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ABSTRACT: Fouling is a pressing issue for harvesting salinity gradient
energy with reverse electrodialysis (RED). In this work, antifouling
membranes were fabricated by surface modification of a commercial anion
exchange membrane with zwitterionic layers. Either zwitterionic monomers
or zwitterionic brushes were applied on the surface. Zwitterionic monomers
were grafted to the surface by deposition of a polydopamine layer followed
by an aza-Michael reaction with sulfobetaine. Zwitterionic brushes were
grafted on the surface by deposition of polydopamine modified with a surface
initiator for subsequent atom transfer radical polymerization to obtain
polysulfobetaine. As expected, the zwitterionic layers did increase the
membrane hydrophilicity. The antifouling behavior of the membranes in
RED was evaluated using artificial river and seawater and sodium dodecylbenzenesulfonate as the model foulant. The zwitterionic
monomers are effective in delaying the fouling onset, but the further build-up of the fouling layer is hardly affected, resulting in
similar power density losses as for the unmodified membranes. Membranes modified with zwitterionic brushes show a high potential
for application in RED as they not only delay the onset of fouling but they also slow down the growth of the fouling layer, thus
retaining higher power density outputs.
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1. INTRODUCTION

Salinity gradient energy (SGE) is an energy source derived
from the controlled mixing of low and high concentration
saltwater streams, e.g., river and seawater, seawater and
desalination brines, or thermolytic salt solutions in closed-
loop applications.1−6 SGE has the potential to meet the
increasing renewable energy demand without the intermittency
issues that plague solar and wind energy. SGE from natural
salinity gradients alone has an estimated technical potential of
625 TWh y−1, which is equal to 3% of the global electricity
consumption.7

Reverse electrodialysis (RED) is an electro-membrane
technology to harvest SGE.8,9 In RED, cation exchange
membranes (CEMs) and anion exchange membranes
(AEMs) are stacked alternately to create feedwater compart-
ments where the high and low concentration salt solutions
(e.g., 30 and 1 g L−1 NaCl) flow. The salinity gradient across
the selective ion exchange membranes results in a potential
difference that increases with the number of cell pairs in the
RED stack.10 When an external load is connected to the
electrodes to close the circuit, the potential difference can be
used to drive an ionic current through the stack. The ionic
current can be converted into an electronic current by a
suitable redox couple flowing in the electrode compartments.11

The potential of RED as a large-scale energy source has been
investigated at the laboratory and pilot plant scale,5,12,13 and

the main obstacles for large-scale RED implementation with
natural salinity gradients are fouling and, more in general,
membrane costs.14−16 Fouling is caused by colloids, natural
organic matter, multivalent cations and anions, and micro-
organisms deteriorating the membrane properties, yielding
lower RED power output.14,17,18 As most foulants are
negatively charged, fouling of AEMs is more important than
fouling of CEMs. In addition, affinity interactions between the
organic contaminants and the polymeric membranes also play
a role.19−26

To mitigate fouling, stack cleaning protocols and membrane
modifications have been thoroughly investigated.27−29 Periodic
feedwater reversal, air sparging, and CO2 sparging are effective
strategies to recuperate fouled membranes and spacers.27,28

For membrane modification, the desired properties are
monovalent-ion selectivity and antifouling functionality to
increase the RED power output and the ability to retain it over
time.16,30 Improved resistance to organic fouling is typically
obtained by increasing the hydrophilicity of the membrane
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surface or by deposition of a thin negatively charged
layer.29,31−33

A promising approach is the use of polydopamine (PDA) to
mitigate fouling. Although the application of thick polydop-
amine layers on the membrane increases its hydrophilicity,
thus reducing fouling, and it induces monovalent-ion
selectivity by size exclusion, this is done at the expense of
decreased membrane charge density and increased membrane
resistance.29,34−38 On the other hand, PDA in the form of a
thin layer on a membrane surface is a versatile platform for
membrane modification thanks to its functional groups that
can undergo further reactions.39,40

Zwitterionic coatings are well-known in the biomedical field,
where they are used to reduce fouling of surfaces in contact
with biological fluids.41,42 Recently, zwitterionic layers are
gaining prominence as effective antifouling layers in the field of
water treatment.43−47 In her review on tackling membrane
fouling, Nunes indicated zwitterions grafting as one of the
strategies for the fabrication of fouling-resistant membranes.48

In this regard, Virga et al. recently showed that a zwitterionic
top layer is effective in preventive fouling of nanofiltration
hollow-fiber membranes during treatment of natural waters.49

Zwitterionic layers (e.g., polysulfobetaine) are highly hydro-
philic due to their ability to retain large hydration shells
through hydrogen bonding.50 Their hydrophilicity combined
with a net neutral charge of the zwitterionic layer leads to low
interaction with organic pollutants.44 Liu et al. modified a thin-
film-composite membrane first coated with polydopamine with
an atom transfer radical polymerization (ATRP) initiator,
followed by grafting of polysulfobetaine brushes on the surface
and used it in reverse osmosis (RO) for water purification.40

