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-.(ICP-AES)/� �012 314 5(6/�78 ��� !"# 9, :�*;<=>� �?, @1

� +.# A;1BC. 5(6 �? �D�E F GHI �� tri-n-butyl phosphate(TBP)J 9,K� ��1

4 L MN Amberlite XAD CO! NP� Q� RST# UV� � TBP RSWX MY Z Amberlite

XAD-16# NN[� \]1BC. ������ �^�_` 	
a!X ��� bc ������ �^�_

# ��14 TBP RSN� Q� ��� !" ��Pc defg# a�1h, �?� �i� 4j k

P# lm	 1BC. Pd n Ru# Ko� Q7�c ��� !" ��P# pq$ 3.1% X1c r3�E p

�m/� @s  �tC.

ABSTRACT. A study has been carried out on the extraction chromatographic separation of fission prod-

ucts from spent pressurized water reactor (PWR) fuels for inductively coupled plasma atomic emission spec-

trometric analysis. Impregnation capacity of tri-n-butyl phosphate (TBP), which is well known as an extractant

in the field of uranium separation from various nuclear grade materials, on Amberlite XAD polymeric

macroporous support materials was measured. Amberlite XAD-16 of which the surface area is the highest was

selected as a support material because its TBP impregnation capacity was the largest in Amberlite XADs. Sorp-

tion behaviour of this TBP impregnated resin was investigated for the fission product elements using acidic

solutions simulated for dissolver solutions of spent PWR fuels. The parameters affecting the performance of

the separation system were optimized. The fission product elements studied excluding Pd and Ru were quan-

titatively recovered with the precision of less than 3.1%.
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����� ��1h �C.1-3 �� 5?� l� ���

���J p�m/� �?1h X�s ��!X ��

# ��1h ������ 	
u!# ��s  ��

��M  ¡m/� ¢�h �C.

��c £$r3�E 4j ¤¥ ��P# g�� �

0s  ��E +�! �2"c W` �0�c +�\

>��¦# §¨  �� �$ %& '()* ��+,

�-.(ICP-AES)X +�! "� �0� m&� ©/�

ªM�� �C.4 <j« ��� !"# p�s ¬ +

, )®¯X °5 ±²� 5(6` '³;6X �-


m ¦´# 1� ©/� GHI �C.5-7 x(E ��

����c °�� 5(6 n '³;6c �?� ��

� !"c p�m @M �m/� ���t/� X

J 314 XµV¶N.8,9` �2�°9,.10-12 ·

` ¸~ �?.X -r31� m��� �C. u¹, �

2�°9,.c \]m �?u!` Xµ :�*;<=

>c Cº» �?u!# �¼ ½¾ 9, :�*;<=

>� �_X ¿X } 1N Àh �?`pX ºÁ14

+�	
 �0 �D�E m�!X :C. x(E tri-n-

butyl phosphate(TBP), di(2-ethylhexyl)phosphoric acid

(HDEHP)n octyl(phenyl)-N,N'-disisobutyl carbamolylme-

thylphosphine oxide(CMPO) ·# 9,K� 1h ÂÃ

	Ä Â?ÅÆ, ÇÈÉ �Ê n polystyrene divinyl-

benzene# NN[� 1� 9, :�*;<=> �)Ë

c deu!� �� ��M � �� ¢�� �C.13

  ���E� 2Ì� ���� ÍÎ Amberlite XAD-

2 n -4 CO!N� l�� ���h �� Amberlite

XAD-16 CO! Nc TBP RST# �Ï UV1h

TBP RSTX MY 5� Amberlite XAD-16# NN

[� \]� � 35,000 MWd/MtU ��$c ����

�� �^�_` ��� bc ������ �^�_

# ��14 5(6/�78 ��� !"c �?� @

J 3� m�!# ªM1BC.

� �

�� � ��. +�! "� �0� m&1$Ð

Thermo Jarrell Ash�c �$ %& '()* ��+,

�-2(IRIS-HR)� )Ç�Ñ) Ò ��c Ó�Ô Õ)

J %&�Ö ICP-AES/×� �)Ë# ��1BC.14

�� � �	. Aldrich�c Amberlite XAD CO!

