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ABSTRACT: Cleaning a fouled membrane using warm water,
instead of commonly used fouling control chemicals, is an
approach advocated in resource-limited settings, where small-
scale membrane filtration is used to provide clean water.
Thermoresponsive polymers coated onto membranes undergo a
conformational change across their lower critical solution temper-
ature (LCST), enabling foulant removal during such temperature-
swing cleaning. However, their intrinsic hydrophobicity above the
LCST poses a fundamental material challenge. In this study, we
examine how thermoresponsive polymers can be optimally
copolymerized with hydrophilic polymers by precisely manipulat-
ing monomer arrangement of thermoresponsive N-isopropylacry-
lamide and hydrophilic 2-[2-(2-methoxyethoxy)ethoxy]ethyl
acrylate. We successfully grafted these copolymers with different monomer arrangements onto poly(ether sulfone) ultrafiltration
membranes while maintaining other polymer characteristics, such as the degree of polymerization and grafting density, constant. We
found that placing hydrophilic polymer blocks at the outermost surface above the thermoresponsive polymer blocks is critical to
achieving high surface hydrophilicity while preserving the thermoresponsive functionality. We demonstrate enhanced fouling
resistance and efficient temperature-swing cleaning with optimized copolymer design based on their interaction with bovine serum
albumin during static adsorption, filtration, and cleaning processes. These findings emphasize the importance of accurately tailoring
the polymer architecture to enable more efficient filtration with reduced fouling and the capability to effectively clean the fouled
membrane by simply using warm water.
KEYWORDS: membrane fouling, thermoresponsive polymer, lower critical solution temperature (LCST), antifouling, fouling reversibility

■ INTRODUCTION
Millions of people in rural areas of low- to medium-income
countries (LMICs) still lack access to basic drinking water
services,1−3 despite recent technological advances in water
treatment. In LMICs, ultrafiltration has been widely considered
a viable small-scale water supply method because of its
demonstrated efficacy in removing pathogens such as bacteria
and viruses, as well as its cost-effectiveness and ease of
operation.4,5 Nevertheless, membrane fouling remains a
substantial technical challenge,6,7 diminishing membrane
performance and lifespan and ultimately increasing costs
associated with cleaning and operation.8,9 Surface modification
with various coating agents such as hydrophilic polymers has
been widely explored to enhance antifouling properties.10

However, prolonged use inevitably leads to membrane
blockage, rendering most surface modification strategies
ineffective.9 Membrane fouling presents additional difficulties
in rural areas of LMICs where conventional membrane
cleaning methods using chemicals such as oxidants and strong
acids are often impractical. One promising solution involves
the modification of the membrane surface via grafting

thermoresponsive polymers.11,12 The rapid conformational
change that occurs across the lower critical solution temper-
ature (LCST) serves as the basis for the idea of temperature-
swing cleaning; i.e., to disturb the fouling layer and wash off the
foulants13−15 simply by using warm water, which is readily
available in most settings.
One of the most studied thermoresponsive polymers is

poly(N-isopropylacrylamide) (PNIPAM).16,17 Below its LCST
of approximately 32 °C, PNIPAM exhibits hydrophilic
properties with a stretched conformation due to hydrogen
bonding between amide groups in PNIPAM chains and water
molecules.14 Some studies have grafted PNIPAM onto
membranes with the sole goal of enhancing hydrophilicity
and antifouling properties.11−15,18,19 However, above the
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LCST, PNIPAM chains undergo a transition to a hydrophobic
state, resulting in a rapid collapse into a globular conformation
due to increased hydrophobic interactions and disrupted
hydrogen bonding. Although this hydrophilic-to-hydrophobic
transition is essential for conformational change and disruption
of the fouling layer, the PNIPAM-based cleaning strategy
encounters a conceptual limitation due to PNIPAM’s hydro-
phobic nature above the LCST, which hinders the desorption
of foulants.
Incorporating an additional hydrophilic polymer into

PNIPAM while maintaining its thermoresponsive nature
presents a logical solution to this challenge. Various studies
have investigated the introduction of hydrophilic poly(ethylene
glycol) (PEG) derivative side chains into PNIPAM in order to
enhance the hydrophilicity of the resulting copolymer and
improve the surface cleaning performance. However, conflict-
ing results have been reported, with some studies demonstrat-
ing improved performance while others claiming that hydro-
philic copolymers are ineffective.13,20−22 We find a quantitative
comparison of past reports difficult due to insufficient
information regarding the synthesized polymer and uncon-
trolled structural parameters. Factors such as the degree of
polymerization (DP) and grafting density play a crucial role in
influencing the conformational changes around the LCST.23,24

