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ARTICLE INFO ABSTRACT

Keywords: Preventing the formation of hazardous chlorinated transformation products (Cl-TPs) when applying the elec-
Antibiotic residues trochemical advanced oxidation processes (EAOPs) is a major challenge for ensuring their broader scale-up. In
IE"?OI?R MS this context, the addition of peracetic acid (PAA) can potentially contribute to reduce the risk of CI-TPs, but the

associated transformation pathways remain insufficiently understood. Here, PAA-mediated electrochlorination
process was found to reduce typical CI-TPs (e.g., chloroform below 60 pg L™ by 26.9 %~80.8 %. Under opti-
mized conditions, an innovative PAA-based treatment in a single-pass flow-through electrochemical reactor
achieves the removal of four mixed antibiotics with low specific energy consumption (5.3 Wh mmol™). The
antibiotics concentration in the effluent remained below the detection limit within 10 operation cycles. In
addition, reductions in CI-TPs were achieved in both simulated and actual groundwater, meeting the 2022
Chinese drinking water quality standards. Fourier transform ion cyclotron resonance mass spectrometry (FT—ICR
MS) revealed that PAA-based electrochlorination preferentially removed highly unsaturated heavy byproducts
(0/C < 0.3, MW >400 Da), and the CHOCI formulae number decreased by 59 %. The transformation pathways of
Cl-TPs were mainly identified as decarbonylation, dihydroxylation, and hydrogenation. Moreover, the possible
halogenation pathways number showed a significant decrease of 77.9 %. These findings provide deeper insights
into the degradation mechanisms and Cl-TPs minimization during PAA—mediated electrochemical antibiotic
degradation, shedding light on the transformation processes in diverse environmental scenarios.

Peracetic acid
Transformation products

1. Introduction that maintains the balance of metabolism (Zhang et al., 2015), and

damages many important organs, the human nervous system and

The widespread use of mixed antibiotics in human and veterinary
medicine has led to their frequent detection in groundwater (Wu et al.,
2022) and even in tap water (Ben et al., 2020). For example, in the
groundwater of Xiongan New Area, China, the average concentration of
antibiotics reached 79.22 + 56.46 ng L (Fu et al., 2022). The presence
of these emerging contaminants in natural water not only poses risks
associated with the dissemination of antibiotic resistant genes but also
represents a significant threat to ecological balance and human health
(Chen et al., 2022; Lu et al., 2023; Thomas et al., 2024; Wang et al.,
2024). Pollution by antibiotics can lead to the disorder of the microbiota
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gastrointestinal tract (Arulkumaran et al., 2020). Consequently, there is
an urgent need for more efficient and eco-friendly technologies.
Electrochemically-assisted AOPs (i.e., EAOPs) have garnered
increasing attention for the decentralized and distributed treatment of
contaminated water because of their low footprint, compact and
modular design, and ease of automation (Brillas et al., 2009; Deng et al.,
2023; Zuo et al., 2023). Nonetheless, a challenging aspect of EAOPs is
their safe application in water containing chloride ions, which are
ubiquitous in sewage from coastal cities and groundwater supplies
(Baptista-Pires et al., 2021; Jiang et al., 2024; Liu et al., 2024; Norra
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et al., 2022). Chloride ion concentrations in domestic and industrial
wastewater can reach thousands of mg L™ (Cuervo Lumbaque et al.,
2022; Norra and Radjenovic, 2021; Radjenovic et al., 2012). Accord-
ingly, EAOPs can produce chlorine (Choi et al., 2023), leading to the
formation of carcinogenic and mutagenic chlorine-containing trans-
formation products (Cl-TPs) such as trihalomethanes, haloacetic acid,
and haloacetonitrile. These byproducts introduce potential risks to both
human health and ecosystems, highlighting the need for careful
consideration and mitigation strategies when applying EAOPs to chlor-
ide—containing water (Jiang et al., 2024; Shah et al., 2015).

Recently, the feasibility of electroactivating peracetic acid (PAA) has
been progressively demonstrated, encompassing either indirect activa-
tion via the continuous production of Fe(II) through electrically accel-
erated Fe(III)/Fe(II) cycles (Zhang et al., 2024d), or direct activation at
the cathode (Zou et al., 2024). We showed that the thermodynamic
tendency of peroxy group in PAA molecules to cleave upon electron gain
underscores this process (Lu et al., 2024a). Notably, PAA electro-
activation exhibits superior efficiency compared to non-electrochemical
routes (Lu et al., 2024a, 2024b), leading to a lower need of PAA dosage
for complete antibiotic removal and, which in turn mitigates concerns
regarding increases in total organic carbon (TOC) and biological oxygen
demand. Furthermore, PAA can synergistically interact with electro-
generated HCIO to produce '0,, which facilitates thermodynamically
spontaneous reactions (1)-(3) (Lu et al., 2024b; Shah et al., 2015),
resulting in minimal HCIO accumulation and thermodynamically unfa-
vored organic Cl-addition reactions, thus inhibiting Cl-TPs. This pro-
vides a promising approach for developing PAA-based systems with
robust detoxification capabilities in actual chloride-containing media,
where AOPs relying on the action of hydroxyl radicals ("OH) may pose
risks due to the potential HCIO formation and Cl-TPs accumulation.

