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Abstract

Imidacloprid (IMI) is a highly toxic organic pollutant. Therefore,
effective IMI treatment methods must be developed. This study
synthesized iron-modified rape straw biochar (Fe-RSB) to activate
peracetic acid (PAA) for IMI removal from water. At the optimal
concentrations of 0.55 geL~! for Fe-RSB and 0.25 mM for PAA, the
removal of IMI reached 81.6% after 60 min. Additionally, the IMI
removal was minimally affected over a broad pH range (3-11).
CH3C(0O)O- and CH3C(O)OO- played crucial roles in the IMI
degradation. The degradation pathway of IMi consisted of three
pathways, and the ecological hazards of most intermediates were
lower than those of IMI. The efiect of Cl- on IMI removal was
concentration dependent, 2 mM Cl- showed slight inhibition, while
10 mM Cl- promoted the degradation. In contrast, both HA and
HCO3~ exhibited inhibitory effects across the tested concentration
ranges. After five cycles, the removal of IMI reached 61.9%,
indicating the stability of Fe-RSB. Overall, a new Fe-RSB/PAA
process is proposed for the degradation of IMI.
Keywords: Advanced oxidation processes, Imidacloprid, Iron-

modified biochar, Peracetic acid, Mechanism



1. Introduction

Due to the constant pursuit of high-quality and high-efficiency
development of agricultural products, large amounts of pesticides
have been spread on croplands and enter water and soil ecosystems
every year 12, Imidacloprid (IMI) is a neonicotinoid insecticide
frequently used in agriculture 34. However, a small percentage of
IMI adsorbed onto crops can be transferred to water through rainfall
or other means (less than 1%) °. In addition, the excellent stability
and high water solubility (0.51 geL~! 20 °C) of IMI enable it to resist
natural self-degradation 6. It is frequently detected in water, such as
the Yangtze and Turkish rivers 7.8. Researchers have found that IMI
not only exerts significant tuoxicity on non-target aquatic
invertebrates but also poses risks to the liver of mammals and
humans, thereby disrupting the ecological balance 910, Therefore,
continuous accumulation of IMI may cause toxicity and impair
ecosystem functions 1. Hence, the search for effective methods to
degrade IMI has continuously been a subject of considerable
attention.

In advanced oxidation processes (AOPs), oxidants are employed
to generate free radicals that destroy or mineralize pollutants. 12, It
has significant potential for degrading organic pollutants in

wastewater 13.14, The selection of oxidants is a crucial factor for



ensuring the efficient removal of pollutants. Peracetic acid (PAA) is
a safe oxidant that is widely used for disinfection and oxidation in
various industries (e.g., medicine and health, food processing, and
textile manufacturing) !°. It has many advantages such as a high
redox potential range from 1.06 V (under alkaline conditions) to 1.96
V (under acidic conditions), low toxicity, and minimal by-product
generation 16. Therefore, PAA-based advanced oxidation processes
have been extensively applied for the removal of various hazardous
substances from wastewater 17.18, For example, the removal of
pharmaceuticals, hexabromocyclododecane, aid acids with organic
compounds was achieved by UV/PAA, ultrasound/PAA, and
cobalt/PAA processes, respectively 1921, However, the catalysts for
activating PAA in these sysiems are energy-costly and may lead to
secondary pollution. Therefore, there is a need to develop a nontoxic,
environmentally friendly, and stable green catalyst to activate PAA
and achieve environmental and nonhazardous goals.

Biochar is a green catalyst that is widely applied in soil and water
decontamination because of its simple preparation process, low cost,
large surface area, and abundant functional groups 2223, Therefore,
the use of biochar to activate PAA demonstrates high potential for
removing harmful substances and realizing the recycling of various

biowastes 24. For instance, wheat straw biochar/PAA removed 30.5%



of Acid Orange 25, and the SBC/PAA system degraded 65% of SMX
within 30 min. However, unmodified biochar performs poorly in the
activation of PAA 26, Therefore, further modification of the
physicochemical properties of biochar is urgently required to obtain
higher catalytic efficiency.

