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Efficient removal of estradiol
using MnFe, O, microsphere and
potassium persulfate complex salt

Weiwei Yul:¢, Ting Ai'6, Weizhe Sun?, Shuo Yang?, Yufeng Mao?, JiangLin Tan?, Feng Yu?,
ChenYin®, Qin Jiang®, Chengye Yu' & Shiling Chen***

In this study, MnFe,0, microspheres were synthesized to activate potassium persulfate complex
salt (Oxone) for the degradation of 17B-estradiol (17B-E2) in aqueous solutions. The characteristic

of MnFe,O, was detected by XRD, XPS and SEM-EDS. The experimental results indicated that

the degradation of 17B-E2 followed pseudo-first-order kinetics. At 25 °C, 17B-E2 concentration of
0.5 mg/L, MnFe,O, dosage of 100 mg/L, Oxone dosage of 0.5 mmol/L, and initial pH value of 6.5, the
decomposition efficiency of 17B-E2 reached 82.9% after 30 min of reaction. Additionally, free radical
quenching experiments and electron paramagnetic resonance analysis demonstrated that SO, and
*OH participated in the reaction process of the whole reaction system, with SO,~* being the main
reactive oxygen species (ROS). The activation mechanism of the MnFe,0,/Oxone/17B-E2 system is
proposed as follows: MnFe, O, initially reacts with O, and H,0 in solution to generate active Fe3*-OH
and Mn?*-OH species. Subsequently, Fe3*-OH and Mn2*-OH react with Oxone in a heterogeneous phase
activation process, producing highly reactive free radicals. After four cycles of MnFe,O, material, the
removal rate of 17B-E2 decreased by 24.1%.
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Steroid hormones directly interact with the normal functioning of the endocrine system, thereby affecting
reproduction and development in aquatic wildlife!, and have been widely found in different countries*™.
Estradiol (E2) can adversely affect reproduction and growth, the endocrine and nervous systems, and immune
functions in both humans and animals even at very low concentrations (ng/L)’. Furthermore, estrogens can
persist in treated wastewater after conventional sewage treatment processes, making it the primary source
of estrogen contamination in aquatic environments®. Additionally, estrogens can even be reactivated during
biological wastewater treatment through deconjugation’. Recent studies have demonstrated that 178-E2 and
estrone (E1, the main transformation products of 178-E2) have relatively high detection frequencies and
concentrations in major surface waters such as the Yangtze River and Pearl River in China®'°. Several physical,
biological, and chemical methods can be used to control estrogen and testosterone pollution. The most common
methods include photocatalytic degradation, advanced oxidation processes (AOPs), adsorption, and biological
degradation or biotransformation!?. Among these methods, AOPs are the most common, successful, and
economical method.

AOPs based on SO, have recently been used for the degradation of refractory organic pollutants'?. The
advantages of SO, "« include its strong oxidation potential (E° = 2.5-3.1 V)", efficiency over a broad range
of pH values (2-9)'*, high solubility and stability'®, and long half-life (30-40 ps)'¢. Persulfate (PS, $,0,") and
peroxymonosulfate (PMS, HSO,") are two commonly used oxidizing agents in AOPs, of which the latter is more
easily activated due to its asymmetric structure. SO, can be produced by the activation of persulfate through
various mechanisms, including the use of alkali, UV light, heat, ultrasound, transition metal, and carbon-based
materials!”18, Among the various methods for activation of persulfates, non-homogeneous transition metal (Cu,
Co, Fe, and Mn) activators have been widely used'. Single transition metal oxides suffer from low catalytic
activity and leaching of metal ions; for this reason, activators such as the preparation of nano-oxides loaded
on carriers, hetero-metallic doping for the preparation of bimetallic oxides, and composite transition metal
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oxide spinels such as XFe,O, (X is a transition metal) have been investigated successively. Compared with metal
oxide activators, the spinel-type activator XFe,O, has the advantages of multiple active centers, high catalytic
performance, and low leaching. Among them, spinel ferrite MnFe,O, has excellent electron transfer rate, good
biocompatibility, and excellent magnetic properties, which can be used to activate PMS for the treatment of
difficult-to-degrade organic pollutants*-22,

