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Abstract − In order to separate strontium selectively from a calcium contained solution, supported liquid membranes(SLM)

were prepared and their characteristics of permeability for strontium were investigated. The contents of carriers, dicyclohex-

ano-18-crown-6(DC18C6) and dinonylnaphthalenesulfonic acid(DNNS) in SLM affected the permeability and the selectivity

of strontium. When the concentration of nitric acid in the strip solution was higher than 3 N, the selectivity of strontium

declined due to the increasing permeability of calcium. The permeability and the selectivity of strontium did not showed

remarkable variation in the wide range of the ratio of strontium to calcium concentration in the feed solution. The optimal con-

dition of SLM prepared in this study was observed to be DC18C6 0.1 M and DNNS 25 mM. Using the SLM, the relative

removal ratio of strontium to calcium was 93.3%.

Key words: Strontium, Supported Liquid Membrane, Carrier, Crown Ether, DNNS
†E-mail: shmoon@kjist.ac.kr

1. � �
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��	� ��� ���� �� �  !"�# Miyauchi[1]� �� $

%&' ()�*&+ Baker ,[2]� �� -. /0�*1. 234 5

6 
7� 23 89: ��	; <
=> ?� 56@AB  C� �

� 	D; EFG H �&+, IJ6 K IJ6LM NN 1O, �P�


� IJQ R MSTUQ  V$G H �� W'� XYQ&' ZE


 [/\ ]^�_ �1[3]. XY V�( `abc, defg, Uhi

j , 1k: 8
M 
l=1. m: nop q�e $Y �L� ��

4 Uhij'rs t<Be7� @A8 XYZE( uv� ZEhw

M3 G H �1. x\ yz6� {� |{&' }	� ��: ~w 

��� 90Sr R 89Sr  XY=� �M �� ��: �f' }��_ �

1. 234 Uhij� V: 
�IJQ[4], MSTUQ[5], �XY[6] ,

1k: XY��M �M a��� �1. ��� VrX� Uhij��

yz� kM �V8&' �M ���� �&+ ����� L�: �

H�  E=� ��4� yz&'rs� XY
 �X\ M���� =

�, ����6 yz� ��8 �<B ��� � 6LM 
M=� �=

1. /Z7�  M
: 
�( �M' }: yz6 ����� �0X

YQM 
�  Y ^��_ ��¡[7, 8] �X: XY; ¢� ��4�
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£� �¤� �0XY 6LM �E�+ ¥k R �H� ¦M yzM §

r: ij� V�4� XY6L � ����� ¨©M �  ª¡ «¬

3 yz&'rs� XY( �X\ M���� ­�1. M�: ®¯ 

°±=� �: XYtQM [/\ ZE�� �_ M��4( ��  M


: t<B e7²� @A8 XY
 uv ²� ³( �´ ZE�_ �

1. M tQ� 
lB� M� @^ZE[12]�4 fi�*&+ crown

ether; <
: ��� ��  M
=£ yz�� �� Uh ij�&

'rs ����  @A8&' XY�&'µ ��  M
: �	ij

� t<B e7� @A8 XY 
lB  �}=¶1.

234 · ZE�4� @^ZE'rs fi¸ tQ� 23 ��� �

�  f¹=_ m: f¹¸ ��  M
=£ yz  ��: �� Uh

ij 
�&'rs ����� @A8 XY |{xB  _º=_ M�

2O ���� f|� w�� ZE»8  ¼*1.

2. � �

!�8&' ��� <
�� ��	� �B, ½�B, �B ��	'

�¾1. · ZE�� �B ��	} |V_Y �¿À� �B ��	'

ÁÂ �Ã�  �� <
=¶1. M² � �B ��	� 0o
 §r:

Är�Å(cavity)  ¡²� Xo m� MS6 MS-ÆÇo, ÆÇo-ÆÇ

o ÈÉp&', m: |V _Y� Êh� vË: Ì�� bcMS� V

: @A8} ÈÉp&' Íe  �B:1. �B ��	� ÊË8&'

�B ��	� ÈÉ=�� ­�¡ MS� �Î6 ÈÉ: �Ï� Ð�

� �¿À(Ionizable armed crown ether: IACE)Ñ� �¯  ¢  H �

1. M�� ®Ò: Ð�� �¿ÀÑ� ÓTG � 1%6 ¦� �¯M �

1[9]. 1) MS� �Î� ~w&' kMS6� Íe �B6 FJc(


ÔÀ1. 2) Ð�� _Y� MS� �Î� 3�n8 Är�Å(cavity)� �

B&' kMS @ABM w�¸1.

