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ABSTRACT: Oil spills and industrial oily wastewater pose serious F;;};h;;_ _______________________________
threats to the environment. A series of modified membranes with ,ﬁ’-’%‘l on

special wettability have been widely used for separating oil/water
mixtures and emulsions. However, these membranes still face
challenges such as the detachment of the modified coatings and
membrane fouling. Here, a freestanding biobased superwetting
nanofibrous membrane for oil/water mixture separation was
electrospun with chitosan (CS) and poly(vinyl alcohol) (PVA) as
precursors, followed by chemical cross-linking and in situ growth of
P-FeOOH nanoparticles on the surface. Moreover, by precisely
controlling both the cross-linking time between CS and PVA and
the growth time of f-FeOOH nanoparticles, the nanosize apertures
and rough structures on the membrane surface can be regulated
toward a wide range of oil/water separation scenarios. As a result, FFOOH@CS/PVA-4—12 demonstrated superwettability, with a
water contact angle of 9.5 + 3.5° in air and an underwater—oil contact angle above 140°, achieving a separation efficiency of 98.5%
and a water permeation flux of 2350 L-m™>h™" for n-heptane/water mixtures. The membrane FeFOOH@CS/PVA-24—24 exhibited
exceptional oil-in-water emulsion separation performance with a separation efficiency of up to 99.9% for water/n-heptane emulsions.
Additionally, the membrane exhibited remarkable antifouling properties, attributed to its superwetting surface and the photocatalytic
ability of f-FeOOH nanoparticles. After five photocatalytic self-cleaning cycles, the water permeation flux and separation efficiency
remained almost unchanged, demonstrating its great potential for practical application.
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B INTRODUCTION which effectively separated oil-in-water emulsions with varying
mean particle sizes ranging between 50.9 and 1832.0 nm.
However, the aforesaid strategies have inevitable drawbacks,
such as inhomogeneous coating and insufficient interfacial
strength between the coated layer and the supporting
substrates. These issues negatively affect the separation
selectivity and wettability of the membrane.””'~>* Therefore,
developing an inherently hydrophilic and freestanding
biobased oil/water separation membrane without the poly-
meric coating or deposition through a simple process would
hold significant application potential for oil/water separation.

Electrospinning technology is a technique for generating
nanofibers by applying high—volta§e electrostatic force to
stretch a viscous polymer solution.””*° It possesses powerful
structural tunability, enabling the fabrication of porous

Currently, membrane materials with special wettability have
become one of the most effective methods for oily wastewater
purification due to their simple process, low cost, high
separation efliciency, and excellent selectivity for oil/water
mixtures.”? Among these materials, superhydrophilic/under-
water oleophobic membranes are gaining substantial focus for
their exceptional oil-in-water emulsion separation efliciency
and antifouling performance.”™” In recent years, the super-
hydrophilic/underwater oleophobic membrane has been
developed normally by introducing a hydrophilic polymer®’
containing polar groups such as carboxyl, hydroxyl, and amino
groups, etc. onto the surface of substrates, e.g., poly(vinylidene
fluoride) (PVDE),'”"" metal meshes,"* and nylon mem-
branes,">'* through various modification strategies including
coating," deposition," grafting,ls’ls etc. Chitosan (CS) is
considered one of the commonly used hydrophilic biopolymers
for the hydrophilic modification of superwettability mem-
branes/meshes because of its good hydrophilicity, biocompat-
ibility, and biodegradability.'”~"* For instance, Feng et al.”’
developed a superhydrophilic chitosan-tripolyphosphate nano-

