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SELECTIVE EXTRACTION OF Cu2+ AND Ag' I O N S  FROM SULFURIC A C I D  BY 
SYNERGISTIC COMBINATIONS OF TETRADENTATE T H I A  MACKOCYCLES WITH 
DIDODECYLNAPHTHALENE SULFONIC A C I D  

Bruce A.  Moyer, C u r t i s  L. Weste r f i e ld ,a  W. J .  McDowell, and 
G. N. Case 
C herni s t ry D i  v i s i  on 
Oak Ridge N a t i o n a l  Labora to ry  
Oak Ridge, TN 37831-6119 

ABSTRACT 

The aqueous - inso lub le  t h i a  macrocycles t e t r a t h i a -  
14-c rown-4 (TT14C4) and t e t r a t h i  a- 16-crown-4 
(TT16C4) s t rong1  and s e l e c t i v e l y  syne rg i ze  t h e  
e x t r a c t i o n  o f  C f t  and Ag+ i o n s  f rom aqueous 
s u l f u r i c  a c i d  s o l u t i o n s  by t h e  o r g a n o p h i l i c  
c a t i o n  exchanger d idodecy lnaphthalene s u l f o n i c  
a c i d  (HDDNS) i n  t o l u e n e  d i l u e n t .  Over a range o f  
s u l f u r i c  a c i d  c o n c e n t r a t i o n s ,  t h e  s e l e c t i v i t y  i s  
g i v e n  by t h e  o r d e r  Ag' > CuZt > MnZt, Fez+, Fe3+, 
CoZt, N i 2 + ,  and Zn2+, where synergism occurs o n l y  
f o r  Ag+ and CuZt. S e l e c t i v i t y  f a c t o r s  g r e a t e r  
t h a n  300 have been achieved f o r  Cu2' o v e r  u b i -  
q u i t o u s  Fe3+. The s y n e r g i s t i c  e x t r a c t i o n  o f  Cu2+ 
and Ag' was e x p l o r e d  as a f u n c t i o n  o f  s u l f u r i c  
a c i d  concen t ra t i on ,  r e l a t i v e  c o n c e n t r a t i o n  o f  
macrocyc le  vs. HDDNS, and 1 oading. 

INTRODUCTION -._I-_._- 

I n  r e c e n t  work (1,2), we have i n v e s t i g a t e d  t h e  s e l e c t i v i t y  o f  
rnac rocyc l i c  e t h e r s  as s y n e r g i s t s  f o r  t h e  cation-exchange e x t r a c -  
t i o n  o f  t h e  d i v a l e n t  f i r s t - r o w  t r a n s i t i o n  me ta l s  Mn2+ t o  Zn2+ f rom 

aundergraduate research  p a r t i c i p a n t  in t h e  Oak Ridge Science 
Semester Program sponsored by ORNL i n  a s s o c i a t i o n  w i t h  t h e  
Southern Co l l eges  and U n i v e r s i t i e s  Union. 
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1326 MOYER ET AL. 

n i t r i c  acid.a With the  use o f  t -bu ty l  cyclohexano-15-crown-5 
(tBC15C5) as the  synerg is t  f o r  e i t h e r  Versat ic ac id  (a high- 
mol ecul  ar-wei ght neo-carboxyl i c  ac id )  o r  didodecyl naphthalene 
s u l f o n i c  ac id  (HDDNS), s i g n i f i c a n t  synergism occurred only f o r  
Mn2+ and Zn2+, metal ca t i ons  w i t h  s h e r i c a l l  symmetric e lec t ron i c  
ground states.  
a l k a l i n e - e a r t h  cat ions,  which we have shown may be s t rong ly  
ex t rac ted  by s y n e r g i s t i c  combinations o f  ca t i on  exchangers and oxa 
crown e thers  o f  appropr ia te  s i z e  and s t ruc tu re  (1-8). 

Oxa crown ethers may be considered comparatively weak-f i e l d  
l igands ,  probably no t  much d i f f e r e n t  f rom, i f  not s l i g h t l y  weaker 
than, aquo l igands  i n  t h e i r  a b i l i t y  t o  s p l i t  the  d o r b i t a l s  ( 2 , 9 ) .  
Moreover, the  geometries o f  most o f  the  commonly ava i l ab le  crown 
ethers,  i nc lud ing  tBC15C5, seem i l l - s u i t e d  f o r  the  pre fer red  
o r thoax ia l  (pseudo octahedral ) geometry o f  many t rans i t ion-meta l  
complexes. Both o f  these fac to rs  would tend t o  decrease the  
1 igand-f i e l d  s t a b i l i z a t i o n  energy (LFSE) o f  crown-ether coor- 
d i n a t i o n  complexes o f  t h e  nonspher ica l l y  symmetric ca t ions  Fez+ t o  
Cu2+ and the re fo re  se lec t  against  these metal ca t ions  r e l a t i v e  t o  
ca t i ons  immune t o  changes i n  LFSE, namely, MnZt and Zn2+. 

behavior o f  macrocycl ic ex t rac tan ts  t h a t  have a more su i tab le  
1 igand-f  i e l d  s t rength  and geometry f o r  ex t rac t i on  o f  t r a n s i t i o n -  
metal  ca t i ons  having non-zero LFSE. I n  t h i s  regard, t e t raden ta te  
macrocycl ic t h i a  e thers  have proven t o  be a t t r a c t i v e  t o  us based 
on t h e  f o l l o w i n g  reasoning. F i r s t ,  publ ished l i g a n d - f i e l d  
spectrochemical c o r r e l a t i o n s  (10) show t h a t  l igands  based on amine 
o r  t h i a - e t h e r  donor groups have greater 1 igand-f i e l d  s t rength  than 
1 igands bonding through oyygen atoms. 
fea tu re  can p o t e n t i a l l y  accommodate t h e  needed 6-coordinateY 
pseudo-octahedral geometry, such t h a t  the  remaining two coordina- 
t i o n  s i t e s  could be occupied by anions t o  g i ve  a neut ra l  complex. 
Third,  t h e  weak b a s i c i t y  exh ib i t ed  by th ia -e thers  w i t h  respect t o  
p ro tona t ion  and hydrogen bonding (11-13) would be expected t o  
discourage compl icat ions stemming from loss  o f  t h e  macrocycle t o  
t h e  aqueous phase, a c i d  and water ex t rac t ion ,  and s t rong asso- 
c i a t i v e  i n t e r a c t i o n s  between t h e  macrocycl ic synerg is t  and the  
c a t i o n  exchanger. Such compl icat ions,  some o f  which have been 
encountered w i t h  the  macrocycl ic oxa-ethers (1-8), ser ious ly  l i m i t  
one's a b i l i t y  t o  charac ter ize  ex t rac t i on  e q u i l i b r i a ,  even 
employing computer-model i n g  techniques (14). 

I n  t h i s  respect, Mngt and Zn ?! behave l i k e  

I n  t h e  present work, we have begun t o  examine the  synerg i s t i c  

Second, the  te t radenta te  

aSince most aqueous metal ca t ions  discussed i n  t h i s  paper 
e x i s t  p r i m a r i l y  i n  t h e  form o f  t h e  simple aquo complexes, we w i l l  
f o r  convenience un i fo rmly  t r e a t  a l l  metal species as i f  t h i s  were 
t h e  case by us ing  Arabic superscr ip ts  t o  i n d i c a t e  both charge and 
o x i d a t i o n  state.  
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ll14C4 TT16C4 HT18C6 OT28C8 

Fig. 1. Macrocycl ic Thia Ethers Used i n  Solvent Ex t rac t i on  
Research. For sho r t  abbreviat ions,  t he  "crown" system has been 
employed. Thus, TT14C4 i s  tetrathia-14-crown-4, TT16C4 i s  
tetrathia-16-crown-4, HT18C6 i s  hexathia-18-crown-6, OT28C8 i s  
octathia-28-crown-8, R1R DBDT18C6 i s  the  se t  of d ibenzodi th ia- 
18-crown-6 compounds w i t f  var ious a l k y l  subst i tuents,  BTT15C4 i s  
benzotetrathia-15-crown-4, and HPABTT15C4 i s  t he  i on i zab le  macro- 
c y c l e  p i c r y l  ami nobenzotetrathi  a- 15-crown-4. 

