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Original research paper

A sensitive and specific solid-phase
extraction–gas chromatography–tandem
mass spectrometry method for the determination
of 11 haloacetic acids in aqueous samples

Aziz Kinani1,2, Jérôme Olivier1, Adrien Roumiguières1,
Stéphane Bouchonnet2 and Said Kinani1

Abstract
A method for the analysis of 11 haloacetic acids in water samples has been developed. It involves enrichment of the target

analytes from water samples by solid-phase extraction, derivatization to methyl esters, and gas chromatography coupled

with tandem mass spectrometry determination. Gas chromatography conditions were optimized for a good separation of all

haloacetic acids in a short runtime. Data were acquired in the multiple reaction monitoring mode. Six solid-phase extraction

sorbents among the most widely used in environmental analysis were tested. Bakerbond SDB was retained because it has

been shown to provide the best results for a large class of targeted haloacetic acids. The performances of the developed

method have been assessed according to the French Standard NF T 90-210. The calibration curves for all the studied

haloacetic acids had consistent slopes with r2 values> 0.99. Quantification limits between 0.01 and 0.50 mg l�1 were

achieved. Satisfactory repeatability (relative standard deviation� 14.3%) and intermediate precision (relative standard

deviation� 15.7%) were obtained. Applied to the analysis of 15 untreated water samples collected from three rivers, the

method allowed the detection of five haloacetic acids including monochloroacetic acid (in 100% of the samples, <0.5–

1.85 mg l�1), dichloroacetic acid (87%, <0.05–0.22 mg l�1), trichloroacetic acid (93%, <0.05–0.52 mg l�1), dibromoacetic acid

(53%, <0.01–0.40 mg l�1), tribromoacetic acid (20%, <0.05–0.14 mg l�1), and bromodichloroacetic acid (6%,< 0.05 mg l�1).
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Introduction

Haloacetic acids (HAAs) are among the main organo-
halogen by-products (OXBPs) regularly identified in
water.1 They are primarily formed as a result of dis-
infection treatments using halogen-based biocides,
such as chlorine (Cl2/HOCl/OCl-), chlorine dioxide
(ClO2), ozone in presence of bromide (O3/Br

�), and
monochloramine (NH2Cl).

2 With trihalomethanes,
HAAs constitute the largest group of OXBPs by
weight in drinking water.3 The formation mechanism
of HAAs is well understood and their concentration
levels in drinking water are regulated in various coun-
tries.4 HAAs are also widespread environmental con-
taminants, their presence in aquatic environments is
not only related to human activities but also to nat-
ural sources.5–7 Trichloroacetic acid (TCAA) is used
as a selective herbicide, an etching or pickling agent in

the surface treatment of metals and an auxiliary in
textile finishing, while monochloroacetic acid
(MCAA) is mainly used as intermediate in the synthe-
sis of a wide variety of chemicals (e.g. drugs, dyes,
and pesticides).8–10 HAAs may thus enter aquatic eco-
systems through many routes, including discharges of
water treated with halogen-based biocides, degrad-
ation of halogenated organic compounds, runoff
from contaminated soils, atmospheric deposit, as
well as natural production.10–15 In vitro and in vivo
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laboratory studies have shown that HAAs are cyto-
toxic, genotoxic, mutagenic, and teratogenic.16–20

Several HAAs have been shown to produce develop-
mental and/or reproductive toxicity.21 Due to their
potential adverse effects on human health, the
World Health Organization has proposed guideline
values for MCAA, dichloroacetic acid (DCAA), and
TCAA.2 In the US, HAAs are regulated by the
Environmental Protection Agency (US EPA), which
has established a maximum contaminant level for
the total concentrations of MCAA, monobromoacetic
acid (MBAA), DCAA, dibromoacetic acid (DBAA),
and TCAA in drinking water.2 A guideline value for
these same five HAA species also exists in Canada.
However, to date, no regulation has been promul-
gated in the European Union (EU) to control the
level of HAA concentrations in drinking water. To
protect freshwater aquatic organisms, the European
Chemicals Agency included nine brominated and
chlorinated HAAs in a selection of relevant disinfec-
tion by-products and representative compounds to be
addressed in environmental risk assessments under the
European biocide law (Regulation (EU) 528/2012).22