The unprecise control over these parameters can result in
variations in the copolymer’s behavior and, consequently, its
effectiveness in addressing fouling. Unfortunately, many

studies utilizing PNIPAM for membrane modification often
lack essential material characterization information. In
addition, there are considerable inconsistencies in the reported
DP and grafting densities among different studies.
In this work, we seek to elucidate the specific influence of

monomer arrangements in grafted thermoresponsive copoly-
mers on the antifouling properties and fouling reversibility. We
synthesized four different types of linear polymers (i.e.,
homopolymer, random copolymer, and two block copolymers)
with the same total DP of 68 using NIPAM and hydrophilic 2-
[2-(2-methoxyethoxy)ethoxy]ethyl acrylate (tEGA) via rever-
sible addition−fragmentation chain transfer (RAFT) polymer-
ization. After end-group modification to thiol, these thiol-
terminated polymers were attached onto the polydopamine-
coated poly(ether sulfone) (PES) ultrafiltration membranes by
a Michael addition reaction.25 Here, we used the “grafting-to”
technique, which involves synthesizing the polymer separately
and then covalently attaching it to the membrane surface.26

This approach enables precise characterization of the attached
polymer, unlike the alternative “grafting-from” technique,27

and ensures homogeneous coverage of the substrate surface
with dense polymer brushes.28 Given the proven efficacy of
antifouling properties for substrates grafted by the polymers
with DPs between 50 and 100,26 we settled on the DP of 68 for
our study. We examined the physicochemical properties and
separation performance of the pristine and modified
membranes and conducted static and dynamic fouling

Figure 1. Schematic showing the processes of (a) polymer synthesis, (b) membrane modification, and (c) temperature swing-cleaning. Two
cleaning methods were investigated in this study; (1) backwashing at a temperature above the LCST and (2) backwashing at a temperature above
the LCST followed by backwashing at a temperature below the LCST (alternate temperature change cleaning).
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experiments using bovine serum albumin (BSA). By
meticulously controlling the DP and grafting density, this
study presents, for the first time, critical insights into how
monomer arrangements and block sequences influence the
antifouling properties and fouling reversibility of the
membranes during temperature-swing cleaning.

■ EXPERIMENTAL SECTION
Materials and Chemicals. NIPAM (99%), 2-(dodecylth-

iocarbonothioylthio)-2-methylpropionic acid (DDMAT, 98%),
azobis(2-methylpropionitrile) (AIBN, 98%), 1,4-dioxane (an-
hydrous, 99.8%), N,N-dimethylformamide (DMF, anhydrous,
99.8%), diethyl ether (HPLC grade), hexanes (98.5%),
tetrahydrofuran (THF, HPLC grade), and butylamine
(99.5%) were purchased from Sigma-Aldrich (St. Louis,
MO). tEGA was purchased from TCI America (Portland,
OR), PES membranes from Pall Corporation (New York, NY),
2-amino-2-(hydroxymethyl)-1,3-propanediol hydrochloride
(TRIS·HCl, 98%) from TCI, and dopamine hydrochloride,
BSA (98%), sodium dodecyl sulfate (SDS, 99%), PEGs and
phosphate buffered saline (PBS) from Sigma-Aldrich.
Deionized water (DI, > 18.2 MΩ cm) from a Milli-Q system
was used to prepare experimental solutions.
Synthesis of Polymers. We employed the RAFT

polymerization technique to obtain target thermoresponsive
polymers with a precisely controlled number-average molecular
weight (Mn) with low dispersity (Đ),29 as shown in Figure 1a.
The homopolymer PNIPAM68 terminated with trithiocarbon-
ate (PNIPAM68−CTA, Figure S1) was synthesized by using
DDMAT as the chain transfer agent (CTA) and AIBN as an
initiator in 1,4-dioxane with a [NIPAM]:[DDMAT]:[AIBN]
ratio of 100:1:0.1. After the mixture was stirred for 50 min at
70 °C under a nitrogen atmosphere, the polymer was
precipitated from diethyl ether and the precipitates were
dried under a vacuum at room temperature for 12 h. The
chemical structure and DP were determined via 1H-nuclear
magnetic resonance (NMR) spectroscopy using a 500 MHz
Agilent DD2 NMR spectrometer with deuterated dimethyl
sulfoxide (DMSO-d6) as a solvent (1H NMR (500 MHz,
DMSO-d6, δ): 7.23−6.46 (br, − NH), 3.94−3.79 (br, − CH),
2.17−1.86 (br, − CH), 1.75−1.20 (br, − CH2), 1.14−0.99 (br,
− CH3), 0.89−0.81 (br, − CH3), Figure S2). The experimental
procedures for synthesizing the random copolymer and two
block copolymers with trithiocarbonate group (i.e., P-
(NIPAM34-r-tEGA34)−CTA, P(NIPAM34-b-tEGA34)−CTA,
and P(tEGA34-b-NIPAM34)−CTA) followed overall similar
procedures and details are summarized in Texts S1 − S3 and
Figures S1 − S2. The procedure for the polymerization kinetics
experiment is described in Text S4, the Mn and Đ were
determined using the gel permeation chromatography (GPC)
with DMF as an eluent with the calibration of polystyrene
standard. The monomer conversion ratio of PNIPAM and
PtEGA as a function of reaction time is shown in Figure S3.
Small-Angle X-ray Scattering (SAXS) Measurement.