Their results show that the zwitterionic brushes impart fouling
resistance to the membrane.
Although frequently studied in water purification applica-

tions, Ruan et al. provided the only example to date of
zwitterionic surface modification of an ion exchange membrane
with polysulfobetaine to induce fouling resistance, showing
promising results during electrodialysis (ED) of a solution
containing sodium dodecylbenzenesulfonate (SDBS) as model
foulant, although their investigation spans a limited time scale
(2 h) only.39

In the present work, we chemically modify the surface of a
commercially available AEM with polydopamine bearing
zwitterionic functionalities to investigate the benefits of a
zwitterionic surface chemistry for fouling resistance in RED.
Two different approaches are investigated to assess the
antifouling performance of zwitterionic monomers and
zwitterionic polymer brushes: (1) AEMs with polydopamine
bearing zwitterionic monomer grafts obtained via aza-Michael
reaction or (2) AEMs with polydopamine bearing zwitterionic
brushes obtained via ATRP. This modification strategy is
chosen for its versatility. As a natural adhesive, polydopamine
ensures the possibility of modifying any base membrane,
irrespective of its chemistry. Additionally, the aza-Michael
reaction and ATRP can be used to apply a variety of
chemistries on the membrane surface, starting with unsaturated
monomers containing the desired functional groups, such as
sulfobetaine to obtain a zwitterionic layer. As such, this
modification strategy is a platform meant to explore changes to
the surface chemistry, and the current work does not intend to
show up-scaled applications.
After extensive characterization of the applied layers and the

obtained membranes, the membranes are applied in RED to

Figure 1. Schematic representation of the two surface modification strategies. 1a, Deposition of polydopamine. 2a, Aza-Michael reaction to graft
zwitterionic monomers to the membrane surface. 1b, Deposition of polydopamine modified with BiBB. 2b, Atom transfer radical polymerization
(ATRP) to graft zwitterionic brushes from the membrane surface.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c02789
ACS Appl. Mater. Interfaces 2021, 13, 18348−18357

18349

https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c02789?rel=cite-as&ref=PDF&jav=VoR


investigate their fouling behavior in time. The membrane
electrical resistance, permselectivity, surface composition and
contact angle with water are evaluated at different stages in the
modification processes. The fouling resistance of the
membranes and their cleaning ability are measured in RED
stack experiments where SDBS is added to the river water
compartment as a model foulant.

2. MATERIALS AND METHODS
2.1. Materials. Fujifilm AEM type I membranes (Fujifilm

Manufacturing Europe BV, The Netherlands) were used as base
membranes for surface modification. The membranes were con-
ditioned at room temperature and stored at 4 °C in 0.1 M NaCl
solutions before modification. N,N-Dimethylformamide (DMF,
99.99%), absolute ethanol, and 2-propanol (IPA, 99.5%) were used
as solvents and purchased from Sigma-Aldrich (The Netherlands).
Dopamine hydrochloride (DA), triethylamine (TEA, ≥99.5%), 2-
bromoisobutyril bromide (BiBB), tris(hydroxymethyl) aminomethane
(Tris), and [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)-
ammonium hydroxide (known as sulfobetaine methacrylate,
SBMA), copper(II) chloride, L-ascorbic acid, and sodium dodecyl-
benzenesulfonate (SDBS) were also purchased from Sigma-Aldrich.
Tris(2-pyridylmethyl)amine (TPMA) was purchased from TCI
Chemicals (Belgium). Hydrogen peroxide in 30% solution, copper
sulfate pentahydrate, and potassium hexacyanoferrate (both ferri- and
ferrocyanide, ≥ 96%) were purchased from VWR Chemicals
(Belgium). NaCl (99.5%) was purchased from ESCO (The
Netherlands).
2.2. Surface Modification: Aza-Michael. 2.2.1. Deposition of

Polydopamine. To improve the homogeneity of the polydopamine
(PDA) layers at short deposition times, the procedure used by Zhang
et al. was followed.51 A solution of Tris (700 mg, 5.8 mmol, pH 8.5)
and copper sulfate pentahydrate (250 mg, 1 mmol) in 200 mL of
milli-Q water was prepared. Then, 407 μL of 30% hydrogen peroxide
solution (3.9 mmol) was added to the solution right before
deposition. To obtain unmodified polydopamine layers (Figure 1,
step 1a), a solution of 2 g dopamine hydrochloride in 200 mL milli-Q
water (Merck Millipore, Germany) was prepared. A pristine
membrane (11 × 11 cm2) was clamped at the bottom of the reactor
(Figure S1 in the Supporting Information, open area: 8 × 8 cm2). The
Tris solution was added in the reactor, quickly followed by 50 mL of
polydopamine solution. The reactor was placed on a shaking plate (60
rpm) for 1 h after ensuring adequate mixing of the two solutions.
Compressed air was flowing over the solution to ensure oxygen
availability inside the reactor was not limited. After modification, the
membrane was rinsed in demineralized water and stored in 0.1 M
NaCl at 4 °C. The membrane obtained after polydopamine
deposition is named AEM+PDA in the following.
2.2.2. Aza-Michael Reaction. The procedure for membrane

