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A magnetic CoFeAl-layered double hydroxide (LDH) material was synthesized via a hydrothermal method,
followed by sulfidation treatment with sodium sulfide, and the obtained S/CoFeAl-LDH nanocomposite was
used as a peroxymonosulfate (PMS) activator for efficient degradation of antibiotics in water by using
norfloxacin (NOR) as a model. Through sulfidation modification, the proportion of low-valent metal ions
in the composites was increased. Therefore, the S/CoFeAl-LDH displayed a higher performance of NOR
degradation via the activation of PMS than the CoFeAl-LDH. Within 6 min, 0.10 g per L S/CoFeAl-LDH
and 0.20 g per L PMS could degrade 98.3% NOR (20 mg L™%). S/CoFeAl-LDH, as a heterogeneous
catalyst, could efficiently activate PMS and degrade NOR in the pH range of 4-9. Since the synthesized
material was a composite of magnetic CoFe,O4 and LDH, it could be recycled by magnetism after the
reaction. After 4 cycles, the NOR degradation rate still reached 84.3%, indicating the good stability of the
catalyst. During the degradation of NOR by S/CoFeAl-LDH/PMS, both free radical pathway and non-free
radical pathway played a role, among which SO4*~, O, and 10, were the main active species. The Co?*
and Fe2* in the composites reacted with PMS to generate active species. The synergistic effect of metals

and the reducibility of sulfur further promoted the cyclic regeneration of Co?* and Fe?*, which was
Received 1st August 2025 ducive to the activation of PMS t te free radicals. In addition, the intermediate products of
Accepted 1st October 2025 conducive to the activation o o generate free radicals. In addition, the intermediate products o
the degradation reaction were analyzed by LC-MS, and the possible degradation paths were put forward.

DOI: 10.1039/d5ra05588a This study revealed that the S/CoFeAl-LDH was a heterogeneous catalyst with good application
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1. Introduction

Antibiotics have excellent antibacterial properties and have
been widely used in industries such as healthcare, aquaculture,
and livestock and poultry farming."” The appropriate use of
antibiotics can effectively control bacterial infections and aid in
restoring health. However, the abuse of antibiotics can harm
human health as well as aquatic environments and ecosystems.*
Traditional wastewater treatment technologies such as physical,
chemical, and biological methods have certain effectiveness in
removing organic pollutants from waste water.*® Physical
adsorption can simply and conveniently remove organic
pollutants from water, but it cannot degrade them into less toxic
or even non-toxic substances. Additionally, chemical methods
like electrodialysis can effectively separate organic pollutants
from water, but they involve high operational costs. Biological
processes such as bioreactors, activated sludge and microbial
treatment have many positive aspects, but they also suffer from
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prospect, which provides a new method for removing antibiotics from water.

drawbacks such as slow degradation rates, low biodegradability
of dyes and the potential formation of biological sludge.

Therefore, the development of rapid, efficient, widely appli-
cable and low-cost methods is crucial for degrading antibiotics
in water.

Advanced oxidation processes (AOPs) represent a kind of
water treatment technologies that employ electricity, photo-
radiation, catalysts, or oxidants to generate highly reactive free
radicals (primarily hydroxyl radicals ‘OH) for the efficient
degradation of organic pollutants.>** AOPs can decompose the
vast majority of refractory organic substances (such as antibi-
otics, pesticides and dyes), and eventually mineralize them into
CO,, H,0 or small molecules.”> The AOP based on perox-
ymonosulfate (PMS) has a good application prospect due to its
strong oxidizing property, low cost, rapidity and high effi-
ciency.">"* However, PMS itself has limited oxidative capacity
and requires activation methods (e.g., UV irradiation, transition
metal activation, or carbon-material activation) to generate free
radicals.’>®