The modification method of doping transition metals (e.g., Mn,
Fe, and Co) into biochar not only prevents metal leakage but also
increases the number of active sites 2728, Among the transition
metals, iron is considered an ideal and effective modifier that can
enhance the activation performance of biochar for PAA. Iron
possesses excellent characteristics such as stable physical
properties, low toxicity, and high conductivity 2930, Therefore, the
use of Fe-doped biochar to activate PAA has gained widespread
attention. For instance, the Fe-biochar/PAA system achieved 99.9%
removal of Acid Orange, CoFe;0O4-biochar/PAA removed 96% of TCH,
and the Fe-SBC/PAA process degraded 92% of SMX, which was 27%
higher than that of the SBC/PAA process 3!. While iron-modified
biochars have been widely studied for activating various oxidants,
their application in PAA activation for IMI removal remains
unexplored. More importantly, most reported iron-modified biochars
require complex synthesis procedures or exhibit limited catalytic

efficiency due to poor iron dispersion. In contrast, our Fe-RSB was



synthesized via a simple one-step pyrolysis method that ensures
uniform distribution of iron species on the biochar matrix. Compared
to previously reported iron-modified biochars (e.g., Fe-SBC, Fe-WB),
Fe-RSB demonstrates superior PAA activation performance,
achieving 81.6% IMI removal within 60 min—significantly higher
than the 48.2% removal achieved by unmodified RSB/PAA system.
This enhanced performance is attributed to: (i) the synergistic effect
between iron species and oxygen-containing functional groups (-OH,
C=0, C-0) on the biochar surface; (ii) the mesoporous structure
(pore size ~9 nm) that facilitates mass transfer; and (iii) the efficient
Fe3*/Fe?* redox cycling that sustains radical generation.

The objectives are threefold: (I) to evaluate the impacts of PAA
concentration, Fe-RSB dosage, and pH on IMI degradation kinetics;
(IT) to elucidate the activation mechanism using quenching tests and
spectroscopic techniques (e.g., XPS, XRD); and (III) to identify
degradation intermediates and pathways while quantifying toxicity
changes. This work offers both a viable approach for IMI remediation
and an advancement in the fundamental science of biochar-

enhanced advanced oxidation.
2.Materials and methods

2.1 Chemicals

IMI was obtained from Macklin Biochemical Technology Co., Ltd.



(Shanghai, China). The PAA disinfectant solution was obtained from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The
details of the chemical reagents used in the experiments are in
supplementary material. All solutions used in the experiments were
prepared with ultrapure water.

Rape straw from farmland (Nanjing, China) was used as the raw
material for biochar. The raw material was washed with deionized
water to remove impurities and then dried in an oven (80 °C). It was
then grounded through a sieve (100 mesh) to obtain rape straw
powder (RS), which was stored for future use.

2.2 Preparation of biochar

Fe-RSB was prepared under optimal conditions (Fe3+/RS mass
ratio of 2:1, pyrolysis at 400 °C) based on preliminary optimization
experiments (Table S4), which showed that these parameters
maximized IMI removal efficiency. Briefly, 2 g of RS was mixed with
FeCl3-6H,0 (6.65 g) in deionized water (200 mL) with the Fe3+/RS
mass ratio of 2:1. After thorough mixing, the solution was stirred
magnetically for 12 h at 25 + 0.5 °C. The filtered precipitates were
dried in an oven (80 °C) for 3 h to obtain Fe-RS. Fe-RS was pyrolyzed
in a tubular furnace (400 °C) under a continuous Ny flow for 2 h to
produce Fe-RSB, which was subsequently washed and dried at 80 °C.

The original RSB were obtained by repeating this procedure.



2.3 Experimental procedures

All experiments were conducted in conical flasks (200 mL). The
sample was stirred on a constant temperature water bath shaker at
a speed of 180 r/min. PAA (0.25 mM) and Fe-RSB (0.55 g-L—1) were
added to the IMI solution (10 mg/L, 100 mL). The samples were
collected at the designated time and immediately quenched with
excess NayS;03 solution, followed by filtration through 0.22 pm
organic filter membrane. Furthermore, the effect of reaction
conditions on the IMI degradation were examined by adjusting the
initial pH (3-11) of IMI solution with 0.1 moi-L~! NaOH or HCI
solution, Cl~ solution (0-10 mM), HCO;~ solution (0-2 mM), and HA
solution (0-10 mg/L). To test reusability, Fe-RSB was recycled, rinsed
five times with deionized water, and dried under vacuum at 55 °C
for the next cvcle of the experiment. The experiments were repeated
multiple times to reduce errors and enhance the reliability of the
results.

