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a b s t r a c t 
g-C3N4@Fe3O4 magnetic photocatalyst is prepared by a simple two-steps hydrothermal and 
chemical adsorption method. The as-prepared samples were characterized by X-ray diffraction, 
Fourier transform infrared, scanning electron microscopy (SEM), Ultraviolet -visible spectroscopy, 
and vibrating sample magnetometer. The SEM result shows that Fe3O4 nanoparticles dispersed on 
the g-C3N4 surface and lamellar. The combination of Fe3O4 and g-C3N4 can improve the absorption 
ability of visible light. Meanwhile, the photocatalytic activities were evaluated by the degradation 
of tetracycline (TC) with visible light. Due to the effective separation of photo-induce electron-hole 
pairs, g-C3N4@Fe3O4 a ratio of 3:1 exhibited the best photocatalytic performance, the degradation rate 
for 120 min on the tetracycline reached 92.84%. In addition, we have found that it has better reusable 
photocatalyst than other traditional photocatalysts by magnetic separation recycling method.
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1. Introduction 

In recent years, due to the extreme reliance on antibiot-
ics in clinical care and modern aquaculture, the unreasonable 
use and abuse of antibiotics have become increasingly seri-
ous [1,2]. Excessive use of antibiotics will not only damage 
the organs of humans and livestock, but also induce bacterial 
drug resistance in organisms [3].In addition, most of the anti-
biotics will be excreted in the form of prototypes or metabo-
lites into various water bodies, which not only destroys the 
water environment, but also threatens the human health since 
the ecological cycle re-enters the human body [4,5]. Therefore, 
the efficient removal of antibiotics from water environment 
has focus researcher’s attentions. The emerging photocataly-
sis technology has many advantages, such as high reactivity, 
simple operation, no pollution, and fully used solar energy, 
which provides an efficient, convenient and green way to 
solve the current water environment pollution problems 

[6–8]. Besides, the co-contaminants in raw water could dra-
matically impact kinetics and reusability of photocatalysts 
which is very different from those in deionized water [9]. 
Turbid waters almost always are a challenge to this approach.

Among many photocatalysts, graphite-like carbon 
nitride (g-C3N4) is favored by scholars for its unique advan-
tages. g-C3N4 is the most stable allotrope among the five 
crystal forms of carbon nitride at normal temperature, and 
is an environment-friendly photocatalytic material with 
low energy gap, high thermal stability, and low prepara-
tion cost, which has attracted enthusiastic attention from 
researchers in recent years [10,11]. Nevertheless, g-C3N4 is 
limited in practical application due to its low specific surface 
area, easy composite of photogenerated electron-hole pair, 
low photogenerated carrier yield and other defects [12,13]. 
Semiconductor composite contribute to transferring photo-
generated electrons from the conduction band of g-C3N4 to 
other semiconductors, which can prolong the service life of 
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photogenerated carriers, thus achieving the purpose of effec-
tively improving the photocatalytic performances of g-C3N4 
[14,15]. However, these composite photocatalytic materials 
are excessively wasted during sewage treatment due to its 
good dispersity and hardest recovery. Fe3O4 has drawn exten-
sive attention because it has superparamagnetism and is easy 
to separate magnetically [16,17]. The synthesis of magnetic 
composite materials such as ZnO/Fe3O4 [18] and TiO2/Fe3O4 
[19] has shown that the introduction of magnetic materials 
can effectively improve the recycling rate of raw materials. 
Meanwhile, Fe3O4 has good adsorption, and can provide 
adsorption sites for organics, so that the photocatalytic effects 
can be greatly improved.

