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Abstract

Biochar optimized with oxygen-containing functional groups is believed to be beneficial for peroxymonosulfate (PMS)
activation, and biochar-loaded Co;0,-based catalysts are expected to be one of the most promising PMS activators
for the efficient removal of organic pollutants. Nevertheless, the real active sites on Co;0, catalysts are still in debate
due to insufficient experimental evidence. Herein, Co;0, growing on the oxygen-containing functional groups
optimized rice husk biochar (RHBA) was synthesized (RHBA@Co,0,), and RHBA800@25C0;0,+PMS system achieved
complete degradation (100%) of refractory levofloxacin (LFX) within 4 min. The superior catalytic performance

was suggested to be attributed not only to the uniform dispersion of Co;0,, but also to the transformation of lattice
oxygen in Co;0,, which was found to play an important role in the catalytic process by inducing the formation

of Co30,_,~OH. Meanwhile, density functional theory (DFT) calculations indicated that the adsorption energy (£,4,)
of PMS on Co;0,_,~OH was far lower than that on Co;0,. Moreover, both radical and non-radical pathways were
indicated to be involved during the degradation process. Additionally, the practical application of RHBA@Co50,

was investigated using various antibiotics, actual water environments, and fixed-bed reactors. The results showed
that it possessed good practical degradation performance and significantly reduced the toxicity of intermediate
products. This work provides a fresh insight into the catalytic mechanism of RHBA800@25Co;0, for PMS activation
and wastewater treatment, offering a new perspective on the catalytic mechanism of Co;0,-based materials.

Highlights

RHBA800@25C050, exhibited ultrafast antibiotics degradation via peroxymonosulfate activation.
Inspired formation of Co;0,_,~OH by lattice oxygen induction was explored.
Ecological safety of levofloxacin degradation products was verified through antibacterial experiments.
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1 Introduction
Water pollution by the emerging contaminants, such as
pharmaceuticals and personal care products (especially
antibiotics), endocrine-disrupting compounds, and
pesticides is of increasing concern due to their potential
toxicity and persistence (Wang et al. 2024a; Meena et al.
2025). Antibiotics are typically not fully metabolized
within organisms, with approximately 70% being
excreted directly into the environment (Georgin et al
2024). More critically, fluoroquinolone antibiotics have
been detected in municipal wastewater at concentrations
ranging from ng L' to pg L), and even reaching
mg L7! in pharmaceutical wastewater (Oberlé et al.
2012). Levofloxacin (LFX), a common fluoroquinolone
antibiotic, accounted for 44.3% of the total antibiotics
detected in drinking water in China (Wang et al. 20244,
b). However, conventional wastewater treatment plants
are ineffective at removing LFX, leading to its entry into
aquatic ecosystems and posing serious threats to both
natural ecology and human health (Weng et al. 2025).
Therefore, it is imperative to develop effective methods
for removing LFX from wastewater.

Advanced oxidation processes (AOPs), involving
peroxymonosulfate (PMS)-activated Fenton-like
catalysis with significant reactivity against most

refractory organic pollutants, have been considered
a promising strategy for the restoration of organically
contaminated systems (Li et al. 2024b; Zhao and Zhang
2025). It can be easily activated by both homogeneous
and heterogeneous catalysts, and the generated
SO, possesses a high redox potential (2.5-3.1 V)
and relatively longer lifetime (30-40 ps) compared
to the main -OH (1.8-2.7 V, 20 ns) produced by the
traditional H,0, AOPs (Patil and Grewal 2025). At
present, AOPs catalysts mainly include carbonaceous
materials, noble metals, and transition metal oxides
(Zhang et al. 2024; Yu et al. 2024). Among them,
transition metals oxides are widely applied to activate
persulfate to degrade organic pollutants ascribed to the
high efficiency of charge transfer and earth-abundant
existence, and cobalt oxide (Co;0,) coupled with PMS
has been demonstrated to be a highly effective process
for the generation of SO,™ because of its excellent
catalytic performance and stability (Wang et al. 2025).
However, Co;0, also has some drawbacks, such as the
agglomeration of Co;O, nanoparticles, which can lead
to a decrease in catalytic activity, and the inevitable
leaching of cobalt ions (Gao et al. 2025). These would
not only inhibit the exposure of active sites for
catalysis, but also lead to secondary pollution in the
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treated water. To overcome the shortcomings, various
supporting materials for loading Co;0, have been
attempted to improve the stability and the catalytic
performance, such as metal oxides, molecular sieves,
and carbon materials.

