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SEPARATION SCIENCE A N D  TECHNOLOGY, 22(2&3), 661675.1987 

Effect of Macrocycle Type on Pb2+ Transport through an Emulsion 
Liquid Membrane 

R. M. IZATT, R. L. BRUENING, G. A. CLARK, J. D. LAMB, and 
J.  J. CHRISTENSEN 

DEPARTMENTS OF CHEMISTRY AND CHEMICAL ENGINEERING 
BRICHAM YOUNG UNIVERSITY 
PROVO, UTAH 84602 

ABSTRACT 

The r e l a t i v e  e f f e c t i v e n e s s  of 1 4  d i f f e r e n t  macro-  
c y c l e s  i n  t r a n s p o r t i n g  Pb(N03)2 has  been determined 
a t  25 OC us ing  a water-toluene-water emulsion membrane 
s y s t e m .  The l a r g e s t  amount of Pb2+ t r a n s p o r t  was 
f o u n d  w i t h  d i d e c y l - 1  , lO-diaza-18-crown-6  ( 9 1 % ) ,  
f o l l o w e d  b y  dicyclohexano-18-crown-6 ( 8 1 % ) ,  
di-tert-butyl-dicyclohexano-18-crown-6 (77%), 1 , l o -  
d i a z a - 1 8 - c r o w n - 6  ( 2 7 % ) ,  a n d  c r y p t a n d  2 . 2 . 1  
(4,7,13,16,21,24-pentoxa-l, 1 O - d i a z a b i c y c l o ( 8 , 8 , 5 ) -  
t r i c o s a n e )  ( 1 6 % ) .  The use of t h e  o t h e r  macrocycles 
p r o d u c e d  l i t t l e  P b 2 +  t r a n s p o r t .  Analysis  of the  
t r a n s p o r t  r e s u l t s  shows t h a t ,  f o r  most e f f e c t i v e  
t r a n s p o r t ,  t h e  m a c r o c y c l e  s h o u l d  d i s t r i b u t e  
p r e f e r e n t i a l l y  t o  t he  organic  phase and t h e  l o g  K 
va lue  f o r  t h e  b inding  of t h e  macrocycle wi th  Pb2+ 
m u s t  be l a r g e  enough f o r  q u a n t i t a t i v e  e x t r a c t i o n  of 
t h e  Pb2+ i n t o  t h e  membrane. However, t h i s  l o g  K 
va lue  m u s t  be s u f f i c i e n t l y  s m a l l e r  t h a n  t h a t  f o r  
i n t e r a c t i o n  of Pb2+ wi th  P2074-, t h e  r e c e i v i n g  phase 
complexing a g e n t ,  t o  a l low a l a r g e  Pb2+ c o n c e n t r a t i o n  
g r a d i e n t  t o  be e s t a b l i s h e d .  These f e a t u r e s  provide  
i n f o r m a t i o n  which s h o u l d  b e  u s e f u l  i n  des igning  
s y s t e m s  f o r  c a t i o n  s e p a r a t i o n s  u s i n g  e m u l s i o n  
membranes. 

6 6 1  

Copyright 0 1987 by Marcel Dekker, Inc. 
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662  IZATT ET A L .  

INTRODUCTION 

The development of new techniques  f o r  metal  recovery from waste 
s o l u t i o n s  has  r e c e i v e d  a g r e a t  dea l  of a t t e n t i o n  i n  r e c e n t  y e a r s .  
One of t h e  techniques  under s t u d y  f o r  use i n  r e c o v e r i n g  m e t a l  
c a t i o n s  from s o l u t i o n  i s  t h e  water-oi l -water  emulsion membrane. 
Such membrane s y s t e m s  c o n t a i n i n g  m a c r o c y c l e s  of t h e  c y c l i c  
po lye ther  type  can be designed t o  f a c i l i t a t e  t h e  car r ie r -media ted  
s e l e c t i v e  t r a n s p o r t  of c a t i o n s  from mixtures  of two o r  more metal  
i o n s .  The advantages  of us ing  emulsion membranes over l i q u i d -  
l i q u i d  e x t r a c t i o n  i n  s e p a r a t i o n  systems have been noted ( 1 ) .  

F a c t o r s  a f f e c t i n g  macrocycle mediated t r a n s p o r t  of c a t i o n s  i n  
bulk l i q u i d  membranes have been s t u d i e d  e x t e n s i v e l y  (2-8) .  The 
resul ts  of t h e s e  s t u d i e s  a r e  of l i m i t e d  usefu lness  i n  p r e d i c t i n g  
t h e  t r a n s p o r t  p r o p e r t i e s  of emulsion systems.  We have made s e v e r a l  
s t u d i e s  t o  a t tempt  t o  d e f i n e  and d e s c r i b e  t h e  emulsion membrane 
system. I n  e a r l i e r  papers ,  t h e  e f f e c t s  of t h e  fo l lowing  f a c t o r s  on 
c a t i o n  t r a n s p o r t  i n  e m u l s i o n  membranes were i n v e s t i g a t e d :  
r e c e i v i n g  phase anion type (Y), macrocycle and r e c e i v i n g  p h a s e  
a n i o n  c o n c e n t r a t i o n s  ( l o ) ,  source  phase c a t i o n  mixtures  (9-13) ,  
source  phase anion c o n c e n t r a t i o n  ( 1  1 1 ,  and source  phase c a t i o n  type  
(9 ,11  , 1 3 ) .  

