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Introduction Membrane adsorption technology is often used in

In recent years, water contamination by dye dis-
charges from various industries (e.g., paper making,
textile dyeing, cosmetics, etc.) has attracted more and
more attention due to their toxic effects on humans
and aquatic organisms [1]. The dye contaminants in
water are toxic and carcinogenic. Therefore, it is nec-
essary to purify the dye pollutants. Many traditional
technologies have been widely used to remove dyes
from polluted water, including coagulation, floccula-
tion, sedimentation, photocatalytic degradation, bio-
logical oxidation, ion exchange, and adsorption [2-6].
Adsorption is considered the best choice, due to its
low cost, easy regeneration, and effectiveness. Various
adsorption materials, such as activated carbon, zeolite,
polymer silicate, and clay, have been used to remove
organic dye pollutants [7, 8]. However, this powder or
granular adsorption material has defects, such as the
inability to be used on a large scale or being difficult to
recycle. Membrane adsorption materials can signifi-
cantly solve this problem.
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water treatment processes. This technology can
release the target material in the liquid when the
external driving or the partial molar potential energy
is inconsistent, and realize the screening, purification,
and refinement of specific components in the mixture
[9, 10]. There are many ways to synthesize membrane
materials for membrane separation, including solu-
tion growth [11], chemical vapor deposition (CVD)
[12], template synthesis [13], and electrospinning.
Electrospinning technology possesses the advantages
of easy synthesis and controllable membrane size
[14]. The membrane material synthesized by electro-
spinning technology has a high specific surface area
and rich pore structure, which has certain advantages
in dye adsorption, cleaning oil leakage, and photo-
catalytic water purification [15, 16]. However, mem-
branes with a uniform pore structure make it difficult
to simultaneously achieve high flux and an excellent
rejection ratio. The pore size distribution of pure fiber
membrane is mainly concentrated at the micron level
(belonging to the macroporous structure) [17], so it is
hard to maintain high rejection of small molecules in



J Mater Sci (2023) 58:11631-11646 .

the mixture. To overcome these problems, nanopar-
ticles with the microporous and mesoporous struc-
tures were mixed into the spinning membrane to
make the composite membrane form a variety of pore
structures. The macroporous structure of the fiber
membrane can ensure a high flow rate, while the
microporous and mesoporous structure brought by
nanoparticles can improve the rejection of dye. This
method of combining multiple organic compounds to
make the polymer-matrix composites have extraor-
dinary properties has been proved by research [18].

Meanwhile, during the membrane separation pro-
cess, pollutants can be deposited between the pores of
the membrane, which subsequently causes a series of
problems, such as the reduction of membrane per-
meability and available time, the increase of loss as
well as the excess of secondary treatment cost
[19, 20].Ultimately, it might cause the filter membrane
to fail. Therefore, advanced membrane with the ability
to eliminate pollutants in situ is urgently required.

Photocatalytic technology has been proven to have
high application value in eliminating organic pollu-
tants and sterilization [21]. There are many types of
photocatalysts, including titanium dioxide (TiO,)
[22], zinc oxide (ZnO) [23], zirconium dioxide (ZrO,)
[24], etc. Among various catalysts, titanium catalysts
have been widely utilized, due to their low cost, high
stability, and easy doping modification [25]. The
synthesis methods of titanium-based photocatalysts
usually include the hydrothermal method [26] and
the solvothermal method [27]. In this study, the
photocatalysts were synthesized by the one-step
hydrothermal method [28, 29], because the photo-
catalysts synthesized by the hydrothermal method
have good dispersion and high purity [30]. However,
direct dispersion of photocatalysts in water is not
easy to collect and reuse. The one-time damage rate is
high, and it is also prone to re-pollution [31, 32].
Therefore, loading photocatalysts on the membrane
can solve the above problems. Since the composite
membrane can enrich pollutants firstly and then
in situ catalytic degradation, it can be reused and has
potential application value [33, 34].

