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A microfluidic platform containing charged hydrogels is used to investigate the effect of geometry on
charge transport in electrodialysis applications. The influence of heterogeneity on ion transport is deter-
mined by electrical characterization and fluorescence microscopy of three different hydrogel geometries.
We found that electroosmotic transport of ions towards the hydrogel is enhanced in heterogeneous ge-
ometries, as a result of the inhomogeneous electric field in these systems. This yields higher ionic currents
for equal applied potentials when compared to homogeneous geometries. The contribution of electroos-
motic transport is present in all current regimes, including the Ohmic regime. We also found that the onset
of the overlimiting current occurs at lower potentials due to the increased heterogeneity in hydrogel shape,
owing to the non-uniform electric field distribution in these systems. Pinning of ion depletion and enrich-
ment zones is observed in the heterogeneous hydrogel systems, due to electroosmotic flows and electro-
kinetic instabilities. Our platform is highly versatile for the rapid investigation of the effects of membrane
topology on general electrodialysis characteristics, including the formation of ion depletion zones on the

rsc.li/loc

1 Introduction

Electrodialysis (ED) is an established technique in water de-
ionization, using a stack of alternating anion and cation se-
lective membranes.’ Under the application of an electrical po-
tential, ions migrate towards their counter electrode and are
selectively blocked by cation and anion exchange membranes
(CEM/AEM), resulting in the formation of desalinated
and concentrated streams. Ion transport towards the mem-
brane often limits the currents at which these processes are
being operated in industry. At increasing field strengths diffu-
sional transport becomes limiting, causing concentration po-
larization. The current reaches a limiting value, which re-
duces the efficiency of the process and prohibits economic
operation. At elevated field strengths, the well-known
overlimiting current regime arises as a result of induced
electrokinetic flows at the membrane interface.”™ In this
overlimiting current regime, current starts increasing again
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micro-scale and the onset of the overlimiting current.

because the concentration polarization layer is broken down
by the convective movement of the fluid.

Ions migrate along the electric field lines because of their
charge. In systems with a homogeneous charge selective
interface, electric field lines are homogeneously distributed
as well. In systems with local conductivity or permselectivity
gradients an inhomogeneous field arises. This can happen
due to heterogeneous charge selective interfaces, for example
patterned™® or structured’” membranes. Since a driving force
for ion transport tangential to the membrane arises, the
distorted electric field gives rise to the formation of electroos-
motic flows (EOF) at the charged walls of the system, starting
from the Ohmic regime. In the overlimiting current regime,
this tangential component acts on the emerging extended
space charge and enhances the formation of electrokinetic in-
stabilities (EKI).® The increased rate of ion transport can po-
tentially yield a higher overall efficiency in ED processes in
the Ohmic regime or reduce the limiting current plateau re-
gion by reducing the onset voltage for the overlimiting cur-
rent regime. The influence of membrane geometry on the ef-
ficiency of ED systems has been of interest for several
studies™'° with the purpose of yielding more energy-efficient
processes. Most of these studies have focused on the macro-
scale effects of membrane topology on ED performance pa-
rameters, such as resistance and the onset of the limiting
and overlimiting current regime in large scale systems.'>'?
For fundamental wunderstanding of the influence of

This journal is © The Royal Society of Chemistry 2018
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membrane geometry on charge transport, visualization of the
ion concentration profiles adjacent to the membrane is cru-
cial."' Pinning of ion depletion zones and vortices at
heterogeneities on the membrane has been experimentally
observed'® and numerically studied.'® Microfluidic platforms
enable optical access to the membrane surface and can be
manipulated easily for the investigation of several aspects of
charge transport adjacent to a charge selective surface.'”

We have previously reported a microfluidic platform using
charge selective hydrogels for the microscopic investigation
of ion transport in electrodialysis systems.>® Hydrogels are
versatile materials that can easily be patterned with different
geometries on the micro-scale. Therefore, hydrogels can be
used to build micro-electrodialysis systems for rapid investi-
gation of the influence of geometry on ion transport which
can be applied in large scale electrodialysis systems. In our
micro-scale electrodialysis system, six adjacent micro-
channels are separated by alternating anion exchange hydro-
gels (AEH) and cation exchange hydrogels (CEH). This allows
us to microscopically observe concentration profiles and de-
pletion zones adjacent to the hydrogel compartments. The
previous worlk?® was a proof of principle of using patterned
and charged hydrogels for microfluidic investigation of ion
transport phenomena in electrodialysis. In this work, we in-
vestigate the influence of hydrogel geometry on the develop-
ment of ion depletion zones and the current-voltage charac-
teristics. Fluorescence microscopy and fluorescence lifetime
microscopy (FLIM) are used for the visualization of ion con-
centration profiles. This demonstrates the role of hydrogel
geometry on the formation and pinning of depletion zones.
These experiments give insight into the interplay of mem-
brane topology and performance. We show that transport of
ions through the hydrogel is enhanced with increasing
heterogeneity in hydrogel shape, as was predicted based on
numerical simulations."®