��  Õ: wÑ Ö] H× �Ø(counter facilitated transport mechanism)

  Fig. 1� (�� =¶1. �Ù� Ú 
�� XY=_o =� bcM

S� Û(
 ?_ �H
�� �6 ¦� _Û(� HaMS  ��=

_ �1>, !�8&' � ��� ÜÍ¸ ���(organic phase)6 �Ù

� <M�4� bcMS XÝDH kd,f� ?_ �H
� Ú�4� XÝ

DH kd,s� Þ1.

· ZE�4 <
: �B ��	 DC18C66 �B ��	 DNNS;

M
: ���4� bcMS M{��� 1%6 ¦� �Ø&' /d:

1. ß,

Mf
2++ 2HDNNSm+ xDC18C6m� [M(DC18C6)x(DNNS)2]m+ 2Hf

+

(feed side interface) (1)

[M(DC18C6)x(DNNS)2]m+ 2Hs
+
� Ms

2+ + 2HDNNSm+ xDC18C6m
(strip side interface) (2)

M� M �à�4� á��H� 1%6 ¦M â�]1.

(3)

£�4, f=feed side, s=strip side, m=membrane  �ãä1.

m: bcMS� V: ��� @AB  å�=� XÝDH� 1%6

¦1. 

(4)

¡! ���4� bcMS 
�(
 �� Þ  �, ��	 æÉe�

Û(� �� Ä�4� bcMS Û(; ÈL:1. 234 XÝDH�

á��H� Ó� ¦1_ G H �1.

(5)

��	� xB� XÝDH� �� ÈL�ç', ¡! M èM �V8

&' ?&> ��	� �� @A8M1. bcMS� �� V: @c

(flux)� hDé Jbl, �D> Ji, �Är Jm� � 
�' _êë H �1. ß,

(6)

(7)

(8)

£�4 D� ��DH, k16 k−1� c(�H;, [M2+]f, i� [M2+]m, i� N

N ��6 ���4 bcMS� D> Û(; �ãä1. L��Ï(steady-

state) ¹ì�4 @cM {!=_(¡! ¦� ­1> �0M /d:1.)

N ��4 /d=� Û(EÝ
 !L=1> � (6), (7), (8)� ¹É&

'rs 0	 @c  EG H �1.

(9)

£�4 δ� hDé� ¼�, l� �¼�; �ãä1.

¡! �Ù��4� bcMSÛ(
 !L=� ­  � @c� 1%6

¦M â�]1.

(10)

£�4 V� í �Ù� rî, A� � �ï>8 , �Y_ t� iÅ 

�ãä1.

¡! �D>�4 ��	� bcMSÅ� �àc(
 �� ÔÀ1_


LG �(local equilibrium)   ¢  H �1.

(9)�� X� Xo; k−1' �ð_ X�� 1/k−1  Ì� �H(order of

K
M DC18C6( )x DNNS( )2[ ]m H+[ ]f

2

M2+[ ]f HDNNS[ ]m
2 DC18C6[ ]m

x
--------------------------------------------------------------------------------=

kd
M2+[ ]m

M2+[ ]f

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

kd
M2+[ ]m

M2+[ ]f

-----------------
M DC18C6( )x DNNS( )2[ ]m

M2+[ ]f

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

Jbl Dbl
∂ M2+[ ]f

∂x
-------------------–=

Ji k1 M2+[ ]f i, k 1– M2+[ ]m i,–=

Jm Dm
∂ M2+[ ]m

∂x
--------------------–=

J
k1 M2+[ ] f

k1
δ

Dbl

------- k 1–
l

Dm

------- 1+ +
------------------------------------------=

J  V
A
----d M2+[ ] f

dt
-------------------–=

k1

k 1–

------- M2+[ ]m

M2+[ ]f

----------------- kd= =Fig. 1. Schematic description of counter facilitated transport of metal
ion through a SLM.
(    : crown ethers, SO3

−     : alkyl sulfonic acid)
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ter,
magnitude)� �� ñi:1> 1%6 ¦� �&' �(ë H �1 [10].

(11)

£�4 P� 56((permeability coefficient); �ãÄ+, ¡! �� 

Õ: 56
 ®� ��� ��4 ÈL�> hDé ��� ñië H

�1. ß, P=kdDm/lM1. ��� hDé ï6
 0	 �à  �Ý=>

P=Dbl/δ&' E�]1. � (10)6 (11)  ¹É=_ 1%6 ¦� hD

¹ì&' 8X=> � (12); ¢´ ¸1.

at t=0

at t=t

(12)

ß, iÅ� 2O bcMS Û(ò�'rs ��� V: bcMS�

56(; óÚG H �&+ bcMS� 56(� ô� �Ù� Ú�

bcMS Û(� �Ý8õ  Á H �1.

