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Abstract

Eliminating pesticide residues in soil through the Advanced Oxidation Processes (AOPs) has been attracted a lot

of attention in recent years. However, the potential of converting them into small molecular nutrients such as ammo-
nium nitrogen (NH,*-N) has been significantly ignored. Herein, we systematically detected the transformation of clo-
thianidin (CTD) into NH,*-N through AOPs and the following effect on the growth of lettuce. Fe;S,-loaded biochar
(BC@Fe;S,) was synthesized in one step through hydrothermal method, possessing excellent catalytic capacity

to activate peroxymonosulfate (PMS). The results showed that the generated NH,*-N could reach up t0 3.029 mg L'
in soil-water system containing 20 mg L' of CTD after the treatment of BC@Fe,S,+PMS. However, when the con-
centration of CTD in soil was 20 mg kg™, the dry weight of lettuce was 17.3 mg/plant, and the dry weight of lettuce
in CTD-contaminated soil with this concentration was 29.3 mg/plant after treatment by BC@Fe,S,+PMS, and no CTD
residue was detected. The results of lettuce cultivation showed that CTD in the system was converted to NH,"-N
after treatment with BC@Fe;S, +PMS, which resulted in increased dry matter accumulation and decreased residue

of lettuce seedlings. Meanwhile, LC-MS/MS analysis revealed three main degradation routes involved in the CTD
degradation process. T.E.ST-QSAR was carried out to simulate the toxicity of all degradation intermediates to Fat-
head minnow and T.pyriformis, manifesting that the CTD toxicity decreased after BC@Fe;S, +PMS treatment. Further
analysis indicated that the degradation of CTD and the formation of NH,-N occurred simultaneously, where -OH,

'0, and SO, played a leading role in trigging those reactions. This work explains in detail the mechanism by which
pesticides are converted into nutrients, providing feasible strategies and new perspectives for soil remediation.

Highlights

+ Soil-bound CTD could be transformed into NH,*-N through BC@Fe;S,~AOPs system.
- (CTD degradation products could provide nutrients and promote the growth of lettuce.
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-OH,'0, and SO, played an important role in the BC@Fe,S, +PMS+CTD system.
Itis feasible to remove soil pesticides and replenish nitrogen simultaneously.
BC@Fe;S,+PMS is a potential soil remediation technology.
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1 Introduction

With the accumulation of population, the pesticide was
widely used to get high-yield and quality crops (Wood
and Goulson 2017). However, the overuse of pesticides,
driven by a lack of scientific guidance, has introduced
persistent organic pollutants (POPs) into the agricultural
environment. These POPs linger in the soil, threatening
both human health and the ecosystem (Sandstrom et al.
2022). CTD is a new type of highly efficient and highly
selective insecticide in the Neonicotinoids (NEOs),
which has been widely used in pest control of rice, veg-
etables and other crops (Li et al. 2012; Tian et al. 2022). It

has been reported that the content of CTD in agricultural
soil is high, up to 0.002-2.06 mg kg! (Chowdhury et al.
2012; Jones et al. 2014), and the residual time is long,
with a half-life of up to 148-6931 days (Wood and Goul-
son 2017). Relevant studies have shown that plants will
absorb the CTD in the soil and accumulate in the plant,
and people will eat vegetables with pesticide residues
and they eventually enter the human body (Yang et al.
2022), posing a great threat to human health (Kalyabina
et al. 2021). How to effectively remove organic insecti-
cides such as clothianidin from the soil environment has
become a challenge for researchers.
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At present, AOPs are considered as a highly feasible
approach to treat the contamination of pesticide in soil
with both free radical and non-free radical pathways
(Gupta et al. 2022; Wen et al. 2024). The AOPs sys-
tem based on the joint action of persulfate and efficient
catalysts can quickly generate reactive oxygen species
(ROS) such as «OH, SO,"~, O," and 'O,, and can trans-
form stubborn organic pollutants into low-toxic and
non-toxic substances (Ebrahimi et al. 2021). Notably,
a large number of studies have confirmed that catalysts
play a very important role in AOPs (Alamgholiloo et al.
2021). At present, the main catalysts include transition
metals and their oxides, hydroxides, sulfides and metal—
organic frameworks and others (Taghavi et al. 2022).
Among them, transition metals have received more and
more attention in the removal of organic pollutants due
to their economy and high REDOX properties (Li et al.
2022a; Manjuri Bhuyan et al. 2023). However, despite the
excellent catalytic properties of transition metals, they
still face some challenges in practical applications, such
as poor dispersion of catalysts and easy aggregation and
inactivation of active sites. Therefore, loading the transi-
tion metal on a suitable carrier can not only improve its
dispersion and stability, but also enhance its application
performance in complex environments. Biochar-based
materials have been widely studied as catalyst carriers in
AOPs applications because of their advantages such as
controllable activation degree, high conversion efficiency
and simple structure (Li et al. 2022b; Wang et al. 2022).
Therefore, it is expected to remove organic pollutants
in the actual agricultural environment by synthesizing a
composite material with biochar as the carrier and tran-
sition metal compounds on it. Unfortunately, numerous
rstudies have confirmed that the degradation of pesticide
by AOPs cannot mineralize completely, leading to the
generation of abundant intermediates, which produce
beneficial and/or harmful components during degrada-
tion, and these intermediates are often ignored during
the degradation process (Bandeira et al. 2021; Mohanta
and Ahmaruzzaman 2020). Herein, there is an urgent
need to determine the environmental impact of the
resulting intermediates in order to make efficient use of
the beneficial components produced during degradation.

Notably, many of the typical pesticides such as insec-
ticides, herbicides, antibiotics and so on are rich in N,
P, S and other nutrients (Chen et al. 2019; Wen et al.
2022). which might be converted into nutrients that can
be absorbed by crops (Marcinczyk et al. 2022). There
are several studies (Chen et al. 2023; Guo et al. 2021;
Jin et al. 2024; Wen et al. 2022) showing that intermedi-
ates related to nitrate, phosphate and organic acid may
be obtained during the degradation of Sulfamethazine
(CcHgN,0,S), Glyphosate (C3HgNO,P) and Clothianidin
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(CcHgCIN;O,S),etc. Besides, ROS can attack some het-
erocycles and benzoquinones containing S or N to
destroy their N-C and S-C bonds, getting S and N con-
taining small molecules. Above small molecules could
be oxidized to get free ammonium salts (NH,*), nitrate
nitrogen (NO;7) (Guo et al. 2021) and other benefi-
cial products (Li et al. 2022a), promoting the growth of
plants. Unfortunately, the specific mechanisms of getting
nutrients degraded from pesticides and the effects of the
pesticides into nutrients on crops are unclear. Therefore,
it is particularly important to study the remediation of
soil organic pollution by AOPs, the mechanism of pol-
lutant conversion into nutrients, and the impact on crop
growth (Fatima et al. 2021; Hou et al. 2022; Kalyabina
et al. 2021; Zou et al. 2022). NEOs, accounting for more
than 30% of the global pesticide market (Wang et al.
2023), have been registered and used by more than 120
countries (Tu et al. 2023). Particularly, NEOs are rich
in nitrogen. For example, Clothianidin (CTD), which
accounts for 14.7% of total NEOs insecticide sales, has a
nitrogen content of 22.43%. On the other hand, CTD res-
idues have been frequently detected in various vegetables
(Zhang et al. 2019), which have exceeded the concen-
tration of CTD residues in food specified by the United
States Environmental Protection Agency (0.01 mg kg™?).
Therefore, the removal of CTD in the soil environment is
particularly important.