2 Experimental details
2.1 Microchip fabrication

The microchips consist of a polydimethylsiloxane (PDMS,
Dow Corning) layer on a microscope slide (see Fig. 1a). The
PDMS layer contains microfluidic channels, capillary barriers,
inlets and outlets and was fabricated using standard soft
lithography techniques. Microchip designs included three
different geometrical shapes: (1) Continuous hydrogel com-
partments (Fig. 1c) supported with capillary barriers with di-
mensions of 16100 x 1720 um (length, width), which will be
referred to as full, homogeneous hydrogels. (2) Pillars (700
pm in length) and five hydrogel compartments with dimen-
sions of 700 x 1720 pm (Fig. 1d), which will be referred to as
symmetric or rectangular heterogeneous hydrogels. (3) Five
trapezoidal, asymmetric heterogeneous hydrogel compart-
ments (length varying from 300 pm to 1725 um) generated by
PDMS pillars with 600 x 500 pm (length, width) placed with a
zigzag pattern at angles of 20° (Fig. 1e). The height of micro-
channels and capillary barriers was 75 pm and 7.5 um, re-
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Fig. 1 Microfluidic desalination chip. (a) Gold-coated copper
electrodes are placed in the outer microchannels and a salt solution is
flowed through all microchannels. (b) Schematic representation of the
microchip, alternating anion and cation exchange hydrogels (AEH and
CEH) are patterned in between the microchannels using dedicated hy-
drogel inlets at the chip (indicated by the coloured arrows). An electric
potential can be applied using the electrodes placed in the outer chan-
nels, resulting in alternating depleted and concentrated streams. Three
different geometries are under investigation, (c) ‘full’ homogeneous
hydrogels, where the entire microchannel wall consists of hydrogels,
(d) symmetric heterogeneous hydrogels, where PDMS pillars partially
block the microchannel wall and (e) asymmetric ‘trapezoidal’ hetero-
geneous hydrogels, in which the hydrogels have a trapezoidal shape.
For (c-e) the flow direction in the microchannels is along the length of
the channels, as indicated by the directional axis in (c).

spectively, while the width was 700 pm for all geometries. For
the heterogeneous geometries, the capillary barriers are
curved to ensure the pinning of the hydrogels in their com-
partments.”” We make use of the curvature in the analysis of
our experimental results. To achieve the fabrication of micro-
channels and capillary barriers of different heights, two SU-
8 layers were fabricated on a silicon wafer. The first SU-8 layer
contained the pillar layout while the second SU-8 layer
contained both capillary barrier and pillar layouts. The sili-
con wafer with patterned SU-8 structures served as a mold for
the following PDMS patterning step.

The ingredients of a Sylgard 184 silicone elastomer kit
were mixed at a 10:1 ratio (PDMS to curing agent), and the
mixture was degassed for at least an hour in a vacuum cham-
ber set to 7 kPa. The degassed solution was transferred onto
the silicon wafer molds patterned with SU-8 structures and
cured in an oven set at 60 °C for 4 hours. The microchips
were cut to size using a blade. The microchannel inlet and
outlet were opened using a hole puncher with 0.75 mm diam-
eter. The patterned surface of the cured PDMS layer and a
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clean microscope slide were then treated with oxygen plasma
at 500 mTorr for 45 seconds (Harrick Plasma Cleaner, USA)
and assembled immediately after the plasma treatment. As-
sembled microchips were kept in a dark and dry place for at
least a week or placed in an oven at 60 °C overnight before
hydrogel patterning process. This step is necessary for the hy-
drophobic recovery of PDMS after the oxygen plasma treat-
ment, and aids for easier hydrogel patterning.

