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lon exchange membranes (IEMs) have been adopted in various environmental, chemical, and energy
applications. However, the formation of ion-depletion regions, caused by concentration polarization
near IEMs, often leads to significant energy and efficiency loss. While much research has been devoted
to solving this challenge, complete removal of ion-depletion regions is still difficult, especially when the
membrane systems are operating under near- or over-limiting conditions. This paper proposes a novel
multiscale-pore (MP) IEM to reduce the effect of the ion-depletion region, by allowing a fluid flow
through the MP-IEM, thereby limiting the size (and the resulting resistance) of the ion-depletion region.
resistance and energy consumption IEM-embedded
electrochemical systems were investigated, and their performance during water desalination processes

The electrical in MP and conventional
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Accepted 22nd March 2018 were compared. The current—voltage response suggests a secondary ohmic regime attributed to an
internal flow rate through the MP-IEM. Moreover, the electrochemical desalination of seawater with

DOI: 10.1039/c7tal0570c MP-IEMs demonstrated up to 75% reduction of energy consumption, compared with conventional IEMs
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Introduction

Ion exchange membranes (IEMs) are selective ion conductors
due to their ionic permselectivity by nanoscale pores based on
the Donnan equilibrium potential. Over the last 50 years, ion-
exchange membranes have been utilized in many industrial
applications and processes. (1) Environment: electrodialysis
(ED) and its related processes for the desalination of seawater
and for processing brackish water and seawater or for extracting
valuable metals from industrial effluents.”” (2) Chemical
synthesis and refining: for the chlor-alkali process or for acid
refining in the food and pharmaceutical industry. More
recently, this application has been extended to the environ-
mentally friendly production of various chemicals.** (3) Energy:
ion-exchange membranes have been used as separator
membranes in hydrogen-oxygen fuel cell batteries.® Recently,
reverse electrodialysis (RED) has also been suggested for
renewable energy generation.® More recently, ion concentration
polarization (ICP) has attracted special attention and shows
great potential in processes for the desalination of highly
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under comparable operating conditions.

contaminated water, such as flowback water from shale gas
mining,” and biological sample concentration and separation.®

When IEMs are used in various applications, the polarization
of ion concentration at each side of the membrane (concen-
tration polarization) cannot be avoided. This phenomenon
occurs at the membrane-solution interface due to a difference
in ion mobility between membrane and solution phases; for
example, the ED in Fig. 1(a) comprises alternate cation and
anion conductive membranes. In the channel, the anions and
cations migrate toward the anode and cathode, respectively,
crossing the respective anion-exchange membranes (AEMs) and
cation-exchange membranes (CEMs) when an electric potential
is applied. For CEMs, the ion concentration is depleted at the
cathode side (ion-depletion region) and enhanced at the anode
side (ion-enrichment region). The ion-depletion region
suppresses ion transfer, resulting in the saturation of the
current density (limiting current or diffusion-limited current)
as schematically shown in Fig. 1(i). However, excess electric
potential can transfer ions through the ion-depletion region
and results in overlimiting current. Over the past few decades,
intensive research has focused on the discovery of the source
and formation of the overlimiting current. Currently, it is
widely believed that electro-convection in the ion-depletion
region, induced by electro-osmotic instability, could be the
main mechanism for ion transfer between the bulk and
membrane with overlimiting current [Fig. 1(i)].>*> Recently,
electro-convection and polarization near IEMs have been visu-
alized in three-dimensions, providing significant insight into
polarization in the system."

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic diagram illustrating differences between conventional and MP-1EMs. (a, b) Differences in the ED platform and (c, d) in the ICP
platform, respectively. (e) Fluorescence images of the ion-depletion region near the conventional CEM and (f) near the MP-CEM in the seawater
desalination process, indicating that a depletion zone can be effectively sucked out into a fresh channel through the micro-pores in the MP-CEM.
(g, h) Key schematics showing the various resistances for ion transport, possible for both the conventional and MP-CEMs. The conventional CEM
exhibits three different types of resistance for ion transport: Ry, (resistance of the bulk), Ry (resistance of the ion-depletion region) and Ry,
(resistance of the membrane), while the MP-CEM isolates depletion regions and thus removes the most dominant resistance, Ry (cation flow (red
arrow): ions tend to move through an ion exchange material once reaching the ion exchange material due to the higher ion mobility of the ion
exchange material). (i) The classical ohmic, limiting and overlimiting regimes induced by current density on the conventional IEM. The depletion
region arises from the limiting regime and electro-convection induces overlimiting current.

