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Abstract: In this study, three different environmentally friendly fouling mitigation technologies are
suggested and are investigated in reverse electrodialysis (RED) to develop the most appropriate
fouling mitigation technology for RED: applying direct current, flowing a solution with high salt
concentration, and periodically switching river and seawater streams in RED. The quantitative level
of anion exchange membrane fouling mitigation is evaluated in terms of the power density and the
amount of power generation of RED. Applying a direct current electric field with higher voltage than
8 V was not allowed for fouling mitigation in the two-cell-pair bench RED stack due to decomposition
of the redox couple. In comparison of the RED operations with two different fouling mitigation
methods using firstly 40-min power generation during in-operation and 40-min fouling mitigation
stage during out-of-operation as a cycle for 80 min and secondly 80-min forward power generation
and 80-min backward power generation as two cycles. It was found that, over five cycles, the amount
of the RED power generation using the former fouling mitigation method is 1.7 times higher than
RED power generation using the latter fouling mitigation method.

Keywords: ion exchange membrane; energy conversion; fouling; fouling mitigation

1. Introduction

Energy conversion devices being developed recently require polymeric electrolytes for
ion conduction [1-13], which are generally called ion-exchange membranes (IEMs). IEMs
have a special property to exclude coions which have the same charge to covalently fixed
functional groups such as sulfonic acid groups for cation exchange membranes (CEMs)
or quaternary ammonium groups for anion exchange membranes (AEMs). In contrast
to energy conversion devices such as polymer electrolyte fuel cells, water electrolyzers,
or redox flow batteries, fouling of IEMs is inevitable in reverse electrodialysis (RED)
supplying natural resources, i.e., seawater and river water [14]. IEM fouling occurs by
organic, biological, inorganic matters in the natural resources. It has been reported that the
main fouling mechanisms were the deposition on the surface and/or the intercalation in
the polymeric matrix and the fouling of IEMs causing an increase in electrical resistance
and/or the change of pH [14-19]. There is no complete removal of all possible foulants from
the natural resources by pretreatment processes wherein fouling of IEMs is unavoidable.
Thus, mitigation of fouling of IEMs is primarily crucial for prolong operation of RED.
Recently, C. Li et al. have reported the review on membrane fouling mitigation by coupling
applied electric field in membrane system [20]. Applying electric field to relieve membrane
fouling was introduced as one of environmentally friendly mitigation technologies. It
might potentially detach loosely attached foulants on the surface of IEMs. H.-]. Lee et al.
have developed a similar fouling mitigation technology using pulsed electric field to
retard membrane fouling by charged organic matters [16,21]. J.-S. Park et al. have also
reported a zeta potential control technology to remove potential charged foulants in feed
streams, which is also another non-harmful mitigation technology [18]. From this point
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of view, the recent emerging energy conversion technology, RED, demands efficient and
environmentally friendly fouling mitigation methods to achieve prolong operation without
sudden performance drop.

RED uses the cell configuration to separate two main streams by alternately assembled
CEMs and AEMs to provide permselective ion transports of cations and anions through
CEMs and AEMs, respectively [6,8], along with the reversible redox couple such as ferri-
/ferrocyanide (Fe(CN)g3~ /Fe(CN)g*7) in an electrode stream. As mentioned, membrane
fouling is unavoidable problems to result in a decrease in harvesting electrical energy due to
an increase in electrical resistance of IEMs which is generally caused by the interaction with
non-charged and charged inorganic/organic matters [15-18,21-23]. Recently, T. Rijnaarts
et al. have summarized the challenges occurred by the use of real natural water sources in
RED, such as the effect of divalent ions [15,24-26], spacer fouling [27,28], and membrane
fouling [28,29]. Those challenges are mainly due to fouling by inorganics, inorganic and/or
organics, and organics, respectively. Even though the presence of divalent ions has been
reported to cause the RED performance loss [15], IEMs obviously suffer from fouling
by various organic matters. A recent study has reported that charged organic matters
supplied into river streams substantially caused the greater fouling in RED than those
supplied into seawater streams [30]. Electrostatic attraction was suggested as a main
fouling mechanism. In addition, less fouling tendency by charged organic matters in
seawater streams was revealed by a decrease in zeta potential of the seawater streams
containing charged organic matters by weakening net electrostatic attractions between
charged foulants and functional groups of AEMs or CEMs. It proposed that washing by
solutions with high salt concentration might mitigate IEM fouling. Thus, it could also be
used as environmentally friendly fouling mitigation technology.