The degradation kinetics of IMI were calculated using a pseudo-
first-order (PFO) kinetic model (Egs. 1).

InCy/Cy = - kobst
(1)

Where k,ps (min~1) is the rate constants, C; (mg/L) is the
concentration of IMI after reaction time £ (min), and Cp (mg/L) is the

initial concentration of IMI.



2.4 Analytical methods

The PAA concentration was determined using the iodometric and
potassium permanganate titration methods (see supplementary
material). The characterization methods of RSB and Fe-RSB is in the
supplementary material. The IMI concentration was assessed using
UPLC-ESI-MS/MS (see supplementary material). ECOSAR software
was used to investigate the impact of IMI and its by-products on the

ecological environment.
3. Results and discussion

3.1 Biochar characterizations

The morphological structure of RSB and Fe-RSB was compared
through SEM. Both the materials exhibited porous structures. The
surface of RSB displayed a flat structure (Error! Reference source
not found.a), but the surface of Fe-RSB displayed glossy particles
(Fig. 1b), which are suggestive of iron-containing species. The
successful loading of iron was further confirmed by EDS (Figure S1),
and the increased specific surface area (from 8.01 to 17.39 m?2/g),
collectively indicating that iron was effectively incorporated into the
biochar matrix. Furthermore, the surface of used Fe-RSB also
exhibited glossy particles (Error! Reference source not found.c,
Figure S1). These results indicated that Fe3+ was successfully loaded

onto RSB, which could increase the number of reactive sites 3!. The



N, adsorption-desorption isotherms of RSB and Fe-RSB were both
Type IV isotherms with distinct hysteresis loops (Error! Reference
source not found.d). The pore size distributions of the catalysts
were predominantly centered at approximately 15 nm (Error!
Reference source not found.e), indicating the formation of
mesoporous structures (2 nm < d < 50 nm) 32, The pore
characterization parameters indicated that the specific surface area
and pore volume of Fe-RSB were larger than those of RSB (see
supplementary materials), providing more reactive sites and
enhancing the contact area with PAA 33,

Functional groups are crucial active sites 34, FTIR is often
employed to monitor the functional groups of catalysts (Error!
Reference source not tound.f). The peaks of 3383-3495 cm™1,
1624 cm~!, 1384 cm~!, 1141 cm~! and 794 cm~! in RSB were
respectively attributed to —OH, C=C, C=0, C-0 and C—H 35 In
contrast to RSB, it was observed that Fe-RSB exhibited a relatively
small absorption band at 541 cm~!, which could be due to the
stretching vibration of Fe—O 36, The positions of —OH stretching,
aromatic C=0, C—0O group, and Fe—O group shifted in the FTIR
spectra of Fe-RSB. These results suggested that -OH, C=0, C-0,
and Fe—O could provide reactive sites for activating PAA 37,

XPS was used to examine the chemical compositions and valence



state changes of RSB and Fe-RSB. Fe-RSB exhibited a new
characteristic peak (Fe 2p) at a binding energy of 711 eV (Error!
Reference source not found.a). The O 1s spectrum of RSB
included two peaks: C—0O (532.8 eV) and C=0 (531.4 eV) (Error!
Reference source not found.b). In the O 1s spectrum of Fe-RSB,
the peaks of C—0O and C=0 were weakened, which indicated a
change in the valence state of O 1s. Additionally, a new peak of Fe—0O
was appeared at a binding energy of 530.7 eV. The C 1s spectrum of
RSB contained four peaks: C—C/C=C (284.8 V), C—0 (285.9 V),
C=0 (288.8 eV), and O—C=0 (293.4 €V) (Error! Reference source
not found.c). However, the O—C=0 peak disappeared in the C 1s
spectrum of Fe-RSB. This could be attributed to the influence of Fe
on the transformation of C—corresponding bonds, resulting in the
conversion of the O—C=0 to C—C/C=C 38, Thus, it was confirmed
that iron was successfully loaded onto the RSB.
3.2 Degradation of IMI in the different systems

