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Establishing an efficient and sustainable membrane module is
of great significance for practical oil/water emulsion separation.
Superwetting membranes have been extensively studied but cannot
meet long lasting separation owing to inevitable membrane fouling.
Herein, we constructed a hydrogel-mediated slippery surface on
polytetrafluoroethylene (PTFE) hollow fibers and then designed a
flexible and swing hollow fiber membrane module inspired by fish
gill respiration, which achieved sustainable emulsion separation.
A vinyl silane-crosslinked polyvinylpyrrolidone (PVP) hydrogel was
interpenetrated with nano-fibrils of the PTFE hollow fibers, thus
facilitating fast water permeance while resisting oil intrusion.
Liquid-like polydimethylsiloxane (PDMS) brushes were then grafted
to promote oil aggregation-release from the membrane surface.
Owing to the heterogeneous surface and gill-like structure, the
designed PTFE hollow fiber membrane module could separate
emulsion in a long-term filtration process, maintaining a high water
permeability of 500 L m~2 h* bar~* with a separation efficiency of
over 99.9% for 5000 min. This novel technique shows its great
potential to realize practical emulsion separation by solving the
persistent problem of membrane fouling and permeance decay.

Introduction

Oily waste generated by industry, oil spills and daily human
activities pose a severe threat to ecosystems and jeopardize
human health."” Therefore, a viable way of eliminating oil
contaminants from water is urgent. Membrane separation
technology is distinguished from other traditional techniques
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New concepts

In this paper, we developed a novel concept of a fish gill-inspired PTFE
hollow fiber membrane module with a heterogeneous surface for
sustainable emulsion separation. We constructed a heterogeneous bi-
layer of a PVP hydrogel and PDMS brushes on PTFE hollow fiber
membranes and then designed a flexible membrane module inspired
by fish gills. The liquid-like PDMS layer is capable of capturing and
releasing oil droplets from the membrane surface to alleviate membrane
fouling, while that beneath the PVP hydrogel layer repels the intrusion of
oil into the membrane. The hydrophilic porous fibrous structure
facilitates fast and continuous water transport through the membrane
freely. Furthermore, the module was designed with one fixed end and the
other flexible end, thus forming swing hollow fibers. Water can be
drained into the lumen side while oil droplets are captured by the
PDMS layer through random oscillation, aggregation and release from
the lubricant surface. Therefore, the slippery hydrogel membrane surface
and the flexible hollow fiber module design allow for sustainable oil-in-
water emulsion separation.

for its highly efficient separation of emulsified oil through the
physical sieving mechanism.*”” However, unavoidable oil phase
accumulation on traditional membrane surfaces leads to a
severe reduction in permeability.>° Thus, membrane fouling
is the Achilles heel hindering the practical application of
membranes for oily wastewater purification.

Hydration layer theory is the theoretical foundation for
“antifouling” of hydrophilic membranes.'®™"® Hydrophilic
polymers bind tightly to water molecules via electrostatic or
hydrogen bonding, forming a durable hydration layer on the
membrane surface and establishing a barrier against oil adhe-
sion. In this regard, a plethora of hydrophilic modification
strategies have been devised to prevent the oil contamination
on membrane surfaces.’*” Despite the remarkable surface
oil rejection capability of modified membranes, permeability
still declined dramatically during the emulsion separation
process."”®" On the one hand, oil droplets tend to deform
under pressure and adhere to the membrane surface, leading to
the deactivation of the hydration layer. On the other hand,
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polar superhydrophilic groups are prone to accelerating
membrane fouling in the case of electrostatic surfactant
adsorption. This is attributed to the change in the wettability
of the hydration layer. To overcome this obstacle, we proposed
an ‘“aggregation and demulsification” strategy to allow for the
simultaneous penetration of macroscopically separated oil and
water phases through the membrane, resulting in an extended
purification process.?>”>® However, long-lasting filtration was
caused by delayed oil phase release from the membrane
surface.>””?® Besides, the intrusion of oil into the membrane
will occupy the spatial water channel and result in reduced
water permeability.”*°

In addition, membrane module design is important for fully
exploiting membrane permeability and avoiding membrane
fouling, which was usually ignored by previous superwetting
membranes. Gills are the respiratory organs of fish. Water
enters from the mouth and exits through the gills. The direc-
tion of water flow is opposite to the direction of blood flow in
the gill plates, forming a cross flow exchange system that
effectively absorbs oxygen from the water flow and releases
carbon dioxide into the water flow (Fig. S1, ESIf).*"3?
In addition, the oscillation of the gills with the water flow
facilitates the capture of oxygen from the water and reduces the
adhesion of pollutants. Inspired by this, we may design a
flexible hollow fiber module that can facilitate the water
permeance and suppress oil fouling via fiber swing and
aggregation-releasing mechanism on the fiber surface.

