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a b s t r a c t
An analytical method employing solid phase extraction (SPE) and gas chromatography-tandem mass
spectrometry (GC–MS/MS) has been developed for quantitative determination of twenty-six organohalogen disinfectant by-products (OXBPs) in water samples. Target analytes include four trihalomethanes
(THMs), four iodohalomethanes (I-HMs), one haloacetaldehyde (HAL), six haloketones (HKs), four halonitromethanes (HNMs), and seven haloacetonitriles (HANs). The sample preparation procedure includes
pretreatment with ascorbic acid to quench residual oxidants, followed by analyte enrichment using solidphase extraction. Five SPE sorbents were tested. The best results for the majority of target analytes were
obtained using a styrene-divinylbenzene copolymer phase and methyl tert-butyl ether (MTBE) as the
elution agent. GC–MS analysis was performed using electron ionization (EI) and selected reaction monitoring (SRM) for analyte detection. The performance of the method was assessed according to the French
standard NF T90-210. The method showed LOQs ranging from 3 to 3000 ng L−1 . The applicability of the
method has been demonstrated by analyzing both river water and tap water samples. The OXBPs detected
most often in the tap water were dibromochloromethane (in 100% of the samples, 4.3–4.7 g L−1 ), bromodichloromethane (100%, 1.3–1.7 g L−1 ), tribromomethane (100%, 0.8–4.4 g L−1 ), trichloromethane
(100%, 0.6–0.7 g L−1 ), dibromoacetonitrile (75%, 0.5–0.9 g L−1 ), with dichloroacetonitrile and 1,1,1trichloro-2-propanone detected at concentrations around the LOQ levels. In the treated river water
samples, the only OXBPs measured at levels above the limit of quantiﬁcation were trichloromethane
and 1,1,1-trichloro-2-propanone. To the best of our knowledge, this is the ﬁrst SPE-GC–MS/MS method
enabling the analysis of an extensive list of OXBPs.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Halogen-based inorganic oxidants such as chlorine
(Cl2 /HOCl/OCl− ), chlorine dioxide (ClO2 ), ozone in presence
of bromide (O3 /Br− ), and monochloramine (NH2 Cl), are widely
used as oxidants in water treatment processes in order to control
pathogenic microorganisms and biofouling, as well as reduce the
risk of introducing invasive species into local aquatic systems.
These biocides also react with naturally occurring organic matter,
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as well as with inorganic compounds (such as bromide and iodide)
and anthropogenic contaminants, leading to the formation of a
wide range of undesirable organohalogen byproducts (OXBPs) [1].
Since the discovery of the carcinogenic effect of trihalomethanes
(THMs) in the mid-1970s, extensive studies have been conducted
to detect and identify other organohalogen compound by-products.
Recent advances in analytical techniques have resulted in the identiﬁcation of a large and constantly increasing number of OXBPs,
with nearly 700 halogenated compounds identiﬁed to date in a
variety of water sources. The classes of organohalogen by-products
most commonly detected in water are the trihalomethanes (THMs),
haloacetic acids (HAAs), haloacetonitriles (HANs), haloketones
(HKs), haloacetaldehydes (HALs), halonitromethanes (HNMs) and
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haloacetamides (HAcAms) [2]. Some of these compounds have been
proved or are suspected to cause various cancers, mutagenicity, teratogenicity, reproductive effects, toxicity and endocrine disruption
in animals and humans, especially when exposure is continuous or
repeated over long periods [3,4].
THMs and HAAs are the subject of current drinking water
regulations. In the U.S., for example, the EPA has established
a maximum contaminant level (MCL) for total THMs (TTHM:
chloroform, dichlorobromomethane, chlorodibromomethane, and
bromoform) and for the cumulative concentration of ﬁve HAAs
(HAA5: monochloro-, monobromo-, dichloro-, dibromo-, and
trichloroacetic acids) at 80 and 60 g L−1 , respectively. Within
the European Union, only THMs are covered by legislation, which
sets the maximum allowable TTHM concentration at a value
of 100 g L−1 . Regarding surface waters, monochloroacetic acid
(MCAA) has been listed as a relevant substance in the Water
Framework Directive, with a provisional Environmental Quality
Standard (EQS) value of 0.58 g L−1 . OXBPs are also regulated
by EU Biocides Regulation 528/2012, which makes the submission of an environmental risk assessment of by-products resulting
from biocide release/discharge into European surface and groundwater a condition for the authorization of biocidal products. A
list of by-products, including four THMs, nine HAAs, and four
HANs (dichloroacetonitrile, trichloroacetonitrile, chlorobromoacetonitrile, and dibromoacetonitrile), has recently been established
for this purpose [5]. The lowering of current maximum permissible levels as well as the regulation of novel OXBPs are currently
under study in many countries, leaving signiﬁcant challenges for
the water treatment industry to face in the near future [6].
Among the OXBPs identiﬁed to date, THMs and HAAs are generally well documented and particularly so in chlorinated drinking
water. Information on the occurrence of other known halogenated
by-products remains limited however and is insufﬁcient to enable
understanding the processes by which they are formed or to evaluate their potential health and environmental impacts and how
these can be controlled. We therefore need to expand our knowledge of these classes of by-products and, in this context, analytical
methods allowing identiﬁcation and quantiﬁcation of these substances in water matrices are an important prerequisite. Analysis
of a wide range of OXBPs is not an easy task given their formation at low concentrations in the complex aquatic matrices like
river water and wastewater. Although numerous analytical methods for the determination of organohalogen by-products have been
reported in the literature over the past few decades, these are
mainly based on the analysis of very few compounds at a time,
often those belonging to a speciﬁc “family” of OXBPs. A recently
published review by Kinani et al. [7] has highlighted the advantages
and limitations of these methods. The principal analytical techniques employed in the analysis of volatile and semi-volatile OXBPs
are gas chromatography with electron capture detection (GC-ECD)
or coupled with single quadrupole mass spectrometry operated
in electron ionization (EI) or electron capture negative ionization
(ECNI) mode. With regard to relative sensitivity, ECNI provides signiﬁcantly lower Limits of Detection (LODs) than EI. Conversely,
ENCI leads to the detection of only the halide fragment ions (m/z
35/37, m/z 79/81 or m/z 127) for several halogenated compounds,
thus greatly compromising selectivity. The determination of a large
number of OXBPs requires more selective techniques, such as tandem mass spectrometry (MS/MS). MS/MS using triple quadrupole
instruments offers particularly high sensitivity and selectivity in
the selected reaction monitoring (SRM) mode, making it an attractive technique for the quantiﬁcation of multiple classes of halogen
by-products. However, despite its clear beneﬁts, SRM detection
mode remains so far less applied than selected ion monitoring (SIM)
for the analysis of OXBPs, especially when coupled with GC.

