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potentially harmful compounds were found which included halogenated hydroxy-cyclopentene-diones and
dibromomethanesulfonic acid. Some of these compounds have been reported as mutagenic in test systems and
thus their presence here requires further investigation. Overall, this approach demonstrated that employing
selective extraction improved detection and helped shortlist suspects and potentially toxic chemical contami-

nants with higher confidence.

1. Introduction

A vast array of natural and anthropogenically-derived chemical
substances exists in our environment. When present in water, some also
survive treatment and can contaminate municipal drinking water sup-
plies [1-3]. Currently, as of 2023, > 204 million substances exist on the
Chemical Abstracts Service (CAS) Registry and, of these, it is estimated
that 350,000 chemical products have been licenced for manufacture and
sale on a global level [4]. As a consequence, identification and moni-
toring of large numbers of chemical compounds across multiple envi-
ronmental compartments presents an enormous challenge. Recently,
analytical approaches for non-target analysis (NTA) and suspect
screening (SS) using liquid chromatography and high-resolution accu-
rate mass spectrometry (LC-HRMS) have emerged and detect much
larger numbers of compounds in a sample. However, NTA still presents
multiple challenges, from ensuring detection of physico-chemically
diverse compounds to reliably translating spectra of unknown sub-
stances into defined structures. Gaining comprehensive and confident
knowledge of all sample components remains an aim still far from being
fully achieved.

Current sample preparation methods for NTA of water are designed
to concentrate as wide an array of sample components as possible into a
single solution for injection. These have employed mostly single-sorbent
solid phase extraction (SPE) [5-7], multi-layer SPE [8-11], or evapora-
tive concentration [10,12,11]. Despite this obvious logic, extraction of
such a wide array of compound chemistries for instrumental analysis can
present new analytical problems (or exacerbate existing problems)
which could affect performance and reliability including, but not limited
to: (a) insufficient chromatographic resolution which can in turn affect
separation accuracy and precision when using retention time (tg) as a
metric for compound identification, especially in liquid chromatography
(LC); (b) increased droplet surface ion competition in electrospray ion-
isation (ESI) reducing or causing variable detector sensitivity and noise;
and (c) much increased spectral complexity, which in turn increases the
chances of incorrect spectral interpretation due to interferences in MS
and MS/MS. Therefore, opting for some selectivity in the extraction step
based on relatively simple, but still broad-reaching commonality in
chemical properties for molecules present in water may improve the
value and confidence in the overall SS/NTA approach. The obvious
disadvantage of such an approach is an increased workload with mul-
tiple different extraction modes required for chemicals with different
properties being targeted. However, recognising that scientific knowl-
edge of drinking water composition remains partial, and that even
wide-scope extraction methods are highly unlikely to cover the entire
chemical space anyway, multiple orthogonal and complementary
methods are likely more effective at reducing this uncertainty and are
ultimately more practical, reliable, and arguably easier to automate as a
result. Selective extraction of acidic, basic and neutral substances in
separate fractions can be achieved by employing serial or parallel SPE
with sorbents that are highly specific for each selected chemical space.
The focus of this work lies in anionic components in drinking water as
many such substances have recently emerged as very toxic in humans
including a large array of perfluoroalkyl substances (PFAS) and disin-
fectant by-products (DBPs), such as haloacetic acids (HAAs) or oxy-
halides, to name just a few. Sample preparation methods employing
separate modes selective for acidic or basic analytes have been adopted
for the analysis of persistent and mobile organic contaminants (PMOCs)
for example [13,14], employing mixed-mode ion exchangers which are

co-polymerised with an organic polymer backbone conferring wider
extraction selectivity. Silica-based strong-anion exchange (SAX) resins
have not been used in this field to date, due to the ionic strength required
to elute strong acids effectively, but also finding such solutions that are
compatible with chromatography and/or mass spectrometry detection.

In addition to extraction, and keeping anionic selectivity as the focus,
the instrumental analysis requires similar levels of consideration.
Consensus regarding the limitations of reversed-phased liquid chroma-
tography (RPLC) for SS/NTA of very polar and ionic compounds has
resulted in new methods employing hydrophilic interaction liquid
chromatography [15,11,14], mixed-mode RP-anion exchange-cation
exchange [13,16] and supercritical fluid extraction [5,11,14].

Over the last few years, SS and NTA analysis of drinking water has
led to the detection of an increasing number of contaminants, including
DBPs [17-20], PFAS [21,22], pharmaceutical and personal care products
[3,23], industrial chemicals [14,24], leachables from bottles [25] and
pipes [26], and pesticides [27]. However, most of the detected con-
taminants have intermediate polarities due to the vastly prevalent use of
RPLC-based methods, and to the best of our knowledge a method opti-
mised specifically for simultaneous detection and identification of
relatively hydrophobic and hydrophilic acidic contaminants is still
missing.

For SS and NTA, a carefully optimised data-processing workflow is
also critical. Several studies have highlighted the marked difference in
output of different algorithms for peak detection [28-30]. Consensus is
also growing in the scientific community about the importance of
feature reduction [31-33,23,28] to eliminate unnecessary workload and
reduce false positives. In particular, blank and repeatability filters are
increasingly becoming integrated in data-processing NTA workflows.
Additionally, several studies have characterised natural dissolved
organic matter (DOM) by LC-HRMS [34-36] including relatively harm-
less fulvic and humic acids. The concentration of DOM in UK tap water is
generally in the range of a few parts per million [37]. By applying a
concentration factor during sample preparation, a large number of DOM
mass spectral features will be generated. Therefore, a means to reduce or
remove such features in silico would reduce the SS/NTA workload and
likelihood of generating false positives (while retaining the option to
reassess the data for such substances post-hoc if required).