The previous emulsion membrane s t u d i e s  provide evidence f o r  a 
s p e c i f i c  t r a n s p o r t  mechanism. This  mechanism r e q u i r e s  t h a t  t h e  
c a t i o n  b i n d  w i t h  t h e  m a c r o c y c l e  a t  t h e  source  phase-membrane 
i n t e r f a c e ,  move a c r o s s  t h e  organic  phase due t o  a c o n c e n t r a t i o n  
g r a d i e n t ,  and be r e l e a s e d  by t h e  macrocycle and complexed by a 
complexing agent  i n  t h e  r e c e i v i n g  phase. The e f f e c t i v e n e s s  of t h e  
t r a n s p o r t  is improved by s e l e c t i o n  of a macrocycle having a high 
d i s t r i b u t i o n  c o e f f i c i e n t  i n  f a v o r  of t h e  o r g a n i c  p h a s e .  The 
m a c r o c y c l e  c h o s e n  s h o u l d  b i n d  s t r o n g l y  wi th  t h e  c a t i o n  t o  be 
t r a n s p o r t e d ,  but should bind l e s s  s t r o n g l y  t o  t h e  c a t i o n  t h a n  t h e  
r e c e i v i n g  p h a s e  c o m p l e x i n g  a g e n t  d o e s .  Hence, t h e  important  
parameters  involved i n  choosing a macrocycle t o  t r a n s p o r t  a par- 
t i c u l a r  c a t i o n  a r e  t h e  r e l a t i v e  magnitudes of t h e  l o g  K va lues  of 
t h e  cat ion-macrocycle  and cation-complexing agent  complexes, and 
t h e  d i s t r i b u t i o n  c o e f f i c i e n t  of t h e  macrocycle between t h e  o r g a n i c  
s o l v e n t  and water .  

The d i s t r i b u t i o n  of t h e  cation-accompanying anion-macrocycle 
complex between t h e  aqueous source  phase and t h e  organic  membrane 
i s  a l s o  an impor tan t  f a c t o r  i n  t h e  t r a n s p o r t  mechanism. This  
f a c t o r  i s  d i f f i c u l t  t o  q u a n t i f y  a l though a q u a l i t a t i v e  a n a l y s i s  i s  
p o s s i b l e .  The d i s t r i b u t i o n s  of macrocycles vary g r e a t l y .  In  the  
p r e s e n t  s t u d y ,  t h e  anion and t h e  c a t i o n  a r e  a l w a y s  t h e  same. 
Therefore ,  i t  i s  assumed t h a t  p a r t i t i o n i n g  of t h e  complex i n t o  t h e  
o r g a n i c  membrane p a r a l l e l s  t h a t  of t h e  macrocycle. Hence, t h e  
r e l a t i v e  d i s t r i b u t i o n s  of t h e  macrocycles should p a r a l l e l  t h e  
r e l a t i v e  d i s t r i b u t i o n  of t h e  complexes be tween t h e  s o u r c e  and 
membrane-phases . 
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EFFECT OF MACROCYCLE TYPE ON Pb2+ TRANSPORT 6 6 3  

A major f a c t o r  i n  emulsion membrane t r a n s p o r t  t h a t  has  not  been 
s t u d i e d  i n  o u r  l a b o r a t o r y  i s  t h e  e f f e c t  of u s i n g  d i f f e r e n t  
macrocycles  where t h e  l o &  K value f o r  cat ion-macrocycle  i n t e r a c t i o n  
and t h e  d i s t r i b u t i o n  c o e f f i c i e n t  vary.  E a r l i e r  a bulk chloroform 
membrane was u s e d  t o  s t u d y  t h e  e f f e c t  of var ious  macrocycles on t h e  
t r a n s p o r t  r a t e s  of s e v e r a l  c a t i o n s  ( 2 ) .  This  previous s t u d y  
o u t l i n e d  s e v e r a l  f e a t u r e s  of macrocycle design needed f o r  s e l e c t i v e  
t r a n s p o r t  of s p e c i f i c  metal  c a t i o n s .  However, t h e  e a r l i e r  s t u d y  
does not  a l low one t o  make r e l i a b l e  p r e d i c t i o n s  a b o u t  c a t i o n  
s e l e c t i v i t i e s  and t r a n s p o r t  r a t e s  i n  emulsion systems.  Hence, t h e  
p r e s e n t  s tudy  was undertaken.  