Based on the previous research results of our research
group, a low-cost and environmentally friendly Iron
and sulfur-modified biochar material was synthesized
by hydrothermal method (Gao et al. 2022a). PMS was
selected as the oxidant and nitrogen-containing CTD was
selected as the typical pesticide. A maximum concen-
tration of 200 mg kg™! was set for contaminated soil to
ensure a response when certain extreme concentrations
occurred. Through a series of experiments and charac-
terization, the properties and transformation mechanism
of the materials were investigated. A new idea of repair-
ing pesticide residues and nutrient conversion was put
forward. The specific projects of this study are as fol-
lows: The residual CTD in the soil was decomposed into
NH,*-N during the degradation process; CTD nutrient
conversion products can provide nutrients and promote
lettuce growth; ROS such as «OH, 'O, and SO, plays
an important role in the BC@Fe;S,+PMS+ CTD system;
The intermediates were identified by LC-MS/MS, and
the toxicity evaluation software (T.E.S.T-QSAR) was used
to simulate the toxicity changes of the intermediates; A
new technique for removing soil organic pesticides and
replenishing nitrogen at the same time was proposed;
The experiment of lettuce culture confirmed that BC@
Fe;S,+PMS is a promising agricultural soil remediation
technology.
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2 Experiments

2.1 Materials and chemicals

All chemicals are purchased directly and are not further
purified, as detailed in Supplemental information (SI)
Text S1.

2.2 Preparation and characterization of BC@Fe;S, and BC
The biomass came from Camellia oleifera shell base of
Hunan Agricultural University. First, the camellia oleif-
era shell was cleaned with ultra-pure water, dried, and
crushed after 100 mesh sieves (particle size is about 150
pum). Secondly, weighed 5.000 g camellia oleifera shell
and then measured 25 mL thiourea with a concentra-
tion of 0.5 M, followed by ultrasound for 20 min, and
then 20 mL of ferric chloride with a concentration of
0.72 M and 5 mL of sodium hydroxide with a concentra-
tion of 0.75 M were added successively. The precursor
was obtained by stirring with a magnetic stirrer for 4 h.
Finally, the precursor was put into a hydrothermal reac-
tion axe, pyrolyzed at 200 “C for 16 h, and then washed
under ultrasonic waves with a mixture of 1: 1 ethanol and
water for 10 min. Subsequently, the sample was washed
with ultra-pure water until pH became neutral, and dried
at 60 °C for 5 h to obtain BC@Fe,S,. BC was prepared by
replacing all the reagents with ultra-pure water accord-
ing to the preparation method of BC@Fe,S,. BC@Fe,S,
and BC are characterized in Text S2. In this study, BC@
Fe;S, and BC were characterized by X-ray diffraction
(XRD), Brunauer Emmett Teller (BET), scanning elec-
tron microscopy (SEM), energy dispersion spectroscopy
(EDS), Fourier transform infrared spectrum (FT-IR),
X-ray photoelectron spectroscopy (XPS), thermogravi-
metric analyzer (TGA), etc., and the specific methods
and instruments are shown in Text S2. At the same time,
electrochemical tests such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), linear
sweep voltammetry (LSV) were conducted on BC@Fe,S,
and BC, and the testing methods and details are shown in
Text S3.

2.3 Soil sample treatment

The soil used in the experiment was taken from Yunyuan,
Hunan Agricultural University. The preparation process
of the soil contaminated by CTD was two steps, namely,
the preparation of healthy soil and contaminated soil.
First of all, the obtained fresh soil was completely dried,
hammered fine, and then passed through a 100-mesh
sieve to obtain a number of healthy soils with uniform
thickness. Then, the 1.0 kg healthy soil and 206.1856 mg
CTD were accurately weighed, and the CTD was dis-
solved in some ethanol, and then mixed according to the
ratio of ethanol to soil 5: 1, and placed in the fume hood,
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during which the soil was fully stirred, dried, and ham-
mered to obtain 200 mg kg™! CTD contaminated soil.
The physical and chemical properties of metal content,
electric conductivity, organic carbon, pH and other prop-
erties of CTD-contaminated soil and fresh soil are shown
in Tables.S1 and Tables.S2.

2.4 Nutrient conversion experiment of CTD

The effects of catalyst dosage (0.8, 1.6, 2.4, 3.2, 4.0 g kg™),
PMS (0.8, 1.6, 2.4, 3.2, 4.0 mM), initial pH (2, 4, 6, 8, 10),
CTD concentration (50, 100, 150, 200 mg kg™'), tem-
perature (288.15, 298.15, 308.15 K) and catalyst types
on NH,*-N generation in the degradation system were
investigated by single-factor experiments. The automatic
multi-parameter flow injection analyzer (Model: iFIA7,
Beijing Jitian Instruments Co.) was used in this experi-
ment to measure NH,"-N. Refer to Text S4 for specific
test methods and means. The optimum nutrient conver-
sion conditions and the optimum degradation conditions
were determined.

2.5 Greenhouse lettuce cultivation experiment

In this study, greenhouse lettuce cultivation experiments
were conducted according to the methods reported in
the literature (Yang et al. 2022). The test seeds will be dis-
infected and set aside. Each group of 20 seeds had 3 rep-
licates. Different concentrations of CTD contaminated
soil (0, 0.5, 5, 10, 15, 20 mg kg™') were set up. Of the
two groups of treatment, one was CTD-contaminated
group (without adding PMS and BC@Fe;S,), the other
was CTD +PMS+BC@Fe,S, system. The soil mass used
in the two groups was 200.00 g. The CTD+PMS+BC@
Fe,S, system was treated according to the best scheme
explored in this study (3.2 mM PMS, 2.4 g kg' BC@
Fe;S,).

After adding the above substances, the germinating box
was placed at 25°C for 36 h, during which it was stirred
evenly to make its chemical substances fully react, and
then used for lettuce cultivation test. Lettuce seeds were
planted in a sprouting box and then placed in a green-
house. The same volume of water was added each time,
keeping the water level consistent. Greenhouse condi-
tions were as follows: temperature 20 ‘C, photoperiod
12/12 h, relative humidity 65%, light intensity set to
12,000 Lux, to simulate the natural light source. Three
lettuce seedlings were randomly selected from each bud
box. The growth of lettuce roots and leaves was analyzed
with WSEENLA-S plant root scanner, and the fresh and
dry weight of lettuce was analyzed by electronic weigh-
ing. Methods for extraction and determination of CTD
residues in soil and lettuce are shown in Text S5.
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2.6 Degradation test for CTD

The degradation process of CTD by various catalysts and
the degradation optimization experiment were carried
out according to 2.4 Nutrient conversion experiment of
CTD. The specific implementation process is shown in
Text S6, while the extraction method of residual CTD
and intermediates in soil is shown in Text S7.

