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a b s t r a c t

Antibiotic contamination in aquatic environments poses serious risks to ecosystems and public health,

necessitating the development of effective removal technologies. In this study, a novel biochar-supported

ferric oxyhydroxide (FeOOH/BC) composite catalyst was developed for the activation of peracetic acid

(PAA) to degrade cefapirin (CFP), a widely used and persistent cephalosporin antibiotic. The catalyst fea-

tured highly dispersed FeOOH nanoparticles and enhanced interfacial electron transfer, enabling efficient

activation of PAA through dual pathways involving both radical and non-radical species. FeOOH/BC-1 ex-

hibited the highest catalytic activity, where high-valent iron, singlet oxygen, and surface-bound reactive

species played the primary roles in CFP degradation. Fe(III) active sites generate high-valent iron oxo,

while N active sites in biochar accounted for the direct electron transfer. This work provides a new ap-

proach for activating PAA in the degradation of emerging contaminants and offers a feasible method for

catalyst regeneration in wastewater treatment applications.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotic contamination in water bodies has become a global

concern [1,2]. Antibiotics in aquatic environments can lead to the

proliferation of antibiotic-resistant bacteria and the spread of resis-

tance genes, posing potential risks to both ecosystems and human

health [3,4]. Therefore, it is an urgent issue to remove antibiotics

from water in the field of wastewater treatment. Due to the in-

hibitory effect of antibiotics on microorganisms, conventional bio-

logical treatment processes are often insufficient for their complete

removal [5].

Advanced oxidation processes (AOPs), which generate highly re-

active oxidative species by activating oxidants, have proven ef-

fective in degrading refractory organic pollutants like antibiotics

in water [6,7]. Among various AOPs, peracetic acid (PAA)-based

AOPs have gained significant attention due to their simple oper-

ation, strong oxidation potential, and relatively low toxicity of by-

products [8,9]. The core challenge of PAA-based AOPs lies in the

activation of PAA to produce reactive species. Although transition
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metal ions (e.g., Fe2+, Co2+) can activate PAA, they often cause

secondary pollution [8]. To address this, carbon materials are em-

ployed as supports for metal ions to enhance stability and reduce

metal release [10,11]. Moreover, carbon materials alone can acti-

vate PAA through non-radical pathways, but they often exhibit lim-

ited reactivity due to low electron transfer efficiency [12,13]. Com-

bining carbon supports with metal ions, particularly iron, offers a

promising strategy, providing more active sites, enhancing interfa-

cial charge transfer, and potentially enabling synergistic radical and

non-radical activation pathways [14,15]. However, the underlying

activation mechanisms of PAA by carbon-supported iron-based cat-

alysts remain insufficiently understood, and most studies to date

have not systematically evaluated the structure-activity relation-

ship, catalyst reusability, or performance under environmentally

relevant conditions. Thus, it is necessary to investigate the char-

acteristics and mechanisms of PAA activation by carbon-supported

metal ion catalysts.

Iron (Fe), a common and environmentally friendly element in

the Earth’s crust, has minimal ecological risks [16,17]. Due to its

multivalent states and strong electron transfer capabilities, iron

has been widely used as a catalyst in various reaction systems,

https://doi.org/10.1016/j.cclet.2025.111542
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Fig. 1. SEM images of (a) BC, (b) FeOOH and (c) FeOOH/BC-1. TEM images of (d, g)

FeOOH/BC-0.5, (e, h) FeOOH/BC-1 and (f, i) FeOOH/BC-2.

such as the activation of hydrogen peroxide and persulfates [18,19].

Among them, ferric oxyhydroxide (FeOOH) has attracted attention

due to its abundant surface hydroxyl groups and redox activity,

offering the potential to activate PAA effectively. When combined

with biochar—a low-cost, renewable carbon material with high sur-

face area and rich surface functionalities—FeOOH can form a stable

composite. This composite not only enhances dispersion and pre-

vents metal leaching, but also facilitates interfacial electron trans-

fer during the activation process [20,21]. Cefapirin (CFP), a first-

generation cephalosporin antibiotic, is widely used to treat infec-

tions in humans and animals [22]. However, CFP discharged into

the environment through pharmaceutical and agricultural wastew-

ater is difficult to degrade completely, exhibiting persistence in

water. Its presence can disrupt aquatic ecosystems, facilitate the

spread of antibiotic resistance genes, and harm microbial commu-

nities, threatening aquatic life and public health [23,24].

