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Introduction

ABSTRACT

The issue of antibiotic residue and contamination has attracted significant
attention. Most of the existing degradation methods are inefficient and costly.
Photocatalytic technology is an up-and-coming method. Titanium dioxide
(TiOy) is a photocatalyst widely used to degrade the residual antibiotics in water
under ultraviolet (UV) irradiation. However, its application efficiency under
visible light is poor, owing to its wide bandgap. This paper reports the suc-
cessful synthesis of Ag,S/TiO, composite nanofiber membranes through elec-
trospinning and hydrothermal processes, and adsorption and photocatalytic
removal of tetracycline (TC) under visible light irradiation. Ag,S/TiO, showed
excellent photocatalytic property for TC degradation compared with Ag,S and
TiO,, and the efficiency was up to 70.54%. It kept high photocatalytic perfor-
mance after five cycles. The detailed mechanism of TC degradation by Ag,S/
TiO, was also proposed based on the radical trapping experiment and the
analysis of degradation intermediates. Benefiting from the large surface area,
effective photocatalysis under visible light irradiation, and excellent recycla-
bility, Ag,S/TiO, composite fiber membranes are promising in the treatment of
antibiotic wastewater.

tetracycline hydrochloride (TC), as an effective
antibiotic, is prevalently used in the aquaculture
industry and animal husbandry. After use, it cannot

Antibiotics are one of the most effective drugs to
prevent and treat human bacterial infections and
animal infectious diseases [1]. Among them,
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be absorbed or transformed completely by humans
and animals [2]. Its residues and metabolites are
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noxious to aquatic and terrestrial animals and can be
accumulated and spread along the food chain, lead-
ing to severe human health damage [3-5]. Therefore,
the removal of antibiotic residues from the environ-
ment is significant for the ecosystem and human
health.

Photocatalytic degradation of antibiotics is effi-
cient, economical, and environmentally friendly
compared with other traditional techniques, such as
anaerobic digestion, biodegradation, and adsorption.
Antibiotics could be converted into compounds
which are readily biodegradable or organic molecules
with less toxicity, thereby reducing or eliminating
their antibacterial activity [6]. Titanium dioxide
(TiO,) has better photocatalytic performance com-
pared with other catalysts used under ultraviolet
(UV) light irradiation. However, its shortcomings in
the actual use process also hinder its maximum cat-
alytic activity [7]. The wide bandgap (3.26 eV) causes
it hard to collect sufficient solar energy sources; thus,
light utilization efficiency is low. The electron-hole
pair composite annihilation probability generated
when the light source irradiated is higher, and the
ratio of the generated superoxide radical to the
hydroxyl group is decreased [8]. The researchers
developed various schemes to modify TiO,, such as
the improvement of morphology and properties [9],
metal complex [10], nonmetal complex [11], dye
sensitization [12], and construction of heterogeneous
structures [13]. Among them, the combination of TiO,
and other materials to construct heterostructures has
been widely studied. Recently, Ag,S has attracted
significant attention due to its low toxicity and nar-
row bandgap [14]. Ag,S is a semiconductor material
with a bandgap of about 0.84 eV which can effec-
tively utilize visible light [15]. It can be used to
modify TiO, with a wide bandgap. For example, Ong
et al. showed that the methyl orange degradation
could be improved by decorating TiO, hierarchical
spheres with Ag,S nanoparticles, and the degrada-
tion efficiency was 99.93% within 120 min [16]. Most
synthesized photocatalysts still exist in powder, and
they are easily reunited [17, 18]. Therefore, when
these photocatalysts are used in the practical appli-
cation, the drawbacks, such as cannot be recovered
and recycled, still suffered.