In this study, several environmentally friendly fouling mitigation technologies are
suggested and are investigated in RED to develop the most appropriate fouling mitigation
technology for RED. Applying direct current, flowing a solution with high salt concentra-
tion, and switching river and seawater streams in RED are used as environmentally friendly
fouling mitigation technologies. For the evaluation of the level of fouling mitigation, power
density of RED is mainly measured and compared.

2. Materials and Methods

CEMs and AEMs were supplied from Fujifilm (Fujifilm Manufacturing Europe B.V.,
Tilburg, The Netherlands). The specific properties are summarized in Table 1. All the
membranes were equilibrated in either 0.513 M NacCl for 7 days, and fouled AEMs were
prepared by storing in 0.513 M NaCl + 0.5 wt % humic acid (Humic acid technical, Sigma-
Aldrich, St. Louis, MO, USA) for 7 days prior to use.

Table 1. Properties of ion-exchange membranes used in reverse electrodialysis [30].

Fujifilm Membranes AEM (Type 1) CEM (Type 10)
Type anion permselective cation permselective
Reinforcement polyolefin polyolefin
Thickness (pum) 125 135
Resistance ! (Q2-cm?) 1.3 2.0
Permselectivity 2 (-) 92 99
Water permeation (mL bar—!m~2h-1) 14 6.5
Burst strength (kg cm—2) 24 2.8
pH stability pH 2-10 pH 1-13
Temperature stability (°C) - 60

1 Measured at 0.5 M NaCl. 2 Measured at 0.05-0.5 M NaCl.

A bench-scale RED stack with two cell pairs (three CEMs and two AEMs) was used at
room temperature (22 £ 2 °C). Polytetrafluoroethylene (PTFE) gaskets of 0.1 and 1.0 mm
thickness were mounted between the IEMs and between the outmost IEMs and electrode
compartments, respectively, along with mesh-type spacers of 0.1 mm thickness. A pair of
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50 mm diameter Pt-coated titanium mesh electrodes (Sung Wing Technology Co., Hong
Kong, China) were used in a bench-scale RED stack.

Two main solutions and one electrode solution were supplied to the 2-cell-pair bench-
scale RED stack. Two synthetic feed solutions were seawater with 0.513 M NaCl and river
water with either 0.017 M NaCl or 0.017 M NaCl + 0.001 wt % humic acid at 2.5 mL min~!.
The electrode solution of 0.05 M K3[Fe(CN)g] (Junsei Chemical Co., Tokyo, Japan), 0.05 M
K4[Fe(CN)g] (Junsei Chemical Co., Tokyo, Japan) and 1 M NaySOy4 (Junsei Chemical Co.,
Tokyo, Japan) was circulated through the RED stack at 50 mL min 1.

The procedure for all RED experiments consisted of the following steps: (1) The RED
stack was equilibrated and activated with 0.513 M NaCl and 0.017 M NacCl for 15 min.
(2) Open circuit voltage (OCV) was recorded for 1 min followed by the power density
measurement using a linear sweep voltammetry (LSV) with a scan rate of 40 mV )
While all the feed and electrode solutions are flowed to the RED stack, the current and
voltage of the bench-scale RED stack were measured. Averaged OCV was obtained using
the data measured every three seconds for 1 min, and power density was calculated from
the voltage and current obtained from LSV.

Environmentally friendly fouling mitigation technologies were suggested as shown
in Figure 1. Applying direct current was carried out by providing direct current from an
external power supply (E3640A, Keysight Technologies, Santa Rosa, CA, USA) to make
humic acid adsorbed on AEMs facing to river streams to be detached by the direction of
direct current. Flowing high concentration of NaCl in river streams was implemented by
supplying 0.513, 1.026, or 2.565 M NaCl into river streams for 90 min while the 90-min-RED
operation was stopped. Finally, switching from forward RED and backward RED mode was
achieved by frequently switching river and seawater streams in the 2-cell-pair bench-scale

RED stack.
Applying direct current (DC)
in RED

Anti-fouling Flowing high concentration of NaCL
technology in river stream

Switching from forward RED and
backward RED mode

Figure 1. Anti-fouling technology used in this study.