Based on these challenges, this study developed a novel

biochar-supported ferric oxyhydroxide (FeOOH/BC) composite cat-

alyst featuring highly dispersed active sites and enhanced interfa-

cial electron transfer capacity, aimed at efficiently activating PAA to

degrade cefapirin (CFP) in water. The FeOOH/BC catalyst enabled

a dual-pathway activation mechanism involving both radical and

non-radical species, and demonstrated excellent degradation per-

formance, stability, and reusability under environmentally relevant

conditions. Furthermore, the degradation pathway of CFP was sys-

tematically investigated. The outcomes of this study are expected

to provide valuable insights into the rational design of efficient and

environmentally friendly catalysts for removing antibiotics in water

treatment applications.

Pristine biochar exhibited a rough, flaky surface with abundant

irregular pores and crevices, indicative of a hierarchical porous

structure favorable for catalyst loading (Fig. 1a). In contrast, the

pure FeOOH sample consisted of densely packed nanosheets with

irregular morphology, forming aggregated clusters across the sur-

face with limited porosity, which may restrict active site exposure

and mass transfer (Fig. 1b). After loading FeOOH onto biochar, the

resulting FeOOH/BC-1 composite (number in FeOOH/BC-n mean

the dosage of BC) showed that numerous FeOOH nanosheets were

dispersed on the biochar surface, partially filling or decorating the

existing pores (Fig. 1c). The intimate interface between FeOOH and

the carbon matrix suggested enhanced electronic interaction and

stability. As the loading increased, a clear aggregation of FeOOH

particles was observed, leading to partial pore blockage and sur-

face crowding (Fig. S1 in Supporting information). In addition

to scanning electron microscope (SEM) analysis, elemental map-

ping further confirmed the successful loading and distribution of

FeOOH onto the biochar surface (Fig. S2 in Supporting informa-

tion). The mapping results revealed a uniform distribution of Fe

signals across the carbon matrix, indicating that FeOOH was well

dispersed rather than localized in large aggregates (Fig. S2b). This

homogeneous distribution is essential for maximizing the exposure

of active sites and promoting efficient catalytic performance. Trans-

mission electron microscopy (TEM) images revealed that the three

materials primarily exhibit a sheet-like morphology, with particle

size decreasing as the biochar content in the precursor increases

(Figs. 1d-f). The SEM images (Figs. S1a-c) also show that the FeOOH

particles become more dispersed and less aggregated as the pro-

portion of biochar in the precursor increases, indicating an im-

proved distribution of active components. No distinct lattice fringes

were observed in the images (Figs. 1g-i). X-ray diffraction (XRD)

analysis showed a broad peak at a diffraction angle of 22°, indi-
cating the presence of biochar in all three materials (Fig. 2a). The

broad diffraction peak centered around 26.2° in the XRD pattern

of biochar was typically attributed to the (002) plane of graphitic

carbon, indicating a partially ordered graphite-like structure [25].

The additional sharp peaks observed at 20.8° and 28.2° can be at-

tributed to inorganic impurities such as crystalline KCl present in

the biochar matrix, which were also detected in the pristine BC

[26]. In contrast, pure FeOOH exhibits only weak diffraction peaks

at 26.3° and 36.6° (JCPDS No. 18–0639), suggesting that it pre-

dominantly exists in an amorphous or poorly crystalline form [27].

