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Mitigating Water Crossover by Crosslinked Coating of
Cation-Exchange Membranes for Brine Concentration

Alexandra Rommerskirchen, Hannah Roth, Christian J. Linnartz, Franziska Egidi,
Christian Kneppeck, Florian Roghmans, and Matthias Wessling*

Undesired water crossover through ion-exchange membranes is a significant
limitation in electrically driven desalination processes. The effect of mitigating
water crossover is twofold: 1) The desalination degree is less reduced due to
the unwanted removal of water, and 2) the brine concentration is increased due
to decreased dilution by an unwanted crossover of water molecules. Hence,
water crossover limits the desalination and concentration efficiency of the
processes, while the energy demand to achieve a certain level of desalination
or concentration increases. This effect is especially pronounced when treating
high salinity solutions, which goes hand in hand with the crossover of many
ions through the ion-exchange membranes. A crosslinked coating for cation-
exchange membranes (CEMs) is presented in this work, which can significantly
mitigate such undesired water crossover. The efficacy is demonstrated using
the flow-electrode capacitive deionization process applied for desalination and
concentration of saline brines at feed concentrations of 60 and 120 g L' NaCl.
With just a single coated CEM, the water crossover was reduced by up to 54%.

1. Introduction

Water is essential for life, as well as for many industrial pro-
cesses. Significant research efforts are made for developing sus-
tainable water treatment processes suitable for the desalination
and concentration of aqueous streams.['-3l

Electrically driven membrane processes applying ion-
exchange membranes, such as electrodialysis (ED), membrane
capacitive deionization, and flow-electrode capacitive deioniza-
tion (FCDI), are promising candidates for challenging water
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desalination and brine concentration
tasks.[*’ However, undesired water cross-
over is a major limitation in such pro-
cesses applying ion-exchange membranes.
The effect is twofold: 1) the water stream,
which is to be desalinated, is desalinated
less efficiently due to the unwanted
removal of water; and 2) the brine stream,
which is to be concentrated, is concen-
trated less efficiently, due to the unwanted
crossover of water molecules into the brine
stream.l®”] Hence, the desalination and
concentration efficiency of the processes
are limited, while the energy demand to
achieve a certain level of desalination or
concentration is increased. This effect is
especially pronounced when treating high
salinity solutions, which goes hand in
hand with high concentration differences
across the membranes and the crossover
of a large number of ions including their
hydration shells through the ion-exchange membranes.’®”)

The issue of water crossover through proton exchange mem-
branes is intensively studied and addressed in numerous publi-
cations.l' Whereas, the mitigation of water crossover in cation-
exchange membranes (CEM) is an overlooked domain in ion
transport and high salinity conditions are rarely studied.

1.1. ED and FCDI Fundamentals

Electrodialysis (ED) and FCDI are electrical potential driven
desalination techniques. The ions move in an electric field
toward the oppositely charged electrode, respectively. Thus, ions
are selectively separated from the water. Electrodialysis uses a
stack of ion-exchange membranes creating separate diluate and
concentrate channels. Faradaic reactions convert the applied
electric current in the electrode chambers filled with a rinse
solution.'"!2 The principles of ED have already been described
in 1940, and the first commercial application of ED for brackish
water treatment is known since the early 1950s. A further field
of application for ED is the food industry, where ED can be used
to produce table salt or for the deacidification of apple juice.!’3!
Within the family of electrically driven desalination pro-
cesses, FCDI is a novel technology, bearing promising potentials
for the future of efficient water treatment. In 2013, Jeon et al.,
introduced FCDI, where static porous carbon electrodes from
membrane capacitive deionization are replaced by carbon slur-
ries, which allow for continuous desalination operation./*1]