2.7 Other analytical methods

The residual CTD concentration in the soil was deter-
mined by HPLC, the degradation intermediates of each
system were identified by UHPLC-Q-TOF/MS, the main
free radical types were detected in the electronic spin
resonance (ESR) detection system, the mineralization
efficiency of CTD was determined by total organic car-
bon (TOC) analyzer, and the heavy metal content in the
soil was determined by FAAS. See Text S8 for the spe-
cific detection procedures. At the same time, the toxicity
assessment software (T.E.S.T-QSAR) was used to simu-
late the toxicity changes of the intermediates (Text S9).

3 Results and discussion

3.1 Characterization of BC@Fe;S,

The surface morphology, elemental composition and dis-
tribution, crystal structure, functional group type, pore
structure, electron transport ability and thermal stability
of BC@Fe;S, and BC catalysts were tested by SEM, EDS,
XRD, FT-IR, BET, CV, EIS, LSV, TGA and other charac-
terization instruments or methods. The results obtained
are shown in Fig. S1-Fig. S4 and Table S3. Through the
analysis of the characterization results, the following
conclusions can be drawn: (1) The one-step hydrother-
mal carbonization method could make C, N, O, S, Fe
and other elements uniformly distributed on the sur-
face of BC@Fe,S,, and BC@Fe;S, was modified by rich
functional groups such as OH, C-O-C and the active
component (Fe;S,). This makes BC@Fe,S, had stronger
catalytic activity and hydrophilicity, which is condu-
cive to the catalytic reaction. (2) Compared with BC, it
can be found that BC@Fe;S, had a larger specific surface
area of Sppr and BJH, which means that BC@Fe;S, had
more active sites and greater catalytic potential. At the
same time, the results of electrochemical tests confirmed
that BC@Fe;S, had stronger REDOX and better electron
transport ability. It can be seen that BC@Fe;S, had better
electrochemical performance, which provided a possibil-
ity for BC@Fe,S, to catalyze the degradation of CTD by
PMS. See Text S10 for a detailed reasoning of the above
conclusions.
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3.2 Evaluation of nutrient conversion and degradation
performance of CTD
3.2.1 BC@Fe;S, nutrition converts CTD to produce NH,*-N
To determine the conversion potential of CTD into fer-
tilizer, the formation rate of NH,*-N within 2 h was
examined, using BC@Fe,S, as catalyst and PMS as oxi-
dant. For comparison, pristine BC and pure PMS were
employed as the counterparts. As shown in Fig. 1a, when
CTD concentration in polluted soil was 200 mg kg™, the
as-obtained NH,*-N content in CTD, PMS+CTD and
BC+PMS+CTD system was 0.131 mg L7}, 0.236 mg
L7! and 0.625 mg Ly respectively. At the meantime,
the value of NH,*-N concentration in system BC@
Fe,S,+PMS+CTD can be up to 2.346 mg L™/, indicat-
ing this system had excellent nutrient conversion prop-
erty for CTD. Previous studies have shown that biochar
can degrade many organic pesticides in the environment
through catalytic activation of PMS (Diao et al. 2021;
Ding et al. 2021). This confirms the potential of biochar
catalysts for the degradation and conversion of CTD into
nutrients, especially BC@Fe;S,+PMS system, which can
efficiently convert CTD to NH,"-N. In this study, several
important parameters of BC@Fe;S, +PMS + CTD system
were optimized, and the source of excellent nutrient con-
version ability of BC@Fe;S,+PMS was further clarified.

Firstly, in order to evaluate the ability of BC@
Fe;S,+PMS system to convert residual CTD in soil to
NH,"-N with different concentrations, four soil CTD
concentrations (50, 100, 150, 200 mg kg_l) were set in
this study. Water: Soil=10: 1, that is, the concentra-
tion of CTD in the soil and water mixture was (5, 10,
15, 20 mg LY, respectively. The results are shown in
Fig. 1b. With CTD concentration of 5, 10, 15, and 20 mg
L™, the NH,"-N produced by BC@Fe,S,+PMS after
2 h treatment was 1.194 mg L™}, 1.575 mg L™},1.995 mg
L7}, and 2.432 mg L respectively. It can be seen that
NH,*-N production increased with the increase of
residual CTD concentration in soil. It can be found that
BC@Fe;S,+PMS system had a very good nutrient con-
version effect on residual CTD in soil. In the next test,
200 mg kg™ was used as the simulated soil polluted by
CTD.

Subsequently, the effects of the dosage of BC@Fe,S,
(0.8,1.6,2.4,3.2,40¢g kg_l) on the conversion of CTD to
NH,*-N in BC@Fe,;S,+PMS+ CTD system were investi-
gated. The results are shown in Fig. 1c. When the catalyst
dosage was set to 0.8, 1.6,2.4,3.2,4.0 g kg_l, the NH,*-N
in the system was found to be 2.136, 2.316, 2.562, 2.395
and 2.387 mg LY respectively, after reaction for 2 h with
each catalyst dosage. The possible reason for the above
difference is that the increase in the amount of catalyst
promotes the production of active substances (Duan et al.
2020), thus improving the efficiency of the conversion of
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Fig. 1 NH,*-N generation in different environments. a catalyst, b CTD-concentrations, ¢ BC@Fe,S, dosage, d PMS concentrations, e pH,
Temperature. Test environment: all the above experiments were carried out in CTD-contaminates the soil. Reaction time = 2h, CTD-contaminates
soil =5.00 g, aqueous volume =50 mL, catalyst dosage=1.6 g kg~', [CTD] =200 mg kg™, [PMS]=3.2 mM, pH=No adjustment, T=298.15 K. Due

to space constraints when drawing figure, some abbreviations are used in Fig. 1, which are explained below. CTD: Soil contaminated by CTD; PMS:
Adding PMS to CTD-contaminated soil; BC+PMS: Adding BC and PMS to CTD-contaminated soil; BC@Fe;S, + PMS: BC@Fe;S, and PMS are added

to CTD-contaminated soil.

CTD to NH,™-N (Chen et al. 2019). When the dosage
was greater than 1.6 g kg™, the NH,™-N generation effi-
ciency was not significantly improved. From the perspec-
tive of cost control, the catalyst dosage of 1.6 g kg™ was
adopted in the subsequent experiment.

