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A b s t r a c t  - Cat ion  t r a n s p o r t  by bo th  n e u t r a l  and p r o t o n - i o n i z a b l e  
macrocycles i n  l i q u i d  membranes is of ten  d i f fus ion  limited. Extraction 
constants ,  d i s t r i b u t i o n  c o e f f i c i e n t s ,  aqueous phase macrocycle-cation and 
a n i o n - c a t i o n  i n t e r a c t i o n  c o n s t a n t s  and membrane geometry a r e  t h e  
parameters i n  the diffusion l imi ted  t ranspor t  equations. On the  other  
hand, the  behavior of cat ion so lu t ions  i n  s i l i c a  gel  columns containing 
bonded macrocycles can be described using homogeneous phase macrocycle- 
ca t ion  equilibrium constants  and column geometry a s  modeling parameters. 
Examples from our recent  work a r e  given t o  show how separat ion processes 
can be designed from an unders tanding  of  t h e s e  parameters .  The 
separat ions of Sr(I1) from Ba(I1) and of H g ( I I ) ,  C d ( I 1 )  and Zn(I1) from 
each other  using 18-crown-6 type macrocycles and the separat ion of Ag(1) 
from P b ( I 1 )  using pyridono and t r i a z o l o  type macrocycles a r e  described. 
The i n f l u e n c e  of macrocycle, so lvent ,  ca t ion  and anion types on t h e  
parameters is examined i n  discussing these examples. 

INTRODUCTION 

The a b i l i t y  t o  separate  s imi la r  chemical species  is of academic and i n d u s t r i a l  importance. 
Macrocyclic compounds hold promise i n  t h i s  respect  due t o  t h e i r  h i g h l y  s e l e c t i v e  in te rac t ion  
with many chemical species ,  p a r t i c u l a r l y  cat ions.  Hence, the  k ine t ic  and thermodynamic 
parameters associated wi th  macrocycle complexation i n  homogeneous so lu t ion  have been s tudied 
extensively ( r e f .  1 ).  The use of macrocycles t o  make separat ions via  c a r r i e r - f a c i l i t a t e d  
t ranspor t  i n  membranes and via s e l e c t i v e  binding i n  f ixed bed columns has a l s o  received 
a t ten t ion  ( r e f .  2-5). However, work on def ining and quant i ta t ing  the in te rac t ive  proper t ies  
which determine whether a macrocycle-mediated separat ion can be made using a membrane or 
column system has been sparse .  The object ive of t h i s  paper is t o  def ine and then discuss  
these i n t e r a c t i v e  propert ies  wi th  respect  t o  the  design of cat ion separat ions.  Examples 
from our recent  work a r e  used t o  i l l u s t r a t e  the  pr inc ip les  discussed. 

The l i q u i d  membrane systems studied by us  a r e  of the  bulk, t h i n  sheet  supported, hollow 
f iber  supported and emulsion types. These membrane types a r e  i l l u s t r a t e d  i n  Fig. 1 .  The 
d e t a i l s  of t h e i r  operation a re  ava i lab le  ( r e f .  11-71. These membrane systems have the  same 
general configurat ion consis t ing of aqueous source and receiving phases separated by an 
organic l i q u i d  membrane. The general types of t ranspor t  mechanisms i n  such membranes have 
been discussed ( r e f .  4) .  The work of Behr, eJ &. ( r e f .  8 )  and Fyles ( r e f .  9 )  suggests t h a t  
macrocycle-mediated cat ion t ranspor t  i n  many membrane systems is diffusion l imited.  We have 
modified ( r e f .  10-12) the  diffusion l imited t ranspor t  model of Reusch and Cussler ( r e f .  1 3 )  
and have shown t h a t ,  i n  t h e  membrane systems s tudied by u s ,  neut ra l  macrocycle-mediated 
cat ion t ranspor t  is diffusion l imited.  This is t rue  even i n  r e l a t i v e l y  t h i n  membranes such 
as  the  supported and emulsion types. The t r a n s p o r t  of c a t i o n s  by p r o t o n - i o n i z a b l e  
macrocycles is a l s o  diffusion-l imited i n  some cases. I n  the  diffusion l imited t ranspor t  
model, the chemical and physical parameters which determine t ransport  r a t e s  a r e  1 )  the  
extract ion constants(Ke,) for  the in te rac t ions  which occur at the membrane-aqueous phase 
in te r faces ;  2 )  the  concentration gradients  i n  t h e  species  being t ransported between the  two 
aqueous phases; 3) the  equilibrium constants  for  any in te rac t ions  occurring i n  the  aqueous 
phases; 4 )  the  macrocycle d i s t r i b u t i o n  as  determined by t h e  macrocycle p a r t i t i o n  coef f ic ien t  
and t h e  aqueous phase e q u i l i b r i u m  constant f o r  macrocycle-cation in te rac t ion ;  5 )  the  
diffusion coef f ic ien t  for  neut ra l  s o l u t e s  i n  the  membrane solvent ;  and 6)  the  membrane 
diffusion path length. However, ca t ion  s e l e c t i v i t i e s  i n  competitive t ransport  systems a r e  
determined only by the  f i r s t  th ree  parameters. 

S i l i c a  gel  columns containing bonded macrocycles can a l s o  be used t o  make separat ions ( r e f .  
2,3,14). Such a column is i l l u s t r a t e d  as  par t  e of Fig. 1 .  The modeling of aqueous phase 
cat ion behavior i n  s i l i c a  gel  columns containing bonded macrocycles is a l s o  possible. A t  
modest flow r a t e s ,  cat ion-macrocycle  i n t e r a c t i o n s  i n  such columns r e a d i l y  approach 
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Fig. 1 .  Schematic r e p r e s e n t a t i o n s  of 
membrane(a-d) and column ( e )  systems 
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(e) Macrocycle-bonded Sillca Qel Column (MSGC) 

1 1  
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e q u i l i b r i u m  ( r e f .  1 4 ) .  Under equ i l ib r ium c o n d i t i o n s ,  t h e  d i f f e r e n t i a l  equa t ions  which 
desc r ibe  t h e  columns c o n t a i n  t h e  fo l lowing  chemical and phys ica l  parameters  ( ref .  14 ,151:  
1 )  equ i l ib r ium c o n s t a n t s  o r  mass t r a n s f e r  c o e f f i c i e n t s  f o r  cation-macrocycle i n t e r a c t i o n ;  2 )  
t h e  c o n c e n t r a t i o n s  of t h e  c a t i o n s  e n t e r i n g  t h e  column; 3)  column geometry parameters  such  a s  
t h e  column h e i g h t ,  l i q u i d  bed volume and t h e  number of i n t e r a c t i v e  s i t e s ;  and 4) t h e  l i q u i d  
flow r a t e .  The equ i l ib r ium cons tan t  which d e s c r i b e s  cation-macrocycle i n t e r a c t i o n  is t h e  
only  i n t e r a c t i v e  parameter and, hence,  is t h e  key parameter i n  des ign ing  s e l e c t i v i t y  i n t o  
t h e  column system. Adjustment of t h e  r e l a t i v e  f r e e  c a t i o n  concen t r a t ions  and t h e  p rocess  
used t o  remove t h e  bound c a t i o n s  from t h e  column can a l s o  be used t o  impart  s e l e c t i v i t y  t o  
t h e  column system. 