In this study, electrospinning technology was
employed to construct a PVDF-based composite fiber
membranes by blending nanoparticles with the
spinning solutions. Polyvinylidene fluoride (PVDF) is
a commercially mature material of electrospinning
membrane due to the outstanding chemical resis-
tance, high thermal stability and membrane forming
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properties. Fiber membrane of polyvinylidene fluo-
ride (PVDF) has been widely adopted for water
treatment [35, 36]. Nanoparticles (NPs) with hyper-
crosslinked structure were synthesized using poly-
styrene (PS) and poly (tert-butyl acrylate)-
polystyrene (PtBA-b-PS) diblocks as main building
units. TiO,-based catalysts with photocatalytic prop-
erties were synthesized via a one-pot hydrothermal
method. PVDF was used as the fiber membrane
substrate in this experiment, and polyvinyl pyrroli-
done (PVP) was added at the early stage of mem-
brane preparation and removed in the later stage to
achieve the effective pore fabrication. The fibers
showed rough, porous morphology so that when
pollutants were adsorbed, uneven surfaces could
intercept more substances, and light could also be
more easily contacted with the interior, thereby
improving the degradation efficiency of the photo-
catalytic process [37]. As shown in Scheme 1, the
nanoparticles were mixed with PVDF and PVP to
form the spinning solution. The large-scale fiber
membrane materials were synthesized by electro-
spinning technology. Then the prepared photocata-
lyst was loaded on the fiber membrane to create the
final composite membrane. Compared with pure
PVDF fiber membrane, the introduction of nanopar-
ticles makes the fiber membrane have a multi-stage
pore structure, resulting in the higher adsorption and
rejection ratio of dyes by the membrane. Expectant
photocatalytic ~ degradation performance after
adsorption was achieved, due to the photocatalyst
loading on the membrane. In addition, tetracycline is
one of widely used antibiotics, its residue in water
can lead to serious environmental problems, includ-
ing ecological and human health damages [38].
Therefore, the performance of tetracycline degrada-
tion was also explored, to prove that the photocata-
lyst can not only degrade dyes, but also degrade
other organic matter, which reflects the application
diversity of the fiber membrane.

Experimental

Chemicals

Styrene (St), tert-butyl acrylate (tBA), poly(vinylidene
fluoride) (PVDF, Mw = 400,000), polyvinyl pyrroli-

done (PVP, Mw = 100,000), ethanol absolute, N,
N-dimethylformamide (DMF), titanium oxysulfate,
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Scheme 1 The preparation of PVDF-based composite fiber membrane. A The electrospinning of PVDF/PVP-NPs suspension and loading
photocatalyst on the membrane; B adsorption and photocatalytic degradation of dyes and tetracycline.

sodium metavanadate, and carbamide were pur-
chased from Aladdin Reagent Co., Ltd 9 (Shanghai,
China). 1,2-dichloroethane (1,2-DCE), ferric chloride
anhydrous (FeCls), and silver nitrate were purchased
from Sinopharm Chemical Reagent Co., Ltd. (China).
Polystyrene (PS, Mw = 192,000) was purchased from
Sigma Chemical Co., Ltd (USA).

Synthesis of nanoparticles (NPs)

Nanoparticles were synthesized by PS and PtBA-b-PS
diblock synthesized in our previous work. (More
detailed data and explanations on nanoparticles are
reflected in previous work) [39]. The prepared
diblock and PS were mixed with a 1,2-DCE ratio of 1:
9 and stirred at room temperature for 12 h to com-
pletely dissolve it. The FeCl; catalyst was weighed
and transferred to a water bath at 40 °C for 48 h by
magnetic stirring. Centrifugal washing with 1,2-
dichloroethane, methanol, and deionized water was
done after the reaction. After washing thoroughly,
the product was dried in a vacuum at 25 °C for 24 h
to obtain porous nanoparticles (NPs).

@ Springer

Synthesis of photocatalysts

Pure TiO, and different metal-doped catalysts were
synthesized by the one-pot hydrothermal method
[28, 29]. According to the difference in doped metal
elements, the catalysts were named TiO,, AgT, VT,
and AgVT, respectively. The mass of each inorganic
photocatalyst is fixed, and the content of doped metal
elements is changed. The appropriate amount of
AgNO;, NaVO;-2H,0, and other doped precursors
was mixed with TiOSO; and CO(NH), and then
dissolved in distilled water. After stirring and
homogenizing, the above products were put into
100 ml PTFE lining for subsequent hydrothermal
steps. The reaction temperature was 150 °C, and the
reaction time was ten h. When the temperature
dropped to 25 °C, the residue was obtained from the
product by high-speed centrifuge, washed with
deionized water, and finally dried in a vacuum dryer
at 40 °C to obtain AgVT, VT, and AgT which were
different in the precursor, and the steps were the
same. At the same time, TiO; is directly synthesized
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without precursor, and the subsequent actions were
also consistent with the previous steps.

