Resulis and discussion

Bromide removal by (MgFe)-HTC

Figure 1(a) shows the anion concentration (C/Cy) profiles during the (MgFe)-HTC
treatment. The dashed line in the figure indicates C/Cy = 0.4. Throughout this study, the
breakthrough point was operationally defined as the treated volume at C/Cy= 04.
The result clearly shows that bromide removal by HTCs is possible even with higher
concentration of competing anions (i.e., nitrate, sulfate, and bicarbonate ions). Especially,
in the initial 50 mL, bromide concentration was reduced below 10 pg/L.

Bromide concentration increased and reached 60% bromide removal at approximately
78 mL. The volume treated before bromide breakthrough calculated was 777 mL/g. Also,
the bromide uptake before breakthrough was estimated to be 1.4mg/g. The bromide
concentration of the effluent further increased, and a chromatographic peak of bromide
ion was observed around 100-200 mL. The concentrations of sulfate, bromide, and
nitrate ions similarly increased in this order, and eventually chromatographic peaks of
these anions were observed. On the other hand, no breakthrough was observed for inor-
ganic carbon during the treatment (Figure 1(b)). These results indicated that the selectiv-
ity sequence of the (MgFe)-HTC was HCO; > NOj > Br™ > SO?‘w in this system.
This is consistent with the selectivity of common HTCs reported by other researchers
(Bish, 1980; Miyata, 1983) at a higher anion concentration. Therefore, it is deduced that
while the interference by sulfate ion is weak, carbonate/bicarbonate ion impacts strongly
on the performance of bromide removal by HTCs.

Bromide removal by (MgAiFe)-HTC

The anion concentration (C/Cy) profiles during the (MgAlFe)-HTC were shown in
Figure 2(a). The (MgAIFe)-HTC treatinent showed similar anion removal profiles to those
by the (MgFe)-HTC treatment. Until approximately 50 mL., the effluent bromide concentra-
tion was reduced to below 10 pg/L indicating fast anion exchange reaction. The volume
treated before bromide breakthrough was 776 mL/g, which was almost identical to- that
of (MgFe)-HTC. Also, the bromide uptake before the breakthrough was the same as
(MgFe)-HTC (1.4 mg/g).

Anion breakthrough for the (MgAlFe)-HTC treatment was also observed in the following
order: sulfate, bromide, and nitrate ions. This is presumably due to the effect of higher selec-
tivity to bicarbonate ion. From this result, the order of preference of (MgAlFe)-HTC was
determined to be HCO; > NOj > Br™ > SO?".

3 b) 2 8
(a) e (b) J,
—o— NO3 .
2 LI—=—80%- .
T T
° o1 47z
Q &} \a/ﬂ = a
S L 3] %G
e ~@-1c
Q{ZZ —a— TOC
—— pH
0 M L L 1 o¥d— 1 ! I I 6
0 50 100 150 200 250 300 o} 50 100 150 200 250 300
Volume treated (mL) Volume treated (mL)

Figure 1 Anion, carbon, and pH profiles during (MgFe)-HTC treatment. (a) anions, (b) carbon contents and
pH. Dashed fine indicates C/C,, = 0.4 {i.e., 60% removal)
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Figure 2 Anion, carbon, and pH profiles during (MgAiFe)-HTC treatment. (a) anions, (b} carbon contents and pH

In addition, TOC removal was not observed for both the HTCs. This result indicates
that the TOC component in the feed water consisted of mainly large organic molecules
and was rejected by the ion-sieve effect of HTCs (Tezuka et al., 2004).

Bromide removal by DIAION SA 10A

Anion concentration profiles by ion exchange treatment by Diaion SA10 A were quite
different from those by the HTCs (Figure 3(a)). During the HTC treatment, the bromide
concentration decreased to below 10 pg/L, but always above 70 pg/L during the treat-
ment by Diaion SAI0 A. Also, the volume treated before breakthrough was larger
(1151 mL/g) than HTCs while the bromide uptake was similar (1.5 mg/g) indicating suffi-
cient ion exchange capacity but slower ion exchange reaction.

The selectivity sequence was determined to be SO}~ >NO; > Br™ > HCO;
(Figures 3(a) and (b)). This order was consistent with the selectivity of common organic
resins, and was totally different from that of HTCs in that bicarbonate ion was the least
preferred and sulfate ion was the most preferred anion. From this result, it can be said
that Diaion SA10A is better for high alkalinity water. On the other hand, for a water
matrix with high sulfate ion, HTCs are better for bromide removal not only because both
(MgFe)- and (MgAIFe)-HTCs preferred bromide ion to sulfate ion but also because of
the faster ion exchange ratio during the early stage than Diaion SA10A.