Concentration polarization is essential in a few applications.”®
In ICP desalination, the bulky ion-depletion region is physically
isolated as desalted product water [Fig. 1(c)]. Biological sample
concentration or separation is driven by the intensive gradient
of the electric potential in the ion-depletion region. However, in
most applications, polarization is an unwanted phenomenon
due to the additional electrical resistance caused by the ion-
depletion region. For example, it is the main cause that

This journal is © The Royal Society of Chemistry 2018

prevents ED efficiency from reaching the theoretical efficiency
mainly due to the ion-depletion region near the membrane.
Thus, the actual power consumption is several times larger
than the power consumption in the absence of
polarization."***” In RED and fuel cells, this polarization effect
lowers the power density by interrupting the mass transfer."® In
most of these systems, inefficiencies are related to the difficulty
in controlling concentration polarization.
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Several attempts have been made to reduce the energy
consumption and to increase the limiting current density by
mixing the ion-depletion region with the bulk solution. In
commercial electrodialysis plants, concentration polarization
is controlled by using various feed spacer designs, in order to
maximize fluid mixing in the cells."> However, spacers cover
part of the membrane and reduces the membrane area
available for ion conduction (known as the spacer shadow
effect). Therefore, a spacer made of ion-conductive material,
an ion conducting spacer, has been suggested to promote
turbulence.”'® More recently, membranes with a specific
surface geometry (profiled membranes) have been developed,
which promote mixing of the solutions (therefore reducing
polarization) without the use of spacers.">**?* Although these
strategies (flow-driven mixing) can significantly mitigate the
effects of ion-depletion regions, they cannot eliminate them
altogether, especially at the downstream of the process where
reduced ion concentration tends to generate even stronger
polarization and depletion.

Another effective strategy to deal with concentration polari-
zation and depletion is to create an ionic conduction path by
filling the ED channel with ion exchange (IX) resin beads. The IX
beads enhance ion transport, minimizing inherent resistance,
and exchange salt ions to aid desalination. This hybrid process
consisting of ED and IX, namely electrodeionization (EDI) or
continuous deionization (CDI), has been widely used for ultra-
pure water production. However, IX resins can cause other
problems such as reverse junction formation and water splitting
as well as difficulty in system assembly. Unsorted anion and
cation exchange resin beads create forward and reverse junc-
tions randomly. Reverse junctions, formed between IX beads of
different polarities, interrupt ion migration through the resin;**
water splitting occurs at the forward junction. Although water
splitting plays an important role in the electroregeneration of IX
resin beads, it also decreases the desalination efficiency for
three reasons, namely, it decreases (1) the current efficiency due
to the current (from H' and OH™ ions) passing through the
membrane,* (2) electroconvection due to the low Stokes radius
of the H" and OH™ ions,® and (3) the permselectivity of the
membrane due to the presence of the water dissociation
product near the membrane.*

Recently, notable advances were made in electrical desali-
nation processes, specifically designed to alleviate the energy
consumption. Santiago and his group introduced a ‘flow-
through electrode capacitance deionization (FTE CD)
process,” where a flow driven into microporous (pore size ~ 1
pum) electrodes in a CDI system enhances ion transport by
reducing the thickness of the ion depletion region at elec-
trodes.** With enhanced ion transport at electrodes, they can
reduce the desalination time and enhance the salt removal rate
per charge compared to conventional CDI* In another
example, Bazant and his group introduced a ‘shock electrodi-
alysis’ process to enhance ion transport and thus lower the
resistance in the overlimiting regime by using fine glass frit.”**°
Because the material of glass frit itself does not conduct ions at
all, glass frit can enhance the current through two possible
overlimiting mechanisms which are surface conduction (SC) or
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electro-osmotic flow (EOF). The dominant mechanism is
decided by the pore size of glass frit.*> In order to make SC (ions
moving predominantly within the Debye layer) dominant, the
pore size should be in the order of a micron or less which might
lead to a significant pressure drop. Therefore, EOF is the most
likely mechanism applied to shock electrodialysis, as was said
in their paper.”®*® EOF is induced by the charged surface of
glass frit with relatively larger pores (less than a few hundred
micrometers),"*' and similar to the conventional feed spacer
mentioned above, fluid convection by EOF enhances the ion
transport in the depletion region. However, EOF-driven mixing
is confined within pore space and therefore cannot eliminate
the ion-depletion region expanding outside of glass frit or
micropores.