The aim of this work was to develop and apply a comprehensive
workflow for SS of organic acids and to help identify potentially new
toxic substances from this class in municipal drinking water with high
confidence. The objectives included design, optimisation, evaluation
and application of the sample preparation, non-targeted instrumental
analysis, peak detection, feature reduction and suspect screening stages
using initially a selection of well-known acidic contaminants, followed
by wider application to SS of drinking water samples from London, UK.
Specifically, we present the novel use of SAX SPE employing a high ionic
strength elution solvent (ammonium bicarbonate) which can be elimi-
nated conveniently before LC-HRMS for detection of both weak and
strong organic acids. Additionally, a new RP-weak-anion exchange
(WAX) LC-HRMS method was developed to separate organic acids with
very different polarities and expected to be present at concentrations
spanning several orders of magnitude. For this purpose, a list of 23
substances was compiled with the aim of covering a broad polarity range
(LogD at pH 7.5 ranging from 3.6 to —3.9, Table S1, predicted with
ACD/Labs Percepta), and of representing classes of compounds expected
to be found in drinking water: hydrophobic and hydrophilic PFAS [22,
38], DBPs [39], pesticides [40], metabolites of industrial chemicals
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[41], and sweeteners [42].

Lastly and importantly for SS/NTA of acids in drinking water, a list of
known elemental compositions present in drinking and surface water
DOM was generated and to our knowledge, this is the first time such a
list has been employed for feature reduction in SS. Overall, this new
approach can be used to improve confidence of detection and identifi-
cation of new acidic and potentially toxic agents in drinking water.

2. Materials and methods
2.1. Reagents

LC-MS grade ammonium bicarbonate, as well as ammonium hy-
droxide puriss. (>25 % NHj3 basis) and diethylamine puriss. (>99.5 %)
were purchased from Sigma-Aldrich (Steinheim, Germany). LC-MS
grade acetonitrile, formic and acetic acid were acquired from Fisher
Scientific (Waltham, USA). LC-MS grade ultrapure water and methanol
were supplied respectively by Supelco (Bellefonte, USA) and VWR
(Radnor, USA). A total of 23 hazardous and/or physicochemically
diverse acidic substances (see Table S1 for details and physicochemical
properties) were purchased from Sigma-Aldrich, Accustandard (New
Haven, CT, USA), Supelco (Bellefonte, PA, USA) and Manchester Or-
ganics (Runcorn, UK). A Suwannee River Fulvic Acid Standard (SRFAS)
was obtained from the International Humic Substances Society (St. Paul,
USA). For confirmation of shortlisted suspect screening candidates, 15
commercially available reference materials were purchased from a va-
riety of suppliers (see Table S2).

2.2. Water sampling and sample preparation

Ten municipal drinking water samples were taken from households
across London, UK, from the 23rd until the 31st of March 2022 (GPS
coordinates in Table S3). Cold water was collected in 30 mL Nalgene
polypropylene bottles (Sigma-Aldrich) after having been rinsed three
times, then was subsequently frozen at — 20 °C and kept in the dark until
analysis. The same procedure was used to collect and store ultrapure
water to be used as process blanks. For method performance evaluation
and comparison, a single tap water sample was collected in a 1 L Schott
bottle from the laboratory supply (measured pH = 7.5) and employed
for all preparations. For SPE, Isolute PE-AX in bulk and polypropylene
single fritted SPE cartridges (10 mL reservoir, polyethylene frits) were
purchased from Biotage (Uppsala, Sweden). A 500 mg mass of this silica-
based strong anion exchanger in the acetate form was packed into
polypropylene cartridges and conditioned with 4 mL of methanol fol-
lowed by 4 mL of ultrapure water. Subsequently, 10 mL of sample was
loaded. The cartridges were then washed with 8 mL of an ultrapure
water:methanol solution (9:1 v/v), dried, and eluted with 8 mL of a 0.2
M ammonium bicarbonate solution in ultrapure water:methanol (1:9 v/
v). The eluates were then evaporated to dryness at 38 °C, and recon-
stituted with 100 pL of 1:1 v/v ultrapure water:methanol (injection
solvent). All extracts were then transferred to 9 mm screw top clear glass
Verex vials from Phenomenex (San Juan, USA) with 9 mm Solid Top
Polyethylene caps from Restek (Bellefonte, USA) and 0.2 mL glass inserts
from VWR for injection onto the LC-HRMS.

2.3. Instrumentation

All analysis was performed on a Shimadzu LCMS9030 liquid
chromatography-quadrupole-time-of-flight mass spectrometer (LC-
QTOF-MS) equipped with a Nexera XR LC system and a standard ESI
source (Shimadzu Corporation, Kyoto, Japan). Detailed chromato-
graphic conditions and acquisition settings are reported in Table S4. For
chromatography, a Waters Atlantis Premier BEH C;g AX (2.5 um, 2.1 x
100 mm) column with pre-column (VanGuard FIT Cartridge, 2.5 um, 2.1
x 5 mm, containing the same stationary phase) for LC analysis was
acquired from Waters (Tampa, FL, USA). Mobile phase A was a 5 mM
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ammonium bicarbonate in water (pH 6.9, adjusted with acetic acid) and
mobile phase B was a 5 mM ammonium bicarbonate in acetonitrile:ul-
trapure water (9:1 v/v with pH of the water adjusted to 8.9 with
diethylamine before adding the organic solvent). The flow rate and in-
jection volume were 0.4 mL/min and 5 pL respectively.

2.4. Method performance evaluation and comparison

Working range, linearity, repeatability, recoveries and matrix effects
were evaluated according to Eurachem Fitness for Purpose of Analytical
Methods guidelines [43]. To determine working range and linearity,
matrix-matched calibrants were used and analysed with triplicate in-
jection (N = 13 calibrants tested; range: ~1-2000 ng L1). Chromato-
graphic tg imprecision was determined with seven consecutive
injections of a sample spiked at ~500 ng L. For recovery and repeat-
ability, n = 7 replicate matrix-matched mixture standards (~500 ng L)
were analysed after SPE. Background subtraction was also performed
using unspiked matrix (n = 3) after SPE. The recovered signal was then
compared to additional unspiked samples (n = 3) which were processed
using SPE but reconstituted with a solution of ~50 pg L of all analytes
in injection solvent (theoretical 100 % recovery concentration). The
latter solutions were also used to evaluate matrix effect by comparing
them to a standard of equivalent concentration prepared directly in in-
jection solvent (n = 3), with no SPE. The equations used for recovery and
matrix effect are in Table S5. In this work, all PFAS having linear and
branched isomers were quantified as a sum of all isomers. Method re-
covery was also compared to that of an existing SPE procedure for acids
[16], modified to match the concentration factor of the proposed
method. Developed for PMOCs analysis, this procedure closely follows
the manufacturer’s instruction for generic acid compounds analysis
without including a washing step. Oasis WAX SPE cartridges for PFAS
analysis (150 mg, 6 mL reservoir) were purchased from Waters. The
cartridges were conditioned with 5 mL of 2 % formic acid in methanol
followed by 5 mL of ultrapure water. A sample volume of 10 mL was
loaded and the cartridges eluted with 5 % ammonia in methanol. The
eluates were then evaporated to dryness at 38 °C, reconstituted with
100 pL of ultrapure water:methanol 1:1, centrifuged at 2000 rpm for 5
min, and transferred to vial for injection. For this second method, n =7
preparations in matrix were used in the same way, each again spiked at
~500 ng ! of all analytes and also prepared in parallel with two sets of
triplicates of unspiked samples which were later reconstituted after SPE
either in injection solvent (for background subtraction) or with a ~50
ng L' solution of all analytes (as theoretical 100% recovery), as above.
The latter extracts were also used to evaluate matrix effect as above (see
Table S5). The same unspiked laboratory water sample prepared in
triplicate with both methods was used for a comparison of the number of
features generated pre- and post-reduction, as well as the number of
substances detected. Suspect screening was separately performed for the
features removed by the DOM filter, and library matches were manually
reviewed to ensure no false negative results were generated by DOM
features reduction (n = 6).

