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Decontamination work following radiocesium exposure requires a vast reduction in the 
amount of contaminated soil generated. The current study subjected 4 types of contaminated soil 
with different properties to multistep soil washing under the same conditions. This study also de-
termined the effectiveness of radiocesium decontamination and the extent to which the amount 
of contaminated soil was reduced. In addition, the effectiveness of plant matter separation, ad-
sorbent addition, and grinding as part of multistep soil washing was determined using the same 
contaminated soil. Results of testing indicated that the rate of radiocesium decontamination 
ranged from 73.6 to 89.2% and the recovery rate ranged from 51.5 to 84.2% for twice-treated 
soil, regardless of the soil properties or cesium level. Plant matter in soil had a high radioce-
sium level. However, there was little plant matter in our soil sample. Therefore, plant matter 
separation had little effect on the improvement in the percentage of radiocesium decontamina-
tion of twice-treated soil. Soil surface grinding improved the radiocesium decontamination of 
twice-treated soil. However, radiocesium in soil tightly bound with minerals in the soil; thus, the 
addition of an adsorbent also failed to improve radiocesium decontamination.

KEYWORDS: decontamination, radiocesium-contaminated soil, multistep soil washing, 
plant matter, adsorbent, grinding

I. Introduction
The accident at the Tokyo Electric Power Company’s Fukushima Daiichi Nuclear Power 

Plant, caused by the Great East Japan Earthquake on March 11th, 2011, released radioactive 
materials (mainly 134Cs, 137Cs and 131I) over a wide area, making the reduction of the influ-
ence of environmental pollution on human health and the environment a challenging task. 
Investigation of the contamination and studies of decontamination technology were conduct-
ed for more than a year after the accident, and the removal of contamination by 134Cs and 
137Cs (hereinafter referred to as “radioactive Cs”) is now due to begin in earnest. According 
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to the decontamination-related guidelines 1), surface soil removal is the main recommended 
soil decontamination method. Plowing and removing the surface soil enables the soil to be 
decontaminated elsewhere. However, all of the decontaminated topsoil needs to be placed in 
interim storage facilities and, therefore, there is a possibility that the amount of radioactive 
Cs-contaminated soil will need to be reduced before this stage.

Soil washing can potentially reduce the amount of radioactive Cs-contaminated soil. Soil 
washing is a technology that has been applied in many cases to soils contaminated by heavy 
metals such as lead and arsenic, as well as oil 2). In general, contaminants are present on the 
surface of soil particles, and the concentration of contaminants tends to be higher in clay and 
silt, which have large surface-to-weight and surface-to-volume ratios due to their small particle 
size, than in sand and gravel fractions, which have a larger particle size 2). The soil washing 
treatment recovers the sand with a larger particle size and gravel fractions as purified soil, and 
recovers the clay and silt fractions with a smaller particle size as a dehydrated cake which con-
centrates the contaminants. This is done by cleaning the contaminated soil mechanically with a 
wash solution, such as water. This is done by cleaning the contaminated soil mechanically with 
a wash solution, such as water. Since radioactive Cs tends to be adsorbed by the fine-particle 
fractions in the soil 3), soil washing is expected to decontaminate radioactive Cs-contaminated 
soil.

The multistep soil washing described in this paper is a method to separate radioactive Cs-con-
taminated soil, containing plant matter, into processed twice-treated soil, a dehydrated cake in 
which the radioactive Cs is concentrated, and drainage water, by washing the contaminated soil 
according to the following process: (1) “Initial washing process” to slurry the contaminated 
soil, (2) “Plant matter separation process” to separate plant matter from the slurry and collect 
the once-treated soil, and (3) “Second washing process” to add water and an adsorbent into the 
once-treated soil and grind it. In particular, the plant matter separation process and the second 
washing process are expected to produce the following effects:

In the plant matter separation process, organic matter to which radioactive Cs is adsorbed 
is selectively separated and eliminated securely (with a high degree of accuracy) to improve 
decontamination and reduce the amount of soil to be processed.

In the second washing process, the surface of soil particles is ground to exfoliate the ad-
sorbed radioactive Cs in order to enhance the decontamination effect. In addition, an adsorbent, 
the particle size of which is controlled, is added so that the radioactive Cs is adsorbed to the 
adsorbent rather than the soil particles. This allows the radioactive Cs to be collected as a 
dehydrated cake, even if water-soluble radioactive Cs is present in the soil.

As a result of dividing the soil washing treatment into three processes, the removal of ra-
dioactive Cs is improved and only the separated plant matter and the dehydrated cake need to 
be placed in interim storage facilities after soil washing. Therefore, the amount of radioactive 
Cs-contaminated soil is expected to be reduced.

In this paper, the multistep soil washing experimental results are reported. These experiments 
were conducted using four types of radioactive Cs-contaminated soil (hereinafter referred to 
as “contaminated soil”), to clarify the effectiveness of radioactive Cs removal, and the effect 
of the separation of fine-particle fractions through the separation of plant matter and physical 
grinding on the removal of radioactive Cs, as well as to quantify the reduction of contaminated 
soil by the multistep soil washing process.
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II. Experimental Methods
1. Radioactive Cs-contaminated Soils

The contaminated soils used for the soil washing tests were collected from two locations: 
three samples from Fukushima Prefecture (Date, Fukushima and Minamisoma Cities) and one 
from Inzai City, Chiba Prefecture on December 14th–16th and 19th, 2012. At each sampling 
location, the contaminated soils were sampled by screening the soil using a stainless steel 
testing screen with a 9.5 mm mesh after removing the top 1.0–1.5 cm of soil using a long-shank 
sickle to eliminate pebbles (diameter > 9.5 mm) and plant matter. The soils collected in Date 
and Fukushima cities are classified as lowland soils, and the ones collected in Minamisoma and 
Inzai cities are classified as andosols 4).

In this paper, the contaminated soils collected from the cities of Date, Fukushima, Mina-
misoma and Inzai are referred to as Soils A–D, respectively.