In this paper, we suggest a multiscale-pore ion exchange
membrane (MP-IEM) to reduce the overall cell resistance (and
energy consumption) by using an externally applied pressure-
driven flow going into the ion exchange membrane. A conven-
tional IEM with nano-pores was employed to create ion selective
permeability with higher mobility than that of the bulk. More-
over, we have added micro-pores (50-300 pm) by a simple salt
leaching method in order to allow water flow normal to the
membrane, which will confine the ion-depletion region via fluid
shearing.** Through this membrane, the path of water and ions
can be controlled by hydraulic pressure and electrical potential,
respectively. We previously demonstrated the use of such
a large-pore membrane, using a Nafion-coated mesh* or salt-
leached Nafion film,** but those systems were challenging to
scale up and build high-throughput systems. In this work, we
are introducing a new membrane structure that can be stacked
similarly to standard ED stacks, while maintaining the benefits
of an externally driven flow into the ion selective membrane,
eliminating the bulk ion depletion region entirely for relatively
high current and salt-removal ratio operations. With this novel
membrane architecture, the ion-depletion region (desalted
region) is extracted through the micro-pores, and thus ionic
current can flow from the bulk to the ion exchange membrane
directly without passing through the depletion region (severe
resistance) suppressing the limiting current phenomenon. This
method can be applied to the desalination process to produce
fresh water [Fig. 1(b and d)].

This study provides new insight into the polarization
phenomenon based on the novel concept of IEMs having an
internal flow. In practical terms, this study produces new
opportunities to improve the energy efficiency of various ion
exchange membrane applications. Herein, we successfully
demonstrated an ~75% reduction in energy consumption in
seawater desalination applications.

Results and discussion

Design and preparation of the MP-IEM and its application for
desalination

For both means of transport of the ion-depletion region and
separation of the channel, the MP-IEM is designed to contain
MP (micro-pores + nano-pores) and conventional (only nano-
pores) IEM layers. As schematically illustrated in Fig. 2(a),

n
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(a) Schematics of the fabrication of the MP-IEM comprising MP and conventional IEM layers. (b) Image of the MP-1EM and (c) its SEM image

comprising nano-pores for ion transportation and micro-pores for water transportation. Cross-sectional SEM image is shown in the ESI (see
S067). (d) Assembly of a scalable platform with (e) MP-CEM assembly as a key part of this device. (f) Layer by layer fabrication of the device: every
plastic component is cut by using a laser cutter and stacked. Membrane assembly can be stacked repeatedly or the area of the membrane can be
enlarged to afford a higher flow rate capacity. ED and ICP platforms are produced according to the arrangement of the layers.

a perfluorinated resin solution was cast with salt crystals to
form the MP layer. Subsequently, the conventional IEM layer
was coated onto the surface of the MP-IEM layers. To verify the
actual performance, we adopted this MP-IEM into an actual
platform. Similar to a commercialized ED consisting of a few
hundreds of IEM stacks, MP-IEMs can also be stacked to scale
up [Fig. 2(b)]. Since the ion pathway is the same as that observed
in conventional IEMs, the same polarization is induced, arising
from the ion-depletion region at the surface of the MP-IEM.
However, under an applied suction flow through the MP-IEM,
the ion-depletion region is extracted from the main channel,
confined within the micro-pores.

The concrete explanation for the working mechanism of the
MP-IEM compared to an IEM is shown in Fig. 1(e-h). In the case
of the conventional IEM, the microscopy image [Fig. 1(e)] and
its schematics [Fig. 1(g)] indicate that the ionic current flow
from the bulk concentration solution to the top surface of the
conventional IEM must pass through the ion-depletion region,
experiencing severe resistance (Rq). In contrast to the
conventional IEM, Fig. 1(f and h) demonstrate that most of
ions go into the MP-IEM at the top surface of the MP-IEM
without passing through the ion-depletion region and there is
less ion transport occurring between ion-depleted water
within micro-pores and the ion exchange material. To be more
specific, the moment the stream meets the micro-porous
structure of the MP-IEM surface and then driven into it by the
suction flow, hydro-convections are generated. These convec-
tions enhance the ion transport considerably between the bulk
solution and the MP-IEM generating ion-depleted water.
Subsequently, the generated ion-depleted water is isolated
within the micro-pores and extracted as fresh water. Although
the micro-pores are filled with ion-depleted water which can

This journal is © The Royal Society of Chemistry 2018

lead to huge resistance for ionic current, it doesn't count for
resistance because it is outside of the main ionic current path
(through the microporous part of the membrane, not through
the depleted water).

Electrical properties of the MP-IEM

Fig. 3 presents the experimental results of the voltage drop
profile by a current swap together with its fluorescence image.
To capture images of the extraction of the ion-depletion region,
only the first layer (MP) was located to extract the ion-depletion
region to the bottom channel (indicated as desalted B) and
transfer cations to the upper channel [Fig. 3(a)]. The current-
voltage curve usually reflects the electrical properties of the
membrane and provides information about the ion transport
mechanism, including the polarization phenomenon.
Considering the classical theory, the current-voltage curve
exhibits three distinguished regimes for the conventional
IEM. In the first regime, a linear relationship is observed
between the current and voltage drop governed by Ohm's law,
the ohmic regime. In the second regime, as the ion-depletion
region arises from polarization, a negligible change in current
is observed with a change in voltage; this is observed as
a plateau (limiting regime) and increases again during the
third regime (overlimiting regime).>** In this experiment, the
second limiting step is not distinguished clearly; this
inflection curve was the most commonly encountered in the
practical ED process.*

