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Abstract

Oily wastewater poses severe ecological and health threats, but conventional separation
technologies have limitations like low efficiency or high energy consumption. Herein,
two superwettable carbon fiber (CF)-based membranes were fabricated for efficient oil-
water separation. Using CF (low cost, excellent mechanical stability) as the substrate, Cu-
TiO,@CF (superhydrophilic/underwater superoleophobic, renewable) was prepared via a
deep ultraviolet (DUV)-assisted sol-gel method, and OTMS/Cu-TiO,@CF (superhydropho-
bic/superoleophilic) was obtained by modifying Cu-TiO,@CF with octadecyltrimethoxysi-
lane (OTMS) via hydrothermal synthesis. Characterization showed Cu-TiO; coatings
uniformly covered CF, with strong substrate bonding. Both membranes exhibited out-
standing performance: Cu-TiO,@CF achieved water fluxes of up to 79,839.6 L-m~2-h~!
and >97.3% separation efficiency for four oil-water mixtures; OTMS/Cu-TiO,@CF had
a maximum oil flux of 86,593.4 L-m~2-h~! and >98.1% efficiency. Cu-TiO,@CF regener-
ated via 10 min UV irradiation (restoring underwater oil contact angle to 153°), while
OTMS/Cu-TiO,@CF achieved recovery through the process of UV irradiation followed by
OTMS re-modification. Both membranes maintained stable performance over 100 cycles,
demonstrating considerable potential for engineering applications.

Keywords: oil-water separation; superhydrophilic; superhydrophobic; membranes;
reusability

1. Introduction

With the deepening of industrialization, a large volume of oily wastewater is gen-
erated across industries such as oilfield exploitation, iron and steel smelting, mechanical
processing, textile production, pharmaceutical engineering, and food manufacturing [1-5].
Oil contaminants in this wastewater impede aquatic photosynthesis, leading to the death
of aquatic organisms; upon infiltrating soil, they further damage the soil structure, pos-
ing severe threats to both the ecological environment and human health [6-8]. To ad-
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dress oily wastewater pollution, technologies including gravity sedimentation, centrifugal
separation, adsorption, chemical separation, biological treatment, and membrane separa-
tion have been applied in oil-water separation [9,10]. However, these technologies have
distinct limitations, such as low efficiency, high costs, and susceptibility to secondary
pollution [11-15]. In contrast, membrane separation technology leverages differences in
interfacial interactions between membranes and oil/water (e.g., superwetting properties
and pore size sieving effect) to achieve efficient, chemical-free, and low-energy separation
through physical interception, demonstrating remarkable advantages [16-18]. In partic-
ular, superwetting oil-water separation membranes, through the innovative mechanism
of “replacing physical sieving with surface wettability”, have overcome the limitations
of pore size sieving membranes in terms of applicability to complex systems, antifouling
capability, and energy consumption control, thus emerging as the mainstream development
direction for oil-water separation membrane materials [19-22]. Among various super-
wetting oil-water separation membranes [23-26], the “water-permeable and oil-repellent”
superhydrophilic/underwater superoleophobic membranes and the “oil-permeable and
water-repellent” superhydrophobic/superoleophilic membranes are considered the most
promising for engineering applications, owing to their stable performance and excellent
oil-water selectivity [27].

According to differences in substrate materials, superwetting oil-water separation
membranes can be divided into three major categories: polymer-based, metal-based, and
inorganic non-metallic-based. Polymer superwetting oil-water separation membranes
often use materials such as polyvinylidene fluoride (PVDF), polyacrylonitrile, or poly-
lactic acid as substrates and possess advantages of excellent separation performance and
easy processability [28-32]. However, they usually have poor mechanical properties, and
membrane pores are prone to deformation and rupture after repeated use. Metal-based
superwetting oil-water separation membranes are mostly prepared using copper meshes,
stainless steel meshes, or metal foams as substrates, with the introduction of superwetting
coatings or construction of micro-nano-structures, and offer advantages such as low cost,
excellent mechanical strength, and ease of mass production [33-37]. However, the bonding
force between the superwetting coating and the metal substrate is weak, leading to frequent
peeling of the surface coating and reduced membrane durability. Common substrates for
inorganic non-metallic superwetting oil-water separation membranes include ceramics,
carbon-based materials, and glass fibers [38—41]. Among these, carbon-based oil-water
separation membrane materials (especially carbon fibers, CFs) not only exhibit resistance
to acids, alkalis, and organic solvents but also possess better flexibility, tear resistance,
and higher impact strength compared to ceramic nanofiber membranes, making them
a widely studied material category currently [42,43]. It should be noted that although
CF membranes inherently have hydrophobic and oleophilic properties, their selective
permeability /repellency towards oil and water is relatively weak, precluding their direct
application in oil-water separation. Therefore, endowing CF membranes with superwetting
properties is a prerequisite for their application in oil-water separation. For instance, Sun
et al. [44] prepared a flexible superhydrophobic/superoleophilic CF membrane via elec-
trospinning and fluorination treatment, achieving an oil flux of 3590 L-m 2h 1lbartin
petroleum ether/water separation. Nevertheless, electrospinning technology suffers from
low production efficiency, which cannot meet the requirements of large-scale industrial
production [45]. Modifying the surface of CF membranes directly to impart superwetting
properties is expected to reduce raw material costs and significantly improve production
efficiency. However, conventional methods such as magnetron sputtering, physical vapor
deposition, chemical vapor deposition, and electrochemical deposition struggle to deposit
fully coated functional layers on non-planar fibers. Although the low-cost sol-gel method
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can coat functional layers on non-planar fiber substrates, the conversion of gel coatings to
ceramic functional coatings involves substantial volume shrinkage, causing the functional
coating to crack and peel off easily [46]. Fortunately, Chen et al. [47,48] reported a deep ul-
traviolet (DUV)-assisted sol-gel method. They confirmed that high-energy photons emitted
by DUV lamps can penetrate the gel film, triggering free radical generation reactions and
enabling the conversion of gel films to ceramic films under low-temperature conditions.
Additionally, this method not only mitigates internal stress induced by severe volume
shrinkage during gel conversion but also effectively reduces pore defects inside the coating
by facilitating the gradual release of exhaust gases, resulting in high-density ceramic coat-
ings. We speculate that depositing superwetting ceramic coatings on CF substrates using
the DUV-assisted sol-gel method may enhance the bonding strength and compactness of
the coating, thereby promising excellent durability in oil-water separation applications.