2. Soil Washing Test

Seven soil washing tests were conducted. Table 1 contains the test parameters. In Cases 1–4, 
the soil washing test was conducted on the four contaminated soils from A to D with different 
radioactive Cs concentrations, soil properties, and plant matter mixing conditions, using the 
same washing process (Protocol 1) to compare the decontamination effects achieved by wash-
ing soils with different properties. In addition, in Case 1 and Cases 5–7, the soil washing test 
was conducted on four samples of contaminated soil A, using different plant matter separation 
and second washing process conditions (Protocols 1–4) to compare the decontamination ef-
fects achieved by the plant matter separation and the second washing process. The conditions 
changed were: (1) Application of the plant matter separation process, (2) addition of an adsor-
bent, and (3) use of the grinding process. In this paper, the soil washing procedure in which 
plant matter separation, adsorbent addition, and grinding were all implemented is referred to as 
“Protocol 1”; “Protocol 2” is identical to Protocol 1 except for the omission of the plant matter 
separation process. In “Protocol 3”, an adsorbent was not added during the test.

3. Soil Washing Treatment Test Method

For the initial washing, 10 kg of contaminated soil and 10 kg of water were placed in a 
drum washer (Kikosha Co., Ltd., KDW0602), and the washing process was conducted for one 
minute at 40 rpm. After the initial washing, the slurry was moved to a 20 L plastic bucket and 
agitated to separate the plant matter using a stainless steel testing screen with a 9.5 mm mesh. 
The remaining slurry was gravity-separated, at the classification point of 75 μm, to separate 

Table 1   Test cases
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from the slurry and collect the once-treated soil, and (3) “Second 
washing process” to add water and an adsorbent into the once-
treated soil and grind it. In particular, the plant matter separation 
process and the second washing process are expected to produce 
the following effects: 

In the plant matter separation process, organic matter to 
which radioactive Cs is adsorbed is selectively separated and 
eliminated securely (with a high degree of accuracy) to improve 
decontamination and reduce the amount of soil to be processed. 

In the second washing process, the surface of soil particles is 
ground to exfoliate the adsorbed radioactive Cs in order to 
enhance the decontamination effect. In addition, an adsorbent, the 
particle size of which is controlled, is added so that the radioactive 
Cs is adsorbed to the adsorbent rather than the soil particles. This 
allows the radioactive Cs to be collected as a dehydrated cake, 
even if water-soluble radioactive Cs is present in the soil. 

As a result of dividing the soil washing treatment into three 
processes, the removal of radioactive Cs is improved and only the 
separated plant matter and the dehydrated cake need to be placed 
in interim storage facilities after soil washing. Therefore, the 
amount of radioactive Cs-contaminated soil is expected to be 
reduced. 

In this paper, the multistep soil washing experimental results 
are reported. These experiments were conducted using four types 
of radioactive Cs-contaminated soil (hereinafter referred to as 
“contaminated soil”), to clarify the effectiveness of radioactive Cs 
removal, and the effect of the separation of fine-particle fractions 
through the separation of plant matter and physical grinding on 
the removal of radioactive Cs, as well as to quantify the reduction 
of contaminated soil by the multistep soil washing process. 
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with powdered hard zeolite of 75 μm or lower), and an iron ball 
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washing for one minute at 40 rpm. 

 
 
 

Table 1 Test cases 

 
 
  

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Soil A Soil B Soil C Soil D

Protocol 2 Protocol 3 Protocol 4
134Cs + 137Cs [Bq/kg] 12,600 9,200 12,500 5,400 12,100 12,500 12,000

Plant matter separetion 〇 〇 〇 〇 － 〇 〇

Adsorbent addition 〇 〇 〇 〇 〇 － 〇

Grinding 〇 〇 〇 〇 〇 〇 －

* ' ○ ' in the table show the work carried out in the process of plant separation and second soil washing.

Soil A
Protocol 1

Scrubbing

Plant matter separetion
and second soil washing

Case number
Soil

Soil washing protgocol

Initioal soil washing
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from the slurry and collect the once-treated soil, and (3) “Second 
washing process” to add water and an adsorbent into the once-
treated soil and grind it. In particular, the plant matter separation 
process and the second washing process are expected to produce 
the following effects: 

In the plant matter separation process, organic matter to 
which radioactive Cs is adsorbed is selectively separated and 
eliminated securely (with a high degree of accuracy) to improve 
decontamination and reduce the amount of soil to be processed. 

In the second washing process, the surface of soil particles is 
ground to exfoliate the adsorbed radioactive Cs in order to 
enhance the decontamination effect. In addition, an adsorbent, the 
particle size of which is controlled, is added so that the radioactive 
Cs is adsorbed to the adsorbent rather than the soil particles. This 
allows the radioactive Cs to be collected as a dehydrated cake, 
even if water-soluble radioactive Cs is present in the soil. 

As a result of dividing the soil washing treatment into three 
processes, the removal of radioactive Cs is improved and only the 
separated plant matter and the dehydrated cake need to be placed 
in interim storage facilities after soil washing. Therefore, the 
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reduced. 
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the once-treated soil from the washed wastewater. The separated washed soil was put into the 
drum washer again after its weight was checked. Water, equivalent to half the weight of the 
once-treated soil, the adsorbent, equivalent to one percent of the weight of the once-treated soil 
(Katsuri Inc., with powdered hard zeolite of 75 μm or lower), and an iron ball for grinding were 
put into the drum washer to perform a second washing for one minute at 40 rpm.

After the second washing, the slurry was moved to another 20 L plastic bucket. The slurry 
was gravity-separated, at the classification point of 75 μm, to separate the twice-treated soil 
from the second-washing drainage water. Some of the twice-treated soil was classified into 
size ranges using stainless steel testing screens and experimental shaking screens with 75 µm, 
125 µm, 250 µm and 500 µm meshes (Fritsch Japan Co., Ltd., 03-505).

The initial- and second-washed wastewaters were left to stand for over 30 minutes to sepa-
rate the sediment from the muddy water. Flocculation agents (Taki Chemical Co., Ltd., PAC) 
(Nippon Poly-Glu Co., Ltd., PGα21Ca) were added to the two muddy water samples at concen-
trations of 200 mg/L and 50 mg/L, respectively, to perform the coagulation and sedimentation 
processes. After the coagulation and sedimentation processes, the supernatant liquid was sepa-
rated from the sediment. This sediment, mixed with the earlier sediment, was dehydrated using 
a filter press (Nippon Roka Co., Ltd., FS-076) to separate the filtrate water from the dehydrated 
cake. Figure 1 shows the sequence of the soil washing test.