To date, there is a need for a sensitive and specific
method permitting the quantitation of these com-
pounds at trace concentrations in river water, in
order to evaluate their effects on aquatic ecosystems.
Currently, the standard methods more commonly
used for HAAs analysis involve liquid–liquid extrac-
tion (LLE) followed by gas chromatography using
electron capture detection or mass spectrometry
(MS) detection (552.2 EPA Method; ISO
23631:2006). However, LLE is coming under increas-
ing criticism because it is time consuming, labor inten-
sive, and it requires large volumes of organic solvents.
Solid-phase extraction (SPE) is gradually replacing
classical LLE because it generally provides best
extraction recoveries with low solvent consumption.
Only a few studies using MS operated in the multiple
reaction monitoring (MRM) mode rather than
selected ion monitoring have been reported, although
the potential presence of a large number of interfering
OXBPs requires using a very selective mode for
unambiguous determination of HAAs.23,24 In the con-
text of trace analysis in complex mixtures, MRM pro-
vides unparalleled selectivity, which allows accurate
quantitation of HAAs even if they are not fully chro-
matographically resolved.

The aim of the present work was to develop a fast
and efficient alternative analytical method for the sim-
ultaneous determination of 11 HAAs including five US
EPA-regulated HAAs (MCAA, DCAA, TCAA,
MBAA, and DBAA), four unregulated HAAs (tribro-
moacetic acid (TBAA), bromochloroacetic acid
(BCAA), dichlorobromoacetic acid (DCBAA), and
dibromochloroacetic acid (DBCAA)), as well as two
emerging iodinated HAAs (monoiodoacetic acid
(MIAA) and diiodoacetic acid (DIAA)) in river water
samples. The analytical approach combines SPE with

chemical derivatization and GC–MS/MS analysis in the
MRM mode.

Material and methods

Reagents and chemicals

A mixed standard containing MBAA, BCAA, bromo-
dichloroacetic acid (BDCAA), MCAA, DBCAA,
DBAA, DCAA, TBAA, and TCAA (EPA 552.2
Haloacetic Acids Mix, 2000 mgml�1 each component
in MTBE, >99%) was obtained from Sigma Aldrich
(Saint-Quentin Fallavier, France). Iodoacetic acid
(98%), 1,2-dibromopropane (internal standard, 97%)
and sulfuric acid were also purchased from Sigma
Aldrich, as well as L-ascorbic acid (99%) for neutral-
ization of residual oxidants. DIAA (90%) was supplied
from Santa Cruz Biotechnology (Heidelberg,
Germany). 2,3–dibromopropionic acid (surrogate,
1000 mgml�1 in MTBE) was obtained from Dr
Ehrenstorfer GmbH (Augsburg, Germany). Methanol
(MeOH, HPLC grade, 99.8%) and methyl-tert-butyl-
ether (MTBE, GC grade, 99.8%) were purchased
from Merck (Darmstadt, Germany).

