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Abstract 

This study explores a novel approach to biochar modification aimed at increasing persistent free radical (PFR) forma-
tion on biochar surfaces, thereby enhancing aniline removal via peroxymonosulfate (PMS) activation. By adjusting 
pyrolysis temperatures and doping ratios, optimal conditions were established. Spearman’s analysis highlighted the 
importance of C=C bonds, the ID/IG ratio, and pyridinic N in generating PFRs. The modified biochar derived at 500 ℃  
(MB500), in conjunction with the PMS system demonstrated impressive efficiency, achieving 92% aniline removal 
within 30 min. Detailed adsorption tests and active species detection indicated that aniline degradation occurred 
through both direct oxidation by PFRs and indirect oxidation by reactive species, particularly superoxide radicals 
(O₂⋅⁻). Furthermore, the synergistic effects of heteroatom nitrogen and Na2CO3 modifications significantly impacted 
PFR formation and stability. These findings provide valuable insights into the mechanisms of PFR-mediated catalytic 
oxidation, highlighting the key roles of pyridinic rings, with or without oxygenated groups, in enhancing catalytic per-
formance of biochar. This research advances the understanding of biochar surface chemistry and presents an effec-
tive strategy for developing high-performance biochar-based catalysts for environmental remediation, addressing 
the limitations of unmodified biochar through targeted surface modifications.

Highlights 

•	 Heteroatom N and Na2CO3 modifications synergistically affect the PFRs formation on biochar.
•	 Pyridinic ring, with or without oxygenated groups, was the main sources of PFRs.
•	 PFRs-mediated catalytic oxidation dominated aniline degradation.
•	 SO4

⋅− and O2
⋅− generation significantly depends on PFRs concentration.

•	 Both O2⋅
− radicals and 1O2 non-radicals contributed to aniline degradation.
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Graphical Abstract

1  Introduction
In recent decades, biochar produced through hydrother-
mal carbonization or pyrolysis of biomass under anaero-
bic conditions has gained considerable global attention 
for its potential in environmental remediation applica-
tions (Chen et al. 2024; Wen et al. 2024). Its high specific 
surface area, well-developed pore structure, and unique 
chemical properties make biochar an effective catalyst for 
activating peroxymonosulfate (PMS) to treat recalcitrant 
organic pollutants in water, including pharmaceuticals, 
personal care products, endocrine disruptors, volatile 
organic compounds, and disinfection by-products (Qi 
et al. 2020; Wu et al. 2021). Research studies indicate that 
biochar can activate persulfate through multiple active 
sites, including defective structures, graphitic configura-
tions, oxygenated functional groups, metal species, and 
persistent free radicals (PFRs) (Luo et al. 2019; Qi et al. 
2020; Zhang et al. 2023; Zhao et al. 2021). Among these, 
PFRs, which could be formed from the partially pyro-
lyzed organic components of the biomass feedstocks, 
and/or the stabilized complexation of organic free radi-
cals with transition metals, are one of the most common 
redox-active sites on biochar. Unlike transient radicals 
such as ⋅OH and SO4

⋅−, these solid-phase radicals dis-
play higher stability, persisting from hours to years (Ruan 
et al. 2019). Due to their delocalized unpaired electrons 

and excellent electron conductivity, PFRs on the bio-
char surface can transfer single electrons to oxidants, 
such as HSO5

−, H2O2, and molecular O2. This process 
generates reactive oxygen species (ROSs) that can effec-
tively oxidize a range of contaminants, including 2-chlo-
robiphenyl, diethyl phthalate, 1,3-dichloropropene, 
sulfamethoxazole, and As(III) (Yuan et al. 2022; Liu et al. 
2024a, b; Liu et al. 2020; Luo et al. 2021; Zhu et al. 2023). 
PFRs can also directly induce the breakdown of organic 
pollutants like nitrophenol, and mediate the direct reduc-
tion of Cr(VI) in aqueous solutions (Hu et al. 2024). It is 
clear that PFRs play a crucial role in pollutant removal, 
and in some cases, they even dominate the mechanism 
(Zhang et al. 2024). However, the importance of PFRs in 
these processes was often overlooked and has only begun 
to receive more attention over the past five years (Luo 
et al. 2021).

Due to the inherent limitations of unmodified biochar 
in catalytically removing organic pollutants (Zhao et  al. 
2021), numerous studies have employed various surface 
modification techniques, including physical/chemical 
activation and hetero-atom doping (Luo et  al. 2021), to 
enhance the catalytic activity of biochar and broaden its 
environmental applications. These strategies aim to cre-
ate specific structures, increase the number of active sites 
and surface defects, and enhance the specific surface 
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area, pore size distribution, surface charge, functional 
groups, and electrical properties of biochar catalysts (Luo 
et al. 2019; Zhao et al. 2021; Zhu et al. 2018). This signifi-
cantly enhances PMS activation through radical and non-
radical mechanisms, leading to more effective pollutant 
removal. However, most studies rarely address the impact 
of these modification methods on PFRs formation and 
their contribution to the reaction activity of the modified 
biochar. Understanding these aspects is crucial, as it pro-
vides valuable theoretical and practical insights into reg-
ulating the properties of biochar, improving its efficiency,  
and gaining a deeper understanding of the underlying 
reaction mechanisms.

It is well established that the presence of heterogene-
ous materials in biomass can significantly affect the 
behaviour of biomass during thermochemical conver-
sion processes (Huang et al. 2022), leading to variations 
in the generation and characteristics of PFRs on different 
biochar surfaces. Since the factors influencing the con-
centrations and types of PFRs differ across studies, mech-
anisms by which individual physical/chemical activation 
or hetero-atom doping influences PFR formation on bio-
char surfaces remain controversial. For example, HNO3 
activation alters the surface characteristics of pyrolyzed 
biochar and increases the number of biochar-PFRs, par-
ticularly the oxygen-centered radicals (Luo et  al. 2019). 
However, it does not substantially increase the concen-
tration of PFRs in hydrochar (Yan et al. 2018). Moreover, 
heteroatom doping is believed to alter the distribution 
and content of C and O atoms within the biochar struc-
ture, thereby influcencing the concentration and type of 
PFRs (Yu et al. 2020). Some researchers suggest that het-
erocycles in biomass could regulate unpaired electrons 
on adjacent sp2-hybridized carbon substrates, facilitating 
PFRs formation within biochar (Yu et al. 2020). However, 
other studies suggest that nitrogen from urea can replace 
oxygen in –OH groups within biochar to form –NH2, 
which may consume PFRs. This is supported by observa-
tions of negative correlation between PFR intensity and 
nitrogen content (Bi et  al. 2022; Huang et  al. 2022; Wu 
et  al. 2021). With the combined modifications, a syner-
gistic activation effect is often observed. For example, 
the combined activation of an alkali chemical like KOH 
and N-dopants such as urea, can promote the formation 
of additional microporous structures and enhance the 
selectivity of catalytic reactions (Lin et  al. 2023). These 
interactions undoubtly add complexity to studying PFRs. 
Given the intricate, non-linear relationship between 
biomass carbonization conditions and PFR character-
istics, it is essential to understand how PFR occurrence 
relates to elemental composition, microstructure, and 
surface properties during carbonization. Establishing 
these connections enhances the current understanding 

of biochar-PFR formation and reaction characteris-
tics under various modification conditions (Chen et  al. 
2024). To our knowledge, any similar study has not been 
reported as yet.