Preparation of composite fiber membrane

PVDF/PVP composite fiber membrane was prepared
by electrospinning [35, 40]. PVDF (wt %): PVP (wt
%) = 2: 1 solid powder was added into the flask, and
then 15 ml DMF solvent was added for ultrasonic
stirring and dissolution. After dissolution, the blen-
ded spinning solution was obtained. PVP in the blend
solution was used as a pore-forming agent. The
obtained spinning solution was mixed with the pre-
pared NPs, and the mass ratio of the NPs to PVDF
was 1: 1. Due to the small part of the organic
nanoparticles’ reunion, the uniform spinning solution
was obtained by ultrasonic dispersion after mixing.
After fully dissolved, 5 ml of spinning solution was
placed in a 5-ml syringe to fabricate polyurea fibers
by the electrospinning equipment. The pushing rate
of the needle speed of syringe was 2 ml-h™", respec-
tively. The nanofibers were collected by a rolling
collector (rotation rate of 100 r-min~') with a col-
lecting distance of 20 cm between collector and
electrode. The applying voltage was 25 kV. Finally,
porous PVDF/PVP-NPs fiber was obtained, and the
membrane of unblended nanoparticles prepared by
the same method is called PVDF/PVP. The obtained
mixed fiber membrane was placed in anhydrous
ethanol for one hour. Then the new anhydrous
ethanol was replaced and soaked in a constant tem-
perature at 60 °C for 24 h to remove the PVP com-
ponent from the fiber. Furthermore, a pure PVDF
spinning solution without PVP was also prepared for
comparison, labeled as PVDF. Finally, the pore-
forming fiber is put into the vacuum drying oven for
drying. 25 mg inorganic photocatalyst was trans-
ferred to 20 mL DMF and dispersed uniformly by
ultrasound. The prepared fiber membrane was cut
into a 5 x 5 cm fiber membrane and fixed on the
receiving plate of the spinning machine. The positive
and negative sides of the fiber membrane were
sprayed with a 10 ml electric jet, and the electric jet
speed was set to 10 ml-h™". The collection distance
between the collector and the electrode was set to
10 cm, and the applied voltage is maintained at
25 kV. After spraying, the fiber membrane was
removed and wrapped with tin foil to avoid light and
then vacuum dried at 40 °C for 12 h. The obtained
composite fiber membranes loaded with catalysts
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were named TiO,-PVDF/PVP-NPs, AgT-PVDEF/
PVP-NPs, VT-PVDF/PVP-NPs, AgVT-PVDF/PVP-
NPs.

Characterization methods

The morphology of nanoparticles, photocatalysts,
and membranes was characterized by field emission
scanning electron microscope (FESEM) from JEOL of
Japan and transmission electron microscope (TEM;
Tecnai G20, FEI, USA). To observe the cross-sectional
morphology, the membrane was cryogenically frac-
tured in liquid nitrogen. Before SEM characterization,
the membrane surface was sputter-coated with a gold
layer, and the characterization was carried out at an
accelerating voltage of 3.0 kV. Chemical composition
was analyzed by Fourier transform infrared (FTIR)
from Thermo Fisher of USA, X-ray photoelectron
spectroscopy (XPS, Thermo scientific ESC Alab 250xi,
USA), energy-dispersive spectroscopy (EDS) on
FESEM instrument, and thermogravimetric analysis
(TGA, Mettler-Toledo, TGA/DSC 1/1100). The
structure of photocatalysts was characterized by
X-ray diffraction (XRD, Bruker D8 ADVANCE) and
ultraviolet spectrophotometer (SHIMADZU, UV-
3600, Japan). Surface areas of all the samples were
calculated by the Brunauer-Emmett-Teller (BET)
method and Barrett-Joyner-Halenda (BJH) approach
(MIC-2460, USA). Concentration of dye in solution
was characterized by ultraviolet spectrophotometer
(SHIMADZU, UV-3600, Japan).

