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Synergistic catalytic ozonation by pyridinic 
N and C=O groups on cotton hulls biochar 
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Abstract 

Based on the concept of resource utilization, this study successfully prepared a green and highly efficient nitrogen-
doped biochar catalyst (N-BC-800) using agricultural waste cotton hulls as a raw material. This catalyst was then 
applied to the ozone-catalyzed degradation of N,N-diethyl-meta-toluamide (DEET), a typical insect repellent in water 
bodies. The apparent second-order rate constant reached 2358 M−1 s−1, representing a 106-fold increase compared 
to the O3 system alone, and a 25-fold increase compared to the O3/BC system. Experimental characterization and the-
oretical analysis indicate that C=O groups and pyridinic N structures on the material surface serve as primary catalytic 
active sites. These synergistically promote ozone decomposition and generate highly reactive intermediates which 
are further converted into reactive oxygen species (ROS), significantly enhancing DEET degradation performance. This 
catalyst exhibits excellent stability and applicability in real aquatic environments. It demonstrates broad-spectrum 
degradation effects on multiple pollutants while significantly reducing the ecotoxicity of reaction byproducts. This 
study provides theoretical support and practical pathways for developing highly efficient, green ozone-catalyzed 
materials.

Highlights 

•	 Agricultural waste is transformed into a highly effective water purification catalyst.
•	 Catalyst boosts ozone treatment efficiency by over 100-fold for pollutants.
•	 Surface active sites convert ozone into stronger reactive oxygen species.
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Graphical Abstract

1  Introduction
N,N-diethyl-meta-toluamide (DEET) is a highly effec-
tive and broad-spectrum insect repellent used globally 
(Gao et  al. 2020). Over 80% of DEET enters environ-
ment via domestic wastewater (Zhang et al. 2021). As a 
typical micropollutant, DEET concentrations in aquatic 
environments typically range from ng  L−1 to μg  L−1 
levels. For instance, DEET has been detected in major 
Chinese rivers such as the Yangtze, Huai, Yellow, Hai, 
and Liao Rivers, with maximum concentrations reach-
ing up to 10.2  ng  L−1 (Liu et  al. 2016). Owing to its 
environmental persistence and resistance to biodegra-
dation, conventional wastewater treatment processes 
are often ineffective in its removal, leading to its wide-
spread detection in aquatic systems at trace to micro 
levels (Liu et  al. 2016). Studies indicate that DEET 
exhibits toxicity to aquatic organisms, such as green 
algae, and poses potential human health risks, includ-
ing neurotoxicity, cardiotoxicity, and dermal irrita-
tion. To address the ecological and health risks brought 
by DEET, various treatment technologies have been 
applied to degrade persistent organic pollutants, such 
as adsorption, membrane separation, and advanced oxi-
dation processes. Among them, heterogeneous catalytic 
ozonation technology has attracted much attention due 

to its simple operation, strong oxidation capacity and 
high mineralization efficiency (Fu et al. 2025).

This catalytic system utilizes solid catalysts to enhance 
the ozonation process, promoting the decomposition 
of ozone and generating ROS such as hydroxyl radicals. 
This mechanism not only facilitates the efficient break-
down of pollutants into less harmful by-products but also 
overcomes the limitations of traditional ozone processes, 
including high reaction selectivity and incomplete min-
eralization. In comparison, other catalytic systems such 
as photocatalysis, Fenton-like processes, and biological 
treatments have been explored for the removal of organic 
pollutants (Sun et al. 2019). Photocatalysis, for instance, 
achieves high degradation efficiency under UV light but 
is limited by its high energy consumption and reliance 
on specific light sources. The Fenton process, another 
widely used oxidation method, generates hydroxyl radi-
cals for effective degradation. However, its application 
is often hindered by secondary pollutant formation and 
operational instability. While biological treatments are 
environmentally friendly, they are less effective for the 
treatment of high-concentration or toxic pollutants. 
In contrast, heterogeneous catalytic ozonation offers 
the advantage of operating efficiently without the need 
for external light or high chemical dosages, producing 
minimal secondary pollutants. Additionally, it provides 
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superior mineralization efficiency compared to some 
other catalytic systems, making it a promising technology 
for the treatment of persistent organic pollutants. How-
ever, The development of highly efficient ozone catalysts 
is crucial to optimizing this system’s performance (Cheng 
et al. 2024).

Biochar, as a catalytic carrier, exhibits superior elec-
tron transfer efficiency and more diverse surface func-
tional groups compared to traditional materials such as 
activated carbon and alumina, demonstrating significant 
advantages in the fields of green catalysis and environ-
mental remediation. Its well-developed pore structure 
is conducive to the effective doping of active compo-
nents, thus providing a good carrier foundation for the 
construction of high-performance catalysts. The raw 
materials for biochar are widely available, covering vari-
ous biomass resources such as agricultural and forestry 
waste, livestock and poultry manure, algae and bacteria, 
sludge, and kitchen waste. However, the original biochar 
usually has a limited specific surface area, weak adsorp-
tion capacity, and insufficient active sites, which restricts 
the exertion of its catalytic performance (Wang et  al. 
2019a). For this reason, developing effective modifica-
tion strategies to enhance its performance has become a 
research focus. Among them, heteroatom doping tech-
nology shows significant application potential by regulat-
ing the electronic structure of materials and increasing 
the number of active sites (Restivo et al. 2020).

Atomic doping, including both metal and non-metal 
elements, has proven effective in enhancing biochar 
catalysis (Fu et al. 2025). Metal doping (e.g., with Mn or 
Fe) can alter electron density, create new active sites, and 
introduce additional functional groups, thereby improv-
ing degradation efficiency (Tian et  al. 2021). Neverthe-
less, metal leaching poses serious environmental and 
health risks, limiting large-scale application. Alterna-
tively, non-metal doping has gained attention as a safer 
and more sustainable approach (Wang et al. 2016). Nitro-
gen-doped biochar (N-BC) incorporates N atoms into 
the carbon lattice, partially replacing carbon atoms and 
donating electrons to the sp2-hybridized carbon matrix, 
which enhances catalytic performance. For instance, 
Cheng et  al. (2024) demonstrated that nitrogen doping 
improved ozonation efficiency by nearly 50%. Recent 
studies also revealed that urea- and alkali-co-modified 
biochar achieves efficient peroxymonosulfate activa-
tion, where graphitic N and -COOH groups act as key 
active sites (Zhou et  al. 2025). Despite these advances, 
the detailed catalytic mechanisms of N-BC in ozonation 
remain inadequately elucidated, necessitating further 
investigation.

In this study, agricultural waste cotton hulls and urea 
were used as raw materials to construct nitrogen-doped 

biochar with a high defect structure through two-step 
pyrolysis, which was used as an efficient and sustainable 
non-metallic catalyst for the effective removal of refrac-
tory organic pollutants in water bodies. The catalytic 
degradation performance of the material for DEET under 
various environmental conditions was systematically 
evaluated, and its applicability, stability, and reusability 
in different water quality matrices were investigated. By 
combining characterization methods such as XRD, XPS, 
FTIR, and EPR, the correlation mechanism between the 
material structure and performance was revealed. The 
broad-spectrum degradation capacity of the catalyst was 
further studied. This research provides a theoretical basis 
and technical approach for the high-value utilization of 
agricultural waste and the design of green advanced oxi-
dation catalytic systems.

