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Fouling behavior of wavy-patterned pore-filling membranes
in reverse electrodialysis under natural seawater and

sewage effluents
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Reverse electrodialysis (RED) generates electricity from a mixture of seawater and river water. Herein, patterned membranes
consisting of ultra-thin pore-filling membranes (16-um thick) were used to determine whether the RED system operates steadily
when using natural underground seawater and sewage effluent and if the membranes become polluted by various foulants. The
flat stack performances, comprising flat membranes and woven-type spacers, were compared with those of the pattern stack,
comprising patterned membranes with mirror-imaged wavy lines. The pattern stack clearly reduced the pressure drop and
maintained the power within 40% of the initial value, and the flat stack significantly increased to 3 bar inside the sewage effluent
and decreased the power to 20% of the initial value. Both anion and cation exchange-surface membranes showed organic fouling
and scaling, with more significant fouling in the flat stack. The patterned membranes used here provide a powerful solution to

reduce fouling inside RED stacks.
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INTRODUCTION

The depletion of fossil fuels and their greenhouse effect have
increased interest in non-polluting energy resources. In this
regard, reverse electrodialysis (RED), which is the fundamental
principle of a membrane-based electrochemical energy system
that generates electricity by mixing seawater and river water, has
been investigated. Recently, the electricity generated by RED
systems using salinity gradients was theoretically estimated to be
only 625 TWh/yr, which was equivalent to 3% of global electricity
consumption at the time, owing to several physical and
environmental constraints'. The RED stacks that are used in this
system primarily consist of an alternating series of cation
exchange membranes (CEMs), anion exchange membranes
(AEMs), electrolytes with different salinities (i.e., at high and low
concentrations, HC and LC, respectively), and a pair of electrodes
as well as electrode rinse solutions (ERSs) that are capable of
converting ionic currents into electric currents via the reversible
redox reaction (Fig. 1(a)).

Several studies have been conducted to investigate the main
parameters that affect the performance of REDs, including
membrane structures®®, process conditions'®'2, and stack
designs'3. Recently, several well-organized reviews have compre-
hensively discussed related issues ranging from materials to
practical pilot tests'*'S. Specifically, it has been observed that
feed waters help to improve the performance of REDs given that
they influence the electromotive driving force and internal
resistance of the REDs. Hence, owing to their accessibility, artificial
NaCl solutions with concentrations of 0.5 and 0.017M are
generally used as feed solutions. However, to establish sustainable
power generation as an environmentally friendly alternative
energy source, it is necessary to further develop RED processes
not only for model solutions, but also for practical conditions.

Based on the property of Gibbs' free energy associated with
mixing, RED can be operated irrespective of the water source
considered, provided there is a sufficient salinity gradient for the
ion-exchange membranes (IEMs)'>. Natural seawater, brine, river
water, and wastewater are among the available water sources.
Recently, there have been reports on the applications of various
combinations of these influents and conditions in practical pilot-
scale RED stacks'''2. However, when using natural influents for
RED stacks, fouling can become a critical problem.

Multivalent ions, such as magnesium and sulfate ions, which are
naturally dissolved in water, have negative impacts in terms of [EM
scaling. Meanwhile, AEMs are mainly affected by organic fouling
and biofouling. To reduce fouling, various strategies by which
materials and operating processes can be improved have been
reported, e.g., the periodic reversal of influents, air sparging'’, and
the use of CO,-saturated water's,

Profiled membranes that can improve spacer geometries can
serve as an alternative solution to minimizing the fouling
phenomenon as well as the pressure drop inside RED stacks.
Vermaas et al. first fabricated profiled membranes using straight
lines for RED stacks via the hot-press method and reported its
fouling behavior under natural feed waters'’'°. However, the
number of studies on the functioning of RED stacks under natural
feed waters (e.g., natural seawater and sewage effluent) are
limited'”~2". Supplementary Table 1 summarizes representative
fouling studies using RED stacks.

The patterned membranes used in this study have several
features. First, they use ultra-thin pore-filling membranes with a
thickness of 16 um as supporting membranes. These membranes
act as inert substrates to provide mechanical stability, and an
electrolyte polymer that fills the pores of the substrate affords ion
conductivity. Our group has developed a pore-filling membrane>*
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Schematic of the RED process when using a woven-type spacer or patterned membrane, the method for stacking the patterned

membranes with their mirror images, and photographic image of the cross-flow stacked patterned membranes. a, b Show schematic of
the RED process and the method for stacking the patterned membranes with their mirror images, respectively. ¢ Shows photographic image

of the cross-flow stacked patterned membranes (L and R form) used
electrolyte, respectively.