Positively and negatively charged hydrogels were prepared
in a nitrogen environment by blending 20% v/v of acrylam-
ide/bis (19:1) (BioRad), 15% w/v N,N-bis(2-hydroxyethyl)
ethylenediamine (bis, Sigma-Aldrich), 10% w/v of DMPA
(Invitrogen), and 5% w/v of ammonium per sulfate
(Invitrogen) solutions. For the AEHSs, 1% v/v METC solution
(Sigma-Aldrich), and for the CEHs, 1% w/v SPAP salt (Sigma-
Aldrich) were added to the acrylamide/bis mixture. Character-
ization of the hydrogels and their swelling behavior in micro-
chip was reported earlier.>® As the cross-linking reaction is
inhibited by oxygen, patterning and polymerization processes
were performed in a nitrogen environment. Hydrogel precur-
sors were degassed in a vacuum chamber set at 7 kPa for 15
minutes and used immediately after degassing. There are five
hydrogel blocks separating the six parallel microchannels in
all geometries, mimicking an electrodialysis stack. Three of
these blocks (the outer two and the middle) are filled with
the anion exchange hydrogel and the other two are filled with
the cation exchange hydrogel using individual inlets and out-
lets, see Fig. 1b. Hydrogels were patterned in microchips
using capillary line pinning to ensure the local confinement
of the charged hydrogels between the microchannels. A de-
tailed explanation of hydrogel patterning using capillary pin-
ning was previously reported by Gumuscu et al.>’” After hydro-
gel patterning, the microchip was kept in 0.1 mM NacCl
solution. Redistribution of charges inside the hydrogels as a
result of an applied potential was considered in the previous
work, but no significant deviations from the expected hydro-
gel behavior were found and therefore the possible influence
of this was neglected in the analysis in this work.>®

All microchips consist of six parallel microchannels
connected through alternating AEH and CEH, as depicted in
Fig. 1b. The liquid flow is supplied to the individual channels
using three programmable Harvard Picoplus syringe pumps
connected to Tygon flexible plastic tubing (0.01” inner diame-
ter) and Braun Omnifix-F 1 mL syringes.

Two gold-coated copper electrodes are placed in the two
outside microchannels and electrical characterization of the
system is performed wusing an Autolab PGSTAT204
potentiostat (Metrohm, the Netherlands). To avoid bubble
formation at the electrodes and minimize water splitting, the
maximum applied potential was limited to 10 V. For the elec-
trical characterization of the system, IV-sweeps are performed
with steps of 0.05 V and a scan rate of 0.01 V s™. In all micro-
channels a cross flow (with a channel flow rate between 2
and 9 uL min™") is applied for all IV-sweeps. This yields a lin-
ear flow velocity between ~635 um s and ~2900 um s,
corresponding to fluid residence times between 10 and 2.2
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seconds in the part of the microchip containing charge selec-
tive hydrogels. The total residence time in the microchip is
~three times larger due to in- and outlet sections that do not
contain any hydrogel surface. Chronoamperometric (measur-
ing the current as a function of time at a fixed potential) and
chronopotentiometric (measuring the potential as a function
of time at a fixed current) measurements are done at these
flow conditions as well. For visualization experiments,
chronoamperometric and chronopotentiometric measure-
ments are conducted while microscopy images are taken,
without the application of flow in the microchannels.

2.2 Fluorescence microscopy

All six microchannels were flushed with electrolyte solutions
of NaCl. For the fluorescence experiments, solutions with 0.1
mM NaCl were used, containing 5 uM Alexa Fluor 488 Cadav-
erine (ThermoFisher Scientific) as a fluorescent dye (ex/em
490/525 nm). The Alexa dye is pH insensitive in the range ap-
plied (pH 4-10),>® has a negative charge and therefore quali-
tatively mimics the behavior of negative ions yielding infor-
mation on the formation of ion depletion zones in the
system. Prior to visualization experiments, the electrolyte flow
through all microchannels was stopped to enable investiga-
tion of ion depletion in a stagnant system, where concentra-
tion polarization is maximized. The fluorescent dye was visu-
alized using a Hamamatsu ORCA-Flash4.0 LT camera
mounted on an inverted Zeiss Axiovert 40 MAT microscope.

