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��� ��� ��	 
�� 
� � ���� ��� ��� ���� �� potassium titanate(K2Ti4O9)� ����

Sr  Cs �! "�#�$ %� &'() *�+ (,�-.. /0� 12 &'�3 Sr �!$ 456�7�, pH 2� ��

#�$8 Sr �! � Cs �!� 9:;<(Kd)3 == 3,300 mL/g  200 mL/g+ >?�7.. K2Ti4O9� Sr  Cs �!$

%� &'() @!ABC Langmuir, Freundlich, Dubinin-Polanyi model+ (,�-.. ��9� DE FG FHI� JK

L�?� M NO�-B>, *P Freundlich FH  Dubinin-Polanyi FHI� JK L�?� QR�S FT�-.. UV$

.�9;� DE, ��9; N� @!4+ RW� .�9 FHC3 XYZ < [7B\ ]C^ JK6 DKA� <Q_

Dubinin-PolanyiA+ �#�� JK`� QRP XYZ < a7..

Abstract − Potassium titanate ion exchanger was synthesized to use for removing strontium and caesium ions, which are the

heat generation radionuclides in HLLW(high level liquid waste). Adsorption equilibria for Sr and Cs ions were evaluated with

the synthetic potassium titanate(K2Ti4O9) ion exchanger. The potassium titanate ion exchanger showed selective adsorption for

Sr ion over Cs ion. The distribution coefficients for Sr and Cs ions at pH 2 were 3,300 mL/g and 200 mL/g, respectively. Stan-

dard isotherm equations such as Langmuir, Freundlich and Dubinin-Polanyi equations were used to model the experimental

data. For the binary data modeling, even though all models fit the data, Freundlich model and Dubinin-Polanyi model fit the

experimental data more correctly. For multicomponent system, however, the experimental data could not be predicted from

binary data using standard isotherms. While, a modified version of Dubinin-Polanyi equation, which is a semi-empirical equa-

tion, fit the experimental data accurately.
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1. � �

��� �����	
 ��
�� ��� ��� ��� ��� �

�� ���� �� ��� �� ���� ��  !"# $ %&'#

�( )*+ ,-.� ��[1-7]. /0 ��� ��	1 23�( Sr-

90 $ Cs-137 4
 567 ��89 ��:; �<=+ >� ���

�� "# ?@�A B=C DE<F ��. 8 G ��
 H� IJ�

A �K ��LM NO.P �PA :Q;R "#+ ST�9 '" U

V�� �W�  XC Y� 8Z[�D\ 8I� )* ]M+ ^8 6

_.� ��[8-13]. 

`a8Z� :Q;R 8Z[�DC( Nickelferrocyanate[8], Potassium

cobalt hexacyanoferrate[9], Chabazite[10], Clinoptilolite[10, 11], Am

monium molybdophosphate[12] 48 6_.b�, cdef 8Z� :

Q;R 8Z[�DC( Titanate g5� 	h S ]@� silicotitanate

[13], ijH kl $ m�n[14, 15] 48 o�.� ��. 8p� )*

]M�= q*�� ��� �J1 Cs, Sr ��L� DE�( 8Z[�

D� r� O� $ �st+ )*+ uv= gw.� ��, /0 NO

��L� )w;xC "# DE�� �� 8Z[� ty $ 	hVz

�*� <{
 uX |}� ~�8�. 8�
 ��"g� �� �8�

\ 7H��+ �� ��, 8Z[�g+ �� ���  ty� @��

� ���( ��� D�+ P�� ��8�. 

���" $ ��" IJ�A� 8Z[� ty� ���( 4Z�

847



848 ���������	
���
����
8e� $ ���� ���  ����. ��U 6_� Y� 8Z[�

D� r� ty 4Z�
 �~ }� ty 4Z:� �r ��, Dubinin-

Polanyi� ��� 8e, �#� 5��; ��� 3� xC ¡¢ £ ��.

�¤�n ��R Langmuir ��
 ��"g�A ¥¦+ �x¡ �¤

�� ��� ^8 �I.P §�. Polanyi 8e
 ¨�j }�D ~�

A J~IJxC©ª «� NO	� }�� ;I.P §x¡ D¬­8

d® ¯
 Y�}�D� r<A= ;I� ° ��[16, 17].

