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HIGHLIGHTS

o More sulfonated DBPs formed from samples with higher S- and N-containing DOM.

o Sulfonated DBPs originate from different precursors than regulated THMs.

o The studied groundwater shows more heteroatom-DOM as sulfonated DBP precursors.
o ClO; produces more non-chlorinated, heteroatom-containing DBPs than chlorine.

ARTICLE INFO ABSTRACT

Keywords: The formation of disinfection by-products (DBPs) during water disinfection is a health concern. A limited number
Chlorination of DBPs, such as trihalomethanes (THMs), are regulated and used as indicators of human exposure to the broader
Trihalomethanes

group of DBPs. However, it remains poorly understood whether the formation mechanisms and precursors of
unregulated DBPs are similar to that of regulated ones. In this study, lab-scale chlorination and chlorine dioxide
(Cl0y) disinfection were conducted on four different source waters (two surface water and two groundwaters).
DBP formation was assessed through targeted analysis of THMs via gas chromatography-mass spectrometry,
novel sulfonated DBPs via supercritical fluid chromatography-mass spectrometry, and non-targeted analysis
using liquid chromatography coupled to Fourier transform ion cyclotron resonance mass spectrometry (LC-FT-
ICR-MS). The formation of THMs during chlorination was higher in surface waters (49-111 pg per mg dissolved
organic carbon, DOC, at 48 h) than in groundwaters (21-27 ug per mg DOC) and corresponded to their higher
initial specific UV-absorbance (SUVA3s4) and higher humic acid fractions as determined by LC-organic carbon
detection. ClO; disinfection led to significantly lower THM levels (below the limit of detection of 0.20 ug/L)
across all samples. Similarly, the formation of sulfonated DBPs was one order of magnitude lower. However,
unlike THMs, sulfonated DBPs were formed to a greater extent in both groundwaters (3.0-3.6 pg per mg DOC)
than in surface waters (2.0-2.2 ug per mg DOC), suggesting that sulfonated DBPs are preferentially formed from
other precursors than THMs. This was further elucidated by LC-FT-ICR-MS analysis showing that the higher
levels of sulfur- and nitrogen- containing dissolved organic matter in the studied groundwater samples likely
contributed to the increased formation of sulfonated DBPs. Furthermore, LC-FT-ICR-MS analysis outlined that
disinfection by ClO,, while reducing halogenated DBPs, resulted in even higher levels of non-chlorinated, sulfur-
and nitrogen-containing DBPs. In conclusion, strategies focused on reducing regulated THMs may be insufficient
to mitigate the formation of sulfonated and other novel heteroatom-containing DBPs during drinking water
treatment.
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1. Introduction

Disinfection is a critical step to prevent waterborne disease from
drinking water. Chemical disinfectants (e.g., chlorine-based compounds,
chlorine dioxide) can react with natural organic matter (NOM),
anthropogenic organic compounds, bromide, and iodide in the water
matrices to form disinfection byproducts (DBPs) (Richardson et al.,
2007). The formation of DBPs is undesired as DBP exposure can be
linked with adverse health effect, such as birth defect and bladder cancer
in humans (Couri et al., 1982; Costet et al., 2011; Wright et al., 2017;
Weisman et al., 2022). Over 700 DBPs have been identified to date, most
of which are low molecular weight, volatile compounds amenable to
analysis by gas chromatography-mass spectrometry (GC-MS). These
DBPs, however, only account for about 30 % of total halogenated
products formed during chlorination (Hua and Reckhow, 2007).

Four trihalomethanes (THM4: chloroform, bromodichloromethane,
dibromochloromethane, and bromoform) and a small number of other
DBPs are regulated in many countries. The European Union has set limits
on THM4 (100 pg/L), five haloacetic acids (HAAs, 60 pg/L), bromate
(10 pg/L), chlorite (0.25 mg/L), and chlorate (0.25 mg/L) (European
Union, 2020). DBP regulation is based on the assumption that the
regulated DBPs are the indicators of exposure to the complex mixtures of
all DBPs in disinfected water (Li and Mitch, 2018). However, many
unregulated DBPs, such as haloacetonitriles, haloacetamides, and hal-
oacetaldehydes, are proven to be more toxic than the regulated ones
(Wagner and Plewa, 2017) and the main toxicity drivers in disinfected
water still remain unknown (Richardson and Plewa, 2020).

With advances in analytical technologies, previously unknown DBPs
are being revealed. Reversed-phase liquid chromatography coupled to
MS (RPLC-MS) is increasingly applied to identify higher molecular
weight DBPs (>2 carbons) (Mitch et al., 2023). Particularly, the com-
bination of RPLC with high resolution MS, such as quadrupole
time-of-flight (QTOF) and Orbitrap, facilitates the identification of novel
DBPs by providing accurate mass and structural information (Wawryk
et al., 2021). Fourier transform ion cyclotron resonance MS (FT-ICR-MS)
can be a powerful tool for molecular level characterization of complex
organic matter, owing to its unrivalled resolution, mass accuracy and
sensitivity (Reemtsma, 2009). FT-ICR-MS is used to study the molecular
level change of dissolved organic matter (DOM) upon various disinfec-
tion processes, which is useful to understand the reaction mechanisms
and precursors, as well as to identify novel DBPs (Andersson et al.,
2023). The coupling of FT-ICR-MS with liquid chromatography
(LC-FT-ICR-MS) allows to analyze more polar fractions of DOM (Han
et al., 2021) and has recently been applied to analyze DBPs (Han et al.,
2023).

