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Stable isotope labelling to elucidate ring 
cleavage mechanisms of disinfection 
by-product formation during chlorination  
of phenols
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Matthew Vollmuth2, Lijin Zhang1, Daniel L. McCurry    3, John D. Sivey    2 & 

Carsten Prasse    1 

Despite decades of research on the formation of toxic disinfection 
by-products (DBPs) during water disinfection with chlorine, considerable 
uncertainties remain regarding the formation mechanism of toxic DBPs 
from phenolic precursors. Here we report the use of a series of synthesized 
ethylparabens containing stable isotope (13C) labels at different positions 
of the molecule to ascertain DBP formation mechanisms from phenols, 
including those of regulated chloroacetic acids and recently identified 
α,β-unsaturated dialdehydes and dicarboxylic acids. Our results highlight 
the involvement of four general ring cleavage pathways. Three of the DBP 
formation pathways involve carbons originating from the aromatic ring, 
while the fourth pathway involves the substituent carboxylic ester carbon in 
the formation of dichloroacetic acid and C4-dicarboxylic acids. Quantitative 
comparison of the 13C-labelled DBPs enabled further assessment of the 
contribution from each of these distinct pathways, providing novel insights 
into ring cleavage reaction mechanisms that have eluded previous DBP 
investigations.

Chlorine has been used as a disinfectant for more than a century to 
inactivate pathogens present in drinking water, municipal wastewater 
and swimming pools1,2. However, the reaction of chlorine with dissolved 
organic compounds can generate a large number of toxic disinfec-
tion by-products (DBPs)3–5. Among the DBP precursors, phenols are 
particularly important due to their high reactivity with chlorine and 
their widespread occurrence in both natural organic matter (NOM) and 
anthropogenic compounds6–8. Previous studies on the chlorination of 
phenols have primarily focused on chlorophenols, which are formed 
via an initial electrophilic substitution mechanism8–11, contributing to 
taste and odour problems in drinking water treatment8,12. Additionally, 

attention has been given to the formation of one-carbon-atom C1-DBPs 
(trihalomethanes, THMs) and two-carbon-atom C2-DBPs (haloacetic 
acids, HAAs)5,6,13–15. These compounds are produced from ring cleav-
age reactions and are the only organic DBPs currently regulated in 
drinking water in the USA and many other countries16,17. Regulation of 
THMs and HAAs in drinking water is based on their association with 
bladder cancer and other chronic diseases, as well as their role as 
surrogates for other unregulated DBPs18–20. However, recent studies 
have indicated that the (cyto)toxicity of chlorinated water can only be 
partially (~16%) explained by C1-DBPs and C2-DBPs21,22. These findings 
suggest the importance of investigating previously unidentified DBPs, 
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phenols33,34. TriCl-AA does not readily form from DiCl-AA through 
further chlorine substitution16,32,35, suggesting that the co-occurrence 
of DiCl-AA and TriCl-AA probably arises from different intermedi-
ates and reaction pathways which are not well understood32,36. For 
the recently identified C4-DBPs, C4-dicarboxylic acids (in particular, 
2-chloromaleic acid (Cl-MA)) are the predominant ring cleavage prod-
ucts and exhibit a higher yield compared with chloroacetic acids24. 
Although produced in relatively lower amounts, the α,β-unsaturated 
C4-dialdehydes (mainly cis-2-butene-1,4-dial (BDA)) are important due 
to their known toxicity23,24. Considering that BDA does not contain 
chlorine, its formation cannot be explained by the reaction pathways 
proposed in the existing literature.

To systematically elucidate the ring cleavage pathways leading to 
the formation of C2-HAAs and C4-DBPs during chlorination of phenols, 
a series of 13C-labelled ethylparabens were utilized as model phenols37 
(Fig. 1a). The choice of ethylparaben allowed for the study of substitu-
ent effects on the formation of ring cleavage products. Ethylparaben 
is of environmental relevance due to its widespread use as an antimi-
crobial preservative in many products and its frequent detection in the 
aquatic environment37–40. Furthermore, ethylparaben is recognized 
as an estrogenic disruptor and has been linked with breast cancer and 
other adverse health outcomes38–40. In addition, ethylparaben serves 
as a model compound for NOM, noting that hydroxy-benzoic acids 

particularly those with more than two carbon atoms21,23,24. Motivated by 
this knowledge gap, recent studies have revisited phenol chlorination 
and uncovered that, in addition to THMs and HAAs, four-carbon-atom 
C4-DBPs are formed, including α,β-unsaturated C4-dialdehydes and 
C4-dicarboxylic acids23,24. The α,β-unsaturated C4-dialdehydes are 
of particular relevance owing to their cytotoxicity and genotoxicity, 
resulting from their high reactivity towards bio-nucleophiles, such as 
proteins and DNA25–29.

Despite decades of research on the formation of DBPs upon chlo-
rination of phenols, there is a substantial lack of mechanistic under-
standing of the associated ring cleavage pathways. After the initial 
identification of THMs as the first-reported DBPs in chlorinated drink-
ing water by Rook in 1974, the same author identified resorcinol as a 
major THM precursor due to its high chloroform yield14,30. Subsequent 
research conducted by Boyce and Horning in 1983 confirmed via stable 
isotope labelling that THMs originated from the activated C2 position 
of 1,3-dihydroxybenzene15. However, for other phenols, chloroform 
only accounts for a small portion (~10%) of the DBPs generated dur-
ing the chlorination process6. For the C2-HAAs, dichloroacetic acid 
(DiCl-AA) and trichloroacetic acid (TriCl-AA) are of particular concern 
due to their predominance over other halogenated species under 
typical drinking water conditions31,32. TriCl-AA is formed in higher 
yield (~20%) than DiCl-AA (~2% yield) during chlorination of model 
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Fig. 1 | Structures of EP0 and its DBPs, along with their time-dependent 

formation profiles. a, Chemical structures of EP0 and its DBPs detected in 
reactions with excess free chlorine in borate buffer at pH 8.0. b, Evolution of 
the concentration of EP and the formation of monochloro- (MonoCl-EP0) and 
dichloro-ethylparaben (DiCl-EP0) over time. As no reference standards were 
available for MonoCl-EP0 and DiCl-EP0, the peak areas are shown instead of 
concentrations for the chlorophenol by-products. c, The evolution of coupling 

products EP0-363 and EP0-397 over time. Their detection indicates the 
formation of phenoxy radicals in the initial phase of the chlorination reaction. 
As no reference standards were available for these compounds, the peak areas 
are shown instead of concentrations. d, The evolution of the concentrations of 
C2-carboxylic acids (DiCl-AA and TriCl-AA) and C4-carboxylic acids (Cl-MA and 
MA) over time. e, The evolution of the concentrations of TCP and α,β-unsaturated 
dialdehydes BDA and Cl-BDA over time.
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and their esters are common constituents of NOM41,42. Thus, the use 
of ethylparaben also provides insights into DBP formation during 
chlorination of NOM present in drinking water.

