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Selective swelling of block copolymers as an emerging process to prepare ultrafiltration membranes is receiving
growing interests. Herein, we report that very little dosages of carbon nanotubes (CNTs) are able to significantly
enhance both the separation and mechanical performances of melt-spun polysulfone-block-poly(ethylene glycol)
(PSF-b-PEG) hollow-fiber membranes. CNTs are adequately dispersed in the block copolymer by melt processing,
and exhibit n—r interaction to the PSF continuous phase but repulsion to the PEG dispersed phase. The in-
compatibility between CNTs and PEG leads to interfacial gaps between CNTs and the PEG phase, thus providing
another set of pores facilitating water permeance. Both dosages and aspects of CNTs significantly influence the
pore structure and performances of the membranes. Higher dosages of CNTs produce more interfacial gaps and
lead to increased porosity and permeance. While CNTs with lower aspects tend to be distributed in the PSF phase,
thus producing smaller pores and decreasing permeance by refraining selective swelling to a larger degree. The
hollow-fiber membrane doped with 0.01 wt% CNTs having a diameter of ~10-20 nm and a length of ~50 pm
shows a water permeance increased by three times and a rejection increased by 1.6 times. Moreover, thus-doped
membrane exhibits over 1.5 times increase both in tensile stress and the strain at break and multiple times in-
crease in swing tolerance. Such an extremely low dosage of CNTs synchronously boosting membrane permeance,
rejection, and mechanical properties is highly desired in practical applications and is expected to be extended in
the performance-upgrading of other membranes with multiphases.

1. Introduction

Selective swelling of block copolymers (BCPs), an emerging pore-
making strategy, is receiving growing interests because of its
extremely facile and efficient features [1,2]. Based on the difference in
affinity of the constituent blocks of the microphase-separated BCPs to
the swelling agent, well-defined porous structures with pore sizes within
the range of ~5-50 nm are readily formed [3]. Thus-obtained nano-
porous BCPs exhibit strong inherent surface hydrophilicity or

hydrophobicity due to the surface enrichment of the minority blocks
during selective swelling, and have been promisingly used in ultrafil-
tration [4], hemodialysis [5], membrane distillation [6] and lithium-ion
battery separators [7].

Hollow-fiber membranes (HFMs), with the typical self-supporting
nature and large specific surface areas owing to their hollow cylindri-
cal geometry, usually exhibit good flexibility and excellent mechanical
strengths [8,9]. Recently, hollow-fiber membranes prepared by selective
swelling of polysulfone-block-poly(ethylene glycol) (PSF-b-PEG) were
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reported to be good candidates in applications such as protein separa-
tions and hemodialysis [10]. However, the permeances of membranes
by selective swelling are moderate due to their symmetrical structure
and relatively thick wall thickness of thus-prepared membranes [3].
Furthermore, hollow-fiber membranes with larger diameters and higher
pore volumes are prone to mechanical failure, thus limiting their ap-
plications in practical membrane processes [11,12]. Therefore, syn-
chronously enhancing the separation performances and mechanical
strengths of hollow-fiber membranes prepared by selective swelling
remains highly desired.

Nanoscale fillers are extensively used to enhance the mechanical
properties of a wide range of polymeric materials [13-16]. Carbon
nanotubes (CNTs) are deemed as an “ideal” reinforcement filler for their
extraordinarily strong strengths, good ductility, low density, large as-
pects, and high surface to volume ratio [17]. However, most of the
studies of CNT-doped polymeric membranes have been focused on the
electrical conductivity conferred by CNTs to the membranes, while the
effect of CNTs on the morphologies and mechanical properties of the
membranes was rarely explored [18-20]. Theoretically, the in-
compatibility between CNTs and polymers allowed the membranes to
achieve higher porosity, which may change the separation performances
of the membranes. Specifically, Sirkar et al. [21] introduced the concept
of "nanocorridor’ for flux increment. The modified MWCNT was incor-
porated into polyamide membrane and CNT-doped polymer membrane
was formed by interfacial polymerization. The transport corridor be-
tween an individual MWCNT and the surrounding polymer chains pro-
vide a low-resistance pathway for solvent and water transport. Lee et al.
[22] doped oxidized CNTs (0.5 wt%) into polysulfone (PSF) to prepare
nanocomposite membranes via the process of nonsolvent-induced phase
separation (NIPS). Herein, the increased surface porosity was mainly
ascribed to the formation of enhanced pores induced by the in-
compatibility between CNTs and PSF, and thereby the improved water
permeance. Liu et al. [23] incorporated poly(ethylene glycol)-grafted
CNTs (0.6 wt%) into poly(vinylidene fluoride) (PVDF) to prepare
nanocomposite membranes via NIPS. The composite membranes exhibit
improved water permeance, unfortunately, at the expense of BSA
retention. Besides, to prevent the agglomeration of CNTs surface func-
tionalization to CNTs was typically necessary to introduce active groups
on CNTs surfaces to enhance the repulsion between tubes. Although
covalent functionalization can result in stable dispersions of CNTs, it
requires harsh reaction conditions and usually comes with the cost of
structure damaging such as shortening in the length of CNTs [24,25].
Therefore, enhanced mechanical properties are often not obtained for
these membranes.