2.5. Creation of a DOM filter for features reduction

The laboratory tap water sample (also used for method performance
evaluation and comparison), as well as a 50 mg/L SRFAS in methanol:
ultrapure water 1:1, were employed. In order to take into account sea-
sonal and geographical variations of fulvic acid content [44], the DOM
composition of SRFAS was considered. Both solutions were run with the
proposed LC-QTOF-MS method, and full scan data were analysed. The
average of spectra acquired from 3.2 to 5.0 min was used to compile a
list of 1955 DOM elemental compositions with correspondent calculated
m/z values for the [M-H] or [M+1-H]". Each elemental composition
included in the list was generated manually in Microsoft® Excel (WA,
USA) on the basis of well-known spectral patterns [34,45] and verified
to be present in the spectrum of either a tap water or fulvic acid
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standard. Only elemental compositions containing exclusively carbon,
hydrogen and oxygen were included. Manually generated elemental
compositions found in the sample with [M-H] having a spectral in-
tensity of less than 100 in both spectra were not included in the list,
generating a m/z interval ranging from 187 to 611 Da (the list is
available in Table S6). In this way, elemental compositions unlikely to
generate features were excluded to avoid unnecessary computational
burden and increased risk of false negatives.

2.6. Data processing workflow for NTA

For quantitative analysis and data-independent analysis (DIA)
deconvolution, LabSolutions Insight Explore v3.8 SP1 was employed
(Shimadzu Corporation, Kyoto, Japan). Peak detection, alignment, as
well as repeatability and blank features reduction filters were performed
with MS-DIAL v4.8 freeware (Riken, Kanagawa, Japan) [46] with
further details in Table S7. Peak detection parameters were optimised to
achieve detection of selected analytes to the lowest calibrant concen-
tration. Sample extracts were run in triplicate injections with the cor-
responding extracted ultrapure water blank. Features not present in all
triplicates or present in the blank with areas above 20% of that in the
aligned sample data were removed. The MS-DIAL output was exported
to Microsoft Excel, where features with tg included between 3.2 and 5.0
min and a mass difference with elemental compositions included in the
DOM filter equal or lower than 5 ppm were removed. A flowchart rep-
resenting the whole suspect screening workflow is reported in Fig. S1.

2.7. Suspect screening of hazardous and potentially toxic organic acids

An MS1 database for SS was compiled from various sources: 2153
chemicals with probability of negative ESI ionisation calculated as more
than 0.3 in the NORMAN Suspect List Exchange database (SusDat) [47];
640 PFAS contained in PFASNTREV19 [48] and 541 chlorinated trans-
formation products and disinfection by-products (DBPs) from Chlor-
ineTPS [49], all reported as suitable for negative polarity ESI-MS. The
mass accuracy threshold for suspect shortlisting was set to 5 ppm. All
library matches were reviewed manually to assess alignment, peak
shape, isotopic composition (M, M+1, M+2 etc.) and possible alterna-
tive structures in PubChem for the same elemental composition.
Retention time shifts and mass accuracy were verified for known com-
pounds in municipal water samples at alignment and suspect screening
stages. Samples for qualitative analysis were prepared and analysed
together with standards and spiked samples for quality control. For
candidate peaks with intense signals, DIA deconvolution was investi-
gated for diagnostic MS/MS fragments. For the remaining candidates, a
dedicated product ion scan was performed during additional chro-
matographic runs (details in Table S4). Tentatively identified substances
were confirmed where a standard was commercially available. Toxicity
data for substances identified with confidence level 1, 2a and 2b [50]
were either found in literature or predicted with the US EPA Toxicity
Estimation Software Tool (EPA TEST). The endpoint considered for
predicted toxicity were oral rat LD50, developmental toxicity and
mutagenicity with nearest neighbour method.

3. Results and discussion

3.1. Analytical method performance for target analytes and comparison
with WAX-SPE

The selection of analytes for method performances evaluation was
made to cover a broad chemical space of organic acids. To our knowl-
edge, it is the first time that ammonium bicarbonate was used as additive
for elution of both strong and weak organic acids from SAX-SPE.
Ammonium bicarbonate degrades into ammonia and carbon dioxide at
or above 35 °C. This also offers the additional new benefit of a nearly
neutral pH extract which significantly reduces the risk of hydrolysis and
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acid-catalysed reactions. This is especially important for NTA, where the
reactivity of unknown substances cannot be easily predicted. The
selectivity of bicarbonate for SAX quaternary ammonium is intermedi-
ate between that of formate and chloride. Improved selectivity was
evident from the full-scan acquisition total ion chromatograms (TICs,
Fig. S2): by subtracting the total area of the TIC chromatogram gener-
ated by extracted ultrapure water from the average total area generated
by samples (n = 3), the proposed method returned 24% of the signal
intensity generated by the WAX-SPE comparison method. Furthermore,
the WAX-SPE comparison method resulted in significant amounts of
brown precipitate absent from the method proposed here, which had to
be removed by centrifugation.

