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Membrane technology has become a promising solution for a wide range of separation processes, including
wastewater treatment, solvent recovery, and oil-water separation, due to its low energy consumption, cost-
effectiveness, and minimal space needs. However, membrane damage caused by suspended pollutants or
improper handling remains a challenge, often leading to decreased filtration capability and the need for
replacement of membrane modules. Self-repairing membranes have emerged as a new solution, with various
materials demonstrating autonomous healing properties through dynamic bonds such as hydrogen bonds or
boronic ester bonds. However, many of these self-repairing membranes suffer from excessive swelling in water,
compromising their mechanical stability. Herein, we report a self-repairing and low-swelling polymer network
based on dopamine acrylamide (DA) and n-butyl acrylate (BA), crosslinked with p-phenylenediboronic acid
(PDBA). The boronic ester bond formation between catechol and boronic acid groups confers self-healing
properties to the polymer, while the hydrophobic nature of BA minimizes swelling in water. The polymer ex-
hibits a low swelling ratio of 2.1% after 7 days of submersion in water. A cellulose-based filter paper coated with
the polymer demonstrated that it can recover its water flux up to 91% after repairing damage. Lastly, an ul-
trafiltration polyethersulfone (PES)-based filter coated with the polymer demonstrated that it recovers its solute
rejection capability after repairing damage.

Introduction these pollutants dissolved or suspended in liquids can easily contami-

nate or damage the membranes [7] during operation [7,8]. Conse-

Membrane technology excels over traditional filtration methods
across various separation processes, including wastewater treatment,
solvent recovery, and oil-water separations [1]. As the core of filtration
systems, membranes have attracted significant attentions as a promising
solution [2,3], primarily due to their low energy consumption, cost-
effectiveness, and minimal space requirements [4]. For example, ultra-
filtration (UF) membranes are highly effective in removing organic
matter, suspended particulates, and solids from water [5,6]. However,
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quently, chemical cleaning and backflushing are often required, which
can degrade membrane integrity and lead to further damage. Since most
filtration membranes are made from polymeric materials such as poly-
sulfone, polyethersulfone (PES), and cellulose acetate because of their
tunable properties, ease of processing, and affordability. However, these
polymers are also more prone to damage [9]. Additionally, improper
handling during the setup, commissioning, or maintenance can further
impair membrane performance [10].
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Damaged membranes often lead to a sudden increase in perme-
ability, resulting in a decline in filtration performance. Thus, it is critical
to detecting and reporting any damage to a membrane system promptly,
both before and during operation [11]. Several membrane integrity
monitoring technologies have been developed based on permeate pa-
rameters, such as particle count, turbidity, and conductivity [12].
However, these methods typically struggle to accurately pinpoint
damage during operation. Moreover, these methods are often performed
offline and suffer from extended detection times [13]. Given that
membrane systems generally with modules containing multiple mem-
branes, replacing individual damaged membranes is often not feasible.
Instead, replacing the entire module is usually a more practical solution,
despite the high costs and the need for suspending the process [1].

Developing membranes with autonomous self-repairing capabilities
has been a major research focus in recent years. For example, Getachew
et al. [14], reported a microporous PES membrane grafted with 2-acryl-
amido-2-methyl-1-propanesulfonic acid. This membrane demonstrated
the ability to restore its particle rejection efficiency up to 99 %, from
levels as low as 30 % after physical damage. The recovery was attributed
to the swelling of a pore-filling hydrogel into the damage site, supported
by strong hydrogen bonding and molecular interdiffusion. Similarly,
Lim et al. [1], developed a PES membrane coated with polyvinyl alcohol
(PVA) and polyacrylic acid (PAA), capable of forming a self-repairing
supramolecular system. When submerged in water, the membrane un-
dergoes self-healing due to the reversible hydrogen bonds. Jiang et al.
[15], fabricated an UF membrane using cucurbit [8]uril (CB [8])
hydrogel to fill pores. The membrane’s self-healing performance was
attributed to the swelling of the CB[8] hydrogel, molecular interdiffu-
sion of the chains, and strong hydrogen bonding with guest molecules.
Wang et al. [10], designed a boronic acid-containing PES UF membrane
composited with PVA hydrogel. The membrane demonstrated self-
healing through hydrogen bonding and reversible boronic ester forma-
tion. Li et al. [16], reported hyper-crosslinked metal-organic polyhedral
(HCMOPs) membranes, covalently crosslinked with boronic acid-
modified Zr-based MOPs and PVA. It exhibited reversible dynamic
boronic bonds when exposed to water vapor.

