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Abstract: The exploration of efficient, low-leaching, and recyclable transition-metal-based catalysts is
of great importance for the removal of pollutants from peroxymonosulfate (PMS) in water purification
processes. In this study, a bimetallic CoFe@CSC-700 composite was prepared by an alkaline gel
pyrolysis reduction method using chitosan as a forming agent and applied to activate PMS to degrade
levofloxacin (LEV). The leaching concentration of both cobalt and iron ions in the CoFe@CSC-700
catalyst was reduced by about 8-fold compared to the monometallic composite pellet catalyst. In
addition, the removal efficiency of the CoFe@CSC-700 catalyst can still reach 90% after five cycles,
showing good recyclability, recoverability and stability. Both free radical pathways (SO4·−, ·OH, and
·O2

−) and non-free radical pathways (1O2) were detected in the oxidation reaction, with free radical
pathways as the main contributor. The possible degradation pathways of LEV were proposed by
LC-MS tests. Overall, this study provides new insights into the construction of efficient and stable
PMS catalysts for wastewater treatment.

Keywords: cobalt–iron bimetallic; chitosan carbonized microspheres; peroxymonosulfate; levofloxacin

1. Introduction

Water resource pollution has become a serious challenge globally with rapid economic
development and the improvement of people’s quality of life. In particular, the abuse
and improper discharge of drugs have attracted extensive attention from numerous re-
searchers and the public [1]. Levofloxacin (LEV), a third-generation fluoroquinolone, is a
representative pollutant that is used on a large scale in aquaculture and agriculture, and the
residues of this drug enter the environment through the food chain and have been detected
in various river waters [2]. Its ecotoxicity in the aquatic environment is significant, and
when organisms are exposed to LEV-containing water bodies, their behavioral patterns,
growth rates, and reproduction may be adversely affected, thus posing significant potential
risks to ecosystem stability and human health over time. Further, the presence of LEV in
aqueous environments can also induce rapid genetic mutation in bacteria, leading to the
development of drug-resistant bacteria [3]. However, LEV shows extreme resistance to
traditional biological treatments and cannot be completely metabolized. Therefore, there
is an urgent need to explore effective remediation technologies for removing LEV from
aqueous environments.

Advanced oxidation processes (AOPs) based on sulfate radicals are an emerging
technology that can effectively treat antibiotics in wastewater [4]. In recent years, the sulfate
radical (SO4·−) has garnered recognition as a technology with significant potential due to its
high redox potential (2.5~3.1 V), long half-life, and wide pH use range [5,6]. Typically, SO4·−
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is generated from peroxymonosulfate (PMS) and peroxydisulfate (PDS). Considering the
asymmetric molecular structure of PMS, it is easier to activate and produce sulfate radical
(SO4·−) than PDS [7]. There are many activation methods for PMS, including thermal
activation [8], alkali activation [9], electrical activation [10], ultraviolet activation [11],
transition metal activation [12] and ultrasonic activation [13]. The transition metal activation
method is more applicable than other activation methods.

So far, Co-based metal oxides and their composites have attracted much attention
among the many transition metals owing to their excellent catalytic properties [14]. How-
ever, the relatively high toxicity and potential carcinogenicity of Co leaching limit the
practical application of Co in environmental remediation. Fe-based catalysts are considered
as excellent alternatives for activating PMS because they are relatively environmentally
friendly, widely available, and low-cost, but their catalytic performance is relatively low [15].
Previous studies have shown that when Co and Fe are combined, there is a synergistic
catalytic effect, and Co-Fe bonding can reduce or even prevent Co2+ leakage. The study
of Yang et al. [16] showed that the strong interaction between Co and Fe inhibited the
leaching of Co2+. The construction of bimetallic structures also improves the catalytic
activity due to the synergistic effect between different metal species [17]. For example,
Zhou et al. [18] found that the degradation efficiency of 2,4-dichlorophenol (2,4-DCP) in the
FeCo2O4/PMS system was higher than that in the monometallic oxide Fe3O4/PMS system
and Co3O4/PMS system. Although many efficient catalysts available for the removal of
organics have been reported, the unfavorable usability of powdered catalysts and metal
leaching are still issues to be solved. Chitosan (CS) is a green biopolymer that has gradually
attracted great interest due to its good molding properties and high biocompatibility [19].
Since CS chains are rich in -NH2 and -OH groups with high affinity for transition metals,
many transition metals can be anchored to CS chains [20,21] and form magnetic chitosan
microspheres in alkaline solutions, thus reducing metal loss and facilitating separation.

In this study, bimetallic CoFe@CSC-700 composites were designed and prepared by an
alkaline gel pyrolytic reduction method to address the unfavorable recoverability of pow-
der catalysts and metal leaching. Using LEV as the target pollutant, the catalytic activity
of the CoFe@CSC-700/PMS system was systematically investigated, and the influencing
factors (solution pH, catalyst dosing, PMS concentration) and the effects of different water
quality components were explored. In addition, the recycling stability and recoverability
of CoFe@CSC-700 were evaluated, and the reactive oxygen species (ROS) in the reaction
system and reaction mechanism were described. Finally, the intermediates of LEV degrada-
tion were also elucidated by LC-MS, and the degradation pathways of the reaction were
considered. Theoretical support and a practical application basis were provided to promote
the activation of PMS by bimetallic composites for the purification of water pollutants.