Effect of alkalinity removal on the bromide removal profiles by HTCs
Figure 4(a) shows anion concentration profiles during the (MgAlFe)-HTC treatment after
decarbonation (nitrogen bubbling and pH adjustment by sodium hydroxide and hydrochloric

(@) 3 (b) 2 p

T id
— —2- IC
—e—Br \aﬂ —a- TOGC @
—o— NO3 \a —&— pH s
21 | soz- ) u —a—id
SO4 \ﬂ___a

_p-a-a—2—-a—-a—¢ T

0 ! 1 i 1
o] 100 200 300 400 500 00 100 200 300 400 500

Volume treated (mL) Volume treated (mL)

Figure 3 Anion, carbon, and pH profiles during Diaion SA10A. (a) anions, {b) organic and inorganic
carbons and pH
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Figure 4 Anion, carbon, and pH profiles during (MgAiFe)-HTC after decarbonation. (a) anions, (b) organic
and inorganic carbons and pH

Table 1 Summary of the performance of ion exchangers on bromide removal by a column reactor {influent
S07 = 19mg/L, NO; = 5.6 mg/L)

lon exchanger MgFe-HTC MgAlFe-HTC MgAIFe-HTC* DIAION SA10A
Influent Br™ {ug/L) 202 202 220 204

Influent IC (mgC/L) 9.1 9.3 2.8 9.2

B8r~ breakthrough {mL/git 777 776 1071 1151
Bromide uptake (mg/g)# 1.4 1.4 1.8 1.5

lon selectivity HCO; > NOj HCO; > NOj HCO; >NO; SO > NO;

>Br~ >80;" >Br >80 >Br >S07 >Br >HCO;

*With decarbonation before ion exchange
"Volume treated before reaching C/C, = 0.4
*Bromide removed before breakthrough

acid). These results in the lower alkalinity condition were totally different from those with
decarbonation. The chromatographic peaks observed in bromide, nitrate and sulfate ions
were virtually disappeared during the treatment volume tested, and the treatment volume
before bromide breakthrough increased to 1080 mL/g, and the bromide uptake before break-
through increased to 1.8 mg/g. From these results, it can be said that alkalinity is the key
factor to determine the “life” of HTCs, and to lower the chromatographic peaks.

Comparison of ion exchangers

The results of the column tests in the real water matrix were summarized in Table 1. All the
ion exchangers tested showed 60% bromide removal at early treatment stage. The perform-
ance of HTCs was comparable to that of Diaion SA10A in terms of the treatment volume
and the bromide uptake before breakthrough, though Diaion SAI0A was slightly better.

To the best of our knowledge, this series of experiments demonstrated that HTCs are
applicable to bromide removal in a real water matrix for drinking water treatment
purpose. In addition to similar bromide capability 10 a commercially available resin, HTC
treatment is a promising technology since there is no concern about secondary contami-
nation (e.g., elution of precursors of NDMA (Najm and Trusseel, 2001)). Also, in the
HTC treatment, ion exchange reactions were found to be faster. This can be an advantage
of HTC over anion exchange resins when designing an actual treatment system.

Conclusions
Bromide ion removal in a real water matrix by HTCs was attempted in a column reactor.
The performance of HTCs was found to be comparable to a commercially available
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ion-exchange resin for relatively low alkalinity water without the concern about second-
ary contamination. Also, it was deduced that HTCs are better than jon exchange resins
for high sulfate water because of the unique ion selectivity of HTCs.
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The occurrence of perchlorate in the Tone River Basin was investigated using an ion
chromatograph (IC) coupled with a tandem mass spectrometer (MS/MS). Perchlorate was
found at high concentrations in the upper Tone River and its tributary, Usui River, and the
maximum concentrations were 340 and 2300 pug/L, respectively. The possible sources of
perchlorate in two areas were attributable to industrial effluents. In case of the upper Tone
River, perchlorate concentration in an effluent was 1100 pg/L and its concentrations in a
tributary (or waterway) directly downstream of the outlet of the effluent ranged from 44 to
1500 pg/L. In case of the Usui River, perchlorate concentration in another effluent was
15,000pg/L. and its concentrations downstream of the outlet of the effluent were
1100-3900 ug/L. Due to the discharge of perchlorate in the upper Tone River Basin,
perchlorate concentrations in the river waters of the middle and lower Tone River Basin
were generally 10-20pg/L. Perchlorate concentrations in 30 tap water samples were
investigated. Water sources of three tap water samples were other than the Tone River
Basin and their perchlorate concentrations were 0.16-0.87 ug/L. On the other hand, water
sources of the remaining 27 samples were the upper, middle and lower Tone River Basin
and their perchlorate concentrations were 0.06-37 pg/L. Perchlorate concentrations were
more than 1pg/L in 19 tap water samples and more than 10ug/L in 13 samples. It was
shown that tap waters in the Tone River Basin were widely contaminated with perchlorate.
To our knowledge, this study was the first to report on perchlorate contamination of
environmental and drinking waters in Japan.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Chemical Daily, 2006). Perchlorate compounds are mainly used
in missile/rocket propellants, and also in various industrial

Perchlorate is highly soluble, mobile and stable in water
(Interstate Technology & Regulatory Council (ITRC) Perchlorate
Team, 2005; The Department of Defense Environmental Data
Quality Workgroup, 2006; Massachusetts Department of Envir-
onmental Protection, 2005). Perchlorate compounds are manu-
factured in the form of their salts {e.g.,, ammonium perchlorate
(NH4ClO,), sodium perchlorate (NaClO,) and potassium per-
chlorate (KClO,)) or perchloric acid (HClO4). The estimated
production of NaClO; was 1600ton in 2004 in Japan (The

*Corresponding author. Tel.: +8148458 6306; fax: +81 48458 6305.
E-mail address: kosaka@niph.go.jp (K. Kosaka).

