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Abstract. Visible-light photocatalysts with magnetic and Fenton-like properties hold great
potential for practical applications. In this study, a reduced graphene oxide/cobalt ferrite/zero
valent iron (rGO/CoFe,0,/Fe) ternary material was synthesized by combining co-precipitation,
hydrothermal, and reduction with NaBH,, resulting in a unigue nanocomposite that combines
the high surface area and conductivity of rGO with the magnetic and catalytic properties of
CoFe,0, and Fe’. The as-prepared rGO/CoFe,0,/Fe nanocomposite was characterized by FTIR,
XRD, UV-Vis DRS, VSM, SEM, EDX, Raman, and BET analyses. As a result, rGO sheets were
effectively covered with a high density of CoFe,O, and Fe° (40 — 100 nm) nanoparticles. The
rGO/CoFe,O4/Fe exhibited outstanding properties such as high saturated magnetization (31.18
emu/g at 11 kOe) with superparamagnetic property, high 4-nitrophenol (4-NP) degradation
efficiency (98.78 %), fast removal rate (k = 0.0361 min"), and narrow band gap energy (1.327
eV). As an excellent magnetic visible-light photo-Fenton-like catalyst, rGO/CoFe,O4/Fe has
potential wastewater treatment.
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1. INTRODUCTION

4-Nitrophenol (4-NP) is quite commonly found in industrial wastewater with around 10
million tons of this type of wastewater must be treated each year [1]. Due to the benzene ring's
strong structure and conjugation with the p-nitro and hydroxyl groups, 4-NP is extremely
hazardous even at low concentrations in water and difficult to remove [2]. Because 4-NP can
cause serious harm to biological and human health [3], the effective removal of 4-NP is
essential. Among the treatment methods, the advanced oxidation processes (AOPs) is considered
one of the most effective ones for removing persistent organic substances in water, especially
AOPs based on sulfate radical (SO,7). The most common method to produce SO, is through
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peroxymonosulfate (HSOs’, PMS) activation [4]. Compared to hydroxyl radical (HO) (ty, = 10°
us, E° = 1.8 - 2.7 V), the SO, has a longer half-life (ty, = 30 — 40 1s) and higher standard redox
potential (E° = 2.5 - 3.1 V). It has a more selective oxidation ability for pollutants with aromatic
rings and unsaturated bonds with a higher reaction rate of 10° — 10° M™s™ in a wider pH range
[5]. SO," can be produced by the activation of peroxymonosulfate (PMS) by various agents such
as light, temperature, sonication, and heterogeneous catalysts. Among them, heterogeneous
catalysts are widely used due to their high efficiency, non-toxicity, low energy consumption, and
low cost [6].

Heterogeneous catalysts based on nanoparticles (NPs) such as Fe and Co are widely
developed to degrade organic pollutants because of their high efficiency and environmental
friendliness. Among them, zero-valent iron (Fe®) NPs can be used as a supplementary source of
Fe®* for Fenton-like reactions [7]. Furthermore, it can react directly with PMS to generate SO,”
[8]. Recently, MFe,O, magnetic NPs, especially cobalt ferrite (CoFe,O,4) with special physico-
mechanical properties [9] and narrow bandgap [10] have been used to activate PMS under
visible light radiation [11]. With the excellent properties of Fe® and CoFe,0,, the CoFe,O4/Fe
composite could be a promising visible-light photo-Fenton-like magnetic catalyst for the
effective degradation of 4-nitrophenol in water.

Despite these advantages, CoFe,O, and Fe’ nanoparticles still tend to accumulate, which
can lead to reduced catalyst activity [12]. Therefore, support materials such as MWCNTS,
titanates, graphene, and reduced graphene oxide (rGO) [13-15] have been recently proposed.
Among them, rGO could be an ideal carrier thanks to its flexibility, high mechanical strength,
high chemical stability, and large surface area [16]. Furthermore, the intrinsically localized n—n
electrons and the high electrical conductivity of rGO give excellent charge separation. Thus, in
addition to enhancing the transit of photogenerated electrons, the combination of photocatalyst
and rGO also lowers the recombination rate of charge carriers [17]. Therefore, the dispersion of
CoFe,0, and Fe® NPs onto rGO was proposed to enhance the catalytic activity of the composite.