In t h e  p r e s e n t  paper ,  macrocycles of vary ing  s i z e ,  s u b s t i t u e n t  
groups,  donor atoms, and r i n g  number a r e  compared f o r  t h e i r  a b i l i t y  
t o  t r a n s p o r t  Pb2+. A l l  o ther  parameters  a r e  he ld  c o n s t a n t .  The 
s e l e c t i o n  of Pb2+  f o r  t h e  s t u d y  was based on t h e  observed (9-12) 
a b i l i t y  of t h i s  c a t i o n  t o  t r a n s p o r t  well i n  our emulsion systems.  

EXPERIMENTAL 

The emulsions were prepared from t o l u e n e  and aqueous r e c e i v i n g  
phases by blending t h e s e  phases a t  -30,000 rpm f o r  5 minutes with 
3% v/v of t h e  nonionic  s u r f a c t a n t  s o r b i t a n  monooleate (Span 80,  
I C I ) .  The source  phase-membrane-receiving phase volume r a t i o s  were 
1 O : l : l .  The t o l u e n e  ( F i s h e r  S c i e n t i f i c )  phase conta ined  e i t h e r  
18C6, DT18C6, DC18C6, B18C6, DB18C6, 15C5, di-tert-butyl-DC18C6, 
21C7, 12C4 ( a l l  from P a r i s h  Chemical) ,  2 .2 ,  2.2DD, 2.2.1,  2 .2 .2  
(from MCB), o r  HT18C6 ( g i f t  from Professor  Stephen Cooper, Harvard 
U n i v e r s i t y ) .  Mixtures  of isomers were used i n  t h e  c a s e s  of t h e  
m a c r o c y c l e s  2.2DD, DC18C6, and d i - t e r t - b u t y l - D C 1 8 C 6 .  The  
m a c r o c y c l e  was p r e s e n t  a t  0 . 0 0 3  M .  The s t r u c t u r e s  of t h e s e  
macrocycles a r e  shown i n  Fig.  1 .  The aqueous r e c e i v i n g  p h a s e  
c o n t a i n e d  0.01 M LiqP207 which was prepared from reagent  grade 
sodium pyrophosphate (Mall inckrodt  ) by t h e  ion-exchange procedure 
descr ibed  previous ly  ( 1 2 ) .  The l i t h i u m  s a l t  was used because i t  
has been shown t h a t  most macrocycles form weak complexes w i t h  L i +  
( 1 0 ) .  Thus, L i +  i n  t h e  r e c e i v i n g  phase would not  compete w i t h  t h e  
c a t i o n s  of t h e  source  phase f o r  t h e  macrocycle c a r r i e r  i n  t h e  
membrane. The blended emulsion ( 1 . 2  ml) was then placed on t o p  of 
6 m l  of t h e  aqueous source  phase i n  each of s i x  smal l  b o t t l e s  with 
ground g l a s s  tops .  The b o t t l e s  had an i n t e r n a l  diameter  of 24 mm 
and a h e i g h t  of 51 mm. The aqueous source  phase contained 0.001 M 
Pb(NO3)2 (Aldr ich  Chemical) .  The emulsion was s t i r r e d  i n t o  t h e  
source  phase s o l u t i o n s  with a t e f l o n  magnetic s t i r r e r  bar a t  600 
rpm a t  room temperature  (21-24OC). The magnetic s t i r r i n g  bars  were 
22 mm long. S t i r r i n g  was s topped a t  a d i f f e r e n t  time f o r  each 
b o t t l e  corresponding t o  3 ,  6 ,  10, 15, 20, and 25 minute i n t e r v a l s .  
Af te r  s t i r r i n g  was s topped ,  a s e t t l i n g  per iod  of 3 minutes was 
allowed f o r  s e p a r a t i o n  of t h e  emulsion and source  phases before  
sampling t h e  source  phases .  A sample of t h e  source  phase s o l u t i o n  
was a l s o  t a k e n ,  a t  zero  t ime,  before  exposure t o  t h e  emulsion. 
Lead c o n c e n t r a t i o n  a n a l y s e s  were c a r r i e d  out  us ing  a Perk in-Elmer  
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6 6 4  IZATT ET A L .  

2.2.1 2 . 2  - 2 R = t e r t - b u t y l ,  d i - ter t -butyl-DC18C6 
or t-ButvlDC18C6 

R = H ,  DC18C6 

Fig.  1 .  Macrocycles used i n  t h e  s t u d y .  

model 603 atomic a b s o r p t i o n  spectrophotometer .  Each experiment was 
done a t  least  i n  t r i p l i c a t e  w i t h  p r e p a r a t i o n  of f r e s h  emulsions f o r  
each de termina t ion  a t  t h e  s i x  d i f f e r e n t  t ime i n t e r v a l s .  