IMI removal was tested using different systems (Error!
Reference source not found.a). After 60 min of reaction, the
removal efficiencies of RSB and Fe-RSB were 13.5% and 15.4%,
respectively. This could be attributed to the adsorption of IMI by the
catalysts. The degradation rate of IMI was 39.3% with PAA alone,

indicating that PAA alone generated active radicals. When RSB and



Fe-RSB were separately added to the PAA solution, the removal
efficiencies of IMI were 48.2% and 81.6%, with kobs of 0.0276 and
0.1066 min—1!, respectively, suggesting that the Fe-RSB/PAA process
exhibited a higher degradation rate. Because the PAA solution
contained H,0;, the impact of H,O, on the IMI degradation was
studied. The removal of IMI was relatively poor (35.3%), indicating
that the Fe-RSB/H,0O, process had an insignificant impact on IMI
degradation. The results might be because PAA had a lower energy
(-0.25 eV) compared to H,0; (0.57 eV) 39. Overall, Fe-RSB effectively
activated PAA to remove IMI (Eqs.2-5) 40,
Fe3* + HyO, » Fe?* + HOye + H*

(2)
CH3C(O)OOH + Fe3* 4+ H,O —» CH3C(0O)OOs» + Fe?* + H30*

(3)

CH3C(O)OOH + Fe?* - CH3C(O)Os+ + Fe3* + OH-

(4)
CH3C(O)OOH + Fe?* - CH3C(O)O~ + Fe3* + «OH

(5)
3.3 Influence of various factors on the IMI degradation
3.3.1 Influence of Fe-RSB concentration

Error! Reference source not found.b illustrates the influence

of Fe-RSB concentration on IMI degradation. As the Fe-RSB dosage



rose from 0.1 geL-1 to 0.55 g+L~1, the removal of IMI rose from 31.8%
to 81.6%, owing to the fact that sufficient active sites were provided
with the increase in Fe-RSB dosage. With the catalyst rose to 0.7
geL~1, the removal was increased by only 5%. This suggested that an
increase in the catalyst dosage did not activate the oxidant to
generate more radicals, likely because of the limited PAA
concentration 41. Thus, it was inferred that the Fe-RSB dosage
directly influenced the concentration of the active species. At the
same time, research has found that excessive use of the catalyst not
only leads to the waste of materials but alsc reduces the removal
owing to the aggregation effect 42. Thus, Fe-RSB of 0.55 geL~-1 was
used as the optimal concentration for following studies.
3.3.2 Influence of PAA concentration

The oxidant concentration is a crucial factor that affects
pollutant removal. Thus, it was necessary to examine the effect of
PAA on IMI removal (Error! Reference source not found.c). The
removal of IMI increased from 15.4% to 81.6% as the PAA
concentration increased from 0 mM to 0.25 mM. As the
concentration rose to 0.5 mM, the removal efficiency of IMI
decreased to 62.1%. The results showed that the PAA concentration
directly affected the concentration of reactive substances. Suitable

oxidant concentrations can generate numerous active species that



facilitate IMI degradation. In contrast, the use of an excessive
oxidant not only resulted in waste but also quenched reactive species
43, Thus, PAA of 0.25 mM was used as the optimal concentration for
subsequent studies.
3.3.3 Influence of pH

The effect of pH on IMI degradation was also investigated (Error!
Reference source not found.d). The results indicated that the
removal of IMI decreased as the pH increased, and the removal
efficiency decreased from 85.5% (pH=3) to 72.5% (pH=11). pH had
a certain impact on IMI removal, and acidic conditions were found
to be more effective (Figure S2). pH affected the degradation of IMI,
possibly for the following reasomns. Firstly, pH could affect the
existence form of PAA (PAA/PAA-) 3944 When the solution pH
exceeded the pKa of PAA (pHpzc = 8.2), a higher pH value favored a
greater proportion of PAA—. The surface of Fe-RSB was negatively
charged at pHIEP > 8.75 (see supplementary materials).
Furthermore, IMI existed as neutral ions within 1.56< pHpzc <11.12
45 These results indicated that electrostatic interactions were not
the main reason for IMI degradation by the Fe-RSB/PAA system.
Second, pH could affect the leaching and hydrolysis of iron.
Research has found that acidic conditions can lead to a greater