particle-modified nylon membrane using a deposition method,
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nanofibrous membranes with fiber diameters ranging from tens
of nanometers to several micrometers through simple adjust-
ments in composition and appropriate processing optimization.
The nanofibrous membranes produced by this technique, with
their multilayer micro/nanostructures, high specific surface
area, and interconnected porous structure, exhibit high
efficiency in treating oily wastewater.”” Additionally, a
freestanding CS-based membrane obtained through electro-
spinning successfully mitigates the issues related to inadequate
interlayer adhesion and uneven coating.zg”29 However, CS itself
demonstrates poor spinnability due to the strong intermo-
lecular and intramolecular hydrogen bonds and the bad
solubility in most organic solvents.”***" Since the hydrophilic
and eco-friendly poly(vinyl alcohol) (PVA) possesses high
spinnability so that it has been used to blend with other
polymer solutions such as colla%en, gelatin, and alginate to
fabricate electrospun membranes.”>** Herein, mixing a certain
amount of PVA in the CS to prepare the CS/PVA composite
electrospinning-used precursor solution is expected to
effectively improve the CS’s spinnability. Apart from solving
the problem of the polymer solution’s spinnability, the usage
stability of the electrospun membranes is another crucial issue,
particularly during the separation of oil/water mixtures.** ™
For the specific CS/PVA nanofibrous membrane, the inherent
hydrophilicity of CS and PVA and the good water solubility
feature of PVA make the CS/PVA membrane easy to swell and
even partially dissolve when being exposed to the aqueous
environment, thus severely limiting their application in oil/
water separation.”’ Herein, a post-cross-linking strategy by
using the highly active and effective cross-linking agent
glutaraldehyde (GA) to further form a stable chemically
cross-linked network structure in the membrane is proposed to
address the above-mentioned issue. Furthermore, excellent
antioil-fouling performance is crucial for the lifespan of
membrane materials, which can be enhanced by the synergy
of both the hydration mechanism and equipped self-cleaning
ability via the photocatalytic oxidation degradation proc-
ess.”®~* The hydrophilic f-FeOOH as an active and efficient
heterogeneous photocatalyst is therefore considered the
potential candidate.*"** The FeCl, solution can act as a
precursor, providing iron ions (Fe’*) required for the
formation of $-FeOOH. When the CS/PVA membrane is
immersed in the FeCl; solution, the abundant amino and
hydroxyl groups on the membrane surface provide sufficient
binding sites for anchoring the transition metal cations (Fe"),
resulting in the formation of f-FeOOH nanorod layers.*’ On
the one hand, f-FeOOH can effectively degrade oil pollutants
through photo-Fenton reactions;*’ on the other hand, the
formation of nanoscale rough structures on the hydrophilic
membrane surface plays a significant role in regulating the
wettability to achieve the superhydrophilicity."* Superhydro-
philic surfaces can effectively prevent the spreading of oil
droplets on their surface through hydration mechanisms,
significantly reducing the contact of membrane with oil and
further enhancing the antifouling performance.*>*°

Herein, this study aimed to develop a biobased composite
FeOOH@CS/PVA nanofibrous membrane, for oil/water
mixture separation by using CS and PVA as precursors
through an electrospinning and post-cross-linking strategy,
followed by the in situ growth of f-FeOOH on the CS/PVA
membrane surface. The coordination of hydroxyl and amino
groups of the CS/PVA membrane surface with Fe*" effectively
ensures the immobilization of f-FeOOH nanoparticles.*>**
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Specifically, the influences of post-cross-linking time and in situ
growth time of S-FeOOH on the membrane’s surface
morphology and surface wettability were investigated, targeting
to extend the application scenario range by effectively
separating various types of immiscible oil/water mixtures and
oil-in-water emulsions in both mild and harsh aqueous
conditions including the acidic, alkaline, and high-salinity
environment. Furthermore, the FeFOOH@CS/PVA membrane
with both post-cross-linking treatment and p-FeOOH in situ
growth for 24 h was chosen to assess its photocatalytic self-
cleaning performance, demonstrating its potential for oily
wastewater treatment.

B EXPERIMENTAL SECTION

Materials. Chitosan (low viscosity, <200 mPa-s), poly(vinyl
alcohol) (PVA) (1788, degree of alcoholysis 87.0—89.0%), gluta-
raldehyde (GA, 25 wt %), glacial acetic acid, hydrogen peroxide
(H,0,, 30%), n-heptane, petroleum ether, n-hexane, methylene blue,
rhodamine B, and Sudan II were purchased from Aladdin Industrial
Co. Ltd, Shanghai. Ethanol absolute, anhydrous ferric chloride
(FeCly), sodium hydroxide (NaOH), hydrochloric acid (HCl, 35—
37%), methyl orange, and n-octane were provided by Sinopharm
Chemical Reagent Co., Ltd. Silicone oil and Tween-80 were
purchased from Macklin Biochemical Co. Ltd., Shanghai. #100
vacuum pump oil was purchased from Zhuoju Trading Co., Ltd,
Shanghai. Silver nitrate was purchased from West Asia Chemical
Technology Co. Ltd., Shandong. Vegetable oil was supplied by the
local market. All chemicals were used as received.

Preparation of CS/PVA Nanofibrous Membranes. A precursor
solution for electrospinning was prepared by mixing an 8 wt % PVA
aqueous solution with a 2 wt % CS solution (dissolved in 90 wt %
glacial acetic acid) in a mass ratio of 7:3. The electrospinning
experiments utilized this precursor solution under specific conditions,
which included a voltage of 17 kV, a feed rate of 0.00S mL/min, a
distance of 15 cm between the collector and the needle, a chamber
temperature of 25 °C, and a relative humidity level of 20%. After
electrospinning for 12 h, the obtained membrane was placed in a
vacuum drying oven at 60 °C for 24 h to remove the remaining
solvents. The dried membrane was subsequently immersed in a 2 wt
% glutaraldehyde (GA) solution (ethanol solvent) for cross-linking
treatment at 37 °C for 4 and 24 h to obtain CS/PVA nanofibrous
membranes. The prepared CS/PVA membranes were labeled as CS/
PVA-X, where X represents the cross-linking time (h).