By reference t o  the  hard-soft-acid-base (HSAB) c l a s s i f i c a t i o n  
system (11) 
would be expected t o  lead t o  s t rong adducts w i th  " s o f t "  metal ions 
l i k e  Agt, Aut, Cut, Pdzty and Hg2+. Not surpr is ' ing ly ,  monofunc- 
t i o n a l  t h i a  e thers  have found s i g n i f i c a n t  app l i ca t i on  as strong, 
s e l e c t i v e  ex t rac tan ts  i n  t h e  concentrat ion and ana lys is  o f  such 
metals 15). I n  t h i s  connection, it may be noted t h a t  AS+, Au+, 
Cu+, H&+, and Pd2+ ions  o r d i n a r i l y  possess low coord ina t ion  num- 
be rs  (11) and accord ing ly  ge t  ex t rac ted  by monodentate t h i a  ethers 
as species conta in ing  o n l y  one o r  two sul fur-donor l igands  (15). 

By progressing t o  macrocycl ic t h i a  ethers such as those 
dep ic ted  i n  Fig. 1, i t  i s  genera l l y  hoped t o  opt imize s e l e c t i v i t y  
by appealing t o  t h e  geometrical coord ina t ion  requirements of a 

t h e  " s o f t "  charac ter  of the th ia -e the r  donor group 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1328 MOYER ET A L .  

g i v e n  metal.  
r e s u l t s  u s i n g  t h e  macrocyc les shown i n  Fig. 1. A w i d e l y  
recogn ized  f e a t u r e  o f  t h e  c o o r d i n a t i o n  chemist ry  o f  some t h i a  
macrocyc les i s  t h e  a b i l i t y  t o  assume an exodentate (i.e., " i n s i d e -  
o u t " )  con fo rma t ion  as shown i n  t h e  s t r u c t u r e s  o f  (NbC15)2(TT14C4) 
( 2 7 )  and p u r e  c r y s t a l l i n e  TT14C4 (28 ) .  
u n s u b s t i t u t e d  t h i a  crowns, t h e  b a s e l i n e  s e l e c t i v i t y  i n  e x t r a c t i o n  
may be expected t o  q u a l i t a t i v e l y  resemble t h a t  o f  t h e  monofunc- 
t i o n a l  t h i a  e the rs .  As shown i n  Table I, t h e  macrocyc les indeed 
s e l e c t  some o r  a l l  o f  t h e  me ta l  i o n s  Agt, A d + / + ,  Cut, Pd2+, and 
Hg2+ o v e r  Group I and I 1  meta l  i o n s  p l u s  t h e  d i v a l e n t  f i r s t - r o w  
t r a n s i t i o n  meta l  i o n s  Mn2+ t o  Zn2+. It has been p o i n t e d  o u t  t h a t  
t h e  d e c i s i v e  f a c t o r  i n  p roduc ing  t h i s  s e l e c t i v i t y  f o r  s o f t  me ta l s  
i s  t h e  presence o f  t h e  t h i a - e t h e r  donor group (24). Some 
v a r i a t i o n  i n  t h e  s e l e c t e d  s o f t  me ta l s  i n  Table I p r o v i d e s  an i n d i -  
c a t i o n  t h a t  t h e  s e l e c t i v i t y  w i t h i n  t h e  s o f t - m e t a l  c l a s s  may be 
c o n t r o l l e d  th rough  macrocyc le s t r u c t u r e .  

A l though  a l l  o f  t h e  d i v a l e n t  c a t i o n s  Fez+ t o  Znzt have been 
c l a s s i f i e d  as " b o r d e r l i n e "  Lewis a c i d s  i n  t h e  HSAB c l a s s i f i c a t i o n  
system ( l l ) ,  o n l y  Cu2+ has been found t o  be e x t r a c t a b l e  by any o f  
t h e  m a c r o c y c l i c  t h i a  e t h e r s  (Tab le  I). Furthermore, of t h e  t h i a  
rnacrocycl es t r i e d ,  o n l y  t e t  r a t h i  a- 14-c rown-4 (TT14C4) has been 
shown t o  e x t r a c t  Cu2+, though t h e  e x t r a c t i o n  i s  weak by comparison 
w i t h  t h e  s o f t  metals. Probably  because t h e  s o f t e r  Cu+ c a t i o n  i s  
t h e  more e x t r a c t a b l e  fo rm o f  copper u s i n g  t h i a  macrocycles, CuZt 
has n o t  r e c e i v e d  much a t t e n t i o n .  However, i n  s i t u a t i o n s  where i t  
i s  d e s i r a b l e  t o  separa te  copper  f rom s o l u t i o n s  c o n t a i n i n g  h i g h  
c o n c e n t r a t i o n s  o f  r e d u c i b l e  c a t i o n s  l i k e  Fe3+, e x t r a c t i o n  o f  
copper  as  Cu2+ would c l e a r l y  be advantageous. 

I n  homogeneous aqueous s o l u t i o n ,  complexat ion cons tan ts  i n  
t h e  range 160 t o  21,800 !I-1 i n  0.1 M HCl04 a t  25 "C ( 2 9 )  i n d i c a t e  
f a v o r a b l e  c o o r d i n a t i o n  o f  Cu2+ i o n  by c e r t a i n  t h i a  macrocycles. 
I n  a s e r i e s  o f  t e t r a d e n t a t e  m a c r o c y c l i c  t h i a  e t h e r s  o f  v a r i o u s  
s i z e s ,  TT14C4 gave t h e  inaxirnum complexat ion cons tan t  w i t h  C&, 
F o r  t h e  i s o l a t e d  compound Cu(TT14C4)(C104)2, an X-ray s t r u c t u r e  
d e t e r m i n a t i o n  showed t h e  c e n t r a l l y  coo rd ina ted  Cu2+ c a t i o n  t o  l i e  
i n  t h e  p l a n e  o f  f o u r  e q u i d i s t a n t  s u l f u r  donor atoms w i t h  t h e  
p e r c h l o r a t e  an ions  occupying t h e  a x i a l  c o o r d i n a t i o n  s i t e s  i n  mono- 
d e n t a t e  f a s h i o n  (30). On t h e  b a s i s  o f  t h e  aqueous complexat ion 
c o n s t a n t s  and X-ray s t r u c t u r a l  r e s u l t s ,  TT14C4 i s ,  i n  f a c t ,  
t h o u g h t  t o  rep resen t  an optimum l i g a n d  geometry f o r  t h e  coor-  
d i n a t i o n  o f  Cu2+ (29) .  
e x p l o i t  t hese  f a v o r a b l e  p r o p e r t i e s  o f  TT14C4 f o r  s e p a r a t i n g  Cuzt 
i o n s  f rom aqueous s o l u t i o n s .  

L i k e  t h e  m a j o r i t y  o f  e x t r a c t i o n  systems employ ing crown 
e t h e r s  (31) ,  t h e  cases c i t e d  i n  Table I r e l y  m o s t l y  on t h e  co- 
e x t r a c t i o n  o f  an ions f r o m  t h e  aqueous phase. 
e x t r a c t a b i l i t y  o f  me ta l  c a t i o n s  i s  h i g h l y  medium dependent, and 

Table I summarizes t h e  r e p o r t e d  s o l v e n t  e x t r a c t i o n  

Thus, a t  l e a s t  f o r  t h e  

Thus, i t  i s  reasonable t o  propose t o  

I n  such cases, t h e  
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o f t e n  l a r g e ,  p o o r l y  hyd ra ted  anions l i k e  p i c r a t e  must be used t o  
e f f e c t  t h e  e x t r a c t i o n .  By c o n t r a s t ,  use o f  macrocycles as 
s y n e r g i s t s  f o r  o r g a n o p h i l i c  c a t i o n  exchangers a l l o w s  f o r  s t rong ,  
s e l e c t i v e  e x t r a c t i o n  w i t h o u t  t h e  n e c e s s i t y  t o  t r a n s f e r  aqueous 
an ions  (1-8) .  One of t h e  systems l i s t e d  i n  Table I, i n  f a c t ,  
employs d i - 2 - e t h y l  hexy l  phosphor ic  a c i d  (HDEHP) as  t h e  c a t i o n  
exchanger f o r  Ag+ e x t r a c t i o n  synerg i zed  by a l k y l - s u b s t i t u t e d  
dibenzodithia-18-crown-6 (R1R2DBDT18C6). I n  t h e  case o f  
p i c r y l  am inobenzo te t ra th i  a- 15-c rown-4 (HPABTT15C4), t h e  macrocycl e 
i n c o r p o r a t e s  t h e  cat ion-exchan e f e a t u r e  i n  an i o n i z a b l e  s i d e  

shown i n  Table I, however, n e i t h e r  R 1 R  DBDT18C6-HDEHP nor  
HPABTT15C4 seem t o  be good candidates f o r  t h e  s e l e c t i v e  e x t r a c t i o n  
o f  Cu2+, e s p e c i a l l y  i n  v iew  o f  t h e  h y d r o l y s i s  problems t h a t  would 
l i k e l y  b e  encountered f o r  o t h e r  c a t i o n s  l i k e  Fe3+ t h a t  may be 
p r e s e n t  a t  t h e  pH va lues  r e q u i r e d  f o r  e x t r a c t i o n .  

