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Natural seawater contains abundant halide ions that remain largely untapped, while peracetic acid often requires
activation to enhance its oxidative properties. The interaction mechanisms between these components have not
been thoroughly investigated. This study investigated the activation effect of high concentrations of CI™ and Br~
coexisting in seawater on PAA by adding PAA to seawater. Quenching experiments, along with Electron Para-
magnetic Resonance (EPR) spectroscopy and UPLC-TQ-MS, were conducted to determine the reaction mecha-
nism and degradation process of SMX. Seawater systems containing 35 %o salinity or Br -PAA systems (0.5 mM
Br™) degraded 100 % SMX within 10 min or 12 min, respectively (kops=0.4873 min~! or 0.3581 min~!). While the
Cl™-PAA system, though slower, still degraded 97.7 % within 180 min (300 mM Cl~, kops=0.0173 min1). SMX
degradation rates remained above 95 % across the pH range of 3-9, with optimal performance at pH= 3.
However, the presence of HA inhibited SMX degradation efficiency by over 40 %. Results indicate that SMX
degradation efficiency correlates positively with Cl/Br~ content and PAA concentration. The superior removal
efficiency stems from activated PAA not only generating HOCl and HOBr via oxygen atom transfer but also
further producing !0, which dominates the non-selective degradation process. This approach adapts to a wide
pH range but is consumed by coexisting HA. The superiority of the Br -PAA system over Cl -PAA stems from the
strong oxidizing power of HOBr. The oxidation pathways include halogenation, bond cleavage, and hydroxyl-
ation. ECOSAR predictions indicated that most transformation products exhibited higher toxicity than the parent
SMX compound.

1. Introduction

The organic peroxyacid (PAA) has found widespread application
across various industries, including textile, healthcare, and food pro-
cessing [1]. Due to its potent bactericidal activity and minimal genera-
tion of disinfection byproduct formation, its application in water
treatment has become more popular in recent years[2]. Because of its
high redox potential (1.06 —1.96 V), PAA is good at oxidizing a variety
of micropollutants [3-6]. Reaction rate constants between PAA and
various chemicals are reported to vary across nearly 10 orders of
magnitude, from 3.2 x 10°°-1 x 10° M 1s7! [7]. However, the effec-
tiveness of PAA in direct chemical oxidation processes is limited because
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it can readily oxidize only a few resistant pollutants [6].

PAA is theoretically more readily activated than HyO5 and perox-
ymonosulfate (PMS), as its O—O bond dissociation energy
(159 kJ-mol-') is lower than that of H->0- (213 kJ-mol-!) and PMS
(317 kJ-mol-!) [8]. Previous studies have established that external en-
ergy sources (e.g., heat [9], UV light [10,11], ultrasound [12]) can
activate PAA to degrade organic pollutants or pathogenic microorgan-
isms effectively. However, the introduction of auxiliary energy input
leads to additional energy consumption. On the other hand, transition
metals and their oxides have also been demonstrated to activate PAA,
generating reactive radicals that significantly enhance the degradation
efficiency of organic contaminants. For instance, metal ions such as Co*
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and Fe?' can activate PAA through valence cycling to produce ace-
tylperoxyl radicals (CH3C(O)OOe), enabling rapid degradation of sul-
fonamide antibiotics. Nevertheless, such systems often face challenges
related to metal ion leaching (e.g., Co®>" leaching can reach
0.1 —0.5 mgL™}) [13,14]. Additionally, Co?>* may participate in
non-target reactions with reactive species generated in the system,
thereby reducing the oxidation efficiency [15,16]. Furthermore, recent
studies have confirmed that Ru(IIl) serves as a novel catalyst for PAA
activation, exhibiting excellent performance in removing trace-level
contaminants from water. However, the high cost associated with the
catalyst may limit its large-scale practical application [17]. It is crucial
to develop a new PAA activation pathway that is both effective and
ecologically benign, as common activation techniques may consume
excessive energy and produce secondary pollutants.

