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MACROCYCLE-FACILITATED TRANSPORT OF IONS IN LIQUID MEMBRANE SYSTEMS 

R.M. Izatt*, G.A. Clark, J.S. Bradshaw, J.D. Lamb, 
and J.J. Christensen 

Departments of Chemistry and Chemical Engineering 
Brigham Young University 

Provo, Utah 84602 

ABSTRACT 

Ion transport in various liquid membrane systems is discussed 
in terms of those factors which create the environment for 
efficient and selective transport. The following parameters which 
affect ion transport are discussed: membrane configuration, 
cation-macrocycle complex stability, macrocycle partitioning 
between membrane and water phases, proton ionization of acidic 
macrocycles, macrocycle concentration, anion type, ion concentra- 
tion, membrane solvent type and receiving phase composition. A 

summary of existing models of ion transport is given along with 
possible applications to macrocycle-facilitated liquid membrane 
ion transport. 

I. INTRODUCTION 
Interest in the development of new and improved techniques 

for the separation of ions and molecules has increased in recent 
years. It is well known that ions and molecules can be trans- 
ported across polymeric and liquid type membranes. With an ever 
increasing awareness of our energy demands, energy efficient 
membrane technology is proving to be a valuable approach in 
separation processes. The effectiveness of a membrane separation 
process is determined by the flux of species through the membrane 
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22 IZATT ET AL. 

and by the  s e l e c t i v i t y  of t he  membrane, Polymeric membranes have 
the  disadvantages of usually low transmembrane f l u x e s  i n  t h e  

condensed phase and poor selectivities. Liquid membranes usually 
produce h ighe r  f l u x e s  and s e l e c t i v i t i e s .  Moreover, l i q u i d  
membranes containing proton ion izable  c a r r i e r  molecules provide a 
means of t ranspor t ing  other ca t ions  aga ins t  t h e i r  concentration 
gradien ts .  Higher f luxes  a r i s e  because of higher d i f f u s i v i t i e s  i n  
l i qu ids  a s  opposed t o  polymers. Better s e l e c t i v i t y  is achieved 
through t h e  use of spec i f i c  ion c a r r i e r s  dissolved i n  the  l i q u i d  

membrane phase. , 2 

Several types of c a r r i e r s  have been used i n  l i qu id  membranes, 
among them macrocyclic compounds. Macrocycles are c y c l i c  o r  
polycyclic orgarlic molecules which contain he te ro  atoms capable of 
forming e l ec t ron  r i ch  i n t e r i o r  cav i t i e s .  They possess the  a b i l i t y  
t o  complex ions or  molecules i n  t h e  e l ec t ron  r i ch  cavi ty  v i a  ion- 
d ipole  o r  dipole-dipole in t e rac t ions ,  I n  many cases ,  complexation 
h a s  been shown t o  be  very  s e l e c t i v e  f o r  pa r t i cu la r  i o n s . 3 ~ ~  
Furthermore, the hydrophobic e x t e r i o r  of macrocycles  can be 

explo i ted  t o  s o l u b i l i z e  complexed ions  i n  organic solvents.  These 
proper t ies  of macrocycles a l low f o r  t h e i r  use a s  e x t r a c t i o n  
reagents and membrane c a r r i e r s .  Other reagents,  such a s  proton- 
a ted  o r g a n i c  amines5 and ca t ion  exchange reagents ,6  have been 
employed successfully as ex t r ac t an t s  and membrane c a r r i e r s ,  b u t  

w i l l  not be discussed here. In  some ins tances ,  s e l e c t i v e  l i q u i d  

membrane t r anspor t  may occur without a c a r r i e r  present because of 
solute-solvent i n t e rac t ions  with t h e  membrane so lvent .  However, 
t h i s  review covers only macrocycle-facil i tated t ranspor t  of ions 
i n  l i q u i d  membrane systems. 

I n  t h i s  review, t h e  various parameters a f f ec t ing  macrocycle 
f a c i l i t a t e d  ion t ranspor t  a r e  discussed and methods f o r  optimizing 
them are  p resen ted .  E x i s t i n g  models of macrocycle-mediated 
t ranspor t  a r e  summarized, along with possible appl ica t ions .  The  

macrocycles discussed a r e  shown i n  Fig. 1.  
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+ 

FIGURE 1 

Macrocycles 
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24 IZATT ET AL. 

11. LIQUID MEMBRANES 
A. General F e a t u r e s  
The l i q u i d  membrane s y s t e m s  d i s c u s s e d  h e r e  have c e r t a i n  

f e a t u r e s  i n  common. For  example, each  system c o n t a i n s  a hydro- 
phobic  membrane phase which a c t s  as an i o n  barrier between two 
aqueous phases. An i o n  carrier may be d i s s o l v e d  i n  t h e  membrane. 
The c a r r i e r ,  such as a macrocycle, is a l i p o s o l u b l e  molecule  t h a t  
is capable  of i n c r e a s i n g  i o n  s o l u b i l i t y  in the  membrane, and of  
p r o v i d i n g  i o n  f l u x e s  and t r a n s p o r t  s e l e c t i v i t i e s  because of 
s p e c i f i c  i o n - c a r r i e r  i n t e r a c t i o n s .  The aqueous phase,  c o n t a i n i n g  
i o n s  t o  be t r a n s p o r t e d  is commonly d e s i g n a t e d  t h e  source  phase o r  
feed s o l u t i o n ,  w h i l e  t h e  a q u e o u s  p h a s e  i n t o  which  i o n s  a r e  
t r a n s p o r t e d  is termed t h e  r e c e i v i n g  phase o r  s t r i p  s o l u t i o n .  

B. Liquid Membrane Types 
1 .  Bulk 
T h i s  membrane  t y p e  c o n s i s t s  of a b u l k  o r g a n i c  p h a s e  

s e p a r a t i n g  two aqueous p h a s e s ,  a n  example  b e i n g  t h e  Shulman 
B r i d g e .  We have used an a d a p t a t i o n  of t h e  Shulman Bridge i n  
p r e p a r i n g  bulk water-chloroform-water l i q u i d  membranes.7 

2. Supported 
A s u p p o r t e d  l i q u i d  membrane system u s u a l l y  c o n s i s t s  of a 

porous p l a s t i c  suppor t  impregnated w i t h  a n  o r g a n i c  d i l u e n t  which 

s e r v e s  as the l i q u i d  membrane. The p l a s t i c  s u p p o r t  p r o v i d e s  
r i g i d i t y  f o r  t h e  c o n s t r u c t i o n  of t h i n  membranes and a high 
p o r o s i t y  i n c r e a s e s  t h e  i n t e r f a c i a l  a reas  p e r  u n i t  membrane 
volume, Both t h i n  membranes and high i n t e r f a c i a l  areas should  
lead t o  i n c r e a s e d  f l u x  v a l u e s ,  Suppor ts  are g e n e r a l l y  made of  
polypropylene,  po lysu l fone ,  or other hydrophobic materials t h a t  
have pore  s i z e s  ranging from 0.02 t o  1 vm.8 Supported l i q u i d  
membranes have been s t u d i e d  i n  two s h a p e s :  f l a t - shee t s  a n d  
h o l l o w - f  i b e r s .  H o l l o w - f i b e r s  a p p e a r  t o  p o s s e s s  t h e  most 
convenient  shape for p r a c t i c a l  a p p l i c a t i o n s . 8  

3. Emulsion o r  l i q u i d  s u r f a c t a n t  
Emulsion o r  l i q u i d  s u r f a c t a n t  t y p e  membranes were f i r s t  

They can be made by s t i r r i n g  a water- in t roduced  by L i  i n  1968.9 
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i n - o i l  emulsion i n t o  a water s o u r c e  p h a s e .  The w a t e r - i n - o i l  
emulsion is s t a b i l i z e d  by a s u r f a c t a n t ,  such as Span 80 ( s o r b i t a n  
monooleate). The i n t e r f a c i a l  area of emulsion membranes per u n i t  
volume is l a r g e  because of the small s i z e  of the  emulsion g l o b u l e s  
t h a t  are stirred i n t o  t h e  s o u r c e  phase. The membrane is a l s o  very 
t h i n ,  and both  of these f e a t u r e s  are desirable  t o  enhance c a t i o n  
f l u x .  

4. Vesicles 
B i l a y e r  l i p i d  v e s i c l e s  are used on a l a b o r a t o r y  scale as a 

means of e f f e c t i n g  i o n  t r a n s p o r t .  V e s i c l e s  c o n s i s t  of a n  aqueous 
r e c e i v i n g  phase encapsula ted  by a b i l a y e r  of l i p i d  molecules .  
Vesicles are suspended i n  aqueous source  phases t o  complete the 
membrane system. Neut ra l  and c a r b o x y l i c  croun ether carriers have 
i n d u c e d  Na+ t r a n s p o r t  by pro ton  counter - t ranspor t  across large 

u n i l a m e l l a r  v e s i c l e s .  10 

111. DESIGN OF R A P I D  I O N  TRANSPORT 

A. Membrane Conf igura t ion  
The membrane c o n f i g u r a t i o n  p l a y s  a major r o l e  i n  de te rmining  

t r a n s p o r t  r a t e s  or f l u x e s .  R a p i d  t r a n s p o r t  is a c h i e v e d  by 

i n c r e a s i n g  t h e  i n t e r f a c i a l  areas and d e c r e a s i n g  the  d i f f u s i o n  
pa th length  ( d e c r e a s i n g  t h e  t h i c k n e s s  of  t h e  membrane) .  Bulk 
l i q u i d  membranes are  q u i t e  i n e f f i c i e n t  as i o n  t r a n s p o r t  systems 
because of low f l u x e s  caused by small i n t e r f a c i a l  areas and t h i c k  
membranes. T h i s  i n e f f i c i e n c y  is p a r t l y  overcome by s t i r r i n g  t h e  

membrane, so t h a t  t h e  e f f e c t i v e  membrane t h i c k n e s s  is t h e  

composite t h i c k n e s s  of u n s t i r r e d  boundary l a y e r s  on the  two sides 
of t h e  membrane. The u s e f u l n e s s  of bulk l i q u i d  membranes is 
der ived  from the small q u a n t i t y  of m a t e r i a l  r e q u i r e d  f o r  t h e i r  

o p e r a t i o n ,  which allows t h e  t e s t i n g  of expensive carriers and the  

de termina t ion  of fundamental t r a n s p o r t  p r i n c i p l e s .  Supported8 and 
emulsiong, l i q u i d  membranes show commercial promise because of 
increased  f l u x e s  t h a t  r e s u l t  from maximizat ion of  i n t e r f a c i a l  
areas and r e d u c t i o n  i n  membrane t h i c k n e s s e s .  
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26 IZATT ET AL . 
B. Effect of Macrocyclic Carriers on Ion Transport 
1 .  Extraction into the membrane 
For diffusion controlled transport processes, equilibrium may 

be  assumed a t  the  source phase-membrane and receiving-phase 
membrane interfaces because time scales are  large and ion fluxes 
a re  small.12 The reaction i n  the extraction step may be repre- 
sented by equation ( 1 1 ,  and for  diffusion controlled transport ,  
f l u x  w i l l  be a Function of Ke, the extraction constant ( l a ) :  

where M+ = metal ion, A' 3: anion, and L - neutral  macrocyclic 
ligand. Where the phase is not indicated, the species is assumed 
t o  be i n  the aqueous phase. 