This characteristic is retained in the FeOOH/BC composite, where

the corresponding peaks remain weak, indicating that the incor-

poration onto the biochar matrix does not significantly enhance

the crystallinity of FeOOH. Moreover, when FeOOH is loaded onto

biochar, the porous carbon matrix further inhibits the growth and

crystallization of FeOOH particles, as it provides a large specific

surface area and abundant anchoring sites that restrict particle ag-

glomeration and long-range ordering. The XRD result is consistent

with the TEM results. Compared with pure biochar, the Fourier-

transform infrared spectroscopy (FTIR) spectra of the FeOOH/BC

composite exhibit several distinct absorption bands, indicating suc-

cessful incorporation of FeOOH (Fig. 2b). Notably, the bands at

approximately 892 cm−¹ can be assigned to the in-plane bend-

ing vibrations of Fe-OH-Fe groups, particularly pronounced in the

FeOOH/BC-0.5 sample with higher FeOOH content [28]. Addition-

ally, the absorption band around 1073 cm-1 corresponds to Fe-O

stretching vibrations, further confirming the presence of iron oxide

species. The broadband centered near 3380 cm−¹, attributable to

O–H stretching vibrations, also differs from that of pristine biochar,

reflecting the introduction of hydroxyl–rich FeOOH domains. The

thermogravimetric analysis (TGA) curve reveals a distinct weight

loss stage occurring between approximately 200–400 °C (Fig. S3 in

Supporting information), which can be attributed to the thermal

decomposition of FeOOH into Fe2O3, accompanied by the release

of structural water (-OH groups). Raman spectroscopy showed two

prominent peaks at 1353 and 1587 cm-1, corresponding to point

defects (ID) and structural order of carbon materials (IG), respec-

tively (Fig. 2c). The ratio of ID to IG reflects the defect degree [29].

In this study, the defect densities of FeOOH/BC-0.5, FeOOH/BC-1,

and FeOOH/BC-2 were 0.86, 0.95, and 0.97, respectively. N2 ad-

sorption curves showed that the isotherms of FeOOH/BC follow

type IV with a pronounced H3 hysteresis loop (Fig. 2d), suggesting

that FeOOH/BC is composed of mesoporous materials. The surface

area was calculated as 25.2, 10.3 and 15.9 m2/g, respectively for

FeOOH/BC-0.5, FeOOH/BC-1 and FeOOH/BC-2. For the pore diam-

eter distribution, FeOOH/BC-0.5 had no significant peak, and the

average diameter is 5.2 nm (Fig. 2e). In comparison, FeOOH/BC-1
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Fig. 2. (a) XRD pattern and (b) FT-IR of materials; (c) Raman spectra, (d) N2 adsorption-desorption isotherms and pore diameter distribution of FeOOH/BC-0.5, FeOOH/BC-1

and FeOOH/BC-2. High-resolution XPS spectrum (f) C 1 s, (g) N 1 s, (h) O 1 s and (i) Fe 2p.

had one peak at 3.2 nm, further confirming the presence of meso-

porous, while FeOOH/BC-2 had two obvious peaks at ∼2.1 and

∼3.1 nm, suggesting the presence of rich mesoporous.

The X-ray photoelectron spectroscopy (XPS) survey spectra of

the three materials revealed the presence of carbon, nitrogen, oxy-

gen, and iron (Fig. S4 in Supporting information). The elemen-

tal compositions are summarized in Table S1 (Supporting infor-

mation), indicating that FeOOH/BC-1 exhibited the highest car-

bon and iron content, followed by FeOOH/BC-2 and FeOOH/BC-

0.5. High-resolution spectra of carbon demonstrated the presence

of C–C (284.8 eV), C–N (∼285.6 eV), and C–O (∼288.0 eV) bonds in

all three materials (Fig. 2f) [30]. The nitrogen spectra confirmed

the existence of pyridinic nitrogen (∼398.8 eV), pyrrolic nitrogen

(∼399.3 eV), and graphitic nitrogen (∼400.5 eV) (Fig. 2g) [31]. Sim-

ilarly, high-resolution oxygen spectra identified Fe-O (∼530.0 eV),

C–OH, and H2O bonds (Fig. 2h) [32]. The Fe 2p XPS spectrum

exhibited two distinct binding energy peaks corresponding to Fe

2p3/2 and Fe 2p1/2, respectively (Fig. 2i). The energy separation of

13.6 eV between these peaks is indicative of the presence of Fe(III).

In the Fe 2p3/2 region, the peaks at 711.1 eV and 713.1 eV were as-

signed to Fe(III) species in iron oxide and iron oxide–hydroxide en-

vironments, respectively [27]. These features are characteristic of

FeOOH. The proportions of the two Fe(III) species in each mate-

rial are listed in Table S2 (Supporting information), showing that

FeOOH/BC-1 has the highest content of the 713.1 eV Fe(III). These

characterization results confirm that biochar-supported amorphous

FeOOH was successfully synthesized, and the biochar content in

the precursor can modulate the FeOOH content and coordination

structures.