Biochar is a carbonaceous material produced from
the pyrolysis of carbon-rich biomass waste with high
porosity, stability, and conductivity (Ji et al. 2021).
Rice husk is a major agricultural by-product generated
globally in enormous quantities, and its utilization for
biochar production aligns perfectly with the principles
of waste valorization and circular economy. The porous
structure of biochar makes it a promising support for
metal and metal oxide nanoparticles and enhances
their specific surface area, thereby increasing their
catalytic activity for PMS activation. Meanwhile, the
surface functional groups of biochar may interact
with nanoparticles and thus improve the dispersion
and stabilization of them (Huang et al. 2024). In
addition, the oxygen-containing functional groups
distributed on biochar surface, such as C-0O, C=0,
and O-H groups, can also be applied as activators
for PMS, especially the C=0O group could degrade
organic pollutants via generating singlet oxygen (‘O,)
(Tian et al. 2025). Therefore, the regulation of oxygen-
containing functional groups on biochar surface via
different calcination temperature is crucial for the
loading of Co;0, and the improvement of catalytic
performance. However, the contribution to PMS
activation by biochar-loaded Co;0, has been attributed
mainly to its high dispersibility and redox potential,
and the catalytic mechanism remains unclear. This
study attempts to prepare highly efficient PMS catalysts
through the optimization of surface oxygen-containing
functional groups and to explore the unclear catalytic
mechanisms.

In this work, appropriate Co;O, with spherical shape
was uniformly dispersed on the oxygen-containing
functional group-regulated biochar derived from rice
husk (RHBA@Co;0,), and the fabricated catalyst was
applied to activate PMS for radicals’ generation. LFX, a
typical fluoroquinolone antibiotic of emerging organic
contaminant, was selected as a model pollutant due
to its abuse and incomplete metabolism in organisms.
Meanwhile, various advanced techniques such as
HAADE-STEM, in situ Raman, in situ FT-IR, and XPS
were employed to explore the catalytic mechanism.
The main objectives of this study are as follows: (I)
Construction of an oxygen-containing functional group-
optimized biochar for ultrafast antibiotic removal; (II)
Revelation of the insightful catalytic mechanism on
Co30, for PMS activation; (III) Evaluation of the catalytic
performance in practical applications with different
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antibiotics, actual water, and a self-developed fixed-bed
reactor.

2 Materials and methods

2.1 Chemicals

Rice husks were provided by a rice processing
factory in Wenzhou City, China. Levofloxacin (LFX),
peroxymonosulfate (KHSO4:0.5KHSO,-0.5K,SO,,
PMS), p-benzoquinone (p-BQ), and furfuryl alcohol
(FFA) were provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. Cobaltous nitrate hexahydrate
(Co(NOs;),-6H,0), formic acid, methyl phenyl sulfoxide
(PMSO), and methyl phenyl sulfone (PMSO,) were
provided by Shanghai Macklin Biochemical Co., Ltd.
Ammonium hydroxide (NH;H,O) was supplied by
Xilong Scientific Co., Ltd. Ethylene glycol, tert-butanol
(TBA), and ethanol (EtOH) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Acetonitrile and
methanol were purchased from Oceanpak Alexative
Chemical Co., Ltd. 5,5-Dimethyl-1-Pyrroline-N-oxide
(DMPO) and 4-Amino-2,2,6,6-tetramethylpiperidine
(TEMP) were purchased from Sigma-Aldrich (Shanghai)
Trading Co., Ltd. All of the chemicals used in this
experiment were analytically pure and required no
further purification.

2.2 Synthesis of catalysts

2.2.1 Preparation of RHBAx

In this work, rice husks were first cleaned thoroughly
with deionized water several times to remove impurities
and dried at 80 °C for 24 h. Afterwards, the dried rice
husks were placed in a tube furnace and carbonized at
700 °C for 2 h with a heating rate of 4 °C min™" under
N, atmosphere. The obtained carbonized rice husks were
ground and sieved to obtain an even size (<75 pm) and
named as RHB. Then, 3.0 g of RHB and 6.0 g of KOH
were added into 107 mL ultrapure (UP) water for 30 min
sonication; the mixture was evaporated at 120 °C with
vigorous stirring. Subsequently, the KOH-impregnated
RHB was placed in a tube furnace and activated at a
higher temperature (700, 800, and 900 °C) for 2 h with
a heating rate of 4 °C min™' under N, atmosphere.
Finally, the activated RHB was neutralized using HNO,
solution (1 M) and washed to neutrality by filtration with
UP water. The resultant product was dried in an oven at
80 °C and abbreviated as RHBAx (x="700, 800, and 900,
respectively, representing the activation temperature).

2.2.2 Preparation of RHBAx@yCo304

Co;0,-loaded RHBA was synthesized according to the
classical solvothermal method (Song et al. 2023). Briefly,
a certain amount (0.16, 0.48, and 1.12 g) of RHBAx and
0.582 g of Co(NO,),-6H,O were added into 35 mL of
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ethylene glycol under vigorous stirring. After 20 min
of agitation, 2 mL of NH;-H,O (26.00 wt%) was added
to continue stirring for 10 min. Then, the mixture was
transferred into a Teflon-lined stainless-steel autoclave
and heated at 160 °C for 12 h. After the completion
of the reaction, the product was washed six times by
centrifugation with anhydrous ethanol and UP water
alternately. After drying in an oven at 60 °C, the materials
were annealed in a tube furnace at 350 °C for 2 h with a
heating rate of 4 °C min™" under air atmosphere. The final
products were denoted as RHBAx@yCo,O, (y represents
the mass percentage of theoretical Co;0, loading).
Meanwhile, Co;0, was prepared using the same method
without the addition of RHBAx. A schematic diagram of
the catalyst preparing procedure is shown in Fig. 1a.