for RED systems. Second, instead of the hot-pressing method, they
utilize different patterning methods with a dispenser-type printer
that employs photocuring because the pattern structure cannot
be hot-pressed on IEMs with a thickness of only 16 um. Third, they
apply designed wave patterns via a mirror image. Fourth, they
fabricate heterogeneous patterned membranes with different
chemical compositions®2. To match the thickness of the spacer,
the height of the patterned structure is set to 100 pm.
Additionally, the pattern was designed to be shaped like a mirror
image to prevent the overlap of the pattern structure with the
stacked ion-exchange membranes with opposite charges. We
classified the patterns into L- and R-types, depending on whether
the ends of the lines point to the left or right, respectively.
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in this study. HC and LC indicate high and low concentrations of the

As shown schematically in Fig. 1(b), AEMs are designated “AL" and
“AR,” and CEMs are designated “CL" and “CR.” AL and AR are
stacked with a CEM in between, and the CL and CR are stacked
with an AEM in between. Figure 1(c) shows a photograph of the
stacked-pattern membrane used in this study.

Our group focuses on the development of RED systems that can
stably maintain high performance even under actual influent
conditions, such as real seawater and sewage effluent. Unlike
previous studies that evaluated the long-term performance by
extending the intermembrane distance up to 800 um (Supple-
mentary Table 1), this study aimed to investigate the fouling
behavior inside RED stacks using narrow intermembrane distances
(~100 pm) and realistic influent conditions. We also investigated
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whether the fouling of the stack was effectively reduced by using
only patterned membranes and switching the flow direction of
the inlet and outlet.

RESULTS AND DISCUSSION

In this study, we investigated the performance of the RED stack
using natural feed waters under actual environmental conditions.
Particularly, we analyzed surface fouling after disassembling the
flat and pattern stacks and distinguished between reversible and
irreversible fouling on the membrane surfaces.

Reversible fouling behavior through pressure drop

Figure 2 shows the results of the pressure drop over the flat and
patterned stacks. For in situ cleaning, we manually switched the
positions of the inlet and outlet tubes whenever the pressure rose
over 1 bar, irrespective of the feed water (seawater or sewage).
This switching was performed at least once a day on most days. As
a result, detachable contaminants that were reversibly attached
around the inlet were gradually washed away from the membrane
surface; this is a more convenient process compared with air
sparging and/or chemical cleaning given that no additional
energy or chemical supplements were required'®. The other
advantage of this process was that the RED system continuously
generated power because the switching process did not require a
system shutdown.

For underground seawater, the pressure drop corresponding to
the pattern stack increased significantly at a faster rate than that
corresponding to the flat stack within the first 2 days of the
experiment, and thereafter, it remained stable below 1 bar. This
confirms the efficacy of the switching method (inlet and outlet) in
minimizing the pressure drop. Although the pressure drop
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Fig.2 Pressure drop as a function of time. a, b show pressure drop
as a function of time at underground seawater side and at sewage
effluent side. The inverted triangles indicate switching points.
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corresponding to the flat stack increased by more than 1 bar
after 4 days, after switching, it further decreased to values below
1 bar. Additionally, regardless of the stacking arrangement, flat or
pattern stacks, the seawater side operated stably at pressures
below 2 bar. In particular, the pattern stack pressure remained
below 2 bar for 14 days. In the control experiment using 3 and
0.1% NaCl solutions (Supplementary Fig. 1), no pressure drop was
observed in the patterned stack, and the flat stack was confirmed
to operate stably at 0.1 bar (3% NaCl) and 0.2 bar (0.1% Nacl).

As illustrated in Fig. 2b, the sewage effluent showed dramatic
changes in the pressure drop. Compared with underground
seawater (Fig. 2a), the inlet/outlet switching cycles associated with
the sewage effluent were accelerated. For the flat stack, the
pressure drop gradually increased to 1 bar within 24 h, and rapidly
increased to 2 bar after 2 days. In the early stages of reversible
foulant-accumulation (up to ~3 days), switching the inlet and
outlet seemed to effectively remove foulants. However, after
3 days, this effect was no longer observed because high pressure
was maintained on the 4th day, even after the inlet and outlet
were switched. The operation was stopped after 5 days owing to
the excessively high pressure. Although the patterned stack
showed a similar trend with the sewage effluent, the pressure
drop increased to a maximum of 2.2 bar after 5 days and then
operated between the maximum and minimum values (2.2 and
0.7 bar, respectively) for a total of 14 days of operation. However,
when the influent direction was switched, it was confirmed that
the pressure drop fell below 1 bar.

These results indicate that patterned membranes are more
advantageous in limiting the pressure drop owing to the absence
of the woven-type spacer. Moreover, these results showed a
significantly high pressure drop over a relatively short period of
time owing to the narrower intermembrane distance of 100 pm
compared with previously reported results on fouling'’~'°, as
summarized in Supplementary Table 1. Particularly, it has been
reported that the theoretical pressure drop associated with
uniform and laminar flow depends on the intermembrane
distance®.

