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Bromate, chlorate, chlorite and perchlorate in sodium
hypochlorite solution used in water supply

Mari Asami, Koji Kosaka and Shoichi Kunikane

ABSTRACT

Mari Asami (corresponding author)

A survey was conducted to reveal the concentrations of bromate, chlorite, chlorate and
perchlorate as impurities in sodium hypochlorite solutions and those of chlorate and perchlorate
in raw and processed waters including a metropolitan area. High concentrations of bromate
(max. 414mg1~") and chlorate (max. 260,000mg!™") were found in purchased sodium
hypochlorite solutions for drinking water disinfection that had been stored for a long time, more
than two years at a maximum. In the survey of chlorate and perchlorate in raw and processed
waters in the Tone River Basin, the highest concentration of chlorate in raw water was 78 pg|™"
and that of perchlorate was 40 pg|~". Chlorate and perchlorate concentrations in 32 purchased
sodium hypochlorite solutions and six on-site-generated hypochlorite solutions were also
analysed. In the purchased sodium hypochlorite solutions, perchlorate concentrations ranged
from 0.170 to 33.0mg|~". In hypochlorite solutions whose measured FAC (free available chlorine)
concentration was lower than the manufacturer-specified FAC concentrations, the chlorate and
perchlorate concentrations were higher than those in relatively fresh sodium hypochlorite
solutions. In on-site-generated hypochlorite solutions, the maximum concentrations of chlorate
and perchlorate were 1,700mg!™" (140mgg™~" of measured FAC) and 0.660mg|~" (0.053mgg™"
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of measured FAC), respectively.
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INTRODUCTION

Sodium hypochlorite solution is frequently used as a
disinfectant and as an oxidizing agent in waterworks.
Since the concentration of residual chlorine should be
maintained at more than 0.1mgl™" in distribution systems,
sodium hypochlorite solution is commonly used as a
residual disinfectant in over 80% of treatment facilities
in Japan. It is usually added at the final stage of the
treatment process, and sometimes added at the first and/or
the middle stage as an oxidizing agent. A 12% (or 6%) stock
solution has been widely used in waterworks for the
chlorination of water; more recently, on-site generation of
hypochlorite has been introduced into 10% of treatment
facilities JWWA 2006).

doi: 10.2166/aqua.2009.014

The duration of storage of stock solutions is sometimes
longer, over several months, for example, in small water
treatment facilities. In addition, attention should be
paid to impurities in hypochlorite solutions, especially in
raw waters containing ammonia, which is a chlorine-
consuming compound, since the injection ratios of
hypochlorite solutions are relatively high in ammonia-
contaminated raw water.

For example, in April 2004, bromate concentration in
chlorinated drinking water in Hokkaido was found to be
0.168mgl™!, 16.8 times higher than the concentration limit
stipulated by Japanese standards (Hokkaido News 2004).
Later analysis showed bromate at a concentration of
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668 mgl™! in the sodium hypochlorite solution used in the
water treatment process, illustrating the fact that sodium
hypochlorite solution can be a major source of bromate in
chlorinated drinking water.

Bromate, known as a carcinogenic ozonation by-
product, was introduced in the Japanese drinking water
quality standard in 2004 and has been regulated to be less
than 0.01mgl™". Chlorate and chlorite, known by-pro-
ducts of chlorine dioxide disinfection, have also been listed
as chemicals to be monitored. The criterion has been set at
0.6mgl™" for both chlorate and chlorite based on their
oxidative property for red blood cells in humans (MHLW
2003). In a national survey of monitored items (MHLW
2005), chlorate concentrations exceeded the criterion in
14 of the 598 monitored finished waters. The principal
criterion for including a monitored compound in the list of
drinking water standards is the detection of the compound
in finished water at a concentration near or above one-
tenth of its threshold standard. Accordingly, chlorate was
introduced into the drinking water standards in April
2008. Perchlorate has only been recently addressed as a
contaminant of concern in drinking water, though it is
naturally occurring and was identified in Chilean salt
caliche in the early 1900s (Dafert 1908). More recently it
has been used as a chemical propellant in rocket fuels and
an oxidizing agent in many products. Perchlorate is known
to interfere with the iodine uptake of the thyroid gland
(Greer et al. 2002; National Research Council 2005). In
2005, the United States Environmental Protection Agency
(US EPA) established an official reference dose (RfD) of
0.7 pgkg™ ' day™! of perchlorate and specified its drinking
water equivalent level (DWEL) to be 24.5 pgl™" (US EPA
2005), based on a report by the National Academy of
Sciences (NAS) (National Research Council 2005).