The methylene blue dye (MB) was used as a model
dye to assess the adsorption and photocatalytic
degradation ability of all the prepared samples under
the visible light irradiation. The chemical structure of
methylene blue dye (MB) is illustrated in Scheme. S1.
Adsorption tests were conducted in 250-ml beaker
with 1.0 g fiber membrane. The membrane was dip-
ped with 100 ml of methylene blue (MB) dye solution
of initial dye concentrations (10 mg/L). The dye
solution was stirred on magnetic stirrer at 100 rpm
(25 °C) to achieve equilibrium. At equilibrium, the
concentration of MB was measured at A, 664 nm
using ultraviolet spectrophotometer. The adsorption
capacity of membrane was calculated by the follow-
ing equation:

Grorpion (M/8) = %
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In the formula, V is volume of dye solution (L),
M is mass of adsorbent membrane used (g), C; is final
concentration of MB (mg/L), and C; is initial con-
centration of MB (mg/L).

The appropriate amount of tetracycline
hydrochloride solid was dissolved in deionized
water, and the concentration of tetracycline solution
was 10 mg-L™". Different fiber membranes were cut
to the exact size and transferred to the same size of
the surface vessel. 30 mL tetracycline solution was
taken and put into the surface vessels, respectively,
and then all the surface vessels were transferred to
the photocatalytic device (the process needed to
avoid light). Subsequently, the power supply was
switched on, and the timer was turned on for light.
Aliquots (1 ml) were withdrawn every 10 min.
Finally, the fluid was tested by UV-visible spec-
trophotometer, scanning from 800 to 200 nm. Tetra-
cycline will be degraded at the wavelength of
356 nm. The degradation rate (1, %) is calculated by
the absorbance at this point. The formula is as
follows:

n= (% = :2;; x 100%

Co is the mass concentration of tetracycline solution
before photocatalytic degradation; C; is the mass
concentration of tetracycline solution after t hour
degradation; Ay is the absorbance of tetracycline
solution at 356 nm before photocatalytic degradation;
and A, is the absorbance of tetracycline solution after
photocatalytic degradation for t hours. For the cyclic
degradation performance of the membranes, the
collected membranes were washed with pure H,O
and methanol 3-4 times, respectively, until no
absorbance could be detected in 356 nm and then
dried before being reused in next cycle.

Results and discussion

Morphology and pore properties
of nanoparticles

The morphology of nanoparticles (NPs) was
observed by SEM measurements (Figure S1). Uni-
form spheric NPs are shown with the size about
150 nm. TEM image in Figure S1 (B) demonstrated
lattice structure of NPs. These results present that the
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nanoparticles have uniform size and spherical mor-
phology and mesoporous structure.

The nanoparticles show a high specific surface area
up to 232.3 m*g~! and the average pore size was
6.8 nm. As demonstrated in Figure S1 (C), the N
adsorption—desorption isotherm of nanoparticles
displays the adsorption capacity of nitrogen increases
rapidly with the increase of pressure at low pressure
(P/Py < 0.1), indicating that there are a large number
of micropore structures [41]. In the part of 0.3 <P/
Py < 0.8, the adsorption increment lags behind,
which suggests that some mesoporous structures
existed in the nanoparticles [42]. As shown in Fig-
ure S1 (D), the NPs present porous structures with
the pore size in the range of 2-20 nm.

Morphology structure and photocatalytic
performance of photocatalyst

The morphology of the synthesized samples was
studied by transmission electron microscopy. The
TEM images of TiO,, AgTiO,, VTiO,, and AgVTiO,
are shown in Figure S2(A-D). The particles are
approximately spherical and evenly distributed.
X-ray photoelectron spectroscopy confirmed the
existence of doped atoms in the TiO, lattice. Fig-
ure S2(E-H) shows the peak values of each element in
TiO,, AgT, VT, and AgVT, respectively. Among
them, the binding energy of Ti is shown at 480 eV
(Figure S2 E), which can prove the successful syn-
thesis of TiO, [43].The same peak is also observed in
subsequent Figure S2 (F-H), which demonstrate the
successful synthesis of TiO,. The data in the form of
black lines of dense wave lines are smoothed by the
peak separation software to identify the absolute
peak. The binding energies of Ag were shown on
both sides of 370 eV in Figure S2 (FH), indicating that
Ag was successfully doped into TiO, [44]. The
binding energy of V appeared at about 520 eV (Fig-
ure S2 H), which proved the V element was suc-
cessfully doped into TiO, [45].

