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Fig. 2 - Effects of PAC on the decrease in the concentration of released oxons with chlorination time. To produce solutions
without PAC, PAC was removed by filtration following 30 min of chlorination. The initial chlorine dose was 5 mg/L, and the
initial concentrations of the parent pesticide solution were the same as in Fig. 1.

As shown in Fig. 2, the residual chlorine decreased with
time in the solutions with PAC but not in the solutions
without PAC. This is due to progressive oxidation of the PAC
by chlorine. This oxidation causes a decrease in the number
of adsorption sites, which may reduce the rate of oxon
readsorption. To examine this effect, we performed the
chlorination experiment using isoxathion, and after 30 min,
we divided the solution into two parts, one of which was
treated with sodium thiosulfate to quench the residual
chlorine (Fig. 3). Owing to the action of PAC as a catalyst
(Sontheimer et al., 1988}, the oxon could be further degraded
when both PAC and chlorine are present, but we found that
the oxon concentration in water decreased faster when
chlorine was absent. These results indicate that the dominant
factor in the decrease in the released oxon concentration is
not the further degradation of the oxon, but rather its
readsorption to the PAC. The results also show that the
residual chlorine continues to oxidize the surface of the PAC,
decreasing the adsorptive capacity.

We considered that the desorption of oxons was due to the
decrease of the adsorptive capacity of PAC by chlorination.
The observed data also suggested that readsorption rate of
oxons was slower than adsorption rate of the parent
pesticides (Figs. 1-3), for almost all the parent pesticides were
adsorbed on PAC for 1h as mentioned in the result of the first
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Fig. 3 - Effect of chlorine on isoxathion oxon concentrations
released during 30min of chlorination. For the condition
without chlorine, chlorine was quenched after 30 min of
chlorination. The initial chlorine dose was 5mg/L, and the
initial concentration of isoxathion in the solution was
2.8uM (880 ng/L).

experiment. This slower adsorption rate of oxons can be also
explained by the decrease of the adsorptive capacity, There
are, however, other possible explanations for the slower
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adsorption rate and for the dominant desorption of the
oxons: the oxons may have slower adsorption rates. The
lower adsorption capacity is consistent with the physico-
chemical data (Table 1): the oxons have lower octanol-water
partition coefficient (K,v) than the parent pesticides. There-
fore, the slower readsorption rate of the oxons was consid-
ered to be due to the combination of the decrease of
adsorption capacity and the lower adsorption capacity of
the oxons.

3.3.  Mechanism of the desorption of oxon forms from PAC

Our results showed that chlorination of the PAC caused the
desorption of previously adsorbed organophosphorus pesti-
cides. The desorbed substances, however, were not the parent
pesticides but the oxon forms (Fig. 1). One possible explana-
tion for these results is that chlorine oxidizes the sites where
the parent pesticide was adsorbed, causing the pesticide to be
released back into the water, where it is oxidized to the
corresponding oxon. A second possibility is that the adsorbed
parent pesticide is first oxidized to the corresponding oxon on
the PAC and then released from its adsorption site. To
examine these two possibilities, we performed the chlorina-
tion experiment using isoxathion solution, and measured the
levels of isoxathion and its oxon after 30min (Fig. 4). After
the chlorination, ~80% of the isoxathion was degraded to the
isoxathion oxon. Following the chlorination of isoxathion-
adsorbed PAC, the parent isoxathion was not detected (Fig. 1).
If the first explanation were correct, the parent isoxathion
should have been detected. Therefore, it appears that the
second explanation is correct.

To investigate the reaction of isoxathion on the PAC surface
during chlorination, we extracted the compounds adsorbed
on the PAC after 30min of contact with chlorine. We found
that 53% of the compound adsorbed on the PAC was
isoxathion oxon and 47% was isoxathion (Fig. 5). Thus,
approximately half of the isoxathion adsorbed on the PAC
remained untransformed, and the remaining half was
transformed to the oxon form. These findings support the
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Fig. 4 - Concentrations of isoxathion and its oxon after
direct chlorination in aqueous solution. The initial
concentration of isoxathion in the solution was 0.20 uM
(62 pg/L), and the chlorine dose was 2.0 mg/L.
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Fig. 5 - Change in the state of isoxathion and its oxon during
the adsorption and chlorination experiment. The initial
chlorine dose was 5mg/L. The amount of isoxathion
adsorbed on PAG after 1h of adsorption was an estimate,
whereas the amounts of isoxathion for the other samples
were experimentally measured.

idea that organophosphorus pesticides are oxidized to their
oxon forms on the PAC and then released. Furthermore, if the
isoxathion was released from the PAC and then transformed
to the oxon form in the water phase, both the isoxathion and
the oxon should have been detected in the water phase,
because not all of the isoxathion in the water phase was
transformed to the oxon form after 30min of chlorination
(Fig. 4). In the experiment in which isoxathion was adsorbed
by PAC and chlorinated, however, isoxathion was not detected
in the water phase. Thus, it is unlikely that isoxathion
adsorbed on the PAC surface was released and then trans-
formed to the oxon form in the water phase.

4, Conclusions

We investigated the effects of chlorination of organopho-
sphorus compounds adsorbed to PAC. The oxons rather than
the parent pesticides were detected in the water phase after
chlorination. In addition, the concentrations of the desorbed
oxons decreased with chlorination time. This result can be
explained by the readsorption of oxons in the water phase by
PAC. Results from additional experiments suggest that the
parent pesticides adsorbed to PAC are first oxidized to the
corresponding oxon, then released from the adsorption sites.
In the case of isoxathion, after 30min of chlorination,
approximately half of the parent compound adsorbed to the
PAC surface was converted into the corresponding oxon.

In this study, we focused on the clarification of mechanism
of desorption and oxon formation of organophosphorus
pesticides that were pre-adsorbed on PAC by contact with
chlorine. To elucidate the mechanism more clearly, we
conducted the chlorination experiments with the pesticide
solutions at much higher concentrations than environmen-
tally relevant concentrations. The reactivity of chlorine and
the pesticides that are adsorbed on PAC at lower concentra-
tions remained unrevealed. As a result of this study, however,
we may provide the following recommendations for water
purification facilities that have a possibility for contact
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between PAC and chorine: oxon concentrations in addition to
those of the parent pesticides should be monitored in finished
water, and longer contact time between PAC and the desorbed
oxons for readsorption should be taken.
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The hehaviour and cholinesterase inhibitory activity
of fenthion and its products by light and chlorination

Maiko Tahara, Reiji Kubota, Hiroyuki Nakazawa, Hiroshi Tokunaga
and Tetsuji Nishimura