Despite its wide application in various DBP studies, RPLC-MS anal-
ysis, however, can result in analytical gaps by overlooking the extremely
polar fractions of DBPs as these compounds are hardly retained on RP
columns (e.g., C18) (Reemtsma et al., 2016). Therefore, alternative
chromatographic separation methods like hydrophilic interaction
chromatography (HILIC) and supercritical fluid chromatography (SFC)
can be useful to narrow such analytical gaps in analyzing polar DBPs.

Zahn et al. recently employed HILIC-Orbitrap-MS to identify hal-
omethanesulfonic acids in chlorinated drinking water, with concentra-
tions detected in the low pg/L range (Zahn et al., 2019). Furthermore,

Table 1
The composition and properties of water samples used in this study.
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Nihemaiti et al. applied SFC-QTOF-MS to reveal that the sulfonic acid
derivatives of all regularly monitored haloacetonitriles, haloacetamides,
and haloacetaldehydes are present in finished water from drinking water
treatment plants (DWTPs) as well as in tap water samples, with con-
centrations ranging from tens to hundreds of ng/L (Nihemaiti et al.,
2023). These newly found sulfonated DBPs are extremely polar and may
pose health risks due to their structural similarity to toxic DBPs. How-
ever, little is known about their precursors and formation mechanisms in
complex water matrices. Furthermore, it remains unclear whether the
formation potential of sulfonated DBPs correlates with the formation of
regulated DBPs under different disinfection conditions. Such informa-
tion is essential to learn about how the formation of sulfonated DBPs can
be avoided.

In this study, we aim to understand the potential relationship be-
tween the formation of 20 novel sulfonated DBPs vs. the regulated DBPs
(THM4, chlorite, and chlorate) as a function of the presence and char-
acteristics of NOM. Disinfection tests were conducted using sodium
hypochlorite (NaOCl) and chlorine dioxide (ClO3) on four water
matrices (two synthetic waters prepared with surface water model NOM
and two treated groundwater samples). Changes in NOM during disin-
fection were characterized using absorbance, liquid chromatography-
organic carbon detection (LC-OCD), and LC coupled with FT-ICR-MS.
In addition, non-target analysis of DBPs was performed using LC-FT-
ICR-MS to generally investigate the characteristics of DBPs formed
from different water matrices during the two disinfection processes.

2. Material and methods
2.1. Chemicals

All chemicals were of analytical grade and used as received without
further purification. Sodium hydroxide (>99 %), hydrochloric acid (15
%), potassium dihydrogen phosphate (>99 %), sodium bisulfite solution
(>37 %, in water), sodium thiosulfate pentahydrate (>99.5 %), and
sodium hypochlorite solution (12 %) were obtained from Carl Roth
(Karlsruhe, Germany). Diethyl phenylenediamine sulfate (DPD) salt was
purchased from Hach Lange (EU) and used through a DPD dispenser
(DPD Free Chlorine Reagent, Swiftest™ Dispenser). Carbon dioxide
Premium (4.5) was used for SFC. Methanol, acetonitrile, and formic acid
were purchased from Biosolve (Valkenswaard, Netherlands). Sodium
dichloromethanesulfonate (97 %) and sodium dibromomethanesulfo-
nate (>95 %) were purchased from Toronto Research Chemicals. Ul-
trapure water was obtained from a Merck Milli-Q Integral 5 system
(Darmstadt, Germany). A ClO; stock solution (2 gClO5/L) was weekly
prepared by the Oxiperm® Pro OCD-162 generator (5 gClOs/h,
Grundfos, IT) using sodium chlorite and hydrochloric acid, both tech-
nical grade (Chimitex, IT); it was stored in headspace-free amber glass
vials at 4 °C.

2.2. Water samples

Four different water matrices (two synthetic waters and two
groundwater samples) were used for disinfection experiments (Table 1).
The synthetic waters were prepared either by dissolving Suwannee River
natural organic matter (SRNOM) extract or by diluting a sample from

Water samples * Composition DOC (mg/L) SUVA m™! (mg/L)?
SRNOM Suwannee River NOM extract 3 3.5
HSNOM Diluted Hohlohsee lake water 3 4.9
GW1 Groundwater treated by aeration, sand filtration, and deacidification 3.4 2.5
GW2 Groundwater treated by granular activated carbon filtration 0.2 1.6

2 All samples were buffered with 10 mM phosphate buffer at pH 7.
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Hohlohsee (HSNOM). SRNOM represents river/swamp-derived NOM,
while HSNOM serves as an example of lake-derived NOM. The SRNOM
isolate (2R101N) was obtained from International Humic Substances
Society (IHSS, USA) and prepared according to Wullenweber et al.
(2024). Hohlohsee is a bog lake based in a conversation zone in an
upland moor in the Black Forest, Germany. A batch sample (ID HO31) of
Hohlohsee, containing >20 mg/L dissolved organic carbon (DOC), was
kindly provided by Engler-Bunte-Institute Karlsruhe (Karlsruhe, Ger-
many) and was extensively characterized elsewhere (Frimmel et al.,
2002). HSNOM was prepared by diluting this sample with ultrapure
water until DOC of 3 mg/L.

