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a b s t r a c t

As halonitromethanes (HNMs) have begun to play an increasingly important role as disinfection by-
products, the development of a highly sensitive method for their analysis has become a priority. The
mass spectrometric behavior of the 9 HNMs revealed that trihalonitromethanes are more unstable than
di- or monohalonitromethanes under common chromatographic conditions. The absence of a compre-
hensive method for HNMs has given rise to the development of the first method for the whole array
of these species, involving the selection of a solventless technique. Single drop microextraction in the
alonitromethanes
iquid-phase microextraction
C–MS technique
ater sample

headspace mode (HS-SDME) was selected as it is inexpensive and easy to operate. Comparative measure-
ments through EPA liquid–liquid extraction (LLE) method for halogenated volatile compounds, show this
approach to be superior to the manual LLE procedure (the average limits of detection (LODs) for the 9
HNMs were 0.5 and 1 �g/L for the HS-SDME and EPA methods, respectively), adequate precision (8.2 and
7.0% for HS-SDME and EPA methods, respectively) and does not consume excessive solvent since the total
extract (∼2 �L) was injected completely into the GC–MS instrument. The method was used to measure

d the
HNMs in treated water an

. Introduction

Water is a scarce commodity and a fundamental resource for the
uman being since it plays a decisive role in health. Since the end of
he XIX century, water disinfection has been used to reduce the inci-
ence of illnesses. Chemical disinfectants (chlorine, chloramines,
zone, chlorine dioxide, etc.) are effective in killing harmful
icroorganisms in drinking water, but they also oxidize organic
atter that forms disinfection by-products (DBPs) [1–4]. Although
ore than 600 DBPs have been reported in the literature, only 11

re currently regulated [1,5]. Among the unregulated DBPs, the
halonitromethanes (HNMs) receive special attention because of

heir potentially high toxicity and their occurrence in final waters at
ome treatment facilities [6]. Chloropicrin (trichloronitromethane,
CNM) has been the most commonly measured example in this
lass followed by bromonitromethane (BNM) and bromopicrin (tri-
romonitromethane, TBNM), which are a potential concern for
oxicity [7,8]. Average concentrations in treated water contain-
ng bromide [9] have been reported between 0.1 and 10 �g/L for
ome HNMs and between 0.9 and 1.5 �g/L for TCNM in wastewa-

er treatment plant effluents [10]. Despite the increasing amount
f the literature on HNMs, there has been little systematic research
eported on a whole array of HNM species due to the lack of com-
ercial chemical standards in all the species, which only became
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results were compared to the EPA method in parallel.
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available in the early 2000s. For this reason it has only recently
become possible to establish the formation and speciation charac-
teristics of HNMs as well as the factors controlling their formation in
drinking waters [10–12]. In these studies, liquid–liquid extraction
has been employed as a preliminary step, using the EPA methods
proposed to determine halogenated volatile organic compounds
(VOCs) in water [13], in order to determine some HNMs by gas
chromatography–electron capture detection (GC–ECD) [9–12] or
by GC mass spectrometry (MS) [14]. Other alternatives for VOCs
(including TCNM) such as solid phase microextraction (SPME) with
GC–MS and Purge&Trap-GC–MS [15] have also been used. Chloropi-
crin or TCNM (the first HNM identified as a DBP) in a mixture of
other chlorine VOCs, prepared with distilled water, has been deter-
mined for headspace (HS)-SPME–GC–ECD between 0.1 and 2.5 �g/L
[16] and by HS and manual injection into a GC–MS [17] or GC–ECD
[18] with limits of detection (LODs) of 0.5 or 2.5 �g/L, respec-
tively. However, these methods heat the samples in the injector at
175–250 ◦C, which favor up to 50% decomposition of TCNM [14]. In
summary, neither have proper methodologies been developed for
the 9 HNMs nor has any study of the chromatographic temperatures
of the GC–MS been found to minimize/eliminate the decomposi-
tion of the 9 compounds. Only BNM and TCNM have been found in
the NIST (No. 69) or Wiley spectral library database, although mass

spectral ions of the 9 HNMs have been reported in the bibliography
[6].

As outlined above, to date the EPA methods (for halogenated
VOCs) using GC to determine some HNMs in water require
liquid–liquid extraction with methyl tert-butyl ether (MTBE) which

dx.doi.org/10.1016/j.chroma.2011.02.056
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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mplies great solvent consumption and cost. To overcome such
roblems, recent research activities have been oriented toward the
evelopment of miniaturized sample preparation techniques like
PME [19] and liquid phase microextraction (LPME) [20–23]. In
BPs, LPME has been used for the determination of trihalomethanes

THMs) and more recently for haloacetic acids [24] but never for
NMs. In order to find precedents applying LPME methods to
NMs, we have to refer to the 4 THMs which are also volatile
BPs. Two similar methods based on single drop microextrac-

ion (SDME)–GC–ECD are proposed for the 4 THMs with similar
ODs (0.2–0.4 �g/L) using 1-octanol [25] or n-hexane [26] as
xtractant. Direct hollow fiber (HF)-LPME–GC–ECD uses 25 �L
f 1-octanol at 35 ◦C, providing LODs of 0.01–0.2 �g/L [27]. The
ost recent method to determine the 4 THMs by LPME–GC–MS

28] is based on the solidification of a floating organic micro-
rop (7 �L of 1-undecanol) with enrichment factors up to 480-fold
LODs, 0.03–0.08 �g/L), but it requires drastic extraction conditions
15 min at 60 ◦C) which are related to low recoveries.

