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COMPARISON OF BULK, EHULSIOY, THIN SHEET SUPPORTED, AND HOLLOW FIBER 
SUPPORTED LIQUID MEMBRANES I N  MACROCYCLE-MEDIATED CATION SEPARATIONS 

R . M .  I z a t t ,  J.D. Lamb, and R . L .  Bruening 
Department of Chemis t ry  
Brigham Young U n i v e r s i t y  
Provo, Utah 84602 

ABSTRACT 

The advantages,  d i sadvantages .  and p o s s i b l e  a p p l i -  
c a t i o n s  of  macrocycle-mediated b u l k ,  emulsion, support-  
ed and hollow f i b e r  l i q u i d  membranes have been i n v e s t i -  
g a t e d .  The r e l a t i v e  t r a n s p o r t  r a t e s  of t h e  a l k a l i  
metal c a t i o n s  and of Z n ( I I ) ,  C d ( I 1 )  and Hg(I1) i n  s i n -  
g l e  and compet i t ive  c a t i o n  experiments  a r e  s t u d i e d  and 
compared i n  t h e  d i f f e r e n t  membrane types .  The f o u r  
membrane types  demonstrate  similar s e l e c t i v i t i e s  b u t  
s i g n i f i c a n t l y  d i f f e r e n t  c a t i o n  f l u x e s  under comparable 
c o n d i t i o n s  using analogous macrocycl ic  c a r r i e r s .  The 
degree of d i s t r i b u t i o n  of t h e  macrocycle t o  t h e  o r g a n i c  
membrane which i s  necessary  f o r  s i g n i f i c a n t  t r a n s p o r t  
v a r i e s  d r a m a t i c a l l y  among the  membrane t y p e s ,  each of 
which r e q u i r e s  unique s o l v e n t  c h a r a c t e r i s t i c s .  I n  t h e  
experiments ,  e i t h e r  18-crown-6, dicyclohexano-18-crown- 
6 ,  o r  4,4’~5~bis(l-hydroxyheptylcyclohexano~-l8-crown-6 
were incorpora ted  i n t o  b u l k  ( c h l o r o f o r m ,  m e t h y l e n e  
c h l o r i d e ) ,  emulsion ( t o l u e n e ) ,  suppor ted  (phenylhexane) 
and hollow f i b e r  (phenylhexane or I - o c t a n o l )  l i q u i d  
m e m b r a n e s  w i t h  t h e  membrane  s o l v e n t s  shown i n  
parentheses .  

INTRODUCTION 

Macrocycl ic  compounds such  as t h e  crown e t h e r s  have been t h e  
s u b j e c t  of i n t e n s i v e  r e s e a r c h  i n  r e c e n t  y e a r s  due t o  t h e i r  s e l e c t i v e  
i n t e r a c t i o n s  w i t h  p a r t i c u l a r  c a t i o n s  ( 1 ) .  One way of  e x p l o i t i n g  t h e  
s e l e c t i v i t y  of macrocycles t o  make s e p a r a t i o n s  is t o  use them as 
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1646 IZATT, LAMB, AND BRUENING 

(a) Bulk Liquid Membrane (BLM) 

Source phase +-, I 

Stirring bar 
Organic membrane 

containing carrier 

(b) Thin Sheet Supported Liquid 
Membrane (TSSLM) 

LSupported membrane containing 
organic liquid and carrier 

(c) Hollow Fiber Supported 
Lumen Flow Liquid Membrane (HFSLM) 

Shell flow 

Fiber pores 

Module casing 

Lumen flow 

id) Emulsion Liquid Membrane (ELM) 

Source phase 

Organic membrane 
containing carrier 

Receiving phase 

F i g u r e  1 .  L i q u i d  membrane t y p e s  u s e d  in t h e  s t u d y  
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COMPARISON OF MEMBRANE SYSTEMS l b47  

n = 0; 15-Crown-5 
n = 1; 18-Crown-6 

R = H; Dlcyclohexano-18-Crown-6 

R = 1-hydroxyheptyl; 4,4'(5)-bls[ 1- 
DC18C6 

h ydroxyheptyl]dlcyclohexano- 
18-Crown-6 
bls-( 1 -hydroxyheptyl)DC18C6 

Figure  2 .  Macrocycles s t u d i e d  

c a t i o n  c a r r i e r s  i n  l i q u i d  membranes. We and o t h e r s  have r e p o r t e d  
t h e  i n c o r p o r a t i o n  of s e v e r a l  macrocycles i n t o  e m J l s i o n  and b u l k  
l i q u i d  membranes (2-6) .  More r e c e n t l y ,  we have a l s o  s u c c e s s f u l l y  
inc ldded  macrocycl ic  c a r r i e r s  i n t o  t h i n  s h e e t  and hollow f i b e r  s d p -  
p o r t e d  l i q d i d  membranes ( 7 , 8 ) .  These f o u r  l i q u i d  membrane types  are 
i l l u s t r a t e d  i n  F igure  1 .  The exper imenta l  procedure f o r  each has 
been descr ibed  i n  d e t a i l  (7-10).  