Despite the promising results reported in a growing number of batch
experiments on antibiotic removal (Yuan et al., 2021; Zhang et al.,
2024d; Zou et al., 2024), the industrial application of these technologies
necessitates high-rate performance over extended periods. In batch ex-
periments typically conducted in stirred-tank reactors, poor mass
transport causes that the H' produced during oxygen evolution reaction
remains near the anode surface, lowering the local pH value and trig-
gering a large cell pH gradient (Zhang et al., 2024b). This increases the
thermodynamic potential of both anode and cathode and raises the cell
voltage. For sustainable operation of PAA-mediated EAOPs, the imple-
mentation of a continuous flow-through system is thus imperative.
Moreover, the complexity of dissolved organic matter (DOM) in actual
water remains a challenge because of its unclear conversion to haloge-
nated organic matter and degradation behavior. Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS), has great potential
for elucidating the impact of PAA-electroactivation on DOM trans-
formation, especially for resolving the composition of toxic TPs at the
molecular level (Li et al., 2024b; Wu et al., 2024; Zhang et al., 2024a). It
provides detailed molecular information, including O/C ratios, double
bond equivalents (DBE), and aromaticity indices (AI), among other (Lu
et al., 2021; Zhang et al., 2021, 2024a). Distinguishing between natural
and effluent organics in water samples could yield insightful differences
in toxic TPs profiling (Lu et al., 2021). Although some reports have
claimed the reduced yields of specific CI-TPs in PAA-mediated EAOPs,
there remains a wealth of information to be uncovered regarding the
quantities and transformations of toxic TPs.

CH;3CO(0)0O" 4+ HCIO—CH;3;COOH + Cl™+'0, ¢h)
CH;CO(O)OH + HClO—CH;COOH + HCI+' 0, (2)
H,0, + HCIO—HCI + H,0+'0, 3

In this study, a graphene-modified graphite felt (graphene/GF)
cathode was synthesized using a previously established protocol (Lu
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et al., 2024b). A BDD/Nb mesh anode paired with the graphene/GF
cathode was employed for the electrochemical water treatment in a
single—pass, flow—through reactor. To evaluate the efficacy of this sys-
tem, four representative antibiotics were selected as model pollutants,
spiked into simulated water and actual groundwater: (i) Amoxicillin
(AMX) as penicillin example (Lu et al., 2023); (ii) sulfamethoxazole
(SMX) as sulfonamide (Chen et al., 2022; Qian et al., 2022); (iii) cip-
rofloxacin (CIP) as quinolone (Chen et al., 2024; Xie et al., 2023); and
(iv) oxytetracycline (OTC) as tetracycline (Thomas et al., 2024; Zhang
et al., 2024c). Additionally, 15 typical toxic TPs were monitored to
assess their inhibition when adding PAA in the system. Moreover, the
DOM composition of the aqueous sample during the PAA-mediated
treatment was characterized via FT-ICR MS. The feasibility of formulae
in terms of transformation was quantified, and potential transformation
pathways along with their associated molecular structures were sum-
marized and proposed.

2. Materials and methods
2.1. Chemicals and reagents

Details regarding the preparation of the PAA solution, along with a
comprehensive list of chemicals and reagents utilized, are provided in
Text S1.

2.2. The flow-through system setup

Electrochemical experiments employing PAA were performed within
a parallel-plate flow-through reactor, characterized by a diameter of 5
cm and an exposed area of 19.6 cm?. The reactor operated in a single-
—pass (i.e., continuous) mode, with flow rates set at 3.24, 6.48, and
12.96 mL min' using a digital peristaltic pump (GILSON, USA). This
configuration resulted in hydraulic residence times (HRTs) of 10.0, 5.0
and 2.5 min, and effluent fluxes of 99.2, 198.4 and 396.7 L m2 h™!
(LMH), respectively. The anode was a BDD/Nb mesh (diameter of 50
mm, thickness of 1.4 mm), with a coating thickness of 5 pm, and a boron
content of 2500 mg g (mesh coated on both sides, excluding the
edges). The graphene/GF cathode was prepared as described in Text S2
(Lu et al., 2024b). This cathode, with an approximate thickness of 0.5
cm, was put in contact with a three-dimensional (3D) stainless steel
current collector (Fig. S1). Prior to each experiment, initial runs were
executed at open circuit (OCp) to assess potential antibiotic losses due to
adsorption onto the electrodes. At the end of each experiment, effluent
samples were collected after the current was stopped (i.e., OCginal),
enabling the evaluation of overall antibiotic loss attributable solely to
electrosorption (i.e., in the absence of subsequent degradation). To
determine the impact of anodic current on antibiotic removal, experi-
ments were conducted at varying flow rates in constant—current mode,
with applied anodic current densities in the range of 0.1-20 mA cm™
(calculated based on the electrode water flow—through area) using an
AMEL 2053 power supply. Samples were collected after each bed vol-
ume at each current setting. Given the presence of PAA and electro-
generated chlorine in the system, an excess of NayS203 (0.5 mM) was
pre-added to sampling tubes to quench reactions in all effluents exiting
the reactor.

