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Abstract: With the abuse of antibiotics, its pollution poses an increasing threat to the environment
and human health. Effective degradation of organic pollutants in water bodies is urgent. Compared
to traditional treatment methods, advanced oxidation processes that have developed rapidly in
recent years are more environmentally friendly, efficient and applicable to a wider range of organic
compounds. FeWO, was used in this study as the iron-based semiconductor material to modify and
optimize the material design. Fe304/FeWO, composites were prepared by a two-step hydrothermal
method. The crystal structure, surface morphology, electrochemical properties and separability of the
composite semiconductor were analyzed by XRD, XPS, UV-vis, SEM, EDS and Mott-Schottky. The
results showed that, when the initial contaminant concentration was 30 mg/L, the initial solution
pH was 4, the dosage of the catalyst was 25 mg and the dosage of hydrogen peroxide was 30 uL, the
degradation efficiency of tetracycline hydrochloride (TCH) could reach 91% within 60 min, which
was significantly improved compared to the performance of the single semiconductors Fe3O4 and
FeWOy. In addition, the catalyst prepared in this experiment can be easily recovered by magnetic
separation technology in practical application, which will not affect the turbidity of water while
reducing the cost of catalyst separation and recovery.

Keywords: photo-Fenton; FeWO,; composite material; magnetic separation; organic pollutants

1. Introduction

Antibiotics are recognized as key drugs that seriously harm the environment and hu-
man health. They enter natural water bodies through sewage treatment plants, aquaculture,
livestock farming, improper drug disposal and other ways, posing a threat to the environ-
ment and human health [1-3]. Among them, tetracycline antibiotics are absorbed with
difficulty by organisms, degrade the environment, and are difficult to completely remove
from conventional sewage treatment systems, posing a serious threat to the ecosystem
and human health [4,5]. Therefore, it is necessary to develop an economical and effective
treatment method for tetracycline antibiotics.

Nowadays, there are various treatment methods, such as the physical method (ad-
sorption, magnetic separation, etc.) [6-8], the chemical method (ozonation, coagulation,
etc.) [9-11] and the biological method (biofilm, anaerobic biological treatment, etc.) [12,13],
which are widely used for the treatment of antibiotics. In recent years, advanced oxidation
technologies have also developed rapidly, which can produce active substances with strong
oxidation, degrade refractory macromolecular organic matter in wastewater, and thus
achieve efficient mineralization and effectively remove antibiotics [14-16]. Among them,
the heterogeneous photo-Fenton method combines the advantages of photocatalysis and
the Fenton method, which uses sunlight to carry out a photocatalytic reaction, making the
treatment process green, pollution-free and releases a large amount energy [17,18]. At the
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same time, hydrogen peroxide can be introduced to improve the yield of -OH and form an
iron cycle reaction, which reduces the consumption of ferrous ions (Fe?*) and avoids the
production of iron sludge. It enhances the oxidative degradation effect of organic matter
and improves the efficiency of treating organic polluted wastewater [19-22]. It not only
reduces the operating cost, but also reduces the risk of secondary pollution, which is a very
promising wastewater treatment technology.

FeWQ;,, also known as iron tungstate, is the main component of wolstenite with a
band gap of about 2.0 eV and a wide photoresponse range. It is a P-type semiconductor
photocatalyst that can form a good synergistic reaction with the Fenton reaction [23,24].
Under sunlight, FeWO, effectively absorbs and uses light energy, triggering a photocat-
alytic reaction that breaks down organic pollutants in water. However, its photocatalytic
performance is not satisfactory due to the rapid recombination of photogenerated electron
hole pairs, so it is necessary to modify it to improve the photogenerated electron hole sepa-
ration rate and delay the recombination time to improve the degradation ability. In order
to explore ways to improve the degradation ability of FeWOy,, researchers have carried
out a large number of studies to improve the electron hole separation efficiency of FeWOy,
and slow down its recombination by doping metal and non-metal elements or introducing
other semiconductor materials to form heterogeneous structures [25-27]. Wang et al. [28]
prepared a g-C3Ny/FeWOQOy Z-type heterojunction photocatalyst through the hydrothermal
method, and the tetracycline degradation rate reached almost 100% within 60 min under
visible light irradiation with persulfate. The construction of Z-type heterojunction made
the electrons on CB of FeWO, move to VB of g-C3Ny. Thus, the photogenerated electron
hole pair recombination of FeWO, was inhibited, and the holes left in VB of FeWOy could
react with H,O to form eOH, which greatly improves the degradation performance. As an
N-type semiconductor, Fe3O4 has good stability, and its narrow band gap can supplement
the light absorption capacity of the catalyst with a wider wavelength range, so that the
composite can make full use of sunlight and improve the efficiency of the photocatalytic
reaction [29,30]. In addition, Fe3O4 is magnetic and easy to recover, which facilitates sepa-
ration, recovery and reuse of catalysts, thus improving economy and practicability [31-33].
Therefore, the combination of FeWQO, and Fe;0y is an effective strategy to slow down the
recombination of photogenerated carriers and cause catalyst magnetic recovery, which has
a certain research angle for the photofenton degradation of antibiotics.

