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A B S T R A C T

With drinking water disinfection techniques evolving from chlorination/chloramination to advanced oxidation 
processes, the conundrum of disinfection byproducts (DBPs) formation that remains for decades is becoming 
more challenging. This study focuses on the formation of unknown halogenated coupling byproducts, an 
important class of DBPs neglected in previous investigations, from UV/Chlorine reaction of phenols in presence 
of halides. To prioritize the highly toxic compounds, the effect-directed analysis strategy involving nontargeted 
identification with high-resolution mass spectrometry was utilized. The presence of bromide was found to 
enhance the formation of known DBPs, total organic halogens, and the overall toxicity of treated water. In 
contrast, iodide at environmentally relevant concentration exhibited minimal effects on the DBP formation and 
toxicity. Assisted with density functional theory calculation, a series of halogenated coupling byproducts were 
identified in the reaction involving bromide. The formation mechanisms of halogenated coupling byproducts 
consist of halogen substitution, free-radical-mediated electron transfer, hydroxylation, among others. As indi-
cated by computational toxicity evaluation, these halogenated coupling byproducts were surprisingly harmful in 
human thyroperoxidase activity inhibition and aquatic toxicity. This study provides new insights into the DBP 
formation during UV/Chlorine reaction, and the findings unveiled the emergence of highly toxic halogenated 
coupling byproducts especially in presence of halides.

1. Introduction

Disinfection has been implemented in drinking water treatment for 
over a century to eliminate pathogenic bacteria and ensure water safety 
(Li and Mitch, 2018). However, the use of disinfectants can lead to the 
formation of toxic disinfection byproducts (DBPs) (Allen et al., 2022b; 
Jiang et al., 2025). Chlorine, the most widely used disinfectant, can react 
with organics in source water to form chlorinated DBPs (Cl-DBPs) such 
as trichloromethane (TCM) and chlorinated acetic acids (Qian et al., 
2021). These DBPs have been regulated due to their cytotoxicity, 
mutagenicity, teratogenicity and carcinogenicity (Alexandrou et al., 
2018; Allen et al., 2022a; Srivastav et al., 2020). The natural organic 
matter (NOM) featuring phenolic groups (10 %− 30 %) in source water 
represents the primary precursor of DBPs (Lavonen et al., 2013; Watson 
et al., 2018; Li et al., 2019), and the inorganic halides (i.e., bromide (Br–) 
and iodide (I–)) can also influence the speciation of DBPs (Liu et al., 

2019, 2022, 2018). The presence of Br– and I– has been found to result in 
the formation of brominated DBPs (Br-DBPs) and iodinated DBPs 
(I-DBPs), which are generally more toxic than Cl-DBPs (Liu et al., 2017; 
Wang et al., 2014; Yang et al., 2014).

In recent years, UV irradiation and chlorine have been used in 
combination as an advanced oxidation process, i.e., UV/Chlorine, for 
water disinfection. UV/Chlorine reaction can generate hydroxyl radical 
(HO•) and chlorine radicals (Cl•, ClO•, and Cl2•‒) (Cheng et al., 2018; 
Kong et al., 2023) to initiate a variety of chemical reactions. These re-
actions are not only effective in elimination of diverse emerging con-
taminants such as phenols and amines (Fan et al., 2022; Lei et al., 2019), 
but also achieve inactivation of pathogenic microorganisms by 
damaging their membrane, enzymes, DNA, and RNA (Chen et al., 2021). 
Nevertheless, the presence of NOM in source water can decrease the 
elimination efficiency of UV/Chlorine treatment for contaminants, 
compromise the pathogen inactivation capacity, and lead to the 
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formation of harmful DBPs (Yeom et al., 2021). A series of typical DBPs 
including trihalomethanes (THMs) and haloacetic acid (HAAs) have 
been detected during UV/Chlorine reaction (Bulman et al., 2023). 
Moreover, the increase of HAA formation and total organic halogen has 
been observed, which would be ascribed to the highly reactive chlorine 
species (RCS) generated in UV/Chlorine reaction (Lei et al., 2021; Wang 
et al., 2017). On the other hand, the presence of halides in source water 
would participate in the DBP formation during UV/Chlorine reaction. 
Specifically, Br‒ leads to the formation of HOBr/BrO− and reactive 
bromine species (RBS) (e.g., Br•, BrO•, Br2