Regarding extraction methods, traditional techniques were
purge and trap (P&T), liquid-liquid extraction (LLE), solid phase
extraction (SPE), and solid phase micro-extraction (SPME) [7,8].
More recently, modern techniques such as microextraction by
packed sorbent (MEPS) and liquid-phase microextraction (LPME)
have been successfully applied for the extraction of some OXBP
families in environmental water samples [9,10]. LLE using methyl
tert-butyl ether (MTBE) as extraction solvent remains the most
widely used technique for the extraction of volatile and semivolatile OXBPs from water samples, although it has a limited sample
throughput capacity (30 to 100 mL) and requires the use of a relatively large volume of MTBE for analytes extraction (6 mL of MTBE
per 100 mL of sample). P&T and headspace techniques provide
only relatively good sensitivity for highly volatile OXBPs, like THMs
[11,12]. Compared to conventional LLE, SPE has a number of advantages, including: (i) higher recoveries with concentration factors
for target analytes of up to three orders of magnitude, achieving
detection limits at the nanogram per liter level, (ii) the variety of
stationary phases currently available or under development, allowing to target a wide range of molecules (iii) less use of organic
solvents and (iv) the possibility of automation.
Due to the diversity of chemical and physical properties of
OXBPs, their determination involves using several single-class
methods, each being speciﬁc to one class or to a number of
chemicals. This strategy is particularly appropriate because sample analyses are conducted in the optimal system conﬁguration
for each family of compounds, ensuring the best analytical performance in terms of sensitivity and speciﬁcity is achieved for
all target compounds. The downside, however, is the necessity
of subjecting each sample to several analyses, which not only
requires a large amount of sample but also makes this approach
proportionately more time consuming and expensive than other
analytical methods. At the same time, the need for more accurate
characterization of the spatial and temporal variability of OXBP
concentrations necessitates increased sampling frequency, with a
consequent increase in the number of samples to be analyzed. There
is thus a need to develop fast and cost-effective analytical methods
that enable high-throughput analysis of OXBPs. A limited number of multiclass analytical methods have to date been developed
for organohalogen by-products determination in water. In 2012,
Liew et al. [13] presented a method, based on LLE and subsequent
analysis by GC–EI/MS in SIM mode, for the determination of six
halonitromethanes (HNMs) and four haloacetamides (HAcAms) in
drinking water, achieving LODs from 0.08 to 6 g L−1 and from 0.08
to 2 g L−1 for HNMs and HAcAms respectively. Montesinos and
Gallego [14] developed a method for the simultaneous determination of THMs and nine HNMs in water, using micro LLE followed by
GC MS analysis in EI and SIM modes. They reported LODs between
18 and 60 ng L−1 for THMs and between 9 and 400 ng L−1 for HNMs.
In another study, these authors implemented a methodology based
on HS GC EI/MS (in SIM mode) for the simultaneous determination of THMs, six HNMs and six HANs, achieving LODs ranging
from 10 to 20 ng L−1 for the THMs, from 30 to 140 ng L−1 for the
HNMs and from 30 to 200 ng L−1 for HANs [15]. Recently, Luo et al.
[16] reported the development of a multi-residue method using
SPME-GC-EI/MS in SIM mode to determine 20 OXBPs, belonging to
the I-THM, HNM and HAN classes, in drinking water. This method
achieved LODs in the ranges of 2 to 70 ng L−1 , 6 to 50 ng L−1 and 1 to
50 ng L−1 for the I-THMs, HNMs and HANs, respectively. A method
offering rapid chromatographic analysis (10 min) with good separation and LODs between 3 and 14 ng.L-1 was developed by Liu
et al. [17], who employed GC–EI/MRM in combination with LLE for
the determination of volatile OXBPs belonging to the THM, HAN,
HK, and chloropicrin. SPE has already been coupled to GC–EI/MS
to analyze THMs [18] and HAAs [19]. To our knowledge, only one
study reports the use of SPE-GC/MS for multiclass determination of
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OXBPs [20]. The latter method, using 200 mg of styrene divinylbenzene resin as adsorbent material (Varian Bond; Elut-PPL, 200 mg /
3 mL, Palo Alto, CA) and MTBE as extraction eluent, did not perform as well as was expected because the LODs obtained were too
high (1 to 5 g L-1 ). To the best of our knowledge, a methodology
based on SPE-GC-EI-MS/MS has never been applied to the sensitive
quantiﬁcation of a wide range of organohalogen by-products.
The goals of the present study were to develop and validate
a sensitive multiclass analytical method for the determination of
26 organohalogen by-products belonging to six different classes
in water samples. The target analytes were four trihalomethanes
(THMs), four iodomethanes (I-HMs), one haloacetaldehyde (HAL),
six haloketones (HKs), four halonitromethanes (HNMs) and seven
haloacetonitriles (HANs). This method is based on solid-phase
extraction and gas chromatography coupled to mass spectrometry operating in both SIM and SRM modes. Simultaneous analysis
of twenty-six OXBPs with different structures and physicochemical
properties requires ﬁnding the best compromise in the selection of
the various analytical parameters. The experimental parameters
affecting the extraction efﬁciency as well as the sample analysis were investigated and optimized to improve sensitivity and
selectivity. The method developed was evaluated according to
the French standard NF T90-210 in terms of linearity (response
functions), detection limit, quantiﬁcation limit, and accuracy. This
method was then applied to the determination of 26 OXBPs in tap
and river water samples.
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butyl-ether (MTBE, GC grade, 99.8%) were purchased from Merck
(Darmstadt, Germany). The l-ascorbic acid (99%) used to neutralize
the residual oxidants was acquired from Sigma Aldrich (SaintQuentin, Fallavier, France). The physicochemical properties of the
compounds studied are provided in Supplementary material 1.
2.2. Standard solutions
For each neat compound, 10 mL of stock standard solution
was prepared in MTBE (at concentrations between 0.8 and
2.2 mg mL−1 ). Individual standard stock solutions were stored in
amber glass vials at −18 ◦ C for a maximum of three weeks. Working standard solutions (10 g mL−1 ) were prepared daily from the
stock solutions by serial dilutions with MTBE and used to make
mixture solutions with which to spike the blank water samples
(ultrapure and river water) for SPE and GC–MS optimization.
2.3. Sample collection
The developed method was applied to tap and river water samples. All samples were collected in 2 L amber bottles, and ﬁlled with
no headspace to prevent volatilization of OXBPs. All sample bottles were washed in lab dishwashers using ultrapure water and
dried at 70 ◦ C for at least 2 h prior to use. The river water samples
were transported to the laboratory in refrigerated road vehicles
immediately after their collection. Once received at the laboratory,
the samples were kept in the dark at 4 ◦ C and analyzed as soon as
possible within a period of not more than 48 h after collection.