2 � Materials and methods
2.1 � Chemical reagents
The following reagents were purchased from Mack-
lin (China) and used without further purification: urea, 
tert-butanol (TBA), methanol (MeOH), catalase (CAT), 
p-benzoquinone (BQ), trisodium phosphate anhy-
drous (Na3PO4), β-carotene, 5,5-dimethyl-1-pyrroline 
(DMPO), p-chlorobenzoic acid (pCBA), nitroblue tetra-
zolium chloride (NBT), ibuprofen (IBP), N,N-diethyl-m-
toluamide (DEET), primidone (PRM), atrazine (ATZ), 
ketoprofen (KET), potassium indigo trisulfonate, mono-
sodium phosphate (NaH2PO4), sodium sulfate anhy-
drous (Na2SO4), sodium bicarbonate (NaHCO3), and 
sodium chloride (NaCl). All chemicals were of analyti-
cal grade. Natural organic matter (NOM) was sourced 
from the International Humic Substances Society (USA), 
and ultrapure water (18.2 MΩ) was employed in all 
experiments.

2.2 � Synthesis of nitrogen‑doped biochar
Biochar (BC) was prepared from cotton hulls, which 
were washed repeatedly with deionized water, dried, 
and then pyrolyzed in a tubular furnace under a nitro-
gen atmosphere (nitrogen flow rate: 0.15 L  min−1). 
The pyrolysis process was carried out at a heating rate 
of 5  °C  min−1 up to 800  °C, followed by a 2-h holding 
time at the target temperature. The resulting product 
was collected after cooling and used as the raw BC. 
Nitrogen-doped biochar (N-BC) was synthesized by 
pyrolyzing a mixture of raw BC and urea. In a typical 
procedure, a certain mass of BC was thoroughly ground 
with urea (mass ratio of urea to BC = 0.25:1,0.5:1,1:1 
and 1.5:1) for 30 min. The mixture was then heated in 
the tubular furnace under nitrogen (nitrogen flow rate: 
0.15 L  min−1) at 5 °C min−1 to different target temper-
atures (600, 700, 800, and 900  °C) and maintained for 
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2  h. The resulting N-BC samples were collected after 
cooling. The obtained catalysts were labeled according 
to their pyrolysis temperature as N-BC-600, N-BC-700, 
N-BC-800, and N-BC-900.

2.3 � Analytic characterization
The morphological and elemental features of the samples 
were examined by scanning electron microscopy (SEM, 
Thermo Scientific Apreo 2S) and transmission electron 
microscopy (TEM, Talos F200S). Physical and chemi-
cal properties were identified through X-ray diffrac-
tion (XRD, Bruker D8 ADVANCE), Fourier-transform 
infrared spectroscopy (FTIR, Bruker Tensor 27), Raman 
spectroscopy (Horiba Scientific LabRAM HR Evolution), 
X-ray photoelectron spectroscopy (XPS, Thermo Fisher 
ESCALAB 250Xi), and N2 physisorption measurements 
(Micromeritics). Electrochemical impedance spectros-
copy (EIS) was performed on an electrochemical work-
station (CH Instruments) to evaluate the charge transfer 
resistance of the catalysts. Furthermore, electron para-
magnetic resonance (EPR, Bruker A300) was utilized to 
detect and identify ROS generated during the catalytic 
process. Other analytical methods were summarized in 
Text S1.

2.4 � Catalytic ozonation experiments and analysis methods
DEET degradation via catalytic ozonation was per-
formed in a 250  mL batch reactor maintained at 25  °C. 
Ozone was generated using a COM-AD-01 ozone gen-
erator (Germany) and introduced continuously at a gas-
phase concentration of 0.58 mg min−1 and a flow rate of 
100 mL min−1. Standard reaction conditions included an 
initial DEET concentration of 10  mg  L−1, catalyst load-
ing of 0.1  g  L−1, stirring rate of 300  rpm, temperature 
of 25  °C, and an unadjusted initial pH of 5.5. At desig-
nated time intervals, samples were withdrawn, filtered 
through a 0.22  μm membrane, and analyzed for target 
compounds.

ROS were detected by electron paramagnetic reso-
nance (EPR) spectroscopy using DMPO (5,5-dime-
thyl-1-pyrroline N-oxide) as a spin trap for hydroxyl 
radicals (·OH) and superoxide anions (O2

·−), and TEMP 
(2,2,6,6-tetramethyl-4-piperidinol hydrochloride) for sin-
glet oxygen (1O2). Dissolved ozone (O3) was quantified 
by iodometric titration (see Text S2 for details). Target 
pollutants—DEET, ibuprofen (IBP), primidone (PRM), 
atrazine (ATZ), and ketoprofen (KET)—were analyzed 
by high-performance liquid chromatography (HPLC) as 
described in Text S1. All experiments were performed 
in triplicate, and results are reported as mean ± standard 
deviation.

2.5 � Kinetic model
The ozonation degradation mechanism of trace con-
taminants follows a dual-pathway route: (1) direct ozo-
nation, where ozone molecules (O3) undergo selective 
electrophilic reactions with the contaminants; and (2) 
free radical-mediated indirect oxidation (Xu et al. 2016a, 
2022). Hydroxyl radicals (·OH) initiate non-selective 
chain reactions (Eq.  (1)). During the experiment, excess 
ozone was continuously introduced to maintain a sta-
ble concentration of dissolved ozone in the liquid phase. 
Under this steady-state condition, the composite reaction 
rate constant (kcmb) was derived using Eq.  (2) to charac-
terize the overall degradation rate of the contaminant in 
the presence of the catalyst. The apparent reaction rate 
constant (kapp) was calculated using Eq. (3). In all kinetic 
parameter calculations, the ozone concentration [O3] was 
corrected using the time-weighted average (TWA) to 
eliminate the effect of instantaneous concentration fluc-
tuations. Finally, by comparing the composite reaction 
rate constant (kcmb) with the rate constant of the non-
catalytic control system, the enhancement effect of the 
catalyst on the degradation rate of the contaminant was 
quantitatively evaluated.

2.6 � Density functional theory calculation
The computational method of density functional theory 
(DFT) is described in Text S2.

2.7 � Toxicity assessment
Toxicological analysis was performed using T.E.S.T. soft-
ware to evaluate the rat acute oral median lethal dose 
(LD50), bioaccumulation factor (BCF), developmental 
toxicity, and mutagenicity of DEET and its degradation 
products. Bioavailability toxicity verification was car-
ried out by collecting water samples from the degrada-
tion process (filtered through a 0.22 μm membrane) and 
assessing the inhibition rate of luminescence intensity in 
Vibrio fischeri, which was used as an indicator to quan-
titatively characterize changes in the overall toxicity of 
the water. A microplate luminescent bacterial assay was 
employed using Vibrio fischeri following ISO 11348. A 
dilution series of the filtered water samples (100–0.1%) 
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was prepared, and 50 μL of Vibrio fischeri was added to 
each tube  and mixed thoroughly to avoid bubbles. The 
blank reference was set to 100% relative luminescence 
intensity. The assay was performed under temperature 
control at 25 °C, with luminescence measured at 470 nm 
for 15 min. The inhibition rate (IR%) was calculated and 
IC50 values were derived from the dose–response curves 
fitted by nonlinear regression. All data plots were gener-
ated using GraphPad Prism 8.