leaching of iron 46. Moreover, PAA can rapidly self-decompose and



be consumed by H;0, and acetate ions under alkaline conditions
(Egs.6-8). Meanwhile, the Fe loaded on the Fe-RSB can form un-
reactive iron hydroxide complexes, thereby inhibiting the catalytic
efficiency 4748, Overall, the removal of IMI was affected by pH,
primarily due to pH interference with PAA self-decomposition and
iron leaching.
CH3C(0O)OOH + H,0 25 CH3C(0)0- + H30+
(6)
CH3C(0)OO~ + CH3C(0O)OOH - CH3C(O)OH + CH3C(0O)O~ + Oy
(7)
CH3C(0)O0O~ + H20, = CH3C(0O)O~ + H20 + O
(8)

3.4 Reaction mechanism
3.4.1 Insight into active radicals

Research confirmed that radicals were key to the removal of
organic pollutants (e.g., 10,, «OH and R—-O0e¢) 49, Thus, it was
necessary to examine the active radicals. The presence of active
substances was detected using EPR (Figure S3). The 10 mM TEMP,
DIPPMO, and DMPO were used as spin trapping agents to detect the
effects of 10,, «OH, CH3C(0O)O+ and CH3C(O)OOe« on the removal of
IMI, respectively. When Fe-RSB and PAA were mixed, the signals of

«OH, CH3C(O)Oe« and CH3C(0O)OOe« were found (Error! Reference



source not found.a-b). The presence of «OH was likely attributed
to the reaction between H,0, and Fe-RSB in the PAA systems °9.
Nevertheless, the signals of «OH and R—O¢* did not appear in the PAA
systems (see supplementary materials). A comparison of the PAA and
Fe-RSB/PAA systems (Error! Reference source not found.c), the
TEMP adduct signal was not observed for PAA alone, whereas there
was an obvious !O; signal in the Fe-RSB/PAA process (see
supplementary materials). In summary, 10,, «OH, CH3C(O)O-« and
CH3C(0)O0+« were produced after a series of complex reactions (Egs.
9-12). The production of these active radicals ied to IMI degradation.

TBA, 2, 4-hexadiene (2, 4-HD) and L-histidine reagents were
used for the quenching experiments to investigate the contribution
of the main active radicals to IMI degradation (Error! Reference
source not found.d). TBA only significantly inhibits «OH 51, 2,4-HD
is frequently used to inhibit R-Oe 52, L-histidine is used as a quencher
for 10, 6. When TBA and L-histidine was added separately to the Fe-
RSB/PAA system, the removal of IMI decreased to 57.0% and 70.7%,
respectively. The IMI removal was only 22.5% when 2,4-HD was
added to the Fe-RSB/PAA system. Therefore, it could be inferred that
10,, sOH, CH3C(0)O+ and CH3C(0O)OOs collaborated on the removal
of IMI. However, the inhibitory effect of 2,4-HD was higher than

other quenching agents, which indicated that the main reactive



radicals were CH3C(O)Oe« and CH3C(O)OOe-.
CH3C(0)OOH ==& CH3C(0)O+ + «OH
9)
CH3C(O)OOH + «OH - CH3C(0)OO- + H;0
(10)
CH3C(O)OOH + CH3C(0)O+ —» CH3C(0)OO+ + CH3C(O)OH
(11)
CH3C(0O)OOH + CH3C(0)O0O~ = CH3C(O)OH + CH3C(0)O~ + 10,
(12)

3.4.2 Insight into catalytic mechanism

XPS analysis can provide insights intc the valence changes of Fe
during the reaction process, thereby revealing the degradation
mechanisms of IMI in the Fe-RSB/PAA process. (Error! Reference
source not found.d). Before the reaction, the binding energies (BEs)
of Fe2* in the Fe 2p3/2 and Fe 2p1/2 regions were 710.99 and 724.32
eV, and the BEs of Fe3* were distributed to 714.97 and 729.13 eV.
After the reaction, the BEs at 711.46 and 724.75 eV were Fe?*, and
the BEs at 715.43 and 729.80 eV were Fe3*. The overall binding
energies shifted to the right, and the binding energy of Fe 2p
decreased. By calculating the elemental contents of the peaks before
and after the reaction, the percentage of Fe2* increased from 50.64%

to 53.67%, whereas that of Fe3t decreased from 49.36% to 46.33%.