Br~ and Cl™ are ubiquitous in seawater and play a key role in
chemical oxidation and disinfection. It has been conventionally recog-
nized that Cl™ can form complexes with transition metals (e.g., FeCl3),
thereby inhibiting catalytic activity. Specifically, in the Fe(II)/PMS
system, Cl~ consumes highly reactive SO4e~, generating less reactive
chlorine radicals (Cle/Clye™), which consequently reduces both the
degradation rate and mineralization efficiency of maleic acid [18]. In
particular, the presence of Br may promote the formation of bromi-
nated disinfection byproducts (DBPs) and could lead to excessive con-
sumption of PAA, thereby reducing the utilization efficiency of the
oxidant [19]. In addition, Wang et al [20].first identified the dual effect
of chloride ions on the decolorization of Orange II in their
cobalt-persulfate (Co-PMS) system. Their research indicated that C1~ in
low concentrations (0.05 —10 mM) would hinder decolorization. How-
ever, when Cl™ concentration was high (i.e.,>50 mM), the degradation
would be significantly accelerated. Such stringent tolerance to salinity
variations could significantly restrict its application in complex saline
water matrices. In contrast to transition metal-based activation systems,
the Cl”/Br -activated process operates without the requirement of an
external catalyst. Studies have shown that halideiens Cl~ act as PMS
activators to generate active reactive species. Lou et al [21]. demon-
strated effective degradation of Rhodamine B (RhB) via direct activation
of PMS by chloride ions. However, this system requires an exceedingly
high chloride ion concentration (120 mM) to achieve efficient degra-
dation under acidic conditions (pH=3), implying a dependency on
high-salinity water environments. Moreover, Li et al [22]. focused
particularly on the influence of pH on the activation of PMS by CI°,
highlighting that the degradation process is dominated exclusively by a
non-radical pathway (involving HOCI) under acidic conditions. In
contrast, a radical-based pathway becomes operative at neutral pH,
albeit with significantly reduced degradation efficiency, thereby
limiting its practical applicability in natural water matrices. Liu et al
[23]. proposed that the activation of PAA by Br~ yields HOBr as the sole
"secondary oxidant," which degrades bisphenol A (BPA) via electrophilic
substitution reactions. However, their interpretation neglects the po-
tential contribution of PAAs intrinsic activation pathways, which may
generate additional reactive species and play a role in the degradation
process. Currently, most studies have overlooked both the potential and
the mechanisms of halide ions as activators of PAA under specific con-
ditions, particularly within seawater systems. To elaborate further,
direct utilization of seawater-borne chloride and bromide for PAA
activation to remove antibiotics represents a context-appropriate strat-
egy. Such an approach not only aligns with the principles of China’s
"14th Five-Year Plan for Marine Ecological Environmental Protection"
by mitigating coastal pollution without introducing ecotoxic risks to
marine organisms, but also offers significant advantages in reducing
operational costs and minimizing secondary pollution [24]. On one
hand, this strategy facilitates the resource utilization of halides, offering
economic and environmental benefits while actively responding to the
"Carbon Dioxide Peaking Action Plan Before 2030" issued by the State
Council of China [25]. It thereby contributes to sustainable develop-
ment. On the other hand, compared to the PMS-halide system [20], the
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synergistic mechanism among reactive species proposed in this study
demonstrates stronger applicability in high-salinity environments.

SMX is a common antibiotic used in aquaculture, animal husbandry,
and healthcare [26]. Since SMX cannot be fully metabolized by humans
and animals, it is unavoidable for its unmetabolized portion to be
released into the water environment. Because of its strong chemical
stability and possible antibacterial qualities, leftover SMX can be
released without adequate treatment, which poses a serious risk to the
environment and public health by encouraging the growth of bacteria
that have genes resistant to antibiotics [27]. However, it is challenging
to eliminate SMX and its potential dangers from water using traditional
treatment processes.

This study focuses on the degradation of SMX. The degradation effect
of C1”/Br~-PAA system and seawater system on SMX was evaluated, and
the active species in the system were identified by EPR and quenching
experiments. The influence of anions, HA, pH, etc., in water bodies on
the degradation capacity of the oxidation system is studied. The appli-
cability of the oxidation system to four different pollutants is evaluated.
In addition, the reaction mechanism and degradation pathway of active
halogen species with SMX were studied by combining DFT. And the
toxicity of SMX after degradation was tested.

2. Materials and methods
2.1. Chemicals and materials

All of the compounds utilized in this investigation are analytical
grade or above. All chemical solutions are prepared by using deionized
water created by Plus-E3 (EPED, Shanghai, China). PAA (>15 % w/w),
SMX, Ciprofloxacin (CIP), Sulfadimethoxine (SMT), Triclosan (TCS),
Tetracycline hydrochloride (TH), sodium chloride (NaCl, 99.9 %), so-
dium bromide (NaBr), humic acid (HA), potassium iodide (KI), sodium
thiosulfate standard solution (NaySo0O3, 1 mM), magnesium chloride
(MgCly), potassium chloride (KCl), calcium chloride (CaCly), strontium
chloride (SrCly), magnesium sulfate (MgSO,4), furfuryl alcohol (FFA),
tert-butyl alcohol (TBA), Benzoic acid (BA), 2,4-Hexadiene (2,4-HD),
ammonium sulfate ((NH4)2SO4), ammonium molybdate ((NH4)2MoO4),
5,5-dimethyl-2-pyrrolidone-N-oxyl (DMPO) and 2,2,6,6-Tetramethyl-1-
piperidinyloxy (TEMP) were obtained from Aladdin (Shanghai,
China). Sulfuric acid (H2SO4), sodium hydroxide (NaOH), sodium bi-
carbonate (NaHCOs), sodium hypochlorite solution (NaOCl, 6 —14 %
active chlorine basis), p-benzoquinone ( p-BQ) and soluble starch were
obtained from Macklin (Shanghai, China). Hydrogen peroxide (H20,
30 % w/w), sodium sulfate (Na3SO4), manganese sulfate (MnSOj4), and
potassium permanganate (KMnO4) were supplied by Sinopharm
Chemical Co. LTD (China, >99 % purity). Acetonitrile (CH3CN) and
methanol (CH30H, MeOH) were purchased from Adamas-Beta LTD
(Shanghai, China). Free chlorine reagent powder pillow was purchased
from HACH (China).