2.3. Water sampling and analytical procedures

Two types of actual Cl”-containing groundwater (GW1 and GW2)
was collected in July 2024 (details in Text S1). The samples were sealed,
transported in polyethylene drums, and refrigerated at 4 °C for storage.
Prior to experiments, AMX, CIP, OTC, and SMX were added to the
groundwater as model pollutants at a concentration of 0.025 mM,
respectively.
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Antibiotic concentrations were quantified using high—performance
liquid chromatography (HPLC, Waters-1525, USA), using a C18 column
of 5 pm (4.6 mm x 250 mm) and UV detection. The analysis detailed can
be found in Table S1. Analytical methods and computational details are
outlined in Text S3-S9.

2.4. Molecular characterization by FT-ICR MS

Molecular information was obtained using a Bruker Solarix 15T
FT-ICR MS system (Bruker, Germany) with an electrospray ionization
source. Formula assignments adhered to the constraints of 126040,
13Co 1, "Ho 120, %00 50, *No_s, 32Sg_2, *°Clg 3, ¥Clg 1, °Bro_3, 8'Bro 3,
and H/C < 2.25, O/C < 1.15, in accordance with known chemical rules.
Formulae containing Cl or Br atoms were validated based on their nat-
ural abundance (ratios of 3’Cl/3°Cl and 7°Br/%!Br). Operational pro-
cedures, details to minimize potential biases caused by ionization
efficiency or matrix effects, and calculations for determining the modi-
fied aromaticity index (Alpnog), nominal oxidation state of carbon
(NOSC), and double bond equivalent minus oxygen (DBE-O) are pre-
sented in Text S10.

3. Results and discussion
3.1. Optimization of PAA-mediated treatment in the flow—through system

Density functional theory (DFT) calculations have revealed that
chemical interaction between PAA-based reactants and the electro-
generated HCIO is thermodynamically favored (Lu et al., 2024b). The
concentration of electrogenerated HCIO under optimized conditions was
tested using N,N-diethyl-p-phenylenediamine method, yielding 1.1 +
0.1 mgL™ (i.e.,, 19.1 pM). Preliminary experiments, wherein 50 uM PAA
and 19.1 pM HCIO were directly introduced into an SMX solution
without current supply, demonstrated a mere 45.8 % drug removal
within 5 min (Fig. S2), highlighting the pivotal role of electrolysis in the
process. Fig. S3 compares the typical cell voltages observed in batch and
flow-through systems during electrolysis. Despite variations influenced
by current density, electrolyte composition, and reactor design, the
batch reactors exhibit consistently higher total cell voltages compared to
most continuous—flow reactors (Li et al., 2024a). For sustained antibiotic
removal in industrial settings, the adoption of a continuous flow-
—through system is imperative.

The electrode arrangement may exert a profound influence on the
generation of oxidant species. Specifically, reactive oxygen species
(ROS) and free available chlorine (FAC) generated at the anode can
undergo further cathodic reduction in an anode-to-cathode (A-to-C)
flow configuration. Conversely, In a cathode-to-anode (C-to-A) setup,
PAA may become initially activated at the cathode, followed by reaction
with FAC produced at the anode to form 102 (Lu et al., 2024b), poten-
tially accelerating the antibiotic removal. The impact of the electrode
arrangement on SMX removal was assessed at a low current density (j =
0.5 mA cm’z) (Fig. S4). A significant 75.5 % + 2 % removal of SMX was
obtained with the C-to-A configuration, representing a 14.3 % increase
over the A-to-C direction (which reached 61.2 % + 3 % SMX removal).
These findings underscore the advantage of initiating PAA activation at
the cathode to produce ROS, prior to its passage through the anode for
synergistic activation with HCIO, in PAA-mediated electrochlorination
performed in flow-through systems. The influence of key operation
parameters in such system is discussed hereby.

3.1.1. Current density

Typically, antibiotics with low logD values exhibit limited adsorp-
tion onto graphene-based electrodes. As evidenced in Table S2, all four
studied antibiotics displayed low logD values ranging from —4.25 to
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—-0.56. Consequently, during the OCy stage, the adsorption of these drugs
on electrodes or other reactor components can be neglected. To assess
the system performance, current densities spanning from 0.1 to 20 mA
cm2 were evaluated for SMX as target pollutant (Fig. S5). The removal
of this drug reached a saturation point atj > 2.5 mA cm 2 (Fig. S5). That
is, at j = 2.5 mA cm‘z, the SMX concentration achieved in the effluent
was lower than the HPLC detection limit. Further increasing j essentially
leads to an increase in the low-grade heat within the electrochemical
system and to a larger pH gradient between the electrodes, which is not
beneficial to ensure the system stability and reach low-energy con-
sumption (Zhang et al., 2024b). Note that the continuous operation (i.e.,
48 bed volumes) when powered on confirms the good stability of this
system (Fig. S5). Fig. 1a illustrates the normalized concentration decays
of SMX, CIP, OTC and AMX across a range of j values from 0.1 to 2.5 mA
cm 2. Notably, AMX already undergoes direct degradation in the pres-
ence of the PAA solution, obscuring its degradation behavior during
electrolysis. Upon current supply, a significant acceleration in the
removal of SMX, CIP and OTC was observed (Fig. 1a). At j = 2.5 mA
em2, the effluent concentrations of these antibiotics fell below the
detection limit of HPLC (< 3.18 ppb).

