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ABSTRACT: Today, poor water and air quality caused by fine particulate [a] csspmnng [b]airfitration AR
matters (PMs), toxic spills, and antibiotic-containing wastewater are posing |
serious threats and risks to the environment and human health. Although |¢7~==== z
many contaminant materials can be effectively removed by the traditional | ~*™*
membrane technology, the simultaneous multifunctional materials like PM
removal, oily water separation, and antibiotic adsorption are rarely reported.
In addition, most of the membranes are destroyed when working in the [c]antibiotc asorption
harsh environment such as high temperatures, high pressures, strong acids :
and bases, and so on. In this work, a multifunctional Fe;O,@
polyacrylonitrile/chitosan (Fe;O4,@PAN/CS) membrane with robust
stability and repeatable usage was fabricated via a simple and environ-
ment-friendly gas-spinning method; the obtained functional membrane is
supposed to be applied in both air and liquid contaminant remediation. In
comparison with the reported membranes, the multifunctional Fe;O,@PAN/CS composite nanofiber membranes not only have
excellent performance in air filtration, antibiotic adsorption, or oil—water separation but also show robust reusability and durability
even in harsh environments. Our strategy would bring ideas to the design and fabrication of multifunctional membranes for
simultaneous environmental remediation such as air purification and wastewater treatment.
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1. INTRODUCTION fabrication of nanofiber membranes, including electrospin-
11 .12 . N

ning,  melt blowing, ~ and centrifugal spinning. > Compared

with these methods, the “gas-spinning” recently reported by

our group is one of the most versatile and simple techniques to

Untreated wastewater, especially wastewater from industrial
and other establishments, contains a variety of hazardous
substances, causing widespread disease and damage to

ecosystems.' Taking the ever-increasing water pollution and generate ultrathin nanofibers.'* The working mechanism of the
its adverse effects on environment into consideration, gas-spinning is similar to that of the solution blow
. L 15,16 - .
researchers are focused on the design and manufacture of spinning; as shown in Figure S1, the inner needle pumps
functional and environment-friendly materials for selective the precursor solution and the outer needle flows the
treatment of contaminated water.””* Particulate matters, pressurized gas. The pressurized gas is used to drive the
especially the ultrafine particulates like PM2.5 and PMO.1, polymer solution, on the one hand, and promote solvent
pose serious risks and threats to both the ecosystem and evaporation, on the other, finally creating long fibers in a
human health, carrying annually one in every nine deaths.”® simpler one-step process. The continuous high-throughput
Nanofibrous filtration materials are promising and effective to production of long fibers can be realized by the gas-spinning
remove fine particles, while most of them usually show method, without further treatment of drying, cooling, or

suboptimal filtration performance over ultrathin particulates,
especially in harsh environments like high temperature, high
pressure, and so on.” Therefore, the filtration and adsorption
materials with the characterizations of being high temperature
resistant, cost-effective, and highly efficient are urgently
desired.

Nanofiber membranes with a unique 3D network structure
and good internal connection channels are widely used in the
field of environment remediation,” energy storage,9 flexible -
sens.ing,10 and so on. There are many methods for the

washing. Compared to the traditional nanofiber fabrication
techniques, the gas-spinning method has fewer process
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Figure 1. Multifunctional Fe;0,@PAN/CS composite nanofiber membranes. (a) Schematic presentation of the preparation of the membranes via
gas-spinning and (b) the applications for air filtration, (c) antibiotic adsorption, and (d) oil—water separation.

requirements and avoids the high voltage and heating system.
Additionally, the fiber production of the traditional technique
is typically slow, while it can be simply scalable in the gas-
spinning method. In a word, gas-spinning allows on-demand
fiber fabrication in a simple one-step approach.

Nanofiber membranes constructed by ultrathin nanofibers
are widely used in environmental remediation field includin:
air filtration,"” dye degradation,18 antibiotic adsorption,1
heavy metal ion adsorption,”® and oily water separation.”’
However, most of the reported nanofibrous membranes mainly
focused on only one of these applications and usually cannot
meet the application requirements in various conditions. The
new type of multifunction nanofiber membrane is highly
desired. So far, there are rare reports about the multifunctional
nanofiber membranes simultaneously with the characteristics
of oil—water separation, antibiotic adsorption, and PM
removal. Moreover, most of the multifunctional nanofibrous
membranes show unsatisfactory application performance in
harsh environments like high temperatures, high pressures,
strong acids and bases, and so on.”” Thus, we want to design a
multifunctional architecture for simultaneous applications in
both air and water remediation.