5��; ±²�³
 ´²� µ¶� r~8 .� ��. 8~g� r

� ty
 ~r "#R·\ 8I�  ¸@�9, ¹8~g� ��( J

~M �~� ¨�= g£\ ¸+< XPF ��. 8 ¨�= g£\ *

�� �< º +� ?�8 »6.�= �¼x¡, �2� �³xC(

�~�A� 8Z� ¨�=\ *�(� ^
 PW½8 ��. XC 5�

�; ±² �³
 D¬­8dg� D�;xC ;I.P §x9 gw;

xC »: )*+ ,-.� ��[18-21].

8® ̄ 8 8Z[�g� ���M ��� ��� �¾;R ��� D

���( ¿À�9, r~g� Á­ ;O� ty��� D��� �xÂ

U��. 

Á­A Ã )*�A( 1H�8 Ä�, cdef 8Z� :Q�8 �

( potassium titanate\ O���, 8\ �I�  H�IJ 1 Cs-Sr

NO8Z� 8Z[� ty /�� t+�¼�. Å� NO�"� 8Z[

� ty� ���( ��C Langmuir ��, Langmuir-Freundlich �

�, Dubinin-Polanyi ��� t+�¼�.

2. ��� ��

2-1. �� �� � �� ��

��� ��� DE�A( 8Z[�� �s t+ R·C �ÆM ̄ 


"Çg£(Kd)+ ·X �I��.

[mL/g] (1)

 �A, 

Cs=equilibrium concentration in solid phase [meq/g]

CL=equilibrium concentration in liquid phase [meq/mL]

"Çg£( È"�M column� 8I� )w; �³xC �@8 +s

�� É¯8 ty ÊË�A ÌV.( �� � (1)M ¯8 _Í� "Ç

g£( column� �s t+� �IÎ £ ��. Ï, mL/gxC _Í�

"Çg£( 8Z[�D 1 gxC '#Ð £ �( ´r ©Ñ\ �|��.

8 "Çg£( ¯
 Z=�A= ?2�( £% 8Z�£ $ �K 8Z

Ò=� ÓÔ� Õx9 8p� ÓÔ� �W�  "# R·( =Kd,A/

Kd,B)\ =Ö�  t+��= ��.

2-2. 	
 ��


2-2-1. Dubinin-Polanyi ��

|` �?� ×( }�D� r� �� �n }�� r�  Dubinin

$ ?�)*·L[22, 23]
 Polanyi� �< D�� }� ��� »Øx

C©ª tyµg�� »6�¼�. |` �? 1� }�� }��
 J

~M ¯
 E�� oR�� +@�9 }�~M ��� Z=�A� �

� J~� ·«�Ù�� ¦8+ }� ���, εCA �ÆM ¯8 _Í

��.

(2)

 ��A ∆F( ·«�Ù� Ú�\ ¡�Û�. 8p� y�� }��A

Ü�� }�h-}�DÝ� }�ty
 Z=®( Yµ� /��£C

¡�Þ £ ��.

W = Q/ρ = f(ε) (3)

 ��A W( }�h� �< ßà, |` �?� ©Ñ8�, ρ( }

�~� á=\ ¡�Û�. Dubinin
 /�â:� Gaussian y�C Ý

X�� �ÆM ¯
 Dubin-Radushkevich �@�� «=�¼�.

(4)

 ��A W0( �� hãä }�D� |`�? å ©Ñ\ ¡�1�

β( ��g£, k( ~£8�.

Ruthven[24]
 8 �n}� ��� J~� ;IÐ £ �=æ �ÆM

¯8 ¡�1b�. 

(5)

 ��A Q, Qm
 çç �~�A� ty Ò= $ �� Ò=\ ¡�

1�, C® Cs çç J~�A� tyÒ= $ ��Ò=\ ¡�Û�. K

( ���8�� �m�� �< ]@.( ~£8� R
 �n~£8�.

���"g� Dubinin-Polanyi ��� ��"g� �r�Â �ÆM

¯�.

(6)

 ��A,

(7)

(8)

(9)

(10)

� (6)� �� @#�Â � (11)8 ��.

(11)

 ��A,

b0 = ln(qs) = KR2T2 (ln Cs)
2 (12)

b1 = 2K R2T2 (ln Cs) (13)

b2 = −KR2T2 (14)

2-2-2. Langmuir ��M Langmuir-Freundlich ��

8�"g 8Z[�g� �¤�ÂA= +� ^8 ;I.PZ ��C(

� (15), (16)� Langmuir ��M Freundlich ��8 ��.