In t h e  fo l lowing  d i s c u s s i o n ,  examples w i l l  be used t o  show how a knowledge of a p p r o p r i a t e  
chemical and phys ica l  parameters can be used t o  des ign  a p a r t i c u l a r  l e v e l  o f  c a t i o n  
s e p a r a t i o n  i n t o  a membrane o r  column system. The chemical and phys ica l  parameters  i n  
membrane t r a n s p o r t  w i l l  be shown t o  be a f f e c t e d  by cho ice  of membrane s o l v e n t ,  macrocycle 
and any o t h e r  r e a g e n t s  p re sen t  i n  t h e  two aqueous phases inc lud ing  an ions  and a c i d s .  The 
i n t e r a c t i o n  parameter i n  aqueous phase column s e p a r a t i o n s  us ing  n e u t r a l  macrocycles w i l l  be 
shown t o  be a f f e c t e d  a lmost  s o l e l y  by t h e  choice  o f  macrocycle. The d i s c u s s i o n  w i l l  be 
l i m i t e d  t o  t h e  s e p a r a t i o n  of p a r t i c u l a r  meta l  c a t i o n s ,  a l though s i m i l a r  r eason ing  could  be 
app l i ed  t o  t h e  development of systems f o r  t h e  s e p a r a t i o n s  of o rgan ic  molecules ,  o r g a n i c  
c a t i o n s ,  gas  molecules and an ions .  

REAGENTS AFFECTING LIQUID M E M B R A N E  SEPARATION PARAMETERS 

Solvent 
Data a s  a f u n c t i o n  of so lven t  type  f o r  t h e  parameters  involved  i n  membrane t r a n s p o r t  which 
a r e  a f f e c t e d  by t h e  membrane s o l v e n t  a r e  given i n  Table 1 .  The H20 s o l u b i l i t y  o f  t h e  
s o l v e n t s  l i s t e d  is a l s o  given. Di f fus ion  c o e f f i c i e n t s  f o r  n e u t r a l  s o l u t e s  i n  a p a r t i c u l a r  
s o l v e n t  show l i t t l e  v a r i a t i o n  w i t h  c h a n g i n g  s o l u t e  ( r e f .  15-17).  Therefore ,  t h e s e  
c o e f f i c i e n t s  have l i t t l e  e f f e c t  on s e l e c t i v i t y  i n  l i q u i d  membranes. However, t hey  do vary  
w i t h  s o l v e n t  type  and a r e  an i n v e r s e  f u n c t i o n  o f  s o l v e n t  v i s c o s i t y  ( r e f .  1 6 ) .  Hence, t h e  
r a t e  of d i f f u s i o n  c o n t r o l l e d  c a t i o n  t r a n s p o r t  i n  l i q u i d  membranes is d r a m a t i c a l l y  a f f e c t e d  
by t h e  choice  o f  s o l v e n t .  A s o l v e n t  of low v i s c o s i t y  must be chosen t o  o b t a i n  t h e  h i g h e s t  
r a t e  o f  t r a n s p o r t  p o s s i b l e  i n  a p a r t i c u l a r  membrane system. 
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Fig. 2. S t r u c t u r e s  of macrocycles d i scussed .  

Table 1 .  Extraction Equilibrium Constants, Diffusion Coefficients, Macrocycle Partition 
Coefficients and Water Solubility as a Function of Solvent Type. 

DC18C6 
Lo K 

*%T 
Diffusion Partition H20 

Solvent Coefficienta Coefficientb SolubilityC 

CH2C12 1.48 71 3 1.96 5.4 3.3 2.3 
CHC13 1.32 45‘1 0.71 5.1 3.2 1.9 
CClq 0.86 108 0.08 
C2H4C12 0.81 196 0.86 5.3 3.2 2.3 

Toluene 1.13 1 3f 0.06 3.9 0.9 0.2 

2.1 e e 

C2H2C14 0.54 90 0.13 4.8 3.3 2.6 

kalculated from equations (ref. 16) for the diffusion of uncomplexed DC18C6 through the 
solvents. cm2.s-1 x 105. 
bEquilibrium constant for Laq = LOrg partitioning from ref. 18 except where indicated. 
cReported as wt. % in ref 19. 
dEquilibrium constant for the reaction: ~ation(NO3),(,~) + DC18C6(org) = (ref. 
20). 
eThe values were difficult to determine accurately but are < 0.1. 
fRef. 21. 

