle size and the applied electric potential differed between

Figure 2. Representative examples of the electrolyte-dependent
behavior of 4 μm silica particles upon application of an electric field
(5 Vpp, 100 Hz, oriented out of the page). The electric field is applied
at t = 0 s. (a) Strong separation of colloidal silica particles suspended
in 1 mM NaOH. (b) Weak separation of particles suspended in 1 mM
NH4OH. (c) Strong aggregation of particles suspended in 1 mM
NaCl.

Figure 3. Quantification of the aggregation rate (kE) of colloidal
particles suspended in various electrolytes. (a) Number of singlets (n1)
as a function of time for 4 μm silica particles suspended in the three
representative electrolytes shown in Figure 2. (b) Inverse number of
singlets, normalized by the average number of singlets for t < 0 s (n1

0),
for 4 μm silica particles in three electrolytes as indicated. The black
lines are least-squares fits to the initial linear regime (t < 10 s or n1

0/n1
< 5).
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the two particle types (the silica was 4 μm compared to 2 μm
for polystyrene, and the applied potential was 5 Vpp for silica
versus 2 Vpp for both polystyrenes). The combination of a
larger particle size and a larger applied field strength increased
the effective aggregation rate for the silica particles; the key
point here is the effect of electrolyte type for each particle type.
Effect of the Particle Zeta Potential on the

Aggregation Rate. A key advantage of the data set
summarized in Figure 4 is that it provides a broad sample
size with which to search for correlations with various system
parameters to elucidate the effect of electrolyte type. Of
particular interest is the effect of the particle zeta potential.
Previous observations by Kim et al. suggested that the zeta
potential had a negligible effect on the behavior of pairs of
colloidal particles in ac electric fields, albeit over a smaller range
of zeta potentials than examined here.9 Our results reveal a
pronounced and perhaps surprising trend: the aggregation rate
was negatively correlated with the magnitude of the particle
zeta potential, which varied considerably from electrolyte to
electrolyte (cf. Table S1). In general, the aggregation rate
decreased with the magnitude of the zeta potential for all
particle types tested, regardless of sign (Figure 5). For the silica
particles (Figure 5a), hydroxide electrolytes engendered zeta
potentials approximately 3 times larger than the rest of the
electrolytes, presumably due to increased dissociation of surface
groups at high pH. All of the silica particles that aggregated had
zeta potentials greater than approximately −50 mV, while those
that separated had zeta potentials of less than −120 mV. A
similar trend was observed for the sulfated PS particles, whose
zeta potential also varied with electrolyte type due to increased
dissociation of sulfonate surface groups at high pH (Figure 5b,
blue diamonds). For aliphatic amine PS particles, in contrast,
electrolytes with pH <7 caused the dissociation of the amine
surface groups, resulting in positive zeta potentials, while

electrolytes with pH >10 caused the dissociation of sulfonate
groups, resulting in negative zeta potentials (Figure 5b, red
circles). The key trend in Figure 5b for the amine PS particles is
that both positively and negatively charged PS exhibited
maximal aggregation rates when the zeta potential magnitude
was minimal. Conversely, particles separated when the
magnitude of the zeta potential was large, regardless of the
pH or the sign of the zeta potential.
Several points about the observed zeta potential dependence

are noteworthy. First, although there is clearly a correlation
with the zeta potential, the observed aggregation does not
depend solely on the zeta potential: there are many instances of
similar zeta potentials yielding aggregation rates that differ by
more than a factor of 2 (e.g., KCl and KBr for either silica or
the amine PS). This observation indicates that other electro-
lyte-dependent parameters must also affect the aggregation
rates. Second, we emphasize that kE reflects a long-range
interaction between particles separated by several particle radii,
so the increasing tendency to separate with larger zeta
potentials is not due to the classical electrostatic repulsion
between charged double layers31 that decays on the Debye
length scale (which is on the order of 10 nm here). Third, an
increase in the aggregation rate with decreasing zeta potential is
counterintuitive in the context of classical electrokinetic fluid
flows, such as electroosmotic flow, which increases linearly with
zeta potential for thin double layers.31 Some other mechanism
that depends on the magnitude of the particle zeta potential
must be operative.
The other significant correlation that we found was between

the observed aggregation rate and the electric field strength

Figure 4. Aggregation rate constant (kE) for different electrolyte/
particle combinations, all at 1 mM ionic strength and 100 Hz applied
frequency. (a) 4 μm silica particles at 5 Vpp. (b) 2 μm amine (red)
and 2 μm sulfated (blue) PS, both at 2 Vpp. The error bars are 2
standard deviations of the mean of three trial replicates.