In this study, corncob, sodium carbonate (Na2CO3) as 
an alkali chemical, and various nitrogen precursors were 
ball-milled and co-pyrolyzed to synthesize modified 
biochars. The effects of pyrolysis temperature and mod-
ification methods on PFR formation in biochar were sys-
tematically investigated. The Spearman analysis was used 
to assess correlations between elemental composition, 
structural characteristics, functional group composition, 
and PFR formation during co-pyrolysis, clarifying the 
key factors influencing PFR formation under combined 
modification with heteroatoms and Na2CO3, as well as 
possible synergistic effects. The catalytic and adsorption 
performance of the modified biochar was then evaluated, 
using aniline as the target contaminant due to its wide-
spread industrial use and substantial threat to ecosystems 
and human health upon enetring water. The potential 
mechanism by which biochar-PFRs activate PMS for ani-
line degradation was further examined by indentifying 
reactive species and analyzing their correlation analysis 
with aniline removal. The findings from this study pro-
vide fundamental insights into PFR generation on bio-
char surfaces during biomass co-pyrolysis with different 
modifiers and highlight the predominant roles of these 
PFRs in the removal of recalcitrant organic pollutants, 
supporting the development of biochar tailored for spe-
cific environmental applications.

2 � Materials and methods
2.1 � Materials
The corncob used as the precursor for biochar produc-
tion was obtained from Jiangsu Surui Straw Processing 
Factory. Before use, it was washed, dried, and ground into 
a fine powder with a 100–200 mesh particle. Elemental 
analysis revealed that the corncob contained 47.21% car-
bon, 6.25% hydrogen, 45.70% oxygen, 0.74% nitrogen, and 
0.10% sulfur. When combusted at 550 °C, the corncob ash 
was primarily composed of SiO₂ (76.20%), K₂O (8.37%), 
and CaO (4.18%), with additional components provided 
in the Supplementary Materials Table  S1. All chemical 
reagents used in this study were of guaranteed reagent 
or analytical reagent grade. Aniline (C6H5NH2, ≥ 99.5%), 
peroxymonosulfate (PMS, 2KHSO5⋅KHSO4⋅K2SO4, 
42%), sodium carbonate (Na2CO3, ≥ 99.5%), dicyandi-
amide (C2H4N4, 99%), melamine (C3H6N6, 99%), thiourea 
(CH4N2S, 99%), urea (CH4N2O, 99%), methanol (MeOH, 
99%), tert-butanol (TBA, 99%), p-benzoquinone (p-BQ, 
99%), furfuryl alcohol (FFA, 99%), potassium iodide (KI, 
99%), hydrochloric acid (HCl, 37%), sodium hydroxide 
(NaOH, 96%), and  sodium thiosulfate (Na2S2O3, 98.0%) 
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were obtained from Aladdin Reagent (Shanghai) Co. 
5,5-dimethyl-1-pyrroline N-oxide (DMPO, 97%), and 
2,2,6,6-Tetramethylpiperidine (TEMP, > 98.0%) were 
procured from Sigma-Aldrich Chemical Company. 
Deionized water with a resistance of 18 MΩ cm was con-
sistently used throughout the experiments.

2.2 � Modified biochar preparation
Modified biochar was synthesized through a co-pyroly-
sis process. Based on preliminary experiments (Fig. S1), 
3.0 g of corncob was ball-milled with 4.0 g of an N pre-
cursor (urea, dicyandiamide, melamine, or thiourea) and 
3.0 g of Na2CO3 for 1 h to form a uniform mixture. The 
mass percentages of these components were 30%, 40%, 
and 30%, respectively. This mixture was then pyrolyzed in 
a tube furnace at set temperatures (300 ℃, 400 ℃, 500 ℃, 
600 ℃, 700 ℃, and 900 ℃) for 2 h under N2 atmosphere, 
with a heating rate of 10 ℃ min‒1. After cooling to room 
temperature, the solid residues were rinsed several times 
with deionized water and ethanol, then oven-dried at 
70  ℃, ground, sieved through a 100-mesh sieve, and 
vacuum-sealed for storage. The resulting samples were 
labelled MBX, where X represents the pyrolysis tem-
perature. For comparison, unmodified biochar samples 
(CK) and samples modified with different mass ratios 
of Na2CO3 to N precursor were prepared under similar 
conditions.

2.3 � Batch experiments
Pollutant degradation experiments were conducted at 
25  °C in a 100 mL beaker containing 50 mL of aqueous 
aniline solution (10  mg  L‒1, pH approximately 7). The 
initial pH was adjusted using either 0.1 M HCl or 0.1 M 
NaOH. Typically, a predetermined amount of catalyst 
(0.035  g) was added to the aniline solution under mag-
netic stirring, and PMS (0.01 g) was then introduced to 
initiate the reaction. At specific time intervals, 1  mL of 
the reaction mixture was filtered through a 0.22 μm fil-
ter and mixed with a measured volume of Na2S2O3 for 
analysis. After the reaction, the catalyst was recovered 
by filtration, washed several times with deionized water, 
dried at 70 ℃ for 12 h, and subjected to recycling tests. 
Single-factor experiments were performed to evalu-
ate the effects of initial solution pH (3–10), pollut-
ant concentration (5–25  mg  L‒1), PMS concentration 
(0.025–0.05  g  L‒1), and catalyst dosage (0.2–0.9  g  L‒1) 
on aniline removal efficiency. Aniline degradation in the 
optimized catalytic system with different concentrations 
(5–200 mg L‒1) of Cl‒, NO3

‒, HCO3
‒and CO3

2‒ was also 
investigated. Parallel tests were conducted with various 
scavengers, including MeOH, TBA, p-BQ, FFA, and KI to 
identify the reactive species involved in aniline degrada-
tion. Furthermore, adsorption experiments were carried 

out under identical conditions, but without adding PMS. 
At specific time intervals, 1  mL of the sample was col-
lected, filtered through a 0.22 μm filter, and prepared for 
analysis. All experiments were performed in triplicate, 
with error bars in the figures representing the standard 
deviation from these three independent trials.

2.4 � Characterization and analysis methods
The elemental contents of C, H, O, N, and S in the sam-
ples were determined using Unicube elemental analyzer 
(Elementar). The inorganic components of corncob 
biomass were analyzed using an X-ray fluorescence 
spectrometer (XRF, ZSX Primus III + , Rigaku). Fou-
rier transform infrared (FTIR) spectrum was recorded 
using the KBr pellet method on an FTIR spectrometer 
(Scientific Nicolet iN10, Thermo Fisher) with a scan-
ning range from 400  cm‒1 to 4000  cm‒1. The contents 
of oxygenated functional groups, including phenolic 
hydroxyl, lactone, and carboxyl, were assessed using the 
Boehm titration method. The surface elemental compo-
sition and chemical states were analyzed via X-ray pho-
toelectron spectroscopy (XPS, Scientific ESCALAB Xi + , 
Thermo Fisher) with Al Kα (12.5 kV) as the X-ray source, 
using C1s at a binding energy of 284.8 eV as an internal 
standard. Raman spectra were recorded using a confocal 
Raman microscope (alpha300R, WITec) equipped with 
532 nm laser, covering a spectral range of 40–4000 cm‒1. 
The surface Zeta potential of the sample was measured 
using a nanoparticle size and Zeta potential analyzer 
(DLS, Zetasizer Nano ZS90, Malvern).

