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Contribution of brominated organic disinfection
by-products to the mutagenicity of drinking water

8. Echigo*, S. ltoh*, T. Natsui**, T, Araki* and R. Ando*
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Abstract The activity inducing chromosomal aberrations of the mixture of brominated disinfection by-
products (DBPs) was approximately three times higher than that of the chlorinated counterparts for the same
hypeohalous acid dose. With the combination of chromosomal aberration test and a new analytical technique
to differentiate total organic chlorine (TGCI) and tatal organic bromine {TQBr}, it was found that TOBr was
correlated to the mutagenicity of chlorinated waters. It was also implied that for a bromide-te-TOC ratio of
0.1 {mg/mg C), brominated DBPs could account for at least 29% of the total toxicity of DBPs formed during
chlorination. On the other hand, bromate ion, a major ozonation DBP, was not a major contributor to the
activity inducing chromosomal aberrations of the water treated with an ozone/chlorine sequential process.
Therefore, ozonation is one possible option to reduce the health risk caused by DBPs evenin the presence
of bromide.

Keywords Brominated disinfection by-products; chlorination; chromosomal aberration test; ozonation

Introduction

When a source water is chlorinated in drinking water treatment process, not only chiorinat-
ed disinfection by-products (DBPs) but also brominated DBPs are produced. Naturally
occurring bromide ion {Br-) in source waters is easily oxidized to hypobromous acid
(HOBr) (Pinkernell et al., 2001), and then HOBr reacts with natural organic matter (NOM)
to form brominated compounds (Richardson et al., 1999a). These brominated DBPs have
been gathering more attention recently because studies have suggested that small brominat-
ed compounds such as bromoacetic acids are much more mutagenic to mammalian cells
than their chloro counterparts (Plewa et al., 2002). Also, Nobukawa and Sanukida (2001)
demonstrated that genotoxicity of chlorinated water greatly increases with Br-using Ames
test and micronuclei formation assay.

However, while the above results imply the importance of controlling brominated DBPs
during drinking water treatment processes, many questions on the contribution of bromi-
nated DBPs to the toxicity of finished water remain unanswered. One of these questions is
the relative toxicity of the mixture of brominated DBPs to that of chlorinated DBPs. Past
studies only consisted of comparative studies on simple DBPs or toxicity evaluation of a
mixture that contained both chlorinated and brominated DBPs. It is of practical importance
to quantitatively identify raw water characteristics and treatment conditions with which the
contribution of brominated DBPs is of concern.

Ozonation is commonly used to decompose the precursors of chlorinated DBPs
(Richardson et al., 1999b). Studies have suggested that preozonation can destroy reaction
sites in NOM for chlorinated DBP formation, and reduce the toxicity of finished water
(Patterson et al., 1995). However, little information is available on the effect of Br~ on the
toxicity of water treated by an ozone/chlorine sequential process. Also, the relative toxicity
of ozonation DBPs in the presence of Br-(e.g., bromate ion (BrO;7)) to the entire toxicity of
finished water is not fully understood.
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The main objective of this study is to answer the two unanswered questions mentioned
above. This study consisted of three sets of experiments. First, chromosomal aberration test
was performed to compare the mutagenicity of brominated DBPs with that of chlorinated
DBPs. These two mixtures were separately prepared by the reactions between humic acid
and corresponding hypohalous acids (i.e., HOBr and hypochlorous acid (HOCI)), so that
the activity inducing chromosomal aberrations of brominated and chlerinated DBPs could
be evaluated separately. In the second part of this study, total organic bromine (TOBr) and
total organic chlorine (TOCI) of the mixtures of DBPs formed during chlorination in the
presence of Br~ were measured by the combination of a combustion furnace and an ion
chromatograph, and were compared to the results of chromosomal aberration test. With this
new analytical technique, it was possible to determine the contribution of TOBr and TOCI]
to TOX. Lastly, the activity inducing chromosomal aberrations of the DBPs formed during
the ozone/chlorine sequential treatment both with and without Br~ was evaluated. Of par-
ticular concern was the effect of pH during ozonation on the toxicity and the contribution of
BrO,~, an ozonation DBP, to the total toxicity of finished water.

Experimental

Sample preparation

Humic acid solution. Concentrated humic acid solutions (TOC = 750-1,000 mg/L) were
used as model NOM solutions to perform the chromosomal aberration test without concen-
trating samples after reactions. The concentrated humic acid solutions were prepared by
dissolving approximately 3 g of humic acid (Aldrich) in 1 L of 0.01 N NaOH solution for
24 hr with vigorous mixing, readjusting pH to 7.0, and filtering through a glass fiber
filter (GS25, Advantec).

HOBr solution. To minimize the effect of liquid bromine (Brygyq) @ bromide-free HOBr
solution for direct bromination was prepared by oxidizing Br~(0.23 M KBr solution) with a
NaQC1 solution (Wako). The concentration of the stock solution was measured by direct
UV absorbance at 266 nm (Beckwith et al., 1996). A commercial NaOBr solution could not
be used for this purpose because it contains approximately equal amount of Br~and thus
Bry,,) Was not negligible at a high dose around pH7.0 (Snoeyink and Jenkins, 1980).
Similar consideration was not necessary for HOCI solution because the equilibrium con-
stant for hydration is much lower than that for Brz(aq).