Chlorate and perchlorate have been detected in Japanese
aquatic environments, especially in the Tone River Basin,
which is one of the largest water sources for drinking water
supply in the Tokyo metropolitan arca (Asami et al. 2007;
Kosaka et al. 2007). The maximum concentration of chlorate
and perchlorate in river water affected by industrial
effluents was measured at 9,000 ugl™! and 15,000 pgl™?,
respectively. One of the highest concentrations of perchlor-
ate was attributable to unintentional production of
perchlorate in an electrolysis process.

All oxyhalides listed here (i.e. bromate, chlorate, chlorite
and perchlorate) are industrial chemicals and are also
known to exist in chlorinated drinking waters as impurities
from sodium hypochlorite solutions. The concentrations of
bromate, chlorate, chlorite and perchlorate in hypochlorite
solution have been shown to increase during storage
(Gordon et al. 1995 for chlorate; Weinberg et al. 2003 for
bromate). However, the quality of the hypochlorite solution
used in water treatment plants and the parameters which
may contribute to increased rates of production of undesir-
able oxyhalide species are not well known. In this study,
we investigated the concentrations of bromate, chlorate,
chlorite and perchlorate in raw, processed and finished
waters and hypochlorite solutions collected from various
water treatment plants.

MATERIALS AND METHODS

Bromate, chlorate and chlorite in stored sodium
hypochlorite solutions

The primary study was conducted to detect bromate,
chlorate and chlorite concentrations in hypochlorite sol-
utions. Thirty-seven samples were collected from hypo-
chlorite solutions used in water supply facilities from 11
prefectures including Kanto (east), Kansai (west), Hokkaido
(north) and Okinawa (south) regions in Japan. The water
supply facilities include 28 treatment plants and 9 distri-
bution facilities. Qut of 37 facilities, 14 stored the sodium
hypochlorite solutions in an air-conditioned environment.
Samples were collected and stored in cool and dark
conditions and analysed within 2 days. Sodium hypochlor-
ite solutions were diluted 10,000 times by pure water
(MilliQ Gradient A10 water purification system, Millipore,
Bedford, Massachusetts) and the concentration of free
available chlorine (FAC) was analysed by the DPD method.
Chlorate was analysed using ion chromatography (IC,
DX-500, Dionex, Sunnyvale, California), electric conduc-
tivity with an Ion Pac AG19/AS19 (4mm) column and
KOH generator. Bromate and chlorite were analysed by the
IC-post-column colouring method using the same eluent
reacted with 1.2mM17! NaNO, and 1.5M KBr 1.0M1™!
H,S0;, solution, according to the official Japanese notifica-
tion method (MHLW 2004).
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Chlorate and perchlorate in raw, processed and
finished waters and hypochlorite solutions

An intensive survey of chlorate and perchlorate concen-
trations in source and finished waters was conducted in
conjunction with the Ministry of Health, Labour and
Welfare, Japan. Raw, processed and finished water and
hypochlorite solutions were collected from water treatment
plants, especially in the Tone River Basin, to quantify the
effect of industrial effluents. The Tone River is the largest
water source in the Tokyo Metropolitan area and has been
previously found to be contaminated by chlorate and
perchlorate (Kosaka et al. 2007). More than ten other
large cities and water supply bodies previously reporting
high concentration of disinfection by-products (DBPs) were
selected (MHLW 2006). In addition, 32 purchased and six
on-site-generated hypochlorite solutions were collected and
analysed. Chlorate and perchlorate concentrations were
analysed with IC-tandem mass spectrometry (MS/MS)
(Dionex ICS-2000 and API 3200QTrap, Applied Biosys-
tems) as described elsewhere in detail (Kosaka et al. 2007).
180-enriched NaClO, (Cambridge Isotope Laboratories)
was used as an internal standard for perchlorate. The
minimum reporting limits (MRLs) for perchlorate and
chlorate were set to be 0.05 and 0.05mgl™}, respectively,
except the MRL for chlorate of the sample waters in several
water treatment plants was 0.1mgl™",