In this study, a strong magnetic Fe3sO4-FeWO, p-n heterojunction catalyst compos-
ite was synthesized by a simple hydrothermal method, and tetracycline hydrochloride
(TCH) was selected as the target pollutant for the photo-Fenton experiment to analyze its
degradation performance. The morphology, structure and electrochemical properties of
the materials were characterized by XRD, BET, SEM, XPS, FTIR and other techniques. The
effects of pH, catalytic dose, TCH initial concentration and the addition of HyO, on the
degradation performance were studied. In addition, the possible degradation mechanism
was explored. The results showed that the presence of p-n heterojunction greatly increased
the electron migration rate and delayed the recombination time of photogenerated electron
holes. The Fe(II) / Fe(Ill) cycling rate in the heterogeneous photofenton process increased,
and the degradation ability was improved. The stability and reusability of the composite
were verified by magnetic recovery experiments.

2. Results and Discussion
2.1. Characterization

To confirm the morphology of the catalyst and the phase dispersion state of Fe3Oy
and FeWOQ; in the composite material, SEM and EDS analyses were conducted on the
synthesized materials. Firstly, Figure 1a shows the SEM image of FeWO, nanomaterials,
where their typical sheet-like structure can be observed. This structure provides a large
specific surface area, which is beneficial for enhancing the activity of the photocatalyst [34-36].
Figure 1b presents the SEM image of Fe30,, displaying its microsphere structure. These
microspheres are densely packed together, resulting in a smaller exposed area, which might
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be attributed to the magnetic properties of Fe3O4 [37,38]. Figure 1c illustrates the SEM
image of the 50%-Fe304/FWO composite material. It can be seen that the FeWO, sheet-like
structure and Fe;O,4 microsphere structure are combined, with the microspheres attached
to the sheet-like structure. This combination reduces the agglomeration phenomenon,
indicating the successful compounding of the two materials. The combination likely
increases the active sites for the photo-Fenton reaction and improves the adsorption capacity
for pollutants. Further EDS analysis (Figure 1d—g) shows the distribution of elements in the
composite material. The elements O, Fe and W are uniformly distributed in the composite.
Figure 1h presents the EDS spectrum of the composite material, clearly showing the
characteristic peaks of O, Fe and W, further confirming the presence of these elements.
The weight percentage and atomic percentage analysis results indicate that the weight
percentages of O, Fe and W in the composite are 18.4%, 47.6% and 34.0%, respectively,
while the atomic percentages are 51.5%, 40.2% and 8.3%, respectively. These results further
confirm the successful compounding of Fe30; and FeWO,, and the uniformity of the
composite material.
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Figure 1. SEM images of (a) FeWOQy, (b) Fe304 and (c) 50%-Fe304/FWO; EDS image of 50%-Fe3O,/
FWO (d), mapping spectrum of (e) O, (f) Fe and (g) W; (h) EDAX of 50%-Fe304/FWO.

Figure 2a shows the XRD patterns of the catalyst materials. The diffraction peaks of
Fe30O4 at 30.2°, 35.5°,43.2°, 53.6°, 57.1°, and 62.7° correspond to the (220), (311), (400), (422),
(511) and (440) crystal planes, respectively (JCPDS NO.88-0315) [39]. The diffraction peaks
of FeWOy, at 18.7°, 23.8°, 24.4°, 30.4°, 36.3° and 53.6° are highly consistent with its standard
card (JCPDS NO.74-1130), and the sharp and clear peaks indicate good crystallinity of the
synthesized material [40]. In the Fe304/FWO composite material, the diffraction peaks of
both Fe3O,4 and FeWOy can be observed. As the Fe3O, content increases, the intensity of
the peaks corresponding to Fe304 increases, while the intensity of the peaks corresponding
to FeWO, decreases, indicating the successful preparation of x-Fe304/FWO photocatalysts
with different ratios. No other characteristic peaks are detected in the composite material,
indicating no incorporation of other impurities.
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Figure 2. (a) XRD pattern image, (b) FI-IR diagram, (c) Nitrogen adsorption-desorption curves and
(d) pore size distribution curves of FeWOy, Fe30, and Fe;0,/FWO.