Interestingly, amphiphilic BCPs have been reported to be highly
effective in assisting CNTs dispersing in polymer substrates without
damaging the structure and physical properties of the dispersed nano-
tubes [26,27]. For example, poly(styrene-b-(isoprene-ran-epox-
yisoprene)-b-styrene) has been reported to efficiently assist the
dispersion of polystyrene-grafted CNTs through noncovalent function-
alization [28]. Besides, Shevate et al. [29]. prepared polystyrene-b-poly
(4-vinyl pyridine) (PS-b-P4VP) isoporous membranes doped with 1 wt%
CNTs. CNTs were dispersed homogeneously in the membrane without
disturbing the pore uniformity of the membranes. However, the effect of
CNTs on the mechanical properties and separation performances of
membranes was unexplored. The solvophobic blocks are adsorbed to
CNTs following a nonwrapping mechanism while the solvophilic blocks
help the CNTs/BCPs complex to be disperse in the solvent [30]. There-
fore, we anticipate that CNTs are able to reshape the thermodynamic
balance between the BCPs and CNTs, thus optimizing the morphology of
the CNT-doping block copolymer membranes. This will be helpful in
obtaining membranes with simultaneous enhanced permeance, me-
chanical properties and separation properties.

CNTs has been extensively doped in polymeric membranes to
enhance their mechanical properties. However, in the present work, we
used the newly emerged method, selective swelling of block copolymers,
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Table 1

CNTs with varied diameters and lengths.
Designation of CNTs Diameter (nm) Length (pm)
4-nm/10-pm CNTs 4-6 10-20
10-nm/0.5-pm CNTs 10-20 0.5-2
10-nm/10-pm CNTs 10-20 10-20
10-nm/50-pm CNTs 10-20 ~50

to prepare ultrafiltration membranes and there are no previous reports
on doping CNTs in membranes prepared by selective swelling. In addi-
tion to enhanced mechanical stability as observed by previous works
[12], the presence of CNTs in block copolymer membranes significantly
influences the swelling behaviors of block copolymers and consequently
the separation performances of the resulted membranes, which has
never been reported before. In this work, the CNTs are first doped into
PSF-b-PEG substrate by melt blending with very small dosage down to
0.01 wt%. Because of the extremely low usages of CNTs in our mem-
branes and the maturing synthesis of CNTs in large scale, such a prep-
aration process is economically affordable and is well rewarded by the
improved performances. The PSF-b-PEG hollow fibers doped with CNT
are spun by melt extruding, and subsequently they are converted to
hollow-fiber membranes by cavitating the fiber walls following the
mechanism of selective swelling. It is discovered that the dosage and the
aspect ratio of CNTs play a significant role in determining membrane
morphologies and consequently separation performances by influencing
the microphase separation and selective swelling process of the block
copolymer. We demonstrate that by doping with very small amount of
CNTs, the PSF-b-PEG ultrafiltration membranes exhibit simultaneously
enhanced separation performances and mechanical strengths.

2. Experimental section
2.1. Materials

PSF-b-PEG with a M;, of 79.1 kDa (the weight percentage of PEG is
~21 %) was obtained from Nanjing Bangding. Multiwalled CNTs with
the purity of ~95 % having varied diameters and lengths were provide
by XFNANO Materials Technology Co., Ltd, and detailed information are
listed in Table 1. Acetone (>99.0 %), n-propanol (>99.0 %), and n-
heptane (>99.0 %) were provide by local suppliers. Bovine serum al-
bumin (BSA, 66 kDa, >97 %) was purchased from Sigma-Aldrich.
Deionized (DI) water (with a conductivity of 8-20 uS em ™)) was
homemade and used throughout this work.

