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ABSTRACT

Radioactive iodine, one of the radionuclides released in the nuclear power plant accident on
11 March 2011, was detected in purified water at water purification plants (WPPs). How-
ever, information about removal of radioactive materials in actual water purification process
was limited. Therefore, we investigated the removal of radioactive materials (iodine and
cesium) immediately after the detection. It is found that non-radioactive iodine in water
could be removed by the combined use of pre-chlorination and powdered activated carbon
(PAC) treatment. The same result was also obtained in terms of radioactive iodine. Removal
of non-radioactive iodine in WPPs was also investigated. Approximately, 60% of iodine was
removed by combination of pre-chlorination (0.5–1.0mg/L) and PAC (15–30mg/L) in coag-
ulation and sedimentation processes. In water purification process, cesium was mostly
removed by coagulation and sedimentation; hence, radioactive cesium was not detected in
purified water. It was confirmed that a thorough turbidity control is essential for the pre-
vention of radioactive cesium contamination of purified water. Meanwhile, radioactive
iodine in purified water has not been detected since 5 April 2011 and radioactive cesium
since 22 March 2011, when the measurement was commenced. Moreover, dehydrated
sludge including radioactive cesium has been treated in accordance with Japanese laws and
regulations.
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1. Introduction

The Great East Japan Earthquake on 11 March 2011
damaged the Fukushima Daiichi nuclear power plant,
causing the release of large amounts of radioactive
materials such as iodine, cesium and others. They
occurred mainly on 15 March, 16 March, and 21 March
[1,2]. On 21 March, there were concerns that the radio-
active materials concentration in raw water would
increase due to the first rainfall after the nuclear power
plant accident. Based on the reported cases where
powdered activated carbon (PAC) was used to remove
radioactive iodine, on 19 March 2011, the Ministry of
Health, Labour and Welfare (MHLW) issued a notifica-
tion to public water suppliers to inject PAC for the
removal of radioactive iodine. On 22 March, Tokyo
Waterworks measured radioactivity in purified water
at Kanamachi Purification Plant. From the reports,
we found that the value of radioactive cesium
(134Cs, 137Cs) was reduced below detection limits, but
that of radioactive iodine (131I) was 210 Bq/kg, which
exceeded the provisional regulation value for radioac-
tivity in drinking water for infants (100 Bq/kg, cf.
300 Bq/kg for other than infants). Thus, Tokyo Water-
works quickly issued a restriction on infant consump-
tion of drinking water in the distribution areas of
Kanamachi and Misato Purification Plants, both of
which are located in the same water system. However,
information about removal of radioactive materials in
actual water purification process was limited. There-
fore, we launched a study on the removal of radioactive
materials through the water purification process.

In the case of radioactive iodine, there have been
reported cases in which PAC treatment was used to
remove radioactive iodine [3–6]. Specifically, it has
been reported that the removal ratio of PAC treatment
improved after the addition of chlorine [3,4]. The form
of radioactive iodine in water is an important factor
relating to its effective removal through the water puri-
fication process. Iodine is present mainly as iodide ion
(I−) and iodate ion (IO�

3 ) in water [7], and most of the
iodine in tap water exists as IO�

3 due to the oxidation of
I− by chlorination [8]. In addition, it has been reported
that PAC treatment was insufficient for removing IO�

3

[3]. Therefore, we speculated that although PAC is
effective in removing radioactive iodine from water, its
removal ratio might significantly depend on the form
of iodine. Furthermore, immediately after the nuclear
accident, there was no clear information about what
conditions should be applied to the oxidation pro-
cesses, such as chlorination, in order to remove radioac-
tive iodine. Therefore, we conducted experiments
relating to the removal of radioactive iodine by PAC
treatment with pre-chlorination process.

Radioactive cesium has higher solid–liquid distri-
bution coefficient (Kd), the adsorption index of radio-
active materials of soil, than radioactive iodine [9]. Kd

of radioactive cesium is 1,200 on average, whereas that
of radioactive iodine is 6.9. Therefore, in the environ-
ment, radioactive cesium exists mainly in the
adsorbed form in the soil, and is assumed to flow into
water purification plants (WPPs) with suspended par-
ticles. According to the measurement of Tokyo Water-
works, radioactive cesium had not been detected in
purified water, but occasionally in raw water, while
highly concentrated radioactive cesium, exceeding
10,000 Bq/kg, was detected in the dehydrated sludge
of the plant right after the nuclear accidents. From
these facts, we assumed that radioactive cesium in
raw water was removed by the water purification pro-
cess and concentrated to dehydrated sludge. Never-
theless, information concerning the removal of
radioactive cesium in WPPs was insufficient.