2.3 Experimental procedure

LFX stock solution was simply prepared using UP water
with an initial concentration of 10 mg L™ and initial pH
of 6.5+ 0.1. The experiments were conducted in a 250-mL
beaker containing 100 mL of LFX solution with constant
magnetic agitation at 25 °C. Typically, 5 mg of catalyst
was poured to the target LFX solution and stirred for
10 min in dark for complete adsorption. Subsequently,
0.15 mM PMS was added to initiate the degradation
experiment. At predetermined time intervals (0, 0.5, 1, 2,
3, and 4 min), the reaction solution (1 mL) was extracted
and rapidly terminated by anhydrous ethanol (1 mL) to
prevent further reaction, followed by immediate filtration
using a 0.45-pm polyethersulfone (PES) membrane
before analysis. All experiments were repeated twice and
the average data were reported.

2.4 Characterizations and analytical methods

Details for the characterizations (Text S1) and analytical
methods (Text S2-S6) are specifically described in the
Supporting Information.

3 Results and discussion

3.1 Characterizations of RHBAx@yCo;0,

The morphology and microstructure of RHB, RHBAXx,
and RHBAx@yCo;0, were observed by SEM and TEM.
As presented in Fig. S1, RHB and RHBAx exhibited
mostly blocky shapes, with a large number of pore
channels distributed on the cross-section. In addition,
finer pores appeared with the increase of activation
temperature. After the decoration of Co;O, with
nanoflake structure (Fig. S2), a large amount of flower-like
nanoflakes were observed in RHBA800@12.5Co,0, (Fig.
S3a). These flower-like Co;0, nano-spheres uniformly
grew on the RHBAS8O0O surface, with a diameter of about
200 nm and a thickness of less than 5 nm. However, the
surface morphology changed significantly with increasing
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Co30, loading. As for RHBA800@25C0;0,, Co;0, still
exhibited a flower-like morphology with thin flakes (Fig.
S3b), while Co;0, exhibited a granular morphology in
RHBA800@50Co0;0, (Fig. S3c). This may be mainly due
to the change in morphology caused by the increased
loading amount.

To further explore the structure and morphology of the
materials, TEM was conducted. Figures 1b and 1c exhibit
neat images of RHBA800@25Co0;0,; it can be found that
Co30, is distributed in the outer layer and its edges are
clean. Besides, the HRTEM image shows the lattice fringe
of 0.194 nm in Fig. 1d, and the corresponding diffraction
ring of plane (400) was also observed in SAED images
(Fig. S4) (Jiang et al. 2014). Besides, the HAADF-STEM
and elemental mapping of RHBA800@25Co;0, are
presented in Fig. 1e with a uniform distribution of C, O,
and Co in the catalyst, indicating an even dispersion of
Co;0,.

Nitrogen adsorption—desorption isotherms and pore
size distributions of RHB, RHBAx, Co;0,, and RHBAx@
yCo3;0, were determined and the results are presented in
Fig. 1f and Fig. S5. It can be observed that the isotherm
of RHB is type I based on the classification of BDDT
(Braunauer, Deming, and Teller) (Zou et al. 2021),
characteristic of a microporous material. The isotherms
of Co;0,, RHBAX, and RHBAx@yCo;0, are type IV with
mesoporous characteristics, and exhibited hysteresis
types of H3, H2, and H4, respectively, according to
IUPAC classification (Schlumberger and Thommes 2021).
These results indicated that RHBAx@yCo,;O, materials
do not have distinct mesoporous structures. As listed
in Table S1, the specific surface areas (Sgpr) of RHBAX
increased with the increase of activation temperature,
while the Sgpr of RHBA800@yCo;0, decreased with
the loading amount of Co;0,. Meanwhile, the total pore
volume (V) showed the similar tendency with Sggr.
Furthermore, Fig. S6 shows the pore size distribution
of these materials calculated using the non-localized
density functional theory (NLDFT) method. RHB and
RHBAx exhibited a main pore size distribution below
2 nm, suggesting that these materials are predominantly
microporous. However, after being loaded with
mesoporous Co;0,, the average pore diameter (D)
gradually increased as the loading amount increased.
These results suggested that Co;0, has been successfully
decorated on RHBASOO surface, and the morphology has
been significantly changed with the reduction of Sy and
VTotal'