In order to clarify the effect of oxidant on the nutri-
ent conversion of CTD, the effects of different concen-
trations of PMS (0.8—-4.0 mM) on the conversion of
CTD to NH,*-N were investigated. As shown in Fig. 1d,
when the reaction time was 2 h and the PMS concen-
tration increased from 0.8 mM to 2.4 mM, the conver-
sion rate of NH,*-N increased from 1.817 mg L™! to
2.575 mg L~!. When PMS concentration was 3.2 mM and
4.0 mM, NH,*-N yield was 2.899 mg L™ and 2.844 mg
L1, respectively. Obviously, when the concentration of
PMS was in the range of 0.8—-3.2 mM, the generation of
NH,*-N increased with the increase of the concentration
of PMS. However, when the addition of PMS increased
to 4.0 mM, the production of NH,*-N did not continue
to increase. The possible reason is that the increase of
PMS concentration will promote the generation of ROS,
thereby improving the conversion efficiency of CTD.
However, when the PMS concentration further increases,

self-quenching phenomenon is prone to occur, resulting
in the waste and loss of PMS (Fan et al. 2014; Ren et al.
2021). Therefore, the PMS concentration of 3.2 mM
was selected as the best PMS dosage for subsequent
experiments.

Since soil pH values are usually weakly acidic, neu-
tral and weakly alkaline, in order to better evaluate the
adaptability of BC@Fe;S,+PMS in different application
environments, different initial pH values (2, 4, 6, 8, 10)
were set in this study to determine the influence of pH on
the conversion of CTD to NH,*-N. As shown in Fig. 1e,
when pH=2, the generation of NH,"-N was 3.056 mg
L~!, while when pH= 10, the yield of NH,*-N decreased
to 1.357 mg L% It can be found that the NH,"-N gen-
eration efficiency in BC@Fe;S,+PMS+CTD system
under acidic conditions was significantly higher than
that in alkaline environment. The results show that BC@
Fe;S,+PMS system could convert CTD into NH,*-N in
both alkaline and acidic environments, and had strong
adaptability. Meanwhile, in the process of soil restoration,
the atmospheric temperature is around 298.15 K for most
of the time, but the influence of temperature fluctuation
on BC@Fe;S,+ PMS system should also be considered in
the study, so the temperature range of 288.15 K-308.15 K
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was set. The results are shown in Fig. 1f. When the ambi-
ent temperatures were 288.15 K, 298.15 K and 308.15 K
respectively, within 2 h, the concentrations of CTD con-
verted to NH,*-N were 2.884, 3.029 and 2.797 mg L},
respectively. This shows that BC@Fe;S,+PMS+CTD
system had strong adaptability to temperature, and it
proves that BC@Fe;S,+PMS had excellent anti-inter-
ference ability, which lays a foundation for its practical
application.

3.2.2 Optimization of process conditions for CTD
degradation by BC@Fe;S,

According to the above studies, it is evident that CTD
can be transformed into NH,*-N. However, the extent
to which BC@Fe;S, +PMS can decompose CTD remains
unclear. Therefore, it is particularly important to fur-
ther evaluate the harmless degradation ability of BC@
Fe;S,+PMS for CTD. First, as shown in Fig. 2a, they
were divided into four groups: PMS, BC, BC+PMS, BC@
Fe;S,+PMS. It was clear that BC@Fe;S,+ PMS could not
only convert CTD into NH,*-N, but also degrade CTD
completely in a short time. The results in Fig. 2b show
that BC@Fe,;S,+PMS could remove 50 mg kg™! CTD
up to 100%, and the CTD concentration was 50 mg kg™
in subsequent studies. Furthermore, the effects of differ-
ent dosage of BC@Fe,S, (0.8, 1.6, 2.4, 3.2, 4.0 g kg™') on
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CTD degradation were discussed, as shown in Fig. 2c.
In the range of 0.8—4.0 g kg™ catalyst, CTD degradation
rate reached 100%. Follow-up studies were conducted
using 0.8 g kg™' BC@Fe,S,. The effects of different con-
centrations of PMS (0.8, 1.6, 2.4, 3.2, 4.0 mM) on the
degradation system were subsequently investigated
(Fig. 2d). It was found that when the concentration of
PMS was 1.6-4.0 mM, CTD in the system could be
completely decomposed within 2 h, and 1.6 mM PMS
was used in the subsequent study. With a view to inves-
tigate the interference of system environment on BC@
Fe;S,+PMS+CTD, the pH value and temperature of the
system were adjusted and controlled. As shown in Fig. 2e
and Fig. 2f, it was found that the degradation of CTD by
BC@Fe;S,+PMS proceeded more smoothly in the acidic
system, while the degradation reaction was inhibited in
the alkaline condition. The degradation effect of BC@
Fe;S,+PMS+CTD system was excellent in the tempera-
ture range of 288.15-308.15 K. From the above experi-
mental results, it can be found that BC@Fe;S,+PMS
system had a strong anti-interference ability, could
degrade the residual CTD in soil in a wide range, and
could also be converted into nitrogen fertilizer (NH,*-N)
that can be absorbed by crops.

In order to further clarify the mineralization ability
of BC@Fe;S,+PMS system to CTD, the TOC removal
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Fig.2 CTD degradation ability of catalyst under different conditions. a catalyst, b CTD-concentrations, ¢ BC@Fe;S, dosage, d PMS concentrations, e
pH, f Temperature. Test environment: all the above experiments were carried out in CTD-contaminates the soil. The reaction equilibrium time is 3 h
(adsorption stage is 1 h, degradation stage is 2 h). CTD-contaminates soil=5.00 g, aqueous volume =50 mL, catalyst dosage=0.8 g kg~', [CTD] =50

mg kg™, [PMS]=1.6 mM, pH=No adjustment, T=298.15 K
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efficiency in BC@Fe,;S,+PMS+CTD system was tested.
As shown in Fig.S5, the TOC removal efficiency of BC@
Fe,S,+PMS system for CTD of 20 mg L' was as high
as 42.79%. This result indicates that the BC@Fe;S, +PMS
system exhibited excellent catalytic degradation ability
and could effectively decompose and mineralize CTD,
even at high concentrations. In order to investigate the
stability of BC@Fe;S,+PMS in the actual soil environ-
ment restoration process, this study conducted five cyclic
degradation experiments on BC@Fe;S,+PMS+CTD
system, and tested the degradation ability of BC@
Fe;S,+PMS system under low soil and water ratio. As
shown in Fig.S6-Fig.S8, the CTD removal efficiency
could reach 100% when used for the first time, and the
degradation efficiency decreased with the increase of
the number of uses. However, after repeated use for five
times, the CTD degradation efficiency could remain
above 53.49%. This may be due to the loss of Fe;S, dur-
ing the CTD degradation cycle. At the same time, SEM
and EDS tests were conducted on BC@Fe;S, before and
after degradation for five times, and the results are shown
in Fig. S7. The images showed that the surface structure
of BC@Fe,S, remained intact after multiple uses. Finally,
in order to explore the potential of BC@Fe;S,+PMS to
reduce CTD in the actual soil and water ratio, four deg-
radation experiments with soil and water ratio (1: 1, 1: 2,
1: 5, 1: 10) were set up in this study to more accurately
simulate the catalytic activity and actual repair ability of
BC@Fe,S, in the actual soil environment with low water
content. The degradation ability of BC@Fe;S,+PMS on
CTD under different soil and water ratios is shown in Fig.
S8. It can be found that the degradation ability of BC@
Fe;S,+PMS system on CTD would decrease in soil with
low water content, but in the case of low water content
where water: soil=1: 1, the removal efficiency of CTD
could be as high as 62.39%. This may be due to the influ-
ence of mass transfer between several reactants in the
low water content system. Overall, the above results con-
firmed that the BC@Fe;S,+PMS system had good cycle
stability and excellent mineralization ability for CTD.
It was further confirmed that BC@Fe;S,+PMS system
had great application potential in the remediation of soil
organic insecticide.

