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Synergistic hydrolysis, coordination and hydrogen
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Constructing a durable, high-flux, and fouling-resistant coating on metal meshes without compromising
their structural integrity remains a formidable challenge. Herein, we report a novel non-solvent induced
phase separation (NIPS) strategy that enables the synchronous occurrence of antimony trichloride

hydrolysis, metal-polyphenol coordination, and PVP-TA hydrogen bonding during membrane formation,

realizing collaborative interface engineering of membrane formation and functionalization in a single
step. The synergistic effect leads to the in situ growth of a robust superhydrophilic network on the metal
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mesh without destroying the substrate. The resulting membrane achieves a high flux (8000 L m™2 h™?)

under gravity, along with excellent underwater self-cleaning ability and chemical stability. This work

DOI: 10.1039/d5ra06305a
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1. Introduction

The escalating discharge of industrial oily wastewater and
frequent marine oil spills have intensified the global demand
for efficient oil-water separation technologies.’” Membrane-
based separation has emerged as a promising strategy for oil-
water separation due to its high efficiency and low energy
consumption.®® High flux is a key goal for industrial wastewater
treatment applications where large volumes must be pro-
cessed.”’ Metal mesh is a kind of substrate, which easily
obtains high flux for oil-water separation by coating with
functional materials."**® Unlike pressure or electricity driven
separation methods, mesh systems often operate via gravity to
reduce energy demands,""*® which aligns with global efforts to
develop low-carbon wastewater treatment technologies.

Metal mesh-based oil-water separation membranes are
commonly fabricated by surface micro-nano structure engi-

neering and chemical modification, achieving either
superhydrophilic/underwater superhydrophobic or
superhydrophobic/superoleophilic properties. The key
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provides an efficient, time-saving, and economical method to prepare high flux and underwater self-
cleaning wire mesh oil-water separation membranes.

methodologies include: chemical etching, where surface rough-
ness is generated through etching prior to grafting low-surface-
energy molecules;** electrochemical deposition,**** which
constructs micro-nano rough structures via electrolysis followed
by low-surface-energy modifications to attain tailored wettability;
and hydrothermal synthesis, involving high-temperature/pressure
reactions to form hierarchical metal hydroxide nanostructures.**
However, these methods often involve multi-step procedures and
harsh conditions (e.g:, strong acids, high temperature) that can
compromise the mechanical strength of the metallic substrate.
More importantly, the pre-designed micro/nano structures and
grafted molecules are susceptible to physical abrasion and
chemical degradation, leading to performance failure during
long-term operation. An ideal alternative should therefore allow
for one-step fabrication under mild conditions, simultaneously
constructing the necessary hierarchical structure and chemical
functionality without damaging the substrate.

The non-solvent induced phase separation (NIPS) tech-
nology, albeit well established for high-performance polymer
membranes,*®?° remains unexplored for metal mesh modifi-
cation. Its potential to orchestrate multiple reactions within
a confined timeframe and space offers a unique opportunity to
address the above challenges. By easily adjusting parameters of
casting solution composition or coagulation bath composition,
NIPS produces tailored pore sizes, porosity, and surface
morphology of membranes with fewer steps, thus reducing
energy and production costs. Moreover, it allows blending with
nanoparticles or additives to enhance hydrophilicity, anti-
fouling properties, or selectivity in the forming processes of
membrane, leading to the forming and modifying in one
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step.**** To date, limited studies have been reported on fabri-
cating metal-based oil-water separation membranes via the
NIPS method.

Herein, we propose a facile NIPS method to fabricate mesh-
based membranes with integrated high flux, underwater self-
cleaning functionality, and robustness. The hydrophilic
groups, such as phenolic hydroxyl, carboxyl, amido hydroxyl,
and so on, are successfully loaded without destroying the metal
mesh structure, and the preparation of mesh-based membrane
and superhydrophilic and underwater superoleophobic modi-
fication are simultaneously realized. By strategically design the
composition of the casting solution and coagulation bath, the
NIPS process is utilized as a dynamic reaction platform to
orchestrate three synergistic interactions in a single step: (1)
SbCl; hydrolyzed into Sb,05Cl,; (2) the Sb** reacted with TA to
form the metal-polyphenol coordination network; (3) the
hydrogen bonding interaction formed between TA and PVP. The
resulting membranes demonstrate optimized gravity-driven
separation performance with a flux up to 8000 L m~> h™". The
synergy of hydrolysis, coordination, and hydrogen bonding
enables the simultaneous formation of a micro/nano-porous
structure and the grafting of high-density hydrophilic groups,
which collaboratively give rise to an exceptionally stable
hydration layer. Therefore, the membrane surface exhibits
superhydrophilicity and underwater superoleophobicity, effec-
tively preventing oil adhesion through hydration repulsion
forces. Compared to conventional modification methods, our
one-pot NIPS strategy eliminates post-treatment steps while
leveraging low-cost precursors. This work provides fundamental
insights into the simple and highly efficient preparation of
metal mesh-based oil-water separation membranes.