As a t e s t  o f  t h e  reasoning g i ven  above, i t  was f i r s t  our  
o b j e c t  t o  survey t h e  e x t r a c t i o n  behavior  and s e l e c t i v i t y  o f  TT14C4 
and TT16C4 as s y n e r g i s t s  f o r  HDDNS i n  t h e  e x t r a c t i o n  o f  t h e  d i v a -  
l e n t  f i r s t - r o w  t r a n s i t i o n  me ta l s  Mn2+ t o  Zn2+. The cho ice  o f  
HDDNS as an economical c a t i o n  exchanger p rov ides  a comparison w i t h  
p r e v i o u s  d a t a  (1,Z) u s i n g  t h e  oxa-crown e t h e r s  as s y n e r g i s t s  f o r  
HDDNS; i n  a d d i t i o n ,  HDDNS a l l o w s  c a t i o n  exchange t o  t a k e  p l a c e  
under  h i g h l y  a c i d i c  c o n d i t i o n s  where meta l  i o n  h y d r o l y s i s  and pH 
c o n t r o l  p r e s e n t  l i t t l e  d i f f i c u l t y  and where impor tan t  p o s s i b l e  
a p p l i c a t i o n s  e x i s t .  We v iew t h e  r e l a t i v e l y  l ow  s e l e c t i v i t y  o f  
HDDNS and o t h e r  s u l f o n i c  a c i d s  as advantages i n  ou r  s t u d i e s  o f  
synerg ism because o f  t h e  g r e a t e r  degree o f  c o n t r o l  o f  t h e  f i n a l  
s e l e c t i v i t y  t h a t  can b e  gained by m a n i p u l a t i o n  of macrocyc le 
s t r u c t u r e .  Upon f i n d i n g  good s e l e c t i v i t y  f o r  Cu2+, we extended 
t h e  s tudy  t o  i n c l u d e  t h e  me ta l s  As+ ( p o s s i b l e  co-product  expected 
f r o m  Table I t o  b e  s t r o n g l y  e x t r a c t e d )  and Fe3+ (major  i m p u r i t y  i n  
many a p p l i c a t i o n s )  and t o  i n c l u d e  a w ide r  range of c o n d i t i o n s  
under  which these  systems c o u l d  be e x p l o i t e d  f o r  u s e f u l  separa- 
t i o n s .  

group f o r  t h e  e x t r a c t i o n  o f  Ag 9 and Cu+. Based on t h e  r e s u l t s  

EXPERIMENTAL SECTION - ------- 

Chemical s 
----I_ 

The s t r u c t u r e  and p u r i f i c a t i o n  of HDONS (d idodecy lnaphthalene 
s u l f o n i c  a c i d )  were desc r ibed  p r e v i o u s l y  (2).  TT14C4 and TT16C4 
(F ig .  1) were purchased f rom A l d r i c h  Chemical Company (nominal 95% 
and 97% p u r i t i e s ,  r e s p e c t i v e l y ) .  Both compounds were r e c r y s t a l -  
l i z e d  f rom m i x t u r e s  o f  e t h y l  a c e t a t e  and pe t ro leum e t h e r  t o  reisove 
s l i g h t  i m p u r i t i e s .  
matographic  t e s t s  (one spo t  de tec ted  u s i n g  s i l i c a  p l a t e s ,  e t h y l  

Good p u r i t y  was i n d i c a t e d  by t h i n - l a y e r  chro- 
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a c e t a t e  e l u t i o n ,  Br2 d e t e c t i o n )  and by t h e  agreement o f  t h e  
m e l t i n g  p o i n t s  w i t h  l i t e r a t u r e  values (32) .  

( f i r s t  ove r  KMn04). 
L a b o r a t o r i e s )  was o f  "spect ro-grade"  qual  i ty .  
were o f  " reaget i t -grdde"  qual  i t y .  

E q u i l i b r a t i o n  and Measurement Techniques 

d e s c r i b e d  p r e v i o u s l y  ( 2 ) ;  t h e  Ag t r a c e r  used he re  was 11oAg. 
t r a c e r s  had been conver ted  b e f o r e  use t o  t h e  n i t r a t e  o r  s u l f a t e  
s a l t s  as app rop r ia te .  

Water was doub ly  d i s t i l l e d  i n  a b o r o s i l i c a t e - g l a s s  apparatus 
The t o l u e n e  d i l u e n t  (Bu rd i ck  and Jackson 

A1 1 o t h e r  chemicals  

- ___ - -- - . - - - -- - - - - - - __ __ -_ - - I - ___ - - 

The t r a c e r s  and s c i n t i l  l a t i o n - c o u n t i n g  techn iques  have been 
The 

I n  a l l  e q u i l i b r a t i o n s ,  t o l u e n e  was employed as t h e  o rgan ic  
d i l u e n t .  Except as no ted  f o r  c e r t a i n  cases, t h e  volume r a t i o  o f  

v 
s a l t s  

t h e  two phases was g e n e r a l l y  1, and t h e  me ta l s  were i n i t i a l  
p r e s e n t  i n  t h e  aqueous phase. Trace concen t ra t i ons  o f  meta 
were employed except  i n  l o a d i n g  s tud ies .  A1 1 d i s t r i b u t i o n  
measurements were conducted f o r  each meta l  separa te l y ;  i .e. 
system con ta ined  o n l y  a s i n g l e  meta l  s a l t  a t  a t ime.  

each 

Four  c o n t a c t i n g  methods were employed. These i n c l u d e d  (a)  
r o c k i n g  t h e  two phases g e n t l y  (no d i s p e r s i o n )  i n  a s e p a r a t o r y  fun-  
n e l  i n  a t h e r t n o s t a t t e d  w a t e r  b a t h  a t  25.0 * 0.1 "C, (b)  g e n t l y  
s t i r r i n g  t h e  phases (no  d i s p e r s i o n )  i n  capped c o n t a i n e r s  i n  a 
t h e n n o s t a t t e d  a i r  box a t  25.0 f 0.3 " C ,  ( c )  d i s p e r s i n g  t h e  two 
phases i n  capped v i a l s  u s i n g  an end-over-end t u m b l i n g  mo t ion  a t  
ambient  t empera tu re  (23  +- 2 "C) ,  and (d )  b u b b l i n g  N2 gas i n  a 
ven ted  v i a l  c o n t a i n i n g  t h e  two phases a t  ambient temperature f o r  
1 5  min (Fe2+ e x t r a c t i o n  t e s t s  on ly) .  I n  t h e  t h i r d  method (used 
predorn inant ly  t h roughou t  t h i s  work), we employed a u n i f o r m  con- 
t a c t i n g  t i m e  o f  30 min, shown by time-dependence s t u d i e s  t o  be 
adequate t o  ach ieve  e q u i l i b r i u m  i n  t h e  e x t r a c t i o n  o f  any o f  t h e  
m e t a l s  examined f r o m  s u l f u r i c  ac id .  
measured me ta l  d i s t r i b u t i o n  c o e f f i c i e n t s  (DM) were, i n  f a c t ,  
s t a b l e  f o r  days w i t h i n  exper imen ta l  e r r o r  (215%) and were n o t  
n o t i c e a b l y  s e n s i t i v e  t o  room l i g h t  as shown by p a r a l l e l  dark 
t e s t s .  

Under these c o n d i t i o n s ,  t h e  

No v i s i b l e  p r e c i p i t a t i o n  problems were encountered i n  any o f  
t h e  s y n e r g i s t i c  systems u s i n g  s u l f u r i c  a c i d  as t h e  aqueous phase, 
However, some c l o u d i n e s s  appeared i n  t h e  o rgan ic  phase when 
CH2SOqlaq < 0.1 M y  presumably because o f  i n s u f f i c i e n t  i o n i c  
s t r e n g t h  f o r  good coalescence; i n  such instances,  t h e  c loud iness  
was removed by c e n t r i f u g a t i o n .  Checks were made f o r  l o s s  o f  t h e  
t r a c e r  t o  a d s o r p t i o n  o r  p r e c i p i t a t i o n  phenomena, b u t  i t  was, w i t h  
two excep t ions ,  p o s s i b l e  t o  account (215%) f o r  a l l  o f  t h e  i n i t i a l  
a c t i v i t y  i n  t h e  system as b e i n g  d i s t r i b u t e d  between t h e  two homo- 
geneous l i q u i d  phases. The excep t ions  i n c l u d e d  t h e  use o f  e i t h e r  
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macrocyc le  a lone  and t h e  use o f  n i t r i c  a c i d  as t h e  aqueous phase; 
i n  b o t h  cases, s i g n i f i c a n t  loss o f  a c t i v i t y  was encountered. 