Chlorination and bromination. Chlorination and bromination were performed by adding
NaOCl solution (Wako) or the HOBr stock solution to the mixture of the concentrated
humic acid solution, a phosphate buffer solution (final concentration = 50175 mM), and a
KBr (Wako) solution (if necessary). The samples were stored in dark place at 20°C for 24
hours before chromosomal aberration test and chemical analysis unless otherwise noted.
Ozone/chlorine sequential treatment. Concentrated humic acid solutions (pH 6.0,7.0 or
8.0) were ozonated in an impinger (inner volume = 30 mL) in semi-batch mode. Ozone was
generated from ultrapure oxygen using a Mitsubishi OS-1N-A ozone generator. The flow
rate of ozone was 1.5 mg/min. After ozonation, the pH of the solution was readjusted to 7.0
with NaOH or H,50,, and the solution was chlorinated following the procedure descried
above. The readjustment of pH was necessary to evaluate the effect of pH during ozonation.

Chromosomal aberration test

Chromosomal aberration test using Chinese hamster lung cells (CHL/IU, Dainihon
Pharmaceutical) was performed to evaluate the initiating activity in the carcinogenesis
process of humic acid solutions treated by chlorination, bromination, and an ozone/chlo-



rine sequential treatment, The details of the test procedure is described elsewhere (Itoh e
al., 1996). The number of abnormal cells was counted by visual observation under a micro-
scope. For each sample, 100 metaphases were analyzed. The ratio of the sample volume to
the media volume was fixed to 1/6. The incubation time after contacting with sample solu-
tions was 24 hr. To minimize the decomposition of DBPs, no quenching reagent was added
to the samples since chlorine and bromine concentrations were less than the concentration
range where cytotoxicity on CHL cells is significant.

Chemical analysis
TOX analysis. TOX (TOBr+TOCI) was analyzed by following the Standard Methods
(1995). A Mitsubishi Chemical TOX-10Z TOX analyzer was used for the analysis.

Differentiation of TOBr and TOCI. The detail of the procedure is described elsewhere
(Echigo et al., 2000). But, briefly, the off gas from a TOX furnace that contains HCl and
HBr corresponding to TOC] and TOBr was trapped into distilled water, and these Cl~ and
Br- were separately quantified by an ion chromatograph. A TOX analyzer (TOX-10%,
Mitsubishi Chemical) was used as a furnace. A Shimdzu VP-10 system was used for ion
chromatographic analysis.

Bromate analysis. Bromate ion concentration was determined by ion chromatography with
apost-column derivatizing method (Wagner et al., 1999). Samples were diluted prior to the
analysis.

Results and discussion

Activity inducing chromosomal aberrations of the brominated and chlorinated DBPs

The activity inducing chromosomal aberrations of the mixture of brominated DBPs was
approximately three times higher than that of chlorinated DBPs at the same doses of hypo-
halous acids (Figure 1). For example, at 750 mg CI/L, the number of abnormal chromo-
somes was 60 per 100 cells for the mixture of brominated DBPs, while the number for
chlorinated DBPs were 23 per 100 cells. Two explanations are possible for this result. One
is the difference of the toxicity between brominated DBPs and chlorinated DBPs on molar
basis (i.e. TOX basis). The other one is the difference of the amount of halogenated com-
pounds produced by the two hypohalous acids. To test these hypotheses, the number of
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Figure 1 Comparison of the activity inducing chromosomal aberrations of brominated DBEPs from the reac-
tion between HOBr and humic acid with that of chlorinated DBPs from the reaction between HOC! and
humic acid. Conditions: humic acid concentration, 1,000 mg C/L; reaction time, 24 hours; temperature,
20°C. The ratios of the hypohalous acid doses to TOC were similar to a chlorine-to-DOC ratio in actual
drinking water treatment practice
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chromosomal aberrations per unit TOX (mmol) was calculated (Table 1). From this result,
it can be clearly seen that the activity inducing chromosomal aberrations of the mixture of
brominated DBPs per unit TOX is roughly two to six times higher than that of chlorinated
DBPs, while the TOX formation per unit hypohalous acid addition was almost identical for
HOBrand HOCI. Thus, it can be said that the mixture of the brominated DBPs is more toxic
than that of chlorinated DBPs.

With this difference on the magnitude of the activity inducing chromosomal aberrations
between brominated DBPs and chlorinated DBPs shown in Table 1, rough estimation of the
contribution of brominated DBPs to the total mutagenicity is possible for a model raw
water. For example, Echigo er al. (2000) reported that the TOBr-to-TOX ratio of a model
chlorinated water (Br~= 100 ug/L; chlorine dose = 4.0 mg CI/L; DOC = 3.0 mg/L) was
approximately 7%. Hence, assuming the effect of all the DBPs are additive and the chemi-
cal structures of both NOMs are similar, it is estimated that brominated DBPs account for
roughly 12-30% of the activity inducing chromosomal aberrations of the model drinking
water.