modification with aza-Michael reaction was used as presented by
Ruan et al. (Figure 1, step 2a, and Figure S2 in the Supporting
Information).39 Briefly, the membrane modified with polydopamine
was immersed in 660 mL of water, 130 mL of absolute ethanol, 5 mL
of TEA (acid neutralizer and catalyst for the aza-Michael reaction52),
and 21 g of SBMA in a round-bottom flask. The solution was heated
to 55 °C in an oil bath and gently stirred for 24 h to avoid damage to
the membrane. After modification, the membrane was rinsed in
demineralized water and stored in 0.1 M NaCl at 4 °C. The
membrane obtained after aza-Michael reaction is named AEM+PDA
+SBMA in the following.
2.3. Surface Modification: ATRP. 2.3.1. Synthesis of Dop-

amine-BiBB. For the chemical modification of dopamine hydro-
chloride, the procedure reported in the literature by Liu et al. was
followed (Figure S3 in the Supporting Information).40 Dopamine
hydrochloride (2 g, 10.5 mmol) was dissolved in 200 mL DMF inside
a three-neck round-bottom flask equipped with a condenser. Nitrogen
was bubbled in the solution for 30 min. Then, 748 μL TEA (5.3
mmol) and 652 μL BiBB (5.3 mmol) were added while stirring. The

solution was stirred under nitrogen atmosphere at room temperature
for 24h.

2.3.2. Atom Transfer Radical Polymerization (ATRP). The AEMs
modified with the synthesized polydopamine-BiBB (following the
same deposition process presented in section 2.2.1, Figure 1, step 1b,
named in the following AEM+PDA-Br) were further modified by
atom transfer radical polymerization (ATRP) to grow zwitterionic
brushes on their surface with a grafting approach, similar to the
process presented by Liu et al. (Figure 1, step 2b).40 The same reactor
design was used as for the surface modification with polydopamine
(Figure S1 in the Supporting Information), with the polydopamine-
BiBB layer facing the reaction solution. 5.15 g SBMA (18.4 mmol)
was added to a 1:1 mixture of milli-Q water and IPA in a brown glass
bottle. Then, 8 mL of a stock solution of CuCl2 and TPMA (50 mg of
CuCl2 and 700 mg of TPMA in 100 mL of water and IPA mixture 1:1,
stored under nitrogen) were added to the SBMA solution. The
solution was poured in the reactor, in contact with the membrane.
Nitrogen bubbles were blown in the reaction liquid for 30 min. A
solution of 25 mL solution of water and IPA mixed 1:1 and 1.2 g of L-
ascorbic acid was prepared. The reactor was placed on a shaking plate
(60 rpm) and the ascorbic acid solution was added to start the ATRP
process. Nitrogen was bubbled through the solution during the entire
reaction time. After 1 h, the nitrogen flow was interrupted and the
reactor was opened to stop the ATRP. After modification, the
membrane was rinsed in demineralized water and stored at 4 °C. The
membrane obtained after ATRP is named AEM+PDA-Br+PSBMA in
the following.

2.4. Membrane Characterizations. The surface composition of
the membranes before and after surface modification was analyzed
with scan electron microscopy (SEM) and energy dispersed X-ray
spectroscopy (EDS) scans. For this, the membrane samples were
dried in a vacuum oven at 35 °C for 24 h. The dried membranes were
twice gold coated in a JEOL JFC-1200 fine coater (Jeol (Europe) BV,
The Netherlands) at 25 mA for 15 s. The samples were analyzed with
SEM-EDS (JEOL JSM-6480LV, Jeol (Europe) BV, The Netherlands).
SEM images were obtained with 5000× magnification, with a 6 kV
accelerating voltage. The SEM images for EDS measurements were
conducted at 100× magnification, applying a 12 kV accelerating
voltage.

The surface composition of the membranes was characterized with
attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR), using a Varian 3100 FTIR Excalibur Series (Agilent
Technologies, U.S.A.) equipped with a Specac Golden Gate ATR
insert (Specac Ltd., United Kingdom). The hydrophilicity of the
membranes was evaluated with captive bubble contact angle
measurements. The measurements were performed with a Data-
physics OCA 35 (DataPhysics Instruments GmbH, Germany) with a
custom 3D-printed membrane holder immersed in milli-Q water. The
water contact angle was obtained as the difference between 180° and
the contact angle with air.

