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A bstract

Homogeneous Liquid-Liquid Extraction of Metal Cations 

at Near Neutral pH 

by

N andani R ajapakse 

A dv iso r: P ro fesso r H. L . F inston

Solvent ex trac tio n  p ro c e d u re s  a re ,  fo r  the  most p a r t ,  perfo rm ed  a t 

low pH to p re v e n t h y d ro ly s is  of th e  ca tions, th e  v e ry  condition w hich 

lim its th e  concen tra tion  of the  e x tra c tin g  lig an d , an  anion. A t low pH 

th e  und issocia ted  species is  p redom inan t an d , th e re fo re , th e  form ation 

of ex tra c tab le  species is  no t fav o red . T he cation of in te re s t  can  be 

m ain tained  in solution a t  n e a r  n e u tra l  pH by  add ing  an au x ilia ry  com- 

p lex ing  ag en t to  form a  ch a rg ed  com plex, an d  th e n  th e  cation can  be 

e x tra c te d  in to  a  n o n -p o la r so lven t b y  equ ilib ra tio n  w ith an o th e r com- 

p lex ing  agen t which form s a n e u tra l com plex. T h u s , it  is possib le  to 

m aintain conditions of h ig h e r  pH to fav o r th e  enolate ion form of c h e la t­

ing e x tra c ta n ts ,  and  th e  anionic form  of the  v a rio u s  m onodentate com- 

p lex in g  a g e n ts . T h is te ch n iq u e  h as  b een  s tu d ied  in  conjunction w ith
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hom ogeneous liq u id -liq u id  so lven t e x tra c tio n  in to  p ro p y len e  ca rb o n a te , 

w hich form s a homogeneous solution w ith  an  aqueous p hase  w hen h ea ted  

above 71°C. T h u s , ex tra c tio n  is  ach ieved  w ith  h ea tin g  and  cooling upon 

w hich th e  p h ases  s e p a ra te . A lso, p ro p y len e  carbona te  y ie lds a homoge­

neous p h ase  w ith w ate r and  e th an o l in  th e  ra tio , p ro p y len e  c a rb o n a te / 

w a te r /e th a n o l 2 :2 :1 ; th u s  p erm ittin g  d ire c t com parison b y , e . g . ,  

a b so rp tio n  sp ec tropho tom etry  of aqueous p h a se , o rg an ic  p hase  an d  cali­

b ra tio n  s ta n d a rd s .

T h en oy ltrifluo roacetone  ch e la tes of F e (I I I ) ,  C o(II) and  C u (II)  have  

been  e x tra c te d  from an aqueous p hase  con tain ing  ta r t r a te ,  a t  pH va lu es  

from  6 to  8, in to  p ropy lene  ca rb o n a te  b y  th e  hom ogeneous liq u id -liq u id  

ex tra c tio n  te ch n iq u e . T he  ex tra c tio n s  w ere v e ry  ra p id , and  q u a n tita tiv e  

u n d e r  optimum cod itions. I ro n (III)  was also  q u an tita tiv e ly  a n d  ra p id ly  

e x tra c te d  w ith  ace ty lacetone u n d e r  th e se  same co n d itio n s . Normal 

ex tra c tio n  tech n iq u e  in to  p rop y len e  ca rb o n a te  an d  to luene also gave 

ra p id  and  q u an tita tiv e  re s u lts  fo r  F e (III)-T T A  from  th is  aqueous m edi­

um. T hese  r e s u l ts ,  a t tr ib u te d  to  th e  s ign ifican tly  h ig h e r ra tio  of eno- 

la te  ion , su g g e s t an  a lte rn a tiv e  m echanism  fo r th e  sy n e rg ic  e ffec t of 

v a rio u s  o rgan ic  b ases  in  TTA e x tra c tio n s . A cid-base  reac tio n s  in  th e  

o rg an ic  p hase  yield  sim ilar h ig h e r  concen tra tio n s  o f enolate ion in  th e  

aqueous p h ase .

-  i v  -
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A m ethod was developed to  e x tra c t uran ium  from  o res  an d  fu e l e le ­

m ents u s ing  homogeneous liq u id -liq u id  so lven t e x tra c tio n .

- v  -
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Chapter I 

INTRODUCTION

An exam ination of the  developm ent of an a ly tica l chem istry  d u rin g  th e  

p a s t  few decades rev ea ls  an  in c rease  in  p o p u la rity  of such  fie ld s  of 

an a ly sis  as  chrom atography , ion ex ch an g e , e lec trodepositions an d  sol­

v e n t e x tra c tio n . T h is  tre n d  is  easily  exp la ined  when one co n sid ers  th e  

in c re a s in g  need  fo r  m ethods of se p a ra tin g  complex m ateria ls . Solvent 

e x tra c tio n  is a p opu la r sep ara tio n  tech n iq u e  because  of its  e legance, 

sim plicity , speed , a n d  app licab ility  to  b o th  t r a c e r  and  macro am ounts of 

m etal ions. With a p p a ra tu s  as simple as  a se p a ra to ry  fu n n e l, ex tra c tio n  

p ro c e d u re s  can o ffe r a com plete sep a ra tio n  of tra c e -  o r m acroquantities 

in  as li tt le  as  a few m inutes. Solvent e x tra c tio n  techn ique  can  be  u sed  

fo r  p u rp o se s  of p re p a ra tio n , p u rifica tio n , en richm en t, sep a ra tio n , and  

an a ly s is  o v e r  a v e ry  wide ran g e  of concen tra tio n s  co rresp o n d in g  to  

m icroanalysis and  even  la rg e  scale p ro d u c tio n  p ro cesse s . A fu r th e r  

ad v an tag e  of th e  ex tra c tio n  m ethod o v e r th e  w idely u sed  p rec ip ita tio n  

m ethod lies  in  th e  c leaner sep a ra tio n s  th a t  can  be  ach ieved  b y  th e  fo r ­

m er.

-  1 -
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T he liq u id -liq u id  ex tra c tio n  phenom enon is b ased  upon th e  fac t th a t 

a su b s tan ce  d isso lved  in a system  of two immiscible o r  s lig h tly  m iscible 

liqu id s will d is tr ib u te  betw een th e  two la y e rs  in a  defin ite  m anner. The 

most im portan t fac to r fo r  sep a ra tio n  is  th e  re la tiv e  concen tra tion  of th e  

so lu te  in b o th  so lven ts and  it is u su a lly  e x p re s se d  as th e  d is tr ib u tio n  

o r p a r titio n  coeffic ien t, i . e . ,  th e  ra tio  of th e  ac tiv ity  of th e  so lu te  

species in  one phase  to  th a t in th e  o th e r . C h arged  species of cations 

a re  more soluble in  po lar aqueous so lu tions w hereas n e u tra l  species a re  

m ore soluble in  le ss  po la r o rgan ic  medium. To ach ieve a  good s e p a ra ­

tion , th e  v arious com ponents m ust h av e  d iffe re n t d is tr ib u tio n  coeffi­

c ien ts  .

Solvent ex tra c tio n  p ro c e d u re s  fo r ca tions a re  norm ally perform ed  

u n d e r  v e ry  acidic conditions w hich is  n e c e ssa ry  in  o rd e r  to p re v e n t 

p rec ip ita tio n  of th e ir  re sp ec tiv e  h y d ra te d  ox ides. I t  is p o ssib le , even  

u n d e r  re la tiv e ly  acid  cond itions, to  lose s ig n ifican t am ounts of analy te  

by  h y d ro ly s is  even  w hen only tra c e  co n cen tra tio n s  a re  p re s e n t.  How­

e v e r , acid ic conditions a re  no t favo rab le  fo r  the  form ation of e x tra c tab le

( i . e . ,  n e u tra l)  m etal cation com plexes w ith  all th e  u su a l com plexing
+

a g e n ts . For exam ple, th e  com peting associa tions of H w ith  an ions of 

ty p ica l e x tra c tin g  a g e n ts , such  as  CN , SCN , th e  ca rb o x y la tes  and  th e  

enolate ions of b e ta -d ik e to n es  su ch  a s  th en o y ltriflu o ro ace to n e , e t c . ,  to  

form the  v e ry  weak un d isso c ia ted  acids (w hich a re  them selves e x tra c te d
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in to  th e  o rgan ic  so lven ts) a re  favo red  a t low pH . T he ligands a re  

an io n s, and  th e  ra tio  of anion to  u n d isso c ia ted  acid  is  a function  of pH;

[A nion]/[A cid ] = 10(pH " pK)

T h u s  fo r e v e ry  u n it in c rease  in pH th e re  is a  te n -fo ld  in c rease  in  th e  

ra tio  [ anion ] /  [ acid  ] .

I t  is possib le  to  m aintain th e  cation  of in te re s t  in  so lution a t  n e a r  

n e u tra l pH b y  ad d in g  a com plexing a g e n t to  form a c h a rg e d  complex 

a n d , th e n , to  e x tra c t  th e  cation  in to  a n o n -p o la r so lven t b y  e q u ilib ra ­

tion w ith  a n o th e r  com plexing a g en t w hich form s a  n e u tra l  com plex. 

T h ese  conditions of h ig h e r pH fav o r th e  eno late  ion form  of chela tin g  

e x tra c ta n ts  an d  th e  anionic form  of th e  v a rio u s  m onodentate com plexing 

a g e n ts . T he c r ite r ia  fo r  an  ideal au x ilia ry  lig an d  a re  th a t  i t  should  form  

a s tab le  ch a rg ed  complex soluble a t  n e a r  n e u tra l pH (6-8) an d  y e t no t 

h in d e r  th e  form ation of an  u n ch a rg e d  complex w ith  th e  e x tra c tin g  ch e ­

la te . Decomposition of com plexing ag e n ts  may o ccu r a t h ig h e r  pH . For 

exam ple, a t pH 9, thenoy ltrifluo roacetone(T T A ) cleaves in to  tr if lu o ro a -  

ce tic  acid  a n d  ace ty lth iophene  fa s te r  th a n  it  e n o liz e s ( l) .

A hom ogeneous liq u id -liq u id  e x tra c tio n  m ethod was d ev ised  b y  M ura- 

ta  e t  al. to  e x tra c t  m olybdenum (V I) (2) an d  la te r  M urata(3) an d  also 

T in g  (nee H ong) e t  a l .(4 ,5 )  u sed  th e  same m ethod to  e x tra c t sev e ra l 

o th e r  cations an d  ob ta ined  q u an tita tiv e  ex tra c tio n s  in  v e ry  s h o r t  tim e.
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T he m ethod is  b ased  on h igh  so lub ility  of th e  o rg an ic  so lv en t in  w ate r 

a t a h ig h  te m p era tu re  an d  is ch a ra c te rized  b y  im mediate form ation of 

th e  complex upon  a tta in in g  a  s ta te  of hom ogeneous so lu tion . T he single  

hom ogeneous p h ase  s e p a ra te s  in to  two p h ases  again  up o n  cooling. D u r­

ing  th e se  seq u en tia l p ro c e d u re s , th e  spec ies  in  th e  aqueous p hase  

t r a n s fe r s  in to  th e  o rg an ic  p h ase , i . e . ,  th e  e x tra c tio n  is  ach ieved . T h is  

m ethod of eq u ilib ra tio n , by  ach iev ing  a hom ogeneous s ta te ,  is  d iffe re n t 

from th e  common m echanical sh ak in g  m ethod. M olecules of o rg an ic  sol­

v e n t r a th e r  free ly  e n te r  in to  th e  aqueous so lu tion  a n d , co n seq u en tly , 

th e  w a te r s t ru c tu re  of th e  aqueous media an d  th e  env ironm en t of so lu te  

spec ies will b e  a lte re d  rem arkab ly  b y  p a r tic ip a tio n  of th e  o rg an ic  sol­

v e n t m olecules. T h is  "unsh ie ld ing"  of th e  env ironm en t m ust a ffec t 

e x tra c tio n . Such a condition is n o t sa tisfied  in  th e  conven tional e x tra c ­

tion m ethod.

P ropy lene  ca rb o n a te , w hich has  found  re c e n t u se  in  so lv en t e x tra c ­

tion and  also in  electrochem ical s tu d ie s (6 -1 0 ), is a  m ost su itab le  o rgan ic  

so lv en t fo r hom ogeneous liq u id -liq u id  e x tra c tio n s . I t  h as  a h ig h  d ie lec­

tr ic  c o n s tan t (65 a t  25°C ), low v ap o r p r e s s u re ,  h ig h  boiling  p o in t, h ig h  

flash  p o in t, an d  th e  u n u su a l p ro p e r ty  of be ing  com pletely m iscible w ith 

aqueous so lu tions above 71°C an d  it becomes immiscible again  upon  cool- 

i n g ( l l ,1 2 ) .  A no ther specia l p ro p e r ty  of p ro p y len e  ca rb o n a te  perm its  a 

d ire c t com parison of an a ly te  con cen tra tio n  in  each  p h ase  w ith  s ta n d a rd .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P ropy lene  c a rb o n a te /a q u e o u s /e th a n o l in  th e  ra tio  2 :2 :1  y ie ld s  a  single  

hom ogeneous p h ase . T h u s , p ropy lene  ca rb o n a te  an d  e th an o l a re  ad d ed  

to th e  aqueous phase  (an d  s ta n d a rd )  an d  aqueous p lu s  e th an o l a re  a d d ­

ed  to  th e  p rop y len e  ca rb o n a te  p h ase  enab ling  d ire c t com parison and  

m ateria l balance (13).

T he only  d isad v an tag e  of p ro p y len e  carb o n a te  a s  an  e x tra c ta n t  is 

th e  re la tiv e ly  h ig h  so lub ility  of p ro p y len e  carb o n a te  in  w a te r . A lthough  

p ro p y len e  carb o n a te  is soluble in  w a te r , th e  m etal ch e la te  complex 

rem ains in th e  o rgan ic  p h ase . L arge scale p ro cess in g  of aq ueous media 

could  r e s u lt  in  s ig n ifican t lo sses of p ro p y len e  c a rb o n a te . T h e  p o ssib ility  

of reco v e rin g  p ropy lene  carb o n a te  from aqueous so lu tio n s  w as in v e s t i­

g a ted  .

I t  was an tic ip a ted  th a t  e x tra c tio n s  a t  n e a r  n e u tra l  pH  u s in g  hom oge­

neous liq u id -liq u id  e x tra c tio n  tech n iq u e  would a ffo rd  m ore ra p id  eq u ili­

b ra tio n s  u n d e r  all conditions an d  g re a te r  e x tra c tio n  effic ienc ies  u n d e r  

optimum cond itions.

Homogeneous liq u id -liq u id  e x tra c tio n  of F e (I I I ) ,  C o (II) , C u (II)  and

2 +
UC>2 would ap p ea r to  have possib le  app lication  to  h y d ro m eta llu rg y . 