0043-1354/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2007.05.011

products (e.g, fireworks, matches, air bag inflators and flares)
(ITRC Perchlorate Team, 2005; The Department of Defense
Environmental Data Quality Workgroup, 2006; Massachusetts
Department of Environmental Protection, 2005). The Atacama
Desert nitrate deposit in Chile used as fertilizer is also known to
be a natural source of perchlorate (Interstate Technology &
Regulatory Council (ITRC) Perchlorate Team, 2005). More
recently, it has also been reported that perchlorate is naturally
formed in atmospheric processes (Dasgupta et al,, 2005).
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Perchlorate is known to interfere with iodine uptake
by 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 0.7pg/kg/day of perchlorate and specified
its drinking water equivalent level (DWEL) to be 24.5ug/L
(US EPA, 2005a), on the basis of the report by the National
Academy of Sciences (NAS) (National Research Council,
2005). The Massachusetts Department of Environmental
Protection (2006) has promulgated a 2pg/L drinking
water standard for perchlorate in Massachusetts. The
California Department of Health Services (CDHS) (2006)
has proposed 6pg/lL. as the maximum contaminant
level (MCL) for perchlorate in drinking water in California.
Several states have advisory levels of perchlorate in the
range of 1-18pg/L (US EPA, 2005b). Neither a federal MCL
for perchlorate nor a World Health Organization (WHO)
drinking-water-quality guideline for perchlorate has been
established.

In 1997, CDHS developed an analytical method for per-
chlorate involving ion chromatography, and detected per-
chlorate in drinking water wells in California and in the lower
Colorado River (California Department of Health Services;
Hogue, 2003). Since then, perchlorate has been found in
environmental and drinking waters in many states in the US
(Massachusetts Department of Environmental Protection,
2005; US EPA; Gullick et al, 2001; Brandhuber and Clark,
2005; Environmental Working Group, 2005; Rajagopalan et al.,
2006). Perchlorate has also been detected in lettuce and milk
(US Food and Drug Administration (FDA), 2004; Kirk et al,,
2003, 2005; Krinitsky et al., 2004). So far, most reports of the
occurrence of perchlorate have been in the US. However, two
studies on perchlorate concentrations in Japanese samples
were recently reported. One study was perchlorate in foods
and beverages in many countries (El Aribi et al,, 2006). In
Japanese samples, perchlorate contents were 0.721ug/kg in a
food product, 0.756-14.85pg/L in wine, 0.243-7.57 pg/L
in beer, not detected in canned barley tea, 0.103 pg/L in sake
(rice wine) and 0.296 ug/L in plum wine. The other study was
perchlorate in Japanese milk (Dyke et al.,, 2007). In the study, it
was shown that the mean concentration of perchlorate in
Japanese milk of 9.39ug/L (standard deviation (¢): 2.71pg/L,
number of samples analyzed (n): 54) was higher than that in
the US milk of 5.74pg/l. (o0 1.98pug/L, n: 104) reported
by US FDA (2004). These reports suggest that perchlorate
may exist in environmental and drinking waters in Japan and
perchlorate concentrations in the waters in Japan may be
comparable to those in the US. However, there are no data on
perchlorate concentrations in waters in Japan; therefore, an
immediate study on the occurrence of perchlorate in water in
Japan is required.

In this study, we investigated the occurrence of perchlorate
in the Tone River Basin in Japan using an ion chromatograph
(IC) coupled with a tandem mass spectrometer (MS/MS).
Chlorate, another oxychloride anion, was also examined.
Perchlorate concentrations in tap water were also
investigated for the Tone River Basin and other basins.
To our knowledge, this is the first report on perchlorate
contamination of environmental and drinking waters
in Japan.

2. Methods
2.1, Sampling

Fig. 1 shows sampling points in this study. In this study, the
upper Tone River Basin was defined as the area of the Tone
River upstream of the confluence of the Karasu River, and the
middle and lower Tone River Basin were downstream of that
point. Environmental water samples in the Tone River Basin
were collected mostly in March-June 2006. Only samples at
H1 were collected in August 2006. The Tone River is the
second longest river in Japan, and its length is 322km. The
Tone River Basin is the largest basin in Japan, and it covers
16,840km?. The river waters in the Tone River Basin are the
drinking water sources of the metropolitan area in Japan. Tap
water samples were collected in February-june 2006, both in
the areas of the Tone River Basin and in other basins in Japan.
Residual chlorine in the tap water was quenched by sodium
ascorbate (Wako Chemical). All samples were stored at 4°C,
and fitered with a 0.2 um hydrophilic polytetrafluoroethylene
(PTFE) disposable filter (Advantec Toyo) before analysis.

