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Fig. 12: Breakthrough curves of Cs. Adsorbent: Calix + n-hexadecanol (1.25); column i.d.: 10 mm; bed 

height:150mm; flow rate: 1cm3/min; aq. phase: 10mMCs-3MHNO3. 

 

 
Fig. 13: Dynamic capacity of Cs adsorbent column. Column: i.d. 10 mm; Calix + n-hexadecanol (1.25); 

flow rate: 1 cm3/min; room temperature. 
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Fig. 14: Photographs of adsorbent soaked in nitric acid solution (1) and dried adsorbent [Calix + n-
dodecanol (5.56)] after irradiation: 60 kGy (2), 256 kGy (3), 827 kGy (4). 

 

Fig. 15:  Distribution coefficient of Cs onto irradiated adsorbent. Adsorbent: Calix + n-dodecanol (5.56); 
Dose rate: 2.72 kGy/h; soaked in 4 M HNO3; Adsorbed from 4 M HNO3. Adsorbents (0 kGy) were 
not irradiated but were soaked in nitric acid solution as long as irradiated ones (827 kGy). 

1 2 3 4

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7

[HNO3] / M

0 kGy

60 kGy

256 kGy

827 kGy

D
is

tr
ib

ut
io

n 
co

ef
fic

ie
nt

 o
f 
Cs

 /
 c

m
3  

g-1



JAEA-Research 2010-016 

 － 33 －

 
Fig. 16:  Distribution coefficient of Cs after irradiation. Adsorbent: Calix + n-dodecanol (5.56); dose rate: 

2.72 kGy/h; soaked in 4 M HNO3 and liquid-solid ratio: 20 cm3/g; adsorption from 4 M HNO3. 
Closed circles indicate adsorbent was not irradiated but was soaked in nitric acid solution. 

 

 
Fig. 17:  Mass spectrum of Calix standard. 
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Fig. 18:Leakage of Cs extractant from adsorbent after gamma irradiation. Adsorbent: Calix + n-dodecanol 
(5.56); dose rate: 2.72 kGy/h; soaked in 4 M HNO3 and liquid-solid ratio: 20 cm3/g; adsorption 
from 4 M HNO3. 

 

 
Fig. 19:  Mass spectrum of Calix after gamma irradiation. 
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Fig. 20:  Static capacity of Calix + n-hexadecanol (4.17) after gamma irradiation. Dose rate: 2.3 

kGy/h;duration: 116 h; dose: 267 kGy;soaked in 0.1-6 M HNO3; adsorption from 4 M HNO3. 
 

 
Fig. 21:  Break through curve of Calix + n-hexadecanol(1.25) after gamma irradiation. Dose rate: 1.82 

kGy/h; duration: 16 h; Dose: 29.1 kGy; soaked in 3 M HNO3. Column: i.d. 10 mm x 100 mm 
height (bed height: 82mm); flow rate: 1cm3/min; mobile phase:10mMCs-3MHNO3. 
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Fig. 22: Separation of Cs and TRU through a packed column with Cs adsorbent.Column: i.d. 10 mm x 300 

mm height (bed height 240 mm); Calix + n-hexadecanol (4.17); flow rate: 1 cm3/min; room 
temperature; Feed: 4 M HNO3 solution. 

 

 

Fig. 23: Separation of Cs and TRU through a packed column with Cs adsorbent. Column: i.d. 10 mm x 300 
mm height (bed height 230 mm); Calix + n-hexadecanol (1.25); flow rate: 1 cm3/min; room 
temperature; Feed: 4 M HNO3 solution. 
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Fig. 24: Separation of Cs and typical FP through a packed column with Cs adsorbent. Column: i.d. 10 mm 
x 100 mm height (bed height 75 mm); Calix + n-hexadecanol (1.25); flow rate: 1 cm3/min; room 
temperature; Feed: 3 M HNO3 solution. 

 

 
Fig. 25: Apparatus for column separation examination in hot cell. 
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Fig. 28:  Separation of Cs from genuine HLLW. Adsorbent: Calix + n-hexadecanol (1.25); bed volume: ca. 
2 cm3. 
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DtBu 

 

 

DtHex 

 

Fig. 29: Chemical structure of Sr extractant. 

 

 

Fig. 30 Differential thermo-gravimetric analysis of Sr adsorbent. 
DtBu + n-hexadecanol (1.25). 