Most previously reported self-repairing membranes have utilized
hydrogels or hydrophilic polymers, as water-induced swelling enhances
polymer chain mobility, increasing the likelihood of dynamic bond
reformation and successful healing at cracked interfaces [17]. However,
this swelling also leads to severe structural deformation [18] and
changes in mechanical properties [19], making these materials prone to
failure during underwater use. While hydrophobic polymers are ex-
pected to retain their intrinsic properties in water without swelling, the
formation of a water boundary layer at cracked surfaces significantly
weakens van der Waals interactions, disrupting the reformation of dy-
namic bonds [20]. Therefore, designing a polymer with balanced hy-
drophobicity and water-triggered dynamic bonds is essential for
developing underwater self-healing elastomers with high stability
[21,22].

Herein, we report a self-repairing, low-swelling polymer network by
copolymerizing dopamine acrylamide (DA) and n-butyl acrylate (BA)
followed by crosslinking with p-phenylenediboronic acid (PDBA). The
boronic acid and catechol groups in PDBA and p(DA-co-BA) form
boronic ester bonds through esterification. The resulting p(DA-co-BA) +
PDBA exhibits a very low swelling ratio of 2.1 % after being submerged
in water for 7 days. This low swelling is attributed to the hydrophobic
nature of BA, which suppresses water uptake and stabilizes the polymer
network in water. It is demonstrated that the concentrations of PDBA in
the polymer network affects the swelling ratio, with lower concentra-
tions of PDBA leading to higher swelling. This can be attributed to
unreacted free catechol groups which can attract water and undergo
hydrolysis. Furthermore, p(DA-co-BA) + PDBA demonstrates self-
repairing capabilities when submerged in water. This is attributed to
the re-formation of boronic ester bonds between free catechol and
boronic acid groups on the cut surfaces when they come into contact.
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Utilizing p(DA-co-BA) + PDBA, a cellulose-based filter paper was dip-
coated. The filter demonstrates that it can recover up to 91 % of its
inherent water flux after repair. Lastly, an UF filter coated with p(DA-co-
BA) + PDBA demonstrates that it recovers its solute rejection capability
after repairing damage.

Experimental
Materials

p-phenylenediboronic acid (PDBA, M, = 165.75 g/mol), dopamine
hydrochloride (M,, = 189.64 g/mol), acrylic anhydride (M,, = 126.11 g/
mol), n-butyl acrylate (BA, M,, = 128.17 g/mol), triethylamine (TEA),
2,2-azobis(isobutyronitrile) (AIBN), humic acid (technical grade), pyr-
idine (anhydrous), ethanol (dehydrated), tetrahydrofuran (THF, anhy-
drous), acetone, chloroform (anhydrous), ethyl acetate, n-hexane,
hydrochloric acid (HCl, 37 % ACS reagent), were obtained from Sigma-
Aldrich. A cellulose Whatman filter paper (Grade 4) and a flat sheet
polyether sulfone (PES) ultrafiltration membrane were obtained from
Sigma Aldrich and Snyder Filtration, respectively.

Synthesis of poly(dopamine acrylamide-co-n-butyl acrylate) (p(DA-co-BA)

In a round-bottom flask, the desired amount of DA and BA were
added. For this study, polymers with DA:BA molar ratios of 9.9:0.1,
9.5:0.5, and 9.0:1.0 were synthesized. Anhydrous ethanol was then
added to adjust the overall concentration to 5.0 wt%. Then, AIBN was
added as an initiator at concentration of 0.5 wt% relative to the total
monomer content. The solution was heated to 75 °C under stirring for
about 24 h while nitrogen (N3) gas purging to maintain an inert atmo-
sphere. The solution was cooled to room temperature and poured into an
excess amount of n-hexane to precipitate the polymer. The precipitated
polymer was then filtered and dried under vacuum.