Two groundwater samples (GW1 and GW2) with different DOM
composition and DOC content were also used for disinfection experi-
ments. GW1 was collected from a DWTP located in northern Germany,
the source water of which is derived from a mix of shallow and deep
wells that extract water from aquifers primarily composed of sands,
lignite-derived sands, and gravel. The sample was collected immediately
after aeration, sand filtration, and deacidification processes at the
DWTP. GW2 was collected from a DWTP located in northern Italy, fed on
a cluster of about 20 wells. It was a deep groundwater (~50 m, mainly
gravel and sand sediments with the presence of clay-silt layers) treated
by granular activated carbon (GAC, bituminous microporous activated
carbon, iodine number: 900-1000 mg/g) filters with an empty bed
contact time of 11 min.

All water samples were filtered using a 0.45 pm filter to remove
undissolved substances and large particles. The pH was subsequently
adjusted to 7.0 + 0.2 using 0.1 M NaOH and 0.1 M HCI, and phosphate
buffer (10 mM, pH 7) according to APHA standard 5710 (APHA, 2017).

2.3. NaOCl and ClO; disinfection experiments

All experiments were performed in chlorine-demand and headspace-
free, brown glassware at room temperature (20 + 2 °C). The pre-
determined volume of disinfectant stock solution (i.e., NaOCl or ClO5)
was spiked into water samples to get an initial chlorine dosage of 5 mg/L
as Cly, that is equivalent to an initial ClO, concentration of 1.92 mg/L,
assuming a conversion ratio of 2.63 mgCl,/mgClO, based on the
oxidative potential of the two disinfectants (White, 2010). After the
disinfectant addition, sample bottles were immediately inverted to mix
and incubated for 0.5, 2, 6, 24, and 48 h (individual bottle per contact
time). After each contact time, the residual disinfectant was determined
using: (i) in NaOCl disinfection experiments, standard cuvette tests (LCK
410), (ii) in ClO, disinfection experiments, DPD colorimetric method
(4500-Cl.G), using potassium permanganate solution as standard
(APHA, 2017).

After each contact time, an aliquot of samples was quenched and
directly analyzed for THMs, dichloromethanesulfonic acid (CloMSA),
dibromomethanesulfonic acid (BroMSA), chlorite and chlorate (only in
the case of ClO; experiments), and DOM characterization through
absorbance. For the analysis of THMs, samples were quenched with
sodium thiosulfate, while sodium bisulfite quencher was used for the
analyses of CI;MSA and BroMSA. Nitrogen gas was bubbled through the
sample for 1 min as a quenching reagent in case of chlorite and chlorate
analysis. Additional samples after 48 h were collected without
quenching to analyze other sulfonic DBPs using SFC-QTOF-MS following
freeze-drying enrichment. Furthermore, samples before and after 48 h
were analyzed without quenching using LC-OCD by direct injection and
LC-FT-ICR-MS following freeze-drying enrichment to characterize the
change in DOM composition.
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2.4. Analysis of THMs

Samples were analyzed using a GC-MS/MS (QP2020 NX, Shimadzu)
according to EPA method 5030C (2003) and 8260D (2018) (USEPA,
2003, 2018). The limit of detection (LOD) is 0.20 pg/L. Details of GC-MS
operation conditions are given in the supporting information (Text S1).

2.5. Analysis of chlorite and chlorate

Samples were analyzed applying an ion chromatography coupled to
a UV/Vis detector (944 Professional UV/VIS Detector Vario, Metrohm,
Switzerland) using a Metrosep A Supp 7 - 250/4.0 column and a Met-
rosep A Supp 10 Guard HC/4.0 pre-column. The method followed for the
analyses is the APAT- IRSA/CNR 4020 Man 29/2003. The LOD is 75 pg/
L.

2.6. Analysis of sulfonated DBPs

Total 20 sulfonated DBPs, which are the chloro- and bromo-ana-
logues of halomethanesulfonic acids, haloacetonitrilesulfonic acids,
haloacetamidesulfonic acids, and haloacetaldehydesulfonic acids were
studied (Table 2). Among them, C1,MSA and BroMSA are with analytical
standards, therefore quantified using a SFC-TQXS-MS. Other sulfonated
DBPs were analyzed using a SFC-QTOF-MS based on signal intensities.

Quantification of CI;MSA and BroMSA. Samples were directly injected
to an ACQUITY UPC2® system coupled with a Xevo® TQ-XS-MS (Wa-
ters, Germany). The analytes were separated using a Viridis BEH column
(3.0 mm x 100 mm, 1.7 um, Waters, Germany) with an injection volume
of 5 pL. The mobile phase consisted of CO, and a methanol/ultrapure
water (95:5, by volume) co-solvent containing 10 mM ammonium
formate. To transfer the column effluent into the mass spectrometer, a
methanol/ultrapure water (90:10, by volume) makeup flow containing
0.1 % formic acid with a flow rate of 0.3 mL/min was used. The analytes
were ionized using electrospray ionization (ESI) in negative mode. The
analysis was performed in MRM mode using two transitions per analyte
(Table S1). Details of method are given in Text S2.