I n  t h i s  paper ,  t h e  f o u r  membrane t y p e s  i n  F igure  1 a r e  compared 
wi th  r e s p e c t  t o  c a t i o n  s e l e c t i v i t y  and p e r m e a b i l i t y ,  p o t e n t i a l  a r e a s  
of a p p l i c a t i o n ,  ease of use ,  accuracy of data  obta ined ,  and other 
parameters .  Furthermore, t h e  r e l i a b i l i t y  of p r e d i c t i n g  t h e  t r a n s -  
p o r t  behavior  of a p a r t i c u l a r  macrocycle i n  one membrane t y p e  from 
t h a t  observed i n  another  type  is  d i s c u s s e d .  S e p a r a t i o n s  among a lka-  
l i  metal i o n s  and among Zn(II), C d ( I I ) ,  and Hg(I1)  us ing  18-crown-6 
ana logs  are used t o  i l l u s t r a t e  t h e s e  p r i n c i p l e s .  The d i s c u s s i o n  is 
r e s t r i c t e d  t o  n e u t r a l  macrocycles ,  a l though results t o  d a t e  sugges t  
t h a t  similar a r g m e n t s  can be made f o r  p r o t o n - i o n i z a b l e  macrocycles. 

CROWN ETHER SELECTIVITIES FOR ALKALI CATIONS 

Bulk Liqdid  Membrane(BLM1 System 

Members of t he  crown e t h e r  c l a s s  of macrocycl ic  compounds in-  
t e r a c t  s e l e c t i v e l y  w i t h  p a r t i c u l a r  a l k a l i  metal c a t i o n s  p r i m a r i l y  
accord ing  t o  t h e  f i t  of the  c a t i o n  i n t o  t h e  crown c a v i t y .  T h i s  t y p e  
of s e l e c t i v i t y  has  been observed i n  homogeneous s o l u t i o n  ( 1 1 ,  301- 
v e n t  e x t r a c t i o n  (5  ,1 1 ) ,  and l i q u i d  membrane systems ( 7 , 8  , 1  2-1 4 ) .  
The s e p a r a t i o n s  of K+ and C s +  from the  o t h e r  a l k a l i  c a t i o n s  using 
18-crown-6 and 21-crown-7 ( F i g u r e  21, r e s p e c t i v e l y ,  i n  BLM are il- 
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3 648 IZATT,  LAMB, AND BRUENING 

TABLE 1 

Competi t ive A l k a l i  Cat ion Fluxesa Through Bulk Liquid 
Membranesb Containing 18-Crown-6 or 21 -Crown-7 

18-Crown-6 F 1  uxes 21-Crown-7 Fluxes 
Second I o n i c  Second Second 
Cat ion  Radius Cat ion K+ Cation cs + 

L i +  0.76 1 382 
Na+ 1.02 9 29 7 
K+ 1.38 - - 

Rb' 1.52 138 384 
cs + 1.67 28 239 

0 . 2  
4 . 4  
138 
161 - 

150 
154 
166 
187 - 

aMoles.s-l .m-z-108. DExperiments i n  0.5 M NO3- s a l t s  of  two c a t -  
ions/0.001 M macrocycle i n  CHC13/H20 b u l k  l i q u i d  membranes (12,131.  
CRef. 1 5 , 1 6 .  The macrocycle c a v i t y  r a d i i  are 1.34-1.43 and 1.7 A 
for 18-crown-6 and 21-crown-7, r e s p e c t i v e l y  ( 1 7 ) .  

l u s t r a t e d  i n  Table  1 .  The f i ts  of K+ i n t o  18-crown-6 and C s +  i n t o  
21-crown-7 a r e  q u i t e  good and f l u x e s  a r e  h i g h e s t  w i t h  t h e s e  c a t i o n s  
( 1 2 , 1 3 ) .  A s  expec ted ,  t h e  s e l e c t i v i t y  is g r e a t e s t  when the  s i z e  of 
t h e  competing c a t i o n  is f u r t h e s t  from t h e  macrocycle c a v i t y  s i z e .  
These s i z e s  a r e  a l s o  g iven  i n  Table  1 .  Although t h e  BLM is able t o  
p r o v i d e  i n f o r m a t i o n  concerning t h e  l i q u i d  membrane s e l e c t i v i t i e s  
t h a t  can be obta ined  w i t h  macrocycles ,  t r a n s p o r t  is q u i t e  slow and 
t h e  system is not  amenable t o  commercial sca le -up  and use. Hence, 
the  BLM has been used mainly as a s c r e e n i n g  device  t o  a s c e r t a i n  the 
c a t i o n  s e l e c t i v i t y  of a macrocycl ic  c a r r i e r .  Subsequent ly ,  carr iers  
which demonstrate  i n t e r e s t i n g  s e l e c t i v i t y  c h a r a c t e r i s t i c s  can be in- 
v e s t i g a t e d  i n  more p r a c t i c a l  membrane t y p e s  s u c h  as t h o s e  d e s c r i b e d  
below. 

Other  Membrane Systems 

1 .  Hydrophobic s o l v e n t  and s u b s t i t u e n t  group requi rements  

The a l k a l i  metal, crown e t h e r  s i z e  r e l a t e d  s e l e c t i v i t i e s  ob- 
s e r v e d  i n  BLM can a l s o  be obta ined  i n  t h e  o t h e r  l i q u i d  membrane sys-  
tems shown i n  F i g u r e  1 .  However, u s u a l l y  t h e  macrocycle s t r u c t u r e  
m d s t  b e  modif ied b e f o r e  i t  can be used i n  t h e  o t h e r  membranes. Spe- 
c i f i c a l l y ,  i n  o r d e r  f o r  t h e  crown e t h e r  t o  remain i n  t he  membrane 
phase of t h e s e  o t h e r  membrane t y p e s ,  hydrophobic s u b s t i  t u e n t  groups 
m u s t  be added  t o  t h e  macrocycl ic  backbone €or  two reasons .  F i r s t ,  
t h e  r a t i o  of aqueous t o  o r g a n i c  volumes i n  these l a t t e r  membranes is 
much l a r g e r  than  i n  t h e  BLM. These volume r a t i o s  are g iven  l a t e r  as 
p a r t  of Table  6 .  Second, t h e  volume r a t i o s  of t h e s e  o t h e r  systems 
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COMPARISON OF MEMBRANE SYSTEMS 1649 

TABLE 2 

The E f f e c t  of Solvent  on Thin Sheet  Supported 
Liquid Membrane S t a b i l i t y .  