Figure 2b shows the FT-IR spectra of the prepared materials. The characteristic peak of
FeWOy, at 840 cm ™! corresponds to the W-O stretching vibration [41], and the characteristic
peak of Fe3O, at 617 cm ™! corresponds to the Fe-O stretching vibration [42]. In the
FT-IR spectrum of the 50%-Fe304/FWO composite material, both of these characteristic
peaks are clearly visible, further proving the successful combination of FeWO, and Fe;04.
Additionally, the broad peak centered at 3430 cm ™! in the composite material is related to
the O-H longitudinal stretching vibration of adsorbed water molecules [43].

Figure 2c displays the nitrogen adsorption-desorption isotherms of FeWOy, Fe304
and 50%-Fe304/FWO. The isotherms of these materials are of the typical type IV with
obvious H3 hysteresis loops [44]. The analysis of specific surface area and pore volume
indicates that FeWOy has a specific surface area of 53.1 m?/g and a pore volume of
0.002 cm?® /g, while Fe30, possesses a specific surface area of 86.7 m?/g and a pore volume
of 0.029 cm®/g. The 50%-Fe304/FWO composite material exhibits a specific surface area of
67.5 m?/g and a pore volume of 0.014 cm?/g. Compared to pure FeWOy, the incorporation
of Fe30y significantly enhances the specific surface area and pore volume of the composite,
thereby providing more active sites and facilitating the diffusion and mass transfer of
reactants [45]. The pore size distribution curves (Figure 2d) show that the average pore size
of FeWQy is 21.6 nm, Fe30y is 3.6 nm and the 50%-Fe304/FWO composite material has an
average pore size of 6.7 nm, which lies between FeWO, and Fe3O4. This further indicates
the presence of mesoporous structures in these materials. The pore size distribution of the
composite material is more concentrated compared to FeWO,, which is more favorable for
the adsorption and enrichment of TCH, thereby enhancing the efficiency of photocatalytic
Fenton degradation [46].

Figure 3 presents the XPS survey and high-resolution spectra of 50%-Fe3O4/FWO.
Figure 3a indicates that the surface of the composite sample contains four elements: W 4f,
Fe 2p, O 1s and C 1s. The survey spectrum shows that no other impurities are present in the
sample, and the binding energies of the elements match their respective values. Figure 3b
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shows the high-resolution spectrum of Fe 2p, where the peaks at 709.63 eV and 722.8 eV
can be attributed to Fe 2p3, and Fe 2p; , of Fe?*, and the peaks at 712.9 eV and 725.64 eV
can be attributed to Fe 2ps,, and Fe 2p;/; of Fe?*, and a satellite peak is observed at
717.6 eV [47]. Figure 3c displays the characteristic spectrum of W, with binding energies at
34.49 eV and 36.61 eV, corresponding to W 4f;, and W 4f5», respectively [48]. Figure 3d
shows the O 1s characteristic peaks at 529.25 eV, 530.44 eV and 531.68 eV [49]. The data
obtained from XPS confirm the formation of the composite material.
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Figure 3. XPS spectra of the 50%-Fe304/FWO composite: (a) survey, (b) Fe 2p, (¢) W 4f and (d) O 1s.

The photocurrent response of the catalyst was analyzed by a photoelectric chemical
test. It can be seen from Figure 4a that the photocurrent intensity of 50%-Fe3O4/FWO is
significantly higher than that of pure Fe304 and pure FeWOj,. The higher the photocurrent
intensity, the greater the photoinduced carrier separation ability [50], indicating that the
formation of the heterointerface of Fe;0, and FeWO; is conducive to the separation of
photoinduced electrons and holes, and can effectively prolong the recombination time
of electron holes. In addition, according to the electrochemical impedance diagram of
Figure 4b, 50%-Fe30,/FWO has the smallest Nyquist arc radius, meaning the smallest
charge transfer resistance, which is the result of the rapid transfer of photogenerated
carriers [51].

The light response ability of the material was tested by UV-vis. The two pure samples
in Figure 4c both showed excellent visible light response ability, indicating that Fe304 and
FeWO, had a very significant absorption ability of sunlight, and the composite material still
had a strong response ability. This facilitates the absorption of sunlight and the creation of
electron holes [52]. After analyzing and calculating the absorbance of the obtained material,
Figure 4d was obtained. As shown in the figure, the band-gap width of FeWO, was
Eg =25 eV, and that of Fe304 was Eg =2.2 eV.

