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ABSTRACT
Antibiotic pollution of water resources is a global problem, and the development of new
treatments for destroying antibiotics in water is a priority research. We successfully
manufactured recyclable magnetic Fe3O4/g-C3N4 through the electrostatic self-assembly
method. Selecting tetracycline (TC) as the target pollutant, using Fe3O4/g-C3N4 and H2O2

developed a heterogeneous optical Fenton system to remove TC under visible light. Fe3O4/g-
C3N4 was systematically characterized by SEM, TEM, XRD, FTIR, XPS, DRS, and electrochemical
methods. The removal efficiency of 7% Fe3O4/g-C3N4 at pH = 3, H2O2 = 5 mM, and catalyst
dosage of 1.0 g/L can reach 99.8%. After magnetic separation, the Fe3O4/g-C3N4 photocatalyst
can be recycled five times with minimal efficiency loss. The excellent degradation performance
of the prepared catalyst may be attributed to the proper coupling interface between Fe3O4 and
g-C3N4 which promotes the separation and transfer of photogenerated electrons.
Photogenerated electrons can also accelerate the conversion of Fe3+ to Fe2+, thereby producing
more ˙OH. The new Fe3O4/g-C3N4 can be used as a raw material for advanced oxidation of
water contaminated by refractory antibiotics.
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1. Introduction

Antibiotics are used in the pharmaceutical industry,
aquaculture, as well as agriculture because of their anti-
microbial activity and low operational cost [1]. As a
result, a large proportion of wastewaters laden with anti-
biotics are generated annually. The remnants of anti-
biotics in wastewater can leach into groundwater and
soil systems, and they induce long-term hazards to the
environment and human health [2]. In this study, tetra-
cycline (TC) was selected as an index antibiotic
because it is the second most used antibiotic in the

world [3]. A large amount of TC was excreted directly
into the environment, which will lead to ecological risk
and the resistance genes spread into the water [4].
Various physical, chemical, and biological treatment
methods such as adsorption [5], photocatalytic degra-
dation [6], biodegradation [7], and advanced oxidation
processes [8,9] are used to mitigate TC contaminated
water with partial success. The treatment based on
adsorption or precipitation merely transfers contami-
nants from one compartment to another without
destroying them. Most of the antibiotics are recalcitrant;
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hence biological treatment methods are not efficient.
The advanced oxidation processes hold a promise in
the destruction of antibiotics; however, they require
modifications to meet specific requirements. Therefore,
the destruction of TC from the aqueous environment is
a pressing need.

Fenton process is widely used in advanced oxidation
to destruct organic pollutants non-selectively [10]. The
Fenton oxidation process generates highly reactive OH.

radical by Fe2+ and H2O2 reaction [11]. But the conven-
tional homogeneous Fenton process has the following
shortcomings: (1) limited Fenton activity and low utiliz-
ation efficiency of hydrogen peroxide; (2) production
of high Fe3+ concentrations, typically over 50 mg/L
often exceeding world discharge standards (EU 2 ppm,
China, 2 ppm); (3) iron-enrich sludge generation; (4)
high acid dosage to maintain solution pH 2.5–3.5. The
Fe2+ form complexes with natural and synthetic chelates
ubiquitous in wastewater thus inhibiting Fenton activity
[12,13].

The graphitic carbon nitride (g-C3N4) is a nonmetallic
semiconductor that consists of only C and N. Its bandgap
is about 2.7 eV that facilitates light absorption at the
visible range. The g-C3N4 resists acids, alkali, and light-
induced dissolution, it has good stability, and the struc-
ture can be tuned to desired properties. Presently g-C3N4

research is at its forefront in photo-catalysts formu-
lations [14–16]. However, investigations into the degra-
dation of organic pollutants by g-C3N4 are somewhat
limited, owing to the fast electron–hole recombination
[17]. As reported earlier, metal or non-metal elements
can be doped to tune the bandgap of g-C3N4 to
prevent the recombination of electrons and holes [18–
20]. Singh et al. [21] found that the synthesized magnetic
Fe2O3/g-C3N4 can degrade rhodamine B (RhB) up to
94.7% under visible light. However, the material is only
degraded by photocatalysis, and its degradation ability
is limited. Huang et al. [22] found that the magnetic
photocatalytic 41.4%CoFe2O4/g-C3N4 degrades MB by
97.3%, but the reaction time required is too long, requir-
ing 3 h. After the photocatalytic reaction, it can be
quickly separated from the water by an additional mag-
netic field. Song et al. [23] also conducted an on Fe-
doped g-C3N4, which can increase the light absorption
bandwidth, which leads to improved photocatalytic
degradation of RhB under visible light irradiation. Ma
et al. [24] found that Fe-g-C3N4/GMC can remove
99.2% of acid red in a wide pH window 4–10, most of
Fe is uniformly distributed in the form of Fe-N coordi-
nation. Iron oxide composites [25–27], Fe(III) [28,29],
iron oxide [28] and single molecule iron complex
[30,31] were combined with g-C3N4 photocatalysts for
photocatalysis/photo-Fenton degradation of organic

pollutants. These studies prove that the composite
formed by metal oxide doping g-C3N4 has a strong
photocatalytic performance. However, in most of these
studies [32,33], little attention was paid to the separation
and recycling of the catalyst from the treated water.