2.3 Fluorescence-lifetime imaging microscopy

For quantification of the local ion concentrations as a func-
tion of time, fluorescence-lifetime imaging (FLIM) was used.
The fluorescence-lifetime of a dye can be dependent on the
environmental conditions such as pH, local electric potential
or solute concentration,> however independent on the con-
centration of the dye. The lifetime of the dye used in our
study, lucigenin (ThermoFisher Scientific), is dependent on
the local CI” concentration,®® and we are therefore able to
quantify the local ion concentrations inside the micro-
channels. The lifetime of lucigenin is linearly dependent on
the CI” concentration between 0.2 mM and 1 mM (see ESI}
S1 for calibration curve). We used a background electrolyte
concentration of 0.5 mM NacCl, enabling quantification in
both the concentrated and the diluted microchannels.

Fluorescence lifetime was measured using a LI-FLIM sys-
tem (Lambert Instruments, Groningen, The Netherlands)
working in the frequency domain at a modulation frequency
of 5 MHz and a phase angle of 30 degrees, equipped with a
modulated TRiCAM and a modulated LED of wavelength 460
nm (3 W). The equipment is mounted on a Zeiss Axio Vert.Al
inverted microscope (Zeiss, Gemrany). An identical light path
was used in all measurements to ensure the validity of the
measurements. The lifetime is calculated based on a refer-
ence measurement of the lifetime of lucigenin without a
background electrolyte, measured in the same light path
configuration.

This journal is © The Royal Society of Chemistry 2018
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3 Results and discussion
3.1 Electrical characterization

IV-sweeps were performed using 0.1 mM NacCl at a feed flow
rate of 3 uL min™" in at least two different microchips for all
geometries and at least three experimental runs per chip. As
seen in Fig. 2a, current is the highest when the trapezoidal
heterogeneous hydrogels are used, and lowest for the full
homogeneous hydrogels. On chip reproducibility was high
(standard deviation <5%), but the reproducibility between
different chips was lower, yielding large standard deviations
for the IV characteristics observed in Fig. 2a. In the Ohmic re-
gime (up to ~IV, see inset of Fig. 2a), the highest currents
are measured for both heterogeneous hydrogels, even though
they have a lower total area. We attribute this to the presence

(a) Current I versus AV
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Fig. 2 (a) IV-sweeps for all different geometries, at a flow rate of 3 pL
min™! and an inlet concentration of 0.1 mM NaCl. Error bars indicate
standard deviation between measurements, where the average of at
least two different chips was analyzed. (b) Average steady state current
density at an applied potential of 8 V as a function of flow rate,
obtained by dividing the total current by the active hydrogel area for
the different geometries. For the measured absolute currents and the
calculation of hydrogel areas, see ESI S2.
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of electroosmotic contributions to the flow (EOF) at even the
lowest voltages in heterogeneous systems. This EOF is a re-
sult of the tangential component in the electric field, shown
in Fig. 3. The positive ions in the solution screen the fixed
negative wall charge of the PDMS,*"*? resulting in a posi-
tively charged electric double layer (EDL) adjacent to the
microchannel walls. The tangential component of the electric
field acts on the charged EDL, causing electroosmotic flows
towards the location of lower potential. As a result of this no
stagnant ion depletion zone forms at the interface, which in
turn explains the absence of a clear limiting current regime
in our IV-sweeps. Apart from that, in the heterogeneous struc-
tures, the depletion zone is not growing into the micro-
channel to the same extent as at the homogeneous hydrogel.
Due to the channel heterogeneity, the depletion zone is dis-
continuous along the channel wall, breaking down the
growth of the depleted area into the channel. Inside the de-
pletion zone, the potential drop is much larger than in the
ion rich zones as a result of the lower conductivity. When the
depletion zone is larger, this thus requires a larger driving
potential to induce the same total current. At moderate volt-
ages, the resistance of the system to charge transport seems
to reduce as a when the applied potential is increased (espe-
cially for the trapezoidal hydrogels), which is surprising when
compared to traditional electrodialysis systems. On average,
we do not measure any current rectification®*** in the trape-
zoidal hydrogels, as the asymmetry of the hydrogel structures
alternation over the different patches, which results in the
cancelling out of the potential rectification effect. For future
investigations, it is interesting to pattern the asymmetric
hydrogels in such a way that current rectification might be
enhanced in the system. At higher voltages, the variance in
the measurements for the trapezoidal hydrogels is large. We
attribute this behavior to transitioning into the overlimiting
current regime and the variable onset of this regime between
different microchips that were tested. For the trapezoidal
hydrogels, the sensitivity of the electrical response is large. In
this geometry, more than in the others, the initial contribu-
tion of EOF along the channel walls influences the develop-
ment of the ion depletion zones. The slightest change in con-
figuration is expected to yield a deviation in IV-curve
characteristics. This effect is less pronounced for the sym-
metric heterogeneous and homogeneous hydrogels, as the
initial component of the EOF is smaller. The onset for the
overlimiting current regime for these geometries is then at a
higher voltage.

