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Abstract: Residual drug pollutants in water environments represent a severe risk to human health, so
developing a cheap, environmentally friendly, and effective photocatalyst to deal with them has be-
come a hot topic. Herein, a magnetically separable Fe3O4@TiO2/g-C3N4 photocatalyst with a special
heterojunction structure was fabricated, and its photocatalytic performance was assessed by degrad-
ing tetracycline (TC). Compared to Fe3O4@TiO2, the synthesized Fe3O4@TiO2/g-C3N4 exhibited
superior TC degradation performance, which was primarily ascribed to the heterojunction formed
between TiO2 and g-C3N4 and its ability to enhance the visible light absorption capacity and reduce
the photoinduced electron/hole recombination rate. Moreover, a free radical capture experiment
further confirmed that ·O2

− and h+ are the predominant components in the TC degradation reaction.
Under UV–Vis irradiation, the TC degradation rate escalated to as high as 98% within 120 min. More-
over, Fe3O4@TiO2/g-C3N4 was demonstrated to be easily recovered by magnetic separation without
any notable loss even after five cycles, showing exceptional stability and reusability. These findings
indicate that Fe3O4@TiO2/g-C3N4 is a promising photocatalyst for environmental remediation that
may provide a sustainable approach to degrading antibiotic pollutants in wastewater.

Keywords: photocatalytic; tetracycline degradation; Fe3O4@TiO2/g-C3N4; heterostructure; magnetic
separation

1. Introduction

Tetracycline (TC), as a basic widely used bactericidal agent, has been extensively
utilized in animal husbandry and aquaculture. Due to uncontrolled use, TC residues
accumulate in the environment through soil erosion and wastewater discharge, which
poses a serious threat to human health through food chains [1]. Although TC residues cur-
rently exist in trace concentrations (ng/L to µg/L) in different soil and aquatic ecosystems,
its long-term presence in ecological environments will promote the formation of drug-
resistant bacteria and genes due to its chemical stability [2,3]. To deal with this situation,
many researchers have proposed various methods to remove TC from wastewater, such as
adsorption, advanced oxidation, and membrane filtration [4–10]. However, traditional ad-
sorption and membrane filtration methods have disadvantages such as limited adsorption
capacity and release risk. In recent years, advanced oxidation processes (AOPs) have been
considered as the best choice for antibiotic wastewater treatment [11]. Among them, the
photocatalysis technique stands out as the most promising method, owing to its simple
operation and ability to avoid secondary pollution.

Titanium dioxide (TiO2), as a conventional photocatalytic material, has been widely
used in wastewater treatment, which is attributed to its good chemical stability, non-toxicity,
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and straightforward synthesis [12,13]. Unfortunately, as an n-type semiconductor, TiO2 can
only absorb the ultraviolet region in the solar spectrum, and its photoinduced electron/hole
pair recombination rate is high, which significantly restricts its practical application [14]. To
enhance TiO2’s catalytic activity for environmental pollution, various strategies have been
proposed to extend its light absorption region and reduce the electron/hole pair recombi-
nation, including metal (such as Al) or non-metal ion (such as Cl and F) doping, surface
modification, coupling with other semiconductor materials, and regulating preparation
conditions [15–24]. These strategies can not only enhance the photocatalytic performance
of TiO2 materials but also expand their applications in biomedicine, plastics, rubber, and
other fields.

In recent studies, graphitic carbon nitride (g-C3N4) has become a popular semiconduc-
tor photocatalyst, which is probably attributed to its unique nanosheet structure and visible-
light-driven band gap at around 2.70 eV [25]. To enhance g-C3N4 catalytic performance,
researchers have proposed various methods, such as hybridizing with wide-band-gap
semiconductor photocatalysts (such as SnO2, TiO2, Bi2WO6, etc.) and developing a meso-
porous structure, g-C3N4 (mpg-C3N4), which helps to enhance the visible light response
and accelerate photoinduced electron/hole pair separation, thereby enhancing photocat-
alytic efficiency [26–28]. As an illustration, Wang et al. [29] found that Bi2WO6/g-C3N4
photocatalyst has a superior degradation activity for RhB dye to pure Bi2WO6 or g-C3N4
photocatalyst under UV–Vis light irradiation due to its heterojunction structure. Therefore,
forming a heterojunction by hybridizing TiO2 with g-C3N4 could be an effective approach
to enhance photocatalytic performance. Nevertheless, few studies have been conducted
on TC degradation using TiO2/g-C3N4 composites, and the degradation mechanism is
still obscure.