The absorption in visible light and the effective
separation of electrons and holes are crucial to pho-
tocatalytic activity. The effect of doping on the elec-
tronic band structure of TiO, was studied by UV-Vis
absorption spectroscopy. It can be seen from Fig. la
that doping changes the electronic band structure of
TiO, and induces visible light absorption. The mod-
ification of the band structure will allow visible light
photons to be absorbed, thus generating electron-
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Figure 1 Photocatalysts doped with different metals: a UV-Vis diffuse reflectance spectroscopy; b Kubelka—Munk function graph;

¢ XRD pattern.

hole pairs and improving the utilization of most solar
spectra. Single metal element doping can induce the
visible light absorption of TiO,, and the visible light
absorption is the most obvious in the co-doped
samples of various metal elements. It is reported in
the literature that doping V at the Ti site will intro-
duce V three-dimensional state below the minimum
conduction band, resulting in the decrease of the
electronic band structure of TiO, [46]. The reduced
band gap will absorb visible light photons and ulti-
mately increasing the light activity [47]. Similarly,
due to the modification of the band structure, Ag
doping in TiO, also favors for the shifting of
absorption edge to the visible area and successfully
separate the electron-hole pairs [48]. Co-doping
broadens the absorption range of TiO; in the visible
light region, so the co-doping of Ag and V plays an
essential role in the photocatalytic activity of visible
light. The photodegradation response of AgV co-
doped TiO; can be further improved by adjusting the
doping concentration. Figure 1b shows that the band
gaps of the four photocatalysts are TiO, (3.182 eV),
AgT (3.074 eV), VT (2.544 eV), and AgVT (2.376 eV).
Since the band gap of the AgVT sample is the
smallest and the visible light absorption effect is the
best, its solid visible light absorption makes the
photocatalytic activity the best. Therefore, under
visual light irradiation, the sample AgVT activated
by visible light will produce more electron and hole
pairs and participate in the photocatalytic redox
reaction.

The X-ray diffraction patterns of the synthesized
models are shown in Fig. 1c. The characteristic
diffraction peaks of all samples are matched with
those of pure anatase and show better photocatalytic
activity under UV irradiation [49].

The photocatalytic activity of the prepared photo-
catalyst was evaluated by the catalytic degradation of
methylene blue (MB) under the visible light. The
photodegradation performance results are shown in
Fig. 2. It illustrates the degradation activities of MB in
the blank control group, TiO,, AgT, VT, and AgVT,
respectively. With the increase in illumination time,
the MB content gradually decreased, and the char-
acteristic absorption peak gradually shifted to the left
in the lower wavelength direction, which may be
related to the production of metabolites in the
degradation process. Among them, the photocatalytic
activity of AgVT was the strongest, attributing to the
coupling of Ag and V in the TiO, lattice and the
appropriate doping concentration. The photodegra-
dation performance results are shown in Fig. 2f. C
and Cj represent the concentration and initial con-
centration of MB at a specific time, respectively.
Doping improved the photocatalytic activity of TiO,
under visible light irradiation, and all doped samples
showed better activity than pure TiO,.

Morphology and structure of composite
membrane

Figure 3a demonstrates the thermal stability of vari-
ous membranes. The weight loss ratio of pure PVDF/
PVP fiber membranes is about 90%, and the fiber
membrane with NPs will be slightly lower. This is
because NPs are a kind of hypercrosslinked organic
nanoparticles with good thermal stability. Addition-
ally, the introduction of the photocatalyst also
reduced the weight loss of the membrane.

The chemical structures of the composite mem-
branes were analyzed by FTIR. In Fig. 3b, absorption
peaks at 1401 and 1178 cm™' were observed in every
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PVDF membrane, corresponding to the stretching
vibration of -CF, and —CH,. The characteristic peak
near 1775 cm™' should be attributed to polysubsti-
tuted benzene, which is caused by the introduction of
NPs. This distinct absorption peak can be found in
the fiber membrane containing NPs, which proves
the successful introduction of organic nanoparticles.
In addition, the distinct absorption peak of the car-
bonyl group (-C = O) of PVP polymer appeared at
1667 cm™'. This distinct absorption peak was also
evident in PVDF/PVP blend fiber. The intensity of
this absorption peak in the fiber membrane after
removing PVP was significantly reduced, which
meant most of PVP components in the PVDF/PVP
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blend fiber were successfully removed during the
pore formation process (Fig. 3b). In the infrared
spectrum of PVDF-TiO, composite fiber membrane
loaded with TiO,, there was no characteristic peak
inconsistent with that of the fiber membrane after
pore-forming, which also indicated that the combi-
nation of TiO, did not form a new chemical bond in
the fiber, but a physical load.