Current was measured as a function of time at different
feed flow rates and a feed concentration of 0.1 mM NaCl. The
current was averaged over 180 s for all systems, after reaching
a steady state. In our system, we defined the onset of steady
state as the time after which the current was not monotoni-
cally increasing or decreasing. The highest currents were
measured for the asymmetric trapezoidal hydrogels. The ab-
solute current as a function of flow rate is measured at an ap-
plied potential of 8 V, and is shown in ESI S2. The asymmet-
ric trapezoidal hydrogels show the highest absolute current

Lab Chip, 2018, 18, 1652-1660 | 1655
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Fig. 3 Modeled potential distribution and electric field lines inside the
microfluidic channels, (a) for homogeneous hydrogels, (b) for rectangular
heterogeneous hydrogels and (c) for trapezoidal heterogeneous hydrogels.

for all flow rates and are less prone to a reduction in current
as a function of flow rate. We attribute the decrease in cur-
rent as a function of flow rate to not overcoming the limiting
current regime at higher flow rates when homogeneous and
rectangular heterogeneous hydrogels used. The
overlimiting current regime is reached at all flow rates using
the asymmetric trapezoidal hydrogels. To make a more fair
comparison, the current per hydrogel area (A m?) in the dif-
ferent microchips should be compared, as shown in Fig. 2b.
For the asymmetric trapezoidal hydrogels, the average length
of the hydrogel is taken as a reference for the active hydrogel
area (see ESIT S2 for calculations of the area). Since the full
homogeneous hydrogels have the highest surface area per
channel, the current density in this geometry is lowest. For
both heterogeneous (trapezoidal and rectangular) hydrogels,
the total exchange area is lower, resulting in higher current
densities when compared to the full homogeneous hydrogel.
This indicates a more efficient use of hydrogel area in these
configurations.

For all electrical measurements it is confirmed that the
supply of ions is larger than the theoretical removal of ions
as a result of the electric field and the obtained currents.
Even for the lowest flow rates (2 uL min™') and hypothetical
currents up to 0.6 pA (which is the highest current measured
in this work) at this flow rate, not all ions will be removed from
the feed, so this is not a limiting factor in our experiments.

From the combined IV and chronopotentiometric mea-
surements, we conclude that the asymmetric trapezoidal
hydrogels enhance charge transport when compared to full
homogeneous hydrogels. This enhancement occurs in all re-
gimes: sublimiting, limiting and overlimiting regime. To ex-
plain this behavior, the potential distribution in the micro-
channels is modeled for all geometries. The results are
shown in Fig. 3. These plots are obtained using COMSOL
Multiphysics, in which the electric field is solved using the

were
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Poisson equation. For the homogeneous geometry (Fig. 3a),
there is no initial gradient of the electric field in the direction
tangential to the hydrogel surface, while for both heteroge-
neous geometries there is a tangential component present
immediately after applying a potential (Fig. 3b and c). The
tangential component gives rise to an electroosmotic flow
(EOF) adjacent to the microchannel wall, yielding an addi-
tional transport of ions towards the hydrogel. Using the local
electric field strength E, obtained from these simulations,
the magnitude of this EOF can be estimated for both hetero-
geneous geometries, using the Smoluchowski equation,

A
e 7

5 of 8.9 x 107 Pa s and a relative permittivity e.go = 7 x 107°
F m™" the expected velocity of EOF is estimated to be between
~100 pm s and ~200 pm s ' at the PDMS pillars between
the hydrogel patches for an overall applied potential of 5 V.
This EOF is enhanced by the heterogeneous nature of the
surface charge as well, as PDMS is negatively charged and the
AEH is positively charged this will also drive EOF mixing. Any
contrast between the CEH and PDMS surface charge will also
play a role in driving EOF."***?” Electric-field distortion from
the geometric patterning then couples to this and can en-
hance the overall EOF mixing in the system. A simple simula-
tion illustrating this is provided in ESIT S3.