N(20~50 mesh)J NN[� ��1B/� 100~200

meshM �$Ð � � +7K� ØÙ1N Àh ÚÛ�

# º3[J HCl, NaOH, ÜÝÞ, Ûßà n tetrahy-

drofuran/� Kf1h �O�á�E âa�ãC.15

Merck�c tri-n-butyl phosphateJ Uä� bå �æ~

�0 �æç/� pK1N Àh ��1B/� X× è

é� êëJ Millipore�c Milli-Q plus Ultra Pure

Water System� �`�ì Ka1BC.


� ����� ���	. 235Uc ��X 3.21%,

��$M 35,000 MWd/MtU <?h íî2¦X 10ï

� �� ������� 	
a!X ��� bc �

����� �^�_# Ka1BC. ��� !" ��

c £$M Table 1̀  ¸X �$Ð U3O8(NBL, CRM

129)c �ð�_� Spex�c ICP-AES �0� ñ��

_# ¨p� òM1BC.

TBP/XAD-16 ���� ��� ��. 200~500 mgc

Amberlite XAD CO! N� 5 mLc TBPJ �?

Uó� ôh -30 inch HgJ �N1� �OÍõ�E 1

³ +i�ì gO ö/� TBPM ÷�¹ RS�$Ð 1

BC. �?ø/� �?�c �,7�# ù~ ú?�û

Table 1. Chemical composition of an acidic solution simulated
for dissolver solution of a spent PWR fuel

Component Concentration, mg/L

Ba 36.7
Cd 2.4
Ce 50.1
Cs 50.2
Eu 2.8
Gd 2.7
La 25.7
Mo 70.6
Nd 85.1
Pd 30.0
Pr 23.5
Rb 7.4
Rh 10.0
Ru 45.0
Se 3.0
Sm 18.1
Sr 16.1
Te 10.3
Y 9.5
Zr 76.1
U 190,047

Free acidity, M 6
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ü ��c ¨@� >ý(öNþ; 7 mm, SAINT-AMAND,

U.S.A.)� ÿH ôh TBP� UóJ �� ô~ � �?

�/� �# M�� ��H NM �¨1� ÷��$

Ð 1BC. �?�� ���_# ô# ¬ NM �®

jNN À$Ð N	c 
7�# �?ø/� ù~ �

TBP� �? �	�Ö 10 mLc 4 M HNO3# �`�ì

4�c TBPJ Kf1h �?�# öp	�ãC.

���� TBP ��� ��. TBPM ÷�¹ RSÄ

500 mgc Amberlite XAD CO! NJ ��J G

h �� ¨@� >ý� ôh TBP� UóJ �� ô~

� �?�/� �# M�� ��H NM �¨1� ÷

��$Ð 1BC. ��J p� � 15 mLc 4 M

HNO3# �`�ì �,Ä TBPc ��J p14 R

SÄ TBPc W# »ð1BC.

��� ! "#$ %&'� ��() � *�+ ,

-. 5(6X æ 10 mg ���� �� bc �����

� �^�_ 1 mLJ TBP� RSÄ 200 mgc Amberlite

XAD-16 CO! N �?�� ôtC. ��¹ �`�

Ö � �?_/� 4 M HNO3# »¥ �`���E

1 mL� �_��� C� ICP-AES� �014 �,Ä

��� !" ��c W# p1BC. �0`p�E

`�c +�! �2"X } 1N À$Ð 12 314

Table 2�E� ¸X 5% X1c p pq$� �0%

`J �#  �� £$r3J a�14 lmc ���

��� ���# %p1B/�(10 mgc 5(6X ��

�� �� ������) ��Ä �?.# m�14 �

�� !" ��c @�# %p1BC.