RESULTS AND DISCUSSION

Bromate, chlorate and chlorite in hypochlorite
solutions

In the 37 sodium hypochlorite solutions collected, the
concentration of measured free available chlorine (FAC) in
the solution ranged from 0.04 to 15%, and the average
concentrations of bromate in the solution were 96mgl™!
(maximum 414 mgl™'). When the concentrations were
converted into their finished water, bromate concentration
was below 0.001 mg1~*; chlorate and chlorite concentrations
were below 0.20 and 0.003 mg1™?, respectively, assuming the
dose of the hypochlorite solution to be 1 mgl™. However, in
some cases, chlorate concentration in the hypochlorite
solution was extremely high when the measured FAC in the

solution was much lower than its manufacturer-specified
FAC at the time of purchase. The concentration of FAC is a
critical factor for controlling residual chlorine, chlorate and
bromate, because, if the sodium hypochlorite solutions which
contain lower FAC than manufacturer-specified are used for
disinfection, bromate and chlorate concentration may
increase subsequently because of the increased amount of
hypochlorite solution used in order to accomplish residual
chlorine concentration.

Bromate concentration varied as shown in Figure 1.
One factor is that bromate concentration varied among
manufacturers. Though the number of samples was limited
in this study, the bromate concentrations in sodium
hypochlorite solutions of one manufacturer ranged from
5.4 to 49.5mgl™" (n=7), while those of another manu-
facturer ranged from 24.5 to 96.5mgl™! (n =7).

The other factor seems to be the timing of the purchase
of hypochlorite solutions. It was recently reported that
the concentration of bromate is largely dependent upon
the salts used to produce hypochlorite solutions and can
be controlled by changing the salt to those salts whose
concentration of bromide is lower or by refining the salts.
It is also reported that the manufacturers have changed
the salts to refined types in accordance with the revision of
the standard (JWWA 2006). Therefore, the high bromate
concentration in older samples may be attributable to the
bromide present in salts that were used as a basic ingredient
in the production process.
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Figure 1 | Concentration of bromate in the hypochlorite solutions in relation to the
duration of storage after purchase of each hypochlorite solution.
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Weinberg et al. (2003) indicated the mechanism of
bromate formation in hypochlorite solution as described in
Equation (1) below. Since no residual bromide was found
in any of the samples, and the reaction has been reported in
the literature to occur very rapidly, the majority of bromide
in sodium hypochlorite solution was expected to react to
produce bromate.

Br™ +3ClO™ — BrOj + 3CI- 1

Thus the authors consider that the high concentration
of bromate might depend mainly on the bromide concen-
tration in salts, while bromate concentration was higher in
those sodium hypochlorite solutions that had been stored
for more than two years or for an unknown period after the
purchase of each hypochlorite solution.

Chlorite concentration was rather low in the hypochlor-
ite samples, with an average of 145 mg1™! and a maximum of
397 mgl™!. Chlorite concentrations in the treated water were
below 0.003mgl™! and 0.03mgl™" assuming respective
hypochlorite solution doses of 1mgl™* and 10mgl™". So
chlorite concentrations were not expected to be very high in
hypochlorite solutions and finished water.

The average concentration of chlorate in the hypo-
chlorite solutions was 15,300mgl™" (maximum 260,000
mgl™1), and was largely different between samples and FAC
levels. Chlorate concentrations in finished water were
estimated to be 0.20mgl™! and 2.0mgl™! when the dose
of the sodium hypochlorite solution was assumed to
be 1mgl™! and 10mgl™?, respectively. Thus, further study
was conducted as described in the next section.

Chlorate and perchlorate in raw, processed and
finished water

Chlorate and perchlorate concentrations in raw, processed
and finished water in water treatment plants are shown in
Table 1. Out of the 368 samples, chlorate was detected in
93.2% of the raw water samples and 100% of the processed
and finished water samples. Perchlorate was detected in
98.8% of the raw water samples and 94.9% of the processed
and finished water samples. The highest concentration of
chlorate in raw water (78 pgl™!) was found in groundwater
apparently affected by the chlorate and perchlorate con-
tamination in the Tone River. The concentrations of
chlorate and perchlorate, and the ratio of their concen-
trations, were higher in the samples taken from the Tone
River Basin. Perchlorate concentrations in raw, processed
and finished waters at the same treatment plant were almost
unchanged during the process. Chlorate concentrations
were much higher in processed and finished waters,
especially in the smaller facilities located in remote areas.
The maximum concentration of chlorate in this study was
29mgl™" (2,900 ugl™') due to chlorate in sodium hypo-
chlorite solution used for disinfection.