ABSTRACT

We established a method for quantitative analysis of fenthion (MPP) and its related compounds in water
samples, using solid-phase extraction and liquid chromatography/mass spectrometry. With this
method, the values of the limit of quantification ranged from 0.2 to 100ng 1. Using this method, we
examined the fate of MPP in water and the products produced by light irradiation and chiorination. MPP
decreased gradually and reached 50% of the initial concentration after 48 hours in water. In particular,
MPP-sulfoxide was formed. With light irradiation, MPP decomposed immediately into MPP-sulfoxide,
0,0-Dimethyl S-[3-methyl-4-(methylthio)phenyllphosphorothioate and other compounds. With
ch!érination, MPP decomposed into MPP-sulfoxide, MPP-sulfone, and their oxons. The concentration of
oxons increased in a time-dependent manner. In their effects on organisms, MPP, MPP-sulfoxide and
MPP-sulfone showed weak inhibitory activity to cholinesterase, whereas their oxons showed strong
activity. it is feared that MPP and its products exist in environmental water and are produced by the
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disinfection treatment proceés. comprehensive evaluation of the toxicity of MPP and its related
compounds is important in order to understand the effects of MPP on ecosystems and human health.
Key words | ChE activity, chlorination, light irradiation, MPP, oxidized products, water

INTRODUCTION

Fenthion (MPP) is an organophosphorus pesticide used in
modern agriculture primarily as an insecticide for paddy
fields. Monitoring of pesticides in natural water used as a
source of drinking water has been performed at various
places in Japan. Results showed that MPP was detected in
natural water closely situated to paddy fields. In addition, the
MPP-related compounds, such as MPP-sulfoxide and
MPP-sulfone, were also detected in natural water without
use as pesticide (Wang et al. 1987; Nagafuchi et al. 1994; Tsuda
et al. 1998). Compounds in natural water are affected by
environmental conditions such as irradiation by sunlight, the
concentration of hydrogen ions and oxygen, microorganisms,
and so on. They are also modified and oxidized through the
disinfection processes of water treatment plants. Similarly,
pesticides in the environment may also be affected by
doi: 10.2166/aqua.2008.031

environmental and artificial factors. There is concern about
the fate of pesticides in water sources, and their effect on
ecosystems and human health (Tsuda ef al. 1997).

In this work, we describe the methods developed for
simultaneous quantitative analysis of MPP and related
compounds in water samples using solid-phase extraction
and liquid chromatography/mass spectrometric detection.
‘We then examined the fate of MPP in water treated by light
irradiation and chlorination. Because organophosphorus
pesticides commonly inhibit nervous system cholinesterase
(ChE) activity, resulting in adverse effects on organisms
(Jokanovi¢ 2001), we investigated the effect of MPP and its
products on ChE activity using an ir vitro bioassay (Tahara
et al. 2005), in order to assess how human health might
be affected.
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EXPERIMENTAL
Chemicals and reagents

MPP and MPP-sulfoxide were purchased from Wako Pure
Chemical Industries, Ltd (Osaka, Japan). MPP-sulfone,
MPP-oxon, MPP-oxon-sulfoxide, and MPP-oxon-sulfone
were purchased from Dr Ehrenstorfer GmbH (Augsburg,
Germany).

Standard solutions were prepared individually in
acetone at concentrations of 1,000mg 1! for MPP and
MPP-sulfoxide, and 100 mg 17* for MPP-sulfone. The three
oxon solutions were purchased at 10 pg ml™" in acetonitrile
solution. All standard solutions were stored at -20°C.
The working solutions were freshly prepared for every use
by dilution of the standard solution with acetonitrile and/or
0.15% acetic acid, as necessary.

High quality acetone, acetonitrile, acetic acid, sodium
hypochlorite solution, and L(+)-ascorbic acid sodium salt
were purchased from Wako Pure Chemical Industries, Ltd.
Laboratory water was purified by a Milli-Q gradient A10 and
Elix with EDS polisher system water-purification (Millipore,
Bedford, Massachusetts). Methanol was not used in this study,
because transesterification of organophosphorus pesticides

' may occur in methanol (Hong & Pehkonen 1998).

Solid-phase extraction

Compounds in water samples were extracted and concen-
trated with solid-phase extraction (SPE) cartridges. The
cartridges were equilibrated with 5 ml acetonitrile and 5ml
water, respectively. Extraction of water samples was carried
out with a 10ml min™' flow rate using an automatic
concentrator, Sep-Pak Concentrator Plus (Waters, Milford,
Massachusetts). Air was then passed though the cartridges for
5 min. The compounds were eluted from the cartridges with
5 ml acetonitrile. The eluted solutions were concentrated to
lessthan 0.3 ml under a gentle nitrogen stream, and for liquid
chromatography/mass  spectrometry (LC/MS) samples
0.15% acetic acid was added to a final volume of 1.0ml. The
final solution for LC/MS analysis was composed of 0.15%
acetic acid/acetonitrile (v/v = 7:3).

Standard solutions in acetonitrile were spiked into 500 ml
purified water, for final concentrations of 50ng ml™ for

MPP, 0.1ng ml™! for MPP-sulfoxide, 1ng mi™! for MPP-
sulfone, 0.25 ng ml™! for MPP-oxon, 1 ng m1~* for MPP-oxon-
sulfoxide, and 0.5 ng ml~! for MPP-oxon-sulfone. The recov-
ery of compounds from water samples was performed using
three cartridges: Oasis HLB Plus Extraction Cartridge, Sep-
Pak Plus PS-2 Cartridge, and Sep-Pak Plus C18 Cartridge
{Waters). The blank consisted of 500 m! of purified water.

Analysis with LS/MS

The target compounds were analysed by LC/MS for
qualitative and quantitative analysis.

LC was carried out using an Agilent 1100 series (Agilent,
Waldbornn, Germany) instrument equipped with a
Rheodyne Model 7750 injector. The analytical column was
Zorbax Eclipse XDB-C18 (Agilent), 4.6 mm id. x 250mm,
5 pm particle size. The column oven temperature was 40°C.
Mobile phases were 0.15% aceticacid (A) and acetonitrile (B)
with the following gradient programme: maintaining 70% A
for 5 minutes; by a linear gradient from 70% A at t=5
minutes to 30% A att = 20 minutes; maintaining 30% A for 5
minutes. The flow rate was set to 1.0ml min™! and the
injection volume was 10 ul. The MS system was an Agilent
1100 series (Agilent) quadrupole equipped with an electro-
spray ionization (ESI) source. The instrument was operated
in scan mode and the positive and negative ionization mode
of selected ion monitoring (SIM) mode. The operating
conditions for ESI were nebulizer gas (nitrogen) 60 psi;
drying gas (nitrogen) flow 101 min~?; gas temperature 350°C.
Capillary voltages were 4,000 V for positive and 2,000 V for
negative. The fragmentor voltage was kept at 200 V. The scan
mode was 50-500 m/z.