2. Materials and Methods
2.1. Materials

Levofloxacin (LEV, ≥98.0%) was purchased from Sigma-Aldrich Co., Ltd. (Shanghai,
China). Cobalt chloride hexahydrate (CoCl2·6H2O, ≥99.0%), ferric chloride hexahydrate
(FeCl3·6H2O, ≥99.0%), peroxymonosulfate (KHSO5·0.5KHSO4·0.5K2SO4, PMS), methanol
(MeOH, HPLC, ≥99.9%), tert butyl alcohol (TBA), L-histidine (L-His), and p-Benzoquinone
(p-BQ) were purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shang-
hai, China). Chitosan (CS, 95.0% deacetylation), sulfuric acid (H2SO4, 95~98%), acetic
acid (CH3COOH, 99%), sodium acetate (CH3COONa, ≥99%), sodium hydroxide (NaOH,
≥98%), sodium chloride (NaCl), sodium nitrate (NaNO3), and sodium sulfate (Na2SO4)
were supplied by Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Humic
acid (≥90%) used as natural organic matter (NOM) was provided by Sinopharm Chemical
Reagent Beijing Co., Ltd. (Beijing, China). All reagents were not purified and were used
directly. Ultrapure water (18.2 MΩ·cm) from the Milli-Q system was used to prepare
solutions in all experiments. The river water in this study was taken from the Pearl River.
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2.2. Characterization

The phases of the products were characterized by X-ray powder diffraction (XRD,
Bruck D8 Advance, Hersbruck, Germany). Scanning electron microscopy (SEM) images
were acquired (FE-SEM, ZEISS ULTRA 55, Oberkochen, Germany). The microstructure and
crystal structure of the prepared materials were studied by high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai TF-20, Hillsboro, OR, USA) under 200 kV voltage.
Raman spectra were measured with a Raman microscope (Raman, Renishaw Invia RAMA,
Wottonunder-Edge, UK), and the excitation wavelength was 532 nm. The elemental and
surface valence states of the synthesized materials were measured by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific Nexsa, Waltham, MA, USA). An Inductively Cou-
pled Plasma Mass Spectrometer was used to measure the concentration of iron and cobalt
ions (ICP-MS, Agilent 7700, Santa Clara, CA, USA). An electron paramagnetic resonance
spectrometer (EPR, Bruker A300, Rheinstetten, Germany) was used to identify the type of
reactive oxygen species. The intermediates during the LEV degradation process were iden-
tified by liquid chromatography–mass spectrometry (LC/MS, Agilent 1290 Infinity/6460,
Santa Clara, CA, USA).

2.3. Preparation of CoFe@CSC-X Carbonized Microspheres

Firstly, 2 mL of acetic acid and 2 g of CS were added to 100 mL of deionized water
and stirred to dissolve them completely. Then, an aqueous metal solution with a Fe
concentration of 0.5 mol/L and a Co/Fe ratio of 1:1 was prepared from CoCl2·6H2O and
FeCl3·6H2O, and then this solution was added to the above CS solution at a volume ratio of
1:10 and stirred for 30 min; the mixture was recorded as solution A. NaOH and CH3COONa
were dissolved in deionized water with stirring at a ratio of 1.25 M/0.1 M to obtain another
solution, which was recorded as solution B. Solution A was injected into 80 ◦C solution B via
syringe, forming reddish-brown gel microspheres. After 2 h of hardening, the microspheres
were washed to neutrality with deionized water and oven-dried at 80 ◦C for 12 h. The
resulting microsphere material was recorded as CoFe@CS. CoFe@CS microspheres were
then calcined at different calcination temperatures (600 ◦C, 700 ◦C, and 800 ◦C) under a
nitrogen atmosphere for 2 h to prepare CoFe@CSC-X, where X denotes the temperature.
Similar to the preparation of CoFe@CS microspheres, CS microspheres were successfully
prepared without incorporating the metal solution. At the same time, Co@CS microspheres
were prepared by replacing FeCl3·6H2O with CoSO4·7H2O, and Fe@CS microspheres were
prepared by replacing CoCl2·6H2O with FeSO4·7H2O. Under the same conditions as those
used for the preparation of CoFe@CSC-X, the products of the calcination of the above
three microspheres were named CSC microspheres, Co@CSC microspheres, and Fe@CSC
microspheres, respectively.

2.4. Evaluation of the Catalytic Performance

In all batch experiments, 250 mL conical flasks containing 100 mL of LEV solution
(10 mg/L) at pH = 6.8 (initial pH) were placed on a shaker (180 rpm, 298 K) to evaluate
the catalytic performance. The initial pH of the reaction solution was unadjusted unless
otherwise specified. When discussing the effect of initial pH on degradation, the initial pH
of the solution could be adjusted to the desired pH with 1 M H2SO4 or NaOH solution. A
certain amount of catalyst and PMS were simultaneously introduced into the conical flask
to initiate the catalytic reaction. At regular time intervals, 1 mL of sample was taken at each
time during the reaction, and the solution was filtered through a 0.22 µm filter membrane.
Next, 0.5 mL of methanol was immediately injected into sampling bottles to quench the free
radical reaction and redundant oxidant. The used catalysts were collected with a magnet
and washed alternately with deionized water and ethanol to remove residual organics for
repeatability and stability tests. All the experiments were repeated three times, and the
average value was taken as the data results.
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2.5. Analytical Method

In all experiments, the concentration of LEV was quantified by high-performance liq-
uid chromatography (HPLC) using the standard working curve method. The mobile phase
consisted of 20% chromatographic grade acetonitrile and 80% ultrapure water containing
0.3% formic acid in a 10 µL injection volume at a flow rate of 1 mL/min with a detection
wavelength of 290 nm.

