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New Rectifying Electrohydrodynamic Instability at the Boundary
of Charged Gels in Alternating Electric Fields
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A new type of electrohydrodynamic instability, induced by ac fields around a charged gel in
electrolyte, is observed. It leads to steady flows parallel to gel surfaces tilted with respect t
field. The flow velocity scales asy ~ sfield strengthdn sfrequencyd2b ssolution ionic strengthd20.8,
with n ­ 4.3 2.5 and b ­ 0.7 0.9 depending on conditions. These instabilities, which confir
recent theoretical predictions, may be of importance for understanding colloid electrodyna
and for applications in capillary electrophoresis, dielectrophoresis, and electric micromanipula
[S0031-9007(98)07431-6]

PACS numbers: 82.70.Gg, 47.65.+a, 66.10.Ed, 82.65.Fr
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Extensive research on colloidal suspensions submitt
to ac fields is motivated by the spectacular electrodynam
cal processes they may undergo and by the industria
useful applications of electrorheological fluids [1]. It ha
also found a new promising domain of application in th
micromanipulation of cells or macromolecules [2]. Th
most famous effect of ac fields on suspensions of charg
colloidal particles is the formation of linearpearl necklace
aggregates aligned parallel to the field [1]. Differen
and more complex dynamical features, appearing unde
strong ac field, have also been reported for suspensions
macroions such as china clay [3], polystyrene spheres [
DNA molecules [5,6], or charged polysaccharides [7
The symmetry of the system is broken, and particle
organize in elongated aggregates tilted with regard to t
direction of the field. A strong recirculation of fluid inside
and outside of the aggregates occurs [4–7].

Two theoretical models have been proposed to accou
for this phenomenon, of practical importance for capi
lary electrophoresis [5,7,8] dielectrophoresis, electroflo
culation, and electrorheological fluids. The first one [4,9
attributes it to a retarded dipole-dipole interaction be
tween neighboring particles. The second model [6,1
suggests that the presence of an inhomogeneity in the d
tribution of macroions (polyelectrolyte, macroion assem
bly, or, as in the present study, a charged membrane,
these objects being gathered in the following under th
generic nameaggregate) induces inhomogeneities in the
concentration of coions (small ions of same charge) a
counterions, as a consequence of Kohlrausch equilibriu
When submitted to a strong electric field, such an inh
mogeneity may affect dramatically the surrounding sa
concentration [11]. Assuming for definiteness a negati
aggregate, the combination of a negative gradient
cations and positive gradient of anions on the cathod
side of the aggregate leads to a transient imbalance
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ion fluxes and to a global salt concentration increa
which is in turn spread by diffusion on distances that e
ceed the Debye length after typically a fewms. A salt
depletion occurs on the anodic side. In the field, the
salt gradients induce a slight violation of electroneutral
in the vicinity of the aggregate. The associated charg
elements of fluid are therefore subjected to an electro
drodynamic flow. Solving the evolution of a solution in
tially at equilibrium (apart from thermal fluctuations) ha
not yet been fully achieved, but interesting predictions
already available for the case of a steady charged (ne
tively for definiteness) elongated aggregate in 2D geom
try. The model involves the simultaneous solution
ion conservation equations, Poisson equation relating
transport with electric field, and a generalized electroh
drodynamic Stokes equation relating charge distributio
in the fluid with flow. In the limit of low gel charge den
sity cgel (as compared with the bulk salt concentratio
cs), one demonstrates analytically that terms nonlinea
field amplitude, coupling the finite electrophoretic mob
ity of the aggregate with the transport of small ions, a
able to yield an imbalance between theforward andback-
ward electrohydrodynamic drags during one period an
therefore, to induce symmetry-broken macroscopic flo
In the high frequencylimit, which is of interest for the
present work (typically.10 Hz), the following scaling
for the velocity of the liquid in the vicinity of the aggre
gate [10] is predicted:

kV l ~ smyv2csdE4 cosu sin3 u , (1)

where E, m, v, and u are, respectively, the field
the mobility of small ions (taken equal for simplicity)
the frequency of the field, and the angle between
aggregate and the electric field.

This theory predicts that (i) the shearing veloci
increases rapidly with field strength and decreases w
© 1998 The American Physical Society 3793
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increasing either the buffer concentration or the frequen
of the electric field. (ii) The maximal circulation velocity
occurs when the aggregate is tilted by660± with regards
to the field (mod 180±). (iii) For an angle comprised
between 0± and 90± (the situation depicted in Fig. 1), fluid
rotation is clockwise.