Transition metal ions such as Co**, Ni**, Cu®*" and Fe*' can
effectively activate PMS to generate sulfate radicals (SO, ), but
metal ions in homogeneous systems are difficult to reuse, which
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can cause secondary pollution.” The use of heterogeneous
catalyst/PMS systems can prevent the leaching of metal ions and
reduce energy consumption.” Layered double hydroxide (LDH)
is a type of layered materials with two-dimensional nano-
structures, commonly known as hydrotalcite. LDH is primarily
composed of positively charged laminates and interlayer
anions, with the general formula
M;_>"M, > (OH), ] [(A" )y mH,0].2*  Featuring
internal structures and exchangeable interlayer anions, LDH
can be used as heterogeneous catalysts to activate PMS for
removing organic pollutants in water.”»*® In addition, intro-
ducing a third metal ion can modulate the electronic structure
and coordination environment of the layered metals, increasing
the number of reactive sites. Through the synergistic effect of
the three metals, the electron transfer efficiency of LDH can be
optimized, thereby enhancing the material's ability to activate
PMS and improving degradation efficiency.* Li et al.>* designed
a ternary CoFeAl-LDH to catalyze PMS for the degradation of
ciprofloxacin (CIP), which improved metal loading capacity and
catalyst reusability. Experimental results demonstrated that the
significant synergistic interaction among Co, Fe and Al effec-
tively suppressed the formation of high-valent metal-oxo
species, achieving a CIP degradation rate of 91.4% within
60 min. Zeng et al.*® synthesized magnetic CoFeNi-LDH and
applied it to activate PMS to degrade dyes. The study showed
that the cyclic activation of PMS between Co(u) and Co(im)
produced sulfate radical to participate in the degradation
process. To further enhance the PMS activation performance of
LDHs, methods such as modifying interlayer anions, using
carbon materials to alter surface properties, doping with tran-
sition metals or incorporating organic compounds have been
employed.””*° Notably, sulfurization treatment of a LDH can
adjust the electronic structure of the catalyst, thereby improving
the electron transfer ability of the catalyst.>"*>

Based on the aforementioned research, in this study,
a magnetic ternary CoFeAl-LDH was synthesized via a hydro-
thermal method, followed by further treatment of the LDH with
sodium sulfide. The final product S/CoFeAl-LDH was used as
a heterogeneous catalyst to activate PMS for the degradation of
antibiotics in water, using norfloxacin (NOR) as a model. The
purpose of this work is to: (1) characterize the synthesized S/
CoFeAl-LDH; (2) evaluate its effect of activating PMS to
degrade NOR; (3) explore the reaction mechanism of S/CoFeAl-
LDH activated PMS for the degradation of NOR; (4) propose
possible degradation pathways of NOR.

tunable

2. Experimental
2.1. Chemicals and regents

All the chemicals and reagents used were of analytical grade. A
detailed list of reagents is shown in Text S1 in the SI.

2.2. Preparation of S/CoFeAl-LDH catalyst

For the preparation of CoFeAl-LDH, 2 mmol CoCl,-6H,0,
1 mmol FeCl;-6H,0 and 1 mmol AlICI;-6H,0 were dissolved in
80 mL of deionized water evenly and thoroughly to make

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a mixed metal salt solution. NaOH solution was continuously
added to stabilize the pH at 10 + 0.2. Then, the mixture was
transferred into a 100 mL Teflon-lined stainless steel autoclave
and heated at 120 °C for 6 h. After natural cooling to room
temperature, the sample was collected and washed with ethanol
and deionized water for several times, and then dried at 60 °C
for 24 h.

50 mg of CoFeAl-LDH was dispersed in 30 mL Na,S solution
(0.2 M) and stirred for 15 min. After filtering, it was washed with
ethanol and deionized water for several times. After drying in an
oven, the product S/CoFeAl-LDH was obtained. The schematic
illustration of the formation of S/CoFeAl-LDH is shown in
Fig. S1.

2.3. Characterization

The morphologies and microstructures of catalysts were
examine by scanning electron microscopy (SEM, ZEISS Sigma
360, Germany) and transmission electron microscopy (TEM, FEI
Talos F200X, USA). Energy-dispersive spectroscopy (EDS) was
utilized to determine the elemental distributions thereon.
Vibrating sample magnetometry (VSM, LakeShore 7404, USA)
was used to analyze the magnetic properties of the catalysts. The
crystal structures of the catalysts before and after sulfidation
were determined by X-ray diffraction (XRD, Bruker D8 Advance
Davinci). The elemental compositions and distributions of the
catalysts before and after reaction were investigated by X-ray
photoelectron spectroscopy (XPS, AXIS SUPRA).

2.4. Degradation experiments

Batch catalytic degradation experiments were performed in
a 100 mL conical flask with a shaker speed of 150 rpm. The
temperature of the degradation experiment was maintained at
25 °C. In a typical process, 5 mg catalyst and 2 mL PMS solution
were added into 48 mL of NOR solution (NOR final concentra-
tion, 20 mg L™; PMS final concentration, 0.2 g L™'). 1 mL of
liquid sample was taken from the mixture at a certain time
interval, quenched with methanol and filtered through a 0.22
pm membrane prior to analysis. All experiments were con-
ducted at least in triplicates, and the results were expressed as
mean values with standard deviations.