�� � ��

��� ./. 9, :�*;<=>�E� �?�#

�!1� NN[c gO` ñ�mc :2, ñ�c �N

�!(lipophilic property) <?h �S` �!X ¤¥

Xµc �?fg� Z ��# �i2 ¬�� CW� �

2 n �2 NN[c u!� �^ ¿~ ��M ¢�

� �C. 1985ï Louis ·16~ ñ�m` gOc :2M

îî C� Amberlite-2� -4J Q�/� 1� UV Â

��E NN[� RSÄ 9,Kc WX èMsÐ ¤

¥Xµc ��»(Kd)� �?�c �^T(Rs)X èM

�Ch }ñ� � �C. x(E   ���E� �=�

|}�� �2!� �?� �� ���h �� Amberlite-

16X Amberlite-2 n -4 C ñ�mX óE 9, :�

*;<=>J 3� NN[�E m&1Ch !º1h

TBP� Q� RST# UV14 < %`J Table 3�

«"#tC. RSÄ TBPc W~ NN[c ñ�mX è

M�� x( èM1B/� ÷�7>(bed volume)$ �

¼ èM1BC. �� Q�c NN[� b� C?%&$

M Z CO!N�E Æ "$c NN[� %? ��c

ë £$ ×X� x( �S` ��X :� k1N À

2 ¬�� �?�c öp$J �Ns  �� Y&X

Table 2. Wavelength and determination reliability at analytical
concentration

Element
Wavelength,

nm
Analytical 

concentration, mg/L
RSD,

%

La 379.478 0.01 3.1
Ce 418.660 0.1 5.6
Pr 417.939 0.01 3.7
Nd 401.225 0.1 5.5

406.109 0.1 3.4
Sm 360.949 0.1 3.8

446.734 0.1 4.0
Eu 381.967 0.01 1.2

420.505 0.01 3.0
Gd 310.050 0.1 1.5
Y 324.228 0.1 1.3

437.494 0.1 0.9
485.487 0.1 0.8

Ba 223.527 0.01 2.4
455.403 0.1 0.7

Cd 226.502 0.01 0.7
228.802 0.1 0.8

Sr 216.598 0.1 0.8
346.446 0.1 6.2
407.771 0.01 1.9

Table 3. Properties of Amberlite XAD macroporous resins and TBP impregnated resins 

Amberlite XADs Surface area, m2/g Bed volume, mL Impregnated TBP, mmole/g

XAD-2 300 1.6 1.82
XAD-4 725 1.9 2.54
XAD-16 750 3.1 3.44
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�tC.

Breakthrough 01. ��� !" ��c �?fg

# E� UV12 314 10 mgc 5(6X ����

�� bc ������ �̂ �_# 500 mgc Amberlite

XAD-16# TBP� RS�ì 'å �?�� 0.07 mL/

minc �þ¥$� �`���E 0.5 mL� �_��1

h �,Ä ��� !" ��c W# ICP-AES� p

1BC. Fig. 1� «"( �� ¸X N)*6` 5(6

# Ko� Q7�c ��� !" ��M æ 7 mL X

#� b� �,�tC. X®+~ ,�þ �¦X UVm

-t/� Xj� �� %`P~ T. IshimoriM �ð °

��E p� TBP� Q� ¤¥Xµc ��» :2

� F ¨i1BC.17

TBP/XAD-16 ���� ���� 2-3. 9, :�

*;<=>M �2�°9,` XµV¶N.c Y&

# �¼ ½h ���$ .�1h �?	
 �D�E C

W1� m��N /1� X�� �?�# 'P2 0f

1h, XµV¶N� %? �?�X .öp1Ch �

�12 ¬�XC. <j«   ���E� ¸X �0 �

�� �?�# ���1N Àh +�! �2"� �?

^D 1� �5�� �?J ¢1� gö �?�c ö

p$M ÷�¹ �NÄC� ��� !" ��c �?,

@� ÷�¹ m�s  �Ch !º�C. x(E

TBP/XAD-16 RSN �?�c öp$J a�12 3

14 6, 15 n 30 mLc 6 M HNO3# �? �`�Ö

3 |c �?�# Q�/� 10 mgc 5(6X ����

�� bc ������ �^�_ 1 mLJ �`�Ö C

� 6 M HNO3# �`���E ��� !" ��c �

?fg k	J a�1BC. ,�þ �¦X 2~ Cd, Ba,

Sr, Mo n 3;é ��Pc �?fg~ fc ��1B

C. <j« Fig. 2� «"( �� ¸X ,�þ �¦X

UVm 4 N)*6c �5�� �?�c öp$ k	

M 561� «"«E 30 mL(÷�7>c 10�)c 6 M

HNO3# �`�Ö �?��E� C� �?��E  C

N)*6X æ 4 mL ¨7 �,8/�9 6 M HNO3#

30 mL �`��� �?�c öp$M :�s  �C

� %É# �tC. x(E   ���E� �?� ��

?_c W# 10 mL� %p1BC.