In order to determine the semiconductor type and band-gap position of the catalyst,
the Mott-Schottky test was performed on FeWO, and Fe3Oy catalysts, respectively. We
took the longest straight line part of the curve in the figure as a tangent to distinguish the
type of semiconductor. The tangent slope of Figure 4e was negative, indicating that FeWO,
is a p-type semiconductor, and the tangent slope of Figure 4f was positive, so Fe30y is an
n-type semiconductor [53]. In addition, the conduction band position and valence band
position of the semiconductor can be obtained from the intersection position of the tangent
and the X-axis in the figure. The intersection position of the p-type semiconductor is the
valence band position, and the intersection position of the n-type semiconductor is the
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conduction band position. Therefore, the valence band of FeWQy is Eyp = 2.2 eV, and the
conduction band of Fe30, is Ecg = —0.7 eV.
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Figure 4. (a) It curves and (b) EIS curves of catalysts; (c) The UV-vis absorption spectra of FeWOy,
Fe304 and 50%-Fe304/FWO; (d) The band gap of semiconductor; Mott-Schottky chart of (e) FeWOy
and (f) Fe3O4.

2.2. Photo-Fenton Reaction Performance

The photo-Fenton degradation performance of the catalyst was evaluated by using
TCH as the target pollutant under visible light irradiation. The reaction conditions were as
follows: the concentration of TCH was 20 mg/L, the solution volume was 40 mL, H,O,
dosage was 20 pL, catalyst dosage was 25 mg, pH was not adjusted and temperature
was room temperature. Figure 5a shows the degradation performance of tetracycline
hydrochloride by catalysts of different composite proportions. It can be seen from the
figure that the adsorption—-desorption equilibrium is reached after dark adsorption for
30 min, and the adsorption capacity of catalysts of different proportions is different. Until
the proportion of Fe304 increased to 50% to reach the critical point, and when the proportion
of Fe304 increased to 70%, its adsorption capacity and degradation capacity decreased. In
order to compare the degradation rates at different ratios, the first-order reaction kinetics
were fitted to the sample degradation data. As shown in Figure 5b, the first-order reaction
kinetics constant of 50%-Fe304/FWO was the highest, and the corresponding reaction
degradation rate was the highest. Therefore, among the catalysts of various proportions,
50%-Fe304/FWO had the best catalytic degradation performance.
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Figure 5. (a) Different ratios of Fe304/FWO and (b) degradation kinetics, (¢) TCH degradation
efficiency of different systems and (d) degradation kinetics.

In order to further study the effects of visible light and H,O, on degradation, as well
as the improvement of the performance of composite materials compared with a single
semiconductor, degradation analysis of different systems was carried out under the same
reaction conditions, and the results are shown in Figure 5¢,d. As can be seen from Figure 5c,
the degradation effect of TCH is not obvious under the conditions of visible light, H,O,,
or both. When 50%-Fe30,/FWO composite catalyst was added, the degradation effect
changed significantly, and the degradation efficiency reached 41% under photocatalysis
and 70% under the Fenton condition. The solution efficiency reached 87% under the photo-
Fenton condition, which is significantly improved compared to FeWOy (74%) or FezOy
(50%) alone. It can be seen that there was a synergistic effect between visible light and the
Fenton reaction, and their combined action can significantly improve catalytic degradation
efficiency. At the same time, the heterojunction formed by Fe;0,4 and FeWO, can improve
the transfer efficiency of photogenerated electron holes, delay the recombination of electron
holes and improve the photo-Fenton performance. Figure 5d is the fitting curve of the
first-order reaction kinetics of different reaction systems. As shown in the figure, the first-
order reaction kinetic constant of 50%-Fe3O4/FWO under the photo-Fenton condition is
3.21 x 1072 min~!, which corresponds to the highest kinetic constant of degradation effi-
ciency. It is three times and four times that of FeWO, and Fe3QOy, respectively. Therefore, the
combination of Fe304 and FeWOy can significantly improve the photo-Fenton degradation
ability.

2.3. Different Influencing Factors

Figure 6a shows the degradation curves of TCH at different initial pH conditions
(Catalyst = 25 mg, HyO, =30 pL, TCH = 20 mg/L, 40 mL). It can be seen that the catalyst
has a high degradation ability at different pH values, indicating that the composite catalyst
has a wide pH adaptation range. In practical applications, it can be well adapted to a variety
of weak acidic and weak alkaline wastewater. In addition, when pH = 4, the degradation
efficiency could reach 91% within 60 min, so pH = 4 was used in the subsequent experiment.