3.2.3 Effects of CTD and BC@Fe;S, + PMS + CTD systems
on lettuce

To investigate the pesticide residues in lettuce and the
remediation effect of BC@Fe;S, on contaminated soil,
this study set up soil samples contaminated with CTD at
various concentrations: 0 mg kg™ (Control group, repre-
sented as Control Check (CK)), 0.5 mg kg™, 5 mg kg%, 10
mg kg™!, 15 mg kg™, 20 mg kg~'. Additionally, we estab-
lished systems for CTD and BC@Fe;S,+ CTD+PMS
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treatment to evaluate their performance. On the 30th day
after planting, the camera was used to capture the high-
definition picture of lettuce Fig.S9. WSEENLA-S plant
root scanner was used to analyze raw lettuce biomass
such as fresh weight and dry weight, root volume, root
length, leaf area and other basic agronomic parameters
to clarify the effects of different concentrations of CTD
stress on lettuce growth and CTD residue in lettuce (Fig.
$10). It was further verified that BC@Fe;S,+ CTD + PMS
treatment group could reduce the residue of CTD in let-
tuce and confirmed that the nutrient conversion prod-
ucts in the system could promote the growth of lettuce.

At the same time, 0.5 g lettuce was randomly sampled
for different treatments of each system, and extracted
and detected according to the method reported in the
literature (Hirano et al. 2019; Tooker and Pearsons 2021;
Zhang et al. 2019). See Text S5 for detailed operation
methods, and the results are shown in Fig. 3a, on the
whole, when the CTD concentration in soil was within
the range of 0-20 mg kg™', the CTD content in lettuce
increased with the increase of the initial concentration,
while no CTD was detected after the BC@Fe;S, +PMS
system was added. The specific situation is as follows: for
the CTD stress group, 0.0384 mg kg~! pesticide residues
were detected in lettuce when the residual concentration
of CTD in soil was 0.5 mg kg™'. When the residual con-
centration of CTD in soil was more than 0.5 mg kg™?, that
is, 5 mg kg™!, 10 mg kg™! and 15 mg kg™, pesticide resi-
dues of 1.2605 mg kg™!, 1.7569 mg kg™ and 1.8204 mg
kg™" were detected in lettuce, respectively. However, the
maximum pesticide residue 2.9228 mg kg~! was detected
in lettuce when the residual concentration of CTD in
soil was the highest (20 mg kg™). Thus, it can be seen
that the residual amount of CTD in lettuce increased
with the initial CTD concentration in the soil. For the
BC@Fe;S,+CTD+PMS system, no CTD residue was
detected in the lettuce under each treatment, indicating
that CTD in the soil had been completely degraded. It is
confirmed that BC@Fe;S,+ PMS could remove CTD res-
idue in soil and avoid the possibility of pesticide entering
human body.

The effects of different concentrations of CTD stress
and BC@Fe;S,+PMS+CTD  detoxification/nutrient
conversion on lettuce growth and dry matter accumula-
tion were determined. Detailed test methods for fresh
and dry weight of lettuce are in Text S11. As shown in
Fig. 3b and Fig. 3c, it can be found that when CTD
concentration in soil was 0 mg kg™, the fresh weight
and dry weight of each lettuce plant in healthy soil and
healthy soil + BC@Fe;S,+PMS system were 0.2616 g and
0.2433 g, respectively, and 15.9333 mg and 16.4667 mg,
respectively. There was no significant change in fresh
weight and dry weight of lettuce, indicating that BC@
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Fig. 3 Results of samples taken on day 30th after lettuce planting in the control group (CTD) and the experimental group (CTD + BC@Fe;S, + PMS).
a CTD residual concentration in lettuce plants under different treatments, b lettuce seedling biomass (fresh weight) under different treatments,

c dry matter accumulation of lettuce plants under different treatments, d cluster heat map analysis of various agronomic traits of lettuce plants
under different treatments, yellow and red in the matrix box show strong negative correlation and positive correlation. Due to space constraints
when drawing heat maps, some abbreviations are used in Fig. 3, which are explained below. BC in Fig. 3 refers to the BC@Fe;S,+PMS processing
group; 0.5, 5,10, 15, 20 ppm refers to 0.5, 5, 10, 15, 20 mg kg’1 CTD-contaminated soil; CK refers to fresh soil that has not been contaminated

by CTD.

Fe;S,+PMS itself could not promote the growth of let-
tuce. As shown in Fig. 3, compared with lettuce cultured
in healthy soil, fresh weight and dry weight of lettuce
under different CTD concentrations (0.5-20 mg kg™)
not only did not decrease significantly, but also increased
slightly. The possible reason is that CTD, as a touch, gas-
tric toxicity and endogenic insecticide, has less impact
on the growth of plants. However, it will enter the food
chain after absorption by crops, and eventually endanger
human health. At the same time, active substances in the
soil can cause a small amount of CTD to be broken down
into nutrients, promoting the growth of lettuce. Soil con-
taining different CTD-concentrations (0-20 mg kg™)
were treated with BC@Fe;S,+PMS system. It was found
that the fresh weight and dry weight of lettuce in BC@
Fe;S,+PMS+CTD treatment group increased with the
increase of initial CTD concentration in soil. The possi-
ble reason is that BC@Fe;S,+PMS system could convert
residual CTD in soil into nutrients that can be absorbed
by lettuce. The higher the concentration of residual CTD,
the more NH,*-N will be converted into, and the more
vigorous the growth of lettuce.

