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ABSTRACT: Disinfection byproducts (DBPs) formed upon drinking
water treatment are often cytotoxic and genotoxic, and have been
related to health risks, such as bladder cancer. Large DBPs, with more
than two carbon atoms, are produced in large quantities and great
diversity, and contribute substantially to observed toxicity, but their ;
composition and structure remain largely unknown. While a few studies T i

o

have explored high-resolution detection methods, we here focus on the "ﬁ% :

2. Sequential elution

extraction and elution procedures of these >2 carbon DBPs, before T oc™
using negative electrospray ionization (ESI[—]) and detection by

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR 1. Sequential extraction
MS). Samples were collected from three drinking water treatment plants

(DWTPs) in Sweden, of which two use hypochlorite and one uses

monochloramine for disinfection. A reversed-phase SPE sorbent (Hyper Sep) showed high complementarity with a hybrid carbon
sorbent (Carbon S), which captured a subset of polar saturated DBPs not retained by the commonly used reversed-phase materials.
Stepwise elution using solvents of varying polarity reduced sample complexity and ionization suppression and further extended the
DBP diversity detected. Extraction at pH 8, investigated for one DWTP, also extended DBP diversity but that impact was smaller.
The classic methanol elution on reversed phase may miss proportionally more DBPs in chloraminated drinking water.

oc
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1. INTRODUCTION observed for cytotoxicity and the 1—2 carbon DBPs. In the
nonpurgeable fraction only 4—16% of the halogenated
compounds could be attributed to known DBPs.” Hence,
there is a need to improve enrichment methods and chemical
characterization of unknown nonvolatile >2 carbon DBPs.

Extractions are a vital preconcentration step in most analyses
of organic compounds. Most extractions are highly selective
leading to a bias in the later analysis even if done with highly
advanced separation and/or detection methods.'’”"® Despite
development of advanced methods including solid phase
extraction (SPE) this issue remains due to the intrinsic
molecular selectivity of different SPE materials. This is causing
concern in DBP studies given the great DBP diversity spanning
large ranges in molecular size, charge characteristics and
hydrophobicity.'* We therefore explore the use of multiple
SPE columns optimized for the capture of different molecular
characteristics in series.

Disinfection byproducts (DBPs), an unintended consequence of
chemical disinfection during drinking water production, were
discovered in the 1970s." Epidemiological studies have
demonstrated various health risks associated with chlorine and
chloramine treated drinking water, including bladder cancer”
and adverse birth outcomes.”* Well-known and often regulated
DBPs include volatile trihalomethanes (THMs) and polar
haloacetic acids (HAAs), containing one or two carbons,
respectively. In general, most efforts have been placed on
characterizing the low molecular weight (semi)volatile fraction
of DBPs, constituting about 30% of total organic halogen
(TOX) in chlorinated drinking water.” However, when
developmental toxicity were measured on prepared DBP
mixtures before and after purging, no significant difference was
observed.® When toxic effects of DBPs have been compared
between the purgeable (volatile) and nonpurgeable (non-
volatile) fraction, ie., adsorbable organic halogens (AOX)
remaining after a set time of purging, the nonpurgeable fraction
showed enhanced cytotoxicity, oxidative stress induction and
genotoxicity, for both controlled lab-scale chlorination” and
chlorinated and chloraminated tap water.® Recent studies of one
or two carbon containing DBPs found no correlation between
these DBPs and total cytotoxicity.” In fact, opposite trends were
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Mixed-mode sorbents combine materials to retain more
diverse molecules based on multiple mechanisms, such as
reversed-phase interactions, adsorptive capacity and anion or
cation exchange interactions.'” Because of the additional
sorption mechanisms, a mixed-mode sorbent has the potential
to extend the numbers and diversity of DBPs sorbed to an
individual SPE. However, some polar DBPs will probably escape
capture by reversed-phase sorbents, which is why sequential SPE
extractions, adding a sorbent with different sorption capacity in
sequence, could further enhance the sorption of nonvolatile
DBPs. In natural organic matter (NOM) characterization,
sequential extraction increased the number of detected features
with 50%, compared to single SPE extraction.'® A sequential
extraction would specifically improve detection of the DBP pool
not captured by Bond Elut PPL, the styrene-divinylbenzene
copolymer which most DBP nontarget studies have used.'” >

The selection of sorbed DBPs eluted with organic solvents
depends on the physicochemical properties of molecules and
extraction solvents alike. DBPs are preferentially eluted when
critical physicochemical parameters match, i.e., dipole moment,
dielectric constant, or polarity."® Selective extraction will
decrease mixture complexity, sort DBPs according to desired
properties, and will affect ionization selectivity in eluates.”!
Hence, consolidated mass spectra from several solvent fractions
will overall detect more numerous and chemically more diverse
compounds than those observed in single fractions.

For example, Bond Elut PPL extraction of dissolved organic
matter (DOM), using stepwise elution applying gradients of
methanol/water ratios (20:80, 50:50, and 100:0), captured 50%
more molecular formulas using electrospray ionization (ESI”)-
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS), compared with the conventional one-step
elution,” ie., with one solvent only. Because polarity of a
compound and its jonization efficiency in negative ionization
mode are related, i.e., polar molecules are more readily ionized,
molecules in the less polar fraction can be better detected by
ESI"-FT-ICR MS because they are no longer competing with
the readilzr ionized components that were separated in the polar
fraction.”” Stepwise elution of Suwannee River natural organic
matter sorbed to Bond Elut PPL with methanol/water (50:50)
and methanol and methanol/dichloromethane (50:50), in-
creased DOM recovery and allowed detection of a weakly polar
fraction (~5.7% of total organic carbon (TOC)) that could not
be detected with one-step elution.”> Even when DOM sorbed to
Bond Elut PPL is eluted with a single solvent, methanol, but
collected separately in equal aliquots, the molecular complexity
in each extract is reduced, which increase the disposable
resolution for characterization.”" Previous published works on
DBP determination using SPE and FT-ICR MS all use one-step
elution, typically with methanol.”* Stepwise elution approaches,
like those tested for DOM characterization, therefore have the
potential to further increase the diversity of detected DBPs
leading to more comprehensive exposure analyses.

