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Article history:

The coexistence of emerging containments, such as antibiotic resistant bacteria (ARB), antibiotic-resistant
genes (ARGs) and antibiotics, potentially influence elimination efficiencies in UV light-emitting diode (UV-
LED) alone and UV-LED/H,0, system as their complex interactions. Tetracycline (TC) degradation effi-
ciency (kg) correlated closely with its UV molar absorbance (R?=0.831) in UV-LED alone system and
with "OH yield (R?2 =0.999) in UV-LED/H,0, system across studied wavelengths (265, 280 and 310 nm).
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Keywords: The kg values for intracellular DNA (i-ARGs) also exhibited a high correlation with UV-LED wavelengths
UV-LED/H,0, in both systems (R? =0.997-0.999). The coexistence of TC and ARB/ARGs resulted in a mutual inhibi-
ARB/ARGs tion of their degradation efficiencies due to competition for photons and "OH, along with the consequent
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reduction in intracellular ROS within ARB, with their degradation efficiencies exhibiting marked depen-
dence on wavelength in both systems. Notably, the UV-LED/H,0, system at 265 nm effectively achieved
the simultaneous removal of TC, ARB and ARGs with minimal energy consumption, and successfully frag-
mented ARGs. The degradation pathway of TC was analyzed, and the biotoxicity of its degradation inter-
mediates demonstrated the environmental friendliness and safety of UV-LED/H,0, technology. This study
elucidated the competitive interactions between antibiotics and ARB/ARGs within UV-LED/H,0, system,

providing a promising approach for their simultaneous removal while ensuring energy efficiency.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The widespread use of antibiotics in medicine, livestock farm-
ing, and aquaculture has resulted in global pollution and adverse
effects, posing serious risks to public health and the environ-
ment [1,2]. The emergence of antibiotic-resistant bacteria (ARB)
and antibiotic-resistant genes (ARGs) as new pollutants in various
environmental matrices has further heightened these concerns [3].
The ARB can perpetuate ARGs through vertical gene transfer, pass-
ing these ARGs to subsequent generations. In addition, ARGs can
propagate via horizontal gene transfer, enabling rapid adaptation
to environmental changes, contributing to the proliferation of ARB
and ARGs, ultimately facilitating the emergence of multi-drug re-
sistant superbugs [4-6]. Antibiotic residues in environment can en-
hance the resistance of ARB, and the coexistence of antibiotics and
ARGs greatly accelerate the proliferation of ARGs within ARB [7,8].
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Therefore, the simultaneous removal of antibiotics, ARB and ARGs
is critical.

Advanced oxidation processes (AOPs) have proven effective in
eliminating antibiotics and ARB/ARGs [9,10]. Among these, UV
based AOPs are widely employed in sewage treatment for steriliza-
tion and antibiotic removal, with UV/chlorine technology being the
most common [11]. However, the UV/chlorine process commonly
produces a series of disinfection by-products, some of which are
carcinogenic and pose health risks [12-14]. The UV/H,0, system
provides a promising solution for this issue, owing to its high ef-
ficiency and environmentally friendly characteristics [12]. Recently,
UV light-emitting diode (UV-LED) has garnered significant atten-
tion as an emerging UV light source, providing advantages such
as multiple emission wavelengths, longer lifespan, low energy con-
sumption, and flexibility, while being mercury-free [15,16]. These
features position UV-LED as a promising replacement for tradi-
tional low-pressure UV mercury lamps (LPUV), overcoming their
limitations [15,17].

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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The UV-LED irradiation disrupts the structure of microbial de-
oxyribonucleic acid (DNA), leading to the immediate inactivation
of ARB or inhibiting their reproduction, thereby ensuring effective
disinfection [18]. In UV-LED/H,0, system, hydroxyl radicals ("OH),
as the primary reactive oxygen species (ROS), attack the DNA base
of ARGs, causing double-strand breaks that contribute to their re-
moval [19]. In addition, the antibiotics are degraded through direct
photolysis by UV light in UV-LED alone system and electrophilic at-
tack by *OH in UV-LED/H,0, system [20]. However, competition for
UV photons and ‘OH between antibiotic and ARB/ARGs complicates
their simultaneous removal, posing a critical challenge. Therefore,
the primary objective was to achieve the simultaneous removal of
antibiotics and ARB/ARGs, while elucidating the competitive mech-
anisms influencing their degradation.