Extraction of MPP and its products from water

MPP standard solution was added to purified water to a
final concentration of 0.001mgl™!. Strict pH adjustment
was not performed but the extraction was conducted in
neutral conditions. After stirring at room temperature for 5
minutes, a 500 ml sample was taken for the original water
sample, reactjon time at 0 hour. With stirring at 20°C,
500ml samples were taken at 1, 2, 4, 6, 24 and 48 hours.
MPP and its products were extracted by SPE. The
operations were done at room temperature, around 25°C.
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Light irradiation

Photolysis experiments were performed in purified water using
an original laboratory photoreactor. An ultraviolet (UV) GL6
lamp (National, Osaka, Japan) with electrical power at 6 W
and maximum wavelength of 254 nm was located at the centre
ofthe reactor. The characteristics of this lamp were suitable to
evaluate the effect in a narrow wavelength range because
about 90% of the energy is concentrated in 254 nm spectrum.
MPP solution of concentration 1 wg ml ™ was putin a standard
rectangular quartz cell (1 cm pathlength) and placed at a
distance of 17 cm from the light source. MPP solutions were
irradiated by UV light (254 nm) for 10, 20, 30, 45, 60, 90 and
120seconds in the short irradiation experiment, andfor 1,2, 5,
10, 20 and 30 minutes in the long irradiation experiment.
Sample solutions were analysed directly by LC/MS.

A 250 mg 17! MPP solution was irradiated by UV light
for 0.5, 1, 1.5, 2, 2.5, 3 and 4 hours for the detection of ChE
inhibitory activity. The products were also analysed by
LC/MS direct injection.

Chlorination

We examined the behaviour of MPP and its products in
chlorine water to investigate the effect of chlorination on
MPP in water treatment plants, using sodium hypochlorite
solution, which was generally used as a disinfectant providing
an effective barrier to many pathogens, especially bacteria at
treatment plants.

The chlorination experiment for the examination of MPP
behaviour was carried out at low MPP concentration having
regard to the real-world situation. The preparation of samples
for the evaluation of chlorination products was performed at
high MPP concentration on the basis of the sensitivity of
bioassay and the yield of products.

MPP standard solution was added to purified water to a
final concentration of 0.001mgl™!. After stirring at room
temperature for 5 minutes, a 500 ml sample was taken for the
original water sample, reaction time at 0 hour. A sodium
hypochlorite solution was then added to a final concentration
of free chlorine of 1mgl™!. With stirring at 20°C, 500ml
samples of solution were taken at the reaction times of 5, 15, 30,
60 and 120 minutes for the short exposure experiment,and 1, 2,
4, 6, 24, 48 and 72 hours for the long exposure experiment.

A 1ml solution of sodium ascorbic acid (10 g1~ ') was added to
the sample solutions to eliminate chlorine. MPP and its
products were extracted by SPE. The operations were done at
room temperature, around 25°C, A

Sodium hypochlorite solution was added to an aqueous
solution of 0.01 mgl™* MPP, to a final concentration of free
chlorine of 5mg 1%, The solution was maintained at 20°C for
05, 1, 2, 4 and 24 hours. Chlorine was eliminated in the
sample solutions by sodium ascorbic acid. MPP and its
products were concentrated 250-fold by SPE.

Evaluation of ChE activity

Stock solutions of ChE (Wako Pure Chemical Industries,
Ltd) dissolved in water (1,250 TUI"?) and 5-methyl -2-thenoyl-
thiocholine-iodide (MTTC) (2.0 mM) were prepared. A 0.25
mM chromogen solution of 5, 5™-dithiobisnitrobenzoic acid
(DTNB) was prepared in 0.1 moll ™ phosphate buffer (pH 7.4).
All chemicals were purchased from Wako Pure Chemical
Industries, Ltd. They were stored at 4°C. The sample solutions
were prepared in water. A solution of ChE and each appropriate
sample were uniformly mixed in a ratio of 4:1, so that each
sample contained 7 mIU ChE. MTTC substrate solution (63 )
was added to 7 pl of each sample containing ChE in a 96
microwell plate, and 280 pl of the DTNB chromogen solution
was added. The plate was incubated at 37°C for 7 minutes, and
the absorbance was measured at 405 nm using an Ultrospec
Visible Plate Reader II 96 (Amersham Biosciences, Tokyo,

Japan). All experiments were performed in triplicate wells.

The mechanism of colour ‘development is as follows:
active ChE enzymatically cleaves the substrate MTTC to release
thiocholine. The released thiocholine reacts with the
chromogen DTNB to generate a yellow product, quantifiable
at 405 nm by UV absorption, and which is impeded when
ChE activity isinhibited (Karahasanoglu & 6zand 1967; Tahara
et al. 2005).

RESULTS AND DISCUSSION
Calibration curves and limit of detection by LC/MS

The following six compounds were targeted for examin-
ation: MPP, MPP-sulfoxide and MPP-sulfone (containing an
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oxidized thio-methyl group); MPP-oxon, MPP-oxon-sulf-
oxide and MPP-oxon-sulfone (three oxon forms containing
P = O moiety oxidized P = S moiety of the characteristic
structure for organophosphorus pesticides).

The experiments were performed using two meéthods:
liquid chromatography with mass spectrometric detection
(LC/MS) or gas chromatography with mass spectrometric
detection (GC/MS). As a result of the comparison of
sensitivity for detecting MPP and five related compounds,
we selected the LC/MS method. The analytical conditions
established for LC/MS were as shown above in the
Experimental section. The target compounds were anélysed
in the positive and negative ionization SIM mode for
qualitative and quantitative analysis by detection of the
signal from the more abundant daughter ions. The daughter
ion was identified in the scan mode during the acquisition of
themass spectrum. The selected ion and ionization modes are
summarized in Table 1. Calibration curves were determined
from the results of measurements of seven concentrations
of standard solutions in the SIM mode. Standard curves
show excellent linearity with correlation coefficients higher
than 0.999 for all six compounds. This indicates that
the established analytical conditions performed well in
quantitative analysis of these compounds.

The value of limit of detection (LOD) was calculated
as three times the standard deviation of the slope of
the calibration curve. LOD values obtained using LC/MS
for MPP, MPP-sulfoxide, MPP-sulfone, MPP-oxon, MPP-
oxon-sulfoxide and MPP-oxon-sulfone were 10, 0.02, 0.2,
0.05, 0.2 and 0.1 ngml ™', respectively. Concentration ranges

and LOD values for the six compounds are summarized in
Table 1. With LC/MS, low concentrations of the six
compounds were measured at high accuracy.

Limit of quantification and recovery test by LC/MS

The value of the limit of quantification (LOQ) was determined
at 10 times the value of the standard deviation and the lowest
concentration that provided relative standard deviations
(RSDs) of 10% or less in the recovery test. LOQ values
obtained were 50 ng mi™* for MPP, 0.1 ng ml™* for MPP-suli-
oxide, 1 ng m1™* for MPP-sulfone, 0.25 ngml™* for MPP-oxon,
1ng ml™! for MPP-oxon-sulfoxide, and 0.5 ng ml™? for MPP-
oxon-sulfone.