In practical oil-water separation processes, the surface of superwetting membranes is
prone to fouling due to the complex composition of oil-water mixtures, which in turn im-
pairs their wettability [49]. In recent years, titanium dioxide (TiO,) has been widely utilized
in organic pollutant degradation, wastewater treatment, and oil-water mixture recovery,
thanks to its non-toxicity, high catalytic activity, low cost, and excellent hydrophilicity. This
provides a feasible strategy for the regeneration of superwetting membranes [50-52]. Based
on the above premise, a renewable water-permeable membrane material (Cu-TiO,@CF)
with outstanding photocatalytic degradation performance was fabricated via a deep ultra-
violet (DUYV) irradiation-assisted sol-gel method. Subsequently, octadecyltrimethoxysilane
(OTMS) was used as a modifier to regulate the wettability of Cu-TiO,@CF through hy-
drothermal synthesis, resulting in the formation of a superhydrophobic/superoleophilic
oil-permeable membrane material (OTMS/Cu-TiO,@CF). Satisfactorily, both membrane
materials exhibited excellent oil-water separation performance and durability.

2. Materials and Methods
2.1. Materials

CF materials were purchased from Jiangsu Hengshen Co., Ltd. (Zhenjiang, China). The
carbon content of the CF materials is more than 99%, with a density of 0.13 g/ cm3, a tensile
strength of 0.14 MPa, and a compressive stress of 10 MPa under 10% compression. Gasoline
(Gas) was obtained from China Petroleum & Chemical Corporation (Sinopec) (Beijing,
China). Other reagents, including nitric acid (HNO3), copper nitrate (Cu (NO3),-5H,0),
tetrabutyl titanate, octadecyltrimethoxysilane (OTMS), cyclohexane (CyH), chlorobenzene
(CB), petroleum ether (PE), and absolute ethanol, were sourced from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). All experimental reagents were of analytical grade
and required no further treatment.

2.2. Pretreatment of CF Raw Materials

First, CFs were placed in a NapCOj3 solution with a mass fraction of 1%. After ultra-
sonic soaking for 1 h, the fibers were rinsed with deionized water to remove surface dust.
Subsequently, the CFs were fully immersed in dilute HNO3 with a mass fraction of 15%.
After continuous immersion for 2 h, the CFs were taken out and rinsed repeatedly with
deionized water. This rinsing process was continued until the pH value of the rinsing
solution reached 7 through detection. Afterwards, excess water on the surface of the CFs
was spun off, followed by drying.

2.3. Preparation of Cu-TiO,@CF Membranes

Given that Cu-doped TiO; exhibits superior photocatalytic performance [53], a Cu-
TiO; sol with a Cu ion doping concentration of 5w% was prepared in this study. The
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specific preparation process is as follows: First, 3.24 g of tetrabutyl titanate was weighed
and dissolved in 39.30 g of ethanol, 4.05 g of benzoylacetone was added, and the mixture
was stirred for 2 h. Separately, 0.1638 g of Cu (NO3),-5H,0 was weighed and dissolved
in 39.30 g of absolute ethanol, followed by stirring for 2 h. Finally, the two solutions
were mixed and continuously stirred for 8 h to obtain a stable dark-green Cu-TiO, sol.
Two methods were employed to prepare Cu-TiO,@CF membranes in this study: (1) The
hydrothermal method: The pretreated CFs were placed in a high-pressure autoclave, and
the Cu-TiO; sol prepared above was poured in until the CFs were completely submerged.
After sealing the autoclave, it was placed in an oven at 120 °C for reaction for 2 h. Upon
completion of the reaction, it was naturally cooled, and the CFs were taken out and
rinsed with deionized water to remove residual sol on the surface. (2) The sol-gel method
combined with DUV-assisted rapid heat treatment technology: The pretreated CFs were
immersed in the Cu-TiO, precursor sol. After 5 min, they were taken out and spun dry,
then placed in an oven at 80 °C for drying for 2 h. Subsequently, the sample was irradiated
with DUV at 120 °C for 2 h and then placed in a heating furnace at 400 °C for heat treatment
for 2 h.

For the Cu-TiO,@CF material prepared via Method 1, its Cu-TiO, coating exhibits
poor compactness and weak bonding strength with the CF matrix, accompanied by severe
pulverization. These drawbacks render the material unable to meet the basic requirements
for oil-water separation applications. In contrast, the Cu-TiO,@CF membranes fabricated
by Method 2 feature a densely coated Cu-TiO, layer on the surface of the CFs. After repeated
rubbing tests, no coating detachment or powdering was observed, indicating significantly
superior interfacial bonding performance and structural stability. In conclusion, Method 2
represents the optimal technical route for preparing Cu-TiO,@CF materials.