Tetracyclines are extensively utilized in medical treatment, live-
stock farming, and agricultural production due to their broad-
spectrum antimicrobial activity and cost-efficiency [21]. The persis-
tence of tetracyclines in wastewater has raised concerns, as it con-
tributes to the emergence of ARB/ARGs, posing substantial threats
to both human health and environmental ecosystems [22,23]. In
this study, tetracycline (TC) as the most common tetracyclines
was selected to evaluate the interrelationship between TC, and
TC-associated ARB/ARGs in terms of degradation efficiency within
UV-LED alone and UV-LED/H,0, system. The wavelength depen-
dence on TC, ARB and ARGs elimination efficiencies were eval-
uated at 265, 280 and 310nm for both systems. The effects of
wavelength and coexistence of ARB/ARGs on energy consumption
in UV-LED/H,0, system were evaluated. The UV-LED/H,0, system
at 265nm achieved simultaneous removal of TC and ARB/ARGs,
demonstrating significant energy efficiency, with the fragmenta-
tion of ARGs also observed. Finally, the degradation pathway of
TC and biotoxicity of its degradation intermediates were explored
in UV-LED/H,0, system, confirming its environmental friendliness.
This study provided a comprehensive understanding of the inter-
actions and mechanisms influencing the removal of antibiotics and
ARB/ARGs, providing novel insights into their synchronous elimi-
nation.

The hazards associated with ARB and ARGs originating from
antibiotic wastewater emphasized the critical need for their si-
multaneous elimination to minimize their mutual influence. The
degradation efficiency of TC was first investigated in UV-LED alone
and UV-LED/H,0, systems at wavelengths of 265, 280 and 310 nm,
while also evaluating the impact of ARB on TC removal. The wave-
length of the UV-LED played a crucial role in determining the elec-
tronic excitation of antibiotics and H,0, molecules, directly im-
pacting the efficiency of TC degradation [24]. As shown in Fig. S1b
(Supporting information), the UV-LED light with the wavelengths
less than 310nm was easily absorbed by H,0,, whereas wave-
lengths longer than 310 nm exhibited minimal adsorption. While
UV-LEDs with shorter wavelengths, such as lower than 260nm,
were known for their potential in disinfection and wastewater
treatment, limitations in current production technology result in
low power output and weak light intensity. These limitations con-
tributed to poor time-based degradation efficiency (k) and in-
troduced significant errors in UV photon fluence-based rate con-
stant (kg) calculations, as observed in our previous studies [25,26].
To ensure accurate and reliable results, UV-LEDs with more com-
monly used wavelengths (265, 280, and 310 nm) were selected for
wavelength dependence investigation on TC removal. For UV based
AOPs, the kg represented the degradation efficiency of organic pol-
lutants under unit exposure photon fluence. Unlike the ks, kg
was independent of UV-LED irradiance, making it a more suitable
and scientifically parameter for evaluating both the activation effi-
ciency of H,0, across different UV-LED wavelength and the overall
wastewater treatment performance [26]. According to the UV-LED
irradiance at various wavelengths (Is, Table S1 in Supporting in-
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formation), kg could be calculated as k,s/Is, and details were pro-
vided in Support information.