•− , BrOH•− and ClBr•− ) (Cheng 
et al., 2018; Zhang et al., 2020), which decreased the formation of 
Cl-DBPs but increased the formation of Br-DBPs in UV/Chlorine reaction 
(Dong et al., 2021; Huang et al., 2022). The formation of RBS occurs 
through two distinct pathways: (i) the reaction of RCS with Br‒, and (ii) 
the photolytic decomposition of HOBr. These generated RBS subse-
quently participate in the degradation of organic pollutants via either 
single electron transfer or addition reactions (Lei et al., 2022). While the 
presence of I‒ also alters the formation of DBPs in UV/Chlorine reaction 
by generating HOI/IO− and reactive iodine species (RIS) (Gao et al., 
2020; Ye et al., 2021). Similar to RBS, RIS are generated through two 
primary mechanisms: (i) the oxidation of I‒ by RCS, and (ii) the 
photolytic decomposition of HOI. The resultant RIS subsequently 
participate in organic pollutant degradation through single electron 
transfer mechanisms, similar to their brominated counterparts. (Yang 
et al., 2025). For example, a 10 µM I‒ in UV/Chlorine reaction of humic 
acid was found to increase the yields of HAAs while slight decrease those 
of THMs (Gao et al., 2020).

Although research efforts have been made to clarify the DBP for-
mation in UV/Chlorine reaction, the majority of DBP species remains 
unknown. >60 % of the total organic halogen (TOX) generated in UV/ 
Chlorine reaction cannot be explained by the identified DBPs (Zhao 
et al., 2023). Meanwhile, toxicity evaluation revealed that the unknown 
DBPs produced in advanced oxidation processes (AOPs) were important 
toxicity contributors, emphasizing the significance to ascertain the un-
known DBPs in UV/Chlorine reaction (Chen et al., 2025). Recently, 
high-molecule-weight DBPs, which contain more than two carbon atoms 
(Mitch et al., 2023), have been identified in drinking water disinfection 
with conventional techniques such as chlorination and chloramination, 
which opened up a new area in the catalogue of DBPs. Similarly, a series 
of high-molecule-weight products, such as coupling compounds like the 
dimer of diallyl phthalate with a molecular weight of 521.15 and the 
dimer of diethyl phthalate with a molecular weight of 473.15, were 
found in AOPs of micropollutants in water (Chen et al., 2024; Zhang 
et al., 2024, 2023; Zheng et al., 2023). More importantly, these 
high-molecule-weight products generally showed higher toxicity 
compared to the precursors as well as the common low-molecule-weight 
products, implying for potential toxicity contributors in the treated 
water of AOPs. Given the superior reactivity nature of UV/Chlorine re-
action, it is reasonable to expect the formation of high-molecule-weight 
products in its application for drinking water disinfection. However, the 
complexity of NOM leads to the formation of various DBPs in 
UV/Chlorine reaction, rendering the identification of highly toxic 
high-molecule-weight DBPs an intractable task (Dong et al., 2023). 
Effect-directed analysis (EDA) can reduce the chemical complexity 
through bioassay-directed fractionation, which offers an effective tool to 
tackle the challenge (Brack, 2003; Brack et al., 2016; Dong et al., 2020). 
By integrating biological and chemical analyses, the methodology of 
EDA allows for prioritization of highly toxic portions in the overall 
products, drastically facilitating a more focused identification of un-
known highly toxic high-molecule-weight DBPs in UV/Chlorine 
reaction.

This study aims to reveal the formation of highly toxic coupling DBPs 
in UV/Chlorine reaction of phenols in presence of halides. The EDA 
strategy was employed to fractionate and prioritize the DBPs with high 
toxicity, and the high-resolution mass spectrometry (HRMS) assisted 
with density functional theory (DFT) calculation was performed to 

elucidate the structure of unknown coupling DBPs. These coupling 
byproducts were confirmed in UV/Chlorine reaction of simulated source 
water containing NOM. To gain insights into the nature of coupling 
DBPs, the formation mechanisms were proposed based on the experi-
mental observations of reactive species and the theoretical evidences 
from computation. Additionally, the potential toxicity of identified 
coupling DBPs were evaluated through ecological structure activity 
relationship modelling.

2. Materials and methods

2.1. Chemicals and reagents

The stock solution of free chlorine was prepared by diluting 5 % 
Sigma-Aldrich sodium hypochlorite (NaOCl) (the USA) to a concentra-
tion of 1000 mg L− 1 as Cl2. Standards of DBPs including six THMs, nine 
HAAs, seven haloacetaldehydes (HALs), and two internal standards (1,2- 
dibromopropane and 2,3-dibromopropionic acid) were obtained from 
Supelco (the USA). Sodium thiosulfate and other inorganic salts were 
purchased from Aladdin (China). All reagents used in this study were of 
reagent grade. The NOM stock solution was prepared by dissolving the 
International Humic Substances Society Cat. No.2R101N Suwannee 
River NOM (SRNOM) isolate (the USA) in water followed by filtering 
through a 0.45 μm glass fiber membrane. The detailed information 
regarding the other chemicals and reagents used in this study is pre-
sented in Text S1. Photobacterium phosphoreum T3 (P. phosphoreum T3) 
was supplied as freeze-dried powder by Jiachu Biological Engineering 
Co., LTD (China).