2.4. Preparation of OTMS/Cu-TiO,@CF Membranes

First, 6.25 mL of OTMS was added into 100 mL of Cu-TiO; sol, followed by magnetic
stirring for 2 h to prepare the OTMS-Cu-TiO, hydrothermal reaction solution. The Cu-
TiO,@CF was placed in a reaction kettle, and the prepared hydrothermal reaction solution
was slowly poured in until the Cu-TiO,@CFs were completely submerged. After sealing
the reaction kettle, it was placed in an oven at 120 °C for 4 h of heat preservation. Once
the reaction kettle had cooled to room temperature along with the furnace, the sample
was taken out, rinsed with alcohol three times, and then placed in an oven at 80 °C for
drying for 12 h, thus obtaining the target OTMS/Cu-TiO,@CFE. A schematic diagram of the
preparation process is shown in Figure 1.
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Figure 1. Preparation process diagram of Cu-TiO,@CF and OTMS/Cu-TiO,@CF membranes.
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2.5. Material Characterization

X-ray diffraction (XRD, model Shimadzu 7000S, Kyoto, Japan) was used to characterize
the crystal structure and phase composition of the pristine CFs and Cu-TiO, coatings. The
X-ray source was Cu K« radiation (A = 0.15406 nm), with a test angular range of 5-80° (20)
and a scanning rate of 10°-min~!. Scanning electron microscopy (SEM, model JSM-7000F,
manufactured by JOEL, Tokyo, Japan) was utilized to observe the surface microstructure of
the samples. Concurrently, the accompanying energy-dispersive X-ray spectroscopy (EDS)
function was employed to determine the element types, relative contents, and distribution
patterns in specific regions of the material surface. X-ray photoelectron spectroscopy
(XPS, model K-alpha, manufactured by Thermo Fisher Scientific, Waltham, MA, USA) was
applied to analyze the surface chemical composition, elemental existence forms, and valence
state information of the two membranes: Cu-TiO,@CF and OTMS/Cu-TiO,@CFE. The
binding energy values were calibrated with reference to the C 1s peak of contaminant carbon
at 284.8 eV. An ultraviolet-visible (UV-vis) spectrophotometer (model U-3900H, Hitachi,
Tokyo, Japan) was used to measure the UV-vis absorption spectra of Cu-TiO,@CF coatings
within the wavelength range of 200-600 nm, thereby analyzing their light absorption
properties. An optical surface contact angle (CA) measuring instrument (model JC2000A,
manufactured by Dongguan Shengding Precision Instrument Co., Ltd., Dongguan, China)
was employed to determine the static CAs of different liquids on the membrane surface,
evaluating their surface wettability. For the measurement of water/oil CAs in air, it is
sufficient to directly drop deionized CB/water droplets onto the sample surface. However,
for the measurement of underwater oil CAs, the sample must first be placed in a beaker
filled with water, and then CB droplets are dropped onto the sample surface using a syringe.
To facilitate the observation of experimental phenomena, water was stained with methyl
blue, and CB was stained with Nile red.

2.6. Performance Testing
2.6.1. Adsorption Performance Testing

In order to characterize the adsorption performance of the materials, the absorption
capacity is used to evaluate the material’s absorption ability, while the retention rate is
employed to assess its long-term retention capacity for the absorbed liquids. Cu-TiO,@CF
and OTMS/Cu-TiO,@CF membranes were firstly immersed in water or oils, respectively.
After the samples achieved saturated liquid absorption for 5 min, they were taken out
and weighed. Subsequently, the samples were hung in the air and allowed to stand for 5
min until no liquid droplets fell from their surfaces, after which they were weighed again.
The absorption capacity and liquid retention rate of the samples were calculated using
Equation (1) and Equation (2), respectively [54].

_ m—my
= o

A

1)

where A is the absorption capacity (g/g), my is the mass of the sample, and m is the mass of
the sample after saturated liquid absorption, respectively (g).

w — my
= — 2
T s mo @)
where 1 is the liquid retention rate (%), and w is the mass of the sample after it has fully

absorbed the liquid and been hung to stand in a suspended state for 5 min (g).
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2.6.2. Wear Resistance Testing

During the actual oil-water separation process, oil-water separation membranes
inevitably suffer from surface friction and mechanical wear. This causes damage to the
functional coating on the membrane surface, which in turn leads to a decrease in oil-water
separation performance, and in severe cases, even a complete loss of performance. In this
study, the wear resistance of two samples, Cu-TiO,@CF and OTMS/Cu-TiO,@CF, was
tested to verify the bonding strength of the functional coating on the CF surface and predict
its durability in oil-water separation operations. In the wear resistance test, the sample was
placed on 2000-mesh sandpaper, and an 80 g weight was applied to its surface. The sample
was then driven to move 20 cm at a speed of 2 cm/s. Subsequently, the water/oil CA of the
samples in the air or underwater was monitored.

2.6.3. Oil-Water Separation Performance

In this study, a bidirectional oil-water separation device, as illustrated in Figure 2,
was designed. The device consists of a T-shaped three-way pipe with an inner diameter
of 40 mm and a support frame. A flange interface was installed at the lower branch pipe
of the three-way pipe, where the Cu-TiO,@CF water-filtering membrane and OTMS/Cu-
TiO,@CF oil-filtering membrane—both with a diameter of 40 mm—were fixed separately.
For the oil phase, CyH, CB, PE, and Gas were used. Oil-water mixtures were prepared by
mixing oil and water at a volume ratio of 1:1, thus simulating four distinct oil-water mixed
systems. The volumes of oil and water collected at both ends of the device were recorded
separately. Subsequently, the corresponding separation flux and separation efficiency were
calculated using Equation (3) and Equation (4), respectively [55,56].

o— 14
T tx A

®)

where ¢ represents the separation flux (L-m~2-h~!), V is the volume of liquid actually
separated (L), ¢ is the permeation separation time (h), and A represents the effective

permeation area (m?).