In addition, based on the green chemistry theory, an effective separation of photo-
catalysts from wastewater has become a focus of current research. Conventional cen-
trifugation and filtration methods are complicated and easily lead to photocatalyst loss
due to high dispersion [30,31]. Fe3O4-based materials have attracted much attention in
the biological, energy, and environmental science fields due to their excellent magnetic
responsiveness [32–35]. Therefore, the introduction of Fe3O4 can make photocatalysts sep-
arate easily under an external magnetic field to improve their reuse rate, which is crucial
for wastewater treatment.

Thus, in this work, a series of recyclable photocatalysts were synthesized by the
solvothermal method, and their photocatalytic activity was evaluated by degrading TC
under UV–Vis irradiation. The whole preparation process is easy to operate without toxic
reagents. The chemical composition and surface morphology of the prepared samples were
analyzed by XRD, SEM, FT-IR, and XPS. To investigate the reason for the enhanced degra-
dation rate, DRS, PL, and TRPL tests were carried out. Also, an electrochemical workstation
was conducted to investigate the possible TC degradation enhancement mechanism by FTC
photocatalysts. Briefly, this work will provide experimental validation for the development
of novel magnetically separable photocatalysts and exhibit potential application prospects
in TC wastewater treatment.

2. Materials and Methods
2.1. Materials

Tetrabutyl titanate (C16H36O4Ti, 98%), Polyethylene glycol (PEG 10000, 99%), Tetracy-
cline hydrochloride (TC, 99%), Ferric chloride hexahydrate (FeCl3·6H2O, 99%), and Sodium
acetate anhydrous (CH3COONa, 99%) were purchased from Aladdin (Shanghai, China).
Anhydrous ethanol (C2H5OH, purity ≥ 99.7%), Ethylene glycol (C2H6O2, purity ≥ 99.5%),
and Urea (CH4N2O, purity ≥ 99.0%) were sourced from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). These materials were all of analytical grade.
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2.2. Synthesis of Fe3O4@TiO2/g-C3N4

The Fe3O4@TiO2/g-C3N4 was synthesized by the solvothermal method. (i) Prepara-
tion of Fe3O4: 7.2 g CH3COONa, 2.7 g FeCl3·6H2O, and 1.0 g PEG 10000 were solubilized
in an 80 mL ethylene glycol solution. After magnetic stirring and homogenizing, the
as-prepared suspension was transferred into a 100 mL polytetrafluoroethylene-lined au-
toclave and heated in an oven at 200 ◦C for 16 h. Then, the products were subjected to
magnetic separation, then washed 3 times using ethanol and deionized water, and dried
at 60 ◦C for 12 h. (ii) Preparation of g-C3N4: a specific quantity of urea was added to a
covered crucible (50 mL) and calcined at 550 ◦C for 2 h (5 ◦C·min−1) to obtain layered
g-C3N4. (iii) Preparation of Fe3O4@TiO2/g-C3N4: 0.15 g Fe3O4 was evenly dispersed in
37.5 mL anhydrous ethanol and 0.75 mL H2O. Subsequently, 1.25 mL tetrabutyl titanate
was introduced into the above solution under ultrasonic conditions. After 5 min, different
g-C3N4 contents were introduced into the aforementioned solution and stirred evenly, then
placed in an autoclave and reacted at 140 ◦C for 3 h. Lastly, the product was magnetically
separated, then washed 3 times using ethanol and deionized water, and ultimately dried at
60 ◦C for 12 h. The Fe3O4@TiO2/g-C3N4 samples with g-C3N4 contents of 5%, 10%, 15%,
and 20% were labeled as FTC-5, FTC-10, FTC-15, and FTC-20, respectively. Meanwhile, the
ratio of n(TiO2):n(Fe3O4) in the Fe3O4@TiO2 sample was set to 4:1, which was named FT.