2. Materials and methods
2.4. Sample preparation
2.1. Reagents and chemicals
Aqueous solutions were prepared with ultrapure water (speciﬁc resistance of 18 M cm−1 at 25 ◦ C) produced by a PURELAB
Chorus 1 water puriﬁcation system supplied by Veolia Water
Technologies (Wissous, France). A mixed standard containing
bromochloroacetonitrile (BCAN, CAS No. 83463-62-1), dibromoacetonitrile (DBAN, CAS No. 3252-43-5), dichloroacetonitrile
(DCAN), 1,1-dichloro-2-propanone (1,1-DCP, CAS No. 513-882), 1,1,1-trichloropropanone (1,1,1-TCP, CAS No. 918-00-3),
trichloroacetonitrile (TCAN, CAS No. 545-06-2) and trichloronitromethane (TCNM, CAS No. 76-06-2) (EPA 551B halogenated
volatiles mix, 2000 g mL−1 each component in acetone, purity >
99%) was obtained from Sigma Aldrich (Saint-Quentin, Fallavier,
France). All other target analytes were obtained as neat compounds with purities between 86.5 and 99%. Trichloromethane
(TCM, 99%, CAS No. 67-66-3), bromodichloromethane (BDCM, 98%,
CAS No. 75-27-4), dibromochloromethane (DBCM, 98%, CAS No.
124-48-1), tribromomethane (TBM, 99%, CAS No. 75-25-2), triiodomethane (TIM, 99%, CAS No 75-47-8), chloroiodomethane
(CIM, 97%, CAS No 593-71-5), bromoiodomethane (BIM, 97%, CAS
No. 75-25-2), chloroacetonitrile (CAN, 99%, CAS No. 107-14-2),
bromoacetonitrile (BAN, 97%, CAS No. 590-17-0), iodoacetonitrile (IAN, 98%, CAS No. 624-75-9), bromonitromethane (BNM,
90%, CAS No. 563-70-2), chloropropanone (CP, 95%, CAS No.
540-54-5), 1,3-dichloro-2-propanone (1,3-DCP, > 95%, CAS No.
534-07-6), 1,1,3-trichloropropanone (1,1,3-TCP, 86.5%, CAS No.
921-03-9), tribromoacetaldehyde (TBAL, 97%, CAS No. 115-17-3),
and 1,2-dibromopropane (internal standard, 97%, CAS No. 78-751) were purchased from Sigma Aldrich (Saint-Quentin, Fallavier,
France). Dichloroiodomethane (DCIM, 95%, CAS No. 594-04-7), bromochloronitromethane (BCNM, 85–90%, CAS No. 135531-25-8),
bromodichloronitromethane (BDCNM, 90–95%, CAS No. 918-014) and 1,1,3,3-tetrachloropropanone (1,1,3,3-TCP, 90–95%, CAS No.
632-21-3) were supplied by Santa Cruz Biotechnology (Heidelberg,
Germany). Methanol (MeOH, HPLC grade, 99.8%) and methyl-tert-

2.4.1. Pretreatment
The sample pretreatment involves a neutralization step to
quench any residual oxidant before SPE extraction. L-ascorbic acid
has proven to be the most suitable reducing agent in the analysis of several families of organohalogen by-products, many of
which have been found to degrade when other quenching agents,
such as sodium sulphite, sodium arsenite, sodium borohydride
and ammonium chloride, are employed [1,12,21]. L-ascorbic acid
was therefore selected as the preferred reducing agent for the 26
target OXBPs. 2 mL of L-ascorbic acid at 1.6 g L-1 was introduced
into each bottle (2 L) prior to sampling. The amount of ascorbic
acid required for complete neutralization of oxidants is sample
site-speciﬁc. The amount used here was sufﬁcient to neutralize
0.65 mg L-1 as Cl2 , which corresponds to about twice the amount
needed. The excess ascorbic acid did not have a negative impact on
the quality of analysis of the target chemicals by SPE-GC–MS. No
additional sample preservation procedure was applied. A 100 L
volume of 1,2-dibromopropane (internal standard) solution at a
10 g mL−1 concentration was added into each 1 L water sample in
the laboratory, in order to obtain a concentration of 1 g L-1 prior
to SPE extraction.
2.4.2. Solid phase extraction procedure
Water samples were mixed gently and transferred into a 1 L
glass bottle. The “AutoTrace 280 automated SPE system (Thermo
Fisher Scientiﬁc, Courtaboeuf, France), which is able to process six
samples simultaneously, was used to extract the target OXBPs from
water. To ensure the best possible recovery was achieved for all
target compounds, ﬁve types of widely used SPE cartridges were
evaluated for extraction efﬁciency. The nature and properties of
these cartridges are given in Table 1. The same extraction procedure was followed for all recovery experiments to enable a reliable
and direct comparison of the respective cartridges. All of these were
conditioned successively with 5 mL of MeOH and 10 mL of ultrapure
water. Sample volumes of 1 L were then loaded onto the cartridges

92

A. Roumiguières et al. / J. Chromatogr. A 1579 (2018) 89–98

Table 1
Nature and properties of tested SPE cartridges.
SPE Cartridge

Dimensions

Sorbent material

Supplier

Bakerbond SDB-1
Strata® SDB-L
Bakerbond Carbon
Oasis-HLB
LiChrolut® EN

40-150 ma , 200 mgb , 6 mLc
60-150 m, 500 mg, 6 mL
(-), 500 mg, 6 mL
60 m, 500 mg, 6 mL
40-120 m, 500 mg, 6 mL

Styrene-divinylbenzene copolymer
Styrene divinylbenzene
Activated carbon
Divinylbenzene-co-N-vinylpyrrolidone copolymer
Ethylvinylbenzene-divinylbenzene copolymer

Interchim
Phenomenex
Interchim
Waters
Merck

a
b
c

Particle size.
Sorbent bed weight.
SPE tube volume; (-): Data not reported.

and the aqueous solution passed directly through to waste at a ﬂow
rate of 5 mL min−1 . After sample percolation, the cartridges were
rinsed with 5 mL of ultrapure water. The sorbents were not dried
during the conditioning and sample loading steps. The retained
OXBPs were eluted twice with an aliquot of 0.8 mL of MTBE and
the organic extracts were transferred into 300 L GC vials for analysis. This corresponds to a theoretical concentration factor of 625.
The resulting extracts were immediately analyzed by GC–MS.