A l a r g e  f r a c t i o n  o f  t h e  macrocycle must remain i n  t h e  membrane when t h e  membrane is p laced  
i n  con tac t  w i th  t h e  aqueous phases i n  o r d e r  f o r  macrocycle-mediated t r a n s p o r t  t o  occur .  A 
t y p i c a l  example of how macrocycle p a r t i t i o n i n g  is  a f f e c t e d  by membrane s o l v e n t  is g iven  i n  
Table 1 f o r  t h e  macrocycle DC18C6(Fig. 2 ) .  I n  membrane types  such a s  t h e  bulk membrane 
(F igu re  l a ) ,  where the volume r a t i o  of t h e  aqueous phases t o  t h e  membrane phase is 2:1,  
DC18C6 e f f e c t i v e l y  remains i n  t h e  membrane phase when any of t h e  s o l v e n t s  l i s t e d  a r e  used. 
However, when membrane types  such a s  the suppor ted  l i q u i d  membranes(Figure l b  and l c )  a r e  
used, t h e  volume r a t i o  can be > 1OOO:l. I n  such  sys tems,  l a r g e  macrocycle p a r t i t i o n  
c o e f f i c i e n t s  f avor ing  t h e  membrane s o l v e n t  are r e q u i r e d .  In  g e n e r a l ,  t h e  i n c r e a s e  i n  DC18C6 
p a r t i t i o n  c o e f f i c i e n t  w i t h  s o l v e n t  i n  Table 1 fo l lows  t h e  same t r e n d  as t h a t  of t h e  i n c r e a s e  
i n  H2O s o l u b i l i t y  w i t h  s o l v e n t .  T h i s  s i t u a t i o n  c r e a t e s  a dilemma, p a r t i c u l a r l y  i n  t h e  
suppor ted  membrane sys tems,  s i n c e  s t a b i l i t y  of t h e  s o l v e n t  p a r t  of the  system is i n v e r s e l y  
r e l a t e d  t o  s o l v e n t  s o l u b i l i t y  i n  H20. The dec rease  i n  s t a b i l i t y  o f  t h e  t h i n  s h e e t  and 
suppor ted  l i q u i d  membranes as a f u n c t i o n  of s o l v e n t  s o l u b i l i t y  i n  water  is given i n  Table 2. 
A s o l v e n t  l i k e  phenylhexane, w i t h  an expec ted  s o l u b i l i t y  i n  water l e s s  than  t h a t  of  t o luene  
due t o  t h e  longer  a l k y l  cha in ,  was r e q u i r e d  t o  o b t a i n  a s t a b l e  membrane ( r e f .  6 , 7 ) .  Thus, 
a m a c r o c y c l e  which  is  much more h y d r o p h o b i c  than  DC18C6(and, hence,  p a r t i t i o n s  more 
e f f e c t i v e l y  i n t o  a very hydrophobic membrane) had t o  be used i n  t h e  s u p p o r t e d  l i q u i d  
membrane  s y s t e m s .  Two s u c h  m a c r o c y c l e s  a r e  b i s ( t - - b u t y l ) D C 1 8 C 6  a n d  b i s (  1 -  
hydroxyheptyl)DC18C6(Fig. 2 ) .  The p a r t i t i o n  c o e f f i c i e n t  f o r  each  of t h e s e  m a c r o c y c l e s  
between phenylhexane and H20 is approximate ly  15,000 ( r e f .  1 1 ) .  Therefore ,  t h e  s t a b i l i t y  o f  
t h e  membrane system being used and t h e  r e q u i r e d  macrocycle hydrophobic i ty  must be cons ide red  
i n  choosing a membrane s o l v e n t .  

Cat ion  t r a n s p o r t  r a t e s  i n  membrane sys tems w i l l  va ry  w i t h  a change of s o l v e n t  due t o  changes 
i n  K e x  va lues  ( r e f .  1 0 ) .  Furthermore,  t h e  c a t i o n  w i t h  t h e  l a r g e s t  Kex w i l l  be t r a n s p o r t e d  
a t  t h e  f a s t e s t  r a t e  i n  compe t i t i ve  systems c o n t a i n i n g  equal  c o n c e n t r a t i o n s  of s e v e r a l  
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Table 2. Thin Shee t  Supported Liquid Membrane T a b l e  3. Ag' Transpor t  i n  Bulk Liquid 
S t a b i l i t y  a s  a Function o f  Membrane Solvent  Membranesa Conta in ing  Pyridono or T r i a z o l o  
Water S o l u b i l i t y .  S u b s t i t u t e d  Crown E the r s .  

FluxD 
Macrocycle HNO3 H20 

Membrane Water Per iod  of R e c e i v i n g  Rece iv ing  
Solvent  Solubi  1 i tya  S t a b i  1 i t y b  Phase Phase 

(pH - 1.5)  (pH = 7 )  

CgH17Pyridono15C6 175 508 
Chloroform 0.71 minutes CgH17Pyridono18C6 175 64 1 
To1 uene 0.06 hours  CgH17Triazolol5C5 452 56 
1,2-Dichlorobenzene 0.0145 hours  CgHl7Triazolol8C6 1019 328 
Phenylhexane C s t a b l e  DBTriazolol8C6 253 61 

BWater s o l u b i l i t y  a t  25OC and 1 atm from r e f .  aTranspor t  over 24 h r s .  i n  a 1 M AgN03/1 x 
19. 10-3 M crown e t h e r  i n  CH2C12/  r e c e i v i n g  
bRef. 6. ghase bulk l i q u i d  membrane ( r e f .  23 ) .  
CNo va lue  has  been r epor t ed .  moles-s-1 -m-2 x 108. 

c a t i o n s .  The e f f e c t  of s o l v e n t  on t h e  Kex  va lues  f o r  the  NO3- s a l t s  of Pb2+,  Sr2+ and K +  
u s ing  DC18C6 a s  macrocycle is given i n  Table 1 .  The o r d e r s  o f  magnitude d i f f e r e n c e  i n  Kex  
va lues  wi th  vary ing  o r g a n i c  s o l v e n t  is  r e a d i l y  appa ren t .  There is a decrease  i n  t h e  l o g  K e x  
va lues  wi th  i n c r e a s i n g  c h l o r i n a t i o n  which is comparable f o r  a l l  t h r e e  c a t i o n s  i n  t h e  
methane-based s o l v e n t s .  Hence, c a t i o n  t r a n s p o r t  s e l e c t i v i t i e s  i n  membranes c o n t a i n i n g  the  
methane-based s o l v e n t s  should  and do show l i t t l e  v a r i a t i o n ,  a l though c a t i o n  t r a n s p o r t  ra tes  
vary d rama t i ca l ly .  However, t h e  o t h e r  s o l v e n t s  examined do have an e f f e c t  on s e l e c t i v i t y .  
For example, t h e  Kex va lues  f o r  c a t i o n  e x t r a c t i o n  i n  C2HuC12 and C2H2C14 show t h a t  an 
inc reased  s e l e c t i v i t y  f o r  Pb2+ and Sr2+ over K +  can be ob ta ined  by us ing  C2H4C12 as t h e  
membrane s o l v e n t .  The e f f e c t s  p red ic t ed  from the Kex va lues  have been observed  i n  bulk 
l i q u i d  membrane t r a n s p o r t  experiments ( r e f .  22 ) .  Hence, membrane s o l v e n t  no t  o n l y  a f f e c t s  
c a t i o n  t r a n s p o r t  r a t e s  i n  terms of d i f f u s 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 i n g  and Kex 
va lues ,  bu t  c a t i o n  s e l e c t i v i t i e s  can a l s o  be a f f e c t e d  by t h e  cho ice  of membrane s o l v e n t .  

