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Abstract

We consider electroconvective fluid flows initiated by ion concentration polarization (ICP)
under pressure-driven shear flow, a scenario often found in many electrochemical devices and
systems. Combining scaling analysis, experiment, and numerical modeling, we reveal unique
behaviors of ICP under shear flow: unidirectional vortex structure, its height selection, and

vortex advection. Determined by both the external pressure gradient and the electric body force,

the dimensionless height of sheared electroconvective vortex is shown to scale as (¢°/U,,)"”,

which is a clear departure from the previous diffusion-drift model prediction. To the best of our
knowledge, this is the first microscopic characterization of ion concentration polarization under
shear flow, and firmly establishes electroconvection as the mechanism for overlimiting current in
realistic, large-area ion exchange membrane systems such as electrodialysis. The new scaling
law has significant implications on the optimization of electrodialysis and other electrochemical

systems.



Ion exchange membranes (IEM) has been widely used for various engineering applications,
such as desalination, fuel cell, biosensors, and nanofluidic devices[1-3]. In such systems, [EM
acts as ‘ion filter’ by allowing only specific ions to pass through. This selective ion transport
initiate a unique phenomenon called ion concentration polarization (ICP) near the membrane,
which is characterized by significant, dynamic perturbation in ion concentrations (a.k.a. ion
depletion and ion enrichment)[1, 3]. While important in many electrochemical systems, physical
modeling of ICP remains challenging due to multi-physics, multi-scale nature of the problem.
One of the most tantalizing problems in ICP is the mechanism of "Over-Limiting Conductance"
(OLC)[4], which cannot be explained by the standard theory of ICP[1] that considers only
diffusion and drift. Various mechanisms for OLC have been proposed, including
electroconvection (EC) (electroosmotic instability[5-8] and bulk electroconvection [9, 10]),
chemical reaction (water splitting[4]), and electrostatic effects (surface conduction and
electroosmotic flow[11]). While different non-chemical mechanisms were considered important
according to the scale of systems[11], EC mechanism has been tied to OLC in macroscale
systems (e.g. electrodialysis (ED)) with experimental evidences[7, 8, 12] and theoretical
predictions[6, 8] of symmetric vortex pairs. Recently, however, Andersen ef al.[13] argued that
EC may be not the source of OLC for following reasons. i) Experiments[7, 8, 12] were
performed in microfluidic devices, and there are different source of vortex by electrostatic
effects[11] or unsymmetrical geometry (nanochannels were located only on the bottom of the
channel). ii) Also, flat depletion zone (with low concentration) is not the evidence of EC, since it
can occur in microchannels without EC[14]. iii) Especially, the chemical effects "current-

induced membrane discharge" could generate OLC and also suppress EC in real systems[13].



Perhaps the scientific difficulty regarding the ICP and OLC is due to the fact that there has
been a general lack of direct experimental studies. Most previous studies[4, 6-12, 14, 15] often
captured ion / fluid transport behaviors with 1D quiescent conductance in over-simplified
systems, which cannot represent conditions of real electrochemical systems. Consequentially,
they also failed to capture the effect caused by shear flow, even though many engineering
systems, from conventional ED systems to new ICP devices (e.g. preconcentration[16] and
desalination systems[17]) operate under shear flow in tangential direction to IEMs. While Balster
et al. discussed the effect of flow direction on micro-textured membranes, they did not go into
microscopic details[18]. Recently, we developed a microscale ED system and visualized in situ
fluid flow and ion concentration, for the purpose of investigating and optimizing ED process[19].
In this letter, using the micro ED platform, we investigate concentration profile and fluid flow of
ICP, and verify the existence of EC under various shear flow conditions and voltages. The
experimental result is then compared with recently-developed multiscale numerical
simulation[20]. In addition, new scaling relation between the thickness of EC vortex and shear
flow rate is established and validated. We also reveal the unique unidirectional vortex structure
and vortex advection in sheared EC for the first time.