H ydrom eta llu rgy , in g en e ra l, h as  ad v an tag es  fo r  ap p lica tio n  to  complex 

o re s , may o ffe r  considerab le  cost sav in g s  b y  d ire c t tre a tm e n t th a t  elim­

in a tes  c ru s h in g , g rin d in g , and  flo tation  tre a tm e n ts , a n d  can  elim inate 

th e  a ir  po llu tion assoc ia ted  w ith sm elte rs .
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The system s stu d ied  include C u (II) , C o (II), F e(III) com plexed w ith 

ta r ta r ic  acid as aux illiary  lig an d , and  bo th  TTA and  ace ty lacetone in 

p rop y len e  carbonate as e x tra c ta n ts . The advan tag e  of TTA o v er a c e ty ­

lacetone does not ex is t a t th e se  h ig h e r p H 's . TTA is a  s tro n g e r  acid 

th an  acety lacetone and  consequen tly  is more h ig h ly  d issocia ted  a t  low 

pH th an  is acety lacetone. However a t pH > 6 the  d iffe ren ce  may n o t be 

s ig n ifican t. Also a method was developed to  e x tra c t uran ium  from o res  

an d  sp en t fuel elem ents.
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Chapter II

THEORY AND REVIEW OF LITERATURE OF SOLVENT

EXTRACTION

2.1  P rinc ip les  of Solvent E x traction

2 .1 .1  P hase Rule

Almost all the  te ch n iq u es  of chemical sep a ra tio n  involve th e  d is t r i ­

bu tion  of m a tte r betw een two d iffe re n t p h a se s , and  fo r a ll p h ase  d is tr i ­

bu tions we can app ly  G ibbs P hase R ule.

F = C - P + 2

w here P is  th e  num ber of p h ases , F th e  v a rian ce  o r  d eg rees  of f re e ­

dom, and  C th e  num ber of com ponents. For th e  case  of so lven t e x tra c ­

tion we deal w ith two immiscible so lven ts a n d  one so lu te  d is tr ib u te d  

betw een them . T h u s  P = 2, C = 3 and  F = 3. If  we fix  two of th ese  

param eters  by  holding tem p era tu re  and  p re s s u re  co n s tan t, w hich is

- 7 -
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norm al p rac tice  since we c a rry  ou t e x tra c tio n s  a t  room te m p era tu re  and  

atm ospheric  p re s s u re ,  th en  th e  only rem ain ing  v a riab le  is  con cen tra tio n  

in each p h ase . T h u s , th e re  is a defin ite  re la tio n sh ip  betw een th e  solute 

co n cen tra tio n  in  each  of th e  so lv en t p h a se s , w hich is  q u a n tita tiv e ly  

desc rib ed  by  th e  d is tr ib u tio n  law.

2.1.2 Distribution Law

Only th e  re la tiv e  concen tra tion  of so lu te  in  each  of th e  p h ases  is  

d e riv ed  from th e  p h ase  ru le . H owever, th e  d is tr ib u tio n  law s ta te s  f u r ­

th e r  th a t th e  ra tio  of solute is  in v a ria n t, i . e . ,  i t  is  in d e p en d en t of to ta l 

co n cen tra tio n . T he d is tr ib u tio n  law was f i r s t  e x p re s se d  by  B erth e lo t 

and  Ju n g fle isch (1 4 ) and  fu r th e r  e lab o ra ted  b y  N ern s t(1 5 ) in  1891. For 

a so lu te  X d is tr ib u tin g  betw een so lv en ts  1 an d  2,

KD

tx2l

[X ^

T h a t is , a so lu te  will d is tr ib u te  betw een two essen tia lly  immiscible 

so lven ts  in  su ch  a  m anner th a t ,  a t  equ ilib rium , th e  ra tio  of c o n c e n tra ­
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tions of th e  so lu te  in th e  two p h ases , a t  a  p a r t ic u la r  te m p era tu re  an d  

p re s s u re ,  will be a co n s tan t p ro v id ed  th a t  th e  so lu te  h as  th e  same 

m olecular w eight in  each  p h ase .

2.1.3 Thermodynamic Derivation of the D istribution Law

A therm odynam ic exp lanation  of th e  cond itions e x is tin g  in  each  of 

the  p h ases  a t equ ilib rium  will be  u se fu l in  u n d e rs ta n d in g  th e  n a tu re  of 

the  approxim ations invo lved  in  th e  d is tr ib u tio n  law . Equilibrium  is 

a tta in ed  a t  co n s tan t te m p era tu re  and  p re s s u re  w hen th e  chemical p o te n ­

tia ls , 11> (p a rtia l molal f re e  e n e rg ie s ) , of th e  so lu te  in  th e  two p h ases  

a re  eq u a l. T h u s ,

w here th e  s u b sc r ip ts  1 and  2 r e f e r  to  th e  re sp e c tiv e  so lven t p h a se s . 

E x p re ss in g  <#> in  te rm s of molality an d  a c tiv ity  co e ffic ien t, we have

* °  + RT In + R T In * 1  = <j>°2  + RT In m2 + RT In 2^

w here <t>° re p re s e n ts  th e  chem ical p o ten tia l of th e  so lu te  in a  h y p o th e ti­

cal ideal 1 molal so lu tion ; m is  th e  molal co n cen tra tio n  of th e  so lu te  and
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X ,  th e  molal a c tiv ity  coeffic ien t of th e  so lu te . From th is  we ob ta in  an  

e x p re ss io n  fo r th e  molal d is tr ib u tio n  coeffic ien t,

*1 - (  *°2 -  *1° ) /  * T
  e

y2

As long as th e  p re sen ce  of th e  so lu te  does no t s ig n ifican tly  a ffec t th e  

m utual so lub ilities of th e  two so lv en ts , an d  th is  is g en e ra lly  th e  case , 

and  <j> ° 2  a re  c o n s ta n ts . T h u s ,

w here  K' is  a c o n s ta n t a t co n s tan t te m p era tu re .

2 . 1 . 4  Distribution Ratio

D istrib u tio n  ra tio , deno ted  by  D, is  th e  co n cen tra tio n  ra tio  of th e  

so lu te  inc lud ing  all species in th e  re sp ec tiv e  p h a se s .

mr

KD =
m.
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T otal so lu te  concen tra tion  in  th e  o rgan ic  phase
D  = ----------------------------------------------------------------------------------------------------------

T otal solute concen tra tion  in  th e  aqueous phase

When we are  aw are of all th e  in te rac tio n s  th a t o ccu r it  is  u su a lly  p o ss i­

ble to  evaluate  them  in o rd e r  to  ob ta in  D as a function  of th e  e x p e r i­

m ental p a ram e te rs . When th e re  a re  no in te rac tio n s  of th e  d is tr ib u tin g  

sp ec ies , th en  D and  a re  iden tica l.

2.1.5 Percentage Extraction

P ercen t e x tra c te d , %E, is th e  te rm  u sed  to  d esc rib e  ex tra c tio n  e ff-  

cien-:y fo r p rac tica l p u rp o se s , an d  it  is re la te d  to  th e  d is tr ib u tio n  ra tio , 

D, by the  following equation :

100 D 

D .  (Vw/V0)

w here Vq and  re p re s e n t th e  volum es of th e  o rgan ic  an d  aqueous 

p h ases  re sp ec tiv e ly .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

2.1.6 Process of Extraction

A lthough d e ta ils  of th e  specific n a tu re  of th e  in te rac tio n s  d iffe r  

from system  to system  a he lp fu l o rgan izational p a t te rn  may be adop ted  

w hich is b ased  on th re e  e ssen tia l a sp e c ts  common to  e v e ry  m etal e x tra c ­

tion system  (16):

a. Formation of an Uncharged Complex

T his s tep  invo lves reac tio n s  of th e  m etal ion in  th e  aqueous p h ase  

lead ing  to th e  form ation of an  e x tra c ta b le  sp ec ies. Complex form a­

tion may re s u lt  from coord ination , inc lud ing  chela tion , o r  b y  ion 

associa tion , o r b y  a com bination of coord ination  followed b y  ion 

associa tion .

b. Distribution of the Extractable Complex

T his is the  second a sp e c t an d  th e  sim plest from a  s tan d p o in t of 

th e  m athem atics. T he  d is tr ib u tio n  of th e  e x tra c ta b le  species 

betw een th e  two liqu id  p h ases  follows th e  d is tr ib u tio n  law. How­

e v e r , fac to rs  a ffec tin g  e x tra c ta b ility  a re  q u ite  com plex.

c. Interactions of the Complex in the Organic Phase

T his inc ludes polym erization of th e  com plex, d issocia tion  of th e  

complex a n d  in te rac tio n s  w ith  th e  re a g e n t, an d  also polym erization 

of u n reac ted  ligand .
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T h is  ty p e  of o rgan iza tional p a tte rn  fo r e x tra c tio n  p ro cesses  applies 

ju s t  as well fo r e x tra c tio n  of o rgan ic  com pounds w ith  th e  possib le  sim­

p lify ing  m odification th a t  many such  com pounds a re  d ire c tly  ex tra c tab le  

w ithou t th e  n ece ss ity  fo r  a complex form ing re a g e n t.

2.2 Formation of Metal Complexes

Since th e  form ation of an  ex tra c tab le  complex is  a v ita l s te p  in  the  

e x tra c tio n  p ro c e ss , th e  n a tu re  of metal com plexes an d  fa c to rs  govern ing  

th e ir  form ation will now be ex p lo red .

2 .2 .1  Coordination Complexes

O ur u n d e rs ta n d in g  of th e  metal com plexes w hich we te rm  coord ina­

tion  com pounds d e riv e s  from W erner's  conception  of th e  coord ination  of 

ions o r  g ro u p s  in  a  defin ite  geom etric a rran g em en t abo u t a  c e n tra l ion. 

T h is  concep t, in  tu r n ,  is  b e s t exp la ined  in  te rm s of Lewis ac id -base  

th e o ry  w hich was ex p o unded  by  bo th  S idgw ick(17) and  L ow ry(18).

a. Acid-Base Character of Coordination Complexes

T h e  app lication  of the  Lewis e lectron ic  th e o ry  of acids and  b ases  in 

d iscu ss io n  of coord ination  com pounds is  v e ry  u se fu l. A ccord ing  to  th e  

Lewis th e o ry , a c id -b ase  reac tio n s  involve th e  form ation o f a coordinate
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covalen t bond betw een  an  ac id , defin ed  a s  an  e le c tro n -p a ir  accep to r, 

an d  a b ase , defined  a s  an  e le c tro n -p a ir  d ono r. A m etallic ca tion , b e ing  

e le c tro n -p a ir  d e fic ien t, is  co n sid ered  as  a  po lybasic  ac id  capable of 

re a c tin g  w ith  se v e ra l basic  e n tit ie s , th e  num ber of w hich is  re la te d  to  

th e  coord ina tion  num ber of th e  m etal ion.

T he  basic  e n tit ie s , c h a ra c te r iz e d  b y  p o sse sin g  a t  le a s t  one p a ir  of 

e le c tro n s , a re  u su a lly  e i th e r  n e u tra l o r  n e g a tiv e . T he n a tu re  of th e  

b o n d s v a ry  from  alm ost com pletely covalen t to  alm ost com pletely e le c tro ­

s ta t ic .  The tra n s itio n  betw een th e se  ex trem es m ay be in te rp re te d  in  

te rm s of po la rizab ilitie s  of th e  ions o r  g ro u p s  in v o lv ed (1 9 ). As a  

ligand  ap p ro ach es a ca tio n , a  deform ity  o r  po la riza tion  is  induced  in  th e  

lig an d  due to  in te rac tio n  w ith th e  h igh ly  c h a rg e d  m etal ca tio n s , an d  

w ith  m etal ca tions h av in g  a n o n - in e r t  gas e lec tro n ic  co n fig u ra tio n .

b . Factors Influencing Coordination

From co n sid era tio n  of th e  m etal cation as  a Lewis ac id  we can  in fe r  

th a t  th e  s ta b ility  of a  m etal coord ina tion  com plex w ill dep en d  upon

1) fac to rs  re la te d  to  "acid ity" of th e  m etal ion,

2) fac to rs  re la te d  to  th e  "basic ity "  of th e  coo rd in a tin g  lig an d , and

3) specia l fa c to rs  re la te d  to  co n fig u ra tio n  of th e  r e s u lta n t  complex.
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c . Types of Coordination Complexes
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Among the  many metal complexes of in te re s t  in  e x tra c tio n , sev e ra l 

ty p e s  may be d is tin g u ish ed .

1) Simple coordination complexes - metal ions combine w ith  m onoden- 

ta te  lig an d s in a num ber equal to  th e  coordination  num ber.

2) C helates - Metal ions combine w ith p o ly d en ta te  lig an d s w hich can  

occupy more th a n  one position  in th e  coord ina tion  sp h e re  of th e  

m etal cation.

3) H eteropoly acids - T hese  a re  d is tin g u ish ed  b y  th e  p re sen ce  of a 

c e n tra l complex ion ra th e r  th a n  a c e n tra l monoatomic ion.

2.2.2 Chelate Complexes

C helating  re a g e n ts  p lay  an  im portan t ro le  in  e x tra c tio n  of m etals 

because  th ey  com prise an  im pressive body of b o th  u se fu l e x tra c tin g  

a g en ts  and  also m asking a g e n ts . Metal che la tes  re p re s e n t  a ty p e  of 

coord ination  compound in w hich a  m etal cation combines w ith  a po ly ­

functional base  capable of occupying  two o r more positions of th e  coor­

d ination  sp h ere  of th e  metal cation to  form a cyclic com pound. T he  la t­

te r  should  be a s tab le  r in g  s tru c tu re ,  five o r six  m em bered.
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T he s tru c tu ra l  fac to rs  of reag e n ts  w hich determ ine th e ir  e ffec tiv e ­

n ess  as  che la ting  a g e n ts  are  th e  basic  s tre n g th s  of th e  functional 

g ro u p s , e lec tro n eg a tiv ity  of the  bonding  atom s, th e  size of th e  chela te  

r in g  and  th e  num ber of chelate r in g s  form ed.
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2.2.3 Ion Association Complexes

A major frac tio n  of the  e x tra c ta b le  spec ies  o th e r  th a n  n e u tra l c h e ­

la te s  e x is t in th e  o rgan ic  so lven t a s  ion association  a g g re g a te s . 

A lthough io n -p a ir  form ation involves p h y sica l r a th e r  th a n  chem ical 

b o n d s, b o th  ty p e s  of complexes b eh av e  in  accordance w ith  th e  Mass 

Action Law. H ence, fo r two ions A+ an d  B w hich associa te  to form  

( A+,B -  )

A+ + B ' ~     * ( A+, B '  )

th e  equ ilib rium  ex p ress io n  is

[ (A +,B _) ]
K =------------------------

[ (A +] [ B 'j

T h e re  a re  two ty p e s  of ion associa tion  com plexes:

a. Ion p a irin g  w ith  no chelation - (A +,B  ) .

b . Ion p a irin g  and  chelation - jM (L)nJ +n Y~n

B jerrum (20) p red ic ted  su ch  com plexes and  th e ir  behav io r by  re la tin g  

th e  value of ion p a ir  form ation c o n s tan t to  th e  d ie lec tric  co n s tan t of th e  

so lv en t, e , to  th e  te m p era tu re , an d  to  th e  size of th e  ions involved .
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T h u s ,

4 T N  e 2
K = ------- ----- Q(b)

1000 ekT

2e
b  = -------

aekT

w here  N is  th e  A vogadro 's  num ber, e is th e  u n it  of c h a rg e , k  is  th e  

Boltzm ann c o n s ta n t, T  is th e  ab so lu te  te m p e ra tu re , Q (b) is a  calculable 

fu n c tio n , and  a is  an  em pirical p aram ete r w hich has  been  in te rp re te d  as  

th e  d is ta n ce  betw een  ch a rg e  c e n te rs  of th e  p a ired  ions w hen in  co n tac t.