Taking into consideration the foregoing, the aims of this work
ave been: (i) to propose the first method for the whole array
f HNM species in water because 7 HNMs, although still very
xpensive, are now commercially available (in addition to the 2
NMs, TCNM and BNM, that have always been on the market);

ii) to develop a solventless technique in which only one drop
f an organic solvent is employed, as occurs in LPME; (iii) to
void/minimize the decomposition of HNMs during heating in the
njection port of GC and/or hot transfer line/ion source of the MS,

hich can complicate their identification in treated water; and (iv)
o obtain enough sensitivity to determine the 9 HNMs at ng/L levels
n treated water samples. The proposed HS-LPME–GC–MS method
onsists of a simple and fast extraction stage using a microdrop of
rganic solvent at the tip of a commercial microsyringe to extract
he 9 HNMs from the water sample under soft conditions. The

ethod is nearly solvent-free since the total extract was injected
nto the GC–MS instrument. For the first time a rigorous study has
een tackled on the impact of 9 HNM decomposition in the injec-
ion port of the gas chromatograph as well as of the ion source of
he mass spectrometer on the mass spectra for all 9 HNMs, since
nly four of them had been studied previously.

. Experimental

.1. Chemicals

Chloronitromethane (CNM, 90–95%), dichloronitromethane
DCNM, 95%), bromochloronitromethane (BCNM, 85–90%),
romodichloronitromethane (BDCNM, 90–95%), dibromoni-
romethane (DBNM, 90%), dibromochloronitromethane (DBCNM,
0–95%) and tribromonitromethane (TBNM, 90–95%) stan-
ards were supplied by Orchid Cellmark (New Westminster,
anada), while trichloronitromethane (TCNM, 99%), and bromoni-
romethane (BNM, 90%) were purchased from Sigma–Aldrich
Madrid, Spain) and the internal standard, fluorobenzene, from
luka (Madrid, Spain). The solvents, 1-octanol, o-xylene, decane
nd 1-hexanol were purchased from Sigma–Aldrich. Ethyl acetate,
ethyl tert-butyl ether (MTBE) and sulfuric acid were supplied

rom Merck (Darmstadt, Germany). Potassium chloride, sodium
hloride, anhydrous sodium sulfate, anhydrous magnesium sulfate
nd ammonium sulfate (dechlorinating agent) were purchased
rom Panreac (Barcelona, Spain). Stock standard solutions contain-

ng 1 g/L of individual halonitromethane and cumulative solutions
0.1 g/L) were prepared in ethyl acetate and stored frozen in
mber glass vials at −20 ◦C. More dilute cumulative solutions were
repared daily in mineral water (free of DBPs) at the microgram
er liter level.
. A 1218 (2011) 2497–2504

2.2. Apparatus

Sample analysis was performed with a Fisons 8000 GC instru-
ment interfaced to a Voyager mass spectrometer and controlled
by a computer running MASSLAB software (Thermo, Madrid,
Spain). The gas chromatographic separation was achieved on a
30 m × 0.25 mm i.d., 0.25 �m film TRB-5 capillary column coated
with a stationary phase of 5%-phenyl–95%-methylpolysiloxane and
supplied by Teknokroma (Barcelona, Spain). All injections were
made in the split mode (1:20 split ratio) by setting the injector tem-
perature at 170 ◦C. The GC oven temperature program was: 40 ◦C
(3 min) and then raised at 40 ◦C/min to 140 ◦C (2 min) and 180 ◦C
(3 min). The helium carrier gas (6.0 grade purity, Air Liquid, Seville,
Spain) was set at 1 mL/min. The mass spectrometer was used in the
following conditions: ion source temperature, 200 ◦C; transfer line
temperature, 200 ◦C; electron impact ionization mode, 70 eV; scan
range from m/z 30–255; time for solvent delay, 2 min. Optimiza-
tion experiments were conducted in total ion chromatography (TIC)
mode at 3.5 scans/s. The ions selected for identification and quan-
tification of HNMs (SIM mode) are listed in Table 1; m/z values for
fluorobenzene (IS) were: 50, 70, 96 (base peak).

2.3. Sample collection and preservation

Water samples were collected in amber glass bottles of 125 mL
with poly(tetrafluoroethylene) screw caps. The bottles, containing
1.7 g of ammonium sulfate as the quenching reagent of residual
chlorine [29], were completely filled to avoid evaporation of volatile
compounds. To validate the sampling protocol for the analysis of
HNMs, the storage time of the sample at 4 ◦C was studied using min-
eral water fortified with 5 �g/L of HNMs (except to TBNM, 10 �g/L).
The studies were conducted over 10 days; the results indicated
that the concentrations of CNM, DCNM, TCNM, BNM and BCNM
remained constant for 7 days, whereas DCBNM, DBNM, DBCNM
and TBNM only for 1 day. Thus, samples were stored at 4 ◦C and
analyzed within 1 day of collection. For analysis, 10 mL of water
sample (prepared as described below) was placed in 15 mL glass
vials.