Typically, high j accelerate charge transfer but may trigger mass
transport limitations (e.g., bubbles covering the electrode surface), so
the electro-oxidation flux (Jgo) is utilized to couple reaction kinetics and
mass transport. The Jgo for the removal of the three drugs that required
the application of current (SMX, CIP, and OTC), depicted in Fig. 1b,
exhibited a positive linear correlation with the applied j value. This
suggests that the flow-through system is likely to have high efficiency
with low energy consumption. Worth noting, even after current is cut
off, residual HCIO flowing within the system continued to react with
active components in the PAA solution, generating 10, and maintaining
a degree of antibiotic removal during the final stage of operation (OCfina
stage in Fig. la). The extent of antibiotic concentration rebound
following current shutdown correlated well with the ease of degradation
within the PAA-mediated electrochlorination treatment. For instance,
CIP, being the most recalcitrant to degradation, exhibited the most rapid
concentration increase.

3.1.2. Hydraulic retention time

The variation observed in OCgna across different HRT values un-
derscores the significance of time available for reaction between resid-
ual HCIO and antibiotics, which eventually modulated the effluent
concentrations (Fig. S6), a phenomenon influenced by the inherent
resistance of each antibiotic to degradation. Specifically, reducing the
HRT from 10 min to 2.5 min markedly impacted CIP removal,
decreasing the efficiency from 99.9 % to 67.2 %, while SMX removal
decreased to 90.6 %. Conversely, OTC, being the most susceptible to
degradation among these three drugs, remained largely unaffected
(Fig. 1c). Complete degradation of CIP in the effluent at an HRT of 2.5
min proved challenging, highlighting its recalcitrant nature in this sys-
tem. Therefore, to ensure concurrent degradation of multiple pollutants
within the mixed contamination scenario, an HRT of 5 min was estab-
lished as optimal.

3.1.3. Solution pH

Given the short HRT, minimal pH variation was observed between
influent and effluent. At pH values of 3.0, 5.0 and 9.0, antibiotic removal
performance was excellent (Fig. 1d). However, a notable decline in
antibiotic removal efficiency was evident at pH values exceeding 9
(Fig. S7 and Fig. 1d). Since the interactions between antibiotics and the
reactor components were deemed insignificant, the effect of pH on
removal was primarily attributed to alterations in protonation/depro-
tonation states. For PAA, with a pK, value of 8.2, PAA™ form became
dominant at pH > 9.0. The electrostatic repulsion between the
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Fig. 1. Optimization of the PAA-mediated electrochlorination treatment in the flow-through system. (a) Removal of SMX, CIP, OTC and AMX at different
current densities. (b) Electrooxidation fluxes (Jgo) of target contaminants. Removal of SMX, CIP, and OTC at different (¢) HRTs and (d) pH values. (e) Different
contributions to degradation (except AMX, which is readily degraded), and calculation of (f) specific energy consumption. (g) Degradation of the four antibiotics
when they are mixed, under optimal conditions. Experimental conditions, unless stated otherwise in each graph: [NaCl]y = [Na;SO4]p = 20 mM, [PAA]y = 50 pM,
[AMX]o = [SMX]p = [CIP]g = [OTC]p = 25 pM, j = 2.5 mA cm2, HRT = 5 min, pH 3.0. For the mixture: [PAA]p = 4 x 50 uM, [AMX], + [SMX]o + [CIP]p + [OTClo

=4 x 25 pM, HRT = 5 min, pH 3.0.

negatively charged graphene-based cathode and PAA", governed by
Coulomb’s Law, hindered PAA electroactivation. More importantly,
PAA™ interacted with neutral PAA molecules to form reactive in-
termediates that subsequently decomposed into acetate anions, Oy and
H™ (reaction (4)) (Kim and Huang, 2021).

CH;C(0)00™ + CH;C(0)OOH=CH;COOOHOO(0)CCH;~—2CH;C(0)0™ + O, + H*

Considering the antibiotics structures (Table S2), SMX exhibits two
pK, values (pK,; = 1.6, pK,2 = 5.7), CIP possesses two pK, values (pKy;
= 6.2, pKy3 = 8.6), and OTC has three pK, values (pK,1 = 3.6, pKaz =
7.5, pKas = 9.4). Kong et al. previously reported (Kong et al., 2022)

enhanced micropollutants removal at pH < pK, during PAA-based
processes, a finding corroborated in our study, where system perfor-
mance deteriorated significantly as pH rising from 9.0 to 12.0 (Fig. 1d).