3. Results

Applying an DC electric field was used to detach the attached negatively charged
humic acid on the surface of AEMs in the river streams in RED as illustrated in Figure 2. It
was reported that the DC electric field has been applied in the range of 0.036-30.0 V for
fouling mitigation [20]. In this study, the electrode reactions were carefully observed as the
DC electric field increased. As a result, the color change of the electrode solution (0.05 M
K;3[Fe(CN)g] + 0.05 M K4[Fe(CN)s] + 1 M NapSOy) from yellow to blue was observed the
DC electric field greater than 8 V color as shown in Figure 3. It is due to the decomposition
of ferricyanide. The theoretical OCV of one cell in RED supplying 0.513 M NaCl and
0.017 M NaCl solutions is approximately 0.175 V at room temperature, which means that
a RED stack with above 46 cell pairs obtains OCV greater than 8 V. Thus, in large-scale
RED stacks, the decomposition of the redox couple containing ferricyanide is inevitable.
Even though the redox couple is replaced into non-degradable chemicals, huge pH change
causes another problem such as scale formation. Thus, for the use of applying a DC electric
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field, electrode potential should be controlled under the potential of decomposing electrode
redox couples used in RED. To evaluate the mitigation of membrane fouling, DC electrode
potential of 2.0 V has been applied, and the power density of the RED stack using fouled
AEMs for 0, 60, and 120 min-DC application has been compared. It has been confirmed
that no mitigation effect was shown. Thus, it could be concluded that the applying a DC
electric field is not appropriate for the mitigation of membrane fouling due to undesirable
electrode reaction.

CEM AEM CEM AEM CEM
- e _ - -
— + a* — + —
+ Na* B _ I B M Na* B
- - + - -
- =+ - + = \
— s _ + —
| o= R =
— + + —
Anode River Sea River Sea Cathode

Figure 2. Schematic experimental set-up of applying direct current in reverse electrodialysis.

(a) (b)

Figure 3. Pictures of (a) the electrode chamber in the bench-scale RED stack and (b) the electrode
solutions before (left) and after (right) the DC electric field of 8 V is applied.

Secondly, as suggested in the previous study [30], high ionic strength of seawater
streams decreases the Debye length of charged organic foulants to result in lower net
electrostatic attraction effect and could finally alleviate the fouling tendency to IEMs. Thus,
in this study, the regeneration of fouled AEMs is carried out by flowing high concentration
salt solutions into river streams where fouling to AEMs mainly occurs. In this study,
0.513, 1.026, or 2.565 M NaCl are used by supplying into river streams after 90-min-RED
operations as illustrated in Figure 4.
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Figure 4. Schematic experimental set-up of applying direct current in reverse electrodialysis.

Figure 5 shows the results of the membrane fouling mitigation using flowing high
concentration NaCl solutions into river streams after 90-min-RED operations. The dashed
lines in each graph show the maximum power density of original RED operations in
no presence of humic acid as foulant. All the first RED operations have lost ~88% of
the maximum power density after 90-min-RED operations in the presence of humic acid.
Afterwards, three regeneration cycles were carried out using different NaCl concentration
solutions. As a result, in case of 0.513 and 2.565 M NaCl solutions, the recovery of the
maximum power density of RED operations gradually decreased as the number of the
regeneration cycles increased. However, 1.026 M NaCl regeneration maintained the similar
recovery of the maximum power density of RED operations.
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Figure 5. Variation of the maximum power density of the 2-cell-pair bench-scale RED stack operations
using 0.513 M NaCl as seawater and 0.017 M NaCl + 0.001 wt % humic acid as river water without
and with fouling regeneration using flowing (a) 0.513, (b) 1.026, and (c) 2.565 M NaCl solutions into
river streams. The dashed lines in each graph show the maximum power density of original RED
operations in no presence of humic acid as foulant.
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Finally, two different modes of RED operation are used as fouling regeneration tech-
nique. As illustrated in Figure 6, one RED operation is performed for 90 min and an-
other RED operation is performed for 90 min by switching seawater and river streams.
Switching two streams could provide the effect of the regeneration by flowing high NaCl
concentration solution as shown in Figure 4. The fouled AEMs facing river streams in the
first RED operation (Figure 6a) are able to be regenerated in the second RED operation
(Figure 6b) since seawater streams in the second RED operation could be supplied into the
river streams of the 2-cell-pair bench-scale RED stack in the first RED operation. In addi-
tion, the regeneration using solution-switching maintains the continuous RED operation
which keeps power generation, compared to the regeneration using flowing high NaCl
concentration solutions.

~
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Figure 6. Schematic experimental set-up of solution-switching technique in reverse electrodialysis:
(a) the first RED operation and (b) second RED operation.