3. Results
3.1. Catalyst Characterization

The SEM results showed the surface morphology of the catalysts. As shown in
Figure 1a, the CoFe@CSC-700 crystals were shaped as microspheres with a diameter of
about 1 mm, and the surface of the uncalcined CoFe@CS (Figure 1d) was folded, which was
presumed to be the wrapped chitosan molecular chain. After CoFe@CS was calcined at
700 ◦C, the wrapped chitosan volatilized at high temperature, more voids appeared on the
surface of the spheres, and some of the internal cobalt–iron complexes were revealed, as
shown in Figure 1b,c. Meanwhile, the microstructure of CoFe@CSC-700 was characterized
by TEM. As shown in Figure 1e,f, the sample has an obvious “core–shell” structure. In
Figure 1f–i, the typical lattice stripes of graphitic carbon shells are obvious, indicating
the presence of graphitized carbon shells. According to Figure 1g,h, the lattice spacing of
the ‘core’ can be calculated, and the results match the (110), (200) and (211) planes of the
CoFe alloy. In summary, it can be seen that the CoFe alloy particles were encapsulated
within the graphitic carbon shell that was embedded in the graphitic carbon matrix, which
reduced the clustering of CoFe alloy particles and enhanced electron mobility [22,23].
Meanwhile, the graphitic carbon matrix can serve as a protective layer for the CoFe alloy
particles, protecting them from oxidation and corrosion, which improves the stability of the
composites [24]. In addition, the combined EDX spectra showed the elemental distributions,
as shown in Figure 1i, for C, N, O, Fe, and Co. Obviously, the range of C and N elements did
not differ much, indicating the partial doping of the carbon matrix with N. Meanwhile, the
same distribution of Co and Fe elements indicated the successful synthesis of CoFe alloy.

Figure 1. (a–c) SEM images of CoFe@CSC-700; (d) SEM image of CoFe@CS; (e,f) CoFe@CSC-700
TEM images; (g) HRTEM images; (h) SAED images; (i) EDX images and corresponding surface scan
images of elements of C, N, O, Fe, and Co.

XRD analyses were performed to clarify the crystal structure and composition of the
catalysts. As shown in Figure 2a, characteristic peaks of CoFe@CSC-600, CoFe@CSC-700,
and CoFe@CSC-800 at 44.8◦, 65.3◦, and 82.7◦ were typical of the (110), (200), and (211)
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lattice planes assigned to CoFe alloys (PDF# 49-1567). It is possible that CoFe@CS was
calcined under a N2 atmosphere under higher temperature conditions when the metal
center was reduced to a lower oxidation state, resulting in CoFe alloys [25]. The CoFe@CSC-
700 characteristic peaks had the highest intensities, whereas the diffraction peak intensities
of CoFe alloys were changed by changing the calcination temperature, suggesting that the
degree of crystallinity was affected by the temperature to a certain extent. In addition, an
extra characteristic peak can be observed in the XRD pattern of CoFe@CSC-700, which is
known from the literature to be a broad peak at 26.3◦ attributable to the (002) diffraction
plane of graphitized carbon [24,26], which corresponds to the previous TEM results.

Figure 2. (a) XRD patterns of CoFe@CSC-600, CoFe@CSC-700, and CoFe@CSC-800; (b) Raman spectra
of CoFe@CSC-600, CoFe@CSC-700, and CoFe@CSC-800.

To explore the degree of graphitization at various calcination temperatures, Raman
spectroscopy was conducted. The Raman results exhibited two distinctive peaks positioned
approximately at 1350 cm−1 and 1580 cm−1, which were attributed to the D and G bands,
respectively. The D band indicated the contribution of sp3 defects in the carbon, i.e., the
presence of defects or disorder [27], whereas the G band was attributed to the stretching
of the C-C bonds within the graphite structure [28], which was related to the graphitized
carbon of the material [24]. Therefore, the degree of graphitization of the material can be
expressed by the ID/IG intensity ratio. The smaller this ratio was, the higher the degree
of graphitization was. As shown in Figure 2b, the ID/IG ratio values for CoFe@CSC-600,
CoFe@CSC-700, and CoFe@CSC-800 were 1.011, 0.921, and 0.939, respectively. With the
increase in calcination temperature, the ID/IG ratio decreased and then increased, and it
was lowest at 700 ◦C, indicating that the degree of graphitization would be damaged if the
temperature was too high [26]. This indicated that the Raman experimental results also
corresponded to the experimental results of XRD.