2.2. Experimental procedures

A 100 mL aliquot of 0.02 mM SMX solution was placed in a 250 mL
conical flask, followed by sequential addition of NaCl (25 —300 mM),
NaBr (0.125 —2.0 mM) and PAA (0.25 —2 mM). Furthermore, conduct
seawater simulation experiments with salinity of 5 %o—35 %o (Table S1).
All experiments were conducted under continuous magnetic stirring at
25 + 1°C, 300 rpm, and sampled at predetermined intervals. Each test
aliquot was collected and free chlorine was measured immediately by
DPD reagent. Subsequently, it was quenched with excess NaS20s3.
Referring to the above operations, SO%’ (0 —4 mM), HA (0 —50 mg-Lfl)
and HCO3 (0 —2 mM) were added to explore the influence of water
quality. The original pH of the solution was adjusted using 10 mM H5SO4
and 10 mM NaOH. Excessive quenchers such as MeOH, TBA, p-BQ, FFA,
2,4-HD, BA and (NH4)2SO4 were added to verify the reaction system. To
ensure data reliability, all experimental runs were performed in three
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independent replicates. The results are reported as the mean+standard
deviation, unless otherwise stated.

2.3. Analytical and simulation methods

Spectrophotometry was used to measure the peroxides left behind
after each reaction, and iodometric and potassium permanganate titra-
tion techniques were used to periodically calibrate PAA solutions. Free
chlorine was determined by spectrophotometrically using DPD reagent
(DR2800, HACH, Colorado, USA). Free bromine was determined by
spectrophotometry. The SMX concentrations were measured using a
high-performance liquid chromatograph (HPLC) (LC-2030, Shimadzu,
Kyoto, Japan) with a C18 column (5 pm, 4.6 mmx250 mm). The in-
jection volume was set at 15 pL, the temperature of the column was set at
35 °C, and the flow rate was set at 0.5 mL-min~'. 60 % acetonitrile and
40 % ultrapure water made up the mobile phase. 257 nm was chosen as
the SMX wavelength. Intermediate products from SMX oxidation were
detected using UPLC-TSQ-MS (TSQ Quantis, Thermo Fisher, Massa-
chusetts, USA), Total organic carbon (TOC) was determined using a
TOC/TN analyzer (Multi N/C3100, Analytik Jena, Jena, Germany). The
relevant experimental flowchart is provided in Fig. S1 of the Supple-
mentary Materials. The degradation kinetics of SMX were modeled using
pseudo-first-order kinetics. The ks was determined by linear regression
of the plot of -In(Cy/Cy) versus time. All kinetic fittings were performed
using Origin 2024 software.

Gaussian 16 W software was used in this study to perform theoretical
calculations based on DFT. Taking into account solvent effects, the SMD
solvation model (in water) was used for all calculations and geometry
optimization was performed at the M062X/6-31 G(d) level. Subsequent
computations were subsequently carried out at the same level using the
SMX molecule’s most stable state and ideal geometrical shape. Calcu-
lation of front orbital energies of SMX molecules was performed by the
Multiwfn program which is based on the Hirshfeld approach. The initial
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structure of the SMX molecule prior to geometric optimization was ob-
tained from the PubChem database (CID: 5329).

3. Results and discussion
3.1. Evaluation of PAA oxidation system based on Cl” and Br~

PAA solutions usually contain HyO» [28]. Five systems, including
Cl -PAA, were constructed to degrade SMX (Fig. 1a). Control experi-
ments confirmed minimal SMX degradation by Cl~, PAA, HyO, or
Cl™-H03 alone (<10 % removal), whereas the C1-PAA system achieved
97.7 % removal and the kops value was 0.0173 min (Fig. S2a), indi-
cating that HyO in the Cl™-PAA system could not degrade SMX, but the
coupling effect of CI~ and PAA was observed. Compared with HyO2, CI™
is easier to activate PAA to produce highly active species. This phe-
nomenon can be attributed to the significantly lower bond dissociation
energy (BDE) of the O—O bond in peracetic acid (170 kJ/mol) compared
to that in hydrogen peroxide (220 kJ/mol). In addition, the concentra-
tion of HOCI detected in the system varies with the reaction time. Spe-
cifically, after 180 min of reaction, PAA consumed 0.46 mM, but only
generated 0.021 mM HOC], indicating that HOCI would directly react
with SMX [29,30]. Five different systems, such as Br -PAA, were con-
structed to degrade SMX (Fig. 1b). The degradation effect of single Br,
PAA, H02 or Br -Hy0; systems on SMX was weak, while SMX was
removed entirely in the Br™-PAA system, with the maximum ks value
of 0.3581 min~! (Fig. S2b), indicating that the entire reaction system
mainly degraded SMX by the coupling effect of Br~ and PAA, and Br~
may also activate PAA to produce highly active species.

In addition, CI™ and Br™ are ubiquitous in water bodies, especially in
seawater, with concentrations of up to 20 gL' and 0.067 gL 7%,
respectively [31,32]. Therefore, artificial simulated seawater was pre-
pared as a medium to degrade SMX. The results showed that SMX could
be removed entirely (Fig. 1c), and the reaction conformed to
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Fig. 1. (a), (b), and (c) are the time distributions of SMX concentrations in different reaction systems ([Cl ]o=300 mM, [Br ]o=0.5mM,

[H05]o=[PAAlo=1 mM, [SMX]o=0.02 mM).
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pseudo-first-order reaction kinetics (Fig. S2c). The high removal effi-
ciency can be attributed to the rapid reaction between Br~ and free
chlorine (HOCI/OCl ") to form free bromine (HOBr/OBr ) when Cl—, Br™
and PAA coexist (Eqs 1 —2). Notably, in seawater system (salinity
35 %0), 100 % of SMX degradation was achieved within 10 min,
demonstrating superior performance compared to the Cl™/Br -PAA
system alone, and free bromine enhances the degradation effect. Other
related reactions that may occur during the degradation process are
shown in Table 1.