Quantitative analytical performance of the full method in matrix-
matched standards showed that the lowest calibrated concentration
across analytes ranged from 1 to 100 ng L'}, whilst the highest calibrated
concentration ranged from 449 to 2148 ng L. Coefficients of determi-
nation (R%) were > 0.995 for all analytes with at least six calibration
points (details in Table S8). Percentage relative standard deviation (%
RSD) of tg for all analytes were < 1 %. Percentage recoveries (Fig. 1,
Tables S9a and S9b) obtained with the method were consistently high
(88 = 7 %, n = 7, expressed as mean + standard deviation) across all
analytes. On average, %RSD for analyte peak area was 7 %, with the
poorest precision for 3,5-dichlorobenzoic acid at 15 %. Peak area vari-
ations with injection of standard in solvent at the spiking concentration
(Table S10) show how the imprecision of the proposed method was
mainly driven by analytes that exhibited low ionisation efficiency and
consequently low signal in full-scan QTOF-MS (for example, %RSD for
dichlorprop was 12 % with the extracted solution, 14 % with the stan-
dard in solvent). By comparison, the modified WAX-SPE methodology
percent recoveries were lower and less consistent at 63 + 9 % (n = 7),
with an average %RSD of peak areas of 15 %. Acifluorfen could not be
quantified due to co-eluting interferences from the matrix. All analytes
affected by poor repeatability with the comparison method showed
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Fig. 1. Average recoveries for 23 selected organic acid contaminants with the
proposed (SAX, n = 7) and comparison (WAX, n = 7) SPE methods. Error bars
represent the standard deviation.
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instrumental repeatability < 14 % RSD in injection solvent at the same
concentration in vial. Therefore, with a median instrumental impreci-
sion of 3 % RSD across analytes, the additional variance of the SAX-SPE
method was by comparison much lower. The larger imprecision asso-
ciated with the WAX-SPE approach is due to low and compound-specific
ionisation efficiency and signal suppression from co-extracted matrix.
However, by employing a more sensitive targeted multiple reaction
monitoring approach, the overall imprecision of both methods would be
expected to decrease significantly. Matrix effects (mainly as ion sup-
pression) for the proposed method herein were 7 % lower and more
consistent on the SAX-based method (12 + 9 % versus 19 4+ 20 % for
WAX, expressed as mean + standard deviation, n = 3, details in
Table S11a and S11b). Within the limitations of the experimental design
and choice of analytes, silica-based SAX still showed promising perfor-
mance overall when compared to mixed-mode SPE with a WAX-based
resin.

3.2. Effect of feature reduction for NTA of drinking water

After alignment, the total number of unfiltered features generated by
analysing the same laboratory sample in triplicate with the proposed
SAX-SPE method was, on average, less than a quarter of that generated
with the WAX-based SPE method (16,064 versus 67,603 features,
respectively, n = 3). Features generated by sample preparation, mobile
phases and instrument were successfully removed using both the blank
and repeatability filters. Fig. 2 shows the difference in number, m/z and
intensity of features in the laboratory sample using both extraction ap-
proaches after application of blank and repeatability filters. Conse-
quently, this feature reduction approach was applied to all 10 water
samples collected from across London using the SAX-SPE method. On
average across all samples, 16,638 features were generated in the raw
dataset (RSD = 7 %), 7371 were left after the alignment and repeat-
ability filters were applied (RSD = 5 %), and 3930 left after the blank
filter (RSD = 9 %). An additional 19 % of the remaining features were
removed on average by applying the DOM filter, down to 3176 on
average (RSD = 10%). By comparison, the WAX-SPE method generated
on average 7543 features in the sample tested in triplicate after all filters
were applied. For the SAX-SPE method, subsequent library matches
removed with the application of DOM filter were, on average, 29 per
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Fig. 2. Bubble chart representing relative intensities of all features generated in
a tap water sample (n = 3), after alignment and application of repeatability and
blank filters.
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sample (n = 6). Isotopic composition, peak shape and DIA MS/MS
spectra of all removed features returning a library match showed no
potential false negative results. Fig. 3 shows the ion plot of both features
removed by the DOM filter and those remaining, generated by the
sample used for method comparison extracted with SAX-SPE (n = 3). To
our knowledge, this is first time such a DOM feature reduction filter has
been successfully implemented and applied for NTA of water. Though
peak detection and alignment parameters were set to ensure detection of
substances at low concentrations, library matches generated by features
with low signal and no detectable isotopic compositions were discarded
but via manual data-processing. The development of an automated
workflow capable of performing all stages of the workflow for SS was
beyond the scope of this work, but should include this DOM feature
reduction step, together with customised databases and automatic se-
lection of features with isotopic composition compatible with candidate
elemental formula to considerably reduce the time required for data-
processing.

3.3. Suspect screening of organic anions

A total of 22 substances were identified with confidence level 1 in the
10 municipal water samples, as well as 4 at level 2a, 1 at level 2b, 11 at
level 3 and 21 at level 4 (details in Table S12). Structural elucidation for
MS/MS product ions of compounds identified with level of confidence
2a, 2b and 3 was then attempted; their elemental composition is re-
ported in Table S13. For compounds with fragmentation patterns not
compatible with tentative structures or compounds with chemistries not
compatible with extraction selectivity, molecular structural elucidation
was attempted manually. Table 1 reports the final list of substances
identified with higher confidence levels 1, 2a and 2b along with their
experimental or predicted toxicity data and other details including tg,
CAS number, molecular formula and m/z. Detection of well-known and
expected compounds showed that the method was effective for reliable
targeted analysis. For example, widely reported compounds such as four
additional HAAs (of which three were US EPA-regulated) and six per-
fluorinated acids were found in these samples. However, several new or
poorly investigated compounds were also identified showing its added
value in NTA. To the best of our knowledge, this is first time dibrome-
thanesulfonic acid was confirmed at confidence Level 1 in drinking
water. It was previously reported together with other halogenated sul-
phonic acids in drinking water at confidence level 2b [51,52]. It was
present in all samples, but no experimentally-derived or predicted
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Fig. 3. Ion plot of features removed by DOM filter (yellow) and remaining after
DOM filter application (blue) in the same tap water sample (n = 3).
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Table 1
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Example substances identified with level of confidence 1, 2a and 2b, with experimental or predicted toxicity data, t;, m/z of [M-H]", elemental composition and CAS
when available. (Note: LD50= median lethal dose; NOAEL= no observed adverse effect level; LOAEL= lowest observed effect level; BMDL= benchmark dose level;
NOEC= no observed effect concentration).