3 � Results and discussion
3.1 � Characteristics of N‑BC‑T
3.1.1 � Morphology and element distribution
As shown in Fig. 1a, BC and N-BC-800 were prepared via 
a simple pyrolysis strategy. BC was synthesized through 
one-step pyrolysis, and N-BC-800 was synthesized by 
mixing urea with BC followed by pyrolysis. The morpho-
logical features of the catalysts were examined by scan-
ning electron microscopy (SEM). As shown in Fig.  1b, 
the pristine biochar (BC) possessed a characteristic 
layered structure. This structural motif was largely pre-
served after nitrogen doping (Fig. 1c), with no significant 
morphological changes observed across pyrolysis tem-
peratures ranging from 600 to 900  °C (Additional file 1: 
Fig. S1). These results indicate that nitrogen incorpora-
tion does not compromise the structural integrity of BC, 
and that elevated pyrolysis temperatures do not induce 
structural degradation. Energy dispersive X-ray spec-
troscopy (EDX) elemental maps further showed that the 
nitrogen signal in the N-BC-800 sample was significantly 
enhanced compared to BC, and the nitrogen element was 
uniformly distributed in the carbon matrix, which indi-
cates successful nitrogen doping. High-resolution TEM 
imaging further corroborated the high crystallinity of 
N-BC-800, as evidenced by well-defined lattice fringes.

3.2 � Physicochemical properties
The crystal structures of all materials were analyzed by 
X-ray Diffraction (XRD) (Fig.  2a). BC and N-BC amor-
phous and crystalline carbon peaks belonged to (002) 
and (100) facets, respectively (Ding et  al. 2020). Other 
sharp peaks corresponded to CaCO3 derived from bio-
mass (JCPDS No. 87-1526).

The Fourier transform infrared (FTIR) spectrum 
(Fig.  2b) reveals an absorption peak at 3414  cm−1 cor-
responding to the stretching vibration of –OH groups 
(Zhou et  al. 2022). A significant peak at 1566  cm−1 is 
attributed to the C=N stretching vibration in the nitro-
gen-doped material, indicating the successful incorpora-
tion of nitrogen into the carbon framework (Ouyang et al. 
2019). Furthermore, an absorption peak at 1625  cm−1 
corresponds to C=O vibrations (Duan et al. 2014), while 
a peak at 1378  cm−1 represents C–H vibrations. The 
C–N vibration peak at 1080 cm−1 is notably higher in the 
nitrogen-doped samples compared to BC (He et al. 2016), 
further demonstrating that, after high-temperature treat-
ment and the removal of unstable groups, defect sites 
in the carbon skeleton are exposed, and nitrogen atoms 
anchor to these topological defects in the form of ther-
mally stable heterocyclic nitrogen (Wan et al. 2020).

The intensity ratio of D band to G band (ID/IG) in 
Raman spectroscopy can effectively evaluate the degree 
of defects in carbon materials (Choi et  al. 2012). As 
shown in Fig. 2c, the characteristic peaks located at 1352 
cm−1 and 1558 cm−1 correspond to the defect-induced 
vibrational mode (D band) and in-plane stretching vibra-
tion (G band) in the sp2 carbon structure, respectively 
(Wang et al. 2023b). The analysis indicates that the ID/IG 
ratio of nitrogen-doped biochar was significantly higher 
than that of undoped BC (1.046), confirming that nitro-
gen doping introduces more structural defects. The ID/IG 
ratio increased to a maximum and then decreased with 

Fig. 1  a Schematic illustration of the synthesis process of BC and N-BC-800, b SEM images of BC and c N-BC-800
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increasing pyrolysis temperature, with N-BC-800 having 
the highest ratio (1.206), indicating the highest degree of 
defects in the studied system. It is generally believed that 
oxygen and nitrogen-containing functional groups tend 
to be located at edge defect sites of carbonaceous materi-
als, and defects are the key factors promoting O3 decom-
position (Wei et al. 2020). A higher ID/IG ratio confirms 
the presence of abundant edge and structural defects in 
the material, thereby enhancing its electron supply capa-
bility. Therefore, the high chemical potential and free 
electrons that may be induced by nitrogen doping can 
effectively promote O3 decomposition and generate ROS 
(Banhart et al. 2010).

The specific surface area and pore size distribution 
were characterized by N₂ physisorption (BET method), 
with the results shown in Fig.  2d and Additional file  1: 
Table S3. The specific surface area of N-BC-800 was 66.13 
m2  g−1, and the total pore volume was 0.01094 cm3  g−1, 
which were 3.35 times and 1.84 times higher than those 
of BC material (19.74 m2  g−1, 0.00593 cm3  g−1), and the 
average pore size was significantly reduced. The results 
show that nitrogen doping can effectively optimize the 
pore structure. These changes are attributed to lattice 
distortion and topological defects caused by nitrogen 
doping, which expose more internal pores. At the same 
time, nitrogen atoms stabilize the defect sites through 
covalent bonds, enhance the stability of the carbon layer, 
inhibit pore collapse, and promote the formation of hier-
archical pore structure dominated by mesopores.

Electrochemical impedance spectroscopy (EIS) analysis 
revealed the electron transfer characteristics of the cata-
lyst (Fig. 2e). Compared to pristine BC, the capacitive arc 
diameter of the nitrogen-doped catalyst was significantly 
reduced, indicating that the introduction of nitrogen sig-
nificantly enhanced the charge transfer efficiency of the 
material. Among samples prepared at different pyrolysis 
temperatures, the N-BC-800 sample exhibited the small-
est capacitive arc radius, indicating its optimal electron 
transfer performance within this catalyst series, thereby 
accelerating the decomposition of ozone for ROS genera-
tion (Yu et al. 2020).

The X-ray photoelectron spectroscopy (XPS) survey 
spectra (Fig. 2f ) revealed a substantially higher nitrogen 
content in the doped samples compared to BC, which 
confirmed the effective incorporation of nitrogen. The 
nitrogen content reached a maximum at 800  °C and 
decreased with the continued increase of temperature. It 
might be attributed to thermal decomposition of nitro-
gen functional groups and subsequent formation of 
nitrogen-conjugated structures.

