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Advanced oxidation technology based on peroxides is widely regarded as an efficient method for treating
emerging contaminants. However, the precise mechanism by which layered double hydroxides (LDHs) enhance
oxidant activation requires further investigation. In this study, a spherical Fe-Mn LDH (S-FML) with improved
crystallinity using a simple hydrothermal method. Compared to granular Fe-Mn LDH (G-FML), S-FML demon-
strated superior periodate (PI) activation efficiency and outstanding stability. Intensive mechanistic studies have
shown that the synergistic action of Fe?* and Mn?* in S-FML plays a key role in the degradation reaction. Three

primary pathways for SIZ degradation and a reduction in solution toxicity post-reaction were identified through
analysis of degradation intermediates and density functional theory (DFT) calculations. This research offers
valuable theoretical insights and a scientific foundation for designing high-performance heterogeneous catalysts
and elucidating the efficient activation mechanisms of PI for emerging pollutant treatment.

1. Introduction

In recent years, the increased production and use of pharmaceuticals
and personal care products (PPCPs) have led to their emergence as
critical environmental contaminants. Most of these compounds are
identified as endocrine disruptive chemicals (EDCs) or potential car-
cinogens (Kumar et al., 2023; Yu et al., 2021). However, the conven-
tional wastewater treatment process has a limited effect in removing
PPCPs (Santos et al., 2007). Studies have reported the presence of PPCPs
in wastewater treatment plants across various countries (Liu and Wong,
2013), including the United States (Boyd et al., 2004), Finland
(Lindqvist et al., 2005), Spain (Carballa et al., 2004), and China (Wang
et al., 2023). Among these PPCPs, sulfonamides (SAs), a widely used
class of broad-spectrum antibiotics, are especially difficult to remove via
conventional biological wastewater treatment due to their polar and
antimicrobial properties (Liu et al., 2024b; Song et al., 2017).

Advanced oxidation processes (AOPs) are emerging as promising
technologies for treating PPCPs, offering high oxidation efficiency with
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less secondary pollution (Kurban et al., 2024; Ni et al., 2023; Saravanan
et al.,, 2022). These processes necessitate the utilization of solid
oxidizing agents to generate active substances that facilitate the
decomposition of persistent organic micropollutants. Periodate (PI) are
of particular interest due to their safety and stability during trans-
portation and storage, as well as their efficacy in water treatment.t (He
et al., 2022; Zong et al., 2021). However, PI has a low redox potential
(+1.6 V) (Long et al., 2021), limiting its ability to degrade organic
pollutants. Research has shown that PI's oxidative properties can be
activated by UV light (A < 266 nm (Chia et al., 2004; Zhang et al., 2023),
transition metals (Fang et al., 2022; Theerthagiri et al., 2022a), hy-
droxylamine (Sun et al., 2020), and freezing (Choi et al., 2018). Tran-
sition metal catalysts are widely regarded as the most promising
catalysts due to their excellent activation performance and low price
(Long et al., 2022), and the development of new transition metal cata-
lysts that are stable (low leaching rate) and reusable is necessary (Naik
et al., 2021).

The most commonly widely used transition metal catalysts are based
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on Co-, Fe-, Mn-, Ni-, and Cu- (Rad et al., 2020; Xu et al., 2022). How-
ever, monometallic catalysts often encounter suboptimal cycling effi-
ciency and ion leaching issues, constraining their practical applications
(Duan et al., 2015; Wang et al., 2024a). In contrast, the synergistic effect
of bimetallic active sites can prevent metal ion leaching and enhance
electron transfer (Zhang et al., 2024). Layered double hydroxides
(LDHs), known as hydrotalcite-type compounds, are two-dimensional
anionic clays (Liu et al., 2024a; Long et al., 2022; Sadeghi Rad et al.,
2022). Due to their remarkable dispersibility, customizable ion
composition, and unique structure, LDHs are considered promising
precursors for mixed metal oxides (Guo et al., 2022; Liu et al., 2024a;
Long et al., 2022). LDHs and their derivatives are promising persulfate
activators due to several advantages: (i) low cost and a simple produc-
tion process; (ii) polyatomic interactions, which allow the preparation of
LDHs using a variety of transition metals and functional anions to
enhance the catalytic performance of the material; (iii) favorable fixa-
tion effect for metal ions due to the stabilized structure of LDHs (Jawad
et al., 2015); (iv) diversity of morphology, which can be modified by
calcination to increase active sites and improve catalytic properties
(Boccalon et al., 2020; Hong et al., 2020). For example, Wang et al.
effectively degraded norfloxacin using SO and 'O, produced by
AlCo-LDH/seafoam activating PMS (Wang et al., 2024c). Yang et al.
prepared oxygen vacancy-rich Fe-Ni-LDH-activated PMS for the degra-
dation of tetracycline hydrochloride and found that under the optimal
conditions, there was a 4-fold enhancement compared to the unmodified
material, and it showed stable and efficient performance in continuous
flow experiments (Yang et al., 2024b).
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Although 2D LDH nanosheets perform excellently in various appli-
cations, they are prone to stacking and aggregation, which restricts ion
migration and limits their practical utility (Fu et al., 2022; Ma et al.,
2021; Qian et al., 2023; Theerthagiri et al., 2021). In contrast, 3D ma-
terials have a larger specific surface area and multilevel pore structure,
facilitating better contaminant adsorption and electron transfer (Zhu
et al., 2020). The 3D morphology influences adsorption, mechanical
resistance, thermal stability, and surface capacity. Ammonium fluoride
(NH4F) can act as a morphological control agent to synthesize catalysts
with different structures (Yan et al., 2021). For example, Li et al. utilized
ammonium fluoride to construct a 3D porous LDH/PVDF foam. The
prepared 3D morphology CosFeysLDH(F)/PVDF had increased active
sites, and the metal ion charge distribution was adjusted according to
the metal-F coordination to expose more Co sites. The optimized
CosFey sLDH(F)/PVDF foam demonstrated long-term, high degradation
rates for simulated dye-contaminated river water (Li et al., 2021a).
Similarly, Yang et al. developed FeCoNi LDH/NF-3.0 nM with laminated
nanosheets and nanoflower coexisting structures in the presence of
ammonium fluoride. This structure enhanced the number of active sites
and promoted electron transfer, thereby accelerating the oxygen evo-
lution reaction (OER) (Yang et al., 2024a). These findings show that
different morphologies significantly influence material properties and
the metal migration mechanism during bimetallic degradation of pol-
lutants. Therefore, the catalyst activity can be improved by designing
effective morphologies and further studying their activation and
degradation mechanisms.