3.2. Active substances and oxidation mechanisms in different oxidation
systems

3.2.1. Formation of singlet oxygen

To verify the predominant reactive species and degradation mecha-
nisms, controlled quenching experiments and comparative system ana-
lyses were performed. Significant inhibition of SMX degradation was
observed following FFA addition to the oxidation system (Figs. 2a and
2b), indicating that 102 was both present and the predominant reactive
species. However, Song et al[35]. proposed that in the Cl™-PAA system,
carbon-centered radicals (e.g., CH3C(=0)OOe and CH3C(=0)Oe) along
with Cly/HCIO were the dominant reactive species, and no 10, was
detected. This discrepancy can be attributed to differences in both
contaminant structure and reaction conditions. Specifically, Song et al.
employed BPA as the target compound, whose high electron density on
the aromatic ring makes it highly susceptible to attack by
carbon-centered radicals. In contrast, the SMX molecule investigated in
this study contains a sulfonamide group (—SO2NH-), which is more
prone to selective oxidation by 10, at electron-rich sites. Furthermore,
the PAA concentration used in our study (0.25-2 mM) was significantly
lower than that applied by Song et al. (20-40 mM). Under such low PAA
concentrations, the generation of carbon-centered radicals is limited,
thereby further enhancing the dominant role of 105 in the low-dose PAA
system. Therefore, different CIO™ reaction systems were constructed to
explore the source of 10, in the CI™-PAA system (Fig. 2c). Control ex-
periments revealed that NaClO alone (containing 0.45 mM HOCI) ach-
ieved only 20 % SMX degradation, demonstrating that 10, generation
did not originate from HOCI self-decomposition. The enhanced degra-
dation performance observed in the Cl™-NaClO system compared to
NaClO alone can be attributed to excess Cl~ reacting with HOCI to
generate additional oxidants, particularly soluble Cl,. The Cl™-NaClO--
PAA system achieved an exceptional SMX degradation efficiency of
98.7 % with an observed kq,s value of 0.0213 min~! (Fig. S3c),
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demonstrating superior oxidation capability. The current system ex-
hibits functional equivalence to a Cl -PAA system, demonstrating
comparable SMX degradation performance to the Cl™-PAA system. It is
noteworthy that the high degradation efficiency observed in the
Cl™-PAA system is contingent upon the transfer of an oxygen atom from
PAA to Cl7, leading to the formation of HOCl. This mechanism is
consistent with the findings reported by Zhou et al[39].

Single PAA cannot degrade SMX for the Cl™-PAA system, eliminating
the possibility of 10, production via PAA self-decomposition in the Cl™-
PAA system. Neither continuous Ny purging (to remove dissolved oxy-
gen) nor adding p-BQ inhibited SMX degradation (Fig. 2a), indicating
that Oye ™ and dissolved oxygen played negligible roles in 10, generation
or the overall degradation process. So, in the Cl -PAA system, the
degradation mechanism proceeds through three key steps: (i) initial
reaction between Cl~ and PAA to generate HOCI (Eq. 3), (ii) conversion
of HOCI to Cly in the presence of excess Cl™ (Eq. 4), followed by (iii) Clp-
mediated cleavage of the PAA O—O bond to yield 10 (Eq. 5). Similar to
the Cl™-PAA system, HOBr is generated in situ by Br~ through the
transfer of PAA oxygen atoms, and then HOBr reacts with PAA to break
its peroxide bond (O—0) and release 102 (Eq. 11). No excess Br™ is
required to participate in the formation of Bry intermediates, and the
reaction kinetics are faster.

3.2.2. Other active species in the oxidation system

The presence of HOCI, HOBr and various radical species in the sys-
tem were quantitatively confirmed through quenching experiments The
role of radical species was investigated through quenching experiments
(Figs. 3a, and 3b). MeOH was first added to the Cl -PAA system to
quench e¢OH and ROe [40], The results showed that 11 % of SMX
degradation was inhibited and the kops value was decreased (Fig. S4a).
When TBA was subsequently introduced, only minimal degradation in-
hibition was observed, demonstrating that while eOH radicals were
present, they played a negligible role in SMX degradation. Different
quenching patterns emerged in the Br -PAA system. MeOH addition
inhibited 36 % of SMX degradation, suggesting greater radical
involvement. However, the addition of 2,4-HD caused more than 70 %
inhibition in both CI"-PAA and Br™-PAA systems, which was inconsis-
tent with the results obtained when MeOH was used as a ROe quencher.

With reference to quenching experimental results, quantitative
analysis of residual HOCI in the Cl™-PAA system (Fig. S4c) revealed that
2,4-HD addition reduced HOCI levels by 95 %, demonstrating its con-
sumption of HOCI rather than solely quenching ROe. This phenomenon
can be attributed to the electrophilic addition reaction between HOCI

Table 1
Possible reaction in different oxidative systems.
System Step Reaction Notes Ref.
Artificial seawater HOBTr generation HOCI+Br~—HOBr+Cl™ (1) Acidic environment [33]
system OBr~ generation OCl +Br —=OBr +Cl™ (2) Alkaline environment
Chloride-PAA HOCI generation Cl+CH3C(0)OOH—HOCI+CH3C(0)0 ™/ Cl~ direct activation of PAA/free radical [34,
CHsC(0)Oe (3) intermediates 35]
Cl; generation HOCIH+H+Cl =Cly(aq)+H20 (4) Cl™ excess [36]
10, generation Cly4+CH3C(0)OOH+H,0—'0,+ 2C1 +2H" Non-Free radical [37]
+CH3C(O)OH (5)
Cle generation Cl™+H"+eOH—Cle+H,0 (6)
Cl~+CH3C(0)Oe+H " —Cle+CH3C(O)OOH (7)
Bromide-PAA HOBr generation Br +eOH—Bre+OH™ (8) Free radical chain reaction, electron transfer [32]