Presently we synthesized, magnetic Fe3O4/g-C3N4 by
a simple electrostatic self-assembly method to degrade
TC by the heterogeneous photo-Fenton process under
visible light. Tuning of the bandgap of the Fe3O4/g-
C3N4 composite was achieved by Fe3O4 doping.
Besides, due to the magnetic properties of Fe3O4, the
used catalyst can efficiently be removed by the reaction
mixture. TC is ubiquitous in soils and water, and it is not
removed efficiently by conventional treatment methods.
Hence, we selected TC to represents recalcitrant anti-
biotics. Before pursuing TC degradation, the Fe3O4-g-
C3N4 composite was characterized by scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), X-ray powder diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), electrical impedance spec-
troscopy (EIS), electron spin resonance (ESR) and
diffuse reflectance spectroscopy (UV-Vis). The TC degra-
dation efficiencies as a function of pH, H2O2, degree of
Fe3O4 doping, Fe3O4/g-C3N4 dosage, and TC concen-
tration were also examined. Besides, the reusability
and stability of the Fe3O4/g-C3N4 were also evaluated.
Finally, the mechanism of TC degradation by Fe3O4/g-
C3N4 under visible light was proposed.

2. Experimental

2.1. Chemicals

Ferrous sulfate heptahydrate (FeSO4·7H2O, ≥98%),
sodium thiosulfate pentahydrate (Na2S2O3·5H2O,
≥98%), sodium hydroxide (NaOH, ≥98%), hydrochloric
acid (HCl, 36.0–38.0%) were purchased from Sinopharm
(China). Urea (CO(NH2), ≥98%), tetracycline hydrochlo-
ride (TC·HCl, ≥98%), Humic acid (HA, ≥90%), isopropyl
alcohol (C3H8O, ≥99%) and p-benzoquinone (BQ,
≥99%), potassium dichromate (K2Cr2O7, ≥99%), ethyle-
nediaminetetraacetic acid disodium sodium (C10H14N2-

Na2O8, ≥99%) were purchased from Shanghai Maclin
(China). Hydrogen peroxide (H2O2, 30%), were supplied
from Shanghai Aladdin Chemistry, (China). All chemicals
were analytical grade and used as received.

2.2. Fe3O4/g-C3N4 synthesis

Specific amounts of FeSO4·7H2O (1.39 g) and Na2S2O3-

·5H2O (1.24 g) were dissolved in 15 mL deionized
water, and NaOH (0.4 g) was dissolved in 10 mL deio-
nized water. The two solutions were mixed and stirred
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for about 5 min. The resultant solution was transferred
into a 50 mL Teflon-lined autoclavable tube which was
sealed and the solution was kept at 140 °C for 12 h
and then cooled to room temperature. Finally, the
resulted black residue was washed with deionized
water 3–4 times and dried in a vacuum oven at 60 °C
for 4 h. The g-C3N4 was synthesized via solid-state syn-
thesis using urea as a starting material. A 15 g urea
was placed in a crucible and heated in a muffle
furnace at 550 °C at a heating rate of 5 °C/min for 2 h.
The g-C3N4 was then cooled to ambient room tempera-
ture and powdered for further use.

An electrostatic self-assembly method was used to
prepare the Fe3O4/g-C3N4 nanocomposites as detailed
elsewhere [34]. Briefly, 93 mg of g-C3N4 was dispersed
in 50 mL deionized water by ultrasonication for 30 min;
7 mg of Fe3O4 was dispersed in 10 mL deionized water
was dispersed through ultrasonic for 15 min. Then,
Fe3O4 was mixed with g-C3N4 suspension stirred for
24 h. The resultant product was centrifuged and
washed thoroughly with distilled water and dried in a
vacuum oven at 60 °C for 24 h.

2.3. Materials characterization

The crystal structure of the composites was identified by
X-ray diffraction spectrometer (PANalytical X’Pert Pro) at
40 kV and 40 mA in the 2θ range of 10–70° with 6° min−1

scan rate. The size and morphology of catalyst particles
were characterized by SU-8020 scanning electron
microscopy (SEM; Hitachi model, Tokyo) and JEM-
1400F transmission electron microscopy (TEM; JEOL
model, Tokyo). The UV-vis diffused reflectance spectra

(UV-vis DRS) of the samples were obtained (UV 3600
Agilent, USA). The infrared spectra of the catalysts
were obtained by Fourier transform infrared spec-
troscopy (FTIR model; Bruker, German) under trans-
mission mode. The X-ray photoelectron spectroscopy
(XPS, Thermo, ESCALAB250Xi) was used to determine
the atomic composition and oxidation states of the
elements. The specific surface area of Fe3O4/g-C3N4

was determined by the Brunauer–Emmett–Teller (BET)
analyzer (Autosorb-IQ3, Quantachrome, USA).

