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• A non-suppressed IC-ESI-MS/MS
method was developed for HAA deter-
mination.

• Three IC columns including AS16, AS18
and AS24were compared for HAA sepa-
rations.

• Different proportions of aqueous me-
thylamine and ACN were tested as mo-
bile phases.

• The optimized method is fast, sensitive,
and requires minimal sample workup.

• HAAs were determined in drinking
water and wastewater effluents.
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A simple and rapidmethod employingnon-suppressed ion chromatographywith electrospray ionization tandem
mass spectrometry has been developed for the direct determination of trace-level haloacetic acids (HAAs) in
water samples. Using 70/30 (v/v) acetonitrile/1 M aqueous methylamine as the mobile phase, three IC columns
– AS16, AS18 and AS24 from Thermo-Scientific –were tested, respectively, with the AS16 column exhibiting the
best overall performancewith respect to resolution and retention time. To assess the effects ofmobile phase com-
position on retention time of HAAs, the AS16 columnwas further tested using (i) different proportions of aceto-
nitrile to aqueous methylamine, (ii) different proportions of acetonitrile to aqueous solution at fixed
methylamine concentrations, and (iii) different concentrations of methylamine at fixed proportions of acetoni-
trile to aqueous solution. With a low proportion of aqueous solution, van der Waals and/or hydrogen-bonding
interactions appeared to play an important role in governing HAA retention, i.e., HAAs with relatively higher ap-
parent logKow* caused by elevated solvent sspKa exhibited longer retention times; whereaswith a high proportion
of aqueous solution, ionic interactions appeared to dominate retention of HAAs, with the more polarizable HAAs
exhibiting longer retention times. Using 70/30 (v/v) acetonitrile/1 M aqueous methylamine, the method detec-
tion limits were in the range of 0.090–0.216 μg/L for the 11 selected chloro-, bromo- and iodoacetic acids. Finally,
this method was applied to monitor HAAs yields in laboratory chlorination experiments and to determine con-
centrations of HAAs in tap water and wastewater effluent samples.
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1. Introduction

Disinfection is a crucial process in water treatment, in which chem-
ical disinfectants such as free chlorine, chloramine, chlorine dioxide or
ozone are often utilized to achieve inactivation of pathogenic microor-
ganism. Chlorine-based oxidants are also used to control biofouling
and prevention of invasive species introductions (Kinani et al., 2016).
Disinfection by-products (DBPs) are inevitably formed in such pro-
cesses, due to reactions of disinfectants with natural organic matter
(NOM) and halide ions in source water (Richardson, 2011;
Richardson et al., 2007). To date, over 600 kinds of DBPs have been re-
ported in various forms, and such DBPs in water have drawn consider-
able public concerns due to their possible long-term health risks for
humans, including potential carcinogenicity, mutagenicity and repro-
ductive toxicity (DeMarini, 2020; Richardson et al., 2007; Wagner
and Plewa, 2017).

Trihalomethanes (THMs) and haloacetic acids (HAAs) are the most
frequently detected DBPs at μg/L levels in chlorinated water (Chen et al.,
2008; Krasner et al., 1989; Richardson et al., 2007; Singer et al., 1995;
Wang et al., 2020; Xue et al., 2017). There are 9 major HAAs, which in-
cludemonochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichlo-
roacetic acid (TCAA), monobromoacetic acid (MBAA), dibromoacetic acid
(DBAA), tribromoacetic acid (TBAA), bromochloroacetic acid (BCAA),
bromodichloroacetic acid (BDCAA) and chlorodibromoacetic acid
(CDBAA) – together comprising the HAA9 group (Zheng et al., 2020).
The former 5 HAAs (HAA5) are regulated by the disinfectant/disinfection
byproduct rules of the United States Environmental Protection Agency
(USEPA), with a maximum contaminant level (MCL) of 60 μg/L for their
combined concentration and maximum contaminant level goals
(MCLGs) of 70 μg/L for MCAA, zero for DCAA and 20 μg/L for TCAA
(USEPA, 2005b). In recent years, some unregulated HAAs have frequently
been detected in disinfected water, especially for source waters contain-
ing high NOM and bromide or iodide levels (Hu et al., 2018; Krasner
et al., 2006). Studies have also shown that bromo- or iodo-DBPs generally
have tens to hundreds of times higher toxicity than their chlorinated an-
alogues (Richardson et al., 2008; Richardson et al., 2007; Yang and Zhang,
2013).

Themeasurement of HAAs in drinkingwater usually employs deriv-
atization of the carboxylic acid group followed by gas chromatography
coupled with electron capture detection (GC-ECD) or mass spectrome-
try (GC–MS) (Cardador et al., 2008; Sarrión et al., 1999; Urbansky,
2000; Wang et al., 2020; Zhao et al., 2015), and GC–MS/MS is also
employed (Kinani et al., 2018). Due to their strong hydrophilicity and
acidity, HAAs must be extracted and derivatized into their correspond-
ingmethyl esters before GC-based analyses. HAAs can also be separated
by ion chromatography (IC) with detection by conductivity (IC-CD) or
UV absorbance (IC-UVD) (Barron and Paull, 2004; Liu and Mou, 2003;
Liu et al., 2004; Paull and Barron, 2004). However, these IC-CD or IC-
UVD methods can be susceptible to interferences from matrix anions
and organic constituents present within environmental samples. A
2D-IC system coupling conventional IC and capillary IC with conductiv-
ity detection was applied to determine HAA5 (Teh and Li, 2015), for
which sub-μg/L (0.38–0.72 μg/L) limits of detection (LODs) were
achieved in tap water. Although matrix effects were alleviated in this
method, over 60 min of elution time was required for 2D-IC analysis
of each sample. Use of IC coupled with inductively coupled plasma-
mass spectrometry (ICP-MS) has also been applied for determination
of haloacetic acids (Liu et al., 2004; Shi and Adams, 2009), although
LODs for chloroacetic acids (MCAA, DCAA and TCAA) were relatively
high (15.6–23.6 μg/L as 35ClO).