Figures 2 and 3 show some examples of chlorate and
perchlorate concentration through different stages of treat-
ment in water treatment plants using different types of
chlorine disinfectant. In Figure 2, the water treatment plant
shown on the left-hand side used hypochlorite generated
on-site while the plant on the right used manufactured
sodium hypochlorite solutions. Chlorate concentrations
increased during the treatment process. Both plants showed
a large increase in chlorate concentrations. Figure 3 shows

Table 1 I Chiorate and perchlorate concentrations in raw, processed and finished water in water treatment plants

Chlorate (pgl™") Perchlorate (ugl™)

Detection rate Min* Max Detection rate Min" Max
Raw water of water treatment plants
Tone River Basin 116/116 0.06 78 114/116 0.09 40
Other than the Tone River Basin 62/75 0.08 53 55/55 0.06 2.5
Processed water and finished water from water treatment plants
Tone River Basin 178/178 0.17 2,900 168/178 0.05 24

“The minimum is data detected above LO Q (limits of quantification).
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Figure 2 |Chlorate and perchlorate in water treatment plants using hypochlorite
solutions (left-hand side, hypochlorite generated on-site; right-hand side,
manufactured sodium hypochlorite solutions).

an example of two treatment plants where liquid chlorine
was used in the disinfection processes. As such, concentra-
tions of chlorate and perchlorate through the stages of treat-
ment were not noticeably increased when liquid chlorine
was used.

Chlorate and perchlorate in hypochlorite solutions

For the analysis of chlorate and perchlorate concentrations,
hypochlorite solutions were collected mainly from the
water treatment plants investigated in the previous section.
Of these, 32 sodium hypochlerite solutions were purchased
and 6 hypochlorite solutions were generated on site.
Measured FAC concentrations in the purchased sodium
hypochlorite solutions ranged from 8.0 to 16.4%, while the
FACin on-site-generated hypochlorite solutions ranged from
1.0 to 7.2%. Chlorate concentration in the purchased sodium

hypochlorite ranged from 1,200 mgl™" to 26,000 mg1~*. The
chlorate concentration varied and was above 10,000mgl™!
in 10 samples. Perchlorate concentrations in the purchased
hypochlorite solutions ranged from 170 to 33,000 ugl™?,
as shown in Table 2.

FAC and concentration of chlorate and perchlorate

Figure 4 shows the relationship between the measured
FAC concentration and the concentrations of chlorate and
perchlorate per measured FAC in the hypochlorite solu-
tions. The concentrations of chlorate and perchlorate in
purchased hypochlorite solutions were higher in instances
when the measured FAC was low. The maximum chlorate
concentration was 26,000mgl™! (320mgg™! of measured
FAC). The maximum concentration of perchlorate was
33,000pgl™! (0.420mgg™" of measured FAC) with the
hypochlorite solution whose FAC was 8.0% while the
manufacturer-specified FAC concentrations was ‘12.0% or
above’. The manufacturer-specified FAC concentrations in
the hypochlorite solutions were similar in range, from 12 to
13.2%, except for four samples for which information could
not be obtained. However, the FAC concentrations ranged
from 8.0 to 16.4% for purchased hypochlorite solutions.
The chlorate and perchlorate concentrations were higher
in hypochlorite solutions in which the FAC was lower than
the manufacturer-specified FAC concentrations, while no
difference was observed among nine different manufac-
turers. Thus, it was considered that the concentrations of
chlorate and perchlorate increased with the decay of FAC in
the hypochlorite solutions.
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Table 2 | Chlorate and perchlorate concentrations in hypochlorite solutions

Chlorate (mgl~") Perchlorate (ugl™*)
Detection rate Min® Max Detection rate Min® Max
Sodium hypochlorite (Purchased) 32/32 1,200 26,000 32/32 170 33,000
Sodium hypochlorite (On-site generation) 6/6 160 1,700 6/6 13 660
“The minimum is data detected above LO Q (limits of quantification).
Figure 5 shows the relationship between chlorate (Gordon et al. 1995).
and perchlorate concentration in purchased hypochlorite _ e - 5
: c ClO™ 4 ClO™ = ClO; +Cl (2)
solution. Across the concentration range tested, the con-
centration of perchlorate was approximately three orders of n - - u
ClO; + ClO™ —ClO5 +Cl (3)

magnitude lower than chlorate, though the ratio increased
with the chlorate concentration, especially when the chlorate
concentration was higher than 10,000mgl™'. Therefore,
their relationship was expressed as an approximate equation
of the second order.