Accordingly, the MnFe,O,/Oxone system was established to remove 17-E2. This study explored the
influencing factors of the MnFe,O,/Oxone reaction system for the removal of 17p-E2, the dominant reactive
oxygen species (ROS) in the system and the degradation mechanism of 17B-E2, and finally, the recovery of
MnFe,O, were investigated.

Materials and methods

Chemicals and reagents

17p-estradiol (C  H,,0,, HPLC pure), trisodium citrate (C,,;H,Na,O,), polyacrylamide ((C,H,NO) n, PAM),
manganese chloridetetrahydrate (MnCl2 -4H,0, AR.),Ferricchloride hexahydrate (FeC13-6H20, AR.),potassium
persulfate compound salt (2KHSO.-KHSO,K,SO,, Oxone, A.R.), tert-butyl alcohol (C,H, O, superior grade)
was purchased from Shanghai Aladdin Biochemical Technology Co, Ltd. company. Absolute ethanol (C,H.O,
A.R.), urea (CH4N20, AR.), sodium hydroxide (NaOH, A.R.), methanol (CH30H, HPLC pure), acetonitrile
(C,H,N, HPLC pure), hydrochloric acid (HCI, A.R.) were purchased from Sinopharm Chemical Reagent Co,
Ltd. All chemicals were purchased at least reagent grade and were used without further purification.

Preparation of MnFe204 microspheres

In this work, MnFe,O, microspheres were prepared by hydrothermal synthesis, and the optimal preparation
conditions were obtained after determining the E2 degradation rate under three factors, namely, the calcination
temperature, calcination time, and heating rate (Fig. S1). First, manganese chloride tetrahydrate (MnCl,-4H,0)
and ferric chloride hexahydrate (FeCl,-6H,0) at a molar ratio of 1:2 was dissolved in 40 mL of deionized water
and stirred by a magnetic stirrer. Then, 0.08 M trisodium citrate and 0.15 M urea were added. Finally, the
solution was stirred continuously with the addition of 0.3 g of polyacrylamide (PAM) until completely dissolved.
The obtained light-yellow liquid was poured into the stainless-steel reactor. After the reactor was sealed, it was
put into a constant temperature drying oven at 200 °C for 12 h. The MnFe,O, microsphere precursors were
acquired after drying in a 50 °C oven. The dried MnFe,O, microsphere precursor was put into a crucible and
calcined in a muffle furnace at a heating rate of 10 °C/min to 200 °C. After calcination, the black powder was
removed to obtain the MnFe,O, microspheres. The influence of calcination temperature, time, and heating rate
was systematically studied (Fig. S1a, b and c). The details of the experimental analyses are provided in Text S3.

Research methods for determining influencing factors

The 17B-E2 stock solution was diluted to the desired concentration with ultrapure water, 100 mL of 173-E2
solutions with different initial concentrations were added, different pH values were adjusted with HCI and
NaOH, and then specific dosages of activators and Oxone were added. The reactor was placed in a gas bath
thermostatic shaker and shaken at 150 rpm for 17B-E2 degradation. Samples were taken at regular times.
Isovolumetric methanol (100 pL) was added as a quenching agent. Then, the completely quenched samples were
filtered through a 0.22 um acetate membrane. The concentration of 17p-E2 was determined by HPLC, and all
experiments were performed in three parallel experiments. The Kinetic fitting parameters at different pH values,
temperatures, activator dosages, oxidant dosages and 17B-E2 concentration is shown in Table S1.

Analytical and characterization methods
The analytical methods are detailed in the Supporting Information (Text S1).