Catalysts 2024, 14, 453

8of 17

e T [
1.0 Dark | Light —e—pH=4 1.0 Dark : Light
|
08} 08}
< 0.6 0.6 F
S
Q
0.4F 0.4}
0.2 0.2
0.0 i i i ; ; 00 5 ; ; ; ;
20 0 20 40 60 20 0 20 40 60
Time (min) Time (min)

; Light 20 mg/L

20 0 20 40 60 ’ 20 0 20 4.0 60
Time (min) Time (min)

Figure 6. Effects of (a) pH, (b) the amount of HyO,, (c) catalyst dosage and (d) initial TCH concentra-
tion on degradation performance.

Figure 6b shows the degradation curves of different HyO, supplemental levels
(Catalyst = 25 mg, TCH = 20 mg/L, 40mL, pH = 4). In this figure, the addition of HyO,
gradually increased from 10 uL to 40 pL, and although the final degradation efficiency is
similar, it can be seen from the figure that there was a significant difference in degradation
rate when the addition of hydrogen peroxide increased from 10 pL to 30 uL, while the effect
from the addition of 40 uL. was almost the same as from the addition of 30 uL. Therefore,
considering economy and practicability, the amount of hydrogen peroxide added was not
increased, and 30 pL was selected as the addition amount for subsequent experiments.

Figure 6¢ shows the degradation process of TCH by photo-Fenton using a catalyst as a
variable (H,O, = 30 uL, TCH = 20 mg/L, 40mL, pH = 4). The amount of catalyst increased
from 5 mg to 35 mg, and it can be seen from the figure that there was no significant change
after the degradation efficiency increased to a certain extent. On the one hand, this may
be due to the excessive addition of the catalyst, which affects the absorption of visible
light and reduces the generation of photogenerated electron holes, thus slowing down the
degradation rate. On the other hand, the catalytic reaction rate has a limit value and cannot
be raised indefinitely. Since the effect of 25 mg versus 35 mg is not very different, 25 mg
was selected as the dosage of catalyst in the subsequent experiment.

Finally, the initial concentration of pollutants was studied experimentally
(Catalyst = 25 mg, HyO, = 30 uL, TCH = 40mL, pH = 4). In Figure 6d, the concentra-
tion of tetracycline hydrochloride increased from 20 mg/L to 50 mg/L, and it can be seen
that the 50%-Fe3O4/FWO composite catalyst had a strong degradation ability for TCH,
and the degradation efficiency was 93% when the concentration was 20 mg/L. Even if the
concentration is increased to 50 mg/L, the degradation efficiency of 89% can be achieved
within 60 min. During pollutant degradation, high concentrations of pollutants may block
or consume HyO; by depleting reactive oxygen species, adsorbing and obstructing the
photocatalyst surface and triggering by-product side reactions. This reduces the efficiency
of H,O, utilization, thereby lowering the degradation efficiency [54]. Considering that the
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degradation efficiency is basically the same when the pollutant concentration is 20 mg/L
and 30 mg/L, 30 mg/L was chosen as the final initial pollutant concentration.

Through the investigation of single-factor effects, the optimal experimental conditions
were determined. Under visible light, with an initial pollutant concentration of 30 mg/L,
an initial solution pH of 4, a catalyst dosage of 25 mg and an addition of 30 puL of hydrogen
peroxide, the degradation efficiency of tetracycline hydrochloride by the 50%-Fe304/FWO
composite semiconductor reached 91% after 30 min of dark adsorption and 60 min of
catalytic reaction under photo-Fenton conditions. Compared with some other excellent
photofenton catalysts (Table 1), 50%-Fe30,4/FWO also demonstrated better performance.

Table 1. Comparison of photocatalytic degradation of antibiotics.