In order to investigate the elemental composition and valence distribution of the
CoFe@CSC-700 surface, the catalyst was analyzed by XPS. Firstly, the CoFe@CSC-700
consists of C, O, N, Fe, and Co elements, as seen in the survey spectrum (Figure 3a),
which was compatible with the EDX results. Figure 3b shows the high-resolution C1s
energy spectra obtained from the test, which corresponded to the C-C characteristic peak
at 284.8 eV binding energy, the C-N bond characteristic peak at 285.7 eV binding energy,
the C=O bond characteristic peak at 288.1 eV, and the O-C=O bond characteristic peak
at 290.0 eV, as shown in the past literature [29], whereas the π-π vibration of carbon
corresponds to the π-π vibration at 291.6 eV. The incorporation of C-N bonds indicated that
nitrogen had been successfully doped into the carbon molecular structure, constituting a
crucial facet of the redox reaction process [30]. The concurrent presence of nitrogen-doped
graphitic carbon alongside CoFe alloys can enhance the electron mobility between the
metallic components and PMS [31]. The high-resolution energy level spectrum of N 1s
for CoFe@CSC-700 (Figure 3c), can be categorized into three separate peaks. The binding
energies of these peaks were 398.6 eV, 400.7 eV, and 402.5 eV, which were attributed to
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pyridine N, pyrrole N, and graphite N. As shown in Figure 3d, the O 1s XPS high-resolution
energy spectrum can be fitted to three distinct peaks, the peaks of M-O (lattice oxygen),
M-O-H (adsorbed oxygen), and impurity water, which are located at 530.4 eV, 532.3 eV, and
534.7 eV, respectively [32]. Figure 3e demonstrates the electronic state characteristics of
Fe 2p, which specifically consists of two spin orbitals, Fe 2p1/2 and Fe 2p3/2. The peak at
707.4 eV corresponds to the characteristic peak of Fe0, 711.0 eV and 724.2 eV correspond to
the characteristic peaks of FeII, 713.8 eV and 726.3 eV are the characteristic peaks of FeIII,
and the peak at 719.7 eV corresponds to the satellite peaks of Fe. The high-resolution spectra
of Co 2p (Figure 3f) consist mainly of the peaks at CoII at 782.7 eV and 797.1 eV and CoIII at
780.3 eV and 795.4 eV, as well as two satellite peaks at 787.0 eV and 803.4 eV. There are five
valence states of Fe0/≡FeII/≡FeIII and ≡CoII/≡CoIII on the surface of the two elements,
and the presence of multiple valence states is favorable for electron transfer according
to the redox potentials of Fe cobalt. According to the redox potential of cobalt–iron, the
existence of multiple valence states is favorable for electron transfer, and a redox cycle of
≡FeII/≡FeIII and ≡CoII/≡CoIII can exist to accelerate the activation of PMS.

Figure 3. (a) Wide XPS spectrum of CoFe@CSC-700; (b) C 1s spectra; (c) N 1s spectra; (d) O 1s spectra;
(e) Fe 2p spectra; (f) Co 2p spectra.
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3.2. Catalytic Performance

In order to investigate the practical effects of the five different catalysts prepared
(CSC-700, Co@CSC-700, Fe@CSC-700, CoFe@CSC-700, and CoFe@CS) applied for the
degradation of LEVs by activated PMS and to select the best-performing samples for the
subsequent experiments, firstly, adsorption experiments were carried out without the
addition of PMS, and the results are shown in Figure 4. When CSC-700, Co@CSC-700,
Fe@CSC-700, CoFe@CSC-700, and CoFe@CS were used alone, none of them adsorbed more
than 10% of LEV within 30 min, so the adsorption capacity of these five materials was
negligible during the whole degradation process. The effect of the five different catalysts
prepared on the removal of LEV within the PMS system was mainly a degradation effect
rather than an adsorption effect.

Figure 4. Adsorption effect of different catalysts on LEV.

Based on the results of the above adsorption experiments, the degradation perfor-
mance of PMS activated by the above five different chitosan microspheres was compared
without considering the effect of adsorption effect on LEV degradation. An investigation of
the degradation performance without catalyst addition and with pure PMS addition was
also carried out. As shown in Figure 5, when there was only pure PMS without a catalyst in
the system, PMS alone degraded only 2% of LEV within 30 min, which indicated that PMS
alone basically could not generate free radicals and its degradation effect was negligible.
When both CSC-700 and PMS were present, there was no significant increase in LEV re-
moval, indicating that CCM was ineffective against PMS. When Co@CSC-700, Fe@CSC-700,
CoFe@CSC-700, and CoFe@CS were used as catalysts, the LEV removal rates were 99.8%,
29.3%, 99.9%, and 44.1%, respectively. It can be seen that the combination of Co@CSC-
700 and CoFe@CSC-700 with PMS significantly improved the LEV degradation efficiency,
reaching 99.9% removal within 30 min. These results unequivocally demonstrated that the
carbonated Co@CSC-700 and CoFe@CSC-700 presented a greater number of active sites
than the uncarbonated CoFe@CS, whereas Fe@CSC-700 was not as effective as the uncarbon-
ated CoFe@CS, probably due to the presence of cobalt, which had stronger catalytic activity
than iron [33]. Compared to the monometallic catalyst Fe@CSC-700, CoFe@CSC-700 clearly
had superior catalytic performance; while Co@CSC-700 was certainly also catalytic, its
reaction rate was smaller than that of CoFe@CSC-700, confirming the cooperative catalytic
impact of Co and Fe. Meanwhile, considering the environmental goodness of the materials,
inductively coupled plasma mass spectrometry (ICP-MS) was utilized for determining
the concentration of cobalt ions and iron ions leached out from the solution at the end of
the reaction for the three systems Co@CSC-700/PMS, Fe@CSC-700/PMS, and CoFe@CSC-
700/PMS. The results showed that the leaching of cobalt ions from Co@CSC-700/PMS was
up to 3.33 mg/L, and that of iron ions from Fe@CSC-700/PMS was up to 0.85 mg/L. The
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leaching of cobalt ions and iron ions from CoFe@CSC-700 decreased to 0.43 mg/L and
0.10 mg/L, and these values were reduced by about 8 times; this result was lower than
the requirements of the national standard (GB3838-2002) [34]. Additionally, this finding
reaffirmed the cooperative catalytic impact of Co and Fe, and the Co/Fe coupling could
inhibit ion leaching [16]. Considering the performance, environmental soundness, and
reusability, CoFe@CSC-700 was used in this study to carry out the following experiments
related to the influence of environmental factors and so on.