Results and discussion
Characterization of the MnFe204 activators
The surface morphology of the MnFe,O, activators was characterized by SEM, as shown in Fig. 1a, b. The surface
of the microspheres was covered by layers of MnFe,O, particles with a tight and regular spherical structure and a
uniform particle size between 100 and 200 nm. Only a few parts exhibit adhesion, with uniform dispersion and
consistent particle integrity. The morphology and spatial structure of the MnFe,O, activators were consistent
with the SEM results. The color brightness in the middle of the MnFe,O, microspheres is greater than that of
their surroundings (Fig. 1(c, d)), indicating that the density around the spheres is greater than that inside?>.
In addition, the elemental mapping results illustrated the presence of elements such as oxygen (O), iron (Fe)
(Fig. le and Fig. S2), manganese (Mn) and carbon (C) in the structure of MnFe,O,, and the elements of Fe and
Mn were homogeneously distributed on the surface of MnFe,O, with an Fe/Mn atomic ratio of 2.27/1, which
was close to the atomic ratio in the experimental design value (2:1) (Fig. 1f).

The XRD pattern reveals the crystal phase and crystallinity of the synthesized hollow MnFe,O, microspheres.
As shown in Fig. 2a, the diffraction peaks corresponding to the cubic spinel structure of MnFe,O, align with the
standard reference file (JCPDS 10-0319) obtained from MDI Jade 62°. In the 26 range of 10° to 80°, the diffraction
peaks of the hollow microspheres are observed at 20 = 18.027°, 29.834°, 35.011°, 42.579°, 56.810°, and 62.424°.
The absence of any additional peaks indicates that the synthesized sample possesses a single-phase cubic spinel
structure. However, the XRD spectrum indicates a relatively low crystallinity, which may be attributed to the
lower calcination temperature or smaller particle size during the synthesis process.

The recovery of the activators under a magnetic field was examined by testing the magnetic strength of the
MnFe,O, microspheres, and the results are shown in Fig. 2b. The hysteresis lines of the prepared samples exhibit
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Fig. 1. SEM images of the MnFe,O, microspheres (a, b), TEM images of the MnFe,O, microspheres (c, d),
and corresponding EDS elemental mapping images (e) of the MnFe,0O,:O, Fe, Mn, C and EDS patterns (f).

narrow hysteresis lines characteristic of soft ferromagnetic materials at room temperature from —20 k,, to +20
k, applied magnetic field, indicating that less energy is required to be consumed in the process of reversal
magnetization®®. The MnFe,O, microspheres exhibited a saturation magnetization intensity of 29.037 emu/g,

indicating their magnetic properties.

Influence of parameters on 17B-E2 degradation by the MnFe20O4/oxone system

Effects of initial pH and reaction temperature

The initial pH is commonly considered one of the most important impacts during the Fenton or Fenton-
like oxidation process?”. Fenton chemistry and PS activation both generate reactive radicals for pollutant
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Fig. 2. (a) XRD pattern of the MnFe,O, microspheres and the hysteresis loops of the MnFe,O, microspheres
at room temperature and a magnetic separation image (inset) of the MnFe,O, microspheres (b).

degradation. In systems utilizing Fe?*, Fenton chemistry produces «OH, while PS activation generates SO,"s,
with Fe?* serving as a activator for both processes?®?’. Figure 3a indicates that the degradation efficiency of
17B-E2 under acidic and neutral conditions was significantly greater than that under alkaline conditions. The
degradation efficiencies at pH 3, 5, and 7 were 73.1%, 70.6%, and 76.7%, respectively, demonstrating its catalytic
activity across different pH levels. However, the degradation efficiency decreased to 57.7% at pH 9. This may
be because hydroxide ions (OH-) in the solution react with the activators surface to hydrolyze and generate
hydroxide precipitates under alkaline conditions. Fewer protons remained at the active sites on the edges of
MnFe,O,, which hindered Oxone activation and consequently reduced the degradation efficiency of 17p-E2.
Similarly, Hu reported similar experimental results for an oxide system composed of cobalt oxides®. It was
found that a broad pH range showed some buffering ability for the degradation of contaminants, and all 17p-E2
could be eliminated within 15 min when the initial solution pH varied from 3.0 to 9.0.

