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Abstract

To address the limitations of traditional photo-Fenton reactions in antibiotic wastewa-
ter treatment, this study designed a continuous flat-plate photo-Fenton reactor based on
the Fe3O4/TiO2@Al2SiO5 fiberboard photocatalyst and applied it to the degradation of
tetracycline HCl (TCH). The supported catalyst Fe3O4/TiO2@Al2SiO5 was prepared via a
calcination method, using the Al2SiO5 fiberboard as the carrier. This not only effectively
addresses the issue of catalyst recovery but also enhances the dispersion and stability of the
Fe3O4/TiO2 catalyst as a support. Moreover, the catalyst mainly exhibited an amorphous
structure. TiO2 and Fe3O4 were successfully loaded onto the surface of the carrier. The oper-
ating parameters of the reactor were systematically optimized, and the optimal conditions
were determined as follows: TCH influent concentration of 50 mg/L, hydraulic retention
time (HRT) of 120 min, initial pH of 4.5, H2O2 dosage of 10 mmol/L, and ultraviolet (UV)
light intensity of 2.36 kW/m3. Under these conditions, the TCH removal efficiency could
reach over 90%. Active species trapping experiments indicated that hydroxyl radicals
(•OH) were the main active substances responsible for TCH degradation. With the assis-
tance of HPLC-MS/MS and GC-MS analyses, 19 types of degradation intermediates were
identified. It was proposed that the TCH degradation pathway mainly included •OH-
mediated hydroxylation addition reactions and demethylation reactions initiated by •OH
and h+. The toxicity assessment showed that the toxicity of the degradation intermediates
gradually decreased with the progress of the reaction. This reactor features high efficiency,
stability, and easy operation, providing a feasible solution for the large-scale treatment of
antibiotic wastewater.

Keywords: Fe3O4/TiO2@Al2SiO5; photo-Fenton reactor; TCH; H2O2

1. Introduction
Recently, due to the widespread use of antibiotics and a large number of residual

antibiotics entering the water and soil environment, antibiotic pollutants cause endless
harm to the ecological environment [1,2]. Therefore, the development of water treatment
processes for antibiotic pollutants is of great significance for environmental protection
and the healthy development of human society. The traditional methods for removing
antibiotics from water include physical adsorption [3], biological degradation [4], and
advanced oxidation processes (AOPs) [5]. Physical adsorption has a wide range of applica-
tions [6], but the adsorption capacity of the adsorbent is prone to saturation [7], and there
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is a risk of secondary pollution. The cost of biodegradation is low, but microorganisms
are prone to developing resistance and have demanding living conditions [8]. Therefore,
currently, the advanced oxidation process is commonly used for the degradation of an-
tibiotics. Radical-based advanced oxidation processes (AOPs) yielded a good catalytic
effect on the degradation of antibiotic wastewater by the activation of peroxodisulfate
(PDS) [9], peroxymonosulfate (PMS) [10], and hydrogen peroxide (H2O2) [11], etc. Among
them, photo-Fenton reactions have gained wide attention because of their simple operation,
being environmentally friendly, and low cost. However, some drawbacks such as acid
environments and a low Fe3+/Fe2+ cycle rate hinder the practical applications [12].

To overcome the aforementioned limitations of photo-Fenton reactions, some studies
have shown that the introduction of semiconductor photocatalytic materials (e.g., BiVO4,
TiO2) to photo-Fenton not only yielded a good catalytic effect on the degradation of wastew-
ater but also helps solve some problems associated with photo-Fenton systems [13,14].
Upon light irradiation, hole-electron pairs are formed on the surface of photocatalytic
materials (Equation (1)). Fe3+ in the Fenton reagent acts as an electron acceptor to capture
photoexcited electrons and is effectively reduced (Equation (2)). The cycle rate of Fe3+/Fe2+

is improved so that more hydroxyl radicals are generated in the system, and the treatment
effect is obviously improved. At the same time, Fe3+ acts as an electron capture agent to
inhibit the recombination of TiO2 photogenerated holes and electrons and also improves
the quantum efficiency of photocatalysis [15,16]. For example, Xu et al. [15] developed
BiVO4/Fh semiconductors as Fenton composite catalysts by modifying the structure and
surface of natural nano-mineral materials. The results showed that BiVO4 promotes the
decomposition of H2O2, and the high concentration of Fe2+ in the system indicates that
the photogenerated electrons generated by BiVO4 promote Fe3+/Fe2+ conversion, thereby
improving the decomposition efficiency of H2O2, rather than the degradation of H2O2 by
BiVO4. Furthermore, Deng et al. [17] found that the P-type semiconductor is not suitable
for coupling with the Fenton reagent. The hole concentration of P-type semiconductors
is much greater than the free electron concentration, and holes will consume H2O2 in the
system, which also leads to a decrease in catalytic efficiency due to the reduction in holes.