Analysis of other sulfonated DBPs. A previous study showed that
certain nitrogen-containing sulfonated DBPs were unstable in the pres-
ence of quenching reagents (Nihemaiti et al., 2023). Therefore, no
additional chemical was added to quench the residual chlorine or ClO,
prior to SFC-QTOF analysis of samples after 48 h disinfection. Samples
were enriched by freeze-drying before injection to SFC-QTOF-MS. The
apparent recovery rates of sulfonated DBPs during freeze-drying
enrichment were thoroughly investigated in a previous study
(Nihemaiti et al., 2023). In that study, mixtures of sulfonated DBPs at
various concentrations were spiked into different water samples with
varying DOC levels. The results showed that freeze-drying provided
complete recoveries for chloroacetonitrilesulfonic acid (CIANSA, 100 +
10 %) and dichloroacetonitrilesulfonic acid (CI,ANSA, 99 + 7 %),
whereas relatively lower recovery was observed for dichlor-
oacetaldehydesulfonic acid (ClAcAISA, 43 + 10 %). However, no clear
dependence of the apparent recovery rates on the water matrix or spiked
concentration was observed (Nihemaiti et al., 2023). A 40 mL aliquot of
each sample was filled in a 50 mL centrifuge tube and stored at —20 °C
overnight. The frozen sample was then placed in a freeze-dryer
(Alphal-4, Christ, Germany) at 15 °C and 1.65 mbar for 30 h until
dryness. The residue was reconstituted in 400 pL of acetonitrile and
water (90:10, by volume), transferred into an Eppendorf tube, and then
centrifuged at 13,000 min! for 10 min. The supernatant was then
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Table 2
The sulfonated DBPs investigated in this study ™
R © N\
R——S-OH N\ ¢
R A S-OH
@ R I
R

Halomethanesulfonic acids Haloacetonitrilesulfonic acids

Haloacetamidesulfonic acids

(@) O
HN 0 H o

Haloacetaldehydesulfonic acids

Chloromethanesulfonic acid (CIMSA)
Dichloromethanesulfonic acid

Chloroacetonitrilesulfonic acids (CIANSA)
Dichloroacetonitrilesulfonic acid

(C1,MSA) (Cl1,ANSA)
Bromochloromethane sulfonic acid Bromochloroacetonitrilesulfonic aicd
(BrCIMSA) (BrCIANSA)

Bromomethanesulfonic acid (BrMSA)
Dibromomethanesulfonic acid
(Br,MSA)

Bromoacetonitrilesulfonic acid (BrANSA)
Dibromoacetonitrilesulfonic acid
(Br,ANSA)

Chloroacetamidesulfonic acids

Chloroacetaldehydesulfonic acids

(ClIAcAmSA) (ClACcAISA)
Dichloroacetamidesulfonic acids Dichloroacetaldehydesulfonic acids
(Cl,AcAmSA) (Cl,AcAISA)
Bromochloroacetamidesulfonic acid Bromochloracetaldehydesulfonic acids
(BrClAcAmSA) (BrClAcAISA)
Bromoacetamidesulfonic acid (BrAcAmSA)  Bromoacetaldehydesulfonic acids
Dibromoacetamidesulfonic acid (BrAcAISA)
(BryAcAmSA) Dibromoacetaldehydesulfonic acid
(BroAcAlSA)

? R in chemical structures represents H, Cl, or Br.

transferred into glass vials and kept at —20 °C until analysis. The sam-
ples were analyzed using an ACQUITY UPC2 system coupled with a
Synapt GS2 QTOF-MS (Waters, Germany) in negative ESI mode. The SFC
parameters were similar to the SFC-TQXS analysis mentioned above.
Following settings were applied on the QTOF-MS: capillary voltage: 2
kV, source temperature 120 °C, desolvation temperature 600 °C, and
desolvation gas flow 1000 L/h. Nitrogen and argon are used as cone and
collision gases, respectively. The data was recorded in centroid mode
with a 0.1 per second scan time over the mass range of m/z 50-1200
(resolution approximately 20,000). The MSE acquisition was performed
to simultaneously collect two data sets: a low-collision-energy scan to
obtain parent ion information and an elevated-collision-energy scan
(15-40 eV) to get all fragment ions. Data is processed using Waters
MassLynx and TargetLynx software. The retention time and mass spec-
trometric data of sulfonated DBPs are given in Table S2.

2.7. Analysis of UV absorbance and DOC

The absorbance at 254 nm (UV254) was measured (1 cm optical path)
using a UV-VIS DR6000 spectrophotometer (Hach Lange, Diisseldorf,
Germany) in ClO, experiments, and a UV-VIS DR5000 spectrophotom-
eter (Hach Lange GmbH, Diisseldorf, Germany) in NaOCI experiments.
DOC was determined using a TOC analyzer (Shimadzu, Japan).

2.8. LC-OCD analysis

Organic carbon composition was analyzed by size-exclusion chro-
matography using an LC-OCD system from DOC Labor Huber (Karlsruhe,
Germany), with a column packed with Toyopearl HW 50 S resin (Tosoh
Bioscience, Tokyo, Japan), which allows distinguishing between the
chromatographic organic carbon separated into five different fractions
and the non- chromatographic organic carbon classified as hydrophobic
organic carbon. The definition of the chromatographic organic carbon
fractions is described in the supporting information (Text S3) and
illustrated in Fig. S1. The LC-OCD system is equipped with both an
organic carbon detector (OCD) and a UV detector (UVD, 254 nm). A
sample volume of 2 mL was regularly injected; for samples with DOC <
0.5 mg/L 4 mL was injected. The measurement procedure is extensively
described elsewhere (Huber et al., 2011).