In this paper, Fe3O4 spheres with uniform particle sizes 
were prepared by hydrothermal method, and g-C3N4 was 
prepared by direct calcination. The g-C3N4@Fe3O4 mag-
netic composite photocatalytic material was prepared by 
chemisorption. The morphology, structure, and perfor-
mances of the composite material were studied by scanning 
electron microscopy (SEM), X-ray diffraction (XRD), Fourier 
transform infrared (FT-IR), vibrating sample magnetome-
ter (VSM), Ultraviolet -visible spectroscopy (UV-vis) tech-
nologies, and the effects of the composite ratio of g-C3N4 
and Fe3O4 on the performances of the composite material 
were investigated. Furthermore, the photocatalytic perfor-
mances, reaction kinetics and photocatalytic mechanism of 
as-prepared samples were analyzed with TC as a degrada-
tion target under the irradiation of xenon lamp, and the recy-
cling rate of the magnetic material under the effect of external 
magnetic field was further discussed.

2. Material and methods

2.1. Fabrication of g-C3N4@Fe3O4

Fabrication of Fe3O4: 2.16 g FeCl3·6H2O was dissolved in 
64 ml glycol reagent, 9.57 g sodium acetate and 1.63 g PEG-
4,000 were added into a glycol solution, the mixture was 
magnetically stirred at room temperature for 1 h and then 
transferred to a 100 ml polytetrafluoroethylene tank. The 
polytetrafluoroethylene tank was sealed in a reaction kettle 
and reacted at 200°C for 12 h. After being cooled at room tem-
perature, the as-prepared black products were respectively 
washed with deionized water and anhydrous ethanol for sev-
eral times. The product was dried under vacuum at 60°C to 
obtain Fe3O4 powder.

Fabrication of g-C3N4: 2.00 g melamine was added into a 
sealed crucible, and the crucible was placed in a muffle fur-
nace. The muffle furnace was heated up to 520°C at a rate of 
5°C /min and held for 4 h. After the muffle furnace was nat-
urally cooled to room temperature, the yellow product was 
ground into powder. The powder was dispersed in 200 ml 
distilled water and ultrasonically processed for 30 min, and 
then respectively washed with deionized water and anhy-
drous ethanol for three times. Afterwards, the product was 
dried at 80°C to obtain g-C3N4 powder.

Fabrication of g-C3N4@Fe3O4: a certain amount of g-C3N4 
was dispersed in 100 ml methanol solution and ultrasonically 
processed for 30 min, then 0.10 g Fe3O4 and 0.20 g PEG-4,000 
were added into the methanol solution above, and the mix-
ture was continuously stirred for 24 h until the methanol 

was completely volatilized. The resulting black product was 
respectively washed with deionized water and anhydrous eth-
anol for several times. The final product was dried under vac-
uum at 60°C and ground for standby use. The composite mass 
ratio of g-C3N4 to Fe3O4 was 2:1, 3:1, 5:1, and 7:1 respectively.

2.2. Characterization 

The crystal structure of the sample was analyzed using 
a D8 Advance full-automatic XRD from Bruker-AXSr in 
Germany (Cu and Kα irradiation, 40 KV, 30 mA, 8°/min scan-
ning speed). The morphology, size, and elemental characteris-
tics of the sample were observed using S-4,800 electron micro-
scope and energy disperse spectroscopy (EDS) from Hitachi 
in Japan. Fourier transform infrared spectroscopy (FT-IR) 
spectrometer (PerkinElmer, Spectrum Two, USA) was applied 
to obtain FT-IR spectra. Diffused reflectance UV-Vis spectra of 
the samples were obtained from a UV-Vis spectrophotometer 
(UV2550, Shimadzu, Japan) from 200–900 nm. The magnetic 
properties of the material were investigated using a VSM.

2.3. Photocatalytic activity measurement 

The photocatalytic performances of the synthesized 
material were analyzed and compared using a GHX-2 
photocatalytic apparatus for TC degradation experiment. The 
specific operation thereof was as follows: 50 mL of 20 mg/L 
TC solution was used to dissolve 20 mg of the samples. A 
300 W xenon lamp was used as a visible light source, and an 
optical filter was used to filter ultraviolet rays (λ < 400 nm). 
Before visible light irradiation, the solution should be stirred 
in the dark for 30 min to ensure the adsorption-desorption 
equilibrium between the photocatalyst and the TC. During 
irradiation, 3 mL suspension was taken at regular intervals, 
and then a TC concentration was analyzed using spectrometer 
after collection and centrifugation, and the absorbance was 
recorded. The degradation rate of TC is calculated by Eq. (1).