In this study, the spherical Fe-Mn LDH (S-FML) structure was
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Fig. 1. (a)XRD of S-FML. (b) FT-IR of S-FML and G-FML (c) SEM of S-FML. (d-h) TEM of S-FML. (i) EDS elemental mapping of the S-FML.
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synthesized by a modified hydrothermal method. Iron and manganese
were chosen for their effectiveness in activating transition metals in PI
(Cao et al., 2024; Zeng et al., 2024), while the spherical structure min-
imizes stacking. This research focused on three main objectives: (i)
systematically evaluating the catalytic activity of the S-FML/PI system,
including its suitability and material stability in various aqueous
matrices and against different organic pollutants. (ii) elucidating the
degradation mechanism of SIZ, driven by the primary active species 10
and 103. (iii) determining degradation pathways and assessing degra-
dation product toxicity using DFT and intermediate product analysis.
This work aims to provide a theoretical foundation for PI-based Fen-
ton-like reactions and degradation methods, contributing to the devel-
opment of advanced pollutant removal techniques for wastewater
treatment.

2. Materials and methods
2.1. Experimental materials

The chemical list is provided in Text S1.

2.2. Preparation of S-FML

S-FML was primarily developed following the approach of Xu et al.
(2022). Briefly, 2.020 g of iron (III) nitrate nonahydrate, 0.178 g of
manganese nitrate hydrate, 0.296 g of ammonium fluoride, and 0.720 g
of urea were added to a 100 ml beaker containing 50 ml of ultrapure

(a)

Intensity (a.u.)

760 665 570 475 380 285 190
Binding Energy (eV)
(C) Mn 2p Before reaction
Mn** (56.12%)
™ Mn** (25.04%)
[ Mn*" (18.83%)

Intensity (a.u.)

645
Binding energy (eV)

640 635

(b)

Environmental Pollution 367 (2025) 125598

water and magnetically stirred for 30 min. The mixed solution was
transferred into a polytetrafluoroethylene liner and heated at 120 °C for
12 h. After the reaction, the mixture was centrifuged, washed with water
and ethanol, and dried at 60 °C for 12 h. The red-brown solid obtained
was identified as S-FML. The preparation of granular Fe-Mn LDH
(G-FML) is principally achieved through coprecipitation, with further
details provided in Text S2.

2.3. Experimental procedure

The reaction was conducted in a 100 ml beaker, where 10 mg of
catalyst was weighed and 50 ml of a 10 mg/L SIZ solution was added.
The mixture was magnetically stirred for 10 min to achieve adsorption-
desorption equilibrium, after which 0.25 mL of a 100 nM PI solution was
added. Samples were collected at designated time points by adding 100
pL of a 100 mM sodium thiosulfate solution. The reaction was termi-
nated, then filtered through a 0.22 pm needle filter and added to the
sample vial, and subsequently analyzed by high-performance liquid
chromatography (HPLC, LC-20, SHIMADZU, Japan). To minimize sys-
tematic errors, all degradation experiments were repeated at least three
times. The intermediates generated by SIZ during degradation were
identified using high-performance liquid chromatography-tandem mass
spectrometry (HPLC/MS, Thermo, USA). Further instrumentation and
characterization methods are detailed in Text S3.
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Fig. 2. High-resolution XPS spectra for (a) total spectrum, (b-d) Fe 2p, Mn 2p, and O 1S of the S-FML.
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Fig. 3. (a) Ability of each experimental group to degrade SIZ. (b) The first-order kinetic constant k. of various experimental groups to degrade SIZ. (c) The ability of
materials prepared with different morphologies and elements to degrade SIZ. (d-f) The degradation ability of S-FML/PI under different conditions (d) PI dosage, (e)
catalyst dosage, (f) different pH environments. (g-i) Logarithmic relationship between S-FML activated PI for degradation of SIZ, (g) logarithmic relationship be-
tween In(k,ps) and In(PI dose. (h) logarithmic relationship between In(kops) and In(S-FML dosage). (i) logarithmic relationship between In(kops) and In(pH). Reaction