FT-ICR MS offers high mass resolution and mass accuracy,
and is a suitable tool to detect hundreds of molecular
compositions of the nonvolatile DBP fraction.”® This technique
has revealed nonvolatile DBPs formed by different disinfectants
and precursors and examined the consequences of various
treatment processes on DBP formation'®'”**7*! and will be
used to determine DBPs in this study.

In this work, we connect two mixed-mode SPE sorbents, not
used in previous DBP isolation and designed to extend the
polarity range, in sequence, and use a stepwise elution procedure
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to extend the determination of nonvolatile, unknown DBPs
formed in full-scale drinking water treatment applying chlorine
or chloramine. We hypothesize that this will allow for more
comprehensive detection of DBP composition and thereby also
more comprehensive DBP exposure analyses.

2. METHODS

2.1. Methodology of Extraction and Elution

We selected Hyper Sep Retain CX and Bond Elut Carbon S/PSA for
this study together with the commonly used Bond Elut PPL for
comparison. Hyper Sep is a mixed phase, highly porous polystyrene
divinylbenzene material modified with sulfonic acid functional groups
and functions through both reversed-phase extraction and weak cation
exchange. It has high recovery of a broad range of dissolved organic
carbon (DOC) and nitrogen (DON) molecules.*” This sorbent is
highly interesting to improve detection of unknown, particularly
nitrogen-containing DBPs (N-DBPs) that contribute substantially to
the toxicity among known DBPs.”>** Except from the mixed phase, the
particle size of Hyper Sep (30—S0 yum) is smaller compared to the
commonly used Bond Elut PPL (125 pm) and the average pore
diameter is larger for Hyper Sep (83 A) compared to Bond Elut PPL
(0.9 A).>* A smaller particle size can increase extraction efficiency, and a
larger pore diameter can improve accessibility to the stationary phase,
especially for large molecules.” In a previous study comparing DOM
extraction of Hyper Sep and Bond Elut PPL, the DOC recovery was
similar between the cartridges, while Hyper Sep extracted a larger
diversity of DOM assessed using FT-ICR MS.>

Bond Elut Carbon S/PSA is an advanced hybrid carbon material
mixed with an alkylated amine sorbent (PSA) that contains two
different amino functionalities. This was expected to improve the
extraction of polar compounds. Carbon S also has a mixed phase
functionality, through both adsorption to the carbon material and weak
anion exchange. Carbon S was placed in sequence after Hyper Sep to
capture polar DBPs not sorbing to Hyper Sep. A carbon based sorbent,
such as graphitized carbon, seems not previously tested for DBP
determination with FT-ICR MS."” In sequence to Bond Elut PPL, a
Cellulose cartridge was tested for its potential to sorb polar DBPs based
on hydrogen bond interactions.

To elute the sorbed DBPs, the following solvents were used for
stepwise elution following a gradient of polarity: water/methanol
(50:50), methanol, acetonitrile, and methanol/pentane (50:50). In
addition, methanol with 1 mM KOH was used to elute cations sorbed to
Hyper Sep”” and methanol with 1% NH,OH to elute anions sorbed to
Carbon S. The purpose of the elution sequence was to improve
desorption of DBPs from the SPE phase, i.e., improved desorption of
polar DBPs (water/methanol, 50:50) and improved desorption of
hydrophobic or large DBPs binding strongly to the reversed-phase
(methanol/pentane, 50:50). Apart from an overall enhanced elution of
sorbed DBPs, the stepwise elution was pursued to improve chemical
characterization by FT-ICR MS (used as detection method; see below)
through decreased ionization competition®® among DBPs present in
each fraction.

The pH impacts on the molecules’ charged or uncharged state
determines extraction behavior. Samples were lowered to pH 2.5 using
3 M hydrochloric acid (puriss PA), which leads to protonation of many
carboxylic acids in DOM that are negatively charged at the original
sample pH, enabling retention through hydrophobic interactions with
the reversed-phase. We investigated pH-dependence of DBP sorption
at pH 2.5 and 8 for one of the DWTPs (Borg; described below),
because sequential extractions at different pH have also shown potential
to extend the chemical diversity of detected DBPs.*”

2.2. Description of the Three DWTPs

The three DWTPs included in the study are Riberga, Berggarden, and
Borg. Riberga and Berggarden are located in Linkoping but are using
different source waters. Source water for Raberga is the humus-rich
River Stingan with a forested catchment. The treatment of drinking
water includes coagulation using Ekoflock 90, ie., poly aluminum
chloride, followed by rapid filtration through granular activated carbon

https://doi.org/10.1021/acsestwater.5c01469
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Table 1. Disinfectant Used and Bulk Characteristics of Water Sampled”

DWTP disinfectant used temp, C° pH tot. chlorine, mg L™! TOC, mg L™ UVA,g,, cm™! UVA 4, c ™
Raberga NaOCl 11.6 8.5 0.16 3.1 0.057 0.002
Berggarden NaOCl 7.0 8.3 0.11 2.2 0.039 0.002
Borg NH,Cl 12 8.0 0.25 4.8 0.061 0.002

“Temperature, pH, and total residual chlorine were measured in drinking water leaving the DWTPs; TOC, UVA,,, and UVA,,, were measured in

samples collected prior to chemical disinfection.