2. Experimental details

2.1. Materials and chemicals

Poly(vinylidene fluoride) (PVDF P302014, purity over 99.0%, M,
= 130 000-150 000 Da), PVP (K30, M,, ~ 40000 Da), N,N-di-
methylacetamide (DMAC, purity over 99.0%, M,, = 87.12 Da),
SbCl; (purity over 99.0%, M,, = 228.12 Da), TA (purity over
99.5%, M,, = 1701.2 Da), hexane (purity over 97%, M,, = 86.175
Da), and sodium dodecyl sulfate (SDS) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Evans blue (M, = 960.805) and Sudan III (purity over
99.0%, M,, = 352.39 Da) were purchased from Meryer Chemical
Technology (Shanghai, China). Heptane (purity over 99.0%, M,
= 100.202) was purchased from Tianjin Guangfu Technology
Development Co., Ltd Vacuum pump oil (purity over 99.0%) was
purchased from ULVAC KIKO, Inc. (Japan). Silicon oil and
soybean oil were purchased from Shanghai Macklin Biochem-
ical Co., Ltd. The molecular weight, which manufactured by
Tianning Meijie Wire Mesh Business Department (Jiang Su,
China).

2.2. Preparation of membranes

Mesh-based oil-water separation membranes were prepared
using the NIPS method. The casting solution was prepared by
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mixing the PVDF, PVP, SbCl; and DMAC at magnetic stirring
with 700 rpm of the stirring speed at 80 °C for 4 h, and their
recipe was shown in Table S1. The casting solution was
degassed in the oven at 60 °C for 24 h. The wire mesh was
immersing in absolute ethanol to remove organic residues
under the ultrasonic for 10 min, and further washed by deion-
ized water. The cleaned wire mesh was completely immersed in
a casting solution heated to 50 °C for 3 minutes. The solution-
soaked wire mesh was then completely submerged in a coagu-
lation bath at 25 °C for 10 minutes.***! The resulting membrane
was washed by deionized water before performance measure-
ments. The membrane formula is depicted in Table S1.

2.3. Characterizations

The phase analysis of the hydrolyzed products of SbCl; was
characterized by the X-ray diffraction (XRD, BRUKER). The laser
microscope Raman spectrometer was used for substance
composition analysis and structural identification (DXR,
Thermo Fisher Scientific Inc., United States). The Fourier
transform infrared (FT-IR) spectra were employed on the PVP,
TA, and their mixture by a Bruker TENSOR II in the TR mode
(Germen). X-ray photoelectron spectroscopy (XPS, Axis Ultra
DLD, Kratos, England) was used to analysis the wire/25-3SbCls/
TA3 membrane surfaces. Field emission scanning electron
microscope (SEM) (FEI, Czech Republic) was used to obtain
morphologies and element distributions of membranes. The
optical images of the SDS stabilized emulsions before and after
separation were recorded using the polarizing microscope
(55XA, Shanghai GTX Semiconductor Co., Ltd). The rejection
rate of SDS stabilized emulsion was calculated from the total
organic carbon (TOC) of feed and filtration from the TOC
analyzer (Shimadzu TOC-L, Japan). The contact angle instru-
ment (JC2000D1, Shanghai Zhongchen Digital Technology
Equipment Co., Ltd) measures the water or oil contact angles on
the wire-mesh based oil-water membrane surfaces.

2.4. Evaluations of membrane properties

2.4.1. Water flux tests. The membrane was integrated into
a custom-designed flux testing apparatus. 50 mL of deionized
water to traverse the separation membrane was systematically
recorded, and the flux was calculated as the average value of at
least three times of measurements. The effective filtration area
of the testing apparatus is 7 cm® The water flux across the
separation membrane was quantitatively calculated using the
following equation,

Flux = —— 1
AxT (1)
where V represents the volume of water with the unit of L, 4 is
the effective filtration area with the unit of m?, and T is the
filtration time with the unit of h.

The oil-in-water emulsion rejections (R, %) was calculated
using eqn (2)

G -G

R= S @)
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where C}, and Cy are the concentration of the permeate and feed
solution, respectively.