Nanofibers are excellent supports for the incorporation of
nanoparticles (NPs) by virtue of the interconnected channel-
ing pore structures.”” The incorporation of nanoparticles and
nanofibers endows the nanofiber membranes with more
functions like photocatalysis, adsorption, degradation, and so
on. Iron oxides have been widely studied by virtue of the
geological abundance, environmentally benign, and functional
properties.“’25 Herein, we proposed a new approach to
generate nanofibers in a green, low cost, simple, and scalable
way. Fe;O, NPs were used as the loading particles to provide
more active sites for the interaction with pollutant particles and
ensure robust interaction with the antibiotic. PAN was chosen
as the template for the deposition of Fe;O, NPs by virtue of its
superhydrophilic property, gas-spinnability, and high mechan-
ical strength, making it suitable for multiple applications.
Besides, the bio-based chitosan was added to provide more
functional groups to form robust interaction with pollutants. In
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addition, the gas-spinning nanofiber membrane loaded with
Fe;O0, NPs shows stable superhydrophilicity and super-
oleophobic property in air and under water, which could be
applied for the effective oil—water separation. Moreover, the
multifunctional nanofiber membranes could also enable high
performance in extreme environments (e.g., high temperature,
high pressure, and strong acid or base). As shown in Figure 1,
the as-synthesized hierarchical Fe;O,@PAN/CS architecture
not only shows highly efficient removal of PMs in air but also
possesses great potential filtration of complex contaminants in
water, including oil and antibiotics.

2. MATERIALS AND METHODS

2.1. Materials. Polyacrylonitrile (PAN, M,, = 150000), chitosan
(CS, M,, = 3000), and iron oxide nanoparticles (Fe;0, NPs, S0 + 20
nm) were purchased from Shanghai Macklin Biochemical Co., Ltd,,
China. N,N-Dimethylformamide (DMF), acetic acid, sodium
hydroxide (NaOH), and hydrochloric acid (HCl) were purchased
from Sinopharm Chemical Reagent Co. Ltd., China. Tetracycline
hydrochloride (C,,H,,N,04-HCl, USP) was obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd., China. The water system
filter (0.4S pm) was purchased from Whatman Co. All chemicals were
used without further purification.

2.2. Preparation of PAN Nanofibers. PAN precursor solution
(12 wt %) was obtained by dissolving the PAN powder in DMF
solution and continuously stirred at 60 °C for 4 h. Then the precursor
solution was transferred into a S mL plastic syringe attached with a
core—shell needle (Figure S1) and pumped out with the speed of 3
mL h™%. The airflow was set to 10 L min™'; the generated nanofibers
(NFs) were collected by a grounded rotating metal drum, and the
collecting distance was 20 cm. The collecting time was controlled to
ensure the similar thickness of the nanofiber membranes. The
temperature and relative humidity were controlled to 25 + 2 °C and
40 + 2%, respectively.

2.3. Preparation of Fe;0,@PAN and Fe;0,@PAN/CS
Composite Nanofiber Membranes. Five grams of Fe;O, magnetic
nanoparticles was dissolved in the pre-prepared PAN solution (95 g)
and stirred for 4 h, followed by the ultrasonic treatment for 2 h to
form a homogeneous precursor gas-spinning solution. Then the
composite solution was transferred to the gas-spinning setup to
generate ultrathin nanofibers loaded with Fe;O, magnetic NPs
(Fe;0,@PAN composite nanofibers); details about the gas-spinning
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Figure 2. SEM images of (a) PAN and (b) Fe;O,@PAN. (c) TEM images and (d) EDS mapping of the Fe;O,@PAN/CS membrane.

method are provided in section 2.2. After the Fe;O,@PAN composite
nanofiber membranes were successfully prepared, the obtained
composite membranes were totally immersed in 1 wt % chitosan
solution (dissolved in 1% dilute acetic acid aqueous solution) for 0.5
h and then subsequently dried (vacuum freeze-drying, —48 °C, 12 h),
finally obtaining the Fe;O,@PAN/CS composite nanofiber mem-
branes.

2.4. Air Filtration. The filtration performance of the Fe;0,@
PAN/CS composite nanofiber membrane (effective area: 100 cm?)
was evaluated according to the previous published paper.”® The
filtration efficiency and pressure drop of the membrane varying in the
air flow and basic weight were systematically studied. More details are
provided in the Supporting Information.