As shown in Fig. 4, the morphology of the PVDF-
based fiber membrane before and after pore-forming
was observed by SEM to determine whether the
porous fiber membrane was successful. Figure 4a
shows the micrograph of pure PVDF spinning film
before pore-forming. It can be found that the overall
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Figure 4 FESEM morphology observation of fiber membrane: a PVDF; b PVDF/PVP; ¢ PVDF/PVP-NPs; d Cross-section of PVDF/
PVP-NPs; e TiO,-PVDF/PVP-NPs; EDS mapping element analysis of TiO,-PVDF/PVP-NPs (f-h).
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membranes b First-order kinetic adsorption; ¢ Secondary kinetic adsorption.

fiber is very smooth and the average diameter of the
fiber is less than 100 nm. Figure 4b is the microscopic
image of the pore-forming process with PVP. It can
be found that the surface of the fiber is very rough,
and there are many synapses. This is because PVP
required to be dissolved in the pore-forming process.
When PVP is dissolved, some PVDF will be driven to
overflow outward. To overcome the tension of the
solvent, it will automatically curl up into spherical
droplets. With the large amount of PVP dissolved,
this rough fiber will eventually be formed. At this
time, the overall diameter of the fiber decreased
slightly and remained at about 90 nm, which was
undoubtedly due to PVP dissolution. Figure 4c
shows the fiber after adding NPs. After pore-forming,
it was found that the diameter of the fiber increased
slightly, owing to the certain amounts of NPs mixed
into the fiber, and the overall diameter of the fiber
reached about 200 nm. A very rough morphology

could still be observed on the surface. To further
verify the successful pore-forming of the fiber, not
only the uneven surface but also the microscopic
morphology of the fiber cross section was pho-
tographed by brittle fracture treatment. As shown in
Fig. 4d, many c structures of the fiber can be
observed at low magnification, and many small pore
structures can be seen at high magnification. At the
same time, the average pore size (calculated by the
Brunauer-Emmett-Teller (BET) method and Barrett-
Joyner—Halenda (BJH) approach (MIC-2460, USA)) of
the membrane was determined to be 14.2 nm, which
also confirmed the existence of microporous and
mesoporous structures in the composite membranes.
This indicates that the fiber has this hollow porous
structure, which lays the foundation for subsequent
adsorption experiments.

Figure 4e-h illustrates the morphology and the
EDS mapping map of the inorganic photocatalyst
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loaded on the fiber membrane. It shows in Fig. 4f-h
that the Ti-based catalyst is uniformly dispersed in
the fiber membrane, which will be of benefit for
subsequent photocatalytic behaviors. The macropore
structures of fiber membrane maintain very well in
the composite membrane (Fig. 4e), and the roughness
becomes more prominent which can improve the
adhesion of organic dyes on the membrane, thereby
promoting the industrial application of the composite
membrane.

Dye adsorption performance

Figure 5a shows the adsorption of MB on fiber
membranes with different porosity. It can be seen
from the figure that the adsorption amount of MB on
pure PVDF fiber membrane is meager, only about
2 mg-g~'. The adsorption of MB on the fiber mem-
brane after pore-forming is significantly increased to
about 10 mg-g~". This is due to the successful pore-
forming, the surface roughness increases, the pore
structure increases, and the adsorption sites are rich.
The adsorption capacity of nanofiber membrane with
NPs was further increased to 12 mg-g~', due to more
pore structure provided by NPs, which was higher
than that of other materials for organic dyes [50, 51].
This is also consistent with the previous SEM data.

Figure 5b, ¢ shows two different kinetic model
curves by fitting the adsorption data of PVDF,
PVDF/PVP, and PVDF/PVP-NPs fiber membranes.
Then by comparing the kinetic correlation coefficient
(R calculated by fitting to determine the fiber
membrane in line with kinetic adsorption. The R* of
the three kinds of fiber membranes in quasi-first-
order fitting were 0.44592, 0.55148, and 0.49434,
respectively; the R? of the three types of fiber mem-
branes were 0.98385, 0.99516, and 0.98804, respec-
tively. From the above data, the correlation coefficient
(R?) of the quasi-first-order kinetic adsorption model
of the three kinds of fiber membranes was less than
that of the quasi-second-order kinetic adsorption
model (R?). Through the comparison of these results,
it can be seen that the PVDF/PVP-NPs composite
fiber membrane follows the pseudo-second-order
kinetic adsorption behavior in the adsorption process
[52]. This proves that the fiber membrane is adsorbed
by the diffusion of the target in the membrane, and
the driving force of adsorption is the number of
active sites on the surface of the adsorbent.
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Photocatalytic degradation of MB with composited
membranes