The results of a comparison of recovery tests on
extracting six compounds from tap water using three different
types of solid-phase extraction cartridge showed that average
recovery by the Oasis HLB Plus was 60.0-90.4% (RSD
1.2-9.8%), Sep-pack PS-2 58.3-83.9% (1.0-10.1%) and
Sep-pack C18 39.8-86.1% (0.5 - 10.0%). There were discrep-
ancies in recovery rates among the three cartridges. Oasis
HLB Plus was selected to extract all the target compounds in
these experiments, because it obtained satisfactory recovery
rates for simultaneous analysis of all tested compounds.

The behaviour of MPP in water

MPP was added to purified water at a final concentration of
0.001mgl™?, and the behaviour of MPP and its products in
water was examined at reaction times of 1, 2, 4, 6, 24 and 48

Table 1 | Analytical conditions in SIM mode of MPP and related compounds by LC/MS (P: positive mode)

compound mMmw lon  Retention time (min) Range (ng ml™") Correlation coefficient LoD (ng mi™") 10Q (ng mi~")
MPP 278 279P 18.3 10-1,000 0.999 10 50
MPP-sulfoxide 294 205P - 133 0.02-5 0.999 0.02 0.1
MPP-sulfone 310 311P 16.9 02-20 0.999 0.2 1
MPP-oxon 262 263°P 16.2 0.05-10 0.999 0.05 0.25
MPP-oxon-sulfoxide 278 279 P 4.0 0.2-20 0.999 0.2 1
MPP-oxon-sulfone 204 205°P 6.6 0.1-20 0.999 0.1 0.5
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hours, The solution pH was about 6.0 after addition of MPP and
was not changed during the reaction time. Though MPP itself
decreased gradually, MPP-sulfoxide was formed immediately in
water and its concentration increased in a time-dependent
manner. At 48 hours, MPP-oxon-sulfoxide and MPP-oxon-
sulfone were detected at low levels (Figure 1). The concen-
tration of MPP and its products was calculated using the
standard curve determined by the value of the peak area
obtained by SPE (Figure 2). After 24 hours, 70% of MPP
remained, and 5% of MPP changed to MPP-sulfoxide. After 48
hours, 50% of MPP remained and 30% was changed. We could
not detect residual MPP. It was speculated that the residual
might have decomposed to other products. Chemical hydrolysis
played an important role in the behaviour of MPP in an
aqueous environment.

The behaviour of MPP exposed to UV

The photochemical transformation of MPP in water was
studied after irradiation with UV light, because compounds in
natural water are irradiated by sunlight. No change was
observed under dark conditions within the timescale of these
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Figure 1 | Chromatograms of MPP and its products in water (a) Ohr, (b) after 48h.
a: MPP, b: MPP-sulfoxide, ¢. MPP-oxon-sulfoxide, d: MPP-oxon-sulfone.
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Figure 2 | Behaviour of MPP in water.

experiments. Following irradiation, MPP itself disappeared
rapidly, and four main photoproducts were confirmed on the
chromatogram (Figure 3). Some photoproducts of MPP have
already been reported (Chukwudebe et al. 1989; Minelli et al.
1996; Huang & Mabury 2000; Hirahara ef al. 2003; Torrisi &
Sortino 2004). Two products among them were found in
purified water. One identified product was MPP-sulfoxide,
according to mass spectral information. It was directly
produced by the oxidative reaction of MPP. The other product,
detected ata 17.6 minute retention time, showed the formation
M + H*=279. It was presumed to be O, O-Dimethyl
S-[3-methyl-4-(methylthio)phenyl]phosphorothioate by the
fragment ions of the mass spectrum (Figure 4). It was formed
by the isomerization of thiono-thiolo (e. g. RO-P = S — RS-
P = Q) (Lacorte & Barcel6 1994; Torrisi & Sortino 2004;
Zamy et al. 2004). Itinvolves the lowest excited singlet state of
the pesticide and a o cation as the key intermediate in the
photodecomposition of MPP (Torrisi & Sortino 2004). Both
products were detected at their highest concentration at
1 minute (Figure 5). These products were also confirmed by
light irradiation using a chemical lamp (6 W, maximum
wavelength 352 nm). Some minor peaks were present.
However, we were not able to elucidate their structure from
mass fragment information. The area values of these peaks
were small compared with that of the main peak.

Although the strength of the UV wavelength range of
sunlight is usually weak, the solar spectral intensity is typically
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sufficient to break down chemical bonds of the molecule.
Thereisareport that MPP degrades much faster under sunlight
conditions than in darkness (Lartiges & Garrigues 1995).

Therefore, there is concern that these compounds are formed
in the environment.
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MPP behaviour under conditions of chlorination

MPP standard solution was added to purified water to a final
concentration of 0.001mg 1™*. A 500ml sample of the
solution was taken as the original water sample, reaction
time at Oh, after stirring at room temperature for 5 minutes.
A sodium hypochlorite solution was added so that the
concentration of free chlorine was 1 mg 171, The solution pH
was about 6.0 after addition of MPP to purified water and
changed to about 8.0 when the chlorine was added.
However, it was resulted to get to 6.0 with the reaction
time. In water containing chlorine, MPP was undetectable
within 5 minutes after contact with chlorine. MPP-sulfoxide
and MPP-sulfone were detectable immediately, and
increased in parallel with the decrease of MPP. The
concentration of these products peaked at 5 and 15 minutes,
respectively. Each compound was then gradually converted
to its oxon form (Figure 6). The rates of conversion from
MPP—su]foxide and MPP-sulfone to their oxon forms were
slow in comparison with the rate of conversion from MPP to
MPP-sulfoxide and MPP-sulfone.:In this experiment, MPP-
oxon was undetectable. As a result of chlorination in the long
exposure experiment of 1, 2, 4, 6, 24, 48, 72 and 96 hours,
MPP-oxon-sulfoxide almost disappeared by 48hours.
MPP-oxon-sulfone concentration peaked at 24 hours and
maintained the same concentration level until 48 hours. The
concentration offree chlorine was 0.79 mg1~! after 48 hours.
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The concentration of MPP and detected products in the short
exposure experiment was calculated using the standard
curve determined by the value of peak areas obtained by
SPE (Figure 7). The results indicate that under chlorination
conditions, MPP changed to related compounds and con-
verted primarily into MPP-oxon-sulfone after 48 hours.

If MPP exists in sources of drinking water, and is not
eliminated sufficiently at water purification plants, it will
come into contact with chlorine, MPP is rapidly oxidized to
MPP-sulfoxide and MPP-sulfone, and their oxons may
persist in drinking water.