4. Confirmation Items Including Decontamination Effect

(1) Decontamination and weight reduction effects
In order to check the effect of soil washing on decontamination and weight reduction, the 

Figure 1   Schematic diagram of a soil washing test
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concentration, weight, and moisture content of the radioactive Cs in the soil and drainage water 
before and after the washing process were measured. In addition, the particle size distribution 
of the soil was measured before and after the washing process.

(2) The influence of soil properties on soil washing
In order to check the decontamination and weight reduction effects of soil washing, the 

organic carbon concentration and cation exchange capacity (CEC) of the contaminated soil 
were measured before washing. In addition, as the soil is washed using water, the heavy metals 
contained in the soil, such as lead and arsenic, may elute to cause yet another form of soil con-
tamination. In order to determine the potential for the re-elution of heavy metals, the amount of 
heavy metals contained in the soil before the washing process, in the initial dehydrated cake, 
and the secondary dehydrated cake, was measured.

5. Analysis Method

(1) Measurement of radioactive Cs concentration
The concentration of radioactive Cs was measured in accordance with the method described 

in the manual on the measurement of the radioactivity of foods in the event of an emergency. 
A U-8 container and a 2-L Marinelli beaker were used for the soil sample and water sam-
ple, respectively. For the measurements, a gamma-ray spectrometer, based on a germanium 
semiconductor detector was used (manufactured by Canberra, 7500SL (P-type standard coaxial 
model) relative efficiency: 25%, measurement time: 1,000 seconds). 

(2) Measurement of heavy metals etc.
The heavy metals contained in the soil were analyzed according to the items that fall under 

the category of class II specified chemical substances stipulated in the Soil Contamination 
Countermeasures Act.

The soil elution amount and the soil content were analyzed in accordance with methods that 
comply with the Ministry of Environment Notification No. 18, and the Ministry of Environ-
ment Notification No. 19, respectively.

(3) Cation exchange capacity measurement
The semimicro-Schollenberger method was used to measure the CEC of the soil.

(4) Organic carbon measurement
The organic carbon in the soil was measured using the CHN coder method. In addition, as 

pretreatment, the soil sample was air-dried and visible plant matter eliminated.

(5) Particle size distribution measurement
The particle size distribution in the soil was measured using a method compliant with JIS A 

1204 (Test method for particle size distribution of soils).

Masafumi FUNAKAWA et al.

129



III. Results and Discussion
1. The Radioactive Cs-Contaminated Soil Decontamination and Weight 

Reduction Effects of Multistep Soil Washing

Table 2 shows the results of the multistep soil washing test for Cases 1–4.
The decontamination effect was evaluated based on the efficiency of radioactive Cs removal 

from the soil after multistep soil washing. Although the radioactive Cs concentrations in the soils 
were 12,000 Bq/kg (Case 1), 9,200 Bq/kg (Case 2), 12,500 Bq/kg (Case 3) and 5,400 Bq/kg 
(Case 4) before soil washing, these values decreased to 2,800 Bq/kg (Case 1), 2,110 Bq/kg 
(Case 2), 4,500 Bq/kg (Case 3) and 1,880 Bq/kg (Case 4) after the initial washing. The initial 

Table 2   Results of testing multistep soil washing (Cases 1-4)

* Comparison of test results at the time of processing 4 soils, using same soil washing protocol.
a) Enrichment ratio=(134Cs+137Cs of treated materials) / (134Cs+137Cs of contaminated soil).
b) N.D.=Not Detected.
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Table 2 Results of testing multistep soil washing (Cases 1�4)

Case number Case 1 Case 2 Case 3 Case 4
Soil Soil A Soil B Soil C Soil D

Soil washing protocol Protocol 1

Contaminated soil 134Cs＋137Cs [Bq/kg] 12,000 9,200 12,500 5,400
Dry weight [kg] 8.65 8.28 7.86 9.30

Gravel fraction [�] 7.7 12.9 8.0 3.6
Sand fraction [�] 62.1 53.3 46.7 82.4

Clay and silt fraction [�] 30.2 33.8 45.3 14.0

Treated materials
from the soil

washing process

Treated soil 134Cs＋137Cs [Bq/kg] 2,800 2,110 4,500 1,880
Dry weight [kg] 6.65 7.27 7.49 8.89

Rate of recovery for
treated soil

[�] 76.9 87.8 95.3 95.6

Plant matter 134Cs＋137Cs [Bq/kg] 30,000 7,700 6,100 24,000
[kg] 0.06 0.06 0.04 0.04Dry weight 

Enrichment ratioa) [―] 2.5 0.84 0.49 4.4
Primary supernatant water 134Cs＋137Cs [Bq/L] N.D.b) N.D. N.D. N.D.

Volume [L] 3.09 2.85 2.56 4.80
Filtered water 134Cs＋137Cs [Bq/L] N.D. N.D. N.D. N.D.

Volume [L] 3.79 1.91 2.87 1.92
Primary cake 134Cs＋137Cs [Bq/kg] 21,100 13,300 18,700 22,700

[kg] 2.47 2.36 2.19 0.64Dry weight 
Enrichment ratioa) [―] 1.8 1.5 1.5 4.2

Secondary supernatant water 134Cs＋137Cs [Bq/L] N.D. N.D. N.D. N.D.
Volume [L] 6.88 9.34 8.07 9.91

Twice-ˆltered water 134Cs＋137Cs [Bq/L] N.D. N.D. N.D. N.D.
Volume [L] 2.13 3.34 3.70 1.51

Secondary cake 134Cs＋137Cs [Bq/kg] 28,000 14,500 15,700 16,400
[kg] 0.43 0.79 1.14 0.38
[―] 2.3 1.6 1.3 3.0

Dry weight
Enrichment ratioa)

Twice-treated soil 134Cs＋137Cs [Bq/kg] 1,300 1,400 3,300 1,110
Dry weight [kg] 5.37 4.34 4.05 7.83

Gravel fraction [�] 12.9 19.5 11.2 4.7
Sand fraction [�] 83.3 74.3 80.0 91.8

Clay and silt fraction [�] 3.8 6.2 8.2 3.5
Rate of recovery for twice-treated soil [�] 62.1 52.4 51.5 84.2

