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The formation of furan-like disinfection
byproducts from phenolic precursorsy

Marine Diana,? Maria José Farré, ©°° Josep Sanchis, @ ° Rakesh Kanda, @
Monica Felipe-Sotelo® and Tom Bond (D ke

In this study, it was hypothesised that UV-absorbing disinfection byproducts (DBPs) may include
compounds, such as halofuranones, prioritized as candidates for explaining the increased risk of bladder
cancer associated with the consumption of chlorinated water highlighted by epidemiological studies.
Hence, UV spectroscopy was used as a screening method to identify conditions forming stable UV-
absorbing DBPs from 10 phenolic precursors at various pH levels, chlorine and bromide doses.
Subsequently, high performance liquid chromatography coupled to high resolution mass spectrometry
(Orbitrap™) was used to elucidate the chemical formulas of 30 stable DBPs, 12 of which were tentatively
identified as furan-like structures, including trichlorofuran-2-carboxylic acid, dichlorofuran-2-carboxylic
acid, 3,4-dichlorofuran-2,5-dicarbaldehyde,
furancarboxylic acid, chloro-5-methyl-2-furancarboxylic acid, 2-acetylchlorofuran-5-one and bromo-2-

4-chloro-5-(dichloromethyl)furan-2,3-dione, 5-formyl-2-
furancarboxylic acid. Eleven of the furan-like structures are previously unknown as DBPs. A novel pathway
was proposed to explain their formation, involving the opening of the oxidised phenolic ring followed by
the formation of a 5-membered ring by intramolecular nucleophilic addition. Of the 12 furan-like DBPs
identified, eight and three were respectively predicted to be mutagens and bladder carcinogens, using a
quantitative structure-activity relationship theoretical model. The findings indicate the formation of furan-
like DBPs from natural organic matter surrogates is more widespread than previously appreciated.
Moreover, this class of DBPs may be toxicologically significant for the urinary bladder.

Epidemiological studies have consistently reported an association between consumption of chlorinated water and an increased risk of developing urinary

bladder cancer. In this study it was hypothesised that UV-absorbing disinfection byproducts may include compounds, such as halofurans, which potentially
explain this association. Twelve furan-like structures were tentatively identified following the chlorination of 10 phenolic model precursors. This class of

byproducts may be toxicologically significant for the urinary bladder.

1. Introduction

matter profile of the raw water as well as disinfection
conditions. Over 700 individual DBPs have been identified to

Undesirable disinfection byproducts (DBPs) are formed
during drinking water treatment when the disinfectant added
to prevent waterborne diseases reacts with natural organic
matter, anthropogenic contaminants, bromide and iodide.
DBPs are diverse and vary depending on the natural organic
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date in drinking water, wastewater and synthetic samples.
The public health risks associated with DBP formation have
been investigated for more than 40 years. Epidemiological
studies have repeatedly reported an association between the
long-term consumption of chlorinated water (chlorine being
the most common disinfectant), and an increased risk of
developing urinary bladder cancer.>” Since chlorine itself
has not been found to be carcinogenic, the formation of
DBPs in chlorinated water has been implicated in this
enhanced risk.*® A recent study accounting for 26 countries
in the European Union estimated that 4.9% of the total
annual bladder cancer cases are attributable to the exposure
to the regulated DBPs trihalomethanes (THMs), with THM
levels in drinking water used as a marker of DBP exposure."’
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However, it is widely recognized that the regulated DBPs are
not necessarily the most toxicologically important,"'? and
the individual compounds responsible for the increased risk
of developing bladder cancer are unknown.

Therefore, there remains a need to identify plausible
bladder carcinogens that are formed during chlorination of
drinking water in sufficient concentrations to account for the
risk observed in epidemiological studies."® Bull et al.® noted
only limited efforts to fill this gap in DBP research.
DeMarini'? highlighted the need to identify additional
unknown DBPs using diverse analytical techniques, and
recommended the application of disinfectant-reaction
chemistry to precursors of known structure to understand
better the relationship between the formation of DBPs in
chlorinated water and the risk of developing cancer. Of the
76 compounds listed as bladder carcinogens in the
Carcinogenic Potency Database, 83% are nitrogenous."
However, as organic nitrogen content in water is only
between 0.5 and 10% by weight of natural organic matter,"®
nitrogenous DBPs will typically form in lower concentrations
than many non-nitrogenous DBPs in chlorinated waters. As a
result, nitrogenous DBPs would have to be very potent
carcinogens if they were responsible for the association with
bladder cancer. Therefore, this research focused on non-
nitrogenous DBPs.

Bull et al.® predicted the formation of halobenzoquinones
and halocyclopentenoic acids as toxicologically important
DBPs with the potential for being bladder carcinogens.
Subsequently, researchers addressing this gap have focused
on the detection, occurrence and  toxicity  of
halobenzoquinones.”” ™ In their review of the literature,
Diana et al' noted that the furan-like compounds
halocyclopentenoic acids and halofuranones as potential
candidate DBPs for explaining the risk of bladder cancer
observed in epidemiological studies. Various furans and
associated compounds are known to be generated following
the chlorination waters of natural organic matter extracts
and drinking water.?*®” The best known of these is mutagen
X (MX; 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)furanone).
MX is among the most potent carcinogenic DBPs' and it has
been shown to target the urinary bladder in some species.’
Its brominated analogues 4-(bromochloromethyl)-3-chloro-5-
hydroxy-2(5H)-furanone (BMX-1), 3-chloro-4-(dibromomethyl)-
5-hydroxy-2(5H)-furanone (BMX-2) and 3-bromo-4-
(dibromomethyl)-5-hydroxy-2(5H)-furanone  (BMX-3)  were
prioritized due to their carcinogenic potential.*® Structures of
furan-type chlorination byproducts previously identified in
literature are given in the ESIL;t Table ESI-4.}