Notably, electrospray ionization with single or tandem mass spec-
trometry (ESI-MS/MS) can be coupled with either liquid chromatogra-
phy (LC) or IC systems (Meng et al., 2010; Wu et al., 2017; Xue et al.,
2016). Several studies have reported the trace analyses of HAAs using
either reversed-phase columns (C8 and C18) (Li et al., 2012; Luo et al.,
2013; Meng et al., 2010) or hydrophilic chromatography columns
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(HILIC, Phenomenex Luna Amino column) (Dixon et al., 2004). These
RPLC or HILIC methods require a complex gradient elution procedure
and utilize aqueous organic acid/ion-pair solutions (e.g., formic acid)
to achieve an acceptable separation (Dixon et al., 2004; Luo et al.,
2013). Using carbonate or hydroxide aqueous solution for elution, IC
can easily achieve good separation of HAAs and other ionic compounds.
TheUSEPAMethod 557was established forHAAs analyses using IC-ESI–
MS/MS without sample preparation or concentration (USEPA, 2009).
Recently, IC with high resolution mass spectrometry has also been
used for suspect screening of HAAs in drinking water (Gallidabino
et al., 2018). However, this typically necessitates use of specialized IC
equipment including an ion suppressor before the mass detector
(Roehl et al., 2002; Wu et al., 2017). This can restrict the accessibility
of such methods, as ESI-MS/MS systems in typical research and analyt-
ical laboratories are more frequently coupled to LC systems without an
ion suppressor. The use of an aqueous solution of a volatile base –
e.g., methylamine – in place of carbonate or hydroxide eluents can cir-
cumvent the need for a suppressor, in turn enabling use of standard
LC-ESI-MS/MS systems in a non-suppressed IC-ESI-MS/MS configura-
tion, which has been applied in USEPA Method 331.0 for perchlorate
(USEPA, 2005a). In addition, the USEPA Method 557 requires almost
one hour for each analysis (USEPA, 2009), which is still time-
consuming. Recently, it has been reported that adding acetonitrile into
hydroxide eluents could significantly shorten the total run time for IC-
ESI-MS/MS analyses of HAAs (Wu et al., 2017).

In this study,we sought to develop a rapid, sensitive and selective IC-
ESI-MS/MS method for the analyses of chloro-, bromo- and iodoacetic
acids based on a conventional LC-ESI-MS/MS system without ion sup-
pression. Three IC columns were evaluated with mobile phases com-
prising various proportions of acetonitrile and aqueous methylamine.
Chromatographic conditions were optimized and the effects of chro-
matographic conditions on retention/elution of HAAs were examined
with respect to their apparent logKow* values and polarizabilities. Fi-
nally, the optimized non-suppressed IC-ESI-MS/MS method was ap-
plied to monitor HAA formation during laboratory chlorination
experiments and to detect occurrence and concentrations of HAAs in
tap water and wastewater effluent samples.

2. Materials and methods

2.1. Chemical standards and reagents

MBAA (≥99%), DBAA (>98%), BCAA (97%), TCAA (≥99%), TBAA
(99%), BDCAA (99%), CDBAA (97%), monoiodoacetic acid (MIAA,
≥98.0%) and the internal standard MBAA-2C13 (≥99%) were purchased
from Sigma-Aldrich Ltd. MCAA (99%) and DCAA (99%) were ordered
from Tokyo Chemical Industry Co. Ltd. Diiodoacetic acid (DIAA) was
purchased from Toronto Research Chemicals without information
about its purity. Working solutions of each HAA were prepared in
water at 100 μg/L for optimizing mass detector parameters. A mixed
standard solution of HAA9 in methyl tert-butyl ether (2000 μg/mL,
Sigma-Aldrich) was used for preparing standard curves, together
with separate MIAA and DIAA standards. Working solutions of HAAs
were prepared daily at lower concentrations by serial dilution in
pure water.

A natural organic matter (NOM) isolate was purchased from the In-
ternational Humic Substances Society (Catalog No. 2R101N, Suwannee
River NOM, designated as SR_NOM hereafter). An NaOCl solution con-
taining 4.00–4.99% free available chorine (FAC) in w/v was purchased
from Sigma-Aldrich, and its FAC concentration was spectrophotometri-
cally standardized at λ = 292 nm (ε292nm, OCl− = 350 M−1 cm−1) be-
fore use in chlorination experiments (Kumar et al., 1986).