2.3 Distribution of Extractable Species

2.3 .1  Solubility and Distribution

T he re la tio n sh ip  betw een th e  ra tio  of so lubilities in th e  two so lv en ts  

an d  th e  d is tr ib u tio n  coefficient is no t unequ ivocal. Two major fa c to rs  

re sp o n s ib le  fo r th e  d isp a r ity  a re
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a ) T he a c tiv ity  coeffic ien ts in each  p hase  change  as th e  to ta l solute 

con cen tra tio n  c h a n g e s .

b )  T he  second cause  is th e  e ffec t of th e  p resen ce  of th e  second sol­

v e n t on th e  so lub ility  of so lu te  in  th e  f i r s t  so lven t. T he solute 

may form  a solvate w ith  th e  second  so lven t which has d iffe re n t 

so lub ility  in  th e  f i r s t  so lven t th an  th e  o rig ina l solute species.

2.3 .2  Factors Affecting Solubility

T he p ro cess  of solvation w hich co n s is ts  of so lu te  molecules fo rc in g  

them selves betw een so lven t molecules may be c lassified  b y  th e  ty p e  of 

b o n d s  in v o lv ed (2 1 ).

a) Electrostatic Bonds

T h ese  bonds involve fo rces betw een ion-ion , ion-d ipole, a n d /o r  

d ipole-d ipole  an d  we may reca ll th a t  la ttice  en e rg ie s  a re  a  guide 

to  so lub ility  fo r e lec tro ly te s .

b) Hydrogen Bonds

H ydrogen  bonds a re  essen tia lly  e le c tro s ta tic  b u t w a rra n t special 

considera tion  because  of th e ir  o v e rr id in g  im portance. T he so lub il­

ity  of a su b stan ce  in w ater o r  alcohol is  determ ined  more b y  its  

ab ility  to form h y d ro g en  bonds th a n  by  its  p o la rity  as m easured  

by  dipole moment.
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c) Chemical Bonds

T hese depend  upon  the specific  system  an d  a re  in  g en era l tem p­

e ra tu re  d e p e n d e n t. We a re  p a r tic u la r ly  co n ce rn ed  w ith  Lewis 

ac id -b ase  in te ra c tio n s ; th e  so lven t ac tion  of w a te r , alcohol, e th e r ,  

e tc . re f le c t th e ir  basic  c h a ra c te rs .

2.3.3 Solubility Characteristics of Chelates

T he chela ting  a g e n ts  most f req u en tly  u sed  fo r  so lven t e x tra c tio n  

have one u n ch a rg e d  an d  one anionic basic  g roup  th u s  sa tis fy in g  b o th  

th e  e lec tro n  valency  a n d  maximum coordination  of th e  cation . T he ch e ­

la te s  a re  e ssen tia lly  covalen t in c h a ra c te r  and  co n seq u en tly  a re  more 

soluble in  o rgan ic  so lv en ts  th an  in w ater.

T he in term olecu lar fo rces  w hich ch a ra c te rize  so lu tion  of che la tes  in  

o rgan ic  so lven ts  a re  "w eak p h y sica l fo rc e s ."  For su ch  so lu tions we may 

ap p ly  H ild eb ran d 's  th e o ry  of re g u la r  so lu tions (22).

T he so lub ility  p aram ete r, 6, of solute and  so lv en t, defined  as  th e  

sq u a re  roo t of th e  h ea t of vaporization  of th e  liqu id  p e r  u n it volume is 

a m easure  of th e  cohesive e n e rg y  d e n s ity , also called th e  " in te rn a l 

p r e s s u r e ."  T he so lub ility  in c re ases  w ith in c re a s in g  sim ilarity  of th e  

re sp e c tiv e  so lub ility  p aram ete r v a lu es . S im ilarly, th e  h ea t of fusion  of a 

solid and  tem p era tu re  will a ffec t i ts  so lub ility  in all so lv en ts ; co n seq ­

u en tly  th e  same co n sid era tio n s  lead  to th e  choice of b e s t  so lv en t.
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2.3 .4  Solubility Characteristics of Ion Association Compounds

T he so lub ilities of th e se  polar com pounds in  o rgan ic  so lven ts  depend  

upon , fo r the , most p a r t ,  th e ir  s tru c tu ra l  resem blance to  th e  various 

o rgan ic  so lv en ts . When th e  complex con ta ins la rg e  organ ic  so lv en ts  th e  

so lub ility  in  o rgan ic  so lven ts  is a reasonab le  exp ec ta tio n .

Oxonium system s in w hich the  so lven t molecules p a rtic ip a te  in  the 

form ation of th e  ex tra c tab le  complex w a rra n t special co n sid era tio n . The 

basic  c h a ra c te r  of th e  oxygen atom may enab le th e  in co rpo ra tion  of th e  

so lven t molecule in the  coordination  sp h e re  of th e  m etal cation  g iv ing  

r is e  to  an  ion association  compound th a t  s tro n g ly  resem bles th e  so lven t.

T he  ab ility  of oxonium so lven ts to com pete w ith  w ater fo r th e  m etal 

ion d ep en d s  upon th e  b asic ity  of th e  oxy g en  in  th e  so lven t molecule, 

w hich in tu rn  d epends upon th e  s te r ic  availab ility  of th e  e lec tro n s  a t  

th e  oxygen  atom and  upon the  e lec tro n  d e n s ity .

T he com petitive s tre n g th  of w a te r may be red u ced  by  th e  u se  of 

h ig h  co n cen tra tio n s  of sa lts  and  ac id s. H igh e lec tro ly te  con cen tra tio n  

fav o rs  ex tra c tio n  by  th e  following th re e  e ffec ts :

a . The m ass action e ffec t.
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If th e  e lec tro ly te  has su itab le  coord ination  an ions, th e  h ig h  con ­

ce n tra tio n  m akes rep lacem ent of w a te r molecules ea s ie r .

b . T he a c tiv ity  of w ater is re d u c e d .

c . T he d ie lec tric  c o n s tan t is low ered , th u s  fav o rin g  io n -p a ir  form a­

tion .

S o lven t B asic ity

R elative b as ic ity  as determ ined  by  in f ra - re d  sp ec tro scop ic  m e asu re ­

m ents of p ro to n  a ffin ity  y ie ld s  th e  o rd e r  alcohols > e th e rs  > 

k e to n e s(2 3 ). H ow ever, because  e th e r  o x ygens a re  sometimes more s u b ­

je c t to  s te r ic  h in d ran ce  th an  ca rb o n y l o xygen , th e  la t te r  two sometimes 

r e v e r s e .

S a ltin g -O u t A g en ts

T he te rm  sa ltin g -o u t ag en ts  is  app lied  h e re  to  those  e lec tro ly te s  

w hose add ition  en h an ces  e x tra c ta b ility , and  are  m ost im portan t in  oxo­

nium  sy stem s. T he  functions of sa ltin g  o u t ag en ts  a re  as  follows.

a . To p ro v id e  h ig h e r co n cen tra tio n  of com plexing anion.

b . To b in d  w ater m aking w a te r  le ss  available a s  a  free  so lv en t.

c . To in fluence a c tiv ity  coeffic ien ts of p a rtic ip a tin g  ions.
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d . To d ec rease  th e  d ie lec tric  co n stan t of the  aqueous p h a se , th u s  

fav o rin g  form ation of ion association  com plexes (24).

2 .4  Chemical Interactions in the Organic Phase

Chemical in te rac tio n s  of th e  ex tra c tab le  species in th e  o rgan ic  phase  

can  have im portan t e ffec ts  on th e  co ncen tra tion  of th e  complex an d , 

h ence , on th e  e x te n t of e x tra c tio n .

One of th e  m ost im portan t ty p e s  of o rgan ic  phase  reac tio n  is  p o ly ­

m erization  of ion association  com plexes. By th e ir  v e ry  n a tu re ,  v ir tu a lly  

all io n -p a ir  com plexes ten d  to  form h ig h e r a g g reg a te s  a s  th e  c o n c e n tra ­

tion  in c re a se s . N a tu ra lly , a s  polym erization te n d s  to  re d u c e  th e  ac tiv ity  

of the  ex tra c ta b le  species in  th e  o rg an ic  p h ase , th e  overa ll ex tra c tio n  

equ ilib rium  is sh ifted  in  fav o r of h ig h e r d is tr ib u tio n  ra tio s .

D issociation of ion associa tion  com plexes may also o ccu r in  v e ry  

d ilu te  so lu tions, p a r tic u la r ly  in th e  po la r so lv e n ts (2 5 ,2 6 ). T h is  re a c ­

tion  would re s u lt  in in c re ased  ex tra c tio n  a t  v e ry  low m etal c o n c e n tra ­

tions  (27) .
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Since e x tra c tab le  metal chela tes a re  essen tia lly  covalen t com pounds, 

th e ir  so lutions in n e u tra l o rgan ic  so lven ts  a re  re la tiv e ly  free  from  

chem ical in te rac tio n . One no tew orthy  excep tion  a r is e s  in  th e  u se  of 

b u ffe rs  th a t  have ex tra c tab le  com ponents. T he u se  of a n  acetic  ac id - 

ace ta te  b u ffe r  to a d ju s t the  pH of th e  aqueous medium could easily  

r e s u lt  in ex trac tio n  of acetic acid into th e  o rgan ic  p h a se . T he acetic  

acid  m ight re a c t w ith  e ith e r  th e  chela ting  re a g e n t o r  th e  chela te  itse lf , 

an d  th e re b y  affec t the  course  of th e  ex tra c tio n . For exam ple, w hen 

8-Q uinolinol is u sed  as th e  che la ting  a g e n t, i t  re a c ts  w ith  ace tic  ac id . 

T he  ace ta te  ion could also  re a c t w ith  th e  m etal ion , k eep in g  it in  th e  

aqueous p h ase . T h is depends upon th e  com petition w ith  th e  e x tra c tin g  

l ig a n d .

2 .5  Quantitative Treatment of Extraction Equilibria

2 .5 .1  Chelate Extraction Systems

n+
Let u s  tak e  th e  case in  w hich th e  m etal ion M is e x tra c te d  b y  an  

o rg an ic  solution of a weakly acidic chela ting  a g en t (HR) like HTTA from 

an aqueous p hase  contain ing  some com plexing an ion . T he in te rac tio n s  

th a t  have to be ta k en  in  account a re  th e  following:
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1) Ionization of HR to  give th e  ac tiv e  ch e la tin g  anion .

[H+][R " l

HR "  > H+ + R~ K. =   (1)

[HR]

2) Form ation of the  chelate  w hich has  b een  shown to  be s tep w ise (28).

n -1  [MR11"1] ,  ,
M + R MR    (2)

[Mn+][R ‘ ]

MR*” , + R" MR k  =n -1  n  n

[MRn ]

[MR H .j]  [R ]

T he  o vera ll form ation co n s tan t = k ^ .k 2 -k g   k ^

Kf =

[MRn ]

n+ - n 
[M ][R  ]n
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3) Com peting reac tio n s  in th e  aqueous p h ase ; h y d ro ly s is  a n d  coord ina­

tion  of th e  m etal ion w ith an ions o th e r  th a n  th e  ch e la tin g  a g e n t , e . g . ,

a) Mn+ + OH’ M(OH)n _1 , e tc . (3)

b) Mn+ + X ’ MXn l , e tc .

w here X re p re s e n ts  the  anion p re s e n t ,  e .g .  Cl , NO^ e tc .

4) D is trib u tio n  of th e  chela ting  a g e n t betw een  th e  two p h ases .

[HR] o 

[HR]

w here  s u b sc r ip t  o r e fe r s  th e  o rg an ic  p h ase .

5) D is trib u tio n  of th e  chelate  betw een th e  p h ases

KDX

[M R Jo

[MR ] n

(5)
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All th e se  in te rac tio n s  a re  tak en  in to  accoun t w hen w ritin g  th e  d is tr ib u ­

tion ra tio  of th e  m etal betw een th e  p h a se s . A ssum ing th a t  th e  only  

m eta l-b earin g  species  in  th e  o rgan ic  phase  is th e  n e u tra l chelate  MRn » 

th e n

M o  
D =T i i f  -

CMRn ] o '_____________________  . .

| ( n - i ^+ 3 + H tM X jn - J  3

D ividing both  n u m era to r an d  denom inator b y  [MR^] an d  s u b s titu t in g  

ap p ro p ria te  v a lu es  from  e q s .(2 )  an d  (5) fo r th e  ra tio s  o b ta ined , we 

find

KfKDX[ I U n
D =   (7)

1 + k^R"] ♦ k1k2[R‘ ] . . . +  Kf [R"]n ( l +x)

w here

x  =
[MRn]

In tro d u c in g  th e  ex p re ss io n  fo r th e  ionization co n stan t of th e  ch e la t­

ing  a g e n ts  and  its  d is tr ib u tio n  co n stan t (equations 1 an d  4)
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V n ^ i
n

D

N -1

( 8 )

Sim plification of th e  g en era l eq uation :

T h is  is a gen era l ex p ress io n  fo r th e  stoichiom etric d is tr ib u tio n  of th e

In many p rac tic a l c a se s , th e  above equation  can be  sim plified b y  m aking 

a num ber of assum ptions.

a) H ydro lysis an d  anion com plexation a re  no t app rec iab le  in  th e  

aqueous p h a se , x = 0.

b ) T he con cen tra tio n  of th e  m etal chelate in  the  aqueous phase  is 

neg lig ib le .

c) T he concen tra tion  of all in term ediate  che la te  species is neglig ible. 

T h en  equation  (8) re d u c e s  to

m etal betw een th e  p h ases  w hen only the  m etal chela te  is  ex tra c tab le .

o r
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D = Kf KPXKi  
n

n
5 [H R] _ y [ h r ] q \ n  

I  [H+ ] J  K* 1 [ H + ]  J  ^

T h is  equation  h as  been v e rified  for m any cases a n d  acco rd ing ly  th e  

ex tra c ta b ility  of a metal ion d ep en d s on b o th  th e  chela te  concen tra tion  

and  the  h y d ro g en  ion concen tra tion  to  th e  same e x te n t.  T h is equation  is 

o ften  u sed  to determ ine n , th e  num ber of chela te  m olecules p e r  metal 

ion. A plo t of log D v s . log [HR] a t co n s ta n t h y d ro g en  ion ac tiv ity  

y ie lds a s tra ig h t line w ith a slope of n , in  acco rd  w ith  th is  simple p ic­

tu r e .  Sim ilarly, v a ry in g  th e  h y d ro g en  ion a c tiv ity , a  p lo t of log D v s . 

pH, a t c o n s tan t la rg e  chelate  a c tiv ity , shou ld  also y ie ld  a  s tra ig h t  line 

w ith  slope = n . Any dev iation  from lin e a r ity  of th e se  log-log  cu rv es  

means th a t  th is  simple p ic tu re  is no t applicable to  th e  case in  s tu d y  and  

th a t  th e  equilibrium  of ex tra c tio n  is more com plex.
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E ffec t of H y d ro ly sis  an d  Anion Complexation

When h y d ro ly s is  of th e  metal ta k e s  place in  th e  aqueous p h a se , D is 

g iven by

w here i is  th e  av e ra g e  num ber of h y d ro x y l g ro u p s  co o rd in a ted  to  th e  

m etal ion an d  re p re s e n ts  th e  a p p ro p ria te  h y d ro ly s is  c o n s ta n t( s ) .

