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Abstract: Persulfate (PS)-activated, iron-based heterogeneous catalysts have attracted significant
attention as a potential advanced and sustainable water purification system. Herein, a novel Fe3O4

impregnated graphene oxide (Fe3O4@GO)-activated persulfate system (Fe3O4@GO+K2S2O8) was
synthesized by following a sustainable protocol and was tested on real wastewater containing dye
pollutants. In the presence of the PS-activated system, the degradation efficiency of Rhodamine
B (RhB) was significantly increased to a level of ≈95% compared with that of Fe3O4 (≈25%).
The influences of different operational parameters, including solution pH, persulfate dosage, and
RhB concentration, were systemically evaluated. This system maintained its catalytic activity and
durability with a negligible amount of iron leached during successive recirculation experiments.
The degradation intermediates were further identified through reactive oxygen species (ROS) studies,
where surface-bound SO4

− was found to be dominant radical for RhB degradation. Moreover,
the degradation mechanism of RhB in the Fe3O4@GO+K2S2O8 system was discussed. Finally,
the results indicate that the persulfate-activated Fe3O4@GO catalyst provided an effective pathway
for the degradation of dye pollutants in real wastewater treatment.
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1. Introduction

Water pollution is regarded as one of the most important issues worldwide due to its harmful and
dangerous impact on ecosystems and human health. Dye effluent, especially, has become a major source
of water pollution and is very difficult to degrade due to its high toxicity and carcinogenicity [1,2].
Therefore, it is highly desirable to build constructive and useful technologies for degrading the dye
pollutants from wastewater.

In past decades, significant efforts have been made regarding Fenton-based advanced oxidation
processes (AOPs) as the effective techniques for the wastewater treatment, where iron(II) sulfate (Fe2+)
is used as the catalyst and hydrogen peroxide (H2O2) is treated as the oxidant [3]. This oxidation
process occurs mainly via the production of hydroxyl radicals (•OH). Nevertheless, the lower oxidation
potential, a strict pH range (2–4), a higher amount of iron-containing sludge, and stability remain
challenges [4]. Recently, persulfate (PS)-based AOPs have exhibited great promise toward degrading
pollutants by overcoming these limitations [5]. PS can generate sulfate radicals (SO4

−), which possess
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many advantages, such as a higher redox potential, wide pH range (2–11), longer life span, and more
efficiency over •OH that enables excellent electron transfer of the oxidant toward higher contaminant
degradation [6,7]. In general, the production of sulfate radicals can be obtained through PS activation by
using several strategies, such as heat, ultraviolet, ultrasound, transition metal ions, carbonaceous-based
materials, base, phenol, glucose, and ascorbic acid [8]. Consequently, transition-metal-based catalysts
have been widely utilized as a PS activator due to their excellent catalytic efficiency [9]. However,
the drawbacks of transition-metal-based catalysts for inhomogeneous systems include poor removal
efficiency, precipitation of iron (III) as sludge, and less reusability, which has hindered their widespread
use [10]. Hence, transition-metal-based heterogeneous catalyst systems have received tremendous
attention for PS activation because of their environmentally friendly nature, high performance, simple
operation stability, and high availability [11].

Iron (Fe)-based heterogeneous catalyst materials (e.g., Fe3O4) have received much attention
regarding frequently activating PS because of their high natural abundance, low price, and they
could easily prevent secondary pollution through their recovery performance [12]. However, Fe3O4

nanoparticles usually tend to aggregate in the solution, which can decrease their surface area and cause
lower stability and catalytic efficiency [13]. Taking this into consideration, it is necessary to use a proper
support that can enhance their overall performance. Graphene has been widely reported to be an
emerging supporting material for metal oxides due to its high surface area, chemical stability, mechanical
stability, and electronic properties [14]. Several studies have focused on graphene as a supporting
carrier of metal-oxide-based nanoparticles for preventing their agglomerative nature [15,16]. Therefore,
the application of graphene oxide into Fe3O4 particles can be used to prevent Fe3O4 agglomeration
and enhance the PS-based AOP’s performance through the synergistic effect between the catalysis and
adsorption. Additionally, the magnetization property of Fe3O4 may promote the separation efficiency
of the catalyst from the solution. The application of Fe3O4/graphene nanocomposite has been widely
investigated regarding activating H2O2 for organic pollutants degradation [17,18], while PS activation
by Fe3O4/GO nanocomposites for pollutants removal from wastewater is seldom reported. For example,
Gong et al. [19] prepared a solvothermal-based Fe3O4/GO nanocomposite with a persulfate activated
system for the removal of methylene blue, but this method requires a higher temperature and more
time, which limits its feasibility for further uses.