2.5. Instrumentation and analytical conditions
GC–MS analysis of the SPE extracts was performed on a Thermo
Fisher Scientiﬁc “Trace GC Ultra” gas chromatograph equipped
with a “Triplus” autosampler and coupled to a “TSQ Quantum XLS”
triple quadrupole mass spectrometer (Thermo Fisher Scientiﬁc,
Courtaboeuf, France). The chromatographic separation was carried
out on a 30 m “TG-5MS (5% phenyl, 95% methylpolysiloxane) capillary column (internal diameter: 0.25 mm, ﬁlm thickness: 0.25 m)
from Thermo Fisher Scientiﬁc. High purity helium (99.9995%) was
used as the carrier gas at a constant ﬂow of 1 mL min−1 . All experiments were performed by automatic injection with a 10 L syringe
of 1.2 L into a programmed temperature vaporization injector
(PTV) operated in splitless mode. The PTV injection port used in this
work is the “BEST PTV InjectorTM ” model made by Thermo Fisher
Scientiﬁc. The PTV conditions were the following. The injection was
performed at 60 ◦ C and the temperature straight increased to 220 ◦ C
at 300 ◦ C min−1 during the transfer phase, then held for 0.2 min.
In the cleaning phase, the temperature was increased to 280 ◦ C at
870 ◦ C min−1 and held for 1 min. The splitless time was 2.35 min. A
purge ﬂow of 50 mL min−1 was applied during the cleaning phase
to ensure the elimination of any carry-over effect, and then a gas
saver ﬂow of 15 mL min−1 was used until the end of the run. To
ensure the analytes would be trapped at the column head, the oven
temperature was maintained at 35 ◦ C for 3.6 min and then ramped
at 20 ◦ C min−1 up to 210 ◦ C, followed by an increase to 280 ◦ C at
a rate of 60 ◦ C min−1 , where it was held for 1.5 min. The transfer
line and ion source temperatures were kept at 280 ◦ C and 250 ◦ C,
respectively and the solvent delay was set to 2.8 min.
As a ﬁrst step, data was acquired in EI full scan mode, scanning
from 45 to 500 m/z at 100 ms scan−1 . The mass spectrometer was
operated in the positive electron ionization mode at 70 eV, with
the ﬁlament emission current set at 25 A. The electron multiplier
voltage was set to 1040 V by automatic tuning (3.105 gain) and
the mass spectrometer was automatically tuned using ions produced by the electron ionization of perﬂuorotributylamine. For the
MS/MS experiments, argon at a nominal pressure of 1 mTorr was
used as the collision gas. The ﬁlament current was set to twice the
value used in the full scan experiments. The collision induced dissociation (CID) parameters were subject to optimization and are
discussed in Section 3.2. Instrument control, data acquisition and
processing were performed using the Xcalibur software (Thermo
Fisher Scientiﬁc, Courtaboeuf, France). The GC–MS analysis time
was 15 min.

3. Results and discussion
3.1. Optimization of injector temperature and chromatographic
separation
The ﬁrst problem to solve when using gas chromatography for
the analysis of organohalogen compounds is the potential thermal decomposition of the analytes of interest. It has been reported
that HANs and HNMs are thermally unstable and decompose under
commonly used injection port temperatures (170–250 ◦ C) [22,23].
Given the boiling points of certain analytes, such as iodoform
(218 ◦ C), temperatures above 170 ◦ C (corrected by the pressure)
should be applied to ensure effective transfer of all target compounds into the GC column. PTV injection has been used to
minimize degradation of thermally unstable OXBPs as well as to
introduce large sample volumes. Several factors can inﬂuence the
efﬁciency of PTV injection, including liner design (material, internal
volume, shape, presence or absence of packing material), vaporization and transfer ramps, vaporization and transfer temperatures,
splitless time and split ﬂow [24]. For injection of large volumes,
the use of a packed inlet liner is recommended in order to prevent
the risk of ﬂooding [25]. Packing materials also facilitate vaporization of heavier analytes (due to their large surface area and
high heat capacity), they retain droplets during low temperature
injections and aid in the mixing of the sample with the carrier
gas to lead to better reproducibility. However, they have the disadvantage of a large surface area with active sites, resulting in
degradation and/or adsorption of thermo labile and/or polar analytes. In the present study, two GC inlet liners marketed by Thermo
Fisher Scientiﬁc (Courtaboeuf, France) were tested: a PTV metal
liner without packing material (1 mm ID × 2.75 mm OD × 120 mm
L) and a PTV glass liner with a porous inner glass surface (sintered
liner) (1 mm ID × 2.75 mm OD × 120 mm L). In order to evaluate the
performance of these two inlet liners, one microliter of a solution
of MTBE containing twenty six target analytes in mixture, each at
20 g mL−1 , was analyzed. Comparable results were obtained with
both inlet liners regarding GC–MS responses. However, the glass
liner gives a better chromatographic proﬁle in term of peak shapes
with fewer overloaded peaks than the metal liner, most likely due
to a best volatilization process after injection. Therefore, glass liners
with porous inner glass surface were used throughout this study.
Although it is able to accept injection volumes of up to 20 L, an
intermediate volume of 10 L was selected in order to achieve a
relatively high concentration factor. The cleaning ramp was set at
870 ◦ C min-1 (14.5 ◦ C sec-1 ) on the basis of the suppliers’ recommendations. Given the low boiling point of MTBE (BP 55.2 ◦ C), the
initial injection and solvent evaporation temperatures were tested
in the 35–60 ◦ C range. The 35 ◦ C lower bound corresponds to the
lowest temperature that can be attained in a reasonable period of
time without the need for cryogenic cooling of the inlet, while 60 ◦ C
is the maximum temperature that can be applied owing to the boiling temperature of chloroform, which is 61 ◦ C. These tests revealed
that low temperatures (< 60 ◦ C) combined with long solvent vent
times (up to 15 min) result in peak broadening and splitting.
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Fig. 1. Chromatogram obtained by GC-EI/MS analysis with EI at 70 eV of a standard mixture containing 20 g mL−1 of each target analyte in MTBE. Compounds are: (1) TCM,
(2) TCAN, (3) CP, (4) CAN, (5) BDCM, (6) CIM, (7) 1,1-DCP, (8) DCAN, (9) TCNM, (10) BAN, (11) DBCM, (12) BIM, (13) BNM, (14) BCAN, (15) DCIM, (16) 1,1,1-TCP, (17) BCNM,
(18) BDCNM, (19) 1,3-DCP, (20) TBM, (21) IAN, (22) DBAN, (23) 1,1,3-TCP, (24) TBAL, (25) 1,1,3,3-TCP, and (26) TIM.