Preparation of a solution for p(DA-co-BA) crosslinked with PDBA

The resulting p(DA-co-BA) and PDBA were mixed in desired com-
positions. 2.7 g of p(DA-co-BA) containing 2.00 mmol of catechol groups
was mixed with 165 mg, 124 mg and 82.5 mg of PDBA in 100 ml of
chloroform. This resulted in 100 %, 75 % and 50 % of the catechol
groups available for boronic ester bonding, respectively. Finally, 202 mg
of TEA (equiv. 2.00 mmol) was added to the solution followed by stirring
for 24 h at room temperature. TEA was added to form a coordinate
covalent bond (i.e., dative bond) between boron (B) and nitrogen (N),
which serves as dynamic crosslinks within the polymer network [23,24].
We denote p(DA-co-BA) mixed with 165 mg, 124 mg, and 82.5 mg of
PDBA as p(DA-co-BA) + 5.8 wt% PDBA, p(DA-co-BA) + 4.4 wt% PDBA,
and p(DA-co-BA) + 3.0 wt% PDBA, respectively.

Coating a filter with p(DA-co-BA) + PDBA

The p(DA-co-BA) + PDBA solution was applied to the surface of a
filter. Note that we used Whatman cellulose-based filter paper (Grade 4)
and a flat sheet PES-based UF filter as substrates. Subsequently, the
coated filter was heated at 50 °C for 24 h to facilitate the crosslinking
process.

Measurements of water flux

Water flux through the filter was measured using a custom-made
dead-end and gravity-driven filtration apparatus. Approximately 100
ml of deionized (DI) water was poured into a container with the filter
attached at the bottom. Prior to the water flux measurements, the filter
weas pre-swollen for 4 days to eliminate the effects of absorption and
swelling on flux. The water flux measurement was conducted over a
period of 10 min. All tests were repeated three times unless otherwise
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specified. The water flux was calculated using the equation: J,y = V/
(AAt), where Jyy (L/m?-h) is the water flux, A is the area of the filter, and

At is the permeation time.

Calculation of self-repairing efficiency

Damage was engraved on the filter surface using a razor blade,
creating a hash mark (#) with dimensions of approximately 1 cm long,
10 pm wide, and 2.0 pm deep. The water flux of the damaged filter was
measured for an initial 10 s to minimize the effects of ongoing repair on
the flux. The self-repairing efficiency, (%), was calculated using the
following equation:

’7(%) = (Aﬁepaired/Afmherenz) x 100 (@D
where Afiepaired = (Jw of damaged filter) — (Jy, of repaired filter) and
Afinherent = (Jw of damaged filter) — (Jyy of inherent filter).

Humic acid rejection

A 60 ppm aqueous solution of humic acid was prepared for the
rejection experiments. A flat sheet PES UF filter was coated with p(DA-
co-BA) + PDBA as described above. The humic acid rejection experi-
ments were conducted at 2 bar using a dead-end filtration cell (Sterli-
tech, HP4750). The concentration of humic acid in the permeate
solutions was measured using UV-Vis Spectrophotometer (Thermo
Evolution 600, UV-Vis Spectrophotometer, Thermo Fisher Scientific).
The rejection R (%) was calculated by:

R(%) = (1 - G,/Cf) x 100 )
where C;, and Cy are the concentrations of humic acid in the permeate
and feed solutions, respectively.