The influence of the suction flow (desalted B) on the current-
voltage curve was also studied [Fig. 3(c)]. A comparison with the
conventional CEM displayed no significant difference between
the MP-CEM having an ohmic and an overlimiting regime in the
absence of the “desalted B” flow. This indicates that the absence

J. Mater. Chem. A, 2018, 6, 7714-7723 | 7717
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(a) Schematics of a microchip device for measuring electrical characteristics. Under the electrical current applied by the current source,

Ag/AgCl electrodes located between the MP-CEMs (length: 10 mm, width: 0.2 mm and thickness: 1 mm) measure the voltage to determine the
area resistance of the CEM cell as illustrated in the cross-sectional view. The suction flows of desalted A (passes along the membrane) and
desalted B (passes through the membrane) determine the direction of the desalted flow (ion-depletion zone), while the suction flow of the brine
channelis fixed at 10 pL min~. (b) Flow distribution between “desalted A" and “desalted B" to investigate the effect of the internal flow through the
MP-CEM (i to viii). As the flow rate of “desalted A" increases, the flow rate of "desalted B” decreases to maintain a total desalted flow rate of 10
uL min~L. (c) Current-voltage response of the MP-CEM with varying flow distributions of 1 mM NaCl feed water. The ohmic, secondary ohmic,
and overlimiting regimes can be distinguished from the curve. As a reference, a conventional CEM was also investigated (indicated in pink); (d)
changes in the area resistance of the MP-CEM cell at 5 A m~2 and 12.5 A m~2 for different flow rate distributions produced from the current—
voltage response. (e) Fluorescence images with different flow distributions with an applied current density of 5 A m~2 showing that the ion-

depletion region is gradually extracted with an increase in “desalted B” (i to iii) until saturation (iv).

of an internal flow in the MP-CEM does not affect its electrical
characteristics. In contrast, when a suction flow was employed,
another regime was notably observed between the ohmic and
overlimiting regimes. Thus, a slope (effective resistance) higher
than that of the overlimiting regime but similar to that of the
ohmic regime was observed, indicating that resistance caused
by the ion-depletion region was suppressed. We named this
regime as the “secondary ohmic regime.” To the best of our
knowledge, this unique phenomenon, caused by the suction
flow inside the membrane, is reported herein for the first time.

As current density increased, the depletion region is getting
bigger and thus the suction flow rate starts to become insuffi-
cient to extract the entire depletion region into the MP-IEM.
Subsequently, the rest of the depletion region will be formed
at the top of the MP-IEM causing resistance like a conventional
MP-IEM, resulting in the transition to the overlimiting regime
from the secondary ohmic regime. Consequently, the range of
the secondary ohmic regime increased with an increase in the
suction flow rate. Furthermore, the resistance values in the
overlimiting regime (expected to be determined by vortex flows
in the main channel) were similar in all of the cases, regardless
of the suction flow rate. This indicated that the area resistance

7718 | J. Mater. Chem. A, 2018, 6, 7714-7723

of the CEM cell is mainly determined by the ion-depletion
region at the surface of the MP-CEM. Note that we use the
“area resistance of CEM cell” which includes the resistance of
the bulk solution and ion-depletion region as well as the CEM
itself while the electrical resistance of the commercial CEM
generally means a resistance solely for the membrane materials.

Fig. 3(d and e) illustrate the overall resistance and fluores-
cence image of the depletion region at a current density of 5 A
m™? at different suction flow rates. They indicate that the area
resistance of the CEM cell decreases with an increase in the
suction flow, reflecting the transition from the overlimiting
regime to the secondary ohmic regime. Moreover, the size of the
ion-depletion region observed at the top of the MP-IEM surface
shows a clear transition from the vortex-driven overlimiting
regime to the near-complete suppression of vortices in the
secondary ohmic regime. In the secondary ohmic regime (e.g. as
in (iv)), the area resistance of the CEM cell is largely determined
by the conductivity of macroporous membranes (much higher
than that of the depleted region within the macroporous
membrane), resulting in a much lower voltage drop. Fig. 3(e, vi-
viii) display the leakage of the bulk solution to the “desalted B”
stream due to a higher suction flow when compared to the ion-