D i s t r i b u t i o n  c o e f f i c i e n t s  be tween t o l u e n e  and w a t e r  were 
determined f o r  a l l  of the crowns s t u d i e d  except  f o r  2.2DD, d i - t e r t -  
butyl-DC18C6, and 21C7. Equal volumes of 0.003 M crown i n  t o l u e n e  
s o l u t i o n  and  p u r e  w a t e r  were  mixed f o r  30 m i n u t e s  u s i n g  a 
mechanical shaker .  The two phases were then  allowed t o  s e p a r a t e  
f o r  a minimum of 1 2  hours  before  a sample of t h e  t o l u e n e  phase was 
c o l l e c t e d .  T h i s  sample and a sample of t h e  o r i g i n a l  crown s o l u t i o n  
i n  t o l u e n e  were analyzed f o r  crown c o n c e n t r a t i o n  us ing  a Varian 
3400 Gas chromatograph t o  o b t a i n  crown c o n c e n t r a t i o n  peaks. The 
area under t h e  peaks was weighed i n  each case.  The d i s t r i b u t i o n  
c o e f f i c i e n t ,  def ined  a s  t h e  c o n c e n t r a t i o n  of t h e  crown i n  t h e  
t o l u e n e  phase d iv ided  by t h e  concent ra t ion  of t h e  crown i n  t h e  
water  phase a t  e q u i l i b r i u m ,  was t h e n  c a l c u l a t e d .  T h e  v a l u e s  
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EFFECT OF MACROCYCLE TYPE ON Pb2' TRANSPORT 665 

r e p o r t e d  a r e  t h e  averages of t h r e e  s e p a r a t e  de te rmina t ions  f o r  each 
macrocycle. D i s t r i b u t i o n  c o e f f i c i e n t s  could not  be c a l c u l a t e d  f o r  
t h e  macrocycles 2.2DD, 21C7, and di-tert-butyl-DC18C6 because t h e s e  
macrocycles  d i d  not come o f f  t h e  GC column. 

The e f f e c t  on Pb2+ a n a l y s i s  of small  amounts of LiqP207 from 
emulsion breakage was determined by adding known amounts of LiqP207 
t o  a s o l u t i o n  of known [Pb2+]  and ana lyz ing  t h e  r e s u l t i n g  s o l u t i o n  
f o r  [ P b 2 + ]  by atomic a b s o r p t i o n  spectrophotometry.  Each sample 
t a k e n  was ana lyzed  f o r  L i +  ( a s  well as Pb2+)  as a measure of 
membrane breakage and s o  t h a t  t h e  [Pb2+]  c o r r e c t i o n s  could be made 
f o r  t h e  presence of LiqP207. The Pb2+ c o n c e n t r a t i o n  r e a d i n g s  were 
1 2  ug/ml lower than t h e  a c t u a l  c o n c e n t r a t i o n  f o r  every 1 ug/ml L i +  
( a s  LiqP207) i n  a Pb2+ s o l u t i o n  w i t h i n  3% s t a n d a r d  d e v i a t i o n .  A l l  
P b 2 +  c o n c e n t r a t i o n  d a t a  have  been c o r r e c t e d  f o r  t h i s  e f f e c t .  
L i t t l e  membrane breakage was observed.  The maximum amount of L i +  
measured i n  t h e  source  phase,  a f t e r  25 minutes ,  was 2.0 pg/ml ( 2 . 9 %  
loss  of L i +  from t h e  r e c e i v i n g  phase) .  I n  most of t h e  experiments  
t h e  source  phase L i +  c o n c e n t r a t i o n s  were l e s s  than 1 .0  pg/ml. The 
amount of Pb2+ t r a n s p o r t  due t o  membrane breakage may not  have been 
i n s i g n i f i c a n t  r e l a t i v e  t o  the  t o t a l  Pb2+ t r a n s p o r t  when t h e  Pb2+ 
t r a n s p o r t  was < 10%. With no macrocycle p r e s e n t  5% of t h e  Pb2+ was 
t r a n s p o r t e d  and 1.9% membrane breakage ( 1  ug/ml L i +  i n  t h e  source  
phase)  occur red .  (Table  3 ) .  However, no Pb2+ t r a n s p o r t  and no 
membrane breakage were observed wi th  HTl8C6 as t h e  m a c r o c y c l e .  
S ince  c a t i o n  t r a n s p o r t  u s u a l l y  r e q u i r e s  a c a r r i e r  molecule i n  t h e  
membrane, t h e  amount of Pb2+ t r a n s p o r t  due t o  membrane breakage may 
have been a s  much a s  5%. 