Pretreatment, extraction, and derivatization
procedures

All samples were collected in 2 l amber bottles. Two
milliliters of L-ascorbic acid at 1.6 g l�1 was intro-
duced into each bottle prior to water collection in
order to quench residual oxidants, thus preventing
the formation of HAAs between sample collection
and analysis.25 A volume of 20 ml of 2,3-dibromopro-
pionic acid surrogate standard (50mgml�1 in MTBE)
was added to each sample on receipt at the labora-
tory. All samples were gently mixed, adjusted to
pH< 2 with concentrated sulfuric acid (1% v:v) and
transferred into a 1 l glass bottle. An ‘‘AutoTrace
280’’ (Thermo Fisher Scientific, Courtaboeuf,
France) automated SPE system was used to extract
the analytes from water. Six widely used SPE cart-
ridges including Strata SDB-L (500mg, 6ml) pur-
chased from Phenomenex (Le Pecq, France);
Bakerbond Carbon (500mg, 6ml), Bakerbond SDB-
1 (200mg, 6ml), and Bakerbond C18 (500mg, 6ml)
from Interchim (Montluçon, France); Oasis-HLB
(500mg, 6ml) from Waters (Guyancourt, France);
and LiChrolut EN (200mg, 6ml) from Merck
(Fontenay-sous-Bois, France) were evaluated in
terms of selectivity and recovery yields. The same
extraction procedure was followed for all cartridges.
The stationary phase was conditioned with 5ml of
MeOH and 10ml of acidified water (H2SO4 10%
v:v). A sample volume of 1 l was percolated at a
flow rate of 5ml min�1. The cartridge was then
rinsed with 5ml of acidified water (H2SO4 10% v:v)
and the sorbent was left to dry for 10min. The
retained HAAs were eluted with 5ml of acidified
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methanol (H2SO4 10% v:v) followed by 3ml of
MTBE. The eluate was collected in a 20ml conical
amber glass tube, which was hermetically sealed and
placed for 2 h in a water bath regulated at 50�C for
derivatization of HAAs to methyl esters. The vial was
subsequently cooled to 4�C for 10min and 7.5ml of
an aqueous sodium sulfate solution (150 g l�1) was
added. The vial was then vortexed for 2min and let
to settle for 10min. The aqueous layer was discarded
before quenching the acid-catalyzed esterification of
HAAs. The organic phase was neutralized by adding
1ml of an aqueous saturated sodium bicarbonate
solution (89 g l�1). The vial was then vortexed for
2min and let to settle for 5min. Five hundred micro-
liters of the MTBE extract was transferred into an
amber vial, with 10 ml of 1,2-dibromopropane
(500 mgml�1 in MTBE) as internal standard. Finally,
1.5 ml of the MTBE extract was analyzed by gas chro-
matography coupled with tandem mass spectrometry
(GC–MS). The surrogate standard was used to com-
pensate errors related to sample preparation (both
extraction and chemical derivatization) while the
internal standard was used to compensate errors
related to GC–MS analysis. For each target HAA,
the relative recovery was calculated as the ratio
between the GC–MS peak area measured for the
SPE cartridge considered and that measured with
the cartridge providing the best recovery for the
same HAA.

Instrumentation and GC–MS/MS
analytical conditions

GC–MS analysis of the SPE extracts was performed
using a Thermo Fisher Scientific ‘‘Trace GC Ultra’’
gas chromatograph equipped with a ‘‘TriPlus’’ auto-
sampler and coupled with a ‘‘TSQ Quantum XLS’’
triple quadrupole mass spectrometer (Thermo Fisher
Scientific, Courtaboeuf, France). The chromatographic
separation was carried out on a Thermo Scientific
‘‘TG–5MS’’ (5% phenyl, 95% methylpolysiloxane)
30m capillary column (internal diameter: 0.25mm,
film thickness: 0.25 mm). High purity helium
(99.9995%) was used as the carrier gas at a constant
flow of 1.4 ml min�1. All experiments were performed
using automatic injection of 1.5 ml of sample into a
programmed temperature vaporization (PTV) injector
in the splitless mode. The PTV conditions were the fol-
lowing: injection temperature, 180�C; cleaning tem-
perature, 270�C; splitless time, 2.00min; split flow,
30ml min�1; and cleaning time, 4.00min. In order to
trap the analytes at column head, the oven temperature
was maintained at 35�C for 5.00min before being raised
at 10�Cmin�1 to 110�C and then at 20�Cmin�1 to
200�C, for a total duration of 17min. The solvent
delay was set at 4.50min. The transfer line and ion
source temperatures were maintained at 280 and
250�C, respectively. In the first approach, acquisition
was carried out in the EI full scan mode from 50 to

450m/z at 100ms per scan. The mass spectrometer was
operated in the electron ionization mode at 70 eV.
The filament emission current was set at 25 mA in the
full scan mode and at 50 mA for MS/MS experiments.
The electron multiplier voltage was set at 1040V using
automatic tuning (3.105 gain). The tandem MS experi-
ments were performed with argon as collision gas at a
nominal pressure of 1mTorr. The collision-induced dis-
sociation parameters were subjected to optimization
and are given below.