. Concentration Knor Photocatalytic
Material Dosage Target of Antibiotics (min—1 mg—1) Degradati}(’m Ref
50%-Fe304/FWO 25mg TCH 30 mg/L 0.0019 91% This work
Fe/g-C3Ny/kaolinite 25mg TC 20 ppm 0.0007 89% [55]
TiO,-Cr 10 mg amoxicillin 5mg/L 0.0004 100% [56]
B10.05L30_95FQO3 100 mg TC 40 ppm 0.0003 79.57% [57]
BipMoOg /NiFe LDH 50 mg TC 10 mg/L 0.0004 95% [58]
nitrogen-deficient and
boron-doped g-C3N4 50 mg TC 20 mg/L 0.0011 80% [59]
nanotube (BCNNT)
15%-AgBr-CaCOj3 20 mg TC 20 mg/L 0.0003 85% [60]
ZnO/NiO/gCsNy 40 mg TC 30 ppm 0.0013 91.49% [61]

2.4. Stability and Recyclability of Catalysts

Figure 7 illustrates the degradation curves of TCH in recycling experiments under the
same experimental conditions. As shown, after three cycles, the degradation efficiency of
TCH by the catalyst decreased to 74%. This decrease in efficiency could be attributed to two
factors. Firstly, during the recovery process, the catalyst might not have been thoroughly
washed, leading to a significant amount of pollutants adsorbed on the catalyst’s surface,
which blocked the active sites and thus reduced the degradation efficiency. Secondly, the
stability of the catalyst might be relatively weak, resulting in a partial loss of catalytic
activity and consequently fewer strong oxidative-free radicals generated during the recy-
cling experiments, which affected the degradation efficiency of tetracycline hydrochloride.
Additionally, since Fe3Oj is strongly magnetic and FeWOy is non-magnetic, there might be
certain difficulties in the recovery process. Therefore, it is necessary to assess whether the
composite catalyst retains its magnetic properties after compounding.

Figure 8 shows the images of the catalyst being absorbed by magnets after being shaken
in aqueous solution. It can be seen from Figure 8a that FeWO, was not absorbed by magnets
in the turbidity state, indicating that FeWO, cannot be magnetically separated during the
recovery of the catalyst. Figure 8b is a picture of the composite catalyst absorbed by the
magnet without the degradation experiment. It can be seen that the composite catalyst
has strong magnetism and can be completely absorbed by the magnet without producing
turbidity. Figure 8c,d are the remaining catalysts after one degradation experiment and
three cycles of the experiment, respectively. It can be seen that the composite catalyst still
has strong magnetic properties after the degradation experiment, and although it shows a
weak turbidity, the catalyst can easily gather together under the attraction of magnets. This
indicates that the catalyst prepared in this experiment can be easily recovered by magnetic
separation technology in practical application, which will not affect the turbidity of water
while reducing the cost of catalyst separation and recovery.
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2.5. Mechanism Analysis

The degradation intermediates of TCH during the reaction were identified through
LC-MS, proposing two main degradation pathways. As illustrated in Figure 9, Pathway
1 involves the formation of DP1 (m/z = 445) from TCH, followed by the elimination of
amino, ketone and hydroxyl groups to form DP2 (m/z = 355). This intermediate then
undergoes ring-opening, demethylation and amino group incorporation to form DP3
(m/z = 298). Subsequent reactions lead to the formation of DP4 (m/z = 218) and DP5
(m/z =130). In Pathway 2, TCH first undergoes hydroxyl group alteration to form a carbon-
carbon double bond, resulting in DP6 (m/z = 427). This intermediate then undergoes
deamination and ketone removal to form DP7 (m/z = 340), followed by ring-opening and
deketonization reactions to yield DP8 (1/z = 244) and DP9 (m/z = 201). Ultimately, through
the combined actions of both pathways, TCH is converted to H,O and CO, [62,63].

Figure 9. Possible degradation products and pathways of TCH.

Based on the Mott-Schottky tests and the calculation of the band gap, the conduction
band (CB) and valence band (VB) positions of Fe3O4 are Ecg = —0.7 eV and Eyg = 1.5 €V,
respectively, while those of FeWO, are Ecg = —0.3 eV and Eyp = 2.2 eV, respectively.
Thus, the degradation mechanism diagram illustrated in Figure 10 was drawn. In this
diagram, FeWQy is a p-type semiconductor, and Fe;O; is an n-type semiconductor. Upon
forming a composite, they create a p-n heterojunction. In this experiment, the photo-Fenton
degradation of tetracycline hydrochloride begins with the generation of e~ and h* in the
photocatalyst under visible light irradiation (Equation (1)). The electrons transition from
the VB to the CB of both Fe;04 and FeWOQy,, leaving positively charged holes in the VB.
Due to the presence of the p-n heterojunction, the electrons migrate from the CB of Fe3O4
to the CB of FeWOy,, delaying the recombination of electron hole pairs. The electrons that
remain in the CB of FeWOy are partly captured by O,, forming superoxide radicals (-O; ™)
that participate in the degradation reaction (Equation (2)). Another portion of the electrons
is captured by Fe(Ill), which undergoes reduction to form Fe(lI), thereby accelerating the
degradation reaction (Equation (3)). Simultaneously, the holes in the CB of FeWOy transfer
to the VB of Fe3Oy, further preventing the recombination of photogenerated electron
hole pairs and enhancing the generation of reactive species. In the presence of hydrogen
peroxide, Fe(Il) in the semiconductor catalyzes the formation of hydroxyl radicals (-OH)
from H,O,, which are involved in the catalytic process (Equation (4)). Finally, -O,~ and
-OH together break down the structure of tetracycline hydrochloride into H,O and CO,
(Equation (5)).