2.3. Characterization

The crystalline structure was detected by X-ray diffraction (XRD, Empyrean) utilizing
Cu-Kα radiation (λ = 1.54056 Å). Microscopic morphology was observed on a scanning
electron microscope (FESEM, JSM-7610F plus, JEOL, Japan). Chemical compositions were
characterized using energy-dispersive spectroscopy (EDS, XFlash, Bruker, Germany), and
to avoid the influence of carbon tape, a silicon background was chosen for the EDS tests.
Functional group structures were identified by Fourier-transform infrared measurements
(FT-IR, Nicolet iS50, Thermofisher, USA). Surface area and pore structure were analyzed at
77K according to Brunauer–Emmett–Teller (BET, ASAP2020HD88, Micromeritics, USA).
Elemental composition and chemical states were measured by X-ray photoelectron spec-
troscopy (XPS, Escalab 250xi, Thermofisher, USA). Magnetic hysteresis curves were detected
by a magnetometer (VSM, VersaLab, Quantum Design, USA) at 300 K. The mineralization
degree was tested using a total organic carbon (TOC) analyzer (TOC-4200, Shimadzu,
Japan) for solutions with different degradation times. The Zeta potential value of FTC-15
was measured by a Zeta potential analyzer (Nano-ZS90, Malvern, UK). The absorption
spectra and diffuse reflectance spectroscopy (DRS) were recorded by a UV–Vis spectropho-
tometer (UV-2550, Shimadzu, Japan). Photoluminescence spectra (PL) and time-resolved
photoluminescence (TRPL) spectra were obtained by a spectrophotometer (FluoroMax-4,
Jobin Yvon, France). The intermediates formed in the TC degradation process were ex-
plored by the LC–MS technique (1290 II-6460, Agilent, USA). Electrochemical impedance
spectroscopy (EIS), transient photocurrent (TPC) responses, and Mott–Schottky plots were
measured by an electrochemical workstation (PGSTAT302N, Metrohm Autolab, Utrecht,
The Netherlands).

2.4. Photocatalytic Experiments

Photocatalytic degradation experiments on Fe3O4@TiO2/g-C3N4 were conducted un-
der simulated solar light (250W Xenon lamp, CEAULIGHT, China) irradiation using the
TC solution as a model contaminant. Typically, 50 mg FTC was introduced into 50 mL TC
solution (C0 = 50 mg·L−1). After stirring under dark conditions for 30 min, adsorption equi-
librium between the pollutant molecule and photocatalyst was accomplished. Afterward,
the reaction suspension was totally exposed under a Xenon lamp (at a distance of 15 cm).
In each test, the TC solution was continuously magnetically stirred at 150 rpm to ensure
homogeneity. To evaluate the photocatalytic performance, absorbance at 275 and 357 nm
of the solution was measured at different reaction times by a UV–Vis spectrophotometer.
Finally, the photocatalytic degradation efficiency (P%) was calculated as follows.
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P =
C0 − Ce

C0
× 100% (1)

where P is the removal rate, and C0 and Ce are the TC concentrations before and after
photocatalytic degradation.

To further explore the FTC photocatalysts degradation mechanism, a free radical
capture experiment was performed by adding scavengers (1 mM) such as isopropyl alcohol
(IPA), benzoquinone (BQ), and ethylenediaminetetraacetic acid (EDTA) to the suspension
under UV–Vis light irradiation. In addition, to examine the structural stability and reusabil-
ity of the photocatalyst, the previously utilized FTC-15 photocatalyst was magnetically
separated and washed, then used for the next cycle.