_ _ _ ~  RESULTS AND DISCUSSION 

D i  s t r i  b u t  i o n  o f  Macrocyc les 

TT14C4 and TT16C4 between t o l u e n e  and wa te r  was conducted by 
e q u i l i b r a t i n g  s o l u t i o n s  o f  each macrocycle w i t h  l a r g e  volumes o f  
water ,  e v a p o r a t i n g  a l i q u o t s  o f  t h e  e q u i l i b r a t e d  s o l v e n t ,  and 
w e i g h i n g  t h e  res idue.  The t o l u e n e  s o l u t i o n s  i n i t i a l l y  con ta ined  
0.05 M macrocyc le and were rocked g e n t l y  f o r  app rox ima te l y  18 h a t  
25 "C w i t h  wa te r  a t  aqueous-to-organic volume r a t i o s  v a r y i n g  f rom 
1 t o  100. No loss of t h e  macrocyc les t o  wa te r  c o u l d  be de tec ted  
w i t h i n  t h e  u n c e r t a i n t y  o f  t h e  method, i n d i c a t i n g  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  (DB = [B$,rg/[B]a ) f o r  e i t h e r  macrocyc le (B) 
must  b e  g r e a t e r  t h a n  1 x 1 0  . By reTerence t o  p r e v i o u s  measure- 
ments (6,7), o u r  p resen t  r e s u l t s  i n d i c a t e  t h a t  t h e  t h i a  macro- 
c y c l e s  e x h i b i t  c o n s i d e r a b l y  g r e a t e r  h y d r o p h o b i c i t y  t han  r e l a t e d  
m a c r o c y c l i c  oxa e the rs ,  even compared t o  crowns hav ing  added a l k y l  
s u b s t i t u e n t  groups. 
p r o p e r t y  may be t h e  weaker a b i l i t y  (13) o f  t h e  s u l f u r  atoms t o  
engage i n  hydrogen bonding. 
c y c l e s  i n  aqueous media has been documented p r e v i o u s l y  (29).  

E x t r a c t i o n  o f  Me ta l s  f r o m  N i t r i c  A c i d  

To f a c i l i t a t e  d i r e c t  comparison o f  r e s u l t s  w i t h  e a r l i e r  d a t a  
r e p o r t e d  (1,2) f o r  t h e  oxa-ether  macrocycles, i t  was o u r  o r i g i n a l  
p l a n  t o  e x t r a c t  t r a c e r  q u a n t i t i e s  of meta ls  from 0.1-0.5-M aqueous 
n i t r i c  a c i d  u s i n g  t o l u e n e  s o l u t i o n s  c o n t a i n i n g  0.05 M macrocyc le 
p l u s  0.1 M HDDNS. A1 though n e i t h e r  TT14C4 n o r  TT16C6 synerg i zed  
t h e  e x t r a c t i o n  o f  SrZ+,  M d t ,  N i z t ,  Co2+, o r  Zn2' i o n s  under these  
c o n d i t i o n s ,  s i g n i f i c a n t  synerg ism was encountered i n  t h e  e x t r a c -  
t i o n  o f  ASt. However, severe problems w i t h  t h e  r e p r o d u c i b i l i t y  o f  
t h e  measured Ag+ d i s t r i b u t i o n  c o e f f i c i e n t s  @Ag) l e d  t o  an exami- 
n a t i o n  o f  DA as a f u n c t i o n  o f  t ime.  
f r o m  0.3 M n y t r i c  a c i d  u s i n g  0.05 M macrocyc le p l u s  0.1 M HDDNS 
( s l o w  s t i r r i n g  a t  25 "C) ,  DAg was w e l l  i n  excess of 1000 a f t e r  19 
h o f  c o n t a c t i n g  u s i n g  e i t h e r  TT14C4 o r  TT16C4 as t h e  s y n e r g i s t .  
Over t h e  cou rse  o f  5 d, t h e s e  va lues plummeted approx ima te l y  2 
o r d e r s  o f  magnitude, approaching t h e  v a l u e  14 measured u s i n g  0.1 M 
HDDNS w i t h o u t  added macrocycle. The apparent l o s s  o f  synergism 
was accompanied by  t h e  appearance o f  w h i t e  i n t e r f a c i a l  p r e c i p i t a -  
t e s .  
aqueous n i t r i c  a c i d  c o n c e n t r a t i o n s  t e s t e d  (0.1 t o  0.5 M). 
A1 though t h e  p r e c i p i t a t e s  were n o t  analyzed, t h e y  p robab ly  may be 
a t t r i b u t e d  t o  t h e  n i t r i c  ac id - i nduced  decomposi t ion o f  t h e  

--___-- ~ - L - - I - ~ - . -  - 
A p r e l i m i n a r y  t e s t  o f  t h e  d i s t r i b u t i o n  o f  t h e  macrocyc les 

One f a c t o r  c o n t r i b u t i n g  t o  t h i s  advantageous 

Weak s o l v a t i o n  o f  f r e e  t h i a  macro- 

-- -~ -I_-- 

I n  t h e  e x t r a c t i o n  o f  Agt 

The p r e c i p i t a t e s  were observed ove r  t h e  e n t i r e  range o f  
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SELECTIVE EXTRACTION OF IONS FROM SULFURIC ACID 1333 

macrocyc les because (a )  t h e  p r e c i p i t a t e s  occur  even when no meta l  
i s  presen t ,  and (b) no p r e c i p i t a t e  forms when u s i n g  0.1 M HDDNS 
a lone  o r  when u s i n g  d i l u t e  s u l f u r i c  a c i d  i n s t e a d  o f  n i t r i c  ac id .  
Some tendency toward o x i d a t i o n  was noted p r e v i o u s l y  (15) as a 
p o t e n t i a l  problem i n  t h e  use o f  monofunct ional  t h i a - e t h e r  e x t r a c t -  
an ts .  Indeed, t h e  n i t r i c  a c i d  o x i d a t i o n  o f  t h i a  e t h e r s  rep resen ts  
a known s y n t h e t i c  method f o r  p r e p a r i n g  t h e  co r respond ing  a l k y l  
s u l f o x i d e s  (33). 
( T a b l e  I )  were ob ta ined  u s i n g  n i t r i c  a c i d  media, b u t  t h e  s t a b i l i t y  
o f  t h e  macrocyc le was n o t  discussed. 

E x t r a c t i o n  S e l e c t i v i t y  f rom S u l f u r i c  A c i d  

D i s t r i b u t i o n  d a t a  f o r  t h e  e x t r a c t i o n  of t h e  d i v a l e n t  meta ls  
Mn2+ t o  Zn2+ p l u s  Fe3+ f r o m  aqueous s u l f u r i c  a c i d  s o l u t i o n s  a r e  
g i v e n  i n  Table 11. U n l i k e  t h e  n i t r i c  a c i d  systems, t h e  s u l f u r i c  
a c i d  systems g i v e  r e p e a t a b l e  and s t 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  
a f t e r  a 15-30-min e q u i l i b r a t i o n  t i m e  (end-over-end c o n t a c t i n g ) .  
Measurements n o t  1 i s t e d  i n  t h e  t a b l e  showed t h a t  n e i t h e r  macro- 
c y c l e  used a lone  (0.05 M) i s  capable o f  e x t r a c t i n g  any o f  t h e  
m e t a l s  s i g n i f i c a n t l y  above t h e  d e t e c t a b i l i t y  l i m i t s  o f  t h e  
s c i n t i l l a t i o n - c o u n t i n g  techn iques  used here (i.e., DM < 5 x 10-4). 
On t h e  o t h e r  hand, Table I 1  shows t h a t  t o l u e n e  s o l u t i o n s  con- 
t a i n i n g  o n l y  0.1 M HDDNS e x h i b i t  a l i m i t e d  and e s s e n t i a l l y  non- 
s e l e c t i v e  a b i l i t y  t o  e x t r a c t  t h e  d i v a l e n t  f i r s t - r o w  meta l  c a t i o n s  
f ro in  d i l u t e  s u l f u r i c  ac id .  A s i m i l a r  obse rva t i on  was made f o r  
e x t r a c t i o n  o f  t hese  me ta l s  by HDDNS f rom n i t r i c  a c i d  ( 1 , Z ) .  The 
f a l l o f f  i n  DM w i t h  i n c r e a s i n g  a c i d i t y  f o l l o w s  f rom normal rnass- 
a c t i o n  p r i n c i p l e s  and i s  c o n s i s t e n t  w i t h  cation-exchange 
e q u i  1 i b r i  a (34) .  