In this study, rGO/CoFe,O4/Fe nanocomposite was synthesized by co-precipitation and
hydrothermal methods followed by reduction. The obtained material would have a high specific
surface area with the flexibility of rGO, highly efficient visible-light photocatalysis, magnetic
behavior of the CoFe,0,, and Fenton-like properties of Fe’. The characteristics of the obtained
materials were comprehensively studied. The activity and application of the rGO/CoFe,O4/Fe
were evaluated via its removal of 4-NP in water. The effects of environmental conditions on 4-
NP degradation such as catalyst dosage, PMS concentration, and pH were studied in detail.

2. MATERIALS AND METHODS
2.1. Synthesis and characterization of rGO/CoFe,O,/Fe composite

The chemicals used were graphite flakes (AMT Co. Ltd) and sodium borohydride (NaBHy,,
Chengdu Jinshan). Other chemicals such as ethanol, NH,OH, NaOH, H,SO,, K;S;05, KMnO,,
H,0,, Fe(NO3)3-9H,0, Fe(NO3),-6H,0, and Co(NQs),-6H,0 were from Xilong. Deionized water
was used throughout the material synthesis and catalytic test.

GO nanosheets were synthesized by a modified Hummer method [18]. Then, CoFe,O, NPs
were deposited on the prepared GO nanosheets through a co-precipitation reaction (at room
temperature for 4 h) between Co?*, Fe*" and OH" ions (pH = 11, by using concentrated NHj
solution) using precursors of GO (0.03 g), Co(NOs), (2 mmol), and Fe(NO3); (4 mmol) in 200
ml DI water and stirred for 1 h before hydrothermal treatment at 150 °C for 10 h.
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rGO/CoFe,O4/Fe nanocomposites were synthesized by using NaBH, to reduce and deposite Fe
NPs onto rGO/CoFe,0, surface. In a typical synthesis, a dispersion containing as-synthesized
rGO/CoFe,04 was added with 4 mmol of Fe(NOs),. Then, 0.06 g of NaBH, was added to the
solution and the reduction reaction was conducted for 2 h at ambient condition. The entire
synthesis process is carried out in an N, environment to prevent oxidation. The as-synthesized
rGO/CoFe,04/Fe was separated using a magnet and rinsed several times with deionized water
and ethanol before being dried in a vacuum oven for 12 h.

The composites were analyzed by characterizations such as X-ray diffraction (XRD, Bruker
D8 Advance), Fourier-transform infrared spectroscopy (FTIR, PerkinElmer Spectrum Two),
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX, Hitachi
S-4800), Raman spectroscopy (Horiba Jobin-Yvon LabRam HR800), ultraviolet-visible diffuse
reflectance spectroscopy (UV-Vis DRS, Jasco V670), and magnetization measurement using
vibrating sample magnetometer (VSM, home-made system).

2.2. Photocatalytic removal of 4-NP

The removal of 4-NP in water using rGO/CoFe,O4/Fe nanocomposite as a photocatalyst
was conducted under visible light irradiation at room temperature. A 40W L4X LED ( highest
intensity at 446 nm) was employed as the light source. In all experiments, a distance of 10 cm
was maintained between the lamp and the reactor's solution. Initially, a reactor containing 100
mL of 10 mg/L 4-NP at pH 7 was added with 0.015 g of rGO/CoFe,O,/Fe and continuously
aerated and stirred to achieve adsorption-desorption equilibrium in the dark for 30 min. Then,
the mixture was added with 0.015 g PMS and the light was turned on to perform the
photocatalytic reaction. After each 15-minute interval, water samples (4.00 mL) were taken,
centrifuged, and submitted for analyzing the 4-NP concentration at 320 nm using a
spectrophotometer (Biochrom Libra S60). The pH of the solution was controlled by adding 0.01
M NaOH or H,SO, solutions.

The 4-NP removal efficiency (H, %) and rate constant (k, min™) are calculated as follows.
H=(1-C/Cy)x100 % = (1 — Ai/A,) x100 % (1)
In(C/Co) = - kxt (2)

where C, and C; are the concentration of 4-NP at the initial and t (min) time, respectively. A, and
A are the absorbance of 4-NP at the initial and t time, respectively.