2.9. LC-FT-ICR-MS analysis

To avoid interference with instrumental analysis and potential in-
teractions with DOM or DBPs (Fu et al., 2022; Andersson et al., 2023), no
quenching reagent was applied prior to LC-FT-ICR-MS analysis. Aliquots
(40 mL) of the samples before and after 48 h of disinfection were
enriched by freeze-drying following the same procedure mentioned in
Section 2.6 and reconstituted in 1 mL of ultrapure water, resulting in a
nominal enrichment factor of 40. Freeze-drying was chosen as an
enrichment method to retain the highly polar fractions of DOM and
DBPs, which are often partially lost during SPE-based methods
(Jennings et al., 2022; Han et al., 2023), and to ensure consistency
across both targeted and non-targeted DBP analyses in this study.
Moreover, freezing has been shown to have a low impact on the
composition of organic matter (<10 %) (Fonvielle et al., 2023). Samples
were analysed in negative ESI mode with FT-ICR-MS (SolariX XR, Bruker
Daltonics Inc., Billerica, MA, USA) coupled to a UHPLC system (UltiMate
3000RS, Thermo Fischer Scientific, Waltham, MA, USA) following a
method published previously (Han et al., 2021; Jennings et al., 2022).

Chromatographic data were segmented into one minute bins be-
tween 12 and 24 min (n = 12), mass spectra (n = 30/bin) averaged and
internally calibrated with a list of commonly detected DOM masses (m/z
150-980, n = 425) using Compass DataAnalysis (version 5.0, Bruker
Daltonics). Molecular formula (MF) were assigned to mass peaks with
signal-to-noise (S/N) > 4 using the elemental composition of C;_go,
13C0,1, Hl,lgg, 00_40, No_2, So_1, 3450,], 35C10_3, 37C10,2 within the mass
tolerance of & 0.42 ppm. Br was not included for the assignments as this
element is currently not available in the Lambda-Miner (Wurz et al.,
2024). Multiple assignments were reduced using mass error distribu-
tions according to Gao et al. (2024). Signals were assigned as CI-DBP if
absent in process blanks or in samples before disinfection and for which
the 35C1,-"Cl; peak magnitude ratio was within the 25th (0.75) and
75th (1.17) percentile of 35Cln-37C11 peak magnitude (Han et al., 2023).
Finally, other, non-chlorinated DPB were identified as MF present only
in samples after disinfection for which the S/N ratio was larger than the
5th percentile of S/N ratios from DOM MF before disinfection (4.26). A
feature is defined as a molecular formula in a specific retention time
segment. For visualization purposes retention-time segments were in-
tensity averaged into a single mass spectrum. For an overview on the
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Fig. 1. The kinetics of (a) SUVA,s4 reduction and (b) THM4 formation (normalized per mg initial DOC) during chlorination, as well as the formation of (c) chlorite
and (d) chlorate during ClO-, disinfection of four water samples. Initial NaOCl or ClO, concentration: 5 mg/L as Cl,. All samples were buffered with 10 mM phosphate
buffer at pH 7. Error bars represent the standard deviation of duplicate experiments. Within each sample in (c) and (d), the color gradient from light to dark

corresponds to increasing reaction time (0.5, 2, 6, 24, and 48 h).

data processing, refer to Fig. S2.

Disinfection experiments and LC-FT-ICR-MS analysis were per-
formed in duplicate, representing technical replicates. Most samples
were measured with the same ion accumulation time (IAT) of 50 ms,
except for GW2, where higher IATs (i.e., 100, 250, or 500 ms) were
applied due to its very low DOC concentration (Table S3). Results for all
replicates are provided in Tables S3-6; however, only one replicate per
sample was used for the graphs shown in Sections 3.3 and 3.4. Technical
replicates measured with the same IAT yielded comparable numbers of
MFs and similar distributions across formula classes (Table S3). For
samples with comparable IATs (SRNOM, HSNOM, and GW1), the per-
centage of shared chlorinated DBPs (i.e., identical MFs detected in both
replicates) ranged from 53 % for GW1 (719 CI-DBPs in total) to 36 % for
HSNOM during chlorination (Tables S4-5).

3. Results and discussions
3.1. Formation of regulated DBPs
The chlorination and ClO; disinfection of four water samples were

performed for up to 48 h and the residual disinfectants, UV354 absorp-
tion, and DBPs were analyzed simultaneously as a function of reaction

time. During chlorination, the residual chlorine in all water samples
gradually decreased over time (Fig. S3a), featuring a rapid reduction in
the first 6 h followed by a slower reduction rate (Kastl et al., 1999;
Deborde and von Gunten, 2008). Chlorine consumption was highest for
HSNOM (residual chlorine: 0.9 mg/L as Cl, after 48 h) and lowest in
GW2 (residual chlorine: 4.8 mg/L as Cl; after 48 h), the sample with the
lowest DOC content (0.2 mg/L; Table 1). The extent of chlorine con-
sumption aligns with the distinct SUVAy54 values of the matrices
(Fig. 1a), indicating that humic substances underwent rapid reactions
with chlorine and were significantly transformed (Weishaar et al.,
2003).

THM formation during chlorination was also rapid at the beginning
and then slowed down (Fig. 1b). HSNOM produced the highest THM
yield after 48 h (111 pg per mg DOC), whereas GW2 had the lowest THM
yield (21 pg per mg DOC). Overall, a higher initial SUVAy54 corre-
sponded to a higher chlorine consumption and, finally, a higher THM
formation (Hua et al., 2015).