Therefore, with due consideration given to the
forms of iodine, we conducted experiments relating to
the removal of radioactive iodine by PAC treatment
along with pre-chlorination process and investigated
the optimal conditions of pre-chlorination. Further-
more, we verified the validity of these conditions at
actual WPPs. Moreover, we investigated the removal
of radioactive cesium by means of water purification
treatment and confirmed the importance of turbidity
control.

2. Materials and methods

2.1. Removal of radioactive iodine

2.1.1. Experiments of non-radioactive iodine removal

As iodine is present mainly as I− or IO�
3 in water,

jar tests were conducted to assess the effectiveness of
PAC treatment alone and the combined use of pre-
chlorination and PAC. Since the concentration of I− in
raw water was too low to measure with ion chromato-
graph (IC), raw water of Misato Purification Plant was
used for jar tests, with the addition of approximately
1mg/L potassium iodide (KI) or potassium iodate
(KIO3). The conditions of raw water used in the jar
tests are shown in Table 1. PAC, sodium hypochlorite
(NaOCl) and coagulant (poly-aluminium chloride)
used were the same as at the Misato Purification Plant.
In the jar tests, NaOCl was added 30min after PAC
injection, and then poly-aluminium chloride (30mg/L)
was added after a lapse of 30 s, and the samples
underwent rapid agitation(120 rpm, 2min.), slow
agitation (55 rpm, 10min.) and clarification (10min.).
The clarified water was filtered with the 0.45 μm
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pore-sized membrane filter, and then the filtered water
was used as a sample to measure I− and IO�

3 with IC
(IC-2000, Dionex) with IonPac AS-19 column using
15–50mM (gradient) KOH solution as a mobile phase.
ECD detector was used for the detection of I−. IO�

3

was detected by UV-detection (268 nm) with post-col-
umn derivatization method using reagents of 1.2 mM
NaNO2 and 1.0M H2SO4/1.5M KBr.

2.1.2. Experiments of radioactive iodine removal

In order to verify the results of the experimental
jar tests using raw water with the addition of non-
radioactive iodine, the removal of radioactive iodine
was examined. Jar tests using raw water at the Misato
Purification Plant, with the addition of the rainwater
containing radioactive iodine (131I), were conducted
and the concentrations of radioactive iodine contained
in the clarified water were measured with germanium
semiconductor detector (GEM-25,185-P, ORTEC).
Treatment chemicals and conditions for the jar tests
were the same as those of the jar tests using raw water
with the addition of non-radioactive iodine.

2.1.3. Verification of iodine removal in WPPs

To verify the validity of the obtained results from
our experimental jar tests relating to radioactive iodine
removal, measurements using raw and/or process
water at actual WPPs were carried out. Since the sta-
ble procurement of PAC was difficult after the earth-
quake, PAC dose at each WPPs was determined in
accordance with its availability. Therefore, the actual
PAC dose on the verification was set as 10–30mg/L.
ICP-MS was used in order to measure low concentra-
tions of iodine comparable to the concentration levels
in river water. The ratio of total iodine to 127I was
measured with ICP-MS (Agilent, 7500cx) after adding
dilute nitric acid (1% v/v) in samples. In pre-treat-
ment, samples were not heated in order to prevent the
separation of molecular iodine (I2) under acidic condi-
tions. Determination limit was 0.13 μg/L with a coeffi-
cient of variation (CV) of be 10%. IO�

3 was measured
by IC (ICS-3,000, Dionex) with IonPac AS11 column

using 2mM KOH solution as an eluent and flow ratio
was 1.0 mL/min. IO�

3 was detected by UV-detection
(268 nm) with post-column derivatization method
using reagents of 1.2 mM NaNO2 and 1.0M H2SO4/
1.5M KBr. Determination limit was 0.5 μg/L with a
CV of 10%.