F i g u r e  2 dramat izes t h e  f a c t  t h a t ,  o f  t h e  d i v a l e n t  meta l  i ons  
Mn2+ t o  Zn2+, o n l y  t h e  e x t r a c t i o n  o f  Cu2+ i s  syne rg i zed  by t h e  
macrocycles. S ince DmcU appears t o  be independent o f  t h e  a d d i -  
t i o n  o f  e i t h e r  macrocyc le t o  HDDNS, i t  seems l i k e l y  t h a t  even 
b e t t e r  s e l e c t i v i t y  f o r  Cu2+ c o u l d  be ob ta ined  by r a i s i n g  
[macrocyc le]  r e l a t i v e  t o  [HDDNS]. I n  terms o f  t h e  d imension less 
" s y n e r g i s t i c  c o e f f i c i e n t "  S ( d e f i n e d  i n  t h e  usual  way as t h e  meta l  
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  t h e  s y n e r g i s t i c  system d i v i d e d  by t h e  
sum o f  me ta l  d i s t r i b u t i o n  c o e f f i c i e n t s  corresponding t o  t h e  two 
s e p a r a t e  e x t r a c t a n t s  a c t i n g  independent ly) ,  t h e  s y n e r g i s t i c  
enhancement o f  t h e  Cu2' e x t r a c t i o n  f rom 0.3 M H2SO4 i s  740 and 100 
f o r  TT14C4 and TT16C6, r e s p e c t i v e l y .  As shown below, S can be 
i n c r e a s e d  f o r  t r a c e r - l e v e l  e x t r a c t i o n  o f  Cu2+ by employ ing t h e  
more optimum 1:l r a t i o  o f  [macrocycle] t o  [HDDNS]. 
v i o u s l y  s t u d i e d  systems i n v o l v i n g  combinat ions o f  oxa crown e t h e r s  
and c a t i o n  exchangers such as HDDNS (1,2,35,36), t h e  p resen t  com- 
b i n a t i o n s  o f  t h i a  macrocyc les w i t h  HDDNS show no a n t a g o n i s t i c  
e f f e c t s  f o r  any o f  t h e  m e t a l s  examined. Th is  may be a t t r i b u t a b l e  
t o  t h e  weak a b i l i t y  o f  t h e  s u l f i d e  donor group t o  accept hydrogen 
bonds (13) and the reby  a s s o c i a t e  w i t h  HDDNS. 

Recent e x t r a c t i o n  r e s u l t s  (24)  f o r  RlRzDBDT18C6 

---I_---_------------ -I--- ---- 
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SELECTIVE EXTRACTION OF IONS FROM SULFURIC ACID 1335 

T T 4 4 C 4  f HDDNS 
I \  

I \  
I \  
1 1  
I \  
I \  

I 

\ I 
I 

I 
I 

I 
I 
I \ 
I .  I 

\ 

' I  

TT46C4 + 

HDONS 

\-  
1 

4 0' I 
Mn2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+ 

DIVALENT FIRST- ROW METAL 

Fig.  2. S e l e c t i v i t y  o f  S y n e r g i s t i c  Combinations o f  M a c r o c y c l i c  
T h i a  E the rs  and HDDNS. Three d i s t r i b u t i o n  c o e f f i c i e n t s  a r e  
p l o t t e d  f o r  each d i v a l e n t  meta l  u s i n g  t h e  f o l l o w i n g  s o l v e n t s  
( t o l u e n e  d i l u e n t ) :  (--) - 0.1 M HDDNS, (---) - 0.05 M TT16C4 + 

Cond i t i ons :  0.3 M H2SO4 c o n t a i n i n g  t r a c e r - l e v e l  m e t a l s  as i n i -  
t i a l  aqueous phase and end-over-end c o n t a c t i n g  a t  23 t 2 "C. 

0.1 M HDDNS, and (-----) - 0.05 M TT14C4 + 0.1 M HDDNS. 
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1336 MOYER ET A L .  

I I I I I I l l [  1 I I I I I l l 1  I I I I I I I ~  

HDDNS ALONE- 

40-3 I I I 1 1 1 1 1 1 1  I I I 1 1 1 1 1 1  I I 1 l 1 1 1  

0.0 1 0.1 4.0 40 
[“2S04] 

Fig. 3. 
E x t r a c t i o n .  (0) - 0.1 M HDDNS; ( A )  - 0.05 M TT16C4 t 0.1 M HDDNS; 
( 0 )  - 0.05 M TT14C4 + 0.1 M HDDNS. Cond i t i ons :  me ta l s  a t  t r a c e r  
c o n c e n t r a t i o n s  and end-over-end c o n t a c t i n g  a t  23 f. 2 “C. 

E f f e c t  o f  S u l f u r i c - A c i d  Concen t ra t i on  on CuZt 

Cuz+ and Ag+ E x t r a c t i o n  Behavior  

To su rvey  some o f  t h e  c o n d i t i o n s  under which synergism pre-  
v a i l s  and t o  e v e n t u a l l y  understand t h e  c o n t r o l l i n g  e q u i l i b r i a ,  we 
have begun t o  e x p l o r e  t h e  s y n e r g i s t i c  e x t r a c t i o n  o f  CuZt and Agt 
as  a f u n c t i o n  o f  l oad ing ,  i n i t i a l  aqueous HzSO4, and t h e  r a t i o  
[macrocyc le] /  ( [macrocycle] + [HDDNS]). St rong synergism over  a 
wide range o f  i n i t i a l  s u l f u r i c  a c i d  c o n c e n t r a t i o n s  i n  t h e  c x t r a c -  
t i o n  o f  t r a c e - l e v e l  Cu2+ and Agt i s  e v i d e n t  i n  F igs.  3 and 4. I n  

_.I___ __ __-_--I-- 
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SELECTTVE EXTRACTION OF IONS FROM SULFURIC ACID 1337 

- - - 
1 I I I I 1 1 1 1  I 1 I 1 I I l l 1  I I I I I I l l  

+\\ i 
HDDNS + TT44C4 

W 

U 

z 
0 O '0° 1 

40-4 40-3 L . _  
0.0 I 0.1 4 .O 10 

F ig .  4. 
(0) - 1.0 x M HDDNS; ( A )  - 1.0 x M TT16C4 + 1.0 x M 
HDDNS; (a) - 1.0 x M TT14C4 -k 1.0 x M HDDNS. 
C o n d i t i o n s :  me ta l s  a t  t r a c e r  concen t ra t i ons  and end-over-end con- 
t a c t i n g  a t  2 3 t  2 "C. 

E f f e c t  o f  S u l f u r i c - A c i d  Concen t ra t i on  on Ag' E x t r a c t i o n .  

t h e s e  exper iments ( p l u s  t hose  i n  Fig. 2 and Table XI), t h e  2 : l  and 
1:l r a t i o s  o f  HDDNS vs. macrocyc les were chosen t o  r e f l e c t  t h e  
r e s p e c t i v e  i d e a l i z e d  ( i  .e., p o s s i b l y  f i c t i t i o u s )  s t o i c h i o m e t r i e s  
Cu(macrocyc1e) (DDNS)z and Ag(macrocyc1e) (DDNS) a t  maxiinurn loading.  
As expected f rom l i t e r a t u r e  d a t a  (Table I ) ,  Ag' ge ts  e x t r a c t e d  
more s t r o n g l y  t h a n  CuZt, and we t h e r e f o r e  employed lower  reagent  
c o n c e n t r a t i o n s  f o r  Ag+. F i g u r e  3 shows t h a t ,  o v e r  most o f  t h e  
u s e f u l  range o f  i n i t i a l  s u l f u r i c  a c i d  concen t ra t i ons ,  t h e  sma l le r  
macrocyc le  TT14C4 e x h i b i t s  t h e  s t r o n g e r  synergism i n  t h e  e x t r a c -  
t i o n  o f  Cu2+, i n  p a r a l l e l  w i th  t h e  h i g h e r  Cu2' complexat ion 
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1338 MOYER ET A L .  