While chlorination of (unlabelled) ethylparaben (EP0) has been 
studied previously, limited attention has been given to identifying DBPs 
beyond initially formed chlorinated ethylparaben species38,40,43. Most 
importantly, by employing 13C-labelling at different positions of the 
ethylparaben molecule, in combination with liquid chromatography–
high-resolution mass spectrometry (LC–HRMS) analysis, we tracked 
the pathways of the different carbon atoms from their phenol precur-
sors into DBPs. Using MS/MS (MS2) fragment data, we were further 
able to determine the position of 13C labels in the identified C2-DBPs 
and C4-DBPs DBPs and derive the ring cleavage reaction pathways 
leading to their formation. Furthermore, by conducting a quantitative 
comparison of the distinct 13C-labelled C2-DBPs and C4-DBPs, we were 
able to assess the contribution of each pathway to the formation of 
C2-DBPs and C4-DBPs. These findings provide novel insights into the 
intricate reaction mechanisms and potential intermediates involved 
in the chlorination of phenols, revealing previously unknown details 
about the formation of DBPs from phenolic precursors.

Characterization of DBPs
We employed LC–HRMS and a novel reactivity-directed analy-
sis approach to identify DBPs formed upon chlorination of 
ethylparaben23,27,44. In total, 15 DBPs were identified, including 
the C2-DBPs and C4-DBPs of interest (Fig. 1a) (see Supplementary 
Table 2 and Supplementary Figs. 5–21 for additional mass spectrom-
etry details). Of the 15 DBPs, two chloroacetic acids (DiCl-AA and 
TriCl-AA), two C4-dicarboxylic acids (Cl-MA and maleic acid (MA)) and 
two α,β-unsaturated C4-dialdehydes (BDA and 2-chloro-BDA (Cl-BDA)) 
were detected and further confirmed by comparison of LC retention 
time and mass spectrometry data with commercial reference standards. 
Analysis of α,β-unsaturated C4-dialdehydes, which cannot be directly 
detected by LC–HRMS, was achieved through detection of their cor-
responding N-α-acetyl-lysine adducts, as previously reported23,24,44,45. 
The identity of C4-dicarboxylic acid Cl-MA was confirmed by comparing 
its MS2 spectrum with that of 2-chlorofumaric acid standard (Cl-FA, a 
trans analogue of Cl-MA, not detected as a DBP in this study).

Among the C2-DBPs and C4-DBPs, which were the primary focus 
of this study, the concentration of Cl-MA continuously increased over 
the course of the 24 h reaction time, while the others reached a plateau 
around 5 h (Fig. 1d). In contrast, the α,β-unsaturated C4-dialdehyde 
BDA reached its peak concentration within the first hour of the reac-
tion, followed by a gradual decline (Fig. 1e). Cl-BDA exhibited a similar 
formation trend to BDA but at substantially lower concentrations.  

The distinct temporal trends observed for these C2-DBPs and C4-DBPs 
suggest that they are generated via separate reaction pathways. In 
terms of the overall mass balance, the maximum molar yields of Cl-MA, 
BDA, DiCl-AA and TriCl-AA from ethylparaben within a 24 h reaction 
time were 21.29%, 0.33%, 3.04% and 1.96%, respectively, which col-
lectively accounted for approximately 30% of the molar mass bal-
ance. Yields of MA and Cl-BDA were very low (<0.1%). The higher yield 
of DiCl-AA compared with TriCl-AA in ethylparaben chlorination is 
consistent with results of methylparaben chlorination observed pre-
viously24. The yields of Cl-MA and BDA are known to vary significantly 
depending on the substituent type on the phenolic ring23,24. Additional 
chlorination experiments were conducted with BDA, MA, Cl-FA, DiCl-AA 
and TriCl-AA to assess the mutual independence of these C2-DBPs and 
C4-DBPs. The results confirm that none of these ring cleavage products 
were transformed into any of the other DBPs detected in this study 
(Supplementary Fig. 22).

In addition to the C2-DBPs and C4-DBPs, formation of aro-
matic DBPs was observed, including monochloro-ethylparaben, 
dichloro-ethylparaben and 2,4,6-trichlorophenol (TCP) (Fig. 1b). Small 
ion peaks identified as ethylparaben coupling products (EP0-363 
and EP0-397), most probably attributable to the formation of phe-
noxy radicals24,46,47, were observed only during the first 5 min sampling 
period (Fig. 1c). Each of these ring-intact compounds exhibited rapid 
formation within the first few minutes/hours, followed by subsequent 
decay, indicating further transformation into other DBPs. Apart from 
these DBPs, in which the phenolic ring remains intact, we observed the 
presence of oxygen-rich products with six or nine carbons formed via 
ring cleavage. The MS2 spectra for these products are shown in Sup-
plementary Figs. 14–18. The temporal trends in the peak area of these 
products showed an increase over the entire duration of the experi-
ments, which can partially explain the gap in the molar mass balance 
of ethylparaben’s C2-ring and C4-ring cleavage products, as illustrated 
in Supplementary Fig. 23.

Identifying ring cleavage pathways
Considering the symmetrical structure of the C6-phenolic ring in eth-
ylparaben, we initially hypothesized four ring cleavage pathways that 
could contribute to the formation of C2-DBPs and C4-DBPs (Fig. 2a). 
Pathways 1–3 result in by-products that only include carbons origi-
nating from the aromatic ring of ethylparaben, while pathway 4 also 
includes the carboxylic ester carbon. For pathway 1, reaction of eth-
ylparaben with chlorine results in the cleavage of the aromatic ring 
between the OH-substituted carbon and the ortho carbon. Similarly, 
for pathway 2, ring cleavage occurs between the ortho carbon and the 
meta carbon. For pathway 3, cleavage occurs between the meta carbon 
and the para carbon. Each pathway can conceivably yield C2-DBPs and 
C4-DBPs (Fig. 2a, wavy purple lines). Additionally, the carboxylic ester 
carbon para to the OH-group in ethylparaben could conceivably par-
ticipate in the formation of C2-DBPs and C4-DBPs (Fig. 2a, dotted purple 
circle), which is indicated by pathway 4.

To further investigate the role of the different ring cleavage path-
ways in the formation of the C2-DBPs and C4-DBPs, we used a series of 
13C-labelled ethylparabens (Fig. 2b and Supplementary Table 1). Based 
on the 13C-labelling of the parent ethylparaben (EP1–5) (Supplementary 
Table 3), the 13C-labelling of the detected C2-DBPs and C4-DBPs was uti-
lized to link their formation to one (or more) of the four hypothesized 
ring cleavage pathways depicted in Fig. 1b. MS2 spectra information 
further allowed us to determine the position of the 13C-labells in the 
formed DBPs48,49 (Supplementary Figs. 19–21 and 30–33).