RESULTS AND DISCUSSION 

I n  T a b l e  1 ,  l o g  K va lues  a r e  given f o r  t h e  i n t e r a c t i o n  of Pb2+ 
wi th  t h e  macrocycles used i n  t h e  s tudy  and w i t h  P207'-. I n  T a b l e  
2 ,  t h e  approximate d i s t r i b u t i o n  c o e f f i c i e n t s ,  between t o l u e n e  and 
w a t e r ,  a r e  l i s t e d  f o r  t h e  macrocycles s t u d i e d .  D i s t r i b u t i o n  coef-  
f i c i e n t s  f o r  1 2 0 ,  DC18C6, and di-tert-butyl-DC18C6 a s  determined 
by McDowell e t  a A  ( 1 4 )  a r e  a l s o  given.  I n  Table 3 a r e  l i s t e d  
pg/ml of P b 2 + i n  t h e  o r i g i n a l  Pb2+ s o l u t i o n s ,  pg/ml of Pb2+ i n  t h e  
source  phase a f t e r  25 minutes of s t i r r i n g  t h e  emulsions,  and t h e  
percentage  of Pb2+ t r a n s p o r t e d  a c r o s s  t h e  membrane a f t e r  25 minutes  
of s t i r r i n g  f o r  t h e  d i f f e r e n t  macrocycles  a s  w e l l  a s  f o r  t h e  
emulsion t o  which no macrocycle was added. The t r a n s p o r t  of Pb2+ 
is s e e n  t o  vary s i g n i f i c a n t l y  wi th  t h e  macrocycle employed. The 
Pb2+ c o n c e n t r a t i o n  da ta  obta ined  a f t e r  Pb2+ t r a n s p o r t  us ing  t h e  
macrocycles d i - t e r t - b u t y l - D C 1 8 C 6 ,  DC18C6, 2.2DD, and 2 . 2  had 
s t a n d a r d  d e v i a t i o n s  a s  a percentage of t h e  mean of less than 15%, 
the  d a t a  using 2.2.1 had s t a n d a r d  d e v i a t i o n s  of less  than  78, and 
t h e  da ta  using t h e  o t h e r  macrocycles had s t a n d a r d  d e v i a t i o n s  of 
less than 4 % .  The e f f e c t  on Pb2+ t r a n s p o r t  of t h e  macrocycle donor 
atoms, s u b s t i t u e n t s ,  r i n g  s i z e  and r i n g  number are now presented .  
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Ligand 

18C6 

18C6 

DT18C6 

HT18C6 

2.2( DA18C6) 

TABLE 1 

Log K Values for Pb2+-Ligand Interaction 
in Different Media 

DC18C6 

Di-tert-butyl-DC-18C6 

B18C6 

DB18C6 

DB18C6 

2.2DD 

12C4 

15C5 

15C5 

21 C7 

2.2.1 

2.2.1 13. 12(18) 

2.2.2 

2.2.2 

Medium 

H 2 0  

H20 

70% MeOH 

- 

H20 

H20 

(0.1M EtqC104) 

- 
MeOH 

MeOH 

H20 
- 
- 

H20 
MeOH 

MeOH 

MeOH 
(O.lM EtqC104) 

(0.1M EtqC104) 
H20 

MeOH 

H2 0 

H20 

aFor the reaction Pb2+ + P 2 0 ~ ~ -  = P b P ~ 07~- 
bFor the reaction Pb2+ + 2 P ~ 0 7 ~ -  = Pb(P207)z6- 
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TABLE 2 

D i s t r i b u t i o n  C o e f f i c i e n t s  Between Toluene 
and Water f o r  12 Macrocycles 

D L  = [LIToluene"LIWater 
Macrocycle 

18C6 < 0.0056 

DTI 8C6 > 10 

DB18C6 > 10 

B18C6 > 10 

2.2(DA18C6) 0.019 f 0.004 

HT18C6 > 10 

2 . 2 . 2  < 0.018 

2.2.1 < 0.014 

15c5 0.036 5 0.013 

DCI 8C6 > 10 

DC18C6 13.3a 

12C4 0.064 + 0.051 
- 0.027 

0.111a 

Di-tert-butyl-DC18C6 > 999a 

~~ ~ ~~ 

a E a c h  v a l u e  i n  t h e  p r e s e n t  s t u d y  i s  t h e  a v e r a g e  of  t h r e e  
d e t e r m i n a t i o n s .  bData from McDowell g. ( 1  4 ) .  

Effect of Macrocycle Donor Atoms 

The percentage of Pb2+ t r a n s p o r t e d  z. t ime f o r  18C6, 2 . 2 ,  and 
DT18C6 i s  shown i n  F i g .  2 .  Transport  of Pb2+  by HT18C6 was 
n e g l i g i b l e .  The l a t t e r  t h r e e  macrocycles  DA18C6, D T 1 8 C 6 ,  and 
HT18C6 have t h e  same number of r i n g  atoms (18)  as 18C6, but  d i f f e r  
from 18C6 i n  having e i t h e r  N o r  S s u b s t i t u t e d  f o r  some of t h e  
oxygen atoms. The g r e a t e s t  percentage of  P b 2 +  t r a n s p o r t e d  (27% i n  
t e n  minutes)  was found wi th  2.2. Transpor t  wi th  t h e  remaining 
macrocycles  was minimal over a 25 minute per iod .  These resul ts  can 
be understood i n  terms of t h e  l o g  K v a l u e s  f o r  t h e  i n t e r a c t i o n  of 
Pb2+  w i t h  t h e s e  macrocycles (Table  1 ).  These l o g  K va lues  i n c r e a s e  
i n  t h e  same order  a s  t h e  t r a n s p o r t  r a t e s  wi th  t h e  d i f f e r e n t  macro- 
c y c l e s .  From t h e  l o g  K v a l u e s ,  we n o t e  t h a t  n i t r o g e n  has  more 
a f f i n i t y  f o r  Pb2+ than oxygen, w h i l e  s u l f u r  has  l e s s  a f f i n i t y  f o r  
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668 IZATT  ET A L .  