Results and discussion

To fabricate a self-repairing polymer with minimal swelling in water,
we chose dopamine acrylamide (DA) and n-butyl acrylate (BA) as
monomers. DA was chosen for its low glass transition temperature (Tg)
of —50 °C, which enhances chain mobility at room temperature and
results in self-repairing capability [21]. BA was selected for its hydro-
phobicity which contributes to its stability in water and prevents sig-
nificant swelling [25]. Using a free radical polymerization method

Dopamine acrylamide (DA) AIBN
0 Ethanol
2 aadhhd 24 h, 75°C

o}
Butyl acrylate (BA)

{

p(DA-co-BA)

X
o ~0
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[21,22], we fabricated poly(dopamine acrylamide-co-n-butyl acrylate, p
(DA-co-BA)) (Fig. 1). A detailed description of the polymerization pro-
cedure and polymer properties are provided in Supporting Informa-
tion (SI) Section 1. A crosslinked p(DA-co-BA) network was fabricated
using PDBA. The catechol moieties in the polymer and boronic acid
groups in PDBA undergo esterification reaction, forming non-ionic
boronic ester bonds [26]. The formation of these bonds between p
(DA-co-BA) and PDBA was confirmed through the Attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy (SI
Section 2).

The swelling ratio of p(DA-co-BA) crosslinked with PDBA was
determined by measuring the weight of the polymer film in its dry state
and after being fully soaked in water. The swelling ratio (%) was
calculated by:

Swelling ratio(%) = (Wnat — Winiciat) / Winiciw X 100 3)
where Wiina and Wipitial are the fully soaked and initial (dry) weight of
the polymer film, respectively. Fig. 2a displays the measured swelling
ratio values for p(DA-co-BA) crosslinked with various concentrations of
PDBA. The molar ratio of DA to BA in the polymer was maintained at
9.0:1.0. The results indicate higher concentrations of PDBA lead to lower
swelling ratios. For example, p(DA-co-BA) crosslinked with 5.8 wt%
PDBA (denoted as p(DA-co-BA) + 5.8 wt% PDBA) exhibits a swelling
ratio of 2.1 % after 7 days submerged in water, whereas p(DA-co-BA) +
3.0 wt% PDBA exhibits a significantly higher swelling ratio of 15.3 %.
This difference can be attributed to the higher PDBA concentration
allowing all the catechol groups in DA to coordinate with boronic acid
groups, whereas 3.0 wt% PDBA results in unreacted catechol groups.
Note that 3.0 wt% PDBA provides only enough boronic acids groups to
coordinate with about half of the catechol groups, leaving hydrophilic
catechol moieties and resulting in a looser polymer network. Conse-
quently, p(DA-co-BA) crosslinked with lower PDBA concentrations
exhibit higher water uptake [27]. The calculated crosslinking density for
p(DA-co-BA) + 3.0 wt% PDBA, p(DA-co-BA) + 4.4 wt% PDBA, and p
(DA-co-BA) + 5.8 wt% PDBA are 251.3 kg/mol, 311.8 kg/mol, and
406.5 kg/mol, respectively (SI Section 3).

Another key feature is the stability of the polymer network in water
for up to 7 days. This can be attributed to the hydrophobicity of BA
which can maintain the network structure and suppress water absorp-
tion. Conversely, p(DA-co-BA) with a lower BA molar ratio (e.g., 9.5:0.5
and 9.9:0.1) starts disintegrating after 2 days in water (SI Section 4).

O

b

TEA, Chloroform

HO OH
HO OH B-

PDBA

)

Fig. 1. Schematic illustrating the overall synthesis process of p(DA-co-BA) through the copolymerization of DA and BA via free radical polymerization. The resulting
p(DA-co-BA) is subsequently crosslinked with PDBA. The detailed synthesis process for DA is provided in SI Section 1.
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Fig. 2. (a) Swelling ratio of p(DA-co-BA) crosslinked with various PDBA concentrations submerged in water. (b-c) Optical microscopy images of a p(DA-co-BA) + 5.8
wt% PDBA film showing multiple breaches (b) and after undergoing self-repair process (c). (d) Schematic illustrating the proposed self-repairing mechanism.

This can be attributed to the partial loss of TEA through diffusion in
water, which may weaken the boronic ester linkages.