0= ; x 100% @)

f
where 6 denotes the separation efficiency (%), with V. standing for the volume of liquid
collected after the completion of separation (L) and V representing the volume of the initial
liquid before separation (L).

s
’
7/
7

Figure 2. Schematic diagram of the bidirectional oil-water separation device.
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2.7. Restoration of Oil-Water Separation Membranes

After a continuous oil-water separation operation for a certain period of time, the
Cu-TiO,@CF water-filtering membrane and OTMS/Cu-TiO,@CF oil-filtering membrane
installed at the flange were removed. They were then cleaned with ethanol and n-hexane,
respectively, followed by drying. The Cu-TiO,@CF water-filtering membrane could be
regenerated directly by irradiating it with a 350 W xenon lamp (Shenzhen Bohan Technology
Co., Ltd., Shenzhen, China) for 10 min. For the OTMS-Cu-TiO; oil-filtering membrane, it
was first irradiated with a xenon lamp for 30 min and then re-immersed into the OTMS-
Cu-TiO; hydrothermal reaction solution for reaction, after which its oil-filtering function
was restored.

3. Results and Discussion
3.1. Phase Structure Analysis of Cu-TiO, Coatings

Due to the small thickness of the Cu-TiO, coating on the surface of the Cu-TiO,@CF
sample, it is difficult to obtain strong signals in XRD tests, making this sample unsuitable for
characterizing the phase structure of the Cu-TiO, coating. To verify the phase composition
of the Cu-TiO; coating prepared by the sol-gel method combined with DUV-assisted rapid
heat treatment in this study, a Cu-TiO, /Si reference sample was fabricated by depositing a
Cu-TiO; coating on a silicon (Si) substrate under exactly the same experimental conditions
as those used for preparing Cu-TiO,@CF. The XRD characterization results of this reference
sample are presented in Figure 3. It should be noted that the CF substrate itself has an
amorphous structure and thus exhibits no obvious diffraction peaks. In contrast, distinct
diffraction peaks are observed in the XRD pattern of the Cu-TiO;/Si reference sample
at 20 values of 25.8°, 37.8°, 48.0°, 53.9°, 55.0°, 62.1°, and 70.3°. These diffraction peaks
correspond to the (101), (004), (200), (105), (211), (213), and (220) crystal planes of anatase
TiO,, respectively [57]. This result indicates that the Cu-TiO; coating prepared on the
CF surface by the sol-gel method combined with DUV-assisted rapid heat treatment has
a typical anatase crystal structure, and the Cu-doping does not alter the original crystal
structure of TiO,.

——CF
Cu-Ti0/Si

n

(004> 2000 (2113513 oo

PDF#21-12724Ti0,

. ‘ T | T

0 20 30 40 30 6 70 80
2Theta (deg.)

(105

Intensity (a.u.)

Figure 3. XRD patterns of CF and Cu-TiO; coating.

3.2. Analysis of Material Surface Morphology

Figure 4a shows the SEM image of a single CF, revealing a diameter of ~10.5 pm and a
micron-scale grooved rough surface structure. SEM images of Cu-TiO,@CF (Figure 4b,c)
reveal that the original grooved structure is fully covered by a Cu-TiO; coating. The coating
is crack- and void-free, exhibiting a uniform granular morphology with particle sizes
concentrated at 100-300 nm. EDS analysis (Figure 4d—f) confirms the uniform distribution
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of Ti, O, and Cu across the surface, verifying the uniform and dense coverage of CFs
by the Cu-TiO; coating. For OTMS/Cu-TiO,@CF (Figure 4g), the surface is generally
flat and smooth with slight undulations, and no cracks or voids are observed. High-
magnification imaging (Figure 4h) shows that the granular structure in the coating is
significantly refined to tens of nanometers, much smaller than that of Cu-TiO,@CF. EDS

results (Figure 4i-1) demonstrate uniform distribution of Ti, Cu, O, and Si; the presence
and uniform distribution of Si (attributed to OTMS) further confirm the compactness and
uniformity of the OTMS/Cu-TiO, composite coating.

Figure 4. SEM and EDS images: (a) CF substrate (SEM); (b,c) Cu-TiO,@CF (SEM, magnified SEM);
(d-f) Cu-TiO,@CF (EDS); (gh) OTMS/Cu-TiO,@CF (SEM, magnified SEM); (i-1) OTMS/Cu-
TiO,@CF (EDS).

3.3. XPS Analysis

The full-scan XPS spectrum of Cu-TiO,@CF (Figure 5a) shows only characteristic peaks
for C, O, Ti, and Cu with no impurity signals, confirming high sample purity and absence of
external contamination during preparation. High-resolution scans (Figure 5b—e) reveal the
following: C 1s (Figure 5b) deconvolutes into peaks at 284.8 eV (C-C/C=C), 286.2 eV (C-0),
and 288.1 eV (C=0) [58], attributed to the CF substrate, residual organics, and Cu-TiO,
precursor residues; O 1s (Figure 5c) exhibits peaks at 530.1 eV (lattice O« in TiOy), 532.2 eV
(chemisorbed Og), and 535.5 eV (adsorbed water/hydroxyls Oy ), consistent with typical
TiO, oxygen species [59]; Ti 2p (Figure 5d) shows a doublet at 458.7 eV (Ti 2p3/2) and
464.8 eV (Ti 2p1 /»), matching standard anatase TiO, [59,60] and confirming Ti exists as
TiO,; and Cu 2p (Figure 5e) displays a doublet at 934.2 eV (Cu 2p3/,) and 954.0 eV (Cu
2p1 /) with satellite peaks 9.4 eV and 8.7 eV higher—fingerprints of Cu?* from d-orbital
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shake-up transitions [61], verifying Cu is doped as Cu®*. These results confirm successful
Cu-TiO, coating on CF with Cu®* doped into the TiO; lattice and no impurity phases. For
OTMS/Cu-TiO,@CF (Figure 5f), the full-scan spectrum retains C, O, Ti, and Cu peaks but
adds a Si peak and shows enhanced C intensity, indicating successful grafting of OTMS
molecules onto Cu-TiO; via Si-O covalent bonds between OTMS alkyl chains and surface
hydroxyls, introducing Si and increasing surface C content.
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Figure 5. (a) XPS wide-scan spectrum of Cu-TiO,@CF; high-resolution XPS spectra of (b) C 1s, (c) O
1s, (d) Ti 2p, and (e) Cu 2p for Cu-TiO,@CF; (f) XPS wide-scan spectrum of OTMS/Cu-TiO,@CF.