During ClO; disinfection, the degradation of ClO; was much more
rapid than that of chlorine and almost completed (> 95 %) within the
first 0.5 h (Fig. S3b), except for GW2 (residual ClO,: 0.7 mg/L as Cl, at
48 h) with a low DOC content. No THMs were detectable in any sample
during ClOs disinfection, reflecting the lower THM formation potential
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from ClO; as compared to chlorine (Hua and Reckhow, 2007). Chlorite
was rapidly produced in the first 0.5 h in all samples, although to
different extent (Fig. 1¢); for SRNOM and GW1, the chlorite level was
already high (~ 1100 pg/L) at 0.5 h, and then decreased, while for
HSNOM and GW2, the initial level was much lower (200 - 300 pg/L) and
then showed an increasing trend until 48 h. Chlorite is produced during
ClO5, oxidation via a one-electron transfer from organic moieties to C1O5
(Gordon et al., 1972). The lower formation of chlorite in GW2 was
possibly related to its much lower DOC concentration (i.e., fewer organic
moieties) as compared to the other samples (0.2 vs. ~ 3 mg/L; Table 1).
Previous studies have shown that the yield and kinetics of chlorite for-
mation depend on the distribution of ClOy-reactive functional groups in
DOM (e.g., amines, olefins, phenolic substances) (Gan et al., 2019).
Certain functional groups with strong nucleophilicity (e.g., thiols) can
further reduce chlorite to chloride ion (Ison et al., 2006). Therefore,
more detailed characterization of DOM functional groups in each sample
would be required to explain the observed chlorite formation behaviour.
Unlike chlorite, the chlorate levels of all four samples were similar from
the beginning and remained almost stable (~ 650 pg/L, Fig. 1d). This
suggests that chlorate formation is not directly related to organic matter
but rather to the natural disproportionation of ClO, (Gordon et al.,
1972). Overall, the formation yields of chlorite (12 — 58 %) and chlorate
(26 %) observed in this study were within the similar range of previous

lab-scale ClO; oxidation of model compounds and NOM isolates (Rougé
et al., 2018; Gan et al., 2019).

3.2. Formation of novel sulfonated DBPs

Formation of ClI;MSA during chlorination was observed for all four
water samples (Fig. 2a), with concentration increasing rapidly in the
beginning and then slowing down gradually until 48 h. Interestingly,
GW1 and GW2 tended to produce more ClMSA (3.6 and 3.0 pg per mg
DOC, respectively) compared to SRNOM and HSNOM (2.2 and 2.0 pg per
mg DOC, respectively). This is contrary to the formation trend of THMs
mentioned above (Fig. 1b), suggesting that CI;MSA and THMs originate
from different precursors.

Moreover, the formation of Cl,MSA also did not follow the trend of
residual chlorine and SUVAj54: HSNOM water, which presented the
highest chlorine consumption and UVgs4 reduction, had a low Cl;MSA
yield, indicating that Cl,MSA formation was independent on the chlo-
rine consumption and SUVAjs4 in these water samples.

Additional samples were taken after 48 h of chlorination and
enriched by freeze-drying to increase the sensitivity of detection.
CIANSA, Cl,ANSA, chloro-, dichloroacetamidesulfonic acids (CIA-
cAmSA, ClyAcAmSA), and Cl;AcAlISA were detected from all samples
(Fig. 2b). The brominated analogues of these DBPs (BrANSA, BrCIANSA,
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BrCIAcAmSA, BraAcAmSA, BrCIAcAISA) as well as bromo-
chloromethanesulfonic acid (BrCIMSA) and BroMSA, were also detected
from GW1 and GW2. This is attributed to the presence of naturally
occurring bromide in groundwater (95 pg/L in GW1). Bromide can be
rapidly oxidized by chlorine to hypobromous acid (HOBr), which can
further react with NOM to produce brominated DBPs (Hua et al., 2006).
No bromide was added to SRNOM and HSNOM samples. BroMSA was
quantified using SFC-TQXS-MS, which gave 200 ng/L in GW1 after 48 h
of chlorination and under detection limit in GW2 (LOD: 20 ng/L). The
sum of the intensities of sulfonated DBPs per mg DOC were much higher
in GW1 and GW2 as compared to SRNOM and HSNOM. These findings
further support above suggestion that the two groundwater samples
contained more precursors of sulfonated DBPs than the NOM isolate
from river (SRNOM) and the diluted lake water (HSNOM).

About 10-50 times less CloMSA was produced during ClO, disin-
fection as compared to chlorination (Fig. 2c). Also the total peak in-
tensity of all other sulfonated DBPs was about one order of magnitude
lower than after chlorination (Fig. 2d). These results suggest that ClO5
produces not only less THMs, but also less sulfonated DBPs. The majority
of CI,MSA was formed in the first 0.5 h of the reaction with little further
increase. This can be explained by the fast depletion of ClO5 within the
first 0.5 h (Fig. S3b). The formation of CI;MSA per mg DOC was ~3
times higher in GW2 than in other samples.

Similar to chlorination, ClO; also produced the sulfonic acid de-
rivatives of chloromethanes, chloroacetonitriles, chloroacetamides, and
chloroacetaldehydes (Fig. 2d). Furthermore, ClO; is known to not react
with bromide (Hoigné and Bader, 1994); however, the in situ formed
free chlorine during ClO, disinfection can oxidize bromide to HOBr,
which reacts with DOM to produce brominated DBPs (Rougé et al.,
2018). In agreement with this, the brominated analogues of sulfonated
DBPs were also detected from GW1 and GW2. The sum of the intensities
(per mg DOC) of all sulfonated DBPs were much higher in GW1 and GW2
than in SRNOM and HSNOM samples. These results are consistent with
the chlorination experiments mentioned above that these groundwater
samples appeared to contain more precursors of sulfonated DBPs.

