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ARTICLE INFO ABSTRACT

Keywords: In this research, p-type semiconductor Cu,0 was loaded onto biochar (BC) to prepare the BC/Cu,0 photocatalyst.
Antibiotics The BC exhibited excellent electron transfer ability, significantly enhancing the utilization efficiency of
Biochar/Cu,0 photogenerated electrons. Furthermore, coupling this photocatalysis system with persulfate (PS) activation
gﬁ?;léi;a dation synergistically enhanced the degradation efficiency of tetracycline hydrochloride (TC-HCI). The reaction rate

constant (K , =0.0355min™) of the proposed system was 4.12 times that of the single photocatalysis, which was
mainly due to the effective separation of photogenerated electron-hole and formation of sulfate radicals (SO, ).
Over 95% of 50 mg/L TC-HCl was removed within 90 min under optimal conditions. Electron Paramagnetic
Resonance (EPR) analysis and quenching experiments identified h*, SO, -, ‘OH, and ‘O, as the dominant reactive
species for the degradation. The influence of BC/Cu,0 dosage, TC-HCI, and PS concentration, and solution pH
was investigated by batch experiments. Response Surface Model (RSM) study further revealed that solution
pH and PS concentration had a significant influence on TC-HCI degradation. Based on the high-performance
liquid chromatography-mass spectrometry (HPLC-MS) and the Fukui function of TC-HCl, the degradation
intermediates were inferred, and their toxicity was assessed using ECOSAR software, revealing a toxicity
alleviation process during degradation. This work presents an efficient BC/Cu,0-PS system with significant

Response surface model

potential for antibiotic remediation.

1. Introduction

As a kind of emerging pollutant, antibiotics have been widely used
for improving human and animal health. Research data showed that
from 2000 to 2015, the global usage of antibiotics increased from
211 kilotons to 348 kilotons. This amount is predicted to reach 518
kilotons by 2030 [1]. The consumed antibiotics are mainly excreted
through urine and feces; over 50% are in unchanged and active forms
[2,3]. Water bodies have become the most important destinations for
antibiotics. In China, the concentrations of antibiotics in water and
sediment samples of the Yangtze River are 2.05-111 ng/L and 0.57-57.9
ng/g, respectively [4]. In addition, researchers from both the United
States and Japan have found that water bodies near the farms were
contaminated by antibiotics, even though these farms were equipped
with wastewater treatment facilities [5,6]. Evidently, antibiotics have
led to serious environmental contamination, bacterial resistance, and
pose a threat to human health. Tetracycline hydrochloride (TC-HCD),
a predominant aquatic antibiotic contaminant, exemplifies this threat
due to its persistence, incomplete metabolism, and role in fostering
antibiotic-resistant bacteria [7,8]. Conventional wastewater treatments
fail to degrade such pollutants effectively, necessitating advanced
technologies for environmental remediation.

Photodegradation is a green technology that can use solar energy
to produce reactive oxidative substances such as -OH, -O,, and H,0,
for the degradation of organic pollutants [9,10]. The performances of
photocatalysis greatly depend on the physicochemical properties of
photocatalysts [11,12]. Metal oxides, g-C;N, composites, noble metal
hybrids, and MOF or COF-based catalysts are widely used to fabricate
highly effective photocatalytic systems [13-19]. However, they may
suffer from the gaps of limited visible light utilization, electron-hole pair
recombination, and complex synthesis protocols. Among metal oxides,
Cu,0 is particularly promising due to its narrow bandgap (2.0~2.2
eV) for visible-light harvesting, low toxicity, and earth abundance [20].
However, rapid charge recombination limits its practical application.
To overcome this limitation, hybridization of Cu,O with conductive
substrates (e.g., carbon materials, conductive polymers) has been
proposed as an effective mitigation strategy [21]. For example, Cu,0/
rGO nanomaterial significantly improved the separation efficiency
of photogenerated electrons compared with single Cu,0, due to the
excellent charge mediating ability of rGO as well as its high surface area
[22]. What is more, developing Cu,0-based composite may construct
heterojunction to further improve the efficiency of photocatalysis
[18,23,24]. Among different conductive substrates, biochar (BC) stands
out as an ideal candidate for constructing Cu,0 composites due to its
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cost-effectiveness (derived from biomass waste), Hierarchical porosity
facilitating mass transport, and excellent electron conductivity [25].