2.5. Antibiotic Adsorption. The adsorption performance of the
Fe;0,@PAN/CS composite nanofiber membranes was evaluated via
the removal of tetracycline (TC), a widely used broad-spectrum
antibiotic which usually causes pollution in the aquatic systems; the
chemical structure is illustrated in Scheme SI. To study the
adsorption properties of Fe;O,@PAN/CS composite membrane for
TC, the adsorption performance under different conditions were
tested, including the contact time, solution pH, and initial TC
concentration. Then the optimum pH condition (6.00 + 0.0S) for
adsorption performance was selected, and the adsorption kinetics of
the adsorption process was studied. Details about the antibiotic
adsorption experiment are provided in the Supporting Information.

2.6. Oil-Water Separation. The Fe;O,@PAN/CS composite
fiber membrane was sandwiched between two custom glass tubes with
a diameter of 1.5 cm. The oil—water mixture was poured into the
upper glass tube, and the time of the complete separation of oil—water
mixture was recorded by a stopwatch. During the oil—water
separation process, the preparation membranes were tested for S0
cycles to further verify the durability and recyclability of the Fe;O,@
PAN/CS composite nanofiber membrane. The oil water separation
flow rate and separation efficiency were calculated (Supporting
Information).

2.7. Characterizations. The morphologies, element composi-
tions, and elemental distribution maps of the composite nanofiber
membranes were acquired by field-emission scanning electron
microscopy (FE-SEM, JSM-7600F, JEOL, Japan). TEM photographs
of the samples were examined by a transmittance electron microscope
(TEM, JEM-700, JEOL, Japan). The X-ray diffraction (XRD, Ultima
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IV, Rigaku, Japan) and X-ray photoelectron spectrometers (XPS,
AXIS Ultra DLD, UK) were used to characterize the membrane.
Nitrogen adsorption—desorption isotherms were conducted at 77 K
(Quantachrome BET instrument, Quantachrome, USA). The
thermogravimetric analyzer (TGA, QS000-IR, TA Instruments) was
used to evaluate the thermal stability of the membranes. The Fourier
transform infrared spectrometer (FT-IR, Nicolet 8700, USA) was also
used to determine the chemical properties. The residual Fe
concentration was detected by inductively coupled plasma atomic
emission spectroscopy (ICP-MS, PerkinElmer Nixon 300X). The TC
concentrations were characterized by a UV—vis diffuse reflectance
spectra spectrophotometer (UV-2600, Shimadzu, Japan). The
mechanical strength was characterized by a universal testing machine
(Sans UTM6502, China). The contact angles (CAs) were measured
with a contact angle meter (JC2000D1, Zhong Chen, China).

3. RESULTS AND DISCUSSION

3.1. Fe;0,@PAN/CS Composite Nanofiber Mem-
branes. The surface roughness of the membranes could be
significantly enhanced by the corporation of nanoparticles in
the nanofiber, which not only avails enhanced mechanical
properties but also profits the filtering performance of the
composite membranes.”””” To improve the adsorption
capacity of the membrane, iron oxides nanoparticles are
incorporated since it can form stable metal—ligand complexes
with organic pollutes like antibiotics.”® Taking the above points
into consideration, magnetic Fe;O, nanoparticles were helpful
to enhance the TC adsorption performance as well as the
mechanical strength when incorporated into the PAN
nanofibers.

As shown in Figure 2, SEM was utilized to observe the
surface morphology of the composite membranes. The long
and cylindrically shaped pure PAN nanofibers with a relatively
smooth surface were observed in Figure 2a, which were
randomly distributed with the average diameter of 791.6 + 92
nm (Figure S3a). The Fe;O, nanoparticles tend to be
encapsulated by the nanofiber since the size (50 + 10 nm)
is relatively smaller, and the original smooth nanofiber turned
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Figure 3. Characterization of the membranes: (a) XPS spectra, (b) XRD patterns, (c) FTIR spectra, and (d) N, adsorption/desorption isotherms

of PAN, Fe;O,@PAN, and Fe;0,@PAN/CS membrane.

to be rougher with an average fiber diameter of 499.6 &+ 97 nm
(Figure S3b). TEM images in Figure 2c presented that the
Fe;0, NPs and the clusters are attached to the PAN fibers and
distributed in the surface of fibers. The fibers become or cause
to become stuck and glued together after the coating and
modification of chitosan solution (Figure 2d), and the average
diameter was 526.5 + 92 nm (Figure S3c). Meanwhile, as
shown in Figure S4, the energy-dispersive spectrometry (EDS)
results confirmed that Fe;O, NPs were successfully loaded in
the membrane, while the N element was not detected due to
the detection limit of the analyzer. Then we further utilized the
X-ray photoelectron spectrometer to prove the existence of the
N element; as shown in Figure 3a, the peak of N, was found at
398.4 eV.