(15)

Q = k C1/n (16)

 �A, Q® C( çç �n~ $ J~�A� }�h� r� tyÒ

=8� Qm
 �n~�A� �8Z� r� ´r}� Iã� �|�9,

b® k( çç Langmuir ~£® Freundlich ~£8�. 

Kd
Cs

CL

------=

αB
A

ε ∆F  
p

p0∫= = VdP RT
Ps

P
-----ln=

W W0= exp k– ε2

β2
-----

 
 
 

W
W0

-------
QVm

QmVm

--------------- exp= = K– R2T2ln
Cs

C
----- 

 
2

Q1 Q2 …+ +( )Vm

W0

----------------------------------------- exp= Kφ2–( )

Qm

W0

Vm

-------=

Vm X1= V1 X2+ V2 …+

1

K
--------

X1

K1

----------=
X2

K2

---------- …+ +

φ RT
C1 C2 …+ +

Cs

---------------------------- 
 ln–=

ΣQi exp b0 b1 ΣCi( )ln b2 ΣCi( )
2

ln+ +[ ]=

Q
QmbC

1 bC+
---------------=
���� �38� �6� 2000� 12�
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Å�, 8L ���
 ��" }�ty� èé�� �< ê#; �³

xC ��+s�9 çç �ÆM ̄ 8 ¡�Þ £ ��. 

(17)

(18)

 ��A ~£ bi, ni( 2�"g 4Z: �8�C©ª ë(�. 

�r� Langmuir�M Freundlich�� NO� Langmuir-Freundlich

�= ��"g� <{� �I.P §x9 �ÆM ̄ �.

(19)

� (19)( LRC(loading ratio correlation) ��8­�= �9, � (17),

(18)M ìí+�C 8e;R �î+ ] .P �x¡, £�; �¤�

��� �� ~µ�® ègIxC XC �I��.

3. 	 


3-1. Potassium Titanate ��

ïð	hC( SHOWA Chemical� GRñ K2CO3® 1ñ TiO2\ �

ò ó¹ 1 : 4C NO�  �I�¼�. �Ì "ô ~�� NO	� õ

ö|÷ =+ø� ù� 1,000oC�A 150�Ý Iú�û potassium titanate

(K2Ti4O9)� O��¼�. DÊ� potassium titanate( XRD[Rigaku Co.]C

]@~�\ �R�� SEM[JEOL Co.; JSM 5200]�,� ü< ��

$ >�\ µý�¼�.

3-2. ���� ��

K2Ti4O9� r� SrM Cs 8Z� �� �"(8�"g) $ NO�"(3

�"g) 8Z[� ty ��� È"�xC £-�¼�. "Ç g£ �@

��
 �� �"� �� SrM Cs 8Z Ò=\ çç 0.002NC �@

�þ� IJ� pH\ 2-6xC Ú��þÂA � ÓÔ� µý�¼�. Cs

® Sr NOIJ�A Cs Ò=+ Sr� "Çg£� |m( ÓÔ� ÿ�

�� �< Cs� Ò=\ 10−4-10−1 NC Ú��þÂA ���¼�. 8Z

[� ty4Z:
 8Z[�D\ �@ã ��� 8Z IJ� Ò=\

Ú��þ( �³xC ���¼� ty �8� ��� ë� �< 3��

����]M\ t��¼�. 

SrM Cs8ZIJ
 Aldrich Co.� GRñ Sr(NO3)2® CsNO3\ �I

�  DÊ�¼�. �� ÊË� Á­ DÊ� IJ 10 mL\ ���  

�� K2Ti4O9 0.1 g�� �+�  25oC�A 24�Ý �U �ò���.

tyIJ� �@ã� ��  0.2µm� syringe filterC 	
 8Z[�

D "ô� DE� � AA(PERKIN-ELEMER, Model 1100B)C IJ1

SrM Cs 8Z Ò=\ �@�¼�.

4. �� 
 ��

4-1. Potasssium Titanate �� � ���

K2Ti4O9( Iú³xC O�Ð � K2CO3® TiO2� �ò ó¹, �ò

Z=,�ò �Ý� �£89, �ò ó¹\ 4C �( �� 900-1,100oC

�A 50�Ý 8~ �ò�( �� ¤£� K2Ti4O9+ O�.( �xC

o�.� ��[25]. Fig. 1
 �ò ó¹\ 4C ��, 1,000oC�A 150

�Ý �ò��� � O�� K2Ti4O9� XRD "{]M\ _��ð®

¹[�  ¡�Û �89 ¤£� 4ijH kl8 O�.bÆ� õ £

��. O�� ��� �P# ~�� ijH kl� "
�  100

mesh sieveC EK "ô� X�V· Í|�xC µý�  Fig. 2� ¡

�1b�. Jung 4[25]� 8V ]M® «�� L/D 0� �~ K2Ti4O9

\ ë� £ �b�. 