TABLE 3 

Pb2+ Concentration and Transport Data After 25 Minutes 
in a 0.001 M Pb(N03)2/0.003 M Macrocycle in Toluene/O.Ol M 

LiqP207 Emulsion Membrane 

Macr ocycle Pb2+ Concentration (ug/rnl)  Z Pb2+ 
15% ti a1 25 Min Transported 

18C6 

DTI 8C6 

DB18C6 

91 8C6 

2.2(DA18C6) 

HT18C6 

2.2.2 

2.2.1 

15C5 

Di-t ert-butyl-DC 
-1 8C6 

DC18C6 

21 C7 

12C4 

2.2DD 

No Macrocycle used 

222 

207 

207 

207 

229 

207 

207 

220 

21 6 

208 

207 

21 7 

21 3 

237 

235 

21 2 

203 

201 

191 

166 

208 

198 

186 

21 0 

47 

39 

205 

204 

22 

225 

5 

2 

3 

8 

27 

-0. 4 

4 

1 6  

3 

77 

81 

5 

4 

91 

5 
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fn 
E 
B 

I- 
L 

+ 
64 
P 
P 

Time, min 
Fig.  2. Plot  of $ Pb2+ t r a n s p o r t e d  E. time us ing  DT18C6, 

2 . 2 ,  and 18C6 a s  m a c r o c y c l e s  i n  a 0 .001  M 
P b ( N 0 3 ) 2 / 0 . 0 0 3  M macrocycle i n  toluene/O.Ol M 
LiqP207 emulsion membrane. For HT18C6, no Pb2+ 
t r a n s  por t  was observed . 

Pb2+ than  e i t h e r  oxygen o r  n i t r o g e n .  The l o g  K value f o r  Pb2+- 2.2 
i n t e r a c t i o n  is s i g n i f i c a n t l y  h igher  than  t h a t  f o r  Pb2+ i n t e r a c t i o n  
wi th  t h e  remaining macrocycles ,  but  a l l  of t h e  l o g  K va lues  a r e  
less than  t h a t  f o r  P b * + - P 2 0 ~ ~ -  i n t e r a c t i o n .  We expect  t h a t  HT18C6 
w i l l  i n t e r a c t  wi th  Pb2+ even l e s s  s t r o n g l y  than DT18C6 d u e  t o  t h e  
a d d i t i o n a l  r e p l a c e m e n t  of  oxygen donor  a toms w i t h  s u l f u r .  
Transpor t  of Pb2+ by 2 . 2  and l W 6 ,  which bind s t r o n g l y  with 
P b 2 + ,  r e m a i n s  r e l a t i v e l y  low due t o  u n f a v o r a b l e  d i s t r i b u t i o n  
c o e f f i c i e n t s  f o r  t h e  two crowns. Macrocycles t h a t  p a r t i t i o n  mainly 
i n t o  water over t o l u e n e  w i l l  e n t e r  t h e  r e c e i v i n g  phase dur ing  t h e  
b lending  of t h e  emulsion. Only a smal l  amount of t h e  macrocycle 
then  remains i n  t h e  t o l u e n e  t o  bind t h e  P b 2 +  f o r  t r a n s p o r t .  

Effect of Macroevcle Substituents 

T a b l e  3 ,  Fig.  3, and Fig .  4 show t h e  t r a n s 2 o r t  of Pb2+ z. t ime 
u s i n g  e i t h e r  18C6 o r  2 . 2  and s e l e c t e d  d e r i v a t i v e s  of t h e s e  
macrocycles .  In  F ig .  3 i t  is  seen t h a t  a d d i t i o n  of two cyclohexane 
o r  two t e r t - b u t y l  c y c l o h e x a n e  g r o u p s  t o  18C6 e n h a n c e s  Pb2+ 
t r a n s p o r t  g r e a t l y .  However, a d d i t i o n  of two benzene groups t o  18C6 
(Table  3) r e s u l t s  i n  reduced Pb2+ t r a n s p o r t  while  a d d i t i o n  of  one 
benzene group i n c r e a s e d  t r a n s p o r t  s l i g h t l y .  I n  Fig.  4 ,  t h e  a l r e a d y  
s i g n i f i c a n t  t r a n s p o r t  of Pb2+ i n  t h e  emulsion membrane w i t h  t h e  
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9f 

aa 

70 

U 
Q) 6a 

ICI 
L 
0 

S 
:: 5 0  

I 

n 

5 40 
N 
P 

$ 30 

20 

10 

0 

I 
0 

DCISCI 

/ o  I 

Time, min 

F i g .  3. ? l o t  of % Pb2+ t r a n s p o r t e d  E. time u s i n g  DC18C6, 
18C6, and d i - te r t -buty l -DC186 as  m a c r o c y c l e s  i n  a 
0.001 M ?b(NO3)2/0.003 M m a c r o c y c l e  i n  t o l u e n e /  
0.01 M LiqP207 e m u l s i o n  membrane. 
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90  

80 

7 0  

U 
Q, 60 
CI : 
n 

50 

(D 

c & 40 

h 
8 30 

L 

n 

20 

10  

0 

0 0 

2.2 DD 

2.2 

5 I 0  15 20 25 30 

l i m e ,  min 

6 7 1  

F i g .  4. P l o t  of % Pb2+ t r a n s p o r t e d  2. time us ing  2 . 2  
and 2.2DD a s  macrocycles i n  a 0.001 M Pb 
(N03)2/0.003 M macrocycle i n  toluene/O.Ol M 
LiqP207 emulsion membrane. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



6 1 2  IZATT ET AL. 

macrocycle 2 . 2  is  seen  t o  be enhanced by t h e  a d d i t i o n  of two d e c y l  
carbon cha ins .  