When th e  m etal cation  form s com plexes w ith  an ions ex is tin g  in  th e  

aqueous p h a se , th e  d is tr ib u tio n  ra tio  will d ec re a se  w ith  in c re a s in g  anion 

co n ce n tra tio n . H ow ever, a t co n s tan t anion co n ce n tra tio n , equ a tio n  (10) 

m ight s till ap p ly , b u t K will be d iffe re n t.

T he  E ffec t of C helate  Solubility  in  A queous P hase

When th e  n e u tra l  chela te  is soluble in  th e  aqueous phase  ( i . e . ,  

is small)
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& * n l o  '  Sx [ H R ] q

[Mn + ]+[MHn ] Kf [ R ' ] n + l  Kjjj, "  [H+ ] n

E quation  (11) ind ica te s  th a t  D r is e s  to  a  maximum value  equal to  K ^ .

When in term ed ia te  chela tes  a re  also  soluble in  w ate r, i t  can cause 

th e  e x tra c tio n  to  have an  u n u su a lly  small dependence on pH.

Effect of Changing the Solvent

T he dependence  of th e  d is tr ib u tio n  ra tio  on th e  o rgan ic  so lven t 

u se d , fo r o therw ise  sim ilar sy stem s, is  g iven  by ,

D k d x / k d r  k d x / k d x

D' k 'd x / k 'd r  Ik d r / k  d r !

(12)
n

If  one can assum e th a t  th e  change of th e  d is tr ib u tio n  coeffic ien ts 

will be th e  same fo r  th e  chela ting  ag e n t and  its  chela te

k d x  k d r  (13)

k 'd x  k 'd r

and  th e re fo re
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(14)

From equation  (14) it is ev id en t th a t a  change to  a so lv en t in  w hich 

th e  ch e la tin g  ag en t an d  th e  m ulti v a len t m etal che la te  a re  more soluble 

will r e s u l t  in low er D.

2.5.2 Ion Association Extraction Systems

Ion association  e x tra c tio n  system s g en era lly  involve h ig h  e lec tro ly te  

c o n cen tra tio n s  and  co n seq u en tly  th e re  a re  g re a t d iffe re n ces  betw een 

co n ce n tra tio n s  and  a c tiv itie s . A no ther com plication, th a t  u su a lly  does 

n o t come in to  considera tion  w hen dealing  w ith  chela te  com pounds, is  th e  

in te ra c tio n s  of th e  ion associa tion  complex in  th e  o rgan ic  p h a se . In  

a d d itio n , th e  num ber of in te ra c tio n s  in th e  aqueous p hase  th a t  have  to  

be ta k en  in to  accoun t is v e ry  la rg e . When a m etal ion is  in  th e  a q u e ­

ous p h a se , its  coord ina tion  sp h e re  is fu lly  occupied  b y  an ions, h y d ro x ­

y l g ro u p s , w a te r m olecules, o r as  is u su a lly  th e  c a se , b y  a  com bination 

of th e se . When th is  m etal complex ion form s an  ion association  complex 

w ith  an  anion o r cation , an d  is e x tra c te d  in to  th e  o rg an ic  p h ase , th e  

coo rd ina ted  w ate r can  be ex ch an g ed  by  th e  so lv en t, th e  complex ion 

can form a  d im er, tr im er o r  any  o th e r  polym er, o r  i t  can  ev en  d isso c i­

a te , and  each  ion can be so lvated  by  th e  o rg an ic  so lv en t.

D

D'

K'DR

KDR
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Q uan tita tiv e  T rea tm ent of Ion A ssociation System s

T he ex trac tio n  of u ra n y l n itra te  b y  oxonium so lven t can  be co n s id ­

e re d  as a genera l exam ple.

T he reac tio n s  involved in th e  d is tr ib u tio n  of u ra n y l n itra te  betw een  an  

oxonium so lvent and  w ater may be d esc rib e d  as follows:

1. Formation of th e  complex

U 02(H20 ) 62+ ♦ 2N03" ^  (U 02(H20 ) 62+, 2N 03' )  (15)

o r , if th e  w ater ac tiv ity  is low

U 02(H2Q )62+ ♦ 2N03 " (U 0 2(H20 ) 4 (N 03)2 + 2H20  (16)

2. D istribu tion  of th e  complex

(U 02 (h 20 ) 62\  2N03-)  ^  (U 0 2 (H20 ) 62\  2N 03- ) o (17)

<D 02<H2 °> 4 (N03>2> (U° 2 (H20 ) 4 (N 03>2) o <18)

3. R eactions in the  organ ic phase

<U02 (H20 ) 62*’2N03 , o * nS ? = *  D 0 2Sn (H20 ) 4 -n (N 03>2 * (n *2)H 2 °

(19)

o r ,
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U 02^H20 ) 4 (N 03) 2 + nS ^ U 0 2«H20 ) 4 -n Sn (N 0 3) 2 + nH2 °  (20)

If S re p re s e n ts  a s tro n g ly  basic so lv en t su ch  a s  b u tano l, th en

(U 0 2)(H 20 ) 4 (N 03) 2 + 6S f = ^((U 02)S 62 + ,2 N 0 3‘ ) + 4 ^ 0  (21)

In add ition  polym erization reac tio n s  will occu r a t  h ig h e r co n cen tra tio n s  

of u ran y l n itra te  w here equation  (21) is  valid .

When e th e r  is u sed  as th e  e x tra c tio n  so lv en t, th e  d is tr ib u tio n  ra tio  

can be g iven  by (16)

D = M o =
[UJ

[ u 0 2(H20 ) e2\  2N03' ] o +  ”£ ( y ° 2 Sn (H20 ) 4 -n <N03)2] 

( u 0 2(H20 ) 62J  + ^ D 0 2(H20 ) 62*, 2N03‘ )j +  [U 02(H20 ) 4 (N03) 2]

In  so lu tions of low to  m oderate ionic s t r e n g th s ,  th e  reac tio n s  r e p re s e n t­

ed  by  equa tio n s  (19) and  (20) p ro ceed  to  a su ffic ien tly  small e x te n t so 

th a t  | U | sim plifies to  ju s t [ (UC^) (H20 ) g 2 ] (29) .
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T h u s ,

D = [N03- l 2»t3 KfKD ( l .K s/a wn *2) lo .K'£K'D(l*K 's/ Swn)*'o (23)

w here  K 's re p re s e n t  therm odynam ic c o n s ta n ts , co n cen tra tio n s  a re  

e x p re s se d  in m olality, TS and  a re  th e  molal ac tiv ity  coeffic ien ts of 

th e  complex in th e  e th e r  p h ase , Z ^  is  th e  mean ac tiv ity  coeffic ien t of 

th e  u ra n y l n it r a te ,  and  a ^  is th e  a c tiv ity  of w a te r .

At re la tiv e ly  low u ra n y l co n cen tra tio n s  Z  and  Z  ' may be co n sid e redo o

u n ity . So th a t

D = K*[N03' ] 2 Y+3 (24)

E quation  (24) p re d ic ts  th a t  th e  add ition  of o th e r  n it ra te s  as  sa ltin g  o u t 

ag en ts  will im prove th e  e x tra c tio n .

Effect of Changing the Solvent in an Ion Association System

T aube(30) com pared th e  in fluence of so lven t p o la rity  on th e  e x tra c ­

tion of p lutonium  b y  chela ting  and  o th e r  com plexing re a g e n ts  inc lu d in g  

ion association  complex fo rm ers. He u sed  a  m ix tu re  of two so lv en ts , 

one of w hich was more p o la r, an d  p lo tted  th e  d is tr ib u tio n  ra tio  of th e  

m etal as  a function  of so lven t com position. T he d is tr ib u tio n  ra tio  

d ec re ase d  w ith so lven t p o la rity  fo r TTA, TBP and  DB. H ow ever, th e
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c u rv e  had  a maximum fo r th e  ion associa tion  ex tra c tio n  system  w ith  

te t r a - n - b u ty l  ammonium n itra te  (T B A N ). For an  ion associa tion  com­

p lex , an  in c rease  of D w ith so lven t p o la rity  would b e  ex p ec ted  if on ly  

th e  d issocia tion  an d  solvation a re  ta k e n  in to  acco u n t. H ow ever, th is  

experim en t showed th a t fo r a low co n cen tra tio n  of a nonpo la r so lv en t, D 

w as h ig h e r  th an  fo r  th e  p u re  so lv en t; in  th is  reg io n  th e  ion associa tion  

com plex behaved  like a chela te .

2.5 .3  Mathematical Treatment of Systems Involving Both Chelates and 

Ion Association Complexes

In  m ost of th e  experim en ts  in v e s tig a tin g  th e  ex is ten ce  and  cause  of 

sy n e rg ism , the  ex tra c tio n  system s in c lu d ed  b o th  ch e la tin g  ag e n ts  an d  

ion associa tion  fo rm ers . T h is  mixed system  is o f co u rse  ev en  more com­

p lica ted  th a n  th e  two d esc rib e d  p rev io u s ly , b u t  s ince , in  many ca ses , 

th e  ex perim en ts  a re  not perform ed  in  a v e ry  wide ra n g e  of m etal con ­

c e n tra tio n s , re a g e n t co n cen tra tions an d  pH v a lu e s , i t  is  u su a l p ra c tic e  

to  view  only th e  most im portan t in te ra c tio n s . For exam ple, I rv in g  e t 

a l .(3 1 )  in v e s tig a te d  th e  e x tra c tio n  of u ra n y l ion b y  TTA in  cyclohexane

from  0.01M HNO an d  v a ry in g  co n cen tra tio n s  of tr ib u ty l  p h o sp h a te  o

(TBP) o r  tr i-n -b u ty lp h o sp in e  oxide (T B P O ). T h ese  a re  com plicated
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sy stem . TBP also e x tra c ts  U 0 2 from HNOg solu tions to some e x te n t, 

b u t  th is  reac tio n  was n eg lec ted  and  th e  p ro cess  was d esc rib e d  as  th e  

simple chelate  ex tra c tio n  followed b y  th e  o rgan ic  phase  reac tion :

[U 02 (T T A )2] q ♦ [T B P ]o ^ = ^ [ U 0 2(T T A )2T B P ]o

If  all the  sim plifing assum ptions fo r chelate ex trac tio n  a re  made as 

b e fo re , th e  p ro cess  can  be d e sc rib e d  b y  th e  mixed phase  equilibrium :

U 0 22+ + 2 HTTA + xS - UC>2(T T A )2Sx  + 2H+

S = TBP o r TBPO

fo r  w hich th e  equilibrium  co n s ta n t is

[U 02 (T T A )2Sx ][H +] 2

K  = -------------------------------------------

[U 022+][H T T A ]2 [S ]X

o r

[H TTA ]2 [S ]X 
D o< --------------------

T he equation  was v e rified  by  chang ing  one of th e se  v a riab les  while 

keep in g  th e  o th e rs  c o n s ta n t, and  p lo ttin g  log D v s . log [HTTA] o r log 

[ S ] .
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2 .6  Synergism

T he w ord "synerg ism " was f i r s t  coined by  Blake e t  a l .(3 2 )  in 1958 

to d e sc rib e  th e ir  d isco v ery  of a defin ite  enhancem ent of th e  ex tra c tio n  

of u ran ium  (called sy n e rg ic  e ffec t)  from aqueous solu tion  b y  a  m ixture 

of an  acidic d ia lkyl p h o sp h a te  and  ce rta in  n e u tra l o rg an o p h o sp h o ru s  

e s te r s ,  th e  re su ltin g  m ix tu re  g iv ing  a b e t te r  ex tra c tio n  of u ran ium  th a n  

e ith e r  th e  acid o r  n e u tra l p h o sp h a te  alone. T h is  phenom enon of g rea tly  

enhanced  ex tra c tio n , o r  sy n erg ism , due to  a m ix tu re  of e x tra c ta n ts  has 

a t tra c te d  considerab le  a tten tio n  in re c e n t y e a rs .

2 .7  M echanisms P roposed  to  E xplain  Synergism

2 .7 .1  S u b stitu tio n  of C oord ina ted  W ater b y  a  N eu tra l L igand

Irv in g  e t  a l.(3 1 ) w ere th e  f i r s t  to  in v e s tig a te  th e  sy n e rg ic  e ffec t on 

th e  ex tra c tio n  of uran ium  w ith  a  com bination of TTA and  T B P . As p r e ­

viously  s ta te d , th ey  w orked in  n itra te  m edia. From the  change  of log 

D w ith  log [HTTA] and  log [TBP] o r  log [TB PO ], th ey  concluded  th a t 

the  m ixed com plexes U C ^ T T A ^ T B P , U O ^TTA JN O ^ TB P, 

UC>2 (TTA ) 2 (TB PO )3 and  UC>2 (T T A )2 TBPO w ere p re s e n t in  th e  organ ic  

p h ase , and  th a t th e se  mixed ligand  com plexes w ere re sp o n s ib le  fo r th e  

enhanced  ex tra c tio n . T he add itional ligands w ere co n sid ered  to  be  coo r­
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d ina ted  d irec tly  to  the  m etal, th u s  in c reas in g  the  coord ination  num ber 

of u ran ium . I t  seemed to  them  th a t th is  coordination  num ber, 7, was 

possib le  fo r u ran ium , and  th a t th e re  was also s tro n g  ind ication  th a t  th is  

was th e  rea l coord ination  num ber of uranium  in th e  TTA  chela te , the  

add itional ligand  being  one w ater molecule. A ccord ing ly , the  sy n erg ic  

reac tion  was re p re se n te d  by

[UO (TTA) H O] ♦ TBP [UO (TTA) TBP] + H O
2* 2 2 O c  Z O «

In th is  way th e  TTA complex is  made le ss  hydroph ilic  an d  more e x tra c -  

tab le  in to  th e  o rgan ic  so lv en t. I rv in g  orig inally  p roposed  th is  a s  a  p o s­

sib le g en era l exp lanation  fo r all sy n e rg ic  ex tra c tio n s , an d  on th is  b as is  

p re d ic te d  th a t th is  e ffec t on the  ex tra c tio n  would be o b se rv ed  only fo r 

che la tes  in which th e  coord ination  sp h ere  of th e  m etal is  not s a tu ra te d  

by  chela ting  a g e n t.