4-2. Sr � Cs ���� ��

4-2-1. "Çg£ 

Fig. 3
 Sr-Cs-K2Ti4O9 8Z[�g�A IJ� pH\ 2.0-6.0xC Ú

���� � Sr $ Cs� "Çg£(Kd) �� Ú�\ ¡�Û �8�.

Sr 8Z� ��, pH=2� �HÓ��A= "Çg£(Kd,Sr)( � 3,300

mL/g� �
 �� ¡�1b�, pH� Á­ �+�  5.7�A( 16,000

mL/g� ¡�1b�. "Çg£+ 16,000
 8Z[�D 1 gxC 16 L\

'#Ð £ �� @=C �
 �89 clinoptilolite$ zeoliteP�A Mimura

4[26]8 ë
 "Çg£ 10-103o� �� � �8�. �Â� Cs+ 8Z

� ���( pH 2�A 200 @=\ ¡�1bx9, pH\ �+�þ�­

= "Çg£( Ú�8 �b�. 8 ]M( ijH kl 8Z[�D+ H+

$ Cs+ 8Zo� Sr2+� :Q;Ü� ô< ��.

Fig. 4( NO IJ�A `a8Z Ò=\ Ú���� � cdef 8

Qi

Qmi

--------
biCi

1  
j 1=

m

∑ bjCj+

---------------------------=

Qi

Qmi

--------
biCi

1/ni

 
j 1=

m

∑ bjCj
1/nj

------------------------=

Qi

Qmi

--------
biCi

1/ni

1  
j 1=

m

∑ bjCj
1/nj+

--------------------------------=

≅

Fig. 1. Comparison of X-ray diffraction patterns for the synthetic K2Ti4O9

powder and the standard K2Ti4O9.

Fig. 2. Scanning electron micrograph of K2Ti4O9(1�000oC, 150 hr).
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���
����
Z� "Çg£� |m( ÓÔ� log-log �_C ¡�Û �8�. `a8

Z Ò=\ 10−4N-10−1 N� ���A Ú���� � `a 8ZÒ=�

v:;xC 
%�� õ £ �b�, pH+ �
 ��� ÓÔ� ^8

Õ( �xC �R.b�.

4-2-2. }� ty 4Z:

(1) 8�"g }�ty 4Z:

K2Ti4O9� SrM Cs 8Z� r� "Çg£ ���A( pH+ �+Ð

£æ �s8 �£� �xC t+.bx¡, ��� �J8 8o� ��

H�xC 67�� ��� pH 2� ÊË�A }�ty 4Z:� *�¼

�. Fig. 5( 8�"g, Ï, Sr-K2Ti4O9 $ Cs-K2Ti4O9g� 8Z[�

ty�8�® � (5), (15), (16)� ¡�Û Dubinin-Polanyi model, Lang-

muirmodel�#� Freundlich model� 8I� ��� ]M8�. Dubinin-

Polanyi ��A K$ Qm� *�� �<A( R, T, Cs �8 �T�9 R


�n~£C 1.9872 cal/gmoleoK� rÖ�¼�, Cs( �� I<=C

A CsNO3® Sr(NO3)2� r< ��[27]�A *� �R 11.4 meq/gM

6.7 meq/g� çç �I�¼�. Fig. 6� ¡�Û ��]M\ @#� 

Table 1� ¡�1b�. 8�"g�A ��;xC +� ^8 ;I.(

Langmuir model8 �Ý ¥¦+ �bx¡ 3+� ��L8 ¹[; ��

�8�\ � ���� �Æ� õ £ ��. Dubinin-Polanyi ��� ;

I�  *� 8Z[�D� }�Iã
 pH=2�A SrM Cs 8Z� r

< çç 1.82 meq/gM 0.81 meq/g8b�. Dubinin-Polanyi ���A K

$ Qm
 ¹��� 8~ IJR �� 8Z� �
� Yµ�� �@<

F ��. �p¡ 8Z[�g�A( r©" ¹ 8~�� ¡�19 8Z

[�D $ r~ 8ZL� �
ì� z­,�.