Aniline concentration was measured using high perfor-
mance liquid chromatography (HPLC, Acquity H-Class, 
Waters) equipped with a reversed-phase C18 column 
(5  μm × 4.6  mm × 250  mm) and a UV detector set at 
230 nm. The mobile phase (10 mL) for aniline consisted 
of a 45:55 (v/v) acetonitrile and deionized water mix-
ture, with a flow rate of 0.25  mL  min‒1. The concentra-
tions and types of PFRs in the biochar were analyzed 
using an electron paramagnetic resonance spectrometer 
(ESR, Magnettech ESR5000, Bruker). The generation of 
possible reactive species, such as ⋅OH, SO4

⋅−, O2⋅
−, and 

1O2, was investigated with an EPR spectrometer (EMX-
plus-6/1, Bruker), employing DMPO and TEMP as trap-
ping agents. Further details on the Boehm titration and 
EPR procedures are provided in Text S1.

3 � Results and discussion
3.1 � Impact evaluation of PFRs formation during pyrolysis
The formation and evolution of PFRs during pyrolysis 
are significantly influenced by the pyrolysis tempera-
ture (Chen et  al. 2024; Zhang et  al. 2023). As illus-
trated in Fig. 1, the concentration of PFRs progressively 
increased with rising pyrolysis temperatures, reaching 
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a maximum of 5.91 × 1019 spins g‒1 at 500 ℃. This peak 
concentration is consistent with previously reported 
values, which typically range from 1016 to 1019 spins g‒1 
(Luo et al. 2021). Beyond this temperature, the concen-
tration of PFRs dropped sharply or even vanished, likely 
due to the breakdown and reorganization of the organic 
structure, as well as a decrease in the availability of 
phenolic compound precursors (Luo et  al. 2021; Yang 
et al. 2016; Zhang et al. 2023). This pattern differs from 
the typical changes observed in the pore structure of 
biochar during pyrolysis (see Fig. S2). With increasing 
pyrolysis temperature, biochar undergoes thermoplas-
tic transformations, forming macropores and micropo-
res. This process resulted in a steady rise in specific 
surface area and pore volume, reaching 1224.58 m2 g‒1 
and 0.99  cm3  g‒1, respectively. In contrast, the average 
pore size consistently exhibited mesoporous charac-
teristics (ranging from 3.22 to 41.52  nm) and gradu-
ally decreased (see Table  S2). Regarding the g-value, 
pyrolysis temperatures between 300 and 400 ℃, yielded 
values above 2.0040, indicating a predominance of 
oxygen-centered semiquinone-type PFRs. However, at 
temperatures between 500 ℃ and 700 ℃, the g-value 
fell within the range of 2.0030 to 2.0040, suggesting a 
co-prevalence of both carbon and oxygen-centered 
phenoxy PFRs (Bi et al. 2022). Previous studies indicate 
that with increasing temperature and pyrolysis dura-
tion, the types of PFRs on the biochar surface transition 
from semiquinone-type radicals to phenoxy-type radi-
cals and eventually to cyclopentadienyl radicals (Huang 
et al. 2022; Luo et al. 2021; Ruan et al. 2019). This trans-
formation coincides with the gradual reduction of oxy-
genated functional groups, including phenols, alcohols, 
lactones, aldehydes, ketones, and carboxylic acids, 
as confirmed by FTIR analyses and Boehm titration 

results (Fig. S3). Given that the highest concentration 
of PFRs was observed at 500 ℃, the MB500 sample was 
chosen as the representative sample for subsequent 
analysis.

Further investigation examined the impact of biochar 
modification methods on PFRs formation. As shown 
in Fig. 2a, after pyrolysis at 500 ℃, the concentration of 
PFRs on unmodified corncob biochar was 4.08 × 1019 
spins g‒1, primarily consisting of carbon- and oxygen-
centered free radicals. Biochar modification notably 
affected the concentration of PFRs, while having little 
impact on the types of radicals present (Fig. 2b). Under 
modification conditions, the g-value typically showed 
a slight increase, indicating a higher proportion of oxy-
gen-centered PFRs. Previous studies have reported that 
oxygen-centered PFRs are more reactive than carbon-
centered PFRs, particularly in generating reactive species 
such as SO4

⋅− radicals (Yu et al. 2020). Unlike the adverse 
effects induced by Na2CO3 activation, urea addition alone 
tended to facilitate the production of more PFRs. Inter-
estingly, the combined use of Na2CO3 and urea resulted 
in a significant synergistic enhancement of PFRs concen-
tration. As the mass ratio of urea to Na2CO3 increased 
from 1:4 to 2:1, the PFRs concentration first rose and 
then decreased, peaking at a mass ratio of 3:4. According 
to literature, Na2CO3 lowers the activation energy during 
pyrolysis, promoting the condensation of small organic 
molecules into conjugated aromatic rings. This process 
also generates numerous defective edges along the bio-
char boundaries, introducing hydrogen and oxygen func-
tionalities (Huang et  al. 2022; Qi et  al. 2020; Tao et  al. 
2020). A high proportion of Na2CO3 in the mixture may 
lead to sodium ions occupying active sites on the ben-
zene ring, thereby reducing the potential for alkyl or ali-
phatic side chains to participate in cyclization reactions. 

Fig. 1  Effect of pyrolysis temperature on PFRs concentrations (a) and their g-values (b)
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This interference inhibits the condensation of polycyclic 
aromatic hydrocarbons (PAHs), which in turn limits the 
availability of precursor compounds essential for the for-
mation of PFRs. Consequently, an excess of Na2CO3 may 
reduce the overall concentration of PFRs by disrupting 
the molecular processes that facilitate their generation 
(Huang et  al. 2022). The inclusion of urea tends to dis-
rupt carbon layers, forming heterocycles and generating 
more defects in MB500 (Wu et al. 2021; Zhu et al. 2018). 
These defects could regulate unpaired electrons onto 
the adjacent carbon structures, generating more lone 
pair electrons within PFRs (Liu et  al. 2024a, b). Exces-
sive nitrogen doping can release substantial amounts of 
nitrogen-containing small molecules, such as NH3, which 
may react with hydrocarbon radicals (e.g., ⋅CH). This 
reaction can quench certain PFRs, leading to a reduc-
tion in their overall concentration. Consequently, main-
taining an optimal ratio of urea to Na2CO3 is essential 
to enhance the synergistic effects between these compo-
nents, thereby promoting PFR generation. Furthermore, 
the molecular structure of nitrogen precursors plays a 
significant role in influencing the condensation behavior 
of biochar and surface property changes during pyroly-
sis, affecting both the concentration and types of PFRs 
formed (Fig. S4a and Fig. S4b). For instance, the PFR con-
centration in MB500 increased when using urea, dicyan-
diamide, or melamine as nitrogen precursors. A related 
study noted that, despite dicyandiamide and melamine 
having higher nitrogen content than urea, they tend to 
form more condensed CXNy structures (such as CN het-
erocycles and tri-s-triazine units) during pyrolysis, where 
nitrogen is not fully incorporated into the carbon lat-
tice. In contrast, the thermal decomposition of urea pro-
duces NH3 and CO2, which facilitates N-doping, tailors 
the surface chemistry and pore structure of the biochar, 