2.4.2. Oil-water separation tests. The separation perfor-
mances of the fabricated membrane were evaluated using
a custom-built oil-water separation apparatus. A mixture
comprising 25 mL of Sudan IlI-stained n-hexane and 25 mL of
Evans blue-labeled aqueous solution was prepared. Further-
more, the surfactant stabilized oil-in-water emulsion was
prepared with 0.9 g silicone oil, n-hexane, soybean oil or pump
oil, 0.1 g of SDS and 1.0 L of deionized water stirring at 700 rpm
for 24 h. 25 mL of emulsion was separated by the wire mesh-
based membrane under gravity. This biphasic system was
subsequently introduced into the separation chamber equipped
with a 4 cm diameter membrane holder.

3. Results and discussion

3.1. Preparation of the wire mesh-based oil-water separation
membranes

As shown in Fig. 1, the casting solution was dip-coated on the
wire mesh, and it was immersed into the coagulation bath to
obtain the wire mesh-based oil-water separation membranes.
We separately added PVDF, PVP, and SbCl; in the casting
solution, and TA in the coagulation bath. As a separation
membrane modification material, the catechol polyphenol of
TA could strengthen the interfacial bonding interactions with
the metal mesh through multiple synergistic effects of hydrogen
bonding, m-7 stacking, and metal coordination, modulate the
pore size of the separation membrane,**** and improve the
hydrophilic properties of the membrane surface via the high-
density hydroxyl groups, which provides a natural and func-
tionable green modification platform for the development of
efficient and environmentally friendly separation membranes.*®
In addition, SbCl; was choose to added into the casting solution
because it has a good dispersity in DMAC, provided abundant
hydrophilic hydroxy groups to enhance surface hydrophilicity,
and coordinated with TA.

Fig. 2a-f shows interactions between original materials
during NIPS processes. The concentration of SbCl; was 15.6 mg
mL~'. The mass fractions of PVP, and TA were 0.2%, 3%,
respectively. The pH of SbCl;, PVP, and TA were 2.60, 3.35, and
3.15, and they were performed at 25 °C. The SbCl;, PVP, and TA
solutions were clear and transparent in Fig. 2a-c. The

Wire mesh
PVDF, PVP,
SbCl;, DMAc —) —)
Casting solution Soaking
= =
NIPS

TA

W
\\\\
.
e

Casting solution

Separation membrane :
adheres to wire mesh

Coagulation bath

Fig.1 The schematic diagram of the preparation processes of the wire
mesh-based oil-water separation membrane.
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Fig.2 Opticalimages of (a) SbCls in DMAC, (b) PVP in DMAC, (c) TAin
water, and the mixture of (d) SbCls and TA, (e) PVP and TA, (f) the
casting solution coated glass rod in TA solution. (g) The XRD pattern of
the hydrolysis products of SbClz. (h) Raman spectra of TA, Sb,OsCl,,
TA and Sb4OsCl, mixture. Sb,OsCl, powder was collected from the
precipitants of 0.826 g of SbCls in water, while TA and Sb,OsCl,
mixture were collected from the precipitants of SbCls in TA solution. (i)
FTIR spectra of PVP, TA, PVP and TA mixture. The mixture was the
precipitate accumulated from (e).

instantaneous formation of a white gel upon mixing SbCl; and
TA (Fig. 2d) indicates a rapid and strong coordination reaction,
which is crucial for capturing TA during the fast NIPS process.
To confirm the hydrolysis product, SbCl; was added into water
to collect the precipitate the XRD characterization. From the
XRD pattern in Fig. 2g, the red diffraction peaks are the stan-
dard diffraction peaks of Sb,05Cl, (PDF#97-002-4029), and the
black diffraction peaks above are the sample diffraction peaks.
The diffraction peaks of the sample correspond to the charac-
teristic peak positions of the Sb,05Cl, standard card at the
crystal planes (100), (200), and (300), indicating that the crystal
structure of Sb,0sCl, is the hydrolysis products of SbCl;. The
hydrolysis reaction is shown in eqn (3). Furthermore, 0.08 g and
1.652 g of SbCl; were separately added into water to collect the
precipitants for XRD analysis. As shown in Fig. S1, the hydro-
lyzed product is Sb,0O; at low concentration of SbCl; (0.08 g) due
to the completely hydrolysis, while it is Sb,OsCl, at high
concentration of SbCl;. Although the hydrolysis products of
different concentrations of SbCl; are different, all of them could
release Sb*>" ions to form the metal polyphenol network with TA.