To clarify the chemical state of the catalyst surface, 
high-resolution X-ray photoelectron spectroscopy (XPS) 
was used for characterization (Fig.  3). The deconvolu-
tion of the C 1 s spectrum yielded four component peaks 
at binding energies of 284.8, 286.1, 287.1, and 288.8  eV, 
representing C–C/C=C (77.73%), C–O (7.76%), C–N 
(9.05%) and O–C=O (5.57%), respectively (Xu et  al. 
2016b). which confirmed that the carbon skeleton was 

Fig. 2  a XRD patterns, b FTIR spectra, and c Raman spectra of BC, N-BC-600, N-BC-700, N-BC-800, and N-BC-900. d Adsorption–desorption 
isotherms of BC and N-BC-800. e EIS spectra and f XPS survey spectra of BC, N-BC-600, N-BC-700, N-BC-800, and N-BC-900
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mainly graphite structure. The N 1s spectra showed 
three characteristic peaks at 398.5, 400.3, and 401.2 eV, 
corresponding to pyridine type nitrogen (49.99%), pyr-
role type nitrogen (26.99%) and graphite type nitrogen 
(23.02%), respectively (Duan et al. 2014), indicating that 
nitrogen was mainly in the pyridine type configuration. 
The O 1s spectrum showed three characteristic peaks at 
531.1, 532.1, and 533.3 eV, corresponding to C=O bond 
(29.12%), –OH (32.44%) and adsorbed H2O (38.44%), 
respectively (Jingjing et  al. 2022), reflecting the rich 
hydroxyl and hydration characteristics of the catalyst 
surface.

A comparative analysis was conducted on catalysts 
with different pyrolysis temperatures and nitrogen dop-
ing levels. The results showed that the nitrogen-doped 
samples had fewer C–O and C=O functional groups than 
the original biochar material. This suggests that introduc-
ing nitrogen effectively eliminates unstable oxygen-con-
taining functional groups. This finding is consistent with 
observations made using FTIR. Concurrently, the C–N 
content increased gradually with rising nitrogen dop-
ing levels, suggesting that nitrogen atoms may replace 
oxygen atoms or occupy defect sites within the carbon 
matrix. It is also interesting to note that the proportion of 
pyridinic N increased with temperature up to 800 °C, but 
then decreased at 900 °C, which is likely due to thermal 
decomposition. The results demonstrate that pyrolysis at 
800 °C enhances the structural order of the carbon layer 
whilst promoting the insertion of nitrogen atoms into the 
hexagonal ring system. This process generates an abun-
dance of pyridinic N sites that act as catalytic centres.

N-BC-800 exhibited high defect density, abundant pyri-
dinic N, optimized pore structure, and enhanced electron 
conductivity. These structures were considered crucial 
for enhancing catalytic ozone oxidation performance. 
Its structural defects and pyridine nitrogen served as 
active centers for ozone adsorption and decomposition, 
promoting ROS generation by mediating electron trans-
fer. Concurrently, the expanded specific surface area and 
hierarchical porosity facilitated mass transfer and enrich-
ment of reactants, while the improved conductivity accel-
erated interfacial reaction kinetics. To directly validate 
how these structural advantages translated into catalytic 
performance, a series of catalysts were systematically 
evaluated for the catalytic ozone oxidation degradation of 
pollutants.

3.3 � Catalytic performance of N‑BC‑800
This study systematically evaluated the catalytic perfor-
mance of nitrogen-doped biochar using DEET as the 
target compound. Due to DEET’s ozone-resistant deg-
radation properties, its direct reaction rate with ozone 
is extremely low (kO₃,DEET = 40.8  M−1  s−1), yet it exhibits 
high reactivity toward hydroxyl radicals (k·OH,DEET = 1
.18 × 109  M−1  s−1) (Xu et  al. 2022). As shown in Fig. 4a, 
N-BC-800 exhibited less than 5% adsorption removal effi-
ciency within 20 min, indicating very limited adsorption 
capacity. The removal rate remained stable at approxi-
mately 5% over the subsequent 30  min without further 
improvement (Additional file  1: Fig.  S2), indicating that 
the system’s contribution to pollutant removal primarily 
stems not from adsorption but from catalytic reactions. 

Fig. 3  High-resolution scanning XPS spectra of a C 1s, b N 1s, and c O 1s in BC, N-BC-600, N-BC-700, N-BC-800, and N-BC-900
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Compared to ozone alone, adding biochar resulted in 
only a slight improvement in degradation efficiency, 
suggesting limited catalytic activity of the biochar mate-
rial. However, the addition of N-BC-800 elevated the 
treatment efficiency to 94%, demonstrating a significant 
improvement in performance. This indicates the material 
possesses outstanding catalytic capability.

Additionally, the ozone concentration in the liquid 
phase was measured (Fig.  4b), revealing that N-BC-800 
exhibited the highest ozone utilization rate, indirectly 
reflecting its outstanding catalytic capability. The kcmb 
was calculated  from liquid phase ozone concentration 
and Eqs.  (2) and (3). As shown in Fig.  4c, the apparent 
rate constant (kcmb) of the O3/N-BC-800 system reached 
2538 M−1 s−1, which was 106 times and 25 times higher 
than that of ozone alone (24 M−1 s−1) and the O3/BC sys-
tem (100 M−1 s−1), respectively. In addition, under dif-
ferent mass ratios, the degradation rate was fastest when 
the urea:BC ratio was 1:1 (Additional file 1: Fig. S3). At 
different pyrolysis temperatures, the kcmb value of N-BC-
800 was 5 times, 4 times and 1.4 times higher than that of 
N-BC-600, N-BC-700, and N-BC-900, respectively. The 
above results fully proved the excellent catalytic perfor-
mance of the catalyst in the ozone treatment process.

Based on systematic characterization and perfor-
mance analysis, the ozone degradation catalytic activity 
of N-BC-800 toward DEET was significantly enhanced, 
achieving a degradation rate constant of 2538  M⁻1 s⁻1. 
This value represents a 106-fold increase over ozone 
alone and a 25-fold increase over BC, attributable to 
the multiple structural optimizations induced by dop-
ing. Nitrogen doping successfully introduced abundant 
structural defects alongside numerous catalytic nitrogen 
species and oxygen-containing functional groups. Con-
currently, it optimized the material’s physical structure, 
substantially increasing its specific surface area and form-
ing a hierarchical pore system dominated by mesopores. 
Collectively, these factors endowed the material with 
exceptional catalytic activity. This fully validates the 
intrinsic connection between nitrogen doping, structural 
synergistic optimization, and performance enhancement.