conditions: [SIZ] = 10 mg/L, [PI] = 0.5 mM, [catalyst] = 0.20 g/L.
2.4. Methods of calculation and analysis

The present calculations were carried out using the Gaussian 09
program fully optimized at the B3LYP/6-31G* level of theory on the
structure of the studied complexes for the study of the molecular orbital
levels of the SIZ, which include the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). The
Hirshfeld atomic charges and Fukui indices (f', f, fO, and CDD) of the
molecules were calculated and analyzed using the Multiwfn software
(Lu and Chen, 2012; Lu and Chen, 2022).

Toxicity prediction of intermediates produced during degradation of
SIZ using the Ecological Structure Activity Relationships (ECOSAR)
program (version 1.11) was used to understand the effects of in-
termediates on green algae, Daphnia, and fish in the water column.
Mainly acute toxicity (LCsp) and chronic toxicity (Ch V) were evaluated
separately (Li et al., 2021b).

3. Results and discussion
3.1. Characterization of materials

The crystal characteristics of S-FML were analyzed using X-ray
diffraction (XRD) (Fig. 1a), which showed that the prepared S-FML has
diffraction peaks at 11.9°, 16.9°, 26.8°, 29.2°, 35.3°, 46.6°, 56.1°, and
64.0°, which correspond to the (100), (200), (130), (211), (301), (411),
(251), and (460) crystallographic planes of FeOOH (PDF#75-1594),
respectively. Additionally, the peaks at 31.6°, 52.4°, 61.2°, and 72.0°
align with the (020), (230), (032), and (040) crystal planes of Mn(OH)O
(PDF#74-1049), respectively. These results indicate that S-FML pri-
marily consists of FeOOH and Mn(OH)O. G-FML, prepared by the con-
ventional co-precipitation method, displayed diffraction peaks at 20 =
24.2°, 37.5°,41.4°, and 51.5°, corresponding to the (012), (110), (113),
and (018) planes, respectively (Fig. S1). This result was consistent with
the Mn-Fe LDH synthesized by Hou et al. (2019), confirming the suc-
cessful synthesis of G-FML. However, the material exhibited low crys-
tallinity. In contrast, the diffraction peaks of S-FML were sharper,
indicating a higher degree of crystallinity and potentially enhanced
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degradation properties (Deng et al., 2017).

Fourier transform infrared (FT-IR) spectroscopy was used to analyze
the functional groups of S-FML samples prepared by different synthetic
methods (Fig. 1b). It was established that both samples exhibited
characteristic surface hydroxyl peaks (-OH) at 1632 cm ™, 3474 cm ™%
and 3230 cm! (Chen et al., 2024d; Wang et al., 2020). Different
preparation methods may result in different yields of M-OH (M = Fe or
Mn), whereas the higher ambient temperature of the preparation of
S-FML may result in predominantly Fe-OH binding to the material
within the system. (Mochizuki et al., 2021). Thus, in contrast to S-FML,
G-FML exhibited a distinctive Fe-O peak at 586 em ™! (Guo et al., 2021),
while the Fe-OH peak at 693 em ™! was absent (He et al., 2021). Addi-
tionally, the intensity of the Mn-OH stretching peak at 864 cm™! was
lower in G-FML than in S-FML, suggesting that S-FML contains a greater
abundance of Mn-OH bonds (Hou et al., 2019). Overall, S-FML exhibited
a higher concentration of surface hydroxyl groups, with more Fe-OH and
Mn-OH than G-FML, potentially enhancing the decomposition of PI (Pan
and Xing, 2008).

Scanning electron microscope (SEM) was used to examine the
morphology and structure of S-FML (Fig. 1c). The material was observed
to have a spherical shape with a radius of approximately 1 pm. In
contrast, G-FML prepared via co-precipitation exhibited considerable
collapse and agglomeration, which could reduce the exposure of active
sites and consequently decrease its degradation capacity (Fig. S2) (Xiong
et al., 2022). This suggests that S-FML, synthesized via the hydrothermal
method, exhibits superior dispersion and may interact more effectively
with PI for activation.