Percentage of 134Cs＋137Cs decontamination [�] 89.2 84.8 73.6 79.4
Thrice-treated soil 134Cs＋137Cs [Bq/kg] 1,300 1,400 3,300 1,110

Dry weight [kg] Not Analyzed
Gravel fraction [�] Not Analyzed
Sand fraction [�] Not Analyzed

Clay and silt fraction [�] Not Analyzed
Rate of recovery for thrice-treated soil [�] Not Analyzed

Percentage of 134Cs＋137Cs decontamination [�] 94.4 89.9 77.6 83.9

�Comparison of test results at the time of processing 4 soil in same soil washing protocol.
a) Enrichment ratio＝(134Cs＋137Cs of treated materials)/(134Cs＋137Cs of contaminated soil).
b) N.D.＝Not Detected.
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と植物除去を実施した Case 1(Soil A Protocol 1)の汚染土

壌および一次洗浄土，除去植物片，一次脱水ケーキの放射

性 Cs濃度および重量，放射性 Csの総量の結果を Table 3

に示す。

Case 1(Soil A Protocol 1)において，除去した植物片に

含まれる放射性 Csは 30,000 Bq/kgであり，土壌洗浄処

理前の土壌の2.5倍の濃度であり，土壌中に含まれる植物

片には高濃度で放射性 Csが含まれていることが判明し

た。しかし，植物除去を実施した Case 1(Soil A Protocol

1)と植物除去を実施しなかった Case 5(Soil A Protocol 2)

の除去率は76.7�と81.0�であり，一次洗浄土の放射性

Csの除去率に大きな差は認められなかった。除去率が小

さい結果となった要因として以下の二点が挙げられる。一

点目は，試験に使用した土壌 Aに含まれる植物片の少な

かった点である。Case 1(Soil A Protocol 1)において除去

した植物の湿潤重量は 0.230 kgであり，洗浄処理前の土
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washing and plant matter separation removed 60–80% of the radioactive Cs from the contami-
nated soil. The second washing, during which adsorbent addition and grinding were performed, 
decreased the radioactive Cs concentrations in the twice-treated soils to 1,300 Bq/kg (Case 
1), 1,400 Bq/kg (Case 2), 3,300 Bq/kg (Case 3) and 1,110 Bq/kg (Case 4). The efficiency of 
radioactive Cs removal from the respective soils was, therefore, 89.2% (Case 1), 84.8% (Case 
2), 73.6% (Case 3) and 79.4% (Case 4), which were within the range of 70–90%, regardless of 
the radioactive Cs concentrations and the particle size distribution of the contaminated soils. 
In all cases, the second washing increased the efficiency of radioactive Cs removal from the 
washed soil by approximately 10%.

The weight reduction effect was evaluated based on the weight soil collection rate, after 
washing. The recovery rate for the once-treated soils was: 76.9% (Case 1), 87.8% (Case 2), 
95.3% (Case 3) and 95.6% (Case 4), and for the twice-treated soils: 62.1% (Case 1), 52.4% 
(Case 2), 51.5% (Case 3) and 84.2% (Case 4). The Cs removal from the once-treated soils 
after plant matter  separation reduced the dry-weight percentage in the contaminated soils by 
4.4–23.1%. When the samples were washed a second time, the dry weight percentage was 
reduced to 15.8–48.5%. In this test, the washed slurry was wet-classified at the classification 
point of 75 μm, and grains of 75 μm or larger were collected as washed soils. Therefore, if the 
contaminated soils before washing contained high proportions of clay and silt fractions with a 
particle diameter of 75 µm or smaller, the fraction of the soils larger than the sand fraction with 
a diameter of 75 µm or larger was reduced, resulting in a decrease in the Cs removal rate from 
the twice-treated soils. As a result, when the proportion of clay and silt fractions in the contam-
inated soils was 30–40%, the Cs removal rate from the twice-treated soils reached 50–60%. 
When the proportion of clay and silt fractions in the contaminated soils was at the 10% level, 
the Cs removal rate from the twice-treated soils was around 80%.

Compared to the radioactive Cs concentration in the contaminated soils, the radioactive Cs 
concentration in the separated plant matter was within the range of 0.5–4.5 times higher/lower. 
From this, it was found that radioactive Cs was adsorbed to plant matter in the soils at concen-
trations similar to, or at higher levels than, the contaminated soils, although the concentration 
varied depending on the type of contaminated soil. In addition, the radioactive Cs concentration 
in the initial and secondary dehydrated cakes was 1.3–4.2 times higher than that in the con-
taminated soils, and it was found that radioactive Cs was concentrated in the dehydrated cakes.

On the other hand, in all cases, from 1 to 4, the concentration of radioactive Cs contained in 
the drainage waters (initial supernatant liquid, initial filtrate, secondary supernatant liquid, and 
secondary filtrate) was at, or below, the lower detection limit (approximately 10 Bq/L). It would 
appear that there is little possibility that the radioactive Cs contained in the soil would be eluted 

Soil A Soil B Soil C Soil D
Case 1 Case 2 Case 3 Case 4

>500 μm 520 590 2,280 840
250 - 500 μm 740 1,240 3,200 740
125 - 250 μm 1,260 2,900 2,390 1,050
75 - 125 μm 1,770 3,700 4,900 2,050

<75 μm 15,400 10,600 15,400 8,900
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Figure 2   134Cs+137Cs activity in twice-treated soil with different grain-size fractions
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into water if this method were to be used.
Figure 2 shows the concentration of radioactive Cs in the twice-treated soils with differ-

ent particle diameter ranges. In all cases, the radioactive Cs concentration was higher in soils 
with smaller particle diameters. In particular, the radioactive Cs concentration in clay and silt 
fractions with a particle diameter of 75 µm or smaller was 2.8–7.9 times higher than that of 
the soils with a particle diameter of 75–125 µm because radioactive Cs has a tendency to be 
adsorbed on fine particles. On the other hand, according to the particle size distribution in the 
twice-treated soils (Cases 1–4), 3–8% of the silt fraction was present in the twice-treated soils. 
It is possible that the radioactive Cs concentration in the twice-treated soils was increased by 
the clay and silt fractions because of insufficient separation of soil particles with a diameter 
below 75 µm. Therefore, the twice-treated soils were diluted with an equal amount of water 
and agitated to re-slurry them. Then, the gravity separation operation was repeated three times 
at the classification point of 75 µm in order to check the radioactive Cs concentration of the 
thrice-treated soils in which the clay and silt fraction was negligible. Table 2 and Figure 3 
show the results. In all cases, the radioactive Cs concentration in the thrice-treated soil was 
lower than in the twice-treated soils. In order to improve rate of radioactive Cs removal, it is 
important to eliminate the clay and silt fractions using a mesh with a particle diameter of 75 µm 
or less during multistep soil washing.