It is also necessary to note that some photocatalytic performances
are not compelling enough for the degradation of emerging pollutants.
Persulfate (PS) based advanced oxidation processes (AOPs) can produce
highly reactive SO, (SO,: 2.5-3.1V > -OH:1.9-2.8V) and other reactive
oxidation species [26]. Moreover, PS can act as electron acceptors,
promoting charge separation during photocatalysis and thereby
enhancing the overall photocatalytic performance. This synergistic
effect is well illustrated by recent studies. For instance, Xu et al
developed a sulfur-doped g-C,N,/biochar (SCNBC) catalyst to activate
PS under visible light for tetracycline degradation. The SCNBC/PS
system achieved degradation efficiencies 2.34 and 2.32 times higher
than those attained by BC or g-C,N, alone, respectively [27]. Similarly,
Liu demonstrated that combining PS with an In,0,/g-C,N, composite
photocatalyst significantly improved the degradation efficiency of
doxycycline [28]. Therefore, integrating photocatalysis with PS-based
AOPs provides a promising approach for the effective degradation of
emerging pollutants, leveraging their strong synergistic effects.

This study aims to develop a Cu,0O/BC/PS system for efficient
TC-HCl degradation. The main objectives include: preparation and
characterization of Cu,0/BC to maximize visible-light absorption and
charge separation; elucidating the PS-enhanced photodegradation
mechanism for TC-HCI; exploring the degradation pathways of TC-
HCI; and assessing the toxicity of its byproducts. By integrating BC’s
electron-shuttling capacity with PS activation, this work advances a
low-cost, highly efficient strategy to mitigate antibiotic pollution.

2. Materials and Methods

2.1. Chemical reagents and catalyst preparation

All chemicals were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (China) with the following specifications: Chitosan:
Deacetylation degree = 80-95%. Acetonitrile (for HPLC mobile phase):
HPLC grade, =99.9% purity. Other reagents (CuSO,, NaOH, glucose,
PS, etc.): Analytical reagent grade, =99.0% purity. Ultra-pure water
(18.2 MQ-cm resistivity) was prepared using a Millipore Milli-Q system.

BC was prepared using chitosan as biomass according to our
previous study with some modifications [29]. The preparation process
was as follows: Chitosan was pyrolyzed at 600°C (5°C/min) under N,
flow and held for 2 h. The resulting material was washed with 0.1 M
HCI and deionized water until neutrality (pH = 7.0). The neutralized
product was then pyrolyzed at 800°C (5°C/min, N, flow) for 2 h. The
final BC was designated BC-800.

The Cu,0 nanoparticles were synthesized using the chemical
precipitation method and loaded on the BC-800. The specific process
was as follows: 1.25 g CuSO, was dissolved in 200 mL of water, then
0.8 g NaOH was added and stirred to obtain Cu(OH), precipitation.
Next, 100 mL of 1 mg/mL BC-800 suspension was added to the
Cu(OH), suspension and stirred at 60°C. After that, 1 g glucose (used
as a reductant) was added to the suspension and reacted for 1 h, the
Cu(OH), was reduced to Cu,0 and loaded on the BC-800. The resulting
dark brown precipitate (designated BC/Cu,O) was washed thoroughly
with ethanol and deionized water, followed by drying at 55°C for 24 h
in a vacuum oven.

2.2. Catalyst characterization

Scanning electron microscope (SEM, JEOL, JMS-IT800is) equipped
with energy dispersive spectroscopy (EDS) was employed to observe the
morphological structure of BC/Cu,O. Brunauer-Emmett-Teller (BET)
surface areas and pore size distribution analyses were performed using
a Micromeritics ASAP 2460 instrument. The chemical composition was
determined by X-ray diffraction (XRD, Bruker D8 instrument, Cu-Ka
radiation) and X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific Escalab 250Xi). Electron Paramagnetic Resonance (EPR, JEOL
FA200) was used to detect reactive oxygen species during degradation.
Sulfate radical (SO,) and hydroxyl radical (-OH) were trapped in a
water solution, -O2 was detected in an ethanol system, and the hole
was examined using the BC/Cu,O powder. Electrochemical impedance
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spectroscopy (EIS) measurements followed our previously reported
method [29].