Change in electrochemical performance by fouling behavior
Results other than those corresponding to pressure drop were
based on the operating period of the two stack systems and the
characterization of samples that were collected after five days of
operation. This was performed to compare the fouled phenomena
associated with the patterned and flat stacks after operation for
the same duration.

Figure 3 shows the open-circuit voltage (OCV) and normalized
power, as functions of the number of days of operation measured
during the continuous RED operation. The OCV corresponding to
the flat stack decreased from 1.15 to 0.44V, while that
corresponding to the patterned stack remained stable in the
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Fig. 3 Measured OCV and power (%) as functions of operation
time for 5 days. The power was normalized to the initial value.
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range 0.84-0.79 V for 5 days. Further, the normalized power in the
flat stack also decreased to 20% relative to the initial power,
whereas that in the patterned stack was maintained at 40%.
Additionally, the OCV and power of the flat stack sharply declined
after 3 days when the pressure drop corresponding to the sewage
effluent side rapidly increased. This can be explained by an
increase in membrane resistance (Table 2) and a decrease in
apparent permselectivity (Supplementary Fig. 2). With artificial
seawater and river water (0.5 and 0.017 M NaCl, respectively), the
OCV values in the flat and patterned stacks were 1.23 and 1.25 V22,
and the apparent permselectivities were 0.88 and 0.84 at a flow
rate of 30 mL/min, respectively (Supplementary Table 3). These
slight differences were because poor mixing and severe concen-
tration polarization were likely to occur in the patterned stack,
compared to the flat stack, at a low flow rate??. According to the
Nernst equation, various ion compositions and the concentration
of multivalent ions also affect the OCV when the salinity ratios of
feed waters are the same®*?>. Moreover, according to Kingsbury
et al.?%, the presence of natural organic matter (NOM) had a
significant impact on the decrease of the OCV and corresponding
reduction in the permselectivity; that is, the permselectivity
decreased as the dissolved organic carbon (DOC) concentration
increased in dilute feed water. As the charged organic foulants
tend to adhere to the surface of the IEM, the surface charge may
decrease, which in turn affects the permselectivity against
counterions and co-ions'®. Compared to the flat stack, the
patterned stack was only slightly influenced by foulants (Fig. 2),
thus the apparent permselectivity was maintained within the
range of 60-70% for 5 days. For the flat stack, the rapid decrease
in the OCV was attributed to serious fouling inside the stack.
Subsequently, the power, which is dependent on the permselec-
tivity and the total resistance (including the membrane resis-
tance), also sharply decreased.

Table 1 summarizes the changes in the membrane resistance
before and after the continuous RED process. In the case of the flat
CEMs and AEMs, the membrane resistance was measured with the
woven spacer in place. This allowed the investigation of its
influence. It was observed that the membrane resistance of the
flat CEMs increased from 0.49 to 0.54 Q cm?, while that of the flat
AEMs increased from 0.55 to 0.67 Q cm?. These values were higher
than those only measured with flat membranes (Supplementary
Table 3). Regarding the patterned membrane, the resistance of its
CEMs increased from 0.83 to 0.87 Q cm? while that of its AEMs
increased from 0.97 to 1.05Qcm? Compared with their pristine
equivalents, the membrane resistance of the flat CEMs and AEMs
with spacers increased by 10.2 and 21.8%, respectively, whereas
that of the patterned CEMs and AEMs without spacers increased
by 4.8 and 8.2%, respectively. This increase in membrane
resistance suggests that charged molecules causing organic
fouling were possibly trapped on the IEM surface. The flat stack
with spacers showed a greater change in the ohmic resistance
than the patterned stack. This observation can be attributed to
excessive fouling caused by colloidal, scaling, and biological
foulants because of the relatively large membrane area that was
covered with non-conductive spacers. The decreased local-flow
velocity around the spacer easily accumulated the foulants given

Table 1. Change of membrane resistance before and after continuous
reverse electrodialysis operation. The values with standard deviations
were measured in triplicate at least.

Q-cm? Flat with spacer Pattern

Pristine Fouled Pristine Fouled
CEM 0.49 £0.07 0.54+£0.03 0.83+£0.04 0.87 £0.04
AEM 0.55+0.02 0.67 +0.03 0.97 £0.08 1.05+£0.03
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that the geometry of the spacer affects the uniformity of the
distribution of the feed water. Consequently, the decrease of the
effective membrane area enhanced the membrane resistance and
inhibited the power density.