In this study, it was hypothesised that UV-absorbing
byproducts may include overlooked compounds, such as
halofuranones, prioritized as candidates for explaining the
increased risk of bladder cancer associated with the
consumption of chlorinated water highlighted by
epidemiological studies. Its aim was to identify DBPs
generated during the chlorination of phenolic precursors
representative of natural organic matter with the potential to
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act as bladder through complementary
application of ultraviolet (UV) spectroscopy to optimise
conditions and high performance liquid chromatography
with high resolution mass spectrometry (HPLC-HRMS) for
product identification. Identifying potentially critical DBPs,
as well as the pathways for their formation during
chlorination, will contribute to DBP research by suggesting
compounds that should be prioritized in future occurrence
and toxicology studies.

carcinogens,

2. Materials and methods

Sodium hypochlorite (6-14% active chlorine, EMPLURA®),

phenol  (BioXtra  >99.5%), 4-hydroxybenzoic  acid
(ReagentPlus®  >99%), 4-hydroxycinnamic acid (for
synthesis), trans-ferulic acid (99%), 1,4-benzoquinone

(certified reference material), sinapic acid (=98%), benzoic
acid (ACS reagent =>99.5%), hydroquinone (ReagentPlus®
>99%), pyrocatechol (=99%), resorcinol (ACS reagent >99%),
potassium bromide (ACS reagent), sodium phosphate
monobasic monohydrate (ACS reagent =>99%), sodium
phosphate dibasic anhydrous (=98%), ammonium acetate
(ACS reagent =>97%) and 5-formyl-2-furancarboxylic acid
(Aldrich®™®) were purchased from Sigma-Aldrich UK.
Acetonitrile (LC-MS grade), (LC-MS grade) and
5-bromofuran-2-carboxylic acid (99%) were purchased from
Fisher Scientific UK. Stock solutions of the precursors,
potassium bromide and phosphate buffers were prepared in
ultrapure water (18.2 MQ cm) and kept at 4 °C. The stock
solution of chlorine was prepared daily in ultrapure water
from a solution of sodium hypochlorite. Free chlorine
concentrations were measured with the Hach Method 8021
using diethylparaphenylenediamine (DPD) powder sachets
and a Hach meter. Chlorinated samples were prepared by
diluting sodium hypochlorite, potassium bromide, sodium
phosphate pH buffers and precursor stock solutions in
ultrapure water. Since the focus of the study was on product
or peak identification, rather than quantification, replicates
were not analysed during the study.

water

2.1 UV absorbance screening experiments

Since halofuranones, haloquinones and halocyclopentenoic
acids all absorb UV radiation, UV spectroscopy was used as a
screening technique to establish chlorination conditions
forming stable UV-absorbing byproducts - which may include
critical byproducts for explaining the risk of bladder cancer.
Phenolic compounds are a key precursor group for a broad
spectrum of carbonaceous DBPs, including trihalomethanes,
halophenols and halofuranones.”** The 10 phenolic
precursors (Table ESI-1f) have all previously been
investigated as model precursors to the formation of
THMs>** and encompass a range of functionalities found in
natural organic matter, including lignin substructures. The
kinetics of the reactions between phenolic compounds of this
type and chlorine have been studied extensively in the past,
e.g. ref. 35. The initial concentrations of each precursor

This journal is © The Royal Society of Chemistry 2023
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ranged from 25-300 pmol L™ (or 3.2-33 mg L") (Table ESI-
11) and were selected in order to produce a maximum UV
absorbance in the range 0.3-0.6 absorbance units, so that
changes in the initial absorbance could be observed.
Experimental conditions for the UV absorbance experiments
are given in Table ESI-2.f The UV absorbance of the
chlorinated samples was monitored every 1 nm from 200 to
400 nm with a Lambda 750 (Perkin Elmer) UV/vis
spectrophotometer in quartz cuvettes of 1 cm pathlength for
different pH (6-8), bromide to chlorine ratio (0 or 1 mol
mol™ for each chlorine dose) and contact times (15
seconds-7 days) (Table ESI-2f). Peaks present over the

Table 1 Chlorinated samples (S1-S6) selected for DBP identification
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duration of these experiments are also likely to be stable
under water treatment conditions. Chlorine doses (5-20 mol
mol™ of precursor) were selected to have values below and
above the experimental chlorine demand of the precursors.
Initial chlorine and bromide concentrations at the lowest
chlorine dose of 5 mol mol™ of precursor ranged from 10.7-
106.5 mg L™ as Cl, and 12.0-119.9 mg L™ as Br~ respectively.
The UV absorbance of the chlorinated samples was
monitored for a total of 97 conditions for the 10 model
precursors (Table ESI-2f), with those forming stable UV-
absorbing DBPs selected for subsequent experimental stages
(Table 1).
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2.2 Identification of byproducts from phenolic precursors by
HPLC-HRMS