2. Decontamination Effect Differences Due to Soil Washing Process Differences

(1) Effect of plant matter separation
It was observed that plant matter in the contaminated soils contained high concentrations 

of radioactive Cs, so this was removed through gravity separation. Table 3 shows the con-
centration, weight and total amount of radioactive Cs in the contaminated soils, once-treated 
soils, eliminated plant matter, and initial dehydrated cakes of Case 5 (Soil A, Protocol 2), from 
which plant matter was eliminated, and Case 1 (Soil A, Protocol 1) where plant matter was not 
eliminated.

In Case 1 (Soil A, Protocol 1), the concentration of radioactive Cs in the eliminated plant 
matter was 30,000 Bq/kg, which was 2.5 times higher than that in the soil before soil washing, 
and it was found that the plant matter in the soils contained high concentrations of radioactive 
Cs. However, the removal rates in Case 1 (Soil A, Protocol 1), where plant matter was elimi-
nated, and Case 5 (Soil A, Protocol 2), where plant matter was not eliminated, were 76.7% and 

Soil A Soil B Soil C Soil D
Case

Number Case 1 Case 2 Case 3 Case 4
Constaminat

ed soil
[Bq/kg] 12,000 9,200 12,500 5,400

Twice-
treated soil

[Bq/kg] 1,300 1,400 3,300 1,110

Thrice-
treated soil

[Bq/kg] 670 930 2,800 870

Protocol 1

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

Case 1 Case 2 Case 3 Case 4

Soil A Soil B Soil C Soil D
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13
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Constaminated soil
Twice-treated soil
Thrice-treated soil

Figure 3   134Cs+137Cs activity in contaminated soil, twice-treated soil, and thrice-treated soil
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81.0%, respectively, and no significant difference was observed in the efficiency of radioactive 
Cs removal in the once-treated soils. The causes of this low removal efficiency are considered 
to be as follows: First, low amounts of plant matter were contained in the Soil A sample, which 
was used for the test. The wet weight of the plant matter eliminated in Case 1 (Soil A, Protocol 
1) was 0.230 kg, which was 2.3% of the wet weight of the soil before washing.

Therefore, since the concentration of radioactive Cs in the eliminated plant matter was high, 
but the amount of plant matter was small, the total amount of radioactive Cs contained in the 
plant matter was less than one-tenth of that in the once-treated soils and initial dehydrated cakes. 
Second, the wet classification, after the initial washing, was conducted based on wet separation. 
It would appear that the plant matter was removed from the contaminated soil regardless of 
whether the sample underwent the deliberate plant matter elimination process because the soil, 
with a high specific gravity, and the plant matter, with a low specific gravity, were separated in 
the initial washing drainage water during the gravity separation process.

Table 3   Results of testing multistep soil washing (Cases 1 and 5–7)

1 Case 1 and Case 5 compare the effect of plant matter removal.
2 Case 1 and Case 6 compare the effect of adsorbent addition.
3 Case 1 and Case 7 compare the effect of attrition.
a)  1st percentage of 134Cs+137Cs decontamination={1-(134Cs+137Cs[Bq/kg] of treated soil) / (134Cs+137Cs[Bq/kg] of 

contaminated soil)}×100.
b)  2nd percentage of 134Cs+137Cs decontamination={1-(134Cs+137Cs[Bq/kg] of twice-treated soil) / (134Cs+137Cs[Bq/kg] of 

treated soil)}×100.
c) N.D.=Not Detected.
d) N.A.=Not Analyzed.
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Table 3 Results of testing multistep soil washing (Cases 1 and 5�7)

Case number Case 1 Case 5 Case 6 Case 7
Soil Soil A

Soil washing protocol Protocol 1 Protocol 2 Protocol 3 Protocol 4

Contaminated soil 134Cs＋137Cs [Bq/kg] 12,000 12,600 12,100 12,500
Moist weight [kg] 10.000 10.000 10.000 10.000
134Cs＋137Cs [Bq] 120,000 126,000 121,000 125,000

Treated materials
from the soil

washing process

Treated soil 134Cs＋137Cs [Bq/kg] 2,800 2,400 2,800 2,900
Moist weight [kg] 8.535 6.235 7.255 8.070
134Cs＋137Cs [Bq] 23,900 15,000 20,300 23,400

1st percentage of 
134Cs＋137Cs 

decontaminationa)

[�] 76.7 81.0 76.9 76.8

Plant matter 134Cs＋137Cs [Bq/kg] 30,000 ― N.A.d) N.A.
Moist weight [kg] 0.230 ― N.A. N.A.
134Cs＋137Cs [Bq] 6,900 ― ― ―

Primary supernatant water 134Cs＋137Cs [Bq/L] N.D.c) N.D. N.D. N.D.
Volume [L] 3.17 2.83 3.51 3.09

Filtered water 134Cs＋137Cs [Bq/L] N.D. N.D. N.D. N.D.
Volume [L] 6.15 4.15 3.08 3.79

Primary cake 134Cs＋137Cs [Bq/kg] 21,100 17,700 N.A. N.A.
Moist weight [kg] 3.535 4.790 N.A. N.A.
134Cs＋137Cs [Bq] 74,600 84,800 ― ―

Secondary supernatant water 134Cs＋137Cs [Bq/L] N.D. N.D. N.D. N.D.
Volume [L] 4.93 4.51 6.38 6.88

Twice�̂ ltered water 134Cs＋137Cs [Bq/L] N.D. N.D. N.D. N.D.
Volume [L] 1.26 2.69 2.31 2.13

Secondary cake 134Cs＋137Cs [Bq/kg] 28,000 N.A. 28,000 26,000
Moist weight [kg] 0.665 N.A. 0.490 0.580
134Cs＋137Cs [Bq] 18,600 ― 13,700 15,100