2.2. Preparation of CNT-doping block copolymer membranes

The preparation process of CNT-doping PSF-b-PEG hollow-fiber
membranes is shown in Fig. la, which mainly includes two steps:
melt-spinning and selective swelling. During the melt spinning process,
determined amount of CNTs and PSF-b-PEG were firstly added to a
desktop twin-screw extruder with a heating spinneret (Xinshuo,
WLG10G) to mix for 2 h. Then they were extruded to form primary
hollow fibers. The extruder contains two cavities and the temperature
was maintained at 180 °C for the upper cavity and 190 °C for the lower
cavity. During the selective swelling process, primary hollow fibers of
PSF-b-PEG doped with CNTs were immersed in the mixture of 20 wt%
acetone and 80 wt% n-propanol at 65 °C for 2 h to generate inter-
connected pores with tens of nanometers in the walls of the membranes.
Thus-treated membranes were dried at 40 °C for at least 4 h to evaporate
residue solvents, producing CNT-doped hollow-fiber membranes. All
other CNTs with different diameters and lengths were doped into PSF-b-
PEG hollow-fiber membranes separately using the identical process.
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Fig. 1. Schematic illustration of (a) the preparation of CNT-doping PSF-b-PEG hollow-fiber membranes, and (b) the pore-forming mechanism of PSF-b-PEG and CNT-

doping PSF-b-PEG (c) the interaction between CNTs and PSF-b-PEG.

2.3. Characterizations

The surface and cross-sectional morphologies of hollow fibers and
hollow-fiber membranes were characterized using a field-emission
scanning electron microscope (FE-SEM, Hitachi S4800) at the acceler-
ating voltage of 5 kV. The cross sections of samples were prepared by
fracturing in liquid nitrogen. Before imaging, all samples were sputter-
coated with gold at a current of 15 pA for 20 s to enhance the conduc-
tivity. Image J and Nano Measure were used to calculate the pore size and
distribution of the membrane surface through SEM images. Nitrogen
adsorption/desorption analysis was conducted by a surface area and
porosity analyzer (MicrotracMRB, Belsorp-max) at 77 K. Surface areas
and pore size distributions were determined from the sorption curves
based on nonlocal density functional theory (NLDFT). Surface mor-
phologies were examined by atomic force microscopy (AFM, XE-100,
Park Systems) at a noncontact mode. The samples were pasted onto
the silicon substrate. Transmission electron microscopy (TEM) was
performed using a FEI Talos F200X G2 electron microscope at a voltage
of 200 kV. The hollow-fiber membranes were implanted into epoxy resin
and cured, and then microtomed by a diamond knife to obtain thin sli-
ces. The slice was transferred onto a copper grid for TEM characteriza-
tions. The PEG content on the membrane surface was characterized by
X-ray photoelectron spectroscopy (XPS, Thermo Fisher K-alpha). Fourier
transform infrared (FTIR) spectroscopy (Nicolet 8700 spectrometer,
Thermo Fisher Scientific, USA) was utilized to probe the chemical

composition of the hollow fibers before and after doped with CNTs in the
attenuated total reflection (ATR) mode. Herein, the infrared spectra
within the wave number from 800 to 3500 cm ™! was analyzed. The
CNTs and hollow-fiber membranes were secured to the silicon substrates
to perform Raman spectroscopy analysis by a Raman spectrometer
(HR800, Labram) with a laser wavelength of 532 nm.

2.4. Separation performances

The water permeability and rejection performance were measured
by a homemade cross-flow filtration device. The membranes were pre-
pressed for 10 min to obtain a stable permeance. Then, the mem-
branes were tested for 30 min, taking samples every 5 min to calculate
the average permeance. The pressure during the test was 2 bar. In the
tests, the same three hollow-fiber membranes were evaluated to obtain
the corresponding average value. The permeance was calculated by the
following equation:

|4
Permeance = AP xAXE (€D}
where V (L) represents the total volume of water transmitted through the
membrane during the test, AP (bar) is the operating pressure, A (m?) is
the effective area, and t (h) is the test duration.
The BSA solution (0.5 g L) was used as the feed to evaluate the
separation performance of the membranes. The concentrations of BSA in
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Fig. 2. Digital photographs of PSF-b-PEG hollow fibers (a—c) and hollow-fiber membranes (after swelling) (d—f) doped with different dosages of 4-nm/10-pm CNTs.

the stock and cut-off solutions were measured using a UV-vis-NIR
spectrophotometer (Lambda 950, PerkinElmer). The membrane rejec-
tion (R) to BSA was calculated by the following equation:

R(%) = (1 —&) x 100% ®)
Cr

where C; (g L") and C, (g L™') are the concentrations of BSA in the
stock and cut-off solutions, respectively. The concentration of the BSA
solution was measured at a wavelength of 280 nm.