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

5UB01 SUOLIWIOD BAER.D) 3[ea1idde au) Ag pauLBAOB 1 SOILE YO ‘98N JO 3N o} ARIIT BUIIUO 4311\ UO (SUOTIPUOD-PUE-SULBYLIOY" 3| 1M ATeJq1[BuU0//SAIY) SUONIPUOD PUE SLLIB | 81 885 [£202/T0/0Z] U0 AXR1q172UIIUO 481 “SRUIO!IAIGSUO IR0 U] UaSIULIS 1. Aq Z0Z00TZ0Z WPe/Z00T OT/I0P/LIcO" A3 v ARG 1jBu 1 |UO//STNY W01 ppeojumod ‘0T “TZ0Z *X60LS9EZ


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202100202&domain=pdf&date_stamp=2021-06-23

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

In FCDI, a flow electrode is used instead of a rinse solution in
the electrode chambers as in electrodialysis. The flow electrode
consists of an electrolyte solution with suspended conductive
particles, and the ions adsorb to the particles. Instead of fara-
daic reactions, the charge transfer happens through particle
electrode interactions and capacitive ion storage.>'*18] With
FCDI, a new variety of energy-efficient applications using selec-
tive desalination are demonstrated.[*27)

1.2. Water Crossover in ED and FCDI Processes

In electrically driven desalination processes, the overall desali-
nation and concentration performance are limited by back
diffusion and undesired water crossover from diluate to con-
centrate.’%2! The water crossover in such processes is mainly
caused by osmotic and electro-osmotic water fluxes through the
ion-exchange membranes. Different parameters can be influ-
enced, such as the membrane thickness and various material
characteristics.[2223]

Achieving efficient salt removal with a high water recovery
is challenging. Understanding the limiting factors is crucial for
future improvements. Several studies exist, investigating the
water transport between diluate and concentrate in ED.7-2-24

First results indicate that especially the treatment of highly
saline brines®l leads to increased osmotic and electro-osmotic
water transfer rates in FCDI. The membrane material plays a
vital role in influencing the water crossover in FCDI processes,
which is the focus of this paper.

1.3. Nanofiltration and Nanofiltration Membranes

Nanofiltration is a pressure-driven membrane process used
for ion retention. Typically, thin-film composite membranes
are employed, consisting of a porous mechanically stable sup-
port and a thin dense separation layer coated on top.? Such
separation layers evolve from interfacial polymerization.l?®! The
combination of the reactants piperazine and trimesoyl chloride
(TMC) is a much studied material system and commercially
applied in nanofiltration membranes.[””! The resulting polyp-
iperazine-amide film has a negative charge and swells only
slightly in water.?®l In nanofiltration application, water passes
the membrane driven by the applied pressure which opposes
the osmotic pressure. Ion transport in nanofiltration mem-
branes is not yet fully understood.’”) Modeling approaches
combine the effects Donnan exclusion, steric hindrance, and
dielectric exclusion.% Especially, gaining more insight into
the dielectric exclusion which includes the dehydration of ions
when partitioning into the pore is strongly pursued.?*-33 Dehy-
dration occurs when the hydrated ion is larger than the size of
the pores.?¥ In nanofiltration, either both anions and cations
permeate or both are rejected to satisfy electroneutrality. Dif-
ferences in free hydration energy contribute to the explana-
tion of the selectivity for different salts. Sodium and chloride
have low hydration energies®? and it is assumed that sodium
and chloride lose or at least partially lose their hydration shell
before entering the pores of a polypiperazine-amide layer. This
results in permeation of NaCl. Nanofiltration membranes are
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optimized for high divalent salt rejection while achieving high
water permeation at elevated pressures.

In electrically driven processes, polyamide layers are rarely
studied. So far applying an electric field as driving force
was used for fundamental investigations to observe anion and
cation transport separately.?”) Recently, commercial NF270
nanofiltration membranes have been employed in FCDI experi-
ments. When replacing the anion exchange membrane in an
FCDI setup with a nanofiltration membrane, monovalent
selectivity of anions was achieved.® This is an indication that
the dehydration of ions during ion transport is transferable to
electrically driven processes. To the best of our knowledge, the
dehydration of ions occurring during partitioning into the pore
of polyamide layers and the low swelling of the material has
not been exploited to decrease the water crossover in electrically
driven desalination processes.