2.5. Analysis methods

NOR concentrations were determined using high performance
liquid chromatography (HPLC, Shimadzu LC-20 ADXR, Japan)
equipped with a C18 column (Agilent Zorbax XDB-C18, USA).
The detection wavelength was 280 nm, the mobile phase was
composed of acetonitrile (15%) and 0.1% formic acid water
(85%), and the flow rate was 1 mL min . Intermediates
generated during NOR degradation were detected by HPLC/MS.
Total organic carbon (TOC) values were measured by using
a TOC-L analyzer (Shimadzu). The experimental procedures for
the detection of the degradation products were given in Text S2.
Inductively coupled plasma mass spectrometer (ICP-MS) was
used to determine the leached concentrations of copper and
iron ions. The active species generated during reaction were
detected by electron paramagnetic resonance spectrometer

RSC Adv, 2025, 15, 37062-37073 | 37063
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(EPR, Bruker EMX plus-6/1, Germany). Chronoamperometry
experiments were conducted on an electrochemical workstation
to analyze the electrochemical performances of the catalysts.

3. Results and discussion

3.1. Characterization

The morphologies and microstructures of CoFeAl-LDH and S/
CoFeAl-LDH were characterized by SEM. In Fig. 1, CoFeAl-
LDH and S/CoFeAl-LDH had nanosheet structures, and the
nanosheets were closely packed together, with fine particles

- _
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covering the surface. Meanwhile, it can be observed that the
surface morphology of the CoFeAl-LDH material did not change
significantly after sulfidation, indicating that the sulfidation
process had no significant effect on the crystal structure of
CoFeAl-LDH. The TEM image (Fig. 2a) further verified the
microstructure of S/CoFeAl-LDH, and the presence of LDH
nanosheets could be observed in the stacked structure.
Furthermore, the HR-TEM images (Fig. S2) showed that S/
CoFeAl-LDH had a typical LDH crystal form. Lattice fringes
with spacings of 0.15 nm, 0.23 nm, and 0.26 nm could be
observed, corresponding to the (113), (015), and (012) crystal
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Fig. 1 SEM images of CoFeAl-LDH (a and b) and S/CoFeAl-LDH (c and d).

Fig. 2 TEM image of S/CoFeAl-LDH (a) and elemental mappings of S/CoFeAl-LDH of different elements (b—h).
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planes of LDH, respectively.**** Element mapping revealed the
distribution of each element in S/CoFeAl-LDH. As shown in
Fig. 2b-h, Co, Fe, Al, O and S were uniformly distributed in the
sample. The EDS energy spectrum (Fig. S3) revealed the content
of each element in the S/CoFeAl-LDH.

Fig. 3a showed the XRD patterns of CoFeAl-LDH and S/
CoFeAl-LDH. The diffraction peaks at 11.6°, 23.2°, 60.2°, and
61.6° corresponded to the (003), (006), (110), and (113) crystal
planes of CoFeAl-LDH (PDF #37-0630), respectively.> It indi-
cated that the ternary CoFeAl-LDH had been successfully
synthesized. The characteristic peak intensity of LDH treated
with Na,S decreased obviously, indicating that some crystalline
hydroxides were transformed into hydroxyl sulfides.** At the
same time, S>~, SO,>~ and other ions generated during sulfi-
dation enter the interlayers, altering the original interlayer
spacing and weakening the diffraction peak intensity. The
peaks at 30.2°, 35.6°, 43.1°, 56.9° and 62.7° matched the stan-
dard spectrum of CoFe,0, (PDF #22-1086), indicating that the
prepared sample was a composite material consisting of
CoFe,0, and LDH with magnetic properties.** The magnetism
of the material was tested by VSM. As observed in Fig. 3b, both
CoFeAl-LDH and S/CoFeAl-LDH had certain magnetic proper-
ties, and S/CoFeAl-LDH had a stronger magnetic property,

(a) o :
¢CoFeAl-LDH  +CoFe,0,
S/ColFeAl-LDH
R X
et *
Z . . CoFeAl-LDH
> J ° L4 PRL XY
=
E PDF#37-0630
‘ | | | | (CoFeAl-LDH)
|
DI
CoFe,0,)
| ‘ \ \
T T T d
20 40 60 80
2 Theta / degree
(b)  T——CoFeAl-LDH
204 —— S/CoFeAl-LDH
104
e
g
g 0
=
104
=204
T T » L5 T T
-30k 220k -10k 0 10k 20k 30k

Field / Oe

Fig. 3 XRD images (a) and hysteresis loops (b) of CoFeAl-LDH and S/
CoFeAl-LDH.
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which facilitated the recovery and reuse of the catalyst after the
catalytic degradation of antibiotics.