50%-Fe304/FWO + hv—50%-Fe304/FWO(e ™ + h*) (1)
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Fe?* + H,0,—Fe** +-OH (4)
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Figure 10. Possible mechanism of degradation of TCH in the 50%-Fe30,4/FWO photo-Fenton system.

3. Materials and Methods
3.1. Materials

Sodium tungstate (NayWO,2H,0, Sinopod Group Chemical Reagent Co., Ltd.,
Shanghai, China), sodium hydroxide (NaOH, Sinopod Group Chemical Reagent Co., Ltd.,
Shanghai, China), sodium acetate (CHCOONa, Sinopod Group Chemical Reagent Co.,
Ltd., Shanghai, China), ferric chloride (FeClz-6H,O, Sinopod Group Chemical Reagent Co.,
Ltd., Shanghai, China), tetracycline hydrochloride (CHCIN,Og, Sinopod Group Chemical
Reagent Co., Ltd., Shanghai, China). Ammonium ferrous sulfate (Fe(NH4),#(SO4),6H,0,
Tianjin Damao Chemical reagent Factory, Tianjin, China). Anhydrous ethanol (C,HO,
Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China) and glycol ((CH,OH),, Tianjin Fuyu
Fine Chemical Co., Ltd., Tianjin, China). None of the drugs used was purified further.

3.2. Catalyst Synthesis
3.2.1. Preparation of Fe304

Referring to the previous study, we synthesized Fe3O4 by a simple hydrothermal
method [64]. A certain amount of sodium acetate was dissolved in 30 mL of ethylene glycol
and stirred uniformly in a constant temperature magnetic stirrer. Then a certain amount
of ferric chloride was dissolved in the above solution and continued to stir for 20-30 min
until the mixture was completely mixed. After the stirring, the mixture was poured into
50 mL of polytetrafluoroethylene lining and hydrothermally treated at 180 °C for 12 h.
After the reaction, it was washed three times with ultrapure water and anhydrous ethanol,
and finally dried in an oven at 60 ° C for 12 h.
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3.2.2. Preparation of FeWO, Nanomaterials

For the preparation of FeWO4, we referred to the relevant steps in the published
article [65], and made adjustments for the situation at hand to achieve the best effect: we
dissolved 3 mmol Fe(NHy),#(SO4),#6H;0 and 3 mmol Na; WO,02H,0O in 50 mL ultra-pure
water, stirred magnetically for 30 min until completely dissolved, then added 2 M NaOH
drop by drop while stirring until the pH reached about 8, and then stirred for 30 min.
After the stirring, the homogeneous solution was placed in a hydrothermal reactor of
100 mL polytetrafluoroethylene inner tank, and the hydrothermal reaction was conducted at
180 °C for 12 h. When the reaction was complete, we washed the samples three times each
with deionized water and anhydrous ethanol. Then they were dried in an oven at 60 °C for
12 h, and finally ground and collected to obtain FeWO, nanomaterial, labeled FWO.

3.2.3. Preparation of Fe304-FeWO, Composite Catalyst

The synthetic steps of Fe;04-FeWO, composite samples were similar to those for
Fe;0y, except different amounts of FeWO, were added during the synthesis process. The
specific steps were as follows: A certain amount of sodium acetate was dissolved in
20 mL of ethylene glycol, and a certain amount of ferric chloride was slowly added to form
a uniform mixed solution under stirring. A total of 1 mmol of ferrous tungstate powder
was dissolved in 10 mL of ethylene glycol and ultrasonically dispersed for 5 min. Then it
was added to the above mixed solution and stirred for 30 min. After stirring, the mixed
solution was transferred to 50 mL of polytetrafluoroethylene lining for the hydrothermal
reaction at 180 °C for 12 h. After the reaction, it was washed three times with anhydrous
ethanol and ultrapure water to remove impurities. Finally, it was dried in an oven at 60 °C
overnight to obtain x-Fe3Oj.