3. Results and Discussion
3.1. Structure and Morphology Analysis

Figure 1 shows the XRD patterns of Fe3O4, FT (Fe3O4@TiO2), and FTC (Fe3O4@TiO2/g-
C3N4). According to Figure 1a, the diffraction peaks at 12.8◦ and 26.6◦ correspond to the
(100) and (002) planes of g-C3N4 (JCPDS 87-1526) [36], while the peaks at 30.0◦, 35.5◦, 43.1◦,
56.9◦, and 62.6◦ in Figure 1b are attributed to the (220), (311), (400), (511), and (440) planes
of Fe3O4 (JCPDS 19-0629). After coating the TiO2 (Figure 1c), some new characteristic peaks
appeared at 25.3◦, 47.9◦, and 54.9◦, corresponding to the (101), (200), and (105) planes of
anatase phase TiO2 (JCPDS 21-1272), which means that Fe3O4@TiO2 microspheres were
synthesized successfully. As illustrated in Figure 1d–g, the peak positions of the FTC sam-
ples are similar to the FT, except that the peak intensity of TiO2 and Fe3O4 slightly decreases
from FTC-5 to FTC-20. Additionally, due to the low crystallization and content of g-C3N4,
its diffraction peak is not obvious in the FTC-5 and FTC-10 samples, but weaker peaks can
be found in the FTC-15 and FTC-20 samples, proving that g-C3N4 exists. These results
suggest that the Fe3O4@TiO2/g-C3N4 photocatalyst has been successfully synthesized.
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Figure 2 presents the morphology and composition of Fe3O4, FT (Fe3O4@TiO2), and
FTC-15 (Fe3O4@TiO2/g-C3N4). As shown in Figure 2a, the Fe3O4 sample exhibits a well-
dispersed microsphere morphology with a rough surface and an average diameter of about
200 nm. After coating with TiO2, the FT sample still maintains a spherical morphology, but
its surface becomes smooth (Figure 2b) [37–39]. After the further introduction of g-C3N4
(Figure 2c), extensive layered sheets appeared around the FT microspheres, indicating
that FTC-15 has been successfully obtained, which is further demonstrated by the EDS
spectrum in Figure 2d. Apart from the Fe, O, and Ti elements, C and N elements can be
clearly observed in the FTC-15 composite. Here, a strong Si element peak signal originates
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from the silicon substrate. In order to further explore the elemental distributions, EDS
mapping images of Fe, O, Ti, C, and N elements in FTC-15 are shown in Figure 3. It can be
seen that each element is uniformly dispersed in the FTC-15, which aligns with the SEM
and XRD results.
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Figure 4 exhibits the FT-IR spectra of the different samples. For the Fe3O4 sample
(Figure 4a), a Fe-O bond stretching vibration appeared at 609 cm−1 [40]. For the FT sample,
some absorption peaks appearing at 3419 and 1635 cm−1 in Figure 4b correspond to O-H
bond vibrations, and the absorption peak at 609 cm−1 becomes stronger and wider, which
may be caused by the overlapping stretching vibrations of the Ti-O and Fe-O bonds since
their absorption peak positions are close to each other [41]. For the FTC-15 sample, some
new absorption peaks appear between 1243 and 1635 cm−1, which may be attributed
to g-C3N4 heterocycle stretching vibrations (Figure 4c) [42]. Moreover, compared with
the FT sample, the absorption peak at 609 cm−1 in the FTC sample shifts to 580 cm−1,
suggesting an interaction between TiO2 and g-C3N4, which is related to the enhanced
photocatalytic activity.
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Figure 4. FT-IR spectra of (a) Fe3O4, (b) FT, and (c) FTC-15.

Figure 5 illustrates the N2 adsorption–desorption isotherms and pore structures of
different samples. As shown in Figure 5a, all the FTC samples exhibit typical IV isotherms
with H3-type hysteresis loops (according to the IUPAC classification) in the range of
P/P0 = 0.4–1.0, indicating mesoporous structures generated by layered aggregates [43].
However, the FT sample exhibits an H4 hysteresis loop, indicating that both microporous
and mesoporous structures exist. Furthermore, specific surface area, pore volume, and
average pore size were calculated by the BET method, and the results are shown in Table 1.
The BET surface area, pore volume, and average pore size gradually increase as the g-C3N4
content increases from 5% to 15%, but slightly decrease when it reaches 20%. This might
be ascribed to the fact that the extensive layered g-C3N4 in the sample is beneficial for
increasing the number of pores, but when g-C3N4 is excessive, the overlapping layers will
block some pores. The pore size distribution (Figure 5b) also shows that, compared with
the FT sample, the distribution of 5–50 nm pores increased in the FTC samples, especially
in the FTC-15 sample, which helps to accommodate more TC molecules and promote the
interaction between the FTC-15 and TC molecules, thus improving degradation efficiency.
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Table 1. BET surface, pore volume, and average pore size of FT and FTC samples.

