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Herein, we report a controllable pathway to accelerate the
polymerization kinetics of dopamine using ultrasound as a trigger.
The use of ultrasound was demonstrated to dramatically accelerate
the slow liquid phase reaction kinetics and increase the deposition
rate of the polydopamine coating on the surface of polymeric
membranes.

Surface modification with mussel-inspired dopamine coatings have
attracted great interest due to the presence of catechol (DOPA) and
amine (lysine) groups that form strong covalent and noncovalent
interactions with a broad spectrum of organic and inorganic
materials, such as polymers, metals, and ceramics.? Additionally,
established polydopamine (PDA) coatings can easily be post-
modified by various molecules, including thiols, and amines,? owing
to the presence of functional groups in the PDA structure. Due to
their high negative charge density and hydrophilicity, PDA coatings
have also been explored for many membrane applications, such as
wastewater treatment,* battery separators,® nanofiltration® and gas
separation.” In all of these applications, superior performance of the
membrane, such as high-water flux,® excellent water vapor/N,
selectivity,” and high fouling resistance® was directly, or indirectly
related to the PDA layer. Despite the unique properties of PDA
coatings, the slow kinetics of dopamine polymerization, which range
from several hours to a few days, remains an issue.?!3 Thus, the PDA
coatings process is too time-consuming and restricts their large-scale
industrial applications. Different strategies utilizing UV,
microwave,’® microplasma,!! and chemical oxidizing agents!?13 have
accelerated the polymerization rate to overcome this drawback.
However, these techniques have their own limitations, such as
degradation of the membrane support due to UV irradiation,
surface contamination of the triggering metal ions,'? the need for
chemical oxidizing agents,*2 and high energy requirements which can
increase the temperature to 100 °C within a few minutes.® The high
temperature during polymerization can lead to collapsed pores in the
support membrane.
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In polymer science, ultrasound has been used to degrade
synthetic and bio-based polymers for nearly half a century,> control
aggregation during the coating of inorganic nanoparticles,'® and
applied to various polymer synthesis techniques, such as
sonochemically induced reversible addition fragmentation chain
transfer polymerization (Sono-RAFT)'” and sonochemically induced
nitroxide-mediated  polymerization  (Sono-NMP).18  However,
ultrasound has never been utilized for surface modification of
membranes, which is what we demonstrate in this work.

In this study, we establish for the first time that ultrasound can
be used as a trigger to significantly accelerate the polymerization
kinetics of dopamine in the liquid phase, and the deposition rate of a
PDA film on porous polymeric membranes at room temperature
without using any chemical oxidizing agents. PDA coatings were
successfully formed on hydrophobic polysulfone (PSF) and relatively
hydrophilic, polysulfone-sulfonated polyethersulfone (PSF-SPES)
membranes that are commonly used in separation applications. The
effect of the ultrasound triggering on the PDA coating was evaluated
using surface free energy (SFE), contact angle, XPS, SEM, AFM, ATR-
FTIR, pure water permeability (PWP) and polyethylene glycol (PEG)
rejection measurements. In addition, the high-performance of the
PDA-coated membranes was demonstrated via antifouling
experiments using oil/water emulsions as a foulant. The impact of
ultrasound on the structure of the bare membranes was investigated
through PWP and PEG rejection experiments before and after
ultrasound exposure. This study provides a rapid polymerization and
also opens a new direction for the applications of ultrasound-assisted
based polymerization of dopamine.

First, we explored the qualitative colour change and
quantified UV/Vis absorbance of the dopamine solution (2 mg
mL?1, 10 mM Tris-HCI, pH=8.5) as a function of reaction time
with and without sonification, as shown in Fig. 1. The colour of
the solution turned a characteristic darker brown within 15 min
in ultrasound-assisted polymerization (USP), while very little
colour change was observed even after 60 min in conventional
polymerization (CP) (Fig. 1a). When using the USP technique,
the absorbance of the characteristic peak at 420 nm, attributed
to the PDA, increased from 0 to 2.31+0.16 after 60 min, which
was much higher than the value observed using CP as shown in
Fig. 1b. To demonstrate the effectiveness and controllability of
the ultrasound system, the solution was exposed to the USP for
30 min (ON) and then to the CP for 30 min (OFF), and this cycle
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was repeated three times. The result in Fig. 1c shows that the
absorbance intensity of the PDA increased sharply when the
ultrasound was applied. On the contrary, the change was
insignificant during the CP, which demonstrates that the
ultrasound accelerated the polymerization kinetics of dopamine
in liquid phase.
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Fig. 1 a) Color change of the dopamine solution as a function of
time. b) Time-dependence of absorbance at 420 nm. c)
Absorbance changes by turning ON and OFF of the ultrasound.