1.4. lon Exchange Membranes

Ton exchange membrane consist of highly charged polymers.*%l
The membranes are operated with an electric field as driving
force via Donnan exclusion ions of the same charge as the
membrane are retained while ions of opposite charge pass
the charged polymer. Partitioning at the membrane surface is
governed by the ion sorption into the charged polymer.’”] The
charged groups in the membrane material are hydrated which
means ion exchange membranes swell significantly in water.
Ion exchange membranes are designed for the selective trans-
port of either anions or cations while minimizing their resist-
ance to the electrically driven process.

1.5. Modification of lon Exchange Membranes

The successful surface coating and modification of ion
exchange membranes have been reported for various purposes.
Coating of ion exchange membranes with polyelectrolytes or
surface modification via plasma treatment induced monova-
lent ion permselectivity. An overview of the coating techniques
and materials is given in recent reviews.3%38 The patterning of
the surface of ion exchange membranes has shown to reduce
the plateau length in electrodialysis.’”) Wang et al. show the
double-sided coating of CEMs with piperazine and trimesoyl
chloride, which induces monovalent selectivity.*! However,
reduced water crossover was not reported.

1.6. Concept: Crosslinked Membrane Coating for Mitigating
Water Crossover

In this work, we present a crosslinked coating for CEMs. The
concept is illustrated in Figure 1 and aims at reducing the water
crossover. A significant driver for the water crossover is electro-
osmosis. Reducing the amount of water, which is transferred
through the ion-exchange membranes together with the salt
ions, would significantly reduce the overall water transfer. The
membranes with a strongly crosslinked surface may retain the
transfer of parts of the ions hydration shells in the diluate or
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Figure 1. Illustration of the concept for a membrane with crosslinked sur-
face for reducing the electro-osmotic water crossover in an ion-exchange
membrane process.

concentrate channel. Additionally, the drag of water molecules
in connection with the ion transfer and purely osmotic water
passage might be reduced as well. By choosing a layer chem-
istry related to nano filtration, low additional resistance for ion
transport is envisioned.

We have identified a new surface modification to suppress
water crossover. The membranes are tested under high salinity
conditions and the membrane is tested in a bench-scale pro-
cess. We demonstrate the efficacy of the presented crosslinked
coating at the example of a FCDI process applied for the
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desalination and concentration of saline brines at feed con-
centrations of 60 and 120 g L' NaCl. Due to the application
of a single coated CEM, the water crossover was reduced by up
to 54%.

The coating procedure, as well as the experimental proce-
dures, are described in the following.

2. Experimental Section

2.1. Membrane Coating

Two types of CEMs were coated with an interfacial polymeriza-
tion technique. The not reinforced CEM Fumasep FKE-50 with
a thickness of 50 um and the PEEK-reinforced CEM Fumasep
FKB-PK-130/ED-100 with a thickness of 130 um (Fumatech
BWT GmbH) underwent the following coating procedure on
one side. Before the coating procedure, the membrane sample
was rinsed and soaked in deionized water for at least 24 h. Fol-
lowing this, the membrane was fixed in the frame of an in-
house designed coating cell, which used an o-ring and a flat
seal to seal the cell on the sides and enabled a clear one-sided
coating of the membrane surface. A small coating cell was used
to coat membrane samples of the FKE-50 CEM and a larger cell
fitted the FKB-PK-130/ED-100 membranes. The designing of
the coating cells is schematically depicted in Figure 2b.