Visual inspection of irreversible fouled membranes

We evaluated the degree of fouling in the RED stack based on the
IEM type and the use of a spacer. After continuous operation for
5 days and using underground seawater and sewage effluent as
natural feed waters and assuming practical conditions, we
disassembled the RED stacks to observe the degree of fouling of
the membranes and spacers.

Representative photos of the fouled membranes and spacers
are shown in Fig. 4, from which it is difficult to clearly distinguish
between the inlet and outlet sides given that the flow direction
was switched to reduce the extent of fouling inside the stack.
However, the difference in the degree of fouling between the in/
outlet and middle parts was significant. This is apparent from the
FE-SEM images (Figs. 5 and 6).

After continuous operation for five days, there was a visual
confirmation of significant fouling on the flat membranes and
spacers, compared with the patterned membranes. Further, as
shown in Fig. 4(a), the color of the AEM changed from slightly
opaque white to reddish-brown. Furthermore, the color change of
the patterned membrane was slightly less prominent than that of
the flat membrane. It was also observed that more reddish-brown
contaminants accumulated on the in/outlet sides than on the
middle region. The spacer and patterned membrane changed to
the same color because various foulants occupied the porous
structures and surfaces along the pattern channels. The brown-red
color indicated the presence of humic substances, which have
negatively charged anionic polyelectrolytes that adsorb onto
AEMs via electrostatic interaction?”. Reportedly, humic substances
constitute the predominant fraction of NOM, and they can be
categorized as humic acid (HA), fulvic acid (FA), and humin?’. The
increase in their molecular weight via oxidative polymerization
brings changes the color from light yellow (FA) to dark brown (HA)
or black (humin)?”?8, The brown color of the AEM did not change
after washing via sonication, indicating irreversible fouling on the
membrane owing to the chemisorption of humic substances.

As shown in Fig. 4(b), CEMs showed less severe coloration than
AEMs. However, the accumulation of reddish-brown contaminants
at the inlet and outlet regions was similar. The reddish-brown
foulants were adsorbed on the surface via a physical means given
that they could be easily removed via physical scratching.
Meanwhile, AEMs are known to be more sensitive to organic
foulants (e.g., HA, carbohydrates, and aromatic compounds). Such
organic fouling primarily occurs on the surface and inside the
membrane owing to electrostatic, van der Waals, and hydrophobic
interactions?°. Among the dissolved organic matter, NOM mainly
consists of humic substances, which comprise more than 50% of
DOC, and a range of compounds from small hydrophobic acids,
proteins, and amino acids to larger HAs and FAs3°. As shown in the
Supplementary Table 4, the DOC values were much higher for the
AEM (1.92 mg/L) than for the CEM (0.58 mg/L). The same tendency
was observed for the patterned membranes (AEM = 0.68 mg/L
and CEM = 0.26 mg/L).

The changes in the thickness indicated that fewer foulants were
deposited in the middle region, whereas large amounts accumu-
lated in the inlet region, which was particularly severe with the
woven spacer (Supplementary Figs. 3 and 4). There was an
obvious increase in the thickness at the inlet and outlet sides in
the flat stack owing to the simultaneous occurrence of various
fouling phenomena. The non-uniform fluid distribution caused by
spacer filaments on the inlet side resulted in fouling both the flat
membrane and the spacer. Subsequently, the increased internal
residence time of the fluid created an environment that induced
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Fig. 4 Photographs of flat, spacer, and patterned membranes before and after continuous RED operation for 5 days. a Shows
photographs of AEMs at the sewage effluent side. b Shows photographs of CEMs at the underground seawater side. The dimensions of the
divided regions in this figure are in millimeters. The samples before and after continuous RED operation were classified into fouled or pristine.

concentration polarization and reversible fouling®°. Based on the
results of the change in the pressure drop, switching the direction
of the feed water caused interference in the flow and eliminated
reversible fouling, including those caused by colloidal silica and
precipitated iron colloids, for a short period. However, after the
formation of the cake- or gel-fouling layers on the membrane and
spacer surfaces, the switching method did not affect the RED
stacks with spacers in natural feed water even when monitored for
longer periods. Thus, different methods such as chemical cleaning
were required. On the contrary, there was less fouling in the
patterned membrane because the fluid-flow was less obstructed,
and the switching of the feed water direction was more effective.
Therefore, these results indicate that patterned membranes can

Published in partnership with King Fahd University of Petroleum & Minerals

reduce membrane fouling, as well as support sewage effluents as
practical influents in RED stacks for long-term operations.

Microscopic visualization of irreversible fouled membranes

Figures 5 and 6 show the representative FE-SEM images
corresponding to the CEMs and AEMs from the flat and patterned
stacks, respectively. They also show clear differences in the
membrane fouling depending on the type of membrane, and the
influents (underground seawater and sewage effluent) that were
in contact with the membranes.