Semiconductor hν→ eCB
− + hVB

− (1)

Fe3+ + eCB
− → Fe2+ (2)

At present, the research on photo-Fenton or photocatalysis is mainly limited to the
laboratory. The design and development of a heterogeneous photocatalytic reactor with
high efficiency, good stability, and operation simplicity is a problem that needs to be ad-
dressed for large-scale application. According to the form of catalysts, heterogeneous
photocatalytic reactors can be divided into suspension reactors [18] and supported reac-
tors [19]. Suspension reactors have the advantages of high mass transfer efficiency, good
photon absorption performance, high degradation efficiency of pollutants, and simple
structure [20]. However, there is a problem of catalyst recovery in practical applications,
and they are mostly designed as sequencing batch reactors. In a supported reactor, the
catalyst is fixed or attached to a carrier such as ceramic, glass, zeolite, etc., and then placed
in the reactor, thus avoiding the problem of catalyst recovery, and the reactor can also be
operated continuously. In addition, according to the bed state of the reactor, they can be di-
vided into fluidized-bed and fixed-bed photocatalytic reactors. The catalyst in the fluidized
bed photocatalytic reactor is always in a flowing state, which improves the specific surface
area of the catalyst and the utilization rate of light to a certain extent. However, due to the
serious back-mixing of materials and particle wear, it is necessary to increase the recovery
and dust collection devices. This makes its internal components and operations complex.
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The fixed-bed photocatalytic reactor solves the problem of material back-mixing very well.
The fluid reacts through the bed formed by the catalyst fixed on the carrier, the mechanical
loss of the catalyst is small, and the structure of the reactor is simple. At present, fixed-bed
photocatalytic reactors can be divided into shallow pool reactors, tubular reactors, flat-plate
reactors, and optical fiber bundle photochemical reactors according to their structure and
shape. Among many fixed-bed reactors, plate photocatalytic reactor has attracted more
and more attention because of its high light utilization and simple structure.

So far, the synergies of Fe and Ti have been shown to efficiently activate the degra-
dation of pollutants by UV-Fenton, but the design and development of a heterogeneous
photocatalytic reactor with high efficiency, good stability, and operation simplicity is a
problem that need to be addressed for large-scale application. Therefore, in this study,
Fe3O4/TiO2@Al2SiO5 prepared using Al2SiO5 fiber as the carrier was fabricated by the
calcination method and applied to the plate fixed-bed continuous flow reactor. The ef-
ficiency of Fe3O4/TiO2@Al2SiO5 for the degradation of pollutants by fixed plate UV-
Fenton reactor was tested by taking TCH as the target contaminant. The operation pa-
rameters of the process were also optimized. The reactive oxygen species (ROS) in the
Fe3O4/TiO2@Al2SiO/UV-Fenton system were analyzed through radical quenching exper-
iments. Combining the intermediate products of TCH degradation detected by HPLC-
MS/MS and GC-MS, the possible degradation pathways of TCH were proposed. By
studying the degradation mechanism of TCH in the Fe3O4/TiO2@Al2SiO/UV-Fenton
system, the electronic cycling and synergistic effect were explored. The toxicity of the
degradation products was evaluated using the toxicity assessment soft tool (ECOSAR).
This study provided valuable approaches for developing efficient catalysts and designed a
novel plate fixed-bed continuous flow UV-Fenton reactor, achieving immobilization of the
Fe3O4/TiO2 composite catalyst and its efficient degradation of TCH. The findings provide
valuable guidance for the industrial application of the catalyst.

2. Materials and Methods
2.1. Chemicals and Materials

All chemicals used in this study were analytical-grade reagents and were used with-
out further purification. Tetracycline (TC) HCl (C22H24N2O8 HCl) was obtained from
Sigma (Sigma–Aldrich Chemical Co., Shanghai, China). Sodium thiosulfate pentahy-
drate (Na2S2O3·5H2O), Ferric chloride (FeCl3•6H2O), Ferrous chloride (FeCl2•4H2O),
sulfuric acid (H2SO4), Sodium hydroxide (NaOH), tetrabutyl titanate (TBT), t-BuOH, p-
benzoquinone (BQ), sodium azide and ammonium oxalate and hydrogen peroxide (H2O2)
30% were purchased from Shenyang East China Reagent Plant, Shenyang, China. The
Al2SiO5 board was purchased by Hebei Fuluda Company, Baoding, China. All solutions
were prepared in deionized water.

2.2. Preparation and Characterization of Fe3O4/TiO2@Al2SiO5

The Fe3O4/TiO2-coated Al2SiO5 fiberboard (Fe3O4/TiO2@Al2SiO5) was fabricated
using the calcination method. Firstly, a certain amount of FeCl3•6H2O and FeCl2•4H2O
was dissolved in 100 mL distilled water. And then, 30 mL NH3•H2O was added to a
water bath at 60 ◦C and continuously stirred for 40 min to obtain a solution containing
Fe3O4. An amount of this solution was taken and dropped on the Al2SiO5 fiberboard.
After drying for 12 h, 5 mL of tetrabutyl titanate sol–gel was evenly dropped onto the
surface, and finally the precursor was calcined at 300 ◦C in the synthesis atmosphere
(90% N2, 10% O2) for 1 h (10 ◦C/min), and then heated to 550 ◦C at the same rate for 4 h.
Five Fe3O4/TiO2@Al2SiO5 were prepared with different Fe3O4 loading dosages (0.1 g/L,
0.25 g/L, 0.5 g/L and 0.75 g/L).
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The X-ray diffraction (XRD) patterns of all powders were obtained on a Rigaku
D/Max 2550 diffractometer (Rigaku Corporation, Tokyo, Japan) using a Cu Kα radiation
source (Î= 1.54056) at a scan rate of 10◦ min−1 to determine the crystal phase of the
obtained samples. The acceleration voltage and the applied current were 3 kV and 20 mA,
respectively. The surface morphology was characterized by field-emission scanning electron
microscopy (FE-SEM, NOVA-230, FEI, Hillsboro, OR, USA). The chemical composition was
analyzed using X-ray photoelectron spectroscopy (XPS, ESCA LAB 220-XL, Al Kα radiation
XPS, Thermo Fisher Scientific 250Xi, Waltham, MA, USA). The degradation intermediate
products of TCH were detected using ultra-high performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS, Agilent1100 Agilent, Santa Clara, CA, USA)
and Gas Chromatography-Mass Spectrometry (GC-MS-QP2010 Plus, Tokyo, Japan).