Other important reactions a t  the interface are: 

M+ + L = ML+ 

L Lorg 

I t  can be seen From equation (7a) that  Ke is a function both 
of complexation i n  each phase and of the species d is t r ibu t ion  
between the aqueous and the organic phases. For a given value of 
Ke and a given macrocycle, equation (7a) shows that  low K 2  and K 4  
can be compensated for  by high K3 and K5, respectively. Simi- 
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l a r ly ,  low K3 and K5 can be compensated for  by high K 2  and K4, 
respectively. 

For acidic macrocycles another extraction reaction must be 
considered: 

2.  Cation-macrocycle complex s t ab i l i t y  
Log K(CH30H) values for  cation-macrocycle interaction were 

correlated by Lamb, G . l 3  w i t h  s a l t  transport i n  chloroform 
b u l k  l i q u i d  membranes u s i n g  neutral crown ether and cryptand 
carr iers .  The transport of a lkal i  and alkaline earth cations as 
their  n i t r a t e  s a l t s  increased as the log K(CH30H) value increased 
t o  an optimum log K(CH30H) value. A t  log K(CH30H) values greater 
than the optimum value, transport decreased rapidly. The maximum 
observed t r anspor t  occurred for car r ie rs  having log K(CH30H) 
values ranging from 5.5 t o  6.0 for  K+ and Rb+ and 6.5 t o  7.0 for  
Ba2+ and S r2+  ( see  F i g .  2 ) .  For a l l  cat ions,  l i t t l e  or no 
transport occurred w i t h  car r ie rs  having log K(CH30H) values l e s s  
than 3.5-4.0. These resu l t s  are  rationalized on the following 
basis: ( 1 )  complexation mus t  occur t o  a minimum degree i n  order 
that  s a l t s  can be parti t ioned into the membrane and ( 2 )  complex 
s t ab i l i t y  m u s t  not be so high that  i t  i n h i b i t s  cation release in to  
the receiving phase. Kirch and Lehn14 found that  for  transport 
of a lka l i  picrates by cryptand car r ie rs  there  was an optimum 
s t a b i l i t y  corresponding to  e f f ic ien t  transport. Transport was 
greatest  for those cryptates that  had a log K(CH30H or aqueous 
CH30H) value of about 5. For highly s table  cryptates, s a l t  
extraction was high and the car r ie r  approached saturation i n  the 
membrane. However, the s a l t  parti t ioned so much t o  the membrane 
phase tha t  s a l t  release to  the receiving phase was low, creating 
low transport. When the cryptate s t a b i l i t y  was too low t o  achieve 
suff ic ient  extraction the transport was also l0w.l 

The assumption of equilibrium a t  t h e  interfaces cannot be 
made for  emulsion systems because time scales a re  short ,  fluxes 
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FIGURE 2 

P l o t  of c a t i o n  t r a n s p o r t ,  JM* (moles of ca t ion  t ranspor ted  X 
107/24 h r )  i n  a H20-CHC13-H20 b u l k  membrane vs. l og  K ( C H 3 0 H )  for 
seven ca t ions .  Lines ( s o l i d  and dashed) are included t o  a i d  i n  
recognizing t r ends  i n  t h e  data which a r e  common to  a l l  c a t i o n s ;  
r e fe rence  13. *J# is a symbol r ep resen t ing  f l u x  t h a t  is used 
here t o  r e p r e s e n t  t r a n s p o r t  r a t e s  r e p o r t e d  i n  t h e  o r i g i n a l  
art icle.  Flux va lues  (moles t ransported/s*m2) may be ca l cu la t ed  
by mult iplying t r anspor t  rates (moles  t r a n s p o r t e d / 2 4  h r s )  by 
0.23. 
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are l a r g e ,  and d i f f u s i o n  d i s t a n c e s  are small .12 However, c a t i o n -  
macrocycle  complex s t a b i l i t y  is a l s o  i m p o r t a n t  i n  e m u l s i o n  

systems. I n  Fig.  3, a p l o t  is shown o f  % Pb(N0312 t r a n s p o r t e d  by 
u n s u b s t i t u t e d  macrocycles i n  a H20-toluene-H20 emulsion membrane 

as a f u n c t i o n  of l o g  K(H20) for  Pb2+-macrocycle i n t e r a c t i o n  f o r  a 
series of u n s u b s t i t u t e d  macrocycles. The r e c e i v i n g  phase con-  

s i s t e d  of 0.01 M L i q P 2 9 . l 5  Comparison of Fig. 3 wi th  Fig.  4 
(obta ined  f o r  bu lk  membrane t r a n s p o r t )  shows t h a t  DT18C6 and 18C6 

t r a n s p o r t e d  less than 2.2 i n  t h e  emulsion systems,  b u t  t h e  r e v e r s e  

was t rue f o r  bu lk  systems. The d e c r e a s e  i n  bulk t r a n s p o r t  f o r  

i n c r e a s i n g  l o g  K v a l u e s  was expla ined  by i n h i b i t i o n  of c a t i o n  

release t o  t h e  r e c e i v i n g  phase. N e g l e c t i n g  k i n e t i c  d a t a  f o r  

emulsion systems,  i t  can be assumed t h a t  t h e  s a l t  e x t r a c t i o n  o r d e r  

i n  emulsion systems follows t h a t  fo r  t h e  bulk  systems and t h a t  

e m u l s i o n  t r a n s p o r t  r e s u l t s  r e f l e c t  t h e  a b i l i t y  of  P 2 0 ~ ~ -  t o  

e f f i c i e n t l y  s t r i p  Pb(N0312 from 2.2 i n t o  t h e  r e c e i v i n g  phase 
b e c a u s e  o f  t h e  g r e a t e r  s t a b i l i t y  o f  t h e  Pb2+-P2074- complex 

( l o g  K - 7.316) r e l a t i v e  t o  t h e  Pb2+-2.2 complex ( l o g  K = 6.9017). 

The e f f e c t  of r e c e i v i n g  phase composi t ion on t r a n s p o r t  w i l l  be 

d i s c u s s e d  i n  a l a t e r  s e c t i o n .  
3. Macrocycle p a r t i t i o n i n g  

The d e c r e a s e  i n  aqueous s o l u b i l i t y  of a macrocycle carr ier  
c a u s e d  by t h e  a d d i t i o n  o f  hydrophobic groups should  i n c r e a s e  

n i t r a t e  s a l t  t r a n s p o r t  as long  as t h e  l o g  K v a l u e  f o r  ca t ion-  

m a c r o c y c l e  i n t e r a c t i o n  r e m a i n s  r e l a t i v e l y  u n a f f e c t e d  by t h e  
a d d i t i o n  o f  t h e  g r o u p s .  Lamb, e,4 g.7 and I z a t t ,  g.18 
found t h a t  t h e  a d d i t i o n  of two cyclohexano groups to  18C6 t o  form 

DC18C6 and t h e  a d d i t i o n  of two n-decyl groups t o  2.2 t o  form DD2.2 
enhanced bulk l i q u i d  membrane t r a n s p o r t  of the  n i t r a t e  salts  of 

Na', K', Rb', Cs', Ag+, Ca2+, Sr2+,  Ba2+, and Pb2+ wi th  both 

macrocycles ,  and Cd2+ with DD2.2. T h i s  e f f e c t  was expla ined  by 

t h e  expected lower aqueous s o l u b i l i t i e s  o f  DC18C6 and  DD2.2 

r e l a t i v e  t o  18C6 and 2.2, r e ~ p e c t i v e l y . 7 , ~ ~  The loss  of 18C6 and 

2.2 t o  t h e  aqueous p h a s e s  s h o u l d  d e c r e a s e  t h e i r  a b i l i t y  t o  
t r a n s p o r t  r e l a t i v e  t o  DC18C6 and DD2.2, assuming t h a t  a d d i t i o n  of 
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FIGURE 3 
5 Pb(N03)~  transported by unsubstituted macrocycles i n  a H20- 
toluene-Hz0 emulsion membrane as  a function of log K(H20) for  
Pb2+-macrocycle in t e rac t ion .  Transport  da ta  are  taken from 
reference 15 and log K data from reference 19. 

these p a r t i c u l a r  hydrophobic groups does not a l t e r  complex 
s t a b i l i t i e s .  The log  K(H20)ave values  f o r  t he  in t e rac t ion  
of the two isomers of DC18C6 wi th  a l k a l i  and a l k a l i n e  e a r t h  
cations is equal t o  or s l i g h t l y  higher than log K ( H 2 0 )  values for  
18C6 interaction with a lka l i  and alkaline earth cations.lg The 
s l igh t ly  higher log K ( H 2 0 )  values for  DCl8C6 interactions would 
increase transport i f  the log K ( H 2 0 )  maximum for most e f f ic ien t  
transport has not been reached. However, the large increase i n  
transport wi th  DC18C6 re la t ive  to  l8C6 cannot be accounted for  
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FIGURE 4 

Log JM* (moles of Pb(N03)~ transported X 107/24 h r )  by u n s u b s t i -  
tu ted macrocycles i n  a H20-CHC13-H20 b u l k  membrane a s  a function 
of log K(H20) f o r  Pb2'-macrocycle interact ion.  Transport data are 
taken from reference 7 and log K data  from reference 19. *Refer 
t o  legend footnote of Figure 2. 

by t h i s  f ac to r  alone and the par t i t ioning f ac to r  plays a major 
ro l e .  No log K data f o r  cation-DD2.2 interact ion a r e  avai lable  

f o r  comparison w i t h  those for  2.2. 