Sample BET Surface Area
(m2·g−1)

Pore Volume
(cm3·g−1)

Average Pore Size
(nm)

FTC-5 57.49 0.143 5.285
FTC-10 65.53 0.145 5.483
FTC-15 79.49 0.207 6.317
FTC-20 67.25 0.137 4.152

FT 159.62 0.140 2.583

The elemental composition and chemical states of the FTC-15 sample were analyzed
using XPS. As depicted in Figure 6a, the FTC-15 displays signals attributed to Fe, O,
Ti, N, and C elements in the survey spectra, confirming the successful synthesis of the
composite. For the Fe 2p spectrum in Figure 6b, the spin–orbit energy between these peaks
is approximately 13.7 eV, confirming that both Fe2+ and Fe3+ exist in the FTC-15 sample [44].
Additionally, the Fe 2p satellite peaks are at about 733 eV and 717.9 eV. Specifically, the
binding energies at 723.9 eV (Fe 2p1/2) and 710.3 eV (Fe 2p3/2) are ascribed to Fe2+, while
those at 726.8 eV (Fe 2p1/2) and 712.6 eV (Fe 2p3/2) are ascribed to Fe3+, representing that a
Fe-O bond exists in the FTC-15 [44,45]. For the O 1s spectrum in Figure 6c, the characteristic
peak observed at 531.3 eV corresponds to the surface -OH groups, while the peak observed
at 529.7 eV is associated with the lattice Ti/Fe-O bonds [46,47]. In the Ti 2p spectrum
(Figure 6d), two characteristic peaks at around 464.2 eV and 458.5 eV correspond to Ti 2p1/2
and Ti 2p3/2, respectively. The spin–orbit energy between these two peaks is approximately
5.7 eV, indicating that Ti4+ exists on its surface [48]. Figure 6e illustrates two peaks in the
N 1s spectrum at 400.2 eV and 398.6 eV, originating from the binding energies of ternary
N-(C)3 and C=N-C bonds, respectively [49,50]. In Figure 6f, three C 1s peaks located at
288 eV, 285.7 eV, and 284.4 eV are attributed to N=C-N, ternary C-(N)3, and sp2 C-C bonds,
respectively, which are associated with the layered g-C3N4 deposited on its surface [50–53].
These findings align with the results obtained from the XRD and FT-IR results.
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The magnetic hysteresis curves of the Fe3O4 and FTC-15 samples were measured
by VSM. As shown in Figure 7, all the samples exhibit super-paramagnetic features with
negligible residual magnetization (Mr) and coercivity (Hc). The magnetization saturation
(Ms) value of pure Fe3O4 is 72.14 emu·g−1. After further coating, the Ms value of the FTC-15
sample is reduced to 35.73 emu·g−1, which is mainly due to the low mass fraction of Fe3O4
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in the FTC-15. This phenomenon has also been found in a previous report [54]. In addition,
as shown in the right corner of Figure 7, FTC-15 can be rapidly separated under an external
magnetic field within 30 s. This excellent magnetic feature provides a straightforward
method for separating and recycling FTC-15 photocatalysts from reaction solutions.
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3.2. Photocatalytic Performance