Herein, a heterogeneous hydrogel/slippery surface-modified
hollow fiber membrane (PTFE-PVP-PDMS) was fabricated by
the construction of an ultrathin hydrophobic liquid-like PDMS
layer and PVP hydrogel interlayer on PTFE hollow fiber
membrane successively. The hollow fibers were assembled into
a flexible outside-in filtration module, in which one end of the

A PTFE hollow fiber
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hollow fiber was fixed and worked as an exit port, while the
other end is sealed and swings in the feed solution freely
(Fig. S2, ESIT). Under the cross flow and membrane filament
oscillation, the hydrophilic inner layer of the hollow fiber
membrane was able to absorb the water phase from the
emulsion and discharge purified water, while the liquid-like
PDMS layer on the outer wall agglomerated the oil phase and
released it back to the emulsion. The synergy of cross flow
shear and membrane filament oscillation drives the dynamic
antifouling efficiently. It is emphasized that the hydrogel-
mediated antifouling strategy provides a new approach to
repair membrane fouling for durable oil-water separation.

Results and discussion

Design and construction of hydrogel-mediated slippery
membrane

The hydrogel-mediated slippery antifouling membrane was
constructed, as demonstrated in Fig. 1a. PTFE hollow fiber
membrane was first modified by crosslinking the PVP-VTES
hydrogel network to establish the hydrophilic channel. The
hydrophobic PDMS layer was subsequently grafted to form an
oil receptor and slippery surface. This is due to the extremely
low glass transition temperature (Ty: 127 °C) of PDMS, which
has rotational dynamic properties at room temperature and
acts as a liquid lubrication layer that both reduces fouling and
promotes the sliding of the liquid on the membrane-liquid
interface.*>*! Heterogeneous hollow fiber membranes were
then assembled into a fish gill-like membrane module by fixing
the single-end. As described in Fig. 1b, when separating oil-in-
water emulsions under cross flow conditions in an outside-in
operation, the liquid-like PDMS brushes are expected to first
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Fig. 1 Hydrophobic PDMS brush-grafted hydrophilic PTFE-PVP hollow fiber membrane and PTFE-PVP-PDMS membrane. (a) Schematic of
PTFE-PVP-PDMS membrane fabrication. (b) Schematic illustrating the water phase and oil phase movement during the durable oil/water separation

of PTFE-PVP-PDMS membranes in cross-flow filtration mode.
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capture and aggregate the oil droplets driven to the membrane
surface. The aggregated oil phase is then easily released from
the feed solution by the cross-flow shear, membrane filament
oscillation, and slippery effect of the lubricant PDMS layer. The
strong hydration of the PVP-crosslinked hydrogel layer under
the PDMS layer aids the membrane in resisting further oil
intrusion. The Laplace force promoted continuous water phase
penetration into the thin PDMS layer beneath the porous
structure, which was collected in the inner lumen of the hollow
fiber membrane and discharged as purified water.

The heterogeneous bi-layer of the PTFE-PVP-PDMS hollow
fiber membrane was constructed by a two-step modification.
As shown in Fig. S3 (ESIt), the hydrophilic monomers NVP were
copolymerized with VTES via a free radical reaction to form a
precursor, which was then mixed into a PTFE hollow fiber
membrane. After hydrolysis with 2% citric acid, a crosslinked
hydrogel network was formed on the PTFE membrane to
obtain a PTFE-PVP membrane.*> Subsequently, the resultant
membrane was further reacted with DMS by polycondensation
to form the PTFE-PVP-PDMS hollow fiber.>® The SEM images
show the morphology and microstructure of the inner, outer
surfaces and cross sections of the hollow fiber membranes.
As depicted in Fig. 2a, the inner surface of the pristine PTFE
hollow fiber membrane is composed of “protofibril” and the
“node”, the outer surface is smooth with unevenly distributed
small holes, and the membrane as a whole has a spongy
structure. The surface morphology of the modified membrane
(PTFE-PVP and PTFE-PVP-PDMS membrane) was similar to
that of the as-prepared membrane. No obvious pore clogging
was observed, indicating that the modification would not
negatively affect the pore channels of the membranes. Fig. 2b
and Fig. S4 (ESIt) show that the pore sizes of the PTFE-PVP
and PTFE-PVP-PDMS membranes are similar but smaller than