Results and discussion

GC–MS/MS characterization

The mass spectrometer and gas chromatograph param-
eters were optimized by injecting a mixture of all HAAs
(methyl ester derivatives) in MTBE each one at
20 mgml�1. Separation of HAAs was optimized in the
gradient mode with the purpose to achieve good chro-
matographic resolution in a short analysis time. The
optimum gradient is described in ‘‘Instrumentation
and GC–MS/MS analytical conditions’’ section. The
upper part of Figure 1 displays the chromatogram of
the mixture of all HAAs (after SPE and derivatization),
each at 5 mg l�1, together with the surrogate and inter-
nal standards at 4 mg l�1. Most of the target HAAs are
well separated with the exception of BCAA, MIAA,
DBCAA, and 2,3–dibromopropionic acid (surrogate
standard, SA). MS/MS optimization led to the selection
of the two most intense transitions per HAA for oper-
ation in MRM according to the EU criteria (C.D. 2002/
657/EC). The transition providing the most intense
signal was used for quantification. MRM transitions
and their corresponding collision energies are summar-
ized in Table 1.

SPE

The results of evaluation tests carried out on the SPE
cartridges are summarized in Table 2, in terms of recov-
ery yields and relative standard deviations (RSD) for
n¼ 3. The performances achieved with the Bakerbond
C18 phase are very poor and the Strata SDB-L
also proved unsatisfactory, with a recovery yield for
MCAA of only 4% of that obtained with the
Bakerbond Carbon phase. Compared with the other
stationary phases, the latter tends to favor the recovery
of low molecular weight over high molecular
weight HAAs. In terms of mean relative recoveries,
Oasis-HLB, Bakerbond SDB, LiChrolut EN, and
Bakerbond Carbon phases provide comparable results
with relative recovery yields ranging from 32 to 100%
depending on the HAA and cartridge considered. This
work being part of a larger study devoted to the deter-
mination of the AOX (adsorbable organohalogen com-
pounds) parameter,2 the Bakerbond SDB phase has
been retained as it provides the best results for several
classes of halogenated disinfection by-products.26 In
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Figure 1. Chromatograms of the reference solution of HAAs at 5 mg ml�1 (above) and of a real sample taken on 22 August 2016 (below).

1: MCAA, 2: MBAA, 3: DCAA, IS: 1,2-dibromopropane, 4: TCAA, 5: BCAA, 6: MIAA, 7: DBAA, 8: BDCAA, 9: DBCAA, SA: 2,3-dibromopropionic

acid, 10: TBAA, 11: DIAA.

Table 1. Main characteristics of the GC–MS/MS method.

Compound

Retention

time (min)

Transitions for

quantitation (in bold)

and confirmation (m/z)

Collision

energy (V)

LOQ

(mg l�1)

Calibration

range (mg l�1)

Response

function R2

Monochloroacetic acid 5.13 77.0 ! 49.0
59.0 ! 43.0

10

5

0.50 0.50–5.00 Linear 0.998

Monobromoacetic acid 7.19 120.9 ! 92.9
72.0 ! 42.0

10

7

0.50 0.50–5.00 Linear 0.998

Dichloroacetic acid 7.45 82.9 ! 48.0
76.0 ! 48.0

30

10

0.05 0.05–5.00 Quadratic 0.994

1,2-dibromopropane 7.90 121.0 ! 41.0
123.0 ! 41.0

10

10

Concentration¼ 4 mg l�1

Trichloroacetic acid 9.20 116.9 ! 81.9
141.0 ! 113.0

30

5

0.05 0.05–5.00 Quadratic 0.992

Monoiodoacetic acid 9.44 169.0 ! 141.0
73.0 ! 45.0

10

10

0.25 0.25–5.00 Linear 0.993

Bromochloroacetic acid 9.44 129.0 ! 48.0
76.0 ! 48.0

50

10

0.05 0.05–5.00 Quadratic 0.994

Bromodichloroacetic acid 11.11 162.9 ! 81.9
140.9 ! 112.9

40

7

0.05 0.05–5.00 Quadratic 0.994

Dibromoacetic acid 11.08 172.9 ! 91.9
119.9 ! 91.9

47

12

0.01 0.01–5.00 Quadratic 0.995

Dibromochloroacetic acid 12.79 206.8 ! 127.9
186.9 ! 158.9

40

7

0.01 0.01–5.00 Quadratic 0.993

(continued)
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the present work, this sorbent allowed achieving the
best recovery yields for almost all of the studied
HAAs. This is in good agreement with results reported
in the literature. Martınez et al.27 compared four differ-
ent commercial sorbents, namely LC-SAX (a quater-
nary ammonium anion exchanger), LiChrolut
EN (ethyl vinyl benzene divinyl benzene polymer
copolymer from Merck Millipore), Envi-Carb (graphi-
tized black carbon), and Oasis HLB (divinylbenzene-
co-N-vinylpyrrolidone copolymer from Waters), to
recover various HAAs from water samples. LiChrolut
EN provided the best results with recovery values
between 37 and 85% obtained in the preconcentration
of 500ml of tap water samples. Prieto-Blanco et al.28