2.4. HS-SDME–GC–MS procedure

A 5 �L GC microsyringe model 87925 from Hamilton
(Teknokroma, Barcelona) was used to perform the SDME experi-
ments. Ten milliliter water samples or mineral water containing
between 0.2 and 300 �g/L of each halonitromethane and 20 �g/L
of fluorobenzene (IS) were placed in a 15 mL glass vial containing
3 g (2.1 mol/L) of Na2SO4 and the pH was adjusted at ∼3.2 by
adding 30 �L of 0.1 mol/L H2SO4. A stirring bar (1.3 cm long) was
added to the vial, which was closed immediately with a screw cap
equipped with a silicon septum. Afterward the vial was stirred in a
vortex mixer for 2 min in order to dissolve the salt and then placed
in a water bath. A 2.5 �L volume of 1-hexanol was withdrawn
into the microsyringe, the needle tip was inserted through the
silicone septum and the 2.5 �L drop of extractant exposed to the
headspace of the sample stirred at 600 rpm for 20 min at 30 ◦C.
After extraction, the drop was retracted back into the microsyringe
and the total extract (∼2 �L) injected into the GC instrument.

2.5. LLE procedure (EPA method 551.1)

Liquid–liquid extraction for the determination of HNMs in water

was performed in triplicate following the EPA method 551.1 [13]
proposed for the determination of halogenated VOCs. Samples were
collected in 62 mL amber bottles with a poly(tetrafluoroethylene)
screw cap containing 0.8 g of ammonium sulfate and without
headspace to avoid evaporation of VOCs. A 12 mL aliquot was
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Table 1
Mass spectral ions selected for identification and quantification (boldfaced) of halonitromethanes.

Compound Mol wt. m/z (relative abundance) → [fragment ion]

CNM 95 49 (100) → [CH2Cl]+, 51 (42) → [CH2Cl]+, 46 (12) → [NO2]+

BNM 139 93 (100) → [CH2Br]+, 95 (95) → [CH2Br]+, 46 (10) → [NO2]+

DCNM 129 83 (100) → [CHCl2]+, 85 (71) → [CHCl2]+, 46 (8) → [NO2]+

DBNM 217 173 (100) → [CHBr2]+, 171 (67) → [CHBr2]+, 46 (10) → [NO2]+

BCNM 173 129 (100) → [CHClBr]+, 127 (87) → [CHClBr]+, 46 (9) → [NO2]+
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TCNM 163 117 (1
TBNM 295 251 (1
BDCNM 207 163 (1
DBCNM 251 207 (1

ithdrawn from the sample bottle and discarded and the pH was
djusted at 4.5–5.5 with diluted H2SO4. Fifty �icrolitre of a 10 mg/L
tandard solution of fluorobenzene (IS), 3 mL of extracting solvent
MTBE), 20 g of Na2SO4 and 1 g of copper sulfate were added to the
emaining sample (50 mL) and the vial was stirred for 4 min; once
he HNMs were extracted, the vial was left to stand for 2 min in
rder to separate both phases. Then, 1 mL of the upper MTBE layer
as transferred to a 2 mL glass vial and 0.1 g of sodium sulfate was

dded to dry the extract. Finally 2 �L of the extract was injected
nto the GC–MS instrument.

. Results and discussion

Gas chromatography/mass spectrometry (GC–MS) has been
he primary analytical tool used to identify DBPs in drinking
ater. A few trihalomethyl compounds partially decompose in the

njection port of GC (forming mainly haloforms) or the GC–MS
ransfer line (the resulting mass spectra are a mixture of the
ative compound and decomposition products) [14]. Among LPME
echniques, SDME is the most popular because it is inexpensive,
oes not require any equipment and is easy to operate; also the
eadspace mode provides the best resolution for VOCs [30]. Fac-
ors that influence extraction efficiency should be established, such
s the organic solvent, sample pH, salting-out effect, and physical
arameters.

.1. Gas chromatography/mass spectrometry optimization
onditions

Instrumental and analytical conditions can have a significant
ffect on determining halonitromethanes. The HNMs are ther-
ally unstable and can decompose under temperatures commonly

sed in the injection port, hot transfer line and in the ion source
uring GC–MS analysis. A study of the behavior of some HNMs
mainly bromopicrin) in GC–MS analysis is carried out by Chen
t al. [14]. To date there is no information either on the influ-
nce of temperatures on the GC–MS in the determination of mono-
nd dihalonitromethanes or on the mass spectrometer ion source
emperature for the 9 HNMs. That is why this paper embarks on

rigorous study of the influence of the temperature in the GC
njection port and the mass spectrometer ion source. For this pur-
ose, 1 �L of a standard solution containing 50 �g/mL of each
NM in ethyl acetate was injected into the GC at different injec-

ion port temperatures between 150 and 250 ◦C. This parameter
ffects trihalonitromethanes in a different way than it does mono-
nd dihalonitromethanes. In fact, trihalonitromethanes decompose
bove 170 ◦C, their peak areas at 250 ◦C were 45% relative to val-
es obtained at 150 ◦C, which is in agreement with the above study

14]. The major decomposition products are haloforms, which are
robably formed by hydrogen abstraction from solvents due to
he trihalomethyl radical. On the other hand, neither mono- nor
ihalonitromethanes decomposed in the interval of temperatures
ssayed. This can be observed clearly in Fig. 1 where the peak
[CCl3] , 119 (96) → [CCl3] , 46 (1) → [NO2]
[CBr3]+, 253 (98) → [CBr3]+, 46 (6) → [NO2]+

[CCl2Br]+, 161 (70) → [CCl2Br]+, 46 (20) → [NO2]+

[CClBr2]+, 209 (77) → [CClBr2]+, 46 (11) → [NO2]+

areas of trihalonitromethanes decreased at a GC injection port
temperature of 250 ◦C relative to 170 ◦C, whereas for mono- and
dihalonitromethanes the analytical signals remain constant in both
instances. This fact can hinder the identification and quantifica-
tion of other DBPs also present in treated water, such as THMs. For
example, the formation of chloroform and bromoform as the main
decomposition products of TCNM and TBNM, respectively (with
GC injection port temperatures above 170 ◦C) could contribute
to overestimations of chloroform and bromoform concentra-
tions in treated water samples, possibly allowing the presence
of TCNM and TBNM to go undetected in the original drinking
water.