and modifies the acidity and alkalinity of the graphene 
basal plane (Li et  al. 2017). As a result, urea achieved a 
high level of N-doping in the biochar, establishing a more 
favorable microenvironment for PFR generation (see 
Sect. 3.2). In contrast, using thiourea inhibited PFR for-
mation in MB500. The expected synergistic effect of N,S 
co-doping did not occur; instead, N,S co-doping appears 
to substitute more oxygen atoms, resulting in fewer 
defect structures in the biochar compared to the single 
N-doped system (Ding et al. 2020; Zhang et al. 2022a, b). 
In summary, compared to dicyandiamide, melamine, and 
thiourea, urea-modified biochar produced the highest 
concentration of PFRs on its surface under the same dos-
age conditions. Meanwhile, based on the results of the 
preliminary experiments, it was also found that a higher 
concentration of PFRs correlates with a higher removal 
efficiency of aniline (Fig. S4c). Thus, urea can be chosen 
as the N precursor for biochar modification in future 
experiments to further explore PFR generation and its 
relationship with pollutant removal.

3.2 � Correlation between influence factors and PFRs 
formation

During biomass pyrolysis, the formation of PFRs with 
unpaired electrons is driven by chemical bond cleavage 
and carbon structure reconstruction, involving a series 
of reactions (Chen et  al. 2024; Tao et  al. 2020) which 
may include dehydration, decarboxylation, decarbonyla-
tion, aromatization, and intra-molecular condensation 
(Huang et al. 2022; Ruan et al. 2019; Tao et al. 2020; Wu 
et al. 2021). Due to the complexity and interdependence 
of these fundamental reactions, the modified biochars 
produced at pyrolysis temperatures from 300 to 600 ℃ 
were quantitatively characterized for their elemental 
composition, structural features, and types of functional 

Fig. 2  Effect of modification methods on PFRs concentrations (a) and their g-values (b)
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groups. Since biochar modification affects PFR concen-
tration more than PFR type, Spearman analysis was con-
ducted to explore correlations between these quantitative 
indicators and PFR levels. This analysis aimed to deepen 
the understanding of PFR formation in biochar modified 
with both urea and Na2CO3.

As shown in Fig. 3 and Fig. S5, there was no signifi-
cant positive or negative correlation between PFRs 
concentration and most quantitative indicators except 
for C=C (P ≤ 0.05), ID/IG (P ≤ 0.01), and pyridinic N 
(P ≤ 0.01). As pyrolysis temperature rises, covalent 
bonds between substituent groups (such as methyl-
ene and methyl) and functional groups (like C–C and 
C–O–C bonds) in biomass progressively break, gener-
ating numerous free radical fragments that recombine 
to form aromatic rings. These rings then condense 
to form larger, fused aromatic structures, stabilizing 
PFRs due to steric hindrance (Chen et  al. 2024; Ruan 
et  al. 2019). Similar findings have been reported, sug-
gesting that phenolic O–H groups may convert to 
phenoxy, with aromatization leading to the forma-
tion of aromatic radicals, as indicated by an increase 
in C=C bonds in aromatic and heterocyclic rings (Zhu 
et  al. 2023). This implies that PFR formation is highly 
dependent on aromatic C=C structures. The structural 

indicator ID/IG shows a significant positive correlation 
with PFR concentration (P ≤ 0.01), underscoring the 
role of defect structures in PFR generation. These abun-
dant structural defects generally enhance the transport 
of unpaired electrons, resulting in increased free radi-
cal production. (Zhu et al 2018). The significant corre-
lation between the relative content of pyridinic N and 
PFRs concentration further indicates that among vari-
ous defect structures, pyridinic N significantly plays a 
particularly crucial role in PFRs generation. Due to the 
specific electron configuration, pyridinic N with sp2 
hybridization at the edges of graphene planes could 
raise the density of p states near the Fermi level and 
lower the work function, thus serving as active sites 
(Yu et al. 2020) promoting PFRs formation by providing 
provide p-electrons to the π system (Wu et  al. 2021). 
XPS analysis (Fig. S6) showed that addition of Na2CO3 
alone increased the pyrrolic N content in biochar from 
34.6 to 59.69%, while urea alone promoted an increase 
in both pyridinic N and graphitic N, particularly in 
graphitic N, which rose from 10.96 to 24.2%. However, 
combining urea and Na2CO3 significantly enhanced 
the pyridinic and pyrrolic N content in biochar while 
reducing graphitic N and oxidized N levels. This sug-
gests that the combined modification with urea and 

Fig. 3  Spearman correlation analysis between PFRs concentration and various characteristic indicators of biochar
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Na2CO3 may help slow the conversion of pyridinic and 
pyrrolic N into graphitic N during pyrolysis (Zhao et al. 
2021), favoring the creation of nitrogen heterocyclic 
structures in biochar.

Although no significant correlation was found between 
other factors and PFRs formation, they still have a com-
bined effect on the generation and stabilization of PFRs. 
Biochar produced at moderate temperatures primarily 
forms oxygen-centered or carbon- and oxygen-dentered 
PFRs, indicating that the presence of oxygen or other 
elements is essential for enhancing PFRs generation, 
even though carbon is the primary element involved in 
PFRs formation (Bi et al. 2022). For example, due to their 
small size and high reactivity, H radicals can easily enter 
the macromolecular carbon skeleton structure and par-
ticipate in the pyrolysis reaction. A higher number of H 
radicals may lead to a reduction in carbon-centered PFRs 
in biochar (Chen et al. 2024), while a higher presence of 
oxygen-containing structures, particularly quinones, can 
promote the formation of more PFRs (Wu et  al. 2021). 
The positive correlation between PFRs concentration and 
the content of residual N and Na in biochar suggests that 
the synergistic effect of urea and Na2CO3 promotes the 
formation of PFRs. This aligns with the observed correla-
tions between PFRs concentration and the relative con-
tent of pyridinic N. Similar influence was also reflected 
in other structural indicators, including the H/C, O/C, 
and (O + N)/C atomic ratios, which represent the degree 
of aromatization, the quantity of oxygenated functional 
groups, and the polarity of biochar, respectively.