Therefore, in the present work, a novel Fe3O4@GO nanocomposite was successfully prepared
using a precipitation method with non-toxic materials requiring a low temperature and time as a
sustainable protocol, which has not been reported before to the author’s best knowledge. The composite
was verified using different characterization techniques, such as field emission scanning electron
microscopy (FE-SEM), transmission electron microscopy (TEM), and X-ray diffraction patterns (XRD).
Then, the catalytic performance of the Fe3O4@GO catalyst in persulfate activation for Rhodamine
B (RhB) degradation was examined in detail. The most common industrial dye, RhB, was selected
because of its harmful effects on the environment [20]. The influence of the operational conditions,
such as the initial solution pH, PS dosages, and RhB concentration were thoroughly studied. The
effect of the iron species, salt, and coexisting dyes (Methylene blue (MB) and Orange II (OII)) on
RhB degradation was also investigated. A possible RhB degradation pathway was proposed, and a
radical mechanism in the Fe3O4@GO+ K2S2O8 system was speculated using quenching experiments.
Additionally, the treatment efficiency of real wastewater containing RhB, MB, and OII dyes was checked
in the presence of the Fe3O4@GO+ K2S2O8 system.

2. Experimental Materials and Methods

2.1. Reagents and Materials

Natural flakes of graphite were kindly supplied by Guangfu Fine Chemicals Company
Limited (Tianjin, China) and used as received. Ascorbic acid, potassium persulfate, DMPO
(5,5-dimethyl-1-pyrroline N-oxide, 98 %), coumarin, and TEMP (2,2,6,6-tetramethyl-4-piperidinol, 97%)
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were received from Sigma-Aldrich Trading Co., Ltd (Shanghai, China). Tetranitromethane (TNM),
tert-butyl alcohol (TBA), ferrous sulphate (FeSO4·7H2O), and potassium iodide (KI) was bought from
Aladdin Chemical Ltd. (Shanghai, China). Rhodamine B (RhB), methanol (MeOH), orange II (OII),
ammonium hydroxide (25% v/v, NH3 · H2O), and methylene blue (MB) were bought from Sinopharm
Chemical Reagent Ltd. (Shanghai, China). All of the other materials and chemicals used in this work
were of analytical purity, and deionized water was used for making the experimental solutions.

2.2. Synthesis of Fe3O4@GO

The catalyst Fe3O4@GO was created by following a precipitation method. Initially, the preparation
of graphene oxide (GO) was synthesized based on the Hummers method [21]. Then, the synthesis
of the catalyst was started by adding a known amount of GO (0.1 g) and FeSO4·7H2O (2.78 g) into
100 mL of DI water and ultrasonically treated the mixture for 30 min to receive a unique dispersion
of Fe3O4@GO. The final pH = 11.0 of the solution was achieved by adjusting with 25% ammonium
hydroxide. Then, the solution was magnetically stirred in a water bath at 95 ◦C for 4 h to obtain a
Fe3O4@GO nanocomposite. The obtained Fe3O4@GO nanocomposite was washed two times with DW
and dried using the lyophilization method for further subsequent experiments. The bare Fe3O4 was
prepared by following the same experimental procedure in the absence of GO dispersion.

2.3. Characterization

Transmission electron microscopy (TEM) (JEOL-2100, Hitachi, Tokyo, Japan) and a field emission
scanning electron microscopy (FE-SEM, Hitachi S-4800, Tokyo, Japan) were employed to investigate the
surface morphological properties of the prepared catalyst. The crystallographic characteristics of the
prepared catalysts were investigated using an X-ray diffractometer (Rigaku D/Max-2500, Tokyo, Japan)
at room temperature using a CuKα radiation source. The detection of the elemental composition of the
catalyst was revealed through an Axis ultra-X-ray photoelectron spectroscopy (XPS) (Kratos Instrument,
Kyoto, Japan). The functional groups were identified with a Nicolet 8700 Fourier-transform infrared
spectrometer (Perkin Elmer, Shelton, CT, USA) using a KBr pellet system in the range of 4000–550 cm−1.
A Hitachi U-4100 spectrophotometer was used to analyze the UV-vis diffuse reflectance spectra (DRS) of
the catalyst with barium sulphate as the reference sample. A fluorescence spectrophotometer (Hitachi
F-4500, Tokyo, Japan) was used to test the photoluminescence (PL) properties of the catalyst.

2.4. Catalytic Tests of Persulfate-Activated Fe3O4@GO

The batch catalytic degradation procedures of RhB were evaluated in a cylindrical borosilicate
glass reactor (dimension: 15 cm × 7 cm). In a typical test, a certain amount of Fe3O4@GO (200 mg) and
K2S2O8 (1.5 mM) were subsequently dissolved into a 400 mL RhB (20 mg L−1) solution to initiate the
reaction. The mixed solution was magnetically stirred at 20 ◦C in a natural pH medium throughout the
reaction process. After that, samples (5 mL) of the solution were withdrawn at preset time intervals and
separated using a magnet. Then, UV-vis spectra were used to monitor the degradation behavior of RhB
using a UV–vis spectrophotometer (UV-3900, Shimadzu, Tokyo, Japan) at the maximum absorption
wavelength of RhB (554 nm). The RhB decolorization efficiency (%) was calculated using the following
Equation (1):