The steps of the coating procedure are visualized in
Figure 2a. First, 40 mL (10 mL for the smaller coating cell)
of aqueous piperazine (>99%, Sigma-Aldrich) solution con-
taining 2 wt% piperazine was applied on the membrane sur-
face. After an exposure time of 1 h, the piperazine solution was
removed, and the membrane surface was rinsed with 50 mL

TMC

in hexane .
Interfacially

polymerized layer

Section view

Cation-exchange
membrane

N
i sxi
( <

Flat sealing Cell housing

Figure 2. a) Schematic visualization of the coating procedure of a cation-exchange membrane (CEM) and b) drawing of the used coating cell in top

view (left) and section view (right).
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(12 mL) deionized water to remove excess piperazine. The
membrane was dried in a fume hood for 30 min until no water
drops remain on the membrane surface. As a next step, 40 mL
(10 mL) of a 2 wt% solution of trimesoyl chloride (TMC, >98%,
Sigma-Aldrich) in hexane (>99%, Carl Roth GmbH & Co. KG)
was applied to the membrane. TMC and hexane were stored in
a glove-box under a purified dry nitrogen atmosphere to pre-
vent the reaction of TMC with air moisture. After an exposure
time of 15 min, the solution was removed, and the membrane
was rinsed with 50 mL (12 mL) pure hexane. After leaving the
membrane in the fume hood for another 15 min, the remaining
hexane was evaporated, and the membrane was removed from
the coating cell. The coated membrane was then heated to a
temperature of 40 °C in a convection oven and left overnight.
For imaging crosssections of the FKE-50 CEMs, samples
were frozen and fractured in liquid nitrogen. FESEM images
were taken with a Hitachi S-4800 scanning electron microscope.

2.2. Water Crossover in FCDI Experiments

All FCDI experiments presented in the following sections were
performed using a continuous single module configuration, as
described in the author previous publications.® The FCDI
single module configuration was selected for this study, since
it showed the greatest promise regarding cost- and energy-effi-
ciency in our previous studies. 54!

The experiments were performed with an FCDI single
module layout in AEM-CEM-AEM configuration. Since
the aim of this study was to investigate and demonstrate the
impact of the coating applied to the CEM on the water cross-
over through the membrane, the coated membrane was chosen
to apply in the middle. In this location, the membrane was
only in contact with the NaCl solutions and not the flow elec-
trodes. This way, the investigation of cross-effects of the flow-
electrodes on the water crossover could be avoided. Hence, the
results were likely more comparable/transferable to other pro-
cesses such as electrodialysis. Additionally, the impact of such a
coating was likely highest in case of the center membranes, due

www.advmattechnol.de

to the highest concentration differences occurring across the
central membrane. In the most extreme case, the membrane
was the only separation between the diluate product stream
(containing only a few g L™ NaCl) and the concentrate product
stream (containing >200 g L~! NaCl).

The investigation of the impact of the module configuration
on the water crossover and the impact of the membrane coating
in case of other module configurations on the water crossover
were relevant research questions for potential further studies.

Module Configuration: The FCDI cell applied in this study
consisted of polyethylene endplates, flat gaskets, epoxy-impreg-
nated graphite electrodes (Miiller & Rossner GmbH & Co. KG,
180 x 180 x 10 mm) with flow channels for the flow electrodes
(3 mm width, 2 mm depth, 200 cm overall length), one cation
and two anion exchange membranes (Fumasep FKB-PK-130/
ED-100 and Fumasep FAB-PK-130/ED-100, Fumatech BWT
GmbH) with an effective surface area of 121 cm? and a 0.5 mm
mesh spacer (Fumatech BWT GmbH, ED-100). Experiments
were performed with 1) uncoated CEMs as reference experi-
ments and 2) coated CEMs coated using the coating proce-
dure described above. The cell was operated in cross-flow. The
module layout is illustrated in Figure 3.

Before testing in the FCDI experiments all ion exchange
membranes were soaked in the feed salt solutions, containing
60 or 120 g L' NaCl, for at least 24 h. Whenever an FCDI
module was newly assembled, fixed amounts of water were
recirculated separately through each flow electrode, diluate, and
concentrate compartment for several hours to rule out internal
and external leakages.