S u b seq u en t experim en ts  w ith triv a len t(3 3 ) and  te trav a len t(3 4 ) a c t in ­

ides d id  no t confirm  th is  p red ic tio n .
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2 .7 .2  Formation of Mixed Ligand Complexes, Resulting in an Open

Chelate Ring

H ealy (35), rep e a te d  I rv in g 's  experim en ts  in  a  r a th e r  ex ten siv e  

s tu d y  b u t  in a d if fe re n t aqueous medium. He u sed  HC1 m edia, an d  

claimed th e  ex tra c tio n  of a mixed ligand  complex of thorium  w ith TTA 

an d  T B P, of th e  ty p e  T h (T T A )^  TBP. For uranium  and  th e  tr iv a le n t 

a c tin id e s  he found th e  same mixed com plexes a s  I rv in g  d id , b u t  h e  

in v e s tig a te d  many o th e r  p h o sp h a te  e s te r s ,  phosphonic ox ides an d  p h o s-  

p h o n a te s , and  also the  tr iv a le n t r a r e  e a r th s .  H ealy 's in itia l ev idence fo r  

th e  sy n e rg ic  e x tra c tio n s  was b ased  on t r a c e r  ex p erim en ts , in  low 

re a g e n t co n cen tra tio n s  an d  c o n s tan t aqueous a c tiv ity , w hich was s u b ­

se q u e n tly  v e rified  by  a spectropho tom etric  m ethod u s in g  m uch h ig h e r  

m etal co n c e n tra tio n s (36 ). He su ccessfu lly  iso la ted  th e  m ixed solid com­

p le x e s , determ ined  th e ir  m elting p o in ts , showed th a t  th e y  con ta ined  no 

w a te r  and  s tu d ie d  th e ir  in fra re d  ab so rp tio n  sp e c tra  (37). Healy found  

th a t  th e  sy n e rg ic  e ffec t in th e  ex tra c tio n  of TTA chela tes  w as n o t con ­

fin ed  to  o rg an o -p h o sp o ru s  com pounds, b u t could be p ro d u ced  b y  alco­

h o ls , k e to n es , am ines a n d  even  in e rt so lven ts  su ch  as cyclohexane. 

His d isco v ery  by  u ltra v io le t sp ec tro sco p y  th a t  th e re  is some in te rac tio n  

betw een HTTA an d  TBP in a con cen tra tio n  ran g e  in  w hich th e  sy n e rg ic  

e ffe c t is o b se rv e d , led  him to conclude th a t  the  TTA becom es m onoden- 

ta te  and  th a t  th e re  could also be d ire c t coord ination  betw een  TBP and
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m etal ion . He confirm ed th is  b y  in fra re d  sp ec tro m etry  of th e  iso la ted  

solid com plexes. T h u s  th e  sy n e rg ic  spec ies  was con sid ered  to  have th e  

oxygen  of th e  P-O  bond  of th e  o rgan ic  p h o sp h a te  b o u n d  to  th e  m etal, 

an d  fo r each su ch  bond  one TTA chela te  r in g  w as opened , m aking th e  

TTA m onodentate . T h u s  th e  u ra n y l complex was p ic tu re d  as follows:

C,H3S
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2 .7 .3  Adduct Formation without a Direct Bond of Neutral Ligand to 

Metal

Newman and  Klotz(38) in v estig a ted  th e  synerg ic  e ffec t of t r i -n -o c ty l  

amine (TNOA) on th e  ex tra c tio n  of thorium  by  TTA . T h ey  found  in 

prelim inary  w o rk (39) th a t th e  amine was e x tra c te d  from HC1 so lu tions as 

R„NHC1, and  b y  tra c e r  w ork th e y  found th a t in th e  p re se n c e  of th eu

amine th e  thorium  chela te  was e x tra c te d  with one amine molecule p e r  

thorium  chela te . T h is re s u lt ,  a lthough  essen tia lly  th e  same as H ealy 's , 

was explained  by Newman e t a l. in a  d iffe re n t w ay.

T hey  found (40) th a t amine hyd roch lo ride  itse lf could form  an  a d d i­

tion compound w ith HTTA upon ex tra c tio n  from HC1, co rre sp o n d in g  to

th e  form ula R NHC1HTTA, and  th e re fo re  concluded th a t in  th e  p re sen ce  o

of thorium  the  amine m ust be bound  to  th e  TTA and  not d ire c tly  to  th e  

m etal ion. T h is was confirm ed by  th e  fac t th a t  a lth o u g h  R^NHCl, 

R^NHTTA and R^NHCIHTTA w ere shown to  be  p re s e n t in  so lu tion , only  

one of them , th e  R^NHCl, seemed to  a ffec t th e  thorium  chela te  e x tra c ­

tion sy n e rg ica lly . L a te r Newman calcu la ted  " sy n e rg ic  c o n s ta n ts" , 

(Kg)(4 1 ) , fo r some mixed com plexes th a t Healy found to  cause  sy n erg ic  

e x tra c tio n s  and  found th a t Ks d id  no t depend  on th e  n a tu re  of, o r th e  

valency  of, the  m etal ion. T h is  was v e ry  s tro n g  ind ication  fo r  th e  

v a lid ity  of h is th e o ry , th a t  in th e  mixed complexes th e  n e u tra l  re a g e n t 

was no t bound d irec tly  to  the  m etal, b u t to  th e  TTA chela te  r in g .
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Since th e  form ation of a mixed ligand  complex was believed to  be 

re sp o n sib le  fo r th e  sy n e rg ic  e ffec t in so lven t e x tra c tio n , many in v e s ti­

g a to rs  (42-45) s tu d ied  th e  TTA chela tes  of m etals in  th e  p resen ce  of 

T B P, TBPO, TOPO an d  4-m ethyl p y rid in e . In  most of th e  system s, a 

sy n e rg ic  e ffec t on th e  chelate  ex tra c tio n  was o b se rv ed , and  evidence 

was found fo r a mixed ligand  complex.
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2 .7 .4  Kinetic mechanism

A com pletely d iffe re n t ap p ro ach  to  th e  sy n e rg ic  so lven t ex tra c tio n  

was re p o r te d  by  F inston  and  Ino u e(4 6 ). T hey  in v e s tig a te d  th e  e ffec t of 

th iocyanate  on th e  ex tra c tio n  of F e(III)  ion by  TT A . T hey  em phasize 

th e  k in e tic  fac to r in  some e x tra c tio n  system s, especia lly  th e  TTA s y s ­

tem. I t  is well known th a t  th e  ex tra c tio n  of many m etal ions b y  TTA is 

v e ry  slow, and  equ ilib rium  is a tta in e d  only a f te r  co n tac tin g  fo r  some 

h o u rs . In  th e  system  F e (III)-T T A , th e  ex tra c tio n  in to  benzene is  slow 

and  is  co n sid ered  to  p roceed  th ro u g h  th e  following s te p s .

a) D is trib u tio n  of TTA in to  th e  aqueous p h ase .

b ) Ionization of TTA.

c) R eaction of F e(III) w ith TTA enolate ion.

d) D is trib u tio n  of th e  chela te  in to  benzene.

T a ft and  Cook(47) re p o r te d  th a t  the  ra te  de term in ing  s te p  is  th e  

reac tio n  of F e(III)  w ith  TTA enolate  ion. F inston  an d  Inoue(46) exam ­

ined th e  e ffec t of th iocyanate  ion on the  above e x tra c tio n  system , an d  

found a p ronounced  e ffec t on th e  ra te  of e x tra c tio n . T h e  in c re a sed  

ra te  of ex tra c tio n  upon  th e  add ition  of th iocyanate  is  a t tr ib u te d  to  th e  

rep lacem ent of th e  slow est s te p  in  th e  TTA  e x tra c tio n , i . e . ,  th e  d ire c t 

form ation of ex tra c ta b le  sp ec ie s , b y  a n o th e r fa s t  p ro c e s s . T he a b s o rp ­

tion sp e c tra  of F e (III)-T T A /b e n z e n e  e x tra c te d  from  aqueous p h ases  w ith
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a n d  w ithou t th iocyanate  w ere iden tica l a t  any  pH fo r all th io cy an a te  

c o n ce n tra tio n s . F u rth e rm o re , id en tica l s p e c tra  w ere o b se rv e d  fo r th e  

aqueous th iocyanate  p h ases  befo re  a n d  a f te r  e x tra c tio n . T h ese  o b s e r ­

v a tio n s , p lu s  the  fac t th a t  th e  e ffec t does no t in c re a se  w ith  in c re a s in g  

th io cy an a te  co n cen tra tio n s , n eg a tes  a  m ixed-ligand  com plex. T he m echa­

nism  p ro p o sed  b y  F inston  and  Inoue fo r th e  en h an ced  e x tra c tio n  r a te  is 

a s e r ie s  of fa s t reac tio n s :

a) Form ation of F e(III)-S C N  complex in  th e  aqueous p h a se .

b) E x trac tio n  of F e(III)-S C N  in to  th e  o rgan ic  p h ase  b y  form ing th e  

io n -p a ir .

c) R eplacem ent of SCN w ith  TTA in  th e  o rg an ic  p h a se .

A la te r  s tu d y  b y  th e  same a u th o rs (48) on th e  same sy stem , show ed 

a la rg e  sy n e rg ic  e ffec t of th io cy an a te  on th e  e x tra c tio n  of F e (III)-T T A  

chela te  w hen th e y  u sed  m ix tu res  of hexone an d  b en zen e . T he d iffe ren ce  

betw een  th is  new so lven t system  an d  th e  form er is  th a t  F e(III)-S C N  

complex can  be e x tra c te d  in to  hexone, w hereas i t  w as e x tra c te d  only  to  

a v e ry  small e x te n t by  ben zen e . L a te r  F inston  an d  G nizi(49) v e rified  

th e  p ro p o sed  mechanism u s in g  th e  Z r-TT A -SC N  system  w ith  benzene 

an d  ben zen e-h ex o n e  so lv en ts .

T h u s , th e re  w ere fo u r  d if fe re n t opinions ab o u t th e  m echanism s of 

th e  sy n e rg ic  e ffec t in so lven t e x tra c tio n .
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a . Form ation of a mixed complex, by  opening of one chelate r in g  p e r  

molecule of n e u tra l ligand .

b . Form ation of an ad d u c t w ithout opening  an y  chela te  r in g , w hich 

could  be th e  re su lt of su b s titu tio n  of coord ina ted  w ate r, o r simply 

in c reas in g  th e  coordination  num ber. T he re su ltin g  a d d u c t is 

th o u g h t to be less hydroph ilic  and  th u s  more soluble in  o rgan ic  

s o lv e n t.

c . Form ation of an add ition  com pound, w ith  th e  ad d u c t molecule 

bound  to th e  chelate  an d  no t d irec tly  to  th e  m etal ion.

d . K inetic mechanism- elim ination of th e  slow s te p  in  th e  m etal ch e ­

la te  ex trac tio n  w ith th e  add ition  of SCN ion to  th e  aqueous 

p h a se .
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Chapter III 

EXPERIMENTAL

3.1 Reagents

U rany l n itra te  (ce rtified  A .C .S ) ,  ammonium n itra te ,  calcium n itra te  

and  sodium ta r t r a te  w ere ob ta ined  from  F ish er Scientific  Company.

T horium  n itra te  and  iron  w ire , 99.95%, an d  m ethyl iso -b u ty l ketone 

w ere B aker analyzed  re a g e n t g rad e .

2 -T h en o y ltrifIu o ro ace to n e(T T A ), L an cas te r S y n th es is , L td .,  was 

u sed  w ithou t fu r th e r  p u rifica tio n .

P ropy lene  carb o n a te , MCB re a g e n ts , 98% by  GC, was d istilled  u n d e r 

re d u c e d  p re s s u re  ( b .p .  92°C a t 4 .5  mm Hg) fo r  p u rifica tio n .

C opper m etal was ob ta ined  from J .T .B a k e r  Chemical Company.

All th e  o th e r  chemicals such  as  sodium h y d ro x id e , p erch lo ric  acid , 

e th an o l, ammonium h y d ro x id e , e t c . ,  w ere th e  h ig h e s t p u r ity  g rade  

av a ilab le .

- 47 -
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3.2 Apparatus

Metal cation co n cen tra tio n s  w ere determ ined  w ith  a P e rk in  Elmer 

Lambda 3B UV/Visible sp ec tropho tom eter connected  to th e  PE 3G00 data  

s ta tio n .

A B u rre l w ris t action sh a k e r was u sed  fo r so lven t ex tra c tio n .

pH m easurem ents w ere made w ith a C orn ing  model 12 pH m eter, 

u s in g  glass and  calomel e lec tro d es .
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3.3 Procedures

3 .3 .1  Extraction of Fe(III), Co(II) and Cu(II)

C ation so lu tions w ere p re p a re d  b y  d isso lv ing  th e  m etals in  a  m ini­

mum am ount of p e rch lo ric  acid  followed b y  evapora tion  to  in c ip ien t d r y ­

n e s s . T he  re s id u e s  w ere d isso lved  in  ta r t r a te  so lution a n d  th e  pH was 

a d ju s te d  to  th e  d e s ire d  value w ith NaOH solution and  d ilu ted  w ith d is ­

tilled  w a te r to th e  c o rre c t volume. Homogeneous ex tra c tio n  in to  p ro p y ­

lene ca rb o n a te  was perfo rm ed  b y  h e a tin g  and  s t ir r in g  eq u a l volum es of 

th e  aqueous cation  so lu tions an d  the  p ro p y len e  carb o n a te  so lution of th e  

ch e la tin g  a g e n t in  a 125 ml e rlenm eyer f la sk . A "co ld -finge r"  conden- 

so r p laced  in th e  neck  of th e  flask  minimized an y  loss of so lu tion  b y  

ev ap o ra tio n . When a sing le  hom ogeneous phase  was ach ieved , th e  mix­

tu re  was cooled to  room tem p era tu re  a n d  cation concen tra tio n s  in  bo th  

p h ases  w ere determ ined  b y  ab so rp tio n  spec tro p h o to m etry  as  follows.

A ca lib ra tion  c u rv e  was ob ta ined  fo r  each cation b y  m ixing 2 /2 /1  

ra tio s  of p ro p y len e  ca rb o n a te  solution of th e  ch e la ting  a g e n t/a q u e o u s  

co n cen tra tio n  s ta n d a rd /e tl ia n o l to y ie ld  a sing le  hom ogeneous p h ase . 

P ropy lene  carb o n a te  and  e thano l w ere added  to  th e  aqueous p h a se ; 

aqueous p lu s  e thano l was ad d ed  to th e  p ro p y len e  carb o n a te  p h ase , and  

th e  same ca lib ra tion  cu rv e  was u sed  to  determ ined  th e  m etal ion concen­

tra t io n  in  bo th  p h a se s .
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C onventional liq u id -liq u id  e x tra c tio n s  in to  p ro p y len e  ca rb o n a te  an d  

to luene w ere perform ed  b y  sh ak in g  eq u a l volumes of th e  aqueous cation 

so lu tions and  th e  p ropy lene  ca rb o n a te  solution of th e  chela te  in  a  sep a ­

ra to ry  fu n n e l w ith  a w ris t-ac tio n  sh a k e r . In  p ropy lene  ca rb o n a te  

e x tra c tio n , th e  cation co n cen tra tio n  in each  phase  was determ ined  u s in g  

th e  above p ro c e d u re s . In to luene e x tra c tio n , th e  iron  co n cen tra tio n  in  

th e  aqueous phase  was determ ined  u s in g  th e  1 ,1 0 -p henan th ro line  co lori­

m etric  m etliod(50).
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3 .3 .2  Extraction of Uranium

U ranyl ion was e x tra c te d  in to  p ropy lene  ca rb o n a te  from  u ra n y l 

n itra te  solution sa tu ra te d  w ith a  su itab le  sa ltin g  o u t re a g e n t b y  h ea tin g  

(to  99°C) and s t ir r in g  eq u a l volum es of th e  aqueous an d  p ro p y len e  c a r ­

bonate  p h ases .