The microstructure of S-FML was further examined using trans-
mission electron microscopy (TEM) (Fig. 1d-h). and the lattice stripe
spacings calculated from the edges were 0.219 nm and 0.270 nm for
(301) and (411) planes of FeOOH, respectively. Similarly, 0.307 nm and
0.381 nm corresponded to the (230) and (040) planes of Mn(OH)O.
These results confirmed the compositional structure of S-FML. The
elemental composition of the material was analyzed using energy-
dispersive X-ray spectroscopy (EDS) (Fig. 1i and Fig. S3), revealing a
uniform distribution of Fe, Mn, and O elements.

X-ray photoelectron spectroscopy (XPS) was used to investigate the
chemical states of the elements in S-FML. As shown in Fig. 2a and
Fig. S4, the XPS spectrum of S-FML displayed distinct peaks for O 1s, Mn
2p, and Fe 2p (Han et al., 2022), confirming the successful incorporation
of Fe and Mn. The binding energies of the specific elemental peaks are
provided in Table S2. Fig. 2b shows the high-resolution Fe 2p spectrum,
wherein the peaks of Fe?t were observed at 710.86 eV and 724.30 eV,
the peaks of Fe®>* were seen at 713.55 eV and 727.37 eV, and the satellite
peaks were observed at 718.76 eV and 733.01 eV (Cheng et al., 2024;
Long et al., 2024). Fig. 2c shows the high-resolution Mn 2p spectrum,
where 641.83 eV and 652.40 eV are associated with the Mn?* peak,
642.78 eV and 654.09 eV correspond to the Mn>" peaks, and 645.70 eV
and 655.98 eV are related to the Mn*" peak (He et al., 2024). Fig. 2d
shows the O 1S spectra, where peaks at 529.64 eV, 531.46 eV, and
533.74 eV were associated with lattice oxygen (Ojqatt), surface hydroxyl
(Osurf), and adsorbed oxygen (O,gs), respectively, as previously defined
in the literature (Han and Xiao, 2022; He et al., 2020). The XPS results
confirmed the successful synthesis of S-FML and the presence of Fe and
Mn in multiple valence states Furthermore, the diverse valence states of
Fe and Mn in the bimetallic material enable redox cycling, which pro-
motes PMS activation (He et al., 2024).

3.2. Performance of S-FML in Fenton-like reactions

A series of kinetic experiments were performed to assess the degra-
dation efficiency of the S-FML/PI system. As shown in Fig. 3a, the
combination of S-FML and PI resulted in the complete degradation of SIZ
within 15 min. The data were analyzed using pseudo-first-order kinetics,
yielding a rate constant of 4.96 x 10~ min~for SIZ degradation in the
S-FML/PI system, approximately 51 times higher than that for S-FML
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and PI alone (Fig. 3b). This can be attributed to the low oxidation po-
tential of 104, which has minimal impact on SIZ degradation (He et al.,
2022). S-FML also showed a slight adsorption effect, adsorbing SIZ onto
its surface and enhancing its degradation capacity after activation by PI.
This demonstrated that the S-FML/PI system played a key role in pro-
moting SIZ degradation by generating more active species, resulting in
rapid degradation within a short timeframe.

Both Fe and Mn are excellent PI activators, with Mn being the most
potent (Du et al., 2019; Xu et al., 2023). To assess the individual effects
of Fe and Mn, Fe-LDH and Mn-LDH were synthesized separately and
tested under identical experimental conditions (Fig. 3c). The results
showed that the bimetallic S-FML exhibited superior degradation per-
formance compared to the single-metal Fe-FML and Mn-FML. The
combination of Fe and Mn in the S-FML/PI system also produced a
synergistic effect. Notably, the S-FML/PI system demonstrated a
first-order kinetic constant approximately 17 times higher than that of
G-FML, indicating significantly better degradation performance. In
conclusion, S-FML outperforms other systems, and the synergistic effect
between Fe and Mn plays a crucial role in its enhanced degradation
performance.

3.3. Influencing parameters of the reaction process

3.3.1. The impact of catalyst and oxidizer dose

Fig. 3d shows the results of the degradation experiments with
varying PI doses, indicating a positive correlation between PI concen-
tration and SIZ removal at oxidant concentrations from 0.1 to 0.5 mM.
This correlation was due to the increased PI concentration, which led to
the production of more active species. To assess the sensitivity of SIZ
degradation, a linear fit was applied to In(k,ps) against the logarithm of
PI dosing (In (PI dosing)). The slope for the PI dosage was found to be
low (0.4513, Fig. 3g). The enhancement of the kinetic rate constants
became negligible at PI dosages above 0.5 mM, as shown in Fig. S5. This
phenomenon is likely due to radical-radical recombination, which can
occur when the radical concentration in AOPs becomes too high (Egs.
(1)-(3)) (Huang et al., 2024).