As shown in Fig. 3b, the degradation efficiency of 17B-E2 were 64.8%, 74.9%, and 86.3% as the temperature
increased from 25 °C to 45 °C within 30 min. The degradation efficiency increased with increasing reaction
temperature. This is mainly because the energy absorbed by the reaction system increases with increasing
temperature, which is conducive to the transfer of electrons from the activators to Oxone®!*2, High temperature
is beneficial for the decomposition of PMS into free radicals'®. In addition, a higher reaction temperature
promotes thermal movement between molecules and accelerates the frequency of collisions between PMS, 17f3-

E2, and MnFe,O,, thereby accelerating the reaction.

v
Effects of activators dose, oxidant dose, and initial 173-E2 concentration

As shown in Fig. 3c, the degradation efficiency of 17B-E2 increased as the amount of MnFe,O, gradually
increased. When the concentration of MnFe,O, increased from 50 mg/L to 500 mg/L, the degradation efficiency
increased by 44.9%. With increasing activators dosage in solution, more catalytic active sites were available for
the activation of Oxone to produce more SO, radicals; therefore, the degradation efficiency and reaction rate
of 17B-E2 increased. Compared to previous similar studies’*, this system achieved a higher removal rate of
17B-E2 with a lower amount of activator, demonstrating the superior catalytic activity of the material prepared
in this study.

The effect of different initial Oxone concentrations on 17B-E2 degradation was also investigated. As shown in
Fig. 3d. When the concentration of 0.1 mM Oxone was increased to 1.0 mM, the 17B-E2 degradation efficiency
increased from 49.3 to 85.4%. A low concentration of oxidant in the solution was activated rapidly to participate
in the reaction under the condition of a fixed activators dosage. When the dosage of oxidant further increased,
the catalytic reaction rate reached a maximum, and the continuous catalytic production of SO, « participated
in the reaction. These results are consistent with the findings reported in previous studies'®3>. These results
obviously indicated that MnFe,O,/Oxone system could operate efficient at less Oxone concentrations, which was
superior to some reported advanced oxidation systems>¢~3,

As shown in Fig. 3e, when the initial concentration of 17p-E2 increased from 0.5 mg/L to 5.0 mg/L, the
degradation efficiency of 17p-E2 decreased from 82.9 to 28.2%, and the reaction rate decreased from 0.0542 min™"
to 0.0110 min~!, indicating that the degradation rate of the reaction system gradually decreased as the pollutant
concentration gradually increased. The greater the concentration of pollutants in the system is, the fewer active
contact sites there are between the activators and the oxidant, thus slowing the reaction rate. In addition,
the degradation intermediates increased as the concentration of 17p-E2 increased, indicating a competitive
relationship among pollutants, intermediate products, and ROS. The interaction probability between 173-E2
and ROS was further reduced, leading to a decrease in the degradation efficiency and reaction rate. Nonetheless,
within 30 min degradation period, the total amount of 17B3-E2 degraded increased from 0.41 mg/L to 1.41 mg/L
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Fig. 3. Effect of pH (a), temperature (b), activators dosage (c), oxidant dosage (d), and 17p-E2 concentration

(e) on the degradation of 173-E2.

as the concentration of the pollutant increased, which also indicated that pollutants at high concentrations were
more likely to participate in the reaction process and that the total degradation of pollutants increased. Notably,
the high concentration state was beyond the tolerance range of the system, resulting in a low overall degradation

efficiency and reaction rate®.
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Reaction mechanisms