Preparation of FeOOH@CS/PVA Nanofibrous Membranes.
The CS/PVA nanofibrous membranes are immersed in a 12 mg/mL
FeCl; solution, with temperature being maintained at 60 °C, for
controlled soaking durations of 12 and 24 h to facilitate the in situ
growth of f-FeOOH nanoparticles. Subsequently, the membranes
were immersed in water for 12 h to remove surface physical
accumulations of impurities, followed by drying at room temperature
to obtain the final FeOOH@CS/PVA nanofibrous membranes. The
as-prepared FeOOH@CS/PVA nanofibrous membranes were de-
noted as FeOOH@CS/PVA-X-Y, where Y represents the in situ
growth time of f-FeOOH nanoparticles.

Characterization Methods. The microstructures and surface
morphologies of both CS/PVA membranes and FeFOOH@CS/PVA
membranes were analyzed utilizing an ultrahigh-resolution field
emission scanning electron microscope (FE-SEM, Hitachi S-4800).
Samples were sputter-coated with 4 nm-thick gold layers before SEM
observation. The pore size of the membrane samples and the particle
size of B-FeOOH nanoparticles on the membrane surface are
measured using Image] software with at least 200 measurements
taken for each sample. For FeOOH nanoparticles, the length of each
particle’s major and minor axes was measured with the overall average
size. Fourier transform infrared spectroscopy (FT-IR, Thermo-Fisher
Nicolet iS5) was applied at a resolution of 4 cm™ in a range of 4000—
500 cm™" to analyze the functional groups of the membranes. The
crystal structures of the membranes were evaluated via an X-ray
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Figure 1. Schematic illustration showing the fabrication process of the FFOOH@CS/PVA nanofibrous membranes.

diffractometer (XRD, PANalytical B.V. X'Pert PRO MPD) using the
Cu Ka radiation (4 = 1.5418 A, 40 kV, 40 mA) in the range of 10—75°
at a scanning rate of 1°min~'. The wetting properties of the
membranes, which encompassed water contact angles (WCAs) and
underwater—oil contact angles (UWOCAs), were assessed with a
contact angle analyzer (model DSA30, KRUSS) at at least three
different positions. The contact angle measurement represented the
average of three readings taken at various locations on each sample’s
surface. The oil content in the filtrates was assessed using a total
organic carbon analyzer (Shimadzu, TOC-L).

Immiscible Oil/Water Separation Experiments. Oils such as
n-heptane, silicone oil, petroleum ether, vegetable oil, and pump oil
with water were used to construct immiscible oil/water contaminants,
maintaining an oil/water mass ratio of 3:7. To clearly differentiate the
oil layer from the water layer, Sudan Red II and methylene blue were
used to dye the oil and water, respectively. Before use, the membrane
was prewetted with deionized water and secured between two glass
cylinder tubes with a diameter of 15 mm each. Subsequently, 10 mL
of immiscible oil/water mixture underwent oil/water separation,
allowing the filtered water and nonpermeated oil to be collected
separately. The separation efficiency (1) was calculated using eq 1

my
n=—t X 100%
g 1)
where m, (g) represents the mass of water before separation and m,
(g) denotes the mass of water that has been filtered after the
separation.
The water permeation flux (F, L-m >h™"bar™') was calculated
according to eq 2

_ %4
AXtXP

2)

where V (L) represents the total volume of filtrate collected, A (m?)
refers to the area which the oil/water mixtures pass through during
filtration, t (h) is the time for collecting the filtrate, and P (bar) is the
driving pressure. In the process of separating immiscible oil/water
mixtures solely by gravity, the driving pressure (P) can be neglected.

Stability of the FeEOOH@CS/PVA Nanofibrous Membrane.
Neutral-pH deionized water was replaced with 1 M HCI, 1 M NaOH,
and 1 M NaCl solutions to simulate acidic, alkaline, and high-salinity

635

environments, respectively. n-Heptane was selected as the oil
contaminant, and subsequently, the membrane materials were
employed to separate n-heptane/corrosive solutions using the
aforementioned oil/water separation test in order to evaluate the
performance of the membrane materials in terms of oil/water
separation under extreme conditions.

Emulsion Separation Experiments. For the emulsion system,
oil-in-water emulsions with an oil-to-water ratio of 1:9 were prepared
using n-heptane, n-hexane, n-octane, and vegetable oil. The mixture
was then stirred at 900 rpm for S h at 25 °C, followed by ultrasonic
treatment for 2 h, resulting in a white milky solution. As shown in
Figure S1, the prepared emulsion remained in a stable emulsified state
even after being stored at room temperature for 2 h. The oil-in-water
emulsion separation study was performed immediately after the
emulsion sample was freshly prepared. Herein, the emulsion
separation process was conducted under the pressure of 0.0S MPa,
with the solution in the upper tube maintained at a stable level.
Separation efficiency (17) was calculated using eq 3

-]
n=|1-=1]x100%

G (3)
where C, and C; are the oil content in the emulsions and the filtrates,
respectively.