Degradation rate (%) = (C0–C) /C0 × 100%� (1)

where C0 was the absorbance achieving system equilibrium 
after the adsorption in the dark, and C was the absorbance of 
the TC determined by regular sampling.

3. Results and discussion 

3.1. XRD analysis

The structure of as-prepared g-C3N4, Fe3O4, and g-C3N4@
Fe3O4 (3:1) samples are evaluated by XRD analysis. As shown 
in Fig. 1, the diffraction peaks at 2θ = 30.2°, 35.5°, 43.2°, 53.4°, 
57.3°, and 62.6° in the XRD spectrum of Fe3O4 were consistent 
with JCPDS card No. 82–1533 standard, which indicated that 
the as-prepared Fe3O4 was a pure cubic phase structure. The 
stronger diffraction peak of the pure g-C3N4 at the diffraction 
angle 2θ = 27.4°coincided with the (002) crystal face of the 
graphite-like phase g-C3N4, which was caused by the stack-
ing of the graphite phase structures [20]. A weaker diffraction 
peak was observed at 2θ = 13.1°, which was corresponding 
to the (100) crystal face of g-C3N4, and formed by the stack-
ing of triazine structural units [21]. The positions of the dif-
fraction peaks of the g-C3N4@Fe3O4 composite material XRD 
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were consistent with that of the diffraction peaks of the pure 
g-C3N4, and no obvious displacement phenomenon were 
found, which indicated that the introduction of nano-Fe3O4 
did not change the crystal form of g-C3N4. It could also be 
observed from the figure that the characteristic peak of g-C3N4 
was weakened at 2θ = 27.4° because the introduction of Fe3O4 
suppressed the stacking of the (002) crystal face of g-C3N4 in 
a vertical direction, which was beneficial for enhancing the 
dispersity and specific surface area of g-C3N4, and further 
improving the photocatalytic activity of g-C3N4. In the XRD 
spectrum of the g-C3N4@Fe3O4 composite material, the char-
acteristic peaks of g-C3N4 and Fe3O4 coexisted, indicating that 
no other impurities appeared in the as-prepared composite 
material.

3.2. FT-IR analysis

The chemical structure of the g-C3N4@Fe3O4 composite 
material was further analyzed using FT-IR spectroscopy, 
and the results were shown in Fig. 2. In Fig. 2(f) pure Fe3O4 

was corresponding to the characteristic absorption peak of 
Fe-O bond at 581 cm–1 [22]. The characteristic peak of the 
pure g-C3N4 mainly appeared in three regions including 808, 
1,200–1,650, and 3,100–3,300 cm-1. The absorption peak at 
808 cm–1 was corresponding to the bending vibration absorp-
tion of g-C3N4 triazine aromatic ring structure molecules. A 
plurality of absorption peaks appeared in the region of 1,200 
to 1,650 cm–1, corresponding to the stretching vibration char-
acteristic peaks of CN heterocycle and C-N bond. The wider 
characteristic absorption peaks at 3,100 to 3,300 cm–1 were 
caused by the stretching vibration of N-H bond and O-H 
vibration mode that absorbs moisture on the surface, which 
indicated that there were products incompletely polycon-
densed by direct calcination of melamine, and N-H bond 
existed at the layered edge of g-C3N4 [23]. It could be con-
cluded from the spectrum of Figs. 2(e)-(b) that in the g-C3N4@
Fe3O4 composite material, the characteristic peak strength 
of Fe3O4 was improved with the increasingly loaded Fe3O4, 
and all characteristic peaks of g-C3N4 appeared were slightly 
changed, which indicated that the composite of two phase 
materials of Fe3O4 and g-C3N4 was not only a simple physi-
cal effect, and other close interactions may exist between the 
interfaces [23].