Aqueous methylamine solution (40 wt%, Sigma-Aldrich) and aceto-
nitrile (ACN, HPLC grade, Merck) were used to prepare mobile phases.
Note that the preparation of aqueous methylamine solution should be
operated in fume hood to avoid inhalation of methylamine.
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2.2. IC-ESI-MS/MS analysis

IC-ESI-MS/MS analyses were performed using an Agilent 1290 LC
system coupled with an AB Sciex Qtrap 5500 MS/MS, with no ion sup-
pressor installed between the LC and MS systems. For separations,
three Dionex™ IonPac™ IC columns – AS16, AS18 and AS24 (microbore
separator, 2mm× 250mm) –were assessed for their compatibility and
utility with the mobile phase of 1 M aqueous methylamine solution
(typically 30%, Solvent A) and ACN (typically 70%, Solvent B). An HPLC
injection volume of 10 μL was used for sample analyses. To be compat-
ible with the column inner diameter, the flow rate was 300 μL/min. The
column temperature was 30 °C. Various chromatographic conditions
were evaluated for the selected AS16 IC column, including type of or-
ganic solvent (methanol vs acetonitrile as Solvent B), concentration of
aqueous methylamine (0.5 M vs 1 M as Solvent A), and proportion of
aqueous methylamine solution vs acetonitrile: 20/80, 30/70, 35/65
and 40/60 for 0.5 M aqueous methylamine solution (Solvent A) vs ace-
tonitrile (Solvent B), and 10/90, 15/85, 20/80, 25/85, 30/70, and 35/65
for 1 M aqueous methylamine solution (Solvent A) vs acetonitrile (Sol-
vent B). The methylamine concentration in mobile phase can be calcu-
lated by multiplying the concentration of aqueous methylamine
(0.5 M or 1M in Solvent A) by its applied proportion. To avoid evapora-
tion and inhalation of organic solvents andmethylamine, stay-safe caps
were installed on the solvent bottle and waste eluent tank.

The Turbo V ion source of theQtrap 5500MS/MSwas operated using
an electrospray needle in negative mode. Ionization source parameters
were as follows: curtain gas pressure = 30.0 psi; collision gas = me-
dium; ion spray voltage = −4500.0 V; temperature = 450.0 °C; ion
source gas 1 pressure = 40.0 psi; ion source gas 2 pressure = 40.0 psi.

For MS/MS analyses, multiple reaction monitoring (MRM) mode of
the Qtrap 5500 MS/MSwas used for qualitative and quantitative analy-
ses. The corresponding physicochemical properties and MS/MS param-
eters for each analyte – obtained by flow injection analyses – are listed
in Table 1. Most HAAs were analyzed using two transitions.
Table 1
Physicochemical properties and mass parameters of HAAs.

Analytes Physicochemical propertiesa Q1b

pKa s
spKa

(10/90) c
logKow logKow*

(10/90)c
Polarizability
(Å3)

m/z

MCAA 2.87 9.1 0.22 −3.20 (7.00) 92.8
DCAA 1.26 6.53 0.92 −5.07 (8.98) 126.8

126.8
TCAA 0.51 5.33 1.33 −5.86 (10.98) 116.8

160.8
MBAA 2.89 9.14 0.41 −2.97 (8.17) 138.8

136.8
DBAA 1.48 6.89 (0.7) −4.93 (11.41) 216.6

216.6
TBAA 0.72 5.67 (1.71) −5.14 (14.68) 250.7

252.7
BCAA (1.97) (7.67) (0.61) −4.24 (10.17) 172.8

172.8
BDCAA (1.45) (6.84) (1.53) −4.15 (12.18) 162.8

164.8
CDBAA (1.12) (6.31) (1.62) −4.59 (13.41) 206.7

208.7
MIAA 3.18 (9.61) (0.85) −2.06 (10.51) 184.9
DIAA (2.29) (8.18) (1.53) −2.81 (16.08) 266.7

310.8
MBAA-2C13 – – – – 140.8

a pKa and logKow values were obtained from the PubChem database (https://pubchem.ncbi.
chemicalize.com/), where the values in the parentheses are estimated data; s

spKa and logKow*
logKow values are for the undissociated (neutral) forms of the HAAs, whereas logKow* values
species under the designated mobile phase conditions.

b The Q1/Q3 pair in the first row is for quantitative analysis and the Q1/Q3 pair in the secon
c The (10/90) represents the proportion of 1 M aqueous methylamine vs ACN.

3

2.3. Data acquisition and method evaluation

Data acquisition and analysis were undertaken using AB Sciex Ana-
lyst and MultiQuant software. Eight-point calibration curves were
established for each standard HAA at concentrations of 0.5, 1, 5, 10,
20, 50, 100 and 200 μg/L, respectively. Each calibration standard was
spiked with 5 μg/L MBAA-2C13 as internal standard and measured in
duplicate.

For assessing method stability and precision, the intra-day and
inter-day precision tests were conducted for all analytes across a
three-day period (Wu et al., 2017). For the first day as intra-day
test, the fortified samples spiked with 5 μg/L of analytes were ana-
lyzed in triplicate every 4 h for 3 times within a day (n = 9). For
the second and third day, fortified samples were analyzed in tripli-
cate on each day. Seven fortified replicate samples were prepared
by spiking analytes at a concentration of 2–5 times the estimated
noise level in ultrapure water. The spiked concentration was
0.5 μg/L for each HAA. The method detection limits (MDLs) were
calculated as the products of the standard deviations of measured
concentrations and the Student's t value for the 99% confidence
level with 6 degrees of freedom (for seven replicate determinations,
the t-value is 3.143).