3. ���	 
 ��

3-1. ��

· ZE� <
¸ Dicyclohexano-18-crown-6(DC18C6, cis-syn-cis�

cis-anti-cis isomer� æÉe)� Aldrich< fg  Lf=� ­_ �V'

<
=¶1. Fig. 2� DC18C6 R DNNS� ��8 E¹; �ãÄ*1.

Dinonylnaphthalenesulfonic acid(DNNS)� heptane6 50% 
��Ï�

�  �ö� Alfa<'rs E)=£ �S�4 ]�ì¹Q&' heptane

  f|=¶&+, 1i Dichloro-methane� 50%' `÷: 
�  <


=¶1. 
af' ø�B 
�(lipophilic solvent)} o-Nitrophenyl octyl

ether(NPOE);, �Y_ ��� ��	'4 Cellulose tri-acetate xÙi

ù  NN Aldrich'rs E)=£ ���� @AB ��� f¹� <


=¶1. ú/B ��
�� ��	� 
af �Y_ ��	� �Õ8

&' 
�(
 ?� dichloromethane  <
=¶1. m: �� Uhi

j 
�� f¹; �� <
¸ yz 7�½6 ���� 7�½ �Y_

�H
�� <
¸ 7�� !· Yakuri<'rs xÙiù  E)=¶

1. NN� 
�� 0�0(( 0.3µS M=� _ÒH; <
=¶_, ô

� �Ù�� h� ûü NaOH 
�(Merk<f) 0.1 M' 8L=£ pH

6.5-7.0M �(ý =¶1. Table 1� ¼ ��� xB  �ãÄ*1.

3-2. ��� �� � 	
�� 
��� ��

���� @AB ��� Sugiura� �� fi¸ tQ[11]  �@=£

Fig. 36 ¦� tQ&' f¹=¶&+ ��	� ¹Bò�� 2O bcM

S� @A8 |{  �º=� �� DC18C66 DNNS� Û(; NN

0.01-0.5 M, 0-0.1 M' ò�; â*1.

ÉB¸ ¯B
�(viscous solution)  Êh 9 cm� þ�Y Ëi� ÿ

_ �Y¼�&' �� 1% �S�4 24iÅ {� ì¹i� � �¼�


 ù 100-150µm} ��  ¢  H �*1. f¹¸ ��� eY8 x

B  _º=� �� BETtQ(BET, Quantachrome Co., USA)&' ��

Ì�� Óû>8  ÚL=¶1. f¹¸ ��� ����� V: @A

xB  �º=� �� bcMS ÜÍxB  M
: XÝDH ÚL©�

  · ©�� �4 H^=¶1.

· ZE�4 f¹¸ ��� V: Sr2+6 Ca2+� XÝDH; �J=�

�=£ 1%6 ¦� tQ&' bcMS ÜÍ©�  ©i=¶1. 	


DNNSÛ(
 XÝDH� ��� ~w  �º=� �� 0.1 M' _L:

DC18C6 Û(� V� DNNS� Û(; NN 12.5-100 mM6 ¦M ò�i

� ��  f¹=¶1. m: DC18C6Û(� V: XÝDH� ~w  Á

«°� �� DNNS� Û(� 50 mM'4 !L=´ =_ DC18C6� Û

(; NN 0.01-0.5 M6 ¦M ò�i� ��  f¹=¶1. f¹  ̧��

� XÝDH©�  �� 3�3 cm(9 cm2) Ì�' 
®=£ ÜÍ�ï>8

  !L=´ =¶1. !L: �ï>8  
] NN� ��� ôÒH�

Sr2+6 Ca2+  NN 20 ppmM �(ý 
�i� f¹: ��
�� 100 ml

rî �3�Ì; M
=£ ��i� � �3�Ì )E; Á��� �!

' ±0\ ��=¶1. ��M ��¸ �3�Ì� � Är' bcMSM

�X\ ÜÍ�� á�� MÀ(ý =� �� 25oC �S¹�4 24iÅ {

� t�=¶1. ��� ÜÍ¸ bcMS Û(� ��  ��i�� 0�

��
� Û(� 24iÅ {� ��  ��i� �� ��
� Û(; N

N ICP(Inductivity coupled argon plasma atomic emission spectrome

USA Thermo Jarrell ash, IRIS/AP)' ÚL: 1%, ¼ Û(�; M
=£

E=¶1. XÝDH; �J=� �� M�� (1)-(5)
 8
�*&+ XÝ

DH� (5); á�Û(�4� ��6 
�� �=£ �ãÄ> 1%6 ¦1.