2.3. Batch experiments

A typical degradation experiment was conducted in a 250 mL
Erlenmeyer flask containing 100 mL of 50 mg/L TC-HCI and 0.005 g
BC/Cu,0. The flask was placed on a magnetic stirrer with a stirring
speed of 250 rpm and room temperature (28°C). A CEL-HXF300
Photocatalytic Xenon Lamp (>300 nm, 300W, Zhongjiao Jinyuan,
Beijing, China) was used as a light source. The irradiance is 220 + 5
mW/cm? (working current of 21A) measured by a photo-radiometer.
And the distance between the reaction liquid level and the xenon lamp
is 16 cm during the degradation process. The TC-HCl solution was
collected and filtered by a 0.22 pm PTEE syringe filter and immediately
analyzed via high-performance liquid chromatography (HPLC) (Waters
2695). The first sample was withdrawn and determined after 5 min of
reaction. The mobile phase consisted of acetonitrile/0.1% formic acid
(22/78, v/v) with a flow rate of 0.2 mL/min, with column temperature
of 25°C. The pseudo-first-order kinetic model was applied to calculate
the apparent rate constant (kobs) of TC-HCI. The integrated rate law for
pseudo-first-order kinetics is expressed as shown in Eq. (1):

In(C/C)=k - t (€8]

where G and C, are the TC-HCI concentration (mg/L) at the initial
time and time t (min). A linear regression of ln(CO/Ct) vs. t was
performed, where the slope corresponds to k. The total organic
carbon (TOC) of the solution before and after treatment was analyzed
(Shimadzu, Japan). A Box-Behnken response surface methodology
(RSM) design optimized parameters with three independent variables
: PS concentration, pH, and xenon lamp current. The design included
three levels per factor with three central point replicates, totaling 18
experiments. All experiments were performed in triplicate. All batch
experiments (except RSM) were conducted in triplicate, and the mean
values were presented. HPLC-MS (Agilent Technologies) was applied to
identify the degradation intermediates of TC-HCI.

3. Results and Discussion

3.1. Characterization analysis

As shown in Figure 1(a), BC-800 exhibited a macroporous structure
(100-500 nm pores). After Cu,O loading (Figure 1b), cubic nanoparticles
were anchored on BC-800, attributed to the coordination between BC
surface groups and Cu? ions during chemical co-precipitation. XRD
patterns (Figure 1c) showed six characteristic peaks at 29.6°, 36.5°,
42.4°, 61.5°, 73.6°, and 77.7°, matching Cu,O (JCPDS 05-0667) with
no detectable CuO impurities. Elemental mapping (Figures 1d-g) of the
region in Figure 1(b) confirmed homogeneous distributions of Cu, O,
C, and N, with XPS revealing atomic percentages of 7.24%, 12.55%,
77.51%, and 2.70%, respectively. BET analysis (Figure S1) further
demonstrated a mesoporous structure (average pore size: 3.07 nm;
surface area: 234 m?/g), suggesting hierarchical porosity beneficial for
reactant diffusion.

3.2. Performances of photodegradation of TC-HCI by different catalysts

Adsorption experiments showed that single BC/Cu,O could
only remove 30% of TC-HCl. BC/Cu,0 as a catalyst exhibited
significantly enhanced TC-HCl degradation under visible light with PS,
achieving 98% removal within 90 min (Figure 2a). This performance
surpassed control systems of bare Cu,0/PS (85% removal), BC/Cu,O
without PS (63% removal), and dark BC/Cu,0O/PS (48% removal). The
observed first-order rate constant (K, ) increased from 0.0086 min-
1 (BC/Cu,0) to 0.0355 min!(BC/Cu,0/PS), representing a 4.12-fold
enhancement (Figure 2b). The result was superior to TiO,/g-C;N,, S-
doped g-C,N,/BC/PS/visible light system and Cu,0 -metal organic
frameworks based photocatalysis system for TC-HCl degradation
[27,30,31]. The synergy factor (SF), calculated as shown in Eq. (2):

kBC/Cu20+PS _ 0.0355
k +k 0.0086 + 0.0052

BC/Cu20 BC+PS

SF =

=2.58>1 (&)
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Figure 1. SEM images of (a) BC-800 and (b) BC/Cu,0; (c) XRD pattern of BC/Cu,O and standard Cu,0O; elements mapping images of (d) C, (e) O, (f) Cu, (g) N.
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Figure 2. (a) Degradation efficiency and (b) Kinetics constant of TC-HCI by different oxidation systems, (c) EIS results of BC/Cu,0 and Cu,O.
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Figure 3. Quenching effect of adding (a) methanol and isopropyl alcohol, (b) ascorbic acid and (c) triethanolamine; EPR signal of <02, (d) h+, (e) SO4~, and *OH.