2.3. Setting Up of the Reactor and Analytical Methods

The overall structure of the designated plate fixed-bed UV-Fenton reactor is shown in
Figure 1. The main material of the reactor is plexiglass. In the radial direction, it is divided
into five areas: the lowest layer and the uppermost layer are water inlet and water outlet
area, respectively, and the middle layers are the main reaction areas. Each reaction area is
loaded with Fe3O4/TiO2@Al2SiO5. The samples are separated by Fe3O4/TiO2@Al2SiO5

fiberboard, the middle of each reaction zone has a 4 W (8 W, 15 W) UV lamp as a light
source, and an aeration device is installed at the bottom of the reactor. The operation mode
of the gas and liquid phases in the reactor is shown in Figure 1. After entering the reactor
from the bottom, the gas flow is completely mixed with the solution. The gas flow is used
as the driving force to raise the water flow. After the degradation reaction, the liquids are
released through the effluent zone.

Figure 1. A schematic diagram of the plate fixed-bed UV-Fenton reactor.

The schematic diagram of the experiment is to mix 3.8 L of simulated TCH wastewater
with H2O2. If the hydraulic retention time is calculated as 2 h, the influent flow rate is
about 0.032 L/min, and aeration at a ventilation rate of 25 mL/min, timing is started when
the UV lamp is turned on, and samples are collected and measured at certain intervals.

The absorbance of TCH was measured at 375 nm via an ultraviolet-visible spectropho-
tometer (752, Shanghai Shunyu Instrument Co., Ltd., Shanghai, China). The degrada-
tion intermediate products of TCH were detected using ultra-high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) and Gas Chromatography-
Mass Spectrometry (GC-MS).



Processes 2025, 13, 3824 5 of 21

3. Results and Discussion
3.1. Characterization Results

To determine the phase composition of the loaded catalyst, XRD analysis was carried
out on the Al2SiO5 fiberboard. Figure 2a is the XRD patterns of Al2SiO5 fiberboard before
and after loading. It is observed that there is no obvious diffraction peak in the XRD of
Al2SiO5 fiberboard before loading, indicating that the obtained fiberboard is an amorphous
phase. After Fe3O4 and TiO2 were loaded, strong X-ray diffraction peaks appeared in the
XRD pattern of the fiberboard. The sample shows distinct diffraction peaks at 2θ values
of 30.12◦, 35.48◦, 43.12◦, 53.50◦, 57.03◦, 62.62◦, and 74.09◦. Analyzed using the standard
card Fe3O4 (PDF#88-0866), this sample is of the tetragonal crystal system and belongs to
magnetite. Through analysis, it is concluded that the peaks belong to the characterization of
Fe3O4. However, due to the small amount of TiO2, no corresponding characteristic peak was
found. Therefore, the phase of Al2SiO5 fiberboard catalyst is mainly an amorphous phase.

Figure 2. (a) XRD pattern of Al2SiO5 fiberboard and Fe3O4/TiO2@Al2SiO5; (b) XPS survey spectrum
of Fe3O4/TiO2@Al2SiO5; (c) Fe 2p; (d) Ti 2p and (e) O 1s.

Since certain components within the obtained Fe3O4/TiO2@Al2SiO5 fiberboard cata-
lyst samples exist in an amorphous phase, their phase composition cannot be determined
through the XRD analysis. To further investigate the mainly amorphous phase of the
catalyst, XPS analysis was employed to examine its chemical composition and the chemical
states of each element. The full-scan survey in Figure 2b showed that the sample is mainly
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composed of Fe, O, Ti, C, Si, and Al. Among them Si, Al, and O elements constitute Al2SiO5

fiberboard, and Fe, O, and Ti elements are the constituent elements of Fe3O4 and TiO2.
Simultaneously, high-resolution XPS spectroscopy was performed on Fe 2p, Ti 2p,

and O 1s. The high-resolution XPS spectrum of Fe 2p, as shown in Figure 2c, exhibits
peaks at binding energies of 710.9 eV and 725.8 eV, corresponding to Fe 2p3/2 and Fe 2p1/2,
respectively [21]. Following Gaussian–Lorentzian deconvolution (peak separation), the Fe
2p3/2 and Fe 2p1/2 peaks were fitted to Fe3+ (726.2 eV and 712.2 eV) and Fe2+ (724.3 eV and
710.2 eV), respectively. The Fe3+ to Fe2+ ratio was approximately 2:1, which is consistent
with the binding energies reported for Fe3O4 in the literature. The high-resolution XPS
spectrum of Ti 2p in Figure 2d shows Ti4+ 2p3/2 and Ti4+ 2p1/2 binding energies of 464.3 eV
and 458.5 eV, respectively, with a peak separation of 5.8 eV. Comparison with standard
spectra indicates these values are typical for Ti4+ in TiO2. The high-resolution XPS spectrum
of O 1s in Figure 2e was fitted into six peaks with binding energies of 532.8 eV, 532.2 eV,
531.6 eV, 531.5 eV, 530.1 eV, and 529.6 eV. The 530.1 eV and 529.6 eV peaks correspond
to the O-Fe bond in Fe3O4 and the O-Ti bond in TiO2, respectively, representing lattice
oxygen [22,23]. The peaks at 531.6 eV and 532.2 eV correspond to the O-H bond and O-C
bond, respectively [24]. The binding energies of 532.8 eV and 531.5 eV correspond to the O-Si
and O-Al bonds in the Al2SiO5 carrier, respectively. It is evident that the Al2SiO5 fiberboard
carrier has not altered the chemical composition or elemental state of Fe3O4 and TiO2.