Twice�treated soil 134Cs＋137Cs [Bq/kg] 1,300 N.A. 1,080 1,530
Moist weight [kg] 6.745 N.A. 5.465 6.375
134Cs＋137Cs [Bq] 8,770 ― 5,900 9,750

2nd percentage of 
134Cs＋137Cs decontaminationb)

[�] 53.6 ― 61.4 47.2

1 Case 1 and Case 5 compare the eŠect of plant piece separation.
2 Case 1 and Case 6 compare the eŠect of adsorbent addition.
3 Case 1 and Case 7 compare the eŠect of attrition.
a) 1st percentage of 134Cs＋137Cs decontamination＝{1－(134Cs＋137Cs[Bq/kg] of treated soil)/(134Cs＋137Cs[Bq/kg] of contaminated soil)}×100.
b) 2nd percentage of 134Cs＋137Cs decontamination＝{1－(134Cs＋137Cs[Bq/kg] of twice-treated soil)/(134Cs＋137Cs[Bq/kg] of treated soil)}×100.
c) N.D.＝Not Detected.
d) N.A.＝Not Analyzed.
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洗浄工程後の二次洗浄土に残留する放射性 Csの割合を

比較すると，Case 7(Soil A Protocol 4)で39.2�，Case 1

(Soil A Protocol 1)で32.0�であり，�砕��することで

二次洗浄工程後の二次洗浄土に残留する放射性 Csの割合

が7.3���した。土壌洗浄��の��で土壌粒子の表面

を磨砕することで土壌に表面に吸着した放射性 Csが土壌

粒子の表面とともに効果的に削り取られ，脱水ケーキ側に

移行していることが確認された。

3. 土質が土壌洗浄処理に与える影響

Case 1～Case 4の土壌洗浄試験で得られた，各実験

ケースの汚染土壌の有機体炭素と放射性 Cs除去率の関係

を Fig. 4 に，陽イオン交換容量と放射性 Cs除去率の関係

を Fig. 5 に示す。

Fig. 4および Fig. 5によると，汚染土壌中の有機体炭

素や陽イオン交換容量が増加すると，放射性 Cs除去率が

低下する傾向がみられた。放射性 Cs除去率と有機体炭素

および陽イオン交換容量とのそれぞれの相関係数は有機体

炭素の場合で－0.832，陽イオン交換容量の場合で－0.876

となり，ともに負の相関があることが示唆された。放射性

Cs除去率と有機体炭素および陽イオン交換容量との間に

負の相関がみられた要因として，以下の点が挙げられる。

土壌表面に到達した放射性 Csの一部は土壌中の植物片と

いった有機物に吸着されることがいわれており5)，土壌中

の有機物が増加すると有機物に吸着する放射性 Csの量が

多くなる。本試験では，汚染土壌中の有機物量が増加した
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(2) Effect of adsorbent addition
Table 3 shows the concentration, weight and total amount of radioactive Cs in the once-treat-

ed soils, twice-treated soils and the secondary dehydrated cakes of Case 6 (Soil A, Protocol 3), 
where an adsorbent was not added, and Case 1 (Soil A, Protocol 1), when an adsorbent was 
added.

In the second washing process, no significant difference in the concentration of radioactive 
Cs was observed between the twice-treated soils and the secondary dehydrated cakes, regard-
less of the addition of an adsorbent. In addition, comparing the proportions of radioactive Cs 
present in the twice-treated soils after the second washing process, no significant difference was 
observed; these values were 30.1% in Case 6 (Soil A, Protocol 3) and 32.0% in Case 1 (Soil A, 
Protocol 1). Initially, it was expected that the concentration of radioactive Cs in the twice-treat-
ed soils would be effectively decreased by preferentially adsorbing water-soluble radioactive 
Cs, which was present in the soils and eluted into water, to an adsorbent. In reality, however, 
adding an adsorbent contributed very little to the rate of Cs removal because radioactive Cs 
forms strong bonds with clay minerals in the soil and is not eluted into water as previously 
reported 3).

(3) Effect of grinding
Grinding was effective in improving the rate of Cs  removal in the twice-treated soils by 

removing the radioactive Cs adsorbed onto the soil particle surfaces. Table 3 shows the con-
centration, weight, and total amount of radioactive Cs in the once-treated soils, twice-treated 
soils, and secondary dehydrated cakes of Case 7 (Soil A, Protocol 4), where grinding was not 
performed during the second washing process, and Case 1 (Soil A, Protocol 1) where grinding 
was performed.

During the second washing process, the Cs removal rate was improved by 6.4% in Case 1. 
In addition, comparing the amount of radioactive Cs present in the twice-treated soils, grinding 
reduced the level of radioactive Cs present by 7.3% (39.2% in Case 7 to 32% in Case 1).

It was confirmed that grinding the soil particle surfaces removed the radioactive Cs adsorbed 
onto the soil surface, together with the soil particle surfaces themselves, and concentrated them 
in the dehydrated cake.
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Fig. 4 Relationship between organic carbon and the rate of 134Cs＋137Cs decontamination

Fig. 5 Relationship between cation exchange capacity and the rate of 134Cs＋137Cs decontamination

279植物が混入した放射性セシウム汚染土壌の多段階土壌洗浄処理試験
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分だけ土壌洗浄処理過程において除去しきれない有機物が

