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A B S T R A C T   

Contaminants of emerging concern (CECs) are widespread in the water cycle. Their levels in disinfected waters 
are usually low, as they may transform into CEC disinfection byproducts (DBPs) during disinfection processes or 
partially removed in previous water treatment steps. The occurrence of CEC DBPs in real waters has been 
scarcely addressed, although their presence may be of relevance in water circular economy scenarios, and thus 
deserves further study in water regeneration systems. In this work, a database of CEC DBPs (n=1338) after 
chlorination was generated and is ready to use in future screening studies to assess the relevance of these 
chemicals in contaminat mixtures. Moreover, the transformation of CECs during chlorination, their main reaction 
pathways with chlorine, and current knowledge gaps were critically reviewed.   

1. Introduction 

The pollution of environmental waters with organic pollutants of 
anthropogenic origin is a topic that has attracted the attention of the 
scientific community since the second half of the 20th century. Advances 
in analytical instrumentation have allowed the determination of trace 
concentrations (ranging from pg/L to μg/L level) of a wide variety of 
anthropogenic organic contaminants of emerging concern (CECs) in the 
aquatic environment. CECs include unregulated pollutants, such as 
pharmaceuticals, hormones, detergents, personal care products (UV 
filters, parabens, biocides), industrial additives, artificial sweeteners, 
illicit drugs, per- and polyfluoroalkyl substances (PFASs), brominated 
and organophosphate flame retardants, algal toxins, microplastics, 
plasticizers, nanomaterials, siloxanes, and a wide range of plant pro-
tection products [1,2]. Their presence in water may result in negative 
effects in wildlife and eventually in humans, e.g., endocrine-disrupting 
effects, antibiotic resistance, neurotoxic and/or genotoxic effects [2,3]. 

One of the main sources of CECs into the aquatic environment is 
domestic wastewater (untreated and treated) [4,5]. Other relevant CEC 
sources are industrial effluents and spills (from oil refineries, pulp and 

paper mills, or chemical industries), landfill leachates, and agricultural 
runoff [2,6]. Although CEC levels in pollution sources are diluted when 
reaching natural water bodies and may be further reduced by natural 
photo- and biodegradation processes [7,8], their presence in source 
waters used to produce drinking water has been repeatedly reported 
[9–12]. Some CECs can even move through the drinking water treatment 
trains and can be present, although at very low concentrations, in the 
finished drinking water [9,13–15]. 

Due to the large diversity of CECs, targeting all of them along the 
environmental and urban water cycles represents a huge analytical 
challenge. This task becomes even more difficult when all potential 
transformation products (TPs) of CECs have to be considered. TPs form 
after photo- and biotransformation reactions occurring in nature or 
biological wastewater treatment [16,17]. Some TPs have been reported 
to be more toxic than their parent compounds [18–24]. Recalcitrant 
CECs and TPs also transform during disinfection processes [25], result-
ing in the formation of disinfection byproducts (DBPs) [25,26]. While 
concentrations of CECs in disinfected water are usually too low to rise 
any health concern [17], the occurrence and potential effects of their 
DBPs still merits investigation. Most CEC DBPs have been identified in 
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controlled laboratory studies [23,27–32] and their potential formation 
in real scenarios remains still largely unexplored. 

Although water disinfection, and in particular chlorination, is widely 
applied for drinking water production, it is also becoming very relevant 
to ensure the microbiological safety of wastewater reuse in the transition 
to a water circular economy. Reclaimed water is mostly used as a non- 
potable water source for irrigation of crops and gardens, flushing toi-
lets, cleaning streets, cooling industrial processes, recharging aquifers, 
and restoring environmental water levels [33]. Very few direct potable 
reuse projects are currently running in the world, while indirect potable 
reuse and de facto reuse are very extended worldwide [34]. Overall, 
water reuse will increase in the future in locations affected by severe 
water scarcity episodes due to climate change, as without any doubt, 
reclaimed water is a very valuable water resource. However, the chlo-
rination of treated wastewater, usually rich in ammonia, results in the 
formation of chloramines [35], reactive towards organic matter and 
strongly linked to the generation of the human carcinogens nitrosa-
mines. Moreover, this practice has been proven to change the dissolve 
organic matter fingerprint of water [36] and has the potential to form 
and release CEC DBPs into the environment. Thus, research to ensure the 
quality of reclaimed water and minimize its potential negative effects is 
needed. 

The increased availability of bench-top high-resolution mass spec-
trometers in research laboratories in recent years has enabled the 
identification of many new DBPs in disinfected water [37]. However, 
there is still a large fraction of the halogenated material formed during 
water chlorination that remains unknown [38], and this fraction may be 
even larger in chlorinated wastewater that in drinking water, as most 
research in this field has been conducted in the latter. Non-target 
screening of disinfected waters using high-resolution mass spectrom-
etry (HRMS) will contribute to further uncover the unknown DBPs, and 
particularly, relevant CEC DBPs that may potentially form during the 
disinfection processes. Numerous non-target screening workflows and 
approaches are currently available in the literature for the identification 
and prioritization of CECs in water [39–44]. Many of them are based on 
the application of extensive pre-defined lists of suspect CECs and broad 
compound databases (PubChem or ChemSpider) [15,44–46]. Suspect 
lists containing tens, and even thousands, of CECs are accessible for 
suspect screening at the NORMAN database system (https://www.norm 
an-network.com/nds/) as well as in other open access repositories (e.g., 
Zenodo). However, there are no specific pre-defined lists for CEC DBPs. 

This manuscript aimed at generating a compound database for the 
rapid screening of CEC DBPs in chlorinated water. Consequently, in-
sights into the work conducted so far in this field are provided, and the 
main knowledge gaps are highlighted. Moreover, the main reaction 
pathways that CECs undergo during water chlorination are summarized. 

2. State of the art and knowledge gaps on CEC DBP research 

Most research studies on CEC DBPs focused on pharmaceuticals and 
personal care products (PCPs) (Fig. 1), followed by industrial chemicals 

and pesticides/biocides. 
The current knowledge on CEC DBPs has been mainly gained from 

batch-scale chlorination experiments under controlled conditions. From 
these studies, the reaction kinetics and CEC half-life are usually ob-
tained. In addition, the reaction pathways between chlorine and the 
selected CEC are usually proposed based on the TPs identified in the 
solutions. 

Batch-scale chlorination experiments are usually conducted with 
individual CECs at controlled pH values in pure water (Milli-Q grade, 
HPLC-grade, or deionized water) to avoid matrix interferences during 
DBP analysis [31,47–52]. CEC:chlorine ratios used in these experiments 
ranged between 1:1000 and 1:10 (on a molar or concentration basis), 
being the lowest ratios similar to those employed in drinking water 
treatment plants [47,49,53–55]. These ratios allow calculating 
pseudo-first-order reaction constants because chlorine is present in great 
excess and its concentration is maintained constant compared to the 
CECs. DBP identification experiments are conducted with CEC concen-
trations (from μg/L to mg/L) higher than those found in the environment 
to facilitate TP discovery and also avoid the enrichment step otherwise 
required for their detection [27,47–50,53,56,57]. 

Operational parameters such as the chlorine dose or pH were found 
to have profound effects on the reaction kinetics in most cases [51,52, 
58–61]. The pH effect depends on the CEC, but also the initial chlorine 
dose. Reaction rates usually increased with decreasing pH [23,31,47,59, 
61,62]. This may be attributed to the higher prevalence of hypochlorous 
acid (HOCl) over hypochlorite ions (OCl− ) at lower pH values (pKa =

7.5), being the former usually more reactive than the latter for most 
CECs [63]. However, the dominant CEC species in solution at a specific 
pH is also determinant for the degradation kinetics. For instance, in the 
case of cocaine, the neutral form is more reactive with chlorine than the 
protonated one (pKa = 8.6) and its increased ester hydrolysis at lower 
pH values results in lower cocaine half-lives at lower pH values [47]. In 
the case of phenolic chemicals like benzophenone-type UV filters or 
11-Nor-9-carboxy-Δ9-tetrahydrocannabinol (THC-COOH) the high 
electron density of the phenolate ion that forms as the pH increases 
results in faster reaction kinetics at higher pH values [64,65]. A 
bell-shape pH-rate profile has been reported for other phenolic com-
pounds like bisphenol A (BPA), tetrabromo-BPA (TBBPA), bisphenol S 
(BPS), and triclosan, with increasing rates up to pH values of 7–8 and 
then decreasing rates as the water pH is further increased [48,51,52]. 