2.4. Degradation experiments

TC degradation experiments were carried out in a photo-
catalytic multi-test tube reactor equipped with a verti-
cally aligned 500 W Xe lamp (UV radiation < 420 nm).
The reactor vessel was water-jacketed at 18 ± 2°C with
a recycled cooling unit (XPA-7 Nanjing, China). First,
0.05 g Fe3O4/g-C3N4 was weighed into 50 mL TC sol-
ution, and the reaction solution was stirred for 30 min
in the dark to achieve the adsorption equilibrium. After
H2O2 addition, the photocatalytic reaction was started
for 100 min, and 1 mL sample aliquots were taken at
20 min intervals. The samples were filtered using
0.22 μm PES filters. Then, the catalytic reaction was
repeated for 100 min using H2O2 was added and light
radiation. A 1 mL aliquots of the reaction suspension
were collected every 20 min. The samples were filtered
for the determination of TC and its degradation products
by high-performance liquid chromatography.

2.5. Analysis methods

The residual TC concentrations were detected by high-
performance liquid chromatography using oxalic acid,
methanol, and acetonitrile mobile phase at 357 nm
(HPLC; Agilent 1200 Series). The overall degradation
efficiency of TC by the photoreactor system was deter-
mined by measuring total organic carbon (TOC) with
TOC/TN analysis (Multi N/C 3100). H2O2 was measured
spectrophotometrically by the KMnO4 method at
400 nm [35] (UV-Vis; Hitachi, Japan). The total iron
concentration in solution was measured by flame
atomic absorption spectrophotometry (AAS; AA140,
VARIAN). The degradation intermediates were analyzed
by high-performance liquid chromatography-mass
spectrometry (LC-MS; Agilent 1290/6460, USA). The
free radicals generated during the degradation
process were detected by electron paramagnetic res-
onance spectroscopy (ESR; JES-FA200, JEOL, Japan)
using a 50 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
scavenger.

Figure 1. (a) SEM images of g-C3N4, (b) SEM images of 7%
Fe3O4/g-C3N4, (c) TEM images of g-C3N4, (d) TEM images of
7% Fe3O4/g-C3N4.
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3. Results and discussion

3.1. Characterization of the Fe3O4/g-C3N4

SEM and TEM analyses were carried out to characterize
the morphology and microstructure of the 7% Fe3O4/
g-C3N4 catalyst (hereafter Fe3O4/g-C3N4). As detailed in
Section 3.2, the selection of Fe3O4/g-C3N4 made based
on its degradation efficiency. The SEM and TEM images
are shown in Figure 1a, and 1c show that g-C3N4 has a
layered structure. As shown in Figure 1b (SEM), Fe3O4/
g-C3N4 also indicates a similar layering, which suggests
that doping Fe3O4 into g-C3N4 did not change its micro-
structural properties significantly. As shown in Figure 1d
(TEM), the black spots on the lamellar are from Fe3O4,
and the elemental mapping of Fe3O4/g-C3N4 shows
that C, N, O, and Fe are evenly formed on the surface
(Figure S2). The SEM-EDS results are shown in Figure
S1. b, and the peaks correspond to C, N, O, and Fe are
uniformly dispersed in g-C3N4 on Fe3O4, which proves
that the Fe3O4/g-C3N4 composite was successfully
prepared.

Figure 2a shows XRD patterns of g-C3N4, Fe3O4, and
Fe3O4/g-C3N4 doped with different iron contents. The
diffraction peak of (002) crystal plane of g-C3N4 is
located at 2θ = 27.857°, and the crystal plane spacing is
d (002) = 3.200 Å (PDF50–1512) [36]. As shown in
Figure 2a the XRD pattern of g-C3N4 has a distinct diffr-
action peak at 2θ = 27.4°, and the interplanar spacing d
(002) = 3.253 Å. The values are consistent, which indi-
cates our substrate is a layered graphite phase-carbon
nitride (g-C3N4), and it has a reasonable degree of gra-
phitization. In the XRD spectrum of Fe3O4, distinct diffr-
action peaks are observed at 2θ = 62.5°, 57.2°, 53.4°,
43.1°, 35.4°, and 30.1°, which correspond to (220),

(311), (400), (422), (511), (440) planes (JCPDS (75–0449)
standard card of Fe3O4) [37]. In the XRD spectrum of
Fe3O4/g-C3N4, the characteristic diffraction peaks at
27.8°, 57.2°, 53.4°, 35.4°, and 30.1° of g-C3N4 and Fe3O4

can be observed, and with the increase of Fe3O4

content, the intensity of Fe3O4 diffraction peaks
become strong, and the peak of g-C3N4 weakened indi-
cating g-C3N4 and Fe3O4 admixtures.

Figure 2b shows the FT-IR spectra of g-C3N4 and
Fe3O4/g-C3N4. The sharp peaks at 810 cm−1, 1247–
1637 cm−1, 810 cm−1 are attributed to respiration
modes of the triazine unit [36]. The absorption band of
1247–1637 cm−1 (with the characteristic band at
1247 cm−1 and 1637 cm−1) can be attributed to tensile
vibration of the -CN heterocyclic ring [38]. The peak at
3000–3600 cm−1 is the tensile vibration absorption
peak of NH [36]. When different amounts of Fe3O4 are
doped into g-C3N4, the peak position does not shift;
however, the intensity values are reduced. By the incor-
poration of Fe, the skeleton structure of g-C3N4 does not
vary. In the spectrum of Fe3O4, the strong characteristic
peak at 572 cm−1 is due to vibrations of Fe-O bonds.
However, we could not observe any bands correspond
to Fe-N and Fe-C bond vibrations in Fe3O4/g-C3N4.
Therefore, in agreement with TEM and XPS data, Fe
ions are doped into the g-C3N4 framework.