The characterizations of the membranes are presented in
Figures 3 and 4. EDS elemental mapping images demonstrated
the heterogeneous structures of the composite nanofibers,
which consists of the C and N elements, and a uniformed
surface coating of Fe;O, NPs are also found to be distributed.
The peaks of Fe;O, observed at 710.5 eV (Figure 3a) further
proved that the Fe;O, NPs were stable in oxidation. The
survey XPS spectra present the chemical information about the
Fe;0,@PAN/CS composite membrane, which agrees with the
EDS results. The phase structure of the as-prepared Fe;O,@
PAN/CS composite membranes was analyzed; as shown in
Figure 3b, the diffraction peak observed at 20 = 25.6°
corresponds to the (002) plane of pure PAN.” The diffraction
peaks of the composite membranes also match well with the
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Fe,0, NPs, i, 30.1° (220), 35.4° (311), 43.1° (400), 56.9°
(511), and 62.6° (440).>° As expected, all of the diffraction
peaks of the as-prepared composite membrane in the XRD
pattern are matched to the standard PDF cards (JCPDS Card
No. 19-0629).”" These results further confirmed that the gas-
spinning process can directly form densely hierarchical
structure. In the FTIR spectrum of Fe;O,@PAN/CS (Figure
3c), the absorption peak at 2245 cm™ is attributed to the “—
CN” of PAN, while which at 1740 cm™' may be caused by the
“—C=0" of DMF, the solvent of PAN. The absorption peaks
at 2921 and 1240 cm™' are attributed to the stretching
vibrations of “—CH”.

The specific surface areas and pore sizes of the hierarchical
nanofiber membranes were determined by the nitrogen
adsorption—desorption measurement (Figure 3d). The
obtained isotherm of PAN, Fe;O,@PAN, and Fe;O,@PAN/
CS nanofiber membranes followed IUPAC type IV structure,
indicating the typically mesoporous structure. Instead, the
composite membranes displayed type H, hysteresis loop at the
relative pressure ranging from 0.35 to 0.95 nm, further
confirming the existence of mesoporous and multilayer packing
structure. The surface area calculated from the BET method of
Fe,0,@PAN/CS composite membranes was 20.412 m* g7/,
which is larger than that of the raw PAN membrane (15.912
m* g7'). The corresponding pore size distributions of the
membrane are presented in Figure 4a. The average pore sizes
of Fe;O,@PAN/CS and PAN nanofiber membranes are
20.128 and 26.343 nm, respectively. The combination of
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Figure 5. Proposed PMs filtration mechanism of the Fe;O,@PAN/CS. Inset is the SEM image of the surface of the Fe;O,@PAN/CS (left) and the

TEM image of the composite nanofibers (right).

agglomerate Fe;O, nanoparticles and interlaced PAN nano-
fibers allows the formation of a 3D porous network
architecture, which will be helpful for the efficient removal of
harmful substrates.

As shown in Figure 4b, the membrane shows little change in
weight before 300 °C. With the increasing of temperature, the
Fe;0,@PAN/CS nanofibrous membrane degraded, followed
by a fast weight decrease at higher temperature. Finally, the
weight percentage decreased slowly and tended to be stabilized
after 500 °C. The thermal stability of these membranes
increased after the incorporation of Fe;O, NPs.
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Considering that the mechanical strength of the Fe;O,@
PAN/CS composite fiber membranes would directly affect the
application performance and service life when applied in
practical applications. The mechanical performance of the
composite membranes was measured and presented in Figure
4c. Results turned out that the tensile strength of the
membrane increased from 12.6 to 14.6 MPa after the
incorporation of Fe;O, NPs, while the membrane strain
decreased from 64% to 51% when covered by CS coating. The
incorporation of Fe;O, NPs could significantly enhance the
mechanical strength of the membranes. The leaching test
(Supporting Information) was performed to evaluate the
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Figure 6. Air filtration performance of the Fe;O,@PAN/CS nanofiber membranes. SEM images of the nanofiber membrane (a) before and (b)
after the air filtration process; the scale bar of the inset images was 1 ym. (c) Air filtration efficiency of the membranes varying in PMs diameters.
(d) QF value of the membranes of different basic weights. (e) Air filtration efficiency of the membranes after 50 cycles. (f) Comparison of this work

and previous works; references are provided in Table S2.