2.2. UV/Chlorine experiment

All tests were conducted in an airtight quartz vessel at a volume of 
120 mL. The experimental solution contained phenol at a concentration 
of 10 µM was prepared with 5.0 mM phosphate buffer at pH 7.0. A 
collimated beam apparatus equipped with two UV lamps (8 W each) 
emitting at a wavelength of 253.7 nm was utilized for the UV treatment. 
A quartzose dish with a diameter of 7.5 cm was placed directly beneath 
the UV beam. The incident fluence rate was 0.27 mW cm− 2 measured by 
KI-KIO3 chemical actinometry (Bolton et al., 2011; Rahn, 1997).

To initiate the UV/Chlorine process, the solutions were subjected to 
UV irradiation and treated with 0.1 mM of Cl2. The concentrations of Br−

and I− in natural waters typically range from ~5‒500 µg L− 1 and 0.5‒ 
100 µg L− 1, respectively (Shimabuku et al., 2024; Mackeown et al., 
2022). To simulate natural water conditions and systematically evaluate 
the impact of halide ions, the experimental concentrations of Br− and I−

were selected to approximate the upper concentration ranges observed 
in environmental systems. Br− and I− were added to individual reaction 
solutions at concentrations of 0.5 mg L− 1 and 0.1 mg L− 1, respectively. 
The radical probe nitrobenzene (NB, 20 µM) was spiked into the solution 
to quantify the HO• concentrations. At various time intervals (3–30 
min), samples were collected, quenched with sodium thiosulfate, and 
subsequently analyzed to measure the probe concentrations using liquid 
chromatography. HO• concentrations were calculated by measuring the 
depletion of NB (details in Text S2). Due to the presence of halogen ions, 
the steady-state concentrations of the reactive halogen species (RHS), 
including Cl•, ClO•, Cl2•‒, Br•, BrO•, Br2

•‒, and ClBr•‒, were obtained by 
using the Kintecus software (Version 5.55), following the methods re-
ported in our previous study (Cheng et al., 2018). For the analysis of 
known DBPs and TOX formation, samples irradiated by a UV flux of 500 
mJ cm− 2 were quenched with ascorbic acid prior to instrumental anal-
ysis. All of the experiments were performed in triplicate to ensure data 
reproducibility and reliability. To simulate UV/Chlorine treatment 
under environmentally relevant conditions, an aqueous solution con-
taining 5 mgC L‒1 NOM buffered with 5 mM phosphate buffer at pH 7.0 
was irradiated with UV light and treated with 0.1 mM of Cl2. The treated 
water was then concentrated and analyzed by HRMS to characterize the 
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resulting halogenated coupling byproducts.

2.3. Analytical methods

2.3.1. Determination of known DBPs and TOX
A total of 22 halogenated DBPs, categorized into three DBP groups, 

were analyzed (Table S2). The liquid extraction procedures and 
analytical methods were modified based on USEPA Methods 551.1/ 
552.3 and our previous study (Zhong et al., 2019). Details regarding the 
extraction methods were provided in Text S3 and the measurement of 
TOX, including total organic chlorine (TOCl), total organic chlorine 
(TOBr) and total organic iodine (TOI), were provided in Text S4.

2.3.2. Toxicity assessment of water samples
Each sample was concentrated by solid phase extraction (SPE) using 

CNW HLB cartridges (China), the details are described in Text S5. It 
should be noted that the SPE extraction and N2 dry-up procedures result 
in the loss of most volatile DBPs, including THMs and HALs, as reported 
in the previous study (Zhong et al., 2019). Consequently, the toxicity 
tests conducted in this study indicated only the toxicity of less volatile 
DBPs. The acute toxicity of the samples was assessed using 
P. phosphoreum T3 following the national standard method of China, 
GB/T 15,441–1995. In brief, an aliquot of 10 µL of bacteria solution 
containing 400,000 cells per milliliter was spiked into 200 µL water 
sample concentrate that redissolved in 3 % NaCl solution. The details of 
toxicity assessment were provided in Text S6.

In order to further identify the toxic byproducts, the extracted 
samples were separated into fractions before toxicity analysis. Briefly, 
the water sample concentrates were fractionated on a Shimadzu LC20 
high-performance liquid chromatograph (HPLC) (Japan) equipped with 
a Shimadzu Shim-pack PREP-ODS preparative reversed-phase C18 col-
umn (20 mm × 25 cm × 5 µm) (Japan). The binary mobile phase con-
sisted of (A) water and (B) methanol, both containing 0.25 % formic 
acid. The HPLC operating conditions and elution programs are provided 
in Text S7. After sample injection, ten fractions were collected every 10 
min with a fraction volume of 20 mL each. The collected fractions were 
concentrated by N2 purging and freeze drying before diluted for toxicity 
analysis and mass spectrometry analysis.