All materials were annealed under a vacuum at 110 °C for 1 h
before SAXS measurement. The vacuum oven was allowed to
cool to ambient temperature and then vented to the
atmosphere. The SAXS measurement was conducted using
Xenocs Xeuss 3.0 equipped with a microfocus sealed-tube Cu
30 W/30 μm X-ray source (Cu K-α, λ = 1.54 Å).
LCST Measurement. The LCST of the polymer−CTA was

determined by monitoring turbidity change in water
suspension (0.5 wt %) using UV−vis spectroscopy (UV−vis

Shimadzu UV-3600Plus) equipped with a temperature
controller. The mixture was placed in a sample cell, heated
at a rate of 1 °C per min from 25 to 75 °C, stayed at 75 °C for
5 min, and was cooled at the same rate of 1 °C per min from
75 to 25 °C. The LCST was defined as the average
temperature where a fall in optical transmittance to 50% of
the initial value was observed in heating and cooling
curves.30,31

End Group Modification of Synthesized Polymers to
Thiol Functional Group. The polymer−CTA (1 g) was
redissolved in 10 mL of THF and butylamine was added to
produce a thiol-terminated polymer (polymer−SH, Figure S1
and Figure 1a) via aminolysis.32 The reaction was carried out
in a nitrogen atmosphere at room temperature for 5 h, during
which a noticeable color change from yellow to colorless was
observed. The product was precipitated in hexane, and the
white precipitates were dried under a vacuum at room
temperature for 12 h. The chemical structure before and
after the aminolysis was confirmed via 1H NMR spectroscopy
and attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR, IRTracer-100, Shimadzu). The
absorption spectra of polymers were measured by UV−vis
spectroscopy using a Varian Cary 50 Bio UV−visible
spectrophotometer.

Pretreatment and Surface Modification of Mem-
branes. The PES membrane coupons were soaked in ethanol
for a few hours, rinsed with DI water, and dried under a
vacuum at room temperature before use. The first step before
attaching the polymers onto the membrane surface was
depositing a polydopamine (PDA) layer on the membrane.33,34

Briefly, the membrane coupon was placed onto a glass plate
with its active side facing up using a gasket and a plastic frame.
A 2 g/L dopamine solution in 15 mM TRIS·HCl buffer at pH
8.5 was poured onto the active side of the membrane. The self-
polymerization of dopamine was initiated by placing the
membrane onto a rocking platform shaker (60 rpm) while
being exposed to oxygen. After a 24 h reaction, the remaining
solution on the membrane surface was discarded, and the
membrane coupon was rinsed with DI water to remove
unbound chemicals and dried under a vacuum. The PDA-
coated membrane is denoted as a PES−PDA membrane.
The next step was grafting polymer-SH onto the PES−PDA

membrane via Michael addition reaction (Figure S4 and Figure
1b).35 The PES−PDA membrane was placed on a glass plate,
and 40 mL of polymer solution (2 g/L in 15 mM TRIS·HCl
buffer, pH 8.5) was poured onto the active side of the
membrane. After the membrane was immersed in the solution
on the rocking platform shaker (60 rpm) for 24 h, the
remaining mixture on the membrane surface was discarded,
and the polymer-coated PES−PDA membrane was thoroughly
rinsed with DI water and dried under a vacuum. The
PNIPAM68-, P(NIPAM34-r-tEGA34)-, P(NIPAM34-b-
tEGA34)-, and P(tEGA34-b-NIPAM34)-coated PES−PDA
membranes are referred to as N-, N-r-T-, N-b-T-, and T-b-
N-membrane, respectively.