3.1.4. Feasibility of PAA-mediated treatment of mixed antibiotics

4

To assess the system effectiveness against mixed antibiotics, a
cocktail of the four target molecules containing a consistent [PAA]o-to-
[Antibiotics]o ratio (2:1) was employed. Results indicate that mixed
antibiotics degradation in the simulated water matrix mirrored that of
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individual antibiotics. Under the optimized parameters, the concentra-
tion of the mixed antibiotics in the effluent was lower than the detection
limit of HPLC, and operated in a stable manner for 10 cycles (Fig. 1 g).
With adsorption, electrosorption, and PAA-mediated chemical oxidation
deemed negligible (discussed above), the contributions of direct elec-
trochemical oxidation and synergistic effects were examined (Fig. S8
and Fig. 1e). Direct electrochemical oxidation at BDD surface, attributed
to its high oxidation power to generate BDD(*OH), accounted for 43.3
%-47.7 % of both single and mixed antibiotic removal. Notably, when
the electrolysis was made in Cl"-containing medium the removals were
not significantly enhanced (Fig. S8). In contrast, PAA addition sub-
stantially improved antibiotics removal, attributed to the synergistic
interaction between PAA and HCIO (Fig. 1 g), aligning with previous
findings (Lu et al., 2024b). Moreover, the specific energy consumption
for mixed antibiotics degradation (5.3 Wh mmol ™) was lower than for
individual antibiotics (~21 Wh mrnol‘l) (Fig. 1f). Worth comparing, in
EAOPs without PAA, the specific energy consumption for removing
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target organic pollutants was 39-54 Wh mmol ™! (Xie et al., 2021), and
when using a flow-through electrochemical system, it was 16.3-58.7 Wh
mmol ! (Wei et al., 2023). These results suggest the great potential of
this system for efficiently treating more complex realistic matrices with
reduced energy consumption.

3.2. Degradation mechanism for the treatment of mixed antibiotics and
monitoring of typical TPs

Aiming to emulate more realistic scenarios, an actual groundwater
(GW1) was collected from the Barcelona metropolitan area. Table S3
presents the water quality parameters after supplementing this water
with the aforementioned four antibiotics and adjusting the chloride ion
content to 20 mM to be comparable to trials performed in simulated
water matrices. Notably, the removal of mixed antibiotics in actual
groundwater was comparable to that observed in simulated matrices
(Fig. S9 and Table S3). The short HRT resulted in a minimal pH variation

Oyl %
E’ — P
Q 6 SMX %ty —— ABI\Q(
o -6.33 > oTC
© f— 6.01
2 |8 CIP
-5 ST
o 10

2
E -488
-
o -4 -OH
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=

Fig. 2. DFT calculations for the mechanistic study. Chemical structure and surface electron density (calculated from Fukui indices) of (a) SMX, (b) CIP, (c) OTC,
and (d) AMX. (e, f) Molecular orbital energies of Cl°, CIO®, *OH, 10,, SMX, CIP, OTC, and AMX. Blue and red lines account for HOMO and LUMO energy levels,

respectively.
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in the treated water (6.8 + 0.1 — 6.3 + 0.2). Furthermore, nitrogen
pollutants were effectively eliminated by the active chlorine generated
at the anode.

Using DFT calculations and the Fukui function, the susceptible sites
on SMX, CIP, OTC, and AMX molecules that are vulnerable to attacks by
reactive species have been accurately identified (Fig. 2). This analysis
has enabled us to propose a pathway for the generation of CI-TPs in both
the CI” and PAA/Cl” systems. Fig. 2a-d showcase isosurface plots
depicting the surface electron density of SMX, CIP, OTC, and AMX
molecules based on the Fukui function. In these plots, green and blue,
respectively, denote positive and negative values, with the size of the
colored electron cloud denoting the magnitude. Regions exhibiting
higher positive values are more likely to serve as active sites for attack of
reactive species. While the isosurface mapping of electron density pro-
vides a visual understanding, it does not facilitate itself a detailed
quantitative analysis of the Fukui function values. The condensed Fukui
function theory suggests that larger values of f~, f*, and f° account for
atoms that are more susceptible to attack by electrophilic, nucleophilic,
and radical species, respectively (Table S4-S7). Notably, the benzene
amine group in SMX (Chen et al., 2023), the piperazine moiety of CIP
(Chen et al., 2024), the amine group (via demethylation) as well as the
ring (via decarbonylation and deamidation) in OTC (Thomas et al.,
2024), and the f-lactam ring (via hydrolysis) in AMX (Lu et al., 2023)
are particularly vulnerable to such attacks.