残留したため，放射性 Cs除去率が低下したものと考えら

れる。一方，陽イオン交換容量は土壌が保持できる陽イオ

ンの量を示す値であり，この値が高いと土壌の単位重量当

たりの放射性 Csイオンを含む陽イオンが吸着しやすいと

いえる。より多くの放射性 Csが吸着した土壌が土壌洗浄

処理後の二次洗浄土にも含まれるため，放射性 Cs除去率

が低下したものと考えられる。

多段階土壌洗浄処理前後の重金属等の測定結果を Table

4 に示す。使用した 4種類の土壌においては，処理前の汚

染土壌に重金属等による土壌汚染は認められなかった。ま

た，この 4種類の汚染土壌を多段階土壌洗浄処理した後

の二次洗浄土や一次脱水ケーキおよび二次脱水ケーキにお

いても特定の重金属等の土壌溶出量や土壌含有量が土壌汚

染対策法の定める基準を超過することはなかった。本試験

では，土壌洗浄に使用する洗浄水は水のみであり，土壌洗

浄の過程で土壌や水の pHは大きく変化しない。したがっ

て，水のみを用いて放射性 Cs汚染土壌を土壌洗浄処理し

た場合でも，重金属等が再溶出し新たな土壌汚染を引き起

こす可能性は小さいと考えられる。

IV. ま と め

福島県内より 3ヵ所および千葉県印西市内より 1ヵ所

の計 4ヵ所より採取した放射性 Cs汚染土壌を用いて，多

段階土壌洗浄処理試験を実施した。

放射性 Cs濃度が 9,200～12,500 Bq/kgの汚染土壌を土

壌洗浄した結果，二次洗浄土の放射性 Cs濃度は 1,300～

3,300 Bq/kgに低減した。放射性 Cs除去率は73～90�で

あった。また，放射性 Cs濃度が 5,400 Bq/kgの汚染土壌

を土壌洗浄した結果，二次洗浄土の放射性 Cs濃度は

1,110 Bq/kgに低減した。放射性 Cs除去率は79.4�であ

った。汚染土壌の放射性 Cs濃度や土質等に関わらず放射

性 Cs除去率に大きな違いはみられなかった。二次洗浄土

中の粒径範囲別の土壌中の放射性 Cs濃度は粒径範囲が小

さい土壌ほど高い傾向があり，特に粒径範囲が 75 mmの

粘土・シルト分は 75～125 mmの粒径範囲の土壌と比較し

て2.8～7.9倍の濃度であった。二次洗浄土の放射性 Cs除

去率を向上するために，粒径の小さい粘土・シルト分を確

実に除去することが最も有効であることが確認できた。

二次洗浄土の回収率は，汚染土壌中の粘土・シルト分の

Figure 4   Relationship between organic carbon and the rate of 134Cs+137Cs decontamination
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3. Influence of Soil Properties on Soil Washing

Figure 4 shows the relationship between organic carbon in the contaminated soils and the 
rate of radioactive Cs removal, while Figure 5 shows the relationship between the CEC and the 
rate of radioactive Cs removal. Both these figures are based on results from Cases 1–4. 

According to Figure 4 and Figure 5, the reduction in radioactive Cs declined as the organic 
carbon and CEC increased. The correlation coefficients between the rate of radioactive Cs 
removal and organic carbon, and between the rate of radioactive Cs removal and CEC were 
−0.832 and −0.876, respectively. The cause of the negative correlation is thought to be twofold: 
First, part of the radioactive Cs on the soil surface is adsorbed into organic substances in the 

単位 Case 1 (Soil A  Protocol 1) Case 2 (Soil B  Protocol 1) Case 3 (Soil C  Protocol 1) Case 4 (Soil D  Protocol 1)

［Bq/kg］ 12,000 9,200 12,500 5,400

［%］ 0.5 1.2 2.3 0.8

［cmol/kg] 6.0 12 18 20

次洗浄 ［Bq/kg］ 1,300 1,400 3,300 1,110

89.2% 84.8% 73.6% 79.4%濃　度　低　減　率
※
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Figure 5   Relationship between cation exchange capacity and the rate of 134Cs+137Cs decontamination

Table 4   Resulting heavy metals in treated materials (Cases 1-4)

a) Soil leachate: Quantity of the toxic substance eluted from soil to water.
b) Soil concentration: Quantity of the toxic substance taken into the body when contaminated soil is ingested.
c) N.D.=Not Detected.
* Cd, Cr6+, CN, Hg, and Se were not detected in all test cases and all treated materials.
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Table 4 Resulting heavy metals in treated materials (Cases 1�4)

Case number and treated materials

Class 2 designated hazardous substances

Soil leachatea) [mg/L] Soil concentrationb) [mg/kg]

Pb As F B Pb As F B

Case 1
(Soil A Protocol 1)

Contaminated soil N.D.c) N.D. N.D. N.D. N.D. N.D. 69 N.D.
Primary cake N.D. N.D. N.D. N.D. N.D. N.D. 91 N.D.
Secondary cake N.D. 0.001 0.42 N.D. 9 N.D. N.D. N.D.
Twice-treated soil N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

Case 2
(Soil B Protocol 1)

Contaminated soil 0.002 N.D. 0.13 N.D. 18 N.D. N.D. N.D.
Primary cake N.D. N.D. 0.21 0.01 26 N.D. N.D. N.D.
Secondary cake 0.001 0.002 0.34 0.01 33 N.D. N.D. N.D.
Twice-treated soil N.D. N.D. 0.15 N.D. 5 N.D. N.D. N.D.

Case 3
(Soil C Protocol 1)

Contaminated soil 0.002 0.001 0.49 0.01 18 N.D. 100 N.D.
Primary cake N.D. N.D. 0.23 0.01 33 N.D. 230 N.D.
Secondary cake 0.002 0.001 0.59 0.01 5 N.D. 220 N.D.
Twice-treated soil 0.002 0.001 0.59 N.D. N.D. N.D. N.D. N.D.

Case 4
(Soil D Protocol 1)

Contaminated soil N.D. N.D. 0.09 0.02 N.D. N.D. N.D. N.D.
Primary cake N.D. N.D. N.D. 0.02 19 N.D. 58 N.D.
Secondary cake 0.007 0.001 0.26 0.02 17 N.D. 76 N.D.
Twice-treated soil N.D. 0.001 0.09 N.D. N.D. N.D. N.D. N.D.