The immobilization of TiO, film by electrospinning
technology can solve the above problems perfectly
[19]. Electrostatic spinning nanofibers are widely
used in wastewater treatment due to their high
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porosity, small diameter, and large specific surface
area. At the same time, some flexible substrate
materials could be used as a support for the photo-
catalyst to synthesize flexible photocatalytic com-
posite materials [20, 21]. For instance, Li et al.
fabricated chitosan/g-C3N4/TiO, nanofibers by
electrospinning to remove Cr(VI) through the pho-
tocatalytic and adsorption processes [22]. Among
many polymer materials, polyvinylidene fluoride
(PVDF) has excellent thermal stability, chemical cor-
rosion resistance, mechanical strength and flexibility,
thus, it is suitable to be used as a flexible photocat-
alytic material [23]. It can solve the problem of sep-
arating and recovering the photocatalyst from the
reaction solution [24]. Recently, many researchers
have used hydrothermal reaction to directly grow
TiO; on electrostatic spinning polymer fiber to obtain
flexible and recyclable composite fiber membranes.
Because of the simple device and using cheaper, it
has been widely used in nanocrystal preparation
[25, 26]. Using the hydrothermal approach to com-
bine TiO, and Ag,S onto flexible PVDF fiber mem-
brane can solve the problem that photocatalysis is
difficult to recover and generate Ag,S/TiO, hetero-
junction, which could widen the available light area
to visible light area and prevent photoinduced elec-
tron-hole pairs in recomposing effectively. Hence,
the photocatalytic performance of the catalyst can be
improved by the above characteristics.

In this study, a flexible and recyclable Ag,S/TiO,
composite fiber membrane with visible light response
was successfully prepared by uniting the electrostatic
spinning method and the hydrothermal reaction.
Under visible light, the TC degradation performance
of the prepared membranes with different amounts
of composite Ag,S was investigated. A composite
membrane with better performance was selected for
reference for subsequent research. Besides, according
to the radical trapping experiment, and analyses of
total organic carbon (TOC) and degradation inter-
mediates, a possible mechanism was proposed to
explain the TC degradation.

Experimental

Chemicals

Polyvinylidene fluoride (PVDF, Mw = 550000) was
obtained from Sigma-Aldrich (St. Louis, MO,). N,
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N-dimethylformamide (DMF), tetrabutyl titanate
(TBOT), acetone, thiourea (CH4N,S), silver nitrate
(AgNO;), ammonium oxalate (AO), L-ascorbic acid
(L-AA) and isopropanol (IPA) were purchased from
Sinopharm Chemical Reagent Co, Ltd. TC and fur-
furyl alcohol (FFA) were provided by Shanghai
Macklin Biochemical Co., Ltd. These chemical
reagents used as received under analytical grade,
deionized and high-purity water were used during
all the experiments.

Synthesis of TBOT-PVDF fibers

Mix 4.0 g of PVDF with 10.0 g DMF and 10.0 g ace-
tone in a conical flask, and then the mixture was
magnetically stirred under water-bath heating at
40 °C until it became transparent. Afterward,
10.0 mL TBOT was added to the above solution and
under ultrasonic treatment for 1 h at 40 °C to prepare
TBOT-PVDF mixed solution. Then, 5.0 mL of the
precursor solution was filled into a syringe, and
TBOT-PVDF fiber membranes are obtained by elec-
trospinning. The parameters for preparing the fiber
membrane in the electrospinning process are as fol-
lows: The propulsion speed is set to 2.0 mL h™".
Then, the aluminum foil was wrapped on a stainless
steel drum as a fiber collector. The drum'’s rotation
speed was 240 rpm, the direct current voltage source
was set at 11 kV, and the spacing between the syringe
and the drum was 15 cm. The electrospun TBOT-
PVDF fiber was dried at 60 °C for 10 h to fully
evaporate the residual solvent. Eventually, fiber’s clip
the size into 2.5 cm x 2.5 cm to facilitate following
synthesis operations.

Fabrication of Ag,S/TiO, fibers

AgNO; and CH4N,S were mixed in 30 mL high-pu-
rity water in the molar ratio of 1:1. The mixture was
stirred for 30 min and then transferred to a 50 mL
Teflon reaction kettle. After that, the pieces of TBOT-
PVDF were soaked into it. The reactor was put in an
electrothermal blast oven kept at 150 °C for 24 h.
Lastly, the products were rinsed with ethanol and
high-purity water and then dried under 50 °C for
10 h to obtain a flexible Ag,S/TiO, composite nano-
fiber membrane. For comparison, the additive con-
tents of AgNO; and CH4N,S were 0.1, 0.2, and
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0.5 mmol, respectively. Also, the composite materials
were labeled as Ag0.1, Ag0.2, and Ag0.5, respec-
tively. Following the above steps, replacing the
TBOT-PVDF membrane with a pure PVDF mem-
brane, and when the addition amounts of AgNO; and
CH4N,S were both 0.5 mmol, an Ag,S fiber mem-
brane could be obtained.