PTFE PTFE-PVP

PTFE-PVP-PDMS
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those of PTFE membranes, which suggests that PVP and PDMS
are effectively attached to the membrane pore surfaces to
shrink the effective pore size of the membrane. It could be
estimated that the thickness of the PVP hydrogel layer is about
25 nm, and the thickness of the slippery PDMS layer is about
7 nm (Fig. 2c).

The surface chemistry was further analyzed by FTIR and XPS
throughout the synthesis process. As illustrated in Fig. 3a,
the absorption peaks at 1728, 1631, and 1658 cm ' (C=O0)
were ascribed to the PVP skeleton.’” The emerging peaks
at 3365 cm ' belong to Si-OH and those at 912 cm ™" and
1145 ecm™ " are ascribed to Si-O-Si, both of which gradually
increased from PTFE-PVP to PTFE-PVP-PDMS, indicating
the chemical crosslinking sites for PVP and DMS.*® The XPS
pattern further revealed that the new O, N and Si peaks
appeared in the PTFE-PVP and PTFE-PVP-PDMS membrane
(Fig. 3b). The successful loading of the PVP-crosslinked hydro-
gel is indicated by the corresponding percentage of elemental
content, e.g., a decrease in F and an increase in O, N, and Si, as
compared to the pristine PTFE membrane. The successful
grafting of PDMS was further confirmed by a decrease in the
percentage of F and N and a significant increase in the
percentage of O and Si in the XPS spectra (Fig. 3c). The
modification was further verified by XPS depth profiling
(Fig. 3d and Fig. S5, ESIT). With the gradual increase in the
depth, the F element on the outer surface of the PTFE-PVP-
PDMS membrane gradually increased to a constant value,
which indicates that the modified layer is covered on the PTFE
membrane’s outer surface. However, the N (O) element first
increases and then decreases to a constant value, and the
decrease in the Si element from a high to a constant value
proves that slippery PDMS is present in the outer wall of the
PTFE-PVP-PDMS membrane and the PVP-crosslinked hydrogel

Fig. 2 Morphology and pore size. (a) SEM images of the PTFE, PTFE-PVP and PTFE-PVP-PDMS membranes. From top to bottom, the inner cavity
surface, outer wall surface, and cross section morphology of the hollow fiber. (b) Average pore size. (c) Thickness of the PVP hydrogel layer and PDMS

slippery layer was calculated by the pore size.
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of the PTFE-PVP—-PDMS membrane. (f) 3D render overlay with/without CN™. The detection area was 300 pm x 300 pum.

wraps around the entire PTFE membrane. In addition, as
shown in Fig. S6 (ESIt), the TGA curve for the pristine PTFE
membrane showed that the sample remained stable up to
about 500 °C, followed by a single stage of total decomposition.
From the TGA curve for the PTFE-PVP membrane, there are two
regions of degradation, namely, at 160-210 °C and 480-610 °C,
due to the structural degradation of the PVP-VTES and PTFE
substrate. After the further modification of PDMS, the TGA
curve of PDMS shows an initial mass loss at 210 °C due to the
decomposition of low molecular weight species.>® Similar to
PTFE, it undergoes single-stage thermal decomposition, which
means that the PDMS layer has been successfully modified and
can effectively protect the PVP-VTES layer.