CheE inhibition activity

It is known that ChE, a key neuroregulatory enzyme, is
targeted and inhibited by organophosphorus pesticides and

Concentration (ng/ml-')

Time (min)

—4— MPP g MPP-sulfoxide ~—>— MPP-sulfone
—fA—— MPP-oxon-sulfoxide —¥— MPP-oxon-sulfone

Figure 7 | Time-dependent behaviour of MPP and its products after chiorination.

their active metabolites, causing acute toxicity (Rodnitzky
1975; Soliman et al. 1982; Nagymajtényi et al. 1988). In this
study, ChE inhibition activity was examined by a previously
established in vitro method that uses MTTC as an indicator
of ChE activity, in order to evaluate the effect of MPP and
related compounds on organisms.

MPP, MPP-sulfoxide and MPP-sulfone showed weak
inhibitory activity. However, the oxon forms showed a high
inhibitory effect at ng levels. The inhibition by oxons
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Figure 8 | Comparison of ChE Inhibitory activities. The concentration at the beginning
of the reaction was defined as 100%.
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Figure 9 | effect of reaction products mixture on ChE activity. (a) light irradiation,
{b} chiorination. The activity at the non-treated MPP solution was defined
as 100%.

strengthened with the degree of oxidation, in the following
order: MPP-oxon, MPP-oxon-sulfoxide and MPP-oxon-sul-
fone (Figure 8). Concentrations of chlorpyrifos oxon, diazinon
oxon, EPN oxon and fenitrothion oxon causing 20% inhibition
were, respectively, 1.1, 8.9, 140 and 330 ng ml™? (Tahara ef al.
2005); and concentrations for MPP-oxon-sulfoxide and MPP-
oxon-sulfone were 5.4 and 0.32ng ml™?, respectively. The
inhibitory activities of MPP-oxon-sulfoxide and MPP-oxon-
sulfone are high compared with other oxons of organopho-
sphorus pesticides. Therefore, the potential for adverse effects
of MPP is high, because MPP is changed to MPP-oxon-
sulfoxide and MPP-oxon-sulfone.

We also studied the ChE inhibition activity of MPP
solutions irradiated by UV or treated with chlorine. The treated
solutions may contain mixtures of MPP and its reaction
broducts. Theresults in solutions from both treatments showed

strong ChE inhibitory activity in comparison with the non-
treated MPP solutions (Figure 9). Photodegradation reactions
may result in the formation of products with a high acute
toxicity. The next step would be to isolate photodegradation
products and elucidate their toxicity.

CONCLUSIONS

The present work has shown that MPP converts easily to the
oxidized compounds, MPP-sulfoxide, MPP-sulfone and their
oxons by photo-irradiation and by treatment with chlorine in
water. In an aquatic environment, MPP may be changed by
passing through different physical, chemical and biological
processes. It is important to control MPP and its reaction
products, in order to protect human health and the ecosystem,
because these compounds have adverse effects on organisms.
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A nationwide survey of N-nitrosodimethylamine (NDMA) in both raw and finished water samples from
drinking water treatment plants (DWTPs) in Japan was conducted. NDMA was analyzed by solid-phase
extraction (SPE) followed by ultra performance liquid chromatography (UPLC) coupled with tandem mass
spectrometry (MS/MS). NDMA was detected in 15 of 31 raw water samples collected in the summer at
concentrations up to 2.6 ng/L, and in 9 of 28 raw water samples collected in winter at concentrations up to
- 4.3 ng/L. The NDMA concentrations were higher in raw water samples collected from treatment plants with
catchment areas that have high population densities. The NDMA concentrations were higher in river water
samples collected from the east and west of Japan than in those collected from other areas. NDMA was detected
in 10 of 31 finished samples collected in summer at reduced concentrations of up to 2.2 ng/L, while 5 of 28
finished samples collected in winter showed NDMA concentrations up to 10 ng/L. The highest NDMA levels
were detected in finished water samples collected from the Yodo River basin DWTP, which uses ozonation.
Furthermore, evaluation of the process water produced at six advanced water treatment plants was conducted.
Influent from the Yodo River indicated that the NDMA concentration increased during ozonation to as high as
20 ng/L, and then decreased with subsequent biological activated carbon treatment. To our knowledge, this is
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the first nationwide evaluation of NDMA concentrations in water conducted in Japan to date,

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

N-Nitrosodimethylamine (NDMA) is a highly water-soluble nitro-
samine that is a member of a family of extremely potent carcinogens
known as N-nitrosoamines (Mitch et al., 2003). Some nitrosamines,
including NDMA, have been classified as probable human carcinogens
(B2) by the Integrated Risk Information System (IRIS) of the United
States Environmental Protection Agency (US EPA, 2009a) and as 2A,
probably carcinogenic, by the World Health Organization's Interna-
tional Agency for Research on Cancer (IARC, 2009). In the past, NDMA
was used as an intermediate in the production of rocket fuel, an
inhibitor of nitrification in soil, a plasticizer in the manufacture of
rubber and polymers, a solvent in the fiber and plastic industry, an
antioxidant, a softener of copolymers, and as an additive to lubricants
(Najm and Trussell, 2001). Recently, NDMA was found to be a
disinfection byproduct following chloramination or chlorination in
the presence of ammonia (Mitch et al, 2003). NDMA precursors
during chlorination and chloramination include nitrogenous organic
compounds such as dimethylamine (DMA) and trimethylamine
(TMA) (Lee et al, 2007). The US EPA has estimated that an NDMA
concentration of 7 ng/L in drinking water is associated with an excess
lifetime cancer risk of 107> (US EPA, 2009a), and NDMA is included
among the 104 contaminants on Contaminant Candidate List 3 (CCL3)
(US EPA, 2009b). Although the maximum contaminant level (MCL) for

* Corresponding author. Tel.: +81 48 458 6304; fax: +81 48 458 6305.
E-mail address: asami@niph.go.jp (M. Asami).

0048-9697/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
dai: 10,1016/} .scitotenv.2009.02.014

NDMA in drinking water has not been established in the USA, other
regulatory agencies have established NDMA guidelines. For example;
the office of Environmental Health Hazard Assessment (OEHHA) in
California has set a public health goal (PHG) of maintaining NDMA at
concentrations <3 ng/L based on a cancer risk of 10~ (California
Department of Public Health, 2009). In addition, although no MCL for
NDMA in drinking water has been established to date in Canada, the
Ministry of the Environment (MOE) of Ontario has set the provisional
maximum allowable concentration of NDMA at 9 ng/L {Ministry of
the Environment of Ontario, 2009). Although estimates of the various
sources of NDMA exposure indicated that water contributes less than
10% of the overall exposure in Canada and it is less than 1% of the
overall human exposure to NDMA estimated in the USA, the relative
source contribution (RSC) is usually not utilized in cancer risk
calculations, and no official evaluation has been conducted to
determine the contributions of each source in these risk assessments
(California Department of Public Health, 2009).