Regardless of the solvent vent time applied (1 to 10 min), when
both the initial inlet and solvent evaporation temperature were set
at 60 ◦ C, a loss of most of the volatile analytes was observed. This
is due to the proximity of the MTBE and target analytes boiling
points. The initial temperature of PTV injector operated in the solvent vent mode has been discussed in many studies for different
analytes. It has been shown that separation of analytes from the
solvent without signiﬁcant loss requires a PTV initial temperature
of several tens of degrees Celsius (up to 250 ◦ C) below the boiling
point of the most volatile analytes [25–27]. Subsequent experiments were therefore carried out with the PTV injector operated in
splitless injection mode without solvent venting, using an injection
volume of 1.2 L with the optimized parameters presented in Section 2.5. These operating conditions have been optimized to ensure
gradual transfer of all analytes into the analytical column without
decomposition. All the compounds of interest were detected and
no degradation peak was observed when standard solutions containing 50 g mL-1 of each of the target compounds were analyzed
separately by GC–MS in full-scan mode (m/z 45–500). The gradual and simultaneous evaporation of analytes and solvent probably
prevents degradation of thermally labile compounds. This result
may also be due to shorter residence times of the sample vapors
in the injector compared with standard split/splitless injection.
Although examination of the chromatograms of some analytes
reveals some impurities, their area ratios relative to the target analytes remain below 15%: 1,1,3-TCP (1,1,1,3-TCP and 1,1,3,3-TCP),
BCNM (DBCNM and DBNM), BDCNM (DBCNM), and BNM (DBNM).
With the exception of 1,1,3,3-TCP, which is a degradation product
of 1,1,3-TCP and whose intensity is too low to be considered during
the calibration, the impurities are not produced through thermal
decomposition of the target compounds.
The GC oven temperature program was optimized to obtain
the best possible chromatographic separation for all target
OXBPs. A standard mixture containing each target analyte at
a concentration of 50 g mL−1 in MTBE was used for optimization tests. The MS was operated in full-scan mode over
the 45–500 Th range. In addition to the 26 compounds targeted in this study, the initial list included six haloacetamides
(monochloroacetamide, dichloroacetamide, trichloroacetamide,
monobromoacetamide, tribromoacetamide and iodoacetamide).
These compounds were subsequently excluded from the list
because they produce chromatographic peaks with signiﬁcant tailing. Co-eluted compounds were injected individually to ensure
unambiguous identiﬁcation of the corresponding characteristic
fragment ions.

To provide the necessary conditions for solvent condensation,
the initial oven temperature was set at 35 ◦ C. This temperature was
chosen because chloroform and MTBE peaks cannot be separated
above 35 ◦ C, while lower temperatures would require the installation of a cryogenic cooling system, as mentioned beforehand.
Four oven temperature ramp rates were tested in order to achieve
the best chromatographic separation within the shortest possible
runtime: 35, 20, 15 and 10 ◦ C min−1 . At 35 ◦ C min−1 , many components were co-eluted. Reducing the oven ramp rate to 20 ◦ C min−1
improved chromatographic separation for most of the co-eluted
analytes. Below 20 ◦ C min−1 , however, CP, 1,1-DCP, BCAN and 1,1,1TCP were still coeluting with CAN, DCAN, DCIM, and BDCNM,
respectively. Ramp rates below 20 ◦ C min−1 led to an increase in
analysis time with no further gain in terms of chromatographic
separation. Moreover, a signiﬁcant reduction in the signal-to-noise
ratios, manifested by a broadening of the chromatographic peaks,
was observed when decreasing the temperature ramp. Based on
these results, 20 ◦ C.min-1 was selected as the optimum value for
the temperature ramp rate. A GC-EI/MS chromatogram of a standard mixture of the 26 target OXBPs at 20 g mL-1 is presented in
Fig. 1.

3.2. Optimization of MS/MS conditions
A standard of each of the targeted OXBPs at 10 g mL−1 in
MTBE was injected and scanned over the mass range from 45 to
500 Th, in order to select precursor ions for the MS/MS experiments. Two SRM transitions per compound were chosen to ensure
adequate selectivity. Collision energy (CE) values from 0 to 50 V
were tested. For most analytes, the best signal-to-noise ratio was
observed at a CE value with which the precursor ion was not fully
fragmented. In the case of BNM, the most abundant fragment ions
were [79 BrCH2 + ] and [81 BrCH2 + ], corresponding to nominal m/z
ratios of 93 and 95, respectively. These ions could not be fragmented
without loss of sensitivity. Proper operation of the SIM mode was
impracticable under the chromatographic conditions used because
the retention times of BNM and BIM (5.92 min and 6.17 min, respectively) are too close to allow effective removal of argon from
the collision cell between the elution of the two compounds. A
pseudo single ion monitoring (SIM) corresponding to a collision
energy of 0 V was therefore applied. The EI-MS/MS product-ion
mass spectra of 1,3-DCP (6.89 min) and 1,1,3-TCP (7.77 min) also
displayed similar fragmentation patterns; however, they are well
separated chromatographically. Table 2 summarizes the optimized
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Table 2
Optimized parameters for analysis of the 26 target OXBPs in the SRM mode.
Analytes

Retention time (min)

Time window (min)

Transition 1a , CE 1b

Transition 2a , CE 2b

TCM
TCAN
CP
CAN
BDCM
CIM
1,1-DCP
DCAN
TCNM
BAN
DBCM
BIM
BNM
BCAN
DCIM
1,1,1-TCP
BCNM
IS
BDCNM
1,3-DCP
TBM
IAN
DBAN
1,1,3-TCP
TBAL
1,1,3,3-TCP
TIM