The surface morphology of the Al2SiO5 fiberboard was characterized by SEM
(Figure 3a). It was observed that the Al2SiO5 fiberboard carrier exhibited a filamentous
structure with a rough and uneven surface, making them suitable for loading powdered cat-
alysts. The diameter of the filaments is approximately 10 µm (Figure 3a). Figure 3b shows
the SEM image of Fe3O4/TiO2@Al2SiO5 fiberboard. The surface of the loaded Al2SiO5

fibers appears even rougher. The enlarged inset in Figure 3b reveals nanoscale Fe3O4

particles loaded onto the surface of the Al2SiO5 fibers and TiO2 with lamellar structure is
coated on the Al2SiO5 fibers surface. As shown in Figure 3c, Si, Al, O, Fe, and Ti could be
detected. And the elements Si, Al and O are the main constituents of the fiberboard and
formed the skeleton structure of the sample. The elements Fe, Ti, and O are highly uni-
formly distributed on the surface of Fe3O4/TiO2@Al2SiO5. Additionally, the EDX energy
spectrum of the sample reveals the presence of three Fe, Ti, and O elements (Figure 3e).
The Au element is attributed to the gold spraying pretreatment performed during SEM.
Signal peaks at energies of 0.41 and 4.52 keV correspond to the Ti element in TiO2, while
peaks at 0.72, 6.44, and 7.06 keV correspond to Fe in Fe3O4, while the peak at 0.52 keV
corresponds to O element. Compared to Al2SiO5 Figure 3d, the peak area ratio of O in
Fe3O4/TiO2@Al2SiO5 shows a significant increase, originating from oxygen in Fe3O4/TiO2

and adsorbed oxygen. The percentages of C, O, Al, and Si in the Al2SiO5 fiberboard are
23.99%, 57.17%, 6.53%, and 12.31%, respectively. The proportions of C, O, Al, Si, Ti, and Fe
in Fe3O4/TiO2@Al2SiO5 are 39.88%, 41.96%, 4.61%, 6.22%, 0.13%, and 7.21%, respectively.
The presence of C might be due to the fact that there was C in the organic ligands during
the synthesis process, and the synthesis process did not thoroughly remove it, resulting in
residual C. Alternatively, it could be because CO2 was present in the testing environment.
The low content of Ti is due to the small amount of Ti used in the doping process.
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Figure 3. SEM images of (a) Al2SiO5 fiberboard and (b) Fe3O4/TiO2@Al2SiO5; (c) Elemental map-
ping of Si, Al, O, Fe, Ti on TiO2/Fe3O4@ Al2SiO5; (d) The EDS spectra of Al2SiO5 fiberboard
(e) Fe3O4/TiO2@Al2SiO5.

3.2. Optimization of Operating Parameters for TCH Degradation in the Plate Fixed-Bed Reactor
3.2.1. Optimization of Loading Dosage

The effect of catalyst dosage was investigated as the amount of catalyst used has a cer-
tain effect on the degradation of TCH. The results are shown in Figure 4a. We can see that the
removal rate of TCH gradually increases with the increase in load of Fe3O4/TiO2@Al2SiO5.
For catalyst loading of 0.1 g/L, 0.25 g/L, 0.5 g/L, and 0.75 g/L, the removal rates of TCH
after 120 min were 74.5%, 80.5%, 93.5%, and 94%, respectively. As shown in Figure 4b, at
different initial concentrations, ln(C/C0) shows a good linear relationship with time, and
the fitting equation R2 is close to 1. Moreover, when the loading dosage is 0.75 g/L, the
reaction rate is the fastest, which is consistent with Figure 4a.The result indicates that an
increase in the catalyst loading into the reaction increases the reaction area of the heteroge-
neous Fenton reaction, which in turn increases the active sites on the catalyst surface, and
improves the efficiency of the process [25]. However, as the catalyst dosage continued to
increase to 0.75 g/L, the TCH removal rate improved by only 1.5%. Therefore, to achieve
cost-effective operation, the catalyst dosage should be maintained at 0.5 g/L.
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Figure 4. (a) The degradation of TCH; (b) Reactivity kinetics. Effect of loading dosage on TCH
catalytic activity of catalyst. Experimental conditions: initial pH = 4.5 (without adjustment),
H2O2 = 10 mmol/L, HRT = 2 h, [TCH]0 = 50 mg/L, and T = 25 ± 1 ◦C.

3.2.2. Effect of pH Value on the Degradation

The pH of a solution is a very important factor affecting the treatment effect of the
plate fixed-bed UV-Fenton reactor. About 0.1 M H2SO4 and 0.1 M NaOH solutions were
used to adjust the pH of the TCH solution. The result of the effect of the initial pH on TCH
degradation is shown in Figure 5a. For pH values of 3.0, 5.0, 7.0, and 9.0, the degradation
rate of TCH increases first and then decreases with the increase in pH value. The removal
rates are 90.5%, 93.5%, 78.3%, and 69.3%, respectively, for pH 3.0, 5.0, 7.0, and 9.0. As shown
in Figure 5b, at different pH values, the linear relationship between ln(C/C0) and time
conforms to the first-order kinetic model. The reaction is in accordance with the first-order
kinetic model at different pH values. When pH = 5, the reaction rate is the fastest, further
indicating that pH = 5 is the optimal pH for the reaction. In previous studies [26], it can be
found that the UV-Fenton reaction in the beaker test could be operated at a wider pH range,
which is mainly related to the treatment method. The beaker test belongs to the sequencing
batch reaction, and the organic acids generated in the system first gradually increased and
then gradually decreased with the progress of the reaction. For the continuous flow reactor,
the intermediate metabolites (organic acids) generated in the system will be discharged from
the system with the effluent, resulting in a slow drop in pH value in the system (Table 1).