FT-IR spectra of RHB, RHBAx, Co;0O, and
RHBA800@yCo;0, are exhibited in Fig. 1g and Fig.
S7. It was observed that all the samples exhibited a
broad absorption peak located at 3447 cm™, which was
ascribed to the O-H stretching vibrations obtained
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Fig. 1 a A schematic diagram of the preparing procedure for RHBAx@yCo,0,,; b-d TEM images of RHBA800@25Co50,; e HAADF-TEM
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Fig. 2 XPS spectra of a survey, b C 1s,c O 1s, d atomic C content, and e atomic O content for RHB and RHBAx

from the hydroxyl groups and interlayer water molecules
(Bao et al. 2025). In the spectra of RHB and RHBAX, the
2923 and 2852 cm™! peaks corresponded to stretching
vibrations of —CH, in alkyl groups. As exhibited, there
was a characteristic peaks located at 1634 cm™!, which
belonged to the shearing vibration of water molecules
(Hu et al. 2021; Chen et al. 2024a). In addition, there was a
sharp absorption peak centered at 1087 cm™!, which was
ascribed to the stretching vibration of C—O. Additionally,
the absorption peak at 803 cm™! was due to the out-
of-plane vibration of aromatic C-H in cellulose and
carbohydrates (Bhagia et al. 2022). After the modification
of Co;0,, there were two new absorption peak observed
at 666 and 563 cm™, corresponding to the stretching
vibrations of Co—O bonds (Song et al. 2023). Remarkably,
the peak intensity of Co—O stretching vibration increased
significantly with the increase of Co;0, loading
amount, suggesting the successful combination of
Co3;0, and RHBA. Besides, XRD characterizations also
demonstrated the successful decoration of Co;0,, owing

to the appearance of new diffraction peaks belonging to
Co30, (Text S10 and Fig. S8).

The surface chemical environment and oxygen-
containing functional groups on RHBAX prepared from
different calcination temperatures were investigated
via XPS spectra. As shown in Fig. 2a, the characteristic
peaks of C 1s and O 1s were observed. Figure 2b displays
the deconvoluted C Is spectra at the binding energies of
284.8, 285.4, 286.2, and 289.2 eV, which corresponded
to C=C/C-C, C-OH, C-0O-C, and C=O0, respectively
(Wang et al. 2022). Similarly, the O 1s in Fig. 2c¢ could
be identified as C=0, O—-C=0, and C-O at the binding
energies of 531.2, 531.9, and 533.3 eV, respectively (Li
et al. 2022). In addition, the total C and O contents were
analyzed, and the specific proportions of the groups were
compared (Fig. 2d). As exhibited, the C-O-C content
increased after the activation and then decreased with
the carbonization temperature. Meanwhile, the C-
OH content decreased from 11.87 at.% (RHBA700)
to 7.77 at.% (RHBA900). In contrast, the content of
C=0 gradually increased with the carbonization
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Fig. 3 a, c Degradation efficiency and b, d pseudo-first-order kinetics fitting of LFX in the different systems (Experimental conditions:
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temperature, which can be ascribed to the conversion
of C-O during the heating treatment. Moreover,
the O—C=0 content decreased with the increase of
carbonization temperature, and the C—O content also
gradually decreased from 18.93 at.% for RHBA700 to
11.98 at.% for RHBA900 (Fig. 2e). Noticeably, the C=0
content achieved a higher proportion in RHBA800 (6.60
at.%) and RHBA900 (6.47 at.%) than in RHB (0.75 at.%)
and RHBA700 (3.57 at.%). This might be due to a large
amount of C=0 produced during the activation process
and the high temperature facilitating the conversion
of C-O to C=0, which would be conducive to 'O,
generation during PMS activation.

3.2 Comparison of degradation performance for RHBAx@
yCo30,

To wvalidate the excellent catalytic performance of
RHBA800@25Co050,, experiments were conducted to
degrade LFX by activating PMS in different systems. As
presented in Fig. S9, the degradation performance of
Co3;0, and RHBA was relatively low, and the adsorbed
LFX was suggested to be released from the materials
with the addition of PMS. However, the degradation
efficiency of RHBAx@yCo;O, was significantly
improved with the addition of PMS after adsorption
(Fig. 3a, c¢). As exhibited, RHBA800@25Co0;0,
achieved a higher degradation efficiency (100%) within
4 min than RHBA800@12.5C0;0, (88.86%) and
RHBA800@50C050, (97.41%). In addition, the catalytic
performance of RHBAx@25Co;0, was compared, and
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RHBA800@25Co050, exhibited the best degradation
performance,  outperforming = RHBA700@25Co050,
(98.69%) and RHBA900@25C050, (93.56%). Meanwhile,
the residual PMS concentration was determined (Fig.
S10), showing that RHBA800@25Co050, exhibited the
highest PMS consumption. The results suggested that
the catalytic capacities of pure Co;O, and RHBA were
relatively limited. As for the pure Co;O, the serious
aggregation caused by high surface energy greatly
hindered the catalytic capacity. After the uniform
dispersion of Co;0, on the RHBA surface, the highly
dispersed tiny Co;O, nanoflakes can expose more active
sites. Meanwhile, the porous structure and surface
chemical environment of RHBA can also influence the
catalytic performance.