4SbCl; + 5H,0 = Sb,05Cl,| + 10HCI 3)

The interaction between Sb,05Cl, and TA was confirmed in
the Raman spectra, as shown in Fig. 2h, the characteristic
absorption peak of Sb,0sCl, without forming coordination
bonds is located at 450 cm™*, while that of TA is at 1600 cm ™.
In the mixture, new strong peaks appear at 561 cm '
1098 cm ™', which are due to the formation of the Sb-O-cyclic

benzene coordination bond between TA and Sb,05Cl,, and

and
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C-O stretching vibration of phenolic groups in TA molecules
coordinated with Sb*" ions, respectively,”” confirming the
successful formation of the metal-polyphenol coordination.
This rapid and strong coordination reaction is crucial for
capturing TA during the fast NIPS process, and it is the pillar of
our synergistic design. In addition, when Sb,05Cl, interacts
with TA, the vibration peaks also show a red-shift phenomenon,
which further indicates the existence of a coordination inter-
action between TA and Sb,O5Cl,.

The turbidity of the PVP/TA mixture (Fig. 2e) suggests the
formation of an interpenetrating hydrogen-bonded network.
The C=O group in PVP, which acts as a hydrogen-bond
acceptor, and the phenolic hydroxyl groups in TA, which act
as hydrogen-bond donors.*>*® This interaction results in the
formation of white flocculent substances and made the entire
system turbid. Fig. 2i presents the FTIR spectra to confirm the
hydrogen bond interactions between PVP and TA. In the FTIR
spectrum of PVP, the absorption peak at 1642 cm ™' corresponds
to the stretching vibration of the amide carbonyl group in PVP
molecules. For the PVP/TA hybrid system, the absorption peak
attributed to the stretching vibration of the amide carbonyl
group in PVP shifts to 1656 cm™?, attributing to the hydrogen
bonding interaction between -C=0 and -OH. Additionally, the
carbonyl stretching vibration peak of TA moves from 1723 cm™"
to 1729 cm ', indicating that the interaction between the
carbonyl group and hydrogen donors affects its vibrational
activation energy. The FTIR results demonstrate that TA is
successfully cross-linked with PVP through hydrogen bonding
interactions. After dip-coating in the casting solution, the glass
rod was immersed in the coagulation bath. As shown in Fig. 2f,
a film was formed on the glass rod similar to the NIPS processes
that conducted on the wire mesh. When the substrates
including the wire mesh and glass rod coated with the casting
solution immersed in the coagulation bath, the exchange of
DMAC and water happened. Meanwhile, SbCl; hydrolyzed into
Sb,05Cl, clusters and coordinated with TA to form the metal-
polyphenol network.*** PVP segregated toward the interface of
DMAC and water also interacted with TA via the hydrogen bond
interactions. PVDF was precipitated from the system, and
coated on the wire mesh substrates.

Fig. S2 shows the surface morphology of the original wire
mesh, and it is smooth and clean. As shown in the low
magnification of SEM image in Fig. 3, the membrane surfaces
become rough as the NIPS happen on the wire mesh surfaces.
The small pores on the surface of the wire mesh-based oil-water

Fig. 3 The SEM images of the (al, a2) wire/25-raw—water, (b1, b2)
wire/25-3SbClz—water, (cl, c2) wire/25-TA3, (d1, d2) wire/25-3SbCls—
TA3 membrane surfaces.
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separation membrane can be clearly seen. As PVP from the
casting solution diffused into TA solution with higher solubility,
phase separation and leaching of PVP created micropores, and
thus forming small pores on the membrane surfaces.” The
Table S2 summarizes the pore information of the high magni-
fication of SEM images using the software of Nano Measurer.
The wire/25-raw/water membrane exhibits the largest average
pore size and pore density. After addition of SbCl; in the casting
solution or TA in the coagulation bath, the average pore size and
pore density of the wire/25-3SbCl;-water and wire/25-TA3
decrease as compared to these of the wire/25-raw/water
membrane. The complex interactions change the phase sepa-
ration, thereby influencing the pore structures. The thickness of
the wire/25-3SbCl;-TA3 membrane was 1.40 pum, which was
characterized by the cross-sectional SEM image in Fig. S3.