Activity inducing chromosomal aberrations of chlorination DBPs In the presence of Br~

Effect of Br~ concentration on the activity inducing chromosomal aberrations of chlorinat-
ed water, The implication from the comparison of the toxicity of brominated DBPs and
chlorinated DBPs led us to investigate more realistic situations. That is, chlorination in the
presence of Br~. Figure 2 illustrates that with increasing Br- concentration, the number of
abnormal chromosomes increases. This tendency was in agreement with the results of
Ames assay and micronuclei formation test (Nobukawa and Sanukida, 2001). Also, this
increase of the number of abnormal chromosomes corresponded to the formation of TOBr
{Figure 3). :

For the initial Br~ concentration of 100 mg/L (Br/TOC = 0.1 mg/mg), the number of
abnormal chromosomes was 1.4 times higher than that without Br~. Hence, at least 29%
(= 0.4/1.4) of the activity inducing chromosomal aberrations could be attributed to bro-
minated DBPs under this condition. This percentage fell in the range estimated from the
relative activity inducing chromosomal aberrations of brominated DBPs and chlorinated
DBPs given in the previous section and the TOBr and TOC] data (17-39%).

Assuming that TOC of a typical source water is 2 mg/L, the corresponding Br~ concen-
tration to the Br/TOC ratio = 0.1 is 200 pg/L. Average Br- concentration in the United
States is 100 ng/L (Westerhoff er al., 1998), and 200 ug/L is relatively high but not uncom-
mon. Serious attention should be paid to brominated DBPs for the raw waters that contains
Br~above this level. Also, a linear interpolation suggested a 7-20% increase of chromoso-
mal aberrations for the Br/TOC ratio of 0.05 (100 pg/L for TOC = 2 mg/L) compared to the
number of abnormal cells without Br-.

Table 1 Acti;fity inducing chromosomal aberrations of the reaction products of the reaction between HOBr
and humic acids and those between HOCI and humic acid on TOX basis. See the caption of Figure 1 for the
reaction conditions

Halogenating Dosa {mg CI/L} TOX (mg CI/L) TOX/dose (mg/mg) Number of sbnarmal
reagent chtomosomes par TOX
{count/100 cells mmol)

HOBr 100 14.4 0.14 56.7
200 21.3 0.1 53.3
500 60.8 0.12 35.0
HOCI 250 35.0 0.14 19.3
750 97.1 0.13 11.0

1,500 185.7 012 0.9
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Figure 2 Effect of initial Br- concentration on the activity inducing chromosomal aberrations of chlorinated
humic acid solution. Conditions: humic acid concentration, 1,000 mg C/L; reaction time, 24 hours; tempera-
ture, 20°C; chlorine dose, 1,500 mg/L
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Figure 3 Effect of initial Br- concentration on the distribution of TOBr and TOCl during chlorination of a
concentrated humic acid solution. See the caption of Figure 2 for reaction conditions

The effect of reaction time on the activity inducing chromosomal aberrations was also
investigated (Figure 4). The number of abnormal chromosomes was highest after 24 hours,
and then decreased regardless the initial concentration of Br-. After 96 hours, the numbers
of abnormal chromosomes were almost identicat with and without Br~. This result appears
to be in agreement with a general observation that hydrolysis of brominated compounds is
faster than chlorinated counterparts (Larson and Weber, 1994).
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Flgure 4 Effect of reaction time on the activity inducing chromosomal aberrations of chlorinated hurnic acid
solution. Conditions: humic acid, 1,000 mg G /L; temperature, 20°C; chlorine dose, 1,500 mg/L
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Competition between HOBr and HOCI to humic acid. In Figure 5, the ratio of Br~to HOC]
and the ratio of TOBr to TOX are compared. The latter was higher than the former, though
certain reaction time is required for the formation of HOBr before reacting with NOM. If
the reactivities of HOBr and HOCI to humic acid are similar, the Br-to-HOC] ratio should
be less than the TOBr-to-TOX ratio (i.e., below the dashed line in the figure). Thus, bromi-
nation of humic acid by HOBr has to be kinetically preferential to chlorination. Indeed, it is
known that the reactions between phenolic compounds and HOBr are much faster than
those with HOCI (Echigo and Minear, 2001; Gallard et al., 2003). Also, it was indicated
that bromination of humic acid is faster than chlorination (Qualls and Johnson, 1983;
Echigo, 2002).

Effect of preozonation on the activity Inducing chromosomal aberrations of chlorinated humic aclid
The effect of preozonation on the chlorinated humic acid with and without Br~is shown in
Figure 6. Regardless the presence of Br~ and pH (6-8), the number of abnormal chromo-
somes decreased with ozonation. Therefore, the ozone/chlorine sequential treatment is an
effective way to improve the safety of finished water with and without Br~ compared to
chlorination,

The effect of pH during ozonation (note: chlorination was conducted at pH7.0) was not
as evident as the pH effect during chlorination (Kowbel ef al., 1984). But the number of
abnormal chromosomes was slightly higher at higher pH, especially with Br~. The first
possible explanation would be the contribution of BrO,~ since in general higher BrO;~
formation is observed for higher pH (Pinkernell et al., 2001). However, comparing BrO,~
concentration range (0.0-1.1 mg/L) in this experiment with a reported dose-response curve
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Figure 5 Comparison of the Brto-HOC! ratio with the TOBr-to-TOX during chiorination of a concentrated

humic acid solution. See the caption of Figure 4 for the reaction conditions. Dashed line is the hypothetical
line for Br-/HOCI=TOBr/TOX
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Figure 6 Effact of ozonation on the activity inducing chromosormal aberrations of chlorinated humic acid
solution with {left, Br/TOC = 0.08 mg/mg} and without {right) Br-. Conditions: humic acid concentration,
750 mg DOC/L; reaction (chlorination} time, 24 hours; temperature, 20°C: chlorine dose, 1,500 mg/L.
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Figure 7 Effect of pH on the formation of TOBr during the ozone/chlorine sequential treatment. Ozone
dose was 2 mg/mg C. See the caption of Figure 6 for other reaction conditions