Macrocycle 
The type  o f  macrocycle s e l e c t e d  f o r  use  i n  membrane sys tems can have a profound e f f e c t  on 
both t r a n s p o r t  r a t e  and s e l e c t i v i t y .  The e f f e c t  of macrocycle h y d r o p h o b i c i t y  on i t s  
p a r t i t i o n  c o e f f i c i e n t  was d i scussed  e a r l i e r .  Other impor tan t  macrocycle f a c t o r s  a f f e c t i n g  
t r a n s p o r t  parameters  i nc lude  t h e  c a v i t y  s i z e  and s u b s t i t u e n t  groups.  The in f luence  of these 
f a c t o r s  on c a t i o n  t r a n s p o r t  and s e l e c t i v i t y  can be understood by cons ide r ing  Kex va lues  f o r  
cation-macrocycle i n t e r a c t i o n .  Groups capab le  o f  pro ton  i o n i z a t i o n  which a r e  con ta ined  i n  
macrocycles add a f u r t h e r  p o s s i b i l i t y  f o r  a l t e r i n g  s e l e c t i v i t y  i n  t r a n s p o r t  p rocesses .  

The t r a n s p o r t  of Ag' and/or Pb2+ by pyridono and t r i a z o l o - s u b s t i t u t e d  crown ethers (F ig .  2 )  
i l l u s t r a t e s  these p r i n c i p l e s .  The f l u x  o f  Ag' i n  bulk l i q u i d  membranes con ta in ing  s e v e r a l  
of these s u b s t i t u t e d  crown ethers w i t h  e i t h e r  a H20 or HNO3 r e c e i v i n g  phase is given  i n  
Table 3 ( r e f .  23 ) .  When pyr idono-subs t i t u t ed  crown ethers were used ,  Ag' t r a n s p o r t  was 
g r e a t e r  w i th  a H20 r e c e i v i n g  phase.  T h i s  is c o n s i s t e n t  w i t h  a l l neu t r a l l l  t r a n s p o r t  mechanism 
where the  t r a n s p o r t i n g  complex c o n s i s t s  of Ag' i n  the  c a v i t y  o f  t h e  macrocycle and a co- 
t r a n s p o r t e d  NO3-. When t r a n s p o r t  proceeds by a n e u t r a l  mechanism, t h e  presence  o f  NO3- 
(HNO3) i n  t h e  r e c e i v i n g  phase r educes  t h e  concen t r a t ion  g r a d i e n t  i n  AgN03 between t h e  
aqueous phases compared t o  a pure H20 r e c e i v i n g  phase. If t h e  t r a n s p o r t  were proton- 
coupled, L.e_.., macrocycle pro tons  were exchanged f o r  Ag' ions  and no an ion  was t r a n s p o r t e d ,  
the  presence  o f  H+ i n  the r e c e i v i n g  phase would be expec ted  t o  enhance t r a n s p o r t .  These two 
t r a n s p o r t  mechanisms f o r  t h e  c a s e  of a monovalent c a t i o n  are given i n  Table 4 .  When 
t r i a z o l o - s u b s t i t u t e d  crown e t h e r s  were used t o  t r a n s p o r t  Ag+(Table 3 ) ,  t r a n s p o r t  was g r e a t e r  
w i t h  HNO3 i n  t h e  r e c e i v i n g  phase.  Hence, t h e  t r a n s p o r t  mechanism appears  t o  be pro ton-  
coupled ,  which o b v i a t e s  t h e  need t o  co - t r anspor t  N O j - .  These mechanisms of t r a n s p o r t  were 
confirmed by measuring NO3- co - t r anspor t ,  moni tor ing  t h e  pH i n  t h e  aqueous phases ,  making 
similar measurements i n  emulsion membranes and measuring Ke, va lues  ( ref .  23 ) .  The g r e a t e r  
t r a n s p o r t  o f  Ag' by 18C6 compared t o  15C5-sized macrocycles us ing  both pyridono and 
t r i a z o l o - s u b s t i t u t e d  crown ethers is c o n s i s t e n t  w i t h  t h e  b e t t e r  f i t  of Ag' i n t o  an 18C6 
s i z e d  c a v i t y  ( r e f .  1 ) .  

Benzo r a t h e r  t h a n  a l k y l  s u b s t i t u e n t  groups can be used t o  o b t a i n  a macrocycle which 
p a r t i t i o n s  q u a n t i t a t i v e l y  i n t o  the  membrane phase of bulk membranes. However, the  e l e c t r o n  
withdrawing n a t u r e  o f  t h e  benzo groups reduces  t h e  a b i l i t y  o f  the macrocycle t o  i n t e r a c t  
w i th  c a t i o n s  as was observed i n  homogeneous s o l u t i o n  ( r e f .  1 ) .  This e f f e c t  is r e s p o n s i b l e  
f o r  t h e  decreased Ag' t r a n s p o r t  when t h e  d i b e n z o t r i a z o l o  rather than  t h e  cor responding  a l k y l  
s u b s t i t u t e d  crown e t h e r  of t h e  same s i z e  is used(Tab1e 3). 
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Table 4 .  Neut ra l  and Proton-Coupled Transpor t  Table 5. Competit ive Transpor t  of Ag+ W-. 
Mechanisms. Pb2+ i n  Bulka Liquid Membranes 

Conta in ing  Pyridono and T r i a z o l o  Type 
Crown Ethers .  

Aqueous Organic Aqueous 
Source Membrane Receiving FluxD Ag+/PbL+ 

Type Phase Phase Macrocycle Ag' PbCf S e l e c t i v i t y  

Neut ra l  M+ A- MLA+ M+ A- CgH17Pyridonol 5C5c 381 8 48 

Coupled +H L Hf A- CgH17Triazol018C6~ 1303 73 18 

4 L  CgH17Pyridon018C6~ 155 536 0.29 
Proton- M+ A- ML+ M+ C8H17Triazolo15CSd 452 2 226 

BTranspor t  over 24 hrs .  i n  a 0.5 M AgN03, 
0.5 M Pb(N03)2/1 x 10-3 M crown e t h e r  i n  
CH$l2/receiving phase membrane ( r e f .  23) .  
bmo1es.s-1 em-2 x 108. 
CH20 r e c e i v i n g  phase. 
dHN03 r e c e i v i n g  phase (pH = 1 . 5 ) .  