T he uranium  e x tra c te d  from n itra te  solu tion  in to  p rop y len e  carb o n a te  

was s tr ip p e d  from th e  o rgan ic  p h ase  w ith carb o n a te  so lu tions of v a ry in g  

pH v a lu es . T he carb o n a te  so lu tions w ere eq u ilib ra ted  w ith  p ro p y len e  

carb o n a te  before s tr ip p in g  to minimize th e  loss of p ropy lene  carbona te  

p h ase .

A final separation  s te p  con sis ted  of e x tra c tio n  of u ra n y l ion in to  

p rop y len e  carbonate  contain ing  d ibenzoyl m ethane. T he ca rb o n a te  com­

p lex  was f ir s t  d es tro y ed  b y  h ea tin g  the  aqueous p h ase  w ith  n itr ic  acid , 

and  th e  pH was ad ju sted  from 6 to  8 befo re  th e  e x tra c tio n .

In each s te p , ex tra c tio n  was perform ed  by  h e a tin g  an d  s t i r r in g  th e  

m ix tu re  a t  tem p era tu re  h ig h e r th an  71°C u n ti l  a hom ogeneous p h ase  w as 

ach ieved . A fter th e  m ix tu re  was cooled to  room te m p e ra tu re , th e  u ra n i­

um co n cen tra tions in b o th  p hases w ere determ ined  b y  ab so rp tio n  sp ec ­

tropho tom etry  u sing  dibenzoyl m ethane (51).
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3 .3 .3  Phase diagram for the liquid system Water + Propylene 

carbonate + Methyl iso-butyl ketone

T he th re e  component liq u id -liq u id  phase  d iagram s a t  25°C and  50°C 

w ere obta ined  by  ti tra t in g  hom ogeneous m ix tu res of MIBK + p ropy lene  

carb o n a te  of d iffe re n t com positions w ith w a te r and  w ate r w ith  homoge­

neous m ix tu res of MIBK + p rop y len e  ca rb o n a te . The whole titra tio n  s y s ­

tem w as m aintained a t co n s tan t tem p era tu re  d u rin g  the t i tra t io n . T he 

end  po in t of th e  titra tio n  was th e  cloud po in t(5 2 ).

T h e  d en s itie s  of m ethyl iso b u ty l k e tone , p ropy lene ca rb o n a te , and  

th e ir  m ix tu res , and also w a te r, w ere ob ta ined  u sin g  pyco n o m eters . 

Pyconom eters w ere filled to  a level above th e  calib ration  m ark , and  

immersed in a w ate r b a th  of co n stan t tem p era tu re  fo r about 20 m inu tes, 

and  th e  level ad ju sted  exac tly  to  the  m ark . T he pyconom eter was 

w eighed , and  d e n s ity  was calcu la ted  from  th e  form ula;

Wm
d ( t)  =   (d  - d ) + d ,v '  v w a '  a

Ww

w here d ( t)  is  th e  d en s ity  of the  m ix ture  a t  a  g iven  te m p era tu re ; Wm is 

th e  w eight of th e  m ixture in th e  pyconom eter; is  th e  w eigh t of th e  

w ate r in th e  pyconom eter; d& is th e  d en s ity  of th e  a ir; and  d ^  is  th e  

d e n s ity  of th e  w ater a t  th e  g iven  te m p era tu re .
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T he tie  lines w ere ob ta ined  as follows. A m ix tu re  of w a te r , m ethyl 

iso b u ty l ketone and  p ro p y len e  ca rb o n a te  of know n com position w as a d d ­

ed  to  a se p a ra to ry  fu n n e l, th e n  w hich was k e p t in  a  c o n s ta n t tem p era­

tu re  w a te r b a th , and  period ically  a g ita te d  to  reac h  equ ilib rium . A fter 

sep a ra tio n  th e  two ph ases  w ere w eighed  and  th e  w eigh t ra tio  of th e  two 

p h ases  w ere de term ined . With th e  help  of th e  le v e r ru le ,  th e  slopes of 

th e  tie  lines w ere de term ined .
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Chapter IV 

RESULTS AND DISCUSSION

4.1 Homogeneous Liquid-Liquid extraction of the TTA Complexes of 

F e(III), Cu(II) and Co(II)

E x trac tio n  of iron  is  of p a r tic u la r  in te re s t  in h y d rom eta llu rg ica l p r o ­

cess in g  since it is bo th  u b iq u ito u s  and  fre q u e n tly  an  in te rfe ren ce  . Sol­

v e n t e x tra c tio n  p ro c e d u re s  of co p p er a re  s till of g re a t  c u r re n t  in te re s t  

as ev idenced  by the  la rg e  num ber of p a p e rs  on co p p er o re  p ro cess in g  

a t th e  In te rn a tio n a l Solvent E x trac tio n  C ongress, L iege, 1980.

T he b e ta -d ik e to n es  a re  a c lass of che la ting  a g e n ts  of p a r tic u la r  

in te re s t  fo r s tu d y  because  th e y  form read ily  s tro n g  com plexes w ith  a 

wide v a r ie ty  of ca tio n s . F u rth e rm o re , a  num ber of hom ologues in to  

w hich vario u s  s u b s titu e n ts  have been  in tro d u ced  have b een  widely 

s tu d ie d . For exam ple, th e  -CF^ g roup  in  th en o y ltriflu o ro ace to n e  red u ce s  

th e  base  s tre n g th  of th e  ligand  an d  perm its  e x tra c tio n  from  more acid  

medium. In  g en era l, th e  e ffec tiv en ess  of th e  b e ta -d ik e to n e s  is a  conse-

- 54 -
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quence of the  ease w ith w hich th ey  enolize, an d  because th e  conjugated  

double bonds in the  enol s tru c tu re  re s u lts  in  s tab ilization  of th e  six 

m em bered chelate form ed. A lso, many of th e  chela ting  ag en ts  a re  ch ro - 

m ogenic.

F e (III)-T T A  ex tra c tio n  by  th e  conventional liq u id -liq u id  ex trac tio n  

m ethod a t room tem p era tu re  is  known to  be slow. F or exam ple, 12

h o u rs  is re q u ire d  to  e s tab lish  equilibrium  d u rin g  th e  ex trac tio n  of

F e(III)-T T A  from hydroch lo ric  acid  solu tions w ith  0 .2  M solution of th e  

re a g e n t in  b en zene(53 ). Akaza e t  a l.(5 4 ) also re p o rte d  th a t  ra th e r  long 

sh ak in g  tim es a re  re q u ire d  in  colorim etric determ inations w ith TTA.

F in sto n  e t  a l.(4 6 ) re p o rte d  1 ho u r shak ing  time fo r th e  complete

e x tra c tio n  of F e(III) w ith 0 .5  M TTA in  benzene in  th e  p resence  of 

SCN . M urata e t a l .(3 )  and  T in g  e t a l. (4) ach ieved  complete an d  rap id  

(5 m inutes) ex trac tio n  of Fe (III)-T T A  in to  p ropy lene  ca rb o n a te , u sin g  

th e  homogeneous m ethod. T hese  ex tra c tio n s  w ere perform ed  a t low pH, 

ab o u t 3, to  avoid th e  form ation of h y d ro ly s is  p ro d u c ts  a t  h ig h e r pH.

T he  e ffec ts  of h ig h e r  pH (6 to  8) and  TTA concen tra tion  on the  

e x tra c ta b ility  of F e ( I I I ) - ,  C o (II)-  and  C u(II)-T T A  into  p ropylene c a r ­

bonate  a re  shown in F ig . 1, 2 and  3. T he ex trac tio n  of Fe (III)-T T A  

d e c re a se s  w ith in c reas in g  pH; ex trac tio n  of C o(II)-T T A  inc reases  w ith 

in c re a s in g  pH; th e re  is no effec t of pH on th e  ex trac tio n  of
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100

0 .150-05

[ TTA ] M

F i g .  1 E f f e c t  o f  TTA c o n c e n t r a t io n  on t h e  hom ogeneous  
e x t r a c t i o n  o f  F e ( I I I ) - t h e n o y l t r i f l u o r o a c e t o n a t e  i n t o  
p r o p y le n e  c a r b o n a te ,  a t  d i f f e r e n t  i n i t i a l  aqueous pH values
[F e+3] = 5 .0  x 10 3 M [ t a r t r a t e ]  = 0 . 1  M 

□ pH = 6 O pH = 7 •  pH = 8
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10 Or

eo•H
4-1O
cdl-i
4 J
X
w

0-05 0.15

[ TTA ] M

F i g .  2 E f f e c t  o f  TTA c o n c e n t r a t io n  on th e  homogeneous  
e x t r a c t i o n  o f  C o ( I I ) - t h e n o y l t r i f l u o r o a c e t o n a t e  i n t o  
p r o p y le n e  c a r b o n a te ,  a t  d i f f e r e n t  i n i t i a l  aqueous pH v a l u e s ,
[Co+^] = 5 . 0  x 10 M [ t a r t r a t e ]  = 0 . 1  M 

•  pH = 6 O pH = 7 □  pH = 8
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Cu
10 OB

Co

eo
• H
■UO
Cfl
U
4-1
X
w

Fe

F i g .  3 E f f e c t  o f  i n i t i a l  aqueous pH on t h e  homogeneous  
e x t r a c t i o n  o f  m etal-TTA co m p lex es  i n t o  p r o p y le n e  c a r b o n a te .

[TTA] = 2 .5  x 10"3 M; [Men+] = 5 . 0  x 10"3 M;

[ t a r t r a t e ]  = 0 . 1  M
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C u (II)-T T A . As show n in F ig u res  1, 2 an d  3, u n d e r  th e  same cond i­

tio n s , th e  e x tra c tio n  of C u (II)-T T A  > C o(II)-T T A  > F e (III)-T T A . T hese  

re s u lts  can be q u a lita tiv e ly  exp la ined  by  co n sid e rin g  th e  s tab ility  con­

s ta n ts  of b o th  th e  re sp e c tiv e  m etal-TTA  com plexes, an d  th e  m etal- 

ta r t r a te  com plexes, an d  th e  so lub ility  p ro d u c t c o n s ta n ts  of th e  re sp e c ­

tive  m etal h y d ro x id es  (T ab le  I ) .  T he  s tab ility  c o n s ta n ts  of C u (II)-T T A  

and  C o(II)-T T A  com plexes a re  h ig h e r  th an  th e  s ta b ility  c o n s ta n ts  of th e  

re sp e c tiv e  m etal ta r t i 'a te s .  T h e re fo re , th e re  is no in te r fe re n c e  from t a r ­

tr a te  com plexes in  th e  e x tra c tio n  of C u (I I ) -  an d  C o (II)-T T A  com plexes. 

H ow ever, th e  s ta b ility  c o n s ta n t of th e  F e ( I I I ) - ta r t r a te  complex is  h ig h e r  

th a n  th e  s tab ility  co n s ta n t of th e  F e (III)-T T A  com plex; th e  so lubility  

p ro d u c t c o n s ta n ts  of th e  re sp e c tiv e  h y d ro x id es  a re  in th e  o rd e r  

Fe(O H )„ < C u(O H )„ < Co(OH) • an d  th e  form ation c o n s ta n ts  a re  in  th eO £* Ct

o rd e r  C u (II)-T T A  > C o (II)-T T A  > F e (III)-T T A . T h e re fo re  th e re  should  

be g re a te r  e x tra c tio n  of th e  C u (II)-T T A  com plex. T h e  low er e x tra c t-  

ab ility  of iron  as com pared w ith  co pper and  cobalt may be due to  th e  

com petition of ta r t r a te ,  TTA and  h y d ro x id e  ions . A lthough  th e  form a­

tion  co n s ta n t of th e  Fe ( I I I ) - ta r t r a te  complex is  s ig n ifican tly  g re a te r  

th a n  th e  form ation co n s ta n t of F e (III)-T T A  com plex, th e  la t te r  is 

e x tra c te d  in to  th e  o rgan ic  p h ase . T h u s , th e

[ F e f l U l - t a r t r a t e ! ** F e (lI I )  + [ ta r t r a te ]^
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so

T able I. S tab ility  c o n s tan ts  of the m e ta l- ta r tra te s (5 5 ,5 6 ) ,

m etal-TTA (57) com plexes an d  th e  so lub ility  p ro d u c t 

co n s tan ts  of m etal h y d ro x id e s (58).

Metal log K log K p K ^

( ta r t r a te )  (TTA) (h y d ro x id es)

F e(III)  18.6? 6 .9  38.6

C o(II) 2 .1  7.81 14.2

C u (II) 3 .2  8.23 18.6
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equilibrium  is sh ifte d  to  th e  r ig h t  b y  eq u ilib ra tio n  w ith  TTA in  p ro p y ­

lene ca rb o n a te . A no ther possib le  reaso n  fo r th e  low er e x tra c ta b ility  of

3+F e(III)  may be due to  th e  h ig h e r ch arg e  on th e  Fe ion; th re e  mol­

ecu les of che la tin g  a g en ts  a re  needed  to  form  a n e u tra l  com plex. For

2 + 2 +th e  m etal ions from  Mn to  Zn th e  following Irving-W illiam s 

o r d e r (59), o r n a tu ra l o rd e r , of s tab ility  of com plexes is  know n.

2 + 2 + 2 + 2 + 2 + „  2 +Mn < Fe < Co < Ni < Cu < Zn

T h is  o rd e r  can also be well exp la ined  in te rm s of th e  h ea t of form ation

of th e  com plexes(60 ). T h e re fo re , we get b e t te r  e x tra c tio n  in  th e  case of

copper.