Biochar (BC) alone showed limited capacity for CFP removal,

achieving only an 8.9 % removal rate after 30min (Fig. 3a). Mean-

while, PAA alone exhibited only a limited degradation efficiency

(∼13.7%), suggesting that its contribution to CFP removal is neg-

ligible. However, the removal rate of CFP significantly increased

(∼100%) when FeOOH/BC was added, indicating that FeOOH/BC

effectively activates PAA (Fig. 3a). HClO4 was used to adjust pH

due to its complete dissociation into inert ClO4
− ions, which are

non-reactive in advanced oxidation systems, and control experi-

ments without HClO4 confirmed that its presence had no signif-

icant impact on CFP degradation efficiency (Fig. S5 in Supporting

information). The degradation of CFP follows pseudo-first-order ki-

netics (Fig. S6 in Supporting information), with the rate constants

for FeOOH/BC-0.5, FeOOH/BC-1, and FeOOH/BC-2 being 0.20, 0.26,

and 0.24 min−¹, respectively. The differences in the rate constants

among FeOOH/BC-0.5, FeOOH/BC-1, and FeOOH/BC-2 are not sub-

stantial. This limited variation may be attributed to the combined

effects of Fe content and the nature of the electron transfer pro-

cess. Specifically, although higher Fe loading can enhance catalytic

activity, the overall reaction rate may still be governed by the rel-

atively slow electron transfer mediated by the biochar component.

The degradation rate is lower than that reported in the previous

study, but in their study, the high concentration of PAA (50 μmol/L)

and lower concentration of CFP (2mg/L) were used (Table S3 in

Supporting information) [33]. Since FeOOH/BC-1 had the fastest

rate constant, FeOOH/BC-1 was selected for subsequent experi-

ments. Increasing the concentration of PAA accelerated the removal

of CFP (Fig. 3b). The lack of further enhancement in CFP degrada-

tion rate upon increasing the PAA concentration to 100 μmol/L may

be due to the limited number of active sites on the catalyst surface.

Excess PAA cannot be effectively activated to generate additional

reactive species, leading to a plateau in degradation efficiency. At

a PAA concentration of 80 μmol/L, 5mg/L CFP could be completely

degraded in 10min, which was twice as fast as when the PAA con-

centration was 10 μmol/L. This is because a higher PAA concen-
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Fig. 3. (a) CFP degradation kinetics by FeOOH/BC/PAA system. (b) Effect of PAA

initial concentration. (c) Effect of FeOOH/BC dosage. (d) Effect of solution pH.

(e) Effect of inorganic ions and humic acids. (f) Degradation of other recalci-

trant organic pollutants. Experimental conditions: [CFP]=5mg/L, [PAA]=10 μmol/L,

[FeOOH/BC]=0.1 g/L, temperature=27 °C.

tration increases the concentration of active species generated in

the system, thus speeding up CFP degradation. Similarly, increas-

ing the amount of FeOOH/BC-1 also accelerated CFP degradation

(Fig. 3c), primarily due to the increase in active sites, which en-

hanced the activation rate of CFP. The removal efficiency of CFP in

the FeOOH/BC-1/PAA system decreased with an increase in pH (Fig.

3d). FeOOH/BC-1 has a zero-point of charge at pH 7.2 (Fig. S7 in

Supporting information), and when the pH is greater than 7.4, the

surface becomes negatively charged, which repels PAA molecules

and significantly reduces the removal efficiency of CFP [34]. At pH

3, the degradation rate of CFP was significantly faster than at pH 5

and 7, likely because acidic conditions promoted the conversion of

Fe3+ to Fe2+ [35], and also facilitated the activation of PAA. In con-

trast, under high pH conditions, some PAA decomposed into acetic

acid and hydrogen peroxide [36], which reduced the concentration

of generated reactive species.