In order to evaluate the broad-spectrum catalytic 
performance of N-BC-800, we selected four typical 
organic pollutants, including triazine herbicide atrazine 
(ATZ), nonsteroidal anti-inflammatory drugs ketopro-
fen (KET)  and ibuprofen (IBP), and antiepileptic drug 
sodium valproate (PRM). These pollutants were selected 
because of their high distribution in the environment, 
ecological risks, and unique functional group structure 

Fig. 4  BC and N-BC prepared at different calcination temperatures. a Catalytic degradation of DEET in the ozonation reaction, with corresponding 
b liquid-phase ozone concentrations and c apparent kinetic constants and secondary kinetic constants. d and e Removal tests of different 
organic pollutants by O3 and O3/N-BC-800. f Effect of pH on O3/N-BC-800 system. Conditions: [pollutants]0 = 10 mg L−1, catalyst = 0.1 g L−1, [O3] 
in gas = 0.58 mg min−1, Temperature = 25 °C, pH 5.5 not adjusted
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(triazine ring, carboxyl group and amide group, respec-
tively). As shown in Fig.  4d–e, compared with ozone 
treatment alone, the removal rates of ATZ, KET, PRM, 
and IBP increased by 52%, 20%, 48% and 21%, respec-
tively, in the O3/N-BC-800 system, which fully proved its 
extensive catalytic efficiency. Ozone preferentially oxi-
dizes electron-rich groups, so the electronic properties of 
pollutant functional groups determine their degradation 
activity. N-BC-800 promotes ozone decomposition to 
generate non-selective ROS, weakening structural selec-
tivity and broadening the range of oxidizable species. 
Consequently, molecules containing carboxyl groups 
exhibit limited reactivity enhancement due to reduced 
ionization and electron-withdrawing effects. Nitrogen-
containing structures, however, rely more heavily on ROS 
oxidation, resulting in significantly greater enhancement.

To further evaluate the comprehensive performance of 
N-BC-800, we compared the performance of nitrogen-
doped carbon catalysts, typical metal oxides, and com-
posite catalysts in ozone oxidation or other advanced 
oxidation systems (Additional file 1: Table S5), and plot-
ted a comparison of their kinetic constants k (Addi-
tional file  1: Fig. S5). In this study, the O3/N-BC-800 
system exhibited relatively high kinetic constant 
(k = 0.135 min−1) alongside excellent reusability (approxi-
mately 80% activity retention after five cycles). This 

indicates that N-BC-800 possesses both outstanding 
catalytic efficiency and stability compared to similar cata-
lysts and common catalysts. Collectively, these results 
demonstrate that N-BC-800 not only enhances ozone uti-
lization but also efficiently and broadly degrades pollut-
ants with diverse structural characteristics.

The effect of pH on DEET degradation was also exam-
ined (Fig. 4f ). Experiments designed under conditions of 
pH = 4.5–9.0 revealed high treatment efficiency across 
a broad pH range, with only a slight decrease at pH 4.5. 
This may be attributed to the limited ozone solubility 
under acidic conditions (Kosak et  al. 1983). However, 
the degradation efficiency under this condition remained 
higher than that achieved with ozone or BC alone, further 
demonstrating the material’s excellent pH adaptability.

3.4 � Pyridinic N and C=O groups synergistically promote 
ROS generation.

3.4.1 � Catalytic active species of N‑BC‑800
To investigate the removal effect of reactive oxygen spe-
cies on DEET, quenching experiments were conducted 
(Fig. 5a). The results demonstrated that adding the super-
oxide radical (O2

·⁻) quencher benzoquinone (BQ) to the 
system caused the degradation efficiency of the target 
compound to plummet from 96% to 22% (Zhao et  al. 
2022). This finding strongly confirms that superoxide 

Fig. 5  a Quenching tests in the O3/N-BC-800 system. EPR signals of b DMPO-·OH, c DMPO-O2
·−, and d TEMP-1O2 adducts in O3, O3/BC, and O3/

N-BC-800 systems. e Quantitative analysis of the ·OH and O2
·− in O3 and O3/N-BC-800 systems. f Contribution ratios. Conditions: [pollutants]0 = 10 mg 

L−1, catalyst = 0.1 g L−1, [O3] in gas = 0.58 mg min−1, Temperature = 25 °C, pH 5.5 not adjusted, [TBA]0 = 2 mM, [BQ]0 = 1 mM, [MeOH]0 = 2 mM, 
[CAT]0 = 300 U mL−1, [β-carotene]0 = 5 mM
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radicals are one of the primary active species involved 
in the degradation process. Using methanol and tert-
butanol (TBA) as hydroxyl radical quenchers yielded 
comparable results (Wang et  al. 2020a). Upon adding 
tert-butanol to the system, the degradation efficiency sig-
nificantly decreased to 35%; when methanol served as the 
hydroxyl radical (·OH) quencher, the efficiency dropped 
to 55%. Both findings confirm the crucial role of hydroxyl 
radicals in the degradation process. Furthermore, add-
ing hydrogen peroxide (H2O2) quencher catalase (CAT) 
did not significantly alter degradation efficiency (Fotiou 
et  al. 2016), indicating limited H2O2 activity in the sys-
tem. Similarly, adding singlet oxygen (1O2) quencher 
β-carotene did not inhibit degradation efficiency, sug-
gesting the absence of singlet oxygen in the system.

The generation of reactive oxygen species from the 
catalyst was monitored using the EPR technique. As 
shown in Fig.  5b–c, test results indicated that no dis-
tinct DMPO-·OH or DMPO-O2

·− characteristic signals 
were detected in either the O3 or O3/BC systems alone. 
However, in the O3/N-BC-800 system, a characteristic 
quadruplet peak with an intensity ratio of 1:2:2:1 was 
observed. This signal was assigned to the DMPO-·OH 
adduct, confirming the generation of hydroxyl radicals 
(Zhou et  al. 2022). Concurrently, the characteristic sex-
tet peak specific to DMPO-O2

·− also appeared in this 
system, indicating the coexistence of superoxide radicals. 
In addition to ROS, singlet oxygen (1O2) is another form 
of reactive oxygen that frequently accompanies radi-
cal oxidation. As shown in Fig.  5d, compared to the O₃ 
control group, the intensity of the triple characteristic 
signal for TEMP-1O2 did not increase in the O₃/BC and 
O₃/N-BC-800 systems, indicating that singlet oxygen 
was not generated in these systems. The above quench-
ing experiments and EPR analyses showed that ·OH and 
O2

·− are the main ROS in the system. The roles of reactive 
oxygen species were further supported by in  situ infra-
red characterization. DRIFTS results (Additional file  1: 
Fig. S16) revealed the dynamic evolution of O3

·−, O2
·−, 

and ·OH during ozone treatment. These findings dem-
onstrated that N-BC-800 catalyzes the generation of O2

·− 
and ·OH from ozone.

To further elucidate the role of various ROS in the deg-
radation of DEET within the O3/N-BC-800 system, the 
quantitative analysis using probe compounds was per-
formed. 4-chlorobenzoic acid (pCBA) was used to detect 
·OH, and nitroblue tetrazole chloride (NBT) was used to 
detect O2

·− (Wang et al. 2023a). The results showed that 
compared with the ozone system alone, the ·OH exposure 
of O3/N-BC-800 system increased by 46%, and the O2

·− 
accumulation increased by 5.6 times (Fig. 5e). The contri-
bution analysis further clarified the relative importance 
of DEET degradation pathways: O2

·− (48.21%) > ·OH 

(36.40%) > direct ozone oxidation (15.39%) (Fig.  5f ). 
These results clearly confirmed that O2

·− was the main 
active substance in the degradation process, and ·OH was 
the key synergy.