investigated the use of Oasis HLB, Isolute ENV (hyper
cross-linked hydroxylated PS-DVB sorbent from
Biotage) and LiChrolut EN for the recovery of HAAs
from water samples. Isolute ENV offered a higher
recovery rate for monohalogenated acetic acids
whereas LiChrolut EN offered a better overall rate,
with an average recovery of 80%. Similar results
were reported by Sun and Ping29 for the recovery of

HAAs from chlorinated hospital effluents, using
C18 cartridge pretreatment to reduce sample turbid-
ity and LiChrolut EN to extract the targeted
compounds.

The breakthrough volume, defined as the maximum
water sample volume that can be percolated on the SPE
cartridge without analyte losses, was evaluated for
Bakerbond SDB cartridges. This parameter was tested
by analyzing a river water sample spiked with HAAs at
5 mg l�1. For most target analytes, the best results were
achieved using a water sample volume of 1 l.

Method performances

Response functions, limits of quantitation (LOQ), true-
ness (bias), and precision of the analytical method were
assessed according to the French method validation
standard NF T90-210, as previously described for the
validation of a method devoted to monochloramine
determination in river water.30 Table 1 summarizes
the method performances achieved for each HAA, in
terms of limit of quantitation and correlation coefficient

Table 2. Relative recovery yields of 11 HAAs from 1 l of river water using six SPE commercial sorbents.

HAAs

OASIS-HLB

(500 mg)

Bakerbond SDB

(200 mg)

Strata� SDB-L

(500 mg)

LiChrolut� EN

(200 mg)

Bakerbond Carbon

(500 mg)

Bakerbond C18

(500 mg)

Recoverya RSD Recoverya RSD Recoverya RSD Recoverya RSD Recoverya RSD Recoverya RSD

MCAA 45 11 42 7 4 1 32 14 100 15 0 0

MBAA 70 16 75 8 12 2 71 11 100 17 1 0

DCAA 100 15 99 11 44 10 98 9 89 21 3 1

TCAA 100 11 95 12 70 18 98 14 69 19 12 2

MIAA 92 19 96 12 35 8 100 10 80 17 2 0

BCAA 100 21 96 13 68 18 97 9 79 23 5 2

BDCAA 98 11 100 7 85 29 98 6 61 20 14 4

DBAA 100 17 100 10 86 23 99 8 76 24 9 2

DBCAA 100 16 100 11 90 32 92 11 56 22 19 6

TBAA 93 13 100 8 91 40 87 8 47 24 27 10

DIAA 100 20 96 10 92 31 88 13 52 20 27 6

BCAA: bromochloroacetic acid; BDCAA: bromodichloroacetic acid; DBAA: dibromoacetic acid; DBCAA: dibromochloroacetic acid; DCAA: dichloroacetic acid;

DIAA: diiodoacetic acid; HAAs: haloacetic acids; MBAA: monobromoacetic acid; MCAA: monochloroacetic acid; MIAA: monoiodoacetic acid; RSD: relative

standard deviation (n¼ 3); TBAA: tribromoacetic acid; TCAA: trichloroacetic acid.
a% average recovery of SPE cartridges.

Table 1. Continued.

Compound

Retention

time (min)

Transitions for

quantitation (in bold)

and confirmation (m/z)

Collision

energy (V)

LOQ

(mg l�1)

Calibration

range (mg l�1)