As shown in Fig. 5, the fouling distributions in flat AEMs and
CEMs were concentrated along the spacer geometry, and more
fouling depositions accumulated when the membranes were in

npj Clean Water (2022) 6
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Fig. 5 FE-SEM images of the flat membranes after continuous RED operation for 5 days. A, B Show FE-SEM images of AEM at the
underground seawater side and at the sewage effluent side. C, D Show FE-SEM images of CEM at the underground seawater side and at the
sewage effluent side. Image magnifications: (a), (c), and (e) 300x; (b), (d), and (f) 1000x.

contact with the underground seawater than with sewage
effluent. Moreover, the deposition of foulants in the spacer
primarily occurred in areas with a stagnant flow velocity in the
channel due to the obstructed flow by the spacer structure
(Supplementary Fig. 4)3'. Severe fouling, with a cake-like

npj Clean Water (2022) 6

deposition, caused by particulate/colloidal foulants, occurred on
the surface of the membranes in contact with underground
seawater. Furthermore, particulate matter in natural waters,
including a wide size range of colloids, forms a caked layer by
accumulating after the initial blocking of pores®’. Although the
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Fig. 6 FE-SEM images of patterned membranes after continuous RED operation for 5 days. A, B Show FE-SEM images of AEM at the
underground seawater side and at the sewage effluent side. C, D Show FE-SEM images of CEM at the underground seawater side and at the
sewage effluent side. Image magnifications: (a), (c), and (e) 300x; (b), (d), and (f) 1000x.

pore-filling membranes used in this study consisted of densely
packed polyelectrolytes in porous polyolefin with pore sizes of
60 nm, aquatic colloidal solids under 1 um can still be trapped
inside or on the membranes. Moreover, this can become a form of
precipitation, whose occurrence can be attributed to ionic species
with charges that have polarity that is opposite those on the

Published in partnership with King Fahd University of Petroleum & Minerals

membranes. The AFM images in Supplementary Fig. 5 show
extremely small spherical deposits in several places, unlike the
images of the pristine AEM and CEM (Supplementary Fig. 6). In
contrast, the membrane surfaces of the patterned AEMs and CEMs
(Fig. 6) showed less fouling along the pattern channel (Fig. 4).
Interestingly, for patterned membranes, the images showed the

npj Clean Water (2022) 6
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Table 2.

EDX results of the AEMs and CEMs of the patterned stack after continuous reverse electrodialysis operation for 5 days. The values with
standard deviations were measured from three data points and the others correspond to a single data point.

Atomic% Patterned AEM Patterned CEM

Underground seawater side Sewage effluent side Underground seawater side Sewage effluent side
Carbon 54.4+23.3 63.0+5.6 44,6 +30.0 61.0+54
Oxygen 34.0+16.2 276+55 38.8+224 288+34
Sodium 20%1.0 3113 1.6+1.6 1.7+04
Magnesium 0.8 0 0.5+£0.5 04+04
Silicon 09+1.2 04+0.2 273 03+0.2
Calcium 0.6+0.7 0.3 3.8+45 1.8+£0.8
Iron 31126 1.0£09 85 0.7+0.7
Sulfur 1.7+1.2 1.7+1.0 6.1+4.2 43+1.1
Phosphorus 0.8 05+04 0 0.9

formation of colloidal fouling or scaling inside the membrane as
well as their spread outside the membrane (Fig. 6B(b) and 6C(b)).
Generally, the type of fouling depends on the different functional
groups of IEMs. Positively charged AEMs are prone to organic and
biofouling, whereas negatively charged CEMs tend to attract
scaling’®.

Elemental composition and structural characterization of
irreversible fouled membranes

Table 2 summarizes the elemental compositions of the fouled
patterned membranes detected using EDX. The results corre-
sponding to the flat stack are similar. This table represents the
average values for the three regions: inlet, middle, and outlet. The
standard deviations corresponding to the elements that were
detected at only one of the three points were not calculated. The
surfaces of the pristine membranes (AEM and CEM) primarily
consisted of C, O, Na, S, and Cl originating from the polymeric
electrolyte structure of the AEM, with quaternary ammonium
cationic groups, and the CEM, with sodium sulfonate groups.
However, the presence of elements corresponding to the
components of the influent, and not those of the membrane,
was confirmed in the fouled membranes.