Electrical resistance was evaluated at the membrane level using a
six-compartment cell and performing measurements in a through-
plane fashion. Literature procedures were followed, and the solution
for equilibration and testing of the membranes was 0.5 M NaCl.53,54

Membrane permselectivity was evaluated according to procedures
available in the literature using a two-compartment cell setup, with 0.1
and 0.5 M NaCl solutions recirculated in the two compartments.53,54

2.5. Stack Assembly. A cross-flow RED stack with an active area
of 6.5 × 6.5 cm2 was obtained from REDstack BV (The Netherlands).
The end-plates housed Ti electrodes coated with 50 g/m2 galvanized
Pt (MAGNETO Special Anodes BV, The Netherlands). Gasket-
integrated spacers with a woven netting (470 μm thickness, from Saati
SpA, Italy) were obtained from Deukum GmbH (Germany). The
AEMs used in this study were pristine and modified Fujifilm AEM
type I (pristine, PDA, PDA-BiBB, zwitterionic monomers, and
zwitterionic brushes), while the CEMs were Neosepta CMX-fg
(ASTOM, Japan) sourced from Eurodia SA (France). The assembled
stacks had five cell pairs (5 AEMs + 6 CEMs, with the extra CEM to
seal the electrolyte compartment).
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2.6. Feedwaters. Artificial feedwaters were used for this study.
Artificial seawater contained 30 g NaCl L−1 and artificial river water 1
g NaCl L−1. Both were prepared with demineralized water (produced
by an Osmostar S400, Lubron Waterbehandeling BV, The Nether-
lands). For fouling experiments, the model compound used was
sodium dodecylbenzenesulfonate (SDBS), which was added to the
river water with a concentration of 100 ppm. The sequence of
feedwaters used in the stack experiments was (1) artificial river and
seawater without foulant (8 h), (2) clean seawater and river water
containing 100 ppm of SDBS as a foulant (16 h, based on the time
needed for unmodified membranes to reach a stable fouling level),
and (3) again artificial river and seawater without foulant to
investigate the reversibility of the fouling (3 h). SDBS was chosen
as a model foulant due to its ability to produce severe fouling on short
time scales, which is enabled by its negative charge, and the ability to
have affinity interactions both with aromatic and aliphatic membranes,
as shown by Tanaka et al.26

2.7. Electrochemical Measurements. Stack electrochemical
measurements were performed with an Iviumstat controlled by
IviumSoft (IVIUM Technologies BV, The Netherlands), while
measurements with the two- and six-compartment cells were
performed with an Autolab PGSTAT30 controlled by the NOVA
2.1.3 software (Metrohm Autolab BV, The Netherlands). The stack
measurements were performed in a loop where a constant current
density (10.5 A m−2) was alternated with a chronopotentiometric
series (0−3.5−7.0−10.5−14.0 A m−2) every 15 min. This loop was
running continuously during the stack experiments, with the
exception of an interruption during the run with unmodified
membranes, when the potentiostat disconnected from the desktop
controlling it and a constant current was continuously applied to the
stack. Stack open circuit voltage (OCV) was determined from the
average voltage calculated on the last 10 s at 0 A m−2. The stack
electrical resistance was calculated from the slope of the current−
voltage curve based on the chronopotentiometric series data. Power
density was calculated from the stack OCV and electrical resistance:

P
N

W m
OCV V

4 2 area m ERdens
2

2 2

cp
2[ ] = [ ]

× [−] × [ ] × [Ω]
−

(1)

where Pdens is the maximum gross power density, OCV is the stack
open circuit voltage, Ncp is the number of cell pairs, area is the active
area, and ER is the stack electrical resistance. This formula is derived
from the assumption that maximum gross power density is attained
when the external load is equal to the stack internal resistance.55 The
values of stack OCV, electrical resistance, and gross power density
were normalized to highlight the impact of fouling on the membranes.
Normalization was performed by dividing all of the values by the last
values measured in the first experimental stage with clean waters and
multiplying them by 100.

3. RESULTS AND DISCUSSION
3.1. Membrane Characterizations. The surface compo-

sition of the membranes before (AEM) and after modification
with PDA (AEM+PDA), zwitterionic monomers (aza-Michael,
AEM+PDA+SBMA), PDA-BiBB (AEM+PDA-Br), and zwit-
terionic brushes (ATRP, AEM+PDA-Br+PSBMA) was ana-
lyzed with SEM-EDS. Figure 2 compares the relative
composition of the surface of these membranes for carbon,
sulfur, and bromine.
Figure 2 clearly shows carbon as the most abundant element,

both in the PDA and the aza-Michael (zwitterionic monomers)
modified membranes. Simultaneously, a minor contribution of
sulfur is observed for the PDA-modified membrane (AEM
+PDA). Given the chemistry of the applied layer and that the
unmodified membrane (Fujifilm AEM type I) is obtained from
cross-linking of an acrylamide monomer carrying a quaternary
ammonium group with N,N′-methylene bis(acrylamide) on a
polyolefine-based porous support,56 the presence of sulfur is