3.3. Scanning electron microscope 

Fig. 3 shows morphologic diagram of the as-prepared 
g-C3N4, Fe3O4 and g-C3N4@Fe3O4 observed by scanning elec-
tron microscope (SEM). As shown in Fig. 3(a), Fe3O4 prepared 
by solvothermal reaction was a sphere with a diameter of 
200 nm, and had the characteristics of uniform morphology, 
uniform size, and good dispersity. It could be clearly observed 
from Fig. 3(b) that the overall morphology of g-C3N4 was an 
irregular block structure, and the block was formed by stack-
ing thin laminated structures of different sizes. The morpho-
logic diagram of the g-C3N4@Fe3O4 composite material is 
shown in Fig. 3(c), the Fe3O4 spheres were evenly dispersed 
on the surface of g-C3N4. Fig. 3(d) is a three-fold larger ver-
sion of Fig. 3(c), it could be observed from the side that par-
tial Fe3O4 was interspersed between the laminated structures 
of g-C3N4, resulting in the increase of spacing between the 
laminated structures, so that the surface area of g-C3N4 was 
increased, which was beneficial for improving the photocata-
lytic effect of the composite material, and this was consistent 
with the result of XRD analysis.

3.4. Uv-vis

Fig. 4 shows the UV-vis diffuser reflectance spectrum 
of pure g-C3N4 and Fe3O4, and the g-C3N4@Fe3O4 composite 
materials with different Fe3O4 contents. Fig. 4(a) shows the 
light absorption of the pure g-C3N4 in the wave band rang-
ing from 300 to 700 nm, and g-C3N4 exhibited a strong light 
absorptivity near the wavelength of 460 nm. Compared with 
the pure g-C3N4, Fe3O4 exhibited a wide light absorption range, 
which may be related to its own black color. After g-C3N4 and 
Fe3O4 were composited, the visible light absorption range 
of the composite material was significantly expanded, the 
absorption peak of the g-C3N4@Fe3O4 composite was obvi-
ously red-shifted and had stronger absorption to the visible 
light in the wave band ranging from 400 to 700 nm, and this 

Fig. 1. XRD patterns for pure g-C3N4, pure Fe3O4, and g-C3N4@
Fe3O4(3:1).

Fig. 2. FT-IR spectra of (a) g-C3N4, (b) g-C3N4@ Fe3O4 (2:1), 
(c) -C3N4@ Fe3O4 (3:1), (d) -C3N4@ Fe3O4 (5:1), (e) g-C3N4@ Fe3O4 
(7:1) and (f) Fe3O4.
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result showed that the composite of Fe3O4 promoted the visi-
ble light absorption of g-C3N4. It is worth noting that it could 
be observed from Figs. 4(b), (e) that the visible light absorp-
tion range of the product was increased with the increasingly 
loaded Fe3O4; however, when the ratio of g-C3N4 to Fe3O4 was 
greater than 3:1, the response of the composite material to the 
visible light was significantly reduced. This might be caused 
by the competition between Fe3O4 and g-C3N4 for visible light 
absorption, and excessive Fe3O4 loaded on the surface of 

g-C3N4 could suppress the utilization of the visible light by 
g-C3N4, thus reducing the photocatalytic activity of g-C3N4 
[24]. The response of the composite material to the visible 
light was related to the new energy band structure formed 
by the as-prepared composite photocatalyst and the tensile 
strain generated by the difference of lattices between two 
phases. In summary, it could be concluded that the appro-
priate composite ratio of Fe3O4 to g-C3N4 helped enhance the 
visible light absorption, thereby promoting the product to 
produce more electron-hole pairs by fully utilizing the visible 
light during the photocatalytic reaction, so as to improve the 
photocatalytic activity.