In the present study the transfer line of the GC–MS was heated
to a temperature (200 ◦C) similar to the highest temperature in
the GC program (180 ◦C). Thus, only the effect of the mass spec-
trometer ion source temperature was checked for the 9 HNMs in
the range 200–250 ◦C. None of the 9 species showed a decrease
in the peak area, nor were halomethanes detected. So, it can be
concluded that there was no evidence of decomposition in the 9
compounds up to 250 ◦C (since their mass spectra confirmed their
identities), although they probably could decompose at higher tem-
peratures. In conclusion, the selected temperatures were 170 ◦C
for the injection port and 200 ◦C for both the transfer line and
the ion source of the mass spectrometer, to avoid/minimize HNM
decomposition.

Finally, after obtaining the mass spectra in the best chromato-
graphic conditions for the 9 HNMs, the most significant ions for
unequivocal identification were selected. For this purpose, the cri-
teria employed were sensitivity (selecting the most abundant peak,
base peak) and selectivity (selecting the characteristic ions of each
compound). Table 1 shows the three ions selected for the identifi-
cation of HNMs (quantification one in boldface print), their relative
abundance and their corresponding fragments. None of the haloni-
tromethanes show molecular ions in their mass spectra and their
base peaks correspond to molecular weight less 46 Da, which is a
consequence of losing a nitro group [M–NO2]+ [6]. In the ion source,
when an electron impacts on a neutral molecule, the molecule is
ionized and gives off an extra electron. When a molecule loses an
electron, it acquires a positive charge and an unpaired electron and
therefore the ion becomes a cation-radical. When the atom is highly
electronegative, it will tend to gain the electron and will remain
as a radical. The nitro group and the halogens are electronega-
tive both capturing the electron to form radicals. The mechanism
of fragmentation of these compounds (TCNM as model) is as
follows:

[Cl3CNO2] + e− → [Cl3CNO2]+• + 2e−; [Cl3CNO2]+• → [Cl3C]+

+ NO2
•

[Cl3C]+ → [Cl2C]+• + Cl•; [Cl2C]+• → [ClC]+ + Cl•

Taking into account that the remaining fragments contained dif-
ferent combinations of halogen atoms (chlorine and/or bromine)
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ig. 1. GC–MS total ion chromatograms for the 9 HNM standards using different in
CNM (3); BNM (4); BCNM (5); BDCNM (6); DBNM (7); DBCNM (8); TBNM (9).

hich presented specific mass spectra due to their isotopic abun-
ance ratios [31], the fragments selected for the unequivocal

dentification of each compound were chosen based on the differ-
nt isotopic signals provided for each analyte. Chlorine and bromine
toms have two stable isotopes of 35 and 37 amu, and 79 and 81
mu, respectively. Thus, molecules that contain chlorine and/or
romine atoms provide M+2 peaks related with their isotopes. By
ay of example, for the identification of trichloronitromethane

whose electron ionization mass spectrum appears in Fig. 2), the
/z ratios 117 (100% abundance) and 119 (96% abundance) were

elected because the three chlorine atoms in the fragment could be
dentified due to the isotopic relative abundance of both ions. The
itro group (m/z 46) was selected as the third fragment ion for the

dentification of halonitromethanes in spite of its low abundance
ince this m/z ratio was specific for nitro derivatives suggesting
he presence of a NO2 group, so it could be used for the unequiv-
cal identification of HNMs versus THMs and other halogenated
ydrocarbons.

.2. Selection of extraction solvent and droplet volume
It is essential to select a proper organic solvent for the estab-
ishment of a HS-SDME method, which is related to the chemical
ature of the target compounds. As there is no study to date on this
ariable for HNMs, a variety of water-immiscible organic solvents
ere considered as the possible extractant. The uncertainty associ-

Fig. 2. Electron ionization mass spectrum
n temperatures (A) 250 ◦C and (B) 170 ◦C. Peak identification: CNM (1); DCNM (2);

ated with the LPME technique, mainly the partial evaporation of the
drop, was corrected by the use of an internal standard. Preliminary
experiments with 2 �L of drop were examined at 30 ◦C using 10 mL
of spiked mineral water samples at a concentration of 100 �g/L
of the 9 HNMs and 20 �g/L of fluorobenzene (IS) containing 3 g
of NaCl (in vials of 15 mL) under the following conditions at an
extraction time 15 min and stirring rate of 600 rpm. All the extrac-
tion experiments were performed by measuring the relative peak
area of each halonitromethane to the internal standard using the
average of three replicate measurements (after that the different
peak areas of fluorobenzene between solvents were normalized).
After extraction, the drop was retracted and 1 �L of the extract
injected into the GC–MS instrument. As can be seen in Fig. 3, 1-
hexanol provided the best extraction efficiency for 5 HNMs (CNM,
BNM, BCNM, DBCNM and TBNM) whereas 1-octanol (the most com-
monly used in LPME techniques) only provided slight advantages
for 3 HNMs (DCNM, BDCNM and DBNM); it did not extract to TBNM
and scarcely did so to CNM and BNM. In addition 1-octanol required
higher temperatures (BP ∼200 ◦C) in the injection port, chromato-
graphic column and mass spectrometer ion source than 1-hexanol
(BP ∼160 ◦C), which, as mentioned above, is related to the decom-