3.4.2 � Catalytic active sites of N‑BC‑800
Different nitrogen-doped species play distinct roles in 
the catalytic ozone oxidation process. Pyridinic N, owing 
to its lone pair electrons located at edges or defects, 
strongly adsorbs and promotes the spontaneous disso-
ciation of ozone (Xiong et  al. 2023). It primarily facili-
tates the generation of surface-adsorbed oxygen atoms 
and free peroxy species, thereby significantly accelerat-
ing radical chain reactions dominated by ·OH. In con-
trast, pyrrolic N exhibits weaker direct ozone activation 
capabilities (Sun et al. 2019). Its primary function lies in 
enhancing the apparent reaction rate by strengthening 
the interfacial adsorption and enrichment of pollutants. 
Alternatively, within specific material systems, it acts 
as a synergistic site that modulates the local electronic 
environment and aids in ·OH generation (Zeng et  al. 
2024). Graphitic N plays a central role by significantly 
altering the electronic structure of the carbon frame-
work, endowing adjacent carbon atoms with high charge 
density and transforming them into active sites for effi-
cient ozone adsorption and dissociation (Xu et al. 2020). 
Simultaneously, graphitic N significantly promotes inter-
facial electron transfer, serving as a key factor governing 
non-radical oxidation reactions (direct electron transfer) 
(Zhu et  al. 2022). Furthermore, the C=O  group, as an 
electron-rich site, is often recognized as a crucial active 
site for triggering non-radical reactions and generating 
various ROS.

To identify the key active sites of N-BC-800 in the 
catalytic ozonation process, this study systematically 
analyzed the correlation between the functional group 
composition on the catalyst surface and the DEET deg-
radation kinetics (Fig.  6a). Correlation results indicated 
a significant positive correlation between the apparent 
reaction rate constant (kcmb) and the relative content of 
C=O and pyridinic N groups. Additionally, C–N groups 
also correlate with the apparent reaction rate constant, 
though to a slightly lesser extent. Literature indicates that 
pyridinic N can contribute its π electrons to the conju-
gated system, enhancing the material’s electron-donating 
ability. This facilitates electron transfer to oxidants and 
promotes ROS generation (Yang et al. 2022). Simultane-
ously, C=O groups have been reported to promote ozone 
activation, induce ROS generation, and enhance electron 
transfer in similar systems (Wang et  al. 2018), further 
driving ozone decomposition to produce radicals such 
as ·OH or O2

·⁻ (Song et  al. 2019b). In contrast, –OH, –
COOH and graphitic N showed negative correlations 
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with kcmb, while other functional groups like C–C/C=C, 
C–O, and pyrrolic N exhibited weaker influences. Col-
lectively, C=O and pyridinic N are likely the most prob-
able active sites in the N-BC-800-catalyzed ozonolysis 
process.

In order to investigate the mechanism of active sites, 
Spearman correlation analysis was further employed 
to systematically evaluate the correlation between vari-
ous functional groups in catalyst kcmb (Fig.  6b). The red 
and blue areas in the heat map represent the positive 
and negative correlations, respectively, and the depth 
of the color reflects the strength of the correlation. The 
analysis results indicated a significant positive correlation 
between pyridinic N and the C=O functional group.

Pre-reaction accurate XPS spectra further elucidated 
the active sites (Fig.  6c–e). Before and after the reac-
tion, the pyridinic N content decreased from 49.99% to 

45.36%, and the  C=O content decreased from 29.12 to 
28.02%. It was further confirmed that C=O and pyridinic 
N were active sites. In summary, the C=O and pyridinic 
N groups are the primary active sites, and synergistic 
interactions may also exist between them.

3.4.3 � Synergistic mechanism of the O3/N‑BC‑800 System
To investigate the mechanism of action of the active sites 
(C=O and pyridinic N groups) identified in the explora-
tory experiments during the catalytic reaction, this study 
employed density functional theory for computational 
analysis (Fig.  7). The results indicated that the adsorp-
tion energies of ozone molecules on the pyridinic N and 
C=O sites were  −1.61 eV and  −0.40 eV, respectively. 
This confirmed that both sites are capable of spontane-
ous chemisorption with ozone. Notably, when pyridinic 
N and C=O coexisted in a neighboring configuration 

Fig. 6  a Correlation between the content of various groups and the DEET degradation rate during the catalytic ozonation process of N-BC-800 
at different calcination temperatures. b Contribution of each group to DEET degradation, XPS fine spectra of c C1s, d N1s, and e O1s 
before and after the reaction
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(Fig. 7a), the ozone adsorption energy further decreased 
to  −1.84  eV, indicating the strongest adsorption/activa-
tion capability among the three models. Furthermore, at 
the pyridinic N sites, the O–O bond of adsorbed ozone 
molecules undergoes significant stretching or even 
breaking, indicating efficient activation and conversion of 
ozone into highly reactive intermediates. Consistent with 
the more negative adsorption energy, the pyridinic N–
C=O cooperative site exhibits an even stronger interac-
tion with ozone, implying a more pronounced tendency 
toward ozone activation and subsequent transformation 
into reactive intermediates. These intermediates can sub-
sequently react with water molecules or surface hydroxyl 
groups to generate ·OH, thereby significantly enhanc-
ing the system’s oxidative capacity. Notably, the role of 
pyridinic N as an active site for ozone activation is con-
sistent with findings in other heteroatom-doped carbon 
systems. For instance, studies on N-doped nanocarbons 

have also highlighted pyridinic N as a key “radical-gen-
eration” site that facilitates O–O bond cleavage and 
promotes ·OH formation through redox processes (Sun 
et  al. 2019). Moreover, similar mechanistic roles have 
been observed for other heteroatoms such as phosphorus 
and boron, where doping-induced charge redistribution 
enhances ozone adsorption and decomposition (Wang 
et al. 2019b).

Bader charge analysis further corroborated these find-
ings, revealing that ozone molecules adsorbed on pyri-
dinic N and C=O sites acquired 0.87 and 0.26 electrons, 
respectively. Importantly, ozone adsorbed on the pyri-
dinic N–C=O cooperative site gained 1.02 electrons 
(Fig.  7b), demonstrating the highest electron transfer 
capacity and further supporting its superior ozone acti-
vation efficiency. This data aligns closely with adsorp-
tion energy trends, revealing a clear structure–activity 
relationship between adsorption strength and electron 