In terms of inorganic elements, it is generally accepted 
that trace concentrations of transition metals act as elec-
tron acceptors, extracting delocalized π-electrons from 
substituted aromatics in biochars (e.g., hydroquinone 
or catechol) and controlling the types and intensities 
of PFRs (Liu et al. 2024a, b; Ruan et al. 2019). However, 
excessive metal contents in biomass may consume the 
unpaired electrons for nucleation and reduction of met-
als (Wu et al. 2021; Liu et  al. 2024a, b) due to the elec-
tron-shuttling effect of PFRs (Ruan et al. 2019). Unlike Fe, 
Zn in corncob biomass may suppress PFRs formation by 
hindering the electron transfer during biomass pyroly-
sis due to its poor ability to accept electrons (Liu et  al. 
2024a, b). This complex relationship negatively impacts 
PFRs formation.

The intensity of PFRs shows a positive correlation with 
C=O and pyrrolic N, and a negative correlation with 
C–O, O–C=O, graphitic N, and oxidized N. It has been 
suggested that KBH4-reducible carbonyl groups, likely 
present in aldehydes, aromatic ketones, and quinone 
structures (Liu et al. 2024a, b), are important indicators 
of PFRs in biochars. These structures are associated with 
PFR formation, particularly in the reversible reaction 

between semiquinone radicals and quinones (Liu et  al. 
2024a, b; Tao et al. 2022). The homolytic cleavage of C–O 
or O–C=O linkages is a prerequisite for PFRs forma-
tion during biomass pyrolysis (Chen et al. 2024), so their 
contents are negatively correlated with PFR concentra-
tion. For pyrrolic N, it has been stated that PFRs formed 
within the pyrrolic N structure are more delocalized 
and stable compared to those in the graphitic-N struc-
ture. This is due to the lower energies of singly occupied 
molecular orbitals (SOMOs) and the distinct charge dis-
tribution patterns in the pyrrolic N structure (Zhu et al. 
2020). Therefore, the presence of pyrrolic N is more con-
ducive to PFRs formation. Based on the above discussion, 
it can be concluded that C=C (P ≤ 0.05), ID/IG (P ≤ 0.01), 
and pyridinic N (P ≤ 0.01) are the key factors in regulating 
PFRs formation in MB500 catalysts. The pyridinic ring, 
whether or not it contains oxygenated functional groups, 
is likely the primary source of PFRs. However, due to the 
limited scope of research conducted, the complex rela-
tionships between the elemental composition, structural 
characteristics, functional group types, and PFR proper-
ties of biochar remain inadequately understood. A more 
detailed investigation is needed in future studies to fully 
elucidate these connections.

3.3 � Catalytic performance and reusability of MB500 
for aniline removal

Aniline, a widely used organic compound in various 
industrial applications, was selected as a target pollut-
ant to evaluate the catalytic performance of the MB500 
catalyst towards PMS in aqueous solutions under differ-
ent conditions. Figure 4a and b illustrate the influence 
of initial pH on aniline removal. At pH 3, the MB500/
PMS catalytic system demonstrated relatively low 
aniline removal, likely due to the stabilizing effect of 
excess H+ ions (Zhao et al. 2021). However, as the ini-
tial pH increased from 4 to 9, aniline removal progres-
sively improved, indicating that neutral and alkaline 
conditions are conducive to generating more reactive 
species. At an initial solution pH of 7–9, a PMS concen-
tration of 0.2 g  L‒1 and an MB500 dosage of 0.7 g  L‒1, 
the MB500/PMS catalytic system achieved maximum 
aniline removal (90–92%) at 10 mg  L‒1 within 30 min, 
at a rate constant of 0.074–0.083  min‒1. Raising the 
initial pH to 10 resulted in a dramatic decrease in ani-
line removal efficiency, indicating a significant drop 
in performance. This inhibition was likely due to the 
self-decomposition of PMS, resulting in inefficient oxi-
dant consumption (Zhao et al. 2021). When the aniline 
concentration was increased to 25 mg L‒1, the removal 
efficiency and rate constant dropped to 87.68% and 
0.068 min‒1, respectively (Fig. 4c and d). The decrease is 
likely due to insufficient PMS or catalyst in the system. 
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Fig. 4  Effect of initial pH (a, b) (aniline concentration = 10 mg L‒1, PMS concentration = 0.15 g L‒1, MB500 dosage = 0.5 g L‒1), aniline 
concentration (c, d) (initial pH = 7, PMS concentration = 0.2 g L‒1, MB500 dosage = 0.7 g L‒1), PMS concentration (e, f) (initial pH = 7, aniline 
concentration = 10 mg L‒1, MB500 dosage = 0.5 g L‒1), and catalyst dosage (g, h) (initial pH = 7, aniline concentration = 10 mg L‒1, PMS 
concentration = 0.2 g L‒1) on aniline removal efficiency and reaction rate constant in the MB500/PMS catalytic system
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Adding more PMS or catalyst can introduce additional 
active sites and reactive species, thereby improving the 
aniline removal process (Fig.  4e–h). The MB500/PMS 
catalytic system maintained stability against Cl‒ and 
NO3

‒, even at elevated concentrations. (200  mg  L‒1; 
Fig. S7). This stability may originate from the genera-
tion of additional reactive species like Cl⋅, Cl2, HOCl, 
1O2, and NO3⋅ throughout the reaction process, which 
help maintain catalytic activity (Zhao et al. 2021). How-
ever, the presence of HCO3

‒ and CO3
2‒ has a signifi-

cant inhibitory effect at a concentration of 200 mg  L‒1 
on aniline removal, particularly CO3

2‒. This inhibition 
primarily arises from the ability of CO3

2‒ and HCO3
‒ 

to capture ⋅OH, SO4
⋅−, and O2⋅

−, forming less reactive 
species like CO3⋅

− and HO2⋅
−. Moreover, the presence 

of CO3
2− and HCO3

‒ anions may lead to an increase 
in solution pH, which is unfavourable for aniline 
removal (Liu et al. 2023). Despite these problems, ani-
line removal performance remained high (90.88% for 
HCO3

‒ and 81.43% for CO3
2‒), implying an outstand-

ing tolerance of the MB500/PMS catalytic system to 
anions.

The reusability of the modified biochar catalyst is a crit-
ical metric for assessing its long-term effectiveness. As 
illustrated in Fig. S8, after five consecutive reuse cycles, 
the aniline removal efficiency of the MB500/PMS cata-
lytic system gradually decreased from an initial 97.02% to 
78.91%. This decline can be attributed to several factors, 
as EPR and XPS analyses demonstrated. First, the con-
tinuous consumption of PFRs during the reaction pro-
cess led to a reduction in catalytic activity (Fig. 5a). The 
positive correlation between aniline removal and PFR 
signals on biochar particles after multiple reuse cycles 
(Fig. 5b) indicates that the reduction in PFRs significantly 