Fig. 2a shows that the rate of dopamine polymerization was
higher at a low ultrasound frequency (20 kHz, 30 W). At high
frequency (850 kHz, 25 W), the amount of intermediate product,
H,0,,'? increased considerably which suppressed the polymerization
kinetics by degrading the PDA formed.'320 Based on the results in Fig.
2a, low-frequency (20 kHz) ultrasound was applied for further
investigations. We hypothesize that the ultrasound accelerates the
dopamine polymerization through enhanced reactive oxygen species
(ROSs) formation by decomposition of water molecules.'® To prove
this hypothesis, a nitroblue tetrazolium (NBT) assay was used in the
liquid phase polymerization by adding 0.82 mg/mL NBT into
dopamine solution. NBT reacts with ROSs and forms a light absorbing
molecule (at 560 nm), blue NBT formazan.??2 The absorbance
reading at 560 nm is a direct measure of the ROSs level in the
solution.’ Thus, according to the results in Fig. 2b, higher absorbance
values measured during USP proved enhanced ROSs generation with
ultrasound triggering. Dopamine polymerization was inhibited by the
addition of radical scavengers, ascorbic acid (2 mg/mL) and cysteine
(2 mg/mL) (Fig. S1, EDI). The pH value of the solution was adjusted to
8.5 after adding the radical scavengers. The inhibition was due to
quenching the generated radicals?32* and not due to pH change in
the solution.? This result confirmed that the radical generation is the
key mechanism for the dopamine polymerization.
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Fig. 2 The rate of dopamine polymerization a) Effect of ultrasound
frequency on the absorbance of dopamine solution b)
Absorbance of blue NBT formazan at 560 nm as function of time.

In literature, the rate of dopamine deposition is generally
guantified using spectroscopic ellipsometry.>13 However, this
technique is limited to inorganic samples with smooth surfaces
and cannot be applied to the polymeric membranes prepared
by phase inversion. To compare the PDA deposition rates by CP
and USP techniques, we characterized the coatings using ATR-
FTIR spectroscopy, contact angle, surface free energy and XPS
measurements. In addition, the changes in surface morphology
of the membranes after coating were characterized by AFM and
SEM analysis. In the spectrum of the PDA coated membranes,
three IR band intensities belonging to the v(N-H) and v(O-H)
peaks at 3300 cm™ and vring(C=C) peaks at 1623 cm™ were
observed, which indicated the presence of dopamine on the
membrane surfaces (Fig. S2, ESI). The area under the v(N-H) and
v(O-H) peaks was found larger in the case of USP which
demonstrated that the kinetics of PDA deposition process was
accelerated using ultrasound as a trigger (Table S1, ESI).

Table 1 provides the water contact angles of the bare and
PDA coated membranes. The hydrophilicity of both membranes
increased upon PDA coating as a result of hydrophilic groups
such as -OH, -COOH and -NH, in the PDA layer. On the other
hand, a more hydrophilic surface was obtained on both
supports by USP. The SFE of the PDA coated membranes are
summarized in Table S2 and compared with those determined
for the uncoated membranes (Table S3, ESI). The PDA coating
obtained in the presence of an ultrasonic horn resulted in a
larger increase in the SFE’s of both membranes. Mostly, the
polar component (o) of the SFE increased since the PDA has
polar functional groups, such as OH and NH.%® The increase in
the polar component was more pronounced when the PDA was
deposited on the hydrophobic PSF support. XPS analysis
quantitatively determined the chemical composition of the
unmodified and PDA modified membranes. The general survey
shows that unmodified membranes possessed characteristic
peaks of Cls, Ols, S2s and S2p, while the modified ones have
an additional N1s peak (Fig. S3, ESI). Sulfur comes from the PSF
and SPES. The nitrogen peak that was detected only in the
modified membranes confirmed the presence of the PDA layer
on both supports. To illustrate the effect of ultrasound on the
PDA deposition rates, we considered the N/S ratios of the
membranes coated by two techniques. Compared with the CP
technique, the PDA coating in the presence of ultrasound
resulted in larger N/S ratio (Table S4, ESI).