This journal is © The Royal Society of Chemistry 2018
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depletion region. This leakage eventually lowers the current
efficiency of desalination. Therefore, for each current density,
optimal operating suction flow rates should be determined.
This optimal operating point can be found around the
inflection point between the suppressed overlimiting and
overlimiting regimes in the current-voltage curve. For
a current density of 12.5 A m~2 as shown in Fig. 3(d), a higher
suction flow was needed to extract the ion-depletion region
due to the generally larger ion-depletion region. At this point,
roughly the same amount of salt can be removed (determined
by the current density and current efficiency) but with the
overall area resistance of the CEM cell being approximately
quarter of the original resistance. Power consumption is
usually calculated as electrical power consumption divided by
the flow rate of desalted water, as shown in S01 in the ESL¥
Consequently, with the same current density and salt
removal, reduction in the overall area resistance of the CEM
cell results in a reduction in power consumption. Therefore,
from the graph in Fig. 3(d), it is highly expected that there is
~75% reduction in power consumption at 12.5 A m™? current
density (~50% for 5 A m ?). Note that the reduction in
voltage drop/power consumption is more prominent for
higher current density operation, where overall efficiency is
critically impaired by the expansion of the ion depleted region.
In order to investigate the reduction in power consumption by
the MP-IEM considering salt removal, several demonstrations
of the actual desalination process are conducted as follows.

Overview of the area resistance of the MP-IEM cell

Although the current-voltage response clearly indicates that the
area resistance of the cell exhibits a beneficial “secondary
ohmic regime”, the salt removal ratio (SRR) must also be taken
into consideration for practical application. The various
measurements for desalination performance including the SRR
are described in the ESL{ From eqn (S5) and (S7),t the salt
removal ratio can be described as the product of the theoretical
salt removal ratio and current efficiency (CE):

B iA

B 2FQdesalled CO
where i is the current density, A is the area of the membrane, Fis
the Faraday constant, Qqesalted is the flow rate of desalted water
and C, is the concentration of feed water. As shown in eqn (1),
the salt removal ratio, the ratio of salt removed by the process, is
mainly decided by two parameters in the practical desalination
process: (1) current density, 7, and (2) the flow rate of desalted
water, Qgesaitea- I this experiment, a wide range of flow rates of
desalted water was applied at the conventional and MP-CEMs to
investigate the effect of the concentration drop on the area
resistance of the CEM cell. Fig. 4(a and b) clearly illustrate the
relationship between the salt removal ratio and flow rate under
the constant current of the ohmic and overlimiting regime,
respectively. For the ED platform, as well as the ICP platform
with the MP-CEM, the salt removal ratio versus the flow rate
follows the theoretical value (CE = 1, green dashed line in the
graph, see SO1 in the ESIt) well. However, in the ICP platform

SRR CE, (1)

This journal is © The Royal Society of Chemistry 2018
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with a conventional CEM, some limitations (50% in the ohmic
regime and 30% in the overlimiting regime, respectively) are
observed. The salt removal limitation of the conventional ICP
platform is attributed to two main reasons: (1) diffusion from
the concentrated to the desalted stream and (2) under the
overlimiting regime, the desalted and concentrated streams are
further mixed by three-dimensional helical vortices.”* On the
other hand, the MP-CEM isolates the desalted stream from the
concentrated stream to decrease the chance of diffusion and
vortex mixing. Therefore, using this system, we demonstrate
ICP desalination in both ohmic and overlimiting regimes with
98% salt removal. For the detailed mechanism of ICP, see S04 in
the ESL.t

Fig. 4(c) reveals a linear relationship between the area
resistance of the CEM cell and the salt removal ratio. It indicates
an important fact that the area resistance of the CEM cell is
mainly decided by the salt removal ratio (size of the ion-
depletion region); therefore, current density and the flow rate
of desalted water are the main variables deciding the salt
removal ratio. For a better understanding, the resistivity of
salt removal (RS, slope of the line) indicating the relationship
between salt removal and resistance caused by the ion-
depletion region is suggested as follows:

R4 [Q m?] = RS- Cy-SRR. (2)

As previously mentioned in Fig. 1(g and h), the area resis-
tance of the cell consists of the area resistance of the ion-
depletion region (Ry), the area resistance of the bulk solution
(Rp) and the area resistance of the membrane (R,,) as follows:

Reen [Q m’] = Ry + Ry, + Ry (3)

Consequently, the area resistance of the CEM cell can be
simply described as follows:

Reent [2 m?] = RS- Co-SRR + (Ry + Ryy). (4)

From the lines of Fig. 4(c), the value of RS and Ry, + Ry, can be
found as shown in Table 1. From Table 1, one can see that the Ry,
+ R, values for all three cases are rather similar, but the RS
value for the MP-CEM is significantly lower than those for
conventional CEMs both in ICP and ED configurations. In
addition, it is noteworthy that the RS value is lowered in both
ohmic and overlimiting regimes. As the salt removal ratio
increases, the R, + Ry, value becomes relatively insignificant
while the R4 value becomes the dominant area resistance of the
cell, thereby dominating the power consumption. Therefore,
a reduction in power consumption is more significant at
a higher salt removal ratio (simply because Ry dominates at
a higher salt removal ratio).