3.4. Wettability Characterization and Mechanism Analysis

The core function of an oil-water separation membrane is “selective permeation of
one phase while retention of the other”, with wettability as the key indicator governing
this process [62]. Herein, deionized water (aqueous phase) and CB (oil phase) were used
to characterize the wettability of pristine CF membrane, Cu-TiO,@CF, and OTMS/Cu-
TiO,@CF, alongside discussions of their wetting mechanisms. In air, pristine CF membrane
slowly spread and absorbed CB droplets (oil CA = 0°, superoleophilic) but had a water CA
of only 114° (far below the 150° superhydrophobic threshold), precluding direct use for
oil-water separation. Cu-TiO,@CF instantaneously spread and absorbed water droplets
(water CA = 0°, superhydrophilic, Figure 6a) [63]; its wetting mechanism can be explained
by the Wenzel model (Figure 7a) [64,65]: high-electronegativity Ti** in Cu-TiO, enables
strong interactions with water (chemical basis for hydrophilicity), while CF’s micron-scale
pores and Cu-TiO,’s nano-scale roughness form a micro-nano composite surface that
enhances hydrophilicity via capillary action. Underwater, CB formed smooth spheres on
Cu-TiO,@CF with an underwater oil CA of 155° (Figure 6b,c), confirming underwater
superoleophobicity (CA > 150°); this follows the Cassie—Baxter model (Figure 7b) [66],
where the hydrophilic surface traps water in rough structure cavities to form a stable
“water film”, which acts as a “second region” to suspend oil droplets at the “solid skeleton-
retained water” interface. In contrast, OTMS/Cu-TiO,@CF showed opposite wettability: in
air, it quickly absorbed CB (oil CA = 0°, superoleophilic; Figure 6d). This is because OTMS
modification covers the sample surface with long-chain alkyl groups, significantly reducing
the surface energy and achieving a high degree of matching with the surface energy of
the low-surface-energy oil phase. Meanwhile, the micro-nano rough structure enhances
the oleophilic effect through the “structural amplification effect” of the Wenzel model,
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ultimately realizing superoleophilicity [67]. In contrast, water droplets contacting the
surface of OTMS/Cu-TiO,@CF in air form a spherical shape (Figure 6e) with a measured
water CA of 156° (Figure 6f), confirming superhydrophobicity. This behavior follows
the Cassie-Baxter model [68,69]: the material’s rough structure constructs a “low-surface-
energy solid—air” heterogeneous surface, where high roughness elevates the proportion of
the “air region”; the resulting “air cushion” suspends water droplets, ultimately yielding
superhydrophobicity.

Figure 6. (a) Wettability of Cu-TiO,@CF towards water in air; (b) wettability of Cu-TiO,@CF towards
CB underwater, along with (c) the corresponding CA image; (d) wettability of OTMS/Cu-TiO,@CF
towards CB in air; (e) wettability of OTMS/Cu-TiO,@CF towards water in air, along with (f) the
corresponding CA image.

(@) In air | | (b) In air or liquid I

Liquid II

0

Solid

Figure 7. Classic wetting models: (a) Wenzel Model, (b) Cassie-Baxter model.

3.5. Adsorption Performance

The adsorption capacities of the pristine CF membrane for CB and water were first
tested. The results showed that due to the superoleophilic property of CFs, the adsorption
capacity of the membrane for CB could reach 4.9 g/g, while its adsorption capacity for water
was only 0.012 g/g. The reason for this difference is that the surface atoms of the pristine
CF membrane are mainly bonded by non-polar carbon—carbon bonds, and coupled with its
inherent porous structure, these two factors together endow it with strong hydrophobicity.
As illustrated in Figure 8a, the adsorption capacities of the Cu-TiO,@CF sample for H,O,
NaCl aqueous solution, HCI aqueous solution, and NaOH aqueous solution were 8.5,
7.8,5.9, and 7.2 g/g, respectively. The results demonstrate that Cu-TiO,@CF exhibits
good adsorption performance toward both water and electrolyte solutions, a phenomenon
that can be attributed to the sample’s low density, outstanding superhydrophilicity, and
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three-dimensional porous structure [70,71]. Compared with pure water, the adsorption
capacities of the sample for electrolyte solutions are all reduced, with the specific reasons
as follows [72]: in NaCl solution, the ionized Na* and C1~ disrupt the hydrogen bond
network structure of water molecules; in HCI solution, the ionized CI™ also damages the
hydrogen bond network of water molecules, and the H* further undergoes a protonation
reaction with the active hydroxyl groups on the Cu-TiO, surface, thereby altering the
surface properties of the material; in NaOH solution, Na* breaks the hydrogen bond
network of water molecules, while OH™ reacts with or adsorbs onto the active metal
ions on the Cu-TiO, surface, leading to the destruction of the material’s surface charge
structure. Furthermore, the aforementioned ionic effects also result in differences in the
liquid retention rates of Cu-TiO,@CF for different solutions. The liquid retention rates for
H,O, NaCl aqueous solution, HCI aqueous solution, and NaOH aqueous solution were
90.7%, 89.6%, 87.7%, and 88.4%, respectively, and the order of liquid retention rates is
completely consistent with that of adsorption capacities. The oil adsorption performance
of the OTMS/Cu-TiO,@CF sample for different oil products is presented in Figure 8b. Its
adsorption capacities for CyH, CB, PE, and Gas were 6.2, 6.7, 5.5, and 5.7 g/g, respectively.
The relatively high oil adsorption capacity of this sample mainly stems from its low density,
excellent superhydrophobicity, and three-dimensional porous structure. The order of oil
adsorption capacities is consistent with that of the oil densities, and CB with the highest
density exhibits the maximum oil adsorption capacity. In terms of oil retention performance,
the oil retention rates of OTMS/Cu-TiO,@CF for CyH, CB, PE, and Gas were 89.1%, 89.7%,
89.7%, and 87.5%, respectively. Undoubtedly, the high oil retention rate benefits from
the material’s three-dimensional porous structure and the strong interaction between the
low-surface-energy coating and oil molecules [73]. There are certain differences in the
oil retention rates among different oil solvents. On one hand, this is due to the varying
molecular polarities of different oils, which lead to differences in the interaction strength
between the oils and the surface of the OTMS/Cu-TiO,@CF coating; on the other hand, the
viscosities of different oils are different, and the differences in their flow rates also have an
impact on the oil retention rate.