The FTIR spectra of the wire mesh-based oil-water
membranes are shown in the Fig. 4a. The characteristic peaks of
the C-F bond are clearly observed at 600, 1179, and 1281 cm ™,
which is attributed to PVDF. The peak at 1401 cm™ " is the
bending vibration of the ~CH, bond, belonging to PVDF and
PVP. Compared with the wire/25-raw/water membrane, the
wire/25-3SbClz/water membrane exhibits new absorption peaks
at 420 cm ™', corresponding to the Sb-O stretching vibration.**
Additionally, the wire/25-raw/TA3 membrane displays a new
absorption peak at 1723 cm ™, attributed to the C=0 stretching
vibration.*® From the XPS spectra in Fig. S4, the C1s, N1s, Ots,
Sbsd, F1s, Fe2d peaks separately at 285, 400, 533, 557, 688, and
832 eV are displayed on the full spectra, respectively. The Sb-O,
Sb-0O-C, and Sb-ClI bonds are clearly shown in the Sb;d peak of
XPS in Fig. 4b. The Sb-O and Sb-Cl bonds belong to Sb,05Cl,,
while the formation of the Sb-O-C bond indicates that Sb,05Cl,
reacts with TA via the metal-polyphenol coordination. As shown
in Fig. 4c and d, the C1s of the wire/25-3SbCl;/TA3 membrane
can be divided into the C-F, C-O, C-N, and C-C bonds, while
the O1s can be divided into the Sb-O, C=0, C-0, O-H bonds.
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Fig. 4 (a) FTIR spectra of the wire mesh-based oil-water separation

membranes. The (b) Sbzd, (c) Cls, and (d) Ols peaks of XPS spectra of
the wire/25-3SbCl3/TA3 membrane surfaces.
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3.2. Fluxes of the wire mesh-based oil-water separation
membranes

The breakthrough height measurements are applied on the
membranes using a tube with inner diameter of 8 mm.
Membranes were primarily wetted by water to measure the
breakthrough height of hexane. As shown in Fig. S5a, the wire/
25-raw-water membrane exhibited a penetration height of
4.34 cm. Following modification with SbCl; or TA, the break-
through height increased, and the wire/25-3SbCl;-3TA
membrane achieved a maximum penetration height of 49.4 cm.
On the contrary, when water was using for the breakthrough
height, membranes were primarily wetted by hexane, and the
similar increased trend was shown in Fig. S5b. However, the
wire/25-3SbCl;-3TA membrane registered only 7.1 cm. These
results unambiguously demonstrate that the synergistic coor-
dination between SbCl; and TA substantially enhances the
membrane liquid penetration resistance. The reinforcement
arises from the formation of a dense and stable hydration layer
on the membrane surface through cooperative coordination
bonds and hydrogen bonding networks, which elevates the
breakthrough pressure.

Since the mesh substrate is porous, the flux is highly
improved in our work. Fig. 5a displayed the separation devices
of the prepared membranes. An increase in the PVDF concen-
tration has a significant impact on the membrane flux. As
shown in Fig. 5b, as the addition amounts of the PVDF
increased, the flux drops sharply from 109 000 L m~>h ™" of the
wire/20-3SbCl;/TA5 membrane to 14 300 L m > h ™! of the wire/
25-3SbCl;/TA5 membrane, and finally plummets to 68 L m™>
h™" of the wire/35-3SbCl;/TA5 membrane. An increase in PVDF
concentration elevates viscosity of the casting solution, leading
to the delay of phase inversion, thereby forming a denser
membrane structure.

Fig. 5c exhibited the relationship between the concentration
of SbCl; and the flux. Without addition of SbCl;, the flux of the
wire/25-raw/TA3 membrane reaches to 12000 L m > h™', When

a b e
f? 100000 \
£
- ,i 20000
8 z
=
@3
¢ d =
= =
”"E - ? 12000
2 2
= w o
s =
2 ow z
Wi 3»"«.,,‘:1\"‘ 2515 :\:’: :xj\h(;';': gy :‘:’: 24810y, N Wire, 2358, ,‘,,,‘:”' 50y, ‘:"" 50, “‘""' 38y, As
Fig.5 (a) The image of the testing device. Water fluxes of the prepared

wire mesh-based oil-water separation membranes with the varied
concentrations of (b) PVDF, (c) SbClz, and (d) TA.
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the amount of SbCl; in the casting solution is 0.08 g, the flux of
wire/25-1SbCl;/TA3 drops to 11 000 L m~>h ™. As the amount of
SbCl; increased, the flux decreased. This systematic decline
confirms that SbCl; concentration negatively impacts
membrane permeability. SEM analysis revealed that Sb,05Cl,
hydrolyzed from SbCl; deposits progressively occluded
membrane pores (Fig. 3c).