(GAC), slow sand filtration, UV disinfection, and disinfection with
sodium hypochlorite. The source water at Berggarden is River Motala
Strom whose catchment is dominated by agriculture, and the water
contained less allochthonous chromophoric DOM (CDOM). Here
drinking water production requires less NOM removal and consists of
rapid and slow sand filtration followed by UV disinfection and
disinfection with sodium hypochlorite. The source water at Borg is also
River Motala Str6m, S0 km downstream of the intake for Berggirden
and after having passed two lakes surrounded by forest and agricultural
areas. This water has higher levels of organic matter than at the intake
for Bergarden. The treatment at Borg includes coagulation using
AL(SO,); followed by GAC filtration, slow sand filtration, UV
disinfection and disinfection with chloramine. In both Raberga and
Borg, GAC was operated as a biological filter to remove the undesired
taste and odor. Bulk characteristics, including total organic carbon
(TOC) and UVA,, of water samples collected at the three DWTPs, are
presented in Table 1.

2.3. Sample Collection and Preparation

Water samples (1 L) were collected in October and November 2023
(Raberga and Berggirden) and February 2024 (Borg). Two points
during drinking water production were sampled: right before
hypochlorite or chloramine addition and final drinking water, i.e., the
drinking water leaving the DWTPs. Water samples were extracted
immediately after collection by first adjusting pH to 2.5 using 3 M HCI
(puriss PA). The potential impact of adduct formation from the added
chloride was avoided through formic acid water washing of cartridges
before elution.®® At Borg, final water was also extracted at pH 8 to
investigate DBPs isolated and detected at original pH. The SPE
cartridges Hyper Sep (500 mg, 6 mL), Carbon S (500 mg, 6 mL), PPL
(500 mg, 6 mL), and Cellulose (300 mg, 3 mL) were conditioned using
methanol (6 mL, LiChrosolv) and acidified ultrapure water (6 mL, pH
2.5, LiChrosolv hypergrade). Hyper Sep was placed on top of Carbon S
and PPL on top of Cellulose, on a visiprep manifold (12-port, Supelco).
Water samples and cartridges were connected by Teflon tubing.
Triplicate samples were extracted through Hyper Sep and Carbon S and
one replicate sample through PPL and Cellulose for comparison. Exact
volumes of water extracted were recorded (Table S1), and flow rates
were kept below 5 mL/min to ensure enough time for interaction with
the SPE sorbents. Blanks of 0.1% formic acid water (Ultra
CHROMASOLY, Sigma A, 100 mL) were run through all SPE systems
at all occasions.

After extraction, the cartridges were put individually on a larger
visiprep manifold (24-port, Supelco), washed using 0.1% formic acid
water (6 mL, Ultra CHROMASOLYV, Sigma A) and dried with nitrogen
gas, connected to a visidry system (24-port, Supelco), for ~15 s. Elution
(6 mL) was performed stepwise, using multiple solvents, collecting
extracts (6 mL) from each solvent in separate vials (Figure 1). Figure 1
illustrates the Hyper Sep and Carbon S sequences; the same stepwise
elution was applied for the PPL and Cellulose sequence. The order of
elution was (1) water (LiChrosolv hypergrade): methanol (LiChrosolv
for HPLC) 50:50 (v/v), (2) methanol (LiChrosolv for HPLC), (3)
acetonitrile (LiChrosolv), (4) methanol (LiChrosolv for HPLC):n-
pentane (LiChrosolv) 50:50 (v/v), (5) methanol (LiChrosolv for
HPLC) containing 1 mM KOH to Hyper Sep cartridges and 6)
methanol (LiChrosolv for HPLC) containing 1% ammonium
hydroxide to Carbon S cartridges. For DWTP Réberga, sampled first,
M-KOH was eluted prior to 50:50, v/v, methanol:n-pentane, as the
methanol:n-pentane elution was not decided upon until the second
sampling campaign. These fractions are hereafter named SOWS0M, M,
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Sequential extraction

3 . .
\m\e‘)\e v Sequential elution
pH 2.5 50W50M CN 50M50P M KOH
Hyper Sep ﬂ G ﬂ ﬂ ﬂ
50W50M M-NH,OH
Carbon S

EEEE

Figure 1. Schematic overview of the sequential extraction and elution.
S0WS50M, water:methanol (50:50, v/v); M, methanol; ACN,
acetonitrile; SOMSOP, methanol:pentane (50:50, v/v); M-KOH,
methanol containing 1 mM KOH; and M-NH,OH, methanol
containing 1% NH,OH.

ACN, SOMS0P, M-KOH, and M-NH,OH in figures, tables, and text.
Extracts were stored in freezer (—20 °C) until chemical analysis.

2.4. FT-ICR MS Analysis

Characterization of DBPs in different fractions was done with a Bruker
SolariX 12 T FT-ICR MS, operated with electrospray ionization (ESI)
in negative mode. Extracts were diluted to an optimal dilution for the
ICR cell based on the TOC (Table 1) and volume extracted (Table S1),
using methanol. Extracts collected first, i.e, SOWSOM and M, from
Hyper Sep and PPL in top of the sequences, contained most ionizable
ions and were diluted the most. Carbon S and cellulose extracts were
less diluted. The extracts collected last in the stepwise elution, i.e.,
SOMSOP and M-KOH, were run at near or at original concentration.
Flow rate and spray current were set to 2 uL min~' and —3.6 kV and 300
scans were acquired for each spectrum in a mass range of m/z 147.4 to
1000. Methanol blanks were run between extracts from the different
DWTTPs, i.e., every 15 extract, and method blanks were run before
sample extracts. Mass spectra were internally calibrated against
reference mass lists of NOM (Hyper Sep, PPL, Carbon S) and fatty
acids (Cellulose) allowing mass errors <0.2 ppm.