AFM images and surface roughness of the PSF and PSF-SPES
membranes are provided in Fig. S4 and Table S5, respectively.
The PDA coating on both membranes increased their surface
roughness. However, the membranes coated in the presence of
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ultrasound had lower roughness values. Ultrasound creates a
vibration that prevents aggregate formation on the membrane
surfaces during coating, thus, enabling to produce smoother
surfaces. When the PDA was coated on the PSF-SPES
membrane, the effect of ultrasound was found much more
prominent as the roughness of this membrane is significantly
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lower compared to its counterpart prepared with CP. The
surface morphology of the PSF membranes did not change
significantly after coating with the PDA layer as shown in Fig. S5.
However, PDA aggregates were observed on the PSF-SPES
membrane coated with CP without ultrasound.

Table 1 Contact angles of the bare and PDA coated membranes.

Contact Angle (°)

The change in Contact Angle (%)

Membranes
Bare cp USsP (65-6cp)/B8 (85-Busp)/6s
PSF 97.4+0.2" 76.9+0.6" 69.9+0.6" 21.0 28.2
PSF-SPES 72.9+0.8"" 58.9+0.8"" 46.8+0.1"" 19.1 35.9

Bg, Ocp, Busp are the contact angle of bare, CP, and UPS membranes, respectively.
“represents statistically significant difference (p<0.05) in contact angle of the bare and coated PSF membranes.
“represents statistically significant difference (p<0.05) in contact angle of the bare and coated PSF-SPES membranes.

Recent studies have shown that PDA coatings on different
surfaces exhibit strong stability in acidic, neutral, and weak alkaline
solutions, but disintegrate in a strongly alkaline condition.1327.28 We
also observed a similar behavior for the PDA coated PSF-SPES
membranes. The absorbance measured at 420 nm in NaOH solution
was higher for the PSF-SPES membrane coated with CP, which
corresponds to more PDA leaching from the surface after 24 hours
(Fig. S6, ESI). This result demonstrated that the USP had a positive
impact on the stability of the PDA coating. The lower stability of the
PDA layer on the PSF-SPES membrane formed with CP could be due
to the deposition of PDA as aggregates (Fig. S5, ESI). In addition, the
ultrasound may have changed the mechanism of PDA deposition
which is still not clear in literature.?® Nevertheless, further studies are
needed to investigate the effect of ultrasound on the deposition
mechanism and the binding strength of the PDA layer. The thermal
stability was not evaluated since filtration with polymeric
membranes is mostly carried out at room temperature. The coating
was very stable at room temperature.

Changes to the membrane structure after ultrasound
treatment were established by measuring if the rejection and
permeability values changed. Fig. 3 shows that the PWP and
PEO 100 kDa (polyethylene oxide) rejection values of the
uncoated membranes before and after 1-hour ultrasound
exposure remained constant. This promising result
demonstrates that the ultrasound did not cause any change in
the structure of the support membranes and contrasts previous
results observed with UV irradiation was used. For example,
Baek et al.* used UV irradiation to shorten the PDA coating time
on polyamide reverse osmosis membrane. However, 30 min UV
irradiation caused an increase in NaCl rejection from 1% to 3%,
which indicated the degradation of the polyamide membrane.
Similarly, Rupiasih et al.3° reported the adverse effect of a very
short time (2 min) UV irradiation on the performance of PSF
membranes. In this respect, UV irradiation does not seem to be
a suitable technique for speeding up the PDA coating.
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Fig. 3 Effect of ultrasound on PWP and PEO 100 kDa rejection values
of unmodified a) PSF, b) PSF-SPES membranes before and after 1-
hour ultrasound exposure.
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PDA coatings result in a reduction in membrane's pores, hence,
causes decrease in PWP and the increase in the rejection (35 kDa
PEG) as presented in Fig.4. The changes are directly proportional to
the amount of PDA deposition, therefore, higher changes in the PWP
and rejection values of the membranes coated with USP serves as
additional evidence of enhanced polymerization by ultrasound
triggering. Both techniques had a larger influence on the PSF
membrane due to its smaller pore size which was also reported by
McCloskey et al.2 As shown in Table S6, the PDA hydraulic resistance
on the PSF membrane was significantly higher than the coated PSF-
SPES’s resistances. Ultrasound more effectively coated the PSF-SPES
membranes; the permeability of this membrane decreased by 21.4%
and 63.6% when coated with CP and USP techniques. On the other
hand, the difference in the PWP of the PSF membranes modified with
the two techniques was smaller. This result is in agreement with the,
contact angle, FTIR-ATR SFE and XPS analysis results in Tables 1, S1,
S2 and S4.
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Fig. 4 The PWP and PEG 35 kDa rejection of the unmodified and PDA
modified a) PSF, b) PSF-SPES membranes.