(Life-science Information Center, 1998), it was implied that BrO,~ could not be a major
contributor to the activity inducing chromosomal aberrations of this soluticn. Also, the
contribution of reaction products during ozonation (i.e., without chlorine addition) was
small (see the solid circle in Figure 6 (left)). Thus, main contributors to the activity induc-
ing chromosomal aberrations of the water treated with the ozone/chlorine sequential treat-
ment are the DBPs formed during the chlorination stage.

TOX formation decreased by approximately 20% with preozonation (data not shown in
figures). Also, while no clear pH dependence was observed for TOX and TOBr formed in
the ozone/chlorine sequential treatment, the TOBr formed during the chlorination stage in
the ozone/chlorine sequential treatment did depend on pH and higher TOBr observed for
high pH (Figure 7). This may be related to the difference of the activity inducing chromoso-
mal aberrations for different pH during ozonation.

Conclusions

This study demonstrated that brominated organic DBPs can be major contributors to the

activity inducing chromosomal aberrations of the finished water. Other major findings

from this study are listed below.

» The activity inducing chromosomal aberrations of the reaction products of the reaction
between humic acid and HOBr was two to six times higher than those between humic
acid and HOCI on TOX basis.

» Forabromide-to-TOC ratio of 0.1 (mg/mg), brominated DBPs accounted for at least 29%
of the activity inducing chromosomal aberrations of DBPs formed during chlorination.

» With increasing initial Br~ concentration, both TOBr and the number of abnormal chro-
mosomes increased. That is, TOBr formation corresponded to the toxicity of the chlori-
nated water.

« With the differentiation technique between TOBr and TOC], it was implied that bromi-
nation of humic acid is dominant over chlorination in the initial phase of chlorination
process.

« Bromate ion, a major ozonation DBP, was not a major contributor to the activity induc-
ing chromosomal aberrations of the water treated with the ozone/chlorine sequential
treatment.

» Ozonation is 2 possible option to reduce the health risk caused by chlorination DBPs
even in the presence of Br—,
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Abstract

A multianalyte method has been developed for the confirmation and quantitation of five sulfonylureas, bensulfuron-methyl, imazosulfuron,
pyrazosulfuron-ethyl, flazasulfuron and halosulfuron-methy!, and for three ureas, siduron, dymron (daimuron) and diuron (DCMU) in water.
Samples were extracted from water by off-line solid-phase extraction (SPE) with a polystyrene polymer cartridge (PS2), an ODS C;-bonded
silica cartridge (Crg) and an N-vinylpyrrolidene polymer cartridge (Oasis). Analyte determination and quantitation were performed by liquid
chromatography with mass spectrometry (LC-MS5). Extraction efficiency experiments demonstrated the ability of this method to extract
sulfonylureas and ureas from water samples. Confirmatory analysis was carried out by LC-electrospray mass spectrometry (LC-ESI-MS)
instrumentation equipped with a single-quadrupole mass filter. MS data acquisition was performed by a single or two-ion selected ion mon-
itoring (SIM) program. It is required for confirmation that LC-MS retention times of the gnalyles are within 1% of the retention times of the
standards, and that the molecular ion or characteristic fragment ion is present for each analyte. Fragment jons from distinctive structures must
be cbtained to identify and characterize specific herbicide molecules. These were obtained by controlled decomposition of sulfonylurea and
urea adduct ions after suitably adjusting the electrical field in the desolvation chamber. The eight herbicides were alse measured in fortified
pure water (water purified by 2 milli-Q system), tap water and river water. Average recoveries of the eight analytes from water samples were
in the range of 70-120% with relative standard deviations (R.S.D.s) of <20%. The limit of quantitation (LOQ) for each of the eight herbicides

was between 10 and 100 ngi-1.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Sulfonylurea herbicides; Urea herbicides; LC-ESI-MS; SPE; Water samples

1. Introduction

Herbicides are used in the management of rice paddies,
golf courses, and other types of fields. They are carried into
the surrounding environment by aquifers, and are widely
distributed in the environment. There is concern that agri-
cultural chemicals may have an adverse influence on ecosys-
tems, and that their use can resnlt in contamination of tap
water. Sulfonylurea herbicides were first introduced in 1982
by DuPont Agricultural Products. Sulfonylureas are labile
and weakly acidic compounds. Compared to other older her-
bicides, sulfonylureas and ureas are used in much lower con-
centrations and are degraded in soil more rapidly. Therefore,
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E-mail address: nishimur@nihs.go.jp (T. Nishimura).
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very low concentrations (parts-per-billion) of these herbi-
cides are to be expected in the water supply. We carried out
an analysis of these compounds in water using the analytical
methods of liquid chromatography with uitraviolet detector
(LC-UV) [1-7], capillary electrophoresis with ultraviolet
detector (CE-UV) [8-11}, LC with mass spectrometry (MS)
[12-19], immunoassay [20,21], bioassay [22,23] and radio
immunoassay [3]. Sulfonylureas and ureas are generally not
directly amenable to separation by gas chromatography (GC)
because of their extremely low volatility and thermal insta-
bility. GC has been used in conjunction with diazomethane
derivatization [24-26], pentafluorobenzyl bromide derivati-
zation [27], and hydrolysis followed by analysis of the aryl
sulfonamides [28]. Sulfonylureas and ureas can be separated
using reversed-phase high-performance liquid chromatogra-
phy (HPLC), but they are not readily identified by standard
HPLC detectors. These substances generally do not have
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Fig. 1. Structures and common names of the eight herbicides. 1: Bensulfuron-methyl; 2: imazosulfuron;, 3: pyrazosulfuron-ethyl; 4: fazasulfuron; 5:

halosulfuron-methyl; 6: siduron; 7: dymron; 8: diuron (DCMU).

extremely strong UV or visible light absorption that would
allow selective and high-sensitivity detection. For confirma-
tory and quantitative trace analysis of compounds having
thermal instability or extremely low volatility, such as the
compounds of interest in this study, the use of LC-MS is
required. LC-MS offers chromatographic separation with-
out therma! decomposition, high sensitivity, mass selectiv-
ity and structural information. There is increasing demand
for accurate detection and characterization of herbicides, in
order to evaluate their levels in the environment. Therefore,
the establishment of an accurate multicomponent analysis
method is of practical importance.

The herbicides investigated here are in widespread use in
Japan, but there have been few reports describing measuring
methods or estimating quantities of these herbicides found
at different locations. Therefore, it is necessary to quickly
develop suitable analytical methods, which must have high
selectivity and high sensitivity, for the identification and
measurement of compounds contzining sulfonylureas and
ureas. We have developed a new LC-MS methodology for
quantitation of these herbicides in various kinds of water,
such as tap water, and raw water, etc,

There have also been few reports concerning recovery
rates obtained by evaluating the differences in an SPE car-
tridge. We report here the results of analysis of water sam-
ples, including pure filtered water, tap water and river water
by an SPE using PS2, Cyg and Osasis, and using LC-ESI-MS
in the positive ionization mode.

2. Experimental
2.1. Chemicals

Common names and structures of the five sulfony-
lureas and three ureas evaluated here are shown in Fig. 1.
Analytical grade standard bensulfuron-methyl (99.7%),
imazosulfuron (99.7%), pyrazosulfuron-ethyl (99.9%),

halosulfuron-methyl (100%), siduron (98.9%), dymron
(100.0%) and diuron (100.0%) were purchased from Wako
Osaka, Japan, Analytical grade standard flazasulfuron
(99.9%) was purchased from Hayashi, Osaka, Japan,
Acetonitrile and methanol used as HPLC grade solvents
were purchased from Wako Osaka, Japan. Acetic acid was
purchased from Wako. Deionized water used for sample
preparation and LC mobile phase was prepared by a Milli-Q
water purification system (Millipore, Bedford, MA, USA).

2.2. LC-ESI-MS analysis

LC was carried out using an Agilent 1100 series (Agilent,
Waldbornn, Germany) instrument equipped with a Rheo-

Table 1
SIM Conditicns for monitoring five sulfonylureas and three ureas in water,
along with retention times

Compound M, Channel mass Retention
MW miz Composition time (min)

Bensulfuron-methy! 4104 41 M+H 12.396
412 M + 2H

Tmazosulfuron 412.8 415 M 4 3H 12.621

Pyrazosulfuron-ethyl 4144 415 M+H 14.846
437 M + Na

Flazasulfuron 407.3 408 M+H 12.611
409 M +2H

Halosulfuron-methyl 4348 435 M+H 15.494
457 M -+ Na

Siduron 2323 233 M+H 13.978
255 M 4 Na 14.406

Dymron 2684  269.1 M+ H 16.171
291.1 M+ Na

Diuron (DCMU) 2331 233 M+ H 10,924

255 M + Na
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Fig. 2. {a) Chromatogram of a standard solution by LC-ESI-MS using selected ion monitoring (SIM), (b) Signals for each ion. The concentration of
each compound was 0.02mgl~! in acetonitrile:water = 1:9 (v/v), Peaks—1: diuron (DCMUY}; 2: bensulfuron-methyl; 3: fAazasulfuron; 4: imazosulfuron;
5: siduron; 6 pyrazosulfuron-ethyl; 7. halosulfuron-methyl; 8: dymron.
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Fig. 3. Calibration curves of eight herbicides analyzed by LC-ESI-MS,
with detailed signals shown for each ijon. (O) Bensulfuron-methyl;
(A) imazosulfuron; (A) pyrazosulfuron-ethyl; (+) flazasulfuron; (H)
halosulfuron-methyl; (L)) siduron; (@) dymron; (x) diuron (DCMU).

dyne Model 7750 injector. The analytical column was a Zor-
bax Eclipse XDB-Ci5 (Agilent) 250mm x 4.6mm, 5 pm
particle size. The mobile phases were 0.15% (v/v) acetic
acid (A) and 100% acetonitrile (B). The herbicides were
separated with the following gradient program: maintaining
60% A for 5min; followed by a linear gradient from 60%
Aatt=>35minto 20% A at t = 20min; maintaining 20% A
for 10min and returning linearly to 60% A in 7 min. These
LC conditions were described by Rodriguez and Orescan
[18]. The column temnperature was 40°C, the flow-rate was
1.0mlmin~! and the injection volume was 25 [TRN