System Layout: The overall FCDI system layout is illustrated
in Figure 4. The flow electrodes were recirculated through the
FCDI systems using a peristaltic pump (Ismatec MCP pro-
cess drive, Masterflex two-channel pump head Easy-Load II,
Norprene tubing). The feed water was supplied by a second
peristaltic pump (Ismatec Reglo ICC peristaltic pump with
three independent channels). The electrical conductivity of the
aqueous solutions was measured using conductivity sensors
(LTCO0,35/23; Sensortechnik Meinsberg). Two Keysight power
supplies (Keysight Technologies Inc., E3466A) were applied,

Graphite ~ Anion- Cation- Graphite  Concentrate
current exchange exchange current product
collector membrane membrane  collector stream

Flow
electrode ~ \

Concen-

Diluate trate

feed Gasket

Spacer Gasket

Flow
electrode

End plate

Figure 3. lllustration of the FCDI module layout applied for the water crossover experiments.
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Figure 4. lllustration of the applied FCDI system layout including flow-
electrode circuits. The crosslinked coating has been applied to the central
membrane in the module (cation-exchange membrane).

and a digital multimeter (Voltcraft, VC270 Green-Line) was
used to verify the actual voltage applied to the graphite current
collectors. The pumps, power supplies, and conductivity
sensors (LTC 0,35/23; Sensortechnik Meinsberg) were con-
nected to a custom-made measuring system, “ZUMO-FUMS”
(ZUMOLab GbR, Wesseling, Germany), which was used to
control the pumps and power supplies as well as record the
experimental data.

Table 1 gives an overview of the experimental settings. For
each salt concentration, a reference experiment was performed
with an uncoated membrane of the same base membrane mate-
rial. All experiments described in this section were performed
with activated carbon slurries used as flow electrodes prepared
from 15 wit% Carbopal SCIIPG (Donau Carbon GmbH) in a
NaCl solution with a concentration equaling the feed concen-
tration, either 60 or 120 g L' (sodium chloride >99.8%, VWR
Chemicals). The slurries were stirred overnight before use. For
each flow-electrode circuit, the slurry was recirculated through
the system at a flow rate of 150 mL min~’. The slurry storage
beakers were continuously stirred using magnetic stirrers. The
feed flow rate for the diluate feed was set to 1 mL min~), and the
feed flow rate for the concentrate feed was set to 0.04 mL min~".
During steady-state operation, several diluate and concentrate

Table 1. Overview of parameter settings for desalination experiments.

www.advmattechnol.de

stream samples were taken, and the density was measured to
confirm the NaCl concentration.

Current—Voltage Characteristics: The current—voltage charac-
teristics (I-V curves) of the different systems were investigated
by a step-wise change of the applied voltage in a range between
0 and 2.5 V in steps of 0.1 V. After each change in voltage, the
voltage was kept constant for 10 min, which corresponds to
about two times the residence time. The steady-state electrical
current was measured for each step.

During the measurements, the diluate feed flow rate was
kept constant at 1 mL min~'. To shorten the time until equi-
librium is reached, the concentrate flow rate was kept at

1mL min.

3. Results and Discussion

3.1. Coating

We successfully applied the interfacial polymerization tech-
nique to the dense CEMs. Coating of the CEMs performed in
the in-house coating cell results in a visible, slightly whitish
polypiperazine-amide layer. In Figure 5a, a coated FKE-50
membrane sample is shown. The coated area of the mem-
brane sample appears whitish compared to the uncoated
edges of the sample. During the coating process, the aqueous
solution containing the piperazine impregnates the mem-
brane, and a piperazine layer is deposited on the surface of
the membrane. Upon contact with the TMC from the hexane
phase, piperazine is successfully crosslinked. The drying
step before the contact to the TMC solution must be closely
monitored. The remaining water drops on the membrane sur-
face lead to a flaking layer. On the other hand, a well-dried
membrane surface results in a well adhered polypiperazin-
amide layer on the supporting CEM, which is defect-free by
bare eye inspection. Figure 5b shows a FESEM image of the
coated FKE-50 CEM. The typical “ridge-valley” morphology of
polypiperazine-amide layer is visible, and the coating has an
estimated thickness of around 500 nm approximated from the
FESEM image. In contrast, the uncoated FKE-50 membrane
has a smooth surface (cf. Figure 5c). The rough appearance of
the CEM of the coated membrane sample is an artifact from
the fracturing of the sample in liquid nitrogen, which is dif-
ficult to control. From the FESEM images, we conclude that
the coating procedure successfully creates a crosslinked layer
on the CEM.