As for the chlorine dose, CEC reaction gets usually faster as the initial 
chlorine dose and hence, the chlorine:CEC ratio is increased [22,54,60, 
61]. The presence of inorganic ions such as bromide and iodide in the 
water may shift the formation of chlorine-containing DBPs to bromine- 
and iodine-containing DBPs [54,66]. The mechanism behind is the 
generation of strong halogenating agents, viz., hypobromous acid 
(HOBr) and hypoiodous acid (HOI)) after the oxidation of bromide and 
iodide by free available chlorine. Moreover, the presence of bromide has 
been reported to increase the degradation rate of some CECs [62,67]. 

Chlorine quenchers like ascorbic acid [68–71], sodium sulfite [72, 
73], sodium thiosulfate [74–76], or ammonium chloride [77,78] are 
commonly added to the water samples to stop the oxidation reactions 
and avoid the formation of additional DBPs during sample treatment and 
storage. However, this practice may affect the stability of the CEC DBPs 
formed. Degradation of the monochlorinated derivatives of cocaine [79] 
and desnitro-imidacloprid [80] occurred in the presence of ascorbic acid 
and sodium sulfite, respectively [80]. The chlorinated amines formed 
during chlorination of amine-containing pharmaceuticals can be con-
verted back to the parent compound after reaction with sodium thio-
sulfate [81]. Quenching the chlorination reaction could be avoided if the 
analysis of the samples for CEC DBP identification can be conducted 
immediately to avoid further transformation of the chemical species in 
solution, and procedural blanks are done with ultrapure water using the 
same chlorination conditions. The latter is in any case recommended to 
rule out the formation of artifacts during sample treatment and analysis. 

One of the main limitations of the existing studies in this field is that 

Fig. 1. CEC classes explored for its reactivity with chlorine in the peer- 
reviewed literature (n = 137). The numbers indicate the chemicals included 
in each CEC class. 
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the majority of the CEC DBP identifications reported are tentative (at 
different levels of confidence), i.e., the molecular structures of newly 
discovered CEC DBPs were confirmed with the analysis of pure stan-
dards only on a few occasions [23,49,56,82]. Another crucial limitation 
of most of the studies is that the environmental occurrence of the CEC 
DBPs identified was not investigated. Some authors fortified real waters 
with the selected CEC and conducted chlorination reactions to confirm 
the formation of the identified DBPs in real waters. DBPs found in 
chlorinated CEC-fortified tap water and wastewater were generally in 
good agreement with those observed in ultrapure water [31,32,61]. 
However, the formation of these compounds in real waters containing 
CECs at environmental concentrations has been scarcely addressed. 

Likewise, reaction kinetics were mainly investigated in pure water, 
and thus the effects of other components in real waters that may 
compete for chlorine and slow down some of the reactions were not 
evaluated. As for the reaction kinetics, the majority of the studies per-
formed consider HOCl as the only active oxidant in the chlorine solution. 
However, there is also evidence that the low concentrations of Cl2O and 
Cl2 (relative to HOCl) in the chlorine solution can play an important role 
in CEC degradation [83,84]. Thus, the widely reported apparent rate 
constants used to measure the reactivity of CECs during chlorination 
((Kapp=Kobs/[FAC]0), where [FAC] 0 is the initial free active chlorine 
concentration) should be interpreted with caution, as they may over- or 
under-predict reaction rates. Furthermore, it is extremely difficult to 
compare the reactivity of various CECs towards chlorine because it de-
pends on the conditions at which the chlorination reaction is conducted 
(i.e., CEC:chlorine ratio, initial chlorine dose, temperature, pH, bromine 
content, and water type such as pure water or fortified surface water). 

3. Analytical strategies for CEC DBP identification 

Because CECs are typically highly polar molecules and some of them 
have relatively high molecular weight (600− 1000 Da) (e.g., algal toxins 
or macrolide antibiotics), most of their DBPs are also likely to be very 
polar and thus, amenable to liquid chromatography coupled to mass 
spectrometry (LC–MS) analysis. Hence, LC–MS interfaced with electro-
spray ionization is commonly used to discover CEC DBPs. The electro-
spray interface is capable of obtaining gas-phase ions from a wider range 
of molecules without fragmenting them (including thermally unstable 
molecules) as compared to electron ionization (commonly used with gas 
chromatography coupled to mass spectrometry (GC–MS)), which aids in 
molecule identification. GC coupled to MS or electron capture detection 
has been employed to identify or detect semi-volatile and volatile DBPs, 
including final products e.g., THMs and HAAs [54,77,85–87]. Identifi-
cation of non-volatile DBPs by GC–MS requires sample extract deriva-
tization, for instance with N-methyl-N-(tert-butyldimethylsilyl)-triflu 
oroacetamide (MTBSTFA) as in the case of triclosan and its chlorination 
DBPs [51], or N,O-bis (trimethylsilyl)-trifluoroacetamide (BSTFA), as in 
the case of paraben [88] and acetaminophen DBPs [89] 

HRMS analyzers (time of flight (ToF) and Orbitrap) have been 
increasingly used in recent years as they provide empirical formula in-
formation for unknown DBPs [1]. However, chlorination byproducts 
were also identified using mass spectrometers equipped with 
low-resolution analyzers such as, quadrupole or ion trap, or a combi-
nation of them, such as triple quadrupole (QqQ) or quadrupole-linear 
ion trap (Q-LIT) [51,55]. These identifications were based on the nom-
inal mass of the parent and fragment ions, the evaluation of the isotopic 
patterns, and the rationalization of the fragmentation pattern observed. 

For the analysis of CEC DBPs by LC-HRMS, the water samples were 
typically directly injected into the system [28,47,52,55,56,59,69]. This 
is the reason why many experiments for DBP identification were 
generally conducted with pure water fortified at a high CEC concen-
tration. The analysis of CEC DBPs in real samples usually involved a solid 
phase extraction (SPE) step to remove matrix interferences and/or 
pre-concentrate the analytes [76,79,90–92]. SPE or liquid-liquid 
extraction of the water samples was required for their GC–MS analysis 

[54,75]. Column chromatography fractionation on C18 silica gel was 
also used to isolate nicotine DBPs for their identification by GC–MS and 
nuclear magnetic resonance [73], and discover bisphenol-A DBPs by 
LC-HRMS [76]. 

For DBP analysis by LC–MS, using either high- or low-resolution 
instruments, a full scan MS experiment was first run over a selected 
mass to charge (m/z) range, and then product ion scans at different 
collision energies were registered for the m/z features of interest. This 
can be done within the same run, by applying a data-dependent analysis 
(DDA) scan mode, or in sequential runs. In DDA mode, different criteria 
were established to select the ions of interest, such as an intensity 
threshold or an m/z difference of 2 ± 0.2 Da to identify chlorine isotope 
clusters [55]. Exclusion times of several seconds (e.g., up to 15 s [55]) 
were applied to favor the selection of a wide variety of ions. 

Peaks were prioritized from HRMS full MS scan data using specific 
software that helps in removing background signals, resolving co-eluting 
interferences, and recognizing and grouping isotopic patterns [31,60]. 
Peak or feature prioritization was done following different approaches: 
statistical significance of the peak intensity change between control 
(non-chlorinated) and treated (chlorinated) samples, evaluation of the 
time trends throughout the experiments, etc. [93]. Feature identification 
was based on fragment rationalization of the MS2 spectra obtained or 
the use of suspect lists of potential DBPs that may form. These suspect 
lists were developed after a literature search of the specific CEC TPs 
identified in degradation studies and using in silico prediction tools (i.e., 
the Eawag-BBD database Pathway Prediction system http://eawag-bbd. 
ethz.ch/predict/ or BioTransformer http://biotransformer.ca/) [23]. 