not expected. The results of the SEM-EDS analysis on
unmodified membranes (AEM) indeed confirm the absence
of sulfur and bromine. The very small amount of S observed in
the PDA-modified membrane originates from residual sulfate
ions (introduced by the addition of copper sulfate pentahy-
drate) exchanged with chloride ions during the surface
modification process and still present in the membranes in
small amounts despite the equilibration in 0.5 M NaCl prior to
the surface characterization. As expected, the amount of sulfur
significantly increases when the PDA modified membrane is
grafted with sulfobetaine monomers (via aza-Michael reaction,
AEM+PDA+SBMA), due the presence of sulfonic groups in
the monomers. The amount of sulfate seems low; however, this
is the amount relative to a large volume of unmodified
material, as the penetration depth of SEM-EDS is in the order
of several micrometers. Based on data from Ruan et al. and Liu
et al., the thickness of the modification layers in the present
study is estimated to be in the 1−2 μm range.39,40 The results
thus confirm the successful grafting of the zwitterionic
monomers on the membrane surface via the aza-Michael
reaction. The presence of bromine in the PDA-BiBB sample
(AEM+PDA-Br) indicates that the modification of dopamine
with BiBB is also successful. Again, the presence of sulfate in
the PDA-BiBB sample derives from the copper sulfate
pentahydrate that was used in the deposition of PDA-BiBB.
Figure 2 shows that after modification with zwitterionic
brushes via ATRP (AEM+PDA-Br+PSBMA), the relative
fraction of sulfate increases, confirming the grafting of
polysulfobetaine to the membrane surface.
In the Supporting Information, Figure S4 shows the SEM

images of the membrane surface during the various stages of
the surface modification. After polydopamine deposition
(Figure S4b,d), the membrane surface is covered with a thin
conformal PDA layer topped by PDA aggregates, consistently
with the observations of Zhang et al. and Ruan et al.39,51 Upon
aza-Michael reaction (Figure S4c) and ATRP (Figure S4e), the
aggregates are less visible and the membrane surface appears
more corrugated, due to the presence of the zwitterionic layers
and the exposure to solvents during the surface modification
process. Additional evidence of the surface modification is

Figure 2. Relative weight fractions measured in the SEM-EDS spectra
of the membrane surfaces for carbon (dark blue), sulfur (dark red),
and bromine (gray). The error bars illustrate the measurement error
as reported by the instrument. * = samples that were equilibrated in
0.5 M NaCl prior to the analysis to reduce the amount of
nonchemically bound sulfate.
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provided in Figure S5 in the Supporting Information, with the
ATR-FTIR spectra of the membranes at various stages of the
surface modification. The emergence of new peaks in the
spectra of AEM+PDA+SBMA (Figure S5a) and AEM+PDA-Br
+PSBMA (Figure S5b) at 1726 cm−1 (carbonyl group from
SBMA) and at 1039 cm−1 (sulfonate group from SBMA)
indicates the successful grafting to the membrane surface of
(poly)sulfobetaine. While these characterizations determine
the successful modification of the membranes, the determi-
nation of grafting density and chain length is hampered by the
difficulty of determining the amount of immobilized initiator
available on the surface of the membrane prior to the grafting
via aza-Michael reaction and ATRP.57

Subsequently, the permselectivity and electrical resistance of
the resulting membranes is determined to evaluate the effect of
the membrane modifications on membrane properties and on
RED performance. Figure 3 shows the membrane permse-

lectivity at different stages of the two membrane surface
modification processes, which quantifies co-ion leakage and the
ability of the membrane to generate a voltage when exposed to
a salt concentration gradient across it.
Independent of the modification step, the permselectivity is

high and remains constant at 89.0 ± 0.1% for all samples. This
value is slightly lower but close to those reported in the
literature (90%25). The permselectivity is not compromised
because the layers are very thin due to the short deposition
times. Additionally, both the PDA layer and the zwitterionic
layer have a net neutral charge. Therefore, they are not
expected to negatively affect the charge density of the
membrane and its electrical properties. Permselectivity data
for AEMs modified with PDA are scarce in literature;
nevertheless, Vaselbehagh et al. reported a decreased OCV,58

which is directly related to permselectivity, for AEMs modified
with PDA, but in that case the modification time was much
longer than in the present study (24 h vs 1 h) and the
deposition temperature (30 °C versus room temperature) was
higher, with both time and temperature strongly enhancing
layer formation and thus decreasing the overall membrane
properties.59

Figure 4 shows the membrane electrical resistance measured
at the different stages in the surface modification process.

