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Abstract

Recently, most of biochar materials are used as adsorbents to adsorb pollutants or as catalysts for oxidants (e.g. H,0,,
persulfate, O;) to degrade organic pollutants via free radical pathway and nonradical pathway. Actually, the property
of electron transfer endows biochar with direct degradation capability, which is overlooked. However, the structure-
performance relationship of biochar for direct degradation of organic pollutants still remains unclear. Besides,

the distinction between adsorption, direct degradation, and indirect degradation is also very ambiguous. Therefore,
this study employed quantification tests, electrochemical tests and correlation analysis to address this gap. The results
show that both the direct and indirect degradation behavior occurred in the system of biochar with different types
of organic pollutants. The direct degradation capacity of biochar was highly related to the electron-donating capac-
ity. Additionally, the C-O groups, O-H groups, and graphitic structure promoted the electron transfer for the direct
degradation of organic pollutants. Generally speaking, the direct degradation of biochar in our study reached

up to 40% + 10% in the whole degradation performance of both the direct and indirect degradation. Moreover,
biochar maintained stable direct degradation performance even after five cycles (~ 100%). This study provides a new
insight into the property of biochar in wastewater treatment, rather than adsorbent or catalyst.

Highlights

- Direct and indirect performance of biochar were distinguished and quantified.

- Direct degradation capacity is highly related to the electron-donating capacity.

« C-0O groups, O—H groups, and graphitic structure promoted direct electron transfer.

- Oxygen competed with pollutant for electrons to hinder direct degradation.
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1 Introduction

Biochar is a low-cost and environmentally friendly mate-
rial synthesized by the pyrolysis of biomass waste under
low-oxygen conditions, which has gained attention in
recent years. Until now, biochar materials are mainly
used in two fields, namely adsorbent or catalysts (Bery-
ani et al. 2025; Tian et al. 2025; Wang et al. 2025; Xiao
et al. 2025; Zhang et al. 2023). On the one hand, biochar
materials are usually applied as adsorbents to remove the
pollutants from the wastewater. It is worth noting that
regeneration or disposal of biochar is inevitable, when
the biochar-based adsorbent reach saturation adsorption
(Alsawy et al. 2022; Cui et al. 2022; Deng et al. 2023; Ouir-
iemmi et al. 2022; Wu et al. 2024). On the other hand,
biochar materials are normally used as catalysts to active
the oxidants to produce reactive oxygen species (ROS)
(e.g. HO», SO,7, -O,7) for the degradation of organic
pollutants in the traditional advanced oxidation pro-
cesses (Feng et al. 2025; Kang et al. 2025; Liu et al. 2022;
Yin et al. 2023). In most of the traditional advanced oxi-
dation processes, the oxidants, such as H,0,, persulfate,
O,, are indispensable to degrade organic pollutants via a
free radical pathway (Chen et al. 2024; Fang et al. 2017;
Sun et al. 2023; Wu et al. 2023a, b; Zhang et al. 2021; Zhu
et al. 2025a, b). Actually, biochar not only possesses the

ability to adsorb or catalyze, but also has the potential to
directly degrade the organic pollutants.

The direct degradation represents that the degradation
of organic pollutants by biochar is owing to the direct
electron transfer between biochar and organic pollutants
without any oxidants for the production of free radicals.
To date, the direct degradation of organic pollutants by
biochar is a promising alternative method, which has
been proved by several scholars (Feng et al. 2020; Yang
et al. 2017; Zeng et al. 2021). For example, Bo Pan et al.
found that p-nitrophenol pollutant could be directly
degraded by biochar via electron donation (Chen et al.
2020; Wu et al. 2023a, b). They also found that the persis-
tent free radicals in biochar played an important role in
the degradation of organic pollutants (Yang et al. 2016).
It can be assumed that the oxidants could be saved if the
direct degradation capacity of biochar can be controlled
reasonably. According to the previous studies, it can be
concluded that the performance of biochar in adsorption
or catalysis relies on its physicochemical properties, such
as porous structure, specific surface area, graphitization
degree, surface functional groups. What’s more, the vast
majority of researches concluded that the high removal
capacity of biochar-based materials towards organic pol-
lutants was derived from the adsorption, which seems
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to have overlooked the roles of direct degradation (Guo
et al. 2023; Mon et al. 2023; Shao et al. 2023; Yang et al.
2025a, b; Zhang et al. 2024a, b). Therefore, it is inter-
esting and necessary to figure out the structure-perfor-
mance relationship of biochar for direct degradation of
organic pollutants.