B o i l i n g  Water 
P o i n t a  Solubi  1 i tyb  Membrane Membrane 

Solvent  ( O C )  ( w t .  Z )  S t a b i l i  t y C  

Chloroform 61.7 
Toluene 110.6 
Dichlorobenzene 180.5 
Phenylhexane 227 

0.71 
0.063 
0.0145 

d 

Minutes 
Hours 
Hours 
S t a b l e  

aRef. 22 .  k e f .  23.  CRef. 7 .  %o valde  r e p o r t e d .  

r e q u i r e  the use of a more hydrophobic membrane s o l v e n t  i n  o r d e r  to  
main ta in  membrane i n t e g r i t y ,  As t h e  membrane s o l v e n t  becomes more 
hydrophobic and the r a t i o  of water t o  membrane volume i n c r e a s e s ,  
s u b s t i t u e n t  groups of g r e a t e r  hydrophobic i ty  m u s t  be added t o  the 
macrocycle i n  o r d e r  t o  main ta in  t h e  l i g a n d  i n  t h e  o r g a n i c  membrane 
(18,191. S t u d i e s  i n  both t h e  BLM and emulsion (ELM) systems (10,20) 
have shown t h a t  t h e  a d d i t i o n  of a l k y l  and c y c l o a l k y l  s u b s t i t u e n t  
grodps i n c r e a s e  t h e  hydrophobici ty  of  t h e  macrocycle w i t h  minimal 
r e d u c t i o n  of i t s  complexing a b i l i t y .  On t h e  o t h e r  hand, benzo, 
v i n y l ,  and o t h e r  e l e c t r o n  withdrawing s u b s t i t u e n t  groups reduce mac- 
r o c y c l e  complexing power, a s  confirmed by measurements i n  homogene- 
ous  s o l u t i o n  ( 1 ) .  Hence, t he  a l k y l  and c y c l o a l k y l  s u b s t i t u t i o n  is 
p r e f e r r e d .  

The n e c e s s i t y  of using extremely hydrophobic s o l v e n t s  t o  main- 
t a i n  membrane i n t e g r i t y  is most obvious i n  t h e  Thin Sheet Supported 
Liquid Membrane (TSSLM) where t h e  aqueous t o  o r g a n i c  volume ra t io  is 
= 1333. I n  Table  2,  t h e  timed l e n g t h  of TSSLM s t a b i l i t y  is shown as 
a f u n c t i o n  of s o l v e n t  v o l a t i l i t y  and, most i m p o r t a n t l y ,  aqueous s o l -  
u b i l i t y .  The water  s o l u b i l i t y  of phenylhexane is extremely low, but 
has  not  been measured. The extended a l k y l  cha in  i n  comparison t o  
t o l d e n e  g i v e s  phenylhexane t h e s e  p r o p e r t i e s .  The l e s s  hydrophobic 
s o l v e n t s  t o l u e n e  and 1-octanol  have been used s u c c e s s f u l l y  i n  ELM 
( 1 1 : l )  and t h e  Hollow F i b e r  S u p p o r t e d  L i q u i d  Membrane (HFSLM) 
( 8 0 : 1 ) ,  r e s p e c t i v e l y ,  due t o  the  s m a l l e r  volume r a t i o s  shown i n  
p a r e n t h e s e s .  O f  course  the  s t a b i l i t y  of t h e  emulsion i t se l f  m u s t  
a l so  be cons idered  i n  ELM des ign .  F i n a l l y ,  i t  should be remembered 
t h a t  a l l  of the  membranes can u l t i m a t e l y  become u n s t a b l e  i f  t h e  
aqueous t o  o r g a n i c  volume r a t i o  and/or  t h e  osmotic p r e s s u r e  d i f f e r -  
e n t i a l  between t h e  aqueous phases are t o o  l a r g e  (21 ) .  S u r f a c e  
a c t i v i t y  or  a c i d i t y  o f  t he  membrane s o l v e n t  and o t h e r  f a c t o r s  can 
a l s o  be important  t o  membrane s t a b i l i t y  ( 2 1 ) .  
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TABLE 3 

IZATT, LAMB, AND BRUENING 

K N O 3  Transpor t  Through a Thin Shee t  Supported Liquid Membrane" a s  a 
Funct ion of 18-Crown-6 Type Macrocycle D i s t r i b u t i o n  C o e f f i c i e n t s  

Macrocycle 
P a r t i t i o n  
C o e f f i c i e n t  

K N O 3  
F l u x b  

DC18C6 13.3c 

R2DC1 8C6d 15 , O O O e  
(L-Bil)zDC18C6 >999c 

<1 
360 
360 

aTransport  i n  a 0 .1  M KN03/0.05 M macrocycle i n  phenylhexane on 
Celgard 2400 polypropylene support/H20 t h i n  s h e e t  supported l i q u i d  
membrane ( 7 ) .  bmoles .s.m-2.1010. C D i s t r i b u t i o n  between t o l u e n e  and 
H20 ( 1 0 ) .  dR = 1-hydroxyheptyl. e D i s t r i b u t i o n  between phenylhexane 
and H20 ( 2 4 ) .  