To investigate the properties of compounds within each fraction, a 
set of halo-DBPs with varying LogKow values, including 6 aliphatic and 
7 aromatic halo-DBPs, were selected and fractionated using the same 
preparative procedure. Based on the retention times (RTs) of the halo- 
DBPs, the dividing line for separating aliphatic and aromatic halo- 
DBPs was determined. As shown in Fig. S4, the dividing line was 
determined to be the RT of 40 min. In other words, the aliphatic fraction 
was likely to be collected in fraction1 (F1) ‒ fraction4 (F4) with the RT 
range of 0 min to 40 min, while the aromatic fraction was supposed to be 
collected in F5‒F10.

2.3.3. Detection of phenoxyl radicals
Two trapping agents, i.e., (2,2,6,6-tetramethylpiperidin-1-yl) oxyl 

(TEMPO)-based traps containing alkyl (CHANT) and TEMPO, were used 
to identify phenoxyl radicals in the UV/Chlorine reactions. A Waters 
ACQUITY I-Class ultra-performance liquid chromatograph coupled to a 
Waters Synapt G2-Si quadrupole time-of-flight mass spectrometer 
(UPLC-Q-TOF MS) (the USA) was applied to detect the phenoxyl radical 
capture adducts. The detailed information for the detection of phenoxyl 
radical capture adducts was provided in Text S8.

2.3.4. Identification of unknown DBPs
The fractions exhibiting significant toxic effects (>50 % inhibition of 

P. phosphoreum T3) were analyzed using an Agilent 1290 Infinity II 
liquid chromatograph coupled to an Agilent 6545 quadrupole time-of- 
flight mass spectrometer (LC-Q-TOF MS) (Singapore). An Agilent ZOR-
BAX RRHD Eclipse Plus C18 column (2.1 × 150 mm × 1.8 μm) (the USA) 
maintained at 30 ◦C was used for separation. The mobile phases with a 

flow rate of 0.15 mL min− 1 consisted of (A) water and (B) methanol, 
both containing 0.1 % formic acid. The injection volume was 10 μL. The 
Q-TOF MS, equipped with a dual jet stream electrospray ionization 
source, was operated in 2 GHz mode over a mass range of 50‒1700 in 
negative polarity. The details of LC elution gradient and Q-TOF MS 
operation were provided in Text S9.

2.4. Computational methods

2.4.1. Theoretical calculation of phenoxyl radicals
The Gaussian 09 software package (the USA) was used to perform the 

theoretical calculations of the proposed phenoxyl radicals. The opti-
mized geometry and frequency of each phenoxyl radical were calculated 
using DFT at the B3LYP/6–31G(d) level. Electron spin densities were 
calculated using DFT to quantify the degree of unpaired spins at various 
sites within radical species. The distribution of spin density was visu-
alized in Table S7 using Multiwfn and Visual Molecular Dynamics 
(VMD) software.

2.4.2. Computational toxicity of halogenated coupling byproducts
The aquatic toxicity was assessed using the Ecological Structure 

Activity Relationships (ECOSAR) model (USEPA, 2020). Fish, daphnia, 
and green algae were selected as the target aquatic species to calculate 
the EC50 values that indicate acute toxicity.

To assess the potential human health effects, the inhibitory effects on 
thyroid hormones were examined using Danish QSAR database (Danish 
(Q)SAR, 2015; Rosenberg et al., 2016). The inhibitory effect on thyro-
peroxidase (TPO) was evaluated since it is the key enzyme for the syn-
thesis of thyroid hormones. The Danish QSAR model predicts the 
probability (p) value between 0 and 1 for the ability of a tested com-
pound to inhibit TPO activity. The approach of p value to 1 refers to the 
increase of likelihood of inhibiting TPO activity.

3. Results and discussion

3.1. Formation of known DBPs and TOX

The formation of six THMs, seven HALs, and nine HAAs was 
measured during UV/Chlorine reaction of phenol in the presence of Br– 

or I–. As illustrated in Fig. 1(a), THMs are the predominant DBPs, irre-
spective of the presence of I–. The presence of Br– slightly decreased the 
formation of trichloromethane (TCM) from 60 µg L− 1 to 51 µg L− 1; 
however, it facilitated the formation of brominated THMs, including 
bromodichloromethane (BDCM), dibromochloromethane (DBCM), and 
tribromomethane (TBM). Additionally, the presence of Br– imposed 
similar influences on the formation of HAAs compared to THMs. For 
example, the yields of trichloroacetic acid (TCAA) (23 µg L− 1 and 24 µg 
L− 1) and dichloroacetic acid (DCAA) (7 µg L− 1 and 9 µg L− 1) remains 
steady after involving Br–. However, a significant amount of brominated 
HAAs was produced following the addition of Br–, which even exceeded 
the amounts of chlorinated HAAs. Specifically, the amount of bromo-
chloroacetic acid (BCAA) was the highest at 30 µg L− 1, followed by 
dibromoacetic acid (DBAA), dibromochloroacetic acid (DBCAA), and 
bromodichloroacetic acid (BDCAA). As for HALs, the presence of Br– 