The average electrical resistance values seem to increase
slightly upon surface modification, but the increase is very
limited and within the experimental measurement error. The
resistance value for the unmodified AEM is consistent with
those reported in previous studies.25,60 It is also confirmed by
the results of Ruan et al., who did not report an increase in
electrical resistance or selectivity (chloride over sulfate) as well
of polydopamine modified membranes for modification times
below or equal to 4.5 h. Only at 8 h deposition time a very
small increase in electrical resistance and selectivity was
observed in their study.38,39 Additionally, Liu et al. also
measured comparable permeability and salt rejection for the
pristine and modified thin-film composite membranes in their
study, thus reinforcing the expectation that the surface
modification based on polydopamine deposition and grafting
of a zwitterionic layer does not negatively impact ion transport
through the membrane.40 So, although an additional layer is
applied on top of the membrane with every modification step
(Figure 1), this layer is so thin that it does not affect the
membrane properties significantly (Figures 3 and 4).
To evaluate the effect of both the zwitterionic monomers

(aza-Michael) and the zwitterionic brushes (ATRP) on the
hydrophilicity of the membranes, contact angle measurements
of the modified membranes were determined (Figure 5). The
measured air contact angles are reported in Figure S6 in the
Supporting Information, together with images of the measured
air bubbles.
The water contact angle value measured for the unmodified

membrane is lower than what is reported in the literature, but
literature values are measured with a sessile drop method on a
membrane exposed to air, while the value presented in this
study was measured with a captive bubble measurement
method on a submerged membrane.61 The introduction of
both the zwitterionic monomers (aza-Michael, AEM+PDA
+SBMA) and brushes (ATRP, AEM+PDA-Br+PSBMA)
decreases the contact angle of the membranes with water.
The decrease in contact angle means an increased hydro-

Figure 3. Membrane permselectivity for the membranes at different
stages of surface modification. Measurement in 0.1 M/0.5 M NaCl.
The error bars illustrate the minimum and maximum measured values
(2 samples).

Figure 4. Membrane electrical resistance for the membranes at
different stages of surface modification. Measurement in 0.5 M NaCl.
The error bars illustrate the minimum and maximum measured values
(two samples).
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philicity of the modified membranes induced by the larger
hydration shell of (poly)sulfobetaine.50 Thanks to the larger
number of zwitterionic units present in the polymeric brushes
(ATRP) than in the monomers (aza-Michael), the amount of

bound water is larger for AEM+PDA-Br+PSBMA than for
AEM+PDA+SBMA. Therefore, the contact angle decreases
further for the zwitterionic polymer brushes. Additionally, the
decrease in contact angle confirms the successful grafting of
zwitterionic monomers and brushes on the AEM surface.
Contact angle values reported in literature for other surfaces

modified with (poly)sulfobetaine vary over a wide range. Liu et
al. report a decrease from 75° to 20° with very short PDA
deposition time and subsequent polysulfobetaine surface
modification,40 while Ruan et al. report a decrease from
around 78° to 65° for short PDA deposition times (up to 12
h), and to 60° for longer PDA deposition times (18−24 h),
accompanied by sulfobetaine monomers surface modifica-
tion.39 The variety of values in the literature indicates that the
priming layer below the zwitterionic layer, the thickness of the
zwitterionic layer, as well as the coverage of the zwitterionic
layer all play a role in determining the surface wettability.
Based on the work of Vaselbehagh et al., PDA layers alone can
already decrease the water contact angle to values as low as
30°.35 The differences in absolute value of the contact angles
measured in this work and those determined by Liu et al.40 and
Ruan et al.39 may stem from different membrane coverage,
surface roughness, and PDA deposition times. Nevertheless,
the hydrophilicity of the zwitterion-modified membranes (both

Figure 5.Water contact angle for the membranes at different stages of
surface modification. The error bars illustrate the minimum and
maximum measured values (three samples).

Figure 6. (a) Normalized electrical resistance of the RED stacks, (b) normalized OCV of the RED stacks, and (c) normalized gross power density
of the RED stacks during the first 8 h with river and seawater containing only NaCl (light blue), during the fouling stage with SDBS in river water
(pink), and during the cleaning stage (light blue) of the RED experiment. For the stack with unmodified membranes, the fouling onset (purple)
and fouling growth (yellow) stage are highlighted in panels a and b.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c02789
ACS Appl. Mater. Interfaces 2021, 13, 18348−18357