Figure 3a shows survey XPS spectra of the g-C3N4 and
Fe3O4/g-C3N4 catalysts. The peaks of C, N, O are found in
the XPS spectrum of g-C3N4, and the peaks of C, N, O,
and Fe are found in the XPS spectrum of Fe3O4/g-C3N4.
According to the results of XPS measurement, the
weight percentages of elements in 7% Fe3O4/g-C3N4

are 39.93%, 50.38%, 6.75%, and 2.94% of C, N, O, and
Fe, respectively. Because of the small amount of Fe

Figure 2. (a) XRD patterns of g-C3N4, Fe3O4, and Fe3O4/g-C3N4, (b) FTIR spectra of g-C3N4, Fe3O4 and Fe3O4/g-C3N4.
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doping, the Fe peak is very low. Figure 3b shows the C1s
spectra of g-C3N4 and Fe3O4/g-C3N4. For both materials,
the C1s spectrum can be deconvolved into three Gauss-
Lorentz peaks, and the binding energy of the central
peak is 284.88 (g-C3N4) and 288.21 eV (Fe3O4/g-C3N4).
The peak at 284.88 eV (19.82%) is attributed to the C–C
coordination of amorphous carbon; the peak at
288.21 eV (80.18%) is due to the C–N or C-(N)3 groups
[39]. The C1s spectrum of Fe3O4/g-C3N4 was similar to
that of g-C3N4, but the peak of C–N shifted 0.02 eV
towards high binding energy direction, and the peak
of C–C shifted 0.05 eV towards low binding energy direc-
tion. In the N1s spectrum of g-C3N4 (Figure 3c), three
peaks are observed after deconvolution. The peak at
398.69 eV(76.54%) is ascribed to sp2-hybridized aromatic
N (C–N=C); the peak at 399.93 eV (10.46%) is attributed
to tertiary nitrogen N-(C)3; the peak at 401.14 eV
(9.28%) is attributed to C–N-H groups [40]. In the N1s
spectrum of Fe3O4/g-C3N4 (Figure 3c), these peaks
have shifted to 0.03, 0.05, and 0.06 eV towards high
binding energy direction. The O1s peak at 532.3 eV is
associated with Fe3O4/g-C3N4 surface hydroxyl group
or water molecules [41] (Figure 3d). Six peaks are
observed for Fe3O4/g-C3N4 in the Fe2p spectrum
(Figure 3e). The binding energies at 709.2 eV (35.47%),
711.4 eV (28.55%) and 724.8 eV (27.83%) correspond to

Fe2+ 2p3/2, Fe
3+ 2p3/2 and Fe3+ 2p1/2, respectively, man-

ifesting that the catalyst consists of Fe2+ and Fe3+

species. And the other four are satellite peaks of Fe2+

or Fe3+ [42]. The characteristic diffraction peak of Fe-C
or Fe-N is not found in the Fe3O4/g-C3N4 indicating
that no chemical bond formed between the Fe3O4 and
g-C3N4 [34,43]. Our results confirm that Fe was doped
into the g-C3N4 framework. The XPS of Fe3O4/g-C3N4

after reusing three times is shown in Figure S6.
The ultraviolet–visible diffuse reflectance spectra of g-

C3N4 and Fe3O4/g-C3N4 were measured to study the
light absorption characteristics of the photocatalyst. As
shown in Figure 4a, the Fe3O4/g-C3N4 has a wide absorp-
tion rate in the ultraviolet–visible region. According to
the Kubeka-Munk function (Figure S3(a)), the absorption
wavelength of g-C3N4 is about 455 nm with a 2.67 eV
bandgap [44]. The bandgap of Fe3O4/g-C3N4 is about
2.33 eV. In comparison with g-C3N4, the wavelength of
Fe3O4/g-C3N4 absorption show a redshift due to
charge transfer between the Fe3O4 and g-C3N4 [34].
Therefore, the Fe3O4/g-C3N4 photocatalyst can effec-
tively use in the range of visible solar radiation.

The hysteresis loops of g-C3N4 and Fe3O4/g-C3N4 are
shown in Figure 4b. The results show that g-C3N4 is
non-magnetic, while Fe3O4/g-C3N4 is magnetic. Besides,
the saturation magnetization of Fe3O4/g-C3N4 is
sufficient for its separation from the solution by an exter-
nal magnetic field (Figure 4b, inset). This property can be
used to recover the Fe3O4/g-C3N4 composite for recycling.