As a result, Figure 7 shows the result of the regeneration using solution-switching.
As explained earlier, the dashed lines in each graph show the maximum power density of
original RED operations in no presence of humic acid as foulant. The first RED operations
have also lost ~88% of the maximum power density after 90-min-RED operations in the
presence of humic acid which is in good agreement with Figure 5. The regeneration
using solution-switching is to use another RED operation by switching the supply of the
solutions—i.e., seawater into river and river into seawater. The regeneration duration of
90 min was used in the second regeneration method which is the flowing high concentration
NaCl solutions into river streams. In order to apply for the same regeneration duration,
90-min-switched operation duration is, hence, performed in the third regeneration method.
To monitor the effect of the third regeneration method, the maximum power density was
measured at 20, 40, and 90 min during the 90-min-switched RED operation. As a result,
the maximum power density significantly decreases as the switched RED operation time
increases. It implies that the third fouling regeneration using solution-switching worsens
the AEM fouling. It should be noted that the seawater streams in the first operation
mode (see Figure 6a) are switched into the river streams in the second operation mode
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(see Figure 6b). It means that another fouling occurs much more in the switched river
streams which are the seawater streams in the first operation mode, rather than the fouling
mitigation of the AEMs facing toward the switched seawater streams (originally river
streams in the first operation mode).

Maximum power density(W/m®)

024

11.86% 12.21%
6.84% 4.09%
0.0 4 . -
fouled 20 min 40 min 90 min
- regeneration - regeneration - regeneration

Figure 7. Variation of the maximum power density of the 2-cell-pair bench-scale RED stack operations
using 0.513 M NaCl as seawater and 0.017 M NaCl + 0.001 wt % humic acid as river water using
solution-switching (operation order: 90-min-RED operation and 20, 40, and 90-min-solution-switched-
RED operations as accumulated duration). The dashed lines in each graph show the maximum power
density of original RED operations with no presence of humic acid as foulant.

4. Discussion

In this study, three different mitigation methods of AEM fouling in the 2-cell-pair
bench-scale RED stack are investigated: (1) applying a DC electric field to detach the
absorbed humic acid on the AEM surface; (2) flowing high concentration NaCl solutions
into river streams in the RED stack; and (3) solution-switching. The first technique is a
conventionally used technique in electrodialysis, so called electrodialysis reversal [14]. If
the electric field is applied in a direction that allows the loosely adsorbed contaminants to
move in the direction of the bulk solution, membrane fouling could be mitigated. Based on
the result of previous study [30], the second technique—i.e., flowing high concentration
NaCl to river streams—is newly introduced since high concentration salts weaken the
net electrostatic interaction between the absorbed charged foulants and the oppositely
charged functional groups of AEMs. In addition, it has been concluded that the zeta
potential of the foulants in higher concentration of supporting electrolyte was significantly
mitigated since the Debye length of the charge foulants decreased due to the higher ionic
strength of seawater streams and causes to lower net electrostatic effect [30]. In other words,
when depending on the physciochemical properties of foulants—such as zeta potential,
effective radius, diffusion coefficient, and coulomb force—there might be an optimal match
of foulants and ionic strength of salt solutions to mitigate membrane fouling. Thus, in
this study, 1.026 M NaCl has obtained the best fouling mitigation as shown in Figure 5.
However, the disadvantage of the aforementioned two membrane mitigation technologies
is that they can be applied only when the RED operation is stopped. In order to overcome
these problems and to use effective membrane fouling mitigation technology, seawater
and fresh water in RED were periodically switched as the third technique. Since it is
reported that most of the membrane fouling occurs on the surface of the AEMs in the river
chamber [30], when the river water is replaced with seawater by solution-switching, the
high concentration NaCl solution flow technique can be applied and then AEM fouling
can be alleviated. It is based on the idea that if the river solution is switched again after
membrane fouling is alleviated, the previous river chamber enters the seawater again,
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thereby reducing membrane fouling in the chamber. In addition, it is possible to obtain
continuous electrical output during these cycles.