Membrane Characterization. The presence of PDA and
thermoresponsive polymer layers was confirmed using X-ray
photoelectron spectroscopy (XPS) with a Versa Probe II
scanning XPS microprobe (Physical Electronics) using
monochromatic Al Kα radiation (1486.6 eV) and ATR-FTIR
spectroscopy. Surface morphology of the membranes was
characterized by scanning electron microscopy (SEM, SU70,
Hitachi) after coating with an 8 nm-thick layer of iridium.
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Atomic force microscopy (AFM, Dimension FastScan, Bruker)
in the peak force tapping mode with a silicon tip on silicon
nitride cantilever probes (FASTSCAN-B, Bruker) was also
used to characterize the morphology and surface roughness of
the membranes. The polymer film thickness was determined
using ellipsometry (M-2000, J.A. Woollam) at 25 °C to
calculate grafting density (see Text S5 for more details).
Surface hydrophilicity of the membranes at 25 and 55 °C was
determined by measuring water contact angle using the sessile
drop method after 10 s.
Water permeability of the pristine and modified membranes

was measured with DI water at 25 °C using a dead-end
filtration cell (Model 8010, Amicon Corp.) pressurized at 30
psi (∼2 bar). The membrane was compacted prior to each test
to achieve a stable water flux. Molecular weight cutoff
(MWCO) was measured using 0.1 g/L solutions of PEGs
with different molecular weights (35, 100, 200, 300, 400, 600,
and 4,000 kDa). MWCO was defined as the molecular weight
of the PEG that would be rejected 90%. Total organic carbon
(TOC) concentration was measured by using a TOC analyzer
(TOC-L-CSH, Shimadzu).
Antifouling Evaluation and Fouling Reversibility in

Response to Temperature Change Cleaning. In batch
adsorption experiments, membrane coupons (2.5 cm2),
presoaked in 10 mM PBS, were immersed in 15 mL of 5 g/
L BSA solution (10 mM PBS, pH 7.4). After 24 h, adsorbed
BSA molecules were detached using 5 wt % SDS for 6 h, and
the desorbed BSA concentration was analyzed using UV−vis
spectroscopy at 562 nm, based on Micro BCA protein assay kit
(ThermoFisher Scientific) standard curve. The same experi-
ment was conducted at two different temperatures; below and
above the LCST (25 and 55 °C, respectively).
The dead-end filtration cell was used to perform a dynamic

fouling experiment and assess fouling reversibility during
temperature-swing cleaning (Figure 1c). The filtration/
cleaning process consisted of two cycles, as illustrated in
Figure S5a. Each cycle included a 1.5 h precompaction with 10
mM PBS (pH 7.4), a 1.5 h filtration of 1 g/L BSA solution in
PBS, and a 20 min backwashing with PBS, resembling typical
UF operation systems.36 During precompaction and filtration,
the operating pressure was set at 30 psi by nitrogen gas, and
the temperature was maintained at 25 °C. The initial and final
permeate fluxes (J0 and JBSA, respectively) were recorded at the
beginning and end of the filtration step. Subsequently, the
fouled membrane was backwashed with PBS at 55 °C for 20
min. After cooling the membrane coupon to room temper-
ature, the second cycle was performed by repeating the same

procedure. Additionally, another set of experiments was
conducted with backwashing at 25 °C. To evaluate fouling
resistance of the membrane and the extent of irreversible
membrane fouling, total fouling ratio (Rt), cake layer fouling
ratio (Rcake), removable fouling ratio (Rtemp; removable by
temperature-induced conformational change), and irreversible
fouling ratio (Rir) of the nth cycle were calculated by the
following equations (Figure S5b):

= ×
i

k
jjjjjj

y

{
zzzzzzR

J J

J
(%) 100%n

n n
t,

0, BSA,

0,n (1)

=
*

×+
i

k
jjjjjjj

y

{
zzzzzzzR

J J

J
(%) 100%n

n n

n
cake,

0, 1 BSA,

0, (2)

=
*

×+ +
i

k
jjjjjjj

y

{
zzzzzzzR

J J

J
(%) 100%n

n n

n
temp,

0, 1 0, 1

0, (3)

= ×+
i

k
jjjjjj

y

{
zzzzzzR

J J

J
(%) 100%n

n n

n
ir,

0, 0, 1

0, (4)

where J0,n = the initial flux without BSA in the nth cycle, JBSA,n
the final flux after 1.5 h filtration with BSA in nth cycle, and
J*0,n = the initial flux without BSA in the nth cycle after
backwashing at 25 °C. Finally, in order to further investigate
the effect of alternate temperature-swing cleaning (Figure 1c),
we also conducted the same experiment with a different
cleaning process, backwashing at 55 °C for 10 min first and
then at 25 °C for 10 min.

■ RESULTS AND DISCUSSION
Polymer Characterization. The polymerization of both

NIPAM and tEGA demonstrated typical characteristics of a
living chain-growth process. Pseudo-first-order polymerization
kinetics (Figure S3) led to the narrow distribution of molecular
weight (Đ < 1.3) that grew linearly with monomer
consumption (Figure S6a and S6b). These observations
confirm the successful RAFT polymerization for PNIPAM
and PtEGA (see more details in Text S6), which are the
polymers that will later be grafted onto the membranes. Note
that these polymers contain terminal trithiocarbonate func-
tional groups from CTA and hence are termed herein as
polymer-CTA.