Recoveries of the 11 analytes were determined using a tap water
sample from Nanjing. Referring to literature (Wu et al., 2017), the forti-
fied triplicate samples were prepared by spiking 10 μg/L of all analytes,
10 μg/L of internal standards and 100 mg/L of NH4Cl into the tap water
sample. NH4Cl was added to remove residual chlorine in tap water
(USEPA, 2009).

Although MRM mode can provide primary confirmation of analyte
identity by enabling exclusive analyses of a targeted compound, second-
ary confirmation of the identity of HAAs in chlorinated NOM solutions
and tap water was also undertaken by comparing retention times
with corresponding standards. Each sample was spiked with 5 μg/L
MBAA-2C13 as internal standard.
Q3b CE
(eV)

CXP
(V)

DP
(V)

EP
(V)

Transition m/z Transition

[M-H]− 34.9 [35Cl]− −19 −12 −20 −11
[M-H]− 82.9 [M-COOH]− −13 −11 −20 −12
[M-H]− 34.8 [35Cl]− −22 −11 −20 −12
[M-COOH]− 34.8 [35Cl]− −19 −16 −20 −10
[M-H]− 116.8 [M-COOH]− −11 −16 −20 −10
[M-H]− 80.9 [81Br]− −15 −9 −20 −13
[M-H]− 78.8 [79Br]− −15 −9 −20 −13
[M-H]− 172.7 [M-COOH]− −14 −11 −20 −11
[M-H]− 78.8 [79Br]− −19 −11 −20 −11
[M-H]− 78.7 [79Br]− −19 −13 −20 −12
[M-H]− 80.8 [81Br]− −19 −13 −20 −12
[M-H]− 128.7 [M-COOH]− −13 −14 −20 −13
[M-H]− 80.9 [81Br]− −17 −14 −20 −13
[M-COOH]− 78.8 [79Br]− −20 −6 −20 −6
[M-COOH]− 80.8 [81Br]− −20 −6 −20 −6
[M-COOH]− 78.8 [79Br]− −7 −14 −20 −6
[M-COOH]− 80.8 [81Br]− −7 −14 −20 −6
[M-H]− 126.8 [127I]− −17 −13 −30 −10
[M-COOH]− 127.0 [127I]− −30 −10 −40 −12
[M-H]− 266.7 [M-COOH]− −7 −10 −40 −12
[M-H]− 80.9 [81Br]− −23 −10 −20 −13

nlm.nih.gov/), polarizability values were obtained from the Chemicalize website (https://
values were calculated as described below and in text S1, and in Tables S3-S6. Note that
are "apparent" values for the combination of the undissociated and dissociated (anionic)

d row is for qualitative analysis.

https://chemicalize.com/
https://chemicalize.com/
https://chemicalize.com/
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2.4. Chlorination experiments

For laboratory chlorination experiments, a 100mL SR_NOM solution
containing 2 mg/L dissolved organic carbon (DOC), 50 mg/L Cl−, and
200 μg/L Br−was prepared in a 100mL amber glass bottle. The NOM so-
lution was then spiked with 4 mg/L Cl2 and kept at room temperature
(25 °C). Samples were collectedwith a 1mL pipette at specific chlorina-
tion times as follows: 0, 2, 5, 10, 20, 30, 60, 90, 120, 180, 240, 300, 360
and 1200 min. Residual chlorine was quenched by the addition of
20 mM Na2SO3 in a molar ratio of Na2SO3/HOCl = 1.2.

2.5. Environmental applications

Tap water samples were collected from laboratories in Nanjing Uni-
versity and Jiangyin Environmental Monitoring Station by the addition
of 100mg/L NH4Cl for quenching residual chlorine, both ofwhich utilize
the Yangtze River as a drinking water source. A wastewater effluent
sample (DOC 13.2 mg/L) was collected from a textile wastewater treat-
ment plant, where ~50 mg/L Cl2 was added for decoloration and the re-
sidual chlorine was naturally decayed. Samples were filtered through
0.22 μm syringe filters and the wastewater sample was further diluted
50 times with pure water prior to IC-ESI-MS/MS analysis.

3. Results and discussion

3.1. Selection of IC columns

Reported IC-MS/MS methods for determination of HAAs and other
environmental contaminants typically employ hydroxide eluent for
anion exchange, necessitating the use of an ion suppressor prior to the
mass spectrometer (Wu et al., 2017). Based on specifications obtained
fromdatasheets of theDionex™ IonPac™AS16, AS18 andAS24 columns
(Table S1), the polymer skeletons and functional groups of these col-
umns are 55% crosslinked divinylbenzene and alkanol quaternary am-
monium ion, which can be operated over a pH range of 0–14 and with
0–100% HPLC-compatible organic solvents. By using methylamine – a
weak and volatile organic base (pKa = 10.6) (Espinosa et al., 2002) –
in place of sodium or potassium hydroxide, it is possible to prepare
MS-compatible aqueous solutions with a sufficiently high pH to enable
IC column elution, while enabling operation of standard LC-ESI-MS/MS
instrumentation without a suppressor, in a non-suppressed IC-ESI-MS/
MS mode (USEPA, 2005a). For example, the pH of a 0.2 M aqueous me-
thylamine solution is calculated as 11.96, consistent with pH ~ 12 in US
EPA Method 331.0 (USEPA, 2005a). Furthermore, addition of ACN to
mobile phases has been found to yield shorter elution times and im-
proved chromatography for HAAs and other organic acid analytes
(Gilchrist et al., 2015; Wu et al., 2017).