The TC exhibited considerable resistance to degradation in H,0,
alone system in 0.9% NaCl solution, regardless of the ARB coexist
(Fig. S2 in Supporting information). The 0.9% NaCl solution pro-
vided a stable, neutral, and physiologically compatible environment
that supported ARB cellular activity and function. The k,,s and kg
both followed the order of 280, 265 and 310 nm in UV-LED alone
system, while the UV-LED/H,0, system exhibited the order of 265,
280 and 310 nm (Figs. 1a-e and Fig. S3 in Supporting information).
The UV-LED/H,0, system significantly improved the TC degrada-
tion efficiency, achieving an increase of 4.36-16.85 times compared
to the UV-LED alone system (Figs. 1d and e). The coexistence of
ARB led to a reduction of the kg values in by 33.6 %—44.5% in UV-
LED alone system and by 14.3%-53.2% in UV-LED/H,0, system
(Figs. 1d and e), with corresponding decreases in removal rates of
6.5%-14.6 % at 120 min (Fig. 1f). The ethanol (EtOH) was employed
as the quencher for *OH, effectively inhibiting TC degradation in
UV-LED/H,0, system across three studied wavelengths, thereby
confirming that *OH was the primary ROS (Fig. S4 in Supporting
information). The electron paramagnetic resonance (EPR) spectra
confirmed the generation of "OH in UV-LED/H,0, system (Fig. S5a
in Supporting information), with intensity decreasing in the order
of 265, 280 and 310 nm, due to the increased UV molar absorbance
(&) of Hy0, at shorter UV-LED wavelengths (Fig. S1b) [25]. In or-
der to facilitate a direct comparison of ‘OH generation across three
wavelengths, the *OH signal intensity was standardized to fluence-
based *OH intensity based on the UV-LED irradiance (W/m?, Table
S1). The fluence-based *OH intensity also exhibited the same trend,
with the highest intensity observed at 265 nm (Fig. S5b in Support-
ing information). The fluence-based *OH intensity should a strong
correlation with the kg for TC degradation (R? =0.996) (Fig. 1g). In
addition, in UV-LED alone system, the ¢, of pollutants at various
wavelengths directly influenced their photochemical degradation
efficiency by determining the UV-LED light absorption and molec-
ular excitation [3,27]. Strong linear correlations were observed be-
tween kg at three studied wavelengths and the corresponding ¢,
for TC (R =0.831) in UV-LED alone system (Fig. 1h and Fig. S6a in
Supporting information). These findings suggested that UV photol-
ysis and *OH direct oxidation were the predominant mechanisms
driving TC degradation in UV-LED alone and UV-LED/H,0, sys-
tems, respectively (Figs. 1g and h), which consistent with our pre-
vious studies [25,28]. The order difference in TC degradation ef-
ficiency (Figs. 1d and e) in UV-LED alone and UV-LED/H,0, sys-
tems at three studied wavelengths was attributed to the distinct
degradation mechanisms inherent to each system. The lower kg
values and similar correlations in UV-LED alone (R?=0.670) and
UV-LED/H,0, (R?=0.983) systems with ARB coexistence indicated
the competition for photons and °OH, respectively. Nevertheless,
the UV-LED/H,0, system at 265nm demonstrated promising po-
tential for TC removal, achieving 87.8% even in the presence of
ARB.

Additionally, the energy consumption associated with the UV-
LED/H,0, system for TC degradation was analyzed, with a focus on
the impact of UV-LED wavelengths and the presence of ARB (Fig.
1i). The electrical energy per order (EEO, kWh m3 order!) was
defined as the electric energy required to achieve a 90% reduc-
tion in pollutant concentration [25]. The ¢, of pollutants and the
photolysis efficiency of various oxidants exhibited significant vari-
ability across different UV wavelengths, thereby the EEO analysis
in UV based AOPs was necessary. The EEO for TC degradation in
UV-LED alone system was lowest at 280 nm, followed by 265 nm
and 310 nm, aligning with the TC degradation efficiency (Fig. S6b
in Supporting information). The photolysis efficiency of H,0,, *OH
yield and TC degradation efficiency all decreased with increasing
wavelength in UV-LED/H,0, system, resulting in a corresponding
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Fig. 1. Degradation kinetics of TC in UV-LED alone and UV-LED/H,0, systems with or without ARB coexistence at (a) 265nm, (b) 280nm and (c¢) 310nm. (d) Time-based
first-order rate constant (kops) and (e) fluence-based first-order rate constant (k) for TC in UV-LED alone and UV-LED/H,0, systems. (f) Removal rate of TC in UV-LED alone
and UV-LED/H,0, systems at 120 min under studied three wavelengths. Correlations between the kg with (g) fluence-based "OH intensity in UV-LED/H,0, system and (h) ¢;
of TC in UV-LED alone system. (i) The EEO comparison of TC removal in UV-LED/H,0, system under studied three wavelengths with or without ARB. Experiment conditions:

TC 30 pmol/L, H,0, 10 mmol/L, ARB 3.5 x 10 CFU/mL, 0.9% NaCl solution.

trend in EEO. The presence of ARB significantly increased the en-
ergy demand across all studied wavelengths, due to the competi-
tion between ARB and TC for UV irradiance and *OH, which were
essential for TC removal. Thus, the UV-LED operating at 265 nm
was particularly effective for H,0, activation and wastewater treat-
ment.