HPLC-HRMS was used to tentatively identify DBPs generated,
as it is better suited for the analysis of polar and hydrophilic
compounds than gas chromatography with mass
spectrometry (GC-MS). Moreover, water samples can be
directly analysed by liquid chromatography with mass
spectrometry (LC-MS), assuming DBP concentrations are
sufficiently high, whereas they have to be extracted in a
solvent before being analysed by GC-MS. During extraction,
some compounds may be lost, especially hydrophilic ones.
Chlorinated samples selected were prepared with an initial
precursor concentration of 10 mg L™". This concentration can
be considered typical of a drinking water rich in natural
organic matter, for example, total organic carbon (TOC)
concentrations in source waters from 23 cities in the USA
and Canada ranged from 0.7-16.1 mg L™".*® After adding 100
uL of acetonitrile to 900 puL of each sample, these were kept
at -21 ©°C until analysis. Blanks of acetonitrile and
chlorinated ultrapure water were analyzed at the beginning
of each run, as well as non-chlorinated controls containing
the precursors in the same conditions as the chlorinated
samples (contact time, pH and presence or absence of
bromide). To ensure that the peaks detected in the
chlorinated  samples corresponded to  chlorination
byproducts, only those absent in the blank and controls were
considered. The non-targeted analysis of stable UV-absorbing
DBPs conducted using LC-Orbitrap-HRMS, which
consisted of an Aria TLX-1 chromatographic system coupled
to a Velos LTQ Orbitrap™ mass spectrometer (Thermo
Scientific, San José, CA, USA) with a hybrid linear ion trap
(LTQ) - Orbitrap analyzer. The conditions used were
optimised following preliminary tests and are based on the
non-targeted detection of DBPs in drinking water.*” 20 pL of
sample were injected on a Zorbax Eclipse XDB-C18 analytical
column (150 x 4.6 mm, 5 pm particle size; Agilent
Technologies, Santa Clara, CA, USA). The separation was
achieved with an elution gradient using acetonitrile (eluent
A) and water with 0.1% ammonium acetate (eluent B) as
mobile phases at a flow rate of 0.5 mL min~". The gradient
program was as follows: 5% of A at 0 min; kept for 1 min;
increased to 95% A at 10 min; kept for 3 min; decreased to
5% A at 15 min; kept for 1 min. Ionization was carried out
with a heated electrospray ionization source (H-ESI) in both
negative (ESI-) and positive (ESI+) mode. The electrospray
sheath gas flow and auxiliary gas flow rates were set to 35
and 15 arbitrary units, respectively. Spray voltage was 3.5 kV.
The capillary and heater temperatures were 350 °C and 300
°C. The main full-scan mode was performed with a resolution
of 60000 full width at half maximum (FWHM) at 200 m/z and
the MS/MS (tandem mass spectrometry) events were acquired
with a resolution of 15000 FWHM at 200 m/z. Fragmentation
was performed with a collision energy of 30 eV. The software
Xcalibur 2.1 (Thermo Scientific) was used for data acquisition
and quantification.

was
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The spectra were first acquired in data dependent scan
mode, and fragmentation was performed for the 3 top
ions of each scan. The software Compound Discoverer v
3.1 (Thermo Scientific) was used to deconvolute the
chromatographic peaks present in each sample and to
propose chemical formulas. Empirical formulas were
tentatively annotated considering a restricted count of
elements (C1-00H1-19000-15 No-10S0-5P0-3Clo-4BTo_3), a
restricced H/C ratio (0.1-3.5), and a ring double bond
equivalent (RDBE) ranging from 0 to 40. When the relative
mass error was <3 ppm for a formula proposed, and the
isotopic pattern present on the mass spectrometry (MS)
spectrum matched the number of halogen atoms, the
chemical formula was tentatively selected. After the first
run, an inclusion list was created for each sample with
the accurate m/z of DBPs detected. The samples were
injected again and the ions corresponding to the mj/z in
the inclusion list were fragmented to obtain their MS/MS
spectra, which means ions with relatively low abundance
may be missed. The latter were analyzed using Metfrag
with the Pubchem library.*® This software calculated a
normalized score indicating how well the experimental
MS/MS spectra matched those predicted for compounds
with the same chemical formula in the Pubchem library.
Compounds with a score of 1.00 best matched the
experimental MS/MS spectra. Since some DBPs are absent
from the Pubchem database, where appropriate, additional
compounds matching the chemical formulas elucidated
were proposed based on mechanistic analysis of likely
reaction products.

For the confirmation of the detected DBPs with
standards, the chlorinated samples were prepared with an
initial precursor concentration of 50 mg L™ and the same
conditions as prior to LC-Orbitrap-HRMS analysis.
5-Formyl-2-furancarboxylic =~ acid and  5-bromofuran-2-
carboxylic acid standards were prepared at 10 mg L.
After adding 100 pL of acetonitrile to 900 pL of each
sample and standard, these were kept in the freezer (-21
°C) until analysis. The analysis of the chlorinated samples
and the confirmation standards was conducted using a
LC-qTOF-HRMS which consisted of an Agilent 1290

chromatographic system coupled to an Agilent 6550
iFunnel quadrupole time-of-flight (qToF) mass
spectrometer. 10 upL of sample were injected into a

Poroshell 120 EC18 analytical column (100 x 3.0 mm, 2.7
um particle size; Agilent). The same eluents and elution
gradient were used as for the non-targeted analysis by LC-
Orbitrap-HRMS. Ionization was carried out with a H-ESI
source in negative polarity. The electrospray drying gas
and sheath gas flow rates were set to 15 and 10 mL min™"
respectively. The gas and sheath gas temperatures were
200 °C and 350 °C respectively. The MS/MS spectra were
acquired with a collision energy of 35 eV. The software
MassHunter Workstation Data Acquisition and MassHunter
Qualitative Analysis 10.0 (Agilent) were used for data
acquisition and quantification respectively.

This journal is © The Royal Society of Chemistry 2023
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2.3 Prediction of mutagenicity and carcinogenicity for the
urinary bladder of the identified DBPs

Mutagenicity is a commonly wused indicator of
carcinogenicity.”® The US EPA's T.E.S.T. software®® was used
for predicting the mutagenicity of selected DBPs. Their
probability to be active carcinogens for the urinary bladder
was calculated by an online rodent organ-specific
carcinogenicity prediction tool, which uses a quantitative
structure-activity relationship (QSAR) model, developed using
1011 organic compounds collated in the Carcinogenic
Potency Database (CPDB), which were evaluated using a
standard two-year rodent carcinogenicity bioassay."’ The
probability of being active (Pa) or inactive (Pi) was calculated
relative to the structure of molecules within training sets that
are known active or inactive rodent carcinogens for a specific
target organ. In this study mean values for male and female
rats were used. DBPs having a Pa > 2 Pi for the urinary
bladder were considered to be potential bladder carcinogens.