Chloride (Cl-) and sulfate ions (SO4
2-) in water did not signif-

icantly affect the degradation of CFP in the FeOOH/BC-1/PAA sys-

tem, but CO3
2- ions and humic acid significantly reduced the re-

moval efficiency of CFP (Fig. 3e). The inhibition by CO3
2- may be

due to an increase in solution pH or the complexation of iron ac-

tive sites, while humic acid may inhibit CFP removal by compet-

ing for reactive species. The trivalent PO4
3- exhibited an inhibitory

effect on the degradation of CFP. This is likely due to its strong

complexation ability with metal ions, which reduces the availabil-

ity of catalytic species necessary for PAA activation. Overall, the

FeOOH/BC-1/PAA system shows excellent resistance to the interfer-

ence of inorganic ions. It not only effectively degrades CFP, but also

efficiently degrades other refractory organic pollutants (Fig. 3f). The

reaction system exhibited high removal efficiencies toward typical

antibiotics such as sulfamethoxazole (SMX), ciprofloxacin (CIP), and

tetracycline (TC), achieving complete degradation within 20min.

Additionally, phenol (PE) and bisphenol A (BPA) were completely

removed within 10 and 20min, respectively, while the removal rate

of nitrobenzene (NB) reached 57.7% within 30min. The differences

in degradation rates may be attributed to the varying reactivities

of pollutant-specific functional groups with reactive species.

To investigate the mechanism of FeOOH/BC-1 activating PAA,

quenching experiments were first performed to verify the types of

active species generated in the system. Tert–butyl alcohol was used

to quench hydroxyl radicals (HO•), ethanol was used to quench

HO•, CH3C(=O)OO•, and CH3C(=O)O•, while furfuryl alcohol was

used to quench singlet oxygen (1O2) [33,37]. The results, shown

in Fig. 4a, indicate that the addition of tert–butyl alcohol had no

significant inhibition, suggesting that HO• has a weak presence

in the system. After adding ethanol, there was a slight inhibi-

tion after 30min, with the CFP removal rate around 95%, indi-

cating that CH3C(=O)OO• and CH3C(=O)O• contribute minimally.

After adding furfuryl alcohol, the degradation rate of CFP slowed

down, with a CFP removal rate of about 82.9% after 30min. To

further confirm the role of 1O2, NaN3 was added as a quencher

(Fig. 4a). The degradation efficiency showed negligible inhibition,

indicating that 1O2 contributed minimally to the degradation pro-

cess. The addition of KI effectively inhibited the degradation of

CFP, indicating the involvement of surface-bound oxidative species,

such as high-valent iron species. The contribution of high-valent

iron-oxo species was further verified using phenyl methyl sulfoxide

(PMSO) as a probe compound [38]. With increasing reaction time,

the concentration of phenyl methyl sulfone (PMSO2) gradually in-

creased, and the conversion rate of PMSO to PMSO2 reached ap-

proximately 25%, suggesting the participation of high-valent iron

species in the degradation of CFP (Fig. 4c). Considering the po-

tential role of carbon-material-mediated direct electron transfer

(DET), dichromate (Cr2O7
2−) and benzoquinone (BQ) were intro-

duced into the reaction system as electron acceptors. Upon the ad-

dition of dichromate, the degradation efficiency of CFP decreased

significantly from 100% to 38.4%, indicating the involvement of

a DET pathway in CFP degradation. Similarly, the presence of BQ

also suppressed the degradation of CFP. In addition, N2 purging

was conducted to exclude the contribution of superoxide radicals

(Fig. S8 in Supporting information), further supporting the DET

mechanism. Electron paramagnetic resonance (EPR) spectroscopy

was further employed to identify the active species in the system.

When DMPO was used as a spin-trapping agent, no significant ac-

tive species signals were observed, confirming the contribution of

HO•. However, when TEMP was used as the spin-trapping agent, a

clear signal of the triplet state appeared, confirming the presence

of singlet oxygen, attributed to the transformation of other reactive

species (Fig. 4b). Electrochemical tests were conducted to confirm

the formation of surface-active species further. Cyclic voltammetry

showed that the current significantly increased upon adding PAA

and CFP, with notable redox peaks (Fig. 4d), indicating that PAA

and CFP underwent redox reactions on the surface of FeOOH/BC-

1 [39]. Open circuit potential measurements showed that the po-

tential significantly increased after adding PAA (Fig. 4e), suggest-

ing that PAA transferred electrons to FeOOH/BC-1 [40]. When CFP

was added, the potential decreased, indicating that FeOOH/BC-1

transferred electrons to CFP [41]. These results further confirm the

formation of surface-active species in the FeOOH/BC-1/PAA system

and their subsequent electron transfer with CFP.