The impact of UV-LED wavelength and the TC coexistence on
ARB inactivation efficiency was systemically investigated in UV-
LED alone and UV-LED/H,0, systems. The H,0, alone system
demonstrated minimal effectiveness in ARB inactivation, regardless
of whether TC was coexistence (Fig. S7a in Supporting informa-
tion). Conversely, both the UV-LED alone and UV-LED/H,0, sys-
tems achieved complete ARB inactivation under low UV fluence
(<30J/L) at wavelengths of 265nm and 280nm (Figs. 2a and b).
The presence of TC slightly reduced ARB inactivation efficiency
in UV-LED system, with this inhibition further mitigated in UV-
LED/H,0, system due to enhanced oxidative capability (insert of
Figs. 2a and b). The UV-LED irradiation at 265 nm directly damaged
cellular DNA, resulting in rapid inactivation of ARB [29]. In con-
trast, ARB inactivation at 280 nm was attributed to protein denatu-
ration caused by the disruption of specific molecular components,
particularly the conjugated double bonds within the aromatic rings
of amino acids such as tyrosine (Tyr), phenylalanine (Phe), and
tryptophan (Trp) [30]. The inactivation of ARB in UV-LED alone sys-
tem at 310nm was unsatisfactory (Fig. 2c). Previous studies had
shown that long-wavelength UV (310nm) primarily affected cell
components involved in metabolic cycle, such as lipids and certain

proteins, as well as ROS scavengers like catalases and superoxide
dismutase. These damage could deactivate ARB by inducing intra-
cellular ROS formation [29]. Despite a greatly improvement upon
combining UV-LED at 310 nm with H,0,, it still fell short of expec-
tations. This limited improvement could be attributed to the gen-
eration of "OH in the extracellular environment, which also facili-
tated the releasing of intracellular DNA (i-ARGs) [31]. The coexis-
tence of TC significantly inhibited ARB inactivation in both systems
at 310 nm, highlighting its unfavorable wavelength for ARB inacti-
vation.

To assess the wavelength dependence of i-ARGs removal effi-
ciency in UV-LED alone and UV-LED/H,0, systems across three
studied UV emission wavelengths, a log-linear decay fitting anal-
ysis was conducted. The removal efficiency of i-ARGs was negli-
gible in H,0, alone system (Fig. S7b in Supporting information),
but it was remarkable in UV-LED alone system at 265 and 280 nm
(Figs. 3a and b), especially at 265 nm, whereas negligible elimina-
tion efficiency was observed under irradiance at 310 nm (Fig. 3c).
The kg for i-ARGs exhibited excellent linear correlations with UV-
LED wavelengths in UV-LED alone (R?=0.999) and UV-LED/H,0,
(R?2=0.997) systems within 265-310nm (Figs. 3d-f), suggesting a
clear wavelength dependence in i-ARGs removal [31]. The wave-
length dependence elimination of ARGs could be attributed to
direct DNA damage under short-wavelength UV irradiation, cou-
pled with decreased UV light absorption of genetic material with
increasing UV-LED wavelength [29]. The i-ARGs destructive effi-
ciency in UV-LED/H,0, system showed only a slight improvement
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across the three wavelengths and decreased with increasing UV- In order to further elucidate the competitive mechanisms af-

LED wavelength. The *OH was proven to attack sugar backbone ox-
idized products, inducing DNA damage to facilitate ARGs removal
[32]. However, ‘OH was difficult to penetrate the ARB membrane
and it was easily consumed by cellular components, thus the UV-
LED/H,0, system with *‘OH as primary ROS was challenging to im-
prove the i-ARGs removal efficiency (Fig. 3d) [33,34]. As expected,
the coexistence of TC decreased the removal efficiency of i-ARGs,
but the removal efficiency of i-ARGs maintained a high level at
265 nm.