The r e q u i r e m e n t  f o r  macrocycle hydrophobici ty  is most pro- 
nounced i n  t h e  TSSLM. I n  Table 3 ,  t h e  t r a n s p o r t  of K i  by macrocy- 
c l e s  c o n t a i n i n g  the 18-crown-6 c o r e  ( F i g u r e  2 ) ,  bu t  w i t h  vary ing  
amounts of hydrophobic b d l k  a r e  compared. The need f o r  combined 
cyclohexyl  and a l k y l  s u b s t i t u t i o n  t o  main ta in  t h e  l i g a n d  i n  t h e  mem- 
brane is obvious. By comparison, i n  t h e  ELM ( t o l u e n e )  and HFSLM ( 1 -  
o c t a n o l )  systems which have l e s s  s t r i c t  hydrophobici ty  reqdi rements ,  
K +  t r a n s p o r t  can be obta ined  with DC18C6, but  not  w i t h  18C6 ( 8 , 1 8 ) .  

2. S i m i l a r  s e l e c t i v i t i e s  

While t h e  membrane s o l v e n t s  and hydrophobic macrocycle s u b s t i -  
t u e n t s  r e q u i r e d  f o r  t h e  v a r i o u s  membrane types  d i f f e r ,  t h e  s e l e c t -  
i v i t i e s  observed wi th  t h e  same crown e t h e r  c o r e  a r e  q u i t e  s i m i l a r .  
I n  f a c t ,  when only  t h e  membrane c o n f i g u r a t i o n  is changed, as wi th  
t h e  TSSLM v ~ .  t h e  HFSLM, i d e n t i c a l  s e l e c t i v i t i e s  a r e  observed f o r  
bis(hydroxyheptyl)DCl8C6 as is shown i n  Table  4 .  The s i m i l a r i t y  
between t h e  systems is remarkable. These s e l e c t i v i t i e s  a l s o  compare 
wel l  wi th  t h o s e  f o r  18C6 i n  t h e  BLM (Table  1 )  and f o r  DC18C6 i n  ELM 
(Table  5 )  systems,  even though t h e  s o l v e n t s  and macrocycles d i f f e r .  

The ELM system is unique among t h o s e  s t u d i s d  i n  t h a t  t h e  source  
phase is t e n  t imes  g r e a t e r  i n  v o l m e  than  t h e  r e c e i v i n g  phase. 
Hence, t h e  presence  of a complexing agent  i n  t h e  aqJeous r e c e i v i n g  
phase is necessary  i n  o r d e r  f o r  more than  10% of any s p e c i e s  t o  be 
t r a n s p o r t e d .  The use  of h y d r o p h i l i c  macrocycles  as r e c e i v i n g  phase 
r e a g e n t s  f o r  a l k a l i  c a t i o n s  is of i n t e r e s t  s i n c e  few r e a g e n t s  i n t e r -  
a c t  t o  such a l a r g e  degree wi th  t h e s e  c a t i o n s .  The l a c k  of t r a n s -  
p o r t  enhancement using P2O7'- i n  Table  5 is an example of t h i s .  The 
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TABLE 4 

Competi t ive Transport  of Alka l i  Ca t ion  N i t r a t e s  i n  Thin 
Shee t  (TSSLM) and Hollow F i b e r  Supported (HFSLM) Liquid 

Membranes Containing R2DC18Ctja 

F luxD 
Cat i o n  TSSLMC H F S L M ~  

L i +  
ria+ 

K +  

0 
5.9 
350 

0 
56 

3400 

aR = 1-hydroxyheptyl .  O F l u x  ( m o l ? s ~ s - l ~ m - r ~ l O 1 u )  
cTransport  i n  a 0 .1  M LiNOj, NaN03, and KN03/3.05 M macrocycle i n  
phenylhexane on Celgard 2400 polypropylene/H20 l i q u i d  membrane ( 7 ) .  
dTranspor t  i n  a 0.5 M L i N O 3 ,  NaN03, and KNO3/0.5 M macrocycle i n  
phenylhexane on Celgard polypropylene/H20 l i q u i d  membrane ( 8 ) .  

TABLE 5 

KN03 z. NaN03 Transpor t  i n  an Emulsion L i q u i d  Membranea 
a s  d F m c t i o n  of Receiving Phase Complexing Agent 

T i m e  
Complex i ng Elapsed % Transpor t  

Agent (min.)  x' Na' 

None 30 
~ i q ~ 2 0 T b  30 
18- Crow n-6b 10 
(C02H)4 1 8-Crown-6c 10 
( C02H ) 4 1 8-Cr own-6 30 

9 
1 1  
0 

17 
95 

0 
2 
0 
1 

3'1 

a A  0 .001  M K N O 3  and NaN03/0.02 M dicyclohexano-18-crown-6 i n  
t o l u e n e ,  3 %  v / v  s o r b i t a n  monoolea te / rece lv ing  phase membrane ( 1 4 ) .  
b0.05 M. c0.02 M .  

d a t a  i n  T a b l e  5 a l s o  show, however, t h a t  t h e  macrocycle m u s t  be ex- 
tremely h y d r o p h i l i c  (i.:, t h e  depronated c a r b o x y l i c  a c i d  crown--see 
F i g u r e  2 )  o r  i t  w i l l  qu ick ly  e q u i l i b r a t e  (i-.e., 18-crown-6) throdgh 
t h e  o r g a n i c  membrane between t h e  two aqueous phases .  When t h i s  is 
so ,  t h e  membrane l i g a n d  m d s t  compete with t h e  aqueous l i g a n d  f o r  a 
h y d r o p h i l i c  c a t i o n  and t h e  t r a n s p o r t  r a t e  is g r e a t l y  reduced.  