In order to better understand the reasons for changes
in fresh and dry weight of lettuce, Cluster heatmap was
used to conduct correlation analysis on basic agro-
nomic parameters such as root volume, root length, leaf

area and number of root tips of lettuce. As shown in
Fig. 3d, it can be seen that the 12 treatment groups were
orderly divided into A and B. Class A was composed of
7 treatments, including healthy soil, healthy soil4+BC@
Fe,S,+PMS, and different CTD stress (0.5-20 mg kg™).
Five treatment groups of the BC@Fe;S,+PMS+CTD
system (in the initial CTD concentration range of 0.5—
20 mg kg™!) were classified as Class B. This further proves
that BC@Fe;S,+PMS could convert CTD into nutrients
that can be absorbed by crops, and promote the growth
of root length and leaf area, which is also consistent with
the results of the changes of fresh weight and dry weight.
In summary, lettuce seedlings could absorb and accu-
mulate CTD in the body, and with the increase of the
concentration of CTD, the residual amount in lettuce
would also increase. When the BC@Fe;S,+PMS was
added to soil contaminated with CTD, it not only suc-
cessfully degraded CTD, but also broke it down into
NH,"-N, providing part of the fertilizer source for lettuce
and promoting the growth of lettuce. At the same time,
the soil organic pollution was repaired and the farmland
production environment was improved. These results
verified the importance of removing CTD pollution and
the feasibility of BC@Fe;S, in soil remediation, and also
provided a new idea for removing soil organic pollution.
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Fig. 4 a Effect of free radical quencher on the degradation of CTD. To identify the dominant ROS, TBA (0.1, 0.5, 1 M), MeOH (1 M), PBQ
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kg™, [CTD]=50 mg kg™", [PMS] = 1.6 mM, pH=No adjustment, T=298.15 K

3.3 Mechanism of catalysis and nutrition conversion
in BC@Fe;S, + PMS 4+ CTD system
3.3.1 Production and mechanism of active oxygen species
(ROS)

Five quenchers (methanol, L-histidine, furfuryl alco-
hol, p-benzoquinone and tert-butanol) were selected
to identify ROS involved in CTD degradation (The sec-
ond-order reaction rates between the five quenchers and
ROS are shown in Table S4). As shown in Fig. 4a, after
adding 1.0 M MeOH to BC@Fe;S,+PMS+CTD sys-
tem, the degradation efficiency of CTD was significantly
reduced to 12.40%. Due to the high second-order reac-
tion rate of MeOH to +OH and SO,’”, the above results
indicate that «OH and SO,~ play an important role
in the degradation of CTD (Guo et al. 2022; Yang et al.
2023; Yuan et al. 2021). In order to further determine
which ROS occupied the dominant position in the BC@
Fe;S,+PMS+CTD system, tert-butanol with stronger
binding ability to «OH was selected (Huang et al. 2023;

Qi et al. 2020; Xu et al. 2024), and 0.10M, 0.5M and 1M
TBA were added, respectively. The results showed that
CTD degradation efficiency decreased from 69.70% to
22.27% as TBA concentration increased from 0.10 M to
1 M. The research results of Huang et al. also showed a
similar trend of change and concluded that «OH was the
dominant free radical (Huang et al. 2023). It can be rea-
sonably inferred from the above results that «OH was
dominant in the BC@Fe;S,+PMS+CTD system. p-BQ
quenching O,"~ and FFA/ L-histidine quenching of 'O,
were used to determine the contribution of O, and 'O,
to the degradation of CTD in BC@Fe;S,+PMS+CTD
system. It can be found that in the presence of p-BQ,
CTD degraded normally. The CTD removal rate of
BC@Fe;S,+PMS+CTD system in the presence of FFA
decreased to 14.11%. When L-histidine was added, the
degradation efficiency of CTD decreased to 8.28%, indi-
cating that 'O, was an important reason for the degrada-
tion of CTD. The above experimental results prove that
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+OH, 'O, and SO,"~ were the most important ROS in
BC@Fe;S,+PMS+CTD system.

With a view to more intuitively understand the spe-
cies of ROS present in BC@Fe;S,+PMS+CTD system,
DMPO and TEMPO were used as spin capture agents to
conduct ESR tests on BC@Fe;S,+PMS+CTD system,
and the results are shown in Fig. 4b-d. It can be found
that four ROS, +«OH, '0,, SO,"~ and O,"", all appeared
in BC@Fe;S,+PMS+CTD system, and their signal
peaks increased with time. It was confirmed that BC@
Fe;S,+PMS+CTD system produced a variety of ROS
such as «OH, '0,, SO,"~ and O,"”, which provided con-
ditions for the degradation and nutrient conversion of
CTD.

3.3.2 Analysis of catalytic activity and mechanism of BC@
Fe3S,

In order to clarify the mechanism of BC@Fe,S, activated
PMS degradation and conversion of CTD. XPS was used
to compare the valence states of C, O, S, and Fe on BC@
Fe,S, surface before and after the reaction, as shown in
Fig. 5 and Fig. S11. It can be seen from Fig. 5a and d that
the surface of BC@Fe;S, before and after catalysis was
mainly composed of Cls, Ols, Fe2p and S2p. It can be
seen from the total spectrum of XPS that the changes
were not drastic, which may be one of the reasons why
the material can maintain stability. Then, Fe2p and S2p
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were peak fitted, and the fitting results are shown in
Fig. 5b, ¢, and e, f. Fe?*, Fe®* and satellite peaks can be
analyzed in Fe2p,;, and Fe2p,,, indicating that the iron
on the surface of BC@Fe;S, mainly existed in the form of
Fe’* and Fe®* (Li et al. 2024). By comparing the valence
changes of BC@Fe,S, iron before and after the catalytic
reaction, it can be found that the peak area percent-
age of Fe** before the BC@Fe,S, reaction was as high as
54.60%, but after the degradation reaction, the propor-
tion of Fe’* decreased to 14.47%, and the proportion of
Fe®" rapidly increased to 85.53%. It was confirmed that
Fe’* participated in the catalytic degradation of BC@
Fe;S,+PMS+CTD system by giving electrons. At the
same time, the existing S2p in the system was analyzed.
As can be seen from Fig. 5¢ and f, there were abun-
dant forms of S2p in BC@Fe,S,, and four peaks could
be obtained by sub-peak fitting. If the binding energy is
arranged from low to high, the four peaks belong to $*7,
.7, SO, (S2p;,) and SO, (S2p; ), respectively (Ding
et al. 2023; Gao et al. 2022a, 2022b; Hong et al,, 2021).
This confirms that BC@Fe;S, contained multiple forms
of sulfur with the potential to provide electrons for the
Fe®*/Fe’* cycle and to activate PMS. Figure 5f also shows
the XPS spectrum of S2p in BC@Fe;S, after the degra-
dation reaction. It can be found that after the degrada-
tion reaction, the content of $>~ decreased from 52.19%
to 48.77%, while the content of S >~ increased from
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Fig.5 a-cis the XPS test result of BC@Fe;S,, and d—f is the total spectrum, Fe2p and S2p of XPS after the reaction of BC@Fe;S,+CTD +PMS system
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28.41% to 36.61%. These results suggest that S~ may be
involved in Fe*/Fe’* cycling and catalytic degradation
in BC@Fe;S,+PMS+CTD system as an electron donor.
Subsequently, Ols and Cls in BC@Fe;S, were peak fit-
ted, and the results are shown in Fig.S11. It can be found
that BC@Fe;S, was rich in oxygen-containing func-
tional groups, which is also consistent with the FT-IR
analysis results in Fig.S1d, indicating that BC@Fe;S, had
high hydrophilicity, which is conducive to the degrada-
tion reaction in BC@Fe;S,+PMS+CTD system. These
results indicate that BC@Fe;S, was a composite material
containing polyvalent iron and sulfur and modified with
rich functional groups. The excellent degradation/trans-
formation ability of BC@Fe;S,+PMS+CTD system may
be attributed to the consumption of Fe?* and reduction
of Fe* by S>~.