The elements and valence states on the surface of S/CoFeAl-
LDH were explored by XPS. The XPS spectrum of C 1s was
shown in Fig. 4a. The peaks at 284.80, 286.60 and 288.70 eV could
be assigned to C-C, C=0 and C-O=0, respectively.> There were
two peaks at 530.12 and 532.16 eV in the O 1s spectrum (Fig. 4b),
corresponding to M-OH and M-O-M respectively.*® In the XPS
spectrum of Co 2p (Fig. 4c), the peaks at 781.69 and 797.08 eV
belonged to Co(m), while the peaks at 785.80 and 803.80 eV cor-
responded to Co(u).*” As shown in the Fe 2p spectrum (Fig. 4d),
two satellite peaks and four main peaks could be seen. The fitting
peaks at 710.96 and 723.76 eV revealed the existence of Fe(u),
while the peaks at 713.16 and 726.40 eV were attributed to Fe(u).
The other two peaks at 716.12 and 719.92 eV were satellite
peaks.* For Al 2p (Fig. 4e), the peak at 74.64 eV could be attrib-
uted to the formation of Al-0.*® In the S 2p spectrum (Fig. 4f),
four main peaks could be observed at 163.88, 165.18, 168.72 and
170.02 eV, which were attributed to M-S 2p3/5, M-S 2p; 5, SOy 2p3,
» and SO, 2p,,, respectively.®®* No peaks for S element was
observed for the CoFeAl-LDH (Fig. S4a). The presence of Cl was
detected in the CoFeAl-LDH; nevertheless, the S/CoFeAl-LDH did
not show any Cl signal (Fig. S4b). These results proved that
sulfate and sulfite ions replaced the ClI™ between the LDH layers
after sulfidation. After sulfurization treatment, metal sulfides
were introduced, and sulfate and sulfite ions were also produced.
The results of EDS showed that the proportion of sulfur in S/
CoFeAl-LDH was only 2.28%, meaning that the content of
sulfur-related species produced was relatively low. However, the
introduced sulfur played a role in modulating the valence states
of metals in the material. After sulfurization treatment of the
LDH, the content of Co®" increased from 29.57% to 41.03%, while
the content of Fe** rose from 28.25% to 32.98% (Fig. S4c and d).
This confirmed that the sulfur reduced the high-valence metal
ions (Co’'/Fe’") to low-valence states (Co’>*/Fe*"). Since low-
valence transition metal ions can effectively activate PMS to
generate free radicals, the sulfurization treatment was beneficial
for the degradation process. Additionally, after sulfidation, the
binding energy of the Co 2p;/, main peak shifted from 780.02 eV
to 781.69 eV, and the entire Fe 2p spectrum exhibited a positive
shift of approximately 1.68-2.48 eV. This positive shift indicated
a decrease in the electron density on Co and Fe atoms, which
could be attributed to the formation of M-S bonds during the
sulfidation process.

3.2. Degradation of NOR

Fig. 5a showed the degradation efficiency of NOR in different
systems. Without the addition of PMS, the removal rates of NOR
by CoFeAl-LDH and S/CoFeAl-LDH were less than 5% within
6 min, which indicated that these two materials had weak
adsorption effects on NOR. When only PMS was present in the
system, the removal rate of NOR was approximately 55% within
6 min. The heterogeneous catalyst/PMS system demonstrated
an excellent NOR removal performance. When the initial
concentration of NOR was 20 mg L™, using S/CoFeAl-LDH as
the catalyst to activate PMS, 80.0% of NOR could be degraded

RSC Adv, 2025, 15, 37062-37073 | 37065
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Fig. 4 XPS spectra of C 1s (a), O 1s (b), Co 2p (c), Fe 2p (d), Al 2p (e), and S 2p (f) of S/CoFeAl-LDH.

within 1 min, while the removal rate of CoFeAl-LDH/PMS was
64.1%. Within 6 min, the NOR removal rates of S/CoFeAl-LDH/
PMS and CoFeAl-LDH/PMS were 98.3% and 82.9%, respectively.
It could be seen that using S/CoFeAl-LDH/PMS can achieve near
complete elimination of NOR, which was better than CoFeAl-
LDH/PMS. In addition, when using the same concentration of
CoFe,0, to activate PMS for NOR degradation, the removal rate
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within 6 min was 84.3%. It proved that S/CoFeAl-LDH/PMS can
remove NOR from water quickly and efficiently.

As shown in Fig. S5, the TOC removal rate gradually
increased during the degradation process. The TOC removal
rate rose from 45.1% at 1 min to 62.0% at 6 min. Upon further
extension of the degradation time, the TOC removal rate slightly
increased to 62.7% at 10 min and then remained essentially
unchanged thereafter.
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Fig. 5 Removal of NOR under different systems (a) and leaching concentration of cobalt and iron after degradation (b). Reaction conditions:

Ccatalyst = 01 g Lilv Cpms = 0.2 g L
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1 cnor = 20 mg L7, initial pH = 6.8.
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The leaching concentrations of transition metal ions during
the reaction process were detected by ICP-MS. As shown in
Fig. 5b, the leaching concentrations of Co from S/CoFeAl-LDH
and CoFeAl-LDH after the reaction were 0.35 mg L' and
0.20 mg L™, respectively, while the leaching concentrations of
Fe were 0.06 mg L™" and 0.11 mg L', respectively. All were
below the national emission standards (GB 3838-2002,
1.0 mg L' for Co, and 0.3 mg L™ for Fe). Therefore, the S/
CoFeAl-LDH/PMS used in this work can effectively inhibit the
leaching of metal ions and avoid secondary pollution. It repre-
sented an environmentally friendly NOR degradation method.