Analyte (confidence level) Toxicity - Experimental Toxicity - Predicted tr m/z [M- Elemental CAS
(min) H]- Composition
Perfluoropentanoic acid (1) Oral rat LD50 1507 mg/kg; 5.6 262.9760 CsHF40, 2706-90-3
Mutagenicity negative®
Perfluoropentanesulfonic acid (1) Oral rat LD50 305 mg/kg; 6.3 348.9398 CsHF1;03S 2706-91-4
Mutagenicity negative®
5-Bromosalicylic acid (1) LD50 100 mg/kg (intravenous, mouse, Mutagenicity Negative; 5.2 214.9349 C,HsBrO3 96-97-9
acute)” Developmental NON-
toxicant”
3-Bromo-5-chloro-2- Oral rat LD50 990 mg/kg; 5.8 248.8960  C;H4BrClO3 4068-58-0
hydroxybenzoic acid (1) Mutagenicity Negative;
Developmental NON-
toxicant®
Dibromomethanesulfonic acid (1) Oral rat LD50 141 mg/kg; 4.0 250.8019 CH5Br,03S 859073-88-4
Mutagenicity Positive (1.0); (sodium salt)
Developmental toxicant
(0.67)°
3,5-Dibromo-2-hydroxybenzoic Oral rat LD50 277 mg/kg; 5.9 292.8454 C7H4Br,0 3147-55-5
acid (1) Mutagenicity Negative®
2,6-Dibromo-4-nitrophenol (1) LD50 (intravenous, mouse, acute): 56 mg/kg”  Mutagenicity Negative® 5.6 293.8407 CeH3BraNO3 99-28-5
6:2 fluorotelomer sulphonic acid NOAEL 15 mg/kg-day (oral, rat, reproduction 6.4 426.9679 CgHsF1303S 27619-97-2
(6:2 FTSA) (1) developmental, chronic and subchronic);
LOAEL 45 mg/kg-day (oral, rat, reproduction
developmental, and chronic); LD50:
> 300 < 2 000 mg/kg bw (oral, rat, acute)”
Trichloroacetic acid (1) LOAEL= 6 mg/kg-day (oral, mouse, chronic); 4.5 160.8969 C,HCl30, 76-03-9
LEL = 4.1 mg/kg-day (oral, rat, subchronic);
NOAEL < 4.10 mg/kg-day (oral, rat,
subchronic)?; LD50 400 mg/kg bw (oral,
mouse, acute)”
Bromochloroacetic acid (1) LOAEL > 572 mg/kg-day (oral, frog, Oral rat LD50 200 mg/kg; 3.7 170.8853 C,H,BrClO, 5589-96-8
chronic)t Mutagenicity Positive (1.0);
Developmental toxicant
(0.67)"
Dibromoacetic acid (1) Oral rat LD50 122 mg/kg; 3.9 214.8349 C,H,Br0, 631-64-1
Mutagenicity Positive (1.0);
Developmental toxicant
(0.67)"
Tribromoacetic acid (1) Oral rat LD50 75 mg/kg; 4.7 292.7454 CoHBr30, 75-96-7
Mutagenicity Positive (1.0)"
MCPA (2-methyl-4- NOAEL 0.15 mg/kg-day (oral, dog, chronic)?; 4.9 199.0167 CoHoClO3 94-74-6
chlorophenoxyacetic acid) (1) NOAEL 0.21 mg/kg-day (oral, dog, chronic);
LOAEL 1.02 mg/kg-day (oral, dog, chronic);
LOAEL 0.2 mg/kg-day (oral, dog, chronic)’;
LD50 950 mg/kg bw (oral, rat, acute)®
Mecoprop 2-(4-Chloro-2- LOAEL 0.5 pg/kg-day (topical, house mouse, 5.3 213.0324 C10H11ClO3 93-65-2
methylphenoxy)propanoic acid development); NOAEL 0.5 pg/kg-day (topical,
(€8] house mouse, development)" NOAEL 1 mg/
kg-day (oral, rat, chronic)’; LOAEL 9 mg/kg-
day (oral, rat, subchronic)’; LD50 650 mg/kg
bw (oral, rat, acute)"
Acesulfame (1) LD50 7431 mg/kg bw (oral, rat, acute) Developmental NON- 4.2 161.9867 C4HsNO4S 33665-90-6
toxicant (0.33)"
Chlorodibromoacetic acid (1) Oral rat LD50 122 mg/kg; 3.8 248.7954 C,HBr,ClO, 5278-95-5
Mutagenicity Positive (1.0);
Developmental toxicant
(0.67)"
Bromodichloroacetic acid (1) Oral rat LD50 1217 mg/kg; 3.6 204.8459 C,HBrCl,0, 71133-14-7
Mutagenicity Positive
(0.67); Developmental
toxicant (0.67)"
Perfluorooctanesulfonic acid (1) NOAEL 0,6 pg/kg-day (oral, human, 6.659 498.9297 CgHF7,05S 1763-23-1
subchronic); NOAEL 5 ug/kg-day (oral,
mouse, subchronic)’; LOAEL 1 mg/kg-day
(oral, rabbit, developmental); LOAEL
> 2.5 mg/kg-day (oral, rabbit,
developmental)®
Perfluorohexanesulfonic acid (1) NOAEL 6 pg/kg-day (oral, human, 6.115 398.9361 CgHF1303S 355-46-4
subchronic)"; NOAEL 1 mg/kg-day (oral, rat,
subchronic)®
Perfluorobutanesulfonic acid (1) BMDL 18.9 mg/kg-day (oral, rat, chronic and 5.237 298.9425 C4HF,03S 375-73-5