For the Fumasep FKB-PK-130/ED-100, the coating proce-
dure was scaled up and performed in the larger coating cell.

Cell Slurry Slurry Feed water Feed water
Description Voltage NaCl Flow rate NaCl Flow rate

I\ gL [mL min] gL [mL min]
Reference 1.2 60 and 120 150 60 and 120 Diluate:1/Concentrate:0.04
Modified CEM 1.2 60 and 120 150 60 and 120 Diluate:1/Concentrate:0.04
Adv. Mater. Technol. 2021, 6, 2100202 2100202 (5 OfS) © 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Top view of coated FKE-50 cation-exchange membrane, b) FESEM image of enlarged cross section of the coated surface of a FKE-50 cation-
exchange membrane and c) enlarged FESEM image of the surface of a FKE-50 cation-exchange membrane.

The resulting layers are reproducible, scratch-proof, and easy to
handle in the subsequent experiments.

3.2. Water Crossover in FCDI Experiments

In FCDI experiments, an FCDI cell's performance with an
uncoated CEM was compared to the version of an FCDI cell

a T T
1 Cell pair ./’/’120 glL
3| e |
—_ /‘/
§ oL # Coated CEM |
c
5 //i g o
5 S
o A ¢~ Standard CEM
yd
1 r /}/ A
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g Concentrates
g 120f
2
C
P4 60k 0 i
0 1 1 1 1

CEM Coated CEM CEM Coated CEM
60g/ll. 60g/lL 120glL 120giL

with a CEM with a crosslinked coating, which was fabricated
according to the above-described coating procedure. Figure 6
shows the results of these FCDI experiments, which were per-
formed in a single-module FCDI layout, as described above.
Figure 6a shows I-V curves measured at feed concentrations
of 60 g L' NaCl and 120 g L' NaCl. While the coated mem-
branes exhibit a nearly identical ohmic resistance, the main

b 15
§ 1 Cell pair
z ®
(_E)
S 1of ... 1
T
g . *
j_,
2 5 ¢ 1
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=
0 1 1 1 1
CEM Coated CEM CEM Coated CEM
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Figure 6. Results of desalination experiments with one cell pair at 60 and 120 g L™' comparing modules assembled with the “standard” CEM to a
module with a CEM with a crosslinked surface coating. a) I-V curves, b) water transfer in mole water per mole salt, c) NaCl concentrations of diluate
and concentrate streams, and d) energy demand per m?® product stream (for diluate with and without water transfer; normalized for full desalination
to 0 g L' NaCl in case of diluates, and concentration up to 260 g L™' NaCl in case of concentrates). Values do not account for pumping energy.
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Table 2. Overview of results regarding the water and salt crossover in FCDI experiments.

NaCl concentrations Flow rates

Diluate Feed Diluate Feed diluate Diluate Salt transfer

gL gL [mL min] [mL min] [g NaCl per min]
Reference 60 23 1 0.79 0.058
Modified CEM 60 6.5 1 0.99 0.054
Reference 120 55.4 1 0.73 0.079
Modified CEM 120 72.6 1 0.88 0.056
Concentrate Feed Concentrate Feed concentrate Concentrate Water recovery

[gL gL [mL min] [mL min| [%]
Reference 60 202.9 0.04 0.28 74.2
Modified CEM 60 251.5 0.04 0.29 77.2
Reference 120 245 0.04 0.29 71.6
Modified CEM 120 289.5 0.04 0.28 75.7

difference between them seems to be the increased limiting
current density. This result is surprising. Due to the addition
of a coating layer, an increased ohmic resistance would seem
likely. A reason for this could be the increased diluate concen-
tration, as well as the increased concentrate concentration in the
case of the experiments with coated membranes (cf. Figure 6c¢),
which go hand in hand with reduced current efficiency. This
may explain the increased limiting current, while the actual salt
transfer stays similar. The reasons for this behavior become
clearer when considering the other result figures, Figure 6b—d.