Response

function R2

2,3-dibromopropionic acid 12.84 165.0 ! 133.0
186.9 ! 106.0

10

10

Concentration¼ 4 mg l�1

Tribromoacetic acid 14.06 250.8 ! 171.8
230.9 ! 202.9

45

10

0.05 0.05–5.00 Quadratic 0.992

Diiodoacetic acid 14.46 325.9 ! 171.0
266.8 ! 139.9

15

30

0.01 0.01–5.00 Quadratic 0.999

LOQ: limits of quantitation.
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over the calibration range. Various regression func-
tions, including linear, quadratic, and cubic equations,
were fitted to the data and compared, in order to deter-
mine the best regression model of each HAA. The most
suitable mathematical models to describe the relation-
ship between the concentrations of the studied HAAs
and their respective responses were the linear model for
MCAA, MBAA, and MIAA, and the quadratic model
for the other target HAAs. A good correlation was
obtained for all the studied compounds with correlation
coefficients (r2) values higher than 0.99. The calibration
curves were also evaluated with and without using
weighting factors. The lower errors were obtained
when a 1/x weighting factor was applied, where x rep-
resents the concentration in HAAs.

The LOQ values were first theoretically estimated
and then experimentally confirmed by the analysis of
blank rivers samples fortified at the estimated levels.
For each HAA, the concentration for which the
signal-to-noise ratio was found to be equal to or greater
than 10 was considered as the presupposed LOQ. The
LOQ values were then approved according to the ‘‘B
test’’ of the NF T90-210 standard. The LOQ of each
HAA was defined as the lowest concentration, which
could be accurately and precisely determined with less
than 60% total error. As shown in Table 1, LOQ values
range from 0.01 to 0.50 mg l�1, depending on the HAA
considered. Several research groups have previously
developed analytical methods for HAAs analysis. This
new method provided lower LOQs for several HAAs in
comparison with LOQs reported using methods based
on the standard ISO 23631 guidelines (from 0.5 to
10 mg l�1). Li et al. used a method combining LLE
and GC–MS/MS analysis; it was equally sensitive
with comparable LOQs (from 0.03 to 0.24 mg l�1).24

Compared with LLE, SPE tends to be relatively more
efficient for MCAA and, to a lesser extent, for bromi-
nated HAAs, while being slightly less efficient for other
species.

The trueness is the closeness of agreement between
the average value of a series of measurements and a
value considered as true. It estimates the systematic
error at each concentration level and is expressed as a
relative bias. As no certified reference material is avail-
able for HAAs analysis in water samples, the trueness
of the developed method was assessed by analyzing
river water samples spiked with standard solutions of
HAAs. The precision (intra-day precision) is the close-
ness of agreement between the values obtained from
repeated measurements. It estimates the random error
of the method and is expressed in terms of relative
standard deviation (% RSD). The intermediate preci-
sion (inter-day precision) was investigated to determine
the time-dependent variability of the method.

For the study of trueness and precision, three con-
centration levels have been considered: low (LOQ),
medium (5�LOQ), and high (10�LOQ). The river
water samples were analyzed before spiking to deter-
mine the possible presence of target analytes. The

spiked samples were analyzed in triplicate over five
days and the bias was estimated for each HAA as
the difference between the measured and ‘‘real’’ concen-
tration. The acceptance criterion was set within� 15%
of nominal value (� 20% close to LOQ) for bias and
within� 15% RSD (20% close to LOQ) for precision.
Results are displayed in Table 3. RSD (%) for intra-
and inter-day precision were between 1.7–14.3 and
3.4–15.7%, respectively. Regarding trueness, bias was

Table 3. Trueness and precision of the SPE GC-MS/MS developed

method.

HAAs

Concentration

level (mg l�1)

Trueness Precision

Relative

bias (%)

Repeatability

(n¼ 3, RSD%)

Intermediate

precision

(n¼ 5, RSD%)