For DiCl-AA, both its unlabelled and 13C-labelled species were 
observed during the chlorination of all ethylparabens. Notably, 
13C-DiCl-AA was found to be the major species in EP5 chlorination, 
revealing that the 13C-ester carbonyl carbon in the EP5 substituent was 
involved in the formation of DiCl-AA via pathway 4 (Fig. 1b and Sup-
plementary Fig. 30a). Moreover, the MS2 spectrum of this 13C-DiCl-AA 
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indicates that the ester moiety of ethylparaben is transformed into 
the carboxylic acid moiety in DiCl-AA (Supplementary Fig. 30a), a 
mechanism not previously reported. Furthermore, the observation 
of unlabelled DiCl-AA in EP1 chlorination can be attributed to pathway 
1 and/or 2, while the detection of 13C-DiCl-AA in EP4 chlorination can 
be attributed to pathway 2 and/or 3 (Supplementary Fig. 30b). Thus, 
pathway 2 consistently emerges as the pathway for DiCl-AA formation, 
wherein both carbons are derived from the phenolic ring. Overall, 
pathways 2 and 4 are the two ring cleavage pathways leading to the 
formation of DiCl-AA during the chlorination of ethylparaben. This 
conclusion is further supported by the results from EP2 and EP3, as 
detailed in Supplementary Fig. 30c.

For TriCl-AA, its unlabelled species were observed during the 
chlorination of all ethylparabens, whereas the 13C-labelled species were 
observed for all ethylparabens except EP5. The absence of 13C-TriCl-AA 
in EP5 chlorination indicates that the ester substituent cannot be 
converted into the carboxylic acid moiety of TriCl-AA via pathway 4. 
Consequently, pathways 1, 2 and 3 are responsible for the formation 
of TriCl-AA. Results from EP1–EP4 also corroborate this conclusion 
(Supplementary Fig. 31).

For Cl-MA, varied combinations of three species containing zero 
to two 13C-labelled carbon atoms were detected for the different eth-
ylparabens. Similar to DiCl-AA, 13C-Cl-MA was observed as the minor 
species upon chlorination of EP5, indicating that the 13C-carbonyl 
carbon in EP5 was involved in the formation of Cl-MA via pathway 4. 
However, the detection of unlabelled Cl-MA as the major species from 
EP5 chlorination indicates that other ring cleavage pathways (pathways 
1, 2 and 3) also contribute to formation of Cl-MA. To further clarify the 
role of these pathways, we also examined the results obtained for the 

other 13C-labelled ethylparabens. For EP4, the formation of 13C2-Cl-MA 
suggests the involvement of pathway 1, while the formation of 13C-Cl-MA 
as the major species suggests the involvement of pathways 2 and/or 3 
(Supplementary Fig. 32a). Furthermore, the MS2 spectrum of 13C-Cl-MA 
from EP4 showed the cleavage of unlabelled CO2 from its precursor, 
which supports the location of the 13C-label at the alkene moiety rather 
than at the carboxylic acid group (Supplementary Fig. 32a). Overall, this 
suggests that pathway 3 is not involved in the formation of 13C-Cl-MA, 
and its formation is rather attributed to pathways 1, 2 and 4. This conclu-
sion is supported by results from EP1–EP3 (Supplementary Fig. 32b).

For BDA, species containing zero, one or two 13C-labelled carbon 
atoms were detected for different ethylparabens. For EP5, the absence 
of 13C-BDA indicates that the carbonyl carbon in the substituent does 
not participate in the formation of BDA, thus eliminating pathway 4 as 
a possible pathway. In the case of EP4, the observation of 13C2-BDA as 
the sole species indicates that pathway 1 is the only pathway leading 
to the formation of BDA. This conclusion is further supported by the 
results from EP1–EP3 (Supplementary Fig. 33).

Based on the obtained results, we determined the ring cleavage 
pathways responsible for the formation of the C2-DBPs and C4-DBPs 
(summarized in Supplementary Table 8). To assess the relative con-
tribution of the involved ring cleavage pathways to the formation of 
the C2-DBPs and C4-DBPs, we compared the abundances (that is, peak 
areas) of the 13C-labelled C2-DBP and C4-DBP species observed during 
the chlorination of each ethylparaben (Supplementary Tables 8–11). 
Furthermore, for comparative analysis across all ethylparabens, we cal-
culated the percentage of abundance for each 13C-labelled DBP species 
relative to the total abundance of all DBP species at the peak concen-
tration (Fig. 3 and Supplementary Tables 8–11). Although the relative 
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for DiCl-AA molecule with two carbons). Likewise, the presence of 13C-DiCl-AA 
in EP2 chlorination (2.8 ± 0.2%), the small peak of 13C-Cl-MA in EP0 chlorination 
(3.7 ± 0.2%) and the presence of 13C2-Cl-MA in EP1 chlorination (4.2 ± 0.1%) and EP3 

chlorination (6.3 ± 0.3%) can be attributed to the natural abundance of 13C in the 
molecules. The absence of 13C-BDA attributable to 13C natural abundance across 
all ethylparabens can be explained by the low abundance of BDA. For TriCl-AA, 
the anticipated formation of 13C-TriCl-AA, resulting from the natural abundance 
of 13C, was not observed in experiments with EP0 and EP5, which can be attributed 
to the low abundance of TriCl-AA species in high-resolution mass spectrometry 
due to ion-source fragmentation. This is further supported by the notably 
smaller peak area of TriCl-AA compared with DiCl-AA in the standard samples 
of identical concentration, along with the observation of a significant peak 
representing an HRMS ion-source fragment of TriCl-AA generated via cleavage 
of CO2.
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abundance of 13C-labelled C2-DBP and C4-DBP species varied among 
different ethylparabens, the total abundance of each ring cleavage 
product was similar for all ethylparabens (Fig. 3). These results are con-
sistent with the notion that the ionization efficiency of isotope-labelled 
compounds is unaffected by stable isotope labelling48,50,51 and fur-
ther indicate that the introduction of 13C-labels in the phenolic ring, 
as expected, did not appreciably affect the ring cleavage reactions 
involved in the formation of the C2-DBPs and C4-DBPs. Thus, these per-
centages represent the contribution of each distinct ring cleavage path-
way to the formation of the C2-DBPs and C4-DBPs during ethylparaben 
chlorination (Supplementary Table 13). Additionally, the percentages 
were adjusted to account for the natural abundance of 13C (Supple-
mentary Table 14). To determine the contribution of each pathway, 
the results from each ethylparaben can be considered as independent 
observations. Consequently, the collective results from all ethylpara-
bens established a system of multivariate linear equations. Here, the 
contributions of each pathway (Fig. 2a) to the formation of Cl-MA, BDA, 
DiCl-AA and TriCl-AA were treated as variables with binary coefficients 
of 0 (indicating no contribution) or 1 (indicating contribution), and 
the relative abundance of 13C-labelled C2-DBP and C4-DBP species from 
each ethylparaben served as the constant. Detailed calculations are 
provided in Supplementary Text 6. The solutions derived from these 
equations unveiled the contribution range of each pathway to each 
C2-DBP and C4-DBP (Table 1).