Emuls ion  membrane e x p e r i m e n t s  provide  f u r t h e r  in format ion  on t h e  t r a n s p o r t  o f  Ag' by 
t r i a z o l o - s u b s t i t u t e d  crown e t h e r s .  I n  an emulsion membrane experiment ( r e f .  23) where  
S 2 0  2 -  was  p r e s e n t  i n  t h e  r e c e i v i n g  p h a s e  and  Ag' t r a n s p o r t  was m e d i a t e d  by a 
b is fCgH17)  t r i a z o l o l 8 C 6  macrocyc le (F ig .  21,  t r a n s p o r t  a c r o s s  t h e  membrane c o n s i s t e d  o f  
approximate ly  one NO3- ion  f o r  every  two Ag' ions. However, when HNO3 was t h e  r eagen t  
p re sen t  i n  t h e  r e c e i v i n g  phase, t r a n s p o r t  p r o c e e d e d  e x c l u s i v e l y  by a p r o t o n - c o u p l e d  
mechanism. The two CgH17 groups were necessa ry  t o  e f f e c t i v e l y  p a r t i t i o n  t h e  macrocycle t o  
t h e  phenylhexane s o l v e n t ,  s i n c e  the aqueous-membrane volume r a t i o  is 11 : l .  I n s i g h t  i n t o  
t h e s e  r e s u l t s  was ob ta ined  by measuring l o g  Kex  v a l u e s ( i n  pa ren theses )  f o r  Ag' e x t r a c t i o n  
wi th  t h i s  macrocycle by both  n e u t r a l ( 6 . 0 )  and proton-coupled(0.6) mechanisms. Although, the  
K e x  v a l u e  f o r  the  proton-coupled mechanism is q u i t e  small, when a l a r g e  concen t r a t ion  
g r a d i e n t  i n  Ag+/H+ can be achieved ,  as is t h e  case  when t h e  sou rce  phase pH is near  7 and 
t h e  r e c e i v i n g  phase pH is 1.5, r a p i d  t r a n s p o r t  can be ob ta ined .  The Kex va lue  f o r  t h e  
n e u t r a l  mechanism is l a r g e r ,  bu t  a s t r o n g  c a t i o n  or an ion  complexing agen t  is r e q u i r e d  t o  
ma in ta in  even a sma l l  concen t r a t ion  g r a d i e n t  i n  AgN03. T h i s  is p a r t i c u l a r l y  t r u e  o f  t h e  
emulsion membrane system where the i n i t i a l  concen t r a t ion  o f  AgN03 i n  t h e  sou rce  phase is 
on ly  0.001 M and t r a n s p o r t  r e s u l t s  i n  t h e  c a t i o n  be ing  concen t r a t ed  i n  t h e  r e c e i v i n g  phase 
whose volume is one-eleventh t h a t  of the source  phase. Products  o f  t h e  Kex va lues  and t h e  
concen t r a t ion  g r a d i e n t s  de te rmine  the  r e l a t i v e  ra tes  o f  t r a n s p o r t  e i t h e r  be tween two 
d i f f e r e n t  mechanisms invo lv ing  one c a t i o n  or of two d i f f e r e n t  c a t i o n s  i n  t h e  same system. 
I t  was d iscovered  t h a t  t h e  r e l a t i v e  b a s i c i t y  o f  t h e  S2O3*- compared t o  t h e  HNO3 r e c e i v i n g  
phase a long  wi th  t h e  small Ag+ r e c e i v i n g  phase concen t r a t ion  due t o  A g + - S ~ 0 3 ~ -  i n t e r a c t i o n  
r e s u l t e d  i n  a marked i n c r e a s e  i n  t h e  AgN03 concen t r a t ion  g r a d i e n t h e u t r a l  mechanism) 
r e l a t i v e  t o  the Ag+/H+ concen t r a t ion  g rad ien t (p ro ton -coup led  mechanism) between t h e  aqueous 
phases.  In  the  experiment desc r ibed ,  t h e  changes i n  t h e s e  g r a d i e n t s  were s u f f i c i e n t  t o  
cause  the  rates of t r a n s p o r t  by t h e  two mechanisms t o  become n e a r l y  equa l .  Th i s  example 
deomons t r a t e s  t h e  i m p o r t a n c e  o f  c o n s i d e r i n g  t h e  t r a n s p o r t  mechanism and  a v a i l a b l e  
concen t r a t ion  g r a d i e n t  a long  w i t h  t h e  Kex va lue  i n  des ign ing  s e p a r a t i o n s .  

Resu l t s  from compet i t ive  Ag+ E. Pb2+ bulk  membrane exper iments  ( r e f .  23) i nvo lv ing  yr idono 
and t r i a z o l o - s u b s t i t u t e d  crown e t h e r s  a r e  g iven  i n  Table 5. Transpor t  o f  Ag' and Pbg+ us ing  
the  pyridono crown e t h e r s  occur s  by a n e u t r a l  mechanism. Furthermore,  t h e  s e l e c t i v i t y  o rde r  
is r eve r sed  i n  going from t h e  15C5 t o  t h e  18C6-sized pyridono macrocycle.  Transpor t  of Ag' 
u s ing  t r i a z o l o  crown ethers occurs  by a proton-coupled mechanism and Ag' is t r a n s p o r t e d  
s e l e c t i v e l y  over Pb2+ when e i t h e r  s i z e d  macrocycle is used. S i l v e r  s e l e c t i v i t y  is improved 
by t h e  use  o f  t h e  15C5-sized t r i a z o l o  macrocycle,  d e s p i t e  t h e  f a c t  t h a t  Ag' t r a n s p o r t  is 
more r a p i d  w i t h  t h e  18C6-sized macrocycle.  The reduced  a b i l i t y  t o  t r a n s p o r t  Pb2+ i n  
comparison t o  Ag' i n  going from pyridono t o  t r i a z o l o  type  crown ethers can be exp la ined  by 
r e f e r e n c e  t o  the  t r a n s p o r t  mechanisms involved. If Pb2+ were t r a n s p o r t e d  by t r i a z o l o  crown 
e t h e r s  by a proton-coupled mechanism, e i ther  one NO3- ion  or two macrocycle molecules would 
have t o  be involved  i n  t h e  t r a n s p o r t  of each Pb2+ s i n c e  t h e  macrocycle c o n t a i n s  on ly  one 
p ro ton - ion izab le  s i t e .  However, Kex data ( r e f .  23) i n d i c a t e  t h a t  Pb2+ t r a n s p o r t  by t r i a z o l o  
macrocycles invo lves  a n e u t r a l  mechanism(tw0 NO3- ions t r a n s p o r t e d  per Pb2+ i o n ) .  When 
t r i a z o l o  macrocycles media te  t r a n s p o r t  and HNO3 is p resen t  i n  t h e  r e c e i v i n g  phase ,  t h e  
p r o d u c t  o f  K e x  a n d  t h e  c o n c e n t r a t i o n  g r a d i e n t  is much g r e a t e r  f o r  Ag+(proton-coupled 
mechanism) than  f o r  Pbz'(neutra1 mechanism). The n e u t r a l  mechanism f o r  t h e  t r a n s p o r t  o f  
bo th  Ag+ and Pb2+ by pyridono macrocycles a l lows  f o r  the  Ke,-concentration g r a d i e n t  product  
t o  be g r e a t e r  f o r  Pb2+ when t h e  18C6-sized macrocycle is used. The data a l s o  i n d i c a t e  t h a t  
i n  crown e t h e r s  c o n t a i n i n g  n i t rogen-he te rocyc le s  a s  p a r t  of t h e  r i n g ,  g r e a t e r  Ag' over  Pb2+ 
s e l e c t i v i t y  can be ob ta ined  w i t h  15C5-sized crown ethers. 