MCAA 0.5 �9.2 10.2 13.9

2.5 �3.2 5.4 5.8

5 3.8 2.9 3.4

DCAA 0.05 �5.2 4.0 5.2

0.25 2.2 3.2 3.8

0.5 1.8 1.9 3.7

TCAA 0.05 4.8 8.2 12.2

0.25 �3.2 5.4 5.8

0.5 2.2 2.9 3.4

MBAA 0.5 �5.8 6.6 9.7

2.5 4.4 3.4 4.3

5 3.8 1.7 4.1

DBAA 0.01 �7.2 5.8 9.2

0.05 �3.2 6.2 7.3

0.1 1.5 4.9 5.1

TBAA 0.05 4.2 8.3 7.7

0.25 3.1 4.9 6.2

0.5 2.5 3.5 5.7

BCAA 0.05 �3.3 14.3 15.7

0.25 3.1 8.4 9.2

0.5 1.5 7.3 8.3

BDCAA 0.05 �1.9 10.1 11.9

0.25 0.7 9.2 8.9

0.5 3.5 6.3 7.1

DBCAA 0.01 �5.2 11.1 12.9

0.05 2.7 8.7 9.0

0.1 3.8 7.1 6.7

MIAA 0.25 2.9 12.1 13.9

1.25 1.5 9.9 10.1

2.5 0.8 6.9 7.5

DIAA 0.01 �1.9 7.3 9.7

0.05 2.5 6.1 7.7

0.1 3.7 3.5 3.9

BCAA: bromochloroacetic acid; BDCAA: bromodichloroacetic acid; DBAA:

dibromoacetic acid; DBCAA: dibromochloroacetic acid; DCAA: dichloroacetic

acid; DIAA: diiodoacetic acid; HAAs: haloacetic acids; MBAA: monobromoa-

cetic acid; MCAA: monochloroacetic acid; MIAA: monoiodoacetic acid;

TBAA: tribromoacetic acid; TCAA: trichloroacetic acid.
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below� 14.3% for all HAAs, indicating a good agree-
ment between spiked and measured concentrations.
Both precision and accuracy data were satisfactory
according to the acceptance criteria mentioned above.

Accuracy is an important concept in method valid-
ation because it represents the global performance of
the method (precision and trueness). Based on the
obtained trueness and precision values, the accuracy
of the method has been evaluated for each HAA. The
accuracy profiles obtained respect the maximum
acceptable deviation fixed by our laboratory, set

at� 60% for the LOQ and� 20% in the 5–10�LOQ
concentration range.

Application to real river water samples

The developed method was applied to the quantitative
determination of HAAs in untreated river water sam-
ples. These samples were collected between July and
September 2016 from three rivers in France; their char-
acteristics are presented in Table 4. The very good
selectivity of the method is illustrated in Figure 1, the

Table 5. HAAs occurrence (mg l�1) in the three studied rivers.

HAAs

LOQs

(mg l�1)

River 1 (n¼ 6) River 2 (n¼ 5) River 3 (n¼ 4)

S1 S2 S3 S4 S5 S6 S1 S2 S3 S4 S5 S1 S2 S3 S4

MCAA 0.50 1.39 1.42 1.34 0.90 0.51 1.85 1.48 <LOQ 1.11 1.59 1.02 nd 1.17 <LOQ 0.95

DCAA 0.05 nd <LOQ <LOQ <LOQ nd 0.12 0.09 <LOQ <LOQ <LOQ <LOQ 0.06 0.22 <LOQ <LOQ

TCAA 0.05 0.52 0.37 0.12 0.11 0.22 0.29 <LOQ 0.06 0.06 0.14 0.12 nd <LOQ <LOQ <LOQ

MBAA 0.50 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd

DBAA 0.01 0.05 nd nd 0.40 0.05 0.05 <LOQ nd nd nd <LOQ nd nd 0.02 0.01

TBAA 0.05 <LOQ nd nd 0.14 0.14 nd nd nd nd nd nd nd nd nd nd

BCAA 0.05 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd

BDCAA 0.05 <LOQ nd nd nd nd nd nd nd nd nd nd nd nd nd nd

DBCAA 0.01 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd

MIAA 0.25 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd

DIAA 0.01 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd

BCAA: bromochloroacetic acid; BDCAA: bromodichloroacetic acid; DBAA: dibromoacetic acid; DBCAA: dibromochloroacetic acid; DCAA: dichloroacetic acid;

DIAA: diiodoacetic acid; HAAs: haloacetic acids; LOQ: limits of quantitation; MBAA: monobromoacetic acid; MCAA: monochloroacetic acid; MIAA: mono-

iodoacetic acid; n: number of water samples analyzed for each river water; nd: not detected (concentration< LOD); Si: sampling dates (see table SI 1, in the

supporting information file); TBAA: tribromoacetic acid; TCAA: trichloroacetic acid.

Table 4. Water quality characteristics of the river waters analyzed.