fecting the removal efficiencies of ARB/ARGs and TC in the UV-LED
(265 nm)/H,0, system, the generation of extracellular "OH and the
activity of intracellular ROS within ARB were analyzed [35,36]. As
depicted in Figs. 3g and h, the presence of ARB/ARGs or TC signif-
icantly decreased the EPR signal intensity of *OH in UV-LED/H,0,
system, indicating that both ARB/ARGs and TC actively scavenged
*OH, and leading to pronounced competition for *OH. This competi-
tion for ‘OH impeded their respective inactivation and removal ef-
ficiencies. In addition, external stimuli such as UV photons and *‘OH
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directly triggered the oxidative stress response system in ARB, re-
sulting in a rapid increase in intracellular ROS levels (Fig. 3i). This
elevation disrupted the cellular redox balance, ultimately promot-
ing ARB inactivation. However, the presence of TC reduced extra-
cellular stimulation by consuming UV photons and "OH, leading to
a slow accumulation of intracellular ROS and a reduction in oxida-
tive reactions within ARB cells. Therefore, TC decreased the inac-
tivation efficiency of ARB by competing for UV photons and *OH,
while also reducing the intracellular ROS within ARB.

The efficiency of eliminating extracellular DNA (e-ARGs) was
further assessed in both UV-LED alone and UV-LED/H,0, sys-
tems. In systems with high ARGs removal potential (UV alone
and UV/H,0, system at 265 and 280 nm, UV/H,0,-TC system at
265 nm), e-ARGs initially increased due to the release of i-ARGs
into extracellular environment because of the rapid inactivation of
ARB (Figs. 4a and b). Subsequently, e-ARGs levels decreased as the
UV dosage and "OH yield increased with prolonged UV exposure.
In systems with medium ARGs removal potential (UV-TC system at
265 and 280 nm, UV/H,0,-TC system at 280 nm), e-ARGs levels ini-
tially decreased due to the slow release of i-ARGs, then increased
as gradually i-ARGs released. Eventually, e-ARGs levels decreased
again with sustained UV irradiation, accumulation of ‘OH and a re-
duction in rate of i-ARGs release (Figs. 4a and b). For systems with
low ARGs removal potential, including UV alone, UV/H,0,, UV-TC
and UV/H,0,-TC systems at 310 nm, two distinct trends were ob-
served (Fig. 4c). In UV-LED alone system, the e-ARGs level initially
decreased due to the delayed release of i-ARGs caused by ineffec-
tive ARB inactivation, but subsequently increased as the gradually
released i-ARGs accumulated. In UV-LED/H,0, system, the e-ARGs
level consistently increased because of the continuous release of
i-ARGs from ARB combined with the insufficient oxidative capac-
ity for e-ARGs effective removal. In both UV-LED alone and UV-
LED/H,0, systems, the coexistence of TC intensified competition
for photons and *OH, delaying ARB inactivation and i-ARGs release,
thus the e-ARGs level initially reduced and subsequently increased
over time.

Furthermore, analysis of atomic force microscope (AFM) images
of initial i-ARGs and those treated with UV-LED (265 nm)/H,0,
system for 120 min confirmed successful fragmentation of i-ARGs
into small fragments, indicating their effective removal (Figs. 4d

and e). Fig. 4f demonstrated the superior performance of UV-LED
at 265nm in terms of H,0, activation for ‘OH production, TC
degradation, ARB and ARGs elimination, and overall energy effi-
ciency. Consequently, UV-LED (265 nm)/H,0, emerged as a promis-
ing technology for synchronous removal of antibiotics, ARB and
ARGs with minimal energy consumption.

In UV-LED/H,0, system, TC degradation was primarily driven
by *OH oxidation. The *OH typically acted as an electrophilic, tar-
geting e -rich regions in organic pollutants [37-39]. In order to
identify the vulnerable sites for *OH attack and predict potential
degradation intermediates of TC, the electrostatic potential, high-
est occupied molecular orbital (HOMO)-lowest unoccupied molec-
ular orbital (LUMO) (Fig. 5a), and Fukui functions (f —, Fig. 5b) were
analyzed. The negative charge regions (red area) in the electrostatic
potential of TC, concentrated at the C1-C8, 019-021, 026 and 031
positions, align with HOMO orbitals and high f ~ values. These re-
gions represented potential sites vulnerable to electrophilic attacks,
facilitating the capture of e~ by ‘OH. Based on above analysis and
mass spectrometry (MS) spectra (Fig. S8 in Supporting informa-
tion), the possible degradation intermediates and pathway of TC
in UV-LED/H,0, systems were inferred.