(13)

J

M2+[ ]f

---------------
kd

kd
δ

Dbl

------- l
Dm

-------+
-------------------------- P= =

M2+[ ] f M2+[ ]0=

M2+[ ] f M2+[ ]s=

M2+[ ]s

M2+[ ]0

----------------
 
 
 

 A
V
----P t–=ln

kd

��� ��� �	
� mg,
�
��� , cm2

��� cm,×
---------------------------------------------------------------------------- 

  1000 cm3

L
----------------------- 

 

���� �� �	
� ���� mg L⁄,
--------------------------------------------------------------------------------------------------------------=

Table 1. Compositions of feed and strip solution

Feed solution Strip solution

Component Sr(NO3)2, Ca(NO3)2 1-5 N HNO3

pH 6.5-7.0  <0
Concentration of Sr2+ 10-20 ppm -
Concentration of Ca2+ 20-2000 ppm -

Fig. 2. Chemical structures of DC18C6 and DNNS.

Fig. 3. Preparation of the supported liquid membranes.
���� �39� �4� 2001� 8�
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234 á��H � (3)� 1%6 ¦M �ã� H �1.

(14)

ß,

logkd = logK + 2log[HDNNS] + slog[DC18C6] + 2pH (15)

� (15)'rs DNNS� Û(
 !L=> XÝDH� DC18C6 Û(¡

� �D' �ã� H �&+ DC18C6� Û(
 !LG �� pH R

DNNS Û(�� �D' �ã� H �%  Á H �1.

Ö]H× ©�  �� Fig. 4� ¦M o	 fØ: ��; M
=¶1.

��� �7� «Ì�M+ 2©' EB�*1. N ©� 
�rî� 200 ml

M*&+ ¼ ©� f¹¸ �6 gasket&' XY=¶1. f¹¸ �� �

ï>8� 20 cm2M*_ ©� � T�c(� �: H× c((transport

rate)� ~w  â� ­� �� ù 600 rpm&' !L=´ T�  � â

*1. ©� � wÑH×(counter-transport)� �: Ö]H×� ò�; �

º=� �� iÅ ò�� 2O �Ù�� pH; ÚL=¶1. m: ij

; â�8&' !L�  IJ=£ iÅò�� 2O ����6 yz�

|{  �º=¶1. ��na X÷� ICP' ÚL=¶1. · ©��4�

��	� ¹Bò�� ����6 yz� Û(Ó� 2O bcMS� @

A8 |{  �º=¶&+ �H
�� 7�Û(� V: 56c( ò�

; _º=¶1.

4. 
� 
 ��

4-1. ��� ��� �� � 	
�� 
� ��

��	 ¹Bò�� 2O ��� Óû>86 ��Ì�; Table 2� �

ãÄ*1. ��	; ��=� ­� ÒH: ��	¡� Óû>86 ��

Ì�'rs ��
�� �� ��	
 ��¸ ��� h�; ÓT=¶ 

� · ZE�4 f¹: ��� ��	 ��Ä� ��	
 ��(impregnation)

¸ �Ï' �� �%  Á H �1. x\ iso propylalcohol� �� ��


�� ��	
 f|¸ �� Óû>86 ��Ì�� ÒH: ��	¡

� h�� �� �<: è  �ã�&'µ ��� ��E¹; ��\

��G H �� v|
 ̧ 1. m: DNNS� Û(� 23 ��Ì�
 ù

7�L('4 -. ¹���� ��� ��E¹� ��L( ~w  �

�� �&'  ®¸1.

��	 ¹B� 2O bcMS @AxB� V: È6; Table 3� �

ãÄ*1. bcMS� V: XÝDH� M�� (13)&'rs E=¶1.