decreased the formation of CH from 7 µg L− 1 to 4 µg L− 1, while increased 
the formation of DCAL (3 µg L− 1) and BDCAL (5 µg L− 1). Overall, the 
formation of known DBPs during UV/Chlorine reaction of phenol 
increased after the addition of Br–. As previously reported, Br– can be 
oxidized by chlorine to bromine (HOBr/BrO‒), especially under UV 
irradiation (Langsa et al., 2017; Soltermann et al., 2016). The generated 
HOBr/BrO‒ can halogenate phenol or Cl-DBPs to produce Br-DBPs, 
resulting in an increase in the DBP formation. The observed decrease 
in Cl-DBPs in the presence of Br– is likely attributed to the consumption 
of Cl2 by Br– as well as the transformation of Cl-DBPs to Br-DBPs.

The addition of I– exhibited negligible effects on the formation of 
known DBPs. Specifically, the addition of I– was not observed to 
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significantly alter the formation of TCM (62 µg L− 1 and 60 µg L− 1, p >
0.05). In addition, I– showed minimal effects on the formation of TCAA 
(22 µg L− 1 and 24 µg L− 1), DCAA (8 µg L− 1 and 9 µg L− 1), CH (7 µg L− 1 

and 6 µg L− 1) and DCAL (1 µg L− 1 and 1 µg L− 1). Among the I-DBPs 
tested, only DCIM was detected at a concentration of 7 µg L− 1. Since I– 

can be oxidized by Cl2 to form active iodine (HOI/OI–) followed by 
transformation to iodate, the generation of iodate was also analyzed 
(Hua et al., 2006; Mackeown et al., 2022). The results showed that in the 
UV/Chlorine reaction, over 50 % of the I– was transformed into iodate 
(Fig. S1) (Hua et al., 2006), which explained the minimal effects of I– 

addition on DBP yields.
The TOX formation was evaluated and the proportion of known DBPs 

was calculated. As shown in Fig. 1(b), the addition of Br– increased the 
TOX formation (15.8 µmol L− 1) compared to that of without Br– (14.3 
µmol L− 1), in which TOCl accounted for 78 % and TOBr accounted for 22 
%. To be more specific, Br– decreased the TOCl formation from 14.3 
µmol L− 1 to 12.3 µmol L− 1, but resulted in the formation of TOBr (3.5 
µmol L− 1). This can be ascribed to the consumption of chlorine in the 
generation of HOBr/BrO‒ from Br–, leading to the decreased formation 
of Cl-DBPs and increased formation of Br-DBPs. Besides, Br– can also 
transform chlorine radicals (Cl•, ClO•, and Cl2•‒) to bromine radicals 
(Br•, BrCl•, BrO•, and Br2

•‒), which decreased the steady state concen-
trations of HO•, Cl•, and Cl2•‒ from 1.73×10− 14 M, 4.92×10− 15 M, and 
5.82×10− 14 M to 1.54×10− 14 M, 4.61×10− 15 M, and 5.81×10− 14 M, 
respectively. Chlorine radicals can react with NOM to form Cl-DBPs, 
while bromine radicals are unable to form Br-DBPs (Lei et al., 2022, 
2021). Therefore, the decrease of Cl-DBP yields was observed along with 
the transformation of chlorine radicals to bromine radicals.

The addition of I– decreased TOX formation from 14.3 µmol L− 1 

to12.8 µmol L− 1, which can also be attributed to the consumption of 
chlorine by I–. Due to the relatively low I– spiking concentration (0.79 
µM) and the formation of iodate, the produced TOI is below detection 
limit (0.14 µM). Therefore, the addition of environmentally relevant 
concentration of I– decreased the formation of TOCl, while produce 
minimal amounts of TOI, leading to a noticeable reduction in TOX for-
mation. In general, the detected DBPs accounted only 16 %‒21 % of 
TOX in terms of halogen per mole (Table S3), demonstrating that a large 
amount of DBPs remain unknown during the UV/Chlorine reaction in 
the presence of halides.