As a result, applying a DC electric field with higher voltage than 8 V was not allowed
for fouling mitigation in the 2-cell-pair bench-scale RED stack due to decomposition of
the redox couple, K3[Fe(CN)g]/K4[Fe(CN)g]. Depending upon the stack configuration,
allowable potential where no decomposition of redox couples takes place is, thus, limited
to the number of cell pairs in a RED stack which corresponds to power generation. In
case of a RED stack using a normal concentration of seawater and river water, the poten-
tial of the RED stack with 100 cell pairs shows above 8 V. Thus, this membrane fouling
mitigation method cannot be applicable for RED stacks generally using over 1000 cell
pairs [31]. Flowing high concentration NaCl solutions and solution-switching methods are,
in principle, based on flowing high concentration NaCl solutions into river streams where
main AEM fouling by negatively charged organic matters occurs. The main difference
is that the former and the latter are performed during out-of-operation and in-operation
periods, respectively. In addition, in the former, the place where membrane fouling occurs
is unchanged, and in the latter, the place where membrane fouling occurs is periodically
changed. Figures 5 and 7 seem to reveal that flowing high concentration NaCl solutions
into river streams in the 2-cell-pair bench-scale RED stack mitigate the AEM fouling more
effectively than solution-switching. The former, however, has a shorter power generation
time than the latter. Therefore, in order to evaluate the quantitative level of membrane
fouling mitigation, it is necessary to compare the total amount of electricity produced by the
two methods under the same total operation time, including the time of power generation
and application of membrane fouling mitigation technology.

Figure 8 shows the amount of power generation obtained from the RED operations
using two different membrane fouling mitigation technologies: firstly, 40-min power
generation during in-operation and 40-min fouling mitigation stage during out-of-operation
as a cycle for 80 min and secondly, 80-min forward power generation (RED operation
as illustrated in Figure 6a) and 80-min backward power generation (RED operation as
illustrated in Figure 6b) as two cycles. Over five cycles, the amount of the RED power
generation using the former fouling mitigation method is shown to be 1.7 times higher than
that using the latter fouling mitigation method. As shown in Figure 5, the NaCl solution
of 1.026 M shows the best membrane fouling mitigation. However, Figure 8b is obtained
from the membrane fouling mitigation using the NaCl solution of 0.513. Thus, it could
be concluded that the concentration is not sufficient to mitigate AEM fouling completely.
Nevertheless, RED operation using 1.026 M NaCl as seawater and 0.017 M NaCl as river
water is unrealistic since there is no seawater having 1.026 M NaCl in nature.

Total 38.85 kWh/m? (x10°)

1st

1st 2nd  2nd  3ard  3rd  4th  ath  Sth 5“‘ 1stfouled 2nd-fouled 3rd-fouled 4th-fouled 5th-fouled
min 120 160 200 240 280 320 360 400 min 80 160 240 320 400

(a) (b)

Figure 8. Comparison of the amount of power generation in kWh for the RED operations using

Total 22.77 kWh/m? (x105)

IS @

Power generation amount (kWh/m?2, x10%)

Power generation amount (kWh/m2, x10%)

o

(a) 40-min power generation and 40-min fouling mitigation stage as a cycle and (b) 80-min forward
power generation (Figure 6a) and 80-min backward power generation (Figure 6b) as two cycles.
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5. Conclusions

In this study, three different mitigation methods of AEM fouling in the 2-cell-pair
bench-scale RED stack using 0.513 M NaCl as seawater and 0.017 M NaCl/0.001 wt %
humic acid are investigated: (1) applying a DC electric field to detach the absorbed humic
acid on the AEM surface, (2) flowing high concentration NaCl solutions into river streams
in the RED stack, and (3) solution-switching. Based on the previous results that negatively
charged foulants in river streams mainly foul the surface of AEMs, humic acid was supplied
only in river streams in 2-cell-pair bench-scale RED stack. Applying a direct current electric
field with higher voltage than 8 V was, however, not allowed for fouling mitigation in
the 2-cell-pair bench RED stack due to decomposition of the redox couple. Flowing high
concentration NaCl to river streams is newly introduced as a membrane fouling mitigation
method. However, the disadvantage of the aforementioned two membrane mitigation
technologies is that they can be applied only when the RED operation is stopped. In order
to overcome these problems and to use effective membrane fouling mitigation technology,
seawater and fresh water in RED were periodically switched. Since most of the membrane
fouling occurs on the surface of the AEMs in the river chamber, when the river water is
replaced with seawater by solution-switching, the high concentration NaCl solution flow
technique can be applied and then AEM fouling can be alleviated. As a result, flowing a
high concentration NaCl solution into river streams would be the best membrane fouling
mitigation technology for the 2-cell-pair bench-scale RED stack supplying 0.513 M NaCl as
seawater and 0.017 M NaCl/0.001 wt % humic acid. However, if seawater with higher salt
concentration could be available for RED operations, the fouling mitigation effect using
the solution-switching method should be carefully evaluated, compared to flowing high
concentration NaCl solutions.
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