Fig. 1 shows typical flows and ion concentration characteristics observed in the experimental
system. It is noted that all parameters are controllable (e.g. flow rate, voltage, and geometry) or
traceable (e.g. streamline, current, conductivity) in the micro ED platform[19]. We also carried
out multi-scale numerical simulation, based on the routines developed by Pham et a/.[20]. The
simulation relies on the direct, coupled solution of the full set of Poisson-Nernst-Plank-Navier-
Stokes equations(SI Fig. 1). Fig. 2 shows the behavior of ion concentration polarization under

shear flow: sheared EC with local ion concentrations and fluid flows, obtained from experiment



and numerical simulation. The modeling results largely reproduce both flow and concentration
profiles observed in the experiments, over a range of applied voltage and shear flow rates (see SI
Fig. 2 for full set of experimental data). As previously observed without shear[12], the series of
wavy depletion boundary layers (thickness: dp) are generated near IEMs because EC enhances
the convective mixing. However, there are unique behaviors of ICP under shear flow which have
not been predicted / observed until now. These behaviors are clearly different from the
traditional picture of convective-diffusive model[1], and even from the model by Rubinstein and
Zaltzman[6] where symmetric bi-directional vortex were predicted.

The first unique behavior is unidirectional electroconvective vortices, in contrast with
symmetric vortex pairs predicted and observed for the situation without shear flow[8, 12]. When
Hagen—Poiseuille (HP) flow is applied from left to right, only clockwise vortices on CEM and
only counter-clockwise vortices on AEM occur (Fig. 1 and 2). Unfavorably-directed vortices are
suppressed by the shear flow, and favorably-directed vortices are expanded in the lateral
direction; as a result, flow streamlines meander along the edges of these vortices. This shift from
symmetric vortex pairs to asymmetric, unidirectional vortex by shear was previously observed in
annular 'electroconvection' in liquid crystal films[21, 22]. Electroconvective vortices and
corresponding ion depletion on AEM are weaker (or none in simulations) than that on CEM, due
to the difference of transport properties and Stokes’ radius of cation and anion (sodium and
chlorine ions); the limiting currents and the overlimiting threshold voltages to generate EC are
different for CEM and AEM (SI Fig. 3(a))[4, 23].

The second unique behavior is the height selection of electroconvective vortex zone as a
function of applied voltages and flow velocities. The vortex height becomes saturated, after it

evolves completely at a certain distance from the entrance region of the channel (yellow and



white dotted lines in Fig. 2). This reflect that the vortex evolution needs a few seconds[12, 19,
24]. After this evolution, we chose the thickness of EC vortex zone d.. by a meandering
streamline, which shows strong vertical motions (y-direction) up to the IEMs' surfaces (black
wavy streamlines in Fig.1, red dotted lines in Fig. 2 (b) and (d)). This parameter largely
determines the overall conductance (efficiency) of ion transport in the system. The
corresponding circular depletion boundary layer dy, is determined from the maximum height of
regions with appreciable concentration modification from the fluorescent images (dark regions in
Fig. 1, red dotted lines in Fig. 2 (a) and (c)); this layer includes the EC vortex zone d.. and the
diffusive boundary layer ¢ (0= d; - dec).

The governing equations for describing ion transport across IEM are Nernst-Plank equations,
Poisson's equation, and Stokes’ equations (with electric body force), which represent mass

transport, electrostatic balances, and viscous fluid flows[3, 9]. Combining Poisson's equation and
Stokes’ equations, we obtain 0 =-VP+ uV’u+£eV>@V ¢ ; Here, the first and last terms can be

considered as ‘source terms’ (responsible for the viscous flow), representing the external
pressure gradient and the electric body force on residual space charge, respectively (P: pressure,

u: dynamic viscosity, u: flow velocity, [1: electric permittivity, and ¢ : electric potential). If there
is no external pressure gradient or shear flow, the viscous term and the electric body force term
are balanced. (uV’u~&V’@Vg). If we assume the electroconvective vortex and the electric

potential drop occur only in EC zone de (almost all potential drop occurs within d,., due to

significantly low ion concentrations(SI Fig. 6)[16, 17, 19]), we obtain a simple linear relation
between d.. and ¢ (d,, ~+/€/uw-¢,mw=Vxu: vorticity) as observed in previous works[7, 8,

12].