To better understand the photo-induced current sep-
aration behaviour of Fe3O4/g-C3N4, electrochemical
impedance spectroscopy (EIS) and transient (I-t) were
measured (Figure S3 and Figure 4c). The arc of a
typical EIS electrochemical impedance spectrum
reflects the resistance of the charge transfer layer at
the electrode/electrolyte interface. A small arc indicates
a low resistance and high charge transfer efficiency [45].
The arc radius of the Fe3O4/g-C3N4 composite photoca-
talyst is smaller than that of g-C3N4, which indicates
that the conversion and separation of electron–hole
pairs at the interface of Fe3O4/g-C3N4 is effective.
Figure 4c shows that the photocurrent response of
Fe3O4/g-C3N4 is about three times larger than that of
g-C3N4. Both EIS results and I-t results indicate that the
charge separation and transfer efficiency of Fe3O4/g-
C3N4 light-induced carriers is more increased than g-
C3N4 [46]. The charge separation efficiency was further
tested by PL measurement. Figure S3(c) shows that g-
C3N4 produces a high-intensity fluorescence peak at
440 nm. Compared with g-C3N4, the fluorescence inten-
sity of Fe3O4/g-C3N4 is reduced, indicating that the elec-
trons and holes produced by g-C3N4 have higher
fluorescence intensity, which indicates Fe3O4 doping

Figure 3. The XPS spectra of whole XPS spectra (a) and typical
elements C1s (b), N1s (c), O1s (d), Fe2p (e).
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into g-C3N4 can effectively inhibit the recombination of
photogenerated electrons and holes.

Nitrogen adsorption/desorption isotherms were con-
structed to determine the specific surface area and por-
osity of g-C3N4 and Fe3O4/g-C3N4. As in Figure 4d, based
on the classification of the International Union of Pure
and Applied Chemistry (IUPAC), the N2 adsorption–des-
orption isotherm is type IV of the H3 hysteresis cycle
[47]. The specific surface areas of g-C3N4 and 7%
Fe3O4/g-C3N4 are 59.25 and 53.14 m2/g, respectively.
The reduced specific surface area of Fe3O4/g-C3N4 is
due to the blocking of the Fe3O4 region, which occurs
during the composite synthesis. Table S1 shows the
detailed properties of g-C3N4 and Fe3O4/g-C3N4 based
on N2 adsorption–desorption isotherms.

3.2. Influences of experimental conditions on TC
oxidation

Figure 5a shows the degradation efficiency of TC by
Fe3O4/g-C3N4 under different experimental conditions.
We used Fe3O4/g-C3N4 fabricated by varying dopant con-
centration (Fe3O4) to assess optimal TC degradation. In all
instances, 100 min reaction time was chosen. The adsorp-
tion rate of Fe3O4/g-C3N4 alone for TC under dark

conditions is only 5.6%, and after 30 min of adsorption,
the TC concentration no longer decreases (Figure S4(d)).
The results show that only when H2O2 is used, about
12% TC is photodegraded. In the presence of visible
light, when bare g-C3N4 is used, only 40.4% TC was
degraded. In the presence of visible light and H2O2, the
degradation rate of TC by g-C3N4 was slightly increased
to 43.4%. In the dark, the TC degradation efficiencies by
Fe3O4 and Fe3O4/g-C3N4 were 50.1% and 45.2%, respect-
ively. However, in the presence of visible light radiation,
the TC degradation by Fe3O4/g-C3N4 reaches over 99%.
Our data show that the Fe3O4/g-C3N4 at Fe3O4 doping
shows highest TC degradation. When compared to g-
C3N4, in Fe3O4/g-C3N4 proper interfacial coupling
between Fe3O4 and g-C3N4 accelerates efficient hole
and electrons separation; second, photogenerated elec-
trons can accelerate the conversion of Fe3+ to Fe2+,
thereby efficient production of ˙OH. The synergy
between the aforementioned processes enhances the
photo-Fenton activity in Fe3O4/g-C3N4 composite.

The TC degradation rate can be interpreted by
pseudo-first-order rate law when [TC]initial <<
[catalyst]initial as shown in Figure S4(a);

ln(C0/C) = Kappt

Figure 4. (a) UV-vis diffuse reflectance spectra of g-C3N4 and 7% Fe3O4/g-C3N4, (b) Magnetization curve of g-C3N4, Fe3O4/g-C3N4 at
room temperature, (c) Transient photocurrent responses of g-C3N4 and 7% Fe3O4/g-C3N4, (d) Nitrogen adsorption-desorption iso-
therms of g-C3N4 and 7% Fe3O4/g-C3N4.
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where (C0 t0) and (C, t) are initial and final reaction con-
ditions used, and Kapp is the pseudo-first-order rate con-
stant (min−1). According to Figure 5b, the Kapp values of
g-C3N4, Fe3O4, and Fe3O4/g-C3N4 are 0.00559, 0.00679,

and 0.03907 min−1 respectively. Table S-2 shows Kapp
and R2 for different reaction systems, which indicates
that doping Fe3O4 g-C3N4 contributes to optimal
photo-Fenton activity. Figure 5b illustrates the effect of

Figure 5. (a) Different reaction systems to remove TC, (b) The effect of different TC concentration on the TC removal efficiency, (c) The
effect of different Fe doping amounts of Fe3O4/g-C3N4 to the TC removal efficiency, (d) The effect of different H2O2 concentrations to
the TC removal efficiency, (e) The effect of different pH to the TC removal efficiency, (f) The effect of different catalyst dosage to the TC
removal efficiency. (C0 = 25 mg/L, H2O2 = 5.0 mM, catalyst = 1.0 g/L, P = 500 W Xenon lamp > 420, T = 20 ± 2 °C).
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the initial [TC]initial loading on its degradation efficiency.
The TC degradation rate is inversely proportional to the
[TC]initial. When the [TC]initial is 25 mg/L, the TC is com-
pleted degraded within 100 min, but when [TC]initial
increased from 65 to 85 mg/L, the degradation efficien-
cies have reduced from 72.7 to 57.9% due to covering
catalyst sites by TC which inhibits OH. generation [48].
At the same time, Fe3O4/g-C3N4 was reacted under sun-
light for one hour, and the removal rate of TC could
reach 99.7% (Figure S4(c)).