2.5. Mechanical properties

The tensile properties of the hollow-fiber membranes were tested by
an electronic tensile testing machine (CMT6103, Shenzhen SANS) with
the initial clamping distance of 100 mm at a speed of 10 mm min~'. The
strain at break (%) and tensile stress (MPa) were calculated by Eq. (3)
and Eq. (4), respectively:

Strain :ATI x 100% (©)]
where Al (mm) and [ (mm) represent the change in length of the fibers
during test and the initial length, respectively.

p
Stress = A 3)

where P (N) represents the load during the test, A (mm?) represents the
cross-sectional area of the membranes.

The flexural properties of the membranes were characterized by
flexural strength index. A 10-cm-length fiber was fixed vertically to the
epoxy resin, and was applied a stable tensile tension (10 % tensile
fracture tension of the corresponding membrane). Each fiber was
reciprocating swung with a swinging amplitude at an angle of 90° until
fractured or the membrane layer broken. The times of reciprocating
swinging was defined as the flexural strength index of the hollow-fiber
membrane.

3. Results and discussion
3.1. Dispersion of CNTs in PSF-b-PEG

The dispersion of CNTs in polymers is usually a problem because of
the relatively strong the electrostatic forces and van der Waals’ inter-
action between CNTs. However, amphiphilic BCPs are reported to be
potential in improving the dispersion of CNTs [27,31]. In this work,
CNTs and the copolymer were added in the extruder, followed by
blending and self-cycling for 2 h to make sure that CNTs were suffi-
ciently dispersed in the copolymer matrix. Then the melt was extruded
through the spinneret, thus obtaining the PSF-b-PEG/CNTs hollow fi-
bers. The uniform dispersion of CNTs in the PSF-b-PEG could be vividly
observed by the homogeneous color of the hollow fibers and
hollow-fiber membranes. It can be seen in Fig. 2, the hollow fibers of the
neat copolymer were yellowish and turned to be white after swelling as a
result of pore formation. With the doping of CNTs even at a dosage as
low as 0.01 wt%, the hollow fibers took a grey color which are uniform
throughout the entire fibers. At a CNTs dosage of 0.1 wt%, the fibers
took a uniform black color. After swelling, the fibers turned to be greyish
and the color became darker with higher CNTs dosages but still
remained uniform. From Fig. S2, we can scarcely observe CNTs in the
polymer matrix due to the extremely low dosages of CNT. However, the
CNTs were isolated, and no agglomeration was observed, which can be
ascribed to the favorable interaction between CNTs and the PSF phase of
the BCP substrate [32].

In the present work, the block copolymer, PSF-b-PEG was utilized as
the polymer matrix to host CNTs. The PSF as the majority block in the
copolymer forms the continuous phase, and it carries many benzene
rings which have n—r interaction with the phenyl structures on sidewalls
of CNTs, thus facilitating the dispersion of CNTs in the PSF-b-PEG and
preventing the aggregation of CNTs. However, the PEG block forming
the dispersed phase in the copolymer is highly hydrophilic, and it is
expected that PEG phases are highly incompatible to CNTs which are
strongly hydrophobic [33]. As a result, CNTs tend to avoid contacting
the PEG microdomains in the PSF matrix. However, because of the rigid
nature of CNTs and the lengths of CNTs (in the scale of micrometers)
much larger than the size of the PEG microdomains (in the scale of
several tens of nanometers), CNTs have to contact and even penetrate
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a
E 1000 Diameters Thicknesses 961
Py 865
§ 800 i I
g 1 721
E I
© 600+
= 500
= =
=
S 400-
& 284
g 219 Lol 24 T
o 200 130 =
E =
8
e 0
Pristine 0 0.01 0.05 0.1
Dosages of CNTs (%)

240 100
=
= 2004 S
‘_g = I 80 S
= 160+ = -1
Y Leo o
€ o
= 1201 T et
<]
8 I I a0 I L 40 2
§ 80+ H
Q
g 40 20 X
o
0 . . 0

0 0.01 0.05
Dosages of CNTs (%)

0.1

Fig. 4. (a) Outer diameters and thicknesses of the pristine hollow fibers and hollow-fiber membranes with different 4-nm/10-pm CNT dosages. (b) Water permeance
and rejection properties of hollow-fiber membranes doped with different dosages of 4-nm/10-pm CNTs.