3.3. Characterization

The morphology, structure and optical properties of the materials were characterized
by X-ray powder diffraction (XRD, X ‘PertPRO type, PANalytical B.V., Alemlo, Nether-
lands), BET (ASAP 2460 3.01 type, Thermo Fisher Scientific, Shanghai, China), FT-IR (DTGS
KBr type Thermo Fisher Scientific, Shanghai, China), X-ray photoelectron spectroscopy
(XPS, K-Alpha type, Thermo Fisher Scientific, Shanghai, China), UV-vis diffuse reflectance
spectroscopy (UV-vis, Agilent Cary 100 type, Santa Clara, CA, USA), scanning electron
microscopy (SEM, Zeiss Sigma 300 type, Oberkochen, Germany) and X-ray energy dis-
persive spectroscopy (EDS, Zeiss Sigma 300 type, Oberkochen, Germany). The CHI760E
electrochemical workstation (Austin, TX, USA) was used to carry out the Mott-Schottky test
to determine the type of semiconductor, current density and flat band potential; combined
with the UV-vis DRS test, the conduction band position and valence band position could
be calculated.

3.4. Evaluation of Solar Light Irradiation Photocatalytic Activities

The photo-Fenton degradation experiment was carried out in CEL-LAB500E4 pho-
tochemical reaction apparatus with TCH as the target pollutant. Specific operation steps
were: 25 mg of catalyst was dispersed into a quartz reaction tube containing 40 mL of
TCH solution of different concentrations. The photocatalyst degradation apparatus was
continuously stirred for 30 min under dark conditions to achieve adsorption—desorption
equilibrium. Then, a certain amount of H;O, was added to the solution and a 300 W xenon
lamp with a 420 nm filter was turned on to trigger the photofenton reaction. Subsequently,
3 mL suspension was taken at regular intervals and filtered through a millipore filter with
a pore size of 0.22 um. Finally, the absorbance of the solution at 357 nm was measured
by UV-vis spectrophotometer. The photo-Fenton degradation efficiency Y was obtained
from Equation (6), and the first-order kinetic constant k of the reaction was obtained from
Equation (7), where Cy and C are the initial and measured concentrations of TCH solution,
respectively. To test the reusable performance of the composite photocatalyst, the reaction
solution was first centrifuged and collected, then washed three times with deionized water



Catalysts 2024, 14, 453

14 of 17

References

and dried at 60 °C for 12 h to obtain the material for the next degradation. In order to test
the magnetic recyclability of the catalyst, we added the catalyst to a glass vial filled with
water and shook it, tested its magnetism with a magnet and took a physical picture. To
further characterize the activity of the catalyst, we calculated the normalized rate constant
knor [66]. The normalized rate constant was calculated using the formula knor = kapp/m,
where kapy, is the apparent reaction rate constant, which is the same as the aforementioned
k, and m is the mass of the catalyst. This parameter helps to more accurately represent the
activity of the catalyst per unit mass, thereby enhancing the comparability of results under
different research conditions.

Y = (1—C/Cp) x 100% (6)
kt =In (C,/C) @)

4. Conclusions

In this experiment, a photocatalyst with a p-n heterojunction structure, 50%-Fe3;O4/FWO,
was successfully prepared. Under visible light conditions, various single-factor effect ex-
periments were conducted to optimize the degradation conditions. The optimal conditions
were determined to be an initial pollutant concentration of 30 mg/L, an initial solution pH
of 4, a catalyst dosage of 25 mg and an addition of 30 uL of HyO,. Under these conditions,
the degradation efficiency of TCH reached 91% within 60 min, which is a significant im-
provement compared to the individual semiconductors Fe;O, and FeWOy. Photochemical
test results showed that the composite catalyst had superior photoelectrochemical response
density and impedance compared to the individual catalysts, indicating a faster electron
transfer rate and higher electron hole separation efficiency. The degradation mechanism
analysis demonstrated that the presence of the p-n heterojunction greatly increased the
electron migration rate, delayed the recombination time of photogenerated electron hole
pairs and enhanced the Fe(Il) /Fe(Ill) cycling rate in the heterogeneous photo-Fenton pro-
cess, thus improving the degradation efficiency. Furthermore, the magnetic properties of
the composite catalyst were compared, and it was found that even after three degradation
experiments, the catalyst still retained strong magnetism. This study indicates that the
composite catalyst 50%-Fe3O4/FWO not only possesses high photo-Fenton degradation
efficiency but also maintains magnetism, facilitating sample recovery and reuse. These
findings provide a potential approach for the practical application of the photo-Fenton
method.
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