3. D i f f e r e n t  t r a n s p o r t  rates 

Although t h e  use of t h e  same macrocycl ic  core y i e l d s  s i m i l a r  
selectivit ies i n  d i f f e r e n t  membrane systems,  changes i n  s o l v e n t ,  
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TABLE 6 

IZATT, LAMB, AND BRUENING 

Comparison of KNO3 Transpor t  Rate, Flux,  and Normalizeda Flux 
Using 18-Crown-6 Analogs and Volume R a t i o s ,  i n  Various 

Liquid Membrane Types 

Membrane Type 
Bulkb EmulsionC TSSLMd HFSLMe 

T r a n s p o r t  Ratef 3.214.0 5280 0.728 483 
5.3 35 
1 .o 1 .2  

F1 dxg 6331780 
Normalizeda F lux  2991369 
Volume Rat ioh  1.9 1 1  1333 40 

aMolesi~~l-~.s-l.m-~-lOq. Flux d i v i d e d  by the l i g a n d  c o n c e n t r a t i o n ,  
KNO3 a c t i v i t y  squared ,  supported membrane p o r o s i t y ,  and a geometr i -  
c a l  f a c t o r  (25) f o r  t h e  HFSLM i n  o r d e r  t o  make comparisons of p l a n a r  
a n d  c y l i n d r i c a l  membrane g e o m e t r i e s .  bFor a 1.0 M KNO3 (0 .8 
m1)/0.001 M 18C6 i n  CHC13(3 ml)/H20 ( 5  m l )  system. For t h e  second 
v a l u e s  g iven ,  DC18C6 was t h e  macrocycle u s e d  ( 2 0 ) .  cFor a 0.001 M 
KNO3 ( 9  m1)/0.02 M DC18C6 i n  t o l u e n e  (0.9 m l )  and 3% v/v Span 801H20 
(0.9 m l )  system ( 1 4 ) .  The d i f f i c u l t y  of measuring t h e  membrane 
s u r f a c e  area makes f l u x  c a l c u l a t i o n  i n a c c u r a t e .  KNO3 t r a n s p o r t  v i a  
18C6 was minimal. dFor a 0.1 M KNO3 (200 ml)/O.l M bis(hydroxy-  
heptyl)DC18C6 i n  phenylhexane (0.3 m l )  on Celgard 2400 polypro- 
pylene/H20 (200 m l )  system ( 7 ) .  KNO3 t r a n s p o r t  v i a  18C6 and DC18C6 
was minimal. eFor a 0.5 M KNO3 (200 m1)/0.5 M bis(hydroxyhepty1)-  
DC18C6 i n  phenylhexane (5 ml) on a Celgard  poly-propylene module/H20 
(200 m l )  system ( 8 ) .  KNO3 t r a n s p o r t  v i a  18C6 or DC18C6 was minimal. 
The geometr ica l  data on t h e  HFSLM sys tem used has  been r e p o r t e d  ( 8 ) .  
fMo1es.s-1.1010. gMoles-s-1 em-2.108. hAqueous t o  o r g a n i c  volumes 
( 7 , 8 , 1 2 , 1 3 , 2 6 ) .  

-- 
-- 

macrocycle hydrophobic i ty ,  membrane t h i c k n e s s ,  volume ra t ios ,  mem- 
brane s u r f a c e  a r e a  and s p e c i e s  c o n c e n t r a t i o n s  can d r a s t i c a l l y  a l te r  
t h e  r a t e  of c a t i o n  t r a n s p o r t  and/or  f l u x .  T h i s  p r i n c i p l e  is i l l u s -  
t r a t e d  i n  T a b l e  6 .  The t r a n s p o r t  ra tes  are p r i m a r i l y  a f u n c t i o n  of 
membrane s u r f a c e  a r e a  f o r  which the o r d e r  is ELM>>HFSLM>>TSSLM>BLM. 
The l a r g e  t r a n s p o r t  rate i n  t h e  ELM is p a r t i c u l a r l y  impress ive  when 
c o n s i d e r i n g  t h e  f a c t  t h a t  t h e  s p e c i e s  c o n c e n t r a t i o n s  are much lower 
t h a n  i n  t h e  o t h e r  systems. In the  f l u x  v a l u e s ,  however, t h e  s u r f a c e  
a r e a  f a c t o r  has been d i v i d e d  o u t .  Furthermore, normalized f l u x  
v a l u e s  have been c o r r e c t e d  f o r  d i f f e r e n c e s  i n  macrocycle concentra-  
t i o n s  and KNO3 a c t i v i t i e s .  The more h y d r o p h i l i c  s o l v e n t  used i n  t h e  
BLM enhances i ts  K +  f l u x  g r e a t l y  r e l a t i v e  t o  t h a t  of the supported 
membranes ( 1 8 , l g ) .  The normalized f l u x e s  f o r  t h e  suppor ted  l i q u i d  
membranes, however, are almost  i d e n t i c a l .  T h i s  is t o  be  expected 
s i n c e  t h e  same s o l v e n t  and macrocycle were used and t h e  membrane 
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E x t r a c t i o n  Equi l ibr ium Cons tan ts  and Macrocycle 
P a r t i t i o n  C o e f f i c i e n t s  as a Funct ion of Solvent  
Type w i t h  Dicyclohexano-18-Crown-6 as Macrocycle 