2.2.  Analysis

Calibration standards of perchlorate and chlorate were
prepared by diluting 1000 mg/L certified standard solutions
of perchlorate (GFS Chemicals) and chlorate (Kanto Chemical)
into ultrapure water purified with a Gradient A10 water
purification system (Millipore). The *0O-enriched NaClO,
(Cambridge Isotope Laboratories) was used as an internal
standard for perchlorate. The separation was performed
using an IC {ICS-2000, Dionex) with an eluent generator
(EG50, Dionex) and an autosampler {(AS50, Dionex). A guard
column, lonPac AG20 column (2 x 50 mm, Dionex), a separa-
tion column, IonPac AS20 (2x250mm, Dionex), and a
suppressor, ASRS Ultra II (2mm, Dionex), were employed.
The eluent was potassium hydroxide (KOH) at a flow rate of
0.25ml/min. The gradient was as follows: 10mM KOH at
Omin, linear increase to 80mM KOH in 22 min. The injection
volume of the autosampler was 100ul. As a postcolumn
solvent, a mixture of acetonitrile (high-performance liquid
chromatography grade, Wako Chemical) and ultrapure water
(90/10 v/v) was supplied to the eluent, using a HP1100 binary
pump (Hewlett-Packard), at a flow rate of 0.2mL/min and
mixed in a static mixing tee. The detection was performed
using a MS/MS (API 3200QTrap, Applied Biosystems) operated
in the turbo-ion-spray ionization mode. Multiple reaction
monitoring (MRM)} transitions were m/z 99-83 (quantification)
and m/z 101-85 (confirmation) for perchlorate, m/z 107-89 for
*80-enriched perchlorate and m/z 85-66 for chlorate. The
minimum reporting limits (MRLs) for perchlorate and chlorate
were set to be 0.05 and 0.1pg/L, respectively. Each MRL was
the minimum concentration for each calibration curve. For
each compound, limit of quantification calculated as 10s'/a
was lower than MRL (¢": standard deviation of response at
0.05pg/L (number of repetitions is five); a: slope of the
calibration curve). The maximum concentration of the
calibration curve for each compound was 10ug/L; therefore,
the samples were diluted before analysis if necessary.
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Fig. 1 - Sampling points (a) in the upper Tone River Basin and (b} in the middle and lower Tone River Basin,

Chromatograms of perchlorate, **0-enriched perchlorate and
chlorate in the sample are shown in Figs. 2(a) and (b),
respectively.

3. Results
3.1.  Perchlorate in upper Tone River Basin

Perchlorate concentrations in the upper Tone River, Azuma
River, Usui River and Karasu River are listed in Table 1 with
the sampling date for each sample. Profiles of perchlorate
concentration from the upstream to the downstream of the
upper Tone River, Usui River and Karasu River are also shown
in Figs. 3(a), (b) and (c), respectively. Perchlorate concentra-
tions in the uppermost area of the Tone River in this study
(T1-T6) were 0.08-0.56ug/L, and that in the Azuma River, a

tributary of the Tone River, was 0.27 pg/L at Al. Perchlorate
concentrations in the Tone River were increased at T7 and T8
and were 180-340ug/L. Downstream of T8, perchlorate con-
centration decreased and was 12 ug/L at T11.

In the case of the Usui River, perchlorate concentration at
the uppermost point in this study (U1) was 0.23pg/L and it
increased to 8.8pg/L at U2 after receiving flow from its
tributaries. Perchlorate concentrations at U3-Ull were not
markedly changed, but considerably increased at U12 and
U13. The highest concentration was 2300 pg/L at U13. Down-
strearn of U13, perchlorate concentrations in the Usui River
were not greatly decreased, and the river flowed into its main
river, the Karasu River. In the Karasu River, perchlorate
concentrations at K1 and K2 were 0.36 and 0.46pg/L,
respectively, and increased after the confluence of the Usui
River. The maximum concentration of perchlorate in the
Karasu River was 180ug/L at KS. After that, the Karasu River
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Fig. 2 - Chromatograms of (a) perchlorate and '80-enriched
perchlorate and (b) chlorate in the sample.

flowed into its main river, the Tone River. Just before the
confluence, the perchlorate concentration in the Karasu River
was 34ug/L at K10.

From these results, it was found that there were two areas
in the upper Tone River Basin, where perchlorate concentra-
tions were extremely high. However, except for these areas,
perchlorate concentrations in the tributaries, waterways and
effluents flowing into the Usui and Karasu Rivers were 0.15-27
and 0.13-5.4 ug/L, respectively. That is, perchlorate concentra-
tions were more than 1pg/L in some cases, which indicated
that there were several sources of perchlorate although the
amounts of discharge might not be large.

Table 2 shows perchlorate and chlorate concentrations in
the discharging areas of perchlorate of the upper Tone River
and Usui River (i.e., the two areas described above). The
possible sources of perchlorate seemed to be industrial
effluents. One was an effluent from perchlorate and chlorate
production industry. However, the other was not. Since the
latter was an effluent from an industry employing electrolysis
processes for a purpose other than perchlorate production, it
was considered that perchlorate might be produced as an
unintended reaction by-product in electrolysis and perchlo-
rate was contained in the effluent as a result.