��� 45 67. ��� !" ��c �?fg�

�i� �� 7>c ��# a�1BC. XJ 314

10 mgc 5(6X ���� �� 6 M HNO3 °�c b

c ������ �^�_c 7>J 0.5~5 mL r3�

E a;1�E 500 mgc Amberlite XAD-16# TBP�

RS�ì 'å �?�� ôh 6 M HNO3# ÿH ô/

�E 1 mL� �_��14 �,_� ���� �� �

�� !" ��c £$J p1BC. 5(6` N)

*6# Ko1h ,�þ �¦X MY 4 X®+c �?

fg# Qñm/� Fig. 3� «"#tC. Ba, Sr, Cd,

Fig. 1. Breakthrough curves of fission product elements.
Fraction size; 0.5 mL. Column; weight of XAD-16: 500 mg.
Loading sample solution; 1 mL. Bed volume; 3 mL. Flow
rate; 0.07 mL/min Curves; −�− : Te, −�− : Cd, −�− : Y, −+−: Pd,
−×− : Gd, −�− : Rh, −-−: Eu, −|−: Ce, −�− : Nd, −�− : La, −�− :
Ru, −�− : Sm, −�− : Ba.

Fig. 2. Elution of Zr on TBP/XAD-16 resin column pre-
equilibrated with different volumes of 6 M nitric acid. Elu-
ent; 6 M nitric acid. Column; weight of XAD-16: 500 mg,
bed height: 8 cm, bed volume: 3 mL. 2 mL. Curve; −	−
6 mL, −�−  15 mL, −�− 30 mL.
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Mo n 3;é �� ·` %? ,�þ �¦X 4 X®

+c �5 ��c 7>M èMsÐ <?=2 ��X

��jN� «"«2 ¬��   ���E� 0.5 mL�

Z ×XM >� 1 mLJ �� 7>� %p1BC.

��� 89 :3 67. ?�Ec Â�%`J @A 

� N)*6c ,�þ �¦X B� -2 ¬�� +�!

��J �01� �5 �0�M Y�¦ +�\� C,

D 3�!X �C. x(E 500 mgc Amberlite XAD-

16# TBP� RS�ì 'å �?�� �ðc £$J

3~6 M r3� a;� bc ������ �^�_ 1

mL(10 mgc 5(6X ��)J ÿH ôh ��� ¸~

�ð £$c �?_# �`���E ��� !" �

�c �?fg# UV1BC. TBP� Q� ��»M

:N À~ Ba, Sr, Cd, Mo n 3;é ��Pc �?f

g~ �ð £$� x( Z ×XJ  XN ÀE/� Q

7� 10 mL X#� ��¹ �,�tC. <j« N)*

6~ Fig. 4�E� ¸X �ð £$M :��� x( ,

�þ �¦X º���E 3 M HNO3c �5 10 mL X

#� 99%M �,�tC. <j« ������ �^�

_� ���� �� Pu(IV)X 4 M HNO3 X�c £$

�E öp12 ¬��3 4 M HNO3# �?_/� ��

1B/� X ¬ N)*6~ 20 mL�E æ 99% @�

tC.

���� ;<45 67. N)*6c ,�þ �¦#

º���2 314 �?�c ÷�7>J a;s ��

M �C. XJ 314 Amberlite XAD-16c W# 100~

500 mg r3�E a;1�E ?�E� ¸~ aâ�E

��� !" ��c �?fg# UV a�1BC. Fig.

5�E� ¸X Q7�c ��� !" ��P~ 5 mL

X#�E <?h N)*6~ 15 mL X#�E 99% X

� @s  �t/� 5(6X 35 mL X��E �,

�� Amberlite XAD-16c ÷�7>M 200 mg� �?

Fig. 3. Sample volume effect on elution of Y. Column;
weight of XAD-16: 500 mg, bed height: 8 cm, bed volume:
3 mL. Eluent; 6 M nitric acid. Flow rate; 10-11 min/mL.
Fraction size; 1 mL. Amount of Y(III) in each sample solu-
tion in microgram; 9.54. Loading volume (mL);  −�− : 0.5,
−	− : 1, −�− : 3, −�− : 5.

Fig. 4. Nitric acid concentration effect on elution of Zr. Frac-
tion size; 1 mL. Column; weight of XAD-16: 500 mg, bed
height: 8 cm, bed volume: 3 mL. Flow rate; 0.7 mL/min.
Loading sample solution; 1 mL. Curves;  −�−  3 M, −	−  4 M,
−�−  5 M, −�−  6 M.