The effect of S-FML concentration on the degradation rate was
evaluated (Fig. 3e), showing that the SIZ degradation rate increased
with higher catalyst concentrations. was completely degraded within 15
min at all catalyst dosages, except for 0.02 g L. This was due to higher
catalyst concentrations providing more active sites, thus enhancing PI
activation efficiency. In addition, the slope of correlation (1.1214,
Fig. 3h) was obtained by linear fitting of In(kops) and the logarithm of the
material dosage (In (S-FML dosage)). From the perspective of degrada-
tion rate constants, it was found that the kinetic rate constants increased
rapidly with the increase in catalyst dosage. However, as the catalyst
concentration continued to increase, the rate of increase in degradation
slowed. This was likely due to S-FML aggregation at higher concentra-
tions, which reduced the exposure of surface reactive sites. Based on
these findings, subsequent experiments used a reduced catalyst dosage
of 0.2 g L ™! and an optimal PI concentration of 0.5 mM.

3.3.2. The impact of pH

The pH of the water is a critical factor influencing the AOP process
(Yeon et al., 2022). Fig. 3f shows the degradation of SIZ by the S-FML/PI
system under varying pH conditions (4, 5, 6, 7, 8, and 9). The SIZ
degradation rate constant at pH = 5 was 1.9 times higher than that at pH
= 4 (Fig. S6), contrary to the expectation that lower pH would improve
degradation. This result is likely due to excess H* ions, which generate H-
that reacts with 103 reducing active species yield (Eq. (4)) and lowering
performance (Zeng et al., 2024). The system also showed reduced SIZ
degradation in alkaline conditions, likely due to elevated pH causing
107 to convert to Hyl,0%y, which has lower reactivity and redox po-
tential (Egs. (5)-(7)) (Bokare and Choi, 2015; He et al., 2021). Overall,
the S-FML/PI system was more effective under acidic conditions,
achieving significant SIZ degradation within 15 min. The sensitivity of
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Reaction conditions: [SIZ] = 10 mg/L, [PI] = 0.5 mM, [catalyst] = 0.20 g/L.

SIZ degradation to pH changes was quantified by a slope of 5.2361
(Fig. 31), indicating that pH significantly influences SIZ degradation in
the S-FML/PI system. Subsequent exploration of pH changes during the
reaction of the S-FML/PI system revealed that the pH hardly changed
throughout the experiment. (Fig. S7).

The impact of pH on the S-FML/PI system was further investigated
using zeta potential analysis (Fig. S8). The point of zero charge (pHp,c)
for S-FML was 7.26. This suggests that the S-FML surface is positively
charged when the pH is below 7.26 and negatively charged when the pH
exceeds 7.26. According to the literature, the dissociation constants of
SIZ are pKal = 4.79 and pK2 = 5.0. In this system, at pH < 7.26, the
positively charged surface of S-FML promotes electrostatic attraction
with the SIZ anion, facilitating interaction. After pH 7.26, the negatively
charged surface of S-FML inhibits interaction with SIZ anions, contrib-
uting to further pH increases.

The above conclusions summarize the three main factors influencing
SIZ degradation sensitivity (Fig. S9). The contribution of pH to the
degradation process was 76.9%, significantly higher than that of S-FML
dosage (16.5%) and PI dose (6.6%). This indicates that pH is the most
significant factor influencing the S-FML/PI system’s ability to remove
SIZ.

10; + 103-—104- +10; €Y}
210;-=1,04 @
210,451,048 3
H- +105--10; +H' ©)]
H,10, sH;10Z + HY 5)
H,I0, =10, + 2H,0 (6)

2H,10% sH,L,0%; + 2H,0 %)

3.4. Universality of S-FML/PI

3.4.1. Effect of anions

To evaluate the impact of common anions and natural organic matter
on the effectiveness of the S-FML/PI system, the influence of several
anions (Cl~, HoPOg, SO%’, NO3) and humic acid (HA) on SIZ degrada-
tion in water was examined (Mi et al., 2022; Theerthagiri et al., 2022b).
It was found that SO, being an inert ion, did not affect the degradation
of SIZ (Fig. 4a) (Gong et al., 2024). As a result, varying concentrations of
SO3~ had negligible impact on SIZ degradation. Furthermore, the
presence of Cl~, HoPOy, and NO3 has a minimal impact on the degra-
dation of SIZ in the system. This can be attributed to free radicals
generated in the system reacting with Cl-to form chlorine-containing
reactive species (Eq. (8)) (Fig. 4b) (Li et al., 2024), thereby aiding SIZ
degradation. The HoPOz generated from the ionization of HoPOj reac-
ted with -OH to form HPOZ (Egs. (9) and (10)) (Fig. 4c), and the reaction
of 104 and NO3 products to produce low activity NOs3- (Eq. (11))
(Fig. 4d) (Wang et al., 2024b). Overall, the S-FML/PI system exhibited
good resistance to common anions The impact of HA, a commonly found
dissolved organic matter (DOM) in natural water bodies, on SIZ degra-
dation in the S-FML/PI system was also investigated (Fig. 4e). The re-
sults indicated that the presence of HA had some inhibitory effect on the
system, with SIZ degradation still at about 84% under the influence of
10 mg/L HA. This suggests that DOMs exert a stronger inhibitory effect
on the system. This could be due to HA adsorbing onto S-FML, reducing
available active sites and contact with PI, thereby lowering active spe-
cies production (Xu et al., 2023). Alternatively, competition between HA
and SIZ for active species may reduce the available active species to
degrade SIZ (Jiang et al., 2024). In conclusion, the S-FML/PI system
remains effective in degrading SIZ, even in the presence of various ionic
interferences.
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3.4.2. Degradability and stability