the PEG microdomains with interfacial gaps forming between CNTs and
PEG domains as a response to the incompatibility between them
(Fig. 1c). Unless there is an extraordinarily high density of surface
functionalized groups (on the outside of the MWCNTSs) which interact
actively with the matrix polymer, such gaps will exist [21]. Moreover,
the shear force at high rotating speeds during blending and extruding
also contributed to overcoming the strong interactions between CNTs,
thus unwrapping the entangled CNT agglomerates [34]. Therefore, the
presence of CNTs in block copolymer might affect the thermodynamic
balance of the polymer components, and thus may regulate the phase
separation in BCPs [35].

Wrapping of CNTs may be driven by chemical interactions between
the n-system of the CNT and the functional groups comprising the
polymers: electrostatic interactions, n-stacking, and hydrogen bonding
were found to dominate in different systems [30]. X-ray photoelectron
spectroscopy (XPS) analysis evidenced the interaction between CNTs
and PSF (Fig. 3). The narrow scan spectra of C 1s reveal C-C at 284.8 eV
and C-S at 286.2 eV. Importantly, the new peak at a higher binding
energy of 288.1 eV indicated the existence of n-n interaction [36]. In the
present work, the interaction between CNTs and BCPs is predominantly
to be n-r interaction as implied by the XPS characterization (Fig. 3). We
also performed Raman and IR characterizations on the hollow-fiber
membranes with various CNTs dosages, and observed neither any new
peaks other than those originated from the CNTs and copolymers nor
position change of their characteristic peaks (Fig. S3). This implies that
both melt spinning and selective swelling were physical processes and
no chemical reactions took place during the fabrication of the
CNTs-doped hollow-fiber membranes. Because of the uniform dispersion
of CNTs in the copolymer, the hollow fibers maintained a smooth surface
after doping with CNTs and no cracks or defects appear.

3.2. Effect of CNT dosages

Before swelling treatment, the neat and the CNTs-doped hollow fi-
bers exhibit similar outer diameter and wall thickness (Fig. 4a), which
were ~500 pm and ~130 pm, respectively. After selective swelling, the
fiber parameters of the neat membrane were expanded to ~721 pm and
219 pm, respectively as a result of the formation of pores induced by
selective swelling [12]. After doping with 0.01 wt% CNTs, the fiber
parameters were expanded to 858 pm and 238 pm, respectively. With
the CNTs dosage further increased to 0.05 and 0.1 wt%, the wall
thicknesses raised to 272 and 284 pm, respectively. It is clear that
hollow-fiber membranes with higher CNTs dosages experienced larger
increasement in wall thickness and consequently larger pore volumes.
The increased pore volumes for the CNT-doped membranes should be
ascribed to interfacial gaps caused by the incompatibility between CNTs
and PEG microdomains. That is, in the CNT-doped membranes there are
two sets of pores: one is caused by selective swelling, and the other is
caused by the incompatibility between CNTs and PEG microdomains
(Fig. 1b).

We used SEM to examine the surface and the cross-sectional
morphology of the CNT-doped membranes. As shown in Fig. S4, they
all exhibited a highly porous structure but the pore size cannot be
quantitatively analyzed based on the SEM images as the pores were
three-dimensionally interconnected. Alternatively, nitrogen adsorption
characterizations were performed to investigate the porous nature of the
membranes doped with different dosages of CNTs. The neat hollow-fiber
membrane without CNTs doping exhibited a BET surface area of 32.5
m? g™}, which was increased to 44.7 m? g~ ! after being doped with 0.01
wt% CNTs. The enlarged surface areas should be caused by the in-
compatibility between CNTs and PEG microdomains. The specific
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surface area decreased to 40.7 and 39.6 m? g~! when the CNT dosage
was increased to 0.05 wt% and 0.1 wt% CNTs, respectively, but were
still higher than that of the neat membrane. CNTs doping influences the
pore formation process of PSF-b-PEG in two opposite ways. On one hand,
CNTs weaken the plastic deformation of the PSF continuous phase and
consequently refrain the pore formation of the copolymer to some extent
by selective swelling because of the n-n interaction between CNTs and
PSF chains, and as a result selective swelling will produce smaller pores
on membrane surfaces. On the other hand, the incompatibility between
CNTs and PEG results in interfacial gaps, thus producing more pores.
These two competing effects eventually determine the porous structure
of the membranes.