subchronic)'; NOAEL 60 mg/kg-day (oral, rat,

(continued on next page)
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Table 1 (continued)
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Analyte (confidence level) Toxicity - Experimental Toxicity - Predicted tr m/z [M- Elemental CAS
(min) H]- Composition
subchronic)'; LD50 2000 mg/kg bw (oral, rat,
acute)”
Trifluoromethane sulphonic acid NOAEL 40 mg/kg-day (oral, rat, subacute); 1.94 148.9526 CF3SO3H 1493-13-6
(€D LD50 400 mg/kg bw (oral, rat, acute)®
Perfluoroheptanoic acid (1) NOEC 5 mg/kg (oral, rainbow trout, acute 6.3 362.9696 CyHF130, 375-85-9
morphology); LOAEL 100 mg/kg-soil
(environmental, earthworm, acute mortality);
LC50 > 2.8 mM (static, water flea, acute)”
Dichlorometane sulphonic acid Oral rat LD50 807 mg/kg; 3.3 162.9029 CH,Cl,03S not found
(2a) Mutagenicity Negative;
Developmental toxicant
(0.67)"
Bromochloromethanesulfonic acid Oral rat LD50 1024 mg/kg; 3.7 206.8524 CH,BrClO3S not found
(2a) Mutagenicity Negative;
Developmental toxicant
(0.67)°
Ricinoleic acid (2a) Oral rat LD50 12,931 mg/ 7.5 297.2435 C18H3403 141-22-0
kg; Mutagenicity Negative;
Developmental toxicant
(0.67)°
2,2,4-tribromo-5- Oral rat LD50 113 mg/kg; 5 344.7403 CsHBr303 not found
hydroxycyclopent-4-ene-1,3- Mutagenicity Positive (1.0);
dione (2a)
2,2,4-trichloro-5- Oral rat LD50 627 mg/kg; 4.9 212.8919 CsHCl303 not found

hydroxycyclopent-4-ene-1,3-
dione (2b)

Mutagenicity Positive
(0,67); Developmental

NON-toxicant”

@ U.S. Environmental Protection Agency Toxicity Estimation Tool (TEST).
> U.S. Army Armament Research & Development Command.

¢ European Chemicals Agency eChemPortal 2020.

4 U.S. Environmental Protection Agency ToxRefDB.

¢ World Health Organisation International Programme on Chemical Safety IPCS.

f Naomi Weber, Ty Higuchi, John Tessari & D. N. Rao Veeramachaneni (2004) Evaluation of the Effects of Water Disinfection By-products, Bromochloroacetic and
Dibromoacetic Acids, on Frog Embryogenesis, Journal of Toxicology and Environmental Health, Part A,67:12, 929-939.
8 U.S. Environmental Protection Agency Health Effects Assessment Summary Tables.

" U.S. Environmental Protection Agency ECOTOXicology Database.
! European Food Safety Authority.

J O’Neil, M.J. (ed.). The Merck Index - An Encyclopaedia of Chemicals, Drugs, and Biologicals. Cambridge, UK: Royal Society of Chemistry, 2013., p. 8.
k U.S. Agency for Toxic Substances and Disease Registry Minimal Risk Levels 2020.

! provisional Peer-Reviewed Toxicity Values (Oak Ridge National Laboratory).

toxicity data could be found in the literature. However, dibromome-
thanesulfonic acid was predicted here with EPA TEST as both mutagenic
and a developmental toxicant, while dichloromethanesulfonic and
bromochloromethanesulfonic acid were predicted as developmental
toxicant only. Two metabolites of branched alkylbenzene sulfonates,
5-methyl-6-(4-sulfophenyl)heptanoic acid and 3,3,4-trimethyl-5-(4-sul-
fophenyl)hex-4-enoic acid were tentatively identified respectively in
eight and 10 out of 10 samples. MS/MS spectra showed a high number of
characteristic product ions, highly informative about their alkyl chains
structures (details in Table S13). Despite this richness of MS/MS infor-
mation and the high probability of para-position substitution, no certain
structure based solely on MS data could be assigned and they were re-
ported at Level 3.

The importance of increased method selectivity for acids for high-
quality structural elucidation was experienced multiple times whilst
processing SS results. Overall, the method performance evaluation
showed that the number of substances detected with the SAX-SPE
method was consistently higher than that of the WAX-SPE method and
regardless of the confidence level, with a total of 45 substances detected
with SAX, versus 38 with WAX (n = 3, details in Table S14). Only one
substance was detected exclusively with the comparison method (2-
bromo-4-nitrophenol, at Level 4). The extracted ion chromatogram and
spectra of 2,2,4-tribromo-5-hydroxycyclopent-4-ene-1,3-dione, dibro-
momethanesulfonic acid, and 6:2 fluorotelomer sulphonic acid (6:2
FTSA) in a London tap water sample are shown in Fig. 4 as examples of
the quality of data generated by this method. An example of how

selective extraction could facilitate qualitative analysis was in the case
of a peak detected in one sample and returning library matches for three
isomers of monochloro-cresols (with a measured [M-H]" m/z of
141.0110 and a matching elemental composition of C;HeClO"). How-
ever, these structures are not expected to be acidic and consequently are
not expected to be retained by this silica-based SAX-SPE method. Con-
fidence was further enhanced as a washing step could be included during
SPE, which likely further enhanced anion selectivity through elimina-
tion of weak hydrogen bonding or dipole interactions with the silica
polymer backbone. Such washing steps are generally not included in any
other NTA sample preparation approaches to our knowledge. Research
into other relevant substances revealed 4-chloro-2-methylphenolate to
be an in-source fragmentation product of 2-methyl-4-chlorophenoxyace-
tic acid (MCPA), a well-known acidic herbicide. The extracted ion
chromatogram of the [M-H]" of both herbicides showed matching peaks.
The identity was further confirmed by injection of a reference material.
An erroneous identification was consequently averted using this
approach.