The local field strength is higher for the trapezoidal hydro-
gels than for the rectangular heterogeneous hydrogels
(~10%), resulting in slightly higher EOF velocities for this ge-
ometry. This EOF is present in all regimes, including the
Ohmic and limiting. Already in the Ohmic regime, this yields
a contribution of EOF to the charge transport in the heteroge-
neous geometries increasing the transport of ions towards
the hydrogels. The direction of EOF is dependent on the local
direction of the electric field at the and is thus of opposite
sign on either side of the hydrogels. This induces electroos-
motic mixing in the boundary layer, reducing concentration
polarization and enhancing the effective ion transport. Addi-
tionally, the tangential component of the electric field and
the presence of EOF enhances the onset of EKI and micro-
fluidic mixing in the ion depletion zones after the develop-
ment of an extended space charge.

E,.. With a {potential of 100 mV,*"** a viscosity

3.2 Ton concentration profiles

To gain more understanding of the influence of geometry on
ion transport, ion concentration profiles are monitored as a
function of time and applied potential or current. All concen-
tration profiles shown here are measured without the appli-
cation of external cross flow, in order to decouple the effect
of concentration polarization from the imposed flow.

3.2.1 Fluorescence microscopy. Fluorescence microscopy
is often used as an indicator of local ion concentrations and
in observing the development of ion depletion zones.>*>* The
fluorescent dye is negatively charged and thus mimics the be-
havior the anions inside the solution. In Fig. 4 the fluores-
cence microscopy images of the three different geometries

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Fluorescence intensity profiles for three different hydrogel geometries as a function of time with an applied potential of 9 V, without the
application of cross flow, (a) for homogeneous hydrogels, (b) for rectangular heterogeneous hydrogels and (c) for trapezoidal heterogeneous
hydrogels. See ESIt for corresponding movies. Anion exchange hydrogels (indicated by the green markers) are bright as a result of the negatively
charged fluorescent dye, cation exchange hydrogels (red markers) are less bright. Depletion zones are developing adjacent to the hydrogels after
the application of an electric field, yielding different patterns for the three geometries.

are shown, and the corresponding movies can be found in
the ESIT S4-S6. Positively charged AEHs contain relatively
high concentrations of the negatively charged fluorescent dye
and appear bright. For all images, the electric field is applied
from top (positive electrode) to bottom (negative electrode),
as is indicated in Fig. 4a. This configuration leads to ion de-
pletion adjacent to the hydrogels in the diluted micro-
channels, as can also be observed from the fluorescence
intensity profiles inside the microchannels. Depletion zones
are formed in all different hydrogel geometries and grow as a
function of time.

The ion depletion zones form in a different manner be-
cause the geometry of the hydrogel has an influence on the
distribution of the electric field and thus alters the behavior
of charge transport for the different geometries. For the
homogeneous hydrogels (Fig. 4a), initially a depletion bound-
ary layer forms at the hydrogel interface and grows into the
microchannel until breaking down in small circular ion de-
pletion zones moving along the hydrogel interface (from 27.5
s, see the ESIT S4). Then, the smaller depletion zones merge
into larger zones that are still moving (with no preferential
direction) along the hydrogel interface. The direction of this
movement is dependent on the local charge distribution in
the solution. Concentrated solution plugs remain between
the large depletion zones (from ¢ = 100 s). There is no initial
heterogeneity in the electric field distribution in homoge-
neous geometries and thus no initial contribution of EOF on
the ion transport occurs. Therefore, initially a stagnant con-
centration polarization layer forms and covers the entire
membrane interface. Upon the development of ion depletion
zones and an extended space charge adjacent to the hydrogel
interfaces, the electric field is distorted in the homogeneous

This journal is © The Royal Society of Chemistry 2018

system as well, resulting in EKI and the movement of fluid
and depletion zones at the hydrogel interface. Our experi-
mental observations are in general agreement with the nu-
merical predictions reported by Davidson et al. for similar
geometric configurations.'®