Photocatalytic Self-Cleaning Experiments. The photocatalytic
self-cleaning performance of the FeOOH@CS/PVA nanofibrous
membrane is evaluated by monitoring the variation in water
permeation flux after cyclic separation processes, accompanied by
the cleaning step. Specifically, five cycles of separation experiments
were conducted with n-heptane/pure water emulsions. After each
emulsion separation, the membrane contaminated with the oil/water
emulsion was placed in a 0.2 vol % H,O, solution and exposed to 300
W visible light for 10 min. Under visible light irradiation, f-FeOOH
can react with H,O, in a photo-Fenton reaction to generate hydroxyl
radicals with extremely strong oxidative capabilities, which can
effectively degrade organic compounds.*’

Swelling Test. The CS/PVA-4 and CS/PVA-24 membrane
samples with the area of 2 cm X 2 cm were immersed in 20 mL of
deionized water and kept for 24 h to reach the swelling equilibrium.
The swelling degree (SD) of the membrane at equilibrium was
calculated according to eq 4

https://doi.org/10.1021/acs.langmuir.4c03882
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W, — W,
—1 "0 % 100%
W 4

where W, (g) and W, (g) represent the weight of the membrane
before and after 24 h of swelling, respectively.

SD =

B RESULTS AND DISCUSSION

As shown in Figure 1, the CS/PVA nanofibrous membrane was
synthesized using chitosan and poly(vinyl alcohol) by an
electrospinning strategy and post-cross-linking process. The
FeOOH@CS/PVA nanofibrous membrane was further fab-
ricated by in situ growing f-FeOOH nanorods on the CS/PVA
nanofibrous membrane’s surface.

Due to the intrinsic hydrophilicity of CS and PVA, as well as
the water solubility of PVA, the uncross-linked CS/PVA-0
membrane experiences swelling and dissolution in water,
leading to the destruction of the membrane structure.”” To
improve the durability of the CS/PVA nanofibrous membrane
in the aqueous environment, a three-dimensional (3D)
covalent cross-linking network was formed by cross-linking
the main components CS and PVA with GA.***’ As shown in
Figure S2, the uncross-linked CS/PVA-0 dissolved when being
immersed in water for 0, 2, and 4 h, while CS/PVA-4 and CS/
PVA-24 could retain their structural integrity after 4 h of
immersion in water, which gives a hint of successful cross-
linking in the samples CS/PVA-4 and CS/PVA-24. After being
immersed in the water for 24 h to reach the swelling
equilibrium, the SDs of CS/PVA-4 and CS/PVA-24 were
calculated to be 5.81 and 3.64, respectively, according to eq 4.
The relatively low swelling degrees further confirmed the
excellent durability of CS/PVA-4 and CS/PVA-24 in the
aqueous environment due to the formed 3D cross-linked
network. This was mainly due to the cross-linking reaction
between the aldehyde groups in GA and the amino groups
(—NH,) of CS and the hydroxyl groups (—OH) of PVA when
the CS/PVA nanofibrous membrane was immersed in a 2 wt %
GA solution (ethanol solvent), forming imine bonds (—C=
N-) and ether bonds (—C—0O—C-), which leads to the
formation of a cross-linked structure and enhances the three-
dimensional network of the material (Figure S3).*” FTIR
spectroscopy further confirmed the successful cross-linking of
the CS/PVA nanofibrous membrane with GA. As shown in
Figure 2, the broad peaks in the 3000—3500 cm™' range
represent the stretching vibrations of —NH, and —OH groups
in chitosan and poly(vinyl alcohol) molecules, as well as
intermolecular hydrogen bonding. Compared to CS/PVA-0
(black line), the FT-IR spectra of CS/PVA-4 (red line) and
CS/PVA-24 (blue line) exhibit peaks at 1710 and 1140 cm™,
attributed to carbonyl groups and C—O-—C stretching
vibrations, respectively. This confirms that the hydroxyl groups
of PVA or CS and the aldehyde groups of GA have undergone
a hemiacetal and acetal reaction.”® The characteristic
absorption peak at 1640 cm ™' is related to the formation of
C=N bonds in imines, confirming the formation of aldehyde-
imine linkages between the amino groups of CS and the
aldehyde groups of GA.*”*' These variations of absorption
peaks indicated that CS may have cross-linked with PVA
through GA, forming a 3D covalent network structure.>”
Further, the lower SD value of CS/PVA-24 compared with that
of CS/PVA-4 indicates a higher degree of cross-linking in CS/
PVA-24. This can also be verified by their FTIR spectra
(Figure 2). As the cross-linking time increases, the absorption
intensities of the C—O—C stretching vibrations and the C=N
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Figure 2. FT-IR spectra of the membranes with different post-cross-
linking times of 0, 4, and 24 h.

stretching vibration of imine groups are significantly enhanced,
suggesting a higher degree of cross-linking in CS/PVA-24.