Ð�� �¿À� E¹8&' Är�Å Ì�� �: bcMSM ÈÉ=

� ��Mç' �!i @AL(� DH
 �J�_ bcMS6� Í½

  �B=´ ¸1. �� @AB  å�=� �� 
7 R 
�� V:


�((solubility)� ��((diffusivity)M+ M�� 4' �"�� ��

56((permeability)� # ~w  �ø1. 
7� 
�( m� ��(


 
�� V: 
�( m� ��(°1 �� Ø&> bcMS� V:

��� Ýf�  $]i�� �}&' Ø
:1. 
�(� XÝDH;

M
=£ �ã� H �&+ !�8&' membrane  M
: bcMS

� XÝDH kd� bulk 
�Ä� bcMS Û(� V: �Ä� á� b

cMS Û('4 L�:1. 234 1k: ¹B� ��&'rs E:

����6 yz� XÝDH kd; ÓT�&'µ �� ¹B� 2O ��

�� @AxB  ��=´  ®G H �*1. ����� XÝDH


yz� XÝDH� Ó� �V8&' �� ?� è  �ã�&'µ ·

ZE�4 f¹: ��� ����� V� �� @A8õ  Á H �1.

m: ��	 DC18C66 DNNS� Û(
 $
GHý bcMS� XÝ

DH
 Ó¤8&' $
=� hw  °¶1. 234 XÝDH è� È

6' % � DC18C6 0.1 M, DNNS 25 mM M�� ¹B  C� ���

4 ���� @ABM �H: �&'  ®�*1.

4-2. ����� ���� ����

· ZE�4 f¹: ���4 Ha Û(EÝ� 2O E{p  M
=

£ wÑ Ö]H×(counter facilitated transport)� �: M{��M �/

�� �� V: ZEÈ6; M� /û: & �1(Fig. 5)[12].

3 N HNO3  ��: �H
�6 pH 6.5-7.0} �Ù� <M� ?� H

aMS Û(EÝ
 /d=´ �_ M� 23 HaMSM �Ù�Ú&'

M{=ç'µ pH
 Ù'\ (a=� �  Á H �1. M� HaMS

Û(EÝ; I]p(driving force)&' �Ù�Ú� bcMS  �H
�

&' H×=� 0�8} wÑ Ö]H×M /d¸1. ��� ��� �

: bcMS H× È6'rs ô� �Ù�� bcMS Û(
 100% �

K
kd H+[ ]w

2

HDNNS[ ]m
2 DC18C6[ ]m

s
-----------------------------------------------------------=

Fig. 4. Apparatus used to perform membrane permeation experiments
with flat-sheet SLM.

Table 2. Physical characteristics of SLM with various condition by BET method

No. SLM with Langmuir surface area(m2/g) Total pore volume(cc/g) Average pore size(Å)

1 no DNNS & 0.1 M DC18C6 2139 0.163 12.99
2 50 mM DNNS & 0.1 M DC18C6 2831 10.2253 12.97
3 100 mM DNNS & 0.1 M DC18C6 523.8 0.067 7.534
4 50 mM DNNS & 0.01 M DC18C6 458.1 0.074 7.789
5 50 mM DNNS & 0.3 M DC18C6 1122 0.127 12.85
6 No. 5 after carrier extracted by Iso-propylalcohol 11580 0.786 14.38
7 only CTA 15040 1.319 14.55

Table 3. Distribution coefficients for various SLM

SLM with
kd log kd

Ca2+ Sr2+ Ca2+ Sr2+

0.05 M DC18C6 & 50 mM DNNS 27.2 372.4 1.44 2.57
0.1 M DC18C6 & 50 mM DNNS 100.9 4094 2.01 3.61
12.5 mM DNNS & 0.1 M DC18C6 − 784.7 − 2.89
25 mM DNNS & 0.1 M DC18C6 67.35 16568 1.83 4.22
0.1 M DNNS & 0.1 M DC18C6 2860 101915 3.46 5.01
HWAHAK KONGHAK Vol. 39, No. 4, August, 2001
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H�� �=� �  Á H �*1. ß ô� �Ù� Ú� 20 ppm ���

�� V: 15iÅ M�� �H
 Ú� ���� Û(� 17.4 ppm&'

4 87%� �H�  °¶&+ ��H¸ ����� ©�� <
¸ �

�  dichloromethane� 
�: � 
� IJ=£ X÷: È6 2.3 ppm

&' ô� �Ù� Ú� ���� Û(� |� !��  Á H �*1.

M�� ��� ��	 � %MS )®�; 
] DNNS� =0� ��

��� bcMSM ��6 �H
� D>� Ý��� �� ��&' d

N¸1.