Thermodynamically, C1° (0.60 eV) and ClO® (1.51 eV), characterized
by smaller average HOMO-LUMO gaps, are more favorable for
Cl-addition reaction with the four antibiotics under study, as compared
to *OH (1.91 eV), in the absence of PAA (Fig. 2e, Table S8). This fact
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introduces a well-documented challenge in EAOPs, namely the facile
accumulation of Cl-TPs during the treatment of chloride—containing
actual water (Norra et al., 2022; Radjenovic and Sedlak, 2015; Shah
et al., 2015). As elaborated in Text S11, our prior research revealed that
the spontaneous reaction between PAA and reactive Cl species generates
102 (Lu et al., 2024b), and calculations indicate a narrow gap of only
0.13 eV between 102 HOMO and C1° LUMO (Table S8). This implies that
reactive chlorine-based species, especially Cl°, which is most reactive
towards the target antibiotics, can be efficiently scavenged in
PAA-mediated treatments, thereby attenuating the Cl-addition reac-
tion. Moreover, the primary ROS in PAA-based systems, 10, and *OH,
also exhibit favorable electrophilic attack capabilities due to their nar-
row HOMO-LUMO gaps (Fig. 2f), resulting in reduced CI-TP yield. This
conclusion is tentatively supported by our liquid chromatography-mass
spectrometry (LC-MS) results (Fig. S10) and the monitoring of 15 toxic
TPs in both simulated and actual groundwater (Text S4).

TPs were further analyzed using spectroscopy and GC-MS. As shown
in Fig. S11 and S12, a pronounced reduction in DOM fluorescence in-
tensity was observed in both simulated and GW1 samples treated in the
presence of added PAA. The UV-vis spectra (Fig. S13 and S14) and UV
indicators (Fig. 3a) were obtained for pre- and post-treatment samples.
The results reveal that the Epso/Esgs ratio, which inversely correlates
with molecular weight (Chen et al., 2003), increased during the
PAA-mediated electrochlorination. This increase was accompanied by
the disruption of macromolecular antibiotic structures, leading to a rise
in the concentration of aromatic hydrocarbons and cyclic compounds
(SUVAgs4 and Aggp-_300) (Teng et al., 2020). Additionally, there was a
concurrent rise in the abundance of C=0 and C=C functional groups, as
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Fig. 3. Toxic TPs detection in simulated and actual groundwater (GW1). (a) Changes of UV indicators during the different electrochlorination treatments. X-TPs
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+ [CIP]lg + [OTClo = 4 x 25 pM, j = 2.5 mA cm ™2, HRT = 5 min, pH 3.0. (d) Acute toxicity of TPs as predicted by T.E.S.T. The EPA T.E.S.T. model3 was used to get
toxicity data. T.E.S.T. uses quantitative structure activity relationship (QSAR) methodologies.
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evidenced by an increase in the Eggs/E465 ratio (Deng et al., 2019).

Regarding the GC-MS results shown in Fig. 3b and 3c and Fig. S15,
only chloroform (m/z 82.93) was detected in simulated water, while 5
TPs were identified in the more complex actual groundwater. Notably,
the yields of all detected TPs were reduced to varying degrees in the
presence of PAA. In simulated water, chloroform was decreased by 26.9
%. In actual groundwater, the reductions for chloroform, dichloro-
bromoform (m/z 128.89), dibromochloroform (m/z 128.88 and 126.87),
2—chlorotoluene (m/z 126.01 and 91.04), and bromoform (m/z 251.78
and 172.82) were 80.8 %, 72.2 %, 31.9 %, 50.7 %, 99.9 %, respectively.
This can be attributed to the favorable reaction between PAA and HXO
(X = Cl or Br), which makes subsequent X-addition reaction less
favorable. Indeed, the detected TPs exhibited toxicity levels comparable
to the parent antibiotic and had higher bioaccumulation factors
(Fig. 3d). In the absence of PAA, the yields of chloroform (limit of 60 pg
L 1) and bromoform (limit of 100 pg L™!) exceeded regulatory limits. In
contrast, in actual groundwater, the yields of trihalomethanes (THMs)
with PAA were all within the Chinese drinking water quality standards
for 2022. In another reported Cl-TPs control strategy, the chlorination
reaction was avoided by reducing the anode potential, and the dechlo-
rination of Cl-TPs was addressed by using H* produced on a Pd cathode
(Wei et al., 2023). However, this strategy cannot accelerate the reaction
by increasing the potential, whereas the addition of parallel electrode
arrangements would be restricted by the electrode cost, not being ad-
vantageous in terms of specific energy consumption (16.3-58.7 Wh
mmol ™). These findings further validate the potential of PAA-mediated
EAOPs in mitigating the accumulation of toxic TPs in significant
amounts. The discussion on the advantages of PAA compared with other
processes is found in Text S12.

3.3. Profiling of TPs at molecular level

Groundwater (GW2) sampled from a contaminated well adjacent to a
farm in China served as the subject for investigating the impact of PAA
dosing on TPs. To assess this, two [PAA]/[Antibiotics]y ratios were
selected: 2:1, employed in the tested described above and commonly
utilized in our previous research (Lu et al., 2024a, 2024b), and 10:1,
employed in other contemporary studies (Cheng et al., 2024; Dong et al.,
2024; Kim et al., 2020; Meng et al., 2023). For comparative purposes, an
equal amount of acetic acid was administered to the control group
devoid of PAA.