stability of the adsorbent. The result showed that the
concentrations of Fe were <0.005—32.180 ug L™ between 0
and 48 h (Table S1), far lower than the accepted concentration
of Fe;O, (as Fe) suggested by the WHO Guidelines for
Drinking-water Quality (2 mg L', which does not present a
hazard to health). The obtained results indicate that the
attachments between the Fe;O, NPs and nanofibers are strong,
and the Fe;O,@PAN/CS composite membrane do not pose
any danger for drinking water treatment since the leached
metal concentrations were far below the maximum allowable
concentrations.

3.2. Air Filtration Performances of Fe;0,@PAN/CS
Composite Nanofibrous Membrane. As illustrated in
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Figure 5, Fe;O, NPs were blended in the PAN nanofiber,
which could increase the specific surface area of the filter
membrane, on the one hand, and provide more active sites on
the other. The filtration performance of the Fe;O,@PAN/CS
composite membrane was investigated in Figure 6. The
filtration efficiency and pressure drop of the membrane varying
in particulates ranging from 300 nm to 10 um were
investigated, and the air flow was set to be 85 L min~!
(Figure 6¢). Additionally, compared to the membrane without
Fe;O, nanoparticles, the membranes with different Fe;O,
dosages show higher filtration efficiency (Figure SS); the
higher the loaded content of Fe;O,, the higher the filtration
efficiency. Our proposal further confirmed that the Fe;O, NPs
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Figure 7. TC adsorption performance of the Fe;O,@PAN/CS membrane. SEM images show the surface morphology of the membrane (a) before
and (b) after TC adsorption; the scale bar of the inset images was 1 ym. (c) Adsorption capacities of the PAN, Fe;O,@PAN, and Fe;0,@PAN/CS
membrane. (d) Equilibrium adsorbing quantity of TC on Fe;O,@PAN/CS membrane varying in solution pH. (e) Adsorption kinetics and (f)

adsorption isotherm of TC on Fe;O,@PAN/CS composite membrane.

could provide more active sites for the robust interaction
between the filter membrane and particulates. The typical SEM
morphologies of the Fe;O,@PAN/CS composite membranes
after the air filtration process are presented in Figure 6a,b. The
SEM images shown in Figure 6b indicated that besides the
loaded Fe;O, NPs, all the particles attached to the fibers were
the ultrathin particles captured by the filter during the air
filtration test. The large particles can be directly intercepted by
the filter and accumulated on the surface of the membrane, and
the ultrathin particles will go through into the inter channels of
the nanofiber membrane, finally adhered to the fibers. The
general hierarchical architecture will not be affected; thus, the
membrane could maintain long-term filtration performance.
The filtration efficiency of the composite Fe;O,@PAN/CS
membranes for both PMs with diameters of 300 nm were
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respectively 99.01% and 99.09%, while it was 99.67% and
99.96% for the oil and non-oil PMs of 500 nm (Figure 6¢). It is
interesting that the filtration efficiency almost approaching to
100% when the PMs are larger than 1 ym (e.g,, 1, 3, S, and 10
um), while the commercial filters usually show relative lower
filtration efficiency; details are provided in the Supporting
Information. The filtration efficiency for both oil and non-oil
types PMs tend to improve after the addition of Fe;O, NPs,
since the surface roughness and specific surface area increased.
The strategy of incorporating nanoparticles to enhance the
interaction of composite membrane and PMs is proved to be
effective. Pore size characterization from the BET method
showed that the average pore size was 22.356 nm, which is
smaller than the particles, further confirming the interception
function of the membrane. Additionally, at the comparable
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Figure 8. Illustration of the adsorption of TC on Fe;O,@PAN/CS composite nanofibers. Note: these schematics are not drawn to scale.

filtration efficiency of about 99.9%, the pressure drop of the
composite membrane generated by the gas-spinning method is
only 48 Pa, which is far lower than 510 Pa reported by the
previously reported filter media (Figure 6f and Table S2),
further showing the superiority of the composite membranes
prepared by the gas-spinning technology.