Table 111. R e v e r s i b i l i t y  o f  Cu2' E x t r a c t i o n  f rom S u l f u r i c  Acida 

So 1 vent  
Aqueous 

Phase DCU 

0.0% TT14C4 + 0.1M HDDNS 1.5M HzSO4 __ 
1.5M H2SO4 + l l 0 C u  t r a c e r  100 
1.5M HzSO4 91 
6.OM H2SO4 0.22 

0.3M H2SO4 t l10Cu t r a c e r  
0.05M TT16C4 + 0.1M HDDNS 0.3M HzSO4 - 

1.5M HzSO4 1.9 

11 
0.3M HzSO4 14 

-----------.------.---.--_____I_____--______________ 

aCond i t i ons :  t o l u e n e  d i l u e n t ,  1: 1 phase r a t i o ,  end-over-end 
c o n t a c t i n g ,  30-min c o n t a c t  t ime,  and 23 f Z O C .  Fo r  each o f  t h e  
t w o  s o l v e n t s  shown, f o u r  success i ve  con tac ts  were made w i t h  t h e  
i n d i c a t e d  aqueous 
t i a l l y  c o n t a i n e d  lf&%~~ t r a c e r .  Thus, i n  t h e  t h i r d  and f o u r t h  
c o n t a c t s ,  e q u i l i b r i u m  was approached i n  t h e  r e v e r s e  d i r e c t i o n .  

Only t h e  second aqueous phase i n i -  

c o n s t a n t  o f  TT14C4 vs. TT16C4 i n  homogeneous aqueous s o l u t i o n  
(29) .  I n  t h e  case o f  Ag', however, a s i g n i f i c a n t  macrocyc le-s ize 
e f f e c t  i s  n o t  observed (F ig.  4) ;  TT16C4 e x h i b i t s  t h e  h i g h e r  
synergism, though o n l y  s l i g h t l y .  
t i o n  (Tab le  11), t e s t s  u s i n g  e i t h e r  TT14C4 o r  TT16C4 a lone  (1.0 x 
10-4 M) g e n e r a l l y  gave va lues  o f  DAg below r e l i a b l e  measurement 
(ca. 1 x 10-3) .  Compl icated dependences o f  DM on i n i t i a l  s u l f u r i c  
a c i d  c o n c e n t r a t i o n  a r e  observed i n  b o t h  F igs.  3 and 4, b u t  i n  
g e n e r a l ,  i t  i s  e v i d e n t  t h a t  t h e  e x t r a c t i o n s  o f  a t  l e a s t  t r a c e r  
l e v e l s  o f  t h e  me ta l s  from d i l u t e  H2SO4 may be reve rsed  by con- 
t a c t i n g  t h e  r e s u l t i n g  m e t a l - c o n t a i n i n g  s o l v e n t s  w i t h  f r e s h  aqueous 
s o l u t i o n s  c o n t a i n i n g  h i g h  s u l f u r i c  a c i d  concen t ra t i ons .  
p o i n t  i s  proven by  t h e  exper iments desc r ibed  i n  Tab le  111, showing 
t h a t  DcU i s  independent o f  t h e  d i r e c t i o n  o f  t r a n s f e r .  

Experiments a r e  i n  p rog ress  (37) t o  p r o v i d e  a m o l e c u l a r  
i n t e r p r e t a t i o n  o f  t h e  e x t r a c t i o n  behav io r  observed i n  F igs.  3-5, 
and we r e s e r v e  a more d e t a i l e d  accoun t ing  f o r  t h e  f u t u r e .  
However, based on  our p r e v i o u s  f i n d i n g s  w i th  synerg ism by oxa 
crown e t h e r s  (1-3,14,35,36), we a r e  t e n t a t i v e l y  proceeding w i t h  
t h e  assumption o f  c o o r d i n a t i o n  o f  t h e  meta l  by macrocyc le coupled 
w i t h  c a t i o n  exchange b y  HDDNS w i t h  p o s s i b l e  c o m p l i c a t i o n  f rom co- 

As i n  t h e  case o f  Cu2+ e x t r a c -  

This  
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SELECTIVE EXTRACTION OF IONS FROM SULFURIC ACID 1339 

0 0.2 0.4 0.6 0.8 

[hi AC R 0 C Y C L E l  
[MACROCYCLE] + [HDDNS] 

F ig .  5. Con t inuous -Var ia t i on  Experiments. (0) - Cu2+ e x t r a c t i o n  
from 1.5 M HzSO4 w i t h  ETT14C41  + [HDDNS] = 0.1 M; (0 )  - CuZ+ 
e x t r a c t i o n  f r o m  0.3 M H2SO4 w i t h  CTT14C43 t [HDDNS] = 0.01 M; ( A )  - A e x t r a c t i o n  f rom 1.5 M H2SO4 w i t h  CTT16C41 + [HDDNS] = 2.0 x 

over-end c o n t a c t i n g  a t  23 = ? 2 OC. 

10- 1' M. Cond i t i ons :  me ta l s  a t  t r a c e r  concen t ra t i ons  and end- 
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1340 MOYER ET AL. 

e x t r a c t i o n  o f  s u l f a t e ;  an u n i d e n t i f i e d  e f f e c t  a p p a r e n t l y  d e f e a t s  
t h e  synerg ism a t  s u l f u r i c  a c i d  concen t ra t i ons  g r e a t e r  t h a n  ca. 
4 M as shown i n  F igs .  3 and 4. I n  Fig. 3, t h e  behav io r  i n d i c a t e d  
by  t h e  dashed l i n e s  i s  d i f f i c u l t  t o  r e c o n c i l e  w i t h  c a t i o n -  
exchange. S ince t h e  e f f e c t ,  though rep roduc ib le ,  n e a r l y  d isap-  
pea rs  w i t h  t h e  use o f  g e n t l e  phase c o n t a c t i n g  and lower  reagent  
c o n c e n t r a t i o n s  ( g i v i n g  l ower ,  more r e l i a b l e  va lues o f  DM), i t  
appears l i k e l y  t h a t  t h e  dashed p o r t i o n s  o f  t h e  curves i n  Fig. 3 
may be a t t r i b u t e d  t o  i ncomp le te  coalescence (en t ra inmen t )  caused 
b y  t h e  l ow  i o n i c  s t r e n g t h .  

s o l v e n t  0.1 M HDDNS + 0.05 M TT14C4 and Ag+ u s i n g  0.001 M HDDNS 
and 0.001 M TT16C4 froin 1.5 M HzSO4 were found t o  e x h i b i t  s lopes 
o f  1 a t  low load ing ,  i n d i c a t i n g  (14) t h a t ,  f o r  t h e  c o n d i t i o n  o f  
l o w  l o a d i n g ,  ( a )  D M  i s  cons tan t ,  and (b )  t h e  me ta l s  a r e  each b e i n g  
e x t r a c t e d  as  monomeric organic-phase species. S i m i l a r  r e s u l t s  
were r e p o r t e d  f o r  Sr2+ (35 )  and Mn2+ (14,36) e x t r a c t i o n  f rom 
n i t r i c  a c i d  by H D D N S  synerg i zed  by s u b s t i t u t e d  oxa crown e the rs .  
Up t o  a t  l e a s t  56% and 81% o f  t h e  cation-exchange c a p a c i t y  o f  t h e  
HDDNS f o r  r e s p e c t i v e l y  Cu2+ and Ag+, t h e  l o a d i n g  exper iments 
showed no ev idence o f  t h i r d - p h a s e  format ion.  
exper iments shown i n  F ig .  5 i n d i c a t e  t h a t  t h e  most e f f i c i e n t  
reagen t  combinat ions occu r  when t h e  macrocycle concen t ra t i ons  a re  
r e s p e c t i v e l y  50% and 40% o f  t h e  t o t a l  reagent  c o n c e n t r a t i o n  i n  t h e  
e x t r a c t i o n  o f  t r a c e r - l e v e l  Cu2+ and Ag'. 