Decolorization (%) =
Co −Ct

Co
× 100 (1)

where C0 represents the initial concentration of RhB and Ct denotes the concentration of RhB at a
determined time interval. The durability of Fe3O4@GO was measured by conducting six consecutive
adsorption–oxidation cycles experiments. After every cycle, the used catalyst was washed 2–3 times
with DI water to remove residual dyes and was separated using a magnet before starting the next cycle.
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2.5. Analytic Methods

The measurement of the persulfate decomposition was investigated according to the reference [22].
The total leakage amount of Fe was investigated using an inductively coupled plasma-mass spectrometry
(ICP-MS, OPTIMA8000, PE, USA instrument. The mineralization performance was recorded using a
Shimadzu 5050 (Tokyo, Japan) total organic carbon (TOC) analyzer. To identify the main oxidizing
species in the Fe3O4@GO+K2S2O8 system, a series of scavengers, namely NaN3 (sodium azide), TBA
(tert-butyl alcohol), KI (potassium iodide), AA (ascorbic acid), and MeOH (methanol), were added in
the catalytic experiments [23]. A Hitachi F-4500 fluorescence spectrometer was employed to identify
•OH and O2

− radicals at a wavelength of 332 nm using coumarin [24] and the tetranitromethane was
used to generate the O2

•− with a UV-vis spectrophotometer [25]. The generated reactive radicals were
further detected using an electron paramagnetic resonance (EPR) spectrometer (JES-FA200, Bruker,
Bremen, Germany).

3. Results and Discussion

3.1. Properties of Fe3O4@GO

The XRD patterns of the synthesized Fe3O4@GO nanocomposite, Fe3O4, and GO with typical
characteristics are shown in Figure 1a. For GO, there was only a broad peak at 2θ = 10.6◦ assigned to
the (002) plane, which appeared due to the existence of abundant oxygen-containing functional groups
in the GO structure. The typical XRD pattern for Fe3O4 exhibited peaks at 2θ of 18.3◦, 30.2◦, 35.8◦,
43.6◦, 53.6◦, 57.3◦, and 64.1◦, which corresponded to the indices (111), (220), (311), (400), (422), (511),
and (440), respectively. The XRD diffraction peaks of the Fe3O4@GO nanocomposite were indexed to
the standard data of pure Fe3O4 (JCPDS card, file no. 19-0629) [26]. These peaks displayed a strong and
narrow shape, indicative of a higher crystalline nature. However, it was noticed that the diffraction
peak of GO was absent in the Fe3O4@GO; the reason may be that the crystalline structures of GO were
changed through the intercalation of Fe3O4 nanoparticles in the GO layers during synthesis.
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Figure 1. (a) XRD spectra for GO, Fe3O4, and Fe3O4@GO; (b) SEM images of Fe3O4@GO; and (c,d) TEM 
images of Fe3O4 and Fe3O4@GO, respectively. 
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Figure 1. (a) XRD spectra for GO, Fe3O4, and Fe3O4@GO; (b) SEM images of Fe3O4@GO; and (c,d)
TEM images of Fe3O4 and Fe3O4@GO, respectively.
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The surface morphology and structure of the Fe3O4 and Fe3O4@GO nanocomposite were identified
using SEM and TEM images. Regarding the morphology of Fe3O4, the SEM image showed a fiber-like
structure with very small particles (Figure 1b) and the TEM image of Fe3O4 (Figure 1c), which
determined the shape of the majority of particles, were spherical and formed agglomerated structures,
which could be due to the magnetism properties of Fe3O4. Additionally, the morphology of the
Fe3O4@GO nanocomposite demonstrated that the entire spherical surface of the GO sheets was covered
by a certain amount of irregular small Fe3O4 particles at a higher density (Figure 1d).

3.2. Synergistic Activation of Persulfate Using Fe3O4@GO

The degradation percentages of RhB in different systems were evaluated and the results are shown
in Figure 2. As can be seen, the use of Fe3O4 resulted in 10% RhB degradation after a 120-min reaction
time. Then, partial improvement of the RhB removal efficiency (<25%) was noticed by using Fe3O4@GO,
which was attributed to the higher surface area of GO accelerating the mass transfer of the substrates.
To verify the influence of persulfate on the RhB degradation, experiments were conducted with the
persulfate system. Initially, it was found that a slightly higher RhB degradation efficiency (<30%) was
achieved with K2S2O8 alone; meanwhile, 35% RhB could be degraded through the incorporation of
Fe3O4 into the K2S2O8 solution. This suggests that the Fe3O4 + K2S2O8 system had a higher impact on
the RhB degradation efficiency due to the activation of K2S2O8 by Fe3O4 nanoparticles. However, the
RhB degradation efficiency was improved significantly in the presence of the Fe3O4@GO + K2S2O8

system, with more than 95% RhB degraded within 120 min. These results demonstrate that the
Fe3O4@GO system could strongly activate K2S2O8 to produce sulfate radicals (SO4