2.5. Data Analysis

2.5.1. Filtration and DBP Verification. Mass lists from each
spectrum were used to assign molecular formulas with software
developed in-house at Helmholtz Munich, applying the following
element criteria: Cy_j00 'Ho-cor *Oo-soy “*No_z, 2So_z >Cly_s,
PBry_s, ¥ly_s.>® The assigned formulas were filtered by applying the
nitrogen rule and keeping formulas obeying the following constraints:
error range < 0.2 ppm and > —0.2 ppm, intensity > 3,000,000, H/C <
2.5,0/C<1.2,C>0,0 >0, H (in neutral form) > 0, DBE > 0 and
experimental mass < 800. The numbers of nitrogen and sulfur atoms
were restricted to two and one, respectively. Furthermore, the second
stable isotope of chlorine *’Cl and bromlne 81Br was used to
systematically verify halogenated formulas;*® formulas containing
3Cl and *Br were considered verified only if the corresponding mass
peaks with ¥Cl or *'Br was present in the original mass list (mass error
<0.2 ppm). Further data analysis was performed on verified
halogenated formulas only. We recognized all verified halogenated
formulas present in all the three replicates and removed verified

https://doi.org/10.1021/acsestwater.5c01469
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Figure 2. Overview of the number of verified DBP formulas and CHO formulas sorbed by Hyper Sep (Hyp) and Carbon S (CarS) detected in different
fractions. Data represents three replicates added together. The third panel shows the DBP formulas to CHO formulas ratio for the different fractions.

halogenated formulas present in samples collected prior to chemical
disinfection. Hence, the results focus on newly formed DBPs.

A parameter considering double bond equivalences (DBE), an
indicator of the unsaturation of the carbon skeleton, subtracted by the
number of oxygen atoms, [DBE—O], has been used to assess whether
molecular formula assignments make sense from a chemical view-
point.*” Based on analysis among formulas with —10 > DBE—O > 10, a
small number of DBP formulas (15) were removed from analysis based
on unrealistically low numbers of hydrogen and oxygen atoms in
relation to its carbon skeleton. Nitrogen-containing DBPs detected in
ESI[—] at the settings used were few, i, the number of verified
CHNOCI/Br/1 formula were similar or less in final drinking water
compared to before disinfection for all DWTPs and fractions. The
analysis was therefore limited to DBPs containing carbon, hydrogen,
oxygen, chlorine and/or bromine and iodine (CHOCI/Br/I). Note that
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only iodine DBPs that also included Cl and/or Br and could be verified
by *’Cl or *'Br, were included; the unknown I-DBP pool might be
larger. Data obtained in the ESI[+] mode might extend the detection of,
e.g,, N-DBPs but is outside the scope of this study. Verified DBPs in the
Cellulose extracts detected by ESI[—] were few (<10) and not subject
to further analysis. Hence, the focus of the further data analysis is on the
extraction with Hyper Sep and Carbon S compared to the commonly
used Bond Elut PPL.

2.5.2. Processing and Analysis. To compare the characteristics
among DBPs detected in different fractions, DBP formulas were
visualized using van Krevelen diagrams, H/C to mass, DBE/C to the
number of oxygen, a modified aromaticity index (Al,.q)* to the
number of carbon and the average oxidation state of carbon (Cgg)."!
Double bond equivalences (DBE) can be described as the sum of
unsaturated bonds and rings in a compound, and a high density of

https://doi.org/10.1021/acsestwater.5c01469
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Table 2. Average Weighted Compositions and Indices for Verified DBPs Extracted by Hyper Sep and Carbon S in Different

Fractions at the Three DWTPs

Hyper Sep Carbon S

elemental composition SOWSOM M ACN SOMSOP  M-KOH  SOWSOM M ACN M- NH,OH
Réberga
mass weighted average [Da] 406.8 404.4 382.9 2502 392.1 487.1 461.6 404.2 440.0
average DBE 7.4 7.6 7.5 5.0 7.6 6.6 7.4 5.9 7.1
average Al,.q 0.32 0.33 0.34 0.68 0.32 0.17 0.21 0.38 0.26
average carbon oxidation state (Cqg) —0.090 —0.34 —0.31 —-0.13 —0.23 —0.50 —0.50 —0.35 —-0.13
average DBE/C 0.44 0.42 0.43 0.62 0.44 0.31 0.35 0.37 0.39
average H [%] 42.4 45.1 44.7 36.8 43.9 48.7 48.2 46.2 44.6
average C [%] 36.7 37.6 37.8 44.3 37.3 35.0 35.8 37.5 36.1
average O [%] 17.7 14.6 14.9 10.9 16.2 13.9 14.1 10.5 16.5
average Cl [%] 2.9 2.4 2.6 0 2.4 2.3 1.9 4.7 2.6
average Br [%] 0.2 0.3 0.1 7.9 0.06 0.1 0 1.1 0.3
computed average H/C ratio 1.15 1.20 1.18 0.83 1.18 1.39 1.34 1.23 1.24
computed average O/C ratio 0.48 0.39 0.39 0.25 0.43 0.40 0.39 0.28 0.46
computed average Cl/C ratio 0.080 0.064 0.069 0 0.065 0.066 0.054 0.13 0.071
computed average Br/C ratio 0.006 0.008 0.002 0.18 0.002 0.003 0 0.030 0.008
Berggarden
mass weighted average [Da] 399.1 409.7 384.1 443.5 491.8 504.9 444.1 367.1 520.0
average DBE 6.8 7.5 7.1 4.1 7.1 5.3 5.8 0.9 20.0
average Al .q 0.25 0.33 0.30 0.16 0.16 0.02 0.14 0.04 0.75
average carbon oxidation state (Cgg) —0.21 —0.30 —-0.37 —0.84 -1.13 —0.49 —0.96 -123 —-0.34
average DBE/C 0.40 0.42 0.40 0.21 0.28 0.26 0.27 0.06 0.69
average H [%] 44.8 44.7 45.9 52.7 534 49.0 53.1 59.3 32.0
average C [%] 35.7 37.6 37.0 33.8 36.7 33.6 35.7 31.0 58.0
average O [%] 17.1 14.8 14.6 9.5 7.4 13.9 9.1 6.9 2.0
average Cl [%] 2.4 2.5 2.5 3.6 2.6 33 1.9 2.3 8.0
average Br [%] 0.03 043 0.01 047 0 0.24 0.18 0.47 0
computed average H/C ratio 1.26 1.19 1.24 1.56 1.46 1.46 1.49 191 0.55
computed average O/C ratio 0.48 0.39 0.39 0.28 0.20 0.41 0.26 0.22 0.034
computed average Cl/C ratio 0.068 0.066 0.066 0.11 0.070 0.098 0.054 0.075 0.14
computed average Br/C ratio 0.001 0.012 0.0003 0.014 0 0.007 0.005 0.015 0
Borg
mass weighted average [Da] 406.4 404.8 372.6 ND 558.8 432.2 439.5 467.8 381.7
average DBE 6.8 7.8 7.3 ND 11.6 7.0 6.8 119 8.6
average Al,,q 0.27 0.33 0.34 ND 0.31 0.21 0.19 0.52 0.47
average carbon oxidation state (Copg) —0.29 —-0.30 —0.30 ND —0.84 —0.41 —0.38 —0.42 0.07
average DBE/C 0.39 0.43 0.43 ND 0.40 0.36 0.35 0.51 0.52
average H [%] 45.6 44.7 44.8 ND 48.2 47.2 47.3 43.2 40.5
average C [%] 36.0 37.6 37.7 ND 40.4 35.8 34.9 43.8 39.9
average O [%] 15.9 15.2 14.9 ND 8.2 15.0 15.8 9.4 16.7
average Cl [%] 2.4 2.3 2.6 ND 32 2.0 1.9 3.1 2.2
average Br [%] 0.2 0.2 0.04 ND 0 0.05 0.00S 0.5 0.7
computed average H/C ratio 127 1.19 1.19 ND 1.19 1.32 1.35 0.99 1.01
computed average O/C ratio 0.44 0.40 0.40 ND 0.20 0.42 0.45 0.21 0.42
computed average Cl/C ratio 0.066 0.062 0.068 ND 0.079 0.057 0.055 0.070 0.0SS
computed average Br/C ratio 0.006 0.005 0.001 ND 0 0.001 0.0001 0.010 0.017