Characterization

The shape and structure of composited materials
were characterized by scanning electron microscopy
(SEM), energy-dispersive spectrum (EDS) as well as
transmission electron microscopy (TEM) analyses.
The Rigaku SmartLab X-ray diffractometer was used
to measure the X-ray diffraction spectrum (XRD)
pattern in the 26 range of 20° to 80°. The photolu-
minescence (PL) spectrum of the sample at the exci-
tation wavelength of 320 nm was measured by the
Hitachi F-4600 fluorescence spectrometer to study the
recombination efficiency of photoinduced charge.
The Brunauer-Emmett-Teller (BET) measures the
surface area as well as pore size distributions. The
UV-Visible absorption spectroscopy was taken on an
UV-3900 spectrophotometer. The TOC assays were
conducted on Shimadzu TOC-L analyzer. The
degradation intermediates of TC were identified by
an Ultimate 3000 UHPLC-Q Exactive liquid chro-
matography-mass spectrometer (LC-MS) (Thermo
Scientific, US).

Adsorption measurements

The prepared membrane catalysts were added into
tubes containing 50 mL of 20 mg L™' TC solution.
The adsorption experiments were carried out in a
photocatalytic reactor in the dark at room tempera-
ture (25 °C). The absorbance of TC at 357 nm was
measured by spectrophotometer to survey the con-
sistency of residual TC in the solution. The following
formula calculated the adsorption competence g, of
the composite membrane in adsorbing TC:

(G —Ce)

e — Vv 1
q o (1)
where C; (mg L") is the starting and C, (mg L") is
the equilibrium concentration of TC, V (L) is the TC
volume, and m (g) is the weight of the adsorbent

used.
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Photocatalytic degradation experiment

The photocatalytic performance of the membranes
was evaluated by decomposing the simulated pollu-
tant TC (20 mg L") at room temperature on a pho-
tocatalytic reactor, composed of an 800 W Xe lamp
with 420 nm cutoff filters as a visible light irradiation
source. In this experiment, the prepared different
photocatalysts were, respectively, placed in test tubes
containing 50 mL TC and magnetically stirred for
30 min under dark conditions to achieve the
adsorption—desorption equilibrium. At regular inter-
vals, the appropriate amount of solution was col-
lected to measure the absorbance at 357 nm. After the
analysis, these aliquots were quickly returned to test
tubes to ensure approximately equal solution vol-
umes after each measurement. The TC’s pho-
todegradation efficiency is expressed as C/Cy, where
Cp and C are the absorbances at initial and time t of
TC, respectively. Figure 1 shows the schematic dia-
gram of the synthesis of Ag,S/TiO, nanofibers and
the application of nanofibers in the photocatalytic
process.

Trapping experiment

In order to identify the reactive radicals, which are
the main factors in the degradation of TC in the

Figure 1 Schematic diagram
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system, we carried out the free radicals trapping
experiments. There are 1 mmol of AO, FFA, IPA, and
L-AA were used as scavengers for the photoinduced
hole (h"), singlet oxygen (‘O,), hydroxyl radical
(-OH), and superoxide radical (-O,7), respectively
[27, 28]. After the dark reaction, the scavengers were
put into TC solutions, and then the experiments were
carried out one by one according to the above
procedure.

Degradation intermediates identification

The degradation intermediates of TC were identified
by a LC-MS equipped with an Eclipse Plus C18 col-
umn (100 mm x 4.6 mm, 5 um). Elution was carried
out by 0.1% (v/v) formic acid aqueous solution
(A) and acetonitrile (B) at a flow rate of
0.3 mL min~". The injection volume was 10 pL, and
the column temperature was 30 °C. The gradient
elution conditions were 80% A + 20% B. MS was
carried out in positive ion mode using an electro-
spray ionization source (ESI) under the following
conditions: spray voltage, 3.8 kV; gas rate, 40 mL™’;
capillary temperature, 320 °C; gas temperature,
300 °C. The mass range of MS scanning is

of the synthesis of Ag,S/TiO,
nanofibers and its application
for the removal of TC.
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Results and discussion
Characterization of synthetic materials
Morphology analysis