In conclusion, the main objective of this study was to
elucidate the deep relationship between the biochar char-
acteristics and the direct degradation performance of
biochar without any oxidants, even including dissolved
oxygen in natural aquatic system. Firstly, the contribu-
tions of pure adsorption, direct degradation, and indi-
rect degradation were distinguished in the traditionally
so-called “adsorption process” In this work, the pure
adsorption means the removal of organic pollutant via
adsorption without any transformation. The indirect deg-
radation was due to the removal of organic pollutant by
free radicals, which was derived from the activation of
dissolved oxygen in wastewater by biochar. Secondly, the
structure-performance relationship of biochar for direct
degradation was revealed by characteristic analysis, elec-
trochemical tests and correlation analysis. Finally, the
direct degradation mechanism and cycling stability were
concluded. This study will provide a new understand-
ing about the role of biochar for the removal of organic
pollutants.

2 Materials and methods

2.1 Materials and chemicals

P-nitrophenol (PNP), levofloxacin (LEV), tetracycline
hydrochloride (TC), methylene blue (MB), and rhoda-
mine b (RhB) were purchased from Aladdin Biochemical
Technology Co., Ltd. Ammonium polyphosphate (APP)
was purchased from Da Mao Chemical Co., Ltd. Acetoni-
trile (ACN), furfural (EtOH), tert-butanol (TBA), isopro-
panol (IPA), and furfuryl alcohol (FFA) were purchased
from China National Pharmaceutical Group Chemical
Reagent Co., Ltd.

2.2 Preparation of biochar

In order to produce biochar with tailored physicochemi-
cal characteristics, ammonium polyphosphate (APP) was
used as a modified agent in this study. The reasons why
APP was selected was owing to their advantages com-
pared to the traditional modified agents, including low
pyrolysis temperature, needless of inert gases protec-
tion, and low corrosivity. For example, the application
of potassium hydroxide normally requires the protec-
tion of inert gases and heavy corrosion to the pyrolysis
equipment. APP solution with a mass fraction of 25% was
prepared by using APP at a polymerization degree of 50.
Subsequently, 10 g of coconut shell samples were mixed
with APP at varying ratios of 1:0, 1:0.25, 1:0.5, 1:0.75, 1:1,
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and 1:1.25. The mixtures were magnetically stirred for 24
h to ensure uniform loading of APP on biochar precur-
sor. After impregnation, the samples were transferred to
a muffle furnace. The pyrolysis was performed under 500
°C with a heating rate of 10 °C/min and held for 1 h. The
resulting products were washed with deionized water
until the pH of leachate reaching ~7, and dried at 60 °C
with a vacuum oven. Finally, the biochar samples were
obtained by sieving through a 100-pum mesh and labeled
as APP-1 to APP-6.

2.3 Characterizations of biochar

The surface element compositions and functional groups
of biochar were detected by X-ray photoelectron spec-
troscopy (XPS) (K-Alpha +, USA) under ultrahigh vac-
uum, scanning the binding energy range of 0-1200 eV
(0.1 eV step size). Fourier-transform infrared spectros-
copy (FTIR, Thermo Scientific Nicolet 6700, USA) was
used to detect the changes in functional groups of bio-
chars before and after the reaction. FTIR was conducted
at a resolution of 4 cm™ over a scanning range of 4000
400 cm™! using a KBr beam splitter with 32 accumulated
scans. The graphitization degree of biochars was meas-
ured by Raman spectroscopy (inVia Qontor, England) at
an excitation laser wavelength of 532 nm with a spectral
resolution of 1 cm™. N, adsorption—desorption meas-
urements were performed at 77 K using a Quantachrome
AS-1-MP-11 analyzer. Samples were degassed at 200 °C
for 5 h before analysis. The BET method (P/P,= 0.05-
0.30) was used for surface area calculation.