We further investigated the air filtration performance varying
in basic weight and air flow. Results turned out that increased
membrane basic weight results in increased air filtration
performance (Figure S6a). Additionally, with the increasing of
air flow, the membrane shows lower filtration performance: the
filtration efficiency decreased, and the pressure drop increased
(Figure S6b). Considering the tread-off relationship between
filtration efficiency and pressure drop, the QF value was
induced to evaluate the air filtration performance more
directly. The larger the QF value, the more superior the air
filtration performance. As shown in Figure 6d, the QF value
(0.123) of the membrane (basic weight 53 g m™2) was found
to be larger than that of the other groups, which means the
membrane possessed a low pressure drop and a relatively high
removal efficiency.

The air filtration tests were repeated 50 cycles to evaluate
the reusability and durability and the feasibility of large-scale
application of the Fe;O,@PAN/CS composite membrane. As
shown in Figure 6e, even after 30 cycles of continuous use, the
filtration efliciency of Fe;O,@PAN/CS composite fiber
membrane could maintain more than 99.5% for ultrathin

5693

PMs with a diameter of 300 nm. The composite fiber
membrane can still maintain 99.99% filtration efficiency for
PMs of 3 um (almost 100% for PMs of S and 10 pm) even
after 50 cycles of recycling. Obviously, the Fe;O,@PAN/CS
composite air filtration membrane shows excellent durability
and can be reused many times.

3.3. Antibiotic Adsorption Performance Study. The
antibiotic adsorption performance of the membrane was
studied and presented in Figure 7. The preliminary research
about the TC adsorption performance for a series of PAN-
based nanofibers was carried out; the results indicated that the
composite Fe;O,@PAN/CS composite membrane can effec-
tively adsorb TC while the pure PAN membrane almost
showed no TC adsorption (Figure 7c). The adsorption
capacity of the Fe;O,@PAN/CS composite membrane for
TC is 31.49 + 0.43 mg g~', which is much higher than that of
the Fe;0,@PAN blended membrane (11.28 + 0.23 mg g™')
and the pure PAN nanofiber membrane (3.47 + 0.16 mg g™ ).
The adsorption capacity increased obviously with the
increasing of Fe;O, content (Figure S7). The superiority of
the composite membrane may attribute to the formation of
stable metal—ligand complex between Fe;O, and TC
compounds;32 in addition, the large amount of free amino
groups and hydroxyl groups on the framework of chitosan
make it easy to interact with the carboxyl groups, keto groups,
and amino groups of the antibiotics, thus realizing the
adsorption of TC.”
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Considering the surface properties of the Fe;O,@PAN/CS
composite nanofibrous membrane, such as the amount of
hydroxyl moieties, the charges on the membrane surface, etc,,
would be affected by the solution pH. Here, the TC adsorption
behavior of the Fe;0,@PAN/CS nanofiber membrane varying
in different pH condition was investigated. The pK,;, pK,,, and
pK,; value of TC are 3.30, 7.68, and 9.68.2% The adsorption
capacity of the composite membrane varying in solution pH
was determined. The adsorption capacity increases tremen-
dously with the solution pH increasing from 2 while decreases
with the solution pH further increasing from 6 to 1; when the
pH was around 6, the highest adsorption capacity (30.03 +
0.57 mg g~') was studied (Figure 7c). The possible
explanation could be when the solution pH is below 6. The
electrostatic repulsion formed since the adsorbent was
positively charged, and the dominant specie of TC was
TCH,;"; thus, the adsorption performance was affected.
Similarly, when the pH increased to above 6, the dominant
species of TC became TCH™ and TC?”, which could also form
electrostatic repulsion with the negatively charged adsorbent.
The stronger electrostatic repulsion results in reduced
adsorption affinity of TC to the adsorbent, finally leading to
the reduced adsorption capacity. When the solution pH is
around 6, TCH, is the dominant species of TC, and the
adsorbent is neutrally charged, the electrostatic repulsion
between which is lowest; thus, the adsorption capacity tends to
be highest at pH around 6.

The XPS spectrum of the membrane was analyzed to study
the adsorption behavior more deeply, as shown in Figure 4d.
The peak appeared at 531 eV is ascribed to the lattice oxygen
in the metal oxide (Fe—O), and the peak located at $32.5 eV
may due to the surface H—O hydroxyl group, and which
appeared at 532.9 eV is attributed to the single C—O bonds.
The increase of the relative content of “Fe—O” bond after TC
adsorption confirmed that the adsorption mechanism was
mainly attributed to the substitution of “Fe—OH” groups.
Meanwhile, the proportion of the “H—O” decreased
significantly, indicating the exchange between the surface
hydroxyl groups and TC molecules. The adsorption process
was mainly demonstrated through way of cation exchange and
complex formation, as illustrated in Figure 8.