The morphology analysis of the samples was further
determined by SEM and HRTEM. As shown in
Fig. 2a, b, ¢, d, e, f, it can be found that the nanofibers
have different orientations, and fiber films are formed
in a cross-overlapping manner. Figure 2a, b shows
that TBOT nanofibers synthesized by electrospinning
remain fibrous after being converted into TiO, by the

Energy [keV]
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hydrothermal method. Moreover, TiO, particles were
uniformly distributed on PVDF fibers with a diame-
ter of about 20 nm. The evenly distributed Ag,S
nanoparticles in irregular shapes were compactly
attached to PVDF fibers (Fig. 2¢, d), and the diameter
is mostly 400 to 600 nm (Fig. S1). Figure 2e, f shows
the Ag0.1. From the figure, it can be observed that
TiO, and Ag;S are evenly distributed on PVDF fibers.
However, the diameter of Ag,S is mostly 200 nm
(Fig. 51), which is smaller than that of Ag,S particles,
as shown in Fig. 2d. This indicates that the size of
Ag,S particles increases with increasing molar ratio.
This may be due to the higher concentration of

200 nm

o

Figure 2 Morphological characteristics of nanofibers. SEM images: a, b TiO,; ¢, d Ag,S (0.5 mmol); e, f Ag0.1; g, i TEM and HRTEM
images of Ag0.1; j, o SEM-EDS elemental mapping and EDS pattern of Ag0.1.
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CH4N,S in solution, which leads to chelation between
CH4N,S molecule and Ag*; thus, reducing the reac-
tion rate of Ag" and S°7, making the Ag,S crystal
grow rapidly [29]. Figure 2g, h is the TEM images of
Ag0.1, which shows that small particles of TiO, and
large particles of Ag,S are loaded on PVDF fibers.
Figure 2i, the lattice fringes analysis of HRTEM,
shows that d = 0.35 nm, 0.29 nm, and 0.31 nm cor-
respond to (101) crystallographic planes of TiO,,
(= 112) and (111) of Ag,S, respectively [30, 31]. The
above analysis demonstrated that the Ag,S and TiO,
have been deposited on the surface of PVDF fibers,
and Ag,S/TiO, composite fibers membrane have
been successfully synthesized.

To further confirm the element composition and
distribution of Ag0.1, SEM-EDS mapping was con-
ducted. As shown in Fig. 2j, k, 1, m, n, the SEM image
and the corresponding mapping pictures show the
highly distributive Ag, S, O, and Ti elements in the
Ag0.1 nanofiber. The EDS analysis revealed the
existence of the above elements, as shown in Fig. 2o.

XRD analyses

XRD analyses studied the crystallinity and purity of
nanofibers synthesized at different concentrations.
Figure 3 shows the patterns of the prepared TiO, and
Ag,5S composites. Figure 3a shows that the diffraction
signals at 25.4°, 37.9°, 48.3°, 54.1°, 62.9°, and 75.1°
were pointed to the (101), (004), (200), (105), (204),

Intensity (a.u.)
— g —

| |
4204) (215)a(2)
| 1

1 1 1
1 1 1 1 1

20 30 40 50 60 70 80
20 (degree)

|
|
|
|
004) 1 4200)4 (105
| |

==

Figure 3 XRD patterns of materials: a TiO, nanofibers; b Ag0.1
nanofibers; ¢ Ag0.2 nanofibers; d Ag0.5 nanofibers.
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and (215) crystal planes of TiO,, respectively [32]. In
Fig. 3b, c, the peaks at 29.0°, 31.4°, 34.4°, 36.8°, 40.7°,
and 43.3° corresponded to the (111), (— 112), (— 121),
(121), (031), and (200) of Ag,S [33]. The magnitude of
the peaks of Ag,S increased significantly with the rise
of the content of Ag,S. It can also be observed that as
the proportion of Ag,S added increases, the charac-
teristic peak intensity of TiO, becomes lower while
Ag,S becomes higher. Therefore, it can be inferred
from the results of XRD that Ag,5/TiO, composite
membranes have been synthesized with success by
the techniques of electrostatic spinning and
hydrothermal synthesis.

