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ABSTRACT: The purification and treatment of water have
assumed greater significance in the context of sustainable
development. Nevertheless, the conventional theory of concen-
tration polarization inherently imposes constraints on the effective
regulation and precise manipulation of ionic transport for
electrochemical-based technology. In this work, we propose an
extraordinary concentration enrichment mediated by a line charge
down to tens of micrometers, allowing continuous extraction in
shear flow. The spatiotemporal evolution of the solute concen-
tration is experimentally observed under various applied voltages
and flow rates in a microfluidic-based electrochemical device.
Through numerical simulations and scaling analysis, we elucidate
the trade-offs between key physical parameters to optimize
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enrichment performance. Furthermore, we demonstrate the cation separation in multicomponent electrolytes and the effective
removal of plastic particles and cells in solutions. This portable water purification concept may extend options for drinking water
access in disaster response or infrastructure-constrained environments.
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Water purification, encompassing desalination, decon-
tamination, and disinfection, has become increasingly
crucial in addressing the challenge of inadequate access to
clean water, which is essential for global sustainable develop-
ment.'~* From the perspective of practical applications,
mainstream desalination technologies, such as the state-of-
the-art methods of reverse osmosis and electrodialysis, heavily
rely on membranes. These membranes come with a range of
disadvantages, including the membranes’ susceptibility to
mechanical fragility, degradation due to chemical exposure,
fouling by biological matter, the necessity for periodic
replacement, and the trade-off between permeability and
selectivity.’~® Capacitive deionization technology facilitates the
selective adsorption of diverse ionic species through the
manipulation of surface-functionalized electrode materials, but
its ion-removal capacity is constrained prior to the necessitated
reactivation and rejuvenation of the carbon electrode
matrices.””"" By dissolving CO, into water, the diffusiopho-
resis of colloidal particles, driven by ion concentration
gradients resulting from dissociation, enables a continuous
flow and membraneless particle filtration process."”

From the perspective of fundamental science, ion transport
in electrolytes is essential for the operation and performance of
desalination and, more broadly, water treatment.>'* When
ions are subjected to electromigration and diffusion across a
perfectly ion-selective interface in a wide spectrum of
electrochemical technological scenarios (such as cation- and
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anion-selective membranes or charged nanochannels, ™

nanotubes'’), the classical theory of concentration polar-
ization, formulated by Levich in the 1940s, suggests that an
initially dilute binary electrolyte with a concentration (c;)
placed between parallel electrodes, in the absence of
convection, will exhibit a linear distribution of concentration
in the spatial domain."*™*° Consequently, at the diffusion-
limited current, the concentration at the cathode is depleted to
zero, while at the anode, it becomes enriched to a maximum
(cmax = 2¢p), indicating an upper bound of the enrichment
factor (fuich = Cmax/Co = 2) as a key performance metric.
Significant progress has been made in the investigation of
the depletion region, such as the Rubinstein—Zaltzman
electroconvection instability arising from the extended space
charge.”' ~** As the analyte samples, such as the charged
particles, in the buffer solutions drift by the amplified electric
field in the depletion, the million-fold preconcentration is
trapped near the cathode for biomolecule separation and
seawater desalination.”>*° In the microchannels, the surface
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Figure 1. Sketch and principle of the device. (a) Sketch of the quasi-two-dimensional microfluidic-based electrochemical device. The upstream inlet
for the feeding solution to be treated; three downstream outlets for the draining solution, the middle one for the extraction of enrichment solution,
while two side outlets for the discharge of the residual diluted solution. (b, c¢) Simulation snapshot for the concentration distribution and flow field
without the shear flow at a moderate voltage and with the shear flow at a high voltage, respectively. (d, e) Azimuthal dependence of concentration
and the magnitude of electric field at various physical parameters. (f) Scaling of £, ~ —In ¥ (Q;, = 0.05 uL/s, ® = 5V, | = 4 mm in simulations).

charge can pronouncedly affect the ion transport in the
depletion region, leading to the propagation of the deion-
ization shock for shock electrodialysis.”’ "
concentration enrichment, the upper bound of the enrichment
factor near the anode continues to impose a fundamental
physical constraint on theoretical models, inherently hindering

However, in the

the efficiency and performance of related technologies.