The MS system was an Agilent 1100 series (Agilent)
quadrupole equipped with an electrospray ionization (ESI)
source. The instrument was operated in the positive ion-
ization mode, The operating conditions for ESI were neb-
ulizer gas (nitrogen) 414 KPa; drying gas (nitrogen) flow
10.01min~!; capillary voltage 4000 V and gas temperature
350°C. The fragmentor voltage was kept at 120V,

Table 2
Linear regression data for the eight herbicides investigated by LC-ESI-MS
[calibration range 0, 0.005-0.1 mg1~! (six data points)]

y=bx+c ~ LOD*
(mgl~h)
Bensulfuron-methy!  y =4 x E105 » + 76887 0.9992  0.005
Imazosulfuron y =701937 x + 14414 0.9982  0.005
Pyrazosulfuron-ethyl y =4 x E10° x + 42432 09997 0.005

Compound

Flazasulfuron y=5xEI0® x + 48848 09996 0.005
Halosulforon-methyl y =3 x E108 x + 1447.6  0.9997  0.005
Siduron y=1xEI07 x + 11506 09996 0.005
Dymron y=1xEI07 x +27683 09984 0005

Diwron (DCMUD y =3 x EI105 x 4 2438 09995 0,005

* LODs were evaluated by using & signal/noise {3) ratio of more
than 3.

2.3. Preparation of standard solutions

Individual stock solutions (100 mg1~!) of each analytical
standard were prepared in acetonitrile. Next, the analytical
standard mixtures were prepared by diluting each herbicide
stock solution with acetonitrile to a final concentration of
12.5mg1-", These stock solutions were stored at 4 °C. The
12.5mg1-! standard stock solution was appropriately di-
luted to prepare of five working standards; 0.005, 0.01, 0.02,

Abundance
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Fig. 4. Chromatogram of water sample fortified with the eight herbicides,
using the LC-ESI-MS selected ion monitoring (SIM). (a) 40ngl~! in
fortified pure water, (b} 100ng1~! fortified tap water {(except for siduron
and dymron, which were fortified to 20ng1~") and (c) 100ng1-! fortified
river water (except for siduron and dymron, which were fortified to
20ngl~') Eight herbicides were concentrated by Oasis. Peaks—1: diuron
(DCMUY; 2: bensulfuron-methyl; 3: flazasulfuron; 4: imazosulfuron; 5:
siduron; 6: pyrazosulfuron-ethyl; 7: halosulfuron-methyl; &: dymron.
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Table 3 .
Average recoveries, relative standard deviations {precision) and limits of quantitation (LOQs) on extracting five sulfonylureas and three ureas from pure
water
Compound 20ng!-'* 40ngl=1*
Recovery (%) RS.D. (%) LOGQ (ngl~}) Recovery (%) RS.D. (%) LOQ (ngl~!)
Bensulfuron-methyl P32 938 15 2.8 106.8 08 33
Cig 99.0 06 1.2 1049 1.6 6.5
Oasis 110.6 26 57 98.4 14 55
Imazosulfuron PS2 814 04 0.6 105.0 30 125
Cig 958 5.0 9.6 108.8 23 10.1
Oasis 954 0.3 0.6 9.0 29 10.8
Pyrazosulferon-ethyl Ps2 452 4.0 n.d. 728 1.3 17
Cis 925 1.6 29 985 D4 1.7
Qasis 108.5 03 0.6 919 17 62
Flazasulfuron pPs2 319 1.8 n.d. 65.3 1.0 n.d.
Ci 652 12 nd. .3 0.2 0.7
Oasis 90.2 1.6 29 89.1 0.4 1.5
Halosoifuron-methyl PS§2 709 28 30 108.6 35 153
Cis 95.7 5.7 11.0 103.1 12 4.8
Oasis 104.7 24 5.1 96.2 32 12.3
Siduron Ps2 102.8 14 28 113.5 08 37
Cig 96,7 .06 1.1 105.6 04 1.8
Oasis 1255 22 nd. 117 1.1 47
Dymron ps2 105.1 1.8 38 119.7 1.7 83
Cig 101.0 2.1 4.3 115.8 1.0 48
Oasis 109.8 7 B.1 107.3 0.5 23
Diuron (DCML) PS2 88.1 2.1 38 949 05 20
Cig 88.6 29 5.1 948 0.3 1.1
Dasis 81.7 2.7 47 91.0 0.9 32

n.d.: not determined.
* Fonified with pure water.
b Mean values from three determination.

0.05, and 0.10mgl~1. These were then used to analyze
the fortified samples. The final solvent composition of the
working standard solutions was 10:90 (acetonitrile:water).

2.4. Calibration procedure

The external standard method of calibration was used for
this analysis. At least five standard solutions containing all
eight compounds were analyzed, and calibration plots of the
peak area as a function of the concentrations of analytes
injected were linear over the range of 0, 0.005-0.10mg1~!
in an automnated sequence. Calibration curves were analyzed
by LC-ESI-MS in selected ion mode (SIM mode), followed
by detection of the signal from one or two of the more
abundant daughter ions. These daughter ions were identified
in scan mode during the acquisition of the mass spectrum
of the selected ion. The injection was performed three times
for each sample to test reproducibility.