Reactive oxygen species analysis

According to a previous study, PMS activation leads to «OH and SO, radicals’. Two scavengers (i.e., methanol
(MeOH) and tert-butanol (TBA)) were selected to investigate the domlnant ROS in the MnFe,O, microsphere-
activated Oxone system. TBA can rapidly quench «OH (kpy, ¢, = 4.0X10° M~ 1s™h kTB on = = 6x108
M~!s7!) with a lower reaction rate constant on SO, +*. The addition of excess TBA (500 mM) is commonly
used to assess the contribution of «OH to pollutant degradation in the MnFe,O,/Oxone activation system.
As shown in Fig. 4a, the degradation efficiency of 17B-E2 decreased from 77.6 to 60.4% within 30 min in the
presence of TBA. TBA slightly inhibited the 17B-E2 degradation process, indicating that «OH played a minor
role in the MnFe,O,/Oxone activation system. MeOH was further employed as a quencher to assess the role of
8O, (Kyreom, o4 = 32X 10° M7 1s™ ko o = 9.7x10% M 1s71)*!. As displayed in Figs. 4a and 17B-E2
degradatlon eﬂ:lc1ency decreased 51gn1ﬁcantly from 77.6 to 17.9% after the addition of MeOH, demonstratmg
that SO, was the main ROS during the 17B-E2 degradation process. Adding MeOH to quench «OH or SO,~
radicals reduced the reaction rate from 0.048 min™! to 0.006 min~". Adding TBA to quench «OH reduced the
rate to 0.03 min~1, indicating that SO ,® reacts with 17p-E2 faster. Therefore, TBA’s effect on SO 4‘o—mediated
17B-E2 degradation is likely limited. The quenching experimental results showed that both SO, and «OH
contributed to the degradation of 173-E2 in the MnFe,O,/Oxone system.

The direct identification of SO, » and «OH by EPR was performed with 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) as the main spin trap. As shown in Fig. 4b, the mixture of DMPO with the MnFe,O,/Oxone system
exhibited distinct specific 4-fold peaks with an intensity ratio of 1:2:2:1, which can be identified as the detection
signal of the DMPO-+OH adduct. In addition, the signals of DMPO-SO, «— adducts were also present in the
MnFe,O,/Oxone system, i.e., specific 6-fold peaks at a 1:1:1:1:1:1 ratlo A very weak intensity of the SO,~
spectral peak can be found, which is attributed to the rapid conversion of DMPO-SO, "« to DMPO-+OH**- 44

Possible activation mechanism

XPS analysis of the surface properties of MnFe,O, before and after the reaction was used to elucidate the changes
in chemical valence. The XPS spectra before and after the reaction of MnFe,O, are shown in Fig. 5. As shown
in Fig. 5a, the measured spectra demonstrate the presence of four elements, Mn, Fe, O, and C, in MnFe,O,. The
peaks at 711.2 eV and 724.6 eV are assigned to Fe 2p 3/2 and Fe 2p 1/2, respectively, indicating the presence
of only Fe** in MnFe,O, before use®”. The peaks at 642.4 eV and 653.6 eV are assigned to Mn 2p 3/2 and
Mn 2p 1/2, respectlvely, Wthh indicates that only Mn?* is present on the sample surface’’. The XPS analysis
results are consistent with the binding energy of spinel-type MnFe,O, reported in the prior literature??. After
the degradation experiment, the binding energy is slightly shifted, the peak area is reduced, and the Mn and Fe
species on the activators surface are present in mixed valence states. The deconvolution of the Fe 2p 3/2 and Mn
2p 3/2 peaks of the activators indicates that the multivalent states of Fe?*/Fe** and Mn?*/Mn** coexist on the
surface. After the catalytic reaction, the percentages were 56.0% and 44.0% for Fe?*/Fe** and 52.9% and 47.1%
for Mn**/Mn>*, respectively. The Fe 2p 3/2 and Mn 2p 3/2 peak areas demonstrated reactions involving Mn**-
Mn?**-Mn?* and Fe**-Fe?*-Fe*" in catalytic oxidation, respectively. Figure 5d shows that two peaks are located at
529.7 eV and 531.1 eV from the lattice oxygen O, , and adsorbed oxygen O_, in the O1s region, respectively®.
Compared to Olatt, O, has greater mobility and can actively participate in multiphase catalytic oxidation. The
proportion of O, increased from 42.8 to 47.7% after the reaction, demonstrating that an increase in the content
of O, can lead to an increase in catalytic activity.
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Fig. 4. (a) Free radical scavenging using MeOH and TBA, (b) EPR spectra of SO, » and «OH radicals in
the MnFe,O,/Oxone system (reaction conditions: [173-E2] = 1 mg/L, [Oxone] = 0.5 mmol/L, [MnFe,O,]
= 100 mg/L, T = 25+1°Cf, pH = 6.5, MeOH or TBA/Oxone = 1000:1, DMPO = 40 mM)
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Fig. 5. XPS spectra of fresh and used MnFe,O, microspheres: (a) full-scale, (b) Fe 2p, (c) Mn 2pand (d) O 1 s
spectra.