confirms true synergistic interaction beyond additive effects. The
enhancement was attributed to several reasons. Firstly, SEM (Figure
1b) revealed uniform dispersion of cubic Cu,0 nanoparticles on
porous BC, reducing aggregation and increasing accessible active sites
versus bulk Cu,O. Secondly, EIS Nyquist plots (Figure 2c¢) showed a
depressed semicircle for BC/Cu,O, significantly lower than pure
Cu,O. This validates BC’s role as an electron shuttle suppressing
recombination. Thirdly, PS scavenged photogenerated electrons via a
thermodynamically favorable reaction (3):

S,0.2 +e~— 80, + S0, ®3)

where the conduction band of Cu,O (-1.1 eV) provides sufficient
driving force. This dual function includes depleting electrons to
reduce electron-hole recombination and generating additional SO,
radicals (validated by EPR in Section 3.3). Control experiments
confirmed minimal PS activation in darkness (48% removal),
highlighting the light-dependent synergy. Integrating PS with BC/
Cu,O thus establishes an efficient and cost-effective advanced oxidation
platform for antibiotic remediation.

3.3. Catalytic mechanism

Quenching experiments and EPR detection were used to reveal the
leading reactive species in the PS-coupled photodegradation system.
Methanol (MeOH, 0.25M), isopropyl alcohol (IPA, 0.25M), ascorbic
acid (AA, 0.02M), and triethanolamine (TEOA, 0.02M) were used to
quench SO, 'OH, ‘O,, and h* [32]. In considering the redox reaction
between PS and AA or TEOA. Quenching of "0, and h* was conducted
in a system without PS. As shown in Figure 3(a), after adding TEOA and
AA, the degradation of TC-HCI decreased from 55% to 35% and 33%,
and the quenching effect indicated that h* and ‘O, were both responsible
for TC-HCI removal, and their contributions were comparable. After
adding MeOH and IPA, the removal efficiency decreased from 95% to
60% and 62% (Figure 3b). It can be inferred that both SO, and "OH

were formed in the reaction system. EPR detection also verified the
existence of "0, (Figure 3c), h*( Figure 3d), SO,”and ‘OH (Figure 3e) in
this system. Based on the quenching experiments and EPR analysis, it
can be inferred that h*, SO,", "OH, and 'O, were the main radicals for
TC-HCI degradation. The specific oxidation species formation processes
were concluded as below:

BC/Cu,0 + light > h*(VB) + e (CB)  O,+e (CB) =0,
$,0,> +e (CB) — SO,"+ S0, SO," OH — SO,* + 'OH

h', ‘OH, and ‘O, were often detected in photocatalysis systems as
proved by previous studies [23,33]. The presence of SO, was due to the
activation of PS by photo-induced electron.

The XPS analysis was used to evaluate the chemical valence states
of BC/Cu,0O to further explore the mechanism. The O atomic percentage
in BC/Cu,O increased from 12.55% to 26.64% after usage, possibly
due to the oxidation of BC/Cu,0. High-resolution XPS spectra of Cls,
O1ls, and Cu2p before and after usage have been presented in Figure 4.
Results showed that the Cls spectra of BC/Cu,O contained three peaks
corresponding to C=C (284.8 eV), C-O (285.7eV), and C=0 (289eV)
(Figure 4a); after being used as a catalyst, the C-O percentage decreased
to 13.42% and the C=0O percentage increased to 28.72% (Figure 4b),
significantly. It is possible that some C/O sites acted as active sites
during the degradation process. And for the O1s peaks, three peaks with
binding energy at 529.9eV, 531.4 eV, and 533.6eV were fitted (Figure
4c), which were assigned to Cu-O, C-O, and C=0, respectively. After
usage, the atomic percentage of C=0 increased to 61.8% (Figure 4d),
and the chemical state of Cu-O and C-O decreased, which indicated that
surface oxidation of BC/Cu,0 occurred during the catalytic reaction.
As shown in Figure 4(e), the binding energy of 934.3eV and 954.2eV
belongs to Cu 2p, ,and Cu 2p, , spectra, were related to Cu” The peak
at 962.8eV was assigned to Cu 2p, , and corresponded to Cu*. The
satellite peaks with weak energy at 941.2eV and 944.0eV were typical
Cu* peaks. Besides, the peak intensity of Cu*" of the used BC/Cu,0
increased due to the oxidation of Cu,0O.
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Figure 4. The Cls, Ols, and Cu2p XPS spectra in (a, c, ) fresh and (b, d, f) used BC/Cu,0.