double bonds, i.e., a high DBE/C, can provide insight into the extent of
aromatic structures. Al 4 is a more conservative approach to estimate
aromatic characteristics, assuming that 50% of the molecular oxygen is
bound with double-bonds and not contributing to aromaticity.*’
Even when oxidation applies to specific carbon atoms, the average
oxidation state (Cqg) of the entire molecules increases.*' The Cqg was
computed according to equation 1 where nH is the number of hydrogen
atoms in neutral form and nO, nCl, nBr, nl and nC are the number of
oxygen, chlorine, bromine, iodine, and carbon atoms, respectively.

Cos = —[(nH X 1) + (nO X (=2)) + (nCl X (-1))
+ (nBr X (—1)) + (nl X (—1))]/nC (1)
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Two distinct plots depicted results focusing on presence or absence
of DBP formulas in the different fractions: (1) studying each DBP
fraction as a whole to investigate compositional shifts against the total
DBP pool detected and (2) studying the composition of DBPs detected
in each fraction, e.g, DBPs containing Cl,, Cl,, Cl;, Br, Br,, and so
forth.

To investigate the overlap of DBPs detected in different fractions,
elemental formulas were compared and visualized for each DWTP and
cartridge using upset plots. These plots were used to simultaneously
show (1) how many DBPs that were detected in each fraction and (2)
which fractions hold high counts of unique DBPs, i.e, DBPs not
detected in other fractions. Weighted averages of elemental
compositions and the above-mentioned indices, based on all DBP
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Figure 3. Van Krevelen diagrams of verified DBP formulas detected at the three DWTPs in different fractions, i.e., water:methanol (50:50, v/v)
(50WS50M), methanol (M), and acetonitrile (ACN), eluted on Hyper Sep (Hyp) and subsequent Carbon S (CarS) cartridges. The gray dots
demonstrate all DBPs detected, with the DBPs detected in a fraction highlighted in different colors. The lines forming a cross are just reference points
to facilitate detection of shifts.

compositions in a fraction, were calculated by computing individual

mass peak amplitudes divided by the combined intensities of all mass

peaks in the spectrum. All data processing were conducted using Matlab

2024.
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3. RESULTS AND DISCUSSION

3.1. DBP Characterization of Different Fractions

DBP molecular formulas were verified in both Hyper Sep and
Carbon § extracts, and a higher number of DBP formulas were
sorbed to and eluted from Hyper Sep (Figure 2). Most DBPs
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Figure 4. Al 4 against number of carbon plots of verified DBP formulas detected at the three DWTPs in different fractions, i.e., water:methanol
(50:50, v/v) (SOWSOM), methanol (M), and acetonitrile (ACN), eluted on Hyper Sep (Hyp) and subsequent Carbon S (CarS) cartridges. The gray
dots demonstrate all DBPs detected, with the DBPs detected in a fraction highlighted in different colors.

(72—86%) were detected in SOWSOM and M fractions,
indicating a predominance of moderately to highly polar species
(Figure S1). At Borg DWTP, which uses chloramine for
disinfection, a larger share of DBPs sorbed to Hyper Sep was
detected in the ACN fraction, suggesting slightly different DBP
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formation under these disinfection conditions. Compared to
DWTPs using hypochlorite, the DWTP applying chloramine
yielded fewer DBPs in the Hyper Sep extracts, with similar
numbers of CHO formulas, but more DBPs in the subsequent
Carbon S extracts. This pattern suggests that chloramine
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Figure 5. Characteristics of verified DBP formulas detected at the three DWTPs in different fractions, i.e., water:methanol (50:50, v/v) (SOWSOM),
methanol (M), and acetonitrile (ACN), eluted on Hyper Sep (Hyp) and subsequent Carbon S (CarS) cartridges, displayed in van Krevelen diagrams.