Based on the quench experiment and XPS analysis, the proposed activation mechanism is shown in Fig. 6. In
the MnFe,0,/Oxone/17B-E2 reaction system, H,O molecules are physically adsorbed on the MnFe,O, surface
and combine with the metal cations Fe** and Mn?* to form Fe**-OH and Mn?*-OH. When oxygen is dissolved
in the system, SO, and SO,-OH can be generated instantaneously, as shown in Egs. 1, 2, and 3%, thereby
oxidizing and decomposing 17p-E2 to CO, and H,0O (Eq. 4). Moreover, the reduction of the high-valent metal
Mn** can result in the formation of SO;"s, which contributes less to 17p-E2 degradation (Eq. 5), and Fe?* can
also induce the generation of ROS in combination with surface ROS (Eq. 6). Subsequently, the reaction between
the formed Fe>* species and Oxone generates more Fe?* and reactive radicals, and the cyclic reaction between
Fe?*/Fe** and Mn?*/Mn?* facilitates the direct activation of PMS?". Reversible oxidation and reduction maintain
the structure of MnFe,0, and the activation of Oxone results in high performance.

M.t —OH + HSO; — M." —OH + SO; e +H>0 (1)

F3* _OH+ HSO5 — F2" —OH + S0; e +H™" )

SO; o +H,0 — SO + H' 4+ eOH (3)

SO; e +e0OH + 1738 — E2 — intermediate — COa + H20 + SO~ (4)
MY —OH + HSO; — M2t —OH + 505 ¢ +H* (5)

F2* —OH + HSO; — F?' —OH 4 SO; e +H>0 (6)

Degradation pathways of the MnFe204/oxone system

To understand the degradation process of 173-E2 in the MnFe,O,/Oxone process, LC-MS was used to analyze
the products and pathways of 17p-E2 degradation. The degradation reaction conditions of High Resolution
Liquid Mass Spectrometer with Orbital Trap (LC-MS) is shown in Text S2. As shown in Fig. 7, three potential
degradation pathways for 17p-E2 were proposed based on the detection of nine intermediate products. The main
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Fig. 7. Degradation pathways of 178-E2 in the MnFe,O,/oxone system (Reaction conditions: [17-E2]
= 1 mg/L, [Oxone] = 0.5 mmol/L, [MnFe,0,] = 100 mg/L, T = 25+1°Cf, pH = 6.5)