position of the trihalonitromethanes (see Fig. 1) to halomethanes
among other compounds. Decane and o-xylene provided the poor-
est results and therefore were discarded. In conclusion, 1-hexanol
showed the best extraction efficiency and adapted itself to the tem-
peratures established for GC–MS analysis. The relative peak areas

of trichloronitromethane (TCNM).
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ig. 3. Effect of selection of solvent on HS-SDME technique for 100 �g/L of each
NMs using 2 �L of extractant. Error bars are the standard deviation for three
easurements.

ncreased with increasing solvent volume although when the drop
xceeded 2.5 �L, its manipulation was more elaborate and less
eliable. Furthermore, large injection volumes resulted in a more
xtensive band broadening in capillary GC. Considering these fac-
ors, 2.5 �L of 1-hexanol (∼2 �L of extract) was selected as the
xtractant since it provided the best extraction efficiency, good
eproducibility (RSD ∼10%) and has a boiling point of 157 ◦C (vapor
ressure, 0.947 Torr at 25 ◦C), which prevented its retention (or is

nsignificant) either into the column or in the mass spectrometer
on source at optimal conditions.

.3. Effect of chemical variables

The only documentation about the influence of chemical param-
ters on HNMs is related with bromopicrin (TBNM) which is
estroyed by common dechlorination agents (e.g. ascorbic acid)
nd requires a 3.5–4.0 pH to minimize base-catalyzed hydrolysis
n water [14]. Therefore, the first chemical variable studied was the
ample pH for the 9 HNMs because no information was available
or these compounds. A few drops of diluted sulfuric acid solutions
ere used to adjust the pH of the aqueous sample in the acid region.
s displayed in Fig. 4, chloropicrin (TCNM) was not affected by the

ample pH in any interval assayed and only minimally by DCNM,
CNM and BNM, whereas BDCNM, DBCNM, CNM and DBNM were

nfluenced by the sample pH, especially TBNM. Since the pH of
he sample was related to extraction efficiency, the best results
or the simultaneous extraction of the 9 HNMs were obtained at

ig. 4. Influence of pH on the volatilization/extraction of the 9 HNMs from aqueous
amples with 1-hexanol. Error bars are the standard deviation for three measure-
ents.
Fig. 5. Feasibility for using different salts at variable concentrations on the extrac-
tion of the 9 HNMs. Error bars are the standard deviation for three measurements.

pH 3.0–3.5. To minimize sample manipulation, the aqueous sam-
ple was adjusted at pH ∼3.2 by adding 30 �L of 0.1 mol/L H2SO4 per
10 mL of sample. A series of extraction experiments were carried
out with a 1-hexanol drop (2.5 �L) by adding different salts (NaCl,
KCl, Na2SO4 and MgSO4) from 0 to 5 g to 10 mL of spiked mineral
water samples (100 �g/L) at 30 ◦C for all HNMs. Better conditions
for the extraction of all HNMs were achieved by adding salts. In
the first approach, anhydrous MgSO4 was discarded since during
the initial extraction, a good bit of heat is generated by exothermic
hydration after the addition of the salt (3 g, 2.5 mol/L) to the sam-
ples. In one sense, this heat generation aids the extraction speed
or efficiency of HNMs while, on the other hand, too much heat
may lead to a loss of the droplet [32]. Fig. 5 shows that KCl as well
as NaCl provided the poorest peak areas even at high concentra-
tions (∼7 mol/L) whereas Na2SO4 was the better choice. The data
confirmed that sodium sulfate increased the extraction efficiency
for the 9 HNMs to double the amount for some compounds (CNM,
DCNM, BNM, BCNM, BDCNM and DBCNM). Thus, the best condi-
tions for the 9 HNMs extraction were performed with 3 g of Na2SO4
per 10 mL of sample.

The influence of the water sample and headspace volume was
examined from 5 to 10 mL in 15 mL sample vials (headspace vol-
ume from 10 to 5 mL). In all experiments the amount of each HNM
was 0.5 �g whereas the volume of the sample changed. The exper-
imental results showed that the extraction efficiency increased
as the sample volume grew since the volume of gaseous phase
(headspace) was minimized, which was in agreement with other
HS-LPME methods [33]. A sample volume of 10 mL (in 15 mL vials)
was adopted considering that when 3 g of salt was added and agi-
tated using stirrer, the volume increased to ∼11.5 mL; this ensured
that the drop of extractant would not come into contact with the
aqueous sample during the extraction step.