Figure 2. Turbidity measurements by UV−vis spectroscopy at 500 nm. Solid lines correspond to transmittance of a heating curve from 25 to 75 °C
at a heating rate of 1 °C min−1, while dotted lines correspond to that of a cooling curve from 75 to 25 °C at a colling rate of 1 °C min−1.
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Based on the above kinetics, we deliberately controlled the
total DP to be 68 for all the polymers (homo-, random-, and
block copolymers), as shown in Figure 1a. In the case of
random and block copolymers, the DP was 34 for each
PNIPAM and PtEGA block. This control over the DP allowed
us to systematically investigate the impact of polymer structure
without the complication caused by the effect of DP. We
confirmed the DP value of 68 using 1H NMR spectra (Figure
S2) for each polymer by (1) analyzing the ratio between the
protons connected to the tertiary carbons in the isopropyl
pendant groups of NIPAM units and the methyl protons of the
DDMAT chain ends for PNIPAM and (2) analyzing the ratio
between the methylene protons of tEGA units and the methyl
protons of the DDMAT chain ends for PtEGA. Clear shifts in
the GPC traces during the chain extension experiments (Figure
S6c) indicated the high end-group fidelity of the trithiocar-
bonate functional groups in the first blocks (PNIPAM34−CTA

and PtEGA34−CTA), ensuring the successful synthesis of
block copolymers.37 Moreover, the microphase separation
observed in the SAXS profiles (Figure S6d) confirmed the
block arrangement of monomeric units in the block
copolymers. In contrast, the SAXS profile of the random
polymer did not show a microphase separation of the PtEGA
groups.

LCST Evaluation. Next, we evaluated the temperature
responsiveness and changes in the hydrophilicity of the
polymer−CTAs (Figure 2). The homopolymer PNIPAM68−
CTA exhibited an LCST of 30.6 °C, which closely aligns with
the widely reported LCST of approximately 32 °C for atactic
PNIPAM.38 We further synthesized a shorter PNIPAM with
DP of 34, PNIPAM34−CTA, which is the first block of
P(NIPAM34-b-tEGA34)−CTA. The shorter PNIPAM34 chain
showed a slightly lower LCST of 27.4 °C compared to the
longer PNIPAM68 chain, likely due to the hydrophobic alkyl

Figure 3. Surface characteristics and static BSA adsorption of the pristine and modified membranes. (a) SEM images of the membranes. (b) 2D
AFM images of the membranes. (c) Water contact angle for the membranes at 25 or 55 °C. (d) Schematic diagrams of surface hydrophilicity of the
membranes at 25 or 55 °C. Blue boxes with a blue dotted line represent regions affecting surface hydrophilicity measured by water contact angle.
(e) BSA adsorption to the membranes at 25 °C. (f) Schematic diagrams of BSA adsorption to the membranes at 25 °C. Black- or gray-dotted
arrows represent nonspecific hydrophobic interaction, while red- or blue-filled arrows represent specific interaction between the polymer and BSA.
The size of the arrows indicates stronger interactions resulting in higher BSA adsorption. Error bars in panels (c) and (e) represent a standard
deviation for five and three different experiments for water contact angle measurement and static adsorption experiment, respectively.
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chain (−C12H25) in DDMAT (used as CTA during the
synthesis) exerting a greater influence on the shorter PNIPAM
chain’s interaction with water.38,39 PtEGA34−CTA, the first
block of P(tEGA34-b-NIPAM34)−CTA, had an LCST of
around 59.4 °C, consistent with the previous literature,40

which further confirmed the higher hydrophilicity of PtEGA
compared to PNIPAM.
The random copolymer exhibited average characteristics of

both PNIPAM and PtEGA, with an LCST of 45.3 °C which is
approximately the average of the LCST values of the two
homopolymers. Additionally, the random copolymer displayed
a sharp change in transmittance around its LCST, similar to
the case for the homopolymers. In contrast, the block
copolymers exhibited two-stage transitions for the individual
blocks: a sharp transmittance drop around 52 °C and a gradual
change from 55.5 to 70 °C, corresponding to the conforma-
tional change of the PNIPAM and PtEGA blocks, respectively.
This was more pronounced in the heating curve, which showed
a plateau at 53−55 °C. The observation of two separate LCSTs
in the diblock copolymers is consistent with previous studies,
and it is known that the LCST of each block is affected by the
lengths and hydrophilicity/hydrophobicity of the neighboring
blocks.31