degradation pathway of 17(3-E2 is the substitution, breakage, and ring opening of the ring group of the benzene
ring. The C2 and C4 rings of E2 had the highest Fukui index values compared to those of the other positions*s.
Consequently, they were more susceptible to loss of electrons and substitution by strong electron-withdrawing
groups, such as «OH and SO, "+*’. In path I, 17B-E2 was converted to E1 (P1), and the free radical preferentially
attacked the C-position to form P4 (MW 286), with the hydroxyl substituent reacting to form P5 (MW 290).
After phenyl ring hydroxyl substitution, the phenomenon of m-electron cloud polarization was intensified,
triggering benzene ring breakage and hydroxyl substitution and producing P6 (MW 304). In path II and path
I11, the radicals chose to attack the benzene ring first, producing P2 and P3 (MW 256 and MW 274), forcing the
molecular polarization of the benzene ring n-electron cloud and the conjugation phenomenon, which led to ring
opening (MW 308). Meanwhile, the electron cloud was rearranged, the conjugation system was eliminated, and
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Fig. 8. (a) XRD characterization of MnFe,O, microspheres during the recovery test, (b) degradation efficiency
of 17B-E2 during the recovery test and (c) spillover concentration of metal ions.

the benzene ring transformed into a chain structure with C-C single bonds or C-C double bonds. Compared to
the ring structure, the chain structure is less stable and more vulnerable to attack and delocalization (MW 294,
MW280). The possible degradation pathway of E2 involves the loss of electrons from the benzene ring (aromatic
ring), hydroxyl substitution, ring opening, and dehydroxylation.

Stability and recyclability of MnFe204 microspheres

The stability of the MnFe,O, microspheres during the 173-E2 degradation process was investigated under
optimal reaction conditions. Figure 8a compares the XRD patterns of the activators before and after the test, and
the results of the recycling experiments show that the XRD pattern is still consistent with that of the original
MnFe,O,; no spurious peaks and no significant changes were observed in the positions of the characteristic
peaks after 1, 3, and 5 reuse cycles, further demonstrating the stability of the MnFe,O, activators. The high
stability of the activators can be attributed to its stable spinel structure®. As shown in Fig. 8b, the degradation
efficiency of the activators for 17p-E2 was still greater than 50.0% within 30 min after five consecutive cycles.
The overall decrease of 24.1% in the degradation efficiency of 17B-E2 could be attributed to the agglomeration
of the activators after five reuses and the occupation of the activators active site by the remaining 173-E2 or
intermediates. As shown in Fig. 8¢, although the leached amount of Mn is greater than that of Fe, the proportion
of Fe in the MnFe,O, structure is twice that of Mn. After the first catalysis, the highest leached amounts of
Fe and Mn were 303.84 pg/L and 386.24 pg/L, respectively, but the leaching rate was only 0.1%. These results
indicate that the activators can remain stable and retain sufficient sites throughout the recycling process. The
experimental results show that MnFe,O,, which is highly reusable and recyclable, can be reused more than five
times while maintaining over 50% of its initial catalytic efficiency and consistent activation capability, which can
significantly reduce the operating cost in practical applications.

Conclusion

In the present study, prepared MnFe,O, microspheres with consistent structural integrity and a magnetic
recovery rate, were applied to activate Oxone to effectively degrade 17B-E2. The MnFe,O,/Oxone catalytic
degradation system has a wide range of applications, and both the MnFe,0, dosage and the Oxone concentration
can influence the degradation efficiency of 17p-E2. At 25 °C, 173-E2 concentration of 0.5 mg/L, MnFe,O, dosage
of 100 mg/L, Oxone dosage of 0.5 mM, and initial pH value of 6.5, the removal efficiency of 17p-E2 reached
82.9% after 30 min of reaction.

The quenching experiments showed that SO, - and «OH were the main ROS in the MnFe,O,/Oxone
activation system and that SO, s- was dominant for the degradation of 17B-E2. The XPS characterization
results indicated that both metal ions on the activators surface participated in the reaction process. According
to the newly generated Fe** and Mn>", the cyclic reaction between Fe?*/Fe’* and Mn?**/Mn*" was a Fenton-like
reaction.

Through recycling experiments, it was demonstrated that the MnFe,O, microspheres retained structural
stability, with a degradation efficiency of over 50% for 17B-E2 after five consecutive cycles. The recycling
experimental results proved that the MnFe,O,/Oxone degradation system has potential practical prospects for
17B-E2 elimination in aquatic environments.
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