3.4. Optimization of physical parameters

The variation in extraction efficiency as a function of extraction
time was studied with a 1-hexanol drop in the interval 5–40 min.
The HS-SDME experiments of over 40 min extraction time could
not be used due to the evaporation of the solvent in the air,
which seriously influenced the accuracy of the results. The rela-
tive peak areas increased as the extraction time (∼20%) rose to

15 min, above which it remained constant. To ensure maximum
extraction, an extraction time of 20 min was selected for further
experiments. For volatile analytes, the extraction temperature had
a double impact on HS-SDME. At a higher temperature, diffusion
coefficients in both water and headspace were higher and the



2 atogr

e
t
w
i
w
p
d
3
l
p
i
t
r
t
r
T
p

i
L
m

3

t
e
p
s
j
e
I
p
t
e
w
t
a
o
s
o
t
o
t
p
s

S
H
1
N
p
t
d
t
a
a
q
c
c
3
t
t
S
f
r

502 I. Montesinos et al. / J. Chrom

xtraction time could be shorter, but the partition coefficients for
he analyte between the organic solvent and the gaseous phase
ere lower [30]. The effect of temperature was studied by expos-

ng the 1-hexanol drop for 20 min in the headspace of 10 mL HNMs
orking solutions, in triplicate, between 25 and 40 ◦C. For tem-
eratures over 40 ◦C, there was a faster solvent evaporation of the
rop. As expected, the amounts of HNMs extracted increased at
0–35 ◦C, above which the relative signals decreased by ∼10%. The

ast optimized study was the stirring rate. Agitation of the sam-
le solution enhanced the mass transfer in the aqueous phase,

nduced convection in the headspace, and consequently reduced
he time for reaching a thermodynamic equilibrium. At stirring
ates above 800 rpm resulted in the instability of the vials causing
he dislodgement of the organic drop from the needle. At stir-
ing rate lower than 500 rpm the extraction efficiency decreased.
herefore, a stirring rate of 600 rpm was adopted in the method
roposed.

Finally, fluorobenzene was selected in terms of volatility as
nternal standard to correct the uncertainty associated with the
PME technique and the injection of the extract into the GC instru-
ent.

.5. Efficiency of the HS-SDME process

The HS-SDME theory indicates that an organic compound ini-
ially present in the aqueous phase is volatilized and then a dynamic
quilibrium is established between the concentration of the com-
ound in the headspace and that of the analyte in the organic
olvent drop. The yield of the volatilization/extraction process was
ointly evaluated using an aqueous solution containing 15 �g/L of
ach HNM (except TBNM, 30 �g/L) in 2.1 mol/L Na2SO4 at pH ∼3.2.
n this experiment, five consecutive extractions of the same sam-
le were carried out with a fresh drop of 2.5 �L of 1-hexanol, and
he percentage of analytes extracted was calculated. The relative
xtraction yield was calculated using a normalization method in
hich the sum of the analytical signals obtained in the five sequen-

ial extractions was assigned a value of 100%. From these results,
bout 35% and 25% of the HNMs were extracted in the first and sec-
nd extraction, above which the relative extraction yield decreased
lowly. The results of this study showed that the highest fraction
f the 9 HNMs was obtained in the first extraction. On the basis of
he above considerations, although there was a lot of carry-over,
nly one extraction step was recommended in order to increase
he sensitivity of the method because two sequential extractions
rovided a higher quantity of residues at the expense of a lower
ignal.

The following study focused on the average yield of the HS-
DME method by comparing the traditional LLE processes in the 9
NMs. First, 1 mL of mineral water containing 60 �g (except TBNM,
20 �g) of each HNM and 30 �g of fluorobenzene in 2.1 mol/L
a2SO4 at pH ∼3.2 was extracted with 1 mL of 1-hexanol in quintu-
licate; the extraction efficiency of the manual LLE was calculated
hrough calibration curves constructed with standards prepared
irectly in 1-hexanol. The average efficiency of the manual extrac-
ion after 5 min of agitation was 75% (for TCNM, BDCNM, DBCNM
nd TBNM), 65% (for DCNM and BCNM) and 40% (for CNM, BNM
nd DBNM); the other fractions of analytes were extracted in subse-
uent extractions in the remaining aqueous phase. The results were
ompared to those obtained with 10 mL of an aqueous solution
ontaining 150 ng of individual halonitromethanes (except TBNM,
00 ng) prepared in the above conditions in quintuplicate, using

he HS-SDME method and 2.5 �L of 1-hexanol. In these conditions
he theoretical concentration in both extracts (from LLE and HS-
DME methods) was similar (60 �g/mL for 8 HNMs and 120 �g/mL
or TBNM). The extraction efficiency of the HS-SDME method
elated to the LLE one was ∼20% (for TCNM, BDCNM, DBCNM and
. A 1218 (2011) 2497–2504

TBNM), ∼10% (for DCNM and BCNM) and ∼3% for (CNM, BNM
and DBNM). The results obtained showed that both in the man-
ual and in the microextraction techniques, trihalonitromethanes
were the most favorably extracted compounds due to their higher
solubility in 1-hexanol, taking into account their lower polarity.
Therefore the pre-concentration factor of the method proposed
ranged between ∼120 and ∼800 for monohalonitromethanes and
trihalonitromethanes, respectively.