3. Results

In this study, initially UV spectroscopy was used to highlight
experimental conditions under which stable UV-absorbing
byproducts were generated during the chlorination of 10
phenolic precursors (section 3.1). Subsequently, the specific
byproducts formed under these conditions were identified
using HPLC-HRMS (section 3.2), with the structure of
unknowns elucidated using analysis of MS/MS spectra
(section 3.3) and mechanistic pathways (section 3.4).
Subsequently, the level of confidence in the identified
byproducts is discussed in section 3.5 and their predicted
toxicity in section 3.6.

3.1 UV spectroscopy to highlight conditions forming stable
DBPs

The formation of UV-absorbing DBPs from the selected
precursors was monitored for 97 different chlorination
conditions (combination of different precursors, pH, chlorine
doses, and bromide doses, Table ESI-2) (Fig. ESI-1-ESI-127).
The pH, chlorine and bromide doses were found to influence
the nature, the amount and the stability of the byproducts
formed. In general, at higher pH and chlorine doses, the
formation of DBPs was faster and these were formed in
higher amounts. Some DBPs formed were stable at lower
chlorine doses only.

The six samples of interest in this work (that generated
stable byproducts, including furan-like compounds) are
displayed in Table 1. Many of the peaks generated during
chlorination were rather broad (Table 1), which may indicate
they relate to a mixture of stable byproducts, rather than
individual compounds. When several sets of conditions led
to the formation of the same peaks, the conditions that
formed the highest peaks (i.e. more DBPs) were selected. A
chlorine dose of 5 mol mol ™" of precursor was selected for
the chlorinated samples in subsequent experimental work

This journal is © The Royal Society of Chemistry 2023
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because it is below the experimental chlorine demands for
the precursors in the selected six samples (Table 1), which
have previously been reported as 7-9 mol mol™" of precursor
in literature.>***** This was to prevent the presence of
chlorine residual and the need to add quenching agents.
Indeed, these may degrade the byproducts formed and lead
to an incorrect identification of the target compounds.**
These conditions (Table 1) constituted the six chlorinated
samples selected for subsequent DBP identification. Their UV
spectra were consistent over 7 days, indicating that the DBPs
formed were stable.

3.2 Chemical formulas of DBPs detected using HPLC-HRMS

Chemical formulas for thirty DBPs were identified using LC-
Orbitrap-HRMS in the six samples, all in ESI- mode. Thirteen
unknown DBPs were selected as particular interest in this
work and are collated in Table 2. Chemical formulas for
unknown DBPs were tentatively elucidated with relative mass
errors <3 ppm (Table 2). The isotopic patterns present on the
MS spectra were all consistent with the number of halogen
atoms in the chemical formulas elucidated for the unknown
DBPs. The monoisotopic molecular weights of these 13 DBPs
ranged from 140 to 214 ¢ mol ', and 11 were halogenated. All
had either 5 or 6 carbon atoms and 4 or 5 degrees of
unsaturation, suggesting that they were cyclic compounds.
The Pubchem compounds database was consulted to
investigate the isomers matching the chemical formulas
elucidated. The number of candidate isomers for each
unknown DBP ranged between 6 and 152; 40% of them were
heterocyclic compounds with a 5-membered ring. Meanwhile,
the 17 additional DBPs are shown in Table ESI-2.f The latter
group include well-known DBPs such as dichloroacetic acid,
2,4,6-trichlorophenol and 2,4,6-tribromophenol.

3.3 Elucidating the structure of unknown DBPs from their
MS/MS spectra

In order to gain information about the structure of the 13
selected unknown DBPs, and to narrow down the number of
candidate isomers for each DBP, their MS/MS spectra were
acquired. The fragment ions obtained gave an indication of
the functional groups present in DBPs formed in the
chlorinated samples. The MS/MS spectra acquired for
byproducts 01 and 02 (Table 2) from phenol both exhibited
the loss of a CO, fragment, indicating that these byproducts
were either esters or carboxylic acids (Fig. ESI-13.a and ESI-
13.b}). The best candidate isomers for these byproducts
according to their Metfrag scores were halofuroic acids and a
furancarbonochloridate (Fig. ESI-13.a and ESI-13.bf).
Byproduct 03 from phenol exhibited loss of CO and the best
candidate isomer was another halofuran. The MS/MS spectra
obtained for the byproducts of 4-hydroxybenzoic acid (Fig. 1)
showed that CO and CO, fragments (or both) were lost
during fragmentation. Among the best candidate isomers for
these byproducts, based on their Metfrag scores, were various
furan-like compounds including halofuroic acids, a

Environ. Sci.: Water Res. Technol., 2023, 9, 419-432 | 423
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Table 2 Chemical formulas elucidated for selected DBPs detected in chlorinated samples