92
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Figure 8. Adsorption capacity and retention rate of (a) Cu-TiO,@CF and (b) OTMS/Cu-TiO,@CF.

3.6. Mechanical Wear Resistance

Two types of samples, Cu-TiO,@CF and OTMS/Cu-TiO,@CF, were subjected to
20 consecutive mechanical abrasion tests. As shown in Figure 9a, the underwater oil
CA of Cu-TiO,@CF exhibits a gradual decreasing trend with increasing abrasion cycles:
after 20 abrasion cycles, although its underwater oil CA decreases from the initial 155°
to 150°, it still maintains the underwater superoleophobic property. Similarly, the water
CA of OTMS/Cu-TiO,@CF also decreases with increasing abrasion cycles. After 20 abra-
sion cycles, the water CA decreases from 156° before abrasion to 151° but still retains
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the superhydrophobic performance. These results indicate that both Cu-TiO,@CF and
OTMS/Cu-TiO,@CF possess remarkable mechanical wear resistance, implying a strong
bonding force between their surface functional coatings and CF substrates.
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Figure 9. Variation in CA of samples with mechanical abrasion cycles: (a) Cu-TiO,@CF and
(b) OTMS/Cu-TiO,@CF.

To enhance the bonding effect between the coating and the substrate, this study
performed cleaning treatment and nitric acid etching pretreatment on CF before functional
coating deposition—on one hand removing impurities from the CF surface, and on the
other hand increasing its surface roughness through etching, thereby expanding the contact
area between the functional coating and CFE. After completing the Cu-TiO, gel coating
on the pretreated CF, instead of adopting the one-step “direct heat treatment” process in
the traditional sol-gel method, this study innovatively employed a two-step process of
“DUYV degradation followed by heat treatment” to realize the conversion of Cu-TiO, gel
to Cu-TiO; ceramic. It should be noted that gel is essentially an organic-inorganic hybrid
material, where organic components typically account for more than 50% of the total mass.
If the traditional process of direct high-temperature heat treatment is applied to the gel, the
organic components will undergo rapid thermal decomposition, accompanied by severe
volume shrinkage and pore formation, which not only leads to a significant decrease in
coating density but may even cause coating pulverization. In the DUV irradiation process
adopted in this study, high-energy photons can penetrate into the Cu-TiO, gel layer and
gradually break the chemical bonds of organic components in the gel; with the participation
of oxygen, these organic components are further oxidized into small molecules such as CO,
and HyO, which then escape from the system. This treatment method can not only alleviate
the internal stress caused by severe volume shrinkage during the gel conversion process
but also effectively reduce the formation of pore defects inside the coating through the
gradual release of exhaust gases such as CO, and H,O, laying a foundation for obtaining
high-density Cu-TiO; ceramic coatings.

3.7. Oil-Water Separation Performance

This study investigated the separation performance of oil-water separation membrane
materials for four oil-water mixtures, namely H,O-CyH, H,O-CB, H,O-PE, and H,O-Gas.
As shown in Figure 10, after pouring the HyO-CyH mixture into the bidirectional oil-water
separation device, driven by gravity, the aqueous phase and CyH oil phase could flow out
rapidly from the Cu-TiO,@CF water-filtering membrane end and the OTMS/Cu-TiO,@CF
oil-filtering membrane end, respectively, with the entire separation process completed in
only a few seconds.
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(@)

OTMS/Cu- Tloz@ CF Cu-TiO,@CF

Figure 10. Pictures of the oil-water separation process: (a) before separation, (b) during separation,
and (c) after separation.