disinfection favors the formation of DBPs not retained by the CHO formulas, the M fraction had the highest counts of DBP
reversed-phase with greater affinity for Carbon S and detectable formulas in relation to CHO formulas in Hyper Sep extracts,
in ESI[—]. When comparing the numbers of DBP formulas and while SOWSOM had the highest counts in most Carbon S

2451 https://doi.org/10.1021/acsestwater.5c01469
ACS EST Water 2026, 6, 2444—2457


https://pubs.acs.org/doi/10.1021/acsestwater.5c01469?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.5c01469?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.5c01469?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.5c01469?fig=fig5&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.5c01469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

I cHoc
I cHocl,

[CcHocl,
[T cHoc,

Number of verified DBP formulae
400
350
300
250
200

150

100

50

0
S

Raberga

B cHocl,
[ JcHosBr

[ CHOBr, [ |CHOCIBry
I CHOBr; [ |CHOICIy/Bry

Distribution of DBP formulae within the fractions
100%

90%

80% |

70%

60%

50%

40%

30%

I — I 20%
10%
AR _ ==
I S S S N N P N N\ RS
© © & © P & P © © & LN
<:>§\ ¢>§ 03 (,)Qé @,éz\ @@ @@ 03 3 ®§2\
1 ] 1 ] ] | | ]
Hyp CarS Hyp CarS
Number of verified DBP formulae Distribution of DBP formulae within the fractions
Berggarden 400 100% -
350 = 90%
300 80%
70%
250 60% -
200 50%
150 40%
100 30%
|| 20% I
50 10%
. i ..
A0 > R S N > o QR N > o K S N > o S
S YQ S © S YQ WO S YQ) & © S ?Q WO
& S ¥ & ~ SRS &
1 | ] ] | | | ]
Hyp CarS Hyp CarS
Number of verified DBP formulae Distribution of DBP formulae within the fractions
Borg 400 100%
350 90%
300 80%
70%
250 60%
200 50%
150 40%
100 30%
20%
50 10%
0 — L 0%
gﬁ NS &gz *O% &@ N oe Q\@\ 6@% A< @‘2 {_da ga@ S Y\@
& S A S @* o’o 930 AP S @
L | L | | | L |
Hyp CarS Hyp CarS

Figure 6. Characteristics of verified DBP formulas detected at the three DWTPs in different fractions, i.e., water:methanol (50:50, v/v) (SOWSOM),
methanol (M), acetonitrile (ACN), methanol:pentane (50:50, v/v) (SOMSOP), methanol with 1 mM KOH (M-KOH) and methanol with 1%
NH,OH, eluted on Hyper Sep (Hyp) and subsequent Carbon S (CarS) cartridges.

extracts (Figure 2). Furthermore, the DWTP using chloramine
had overall lower counts of detected DBPs in relation to CHO
formulas, indicating that fewer DBPs were formed relative to the
CHO diversity or that DBPs formed were not detected by the
methods used. While considerable amounts of CHO formulas
were detected in M-KOH extracts, DBP formulas were primarily
detected in one plant. Least CHO and DBP formulas were
detected in SOMSOP extracts. Overall, the results indicate a
strong influence of the disinfectant type on DBP polarity,
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sorption behavior, and overall molecular diversity. The weighted
average elemental compositions and molecular indices of DBPs
identified in the different fractions are summarized in Table 2.
3.1.1.The Hyper Sep Cartridge. For DBPs captured by the
reversed-phase Hyper Sep cartridge, a clear shift was observed
from higher O/C ratios among DBPs detected in SOWSOM
extracts toward lower O/C ratios among those detected in the M
fractions (Figure 3, Table 2), reflecting the different polarity of
these eluents. This shift was consistent across all DWTPs but
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was most pronounced in those using hypochlorite. DBP
formulas detected in the SOWSOM fractions also exhibited a
higher number of oxygen atoms (Figure S2) and higher average
oxygen content (Table 2), compared to those detected in the M
fraction. This is consistent with their enhanced polarity and
stronger interactions with the stationary phase, leading to
elution with the more polar solvent mixture. Additionally, a shift
in relative (un)saturation was observed between these fractions,
where DBPs in the M fractions had higher Al 4 compared to
DBPs detected in the SOWSOM fraction (Figure 4, Table 2),
which agreed with the observation that methanol was required
to elute some of the less polar but more unsaturated DBPs
sorbed onto the Hyper Sep cartridge.

The degree of oxygenation did not change in the less polar
ACN fraction, where DBPs showed lower mass (<450 Da) and
overall, less diversity compared to SOWSOM and M fractions
(Figures 3 and S and Figure S3). Only a few DBPs were detected
in the last and least polar fraction containing 50% pentane
(50MSOP) (Figures S4—S6). DBPs eluted with M-KOH were
primarily detected in Réberga, indicating that the order of the
elution may influence recovery. Nevertheless, DBPs detected in
the M-KOH eluates were not chemically distinct from those in
other fractions (Figures S4—S6).

3.1.2. The Subsequent Carbon S Cartridge. DBPs
captured by Carbon S (receiving the output from the Hyper
Sep cartridge) were primarily detected in the SOWSOM, M, and
M-NH,OH fractions (Figure 3 and Figure S4). Apart from
Berggarden, no clear shift in polarity or saturation was observed
between DBPs detected in SOWSOM and M fractions from
Carbon S. In contrast, chemically distinct DBPs were observed
in the M-NH,OH fraction, corresponding to DBPs eluted from
the anion exchange function. Compared to DBPs extracted by
Hyper Sep, those extracted by Carbon S generally showed higher
mass (Figure S3, Table 2) and were more saturated, as indicated
by higher H/C ratios and lower calculated aromaticity (Figures
3 and 4, Table 2). Specifically, DBPs sorbed to Carbon S were
characterized by low DBE/C ratios and higher oxygen content
(Figure S2), indicating that these DBPs were less hydrophobic
and more polar than those sorbed to Hyper Sep. This likely
explains why such DBPs passed through the Hyper Sep sorbent
and highlights the presence of a pool of DBPs not captured by
reversed-phase extraction alone. DBPs detected in Carbon S
extracts were more similar between Réberga and Borg, despite
the fact that the raw water at Berggarden and Borg originates
from a joint water source. These differences are likely explained
by differences in NOM abundance and composition, which are
also reflected in similar treatment stages at Raberga and Borg. In
Berggarden, a larger diversity of Carbon S DBPs was detected,
especially in the SOWSOM fraction. These DBPs were likely
formed by different precursors present in this source water, e.g.,
saturated compounds assessed as protein-like fluorescence,"”
that did not absorb at 254 nm (Table 1). It is possible that these
precursors were present also in Borg but that other precursors,
i.e.,, UV absorbing molecules, that are more reactive toward the
chemical disinfectant, were favored in DBP formation there.