To identify bromine-containing DBPs formed during the chlorination 
of bromine-containing CECs, e.g., for TBPA, a precursor ion scan (PIS) 
approach was used [92]. Herein, those ions that produced bromine (m/z 
79 and 81) as a fragment were monitored. Same approach (PIS of m/z 
126.9), already used to identify iodine-containing DBPs in disinfected 
water [94], could be also applied to investigate DBPs from 
iodine-containing CECs. 

4. Main reaction pathways of CECs with chlorine 

While some CECs (e.g., amphetamine and methamphetamine, 
benzophenone-type UV filters with two phenolic hydroxyl groups, BPA 
[22,55,76]) disappear within seconds or few minutes in the presence of 
chlorine, longer contact times (up to several hours) are needed for the 
complete removal of other CECs (e.g., 3,4-methylenedioxyamphetamine 
(MDA), 3,4-methylenedioxy ethylamphetamine (MDEA), 3,4-methyle-
nedioxymethamphetamine (MDMA) [55]). The CECs with the longest 
half-life or slowest rate constant are likely to be found also in disinfected 
waters. In addition to the chemical nature of the CEC, DBP formation 
and stability in water has been reported to depend on the chlorination 
conditions (e.g., CEC:chlorine ratio) [31,60]. 

Chlorine reacts with CECs mainly through electrophilic attack, 
although oxidation reactions and addition reactions on unsaturated 
bonds are also possible. Specifically, halogenation occurs in aromatic 
rings containing activating (donor) groups such as hydroxyl- or amino- 
groups that increase the electronic density of carbon atoms at the ortho- 
and para-positions. Primary CEC DBPs generated by the aforementioned 
reactions may further transform via bond cleavage and/or coupling re-
actions between two DBPs [63,99]. Chlorination rarely leads to miner-
alization of CECs [73,75,95,96], being small molecular weight DBPs 
such as trihalomethanes, haloacetic acids, haloacetonitriles, and hal-
oacetamides identified as final DBPs [31,77,97,98]. 

Chlorine reactivity is usually limited to specific molecule moieties, in 
particular, reduced sulfur moieties, amines, or activated aromatic sys-
tems [63]. Overall, reactivity decreases in the order sulfur moieties >
primary and secondary amine > phenols, tertiary amine > > other ar-
omatics, carbonyls, and amides [63]. 

The following subsections describe the reaction pathways of specific 
CECs with chlorine. CEC selection was based on the current available 
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peer-reviewed literature, their relevance as environmental contami-
nants and the provision of a wide array of chemical structures in the 
present review. 

4.1. Drugs of abuse and psychoactive drugs 

Chlorine attack to the tertiary amine of cocaine results in N-deal-
kylation, halogenation, and to a minor extent, amide formation [47]. 
The main DBPs reported are norcocaine, norbenzoylecgonine (after 
benzoylecgonine formation due to ester hydrolysis of cocaine), mono-
chlorinated derivatives of cocaine, and N-formylnorcocaine [47,79]. 

Addition, substitution, and oxidation reactions in the pyrrolidine 
moiety of nicotine occur after the attack of HOCl/OCl− on its nitrogen 
atom that acquires a positive charge [73]. As a result, oxidation DBPs, 
like cotinine, nicotinic acid, nornicotine, nicotyrine, and myosmine, as 
well as chlorinated DBPs, like 5-chloro-nicotyrine and 5-chloro myos-
mine are formed. 

In the case of the cannabis biomarker THC-COOH, chlorine attacks at 
the para- and/or ortho-positions of its phenolic group [65]. As for the 
stimulants, MDEA, MDA, and MDMA, electrophilic aromatic substitu-
tion occurs at the meta-position of their benzene ring after the corre-
sponding amide side-chain cleavage [55]. 

During the chlorination of the benzodiazepines diazepam and 
oxazepam, the main site of chlorine attack is the C3 of the 1,4-diazepine 
structure. In the case of diazepam, oxygen transfer results in the for-
mation of 7-chloro-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiaze-
pine-2,3-dione as the main DBP. As regards oxazepam, rearrangement 
of its molecular structure is induced by abstraction of one proton, 
resulting in the contraction of the diazepine ring and formation of 6- 
chloro-4-phenyl-2(1 H)-quinazolinone [100,101]. Quinazoline 

derivatives are also formed during diazepam and nordazepam chlori-
nation. Benzophenone derivatives, formed after the opening of the 1, 
4-diazepine ring, are identified as the final minor byproducts of 
benzodiazepine chlorination [101]. 

One of the most abundant chlorination DBPs of the antidepressant 
citalopram is desmethylcitalopram, a known human metabolite, formed 
after transformation of the tertiary amine group into a secondary amine 
[102]. This compound may further oxidize via oxygen transfer, firstly at 
the furan ring, and then at the secondary amine. The N-oxide derivative 
was found to be very stable in the solution. 

Chlorination of methadone results in the formation of 2-ethylidene- 
1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), a known methadone 
human metabolite, and four other DBPs. They formed after intra-
molecular cyclization, dehydrogenation, oxidation, and chlorination. 
Following similar reaction pathways, EDDP is further transformed into 
three additional DBPs [103]. 

4.2. Antibiotics 

Transformation of antibiotics during chlorination results in DBPs 
that still keep bacterial growth inhibitory properties, and thus they may 
also play a relevant role in the selection of antibiotic-resistant micro-
organisms in the environment [104,105]. 

Various transformation pathways were identified during the chlori-
nation of sulfonamide antibiotics [50,57] (Fig. 2). They include chlorine 
substitution, S-C bond cleavage, S-N hydrolysis, desulfonation, hydrox-
ylation/oxidation, and conjugation reactions. Chlorine substitution, S-N 
hydrolysis, and desulfonation DBPs are common to all. However, chlo-
rine substitution proceeds in different ways, depending on the molecule. 
N-chlorination of the aniline moiety occurs in the case of 

Fig. 2. Transformation pathways of sulfonamide antibiotics in the presence of chlorine (adapted from [50,57,68,77,98,144]).  
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sulfamethoxazole [57], sulfamethazine [50], sulfamerazine, and sulfa-
diazine [68], while chlorine substitution takes place in the thiazole 
moiety in the case of sulfathiazole, or in the dimethoxypyrimidine 
moiety for sulfadimethoxine [57]. The remaining reaction pathways are 
compound-dependent. For instance, S-C cleavage DBPs were only pro-
duced by sulfamethoxazole. The presence of a strongly electrophilic 
carbon center α- to the sulfonyl or sulfonamide group is essential for this 
reaction to occur [77]. 

The transformation of tetracycline antibiotics in the presence of 
chlorine mainly leads to chlorine and hydroxyl substituted DBPs without 
any substantial ring cleavage [106]. Particularly, in the case of doxy-
cycline, DBPs formed after a double demethylation, sequential chlori-
nation at the para- and ortho-positions of the hydroxyl group of the 
phenol aromatic ring, and N-chlorination of the amide [107]. 

As regards fluoroquinolone antibiotics, chlorine attacks firstly the 
piperazine ring of the molecule, while the quinolone moiety is unreac-
tive [108,109]. This is why flumequine, a fluoroquinolone that lacks the 
piperazine ring, does not apparently react with chlorine. Flumequine 
indeed transforms only after the attack of reactive species derived from 
the chlorination of other fluoroquinolones (i.e., levofloxacin or enro-
floxacin) to its quinolone moiety [108,109]. Ciprofloxacin, with a sec-
ondary amine in the piperazine ring, rapidly transforms into an N-chloro 
derivative that further undergoes piperazine ring cleavage. In contrast, 
enrofloxacin, with a tertiary amine in the piperazine ring, slowly reacts 
with chlorine to form a highly reactive chlorammonium intermediate 
that catalyzes its halogenation or that of other species in solution (e.g., 
halodecarboxylation in the case of flumequine) [109]. Similar findings 
regarding chlorine reactivity were observed also in the case of nor-
floxacin (a fluoroquinolone with a secondary amine) and ofloxacin and 
levofloxacin (fluoroquinolones with a tertiary amine) [108,110]. After 
piperazine ring cleavage during ciprofloxacin chlorination, the molecule 
further oxidizes to form a 7-amino-8-chloro-derivative of the fluo-
roquinolone moiety, that is likely to retain the antibiotic activity of 
ciprofloxacin. This conclusion was reach after finding it in a bioactive 
fraction of a bioactive sample using an effect-directed analysis approach 
[104]. 