It is noteworthy that the LCST of the PNIPAM block in the
block copolymer was significantly higher than that of the
PNIPAM homopolymer, since the neighboring hydrophilic
PtEGA block with the same DP can retard the build-up or
breakdown of the hydrogen bonding required for the
conformational change of PNIPAM.41 The PtEGA block in
the block copolymers exhibited a hydrophilic-to-hydrophobic
transition starting at 55.5 °C during heating, which was lower
than the LCST of the PtEGA homopolymer. This can be
attributed to the hydrophobic PNIPAM block interrupting
hydrogen bonding. The cooling curve did not exhibit a plateau
but two distinct stages corresponding to the PNIPAM and
PtEGA blocks. Hysteresis in the cooling curve has also been
reported in other studies, due to the formation of additional
inter- and intrachain hydrogen bonds in the collapsed state.31

Based on Figure 2 and Text S7, we determined a water
temperature of 55 °C as the optimal temperature for inducing
the thermal conformation transition during membrane
cleaning. This temperature surpasses the LCST values of the
PNIPAM homopolymer, the random copolymer, and the
PNIPAM block in the block copolymers. Also, it remains
sufficiently low to prevent the hydrophilic-to-hydrophobic
transition of the PtEGA block in the block copolymers.
Chain-End Transformation to Thiols. We further

modified the polymer−CTAs by converting their trithiocar-
bonate terminal groups to thiol groups via aminolysis (Figure
1a). The loss of the trithiocarbonate group was confirmed by
UV−vis absorption at 310 nm (Figure S7a). The structure of
the resulting polymer−SHs was also evaluated by 1H NMR
spectroscopy in Figure S7b, which exhibited a significant
reduction in peak intensity for the protons in the methyl group
of the trithiocarbonate chain end after aminolysis. Finally,
FTIR spectra in Figure S7c confirmed the presence of
characteristic bands associated with thioester, dithioester, and
thiocarbonyl groups (610, 750, 1050, 1082, and 1255
cm−1)42,43 in PNIPAM68−CTA but not in PNIPAM68−SH.
Afterward, these polymer−SHs were grafted onto the
membranes following the procedure described in the
Experimental section.

Morphological characterization of modified mem-
branes. We confirmed the successful PDA layer coating and
subsequent polymer grafting onto the membrane surface via
XPS analysis (Figure S8 and Table S1) and the FTIR spectrum
(Figure S9), as described in more detail in Text S8. We also
confirmed that grafting densities among the polymer-grafted
membranes remained constant. Grafting density is one of the
most critical factors affecting surface and membrane properties,
adsorption behavior, and temperature-induced changes in
polymer conformation.44,45 The grafting density was calculated
using the equation σ = (NAhρ)/(Mn), where NA is Avogadro’s
number, h is the film thickness, and ρ is the density of the dry
polymer. The film thicknesses of the four different polymers at
25 °C were determined by using an ellipsometer (Text S5 and
Table S2). The PNIPAM homopolymer layer exhibited a film
thickness of 2.3 nm, which is consistent with a previous study
reporting a thickness of 2.7 nm for short PNIPAM brushes
(Mn ∼ 12 kDa) on gold substrates prepared via a grafting-to
approach.46 All copolymer films displayed a comparable film
thickness (∼2.9 nm) with no significant differences. Estimated
grafting densities are summarized in Table S2 (refer to Text S9
for detailed calculations).
The surface morphologies of the pristine and modified

membranes were also mostly consistent, as assessed based on
SEM (Figure 3a), AFM (Figure 3b and S11), and the root-
mean-square roughness (Rq) values analysis (Table S2). The
pristine PES membrane displayed a smooth surface with an Rq
of 34.4 nm and pores at ∼0.1 μm. Although we observed a
color change of the membrane to brown after PDA coating, the
SEM and AFM images indicated no substantial alteration in
the microscopic morphology. The Rq value slightly decreased
to 25.8 nm, indicating that PDA was uniformly coated on the
surface. Likewise, the polymer films had a negligible impact on
the surface morphology of the membrane (Figure 3a,b), and
there was no statistically significant difference in the surface
roughness between the PES−PDA and polymer-coated
membranes. Results so far enabled us to rule out the impact
of grafting density and morphological differences on
membrane performance variation. Consistently, water perme-
ability under the same pressure and MWCO at 25 °C
remained relatively constant (Table S2 and Figure S12).