The composition of DBPs is highly linked to their
toxicological potential. For instance, halogen substitution
strongly influences toxicity: brominated and iodinated DBPs
are orders of magnitude more toxic than their chlorine-DBP
analogue,43 with iodine-containing DBPs often showing highest
toxicity. Bromine-containing DBPs, mostly containing a single
bromine atom, were predominantly sorbed by Hyper Sep and
detected in the M fraction, while very few DBPs containing

2453

combinations of chlorine, bromine, or iodine were detected in
Hyper Sep extracts (Figures S and 6, and Figures S7—S9).
Instead, iodine-containing DBPs and mixed Cl—Br DBPs were
captured by Carbon S and primarily detected in the SOWSOM
fraction.

3.2. DBP Overlap between Fractions and DWTPs

Among the DBPs sorbed by the Hyper Sep cartridge, the
majority were detected exclusively in one fraction from a specific
DWTP, viz., 59, 75 and 64% in Raberga, Berggarden and Borg,
respectively. For all DWTPs, most DBPs were detected in the M
fraction only, followed by DBPs found in the SOWS0M fraction
only (Figure 7). Among DBPs detected in multiple fractions,
most were detected in the SOWSOM and M fractions,
demonstrating an overlap of DBPs detected in these fractions,
especially for the DWTPs using hypochlorite. Each formula
could potentially represent ~260 different structural isomers**
and the formula overlap might be explained by different isomers
having different desorption behavior. Alternatively, the
desorption of the overlapping formulas was incomplete by one
solvent and continued with another. DBPs detected in the ACN
fractions were often also detected in the M, SOWS0M, and M-
KOH fractions, i.e., for 94, 87, and 69% of the DBP formulas in
Riberga, Berggarden and Borg. However, at Borg, the plant
using monochloramine, a considerable number of DBPs were
detected only in the ACN fraction (Figure 7).

The SOMSOP eluate contained few DBP formulas, with all but
one unique to this fraction. In Réberga, four low-saturation
DBPs (H/C: 0.5—1) containing one or two bromine atoms (e.g.,
C,H;0,Br,, C,H,0,Br,, CoHyO,Br;, and C,HzO,Br,) were
detected only in this fraction (Figure S8). Differences in spectral
amplitude between cold and room-temperature injections likely
reflect pentane’s high volatility, affecting signal intensity but not
the elution of low-polarity DBPs. These results highlight that
low-polarity solvents, whether neat or in mixtures with more
polar solvents, are important for stepwise elution methods.
Decreased impact of pentane on ionization after methanol
dilution might improve the detection limit. Also, ESI[—] might
not be optimal for some of the less polar DBPs eluted with
SOMSOP and that other methods, such as APPI or APCI might
be required to detect them. In contrast, few unique DBPs were
detected using M-KOH to elute compounds bound to the cation
exchange, indicating that this elution stage did not increase the
chemical diversity.

For DBPs sorbed by the Carbon §S cartridge, 85, 98 and 76%
were unique to a single fraction in Réaberga, Berggirden and
Borg, respectively; sequential elution led to even more distinct
fractions for this sorbent than Hyper Sep (Figure 7). In Riberga
and Borg, most DBPs were detected solely in the M fraction,
while in Berggirden, most DBPs were detected in the SOWS0M
fraction only, potentially linked to the different NOM
characteristics of the source water in Berggarden. In addition,
at Berggirden, few DBPs were detected in the M-NH,OH
fraction in comparison to the other DWTPs.

The low overlap of DBPs detected by Hyper Sep and Carbon
S, (9, 2 and 15%) for Réiberga, Berggirden, and Borg,
respectively, shows the complementarity of the two sorbents
and the broader diversity of compounds captured when they are
combined. A comparison of the overlap between the three
DWTPs revealed that a higher proportion of unique DBPs, i.e.,
compounds detected in only one single DWTP, was found in the
Carbon S extracts (74%) than in the Hyper Sep extracts (40%).
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Figure 7. Overlap between DBP formulas detected in the different fractions displayed as upset plots. The colored horizontal bars represent the total
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The verified DBP formulas detected in the different fractions at
the three DWTPs are presented in Tables S2—S4.

3.3. Sample pH

Samples of final water at Borg were sequentially extracted and
eluted at their original pH (pH 8.0) as well as at the low pH (pH
2.5) tested for all DWTPs. For both Hyper Sep and Carbon S
fewer individual DBP formulas (114 and 31, respectively) were
detected and verified at original pH compared to pH 2.5 (356
and 275, respectively) (Figures S10 and S11). However, among
the DBPs detected at original pH, 44 and 65% for Hyper Sep and
Carbon S, respectively, were found at natural pH only and not
observed at pH 2.5.