Figure 5c shows the effect of Fe3O4 doping in Fe3O4/
g-C3N4 on TC degradation. When the Fe3O4 doping on g-
C3N4 increased from 1 to 7%, and the TC degradation
efficiency from 75 to 99%, respectively. However, at
9% Fe3O4 doping on g-C3N4, the TC degradation
reduced to 80% showing an optimal value at 7%
Fe3O4. In the photo–Fenton process, as the solution
iron concentration increases the ˙OH production by
H2O2 is enhanced. However, at excess concentrations
of Fe2+, the electrons and holes may recombine redu-
cing the activity in the photocatalysis-Fenton system
[49]. Therefore, doping 7% Fe3O4 in g-C3N4 is the
optimal value for the photo-Fenton activity of the
catalyst.

Figure 5d shows the effect of Fe3O4/g-C3N4 with
different H2O2 concentrations on the efficiency of TC
degradation by the photocatalysis-Fenton reaction.
When the H2O2 concentration increased from 1 to
5 mM, the TC removal efficiency increased from 86 to
99.9% within 100 min. But when the concentration of
H2O2 increased further to 7 mM, the TC degradation
efficiency decreased slightly. When the H2O2 concen-
tration is below a critical value, the amount of ˙OH rad-
icals produced by the catalytic reaction increases with
the H2O2 concentration. When the H2O2 concentration
reaches a critical value, the generated ˙OH can be con-
verted into less reactive ˙HO2 by the excess H2O2, thus
reducing the TC reduction [50] (Equations (1) – (3)).
When a large proportion of ˙OH is consumed, it cannot
react effectively to degrade TC. The generation of ˙OH
radicals by Fe3O4/g-C3N4 is shown in Figure S5(b).

H2O2 + ȮH � ḢO2 + H2O (1)

ḢO2 + ȮH � H2O+ O2 (2)

ȮH+ ȮH � H2O2 (3)

Figure 5e shows the TC degradation efficiency by the
photo-Fenton system as a function of initial pH. As the
pH is decreased from 9.0 to 3.0, the TC degradation
rate has increased from 73.4 to 98.7% due to the
enhanced formation of ˙OH radical in acidic conditions.
However, there is a threshold pH. When the solution

pH = 2, the TC degradation rate has declined to 87.1%
due to scavenging OH by H+ [51]. Also, the pH of the
resultant solution decreases from 9.00 to 6.48, as
shown in Table S-3. The observed reduction of pH is
ascribed to the formation of acidic intermediates as a
result of TC degradation [52].

Figure 5f shows the TC degradation by Fe3O4/g-C3N4

as a function of catalyst dosing and the results are
shown in Figure 5f. As the catalyst content increased
from 0.5 to 1.0 g/L, the TC degradation rate increased
from 83.8 to 98.7%. When the catalytic content is
between 0.5 and 1.0 g/L, an optimal TC degradation
was noted. When the concentration of the catalyst is
greater than 1 g/L, TC degradation is decreased due to
reduced intensity of light penetration as required for
electron–hole pair generation. This result reduced OH.

generation thus reducing TC degradation efficiency [53].
Figure S4(b) shows a typical chromatogram of HPLC

of the solution after the photo-Fenton process. The
retention time of the TC peak is shown at about
6.3 min. As the reaction time increases, the peak gradu-
ally decreases, and after 100 min the peak disappeared.

Humic acid (HA) is a common macromolecular
organic matter in natural water, accounting for about
50–90% of organic matter in natural water, which is
mainly decomposed by natural organic matter [54,55].
Therefore, the application effect of Fe3O4/C3N4 catalyst
in the treatment of real wastewater was investigated by
adding different concentrations of HA to TC solution.
When the concentration of HA is 5, 10, 15, and 20m/L,
the degradation rate of TC is shown in Figure S4(e).
When the concentration of HA gradually increased, the
degradation rate of TC increased slightly at first and
then decreased. When the concentration of HA is low,
it can promote the conversion of Fe3+ to Fe2+ [56].
However, when the concentration of HA is too high, it
has a certain inhibitory effect on the degradation of
TC. This is because HA will be adsorbed on the surface
of the catalyst to prevent effective contact between
the catalyst and TC. On the other hand, HA and TC will
compete for the ·OH radicals generated by the photo-
Fenton, resulting in the decrease of TC degradation
rate [55].