A t  a sou rce  phase pH near  7 ,  t r i a z o l o  macrocycles are a l s o  poor t r a n s p o r t i n g  a g e n t s  f o r  
a l k a l i  c a t i o n s  and s e v e r a l  b i v a l e n t  c a t i o n s  ( r e f .  23 ) .  The r eason  f o r  poor t r a n s p o r t  i n  t h e  
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Table 6. Comparison o f  P red ic t ed  and Measured Cd( I1 )  Fluxes i n  a Thin Shee t  Supported 
Liquid Membranea Conta in ing  RzDC18C6b as a Funct ion  o f  Co-anion Type(A-) and 
Concent ra t ion( [A- l ) .  

Log Fluxe 
A- KexC 1 A-I a2 P red ic t ed  Measured 

c1- -1.3 0.56 0.43 4.3 6.5 
-1.3 

Br- 0.61 
0.61 
0.61 
0.61 

SCN- 2.01 
2.01 
2.01 

0.2 0.20 
0.56 0.27 
0 .3  0.30 
0.2 0.24 
0.1 0.11 
0.85 0.41 
0.4 0.46 
0.1 0.14 

2.0 
209 
231 
187 

88 
271 0 
281 0 
1670 

5.5 
234 
269 
209 

92 
2650 
2460 
1720 

BTransport 5. time measured over a 6 hour pe r iod  i n  a 0.05 M Cd( I I ) /0 .05  M macrocycle i n  
phenylhexane/H20 membrane. 
bR=l -hydroxyheptyl.  
C K e x  va lues  f o r  t h e  r e a c t i o n :  c d A ~ ( , ~ )  + macrocycle(org) = complex(org) from r e f .  10. 
dThe f r a c t i o n  of t h e  t o t a l  amount of Cd p resen t  a s  t h e  n e u t r a l  CdA2 complex c a l c u l a t e d  us ing  
t h e  d a t a  from r e f .  26. 
emoles.s-1*m-2 x lo8. Data from r e f .  10. 

ca se  of t h e  b i v a l e n t  c a t i o n s  is t h e  same as t h a t  f o r  poor Pb2+ t r a n s p o r t ,  a s  d i scussed  
e a r l i e r .  The a l k a l i  c a t i o n s  a r e  no t  e x t r a c t e d  i n t o  t h e  membrane u n t i l  t h e  source  phase pH 
is  g r e a t e r  than  12. The pKa va lues  of t r i a z o l o  macrocycles a r e  approximate ly  10 ( r e f .  24 ) .  
Whereas Ag' has  s u f f i c i e n t  a f f i n i t y  f o r  t h e  macrocycle t o  a i d  i n  t h e  removal of t h e  pro ton  
a t  pH va lues  below t h e  pKa va lue ,  t h e  a l k a l i  c a t i o n s  only  bind wi th  t h e  macrocycle when t h e  
pro ton  is a l r e a d y  removed. The poor b inding  of a l k a l i  c a t i o n s  by n i t r o g e n - c o n t a i n i n g  
macrocycles has  been demonstrated ( r e f .  1 ) .  Hence, t r i a z o l o  macrocycles should  be e f f e c t i v e  
i n  s e p a r a t i n g  Ag+ from b i v a l e n t  and a l k a l i  metal  c a t i o n s .  

Aqueous phase reagents 
Reagents p re sen t  i n  t h e  aqueous phases of a membrane system can a f f e c t  t r a n s p o r t  rates and 
s e l e c t i v i t i e s .  The e f f e c t s  on t r a n s p o r t  of adding  a c i d s  and s t r o n g  complexing a g e n t s  t o  t h e  
r e c e i v i n g  phase of a membrane system were i l l u s t r a t e d  i n  t h e  d i s c u s s i o n  o f  t r i a z o l o  crown 
e t h e r s .  When t r a n s p o r t  occurs  by a n e u t r a l  mechanism, sou rce  phase an ion  t y p e ,  A- ,  and 
concen t r a t ion ,  r A - 1 ,  a f f e c t  K e x  and concen t r a t ion  g r a d i e n t s ,  r e s p e c t i v e l y .  The p r e d i c t e d  
and  measured  C d ( I 1 )  f l u x e s ,  t h e  e f f e c t  of A-  on l o g  K e x  and t h e  e f f e c t  of [ A - 1  on 
concen t r a t ion  g r a d i e n t s  a s  expressed  by a2 va lues  a r e  given i n  Table 6. The agreement of 
t h e  p red ic t ed  and measured Cd( I1 )  f l u x  d a t a  is well w i t h i n  "engineer ing  accuracy".  The 
o rde r s  o f  magnitude i n c r e a s e  i n  t h e  Cd( I1 )  K e x  and f l u x  va lues  wi th  vary ing  A-  p a r a l l e l s  t h e  
d e c r e a s i n g  s o l v a t i o n  o f  A -  ( r e f .  2 5 ) .  The e f f e c t  of [ A - 1  on t r a n s p o r t  rates and 
s e l e c t i v i t i e s  is i n t r i g u i n g .  The concen t r a t ion  g r a d i e n t  f o r  t h e  t r a n s p o r t  of a CdA2 s p e c i e s  
from t h e  sou rce  t o  t h e  r e c e i v i n g  phase is expressed  a s  t h e  d i f f e r e n c e  i n  [CdA2] between t h e  
two aqueous phases ( s e e  t h e  no te  t o  r e f .  1 0 ) .  Hence, a l a r g e  a2 va lue ,  t h e  f r a c t i o n  o f  t h e  
t o t a l  amount of Cd(I1)  p re sen t  as CdA2, produces a l a r g e  concen t r a t ion  g r a d i e n t  i n  t h e  
membrane system and a l a r g e  Cd(I1)  f l u x .  Furthermore,  Cd(I1)  t r a n s p o r t  is  maximized when a2 
is maximized. The LA-]  necessary  t o  maximize a2 can be c a l c u l a t e d  from a knowledge of t h e  
equ i l ib r ium c o n s t a n t s  f o r  Cd2+-A- i n t e r a c t i o n  ( r e f  . 26 ) .  