3.3. Characterization of DOM using LC-OCD and LC-FT-ICR-MS

To understand the difference in the formation potentials of the
regulated DBPs and the novel sulfonated DBPs during both NaOCl and
ClO,, disinfection, samples before and after 48 h were analyzed using LC-
OCD.

The LC-OCD chromatograms of the non-disinfected samples showed
a typical distribution of chromatographic organic carbon for HSNOM,
SRNOM, and GW1, with the main fraction consisting of humic sub-
stances (HS), followed by a shoulder of building blocks (BB) and a peak
corresponding to low-molecular-weight (LMW) acids and LMW HS
(Fig. S4). In contrast, GW2 presented only a minor HS peak lacking a
significant UVys4 signal, indicative of reduced HS. This was followed by
BB and a pronounced peak at LMW acids elution time, combined with a
strong UVys4 signal, suggesting the presence of mainly LMW HS (Huber
etal., 2011) (Fig. S1). This is possibly because GW2 was treated by GAC,
which led to the reduction of some HS.

HS accounted for the largest fraction of DOM in all four investigated
water matrices, but in varying proportions. In HSNOM, HS comprised
about 75 % of the total DOM, decreasing to 41 % in GW2. This trend
aligns with the varying THM formation yields observed in these water
samples (Fig. 3), in accordance with literature that humic substances are
the major precursors of THMs (Nikolaou et al., 2004; Ibrahim et al.,
2016). Moreover, disinfection induced distinct changes in DOM
composition over 48 h of reaction time. Especially for HSNOM sample, a
significant decrease in HS peak combined with a shift to higher elution
times and an increase in BB and LMW-Acids/ -HS were visible (Fig. S5).
This reflects the transformation of HS of higher MW into low MW sub-
stances. However, the proportion and transformation of HS observed via
LC-OCD analysis cannot explain the formation trend of CI;MSA (Fig. 3).
Therefore, LC-FT-ICR-MS was applied to further characterize DOM in
each water sample at molecular level.

Samples before and after 48 h of chlorination or ClO2 disinfection
were analyzed using LC-FT-ICR-MS after freeze-drying enrichment. Be-
tween 7100 and 33400 molecular features were detected in each sample



M. Nihemaiti et al.

a) SRNOM

CHNOS CHE/)S

4.0% -

CHNO
25.9%

HSNOM

CHNOs CHOS

4906

CHO
64.3%

O
e

Water Research 290 (2026) 124996

GW1 GW2
CHOS
CHO CHOS CHO
42.9% 18.3%/’ 34.3%

CHNOS|

10.2% 4943

CHNO
36.4%

] ® CHO
w3000 ® CHNO
o) ® CHNOS
’5 ® CHOS
©

2 i
$2000
Y
o
@
510001
£
>
= mll C
o/l =

%b‘ob@%‘o‘o‘o‘obb

RV N RNV R D N
Retention time [min]

b%b%%‘o%‘o‘o%b‘o

Retentlon time [m|n]

Fig. 4. The LC-FT-ICR-MS derived molecular formulas (MF) from four water samples. Distribution of MF classes in samples (prior to disinfection). a) Number (value
in center) and fraction of unique MF in SRNOM, HSNOM, GW1, and GW2 according to the main formula classes (CHO: blue; CHNO: red; CHNOS: cyan; CHOS: yellow;
all others: gray). Number of features in SRNOM (b) and GW1 (c) according to their reversed-phase retention time (decreasing polarity with increasing retention time).
A “feature” represents a MF detected at a distinct retention time segment. The same MF can be detected multiple times across the chromatographic run and is only
counted once for (a). Only data from the first replicate is shown. MF of the class “other” have abundances < 1 %.

matrix before disinfection, representing 3469 to 7011 unique molecular
formulas (MFs) (Fig. 4a and Table S3). The number of detected signals
and distribution of MF classes varied according to the DOM source. Both
groundwater samples showed a larger number of MF, and a larger
contribution of heteroatom-containing MF (CHNO, CHNOS, CHOS),
with up to 67 % in GW1 compared to only 28 % in HSNOM (Fig. 4a and
Table S3). The high abundance of heteroatom-containing MFs in
groundwater reflects the selective sorption of plant-derived compounds
onto mineral surfaces and the predominance of microbially processed
organic matter released from deeper soil layers (Kaiser and Kalbitz,
2012; Roth et al., 2019; McDonough et al., 2022). The lower abundance
of heteroatom-containing MFs in SRNOM may also be related to the
incomplete recovery of these compounds during the isolation proced-
ures used to prepare the NOM extract from Suwannee River water (e.g.,
reverse osmosis concentration, cation-exchange desalting, etc.) (Green
et al., 2015).

Although the overall distribution of MF (classes) according to the
RPLC polarity gradient was similar across all four samples with a
maximum of abundance between 17 and 19 min retention time, CHNO
and CHNOS class MFs eluted earlier while CHO and CHOS class MFs
were shifted to higher retention times in groundwater samples as
compared to SRNOM and HSNOM (Fig. 4b, c and Figs. S6, 7, 8). Thus,
the CHO class of MF represents less polar DOM compounds, while CHNO
and CHNOS represent more polar DOM compounds, particularly in
groundwater. Sulfur-containing MFs (CHOS) span the entire range of
polarity.