2.95
3.59
3.89
3.90
4.30
4.58
4.66
4.68
5.34
5.44
5.75
5.92
6.09
6.17
6.21
6.24
6.46
6.52
6.86
6.89
6.97
7.12
7.37
7.77
8.22
8.45
10.56

0.40
4.02
1.30
1.30
0.36
0.62
1.21
1.21
0.59
1.71
0.77
0.77
0.77
1.12
1.12
0.77
0.35
0.35
0.99
1.29
0.99
2.27
0.99
0.98
0.98
0.60
1.80

83.0 → 47.0 (27 V)
108.0 → 73.0 (26 V)
92.0 → 43.0 (3 V)
75.0 → 48.0 (6 V)
83.0 → 48.0 (30 V)
175.9 → 49.0 (11 V)
91.0 → 63.0 (5 V)
74.0 → 47.0 (18 V)
116.9 → 81.9 (25 V)
119.0 → 40.0 (10 V)
128.9 → 48.0 (35 V)
219.8 → 92.9 (21 V)
94.9 → 94.9 (0 V)
154.9 → 74.0 (8 V)
209.9 → 83.0 (11 V)
97.0 → 61.0 (8 V)
126.9 → 48.0 (31 V)
121.0 → 41.1 (8 V)
162.9 → 81.9 (24 V)
77.0 → 49.0 (8 V)
251.8 → 172.9 (9 V)
166.9 → 127.0 (13 V)
198.9 → 120.0 (8 V)
77.0 → 49.0 (9 V)
172.9 → 93.0 (45 V)
111.0 → 83.0 (8 V)
393.7 → 266.8 (9 V)

117.9 → 83.0 (16 V)
81.9 → 47.0 (27 V)
94.0 → 43.0 (3 V)
77.0 → 50.0 (6 V)
128.9 → 48.0 (33 V)
177.9 → 49.0 (10 V)
83.0 → 48.0 (27 V)
81.9 → 47.0 (26 V)
81.9 → 47.0 (20 V)
121.0 → 40.0 (10 V)
207.8 → 128.9 (12 V)
221.8 → 94.9 (9 V)
92.9 → 92.9 (0 V)
74.0 → 47.0 (15 V)
83.0 → 48.0 (34 V)
125.0 → 43.0 (15 V)
128.9 → 48.0 (30 V)
123.0 → 41.1 (8 V)
160.9 → 81.9 (25 V)
79.0 → 51.0 (8 V)
172.9 → 91.9 (42 V)
166.9 → 40.0 (15 V)
118.0 → 90.9 (15 V)
79.0 → 51.0 (7 V)
174.9 → 93.0 (45 V)
195.9 → 83.0 (15 V)
266.8 → 139.9 (44 V)

a
b

Transition 1 is used for quantitative analysis and transition 2 for conﬁrmation.
CE: Collision energy.

SRM transitions and collision energies used for conﬁrmation and
quantiﬁcation of the 26 target OXBPs.
3.3. Optimization of the solid-phase extraction procedure
The extraction efﬁciency of SPE is inﬂuenced by many factors,
such as the pH and volume of the sample, the eluent type and
ﬂow rate, as well as the physicochemical properties of the stationary phase. In order to achieve the highest possible sensitivity,
a water sample volume of 1 L was selected for the SPE recovery
experiments. Several previous studies have reported that the pH
of the water sample affected OXBP stability. In general, increasing
the water pH increases the rates of decomposition of many OXBPs,
such as haloacetic acids and HANs, and the consequent formation
of THMs [7]. Conversely, however, a lowering of the pH to values
below 4.5 leads to the degradation of other compounds, such as
haloacetamides. There was no examination of the pH effect in this
study. As all of the studied compounds are present in neutral form
in the pH range of the river and tap water samples used in this study
(pH values of 7–9), an intermediate pH value of 8 was selected to
ensure the stability of all the compounds.
LLE using MTBE as extracting solvent remains, at present, the
most commonly used extraction method for the analysis of volatile
OXBPs. MTBE was consequently selected as the elution solvent for
the experiments. An elution volume of two 0.8 mL aliquots was used
to maximize the extraction recovery of the target analytes while
also minimizing the elution of interfering components trapped on
the sorbent during the percolation step. The volume of recovered
elution solvent varied from one SPE cartridge to another, depending on the amount and structure of the adsorbent phase. The SPE
recovery tests showed that a partial loss of most volatile compounds occurred during solvent drying, whether with a nitrogen
blowing concentrator or using a rotary evaporator. For this reason,
the extract concentration step was omitted from the SPE procedure.
Five of the most frequently used commercial SPE cartridges
were compared in order to select the best stationary phase.
The cartridges tested were the Bakerbond SDB-1, Strata® SDB-L,

Bakerbond Carbon, OASIS-HLB, and LiChrolut® EN. The extraction
procedure described in Section 2.4.2 was followed for each test
and cartridge type. For the recovery estimates, water samples were
spiked with a mixture of the 26 OXBPs at two levels of concentration (ranging from 0.01 to 5 g.L−1 and from 0.5 to 10 g.L−1 ).
Concentrations at each level were individually chosen based on the
sensitivity of the procedure for each compound. All experiments
were performed in triplicate and the results were expressed as a
relative percentage of the most intense signal for each cartridge to
the highest signal observed for all cartridges. For each analyte, the
value of 100% corresponds to the highest intensity observed in any
of the tests performed on the various cartridges. The results are
schematically illustrated in Fig. 2.
As shown in the Fig. 2, the best extraction results were obtained
with Bakerbond SDB-1 (which has been retained for further devel®
opment), followed by LiChrolut EN and Strata® SDB-L, while
OASIS-HLB and Bakerbond Carbon yielded much lower recoveries.
The recovery yields obtained with the Bakerbond Carbon cartridges are much lower than 100% for all target analytes. This is
a noteworthy and unexpected result, knowing the strong afﬁnity
of organohalogen compounds for black carbon (coal). Guenu & Hennion [28] obtained similar results when they studied the potential
of SPE cartridges packed with porous graphitic carbon for extracting polar and water-soluble analytes from aqueous samples. The
low recoveries obtained may be due to the fact that the analytes
of interest are not totally eluted from Bakerbond Carbon cartridges
with 0.8 mL MTBE. According to J.T. Baker’s product information,
Bakerbond Carbon cartridge is composed of spherical activated carbon with a high speciﬁc surface of 1300 m2 g−1 , recommended for
the extraction and puriﬁcation of organic compounds such as acrylamide and other polar compounds from the water. The adsorption
onto this sorbent is not only due to hydrophobic interactions, but
also to speciﬁc electronic interactions, allowing to extract compounds with a wide range of polarities [29]. However, despite of
their broad spectrum of extraction, several studies have shown that
carbon-based sorbents have the disadvantage of developing strong
interactions with certain compounds; some of them even remain
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Fig. 2. Comparison of the OXBP recoveries (%) obtained with the ﬁve selected sorbents (A: at 0.01–5 g L−1 , B: at 0.5–10 g L−1 ).