4-3. � !� "#(carrier effect for selectivity and permeability)

�B ��	} DC18C6� Û(ò�
 bcMS� |{� ��� ~

w  �º=� �� DNNS Û(� 50 mM' !L=´ =_ DC18C6

Û(; 0.01-0.5 M' ò�; â� ��  f¹=¶1. f¹¸ N ��

� iÅ ò�� 2O bcMS |{  Fig. 6� �ãÄ*1.

iÅ� 2O bcMS� �H8} Û(ò�
 !��H; �ã�&

'µ Û(ò�� �*�'rs 56(; óÚ=� M�� (12)� �9

\ !�=_ �%  Á H �1. ß, bcMS� Û(ò�� IM'4

ÊË8&' 56(; D�G H �&+ �*� è&' f¹¸ ���

��	� V: bcMS� @AB   ®G H �1. �+# �B ��

	' <
¸ Ð�� �¿À� ¦� |V _Y� ��	� 0o
 §r

: Är�Å(cavity); ¡²� |V_Y� Êh� vË: Ì�� bcM

S� V: @A8} ÈÉp&' Íe  �B:1_ Áê� �1[13]. x

\ Butler� ZE�4 DC18C6� yzMS°1 ����MS6 Ý�È

É� �� -. ,: -É	(complex); �B:1_ /û.1 [5]. m:

Lehn� DC18C6� �: yz6 ����� Íe dB �H(formation

constant); NN 100.4� 103.2� ¦M �J=£ yz(MS�h 100 pm)

6 ����(MS�h 118 pm)� MS�hM �<��( /E=_

DC18C6� ����� V� �� @A8õ  0121[14]. 234 ·

©�� È6�4( Á H �3M DC18C6 Û(ò�� 23 ¯]8&'

bcMS 56(
 $
=_ �&� 0�8&' DC18C6 Û($
�

ñ�=´ ����6 yzMS� 56(
 |� !L: �M; ��=

_ �� �&' �ã41(Table 4).

��� DC18C6  |� ��=� ­�(0.01 M) ��� h��4 ¼

bcMS� 56(
 �
\ ?_ 56( �
 |� 5� �&' �ã

4�# M�� 1%6 ¦M 6�G H �1. �B��	} DC18C6M

P�=� ­&> ����6 yz� ¼ bcMSM %MS )®�; 


�_ �� DNNS� ��4¡ H×�ç', �H
�6 �Ù�� ?�

HaMS Û(�� �� Ö]H×M /d�� ÔO 56(; �ãä1.

��� DC18C6M 7
�> ¼ bcMS� @AB� �£=´ �_ 2

34 DNNS� �� h88 �D'rs °±8 �D' ���+ bc

MS  @A8&' H×i�1_ % H �1. ß, DNNS� bcMS�

56(� ÊË8} ~w  ��+ DC18C6� bcMS� 56(� Ê

Ë8&' �£=�°1� @AB  ÈL:1� �  Á H �1. M�

¦� È6� Fig. 76 Table 5�4 -. X�=´ Á H �1.

Fig. 7� �B ��	} DNNS� Û(ò�
 bcMS� |{� ��

� ~w  �º=� �: �M1. M� <
: ��� DC18C6� Û(

� 0.1 M' !L=´ =_ DNNS Û(; 0-0.1 M' ò�; â� f¹

=¶&+ NN� ��� V� iÅ ò�� 2O bcMS |{  �º

=_ DNNS Û(ò�� 2O bcMS 56(; �ãÄ*1. DC18C6

Fig. 5. Profiles of pH and counter facilitated transport of Sr2+ through
a SLM at 25 mM DNNS and 0.1 M DC18C6. �:  pH profile in
strip solution, �, �: Sr2+ concentration in feed and strip solu-
tion[12].

Fig. 6. Semilogarithmic plot of metal ion concentration with the con-
tacting time through SLMs with the various content of DC18C6.

Table 4. Membrane permeability of metal ions with the content of DC18C6
in SLMs at 50 mM DNNS

Content of DC18C6(M)
Permeability(×10−4 cm/sec)

for Sr for Ca

0.01 11.511 9.521
0.05 4.40 0.099
0.11 6.94 0.321
0.31 9.19 0.613
0.51 10.211 2.631

Fig. 7. Semilogarithmic plot of metal ion concentration with the con-
tacting time through SLMs with the various content of DNNS.
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��� ���� �	 
��
 ��� ��� ���� ����� �� �� 409
� h��4� 9:
�' iÅ� 2O bcMS� �H8} Û(ò�


 !��H; �ã�&'µ Û(ò�� �*�'rs 56(; óÚ

G H �*1. m: Table 5'rs DNNS� Û(
 $
GHý ���

�� 56(� �
\ $
=� �> yz� 56(� |� $
=�

­� �  Á H ��# M�� DNNS Û(� $

 bcMS� 56

(� # ~w  ���¡ DC18C6� P�(0.1 M)' }� yz� 56

; ;f=_ �� �&'  ®¸1. x\ DNNS
 ���� ­� ��

�4 bcMS� 56
 |� M���� ­_ ��# M�� DC18C6

�4� È6; <=� �â_ �1. ß DNNS� DC18C6� �� ��

8} �D'4 DNNS� 56c(� �Ý8} ~w  ��+ DC18C6

� bcMS� @AB  ÈL=� }o' Ø
=� �&' dN¸1.