The TC adsorption capacity increased rapidly in the first 20
h and then increased slowly; the adsorption equilibrium was
obtained after 80 h (Figure 7d). We further investigate the TC
adsorption kinetics by the commonly used pseudo-first-order
and pseudo-second-order kinetics models; the detailed
formulas are respectively given by eqs 5 and 6 in the
Supporting Information. As shown in Table S3 and Figure 7e,
the pseudo-second-order model (R* > 0.996) can better fit the
experimental adsorption kinetics data, which means the TC
adsorption process was dominated by chemisorption, confirm-
ing our hypothesis that the surface complexation happened
during the adsorption process.

The adsorption isotherm experiment varying in TC
concentrations (10—250 mg L) was performed to determine
the maximum adsorption capacity and the surface properties of
the Fe;0,@PAN/CS nanofiber membrane (Figure 7f). Both
the Langmuir isotherm model and the Freundlich isotherm
model were applied to analyze the adsorption process; detailed
formulas are presented in eqs 7 and 8 of the Supporting
information. As shown in Table S4 and Figure 7f, the
Langmuir isotherm (R* > 0.997) can better fit the experimental
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data, indicating the single-layer adsorption of TC on the
membrane surfaces.

The chitosan coating at the surface of the composite
membrane and the loaded Fe;O, NPs (S wt %) are beneficial
for the removal of TC. The maximum adsorption capacity was
calculated to be 468.33 mg g~', which is higher than those for
the Fe;O, NPs reported in a previous study (Table SS). The
comparison work between the Fe;O,@PAN/CS composite
membrane and other previously reported adsorbents is
presented in Table SS; the results indicate that our designed
hierarchical composite membrane could achieve higher or
comparable adsorption performance.

The adsorption—desorption experiments were performed to
determine the reusability and durability of the composite
membrane. Here, a 0.1 M NaOH solution was chosen as the
regenerative desorbent and repeated five times for adsorption—
desorption. The morphologies of the composite membrane
before and after the adsorption cycles are provided in Figure
7a,b; the surface structure was almost maintained, and there is
no obvious damage, indicating the stability of the composite
membrane. In addition, the EDS spectrum and EDS mappings
of the composite membrane after multiple uses are provided in
Figure S8; both Na and Cl were founded, which may be
attributed to the NaOH and tetracycline hydrochloride. As
shown in Figure 9, the adsorption efficiency of the regenerated

100

TC removal efficiency(%)
& 2 b=

3]
S
L

.

3
Cycles

Figure 9. Regeneration and reusability of the Fe;O,@PAN/CS
composite membrane for TC removal over five adsorption—
desorption cycles.

Fe;0,@PAN/CS membrane could maintain 95% even after
five adsorption—desorption cycles, which only decreased 1—
2% compared to the original adsorption efficiency, demon-
strating the reusability and stability. The high porosity and
interconnected pore channel structure of the gas-spinning
nanofiber membranes reduce the possible block of membrane
pores and make the NaOH solution contact with the adsorbed
TC closely, thus achieving a good regeneration ability.

3.4. Oil-Water Separation Performance. The surface
wetting property of the Fe;O,@PAN/CS nanofiber mem-
branes was studied by a contact angle analyzer. As shown in
Figure S9a, the oil (n-hexane) droplet could easily move and
leave the membrane surface without any residue even under
pressure, demonstrating the superoleophobicity of oil in air. In
addition, the underwater oil contact angle (OCA) varying in
Fe;0, content was investigated; the OCA increased obviously
with the increase of Fe;O, content (Figure S10). It is
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Figure 10. Regeneration and reusability of the Fe;O,@PAN/CS composite membrane. (a) Illustration of the proposed oil—water separation
mechanism. (b) Surface wettability of the membrane before and after 50 reuse cycles; the oil contact angle in air was investigated. (c) SEM images
of the membrane surface. (d) Separation efficiency and (e) penetration flux of the Fe;O,@PAN/CS composite membrane over 50 cycles. (f) Water
and oil contact angles of the Fe;O,@PAN/CS composite membrane after immersing in strong acidic and alkaline aqueous solution.

noteworthy that the water droplet wetted and immersed in the
surface of the membrane at extremely fast speed (within 0.4 s)
(Figure S9b). Additionally, the water contact angle (WCA) of
the designed composite membrane in air was nearly 0°,
indicating the superhydrophilicity performance of the multi-
functional membrane. As mentioned above, the composite
membrane exhibited great potential in water treatment. Here,
as shown in Figure 10, the Fe;O,@PAN/CS composite
membrane with superhydrophobic and superoleophilic proper-
ties is applied in oily water separation.