The hierarchical surface spatial structure of the PTFE-PVP-
PDMS membrane was further validated by time-of-flight secondary
ion mass spectrometry (TOF-SIMS). The sputtered secondary
negative ions were collected by layer-by-layer bombardment and
etching of the outermost surface of the membrane by a primary
ion beam, and the spatial elemental distributions were analyzed in
a 300 ym x 300 pm area. Based on the theoretical molecular

6144 | Mater. Horiz., 2024, 11, 6141-6149

structure, F~ and CN~ were identified as secondary negative ions
representing the PTFE matrix and PVP, respectively. SiO;™, SiO, ™~
and SiHO; ™~ were represented as PVP and PDMS. As shown in the
dynamic negative ion-depth profile in Fig. 3e, throughout the
etching process, the intensities of F~ and CN ™~ gradually increased
and stabilized. On the other hand, the intensity of the SiO; ™, SiO, ™
and SiHO;  increases and then gradually decreases. It fully proves
that the crosslinked PVP hydrogel successfully wrapped the PTFE
matrix and PDMS grafted on the outer wall of the hollow fiber
membrane. The thickness of the PVP layer is about 27-30 nm and
the thickness of the PDMS layer is about 6-9 nm, which is
consistent with the pore size variation analysis in Fig. 2c. The
hydrophilic modification of the internal channels of the
membrane will greatly facilitate the transport of continuous water
phases. The hydrophobic modification of the outer wall surface of
the membrane will greatly contribute to the demulsification,
aggregation, and release of dispersed oil phases. For a more
intuitive display, Fig. 3f shows the reconstructed 3D image of the
depth profiles with five/four representative negatives marked with
ions in different colors. In addition to the results obtained above, it

This journal is © The Royal Society of Chemistry 2024
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is easy to find that the PVP is evenly covered on the PTFE substrate
and PDMS exists on the upper surface of the membrane. Thus, it
lays a great foundation for the construction of the antifouling
membrane.

Oil capture-aggregation-release for hydrogel-mediated slippery
membrane

The wettability and oil adhesion properties of the membranes
were characterized. As shown in Fig. S7 and S8 (ESIT), the water
contact angle (WCA) and underwater oil contact angle (UOCA)
of the pristine PTFE were inner surface: 127° + 3°, outer
surface: 129° £+ 2° and 0°, respectively, indicating its inherent
hydrophobicity. After winding the PVP-VTES crosslinked
hydrogel, the WCA of the PTFE-PVP membrane was quickly
decreased to 0° within 0.43 s as the water droplet spread over
time, which indicates superior wettability. The UOCA of the
inner and outer surfaces shifts to 140° 4+ 2° and 143° + 3°,
respectively. High oleophobicity underwater helps to defend
the membrane surface against oil intrusion. After decorating
the hydrophobic PDMS layer on the outer surface of the
hydrophilic PTFE-PVP membrane, a Janus structure was
formed,*® and the diffusion time of the water droplets on the

View Article Online
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outer surface was extended to 3.82 s, while the inner layer
remained almost unchanged. The UOCA of the inner and outer
surfaces changed to 135° + 1° and 96° + 4°, respectively,
indicating that the moderate oleophobicity of the membrane
outer surface was favorable for oil droplet capture and
aggregation.

To demonstrate this, further underwater dynamic oil adhe-
sion and CA measurements were performed to assess the oil
droplet capture capability of the membrane. As shown in
Fig. S9a, ¢ and Videos S1, S2 (ESIf), when an oil droplet is
forced into full contact with the PTFE and PTFE-PVP-PDMS
membrane’s outer surface and then lifted underwater, the oil
droplet is easily captured by the membrane surface. In contrast,
despite the repeated squeezing of the oil droplets against the
membrane surface, the oil droplets were not significantly
deformed and difficult to deposit on the PTFE-PVP membrane
(Fig. S9b and Video S3, ESIt). The oil capture capacity of the
membranes was evaluated by AFM. The adhesion forces
between different membranes towards oil were found to be
in the following order: PTFE (1.4 nN) > PTFE-PVP-PDMS
(1.2 nN) > PTFE-PVP (0.6 nN) (Fig. 4a). As a result, it is not
difficult to hypothesize that the PTFE-PVP-PDMS membrane
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surface would efficiently capture the oil droplets and accelerate
emulsion demulsification
condition.