2.4 Degradation performance identification

To investigate the degradation performance of biochar on
organic pollutant, the experiment was divided into two
groups. One group introduced N, into the solution to
create an anaerobic environment, while the other group
maintained an aerobic environment without introduc-
ing N,. Additionally, the quenching experiments were
carried out to distinguish the roles of direct degradation
and indirect degradation. In this study, the radical trap-
ping agents included tert-butanol (TBA, 10 mM) for
hydroxyl radicals (-OH), isopropanol (IPA, 10 mM) for
singlet oxygen (*O,), and furfuryl alcohol (FFA, 1 mM)
for superoxide radicals (-O,7). To ensure the reliability
and applicability of the results, three representative cat-
egories of organic pollutants were selected based on their
structural diversity and environmental persistence: phe-
nolic compounds p-nitrophenol (PNP), antibiotics levo-
floxacin (LEV) and tetracycline hydrochloride (TC), and
dyes methylene blue (MB) and rhodamine B (RhB). For
each reaction, 0.1 g of biochar was mixed with 100 mL of
organic pollutant solution (200 ppm) in sealed contain-
ers. After sealing, the containers were transferred to a
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shaker (25 °C, 220 rpm) and agitated for 24 h in the dark.
All solutions were freshly prepared to eliminate potential
interference from microorganisms and other substances
that could affect experimental results. Afterwards, the
mixture was vacuum-filtered through a 0.22-pm nylon
membrane. The filtrate was collected for quantification
analysis via high-performance liquid chromatography
(HPLC; Agilent 1260) using a C18 column (5-pm, 4.6 mm
X250 mm). And the biochar was recovered from the fil-
ter membrane, rinsed with deionized water (3 x50 mL),
and vacuum-dried at 60 °C for 12 h. External calibra-
tion curves (0.1-100 mg/L, R?> 0.995) ensured accuracy.
Detailed methods are provided in Supplementary Text
S2. Liquid chromatography-mass spectrometry (LC-MS;
m/z 50-1000, positive ion mode) identified degradation
intermediates. The degradation experiment was repeated
five times. The details of electrochemical tests for elec-
tron transfer can be found in Text S3. All experiments
were conducted in triplicate. Error bars indicate standard
deviation (n =3), with relative standard deviations <5%.
Statistical significance (p <0.05) was confirmed by one-
way ANOVA, ensuring robust conclusions.

3 Results and discussion
3.1 Overall removal performance of organic pollutants
by biochar

Through the regulation of APP loading ratio, biochars
with tailored physicochemical characteristics were pro-
duced, such as the total specific surface area (Table 1).
Notably, the specific surface area of samples increased
with the increasing APP loading ratio. Among them,
APP-6 reached 134.8 m?/g, representing an 8.2-fold
increase compared to the unmodified biochar. Figure S1
shows the overall removal performances of the five
organic pollutants by biochars, including pure adsorp-
tion, direct degradation, and indirect degradation. As
shown in Fig. S2, there was a positive linear correla-
tion between the change of BET surface area and total
removal capacity (R*= 0.89). By comparing the porous

Table 1 Total specific surface area of biochars APP-1 ~ APP-6
before and after reaction

Sample Before reaction After reaction
Sger (M?/g) Sger (M*/g)

APP-1 1643 0.13

APP-2 25.35 0.26

APP-3 37.28 0.53

APP-4 67.92 2.21

APP-5 117.88 7.08

APP-6 134.8 11.16

Sger IS total specific surface area
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structures of biochar before and after reaction, it can be
concluded that the pore filling played an important role
for the removal of organic pollutants. After five cycles,
the overall removal performances of biochar decreased
owing to the lack of reaction active sites.