FT-ICR MS analysis revealed a marked reduction in both the total
count and abundance of assigned formulae, correlating with a
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significant decline in CHOX (X = Cl or Br) compounds following
PAA-mediated electrochlorination treatment (Fig. 4a). This dehaloge-
nation effect in response to PAA addition has been anticipated in earlier
studies, although without offering detailed analysis and product moni-
toring (Lu et al., 2024a, 2024b; Shah et al., 2015). Specifically, the raw
sample exhibited a total of 4420 assigned formulae (Table S9 and
Fig. S16a), with CHOCI and CHOBr compounds constituting approxi-
mately one-tenth of the CHO compounds (Fig. S16b). After the PAA/C1™
and Cl™ treatments, the total number and MW of all formulae remained
relatively unchanged; however, CHOCl and CHOBr formulae with MWs
exceeding 400 Da were predominantly eliminated in the PAA-mediated
treatment. As detailed in Table S9, the halogen—containing formulae
were predominantly CHOCI, with Br being a minor constituent in terms
of both intensity and formula count, likely due to the additional CI”
introduced. At the optimal PAA dosage ([PAA]/[Micropollutants] ratio
= 2:1), the number of CHOCI formulae decreased by 59 % (n = 180—83)
when comparing with pure electrochlorination. Only 117 CHOX (CHOCL
and CHOBr) formulae were detected in final samples, halving the
amount as compared to 253 formulae in the PAA-free electrochlorinated
sample. Upon increasing the PAA dosage ([PAA]/[Micropollutants]
ratio = 10:1), the average molecular mass remained relatively stable,
indicating the absence of new polymerisation products. Notably,
increasing PAA dosage did not cause a significant CHOX increase (to
148) in the PAA/Cl™ process, contrasting with the 43.9 % enhancement
observed when equal amounts of acetic acid were added in PAA-free
electrochlorination (reaching 264).

The van Krevelen plot of CHOX formulae is shown in Fig. S17. The
formulae clustering in lipid- and protein-like regions originate from
organic matter leaching into groundwater from nearby landfills. Lignin,
abundant in terrestrial ecosystems, is known to produce X-TPs, partic-
ularly haloacetic acids. In this study, the treatment without PAA pro-
duced more lignin-like substances when only an equal amount of acetic
acid was added, implying increased production of halogen-containing
formulae potentially due to the conversion of organic matter into lig-
nin-like compounds. In contrast, PAA-mediated electrochlorination
effectively removed highly unsaturated heavy formulae (O/C < 0.3, MW
> 400 Da).

Fig. S18illustrates five indices characterizing the formulae contained
in the raw groundwater: Al,oq, O/C, H/C, NOSC, and DBE-O, along with
their changes during treatments. The PAA-based processes gave rise to a
higher proportion of formulae with low NOSC values, indicating
potentially lower Gibbs free energy and susceptibility to oxidation.
Principal component analysis (PCA) analysis of organic transformation
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results, depicted in Fig. 4b, revealed that PC1 and PC2 accounted for
52.7 % and 24.9 % of the total variance, with eigenvalues of 3.16 and
1.50, respectively. PCA confirms that Al,.q values positively correlated
with DBE-O, followed by NOSC and O/C in descending order. In the
absence of PAA during the electrochlorination treatment of actual
groundwater, CHOX formulae tended to exhibit higher H/C and MW
values and were less oxidized. Consistent with the findings in Fig. S19
and Text S13, PAA-mediated treatment products were more unsatu-
rated. Formulae characterized by higher Al,,q and lower H/C values,
indicating greater unsaturation, were more likely to be reduced or
eliminated during electrochlorination in the presence of PAA.
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3.4. Reactivity changes and transformation pathways in PAA-mediated
electrochlorination using the flow-through system

The degrees of saturation and oxidation of the TPs accumulated
during the electrochlorination treatments were assessed using (DBE-O)/
C and NOSC values, respectively, enabling the classification of mole-
cules into four distinct categories: (1) Unsaturated and oxidized, (2)
unsaturated and reduced, (3) saturated and oxidized, and (4) saturated
and reduced (Li et al., 2024b; Yang et al., 2024; Zhang et al., 2021). As
illustrated in Fig. 5a—f, PAA-mediated treatment resulted in the gener-
ation of fewer halogenated products and yielded lower average MWs of
451.94 Da and 441.24 Da at [PAA]/[Antibiotics]g ratios of 2:1 and 10:1,
respectively, as compared to PAA-free process. The majority of CHOCL
and CHOBr formulae in samples without PAA possessed positive
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W. Lu et al.