In the case of the upper Tone River, perchlorate concentra-
tions in an effluent and a tributary (or waterway) directly
downstream of the outlet of the effluent were 1100 and
44-1500 pug/L, respectively. In the case of the Usui River,
perchlorate concentrations in an effluent and a tributary (or
waterway) directly downstream from the outlet of the
effluent were 15,000 and 1100-3900 pg/L, respectively. Fig. 4
shows the relationships between perchlorate and chlorate

Table 1 - Perchlorate concentrations in upper Tone River Basin

Sampling Sampling Perchlorate concentration Sampling Sampling Perchlorate concentration
point date (ng/L) point date {(ng/L)
Tone River uz 18/05/2006 16
T1 10/04/2006 0.09 usg 18/05/2006 10
T2 10/04/2006 0.08 U9 23/05/2006 8.6
T3 10/04/2006 0.56 u10 18/05/2006 13
T4 10/04/2006 0.46 U11 18/05/2006 12
TS 10/04/2006 0.42 U12 18/05/2006 2100
Té 10/04/2006 0.74 u13 15/05/2006 2300
7 21/04/2006 180 U14 10/05/2006 720
T8 10/04/2006 340 15/05/2006 1100
TS 10/04/2006 70 Karasu River
T10 10/04/2006 13 K1 28/04/2006 0.36
T11 10/04/2006 12 K2 10/05/2006 0.46
Azuma River K3 10/05/2006 110
Azl 10/04/2006 0.27 K4 10/05/2006 150
Usui River X5 21/04/2006 92
ul 28/04/2006 0.23 10/05/2006 180
u2 10/05/2006 8.8 K6 21/04/2006 89
us 15/05/2006 3.6 K7 21/04/2006 52
U4 15/05/2006 7.2 K8 21/04/2006 5.0
us 10/05/2006 21 X9 10/04/2006 100
15/05/2006 8.6 21/04/2006 31
ue 18/05/2006 10 K10 21/04/2006 34
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Fig. 3 - Profiles of perchlorate concentration (a) in the upper
Tone River, (b) in the Usui River and (c) in the Karasu River.
Perchlorate concentrations at US, U14, KS and K9 are
average values of two samples taken on different sampling
days.

concentrations in these two areas. The data of the effluents,
the tributaries (or waterways) and the main rivers (i.e., the
upper Tone River and Usui River) in the areas are plotted in

Fig. 4. In the upper Tone River, the higher the perchlorate
concentrations were, the higher the chlorate concentrations
were, It was - then inferred that the large amounts of
perchlorate and chlorate were discharged into the upper
Tone River. The maximum concentration of chlorate was
9000 pug/L, which was found in the tributary (or waterway). On
the other hand, chlorate concentrations in the perchlorate
discharge area of the Usui River were not very high and the
maximum concentration was 46 ug/L in an effluent. However,
chlorate concentration in the effluent was highest in the area;
therefore, it was considered that chlorate was also discharged
into the Usui River, although the amount of discharge was
much smaller than that in the upper Tone River. In Japan,
chlorate is set to be a complementary item for the drinking
water quality standards (DWQSs) and its target value is
600pg/L. (Water Supply Division, Health Service Bureau,
Ministry of Health, Labour and Welfare, Japan, 2003). Since
chlorate has been proposed as a candidate contaminant to be
included in the DWQSs, it is important to determine chlorate
concentration, as well as perchlorate concentration, particu-
larly in the upper Tone River.

3.2, Perchlorate in middle and lower Tone River Basin

Table 3 shows perchlorate concentrations in the middle and
lower Tone River, Edo River, Iruma River, Ara River and the
Musashi Channel. Perchlorate concentrations might be
affected by daily variation because sampling dates were
different among the samples.

After the confluence of the Karasu River, perchlorate
concentration in the Tone River was 12pug/L. Perchlorate
concentrations were not much decreased in the middle and
lower Tone River and were 3.4-18pug/L. Also, perchlorate
concentration in the Edo River, a branch of the Tone River,
was similar to those in the middle and lower Tone River. In
the case of the Ara River, perchlorate concentrations in the
upstream area (Arl-Ar3) were 0.54-0.73 pg/L. However, they
increased after receiving water from the Tone River via the
Musashi Channel. That is, perchlorate concentrations in the
Ara River downstream of interflow point were 11-18g/L at
Ar4-Ar7. Perchlorate concentration in the Iruma River, a
tributary of the Ara River, was 1.2 pg/L. This suggested that a
discharge source of perchlorate might exist along the Iruma
River, but the amount of discharge was much smaller than
those in the upper Tone River Basin. These results showed
that, because of the discharge of perchlorate in the upstream
area, perchlorate concentrations in the river waters in the
middle and lower Tone River Basin were generally 10-20 pg/L.

3.3.  Effect of a firework display on perchlorate
concentration in river water

In Japan, firework displays are performed in many places,
particularly in summer. Perchlorate salts are contained in
fireworks, which are suspected to be another possible source
of perchlorate in water (ITRC Perchlorate Team, 2005; The
Department of Defense Environmental Data Quality Work-
group, 2006; Massachusetts Department of Environmental
Protection, 2005). Table 4 shows the effect of a firework
display on perchlorate concentration in the waters of the
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Table 2 - Perchlorate and chlorate concentrations in effluents and tributaries (or waterways) in the discharging areas of

perchlorate of the upper Tone River and Usui River

Sampling point n® Sampling Perchlorate Chlorate
date concentration (ug/L) concentration {pug/L)

Upper Tone River
Effluent 1 22/04/2006 1100 7000
Tributary (or waterway) directly downstream of the outlet 2 21/04/2006 44-980 19-840
of the effluent 1 22/04/2006 1500 9000
Usui River
Effluent 1 03/06/2006 15,000 46
Tributary (or waterway) directly downstream of the outlet 1 18/05/2006 3500 9.7
of the effluent 8 23/05/2006 1100-2600 12-16

3 27/05/2006 2900-3200 15-16

2 03/06/2006 32003900 17-19

2 Number of samples analyzed.

10,000

S |
—_ rivers in the middle and lower Tone River Basin and (c) other
7\3’, 8,000 r basins. In the upper Tone River Basin, the points of water
f - e intake were more upstream of locations, where perchlorate
-(% 6.000 | was found in high concentrations in this study. At some water
= ® Upper Tone River treatment plants, there were multiple water sources for a
953 © Usui River drinking water supply and some of them were river waters in
8 4,000 t the Tone River Basin. Also, at some service areas, treated
2 L waters of several treatment plants were blended and some of
g 2000 L the treatment plants used river waters in the Tone River Basin
o as a water source. In such cases, the samples collected were

: L classified into (a) or (b).