Fig. 7  a Adsorption energy of ozone molecules adsorbed on the pyridinic N, C=O, and pyridinic N–C=O groups on the surface of N-BC-800. b 
Differential charge density map of charge analysis on pyridinic N, C=O, and pyridinic N–C=O (blue regions indicate electron depletion; yellow 
regions indicate electron accumulation). c Charge density distribution in the presence of pyridinic N, C=O, and pyridinic N–C=O
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transfer capacity. More negative adsorption energies 
indicate stronger electron-donating ability of the site to 
ozone, leading to higher ozone activation efficiency. The 
charge-density difference isosurfaces in Fig. 7b also visu-
ally confirm this electron transfer behavior, with elec-
tron accumulation/depletion regions concentrated at the 
ozone-active-site interface, and the most pronounced 
redistribution occurring for the pyridinic N–C=O model. 
In addition, the 2D electronic distribution maps in Fig. 7c 
indicate that the reactive region is preferentially local-
ized around defect/edge areas, and the pyridinic N–C=O 
configuration exhibits a more intense localized response 
than the single-site models, further evidencing the syn-
ergistic enhancement of interfacial activation. To address 
whether internal sites or isolated functional groups away 
from edges may also contribute, we further constructed 
additional structural models in which C=O and/or pyri-
dinic N were positioned in the interior region and/or not 
in a neighboring arrangement (Additional file 1: Fig. S26). 
The new calculations showed that, compared with the 
edge-adjacent pyridinic N–C=O pair, these internal/sep-
arated configurations generally exhibited weaker ozone 
adsorption and less pronounced interfacial charge redis-
tribution, suggesting a reduced tendency for direct O–O 
bond weakening/cleavage. Mechanistically, such internal 
or isolated groups are still able to chemisorb ozone and 
may serve as auxiliary “capture/enrichment” centers that 
increase local ozone residence time and facilitate sub-
sequent migration/activation at more reactive defect/
edge domains; however, efficient radical-generation is 
expected to preferentially occur at exposed defect/edge 
environments where electronic states are more local-
ized and the cooperative donor-polarization effect can 
be maximized. Based on the strengthened adsorption 
and enhanced interfacial electron transfer, we clarified 
that the neighboring pyridinic N–C=O pair functions 
as a coupled donor-polarization unit. Pyridinic N pri-
marily contributes electron donation to ozone, while the 
adjacent C=O modulates/polarizes the local electronic 
environment, stabilizing charge rearrangement and facil-
itating greater electron population on ozone—hereby 
promoting O–O bond weakening/cleavage and subse-
quent formation of reactive oxygen intermediates, which 
then drive ·OH generation.

To further provide experimental evidence for the syn-
ergy between pyridinic N and C=O, we performed selec-
tive site-passivation/control experiments (Additional 
file  1: Fig. S27-S29). The results showed that when the 
catalyst surface was modified to retain only a single type 
of active site (either pyridinic N or C=O), the catalytic 
activity decreased markedly. In contrast, the catalyst pre-
serving both functionalities exhibited a higher reaction 
rate and stronger oxidative capacity. These observations 

demonstrate that, compared with isolated single sites, 
the neighboring pyridinic N–C=O cooperative site more 
efficiently activates ozone and promotes the generation 
of ROS, thereby significantly enhancing catalytic per-
formance. This experimental evidence is in good agree-
ment with our DFT results, which indicate strengthened 
adsorption/charge transfer and facilitated O–O bond 
weakening/cleavage at the cooperative pyridinic N–C=O 
site.

In comparison with other oxygen-containing functional 
groups reported in heteroatom-doped carbons, the C=O 
group in this study exhibits a relatively moderate adsorp-
tion energy but still plays a crucial role in ozone activa-
tion. This aligns with previous reports that electron-rich 
oxygen groups on carbon surfaces can act as Lewis basic 
sites to promote ozone decomposition and ·OH genera-
tion, albeit often to a lesser extent than nitrogen dopants 
when both are present (Ta et al. 2024).

To experimentally verify that C=O sites promote ROS 
generation rather than merely serving as weak adsorp-
tion sites, we controlled the composition of active sites 
through muffle furnace calcination. XPS analysis of the 
calcined samples (Additional file 1: Fig. S11) revealed that 
pyridine nitrogen content decreased to 1.26% (equivalent 
to BC), while C=O content significantly increased from 
2.93% to 7.94%. Notably, despite the reduced pyridine 
nitrogen content, calcined samples exhibited enhanced 
DEET degradation kinetics (Additional file  1: Fig. S12), 
directly demonstrating that enriched C=O groups sig-
nificantly promote ozone activation and ROS-mediated 
pollutant degradation. Consistent with this, radical iden-
tification and quantitative analysis further indicated that 
C=O enrichment markedly increased ROS production 
(Additional file  1: Fig. S13 and S14). Quenching experi-
ments revealed that compared to uncalcined materials, 
calcined N-BC-800 exhibited significantly enhanced inhi-
bition of DEET degradation upon addition of BQ. Further 
quantitative testing revealed markedly higher concentra-
tions of O2

·⁻ generated on the material’s surface. These 
findings directly demonstrate that C=O groups formed 
on the surface during calcination effectively promote O2

·⁻ 
generation, thereby enhancing the superoxide radical-
based catalytic oxidation pathway. Notably, despite the 
relatively weaker direct adsorption and electron transfer 
capabilities of the C=O group, it plays a crucial role in 
the catalytic system. It can activate ozone into the ozon-
ide anion through specific electron transfer pathways, a 
species that serves as a key precursor for ·OH generation. 
Simultaneously, adsorbed ozone can also be activated 
into superoxide radicals, collectively promoting the effi-
cient progression of the catalytic oxidation process.

As shown in Fig.  8, supported by experimental 
results and DFT calculations, a mechanism for DEET 
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degradation in the O3/N-BC-800 system is proposed. 
In this system, the primary catalytic active sites are 
C=O groups and pyridinic N. Their interactions gen-
erate abundant ROS species such as ·OH and O2

·−. 
Specifically, pyridinic N acts as an efficient electron 
donor, transferring electrons to adsorbed ozone mol-
ecules to generate ·O−

3
 as shown in Eq.  (4). ·O−

3
 sub-

sequently forms HO3· (Eq.  (5)) (Sui et  al. 2010) and 
rapidly converts to ·OH (Eq.  (6)) (Xiao et  al. 2017). 
The C=O group and ozone convert to ·OH and O2

·− 
(Eqs. (7) and (8)) (Wang et al. 2020b), with ·O−

3
 subse-

quently forming HO3· (Eq.  (4)) and rapidly converting 
to ·OH (Eq. (5)) (Song et al. 2019a). Finally, the gener-
ated reactive oxygen species can diffuse into the bulk 
solution, thereby contributing to DEET removal.

(4)N - BC - 800 - pyridineN+O3 + e− ↔ ·O−
3

(5)·O−
3 +H2O ↔ HO3·

(6)HO3· ↔ O2 + ·OH

(7)N− BC− 800− C = O+O3 ↔ O·−
2

(8)N− BC− 800− C = O+O3 ↔ ·O−
3

 

3.5 � Stability and reusability of N‑BC‑800
To evaluate the catalytic performance of N-BC-800 
under different environmental conditions, we examined 
the effects of natural organic matter (NOM) and com-
mon inorganic anions (SO4

2−, Cl−, and HCO3
−) on DEET 

degradation (Fig.  9a–b). The results showed that NOM 
or SO4

2−/Cl− did not significantly affect the degradation 
efficiency. In contrast, HCO3

− exhibits a slight inhibitory 
effect, which can be attributed to its bicarbonate react-
ing with hydroxyl radicals to generate weakly oxidizing 
carbonate radicals (Yang et al. 2015). In actual water sub-
strates, the characteristics of the actual aqueous matrix 
are shown in Additional file  1: Table  S4. In municipal 
wastewater treatment plant effluent and river water, the 
initial degradation rate of DEET showed a slight decline, 
possibly due to the competitive consumption of ozone 
and ROS by background components (Fig. 9c). However, 
the final removal efficiency was still comparable to that 
observed in ultrapure water. The above results indicate 
that N-BC-800 can maintain good catalytic activity in dif-
ferent water substrate environments.