Par t i  ti  on Log KexD 
Solvent  C o e f f i c i e n t a  Pb2+ Sr2+ K+ 

C H z C 1 2  
CHCl3 
C C 1 4  
C2H4C12 
C2H2C14 
Toluene 

71 3 
454 
108 
196 
90 
13 

5.4 3.3 2.3 
5.1 3.2 1.9 
2.1 (0.1 <o . 1 
5 . 3  3.2 2.3 
4.8 3.3  2.6 
3.9 0.9 0 . 2  

aConstant  f o r  Ligandaq = Ligandorg p a r t i t i o n i n g  ( 2 7 ) .  DConstant f o r  
macrocycle(org)  + c a t i o n  (N03)n(aq)  = complex(org) i n t e r a c t i o n  ( 1  1 ). 

t h i c k n e s s  is t h e  same. I n  comparing t h e  suppor ted  l i q u i d  membranes 
t o  t he  BLM and ELM, it should a l s o  be  remembered t h a t  t h e r e  is t o r -  
t u o s i t y  t o  t h e  pa th length  of t he  suppor ted  membranes. T h i s  t o r t u o s -  
i t y  has  not  y e t  been a c c u r a t e l y  measured f o r  the  c e l g a r d  membranes 
under s tudy .  I n  Table  7 ,  t h e  e f f e c t s  of  changing s o l v e n t  on macro- 
c y c l e  p a r t i t i o n i n g  and s e l e c t i v i t y  for p a r t i c u l a r  c a t i o n s  are i l l u s -  
t r a t e d .  The e x t r a c t i o n  equi l ibr ium c o n s t a n t  d i f f e r e n c e s  between two 
of t h e  c a t i o n s  i n  v a r i o d s  s o l v e n t s ,  where co-anion and c o n c e n t r a t i o n  
e f f e c t s  are normalized,  a r e  s l i g h t  while  t h e  e x t r a c t i o n  magnitude 
f o r  t h e  c a t i o n s  v a r i e s  g r e a t l y .  Furthermore,  t h e  p a r t i t i o n i n g  of 
t h e  same macrocycle between membrane and aqueous phases  v a r i e s  a s  a 
f u n c t i o n  of s o l v e n t  w i t h  the g r e a t e s t  membrane r e t e n t i o n  o c c u r r i n g  
w i t h  t h e  l eas t  hydrophobic membrane s o l v e n t s .  F i n a l l y ,  i f  i d e n t i c a l  
membrane p a t h l e n g t h ,  membrane s o l v e n t ,  and macrocycle type  could be  
used i n  each o f  t h e  d i f f e r e n t  membrane t y p e s ,  i d e n t i c a l  f l u x e s  would 
be expected.  

CO-ANION EFFECTS ON C d ( I I ) ,  Z n ( I I ) ,  Hg(I1)  SEPARATIONS 

When n e u t r a l  macrocycles are used t o  t r a n s p o r t  c a t i o n s ,  an ions  
m u s t  accompany the  cat ion-macrocycle  complex i n  order  t o  main ta in  
e l e c t r i c a l  n e u t r a l i t y .  Hence, the  e x t r a c t i o n  of the an ions  can p lay  
a l a r g e  r o l e  i n  determining both t r a n s p o r t  r a t e s  and s e l e c t i v i t i e s .  
The e f f e c t  of an ions  on t r a n s p o r t  is two-fold. F i r s t ,  the l e s s  hy- 
d r o p h i l i c  t h e  an ion  t h e  g r e a t e r  t h e  ra te  of t r a n s p o r t  (26,27,28) .  
T h i s  f a c t o r  is independent of the c a t i o n .  I n  t h i s  way, anion hydro- 
p h i l i c i t y  a f f e c t s  c a t i o n  t r a n s p o r t  ra tes  s i m i l a r l y ,  but  does not  
affect  s e l e c t i v i t y .  Second, t h e  i n t e r a c t i o n s  between c a t i o n s  and 
an ions  do a f f e c t  s e l e c t i v i t y .  The d i f f e r e n c e  i n  n e u t r a l  ca t ion-  
an ion  i o n  p a i r  c o n c e n t r a t i o n  between l i q u i d  membrane source  and re- 
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TABLE 8 

I Z A T T ,  LAMB, AND BRUENING 

Use of Co-Anion T y p e  and Concent ra t ion  t o  S e p a r a t e  Z n ( I I ) ,  
C d ( I I ) ,  and Hg(II.1 Using 18-Crown-6 D e r i v a t i v e s  i n  

Emulsion and Supported Liquid  Membranes 

S e l e c t i v i t y  
Cat ion l l C a t i o n 2  

Anion/[AnionIa C a t i ~ n l / a ? ~  Cat ion2/apb EmulsionC Supportedd 

SCN-IO, 4 Cd/O. 47 Hg/9 x 10-5 75 me 
SCN-/O. 004 Cd/2 x Hgl0.48 Oe 0.026 
SCN-/O. 4 Cd/O.  47 Zn/O. 26 1.8 2.0 
Br-10.3 Cdl0.3 Zn/f ,e me 

aAnion c o n c e n t r a t i o n  i n  moles/l. DThe f r a c t i o n  of  t h e  t o t a l  amount 
of c a t i o n  p r e s e n t  as a n e u t r a l  ion p a i r .  C a l c d l a t e d  using e q u i l i -  
b r i m  c o n s t a n t s  f o r  ca t ion-anion  i n t e r a c t i o n  ( 3 2 ) .  CTransport  i n  a 
0.001 M i n  both ca t ions /0 .02  M DC18C6 i n  toluene/H20 emulsion l i q u i d  
membrane ( 2 6 ) .  dAverage t r a n s p o r t  i n  0 .5  M i n  both c a t i o n s l 0 . 5  M 
bis(hydroxyheptyl)DCl8C6 i n  phenylhexane on Celgard polypropylene/  
H20 t h i n  s h e e t  and hollow f i b e r  suppor ted  l i q u i d  membranes (8,31 ) .  
eTransport  of t h e  non-se lec t ive  c a t i o n  was undetec tab le .  fCat ion-  
an ion  i n t e r a c t i o n  is below d e t e c t i o n  limits. 