Figure 8 shows the surface charge properties and TC degradation rate of FTC-15
under different pH conditions. As shown in Figure 8a, the Zeta potential value of FTC-15
gradually decreases with increasing pH and reaches the zero point charge (ZPC) at pH = 5.6.
The FTC-15 surface is positively charged when the pH value is less than 5.6, and negatively
charged when the pH value is more than 5.6. As shown in Figure 8b, the TC degradation
rate presents a trend of first increasing and then decreasing as the pH value increases, and
it reaches the maximum value when pH = 5. When the pH value is between 3 and 4, the TC
exists as TC-HCl0 and TC-HCl+, which are repulsive to the positively charged FTC-15, thus
affecting the photocatalytic degradation process [55]. When the pH value reaches 5, the
TC exists as TC-HCl0 and TC-HCl−, so a weak electrostatic adsorption force is generated
between the TC-HCl− and FTC-15, thus accelerating the TC degradation process [56].
When the pH value is between 6 and 8, the TC mainly exists as TC-HCl−, so electrostatic
repulsion occurs again between TC-HCl− and negatively charged FTC-15, weakening the
TC degradation process. Considering that the initial pH value of the TC solution is about
5.1, the pH adjustment is eliminated during the subsequent degradation process.
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Figure 8. (a) Zeta potential and (b) TC degradation rate of FTC-15 under different pH levels.

In order to investigate photocatalytic performance, photodegradation experiments
were conducted. As shown in Figure 9a,b, photocatalytic degradation efficiency gradually
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decreases when increasing TC concentration. When the initial concentration is 25 mg/L,
TC is completely degraded within 30 min, which is unsuitable for the subsequent kinetics
due to the short time. When TC concentration increases from 50 mg/L to 125 mg/L, the
reaction rate decreases from 0.024 min−1 to 0.0077 min−1, and this long reaction time is
also not conducive to further performance study. Therefore, 50 mg/L is chosen for the
subsequent experiments. As presented in Figure 9c, the TC degradation rate is extremely
slow without a photocatalyst present, indicating the high chemical stability of TC. After
adding FT and FTC photocatalysts, the TC content slightly decreased after stirring in a
dark condition for 30 min, due to the adsorption effect caused by abundant pore structure
in the photocatalysts. Furthermore, it can be observed that the TC content shows a rapid
downward trend under UV–Vis irradiation. As the g-C3N4 content in the FTC photocatalyst
increases from 5% to 15%, the TC degradation rate gradually increases and is better than
with FT, which may be related to the heterojunction structure between TiO2 and g-C3N4.
However, when the g-C3N4 content reaches 20%, the TC degradation rate decreases slightly,
which may be attributed to the excessively layered g-C3N4 deposited on the TiO2 surface,
forming a thick and relatively tight coating, which blocks some pores and prevents the
active catalytic site on the TiO2 surface from fully contacting the TC molecules, thereby
adversely affecting the photocatalytic degradation reaction [29,57]. Also, the half-life period
of TC during photocatalytic degradation by FT is estimated to be 38.72 min, while it is
reduced to 25.13 min by FTC-15, which suggests that g-C3N4 can largely promote the
degradation process.

The first-order kinetics fitting curves for the TC degradation rate on different photo-
catalysts are described according to the following equation [54]:

ln(C0/C) = kt (2)

where C0 and C represent the TC concentration at initial and t time, and k is the degradation
rate constant (min−1). As shown in Figure 9d, the k value of FTC-15 is two times higher
than FT. Also, Figure 9e showed that the degradation rates are as follows: FTC-15 (98%) >
FT (87%) > FTC-20 (83%) > FTC-10 (81%) > FTC-5 (71%). Meanwhile, in order to evaluate
the mineralization degree during the photocatalytic reaction, the TOC test results are
shown in Figure S1. When the photocatalytic reaction is carried out for 120 min, the TOC
value of FT is 30.8%, while that of FTC-15 reaches 42.7%, indicating that FTC-15 has a
stronger mineralization performance. In addition, the adsorption spectra of TC with FTC-
15 (Figure 9f) show that when expanding irradiation time, the absorption peaks at 275
and 357 nm gradually decrease, and TC contaminant is close to complete degradation at
120 min [58], which confirms that 120 min is an appropriate time to degrade TC by FTC-15.