The morphologies of CS/PVA-0, CS/PVA-4, and CS/PVA-
24 were characterized by SEM. As shown in Figure 3a, the
uncross-linked CS/PVA-0 nanofibrous membrane exhibited a
network structure composed of woven nanofibers. There is no
adhesion or entanglement between the neighboring nanofibers.
In comparison, as shown in Figure 3b,c, after the post-cross-
linking process, the membranes CS/PVA-4 and CS/PVA-24
demonstrated porous network structures with some fibers
merging together.53 Specifically, extension of the cross-linking
time caused a larger number of fibers to merge. Accordingly,
the membrane pore size was significantly reduced from 0.93 +
022 to 045 + 0.10 um (Figure 3d,f). The structural
transformation should be related with the cross-linking
reaction of GA with CS and PVA, which is also consistent
with the FT-IR spectral results.

The surface wettability of CS/PVA-4 and CS/PVA-24 was
further evaluated through water contact angle (WCA)
measurements. As illustrated in Figure 4a,b, all the prepared
membranes demonstrated a hydrophilic surface, but increasing
the cross-linking time from 4 to 24 h led to the increase of the
WCA from 34.3 + 3.2 to 39.8 + 2.5° indicating the decrease
in hydrophilicity, which should be ascribed to the consumption
of hydrophilic amino and hydroxyl groups of CS and PVA
during the cross-linking process.”* Since better hydrophilicity
favors the selectivity of oil /water mixtures,”> applying 4 h of
post-cross-linking treatment was rational for the oil/water
separation application and CS/PVA-4 was considered the
potential candidate for further investigation. As shown in
Figure 4c, the underwater—oil contact angles (UWOCAs) of
CS/PVA-4 were measured to be 127.1 + 3.3, 132.5 + 2.6,
135.2 + 3.2, and 132.1 + 2.9°, respectively, for all four types of
oil droplet including n-heptane, n-hexane, petroleum ether, and
vegetable oil, indicating good underwater oleophobic perform-
ance.

The FeOOH@CS/PVA nanofibrous membrane was further
fabricated by in situ growing f-FeOOH on the CS/PVA
nanofibrous membrane’s surface. Figure Sa shows the
schematic diagram of the in situ growth mechanism of j-
FeOOH. When the CS/PVA membrane is immersed in the
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Figure 4. Water contact angles of (a) CS/PVA-4 and (b) CS/PVA-24. (c) Oil contact angles underwater of CS/PVA-4 measured with various oil
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FeCl; solution, the plentiful hydroxyl and amino groups in the structures were prepared by adjusting the cross-linking time
CS/PVA nanofibrous provide sufficient sites for the coordina- and the in situ growth time of f-FeOOH nanoparticles. These
tion of Fe**. Fe®* can coordinate with the electron-rich oxygen membranes are designated as FeOOH@CS/PVA-4—-12,
atoms of the polar hydroxyl groups. Also, the nitrogen atom in FeOOH@CS/PVA-4—24, and FeFOOH@CS/PVA-24—24.

the amino group can also coordinate with Fe** through its lone As shown in Figure Sb, for all the samples, the peak
pair of electrons. The anchored Fe®* subsequently undergo appearing at 657 cm™' in the FT-IR spectra of all three
hydrolyzed in the solution, forming Fe(OH); which membrane materials corresponds to the stretching or lattice
accumulates on the surface of the CS/PVA nanofibrous vibration of the Fe—O bond, indicating that B-FeOOH
membrane. At 60 °C, the precipitated Fe(OH); can undergo nanoparticles grew on the surface of the membranes.”® By
further dehydration and reorganization of iron and oxygen comparing the FT-IR spectra of FFOOH@CS/PVA-4—12 and
atoms, leading to the formation of a more stable hydroxide— FeOOH@CS/PVA-4—24, it is evident that the Fe—O bond
oxide iron structure (f-FeOOH).***” To achieve the effective peak intensity of FeFOOH@CS/PVA-4—24 is stronger, which
separation of different types of oily wastewater, three should be attributed to an increase in the number and particle

FeOOH@CS/PVA membranes with difference in the pore size of f-FeOOH nanoparticles with a longer period of in situ
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Figure 6. SEM images of (a) FeOOH @CS/PVA-4—12, (b) FeOOH @CS/PVA-4—24, and (c) FeOOH @CS/PVA-24—24. The particle size
statistics of f-FeOOH grown on the surface of (d) FeOOH@CS/PVA4—12, (e) FeFOOH@CS/PVA-4—24, and (f) FFOOH@CS/PVA-24—24.

growing time. The crystalline phase structure of the proving the successful growth of f-FeOOH nanoparticles on
membranes was analyzed by XRD. As shown in Figure Sc, the membrane surface.
for all these three membranes, after the in situ growth process, The surface morphologies of FeOOH@CS/PVA-4—12,
the typical diffraction peaks belonging to f-FeOOH at 26 = FeOOH@CS/PVA-4-24, and FeOOH@CS/PVA-24-24
11.7, 16.7, 26.6, 35.3, 46.6, 55.8, and 64.1°show up, nanofibrous membranes were characterized by SEM, and the
corresponding to the (110), (200), (310), (211), (411), size distribution of the formed f-FeOOH particles was
(521), and (541) crystalline planes, respectively,”” thus further counted accordingly. As shown in Figure 6a—c, compared to
638 https://doi.org/10.1021/acs.langmuir.4c03882
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different oil pollutants, including n-heptane, n-octane, and vegetable oil. (¢) Dynamic adhesion test of the n-heptane oil droplet underwater was

conducted on the FeFOOH@CS/PVA-4—12 membrane.