The self-repairing capability of p(DA-co-BA) + PDBA was demon-
strated by creating several breaches on the polymer surface using a
sharp tip scriber (Fig. 2b). The breaches ranged from approximately 3 to
10 pm in width (SI Section 5). Upon immediate submersion in water,
the breaches on the surface began to disappear. Within 3 min, most of
the breaches were repaired (Fig. 2¢). A movie demonstrating the self-
repairing process of p(DA-co-BA) + 5.8 wt% PDBA is provided as Sup-
porting Movie S1.

Fig. 2d illustrates the proposed mechanism for the self-repairing
process of the polymer. When the polymer network is cut, the cut sur-
face tends to have higher polymer chain mobility due to the rupture of
crosslinkers, which leaves dynamic bonds more accessible [28]. Upon
contacting water, the equilibrium of the reaction between catechol and
boronic acid groups shifts slightly towards hydrolysis. This shift leads to
the exposure of more catechol and boronic acid groups at the cut surface.
At the same time, water absorption causes the polymer to swell, bringing
the two cut surfaces into closer contact. This proximity allows the
boronic ester bonds to re-form through esterification, effectively
reconstructing the network structure and closing the breach [21]. This
dynamic bond reformation is key to the self-repairing behavior observed
in p(DA-co-BA) + PDBA.

The self-repairing capability and minimal swelling of p(DA-co-BA) +
PDBA make it suitable for applications in wet conditions, such as
membranes. To explore this, we coated a cellulose-based filter paper
(nominal pore size = 20 — 25 pm) with p(DA-co-BA) using DA:BA molar
ratio of 9.0:1.0 followed by crosslinking with PDBA (details in Experi-
mental). We measured the water flux through the coated filters using a

custom-made dead-end filtration apparatus. All water flux measure-
ments were conducted at an applied pressure of approximately 400 Pa,
indicating a gravity-driven process (SI Section 6). The results demon-
strate that uncoated filter exhibits a water flux (Jy) of 96.0 + 5.4 L/m?-
h, whereas the coated filters show significantly lower flux values. For
example, a filter coated with p(DA-co-BA) + 3.0 wt% PDBA exhibits Jy,
= 38.4 &+ 9.1 L/m>h, while that coated with p(DA-co-BA) + 5.8 wt%
PDBA shows J,, = 76.8 &+ 6.3 L/m%h. (Fig. 3a) Notably, filters with
lower PDBA concentrations show lower water flux values. This can be
attributed to a higher number of free catechol groups in the polymer
network crosslinked with lower PDBA concentrations, which interact
with water and reduce the permeability. Additionally, to ensure accu-
rate flux measurement, all filters were pre-swollen in water for four days
before testing to eliminate the water uptake effect (see Experimental).

To evaluate the self-repairing capability of p(DA-co-BA) + PDBA
coated filter, we measured and compared water flux values through
damaged and subsequently repaired filters. Four deep scratches in the
shape of a hash sign (#), each approximately 1 cm long, 10 pm wide, and
2.0 pm deep were engraved onto the surface using a razor blade. The p
(DA-co-BA) + PDBA forms a film of ~2.5 + 0.3 pm on the filter surface,
so the underlying filter remained undamaged. It is demonstrated that the
water flux increased after damaging the filter. For example, the water
flux values for damaged filters coated with p(DA-co-BA) + 3.0 wt%
PDBA, p(DA-co-BA) + 4.4 wt% PDBA, and p(DA-co-BA) + 5.8 wt%
PDBA were Jy, = 75.6 + 10.3 L/m%h, J,, = 89.2 + 14.4 L/m?h, and J;,
= 104.2 + 12.8 L/m>h, respectively (Fig. 3b). After submerging the
damaged filters in water for 7 days, allowing for complete repair, the
repaired filters exhibit lower J,, values of 51.6 + 5.5 L/m?-h, 65.3 +
14.3L/m%h, and 79.2 + 9.7 L/m?h, respectively, for filters coated with

a b c
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Fig. 3. (a) Measured water flux values through coated filters. For comparison, the water flux value through an uncoated filter is also shown. (b) Measured water flux
values through damaged and repaired filters. (c) Self-repairing efficiency (1 (%)) of the filters calculated using Eq. (1).
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3.0 wt%, 4.4 wt%, and 5.8 wt% PDBA.