Fig. 5. Elution behaviour of fission product elements on the
colume packed with 200 mg of Amberlite XAD-16 impreg-
nated with TBP. Flow rate; 0.1 mL/min. Eluent; 4 M Nitric
acid. Curves;  −�−  Mo, −	−  Y, −
−  Rh, −�−  Zr, −�−   Ce,  −�−   U.
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� aâX MY 51BC. ��, Fig. 6� «"( 150

mgc Amberlite XAD-16# ÷�� �?�c �5��

N)*6c �?fg�� Z k	J  XN À/«

16 mL78 5(6X �,�2 �F12 ¬��   �

�� m&1N À�# G  �tC.

��� �! "#� ��= >�? Zr@ U� AB.

�ð£$� ÷�7> k	� x� ��� !" ��

c �? u!# ��� %` 4 M HNO3�E <?h

200 mgc Amberlite XAD-16# NN[� ��1� �

?�# ��1� 15 mL X#� Q7�c ��� !"

��P# p�m/� �?, @s  �tC. x(E

GpÄ �?aâ�E ������c °�� 5(6`

,�þ �¦X UVm 4 N)*6c W� x� OÌ

��� !" ��Pc �?fg k	J a�1BC.

XJ 314 5(6X 5, 10 n 20 mg <?h N)*

6X 16, 38 n 76µg ���� �� bc �����

� �^�_ 1 mLJ 200 mgc Amberlite XAD-16#

TBP� RS�ì 'å �?�� ôh 4 M HNO3# ÿ

H ô/�E 1 mL� �_��14 �,_� ����

�� ��� !" ��c £$J p1BC. Fig. 7

� «"( �� ¸X N)*6~ £$M èM�� x(

<?=2 ��X ��jN� «"H/� 5(6 £$c

èM� x� N)*6c q�#2 I`� :N ÀEC. 

��� �! "#� ��/*�+. �XµV¶N.

/� ������� ���� �� '³;6# �?

� � @� �_�� 5(6` Q7�c ��� !

"PX ���� �C.18   ���E� X ��� ��

� bc ð! �_(5(6; 10 mg/mL, N)*6; 40µg

/mL, 2" ��� !" ��; 20µg/mL)# Q�/�

?�E ��� �?, @.c ��$J ��1h� 1

BC. XJ 314 1 mLc bc ð! �_# è}âh

�Ö � 2 mLc 7.86 M HNO3/� �^�Ö C� '

³;6c �?`p# b�14 '³;6c ð	 a

;� `ð	� 0.13 mLJ ôtC. 4̈ ¦ +i� �

C� è}âh1h 1 mLc 4 M HNO3/� �^�ãC.

�?�� ô~ � 1 mLc 4 M HNO3/� UóJ ��

ôh 13 mLc 4 M HNO3/� �?�Ö � èé�

20 mL �� � C� @Ä ��� !" ��c W#

ICP-AES� p1BC. Table 4� «"( �� ¸X 6

M HNO3/� p�m/� @�Î Pd̀  Ru# Ko�

Q7�c ��� !" ��M p�m/� �?, @

8/�E   ���E ��� ��� !" �?, @

.# ��s  �Ch !º�C.

� �

������ �^�_� �� ���� �� ��

� !"# �$ %& '()* ��+,�-./� p

�12 314 ��? `p�E ��� ��� !"

�?, @2{# ��1BC. XJ 314 bc ��

���� �^�_# Q�/� °�� 5(6/�78

Fig. 6. Elution behaviour of fission product elements on the
colume packed with 150 mg of Amberlite XAD-16 impreg-
nated with TBP. Flow rate; 0.1 mL/min. Eluent; 4 M HNO3.
Curves;  −�−  Pd,  −	−  Zr, −�−  U.

Fig. 7. Elutioncurves of Zr at different concentrations. Col-
umn; XAD-16: 200 mg. Eluent; 4 M HNO3. Curves; −�−  16
µg/mL, −	−  38µg/mL, −�−  76µg/mL.
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Cd, Ba, Sr, Se, Te, Y, Gd, Sm, Eu, Nd, Ce, La, Rh,

Ru, Pd, Zr, n Moc �?, @aâ# lm	1BC.

9, :�*;<=>J 3^ NN[� ��^ ÍÎ

Amberlite XAD-2 n -4 CO! N C ñ�mX

Z Amberlite XAD-16c TBP RSTX J 51

4E 9, :�*;<=>� c� ��� !" �
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