To further evaluate the stability of the catalyst, we conducted

post-reaction characterization, including SEM, XRD, and XPS analy-

ses. SEM images (Fig. S1d) show that the catalyst surface becomes

rougher after the reaction, indicating the interface reactions. Ele-

mental mapping (Fig. S2c) confirms that Fe remains uniformly dis-

tributed on the surface, consistent with the fresh catalyst. More-
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Fig. 4. (a) CFP degradation with different scavengers. (b) EPR spectra of TEMP 1O2. (c) PMSO degradation and PMSO2 formation. (d) Cyclic voltammetry experiments. (e)

Open-circuit voltage experiment. Experimental conditions: [CFP]=5mg/L, [PAA]=10 μmol/L, [FeOOH/BC]=0.1 g/L, [PMSO]=40 μmol/L, [tert–butanol]= [ethanol]= [furfural

alcohol]=4mmol/L, [KI]= [K2Cr2O7]= [NaN3]= [BQ]=1mmol/L.

over, the XRD pattern (Fig. S9 in Supporting information) shows no

new diffraction peaks after the reaction, suggesting that the crys-

talline structure of the catalyst remains stable. The changes in the

oxidation states of elements before and after the reaction were an-

alyzed (Fig. S10 in Supporting information), as shown in Table S4

(Supporting information). The composition of all elements did not

change before and after the reaction. For the carbon element, the

proportion of C–C components decreased after the reaction, while

the proportion of C–O components increased. This increase in the

proportion of C–O was due to the adsorption of CFP and its inter-

mediates onto FeOOH/BC. The binding energy of all carbon compo-

nents remained unchanged (Fig. S10a), suggesting that carbon ma-

terials did not directly participate in the activation of PAA during

the reaction. The proportion of pyridine N and pyrrole N increased

after the reaction, while the proportion of graphitic N decreased.

This change was attributed to the adsorption of CFP and its inter-

mediates onto FeOOH/BC. The binding energies of pyridine N, pyr-

role N, and graphitic N all increased after the reaction (Fig. S10b),

indicating that nitrogen acted as an electron donor in the activa-

tion of PAA [42]. The proportions of Fe-O bonds and C–O bonds

decreased after the reaction, while the proportion of adsorbed H2O

increased. This was due to the adsorption of H2O during the re-

action on FeOOH/BC. The binding energy of Fe-O bonds increased

after the reaction (Fig. S10c), indicating that lattice oxygen partic-

ipated in the activation of PAA [43]. The proportion of FeOOH at

711.1 eV decreased after the reaction, while the proportion of Fe(III)

assigned to Fe-OOH at 713.1 eV increased (Fig. S10d), suggesting

the transformation process of Fe-related species. The binding en-

ergies of both Fe(III) types decreased after the reaction, indicating

that both Fe(III) types acted as electron acceptors in the activation

of PAA [44]. In addition, the Fe content is directly proportional to

the catalytic activity of FeOOH/BC with a correlation coefficient of

0.91 (Fig. S11 in Supporting information). The proportion of Fe(III)

at around 711.1 eV has a higher correlation coefficient (0.93), indi-

cating that FeOOH is the primary active site. For nitrogen, the pro-

portions of pyridinic N and pyrrolic N show no significant correla-

tion with the catalytic activity of FeOOH/BC, while the proportions

of graphitic N exhibit a good correlation (Fig. S12 in Supporting

information).

Therefore, the degradation of CFP was primarily driven by the

combined effects of Fe-induced high-valent iron-oxo species and

biochar-mediated direct electron transfer.