In order to transcend the theoretical upper bound and
investigate alternative membrane-free technology, in this work
we propose the extraordinary concentration enrichment driven
by the line charge (or line current) down to a reduced length
scale of tens of micrometers and the continuous cation
separation and extraction in continuous shear flow. Exper-
imentally we build a quasi-two-dimensional microfluidic
electrochemical device by placing a central cylindrical anode
between parallel cathodes and directly observe the spatiotem-
poral evolution of concentration, signifying an extraordinary
Sonrich- Numerical simulations reveal the underlying mechanism
of line-charge-mediated enrichment and show an excellent
agreement with experiments. Additionally, the scaling law for
Sonricn €lucidates the trade-offs between key physical parameters,
providing insights for the optimization operation. Furthermore,
we demonstrate the preferential cation enrichment and
depletion in multicomponent electrolytes and the removal of
plastic particles and biological cells for water treatment. This
portable water purification concept may extend options for
drinking water access alongside large-scale desalination,
including in disaster response or infrastructure-constrained
environments.

B SKETCH AND PRINCIPLE FOR THE DEVICE

As illustrated in Figure la, we design and construct a
microfluidic-based electrochemical device with a thickness of
h = 30 um, the central anode with diameter d ~ 200 pm (® ~
10 V), and the distance between two cathodes | = 4 mm. The
shear flow (Q,, ~ 0.1 uL/s) is applied via the upstream and
downstream between two parallel cathodes, consequently
facilitating the continuous separation and extraction of the
treated solution. Differing from the bipolar electrode
configuration that utilizes parallel electrodes for the cathode
and anode,>>™*° the configuration presented here features a
central anode for concentration enrichment alongside two
parallel plate cathodes. To the best of our knowledge, this
configuration featuring a line-charged electrode is the first of its
kind to be used for ion enrichment in water treatment.

The principle of this device is demonstrated by numerical
simulations (Figure 1b—f, Supporting Information).*"*>3¢~%
Without an external shear flow at a moderated voltage (Q;, = 0,
® = 0.75 V) (Figure 1b), the concentration is symmetrically
enriched at the central anode, while the electro-osmotic
instabilities of concentration depletion as indicated by the
white streamlines appear.”’ However, with an applied shear
flow at a strong voltage (Q,, = 0.05 uL/s, ® = S V), the
concentration distribution around the central circular anode
becomes directionally dependent and varies with the azimuthal
angle [c(0)] (Figure lc,d), and the maximum concentration
[cpax = (@ = 180°)] occurs along the downstream direction.
Also the magnitude of the electric field around the central
anode exhibits directional characteristics (Figure 1le).

Similar to the line charge of a curved geometry," f.

enrich has
the following scaling:
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Figure 2. Spatiotemporal evolution of concentration enrichment under the continuous operation of shear flow. (a) Experiment of concentration
evolution of fluorescence dye. (b) Simulation of the concentration evolution and white arrows for the flow velocity (Q;, = 0.2 uL/s, ® =10V, d =
200 pm). (c) The concentration profile across the two parallel cathodes along the yellow line in the downstream in experiments and simulations
and c,,,, for the central peak concentration. (d) £, as a function of time and all the error bars for the three measurements in experiments

hereafter.

Fowian ™ G = Uy ~ Iy (1)

where the dimensionless length scale is y = d/I here. This
scaling agrees with the simulations remarkably (Figure 1f), and
Sonricn, tends to become a singularity with y — 0. In experiments,
as the diameter of the line anode is reduced to the micrometer
or nanometer scale, numerous potential nonlinear effects (such
as electrode reactions and others) can make the phenomenon
challenging to control and observe clearly.