As these predictions present several striking qualitati
analogies with earlier experimental observations [3–6
we designed an original model experiment to put to th
test the main physical mechanisms suggested in [6,1
while ruling out the possibility that the retarded dipole
dipole interaction effects proposed in [4,9] might be re
sponsible for the observations. To this end, we develop
an electrohydrodynamic experiment, close to the syst
theoretically described in [6,10], in which the “aggregate
is an indeformable membrane, thus preventing any lo
rotation to occur inside the aggregate as invoked in [4,
This Letter presents the system, the experimental resu
and a quantitative comparison with scaling predictions.

We prepare a negatively charged gel cylinder wi
a diameter varying from 150 to250 mm (Seakem
HEEO Agarose, FMC, USA) at 2% in buffer. A low-
conductivity isoelectric histidine/water bufferspH 7.6d
allowed exploration of a large range in field strengt
without excessive heat production. The gel was imm
bilized with a definite angle by a slight compression in

FIG. 1. The cell was placed in a Zeiss Axiovert microscop
Images were collected by a Silicon Intensified Target Came
(LHESA, Cergy, France) and treated using a Hammama
Argus 20 processor. ac electric fields were generated by
0-to-2 MHz function generator (Wavetek, San Diego), drivin
a Trek Model 610B (Medina, New York) amplifier. Controlling
the symmetry of the ac electric field was critical in thes
experiments: fine adjustment to better that 1 mV was perform
by superimposing a small dc bias to the amplifier output
nullify the residual dc component of the field [measured usin
a wideband electronic voltmeter (Wavetek) connected to
potentiostatic bridge].
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channel defined between two coverslides by double-fa
tape (Fig. 1). The buffer solution was introduced by
capillarity, and the extremities of the channel were seale
by neutral agarose plugs (FastLane FMC, USA), allowin
electrical connection with two platinum electrodes. Late
spheres (fluospheres, carboxylated, or aminated,1 mm,
Molecular Probes Europe BV, Holland) diluted in the
buffer to one bead pers20 mmd3 were used as flow tracers
for fluorescence microscopy [it was checked that (i) in th
conditions used in this study, the suspension of spher
alone did not show any aggregation or instability in th
field in the absence of the charged gel and (ii) the resu
were independent of the sign of the bead’s charge]. Th
cell was thermostated at12 6 3 ±C, and the temperature
inside the cell was controlled using a Teflon-coate
microthermocouple (Bioblock, Illkirch, France).

The first qualitative observation of this study was
that two circulations of fluid, parallel to the gel surface
and opposite to each other, appeared for high enou
ac fields (Fig. 2). The beads very close to the ce
surface underwent a rather chaotic motion, apparently d
to collisions with micron-sized corrugations of the ge
surface. An accumulation of particles and a maximum
in the velocity occurred at a distance of5 10 mm
from the gel. Velocity decayed progressively at large
distances. The cell geometry imposed a slow large-sca
recirculation of the fluid.

Bead velocities in ac electric field were measured i
the layer of maximum velocity, with an error evaluated
as 610% (below 200 Vycm, the accuracy was smaller
due to the low value of the velocity). The velocity
increases rapidly with electric field (Fig. 3) and appear
to follow a power lawy ~ En. The exponentn depends

FIG. 2. Videomicrography of the cell (objective320): the
empty space on the upper left corner is the gel. Only th
right bottom interface of the gel is visible. The ac field is
horizontal. Latex particles (appearing in dark) are moving from
upper right to lower left. For clarity, an exposure time of 0.5 s
was chosen to reflect the motion of the particles (howeve
velocities were measured by particle tracking on the recording
to avoid ambiguities due to trajectory overlap).
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FIG. 3. Velocity of beads vs electric field for histidine
concentrations 22, 44.5, 89, 178 mM;u ­ 60± (except for the
curve labeled “89mM, 45±,” corresponding tou ­ 45±). Inset:
Same data on a linear scale.

somewhat on buffer concentration. At an angle of 60±

and a frequency of 100 Hz, for instance,n equals4.3 6

0.2, 3.4 6 0.2, 2.7 6 0.2, and 2.5 6 0.1, respectively,
for histidine concentrations of 22, 44, 89, and 178 mM
corresponding to Debye lengths of 14.4, 10.1, 7.2, a
5 nm, respectively) (the theoretical prediction forn is