DBP Retention time Molecular weight Chemical Relative mass Number of isomers
Precursor Sample D (min) (g mol™) formula error in Pubchem
PHE S1 01 7.35 213.89966 C5HCLO0; 2.30 6
02 6.51 179.93843 CsH,Cl,03 1.77 11
03 14.10 191.93852 CeH,Cl,03 1.98 12
4-HBA S2 04 3.37 205.92123 CsH;Bro, -1.14 7
S3 05 2.52 207.93282 C.H,CLO0, -1.92 18
06 6.53 179.93793 CsH,CL0, -2.03 11
07 7.37 213.89888 CsHCL0;, -0.28 6
08 8.01 213.89886 C,HCL0;4 -0.57 6
4-HCA S4 09 2.60 156.00566 CeH4O5 -1.53 112
10 2.55 140.01063 CeH,04 -2.10 152
TFA S5 11 5.82 159.99246 CeH5ClO3 -1.29 99
12 6.39 159.99246 CeH5ClO; -1.29 99
S6 13 5.99 189.92603 CsH,;BrO, -2.43 20

furancarbonochloridate, a halofuranone and a halofuran
hydrogen carbonate (Fig. 1 and ESI-13.c). Byproducts 09 and
10 formed from 4-hydroxycinnamic acid also exhibited the
loss of CO, and CO fragments (Fig. ESI-13.d and ESI-13.ef).
Several furans or furan-like compounds were among the best
candidate isomers for these byproducts. The MS/MS spectra
of byproducts 11 and 12 from trans-ferulic acid showed the
loss of a methyl fragment (Fig. ESI-13.f and ESI-13.g7). Since
this was a common moiety among the isomers found in
Pubchem for these chemical formulas, 9 and 5 candidates
obtained Metfrag scores higher than 0.98 for byproducts 11

byproduct 13, the MS/MS spectrum exhibited the loss of a
CO, fragment indicating that this compound was either an
ester or a carboxylic acid (Fig. ESI-13.ht). The best candidates
for this byproduct were a brominated furoic acid and
brominated furanformate (Fig. ESI-13.h¥).

Analyzing the fragmentation spectra of the byproducts
detected considerably reduced the number of candidate
isomers for each DBP detected in the samples. For most of
the byproducts (except 09, 11 and 12), the number of
probable structural isomers was reduced to 1 or 2 (Fig. 1 and
ESI-13%). Since many of the 13 unknown DBPs appeared to

and 12

respectively (Fig. ESI-13.f and ESI-13.gf). For

be furan-type compounds, their exact masses (Table 2) were
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Fig. 1 MS/MS spectra of disinfection byproducts from 4-hydroxybenzoic acid. a. DBP 04 (C¢gH,Cl,O4). b. DBP 05 (CsH,Cl,03). c. DBP 06 (CsHCl3-
O3). d. DBP 07 (CsHCl503). The fragments lost are labelled in blue. The candidate structural isomers that obtained the best scores in Metfrag are
illustrated, with their normalized Metfrag scores (for the sake of clarity, only one of the positional isomers is illustrated).
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compared with the monoisotopic masses of 57 furan-type
DBPs and associated compounds reported in literature (Table
ESI-312072428475) © however, the only match was with
trichlorofuran-2-carboxylic acid, which has been tentatively
identified using high resolution mass spectrometry in
authentic chlorinated drinking water samples during two
separate studies.***?

3.4 Pathways for the formation of furan-like DBPs

To further reduce the number of candidate isomers matching
the chemical formulas elucidated and the MS/MS spectra of
the DBPs detected in the chlorinated samples, the plausibility
of their formation was investigated. Among the 35 candidate
isomers for the 13 DBPs (Table 2), 27 were furans or furan-
like compounds (Fig. 1 and ESI-137}). Literature mechanisms

@@

Decarboxylation EAS

@

{ Decarboxylation

H
\ O«) o)

cl &' mH
c’ c

Ring
formation

@*» ©+

Decarboxylation

O HO HO Cl
W o
O 7 OH

Cl
' Decarboxylation

@O’)
Cl

@

H o

(/O H cl
Y
cl Rlng
formation

™ HO

T -

H H

L ®

€0 Q 0 oo 9 Q 0o 9
CI/H(%_?/I(OH - CIWOH - HOWOH

ol c’ cl c’ c

ofo

View Article Online

Paper
for the formation of furan-like DBPs”**® were unable to
explain the formation of these candidates. Instead, a
mechanism consisting of electrophilic aromatic substitution
of chlorine, oxidation, ring opening, decarboxylation and
eventually ring formation to provide a five-membered furan
structure was proposed (Fig. ESI-147), which builds upon
previous work.?*>3

The proposed pathway can explain the formation of a
range of furan-like compounds including furans, furanols,
furanones, furoic acids, and furanediones. The opening of
the ring requires the presence of a carbonyl group as one of
the substituents (Fig. ESI-15.at). This is not the case for any
of the selected precursors. However, they all possess hydroxyl
groups that can be oxidized into carbonyl groups. A new ring
can then be formed by intramolecular nucleophilic addition
according to different mechanisms (Fig. ESI-15.b-df). To
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Fig. 2 Proposed pathways for the formation of a halofuroic acid and a halofuranone from 4-hydroxybenzoic acid. a. Pathway for the proposed

candidate for DBP 06. b. Pathway for the proposed candidate for DBP 07.
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enable the formation of a furan-like product, the carbon
chain must possess carbonyl, carboxyl or hydroxyl groups in
a 1,4 arrangement. A combination of electrophilic aromatic
substitutions, chlorine substitutions and oxidations are
essential to the formation of carbonyl, carboxyl and hydroxyl
groups to enable the opening of the 6-membered ring and

View Article Online
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the subsequent formation of the 5-membered ring. This
pathway can also explain the formation of furan-like DBPs
from trans-ferulic acid and 4-hydroxycinnamic acid after they
are converted to 4-chloro-1,2-benzenediol and 4-chlorophenol
intermediates respectively (Fig. ESI-16f). The proposed
general pathway could explain the formation of at least one