Figure 5. (a) Comparison of the effects of LEV degradation in different conditions; (b) reaction
constants of LEV degradation.

It is well known that the state of presence of contaminants and the surface charge of
the catalyst are affected by the solution pH, which in turn affects the PMS system reaction
process. In our study, the point of zero charge (pHPZC) was determined by measuring
the zeta potential of the catalyst surface, which represents the pH of the solution when
the net surface charge of the material is zero [35]. As shown in Figure S1, the pHPZC of
CoFe@CSC-700 was 6.28, the catalyst surface is positively charged when the pH of the
solution < 6.28 and negatively charged at pH > 6.28. The dissociation constants of the LEV
molecule in water are pKa1 = 6.02 and pKa2 = 8.15, respectively. It usually exists in water in
the cationic form (pH < 6.02), the amphoteric form (6.02 < pH < 8.15), and the anionic form
(pH > 8.5). Figure 6 shows the degradation of LEV by the CoFe@CSC-700/PMS system
at different pH conditions. The degradation efficiency of LEV can reach more than 99%
when the pH ranges from 3.0 to 6.8, and overall, the degradation rate was faster when
it was acidic. Although the surface charge distributions of the catalyst and the pollutant
were essentially similar in the acidic pH range and there was electrostatic hindrance, the
release of cobalt–iron ions increased with decreasing pH, thus accelerating the catalytic
reaction. Therefore, the decrease in LEV degradation rate in systems with pH ranging
from 3.0 to 6.8 may be caused by a decrease in cobalt iron dissolution. When the pH was
further increased (6.8~11.0), the degradation of LEV decreased continuously. In particular,
the degradation effect on LEV decreased to 56% at pH 11.0. This was due to the fact that
both catalyst and pollutant surfaces were negatively charged, and the electrostatic effect
may have hindered the reaction process between CoFe@CSC-700 and LEV. In summary,
considering the removal effect and convenience, the initial pH of 6.8 was chosen for the
experiments in this study.

As shown in Figure 7, the effects of different catalyst dosages (30~130 mg/L) on the
catalytic degradation of LEV in the CoFe@CSC-700/PMS system were investigated. The
degradation efficiency of LEV increased from 42% to more than 99% when the catalyst
dosage was increased from 30 mg/L to 130 mg/L. When the catalyst dosage was increased
from 100 to 130 mg/L, the overall LEV removal rate was basically the same, but the
degradation rate was slightly slower. On one hand, a higher catalyst dosage can provide
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more active sites for activating the PMS reaction for LEV removal [36,37]. On the other
hand, at a certain concentration of PMS, excessive catalyst dosage may compete for the
reaction with PMS and inhibit the rate of formation of reactive oxygen components. The
appropriate amount of catalyst was necessary to obtain the excellent performance of the
reaction system, so the CoFe@CSC-700 dosage of 100 mg/L (0.1 g/L) was selected in the
subsequent experiments considering the effect and economic cost.

Figure 6. PMS system with CoFe@CSC-700 at different initial pH values to solve LEV rendering.

Figure 7. PMS system with CoFe@CSC-700 at different initial pH values to solve LEV rendering.

The concentration of PMS plays a significant role in the efficiency of LEV removal.
Figure 8 shows the degradation curves of LEV in the reaction system when different concen-
trations of PMS were added. The LEV degradation efficiency of the CoFe@CSC-700/PMS
system continued to increase with the increase in PMS concentration from 25 mg/L to
100 mg/L and reached a peak at a PMS concentration of 100 mg/L, which was attributed
to the fact that a larger concentration of PMS could provide more free radicals for the reac-
tion. However, when the PMS concentration was further escalated, the LEV removal rate
remained nearly consistent. This result was due to the fact that at a fixed catalyst dosage, an
increase in PMS concentration led to self-scavenging between free radicals [38,39]. There-
fore, a concentration of PMS of 100 mg/L (0.1 g/L) was chosen for the reaction in the
subsequent experiments.

In the complex environment of natural waters, a diverse range of anions and naturally
organic compounds are present, which may have an impact on the chemical reaction
process through competitive interactions with the target pollutants or by inducing the
generation of novel free radicals. In this study, we selected three ubiquitous inorganic
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anions (Cl−, NO3
−, SO4

2−) and typical humic acid (HA) to investigate the effect of co-
existing components in the system on the removal of LEV by the CoFe@CSC-700/PMS
system. As shown in Figure 9, the high concentration of Cl− had a large inhibitory effect on
the catalytic degradation by PMS, and the 10 mM Cl− concentration caused the degradation
efficiency of LEV to decrease from 99.9% to 84.1% within 30 min. This change in degradation
efficiency could be caused by two reasons. On one hand, Cl− consumed highly active ·OH
and SO4·− in the CoFe@CSC-700/PMS system and generated low-activity Cl· (Equation (1))
and ClOH·− (Equation (2)). On the other hand, the reaction of Cl− and HSO5