The atomic concentrations (i.e., seawater and sewage in atomic
%) of Ca (3.8 and 1.8), Mg (0.5 and 0.4), Fe (8.5 and 0.7), and S (6.1
and 4.3) on the CEM surface were much higher than those on the
AEM surface. Specifically, Ca (0.6 and 0.3), Mg (0 and 0), Fe (3.1 and
1.0), and S (1.7 and 1.7) were measured on the AEM surfaces.
Multivalent cations, such as Ca and Mg, were detected on the CEM
surface owing to its negatively charged surface. As shown in Table
2, these elements were also the main components in the seawater
and sewage compartments. Particularly, a high atomic concentra-
tion of S was detected owing to the functional groups of the CEM.
The S content of CEM was approximately 2-3 times higher than
that of AEM. Generally, scaling by inorganic ions (Ca®* and Mg?™)
usually occurs in CEMs because of the negatively charged groups.
lons dissolved in water, such as sulfates, carbonates, and
phosphates, precipitated in the form of calcium carbonates,
calcium phosphates, or magnesium sulfates, etc, under the
influence of the pH of the solution, and these precipitates settled
on or in the membrane?® (Supplementary Fig. 7). Iron oxide and its
derivatives, including its hydrate form, are reddish in color®?. As
seen in Fig. 4, the CEM surface was covered with reddish foulants,
which were assumed to be iron oxides. Although the atomic
concentrations of Ca, Mg, S, and P corresponding to AEM were
lower than those corresponding to CEM, membrane scaling owing
to the presence of multivalent ions could still occur in the AEMs at
a neutral pH. Moreover, colloidal fouling in the form of colloidal
silica, iron oxide, and clay minerals was mainly observed on the
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AEM surface owing to the negatively charged surface of the
colloids. Higher concentration of other elements such as Si (0.9
and 0.4 atomic%) and Fe (3.1 and 1.0 atomic%) were detected in
the AEM in contact with seawater and sewage effluent, than in the
CEM, except at some positions in the latter. From the FE-SEM (Figs.
5 and 6) and AFM (Supplementary Fig. 5) results, it could be
estimated that the spherical foulants comprised particulate/
colloidal fouling. The fouling layer on AEM possibly consisted of
organic and inorganic ion precipitates, indicating the presence of
silicate SiO,, CaCO3, and Mg(OH), sediments33,

To confirm the changes in the functional groups on the
membranes, attenuated total reflectance Fourier transform infrared
(ATR-FTIR) analysis was performed on the specimens before and
after fouling (Fig. 7). Although the characteristic elements were
identified through EDX, it was difficult to deduce the structure of the
contaminants attached to the membrane surfaces. Particularly, the
functional groups of the IEM and organic foulants were similar. Thus,
it was difficult to perform deconvolution to confirm changes in
specific peaks. However, we could deduce the chemical structures of
the foulant mixtures via the changes observed in the fingerprint
region (650-1,350cm™"), including inorganic foulants, such as
Fe,0s, SiO,, and Al,O;, that are involved in scaling®®. We assigned
the ATR-FTIR spectra based on these compounds.

In AEM, only minimal changes were observed at the peaks.
These changes could be attributed to the organic fouling of the
entire area. However, a new peak that could be attributed to the
characteristic adsorption of C =S, was observed at 2097 cm~" 34,
Peaks in the range 1257-1205cm™" are indicative of the C-O
band in aromatic alcohol compounds such as HA and FA.
Therefore, the new peaks at 1078 and 1031cm™' could be
attributed to the stretching vibrations of the C-O- and Si-O bonds
corresponding to polysaccharides or polysaccharide-like compo-
nents® and silica colloids, respectively. Additionally, in CEM, a
peak in the range 2965-3000 cm ™', corresponding to the O-H of a
carboxylic acid, hydrogen bonded to oxygen in water, or other
carboxylic groups, was observed3®. The weak peaks in the
905-830 cm~! region for both AEMs and CEMs could be ascribed
to the binding of iron oxides and their derivatives, which resulted
in a mixture of red and yellow foulants2. Further, Al-O-OH and
Si-O-Al bonding can be assigned at 940 and 1011 cm™" 32, The
peaks at 1143, 1081, and 1133 cm~! indicated the presence of
foulants such as iron oxide and iron sulfate.

CONCLUSIONS

We investigated the effect of reducing fouling using patterned
IEM based on changes in pressure drop and membrane resistance,
and characterized the surface of the fouled membranes. A 14-day
continuous RED process, using natural underground seawater and
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Fig. 7 ATR-FTIR spectra of the pristine and fouled flat membranes after continuous RED operation. a, b Show ATR-FTIR spectra of AEM

and CEM.