Table 3 Summary of furan-like DBPs identified, the level of confidence in their identification and their predicted mutagenicity and carcinogenic activity

for the urinary bladder

Precursor DBP ID Level of confidence in DBP identification Plausible structures Predicted mutagen Pa Pi
PHE; 4-HBA 01 =07 54321 Q ° No 0.45 0.19
Cl Cl
02 = 06 543 21 0 o Yes Pa < Pi
B ] Ho' )
T
PHE 03 54321 0 No Pa < Pi
&\ J o
4-HBA 04 54321 o 0 No 0.58 0.09
Ho
B ] () o
B
0 No 0.34¢ 0.30¢
B'n
0]
¢} (0]
05 5 4321 o cl Yes Pa < Pi
[©)
- o
cl
HO\‘ O Yes Pa < Pi
c [Oe]
o
08 54321 al Yes Pa < Pi
00
- YR
o] Cl
4-HCA 09 543 21 O. Yes Pa < Pi
B ] .
ngr
OH
o
a a
O%OH No 0.35 0.29
J o]
0 No 0.36 0.30
0
10 54321 0\ o o] Yes Pa < Pi
] LI on
TFA 11 543 21 o o] Yes 0.35 0.32
B ] L on
cr
12 54321 o 0 No 0.35 0.32
) O
=/
13 543 21 o Yes 0.51 0.13
SNG-
B ] wo” L

Only one positional isomer is illustrated in the table for clarity and brevity. Mechanistically plausible positional isomers are indicated by bonds
were drawn with a dashed line. Level of confidence in DBP identification based on the level system proposed by Schymanski et al. (2014):>°-
Level 5: chemical formula not elucidated- Level 4: several structural isomers proposed- Level 3: only one candidate structural isomer but
several positional isomers plausible- Level 2: only one positional isomer proposed- Level 1: structure confirmed with a standardPa: probability
to be an active carcinogen for the urinary bladder in the rat; Pi: probability to be inactive for the urinary bladder in the rat. Pa and Pi
correspond to the average of female and male rat values (standard deviations between female and male values <0.02). Pa values in bold: Pa >
2 Pi. “ Pa < Pi in female rat so the value for male rat is indicated.
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of the candidate isomers proposed for the 13 DBPs detected
by LC-Orbitrap-HRMS in the 6 chlorinated samples (Fig. 2
and ESI-17-ESI-21%).

The proposed pathway is more flexible than related
mechanisms,**®® since substitution of OH into the
precursor's six-membered ring facilitates formation of a
greater range of subsequent structures. Moreover, the ring
formation step can involve either carbonyl, carboxyl or
hydroxyl groups in a 1,4-arrangement, rather than just the
first two of these functionalities. It can be extended to
account for the formation of five-membered homocyclic rings
or six-membered heterocyclic rings, the latter generated when
cleavage of the initial ring liberates an aliphatic structure
with carbonyl, carboxyl or hydroxyl groups in a
1,5-arrangement (Fig. ESI-141). According to this mechanism,
many phenolic compounds can form furan structures upon
chlorination, rather than just precursors containing
oxygenated substituents in the requisite 1,4 arrangement. It
was observed during the UV screening experiments that
higher pH generally promoted the formation of the stable
UV-absorbing DBPs, which is consistent with the initiating
effect of hydroxyl in the mechanisms proposed (Fig. ESI-14-
ESI-211).

Only one of the proposed candidate structural isomers
was mechanistically plausible for DBPs 01 and 02 formed
from phenol (Fig. ESI-17f). Therefore, these were tentatively
identified as the halofuroic acids trichlorofuran-2-carboxylic
acid and dichlorofuran-2-carboxylic acid respectively
(Tables 3 and ESI-4t). For the latter, the chlorine atoms can
be on any of the available carbon atoms in the ring and
therefore three positional isomers 3,4-; 3,5- and
4,5-dichlorofuran-2-carboxylic acid are mechanistically
plausible (Table ESI-47).

Byproducts 06 and 07 generated from 4-hydroxybenzoic
acid were the same as byproducts 02 and 01 from phenol
respectively (same molecular weights and same retention
times) and may have formed according to the same pathway
following the decarboxylation of 4-hydroxybenzoic acid
(Fig. 2a and ESI-18.at). As a result, they were also tentatively
identified as dichlorofuran-2-carboxylic acid (either 3,4-; 3,5-
or 4,5-dichloro isomer) and trichlorofuran-2-carboxylic acid
respectively (Table ESI-4). Similarly, DBP 03 was tentatively
identified as 3,4-dichlorofuran-2,5-dicarbaldehyde (Tables 3
and ESI-4f). Only one isomer, a 6-membered heterocyclic
compound, was mechanistically plausible among the
candidate isomers proposed following the Metfrag analysis
for DBP 04 (Fig. ESI-18.b, Table ESI-4}). However,
mechanistic analysis of 4-hydroxybenzoic acid, suggested that
the formation of a 4-bromo-5-hydroxyfuran-2-carboxylic acid
(Fig. ESI-18.c, Tables 3 and ESI-4t) was also plausible. It is
absent from the Pubchem library, thus, was not proposed as
a candidate during the Metfrag analysis. Both candidate
isomers, which themselves each have multiple positional
isomers (Tables 3 and ESI-4f) proposed for DBP 05 were
mechanistically plausible (Fig. ESI-197). According to the
proposed pathway, the regioselective substitution and

This journal is © The Royal Society of Chemistry 2023
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oxidation of the hydroxyl groups of the tetrachlorophenol
intermediate influences the formation of one byproduct or
other. The only candidate structural isomer proposed for
DBP 08 from 4-hydroxybenzoic acid is an oxidized form of
the mutagenic DBP MX (Fig. 1.d). However, the positional
isomer illustrated is not mechanistically plausible. Instead, a
pathway was proposed for one of its positional isomers
(Fig. 2.b), halofuranone 4-chloro-5-(dichloromethyl)furan-2,3-
dione or its positional isomer 3-chloro-5-(dichloromethyl)
furan-2,4-dione (Table ESI-4{), both of which are
mechanistically plausible.