3.3. Optimizations of parameters on the degradation of NOR

3.3.1. Effect of sodium sulfide concentration. Previous
studies had demonstrated that LDH treated with sulfidation
exhibited a superior NOR degradation effect. In order to explore
the differences in catalytic activity of LDHs treated with varying
concentrations of Na,S, the LDH catalyst was treated with 0.1 M,
0.2 M and 0.5 M Na,S solutions, respectively. As shown in
Fig. 6a, the catalyst treated with 0.5 M Na,S solution exhibited
the best degradation performance, indicating that treating LDH
with a higher concentration of Na,S solution can enhance the
activity of the catalyst.”® Therefore, the catalyst S/CoFeAl-LDH
treated with 0.5 M Na,S was selected to activate PMS to
degrade NOR.

3.3.2. Effect of sodium sulfide concentration. Different
dosages of catalysts were added to investigate their effects on
the degradation of NOR (Fig. 6b). With the increase of catalyst
dosage, the removal rate of NOR first increased and then
slightly decreased. Among them, the highest NOR removal rate
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of 98.3% within 6 min was achieved at a catalyst dosage of 0.10 g
L. At higher dosages of the catalyst (0.15 and 0.20 g L"), most
NOR could be rapidly degraded within 1 min, and the removal
rates at 6 min were approximately 90%. These results demon-
strated that increasing the dosage of the catalyst could provide
more reactive sites and generate more active species in the
system. Therefore, the removal rate can be improved within
a certain range. However, excessive catalysts may accumulate
together during the reaction process, affecting subsequent
degradation. Moreover, higher catalyst concentrations
increased solution turbidity, which could weaken the trans-
mission intensity of visible light during detection.** Therefore,
0.10 g L™ " of catalyst was added in the subsequent experiments.

3.3.3. Effect of PMS dosage. The effect of PMS dosage
(0.05-0.30 g L™ *) on the degradation of NOR is shown in Fig. 6c.
With the increase of PMS dosage, the removal rate of NOR in the
system gradually increased. When the PMS dosage was 0.05 g
L', the NOR removal rate within 6 min reached only 12.2%. As
the PMS dosage increased to 0.10 and 0.15 g L, the removal
rates significantly improved to 48.4% and 91.9%, respectively. It
demonstrated that the PMS dosage was a key factor affecting the
degradation efficiency. With the increase of the PMS dosage, S/
CoFeAl-LDH in the system could catalyze more PMS to produce
active species, thus enabling the rapid and efficient degradation
of NOR. In order to achieve a high removal rate and reduce the
dosage of reagents, 0.20 g per L PMS was added in the subse-
quent experiments to remove NOR.

3.3.4. Effect of initial NOR concentration. The effect of
initial NOR concentration on the degradation efficiency by S/
CoFeAl-LDH/PMS is shown in Fig. 6d. With the increase of
initial NOR concentration, the NOR removal rate decreased
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significantly. When the initial concentrations of NOR were 10
and 20 mg L', the NOR removal rates within 6 min were 98.9%
and 98.3%, respectively. As the concentration increased to 25
and 30 mg L ™", the NOR removal rates decreased to 83.5% and
49.5%, respectively. This phenomenon occurred because the
amount of catalyst and PMS in the system was limited, resulting
in a limited quantity of active species being generated. Excessive
NOR will compete for the limited active species, consequently
leading to decreased removal efficiency.

3.3.5. Effect of initial pH. Different initial pH values will
have an impact on the existence form of PMS and the activity of
free radicals, and thus affect the degradation effect of NOR. In
Fig. 6e, the NOR removal rates were similar when the pH was in
the range of 5-8, and the removal rates within 6 min decreased
to 84.4% and 94.1% at pH 4 and 9, respectively. Possible reasons
of the decreased removal rates at pH 4 and 9 were as follows.
Under acidic conditions, H" combines with the -O-O- bonds in
PMS to form hydrogen bonds, which subsequently inhibited the
generation of "OH and SO,"~ radicals, ultimately reducing NOR
removal efficiency.*>** Since the pK, of PMS was 9.4, one of the
main existing forms of PMS at pH 9 was SOs>~, which may
undergo decomposition through non-radical pathways.**** In
the initial pH range from 4 to 9, all the NOR removal rates were
higher than 80%, indicating that the S/CoFeAl-LDH/PMS had
a good NOR removal effect within a wide range.