Thus, the three candidate anion exchange columns (i.e., AS16, AS18,
and AS24) were evaluated on the LC-ESI-MS/MS systemwith a test mo-
bile phase of 70/30 (v/v) acetonitrile/1 M aqueous methylamine solu-
tion, i.e., 0.3 M methylamine in the mixed mobile phase. Fig. 1a–c
illustrate the individual chromatograms of the 9 HAAs separated by
each of these three IC columns. With the AS16 column, the 9 HAAs
were eluted rapidly (within 3.99–5.23 min). The rapid elution of HAAs
from the AS16 column can be attributed to its low column capacity
(Table S1). The AS18 and AS24 columns showed good separation of
HAAs, but long retention times. Additionally, use of both of the latter
columns resulted in much lower sensitivities and a higher noise level
in comparison with the AS16 column.

With respect to theHAAs' elution sequence (Fig. 1 and Table S2), the
AS16 and AS24 columns showed similar orders, with TCAA < DCAA <
MCAA, MBAA < DBAA < TBAA, and BDCAA < DBCAA, which generally
follows the order of decreasing number of Cl atoms and increasing num-
ber of Br atoms. The retention time ratios of each HAA for the AS24 rel-
ative to those for the AS16 remained in the range of 4.27–4.47. These
results suggest that the properties of the packing materials in the
4

AS24 and AS16 are quite similar. The differences in retention time can
be attributed mainly to differences in column capacity (140 μeq vs
42.5 μeq) and particle size (7 μm vs 9 μm), as listed in Table S1. The
high column capacity and small particle size of the AS24 column re-
sulted in more effective separation but longer retention time than the
AS16 column.

With the AS18 column, theHAAswere eluted in the order of increas-
ing number and decreasing electronegativity (Cl > Br) of halogen
atoms, i.e., MCAA < MBAA < DCAA < BCAA < DBAA < TCAA < BDCAA
< CDBAA < TBAA. The good linear correlations between retention
time and HAA polarizability (Fig. S1, R2 = 0.964) suggest that ionic in-
teractions of the HAAs with the stationary phase principally affected
their retention by the AS18 column, with elution mediated by OH−

from ionization of methylamine. In prior studies, the highly polarizable
HAAs such as TCAA, BDCAA, CDBAA, and TBAAwere usually the last spe-
cies in ion chromatography to be eluted by aqueous hydroxide solutions
(Gilchrist et al., 2015; Liu et al., 2004; Shi and Adams, 2009; Wu et al.,
2017).

On account of its ability to yield adequate HAA separation over
shorter elution times compared to the AS18 or AS24 columns, the
AS16 column was selected for further development of the non-
suppressed IC-ESI-MS/MS method for HAA analyses.

3.2. Evaluation and selection of chromatographic conditions

For ion chromatography, the ionic, hydrophobic, and/or hydrogen-
bonding interactions among analytes, stationary phase, and mobile
phase, as well as the physicochemical properties of analytes, determine
overall retention time. Hence, chromatographic conditions were next
evaluated by varying methylamine concentrations and/or proportions
of aqueous solution vs ACN. As shown in Figs. 2, S2, S3 and Table 2, in-
creasing the respective proportions of aqueous 0.5 M or 1 M methyl-
amine solutions (Solvent A) from 20% to 40% or from 10% to 35%
significantly decreased the elution times of the HAAs and the total
method run time. Interestingly, the elution sequences of HAAs also re-
versed with increasing proportions of aqueous methylamine solution.
For chloroacetic acids, the sequence changed gradually from TCAA <
DCAA < MCAA to MCAA < DCAA < TCAA when the proportion of
0.5 M aqueous methylamine solution (Solvent A) reached 40%. For
bromoacetic acids, the sequence changed from TBAA < DBAA < MBAA
toMBAA<DBAA< TBAAwhen the proportion of aqueous 1Mmethyl-
amine solution (Solvent A) reached 30%. These phenomena suggest that
the principal interactions among stationary phase, mobile phase, and
analytes change along with changes in mobile phase composition.

For chloro- and bromoacetic acids, the magnitudes of pKa values de-
crease with increasing number of Cl or Br; whereas logKow values of the
HAAs generally increase with increasing Cl or Br number (Table 1). As
shown in Table S4, at high proportions of ACN, the “apparent” pKa

values of HAAs in ACN-water solvent (sspKa) increase significantly from
the pKa values of the same compounds in water (wwpKa), because ACN
is a poor hydrogen bond donor, with weak solvation of H+ relative to
water (Espinosa et al., 2002; Rossini et al., 2018). The logKow values in
Table 1 correspond to the undissociated forms of each HAA. Because
the proportion of the HAAs present in their undissociated form, α, in-
creases with increasing ACN proportion for a given pH (Table S5), the
“apparent” logKow* values of each HAA likewise increase with increas-
ing proportion of ACN (Table S6). The details for s

spKa and logKow* calcu-
lation are described in Text S1.