Furthermore, to precisely assess the degradation
kinetics, a pseudo-first-order kinetics model was
used to describe the degradation processes (Text S5).
As exhibited in Fig. 3b, d, the obtained kinetics rate
constants (k,,,) for different systems were in the order of
RHBA800@25C050, (1.424 min~t)> RHBA700@25Co30,

(1.032 min~') > RHBA800@50Co0,0,
(0.893 min')>RHBA900@25C0,0, (0.686 min~")
>RHBA800@12.5C0,0, (0.494 min™'), which was

in line with the LFX degradation performance of
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these catalysts. Meanwhile, a comparative study of
antibiotics degradation across different catalysts revealed
that RHBA800@25Co;0, exhibited higher &k, and
degradation efficiency with low catalyst and PMS dosage
(Table S2), further confirming its outstanding catalytic
activity and ultrafast degradation efficiency towards
antibiotics. Moreover, the effects of catalyst dosage,
PMS dosage, initial solution pH, and even the influence
of co-existing ions were thoroughly investigated in the
Supporting Information (Text S11-S14 and Fig. S11-S14),
confirming that RHBA800@25Co0;0,+PMS could be a
prominent system for LEX degradation.

3.3 Identification of reactive oxygen species (ROS)
and activation mechanisms

3.3.1 Identification of ROS

To investigate the ROS that generated in the
RHBA800@25Co050,+PMS system, different quenchers
were employed to capture the ROS during the LFX
degradation process (Wang et al. 2021; Chen et al
2024b). As exhibited in Fig. 4a, b , EtOH, TBA, and FFA
exhibited significant inhibitory effects on the degradation
of LFX, while p-BQ showed weak inhibitory effect
on it. Correspondingly, the signals of DMPO-SO,~
and DMPO--OH were detected with in situ electron
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paramagnetic resonance (EPR) in Fig. 4c, indicating
that the degradation process of LFX was attributed
to both SO,” and ‘OH. In addition, the intensity of
the signals increased over time within 4 min, further
illustrating an efficient and persistent activation in the
RHBA800@25C0;0,+PMS system. Meanwhile, the
relatively weak signals of DMPO-'O,” were detected
(Fig. 4d), indicating the negligible presence of ‘O,
Surprisingly, an apparent signal of triple peaks with an
intensity ratio of 1: 1: 1 was found (Fig. 4e), implying the
existence of 'O, during PMS activation (Chen et al. 2022).
Moreover, the intensity of 'O, signal increased with the
reaction proceeding, verifying that the process generated
10, continuously through the strong interaction between
PMS and RHBA800@25Co0;0,. Combined with the
quenching experiment of FFA, it was speculated that
10, accounts for a large proportion during the reaction
process. Meanwhile, H,0O, was detected in the PMS
activation process (Fig. 4f), which could produce HO, ™
to facilitate the generation of 'O, (Text S15). Besides, the
high-valent metal-oxo species were detected using PMSO
as the scavenger with a low transformation efficiency
of PMSO, (Fig. S15), which indicated that high-valent
metal-oxo species were negligible (Lu et al. 2025).

3.3.2 Possible activation mechanism in
RHBA800@25C0304 + PMS system

In situ Raman was applied to reveal the interactions
between RHBA800@25Co;0, and PMS (Fig. 5a and
Fig. S16). As observed, the peaks located at 881 and
1059 cm™ were attributed to the O-O bond and SO;~ in
PMS, respectively, and the peak at 981 cm™ was assigned
to the symmetric stretching vibrational mode of the
S=0 bond in SO,*" (Zhang et al. 2025a). Remarkably,
the RHBA800@25Co0,0,+PMS system exhibited a new
peak at 834 cm™' compared to the PMS alone system,
which was suggested to be the formation of peroxo-
species bonding to the metal sites on catalyst surface
(referred as metal-PMS*) (Li et al. 2024a, b). Meanwhile,
it was noteworthy that the peak of SO;~ in PMS split into
two small peaks at 1053 cm™ (red shift) and 1071 cm™!
(blue shift), suggesting that electron transfer occurred
between the asymmetric sites of PMS and the orientation
may be different (Mo et al. 2023). The red shift typically
originated from the enhancement of electron density,
indicating the donation of electrons from catalysts
to PMS. Finally, the peaks of O-O, SO;~ and PMS*
weakened with the addition of LFX, indicating the rapid
PMS activation and consumption.

Meanwhile, the in situ FT-IR spectra of PMS presented
obvious absorption peaks at 602 and 1103 cm™' (Fig.
S$17), which were ascribed to the S—O and S=0O=S tensile
vibrations of HSO;~, respectively (Zhou et al. 2023).
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After RHBA800@25Co0;0, was mixed, there was a blue
shift about 14 and 4 cm™! for the corresponding peaks
due to the increase in electron density of the S—O bond in
HSO;™. Accordingly, the chronopotentiometry curves in
Fig. 5b showed that the potential increase in the presence
of PMS, followed by a gradual decrease upon the addition
of LFX. Meanwhile, the amperometric i—t curves showed
the nosedive phenomenon with the addition of PMS
and LFX (Fig. S18). These results suggested that the
electron exchange between RHBA800@25Co;0, and
PMS occurred intensively, and that LEX diffused onto the
catalyst surface and reacted with the surface-activated
PMS due to the fast electron transfer. Moreover, the
in situ FT-IR spectra of the catalyst exhibited that the
Co—-OH absorption peak at 1035 cm™ was gradually
enhanced during the reaction (Fig. 5¢ and Fig. S19)
(Gong et al. 2023), which was consistent with the Co—OH
peak appearing in in situ Raman spectra. These results
indicated that the chemical environment on the surface
of the catalyst was significantly altered.