It has been reported that the hydrophilic blocks will preferably
migrate to the pore wall and membrane surface when amphiphilic block
copolymers, like PSF-b-PEG, are swelling treated in a polar solvent se-
lective to the hydrophilic blocks [37]. This surface enrichment of PEG
blocks during the selective swelling of PSF-b-PEG is also influenced by
CNTs doping. XPS was utilized to analyze the surface enrichment of PEG
blocks on the membranes. O 1s was probed within the scope of
525.08-545.08 eV by narrow scan. The peak at the binding energy of
532.3 eV (C-0-C) was assigned to the O 1s in PEG blocks, and the peaks
at 533.1 eV (Ph—-O-Ph) and 531.6 eV (S=O0) were derived from O 1s in
PSF blocks. The ratio of the area of the C-O-C peak to the area of the O
1s peak is an indicator of the surface dosages of PEG enriched onto the
membrane surface. As presented in Fig. S6, the PEG content on the
surface of the neat membrane was ~34 %, which was increased to 37,
40, and 43 % for the membrane doped with 0.01, 0.05, and 0.1 wt%
CNTs, respectively. More PEG chains enriched onto membrane surface

Journal of Membrane Science 725 (2025) 124019

10-nm/50-pm

E——

Ba=11.3+28nm

Fig. 5. (a—c) Cross-sectional pictures, (d-f) cross-sectional SEM images of the CNT-enhanced PSF-b-PEG membranes with CNTs of various aspects. (g-i) AFM images
of the CNT-doping PSF-b-PEG membranes with CNTs of various aspects. The roughness parameters of the membranes were presented in the pictures.

with higher CNTs dosages is also caused by the incompatibility of CNTs
and PEG blocks. Higher CNTs dosages means more PEG chains unfa-
vorably interact with CNTs, producing more interfacial gaps. Conse-
quently, more PEG chains were mitigated onto the membrane surface.

The permeances of hollow-fiber membranes doped with different
CNTs dosages were tested and shown in Fig. 4b. The water permeance of
the neat membrane was 89.0 L m~2 h™! bar~!. For membranes with
0.01, 0.05 and 0.1 wt% doped CNTs, the water permeance were
increased to 183.0, 171.1 and 157.6 L m~2 h™! bar™}, respectively. The
water permeance of CNTs-doped membranes were all higher than that of
the neat membrane. This was mainly ascribed to the additional pores
provided by the interfacial gaps between CNTs and PEG [21]. Moreover,
the enrichment of PEG on the membrane surface also contributes the
increase in water permeance. We note that the change tendency of
permeance with CNTs dosages was in accordance with the change of
surface areas and pore sizes of the membranes doped with various CNTs
dosages (Fig. S5i-1). According to our previous work, the rejection
mechanism of PSF-b-PEG hollow fiber membrane towards BSA is mainly
functioned by the size discrimination effect [10]. The rejection to BSA
(molecular size: 14.1 nm x 4.2 nm x 4.2 nm) of these hollow-fiber
membranes were also measured. All these membranes showed similar
rejection properties (40 %-50 %) regardless of the CNTs dosages. That
is, CNTs doping evidently increases the water permeance of the mem-
branes at no expense of rejection, and this is because another set of pores
(interfacial gaps between CNTs and PEG microdomains) smaller than
the pores induced by selective swelling allow more water to pass but
reject BSA.
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nm-diameter CNTs having the tube lengths of 0.5, 10, and 50 pm, respectively.

3.3. Effect of CNTs aspects

Nanofillers with various aspects showed different interfacial stability
and mobility in polymer melts [38,39]. We prepared PSF-b-PEG
hollow-fiber membranes doped with 0.01 wt% 10-nm-diameter CNTs
with the tube lengths of 0.5, 10, and 50 pm, respectively. Interestingly,
the morphologies and the performance of these membranes varied
greatly with the tube lengths. As is shown in Fig. 5a—c, the wall thickness
of membrane doped with 0.5-, 10-, and 50-pm-length CNTs was 196,
228, and 248 pm, respectively. Furthermore, the BET surface areas and
average pore sizes of these three membranes were 30.7, 41.4 and 67.5
m? g_l, and 25.4, 38.1, and 46.1 nm (Fig. S7), respectively. We then
examined the morphology of these membranes. Cross-sectional SEM
observation confirms that the three membranes all show a highly porous
nature (Fig. 5d-f). AFM examinations reveal that pores were also present
on the surface of all the three membranes, and membranes doped with
shorter CNTs showed smaller pores (Fig. 5g—i). The membrane doped
with 0.5-pm-length CNTs exhibited a relatively dense and smooth sur-
face with a roughness of 2.1 nm, and the membrane doped with 10-, and
50-pm-length CNTs exhibited higher roughness of 10.7, and 11.3 nm,
respectively. All these characterizations consistently indicate that longer
CNTs in the membranes led to bigger pores and larger porosities. It has
been reported that the length of CNTs would affect their movement and
distribution in the polymer matrix [40]. In the melt blending process,
shorter CNTs should move faster and migrate more completely into the
PSF phase, thus minimizing the thermodynamic unfavorable contact
with the PEG microdomains. Consequently, less interfacial gaps between
CNTs and PEG are produced. In addition, shorter CNTs have more
chance to be distributed in the PSF continuous phase. That is, the plastic
deformation of the PSF phase will be refrained to a higher degree, and as
a result selective swelling will produce smaller pores. The two effects
take place simultaneously, leading to lower porosities in the membrane
doped with shorter CNTs.