3.5. VSM characteristics

Fig. 5 shows the magnetic properties of the pure Fe3O4 
and the g-C3N4@Fe3O4 composite materials prepared by dif-
ferent raw material ratios at room temperature. It could be 
known from Fig. 5(a) that the saturation magnetic moment 
of Fe3O4 nanoparticles obtained at room temperature was 
106.75 emu/g, indicated that the as-prepared Fe3O4 had 
strong ferromagnetism. The g-C3N4@Fe3O4 composite pho-
tocatalyst prepared by chemisorption exhibited a certain 
magnetic force. With the increase of the Fe3O4 added, the sat-
uration magnetic value of the composite material was gradu-
ally increased, as shown in Figs. 5(b)-(e). When the composite 
ratio of g-C3N4 to Fe3O4 was 3:1, the saturation force moment 
of g-C3N4@Fe3O4 at room temperature was 22.28 emu/g, 
exhibiting a very strong ferromagnetic behavior. To further 

Fig. 3. SEM images of (a) g-C3N4, (b) Fe3O4, and (c) g-C3N4@ Fe3O4(3:1).

Fig. 4. UV-visdiffuse reflectance spectra of different samples.
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verify the magnetization properties of the composite mate-
rial, a certain amount of sample was dispersed in a tetracy-
cline solution. Fig. 5(f) shows the separation and contrast 
effects of the sample under the action of an external magnetic 
field after the tetracycline solution was degraded. It could be 
clearly seen that the g-C3N4@Fe3O4 composite material could 
be completely attracted under the action of the external mag-
netic field, which indicated that the as-prepared g-C3N4@
Fe3O4 composite material had a very strong magnetic prop-
erty and was beneficial to the separation and recycling of the 
composite photocatalyst during practical utilization.

3.6. Photocatalytic performance

According to the discussion and analysis above, it was 
known that g-C3N4@Fe3O4 prepared by chemisorption had 
excellent theoretical properties. To further verify the photo-
catalytic activity of the composite material in practical appli-
cation, the experiment aimed to degrade tetracycline, and at 
the maximum absorption wavelength of 356 nm, the pho-
tocatalytic effects of the pure g-C3N4 and the g-C3N4@Fe3O4 
materials synthesized according to different ratios were 
investigated. As shown in Fig. 6(a), the pure-phase g-C3N4 
exhibited a lower photocatalytic activity, and only 62.94% 
of the TC was degraded after light irradiation for 120 min. 
In contrast, the photocatalytic effect of the material showed 
a qualitative leap after loading Fe3O4 on g-C3N4. With the 
increasingly loaded Fe3O4, the degradation rate of tetracy-
cline was increased gradually, and the photocatalytic activity 
of g-C3N4@Fe3O4 became more and more obvious. When the 
ratio of g-C3N4 to Fe3O4 was 3:1, the degradation rate of the 
g-C3N4@Fe3O4 after light irradiation for 120 min on the tet-
racycline reached 92.84%, which showed the best photocata-
lytic effect. Because Fe3O4 had a narrow band gap (0.1 eV) and 
good electrical conductivity (1.9x106 Sm–1), it could serve as 
a medium to rapidly transfer the photogenerated electrons, 
thus effectively reducing the composite rate of g-C3N4 pho-
togenerated electron-hole pair, and thus helping to improve 
the photocatalytic activity of g-C3N4 [25]. However, when 
the ratio of raw materials was continuously increased, the 
photocatalytic activity was significantly decreased. This was 

mainly due to the presence of a large amount of Fe3O4 on the 
surface of g-C3N4. Fe3O4 could serve as a composite center of 
electrons and holes, resulting in a decrease in the photocat-
alytic activity of the composite. This was consistent with the 
UV-vis characterization results [26].