Chlorine also reacts rapidly with the secondary amine of chloram-
phenicol forming an N-chloro derivative. DBPs may also generate from 
electrophilic substitution reactions on its aromatic ring. These substi-
tution reactions also occur in a DBP formed after amide cleavage. 
Dichloroacetonitrile, dichloroacetamide, and chloroform are the ulti-
mate products of C-C cleavage, oxidation, and substitution reactions 
[74]. 

In the case of trimethoprim, chlorine reactivity is governed by its 2,4- 
diamino-5-methylpyrimidinyl moiety. Although no substantial degra-
dation into small DBPs was observed, chlorine- and hydroxyl- 
substituted isomeric products were identified [111]. 

The cephalosporin cefazolin reacts with chlorine via oxidation of its 
thioether-sulfur to form sulfoxide and di-sulfoxide derivatives. Then, the 
electrophilic substitution of the α-hydrogen to the amide bond with 
chlorine may also occur in sulfoxide derivatives [112]. 

4.3. Other pharmaceuticals 

Active aromatic systems are usually the target of chlorine attack. For 
instance, chlorination (or bromination, if bromine is present in the so-
lution) of salbutamol [60] and acetaminophen [113] occurs at the 
ortho-position of the phenolic group. In the case of propranolol [60], 
chlorination takes place in the naphthalene ring, while in the case of 
atenolol, it happens at the benzene ring after hydrolysis of its amide 
group to yield carboxylic acid [60]. Acetaminophen may also transform 
into the toxic 1,4-benzoquinone and N-acetyl-p-benzoquinone imine 
[113]. Additional transformation pathways of the aforementioned 
β-blockers/β-agonists include hydroxylation and dealkylations. 

The transformation of the non-steroidal anti-inflammatory drug 
diclofenac in the presence of chlorine proceeds through hydroxylation of 

the molecule, and subsequent oxidation of the phenolic hydroxyl group, 
decarboxylation of the parent compound, and chlorine electrophilic 
substitution in the non-chlorinated aromatic ring [66]. In the presence 
of bromide and iodide, similar transformation pathways result in the 
generation of decarboxylated, brominated or iodinated DBPs. Hydrox-
ylated derivatives were found only when bromide was present in solu-
tion. In naproxen-containing solutions, chlorine substitution mainly 
occurs at the C7 position of the naphthalene ring of naproxen to form 
((2S)-2-(5-chloro-6-methoxy-2-naphthyl)-propionic acid). Thirteen 
additional DBPs are further formed after demethylation, decarboxyl-
ation, hydroxylation, and dehydrogenation reactions [114]. 

The pyrazolone-type analgesics/antipyretics phenazone and propy-
phenazone convert into their halogenated derivatives after attack in 
their pyrazolone ring. These DBPs were further transformed via hy-
droxylation and dealkylation [32,75]. The reaction of chlorine with 
another pyrazolone drug, aminopyrine, occurs through pyrazolone ring 
cleavage, hydroxylation, dehydrogenation, and halogenation [87]. 

Chlorine reacts with fenamic acids (i.e., mefenamic acid, tolfenamic 
acid, and clofenamic acid) through single or double chlorine electro-
philic substitution in their aromatic ring (at the ortho- and para-positions 
of the amino moiety). Moreover, N-chloro derivatives, hydroxyl- 
derivatives, and oxidized-derivatives result from the attack on the ni-
trogen, oxidation reactions, and nucleophilic substitution at the aro-
matic ring, respectively [30]. 

The transformation of carbamazepine during chlorination has been 
extensively investigated [49,59,82,115,116] (Fig. 3). N-chlorination 
and epoxidation of carbamazepine are two initial, competitive processes 
that result in two key intermediates: N-chloramide-carbamazepine 
(favored at high pH values) and 10,11-epoxide-carbamazepine [116]. 
Both species are highly reactive, and HOCl/OCl- mediated trans-
formations result in different chlorinated and hydroxylated derivatives. 
Eventually, iminostilbene and acridine are formed, which may further 
oxidize to oxoiminostilbene and 9-formylacridine, and 9(10)-H-acri-
done, respectively. In the case of oxcarbazepine, a keto analog of car-
bamazepine, chlorine sequentially replaces the hydrogens at the 
α-carbon to the carbonyl group [91]. The hydrolysis of mono- and 
dichlorinated derivatives of oxcarbazepine results in the formation of 
1-(2-benzaldehyde)-(1H, 3 H)-quinazoline-2,4-dione, that accumulates 
in the solution at the end of the reaction time. The amide moiety is not 
reactive to chlorine [91]. 

While some iodinated X-ray contrast media like iopromide, iohexol, 
iomeprol, and diatrizoate are recalcitrant to chlorine oxidation, iopa-
midol is readily transformed in the presence of chlorine [61]. Two main 
DBPs (DBP705 and DBP777) are initially formed and serve as precursors 
of the other DBPs observed. DBP777 forms by inversion of a side chain 
while DBP705 forms by cleavage of that side-chain; however, the 
mechanism is not fully understood yet. Iopamidol is a source of toxic 
iodo-DBPs (iodoacids and iodo-trihalomethanes) during chlorination. In 
the presence of chlorine, iodine is released from the molecule and thus, 
is available in the solution to be incorporated into the natural organic 
matter [117]. 

Glucocorticoid DBPs that generate during chlorination are bioactive 
substances [118]. Chlorine reacts with prednisone to form 9-chloro--
prednisone (major DBP), Δ1-adrenosterone, a hydroxyprednisone de-
rivative, and a chlorinated Δ1-adrenosterone derivative. Prednisone 
itself is a chlorination DBP of prednisolone, cortisone, and cortisol. In 
the case of prednisolone, 11β-hydroxyboldione forms after cleavage of 
the side chain at C17. Moreover, chlorinated prednisone, chlorinated 
prednisolone, Δ1-adrenosterone, and its chlorinated derivative are also 
generated at high chlorine:prednisolone ratios. Chlorination of cortisone 
also results in two chlorinated prednisone derivatives, a hydroxylated 
cortisone derivative, adrenosterone, and Δ1-adrenosterone. Cortisone 
itself is also a DBP of cortisol chlorination, in addition to two chlorinated 
prednisolone derivatives. The reaction of chlorine with dexamethasone 
produces 11-keto-dexamethasone and 17-oxo-dexamethasone at high 
chlorine:dexamethasone ratios [118]. 
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Chlorine attacks mainly the phenol ring of 17α-ethinylestradiol via 
electrophilic substitution to form monohalogenated derivatives and 
eventually dihalogenated derivatives. These secondary DBPs are further 
transformed into products with a destroyed phenolic moiety [119]. 

The reactivity of vinca alkaloids (anticancer drugs) with chlorine has 
been also investigated. Vincristine is more stable in the presence of 
chlorine than vinblastine, vinorelbine and its metabolite 4-O-deacetyl 
vinorelbine that are quickly degraded. While vincristine DBPs result 
only from oxidation reactions (deacetylation in the vindoline moiety, 
epoxide formation in the catharantine moiety, O-demethylation, or 
dehydration reactions), the other three drugs also present chlorinated 
derivatives formed through electrophilic substitution of the parent drugs 
or their oxidized DBPs [69]. 

Tamoxifen is recalcitrant to chlorination and thus no DBPs form 
during the disinfection process. However, its main metabolites 4-hy-
droxy-tamoxifen and 4-hydroxy-N-desmethyl-tamoxifen are very reac-
tive to chlorine. This is attributed to the presence of a hydroxyl group at 
the phenyl ring that acts as a strongly activating group towards elec-
trophilic aromatic substitution. Chlorination of tamoxifen metabolites 
results in the formation of several mono-chlorinated, di-chlorinated, and 

hydroxylated derivatives. The reactivity of their amine moiety is lower 
than that of their phenolic ring and therefore, no N-chlorinated com-
pounds are generated [28]. 