The self-repairing efficiency, 7 (%) of each filter was calculated using
Eq. (1). The results indicate that filters with higher PDBA concentrations
show greater 5 values (Fig. 3c). This can be attributed to the recon-
struction of boronic ester bonds, as higher PDBA concentrations provide
more boronic acid groups for the re-esterification process. A movie
demonstrating the water flux changes due to damage and subsequent
repair is provided as Supporting Movie S2.

We conducted a long-term stability test of the damaged p(DA-co-BA)
+ 5.8 wt% PDBA-coated filter under running water conditions for 7
days. After 7 days, we measured its flux. The results are shown in Fig. 4.
The results show that our p(DA-co-BA) + 5.8 wt% PDBA-coated filter
recovers its inherent water flux after being submerged in running water
for 7 days. This indicates that our p(DA-co-BA) + 5.8 wt% PDBA-coated
filter can maintain its filtration performance in practical applications
where it is continuously exposed to running water.

Lastly, we applied p(DA-co-BA) + PDBA an UF filter to impart self-
repairing capabilities. A flat sheet PES UF filter was coated and cross-
linked following the same procedure as described in Experimental. To
evaluate the performance, we conducted solute rejection experiments
using humic acid as a model solute. The concentration of humic acid in
the permeate through both the damaged and repaired filters were
measured using a UV-Vis spectrophotometer (SI Section 7). The rejec-
tion, R(%) was calculated using Eq. (2). The results show that a damaged
filter coated with p(DA-co-BA) + 5.8 wt% PDBA exhibits the R value of
30.5 + 5.5 %, while the repaired filter shows 44.2 + 4.3 %. This is
comparable to the pristine filter’s rejection value of 46.1 + 6.0 %
(Fig. 5). This highlights the effective restoration of filtration function-
ality post-repair. For comparison, an uncoated filter shows negligible
change in rejection between the damaged (R = 26.5 + 5.1 %) and
repaired (R = 26.3 + 6.5 %) states. These results demonstrate the
practical utility of the coating in ultrafiltration applications, maintain-
ing solute rejection performance even after damage and subsequent
repair.

Conclusion
In this work, we synthesize a self-repairing and non-swelling poly-

mer network by copolymerizing DA and BA followed by crosslinking
with PDBA. The catechol groups p(DA-co-BA) and boronic acid groups in
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Fig. 4. Measured water flux values through both damaged and repaired filters.
Filters were repaired by submerging them in static water or running water for
7 days.
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Fig. 5. Plots illustrating humic acid rejection (R(%)) for a PES-based UF filter
coated with p(DA-co-BA) + 5.8 wt% PDBA, before and after damage and repair
calculated using Eq. (2). For comparison, the humic acid rejection value of an
uncoated filters also provided.

PDBA form boronic ester bonds through an esterification reaction,
which was verified by ATR-FTIR measurements. The resulting polymer
network exhibited a very low swelling ratio, as low as 2.1 % indicating
its excellent stability in water. It was also demonstrated that a lower
PDBA concentration in the polymer network resulted in a higher
swelling ratio due to unreacted catechol groups, which can facilitate
water uptake. However, even after 7 days of submersion in water, the
polymer network remained stable making it ideal for underwater ap-
plications. The polymer also exhibited self-repairing capability in water.
When damaged, the boronic ester bonds between free catechol and
boronic acid groups at the cut surfaces can reconstruct allowing them to
repair itself upon contact. Utilizing p(DA-co-BA) + PDBA, a cellulose-
based filter paper was dip-coated. The coated filter demonstrated self-
repairing capability. After damage, the coated filter recovered up to
91 % of its inherent water flux while the uncoated filter showed no
change in water flux post-damage or after repair. Furthermore, an UF
PES-based filter coated with p(DA-co-BA) + PDBA also recovered its
solute rejection capability after repair. We envision that our polymer
network can offer a promising solution for enhancing the longevity and
durability of membrane systems.
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