As seen  b o th  in p rev io u s w ork(46), and  th e  r e s u l ts  ob ta ined  h e re , 

th e  h ig h e r  th e  concen tra tion  of TTA , th e  g re a te r  is  th e  ex tra c tio n  of 

m etals. Hong e t a l. (5) re p o rte d  only ca. 80% e x tra c tio n  of C u (II)-T T A  

a t  low pH , even  w ith  0.2  M TTA an d  fo r Fe (III)-T T A  only ca. 90% was 

e x tra c te d  a f te r  30 m inutes shak ing  time. T h e  r e s u lts  we ob ta ined  a t 

h ig h e r pH w ith  0 .2  M TTA show q u an tita tiv e  ex tra c tio n  of F e (I I I ) , 

C o(II) an d  C u (II) w ith in  a few m inu tes. Complete e x tra c tio n  of C u(II) 

is possib le  even  w ith  0.025 M TTA . At h ig h e r  co n cen tra tio n s  of TTA 

th e  m etal-TTA  ex tra c tio n s  a re  in d ep en d en t of pH in th e  ra n g e  6 to  8 as 

shown in  F igs. 1, 2 and  3.
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TTA is a 1 ,3 -d ik e to n e  and  e x is ts  in the  following th re e  fo rm s(53):

CH CH CH-----CH
O O II II O OH

I I  _ _  I I  I I  I

s' S

keto  form enol form

CH C—C—CH-.—C—Cr 3 CH C—C—CH=C—CF3

\ /  \ /

CH CH

II II ? TCH C—C—CHo—C—CF3

V OH

keto  h y d ra te  form

T he TTA enolate  ion form s h igh ly  e x tra c ta b le  m etal ch e la te s  of th e  form

M I*
S  \

CH—  CH O O
II II II I
CH C------- C C—CF3

\  /  \  /
S CH

w here z is th e  ch arg e  of th e  uncom plexed m etal ion . In  d ilu te  ac id  only 

abou t 1.6% of th e  TTA is in  enol form, th e  rem a in d er is  in th e  keto  

h y d ra te  fo rm (61). TTA in th e  benzene p h ase  co n s is ts  of ab o u t 11%
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keto  h y d ra te  form , th e  rem ainder is  in th e  enol fo rm (62 ). TTA in p ro ­

py lene carb o n a te  is in  th e  keto  m other form (3) (eno l form  of TTA w ith  

in term olecu lar h y d ro g en  bond formed w ith th e  s o lv e n t) . F igu re  4 shows 

the  UV ab so rp tio n  sp e c tra  of TTA in 2 /2 /1  ra tio  of p ro p y len e  ca rb o ­

n a te , aqueous an d  e thano l medium a t  pH 2 an d  7. T he  spec tru m  a t pH 7 

is id en tica l to  th e  sp ec trum  of TTA th a t  Healy e t  a l.(6 3 ) o b se rv ed  in  

d ry  tr ib u ty lp h o sp h a te , an d  the  sp ec trum  a t  pH 2 is  iden tica l to th e  

TTA sp ec tru m  in w et tr ib u ty lp h o sp h a te . T h u s , th e  spec tru m  a t  pH 7 is  

considered  to  c o rre sp o n d  to  th a t of th e  eno la te  form  and  a t  pH 2 to  

th a t of th e  k e to h y d ra te  form . We can conclude from  th is  ev idence th a t  

a t h ig h e r  pH (6 to 8) th e re  is more enolate  ion form  of th e  TTA in  

so lu tion , re su lt in g  in b e t te r  ex trac tio n  a t h ig h e r  pH .

T he U V -visible sp e c tra  of th e  re sp e c tiv e  F e (III)-T T A , C u (II)-T T A  

and  C o (II)-T T A  com plexes e x tra c te d  in to  p ro p y len e  carb o n a te  and  made 

hom ogeneous w ith aqueous and  ethano l a re  show n in  F ig . 5, 6 and  7. 

T he UV-V isible sp ec trum  of th e  F e(III)-T T A  com plex is th e  same as 

th a t of the  U V -visible sp e c tra  of F e (III)-T T A  in  benzene a t  pH 2, as 

o b se rv ed  b y  K hopkar e t  a l.(6 4 ) an d  th a t o f th e  C u (II)-T T A  complex is 

th e  same as th a t  of th e  U V -visible sp ec trum  of C u (II)-T T A  in  m ethanol, 

as o b se rv ed  by  W alker e t a l .(6 5 ) . T h e re fo re , it  can  be concluded  th a t  

the  same m etal-T TA  com plexes a re  form ed a t  h ig h e r  pH .
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+ 3-

A b so rp t io n  s p e c t r a  o f  th e  F e (I I I ) -T T A  complex i n  
2 : 2 : 1  r a t i o  o f  P C /a q u e o u s /e th a n o l  a t  pH 7 .

v-5[Fe J] = 8 .0  x 100  M [TTA] = 4 . 0  x 10"3 M [ t a r t r a t e ]  = 2 .0  x 10 -2  M

<T>cn
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F i g . 6  A b s o r p t io n  s p e c t r a  o f  th e  Cu(II)-TTA complex i n  
2 : 2 : 1  r a t i o  o f  P C /a q u e o u s /e t h a n o l  a t  pH 7.

[Cu+2] = 8 . 0  x 10"5 M [TTA] = 4 . 0  x 10“ 3 M [ t a r t r a t e ]  = 4 . 0  x 10-2  M

a
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F i g . 7 A b s o r p t io n  s p e c t r a  o f  t h e  Co(II) -TTA complex i n  
2 : 2 : 1  r a t i o  o f  P C /a q u e o u s / e t h a n o l  a t  pH 8 .

[Co ^] = 8 . 0  x 10 ^ M [TTA] = 4 . 0  x 10  ̂ M [ t a r t r a t e ]  = 4 . 0  x 10"^ M
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4.2 Conventional Liquid-Liquid Extraction of Fe(III)-TTA Complex

In  o rd e r  to  com pare th e  e ffec tiv en e ss  of th e  hom ogeneous liqu id -

liqu id  ex tra c tio n  m ethod w ith th e  conventional liq u id -liq u id  ex tra c tio n

m ethods a t n e a r  n e u tra l pH it was n ece ssa ry  to  perfo rm  th e  ex tra c tio n s

by  th e  conven tional liq u id -liq u id  e x tra c tio n  m ethod. As seen  in  p rev ious

w ork (46 ), th e  h ig h e r  th e  co n cen tra tio n  of TTA an d  th e  lo n g e r th e

shak in g  tim e, th e  g re a te r  is th e  p e rc e n t ex trac tio n  of F e ( I I I ) .  I t  h as

been po in ted  o u t by some a u th o rs (5 3 ,5 4 ,4 6 ,6 6 ) th a t c e rta in  m etal cation

com plexes w ith  TTA a re  e x tra c te d  v e ry  slowly. T he e ffec t of aqueous
- 3

pH (6 to  8) an d  TTA co n cen tra tio n  on th e  e x tra c ta b ility  of 1 .0  x 10 

M F e(III)  w i:h  TTA in to  p ropy lene  carb o n a te  and  to luene  a re  shown in  

F ig s. 8 and  9. T he influence of th e  shak in g  time on th e  e x tra c ta b ility  

of F e (III)-T T A  into p ropy lene  ca rb o n a te  and  to luene a re  show n in F ig s. 

10 an d  11. In  bo th  so lven ts  th e  h ig h e r  th e  TTA co n ce n tra tio n  and  th e  

lo n g e r th e  sh ak in g  tim e, the  g re a te r  is th e  e x tra c tio n . A bout 4% 

ex tra c tio n  in to  p ro p y len e  ca rb o n a te  was o b serv ed  in  th e  absen ce  of 

TTA . As pH in c re a se s , th e  ex tra c tio n  of Fe (III)-T T A  d e c re a se s ; th is  

may be due to  h y d ro x id e  form ation. T he e ffec t of sh ak in g  time and pH 

on th e  e x tra c ta b ility  of 5 .0  x 10 ^ M F e(III)  w ith 0.025 M TTA into  

p ro p y len e  carb o n a te  is shown in  F ig u re  12; th e  v a lu es  o b ta ined  fo r 

p e rc e n t e x tra c te d  a re  62%, 52% a n d  45% a t pH 6, 7 a n d  8, re sp e c tiv e ly , 

w ith  30 m inutes sh ak in g . The hom ogeneous ex tra c tio n  of Fe (III)-T T A
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0.15

[ TTA ] M

F i g .  8 E f f e c t  o f  TTA c o n c e n t r a t i o n  on t h e  c o n v e n t i o n a l  
e x t r a c t i o n  o f  F e ( I I I ) - t h e n o y l t r i f l u o r o a c e t o n a t e  i n t o  
p r o p y l e n e  c a r b o n a t e ,  a t  30°C, a t  d i f f e r e n t  i n i t i a l  
aqueous pH v a l u e s .
c o n t a c t  t im e  = 2 min. [F e +^] = 1 . 0  x  10~^ M

[ t a r t r a t e ]  = 0 . 0 5  M

□ pH = 6 o pH = 7 •  pH = 8
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F i g .  9 E f f e c t  o f  TTA c o n c e n t r a t i o n  on t h e  c o n v e n t i o n a l  
e x t r a c t i o n  o f  F e ( I I I ) - t h e n o y l t r i f l u o r o a c e t o n a t e  i n t o  
t o l u e n e ,  a t  30°C, a t  d i f f e r e n t  i n i t i a l  aqueous pH v a i u e s .

c o n t a c t  t im e  = 2 min. [F e +3] = 1 . 0  x 10"3 M
[ t a r t r a t e ]  = 0 . 0 5  M

□ pH = 6 o p H  = 7 •  pH = 8
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F i g .  10 C o n v e n t i o n a l  e x t r a c t i o n  o f  F e ( I I I )  w i t h  2 . 5  x 10_3M 
TTA o f  p r o p y l e n e  c a r b o n a t e  s o l u t i o n s  a t  v a r i o u s  i n i t i a l  
aqueous  pH v a l u e s ,  a t  30°C.

[ F e +3] = 1 . 0  x 10"3 M [ t a r t r a t e ]  = 0 . 0 5  M

qpH = 6 OpH = 7 •  pH = 8
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F i g .  11 C o n v e n t i o n a l  e x t r a c t i o n  o f  F e ( I I I )  w i t h  2 . 5  x 10 -3  M 
TTA o f  t o l u e n e  s o l u t i o n s  a t  v a r i o u s  i n i t i a l  aqueous  pH. a t  
30°C.

[ F e 3+] = 1 . 0  x  10"3 M

□ pH = 6

[ t a r t r a t e ]  = 0 . 0 5  M 

O pH = 7 •  pH = 8
-oCO
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F i g .  12 C o n v e n t i o n a l  e x t r a c t i o n  o f  F e ( I I I )  w i t h  2 . 5  x 10-3  M 
TTA o f . p r o p y l e n e  c a r b o n a t e  s o l u t i o n s  a t  v a r i o u s  i n i t i a l  
aqueous  pH v a l u e s ,  a t  30°C.

[ F e 3+] = 5 . 0  x  10 3 M [ t a r t r a t e ]  = 0 . 1  M 

□ P H = 6 O pH = 7 #  pH = 8 „
CO



in to  p ropy lene carbona te  u n d e r  th e  same conditions gave 67%, 58% and 

53% ex tra c tio n  a t  pH 6, 7 and  8, re sp e c tiv e ly . At h ig h e r  (T T A )/(m eta l) 

ra tio  th e re  is no sign ifican t d iffe ren ce  betw een conventional an d  homo­

geneous ex tra c tio n  m ethods. T h e re  was 100% e x tra c tio n  of F e(III)  a t 

the  h ig h e r pH by  both  te ch n iq u es . The hom ogeneous m ethod gave b e t­

te r  ex tra c tio n  a t low (T T A )/(m eta l) ra tio s . T he e ffec tiv en ess  of homo­

geneous liqu id -liq u id  ex tra c tio n  is a t tr ib u te d  to th e  h ig h e r  reac tion  

tem p era tu re  w hich b r in g s  abo u t a d is tu rb a n c e  of th e  w a te r s t ru c tu re  in 

th e  medium (d ecrease s  th e  w a te r ac tiv ity ) in  which th e  aqueous species 

is cau g h t by  in tru sio n  of p ro p y len e  carbona te  m olecules, th e  easie r 

m ass t r a n s fe r ,  in c reased  ra te  of reac tio n , th e  in te rac tio n  betw een 

iro n (III)  and  TTA in th e  sing le  p h ase , and  th e  com pletion of th e  su c ­

cessive  chelation of iro n (III)  w ith  TTA. M urata e t  a l. (3) re p o r te d  ca. 

85% ex tra c tio n  of F e (III)-T T A  in to  p ropy lene  carb o n a te  a t  30°C w ith 2 x 

10 ^ M TTA a t pH 2. The low er ex tra c tio n  effic iency  of F e(III)-T T A  a t 

n e a r  n e u tra l pH w ith low (T T A )/(m eta l) ra tio  may b e  due to  th e  h ig h e r 

form ation co n stan t of F e ( I I I ) - ta r t r a te  an d  th e  com petition betw een TTA 

and  hyd ro x id e  ions. T h e re fo re , i t  may be b e t te r  to  use m alonate (log 

s tab ility  co n stan t of F e(III)-m alona te  = 7 .46 )(67) o r  su cc ina te  (log s ta ­

b ility  co n stan t of Fe (III) -succ ina te  = 7.49) (67) in s te a d  of ta r t r a te  a t  low 

(T T A )/(m eta l) ra tio s .
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T he abso rp tion  sp e c tra  of F e (III)-T T A  complex e x tra c te d  into 

to luene from pH 7 aqueous medium is shown in F ig . 13. K hopkar e t 

a l.(6 4 ) and  Satake e t  a l.(6 8 ) also re p o rte d  th e  same sp e c tra  fo r the  

F e (III)-T T A  complex e x tra c te d  a t low pH. T h u s , it  can be in fe rre d  th a t 

th e  same complex is form ed a t bo th  th e  h igh  an d  low pH .
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F i g . 13 A b s o r p t io n  s p e c t r a  o f  t h e  F e ( I I I ) - T T A  complex  
i n  t o l u e n e  a t  pH 7.

[F e+3] = 1 .6  x 1 0 ' 4 M [TTA] = 1 .6  x 10-2  M [ t a r t r a t e ]  = 2 . 0  x 10"2 M

a
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4 .3  Homogeneous L iqu id -L iqu id  E x trac tio n  of F e (III)-A ce ty lace to n a te

A cetylacetone re a c ts  w ith  o v e r 60 m etals to  g ive ch e la te s  of su ffi­

c ien t s tab ility (6 9 ) th a t form ation o ccu rs  even  a t  low m etal ion concen­

tra t io n s .  The so lub ility  of ace ty lace to n a tes  in o rg an ic  so lven ts  is  of a 

much h ig h e r o rd e r  of m agnitude th a n  m ost ana ly tica lly  u sed  chela tes; 

ace ty lace to n a tes  hav e  so lub ilities e x p re s se d  in gram s p e r  l i te r  ra th e r  

th a n  in  milligrams p e r  l i te r .  T h u s , w ith  ace ty lace tone  bo th  micro and  

m acro sep a ra tio n s  a re  feasib le . A cety lacetone is read ily  available and  is 

a  ch ea p er re a g e n t th an  TTA . A cety lacetone can  also se rv e  th e  dual 

p u rp o se  of che la ting  a g e n t and  e x tra c tin g  so lv en t(6 9 ). The effec t of 

in itia l aqueous pH and  ace ty lacetone co n cen tra tio n  on th e  ex tra c tab ility  

of F e (III)-ace ty lace to n a te  in to  p ropy lene  ca rb o n a te  u s in g  homogeneous 

m ethod is shown in  F ig . 14. The ex tra c tio n  of F e (III)-ace ty lace to n a te  

d ec re a se s  w ith in c re as in g  pH , sim ilar to Fe (III)-T T A . T h is  may be due 

to  th e  com petition of ta r t r a te ,  ace ty lace tonate  and  h y d ro x id e  ions a t 

h ig h e r  pH v a lu es . Q u an tita tiv e  ex tra c tio n  of F e (III)  is  ach ieved  a t  pH 6 

and  7 w ith 0 .2  M ace ty lace to n e . T he  e ffec t of TTA a n d  acety lacetone 

concen tra tion  on th e  hom ogeneous ex tra c tio n  of F e (III)  a t  in itia l aqueous 

pH 6 is shown in F ig . 15. In  th e  case of TTA , q u an tita tiv e  ex trac tio n  

of F e (III)  is possib le  even  w ith 0.025 M TTA a n d  in th e  case of ace ty ­

lacetone q u a n tita tiv e  e x tra c tio n  is possib le  only  w ith  0 .2  M ace ty lace­

to n e . B e tte r  e x tra c tio n  is ach ieved  w ith TTA becau se  it  enolizes fa s te r  

th a n  ace ty lace tone .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

100

co
•rl
A J
O
cd
V4
A J
X
w

0.05 0.15

\ [ a c e t y l a c e t o n e ] ( M )

F i g .  14 E f f e c t  o f  a c e t y l a c e t o n e  c o n c e n t r a t i o n  on  t h e  
homogeneous e x t r a c t i o n  o f  F e ( I I I ) - a c e t y l a c e t o n a t e  i n t o  
p r o p y l e n e  c a r b o n a t e ,  a t  d i f f e r e n t  i n i t i a l  aqueous  pH v a l u e s .