NDMA was first detected in drinking water in Ontario, Canada in
1989 (Charrois et al,, 2007). In the USA, NDMA was first discovered as a
groundwater contaminant at a Northern California aerospace facility in
1998 (Najm and Trussell, 2001). Since then, the occurrence of NDMA in
drinking water treatment plants (DWTPs) has been investigated
throughout Canada and the USA. A survey of quarterly samples of raw,
finished, and distribution system water collected from 21 North
American DWTPs indicated the presence of NDMA in concentrations
greater than the method detection limit (MDL) of 0.6-1.0 ng/L in only
1 of 81 raw water samples, and that the NDMA concentrations were
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<MDL-30 ng/L in 81 finished water samples and <MDL-24 ng/L in 95
distribution system water samples (Barrett et al.,, 2003). However, a
survey of 20 municipal drinking water distribution systems in Alberta,
Canada, revealed NDMA concentrations in some systems as high as
100 ng/L. In addition, an extensive survey of 179 DWTPs in Ontario,
Canada, indicated that NDMA was present in concentrations as high as
66 ng/Lin one distribution system water sample (Charrois et al., 2007).
- Some of recent studies have evaluated the formation of NDMA
during ozonation. For example, Andrzejewski et al. (2008) reported the
formation of NDMA by DMA ozonation (initial DMA concentrations, 30—
700 mg/L). In addition, Schmidt and Brauch (2008) reported that the
plant growth regulator, daminozide, the fungicide, tolylfluanid, and their
decomposition products were NDMA precursors during ozonation.
However, there have been few evaluations of NDMA in Japan.

Here, a nationwide study of the occurrence of NDMA in DWTPs,
including small facilities, was conducted using ultra performance
liquid chromatography (UPLC) coupled with tandem mass spectrometry
(MS/MS). NDMA concentrations were also investigated at each
treatment process in all six DWTPs included in the study. In addition,
the.concentrations of nitrogen species (total nitrogen, organic nitrogen,
and inorganic nitrogen) and organic substances were also determined.
This information was then used to identify the relationships between
the concentrations of NDMA and water quality parameters that could be
potential indicators and/or precursors of the formation of NDMA.

2. Materials and methods
2.1, Sampling

This nationwide survey of raw water and finished water of DWTPs
was conducted in September to October 2007 (summer) and
December 2007 to January 2008 (winter). DWTPs were selected
such that the major water sources in each of the six areas (Fig. 1) could
be evaluated, and they also included three water facilities that employ
hypochlorite treatment at a high injection ratio. Raw water and
finished water samples were collected from DWTPs and transported
immediately to our laboratory in glass containers under cool and dark
conditions before analysis within 10 days. The process water samples
were collected in September—October 2007 at each unit process in six
large advanced water treatment plants selected based on their area.
Sodium thiosulfate solution, a quenching agent, was added to process
water and finished water samples containing hypochlorite.
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: : ¢ yTohoku
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Other islands

400km

Fig. 1. Sampling areas evaluated in this study.

Table 1
NDMA analysis using UPLC/MS/MS.

UPLC/MS/MS: ACQUITY UPLC/TQD (Waters)

Column: BEH C18 (2.1 x 150 mm, Waters)

Eluent: A: 10 mM Ammonium bicarbonate, B: Acetonitrile

B: 5% (0-3.50 min) — 95% (3.85-6.35 min) — 5% (6.70-8.35 min)

Flow rate: 0.2 mL/min, injection volume: 30 pL, ionization: ES} positive

Capillary voltage: 2.2 kV, source temperature: 140 °C

Desolvation gas flow; 900 L/h, desolvation temperature: 460 °C, cone gas flow: 50 L/h,
MRM:NDMA: 74.9>43.1 (quantitative), collision: 14 eV,

74.9>57.9 (confirmative), coflision: 12 eV,

NDMA-de: 81.0>46.0, collision: 14 eV

2.2. Reagents

All reagents used in this study were of analytical grade, Ultrapure
water prepared with a Gradient A10 water purification system was
used (Millipore, Bedford, MA). Furthermore, a stock solution of NDMA
(40 mg/L) was prepared by diluting 2000 mg/L certified nitrosamine
mix standard solutions that included NDMA in methanol (Supelico,
Bellefonte, PA). Working solutions (2.0-1000 pg/L) were prepared by
diluting 40 mg/L NDMA methanol solution with dichloromethane
(Wako Pure Chemical, Osaka, Japan). Each working solution contained
50 pg/L NDMA-ds (C/D/N Isotopes, Pointe-Claire, Canada) as an
isotope-labeled surrogate standard.

2.3. Sample preparation

All of the water samples described below were stored in the dark at
4 °C prior to analysis, referring to previous researches (US EPA, 2003c, for
example). Sodium bicarbonate (Wako Pure Chemical) was added at a
final concentration of 2 g/L to adjust the samples to approximately pH 8.
In addition, the samples were spiked with known concentrations of
NDMA-dg. The 500 mL of samples were then filtered through 0.7 um GF/F
filters {(Whatman, Florham Park, NJ), after which they were passed
through coupled Sep-Pak® Plus AC-2 cartridges (400 mgx 2; Waters,
Milford, MA) at flow rates of 35 mL/min under vacuum, The Sep-Pak®
Plus AC-2 cartridges had been preconditioned with 20 mL of a solution of
dichloromethane (Wako Pure Chemical) and diethylether (Kanto
Chemical, Tokyo, Japan) (50:50 v/v), followed in sequence by 20 mL of
methanol (Wako Pure Chemical) and 20 mL of ultrapure water. After
passing through the cartridges, the samples were dried under nitrogen
gas and then eluted with 10 mL of a solution of dichloromethane and
diethylether (50:50 v/v) at a flow rate ranging from 2 to 3 mL/min. The
eluent was then purified by passing through a Sep-Pak® Vac Florisil®
cartridge (1 g; Waters) preconditioned with 10 mL of hexane (Wako Pure
Chemical) followed by 10 mL of a solution of dichloromethane and
diethylether (50:50 v/v). The combination of these two solutions was
used because it enabled better separation or recovery than either
methanol or dichloromethane alone. The eluate was then concentrated to
around 50 pL to minimize the amount of diethylether, after which it was
diluted to 200 pL with dichloromethane. Multiple reaction monitoring
{(MRM) chromatograms of the samples indicated that a cleanup
procedure was necessary to obtain the NDMA peak in raw and finished
water samples, especially following chlorination.

Table 2
Recovery of NDMA from water samples.