M�� XÝDH ©��4 ¢�] È6� �� !�=_ �%  °£

ü1. 234 ��  Õ: 56
 ®� ��� ��4 ÈL�+ hDé

��� ñië H �%  �ãä1. ß, ���4� 56(
 XÝDH

� Ó¤�D; �ã�&'µ P=kd>Dm/l� ¦M M�8 _º6 ©�

È6
 L�\ !�=_ �� �&' <j¸1. ��� Fig. 66 7� È

6�4 �ã? �$@ DC18C6� DNNS� Û(
 $
GHý �à i

ÅM 5iÅ M� �cA� 23 ��  Õ: yzMS 56(
 Ó@

�8&' $
�  °¶�# M�� ��� û>é� P�=� ��	


 ��&'rs MBA6 {i� �� Är� �� CD(micro-pin-

hole)M dB�� ��&' <j¸1. ß, DC18C6 0.1 M, DNNS 50 mM

M�� Û(�4 ��� ��	� �LB(stability)M �'\ 
=��

�  % H �1. Cussler[15]
 0E ��� ��� /�LB(instability)

}o � H
���4 ��	� ��8 /�L� 2O ��	 �©

(carrier loss)6 ?� HaMS Û(EÝ' }� �Ù�6 �H
� <

M�4 40 �F M�� G5F �
 /d�_ ��	 ��H&' ��


�� ��	; ,f ÝJi�� G5 /C�(osmotic imbalance)� �

}:1_ G H �1. 234 ����� V: ?� @AB R 56(

; �ã�6 {i� !L �àiÅ {� ��� �LB  ��=� �

: ��	� u8 Û(� DC18C6 0.1 M6 DNNS 25 mM} �&' d

N¸1. M�6 ¦� È6; ¥V' �àiÅ  7iÅ&' C!=´ :

� u8 ¹B� ��  M
=£ {!: Û(� yz�� ���� �

�
�&'rs 93.3%� ���� f|�  ¢  H �*1.

4-4. $% &'� "#

�H
�� 7� Û(
 bcMS Û(ò�� ��� ~w  Á«°

� �� ���� @ABM �H=+ �iÅ �àH
���4 �L:

56Bl  °¶I 25 mM DNNS� 0.1 M DC18C6  ��: �� 

<
=¶&+ � È6; Fig. 8� �ãÄ*1. ����6 yzMS�

56(
 1 N6 3 N 7�  ��: �H
��4 |� ò�=� ­_

�%  Á H ��# M�� 1%6 ¦M 6�ë H �1. ß, M��

(12)'rs óJG H �� &� ¦M bcMS� 56(� �Ù� Ú

� ô� bcMS Û(� �Ý8Mç' Óý Ö]H×� I]p� H

aMS Û(EÝ� �� ÈL��¡ bcMS� 56(� Ö]H×�

I]p  �/=� M�8} Û(K��4 HaMS Û(EÝ� Lc

8M� ­%  i<:1. ��� 5 N 7�
�  <
=¶  h�� y

zMS� 56(
 Ù'\ $
=¶�# M�� 6(: 7�Û(' }

� M� MÙ: ��	 �©, G5 /C�6 ¦� ��� /�LB  Ö

]=´ �_ M� 23 �� CD� �}: �&' dN¸1.

4-5. () &'� "#

!�8&' ����  ��: Uhij� VrX� yzM 1� N

��� �� �H� ¥k&' Áê� �1. �H� h��� ����

� V: yz� ��Ó
 ù 13 ppm VÓ 400 ppm&' Áê� �&�

�K� 23 1k: XN; M�_ �&+ ¥k� �7� 23 � ��

� �M
 Ì� ��� !L: XN; óJ=� OP=1. 234 · Z

E�4� �� 
�� yzMS Û(; 1k=´ ò�i� yz Û(


 ����� @AB� ��� ~w  �º=¶1. M� <
¸ ��

� DC18C6 0.1 M6 DNNS 25 mM  ��i� �&'4 Table 6� �

���� V: yz Û(ò�� 2O 56(; �ãÄ*1. 0�8&'

����� V: yz� Û(Ó
 1 : 5-1 : 50�4 ÓT8 �L: 56

c(�4 ����  @A8&' XYG H �*1. m: �����

V: yz� Û(
 50Ý! � ¼ bcMS� 56(�
 
� �
.