the smooth surface of the CS/PVA nanofibrous membrane, the
FeOOH@CS/PVA nanofibrous membrane exhibited distinct
nanorod layers on its surface, demonstrating the successful
introduction of B-FeOOH particles to the CS/PVA nano-
fibrous membrane. Specifically, as shown in Figure 6a,b,
extending the in situ growth time results in S-FeOOH
nanorods with a more uniform distribution and larger size.*’
Accordingly, the particle size of B-FeOOH significantly
increased from 74 + 13 to 146 + 26 um (Figure 6d,e). It is
noticeable that the f-FeOOH nanoparticle size of the
FeOOH@CS/PVA-24—24 membrane was measured to be
311 + 78 nm, which is significantly greater than that on the
FeOOH@CS/PVA-4—24 membrane (Figure 6e,f); this might
be attributed to the longer cross-linking time of the CS/PVA-
24, leading to smaller pore size of 0.45 + 0.10 ym (shown in
Figure 3e), which is more beneficial for the loading of f-
FeOOH nanoparticles.’’ Additionally, the pore size of the
FeOOH@CS/PVA nanofibrous membrane can be adjusted by
controlling the in situ growth time of f-FeOOH. As shown in
Figures S4c and 3e, with the increase in the quantity and size
of f-FeOOH nanoparticles, the pore size of the membrane was
significantly reduced from 0.45 + 0.10 to 0.12 + 0.03 ym.
To figure out the influence of f-FeOOH on the membrane’s
wettability, the WCAs of the FeOOH@CS/PVA-4—-12,
FeOOH@CS/PVA-4—24, and FeOOH@CS/PVA-24-24
were measured. As shown in Figure 7ab, the WCA of
FeOOH@CS/PVA-4—12 in air was 9.5 + 3.5° significantly
lower than the 34.3 + 3.2° of CS/PVA-4, indicating that the
membrane changed its wettability from hydrophilic to
superhydrophilic with the incorporation of f-FeOOH. This
can be attributed to the improved surface roughness of the
membrane introduced by the nanoscale f-FeOOH par-
ticles.””®> In comparison, with the increasing growth time of
p-FeOOH from 4 to 24 h, the FeEOOH@CS/PVA-4—24
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demonstrated a WCA of nearly 0°, possibly due to the
complete growth of nanometer-sized S-FeOOH on the
membrane surface, which further increased the surface
roughness (Figure 6ab). The WCA of FeOOH@CS/PVA-
24—24 was measured to be 9.1 & 2.5° which is higher than
that of FeOOH@CS/PVA-4—24 (Figure 7c), indicating the
decreased hydrophilicity, which should be attributed to the
larger number of consumed hydroxyl and amino groups with
the extension of the post-cross-linking process. Further, the
underwater—oil contact angles of the above-fabricated
membranes FeEOOH@CS/PVA-4—12, FeFOOH@CS/PVA-4—
24, and FeOOH@CS/PVA-24—24 were investigated. As
shown in Figure 7d, the UWOCASs of these three membranes
toward n-heptane, n-octane, and vegetable oil were all above
140°, indicating their excellent underwater oleophobic proper-
ties, which could bring potential antioil-fouling performance.”
The underwater dynamic oil adhesion study of the membrane
with FeOOH@CS/PVA-4—12 as the demo can reflect the
membranes’ antifouling performance to some extent. Figure 7e
illustrates that after the needle tip, preloaded with a 2 uL n-
heptane oil droplet, made contact with and then departed from
the surface of the FeOOH@CS/PVA-4—12 membrane
underwater, the n-heptane droplet was completely detached
from the membrane surface without any residues left, thus
demonstrating that FFOOH@CS/PVA-4—12 had an ultralow
oil adhesion performance underwater. Since FeOOH@CS/
PVA-4—24 possessed the lowest WCA and FeOOH@CS/
PVA-24—24 possessed a similar WCA as FeOOH@CS/PVA-
4—12, it can be inferred that apart from FeOOH@CS/PVA-
4—12, FFOOH@CS/PVA-4—24 and FeOOH@CS/PVA-24—
24 should also have ultralow oil adhesion property.