Bre-+eOH—HOBr (9)

Free radical recombination reaction

Shared steps(PAA)

Other reactions

10, generation

Free radical chain
reaction

Cle is quenched

Br~+CH3C(O)OOH—CH3C(0)O—+HOBr (10)
HOBr +CH3C(0)OOH—'0,+Br~+CH3C(0)OH
+HT (11)
CH3C(O)OOH— CH3C(O)Oe+ OH (12)

CH3C(0O)OOH+CH3C(0)Oe—CH3C(0)O0e
+CH3C(O)OH (13)
CH3C(O)OOH+ ¢OH—CH3C(0)OOe+H0 (14)
2CH3C(0)00e—2CH3C(0)0Oe+05 (15)

HCO3+Cle— CO3~ + HCI (16)

In situ generation of HOBr by Oxygen Atom Transfer
Non-Free radical

PAA decomposition generates radicals
Free radicals can be transferred and increased

eOH abstracts H From PAA

Continue to expand the number of Free radicals and
the reaction range

HCO3 exist

[2]

[38]
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and the dual C=C bonds in 2,4-HD, facilitated by the strong oxidative
capacity of HOCl. When NH4 was added to the both systems, 57 % of
SMX degradation was inhibited in the ClI”-PAA system, and HOCl was
reduced by 76 %, which also shows the effect of HOCl on SMX degra-
dation. Similarly, 55 % of SMX degradation was inhibited in the Br™-
PAA system, indicating that HOBr has a greater effect on SMX degra-
dation. While PMS systems are known to oxidize Br~ to Bre via electron
transfer (Eq. 8), with subsequent HOBr formation through eOH reaction
(Eq. 9). BA quenching experiments revealed negligible SMX degradation
inhibition. This absence of BA-sensitive activity unequivocally excludes
Bre as a reactive intermediate in the Br™-PAA system. Instead, HOBr is
generated in situ through PAA OAT to Br~ (Eq. 10), a mechanism that
will be validated in Section 3.3. Furthermore, this observation is
consistent with the core conclusion reported by Du et al [41]. that PAA
oxidizes Br™ to form HOBr. However, a key difference lies in our finding

that HOBr can further transform into 'O, thereby introducing a
non-radical oxidation pathway. In contrast, Du et al. proposed a reaction
mechanism dominated primarily by electrophilic bromination rather
than involving radical or energy transfer pathways such as 10,.

3.2.3. Electron paramagnetic resonance spectroscopic analysis

EPR spectroscopy was employed to detect reactive oxygen species,
with DMPO as the spin-trapping agent for «OH and TEMP for 10, [42].
The free radical species generated by the oxidation system were further
verified (Fig. 4a). No radical signals were detected in the initial EPR
spectra (0 min) for either DMPO alone or PAA alone. After 15 min of
reaction, distinct 5,5-dimethyl-2-pyrrolidone-N-oxyl (DMPOX) signals
emerged, confirming the generation of organic radicals (e.g., ROe, CH3C
(0)Oe). However, these signals showed significant attenuation by
30 min, suggesting radical quenching or transformation over time. A
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distinct eOH signal was was detected by EPR at 60 min [43]. The results
show that Cl™ can activate PAA to produce ¢OH and ROe. Figs. 4b and 4d
confirm 10, production in both oxidation systems. Notably, while the
Br -PAA system showed detectable eOH signals (Fig. 4c), no charac-
teristic ROe signals were observed, consistent with the quenching
experimental results. In summary, we can determine that 10, is gener-
ated in the oxidation system. While weak signals corresponding to CH3C
(0)Oe and related radicals were detected (Egs. 12 —15), their minimal
intensity indicates that PAA alone contributes negligibly to the overall
degradation process.

3.3. Influencing factors

3.3.1. CI"/Br and PAA concentrations

Systematic evaluation of halide ion concentrations revealed distinct
activation behaviors in the oxidative systems (Figs. S4a and S4e). The
Cl™-PAA system exhibited optimal performance at 300 mM Cl-,
achieving 97.7 % SMX removal. In contrast, the Br -PAA system
demonstrated superior activation kinetics, with complete SMX degra-
dation attained within 12 min at 0.5 mM Br™. Notably, increasing Br™
concentration to 2 mM further accelerated the process, reducing the
required treatment time to merely 3 min. These comparative results
unequivocally establish Br~ as a more efficient activator than Cl™ for
PAA-mediated SMX degradation. Regression analysis revealed a strong
correlation between Cl™/Br~ concentration and the kqps value for SMX
degradation (Figs. 5a and 5b). Excess Cl™ accelerated PAA activation,
promoting Cl, generation through Egs. 3 —4. When Eq. 4 became the
dominant pathway, the rapid consumption of PAA led to substrate
depletion, consequently slowing SMX degradation rates. The Br -PAA
system exhibited higher activation efficiency than Cl™-PAA, which was
due to the stronger oxidizing property of HOBr than that of HOCI. Our
results demonstrate that Cl/Br~ concentrations critically govern PAA
activation for SMX degradation, with the kops value showing positive
linear correlation within specific concentration ranges (Fig. S6b and 6d).
This finding is consistent with the conclusion reported by Huang et al
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[44].