In both microchips with a heterogeneous hydrogel geome-
try, depletion zones form in a more controlled manner as
pinning of depletion zones occurs at the hydrogel edges. A lo-
cal zone of increased concentration is formed at both edges
between the PDMS pillar and the hydrogel (see ESI{ S5 and
S6), while the depletion zone continues growing at the hydro-
gel interface. Near rectangular heterogeneous hydrogels, first
small depletion zones form adjacent to the hydrogel inter-
face, and merge into two larger depletion zones that are
pinned at the hydrogel surface. These depletion zones grow
as a function of time, until ions are fully depleted in the en-
tire microchannel. The outer part of the hydrogels (beginning
and ends of the microchannel, as can be seen from Fig. 4b at
210 s), still contains a higher concentration of ions when
compared to the depletion zones. The zones of high concen-
tration are locally pinned to the edge between the hydrogel
and the PDMS. At this point, the current is reduced to a
lower steady value, indicating a steady flux of ions through
the hydrogels. Similar behavior can be observed in the
heterogeneous trapezoidal hydrogels, where a local pinning
of high concentration at the hydrogel edges and depletion
zones form as a function of time. However, at the smaller hy-
drogel borders, there is only one depletion zone forming
while at the larger border multiple smaller depletion zones
are formed. These small zones merge into larger depletion
zones (around ¢ = 40 s) until the ions in entire microchannel
are fully depleted at ¢ = 100 s.
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From the experiments with fluorescent dye, we can ob-
serve some of the fluid movement, especially at the planes of
discontinuous conductivity (the edges between the hydrogel
and the PDMS pillars) and we can compare the ion depletion
zones to numerical predictions of similar systems that also
included the development of fluid flow.'®*® Particle seeding
of the flow was not successful as the polystyrene beads stick
to the hydrogel surface and can move electrophoretically
through the hydrogels and with that distort the system under
investigation. We expect, based on these numerical predic-
tions and previous experiments in microfluidic systems**’
that vortex formation occurs also within the depletion zones
observed in the current system.

The observed movement of the enriched zones pinned to
the hydrogel edge can be explained by the combined effect of
EOF adjacent to the microchannel walls and the electric field
working on the extended space charge adjacent to the hydro-
gel surface. As was explained in section 3.1, EOF is present in
our system as a result of the negative surface charge of PDMS
and a tangential electric field. The surface is screened by cat-
ions present in the Debye layer. These cations migrate along
the electric field lines towards the low potential sink, and
drag along the liquid which results in an electro-osmotic flow
(EOF) in the microchannels. For this EOF to establish itself,
there should be a component of the electric field in the direc-
tion along the channel walls. As was shown, this component
arises in systems with a heterogeneous distribution of hydro-
gels, since the electric field is non-homogeneous through lo-
cal changes in conductivity and permittivity at the wall in
such systems. Electrokinetic instabilities (EKI) can also occur
from the development of a local space charge that is a result
of the selective charge transport through the hydrogel,*
which is also influenced by the shape of the electric field
lines. At the cation selective interface, a negative space charge
develops and results in a fluid movement inside the electric
field, directed towards the middle of the microchannel. The
combination of this EOF and EKI lead to the pinning of high
concentration plugs at the interface between the PDMS and
the hydrogel in both heterogeneous geometries.

3.2.2 Fluorescence-lifetime imaging microscopy. To quantify
the ion concentration inside the microchannels, we combined
FLIM with chronoamperometric and chronopotentiometric
measurements. After setting a potential or current, images
are captured to measure the ion concentration in the micro-
channels as a function of time. Typical results of the FLIM
measurements are shown for the different geometries in
Fig. 5, the fluorescence-lifetime of the dye is converted to CI
concentration via a calibration curve (see ESIT S1). These
chronopotentiometric measurements were done at a constant
current of 0.5 pA. Note that while the dye concentration does
not influence the measurement of the lifetime, the dye con-
centration must be high enough to yield a sufficient signal.
In FLIM, the positively charged AEHs show a signal since the
lucigenin dye is negatively charged and the negative CEHs
are not showing in the measurement. Measuring the ion con-
centration inside of the hydrogels is not possible, since this
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Fig. 5 Local concentrations in both depleted and enriched
microchannel in chronopotentiometric measurements at a constant
current of 0.5 pA, measured with FLIM for the different geometries, (a)
homogeneous hydrogels, (b) rectangular heterogeneous hydrogels and
(c) trapezoidal heterogeneous hydrogels. CEHs are indicated by the
red markers and are not yielding a signal, while AEHs are indicated by
the green markers and show a signal since the negatively charged
lucigenin is present in these hydrogels as well. The fluorescent dye is
also depleted from the depleted channel, resulting in the loss of signal
at elevated times. In the upper channel, the increase in local
concentration can be followed as a function of time.

concentration is outside the calibration range of the used
dye.