2.2. Behavior of radioactive cesium

2.2.1. Cesium removal ratio on water purification
process

The removal ratio of radioactive cesium in the
water purification processes was estimated by measur-
ing non-radioactive cesium (133Cs), which is the iso-
tope of radioactive cesium (134Cs and 137Cs), using
ICP-MS. The total cesium concentration was measured
with ICP-MS after adding dilute nitric acid (1% v/v).
The dissolved cesium concentration was measured by
using filtrated samples with membrane filter (Mixed
Cellulose Ester, 1.0 μm, Advantec). The concentration
of particles that adsorbed cesium was derived by sub-
tracting dissolved cesium from the total cesium. Also,
the removability of radioactive cesium by coagulation
and sedimentation was verified by means of measur-
ing radioactive cesium with germanium semiconduc-
tor detectors, using high-turbidity raw waters of
actual WPPs. The measurement of radioactive cesium
was conducted for 100 times longer than usual. The
average turbidity values of raw and clarified water
used for the measurement were 240 and 0.6 degrees,
respectively.

2.2.2. Estimating radioactive cesium concentration in
raw water based on the dehydrated sludge

According to Tokyo Waterworks measurements,
highly concentrated radioactive cesium had been
detected in dehydrated sludge, while it was detected
occasionally in raw water at low levels. Therefore, it
was assumed that certain amount of radioactive
cesium existed in raw water, but the concentration of
it was under the detection limit (approximately 1–2
Bq/kg). To grasp the actual concentration of
radioactive cesium in raw water, we estimated it from

Table 1
Conditions of raw water used in the jar tests

Water temperature (˚C) turbidity (Degree) pH (–) KMnO4 consumption (mg/L) TOC* (mg/L)

Mean value 9.5 6.9 7.5 5.6 1.2
range (8.2–10.6) (5.5–11) (7.4–7.5) (4.5–7.9) (1.2)

*TOC: n=1.
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measurement results of dehydrated sludge. The
amount of suspended substances in raw water was
calculated by deducting the amount of poly-alumin-
ium chloride and PAC that were injected in the water
purification process from the amount of solids in
dehydrated sludge. The concentration of radioactive
cesium was calculated with the assumption that all
radioactive cesium in dehydrated sludge exists in sus-
pended substances in raw water. In the calculation,
mean values for the turbidity of raw water and dose
of chemicals between 7 and 14 d before the sampling
of dehydrated sludge were used, because it takes
about 7 d from water intake to the dehydration of
sludge. Furthermore, the average amount of dehy-
drated sludge for 7 d before the sampling day was
used.

3. Results and discussion

3.1. Removal of radioactive iodine

3.1.1. Experiment of non-radioactive iodine removal

Fig. 1 shows the removal ratio of I− and IO�
3 . After

30min of contact time of PAC, poly-aluminium chlo-
ride was added into the raw water with the prior
addition of I− and IO�

3 . The removal efficiency for I−

and IO�
3 was approximately 6% with a 40-mg/L dose

of PAC. Consequently, it was found that I− and IO�
3

were unable to be removed sufficiently by coagulation
and sedimentation processes with the addition of PAC
alone.

Then, the jar tests were conducted to assess the
efficacy of the combined use of PAC treatment and
pre-chlorination. PAC dose was set as 15mg/L in
order to evaluate whether the combined use was
able to remove I− on the actual dose at the Misato
PP. Fig. 2 shows the removal ratio of I− at the jar
test using raw water with the addition of I− under

the conditions of 0–3mg/L pre-chlorination and
15mg/L PAC. When chlorine was added at a dose
of 0.5 or 1.0 mg/L, I− was removed to some extent
(nearly 20–30%). Therefore, it was found that the
combined use of PAC and pre-chlorination was able
to remove I− in the actual treatment condition at
WPPs.

3.1.2. Experiments of radioactive iodine removal

The removal capability of the combined use was
investigated. Fig. 3 shows the removal ratio of I− in
the jar test using raw water and raw water with the
addition of the rainwater containing radioactive iodine
(57 Bq/kg) under the conditions of 0.5 mg/L pre-
chlorination and 0–50mg/L PAC treatment. Removal
of 40–60% of I− with the combined use of pre-chlori-
nation (0.5 mg/L) and PAC was confirmed, when
20–30mg/L of PAC was added. Based on these
results, the combined use of 0.5–1.0 mg/L chlorine
and PAC was confirmed to be effective for removing
radioactive iodine.
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Fig. 1. Removal of I− or IO�
3 using PAC alone.
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Fig. 2. Relation between dose of chlorine and removal of I−

with PAC treatment.
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Fig. 3. Relation between dose of PAC and removal ratio of
I− and radioactive iodine under condition of pre-chlorina-
tion.
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3.1.3. Verification of iodine removal on WPPs