PL spectra

In general, PL spectroscopy can be used for the
analysis of photoproduced electron-hole pair com-
plex annihilation and separation. The charge transfer
of electrons and holes of semiconductors can be
studied by the information displayed in the spec-
trum, and the photocatalyst activity is severely
affected by the recombination of photogenic electron—
hole pair [34]. Figure 4 shows the PL spectra of TiO,
and Ag,S nanofiber films doped with different pro-
portions of Ag,S. The PL spectra have the excitation
wavelengths of 320 nm. It can be observed that all the
synthesized Ag,S nanofiber membranes have emis-
sion peaks near the edge of the band around 423 nm
without migration. Besides, all samples have four
emission peaks between 440 nm (2.82 eV) and
495 nm (2.51 eV), caused by oxygen vacancy defects
generated during the preparation process [35].

TiOy 423 nm 440 nm s~ 471 nm z

— Ag0.1 455 nm

— Ag0.2 495 nm 5

—— Ag0.5 foE
350 400 450 500 550 6

Wavelength (nm)

Intensity (a.u.)

350 400 450 500 550 600
Wavelength (nm)

Figure 4 PL spectra of materials.
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The inferior intensity of the PL spectral curve, the
lower recombination efficiency of the photogenerated
electron-hole pairs, it means that the photocatalytic
activity is higher [36]. Therefore, a proper proportion
of Ag,S composite is propitious to increase the pho-
tocatalytic degradation efficiency of pollutants.
Among all Ag,S nanofibers, Ag0.1 has the lowest
emission peak intensity, indicating the longest life-
time of the electron-hole separation. Combining SEM
and XRD analysis, with the Ag,S doping content
increasing, the average grain size becomes bigger,
which may be accompanied by the existence of lattice
defects and can accelerate the recombination between
electron and hole.

UV-visible absorption

The optical properties of TiO,, Ag0.1, Ag0.2, and
Ag0.5 were studied by UV-visible diffused reflec-
tance spectroscopy. According to Kubelka-Munk
function, the reflectivity is converted into absorption
value [37]:

(1-R)?
7R (2)

F(R) =

Here, R is the reflection (%), and F(R) is the
Kubelka-Munk function. As shown in Fig. 5a, TiO,
shows an absorption edge near 380 nm, correspond-
ing to its bandgap of 3.26 eV. After the combination
of Ag,S, the absorption value of composite fiber
membranes under the visible light range is much
higher than that of TiO,. It increases the light
absorption capacity of TiO, under visible light,

(a)
3
8
54
=
<
E TiO,
= — Ag0.1
«
— Ag0.2
— Ag0.5
200 3(l)0 4(l)0 S(l)O 660 7(l)0 800

Wavelength (nm)

J Mater Sci (2021) 56:7966—7981

resulting in more electron-hole pairs, which can
create higher photocatalytic activity.

Formula (2) applied to the reflection phenomenon
of the semiconductor surface is [38]:

(Ahv)"= B(hv — Ey) (3)

Here, h is the Planck constant, v is the frequency of
light, B is a physical quantity related to the material,
E, is the bandgap energy value, A is the absorbance,
n is 1/2 for indirect bandgap semiconductors, and
direct bandgap type semiconductor is 2. The energy
intercept of a plot of (Ahv)* against (hv) yields Eg, as
shown in Fig. 5b. The E, of TiO,, Ag0.1, Ag0.2, and
Ag0.5 was calculated as 3.26, 2.19, 2.64, and 2.85 eV,
respectively. It is proposed that an appropriate
amount of Ag source can deposit Ag,S on the PVDF
fiber uniformly, which gives rise to the contact sur-
face between TiO, and Ag,S larger, leading to the
absorption boundary of the catalysts moved toward
the longwave region, i.e.,, a redshift phenomenon
occurred [39]. However, when the deposited amount
of AgyS is too high, the overlapping between Ag,S
particles will hinder the transport of photogenerated
electrons, thereby reducing the exposure rate of the
active center [40].