Insights into the mechanism of phenolic ring 
cleavage
The quantitative assessment of the contributions of different ring 
cleavage pathways to the formation of C2-DBPs and C4-DBPs during 
ethylparaben chlorination, combined with the detection of the 11 larger 
molecular weight DBPs (Supplementary Figs. 13–18 and Supplementary 
Table 2), allowed us to gain insights into the underlying ring cleavage 
reaction mechanisms. For DiCl-AA, approximately 90% of the total yield 
of DiCl-AA in ethylparaben chlorination can be attributed to pathway 
4, and the remaining 10% is from pathway 2 (Table 1). In contrast, for 
TriCl-AA, the contributions of pathways 1, 2 and 3 to its total yield were 
approximately 15%, 47% and 38%, respectively, whereas the contribution 
from pathway 4 was negligible. These results support the critical role 
of the carboxylic ester group in ethylparaben for DiCl-AA formation via 
pathway 4. To further validate this finding, we performed additional 
chlorination experiments with 13C-labelled 4-hydroxybenzoic acid, 
13C-4HBA (13C-labelling at the carboxylic acid carbon). We observed 
that only unlabelled DiCl-AA was formed, which indicates that pathway 
4 is only relevant for phenols with an ester functional group as the 
para substituent (for example, parabens) but not for the correspond-
ing carboxylic acid (4HBA). It is also worth noting that significantly 
higher yields of TriCl-AA compared with DiCl-AA have been observed 
during chlorination of many other phenolic compounds with diverse 
para substituents33,34. This contrasts with the higher yield of DiCl-AA 
compared with TriCl-AA for ethylparaben (and methylparaben) chlo-
rination24. The findings presented here provide an explanation for 

this discrepancy and highlight the importance of pathway 4 for the 
formation of DiCl-AA during chlorination of parabens. In contrast, 
chlorination of the carboxylic acid analogue 4HBA proceeds via sequen-
tial chlorination of the aromatic ring leading to the formation of TCP 
followed by ring cleavage via pathways 1–3. This is also supported by 
the low TCP yields (<0.5%) during ethylparaben chlorination observed 
in this study.

For DiCl-AA, previous studies have identified the β-dicarbonyl acid 
ester moiety (for example, ethyl acetoacetate) as an important precur-
sor, in which one of the carbonyl groups is a ketone and the other is an 
ester group33. Our results demonstrate that DiCl-AA formed via pathway 
4 consists of the para carbon with two attached chlorine atoms and the 
carboxylic ester moiety that undergoes conversion into the carboxylic 
acid group. Hence, for DiCl-AA formation through pathway 4, the inter-
mediate probably contains a β-dicarbonyl acid ester structure, with a 
ketone group at a carbon atom associated with the meta position before 
ring cleavage (for example, intermediate 15 in Fig. 4). Conversely, the 
chlorination of para-substituted phenols is known to be initiated by 
electrophilic substitution on one of the ortho carbons, resulting in the 
formation of mono- and di-chlorophenols. Therefore, for pathway 2, in 
which the ortho carbon and meta carbon are transformed into DiCl-AA, 
the ortho carbon is bonded to two chlorine atoms while the meta carbon 
is converted into a carboxylic acid group, producing intermediates 
resembling structure 13 in Fig. 4 (ref. 52).

For TriCl-AA, the only currently known formation mechanisms dur-
ing phenol chlorination, to our knowledge, is derived from the chlorina-
tion of resorcinol15,53. Thus, this study provides novel insights into the 
formation mechanisms of TriCl-AA from (para-)substituted phenols. 
Based on our findings, the intermediate leading to TriCl-AA probably 
contains a ketone group positioned meta to the phenolic hydroxy 
group. This observation suggests the possibility of a 1,3-diketone struc-
ture, which could potentially serve as an intermediate and undergo 
further ring cleavage (for example, 8 → 9 and 12 → 14; Fig. 4)13,33, thus 
forming TriCl-AA via pathway 1. Furthermore, as established above, 
TriCl-AA formed via pathway 2 consists of the meta carbon in phe-
nol with three attached chlorine atoms and the ortho carbon that 
undergoes conversion into a carboxylic acid group. This indicates 
oxidation of the ortho carbon, resulting in the formation of interme-
diates resembling structure 5 (ref. 52) (Fig. 4). Regarding the TriCl-AA 
formation from pathway 3, both the meta and para carbons can either 
be attached to three chlorine atoms or be part of the carboxylic acid 
group. This corresponds to the oxidation of the meta carbon, resulting 
in intermediates resembling structure 14 and the oxidation of the para 
carbon, resulting in intermediates resembling structure 4, respectively.

As for Cl-MA, the contributions of pathways 1, 2 and 4 were 22%, 
55% and 23%, respectively. Although Cl-MA is a major product of TCP 
oxidation by H2O2 in catalytic systems54,55, its formation under chlo-
rination conditions has rarely been reported24,56, and the underlying 
mechanism remains largely unknown. Our results indicate that, similar 
to DiCl-AA, pathway 4 also contributes to the formation of Cl-MA dur-
ing ethylparaben chlorination. This observation indicates that oxida-
tion occurs at the ortho carbon in intermediate 2 (Fig. 4), converting 
it into a carboxylic acid group. Furthermore, for Cl-MA formation via 
pathway 1, both the ortho carbon and its non-adjacent meta carbon can 
be converted into carboxylic acid groups, indicating intermediates 
resembling structures 8 and 10 (refs. 57,58) (Fig. 4). As for pathway 2, 
the OH-attached carbon and para carbon undergo conversion into the 
carboxylic acid groups, indicating intermediates resembling structure 
17 (refs. 57,58) (Fig. 4).