Taking 24 h as a continuous separation cycle, the average separation fluxes of the
Cu-TiO,@CF water-filtering membrane for the aqueous phase and the OTMS/Cu-TiO,@CF
oil-filtering membrane for the oil phase were calculated, respectively, by measuring the
volumes of the separated oil and aqueous phases and combining with Equation (3). As
can be seen from Figure 11a, after 1 h of separation operation, the separation fluxes of the
Cu-TiO,@CF water-filtering membrane for the aqueous phase in the above four oil-water
mixtures were 42,088.7, 62,718.6, 79,839.6, and 68,406.7 L-m~2-h~1, respectively. These
water flux values are significantly higher than those of the CuCo,O4-coated stainless steel
mesh (CuCo,04-SSM) reported by Zhang et al. [23] (Table 1), the e-polylysine-modified
polyvinylidene fluoride membrane anchored via proanthocyanidins (PVDF-PC-¢PL) re-
ported by Liu et al. [30], and the polyaniline-modified ceramic membrane reported by Salhi
etal. [40]; they are comparable to that of the copper mesh wrapped with CuC,0O, nanosheets
reported by He et al. [35]. Such superior water filtration performance is closely associated
with the unique three-dimensional porous structure and outstanding superhydrophilic
property of the Cu-TiO,@CF membrane. It should be noted that for the Cu-TiO,@CF
water-filtering membrane, the separation efficiency varies slightly across different oil-water
mixture systems, all remaining above 97.3%, while the separation flux differs significantly.
The notable differences in water flux can be attributed to the combined effect of two factors:
the inherent property differences of the oil-water mixtures and the dynamic interactions
at the membrane-liquid interface, both of which influence the water mass transfer effi-
ciency. The core separation mechanism of the superhydrophilic water-filtering membrane
is “water preferentially wets and permeates through the membrane pores, while oil is
retained to form a barrier layer” [74]. However, the physical properties of the oil phase,
such as viscosity, density, and surface tension, directly alter the resistance during the water
permeation process; secondly, the different dispersion states of the oil-water mixtures lead
to variations in oil droplet size, which in turn affects the “effective filtration area” of the
water-filtering membrane; in addition, the polarity differences of different oil molecules
change the interaction strength between the oil molecules and the superhydrophilic mem-
brane surface, resulting in different “adsorption-desorption” equilibrium rates of the oil
phase on the membrane surface, which further affects the water flux. After 24 h of con-
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tinuous separation, the separation fluxes of the Cu-TiO,@CF water-filtering membrane
for the aqueous phase in the four mixtures decreased to 41,965.5, 62,309.6, 79,177.9, and
68,081.8 L-m~2-h~!, respectively, with flux decay rates of only 0.3%, 0.6%, 0.8%, and 0.5%,
respectively. Meanwhile, the separation efficiency of the water-filtering membrane for the
aqueous phase in the four mixtures was calculated by combining with Equation (4), and it
was found that all separation efficiencies were above 97.0%. The above results indicate that
the Cu-TiO,@CF water-filtering membrane, relying on its unique three-dimensional porous
structure, excellent superhydrophilic property, and good stability, exhibits high separation
flux, high separation efficiency, and outstanding performance stability.
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Figure 11. (a) Separation flux of Cu-TiO,@CF water-filtering membrane for water and (b) separation
flux of OTMS/Cu-TiO,@CF oil-filtering membrane for oils.

Table 1. Comparison of water fluxes of several reported water-filtering membranes.

Water Flux Separation

Membrane Oil/Water (L-m-2-h-1) Efficiencies (%) Ref.
CuCo,04-SSM Hexane/water 172.3 99.5 [23]
PVDF-PC-¢PL Crude oil/water 487.26 99.4 [30]

Polyaniline- 1y, 1 il /water 3451 97 [40]

modified ceramic
CuC,0O4-nanosheet-
wrapped copper Kerosene/water 75,000 - [35]
mesh
. 42,088.7— .
Cu-TiO,@CF 79.839.6 >97.3 This work

The variation in separation flux of the OTMS/Cu-TiO,@CF oil-filtering membrane for
the oil phase in different oil-water mixtures with time is presented in Figure 11b. After 1 h
of separation operation, the separation fluxes of this membrane for CyH, CB, PE, and Gas
were 50,109.1, 47,375.9, 86,593.4, and 75,032.5 L-m~2-h 1, respectively, with all separation
efficiencies reaching over 98.1%. These oil flux values are several times higher than those
of the polylactic acid membrane reported by Zhang et al. [32] (Table 2), the electrospun
carbon fiber (CF/Ni/F) membrane reported by Sun et al. [45], the polyphenylene-sulfide-
modified glass fiber cloth (PPS@MGEFC) reported by Qi et al. [38], the sodium-methyl-
silicate-modified cotton cloth (SMS-O-CF) reported by Wang et al. [39], and the carbon
nanofiber membrane (CFMHF) reported by Sun et al. [44], demonstrating superior oil-
water separation performance. The differences in the oil-water separation performance
must also be attributed to the inherent variations in the oil phase, such as viscosity, density,
polarity, and dispersibility. Among these systems, the oil-filtering membrane exhibited the
highest separation flux for PE, and this phenomenon is directly associated with the lowest
viscosity of PE. In accordance with the principles of fluid mass transfer, a lower viscosity of
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the oil phase results in less flow resistance when the oil passes through the membrane pores,
leading to a higher permeation rate and consequently a significantly higher separation
flux [75]. After 24 h of continuous oil-water separation testing, no obvious decrease was
observed in the separation flux of the membrane for each oil phase. This indicates that the
OTMS/Cu-TiO,@CF oil-filtering membrane also possesses good performance stability.

Table 2. Comparison of oil fluxes of several reported oil-filtering membranes.