3.4. Structural elucidation of halogenated hydroxycyclopentenediones
(HCDs)

Features compatible with halogenated HCDs were detected at high
frequency: eight of these acidic substances were observed in on average
in nine out of 10 samples. Tentative identifications of these features have
previously been reported in drinking water, but with uncertainty about



D. Ciccarelli et al.

1:252.7998+/-5.0ppm(-)

dibromomethanesulfonic acid

Journal of Hazardous Materials 448 (2023) 130906

1.53e4

1:MS(-) RT:[3.753-3.844]-[multiple] 1.15e4
25279903

g
3

o
g

25080134 25479694

E-
g e

o
S

23105040 247.08063 25908168 27306058
’ £
0000, 1l Ll Audll i

o
S

s
B

25080186 | 54 79766

o
B

o
g

252.79979

T T T T T T
230 240 250 260 270 280 m/z
[C H2 03 S Br2-H]- 1.00e6

1:346.7382+/-5.0ppm(-)

HO

Br

0.0e0

(0]

Br

2,2 A-tribromo-5-hydroxycyclopent-4-ene-1,3-dione

RT (min)

7.88e3
1:MS(-) RT:[4.954-5.045]-[multiple] 2.16e4

346.73791
34873572

3.0e3

2.0e3

34474073 35073351
N 7

1.0e3

361.74850
32620374 34315385
o < 35504137 L

35173766
2.0e5

) N
40e5 34474031 35073431

6.0e5

1.0e6

34673827

T T
330 340 350 360 m/z
[C5 H O3 Br3-H]- 1.00e6

N

1:426.9672+/-5.0ppm(-)

g
b

S
3

F

F

F

6.2 FTSA

(o)

J

S

7 ow

()

10 n 12 13

1:MS(-) RT:[6.291-6.367]-[multiple] 121e4
42696716
12e4-

g
g

8.0e3

o
g

40e3

s
3

8.0e3

6.0e3

4.0e3

20e3

2.0e3

0.0e0 -|

42797289

43305181
421.00738 /423.00857 42501981 | 3
o /

43101483
L N 1

PO
& 8

o
g

©
4

I
| 42896542
427.97096

42696790

T T T T T T
422 424 426 428 430 432 m/z

[C8 H5 O3 F13 S-H]- 1.00e6

0.0e0

Fig. 4. Extracted ion chromatogram, spectra and structures of three substances of interest identified

RT (min)

in a London tap water sample.



D. Ciccarelli et al.

their structures [19,53]. In particular, halogenated furoic acids were
proposed as alternative structures for the same elemental compositions.
No evidence of CO5 neutral loss from deprotonated molecular ion (ex-
pected with a furoic acid structure) was observed in any of the MS/MS
spectra of these species. The MS/MS spectra of trihalogenated-HCDs
(Fig. S3) showed an unusual loss of a radical halogen, followed by
neutral loss of CO: this distinctive fragmentation pattern suggests the
formation of a radical on a sp® carbon (when considering the original
molecule), substituted with another halogen and further stabilised by
resonance. The only potential structures of relevant elemental compo-
sition carrying a sp° carbon are HCDs and methylfurandiones. However,
the latter are not acidic and consequently unlikely to be retained during
sample preparation or efficiently ionised in negative ESI (predicted pK,
and logD at pH 7.5 for 2,2,4-tribromo-5-hydroxycyclopent-4-ene-1,
3-dione were respectively 4.5 and —1.32, source ACD Labs Percepta).
Other common and characteristic MS/MS fragments were C4ClO
(dichloro, bromodichloro and dibromochloro HCDs) and C4BrO™ (tri-
bromo, dibromo and dibromochloro HCDs). These MS fragmentation
patterns match those found by Pan et al. [54], who previously reported
synthesis, isolation and characterisation of tribromo-HCD. However,
Pan et al. have identified the compound by combining exclusively MS
and infra-red (IR) spectroscopy data, and employing the IR spectrum to
define the functional groups present on the molecule. Structures like
hydroxypyranones, which have been excluded by Pan et al. solely on the
basis of an IR spectrum, require additional evidence to be ruled out.
Furthermore, no nuclear magnetic resonance (NMR) spectrum was
published, leaving uncertainty about the position of functional groups in
the molecule. The molecular structure was presented in a figure as one of
the possible isomers (2,2,4-tribromo-5-hydroxycyclopent-4-ene-1,
3-dione), without specifying the structure with a name.

Attempts to synthesise and isolate enough tribromo-HCD to record a
13C NMR spectrum failed (details in the SI), due to poor recovery from
the aqueous and severe product losses during evaporation. However, by
spiking drinking water samples, it was possible to confirm that the
synthesised substance was very likely the same as previously observed.
Liquid/liquid extraction of purified fractions (containing 85 % water
and 15 % acetonitrile) with dichloromethane gave a 1:9 partition be-
tween the organic and the aqueous solvents. Evaporation of a purified
fraction at 38 °C under a 0.5 mL/min stream of nitrogen employing
Turbovap gave an average recovery of 10 % (n = 3). Freeze-drying of
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the same fractions after preliminary freezing [55] gave on average 13 %
recovery (Labconco, Kansas City, US). It is unclear whether losses during
evaporation are due to compound volatility or to a possible equilibrium
with volatile species (in analogy with HAAs).

Criquet et al. investigated the reactivity of phenolic compounds with
bromine [56], and found that compounds with three hydroxyl groups in
meta position to each other (like the one selected by Pan et al. as pre-
cursor) react with bromine both by electron transfer with oxidation of
hydroxyls to carbonyls, and by electrophilic aromatic substitutions of
hydrogen with bromine. Chlorination of resorcinol, a compound with
two hydroxyl groups in meta instead of three, generates a compound
tentatively identified as trichloro-cyclopentenedione [57], which is
missing a hydroxyl group when compared to trichloro-HCD. Formation
pathways for tribromo-HCD have been proposed by Pan et al. and Huang
et al. Huang et al, [58]. However, an alternative pathway where the
reaction mechanisms governing ring-opening and closure are clearly
defined is presented in Fig. 5. The irreversible retro-aldol ring-opening
reaction in an acidic environment leads to decarboxylation and subse-
quent intra-molecular aldol ring-closure, followed by oxidation. Sub-
stances with elemental compositions compatible with intermediates I, II
and III were detected. Despite the pathway proposed here representing
2,4,6-trixhydroxybenzaldehyde as a precursor, intermediate II should be
considered a “universal” precursor of tribromo-HCD, a structure that
any potential polyphenolic precursor would have to generate for the
reaction to proceed further. Consequently, the reactions occurring from
intermediate II onwards can be adopted for all potential precursors. Two
key elements allowed definition of an individual structure for
tribromo-HCD: (a) electrophilic aromatic substitution of bromine occurs
exclusively with bromine atoms in the meta position (determining bro-
mines in beta position in the HCD); (b) the regioselectivity of hypo-
bromous acid electrophilic addition to double bonds prevents additional
hydroxyls from creating a bond with carbons already bound to bromine
(determining the position of bromines and hydroxyl in the HCD). The
generation of trichloro-HCD with hypochlorous acid should follow an
identical formation pathway. Consequently, all considerations made
above for structural elucidation can be extended to trichloro-HCD.