Material stability is a crucial factor in evaluating its practical
applicability. The post-reaction solution was filtered, and the metal
content was analyzed using ICP-OES/MS, revealing 0.0118 mg/L of
manganese and 0.0174 mg/L of iron. (Table S3). To assess the stability
and reusability of S-FML, eight consecutive cycles were performed
(Fig. 4f). The results showed that while S-FML maintained stable per-
formance over eight cycles, a slight reduction in degradation efficiency
was observed. In each cycle, SIZ was completely degraded within 15
min, demonstrating the excellent stability of S-FML.

The performance of the S-FML/PI system was evaluated through
comparative degradation tests involving different sulfonamide pollut-
ants: sulfadiazine (SDZ), sulfamethazine (SMR), and sulfamethoxazole
(SMT). The degradation results, as shown in Fig. S10, demonstrate that
the S-FML/PI system effectively degraded SDZ and SMR, achieving over
99% removal within 15 min. Moreover, SMT was degraded by 71%
during the same time period.

The practical application potential of the S-FML/PI system was then

evaluated using real water samples. As shown in Fig. S11, the S-FML/PI
system demonstrated excellent degradation performance in all three
water bodies. However, the degradation rates varied among the three
water bodies, likely due to the presence of various ions and organic
matter, which may hinder the degradation of SIZ by IOs-.. In conclusion,
the system has demonstrated strong resistance to interference and holds
promise as an effective catalytic solution for addressing pollution in
natural environments.

3.5. Mechanism exploration

3.5.1. Free radical detection

To understand the degradation pathway of the S-FML/PI system, it is
essential to identify the reactive species generated during the system’s
reactions. Each reactive species (ROS (-OH, Oy, 102), RIS (I103-, 104-)
and (electron transfer)) generated in the system may significantly
contribute to pollutant degradation (Du et al., 2020). Therefore,
different quenchers are utilized to determine the reactive species
generated by the system as a practical approach to exploring the
degradation pathway of the S-FML/PI system. Quenching experiments
were conducted to assess the quenching effects of furfuryl alcohol (FFA),
phenol (Chen et al., 2024a), isopropyl alcohol (IPA) (Gao et al., 2022),
p-benzoquinone (p-BQ) (Fang et al., 2022), KoCrO; (He et al., 2022), and
dimethyl sulfoxide (DMSO) (Zong et al., 2021) on 102, 103, -OH, O,
e”, and Fe(IV), respectively. As shown in Fig. 5a and Fig. S12, the
degradation of the S-FML/PI system reduced from 100% to 73.45% and
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Fig. 6. (a—c) XPS patterns of Fe 2p, Mn 2p, and O 1s in S-FML before reaction. (d-f) XPS patterns of Fe 2p, Mn 2p, and O 1s in the reacted S-FML.

46.75% with the addition of FFA and phenol, respectively. The effects of
the other quenchers were minimal, indicating that -OH, Oy-’, e”, and Fe
(IV) made only a minor contribution to the degradation of the S-FML/PI
system (Chen et al., 2024c; Shen et al., 2023).

The presence of free radicals (ng,lOz, and -OH) was further
demonstrated by electron spin resonance (EPR) experiments using
DMPO and TEMP as trapping agents to directly detect the reactive
species generated in the system. The characteristic signal peaks of Oy,
10,, and -OH were observed respectively (Fig. 5b-d), and it was further
proved that O»-" is not the active species acting in the system, as shown
in Fig. 4b. According to Fig. 4c—d, the EPR signal peaks in the S-FML/PI
system were characterized by distinct patterns: 1:1:1 for TEMP-'05and
1:2:2:1 for DMPO--OH signals (Lin et al., 2023). The presence of 10, and
-OH in the system was confirmed. The relatively low concentration of
-OH was found to account for the decrease in the reaction rate constant
(4.59 x 10~ min~!) observed after adding IPA, compared to the control
group. Therefore, it can be concluded that 10, and 103 played a critical
role in the degradation of SIZ.