0 —OO-UHIOO— . L . i The number of the samples in group (c) was three. Two
0 5,000 10,000 15,000

Perchlorate concentration {ug/L)

Fig. 4 - Relationships between perchlorate and chlorate
concentrations in the discharging areas of perchlorate of the
upper Tone River and Usui River.

Hirose River. The display was performed on a barge in the
Hirose River, and a sampling point (H1) was located about
2km downstream of the displaying area. Perchlorate was
found at a high concentration (79ug/L) just after a firework
display. This was thought to be caused by the firework display
because perchlorate concentration at the same point was low
(0.39pg/L) after 5 days from the display. From these results, it
was found that a firework display, if performed in the river
nearby, may cause a short-term increase in perchlorate
concentration in river water.

3.4.  Perchlorate in tap water

Fig. 5 shows perchlorate concentrations in tap water. The tap
water samples were collected and classified into three groups.
That is, the source waters for drinking water supply were
taken from (a) the rivers in the upper Tone River Basin, (b} the

samples were collected from water taps in another basin in a
metropolitan area, and one sample was collected from a
water tap in a place outside of a metropolitan area.
Perchlorate concentrations of the three samples were
0.16-0.87 pg/L. The number of samples in group (a) was 13.
Ten, two and one samples were collected from water taps
relatively near the places of the upper Tone, Usui and Karasu
Rivers, respectively. Perchlorate concentrations of seven
samples in group (a) were 0.06-0.55 ug/L. Perchlorate concen-
trations in the remaining six samples were 12-29g/L. At
some service area in the upper Tone River Basin, treated
waters using surface waters in the Tone River Basin for
drinking water supply and those using ground water for
drinking water supply were blended. In addition, some wells
were located relatively near rivers in the Tone River Basin.
Since all samples with high concentration of perchlorate were
collected from water taps relatively near the places of the
upper Tone River and perchlorate concentrations in the river
waters in the Tone River Basin corresponding to group (a)
were low, it was presumed that the waters in the wells located
relatively near the upper Tone River might be contaminated
by perchlorate. In case of group (b}, the number of samples
was 14. Nine, four and one samples were collected from water
taps in Tokyo, Saitama and Chiba prefectures, respectively.
Water sources for drinking water supply of most samples
collected were the Ara and Edo Rivers, Perchlorate concentra-
tions in the samples of group (b) were 0.19-37 pg/L. Except
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Table 3 -~ Perchlorate concentrations in middle and lower Tone River Basin

Sampling Sampling Perchlorate concentration Sampling Sampling Perchlorate concentration
point date (rg/L) point date (ng/L)
Tone River Ara River
T12 01/04/2006 12 Arl 31/03/2006 0.73
T13 01/04/2006 18 Ar2 31/03/2006 0.80
T14 29/03/2006 17 Ar3 19/04/2006 0.54
T15 16/04/2006 3.4 Ard 31/03/2006 12

18/04/2006 5.7 ArS 19/04/2006 18
T16 12/04/2006 11 Ar6 19/04/2006 11
Edo River Ar7 03/05/2006 13
E1 16/04/2006 14 Musashi

Channel

Iruma River M1 19/04/2006 25
I 19/04/2006 1.2
Table 4 - Effect of a firework display on perchlorate

Sampling  Sampling Perchlorate Remark
point date concentration
(ng/L)
Hirose River
H1 26/08/2006 79 Just after
fireworks
display
31/08/2006 0.39 Five days after
fireworks
display

# Fireworks display was performed on a barge in the Hirose River;
H1 is about 2km downstream of the display area.
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Fig. 5 - Ranges of perchlorate concentrations in tap waters
drawn from different river basins.

for one sample, perchlorate concentrations were more than
1ug/L, and those in seven samples were more than 10ug/L.
These results indicate that tap waters in the Tone River Basin
were widely contaminated with perchlorate.

The data of perchlorate concentrations in waters and soils in
the US, which were detected at federal facilities such as
Department of Defense (DoD), privately owned sites, sam-
pling sites of Unregulated Contaminant Monitoring (UCM)
program and sampling sites of Texas Technical University’s
study, were summarized by US EPA (2004). Maximum
concentrations of perchlorate in the data were 811ug/L
in drinking water, 3,700,000pg/L in ground water and
120,000 ug/L in surface water. There were also several sites
at which concentrations of more than 1000 or 10,000 ug/L of
perchlorate were found in ground and surface waters. In this
study, perchlorate concentrations in the effluents discharging
to the tributary (or waterway) of the upper Tone and Usui
Rivers were 1100 and 15,000 ug/L, respectively. Comparing this
study and the results in the US, it was thought that
perchlorate concentrations in this study were comparable to
high concentrations of perchlorate in the US, particularly in
the Usui River. In relation to the type of facilities or industries
of the sources of perchlorate, although the site with the
maximum concentrations in both ground and surface waters
in the summary of US EPA (2004) was a privately owned site of
manufacturing perchlorate compounds in Henderson, Neva-
da (NV), other sites with extremely high concentrations of
perchlorate were mainly the facilities using perchlorate-
containing products or their manufacturers. In this study,
the sources of perchlorate seemed to be the effluents from the
perchlorate production industry and an industry employing
electrolysis processes for a purpose other than its production.
Thus, it was shown that one case of the sources of
perchlorate in this study was similar to the case in
Henderson, NV, and particularly the latter case, effluent of
unintended production of perchlorate, has not yet been
reported previously.