Surface Hydrophilicity and Static Protein Adsorption.
Despite inducing minimal changes in water permeability and
solute rejection, the polymer coating significantly increased
surface hydrophilicity. The surface hydrophilicity of the
membranes was first evaluated at 25 °C by measuring the
water contact angles (Figure 3c). The PES membrane
exhibited moderate hydrophilicity, with a contact angle of
52.1° at 25 °C. After PDA coating, the contact angle decreased
slightly to 44.6° due to the hydrophilic moieties in PDA. The
contact angle further decreased after polymer grafting,
indicating an increase in the surface hydrophilicity. As we
have intended, the copolymer grafted-membranes (N-r-T-, N-
b-T-, and T-b-N-membranes) exhibited higher hydrophilicity
with a contact angle of 20.5−22.4° compared to the N-
membrane with the contact angle of 28.9°.47,48
When the temperature was increased to 55 °C, the

hydrophilicity of the PES and PES−PDA membranes, which
lack temperature-responsive moieties, remained unchanged. In
contrast, all the polymer-grafted membranes displayed a
reduction in hydrophilicity (average 36% increase in contact
angle) as the temperature increased to 55 °C, consistent with
past studies that have reported changes in water contact angle
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on thermoresponsive polymer-grafted surfaces across the
LCST.49,50 We observed that the surface hydrophilicity at 55
°C followed the order of N-, N-b-T-, N-r-T-, and T-b-N-
membrane. (Figure 3c and 3d).
The increase in surface hydrophilicity led to a reduction in

the interaction of the membrane surface with BSA at 25 °C
(Figure 3e). A control experiment confirmed that the change
in BSA adsorption was not due to the addition of PDA layer.
BSA adsorption followed a decreasing trend in the order of N-,
N-b-T-, N-r-T-, and T-b-N-membrane, which correlates with
the order of decreasing surface hydrophilicity.19,51,52 A similar
trend was observed in BSA adsorption at 55 °C (Text S10 and
Figure S13). These observations confirm that enhancing
surface hydrophilicity through polymer grafting effectively
mitigates nonspecific interactions between the membrane and
BSA at temperatures below the LCST.53,54

It is noteworthy that although all the copolymer-grafted
membranes contain the same amount and type of functional
groups (i.e., identical DP of PNIPAM and PtEGA), the T-b-N-
membrane demonstrated the highest hydrophilicity and the
lowest BSA adsorption. The T-b-N-membrane also exhibited
the least change in hydrophilicity with a temperature change.
Previous studies have demonstrated that surfaces containing
hydrogen-bond donors more strongly adsorb BSA due to the
formation of strong hydrogen bonds between the surface and
BSA,19,51,55,56 which is the case for the N-membrane. On the
other hand, surfaces incorporating ethylene-glycol derivates
such as PEG generally exhibit high resistance to BSA
adsorption due to their hydrophilicity and steric effects.55,57,58

We estimate that the distance between grafting sites, based on
the grafting density, would be approximately 2.4 nm (Text S9
and Table S2). These gaps are smaller than the hydrodynamic
diameter of BSA molecules at ambient temperature (∼7
nm).48,59 Therefore, it is unlikely that BSA molecules penetrate
the interspace between polymer brushes. Instead, in the case of
T-b-N-membrane, the hydrophilic PtEGA block of the T-b-N-
membrane would shield the hydrophobic PNIPAM block that
lies underneath from interacting with BSA,22 thereby reducing
overall BSA adsorption. Based on these findings, we conclude
that the arrangement of monomers in copolymers plays a
crucial role in determining the surface properties of polymer-

coated membranes (Figure 3f). Specifically, the identity of the
functional groups facing outward and in contact with water is
critical in influencing the surface hydrophilicity and protein
adsorption behavior.19,51,58

Surface cleaning performance via temperature
change cleaning cycles. We then examined how the
aforementioned changes in surface hydrophilicity and BSA
adsorption affect the antifouling property and fouling
reversibility. The Rt, Rcake, Rtemp, and Rir values (Figure 4a
and Figure S5) for the dynamic fouling experiments are shown
in Figure 4b. The Rt value represents the flux decrease due to
both reversible and irreversible fouling. We observed that the
pristine PES membrane exhibited the highest Rt value of 70%
(i.e., a 70% flux decline). The addition of the PDA layer did
not significantly affect the Rt value for the PES−PDA
membrane. In contrast, the polymer films resulted in a
noticeable decrease in the Rt value for the polymer-grafted
membranes. The Rt values decreased in the following order:
N-, N-b-T-, N-r-T-, and T-b-N-membrane, once again
consistent with the tendency for increasing surface hydro-
philicity and decreasing BSA adsorption at 25 °C (Figure 3c).
A closer examination of the fouling mechanism (Rcake, Rtemp,