To demonstrate the presence of degradation behav-
ior, LC-MS analysis was performed to check the pollut-
ant species after reaction. It can be found from Fig. 1
that the generation of intermediates occurred for all five
organic pollutants, including p-nitrophenol, levofloxacin,
tetracycline hydrochloride, methylene blue, and rhoda-
mine B. For instance, PNP was transformed into p-ami-
nophenol (C;H,NO, m/z =109.023) and phenol (C,HO,
m/z =95.050). No intermediates were detected in blank
controls, confirming that the degradation activity was
derived from biochar. Notably, the degradation products
were still observed even under strict anaerobic condi-
tions, demonstrating the existence of direct degradation
by biochar. The degradation efficiency was calculated
by subtracting the adsorbed pollutant amount from the
total removal (Fig. 2). To quantify the adsorption capac-
ity, biochar was subjected to acetonitrile extraction (5
X2 h extraction, 97% extraction efficiency), followed by
HPLC analysis of the eluate. This method enabled dif-
ferentiation between adsorption-driven removal and
catalytic degradation-driven removal (Chen et al. 2020;
Wu et al. 2022). According to the calculation, the pure
adsorption contributed to about 70% +10% for overall
removal performance, and the degradation contributed
to approximately 30% +10% for overall removal perfor-
mance. As above-mentioned, the degradation included
both the direct and indirect degradation. Therefore, the
contributions of these dual pathways were quantitatively
elucidated by ROS quenching experiments and correla-
tion analyses.

3.2 Indirect degradation of organic pollutants by biochar

Quenching experiments revealed the contribution of
ROS to the degradation of organic pollutant by biochars
(Fig. 3). The results demonstrated that -OH and 'O, were
the primary contributors to the indirect degradation,
accounting for the maximum degradation capacities of
8.3 mg/g (28.5%) and 7.7 mg/g (24.9%), respectively. In
other words, biochar could catalyze dissolved oxygen
in natural water to produce ROS for the degradation of
organic pollutants. Additionally, it can be observed that
there was still degradation behavior after the quench of
all ROS in the system, suggesting the presence of other
degradation mechanism, rather than only the roles of
ROS. After the five-cycle reaction, the degradation of
ROS gradually decreased. In each cycle, the ratio of ROS
degradation to the total degradation of organic pollutants
reduced (Table 2), indicating that the ability of biochar
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Fig. 1 LC-MS analysis of the solution after reaction and its corresponding degradation process of (a-b) PNP, (c) LEV, (d)TC, (e) MB, (f) RhB

to catalyze the generation of ROS gradually weakened.
This phenomenon can be attributed to the consumption
of biochar during the reaction process. According to the
literatures (Dong et al. 2024; Li et al. 2022a, b, 2023a;

Yang et al. 2025a, b; Zhang et al. 20244, b), the surface
oxygen-containing functional groups (O-H and C-O
groups) in biochar could activate the dissolved oxygen to
generate 'O, even under light-independent conditions.
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Fig. 2 The degradation effect of biochars on 200 ppm of (a) PNP, (b) LEV, (c) TC, (d) MB, and (e) RhB; (f) the maximum degradation rate of organic

pollutants

Specifically, these surface functional groups acted as
redox-active sites to capture the electrons and transfer
them to O, to form -O,~ (Zhu et al. 2025). Subsequently,
'0, could be produced via dismutation reaction in the
presence of protons, and the protons were provided
by O-H groups via hydrogen bonding. Besides, some
researchers found that the persistent free radicals in bio-
char could activate and motivate the direct excitation
of ground-state oxygen to highly reactive 'O, through
energy transfer mechanisms (Fu et al. 2024; Li et al
2022a, b).