BET analysis

The bore diameter and specific surface area distri-
bution of TiO, and Ag,S/TiO, fiber membranes were
analyzed. Figure 6a shows that the curves of the TiO,
membrane and the Ag,S5/TiO, fiber membrane were

(b)

TiO2

— Ag0.1

o | A2
>
N

[\
>
=
2
T L 3.26eV

2.0 2.5 3.0 35 4.0 4.5 5.0
Band Energy (eV)

Figure 5 a UV-Vis absorption of materials; b Bandgap of Ag,S/TiO,.
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Figure 6 a Nitrogen adsorption—desorption isotherm; b Pore size distribution curves of TiO, and Ag,S/TiO, composite nanofibers.

identified as type IV isotherms in the range of
0.55-1.0, and the appearance of manifest H3-type
hysteresis loops indicates the existence of meso-
porous structures [37]. All the properties of meso-
porous samples were calculated. The pore diameters
of all the samples are distributed in the range of
2-14 nm, as shown in Fig. 6b. Table S1 shows that the
pore size of the Ag0.1 fiber membrane is larger than
that of the TiO, membrane, and the average pore
diameter increases from 5.4 to 7.9 nm. With the rise
of the content of Ag,S, the pore size of the fiber
membrane decreases gradually. It can be seen that
the doping amount of Ag,S plays a significant role in
increasing the specific surface area of the nanocom-
posite membranes.

Adsorption experiments

Figure 7a shows the effect of adsorption time on TC.
It is evident that as the reaction progresses, the
adsorption amount gradually increases, and all
materials reach equilibrium within 60 min. In the first
5 min, all the materials showed a rapid reaction rate,
and the highest adsorption capacity was almost 80%
of the equilibrium. This phenomenon can be attrib-
uted to the sufficient active sites on the adsorbent at
the beginning of the reaction. The adsorption sites
gradually become saturated after being occupied by
TC molecules during the reaction process. Therefore,
the adsorption amount slowly increases in the later
stage and finally remains unchanged. The whole
reaction process can almost reach equilibrium within

the first 30 min. Among them, the adsorption capac-
ity of Ag0.1 is 2.14181 mg g~ ', which is better than
any other samples.

The experimental data are fitted with pseudo-first-
order and pseudo-second-order kinetic models.
These models are expressed as follows [41, 42]:

In(g,y — q) = Ingm — kit 4)
t 1 t

L L 5
q  kqy  m )

where k; (min~") and k, (g mg~' min~') are the rate
constants for pseudo-first-order and pseudo-second-
order kinetic models, respectively; g,, and g (mg g™ ")
are the adsorption quantity of equilibrium time and
any time ¢ (min), respectively.

The kinetic fitting results and related parameters
are shown in Fig. 7b, ¢ and Table S2. These results
showed that the correlation coefficients (R?) of the
pseudo-second-order are all significantly bigger than
0.999, which exceeds the pseudo-first-order kinetic
model, revealing that the pseudo-second-order
kinetic model is more in line with the reaction pro-
cess. Therefore, the adsorption procedure of TC on
the composite fiber membrane is mainly chemical
adsorption.

Photocatalysis experiments

The photocatalytic performance of Ag,5/TiO, fiber
membranes synthesized by different concentrations
of Ag,S was confirmed by monitoring the concen-
tration change of TC solution with continuous-time
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Figure 7 a Effect of contact time on the TC absorption; b Pseudo-first-order model; ¢ Pseudo-second-order model.

under visible light. For comparison, the photocat-
alytic performance of TiO, and Ag,S films was
measured under the same conditions. As shown in
Fig. 8a, before formally starting the light, dark state
adsorption was performed for 30 min to ensure that
an adsorption-desorption equilibrium state was
attained. The concentration change of TC solution
without catalyst and Ags,S fiber membrane during the
whole photocatalysis process can be ignored, indi-
cating that TC is stable under visible irradiation, and
Ag,5S fiber membrane has almost no photodegrada-
tion effect on TC. Ag,S/TiO, nanofiber membrane
has higher photocatalytic efficiency for TC under
240 min irradiation compared with the 44.32% pho-
tocatalytic efficiency of TiO, nanofiber membrane.
The photocatalytic efficiencies of Ag0.1, Ag0.2, and
Ag0.5 were 70.54%, 60.89%, and 58.10%, respectively.
Moreover, Ag0.1 has the highest photodegradation
efficiency, which is about 1.59 times higher than TiO,.