Designation standard 0.01 0.01 0.8 1 150 150 4,000 4,000
Detamination limit 0.001 0.001 0.08 0.01 5 2 50 5

a) Soil leachate: Quantity which the toxic substance contained in soil elutes in water.
b) Soil concentration: Quantity of the toxic substance taken into the body when contaminated soil ingested.
c) N.D.＝Not Detected.
�Cd, Cr6＋, CN, Hg, and Se were not detected by all test cases and all treated materials.
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割合に依存するが，粘土・シルト分の割合が30��の汚

染土壌を洗浄処理した場合，二次洗浄土の回収率は50～

60�であり，汚染土壌の50��上を二次洗浄土とするこ

とで，放射性セシウム汚染土壌を重量比で50���まで

減量化できることが確認できた。多段階土壌洗浄処理は今

後，発生する膨大な汚染土壌を，重量比で約半分まで減量

化することができるため放射性 Cs汚染土壌の減量化技術

としての活用が期待できる。

多段階土壌洗浄処理の植物除去工程および二次洗浄工程

の条件を変化させた試験を実施した。その結果，汚染土壌

中の植物片には放射性 Csが高濃度で吸着していることが

確認された。また，土壌表面を磨砕することで二次洗浄土

の放射性 Cs除去率は向上した。一方，土壌中の放射性

Csは土壌鉱物等と強固な結合体を形成し，水に溶出しな

いため，土壌洗浄の過程で吸着材を添加しても放射性 Cs

除去率の向上に寄与しなかった。多段階土壌洗浄処理にお

いて，水のみを用いて汚染土壌を処理した場合，処理水側

に放射性セシウムは溶出せず，また，今回の試料では重金

属の溶出も認められなかったことから，本方式での洗浄排

水により新たな土壌汚染を引き起こす可能性は小さいと考

えられる。

汚染土壌中の有機体炭素の割合や陽イオン交換容量と多

段階土壌洗浄処理による放射性 Cs除去率に負の相関があ

ることが示唆された。

本試験は，�独日本原子力研究開発機構が実施している内

閣府委託業務「福島第一原子力発電所事故に係る避難区域

等における除染実証業務」の一部として実施した平成23

年度「植物が混入した放射性セシウム汚染土壌の多段階土

壌洗浄処理に関する研究」の成果を取りまとめたものであ

る。
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soil, such as plant matter 5), and so the concentration of Cs is intrinsically linked with the amount 
of organic matter. In the experiments, the rate of radioactive Cs removal likely declined because 
organic substances were not eliminated by the soil washing process, causing a relative increase 
in the amount of organic substances, and therefore radioactive Cs, in the contaminated soil. 

Second, the CEC, which shows the number of cations which can be retained in the soil, 
is also linked to the concentration of radioactive Cs. If the CEC is high, it means the number 
of cations, including radioactive Cs ions, per unit weight that can be adsorbed into the soil is 
high. Therefore, it is likely that the rate of radioactive Cs removal declined because soil, into 
which a larger amount of radioactive Cs was adsorbed, was included in the soil that underwent 
secondary soil washing.

Table 4 shows the concentration of heavy metals before and after multistep soil washing. 
In four kinds of contaminated soils, before undergoing multistep soil washing, contamination 
due to heavy metals was not observed. In addition, in the twice-treated soils, initial dehydrated 
cakes and secondary dehydrated cakes, which were generated as a result of multistep soil wash-
ing, the soil elution amount and the soil content of particular heavy metals did not exceed the 
criteria stipulated in the Soil Contamination Countermeasures Act. In this test, only water was 
used to clean the soils; the pH levels of the soil and water do not change significantly through-
out the process. Therefore, the risk of heavy metal re-elution and subsequent recontamination 
is low, even if the radioactive Cs-contaminated soils are washed using only water. 

IV. Conclusions
Multistep soil washing experiments were conducted using radioactive Cs-contaminated soils 

collected from the Fukushima Prefecture and Inzai City, Chiba Prefecture.
As a result of initial and secondary washing, the radioactive Cs concentrations of the con-

taminated soils, which were initially between 9,200–12,500 Bq/kg, were reduced to 1,300–
3,300 Bq/kg. The rate of radioactive Cs removal was 73–90%. In one case, where soil with 
a radioactive Cs concentration of 5,400 Bq/kg was washed, the radioactive Cs concentration 
of the twice-treated soil was reduced to 1,110 Bq/kg, giving a rate of radioactive Cs removal 
of 79.4%. Regardless of the radioactive Cs concentration and the soil properties, there was no 
significant difference in the removal rate of radioactive Cs removal. The radioactive Cs con-
centration in twice-treated soils tended to be higher in soils with smaller diameter particles. In 
particular, the radioactive Cs concentration in the clay and silt fractions, with a particle diame-
ter of 75 µm, was 2.8–7.9 times higher than that in soils with a particle diameter of 75–125 µm. 
Securely eliminating the clay and silt fractions was the most effective way of improving the rate 
of radioactive Cs removal from the twice-treated soils.

The efficiency of collection from the twice-treated soil is dependent on the proportion of 
the clay and silt fractions in the contaminated soil. When contaminated soils, in which the 
proportion of the clay and silt fractions was around 30%, were washed, the recovery rate from 
the twice-treated soil was between 50–60%. Collecting more than 50% of the contaminated 
soil as twice-treated soil, radioactive Cs-contaminated soil was reduced to the weight ratio of 
radioactive Cs-contaminated soil to 50% or lower. Since multistep soil washing reduces the 
weight ratio of contaminated soil by about half, it is expected to be utilized to reduce the weight 
of radioactive Cs-contaminated soils, enabling effective storage.

Multistep soil washing experiments were conducted with different plant matter elimination 
and secondary washing processes. The results confirmed that radioactive Cs was adsorbed to 
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plant matter in the contaminated soils in high concentrations. In addition, grinding the soil 
surface improved the rate of radioactive Cs removal from the twice-treated soils. On the other 
hand, since the radioactive Cs contained in the soils formed strong bonds with the soil minerals 
and did not elute into water, adding an adsorbent during soil washing contributed very little to 
improving the rate of radioactive Cs removal. Furthermore, radioactive cesium did not elute 
into the treatment water, even though only water was used. In addition, no elution of heavy 
metals was observed from the samples used in this study. Therefore, there is little risk that the 
washing drainage water generated by this method would cause further soil contamination.

It was suggested that the rate of radioactive Cs removal had a negative correlation with the 
proportion of organic carbon in the contaminated soils as well as the CEC.

This test summarizes the results of the “Study On Multistage Soil Decontamination Treat-
ment for the Radioactive Cesium-Contaminated Soil Mixed With Plants or Vegetables” con-
ducted in 2011 as part of “Decontamination Pilot Projects for the Environmental Remediation 
of Evacuation Areas Contaminated With Radioactive Materials Discharged From The Fukushi-
ma Daiichi Nuclear Power Plant Accident” which was undertaken by the Japan Atomic Energy 
Agency, contracted by the Cabinet Office.
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