(DBE-0)/C values, whereas they displayed negative values following
PAA-mediated treatment. Specifically, compared to pure electro-
chlorination, the number of unsaturated molecules among the haloge-
nated products decreased by 44.8 % and 45.1 % when treated with
[PAA]/[Antibiotics] ratios = 2:1 and 10:1, respectively (Fig. 5f). This
reduction can be attributed to addition, oxidation reactions, or the
elimination of unsaturated groups during PAA-mediated treatment. For
instance, unsaturated formulas containing -COOH, -CH-CH; or -S-O
groups preferentially undergo decarboxylation, dealkylation and
desulphurization reactions mediated by *OH and '0,, leading to an in-
crease in saturation degree. Consequently, the values of DBE-O and
Alpod decreased during the PAA-mediated treatment (Fig. S18).
Notably, the saturated and oxidized molecules remained virtually un-
changed, indicating that addition and oxidation reactions were less
significant than decarboxylation and dealkylation reactions. This
finding aligns with the analysis of transformation pathways. As shown in
Fig. S20, the number of potential precursor-product pairs for decar-
boxylation and dealkylation reactions was the highest among all re-
actions, and the presence or absence of PAA had minimal impact on this
result, suggesting that the target pollutant tended to be converted into
low—carbon formulae via decarboxylation and dealkylation routes,
subsequently being removed from the water samples. Decarboxylation
commonly occurred within and between chlorinated acid compounds,
which also implies that CHOCI formulae contained abundant carboxyl
groups.

Possible transformation pathways of TPs in water are outlined in
Table S10. Fig. 5 g and h present the potential precursor—product pairs of
CHOCI and CHOBr formulae identified through mass difference analysis
based on transformation pathways. The total number of potential pre-
cursor—product pairs for PAA-mediated treatment was consistently the
lowest (Table S11). Although the proportion (i.e., percentage) of halo-
genation reactions exceeded that of dehalogenation reactions in all
electrochlorination treatments (Table S11 and Fig. S21), the total
number of halogenation reactions decreased in the presence of PAA.
Notably, the number of halogenation reactions decreased significantly
by 77.9 % (Table S11, from 208 to 46) (i.e., compare PAA:MPs = 2:1
with its control group); however, this trend weakened with increasing
PAA dosage (22.3 % decrease, from 672 to 522). At PAA:MPs = 2:1
(Fig. 5 g), the frequency of reaction types was as follows: decarbon-
ylation (-O+HCIl/HBr), dihydroxylation (-OH+Cl/Br), hydrogenation
(+HCI/HBr), hydration (4+HCIO/HBrO), and then hydroxylation
(-H4+0Cl/OBr), carboxylation -H+CO2Cl/ CO2Br), and dehydration
(-OH3+Cl/Br). The Cl/Br-addition reaction was not detected, suggest-
ing that there are almost no olefins or alkynes in CHOCl and CHOBr
formulae.

4. Conclusions

The generation, transformation and mitigation of CI-TPs constitute a
pivotal focus in the realm of actual water treatment by powerful
methods such as EAOPs. Considering the ubiquity of chloride ions in
water streams, the propensity of commonly employed anodes to oxidize
such active ions at low chlorine evolution potentials often leads to the
accumulation of toxic halogenated compounds. In light of the wide-
spread occurrence of X-TPs during EAOPs, this study has discussed the
design of a flow-through electrochemical system based on PAA to ach-
ieve rapid removal of mixed antibiotics, while depicting the funda-
mental transformation mechanisms of ClI-TPs at the molecular level,
which allows to address a critical research gap. Under optimal condi-
tions ([PAA]o:[Antibiotics]g = 2:1, j = 2.5 mA cm’2, HRT = 5 min, and
pH 3.0), PAA-mediated electrochlorination in the flow-through elec-
trochemical system effectively removes four mixed antibiotics with a
notably low specific energy consumption of 5.3 Wh mmol . Further-
more, reductions in TPs, including but not limited to chloroform (< 60
pg LY, are achieved in both simulated and actual groundwater, meeting
the Chinese drinking water quality standards set out in 2022. FT-ICR MS
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analysis reveals that the PAA-mediated treatment preferentially
removes highly unsaturated, heavy molecular formulae (O/C < 0.3, MW
>400 Da), with the number of CHOCI formulae decreasing by 59 % (n =
180—83) as compared to pure electrochlorination process. The primary
transformation pathways of TPs have been identified as decarbon-
ylation, dihydroxylation, and hydrogenation. Moreover, a significant
reduction of 77.9 % (from 208 to 46) was observed in the number of
possible halogenation reactions. The FT-ICR MS results provide a
coherent and complementary explanation to the DFT calculations and
experimental observations of TPs decrease. Collectively, the integration
of theoretical calculations, acute toxicity predictions, spectroscopy, and
FT-ICR MS enhances our understanding of the mechanisms underlying
TPs transformations in the PAA-mediated EAOPs.

The reduced yield of toxic TPs is poised to facilitate the broader
adoption of this technology in future. Future research should address the
structural upgrade of flow-through reactors, adding rapid monitoring
ports to achieve in-situ/operando capture and monitoring of ROS in
flow-through mode. Note that this research has application potential
within the pH range of 3.0 to 9.0, but further specialized optimization is
needed to refine the technical applicability boundaries. Furthermore, a
stratified toxicity testing framework should also be carried out,
including further conducting zebrafish embryo development tests and
Daphnia magna breeding tests after using the ISO 11348 standardized
Microtox acute toxicity test.
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