. Oil Flux Separation
Membrane Oil/Water (L.m-2-h-1) Efficiencies (%) Ref.
Polylactic acid Hexane/water 16,084 99.7 [32]
CE/Ni/F Dichloromethane/ 3669 99.6 [45]
water
PPS@MGFC Kerosene/water 6429 99.97 [38]
SMS-O-CF Chloroform /water 11,557 >96 [39]
Petroleum
CFMHF ether,/water 3590 >98 [44]
OTMS/Cu- .
TiO,@CF 47,375.9-86,593.4 >98.1 This work

3.8. Regeneration Performance

After 20 cycles of use, the underwater oil CA of the Cu-TiO,@CF water-filtering
membrane decreased slightly from 155° to 154° (Figure 12a), further confirming its re-
markable performance stability during oil-water separation. However, when the cycling
was extended to 30 times, the underwater oil CA dropped sharply to 146°, indicating the
loss of underwater superoleophobicity. This is because although the surface of the super-
hydrophilic water-filtering membrane preferentially interacts with water, the oil phase
can still adsorb onto the membrane surface and pore walls through van der Waals forces
and polar interactions, resulting in reduced surface polarity and surface energy of the
membrane, weakened hydrophobicity, and enhanced oleophilicity. Subsequently, the used
water-filtering membrane was cleaned with ethanol, dried, and then irradiated with xenon
lamp UV light for 10 min. Its underwater oil CA recovered to 153°, and the separation
flux for the aqueous phase in the HyO-CyH mixture remained at 42,027.6 L-m~2-h~!. This
demonstrates that UV irradiation can regenerate the superwetting properties and oil-water
separation function of the Cu-TiO,@CF water-filtering membrane. The mechanism is as
follows: The Cu-TiO, coating, as an excellent photocatalytic material with a band gap of
3.31 eV, can strongly absorb ultraviolet light below 370 nm (Figure 12b). Upon excitation
by UV light, electrons in the valence band jump to the conduction band, forming electron—
hole pairs. The holes oxidize adsorbed water/hydroxyl groups to generate -OH, while
the electrons reduce O, to produce -O,~ and other reactive free radicals. These highly
oxidizing free radicals can gradually oxidize and decompose oil molecules adsorbed on the
membrane surface into CO, and HyO, restoring the membrane surface to a clean state [76].
The underwater oil CA of the Cu-TiO,@CF water-filtering membrane decreases slowly
with increasing cycles and regeneration times. After 110 repeated uses, the underwater
oil CA of the regenerated water-filtering membrane can only recover to 149°, losing its
underwater superoleophobicity. This is because the water-filtering membrane must with-
stand mechanical forces such as gravity, operating pressure, and water flow scouring in
practical applications, and long-term operation leads to gradual damage to the surface
coating, making infinite regeneration cycles impossible. Nevertheless, its ability to undergo
over 100 regeneration cycles fully demonstrates its exceptional stability and engineering
application prospects.
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Figure 12. (a) Effects of cycling times and UV irradiation on underwater oil CA of Cu-TiO,@CF;
(b) UV-vis absorption spectrum of Cu-TiO; coating (the inset is its Tauc plot).

The OTMS/Cu-TiO,@CF oil-filtering membrane exhibits superior cycling perfor-
mance: after 60 cycles of oil-water separation experiments, its water CA decreased from
the initial 156° to 149°. The decline in hydrophobicity may be attributed to membrane
fouling and the destruction of OTMS-modified functional groups. Recent studies have
demonstrated that C4-C6 fluorosilanes or perfluoropolyether (PFPE) derivatives possess
lower surface energy, better thermal stability, chemical stability, and wear resistance com-
pared to OTMS [77], while reducing environmental concerns associated with long-chain
polyfluoroalkyl substances. In future research, modifying Cu-TiO,@CF with PFPE deriva-
tives is expected to achieve enhanced sustainability. Additionally, the OTMS/Cu-TiO,@CF
oil-filtering membrane with degraded performance can also be regenerated. After 30 min
of ultraviolet irradiation and subsequent re-modification with OTMS via a hydrothermal
reaction, its water CA can recover to over 155°. Even after 100 cycles, the water CA re-
mains at 152°. Recently, some superhydrophobic/superoleophilic oil-water separation
materials, such as graphene-modified luffa sponges [78] and cotton textiles modified with
ZnO sol and 3-mercaptopropyltrimethoxysilane [79], have been reported to exhibit a cy-
cling performance of approximately 10 cycles. However, they are unable to restore their
superwettability and oil-water separation functionality through regeneration. Thus, the
OTMS/Cu-TiO,@CF oil-filtering membrane prepared in this study demonstrates attractive
regenerative cycling performance.

4. Conclusions

Two high-performance CF-based oil-water separation membranes (Cu-TiO,@CF and
OTMS/Cu-TiO,@CF) with tailored superwettability were successfully developed. The
DUV-assisted sol-gel method ensured uniform, dense Cu-TiO, coatings on CF, enhanc-
ing mechanical stability; both membranes retained superwettability after 20 wear cycles.
Cu-TiO,@CF (superhydrophilic/underwater superoleophobic) and OTMS/Cu-TiO,@CF
(superhydrophobic/superoleophilic) achieved high separation fluxes (up to 79,839.6 and
86,593.4L-m2-h1, respectively) and >97.3% efficiency for H,O-CyH, H,O-CB, H,O-PE,
and HyO-Gas mixtures, with minimal flux decay (<1%) after 24 h continuous separation.
Notably, the Cu-TiO, coating’s photocatalytic property enabled membrane regeneration:
Cu-TiO,@CF can be recovered via 10 min UV irradiation (which degrades adsorbed oil
into CO, and HyO), while OTMS/Cu-TiO; @CF is recovered through first UV irradiation
followed by OTMS re-modification. Both membranes support over 100 cycles of use, over-
coming the “poor reusability” issue of traditional membranes. Although these findings
confirm the effective oil-water separation performance of the as-prepared membranes
for free oil-water mixtures (with obvious phase separation), a considerable proportion of
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oil-water mixtures exist in the form of emulsified oil-water mixtures, which are stable and
difficult to separate. Moreover, the practical oil-water mixtures usually contain multiple
impurities, including surfactants, inorganic salts, and fine particles. These impurities
can interact with each other and exert significant impacts on the oil-water separation
performance of membranes. Therefore, to promote the application of Cu-TiO,@CF and
OTMS/Cu-TiO,@CF membranes in actual oily wastewater treatment, it is essential to
conduct research on their performance of these materials for oil-water emulsions in fu-
ture studies.
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