Diffuse reflectance spectra (DRS) were conducted to further investigate the optical
absorption properties of FT and FTC-15. As demonstrated in Figure 10a, the absorption
band edge of FTC-15 redshifts to the visible region closer than the TiO2 and FT samples,
indicating that g-C3N4 can expand the optical absorption range and promote electron/hole
pair generation, which helps to improve its photocatalytic activity under UV–Vis light
irradiation. The band gap energy (Eg) was determined using the Kubelka–Munk formula,
as given below [59]:

αhν = A
(
hν−Eg

)1/2 (3)

where A is the optical constant associated with the substrate material, hv is the incident
photon energy, and α is the absorption coefficient. As shown in Figure 10b, the Eg values of
FT, FTC-15, TiO2, and g-C3N4 can be obtained by linear fitting of (αhν)2 versus hν, which
are estimated to be 3.29, 2.84, 3.47, and 2.90 eV, respectively. It means that the visible
light-harvesting capacity of FTC-15 is much higher than FT, confirming that g-C3N4 is
beneficial for improving the optical absorption performance during the photocatalytic
process. Meanwhile, in order to reveal the interfacial charge recombination behavior,
the PL spectra of pure g-C3N4 and FTC-15 were measured under 343 nm excitation at
room temperature. As shown in Figure 10c, a strong peak centered at around 460 nm
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is primarily ascribed to the n-π* electronic transitions in g-C3N4 [60]. For FTC-15, its
spectral shape closely resembles pure g-C3N4, whereas the peak intensity is reduced
notably, indicating a lower photoinduced electron/hole recombination rate in FTC-15 [61],
as further demonstrated by the TRPL decay spectra shown in Figure 10d. The average
lifetime can be calculated as follows:

τavg =
A1τ1

2 + A2τ2
2

A1τ1 + A2τ2
(4)

where τ1 and τ2 are lifetimes, and A1 and A2 are amplitude constants [36]. It can be
observed that the photoinduced electron/hole lifetimes of FTC-15 (5.41 ns) are much higher
than g-C3N4 (4.02 ns), confirming a better photoinduced electron/hole transport ability.
As a result, this easily clarifies that FTC-15 shows an enhanced photocatalytic efficiency
during TC degradation.
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kinetic curves. (e) TC degradation rate on different photocatalysts. (f) Absorption spectra of TC
with FTC-15.
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In order to further reveal the degradation mechanism, a free radical capture experiment
was performed by adding equal molar amounts of IPA, BQ, and EDTA scavenger reagents
for ·OH, ·O2

−, and h+, respectively [61]. Figure 11 illustrates the TC photodegradation
rates with different radical scavengers. Compared with the blank experiment, the TC
degradation rate changed weakly after adding IPA but significantly reduced after adding
EDTA and BQ. Especially in the presence of BQ, photocatalytic activity decreased from 98%
to 38%. This indicates that ·O2

− and h+ are the predominant influential active species in
the TC degradation reaction, while OH has relatively little effect.
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The intermediates formed during the TC degradation process were explored by the
LC–MS technique. In Figure 12a, a strong peak at m/z = 445 is ascribed to the protonated
tetracycline molecule (TC-H+) by stripping Cl− ions [62]. After degradation for 60 min
(Figure 12b), the peak intensity at m/z = 445 decreased significantly, while new peaks
appeared at m/z = 482, 461, 438, 420, 394, 350, 322, 306, 278, and 262, indicating that the
TC began to be degraded and formed small molecule intermediates through dehydration,
demethylation, and hydroxylation [63]. After degradation for 120 min (Figure 12c), the
peaks at m/z = 482, 461, and 445 almost disappeared, while the peak intensity at m/z = 322,
306, 278, and 262 increased, and some new peaks appeared at m/z = 244 and 218. These
results suggest that intermediates can be further degraded until they are finally mineralized
into CO2 and H2O, which is consistent with TOC test results [64]. The possible reaction
pathway during TC degradation is shown in Figure 13.