 

O

O

O

O O

O

O

O

O

O O

O

0

0.01

0.02

0.03

0.04

0.05

0.06

100 200 300 400 500 600 700

D
TA

Temp. /°C

Modifier

Extractant

Polymer



JAEA-Research 2010-016 

 － 41 －

 

Fig. 31: Distribution coefficient onto DtBu + n-dodecanol (1.61). 

 

Fig. 32: Distribution coefficient onto DtBu + n-hexadecanol (1.61). 
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Fig. 33: Distribution coefficient onto DtHex + n-dodecanol (1.79). 

 

Fig. 34: Distribution coefficient onto DtHex + n-hexadecanol (1.39). 
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Fig. 35:  Distribution coefficients of Sr onto Sr adsorbent from 2 M HNO3. Open: DtHex; Closed: DtBu. 

 

 

Fig. 36:  Static capacity of Sr onto Sr adsorbent (DtBu). [HNO3] = 2 M; temperature: 25℃; contact time: 
2h. 
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Fig. 37:Static capacity of Sr onto Sr adsorbent (DtHex). [HNO3] = 2 M; temperature: 25℃; contact time: 
2h.  
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Fig. 38:  Adsorption and elutoin examination of Sr-1.Adsorbent: DtBu + n-hexadecanol (1.25); column 
i.d.: 10 mm; bed height: 175mm; flow rate: 1cm3/min; aq. phase: 10mMSr-3MHNO3. 
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Fig. 39:Adsorption and elutoin examination of Sr-1.Adsorbent: DtBu + n-hexadecanol (1.25); column 
i.d.: 10 mm; bed height: 175mm; flow rate: 1cm3/min; aq. phase: 10mMSr-3MHNO3. 
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Fig. 40:  Recovery ratio of Sr through a Sr adsorbent column. Adsorbent: DtBu + n-hexadecanol (1.25); 

column i.d.: 10 mm; bed height: 175mm; flow rate: 1cm3/min; aq. phase: 10mMSr-3MHNO3. 

 

 

Fig. 41: Break through curve through a packed column with Sr adsorbent. Column: i.d. 10 mm x 300 mm 
height (bed height 280 mm); DtBu + n-hexadecanol (1.25); flow rate: 1 cm3/min; room 
temperature; Feed: 10 mM Sr in 2 M HNO3 . 
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Fig. 42:  Elution curv of Sr from 1 to 30 cycle.DtBu + n-hexadecanol (1.25); column i.d.: 10 mm; bed 

height: 175mm; flow rate: 1cm3/min; aq. phase: 10mMSr-3MHNO3. 

 
Fig. 43: Elution curv of Sr from 31 to 60 cycle.Adsorbent: DtBu + n-hexadecanol (1.25); column i.d.: 10 

mm; bed height: 175mm; flow rate: 1cm3/min; aq. phase: 10mMSr-3MHNO3. 
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Fig. 44:  Breakthrough curve of Sr. Adsorbent: DtBu + n-hexadecanol (1.25); column i.d.: 10 mm; bed 

height: 175mm; flow rate: 1cm3/min; aq. phase: 10mMSr-3MHNO3. 

 

 
Fig. 45:  Dynamic capacity of Sr adsorbent column. Column: i.d. 10 mm; DtBu + n-hexadecanol (1.25); 

flow rate: 1 cm3/min; room temperature. 

 

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200

[S
r]

 /
 m

M

Effluent volume / cm3

Dead 
volume

0 cycle

30 cycle

60 cycle

0.00

0.05

0.10

0.15

0 50 100 150 200 250 300

D
yn

am
ic

 c
a
p
a
ci

ty
 /

 m
ol

 L
-1

Effluent volume / BV

2 M

3 M



JAEA-Research 2010-016 

 － 50 －

 

Fig. 46Differential thermo-gravimetric analysis of Sr adsorbent. 

DtBu + n-hexadecanol (1.25). 

 
Fig. 47:  Distribution coefficient of DtBu + n-dodecanol (1.61) after irradiation. Dose rate:2.72 kGy/h; 

soaked  in 2 M HNO3; Adsorption from 2 M HNO3. Adsorbents (0 kGy) were not irradiated but 
were soaked in nitric acid solution as long as irradiated ones (827 kGy). 