2.5. Water samples

In this report, three types of water were analyzed: pure wa-
ter, tap water and river water. The “pure” water was Milli-Q

water. The tap water samples were collected from the tap
in the laboratory, L{+)-ascorbic acid sodium salt {(Wako)
was added to tap water to 0.005% (w/v), and this eliminated
the chlorine, which can react with and degrade some of the
compounds of interest. River water samples were collected
from the Tama river near Tokyo. The river water was filtered
before use.

2.6. Analytical procedure

For recovery studies, three types of water samples (0.5 1 of
pure water, tap water and river water) were fortified with { ml
of the composite standard solution. Afterwards, the fortified
water samples were concentrated with the solid phase extrac-
tion (SPE) method as described previously [29]). The SPE
was performed with PS2 cartridges that were prepacked with
polystyrene polymer resin (Sep-Pak Plus PS2 Cartridges;
PS2), Cig cartridges prepacked with ODS Cjg-bonded sil-
ica resin (Sep-Pak Plus Cg Cartridges; Cg), and Qasis car-
tridges prepacked with N-vinyl-pyrrolidone polymer resin
{Oasis HL.B Plus Extraction Cartridges), all from Waters
{Milford, MA, USA). The SPE mode was used for the pure
water, tap water and river water samples to preconcentrate
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a mixture of five sulfonylureas and three ureas. 0.51 of each
sample was extracted on the SPE cartridges packed with
P82, Cyz and Oasis. Solid-phase cartridges were equilibrated
with 5 ml acetonitrile (except QASIS which was conditioned
with 5 ml methanol) then with 5 ml deionized water (Milli-Q
water). Extraction of water samples was carried out at a
10mimin~! flow rate. After passing the sample through the
cartridges, the cartridges were washed with 10 ml deionized
water at a 5mlmin~! flow rate. Air was then pulled through
the cartridge for 40min. The analytes were eluted from the
cartridges with 3 ml acetonitrile (except Qasis, where 3 m|
methanol was used) at a rate of 1-2 dropss™!. After evap-
orating the samples to near dryness under a gentle nitrogen
stream, the compounds were transferred into a final volume
of 1.0ml of a mixture of acetonitrile—water (ratio10:90).

3. Resulis and discussion
3.1. LC-ESI-MS analysis

The LC-ESI-MS system was used for quantitative analy-
sis of water samples. The use of high-flow pneumatically as-

Table 4

sisted ESI run in positive mode is a soft ionization technique
used for LC-MS applications. It is a superior interface for
analysis of sulfonylurea and urea herbicides. In the present
study, all of the herbicides chosen for investigation could
be picked up by this detector. Selection of one or two ions
for investigation was scheduled according to the following
protocols, as detailed in Table 1. A typical chromatogram
for the 0.02mgi~! standard solution containing the eight
target analytes is shown in Fig. 2a. Although five of the
eight herbicides were well separated, bensulfuron-methyl,
imazosulfuron and flazasulfuron were not well separated in
this chromatogram. Five sulfonylurea and three urea her-
bicides were detected by LC-ESI-MS in the selected ion
monitoring (SIM). This was followed by extraction of the
signal from one or two of the most abundant daughter ions.
These were acquired in full scan mode during the acquisi-
tion of the mass spectrum of the selected ion. The ions used
for SIM for each compound are summarized in Table 1.
Each ion gave a strong ion signal with positive mode ESI,
but imazosulfuron gave only a weak ion signal. Because
bensulfuron-methyl will also be detected by m/z 413, which
indicates the strong ion of imazosulfuron, the peaks of these
compounds overlap, and it is difficult to quantitate each of

Average recoveries, relative standard deviations (precision) and limits of quantitation (LOQs) on extracting five sulfonylureas and three ureas from tap

and river water

Compound Tap water (0.5 River water (0.51)*
Recovery (%)® R.S.D. (%) LOQ (ngl™!) Recovery (%)® R.S.D. (%) LOQ (ngl™!)
Bensulfuron-methyl P52 192 1.0 nd. 959 0.8 7.8
Cis 722 LI 7.8 64.3 0.6 nd.
Casis 90.8 1.0 9.2 932 0.7 6.7
Imazosulfuron pPS2 61.4 3l nd. 98.8 1.6 15.7
Cis 738 5.3 383 756 0.9 5.6
Qasis 88.6 0.5 45 82.7 34 273
Pyrazosulfuron-ethyl P82 478 5.0 nd. 453 1.6 nd.
Cig 20.8 2.1 nd. 9.1 21 nd.
Qasis 112.9 1.6 18.1 864 0.6 50
Flazasulfuron PS2 33.3 1.5 nd. 515 0.5 nd.
Cie 288 03 n.d. 292 0.7 nd.
Qasis 100.2 0.9 8.9 98.6 04 iR
Halosulfuron-methyl PS2 559 922 n.d. 63.2 114 nd.
Cis 275 1.6 n.d. 16.1 3.0 nd.
Qasis 814 25 204 818 3.0 245
Siduron Ps2 98.5 2.7 52 104.5 32 6.7
Cis 95.9 1.5 29 95.0 1.6 kA
Dasis 108.1 37 8.0 1102 0.6 1.4
Dymron PS2 116.4 2.7 6.3 945 0.6 1.2
Crs 112.2 28 6.4 89.3 36 6.5
Onusis 108.0 1.6 36 80.9 1.2 20
Diuron (DCMU) PS§2 123.6 22 n.d. 1248 22 nd.
Cig 131.1 1.1 nd. 1335 33 nd.
Oasis 115.6 08 9.3 107.2 61 ' 65.7

nd.; not determined.