3.3. Reusability and stability of the Fe3O4/g-C3N4

The stability and reusability of the catalyst are important
in the application of the proposed technology in real
situations. To evaluate the chemical stability and reusa-
bility of Fe3O4/g-C3N4, five consecutive cycles of exper-
iments were conducted to degrade TC under visible
light. After each reaction cycle, the photocatalyst was
separated from the system by applying an external
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magnetic field, and then washed and dried for the com-
mencement of the next cycle. The experimental results
are shown in Figure 6a. After five cycles, the degradation
efficiency of TC is reduced by only 11.2% (from 98.5 to
87.3%). The TOC degradation rate is only 10.1%
(reduced from 67.2 to 57.1%). Besides, the amount of
photocatalyst lost by magnetic separation is negligible.
The stability of Fe3O4/g-C3N4 depends on the amount
of iron leached. As shown in Figure S5(a), after five
cycles, the leached iron concentration decreased from
0.17 to 0.11 mg/L. After the first cycle, the iron ions
leaching was only 0.24%. This shows that iron ions are
effectively fixed on the g-C3N4 framework. As shown in
Table 1, Fe3O4/g-C3N4 shows excellent TC degradation
efficiency when compared with different iron-doped
photo Fenton catalysts. After five cycles, the Fe3O4/g-
C3N4 shows excellent stability and repeatability thus
offer a potent material for pollution control.

The FTIR, SEM, BET, and XPS of the catalyst before and
after the reaction was compared. As shown in Figure S7
(a), the functional groups of the catalyst did not change
significantly before and after the reaction. As shown in
Figure S7(b) and c, the catalyst maintains its original
form after the reaction, and Fe3O4 is dispersed on

g-C3N4. After the reaction, the specific surface area of
the catalyst is only slightly reduced to 46.76 m2/g. As
shown in Figure S6, the peaks of C, N, O, and Fe are
found in the XPS spectrum of Fe3O4/g-C3N4 repeated
three times. All the results show that the structure of
Fe3O4/g-C3N4 after the reaction has not been
damaged, and it has good stability and repeatability.

3.4. Reaction pathways of TC degradation

To study the mechanism of the photocatalysis-Fenton
system, trapping experiments were carried out. Trapping
experiments explored the generation of active species
via the photocatalysis-Fenton system and their impact
on TC removal efficiency. The trapping agents for the
experiment were isopropyl alcohol (˙OH), p-benzoqui-
none (˙O2

−), and EDTA-2Na (h+) [61,62]. The experimental
results are shown in Figure 7a. Without adding any trap-
ping agent, the TC degradation efficiency reached
99.8%. After adding isopropanol to the reaction
system, the TC degradation efficiency decreased signifi-
cantly, only 34.6% (a reduction of 65.3%); after p-benzo-
quinone was added to the reaction system, the TC
degradation efficiency was 62.7%; however, after
adding EDTA-2Na, the TC degradation efficiency is
slightly reduced. This shows that ˙O2

−, ˙OH are the main
active substances, and h+ is the secondary active sub-
stance. To further study the active free radicals in the
photocatalysis-Fenton system, an ESR trap experiment
with 5-dimethylpyrroline-N-oxide (DMPO) as a spin
trap was carried out. The intensity ratios of the
1:1:1:1:1 quartet characteristic ESR signal and the
1:2:2:1 quartet pattern signal are respectively shown in
Figure 7b. The results showed conclusively that ˙OH
and ˙O2

− were produced in the photo-Fenton system.
Through LC-MS analysis, these TC degradation inter-

mediates were found including m/z = 461, 417, 374,
401, 274, 236, 208, 150 (Figure S8). Based on the molecu-
lar structures of these compounds, Figure 8 suggests
possible degradation pathways.

Figure 6. Removal efficiency of TC and TOC (Reaction con-
ditions: C0 = 25 mg/L, H2O2 = 5.0 mM, catalyst = 1.0 g/L, P =
500 W Xenon lamp > 420, T = 20 ± 2 °C).

Table 1. Compare the degradation of pollutants by various iron-doped photo Fenton catalysts.

Materials Pollutants Conditions
Removal
efficiency

Amount of iron
leaching References

rGS/FexOy/NCL Rhodamine B. (10 mg/L,
60 mL)

Catalyst (30 mg); H2O2 (20 mM); 330 W Xe lamp with 420
nm cut-off filter; pH without adjustment; t = 150 min

100% 3.3 mg/L each
cycle

[57]

Cu/Fe3O4@CRC methylene blue (40 mg/
L, 100 mL)

Catalyst (20 mg); H2O2 (4 mM); 250 W Xe lamp with 420
nm cut-off filter; pH = 6; t = 40 min

97.5% 0.42 mg/L each
cycle

[58]

Fe3O4@PBC Metronidazole (300 mg/
L, 50 mL)

Catalyst (20 mg); H2O2 (3 mM); 300 W Xe lamp with UV
cut-off filter; pH = 3; t = 120 min

95.1% 0.89∼0.2 mg/L
each cycle

[59]

Fe-modified
rectorite (Fe-R)

TC (100 mg/L, 100 mL) Catalyst (40 mg); H2O2 (10 mM); 500 W LED visible-light
lamp; pH = 3.81; t=120 min

95% 2.2–3.6 mg/L each
cycle

[60]

Fe3O4@g-C3N4 TC (25 mg/L, 50 mL) Catalyst (50 mg); H2O2 (5 mM); 500 W Xe lamp with 420
nm cut-off filter; pH = 3; t = 100 min