At low proportions (e.g., 10%–15%) of 1M aqueousmethylamine so-
lution (i.e., 0.1M or 0.15Mmethylamine inmobile phase), the apparent
logKow* values for chloro- or bromoacetic acids decrease with increas-
ing Cl or Br number (Tables 1 and S6), which is mainly attributed to
their dependence on analyte s

spKa and mobile phase pH. Under these
conditions, the apparent logKow* values and retention times – especially
those of the chloroacetic acids – showed strong positive correlations
(Fig. S4, R2 > 0.9). This may in part reflect a role of enhanced



Fig. 1. The non-suppressed IC-ESI-MS/MS chromatograms of nine HAA standards (10 μg/L) with different anion exchange columns: (a) AS16, (b) AS18, and (c) AS24. The mobile phase
comprised 0.3 M methylamine in 30% water and 70% ACN. The number on top of each chromatogram peak is the retention time.
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hydrophobic (van der Waals non-specific) interactions of the neutral
forms of the HAAswith the AS16 phase under such conditions. An addi-
tional explanation could derive froman elevated role of hydrogen bond-
ing between (1) the more highly protonated H-donating/accepting
-COOH groups of the less halogenated (and weaker acid) HAAs and
(2) the octanol-like H-accepting/donating -ROH groups of the alkanol
side-chains of the AS16 alkanol quaternary ammonium stationary
phase under such conditions (noting that the anionic forms of the
HAAs’ carboxylate groups can only H-accept, and not H-donate). That
is, the strong correlations between the HAAs' logKow* values and reten-
tion times may reflect an overall favorability of neutral HAA species
partitioning from weakly protic, high-ACN/low-H2O mobile phase to
the alkanol-enriched stationary phase, due to enhancement of both
non-specific van der Waals and specific hydrogen bonding interactions
with the latter relative to the former. Previous observations that high
proportions of aprotic/weakly-H-accepting ACN lead to greater in-
creases in retention of various organic acids on an AS18 alkanol
5

quaternary ammonium stationary phase compared to similar propor-
tions of protic/strongly-H-accepting MeOH are also consistent with a
role of enhanced H-bonding between analytes and the stationary
phase in the presence of ACN (Gilchrist et al., 2015).

For mobile phases containing the same methylamine concentration
but different proportions of aqueous vs ACN (e.g., 1 M aqueous methyl-
amine as Solvent A at 10% proportion vs 0.5 M aqueousmethylamine as
Solvent A at 20% proportion in Table 2), higher proportions of aqueous
phase significantly lowered HAA retention times, consistent with the
resulting decreases in their apparent logKow*, sspKa and α values and
consequent weakening of their van der Waals and hydrogen bonding
interactions with the AS16 phase under such conditions (as the propor-
tion of protonated HAAs decreases and the mobile phase composition
becomesmore aqueous/protic). In addition, as shown in Table 2, mobile
phaseswithmatched proportions of aqueous/ACNbut differentmethyl-
amine concentrations (e.g., 0.1Mor 0.2Mmethylamine inmobile phase
comprising 20% aqueous proportion) showed similar retention times



Fig. 2. Non-suppressed IC-ESI-MS/MS chromatograms of nine HAA standards (10 μg/L) at (a) 15%, (b) 25%, and (c) 35% of 1 M aqueous methylamine solution, with ACN comprising the
remaining % of the mobile phase. The number on top of each chromatogram peak is the retention time.

Table 2
Retention times (min) of each HAA on the AS16 column for varying proportions of aque-
ousmethylamine solution as Solvent A and ACN as Solvent B comprising the remaining %,
corresponding to the data shown in Figs. 2, S2, and S3.

HAAs Proportions of 1 M aqueous
methylamine as Solvent A

Proportions of 0.5 M aqueous
methylamine as Solvent A

10% 15% 20% 25% 30% 35% 20% 30% 35% 40%

MCAA 22.28 10.16 9.65 6.22 4.37 3.72 9.18 5.22 4.43 4.01
DCAA 12.69 7.04 7.25 5.37 4.08 3.67 7.05 4.86 4.38 4.14
TCAA 9.04 5.67 6.16 4.98 3.99 3.74 6.07 4.78 4.50 4.37
MBAA 23.63 10.62 10.16 6.48 4.53 3.85 9.61 5.44 4.62 4.17
DBAA 15.86 8.41 8.78 6.24 4.63 4.10 8.41 5.63 5.00 4.77
TBAA 13.57 8.00 9.03 6.77 5.23 4.94 8.68 6.51 6.22 6.22
BCAA 14.26 7.71 7.99 5.80 4.37 3.87 7.71 5.22 4.67 4.34
BDCAA 10.36 6.36 6.98 5.52 4.36 4.05 6.82 5.29 4.95 4.96
CDBAA 11.86 7.12 7.92 6.12 4.76 4.41 7.69 5.86 5.34 5.53
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for each HAA, further suggesting that ionic interactionswere apparently
superseded by the influence of van derWaals and/or hydrogen bonding
interactions between HAAs and the stationary phase under conditions
of low aqueous phase and high ACN proportion.

In contrast, at higher proportions of aqueous methylamine as Sol-
vent A (>30%), retention times of the HAAs – especially those of Br-
containingHAAs – exhibited positive correlationswith their polarizabil-
ities (Fig. S5). When increasing the proportion of 1 M aqueous methyl-
amine as Solvent A from 20% to 30%, van der Waals and/or hydrogen-
bonding interactions of the HAAs with the AS16 phase appeared to be-
come weaker along with the decrease of apparent logKow*, and the
strength of ionic interactions (proportional to HAA polarizabilities) ap-
peared to become predominant in governing retention of the HAAs. At
higher proportions of aqueous solution (e.g., 30–35%), an increase of
aqueous methylamine concentration from 0.5 M to 1 M in Solvent A
also shortened HAA retention times (Table 2), consistent with a



Fig. 3. HAA9 formation versus time during chlorination of SR_NOM solution (at 4 mg/L as
Cl2, 200 μg/L Br−, and 2.0 mg/L DOC).
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dominant role of ionic interactions in governing HAA elution. At a 40%
proportion of 0.5 M aqueous methylamine (Solvent A), the elution
order of chloroacetic acids fully reversed (from TCAA < DCAA <
MCAA to MCAA < DCAA < TCAA), suggesting that under these condi-
tions van der Waals and/or hydrogen-bonding interactions between
chloroacetic acids and stationary phase (which are positively correlated
with the HAAs' “apparent” logKow* values; Table S6) gave way to ionic
interactions (which are positively correlated with HAA polarizabilities;
Table 1).