3.3 Direct degradation of organic pollutants by biochar

In order to investigate the direct degradation perfor-
mance of biochar, the removal experiments in either
anaerobic (N,) and natural condition (original dissolved
oxygen) were performed. The direct degradation behav-
iors of PNP by biochars under two different conditions
are compared in Fig. 4, and the degradation results of
the other four organic pollutants are provided in Fig. S3.
The results demonstrated the presence of degradation of
organic pollutants, even under the anaerobic condition,
during which the ROS could not be produced. Namely,
the direct degradation of organic pollutants by bio-
char really existed. Furthermore, the direct degradation

efficiency under anaerobic condition was lower than
in the natural condition, indicating that both the direct
and indirect degradation contributed to the removal of
organic pollutants. The poor performance of direct deg-
radation under aerobic conditions compared to anaerobic
conditions also indicated that the presence of dissolved
oxygen may compete with the organic pollutants for elec-
trons from biochar. The ability of direct degradation of
PNP by biochar gradually weakened with the increasing
cycle numbers, which may be due to the gradual con-
sumption of redox sites in biochar.

To further prove the direct degradation, the electro-
chemical tests were performed to investigate the electron
transfer properties of biochar samples using a three-
electrode system. As shown in Fig. 5, the linear sweep
voltammetry curves (LSV) of all six biochar samples
changed, accompanied by an increase in current inten-
sity after the introduction of organic pollutants (Chu
et al. 2022; Huang et al. 2023, 2025). This result indicated
that biochar directly mediated the electron transfer at
the pollutant interface, thereby achieving direct degrada-
tion of organic pollutants. What’s more, the capacity of
electron transfer enhanced from APP-1 to APP-6. The
presence of electron transfer processes in the biochar-
organic pollutant system revealed a possible relationship
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Table 2 The proportion of reactive oxygen species degradation
in the total degradation amount (%)

Sample The proportion of reactive oxygen species
degradation in the total degradation amount (%)
1-Run 2-Run 3-Run 4-Run 5-Run

APP-1 63.70 60.70 55.20 52.60 50.50

APP-2 63.57 5947 57.20 56.60 51.05

APP-3 64.96 61.02 58.72 5547 5195

APP-4 67.70 62.67 60.72 57.67 54.05

APP-5 66.00 61.68 59.72 59.66 5440

APP-6 68.20 67.65 59.95 61.66 58.50

between the direct degradation capability of biochar and
its electron transfer capacity. To quantitatively evaluate
the kinetics of direct electron transfer during the redox
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reactions, this study employed a three-electrode system
based on mediated electrochemical redox method. The
experimental data in Table 3 reveal that electron-donat-
ing capacity (EDC) of biochars was significantly higher
than their electron accepting-capacity (EAC) (Chen et al.
2022; Gorski et al. 2012; Govindan et al. 2020; Hoving
et al. 2017). EDC was the main factor driving biochar’s
electron transfer capability, indicating that the direct
degradation by biochar was predominantly governed by
reductive processes. Notably, both the EDC and EAC
of biochar samples gradually increased from APP-1 to
APP-6, implying the possible improved electron transfer
capacity for the degradation of organic pollutants.

3.4 Direct degradation mechanism of biochar
To elucidate the electron transfer mechanism, the char-
acteristics of biochars before and after the reaction are
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Fig. 4 Direct degradation of PNP by biochars in reactions of (a) 1-Run, (b) 2-Run, (c) 3-Run, and (d) 4-Run
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Table 3 EDC, EAC and EEC of biochars APP-1 ~ APP-6

Sample EDC(mmole™/g) EAC(mmole™/g) EEC(mmole/g)
APP-1 0.006783 0.001802 0.008585
APP-2 0.016173 0.002452 0.018625
APP-3 0.024735 0.003001 0.027736
APP-4 0.029533 0.003284 0.032817
APP-5 0.034129 0.004601 0.038730
APP-6 0.041565 0.004984 0.046549