The e f f e c t  of LA-] on concen t r a t ion  g r a d i e n t s  can be used t o  des ign  s e p a r a t i o n s .  This is 
now i l l u s t r a t e d  f o r  Z n ( I I ) ,  C d ( I I ) ,  and Hg( I1 ) .  The l o g  K e x  va lues  f o r  e x t r a c t i o n  o f  t h e  
SCN- s a l t  i n t o  phenylhexane us ing  bis(l-hydroxyheptyl)DCl8C6 are 3.34(Hg),  2.01(Cd) and 
3.92(Zn) f o r  t h e  r e s p e c t i v e  c a t i o n s  ( r e f .  1 0 ) .  The c o n s t a n t s  a r e  f o r  1 :1 macrocyc1e:sa l t  
i n t e r a c t i o n  f o r  Hg and Cd and 2 : l  i n t e r a c t i o n  f o r  Zn. Hence, a l though  t h e  Kex va lue  is 
g r e a t e r  f o r  Zn than  f o r  e i t h e r  Cd o r  Hg, e x t r a c t i o n  o f  Zn w i l l  be h indered  r e l a t i v e  t o  t h a t  
of Cd o r  Hg when macrocycle concen t r a t ions  < 1 M a r e  used. The 2:l i n t e r a c t i o n  o f  18C6 type  
macrocycles with Zn has  a l so  been observed i n  homogeneous s o l u t i o n  ( r e f .  1 ) .  On t h e  b a s i s  
of e x t r a c t i o n  c o n s t a n t s  and s to i ch iomet ry  a l o n e ,  one would expec t  t h a t  Hg could be s e p a r a t e d  
from Cd and Zn, but t h a t  Cd-Zn s e p a r a t i o n  would be poor i n  membrane systems con ta in ing  0.05 
M macrocycle i n  t h e  membrane. However, t h e  r e l a t i v e  concen t r a t ion  g r a d i e n t s  f o r  Hg(SCN)2, 
Cd(SCN)2 and Zn(SCN)2 can be a l t e r e d  by vary ing  t h e  [SCN-1 i n  t h e  sou rce  phase s i n c e  t h e  
i n t e r a c t i o n  of t h e s e  c a t i o n s  wi th  SCN- v a r i e s  s i g n i f i c a n t l y .  When [SCN-]=O.4 M and t h e  
me ta l s  a r e  p re sen t  a t  0.05 M i n  source  phases con ta in ing  two c a t i o n s ,  t h e  sou rce  phase a2 
va lues  a r e  0.31(Cd) and 7 x 10-4(Hg) f o r  t h e  Cd s. Hg and 0.43(Cd) and 0.21(Zn) f o r  t h e  Cd 
v s .  Zn s y s t e m s  and  t h e  p r e d i c t e d  membrane t r a n s p o r t  s e l e c t i v i t i e s  a r e  21 (Cd/Hg) and 
2(Cd/Zn).  Furthermore,  when [SCN-]=O.Ol M and Hg and Cd a r e  p re sen t  a t  0.001 M i n  a b ina ry  
sou rce  phase t h e  a2 va lues  a r e  0.12(Hg) and 0.004(Cd) and t h e  p red ic t ed  Hg/Cd s e l e c t i v i t y  is  
640. Experiments i n  emulsion and suppor ted  l i q u i d  membranes y i e lded  t h e  expec ted  
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Table 7. Comparison o f  P red ic t ed  and Observed Sepa ra t ion  of Ba2+ and S r2+  i n  a Bonded S i l i c a  
Gel Column and i n  Supported Liquid  Membranes Conta in ing  18C6 Type Crown Ethers. 

Key S e l e c t i v i t y  
System Macrocycle Parameter P red ic t ed  Observed 

Bonded S i l i c a  Gel Columna 18C6 K D  0 .12 0.11 
Thin Shee t  Supported Liquid MembraneC RzDC18C6d Kexe 2.2 2 .6  
Hollow Fiber  Supported Liquid MembraneC RzDC18C6d Kexe 2.2 2.3 

l compe t i t i ve  b inding  i n  a column brought t o  equi lbr ium w i t h  0.001 M Ba(N03)2 and 0.1 M 
Sr(N03)2 i n  H20 ( r e f .  1 4 ) .  
bEqui l ibr ium cons tan t  f o r  aqueous phase cation-macrocycle i n t e r a c t i o n .  
c C o m p e t i t i v e  t r a n s p o r t  i n  a 0 .05  M Ba (N03)2 ,  0 . 0 5  M S r (N03)2 /0 .05  M macrocycle i n  
phenylhexane/H20 membrane ( r e f .  6 , 7 ) .  
d R  = 1 -hydroxyheptyl.  
eKex  va lue  f o r  t h e  r e a c t i o n :  c a t i o n ( a q )  + a n i o n ( s ) ( a q )  + macrocycle(org) = complex(org).  

s e l e c t i v i t y  of 2 f o r  t h e  Cd/Zn system ( r e f .  12,271. Sepa ra t ions  d i d  occur a s  expec ted  i n  
t h e  Hg/Cd systems. However, t h e  t r a n s p o r t  of t h e  n o n s e l e c t i v e  c a t i o n  was d i f f i c u l t  t o  
d e t e c t  a c c u r a t e l y .  T h i s  made i t  d i f f i c u l t  t o  a s c e r t a i n  t h e  exac t  degree  of s e l e c t i v i t y  i n  
t h e s e  experiments ( r e f .  12,271. Hence, no t  on ly  must A- and [A-1 be cons idered  i n  o b t a i n i n g  
r a p i d  c a t i o n  t r a n s p o r t  i n  membrane sys tems,  bu t  s e p a r a t i o n s  can be des igned  i n t o  membrane 
systems when t h e s e  f a c t o r s  a r e  va r i ed .  