XPS was applied to further investigate the surface
chemical environment of RHBA800@25Co,0, before
and after degradation (Fig. S20a), and the spectra of
C 1s, O 1s, and Co 2p were explored. As observed, the
area ratio of C=0 decreased from 22.27% to 15.64%
after the degradation (Fig. S20b), which was mainly due
to the involvement of O—-C=0 on the RHBA surface
during the LFX degradation process. In contrast, the
area ratios of C—OH (285.3 eV) and C-O-C (286.1 eV)
increased after the degradation, which was primarily
ascribed to the transformation from C=0 and C-C
groups (Wang et al. 2022). Meanwhile, the O 1s spectrum
changed a lot after the degradation. As exhibited in
Fig. 5d, there was no obvious change for adsorption
oxygen (O,4,) caused by the water molecule adsorption.
Meanwhile, the area ratio of lattice oxygen 0> (O,
derived from Co-O at 529.4 eV decreased from 60.08%
to 21.86% (Chen et al. 2019), and the surface oxygen
(Ogyy) attributed to the hydroxyl group (—OH) and
oxygen vacancy (O,,.) at 530.7 eV significantly increased
from 37.90% to 76.13% (Zhao et al. 2021). Nevertheless,
the O,,. did not change much after degradation via the
EPR test (Fig. S21), demonstrating that the increase of
Oyg¢ Was mainly due to the formation of —OH on the
catalyst surface. Therefore, it was suggested that both
of Oy, and O,y participated in the redox and electron
transfer in the RHBA800@25C0;0,+PMS system, and
that Oy, played a major role in the rapid induction of
“Co40,—OH” intermediate (represented as Co;0, ,—
OH). Finally, there was almost no change in Co®" and
Co?" area ratios from the comparison of Co 2p spectra
in Fig. 5e, indicating a charge balance was obtained via
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Fig.5 aIn situ Raman spectra of RHBA800@25Co;0, after the addition of PMS and LFX; b Chronopotentiometry curves upon the addition

of PMS and LFX; ¢ In situ FT-IR spectra of catalyst in RHBA800@25C050,+PMS system; XPS spectra of d O 1s and e Co 2p for fresh and used
RHBA800@25C0,0,; f CO,-TPD profiles of RHBA800@25Co;0, before and after degradation; g Adsorption energy of PMS on RHBA800@25C050,
surface during PMS activation; h Charge differential density distribution of PMS on RHBA800@25C050, during degradation (Dark green represents

electron-acquiring capability and yellow represents electron-supplying capability); i
on RHBA800@25C0;0, surface during PMS activation (Experimental conditions: [Catalysts],=

Co**—Co>"~Co*" redox during the PMS activation on
the RHBA800@25C0;0, surface.

To further explore the catalytic mechanism of
RHBA800@25Co0,0,, the catalysts after degradation
were characterized with CO,-temperature-programmed
desorption (CO,-TPD). As presented in Fig. 5f, the
profile of the used catalyst exhibited a significant CO,
desorption peak in the high-temperature region (500—
700 °C), indicating that the catalyst after degradation
possessed not only moderately basic sites compared with
the fresh catalyst but also strongly basic sites (Li et al.

Partial density of states (PDOS) plots of Co 3d orbital
005gL™", [PMSly=0.15 mM, [LFX],=10mg L™

2025). These apparent changes confirmed the presence
of electron transfer on the catalyst surface, and the O,
induced the reaction to generate CoOH* in Co;0,_,—
OH during the degradation process. It is well-known
that CoOH* is the key active intermediate in PMS
activation (Qi et al. 2022), and the adsorption energy
(E,qs) of PMS was demonstrated to be lower on Co;0,_,—
OH via density functional theory (DFT) calculation
(Fig. 5g). Compared to the original Co;0, the Co
species in Co;0,_,—OH showed a larger charge density
difference, further suggesting the importance of CoOH*
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Fig. 6 Possible degradation mechanism proposed in RHBA800@25C0;0,+ PMS system

formation in adjusting the electronic structure during
PMS activation (Fig. 5h). Meanwhile, the partial density
of states (PDOS) of d-band center for Co was closer to
Fermi level (E;), suggesting the stronger adsorption of
PMS and favoring its activation onto Co;0, ,—OH
(Fig. 5i). Therefore, the transformation of CoOH* from
Oy, on the Co;0, surface is believed to be more prone to
generating ROS during the reaction, which will accelerate
the degradation process. According to the above analysis,
the possible degradation mechanism is proposed in
Fig. 6.