3.4. Effect of operation parameters

The effects of operational variables, including catalyst dosage, PS,
and initial TC-HCI concentration, and pH on degradation efficiency were
investigated. As presented in Figure 5(a), increasing the catalyst loading
from 0.001 g to 0.005 g, the degradation efficiency increased from 55%
to 99.1%. Further addition of catalyst to 0.015 g showed no significant
improvement, likely due to the reduced light penetration at high BC/
Cu,0 concentration [34]. For the effect of PS concentration (Figure
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5b), increasing PS from 0.05 mM to 0.2 mM accelerates degradation;
however, no obvious difference (<5%) was observed between 0.2 mM
and 0.3 mM, which was attributable to radical quenching by excess
PS. The degradation efficiency decreased with the increasing in TC-
HCl concentration (Figure 5c), which was due to the limited active
oxidative species provided by the solution system. The initial pH of
100mg/L TC-HCl was about 2.8, and the solution pH was adjusted by
NaOH or HCL The influence of pH showed that the highest catalytic
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Figure 5. The effect of (a) BC/Cu,O dosage, (b) PS concentration, (c) TC-HCI concentration, and (d) initial pH on the degradation efficiency of TC-HCI by photocatalysis coupled

PS system.

activity was obtained at pH 5 (Figure 5d), while efficiency significantly
declined at pH levels of 1 to 3. The structure of Cu,0/BC might change
in the strong acidic solution [25], leading to a lower degradation rate.
At pH 9, the high TC-HCI degradation efficiency (93.4%) was probably
due to more reactive species produced by the activation of PS under
alkaline conditions [35].

3.5. Response surface model analysis

One-factor analysis can’t fully explore the influence of multiple
factors (PS concentration, UV intensity, pH value) in this PS-coupled
photocatalysis system. To investigate the key factors and their
interaction, RSM was applied. The Box-Behnken model in the Design
Expert software was used to design the experiments. PS concentration,
pH value, and UV light intensity were chosen as the influencing factors
(independent variables), and the degradation efficiency of 75 mg/L
TC-HCI at the reaction time of 90 min was the response value. And
the concentration of BC/Cu,O for each treatment was set as 0.05g/L.
Based on the experiment results and fitting analysis, a linear model was
suggested to use. The model was R%=18.89+6.09*pH+54.34*PS+0.11
*UV, with the R*=0.92. And the Analysis of Variance (ANOVA) for the
linear model has been shown in Table S1. The p-value of pH and PS was
less than 0.05, indicating the two parameters had a significant influence
on TC-HCI degradation. And the significant of the model and not non-
significance of Lack of Fit indicated that the linear model was credible.

In contrast, the quadratic model showed a poor fit (R? < 0.5), likely due
to the limited variation range of operational parameters in this study.
Statistically, when factor ranges are narrow (<20% of the feasible
domain), quadratic terms often fail to capture significant curvature
while linear approximations remain robust. Consequently, the linear
model was selected as it adequately represents system behavior within
the tested constraints. The interaction of the various parameters has
been shown in Figure 6. And optimization analysis using Design Expert
showed that the best experimental parameters were pH=9, PS=0.2 mM,
and UV=19.6 A, 89.6% of 75 mg/L TC-HCl could be degraded under
these conditions.

3.6. Degradation pathway of TC-HCI and toxicity evaluation

To gain deep insights into the degradation of TC-HCl in
photocatalysis coupled PS system, the possible intermediates and
pathways were investigated based on HPLC-MS (Figures S2 and S3)
and previous literature. Besides, The Fukui functions of atoms in TC-
HCI were calculated. The Fukui indices of electrophilic (f), radical (f°),
and nucleophilic (f*) could theoretically reveal reactive sites of TC-HCl
molecules [36]. The Fukui results of the main atoms have been shown
in Table S1 and Figure S2. Two possible degradation pathways have
been shown in Figure 7. Specifically, TC-HCl (M/Z=445) was primarily
attacked by SO, or ‘OH at C8-C10 to form a hydroxylated product (B1)
due to its higher electron density compared to C2-C3. This preference
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Table 1. The toxicity prediction for TC-HCI and intermediates.