EIS profiles, TPC responses, and Mott–Schottky plots of the as-prepared samples
were measured by the electrochemical workstation. As presented in Figure 14a, the arc
radius of the Nyquist curve for FTC-15 is much lower than FT, confirming its smaller
impedance ability and higher photoinduced charge carrier separation rate [65]. Meanwhile,
the TPC responses in Figure 14b indicate that the photocurrent density of FTC-15 is much
higher than FT, indicating its better-photoinduced charge carrier transport ability [36].
These results further validate that the heterojunction between TiO2 and g-C3N4 can largely
enhance photocatalytic performance. According to Figure 14c, the conduction band (ECB)
edge potential of g-C3N4 and TiO2 are estimated to be −0.40 and −0.31 V (vs. NHE),
thus the valence band (EVB) edge potential of g-C3N4 and TiO2 can be calculated to be
+2.5 and +3.16 V (vs. NHE), respectively, by using the formula EVB = ECB + Eg. From
the aforementioned results, a possible photocatalytic degradation mechanism is shown
in Figure 14d. Due to extensive well-dispersed mesoporous structures and active sites
such as hydroxyl groups on the FT and FTC-15 samples, TC molecules can be adsorbed
onto their surfaces in a darkroom adsorption process. Subsequently, under Xenon lamp
irradiation, TC molecules undergo photocatalytic degradation. For the FT sample, TiO2
can absorb ultraviolet light and produce photoinduced electron (e−)/hole (h+) pairs, while
Fe3O4 acts as an electron acceptor, reduces the e−/h+ pairs recombination rate on TiO2,
and also provides magnetic recycling conditions for photocatalysts, thus prolonging the
catalyst lifetime [39,66,67]. For the FTC-15 sample, g-C3N4 in the sample can absorb visible
light and produce photoinduced e−/h+ pairs. Considering the ECB of TiO2 is more positive
than g-C3N4, e− on g-C3N4 CB can readily transfer to TiO2 through the heterojunction
structure. Meanwhile, h+ on the TiO2 valence band (VB) can also transfer to g-C3N4
through the heterojunction structure due to the EVB of g-C3N4 being more negative than
TiO2, thereby extending the photoinduced charge carrier’s lifetime [68,69]. In addition, the
photoinduced electrons accumulated on the conduction band (CB) of TiO2 and g-C3N4
can reduce dissolved O2 into ·O2

−. Subsequently, predominant influential active species
(O2

− and h+) further oxidize and decompose TC pollutants. Here, h+ does not react with
H2O to generate OH since the g-C3N4 VB level is more negative than ·OH/H2O (2.68 V vs.
NHE) [26], which is in agreement with the free radical capture experiment results.
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To evaluate the stability and reusability of FTC-15, the previously utilized FTC-15 pho-
tocatalyst was magnetically separated and washed, then used for the next cycle. Figure 15
reveals that FTC-15 continues to exhibit a high degradation efficiency of 86.9%, thereby
showing a notable reusability after five cycles. Here, this slight decrease can be ascribed
to a small quantity loss of photocatalyst throughout the regeneration process. Further-
more, as depicted in Figure 16, the FTC-15 photocatalyst exhibits similar X-ray diffraction
peaks before and after five cycles, suggesting that it has a stable crystal structure and
composition. The above results show that the FTC-15 photocatalyst is an effective pho-
tocatalyst for TC degradation with high stability, excellent reusability, and easy recovery
via an external magnetic field, which has potential application in antibiotic pollutants
wastewater degradation.
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4. Conclusions

Fe3O4@TiO2/g-C3N4 (FTC) photocatalysts were successfully synthesized and their
photocatalytic performance was investigated by tetracycline (TC) degradation experiments.
When the g-C3N4 content was 15% (FTC-15), the TC degradation rate reached 98%, obvi-
ously superior to the other samples. DRS, PL, and TRPL decay spectra results showed that
this enhanced photocatalytic performance was primarily ascribed to the unique hetero-
junction structure formed between TiO2 and g-C3N4 in FTC-15, which helps to widen the
visible light absorption range, as well as facilitate the charge transfer at the interface and
improve the photoinduced electron/hole separation. Free radical trapping experiments
demonstrate that ·O2

− and h+ are the predominant active species in the TC degradation
process. Moreover, FTC can be separated and reclaimed using a magnetic field applied
externally, maintaining high degradation activity even after five consecutive cycles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16101372/s1, Figure S1: Removal rate of TOC by FT and
FTC-15 samples.
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