The dimensionless Peclet number, Pe = ug,,,d/D ~ 10> >
1,*' suggests the shear flow becomes pronounced to dominate
the ion transport. Indeed, as shown in Figure lc, the
complicated electro-osmotic instability at the anode and
cathode has been suppressed by the strong shear flow,
consa%ezaably simplifying the experiments and simulations
here.””™

B SPATIOTEMPORAL EVOLUTION OF
CONCENTRATION ENRICHMENT

In order to directly observe the spatiotemporal evolution of
concentration, an ionic compound (Alexa Fluor 488
fluorescent dye, Thermo Fisher Scientific) at ¢, = 0.01 mM
is injected upstream (Q,, = 0.2 uL/s, @ = 10 V, Figure 2a,
Supplementary Video 1). In this central anode and parallel-
plate cathode system, water electrolysis is suppressed and no
bubbles are observed during operation at the given voltage
(Supporting Information). Initially at t = 0 s, the distribution
of fluorescence intensity from the anions is nearly homoge-
neous, but after applying the voltage at t = 9 s, the
concentration depletion is formed near the region of the
cathode, while the concentration enrichment occurs near the
vicinity of the central anode (the fluorescent intensity increases

linearly with concentration in accordance with the calibration
curve, Supporting Information). Subsequently at t = 15 s, both
depletion and enrichment are further developed. Eventually, at
t = 27 s, a brighter enrichment zone is produced in the
downstream flow. Numerical simulations of concentration
evolution are comparable to the experiments (Figure 2b,
Supplementary Video 2).

Quantitatively, for the concentration distribution across the
two parallel cathodes downstream (along the yellow line in
Figure 2a,b), simulations and experiments agree excellently
(Figure 2c). fi rises over time and stabilizes at
approximately 12.4 + 2.2 after t = 24 s, clearly exhibiting a
remarkable enrichment effect of more than 1 order of
magnitude (Figure 2d). When a platinum electrode is used
as the central anode, a similar concentration enrichment is also
observed (Supporting Information).

B ENRICHMENT PERFORMANCE DEPENDENT ON
OPERATION PARAMETERS

We further investigate the effect of the various physical
parameters, such as the applied voltage (@) and inflow rate
(Q.,), on the enrichment performance (f,,). The snapshot
(Figure 3a) and concentration distribution at the downstream
(Figure 3b) in both experiments and simulations reveal that
concentration enrichment becomes more pronounced at a
higher voltage at a given flow rate. Also the enrichment
performance turns out to be less at a stronger flow rate, as the
ions have more tendency to be swept away by the flow with
insufficient time to be accumulated.

The enrichment performance f,,;;, dependent on ® and Q,,
is demonstrated in experiments (Figure 3c) and simulations
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Figure 3. Enrichment factor dependent on voltages and inflow rates. (a) Snapshot of experiments and simulations at t = 30 s (Q,, = 0.2 uL/s). (b)
Concentration profile along the yellow line in the downstream. (c, d) femh as a function of @ and Q,, in experiments (c) and simulations (d).
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(Figure 3d). As shown in Figure 3¢, f,.cx can be increased to
15.6 + 0.8 at a higher @ = 15 V and a lower Q;, = 0.05 uL/s, as
confirmed by simulations. Thus, by adjustment to a higher
voltage or a lower flow rate, a better enrichment can be
achieved. Treatment capability of extraction solution per unit
time decreases at a lower flow rate, indicating a trade-off
between the flow rate and the enrichment performance.

Scaling Analysis for f,,. In order to provide physical
insight into f,,,;,, we perform scaling analysis dependent on the
physical parameters and operation conditions (Q;, and ®). By
combining concentration flux (¢, ~ ©) and flow effect
(Comin ~ Q) (Supporting Information), the following
scaling is obtamed.

f;znrich ~ Qi;1/3q) (2)
Both experiments and simulations agree with this scaling law
excellently (Figure 3e—g). At a fixed voltage, we find that £,
has a —1/3 power law with Q;, (Figure 3e); at a fixed flow rate,
fonricn & @ (Figure 3f). As illustrated in Figure 3g, all the data in
the experiments and simulations at different Q;, and @ collapse
onto a single line, consistent with the scaling law (eq 2).
Preferential Enrichment and Reduction of Cations.
After establishing line-charge-mediated concentration enrich-
ment through the direct observation of fluorescent dye
concentration, we proceeded to explore the continuous