E x t r a c t i o n  isothern is  ( l o a d i n g  curves)  f o r  CuZt u s i n g  t h e  

C o n t i n u o u s - v a r i a t i o n  

The m a j o r  c o n c l u s i o n  o f  t h e  p resen t  work i s  t h a t  t h e  t h i a  
macrocyc les TT14C4 and TT16C4 Fig.  1) s t r o n g l y  and s e l e c t i v e l y  
s y n e r g i z e  t h e  e x t r a c t i o n  o f  C u h t  and Agt i o n s  froin s u l f u r i c  a c i d  
b y  t h e  c a t i o n  exchanger HDDNS i n  t o l u e n e  d i l u e n t .  
s u l  F u r i c  a c i d  c o n c e n t r a t i o n s ,  t h e  s e l e c t i v i t y  i s  g i v e n  by t h e  
o r d e r  Ag+ > Cu2+ > Mn2+, Fez+, Fe3+, Co2+, N i z ' ,  and Zn2+, where 
t h e  m e t a l s  a r e  a t  t r a c e r  c o n c e n t r a t i o n s  and s t u d i e d  s e p a r a t e l y  
( T a b l e  I 1  and Fig.  2 ) .  Synergism occurs o n l y  f o r  Ag' and CuZt 
under  t h e  c o n d i t i o n s  s tud ied ;  t h e  macrocycles n e i t h e r  antagonize 
n o r  syne rg i ze  t h e  H D D N S  e x t r a c t i o n  o f  t h e  o t h e r  me ta l s  examined. 
Used alone, t h e  t h i a  macrocyc les e x t r a c t  p r a c t i c a l l y  no Cu2+ o r  
Ag+ f ro in  aqueous H2S04 and t h u s  appear t o  be use less  f o r  t h i s  
a p p l i c a t i o n  w i t h o u t  dn added c d t i o n  exchanger. 
HDDtJS used a lone  e x h i b i t s  a pH-dr iven a b i l i t y  t o  e x t r a c t  a l l  o f  
t h e  me ta l s  examined b u t  i s  r e l a t i v e l y  nonse lec t i ve .  

The e x t r a c t i o n  o f  Cu2+ and Agt u s i n g  TT14C4 and TT16C6 as 
s y n e r g i s t s  f o r  H D D N S  was e x p l o r e d  as a f u n c t i o n  o f  s u l f u r i c  a c i d  
c o n c e n t r d t i o n  (Tab le  I 1  and Figs. 3 and 4). r e l a t i v e  c o n c e n t r a t i o n  
o f  macrocyc le vs. H D D N S  ( c o n t i n u o u s - v a r i a t i o n ,  F ig .  5 ) ,  and 
load ing .  I n  t h e  e x t r a c t i o n  o f  Cu2+, TT14C4 s y n e r g i r e s  H D D N S  more 

Over a range o f  

On t h e  o t h e r  hand, 
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e f f e c t i v e l y  t h a n  TT16C4, i n  p a r a l l e l  w i t h  t h e  g r e a t e r  a b i l i t y  o f  
t h e  smal l  e r  macrocyc le TT14C4 t o  complex Cu2+ i n  homogeneous 
aqueous media (29). On t h e  o t h e r  hand, t h e  two macrocyc les exh ib -  
i t  s i m i l a r  a b i l i t i e s  t o  syne rg i ze  t h e  e x t r a c t i o n  of Ag+, w i t h  
TT16C4 b e i n g  s l i g h t l y  favored.  Although l i t t l e  can be c u r r e n t l y  
s a i d  r e g a r d i n g  t h e  exac t  n a t u r e  o f  t h e  organic-phase species, b o t h  
Cu2' and Ag+ a r e  a p p a r e n t l y  e x t r a c t e d  by t h e  s y n e r g i s t i c  systems 
as mononuclear spec ies  a t  low meta l  concen t ra t i ons .  The e x t r a c -  
t i o n  o f  t r a c e r  c o n c e n t r a t i o n s  o f  Cu2+ occurs r e v e r s i b l y  under t h e  
l i m i t e d  c o n d i t i o n s  examined, and t h e  e x t r a c t e d  C U ~ '  may be 
s t r i p p e d  b y  i n c r e a s i n g  t h e  aqueous a c i d i t y .  By comparison t o  oxa 
crown e t h e r s ,  t h e  t h i a  macro c y c l e s  TT14C4 and TT16C4 e x h i b i t  con- 
s i d e r a b l e  h y d r o p h o b i c i t y  and d i s t r i b u t e  n e g l i g i b l y  t o  water  f rom 
to luene .  Macrocyc le i n s t a b i l i t y  occurs i n  t h e  presence of aqueous 
n i t r i c  a c i d  as d i l u t e  as 0.1 M ( t h e  l owes t  HNO3 a c i d i t y  t e s t e d ) .  

P o s s i b l e  a p p l i c a t i o n s  o f  t h e s e  o r  r e l a t e d  s y n e r g i s t i c  systems 
examined he re  i n c l u d e  t h e  recovery and a n a l y s i s  of copper and 
s i l v e r  f rom n o n - o x i d i z i n g  aqueous media. P o t e n t i a l  a n a l y t i c a l  
a p p l i c a t i o n s  f o l l o w  n o t  o n l y  f rom t h e  good s e l e c t i v i t y  i n  
s e p a r a t i n g  Cu2+ and Agt f r o m  o t h e r  meta ls  b u t  from t h e  i n t e n s e  
b l u e  c o l o r  (29) o f  t h e  e x t r a c t e d  Cu2' species, making p o s s i b l e  
spec t ropho tomet r i c  methods, O f  g r e a t e r  p o t e n t i a l  economic impact 
i s  t h e  p o s s i b i l i t y  o f  a p p l i c a t i o n s  o f  t h i a  macrocycles t o  t h e  
hydrometa l  l u r g i c a l  recove ry  o f  copper, compr i s ing  a growing f r a c -  
t i o n  (ca. 2oX) o f  t h e  t o t a l  copper o re  processed wor ldwide 
(38,39). A1 though l a r g e - s c a l e  a p p l i c a t i o n  o f  t h e  systems r e p o r t e d  
i n  t h i s  paper p resen ts  many problems ( n o t  t h e  l e a s t  o f  which i s  
t h e  p r e s e n t  h i g h  c o s t  o f  t h e  macrocycles), t h e  h i g h  s e l e c t i v i t y  
observed i n  t h i s  work seems e s p e c i a l l y  m o t i v a t i n g  f o r  f u r t h e r  
developments such as m o d i f i c a t i o n  of t h ia -macrocyc le  s t r u c t u r e ,  
use  o f  o t h e r  c a t i o n  exchangers, o r  r e c o n f i g u r a t i o n  t o  suppor ted 
l i q u i d  membranes o r  r e s i n s .  I n  v iew o f  t h e  p romis ing  n a t u r e  of 
t h e  i n i t i a l  r e s u l t s  p resen ted  here, research i n  progress (37)  i s  
c u r r e n t l y  d i r e c t e d  toward  e x p l o r i n g  these  and o t h e r  p o s s i b i l i t i e s  
as w e l l  as toward g a i n i n g  a b e t t e r  understanding o f  t h e  
s t o i c h i o m e t r y ,  e q u i l i b r i u m  r e l a t i o n s h i p s ,  and s t r u c t u r e  of t h e  
spec ies  i nvo l ved .  

ACKNOWLEDGEMENTS -.-._I -_ --- -- -- -- 

The a u t h o r s  g r a t e f u l l y  acknowledge t h e  h e l p f u l  suggest ions o f  
Dr .  R i c h a r d  M. Kess le r ,  D r .  Samuel A. Bryan, and Dr.  C. F. Coleman 
(ORNL) d u r i n g  t h e  p lann ing ,  execu t ion ,  and/or a n a l y s i s  o f  t h i s  
work. The p a r t i c i p a t i o n  o f  C u r t i s  L. W e s t e r f i e l d  was made 
p o s s i b l e  t h r o u g h  t h e  Oak Ridge Science Semester Program sponsored 
by  ORNL under subcon t rac t  19X-03487s w i t h  t h e  Southern Col leges 
and U n i v e r s i t i e s  Union. 
D i v i s i o n  o f  Chemical Sciences, O f f i c e  o f  Bas ic  Energy Sciences, 
U.S. Department o f  Energy under c o n t r a c t  DE-AC05-840R21400 w i t h  
M a r t i n  M a r i e t t a  Energy Systems, Inc. 

T h i s  research was suppor ted by t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1342 

REFERENCES 

MOYER ET AL ,, 

1. 

2. 

3.  

4. 

5. 

6. 

7 .  

8. 

9. 

10. 

11. 

12. 

13. 

14. 

McDowell. W. J.. B. A. Mover. S. A. Brvan. R. B. Chadwick. 
and G. N: Case,-Proc. I n t e r n a t .  Solv. k x t r .  Conf. (ISEC '86) ,  
Munchen, FRD, V o l X T T G 3 s c h e  G e s e T s 3 Z F f F C h e m i  sches 
Apparetewesen, Chemische Technik und B io techno log ie ,  
F r a n k f u r t  am Main, 1986, pp. 477-482. 