We note that the CNT length strongly influences the swelling and
pore formation of PSF-b-PEG membranes. The membrane doped with
0.5-pm-length CNTs exhibited thinner thickness (196 pm vs 219 pm) and
smaller pores (5.9 nm vs 18.2 nm) (Fig. S7g-i) than the neat membrane
without CNTs doping. This is because the shortest 0.5-pm-length CNTs
restrict the selective swelling-induced pore generation of the PSF-b-PEG.
For longer CNTs with length of 10 and 50 pm, their doping in the
copolymer will facilitate the swelling and pore formation (9.6 nm and
13.9 nm) of the copolymer.

The permeance and the separation properties of these membranes
were shown in Fig. 6b. When the length of CNT was 0.5, 10 and 50 pm,
the membrane permeance were 42.7, 148.5, and 206.4 L m2h! bar !,
respectively. This can be readily explained by the rising porosities with
the increased CNTs length. In addition, their rejection to BSA were 80.5
%, 67.1 % and 67.9 %, respectively. It is interesting that all three
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Fig. 7. (a) Stress-strain curves of PSF-b-PEG hollow-fiber membranes doped
with various dosages and aspects of CNTs. (b) The flexural properties of PSF-b-
PEG hollow-fiber membranes doped with 4-nm/10-ym CNTs with various
dosages. The arrows in (b) mean that swing times were larger than 2000 times.

membranes doping with different length of CNTs show enhanced
rejection performance compared with the PSF-b-PEG membrane, this
may be ascribed to the narrowed surface pore sizes mentioned above. As
we mentioned, the rejection mechanism of PSF-b-PEG hollow-fiber
membrane towards BSA is mainly functioned by the size discrimina-
tion effect. The average size of pores on membrane surface were smaller
than the long axis length of BSA (14.1 nm), which must be the main
reason contributing to the high rejection to BSA. We note that the best
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Table 2
Properties of CNT-doping PSF-b-PEG hollow-fiber membranes.

Journal of Membrane Science 725 (2025) 124019

Samples Dosages of CNTs (wt%) Diameters & lengths of CNTs (nm/pm) Permeance(LMHB) Rejection to BSA (%) Stress (MPa) Strain (%)
1 0 0 89 + 12 42 £5.8 5.7 23