c e i v i n g  phases  has  been found t o  be p r o p o r t i o n a l  t o  t h e  ra te  of 
t r a n s p o r t  f o r  a p a r t i c d a r  s y s t e m .  The s y s t e m  is  def ined  by t h e  
p a r t i c d l r i r  c a t i o n ,  an ion ,  macrocycle, and s o l v e n t  combination used. 
If t h e  r e c a i v i n g  phase ion  p a i r  c o n c e n t r a t i o n  is h e l d  near  z e r o ,  t h e  
p r o p o r t i o n a l i t y  express ion  only i n c l d d e s  t h e  sour’ce phase concentra-  
t i o n  term (29,30). 

Unlike t h e  c a s e  of t h e  a l k a l i  c a t i o n s  wi th  NO3-,  t h e  i n t e r a c -  
t i o n s  of o t h e r  an ions  and c a t i o n s  cdn be s t r o n g  and can vary drama- 
t i c a l l y .  I n  t h e s e  l a t t e r  c a s e s ,  source  phase an ion  t y p e s  and con- 
c e n t r a t i o n s  can be c o n t r o l l e d  t o  e f f e c t  impor tan t  s e p a r a t i o n s .  An 
exampk of such s e l e c t i v i t i e s  f o r  t h e  Zn, Cd, and Hg fami ly  is given 
i n  Table  8 .  The TSSLM and HFSLM s e l e c t i v i t i e s  a r e  l i s t e d  as aver- 
ages since they a r e  w i t h i n  1 %  of each o t h e r  i n  each case .  Analogs of 
18-crown-6 c o n t a i n i n g  s u f f i c i e n t  hydrophobic bulk f o r  t h e  p a r t i -  
c u l a r  membrane system were used. The o r d e r  of i n t e r a c t i o n  of t h e s e  
macrocycles  (Hg(I1)  > Cd(I1)  = Z n ( I 1 ) )  i n  both  s o l v e n t  e x t r a c t i o n  
( 3 1 )  and homogeneous s o l v e n t  ( 2 6 )  measurements is i d e n t i c a l .  If t h e  
macrocycle was t h e  only f a c t o r  i n  de te rmining  s e l e c t i v i t y ,  t h i s  
would always be t h e  s e l e c t i v i t y  o r d e r .  I n  t h i s  r e s p e c t ,  t h e  h ighly  
s e l e c t i v e  t r a n s p o r t  of Cd(1I)  over  Hg(I1)  is remarkable  when 0 .4  M 
SCN- is  p r e s e n t  i n  t h e  source  phase s o  t h a t  H ~ ( S C N ) I ( ~ -  and Cd(SCN)2 
a r e  t h e  primary s p e c i e s  p r e s e n t .  By c o n t r a s t ,  t h e  expected macro- 
c y c l e  s e l e c t i v i t y  o r d e r ,  H g ( I I ) > C d ( I I ) ,  is obta ined  w i t h  0.004 M 
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SCN- where Cd2+ and Hg(SCN)2 a r e  t h e  primary s p e c i e s  i n  t h e  source  
phase.  Furthermore,  t h e  2 : l  Cd over Zn s e l e c t i v i t y  wi th  0.4 M 
SCN- is due s o l e l y  t o  t h e  s l i g h t  d i f f e r e n c e  i n  a f f i n i t y  of t h e  
c a t i o n s  f o r  SCN-. The l a r g e  Cd over Zn s e l e c t i v i t y  wi th  Br- is an 
example of  how proper  choice  of s o u r c e  phase an ion  type  and concen- 
t r a t i o n  can be used t o  make n e a r l y  q u a n t i t a t i v e  s e p a r a t i o n s  using 
n o n - s e l e c t i v e  macrocycles as c a r r i e r s .  The similar Cd, Zn, and Hg 
s e l e c t i v i t i e s  w i t h  t h e  d i f f e r e n t  membrane t y p e s  a r e  f u r t h e r  evidence 
of how macrocycles c o n t a i n i n g  similar c o r e s ,  b u t  d i f f e r e n t  a l k y l  and 
c y c l o a l k y l  hydrophobic s u b s t i t u e n t s  show s i m i l a r  s e l e c t i v i t i e s .  

MEMBRANE SYSTEM ADVANTAGES A N D  DISADVANTAGES 

Now t h a t  t h e  important  d i f f e r e n c e s  among t h e  v a r i o u s  membrane 
systems have been i l l u s t r a t e d  we can examine t h e i r  advantages and 
d isadvantages .  