The specific reactions that may be involved in the
BC@Fe3S4+PMS+ CTD system are shown in eqs.1-13.
Equations 1-3 describe the process by which Fe?* cata-
lyzes the PMS to produce SO, and +OH in the BC@
Fe,S,+PMS+CTD system, while the Fe** on the BC@
Fe,S, surface is oxidized to Fe** (Gao et al. 2022b). Equa-
tions 4—10 describe the process of generation of ROS
such as «OH, O, and 'O, (Ding et al. 2023; Hong et al.
2021). First, SO, "reacts with H,O to form «OH (Eq. 4),
then reacts with HSO;~ with H,O to form H,0O, (Eq. 5),
and then reacts with +OH and H,O, to form HO,.
(Eq. 6). HO,¢ cannot exist stably and is easy to decom-
pose to produce O,"~ (Eq. 7). At the same time, free radi-
cals such as HO,+, O,"~ and «OH may react to form 'O,
(eqs.8-10). Equations 11-12 describe the REDOX reac-
tion of sulfur (Gao et al. 2022a, 2022b). In Eq. 11, $>~ is
oxidized to S~ by Fe**, while Fe** is reduced to Fe**.
In Eq. 12, S > is further oxidized to SO,*~, while Fe?* is
again reduced to Fe**. Equation 13 describes the process
in which CTD was converted into various intermediates
under the action of ROS such as +OH, '0,, SO,"~ and
finally degraded into NH,"-N, CO, and H,O. This reac-
tion pathway indicates the degradation mechanism of
CTD in the BC@Fe,S, catalytic system.

Fe’™ + HSO; — Fe*™ 4+ SO, + OH~ (1)
Fe’* + HSO5 — Fe’* +S0O;~ +-OH )
HSO; + e~ — SO + -OH 3)
SO, 4+ H,O — -OH + SO + H' (4)
HSO; + H,0 — HyO, + HSO, (5)
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-OH + Hy0; — HO; + HO,- (6)
HO,- — O, + H* (7)
HO, -+ 0y —! 0y + HO; (8)
O, + -OH —»' Oy + OH™ )
20, + HyO —! Oy + 20H™ + H,0, (10)
S +Fe*t - Fe?tT 4527 (11)
$2~ 4 Fet — Fe?t 4502 (12)
CTD + -OH +! O3 + SO, — CTDjntermediates 3)

— NH — N+ CO; + H,0

3.3.3 Nutrient transformation, degradation pathway
and toxicity evaluation of intermediates of CTD

The degradation and nutritive intermediates in BC@
Fe;S,+CTD+PMS system and their transformation
mechanism were determined. Previous studies have
shown that ROS such as «OH, '0,, and SO,"~, which are
produced after the catalytic decomposition of PMS, have
a strong attack ability, and these ROS dominate the deg-
radation of NEOs (Elumalai et al. 2022; Lee et al. 2022;
Nguyen Tien et al. 2023; Sales-Alba et al. 2023). The CTD
degradation intermediates in BC@Fe;S,+CTD+PMS
system were tested and analyzed. The results are shown
in Fig.S12, Fig. 6 and Table S5. Fig.S12 shows the LC-
MS/MS of CTD and the main intermediates in the degra-
dation process of BC@Fe;S,+CTD +PMS, and predicts
the CTD degradation path as shown in Fig. 6. CTD deg-
radation mechanisms may include hydroxylation, car-
boxylation, carbonylation, hydrolysis and dechlorination.
Figure 6 illustrates three possible transformation and
degradation pathways (Liu et al. 2021; Zhang et al. 2020).

First, pathway 1 is the mechanism that does not replace
Cl, and hydroxylation is the main mechanism of degra-
dation system. After hydrolysis of the C—N bond and
C—C bond at the end of the branch chain, the original
chemical group can be replaced by +OH and 'O, to form
small molecules (P1, (C;H,CIN,0,S)) (Duan et al. 2020;
Wang et al. 2019). The H connected to the C at the mid-
dle of the branch chain is also easily destroyed by +OH
and '0,, such as decomposition into (P2 (C,H4CIN,S),
P3 (C3H3NO,S)). The carbonylation and carboxylation
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Fig. 6 Possible transformation pathvvays of CTD in nutritive and degradation systems

of the C=N bond in the oxidation of CTD are based on
the hydroxylation of the chemical groups on the H and
C atoms, indicating that «OH and 'O, are still the main
oxidizing free radicals for the carboxylation of the system
(Abdel-Ghany et al. 2016). Pathway 2, which is caused by
the radical attacking the C—N bond on the parent ion,
forming the compound (P4 (C,H,N,O,), which is fur-
ther cleaved to intermediate-1 and intermediate-2 by
the +OH, 'O,, and SO,"". Due to the C—N bond dissocia-
tion, P5 (C,H,N;) and P6 (CH,N,O,) are further cleaved
by «OH, 'O,, and SO, to form CO,, H,0O, NH,*-N,
etc. (Zabar et al. 2012; Zhang et al. 2020). The pathway
3 is dechlorination. CTD is first transformed into P7
(CeHgN;0,S) and P8 (CsH,N3;0O,S) by dechlorination,
per-carboxylation and chain breaking. It’s worth not-
ing that these two molecules can form in different ways.
First, P7 (C;HgN;0,S) molecules are further attacked by
hydroxyl radical C—C bond fracture into P9 (C;H;NOS),
and then further oxidized into small molecules. Secondly,
P8 (C,H,N;0,S) molecules are ketozed or hydroxyl to
form P10 (C,H,N,O5) and P11 (C3HgN;O) molecules
under the joint action of «OH, 'O,, and SO, (Duan
et al. 2020). Finally, CTD is further decomposed into
P12 (C,H,O) and P13 (C,H;NO) small molecular weight
intermediates, and CTD is finally decomposed into CO,,
H,O and NH,"-N through these different bond-breaking
pathways.

The above research results show that the three
main degradation pathways involved in BC@

Fe;S,+CTD+PMS system were hydroxylation, hydroly-
sis and dechlorination, and finally the decomposition of
CTD into H,O, CO,, and NH,*-N. In this study, T.E.S.T-
QSAR (Text S9 includes software and specific application
methods for toxicity analysis of degradation intermedi-
ates) was used to assess the toxicity changes of interme-
diates involved in the degradation/nutrient conversion
process of CTD on Fathead minnow and T.pyriformis
(Ding et al. 2023; Wen et al. 2024). As can be seen from
Fig. 7 and Table S5, the toxicity of intermediates pro-
duced by the three main degradation pathways to Fathead
minnow and T.pyriformis basically showed a decreasing
trend. Of the three major CTD degradation pathways of
the BC@Fe;S,+ CTD+PMS system, the toxicity of path-
way 1 decreased slightly, which may be related to the
presence of chloride ions in the intermediate. The toxic-
ity of intermediates in pathway 2 and pathway 3 was sig-
nificantly reduced, possibly due to dechlorination and
ring-opening reactions. In summary, during the decom-
position of CTD into H,O, CO,, and NH,*-N in BC@
Fe;S,+CTD +PMS system, the toxicity of the intermedi-
ates to organisms also decreased. This further confirms
the practical application potential of BC@Fe;S,+PMS.