Both DC18C6 and di-tert-butyl-DC18C6 t r a n s p o r t  Pb2+ more r e a d i l y  
than  2.2 d e s p i t e  t h e  f a c t  t h a t  t h e  l o g  K f o r  Pb2+-2.2 i n t e r a c t i o n  
i s  higher  than t h a t  f o r  i n t e r a c t i o n  of Pb2+ with e i t h e r  of t h e  
o t h e r  macrocycles. The a d d i t i o n  of organic  s u b s t i t u e n t s  r a i s e s  t h e  
d i s t r i b u t i o n  c o e f f i c i e n t  ( s e e  Table  2 )  enough t o  overcome t h e  l o g  K 
disadvantage i n  t r a n s p o r t i n g  Pb2+. McDowell 5 g .  ( 1 4 )  e a r l i e r  
r e p o r t e d  t h a t  a d d i t i o n  of cyclohexo g r o u p s  t o  m a c r o c y c l e s  and 
f u r t h e r  a d d i t i o n  of branched a l k y l  groups reduces d i s t r i b u t i o n  t o  
aqueous phases. The increased  Pb2+ t r a n s p o r t  of 2.2DD over 2.2 is 
a l s o  a r e s u l t  of s i m i l a r  i n c r e a s e d  d i s t r i b u t i o n  i n t o  t o l u e n e  of 
2.2DD over 2.2.  The low l o g  K value f o r  Pb2+-DB18C6 i n t e r a c t i o n  
r e s t r i c t s  Pb2+ t r a n s p o r t  i n  t h i s  c a s e  d e s p i t e  t h e  f a c t  t h a t  t h e  
d i s t r i b u t i o n  c o e f f i c i e n t  f o r  DB18C6 is f a v o r a b l e  f o r  t r a n s p o r t  t o  
occur .  The l o g  K value f o r  Pb2+-B18C6 i n t e r a c t i o n  i s  lower than  
t h a t  f o r  Pb2+-18C6 i n t e r a c t i o n ,  b u t  i s  h i g h e r  than t h a t  f o r  
Pb2+-DB1 8C6 i n t e r a c t i o n .  The d i s t r i b u t i o n  c o e f f i c i e n t  f o r  B18C6, 
however, i s  more f a v o r a b l e  f o r  t r a n s p o r t  by s e v e r a l  o r d e r s  of  
magnitude over t h a t  f o r  18C6 caus ing  a s l i g h t  enhancement of t r a n s -  
p o r t .  

Effect of Macrocycle Ring Size and Ring Number 

I n  Fig.  5 and Table  3 ,  t h e  t r a n s p o r t  of Pb2+  is shown over  time 
us ing  12C4, 15C5, 18C6, 21C7, 2.2.1 and 2.2.2, r e s p e c t i v e l y .  The 
small amount of Pb2+ t r a n s p o r t e d  by 21C7, 18C6, 15C5, and 12C4 
appears  mainly a t t r i b u t a b l e  t o  l o w  d i s t r i b u t i o n  c o e f f i c i e n t s .  The 
d i s t r i b u t i o n  c o e f f i c i e n t  f o r  21C7 is expected t o  be l e s s  than t h a t  
f o r  18C6 s i n c e  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  was found t o  decrease  
with s i z e  f o r  t h e s e  s imple  crown e t h e r s .  No l o g  K value i s  known 
f o r  Pb2+-12C4 i n t e r a c t i o n .  The l o g  K va lues  f o r  Pb2+ i n t e r a c t i o n  
wi th  t h e  remaining crown e t h e r s  a r e  small which a l s o  i n h i b i t s  Pb2+ 
t r a n s p o r t .  Comparison of Pb2+ t r a n s p o r t  by t h e s e  f o u r  crown e t h e r s  
is d i f f i c u l t  a s  most d i f f e r e n c e s  i n  t h e  t r a n s p o r t  a r e  w i t h i n  
experimental  e r r o r .  I n h i b i t i o n  of Pb2+ t r a n s p o r t  wi th  2.2.1 o r  
2 .2 .2  is due t o  t h e  overwhelming aqueous d i s t r i b u t i o n  of t h e  two 
macrocycles .  Both 2.2.1 and 2.2.2 have l o g  K va lues  f o r  t h e i r  
c o m p l e x a t i o n  w i t h  Pb2+ t h a t  a r e  higher  than t h o s e  f o r  P207'- 
c o m p l e x a t i o n  w i t h  P b 2 +  c o n t r i b u t i n g  t o  i n h i b i t i o n  o f  P b 2 +  
t r a n s p o r t ,  Grea ter  Pb2+ t r a n s p o r t  by 2 . 2 . 1  over 2.2.2 i n d i c a t e s  
t h a t  i n  emulsion systems where m a c r o c y c l e - c a t i o n  i n t e r a c t i o n  
exceeds r e c e i v i n g  phase an ion-ca t ion  i n t e r a c t i o n  f o r  two d i f f e r e n t  
macrocycles wi th  s i m i l a r  d i s t r i b u t i o n  c o e f f i c i e n t s ,  t h e  macrocycle 
wi th  t h e  l a r g e r  l o g  K va lue  f o r  c a t i o n  i n t e r a c t i o n  w i l l  t r a n s p o r t  
t h e  c a t i o n  more r e a d i l y .  