3.3.6. Effect of inorganic anions. The inorganic ions exist-
ing in the system may have an impact on the degradation of
pollutants. Therefore, several common inorganic anions in
water (SO,>~, CI7, NO;~, HCO; ") were selected to explore their
effects on the degradation of NOR via PMS activated by S/
CoFeAl-LDH. As shown in Fig. 6f, after adding 5 mM HCO;™
to the solution, the removal rate of NOR decreased to 43.5%.
This is because the CO;"~ generated from the reaction of HCO; ™~
with SO, in the solution has lower reactivity (eqn (1) and (2)),
meaning that HCO;™ in water will inhibit the degradation of
NOR.*** In addition, when adding S0,>7, CI” and NO;™ to the
solution, there was no significant change in the degradation
rate of NOR within 6 min, proving that SO,>~, CI~ and NO; ™~ in
water will not have a significant impact on the activation of PMS
by S/CoFeAl-LDH.

SO, + HCO;~ —»HCO; + S0,>~ (1)

‘OH + HCO;~ — H,0 + CO;"~ (2)

3.4. Practical application, universality and reusability of
catalyst

The degradation of NOR in actual water samples by the S/
CoFeAl-LDH/PMS system was investigated to explore the prac-
tical application of the proposed method (Fig. 7a). When 20 mg
per L NOR was added to the filtered Pearl River water, the
removal rate of NOR within 6 min was 71.1%. This is because
the composition of the Pearl River water was relatively complex,
where the contained ions and organic matter could influence
the activation of PMS by S/CoFeAl-LDH, thereby affecting the
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Fig. 7 Removal of NOR in different water samples (a) and Removal of
different antibiotics (b) by the S/CoFeAl-LDH/PMS system. Reaction
conditions: Ceatayst = 0.1g LY cpus = 0.2 g L%, initial pH = 6.8, cnor =
CorL = Clev = Cenr = Cop = 20 mg L™

generation of free radicals and inhibiting the degradation of
NOR. Nevertheless, a relatively high removal rate could still be
achieved within 6 min. The removal rate within 6 min in tap
water was 87.5%, which was slightly lower than that in deion-
ized water and ultrapure water. The composition of the treated
tap water was not as complex as that of the Pearl River water, but
various ions and organic substances in the water had not been
completely removed, which would have a certain impact on the
degradation of NOR.

Furthermore, in order to evaluate the universality of the S/
CoFeAl-LDH/PMS  system, other quinolone  organic
compounds including ofloxacin (OFL), levofloxacin (LEV),
enrofloxacin (ENR), and ciprofloxacin (CIP) were used as target
pollutants. The S/CoFeAl-LDH/PMS system removed 78.7% CIP,
88.2% ENR, 91.2% OFL and 97.1% LEV within 6 min (Fig. 7b),
indicating that the S/CoFeAl-LDH/PMS exhibited universal
applications for the degradation of quinolone
antibiotics.

For investigating the reusability of the S/CoFeAl-LDH mate-
rial, the S/CoFeAl-LDH after the reaction was collected by
a magnet and repeatability test was conducted under the same
experimental conditions. For four cycles of experiments, the
NOR removal rates within 6 min were 98.3%, 96.7%, 92.2% and
84.3%, respectively (Fig. S6). The experimental results showed
that the S/CoFeAl-LDH still had a good NOR degradation effect
after multiple uses.

removal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The performance of the S/CoFeAl-LDH for NOR degradation
was compared with other PMS activators (such as transition
metal catalysts and carbon-based catalysts), with the results
shown in Table S1. It can be observed that this S/CoFeAl-LDH
material exhibited high catalytic activity, requiring a relatively
low catalyst dosage (0.1 g L") for NOR degradation, which
helped reduce metal leaching pollution. Meanwhile, a lower
PMS dosage (0.2 g L") and the elimination of the need for pH
adjustment reduced overall operational costs. It possessed
strong magnetic properties, facilitating post-application
recovery and reuse, thereby reducing catalyst production
demands and saving costs. Moreover, it demonstrated efficient
and rapid NOR degradation capability, achieving a 98.3%
degradation rate within 6 min, significantly reducing time cost.
These results indicated that this system held great promise for
applications in NOR degradation.