When HP flow is applied, however, we have to consider the external pressure gradient as well
as electroconvective flow generated from the membrane walls. The tangential flow is developed
by the external pressure gradient, and the vortical flow is developed by the electric body force.

At the boundary of the EC zone d.., therefore, these two driving forces will be balanced,

VP ~&V?@V . The pressure gradient can be described with the average flow velocity of HP
flow Upp, and the hydrodynamic diameter of the channel Dy, P/L~64uU,,/D; ,

and D, =2wh /(w+ h) for rectangular channels (L: length, w: width, A: height)[25]. As a result,

we obtain a scaling relation for sheared EC;

d 2\ e (2wn V|
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This scaling relation, which is clearly different from conventional convective-diffusive model

(dy /W)’ ~(D/Upw)-(x/w) (D: diffusivity of ions)(Eq. 6.2.12 in [1]), reveals that the

dimensionless thickness of EC zone d,. /w is linearly proportional to (¢2 1U )1/3. The scaling

constant C, predicted from structural parameters of the channel, is 0.0107 and 0.1303 for the
experimental system (w=1 mm, #=0.2 mm) and simulation (w=20 pm, 4 — o), respectively

(4=0.001kg/m's, B=80%8.854x10"'% F/m). Fig. 3 shows the dimensionless thickness of EC zone
for various experimental and simulation conditions according to the scaling factor (¢2 TU e )1/3 .

Not only that all measured values collapse onto straight lines (dotted lines in Fig. 3), but the
slopes of lines (experiment: 0.0101/0.0107 on CEM/AEM, simulation: 0.1258) agree well with
the scaling constant (error < 5%). These fitting lines do not pass through the origin, because the
onset of EC instability occurs at the finite voltage (SI. Fig. 2). It is noted that the overlimiting

threshold voltage is fixed even under different flow rates (SI Fig. 4).



This scaling analysis allows one to predict ion concentrations and fluid flows by sheared ICP,

which routinely occurs in real electrochemical systems. At low voltage or strong HP flow,
(q)z/UHP)”3 <<1 (VP>>£V’¢V¢), the thickness of EC zone d, /w is near zero; EC is

completely suppressed or flushed away by HP flow, so tangential flow patterns largely dominate

in the system, with minimal diffusion layer near IEMs (SI Fig. 5). As the scaling factor
(¢)2 /Uy )1/3 increases, the region governed by EC expands and the sheared EC zone begins to

appear, along with circular depletion boundary layers and meandering flow patterns. When

d,./w becomes larger than 0.5, the vortices on CEM and AEM start to overlap and interact with

each other, inducing strongly chaotic behaviors both for ion concentration and fluid flows. The

concentration/flow profiles from simulation and experiment are well-matched when d,./w is

similar, even when other parameters (e. g. Reynolds number and other structural dimensions) are
not equal (SI. Fig. 4). This would indicate that the balance of HP and EC flows primarily governs
the concentration / flow profiles of the system. In this experiment and simulation, diffusion is
suppressed by fast HP flow. Therefore, the circular depletion boundary layer dy and the diffusive
boundary layers ¢ do not increase significantly (SI Fig. 5).

The last unique behavior is vortex advection along the direction of shear flow (Fig. 4) (see
Supporting Videos). As described in previous studies without shear, the vortex width and height
are determined by the applied voltage as well as the geometry of the system[6, 8, 12]; but the
position of the vortex is not fixed and can be shifted. Under tangential shear flow, EC vortices
would migrate. The vortex advection speed (U,.) only depends on the average flow velocity, and
largely independent of the applied voltage (SI Fig. 7). This is the case for both experimental and

simulation results. As all existing vortices advect downstream, new vortices are generated at the



front end of the channel; therefore the overall concentration/flow profiles are maintained, except
for the temporal / spatial fluctuation (Fig. 4 (a)).