The conventional CEM has a higher RS value, which means
that a higher salt removal ratio in the conventional IEM inevi-
tably leads to a thicker ion-depletion region and additional
voltage drop (area resistance of the CEM cell). The RS value of
the conventional CEM with overlimiting currents is even
higher than that of the ohmic regime. In contrast, the MP-
CEM exhibits a lower RS value because the flow into the MP-
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Fig.4 The relationship between the output salt concentration from a 10 mM feed, the area resistance of the cell, and the flow rate. Using MP and
conventional CEMs (length: 10 mm, width: 20 mm), the area resistance of the cell and the output salt concentration are expressed as a function
of the flow rate (a) with ohmic current (20 A m~2) and (b) with overlimiting current (40 A m~2). (c) Area resistance of the CEM cell as a function of
the salt removal rate (data from the graphs in (a) and (b)). In this experiment, the salt removal ratio is controlled by changing the flow rate, while

keeping the operating current the same for all the data points.

Table 1 Comparison of the area resistance of cells by using the RS
parameter

Type Regime [@m*M '] Ry +R,[Qm?]
MP-CEM Ohmic 1.04 x 10 12.66 x 10°
Overlimiting 2.49 x 10 12.59 x 10°°
Conv. CEM ICP  Ohmic 26.26 x 103 10.77 x 1073
Overlimiting ~ 40.59 x 10* 11.03 x 1073
Conv. CEM ED Ohmic 22.98 x 1073 10.63 x 107°
Overlimiting ~ 40.48 x 10* 10.86 x 10°

CEM membrane ensures that the thickness of the depletion
region is minimized. This clearly indicates that the MP-CEM
can lower the electrical resistance in practical desalination
processes, enabling high salt removal and high recovery elec-
trical desalination at better energy efficiency. With 100% salt
removal, a significant 69% power consumption reduction is
expected in the over-limiting regime and a 59% reduction is
expected even in the ohmic regime.

Performance comparison with conventional ED operated
under optimized conditions

Unfortunately, as mentioned previously, a large energy loss
caused by concentration polarization arises under higher
current density operation, especially in the overlimiting current
regime. Hence, it is often assumed that a current slightly below
the limiting current is considered as the ‘optimal’ point. To
verify the improvement of the energy efficiency for an actual
system under the optimal operating current, the MP-CEM and
conventional ED were compared under the same current,
membrane size, and volume of produced water but different
desalted streams [Fig. 5(a and b)]. The desalted stream from the
MP-CEM was collected continuously and exhibited the stable
area resistance of the CEM cell and salt concentration [Fig. 5(c)].
as previously mentioned in the Introduction,
commercialized ED is usually optimized with additional

However,
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convection induced by spacers to remove the bulky ion-
depletion region. To create this additional convection during
the operation of ED, a desalted stream was circulated at
a high flow velocity (thereby suppressing the ion-depletion
region) when the concentration and area resistance of the
CEM cell were measured in real time. Initially, the area
resistance of the conventional CEM cell was similar to the
that of the MP-CEM cell. However, it exponentially increased
with time [Fig. 5(c)]. The origin of this effect is due to two
reasons: (1) in the ED process, even with the starting current
density at sub-limiting values, the process eventually enters the
overlimiting regime, resulting in significant polarization and an
additional voltage drop, due to precipitous desalting in the
dilute channel. (2) The dilute channel eventually reaches near-
zero salt concentration, resulting in severe area resistance of
the cell. Even in a more typical non-recirculating ED process,
the same phenomena would be observed toward the end of the
ED channel, which are unavoidable for the production of
desalted fresh water (desalted) regardless of the choice of
‘optimal’ ED operating current.

Demonstration of energy efficiency improvement in seawater
desalination

The current-voltage curves (Fig. 3) and resistance overview
(Fig. 4) reveal that the MP-CEM plays a significant role in the
reduction of the overall area resistance of the cell, especially in
the overlimiting regime, thereby allowing the desalination with
higher current density. Yet, desalination demonstrations of
Fig. 4 and 5 were conducted at relatively low concentration
which is not practical. To verify the decrease in resistance at
high concentration, the performances of ICP desalination by
conventional and MP-CEMs were compared in seawater desa-
lination. Note that for visualization, this experiment was con-
ducted on a microchip platform. In Fig. 6(a), the ohmic current
density does not induce any significant increase in the area
resistance of the cell, as observed in Fig. 5, yet at those current