The absorbance of MB in the solution was measured
by a UV spectrophotometer to determine the adsorp-
tion and photocatalytic degradation of MB on fiber
membranes loaded with different catalysts. As shown
in Fig. 6, the rate of each stage can be seen by com-
paring the photocatalytic degradation efficiency of MB
with different photocatalyst-loaded composite fiber
membranes. As shown in Fig. 6a, f, the composite
membrane containing NPs has a faster adsorption rate
and photocatalytic degradation efficiency when com-
pared with the membrane without NPs. Figure 6b—e
shows the rate comparison of TiO,-PVDF/PVP-NPs,
AgT-PVDF/PVP-NPs, VT-PVDF/PVP-NPs, AgVT-
PVDF/PVP-NPs, and the four composite fiber mem-
branes at each stage. It was also found that there was
little difference in the rate of the fiber membrane
supported by different catalysts. By recording the
color change of the fiber membrane, it could be
observed that the color of the fiber membrane after the
adsorption saturation was dark blue, which was close
to that of the MB solution. With the extension of the
illumination time, the blue on the fiber membrane
gradually became lighter. After 60 min of illumina-
tion, the color of the fiber membrane supported by all
the photocatalysts could be restored to that before
adsorption, which could prove that photocatalysis
occurred on the membrane. Through the rate curve, it
can also be found that in these composite fiber mem-
branes, after reaching adsorption saturation, the pho-
tocatalytic irradiation for 200 min almost completely
degrades remaining MB in the solution. Compared
with other degradation solutions reported in the lit-
erature, the residual MB was excellent [53]. To better
understand the photocatalytic ability of composite
fiber membranes, the photocatalytic ability of the
composite fiber membrane was compared with that of
other membrane materials reported in the literature,
and the results are shown in Table 1. This also indi-
cates that this composite membrane has great appli-
cation value in photocatalytic wastewater treatment.

Cyclicity of adsorption and photocatalytic degradation
of MB

Considering the practical application environment of
sewage treatment film, its recycling ability should
also be investigated. As shown in Fig. 7, the cyclic
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Figure 6 The photocatalytic degradation efficiency of MB by
composite fiber membrane loaded with different photocatalysts
a PVDF/PVP-NPs; b TiO,-PVDF/PVP-NPs; ¢ AgT-PVDF/PVP-
NPs; d VI-PVDF/PVP-NPs; e AgVT-PVDF/PVP-NPs; f AgT-
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PVDF/PVP; Photographs corresponding to different films were as
follows: adsorption MB reached saturation, photocatalytic time
60 min, photocatalytic time 200 min.

Table 1 Comparison of the photocatalytic capacities among composite membrane prepared in this work and reported in the literature

Photocatalyst/film substrate Lights Dye concentration MB degradation Catalysis time  Refs
rate (%) (min)

TiO,/glass hollow fiber UV irradiation (wavelength 20 mg-L ™! 92.0 480 [54]
303 nm)

TiO,/poly (vinyl alcohol-co-ethylene) UV irradiation (15 10 mgL™! 97.3 150 [55]

Nanofibrous mW-cm?)

ZnO/PVDF/GO Xenon illumination (300 10 rng~L_l 86.8 100 [56]
W)

TiO,/Fe,O5 composite film UV irradiation (400 W) 2 x 107° mol-.L™" 82.0 240 [57]

ZnO/PVDF Visible Light (400 W) 10 mgL™! 96.3 360 [58]

TiO,/borneol-based polymer UV irradiation (wavelength 10 mg-L™" 91.5 240 [59]
365 nm)

CdS/CMS/starch Xenon illumination (350 2 x 107> mol-.L™' 86.7 120 [60]
W)