For BDA, its formation can only be attributed to pathway 
1, consistent with oxidation of both the ortho carbon and its 
non-adjacent meta carbon into aldehydes through intermediates 
resembling structure 9 in Fig. 4. Several of the proposed interme-
diates were not detected, probably due to their instability and/
or incompatibility with LC–HRMS detection. The structures of 

Table 1 | Contribution of each pathway to the formation of 
Cl-MA, BDA, DiCl-AA and TriCl-AA

C2-DBPs and 

C4-DBPs

Average contribution (%)

Pathway 1 Pathway 2 Pathway 3 Pathway 4

Cl-MA 22 (20–26) 55 (53–60) – 23 (21–27)

BDA 100 – – –

DiCl-AA – 10 (4–16) – 90 (85–96)

TriCl-AA 15 (9–20) 47 (33–60) 38 (31–46) –

The values presented are average contributions calculated from the results of all five 

ethylparabens; the numbers in parentheses indicate the range.
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these postulated intermediates share similarities with the C6- and 
C9-oxygen-rich ring cleavage products detected in this study. Nota-
bly, the analysis revealed EP0-215 (Fig. 4) as a 1,2-dihydroxybenzene, 
susceptible to rapid oxidation yielding a 1,2-benzoquinone (struc-
ture 1 in Fig. 4) under the employed conditions59,60. To further 
validate the role of benzoquinone as an intermediate, we con-
ducted additional chlorination experiments with 3,5-dichloro-1,2- 
dihydroxybenzene and 2,6-dichloro-1,4-benzoquinone. We used 3,5- 
dichloro-1,2-dihydroxybenzene instead of 3,5-dichloro-1,2-benzoquinone,  
as the latter was unavailable as a reference standard. Moreover, the 
3,5-dichloro-1,2-dihydroxybenzene probably undergoes oxidation, 

thus resulting in the formation of 3,5-dichloro-1,2-benzoquinone59,60. 
Chlorination of both compounds produced DiCl-AA, TriCl-AA and 
Cl-MA, which supports the notion that 1,2-benzoquinones and 
1,4-benzoquinones serve as intermediates in the formation of these 
ring cleavage products during chlorination of phenols (Supplemen-
tary Fig. 34). More importantly, a high yield of BDA was observed only 
during chlorination of 3,5-dichloro-1,2-dihydroxybenzene, which 
supports our proposal that 1,2-benzoquinone is an important inter-
mediate for BDA formation through pathway 1. While recent stud-
ies have identified the formation of 2,6-dichloro-1,4-benzoquinone 
as a DBP during the chlorination of phenols, formation of the more 
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unstable DBPs, specifically 3,5-dichloro-1,2-benzoquinone, has not 
been reported in previous studies. This study represents the first evi-
dence of 3,5-dichloro-1,2-benzoquinone as an important intermediate 
for the formation of α,β-unsaturated C4-dialdehyde BDA and other 
C2-DBPs and C4-DBPs.

Conclusion
For decades, researchers have struggled to determine how aro-
matic compounds, particularly phenols, are transformed into 
lower-molecular-weight DBPs through ring cleavage mechanisms, 
including regulated HAAs. This study provides a detailed assessment 
of the pathways by which phenolic compounds form C2-DBPs and 
C4-DBPs, including DBPs of toxicological concern. The identification 
of four ring cleavage pathways provides a more comprehensive under-
standing of the fundamental mechanisms underlying the formation 
of C2-DBPs and C4-DBPs during phenol chlorination. Our findings 
provide direct evidence that DiCl-AA and TriCl-AA form through dis-
tinct reaction pathways, confirming previous inferences drawn from 
observations of differing formation patterns of these two DBPs dur-
ing phenol chlorination13,53,61,62. The relevance of pathway 4 (transfor-
mation of an ester group into a carboxylic acid, yielding DiCl-AA and 
Cl-MA) highlights the significant impact of substituents on the ring 
cleavage reactions. Lastly, while recent studies have primarily investi-
gated the formation of chlorinated 1,4-benzoquinones as DBPs during 
the chlorination of phenols, this study demonstrates that chlorinated 
1,2-benzoquinones are probably key intermediates leading to the forma-
tion of α,β-unsaturated C4-dialdehydes. Discerning these reaction path-
ways can assist in recognizing relevant precursors, such as NOM, which 
are critical to understanding the formation of toxic DBPs. Collectively, 
these insights underscore the intricate interplay between phenolic 
compound transformations and DBP formation in chlorinated waters.

To more fully understand the formation of toxic DBPs, future 
studies should focus on characterizing the (trans)formation of pos-
tulated intermediates, such as chlorinated 1,2-benzoquinones. Our 
results also highlight the need to look beyond the currently regu-
lated HAAs and THMs to determine the potential environmental and 
human health effects associated with exposure to C4-DBPs and other 
non-regulated DBPs. For some of the DBPs, such as α,β-unsaturated 
aldehydes that are difficult to detect via existing methods, novel ana-
lytical approaches should be pursued. Solid-phase reactivity-directed 
extraction (SPREx)63 as well as mixed-mode or HILIC columns for LC–
HRMS separation64, in combination with gas chromatography–mass 
spectrometry, show great potential in addressing existing analytical 
limitations. Lastly, future research should expand the use of isotopi-
cally labelled compounds (including 13C-labelled phenols) to further 
elucidate by-products formed during disinfection and other oxidative 
treatment approaches aiming at the removal of organic contaminants.

Methods
Synthesis of 13C-labelled ethylparabens
The 13C-labelled ethylparabens EP1–EP3 were synthesized in the 
laboratory with detailed procedures described in our previous pub-
lication37. Synthesis procedures for EP4, EP5 and the 13C-labelled 
4-hydroxybenzoic acid are shown in Supplementary Fig. 1, with elab-
oration provided in Supplementary Text 1. The identities of these 
synthesized 13C-labelled compounds were confirmed by both nuclear 
magnetic resonance (NMR) and LC–HRMS analysis. The characteriza-
tion data for EP1–EP3 were previously published. The NMR spectra for 
EP4, EP5 and 13C-4HBA are provided in Supplementary Figs. 2–4, and 
the corresponding LC–HRMS data can be found in Supplementary 
Tables 2 and 3.

Chlorination experiments
The experiments were performed in amber vials on a magnetic stir-
ring plate at room temperature (20 ± 3 °C). To identify the complex 

ring cleavage products and reveal the fate of the carbons in phenolic 
ring, chlorination experiments of both the unlabelled and 13C-labelled 
ethylparabens with fixed initial molar concentrations of HOCl and 
ethylparaben at 500 µM and 50 µM, respectively, were conducted. 
The experiments were performed in ultrapure water buffered at pH 
8.0 ± 0.2 using 10 mM borate.

For all these experiments, before initiating the experiment by 
adding HOCl to the mixed solution, an aliquot (1 ml) was transferred 
into an HPLC vial containing sodium thiosulfate as quencher (2 µl, final 
concentration 2.5 mM). This control sample was used to determine the 
initial concentration of ethylparaben and to validate that the identified 
transformation products were only attributable to the reaction of HOCl 
with ethylparaben. After addition of HOCl, aliquots were collected in 
regular intervals over 24 h and were treated the same as the control 
sample. For the analysis of α,β-unsaturated C4-dialdehydes, 5 µl of 
N-α-acetyl-lysine was added (final concentration 500 µM, equivalent to 
ten times the initial concentration of ethylparaben)23,44, and the samples 
were incubated for 24 h at room temperature before LC–HRMS analysis. 
All other transformation products were directly analysed by LC–HRMS. 
To assess the mutual independence of the C2-DBPs and C4-DBPs, the 
same chlorination experiments were conducted using BDA, MA, Cl-FA, 
DiCl-AA and TriCl-AA as a parent compound, respectively. Addition-
ally, to substantiate the proposed mechanisms, the same chlorination 
experiments were conducted using 13C-4HBA, 3,5-dichlorocatechol 
and 2,6-dichloro-1,4-benzoquinone as parent compound, respectively.