3.5.2. Activation mechanism

To further elucidate the catalytic mechanism, X-ray photoelectron
spectroscopy (XPS) was employed to examine the chemical composition
and elemental valence states of both the fresh and reacted Fe-Mn-LDH.
Changes in the Fe 2p spectrum of S-FML were examined (Fig. 6a and d).
The analysis showed that the binding energy values of the elements
remained largely unchanged before and after the reaction. Percentage
changes in the Fe 2p spectra of Fe?" and Fe®' before and after the re-
action were related to their contributions to PI. Among the observed
changes, the percentage of Fe?t decreased from 54.57% before the re-
action to 52.93%, while the percentage of Fe>* increased from 30.75%
to 33.99%. This suggests that Fe plays a role in the degradation process
of SIZ and may serve as an active site for PI activation (Ling et al., 2022).
Fig. 6b and e show high-resolution Mn 2p spectra before and after the
reaction. The contents of Mn?*, Mn®*, and Mn*" changed before and
after the reaction. Specifically, Mn?" decreased from 56.12% to 34.13%,

Mn>* increased from 25.04% to 50.29%, and Mn** decreased from
18.83% to 15.59%. Fig. 6¢ and f show the O 1s spectra before and after
the reaction. After the reaction, the Oy, peak increased from 26.84% to
29.59%. Ogyf decreased significantly from 43.34% to 36.85% and Opgs
increased from 29.82% to 33.56%. This may be because -OH in Ogy,s is
an electron-rich group that acts as an active site (Zheng et al., 2022). The
decrease in Ogyf may result from its involvement in the degradation
process (Liu et al., 2020). The increase in O,4s may be attributed to the
formation of additional metal-oxygen bonds on the catalyst surface
during the reaction (Chen et al., 2024D).

The reaction mechanism of the S-FML/PI system can be summarized
as follows based on the above conclusions: (1) I03- was converted by PI,
and 103- could react with 104 to form 104-, which reacted with itself to
form 10, (He et al., 2022; Gong et al., 2023) (Eqs. (12)-(14)). (2) Mn>*
and Mn** may also be involved in the conversion reactions (Zhang et al.,
2021). Specifically, Mn3* could react with 104 to form I03- (Yu et al.,
2023) (Egs. (14)-(17)). (3) Fe®" could activate PI to produce 103- and
-OH (Li et al., 2024) (Egs. (18) and (19)). Finally, in both homogeneous
and heterogeneous reactions, the standard reduction potential of
Fe?*/Fe3t (0.77 eV) (0.77 eV) is higher than that of Mn**/Mn3* (0.15
eV), suggesting a synergistic interaction between Fe and Mn in the
system (Jin et al., 2022). The poorer activation effects of Fe-LDH and
Mn-LDH compared to S-FML may also reflect the synergistic effect be-
tween Fe and Mn. The reaction between Mn®" and Fe?" results in the
formation of Mn2" and Fe3* (Eq. (20)).

10; + 2H' »105- + H,0 12)
105 + 10;-10,4- + 105 13)
2104-—210; + 0, a4
Mn®** + e">Mn?** (15)
2Mn*" 4 2H,0—Mn*" + Mn** + 4H" (16)
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3.6. Analysis of degradation paths

Density functional theory (DFT) was employed to further elucidate
the degradation pathways and by-products, as well as to identify the
reaction sites of reactive oxygen species (ROS) and free radicals on SIZ
during degradation. According to the forward orbital theory (Fukui,
1970), Highest Occupied Molecular Orbital (HOMO) in the system was
related to electrophilic reactions, while Lowest Unoccupied Molecular
Orbital (LUMO) in the system was associated with nucleophilic re-
actions. In comparison, 'O, and -OH are highly electrophilic and were
more likely to attack the sites of electron density in SIZ (He et al., 2023).
As shown in Fig. 7a, the HOMO of SIZ is mainly concentrated on the S-N
bond and the aniline group. The electrostatic potential (ESP) of the S-N
bonds, aniline, and isoxazole, located in the electron-rich regions (red
regions), exhibits stronger electrophilic properties (Fig. S13) (Grimme
etal., 2010; Grimme et al., 2011; Hariharan and Pople, 1973). The Fukui
function was further calculated to identify the active sites of the organic
molecule, where £, f°, and £© were electrophilic, radical, and nucleo-
philic reactions, respectively. As seen from Fig. 7b and Table 54, f~ was

higher for 5(C), 10(N), 12(N), 14(C), 18(N), and 9(0) with 0.0486,
0.0527, 0.0682, 0.0562, 0.0967, and 0.0493, respectively, which proved
that electrophilic reactions were efficiently carried out at these atomic
positions, and 4(C), 6(C), 7(S), 9(0), and 12(N) atomic positions had
higher f* and were more susceptible to nucleophilic reactions, At the
same time, 4(C), 9(0), 12(N), and 18(N) sites were more susceptible to
radical attack. The ESP distribution of the SIZ molecules also shows that
the S-N bonds, aniline, and isoxazole in the electron-rich region (red
region) have better electrophilic properties.