sewage effluent as natural feed waters, was conducted for
patterned membranes with an intermembrane distance of
100 pm. The pattern stack clearly reduced the pressure drop
and maintained the power within 40% relative to the initial value,
whereas the flat stack with sewage effluent significantly increased
the pressure to 3 bar and decreased the power to 20% relative to
the initial value. Moreover, switching the flow direction of the feed
water in the inlet and outlet was an effective cleaning method by
which pressure drop was decreased for a short duration. In
particular, the accumulation of foulants was severe in the lattice
portion of the spacer and in the inlet and outlet regions of the flat
stack. Further, owing to the spacer geometry, there was a stagnant
flow velocity as well as non-uniform fluid distribution in the RED
stack, and severe fouling was observed at the inlet region. In
contrast, the patterned membranes were evenly covered with
foulants throughout the flow channel, and in terms of the color
changes in the AEMs, severe organic fouling owing to the
accumulation of HA was observed. Additionally, it was considered
that the patterned membrane used in this study created a uniform
fluid-flow environment that could reduce fouling in the RED stack
under actual conditions. The possibility of long-term operation,
while maintaining the performance of the RED stack was also
demonstrated. Therefore, the patterned membranes used in this
study, with an aggressive and practical cleaning strategy are
expected to provide a powerful solution that can be employed to
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Table 3. Configuration of the reverse electrodialysis stacks used in
this study.

Flat stack Pattern stack
Membrane KIER membrane KIER membrane
Membrane type Flat Patterned with

wave line

Compartment support Woven-type spacer Patterned structure

Open area (%) 46.4 75.0°
Intermembrane distance 100 (spacer 100 (pattern height)
(um) thickness)

2Calculated value.

reduce fouling inside RED stacks, while maintaining performance,
despite the narrow intermembrane distance.

METHODS

Materials

For the pore-filling membrane, a microporous polyethylene (PE)
substrate was purchased from W-scope (Japan) and used as a support
for the AEM and CEM. According to the supplier information, the
porosity, pore size, and thickness of this PE substrate were 43%, 60 nm,
and 16 um, respectively. Sodium dodecylbenzenesulfonate (SDBS) and
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Fig. 8 Schematic representation of the experimental set-up and photographic image of the actual configuration for the RED process.
a Shows simplified schematic representation of the experimental set-up. b Shows photographic image of the actual configuration for the

RED process.

2-hydroxy-2-methylpropiophenone (Darocur 1173) were purchased
from TCl (Japan). For the AEM and CEM, (3-acrylamidopropyl)trimethy-
lammonium chloride (75 wt% in water, ATAC, KJ Chemical co., Japan)
and 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt solution
(50 wt% in water, AMPS-Na, Toagosei, Japan) were used as cationic and
anionic monomeric electrolytes, respectively. Piperazine diacrylamide
(PDA) was purchased from Richest group (China) for use as a crosslinker.
To pattern the membranes, photo-curable inks (FM-200) were
purchased from Evertech. (South Korea). For ERS, potassium ferricyanide
(I) and potassium ferrocyanide trihydrate (lll) were purchased from
Daejung Chemicals & Metals co. (South Korea). All chemicals were used
without further purification.

Membranes

The flat pore-filling membranes (AEM and CEM) used in this study were
fabricated by four major steps: pretreatment, electrolyte impregnation,
photo-polymerization, and polishing®. To hydrophilize the microporous PE
substrate, it was immersed in a 0.1 wt% solution of SDBS in deionized
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water for 1 min and subsequently dried with hot air at 70 °C. For the AEM
electrolyte solution, ATAC, PDA, and a photoinitiator (Darocur 1173, 10 wt
% in methanol) were used in a dry weight ratio of 12:1:0.1. For the CEM
electrolyte, AMPS-Na, PDA, and a photoinitiator (Darocur 1173, 10 wt% in
methanol) were used in the same ratio as that for the AEM electrolyte.
Hydrophilic PE substrates were immersed in the AEM or CEM electrolyte
solution for 1 min, sandwiched using polyethylene terephthalate (PET)
films, and photo-cured by a metal-halide lamp (wavelength 365 nm) for
2 min. The PET film was then delaminated, and the membrane surface was
polished to remove the unnecessary photopolymerized layer. Patterned
membranes were fabricated on the flat membranes using a dispenser-type
printer with non-conductive and photo-curable ink with a black pigment.
The patterned membranes were designed with wavy lines and mirror
images to avoid the overlap of upper and lower patterns. The pattern-to-
pattern distance, pattern width, and pattern height were 1.5, 0.4, and
0.1 mm, respectively. Representative images of the CEMs, AEMs, and
woven-type spacers used in the actual experiment are presented in Figs. 1
and 4.
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Set-up of RED stack

Two cross-flow-type RED stacks, each consisting of 11 CEMs and 10 AEMs,
were used in this study. Stack 1 (flat stack) consisted of flat IEMs with
spacers in between them, whereas Stack 2 (pattern stack) consisted of
patterned membranes without spacers. Specific information regarding
these two stacks is summarized in Table 3. The dimensions, i.e., the
effective membrane area of the electrodes was 5x5cm? Ti electrodes
coated with Ir/Ru (Wesco electrode, South Korea) were used in the RED
stack. Polytetrafluoroethylene gaskets reinforced with glass fibers (100 pm
thick, Alphaflon, South Korea) were also used. The electrolytes were
injected via peristaltic pumps (Cole-Parmer, Masterflex L/S Digital drive,
USA) through the stacks at a flow rate of 30 mL/min. ERSs consisting of
50 mM  Ky[Fe(CN)el-3H,O and 50 mM  Ks[Fe(CN)¢] were dissolved in
deionized water and recirculated at the same flow rate as the electrolytes
between the two electrode compartments.