Addition of benzo groups t o  unsubsti tuted macrocycles should 

decrease aqueous s o l u b i l i t i e s  and thereby increase t ransport  i f  

complex s t a b i l i t i e s  a r e  not a l t e r ed .  The aqueous s o l u b i l i t y  of 

DB18C6 ( 9  x 10'5M20) is less than t h a t  of DC18C6 (0.036 M20) and 
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18C6 (>50g/l O O g  solution21 ) . However, s a l t  t ranspor t  by DB18C6 is 
lower than t h a t  w i t h  e i t h e r  18C6 or  D C 1 8 C 6 . 7 1 ~ ~ - ~ ~  Reduced trans- 
por t  was a t t r i b u t e d  t o  the much lower log K values f o r  cation- 
DB18C6 i n t e r a c t i o n s  due t o  the e lec t ron  withdrawing e f f e c t  of 
benzo groups. 23 

4. T ranspor t  of complex a n i o n s  by Mn+-macrocycle 

The a n i o n i c  complexes A l ( O H 1 4 -  and AgBr2' were trans- 
ported251 26 through a water-toluene-water emulsion membrane system 
using K+-DC18C6 c a r r i e r s  i n  the  case of A l ( O H ) 4 -  ( s ee  F i g .  5)  and 
Mn+-DC18C6 c a r r i e r s  i n  t h e  case of AgBrz-, where Mn+ = K + ,  Na+, 
L i + ,  and Mg2+. AgBr2' transport  by Mn+-DC18C6 gave the  following 
Mn+ t ranspor t  order: K+ > Na+ > L i +  > Mg2'. T h i s  order was found 
t o  be the  same as  the  order of decreasing log K ( H 2 0 )  values f o r  
Mn+-DC18C6 i n t e r a c t i o n  ( s e e  Fig. 6 ) .  S i lve r  was concentrated 
approximately ten-fold i n  the aqueous receiving phase by being 
d r i v e n  a g a i n s t  i t s  c o n c e n t r a t i o n  g r a d i e n t .  The l a t t e r  was 

accomplished by adding a l a rge  excess of K+ or Na+ t o  the  source 
phase and by the  presence of 5~03~' i n  t he  receiving phase t o  
complex transported s i lve r .26  I t  should l ikewise be poss ib le  t o  
t r anspor t  metal complex anions using neu t r a l  macrocycle c a r r i e r s  
capable of protonation (e.g. 2.2). 

c a r r i e r s  i n  emulsion systems 

5. Proton- or Mn+-coupled ca t ion  t ranspor t  by ioniz- 
ab le  macrocycles 

Macrocycles with ion izable  protons are capable of f a c i l i -  
t a t i n g  ca t ion  t ranspor t  by a ca t ion  exchange mechanism. Acidic 

f u n c t i o n a l  groups  a t t ached  t o  a macrocyclic c a r r i e r  permit a 
ca t ion  t o  be transported aga ins t  i t s  concentration gradient by 

reverse proton or  Mn+ t ranspor t .  There a r e  th ree  kinds of proton 
ionizable macrocycles based on the  p o s i t i o n  of t h e  i o n i z a b l e  
proton. The ion izable  proton e i t h e r  is attached ex te r io r  t o  t h e  
macrocycle r ing  of donor atoms (Fig.  7 a ) ,  is attached t o  a donor 
atom of the r ing  (Fig.  7b ) ,  o r  is  attached t o  an atom which, i n  
t u r n ,  i s  attached t o  the  r ing  and t h i s  u n i t  is d i rec t ed  towards 
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FIGURE 5 
P l o t  of % Al(OH)4- (upper curve)  and % K+ ( lower curve)  t r a n s -  
por ted  as a f u n c t i o n  o f  time by DC18C6. H20-Toluene-H20 emulsion 
membrane. Reference 25. 

t h e  i n t e r i o r  c a v i t y  (F ig .  7 c  and Fig. 7d) .  The p o s i t i o n  of  t h e  

pro ton  i n  t h e s e  c a s e s  would be  expected t o  have an e f f e c t  on  

cation-macrocycle complex s t a b i l i t i e s  and s e l e c t i v i t i e s .  

I z a t t ,  g . 2 7  f o u n d  t h a t  a l k a l i  c a t i o n  f l u x e s  were 

i n c r e a s e d  s h a r p l y  (F ig .  8 )  as the  pH of  t h e  source  phase i n c r e a s e d  

beyond approximately 1 2  us ing  c a l i x a r e n e  car r ie rs  o f  t h e  t y p e  

shown i n  Fig. 1 .  A l k a l i  c a t i o n  f l u x  d a t a  of  Table I show g r e a t e r  

c a t i o n  t r a n s p o r t  by t h e  pro ton  i o n i z a b l e  c a l i x a r e n e  cC8la than by 

18C6 from b a s i c  s o u r c e  s o l u t i o n s .  However, 18C6 is much more 
e f f e c t i v e  than cC8la i n  t r a n s p o r t i n g  a l k a l i  c a t i o n s  from n i t r a t e  

source  s o l u t i o n s .  In  a d d i t i o n  t o  t r a n s p o r t i n g  a l k a l i  c a t i o n s  from 

b a s i c  s o l u t i o n ,  c a l i x a r e n e s  e x h i b i t  high compet i t ive  t r a n s p o r t  

s e l e c t i v i t i e s  f o r  C s +  over  o t h e r  a l k a l i  ca t ions .28  
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FIGURE 6 
Mnt-DC18C6 Mediated AgBr2- Transport. H20-Toluene-H20 emulsion 
membrane. Mn+=Mg2', L i t ,  Naf, or K'. Reference 26. Log K values 
fo r  Mn+-DC18C6 interact ion fo r  Mn'=K', Na', and Li '  are taken from 
reference 19 and a r e  f o r  the cis-syn-cis isomer of DC18C6. Log K 
values fo r  t h e  c is-ant i -c is  isomer a r e  -0.4 log K u n i t s  lower i n  
each case. 

A crown ether  containing an ac id i c  4-pyridone group (Fig .  1 )  

f a c i l i t a t e s  a l k a l i  cat ion b u l k  dichloromethane l i q u i d  membrane 
t ransport ,  w i t h  f lux increasing a s  the source phase pH increases 
and  t h e  receiving phase pH decreases.29 Fyles, e t  a l .  have trans- 
ported alkali3O 93' and a lka l ine  earth32 cat ions i n  b u l k  chloroform 
membranes using crown e t h e r s  c o n t a i n i n g  monocarboxyl i c  and 
dicarboxylic functional groups, such a s  those shown i n  Fig.  9.  
Ba r t sch ,  g. have synthesized a number of carboxylic crown 
ethers, such a s  those shown i n  Fig.  10 ,  and have used them a s  
c a r r i e r s  t o  transport  a l k a l i  cat ions,  including Li+,33-36 in  both 
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b 

FIGURE 7 

Dif fe ren t  types of proton ionizable macrocycles. 

bulk and emulsion membrane sys tems and a lka l ine  ea r th  ca t ion& i n  

emulsion membrane systems. Under co r rec t  pH c o n d i t i o n s  t h e s e  

t y p e s  of c a r r i e r s  a r e  capable of producing l a r g e  ca t ion  f luxes  

because small hydrated anions need not be e x t r a c t e d  wi th  t h e  

cation. Moreover, H+ is an inexpensive reagent so t h a t  proton 

coupled t ranspor t  of t h i s  type has po ten t i a l  i ndus t r i a l  applica- 

t i ons .  
6. Macrocycle concentration 

Reusch and Cussler37 found t h a t  the f lux  of K C 1  and NaCl 

across  a chloroform membrane was l i n e a r l y  r e l a t ed  t o  the  concen- 

t r a t i o n  of DB18C6 c a r r i e r .  Sugiura and Sh inb03~  found t h a t  t h e  

p i c r a t e  ion t ranspor t  r a t e  increased across  a d ich loromethane  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



36 IZATT ET AL. 

a22 

276 

280 

184 
n 

3 
i a8 

a2 

46 

0 
6 8 10 12 14 

FIGURE 8 
P l o t  of Cs' f l u x ,  JM (moles of C s +  t r a n s p o r t e d  X 108/s*m2), i n  a 
bulk membrane as a f u n c t i o n  of source phase pH. Membrane = 0.001 
M cC8la i n  16% v/v CH2C12/CC14 s o l u t i o n .  [ C s + l  = 1 M. Anion - 
No3-/OH-. Reference 27. 

membrane a s  t h e  concent ra t ion  of t h e  c a r r i e r  increased .  F y l e s ,  
g . 3 l  found t h a t  f o r  a c a r b o x y l i c  crown ether c a r r i e r ,  t h e  rate 
of K+ t r a n s p o r t  was a l i n e a r  f u n c t i o n  of c a r r i e r  c o n c e n t r a t i o n  
when t h e  K+ c o n c e n t r a t i o n  was i n  e x c e s s  of t h e  carrier concen- 
t r a t i o n .  Pb(N03)239 and  T1N0340 t r a n s p o r t  r a t e s  i n  emulsion 
membranes increased  as  the c o n c e n t r a t i o n  of t h e  DClBC6 c a r r i e r  was 
increased .  The i n c r e a s e  i n  t r a n s p o r t  is o f t e n ,  b u t  no t  a lways 
l i n e a r  w i t h  i n c r e a s i n g  carrier c o n c e n t r a t i o n .  The r e l a t i o n s h i p  
between these parameters  is dependent upon the t r a n s p o r t  mechanism 
and system. 
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TABLE I 
A l k a l i  Cat ion Flux (moles X 1 O 8 / s . m 2 )  Through 

B u l k  Liquid Membranesa 

Source Phase 18C6 cC81a 
L i O H  b 2.0 

NaOH b 9 

KOH 

RbOH 

b 10 

b 340 
C s O H  b 996 

Na NO3 

KNO3 
25 

645 

C 

C 

Rb NO3 48 4 C 

C s  NO3 161 C 

al.O M MOH o r  MNO3 aqueous source  phase s o l u t i o n s .  Membrane = 
0.001 M macrocycle i n  25% v/v CH2C12 i n  CCl4 s o l u t i o n  f o r  MOH 
source  s o l u t i o n s .  Membrane = 0.001 M macrocycle i n  CHC13 f o r  
MNO3 s o u r c e  s o l u t i o n s .  Data are from r e f e r e n c e  27.  

bLess than  0.9. 