Fig. 5d shows the influence of TA on the water flux of the
separation membrane. It was found that water flux decreased
with the increased addition of TA in the coagulation bath. TA in
the coagulation bath undergoes strong hydrogen bonding
interactions with PVP in the casting solution, leading to the
compact structure of the selective layer. Such a compacted
structure increases the resistance for water molecules to pass
through the membrane. As a result, the increase in mass
transfer resistance or reduction in effective pore size, thus
further reducing the membrane flux. The in situ formed
hydrolysate and coordination complexes modulated the phase
inversion kinetics and reduced the effective pore size of the
selective layer, which is a trade-off for achieving superior
separation efficiency. We have compared with values reported
in recent literature for similar mesh-based membranes. Based
on the comparison in the Table S3, the flux of our wire/25-
3SbCl;/TA3 membrane (8000 L m~> h™') demonstrates not only
competitive water flux, but also a simple and efficient prepara-
tion approach.

We further used the surfactant stabilized emulsion to test
the separation performances. The feed emulsion was white
color with poor transparency, and the emulsified pump oil
droplets were obviously observed with the average diameter of
6.78 um for the emulsified oil droplets in the optical microscope
image in Fig. S6a. After separated by the wire/25-3SbCl;/TA3
membrane, the filtration was transparent and clean, and no oil
droplets could be seen in the optical microscope image in
Fig. S6b, and the rejection rate was 99.1%, which was the
average value of the three measurements, and calculated from
the TOC results of the feed and filtration. We further used n-
hexane, soybean oil, and silicone oil to prepare different kinds
of emulsions, and their rejection rates were 99.5%, 98.8%,
96.7%, respectively, revealing the excellent rejection of the wire/
25-3SbCl;/TA3 membrane toward emulsions.

3.3. Surface wetting behavior of the wire mesh-based oil-
water separation membranes

The contact angle, a crucial physical indicator of the interaction
between liquid and solid surfaces, plays a significant role in the
field of oil-water separation membranes to analyze the surface
wetting behavior. As presented in Fig. S7a, the contact angle
increased from 92.25° of the pristine wire mesh to 117.25° of the
wire/25-raw/water membrane. The reduced hydrophilicity was
due to the introduction of the hydrophobic PVDF matrix. As the
concentration of SbCl; increased, the contact angle exhibited
a decreasing trend. The contact angle of wire/25-5SbCl;/water
was measured at 40.75°, demonstrating a significant enhance-
ment in hydrophilicity. This improvement is attributed to the
formation of hydrophilic Sb,05Cl, from the hydrolytic product
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of SbCl; TA with the hydrophilic phenolic hydroxyl groups on
the membrane surfaces also improved surface hydrophilicity.
Fig. S7b illustrates the effects of varying TA concentration on the
water contact angles on the separation membrane. As the TA
concentration increased, a significant decrease in the contact
angle was observed. Specifically, at a mass fraction of 5 wt% TA,
the contact angle dropped to 11.5°, demonstrating a marked
increase in hydrophilicity. The data in Fig. S7c show the effects
of varying SbCl; concentrations, while Fig. S7d depicts the effect
of changes in TA concentrations of the underwater oil contact
angles on the membrane surfaces. In both cases, an increase in
the concentration of either SbCl; or TA is accompanied by an
elevation in the underwater oil contact angle. The addition of
SbCl; and TA endowed the membrane surfaces with underwater
superoleophobicity, indicating that water molecules strongly
adhere on the membrane surface to form a hydration layer.

As shown in Fig. 6a, when the addition concentration of TA
solution fixed at 3 wt%, the water contact angles of membranes
were relatively minor changed as the SbCl; concentration
increased. Fig. S8a and 6a exhibited the decrease of water
contact angles for membranes as the increase of SbCl;
concentration, but Fig. S8a shows a larger change in the contact
angle. The main reason is that the coagulation bath of
membranes in Fig. S8a is water, while that in Fig. 6a is 1 wt%
TA. From the contact angle data, the change in the contact angle
of the membrane surface by TA is greater than that by SbCl,.
Therefore, when compares the change of water contact angle as
varying SbCl; concentration, the membranes which formed in
the coagulation bath of water (Fig. S8a) is much larger than that
of 1% TA (Fig. 6a). Conversely, when the addition amount of
SbCl; was maintained 0.826 g in Fig. 6b, the water contact angle
obviously decreased as the TA concentration increased. Fig. 6a
and b reveals that variations in SbCl; and TA concentration
significantly modulate the hydrophilicities of the separation
membrane. Water contact angle (air-membrane interface)
reveals the surface hydrophilicity, while underwater oil contact
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Fig. 6 (a and b) Water contact angles on the membrane surfaces. (c
and d) Underwater oil contact angles on the membrane surfaces. The
used oil was hexane.
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angle (oil-water interface) reveals the oil adhesion on the
hydration layer. As shown in Fig. 6c and d, in addition of SbCl;
and TA, all of the wire mesh-based membrane surfaces
demonstrated underwater superoleophobicity with the under-
water hexane contact angles over 150°. Due to the high surface
energy of Sb,O5Cl, clusters and the abundance of phenolic
hydroxyl groups in TA, each component individually enhanced
the membrane's hydrophilicity.