Next, the load of perchlorate in the upper Tone River Basin
was roughly estimated using data obtained. Although the
flow rates of the two effluents in the discharging areas of
perchlorate of the upper Tone River and Usui River were not
obtained in this study, the flow rates in the Tone, Karasu and
Kanna Rivers at some points were obtained (Ministry of
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Agriculture, Forestry and Fisheries, Japan). The flow rates of
the upper Tone River and Karasu River on the sampling days
were the difference between the flow rate of the Tone River at
point near T12 and the sum of flow rates at a point near K7
and of the upper Kanna River, and that at a point near K7,
respectively. In case on 10 April 2006, the sampling day of T10,
T11 and K9 (Table 1), the flow rates of the Tone River at point
near T12, the Karasu River at point near K7 and the upper
Kanna River were 126, 9 and 4m?¥s, respectively, and that of
the upper Tone River calculated was 113m%s. Perchlorate
concentrations in the upper Tone River and Karasu River
used were at T10 and T11, and at K9 and K10, respectively.
As aresult, the estimated loads of perchlorate discharged into
the upper Tone River and Karasu River were 120-130 and
40-78kg/day, respectively, although the temporal fluctuation
of perchlorate concentration and river flow rate were not
taken into consideration in calculation. Considering the
results shown in Table 1, it was presumed that almost all
perchlorate loads on each river was attributable to the two
effluents discharged into the upper Tone River and Usui River,
respectively. The estimated loads of perchlorate from the
upper Tone River Basin were 110-170kg/day, calculated from
the flow rate at a point near T12 and perchlorate concentra-
tions at T12 and T13. These values were not very different
from the values obtained as the sum of the loads at the points
of the upper Tone River and Karasu River.

Other than the source of perchlorate, there were several
points at which perchlorate contamination in the Tone River
Basin was similar to that in Henderson, NV. Firstly, as
described above, since perchlorate was discharged in the
upper Tone River Basin, surface waters in the Tone River Basin
were entirely contaminated by perchlorate. In the case of
Henderson, NV, perchlorate was discharged to the Las Vegas
Wash and carried to downstream areas such as the Lake
Mead and the lower Colorado River (US EPA Region 9, 2006).
Secondly, surface waters in the Tone River Basin were used as
source waters for drinking water supply in the basin. The
number of water treatment plants whose source waters were
surface waters in the Tone River Basin and their perchlorate
concentrations were relatively high in this study, around 30.
The estimated total population supplied by these treatment
plants was around 20 million. In the case of Henderson, NV,
the water in the lower Colorado River was used as source
waters for drinking water supply and the population supplied
was similar to that in the Tone River Basin. Also, both the
surface waters in the Tone River Basin and the water in the
lower Colorado River were used for irrigation; thus, it was
thought that many more people might ingest foods produced
in both these areas. However, itis of note that the rivers in the
Tone River Basin flowed into the metropolitan area in Japan.

After perchlorate contamination became apparent, actions
to reduce perchlorate discharge and remediate the area
contaminated by perchlorate were conducted in Henderson,
NV. It is difficult to remove perchlorate by conventional water
treatment processes because perchlorate is highly soluble
and stable in water. So, it is most preferable to remove
perchlorate at its sources. By US EPA Region 9 (2006), it was
reported that perchlorate concentrations in surface waters
such as the Las Vegas Wash, the Lake Mead and the lower
Colorado River declined by 85%, 70% and 60% since the

treatment of perchlorate begun in 1999. Perchlorate in ground
water in the area has also been removed. With the reference
of the strategies in Henderson, NV, it is desired that
perchlorate control strategies be conducted rapidly in the
Tone River Basin.

Lastly, we discuss the perchlorate concentration in drinking
water in the Tone River Basin. It is important to consider the
amount of iodine uptake in daily life for the evaluation of
perchlorate effect since perchlorate is known to inhibit iodine
uptake by the thyroid gland (Greer et al., 2002; National
Research Council, 2005). In Dietary Reference Intakes for
Japanese, 2005 (Ministry of Health, Labour and Welfare, Japan,
2005), the recommended iodine uptake for a Japanese adult is
150 ug/day. Iodine is found in high concentrations in marine
foods, particularly in seaweed (Katsura and Nakamichi, 1960;
Muramatsu and Omomo, 1988); in general, Japanese people
eat much more marine foods compared with people in other
regions. The iodine uptake of Japanese people who regularly
eat marine foods in their daily diet is estimated to be
500-3000pg/day (Ministry of Health, Labour and Welfare,
Japan, 2005). Thus, it is considered that Japanese people take
sufficient iodine if they regularly eat marine foods.