− generated
HOCl (Equation (3)) and Cl2 (Equation (4)), leading to a decrease in the production of
·OH and SO4·− in the CoFe@CSC-700/PMS system [40]. In addition, it can also be seen
from the figure that the addition of NO3

− and SO4
2− slightly inhibited LEV removal at a

concentration of 10 mM, with LEV removal reduced by 5.1% and 6.2%, respectively. The
reduced degradation efficiency indicated that they competed with the target pollutants
(Equations (5)–(7)). However, they reacted slowly with ·OH and SO4·−, so they had little
effect on the presence of ·OH and SO4·− in the system [41,42]. In addition to the anions
mentioned above, natural organic matter (NOM) is also present in natural water. HA
is one of the common forms of NOM, and its effect on the CoFe@CSC-700/PMS system
is also significant. The inhibitory effect of HA on LEV degradation decreased to 86.2%
with the addition of HA (Figure 9), which was attributed to the fact that HA, with its
rich electronic structure, competes with LEV for ·OH and SO4·−, thus inhibiting LEV
degradation [43,44]. In summary, the order of inhibition of LEV degradation by different
water quality backgrounds was Cl− > HA > SO4

2− > NO3
−.

Cl− + SO·−
4 → Cl· + SO2−

4 (1)

Cl− + ·OH → ClOH·− (2)

Cl−+HSO−
5 ↔ SO2−

4 +HOCl (3)

2Cl−+HSO−
5 + H+ → SO2−

4 + Cl2 + H2O (4)

NO−
3 + SO·−

4 → NO·
3 + SO2−

4 (5)

NO−
3 +·OH →OH− + NO·

3 (6)

SO2−
4 +·OH →SO·−

4 + OH− (7)

Figure 8. PMS system with CoFe@CSC-700 at different concentrations of PMS to solve LEV rendering.
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Figure 9. Effect of Cl−, NO3
−, SO4

2−, and HA on LEV degradation in the CoFe@CSC-700/PMS system.

3.3. Evaluation of the Stability and Performance of CoFe@CSC-700

The reusability and stability of the catalyst are the key investigation index; in order
to explore this performance, CoFe@CSC-700 cyclic reaction experiments were carried out.
After each cyclic reaction, the catalyst was washed with water and ethanol and vacuum-
dried for reuse. From Figure 10a, it can be seen that the degradation rate of CoFe@CSC-700
for LEV can still be maintained above 90% after five degradation cycles, which indicates
that CoFe@CSC-700 was stable in nature. From Section 3.2, it can be seen that the leaching
value of cobalt and iron ions in CoFe@CSC-700 was lower than the national standard, but
the leaching of metal ions led to the loss of the active site, and thus there was a slight
decrease in the catalytic efficiency after five cycles of the experiment. Also, the decrease
in catalytic efficiency during cycling was related to the coverage of active sites on the
surface of the CoFe@CSC-700 catalyst by degradation intermediates [45]. In addition to
the consideration of catalyst efficiency, the more difficult recovery of catalyst materials in
water is the key issue that leads to the inability to reuse in the current practical application
of the PMS process, which will increase the cost of use. From Figure 10b, it can be seen that
CoFe@CSC-700 had a saturation magnetization of 96.12 emu/g. Therefore, the catalyst and
the water can be separated very quickly under the application of a magnetic field, which
can save costs in practical applications. In addition, as shown in Figure 10c, the XRD results
before and after the reaction indicated that the crystal structure and elemental composition
of the CoFe@CSC-700 catalyst remained stable, and the slight change in the peak intensity
of the XRD could be caused by the loss of metal ions. This further indicated that CoFe@CSC-
700 has good reusability and high water stability in the PMS reaction system and has strong
potential for environmental applications. Table S1 listed the performance comparison of
CoFe@CSC-700 with other previously reported catalysts for LEV degradation [46–52]. As
can be seen from Table S1, CoFe@CSC-700 was able to achieve a higher LEV removal rate
in a shorter period at a lower catalyst dosage and PMS concentration than the catalysts
prepared in other studies, suggesting that the catalyst has superior performance and greater
potential application prospects for treating LEV pollution in water.
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Figure 10. (a) The degradation effect of CoFe@CSC-700/PMS system on LEV in 5 cycles; (b) the
hysteresis loop of CoFe@CSC-700; (c) XRD comparison before and after use of CoFe@CSC-700/PMS.

3.4. Identification of ROS and Proposed Catalytic Mechanism

The degradation mechanism of the LEV in the CoFe@CSC-700/PMS system was in-
vestigated by free radical quenching experiments, which were able to reveal the types
of ROS that removed LEV and the extent of their contribution. In these experiments,
sufficient amounts of the corresponding specific quenchers were added at the beginning
of the reaction to determine the effect of the main ROS on LEV degradation, while the
other experimental conditions were kept constant. MeOH was chosen as the quencher
for SO4·− and ·OH because of the high reaction rates (KSO4·− = (1.6 ~ 7.7) × 107 M−1S−1,
K·OH = (1.2 ~ 2.8) × 109 M−1S−1). Also, TBA, p−BQ, and L-His were also employed as
quenchers corresponding to·OH, ·O2