18353

https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02789?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c02789?rel=cite-as&ref=PDF&jav=VoR


with monomers and brushes) increased compared to the
nonmodified counterpart.
3.2. Stack Characterizations. Subsequently, the fouling

behavior using a frequently used model compound (SDBS)
and subsequent cleaning strategies of the modified membranes
in RED operation is analyzed and compared to that of their
unmodified counterparts. Figure 6a shows the evolution of the
normalized stack electrical resistance during the RED fouling
and cleaning experiments for the stack with unmodified
membranes (AEM), the stack with membranes modified with
zwitterionic monomers (aza-Michael, AEM+PDA+SBMA),
and the stack with membranes modified with zwitterionic
brushes (ATRP, AEM+PDA-Br+PSBMA).
During the first 4 h of operation with NaCl only in the

feedwaters, the stack electrical resistance decreases as the
membranes equilibrate in the new solutions and air bubbles
that may be trapped in the spacers are slowly expelled from the
stack. After 4 h of RED operation, all stacks reached a stable
stack resistance value. In our previous fouling study, electro-
chemical impedance spectroscopy showed that the fouling
onset is associated with a decrease of the capacitive behavior of
the AEM-water interface due to the nucleation of SDBS
domains on the AEM surface.62 These domains then grow to
form a layer, which is then visible as a plateauing of the
capacitive components and an increase in the nonohmic
resistance of the AEM.62 This evolution is now also mirrored
in the behavior of the stack resistance over time in this work
(indicated by the yellow and orange highlighted areas in Figure
6a). The behavior over time during the fouling stage for the
stack with unmodified AEMs (Figure 6a) can be divided into
three phases: fouling onset (8−12 h), growth of the fouling
layer (12−22 h), and plateauing (22−23.5 h).62 Both stacks
with zwitterionic layers on the AEMs only show the first two
phases of this process, with the fouling onset stage taking
longer compared to the unmodified membranes. The fouling
onset stage corresponds to the formation of SDBS domains,
and the layer growth is reflected in the steady increase in stack
electrical resistance in phase 2. The delayed onset of fouling for
the stacks with zwitterionic monomers and brushes indicates
that the growth of SDBS domains on these membranes takes
more time. This is reflected in the lower rate of change of
normalized stack electrical resistance over time, as illustrated in
Figure S7a in the Supporting Information. The lower
interaction forces between the hydrophobic model foulant
and the surface of the membranes modified with zwitterionic
monomers (aza-Michael) and brushes (ATRP) explain the
delay in the fouling onset. The water contact angle measure-
ments are an indication of this decreased interaction. Liu et al.
performed membrane-foulant interaction force measurements,
which showed a greatly reduced interaction force for
membranes modified with zwitterionic brushes compared to
pristine membranes.40 In this respect, zwitterionic monomers
are less effective than zwitterionic brushes as visible in a faster
increase of the electrical resistance during the fouling growth
stage, where the rate of change of the normalized stack
electrical resistance for the membranes modified with
zwitterionic monomers is similar to that of the unmodified
membranes. This highlights the benefit of the longer
zwitterionic grafts compared to the zwitterionic monomers.
Upon removal of SDBS from the river water, during the
cleaning stage, the three stacks exhibit similar recovery rates for
the normalized stack resistance over time (Figure S7a). The
reversible nature of fouling with SDBS is consistent with the

results of previous studies, where OCV and stack resistance
recovered once exposed to feedwaters without the model
compound.62,63 After 4 h of cleaning, the stack with
membranes modified with zwitterionic brushes is the closest
to its original resistance, thanks to the lower extent of fouling
achieved during the fouling phase.
Figure 6b shows the evolution of the normalized OCV over

time during the fouling and cleaning stages of the stack
experiments for the stack with unmodified membranes, the
stack with membranes modified with zwitterionic monomers
(aza-Michael), and the stack with membranes modified with
zwitterionic brushes (ATRP). Figure S7b in the Supporting
Information illustrated the rate of change of the normalized
OCV over time.
During the first 2 h of operation with only NaCl in river and

seawater, the stack OCVs reach an equilibrium value due to
the membrane conditioning in the newly assembled stack.
Surprisingly, for all membranes, the OCV increases in the first
hours after the introduction of SDBS in the river water (8−10
h). Considering that 100 ppm of SDBS introduces around 10%
extra sodium in the river water as well, the opposite (a
reduction of the OCV upon addition of SDBS in the river
water) is expected due to the corresponding decrease in
sodium gradient over the CEMs. However, this is not detected.
This behavior was consistently observed for all experiments.
Despite this anomaly, the evolution of the OCV closely