The oil—water separation process is illustrated in Figure 10a,
the setup for which is presented in Figure S9c. The details of
the separation process are provided in the Supporting
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Information. As record by the camera, the composite
membrane separated 20 mL of the oil and water mixture
within just 7.21 s, demonstrating the ultrahigh separation flux
and good separation performance. Additionally, no visible oil
droplets can be observed in the collected water after separation
process, indicating a high separation efficiency of the Fe;O,@
PAN/CS membrane.

By virtue of the superior superhydrophilicity, the permeation
flux of the designed membrane was more than 28996 + 216 L
m~> h™', much higher than most of the previous related work
which are within 9000 L m™ h™" (Table $6). It is really hard
to achieve such an ultrahigh throughput of 28996 + 216 L m ™
h™" without any extra pressure and just under gravity. In
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addition, the oily water separation efficiency of the membrane
was determined to be more than 99.99%. The superior
separation performance of the multifunctional Fe;O,@PAN/
CS membrane was attributed to the hierarchical 3D network
architecture and the superhydrophilicity and superoleopho-
bicity of the material itself.

The reusability of the Fe;O,@PAN/CS membrane for oil—
water separation was characterized to further evaluate the
potential practical application. The regeneration tests were
performed by washing the composite membrane with ethanol
after every separation process and then dried and used for the
next cycle. The wettability and surface morphology of the
membrane after 50 cycles are characterized and presented in
Figure 10b,c; the wetting properties were maintained well even
after 50 reuse cycles, and the channel structure of the fibers
was slightly blocked, which may result in compromised
separation performance. The separation fluxes and efficiency
were relatively stable, as shown in Figure 10d,e. In detail, the
Fe;O,@PAN/CS composite membrane maintained more than
99.9% separation efliciency even after S0 cycles without the
compromise of permeation flux which could keep of more than
22979 L m™* h™%. The comparison between the Fe;0,@PAN/
CS composite membrane and other previously reported
separation membrane is presented in Table S6. The composite
membrane could achieve higher or comparable oil—water
separation efficiency and flux, demonstrating the superiority as
well as the efficient separation performance of the designed
blend structure. With the increase of the cycles, there is a slight
decrease in both oil—water separation efliciency and separation
flux, which may due to the blocked pores of the hierarchical
structure of the membrane.

We further investigated the chemical environmental
durability of the oil—water separation membrane in harsh
conditions. The membrane was immersed in solutions of
various pH (2—12) to evaluate the surface wetting properties;
as shown in Figure 10f, the membrane still maintained high
superhydrophilicity and superoleophobicity after immersing in
both acidic and alkaline aqueous solution, indicating the
versatility and stability of the multifunctional Fe;O,@PAN/CS
composite membrane.

B CONCLUSION

In summary, the gas-spinning strategy is proposed to generate
ultrathin nanofiber membranes with high porosity and
interconnected channeling pore structures in a simple, green,
and scalable way. The multifunctional Fe;O,@PAN/CS
composite nanofiber membrane not only shows high efficient
removal of PMs in the air but also possesses great potential in
antibiotic adsorption and oil—water separation. The air
filtration efliciency is more than 99.98% for 300 nm ultrathin
particles, which is approaching 100% for particles larger than 1
pum, and the pressure drop is only 48 Pa. The 3D network
structure allows robust and comparatively high adsorption
performance for TC; the maximum adsorption capacity
(Langmuir isotherm) is 468.33 mg g~' at the equilibrium pH
of 6. In addition, the composite membrane possesses more
than 99.9% separation efficiency for oil—water mixture at the
permeation flux of about 28996 L m™> h™'. Moreover, the
reusability and durability of the multifunctional Fe;O,@PAN/
CS membrane for the highly efficient applications in air
filtration, antibiotic removal, and oil—water separation were
investigated, demonstrating the potential long-term scaled-up
applications.
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