•−), which facilitated
the effective RhB degradation. Compared to pure Fe3O4, the catalytic activity of the Fe3O4@GO system
was highly efficient for K2S2O8 activation to degrade RhB due to the synergistic effect between GO and
Fe3O4. The RhB degradation behavior followed the pseudo-first-order kinetics model and was fitted
with Equation (2) [27]:

ln
(

Ct

C0

)
= −kt (2)

where Co represents the initial RhB concentration, Ct is the concentration of RhB at a given time, and k
is the value of the kinetic rate constant. Table 1 represents the results of the pseudo-first-order kinetics
with their corresponding R2 values. It was noticed that the presence of the Fe3O4@GO + K2S2O8 system
revealed the highest reaction rate constant among all of the used catalysts. These results indicate that a
significant synergistic effect was exhibited in the Fe3O4@GO + K2S2O8 combined system, which was
revealed as being the most efficient for RhB degradation.
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Figure 2. Decolorization of Rhodamine B (RhB) under different conditions with time. Reaction
conditions: 200 mg catalyst + 20 ppm RhB + 1.5 mM K2S2O8 + 4.34 pH + agitate at room temperature
(20 ◦C).
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Table 1. Kinetic rate constants of the pseudo-first-order model.

Reaction Type Rate Constant (min−1) R2

Fe3O4 0.0004 0.7884
K2S2O8 0.0024 0.9843
Fe3O4@GO 0.0020 0.8426
Fe3O4 + K2S2O8 0.0036 0.9575
Fe3O4@GO + K2S2O8 0.0239 0.9774

3.3. Influence of the Operational Parameters

3.3.1. Effect of pH

The initial solution pH is regarded as a significant factor that may impact on the performance
of the heterogeneous persulfate activation process. Therefore, the RhB degradation efficiency was
investigated by varying the solution pH range from 3.02 to 10.02 (Figure 3a). As presented, the
RhB degradation percentages were reduced greatly for a 120 min reaction period with the higher
values of the solution pH. The highest degradation percentage of RhB (95.3%) was obtained at pH
4.34. The possible reasons for this may be that sulfate radicals are more stable in acidic conditions
and could also impact the surface properties of the catalyst. Previous works also proved that the
degradation performance of pollutants was better under acidic conditions [28]. However, the RhB
degradation efficiency was inhibited by the increased solution pH because of precipitation and the
slower oxidation of dissolved Fe2+. It was reported that the scavenging of SO4

•− by •OH occurred
at higher pH values, resulting in a lower degradation efficiency [29]. Additionally, the lifetimes of
SO4

•− and •OH radicals were reduced at higher pH ranges because they were unable to diffuse into
the bulk phase properly to degrade the pollutants. Xu et al. [30] found similar lower degradation
efficiencies for trichlorophenol at higher pH values. These results indicate that acidic and neutral
pH values were much more beneficial than alkaline pH for RhB degradation efficiency in this study.
The pH evolution changes were investigated under different initial pHs during the degradation studies
of RhB (Figure 3b). As can be seen, the final pH changed rapidly when the initial pH was below ≈9
due to the major radical (SO4

•−) being strongly active in acidic conditions; however, the final pH
did not change significantly in the initial pH range of 9–10 because of the formation of strong buffer
intermediates. The evolution of PS at different initial pH values was investigated (Figure S1). It was
noticed that the decomposition of PS was higher at acidic and neutral pHs, i.e., 4.34 and 6.02, but slower
PS decomposition was observed at an alkaline pH (10.02), indicating that PS is more effective in acidic
and neutral conditions at producing a higher number of active radicals and accelerating the efficiency
of RhB degradation relative to alkaline conditions. Furthermore, the RhB degradation efficiency under
various initial pHs and the decomposition rate of PS coincided, demonstrating that PS was consumed
exclusively rather than via self-decomposition. Overall, these results revealed that acidic and neutral
conditions were beneficial for RhB degradation in the Fe3O4@GO + K2S2O8 system, which is more
useful for practical applications.

3.3.2. Effect of Persulfate Dosage

The proper amount of persulfate dosage must be identified, as it is the source of the reactive
oxygen species (ROS) that are accountable for the RhB oxidation. Meanwhile, it is important to
prevent an excess amount of PS use in the catalytic system in terms of both economic feasibility and
the scavenging effect of PS on the production of SO4

− radicals. Therefore, the effect of PS dosage
on RhB degradation efficiencies in the Fe3O4@GO + K2S2O8 system was investigated while keeping
other operating parameters constant. As shown in Figure 3c, the degradation efficiency of RhB was
only 35.4% after 120 min in the absence of PS. In contrast, a gradual increase in the RhB degradation
efficiency was observed upon increasing the dosage of PS. However, increasing the dosage of PS up to
1.5 mM revealed a significant amount of RhB degradation whereby 93.4% could be obtained. This
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phenomenon occurred because a higher concentration of PS was favorable for the production of more
reactive radicals and it interacted with the surface of the catalyst and easily reacted with Fe2+, which
facilitated improved RhB degradation. The degradation efficiency of RhB decreased slightly when
the PS dosage further increased up to 2–2.5 mM, which could be ascribed to insufficiently activated
radicals supported by the higher rate of reaction between the radicals and the PS [31]. It is of note
that an increment in the dosage of PS did not induce a higher degradation efficiency was obtained
when the dosage of persulfate was beyond a certain value because excess PS acted as a scavenger
of SO4