−, and 1O2, respectively, with corresponding reaction
rates of (3.8 ~ 7.6) × 108 M−1S−1, (0.9 ~ 1.0) × 109 M−1S−1, and 5 × 107 M−1S−1, respec-
tively [53,54]. As shown in Figure 11d, the removal of LEV reached 99.9% within 30 min
of the reaction without the addition of a quencher, while the addition of TBA and MeOH
resulted in LEV removals of 55.8% and 16.3%, respectively. The results showed that both
SO4·− and ·OH played significant roles in the LEV degradation reaction with comparable
contribution importance. After the addition of p-BQ, the degradation rate of LEV decreased
to 57.2%, indicating that·O2

− is another important active species. Compared with the above
quenchers, the degradation rate of LEV decreased to 82.8% after the addition of L-His,
which had the least inhibitory effect on the catalytic activity in the CoFe@CSC-700/PMS
system, but the contribution of 1O2 to the degradation of LEV could not be neglected. In
summary, the results showed that SO4

·−, ·OH, ·O2
−, and 1O2 were all involved in the

degradation process of LEV in the CoFe@CSC-700/PMS system, in which SO4
·−, ·OH, and

·O2
− played the dominant roles, and 1O2 also contributed to LEV degradation.
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Figure 11. (a) EPR spectra of SO4·− and ·OH captured by DMPO; (b) EPR spectra captured by DMPO
·O2

−; (c) EPR spectra of 1O2 captured by TEMP; (d) quenching experiments.

To further identify the active components in the reaction system, the ROS generated
during the catalytic degradation process were determined by EPR spectroscopic detec-
tion [55]. In this process, DMPO and TEMP were selected as the trapping agents that are
capable of efficiently trapping and labeling radicals such as SO4

·−, ·OH, ·O2
−, and 1O2.

As shown in Figure 11a, when DMPO was used as the spin trapping agent, no significant
changes in the SO4

·− radicals were observed at 0 min with only the addition of catalyst and
no PMS present. After 5 min of adding PMS, significant characteristic signal peaks for SO4·−
and ·OH were observed where the intensity ratio of DMPO-·OH was about 1:2:2:1, which
can be attributed to the hyperfine splitting of DMPOX [56]. Similarly, no corresponding char-
acteristic peaks were observed at 0 min, but after 5 min of PMS addition, a broad quadruple
peak of DMPO-·O2

− was observed, as shown in Figure 11c. TEMP was employed as the
spin trapping agent, and according to the results in Figure 11b, a distinct triplet signal peak
with an intensity ratio of 1:1:1 was observed at 5 min in the catalyst/PMS/TEMP system,
which can be attributed to the characteristic peak of 1O2. The analysis of the EPR results
showed the presence of SO4

·−, ·OH, ·O2
−, and 1O2, which corresponded to the quenching

experimental results. In conclusion, CoFe@CSC-700 can rapidly activate PMS and promote
the decomposition of PMS molecules and the release of 1O2.

Combined with analyses such as reaction XPS and EPR, the mechanism of LEV
degradation by CoFe@CSC-700/PMS system can be roughly deduced. The redox po-
tentials of Fe0/≡FeII and ≡FeII/≡FeIII are 0.44 V and 0.77 V, respectively, whereas that of
≡CoII/≡CoIII is 1.81 V. Therefore, Fe0 can provide electrons to ≡CoIII and ≡FeIII [57]. From
Equation 8, Fe0 can activate PMS to generate·OH, while Fe0 can reduce ≡FeIII/≡CoIII to
≡FeII and ≡CoII as shown in Equations (9) and (10) [56]. Furthermore, since the redox po-
tentials of HSO5

−/SO5·− and HSO5
−/SO4·− are 1.1 V and 2.5~3.1 V, respectively, and the

redox potential of ≡CoII/≡CoIII (1.81 V) is in between, thermodynamically, the activation
of PMS becomes possible [58,59]. PMS acts as an oxidizing agent and a reducing agent at
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the same time, participating in the ≡CoII/≡CoIII cycle [60]. Since ≡CoII/≡CoIII has a low
redox potential relative to ≡FeII/≡FeIII, ≡FeII can also transfer electrons to ≡CoIII, allowing
the reduction of ≡CoIII to ≡CoII. Also, ≡FeII can activate PMS to produce SO4

·−, but there
is an undesirable reaction between ≡FeIII and PMS, since compared to HSO5

−/SO5·−, the
redox potentials ≡FeII/≡FeIII are both negative compared to SO5·−, and the reaction is not
thermodynamically feasible. Therefore, the redox reactions and cycles in Fe0/≡FeII/≡FeIII

and ≡CoII/≡CoIII activate PMS, which continuously generates ROS. In addition, O2 in
water traps electrons to generate ·O2

−, and some of the SO5·− can further react with H2O
to generate 1O2. Thus, in the presence of these highly reactive SO4

·−, ·OH, and ·O2
−

radicals and 1O2, the degradation of LEV by CoFe@CSC-700-catalyst-activated PMS was
achieved. Based on the above analysis results, the mechanism of LEV degradation by the
CoFe@CSC-700/PMS system is revealed, and the specific reaction mechanism process is
shown in the following equations:

Fe0 + HSO−
5 →≡ FeII + ·OH + SO2−

4 (8)

Fe0+ ≡ FeIII →≡ FeII (9)

Fe0+ ≡ CoIII →≡ FeII+ ≡ CoII (10)

≡ FeII + HSO−
5 →≡ FeIII + OH− + SO•−

4 (11)