Due to the convenience of the operation, dichloromethane
was selected to measure the underwater oil sliding angle. As
shown in Fig. S8a and b, the wire/25-raw-water, wire/25-3SbCl;-
water, wire/25-TA3, wire/25-3SbCl;-TA3 membrane surfaces
exhibited 90.0, 74.5, 5.3, and 2.5° of underwater oil sliding
angles. For the wire/25-raw-water and wire/25-3SbCl;-water
membrane surfaces, oil droplets are almost adhered on the
surfaces, while oil droplets easily roll off from the wire/25-TA3
and wire/25-3SbCl;-TA3 membrane surfaces, indicating that
TA plays an important role in changing the surface wetting
behavior. The wire/25-3SbCl;-TA3 membrane surface demon-
strates a very low adhesion with the 2.5° of underwater oil
sliding angle, which infers forming a dense hydration layer.
Furthermore, the surface energy of the wire mesh, wire/25-raw-
water, wire/25-3SbCl;—-water, wire/25-TA3, and wire/25-3SbCl;—
TA3 membranes is 23.0, 8.2, 73.9, 83.7, and 92.9 m] m 2,
respectively, in Fig. S8e. Since PVDF contains the C-F bonds, the
surface energy of the wire/25-raw-water membrane decreased.
The addition of SbCl; and TA increases the surface energy of
membranes, and the wire/25-3SbCl;-TA3 membrane exhibited
the highest surface energy among them. A higher surface energy
enhances the adsorption capacity of water molecules on the
membrane surface, thereby forming a denser hydration layer to
resist foulants.

3.4. Self-cleaning performances of the wire/25-3SbCl;/TA3
membrane

Fig. 7 vividly recorded the self-cleaning behavior of the wire/25-
3SbCl;/TA3 membrane. As depicted in Fig. 7a, pump oil
stained with Sudan red was applied to the membrane, covering

Fig. 7 (a—-c) Self-cleaning behavior of the wire/25-3SbCls/TA3
membrane. (d1-d3) The comparison oil resistance of wire/25-raw/
water membrane. (a, d1) The membrane was cut into 2 cm x 2 cm
pieces and then thoroughly rinsed with deionized water before tests.
(b, c, d2, d3) The membrane was cut into small pieces measuring
approximately 2 cm x 2 cm and affixed to a slide using double-sided
adhesive. Oil was dyed with Sudan red for better observation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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approximately two-thirds of its surface. Finally, the membrane
was slowly immersed in deionized water, the oil droplet floated
and left from the wire/25-3SbCl;/TA3 membrane surface. The
wire/25-3SbCl;/TA3 membrane surface was clean and no pump
oil residue was observed. In contrast, the wire/25-raw/water
membrane surface without addition of SbCl; and TA, the
membrane surface was polluted with oil residues in Fig. 7d1.
Even after multiple rinsed with deionized water, a substantial
amount of dyed pump oil residue retained on the membrane
surface. As shown in Fig. 7b, when a dyed oil droplet was
attached on the wire/25-3SbCl;/TA3 membrane surface that
immersed in water, the oil droplet remained on the point of
the needle even though we put a pull on the oil droplet, di-
splaying the low adhesion between oil and wetted wire/25-
3SbCl;/TA3 membrane surface. Compared to the same
processes on the wire/25-raw/water membrane surface, the oil
droplet was adhered on the wetted membrane surface. More-
over, when the wire/25-3SbCl;/TA3 membrane sink to the
bottom of the quartz trough, the oil droplets instantly bounced
off the membrane surface in Fig. 7c. While the oil droplets
aggregated on the wire/25-raw/water membrane surface in
Fig. 7d3. As results, the wire/25-3SbCl;/TA3 membrane
exhibited the underwater self-cleaning property in water, while
the wire/25-raw/water membrane surface displayed a strong
underwater oil adhesion.