3. RESULTS AND DISCUSSION
3.1. Characteristics of materials

The FTIR spectra of GO, rGO/CoFe,0,, and rGO/CoFe,O,/Fe composites are shown in
Figure 1. In the GO spectrum (Figure 1(a)), the band at 3000 - 3500 cm™ indicates O—H
stretching of surface O—H and absorbed water in the graphene interlayer. The peaks at 1726,
1630, 1401, 1194, and 1030 cm™ are from the vibration of carbonyl/carboxyl C=0 stretching,
aromatic C=C stretching, carboxyl C=O0 stretching, C=C stretching, and alkoxy/epoxy C—O
stretching, respectively [33]. In rGO/CoFe,O, (Figure 1(b)) and rGO/CoFe,O,/Fe (Figure 1(c)),
the band of O—H stretch is very broad for GO but becomes narrower for rGO/CoFe,0, and
rGO/CoFe,O4/Fe, indicating a significant decrease in the density of OH groups after the
reduction process. The peak at 545 cm’* for rGO/CoFe,0, and rGO/CoFe,0,/Fe are attributed to
the Fe—O vibrations in CoFe,O, [19]. Compared with GO, the characteristic peaks of the
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oxygen-containing functional groups are significantly reduced or even disappeared, proving that
GO has been successfully reduced to rGO.
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Figure 1. FT-IR spectra of (a) GO, (b) Figure 2. XRD pattern of rGO/CoFe,0, and
rGO/CoFe,04, and (c) rGO/CoFe,0,/Fe. rGO/CoFe,0,/Fe.

The XRD pattern of rGO/CoFe,0, and rGO/CoFe,O,/Fe are demonstrated in Figure 2. Due
to the weak crystallinity of rGO, its characteristic diffraction peaks were not observed and
possibly inhibited by those from CoFe,O, and CoFe,O,/Fe NPs with dominant mass. The peaks
appearing at 30.1°, 35.5°, 43.2°, 57.0°, and 62.5° are indexed to (220), (311), (400), (511), and
(440) lattice planes, respectively, of spinel CoFe,O, (JCPDS No. 22-1086) [20], indicating the
crystalline nature of CoFe,O, NPs on rGO substrate. The peaks appear at 20 = 44.78° correspond
to the (110) crystal plane of Fe® (JCPDS No. 06-0696) [21].

Figure 3 displays the Raman spectra of GO and rGO/CoFe,04/Fe. Two distinct bands may
be seen in the spectra of GO (Figure 3(a)), located at 1342 and 1605 cm™, corresponding to the
D and G bands, respectively [22]. The D band results from the symmetry breaking of sp? carbon
rings, which is caused by the Hummer process' oxidation of graphite and the hydrothermal
reduction of GO. The G band corresponds to the vibrations scattering of photons in the sp?
carbon plane and the prolonged vibration of the C-C bond. The Raman spectrum of
rGO/CoFe,04/Fe (Figure 3(b)) also shows D and G bands but with weaker intensity than that of
GO. Specifically, in the pattern of the rGO/CoFe,O,/Fe sample, the G peak was downshifted
from 1605 to 1592 cm™, due to the self-healing properties of rGO that restores the hexagonal
structure of carbon atoms with defects. This result validates the successful reduction of GO to
rGO. Additionally, the strength ratio between the D-band and G-band (D/G) is the basis for
determining the degree of defect and the size of the sp? plane. This high ratio indicates that the
degree of defect is large and the dimension of the sp? plane is reduced. The calculated Ip/l ratio
of rGO/CoFe,O,/Fe nanocomposites was 1.117, which is higher than those of GO (1.047),
indicating that GO was likewise reduced after hydrothermal treatment.

Figure 4(a) displays the SEM image where GO sheets exhibit a wrinkled and crumpled
structure. The lateral side diameters of GO range from 5 to 20 um. SEM image of rGO/CoFe,0,
nanocomposites (Figure 4(b)) depicts that on the surface of GO sheets, spherical CoFe,0O4
particles with an average diameter of 50 nm are evenly dispersed. Figures 4(c-d) observe that
CoFe,0, and Fe° particles (with a diameter ranging from 40 to 100 nm) with high density cover
the whole surface of the rGO sheets. The small diameter of the particles embedded into the
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lamella of rGO is due to the large specific surface area and fast transfer of electrons, which is a
major concern for visible-light photocatalysts.
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Figure 3. Raman spectra of (2) GO and (b) rGO/CoFe,O4/Fe.
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Figure 4. SEM images of (a) GO, (b) rGO/CoFe,0,, and (c-d) rGO/CoFe,0,/Fe nanocomposites at
different resolutions.