For Hyper Sep, most DBPs detected at original pH were
detected in the SOWSOM and M fractions (Figure $10) while for
Carbon S, the majority were found in the ACN fraction (Figure
S11). For Hyper Sep, the DBPs detected at original pH were
characterized by higher saturation, i.e., lower DBE, DBE/C and
Al .4 and higher H/C, lower degree of oxygenation, i.e., lower
O/C and Cpg compared to DBPs detected at pH 2.5. (Table S5,
Table 2). Moreover, only a few Br-DBPs were observed at the
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original pH, indicating that they were deprotonated and thus
sorbed less under slightly alkaline conditions. DBPs sorbed to
Carbon S and eluted in the ACN fraction were even more
saturated than those sorbed to Hyper Sep (Table S5).

pH influences DOM sorption through cation exchange on
Hyper Sep, through increased occupation of cation exchan§e
sites by H* as well as by influencing the protonation of DBPs.
At Borg very few DBPs were detected in M-KOH extracts at pH
2.5 and not a single DBP were verified at pH 8. If future
extractions focus on positively charged molecules, it might be
possible to optimize the retention and analysis of positively
charged DBPs further through pH optimizations and ESI[+]
ionization.

Overall, pH 8 resulted in the detection of saturated DBPs not
detected at pH 2.5. This is consistent with a previous study
focused on DBP characterization of swimming pool water at
circumneutral pH and pH 2.°” This demonstrates that
extractions at the original pH can be important to cover the
full image of formed DBPs. However, relative to the full
assessment, DBPs detected solely at the original pH counted for
14 and 7% for Hyper Sep and Carbon S, respectively,
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demonstrating a limited contribution to overall chemical
diversity compared to the application of sequential extraction
and elution at pH 2.5.

3.4. Comparison between Hyper Sep, Carbon S, and PPL

The DBPs captured using Hyper Sep and Carbon S were
compared to those extracted by Bond Elut PPL, commonly used
in DBP studies.'” A substantially greater overlap in DBP
formulas was observed between Hyper Sep and PPL extracts
(42,36, and 32%) compared to Carbon S and PPL extracts (9, 2,
and 11%) for Raberga, Berggirden, and Borg, respectively.
Although some variation was observed across DWTPs, DBPs
sorbed to PPL generally exhibited higher average oxygen
content, O/C and Cgg, compared to those captured by Hyper
Sep (Table 2 and Table S6 and Figures S7, S12, S13, and Figure
5). This suggests that the functionalized phase of PPL interacts
more effectively with polar moieties in DBPs, resulting in
different selectivities even among sorbents of similar reversed-
phase character. However, when comparing all DBPs, 10, 19 and
17% were unique to PPL, i.e., not detected using Hyper Sep nor
Carbon S, while 53, 51, and 58% were unique to sequential
Hyper Sep and Carbon S extraction, i.e., not detected by sole
PPL extraction for Riberga, Berggarden, and Borg, respectively.
Hence, integrating multiple sorbent types significantly expands
the chemical space of detectable DBPs beyond what can be
achieved with any one sorbent alone.

3.5. Ways Forward

Based on outcomes from this study, future efforts toward more
comprehensive and convenient DBP analysis should consider
the following:

(1) To improve the stepwise elution and increase the
abundance of unique DBPs sorbed by a reversed-phase
sorbent, the SOWSOM and M fraction could be
complemented with methanol mixtures with a third
solvent, less polar than acetonitrile and less volatile than
pentane, such as heptane or toluene. Dilution with
methanol prior to analysis minimizes individual solvent
impacts on DBP detection.

Elution using methanol with 1 mM KOH did not enhance
the diversity of DBPs detected in ESI[—] and can be
excluded in future protocols with ESI[—] detection.
However, the cation exchange function might be relevant
when ESIis operated in positive mode, targeting nitrogen-
containing DBPs.

)

(3) For the carbon-based sorbent, aimed to capture polar
DBPs, fewer elution solvents seem needed, such as
SOWSOM and M. In two DWTPs 1% NH,OH elution of
the anion exchange enabled detection of distinct DBPs

not covered by other fractions nor by the reversed-phase.

(4) pH is an alternative approach to separate DBPs. However,
compared to the application of multiple sorbents or
eluants, the impact from pH seems limited.

(5) Carbon S showed potential to sorb iodine-containing

DBPs, which can be further explored by adopting

alternative ways for their verification, such as iodide

fragment ion analysis* or homologous based network
analysis of iodine-containing moieties.”” Such approaches
would extend nontarget analysis of sole iodine-containing

DBPs formed from high-molecular weight precursors

contributing highly to toxicity,46 comprising an important

part of DBP exposure in chloraminated drinking waters
containing iodide.*’
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Emerging sorbent materials which might improve selectivity
for DBPs in extractions includes e.g.,, metal—organic frame-
works"® and graphene oxide composites*” and complementary
ionization techniques not yet investigated include ESI(+),
APCI, or APPL'” Here we presented the fractions separately.
Future work could explore pooling fractions prior to analysis,
potentially improving the feasibility and applicability of
sequential extraction and elution.

Compared to DBPs with one or two carbons, these DBPs have
a larger surface for binding, more numerous functional groups
that can cause damage, and might inherit a greater resemblance
to functional large size biopolymers, i.e., being more biosimilar,
which might explain their increased toxicity. Their identifica-
tions can be strengthened by combining FT-ICR MS with MS/
MS and MS?,*® applying targeted halogen fragment ion analyses
with triple quadrupole mass spectrometry”" or by integrating ion
mobility spectrometry into nontarget applications,”” the latter
has not yet been applied for DBPs. Such approaches have the
potential to advance structural determination to explain the
toxicological significance of the <1 kDa”” high-molecular-weight
DBPs.

4. CONCLUSIONS

Triple impacts from (1) complementary capacities of reversed-
phase and carbon-based sorbents, (2) stepwise elution using
solvents of different polarity, and (3) the overall influence of
matrix reduction on ionization efficiency greatly extends the
detected chemical diversity of nonvolatile DBPs. The approach
has the potential to increase analytical windows for many
emerging contaminants of concern, such as PFAS, and can be an
important element in identifying key components or fractions
among the overall exposure of DBPs or other contaminants in
drinking water.
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