The increase in Fe?* and decrease in Fe3* suggested an
interconversion between Fe2* and Fe3*+. Therefore, the change in
iron valence not only triggered a series of redox reactions but also
expanded the pathways to which active species were generated.

Based on the above conclusions, Error! Reference source not
found. shows the degradation mechanism of IMI. The Fe-RSB would
rapidly activate PAA, primarily generating active species like
10,, ‘OH, CH3C(0)O:, and CH3C(0O)OO-. Therefore, iron ions were
considered crucial sites for the formation of active radicals. The
electron transfer capacity of the biochar was enhanced by the
change in the chemical states of iron. Thus, more free radicals were
produced through redox reactions (Eqgs. (3)-(6)). Additionally, study
had found that the catalytic performance was influenced by
oxygenated functional group (—OH, C=0, C—-0, and Fe—0) °3. PAA
was an electron acceptor, and electron transfer led to the rupture of
the functional groups in PAA, thereby generating active species.
Furthermore, a large amount of 10, was generated during the
reaction. Research has shown that the -OH functional group
provides an electron pathway for the formation of 10, (Egs. (12)) %4,
3.5 Degradation pathways and toxicity analysis of IMI

To explore the potential removal modes of IMI, UPLC-ESI-

MS/MS was employed to monitor the byproducts generated during



the removal of IMI. Three routes were used to explain the
degradation process (Figure S4, Figure S5). In Pathway 1, the
nitroamide group on the imidazole ring was broken, and the carbon
atom at the break was hydroxylated or oxidized by 'O, to form a
carbonyl group (P1). The chlorine atom on the pyridine ring was then
removed to obtain P2. Finally, a break in the pyridine ring near the
methylene bridge occurred, followed by the formation of a carbonyl
group (P3). In Pathway 2, IMI underwent dehydrogenation to form
hydroxyl and carbonyl groups (P4). The carbonyl group of the nitro
group in P4 broke to yield P5. Subsequently, the remaining parts of
the imidazole ring fractured, forming P6. In Pathway 3, the carbon
atom on the imidazole ring was hvdroxylated or oxidized to produce
P7. Subsequently, the nitrocamide and carbonyl groups were broken
to form P8. After a series of reactions, two carbonyl groups appeared
on the imidazole ring to form P9. Subsequently, the n-dealkylation
reaction that occurred in P9 produced P10. The intermediates were
further degraded until they were fully mineralized and converted
into small molecules.

ECOSAR software was utilized to estimate the toxicity of IMI and
its by-products on aquatic organisms (fish, Daphnia, and green
algae), and the toxicity results were shown in Error! Reference

source not found.. In the acute toxicity front, P1, P2, P3, and P8



were toxic to green algae, whereas P10 was harmful to Daphnia and
green algae. The remaining products did not harm aquatic plants,
and their toxicity was significantly lower than that of IMI. In the
chronic toxicity front, more than half of the intermediates showed
lower toxicity than IMI. Methylpyridine and its derivatives or species
with carbonyl groups formed on the imidazole ring were the most
sensitive by-products. The results suggested that many products
showed lower toxicity; however, further work should be conducted
to reduce the toxicity of individual harmful products. Overall, the Fe-
RSB/PAA process efficiently degraded IMI and caused minimal harm
to the ecological environment.
3.6 Influence of HA, Cl- and HCO3~ on the IMI degradation

Error! Reference souice not found.a shows the influence of
HA on IMI degradation. As the HA concentration gradually increased,
IMI degradation was inhibited (from 81.6% to 60.8%). Research has
shown that HA could rapidly quench R—QOe, and the reaction rate
constant could reach 104 L. mg—1!s~! 55, Simultaneously, PAA and HA
competed for the active sites, thereby reducing the number of free
radicals generated by PAA 56,

As shown in Fig. 6b, the presence of 2 mM Cl- slightly inhibited
IMI degradation, which can be attributed to the scavenging of

reactive radicals by Cl- (Egs. 13-14). 41, However, when the Cl-



concentration was increased to 10 mM, a promotional effect was
observed, likely due to the generation of reactive chlorine species
(RCS) that also contribute to IMI oxidation.