3.6. Quantitative calibration and reproducibility

Several analytical curves for standards in mineral water over
the concentration range 0.2–300 �g/L of HNMs were obtained by
plotting the analyte to the internal standard peak area against
the analyte concentration. The 12-point calibration curve for
each halonitromethane throughout the experimental concentra-
tion range showed good linearity with the correlation coefficients
(r) of ≥0.991. The limits of detection were defined as the concen-
tration of the analyte that provided a chromatographic peak area
equal to three times the regression standard deviation (Sy/x) divided
by the slope of the calibration graph [34], ranging from 0.06 �g/L
for TCNM to 1.2 �g/L for TBNM. The reproducibility of the method
proposed (analyzing 11 mineral water samples spiked with 5 �g/L
of each HNM; 10 �g/L for TBNM) was good, with average RSD val-
ues of 8.2 ± 1.7% (within-day) and 9.3 ± 1.8% (between-day). As can
be seen in Table 2, the HS-SDME method was very sensitive and
allowed the determination of DCNM, TCNM, BCNM and BDCNM
at ng/L levels; the brominated compounds and CNM were those
that presented the least sensitivity. The high degree of sensitivity
achieved for TCNM was noteworthy (chloropicrin) since it is the
compound usually detected in drinking water.

3.7. Validation of HS-SDME with EPA method 551.1

A comparison was carried out between the proposed method
and that of EPA 551.1 in order to validate the alternative proposal;
in this case the best pre-concentration factor for the manual EPA
alternative was used [ratio aqueous volume (50 mL)/organic vol-
ume (3 mL) = 17]. All quantitative parameters were determined as
previously mentioned; for the reproducibility study, 11 mineral
water samples spiked with 10 �g/L of each HNM (except TBNM,
30 �g/L) were analyzed and the results are listed in Table 2. The
EPA method 551.1 employed in this study using GC–MS was not
as sensitive as the LOD value reported (0.014 �g/L) only for TCNM
using GC–ECD [13] due to the higher sensitivity achieved with
ECD in halogenated compounds. In the framework of compari-
son, the EPA method 551.1 was slightly more precise than that
of HS-SDME with average RSD values of 7.0 ± 1.5% (within-day)
and 8.0 ± 1.5% (between-day), but the sensitivity as the slope of the
calibration graphs was lower than that achieved by the HS-SDME
method proposed (except for CNM, BNM and DBNM). As can be
seen in Table 2, the HS-SDME method provided lower LODs (aver-
age LODs, 0.5 �g/L) than those obtained by the EPA 551.1 (average
LODs, 1 �g/L) for five HNMs (DCNM, TCNM, BDCNM, DBCNM and
TBNM); it is necessary to highlight that TCNM was the one gen-
erally found in drinking water. With respect to reproducibility,
the EPA method 551.1 provided lower RSD values than HS-SDME;
although this difference was negligible when the error intro-
duced by the miniaturization of the LLE technique was taken into
account.

In the same vein, the recoveries of both methods were also

calculated using a tap water that was fortified by two different
concentrations of each HNM in quintuplicate. HS-SDME method
recoveries were calculated by spiking 2 and 10 �g/L for DCNM,
TCNM, BCNM, BDCNM and DBCNM or 5 and 20 �g/L for the other
compounds (CNM, BNM, DBNM and TBNM). In the EPA method, tap
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Table 2
Analytical figures of merit for the determination of HNMs by HS-SDME and EPA 551.1 methods.

Compound HS-SDME EPA 551.1

LOD (�g/L) Linear range (�g/L) Recovery (%)a RSD (%) LOD (�g/L) Linear range (�g/L) Recovery (%)a RSD (%)

Within-day Between-day Within-day Between-day

CNM 0.9 3.0–300 90,92 8.5 9.4 0.3 1.0–300 90,96 6.6 7.8
DCNM 0.07 0.3–300 94,95 6.5 7.6 0.09 0.3–300 95,98 5.7 6.8
TCNM 0.06 0.2–300 95,98 6.2 7.1 0.1 0.4–300 94,99 5.9 6.8
BNM 0.9 3.0–300 91,96 8.6 9.5 0.3 1.0–300 89,97 6.8 8.0
BCNM 0.08 0.3–300 94,96 6.8 7.8 0.09 0.3–300 92,96 5.4 6.5
BDCNM 0.2 0.7–300 95,97 8.0 9.3 0.5 1.7–300 90,97 7.4 8.2
DBNM 0.9 3.0–300 91,93 8.6 9.8 0.2 0.7–300 94,95 6.6 7.7
DBCNM 0.3 1.0–300 94,97 8.8 9.8 1.0 3.3–300 93,98 8.4 9.2

6.0 20–300 90,94 10.1 11.2

low and high amount levels, respectively.
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Table 3
Analysis of water samples treated by chlorination (except to 13–15 tap waters,
treated also by ozonation) by the proposed (HS-SDME) and the reference (EPA 551.1)
methods (n = 5).

Concentration of TCNM found ± standard
deviation (�g/L)

HS-SDME EPA 551.1

Tap 1 0.3 ± 0.1 0.4 ± 0.1
Tap 2 <0.2 n.da

Tap 3 2.4 ± 0.2 3.0 ± 0.2
Tap 4 0.2 ± 0.1 <0.4
Tap 5 2.6 ± 0.2 3.3 ± 0.2
Tap 6 0.2 ± 0.1 <0.4
Tap 7 0.3 ± 0.1 <0.4
Tap 8 0.9 ± 0.1 0.8 ± 0.1
Tap 9 <0.2 n.d.
Tap 10 1.1 ± 0.1 0.8 ± 0.1
Tap 11 2.5 ± 0.2 3.0 ± 0.2
Tap12 0.3 ± 0.1 <0.4
Tap 13 4.0 ± 0.3 3.6 ± 0.2
Tap 14 4.3 ± 0.3 4.4 ± 0.3
Tap 15 3.9 ± 0.3 3.7 ± 0.3
Swimming pool 1 2.3 ± 0.2 1.6 ± 0.2
Swimming pool 2 0.4 ± 0.1 0.5 ± 0.1
Swimming pool 3 1.7 ± 0.2 1.3 ± 0.1
Swimming pool 4 1.2 ± 0.1 1.5 ± 0.2