The antidiabetic metformin transforms into a dehydro-1,2,4-triazol- 
amine derivative and a chloro-organic nitrile, being the latter much 
more stable than the former [120]. 

Chlorination of the antiacid cimetidine results in cimetidine sulf-
oxide, 4-hydroxymethyl-5-methyl-1H-imidazole, 4-chloro-5-methyl-1H- 
imidazole, and a product proposed to be either a β- or δ-sultam. While 
the formation of cimetidine sulfoxide is a consequence of common 
chlorination transformation pathways, the last three DBPs are generated 
via less common C-C bond cleavage and intramolecular nucleophilic 
substitution reactions [63]. 

4.4. Personal care products 

Electrophilic aromatic substitution is the main transformation 
pathway identified for benzophenone-type UV-filters, most likely at the 
ortho- and para-carbons to the hydroxyl group, and results in mono-, di- 
and tri-halogenated derivatives. Those benzophenone-type UV-filters 

Fig. 3. Carbamazepine transformation pathways in the presence of chlorine (adapted from [49,59,116]).  
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without an electron-donating phenolic hydroxyl group (e.g., octocry-
lene, benzhydrol, benzophenone, benzoylbiphenyl, and 4-methoxyben-
zophenone) are recalcitrant to chlorine [22,54]. In contrast, those 
with two phenolic hydroxyl groups (e.g., 2,4-dihydroxybenzophenone 
(BP1), 2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP6), 2,2′-dihy-
droxy-4-methoxybenzophenone (BP8 or dioxybenzone)) are completely 
transformed in seconds. A general transformation pattern for 
benzophenone-type UV filters during chlorination is observed (Fig. 4). 
After initial electrophilic substitution, Baeyer-Villiger oxidation con-
verts the biphenyl ketones into the corresponding phenyl esters that may 
undergo nucleophilic hydrolysis and result in the corresponding 
phenolic and benzoic acid analogs. The formation of one chlor-
obenzoquinone and four phenyl benzoquinones is also observed after 
cleavage and subsequent transformation of the phenyl esters [121]. 
Additional DBPs may also form after decarboxylation and subsequent 
chlorination or cyclization of the phenyl esters. In the latter case, 
polycyclic aromatic hydrocarbons are formed [121]. Furthermore, ring 
cleavage may eventually also occur [22,121]. In the specific case of 
2-hydroxy-4-methoxy-5-sulfonic acid-benzophenone (BP4), the forma-
tion of chlorine-containing acetic acids as final DBPs is also reported 
[122]. BP4 and presumably other benzophenone-type UV filters present 
photochemical activity, and thus, they may generate indirect photo-
degradation reactions in the solution [38]. Highly toxic BP4 iodinated 
derivatives are formed when iodide is present in water after electrophilic 
substitution with HOI and subsequent oxidation and hydrolysis [123]. 
Bromoform is pointed as a stable DBP formed during chlorination of UV 
filters, in particular oxybenzone and dioxybenzone, in seawater [54]. 

Chlorine reacts with the antimicrobial preservatives parabens via 
electrophilic aromatic substitution at the ortho-position, since the para- 
position is already occupied by the ester group [29,124]. As a result, 

monohalogenated and dihalogenated derivatives are formed. Halogen 
substitution in the meta- position of the phenolic moiety does not occur, 
since tri-halogenated derivatives were not identified in any study. 
Dihalogenated species are then expected to further react with chlorine 
via electron transfer mechanisms to form quinones or products with the 
phenolic ring opened [29]. 

In the case of the antimicrobial triclosan, chlorination of the phenolic 
ring and cleavage of the ether bond are identified as the main trans-
formation pathways [51,125]. Triclosan DBPs include (chlorophenox-
y)-phenols, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and chloroform. 

4.5. Industrial contaminants 

The phenolic rings of BPA are the target of HOCl, HOBr (if bromide is 
present in the solution) [76], or HOI (if iodide is present in the solution) 
[58] that via electrophilic attack generate polyhalogenated compounds 
(Fig. 5). The iodine incorporation rate seems to be lower than that of 
bromine or chlorine. While only mono- and dihalogenated species with 
only one I atom form, up to four Br or Cl atoms could be incorporated in 
the BPA molecule. After a first halogenation that may occur at the 
ortho-position to the phenolic group, monohalogenated derivatives 
convert rapidly into dihalogenated compounds. This second halogena-
tion occurs preferentially on the halogenated phenolic ring. These 
dihalogenated congeners may be halogenated for a third and even fourth 
time at the other phenolic ring. Tetrahalogenated BPA derivatives may 
cleave between the isopropyl moiety and the phenol to give trihalo-
genated phenols and 2-(3,5-dihalogen-4-hydroxyphenyl)-propan-2-ol. 
The cleavage products may again recombine resulting in tetrahalo-
genated phenoxy-phenol structures (Fig. 5). The methylation of 2-(3, 
5-dihalogen-4-hydroxyphenyl)-propan-2-ol species was also observed, 

Fig. 4. General scheme summarizing the main transformation pathways of benzophenone UV-filters during chlorination (adapted from [27,54,67,121,123,145]).  
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although no plausible mechanism has been proposed for this reaction 
yet. All BPA DBPs completely decompose after 2 h of chlorination into 
small DBPs like trihalomethanes or trihaloacetic acids. 

The substituents in the phenol ring affect chlorination kinetics [58]. 
For instance, while BPA contains two activated phenol rings (by para--
alkyl substitution), 2,4-dichlorophenol contains two deactivating 
chloro-substituents that stabilize the phenolate form and slowdown its 
reaction toward electrophiles. 

BPS, one of the main alternatives to BPA use, is transformed in the 
presence of chlorine by two main pathways [48]. Like BPA, after 
sequential chlorine electrophilic substitution, different mono- and pol-
ychlorinated derivatives of BPS form. In parallel, electron transfer can 
also oxidize the phenol moiety. This may result in the cleavage of the 
BPS molecule and formation of 4-hydroxybenzenesulfonic acid (BSA) 
and 4-chlorophenol, or coupling reactions that form various polymeric 
products or dimers. BSA may be further attacked by chlorine electro-
philic substitution. The presence of humic acids in the solution inhibits 
the degradation of BPS via electron transfer. 

As reported for BPA and BPS, electrophilic aromatic substitution is 
the main transformation pathway of bisphenol F (BPF) in the presence of 
chlorine, which results in the formation of polychlorinated derivatives 
of BPF [92]. The formation of highly substituted species is enhanced at 
high chlorine:BPF ratios. The concentration of these species in the so-
lution decreases as the chlorination reaction proceeds. The oxidation of 
the methylene connecting the two phenolic rings forms polyphenolic 
compounds. 

Chlorine can also transform phenolic compounds via electron 
transfer, as reported for TBBPA [52]. The transformation of TBBPA in-
volves in the first place the formation of TBBPA phenoxy radical. Then, 
this radical and especially, secondary intermediates like the 2,6-dibro-
mo-4-isopropylphenol carbocation and 2,6-dibromo-phenol carboca-
tion, formed after β-scission, undergo substitution (bromination and 
exchange of bromine for chlorine), dimerization, and oxidation re-
actions. Brominated halobenzoquinones (Br-HBQs) are pointed out as 
final DBPs in the TBBPA oxidative transformation pathway. Hal-
obenzoquinones are unstable in chlorinated water and transform into 
their corresponding and more stable halo-hydroxyl-benzoquinones 

(OH-HBQs) [126]. 
Benzothiazole (BTH) and 1-H-benzotriazole are quite recalcitrant to 

chlorination. In contrast, 2-amino-benzothiazole (2-amino-BTH) reacts 
completely within less than 5 min [23]. Chlorination of 2-amino-BTH 
solutions results in four DBPs, formed after chlorine and hydroxyl 
addition in its benzene moiety: amino-6-chloro-BTH, 2-amino-5, 
6-dichloro-BTH, 6-chloro-5-hydroxy-BTH, and 2-amino-5,6-di-hydrox-
y-BTH. The reaction of chlorine with 1-hydroxy-benzotriazole gener-
ates the recalcitrant 1-H-benzotriazole. Chlorination and oxidation 
reactions at the benzene ring of 5,6-dimethyl-1-H-benzotriazole (also 
known as xylyltriazole) result in the formation of 4-chloro-xylyltriazole, 
4-hydroxy-xylyltriazole, 4,7-dihydroxy-xylyltriazole, and 5-methyl-be 
nzotriazole-6-carbaldehyde. 