Condensed dual descriptor (CDD) is widely accepted and reliable for
predicting the reaction site position and the Fukui function method
(Morell et al., 2005). The CDD was used to analyze the reaction process
better (Table S4). Based on the property that the more negative CDD
values were susceptible to electrophilic attack and the more positive
were susceptible to nucleophilic attack, it was found that the negative
CDD values were higher for 10(N), 14(C), and 18(N). In comparison, the
positive CDD values were higher for 4(C), 6(C), and 7(S). The two an-
alyses have shown a very high degree of homogeneity. Based on these
results, it was concluded that the electrophilic attack mainly occurred on
the benzene ring (e.g., 5(C)), amino group (e.g., 18(N)), and S-N bond
(10(N)). In contrast, the benzene ring (4(C)), sulphonyl group (9(0)),
and isoxazole (12(N)) were more susceptible to radical attack.

The intermediates produced during the degradation of SIZ by the S-
FML/PI system were analyzed using HPLC/MS to further clarify the
potential degradation pathways. As shown in Fig. 7c and Table S5, the S-
N and N-O bonds in SIZ were easily broken, consistent with findings in
other studies (Yao et al., 2017). Based on the analysis of these results,
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four potential degradation pathways for SIZ under the S-FML/PI system
were proposed. In Pathway I, the O-N bond in SIZ was cleaved through
oxidation to produce product P1. Pathway II involved the generation of
product P2 from SIZ via hydroxylation, followed by additional hydrox-
ylation and hydrogenation after the S-N bond was broken, forming
products P3 and P6, respectively. Pathway III also involved the cleavage
of the S-N bond in SIZ, resulting in the generation of products P3 and P5
through hydroxylation and hydrogenation, respectively. Pathway IV
included the cleavage of the S-N bond in SIZ, followed by hydrogenation
to yield products P3 and P4. Product P3 was primarily generated via
continuous oxidation, forming products P7, P8, and P9. While product
P6 was further oxidized, cleavage of the C-S bond was promoted to
create product P10 (He et al., 2023).

3.7. Toxicity analysis

The toxicity of the intermediates generated during the reaction was
predicted using ECOSAR software (Table S6), and the data were
analyzed according to the Globally Harmonized System of Classification
and Labeling of Chemicals (GHS), as shown in Fig. 8a and b. Fig. 8a
presents the results of the acute toxicity prediction, showing that most of
the intermediate products formed during SIZ degradation were non-
toxic and exhibited favorable environmental properties. Fig. 8b shows
the predicted chronic toxicity. Although some intermediates exhibited
chronic toxicity, further reactions could reduce the toxicity of these
products.

Although PI is a non-toxic oxidant, its activation can produce
hypoiodous acid (HOI), I,, and I3, which may react with trace organic
matter in natural waters, leading to the formation of unwanted by-
products (Niu et al., 2023; Shin et al., 2018). Therefore, we investi-
gated the types of iodine that the S-FML/PI system might generate. First,
the SIZ solution degraded by the S-FML/PI system at different time
points was mixed with a starch solution to check for any discoloration
reaction. No discoloration was observed at any time point; the starch
solution only turned blue when the iodine solution was added, con-
firming that I and I3 were not produced during the reaction (Fig. S14).
Additionally, as shown in Figs. 8c and 2-IP and 4-IP were not detected in
the reaction system. In conclusion, the system did not generate toxic
substances such as HOI and I5.

Toxicological experiments using green beans were performed to
assess the toxicity of the post-reaction solution further (Di et al., 2024)
(Fig. S15). After five days of growth, the green bean lengths varied
depending on the water source. Beans grown in ultrapure water had the
longest length, averaging approximately 7 cm. Green beans grown in the
post-reaction solution had an average length of about 6 cm, making
them the second longest. Green beans grown in SIZ showed the poorest
growth, with none exceeding 5 cm. This may be due to the toxicity of
SIZ, which inhibits the growth of the green beans. Additionally, some
intermediate products in the post-reaction solution retained a degree of
toxicity, which further inhibited the growth of the green beans. Overall,
the toxicity of the reacted solution was reduced.

4. Conclusions

This study developed a simple method to synthesize spherical S-FML
by modulating its morphology with NH4F, which was then used to
activate PI for the degradation of SIZ. Compared to G-FML, S-FML
showed improved crystallinity and enhanced Fe-OH and Mn-OH prop-
erties. S-FML also exhibited excellent stability, maintaining a 100%
degradation rate of SIZ over eight cycles. The S-FML/PI system
demonstrated remarkable versatility. While HA slightly inhibited the
degradation process, other common anions in water had minimal impact
on the system. Furthermore, the system exhibited high degradation ef-
ficiency for pollutants in real water samples, emphasizing its robust anti-
pollution performance and potential for practical applications. EPR and
quenching radical experiments identified 10, and I03- as the primary
reactive oxygen species (ROS) involved in the degradation of SIZ. The
results indicated that the system was mainly activated by the interaction
between Fe and Mn with PI on the surface of S-FML, with the valence
cycling of Fe and Mn playing a key role. HPLC/MS and Fukui function
analysis further elucidated the degradation pathway of SIZ. It was found
that the toxicity of the intermediate products generated during SIZ
degradation was lower than that of SIZ itself, and no HOI was produced.
These findings confirm the efficacy and potential of the S-FML/PI system
as an effective method for treating SAs.
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