Additionally, Figs. 5¢ and 5d demonstrate significant correlations
between SMX degradation rates and PAA concentration (R?> 0.96 for
linear fitting, R2> 0.88 for nonlinear fitting), confirming that direct PAA
activation by halides (Egs. 3, 10) to generate HOCl/HOBr dominated the
oxidation process, as further supported by Fig. S6d. Higher PAA con-
centrations increased:(i) Collision frequency with Cl~/Br~, accelerating
reaction rates (Fig. S5e, 5 g), and (ii) Suppression of side reactions (e.g.,
Cly/Brg hydrolysis), ensuring efficient HOCI/HOBr conversion. At the
same time, the degradation of ks by SMX is exponentially related to the
PAA concentration (R220.88), indicating that there is a free radical
chain reaction in the system but it is not dominant, and the results are
consistent with the quenching experiment and EPR analysis.

3.3.2. pH

The C1"-PAA system achieved > 95 % SMX removal in the pH range
from 3 to 9, with partial inhibition observed at pH= 11 (Figs. 6a, S5a).
Under acidic conditions (pH <6), HOCI formation dominated, and
excess Cl~ promoted its rapid conversion to Cly (Fig. S6¢). As a strong
electrophile, Cl, preferentially oxidizes electron-rich moieties in SMX,
while coexisting 10, further enhanced degradation. When pH> 6, OCl™
gradually increases and the oxidizing property weakens. Although PAA
is homolytically cleaved to generate CHzC(O)Oe and ¢OH under alkaline
conditions (eq 12), the amount generated is small and some free radicals
will be quenched by Cl™. Similar to the CI"-PAA system, the Br -PAA
system achieved > 95 % SMX removal in the pH range from 3 to 11,
Under alkaline conditions, its inhibitory effect is weaker (Fig. 6b). In
contrast, Zhao et al[45]. reported that the HOBr generated in the
Br™-PMS system efficiently degrades TCS only at pH 7.0, as PMS tends to
undergo self-decomposition under pH deviations. However, the
PAA-based system offers distinct advantages: on one hand, PAA can
buffer the initial alkaline pH; on the other hand, given its high pKa value
of 8.2, the neutral form of PAA (1.75 V vs. SHE), which predominates at
pH< 8.2, exhibits stronger oxidative capacity than the anionic form
(PAA™, 1.01 V vs. SHE). These properties collectively minimize the

Wavelength (nm)

Fig. 6. (a) Effect of pH on the degradation of SMX in Cl -PAA system, (b) Effect of pH on the degradation of SMX in Br™-PAA system, (c) UV absorption spectrum of
HOBr at pH= 7, (d) UV absorption spectrum of OBr~ at pH= 11 ([C] ]o0=300 mM, [PAA]o=1 mM, [Br ]o=0.5 mM, [HOBr]p=2.5 mM).
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influence of pH variations. Moreover, even though HOBr dissociates into
the less reactive OBr~ under alkaline conditions, this loss of reactivity is
compensated by the conversion of HOBr to 10,. As a result, the initial
alkaline pH exhibits no significant inhibitory effect on the degradation
of SMX. This marked difference from conventional systems primarily
stems from the combined effect of PAA’s species distribution advantage
and its inherent buffering capacity.

Fig. 6¢ shows that at pH= 7, the single PAA system has no charac-
teristic peak above 250 nm, while the Br~-PAA system has an absorption
peak at 252 nm. The peak position is offset but overall it is consistent
with the UV spectrum of HOBr, proving that HOBr is generated in the
PAA solution in the presence of Br™,while pH= 11 produced an OBr™ -
specific peak at 332 nm (Fig. 6d) [46]. DFT simulations (Figs. S5d, S6)
corroborated these results: it is reasonable that HOBr is mainly present
under neutral conditions (the peak position is offset but the overall UV
spectrum is consistent with HOBr) [23]. The absorption peak under
alkaline conditions (with OH™) is closely related to OBr™, and after
adding water molecules, it is more similar to the experimental result
(8332 nm). If OBr~ and HOBr coexist in water, the peak will shift
significantly (405 nm). This pH-dependent speciation (HOBr dominance
at pH<7 versus OBr~ at pH>11) critically governed oxidative efficiency,
as the lower redox potential of OBr~ compared to HOBr reduced
degradation rates under alkaline conditions.

3.3.3. Coexisting substances

The effects of SOF~, HA, and HCOj3 in natural water on the degra-
dation of SMX in the CI_-PAA system were investigated (Fig. 7a). SOF
showed negligible influence on SMX degradation with only a slight
decrease in kqps (Fig. S8a), as ¢OH quenching by excess SO7~ [12], but
eOH contributes negligibly to SMX degradation in the Cl -PAA system.
HA (50 mg-L™!) significantly inhibited SMX degradation (58.5 %
remaining, kops=0.001 min~}, Fig. S8¢c) through multiple pathways:
quenching eOH/ROe and reacting with free chlorine/'O [47]. This
observation differs from the findings reported by Wang et al[48].
regarding the enhancing effect of NOM on Cu(Il)-activated PAA, indi-
cating that the influence of NOM on the reaction is highly dependent on
the dominant reactive species in the system as well as the strength of
interaction between NOM and the reactive species/catalyst. HCO3 in-
hibition primarily occurred via 10y scavenging [49], though its addi-
tional potential to quench Cle (k = 8.5 x10° Mfls’l, Eq. 16) was ruled
out by BA experiments (k=1.8 x10'® M~!s7!) showing no Cle
involvement (Fig. 3a) [50], confirming 102 as the main affected species.
These results demonstrate that while SO3™ is negligible, both HA and
HCOj3 substantially interfere with the Cl™-PAA process, mainly through
1o, consumption.