The results of desalination experiments are given in Table 2
and plotted in Figure 6b—d show a reversed trend compared to
the uncoated membranes. The surface coating use leads to a
significant reduction in the water transfer rate and improved
concentration performance. This is also visible in the reduced
energy demand per cubic meter diluate and concentrate stream
when considering the water transfer. The energy demand was
calculated per volume of diluate or concentrate and normalized
for full desalination to 0 g L™" or concentration up to 260 g L™},
respectively, to ensure a better comparability. The calculation
was performed in the same way as described in our previous
publication.®!

As can be seen in Figure 6¢ and Table 2, the use of the CEM
coated according to the coating procedure presented above
leads to a simultaneous shift of the concentrations in the dil-
uate and concentrate streams to higher concentrations. This
was observed for both feed concentrations, 60 and 120 g L.

This simultaneous shift of the concentrations in the diluate
and concentrate streams is a contradiction at first glance. A
possible explanation for this is the diluate flow rate: due to the
more pronounced water transfer in case of the uncoated mem-
branes, the diluate flow rate is reduced from 1 to 0.79 mL min™
in case of an experiment with a 60 g L™! feed solution, with a
diluate concentration of 2.3 g L7\. During the same investiga-
tion with a coated membrane, the diluate flow rate was only
reduced to 0.99 mL min~!, due to the reduced water transfer,
while a diluate concentration of 6.5 g L' was achieved. The
overall salt transfer rate from the diluate into the concentrate
stream is comparable when using a coated CEM (0.054 g NaCl
per min) compared to an uncoated CEM (0.058 g NaCl per
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min). A similar salt removal rate together with an increased dil-
uate product flow rate, hence, leads to an increased diluate salt
concentration measured at the outlet of the cell. In the case of
the 120 g 1! feed solution, this effect is even more pronounced,
since in this case, the application of the coated membrane leads
to a reduced salt transfer rate of 0.056 g NaCl per min (coated
CEM) instead of 0.079 g NaCl per min (uncoated CEM).

In conclusion, the application of the additional crosslinked
coating is a promising approach to improve the concentration
performance of FCDI systems further while at the same time
reducing the energy demand for concentration. Water transfer
mainly leads to a dilution of the concentrate stream, making
the membrane characteristics an essential factor for the suc-
cessful application of FCDI for salt recovery and concentration,
especially in high salinity conditions.

4. Conclusions

A crosslinked coating procedure for CEMs is presented in this
work, reducing the water crossover in electrically-driven desali-
nation and concentration processes applying ion-exchange
membranes. The efficacy of the membrane coating is dem-
onstrated using a FCDI process applied for desalination and
concentration of saline brines at feed concentrations of 60 and
120 g L™! NaCl. With the application of just a single coated CEM
as a central membrane in the single-module FCDI cell, the
water crossover was reduced by up to 54%.

The application of a CEM coated according to the coating
procedure presented in this study leads to a significant improve-
ment of the concentration performance due to a substantial
reduction of the water transfer in the FCDI experiments per-
formed in this study. Hence, the presented coating is prom-
ising for applying ion-exchange membrane processes aiming
at the desalination and concentration of saline solutions, which
especially suffer from pronounced water transfer.

In the future, the coating chemistry’s effect on the water
crossover can be further studied by changing the concentra-
tions of the reactants or choosing different reactants for the
coating. Moreover, investigating the shares of electroosmosis,
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osmosis, and water drag related to ion transfer in the total water
crossover, as well as the investigation of different module con-
figurations on the water crossover, can give insight into future
optimization potentials. Additionally, the impact of a compa-
rable cross-linked coating on anion-exchange membranes on
the water crossover could be studied.
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