•− radicals and formed SO4
•−. Therefore, the decrease of RhB degradation efficiency toward

accommodating a saturation condition at a higher PS dosage can be assigned to the inhibiting effect of
superfluous S2O8

2− [32].
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3.3.3. Effect of RhB Concentration

The effect of various initial RhB concentration values, i.e., 10, 20, 40, 60, and 80 ppm on the
degradation efficiency of RhB was examined (Figure 3d). The results highlight that the degradation
efficiency of RhB slowed down with the higher-concentration solutions of RhB. At a higher RhB
concentration, the surface of the catalyst was rapidly saturated and the RhB adsorption intervened
in the electron transfer process, subsequently decreasing the catalytic performance. Additionally,
RhB molecules and intermediates were competing for limited surface-bound radicals and reactive
species on the catalyst surface under the higher concentrations of dye, thus inhibiting the overall
degradation efficiency of RhB. A recent report suggested that the degradation efficiency of acid orange
G (AOG) decreased with increased AOG concentration when activating peroxymonosulfate using a
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Co-Mn-layered double hydroxide [33]. It was also found that the degradation performance of Acid
Blue 92 was inhibited at higher dye concentrations when using the thermally activated persulfate
process [34].

3.3.4. Effect of Fe Species

It has been reported that PS can be homogeneously activated by iron species (Fe2+/Fe3+) and
may influence the dye degradation efficiency [35]. Therefore, the effect of Fe2+ and Fe3+ ions on the
RhB degradation efficiency was investigated in the Fe3O4@GO + K2S2O8 system, and the results are
shown in Figure S2. As presented, Fe3O4@GO + K2S2O8 + Fe2+ exhibited a noticeable RhB degradation
efficiency, probably due to the Fe2+ activation role of PS. Fe3O4@GO + K2S2O8 + Fe3+ nearly showed
the same RhB degradation efficiency as that of Fe3O4@GO + K2S2O8. However, in the presence of
the Fe3O4@GO + K2S2O8 + Fe2+ system, a higher RhB degradation percentage than the Fe3O4@GO
+ K2S2O8 + Fe3+ system was obtained at the initial stage. This indicated that Fe2+ produced more
sulfate radicals than Fe3+ and it is known that Fe2+ is more active as a persulfate-based heterogeneous
Fenton catalyst.

3.3.5. Effect of Inorganic Anions

Some inorganic ions are used as auxiliaries in the dyeing bath and typically appear in real textile
wastewater samples. For example, NaCl is an electrolyte used to improve the dye diffusion rate due
to its adsorption behavior onto fibers and NaHCO3

− is responsible for increasing the pH of the dye
bath. Therefore, the effect of these ions on RhB degradation was explored. As shown in Figure S3,
the presence of NaCl almost did not affect the RhB degradation efficiency. The degradation percentage
of RhB was the same as the control experiment degradation efficiency. This result may be attributed
to the use of a lower NaCl concentration. At a lower concentration of NaCl, less reactive Cl− species
produce Cl2− from the reaction of SO4

− and •OH [36], which might have contributed to a higher RhB
degradation efficiency. This result is supported by the previous investigation by Bendjama et al. [37].
On the contrary, the RhB degradation efficiency was significantly inhibited by the addition of NaHCO3

−

in the solution. To be specific, only 40% of the RhB could be removed in the presence of HCO3
−, which

is a much lower degradation efficiency compared with using NaCl. In the AOP system, the bicarbonate
ions (HCO3

−) were used as a radical scavenger, hence HCO3
− were involved with RhB molecules

for quenching with reactive radicals, such as SO4
− and •OH, and generated HCO3

−/CO3
− radicals

with a lower redox potential than SO4
− and •OH. Furthermore, the pH of the solution reached an

alkaline condition via the addition of HCO3
−, thus the RhB degradation efficiency was decreased in

the alkaline condition in this study.

3.3.6. The Effect of the Copresence of Organic Pollutants

In general, textile wastewater contains various organic substances and ions, where dyes are one
of the most significant existing pollutants. The efficient treatment of wastewater may be hindered
by the presence of other co-existing dyes, which compete with the target pollutant in the adsorption
process. In this study, two types of dyes, namely methylene blue as a cationic dye and Orange II
as an anionic dye, were selected according to their surface charge characteristics and were used in
the same solution of RhB in the Fe3O4@GO + K2S2O8 system; the results are shown in Figures S4
and S5, respectively. As can be seen, both spectra show the presence of the two dyes in the RhB
solution. The adsorption and degradation efficiency was higher (around 95%) for the cationic dye
of MB because of the strong electrostatic interaction that occurred between the positively charged
surface of the cationic dye molecules and the negatively charged GO surface. In contrast, a moderate
adsorption and degradation efficiency were noticed for the anionic dye of OII because of the strong
electrostatic repulsion between the anionic dye molecules and the negatively charged GO surface.
Thus, the systems were suitable for treating many co-existing dyes in wastewater at the same time.
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3.4. Durability of Fe3O4@GO