To avoid the accumulation of an oil cake layer, oil droplets

in a real cross-flow filtration

are required to be released as soon as they come into contact
with the membrane surface. Under cross-flow, oil droplets
deposited on the membrane surface are usually sheared by
the continuous feed solution. Therefore, to simplify the model,
the oil-in-water emulsion was allowed to contact the surface of
the membrane, and the movement behavior of the oil droplets
was observed under an optical microscope. As shown in Fig. 4b
and Video S4 (ESIT), dispersed oil droplets were captured on the
surface of the PTFE membrane and aggregated to form large oil
droplets, but no detachment was observed. The reason for this
is the strong affinity of the PTFE membrane for oil droplets.*!
The movement of oil droplets in the emulsion on the PTFE
membrane is depicted in Fig. S10a (ESIt), where oil droplets
accumulate and adhere to the membrane surface. Instead of
adhering to the membrane, oil droplets quickly bounced away
and slid from the PTFE-PVP membrane surface due to the
strong hydration capacity of the membrane (Fig. 4b and
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Fig. S10b, Video S5, ESIt).** Unexpectedly, for the PTFE-PVP-
PDMS membranes, oil droplets undergo capture, aggregation,
and release on the membrane surface (Fig. 4b and Fig. S10c,
Video S6, ESIt). The outstanding performance implies that
the liquid-like PDMS layer effectively captures oil droplets
and releases the agglomerated oil phase.*>™* As a result, the
PTFE-PVP-PDMS membrane is expected to realize a continu-
ous oil-water separation process.

Separation performance of the hydrogel-mediated slippery
antifouling membrane

The goal of “hydrogel/slippery heterogeneous surface” design
is to give membranes with a gill-like structure to promote the
oil-phase aggregation, release and avoid water permeability
degradation during the oil/water separation process. Therefore,
we evaluated the continuous dynamic separation performance of
membranes by a homemade cross-flow device at a pressure of
10 kPa (Fig. S11, ESIT). It is shown that the permeation ability of
the pristine PTFE membrane was nearly zero due to its hydro-
phobicity (Fig. 5a)."® In contrast, with merely PVP coverage, the
PTFE-PVP membrane provides the effective separation of oil-water
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emulsions with a high permeability of 1600 L m~> h™" bar .
It is owing to the superhydrophilic interface of the PVP hydrogel-
crosslinked network (Fig. 5b). However, as the separation pro-
ceeded, the permeability rapidly dropped to 0 within 300 min.
On grafting PDMS on the outer wall of the PTFE-PVP hollow fiber
membrane, named as PTFE-PVP-PDMS membrane, it was found
that the permeability remained almost constant after first decreas-
ing to 500 L m > h™* bar " The entire separation process lasted
more than 2000 min (Fig. 5¢). The decrease in the flux may be due
to the fact that the PDMS brushes were not completely covered
with PTFE-PVP membranes.*” After separation, the oil-in-water
emulsion changed from milky white to clear, and the emulsified
oil droplets with particle size between 0.8 pm and 10 pm were
removed (Fig. S12, ESIf). The oil retention rate is over 99.9%,
which is due to the fact that the hydrophobic slippery PDMS layer
facilitates the capture and aggregation of small oil droplets in the
emulsion to demulsification (Fig. S13, ESIt). The oil recovery is
calculated by collecting the floating oil on the liquid after separa-
tion, which is about 60% (Fig. S14, ESIt). When the membranes
were cleaned with ethanol, the permeability recovery rate (FRR)
reached more than 99% (Fig. S15, ESIt). Besides, the PTFE-PVP-
PDMS membranes can continuously stabilize the separation of
hexadecane-in-water emulsions for over 5000 min and realize the
continuous and stable separation of water-in-isooctane emulsion
for 1200 min, which is a few to several hundred times higher
than that in previous literature (Fig. 5d and Fig. S16, S17,
ESI).>4154%47°52 The corresponding emulsion handling capacity
is 1-350 times higher than that reported in other works (Fig. 5e).
The difference in the permeability may be due to the differences in
the viscosity and interfacial tension. Since the modified layers
designed in this work have a well-defined spatial structure,
the reason for the different separation properties of the three