Two o t h e r  p a r a m e t e r s  i n  membrane t r a n s p o r t  have no t  been cons idered  i n  t h e  prev ious  
examples. The f i r s t  is t h e  d i f f u s i o n  pa th  l eng th .  This parameter is dependent on t h e  
membrane system used and no t  on t h e  chemica ls  chosen f o r  s e p a r a t i o n  des ign .  The second is 
t h e  equ i l ib r ium cons tan t  f o r  aqueous phase cation-macrocycle i n t e r a c t i o n .  The g r e a t e r  the  
amount of such i n t e r a c t i o n ,  t h e  g r e a t e r  w i l l  be t h e  d i s t r i b u t i o n  of t h e  macrocycle t o  t h e  
aqueous phases.  Hence, t h i s  parameter a f f e c t s  membrane s t a b i l i t y  and t r a n s p o r t  r a t e s .  
S e l e c t i v i t y  is not  a f f e c t e d  s i n c e  t h i s  parameter a f f e c t s  on ly  t h e  concen t r a t ion  o f  t h e  
macrocycle i n  t h e  membrane. S ince  l a r g e  cation-macrocycle i n t e r a c t i o n s  a r e  desired i n  o rde r  
t o  o b t a i n  l a r g e  K e x  v a l u e s ,  macrocycles of h igh  hydrophobic i ty  must be chosen s o  as t o  
main ta in  a h igh  macrocycle concen t r a t ion  i n  t h e  membrane and ,  consequent ly ,  o b t a i n  h igh  
t r a n s p o r t  r a t e s .  

SEPARATIONS USING MACROCYCLES BONDED TO SILICA GEL 

The des ign  of aqueous phase s e p a r a t i o n s  u s i n g  s i l i c a  g e l  co lumns  c o n t a i n i n g  bonded 
m a c r o c y c l e s  is  r e l a t i v e l y  s i m p l e  i n  comparison t o  membrane s e p a r a t i o n  des ign  s i n c e  a 
membrane s o l v e n t  is no t  involved .  The column is a l s o  a more i n h e r e n t l y  s t a b l e  system s i n c e  
chemical a t t a c k  o f  t h e  s i l i c a  and/or t h e  bonded macrocycle a r e  t h e  on ly  s t a b i l i t y  problems 
( r e f .  1 4 ) .  S e l e c t i v i t y  i n  such  a column is a f u n c t i o n  of t h e  equ i l ib r ium cons tan t  f o r  
cation-bonded macrocycle i n t e r a c t i o n  and of t h e  f r e e  c a t i o n  c o n c e n t r a t i o n ,  a l though  a degree  
of s e l e c t i v i t y  can a l s o  be added i n  t h e  process  used t o  remove t h e  bound c a t i o n s  from t h e  
co lumn.  When t h e  e n t i r e  column i s  a t  e q u i l i b r i u m  w i t h  t h e  incoming aqueous phase,  
s e l e c t i v i t y  is equal  t o  the  r a t i o ,  f o r  t h e  p a r t i c u l a r  c a t i o n s  involved ,  of the products  of 
c a t i o n  concen t r a t ions  and equ i l ib r ium c o n s t a n t s .  An example of column s e l e c t i v i t y  under 
equ i l ib r ium cond i t ions  f o r  t h e  e n t i r e  column is given i n  Table 7 f o r  an aqueous s o l u t i o n  
con ta in ing  0.1 M S r ( N 0 3 ) ~  and 0.001 M Ba(N0 ) 2  ( r e f .  1 4 ) .  The amount of Ba2+ bound t o  t h e  
column i n  comparison t o  t h e  amount of Sr2+ was found t o  be en r i ched  9 t imes  over t h e  
r e l a t i v e  c o n c e n t r a t i o n s  i n  t h e  aqueous s o l u t i o n  as p red ic t ed  by t h e  r a t i o  of the  a p p r o p r i a t e  
e q u i l i b r i u m  c o n s t a n t s .  Fur thermore ,  t h e  aqueous equ i l ib r ium c o n s t a n t s  determined f o r  
cation-bonded macrocycle i n t e r a c t i o n  f o r  Ba2+ and S r2+  showed l i t t l e  v a r i a t i o n  from those  
f o r  c a t i o n - f r e e  macrocycle i n t e r a c t i o n  ( r e f .  1 4 ) .  Hence, i t  should  be p o s s i b l e  t o  des ign  
many s e p a r a t i o n s  us ing  t h e  l a r g e  d a t a  base f o r  aqueous cation-macrocycle i n t e r a c t i o n  ( r e f .  
1 ) .  S e l e c t i v i t y  f o r  d i f f e r e n t  accompanying an ions  based on t h e i r  d i f f e r i n g  a f f i n i t i e s  f o r  
column bound c a t i o n s  has been shown t o  be s l i g h t  when a l k a l i  and a l k a l i n e  e a r t h  c a t i o n s  a r e  
used ( r e f .  1 4 ) .  However, t h e  s e l e c t i v i t y  is s u f f i c i e n t  t o  make an ion  s e p a r a t i o n s  on a 
chromatographic s c a l e  ( r e f .  2 , 3 ) .  

The s e p a r a t i o n  o f  Ba2+ and  S r 2 +  u s i n g  b i s ( 1  -hydroxyheptyl)DC18C6 i n  suppor ted  l i q u i d  
membranes ( r e f .  6 , 7 )  is a l s o  given i n  Table 7 f o r  comparison. Whereas t h e  column s e p a r a t i o n  
of Ba2+ over Sr2+ is p red ic t ed  a c c u r a t e l y  us ing  aqueous l o g  K va lues ,  t h e  s e l e c t i v i t y  o rde r  
i n  t h e  membranes is r e v e r s e d  i f  l o g  K va lues  a r e  used. However, t h e  membrane s e p a r a t i o n  is 
p red ic t ed  a c c u r a t e l y  i f  Kex va lues  a r e  used. T h i s  r e v e r s a l  i n  s e l e c t i v i t y  i l l u s t r a t e s  t h e  
importance of t h e  s e v e r a l  f a c t o r s  involved  i n  membrane systems. The in f luence  of t h e s e  
f a c t o r s ,  p a r t i c u l a r l y  t h e  n e c e s s a r y  hydrophobic s u b s t i t u e n t  groups of t h e  macrocycle,  
d r a s t i c a l l y  a l t e r  the  s e l e c t i v i t y  i n  the  membrane compared t o  t h a t  observed e i t h e r  i n  t h e  
column o r  i n  aqueous s o l u t i o n  i n t e r a c t i o n  invo lv ing  f r e e  18C6. 
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In conclusion, the results presented and discussed show that macrocycles hold promise for 
use in making highly selective chemical separations. Furthermore, these separations can be 
designed into a particular separation system when the chemical and physical parameters for 
that system are known. The chemical reagents which affect these parameters are the membrane 
solvent, macrocycle and aqueous source and receiving phase constituents for membraie systems 
and the macrocycle and aqueous phase constituents for column systems. A knowledge of 
numerical values for the system parameters allows a judicious selection of these variable 
reagents to be used to design effective separations. 
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