extraction of Cu®** enrichment at different Q;, and @ (Figure
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Figure 4. Preferential enrichment and reduction of a cation and the separation of cations in multicomponent electrolytes. (a, b) f,, of Cu*" in
CuSO0, increasing with ® (Q,, = 0.2, Q,, = 0.02 uL/s), but decreasing with Q;, (& = S V and Q,, = 0.02 uL/s). (c) The enrichment efficiency of
Na* in NaCl (¢, = 0.11 mM) (® = 5,20V, Q,, = 0.2 uL/s, and Q,, = 0.1Q,,). (d) Concentration reduction of Pb** in PbCl, at ® = 5 and 20 V. (e)
Separation of Na* and Pb** in the mixed solution (0.06 mM NaCl—0.1 mM PbCl,) at @ = 5,20 V and (f) for the enriched Na* [f,,(Na*) > 1] and

the depleted Pb** [£..(Pb*) < 1].

4a,b). The copper sulfate solution (CuSO,) at ¢, = 0.1 mM is
injected upstream at Q,, = 0.2 uL/s, and the enriched Cu**
solution is extracted through the central enrichment outlet in
the downstream at the extracted rate Q,, = 0.1, Q;, = 0.02 uL/
s. Cu** concentration in the extraction solution (c,) is
measured quantitatively by inductively coupled plasma optical
emission spectrometry (ICP-OES). As @ increases from S to
20 V to promote the enrichment effect, the extraction
concentration factor (f., = c,/c, > 2) grows with the voltage,
exceeding the upper bound in the classical theory of
concentration polarization (Figure 4a). Here the dendrite
growth near the cathodes at a high voltage ® = 20 V is
suppressed due to the presence of the incoming shear flow.*’
Also under constant ® and Q,,, f,, decreases with Q,, (Figure
4b), since the strong shear flow and convection at a higher Q,,
will reduce the tendency of concentration accumulation near
the central anode. Besides metal copper ions (Cu®"), the
sodium ions (Na*) can be enriched and extracted through this
line-charge-mediated enrichment with f,, ~ S (Figure 4c).

However, under similar operation conditions in experiments,
the heavy metal lead ions (Pb**) and magnesium ions (Mg*")
are depleted in the extracted solution, instead of the
enrichment. By injecting a ¢, = 0.1 mM PbCl, solution in
the inlet with Q;, = 0.2 uL/s and Q,, = 0.1Q,,, c., decreased to
0.01 and 0.006 mM at @ = 5 and 20 V, corresponding to a 1
order of magnitude reduction of concentration (Figure 4d).
This abnormal depletion effect might originate from the
formation of insoluble Pb(OH),, which is produced by the
reaction between Pb*" and hydroxide (OH~) generated at the
cathode. This insoluble Pb(OH), is further verified by the
progressively larger white precipitate near the cathode in the
experiment. Similarly, since Mg** can react with OH™ to form
insoluble Mg(OH),, Mg*" exhibited the same depletion effect
(Supporting Information).

Bl CATION SEPARATION IN MULTICOMPONENT
ELECTROLYTE SOLUTIONS

Heavy metal pollution, such as lead pollution in natural water,
has become a major challenge for water treatment and
sustainable environmental development. Typically, the removal
of lead ions requires the complex synthesis of the electrode
materials or adsorbents,** the precipitation filtration, or the
electroactive ion exchange composite film.*’

Here by utilizing preferential enrichment (Cu*, Na*) and
selective depletion (Pb**, Mg®"), we might separate the various
species of cations in the multicomponent electrolytes
effectively. The aqueous multicomponent electrolytes are
composed of 0.06 mM NaCl and 0.1 mM PbCl, [¢,(Na*) =
0.06 mM, ¢,(Pb**) = 0.1 mM]. As seen in Figure 4e, the
enriched c,,(Na*) = 0.14 mM, while the depleted c,,(Pb**) =
0.05 mM (@ =5V, Q, = 0.2 uL/s, Q.. = 0.1, Q;, = 0.02 pL/s).
As @ = 20 V, we obtain the further enriched ¢, (Na®) = 0.16
mM and the further depleted c, (Pb*") = 0.008 mM, indicating
that the cation separation becomes more significant at a higher
voltage. Clearly, the dimensionless f,, for both cations (Figure
4f) indicates £,,(Na*) = ¢, (Na")/co(Na*) > 1 for the enriched
concentration, while f,.(Pb**) = ¢,.(Pb*")/co(Pb*") < 1 for the
depleted concentration, demonstrating the effective separation
of the cations in the extracted solution.