Category Concentration  Absolute recovery (%)  Relative recovery (%)"
(ng/L) (RSD (%))* (RSD (%))*

Ultrapure water 2 55 (16) 95 (17)

River water 10 59 (1.1) 102 (4.6)

Finished watér 10 64 (8.4) 103 (34)

* Relative standard deviation.
b Recovery adjusted relative to NDMA-de.
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Fig. 2. NDMA in raw and finished water samples evaluated in this study. Average concentration was calculated by arithmetic mean applying zero for ND data,

2.4. Sample analysis

Separation was performed using an ACQUITY UPLC system
(Waters) with a BEH C18 column (2.1 mmx 150 mm; Waters). The
mobile phase was composed of 10 mM ammonium bicarbonate
(Fluka, St. Louis, MO) aqueous solution (eluent A) and 100%
acetonitrile (eluent B; Wako Pure Chemical). The ratio of eluent B
was changed as follows: 5% for 3.5 min, which was then increased to
95% from 3.5 to 3.85 min, and then maintained at 95% for 2.5 min. The
flow rate was 0.2 mlL/min for all stages and the sample injection
volume was 30 pl. Detection was performed using an ACQUITY TQD
tandem mass spectrometer (Waters) operated in the electrospray
ionization (ESI) positive-ion mode. The MRM transitions were m/z
74.9-43.1 (quantification) and m/z 74.9-57.9 (confirmation) for
NDMA and m/z 81.0-46.0 for NDMA-dg (Table 1).

2.5. Method detection limit (MDL)

The average absolute recovery rates of NDMA in ultrapure water,
river water, and drinking water samples were 55, 59, and 64%,
respectively (number of replicates, n=5, 3, 3, respectively) (Table 2).
The relative recovery obtained using NDMA-dg ranged from 95 to
103%. The MDL for NDMA, which was calculated based on 3x the

standard deviation of five concentrated ultrapure water samples

containing 2 ng/L NDMA, was 1.0 ng/L.
2.6. Basic parameters
The total organic carbon (TOC) and dissolved organic carbon

(DOC) concentrations were determined using a TOC analyzer (TOC-V
CPH; Shimadzu, Kyoto, Japan). Nitrate and nitrite concentrations were
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determined using an ion chromatograph (DX-500; Dionex, Sunnyvale,
CA). Ammonia concentrations were determined spectrophotometri-
cally as a derivative of phenol. Total organic nitrogen (TON)
concentrations were determined by subtracting the nitrate, nitrite,
and ammonia concentrations from the total nitrogen (TN) concentra-
tion, which were determined spectrophotometrically after oxidation
by peroxodisulfate (Japan Water Works Association, 2001).

3. Results
3.1. National survey of NDMA in raw water

Fig. 2 shows the regional distribution of NDMA concentrations in
raw water samples collected for this study. NDMA was detected in 15
of 31 raw water samples collected in summer, with concentrations
ranging from not detected (ND) to 2.6 ng/L. In addition, NDMA was
detected in 9 of 28 samples collected in winter, with concentrations
ranging from ND to 4.3 ng/L. These concentrations of NDMA are rather
low in comparison to previous studies conducted in Canada and the
USA (Charrois et al., 2007). Specifically, the maximum concentrations
of NDMA in the studies in Canadian and the USA were 8.0 ng/L and
94 ng/L, respectively. However, the detection ratio of NDMA was
higher in the present study than in the Canadian study, in which
NDMA was detected in only 3 of 11 raw water samples.

Samples from the east and west of Japan were found to have higher
concentrations of NDMA than those from other areas (Fig. 2). NDMA is
often discharged from sewage treatment systems (Krauss and
Hollender, 2008)), and can be present in discharge associated with
industries, such as rubber manufacturing, leather tanning, pesticide
manufacturing, food processing, foundries, and dye manufacturing. In
the recent survey of discharge water from sewage treatment plants,

61 .
(b) winter © North
® East
A Central
B West
4l oCs
X South
9
= ®
®
2r ]
N X
0 DO-GXD B> 0 . g
¢} 1 2 3 4

TN in raw water {ng/L}

Fig. 3. TN and NDMA in raw water.
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Fig. 4. Population density and NDMA concentration in raw water samples collected in
winter.

NDMA was found during ozonation of water samples taken from
sewage treatment plants located in the Yodo River Basin, the west area
of Japan. The concentrations of NDMA before and after ozonation were
16-290 ng/L and 24-280 ng/L, respectively, and specific compounds
related to the textile industry were identified in these discharges
(Kosaka et al.,, submitted for publication). These contaminants may
partially account for the NDMA in the west area.

The causes of contamination in the east and other areas are still
unclear. However, NDMA levels were higher in waters containing
nitrogen species. Although ammonia, nitrite, and nitrate all showed
the same tendencies as NDMA concentrations, as shown in Fig. S1, TN
seemed to be related to NDMA in raw water samples (Fig. 3). Although
only limited data are available at present, this is probably because TN
is an indicator of total nitrogen-related contamination, such as
.discharge from sewage treatment plants or other activities.

Fig. 4 shows the relationship between the population density of
the each river basin and NDMA concentration in raw water samples.
There is not a clear correlation between them because this study
considered several large areas, where each area or processing plant
may have source waters and treatment configurations with very
different characteristics. However, NDMA was found in the water from
areas in which the catchment population density was over 300 per-
sons/km?. Seasonal differences between summer and winter samples
may exist due to flow rate, environmental fate, and/or NDMA burden.
The ratio of NDMA to TN was slightly higher in the east in winter, but
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was higher in the west in summer. In this study, the relationship
between total organic carbon and NDMA was also examined but no
obvious correlation was found (data not shown).

3.2. National survey of NDMA in finished water

Fig. 2 shows the regional distribution of NDMA in finished water
samples. The concentration of NDMA in the finished water samples
ranged from ND to 2.2 ng/L (10/31) in summer and from ND to 10 ng/
L (5/28) in winter. The concentrations of NDMA in finished water
samples were generally lower than those in raw water samples. In
addition, the concentration of NDMA in the finished water samples
was higher in the winter than in the summer.

Additional samples containing high concentrations of hypochlorite
had NDMA concentrations that were equivalent to or less than the
MDL. One DWTP included in this study utilized chloramination during
the treatment process; however, no NDMA was detected in samples of
finished drinking water collected from this plant.

In comparison to studies performed in Canada and the USA
{Charrois et al,, 2007), the concentrations of NDMA observed in the
finished water samples in the present study were low (max. 65 ng/L
in finished water in Canada and 30 ng/L in finished water in the USA).
This may have been because chloramination is not generally used in
Japanese facilities; to our knowledge, there is only one water
treatment plant intentionally employs chloramination to reduce the
formation of trihalomethane in Japan. In addition, the level of NDMA
is decreased by biological activated carbon treatment (BAC), as
described in the following section, even once it has been generated.

On comparison of NDMA concentrations between raw and finished
water samples, the sample with the highest concentration of NDMA
(10 ng/L) was collected from a DWTP at which the treatment process
included ozonation. Fig. 5 shows the relationship between TN in raw
water samples and NDMA in finished water samples. The results can
be divided into two categories, i.e., east and other areas.