3.2. Identification of unknown DBPs

The treated water samples of UV/Chlorine reaction in presence of 
halides were subjected to toxicity assessment. In result, the addition of 
Br– increased 63 % toxicity compared to the control set, while the 

addition of I‒ was not observed to enhance the toxicity (Fig. 1(c)). This 
result was consistent with the formation of known DBPs and TOX. 
Therefore, the treated water of UV/Chlorine reaction in the presence of 
Br– was selected for identification of unknown highly toxic DBPs by 
EDA. Before sample analysis, a series of model DBPs were tested to 
obtain the distribution of aliphatic and aromatic compounds during 
fractionation. In brief, aliphatic DBPs with LogKow ranging 0.34‒1.44 
occur in fractions F1‒F4, while the aromatic DBPs with LogKow ranging 
2.39‒4.18 occur in fractions F5‒F10. In the absence of Br–, the distri-
bution of TOX is presented in Fig. 2(a), in which F6 accounted for the 
largest proportion of TOX, followed by F5, F7, and F8. This result sug-
gested that the halo-DBPs formed during UV/Chlorine reaction were 
mainly aromatic DBPs. On the other hand, F1, F5, F7, and F8 exhibited 
high toxicity, with >50 % cell luminescence inhibition rates (Fig. 2(b)). 
Noted that high toxicity but low TOX formation were obtained for F1, 
which was likely due to the presence of highly toxic non-halo aliphatic 
DBPs.

F1, F5, F7, and F8 showing high toxicity were selected for identifi-
cation of unknown DBPs using LC-Q-TOF MS. In F1, the known DBPs 
such as DCAA and TCAA were detected, and three short-chain fatty acids 
were identified. The MS and MS/MS spectrum supported the identifi-
cation of these three compounds as C4H8O5 (2,3,4-trihydroxybutanoic 
acid), C5H5ClO5 (2‑chloro-3-oxopentanedioic acid), and C5H8Cl2O6 
(2‑chloro-3-(1‑chloro-2-hydroxyethoxy)-2,3-dihydroxypropanoic acid), 
respectively (Fig. S5). Given six carbon atoms and four double bond 
equivalents (DBE), the aromatic DBPs in F5, F7, and F8 were screened 
accordingly (Table S5). Most of the detected compounds contain at least 
twelve carbon atoms with DBE≥8, which indicated that these com-
pounds are dimers formed by coupling of two phenols. In result, the 
formulas of four halogenated coupling byproducts (P01‒P04) were 
C12H8Cl2O6 (dichloro-hexahydroxy-biphenyl), C12H9ClO6 (chlor-
o‑pentahydroxy-diphenyl ether), C12H7Cl3O3 (trichloro-dihydroxy- 
diphenyl ether), and C12H7Cl3O3 (trichloro-trihydroxy-biphenyl).

The addition of Br– resulted in distinct differences in TOX and 
toxicity distributions. As presented in Fig. 2(c), F1 accounted for the 
largest proportion of TOX, followed by F6, F4, and F2. The increase of 
TOX proportion in F1‒F4 indicated that more aliphatic halo-DBPs were 
produced with the addition of Br–. This might be attributed to the for-
mation of active bromine which decomposes aromatic compounds into 
aliphatic compounds (Criquet et al., 2015). F6‒F9 showed relatively 
high toxicity (Fig. 2(d)), suggesting the formation of highly toxic aro-
matic DBPs. The identification results confirmed the presence of a series 
of coupling byproducts in these fractions. Following the same criteria 
(carbon atom amount and DBE values), four halogenated coupling 
byproducts (P05‒P08) were identified and the formulas were 

Fig. 1. (a) Known DBP formation, (b) TOX formation, and (c) Toxicity unit (TU=1/EC50) of treated waters in UV/Chlorine reaction of phenol in presence of halides. 
Experiment conditions: [Phenol]0 = 10 µM, [Br‒]0 = 500 µg L− 1, [I‒]0 = 100 µg L− 1, [Cl2]0 = 100 µM, UV fluence = 500 mJ cm− 2, pH = 7.
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C12H7Cl3O2 (trichloro‑hydroxy-diphenyl ether), C12H6BrCl3O2 (bro-
mo‑trichloro‑hydroxy-diphenyl ether), C12H6Br2Cl2O2 (dibromo-di-
chloro-dihydroxy-diphenyl ether), and C12H6Cl4O2 (tetrachloro‑hydro 
xy-diphenyl ether).

To further elucidate the structures of the halogenated coupling 
byproducts, the MS/MS features were combined with quantum chemical 
calculations to confirm the coupling bonds. Previous reports have 
indicated that the coupling reactions between phenoxyl radicals occur 
via the formation of carbon-carbon (C–C) bond or carbon-oxygen 
(C–O) bond (Carson and Kozlowski, 2024). Taken P03 (C12H7Cl3O3) 
as an example, its fragments include C6H4ClO and C6H3Cl2O2 (Fig. 3(b)), 
suggesting that P03 was generated from the coupling of C6H4ClO• and 

C6H3Cl2O2
• via the formation of C–O bond. Meanwhile, computational 

calculations indicated that the high spin densities locate on O7, C3, C5 
and C1 for C6H4ClO•, and O8, C1, and C5 for C6H3Cl2O2

• (Fig. 4). 
Considering the C6H4Cl fragment in the MS/MS spectrum (Fig. 3(b)), the 
oxygen atom in the C–O bond is presumed to originate from the hy-
droxy oxygen in C6H4ClO•. Although in C6H3Cl2O2