Three of the five candidate isomers proposed for DBP 09
from 4-hydroxycinnamic acid are mechanistically plausible
(Fig. ESI-201). These include 2 furan-like compounds and a
6-membered heterocyclic compound (Tables 3 and ESI-4f).
The furoic acid 5-formyl-2-furancarboxylic acid was the only
mechanistically plausible candidate for DBP 10 formed from
4-hydroxycinnamic acid (Tables 3 and ESI-47).

The only candidate structural isomer proposed for DBP 12
from trans-ferulic acid was mechanistically plausible (Fig.
ESI-211) and was tentatively identified as 2-acetyl-2-
chlorofuran-5-one or one of two positional isomers (Tables 3
and ESI-4t). DBPs 11 and 12 have the same mass, but
different retention times, so are isomers (Table 2). Two of the
9 candidate isomers proposed for DBP 11 from trans-ferulic
acid were mechanistically plausible (Fig. ESI-13 and ESI-217).
As one of them, 2-acetyl-2-chlorofuran-5-one, was identified
as DBP 12, DBP 11 was tentatively identified as the other
mechanistically plausible candidate: 4-chloro-5-methyl-2-
furancarboxylic acid (Table ESI-4f). Its positional isomer
3-chloro-5-methyl-2-furancarboxylic acid is also
mechanistically plausible (Tables 3 and ESI-4t). DBP 13 from
trans-ferulic acid was identified as 5-bromo-2-furancarboxylic
acid, the only mechanistically plausible candidate, or one of
two positional isomers (Tables 3, ESI-4f). For the 13 DBPs
detected in the chlorinated samples (Table 2), the number of
candidate structural isomers was reduced from 35 to 15 in
total (Table 3) by evaluating their mechanistic plausibility. As
mentioned above, trichlorofuran-2-carboxylic acid, DBP 01
and 07 in Table 3, has previously been tentatively identified
in chlorinated drinking water.*>*> However, to the best of the
authors’ knowledge, none of the other 11 furan-like
structures identified in this work (Table 3) have previously
been reported to form as DBPs in literature.

3.5 Level of confidence in DBPs identified

Among the 15 candidate structural isomers (Table 3), only 2
were commercially available: 5-formyl-2-furancarboxylic acid
(candidate for DBP 10) and 5-bromofuran-2-carboxylic acid
(candidate for DBP 13). These were analysed by the LC-qTOF-
HRMS and compared with the DBPs in the chlorinated
samples. No peak was observed at the m/z and retention time
of 5-formyl-2-furancarboxylic acid in the chlorinated sample
of 4-hydroxycinnamic acid. It is possible that an isomer of
5-formyl-2-furancarboxylic acid, not present in the Pubchem

Environ. Sci.: Water Res. Technol., 2023, 9, 419-432 | 427
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compounds database, corresponded to DBP 09 instead.
5-Bromofuran-2-carboxylic acid and DBP 13 eluted at the
same retention time of 2.0 minutes (Fig. ESI-22t). They
exhibited similar MS spectra but different MS/MS spectra
(Fig. ESI-227), which suggests that a positional isomer of
5-bromofuran-2-carboxylic acid, for example, 3-bromo- or
4-bromofuran-2-carboxylic acid, was generated instead. It is
known that positional isomers often elute at very similar
retention times, for example, 3 positional isomers of
fluorofentanyl and fluoromethcathinone had retention times
varying between 0.00 and 0.16 minutes on different
instruments.”® Their MS spectra exhibited the same ions, but
the ratios of the abundance values were different for various
ions.>*

For DBPs 01, 03, 07, 08 and 10, only one candidate
positional isomer remained plausible after mechanistic
analysis (Table 3). Therefore, these were identified with a
confidence level 2 (probable structure) according to the
system described by Schymanski et al.>® For DBPs 02, 06, 11,
12 and 13 investigating the plausibility of the formation of
the candidate isomers could reduce their number to only one
structural isomer (Table 3). However, 2 to 4 positional
isomers were plausible and therefore, these DBPs were
identified with a confidence level of 3 (tentative
identification). As for DBPs 04, 05 and 09, the number of
candidates was reduced to either 2 or 3 structural isomers
(and their positional isomers) and these were therefore
identified with a confidence level of 4 (Table 3).

In summary, 12 furans or furan-like candidate isomers
were mechanistically plausible products from the four
phenolic  precursors  phenol, 4-hydroxybenzoic acid,
4-hydroxycinnamic acid and ¢rans-ferulic acid (Table 3). These
candidates relate to chemical formulas for 13 different DBPs.
Note that two pairs of these DBPs, generated from different
precursors, are duplicates (01 = 07 and 02 = 06), as they had
the same mass, retention time and molecular formula.
Previously, MX and its linear isomer, E-MX, have been
reported as products of various phenolic and aromatic
natural organic matter surrogates,”>® but the present work
indicates that the formation of furan-type DBPs from natural
organic matter surrogates encompasses a wider variety of
structures than appreciated hitherto.