This journal is © The Royal Society of Chemistry 2018
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Fig.5 MP-CEM ICP compared to conventional ED operated under optimized conditions. (a) Schematic diagram illustrating the ICP platform with
the MP-CEM under desalted flow conditions. It produces fresh water from a 10 mM feed, continuously. (b) Schematic diagram illustrating the
conventional ED platform under desalted flow conditions. In this platform, the desalted stream is circulated for 30 minutes to change the feed
into fresh water. Consequently, the total amount of produced water after 30 minutes is the same for both the MP-CEM ICP and conventional ED.
Both systems have the same length (10 mm), width (20 mm), and current density (20 A m~2). (c) Experimental results afforded with the MP-CEM
ICP and conventional ED showing the output salt concentration and the area resistance of the CEM cell with time.

values the rate of salt removal is low (less than 20% salt removal
at the end of the stage, shaded area). However, the overlimiting
regime current is enough to induce a strong polarization,
meaning a significantly desalted output stream with an
acceptable salt removal ratio. The area resistance of the
conventional CEM cell increases gradually with current density
falling into the overlimiting regime, while that of the MP-CEM
increases only slightly, entering the secondary ohmic regime
instead of the overlimiting regime (current-voltage curve in
Fig. 3). In the visualization shown in Fig. 1(e and f), it is
remarkably observed that the ion-depletion region is extracted
inside the MP-IEM with 4000 A m™>2. The comparison of the
experimental power consumption in Fig. 6(b) clearly demon-
strates an improvement of 75% in energy efficiency in desali-
nation with high salt removal. Although, it is clearly verified in
this experiment that the MP-IEM can reduce power consump-
tion, the thermodynamic efficiency was low. It was measured as
4.7 for 10 mM solution and 0.68 for seawater, respectively. This
low energy efficiency is mainly caused by the extremely high
current density compared to the typical current density adopted
for commercialized seawater ED which is about 300-500 A m ™.
It is reported that as the applied current density increases, the
required energy per certain amount of salt also increases.*®

Methods
Fabrication of IEMs

A Nafion membrane does not comprise micro-pores but only
nano-pores. To add micro-pores to this membrane, ground
NaCl crystals (Sigma Aldrich, USA) were added to the Nafion
solution (Sigma Aldrich, USA) and subsequently leached away.
As previously mentioned and shown in Fig. 2(a), the MP-IEM
consists of MP and conventional IEM layers. First, to fabricate

This journal is © The Royal Society of Chemistry 2018

the MP layer, a few hundred micrometer-sized salt crystals were
added to 20 wt% Nafion solution. The resultant mixture was
fully solidified in an oven for 3 h at 60 °C. Second, in order to
form a conventional IEM layer on top of the MP layer, a diluted
5 wt% Nafion solution was applied by using a brush on the top
surface of the dried Nafion-salt crystal mixture in the oven for
60 °C. The solvent from the applied Nafion solution momen-
tarily dissolved the dried Nafion at the top surface of the MP
layer and solidified forming a solid bond between the MP and
conventional layers. This latter step was repeated five times to
create a solid conventional IEM layer without micro-pores.
Finally, water was added to dissolve the salt and then the
fabricated membrane consists of an ~800 um thick MP-IEM
layer and ~200 um thick conventional IEM layer. Although
the thickness of this membrane can be controlled by the
amount of the solution, an ~1000 pm thick MP-IEM was used
for convenient handling and experiment for visualization. The
membrane was kept wet to maintain its structure. It was cut to
an appropriate size for application. The pore size and porosity
depend on the size and number of salt crystals.

As shown in Fig. 3, to compare the current voltage curve of
the MP-IEM to that of conventional IEMs, a conventional IEM
was fabricated with identical material and solidification
conditions. The conventional IEM was cast in an oven for 60 °C
with 20% Nafion solution to form a 300-400 pm thick
membrane.

Microfluidic device fabrication for visualization

A microchip was used to determine the electrical characteristics
and visualize the ion-depletion region induced by polarization.
Polydimethylsiloxane (PDMS) material was used for the top,
middle, and bottom frames of the microfluidic device. PDMS
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Fig. 6 Comparison of MP and conventional CEM ICP in seawater
desalination with the current ranging from ohmic to overlimiting.
Natural seawater (51.4 mS cm™Y) is purified by MP and conventional
CEM ICP respectively (length: 10 mm and width: 0.2 mm) on
a microchip platform with a desalted flow rate of 5 pL min~2. (a) Output
salt concentration ratio and area resistance of the CEM cell against
current density. (b) Power consumption as a function of the salt
removal ratio; a large difference in power consumption is observed
between the MP and conventional CEM ICP at high salt removal ratios.