Our experiments and modeling results reveal significant insights regarding the physics of ion
concentration polarization. Contrary to recent hypothesis[13], it firmly establishes that
electroconvective vortices do occur in realistic systems, largely determining the boundary layer
and ion transport efficiency. The flow and concentration patterns observed in this work are not
compatible with any other proposed mechanisms of OLC[4, 11, 13] except electroconvection[6].
We validate this by re-producing the observed experimental behaviors with ab initio, multiscale
numerical modeling of the system. In addition, we reveal the new scaling law that governs the
thickness of electroconvective vortex under shear flow. This new relation is a clear departure
from the previous characterization[1, 7, 8, 12], and therefore has significant implications in
optimizing many electrochemical systems.
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Figure captions

Fig. 1 Schematic diagram of sheared EC vortices (black ellipses) and ion concentration
profiles C initiated by ICP under shear flow in the microscale ED system. When the pressure-
driven HP flow (with flow rate O and average velocity Uyp) i1s applied, with a sufficient high

voltage V, the EC zone d.. and the corresponding circular depletion boundary layer dy are



observed on both CEM and AEM. The vortices have only one direction (clockwise on CEM and
counter-clockwise on AEM), instead symmetric pairs. By combining the unidirectional vortices
and HP flow, meandering fluid flows are induced above the EC vortices. A typical concentration
profile (at the maximum height of the vortex) near the AEM, along with the thicknesses of d.,
dpl, and J are shown in the inset. Cy indicates the ‘bulk’ concentration at a given location, which
gradually decreases downstream of the channel by electrodialysis[19]. The direction of electric
field £ and current / is from AEM to CEM (black arrows). The detailed fabrication and operating

procedures are described in Supplementary Information and Kwak et al.[19].

Fig. 2 Sheared ICP is visualized by showing local ion concentration profiles (Fig. 2 (a) and
(c)) and EC vortices (Fig. 2 (b) and (d)) from the experiment (at =10 V and Uyp = 0.83 mm/s
(O=10 pL/min)(Fig. 2(a-b)) and the simulation (at V= 25V, and Uyp= 80U,, where V) =25 mV
and U, =29.66 um/s(SI Table 1.)) (Fig. 2(c-d)). CEM (AEM) is located at the bottom (top) of the
channel, and the ratio of channel width to length is 1:5 in both the experiment and the simulation.
In the experiment, the local ion concentration was tracked with 10 uM Rhodamine 6G (R6G),
and circular depletion boundary layers dy are observed as a dark region caused by the depletion
of R6G (Fig. 2(a)); in simulation, ion depletion is represented as a blue region (Fig. 2(c)). Fluid
flows were visualized by stacking the time-lapse images of 10 um polystyrene (PS) beads (Fig.
2(b)). The vortex evolution is clearly visualized at the entrance region in both the experiment and

the simulation (yellow and white dotted lines).

Fig. 3 Dimensionless thickness of EC vortex zone d,, /w plotted against the scaling factor

(¢2 1U p )1/3 at various applied voltages and flow rates for both experiment (V' = 4-20 V and Q=



5-50 pL/min (Ugp =0.42-4.17 mm/s)) and simulation (F=21Vy-41V, and Upp=60U,-120U,
where V =25 mV and U, =29.66 pm/s). Dotted lines are the best fitting straight lines for two

different sets of experiment data on CEM and AEM, and one set of simulation data.

Fig. 4 (a) Space-time plot of vortex advection visualized by the corresponding circular
depletion boundary layer. The time interval between adjacent images is 0.2 sec. Even when
neighboring vortices merge or separate (white dotted arrows), their advection with constant
speed is clearly observed (white solid arrow). (b) vortex advection speed U, according to the
average flow velocity Uyp (rectangular: experiments at Upp=0.42-2.5 mm/s (Q=5-30 pL/min),
triangle: simulations at Upp= 1.78-3.56 mm/s (Ugp=60U,-120U,, Upy=29.66 nm/s)). The best

fitting curves for both experiment and simulation results are the same, y =1.058x (the x-intercept

is set at 0.).
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Figure 3

Simulation Experiment
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Figure 4
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