Fig. S2 shows the relationships between ammonia and nitrate in
raw water and NDMA in finished water. NDMA tended to be detected
more frequently in samples that contained high concentrations of
each of ammonia, nitrite, and nitrate. It should be noted that the data
from the finished water sample with the highest NDMA concentration
from a DWTP in the Yodo River Basin, which employs ozonation, were
obviously separated from the other data. Based on these results, the
formation and degradation of NDMA in DWTPs appear to be
dependent on the watershed in which these facilities are located, as
the Yodo River is the largest water source in the western part of Japan
with a population of tens of millions utilizing the river water as a
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Fig. 5. TN in raw water and NDMA in finished water.
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source and many water treatment facilities in this area employ
ozonation.

3.3. Survey of NDMA in DWTPs

To clarify the behavior of NDMA during the purification process,
NDMA concentrations were examined in each purification process in
six major DWTPs (DWTP1-6) (Fig. 6). Each DWTP utilized various
treatment processes, including coagulation, flocculation, sedimenta-
tion, and sand filtration. However, for convenience, these processes
are simply classified here as before ozonation, after ozonation, after
biological activated carbon treatment, and finished water. The NDMA
concentrations of water samples following each process are shown in
Fig. S3, and the concentrations before and after ozonation are
summarized in Fig,. G, :

The NDMA concentration increased to 7.0 ng/L following chlorina-
tion in DWTP2, which was higher than the level observed in raw water
(1.5 ng/L). This increase was probably due to the use of a high dose of
chlorine (4.5 mg/L) during the first stage of treatment at this facility.
Although the ammonia:chlorine molar ratio of 6.8 exceeded the
chlorine dose necessary for breakpoint chlorination, TOC was as high
as 3.5 mg/L. Therefore, it was considered to consume chlorine so as to
be combined chlorination condition at that time.

At DWTP3 and DWTP6, the NDMA concentration increased to as
high as 15 ng/L following ozonation. Both of these treatment plants
are located in the Yodo River Basin, and formation of NDMA likely
occurred during the ozonation process.

The NDMA concentration decreased markedly (from 20 ng/L to
1.5 ng/L in DWTP3 and from 17 ng/L to 1.3 ng/L in DWTP6) following
BAC treatment, regardless of the level formed by ozonation. Although it
has been reported that NDMA shows poor absorption onto activated
carbon due to its hydrophilic nature {(Mitch et al., 2003; World Health
Organization, 2008 ), removal of more than 90% of the NDMA following
BAC treatment was observed in the present study. This finding
indicates that the NDMA concentration decreased due to biological
degradation during BAC treatment, similar to the findings of a previous
study (Tateishi et al., 2008). However, the mechanism responsible for
this decrease in NDMA concentration was not elucidated in this study.
Following BAC treatment, the NDMA concentrations in the finished
water samples ranged from <MDL (1.0) to 2.2 ng/L, which was below
the concentration of 7 ng/L considered by the US EPA as the level in
drinking water associated with an excess cancer risk of 107> (US EPA,
2009a), but was close to the public health goal of 3 ng/L proposed by
California (California Department of Public Health, 2009).

As the behavior of NDMA varied among DWTPs, the relationships
between NDMA concentration and other organic or inorganic water
quality parameters were analyzed. The results revealed no clear
relationships between the increase in NDMA concentration that
occurred due to ozonation and the concentrations of organic
compounds in the raw water samples (TOC, E260, and TON). In
addition, no relationships were observed between the increases in
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Fig. 6. NDMA concentrations at six treatment plants. )

NDMA concentration and pH, nitrate, nitrite, or ammonia concentra-
tions, or the ozone dose (Fig. S4 in Appendix A).

The water source for both DWTPs that showed marked increases in
NDMA concentration following ozonation (DWTP3 and DWTPG) was
the Yodo River, which is located in western Japan. These findings were
in agreement with those of a previous study conducted to evaluate the
concentrations of NDMA at DWTPs in the Yodo River Basin (Tateishi et
al,, 2008) and our previous study suggesting that these increases in
NDMA concentration during ozonation at the two DWTPs with the
Yodo River as the water source may be due to specific contaminants
(Kosaka et al., submitted for publication).

4. Discussion

The present study was performed to determine the NDMA
concentrations in water samples from various areas in Japan. Higher
NDMA concentrations were found in water containing nitrogen
species, which was consistent with the results reported previously
(Mitch et al., 2003). The results of this study also indicated that NDMA
formation occurs during ozonation in selected DWTPs, which was
similar to the findings of other studies indicating that this phenom-
enon occurs in the presence of N,N-dimethylsulfamide (DMS), which
is one of the decomposition products of tolylfluanid (Schmidt and
Brauch, 2008). Coagulation polymers have also been indicated as
precursors of NDMA (Mitch et al,, 2003; Charrois and Hrudey, 2007).
Although tolylfluanid is not approved for agricultural use and
coagulation polymers are prohibited in Japan, the formation of
NDMA from specific compounds was observed during ozonation in
DWTPs, and further studies are required to determine the concentra-
tions of chemicals that can lead to its formation.

Taken together, the findings of this study indicate that it is
necessary to investigate the mechanism by which NDMA is formed
during ozonation so that the specific compound(s) responsible for its
formation in water in the western part of Japan can be identified.
Accordingly, we are currently investigating the relationship between
the load of NDMA precursors and its formation during ozonation in
upstream sewage treatment plants (STPs) because the effluents from
these STPs flow into river water that is subsequently used as the raw.
water supply for drinking water.

It is important to note that higher NDMA concentrations were
detected in prefectures that had higher levels of human activity.
Although this study provided only a rough estimate, the level of
NDMA in raw water tended to increase in proportion to human
activity in the area. Therefore, these activities should be regarded as
area-specific and/or non-point sources of NDMA and NDMA
precursors.

5. Summary

1. A national survey of N-nitrosodimethylamine (NDMA) levels in
raw and finished water samples collected from drinking water
treatment plants (DWTPs) was conducted using solid-phase
extraction (SPE) followed by ultra performance liquid chromato-
graphy (UPLC) coupled with tandem mass spectrometry (MS/MS).

2. NDMA was detected in 15 of 31 raw water samples collected in
winter at concentrations up to 2.6 ng/L. NDMA was also detected in
9 of 28 samples collected in summer, with a maximum concentra-
tion of 4.3 ng/L. NDMA was detected in 8 of 31 finished water
samples collected in summer with a maximum concentration of
2.2 ng/L, while in winter, NDMA was detected in 5 of 28 samples
with a maximum concentration of 2.8 ng/L, except in one sample
with a high concentration of 10 ng/L.

3. The NDMA concentration was greater in raw water samples
containing higher levels of nitrogen species. In addition, river
water samples collected from the east and west of Japan showed
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higher concentrations of NDMA than those collected from other
areas.

4. Process water was examined during each of the processes in six
advanced water treatment plants. NDMA concentrations were
shown to increase during ozonation when water from the Yodo
River Basin was utilized as the source water.
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