CLess than  0.7.  

C. E f f e c t  of  Anion Type on S a l t  Transpor t  

S a l t s  a r e  t r a n s p o r t e d  by n e u t r a l  macrocycl ic  c a r r i e r s  v i a  a 

c a t i o n - m a c r o c y c l e - a n i o n  p a i r  i n  t h e  membrane. S a l t  t r a n s p o r t  

v a r i e s  g r e a t l y  w i t h  a n i o n  t y p e  f o r  a g i v e n  c a t i o n - c a r r i e r  

c o m b i n a t i o n .  The salt t r a n s p o r t  rate h a s  been found t o  be  a 

f u n c t i o n  of  an ion  h y d r a t i o n  f r e e  energy,41 s42 anion  l i p o p h i l i -  
c i t y , 4 1  ,42 and an ion  i n t e r a c t i o n  w i t h  t h e  benzo group of  benzo- 

s u b s t i t u t e d  crown e t h e r ~ . ~ 3  The measured K +  t r a n s p o r t  ra tes  o f  

v a r i o u s  potassium s a l t s  through a bulk chloroform membrane by 

DB18C6 gave t h e  fo l lowing  an ion  o r d e r  of  d e c r e a s i n g  t r a n s p o r t  :41 
p i c r a t e -  > PFg- > ClO4- > 104- > BF4- > I- > SCN- > NO3- > Br-  > 
BrO3- > C1-  > OH- > F- > a c e t a t e -  > S042-. T h i s  o r d e r  d i f f e r s  

on ly  s l i g h t l y  f rom t h a t  o f  i n c r e a s i n g  a n i o n  h y d r a t i o n  f r e e  
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38 IZATT ET AL. 

FIGURE 9 
Monocarboxylic and d i c a r b o x y l i c  crown e t h e r s  of F y l e s ,  & g . ;  
r e f e r e n c e s  30 and 32. 

e n e r g i e s  f o r  t h o s e  a n i o n s  whose e n e r g i e s  are a v a i l a b l e :  C l O 4 -  < 
BF4- < I' < NO3- < SCN- < Br-  < C1-  < BrO3- < OH- < F- < S042- 

(see Fig. 1 1 ) .  Lehn42 examined sal t  t r a n s p o r t  i n  terms of  t h e  
e x t r a c t i o n  equi l ibr ium c o n s t a n t  Ke. He found t h a t  t r a n s p o r t  o f  

rubidium sa l t s  us ing  [2.2.2,C10] as  carrier gave a b e l l  shaped 

d i s t r i b u t i o n  of  t r a n s p o r t  v e r s u s  Ke. RbX t r a n s p o r t ,  where X = 

C1- ,  Br- ,  I-, or C104- gave t h e  fo l lowing  t r a n s p o r t  o r d e r :  Br- > 
C 1 -  > I- > C l O 4 - .  RbCl was not  t r a n s p o r t e d  as well as  RbBr 

because of i n s u f f i c i e n t  e x t r a c t i o n  i n t o  t h e  membrane phase. RbI 

a n d  RbClO4 were e x t r a c t e d  more t h a n  RbBr, b u t  e x t r a c t i o n  of  

RbI and RbClO4 i n t o  t h e  membrane was so high  t h a t  t h e r e  was l i t t l e  
release of RbI and RbClO4 t o  t h e  r e c e i v i n g  phase. Consequently, 

RbI and RbClO4 were n o t  t r a n s p o r t e d  as well as RbBr. The b e l l  
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FIGURE 10 
Carboxylic crown ethers of Bartsch, & g. ;  reference 35. 

shaped distribution of RbX transport versus Ke is also obtained by 
plotting transport versus hydration free energy of the anion. The 
results of Lamb, et al.41 suggests that Ke optimum has not been 
Surpassed even with the very extractable picrate anion because 
transport rates increase linearly with anion hydration energies 
and lipophilicities and do not pass through a maximum. The 
presence of a stronger cation complexing carrier, such as 

[2.2.2,C10],~~ would be expected to increase the Ke values of the 
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FIGURE 1 1  

P lo t  of log  JH* (moles of K+ t ranspor ted  X 1 0 1 3 / 2 4  h r )  i n  a b u l k  
membrane vs. -ACgiW f o r  s eve ra l  a n i y s .  M 
D B 1 8 C 6  i n  C H C 1 3 .  Reference 41.  Refer t o  legend footnote  of 
Figure 2. 

Membrane = 7.0 X 

s a l t s ,  i n  which case s a l t  t r anspor t  could be expected t o  pass 
through a maximum when going from s t rongly  hydrated to  weakly 
hydrated and l i p o p h i l i c  anions. 

D. Ef fec t  of Ion Concentration 
Reusch and Cussler37 found t h a t  the  t r anspor t  r a t e  of K C 1  by 

D B 1 8 C 6  i n  a b u l k  chloroform membrane was l i n e a r  w i t h  t h e  square of 
the Kt concentration d i f fe rence  across  the membrane. Furthermore, 
Lamb, g g.41 found t h a t  K+ t ranspor t  a s  K C 1 ,  K I ,  KSCN, and KNO3 

by D B 1 8 C 6  i n  a b u l k  chloroform membrane was l i n e a r  w i t h  t he  square  
of the a c t i v i t y  i n  the  source phase a t  low K+ a c t i v i t i e s  ( a  5 
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0 . 2 ) .  A t  h igher  K+ a c t i v i t i e s  (a = 1 )  t r a n s p o r t  was l i n e a r  on ly  
w i t h  K C 1  ( see  F i g .  1 2 ) .  C s +  f l u x  us ing  c a l i x a r e n e  carriers2a 
i n c r e a s e d  r a p i d l y  and t h e n  l e v e l e d  o f f  as the  CsOH source  phase 
c o n c e n t r a t i o n  i n c r e a s e d  (see F i g .  1 3 ) .  The c a l i x a r e n e  system is 

governed by a d i f f e r e n t  mechanism t h a n  those systems c o n t a i n i n g  
n e u t r a l  macrocycl ic  carriers because of i o n i z a b l e  p r o t o n s  i n  t h e  

c a l i x a r e n e  c a v i t y .  However, i n  both systems c a t i o n  f l u x e s  start 
t o  l e v e l  o f f  w i t h  i n c r e a s i n g  c a t i o n  s o u r c e  phase c o n c e n t r a t i o n s .  

I t  has  been observed t h a t  an i n c r e a s e  i n  an ion  c o n c e n t r a t i o n  
a t  c o n s t a n t  c a t i o n  c o n c e n t r a t i o n  i n c r e a s e s  c a t i o n  t r a n s p o r t .  
I z a t t ,  e_4 ,1.25 showed t h a t  Pb(N0312 t r a n s p o r t  i n  emulsion 
membranes was h i g h l y  fac i l i t a ted  by t h e  a d d i t i o n  of 1 4  and 300 
f o l d  excesses  of S r ( N 0 3 ) ~  t o  the P b ( N 0 3 ) ~  s o u r c e  phases .  
- a1.44 found t h a t  the  f l u x  of K I  i n  bu lk  chloroform membranes from 
s a l t  b r i n e  m i x t u r e s  was p r o p o r t i o n a l  t o  t h e  product  of t h e  

c o n c e n t r a t i o n s  of K+ and I-. K I  f l u x  was i n c r e a s e d  by i n c r e a s i n g  
t h e  c o n c e n t r a t i o n s  of e i ther  K+ or I-, o r  both.  

Qi, 

E .  E f f e c t  of Membrane S o l v e n t  
T r a n s p o r t  of Na', K + ,  Rb', Cs', Ca2+, S r 2 + ,  and Ba2+ as t h e i r  

n i t r a t e  sa l t s  by DC18C6 was s t u d i e d  by I z a t t ,  g. us ing  a 
s e r i e s  of c h l o r i n a t e d  methane s 0 l v e n t s . ~ 5  The a b i l i t y  of  t h e  

s o l v e n t s  t o  t r a n s p o r t  these salts  decreased i n  t h e  o r d e r  CH2C12 > 
CHC13 > C C l 4 .  The s a l t  f l u x  decrease through t h i s  series of 
s o l v e n t s  was p a r a l l e l l e d  by a similar decrease t h r o u g h  t h e  

s e r i e s  f o r  t h e  p a r t i t i o n i n g  of  DC18C6 between t h e  o r g a n i c  s o l v e n t  
and water. The d e c r e a s e  i n  s a l t  f l u x e s  is probably a r e s u l t  of  
t h e  decreas ing  a b i l i t y  a c r o s s  the ser ies  of DC18C6 t o  e x t r a c t  t h e  

n i t r a t e  s a l t s  i n t o  t h e  o r g a n i c  s o l v e n t  b e c a u s e  of i n c r e a s e d  
p a r t i t i o n i n g  of the l i g a n d  t o  t he  aqueous phase. Crown ether and 
cation-crown ether p a r t i t i o n i n g  are related t o  s o l v e n t  d i e l e c t r i c  
c o n s t a n t  and d i p o l e  moment. I n  a s e p a r a t e  s t u d y ,  Iwachido, g 
,1.46 found t h a t  the d i s t r i b u t i o n  r a t i o s  of K(IBC6)picrate  between 
c h l o r i n a t e d  methane  s o l v e n t  and water decreased i n  t h e  o r d e r  
CH2C12 > CHCl3 > CC14. The decrease i n  DC18C6 and K(18C6)picrate  
p a r t i t i o n i n g ,  CH2C12 > CHC13 > C C l 4 ,  is  matched by a decrease i n  
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FIGURE 12 

Variation of K+ transport (as  log JM* (moles of K* transported X 
107/24 hr) )  in  a bulk  membrane wi th  potassium ion act ivity i n  the  
source phase (as log acs) for (a)  KC1; ( b )  KI; ( c )  KSCN; ( d )  
KNO3. Membrane - 7 .0  X M DB18C6 i n  CHC13. Reference 41 .  
'Refer to  legend footnote of Figure 2.  
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FIGURE 13 

Plot of Cs+ flux, In JM (moles of Cs' transported X 108/s-m2), in 
a bulk membrane as a function of Cs+ concentration in basic 
solution. Membrane = 0.001M cC61a in 25% v/v CH2C12 in CCl4 
solution. Reference 28. 