In the Br-PAA system, SO3~ had a weak inhibitory effect on SMX
degradation (Fig. 7b). In contrast, HA significantly suppressed SMX
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degradation through two synergistic mechanisms: (i) competition with
SMX as an electron donor via its reducing functional groups, and (ii)
consumption of free bromine (kops=15—167 M s H[51]. which
collectively diminished oxidative efficiency. HCOs inhibited the
degradation of SMX, and similar to Cl™-PAA, the inhibition of 102 was
taken into account. These results collectively demonstrate that coexist-
ing substances predominantly impair oxidation efficiency by depleting
key reactive species (free bromine, 10,) or competing for oxidation sites.
This finding provides a clear direction for practical water pretreatment
strategies: priority should be given to the removal of humic acid (HA) (e.
g., via coagulation-adsorption processes), which may lead to a reduction
in operational costs.

3.4. Evaluation of the degradation effect of other antibiotic pollutants

The study further expanded its scope by selecting four representative
antibiotics (CIP, TH, TCS, and SMT) as target contaminants to compre-
hensively evaluate the applicability of the CI”/Br -PAA oxidation sys-
tem. The results revealed distinct degradation selectivity among these
compounds, highlighting the system’s differential oxidation capacity for
various antibiotic classes: CIP (12.0 %), TH (77.2 %), TCS (72.6 %), and
SMT (14.8 %) removal in the Cl -PAA system, compared to CIP
(11.5 %), TH (33.5 %), TCS (33.0 %), and SMT (16.6 %) in the Br-PAA
system (Fig. S9).

The ionization potential (IP) of organic compounds can be used as an
indicator to evaluate the redox ability of the oxidation system [52]. DFT
simulation was further used to calculate the IP values of four pollutants,
which were defined as low ionization potential (IP<8) and medium
ionization potential (8 <IP<9) [53]. A clear correlation was established
between pollutant ionization potential (IP) and degradation kinetics
(kobs) (Fig. 8). The Br -PAA system demonstrated superior oxidation
capacity for pollutants with higher IP values (TH, TCS, SMT), though
their absolute removal rates remained limited by the system’s reaction
time. At the same time, SMX with a lower IP value was easily degraded
and negatively correlated with the IP value, which indicated that the
oxidation system was more dependent on nonradical pathways [54,55].
This mechanistic interpretation is further supported by the known
selectivity of 10, for electron-rich phenolic compounds. This also proves
the existence of 'O, in the ClI7/Br-PAA system, making
halogen-activated PAA a selective oxidation technology for water
purification.

3.5. Degradation pathway
DFT calculations were performed to characterize the electronic

properties of SMX, including electrostatic potential (ESP) mapping
(Fig. S10b), frontier molecular orbital distributions (HOMO and LUMO,

| 180,%(mM)

0.8 [ JHA(mgmL)
J 0.6 [ |HCO,*(mM)
O 04 ~

Fig. 7. Effects of SO3~, HA and HCO3: (a) Cl -PAA system, (b) Br -PAA system ([Cl 1o0=300 mM, [Br 1o=0.5mM, [PAAlo=1mM, [SMX]y=0.02 mM,

[SO% 1o=0 —4 mM, [HCO3]1o=0 —2 mM, [HA];=0 —50 mg-L1).
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Figs. S9c¢,d), and condensed Fukui functions (f 7, f 0. Figs. S9e,f). It was
found that electron-rich atoms (i.e., N11, N17, C1, and C5) are located in
areas where the HOMO orbital is concentrated, suggesting that these
positions are most susceptible to oxidation and electron loss [56]. The
LUMO orbital of SMX localizes around the N11, N17, N22 and 023
atoms with large electronegativity, which is easy to obtain electrons.
Obviously, the negatively charged surface area is concentrated in the
N22 and 023 atoms of the five-membered ring and the 015 and 016
regions where the r electron space extends. Therefore, the HOMO orbital
region of SMX and the negatively charged region of ESP are easily

attacked. According to EPR experiments and quenching experiments,
HOCI, HOBr and 0O, are the main electrophilic reaction species, and free
radicals (ROe and eOH) also play a certain role. The relatively large
f-values follow the order of N11 (0.21943)>C3 (0.19242)>C1
(0.11613)>C5 (0.09078) (Table S4), and thef0 values follow the order
of C5 (0.158665)>N11 (0.12776)>C1 (0.11946)>C3 (0.095415), indi-
cating that they are all susceptible to electrophilic and free radical at-
tacks. Fig. S10 also proves that N11 and C5 are susceptible to
electrophilic and free radical attacks, respectively. However, due to the
saturated site and steric hindrance of C3, it is difficult to accept further
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Fig. 9. (a) Mass spectra of SMX and its intermediates in Cl -PAA system;(b) Mass spectra of SMX and its intermediates in Br -PAA system.
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[O] addition [57]. Therefore, this also proves that the Cl™/Br -PAA
system degrades SMX mainly through electrophilic and free radical
attacks.