Although the number of tap water samples and the periods
of sampling were limited, perchlorate concentrations in
several tap water samples were higher than 24.5pg/L, the
DWEL for perchlorate specified by the US EPA (2005a). NAS
adopted 10 as an uncertainty factor in establishing the RfD for
perchlorate (0.7 pg/kg/day) (National Research Council, 2005).
Japanese people generally take more iodine in daily life than
the recommended value, as described above. Thus, it is
thought that Japanese people may not be affected physiolo-
gically shortly after drinking tap water with a perchlorate
concentration of higher than 24.5ug/L. On the other hand,
perchlorate concentrations in rivers are unintentionally
increased by explosives (e.g., fireworks) over a short period,
and those in drinking water may also increase as a result.
Also, perchlorate may be ingested via foods and beverages.
Furthermore, in a recent study on perchlorate and iodine
levels in urine of men and women > 12 years of age in the US
and on their serum thyroid hormone levels, it was reported
that the serum thyroid levels of women, particularly those
with low iodine levels, might be affected by perchlorate
exposure (Blount et al., 2006). Of course, there is a possibility
that some may not ingest sufficient amount of iodine in daily
life in Japan. Considering all the various factors together, it is
therefore desired to reduce perchlorate concentration in
drinking water in the Tone River Basin. Currently, the data
of perchlorate concentration in drinking water in the Tone
River Basin are limited; thus, it is necessary to collect such
data more in details.

5. Conclusions

Perchlorate was found at high concentrations in the upper
Tone River and Usui River. The maximum concentrations in
the upper Tone River and Usui River were 340 and 2300 ug/L,
respectively.

The possible sources of perchlorate in these two rivers were
attributable to industrial effluents. In the upper Tone River,
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perchlorate concentration in an effluent was 1100 ug/L and its
concentrations in a tributary (or waterway) directly down-
stream of the outlet of the effluent were 44-1500 ug/L. In the
Usui River, perchlorate concentration in an effluent was
15,000 ug/L and its concentrations in a tributary (or waterway)
directly downstream of the outlet of the effluent were
1100-3900 ug/L.

Both perchlorate and chlorate were found at high concen-
trations in the discharging area of perchlorate of the upper
Tone River, and the maximum concentration of chlorate was
9000 ug/L. On the other hand, chlorate concentrations were
not remarkably high in the discharging area of perchlorate of
the Usui River.

Because of the discharge of perchlorate in the upper Tone
River Basin, perchlorate concentrations in the river waters in
the middle and lower Tone River Basin were generally
10-20 ug/L.

Perchlorate concentrations in tap water whose source
waters were coming from sources other than the Tone River
Basin were 0.16-0.87 pg/L. Those in tap water with source
waters from the upper Tone River Basin were 0.06-0.55ug/L
for seven samples and 12-29pg/L for the remaining six
samples.

Perchlorate concentrations in tap water drawn from the
middle and lower Tone River Basin were 0.19-37 ug/L. Except
for one sample, perchlorate concentrations were more than
1pg/L, and they were more than 10 ug/L for half the samples.
Tap waters in the Tone River Basin were widely contaminated
with perchlorate.
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Occurrence of Perchlorate in Water Purification Plants in Tone River Basin
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Abstract

The occurrence of perchlorate in water purification plants in the Tone River Basin was investigated. The sampling of raw,
processed and treated water at the plants was conducted between September and October 2006. Perchlorate concentrations
in raw surface water taken from the upper, middle and lower Tone River Basin were 0.09-0.82, 0.15-15 and 0.15-2.7 pg*l,
respectively, Perchlorate concentrations in the upper Tone River Basin were low because the intake points were upstream
of the discharge points of perchlorate, Perchlorate concentrations in the lower Tone River Basin were lower than those in
the middle Tone River Basin. However, many of the perchlorate concentrations in the lower Tone River Basin were higher
than those of the upstream of the discharge points of perchlorate; thus, it was found that perchlorate contamination of the
surface water of the Tone River Basin was widespread, Perchlorate concentrations in raw ground water were < 0,05-40
pge!", and were high at some water purification plants. The shorter the distance between a well and the Tone River, the
higher the pechlorate concentration in the well. Perchlorate concentrations in treated surface water of the upper, middle
and lower Tone River Basin were 0.12-0,86, 0,22-14 and 0.23-1.8 pg+l", respectively, Perchlorate concentrations in
treated ground water were 0.08-24 g+l It was shown, in this study, that perchlorate concentrations in treated water were
lower than 24.5 pg+!”, the Drinking Water Equivalent Level (DWEL) of perchlorate defined by the United States
Environmental Protection Agency (USEPA). From the comparison of perchlorate concentrations in raw and treated water
at the same water purification plants, it was confirmed that perchlorate was not removed by either conventional or
ozone/biological activated carbon (BAC) pracesses.

Key words: perchlorate, chlorate, water purification plant, Tone River Basin
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Table1 Numbers of water purification plants and samples
in the upper, middle and lower Tone River Basin,
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X R purification Raw Process | Treated
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planis water water water
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Middle basin 16 19" 327 227
Lower basin 15 199 79 17¥

Samples whose raw waters were a) surface water and b) ground water,
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