B u l k  l i q u i d  membrane (BLM) 

The BLM is an e x c e l l e n t  system f o r  s c r e e n i n g  macrocycle car -  
riers, b u t  i t s  u t i l i t y  s t o p s  at  t h a t  p o i n t .  This  s t a t e m e n t  is sup- 
p o r t e d  by t h e  p a r t i c u l a r  advantages and d isadvantages  of t he  system. 
The system r e q u i r e s  smal l  amounts of m a t e r i a l s  and t h e  aqueous t o  
o r g a n i c  v o l m e  r a t i o  is only 2 : l .  Hence, somewhat h y d r o p h i l i c  mem- 
brane s o l v e n t s  and macrocycles can be  used. Macrocycle core  s t r u c -  
tures can t h u s  b e  t e s t e d  b e f o r e  t h e  more d i f f i c u l t  task of synthe-  
s i z i n g  h i g h l y - s u b s t i t u t e d  hydrophobic ana logs  is undertaken.  How- 
e v e r ,  t h e  bulk system is not  commercially v i a b l e ,  t r a n s p o r t  r a t e s  
a r e  small, r e l a t i v e l y  l a r g e  d a t a  s t a n d a r d  d e v i a t i o n s  a r e  observed,  
and  i t  i s  d i f f i c u l t  t o  s o r t  ou t  s u r f a c e  a c t i v e  e f f e c t s  in t h e  
s y s  tem. 

Thin s h e e t  suppor ted  l i q u i d  membrane (TSSLM) 

T h i s  system is easy t o  model due  t o  t h e  r e l a t i v e l y  smal l  s t a n d -  
a r d  d e v i a t i o n s  i n  t h e  d a t a  obta ined  and t h e  r e g u l a r  geometry of t h e  
TSSLM. Hollow f i b e r  membrane d a t a  taken under similar c o n d i t i o n s  
are readi ly  p r e d i c t e d  from TSSLM d a t a .  However, t h e r e  are s e v e r a l  
d i sadvantages :  t r a n s p o r t  r a t e s  a r e  s m a l l ;  extremely hydrophobic  
s o l v e n t s  and macrocycles  a r e  r e q u i r e d ;  s u r f a c e  e f f e c t s  can f o u l  t h e  
s J p p o r t ;  and t h e  system is not commercially v i a b l e .  

Emulsion l i q u i d  membrane (ELM) 

T h i s  system has a very t h i n  membrane and immense s d r f a c e  a r e a  
w i t h  r a p i d  t r a n s p o r t  being t h e  r e s u l t .  S u r f a c e  a c t i v i t y  involv ing  
any l i g a n d s  is r e l a t i v e l y  unimportant  s i n c e  an e m l s i o n  is a l r e a d y  
p r e s e n t .  Desired s p e c i e s  can be  concent ra ted  from t h e  source  t o  t h e  
r e c e i v i n g  phase because of t h e  r a t i o  of volumes of t h e  two water 
phases .  In o r d e r  t o  o b t a i n  t h e s e  advantages ,  a moderately hydro- 
phobic  membrane s o l v e n t  and macrocycle a long  wi th  a r e c e i v i n g  phase 
complexing agent  m u s t  be used. Furthermore,  t h e  e f f e c t  on emulsion 
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1656 IZATT, LAMB, AND BRUENING 

s t a b i l i t y  of  f a c t o r s  such  as pH, i o n i c  s t r e n g t h ,  and phys ica l  t 'orces 
must be c l o s e l y  monitored. The most impor tan t  i n d u s t r i a l  disadvan- 
t a g e  of t h e  ELM is t h e  need t o  break t h e  emulsion t o  recover  t h e  
r e c e i v i n g  phase. 

Hollow f i b e r  suppor ted  l i q u i d  membrane (HFSLM) 

The s u r f a c e  a r e a  and membrane t h i c k n e s s  of t h i s  sys t em y i e l d  
r a p i d  t r a n s p o r t ,  a l though not  a s  r a p i d  a s  t h e  ELM system. T h i s  s y s -  
tem has t h e  engineer ing  advantage of  easy i n t r o d u c t i o n  of s o u r c e  and 
r e c e i v i n g  phases t o  t h e  sys t em.  However, f o u l i n g  due t o  s u r f a c e  e f -  
f e c t s  and t h e  n e c e s s i t y  of us ing  q u i t e  hydrophobic s o l v e n t s  and d i f -  
f i c u l t - t o - p r e p a r e  hydrophobic macrocycles  a r e  important  disadvan- 
t a g e s .  

CONCLUSIONS 

Mdcrocycle-mediated c a t i o n  s e p a r a t i o n s  can be made using l i q u i d  
membranes. Although only t h e  emulsion and hollow f i b e r  sJppor ted  
l i q u i d  membrane systems have p o t e n t i a l  commercial use, t h e  bulk and 
t h i n  s h e e t  supported systems g i v e  e x c e l l e n t  p r e d i c t i o n s  concerning 
which macrocycle structures a r e  needed t o  make a d e s i r e d  s e p a r a t i o n .  
I n  p a r t i c u l a r ,  a l l  f o u r  systems y i e l d  s i m i l a r  c a t i o n  s e l e c t i v i t i e s  
when t h e  same c o r e  macrocycle is used. However, c a t i o n  f l u x e s  and 
t r a n s p o r t  r a t e s  are h ighly  dependent on membrane s o l v e n t  and s u r f a c e  
a r e a ,  r e s p e c t i v e l y .  F i n a l l y ,  t h e  hydrophobici ty  r e q d i r e d  of a macro- 
c y c l e  f o r  use i n  a p a r t i c u l a r  membrane system is  g r e a t e r  f o r  
g r e a t e r  aqueous t o  membrane volame r a t i o s  and/or  more hydrophobic 
membrane s o l v e n t s .  
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