The superhydrophilic and underwater oleophobic character-
istics observed in the membrane samples could lead to
outstanding performance in oil/water separation. Therefore,
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various oil/water mixtures (including n-heptane, silicone oil,
petroleum ether, vegetable oil, and pump oil) were prepared
and filtered through a gravity-driven separation device
embedded with an FeOOH@CS/PVA-4—12 membrane. The
separation efficiency (1) and water permeation flux (F) were
calculated according to eqs 1 and 2, respectively. As shown in
Figure 8a, the FeEOOH@CS/PVA-4—12 nanofibrous mem-
brane achieved a separation efficiency of over 97.0% toward all
five types of oil/water mixtures, thus indicating wide
effectiveness toward different oil contaminants. The water
permeation fluxes for the targeted oil/water mixtures ranged
from 1120 to 2350 L-m™*h’, despite being influenced largely
by the oil viscosity, still remaining at a relatively high level.
Notably, the separation efficiency of FFOOH@CS/PVA-4—12
toward the n-heptane/water mixture reached 98.5%, with a
water permeation flux of 2350 L-m~2h7}, both of which are
higher than some previous related studies.”* " Subsequently,
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a cyclic separation test involving n-heptane/water was
conducted 10 times to further examine the operational stability
of the FeOOH@CS/PVA-4—12 membrane. As shown in
Figure 8b, after ten cycles of separation, the separation
efficiency toward n-heptane/water still exceeded 97.3% and the
water permeation flux was 2240 L-m >h™', confirming its
stable and durable separation performance. These results
highlight the highly efficient oil/water separation performance
of the membranes in a wide range.

Achieving effective and reliable oil/water separation
performance in challenging aqueous environments is of
paramount importance for practical application.”” Therefore,
the membrane FeOOH@CS/PVA-4—12 was assessed for its
separation efficiency in the n-heptane/water mixture under the
acidic, alkaline, or saline conditions. As shown in Figure SS5a,
the n-heptane phase dyed orange by Sudan II was all
intercepted by the upper surface of the membrane, whereas
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the water phase containing 1 M HCl, NaOH, or NaCl passed
through the membrane with evidence from the changed color
of the pH strip or formed milky white AgCl flocculent in the
beaker. As shown in Figure SSb,c, the separation efficiencies
and the water permeation fluxes of FeOOH@CS/PVA-4—12
under the above three harsh conditions remained above 98.5%
and 2500 L-m™*h™!, which did not show much difference
compared with the results obtained from separating the
heptane/neutral-pH water mixture, indicating that the
fabricated membrane has superior chemical stability. Such
favorable performance should correspond to the stable porous
network structure due to the chemical cross-linking function of
GA. Also, the in situ growth strategy ensured the robust
anchoring of f-FeOOH nanoparticles on the membrane
surface due to the strong coordination interaction between
Fe’* and the amino and hydroxyl groups of the CS/PVA
membrane.

Compared to the immiscible oil/water mixture separation,
separating oil/water emulsions is more challenging since the
emulsified oil droplet normally has smaller sizes of less than 20
um, which requires the membrane to have more elaborate
design with finer apertures and a superior superwetting
surface.”® The membrane FeOOH@CS/PVA-24—24 was
selected for the oil-in-water emulsion study considering its
superhydrophilicity and the smallest aperture of 0.12 + 0.03
pm compared with that of FeEOOH@CS/PVA-4—12 and
FeOOH@CS/PVA-4—24 due to the synergistic effect of the
intensified cross-linking degree and long in situ growth time of
B-FeOOH (Figure S4).>° The optical micrographs and photos
of the emulsified n-heptane/water mixture illustrated in Figure
9a,b clearly demonstrated that after separation by the
membrane FeOOH@CS/PVA-24—24, the initial opaque n-
heptane/water emulsion with the n-heptane droplet average
size of around 3.0 + 1.0 ym became transparent, and there is
no visible oil droplet discovered in the optical micrograph,
proving the effective oil-in-water emulsion separation perform-
ance of the membrane FeOOH@CS/PVA-24—24. Further, a
wider scope of emulsified oil/water mixtures including n-
hexane, n-octane, and vegetable oil were tested to investigate
the membrane’s universal application. The water permeation
flux (F) and separation efficiency (17) of the FeOOH@CS/
PVA-24—24 membrane for the oil-in-water emulsions were
calculated according to egs 2 and 3. As shown in Figure 9¢,d,
FeOOH@CS/PVA-24—24 demonstrated superior separation
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efficiencies of over 99.9% for all tested oil-in-water emulsions
with the corresponding permeation fluxes of 522, 5185, 550, and
289 L-h™"m™bar™’, respectively. This study compares the
performance of FeOOH@CS/PVA nanofibrous membranes
with similar materials and technologies reported in the existing
literature, as shown in Table S1."”7"*°~7* The results indicate
that, compared to previous reports, the FeOOH@CS/PVA
nanofibrous membranes exhibit comparable separation per-
formance. Furthermore, most membranes are only effective in
separating immiscible oil/water mixtures but are unable to
separate oil/water emulsions. Some membranes, although
capable of separating oil/water emulsions, often face lower
water permeation flux when separating immiscible oil/water
mixtures. As a result, a single membrane typically cannot
achieve effective separation of both immiscible oil/water
mixtures and oil/water emulsions simultaneously. This study
enables precise control of the pore size of FFOOH@CS/PVA
nanofibrous membranes by simply adjusting the preparation
process parameters and thus can effectively separate both
immiscible oil/water mixtures and oil/water emulsions. After
the separation process of n-hexane/water, n-heptane/water, n-
octane/water, and vegetable oil/water emulsions, the total
organic carbon (TOC) content in the water phase was
significantly low, measured to be $.5, 8.0, 15.5, and 28.0 mg-
L', respectively (Figure S6), which were all below 30 mg-L™",
thus meeting the treatment standards for urban wastewater as
specified by most countries around the world,”””* further
confirming that the as-fabricated FeOOH@CS/PVA-24—24
exhibits high oil/water separation efficiency.