necessary. FTIR results confirmed the presence of O—H
and C-O bonds in biochar, with stretching vibrations
observed at 3430 cm™! and 1000-1300 cm™!, respec-
tively (Fig. 6). Notably, the abundance of C-O and O-H
bonds gradually increased from biochar APP-1 to APP-6
according to FTIR peaks and XPS (Table 4) (Egyir et al.
2022; Li et al. 2024; Zhu et al. 2025a, b). After the reac-
tion, the intensity of surface functional groups in biochar
decreased, indicating their participation in the removal
reaction of organic pollutants. Therefore, it could be
demonstrated that the surface functional groups my
involve in the direct degradation of organic pollutants.
The XPS data revealed the significant changes in the
composition of biochars before and after the reaction,
highlighting their roles in the removal process of pollut-
ants (Figs. 7 and S4). Before the reaction, the content of
C-C/C-H bonds progressively decreased from APP-1
(72.07%) to APP-6 (43.26%), while the oxygen-contain-
ing functional groups (C-O and O-H) showed a sig-
nificant increase, with C—O rising from 6.22% to 66.59%
and O—H from 6.89% to 48.28%. After the reaction, the
C-C/C-H content increased across all samples, while
the C—O and O—H content decreased substantially, with
C-O dropping to 3.92%-31.92% and O-H to 4.21%—
32.15%. Notably, the emergence of a new C=0 stretching
vibration peak was observed after the reaction, indicat-
ing the formation of carbonyl groups during the degra-
dation process. Among the six biochar samples, APP-6
exhibited the most significant changes with the highest
initial C—-O (66.59%), O—H (48.28%) content and the larg-
est post-reaction C=0 formation (13.4%), reflecting their
donation in electrons. This result was consistent with
its highest direct degradation efficiency. The C-O and
O-H groups acted as electron donors, driving the deg-
radation of organic pollutants through direct electron
transfer mechanisms. This process involved the trans-
fer of electrons from the oxygen-containing functional
groups on biochar to pollutants, facilitating the reductive
transformations of the organic pollutants. These findings
underscored the critical role of oxygen functional groups
in biochar’s redox activity, while also illustrated the
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structural differences among the six biochar samples and
their varying contributions to the degradation process.

Raman spectroscopy was used to analyze the graphiti-
zation degree of biochar. Two characteristic peaks were
observed at approximately 1350 cm™ and 1580 cm™,
corresponding to the D band (disordered sp>-bonded
carbon) and the G band (ordered sp?-bonded carbon),
respectively. The I,/I; ratios for APP-1 to APP-6 were
0.832, 0.836, 0.774, 0.868, 0.861, and 0.882. After the
reaction, all six biochar exhibited the change of structural
defects, which may serve as redox-active sites for both
the adsorption and degradation of organic pollutants
(Hou et al. 2022; Liang et al. 2021; Miao et al. 2022; Wang
et al. 2019). These defect-driven interfaces facilitated the
electron transfer between the biochar and pollutant mol-
ecules, thereby promoting the direct degradation capabil-
ity of biochar.

3.5 Structure-performance relationship analysis

To further elucidate the relationship between biochar’s
structural properties and the degradation performance, a
comprehensive correlation analysis was conducted in this
study (Fig. 8). The results in Fig. S5 revealed that the BET
surface area exhibited a relatively low correlation with
direct degradation (R’= 0.624), indicating that physical
adsorption played an indirect role in direct degradation
of biochars. Instead, the degradation of organic pollut-
ants relied on chemical reactivity of biochar, particularly
the electron transfer capacity. Specifically, the direct
degradation capability of biochar showed a positive cor-
relation with EDC (R?= 0.867). The electron-exchanging
capacity (EEC) is the sum of EAC and EDC, which also
had a strong correlation with direct degradation (R*=
0.875). These findings suggested that biochar predomi-
nantly served as an electron donor, directly reducing pol-
lutants through electron transfer. The changes in surface
functional groups of biochar before and after reaction
showed a significant correlation with its EDC. This also
revealed the transformation relationship between C-C
and C=0, as well as the connection between C=0 and
EDC. The correlation between O—H and EDC was 0.903,
while the correlation between C—O and EDC was 0.947,
indicating that the electron-donating capacity of biochar
primarily derived from the groups O-H and C-O. The
correlation between the changes in C-C and C=0 groups
was 0.754, indicating that the newly formed C=0O may
originate from the oxidative cleavage of C—C. During the
removal process, the organic pollutants may oxidize the
C-C bond, resulting in the formation of C=0 functional
groups. The correlation between C=0O and EDC was
0.788, indicating that the formation of C=0O was closely
related to the electron-donating capacity of biochar. The
generation of C=0 may result from oxidation reactions
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during the electron donation process, further support-
ing the electron donor characteristics of biochar. The
changes in surface functional groups of biochar before
and after reactions were significantly correlated with the
direct degradation of organic pollutants. This indicated
that the degradation mechanism of biochar relied on its
electron donor characteristics, rather than only physi-
cal adsorption. The electron donor properties of surface
functional groups (O-H, C-O) were important for the