•, C1 exhibited higher 
spin density than C5, C1 is occupied by the hydroxyl group, rendering 
coupling at C1 impossible. Therefore, O7 in C6H4ClO• and C5 in 
C6H3Cl2O2

• were concluded as the bonding sites to form the P03 
(C12H7Cl3O3). Similarly, the bonding sites of the other halogenated 
coupling byproducts were designated, which supported elucidating the 
structures of other halogenated coupling byproducts (Table S6). The 

Fig. 2. (a) TOX formation and (b) toxicity of F1‒F10 fractions of treated water in UV/Chlorine reaction of phenol. (c) TOX and (d) toxicity of F1-F10 fractions of 
treated water in UV/Chlorine reaction of phenol in presence of Br‒. Experiment conditions: [Phenol]0 = 10 µM, [Br‒]0 = 500 µg L− 1, [I‒]0 = 100 µg L− 1, [Cl2]0 = 100 
µM, UV fluence = 500 mJ cm− 2, pH = 7, enrichment factor = 254.

Fig. 3. EIC, MS spectra, and MS/MS spectra of (a) P01 C12H8Cl2O6, (b) P03 C12H7Cl3O3, (c) P05 C12H7Cl3O2, and (d) P07 C12H6Br2Cl2O2. The MS spectra show the 
detected peaks (black) and the theoretical isotopic distributions of putatively identified compounds (red). The proposed structures and fragmentation pathways are 
shown in the MS/MS spectra.
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halogenated coupling byproducts were confirmed in the simulated 
source water containing NOM after UV/Chlorine treatment. The for-
mulas and structures of NOM-derived halogenated coupling byproducts 
(P09-P11) are presented in Table S6. Briefly, P09 (C12H8Cl2O8) was 
formed by coupling of two phenoxyl radicals, P10 (C12H6Cl2O9) was 
formed by coupling of a quinone radical and a phenoxyl radical, and P11 
(C12H5ClO8) was formed by coupling of two quinone radicals. The 

formation of P10 and P11 proceeds through coupling of quinone radicals 
generated from the oxidation of benzoquinone functional groups in 
NOM. A key distinction between UV/Chlorine-treated phenol and NOM 
systems lies in the structural complexity of NOM’s functional groups, 
which leads to the production of more diverse transformation byprod-
ucts compared to those derived from phenol.

Fig. 4. (a) Lowest energy structure optimized by DFT and (b) isosurface map of the electron spin density of the C6H4ClO• radical. (c) Lowest energy structure 
optimized by DFT and (d) isosurface map of the electron spin density of the C6H3Cl2O2

• radical. Noted that the halogenated coupling byproduct P03 are formed from 
these two phenoxyl radicals (green parts indicate positive values and blue parts indicate negative values).

Fig. 5. Proposed formation pathways of halogenated coupling byproducts in UV/Chlorine reaction of phenol in presence of Br‒. Noted that the compounds in solid 
box have been identified while the ones in the dashed box are theoretically proposed (X = Cl or Br).
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3.3. Formation mechanisms of halogenated coupling byproducts

Previous studies have demonstrated that aromatic radicals, such as 
phenoxyl radical, were crucial intermediates in the formation of 
coupling byproducts (Chen et al., 2024; Yang et al., 2023). Despite the 
widespread application of electron paramagnetic resonance (EPR) 
spectroscopy in radical detection, this analytical technique suffers from 
several inherent limitations, including relatively low sensitivity, sus-
ceptibility to matrix interference, and inability to provide 
molecular-level structural characterization of phenoxyl radicals. To 
circumvent these analytical constraints, complementary radical trap-
ping approaches employing CHANT and TEMPO were implemented. As 
shown in Fig. S7, the phenoxyl radical (C6H5O3

•) was identified in the 
UV/Chlorine reaction of phenol, evidenced by the adducts with the 
specialized trapping agents CHANT and TEMPO. Having confirmed the 
generation of C6H5O3