Further analysis of dissolved organic matter (DOM) 
in real water was performed using three-dimensional 
fluorescence spectroscopy (EEM). The results showed 
that DOM is mainly composed of aromatic proteins, 

Fig. 8  Mechanism diagram of DEET degradation in the O3/N-BC-800 system
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microbial metabolites, and fulvic acid like substances 
(Fig. 9d–e). After treatment with the O3/N-BC-800 sys-
tem, the fluorescence intensity in all regions was sig-
nificantly reduced, and the decomposition efficiency of 
fulvic acid-like substances and microbial-derived com-
pounds was significantly improved. At the same time, the 
increase in T/C indicates an enhanced biodegradability 
of the water body (Additional file 1: Fig. S6 a-d). In sum-
mary, N-BC-800 can still maintain high catalytic activity 
in actual water bodies.

Further evaluation of conventional water qual-
ity parameters showed that the removal rates of total 
organic carbon TOC and chemical oxygen demand 
COD in the secondary effluent increased from 28% and 
35% to 50% and 42%, respectively, while the removal 
rates in river water increased from 46% and 50% to 58% 
and 56% (Additional file 1: Fig. S6 e–f). Compared with 
using ozone alone, the O3/N-BC-800 system significantly 

improved the removal efficiency of TOC and COD. The 
stability test of the catalyst showed that N-BC-800 main-
tained about 80% of its catalytic activity after five consec-
utive reaction cycles. XRD analysis before and after the 
reaction confirmed that no new phases were observed 
(Additional file  1: Fig. S7 a-b). Using secondary effluent 
as the aqueous medium, N-BC-800 retained approxi-
mately 73% of its catalytic activity after five consecutive 
reaction cycles. XRD analysis before and after the reac-
tion confirmed no formation of new phases (Additional 
file  1: Fig. S8 and S9), indicating that the catalyst has 
excellent reusability and structural stability. In summary, 
these results indicate that N-BC-800 is an efficient and 
durable catalyst that can adapt to complex water matrices 
and achieve efficient removal of pollutants and improved 
effluent biodegradability under realistic environmental 
conditions.

Fig. 9  The effect of a NOM, b inorganic anions, and c different substrate water qualities on degradation efficiency, d secondary city effluent, and e 
three-dimensional fluorescence spectrum of river water
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3.6 � Degradation pathways and toxicity reduction of DEET
Positive ion mode analysis by liquid chromatography-
mass spectrometry (LC–MS) showed that 14 interme-
diate products were produced during the degradation 
of DEET in the O3/N-BC-800 system (Additional file  1: 
Table S8). The spectra of the formed DEET products are 
shown in Additional file  1: Fig. S17-S25.These transfor-
mation products are classified into four structural types, 
including hydroxylated derivatives, dealkylated products, 
decarboxylated products, and oxidized ring opening 
derivatives. Based on these intermediates, researchers 
proposed seven degradation pathways (Fig. 10).

Pathway 1 begins with the oxidation of DEET to gen-
erate P2, followed by decarboxylation to form P5, and 
then hydroxylation reaction to generate P11. In pathway 
2, P5 continues to decarboxylate to form P7, followed by 
continuous hydroxylation steps to form P8, P9, and P10 
in sequence. Pathway 3 directly decarboxylates DEET 
to generate P1. Pathway 4 generates P6, P12, and P13 
through stepwise hydroxylation. Pathway 5 starts from 
P12 and undergoes additional hydroxylation to form P14. 
Pathway 6 starts with the hydroxylation of DEET to gen-
erate P4, followed by decarboxylation reaction. Finally, 
pathway 7 directly generates P3 through demethylation. 
All intermediate products ultimately undergo gradual 
oxidation and are fully mineralized into CO2 and H2O.

Toxicity assessment was conducted using the US Envi-
ronmental Protection Agency’s toxicity assessment soft-
ware tool (T.E.S.T.) to systematically evaluate acute toxicity 
(oral LD50 in rats), bioaccumulation factor (BCF), devel-
opmental toxicity, and mutagenicity (Fig.  11a–d, Tables 
S5 and S6). Compared to the parent compound DEET 
(LD50 = 1749.4 mg  kg−1, classified as moderate toxicity), 
the acute toxicity of most intermediate products is sig-
nificantly reduced. The BCF values of all transformation 
products are significantly low, indicating that their bio-
accumulation potential is minimal. In the assessment of 
developmental toxicity, intermediate products P1, P9, P10, 
and P14 were predicted to be non-toxic, while the remain-
ing products were predicted to only pose slight develop-
mental risks. It is worth noting that neither mosquito 
repellent nor its transformation products have been pre-
dicted to have mutagenicity.

To verify these predictions, a bioluminescence inhibi-
tion experiment of Vibrio fischeri was conducted using 
the treated solution (Fig.  11e). Compared with 44% 
observed with ozone alone, the O3/N-BC-800 system 
showed significantly lower inhibition rates, with inhibi-
tion rates of 22% at 10 min and 16% at 20 min, confirm-
ing the excellent effect of catalytic treatment in reducing 
residual bioavailable toxicity.

Fig. 10  Degradation pathway of N-BC-800-catalyzed ozone degradation of DEET
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4 � Conclusions
This study successfully synthesized N-BC-800, which 
serves as an efficient catalyst for ozone-mediated deg-
radation of the recalcitrant organic pollutant DEET. 
By regulating the surface morphology of the mate-
rial, increasing its specific surface area, and intro-
ducing nitrogen-containing functional groups, its 
performance in ozone-catalyzed decomposition was 
significantly enhanced. Pyridinic N serves as the key 
active site, driving ozone activation and the genera-
tion of ROS. Experimental results demonstrate that the 
O3/N-BC-800 system achieves a 94% removal rate for 
DEET, substantially exceeding that of undoped biochar. 
Mechanistic studies reveal that the catalytic reaction 
primarily proceeds via radical pathways involving O2

·− 
and ·OH. Further investigations identified pyridinic N 
and surface C=O functional groups as key active sites. 
These sites promote efficient ozone decomposition and 
enhance ROS generation. Beyond its high-efficiency 
DEET degradation, N-BC-800 exhibited broad-spec-
trum catalytic activity toward various organic pollut-
ants. It also effectively improved the biodegradability of 
real wastewater. This catalyst exhibits excellent struc-
tural stability and reusability. Even in the presence of 
competing components like natural organic matter and 
inorganic anions in real water bodies, the O3/N-BC-800 
system maintains outstanding pollutant degradation 
performance. Toxicity assessment results indicate that 
this treatment process significantly reduces the acute 
toxicity of effluent, demonstrating good environmental 

safety. In summary, nitrogen-doped biochar N-BC-800 
exhibits outstanding ozone catalytic performance and 
broad environmental applicability, offering a promising 
sustainable technological solution for removing refrac-
tory organic pollutants from water bodies.
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