T
C

TBNM 1.2 4.0–300 90,93 12.0 13.2

a The first and second data corresponds to the average percent recoveries for the

ater was fortified with 2 and 10 �g/L (omitting BDCNM, DBCNM
nd TBNM which were spiked at 20 and 40 �g/L levels). All waters
ontained TCNM at detectable levels and, in this case, its concentra-
ion in the spiked samples was quantified and compared to those
alculated as the sum of the native concentration in unspiked sam-
les and spiked concentration. As can be listed in Table 2 in the
S-SDME method, all compounds were determined with average

ecoveries between 93 and 95% for the low and the high amount lev-
ls, respectively, whereas the recoveries of the EPA method ranged
rom 92 (at low levels) to 97% (at high levels). The good agree-

ent between the two methods demonstrated the reliability of the
roposed microextraction method.

.8. Analysis of water samples

Recent studies examining the potential of HNM formation in
rinking waters under different oxidation conditions showed that
zonation–chlorination produced the highest HNM yields, fol-
owed in the order of chlorination by ozonation–chloramination
nd chloramination [11]. In order to verify the effectiveness of
he proposed HS-SDME method in the application of interest, 20
reated water samples (tap and swimming pool) were analyzed,
ncluding samples subjected to oxidative treatment with ozone
n addition to chlorination. In the waters analyzed, only chloropi-
rin (TCNM) was found; the others were either not found or were
eneath detection limits. Table 3 lists the TCNM concentrations
ound in water treated by chlorination (samples 1–12, and all swim-

ing pool waters) or ozonation plus chlorination (samples 13–15).
he results obtained were compared to those provided by the EPA
ethod 551.1, also listed in Table 3. The two methods provided

imilar results, although TCNM remained undetected in some water

amples using the EPA method 551.1, which corroborated the good
erformance of the proposed HS-SDME method. In practice, the
oncurrent oxidation process with ozone increased the TCNM con-
entration, which was in agreement with previous observations
y several groups [5,9,11]. There were no significant differences

able 4
omparison of the HS-SDME–GC–MS method with other related methods for determinat

Method LOD (�g/L) Sample volume (mL) Extractant volume (m

LLE–GC–ECD 0.014 50 3
LLE–GC–MS 0.1 35 2
LLE–GC–ECD 0.04 35 2
HS-GC–MS 0.5 8 –
HS-GC–ECD 0.4b–2.5 5 –
LLE–GC–MS 0.1 50 3
HS-SDME–GC–MS 0.06 10 2.5 × 10−3

a Calibration range for a mixture of halogenated VOCs including chloropicrin.
b Data using splitless sample injection.
Swimming pool 5 0.8 ± 0.1 0.6 ± 0.1

a n.d., not detected.

between tap and swimming pool waters treated only by chlori-
nation, although the concentration of residual chlorine and organic
matter was higher in swimming pools than in tap waters; therefore,
the ozonation step substantially increased the formation of TCNM.
The concentration of TCNM found in tap waters ranged from <0.2

to 4.3 �g/L which was in agreement with Bougeard et al. [35] who
reported TCNM concentrations from non-detected to 3.4 �g/L in
chlorine drinking waters and those found in waste water treatment
plant effluents (0.9–1.5 �g/L) [10].

ion of chloropicrin (TCNM).

L) Linear range (�g/L) RSD (%) Reference

0.1–15a 7.7 13 (EPA Method 551.1)
0.25–100a 3.5–18.1 17 (EPA Method 551.1 modified)
0.25–100a 2.7–8.4 17 (EPA Method 551.1 modified)
0.25–100a – 17

– 10 18
0.4–300 5.9 EPA Method 551.1, this work
0.2–300 6.2 This work
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. Conclusion

A comparison of the proposed method with other methods
eported in the literature for the determination of chloropicrin
TCNM) in water samples by different techniques is given in
able 4. The proposed method was the most sensitive compared
ith LLE–GC–MS alternatives, omitting the LLE–GC–ECD methods
ue to the higher sensitivity achieved with ECD in halogenated
ompounds. All LLE methods require large volume of extractant;
n that way, the proposed HS-SDME method offers advantages
ince all extract (∼2 �L) was injected into the instrument without
esidues. Current research on halonitromethanes (HNMs) in water
viz. toxicity study, factors controlling their formation in water)
ses methods optimized for the determination of halogenated
OCs, normally EPA method 551.1. However, these methods have
ome pitfalls when applied to unknown analytes like HNMs. In
he absence of a comprehensive method, it has been necessary to
evelop an alternative to take into account such important vari-
bles for the analyte as the sample pH, the type of extractant
nd salt, and GC–MS conditions, among others. For the first time
method has been developed to determine the whole array of
HNMs, taking into consideration some very important current

oncerns like miniaturization and environmental aspects. More-
ver, the method does not substantially increase sample processing
ime compared to reported EPA methods, but does provide higher
ensitivity and similar reproducibility to the EPA method 551.1.
herefore, the proposed HS-SDME method may be of practical util-
ty in both sample screening and analysis.
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