For all geometries, the CI” concentration increases in the
upper channel, while it is decreasing in the lower channel, as
is expected based on the configuration of the electric field
(Fig. 5). The negatively charged fluorescent dye was eventu-
ally depleted in the depleted channel, resulting in the loss of
signal from this channel (most pronounced at the longest
times). The behavior observed in the FLIM measurements is
similar to the results of fluorescence microscopy measure-
ments, which confirms that fluorescence measurements are a
good indicator for qualifying ion concentration profiles in-
side microfluidic systems. However, both the spatial and time
resolution of our FLIM system is not sufficient to detect the
development of local depletion zones in our relatively small
system in sufficient detail to draw firm conclusions. Fluores-
cence microscopy has shown that the time scale of this devel-
opment is in the order of seconds while recording one FLIM
frame takes 13 seconds in our system.

The increase of ion concentration in the enriched micro-
channels can be measured as a function of time for all differ-
ent geometries. An example of such a result is shown in ESI}
S7. However, the space and time resolution of the FLIM
method yield a high variance in the measurements, resulting
in uncertainties in the actual local value of concentration. In
general, as observed in the electrical characterization, the sys-
tem with the heterogeneous trapezoidal hydrogels shows the
fastest charge transport and the highest final concentrations
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inside the enriched channel. As expected, the enrichment is
most pronounced at high potentials and currents, yielding
the highest final concentrations in the enriched channel.

4 Conclusion

In this study, we investigated the effect of geometry on ion
transport through charge selective interfaces. Our platform is
versatile and can be easily adjusted to test various geome-
tries, as the PDMS molds can be designed in any desired
shape and size. Using capillary line pinning of hydrogels we
are able to produce charge selective interfaces in a large vari-
ety of shapes which are of interest for determination of the
influence of geometry on ED stack performance.

Comparing quantitative (FLIM) and qualitative (fluores-
cence) concentration measurements, we have found that the
use of fluorescence microscopy as an indication for the ion
concentration yields a good description of the local concen-
trations in microfluidic systems. Fluorescence imaging gener-
ally yields better time and space resolution than FLIM and is
a more simple experimental method yielding advantages for
the investigation of fast developing systems such as our
platform.

By electrical characterization and imaging of concentra-
tion profiles of systems with different hydrogel geometries,
we found that a heterogeneous charge selective interface can
enhance the charge transport in the system, as the heteroge-
neity induces tangential components to the electric field act-
ing on charges in the solution and causing an electroosmotic
flow in the microchannels. This electroosmotic flow is pres-
ent in all current regimes, including the under-limiting cur-
rent regime and thus enhances ion transport to the hydrogels
even in this regime. This electroosmotic contribution to the
flow induces an enhanced vortex fluid movement in heteroge-
neous hydrogel systems, mixing the depletion boundary layer
and supplying additional ions to the interface. When compar-
ing two different heterogeneous geometries, the trapezoidal
hydrogels show a higher charge transport as a result of the
larger tangential electric field in this system when compared
to the rectangular heterogeneous hydrogels.

Our results are relevant for systems in which selective
charge transfer is of importance, for instance electrodialysis
and fuel cell applications. However, the influence of the
interface geometry on other system parameters such as foul-
ing, scaling and long-term stability are of high importance.
These are interesting future studies on the coupling of these
effects by topology.

Shifting the relative location of the rectangular heteroge-
neous hydrogels between the different channels (to obtain a
zigzag pattern of charged hydrogels) would possible enhance
the charge transport in these heterogeneous systems further
by and is of interest for further investigation. Preliminary nu-
merical modeling shows that in this geometry the distortion
of the electric field lines is enhanced and therefore the
charge transport should be enhanced. In systems containing
homogeneous charge selective interfaces, initially there is no

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

tangential component in the electric field. After the develop-
ment of an extended space charge at the membrane inter-
face, a tangential component does occur. This means that
there is a delayed mixing of the boundary layer when com-
pared to the heterogeneous systems. Our results are in agree-
ment with theoretical predictions on the formation of ion de-
pletion zones in similar systems.®'® We also found that in
heterogeneous systems, pinning of the ion depletion zones
and vortexes occurs at the plane of discontinuous conductiv-
ity, showing a local increase in ion concentration in the
microchannel above the non-permeable pillars.
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