Figure 5. (a) The degradation of TCH; (b) Reactivity kinetics. Effect of initial pH on TCH degradation.
(Experiment conditions: TCH concentration = 50 mg/L, H2O2 concentration = 10 mmol/L, catalyst
dosage = 0.5 g/L, HRT = 120 min, irradiation = 6 W UV lamps, Temperature = 25 ◦C).
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Table 1. Variation in solution pH on TCH degradation in the plate fixed-bed UV-Fenton reactor under
different initial pH values.

Time (min) pH

0 3.02 5.10 7.00 9.00
20 3.00 4.70 6.52 7.55
40 3.01 4.67 6.41 7.45
60 2.98 4.52 6.30 7.35
80 2.97 4.37 6.24 7.25
100 2.98 4.35 6.15 7.18
120 2.98 4.24 6.07 7.17

3.2.3. Effect of H2O2 Concentration

The main source of the hydroxyl radical in the UV-Fenton system is from the decom-
position of H2O2. The dosage of H2O2 will not only affect the production of the hydroxyl
radical but will also affect the project cost during practical application. The dosage or
amount of H2O2 is therefore vital to the process and hence it is investigated in this study
for TCH degradation. The results are presented in Figure 6a. We can see that the change in
concentration of H2O2 from 5 mmol/L to 20 mmol/L first shows an increase in the removal
efficiency of TCH and then a decrease with more concentration of H2O2. After 120 min of
the reaction, the initial concentration of H2O2 from 5 mmol/L, 10 mmol/L, and 20 mmol/L
resulted in a TCH removal efficiency of 63.2%, 93.4% and 78.5%, respectively. It can be
concluded from this result that the best dosage of H2O2 in the plate fixed-bed UV-Fenton
reactor system is 10 mmol/L. As shown in Figure 6b, at different H2O2 concentration, the
linear relationship between ln(C/C0) and time conforms to the first-order kinetic model.
This result indicates that the higher the dosage of H2O2, the more the hydroxyl radical
produced in the system and the better the removal efficiency. A further increase in the
H2O2 dosage would compete for active species resulting in a decrease in the removal rate
of TCH in the reaction system and also unnecessary waste of H2O2 leading to a higher cost.

Figure 6. (a) The degradation of TCH; (b) Reactivity kinetics. Effect of H2O2 concentration on TCH
degradation. Experiment conditions: TCH concentration = 50 mg/L, initial pH = 4.5 (unadjusted),
catalyst dosage = 0.5 g/L, HRT = 120 min, irradiation = three (3) UV lamps, Temperature = 25 ◦C.

3.2.4. Effect of UV Light Intensity

The intensity of the ultraviolet light directly affects the power consumption in the
treatment process, and this is one of the key factors that is affecting the catalytic oxidation
of the plate fixed-bed UV-Fenton reactor. For this study, the power consumption per ton of
water per hour in (Kw/m3) is used to express the intensity of UV light. The effect of the
different UV light intensity on the degradation of TCH in the plate fixed-bed UV-Fenton
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reactor is shown in Figure 7. As shown in Figure 7a–c, the two curves in the figure are
the light intensity of UV radiation at the center and both ends of the UV lamp tube. As
the power of the UV lamp increases, the spatial distribution of the light intensity does
not change significantly, and the trend is consistent. At the same time, the further the
distance from the light source, the smaller the light intensity. Since the distance between
the Al2SiO5 fiberboard and the UV lamp tube in the reactor is about 3 cm, it can be seen
from the figure that the light intensity ranges of the three UV lamps (4 W, 8 W, and 15 W) at
3 cm are 1.76~2.53 mW/cm2, 1.84~2.81 mW/cm2, and 2.38~2.98 mW/cm2, respectively. In
the TCH degradation test, as shown in Figure 7d, under the conditions of 4 W, 8 W, and
15 W, the removal rates of TCH after 100 min were 90.5%, 99.1%, and 99.8%, respectively.
This is because the increase in the light intensity can improve the absorption of light by
the solution and the catalyst and accelerate the oxidation reaction rate of TCH. Although
increasing the light intensity can improve the degradation effect of TCH, it also increases
the consumption of electricity, and the increase in the removal rate of TCH is less than the
increase in light intensity. Therefore, lower light intensity and longer operation time can
meet the processing effect and reduce the power consumption at the same time.

Figure 7. Effect of UV light intensity on TCH degradation. (a) the intensity of 4 W; (b) the intensity of
8 W; (c) the intensity of 15 W; (d) the degradation of TC under different UV light intensity. Experiment
conditions: TCH concentration = 50 mg/L, initial pH = 4.5, catalyst dosage = 0.5 g/L, HRT = 120 min,
H2O2 concentration = 10 m Mol/L, Temperature = 25 ◦C.