The elemental composition of rGO/CoFe,O4/Fe was analyzed using EDX. The spectrum of
rGO/CoFe,04/Fe in Figure 5(a) demonstrates the detection of all components (C, O, Co, and Fe).
Inset of Figure 5(a) presents the analysis results in the sample with the elemental weight
percentages of 6.84 % (C), 33.32 % (O), 12.55 % (Co), and 47.29 % (Fe).

In theoretical pure rGO/CoFe,O4/Fe, there are 26.64 % of rGO and 72.46 % of CoFe,0O,
and Fe’. The GO:CoFe,0,:Fe mass ratio described in Section 1 is approximately 1.34:2.00:1.00
with theoretical mass percentages of 30.18 % (GO) and 69.40 % (CoFe,O, and Fe®). Because of
the lowered mass percentage of oxygen caused by the reduction of GO to rGO, it was discovered
that the mass percentage of rGO in the resulting rGO/CoFe,O4/Fe is lower than that of GO.
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From the results of EDX analysis, it can be concluded that the material synthesis method is very
effective in controlling the composition and the product obtained is of high purity.

Figure 5(b) shows that at room temperature, the rGO/CoFe,0,/Fe nanocomposite exhibits
superparamagnetic behavior with the saturation magnetization (Ms) of 31.18 emu/g at 11 kOe.
As a result, with an external magnetic field, the rGO/CoFe,O4/Fe nanocomposite is easily
separated from the water suspension. This property of rGO/CoFe,O4/Fe nanocomposite promises
many applications in heterogeneous catalysis and environmental treatment.
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Figure 5. (a) EDX spectrum of rGO/CoFe,0,4/Fe, (b) magnetization curve of rGO/CoFe,0,/Fe
nanocomposite (Inset: rGO/CoFe,0,/Fe suspension before and after using a magnet for 30 s).

The porous characteristics of rGO/CoFe,O4/Fe were analyzed by N, adsorption—desorption
isotherms, as shown in Figure 6. The isotherms display the typical type IV curves and type H3
hysteresis loop according to IUPAC classification, demonstrating the presence of mesopores in
the sample. The specific surface area of rGO/CoFe,O,/Fe was calculated to be 112.68 m*/g
using the Brunauer-Emmett-Teller method (BET). The inset in Figure 6 is the pore size
distribution of rGO/CoFe,O4/Fe. Based on the Barrett—Joiner—Halenda (BJH) method, a broad
distribution of mesopores with an average pore size of 16.18 nm and total pore volume of 0.059
cm3/g.
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Figure 6. N, adsorption-desorption isotherms and the pore size distribution (inset) of
rGO/CoFe,O./Fe.

785



Vu Dinh Thao, Nguyen Dinh Sinh, Nguyen Trung Dung, Vu Ngoc Toan, Nguyen Nhat Huy

Figure 7(a) shows the UV-Vis adsorption spectrum of the rGO/CoFe,O,/Fe nanocomposite.
The rGO/CoFe,04/Fe gives a strong absorption in the range of 300 — 900 nm, indicating that
rGO/CoFe,O4/Fe nanocomposite could be photocatalytically activated under visible light
irradiation. Using this UV-Vis data, the band gap energy (Eg) of the rGO/CoFe,O./Fe
nanocomposite estimated using the Tauc equation [23] is 1.327 eV (Figure 7(b)), which is
favorable for the photocatalytic process.
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Figure 7. (a) UV-Vis DRS spectrum and (b) Tauc plot of as-synthesized rGO/CoFe,0O,4/Fe.
3.2. Photocatalytic performance of the synthesized materials

The removal of 4-NP in water was evaluated using different catalyst systems with reaction
conditions of 10 mg4-NP/L, 150 mgcatalyst/L, 150 mgPMS/L, pH 7, and room temperature
(=25 °C). As demonstrated in Figure 8(a), in the presence of PMS but without catalysts, the
removal efficiency of 4-NP by chemical oxidation was only 14.70 %. In the presence of
catalysts, the 4-NP removal efficiencies of rGO/CoFe,O, and rGO/CoFe,O4/Fe by
heterogeneous activation were 42.30 % and 68.69 %, respectively. Under visible light, the 4-NP
photocatalytic removal efficiency increased to 76.47 % for rGO/CoFe,0,/PMS/Vis and 98.78%
for rGO/CoFe,0,/Fe/PMS/Vis. In Figure 8(b) with the degradation of 4-NP over different
catalytic systems, the correlation coefficient (R?) values are very close to 1, consistent with the
pseudo-first-order kinetic model. The k value of rGO/CoFe,04,/Fe/PMS/Vis is calculated to be
0.0361 min®, which is the highest among the prepared samples. Thus,
rGO/CoFe,04/Fe/PMS/Vis has a fast decomposition rate of 4-NP in water.