3.5. Degradation mechanism

In the process of activating PMS based on transition metals, the
degradation process can be divided into free radical and non-
free radical pathways. The free radical pathway mainly
involved the generated reactive species ("OH, SO, and O, ")
reacting with organic pollutants.*®*® The non-radical pathway
mainly relied on the production of 'O, and electron transfer
between PMS and organic pollutants.®®** The active species in
the S/CoFeAl-LDH/PMS system were determined through
quenching experiments by adding different free radical
quenchers.

Methanol (MeOH), tert-butanol (TBA), p-benzoquinone (p-
BQ), and furfuryl alcohol (FFA) were selected as the quenchers
for SO,", 'OH, O, and 'O,, respectively.”>** MeOH could
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quench both "OH and SO, ", while TBA showed higher sensi-
tivity toward ‘OH. As shown in Fig. 8a, after the addition of
0.5 M MeOH and 0.5 M TBA, the removal rates of NOR within
6 min decreased by 1.5% and 34.5%, respectively, indicating
that the SO,"~ produced after activation played a significant role
in the degradation of NOR. When 5 mM of p-BQ was added as
the O,"” quench agent, the NOR removal rate dropped from
98.3% to 62.6%, confirming the involvement of O, in the
degradation process.” After quenching 'O, with FFA, the NOR
removal rate was 66.8%. The above experiments illustrated that
in the S/CoFeAl-LDH/PMS system for NOR degradation, SO, ",
0,"~ and 0, all participated in the degradation process.

Based on the quenching experiment, EPR technology was
further utilized to identify the active species in the system. The
specific operation steps were described in Text S4. In Fig. 8b, no
characteristic signals were observed in the PMS/DMPO system,
indicating that PMS itself did not generate free radicals.
However, weaker signals could be observed in the presence of S/
CoFeAl-LDH, indicating that a small amount of "OH and SO, ™~
were generated in the S/CoFeAl-LDH/PMS system. As can be
seen from Fig. 8c, the S/CoFeAl-LDH/PMS/DMPO system
exhibited a characteristic 1:1:1:1 signal peak corresponding
to DMPO-O, ", confirming the generation of O, during the
reaction. Furthermore, by adding TEMP as the trapping agent
for '0,, distinct signal peaks with an intensity ratio of 1:1:1
could also be observed (Fig. 8d), proving the existence of a non-
radical pathway in the degradation process.*

The electron transfer during the degradation process was
investigated using chronoamperometry, with detailed experi-
mental procedures provided in Text S3. As shown in Fig. S7,
with the S/CoFeAl-LDH modified electrode as the working
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104 =»
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Fig. 8 Removal of NOR in the presence of different free radical quenchers (a); DMPO spin-trapping EPR spectra for ‘OH, SO4~ and O,"~
respectively (b and c) and TEMP spin-trapping EPR spectra for 'O, (d). Reaction conditions: Ceatayst = 0.1 g L%, cpmus =0.2g L™, cnor =20 mg L™,

initial pH = 6.8.
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electrode, a significant current change was observed upon
adding PMS to the solution, indicating electron transfer from
the electrode to PMS.*® Subsequent addition of NOR induced
another distinct current variation, demonstrating electron
transfer between the target pollutant and the electrode. The
above electrochemical experiments confirmed the existence of
an electron transfer pathway in the S/CoFeAl-LDH-activated
PMS system for NOR degradation.

3.6. Structural characterization of catalyst after reaction

The valence state changes of S/CoFeAl-LDH elements before
and after the reaction were characterized by XPS. The transition
metals in LDH can activate PMS to produce active species. As
shown in Fig. 9a, compared with the fresh catalyst, the content
of Co*" decreased from 41.03% to 29.99%, and the content of
Co®" increased from 58.97% to 70.01%. In Fig. 9b, the contents
of Fe** and Fe®* in the fresh S/CoFeAl-LDH were 32.98% and
67.02%, respectively. After the reaction, the Fe** and Fe
contents in the S/CoFeAl-LDH changed to 48.01% and 51.99%,
respectively. The above proved that redox reactions occurred
between PMS and both Co*'/Co®" and Fe*'/Fe** (eqn (3)-(6)).>**
Generally, SO," /SO5"~ was produced by the reaction between
Co*"/Fe** and PMS. The generated SO," /SO5"~ can be con-
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metal ions in the system affected the quantity of free radicals
produced, thereby influencing the degradation efficiency. The
redox potential of Co*/Co®" is 1.83 V, while Fe*'/Fe*" is 0.77 V.
Therefore, Fe*" in the material can reduce the generated Co®"
back to Co®>" (eqn (12)). The synergistic effect between the
metals promoted the generation of low-valence cobalt ions,
which facilitated the degradation of NOR. After the reaction, the
content of Fe’" decreased. It was inferred that the reducing
sulfur species introduced by sulfidation reduced some of the
high-valent metal ions to low-valent metal ions. The S 2p XPS
spectra (Fig. 9c) revealed that the content of SO, increased from
68.81% to 73.43%, while the content of M-S decreased from
31.19% to 26.57%, confirming that reduced sulfur species
participated in the redox process (eqn (13)).* Sulfidation
promoted the recycling and regeneration of low-valent metal
ions, which was conducive to the activation of PMS to generate
free radicals. Moreover, the peak area of M-OH in Fig. 9d
decreased from 74.43% to 45.86%, indicating the consumption
of M-OH during the process (eqn (14)).**