@ Springer

The degradation process of TC can be fitted by a
first-order kinetic formula [43]:

“In (c%) — kt (6)

Here, C (mg L") is the concentration of TC at the
light time t, Cy (mg LY is the initial concentration,
t (min) is the time of visible light irradiation,
k (min~") is the degradation rate constant that can be
calculated using the formula. The larger value of
k will lead to a higher degradation rate and reactivity
[44]. By calculation, the values of k in Fig. 8b corre-
sponding to TiO,, Ag,S, Ag0.1, Ag0.2, and Ag0.5 are
3.60 x 107" min", 346 x 107’ min",
3.61 x 107> min" ", 4.08 x 107> min" ', and
1.01 x 107> min’, respectively. Among them, Ag0.1
has the fastest catalytic degradation rate, which also
follows the analysis of the PL and UV-Visible
absorption. These results demonstrate that the Ag,S/
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photocatalyst samples under visible light illumination; b Plots of -
In(C/Cy) versus t of different photocatalysts; ¢ Photocatalytic

TiO, composite nanofiber membrane can effectively
degrade TC under the proper proportion.

The stability of photocatalyst plays a significant
role in practical applications. Five-cycle experiments
of Ag0.1 were conducted under the same conditions
to evaluate the reusability of Ag,S/TiO, composite
nanofiber membranes. Figure 8c shows that the
removal efficiency of TC by Ag0.1 reached 64.42%
after five cycles, which was 6.42% lower than that of
the first time. The above evidence indicates that the
Ag,5/TiO, composite nanofiber membrane has
excellent stability in the catalytic process.

In this study, the prepared photocatalyst was
compared with other reported TiO, photocatalysts
modified by different methods for the degradation of
TC under the irradiation of different types of light
sources. The results are shown in Table S3. Under
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different light sources, on the issue of the removal
efficiency of TC, the Ag,5/TiO, catalyst obtained in
this study is close to or even better than other X-TiO,
catalysts prepared by previous researches. Based on
catalyst stability and recyclability, this study has been
conducted five times, and it maintains the best sta-
bility. In general, the recyclable photocatalyst pre-
pared in this study has a higher removal efficiency of
TC under visible light. This shows a high utility of
our photocatalyst in actual wastewater treatment
[45-50].

Figure 8d shows the results of the trapping
experiment results. The degradation efficiency of TC
after the addition of IPA and FFA is reduced, but it is
inconspicuous, suggesting that the -OH and 'O,
rarely participate in the degradation process of TC.
However, the degradation efficiency of TC decreased
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significantly after adding AO and L-AA, which
implied that h* and -O,” played a central role in
degrading TC.

Analysis of TOC and the possible
intermediates of TC photodegradation

It is of great significance to carry out TOC analysis to
confirm main components after TC degradation.
Figure 9a is the TOC concentration of TC solution at
different time and Fig. 9b compares the degradation
rate of TC and the mineralization efficiency of TOC.
When the photocatalytic reaction lasted for 240 min,
the degradation rate of TC was 70.54%, while the
mineralization rate of TOC was 33.06%. After
360 min, the mineralization rate of TOC reached
42.07%. This indicates that TC is degraded into small
molecule organic matter at first, and finally into
inorganic matter, CO,, and water. To better under-
stand the process of photocatalytic degradation of
TC, the intermediate products during the TC pho-
todegradation were investigated and performed by
LC-MS. Figure S2 shows the MS spectra and specu-
lated molecular formula of all products (after 120 min
of degradation). According to the detected interme-
diates, the related reports, and references, two pos-
sible degradation pathways of TC were proposed and
interpreted, as shown in Fig. 10. Pathway I explains
the hydroxylation process. TC was first converted
into TC1 and TC2 by hydroxylation, as studied by
Deng [51]. The carbon-oxygen double bond on TC2
was attacked by eOH, resulting in TC3 compound
formation. Pathway II is the process of TC being
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degraded gradually. After being attacked by the main
reactive species, TC underwent dehydroxylation,
deamination, deacetylation, and opening of benzene
rings. The TC molecules were first attacked by -O,~,
leading to the formation of TC4 from the detachment
of hydroxyl groups. It then underwent a deamination
reaction to form TC5, which is consistent with the
previous results of Deng et al. [52]. Afterward, the
loss of N dimethyl group generated the product TC6.
The generation of TC7 was attributed to the dealde-
hyde reaction of TC6. Passing through a ring-opening
reaction, it degraded to TC8. Then, the TC8 was
fragmented into TC9, TC10, TC11, and TC12 through
dehydroxylation, the opening of benzene rings, and
an addition reaction. Finally, these intermediates
were mineralized to CO,, H,O, and other inorganic
ions at the end [53].