solvent dielectric constant and dipole moment through the solvent 
series .47 

F. Effect of Receiving Phase Composition 
Christensen, g.39 noted that the composition of the 

receiving phase had a marked effect on salt transport in water- 
toluene-water emulsion liquid membrane systems. Lithium compounds 
containing nitrate, chloride, formate, pyrophosphate, thio- 
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s u l f a t e ,  o r  hydroxide i o n  were incorpora ted  i n t o  aqueous r e c e i v i n g  
phases  and t r a n s p o r t  ra tes  of t h e  n i t r a t e  s a l t s  of Na+, K + ,  Rb', 

C s + ,  Ag+, T 1 + ,  Mg2+, Ca2+,  S r 2 + ,  Ba2+, Pb2+, and Zn2+ were 
measured. I t  was found t h a t  those  c a t i o n s  t h a t  formed t h e  most 

s t a b l e  complexes with both t h e  c a r r i e r ,  DC18C6, and t h e  r e c e i v i n g  

phase an ion  t r a n s p o r t e d  b e s t ,  When t h e  c a t i o n  complexed well with 

t h e  r e c e i v i n g  phase an ion  (e.g. Mg2+-OH-, Mg2+-P2074-, and Ca2+- 

P 2 0 ~ ~ - )  t h e r e  was l i t t l e  t r a n s p o r t  i f  t h e  c a t i o n  d i d  not  complex 

well wi th  t h e  c a r r i e r .  L i t t l e  t r a n s p o r t  was found u s i n g  a 
noncomplexing an ion  i n  t h e  r e c e i v i n g  phase even when t h e  c a t i o n  

complexed s t r o n g l y  with t h e  c a r r i e r  (e .g .  Pb2+-N03-, Ba2+-N03-, 

Pb2+-HCOO-). 39 

I V .  IMPROVING SELECTIVITY IN I O N  TRANSPORT SYSTEMS 

A. S e l e c t i v e  E x t r a c t i o n  i n t o  t h e  Membrane Phase 

I t  was poin ted  o u t  earlier t h a t  ion e x t r a c t i o n  is a f u n c t i o n  

of both complexation and s p e c i e s  p a r t i t i o n i n g .  The s e l e c t i v i t y  of 
d i f f u s i o n  c o n t r o l l e d  t r a n s p o r t  experiments  is  g o v e r n e d  by t h e  

extraction s t e p  i f  the  d i f f u s i v i t i e s  of t h e  s p e c i e s  being t r a n s -  

por ted  are similar. S a l t s  e x t r a c t e d  t o  t h e  g r e a t e s t  e x t e n t  should  

be t r a n s p o r t e d  s e l e c t i v e l y  i n  compet i t ive  bulk membrane t r a n s p o r t  

experiments .  I t  was found t h a t  KNO3 was t r a n s p o r t e d  s e l e c t i v e l y  

over  NaNO3 i n  b i n a r y  t r a n s p o r t  us ing  2.2.2,48 even though NaNO3 
was t r a n s p o r t e d  t o  t h e  g r e a t e s t  extent by 2.2.2 when NaNO3 and 

K N O 3  were t r a n s p o r t e d  s e p a r a t e l y . 7  Plots of KNO3 t r a n s p o r t  
versus  l o g  K(CH30H) f o r  K+-macrocycle i n t e r a c t i o n  and of N a N O 3  
t r a n s p o r t  v e r s u s  l o g  K(CH30H) f o r  Na+-macrocycle i n t e r a c t i o n  
a r e  shown i n  Figs .  1 4  and 15, r e s p e c t i v e l y .  I t  is e v i d e n t  f r m  

t h e  curves  t h a t  KNO3 t r a n s p o r t  wi th  2.2.2 f a l l s  on t h e  downward 

s i d e  of t h e  curve ,  whi le  NaNO3 t r a n s p o r t  w i t h  2.2.2 appears  near  

t h e  apex of t h e  curve.  2.2.2 b i n d s  KNO3 t o o  s t r o n g l y  f o r  ef-  

f e c t i v e  KNO3 release t o  t h e  r e c e i v i n g  phase.  I t  can be reasoned 
t h a t  t h e  s e l e c t i v e  t r a n s p o r t  of KNO3 over NaNO3 w i t h  2.2.2 is due 

t o  selective e x t r a c t i o n  of KNO3 i n t o  t h e  membrane, t h u s  b inding  

t h e  carrier so t h a t  NaNO3 is n e i t h e r  e f f i c i e n t l y  e x t r a c t e d  nor  
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FIGURE 1 4  
Log Jn* (moles of KNO3 t r a n s p o r t e d  X 107124 h r )  by v a r i o u s  macro- 
cycles i n  a H20-CHC13-H20 bulk membrane as a f u n c t i o n  of l o g  K 
(CH30H) for Kt-macrocycle i n t e r a c t i o n .  Transpor t  data are taken  
from r e f e r e n c e  7 and l o g  K data from r e f e r e n c e  19. *Refer t o  
legend f o o t n o t e  of F igure  2. 

t r a n s p o r t e d .  Other  similar examples e x i s t .  For  i n s t a n c e ,  18C6 
t r a n s p o r t s  Pb(N03)2 s e l e c t i v e l y  over  AaO3 when both  Pb2+ and Ag' 
a r e  p r e s e n t  t o g e t h e r . 2 2  However, AgN03 is t r a n s p o r t e d  t o  a 

g r e a t e r  e x t e n t  than P b ( N 0 3 ) ~  i n  s i n g l e  sa l t  t r a n s p o r t  experi-  
ments  . 7  S i m i l a r l y ,  2.2 t r a n s p o r t s  AaO3 s e l e c t i v e l y  over  t he  

n i t r a t e  sa l t s  of Ca2+, Sr2+, and Ba2+ i n  b i n a r y  AgNO3-M(N03)2 
mixtures ,Z2 while  each of these s a l t s  t r a n s p o r t s  more r e a d i l y  t h a n  
AgNO3 from s i n g l e  s a l t  s o l u t i o n s . 7  From these examples, i t  is 
clear t h a t  s e l e c t i v e  sa l t  uptake  i n t o  t h e  membrane can g o v e r n  
o v e r a l l  t r a n s p o r t  s e l e c t i v i t y .  
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FIGURE 15 
Log JM* (moles of NaNO3 t r a n s p o r t e d  X 107/24 h r )  by v a r i o u s  macro- 
c y c l e s  i n  a H20-CHC13-H20 b u l k  membrane as a f u n c t i o n  of l o g  K 
(CH30H) f o r  Na+-macrocycle i n t e r a c t i o n .  Transpor t  data are taken  
Prom r e f e r e n c e  7 and l o g  K data from r e f e r e n c e  19. Refer t o  
legend f o o t n o t e  of  F igure  2. 

* 

1 .  P a r t i t i o n i n g  
The s e l e c t i v i t y  of a g iven  macrocycl ic  carrier is i n f l u e n c e d  

by the s e l e c t i v e  d i s t r i b u t i o n  of both MA and MLA, or  i n  t h e  case 
of i o n i z a b l e  macrocycles ,  ML. P a r t i t i o n i n g  is  a f u n c t i o n  of i o n  
t y p e  and charge. For  example, AgPicrate  and TlPicrate p a r t i t i o n  
more P r e e l y  t o  chloroform than do a l k a l i  p i ~ r a t e s . ~ 9 , 5 ~  McBride, 

9 G . 1 2  p o i n t  o u t  t h a t  d i v a l e n t  salts of h y d r o p h i l i c  a n i o n s ,  such 
as Ba(N03)2, s h o u l d  p a r t i t i o n  less t o  o r g a n i c  membranes than 
monovalent sa l t s  of h y d r o p h i l i c  a n i o n s ,  such as K N O 3 ,  because of  
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the  h igher  h y d r a t i o n  e n e r g i e s  of d i v a l e n t  c a t i o n s  r e l a t i v e  t o  
monovalent c a t i o n s  and because e l e c t r o n e u t r a l i t y  r e q u i r e s  t h a t  two 
anions  be p a r t i t i o n e d  wi th  a d i v a l e n t  c a t i o n  and o n l y  one an ion  
w i t h  a monovalent c a t i o n .  

2. Complexation 
S e l e c t i v i t y  of c a t i o n  t r a n s p o r t  w i l l  be enhanced i f  t h e  

carrier s e l e c t i v e l y  complexes t h e  c a t i o n .  C m p l e x a t i o n  s t a b i l i t y  
and s e l e c t i v i t y  are f u n c t i o n s  of t h e  fo l lowing:  s o l v e n t ,  r a t i o  of 
macrocycle c a v i t y  t o  c a t i o n  r a d i i ,  and donor  a tom t y p e .  T h e  
s e l e c t i v i t y  o f  m a c r o c y c l e s  f o r  v a r i o u s  c a t i o n s  can vary from 
s o l v e n t  t o  s o l v e n t .  For example, T1+ is complexed s e l e c t i v e l y  
over  K+ by 18C6 i n  H20 with a d i f f e r e n c e  of  0.24 l o g  K u n i t s .  
However, t h e  r e v e r s e  is t r u e  i n  CH30H wi th  a d i f f e r e n c e  i n  l o g  K 
u n i t s  of  O.8O.lg L i k e w i s e ,  15C5 is more s e l e c t i v e  f o r  S r 2 +  over  
Na+ by 1.25 l o g  K u n i t s  i n  H20 but  t h i s  s e l e c t i v i t y  is r e v e r s e d  
i n  CH30H wi th  a d i f f e r e n c e  o f  0.85 log K u n i t s . l g  The cryptand  
2 .2 .2  s e l e c t i v e l y  complexes Ag+ over  K+ i n  H20 by 4.20 l o g  K 

u n i t s ,  b u t  t he  s e l e c t i v i t y  is r e v e r s e d  i n  CH3CN, K+ being  f a v o r e d  
over  Ag+ by 1.79 l o g  K u n i t s . 1 9  There are numerous o t h e r  examples 
for  which s e l e c t i v i t i e s  vary from s o l v e n t  t o  s o l v e n t . l g  