0

0.01

0.02

0.03

0.04

0.05

0.06

100 200 300 400 500 600 700

D
TA

Temp. /°C

Sr adsorbent

Column(top)

Colum(bottom)

Modifier Extractant Polymer

0

20

40

60

80

100

0 1 2 3 4 5 6 7

D
is

tr
ib

ut
io

n 
co

ef
fic

ie
nt

 o
f 
Sr

 /
 c

m
3  

g-1

[HNO3]/M

0 kGy

60 kGy

256 kGy

827 kGy



JAEA-Research 2010-016 

 － 51 －

 

 
Fig. 48:  Distribution coefficient of DtBu + n-dodecanol (1.61) after irradiation. Typical irradiation 

conditions: 20 cm3/g, 2.72 kGy/h, 2 M HNO3. Adsorption from 2 M HNO3. 

 
Fig. 49:  Leakage of DtBu from adsorbent after irradiation. Typical irradiation conditions: 20 cm3/g, 2.72 

kGy/h, 2 M HNO3. Adsorption from 2 M HNO3. 
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Fig. 50:  Mass spectrum of DtBu. 

 

Fig. 51:  Mass spectrum of DtHex. 
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Fig. 52:  Mass spectrum of Sr extractant (DtBu) after gamma irradiation. 

 

 
Fig. 53: Static capacity of Sr adsorbent after irradiation. DtBu + n-hexadecanol (1.61); dose: 267 kGy (2.3 

kGy/h × 116 h).  
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Fig. 54:  Breakthrough curve of Sr adsorbent after irradiation. Column i.d.: 10 mm; bed height: 80 mm; 

flow rate: 1cm3/min; aq. phase: 10mMSr-3MHNO3. Dose rate: 1.82 kGy/h; duration: 16 h; soaked 
in 3 MHNO3. 

 

 

 

 
Fig. 55: Separation of Sr and TRU through a packed column with Sr adsorbent. Column: i.d. 10 mm x 300 

mm height (bed height 240 mm); DtHex + n-dodecanol (1.79); flow rate: 1 cm3/min; room 
temperature; Feed: 2 M HNO3 solution. 
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Fig. 56: Separation of Sr and TRU through a packed column with Sr adsorbent. Column: i.d. 10 mm x 300 
mm height (bed height 280 mm); DtBu + n-hexadecanol (1.25); flow rate: 1 cm3/min; room 
temperature; Feed: 2 M HNO3 solution. 

 

 

Fig. 57: Separation of Sr and typical FP through a packed column with Sr adsorbent. Column: i.d. 10 mm x 
100 mm height (bed height 55 mm); DtBu + n-hexadecanol (1.25); flow rate: 1 cm3/min; room 
temperature; Feed: 3 M HNO3 solution. 
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Fig. 58:Separation of Sr from simulated HLLW. Adsorbent: DtBu + n-hexadecanol (1.25); bed volume: ca. 
2 cm3. 

 

 

Fig. 59:Separation of Sr from genuine HLLW. Adsorbent: DtBu + n-hexadecanol (1.25); bed volume: ca. 2 
cm3. 
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Fig. 60:  Procedure of process schematic separation. 

 

 

Fig. 61: Process schematic separation of Cs. Adsorbent: Calix + n-hexadecanol (1.25); column i.d.: 10 mm; 
bed height:150mm; flow rate: 1cm3/min; conc. of feed solution: 3M. 
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Fig. 62: Process schematic separation of Sr. Adsorbent: DtBu + n-hexadecanol (1.25); column i.d.: 10 mm; 

bed height: 175mm; flow rate: 1cm3/min; conc. of feed solution: 3M. 
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Table 4:  Leakage of extractant from Cs adsorbent 

3456	7� �)� �� �� 
�

���������� +��$0��&��%���,A����(���$����� �����

+�,%(�-��*����$���,� /�0��2 B��0�� B��0�� B��0��

+�,%(�-��*.�(���$���,� /
0�12 B��0�� B��0�� B��0��

+�,%(�-��*����$���,� /
0�12 B��0�� B��0�� B��0��

+�,%(�-��*����$���,� /�0192 B��0�� B��0�� B��0��

Contac time: 1 h 

 
Table 5:  Mobile phase for Cs column 

)��%,���.���� C�,���� �$�	�

+���%�%��%��� 
�)�456	� ���

D���� 
�)�456	� ���

E��.%��� 
�)�456	� 	��

',����� 4�6� 1��

 

 