Four main types of reactions during the chlorination of the two 
rubber and polymer related chemicals 1,3-di-o-tolylguanidine (DTG) 
and 1,3-diphenylguanidine (DPG) occur: molecule cleavage via ipso- 
chlorination to produce monophenylguanidine derivatives, halogena-
tion of the aromatic ring, hydroxylation, and intramolecular cyclization 
[56]. 

4.6. Artificial sweeteners 

In the presence of chlorine, the thiazine ring of acesulfame opens, 
which produces N-chlorinated sulfamic acids as major DBPs. Besides, 
known small molecular weight DBPs such as haloacetic acids and hal-
oacetamides are formed [31]. 

Other artificial sweeteners viz., saccharin, cyclamate and sucralose 
are recalcitrant to chlorination [127,128]. 

4.7. Plant protection products 

The neonicotinoid insecticides imidacloprid and thiamethoxam are 
recalcitrant to chlorination, at least at time scales relevant to water 
treatment and/or distribution [129]. In contrast, clothianidin can be 
extensively transformed in less than 2 h. Chlorine addition, most likely 
at the secondary amine of the imidazole moiety of imidacloprid, results 
in desnitro-imidacloprid and imidacloprid-urea, two byproducts formed 

Fig. 5. Bisphenol A (BA) and bisphenol F (BPF) transformation pathways in the presence of chlorine (adapted from [58,76,92]).  
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by microbial and abiotic processes [80]. In the case of 
desnitro-imidacloprid, sequential chlorination may occur at the same 
location after the formation of the corresponding imino tautomer. The 
chlorinated form of imidacloprid-urea is also one major product found 
during imidacloprid chlorination, in addition to chlorinated imidaclo-
prid. The alkaline hydrolysis of thiamethoxam (at pH 10) results in two 
byproducts: THX-H 248 (after hydrolysis of the nitro-imine group into a 
ketone) and THX-H 237 (after ring-opening with hydroxide attack at the 
imine carbon). The latter reacts with chlorine via chlorine addition at 
the secondary amide group without the electron-withdrawing nitro 
substituent. THX-H 237 also forms during clothianidin chlorination, in 
addition to two other major products generated after the loss of the nitro 
group and formation of the ketone, and chlorination of the remaining 
secondary amide [80]. 

Chlorination of the β-triketone herbicides tembotrione and sulco-
trione initially occurs at the α-carbon of the carbonyl functional groups. 
Then, the cyclohexanedione ring cleavage occurs. Additional and 
sequential chlorine attacks at the same carbon produce tri-chlorinated 
derivatives and the release of glutaric acid. The hydrolysis of these 
DBPs results in benzoic acid derivatives and chloroform. Oxidative 
decarboxylation of benzoic acid derivatives results in the formation of 
the corresponding phenols. An additional DBP forms by intramolecular 
cyclization after dichlorination at the α-carbon [97]. 

The fungicides azoxystrobin, difenoconazole, iprovalicarb, 
metalaxyl-M, procymidone and triadimenol do not transform after 1 h 
contact with chlorine. In contrast, fenhexamid, cyprodinil, and pyr-
imethanil exhibit high transformation rates [70]. The most reactive 
fungicide, fenhexamid, transforms through electrophilic halogenation at 
the chloro-phenol moiety, and release this moiety from the molecule. 
Cyprodinil and pyrimethanil, due to their similarity, follow equal re-
action pathways. Their DBPs form after electrophilic halogenation in 
either the benzene or the pyrimidine ring, hydroxylation followed by 
electrophilic halogenation at the benzene ring, and intramolecular 
cyclization due to the loss of hydrogen. 

Chlorine attacks phenylurea hebicides (e.g., N-phenylurea, 
dichlorophenyl-urea, monuron, metoxuron, etc.) at both N atoms of the 
phenyl urea moiety, resulting in N-chlorinated products, and via elec-
trophilic chlorination at ortho- and para-positions of the phenylurea 
aromatic group [130]. 

The s-triazine herbicides prometryn, terbutryn, and ametryn are also 
highly reactive in the presence of chlorine (completely transformed 
within 1 h of contact time) and form very stable DBPs. In all cases, 
sequential oxidation of the molecules to form the sulfoxide and sulfone 
derivatives occurs. Additional DBPs are formed after chlorination of the 
sulfoxide form and further oxidation of the sulfone into an alcohol, after 
loos of the methyl sulfone moiety [131]. 

5. A compound database of CEC DBPs in chlorinated water for 
suspect screening 

A pre-defined list of CEC DBPs that may form during water chlori-
nation was built based on the studies published in the peer-reviewed 
literature. It contains 1483 entries in total, which include 137 CECs 
(Table S1), the DBPs formed from these CECs during chlorination re-
actions, and additional small-molecular weight DBPs detected in chlo-
rinated waters. DBPs formed after combined UV/HOCl or ClO2 
disinfection were also included for some CECs. 

Most of the CEC DBPs compiled in the database are amenable to 
LC–MS analysis (91 % of the entries). The remaining CEC DBPs are either 
predicted or amenable to GC–MS analysis (small and semi-polar mole-
cules capable of volatilizing in the injection port). Thus, the list is meant 
to be preferably used with LC-HRMS acquired data using electrospray 
ionization. Up to 59 % of the LC–MS-detected features are ionizable 
under positive electrospray mode, while 40 % are ionizable under 
negative electrospray mode, and roughly 1% under both ionization 
modes. The preferable analysis mode is specified for each entry in the 

database. 
In addition to the exact m/z of the ions expected to be produced 

during MS analysis, and their elemental composition, unequivocal 
identifiers were provided for each entry such as the simplified molecular 
input line entry specification (SMILES), or the IUPAC standard inter-
national chemical identifier (InChI) and InChIKey (a hashed version of 
the standard InChI). However, for some of the entries, these identifiers 
were tentatively assigned, because the structure of the CEC DBP is not 
yet confirmed and several positional isomers are possible. This is also 
specified for each case in the database. 

When available, fragments observed during MS2 fragmentation of 
the parent ions were also registered to provide additional identification 
points. The measured mass of the m/z fragment ions was provided 
instead of their theoretical mass. 

This database is available for use at the NORMAN Suspect List Ex-
change as CHLORINE_TPS (https://www.norman-network.com/?q=su 
spect-list-exchange). An automated search of the exact masses con-
tained therein within the full-scan HRMS data acquired would lead to 
identify potential DBP candidates in the water samples. This could be 
done with self-developed or commercial software or directly through the 
NORMAN Digital Sample Freezing Platform [132]. Besides the mass 
accuracy of the molecular ion, additional proofs of identity could be 
obtained by manually comparing the fragments observed in the MS2 

data with those listed in the database for each compound and generating 
a retention time index for which the candidate SMILES, also provided in 
the database, is required [133]. 

6. Presence of CEC DBPs in environmental waters 

Many studies have proven the formation of the CEC-DBPs detected in 
laboratory-scale experiments in environmental waters by fortifying real 
samples with the target CEC and subsequent chlorination. Only very few 
studies have explored the occurrence of these chemicals in real waters. 
This has been done by developing specific methods for target CEC DBPs 
[53,55,91,126,134] or after application of suspect screening approaches 
[79,90,121,134,135]. The CEC DBPs detected in unmodified water 
samples are reviewed below. 

A chlorinated derivative of the antidpressant duloxetine formed after 
chlorination of the naphthalene ring was detected in the effluent of a 
WWTP of Lisbon with a treatment train based on clarification, bio-
filtration and UV/chlorine disinfection. The in silico predicted ecotox-
icity of this TP to different organisms (fish LC50 96 h, D magna LC50 48 h, 
green algae EC50 96 h, and T. pyriformis IGC50) was at least two-fold 
higher than that of the parent compound [71]. 