irreversibly adsorbed [30–32]. Regarding our study, it is possible
that the elution strength of MTBE and/or the volume used is not
sufﬁcient to fully elute the analytes of interest. This can be overcome by performing the elution in the backﬂush mode. Backﬂush
desorption from SPE cartridges presents the disadvantage of being
time-consuming and subject to potential cross-contaminations.
Obviously, the use of a solvent with stronger elution capability, such
as methylene chloride, could improve the elution of analytes. However, this solvent should be avoided for health considerations and
its contamination by several organohalogen compounds, such as
chloroform and 1,1,2,2-tetrachloroethane, that may interfere during GC analysis of target analytes.
3.4. Method evaluation
The performance of the whole method (SPE followed by GC-EIMS/MS analysis) was validated for river water analysis according to
the French standard NF T90-210, described in our previous studies
[33,34]. The validation parameters were: response function (linearity), limit of quantiﬁcation and accuracy (trueness and precision).

The acceptance criteria were ﬁrst deﬁned and tests were then conducted to verify the validity of the method by checking that the
results were within the pre-determined acceptable limits of performance for each validation parameter.
To determine the response function, ﬁve calibration curves, each
plotted with seven concentration levels, were constructed over ﬁve
days. The calibration curves were obtained by plotting the ratio
of the peak area of a given analyte to that of the corresponding
internal standard against the concentrations of the spiked analyte.
Various regression functions (linear, quadratic, cubic), with and
without weighting (1/x, 1/x2 ), were ﬁtted to the data and compared, in order to obtain the best regression model of each target
OXBP. The response function was considered satisfactory when the
back-calculated standard concentration was ± 15% deviation from
the expected nominal concentration except at LOQ, for which the
acceptance criteria was set at ± 30%. For determination of LOQs,
river water samples were spiked with the OXBP mixture at low
concentrations and then analyzed by SPE GC-EI-MS/MS. For each
OXBP, the concentration for which the signal-to-noise ratio was
found to be equal 10 was considered as the presupposed LOQ. Next,
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Table 3
Method validation data of the SPE GC–MS/MS developed method.
Analytes

TCM
BDCM
DBCM
TBM
TIM
DCIM
CIM
BIM
CP
1.1-DCP
1.3-DCP
1.1.1-TCP
1.1.3-TCP
1.1.3.3-TCP
TBAL
CAN
DCAN
TCAN
BCAN
BAN
DBAN
IAN
BNM
BCNM
TCNM
BDCNM

Concentration
range
(g L−1 )
0.003 – 1.5
0.01 – 1.5
0.01 – 1.5
0.1 – 7.5
0.5 – 7.5
0.05 – 1.5
0.01 – 1.5
0.01 – 1.5
3 – 10
0.25 – 1.5
2 – 7.5
0.10 – 1.5
1–7
0.75 – 7.5
2 – 8.5
0.5 – 10
0.05 – 1.5
0.01 – 1.5
0.05 – 1.5
2 – 10
0.05 – 1.5
0.5 – 10
2 – 10
0.25 – 7.5
0.003 – 1.5
2 – 10

Response
function

Quadratic
Linear
Linear
Quadratic
Quadratic
Quadratic
Quadratic
Linear
Quadratic
Linear
Quadratic
Quadratic
Quadratic
Quadratic
Quadratic
Quadratic
Quadratic
Linear
Quadratic
Quadratic
Linear
Linear
Linear
Quadratic
Quadratic
Linear

r2

0.998
0.997
0.999
0.988
0.998
0.999
0.981
0.998
0.950
0.998
0.985
0.990
0.967
0.991
0.963
0.990
0.995
0.998
0.995
0.997
0.994
0.974
0.987
0.996
0.995
0.955

LOQs
(g L−1 )

0.003
0.010
0.010
0.100
0.500
0.050
0.010
0.010
3.000
0.025
2.000
0.100
1.000
0.750
2.000
0.500
0.050
0.010
0.050
2.000
0.050
0.500
2.000
0.250
0.003
2.000

LODs
(g L−1 )

Repeatability
(n = 3, RSD%)

Trueness
Relative bias (%)

0.001
0.003
0.003
0.030
0.167
0.017
0.003
0.003
1.000
0.008
0.667
0.033
0.333
0.250
0.667
0.167
0.017
0.003
0.017
0.667
0.017
0.167
0.667
0.083
0.001
0.667

Intermediate precision
(n = 5, RSD%)

LOQ

ML

HL

LOQ

ML

HL

LOQ

ML

HL

−7
7
10
5
7
6
8
12
−9
5
4
7
−6
−5
3
4
7
−3
4
5
7
9
5
−4
−7
6

5
4
−8
7
−4
−3
1
−5
5
6
−5
−2
−3
7
−4
2
−3
5
2
7
−2
−4
−2
3
2
3

6
−3
2
−3
3
4
2
−2
3
3
3
3
−1
3
−2
−5
4
2
−3
−5
1
7
2
5
1
−4

10
11
9
8
11
9
9
10
8
7
11
5
12
9
11
5
7
8
4
8
9
7
9
7
9
10

5
4
7
5
9
4
8
6
6
5
6
6
9
6
9
6
3
5
5
3
7
4
8
5
10
7

2
3
3
6
2
5
2
7
5
6
7
5
7
4
8
5
4
5
4
5
5
3
5
5
9
5

13
13
9
11
12
12
11
15
10
12
14
10
14
11
9
7
9
11
8
9
15
14
13
10
14
16

7
9
10
4
9
7
8
5
5
11
5
7
12
8
7
4
5
8
6
9
9
6
16
12
11
14

4
7
3
4
5
5
3
4
8
9
8
7
7
6
5
3
5
6
7
8
7
7
5
6
10
4

ML: mid-level concentration; HL: high level concentration; LOQs: limits of quantiﬁcation.