* Fortified with 100ngl~", except for siduron and dymron fonified with 20ngl~!,

b Mean values from three determination.
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the compounds. Therefore, a peak found at m/z 415 was cho-
sen for detection, even though the area under this peak was
smaller, because it was possible to get better quantitative de-
terminations without complicating peak overlaps. The com-
pound siduron gave two peaks, because it had two isomeric
forms. The area under the two peaks was calculated and
summed to give the total amount of siduron in the samples.
Fig. 2b shows an extracted ion chromatogram for a standard
solution.

The concentration of acetic acid in mobile phase will
change during the gradient elution. However, the separation
behavior is dependent on the affinity on the surface of the
solid phase according to the concentration of the organic
solvent in mobile phase. Therefore, the change of the con-
centration of acetic acid might not become a problem for
the analysis of the herbicides shown in this paper. The quan-
titation and reproducibility have been obtained under this
method.

3.2, Calibration curves and limit of detection (LOD)

Calibration curves were established for the eight sub-
stances, each of which was analyzed at five different con-
centrations. Standard solutions containing 0, 0.005, 0.01,
0.02, 0.05, and 0.10mg1~! were analyzed by LC-ESI-MS
in the SIM mode, Examples of calibration curves for the
eight analytes are shown in Fig. 3. Linear regression data
are shown in Table 2. The calibration curves were linear in
the concentration range from 0 to 0.10mg1~! and the cor-
relation coefficients were higher than 0.998 for all of the
herbicides studied. This indicated that the methodology de-
veloped in this work performed well in quantitating these
compounds.

The LODs were defined as three-times of standard devia-
tion (S.D.) on the basis of three independent determinations.
The LODs can be obtained using this methodology due to
the high selectivity and sensitivity of the LC-MS system.
The LODs using this method are 0.005mg1™! in standard
solution for all herbicides.

3.3. Limit of quantitation (LOQ)

This method was validated using pure water, tap water,
and river water. The standard mixture solution was added
to pure water, tap water or river water, respectively, and
the recovery by three kinds of solid phases, i.e. P52, Cyg,
and Oasis, was examined using each 0.51 sample. Water
samples were fortified with five selected sulfonylurea and
three selected urea herbicides. Water samples with 20 and
100ng!~! of each compound were prepared. Pure water
samples were fortified with both 20 and 40ng1~! of each
compound, while tap water and river water were fortified
with 100ng1~! of each compound, with the exception of
siduron or dymron, which were added to a final concentra-
tion of 20ng1™!. All samples were concentrated to 500-fold.
Typical chromatograms of fortified pure water, tap water and

river water sarnples are shown in Fig. 4. Average recoveries
and relative standard deviations (R.S.D.s) are summarized
in Tables 3 and 4.

LOQ was the lowest fortification level evaluated. The
methods were used for determining with acceptable recov-
eries and precisions (70-120% and R.S.D. < 20%, re-
spectively). The LOQ is defined as the concentration that
is 10-times the value 8.D. on the basis of three indepen-
dent determinations. The results of herbicide measurements
are shown in Table 3 and Fig. 5 (fortified pure water) and
Table 4 and Fig. 6 (fortified tap water and river water).
The recoveries were between 70 and 120% and the R.S.D.s
were less than 20%. It shows that n.d, does not satisfy these
two conditions. In this investigation, the LOQ for the forti-
fied waters was 10ng1~! for the seven compounds (except
halosulfuron-methyl was 20ng1~!) in the pure water, us-
ing any of the three kinds of cartridge. Similarly, the LOQ
in the case of tap water was 10ngl~! (except imazosul-
furon, pyrazosulfuron-ethyl and halosulfuron-methyl, which
had the LOQ of 100ng1™"), for river water the LOQ was
10ng1~! (except imazosulfuron, halosulfuron-methyl and
diuron was 100ng1~!).
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Fig. 5. Levels of herbicide recovery of from pure water, using PS2,
Cis and Oasis cartridges. (2) Fortified with 20ng1~}; (b) fonified with
40ng1~'. @: PS2; (O): Ci5; (M): Oasis.
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Fig. 6. Levels of herbicide recovery from water samples using PS2, Cig
and Qasis cartridges. (a) Tap water; (b) river water, () PS2; (O): Cug;
(H): Oasis,

4. Conclusions

We have demonstrated that SPE-LC-ESI-MS is a sensi-
tive and selective technique for the determination and quan-
titation of herbicides in environmental water samples. Very
Iow detection limits can be reached due to the enhanced se-
lectivity and high sensitivity obtained with this methodology.
Furthermore, this method has clearly demonstrated good re-
coveries (70-120%), good precision (0.2% < R.S.D. <
5.7%), and good sensitivity by SPE using the three different
types of cartridge.
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