Hypothesized mechanism of generation of chlorate and
perchlorate in hypochlorite solutions

It is reported that, in hypochlorite solution, chlorate is
generated from a disproportionation reaction of hypochlor-
ous acid (HOCI) expressed by Equations (2) and (3), or a
decomposition reaction of hypochlorite ion (C1O™) through
chlorite ion (ClO3). It is of note that the reaction rate in
Equation (2) is much faster than that in Equation (3)
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Figure 4 | Relationship between the measured FAC concentration and the concentrations
of chlorate and perchlorate per measured FAC in the hypochlorite solution.

As shown in Figure 5, chlorate concentrations in the
hypochlorite solutions were almost 1,000 times higher than
perchlorate concentrations. The ratio of perchlorate to
chlorate concentration was elevated under conditions
where there was a corresponding increase in chlorate
concentration from the decay of FAC in the hypochlorite
solution. In addition, perchlorate was not found in stored
chlorate standard solutions (data not shown). Considering
these results, a hypothetical explanation for the presence of
perchlorate in hypochlorite solution is from the reaction
between chlorate and hypochlorite.

The manufacturer-specified FAC concentrations in the
purchased sodium hypochlorite solutions normally ranged
from 12 to 13.2%. Therefore, from the higher FAC samples
(i.e. above 14%), chlorate and perchlorate concentrations
in relatively fresh purchased hypochlorite solutions could
be obtained. Chlorate concentrations in the solutions
ranged from 1,200 to 12,000 mgl™! (average 5,900 mgl™")
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Figure 5 \ Relationship between chiorate and perchlorate concentration in purchased
hypochlorite solution.
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and perchlorate concentrations ranged from 170 to
4,400 pgl™? (average 1,800 ugl™"). The ratios of perchlorate
to chlorate concentration ranged from 7.9 x 107° to
5.0 x 107* (average 2.7 x 10™%), rather lower compared
with the average of all solutions.

From these results, perchlorate concentrations in new
hypochlorite solutions are normally low, but increase
during storage. This might be controlled by controlling
chlorate formation during storage.

Chlorate and perchlorate concentrations in the on-site-
generated hypochlorite solutions

The on-site-generated hypochlorite solutions had concen-
trations of chlorate ranging from 160 to 1,700mgl~" and
perchlorate from 0.013 to 0.660mgl~'. Their concen-
trations per measured FAC are shown in Figure 4.
Maximum ratios of chlorate and perchlorate were 140 and
0.053mgg™" of measured FAC, respectively. The apparatus
used to generate hypochlorite solutions was different in
each of the companies, although the electrodes used in the
apparatus were the same (titanium oxide). Thus, the reason
for the difference of the chlorate and perchlorate concen-
between the on-site-generated hypochlorite
solutions does not seem to be related to the material of
the electrode. In addition, although the storage conditions
of each on-site-generated hypochlorite solution were

trations

unknown, these conditions may have affected chlorate
and perchlorate concentrations as in the case of the
purchased hypochlorite solutions.

There were no reports of investigations on perchlorate
generation in on-site-generated hypochlorite solutions.
However, Tock et al. (2004) reported generation of
perchlorate in water storage tanks that employed the
electron voltage technique to prevent corrosion. In that
study, perchlorate was generated in proportion to the
contact time. It was thought that the same phenomenon
might occur in on-site generation tanks.

Estimation of chlorate and perchlorate concentration
due to hypochlorite solutions

Using the manufacturer-specified FAC, chlorate and per-
chlorate concentrations in hypochlorite solution, maximum

chlorate and perchlorate load concentrations in hypochlor-
ite solution were calculated. Chlorine dosage was assumed
to be 10mgl™'. As in the case shown in Figure 5, the
manufacturer-specified FAC concentration was taken as
12.5% for purchased and 1.0% for on-site-generated
hypochlorite solutions when no data were available. For
the purchased hypochlorite solutions, calculated load
concentrations of chlorate ranged from 92 to 2,100 ugl™?;
most of the measured values ranged from 100 to
1,000 pgl1™'. The chlorate concentrations in four hypo-
chlorite solutions exceeded 1,000 pgl™'. For on-site-gener-
ated hypochlorite solutions, the load concentrations of
chlorate ranged from 160 to 1,400 pgl™'. It was shown that
the load concentrations of chlorate in on-site-generated
hypochlorite solutions were usually lower, but not necess-
arily lower than those in the purchased hypochlorite
solutions.