ﬁve water samples spiked with a standard mixture containing all
analytes at the estimated LOQs were prepared over ﬁve different
days and analyzed by SPE GC-EI-MS/MS. In the absence of regulatory requirements as to the accuracy at the limit of quantiﬁcation
for the target OXBPs, a maximum acceptable deviation (MAD) of
60% was used, as recommended by standard NF T90-210. The limits of detection (LODs) of the proposed method were calculated
by dividing LOQ values by 3. Accuracy is an important concept in
method validation because it represents the global performance of
the method (precision and trueness). Ideally, accuracy should be
veriﬁed using certiﬁed reference samples and a MAD based on regulatory requirements, ofﬁcial standards or even on speciﬁcations
provided by a client or the laboratory itself. However, as no certiﬁed
reference materials were available for the target OXBPs and matrices of interest, the accuracy of the developed method was assessed
by analyzing “uncontaminated river waters” spiked with standard
solutions of the studied OXBPs. Three concentration levels have
been considered: low (LOQ), medium and high. The spiked samples were analyzed in triplicate (condition of repeatability) over
ﬁve different dates (conditions of intermediate precision), following to the “D” experiment plan of the NF T90-210. The bias was
estimated for each analyte as the difference between the measured
and “real” concentration, and the precision was expressed in terms
or relative standard deviation. The results were compared to a maximum acceptable deviation ﬁxed by our laboratory, set at 60, 30, and
20% for LOQ, mid-level, and high-level concentrations, respectively.
The accuracy study requires verifying these two inequalities: MC –
2 x SFI > Ref – MAD and MC + 2 x SFI < Ref + MAD, where MC is the
calculated mean concentration (n = 3 × 5), SFI is the standard deviation calculated under intermediate ﬁdelity conditions, Ref is the
spiking concentration. These inequalities were calculated for each
target analyte at the three levels of concentrations tested.
The results obtained for the various validation parameters are
summarized in Table 3. The developed method provides LOQ values ranging from 3 to 3000 ng L−1 . The calibration curves are either

linear or quadratic, with correlation coefﬁcients (r2 ) between 0.950
and 0.999. RSD (%) for intra- and inter-day precision were between
2–12 and 3–16%, respectively. Regarding trueness, bias was below
± 12% for all analytes, indicating a good agreement between spiked
and measured concentrations. Based on the obtained trueness and
precision values, the accuracy of the developed method was evaluated for each studied OXBP. The obtained results respect the two
inequalities previously mentioned, which conﬁrms the accuracy of
the method developed.

3.5. Application of the method to the analysis of real water
samples
After validation, the developed method was applied to study the
occurrence of the 26 target OXBPs in tap water as well as in river
water. Eighteen river water samples and four tap water samples
were analyzed using the methods described in the previous sections. The analytical results are summarized in Table 4. Seven of
the targeted compounds, namely DCAN, BCAN, DBAN, TCM, BDCM,
TBM and DBCM were systematically detected in tap water (n = 4)
in the respective ranges: 114–137, 137–581, 464–944, 583–744,
1265–1651, 802–4556 and 4327–4691 ng L−1 , with DBCM being the
most abundant OXBP. The measured concentrations of the THMs
are in agreement with those typically found in treated (chlorinated)
drinking water in France and Europe, which are in the range of 0.5
to 80 g L−1 for TCM, < 1 to 50 g L−1 for BDCM, 0.1 to 50 g L−1 for
DBCM and < 0.1 to 50 g L−1 for TBM. In untreated river water samples, the THMs were detected occasionally, and only TCM was found
at concentrations ranging from < 3 to 36 ng L−1 . The measured
THMs could originate from discharges resulting from human activities; particularly TCM, which is ubiquitously present in surface and
groundwater [35,36]. They could also be of biogenic origin: several studies have demonstrated that TCM can be naturally formed
through biogeochemical processes. In treated river water samples,
only CP, 1,1-DCP, DCAN and TCM were detected occasionally at con-
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Table 4
Results obtained from the monitoring of 26 target OXBPs in chlorinated tap water, as well as both treated and untreated river water samples.

Analytes

LOQ
(ng L−1 )

TCM
BDCM
DBCM
TBM
TIM
DCIM
CIM
BIM
CP
1,1-DCP
1,3-DCP
1,1,1-TCP
1,1,3-TCP
1,1,3,3-TCP
TBAL
CAN
DCAN
TCAN
BAN
DBAN
BCAN
IAN
TCNM
BNM
BCNM
BDCNM

3
10
10
100
500
50
10
10
3000
250
2000
100
1000
750
2000
500
50
10
2000
50
50
500
10
2000
250
2000

Concentrations (ng L−1 )
Tap water
(n = 4)
583-744
1265-1651
4327-4691
802-4456
nd
nd
nd
nd
nd
nd
nd
nm-104
nd
nd
nd
nd
114-137
nd
nd
464-944
137-581
nd
nd
nd
nd
nd

RW 1 (n = 3)

RW 2 (n = 3)

RW 3 (n = 3)

untreated

treated

untreated

treated

untreated

treated

8-13
nm
nd
nm
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nm-9
nd
nd
nd
nd
nd
nd
nd
nd
nm
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

36
nm
11
nm
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

4
nd
nd
nd
nd
nd
nd
nd
nm
1260
nd
nd
nd
nd
nd
nd
nm
nd
nd
nd
nd
nd
nd
nd
nd
nd

5
nd
nd
nm
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nm
263
nd
nd
nd
nd
nd
nd
nm
nd
nd
nd
nd
nd
nd
nd
nd
nd

RW: River Water; nm: detected but not measured (< LOQ); nd: not detected (< LOD).

centrations below the LOQ for CP and DCAN, from < 3 to 9 ng L−1
for TCM, and from < 250 to 1260 ng L−1 for 1,1-DCP. In comparison
to tap water, the concentrations of measured OXBPs in river water
were lower.

[2]

[3]

4. Conclusion
A robust, sensitive method employing SPE and GC–MS/MS
operated in SRM mode has been developed for quantitative determination of organohalogen disinfectant by-products in water
samples. While previously published GC–MS methods have been
speciﬁc to one class or to a limited number of chemicals, the singularity of the present method is its ability to measure 26 OXBPs
belonging to six different chemical classes in a single run. The
applicability of the method was conﬁrmed by analyzing several
water tap water and river water samples, with the results showing
method LOQs ranging from 3 to 3000 ng L−1 . Given these performances, this method constitutes a useful tool that allows the
study of several categories of organohalogen by-products for which
data on the occurrence, formation and fate, as well as information
regarding their potential health and environmental effects are still
limited.
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