Feed waters and RED stack operation

Underground seawater (i.e., lava seawater) originates from the topographic
features of volcanic bedrocks. For this study, lava seawater was obtained
from the coast of Jeju Island and used owing to its high NaCl
concentration. Sewage effluent was obtained from the wastewater
treatment plant located on the east coast of Jeju Island and was used as
the low-concentration NaCl solution. The ionic compositions of these feed
waters are summarized in Supplementary Table 2. Before injecting the two
solutions into the RED stack, the sewage effluent was pretreated by
filtration using a filter with a 5 um pore size. The underground seawater
was injected into the RED stack without pretreatment. Further, the two
feed waters were placed in 200-L tanks, and RED processes were
continuously operated, and the pressure at the inlet of the underground
seawater and sewage effluent was recorded. The flat stack was operated
for 5 days, while the pattern stack was operated for more than 14 days. To
prevent overloading the peristaltic pump, the flat stack operation was
stopped on the 6™ day because the pressure on the sewage effluent side
remained above 3 bar. Continuous operation was carried out 24 h per day
during the experimental period. Switching of the inlet and outlet tubes,
which effectively changes the flow direction for in situ cleaning, was
performed manually whenever a rise in seawater or sewage pressure of
more than 1bar was observed. However, after 5 days of operation,
switching was performed to ensure that the stack pressure remained
below 2 bar as much as possible. At pressures above 3 bar, the operation
had to be stopped, owing to peristaltic pumping. The pressure drop and
flow rate were monitored and recorded every minute using a data logger
(GL840, Graphtec Corp. South Korea). Figure 8 shows the simplified
scheme and images of the actual experimental setup.

Characterization of irreversible fouled membranes and RED
performance

After the operation, all stacks were disassembled, and surface analysis was
conducted. For the surface characterization, the membranes and spacers
were rinsed thrice with deionized water and dried in an oven at 80 °C for
24 h. Even though this process can remove reversible fouling, it was
conducted to avoid the disruption of the analysis of excess water-soluble
inorganic salt compounds (e.g., NaCl). Surface characterization was
primarily conducted for the irreversible foulants that remained after
cleaning. The surfaces to be characterized were designated as the inlet and
outlet regions, which corresponded to 10 mm portions inside the stack.
Further, the portion at the center was designated as the middle region
(35 mm length). The images of the fouled membranes and spacers were
obtained using field-emission (FE) scanning electron microscopy (SEM)
(Hitachi, Japan) after the samples were dried. All specimens were Pt-
sputtered in a vacuum for 60s, and during SEM observations, energy
dispersive X-ray (EDX, SEM) (Hitachi S-4800, Japan) analysis was further
performed to determine the elemental composition of the surfaces.

The chemical structures of the pristine and fouled membranes were
analyzed using a Fourier transform infrared (FTIR) spectrometer (FTIR-6300,
Jasco, Japan) in the attenuated total reflectance (ATR) mode. Data at a
resolution of 2cm~" in the range 4000-650 cm ' were collected for 128-
scans-per-sample.

To measure the area resistance, the fouled membranes were immersed
in a 0.5 M NaCl solution for at least 1 day at 24 °C. Thereafter, they were
inserted into the flat Pt electrodes (1-cm diameter) of a clip cell in a 0.5 M
NaCl solution and their area resistances were measured via impedance
spectroscopy using an LCR meter (DU-6011, Delta United Instruments,
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Taiwan) at a frequency of 1kHz (Supplementary Fig. 8). To compare the
degree of contamination owing to the spacer and the pattern structure,
the area resistance of the flat membranes was measured by overlapping a
spacer and a flat membrane. After measuring the values corresponding to
the electrolyte (R;) and membrane (R.,), the membrane resistance was
obtained according to the following equation:

R =(Rm—Rs) x A, (1)

where A represents the effective membrane area.

The open-circuit voltage (OCV) and the current-voltage (I-V) curve were
measured with a linear voltage sweep using a potentiostat (WonA tech.,
SP2, South Korea) at a scan rate of 10 mV/s. The gross power density was
calculated from the maximum |-V curve.
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