2 0.01 4/10 183+ 7.2 40.7 £ 1.7 9.7 48

3 0.05 4/10 171.1 +£12.2 422 +£2.2 12.6 53

4 0.1 4/10 157.6 + 2.1 49.3+1.5 14.0 80

5 0.01 10/0.5 42.7 £ 8.5 80.5 £ 0.5 12.7 51.7

6 0.01 10/10 148.5 + 8.1 67.1 +2.7 10.2 38.3

7 0.01 10/50 206.4 +£17.5 67.9 + 4.8 9.5 38.0

performance (206.4 L m2h! bar‘l, and 67.9 %) was achieved when
doping 0.01 wt% of CNTs with the diameter of ~10 nm and the length of
~50 pm. This is remarkable as the permeance is three times higher than
that of the neat PSF-b-PEG membrane while the rejection is 1.6 times
higher especially when we consider that only a very small dosage down
to 0.01 wt% of CNTs was doped into the block copolymer. We examined
the existence of CNTs in water passing through the CNTs-doped mem-
brane, and we did not find any detectable CNTs in this water (Fig. S8).
Therefore, we conclude that block copolymer chains heavily inter-
wounded with CNTs, preventing CNTs leakage, and there is no need to
concern about environmental impacts related to the CNTs leakage.
Compared to other UF membranes prepared by melt processing, our
CNT-doped PSF-b-PEG membranes exhibit higher flux and better me-
chanical robustness (Table S1). Moreover, our membranes are also
distinctive in two aspects. The first is their inherent hydrophilic surfaces
as a result of the enrichment of PEG blocks to the membrane surfaces
during selective swelling. The second is the nondestructive nature of
pore-forming process which does not require removing any components
from the membrane-forming materials and produces no wastes during
pore formation. In contrast, most other melt-processed UF membranes
are hydrophobic in nature, and their pores are produced by removing
pre-mixed additives. We note that our membranes need further opti-
mization to improve their rejections for specific applications.

3.4. Enhancement of mechanical properties

Tensile tests of hollow-fiber membranes doped with different dos-
ages of CNTs were performed. As shown in Fig. 7a, the neat membrane
without CNTs doping displayed a tensile stress of 5.7 MPa and a strain at
break of 23 %. After doping with 0.01 and 0.1 wt% 4-nm/10-pm CNTs,
the tensile stress was increased to 9.7 and 14.0 MPa while the strain at
break increased to 48 and 80 %, respectively. The increasement of both
tensile stress and the strain at break should owe to the mechanical
enhancing effect of CNTs to the polymeric matrix [41]. We then inves-
tigated the effect of CNTs lengths on the tensile properties of the
hollow-fiber membranes. Tensile stress of membranes doped with 0.01
wt% 10-nm-diameter CNTs with the length of ~0.5, 10, 50 pm were
12.7, 10.2 and 9.5 MPa, and their strain at break were 51.7, 38.3 and
38.0 %, respectively. Clearly, shorter CNTs enhance the mechanical
properties of the membrane to a higher degree. This is because such
short CNTs are preferentially concentrated in the PSF continuous phase,
and the 7-n interaction between CNTs and PSF are stronger. As a result,
the membrane is significantly enhanced.

Besides, the flexural properties of these membranes were charac-
terized by measuring the swing times before the fiber fracture. As shown
in Fig. 7b, the neat membrane fractured after ~586 times of swinging
under the force of 550 N, and it cannot tolerate the swing force of 600 N
at all as it was broken immediately when such a force was applied.
Interestingly, when doped with only 0.01 wt% of 4-nm/10-pm CNTs, the
hollow-fiber membrane did not break even after swing for 2000 times at
an applied force of 550 N. With the increasing CNTs dosages, the flexural
properties of the membranes were continuously enhanced. The mem-
brane with 0.05 and 0.1 wt% CNTs cannot survive an applied force of
800 N. However, the membrane doped with 0.1 wt% 4-nm/10-pm CNTs
maintained intact and unbroken even after swinging at 800 N for >2000

times. Therefore, both the tensile properties and the flexural properties
of the membranes were significantly increased after CNTs doping and
higher dosages of CNTs led to better mechanical properties. Although we
are still optimizing the preparation parameters of the CNT-doped PSF-b-
PEG membranes to maximize their performances (Table 2), the mem-
branes are expected to exhibit good stability, durability and fouling
resistance because of their excellent mechanical strength and the PEG-
enriched membrane surfaces which are highly tolerant to adsorption
and fouling.

4. Conclusions

In this work, CNT-doping PSF-b-PEG hollow-fiber membranes are
fabricated by melt blending and melt spinning followed by selective
swelling. The CNT-doping PSF-b-PEG hollow-fiber membranes contains
swelling-induced pores and interfacial gaps. With the dosages of CNTs
increased, the selective swelling was limited, but the interfacial gaps
between CNTs and BCPs increased. The membranes showed higher
surface areas and smaller pores, which were responsible for the high
water permeance without sacrificing BSA rejection. Besides, the
morphology and properties of the membrane can also be adjusted by
tuning the CNT aspect ratio. Short and thin CNTs tend to have a stronger
n-n interaction between CNTs and PSF, thus producing smaller pores and
decreasing permeance by refraining selective swelling to a larger degree.
On the contrary, long CNTs contribute to the improvement of membrane
permeance and separation performance. Otherwise, thanks to the strong
mechanical strength of CNTs, the CNT-doping PSF-b-PEG hollow-fiber
membranes achieve enhanced tension resistance and flexural proper-
ties. This work demonstrates the great potential of CNT doping in
upgrading both permeability and separation performances as well as the
mechanical stability of BCP hollow-fiber membranes.
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