The simultaneous occurrence of hydrolysis, coordination,
and hydrogen bonding interactions create a special wetting
interpenetrating network on the wire mesh without destroying
the substrate. The hydrolysis of SbCl; provides the reactive
metal nodes of Sb*", and it reacted with TA to form the metal-
polyphenol coordination. The hydrogen bonds between TA
and PVP, along with the hydrophilic nature of all components,
serve to swell the network and facilitate the formation of
a dense and tightly bound hydration layer. The hydrated layer
plays a critical role in enhancing the membrane's performance
by significantly improving its surface hydrophilicity. As shown
in Fig. 8, the hydrophilic groups provided from the TA, PVP
and Sb,0sCl, on the membrane surface exhibit a strong
adhesion with water molecules, facilitating the formation of
a stable hydration layer. This hydration layer acts as an effec-
tive barrier to prevent direct contact of oil droplets or other
contaminants from the membrane surface, thereby substan-
tially reducing the adsorption and deposition of contaminants

Oil-water separation
membranes

Oil . Water

Wire mesh

‘ ‘Water molecules
Fig. 8 Schematic illustration of the underwater self-cleaning mech-

anism of the separation membrane. The underwater oil repellency was
on account of the formation of the hydration layer.
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on the membrane.***** Therefore, the wire/25-4SbCl;/TA3
membrane surface exhibited the excellent self-cleaning
performances.

3.5. Stability of the wire/25-3SbCl;/TA3 membrane

Stability investigation is necessary to understand the variations
in separation performance under different pH and temperature
conditions. In this study, acidic oil-water mixtures
(0.012 mol L™ " HCI), alkaline oil-water mixtures (0.012 mol L™*
KOH), and neutral oil-water mixtures were prepared. These
mixtures were heated to 50 °C or frozen to 10 °C, and separation
tests were conducted with the wire/25-3SbCl;/TA3 membrane,
as illustrated in Fig. S9. The experimental results indicated that
the wire/25-3SbCl;/TA3 membrane successfully separated the
oil-water mixtures at different pH values and temperatures,
demonstrating robust stability in oil-water separation applica-
tions. As shown in Fig. S10, the wire/25-3SbCl;-TA3 membrane
could withstand the cross-cut for cycles. Fig. S11 shows the 10-
cycle separation performance of the wire/25-3SbCl;-TA3
membrane. The permeance of the wire/25-3SbCl;-TA3
membrane remains basically stable throughout the 10-cycle
filtration, with only minor variations. The surface morphology
of the wire/25-3SbCl;/TA3 membrane after 10-cycle was char-
acterized by SEM in Fig. S12. The particle structure remained on
the membrane surface structure remained particle structures,
further revealing the long-term stability.

4. Conclusion

In summary, we have established a novel NIPS-enabled
synchronous interaction strategy for functionalizing metal
meshes. This strategy leverages the intrinsic dynamics of the
phase separation process with the component hydrolysis,
interfacial coordination, and hydrogen bonding interactions
into a single step of membrane formation on the wire mesh,
which is fundamentally different from conventional step-by-
step approaches. During the NIPS processes, SbCl; in the
casting solution hydrolyzed to Sb,05Cl,, and formed the Sb-O-
cyclic benzene bonding with TA. Moreover, PVP in the casting
solution also formed the hydrogen bonding with TA. The
synergistic effect between SbCl;, TA, and PVP provides a new
design principle for constructing a hydration layer, effectively
preventing oil foulants from the membrane surfaces. Further-
more, the wire/25-3SbCl;/TA3 membrane exhibited remarkable
stability in acidic and alkaline environments, cross-cut, or cycle
filtration, making it well-suited for oil-water separation appli-
cations. The wire mesh-based oil-water separation membranes
efficiently separate oil-water mixture solely under the influence
of gravity, and achieving a flux of up to 8000 L m~> h™". We
anticipate this mechanism-inspired methodology will pave the
way for developing next-generation advanced separation mate-
rials with high efficiency, durability, and scalability.

Data availability

Data will be available under request.

RSC Adv, 2025, 15, 38603-38611 | 38609


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06305a

Open Access Article. Published on 15 October 2025. Downloaded on 1/19/2026 11:14:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Supplementary information: The XRD pattern of the hydro-
lysis products; SEM images of pristine wire mesh; the cross-
sectional SEM image of the Wire/25-3SbCl /TA3 membrane; full
XPS spectra of the Wire/25-3SbCl /TA3 membrane surfaces; the
height breakthrough of the Wire/25-Raw-water; optical micro-
scope images and photos of the SDS stabilized oil-in-water
emulsion before and after separation by the Wire/25-3SbCl /TA3
membrane; water contact angles, underwater oil angles and
surface energy of varies samples; pH stability, abrasion, and 10-
cycle filtration tests of the Wire/25-3SbCl /TA3 membrane; and
the SEM image of the Wire/25-3SbCl /TA3 membrane after 10-
cycle tests were shown in the supplementary file. See DOI:
https://doi.org/10.1039/d5ra06305a.
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