PTFE PTFE-PVP

Before separation

After separation

View Article Online
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membranes was deduced, as shown in Fig. 5f and g. Under
cross-flow, the oil-water PTFE-PVP-PDMS membrane allows
the continuous water phase of the emulsion to enter the inner
lumen of the membrane through the Laplace force, while the
oil phase is captured on the outer surface of the membrane to
be demulsified, agglomerated, and released from the feed
solution through the synergistic action of liquid-like PDMS, water
shear, and fish gill-like membrane filament oscillation.*®>*~>° The
length of the membrane filament is optimally oscillated at 10 cm,
which facilitates the release of the aggregated oil phase from the
surface of the membrane filament (Fig. S18, ESIt). The rapid
release of the agglomerated oil phase from the hydrophobic
liquid-like PDMS prevents the oil droplets from forming a
thick cake layer. Hydrophilic PVP hydrogel-mediated slippery
membrane prevents the aggregated oil phase from entering the
interior of the membrane. As a result, water is able to pass
through, which imparts a constant permeability to the membrane
(Fig. S19a, ESIf). However, if there is no hydrophobic layer
(slippery layer) on the membrane surface, the oil droplets will
quickly bounce off the membrane surface, thus keeping the
permeability high for a certain period of time (Fig. S19b, ESIf).
However, due to the superhydrophilicity of PVP, the emulsified oil
droplets are more likely to aggregate in the solution and form a
dense oil film, which adheres to the membrane surface. The
oil film penetrates into the PTFE oil-absorbing layer under the
Laplace force, causing irreversible fouling and a decrease in
the membrane permeability. On the other hand, on the PTFE
membrane without any modification, the affinity of oil droplets to
the membrane triggers irreversible oil diffusion and an oil layer
that prevents the water phase from passing through the
membrane (no hydrophilic layer). Thus, PTFE membranes have
low permeability (Fig. S19¢, ESIT).

PTFE-PVP-PDMS

Fig. 6 Oil phase distribution on the membrane surface before (a) and after (b) separation.

This journal is © The Royal Society of Chemistry 2024
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The molecular chain length of the grafted PDMS may affect
the specific properties of the membrane. The synergistic func-
tion of the heterogeneous wettability layer was thus evaluated
by adjusting the chain length of the PDMS with the PVP fixed.
From Fig. 520 (ESIt), when the modification time of PDMS is
shortened or lengthened, the permeability decreases rapidly
within 300 min. The results show that the hydrogel-mediated
slippery membrane can fully utilize its superior anti-fouling
performance only when PVP and PDMS reach an optimal
balance. Therefore, the optimal duration of the polycondensa-
tion reaction was 15 min, and the PTFE-PVP-PDMS membrane
was prepared for all characterization and performance testing
throughout the work. In summary, hydrogel-mediated slippery
antifouling enabled the membrane to maintain long-lasting
and efficient oil-in-water emulsion separation performance.

To further verify the hydrogel-mediated slippery antifouling
ability for oil-in-water emulsion, the movement and distribu-
tion of oil droplets on the membrane surface was detected
using LSCM. The simultaneous observation of the state of
stained emulsions and the color of hydrophilic and hydropho-
bic layers of the membranes by laser emission was combined
with bright-field observation. With the aid of fluorescent stain-
ing, the distribution of the oil droplets on the membrane
surface after separation could be recognized by the luminescent
areas. It is worth noting that the fluorescence of Nile Red has
an excitation wavelength of 488 nm and an emission wave-
length of 540-700 nm. As shown in Fig. 6, due to the hydro-
phobicity of PTFE, the whole PTFE hollow fiber membrane
shows a red color. For the PTFE-PVP membrane, the oil-phase
droplets enter the hydrated layer and make the membrane
locally reddened, while only the PDMS layer of the PTFE-
PVP-PDMS membrane is reddened. These results also indicate
the superiority of the hydrogel-mediated slippery antifouling
PTFE-PVP-PDMS membrane for continuous antifouling
separation.

Conclusions

We proposed a heterogeneous surface on PTFE hollow fiber
consisting of a PVP hydrogel layer and a PDMS slippery layer.
The bi-layer of hydrophilic and lipophilic components plays a
key role in realizing the dynamic antifouling of the oil/water
separation. Based on the well-designed ‘hydrogel-mediated
slippery” barrier established by the spatial molecular structure
of fouling “aggregation-release”, the outer surface of the
membrane effectively aggregates the oil phase and releases it
back into the emulsion, while the hydrophilic inner wall
absorbs the water phase from the emulsion into the lumen to
generate purified water. When separating various oil-in-water
emulsions under cross-flow, the permeability of the membrane
could still be maintained above 500 L m > h™*' bar* for
5000 min of continuous separation. We envision that the
concept of the slippery hydrogel membrane holds promise for
antifouling membranes for the long-term purification of prac-
tical oily wastewater.
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Experimental section

Please refer to the ESIf for details on membrane fabrication,
device characterization and testing.
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