contributes to the decline in aniline removal efficiency. 
Since PFRs primarily originate from the pyridine rings 
in biochar, the relative content of C=C, C–O/C–N func-
tional groups, and pyridinic N decreased after catalytic 
reactions (Fig.  6a and b). Secondly, the deposition of 
oxidation-resistant intermediates on the biochar surface 
presumably interferes with the catalytic process by block-
ing active sites and hindering their interaction with PMS 
and aniline (Luo et al. 2019; Ruan et al. 2019; Zhu et al. 
2018). The XPS analysis further these findings, show-
ing an increase in surface carbon content from 73.26 to 
76.69% after the catalytic reaction, specifically in C–C 
bonds (Fig.  6a), Concurrently, the proportions of other 
key elements, such as nitrogen (decreasing from 13.64 
to 12.87%) and oxygen (from 13.11 to 10.43%), reduced. 
The reduction in other active sites on the biochar surface 
further impacts its catalytic efficiency. Oxygen contain-
ing functional groups such as C=O (ketone carbonyl) 
and O–C=O (ester or carboxyl groups), along with nitro-
gen species like graphitic N, underwent varying degrees 
of consumption during the reaction (Fig.  6a–c), which 
in turn influenced the generation of reactive species in 
the system. Importantly, O–C=O bonds herein mainly 
originate from lactone groups in biochar rather than car-
boxyl groups (Fig.  6d). Previous studies have suggested 
that the lone pair of electrons in the Lewis basic sites of 
biochar-based catalysts (such as the oxygen atom in C=O 
and pyridinic N), as well as the free-flowing π-electrons 
in sp2-hybridized carbon, can transfer from the biochar 
to PMS, thereby inducing the production of ⋅OH and 
SO4

⋅− (Zhang et al. 2023; Zhao et al. 2021). The graphitic 
N structure enhances the formation of dangling σ bonds 
and facilitates electron transfer by increasing the charge 
density of carbon atoms. This, in turn, promotes PMS 

Fig. 5  Effect of repeated cycles on the PFRs concentration (a), and correlation between PFRs concentration and aniline removal efficiency in cyclic 
experiments (b)
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adsorption and activation activity via the transfer of elec-
tron from biochar to PMS (Luo et al. 2021; Qi et al. 2020; 
Zhao et  al. 2021). As these active sites were consumed, 
additional C–O functional groups and pyrrolic N were 
formed on the biochar surface (Fig. 6a–c). These changes 
in the physicochemical properties of the biochar sur-
face can negatively impact its catalytic performance. It is 
often overlooked that interactions between biochar and 
pollutants—driven by factors such as metal cations, reac-
tive oxygen species (ROS), and ultraviolet radiation—may 
facilitate the regeneration of biochar-PFRs during the 
reaction (Xie et al. 2024). Therefore, future studies should 
focus on improving the regeneration of biochar-PFRs. 

3.4 � Adsorption behavior of MB500 catalyst
In the biochar/PMS catalytic system, the removal of 
organic pollutants generally involves both adsorption 
and degradation mechanisms (Luo et  al. 2021). Fig. S9 
illustrates the adsorption hebavior of MB500 towards 

aniline at different initial pH levels. The results indicated 
that within the initial pH range of 3 to 10, aniline adsorp-
tion tended to equilibrium in approximately 30 min, with 
removal efficiencies ranging from 19.89 to 30.27%. As the 
initial pH increased, the removal efficiency decreased, 
suggesting that the moderate adsorption capacity of 
MB500 did not play a significant role in aniline removal 
in the MB500/PMS catalytic system. The adsorption of 
aniline on MB500 followed pseudo-second-order kinet-
ics, with a high correlation coefficient of R2 = 0.996 
(Fig. S10 and Table S3), indicating the predominance of 
chemical adsorption. In this case, the physical adsorp-
tion facilitated by the porous structure, characterized by 
a specific surface area of 48.74  m2  g‒1, a pore volume of 
0.10  cm3  g‒1, and an average pore size of 8.46  nm con-
tributed minimally to the overall activity of the optimal 
catalyst. Interestingly, in an extended adsorption study, 
the removal rate of aniline increased steadily over time, 
ultimately reaching 40% after 40  days (Fig.  7). Given 

Fig. 6  Changes in relative contents of various C1s (a), N1s (b), and O1s (c) species and the concentrations of oxygen containing functional groups 
(d) on MB500 surface before and after catalytic
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the reaction characteristics of PFRs, it is reasonable to 
hypothesize that PFRs in biochar can directly react with 
aniline, leading to its oxidative degradation. Previous 
studies have also reported that PFRs, with their delocal-
ized unpaired electrons, can remediate pollutants by reg-
ulating electron transfer independently (Liu et al. 2024a, 
b; Yang et al. 2016). Due to the slow nature of the direct 
degradation process, no systematic or in-depth research 
was conducted on it in this study.

The pH of a solution significantly influences the types 
of pollutants, the surface charge of biochar, and other 
physicochemical properties, thereby interfering with the 
adsorption behaviour of biochar. According to the Zeta 
potential distribution graph (Fig. S11), the isoelectric 
point of MB500 was 1.90. Within the pH range of 3 to 
10, the surface of MB500 consistently carried a net nega-
tive charge, with the degree of deprotonation increas-
ing as the pH rose. Aniline, a weak base, predominantly 
exists in its molecular and positively charged ionic forms 
when the pH is between 3.0 and 7.0. The ionic form of 
aniline interacts with MB500 through electrostatic 
effects. However, as the pH increases, the proportion of 
ionic aniline decreases, weakening its electrostatic inter-
action with MB500. Even within the pH range of 7.0 to 
10.0, some removal of aniline in its molecular form was 
observed, suggesting that additional adsorption mecha-
nisms, beyond electrostatic interactions, contribute to 
the adsorption of aniline by MB500.

Other mechanisms, such as hydrogen bonds, π–π inter-
actions, and hydrophobic interactions, also contribute to 
the adsorption of aniline, as confirmed by the FTIR and 
XPS spectra analyses. Figure 8a displays the FTIR spectra 

of MB500 before and after aniline adsorption. The spec-
tra revealed that the peak at 3385 cm‒1, corresponding to 
the stretching vibrations of –OH groups and N–H bonds, 
became broader and more intense following adsorption. 
This alteration suggests that aniline was adsorbed onto 
MB500 through hydrogen bonding between the –NH2 
groups of aniline and the –OH groups on the MB500 
surface (Yu et al. 2017). Small shifts and increased inten-
sities of the peak at 1590 cm‒1, corresponding to stretch-
ing vibration of aromatic ring skeleton or N–H bending 
vibration in aniline, suggest π–π interactions between the 
benzene ring of aniline and the electron-depleted areas 
of MB500 (Yu et al. 2016, 2024). The increased intensity 
of the peak at 1222  cm−1, which is associated with both 
C–N stretching and ring stretching vibrations (Suresh 
et al. 2013; Yu et al. 2017), confirms the binding of aniline 
to the surface of MB500 during the interaction process. 
Further, due to π–π interactions (Zhang et al. 2022a, b), 
the peaks between 600 and 900 cm−1, associated with the 
out-of-plan bending of aromatic carbon (Yu et al. 2018), 
became more pronounced following aniline adsorption. 
These observations collectively suggest that both hydro-
gen bonding and π-π interactions play significant roles in 
the adsorption of aniline onto MB500.