and Rir) suggests that Rcake (flux reduction by the formation of
a cake layer) remained relatively constant across all of the
membranes at approximately 10%. In stark contrast, both Rtemp
(the extent of flux recovery during temperature-swing
cleaning) and Rir (the fraction of flux that remains
irrecoverable after the filtration−cleaning cycle) varied
significantly depending on the polymer coating. In the case
of the PES and PES−PDA membranes, which do not contain
thermoresponsive polymers, there were negligible differences
in flux recovery between backwashing at 55 and 25 °C,
resulting in Rtemp being zero. Consequently, the average Rir
value for the PES and PES−PDA membranes was substantial
at 58%, contributing to nearly 85% of the total fouling and
leading to a significant decline in the flux in subsequent
filtration cycles.
We observed that grafting thermoresponsive polymers onto

the membranes not only decreased irreversible fouling (Rir
decreased in the order of N-, N-b-T-, N-r-T-, and T-b-N-
membranes (36%, 32%, 21%, and 14%, respectively) but also

Figure 4. Antifouling and fouling reversibility of the pristine and modified membranes. (a) Schematic illustration of dynamic fouling experiment
and the calculation of fouling ratios (see Figure S5 for more details). (b) Fouling ratio of the 1st cycle of dynamic protein fouling experiment. Total
fouling (Rt), cake layer fouling (Rcake), removable fouling by a temperature-induced conformational change (Rtemp), and irreversible fouling (Rir)
were calculated from eqs 1−4. For Rtemp and Rir, the solid bars denote results from the single-temperature-swing cleaning process, while the shaded
bars correspond to outcomes from the alternate temperature-swing cleaning process. Error bars represent a standard deviation for two different
experiments.
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significantly improved flux recovery during elevated temper-
ature backwashing at 55 °C (Rtemp > 0). We also observed that
the order of Rtemp (N- ≈ N-b-T- < N-r-T- < and T-b-N-
membrane) aligned with the surface hydrophilicity at 55 °C
(Figure 3c). While the temperature-induced conformational
change and disruption of interactions between the surface and
BSA contributed to flux recovery in all these modified
membranes,14,22,60 the higher surface hydrophilicity appeared
beneficial for enhancing temperature-induced BSA desorption
and reducing irreversible fouling at 55 °C.22 In the second
cycle, we consistently observed a similar trend in fouling ratios
(Figure S14a), with the T-b-N-membrane exhibiting the lowest
values of Rt (45%) and Rir (17%). Considering the median
backwash interval of 30 min for ultrafiltration membranes
under pressure mode,61 the T-b-N-membranes demonstrated
the greatest fouling reversibility in several cycles of 1.5 h
dynamic protein fouling tests (Figure S14b).
Finally, we examined the effect of the alternate temperature-

swing backwashing scheme14,22,60,62 on the fouling reversibility
using a different cleaning process that involved an initial
backwashing at 55 °C followed by a subsequent backwashing
at 25 °C (Figure 1c and Figure S15). We observed no change
in Rir for the PES and PES−PDA membranes when compared
to the single-step backwashing at 55 °C. However, all of the
polymer-grafted membranes exhibited a meaningful increase in
Rtemp with the additional lower-temperature backwashing. This
is likely because the thermoresponsive polymer underwent an
additional conformational change, transitioning from a
shrunken to a swelling state and regaining its hydrophilic
nature when the backwashing temperature was switched from
55 to 25 °C. This additional disturbance facilitated the
detachment of foulants that were not previously removed
during backwashing at 55 °C.60 These findings underscore the
potential of alternative temperature change cleaning to further
improve fouling reversibility in combination with tailored
monomer arrangements.

■ ENVIRONMENTAL IMPLICATIONS
By grafting well-defined thermoresponsive polymers onto the
membrane while controlling the DP and grafting density, we
have successfully unraveled for the first time the significance of
monomer arrangements on both the fouling resistance and
reversibility. A strategy to place a hydrophilic polymer block on
top of the thermoresponsive polymer enhances the surface
hydrophilicity and antifouling properties, while maintaining
thermoresponsive capability that is essential for the temper-
ature-swing cleaning scheme. We argue that these findings are
important in designing small-scale membrane-based water
treatment units that can be employed in LMICs, where using
warm water instead of other chemical-based cleaning is
expected to be particularly useful. We recognize that the
polymer structure investigated in this study, namely, random
and block copolymerization, is one representative example
among many possible polymer architecture options. By
leveraging advanced polymerization techniques and character-
ization tools, we anticipate that further research is needed to
discover copolymer designs with optimal chemical identity and
DP for effective surface fouling control based on simple
temperature-swing schemes. Also, a comprehensive evaluation
of the cleaning temperature, taking into account both cleaning
efficiency and operational costs, should be conducted to ensure
the practical applicability of our findings.
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