(2) SrM Cs8Z NOIJ� r� }� ty 4Z:

8�" 4Z:xC©ª ë
 ÿ­|ª\ ��" ��� �� ;I�

Fig. 3. Effect of pH on the distribution coefficients of Sr2+ and Cs+ ions
on K2Ti4O9.

Fig. 4. Effect of Cs+ ion concentration on the Sr2+ ion distribution coef-
ficients on K2Ti 4O9.

Fig. 5. Equilibrium models for binary Sr-K and Cs-K ion exchange with
K2Ti4O9.

Fig. 6. Equilibrium data for ternary K-Sr-Cs ion exchange system with
K2Ti4O9.

Table 1. Adsorption model parameters for Sr2+ and Cs+ ions with K2Ti4O9

Model
Coefficient 

units

Single component system

Sr Cs

Langmuir Qm[meq/g] 1.28 0.52
b[mL/meq] 50.23 82.97

r2 0.94 0.76
Freundlich K[mL/meq] 2.13 0.95

n 3.07 3.35
r2 0.98 0.97

Dubinin-Polanyi Qm[meq/g] 1.82 0.81
k 5.16×10−9 3.89×10−9

r2 0.98 0.93
���� �38� �6� 2000� 12�
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th,

a-

s

ing

n-

k,

.:

.:

.:
  ë
 ]M\ NO�" ���8�® ¹[�  Fig. 7, 8� ¡�1b

�. ��"� Langmuir, Langmuir-Freundlich $ Dubinin-Polanyi �

� 4 �2� ty ��
 NO�" ���8�\ ���(� ^
 ¥

¦+ �Æ� õ £ ��. 8( NO �"� �PA� ¹ 8~�� �

¤0 ÿ­|ª ÊO� �<A( ; �� �Ó�� !�� �|��.

8p� �g�� ���� �< Ã )*�A( 8e; ²E\ " ��

�R � (20)� £@� Dubinin-Polanyi��� ;I�¼�.�2�

Dubinin-Polanyi ���M ���¡ �� �" ÿ­|ª\ 8I�� �

�, v± bo', b1' , b2'� r< nonlinear regression³xC <\ *�( �

89, #� g+ 8~;� ��( (11)�M ���� Î �8�.

Qi = exp[bo' + b1' ln(Ci) + b2' [ln(Ci)]
2] (20)

£@� Dubinin-Polanyi ���� �� data\ fitting�$ ]M\

Fig. 8, 9� ¡�1b�. ~µg£(R2) �8 0.998~xC @��� �

m�� õ £ �b� 8� ë
 ÿ­|ª( Table2� ¡�1b�. Mod-

ified Dubinin-Polanyi�
 � ���8�# ï%� Dubinin-Polanyi �

�8 5��; �î� �� ��8&C 8e;xC= �ä�8 ���

Ð £ ��. 8 ��
 ;
 �� data\ +�� @��� ��Ð £

�( �¤� �8­( ��8 ��. Á­A ��U �© ¥¦+ �Æ

�= q*�� �I8 Ý'�  }�8¡ 8Z[�( èg� ^8 ;

I.PZ ���R LRC ��� ¹< /);R ��8 �� �xC

�ð.9, Ô� 3�" 8~� ��"g� �� ;I�  �ä� t++

T*��.

5. � �

Potassium titanate(K2Ti4O9) 8Z[�D\ O��  H�IJ1� �

���� Sr 8ZM Cs 8Z NOIJ� r� }�E�� Ê��¼�.

Potassium titanate(K2Ti4O9)( Sr 8Z� r< :Q; }�s8 �bx9,

pH=2�A "Çg£(Kd,Sr)( 3,300 mL/g� �
 �� o¼x¡ Cs�

r� "Çg£(Kd,Cs)( 200 mL/gxC *+�. K2Ti4O9� SrM Cs 8

Z� r� }�Iã
 Dubinin-Polanyi ��� ;I�  *� ]M

pH 2�A çç 1.82 meq/gM 0.81 meq/g8b�. ���" }�ty �

8ª� r� nonlinear regression ]M, Freundlich�M Dubinin-Polanyi

�
 �� �8�\ � ���� õ £ �b�. �Â� ��" �8�

��,� ��( �� �" 4Z:� �r� ��" Langmuir�M �

�" Dubinin-Polanyi� $ Langmuir-Freundlich�xC( ��" }�

ty �8ª\ ���(� ~ä� ¥¦\ o¼x9, � ���R £@

� Dubinin-Polanyi�� ;I-� � R2�8 0.998~xC ��" }

�ty �8ª\ @�0 ��Ð £ �b�.

����
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