•, the formation mechanisms of halogenated 
coupling byproducts in UV/Chlorine reaction of phenol were proposed 
based on HRMS analysis and quantum chemical calculations (Fig. 5). 
First, the phenoxyl radicals were generated through electron transfer 
reactions between phenolic compounds and radicals such as HO•, Cl•, 
and Cl2•‒ in UV/Chlorine reaction. Next, these phenoxyl radicals would 
couple to form coupling byproducts, followed by halogenation, hy-
droxylation, electrophilic aromatic substitution, and electron transfer. 
The halogenated coupling byproducts could be formed via another 
route, in which the phenolic compounds were substituted by chlorine or 
bromine to form halogenated phenols as well as by HO• to form poly-
hydroxyl phenols. Next, the halogenated phenols and polyhydroxyl 
phenols were converted to phenoxyl radicals by free radicals (HO•, Cl•, 
Cl2•‒) through electron transfer reactions, and then reacted with each 
other to form halogenated coupling byproducts. Although both routes 
are theoretically feasible, the latter was less likely to occur due to the 
much higher reaction energy barriers in halogenation of coupling 
byproducts by chlorine or bromine (Li et al., 2022). To investigate the 
potential formation of halogenated coupling byproducts through chlo-
rination alone, HRMS analysis was performed on chlorinated samples. 
The results revealed the detection of only one coupling product (P05), 
with an extracted ion chromatogram (EIC) peak intensity of approxi-
mately 0.7 × 104 (Fig. S8). This value was significantly lower than that 
observed in UV/Chlorine-treated samples (20×104), indicating that 
chlorination alone has limited efficacy in generating coupling byprod-
ucts. In contrast, UV/Chlorine treatment generates highly reactive 
inorganic radicals (e.g., HO•, Cl•, ClO•, and Cl2•− ), which substantially 
enhance phenoxyl radical production via electron transfer. Conse-
quently, UV/Chlorine systems promote more efficient formation of 
coupling byproducts compared to chlorination.

3.4. Toxicity evaluation of halogenated coupling byproducts

The potential ecotoxicity and health risk of halogenated coupling 
byproducts were evaluated through computational analysis. As shown in 
Table 1, ECOSAR modelling results showed that the halogenated 
coupling byproducts exhibited higher ecotoxicity than phenol toward 
aquatic organisms such as fish, daphnia, and green algae. The toxicity 
patterns of halogenated coupling byproducts were similar to these of the 
low molecule weight DBPs. For example, the halogenated coupling 
byproducts containing quinones (P10 and P11) were found notably 
highly toxic, brominated coupling byproducts (P06 and P07) tended to 
be more toxic than the chlorinated ones, and the toxicity of chlorinated 
coupling byproducts increased with the increase of substituted chlorine 
atom numbers. While the predicted ecotoxicity for green algae was 
similar to that for fish, species related difference was noticed when 
compared to Daphnia. The quinoxyl coupling byproducts and bromi-
nated coupling byproducts were found to possess similar toxicity to the 
chlorinated ones, which might be ascribed to the distinct toxication 
mechanisms in Daphnia. Halogenated coupling byproducts demon-
strated greater ecotoxicity compared to common aliphatic DBPs and 

aromatic DBPs. As detailed in Table S10, the LC50 values for fish expo-
sure to halogenated coupling byproducts (0.11‒32.3 mg L− 1) were 
substantially lower than those for aliphatic DBPs (25.8‒2820.5 mg L− 1) 
and aromatic DBPs (2.3‒13.7 mg L− 1). This enhanced toxicity pattern 
was consistently observed across daphnids and green algae test organ-
isms, with the notable exception of HAAs in green algae exposure sce-
narios. The health risk of halogenated coupling byproducts was 
manifested as the inhibition on TPO activity. In general, the halogenated 
coupling byproducts exhibited enhanced inhibition with probability 
values>0.70. Noted that the halogenated coupling byproducts gener-
ated from NOM (P09‒P11) possessed even higher probability (>0.88) of 
TPO inhibition.

4. Conclusions

As one of the commonly used AOPs, the DBP formation in UV/ 
Chlorine reaction remains largely unknown. This study identified an 
important class of unknown DBPs, the halogenated coupling byproducts, 
in UV/Chlorine reaction of phenols in presence of halides. The EDA 
strategy enabled effective prioritization of the fractions possessing high 
toxicity, which facilitated the identification of highly toxic compounds. 
By combining HRMS analysis and theoretical computation, the struc-
tures of unknown halogenated coupling byproducts were concluded and 
their formation mechanisms were elucidated. Although coupling 
byproducts have been identified in chlorination and chloramination (Li 
et al., 2022; Wang et al., 2024; Xiang et al., 2020), this is the first study 
clarifying the formation of such high-molecule-weight DBPs in water 
disinfection by AOPs. While both chlorination and chloramination are 
capable of generating phenoxyl radicals and subsequent coupling 
byproducts, UV/Chlorine treatment enhanced byproduct formation 
through additional radical-mediated pathways. The photochemically 
generated reactive species (e.g., HO•, Cl•, and Cl2•‒) in UV/Chlorine 
treatment facilitate multiple parallel oxidation mechanisms that signif-
icantly increase the yield and diversity of coupling byproducts compared 
to conventional disinfection processes. The pervasive formation from 
NOM and the extraordinary toxic effects will certainly make haloge-
nated coupling byproducts a significant concern in the future imple-
mentation of AOPs in water disinfection. Further efforts are suggested to 
measure the occurrence, concentration level, and actual toxicity of 
halogenated coupling byproducts formed from NOM in AOPs.
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