with a curing agent (15 : 1 ratio, Sylgard 184 Silicone elastomer
kit, Dow Corning, USA) was poured into a 3D printed mould
(printed by Object3500 with Vero clear material, Stratasys,
USA) and cured in an oven at 80 °C to create the frames; these
frames included a slot for the membrane and a micro-channel
pattern. The membranes and electrodes were inserted
between the slots in the frames and assembled by using an
oxygen plasma bonder according to a previously reported
method. Detailed schematics and fabrication of the microchip
platform are shown in S07 in the ESL 1 mg mL ™" monosodium
negatively charged dye (Alexa 488, Invitrogen, USA) (200 pM)
was added to the feed solution to visualize the migration of the
ion-depletion region into the MP-IEM by fluorescence micros-
copy. During the device operation, the flow rates of each
channel were controlled by using syringe pumps with a fixed
recovery ratio of 0.5. The electrode channels were supplied with
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an electrolyte solution of the same concentration and compo-
sition as the feed.

Plastic layer-by-layer scalable device fabrication

The membrane area of the microfluidic system was too small to
produce fresh water from feed water in the ohmic regime. Thus,
to compare the fabricated MP-IEM to a conventional IEM with
an ED or ICP platform in the ohmic regime, a relatively high-
throughput device, compared to that of a microchip, is neces-
sary. For this reason, experiments for Fig. 4 and 5 were con-
ducted by using a layer-by-layer scalable device which is
presented in Fig. 2(f). The mainframe and electrode rinsing
channels were made of 3 mm thick acrylic (Plazen, Korea) to
form a 3 mm thick rinsing channel for bubble removal at the
electrode. An iridium-coated titanium electrode (Titech, Korea)
was fixed at the side of the mainframe inside the electrode
rinsing channel. 1 mm thick silicon sheets (HSW, Korea) were
located at each side of the membrane for the formation of
a 1 mm thick concentrated channel and gaskets to prevent any
leakage while under compression by bolts. The MP-IEM and
0.5 mm silicon desalted channels were located between two
windows (0.5 mm polycarbonate sheet, DSpolychem, Korea and
0.1 mm polyethylene terephthalate sheet, 3M, US) and fixed into
the window with tape (3M 371, USA) to separate the desalted
channel from the concentrated channel. The MP layer of the
MP-IEM is connected to the 0.5 mm thick desalted channel for
applying a suction flow and there were 1 mm gaps between MP-
IEMs. For comparison with conventional ED, a commercial
cation exchange membrane (Nafion N1110, Ion power, USA)
and anion exchange membrane (Fumasep, FTAM-E, Germany)
were used and the thickness of the membranes were 225 pm
and 400 pm, respectively. Both concentrated and desalted
channels were 1 mm thick and thus the gap between the IEMs
was 1 mm. In every experiment using the layer-by-layer device,
the recovery ratio was fixed at 0.5.

Electrical characteristic measurement

The ionic resistance of the membrane cell needs to be precisely
measured and all the other resistances such as that induced by
bubbles trapped in the electrode rinsing channel or over-
potential at the electrodes must be ruled out. For this purpose,
additional voltage measurement electrodes (Ag/AgCl 0.15, A-M
SYSTEMS, USA) were located between the target membranes,
measuring the voltage drop using a multimeter (Keysight
34401a, USA); a constant current was applied to the working
electrodes at each end of the membrane stack using a source
measure unit (Keysight 2902b, USA). Current-voltage curves
were afforded by a step-wise increase of the current density
through the cell. Subsequently, the system was allowed to reach
a steady state for 30 s to measure the voltage. Consequently, the
area resistance of the target membrane cell was derived from
the slopes of the straight portion by using simple Ohm's law.
During the device operation, flow rates through syringes were
controlled by using syringe pumps (Harvard apparatus PHD
2000, USA).

n
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Conclusion

In commercialized water production, the cost of electrically
driven desalination comprises operating and capital costs. In
effective operations, the operating cost is mainly due to the
electrical energy consumed by salt removal, while the capital
cost is mainly the cost of the membrane." As the experimental
results indicated, this novel MP-IEM can significantly reduce
the operating costs over the entire current regime (ohmic to
overlimiting, Fig. 4(c)). Efficiency improvement by the MP-IEM
was more prominent for limiting and overlimiting regimes,
essentially migrating their regimes into a ‘secondary ohmic
regime’ with no additional voltage drop associated with higher
current/salt removal operation. As a result, the operating
current range for electrical desalination that is economically
viable was dramatically expanded well into the overlimiting
current regime. Regarding the membrane cost, the required
membrane area is inversely proportional to the applied
current.” Therefore, applying the overlimiting regime with our
MP-IEM can decrease the capital cost of commercial scale
electrical desalination. Moreover, since the system size depends
on the size of the membrane, it is possible to size the system
down to a portable scale for small volume applications such as
individual household or emergency uses.
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