3-chloro-BP4 was the only BP4 DBP found in the water of two 
swimming pools in Beijing. The estimated concentration of 3-chloro-BP4 
was similar or three times higher than that of the parent compound 
[136]. BP1 and two chlorinated byproducts (monohalogenated and 
dihalogenated derivatives) were found also in swimming pool water 
[121]. These findings are of concern as these DBPs may further react 
with chlorine and convert into halobenzoquinones. 

Halo-hydroxyl-benzoquinones are stable halobenzoquinone DBPs 
commonly found in drinking water distribution networks. They are two- 
fold less toxic than the parent compounds, but still more toxic than 
regulated DBPs such as trihalomethanes and haloacetic acids [126]. 

Four diazepam DBPs, formed after cleavage of the diazepinone ring, 
were detected in drinking water samples from Beijing. Three of them 
presented a relatively high detection frequency (30–66 %) and 
maximum concentrations of 4 ng/L, while the remaining DBP was 
detected only in 14 % of the 80 investigated samples and quantified at a 
maximum concentration of 0.37 ng/L [53]. 

Effluent samples from a WWTP that uses chlorine as tertiary treat-
ment showed the presence of citalopram and two DBPs, desmethylci-
talopram and an N-oxide derivative, which are also human metabolites. 
Citalopram DBPs were estimated to occur at concentrations 10 times 
lower than the parent compound, and were not found in influent water. 
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However, their formation during the biological treatment cannot be 
discarded [102]. 

Li et al. [91] identified the major byproducts detected in 
laboratory-scale experiments of oxcarbazepine chlorination, except ac-
ridine, in tap water samples. Dihydroxy-carbamazepine was detected in 
all samples at concentration levels below 15 ng/L. 1-(2-benzaldehy-
de)-(1H, 3 H)-quinazoline-2,4-dione, an oxidized form of it, and a DBP 
resulting from the loss of the CONH2 lateral chain, ring oxidation and 
intramolecular cyclisation were found in three out of the five investi-
gated tap water samples at an average estimated concentration of 10 
ng/L [91]. 

After suspect screening, neviparine DBPs were detected in a surface 
water system impacted by WWTPs that use chlorination. Although their 
national prevalence was exceptionally low since nevaparine was found 
in trace amounts in surface waters collected from all the major rivers and 
lakes in South Africa [135]. 

Monochlorinated and dichlorinated derivatives of the cytotoxic drug 
methotrexate were detected in one of the three hospital effluent samples 
investigated by Yin et al. [137]. 

A dichlorinated derivative of omeprazole, together with various 
hydrolysis byproducts of this drug, was tentatively detected in influent 
and effluent WWTP samples and surface water samples; despite the 
parent compound was not present in any of them [137]. Due to its low 
concentrations, its detection required the monitoring of selected reac-
tion transitions, more sensitive than full scan HRMS. 

(3-chlorobenzo)-1,3-dioxole and 3-chlorocatecol were observed to 
form in water containing MDA and MDMA, respectively, during the 
potabilization train. While the MDA DBP and its parent compound and 
MDMA were not found in the effluent samples, which suggest the 
removal of these compounds during treatment, the MDMA DBP was 
observed after final chlorination. Estimated concentration of 3-chloroca-
tecol in the DWTP effluent ranged from 0.5 to 5.8 ng/L [55]. 

Effluents from ten wastewater treatment facilities in southern Cali-
fornia (US) disinfected with chloramine and/or chlorine prior their 
discharge to the ocean presented concentrations of dibrominated sali-
cylic acid up to 208 ng/L and dichlorinated salicylic acid up to 192 ng/L 
[138]. Monohalogenated and the chloro-bromo derivatives were also 
frequently present in the effluent waters investigated, but at lower 

Table 1 
CECs and CEC DBPs found in reclaimed water with a suspect approach using the CEC DBPs database.  

CODE tR* Exact 
monoisotopic 
mass 

Formula Tentative compound  Parent 
compound 

Confidence 
level** 

Proofs of identity 

1 1.55 161.9866 
[M-H] 

C4H5NO4S 6-methyl-1,2,3-oxathiazin-4(3 H)-one 
2,2-dioxide 

Acesulfame 2 Mass accuracy, 
plausible tR, 3 
fragments 

2 4.10 254.0594 
[M+H] 

C10H11N3O3S 4-amino-N-(5-methylisoxazol-3-yl) 
benzenesulfonamide (Sulfamethoxazole) 

– 2 Mass accuracy, 
plausible tR, 3 
fragments 

3 3.97 184.9879 
[M+H] 

C4H6Cl2N2O2 (E)-N-(((dichloromethylene)amino) 
(hydroxy)methyl)acetimidic acid 

Sulfamethoxin 2 Mass accuracy, 
plausible tR, 1 
fragments 

4 4.50 280.1077 
[M+H] 

C15H14N2O3 –  Carbamazepine 3 Mass accuracy, 
plausible tR, 1 
fragments 

5 5.37 253.0972 
[M+H] 

C15H12N2O2 1a,10b-dihydro-6H-dibenzo[b,f]oxireno 
[2,3-d]azepine-6-carboxamide 
(Carbamazepine epoxide) 

Carbamazepine 2 Mass accuracy, 
plausible tR, 5 
fragments 

6 5.37 274.0440 
[M+H] 

C14H11NO acridine-10(9 H)-carbaldehyde Carbamazepine 2 Mass accuracy, 
plausible tR, 2 
fragments 

7 7.16 287.0582 
[M+H] 

C15H11ClN2O2 7-chloro-5-(2-hydroxyphenyl)-1,3- 
dihydro-2H-benzo[e][1,4]diazepin-2- 
one 

Diazepam 2 Mass accuracy, 
plausible tR, 2 
fragments 

8 7.34 301.0739 
[M+H] 

C16H13ClN2O2 7-chloro-3-hydroxy-1-methyl-5-phenyl- 
1,3-dihydro-2H-benzo[e][1,4]diazepin- 
2-one 

Diazepam 2 Mass accuracy, 
plausible tR, 2 
fragments 

9 7.44 271.0633 
[M+H] 

C15H11N2OCl 6-chloro-1-methyl-4-phenylquinazolin-2 
(1 H)-one 

Diazepam 2 Mass accuracy, 
plausible tR, 2 
fragments 

10 5.31 237.0426 
[M+H] 

C11H9ClN2O2 4-chloro-2-methyl-5-oxo-1-phenyl-2,5- 
dihydro-1H-pyrazole-3-carbaldehyde 

Phenazone 2 Mass accuracy, 
plausible tR, 2 
fragments 

11 5.56 190.9672 
[M-H] 

C7H6Cl2O2 2,4-dichloro-5-methoxyphenol BP6 2 Mass accuracy, 
plausible tR, 1 
fragments 

12 4.53 213.0557 
[M-H] 

C13H10O3 (2,4-dihydroxyphenyl)(phenyl) 
methanone (BP1) 

BP3 2 Mass accuracy, 
plausible tR, 1 
fragments  

* tR: retention time. 
** According to Schymanski’s confidence scale [143]. 
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concentrations. The total concentration of the halogenated derivatives 
of salicylic acid was usually equal or higher than the concentration 
measured for salicylic acid itself. Additional CEC DBPs measured in the 
effluent waters sampled are chlorogemfibrozil (up to 56 ng/L), bromo-
gemfibrozil (up to 8 ng/L), chloronaproxen (up to 23 ng/L), bromo-
naproxen (up to 132 ng/L), chlorodiclofenac (up to 29 ng/L), 
chloro-4-tert-octylphenol (up to 19 ng/L), chloro-4-nonylphenol (up to 
115 ng/L), dichloro-4-nonylphenol (up to 19 ng/L), 
bromo-4-nonylphenol (up to 39 ng/L), and dibromo-4-nonylphenol (up 
to 372 ng/L) [138]. The highest concentrations were found in the ef-
fluents from plants employing only secondary treatment. 