3.2.5. Effect of Hydraulic Retention Time (HRT) on TCH Degradation

The hydraulic retention time is one of the important parameters to be considered in
the reactor design. From the results shown in Figure 8, with gradual reduction in hydraulic
retention time, the degradation efficiency of TCH in the effluent gradually decreases. When
the HRT is 180 min and the concentration of TCH in the effluent is about 2 mg/L, the
removal rate of TCH in the reactor can reach more than 95%. When the HRT is gradually
reduced to 120 min, the degradation efficiency of TCH decreases slightly and the removal
rate of TCH is maintained at 93%. At 90 min HRT, the TCH effluent concentration of the
reactor first increases rapidly and then stabilizes at about 13 mg/L and the removal rate
is 70%. It can therefore be concluded that during the operation of the plate fixed-bed UV-
Fenton reactor, regulating the HRT plays a vital role in the catalytic efficiency of the reactor.
When the HRT is 120 min, the removal rate of TCH in the plate fixed-bed UV-Fenton reactor
can achieve more than 93% efficiency.
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Figure 8. Effect of HRT on TCH degradation. Experiment conditions: TCH concentration = 50 mg/L,
H2O2 concentration = 10 mmol/L, catalyst dosage = 0.5 g/L, pH = 4.5, irradiation = three (3) 6 W UV
lamps, Temperature = 25 ◦C.

3.2.6. Effect of Different Influent TCH Concentration on the Degradation

The change in TCH concentration was studied under different concentrations
(10 mg/L, 25 mg/L, 50 mg/L, and 75 mg/L) in the continuous influent and effluent
and the influence of concentration change on the operation process of the reactor was
investigated so as to determine the maximum load that the UV-Fenton reactor can bear.
It can be seen from the results shown in Figure 9 that when the influent concentration is
increased from 10 mg/L to 25 mg/L, the concentration of TCH in the effluent is lower,
and the removal rate is above 96.5%. When the influent concentration was increased to
50 mg/L, it reached stability within 20 min of the reaction, the effluent concentration was
maintained at about 2 mg/L, and the removal rate could reach more than 95.3%. When
the influent concentration continued to increase to 75 mg/L, the effluent concentration
rose slowly. After 60 min of reaction, the effluent concentration was basically stable to
11.2 mg/L, and the removal rate was 85%. The reason was that the removal rate decreased
due to insufficient H2O2 in the system. It can be seen that during the operation of the
reaction device, the change in the influent concentration has little effect on the removal rate
of TCH, and the dynamic test device has a good impact resistance.

Figure 9. Effect of influent concentration on TCH degradation. Experiment conditions: TCH
concentration = 50 mg/L, H2O2 concentration = 10 mmol/L, catalyst dosage = 0.5 g/L, pH = 4.5
(unadjusted), irradiation = three (3) 6W UV lamps, Temperature = 25 ◦C.

3.3. Stability Evaluation of the Plate Fixed-Bed Reactor

For practical industrial applications, the reactor should not only achieve a certain
treatment efficiency but should also maintain an excellent stability. The stability of a
reactor is one of the important indexes to evaluate its performance. The stability of the
TCH degradation by the continuous operation of the reactor was investigated by means
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of monitoring the continuous inlet and outlet. As shown in Figure 10, the fixed-plate
UV-Fenton reactor demonstrated excellent stability during continuous operation over 24 h.
When the influent concentration was 50 mg/L, the effluent concentration remained below
2.5 mg/L. The removal rate of TCH decreased from 95.3% at the start of the reaction to
94.7%, a reduction in only 0.6%, indicating no significant change in degradation efficiency.

Figure 10. Stability test on TCH degradation in plate fixed-bed UV-Fenton reactor. Experiment condi-
tions: TCH concentration = 50 mg/L, H2O2 concentration = 10 mmol/L, catalyst dosage = 0.5 g/L,
pH = 4.5 (unadjusted), irradiation = three (3) 6 W UV lamps, Temperature = 25 ◦C.

3.4. Mechanism of Catalysts System
3.4.1. Identification of Active Species

The trapping experiment was conducted under similar experimental conditions to in-
vestigate the free radicals that play a major role in the degradation of TCH. The scavengers
(250 mmol/L) were added to the reaction system. The main oxidative species detected by the
trapping experiments were singlet hydroxyl (•OH), oxygen (•O2

−), singlet oxygen (1O2) and
h+ by using t-BuOH, p-benzoquinone (BQ), sodium azide, and ammonium oxalate [27–29].

The results of the active radical group inhibition experiment indicate that the main
active substance involved in the degradation of TCH in Figure 11, •OH, plays a more
significant role in this system. The TCH removal rate decreased to 9.11%, while the effect
of h+ was slightly reduced compared to the system, and the TCH removal rate decreased to
88.32%. The reason might be that the content of TiO2 in the Fe3O4/TiO2@Al2SiO5 catalyst
is relatively low, which leads to a relatively smaller number of h+ produced in the system.
In contrast, the effects of •O2

− and 1O2 can still be ignored. The main radical group in this
system remains •OH.

Figure 11. Determination of reactive species.
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3.4.2. Catalytic Mechanism

On the basis of the above-mentioned experimental results, we can draw a conclusion
that the Fe3O4, TiO2 and Al2SiO5 fiberboard all play very important role in the UV-Fenton
system for the degradation of TCH. Al2SiO5 fiberboard as a carrier enhances the dispersion
and stability of the Fe3O4/TiO2 catalyst. The specific reaction process can be seen in
Equations (3)–(9), and the reaction mechanism is shown in Figure 12. TiO2 possesses
semiconductor conductivity and generates h+ and e− under light exposure (Equation (3)).
The free oxygen atoms in water combine with e− to form •O2

− (Equation (4)). H2O reacts
with h+ to form •OH (Equation (5)). Under the action of H2O2, Fe(II) is transformed into
Fe(III) and •OH (Equation (6)). Excellent charge separation prolongs the lifetime of e−,
enabling the reduction in Fe(III) to Fe(II) (Equation (2)). Furthermore, Fe(III) generated
within the UV-Fenton system acts as an electron donor, accelerating the conversion of Fe(III)
to Fe(II). This enhances the oxidative capacity of the Fenton reaction while simultaneously
inhibiting electron-hole pair recombination, thereby promoting the generation of additional
free radicals within the system. The enhanced efficiency of the Fe(III)/Fe(II) cycling reaction
on the catalyst surface is crucial for achieving efficient TCH degradation (Equation (9)).
The possible reaction mechanism is shown in Figure 12.