&+ uV� ���� 56(; �ã21. ß, yz� V: �����

Û(
 1 : 50! h�� ��� �: �à�4 ����� V� �� @

A8õ  Á H �1. yz� Û(Ó
 $
GHý yz6 ���� 5

6( �¼ ùÅQ (a=� hw  °¶�# M�� �Ù� Ä� ?�

Û(� yzMSM ��D>&' $
�� ���� MSH×� t�

�a' Ø
=£ 56; 
=i�� �&' <j¸1. ��� 0�8&

' ����M @A8&' 56�� �: ����6 yz� 56( �

� R�K�(2% MÄ)
 yzÛ( $
� V� �� Ø%  Á H �

Table 5. Membrane permeability of metal ions with the content of
DC18C6 in SLMs at 0.1 M DC18C6

Content of DNNS(mM)
Permeability(×10−4 cm/sec)

for Sr for Ca

0 10.056 0.0069
12.5 1.07 0.0744
25 3.33 0.0217
50 6.94 0.3211
100 9.20 0.5381

Fig. 8. Selective removal of Sr2+ in the feed solution containing Ca2+

with the various content of HNO3 in the strip solution through
SLMs at 25 mM DNNS and 0.1 M DC18C6.

Table 6. Membrane permeability of metal ions with the ratio of Ca2+ to
Sr2+ through SLMs at 25 mM DNNS and 0.1 M DC18C6

Ratio of Sr to Ca
in feed solution

Permeability(cm/sec)

for Sr for Ca

1 : 11 6.94×10−4 3.21×10−5

1 : 51 1.51×10−3 8.60×10−5

1 : 25 1.01×10−3 2.15×10−5

1 : 50 1.26×10−3 2.73×10−5

11 : 100 3.91×10−4 2.37×10−6
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al,

ra-

i,

rds

L.
1. M�&' yzMS Û(� $

 ��  Õ: ����� @A8

56� �Ý8 �}&' Ø
=� ­�1_ <j¸1.

5. 
 �

yz  ��: 
�&'rs ����  @A8&' f|=� ��

crown ether; <
: ��� ��  f¹=¶&+ ��� V: bcM

S XY�Ø� M�8 _º R ©�È6; Õ: 56(� XÝDH R

@A(; (J=£ 1%6 ¦� XYxB� V: È�  ¢  H �*

1. ß, ����MS� V: ��� @A8 XY� �H
�� �Û(

� V: HaMS Û(EÝ; I]p&' ��� ��¸ ��	� �

: wÑ Ö]H×(counter facilitated transport)��� �Ý�� �&'

 ®¸1. m: M�� (12)'rs óÚG H �� &� ¦M bcMS

� 56(� �Ù� Ú� ô� bcMS Û(� �Ý8Mç' Óý Ö

]H×� I]p� HaMS Û(EÝ� �� ÈL��¡ bcMS�

56(� Ö]H×� I]p  �/=� �H
�� �Û( 1-3 N K

��4 HaMS Û(EÝ� Lc8M� ­� �&' dN¸1. ���

�H
�� �Û(
 5 N M�� _Û(�4� ��	� ��¸ ��

	� Ù': �©' }� ��� �L(
 �
\ 
=�_ M'}�

n[: Ö] H×M M���� �=� �&' �ã41. m: �B �

�	} DC18C6
 ����� @AB� ��� ~w� �� Ì�¡ b

cMS� 56c(; ÈL=� }o� �B ��	' <
¸ DNNS}

�&' <j¸1. 234 · ZE'rs f¹¸ ��� ��M bcM

S� V: ?� 56(� �L: ���� @AB  C� ��4� �

�	' <
¸ DC18C6� DNNS� Û(
 NN 0.1 M6 25 mM! h

�� u8õ  Á H �*&+ M'rs 93.3%� �V8 ���� f

|�  ¢  H �*1. m: �Ù
�� ��¸ yzÛ(� ò�
 �

�� V: ����� 56c(� Ì´ ~w  ��� ­� �&' �

ã4&� x\ ����� V: yz� Û(Ó
 1 : 5-1 : 50�4 ÓT

8 �L: 56c(�4 ����  @A8&' XYG H �*1. ß,

· ZE�4 f¹¸ ��  yz  ��: Uhij� 8
�&'µ �

���  @A8&' XY�6 {i� ?� f|�  ¢  H �  �

&' <j¸1.

� �

· ZE� 6���r� nopZE�/<S6 TTr BK21� Uâ

6���n ��<S®� rX�n� �� H^�*V¬1.
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