According to the above experiments and previous studies,
the possible degradation mechanism of NOR in the S/CoFeAl-
LDH/PMS system was shown in Fig. 10, and the mechanism
of S/CoFeAl-LDH activating PMS was as follows:

—Cn2t — — 3+ -— -
verted into other ROS ("OH, '0,) through its own reaction or by =Co™ + HSOs~ — =Co™ + 804~ + OH (3)
reacting with H,O/OH ™. The reaction equations for the gener- 34 _ oy o N
= + = + +
ation of free radicals in the reaction was eqn (7)-(11).***° In the Co HS0s™ — =Co S0s H )
material, me'tal 10ns'1n low valence states reacted with PMS to =F¢®* + HSOs~ — =Fe¢* + SO, + OH~ (5)
generate active species. Therefore, the content of low-valence
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Fig. 9 XPS patterns of the fresh and the used S/CoFeAl-LDH: Co 2p (a), Fe 2p (b), S 2p (c) and O 1s (d).
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=Fe’* + HSOs — =Fe’" + SOs + H" (6)
SO, + OH™ — SO,* + "OH (7)
S04~ + H,0 — SO +'0, (8)
2805~ — 280, + 'OH + H* 9)
O,+e = Oy~ (10)
0, +'OH — '0, + OH™ (11)
=Co’* + =Fe?* — =Co>" + =Fe’* (12)
=Co’*/Fe** + 87 — =Co?*/Fe’" + SO,>~ (13)
=Co”"~OH" + HSO5~ — =Co>*0* + SO, + H,0 (14)

3.7. Degradation pathway of NOR

Liquid chromatography-mass spectrometry (LC-MS) was used to
identify the primary intermediate products of the degradation
of NOR by S/CoFeAl-LDH activating PMS. During the degrada-
tion process, 15 intermediates were detected, and the results
were shown in Fig. S8. Based on the experimental findings and
relevant literature, the degradation pathways of NOR were
proposed to occur through four main routes. The decomposi-
tion of NOR mainly occurred through processes such as the
transformation of piperazine groups, the conversion of quin-
olone groups, decarboxylation and defluorination, as well as
ring-opening. After further forming a series of small molecules,
it was eventually mineralized into CO, and H,0.%%

3.8. Biological toxicity of intermediates

The biological toxicity of NOR and the intermediates in the NOR
degradation process was evaluated using ECOSAR (Fig. S9). The
relevant data were summarized in Table S2. For acute toxicity,

lntcrmcdia(cs\

PYIiN__ A cormo

Intermediates
CO, +H,0

Fig. 10 Possible degradation mechanism of NOR in the S/CoFeAl-
LDH/PMS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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most intermediates were harmless. P2, P6, P7 and P8 were only
harmful to water fleas, while P3 was harmful to fish and toxic to
water fleas and green algae. For chronic toxicity, P1, P4, P5, P10
and P11 were harmless, while some intermediates were toxic. To
reduce the toxicity brought by intermediates, the degradation
time can be further prolonged or the catalyst dosage can be
increased, thereby increasing the degree of mineralization and
reducing environmental pollution.

4. Conclusions

In this study, magnetic ternary CoFeAl-LDH was synthesized by
the hydrothermal method, and sulfur-modified LDH (S/CoFeAl-
LDH) was obtained using Na,S as the sulfur source. The
removal rate of NOR (initial concentration 20 mg L") by the S/
CoFeAl-LDH/PMS system could reach 98.3% within 6 min. After
4 cycles, the degradation efficiency of NOR still reached 84.3%,
indicating the good stability of the catalyst. The excellent cata-
Iytic performance was attributed to the reaction between low-
valence metal ions and PMS. Besides, the synergistic effect
between metals and the presence of sulfur species promoted the
cyclic regeneration of low-valence metal ions. Finally, the
oxidation and reduction between Co”>*/Co®" and Fe*/Fe’*
contributed to the regeneration of Co>". Through quenching
experiments and EPR experiments, the main active species in
the reaction process were determined to be SO,"~, 0,"~ and '0,.
To sum up, the S/CoFeAl-LDH/PMS system can achieve highly
efficient and rapid degradation of NOR, holding promising
potential for the removal of organic pollutants from wastewater.
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