Fig. 4 shows the removal ratio of total iodine using
conventional treatment with 1.0 mg/L of chlorine and
10–30mg/L dose of PAC. The concentration of iodine
in raw water was nearly 10 μg/L, which was well
above the limit of measurement with ICP-MS. It
showed that the removal ratio of iodine was approxi-
mately 60% with the combined use of pre-chlorination
(1.0 mg/L) and 15–30mg/L dose of PAC, which was
almost identical to the results obtained at the jar tests.

Fig. 5 shows the ratio of each form that iodine
takes in clarified water in advanced water treatment
stages (in which ozonation and biological activated
carbon treatment are incorporated), which was mea-
sured with ICP-MS or IC. As shown in Fig. 5, ratio of
IO�

3 in total iodine was low in raw or clarified water.
On the other hand, the majority of iodine was oxi-
dized to IO�

3 with ozonation, the proportion of IO�
3 in

total iodine steeply increased. The removal ratio of
total iodine was low with advanced water treatment.
Biological activated carbon (BAC) treatment was inef-
fective for removing IO�

3 , and this treatment was par-
tially effective for the elimination of the other forms of
iodine. Based on the results, BAC treatment after
ozonation was insufficient for removing radioactive
iodine and therefore, the combined use of pre-chlori-
nation and PAC was necessary for the effective
removal of radioactive iodine even in advanced water
treatment.

3.1.4. Measures to remove radioactive iodine on WPPs

From 21 March 2011, which was the day of the
first rainfall after the nuclear power plant accident, the
Tokyo Waterworks started PAC injection for the
reduction of radioactive iodine. However, on 22
March, the radioactive iodine was detected in high
concentrations in purified water coming from the

Kanamachi Purification Plant. In view of these circum-
stances, the Tokyo Waterworks quickly stepped up
their efforts to employ PAC injection on March 23.

After it had been shown that the combined use of
pre-chlorination and PAC demonstrated effective non-
radioactive iodine removal at experimental jar tests,
from 28 March, the Tokyo Waterworks started the
combined use of pre-chlorination (0.5–1.0 mg/L dose
of chlorine) and PAC at the Kanamachi and Misato
Purification Plants, which treat the raw water of the
same river. On 30 March 2011, it was determined that
the combined use of pre-chlorination and PAC was to
be applied at all major WPPs. Then, up to 8 June, the
combined use of pre-chlorination and PAC was imple-
mented at all major WPPs to reduce the possibility
that radioactive iodine concentrations would increase
due to rainfall. As a result, radioactive iodine has not
been detected in purified water since 5 April 2011.

Furthermore, our results were quickly shared with
the relevant bodies, including MHLW, Japan Water
Works Association, and other public water utilities.
Subsequent to public announcement of MHLW in June
2011, the combined treatment became a national
guideline for the reduction of radioactive iodine.

3.2. Behavior of radioactive cesium

3.2.1. Verification of the removability of cesium in
water purification process

Fig. 6 shows the total concentration of non-radioac-
tive cesium in coagulation and sedimentation pro-
cesses. The concentration of cesium decreased
significantly in settled water compared to those in raw
water, which means the cesium present in raw water
had been removed to a great extent in coagulation
and sedimentation processes. It was reported that
cesium binded strongly with clay mineral [10]. There-
fore, most of the cesium in raw water was speculated
to be adsorbed to suspended particle.
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In this regard, we measured radioactive cesium in
raw and process waters with high turbidity at actual
purification plants using germanium semiconductor
detectors, and verified its removal ratio by coagulation
and sedimentation. Fig. 7 shows the results. It was
found that 93% of radioactive cesium in raw water
was removed by coagulation and sedimentation. Con-
sequently, it is supposed that all cesium can be
removed by means of thoroughly removing sus-
pended substances even when raw water is highly tur-
bid, because radioactive cesium has not been detected
in purified water so far.