Fig. S11 shows that TOC did not completely disappear, and the
oxidation system had a low mineralization rate for SMX, indicating that
there were still a large number of intermediates in the system. Based on
the detection results of UPLC-TSQ-MS (Text S1,Tables S2 and S3) and
frontier orbital theory calculations (Table S4 and S9), Fig. 9 proposed
that the Cl"-PAA system had pathway I (chlorine substitution proved
that free chlorine directly reacted with SMX, pathway II (S-N bond
breaking, S-N bond has the lowest bond order and is easily attacked. It is
worth noting that TP-108 undergoes chlorine substitution and carbox-
ylation to form TP-155 in the presence of free chlorine and l0y),
pathway III (deamination) and pathway IV (C-N bond breaking). Fig. 9
shows that the main reaction pathways of SMX in the Br-PAA system
include pathway I (S-N bond breaking), pathway II (bromine substitu-
tion), pathway III (S-C bond breaking), pathway IV (isoxazole ring
opening) and pathway V (hydroxylation).

3.6. Toxicity analysis

According to the Globally Harmonized System of Classification and
Labeling of Chemicals (GHS), the ecotoxicity of SMX and its trans-
formation products was systematically evaluated using the ECOSAR
v2.2 program, with toxicity classifications categorized as: very toxic
(LC50/EC50/ChV <1 mgL™)), toxic (1 -10mgL™Y), harmful
(10 —-100 mg-L’l), and not harmful (>100 mg-L’l) [58]. The assess-
ment predicted acute toxicity endpoints (96-h LC50 for fish and 48-h
EC50 for daphnia) and chronic toxicity values (ChV for green algae),
as summarized in Tables S5 and S6. The results demonstrated that SMX
exhibited distinct toxicity profiles, showing toxic effects on Daphnia and
harmful effects on green algae (Fig. 10), highlighting the need for careful
consideration of its environmental impact and transformation products.

Some intermediates formed during the degradation process were
predicted to have higher chronic toxicity than SMX, which may be due to
the formation of more toxic pyrazole moieties. However, the toxicity of
low molecular weight intermediates was significantly lower than that of
their high molecular weight counterparts. This suggests that the toxicity
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Chv
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toxicity toxicity = LCso

Q

DY

s b
%
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of SMX can be effectively reduced by increasing the mineralization rate
by extending the reaction time. Among the 12 SMX intermediates, TP-
83, TP-108, TP-114, TP-155, TP-171, TP-172, and TP-239 had lower
acute and chronic toxicity than SMX. In contrast, TP-99, TP-115, TP-
118, TP-136, and TP-288 were predicted to have higher acute and
chronic toxicity. Their high ecotoxicity was attributed to their presence
of isoxazole or chlorine. In the Br™-PAA system, the acute toxicity was
toxic and harmful to Daphnia and green algae, respectively, and the
chronic toxicity was toxic and harmful to fish and green algae, respec-
tively (Fig. S12). Most of the intermediates produced by SMX degrada-
tion showed higher acute/chronic toxicity than the parent compound,
this indicates that the potential secondary pollution of sulfonamide
antibiotics and their degradation intermediates deserves more attention.

4. Conclusion

This study provides the first systematic insight into the non-radical
degradation mechanism of PAA activated via the synergistic action of
Cl” and Br~ in seawater systems, rather than within a single-halide
system. The proposed technology enables efficient degradation of SMX
without requiring external energy input, and exhibits strong tolerance
across a wide pH range without the need for strict acidic conditions. The
Br -PAA system (0.5 mM Br™) outperformed its CI"-PAA counterpart
(300 mM ClI"), achieving complete SMX degradation within 12 min with
a reaction rate constant 21-fold higher. Moreover, the degradation rate
of sulfamethoxazole (SMX) in seawater with a salinity of 35 %o was
significantly higher than that observed in systems containing only in-
dividual halides , while exhibiting robust resistance to common anion
interference , thereby filling a critical knowledge gap in oxidation
processes under high-salinity conditions that more closely mimic real
aquatic environments. Mechanistic investigations through EPR and
quenching experiments identified 10, and free halogens as the dominant
reactive species, generated directly via OAT, which demonstrated high
selectivity for antibiotic degradation-albeit with the concurrent forma-
tion of more toxic transformation products. Furthermore, pH played a
pivotal role in modulating oxidative pathways of the system: acidic to
neutral conditions favored nonradical pathways (e.g., free halogens),
whereas alkaline conditions shifted the balance toward OBr /OCl™
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Fig. 10. Potential pathways of SMX’s TPs generation in the Cl -PAA system.
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formation with partial radical involvement , These findings demon-
strate the distinct roles of seawater-derived C1™~ and Br~ in PAA activa-
tion, with Br~ driving rapid oxidation while ClI™ contributes to
secondary reaction pathways, highlighting their combined potential for
saline wastewater treatment. These results provide valuable insights for
the in situ remediation of antibiotic contamination in marine environ-
ments, facilitating the development of eco-friendly and low-cost marine
pollution control technologies. In the future, this approach could be
extended to the treatment of halogen-rich wastewater, such as effluents
from mariculture and coastal industrial operations. As the present study
was conducted under batch conditions, practical large-scale application
would require further evaluation of equipment energy consumption and
cost-effectiveness in continuous-flow reactors. Additionally, the poten-
tial formation of disinfection byproducts during long-term operation
should be assessed.
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