3.4 Research prospects

Although this study has made some achievements in the
nutrient conversion/degradation of soil organic insec-
ticide (clothianidin), biochar composite catalyst syn-
thesis, biochar composite activated persulfate removal
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Fig. 7 TES.T-QSAR evaluated the toxicity of CTD and its intermediates to Fathead minnow (a) and T.pyriformis (b)

mechanism of organic insecticide, there are still some
limitations. For example, due to time, technology, and
resource constraints, we regret not being able to explore
the following areas in depth:

1. In the experiment of BC@Fe,S, catalyzing PMS to
degradation of CTD, there is a correlation between
the amount of catalyst, the amount of oxidant, the
concentration of pollutants and other factors. It is
limited to select the best reaction conditions through
single factor experiment. Subsequent researchers can
use methods such as multi-factor orthogonal experi-
ment in this part to more comprehensively reveal the
interaction between various factors and obtain more
accurate results.

2. In this study, the generation mechanism and main
active species of ROS in BC@Fe;S,+PMS+CTD
system were investigated through ESR and quench-
ing experiments. These experimental results pro-
vide an important basis for understanding the role
of ROS in the degradation and nutrient conversion
process of the soil organic insecticide CTD. How-
ever, since the focus of this study is not on the spe-
cific contribution efficiency of each ROS in the CTD
degradation process, the precise calculation of the
steady-state concentration of free radicals has not
been further carried out in this study. As a result, the
steady-state concentration of ROS produced in BC@
Fe;S,+PMS+CTD system and the specific contribu-
tion efficiency of each ROS in the CTD degradation
process are still unclear. In future studies, subsequent
researchers can accurately calculate the steady-state
concentration of ROS in the system by establishing
a suitable kinetic model and combining experiments
to determine the reaction rate constants of ROS and
probe chemicals. This will help to clarify the specific

contribution mechanism of various ROS in the deg-
radation process of organic pollutants.

. Through consulting a large number of literatures in

related fields, it is found that ferrous sulfide compos-
ites have been widely used in batteries and superca-
pacitors in the past few decades due to their excel-
lent electrochemical properties (Guo et al. 2016;
Yang et al. 2017; Yu et al. 2018). In recent years,
researchers have found that ferrous sulfide/biochar
composites have excellent catalytic ability and have
been applied to activate persulfate to remove envi-
ronmental organic pollutants (Hong et al. 2021; Ma
et al. 2023). In terms of degradation, a large number
of existing catalyst+PMS + organic pollutant degra-
dation systems are concentrated in theoretical and
mechanism studies. The main experiments are done
in distilled water/ultra-pure water. A large number of
researchers believe that remediation of organic pol-
lutants in actual wastewater and soil is particularly
important (Chen et al. 2018; Diao et al. 2021). But
there is still a long way to go from distilled/ultra-pure
water to actual environmental remediation. At the
same time, a small amount of literature has proposed
that organic pollutants may generate small molecu-
lar acids and nutrients during the degradation pro-
cess (Chen et al. 2019; Wen et al. 2022). In this study,
BC@Fe;S, composite was synthesized by a one-step
method. BC@Fe,S, can convert CTD into NH,*-N
by stimulating PMS in soil system. The mechanism
involved was analyzed. The effects of CTD stress and
BC@Fe;S,+PMS treatment group on CTD residue
and dry matter accumulation in lettuce were also
observed. This work is conducive to promoting the
research progress in the field of biochar compos-
ites remediation of soil organic pollutants. In this
study, the greenhouse pot experiment of lettuce was
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used to investigate the excellent properties of BC@
Fe;S,+PMS system. Although this can prove the
detoxification ability of BC@Fe;S, +PMS system to a
certain extent, it is not conducive to the study of the
long-term effectiveness, environmental safety and
practical operability of BC@Fe,S,+PMS. In view of
the above defects, subsequent researchers may con-
sider adding post-crop planting experiments to the
pot experiment to ensure its long-term sustainability.
Where available, further use of long-term field trials
is recommended to assess the practicability, environ-
mental safety and durability of biochar.

In addition, future research can also consider the syn-
thesis of non-metallic modified biochar, physical modi-
fied biochar and other materials to repair soil organic
pollutants, which is conducive to reducing the risk of
catalytic materials to the environment. Further improve
the shortcomings of research on biochar removal/con-
version of soil organic pollutants and promotion of crop
growth. In addition, combining biochar materials with
professional fields of agriculture, chemistry, environment
and other disciplines may find new research perspectives
and application value. We look forward to future studies
addressing these unanswered questions and advancing
the continued development of biochar + AOPs systems in
the field of agro-environmental remediation.

4 Conclusion

In summary, a biochar modified with Fe;S, and oxygen-
containing functional groups (BC@Fe;S,) was synthe-
sized by one-step hydrothermal method in this paper,
which had excellent catalytic effect and electron transfer
ability, and could degrade and nutritionally transform
residual CTD in soil. In addition, the ability of BC@
Fe,S,+PMS system to convert soil CTD to NH,*-N and
its effects on dry matter accumulation and CTD residue
in lettuce were investigated. The results showed that the
CTD degradation efficiency of BC@Fe;S,+PMS could
reach 100% when the initial concentration of CTD in soil
and water mixture was 5 mg L™!. When the initial con-
centration of CTD in soil and water mixture was 20 mg
L™, NH,*-N in the system treated by BC@Fe;S,+PMS
could reach 3.029 mg L™!. The results showed that when
the concentration of CTD in potting soil was 20 mg kg™,
the dry weight of lettuce was 17.3 mg/ plant, and the
residual concentration of CTD in lettuce was as high
as 2.9228 mg kg~'. After BC@Fe;S,+PMS treatment,
the dry weight of the lettuce was 29.3 mg/ plant, and
no CTD residue was detected. BC@Fe;S,+PMS+CTD
system mainly catalyzed PMS to produce ROS such as
+OH, 'O, and SO, through biochar and surface-active
ingredients (Fe and S, etc.), thereby efficiently degrading
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and converting CTD. In this study, a biochar composite
catalyst (BC@Fe;S,) with simple preparation method and
high catalytic activity was introduced. BC@Fe;S, could
degrade CTD in soil environment and convert it into
NH,*-N, which not only removed CTD in contaminated
soil and lettuce, but also promoted dry matter accumu-
lation in lettuce. This study clarified the mechanism of
conversion of organic insecticide CTD to NH,*-N, and
provided a feasible strategy for biochar remediation of
organic insecticides in contaminated soil. We have rea-
son to believe that this study has certain reference value
for practical applications in the fields of “biochar remedi-
ation of agricultural organic contaminated soil” or “con-
version of organic pollutants into nutrients” in the future.
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