FIG. 4. Velocity of beads vs histidine concentration for tw
different electric fields.
,
nd

o

4). The velocity as a function of buffer concentration
at fixed angle (60±), frequency (100 Hz), and electric
field (229 and 250 Vycm) (Fig. 4) scales asy ~ fcg20.8

for all histidine concentrations (theoretical exponent21).
Between 100 and 2000 Hz, velocity at fixed field streng
(Fig. 5) decreases for increasing frequency with a sing
scaling exponentb sy ~ v2bd equal to0.7 6 0.2 and
0.9 6 0.2, respectively, forfhistidineg ­ 89 and 22 mM
(the theoretical prediction isb ­ 2). (Deviations around
2000 Hz and above are probably due to inaccurac
related with the low velocity of beads.) We discarde
measurements below 100 Hz, in which latex beads w
a 1 mm diameter move during one period over distanc
larger than their size, inducing a risk of perturbation o
the flow.

Finally, we compared different angles between the g
and the electric field in 89 mM histidine (Fig. 5). Be
tween 45± and 60±, the experimental difference was no
significant within experimental error. For low angles
however (between 15± and 25±), we observed a more
complicated flow pattern, which seemed to self-organi
in lateral circulations tilted at 60± with regard to the elec-
tric field. This suggests that there is indeed a preferr
recirculation angle of 60± (as predicted), and that it is not
possible to force another geometry beyond certain limit

These results are overall in very good qualitativ
agreement with the predictions of [6,10]. The ver
existence of steady fluid recirculations in ac fields ov
distances larger than the Debye layer is a strong argum
in favor of a salt-depletion mechanism. Moreover, (i) th
direction of recirculations is the same as predicted a
(ii) the flow velocity quickly increases with field strength
and decreases with increasing either the frequency of
field or the buffer concentration.

FIG. 5. Velocity of latex beads vs field frequency at tw
different angles (60± and 45±) in 89 mM histidine, E ­
271 Vycm; and at 60±, E ­ 208 Vycm in 22 mM histidine.
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The predicted and observed scaling exponents are
the same order of magnitude but differ in some case
The scaling with frequency, in particular, is rather differ
ent, and the observed dependence of the field scaling
ponent upon buffer concentration is not predicted by th
model. Whereas the theory uses a perturbation devel
ment on concentrationsscgel ø csd, our experiments are
performed in the rangecgel sof order3 3 1023 molyld >
cs (varying from about7 3 1023 to 9 3 1024 molyl).
Analytical solution of the model in this domain is dif-
ficult, but performing experiments atcgel ø cs was im-
possible with the present experimental setup: decreas
the charge density of the gel would yield very low an
hard to measure velocities (for low velocities, Brownia
diffusion of particles in and out of the focal plane make
particle tracking impossible). Conversely, increasing th
field strength or the salt content of the solution beyond th
values used here yields thermally driven hydrodynam
instabilities that obscure the electrohydrodynamic one.

To summarize, we reported here the first observatio
to our knowledge, of a rectifying electrohydrodynamic in
stability in the vicinity of an indeformable charged ge
submitted to a strong ac field. Such an instability wa
anticipated by a recent theoretical model, demonstrati
the development of long-ranged space charges in the
lution surrounding the gel and of fluid recirculations asso
ciated with nonlinearities in the electrokinetic equation
It has been recognized previously that gels and colloid
suspensions may develop nonlinear transport behavior
strongconstantfields [11]. The instability studied here
bears some connections with these earlier ones: both
rooted in the appearance of a concentration polarizati
zone and in the breakdown of electroneutrality over di
tances larger than the Debye length. Being specific to a
however, the instability reported here is connected wi
other cross terms in the dynamic equations and yields ve
unique (and less intuitive) rectifying macroscopic beha
ior. All the qualitative trends observed are consistent wi
the model’s predictions, but some discrepancies exist
the values of the scaling exponents, which probably ari
from large salt depletions (i.e., of the same order as t
equilibrium bulk salt concentration), not accounted for i
the model. The rather extensive agreement neverthel
provides strong support to the theory, and to the assum
tion that the space charges induced by ion transport p
an essential role also in the more complex situation
a colloidal suspension. It also suggests that the phy
cal processes analytically investigated in [6,10] rema
relevant forcgel > cs, and that a numerical extension o
the model to this range is feasible. The trends observ
3796
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here can be of importance for various applications (for in
stance, the predictions of [10] were used to improve DN
electrophoresis [7]) and might also be useful to increas
the applicable field in electrorheological fluids. They als
suggest that rectifying instabilities may exert an advers
effect during dielectrophoretic micromanipulation of par
ticles, cells, or macromolecules [2].
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