For perchlorate, the calculated load concentrations in
purchased hypochlorite solutions ranged from <0.05 to
2.8 pgl™!, with most values falling below 0.5ugl™!. The
load concentration of perchlorate in four hypochlorite
solutions exceeded 1.0ugl™!. The load concentrations in
on-site-generated hypochlorite ranged from
<0.05 to 0.67 pgl™". These values were much lower than
those for purchased hypochlorite solutions.

solutions

Distribution channel of sodium hypochlorite solutions

Interviews were conducted with the manufacturers, dis-
tributors and users (waterworks) involved with the distri-
bution channel of sodium hypochlorite solutions to identify
the duration of time in each distribution process. One route
is direct delivery of the products from manufacturer to large
facilities by trucks. The other is indirect delivery of solutions
distributed by trucks to packaging facilities followed by
distribution in small packages to rather small facilities. The
two main routes of distribution are shown in Figure 6.
Normal distribution from manufacturer to the large treat-
ment plants and distributors is accomplished 0-7 days after
production. On the other hand, indirect delivery of small
packages takes longer than direct distribution. It takes 0-7
days to deliver from manufacturer to distributors and more
days to deliver to the smaller water treatment facilities,
though the number of interviews was limited.
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Manufacturer

Directly delivered
(07 days after production)

Distributor

(0-7days after
production)

Large water

Stored from several days to several
months (air conditioned, room
temperature or ambient)

Small water treatment plants
and pumping facilities

Stored up to years (usually at room
ternperature or air conditioned)

Figure 6 | Distribution channels for sodium hypochlorite,

In this study, initial concentrations of chlorate and
perchlorate in hypochlorite solutions at the manufacturers
were not studied; however, the concentrations of chlorate
and perchlorate are not noticeably high in relatively fresh
solutions. Control of the distribution process and storage is
the key factor to control chlorate and perchlorate as far as
this study is concerned. Since the temperature of storage
and the impurities in the sodium hypochlorite solutions
have been pointed out to affect the decay of hypochlorite
(JWWA 2006), further study is needed to prove the
factors affecting degradation of hypochlorite in sodium
hypochlorite solutions. In addition, further research is
required on the relationship between concentrations of
chlorate and perchlorate and their generation conditions in
on-site generation facilities for hypochlorite.

CONCLUSIONS

1. Higher concentrations of bromate and chlorate were
found in hypochlorite solutions stored for longer periods
of time, more than two years at a maximum; their

maximum concentrations were 414 and 260,000mgl™,
respectively.

. A survey was conducted to reveal the concentrations of

chlorate and perchlorate in raw, processed and finished
water and hypochlorite solutions. The highest concen-
tration of chlorate in raw water was 78 pgl™! and that of
perchlorate was 40 pgl™L.

. In purchased hypochlorite solutions tested, perchlorate

concentrations ranged from 0.170 to 33.0mgl™".

. In hypochlorite solutions whose measured FAC concen-

tration was lower than the manufacturer-specified FAC
concentration, the chlorate and perchlorate concen-
trations were higher than those in the relatively fresh
hypochlorite solutions. The ratio of perchlorate to
chlorate concentration in the relatively fresh hypochlor-
ite solutions was around 107>,

. In on-site-generated hypochlorite solutions, the maxi-

mum concentrations of chlorate and perchlorate
were 1,700mgl™! (140mgg™' of measured FAC) and
0.660 mg1~" (0.053 mgg ™' of measured FAC), respectively.

. Perchlorate in hypochlorite solutions was considered to

be produced by degradation of hypochlorite and reaction
with chlorate.
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ABSTRACT

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
43 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

the first nationwide evaluation of NDMA concentrations in water conducted in Japan to date.

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.ip (M. Asami).
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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.

> @ ‘/‘-"'“

~ t'; North

South i 5, Hokkaido
Kyushu : .1 ;Tohoku

Okinawa -
Other Islands

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 yl, ionization: ESI positive

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

Desolvation gas flow: 900 L/h, desolvation temperature: 400 °C, cone gas flow: 50 L/h,
MRM:NDMA: 74.9>43.1 (quantitative), collision: 14 eV,

74.9>57.9 (confirmative). collision: 12 eV,

NDMA-dg: 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 (Supelco,
Bellefonte, PA). Working solutions (2.0-1000 ug/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, 2009c, for
example). Sedium 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-de. 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 3-5 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 ul to minimize the amount of diethylether, after which it was
diluted to 200 ul 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 water 10 64 (8.4) 103 (3.4)

* Relative standard deviation.
P 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 mm x 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 mL/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=35, 3, 3, respectively) (Table 2).
The relative recovery obtained using NDMA-ds 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
9.4 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,
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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. 6.

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. 54 in Appendix A).

The water source for both DWTPs that showed marked increases in
NDMA concentration following ozonation (DWTP3 and DWTP6) 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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