AgVT/PVDF Visible Light (200 W) 10 mgL™! 99.0 200 Our

work

adsorption and photocatalytic degradation of MB by
the composite fiber membrane is demonstrated. Fig-
ure 7a shows the UV absorption spectra of residual
MB in the solution after cyclic adsorption and pho-
tocatalysis. First, the solution was saturated in a dark
environment and then subjected to continuous

illumination for one hour. It can be found that with
the increase in the number of cycles, the content of
residual MB in the solution increased slightly at the
same adsorption time, which is a normal phe-
nomenon. After each illumination, the MB content
can be reduced to a meager value, indicating that the
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Figure 7 Cyclic adsorption
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photocatalytic cycle effect is good. Figure 7b shows
the comparison of degradation efficiency of cyclic
adsorption photocatalysis. It can be seen from the
figure that the cyclic photocatalytic ability of this kind
of composite membrane is excellent. After five cycles,
it maintains at a high adsorption value, and the
adsorption ratio is as high as 95%. At the same time,
the photocatalytic degradation rate of MB in the
residual solution is also as high as 99% [54, 61]. It can
be said that MB in the solution is almost completely
degraded without residue. Figure 7c is the color
comparison photograph of the composite membrane
before and after cyclic adsorption photocatalysis. It
can be found that the blue of the composite fiber
membrane after adsorption saturation is deeper, the
blue disappears after light degradation, and the color
of the membrane is restored to the previous level. In
addition, the color of the membrane after saturated
adsorption in five cycles is still deeper, and the blue is
also lighter after cyclic illumination, which can prove
that its adsorption ability is still outstanding and the
photocatalytic degradation performance is excellent.

Tetracycline degradation performance

The degradation ability of composite fiber mem-
branes to the actual organic pollutants in the

@ Springer
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environment is also an important indicator of sewage
treatment materials. Therefore, the absorbance of
tetracycline solution with a particular concentration
in the photocatalytic degradation of composite fiber
membrane under different conditions was measured
by absorption spectra. The degradation efficiency of
tetracycline between the composite fiber films and
the other control groups is shown in Fig. 8a. It can be
observed that the composite fiber membrane has the
highest degradation efficiency of tetracycline under
light conditions. The degradation efficiency was fast
in the first 50 min, and it tended to be flat after
150 min. The degradation efficiency was almost
unchanged, indicating that the degradation ability of
the composite film reached the upper limit at this
time. In summary, the degradation efficiency of
composite fiber membrane for 10 mg-L™" tetracycline
solution can get 74%, which is better than that of most
fiber membranes loaded with photocatalyst [62].
After proving that the composite fiber membrane
possesses the ability to photocatalytic degradation
tetracycline, the photocatalytic degradation ability of
the composite fiber membrane loaded with different
photocatalysts was compared. As shown in Fig. 8b,
the degradation efficiencies of tetracycline by com-
posite fiber membranes containing TiO,, AgT, VT,
and AgVT photocatalyst were compared. AgV group
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Figure 8 a Degradation efficiency of the composite film (AgVT)
b Photocatalytic
degradation of tetracycline by different fiber membranes;

and control (without film) under light;

presented the highest photocatalytic degradation
efficiency. The degradation efficiency of the TiO,
group was the weakest compared with that of the
TiO, group, which was also consistent with the
activity experiment of the previous catalyst. Figure 8c
exhibits the cyclic photocatalytic degradation ability
of the composite fiber membrane. It can be seen that
after five cycles, the degradation rate of tetracycline
decreased slightly, but still maintained at a high level
of 70% [63].

Conclusions

In this paper, the organic porous nanoparticles and
inorganic photocatalysts were combined by electro-
spinning technology to prepare the composite nano-
fiber membrane with adsorption and photocatalytic
effects for sewage treatment. With the metal doping,
the visible light response is enhanced, the AgVT
sample can degrade 10 mg-L™' MB solution in
90 min under illumination completely. PVDF/PVP-
NPs composite fiber membrane can adsorb and
photocatalytic degrade MB. After five cycles, the
degradation rate remained above 99%. Moreover, the
degradation efficiency of PVDF/PVP-NPs composite
fiber membrane in photocatalytic degradation of
tetracycline is more than 74%, and the photocatalytic
degradation efficiency remained at about 60% after
five cycles. This work provides an attractive avenue
for the construction of a photocatalytic membrane
toward the efficient removal of dye and organic
pollutants.

Time(min)

¢ Cyclic degradation performance of different fiber membranes
for photocatalytic degradation of tetracycline.
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