Durability is considered as one of the essential parameters of the catalyst for achieving practical
feasibility. Thus, the durability of Fe3O4@GO was investigated by conducting six successive cycles
of adsorption–catalysis reuse experiments on RhB degradation in the Fe3O4@GO + K2S2O8 system,
and the results are shown in Figure 4a. It was noticed that the adsorption percentage of RhB gradually
reduced from 22.67% to 18.46%, but the percentage of RhB degradation maintained above 75% after
six consecutive cycle experiments. It can be seen that the RhB degradation decreased a little over the
recycling experiments in the PS activation system. The poor adsorption performance was ascribed to
the limitation of active sites in the dye intermediates, while the higher degradation efficiency appeared
due to the possible conversion of some Fe2+ to Fe3+ oxides species occurring on the catalyst’s surface.
However, these results demonstrate that the Fe3O4@GO catalyst could be reused in the catalytic
oxidation process without a significant loss of its activity and indicate that the degradation stage
was more beneficial than the adsorption process. Additionally, the leaching of metals is an essential
concern in persulfate-activated metal oxide nanoscale materials. Therefore, the leaching of total iron in
the Fe3O4@GO + K2S2O8 system over six successive cycle experiments was monitored, as shown in
Figure 4b. Herein, the leaching amount of total iron was below 0.05 mg/L over the six cycles, which
would be very suitable for the environment due to the lack of generation of any secondary pollution,
following the European Union’s (EU’s) discharge guidelines for iron leaching values, which allows for
up to 2 mg/L [38]. This outcome indicates that the PS activation system played a significant role in iron
leaching recycling tests without the addition of any iron in the solution.

To some extent, the scope of RhB mineralization is also a significant parameter for practical
industrial applications. Therefore, the total organic carbon (TOC) was measured due to it being a
popular indicator for evaluating the mineralization efficiency of RhB in the reaction. The removal of
TOC (%) in the RhB solution as a function of time was inspected (Figure 4c). The removal percentage of
TOC increased to 56% within the first 10 min and directly increased with the reaction time until reaching
more than 60% by 120 min. It was noticed that the dye mineralization efficiency was slower than
the dye degradation performance. This can be attributed to the significant amounts of intermediates
that were still present in the solution. However, the removal efficiency of TOC could be improved by
adding a higher amount of persulfate concentration or increasing the reaction time. Some researchers
previously reported that more than 80% of TOC removal could be achieved by using a higher persulfate
concentration [39].

Fourier-transform infrared spectra (FTIR) was utilized to identify functional groups on the catalyst
surface. The FTIR spectra for Fe3O4@GO before (black line) and after catalysis (red line) of RhB
in the Fe3O4@GO + K2S2O8 system are presented in Figure 4d. First, the typical spectrum of GO
sheets were observed in the FTIR spectra of the Fe3O4@GO nanocomposite with an absorbance peak
at 3371–3450 cm−1 (stretching –OH functional groups), which indicated that an anchorage of Fe3O4

particles was successfully deposited onto the GO matrix. Before catalysis, the FTIR spectrum of
Fe3O4@GO showed two significant peaks at 568 cm−1 and 493 cm−1 because of Fe–O (stretching mode)
in Fe3O4. Additionally, the peak at 1579 cm−1 (C–C stretching vibrations) corresponded to the aromatic
ring of GO and the C–O–H bending vibrations at 1110 cm−1 and was ascribed to the phenolic group in
GO sheets. The FTIR spectrum of Fe3O4@GO after RhB degradation showed that the band intensities
became stronger and remained at an almost identical position compared to the spectrum measured
before the RhB degradation. These results are further proof of the excellent durability of the Fe3O4@GO
nanocomposite along with the above two aspects on the reusability test.
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3.5. Identification of Reactive Oxygen Species (ROS)

Previous reports suggested that some reactive radical species have been produced in the
PS-activation-based catalytic degradation studies. Therefore, radical quenching experiments were
conducted during the RhB degradation via the addition of KI, NaN3, MeOH, TBA, and AA to investigate
the reactive oxidizing species in the Fe3O4@GO + K2S2O8 system. It is known that TBA is used
to quench only •OH radicals, whereas MeOH is used as an effective quencher for both SO4

•− and
•OH radicals. As shown in Figure 5a, the RhB degradation percentage was slightly decreased by the
addition of TBA, which can be ascribed to the reactivity of TBA toward free radicals being higher in a
liquid state rather than radicals present on the surface of a catalyst since TBA is a kind of hydrophilic
substance. MeOH exhibited a slightly lower RhB degradation performance. This was attributed to the
reaction rate mechanism where, for example, MeOH could react more slowly with •OH than TBA but
showed a more rapid reaction rate with SO4

•− than TBA. It indicates that SO4
•− radicals were revealed

as a primary radical species in the Fe3O4@GO + K2S2O8 system. As can be seen, the degradation
efficiency of RhB was also not affected much by the addition of AA in the solution, suggesting that the
oxidation of RhB was promoted by the O2

•− radical that appeared through the dissolved oxygen [40].
Fang et al. [41] reported that O2