TiO2 + hν → h+ + e− (3)

O2 + e− → •O2
− (4)

H2O + h+ → •OH (5)

Fe(II) + H2O2 → Fe(III) + •OH + OH− (6)

•OH + Fe(II) → Fe(III) + OH− (7)

Fe(III) + H2O2 → Fe(II) + H+ (8)

TCH + •OH → degradation products (9)

Figure 12. Hypothetical Reaction Mechanism Diagram.

3.5. Degradation Pathways

The color of TCH is determined by its chromophore, which consists of a large
π-conjugated system formed by aromatic rings B, C, and D, along with their connected
phenolic hydroxyl and ketone carbonyl groups (as shown in Figure 13) [30]. Due to the
delocalization of electrons in the conjugated system, it can absorb light with longer wave-
lengths. When the wavelength of absorbed light shifts into the visible region (357 nm), the
substance exhibits color. Figure 13a shows the UV-vis full-scan spectrum of UV-Fenton
degradation of TCH hydrochloride catalyzed by Fe3O4/TiO2@Al2SiO5.
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Figure 13. UV-vis spectra with Fe3O4/TiO2@Al2SiO5 by UV-Fenton system (illustration is the
structure formular of TCH) HPLC-MS/MS chromatograms for monitoring the degradation of TCH
with Fe3O4/TiO2@Al2SiO5 by UV-Fenton system (a) UV-vis spectra with TiO2/Fe3O4@MSC by
UV-Fenton system (illustration is the structure formular of TCH); HPLC-MS/MS chromatograms for
monitoring the degradation of TC with TiO2/Fe3O4@MSC by UV-Fenton system; (b) 0 min; (c) 5 min;
(d) 40 min.

As shown in Figure 13a, prior to the catalytic reaction (0 min), tetracycline hydrochlo-
ride exhibits two distinct absorption peaks. The peak at approximately 275 nm corresponds
to aromatic ring A and its associated amide and hydroxyl groups (as illustrated in Figure 13).
The peak at 357 nm originates from aromatic rings B, C, D, and the extended chromophore
group. As the reaction progressed, the intensities of both peaks decreased to near zero
over time, indicating a gradual reduction in TCH concentration and further confirming
the disruption of its conjugated structure under the UV-Fenton system. The attenuation of
absorbance at 275 nm likely resulted from the destruction of the phenolic hydroxyl and
amide groups within aromatic ring A of TCH and its degradation intermediates. The decay
of the 357 nm visible band during the reaction resulted from the ring-opening of aromatic
ring D and the subsequent disruption of its conjugated structure. Furthermore, the figure
indicates that the absorption peak at 357 nm decayed faster than that at 275 nm, suggesting
that aromatic rings B, C, and D, along with the extended chromophore group in the TCH
molecule, were preferentially destroyed.

Figure 13b shows the chromatogram at 0 min, revealing a characteristic peak for
TCH at a retention time of 5.0074 min. As the reaction progressed to 5 min in Figure 13c,
the peak intensity of TCH noticeably diminished, though the peak shape remained well-
defined. This indicates that a portion of TCH had been gradually degraded. Concurrently,
a series of new peaks emerged, signifying the formation of new degradation products.
As the reaction continued to 40 min in Figure 13d, the intensity of the TCH peak became
markedly weaker than that of its reaction byproducts, confirming that TCH had been
almost completely degraded.

To further understand the degradation pathway of TCH, HPLC-MS/MS and GC-MS
were used to analyze the intermediate products of tetracycline in the UV-Fenton reaction
system catalyzed by Fe3O4/TiO2@Al2SiO5. The results are shown in Table 2.
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Table 2. Intermediate products identified by HPLC-MS/MS.

Products Mass-to-Charge Ratio Formula Chemical
Structure

TCH 445 C22H24N2O8

P1 461 C22H24N2O9

P2 431 C21H22N2O8

P3 416 C21H21NO8

P4 477 C22H24N2O10

P5 449 C20H21N2O10

P6 400 C21H21NO7

P7 451 C20H22N2O10

P8 491 C22H22N2O11
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Table 2. Cont.

Products Mass-to-Charge Ratio Formula Chemical
Structure

P9 468 C19H17NO13

P10 88 C3H4O

P11 412 C16H13NO12

P12 396 C15H9NO12

P13 146 C4H2O6

P14 298 C11H7NO9

P15 61 CH3NO2

P16 253 C10H4O8

P17 230 C8H6O8

P18 90 C2H2O4
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Figure 14. Proposed degradation pathway of TCH with Fe3O4/TiO2@Al2SiO5 by UV-Fenton system.