3.4 Evaluation of RHBA800@25C0;0,+ PMS in practical
applications

To investigate the degradation capacity of
RHBA800@25Co0,0,+PMS towards various antibiotics,
the removal efficiency of four kinds of antibiotics was
explored. As exhibited in Fig. 7a, most of the antibiotics
including ciprofloxacin (CIP), tetracycline (TC), and
sulfadiazine (SDZ) were completely degraded within
4 min. In addition, the degradation efficiency of LFX
in a variety of real-world aquatic environments was
also investigated, including tap water, lake water, and
secondary effluent from a sewage treatment plant
(Text S7 and Table S3). As presented in Fig. 7b, the
removal efficiencies of LFX were 100%, 91.96%, 100%
and 94.90% in ultrapure water, lake water, tap water,
and secondary effluent from the sewage treatment
plant within 2 min, respectively. This demonstrates
that RHBA800@25C0;0,+PMS exhibits excellent
resistance to interference from both organic and

inorganic substances in diverse aquatic environments,
delivering satisfactory treatment performance. These
results indicate that RHBA800@25C0,;0,+PMS system
possesses great potential for the removal of various
antibiotics and high suitability for practical application.

Additionally, a self-developed fixed-bed reactor was
built (Text S8 and Fig. 7f), and the fixed-bed experiment
was conducted to test the catalytic performance
(Fig. 7c). As presented, long-term PMS activation
achieved significantly higher degradation efficiency
for LFX compared to quartz sand adsorption, and the
degradation efficiency maintained stability even after
72 h of continuous operation. Meanwhile, the leaching
amount of Co ions in the effluent was determined to be
much lower than the national concentration limits for
industrial wastewater discharge (Fig. 7d) (Wu et al. 2021;
Meng et al. 2025), and an extremely low concentration
of metal ions could be observed after 60 h (<50 pg L™
for the WHO standard of drinking water) (Islam et al.
2018). In addition, as shown in Fig. 7e, the TOC of the
final effluent was determined to be only 49.92% of that of
the original solution with the PMS dosage of 0.075 mM,
indicating that the RHBA800@25Co0;0,+PMS system
possesses prominent TOC removal capacity.

3.5 LFX degradation pathways and toxicity assessment

Based on DFT calculations of the LFX molecular
structure with numbered atoms (Fig. 8a), an obvious
map of electrostatic potential was observed in Fig. 8b.
Meanwhile, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
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Atom f fr f° Atom f fr f°
1(0) 00161 0.0236 0.0199 14(C) 0.0121 0.0181 0.0151
2(C) 0.0076 0.0122 0.0099 15(0) 0.0405 0.0505 0.0455
3(C) 0.0043 0.0075 0.0059 16(0) 0.0211 0.0322  0.0266
4(N)  0.0055 | 0.0358 0.0206 17(0) = 0.058

5(C) 00132 0.0091 0.0111 18(N) 0.0123 | 0.0518
6(C) 0.029  0.0452 0.0374 19(C) 0.0231  0.003  0.0131
7(C)  0.0321 0.0061 0.0191 20(C) 0.0205 0.0056  0.013
8(C) 0.0253 | 0.0487 0.037 21(N) | 0.0837 | 0.0075 | 0.0456
9(C) 00142 0.0373 0.0257 22(C) 0.0181 0.0053 0.0117
10(C) 00124  0.043 0.0277 23(C) 0.0226 0.0055 0.0141
11(C) 0.0147 [ 0.0632 0.0389 24(C) 0.0212 0.0042 0.0127
12(C) 0.0164 0.0402 0.0283 25(C) 0.0042 0.0089  0.0066
13(C)  0.017 - 0.0606  26(F) 0.0176 _ 0.033 _ 0.0253

Fig. 8 a Molecular structure and b map of electrostatic potential for LFX; ¢ HOMO and LUMO model of LFX (Green clouds represent the electron
deficient region and brown clouds represent electron rich regions); d NPA charge distribution and Fukui index of LFX



Zhang et al. Biochar (2026) 8:113

(0]
LFX = L
(a) _ [~“ 1] ~yol
Pathway 1 7N -7
. I ,'\N(\ /' 0\/4\:; m/z =
» ® “(VI) | Pathway2

Page 14 of 17

Pathway 3

2
av) @ 3¢

(I) Piperazine ring cleavage

F. PPN
- ~ OH | (II) Demethylation
ﬁN’ “NH, 1

|
|
o N e _0 m/z=392 | N O\C"zoll (ITI) Deaminization
(lllll) m/z =336 (VID) on (VID) (VITD) | : o (”;/)Fm | V) Morpholine ring cleavage
(I
- Yo 9 P7 o o P9 0 I @ yovin 1 (V) C-C cleavage
o PN I HO )
| om [ o ] onl | P12 oo | (VI) Carboxylation
p po. M I
H,N N N | I oy on
()J\ HOO(:”‘N'J\ 0 o I(VII) Decarboxylation
- =360 . | _ on
av) ID) m/z =364 a , ™ L m/z =314 | (VIII) Defluorination

| |
| |
| |
| |
| |
| |
| |
| |
| |
| m/z=279 |
| |
| |
| |
| |
| |
| -
|

|

|

(IX) Quinolone ring cleavage

CO, + H,0 + F~ + NO;-

L L L L L L L L LT T g

~

Fig. 9 a Proposed degradation pathways of LFX in RHBA800@25C0;0,+ PMS system; b Comparison of antibacterial experiments on E. coli