3.2.2. Estimating radioactive cesium concentration in
raw water based on those in dehydrated sludge

Fig. 8 shows the results of radioactive cesium con-
centration in dehydrated sludge in the Kanamachi
Purification Plant from right after the accident to
March 2013. In dehydrated sludge, the high radioac-
tive cesium concentration of 14,650 Bq/kg was
detected on 28 March 2011. However, it decreased
drastically and went down to less than 1,000 Bq/kg

since September 2011. As of March 2013, it was
around 400 Bq/kg.

Table 2 shows the result of estimation for radioac-
tive cesium concentration in raw water based on those
in dehydrated sludge at the Kanamachi Purification
Plant. While the concentration in dehydrated sludge
right after the accident showed the highest, on 28
March 2011, the estimated value of radioactive cesium
concentration in raw water was quite low: 1.2 Bq/kg.
Even in the last estimation results (as of March 2013),
the concentration of radioactive cesium in raw water
is estimated about 0.02–0.04 Bq/kg, which is only
1/250 of the WHO guidance level for drinking water
(10 Bq/kg) and the water quality management level in
Japan (10 Bq/kg, which was revised in April 2012 by
MHLW). Furthermore, it is less than 1/25 in compari-
son with the detection limit of 0.7–1.0 Bq/kg in current
measurement conditions. The estimated concentration
of radioactive cesium in raw water, converted into per
1 degree of turbidity, decreased from 0.171 Bq/kg/
degree right after the accident to 0.003 Bq/kg/degree
at present. So, it is suggested that the concentration of
radioactive cesium in environment water is also
decreasing.

In addition, MHLW proposed an interim policy in
June 2011 for the handling of dehydrated sludge con-
taining radioactive cesium. This allows landfill dis-
posal of such sludge if its concentration is 8,000 Bq/kg
or less, and its reuse in cement manufacture if the con-
centration is 100 Bq/kg or less. Also in March 2013,
MHLW announced an additional policy that allows the
reuse of dehydrated sludge for garden soil if its con-
centration is 400 Bq/kg or less, and for ground soil if
the concentration is 200 Bq/kg or less. Currently, dehy-
drated sludge containing radioactive cesium is dis-
posed as landfill in compliance with this standard;
Ozaku Purification Plant, in which radioactive cesium
has become almost undetectable, has resumed its
sludge recycling and utilization since 17 October 2012.
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4. Conclusions

While PAC treatment alone hardly removed I− and
IO�

3 in water, the combined use of pre-chlorination
(0.5–1.0 mg/L) and PAC demonstrated the effective
removal of I−. Efficacy of the combined use of pre-
chlorination and PAC also was confirmed by jar tests
using raw water containing radioactive iodine. Fur-
thermore, removal ratio of total iodine was approxi-
mately 60% on the condition of 0.5–1.0 mg/L pre-
chlorination and 10–30mg/L PAC at actual WPPs. In
advanced water treatments, I− was oxidized to IO�

3 by
ozonation; therefore, iodine was hardly removed by
following biological activated carbon treatment.
Whereas, starting the removal of radioactive iodine a
week after its detection under optimum conditions uti-
lizing the experiment results, Tokyo Waterworks pro-
vided the relevant information promptly to the
government and relevant agencies. This approach con-
tributed to the formulation of government measures
against radioactive contamination. Moreover, our
results were quickly shared with the relevant bodies,
including the national government and other public
water utilities, and finally, the combined treatment
became a national guideline for the reduction of radio-
active substances.

Radioactive cesium in raw water exists mainly in
the particle-adsorbed state. Therefore, it can be
removed to a great extent by coagulation and sedi-
mentation processes. However, there is a risk that con-
centration of radioactive cesium in raw water
increases in conditions such as the case of nuclear
accident and high turbidity of raw water just after the
accident. In order to prevent the leak of radioactive
cesium into purified water, strict water quality man-
agement in the aspect of turbidity is required in water
purification processes. We estimated the radioactive

cesium concentration in raw water based on those in
dehydrated sludge. The estimation showed that maxi-
mum concentration of radioactive cesium in raw water
was 1.2 Bq/kg in March 2011. In March 2013, it was
calculated to be about 0.02–0.04 Bq/kg, which is
greatly less than WHO guidance level for drinking
water and the water quality management level in
Japan (10 Bq/kg).

In addition, radioactive iodine has not been
detected in purified water since 5 April 2011, neither
radioactive cesium since 22 March 2011, when the
measurement was started. Also, dehydrated sludge
containing radioactive cesium has been treated in
accordance with Japanese laws and regulations.
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