99.8% 0.17∼0.11 mg/L
each cycle

This work
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During the treatment process, the TC intermediates
are mainly formed via three routes: the loss of functional
groups, ring-opening, and hydroxylation reactions via
the addition or substitution by ˙OH [63,64]. For
pathway 1, when C11a-C12 reacts with ˙OH, a hydroxyl
and a ketone group at C11a-C12 are formed, resulting
in the generation of a compound with TC 1 (m/z =
461). For pathway 2, TC 2 (m/z = 417) was formed by
the demethylation of the diethylamino group by low
N–C bond energy at C4 [65]. Then, ˙OH radicals

continued to attack TC 2, leading to two decomposition
pathways of TC 2. On the one hand, TC 3 (m/z = 374) was
formed by the loss of acylamino groups in C2. On the
other hand, ˙OH attacks the hydroxyl group in C3,
leading to the generation of a compound with TC 4
(m/z = 401) [65]. TC 4 was further degraded led to the
generation of TC 5 (m/z = 274) via loss of amino
groups, because of breakage of naphthalene ring A
[66]. The intermediates with TC 6 (m/z = 236) and TC 7
(m/z = 208) are generated through ruptures of rings

Figure 7. (a) Effect of radical scavengers on the degradation of TC. (b) ESR spectra of DMPO-˙OH and DMPO-˙O2
− adducts.

Figure 8. Proposed degradation pathways of TC in the photo-Fenton system.
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B. TC 6 (m/z = 236) generates TC 8 (m/z = 150) by
forming carboxyl groups and dissociating hydroxyl
groups.

The acute toxicity, developmental toxicity of the 8
intermediates of TC was analyzed by Toxicity Estimation
Software Tool (TEST) [67]. As shown in Figure 9a, the
LC50-96 h of Fathead minnow (the concentration of the
chemical that causes 50% of Fathead minnow to die in
96 h) was 0.90 mg/L TC, which can be categorized as
‘very toxic’. Except for TC 2 and TC 5, the toxicity of
other intermediates is reduced. TC 1 and TC 3 are still
toxic. As the number of benzene rings decreases, the
toxicity of the intermediates gradually decreases. For
example, TC 6, TC 7, and TC 8 are classified as
‘harmful’. Figure 9b displayed the developmental tox-
icity, except for TC 2 and TC 4, the developmental tox-
icity of other degradation intermediates is reduced.

Based on experimental results and related literature
(including physical and chemical properties, photocata-
lytic properties, and detected active groups) [20,68], a
possible photo-Fenton TC degradation mechanism by
Fe3O4/g-C3N4 composites under visible light is proposed

as shown in Scheme 1. The g-C3N4 can generate elec-
tron–hole pairs by the excitation from visible light
(Equation (4)). Because the conduction band of g-C3N4

(CB, −1.12 eV) is more negative than O2/˙O2
− (O2/˙O2

−,
−0.33eV vs NHE) [69], it can reduce O2 yielding ˙O2

−

(Equation (5)). The holes in the VB of g-C3N4 (VB,
1.53 eV) cannot oxidize OH− to give ˙OH (OH−/˙OH,
2.38 eV vs NHE) [70]. The holes in CB of g-C3N4 will trans-
fer to the Fe3O4 surface, the electrons from g-C3N4 will
be captured by Fe3+ to form Fe2+ (Equation (6)). Sub-
sequently, the generated and original Fe2+ reacts with
H2O2 to form Fe3+ and ˙OH [71] (Equation (7)). The
H2O2 in the system will also react with holes to form
˙O2

− (Equation (8)). After a series of reactions, the gener-
ated ˙O2

−, ˙OH and h+ react with TC to mineralize into
inorganic compounds (Equation (9)).

g− C3N4 + hv � g− C3N4(h
+ + e−) (4)

O2 + e− � Ȯ
−
2 (5)

Fe3+ + e− � Fe2+ (6)

Fe2+ + H2O2 � Fe3+ + ȮH+ OH− (7)

h+ + H2O2 � Ȯ
−
2 + 2H+ (8)

Ȯ
−
2 + ȮH+ h+ + TC � smallmolecules/ions (9)

4. Conclusions

We synthesized magnetic Fe3O4/g-C3N4 photocatalyst
by electrostatic self-assembly method to design a het-
erogeneous Fenton process that operates under visible
light irradiation. The TC degradation efficiency by the
new Fenton process is 50% higher than the convention
Fenton method. The photo-Fenton system completely
destructs 25 mg/L of TC within 100 min. At 7% of

Scheme 1. The plausible mechanism of the photo-Fenton
system with Fe3O4/g-C3N4.

Figure 9. (a) Acute toxicity of Fathead minnow, (b) developmental toxicity of TC and degradation intermediates.
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Fe3O4 doping, the Fe3O4/g-C3N4 shows an optimized
bandgap and ˙OH generation rate. Therefore, Fe3O4/g-
C3N4 shows a great promise as a photo-Fenton catalyst
when compared to conventional Fenton analogs.
Besides, the five experimental parameters namely
Fe3O4/g-C3N4 are pH, H2O2, catalyst content, reaction
time, and substrate loading, play a pivotal role in the
TC degradation and the stability and reusability of the
photo-catalyst. The Fe3O4/g-C3N4 can be recycled five
times in the reduction of TC, and the leaching of iron
is also reduced. This provides new ideas for the current
treatment of antibiotic contamination.
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