The macrocycle c a v i t y  t o  c a t i o n  r a d i u s  r a t i o  has been used t o  
r a t i o n a l i z e  ~ e l e c t i v i t y . ~  Among a l k a l i  c a t i o n s ,  i t  has been 
found t h a t  18C6 is s e l e c t i v e  f o r  K+ and 21C7 is s e l e c t i v e  for C s +  

i n  CH30H s o l v e n t .  Among a l k a l i  c a t i o n s ,  2.1.1,  2.2.1, and 2.2.2 
are s e l e c t i v e  for  L i + ,  Na', and K+, r e s p e c t i v e l y  i n  H20 and 95% 
CH30H-5b H20 s o l v e n t s . l g  I n  each of these cases, t he  macrocycle  
is s e l e c t i v e  for  t h e  c a t i o n  whose i o n i c  r a d i u s  most c l o s e l y  
matches t h e  c a v i t y  r a d i u s  of the macrocycle. For many macrocycles  
and c a t i o n s  t h i s  r e l a t i o n s h i p  does not  hold (e.g. 15C5) and other 
factors must be c o n s i d e r e d . 5 1 ~ 5 ~  Donor atom type has been shown 

t o  have a dramatic effect  on c a t i o n  s e l e ~ t i v i t i e s . ~  For example, 
i n  CH30H 18C6 is s e l e c t i v e  for  K+ over  Ag+ by 1.48 log K u n i t s  b u t  
2.2 is s e l e c t i v e  f o r  Ag+ over  K+ by 8.14 log K u n i t s . l g  Ag+ and 
Hg2+ have a p r e f e r e n c e  for macrocycles  c o n t a i n i n g  n i t r o g e n  and  

s u l f u r  donor atoms, whereas a lka l i  and a l k a l i n e  ear th  ca t ions  
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4a IZATT ET AL. 

u s u a l l y  have a p r e f e r e n c e  f o r  macrocycles c o n t a i n i n g  oxygen donor 
a t o m s . 1 9 , 5 3  T h e r e  are  a l s o  a p p r e c i a b l e  e f f e c t s  of l i g a n d  
s u b s t i t u e n t s  a n d  t e m p e r a t u r e  on  c a t i o n - m a c r o c y c l e  c o m p l e x  
s t a b i l i t y .  The e f f e c t s  of l i g a n d  s u b s t i t u e n d  and t e m p e r a t ~ r e 5 ~  
have been d i s c u s s e d  elsewhere. 

8. 

C a t i o n  t r a n s p o r t  is a f f e c t e d  by the presence  of complexing 
a n i o n s  i n  the  r e c e i v i n g  phase.39 I n  emulsion membrane t r a n s p o r t  
of the  n i t r a t e  salts  of Pb2+ and Ag+,39 i t  was found t h a t  Pb2+ was 
t r a n s p o r t e d  s e l e c t i v e l y  over  Ag+ when OH' or P2074' w a s  incor-  
p o r a t e d  i n t o  t h e  r e c e i v i n g  phase. However, when S2032- w a s  i n  t h e  

r e c e i v i n g  p h a s e  Ag+ was t r a n s p o r t e d  s e l e c t i v e l y  o v e r  Pb2+. 

When a non-complexing  a n i o n ,  l i k e  NO3', was p r e s e n t  i n  t he  

r e c e i v i n g  phase l i t t l e  t r a n s p o r t  of either Pb2+ o r  Ag+ occurred ,  
e v e n  t h o u g h  Pb2+ i n t e r a c t s  more f a v o r a b l y  wi th  t h e  carrier, 
DC18C6, [ l o g  K(H20) -4.8191 t h a n  Ag'Clog K(H20) -2.1'91. The 

g r e a t  a f f i n i t y  of Ag+ f o r  SzO32' [ l o g  K ( H 2 0 )  = 8.87 f o r  1 : l  Ag+- 

S2032' i n t e r a c t i o n ]  as compared t o  Pb2+[log K(H20) = 2.56 f o r  1 : l  

Pb2+-S2032' i n t e r a c t i o n ]  provides  s e l e c t i v e  Ag+ t r a n s p o r t  when 
SzO32' is p r e s e n t  i n  t h e  r e c e i v i n g  phase.39 Ag* could  a lso be 

t r a n s p o r t e d  s e l e c t i v e l y  over  Tl', Sr2+,  and Ba2+ w i t h  S Z O ~ ~ '  or 
OH' i n  t h e  r e c e i v i n g  phase even though Tl ' ,  Sr2+, and Ba2+ a l l  
h a v e  h ighe r  l o g  K(H20) v a l u e s  f o r  Mnt-DC18C6 i n t e r a c t i o n  than  
Ag+.39 These results i n d i c a t e  . that  l o g  K f o r  c a t i o n - r e c e i v i n g  
phase a n i o n  i n t e r a c t i o n  is a very  impor tan t  parameter f o r  deter- 

m i n i n g  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 y .  A t  l eas t  for t h e  cases 
above, the  t r a n s p o r t  s e l e c t i v i t y  appears  t o  be governed by the sum 
of l o g  K(H20) v a l u e s  f o r  cat ion-macrocycle  i n t e r a c t i o n  and for 
c a t i o n - r e c e i v i n g  phase an ion  i n t e r a c t i o n .  

S e l e c t i v e  Release i n t o  t h e  Receiving Phase 

C. Switching Mechanisms 
A swi tch ing  mechanism is a chemical process  whereby t r a n s p o r t  

may be turned  rron" or Ifoff" r e v e r s i b l y  wi thout  d e s t r u c t i o n  of t h e  

l i q u i d  membrane components .  T h i s  t r a n s p o r t  swi tch ing  may be 
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TABLE I1 
Flux of E d i ,  Eu2', and Sr2+ Nitratesa 

~ ~~ ~ ~~~ ~~ ~~ 

aFlux values are given as moles Mni X 108/s.m2. Membrane = 
0.001 M 18C6 in CHC13. 
 NO macrocycle present. 

Data are from reference 56. 

achieved through redox reactions, photochemical reactions, 
proton coupled transport, etc. 

1. Redox mechanisms 
A reduction-oxidation gradient may be used to facilitate ion 

transport across a liquid membrane.55 For example, Brown, 
al.56 - reduced Eu(N03)3 to Eu(N03)2 with zinc amalgam, afterwhich 
the Eu(N03)2 was transported across a bulk chloroform membrane 
using 18C6 (see Table 11). Very little transport of Eu(N03)3 was 
observed using 18C6. Attempts to transport other trivalent 
lanthanide cations have generally been unsuccessful using neutral 
macrocycle carriers. The lack of transport of Eu(N03)3 is thought 
to be due to the small size of E d i  and its corresponding large 
hydration energy. Eu(N03)2 transport comparable to that of 
Sr(N03)2, is not surprising in light of the similar ionic radii 
and chemistry OP Eu2' and Sr2i.56 

Redox-induced conformational changes in the macrocycle 
carrier itself are important to cation transport. Shinkai, 
- et G.57 synthesized a crown ether with a redox-functional thiol 
group as shown in Fig. 16. From extraction experiments with this 
crown ether it was found that cation-crown ether stabilities and 
selectivities were different f o r  the reduced and oxidized forms. 
Redox-sensitive podands were also synthesized57 and used as alkali 
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50 IWTT ET AL. 

oxldlaod 

FIGURE 16 
Crown ether c o n t a i n i n g  a redox f u n c t i o n a l  t h i o l  group: r e f e r e n c e  57. 

FIGURE 17 
Ni t robenzene-subs t i tu ted  l a r i a t  crown ether; r e f e r e n c e  58. 

c a t i o n  carr iers  i n  a b u l k  chloroform membrane. K+ t r a n s p o r t  
i n c r e a s e d  -7.5 times as one of the carriers was changed from the 
reduced t o  t he  o x i d i z e d  form. 

R e v e r s i b l e  e l e c t r o c h e m i c a l l y  c o n t r o l l e d  p r o c e s s e s  may lead t o  
"onff or froffn i o n  t r a n s p o r t .  For example, Kaifer, e g.58 found 
that  e lec t rochemica l  r e d u c t i o n  of  a n i t r o b e n z e n e - s u b s t i t u t e d  
l a r i a t  crown ether produced an a n i o n i c  l i g a n d  t h a t  b inds  Na+ 750 
times more s t r o n g l y  than  does t he  n e u t r a l  l i g a n d  (see F i g .  17) .  

2. Photochemical mechanisms 
Shinkai,  e g . 5 9  have developed two d i f f e r e n t  methods for 

p h o t o c h e m i c a l l y  a l t e r i n g  t h e  a b i l i t y  of crown ethers t o  bind 
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FIGURE 18 

Azobenzene-bridged crown ethers; r e f e r e n c e  59. 

c a t i o n s .  One method makes use of a conformational  change i n  t he  

crown e t h e r  moiety i n  conjunct ion  w i t h  a photoinduced conf igura- 
t i o n a l  change i n  an a t t a c h e d  a z o b e n z e n e  m o i e t y .  Azobenzene 
d e r i v a t i v e s  can e x h i b i t  photoinduced c i s - t r a n s  isomerism. The 

t r a n s  forms of two such  azobenzene-bridged crown e t h e r s  are  shown 
i n  Fig. 18. The second method is a s s o c i a t e d  w i t h  a photoinduced 
change i n  t h e  s p a t i a l  p o s i t i o n  between two crown r i n g s  which leads 

t o  i n t e r c o n v e r s i o n  between 1 : l  and 2:l crown:cat ion complexes.59 
An example of such a t r a n s f o r m a t i o n  involv ing  an azobis-(benzo- 
crown ether)  is shown i n  F i g .  19.60 Use of such photo r e s p o n s i v e  
crown ethers has allowed for  c o n t r o l  of membrane t r a n s p o r t  o f  
a lka l i  and a l k a l i n e  ear th  c a t i o n s  and Cu2+ by a n  on-off l i g h t  
switch.59 A photorespons ive  crown ether w i t h  a n  a n i o n i c  c a p  (see 
Fig. 20) has been used t o  t r a n s p o r t  Ca2+ a c r o s s  a membrane.61 The 

t r a n s p o r t  is d r i v e n  by both l i g h t  energy and a counter -cur ren t  of 
pro ton  f l u x .  Na+ t r a n s p o r t  s e l e c t i v i t y  over  Ca2+ i n  t he  dark was 
r e v e r s e d  i n  f a v o r  of Ca2+ under  UV l i g h t .  A r e c e n t  review by 
S h i n k a i  and Manabe62 c o v e r s  l i q u i d  membrane i o n  t r a n s p o r t  by 
photof u n c t i o n a l  crown ethers. 