Intermediates | Fish LC50 (96h) | Daphnia LC50 (48h) | Green alga EC50 (96h)
TC 78.5 5.3 3.3
Al 219 10.7 62.3
A2 135 39.6 0.757
A3 9.25 26.2 0.813
A4 1100 755 128
A5 16.3 14.1 2.6
Bl 28.8 2.72 1.46
B2 576 2070 26
B3 1150 4660 240
m/z=101 423 194 35.7
m/z=73 2480 3610 114

Very toxic: means the LC50 <1mg/L, Toxic: means the LC50 =1-10mg/L, Harmful:
means the LC50 =10-100mg/L, Harmless: means the LC50 >100mg/L.

is supported by Fukui indices: C8(f=0.0244) and C10(f=0.198) > C2(f
=0.004), C3(f=0.0103). The B2 was generated possibly through two
ways: (1) the dealkylation process occurred at the C1 position and
formed a hydroxyl group; (2) the double bond group of C13-C15 in B1
was attacked, forming a ketone and a carboxylic group [37]. With the
further oxidation by reactive species, the double bond of C2-C3 and
the hydroxyl group of C1 in B2 were attacked, and the intermediate
of B3 (m/z=495) was formed. For pathway A, the double bond at
C17=C18(f=0.0334) was most likely to be attacked by SO, ~ to form Al
based on the prediction of oxidation position in TC-HCI by theoretical
calculations [36]. Since the saturated nitrogen in C1 was oxidized by
*OH, resulting in the loss of two methyl groups, and further degraded
into A2 by the loss of an amide group under the attack of SO,” or ‘OH
[38]. C=C bond on C17=C18, C2=C3 was unstable, and C15 had a
high f-value (0.0334). Carbon ring cleavage reactions occurred in A2,
due to the great oxidizing performances of SO,"and h’, leading to the
formation of A3 [39]. Subsequently, by the attack of reactive oxidation
species, demethylation, ring-open, and dehydroxylation reactions
occurred, leading to the formation of A4 and A5. Ultimately, part of
the intermediates further degraded into short-chain molecules and even
mineralized into H,0 and CO,,.

Besides the degradation pathway, the acute and chronic toxicity of
TC-HCI and its intermediates was calculated using ECOSAR to assess
their environmental risk. As shown in Table 1, TC-HCI exhibited
varying degrees of toxicity to fish, daphnids, and green algae, with
different impacts on each. During the degradation process, although
some intermediates (A2 and A3) showed higher toxicity compared
with TC-HCI, the toxicity of most of the products was alleviated. After
90 min degradation, the TOC of the sample was determined. The
removal efficiency of TOC was 76.6%. Therefore, although several
toxic products were produced, the high TOC efficiency indicated
that the concentration of toxic products would be negligible. These
results highlight the necessity of tracking toxicity evolution alongside
degradation efficiency in wastewater treatment.

4, Conclusions

Inthisstudy, BC/Cu,0 composites were synthesized and demonstrated
a significant synergistic effect between photocatalysis and PS activation
for the degradation of TC-HCI. It was found that dispersing Cu,0 on BC
suppressed particle aggregation and enhanced charge separation, while
PS acted as an electron sink, collectively improving photon utilization
efficiency. The system achieved 98% TC-HCl degradation within 90
min (Kobs=0.0355min?') with 76.6% mineralization (TOC removal),
representing a 4.12-fold kinetic enhancement over the PS-free system.
Mechanistic studies confirmed that h’, SO,”, *OH, and O, were the
dominant active species, while RSM analysis highlighted the significant
linear effects of pH and PS concentration on degradation performance.
Degradation pathways were identified via HPLC-MS and Fukui function
analysis, demonstrating an environmentally friendly degradation
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pathway. Despite these promising results, the effects of complex
water matrices were not evaluated, and the long-term stability under
continuous flow remains unverified. In the future, exploring solar-
driven activation to reduce energy cost and extending this strategy to
other persistent organic pollutants needs further study.
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