Cyclic experiments were conducted to investigate the stability

of FeOOH/BC further. In the first three cycles, the removal rate of

CFP within 20min remained at 100%. In the fourth cycle, the re-

moval rate decreased slightly to 97.4% after 30min, and in the fifth

cycle, the removal rate dropped to 91.4 % (Fig. S13 in Supporting in-

formation). During the cyclic tests, the highest iron concentration

in the water reached 0.44mg/L after the first cycle. Subsequently,

the concentration of leached iron gradually decreased with each

cycle, reaching 0.16mg/L after the fifth cycle. The results confirmed

the good catalytic and structural stability of FeOOH/BC. Based on

the previous experiments, the activation of PAA by FeOOH/BC to

degrade CFP mainly occurs on its surface. Therefore, the decline

in the catalytic activity of FeOOH/BC is likely due to the coverage

of CFP and its degradation products on the surface. In this study,

FeOOH/BC was regenerated by calcining at 300 °C under nitrogen

for 1h. The regenerated FeOOH/BC was then used to activate PAA

to degrade CFP. The results showed that the removal rate of CFP

reached 100% within 20min, similar to the catalytic performance

of fresh FeOOH/BC (Fig. S14 in Supporting information). This fur-

ther confirmed that the main reaction in the FeOOH/BC/PAA sys-

tem occurs on the FeOOH/BC surface and provided a method for

regenerating FeOOH/BC.

Theoretical calculations were performed to elucidate the re-

active sites of CFP. Combined with experimental findings, singlet

oxygen (1O2) was identified as the predominant reactive oxygen

species (ROS), exhibiting weak electrophilic characteristics [45]. As

shown in Figs. 5a and b, the electrostatic potential (ESP) distri-

bution of the CFP molecule revealed that the pyridine ring and

carboxyl group are susceptible to 1O2 attack. The highest occu-

pied molecular orbital (HOMO) and lowest unoccupied molecu-

lar orbital (LUMO) analysis (Figs. 5c and d) indicated electron-

rich regions localized at the 2S and 7O atoms, which are prone

to oxidation by 1O2 [46]. Further evaluation of the Fukui in-

dex (Fig. 5e) highlighted the electrophilic reactivity (f0) of spe-

cific atoms: 2S (f0 =0.1149), 7O (f0 =0.0585), and 11N (f0 =0.0318),

consistent with their roles as primary reactive sites. Ultra-high-
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Fig. 5. (a) The geometry of CFP molecule. (b) ESP mapping of CFP. (c) HOMO and (d) LUMO of CFP. (e) Fukui index of CFP. (f) Proposed degradation pathway of CFP in

FeOOH/BC activated PAA system.

performance liquid chromatography-mass spectrometry (UHPLC-

MS) analysis of transformation products (TPs) confirmed three

degradation pathways (Fig. 5f): Pathway I: Oxidation at the 11N

site generated Product A (m/z 462.11479), which underwent se-

quential cleavage to yield Product B (m/z 218.00257) and Product

C (m/z 47.12904), ultimately mineralizing to CO2/H2O. Pathway II:

Attack at the 2S site formed Product D (m/z 462.11231), further ox-

idized to Product E (m/z 316.40259) and Product F (m/z 86.10036),

followed by complete mineralization. Pathway III: Decarboxyla-

tion of the β-lactam ring (19C, f0 =0.0288) produced Product G

(m/z=403.10356), which was subsequently converted to Product

H (m/z=174.11250) and Product I (m/z=61.00305), concluding in

CO2/H2O formation.

In summary, FeOOH/BC exhibits excellent catalytic activity in

activating PAA, and its catalytic activity can be modulated by con-

trolling the carbon content in the precursor biochar. When the

content of Fe(III) with more hydroxyl groups is higher, FeOOH/BC

shows greater catalytic activity toward PAA. The activation of PAA

by FeOOH/BC leads to the generation of singlet oxygen, high-valent

iron, and surface-active species, with surface-active species play-

ing a dominant role in removing CFP, followed by high-valent iron

and singlet oxygen. The iron and nitrogen active sites in FeOOH/BC

play a key role in activating PAA. The FeOOH/BC/PAA system also

shows excellent resistance to interference from inorganic ions and

can effectively remove common organic pollutants in the sys-

tem. This study provides a novel PAA catalyst, reveals the mech-

anism by which iron and nitrogen active sites activate PAA, and

offers a solution for removing refractory organic pollutants from

water.
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