Variations in relative signal intensity of each HAA versus the propor-
tion of aqueous methylamine solution used are plotted in Fig. S6. For a
mobile phase with 0.5 M aqueous methylamine (Solvent A), increasing
the proportion of the aqueous methylamine solution resulted in diver-
gent trends in relative peak intensities of HAAs (i.e., increased signal in-
tensities for DBAA and BDCAA, and decreasing signal intensities for the
others). However, the chromatograms of DBAA and BDCAA also exhib-
ited high baseline intensities, leading to lower sensitivities. For amobile
phase with a 1 M aqueous methylamine solution as Solvent A, chro-
matograms generally exhibited sharper HAA peak shapes than for
0.5 M aqueous methylamine as Solvent A (Figs. 2 and S3). A mobile
phase containing 0.3 M methylamine (i.e., 1 M aqueous methylamine
mixed with ACN in 30/70 v/v) exhibited the highest peak intensity for
MBAA, DBAA and TBAA. The chromatographic resolution values of
HAAs under different proportion of aqueous methylamine solution are
calculated and summarized in Table S7, suggesting that higher separa-
tion can be achieved by using low concentrations of methylamine or
low proportions of aqueous methylamine or gradient elution (Fig. S8).
The mobile phase with 30% proportion of Solvent A using 1 M aqueous
methylamine solution (i.e., 0.3 M methylamine in mobile phase) was
selected for method validation and quantification, in light of its short
analysis time and higher tolerance to levels of inorganic salts likely to
be encountered in environmental samples. Although the chromato-
graphic resolution values were relatively low, the adjacent HAAs can
be further distinguished by their unique precursor ions and product
ions in ESI-MS/MS MRM mode.

3.3. Linearity, limits of detection, recovery and precision

Calibration curves were established from concentrations of 0.5 μg/L
to 200 μg/L for each HAA, and exhibited good linearity with correlation
coefficients (r) > 0.995 (Table 3). A 5.0 μg/L concentration of internal
standard MBAA-2C13 was spiked into the calibration standards and en-
vironmental samples, and all HAAs in samples were internally cali-
brated using relative response factors (Wu et al., 2017). The MDLs of
HAAs were found to be in the range of 0.090–0.216 μg/L, i.e., sub-μg/L
in all cases. Notably, MDLs of 0.090 μg/L and 0.208 μg/L were also deter-
mined for MIAA and DIAA, respectively, demonstrating that the non-
suppressed IC-ESI-MS/MS method is sensitive and useful for measure-
ment of iodoacetic acids in addition to the chloro- and bromoacetic
acids comprising HAA9. As shown in Table 3, the mean recoveries for
Table 3
Calibration curve linearity, detection limits, mean recoveries and RSDs for all HAAs.

Analyte Regression equation r value MDL
(μg/L)

R
R

MCAA y = 3088.69277 x + 282.80056 0.9984 0.140 9
DCAA y = 17,586.27106 x + 1811.62788 0.9976 0.157 9
TCAA y = 8166.58858 x + 282.92132 0.9979 0.216 9
MBAA y = 4085.45791 x + 346.26579 0.9991 0.146 9
DBAA y = 10,823.77858 x + 147.10970 0.9990 0.129 1
TBAA y = 8425.60547 x + 170.62205 0.9993 0.093 8
BCAA y = 8465.33678 x + 458.46833 0.9984 0.196 1
BDCAA y = 4141.01009 x + 344.75120 0.9983 0.187 1
CDBAA y = 1791.96941 x + 82.39549 0.9991 0.107 9
MIAA y = 3176.29987 x + 44.32015 0.9994 0.090 9
DIAA y = 26,171.18476 x – 202.46509 0.9991 0.208 9
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all analytes were 83.9–110.0% with RSDs less than 8.4 in the Nanjing
tap water, comparable to the recovery of 80.0–103.0% in chlorinated
surface water in EPA Method 557 (USEPA, 2009). Intra-day RSDs
(n = 9) of peak area ranged from 3.3% to 7.1%, with a median of 5.4%,
and inter-day RSDs (n = 9) of peak area ranged from 3.4% to 10.4%
with a median of 7.0%. The inter-day RSDs of retention time were less
than 1.5%. Note that to prevent drift of retention times, a stay-safe cap
should be installed onto the mobile phase bottles to avoid evaporation
of methylamine and ACN.

In general, these results show that the non-suppressed IC-ESI-MS/
MSmethod enables highly sensitive and precise HAA analyses and pro-
vides an alternative to reported suppressed IC-ESI-MS/MSmethods and
EPA Method 557 (USEPA, 2009; Wu et al., 2017), with decreased
method run-time and system complexity (Table S9).