From the results in Table 2, it can be seen that the UV-Fenton system catalyzed by
TiO2/Fe3O4@Al2SiO5 produced a total of 19 intermediate products. Based on the detected
intermediate products, the degradation pathway of TCH was briefly analyzed, and the
results are shown in Figure 14. It can be seen that one of the degradation pathways of
TCH is the hydroxylation reaction of tetracycline by •OH [31], generating polar molecules
with larger m/z ratios than the tetracycline parent, such as intermediate products with
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m/z 461 and 477. The product with m/z 461 is presumably formed by the addition of the
C11a-C12 double bond of the tetracycline molecule followed by the rearrangement of the
hydroxyl group at C12 into a carbonyl group. The product with m/z 477 is produced by
the further addition of •OH at the C-2 position. On this basis, •OH further attacks one
methyl group of the amino group, leading to the formation of a compound with m/z 491.
Another degradation pathway of TCH involves the demethylation by •OH and h+, which
attacks the N-C bond with lower bond energy, resulting in the destruction of the N-methyl
group of TCH and the generation of a substance with m/z 431 [32]. On one hand, the
amino group in the amide group of the polar molecule with m/z 431 is destroyed to form
an intermediate with m/z 416, and the further destruction of the hydroxyl group produces
a product with m/z 400. On the other hand, demethylation and hydroxylation occur to
generate a degradation product with m/z 449. The aromatic ring D of this substance
opens, forming a product with m/z 451. Subsequently, product 6 (m/z 451) undergoes
demethylation, deamination, and hydroxylation to form product 9 (m/z 468). The double
bond at the C10-10a position of product 9 is easily attacked by •OH. When the C10-10a
double bond is attacked by •OH, product 11 (m/z 412) and product 10 (3-hydroxyacrylic
acid, m/z 88) are generated. The C6 position of product 11 is attacked by •OH, producing
product 12 (m/z = 396) and methanol (m/z = 32). Methanol can be further oxidized to
formic acid (m/z = 46). The C5a and C11a positions of product 12 are attacked by •OH,
generating product 14 (m/z = 298) and 2,3-dioxosuccinic acid (product 13, m/z = 146).
•OH further attacks product 14, oxidizing it to product 16 (m/z = 253) and carbamic
acid (product 15, m/z = 61), which is caused by the free radical attacking the C2 position.
Product 16 is attacked by •OH at the C1-C2 and C3-C4 positions, forming 1-hydroxy-4,5,6-
trioxocyclohexane-1,2-dicarboxylic acid (product 17, m/z = 230) and oxalic acid (product 18,
m/z = 90). The former can be oxidized at the C5-C5a and C11a-C12 positions to generate 1-
hydroxyethane-1,1,2,2-tetracarboxylic acid (product 19, m/z = 222) and oxalic acid (product
18, m/z = 90). These degradation products are ultimately converted into small-molecule
organic compounds, NH4

+, CO2, and H2O.

3.6. Toxicity Evaluation

TCH and its degradation intermediates generated during the reaction exert certain
hazards and impacts on the survival and growth of aquatic animals, aquatic plants, and
algae. Therefore, this study predicted the toxicity of TCH degradation intermediates using
the ECOSAR program [32]. The prediction results from ECOSAR indicated that algae, fish,
and green algae exhibit differences in sensitivity to TCH and its degradation intermediates,
with algae showing the most significant sensitivity [33]. Acute toxicity data, as presented
in the heat map of Figure 15, revealed that P1 to P10 have high toxicity to fish; P1 to P6 and
P8 display extremely high toxicity to daphnids, while the remaining intermediates have
low toxicity to daphnids. For green algae, P1 to P10 possess high toxicity, and the toxicity
of subsequent degradation intermediates decreases. Chronic toxicity data, as observed
in Figure 15, showed that all intermediates except P9, P11, P12, P13, P14, P15, P16, P17,
P18, and P19 exert extremely high toxicity to daphnids. All intermediates except P9 to P19
demonstrate extremely high toxicity to fish. Regarding algae, P1 to P8 have extremely high
toxicity, while the remaining chemicals are only slightly hazardous or harmless. The above
analysis results indicated that the toxicity of intermediates undergoes significant changes
during TCH degradation, with the product toxicity gradually decreasing.
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Figure 15. LC50, EC50, and ChV values of TCH and the detected byproducts on fish, daphnia and
green algae. (a) acute toxicity; (b) chronic toxicity.

4. Conclusions
In this study, a new type of plate fixed-bed UV-Fenton reactor is developed and

designed for prospective practical application of UV-Fenton system in antibiotic TCH
wastewater. Using Al2SiO5 fiberboard as carrier, successful preparation of supported
catalytic TiO2/Fe3O4@Al2SiO5. The supported catalysts on fiberboard were mainly amor-
phous phase and the TiO2/Fe3O4 was successfully loaded on Al2SiO5 fiberboard. The
initial pH and H2O2 dosage had significant effect on the operation of reactor, followed by
the hydraulic retention time, and the UV intensity. The optimum reaction conditions are
influent concentration of TCH is 50 mg/L, the hydraulic retention time is 120 min, the initial
pH is 4.5, the dosage of H2O2 is 10 mmol/L, and the UV light intensity is 2.36 kW/m3. The
removal rate of TCH subsequently achieved more than 90%. A proposed TCH degradation
pathway was given according to the by-products detected by HPLC-MS/MS and GC-MS.
The primary degradation pathways for TCH involve addition and substitution reactions
with organic compounds through hydroxylation by •OH radicals, as well as demethylation
by •OH and h+, leading to the detachment of certain functional groups (such as amino,
methyl, and carboxyl groups) from the TCH. Additionally, HPLC/MS-MS and GC-MS
analysis identified several lower m/z products, indicating that prolonged degradation can
achieve complete mineralization of TCH.
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