3. Proton-coupled c a t i o n  t r a n s p o r t  
Besides i n c r e a s i n g  c a t i o n  t r a n s p o r t  rates, p r o t o n  c o u p l e d  

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  can change as a f u n c t i o n  of pH. 
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5 2  IZATT ET AL. 

FIGURE 19 
Azobis-(benzocrown ether) ; reference 60. 

Trana=Cr-o 
CIa4r.o 

FIGURE 20 

Photoresponsive crown ether with anionic cap: reference 61. 
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MACROCYCLE-FACILITATED TRANSPORT OF IONS 53 

Hriciga and Lehn63 showed that cation transport selectivity from a 
binary mixture of K* and Ca2+ could be pH regulated with a 
dicarboxylic acid-dicarboxamide macrocyclic carrier (see Fig. 21). 
Preferential K+ transport was found when the pH of the source 
phase was between 2 and 9. Above pH 9, Ca2+ was transported 
selectively.63 

D. Temperature 
Pannell & g.64 conducted transport experiments with the 

picrate salts of Kt and Na+ using DB18C6 and a series of substi- 
tuted DB18C6 carriers at 0, 23, and 34OC. Na* transport decreased 
as temperature increased, but the transport did not follow any 
particular pattern. Transport selectivities of K+ over Na+ were 
reversed from 0 to 34OC using cis-(N02)2DB18C6 and (Cl)gDB18C6 as 
carriers. The cation with the larger Ke at a given temperature 
would be expected to be transported selectively at that tempera- 
ture, but in order to achieve efficient transport, the K, value 
cannot be so large as to prevent the cation from being rapidly 
released to the receiving phase. It has been shown that log K 
values for K+-DC18C6 interaction decrease from 10 to 25 to 4oOc.54 
This is to be expected for reactions that are exothermic. 

E. Effect of Cation Concentrations in Cation Mixtures 
When competitive transport experiments are conducted for 

equimolar nitrate salts, the salt with the highest Ke value is 
transported selectively. However, the selectivity can be reversed 
by raising the source phase concentration of the less extractable 
cation or by lowering the concentration of the more extractable 
cation through selective precipitation or complexation in the 
aqueous source phase. Izatt, &.65 observed AgN03 and KNO3 
transport by 18126 as the concentrations of Ag+ and K+ in AgN03- 
KNO3 mixtures were systematically varied (Fig. 22) while main- 
taining the total cation and NO3- concentrations at 2.000 M each. 
KNO3 was transported selectively over AN03 by a factor of -4 from 
the mixture containing [K'] = [Ag'] - 1.000 . For other mixtures, 
K+ transport selectivity gradually decreased as the ratio of 
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54 IZATT ET AL. 

x=coon 

FIGURE 21 

Dicarboxylic acid-dicarboxamide macrocyclic carrier; reference 63. 

1400 

1000 

BOO 

9' 600 
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400 

400 

0.0 0.P 0.4 0.6 0.8 1 .o 
Molo Praotlon Am+ 

FIGURE 22 

Cation f lux ,  JM (moles of cation transported X 108/s*m2), in  a 
bulk membrane plotted against the mole fraction of Ag'. Mem- 
brane - 0.001M 18C6 in CHC13. [&+I + [ K + l  - [NO3'] = 2.000 M. 
Reference 65. 
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[K+]/[Ag+] decreased, u n t i l  [K+I/[Ag+l = 0.219 when Ag+ was 
t r a n s p o r t e d  s l i g h t l y  be t t e r  than K+. When t h e  c o n c e n t r a t i o n  
of the competing c a t i o n  was low (< 0.010 M ) ,  s e l e c t i v e  t r a n s p o r t  
of the other c a t i o n  was high for  e i t h e r  K+ or Ag+.65 

C a t i o n  t r a n s p o r t  from c a t i o n  mixtures  was a l s o  s t u d i e d  by 
I z a t t ,  5 g . 2 8  a s  a f u n c t i o n  o f  c a t i o n  c o n c e n t r a t i o n  f o r  
t r a n s p o r t  of C s +  and Rb+ u s i n g  a c a l i x a r e n e  carrier. C s O H  and 
RbOH s o u r c e  phase c o n c e n t r a t i o n s  were s y s t e m a t i c a l l y  v a r i e d  so 

t h a t  t he  t o t a l  c a t i o n  and hydroxide c o n c e n t r a t i o n s  were always 1.0 

M .  A t  [Cs+]/[Rb+] -0.1, bo th  C s +  and Rb+ f l u x  were equal .  When 
[Cs+]/[Rb+] > 0 . 1 ,  C s +  was t r a n s p o r t e d  s e l e c t i v e l y .  When 
[Cs+]/[Rb+] < 0.1, Rb+ was t r a n s p o r t e d  s e l e c t i v e l y .  Transpor t  of  
c s+ 
cat 

cap 

was greater than  t h a t  of  Rb+ i n  experiments  where only  one 
on was p r e s e n t  i n  t h e  source phase (See Fig .  2 3 ) .  

F. Related Research 
A v a r i e t y  of macromolecules have been s y n t h e s i z e d  t h a t  are  

b l e  of t r a n s p o r t i n g  i o n s  through l i q u i d  membranes. We have 
ment ioned  o n l y  crown e t h e r s ,  c r y p t a n d s ,  c a l i x a r e n e s  and p r o t o n  
i o n i z a b l e  crown e thers  i n  t h i s  d i s c u s s i o n .  T e t r a h y d r o f u r a n  
macrocycles66 and multi-armed cyclams67 have a lso been used as 
l i q u i d  membrane i o n  carriers. I o n  t r a n s p o r t  s e l e c t i v i t y  has  been 
c o n t r o l l e d  u s i n g  remote b inding  s i tes  on crown ethers.68 Other  
macrocycles  are capable  of complexing and s o l u b i l i z i n g  i n o r g a n i c  
i o n s  i n  o r g a n i c  s o l v e n t s ,  showing good s t ab i l i t i e s  and s e l e c t i v i -  
t i es .  Some of t h e s e  are l a r i a t  crown e t h e r s , 6 9  double  armed crown 
e thers  ,70 b i  s -c rown e t h e r s ,  49 9 So , 7' 9 T 2  hexaazac 18]annulene,73 
m o d i f i e d  c y c l o d e x t r i n s  ,T4 c a v i  tands  ,75 a n i o n  b inding  p r o t o n a t e d  
c r y p t a n d s  and  p r o t o n a t e d  aza-crown e t h e r s  ,76 a n d  n i t r o g e n -  
c o n t a i n i n g  macrocycles.77 The s y n t h e s i s  of new carriers designed 
t o  i n c r e a s e  t r a n s p o r t  and s e l e c t i v i t y  is a n  ac t i 've  f i e l d  of 
r e s e a r c h .  

The c o m b i n a t i o n  o f  a m a c r o c y c l e  w i t h  a c a t i o n  exchange 
78-80 The r e a g e n t  has produced s y n e r g i s t i c  c a t i o n  e x t r a c t i o n s .  

p o s s i b i l i t y  e x i s t s  for synergistic c a t i o n  t r a n s p o r t  through l i q u i d  
membranes us ing  t h e  same e x t r a c t a n t s  as carriers. Bartsch, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



56 

7.0 
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. . . m I . I I I 

0 0 . 
Ca + 0 

6.04 f 

O.o~/f-\ 

4.0 :I 1 .o 

Rb+ 1 

0 
0.1 0.4 0.0 0.4 0.0 0.0 0.7 0.8 0.0 1.0 

[ C8 + ]/ [ R b + ] 

FIGURE 23 

Plot of Cs' f l u x  and Rb' f l u x ,  I n  JM (moles of Cs' or Rb' trans- 
ported X 108/s*m2), i n  a bulk membrane a s  a function of the r a t i o  
OP the  concentrations of Cs' to Rb' i n  1 . 0  M metal hydroxide 
s o l u t i o n .  Membrane = 0.001 M cC61a i n  251 v/v CH2C12 i n  CCl4 
s o l u t i o n .  Reference 28. 
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MACROCYCLE-FACILITATED TRANSPORT OF IONS 5 7  

- a l . 8 1  h a v e  p r o d u c e d  s y n e r g i s t i c  t r a n s p o r t  of P r 3 +  across 
phosphat idyl  c h o l i n e  v e s i c l e s  u s i n g  a c a r b o x y l i c  acid crown ether 
i n  c o n j u n c t i o n  w i t h  l a s a l o c i d .  

A s  has been poin ted  o u t ,  ion-macrocycle b inding  s e l e c t i v i t i e s  
v a r y  f r o m  s o l v e n t  t o  s o l v e n t . 1 2  Transpor t  s e l e c t i v i t i e s  were 
shown t o  be a f u n c t i o n  of  s o l v e n t  composi t ion f o r  bo th  neut ra l82  
and i o n i z a b l e  macrocycl ic  ~ a r r i e r s . 3 ~  However, few s t u d i e s  of 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  as a f u n c t i o n  of pure  and mixed membrane 
s o l v e n t s  have been r e p o r t e d .  