McDowell, W .  J. , B. A. Moyer, G. N. Case, and F. I .  Case, 
Solv. E x t r .  I o n  Exch. 4, 217 (1986). 

Moyer, B. A. , W. J. McDowell, R. J. Ontko, S. A. Bryan, and 
G. N. Case, Solv. E x t r .  I o n  Exch. 4, 83 (1986). 

Kinard, W .  F., and W. J. McDowell, J.  Inorg.  Nucl. Chem. - 43, 
2947 (1981). 

McDowell, W. J. , W. F. Kinard, and R .  R. Shoun, Proc. 
I n t e r n a t .  Solv. E x t r .  Conf. (ISEC '80), L iege,  Bmh, 
m,-l, The A s s o T i T t T o G f - t h e  Engineers o f  t h e  U n i v e r s i t y  o f  
L iege,  Liege, Be1 gium, 1980, Paper 06-006. 

--- - 

-___I_.--- - 

McDowel1, W. J. , 6. N. Case, and D. W. Aldrup, Sep. Sci.  
Technol. 18, 1483 (1983). --_ -- 

McDowell, W. J. , G. N. Case, and D. W. A ldrup,  Proc. 
- I n t e r n a t .  Solv. E x t r .  Conf. (ISEC '83), D e n v e r , ~ f i , - h e r i c a n  
I n  s . u E f  -i?X-Engfnee r s  , 1983, p p . 455- 456. 

McDowell, W. J., and R. R.  Shoun, Proc. I n te rAaJ : -_So lv , x t r .  
Co n f . ( I SEC ' 7 7) , To r o n  t 0 ,  Ca nada ,ToT.-T,-'%a n ad1 an T n  s t 1 t X Z  
m i n i n g  and M e t a l l u r g y ,  Toronto, Canada, 1979, pp. 95-100. 

Dr iessen,  W. L., and M. H e i j e r ,  Trans. Met. Chem. 6, 338 
(1981). 

-__-- ----- - 

Jorgensen, C. K. , Modern Aspects o f  L igand F i e l d  Theory, 
A n e r i  can El s e v i  e r  ~ s ~ ~ ~ c O . , ~ ~ V ~ r ~ ~ . - - . - - - - -  

Huheey, J. E., I n o r g a n i c  Chemistry: P r i n c i p l e s  o f  S t r u c t u r e  
and  Re -_.I_ a c t  i v i  tX,-AaT@-FX Ki,- N e i  YiX;T2.------- --*---- - 

Gordon, A. J., and R .  A. Ford, --- The Chemist 's - ---.-.---.--._ Companion, 
W i l e y - I n t e r s c i e n c e ,  New York, 1972, p. 61. 

Tagaki, W . ,  i n  Organ ic  Chemist ry  o f  S u l f u r ,  S. Oae, Ed., 
P 1 en urn P r e s s , "ErT,-'T977 p 6 7 m Z . -  

Baes, C. F. , Jr. , W. J. McDowell , and S. A. Bryan, --. Solv. - 
Ex t r .  I o n  Exch. --- - 5, 1 (1987). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SELECTIVE EXTRACTION OF IONS FROM SULFURIC ACID 1343 

15. M ikha i l ov ,  V. A., Proc. I n t e r n a t .  Solv. E x t r .  Conf. 
( I SEC ' 77) , T o r o n t ~ ~ % ~ n ~ ~ ~ , - ~ o T . - ~ ~ , ~ T h - ~ - ~ a ~ i B - d i - ~ ~ ~ I n s t i  t u t e  
o f  M i n i n g  and M e t a l l u r g y ,  Toronto, 1977, pp. 52-60. 

16. Sa i to ,  K., Y. 
__ 57, 189 (1984 

17. Sa i to ,  K. , Y. 
447 (1983).  

18. -Sek ido ,  E., K 

Masuda, and E. Sekido, B u l l .  Chem. SOC. Japan -- -.-.------._.__ 

Masuda, and E. Sekido, Anal. Chirn. Acta 151, -- - - _--.----- 

S a i t o ,  Y. Naganuna, and t i .  Kumazaki, Anal. -- 
Sc i .  - 1, 363 (1985) .  

19. Sevdic, D . ,  L. Fekete, and H. Meider, J. Inorg.  ~ I_------_____ Nucl. Chern. 
- 42, 885 (1980).  

20. Sevdic, D . ,  and H. Meider, -.- J .  ---.- Inorg.  ___ Nucl. Chem. _- - 22, 1409 
(1977).  

21. Sevdic, D . ,  and H. Meider, - J .  Inorg.  - Nucl. Chem. - 39, 1403 
(1977).  

22. Sevdic, D . ,  Proc. I n t e r n d t .  Solv. Ex t r .  Conf. ( I S E C  ' 7 4 ) ,  
Lyon , 1974, V ~ ~ ~ ~ J , - ' S o - ~ i ~ ~ ~ ~ ~ % h ~ ~ ~ ~ a l - ~ ~ ~ u s t  ry , London, 
England, 1974, pp. 2733-2745. 

23. Sevdic, D . ,  and H. Meider, J .  -___-- Inorg.  Nucl. -.-.-II- Chem. I._ 43, 153 
(1981) .  

24. Gloe, K., P. Muhl, L. Beyer, M. Muhls tadt ,  and E. Hoyer, 
Solv. E x t r .  I o n  Exch. 4, 907 (1986).  

-II_- - 

25. Ohki, A., M. Takagi, and K. Veno, Anal. Chirn. Ac ta  -- - 159, 245 
(1984).  

26. Sekido, E., K. Chayama, and M. Muroi,  -___- Ta lan ta  32 ,  797 (1985) .  

27. DeSimone, R.  E., and M. 5. G l i c k ,  - - - - - ~ ~  J. Am. Chem. S O ~ .  - 97, 942 
(1975) .  

28. DeSimone, R .  E., and M. D. G l i c k ,  J. Am. Che!:-=. 98, 762 
(1976) .  

29. Sokol, L. S .  W. L., L .  A. Ochrymowycz, and D. B. Rorabacher, 
Inorg.  Chem. 20, 3189 (1981). 

30. G l i c k ,  M. D., 0. P. Gavel, L. L. D iaddar io ,  and D. B. 
Rorabacher, _I___ Inorg.  Chem. -- 15, 1190 (1976). 

31. Takeda, Y., Topics C u r r i n t  .---I Chem. - 121, 1 (1984) .  

---I-- - 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1344 MOYER ET A L .  

32.  

3 3. 

34. 

3 5. 

36. 

37. 

38. 

Ochrymowycz, L. A., C.-P. Mak, and J. D. Michna, -__ J .  Ory. . 
- Chem. -.-- 39, 2079 (1974). 

Oae, S., i n  Organ ic  Chemist ry  of S u l f u r ,  S.  Oae, Ed., Plenum 
P r e s s , Ne w Y T X , J T - p T X 3 8 3 ; P - l - 7 - -  

Marcus, Y.,  and A .  S. Ker tes,  I o n  Exchange and So lven t  
E x t r a c t  i on o f  Met a 1 Cornp 1 exes , - C S f l - e ~ - ~ - € ~ r ~ c ~ ~ ~ - , ~ ~ - Y o r k  , 
------I-- I-.--_---. ---- 
1969. 

Bryan, S .  A., W .  J. McDowell , 6. A. Moyer, C. F. Baes, Jr. , 
and G. N. Case, Solv. Ex t r .  I o n  - Exch. 5(4), 717 (1987). 

Chadwick, R. B., W. J. McDowel1, and C. F. Baes, Jr., Sep. 
__ Sc i .  I_ Technol. (Proc. F i f t h  Symposium on Separa t i on  Sc ience  
a n d  T e c T n X g y  f o r  Energy A p p l i c a t i o n s ,  K n o x v i l l e ,  TN, Oct. 
26-29, 1987) ( i n  press) .  

Moyer, B. A , ,  and G. N. Case, unpubl ished work i n  progress.  

39. Wadsworth, M. E., i n  Hydrometa l l u rgy :  Research, Development, 
-- and P1 a n t  P r d c t i c e ,  K. O s s e o - - A s i r ~ n i i  J. D. Mill%F,-T651,-” 
The Me tamr -aTSoc ie ty  o f  AIME, Warrendale, PA, 1982, pp. 
3-38. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