Given that tribromo-HCD has previously been isolated, that a MS/MS
spectrum was made available, and that an unambiguous spectrum-
structure match could be hypothesised, this substance was reported at
Level 2a here (“probable structure”). Its analogue, 2,2,4-trichloro-5-
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Fig. 5. Proposed formation pathway for tribromo-HCD.
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hydroxycyclopent-4-ene-1,3-dione, was reported at Level 2b here on the
basis of MS/MS fragmentation pattern presenting all key events that, in
analogy with 2,2,4-tribromo-5-hydroxycyclopent-4-ene-1,3-dione, lead
to the identification of a single structure. However, it must be noted that
final confirmation with a third analytical technique is still required to
achieve unequivocal structural elucidation, and that arguably it is
difficult to classify such cases employing confidence levels as defined by
Schymanski et al. The other five halogenated HCDs were reported at
Level 3 and one at Level 4 because either multiple structural isomers and
enantiomers were possible for each one of them, or an MS/MS spectrum
could not be obtained due to low signal. No toxicity data could be found
for these substances either, but all halogenated HCDs structures reported
in this paper at all levels of confidence were predicted to be mutagenic
by the EPA TEST software. Commercial reference materials were not
available, indicating that further investigations are needed to assess
their toxicity and exposure via drinking water.

3.5. Quantification of confirmed substances

Substances identified at confidence level 1 were quantified in a
seven-day composite sample of laboratory tap water (50 mL aliquots
sampled daily on workdays from 31st October until 8th November,
2022). Standard addition regression included a minimum of six spiked
standards for each compound. Unspiked samples and ultrapure water
extracted blanks were prepared in triplicate. Method detection and
quantification limits were estimated with extracted reagent blanks (10
measurements), following strictly sections 6.2.3 and 6.2.4 of the Eur-
achem guidelines [43]. Limits of detection (LOD) and quantification
(LOQ), average calculated concentrations and standard deviations for 12
compounds found in this particular sample (out of 22 in total identified
in all samples analysed with qualitative analysis) are reported in
Table S15. Coefficients of determination were > 0.995 for all analytes
with at least six calibration points. Recoveries of compounds not
included in 3.1 were not tested. However, in consideration of linearity
data and results reported in 3.1 and Table S15, the authors were
confident in the quantitative results. Dibromomethanesulfonic acid was
the compound found at the highest concentration (934 ng L)), in line
with the concentration ranges of other halogenated meth-
anesulfonicacids previously found in drinking water [52]. Trichloro-
acetic, bromodichloro and chlorodibromo acetic acids were found at
concentrations of 725, 256 and 189 ng L respectively (4.4, 1.2 and
0.7 nM). These DBPs are cytotoxic, genotoxic, mutagenic and terato-
genic though at higher concentrations (>1000 nM) than were detected
here [59-62]. The US EPA and the EU set a maximum contaminant level
(MCL) for five specific HAAs at 60 pg L, but this list does not include
two of the HAA substances detected here (chlorodibromo- and bromo-
dichloroacetic acid). Five PFAS were also quantified at concentrations
<10ng L}, and more evidence is emerging showing their effects in
humans. In comparison to other developed countries, very little occur-
rence data exists for PFAS in municipal drinking water in the UK and no
NTA methods are currently employed for shortlisting of relevant com-
pounds. Lastly, acesulfame is an artificial sweetener and has been shown
to survive treatment to result in drinking water concentrations at the
ng-pg/L range [63] and was quantified here, at 144 ng L.

4. Conclusions

A new and improved SS workflow has been successfully developed
and applied to selective identification of acidic substances in drinking
water using SAX-SPE and mixed-mode RP-AX LC-HRMS for the first
time. In comparison to the current standard method for analysis of acidic
substances, this new approach offered broadly better recovery, repeat-
ability, fewer matrix effects and better selectivity for a selection of 23
analytes, including some containing only one carbon (tri-
fluoromethanesulfonic acid). This could find broad application also for
quantitative analysis, where much decreased matrix interference is
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highly desirable to improve accuracy and sensitivity. A comprehensive
SS data-processing workflow was also tailored for acidic components
including peak detection, comprehensive feature reduction, a novel fil-
ter to eliminate features generated by DOM, and a database for SS of
acidic contaminants. The application of this new DOM filter significantly
reduced the number of incorrect library hits without generating false
negatives. To our knowledge, for the first time selective SPE extraction
was employed not just to enhance detection, but also to support sub-
stance identification by excluding potential structures not presenting
affinity for the sorbent. We believe this novel concept constitutes a step
forward towards enabling more reliable structural confirmation and
elucidation in SS (and indeed also NTA). Analysis of 10 municipal water
samples from across London confirmed the presence of 22 substances
including several poorly investigated contaminants. Notable novel
findings prompted by SS were: (a) dibromomethanesulfonic acid was
confirmed to be present in drinking water for the first time with a
standard, then quantified as the most concentrated analyte, and finally
predicted as mutagenic and developmental toxicant; (b) novel reaction
mechanisms for the formation of tribromo- and trichloro- HCDs were
proposed together with in-depth analysis of MS/MS fragmentation
patterns, allowing for previously unsupported unequivocal structural
elucidation; furthermore, halogenated HCDs were predicted to be
mutagenic. Occurrence of dibromomethanesulfonic acid and haloge-
nated HCDs indicate the need for further investigation to rule out po-
tential threats to public health from these substances. Although further
automation is needed, overall, this method constitutes an optimal plat-
form for improved detection and identification of acidic contaminants
and pollutants in drinking water.

Environmental Implication

A novel suspect screening and non-target analysis workflow, which
improves detection and facilitates better identification of organic acidic
contaminants in drinking water is presented. A novel and selective
extraction, mixed-mode chromatography and a fully optimised data-
processing workflow are introduced. Classes of pollutants like per- and
polyfluoroalkyl substances or disinfection by-products include thou-
sands of molecules, the majority of which have not been identified and/
or routinely monitored. This gap can be addressed with this method, and
is suitable for chemically diverse acidic species, as demonstrated by the
occurrence of several new, poorly investigated and/or potentially toxic
compounds in municipal drinking water.
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