The XPS spectra before and after aniline adsorption 
are presented in Fig. 8b–d. After aniline adsorption, the 
content of O and N elements on the surface of MB500 
decreased while the content of C increased, indicating a 
reduction in the hydrophilicity of MB500. Aniline con-
tains hydrophobic groups (i.e., phenyl groups), which 
can interact with the benzene rings of aromatic acids 
through hydrophobic effects and π–π bonding (Yu et al. 
2017). Furthermore the high-resolution C1s and O1s 
spectra revealed an increase in the relative intensities of 
the C–C and π–π satellite peaks, providing further evi-
dence of aniline adsorption on the MB500 surface and 
the involvement of π-π interactions. The adsorption of 
aniline also caused a reduction in the relative abundance 
of C=C, C=O, and O–C=O groups. This suggests that 
hydrogen bonding may have altered the electrochemi-
cal environment of the biochar surface, leading to an 
increased formation of C–O groups (Yu et al. 2017). The 
high-resolution N 1  s spectra showed that after aniline 
adsorption, the content of pyridinic N decreased from 
43.41 to 39.57%, and its peak shifted to lower binding 
energy. This shift is primarily due to changes in the elec-
tron density around the nitrogen atom caused by electron 
transfer from pyridinic N to aniline. These experimental 
findings, along with the results from PFRs generation and 
long-term adsorption tests, further support the idea that 
pyridinic N within PFRs may participate in direct redox 
reactions with aniline (Wu et  al. 2021), contributing to 
the partial degradation of the contaminant.

Fig. 7  Adsorption based removal of aniline by MB500 over various 
periods (initial pH = 7, aniline concentration = 10 mg L‒1)
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3.5 � Reactive species formation in MB500/PMS system
To identify the primary reactive species generated dur-
ing PMS activation, chemical quenching experiments 
were conducted. Figure  9 illustrates the effects of vari-
ous scavengers, namely MeOH, TBA, p-BQ, FFA, and KI, 
on aniline removal by the MB500/PMS catalytic system. 
The introduction of TBA and MeOH at concentrations 
of 5 and 10 mmol L‒1 did not significantly suppress ani-
line removal, particularly in the case of TBA, indicating 
that ⋅OH and SO4

⋅− were not the dominant reactive spe-
cies in this system. However, the presence of p-BQ and 
FFA at 5 mmol  L‒1 significantly inhibited aniline degra-
dation, reducing the removal efficiency by 24% and 17%, 
respectively. This inhibition was further enhanced at a 
concentration of 10 mmol L‒1. These results suggest that 
O2⋅

− generated in the MB500/PMS catalytic system plays 
a crucial role in aniline degradation, followed by 1O2, 
while SO4

⋅− and ⋅OH have lesser contributions. The addi-
tion of KI, which primarily detects surface-bound reac-
tive species, resulted in a moderate inhibition in aniline 
removal, decreasing the removal efficiency by 21% at 

a concentration of 10  mmol  L−1. This indicates that the 
catalytic oxidation reaction occurred both in the bulk 
solution and at the catalyst interface, with respective con-
tributions of approximately 70% and 30%. Based on these 
results, it can be concluded that radical reactions, along 
with non-radical pathways occurring mainly in the bulk 
solution, were responsible for the aniline removal in the 
MB500/PMS catalytic system.

The reactive species generated by the MB500/PMS 
system were further investigated using the EPR analy-
sis, employing DMPO and TEMP as spin-trapping rea-
gents. As shown in Fig. S12, no significant EPR signals 
were detected with MB500 alone. However, in MB500/
PMS catalytic system, characteristic signals for DMPO 
and TEMP spin trappig adducts were observed, con-
firming the generation of ⋅OH, SO4

⋅−, O2
⋅−, and 1O2 

during the reaction. The intensities of these EPR sig-
nals increased with the extension of reaction time 
(Fig. S13), with the concentration of each reactive spe-
cies reaching 4.21 × 1011 spins mm−3, 5.93 × 1011 spins 
mm−3, 1.72 × 1013 spins mm−3, 7.13 × 1011 spins mm−3 

Fig. 8  FTIR spectra (a) and high-resolution C 1 s (b), O1s, and N1s (c) XPS spectra of MB500 before and after aniline adsorption
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at 30  min, respectively. To determine the correlation 
among the amount of PFRs, formation of reactive spe-
cies, and efficiency of aniline removal, linear fitting was 
performed. As shown in Fig. 10a and Table 1, there was 
a highly negative correlation between the generation of 
SO4

⋅− and O2
⋅− and the concentration of biochar-PFRs 

(R2 = 0.908 and 0.897, respectively). However, the lin-
ear correlation coefficient between PFRs concentration 
and the generation of ⋅OH and 1O2 was weak, indicat-
ing that the PFRs were the main contributors to the 
formation of SO4

⋅− and O2
⋅−. This finding differs from 

previous studies, where SO4
⋅− and ⋅OH were typically 

considered the main reactive radicals in catalytic PMS 
activation (Yu et al. 2020). Therefore, it is entirely fea-
sible to control the formation of reactive species in bio-
char-catalyzed advanced oxidation processes through 
surface modification via Na2CO3 activation and het-
ero-atom N doping. According to previous research, 
biochar-PFRs can directly transfer a single electron to 
PMS molecules and adsorbed molecular oxygen, result-
ing in the formation of SO4

⋅− and O2
⋅− (Liu et al. 2024a, 

b; Luo et al. 2021; Zhang et al. 2023; Zhao et al. 2021), 
respectively (Eqs.  1 and 2). O2

⋅− can react with PMS 
molecules or disproportionate to H2O2, further gener-
ating SO4

⋅− and ⋅OH (Yu et  al. 2020). Partially gener-
ated SO4

⋅− from these pathways then reacts with H2O 
or OH− to form ⋅OH (Wu et  al. 2021; Yu et  al. 2020) 
(Eqs. 3 and 4). To confirm the role of adsorbed molecu-
lar oxygen in aniline removal, dissolved oxygen (DO) in 
the reaction was removed by N2 pre-sparging. Unex-
pectedly, no significant difference in aniline removal 
efficiency was observed with or without DO (Fig. S14). 
This indicates that the adsorbed molecular oxygen did 
not contribute as a source of O2

⋅− in the presence of 

biochar-PFRs. In fact, various PFRs could react with 
H2O to generate HO2⋅ by one-electron transfer (Eq. (5)) 
(Luo et al. 2021), which can be subsequently converted 
to O2

⋅− under alkaline conditions. Previous studies have 
confirmed that O2

⋅− is easily converted into 1O2 within 
the degradation system (Eqs. 6–8). However, due to the 
poor correlation between PFRs and 1O2 generation in 
this study, it can be inferred that other pathways for 1O2 
generation might exist that are not affected by O2

⋅−. The 
electrophilic addition and electron abstraction on the 
surface of biochar-based catalysts are the key chemical 
processes taking place in the 1O2 dominated non-radi-
cal pathways (Liu et al. 2023). In this study, the ketone 
structure in biochar at the edge of the carbon matrix 
(Luo et  al. 2021) may serve as an electron acceptor to 
induce PMS to produce 1O2 through a series of reac-
tions, such as additive reactions, dehydration, and ring-
opening reactions (Hu et al. 2020; Qi et al. 2020). Due 
to its higher electronegativity compared to carbon, the 
graphitic N doped into the sp2-hybridized carbon ring 
withdraws electrons from neighboring carbon atoms, 
resulting in a positive charge on the adjacent car-
bon atoms. This electron-deficient carbon atom then 
attracts electrons from PMS, facilitating the formation 
of SO5⋅

− through a nucleophilic addition reaction. This 
species can further react with water to generate 1O2 
(Eqs. 9 and 10) (Liu et al. 2023; Zhao et al. 2021). 1O2 
can also be produced through PMS self-decomposition 
(Eq.  (11)) (Liu et  al. 2023; Zhao et  al. 2021), and the 
coexistence of ⋅OH, SO4

⋅−, and O2
⋅− in the reaction sys-

tem can also lead to the production of 1O2 (Eqs. 12–14) 
(Huang et al. 2021).