V .  TRANSPORT MODELLING FOR BULK LIQUID MEMBRANES 

A mechanism of ion  p a i r  format ion  was proposed by Reusch and 
C u s s l e r 3 7  t o  descr ibe  s a l t  t r a n s p o r t  by n e u t r a l  carriers i n  
d i f f u s i o n  l i m i t e d  t r a n s p o r t .  The s t e p s  compris ing t h e  mechanism 
i n  such t r a n s p o r t  are: 41 

CS+ + AS- - (C+A')M ( i )  

(C+A')M + LM = (CL+A')M ( i i )  

(CL+A-)M d i f f u s e s  across t h e  membrane 
(CL+A')M = LM + ( C + A - ) M  ( i v )  
(C+A-)M = CR+ + AR' ( V  1 
LM d i f f u s e s  back a c r o s s  ( v i )  

( i i i )  

t h e  membrane 

C+ = c a t i o n ,  A- = a n i o n ,  (C'A-) = ca t ion-anion  p a i r ,  L = macro- 
c y c l e  l i g a n d ,  (CL'A-1 = ca t ion-macrocycle-an ion  complex, S = 

source  phase,  R = r e c e i v i n g  phase ,  M membrane. S t e p s  ( i )  and 
( v )  are described by a p a r t i t i o n  c o e f f i c i e n t ,  k .  S t e p s  ( i i )  and 
( i v )  are described by an e q u i l i b r i u m  c o n s t a n t ,  K. S t e p s  ( i i i ) ,  

f o r  d i f f u s i o n  of the complex, and ( v i ) ,  f o r  d i f f u s i o n  of the 

l i g a n d ,  a r e  assumed t o  be t h e  r a t e  l i m i t i n g  s t e p s  of t h e  
mechanism.  The f o l l o w i n g  e q u a t i o n  was d e r i v e d  by Reusch and 

Cuss le r37  t o  d e s c r i b e  c a t i o n  f l u x ,  JM: 

D~~~ k K C ~  ccs2 ) - a (1 + kKCCS2 

I n  t h i s  e q u a t i o n ,  DCLA - the  d i f f u s i o n  c o e f f i c i e n t  of (CL+A')M, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



58 IWTT ET XL. 

f. - t he  length  of t h e  d i f fus ion  pa th ,  CL - the  t o t a l  concentration 
of c a r r i e r ,  and CCS - the concentration of the ca t ion  i n  the  
s o u r c e  phase .  Two as sumpt ions  were made i n  d e r i v i n g  t h i s  
equat ion:  ( 1 )  t h e  d i f fus ion  of (c’A-1~ is neg l ig ib l e  and (2) 
CCS >> CCR. If kKCcs2 << 1 ,  then equation ( 1 )  can be reduced t o  

CLA k K C ~  
J M  E ccs2 (2) 

Equa t ion  ( 2 )  shows t h a t  JM is d i r e c t l y  proportional t o  Ccs2. 

Lamb, g g.41 replaced CCS by acs ( acs  - t he  a c t i v i t y  of t he  

ca t ion )  t o  b e t t e r  account f o r  the t r anspor t  r e s u l t s .  Equation (2) 
then becomes equation (3)  

(3) D~~~ k K C ~  
J M  11 aCS2 

Equation (3) could accura te ly  p red ic t  ca t ion  t r anspor t  a t  low log  
K(CH30H) values f o r  cation-macrocycle in t e rac t ion .  However, i t  
d i d  not accura te ly  pred ic t  ca t ion  t r anspor t  t o  decrease from the  
maximum JM a t  high log  K(CH3OH) values.  Another equation (Equa- 
t i on  ( 4 ) )  

D ~ K L ~  ( k (M1 - ( JMf. I D W  1 )”- ( JME2 I D I  1 1 
J M  ‘e3+(kl/A,)a4 ( l+K(k(M1-(JMf. l /Dw))n-(JMf.~ /DI) )  

(4) 

based on equation ( 1 )  and i n  which i t  is assumed t h a t  complexation 
t a k e s  p l a c e  s o l e l y  i n  t h e  membrane phase was formulated. I t  

co r rec t ly  predicted ca t ion  t r a n s p o r t  a t  low and a t  h igh  l o g  
K(CH30H) v a l u e s . 1 3  A d i s c u s s i o n  of model l ing  is g iven  i n  
re ferences  12 and 13. 

In  equation ( 4 1 ,  DL, 4, and DI = t h e  d i f fus ion  c o e f f i c i e n t s  
of t h e  free l igand ,  t h e  sal t  i n  water, and the  cation-anion p a i r  
i n  t h e  membrane, respec t ive ly ,  LT - t o t a l  c a r r i e r  l igand  concen- 
t r a t i o n ,  A1 and A2 represent  t he  surface areas of t he  source and 
receiving in t e r f aces ,  respec t ive ly ,  f.1 and f.6 a r e  t h e  uns t i r r ed  
water boundary l a y e r s  on each side of t h e  membrane, f.2 and f.5 a r e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



MACROCYCLE-FACILITATED TRANSPORT OF IONS 59 

unstirred membrane boundary layers, a3 and $4 are unstirred 

membrane layers farthest removed from the water, MI and Ma = molar 
concentrations of the metal cations in the source and receiving 
phases, respectively, and n = 2 for  monovalent cations and n = 3 
for divalent cations. 

VI. HOW TO PERFORM SEPARATIONS 
In Table I11 are listed liquid membrane systems in which one 

cation is transported selectively over other cations or one salt 
is transported selectively over other salts. Most of the systems 
in Table I11 apply to bulk liquid membranes that produce small 
fluxes. For practical separations requiring large fluxes, 
emulsion and supported liquid membranes would be desired. 
Carriers from bulk membrane systems may be incorporated into 
emulsion or supported membrane systems with expected little change 
in transport selectivities. It should also be possible to further 
design the systems in Table I11 so that even more rapid and selec- 
tive transport can be achieved for whichever membrane type is 
employed. For example, Sr2+ transport by 2.2 is increased using 
DD2.2,7 and it would, therefore, be expected that Cs' transport 
by 21C7 would increase using dicyclohexano-substituted 21 C7, 
DC21C7, and Na' transport by 2.2.1 would be increased using 
dicyclohexano-substituted 2.2.1, DC2.2.1 or didecycl-substituted 
2.2.1, DD2.2.1. The increase in cation transport from unsubsti- 
tuted to dicyclohexano and didecyl substituted macrocycles has 
been discussed (Section III.B.3) and results from less macrocycle 
partitioning to the aqueous phases for those macrocycles contain- 
ing these hydrophobic groups. In addition to increasing trans- 
port, hydrophobically substituted macrocycles minimize contamina- 
tion of the aqueous phases with expensive carriers. In devising 
cation separation schemes, it is also desirable to know the 
composition of the source phase so that selection of both very 
selective carriers and receiving phase complexing agents may be 
pursued. 
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VII. APPLICATIONS 
A. Ion Selective Liquid Membrane Electrodes 
K +  and N H 4 +  ion selective liquid membrane electrodes are 

commercially available based on the antibiotic, valinomycin, and 
the antibiotic macrotetrolides, nonactic and monactin, respec- 
tively. Also, certain synthetic crown compounds show very good 
selectivities for K+ over Na+ and can thus be used as carrier 
components in liquid membrane electr0des.~3 Naphtho-l5C5 and bis- 
crown ether containing electrodes have given K+ to Na' selectivi- 
ties on the same order as the valinomycin-based electrode. Crown 
ethers have been used as carrier components in ion selective 
electrodes for K+, Cs', T1+, Ca2+, Cu2+, antibodies, enantiomers, 
and cationic s~rfactants.~~ 

C 1 eanup 
B. Hydrometallurgy, Resource Recovery, and Waste Solution 

The liquid membrane process provides a possible alternative 
to solvent extraction of hydrometallurgical and waste solutions 
for the separation and concentration of valuable metals. Major 
advantages of supported liquid membrane processes over solvent 
extraction are the elimination of problems associated with phase 
separations and solvent entrainment85 as well as reduced solvent 
volumes for both supported and emulsion liquid membranes. The 
possibility of recovering valuable metals from electroplating 
rinse solutions86 and synthetic hydrometallurgical leach 
solutions65 using tertiary amine carriers has been investigated. 
Laboratory scale macrocycle-mediated bulk liquid membrane 

transport studies have been conducted on equimolar binary cation 
mixtures containing one other cation and either Pb2+,87 Na', Cs', 
Sr2*,48 Ag+,22 Cd2+,18 K+, Tl+,23 or Hg2+.24 In many instances 
one cation was transported selectively over the other. Also, Pb2+ 
was found to be transported selectively over other cations from 
equimolar ternary cation mixtures in bulk membranes88 and 
binary,39*40 ternar~,~5 and m ~ l t i ~ ~  cation mixtures in emulsion 
liquid membranes. The selective transport capabilities of 
macrocyclic carriers have not yet been fully exploited in liquid 
membrane separation processes.6 
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Synthetic waste solutions matching those found in a Purex 
reprocessing plant have been tested in supported liquid membranes 
for the purpose of decontaminating the solutions by removal of 
radioactive transuranium elements. The results showed that it is 
possible to decontaminate the solution from Other metals, 
such as Tl', Pb2+, Cd2+, and Hg2+ pose potential health risks when 
found in waste solutions that make their way into the environ- 
ment. Emulsion liquid membrane studies have been conducted on 
factory waste waters for removing toxic heavy 1netals.9~ Liquid 
membrane systems offer the potential for toxic element removal 
from waste waters, and the possibility for the economic recovery 
of important toxic elements because they can be concentrated on 
the receiving side of the membrane. 

C. Other 
Other potential applications include selective electro- 

ref i ning ,91 is0 tope separations, 1 2 enant iomer separations ,92 
separation of organic ammonium salts,93 efficient photochemical 
cells,94 removal of scale forming cations from seawater,95 toxic 
chemical removal from biological systems, modelling of 
biological membranes,98 and drug delivery. 90,97 

VIII. CONCLUSIONS 

The purpose of this paper has been to review our work and 
some of the important work of others in the field of macrocycle- 
facilitated liquid membrane ion transport. We have discussed ways 
in which ion transport and selectivity may be improved. Also, a 
mechanism of ion pair formation was discussed in the section on 
modelling to account for bulk liquid membrane cation transport by 
neutral macrocycle carriers. As a summary, Fig. 24 depicts 
several types of liquid membrane ion transport mechanisms, many of 
which apply to the systems considered in this paper. The first 
four mechanisms of Fig. 24 refer to neutral macrocycle carriers 
and the last is for an acidic macrocycle carrier. M+ = metal ion, 
or cation, A' - anion, and L = macrocycle ligand carrier. The 
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AQUEOUS OROANIC AQUEOUS 
SOURCE MEMBRANE REC WVlNO 
PHASE PHASE 

M U  

L M+ A- M+ A' 
4 

MLA 
M+ A' I MB LL' 

M+ ML M+ A'fOH' 
H* HL n+ LL' 

4 

FIGURE 24 

Possible macrocycle-mediated liquid membrane ion transport 
mechanisms. 

presence of a metal ion complexing agent, B-, in the receiving 
phase facilitates transport because of M+-B- interaction. Metal 
anionic complexes, M1X2- can be transported like simple anions. 
Some macrocycles, such as pyridine crown ethers and cryptands, are 
capable of binding both cations and protons, H+. Finally, 
macrocycle carriers containing acidic functional groups provide a 
means of transporting cations against their concentration 
gradients because of a countercurrent of proton flux. 

It is our hope that liquid membrane design information 
presented in this paper will be useful for those desiring to 
design and develop procedures and systems for making ion separa- 
tions. 
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