(LUMO) were obtained (Fig. 8c), and the Fukui index
values (f*, f~, and f°) of each atom in LEX were also
calculated. As outlined in Fig. 8d, C13 (0.1042) and
017(0.0952) exhibited high f*, corresponding to the
reactivity of nucleophilic attack; N18(0.0912) and
N21(0.0837) showed high f~, denoting the electrophilic
attack that loses electrons. Meanwhile, the C13(0.0606),
017(0.0766), N18(0.0518), and N21(0.0456) held high £,
leading to be the position most vulnerable to ROS attack.

The intermediate products of LFX degradation
in the RHBA800@25C0;0,+PMS system were
accurately identified with UPLC-MS/MS (Text S2 and
Table S4). Combining the obtained intermediate mass

spectrometry data with DFT calculation, the possible
degradation pathways and intermediate products
of structural information were proposed, including
three main pathways: piperazine ring cleavage,
defluorination, and quinolone group transformation
(Fig. 9a). Pathway 1 started with piperazine ring
cleavage to generate intermediate P 1 (m/z=336)
attacked by ROS, followed by a dominant oxidative
degradation process. Afterward, P 2 (m/z=279) and
P 3 (m/z=263) were produced via the processes
of demethylation, deaminization, and morpholine
ring cleavage. Subsequently, P 4 (m/z=178) and P 5
(m/z=164) were generated via C—C cleavage and a
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deaminization process. Pathway 2 was initiated by
the carboxylation process to generate intermediate P
6 (m/z=392), followed by a decarboxylation process
producing P 7 (m/z=364) and P 8 (m/z=320).
Meanwhile, P 9 (m/z=360) could also be obtained
via decarboxylation and defluorination processes
from P 6; then P 10 (m/z=301) was generated by the
demethylation and decarboxylation. Pathway 3 began
with quinolone ring cleavage and morpholine ring
cleavage to produce the intermediate P 11 (m/z=342).
Thereafter, a series of decomposition processes such
as piperazine ring cleavage, deaminization, C-C
cleavage, and defluorination occurred, and the least
toxic intermediate P 12 (m/z=314) was generated
finally. The aforementioned intermediates would
further degrade into low-molecular-weight organic
compounds, or even completely mineralize into CO,
and H,O. Besides, the ecotoxicity of the intermediates
was analyzed with the quantitative structure—activity
relationship (QSAR) method wusing the Toxicity
Estimation Software Tool (T.E.S.T., Ver. 5.1.1.0) (Text
S16 and Fig. S22) and antibacterial experiments on
Escherichia coli (E. coli) culture (Text S9) (Zhang et al.
2025b). It could be found that the tablets soaked with
the original LFX solution exhibited an inhibition zone
of d=3.5 cm (Fig. 9b), while the tablets soaked with
degraded LFX solution did not show antibacterial
effect on E. coli, demonstrating that the comprehensive
toxicity decreased substantially.

4 Conclusions

To summarize, RHBAx@yCo40, was obtained via the
even distribution of Co;0, on the optimized RHBA,
and RHBA800@25Co0;0,+PMS system achieved
almost 100% removal efficiency of LFX in 4 min with
0.15 mM PMS in a neutral environment. Meanwhile,
a distinguished catalytic capacity for CIP, TC, and
SDZ was observed, and RHBA800@25Co,0, showed
a satisfactory performance with high anti-interference
ability in various real water environments. Moreover,
RHBA800@25Co0,0, processes a high practicability
with the self-developed fixed-bed reactor, and the
leaching amount of Co was close to 0 after a long-term
continuous operation. The quenching experiments and
in situ EPR tests proved that the degradation process
mainly involved SO,~, -OH, and 'O, simultaneously.
Based on the XPS characterization, the O—C=0 groups
were demonstrated to be beneficial for the degradation
process. Most importantly, lattice oxygen in Co;0, was
evidenced to induce the generation of Co;0,_,—OH
according to the characterizations of in situ Raman,
in situ FT-IR, and CO,-TPD. Additionally, the E,4, of
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PMS was demonstrated to be lower on Co;0, ,—~OH
(=0.74 eV), and the Co active sites in Co30,_,—OH
exhibited a larger charge density difference, which
can accelerate the electron transfer and degradation
efficiency. Besides, the degradation pathways of LFX
were primary piperazine ring cleavage, defluorination,
and quinolone group transformation, respectively, and
the aquatic toxicity of intermediates was demonstrated
to be weakened. This study sheds new light on the
PMS activation mechanism by biochar-loaded Co;O,
catalysts, and provides a theoretical basis for efficient
PMS activation towards antibiotics degradation.
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