Error! Reference source not found.c shows the influence of
HCO3~ on the removal of IMI. The studies had indicated that the pH
affected the concentration and the form of HCO3~ 27,58, When pH =
6.37, HCO3~ was the predominant species in the system. Therefore,
a pH of 7.0 was maintained during the reaction. The IMI removal
declined from 81.6% to 59.8%. The results demonstrated that HCO3~
inhibited the degradation of IMI. Prior study had found that HCO3~
did not inhibit the production of R—O- in the pyrite/PAA process 39.
But HCO3~ could react with -OH (Egs. (15) and (16)) °9. Another
reason could be the production of unreactive Fe-HCO3~ complexes,
thereby inhibiting the removal of PAA 41, In this case, the inhibition
of IMI by HCO3~ was mainly due to the production of unreactive Fe-
HCO3~ complexes and the consumption of «OH.

Cl- + CH3C(0)O0O+ + H* = Cle + CH3C(O)OOH
(13)
Cl~ + «OH - HCIO™
(14)
HCO3~ + «OH - CO3*~ + H,0

(15)



CO32~ + «OH —» CO3°~ + OH~-
(16)

The Fe-RSB/PAA system achieved 81.6% IMI removal within 60
min using 0.55 g/L catalyst and 0.25 mM PAA at neutral pH,
demonstrating performance comparable to or better than previously
reported methods (Table S5). Compared to nZVI-based persulfate
systems that required higher oxidant concentrations (2-10 mM), our
system achieved efficient degradation with relatively low reagent
consumption. Unlike photocatalytic systems that need external
energy input and longer reaction times, our system operates under
mild conditions without energy consumption. Furthermore, while
adsorption-based biochar methcds merely transfer pollutants, our
system achieves complete oxidative degradation. This superior
performance is attributed to (1) uniform dispersion of iron species;
(2) synergy between iron sites and oxygen-containing functional
groups; and (3) efficient generation of CH3C(O)O+* and CH3C(O)OO-*
radicals.

3.7 Reusability of catalyst

Reusability is important in practical applications. Therefore, five
cycles of Fe-RSB were performed to test the removal of IMI and
reusability of Fe-RSB. The results indicated that the IMI removal

declined from 81.6% to 61.9% after five cycles (Error! Reference



source not found.d). Although the degradation efficiency
decreased, IMI was still effectively removed. Overall, Fe-RSB

exhibited excellent reusability.
4. Conclusions

In this study, a relatively novel Fe-RSB catalyst was successfully
synthesized via a simple pyrolysis method and employed to activate
PAA for efficient IMI removal. The Fe-RSB/PAA system exhibited
superior degradation performance compared to control systems,
achieving 81.6% IMI removal within 60 min under optimal conditions
(0.55 g/L. Fe-RSB, 0.25 mM PAA, pH 7.0). Notably, the system
maintained high efficiency across a wide pH range (3-11),
demonstrating its robustness for ireating wastewaters with varying
pH conditions. Mechanistic studies revealed that CH3C(O)O- and
CH3C(0O)O0O- were the dominant reactive species, alongside
contributions from 'O, and -OH, with XPS analysis confirming the
crucial role of Fe3*/Fe?* redox cycling in PAA activation. The IMI
degradation pathway involved dehydrogenation,
hydroxylation/oxidation, and heterocyclic ring cleavage, with
ECOSAR toxicity assessment confirming that most intermediates
posed lower ecological risks than IMI. The system showed good
stability and reusability, maintaining 61.9% removal after five cycles.

Furthermore, the system exhibited strong resistance to interference



from HA and HCOs3, while high CI- concentrations even enhanced
IMI degradation, highlighting its adaptability to complex water
matrices. Overall, this work provides a promising and relatively
novel approach for the remediation of IMI-contaminated water using
the Fe-RSB/PAA system, highlighting its potential for practical
wastewater treatment applications. While this study provides
comprehensive evidence for the structural features, catalytic
stability, and Fe3+/Fe2* redox cycling of Fe-RSB, several aspects
remain unexplored, including the carbon graphitization degree, iron
oxide crystalline phases, leached iron concentration, performance in
real water matrices, and dynamic electron transfer behavior. Future
work integrating Raman, TEM, and XRD analyses with systematic
iron leaching measurement, real water matrix testing (including
TOC removal), and eiectrochemical characterization (LSV, i-t) would
further elucidate the structure-activity relationship and confirm the
environmental safety and practical applicability of this system in PAA

activation.
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Figure and table captions

Fig. 1. The SEM images of (a) RSB, (b) Fe-RSB and (c) Fe-RSB used,
(d) Nitrogen adsorption-desorption isotherms, (e) Pore size
distribution, and (f) FTIR.