(1)HSO
−

5
+ e

−

BC
→ SO

·−

4
+ OH

−

Fig. 9  Effect of scavenger types and concentrations on aniline removal by the MB500/PMS catalytic system (initial pH = 7, aniline 
concentration = 10 mg L‒1, PMS concentration = 0.2 g L‒1, MB500 dosage = 0.7 g L‒1)
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Fig. 10  Correlation analysis of PFRs concentrations, reactive specie formation, and aniline removal efficiency

Table 1  Linear fitting of the relationship between PFRs 
concentration and reactive species concentration during the 
reaction

Reactive species 
types

Fitting curve equation Correlation 
coefficient R2

⋅OH y =  − 15.87x + 97.59 0.505

SO4
⋅− y =  − 14.35x + 88.80 0.897

O2
⋅− y =  − 92.02x + 546.38 0.908

1O2 y =  − 13.41x + 83.38 0.525
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In order to gain an in-depth understanding of the con-

tribution of PFRs to pollutant removal, the relationships 
between biochar properties, PFRs concentration, gener-
ated reactive species, and aniline degradation were fur-
ther explored. As shown in Fig. 10b and Table 2, a strong 
linear correlation existed between the removal efficiency 
of aniline and the concentrations of SO4

⋅−, O2
⋅−, and 

PFRs were relatively high, with R2 values of 0.787, 0.908, 
and 0.901, respectively. Correlations with other reactive 
species were weak. When combined with the quenching 
experiments and DMPO adducts, these results suggest 

that PFRs play a significant role in aniline removal. They 
primarily induce the production of O2

⋅− and SO4
⋅−, with 

O2
⋅− being the key species for contaminant degradation. 

Not only does O2
⋅− act as the primary species for the oxi-

dative degradation of aniline, but it also indirectly partic-
ipates in oxidation of aniline by acting as an intermediate 
species for the generation of 1O2, which further contrib-
utes to aniline degradation.

3.6 � Reaction mechanism analysis
Based on the above discussion, the possible mechanism 
of PMS activation by biochar-PFRs for aniline removal 
was proposed and is illustrated in Fig.  11. The collabo-
rative modification of urea and Na2CO3 creates more 
pyridinic N heterocyclic defects in mesoporous biochar. 
These defects facilitate the formation of C=O functional 
groups and C=C bonds, redistributing excess electrons to 
the adjacent sp2-hybridized carbon atoms in the carbon-
based framework via the delocalized π-conjugated net-
work (Zhang et al. 2022a, b). This electron transfer alters 
the original state of PFRs on the biochar surface, particu-
larly their concentration, resulting in the formation of 
more oxygen- and carbon-centered PFRs at 500 °C.

Given the relatively small specific surface area and 
pore volume of the modified biochar at this temperature, 

Table 2  Linear fitting of the relationship among PFRs 
concentration, reactive species concentration, and aniline 
removal efficiency during the reaction

Reactive species 
types

Fitting curve equation Correlation 
coefficient R2

⋅OH y =  − 0.018x + 1.12 0.412

SO4
⋅− y =  − 0.019x + 3.70 0.787

O2
⋅− y =  − 0.15x + 0.51 0.908

1O2 y =  − 0.020x + 3.90 0.447

PFRs y =  − 0.0015x + 5.93 0.901

Fig. 11  Proposed mechanism of PMS activation by biochar-PFRs for aniline removal
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during the catalytic oxidation reaction, aniline molecules 
predominantly interacted with active sites such as pyri-
dinic N and graphitic N on the biochar surface. These 
interactions occurred through various chemical mecha-
nisms, including electrostatic interactions, hydrogen 
bonding, π–π interactions, and hydrophobic effects. The 
bonded aniline molecules were then oxidized via a direct 
electron-transfer mechanism by PFRs, with the process 
potentially extending over a prolonged reaction time 
of up to 40 days (Zhao et al. 2021). However, this direct 
oxidation process is negligible within the 30  min time-
frame of this study. In the indirect oxidation process, the 
single-electron transfer from various active sites, such 
as sp2 C=C, and pyridinic N of PFRs in biochar, reacts 
with H2O and PMS, leading to the generation of various 
reactive species, particularly O2

⋅− and SO4
⋅−. All of these 

produced reactive species contribute to aniline removal, 
with the O2

⋅− radical pathway being the most effective, 
outperforming the 1O2, SO4

⋅− and ⋅OH in the MB500/
PMS system. In this process, organic contaminants lose 
electrons, converting into intermediate products or being 
directly mineralized into CO2 and H2O (Zhao et al. 2021). 
The reasons behind the dominant role of O2

⋅− and the 
dynamic relationship with the species in biochar-based 
catalysts require further exploration in future studies. 
As active sites such as C=C, C=O, O–C=O, pyridinic N, 
and graphitic N are lost, along with a reduction in cata-
lytic activity, the efficiency of aniline removal gradually 
decreases with each use.

4 � Conclusions
In this study, biochar enriched with PFRs was synthe-
sized through a combined modification process involving 
urea and Na₂CO₃. The factors influencing PFR forma-
tion were investigated, demonstrating that C=C bonds, 
the ID/IG ratio, and pyridinic N are key determinants in 
the generation of PFRs. Batch experiments showed that, 
under neutral conditions, the MB500/PMS catalytic sys-
tem achieved a 92% removal rate of aniline within 30 min 
and demonstrated excellent tolerance to anions. It was 
found that aniline removal occurs through two primary 
mechanisms: direct oxidation by PFRs and indirect oxi-
dation via active species generated by PFR activation, 
particularly O2

⋅−. This study provides new insights into 
the synergistic effects of combined modifications on PFR 
formation in biochar, laying a solid theoretical foundation 
for the structural design and functional optimization of 
biochar. Furthermore, it presents an innovative approach 
for the effective removal of recalcitrant pollutants from 
water, positioning biochar as a highly promising can-
didate for large-scale wastewater treatment. Reflecting 

on limitations of the study, future research should focus 
on the application of PFR-enriched biochar for treat-
ing diverse real-world wastewater, the full utilization of 
various active sites on the biochar surface to enhance its 
efficacy, and the development of effective regeneration 
techniques to enable efficient recycling. These advance-
ments will support the broader application of biochar in 
environmental remediation.
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