resembles the evolution of the stack electrical resistance, albeit
with fouling leading to a loss of OCV. The three stages of
fouling onset, fouling growth, and plateau (only for the
unmodified membranes) are identified for the OCV as well.
The fouling onset is observed in the first hours of the fouling
phase (8−12 h for the unmodified membranes), and it is
responsible for initiating the decreasing OCV trend. The
fouling growth is observed in the following hours (12−22 h for
the unmodified membranes) and is represented by the steady
downward trend in the normalized OCV. The OCV loss is
caused by the accumulation of negatively charged SBDS on the
surface of the AEM. This negatively charged layer promotes
transport of positive co-ions that are normally repelled by the
positively charged AEM. The increased transport of co-ions
results in a reduced membrane permselectivity and in turn a
reduced OCV. Equally to the membrane resistance, also here,
the reduced membrane-foulant interaction forces for the
membranes modified with a zwitterionic layer led to a slower
accumulation of SDBS on the membrane surface, which is
observed in the longer onset stage for the modified
membranes, particularly in the case of zwitterionic brushes
(ATRP). However, as was the case for the stack resistance, also
for the OCV the membranes modified with zwitterionic
monomers exhibit similar fouling rates during the fouling
growth stage as the unmodified membranes (Figure S7b).
After 4 h of cleaning, the stack with membranes modified with
zwitterionic brushes is the closest to its original OCV, thanks
to the lower degree of fouling attained at the end of the fouling
growth phase.
Figure 6c shows the evolution of the stack gross power

density over time during fouling and cleaning experiments for
the stack with unmodified membranes, the stack with
membranes modified with zwitterionic monomers (aza-
Michael), and the stack with membranes modified with
zwitterionic brushes (ATRP).
The trends observed for electrical resistance and OCV are

now combined, and it is evident that the surface modification
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with zwitterionic monomers and zwitterionic brushes is
effective in reducing the power density loss upon membrane
fouling with SDBS, especially when zwitterionic brushes are
grafted to the membrane surface. In the fouling experiment,
the stack with unmodified AEMs lost 65% of its initial gross
power density, while the stack with membranes modified by
zwitterionic monomers and brushes lost 60 and 52%,
respectively. The reduced losses registered for modified
membranes derive from their reduced interaction with the
hydrophobic SDBS, resulting in a longer duration of the
fouling onset stage and a slower fouling growth, especially in
the case of the membranes modified with zwitterionic brushes.
While zwitterionic monomers are effective in delaying the
onset of fouling, as observed by Ruan et al. in their 2 h
experiments,39 on a longer term, the power loss very much
approaches that of the unmodified membranes. Zwitterionic
brushes on the other hand are more effective in not only
delaying the fouling onset but also in reducing the fouling
growth rate due to their more hydrophilic nature, which stem
from the longer chains and the corresponding larger number of
zwitterionic moieties that cover the membrane surface. For
instance, after 8 h of exposure to a high concentration of model
foulant, the power loss for the stack with membranes modified
with zwitterionic brushes is about half of the power loss
registered for the stack with unmodified membranes. It should
be noted that in this study the fouling stage had the same
duration for all AEMs. While this ensured consistent testing of
the different membranes, a limitation of this experimental
design is the inability to discern directly whether the modified
membranes would reach a lower resistance plateau than the
unmodified membranes. Based on the trends in the fouling
rates observed in Figure S7a and S7b, it seems likely that the
membranes modified with zwitterionic brushes may reach a
plateau at a lower electrical resistance, while the membranes
modified with zwitterionic monomers may reach a similar
resistance plateau as the unmodified membranes. This
hypothesis is based on the observation that the fouling rates
are already decreasing for the modified membranes when the
fouling stage is terminated to begin the cleaning phase of the
experiment. However, an improved experimental design would
be necessary to experimentally verify this hypothesis. Never-
theless, it can be observed that, in the first 8 h of the fouling
phase, AEMs modified with zwitterionic brushes offer a distinct
advantage compared to unmodified membranes in terms of
delayed fouling onset and reduced fouling rate. Considering
that the experiments were conducted at a high concentration
(approximately 15 times the concentration of organic
compounds found in natural feedwaters) of a model
compound that induces severe fouling compared to naturally
occurring substances, the benefits on antifouling resistance are
expected to be even greater in real water applications with
lower concentrations of organic compounds. Therefore, this
research proves that in reverse electrodialysis modification of
anion exchange membranes with zwitterionic brushes is a
promising modification route to improve the antifouling
properties of AEMs, especially in combination with periodic
cleaning strategies.

4. CONCLUSION
Antifouling AEMs were prepared by coating of a commercial
AEM with either polydopamine followed by grafting of
zwitterionic monomers on its surface or with a modified
polydopamine-BiBB coating as surface initiator for ATRP with

sulfobetaine to graft zwitterionic brushes on the membrane
surface. Both the polydopamine and the zwitterionic layers
hardly affect the permselectivity nor the electrical resistance
compared to the nonmodified membranes thanks to the thin
grafting layers which is made by using short deposition and
reaction times. Their membrane hydrophilicity clearly
increased offering a method to better mitigate fouling. The
fouling resistance for both zwitterionic monomers and
zwitterionic brush membranes was improved. Unlike the
zwitterionic monomers, which only delay the fouling onset,
the zwitterionic brushes cause a delay in the fouling onset and
also slow down the fouling layer growth. The results of this
study show the potential of zwitterionic surface chemistry to
prepare antifouling membranes for application in RED or other
electro-membrane technologies used to process natural
feedwaters.
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