Table 4 XPS C1sand O1 s dates of biochars APP-1 ~ APP-6

degradation of organic pollutants. The correlations of
the changes in Raman spectra before and after the reac-
tion with the direct degradation and EDC were 0.710 and
0.871, respectively, further highlighting the important
influence of graphitic structure of biochar on its electron-
donating capacity.

Based on all above-mentioned results, the degradation
mechanism of organic pollutants by biochar was sum-
marized and illustrated in Fig. 9, including both direct

Sample Before reaction After reaction
C-C/C-H (%) C-0 (%) O-H (%) C-C/C-H (%) C-0 (%) 0O-H (%) C=0 (%)

APP-1 72.07 6.22 6.89 7441 392 421 3.67
APP-2 68.04 27.09 16.58 7811 132 851 7.36
APP-3 65.64 49.36 24.36 79.46 31.92 132 1161
APP-4 61.02 5836 29.35 7551 27.86 15.62 10.63
APP-5 5293 61.63 32.37 78.37 2457 16.84 11.06
APP-6 43.26 66.59 48.28 74.34 21.26 3215 134
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Fig. 8 The correlation between direct degradation amounts and (a) EDC, (b) EAC, (c) EEC, (d) Raman changes, (e) C-C content changes, (f) C-O
content changes, (g) O-H content changes, (h) C=0 content changes before and after the reaction

and indirect pathways. Direct electron transfer could be
driven by oxygen-containing functional groups (C-O
and O-H) and graphitic structure. The O-H groups

could act as electron donors and form hydrogen bonds
with electronegative atoms in pollutants or water mol-
ecules, shortening the electron transfer distance between
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Fig. 9 Possible degradation mechanisms in biochar-organic system

biochar (donor) and pollutants (acceptor). Simultane-
ously, the C-O groups could participate in electron
transfer through electrostatic interactions or hydro-
gen bonding, leveraging the electronegativity of oxy-
gen atoms. The graphitic sp*-carbon structure further
enhanced the electron transfer efficiency via n-mt stacking
interactions with aromatic rings in pollutants, producing
strong interfacial contact for redox reactions. Indirect
degradation involved in the catalytic generation of ROS.
For example, the surface functional groups could activate
dissolved oxygen to produce -O,~, which went through
the proton-coupled dismutation to form H,0O, and 'O,.
Also, the persistent free radicals on biochar could directly
excite ground-state oxygen into 'O, through energy
transfer. This synergistic effect of direct electron transfer
and radical-mediated reduction—oxidation endowed bio-
char with degradation capacity in the traditional adsorp-
tion process, which should be paid attention.

3.6 Stability of direct degradation ability of biochar

As the number of reaction cycles increased, the pro-
portion of direct degradation in the overall degradation
process gradually improved (Fig. 10). This trend was
attributed to the gradual weakening of biochar’s indirect
degradation capacity. Reactive oxygen species, such as
‘OH and 'O, were consumed during the cycling reac-
tions. Although the absolute rate of direct degradation for

APP-1 to APP-6 showed a declining trend, reflecting that
the indirect degradation dominated in the former cycle.
With the depletion of ROS, the relative contribution of
direct degradation increased in spite of the decrease of
whole removal efficiency. The enhancement of biochar
performance was driven by structural evolution with the
increasing of APP impregnation ratios, which promoted
the formation of oxygen-rich functional groups for the
generation of ROS and direct electron transfer.