It is known that magnetic CoFe,O, is used as a catalyst for PMS activation to degrade
persistent organic substances in aqueous solution. The combination of iron and cobalt transition
metals in the CoFe,0, crystal structure is useful in increasing the CoOH™ ions on the catalyst
surface, which helps to further activate PMS (Reactions 1 - 3) [24]:

Fe3* + H,0 - FeOH?* + H* (Re.1)
Co?* + FeOH?* - CoOH™* + Fe3* (Re.2)
CoOH* + HSO; — CoO* + SO;” + H,0  (Re.3)

On the other hand, CoFe,0O, is active under visible light with narrow bandgap. After being
excited by visible light, electrons (e”) in valence band (VB) move to the conduction band (CB) of
CoFe,0,, leaving holes (h*) in the VB (Reaction 4). These e and h* can then react with PMS to
form reactive oxygen species (ROSs) such as SO;~, SO:~, and HO® (Reactions 5-9) [25] for the
effective oxidation of 4-NP in water (Reaction 10).
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CoFe,04 + hv > h* + e~ (Re.4)
HSO.™ + e~ — SO,™ + OH~ (Re.5)
SO, + OH™ — S03~ + HO® (Re. 6)
S02~ + h* - SO;~ (Re.7)
HSO;™ + h* —» SOy + HY (Re.8)
SO + S0y~ — 2505 + 0, (Re.9)
S0;~, SO:~, and HO® + 4-NP — intermediates + mineralized products (Re. 10)

Meanwhile, Fe® is used in this word instead of Fe?* or Fe(ll) in the conventional Fenton
process. Besides the role as an additional source for the Fe** (Reactions 11-14), Fe° can react
directly with PMS to produce SO;~ (Reaction 15) [26]:

Fe?* + HSO; — Fe3* + OH™ + S0~ (Re.11)
OH™ + SO;~ — HO"® + S03~ (Re.12)
Fe® — Fe?* + 2e” (Re. 13)
2Fe3* + Fe® - 3Fe?* (Re. 14)

Fe® + 2HSOZ - Fe?* + 20H™ + 250,  (Re.15)

The combination of CoFe,O, with Fe® NPs creates a novel hybrid material with many
outstanding properties such as high photocatalytic and magnetic properties of CoFe,O, and
Fenton-like reaction of Fe’. The results that the rGO/CoFe,0,/Fe/lPMS/Vis system has high
degradation efficiency and rate for 4-NP. Therefore, the rGO/CoFe,04/Fe nanocomposite is very
effective for removing 4-NP in water.

1.0

(b
0.8

0.6 4

cic,

o PMS, R = 0.9933, k = 0.0014 min’

rGO/CoFe,0,/PMS, R = 0.9916, k = 0.0046 min

-44 4 rGO/CoFe,0 /Fe/PMS, R” = 0.9974, k = 0.003 min”
rGO/CoFe,0, /PMS/Vis, R' = 0.9952, k =0.0117 min" ¥

5 ¥ rGO/CoFe O /Fe/PMSNVis, R’ = 0.9953, k = 0.0361 min”'
- T T T T T T

0 20 40 60 80 100 120 0 20 40 B0 80 100 120
Time (min) Time (min)

0.2 ’
& 7| —A—rGOICoFe,0 /FelPM
d +rGOIGcFe20‘/PMSFV\s
—4—rGO/CoFe,0 /FelPMSNVis

0.0

Figure 8. (a) 4-NP removal in different systems and (b) linear fitting of In(C/C,) versus t
(Conditions: [4-NP] = 10 mg/L, [Catalyst] = 150 mg/L, [PMS] = 150 mg/L, pH = 7, Temperature = 25 °C).

The UV-Vis molecular absorption spectrum of 4-NP over time using the
rGO/CoFe,0,/Fe/PMS/Vis system is shown in Figure 9(a). The position of the maximum
absorption wavelength of 320 nm for 4-NP is almost unchanged during the reaction time.
However, its peak intensity gradually decreased over time, indicating the destruction of the 4-NP
structure. This proves that under the effect of visible light, the rGO/CoFe,O4/Fe catalyst
effectively activates PMS to form ROSs for 4-NP degradation.