3.6 Predicted toxicity of the DBPs tentatively identified

The probabilities for the 15 mechanistically plausible
structures, 12 of which were furan-like DBPs, to be mutagens
and active carcinogens for the wurinary bladder were
calculated (Table 3). The Pa values relate the probability to be
active for the urinary bladder whereas Pi is the probability to
be inactive. Compounds having Pa > 2 Pi were considered
predicted bladder carcinogens, as their probability to be
active is at least twice of being inactive. Eight of the 15
plausible structures were predicted mutagens. Three
halofuroic acids were predicted bladder carcinogens:
trichlorofuran-2-carboxylic acid (DBP 01 and 07 from phenol
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and 4-hydroxybenzoic acid), 4-bromo-5-hydroxyfuran-2-
carboxylic acid (DBP 04 from 4-hydroxybenzoic acid) and
5-bromofuran-2-carboxylic acid (DBP 13 from trans-ferulic
acid) (Table 3). The latter two, both brominated furoic acids,
had Pa values >0.50. For comparison, the same probabilities
were calculated for 57 furan-type DBPs reported in literature
(including trichlorofuran-2-carboxylic acid), as well as seven
nitrosamines known as DBPs (Table ESI-5t1). Note that
carcinogenicity values cannot be predicted by this method for
simpler DBPs such as THMSs or NDMA
(N-nitrosodimethylamine), as such structures are absent from
the training sets used to establish the relevant QSAR models.
Of the 57 literature furan-type DBPs, 44 are predicted
mutagens, but only ten are potential bladder carcinogens (i.e.
Pa > 2 Pi) (Table ESI-51). The nitrosamines are a group of
recognised carcinogens and of the seven analysed in Table
ESI-5,f six are predicted mutagens and five potential bladder
carcinogens.

4. Discussion: implications for
drinking water treatment

It is important to note that the byproducts reported in this
study were tentatively identified from the chlorination of
natural organic matter surrogates. In the future it will be
important to confirm the presence of the halofurans
identified in authentic drinking water samples and of
intermediates to support the mechanistic pathways proposed.
Moreover, in natural waters iodinated analogues of the DBPs
identified, which were not considered here, are possible
products of the chlorination of natural organic matter, of
note since iodinated DBPs may act as forcing agents for the
cytotoxicity of drinking water.”” A related focus for research
efforts is likely to be controlling the concentrations of
toxicologically-significant DBPs in drinking water. In their
study, Evlampidou et al.'® estimated that reducing the mean
THM levels (used as a surrogate for DBPs exposure) to the
European Union average for 13 countries with higher
exposures would reduce the estimated number of attributable
bladder cancer cases by 44%. Identifying the specific DBPs
responsible for bladder cancer and targeting their control
could significantly reduce the risk of bladder cancer arising
from the consumption of chlorinated water. This includes
looking for carcinogens within the pool of nitrogenous
disinfection byproducts, many known to be more cytotoxic
and genotoxic than non-nitrogenous analogues when
assessed by Chinese hamster ovary (CHO) cell bioassays.>®>’
With respect to minimizing the formation of furan-like DBPs,
the removal of phenolic precursors prior to chlorination will
be a profitable approach. Processes, such as activated carbon
and membranes, which target the residual aromatic/
hydrophobic/phenolic natural organic matter remaining after
the application of conventional drinking water treatment
processes  (ie.  coagulation-flocculation-sedimentation-
filtration) are predicted to be effective in this regard, as
previously demonstrated for micropollutants including

This journal is © The Royal Society of Chemistry 2023
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antibiotics, e.g. ref. 60. The application of chemical oxidation
processes, such as ozone, requires a cautious assessment of
byproduct toxicity relative to the starting material. Chevrier
et al.®* observed a reduced bladder cancer risk from ozone
disinfected drinking water in comparison with chlorinated
water, while furans were recently reported to be highly
reactive towards ozone.’” However, highly toxic o,pB-
unsaturated dicarbonyls are a significant byproduct of these
reactions.®*

5. Conclusions

In this work, UV spectroscopy was used to identify conditions
forming stable UV-absorbing DBPs from 10 phenolic
precursors. Subsequently, HPLC-HRMS was used to measure
of DBPs generated. Key contributions to
knowledge are as follows:

e Chemical formulas for 30 stable DBPs formed were
elucidated. Among them, 12 mechanistically-plausible
structures, relating to 13 different DBPs, were identified as
furan-like compounds, including trichlorofuran-2-carboxylic
acid, dichlorofuran-2-carboxylic acid, 3,4-dichlorofuran-2,5-
dicarbaldehyde, 4-chloro-5-(dichloromethyl)furan-2,3-dione,
5-formyl-2-furancarboxylic acid, chloro-5-methyl-2-
furancarboxylic acid, 2-acetylchlorofuran-5-one and bromo-2-

the masses

furancarboxylic acid. Eleven of these have never before been
reported in literature as DBPs.

e Among the 12 plausible furan-like structures identified,
eight were predicted to be mutagenic and three were
predicted to be bladder carcinogens, which suggests that this
class of DBPs may be toxicologically significant for the
urinary bladder.

e The study indicates that the formation of halogenated
furan-like DBPs from phenolic precursors often used as
surrogates of NOM is more widespread than previously
appreciated.

Abbreviations

BMX-1 4-(Bromochloromethyl)-3-chloro-5-hydroxy-
2(5H)-furanone

BMX-2 3-Chloro-4-(dibromomethyl)-5-hydroxy-2(5H)-
furanone

BMX-3 3-Bromo-4-(dibromomethyl)-5-hydroxy-2(5H)-
furanone

DBP Disinfection byproduct

DPD Diethylparaphenylenediamine

GC-MS Gas chromatography with mass spectrometry

H-ESI Heated electrospray ionisation

HPLC-HRMS High performance liquid chromatography
with high resolution mass spectrometry

LC-MS Liquid chromatography with mass spectrometry

MS Mass spectrometry

MS/MS Tandem mass spectrometry

MX Mutagen X - 3-chloro-4-(dichloromethyl)-5-

hydroxy-2(5H)furanone
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NDMA N-Nitrosodimethylamine
qToF Quadrupole time-of-flight qToF
QSAR Quantitative structure-activity relationship
PHE Phenol
RDBE Ring double bond equivalent
red-MX 3-Chloro-4-(dichloromethyl)-2(5H)-furanone
TFA trans-Ferulic acid
THM Trihalomethane
uv Ultra-violet
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