≡ CoII + HSO−
5 →≡ CoIII + OH− + SO•−

4 (12)

≡ FeII+ ≡ CoIII →≡ FeIII+ ≡ CoII (13)

≡ CoIII + HSO−
5 →≡ CoII + H+ + SO•−

5 (14)

O2 + e− → ·O−
2 (15)

2SO•−
5 + H2O → 1.51O2 + 2HSO−

4 (16)

3.5. LEV Degradation Products and Pathways

To explore the potential degradation pathways of LEV in the CoFe@CSC-700/PMS
system, LC-MS was utilized to identify the intermediates produced during LEV degradation
in the system. According to the mass spectrum information obtained by the test and
related reports, the spectrum of the intermediate product of LEV partial degradation
(Figure 12) and the possible LEV degradation pathway (Figure 13) could be obtained. On
this basis, four possible pathways were proposed. The first pathway was the disconnection
of the piperazine ring to generate N-methylpiperazine with m/z = 101 [61]. The second
pathway was the destruction of the N-methyl group on the piperazine ring of LEV and
oxidation of the N-methyl group to the carboxyl group by ROS to generate the m/z = 392
degradation product, which was subsequently dehydrated to generate N-formyl LEV
(m/z = 376), and then decarboxylation and the disconnection of piperazine took place to
generate m/z = 202. Then, demethylation finally produced degradation products with
m/z = 188 [62]. The third pathway involved the removal of the N-methyl group from the
piperazine ring of LEV generating a degradation product with m/z = 348, followed by the N
oxidation of the piperazine ring to a hydroxylamine generating a degradation product with
m/z = 364, and subsequently, the removal of hydroxyl generated a degradation product
with m/z = 346, which was subsequently decarboxylated to generate a degradation product
with m/z = 288 [63]. The fourth pathway involved the oxidative ring opening of the LEV
piperazine ring to generate a bis-N-formyl LEV (m/z = 392), followed by the removal of
the two formyl groups to generate a degradation product with m/z = 336, followed by
the removal of the N-methyl group to generate a degradation product with m/z = 322,
followed by the removal of methylamino group to generate a degradation product with
m/z = 279, followed by the removal of the amino group and the removal of fluorine
to generate a degradation product with m/z = 262 [64]. All these intermediates can be
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further decomposed into other smaller molecules of organic and inorganic compounds and
eventually mineralized into water and carbon dioxide.

Figure 12. Spectrum of partial intermediate products for activated persulfate degradation of LEV.
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Figure 13. Possible pathways for LEV degradation in CoFe@CSC-700/PMS system.
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3.6. Toxicity Analysis

In order to reveal whether LEV and its degradation products in this study pose
a threat to human health or not, the developmental toxicity and mutagenicity of the
LEV and intermediates were predicted by quantitative structure–activity relationship
(QSAR) using Toxicity Estimation Software Tool (T.E.S.T). As shown in Figure 14, LEV was
considered developmentally toxic (1.03) and mutagenicity positive (0.65). The toxicity of
the intermediates changed as the degradation reaction progressed. As shown in Figure 14a,
the developmental toxicity of the intermediates of P7 and P13 was slightly higher than that
of LEV, while the developmental toxicity of all the other intermediates was reduced, with
P14 being non-toxic (0.49), which implies a reduction in toxicity. In addition, except for P13,
P9, and P2, the mutagenicity results showed reduced toxicity for other intermediates, and
the P8 and P14 intermediates showed negative mutagenicity (Figure 14b). Therefore, the
overall biotoxicity of the intermediates in the PMS-catalyzed system was reduced compared
to LEV, indicating that the catalytic degradation of LEV by the CoFe@CSC-700/PMS system
is an environmentally friendly process.

Figure 14. QSAR analysis based on (a) developmental toxicity and (b) mutagenicity.

4. Conclusions

In summary, the CoFe@CSC-700 microspheres prepared in this study were mainly com-
posed of CoFe alloy and graphitized carbon, which were microspheres of about 1 mm with
an apparent “core–shell” structure, and the calcined chitosan acted as a protective coating
for the CoFe alloy. The CoFe@CSC-700 had a high degree of graphitization (ID/IG = 0.921)
resulting in excellent properties. Under the conditions of pH = 6.8, PMS = 0.1 g/L, and
CoFe@CSC-700 = 0.1 g/L, the degradation of LEV was nearly complete within 30 min, and
the metal leaching was in accordance with national standards. CoFe@CSC-700 showed
excellent activity after five cycles, and more than 90% degradation efficiency was main-
tained. During the catalytic reaction, the relavant redox reactions of Fe0/≡FeII/≡FeIII and
≡CoII/≡CoII activated PMS. The quenching experiment and EPR test results indicated the
involvement of SO4·−, ·OH, ·O2

−, and 1O2 in the degradation process of LEV, with SO4·−,
·OH, and ·O2

− playing a leading role and 1O2 also contributing to the degradation of LEV.
Four possible degradation pathways were postulated by LC-MS analysis. CoFe@CSC-700
exhibited outstanding catalytic activity, as well as remarkable reusability and recyclability.
This study provides a potential method for preparing bimetallic catalysts that are easy to
separate and recover for application in AOPs.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/w16131818/s1: Figure S1: Zeta potential of CoFe@CSC-700;
Table S1: Comparisons of CoFe@CSC-700 with other catalysts for the degradation of LEV.
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