A preliminary study that applied the CEC DBP database to reveal 
these type of compounds in reclaimed water revealed the tentative 
presence of 12 compounds, listed in Table 1 in the chlorinated effluent of 
two WWTPs at the Northeastern coast of Spain. Two out of the 12 
tentatively identified compounds were not chlorination byproducts but 
organic micropollutants (e.g., 1: acesulfame and 2: sulfamethoxazole). 
Compounds 3, 4, and 5 may result from the transformation of carba-
mazepine, while compounds 6, 7, and 8 may form after diazepam 
transformation. Note that compound 9 (a diazepam DBP) was also re-
ported to occur in 30 % of the Beiging tap water samples investigated (n 
= 80) by Zhang et al. [53]. Compound 10 was reported to form after 
chlorination of phenazone, while compounds 11 and 12 (BP1) corre-
spond to transformation byproducts of BP6 and BP3, respectively. 
However, since compound 11 is a halogenated derivative of BP6 and its 
presence is much higher in the secondary treatment effluent than in the 
tertiary treatment effluent, it is more likely that this compound forms 
after biotransformation of an unknown chlorinated aromatic compound. 
All CEC DBPs detected, except compounds 3 and 10, were already pre-
sent in the effluent of the secondary treatment, most likely due to the 
biodegradation of the aforementioned CECs. Indeed, many of them have 
been reported as biodegradation byproducts in the peer-reviewed 
literature [139–142]. Thus, compounds 3 and 10 were exclusively 
formed after disinfection. Details on the type of samples analyzed, 
sample treatment and analysis for suspect analysis, and data treatment 
are provided in Text S1 as supporting information, as well as further 
discussion on the data obtained. 

7. Conclusions and future perspectives 

Laboratory scale experiments have provided evidence on the wide 
spectrum of chemicals that may form after chlorination of a specific 
CEC. Indeed, this type of experiments is key to uncover CEC DBPs. 
However, the relevance of these compounds in water is still unknown, 
because their occurrence at environmental concentrations in real waters 
has been scarcely addressed. This is of uttermost importance in water 
circular economy scenarios that base water recycling schemes in 
chlorine-base disinfectants, as CEC DBPs will be continuously released 
into the environment through the different uses of reclaimed water. The 
released CEC DBPs can be stable, or further transform into small mo-
lecular weight DBPs, such as trihalomethanes and haloacetic acids, and 
eventually be mineralized. 

This work provides tools for the rapid screening of CEC DBPs in 
disinfected water and disentangle the complexity of the DBP mixtures. 
On the one hand, it delivers a list generated for suspect screening of 
these compounds in water using mostly LC-HRMS. This list is ready-to- 
use for any study dealing with the determination of DBPs and can be 
easily updated with newly discovered CEC DBPs. On the other hand, the 
main chlorination transformation pathways of CECs reviewed in this 
manuscript may serve to predict the formation of DBPs of other CECs 
containing similar reactive moieties and thereby, expanding the list of 
suspect DBPs for specific CECs. The main limitation of the suspect 
screening approach is the low levels at which these chemicals may be 
present in water. Thus, water concentration is required before HRMS 
analysis. For this, generic-purpose sorbents or a combination of different 
SPE sorbents is recommended to retain the highest number of chemicals. 

Ideally, the identity and presence of these compounds in water needs 
to be confirmed and quantified, respectively, using pure analytical 
standards. However, these are not commercially available for most CEC 
DBPs. To advance non-target and suspect screening of these chemicals in 
water, it is necessary to develop generic and fast (semi-)quantitative 
workflows for the correct assessment of the risk that the presence of CEC 
DBPs may pose to exposed organisms. Despite the low level reported for 
some CEC DBPs in environmental waters, their presence should not be 
considered harmless, because CEC DBPs may be more toxic than the 
corresponding parent compounds or may have a relevant role in the 
toxicity of the chemical mixture. Novel analytical approaches such as 
effect-based analysis can be applied to identify the toxic or bioactive 
CEC DBPs formed during water disinfection. 

It is important to highlight that chlorination is only one of the various 
disinfection methods currently used to disinfect water. Indeed, ozona-
tion and UV disinfection are widely spread for water reclamation, either 
alone or prior to chlorine application. Thus, the list here provided do not 
cover the complexity of DBP mixtures in water recycling systems, since 
CEC DBPS are water treatment-specific. 
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organic micropollutants in Sweden’s most important drinking water reservoir, 
Chemosphere 249 (2020), https://doi.org/10.1016/j.chemosphere.2020.126168. 

[13] S.Y. Wee, D.E.M. Haron, A.Z. Aris, F.M. Yusoff, S.M. Praveena, Active 
pharmaceutical ingredients in Malaysian drinking water: consumption, exposure, 
and human health risk, Environ. Geochem. Health (2020), https://doi.org/ 
10.1007/s10653-020-00565-8. 
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degradation of triclosan and formation of toxic chlorophenols in presence of low 
concentrations of free chlorine, Anal. Bioanal. Chem. 383 (2005) 1119–1126, 
https://doi.org/10.1007/s00216-005-0116-4. 

[52] Y. Gao, S.Y. Pang, J. Jiang, J. Ma, Y. Zhou, J. Li, L.H. Wang, X.T. Lu, L.P. Yuan, 
Transformation of flame retardant tetrabromobisphenol a by aqueous chlorine 
and the effect of humic acid, Environ. Sci. Technol. 50 (2016) 9608–9618, 
https://doi.org/10.1021/acs.est.6b02844. 

[53] X. Zhang, Y. Yang, J. Zhang, Y. Yang, F. Shen, J. Shen, B. Shao, Determination of 
emerging chlorinated byproducts of diazepam in drinking water, Chemosphere 
218 (2019) 223–231, https://doi.org/10.1016/j.chemosphere.2018.11.076. 

[54] T. Manasfi, B. Coulomb, S. Ravier, J.L. Boudenne, Degradation of organic UV 
filters in chlorinated seawater swimming pools: transformation pathways and 
bromoform formation, Environ. Sci. Technol. 51 (2017) 13580–13591, https:// 
doi.org/10.1021/acs.est.7b02624. 

[55] M. Huerta-Fontela, O. Pineda, F. Ventura, M.T. Galceran, New chlorinated 
amphetamine-type-stimulants disinfection-by-products formed during drinking 
water treatment, Water Res. 46 (2012) 3304–3314, https://doi.org/10.1016/j. 
watres.2012.03.029. 

[56] B.J.B.J. Sieira, R. Montes, A. Touffet, R. Rodil, R. Cela, H. Gallard, J.B.J. 
B. Quintana, Chlorination and bromination of 1,3-diphenylguanidine and 1,3-di- 
o-tolylguanidine: kinetics, transformation products and toxicity assessment, 
J. Hazard. Mater. 385 (2020), 121590, https://doi.org/10.1016/j. 
jhazmat.2019.121590. 

[57] M. Wang, D.E. Helbling, A non-target approach to identify disinfection 
byproducts of structurally similar sulfonamide antibiotics, Water Res. 102 (2016) 
241–251, https://doi.org/10.1016/j.watres.2016.06.042. 

[58] P.J. Vikesland, E.M. Fiss, K.R. Wigginton, K. McNeill, W.A. Arnold, Halogenation 
of bisphenol-A, triclosan, and phenols in chlorinated waters containing iodide, 
Environ. Sci. Technol. 47 (2013) 6764–6772, https://doi.org/10.1021/ 
es304927j. 

[59] M. Soufan, M. Deborde, A. Delmont, B. Legube, Aqueous chlorination of 
carbamazepine: kinetic study and transformation product identification, Water 
Res. 47 (2013) 5076–5087, https://doi.org/10.1016/j.watres.2013.05.047. 

[60] J.B. Quintana, R. Rodil, R. Cela, Reaction of β-blockers and β-agonist 
pharmaceuticals with aqueous chlorine. Investigation of kinetics and by-products 
by liquid chromatography quadrupole time-of-flight mass spectrometry, Anal. 
Bioanal. Chem. 403 (2012) 2385–2395, https://doi.org/10.1007/s00216-011- 
5707-7. 

[61] F.M. Wendel, C. Lütke Eversloh, E.J. Machek, S.E. Duirk, M.J. Plewa, S. 
D. Richardson, T.A. Ternes, Transformation of iopamidol during chlorination, 
Environ. Sci. Technol. 48 (2014) 12689–12697, https://doi.org/10.1021/ 
es503609s. 
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