Fig. 7 is a pseudo-first order reaction kinetics fitting 
result of the photocatalytic degradation of the as-prepared 
sample on a tetracycline solution. The photocatalytic deg-
radation of the composite material on the tetracycline mol-
ecules was in conformity with to a first-order reaction kinetic 
equation: –ln(Ct/C0) = k·t. Where Ct denoted the concentration 
of the TC solution at the time t in the photocatalytic reaction, 
C0 denoted the concentration of the TC solution at the begin-
ning of the photocatalytic reaction, and k was a reaction rate 
constant.

As shown in Fig. 7, during the photocatalytic degradation 
of the TC by the g-C3N4@Fe3O4 composite materials prepared 
with different ratios. As shown in Table 1, the k of the pure 
g-C3N4 was 0.0089 min–1. However, the reaction rate constant 
k was 0.0198 min–1 when the raw material ratio was 3:1, which 
was about 2.2 times that of the pure g-C3N4, showing the best 

Fig. 5. Magnetization-hysteresiscurve ofofdifferent samples.

Fig. 6. Photodegradation of TC solution under (a) g-C3N4, 
(b) Fe3O4, (c) g-C3N4@ Fe3O4 (7:1), (d) g-C3N4@ Fe3O4 (5:1), 
(e) g-C3N4@ Fe3O4 (3:1)and(f) g-C3N4@ Fe3O4 (2:1).

Fig. 7. Photodegradation kinetics of TC solution in (a) g-C3N4, 
(b) Fe3O4, (c) g-C3N4@ Fe3O4 (7:1), (d) g-C3N4@ Fe3O4 (5:1), 
(e) g-C3N4@ Fe3O4 (3:1)and(f) g-C3N4@ Fe3O4 (2:1).
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photocatalytic effect. It indicated that the photocatalytic 
activity of the composite material was greatly improved. The 
reason could be known from the analysis results of the UV 
diffuser reflection. In addition, Fe3O4 could not only enlarge 
the visible light absorption range of g-C3N4, but also provide 
adsorption sites for organic adsorption, thereby improving 
the photocatalytic degradation efficiency of g-C3N4.

3.7. Stability and reusability

In recent years, the stability and reusability of the pho-
tocatalyst have become the focus of attention. Therefore, the 
recovery and reuse experiments were used to evaluate the 
potential of the composite materials in practical application. 
An external magnetic field force was used to separate, wash, 
and collect the catalyzed and degraded g-C3N4@Fe3O4 pho-
tocatalyst with a ratio of 3:1, and then photocatalytic degra-
dation was repeated. The results are shown in Fig. 8. After 4 
cycles, the g-C3N4@Fe3O4 material with a ratio of 3:1 still exhib-
ited a higher catalytic activity, and after light irradiation for 
120 min, there was still 75.67% of the TC could be removed. 
Thus it could be seen that the g-C3N4@Fe3O4 composite pho-
tocatalyst still had a certain photocatalytic activity after being 
repeatedly used for many times. Therefore, the magnetic 
composite photocatalyst had good stability and could be 
repeatedly used for many times in practical application.

4. Conclusions

In this paper, Fe3O4 nanospheres were successfully pre-
pared by solvothermal method. The g-C3N4@Fe3O4 composite 
was prepared by adsorption self-assembly and directly calci-
nations. The structure, morphology, magnetic, and photore-
sponse characteristics of the photocatalyst formed by g-C3N4 

and Fe3O4 with different ratios were studied by XRD, FT-IR, 
SEM, UV-vis, VSM. The results showed that the Fe3O4 nano-
spheres were uniformly dispersed on the surface of g-C3N4, 
which contributed to the effective separation of the photo-
generated electron-hole pair. When the ratio of g-C3N4 to 
Fe3O4 was 3:1, the materials showed the best photocatalytic 
activity. In addition, the g-C3N4@Fe3O4 composites showed 
very strong magnetic property, which had wide applicabil-
ity in removing the TC from water, and provided an effec-
tive way to solve the problem of secondary pollution caused 
by good dispersibility and difficult recovery of the g-C3N4 
photocatalyst.
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