The antifouling behavior of the bare and PDA coated membranes was
evaluated by conducting dynamic filtration experiments using
water/paraffin emulsions. The initial water flux of the membranes
was adjusted to a similar value by controlling transmembrane
pressure difference (TMP). As shown in Fig. 5, at the beginning of
filtration, the flux decreased sharply due to the accumulation of large
oil particles on the membrane surface, consistent with the
literature.3132 Flux decline through the PSF-SPES membranes was
higher than the PSF membrane due to their larger pore sizes. The
PDA coating improved the antifouling properties of the both
membranes by ~30%. The membranes coated with USP technique
showed lower flux reduction than their counterparts modified with
CP. This observation is directly related with more PDA deposition by
the use of an ultrasound leading to a more hydrophilic surface (Table
1). The surface roughness of the membranes did not play a role on
the fouling tendencies since the size of oil droplets (Fig. S7, ESI) is
significantly larger than the roughness of the membranes.
Ultrasound triggering increased the flux recovery ratio (FRR) of the

J. Name., 2013, 00, 1-3 | 3
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coated PSF-SPES membrane with CP from 51.7% to 59.3%. The
difference in the FRR of the PSF membranes coated with and without
ultrasound was smaller. The filtration results once more confirmed
that the ultrasound was more effective on the coating of the PSF-
SPES membrane.
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Fig. 5 Normalized flux of a) PSF, PSF_CP, and PSF_USP, b) PSF-SPES,
PSF-SPES_CP, and PSF-SPES_USP membranes as a function of time
during water/paraffin emulsion filtration. Initial water fluxes of PSF,
PSF_CP, and PSF_USP membranes were 19.5+1.4, 20.6+0.5 and
20.4+0.6 L/m?h, respectively. Initial water fluxes of PSF-SPES, PSF-
SPES_CP, and PSF-SPES_USP membranes were 410.4+24.8,
403.445.1 and 410.4%4.2 L/m?h, respectively.

In conclusion, we report for the first time that the slow kinetics
of dopamine polymerization on polymeric membrane surfaces can
be accelerated by ultrasound triggering. The liquid phase
polymerization studies proved that the acceleration occurs due to
enhanced ROSs formation through the decomposition of water
molecules. All of the surface characterization results, and oily water
filtration studies demonstrate that the kinetics of PDA coating on
both membranes was enhanced. Notably, the ultrasound had a more
prominent effect on the PSF-SPES supports due to their higher
hydrophilicity, which likely lead to more contact between the
dopamine solution and the membrane surface during the
polymerization. The structures of the bare membranes were not
affected by the ultrasound exposure. The PDA deposition improved
oil/water fouling resistance of the membranes. However, the
membranes modified with ultrasound had higher fouling resistance
and chemical stability than their counterparts coated without
ultrasound. The USP avoids chemical oxidizing agents and can be
applied at room temperature on various polymeric membranes
without changing the bulk structures. Most importantly, the method
can be applied at large industrial scales which makes it convenient
for the modification of large membrane areas. We anticipate that an
environmentally friendly USP could enhance the efficiency of the
PDA coating on membranes for large scale applications by shortening
the coating time. There may be a trade-off between energy used to
produce the coating and the shorter coating time but doing those
calculations on an industrial scale is beyond our capabilities.
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