•− radicals can effectively activate the persulfate to generate SO4
•−

radicals, which facilitate the RhB degradation efficiency. Recently, it was observed that singlet oxygen
might act as a significant ROS in the PS activation system [42]. Therefore, NaN3 was added to the
solution as the quencher for 1O2 radicals, which may be produced from O2

•− oxidation or the transfer of
energy to dissolved oxygen. The degradation efficiency of RhB was decreased slightly by the addition
of NaN3. KI has been widely used as an effective quencher for surface-bound reactive radicals, such as
SO4

•− and •OH. As shown in Figure 5a, the addition of KI significantly decreased the RhB degradation
efficiency to 49.0%, suggesting that the oxidation of RhB was favored on the surface of Fe3O4@GO,
which can be explained by noting the hydrophobic nature of KI was capable of capturing radicals from
the catalyst surface, that resulted in a poor degradation percentage. Additionally, oxygen-containing
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functional groups of GO were available on the edge of their aromatic rings, which also promoted the
surface oxidation of RhB. Therefore, these results revealed that surface-bound SO4

•− radicals were
primarily responsible for almost half of the RhB degradation in this study. The present result was
justified according to the previous work of Wang et al. [43].
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The oxidative radicals involved in the Fe3O4@GO + K2S2O8 system for the RhB degradation
was further verified by conducting an EPR study with spin-trapping agents, namely DMPO and
TEMP. As shown in Figure 5b, the characteristic signals of DMPO-SO4 exhibited six lines (with the
ratio of intensities being 1:1:1:1:1:1 and with hyperfine splitting constants of aN = 13.2 G, aH = 9.6 G,
aH = 1.48 G, and aH = 0.77 G), while the characteristic signals of DMPO-OH showed four lines (with the
ratio of intensities at 1:2:2:1 and aN = aH = 14.8 G) [44]. The generation of O2

•− radicals was detected
using EPR signals (with a relative intensity ratio of 1:1:1:1), as shown in Figure 5c. Additionally, the
identification of 1O2 radicals was confirmed through the EPR signals (three lines with an intensity
ratio of 1:1:1), as shown in Figure 5d. As observed, the intensities of all characteristic signals were
enhanced with the increase of time from 2 to 6 min, which indicates that a large portion of the •OH
radicals was generated from the reaction between SO4

•− and H2O/OH [45]. The results suggested that
SO4

•−, •OH, O2
•−, and 1O2 radicals were produced during the degradation of RhB degradation in the

Fe3O4@GO + K2S2O8 system.
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3.6. Proposed Degradation Mechanism

3.6.1. RhB Degradation Pathway

The structural changes of RhB during the degradation studies over 120 min were monitored
using UV-vis spectra (Figure 6a). As can be seen, the maximum absorption peak at 554 nm of RhB
appeared in the visible region due to the n→ π transition of C=N and C=C groups. Furthermore,
the shoulder peaks at 258 and 354 nm in the UV region were ascribed to the benzene rings [46].
It was noticed that the maximum absorption peak intensity gradually reduced with the increase of
the irradiation time, and eventually, the maximum peak disappeared within 120 min, accompanied
by the blue shift and expansion of the absorption peak. This phenomenon can be ascribed to the
N-de-ethylation of the RhB molecule and chromophore destruction. Additionally, the absorption
peaks in the UV region first increased, and then gradually decreased due to the destruction of the
benzene rings. However, no additional peak appeared during the RhB degradation studies after
120 min, implying that all the chromophore groups were destroyed. Therefore, it can be concluded
that the degradation of RhB mainly occurred because of the cleavage of the chromophore structure
and suggested that N-deethylation was a probable part of the RhB degradation mechanism in the
Fe3O4@GO + K2S2O8 system.
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Figure 6. (a) The evolution of the UV–vis spectra during the degradation of RhB in the Fe3O4@GO
+ K2S2O8 system (reaction conditions: 200 mg catalyst + 20 ppm RhB +1.5 mM K2S2O8 + 4.34 pH +

agitate at room temperature (20 ◦C)). (b) UV–vis diffused reflectance spectra and (c) photoluminescence
(PL) spectra of Fe3O4 and Fe3O4@GO.

To expound the enhanced PS activation ability of the Fe3O4@GO nanocomposite, the UV-vis
DRS spectra of Fe3O4 and GO were recorded, as shown in Figure 6b. An absorption edge at 648 nm
was identified from the pristine Fe3O4, which can be attributed to the value of the intrinsic bandgap
(≈2.69 eV) in the solid solution of Fe3O4 [47]. Compared with Fe3O4, Fe3O4@GO exhibited a remarkable
and higher intensity of visible light absorption after 450 nm. The absorption edge of Fe3O4@GO
appeared at approximately 682 nm because of the narrowing bandgap of Fe3O4@GO, which may be
ascribed to the presence of a strong chemical interaction with the GO substance.