River water

source Sampling date

DOC

(mg C l�1)

A254

(cm�1)

SUVA

(l/mg m)

Halide concentrations (mg l�1)

Cl� Br� I�

3 27 July 2016 4.6 0.070 1.52 17.8 <0.1 <1

10 Aug 2016 2.7 0.073 2.70 18.6 <0.1 <1

24 Aug 2016 2.6 0.074 2.84 18.3 <0.1 <1

7 Sep 2016 2.5 0.071 2.84 20.5 <0.1 <1

2 4 Aug 2016 4.7 0.161 3.42 12.4 <0.1 <1

18 Aug 2016 2.7 0.062 2.30 15.6 <0.1 <1

1 Sep 2016 2.3 0.061 2.65 17.9 <0.1 <1

15 Sep 2016 2.4 0.065 2.71 19.0 <0.1 <1

22 Sep 2016 2.2 0.069 3.13 19.5 <0.1 <1

1 1 Aug 2016 3.9 0.078 2.00 329 0.3 <1

8 Aug 2016 4.1 0.079 1.93 393 0.4 <1

22 Aug 2016 3.6 0.074 2.05 354 0.4 <1

29 Aug 2016 3.6 0.075 2.08 374 0.4 <1

5 Sep 2016 3.6 0.077 2.14 329 0.4 <1

12 Sep 2016 3.7 0.138 3.73 618 0.7 <1

A254: Absorbance at 254 nm; DOC: dissolved organic carbon; SUVA: specific ultraviolet absorbance.
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bottom part of which displaying the chromatogram of a
real river water sample (River 1, S3), in which MCAA,
DCAA, and TCAA were detected in trace amounts.
Values of 1.34< 0.05 mg l�1 and 0.12mg l�1 were deter-
mined for the concentrations of MCAA, DCAA, and
TCAA, respectively. As can be seen in Table 5, HAAs
were detected in all the samples. Five of the 11 target
HAAs were detected at least once above their LOQ.
MCAA, DCAA, TCAA, and DBAA were measured
in all the sampled rivers, while TBAA and BDCAA
were only observed in water samples from River 1.
In terms of frequency of detection and magnitude of
concentration, they take the following order: MCAA
(<0.5–1.85 mg l�1)>TCAA (<0.05–0.52mg l�1)
>DCAA (0.05–0.22 mg l�1)>DBAA (<0.01–
0.40mg l�1)>TBAA (<0.05–0.14 mg l�1)>BDCAA
(<0.05mg l�1). MCAA was the most abundant species
detected. When it was detected at concentrations above
LOQ, its mass concentration was found to account
for 56–91% of the total HAAs’ concentration.
Unfortunately, there are very few publications report-
ing HAA concentrations in surface waters (lakes and
rivers) and most of available data relate to TCAA. The
concentrations of TCAA in the three studied rivers are
in good agreement with those reported in lakes and
rivers in Europe, where concentrations have generally
been found to fall within the range from< 0.03 to
1.88mg l�1.10,31–34 For example, in their survey encom-
passing four German rivers (nine samples), Frank
et al.32 found TCAA at concentrations ranging between
0.12 and 0.6mg l�1. However, in the study conducted by
Loos and Barcelo,31 TCAA concentrations of up to
308 mg l�1 were measured in a Portuguese river. These
authors measured MCAA, DCAA, BCAA, BDCAA,
and TBAA concentrations of 36, 1–3, 29, 7–48, and
26–42 mg l�1, respectively. To our knowledge, this is
the first time that HAAs other than MCAA, DCAA,
DBAA, and BCAA have been measured in river waters.

Conclusion

This article presents a sensitive, selective, and specific
method for the determination of several classes of
HAAs in water samples. In terms of LOQs, the devel-
oped method provides performances dramatically
enhanced in comparison with those reported by stand-
ards methods following the ISO 23631 guidelines.
These performances are comparable to those achieved
by the method reported by Li et al.24 SPE allows per-
colation of large sample volumes and is compatible
with the principles of sustainable chemistry as it
uses small amounts of organic solvents in comparison
to LLE processes. This method is currently employed
by our research group for the simultaneous extrac-
tion and determination of HAAs in river waters. It
has been applied to the determination of target HAAs
in water samples from three rivers in France;

results indicate the quasi-systematic presence of four
of the 11 target HAAs: MCAA, DCAA, TCAA,
and DBAA.
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