LC–HRMS analysis
Chromatographic separation was achieved using a Phenomenex Synergi 
Hydro-RP column (4 µm, 80 Å, 1 × 150 mm) with eluents of ultrapure 
water containing 0.1% (v/v) formic acid (A) and methanol (B). The gradi-
ent method was 0–3 min, 90% A; 3–12 min, linear decrease from 90% to 
5% of A; 12–14 min, 5% A; 14.1 min, 90% A, total run time 20 min. The flow 
rate was 75 µl min−1, and the column oven temperature was set to 25 °C. 
The sample volume was set to 10 µl. Negative ESI mode was used for all 
compounds as preliminary experiments revealed no additional TPs in 
positive mode. The ESI source parameters were set as follows: sheath gas 
flow rate of 20 a.u., auxiliary gas flow rate of 10 a.u., spray voltage of 2.5 kV 
for negative and 3.8 kV for positive, capillary temperature of 250 °C, 
S-lens RF level of 60 and auxiliary gas heater temperature of 100 °C.

Data-dependent acquisition was used to conduct MS2 experiments 
as follows: a full scan (50–750 m/z, resolution >120,000; negative 
mode) was performed followed by data-dependent MS2 for the ten 
most intense ions with resolution of >60,000. Collision-induced dis-
sociation with stepped normalized collision energy of 10%, 30% and 
50% was used for fragmentation with an isolation window of 1.0 m/z.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the 
paper and its Supplementary information files. Should any raw data 
files be needed in another format they are available from the corres-
ponding author upon reasonable request.

References
1. Cantor, K. P. Water chlorination, mutagenicity, and cancer 

epidemiology. Am. J. Public Health 84, 1211–1213 (1994).

2. McGuire, M. J. Eight revolutions in the history of US drinking water 

disinfection. J. Am. Water Works Assoc. 98, 123–149 (2006).

3. Plewa, M. J., Wagner, E. D. & Richardson, S. D. TIC-Tox: a 

preliminary discussion on identifying the forcing agents of 

DBP-mediated toxicity of disinfected water. J. Environ. Sci. 58, 

208–216 (2017).

http://www.nature.com/natwater


Nature Water

Article https://doi.org/10.1038/s44221-024-00381-9

4. Sedlak, D. L. & von Gunten, U. The chlorine dilemma. Science 331, 

42–43 (2011).

5. Richardson, S. D. Disinfection by-products and other emerging 

contaminants in drinking water. Trends Anal. Chem. 22, 666–684 

(2003).

6. Gallard, H. & von Gunten, U. Chlorination of phenols: kinetics 

and formation of chloroform. Environ. Sci. Technol. 36, 884–890 

(2002).

7. Huang, W.-Y., Cai, Y.-Z. & Zhang, Y. Natural phenolic compounds 

from medicinal herbs and dietary plants: potential use for cancer 

prevention. Nutr. Cancer 62, 1–20 (2009).

8. Burttschell, R. H., Rosen, A. A., Middleton, F. M. & Ettinger, M. 

B. Chlorine derivatives of phenol causing taste and odor. J. Am. 

Water Works Assoc. 51, 205–214 (1959).

9. Criquet, J. et al. Reaction of bromine and chlorine with phenolic 

compounds and natural organic matter extracts–electrophilic 

aromatic substitution and oxidation. Water Res. 85, 476–486 

(2015).

10. Deborde, M. & von Gunten, U. Reactions of chlorine with  

inorganic and organic compounds during water treatment—

kinetics and mechanisms: a critical review. Water Res. 42, 13–51 

(2008).

11. Lau, S. S., Abraham, S. M. & Roberts, A. L. Chlorination revisited: 

does Cl– serve as a catalyst in the chlorination of phenols? 

Environ. Sci. Technol. 50, 13291–13298 (2016).

12. Acero, J. L., Piriou, P. & von Gunten, U. Kinetics and mechanisms 

of formation of bromophenols during drinking water chlorination: 

assessment of taste and odor development. Water Res. 39, 

2979–2993 (2005).

13. Bond, T., Goslan, E. H., Parsons, S. A. & Jefferson, B. A critical 

review of trihalomethane and haloacetic acid formation from 

natural organic matter surrogates. Environ.Technol. Rev. 1, 93–113 

(2012).

14. Rook, J. J. Formation of haloforms during chlorination of natural 

waters. J. Soc. Water Treat. Exam. 23, 234–243 (1974).

15. Boyce, S. D. & Hornig, J. F. Reaction pathways of trihalomethane 

formation from the halogenation of dihydroxyaromatic model 

compounds for humic acid. Environ. Sci. Technol. 17, 202–211 

(1983).

16. Richardson, S. D., Plewa, M. J., Wagner, E. D., Schoeny, R. & 

DeMarini, D. M. Occurrence, genotoxicity, and carcinogenicity 

of regulated and emerging disinfection by-products in drinking 

water: a review and roadmap for research. Mut. Res. Rev. Mut. Res. 

636, 178–242 (2007).

17. Krasner, S. W. et al. The occurrence of disinfection by-products in 

US drinking water. J. Am. Water Works Assoc. 81, 41–53 (1989).

18. Villanueva, C. M. et al. Disinfection byproducts and bladder 

cancer: a pooled analysis. Epidemiology 15, 357–367 (2004).

19. Hunter, E. S. III, Rogers, E. H., Schmid, J. E. & Richard, A. 

Comparative effects of haloacetic acids in whole embryo culture. 

Teratology 54, 57–64 (1996).

20. Plewa, M. J., Simmons, J. E., Richardson, S. D. & Wagner, E. D. 

Mammalian cell cytotoxicity and genotoxicity of the haloacetic 

acids, a major class of drinking water disinfection by-products. 

Environ. Mol. Mutagen. 51, 871–878 (2010).

21. Mitch, W. A., Richardson, S. D., Zhang, X. & Gonsior, M. 

High-molecular-weight by-products of chlorine disinfection. Nat. 

Water 1, 336–347 (2023).

22. Li, X.-F. & Mitch, W. A. Drinking water disinfection byproducts 

(DBPs) and human health effects: multidisciplinary challenges 

and opportunities. Environ. Sci. Technol. 52, 1681–1689 (2018).

23. Prasse, C., von Gunten, U. & Sedlak, D. L. Chlorination of phenols 

revisited: unexpected formation of α,β-unsaturated C4-dicarbonyl 

ring cleavage products. Environ. Sci. Technol. 54, 826–834 

(2020).