Table 6:  Mobile phase for Cs column 

Mobile phase� Volume / cm3�

Conditioning� 3 M HNO3� 10 �

Feed� 10 mM Cs-3 M HNO3� 10 �

Washing� 3 M HNO3� 10 �

Eluent� H2O� 20 �
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Table 7: Composition of HLLW at NUCEF 

',������ +��$0� ��) � 5�$,%��� +��$0� �)>F�$�*	�

#�� �01�	�� +�*�	1� ��9:��

;� �0�1��� ��*�
�� �90�
��

<�� B��0�� +�*�

� ��0�9��

)�� B��0��

?$� B��0��

8�� B��0��

8.� B��0��

=�� �0	���

G�� �0�:��

5�� 
0�:��

'�� �0�1	�� � 3456	7� �)� 	0����

 
 

Table 8:  Composition of Sr adsorbent 

����������

������������������� !�"� #��$%&%$���&�$�������

'(���$����� )��%&%��� �� ��

#������� *� *� ���

H�4�(�-��*.�(���$���,�/�0	:2� �	�/�10�2� �:�/�10�2� ��

 (  ): by design  
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Table 13:  Leakage of extractant from Sr adsorbent 

3456	7� �)� �� �� 
�

���������� +��$0��&��%���,A����(���$����� �����

H�>��-��*����$���,� /�0��2� �:09�� �90
�� ��0���

H�>��-��*.�(���$���,� /�0��2� ��01�� 	�0��� ��0���

H�4�(�-��*����$���,� /�0192� B��0�� B��0�� B��0��

H�4�(�-��*.�(���$���,� /�0	:2� B��0�� B��0�� B��0��

H�4�(�-��*.�(���$���,� /�0192� 
0	�� B��0�� B��0��

 

 
Table 14:  Mobile pahse for Sr column 

)��%,���.���� C�,���� �$�	�

+���%�%��%��� ��)�456	� ����

D���� ��)�456	� ����

E��.%��� ��)�456	� ����

',����� 4�6� ����

 

 

Table 15:  Mobile pahse for Sr column 

)��%,���.���� C�,���� �$�	�

+���%�%��%��� 	�)�456	� ����

D���� ����)�#�*	�)�456	� ����

E��.%��� 	�)�456	� ����

',����� 4�6� ����
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Table 16: Composition of simulated HLLW for process flow sheet test 

',������
+��$0� �)�

#%��,�����4GGEJ� 8�&&%�����

#�� �0
9� �0	���

;� �0	:� *�

<�� �
0	:� �0�:��

)�� :091� 
0����

8�� �
019� �0�
��

8.� 
0
�� �0�:��

=�� ��0��� �011��

+�� �
0�1� 	0:���

>�� �091� 	0����

G�� ��01� *�

5�� ��01�� *�

'�� 
0�1� *�

3456	7� �)� �0��� 	�

J+����%�%���34�6�7�K��0��)L�34'H?�7�K��0��)�
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Table 17: Decontamination factors  
+���������%���$�,���� #���������%���$�,����

',������ HD� 8�$�A��M����%� ',������ HD� 8�$�A��M����%�

+�� N����� �0
� #�� N����� 	0��

#�� N����� �0�� <�� N����� �01	�

<�� N����� �0:�� )�� N����� �0���

)�� N����� �0:�� 8�� 11�� �09��

8�� 9��� �0:9� 8.� N����� �01	�

8.� N����� �0�� =�� N����� �091�

=�� 9��� �0:1� >�� �0�� �0��

>�� N����� �0�� �

 

 
Table 18: Composition of simulated HLLW for separation of Sr 

',������
+��$0� �)�

#%��,�����4GGEJ� 8�&&%����� �&�����������%����&�+��

#�� �0
9�� �0	��� �0����

;� �0	:�� *� *�

<�� �
0	:�� �0�:�� �0�	��

)�� :091�� 
0���� �0����

8�� �
019�� �0�
�� �0	���

8.� 
0
��� �0�:�� �09���

=�� ��0���� �011�� �0�
��

+�� �
0�1�� 	0:��� *�

>�� �091�� 	0���� �0�1��

G�� ��01��� *� *�

5�� ��01��� *� *�

'�� 
0�1�� *� *�

3456	7� �)� �0���� 	0���� 	0����

J+����%�%���34�6�7�K��0��)L�34'H?�7�K��0��)� �

 