3.7 Application potentiality and challenge

Recently, most of biochar materials are used as adsor-
bents to adsorb pollutants or as catalysts for oxidants
(e.g. HyO,, persulfate, O,) to degrade organic pollutants
via free radical pathway. Moreover, ROS-dominated
degradation pathways account for over 80% of pollutant
removal, which may suffer from drastic efficiency loss
in low-oxidant input or radical scavenging by the com-
plicated constituents in natural water. In this study, we
tried to figure out the direct degradation of organic pol-
lutants by biochar without any oxidants, even including
dissolved oxygen. The direct degradation performance of
biochar was mainly derived from the electron-accepting
capacity and electron-donating capacity for the electron
transfer between the organic pollutants and biochar.
And the electron transfer property relied on the biochar
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of organic pollutants

characteristics, including surface functional groups, gra-
phitization degree, -1t delocalization electron.

In this study, the APP-modified biochars exhibited a
maximum direct degradation capacity of 11 mg/g, which
was comparable to high-performance iron-based cata-
lysts (15 mg/g) but without requiring acidic conditions or
posing metal leaching risks (Fe** leaching >2 ppm/cycle
for iron catalysts) (Azmani et al. 2025; Li et al. 2023a, b;
Yan et al. 2022). Moreover, the stability of direct degra-
dation by biochar was also good enough. In a previous
study, the iron-based materials suffered from an effi-
ciency decline of 40% after 3 cycles due to passivation
or leaching. Fortunately, the biochar kept higher than
90% degradation efficiency after 5 cycles via non-radical
electron transfer pathways. Compared to photocatalysts,
such as MOFs (30 mg/g) or TiO,, biochar could operate
the degradation process efficiently under dark condi-
tions, eliminating energy-intensive light requirements
and reducing operational costs. To be honest, although
the direct degradation by biochar has some advantages,
there were still some challenges. (1) The dissolved oxygen
in natural water system may compete with the organic
pollutants for the electrons from biochar, resulting in a

reduction of direct degradation efficiency by 30% to 70%
(Fig. 5). (2) The direct degradation of high redox potential
pollutants by biochar might be hard, such as perfluoro-
alkyl and polyfluoroalkyl substances. In other words, the
direct degradation by biochar is unlikely to cover all the
organic pollutants recently. (3) The direct degradation
performance in the really field-scale should be investi-
gated in deep. As we all know, the real wastewater is nor-
mally complicated with a lot of interferent matters, such
as humic organic matter, heavy metals.

4 Conclusions

The direct degradation performance of biochar was
investigated with five different types of organic pollutants
as examples. The results show that the direct degradation
capability of biochar was governed by the oxygen-con-
taining surface functional groups, specifically C-O and
O-H moieties. These groups worked as electron donors
to directly transfer electrons between the organic pollut-
ants and biochar through dual pathways, namely hydro-
gen bonding with electronegative atoms and electrostatic
interactions at redox-active interfaces. The characteriza-
tion and correlation analyses revealed that the graphitic
structure of biochar could enhance the electron transfer
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between biochar and pollutants, significantly promoting
direct degradation efficiency. Furthermore, the quench-
ing experiments confirmed that biochar could indirectly
degrade pollutants by catalyzing dissolved oxygen in
water to generate ROS, such as -OH and 'O,. In other
words, there were both direct degradation and indirect
degradation in the natural water system, and the dis-
solved oxygen in natural water system may compete with
the organic pollutants for the electrons from biochar.
It is worth noting that both oxidation and reduction of
the organic pollutants occurred during the direct degra-
dation process. In our study, the optimal direct degrada-
tion performance of biochar could reach up to 11 mg/g,
which contributed to 40% +10% of the total degradation.
And the degradation contributed to approximately 30%
+10% for overall removal performance, including both
adsorption and potential degradation. Therefore, the
direct degradation capability by biochar via direct elec-
tron transfer during the traditional adsorption should not
be overlooked. This study provides a new insight into the
property of biochar in wastewater treatment, rather than
adsorbent or catalyst.
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