These results offer an explanation for the stronger formation of novel
sulfonated DBPs (Section 3.2 and Table 2) from the two groundwater
samples: they are enriched in sulfur- and nitrogen-containing NOM

moieties as potential sulfonated DBP precursors. This hypothesis aligns
with previous studies showing that model compounds containing thiol
and sulfonated groups such as cysteine, glutathione, and p-phe-
nolsulfonic acid can form these sulfonated DBPs upon chlorination
(Nihemaiti et al., 2023). Studying the formation potential of sulfonated
DBPs from a larger number of samples with parallel FT-ICR-MS analysis
is needed to support this hypothesis.

3.4. Non-targeted characterization of chlorinated and non-chlorinated
DBPs via LC-FT-ICR-MS

To further understand the difference in the formation trend of
overall DBPs from surface and groundwater matrices upon two
different disinfection processes, non-targeted analysis of DBPs was
performed in the LC-FT-ICR-MS data. A large number of chlorinated
DBPs (Cl-DBPs; between 244 in HSNOM to 572 in GW2) with up to 3 Cl
atoms (Fig. 5c, d and Tables S4, 5) were detected after NaOCl disin-
fection. Most (>78 %) of CI-DBPs were attributed to the CHO class,
with a minor fraction of heteroatom-containing Cl-DBPs (Fig. 5c,
d and Tables S4, 5). CI-DBPs had similar molecular descriptors
(Fig. 5¢, d and Figs. S9, 10) as the CHO class, their likely precursors
(Fig. 5a, b; Figs. S6, 7, 8, and 11). Overall, 82 sulfur-containing Cl-
DBPs were detected with LC-FT-ICR-MS across all samples (Tables S4,
5), with 73 of them detected in GW 2. The novel sulfonated DBPs
described in Section 3.2 were not detected by LC-FT-ICR-MS likely
because of their extremely high polarity. Future studies could further
elucidate the identities of the DBPs detected by LC-FT-ICR-MS through
tandem MS analysis (Postigo et al., 2021).

Also, a large number (n: 330-1822) and fraction of heteroatom-
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containing, non-chlorinated DBPs (CHNO, CHNOS, CHOS: 66-77 % of
all non-chlorinated DBPs) was detected after NaOCI disinfection, and
their formula class distribution was comparable across samples
(Table S6). Notably, the proportion of heteroatom-containing, non-
chlorinated DBPs was larger than the initial fraction of heteroatom-
containing DOM in these samples before disinfection, highlighting the
role of heteroatoms in NOM for the formation of DBPs. The heteroatom
containing, non-chlorinated DBPs may further be transformed into more
toxic, chlorinated or brominated DBPs in the presence of residual dis-
infectants especially in drinking water distribution networks (Andersson
et al., 2021).

Fewer chlorinated DBPs (7 in GW1 to 329 in HSNOM) (Table S4, 5)
were detected after ClO; disinfection, consistent with previous studies

indicating that ClO5 generates less organic halogens than chlorination
(Hua and Reckhow, 2007; Wang et al., 2024). But ClO, disinfection led
to an even larger number of sulfur- and nitrogen-containing, non--
chlorinated DBPs (n: 381-2392; 51-81 %) as compared to NaOCl
(Table S6). This is likely because, unlike chlorine, which reacts with
organic compounds via oxidation, addition, and substitution (Deborde
and von Gunten, 2008), ClO5 reacts selectively with electron-rich moi-
eties (e.g., phenols, amines, thiols) primarily through electron-transfer
reactions (Gan et al., 2020). As a result, less halogenated, but more
sulfur- and nitrogen-containing non-halogenated DBPs were produced
by ClO; disinfection than chlorination.

Overall, more sulfur- and nitrogen-containing, non-chlorinated DBPs
were detected on a number basis in GW1 and GW2 during both
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disinfection processes, reflecting the higher number of heteroatom-
containing DOM in theses samples as compared to SRNOM and
HSNOM (Fig. 4a). Notably, in GW1, a much larger number of sulfur- and
nitrogen-containing DBPs was found after ClO2 as compared to NaOCl
disinfection (Fig. S12).
4. Conclusions
- Sulfonated DBPs were formed from all groundwater as well as sur-
face water samples during both chlorination and ClO disinfection.
Their trend of formation did not follow the regulated THMs during
chlorination, suggesting that the precursors of sulfonated DBPs
might differ from that of THMs.
The formation of regulated THMs can be predicted using generic
parameters such as chlorine demand, SUVA3s54 values, and LC-OCD
analysis, whereas novel sulfonated DBPs defy such predictions.
Molecular-level characterization of DOM using LC-FT-ICR-MS sug-
gests that samples with higher levels of sulfur- and nitrogen-
containing DOM tend to produce greater amounts of sulfonated
DBPs, as well as non-targeted heteroatom-containing, non-
chlorinated DBPs, during both chlorination and ClO; disinfection.
ClO, disinfection can effectively reduce the formation of halogenated
DBPs, but produces more non-halogenated, heteroatom-containing
DBPs than chlorination.
- Strategies aiming at reducing the formation of regulated THMs
during drinking water treatment may be insufficient to mitigate the
formation of sulfonated and other novel DBPs.
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