The degradation process began with ‘OH attacking the C1 po-
sition of TC, producing the hydroxylated intermediate P1 (Fig. 5c).
Cleavage of the C3-C4 and C5-C6 bonds then detached resorcinol
from P1, followed by C8=C11 bond cleavage, forming intermedi-
ate P2. The P2 underwent further transformations, including ring-
opening, demethylation, and decarbonylation, resulting in P3. The
P3 was further degraded through two distinct pathways: in the
first pathway, removal of the tertiary amine (N27) from P3 led to
the formation of P4, followed by dehydroxylation, demethylation at
(9, deamination at C24, and hydroxylation at C15 to yield the final
product, P5. In the second pathway, demethylation and dehydrox-
ylation at C8 and C9 in P3 produced P6, which then underwent
deethylation and C12-C13 bond cleavage to yield P7. Another final
product, P8, was then formed through demethylation and C12-C13
bond cleavage of P7. Both final products, P5 and P8, were eventu-
ally mineralized into CO, and H,O.

Finally, the potential biological toxicity of TC and its degra-
dation intermediates was predicted employing Toxicity Estima-
tion Software Tool (T.E.S.T.) based on the quantitative structure-
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Fig. 5. (a) The structure, electrostatic potential distribution, HOMO and LUMO orbits of TC. (b) Fukui index (f ~) of TC. (c) Degradation pathway of TC in UV-LED/H,0, system
at 265 nm. The acutMe toxicity of (d) fathead minnow, (e) daphnia magna and (f) oral rat. (g) Mutagenicity of TC and its degradation intermediates. Experiment conditions:

TC 30 pmol/L, H0, 10 mmol/L, 0.9% NaCl solution.

activity relationship (QSAR) method. The T.E.S.T. evaluated key tox-
icity indicators, including the Fathead minnow LC50 96 h, Daphnia
magna LC50 48h, Oral rat LD50 and mutagenicity. According to
Figs. 5d-f, the toxicity of the degradation intermediates was gen-
erally lower than that of the parent compound, TC. For Fathead
minnow and Daphnia magna, most intermediates fell into the cat-
egories of “Harmful” or “Not Harmful”, and TC and its degradation
intermediates were deemed “Not Harmful” for Oral rat exposure.
This suggested that the UV-LED/H,0, system significantly reduced
toxicity for aquatic organisms. Additionally, the mutagenicity as-
sessments were conducted to evaluate the potential hazards of TC
and its intermediates (Fig. 5g). The TC was “mutagenicity positive”,
whereas all the degradation intermediates were found to be “mu-
tagenicity negative”. Thus, the UV-LED/H,0, system was environ-
mentally friendly, and it was an efficient and promising technology
for antibiotic degradation, ARB inactivation and ARGs elimination.

This study investigated the wavelength dependence and com-
petition interactions of TC and ARB/ARGs removal, as well as their
simultaneous removal in UV-LED and UV-LED/H,0, systems. The
kg of TC was determined by its ¢, in UV-LED alone system and by
*OH yield UV-LED/H,0, system within studied wavelengths (265,
280 and 310nm). The kr values for i-ARGs also exhibited a high
correlation with UV-LED wavelengths in both systems (R? =0.997-
0.999), demonstrating a clear dependence on wavelength. The co-
existence of TC alongside ARB/ARGs decreased the elimination ef-
ficiencies and increased the energy consumption each other. The
competition between TC and ARB/ARGs for UV photons and °OH,
along with the consequent reduction in intracellular ROS within
ARB, resulted in a mutual inhibition of their removal efficiencies.

The 265nm proved as the optimal wavelength in UV-LED/H,0,
system for the simultaneous removal of TC, ARB, and ARGs, with
minimal energy consumption. Additionally, the fragmentation of
ARGs indicated the destruction of gene fragments, reducing the
risk of gene transfer between organisms. The UV-LED/H,0, system
decreased the biotoxicity of TC wastewater, suggesting its potential
for environmental safety. Overall, this research offered valuable in-
sights into the competitive inhibition of antibiotics and ARB/ARGs
in UV-LED/H,0, system. The demonstrated degradation efficacy
and energy efficiency position UV-LED/H,0, system as a promising
strategy for their simultaneous removal, contributing to enhanced
antibiotic removal capability and addressing public health concerns
associated with antibiotic resistance.
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