The energy consumption for Cu**, Na*, Pb**, and a mixed
Na*—Pb** solution is approximately 0.01 kWh/m® at low
voltage (5 V) and approximately 0.1 kWh/m? at high voltage
(20 V), which is on the same order of magnitude as shock
electrodialysis (Supporting Information).*® But different from
the recently studied shock electrodialysis in which continuous
and selective removal of lead in the Na*—Pb?** mixed solution
arises from the faster transport and the larger escape barrier of
lead ions as compared with sodium ions,” our approach could
reduce Pb** concentration, while elevating Na* concentration,
leading to effective selectivity.
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Figure S. Contaminant removal of plastic particles and cells. (a) Spatiotemporal evolution of plastic particles in full view and enlarged view (® = S
V, Q;,, = 0.2 uL/s, Q,, = 0.02 uL/s). (b—d) Particle aggregation at (b) ® =10V, Q;, = 0.1 uL/s, Q,, = 0.01 uL/s; (c) ® =10V, Q;, = 0.2 uL/s, Q.
=0.02 uL/s; (d) @ =10V, Q, = 0.5 uL/s, Q,, = 0.1 uL/s. (e) Spatiotemporal evolution of cells of Chlorella sp. in full view and enlarged view (® =

5V, Q, =02 uL/s, Q, = 0.02 uL/s).

B REMOVAL OF PLASTIC PARTICLES AND CELLS

These devices facilitate microplastic capture in compact water-
quality monitors*’ ™"
biomedical/chemical sensors.””>® A suspension of 3.2 um
fluorescent polystyrene particles (PS) (Thermo Fisher
Scientific, 107> mass ratio) was introduced into a 1 mM
CuSO, aqueous solution. As shown in Figure Sa (Supple-
mentary Video 3), initially at f = 0 min, PS particles are aligned
by and follow the shear flow. Then after applying the voltage,
PS particles move toward the circular anode and gradually are
aggregated (brighter region in the image) behind the anode in
the downstream. This aggregation effect becomes more
obvious at a higher voltage and lower flow rate (Figure Sb—d).

Also, as presented in Figure Se (Supplementary Video 4),
the cells of Chlorella sp. are initially uniformly dispersed in the
aqueous solution at ¢ = 0 min (unicellular green algae, 8 ym,
FACHB-10, Freshwater Algae Culture Collection at the
Institute of Hydrobiology, National Aquatic Biological
Resource Center, China). Afterward, under the applied voltage,
cells gradually aggregated behind the anode downstream at t =
1S min.

and the removal of bacteria or cells in

B DISCUSSIONS

The main features and advantages of the line-charge electrode
configuration presented in this work for ion enrichment in
water treatment are as follows. First, the device operates based
on concentration polarization between electrodes, thereby
eliminating the need for a membrane. Second, it demonstrates
exceptional ion enrichment efficiency (f,,x > 15). Third, the
enrichment efficiency can be controlled by key physical
parameters such as voltage and flow rate. Finally, the device
also offers multifunctionality by enabling the removal of plastic
particles and cells.

In summary, we report an extraordinary concentration
enrichment mediated by a line charge down to a reduced
length scale of tens of micrometers, accompanied by cation
separation and extraction under continuous shear flow.
Experimental observations of the spatiotemporal evolution
for solute concentration within a microfluidic-based electro-
chemical device demonstrate a remarkable enrichment factor
across various operational conditions, including geometry
length scale, applied voltages, and flow rates. Both numerical
simulations and scaling analyses elucidate the trade-offs
between key physical parameters, providing guidance for
optimizing enrichment performance. Furthermore, within the
device, we have determined the preferential cation enrichment
and depletion in multicomponent electrolytes and the effective
removal of contaminants such as plastic particles in an aqueous
solution and cells in biological samples. This portable water
purification concept may extend options for drinking water
access alongside large-scale desalination, including in disaster
response or infrastructure-constrained environments.
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