The effect of the catalyst content is related to the number of surface active sites, PMS
activation, and ROSs formation. As shown in Figure 9(b), the 4-NP removal efficiency increased
with increasing catalyst dosage. Specifically, when catalyst content increased from 50 to 150
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mg/L, the efficiency after 120 minutes increased from 44.16 % to 98.78 %, which would be
explained as follows. By increasing the catalyst content, more active sites are created on the
catalyst surface, which promotes PMS activation and causes a significant amount of ROSs to be
produced for 4-NP degradation. However, when the catalyst concentration was increased to 250
mg/L, the efficiency marginally declined because too much catalyst makes the catalyst particles
turbid, which inhibits light absorption and, in turn, reduces the amount of ROSs created.
Additionally, exceeding the appropriate level of catalyst concentration can result in catalyst
agglomeration, which slows down the rate of 4-NP breakdown by rendering a part of the catalyst
surface incapable of absorbing photons. As a result, 150 mg/L was chosen as the ideal catalyst
content for further studies.
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Figure 9. (a) Time-dependent UV-Vis spectra of rGO/CoFe,O,/Fe and effects of (b) catalyst dosage, (c)
initial PMS concentration, and (d) pH

(Conditions: [4-NP] = 10 mg/L, [Catalyst] = 150 mg/L, [PMS] = 150 mg/L, pH = 7, Temperature = 25 °C).

Figure 9(c) demonstrates that when PMS concentration increased, the 4-NP removal
efficiency increased dramatically. More specifically, after 120 minutes, the efficiency rose from
49.88 % to 98.78 % when the PMS concentration was increased from 50 to 150 mg/L. This may
be because an increase in PMS concentration causes a significant quantity of generated ROSs,
which accelerates the degradation of 4-NP. Additionally, PMS can facilitate electrons to depart
the VB of rGO/CoFe,O4/Fe, which prevents electron and hole recombination while promoting
photocatalytic processes [27]. The efficiency dropped to 92.38 % when the PMS content was
increased to 250 mg/L. The formation of SO,* which can react with itself or be broken down by
too much PMS (Reactions 16-17) might be the cause. The high level of ROSs that is produced
on the catalyst surface also contributes to the increased electron-hole recombination.
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Additionally, a typical interaction between too much PMS and SO,* can result in SO5*", which
has a lower oxidation potential (E° = 1.05 V) and slows down 4-NP degradation [28]. For the
next studies, a PMS concentration of 150 mg/L was selected.

S0, + S0, — S04 (Re. 16)
S0, + HSOs — SOs" + SO, + H* (Re. 17)

Solution pH has a strong effect on the 4-NP degradation efficiency, as can be seen in Figure
9(d). In an acidic environment, H" and —O—O— bonds in PMS form hydrogen bonding, thus
reducing the interaction probability between the PMS and catalyst surface. Furthermore, in an
acidic environment, there is the decomposition of ROS into less active forms (Reactions 18-19)
[29].

HO®* + H" + & — H,0 (Re. 18)
SO, + H" + & — HSO,” (Re. 19)

In an alkaline environment, the SO, converts to a weaker oxidizing HO® (Reaction 20),
resulting in a lower 4-NP degradation.

S0, + HO — SO,/ + HO* (Re. 19)

The highest 4-NP degradation efficiency was 98.78% at pH 7. Since pH 7 is also a neutral
and desired condition for safe operation.

4. CONCLUSIONS

rGO/CoFe,O4/Fe nanocomposite was successfully synthesized by a simple route. The
spherical CoFe,0O,4 and Fe® NPs with diameters from 40 to 100 nm were well distributed on the
surface of rGO sheets at high density. rGO/CoFe,0,/Fe has a good magnetic property (saturated
magnetization of 31.8 emu/g at 11 kOe), fast degradation rate (k = 0.0361 min™), and high
removal performance towards 4-NP (removal efficiency of 98.78% after 120 min under
conditions of 10 mg4-NP/L, 150 mgcatalyst/L, 150 mgPMS/L, pH 7, and 25 °C). As a result,
rGO/CoFe,0,/Fe promises a potential visible-light photo-Fenton-like magnetic catalyst for wide
application in environmental remediation.
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