24. Zhang, Z. & Prasse, C. Chlorination of para-substituted phenols: 

formation of α, β-unsaturated C4-dialdehydes and C4-dicarboxylic 

acids. J. Environ. Sci. 117, 197–208 (2022).

25. Byrns, M. C. et al. Detection of DNA adducts derived from the 

reactive metabolite of furan, cis-2-butene-1,4-dial. Chem. Res. 

Toxicol. 19, 414–420 (2006).

26. Chen, L. J., Hecht, S. S. & Peterson, L. A. Identification of cis-

2-butene-1,4-dial as a microsomal metabolite of furan. Chem. Res. 

Toxicol. 8, 903–906 (1995).

27. Prasse, C. Reactivity-directed analysis—a novel approach for the 

identification of toxic organic electrophiles in drinking water. 

Environ. Sci. Process. Impacts 23, 48–65 (2021).

28. Kedderis, G. L. et al. Kinetic analysis of furan biotransformation 

by F-344 rats in vivo and in vitro. Toxicol. Appl. Pharmacol. 123, 

274–282 (1993).

29. Lu, D., Sullivan, M. M., Phillips, M. B. & Peterson, L. A. Degraded 

protein adducts of cis-2-butene-1,4-dial are urinary and 

hepatocyte metabolites of furan. Chem. Res. Toxicol. 22, 

997–1007 (2009).

30. Rook, I. J. Possible pathways for the formation of chlorinated 

degradation products during chlorination of humic acids and 

resorcinol. Water Chlorin. Environ. Impact Health Effects 3, 85–98 

(1980).

31. Krasner, S. W. et al. Occurrence of a new generation of 

disinfection byproducts. Environ. Sci. Technol. 40, 7175–7185 

(2006).

32. Zeng, T. & Arnold, W. A. Clustering chlorine reactivity of 

haloacetic acid precursors in Inland Lakes. Environ. Sci. Technol. 

48, 139–148 (2014).

33. Dickenson, E. R. V., Summers, R. S., Croué, J.-P. & Gallard, 

H. Haloacetic acid and trihalomethane formation from the 

chlorination and bromination of aliphatic β-dicarbonyl acid 

model compounds. Environ. Sci. Technol. 42, 3226–3233  

(2008).

34. Ge, F., Tang, F., Xu, Y. & Xiao, Y. Formation characteristics of 

haloacetic acids from phenols in drinking water chlorination. 

Water Supply 14, 142–149 (2014).

35. Meier, J. Water Chlorination—Chemistry, Environmental Impact and 

Health Effects Vol. 5 (eds Jolley, R.L., Bull, R.J., Katz, S. & Roberts, 

M.H.) 1575 (Lewis Publishers, 1985).

36. Bond, T., Henriet, O., Goslan, E. H., Parsons, S. A. & Jefferson, B. 

Disinfection byproduct formation and fractionation behavior 

of natural organic matter surrogates. Environ. Sci. Technol. 43, 

5982–5989 (2009).

37. Reber, K. P., Sivey, J. D., Vollmuth, M. & Gujarati, P. D. Synthesis of 
13C-labeled parabens from isotopically enriched phenols using 

the Houben–Hoesch reaction. J. Labelled Compd. Radiopharm. 

65, 254–263 (2022).

38. Canosa, P., Rodríguez, I., Rubí, E., Negreira, N. & Cela, R. 

Formation of halogenated by-products of parabens in chlorinated 

water. Anal. Chim. Acta 575, 106–113 (2006).

39. Mao, Q. et al. Chlorination of parabens: reaction kinetics and 

transformation product identification. Environ. Sci. Pollut. Res. 23, 

23081–23091 (2016).

40. Terasaki, M., Takemura, Y. & Makino, M. Paraben-chlorinated 

derivatives in river waters. Environ. Chem. Lett. 10, 401–406 

(2012).

41. Fimmen, R. L., Cory, R. M., Chin, Y.-P., Trouts, T. D. & McKnight, 

D. M. Probing the oxidation–reduction properties of terrestrially 

and microbially derived dissolved organic matter. Geochim. 

Cosmochim. Acta 71, 3003–3015 (2007).

42. Couch, K., Leresche, F., Farmer, C., McKay, G. & Rosario-Ortiz, 

F. L. Assessing the source of the photochemical formation of 

hydroxylating species from dissolved organic matter using model 

sensitizers. Environ. Sci.: Process Impacts 24, 102–115 (2022).

http://www.nature.com/natwater


Nature Water

Article https://doi.org/10.1038/s44221-024-00381-9

43. Psoras, A. W., McCoy, S. W., Reber, K. P., McCurry, D. L. & Sivey, J. 

D. Ipso substitution of aromatic bromine in chlorinated waters: 

impacts on trihalomethane formation. Environ. Sci. Technol. 

https://doi.org/10.1021/acs.est.3c00852 (2023).

44. Prasse, C., Ford, B., Nomura, D. K. & Sedlak, D. L. Unexpected 

transformation of dissolved phenols to toxic dicarbonyls by 

hydroxyl radicals and UV light. Proc. Natl Acad. Sci. USA 115, 

2311–2316 (2018).

45. Zoumpouli, G. A., Zhang, Z., Wenk, J. & Prasse, C. Aqueous 

ozonation of furans: kinetics and transformation mechanisms 

leading to the formation of α,β-unsaturated dicarbonyl 

compounds. Water Res. 203, 117487 (2021).

46. Xiang, W. et al. Removal of 4-chlorophenol, bisphenol A and 

nonylphenol mixtures by aqueous chlorination and formation of 

coupling products. Chem. Eng. J. 402, 126140 (2020).

47. Pan, X. et al. Products distribution and contribution of (de)

chlorination, hydroxylation and coupling reactions to 

2,4-dichlorophenol removal in seven oxidation systems. Water 

Res. 194, 116916 (2021).

48. Unkefer, C. J. & Martinez, R. A. The use of stable isotope labelling 

for the analytical chemistry of drugs. Drug Test. Anal. 4, 303–307 

(2012).

49. De Vijlder, T. et al. A tutorial in small molecule identification via 

electrospray ionization-mass spectrometry: the practical art of 

structural elucidation. Mass Spectrom. Rev. 37, 607–629 (2018).

50. Chahrour, O., Cobice, D. & Malone, J. Stable isotope labelling 

methods in mass spectrometry-based quantitative proteomics. J. 

Pharm. Biomed. Anal. 113, 2–20 (2015).

51. Wang, P. et al. A 13C isotope labeling method for the measurement 

of lignin metabolic flux in Arabidopsis stems. Plant Methods 14, 51 

(2018).

52. Diana, M. et al. The formation of furan-like disinfection byproducts 

from phenolic precursors. Environ. Sci.: Water Res. Technol. 9, 

419–432 (2023).

53. Liang, L. & Singer, P. C. Factors influencing the formation and 

relative distribution of haloacetic acids and trihalomethanes in 

drinking water. Environ. Sci. Technol. 37, 2920–2928 (2003).