Figure 5. Aggregation rate as a function of zeta potential for (a) 4 μm
silica particles and (b) 2 μm PS particles. Each point represents a
different electrolyte as indicated.
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(Figure 6). Recall that all experiments for each particle size
were performed at the same applied potential (5 Vpp for silica

and 2 Vpp for PS), so the varied field strengths reflect
electrolyte-dependent differences in the observed current
amplitude and ionic conductivity (cf. Table S1, noting E = J/
σ where J is the current density amplitude and σ is the electrical
conductivity). As demonstrated in Figure 6, the clear trend is
that electrolytes that yielded separation also had smaller
measured electric fields than those of electrolytes that yielded
aggregation. This trend is generally consistent with the idea that
the aggregation is driven by an electrically generated fluid flow
around the particles.
The strong electric field dependence of the aggregation rates

suggests that the main contribution of the electrolyte is to set
the electric field strength and thus the magnitude of the driving
force that induces particle aggregation. It would be incorrect,
however, to conclude that aggregation or separation is simply a
function of exceeding a critical field strength. Importantly,
previous work has established that higher applied potentials
(and hence higher field strengths) do increase the rate of
aggregation for particles in electrolytes such as KCl and
NaCl,11,18 but increasing the applied potential for particles
suspended in electrolytes such as NaOH and KOH does not
cause them to aggregate; instead, they simply separate more
rapidly.14 Our qualitative observations here confirm this:
increasing the applied potential for particles immersed in
KOH, for example, simply induced more rapid separation.

Because earlier investigations have shown that the
aggregation rate for particles in an aggregating electrolyte
(KCl) scales as E2,11,32 we have likewise plotted the aggregation
rates versus E2 in Figure 6. The correlation coefficients
(Pearson’s product-moment correlation coefficient for line-
arity) are R = 0.78 for the silica particles and R = 0.95 for the
PS particles. Almost identical correlation coefficients, however,
of R = 0.79 for the silica particles and R = 0.96 for the PS
particles were observed when correlating the aggregation rate
versus E rather than E2 (not shown). In other words, the
general increase in aggregation rate with electric field strength is
clear, but there is too much scatter in the data to differentiate
between a linear or quadratic dependence on the field strength.
One possible hypothesis to explain the electrolyte depend-

ence is the existence of a balance between attractive EHD fluid
flow and repulsive induced dipolar forces. We tested our data
against the point-dipole EHD model developed by Ristenpart
et al.,11 which was shown to capture the electric field and
frequency dependence for particles immersed in KCl. In brief,
the scaling analysis postulates that the fluid flow is driven by an
electrical body force induced on the free charge near the
electrode by the tangential component of the particle dipole
field. To calculate the dipole field strength of the colloidal
particle, we used the Hinch model to calculate the polarization
properties of the particles in a low-frequency oscillatory electric
field (Figure S2).30 The attractive EHD flow for each
electrolyte−particle combination was then balanced with a
repulsive induced dipole−dipole force. The full details of the
calculations are included in the Supporting Information.
When testing our electrolyte-dependent aggregation rates

against the point-dipole model, however, we found that the
predicted aggregation rate actually increased rather than
decreased with the particle zeta potential (Figure S3). In
other words, the point dipole model appears to capture the
electric field and frequency dependence11,18 but fails to explain
the observed dependence on zeta potential and electrolyte. One
possible interpretation is that the Hinch model, which assumes
an isolated particle with a thin double layer,30 yields a poor
representation of the dipole field around a particle in close
proximity to an electrode surface with an oscillating free charge
layer. Another possibility is that another type of electrically
generated fluid flow, such as those proposed by Sides and
Prieve and co-workers,12,16 is operative. A full test against their
proposed mechanisms would require measurements of the
phase angle between the oscillating particle height and
oscillating electric field, measurements which are not available
for the data collected here. In either case, more detailed
numerical calculations of both the flow and particle dipole
fields, which specifically incorporate the finite size of the
particles and their proximity to the electrode and each other,
are necessary to yield more accurate predictions of the particle
behavior.

■ SUMMARY
We performed a broad survey of the effect of electrolyte type
on the aggregation behavior of micrometer-scale colloidal
particles near electrodes. Systematic tests of 26 distinct
electrolyte−particle combinations revealed that the aggregation
rate was negatively correlated with the magnitude of the particle
zeta potential and positively correlated with the electric field
strength. Although these results shed new light on the
electrolyte dependence, the underlying mechanism remains
unclear. We tested the experimental aggregation rates against

Figure 6. Aggregation rate, kE, as a function of the electric field
strength squared for (a) 4 μm silica particles and (b) 2 μm sulfated
(blue diamonds) and aliphatic amine (red circles) PS.
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an EHD scaling model and found that our observations could
not be reconciled with a force balance between induced dipolar
repulsion and attractive drag force due to EHD flow, at least
when using a point-dipole model for an isolated particle.
Numerical modeling of the particle dipole coefficients that
includes the finite size of the particle and its interaction with
the electrode is necessary to determine whether the EHD
scaling model will in fact describe electrolyte-dependent
aggregation. We anticipate that this broad survey of electro-
lyte-dependent particle aggregation and separation provides a
large data set against which future proposed models can be
tested. Likewise, although the work here focused on silica and
polystyrene particles at 100 Hz, the results are expected to shed
light on the behavior of more complicated systems where the
type of electrolyte might affect the response of particles to the
applied electric field, including, for example, the EHD
separation of vesicles33,34 or cells,35,36 order−disorder tran-
sitions in colloidal packing at low frequencies,18 and the
assembly of metallic nanoparticles.37

■ ASSOCIATED CONTENT

*S Supporting Information
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