The photoluminescence (PL) spectra of Fe3O4@GO revealed strong PL intensities over the pristine
Fe3O4 (Figure 6c), which indicates a higher rate of recombination between the excited electrons and
holes. In general, the GO sheet possessed high electrical conductivity and consequently had a higher
electron mobility. Therefore, the GO sheet could easily accumulate the excited electrons from the
Fe3O4 conduction band through a π-conjugation carbon atom, which was considered to be the most
effective at achieving a higher electron–hole pair recombination rate and improved charge separation
properties between the valence band and conduction band of Fe3O4. These results support the higher
degradation percentage of RhB that were achieved in the presence of the Fe3O4@GO nanocomposite as
an efficient catalyst for the activation of PS.
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3.6.2. XPS Evidence

The elemental composition changes of Fe3O4@GO before and after catalytic tests were evaluated
using XPS measurements, and the results are shown in Figure 7. As displayed, the full XPS spectrum
survey showed the presence of different elements such as C, O, N, and Fe with the binding energies
of 285 eV, 531 eV, 400 eV, and 725 eV, respectively, and their relative atomic surface concentration
percentages are shown in Tables S1 and S2. In detail, the core-level spectra of O 1s was composed
of three main peaks at 531 eV (Fe–O bond), 530 eV (Fe–O–C bond), and 529 eV (Fe–OH bond),
indicating that the catalyst surface was enriched with different oxygen-bonded functional groups and
the formation of a stable heterojunction structure between the Fe3O4 and the GO sheets. The XPS
spectra of the Fe 2p surface exhibited two peaks with binding energies of 711 eV and 725 eV, which
corresponded to the two states of Fe 2p3/2 and Fe 2p1/2, respectively, implying the existence of Fe3+ in
Fe3O4 [48]. The binding energy at 718 eV appeared in the Fe 2p surface, indicating the characteristic of a
satellite peak. Overall, the successful deposition of Fe3O4 on GO sheets improved the surface reactivity
and reduced the aggregation state of transition metal ions, which was induced by the PS-activated
catalyst. The XPS spectrum of N 1s had only one deconvoluted peak with a binding energy of 400 eV,
suggesting that the adsorption of N-contained RhB molecules occurred on the catalyst surface during
the degradation process. This analysis supports the results of the FTIR measurements and the reuse
tests on the catalyst.
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Regarding the above discussion, a possible persulfate activation mechanism of RhB is illustrated
(Figure 8). As can be seen, the reduction of the iron species and the generation of the reactive radicals
were actively associated with this mechanism. The whole surface of Fe3O4@GO allowed PS to activate
the metal sites with Fe3+ to produce a large amount of Fe2+. Then, PS was further activated by Fe2+

ions to yield durable surface bounded SO4
− reactive radicals from the conversion between Fe2+ and
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Fe3+, as shown in Equation (3) [49]. Furthermore, •OH radicals could be noticed from the direct
conversion of SO4

•− through the hydrolysis reaction with H2O (Equation (4)) [50]. These results
indicate that transition metals played a crucial role in generating powerful radicals, thus accelerating
the degradation efficiency.

Fe2+ + S2O8
2−
→ Fe3+ + SO•−4 + SO2−

4 (3)

SO•−4 + H2O→ OH• + HSO4
− (4)
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Figure 8. The possible activation mechanism of RhB in the Fe3O4@GO + K2S2O8 system.

3.7. Real Wastewater Treatment Efficiency

The effectiveness of the Fe3O4@GO + K2S2O8 system at treating deionized water and real
wastewater treatment plant effluent is shown in Figure 9a,b. The real wastewater sample was obtained
from the Minhuang wastewater treatment plant, Shanghai, China, and diluted with a selected dyes
solution. The treatment procedure was conducted in optimum conditions. The final mixture was
analyzed using a UV-is spectrophotometer. Based on the results, it was demonstrated that the
Fe3O4@GO + K2S2O8 system showed an RhB removal percentage of up to 89% after 120 min, along
with other mixture dyes, such as MB and OII, from the real wastewater sample; this indicates that this
system is sufficient for practical application.
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4. Conclusions

A novel Fe3O4-impregnated graphene oxide (Fe3O4@GO) nanocomposite was successfully
prepared using a sustainable methodology and was employed as an efficient persulfate activator for
the remediation of dye pollutants in real wastewater. In this study, a nearly 100% RhB degradation
efficiency was obtained in the Fe3O4@GO + K2S2O8 system, and this system had an effectively degraded
co-presence of organic pollutants and maintained a higher reusability property. The results indicate
that the oxidation of RhB appeared on the surface of Fe3O4@GO through the accumulation of radicals.
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Nevertheless, the Fe3O4@GO + K2S2O8 system showed an excellent RhB degradation efficiency under
a wide range of pH values, i.e., acidic and neutral conditions. The enhanced degradation efficiency of
Fe3O4@GO was better because of the formation of a heterojunction between Fe3O4 and GO, which
was revealed by the identification of Fe–O–C chemical bonds in the XPS spectra. This study will
be a useful source for managing future challenges in treating real wastewater treatment using the
persulfate-activated iron oxide–graphene composite as a potential sustainable catalyst.
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Fe3O4@GO, Table S2: Atomic surface concentration of detected elements for Fe3O4@GO.
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