54. Gupta, S. S. et al. Rapid total destruction of chlorophenols by 

activated hydrogen peroxide. Science 296, 326–328 (2002).

55. Jans, U., Prasse, C. & von Gunten, U. Enhanced treatment of municipal 

wastewater effluents by Fe-TAML/H2O2: efficiency of micropollutant 

abatement. Environ. Sci. Technol. 55, 3313–3321 (2021).

56. De Leer, E. W. B., Damste, J. S. S., Erkelens, C. & De Galan, L. 

Identification of intermediates leading to chloroform and C-4 

diacids in the chlorination of humic acid. Environ. Sci. Technol. 19, 

512–522 (1985).

57. Huang, Y. et al. New phenolic halogenated disinfection 

byproducts in simulated chlorinated drinking water: 

identification, decomposition, and control by ozone-activated 

carbon treatment. Water Res. 146, 298–306 (2018).

58. Rook, J. J. Chlorination reactions of fulvic acids in natural waters. 

Environ. Sci. Technol. 11, 478–482 (1977).

59. Rodríguez, E. M. & von Gunten, U. Generation of hydroxyl radical 

during chlorination of hydroxyphenols and natural organic matter 

extracts. Water Res. 177, 115691 (2020).

60. Zhai, H. & Zhang, X. Formation and decomposition of new and 

unknown polar brominated disinfection byproducts during 

chlorination. Environ. Sci. Technol. 45, 2194–2201 (2011).

61. Fahimi, I. J., Keppler, F. & Schöler, H. F. Formation of chloroacetic 

acids from soil, humic acid and phenolic moieties. Chemosphere 

52, 513–520 (2003).

62. Laturnus, F. et al. Natural formation and degradation of 

chloroacetic acids and volatile organochlorines in forest soil. 

Challenges to understanding (12 pp). Environ. Sci. Poll. Res. Int. 12, 

233–244 (2005).

63. Grace, D. N., Newmeyer, M. N. & Prasse, C. Solid-Phase 

Reactivity-Directed Extraction (SPREx): an alternative approach 

for simultaneous extraction, identification, and prioritization of 

toxic electrophiles produced in water treatment applications. 

ACS Environ. Au. https://doi.org/10.1021/acsenvironau.4c00025 

(2024).

64. Wawryk, N. J. P., Craven, C. B., Blackstock, L. K. J. & Li, X.-F. 

New methods for identification of disinfection byproducts of 

toxicological relevance: progress and future directions. J. Environ. 

Sci. 99, 151–159 (2021).

Acknowledgements
This study was supported by the US National Science Foundation 

(CAREER award 2143152 to C.P. and Z.Z. and CBET award 2003578 to 

N.O., J.D.S. and K.P.R.) and The Dreyfus Foundation (grant TH-20-021 to 

J.D.S). We thank D. Grace, C. Anastasia and M. Newmeyer for internal 

review of an earlier version of the paper.

Author contributions
C.P. conceived and supervised the project. Z.Z. performed the 

chlorination experiments, with the help of L.Z., as well as all laboratory 

analyses. K.P.R., N.O., P.D.G. and M.V. synthesized the 13C-labelled 

ethylparabens and performed NMR analysis of synthesized 

compounds. C.P., J.D.S., K.P.R. and D.L.M. were involved in the 

interpretation of data. The paper was written by Z.Z. with contributions 

from C.P., J.D.S., K.P.R. and D.L.M.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains 

supplementary material available at  

https://doi.org/10.1038/s44221-024-00381-9.

Correspondence and requests for materials should be addressed to 

Carsten Prasse.

Peer review information Nature Water thanks Maria Farré and the 

other, anonymous, reviewer(s) for their contribution to the peer review 

of this work.

Reprints and permissions information is available at  

www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 

jurisdictional claims in published maps and institutional  

affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 

exclusive rights to this article under a publishing agreement with 

the author(s) or other rightsholder(s); author self-archiving of the 

accepted manuscript version of this article is solely governed by the 

terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 

2025

http://www.nature.com/natwater
https://doi.org/10.1021/acs.est.3c00852
https://doi.org/10.1021/acsenvironau.4c00025
https://doi.org/10.1038/s44221-024-00381-9
http://www.nature.com/reprints


1

n
atu

re p
o

rtfo
lio

  |  rep
o

rtin
g

 su
m

m
ary

A
p

ril 2
0

2
3

Corresponding author(s): Carsten Prasse

Last updated by author(s): Aug 7, 2024

Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Not applicable

Data analysis Not applicable

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Data availability statement has been included in the manuscript.



2

n
atu

re p
o

rtfo
lio

  |  rep
o

rtin
g

 su
m

m
ary

A
p

ril 2
0

2
3

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 

and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 

confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 

study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.  

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has 

been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this 

information has not been collected.  

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or 

other socially relevant 

groupings

Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why 

they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables 

(for example, race or ethnicity should not be used as a proxy for socioeconomic status).  

Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the 

researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or 

administrative data, social media data, etc.) 

Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 

information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 

how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Investigation of disinfection byproducts formed from chlorination of ethylparaben

Research sample Water samples taken from laboratory experiments investigating chlorination byproducts

Sampling strategy Samples were taken at predefined times to elucidate temporal byproduct formation trends

Data collection Data was collected using high-resolution mass spectrometry as described in the methods section

Timing and spatial scale Laboratory experiments conducted over the duration of up to 24h

Data exclusions No data were excluded

Reproducibility Experiments were run in triplicate.

Randomization The study does not include any variables that require randomization

Blinding Not relevant for the experiments conducted.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods



3

n
atu

re p
o

rtfo
lio

  |  rep
o

rtin
g

 su
m

m
ary

A
p

ril 2
0

2
3

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 

gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 

number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 

the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 

was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 

off-target gene editing) were examined.

Plants


	Stable isotope labelling to elucidate ring cleavage mechanisms of disinfection by-product formation during chlorination of  ...
	Characterization of DBPs

	Identifying ring cleavage pathways

	Insights into the mechanism of phenolic ring cleavage

	Conclusion

	Methods

	Synthesis of 13C-labelled ethylparabens

	Chlorination experiments

	LC–HRMS analysis

	Reporting summary


	Acknowledgements

	Fig. 1 Structures of EP0 and its DBPs, along with their time-dependent formation profiles.
	Fig. 2 Ethylparaben ring cleavage pathways and 13C-labelled ethylparaben species used in this study.
	Fig. 3 Isotopic distribution and consistency of 13C-labelled C2-DBPs and C4-DBPs across all ethylparabens.
	Fig. 4 Proposed ring cleavage pathways including postulated intermediates for chlorination of ethylparaben.
	Table 1 Contribution of each pathway to the formation of Cl-MA, BDA, DiCl-AA and TriCl-AA.