3.4. Environmental application

The optimized non-suppressed IC-ESI-MS/MS method was applied
to monitor HAA9 formation during chlorination of a solution of
SR_NOM (at 4 mg/L as Cl2, 200 μg/L Br−, and 2.0 mg/L DOC). Since the
solution was prepared without iodide, the iodoacetic acids were not
monitored. As shown in Fig. 3 & Table S8, HAAs rapidly formed (up to
42.54 μg/L total concentration) over the first 2 min of reaction, and the
concentrations of most HAA species generally continued to increase
with increasing reaction time. The predominant HAA species observed
were DCAA, TCAA, BCAA, and BDCAA, which represented 72.5–84.0%
of total HAA mass concentrations.
ecovery (%) ±
SD (%)

Intra-day RSD (%) (n = 9) Inter-day RSD (%) (n = 9)

Retention time Area Retention time Area

8.0 ± 5.7 1.5 3.3 1.2 10.4
0.4 ± 3.4 1.3 6.9 1.2 7.0
4.7 ± 1.8 1.3 6.7 1.1 5.8
8.1 ± 8.3 1.5 7.1 1.3 4.5
03.7 ± 8.4 1.5 4.1 1.2 7.4
3.9 ± 4.8 1.5 5.4 1.2 6.0
10.0 ± 2.0 1.4 4.8 1.1 5.8
00.1 ± 1.0 1.4 5.4 1.1 7.7
0.0 ± 5.4 1.4 4.5 1.2 7.5
4.0 ± 3.6 1.5 5.6 1.2 3.4
3.8 ± 6.1 1.4 3.7 1.4 8.5



Table 4
The occurrence and concentrations of HAAs in tap water and wastewater effluent in Nan-
jing and Jiangyin, China.

Nanjing tap water
(n = 3)

Jiangyin tap water
(n = 3)

Textile Wastewater
(n = 2)

Conc. (μg/L) ±
RSD (%)

Conc. (μg/L) ±
RSD (%)

Conc. (μg/L) ±
SD (μg/L)

MCAA 0.20 ± 8.0% 0.10 ± 3.9% 44.50 ± 0.75
DCAA 1.85 ± 6.6% 2.03 ± 5.3% 648.33 ± 32.52
TCAA 2.23 ± 3.2% 8.03 ± 1.9% 1113.30 ± 27.55
MBAA N.D. N.D. N.D.
DBAA 0.65 ± 5.4% 0.42 ± 2.5% 2.35 ± 0.05
TBAA 0.95 ± 2.3% 1.49 ± 2.1% N.D.
BCAA 0.54 ± 5.3% 0.44 ± 6.5% 34.58 ± 0.93
BDCAA 1.26 ± 4.4% 1.70 ± 13.0% 100.68 ± 0.73
CDBAA 0.79 ± 10.5% 0.70 ± 5.9% 8.88 ± 0.93
MIAA N.D. N.D. N.A.
DIAA N.D. N.D. N.A.
HAA9 8.47 14.91 1952.62

Note: N.D., not detected; N.A., not available, because the textile wastewater sample was
analyzed before the MS/MS parameters for MIAA and DIAA were optimized.
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The optimized non-suppressed IC-ESI-MS/MS method was also ap-
plied to monitor the occurrence and concentrations of HAAs in tap
water and chlorinated textile wastewater effluent (Table 4). In an appli-
cation example of USEPAMethod 557 (USEPA, 2009), the RSDs of HAA9
were between 1.4% and 11%. The RSDs of this non-suppressed IC-ESI-
MS/MS method were generally less than 10% in measurements of
HAAs in tap water, indicating that this method has comparable repeat-
ability to the USEPA Method 557.

The total concentrations of HAA9 measured in Nanjing and Jiangyin
tap waters were 8.47 μg/L and 14.91 μg/L, respectively. TCAA, DCAA,
BDCAA and TBAAwere thepredominant species detected – contributing
up to 74.4% (Nanjing) and 88.9% (Jiangyin) of HAAmass concentrations.
MBAAwas not detected in either tapwater sample. For iodoacetic acids,
neitherMIAA nor DIAAwere detected in Nanjing or Jiangyin tapwaters.
For the chlorinated textile wastewater effluent, the measured total
HAA9 level was extremely high (1952.62 μg/L), with TCAA (~57.0% by
mass) and DCAA (~33.2% by mass) as the predominant species.

4. Conclusion

A rapid and sensitive non-suppressed IC-ESI-MS/MS method has
been developed for the determination of trace-level haloacetic acids
(HAAs) in environmental water samples, which requires no sample ex-
traction, derivatization, or other preparatory sample workup. Using a
mixture of acetonitrile and aqueous methylamine as the mobile phase,
the retention times and elution sequences of HAAs appear to be
governed to varying degrees by ionic, van der Waals, and/or hydrogen-
bonding interactions among stationary phase, mobile phase, and
analytes, depending on mobile phase composition.

Using an AS16 column with 70/30 (v/v) acetonitrile/1 M aqueous
methylamine as the mobile phase, the non-suppressed IC-ESI-MS/MS
method can achieve sub-μg/L detection limits for chloro-, bromo- and
iodoacetic acids, with 83.9–110.0% recoveries, 3.3–7.1% intra-day signal
area RSDs and 3.4–10.4% inter-day signal area RSDs. This method was
also applied and validated for monitoring HAA formation during chlori-
nation experiments and for analyses of HAA levels in tap waters and a
wastewater effluent.
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