CONCLUSION 
Resul t s  of t h i s  s t u d y  i n d i c a t e  t h a t  two c r i t e r i a  must be met i n  

o r d e r  t o  have e f f e c t i v e  macrocycle-mediated t r a n s p o r t  i n  t h e s e  
emulsion systems.  F i r s t ,  one m u s t  have e f f e c t i v e  p a r t i t i o n i n g  of 
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5 I 0  15 20 25 30 

Time, min 

Fig .  5. P l o t  of % Pb2+ t r a n s p o r t e d  E. time us ing  2.2.1,  
and 2.2.2 a s  macrocycles i n  a 0.001 M Pb(N03)2 
/ 0 . 0 0 3  M macrocycle  i n  toluene/O.Ol M Li4P207 
emulsion membrane. 

t h e  Pb2+ i n t o  t h e  t o l u e n e  membrane. The e f f e c t i v e n e s s  of t h i s  
p a r t i t i o n i n g  i s  g r e a t e s t  i f  t h e  l o g  K f o r  Pb2+-macrocycle  
i n t e r a c t i o n  is l a r g e  and i f  t h e  m a c r o c y c l e  i s  p r e f e r e n t i a l l y  
d i s t r i b u t e d  t o  t h e  organic  phase. Second, t h e  r a t i o  of t h e  l o g  K 
va lues  f o r  P b * + - P ~ 0 7 ~ -  t o  Pb2+-macrocycle i n t e r a c t i o n  m u s t  be  l a r g e  
enough t o  e n s u r e  q u a n t i t a t i v e  s t r i p p i n g  o f  t h e  P b 2 +  a t  t h e  
to luene- rece iv ing  phase i n t e r f a c e .  Cont ro l  of t h e  f i r s t  s t e p  can 
be o b t a i n e d  by a p p r o p r i a t e  s e l e c t i o n  of macrocycle donor atom, 
s u b s t i t u e n t s ,  and c a v i t y  r a d i u s .  The second s t e p  can be c o n t r o l l e d  
by s e l e c t i n g  t h e  proper  complexing agent  f o r  i n c l u s i o n  i n  t h e  
r e c e i v i n g  phase. The t r a n s p o r t  d a t a  i n  t h i s  s t u d y  provide a good 
i l l u s t r a t i o n  of t h e s e  p r i n c i p l e s .  For example, 2.2DD was most 
e f f e c t i v e  i n  t r a n s p o r t i n g  Pb2+.  This  macrocycle appears  t o  have 
t h r e e  d e s i r a b l e  f e a t u r e s .  I t  forms a s t a b l e  Pb2+ complex (assuming 
i t  binds Pb2+ a s  s t r o n g l y  a s  2 . 2 ,  Table l ) ,  i t  is p r e f e r e n t i a l l y  
d i s t r i b u t e d  t o  t h e  t o l u e n e  p h a s e  and i t s  Pb2+ complex i s  
cons iderably  less s t a b l e  than  i s  t h e  Pb2+-P2074- complex (Table  
1 ) .  On t h e  o t h e r  hand, t h e  s t a b i l i t y  of t h e  Pb2+-2.2.1 complex 
exceeds t h a t  of t h e  Pb2+-P2074- complex, 2.2.1 d i s t r i b u t e s  mainly 
i n t o  t h e  aqueous r e c e i v i n g  phase,  and l i t t l e  Pb2+ t r a n s p o r t  is seen 
d e s p i t e  t h e  l a r g e  l o g  K f o r  Pb2+-2.2.1 i n t e r a c t i o n .  
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E f f e c t i v e  t r a n s p o r t  can be enhanced i f  hydrophobic s u b s t i t u e n t  
groups are incorpora ted  on t h e  macrocycle. The proper s u b s t i t u e n t  
is one which makes t h e  macrocycle d i s t r i b u t e  p r e f e r e n t i a l l y  t o  t h e  
o r g a n i c  s o l v e n t .  The macrocycles DC18C6, di-tert-butyl-DC18C6, and 
2.2DD have a s s o c i a t e d  high Pb2* t r a n s p o r t  rates due t o  t h i s  e f f e c t .  
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