Fig. 2. (a) XPS survey of different biochars, XPS spectra of (a)O 1s,
(b)C 1s, and (c)Fe 2p.

Fig. 3. (a) Effect of (b) Fe-RSB dose, (c) PAA and (d) pH on the
removal of IMI in the PAA/Fe-RSB system. Conditions: [IMI] = 10
mgeL-1, [PAA] = [H,0;] = 0.25 mM, [RSB] = [Fe-RSB] = 0.55 g-L.1,
pH = 7.0, temperature 25 * 2 °C.

Fig. 4. EPR spectra of (a) DIPPMO-+«OH and DIPPMO-CH3COQe¢, (b)
DMPO-CH3C(0)0O0es, (c) TEMP-10,, and (d) quenching effects of TBA,
2,4-HD and L-Histidine in the PAA/Fe-RSB system. Conditions: [IMI]
= 10 mg-L-1, [PAA] = 0.25 mM, [Fe-RSB] = 0.55 g-L-!, [PAA:
scavengers] =1:200, pH = 7.0, temperature 25 = 2 °C.

Fig. 5. The removal of IMI in the PAA/Fe-RSB system.

Fig. 6. Effects of (a) HA, (b) Cl~, and (c) HCO3~ on the removal of
IMI in the PAA/Fe-RSB system, and the reusability of Fe-RSB (d).
Conditions: [IMI] = 10 mgeL-1, [PAA] = 0.25 mM, [Fe-RSB] = 0.55
geL~!, pH = 7.0, temperature 25 + 2 °C.

Table 1. Predicted acute and chronic toxicity of intermediates in the

Fe-RSB/PAA system by ECOSAR.
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(d) Nitrogen adsorption-desorption isotherms, (e) Pore size

distribution, and (f) FTIR.
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TBA, 2,4-HD and L-Histidine in the PAA/Fe-RSB system. Conditions:
[IMI] = 10 mgeL~', [PAA] = 0.25 mM, [Fe-RSB] = 0.55 g<L~1, [PAA:

scavengers] =1:200, pH = 7.0, temperature 25 = 2°C.



Fig. 11. The removal of IMI in the PAA/Fe-RSB system.
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Fig. 12. Effects of (a) HA, (b) Cl-, and (c) HCO3~ on the removal of
IMI in the PAA/Fe-RSB system, and the reusability of Fe-RSB (d).
Conditions: [IMI] = 10 mgeL~1, [PAA] = 0.25 mM, [Fe-RSB] = 0.55

geL-1, pH = 7.0, temperature 25 + 2 °C.



Table 1. Predicted acute and chronic toxicity of intermediates in the

Fe-RSB/PAA system by ECOSAR.

Acute toxicity (mgeL-1) Chronic toxicity (mgeL~1)
compound Fish Daphnid Green Fish Daphnid Green
(96h (48h algae Chv ChVv algae
LC50) LC50) (96h ChV
EC50)
IMI 436.753 44.989 50.658 42.456 3.072 14.899

P1-212 788.762  483.120 1.062 12.379 17.720 0.387
pP2-177 2248.224 1702.597 1.642 30.936 46.026 0.524
P3-114 571.391 3031.977 0.009 4.132 20.257 0.002
P4-285 12680.943 994.850 1877.966 2642.216 54.413 461.131
P5-214 7622.969 608.173 1119.599 1509.045 33.812 276.006
P6-143 856.282 665.128 150.317 55.349 69.535 51.393
P7-269 1168.534 109.584 145.211 141.100 7.132 40.563
P8-225 267.691 452.528 0.017 1.928 7.447 0.005
P9-197 1179.280 107.950 150.181 153.552 6.860 41.214
P10-142 436.940 42.098 52.925 48.672 2.812 15.070

Notes: Red represents very toxic, orange represents toxic, blue

represents harmful, green represents harmless.