Imparting good photocatalytic self-cleaning ability to the
FeOOH@CS/PVA membrane is expected to enhance its
antioil-fouling performance,’®”> which can be evaluated by
monitoring changes in the water permeation flux and
separation efficiency during the cyclic separation process,
followed by the cleaning step. To explore this, two groups of
five-cycle n-heptane/pure water emulsion separation studies
were carried out. Group A was cleaned by immersing them in a
0.2 vol % H,0, solution and under 300 W visible light,
whereas the membranes in Group B were cleaned by
immersing in deionized water without light exposure. As
shown in Figure 10a,b, the water permeation flux of the
membranes in Group B only slightly decreased from the initial
value of 526 to 420 L-m *h "bar™' and the separation
efficiency only decreased from 99.7 to 97.3%. This is due to f3-
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FeOOH creating a nanoscale rough structure on the
hydrophilic membrane surface, which endows the membrane
with superhydrophilicity and consequently good antioil-fouling
performance. It is also noticeable for Group A, which was
applied with the photocatalytic self-cleaning method; when
comparing the fifth and the first cycle, the water permeation
flux difference was even smaller, only dropping from 546 to
522 L-m >h™"-bar™". Also, within these five cycles, the water
permeation fluxes of Group A were all higher than those of
Group B. Furthermore, after five cycles, the membrane still
retained a high separation efliciency of 98.19%, which can be
attributed to the presence of f-FeOOH nanoparticles
imparting an excellent photocatalytic self-cleaning performance
to the FFOOH@CS/PVA nanofibrous membranes. The cause
of this phenomenon is likely linked to the photocatalytic
properties of f-FeOOH nanoparticles. As showed in Figure S7,
when exposed to visible light irradiation, these nanoparticles
produce a significant number of electron—hole pairs, which
catalyze the conversion of hydrogen peroxide into a large
quantity of hydroxyl radicals (*OH). The oxidative capacity of
°OH enables the degradation of various organic pollutants on
the membrane surface into smaller entities, such as CO, and
H,O, through redox reactions. This process effectively removes
persistent pollutants from the membrane surface,*”*' present-
ing a promising approach to improve both the durability and
efficiency of oil/water separation membranes.

B CONCLUSIONS

In summary, the biobased superwetting composite nanofibrous
membranes used for oil/water separation are electrospun with
hydrophilic CS and PVA as precursors, followed by chemical
cross-linking and in situ growth of f-FeOOH nanoparticles on
the surface. By precisely controlling the cross-linking time
between CS and PVA, as well as the growth time of -FeOOH
nanoparticles, nanofibrous membranes with the variation in the
pore size were fabricated to optimize the separation of floating
oil/water systems and oil/water emulsions. Moreover, the
presence of (-FeOOH nanoparticles further enhanced the
hydrophilicity of the nanofibrous membranes. FeOOH@CS/
PVA-4—12 demonstrated exceptional superhydrophilicity and
underwater oleophobicity, with a water contact angle of
approximately 9.5 + 3.5° in air and an oil contact angle over
140° underwater toward oil pollutants with various viscosities
(n-heptane, n-octane, and vegetable oil), leading to a
remarkable separation efficiency of 98.5% and water perme-
ation flux of 2350 L-m™*h™' during the separation of
immiscible n-heptane/water mixtures. Furthermore,
FeOOH@CS/PVA-4—12 exhibited good chemical stability
and reusability, with the efficiency for n-heptane/water
separation remaining above 97.3% after ten separation cycles
and the water permeation flux remaining nearly unchanged. By
further optimizing the membrane pore size from 0.48 + 0.09 to
0.12 + 0.03 ym, FeEOOH@CS/PVA-24—24 can effectively
separate n-heptane/water emulsions, achieving a separation
efficiency of up to 99.9% and a TOC value of 8 mg-L™" in the
filtrate. The membrane exhibits remarkable antifouling
performance, which was contributed by the superwetting
surface and the photocatalytic ability of f-FeOOH nano-
particles to impart the excellent photocatalytic self-cleaning
property as demonstrated by the fact that after five
photocatalytic self-cleaning cycles, the water permeation flux
was almost unchanged, decreasing only slightly from 546 to
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522 L-m >h™"bar”!. This indicates significant potential for
practical applications.
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