Mechanism of the removal of TC

The band edge positions of TiO, and Ag,S were
estimated to explore the possible photocatalytic
mechanism. The conduction band (CB) and valence
band (VB) potentials were calculated using the fol-
lowing formulas [38, 54]:

Eyp=X—-E,+ 0.5Eg (7)

(3)

Ecg = Eyp — Eq

Here, Eyp is the VB edge potential, Ecp represents
the CB edge potential, X is the absolute electronega-
tivity of the semiconductor, E, is the energy of free
electrons on the hydrogen scale (about 4.5 eV), and
Eg signifies the bandgap of the semiconductor. Using
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Figure 9 a The TOC concentration of TC solution at different time; b Comparison between the degradation rate of TC and the

mineralization efficiency of TOC.
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Figure 10 Intermediates analysis and possible degradation pathways of TC degradation by Ag,S/TiO,.

the above formulas, the Ecg and Eyp of Ag,S are —
0.41 eV and 0.43 eV, respectively, which is very
desirable for photosensitization of TiO, with corre-
sponding Ecp and Eyp of — 0.32 eV and 2.94 eV,
respectively.

From the results of the above tests and characteri-
zations, we deduce the possible photocatalytic
degradation mechanism of Ag,S/TiO, for TC, as

Figure 11 The photocatalytic
mechanism for the TC
1.
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-l 4
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shown in Fig. 11. For these composite nanofiber
membranes, the large specific surface area of nano-
fibers prepared by electrospinning provides more
adsorption and photoreaction sites, which are
essential for photocatalytic degradation of TC [55].
Under visible light irradiation, the e~ of Ag,S and
TiO, excitedly transfer from their VB to CB, leading
to an equal number of h™ left in VB. The e~ on the CB
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of Ag,5 is quickly moved to the CB of TiO, through
the contact interface since the Ecp of Ag,S is lower
than that of TiO,. Accordingly, h™ will be moved
from the VB of TiO, to the Ag,S [16]. The e trans-
mitted to the CB of TiO, reacted with the O, dis-
solved solution to form ¢O,~, while the h™ migrated
to the VB of Ag,S and was involved in the degrada-
tion of TC [56]. In this photocatalytic reaction system,
TC is degraded as an electron acceptor, and O, and
h™ are the primary active substances. Thus, it is clear
that the catalyst gap width is reduced after the for-
mation of the heterojunction of Ag,S/TiO,. The
available light region can be widened from the
ultraviolet area to the visible light by the narrow
bandgap of Ag,S. The heterojunction can also prevent
the recompose of photoproduced electron-hole pairs
effectively and prolong the lifetime of charge carriers
under visible irradiation. These indicate that the
performance of photocatalyst is improved.

Conclusion

In summary, TiO, and Ag,S were loaded on PVDF
nanofibers successfully under the combination of
electrostatic spinning and hydrothermal synthesis.
The degradation efficiency of TC by Ag0.1 composite
fiber membrane under visible light was up to 70.54%,
which is about 1.59 times higher than TiO,. The
photocatalytic activity’s enhancement is ascribed to
the formation of Ag,S/TiO, heterostructures, which
can significantly promote the transfer of photoin-
duced carriers and improve the photocatalytic effi-
ciency. The trapping experiment and degradation
intermediates analysis were contributed to under-
standing the reaction mechanism, and it proves that
h™ and -O,~ are the dominant active species during
the degradation of TC. Besides, after recycling five
times, the Ag0.1 sample maintained good adsorption
and catalytic performance, suggesting that it has
outstanding stability and recyclability. Based on the
excellent performance of the Ag,S/TiO, composite
fiber membrane in the photocatalytic and recycling
process, the material has excellent prospects in the
treatment of antibiotic wastewater pollution.
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