[Fe^+] = 1 . 0  x  10  ̂ M [ t a r t r a t e ]  = 0 . 0 5  M 

o pH = 6 •  pH = 7 o pH = 8
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F i g .  15 E f f e c t  o f  c h e l a t i n g  a g e n t  c o n c e n t r a t i o n  on th e  
homogeneous e x t r a c t i o n  o f  F e ( I I I )  i n t o  p r o p y l e n e  
c a r b o n a t e ,  a t  i n i t i a l  aqueous pH 6.

[Fe^+] = 1 . 0  x  10  ̂ M [ t a r t r a t e ]  = 0 . 0 5  M

T T A
•  a c e t y l a c e t o n e
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Keto form s of TTA an d  ace ty lacetone:

CH3—C—CH2—C—CH,
II II o o

TTA acety lacetone

T he e lec tronw ithd raw ing  g ro u p  -CF^ g ives r is e  to  m ore eno late  ion in 

TTA th a n  does th e  -CH^ g ro u p  in ace ty lace tone . H ow ever, q u an tita tiv e  

ex tra c tio n  of F e(III)  can be  ach ieved  a t  n e a r  n e u tra l  pH u s in g  homoge­

neous m ethod w ith  th e  ch eap er re a g e n t, ace ty lace to n e . A t pH 1.0 

F e(III) h as  also been  q u a n tita tiv e ly  e x tra c te d  w ith  p u re  ace ty lace- 

tone(70 -72 ).

CH CH
Ij 0  °
I 11 11 ^CH C—C—CH2—C—CF 3

\ /s
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4 .4  The m echanism  of th e  m etal-chela te  ex tra c tio n

T he m echanism  of th e  m etal-chelate  e x tra c tio n  can  be d e sc r ib e d  b y  

th e  following s te p s :

1. D is trib u tio n  of che la ting  a g en t in to  th e  aqueous p h ase .

2. Ionization of th e  chela tin g  a g e n t.

3. R eaction of m etal cation w ith enolate ion.

4. D istrib u tio n  of th e  chelate in to  th e  o rgan ic  p h ase .

T aft and  Cook(47) c a rr ie d  ou t k in e tic  an d  equ ilib rium  s tu d ie s  of 

iro n (III)  th en o y ltriflu o ro ace to n a te  by  sp ec tropho tom etric  m eans and  

re p o rte d  th a t th e  ra te  determ in ing  s te p  v/as th e  reac tion  of iro n (III)  

w ith th e  enolate ion . E x trac tio n s  a t h ig h e r  pH fav o rs  form ation of th e  

enolate ion, th u s  in c re as in g  th e  ra te  of th e  slow s te p  in  chelate  e x t r a c ­

tion . Homogeneous ex tra c tio n  also  c ircum ven ts  th is  lim iting s te p  b ecau se
«

a t h ig h e r te m p era tu re s  th e  reac tion  ra te s  in c re a se s , th e re  is e a s ie r  

mass t r a n s fe r ,  th e re  is a  d is tu rb a n c e  of th e  w a te r  s t ru c tu re  a n d  th e  

in te rac tio n  betw een th e  m etal an d  chela ting  a g e n t is  in a sing le  hom oge­

neous p h ase . T h u s , th e  homogeneous e x tra c tio n  of F e ( I I I ) ,  C o(II) and  

C u(II) chela tes  a t n e a r  n e u tra l pH g ives rap id  an d  q u an tita tiv e  e x t ra c ­

tion .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

4 .5  A lte rna tive  Mechanism fo r  S ynerg ic  Solvent E x trac tion

Synerg ism  in so lven t ex trac tio n  was ob serv ed  when n e u tra l o rgano- 

p h o sp h o ru s  e s te rs  o r  amines p re se n t in the  o rgan ic  p hase  o r add ition  of 

th iocyanate  ion to th e  aqueous p h ase . The mechanisms p roposed  fo r 

sy n e rg ic  so lvent ex tra c tio n s  a re  as follows:

a . Formation of a mixed complex, b y  opening  of one chelate r in g  p e r 

molecule of n e u tra l ligand  (25).

b . Formation of an  ad d u c t w ithout opening  any  chela te  r in g , which 

could be th e  re su lt of su b s titu tio n  of coord ina ted  w a te r , o r  simply 

in c reasin g  th e  coordination num ber. T he re su ltin g  ad d u c t is 

th o u g h t to be  less hydroph ilic  and  th u s  more soluble in  organic 

so lv en t(2 2 ).

c. Formation of an  add ition  com pound, w ith  th e  ad d u c t molecule 

bound  to th e  chelate and  not d irec tly  to  th e  m etal ion (28).

d . K inetic mechanism- elim ination of th e  slow s tep  in  th e  m etal che­

la te  ex trac tio n  with the  add ition  of SCN ion to  th e  aqueous 

p h a se (4 6 ) .

i

Fig. 4 shows th e  abso rp tion  sp e c tra  of TTA in  2 :2 :1  ra tio  of p ro p y ­

lene ca rb o n a te /a q u eo u s /e th a n o l a t pH 2 and  7. The spectrum  a t pH 7 is 

iden tica l to  the  enolate form of TTA and  a t  pH 2 th e  spec trum  is iden ­

tica l to  the  k e to h y d ra te  form , o b serv ed  by  Healy e t  a l .(4 9 ) .  T h e re ­
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fo re , it a p p e a rs  th a t  th e  m etal chelate  e x tra c tio n s  w ere rap id  an d  q u an ­

tita tiv e  due to  th e  form ation of th e  enolate ion of th e  chela ting  agen t a t  

h ig h e r pH . T h is  implies th a t  the  sy n erg ic  e ffec t may be  due to  th e  fo r ­

m ation of th e  enolate ion of th e  chela ting  ag e n t in  th e  o rgan ic  phase  in  

the  p re sen ce  of n e u tra l o rg anophospho rus e s te r s  o r am ines. A se ries  of 

ab so rp tio n  sp e c tra  of TTA  w ere obtained  in  th e  p re sen ce  of tr ib u ty l-  

phosph ine  oxide (T B P O ), tr ib u ty lp h o sp h a te  (T B P ), tri-n -oc ty lam ine  

(TNOA) and  tr i-n -o c ty lp h o sp h in e  oxide (TNOPO) re sp e c tiv e ly , and  a re  

shown in F ig . 16.

In benzene solution 11% of TTA is in th e  k e to h y d ra te  form and  th e  

rem ainder is in  th e  enol fo rm (48). In  th e  p re sen ce  of TB P, TOPO and  

TNOPO th e  peak  co rresp o n d in g  to th e  enol form of TTA  w as in c reased  

and  in  th e  p resen ce  of TNOA th e  peak  co rresp o n d in g  to  th e  enolate 

form of TTA was o b ta ined . T he peak co rresp o n d in g  to  th e  enol form of 

TTA in c re ases  in  th e  o rd e r

TNOPO > TBPO > TBP.

o c 4H9 ^4*9

hqc4o — P = 0

TBP TBPO
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HnP8= P - 0

H17C8 - N - C 8 H17

TNOPO TNOA

T he basic  s tr e n g th  of th e  b ases  in c re a se s  in th e  o rd e r

TNOA > TNOPO > TBPO > TB P.

I t is know n th a t  th e  sy n erg ic  e ffec t in c re a se s  w ith  th e  in c re a s in g

b as ic ity  of th e  e s te r s  o r  am ines(35 ,36). Newman and  K lotz(39) o b se rv ed  

th e  TTA spectrum  in th e  p resen ce  of TNOA. T hey  ob ta ined  a  peak  a t  

ca . 340 nm w hich co rre sp o n d s  to  th e  enolate form of TTA o b se rv ed  b y  

H ealy e t  a l .(6 3 ) .  T he peak  in c re ased  with in c re a s in g  am ounts of b ase . 

T hey  a t tr ib u te d  th is  peak  to th e  association  p ro d u c t of TTA an d  am ine. 

Ho we vex1, obta in  th e  same peak  of TTA at pH 7, in  2 :2 :1  ra tio  of p ro ­

py lene  c a rb o n a te /a q u e o u s /e th a n o l medium in  th e  absence  of amine

T h e re fo re , we su g g e s t an  a lte rn a tiv e  m echanism fo r th e  sy n e rg ic  e ffec t 

of v a rio u s  o rg an ic  b ases  in TTA e x tra c tio n s . A cid b ase  reac tio n s  

betw een the  chela ting  a g en t and  the  v arious bases in  th e  o rgan ic  p hase  

y ie ld  h ig h e r  co n cen tra tio n s  of enol and  eno late  ions in  th e  aqueous 

p h a se . T h u s , th e re  is a s ig n ifican t inc rease  in  th e  ra te  of th e  slow est 

s tep  in m etal-TTA  e x tra c tio n s  w hich re s u lts  in  m ore ra p id  achievem ent 

of e x tra c tio n  eq u ilib ria .
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4.6  E x trac tio n  of Uranium

Homogeneous e x tra c tio n  of F e (I I I ) ,  C o(II) an d  C u (II)-ch e la te s  gave 

ra p id  an d  q u a n tita tiv e  e x tra c tio n  effic iencies  a t  n ea r n e u tra l pH (6 to 

8 ) . T h e re fo re , o u r  in te re s t  in b o th  e x tra c tio n s  a t  h ig h e r pH, and  

e x tra c tio n s  by  th e  hom ogeneous su g g e s te d  an  app lication  to th e  e x tra c ­

tion of u ran ium  from  o re s  and  sp e n t fuel e lem ents.

A re c e n t "Special R eport"  by F ath i H abashi(73) po in ts  ou t th a t a 

major b re a k th ro u g h  in h yd rom eta llu rgy  w as th e  in tro d u c tio n  in  th e  

1940's of th e  leach ing  p ro cess  fo r uran ium  o re  and  so lven t ex trac tio n  

fo r  re co v e rin g  th e  u ran ium . T h is  a rtic le  a lso  d e sc rib e s  th e  c u r re n t 

app lication  of an  "in  s itu "  leaching  p ro cess  in  w hich sodium carbona te  is 

pum ped d ire c tly  in to  th e  deposit to  rem ove u ran ium , th u s  obv ia ting  o re 

tr a n s p o r t .

H abashi also  p o in ts  ou t th a t  th e  p re se n c e  of u ran ium  in  phosphate  

rock  (ca.200  ppm ) u sed  fo r fe r tiliz e r  can p ossib ly  in tro d u ce  uranium  

in to  o u r fo o d s tu ffs . T h is  is a m a tte r of c u r re n t  concern  and  m ethods 

a re  be in g  developed  fo r rem oving uran ium .

U ranium  (VI) can  be e x tra c te d  in to  p ro p y len e  carb o n a te  from n itra te  

medium and  th e  u ran ium (V I) in th e  o rg an ic  p h ase  can b e  s tr ip p e d  in to  

aqueous p h ase  u s in g  aqueous carb o n a te  so lu tions. T he final separa tion
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of uranium (V I) can be achieved  by  e x tra c tin g  uranium (V I) in to  d iben - 

zoylm ethane in  p ropy lene  carb o n a te . The p o ssib ility  of a prelim inary  

ex trac tio n  of u ra n y l n itra te  in to  p ropy lene  carbona te  su g g e s ts  app lica­

tion to  p rocessing  sp en t fuel elem ents.

E ver since Peligot(74) found th a t  uranium (V I) in  n itr ic  acid  is  e x t-  

rac tab le  into d ie th y l e th e r ,  th is  ex trac tio n  of u ra n y l n itra te  and  e x tra c ­

tion with many o th e r  so lven ts has been  s tu d ie d  by  num erous in v estig a- 

to rs (7 5 ,7 6 ) . A lthough d ie th y l e th e r  has been  u sed  fo r a  v e ry  long time 

by  many in v e s tig a to rs , th is  so lven t in n itra te  system s has th e  following 

d isad v an tag es . I t is  of com paratively low e x tra c tib il i ty ; complete re c o v ­

e ry  of uranium  (VI) in n itr ic  acid is  ob ta ined  only a f te r  fo u r o r more 

successiv e  ex tra c tio n s ; it  has a h ig h  solubility  in w a te r; th e re  is  coex- 

trac tic n  of a la rg e  am ount of n itr ic  acid ; and  e th e r  h as  a low flash  

po in t.

T he re s u lts  of th e  ex tra c tio n  of u ra n y l n itra te  in to  p ropy lene  ca rb o ­

nate  a t 99°C u s in g  vario u s sa lting  out re a g e n ts , w hich h ere to fo re  has 

no t been  s tu d ie d , a re  shown in T able ( I I ) . When th e  aqueous solution 

was sa tu ra te d  w ith n itra te  sa lts , a hom ogeneous m ix ture  was not 

ob ta ined  even by hea tin g  th e  aqueous solution w ith p rop y len e  carbona te  

to 99°C. A ccording to  th e  re s u lts  in  T able II th e  e x tra c tio n  of u ran y l 

n itra te  in to  p rop y len e  carbona te  is no t e ffec tive  w ithou t a sa ltin g  out
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T able II. E x trac tion  of u ra n y l n itra te  in to  p ropy lene  carbona te  
99°C.

U 02^+ S alting  out
concen tra tion  re a g e n t % E x tra c te d
(m oles/L)

10 -4

10 -4

10

10

-4

10

10

-2

10 -4

10-4

1 M HNOg

0 .2  g/m l NH4N 03

2 g/m l NH4N 03

2 g/m l NH4N 03 
+ 1 M HNOg

2 g/m l NH4N 03 
+ 1 M HN03

LiNOg

A1(N °3 )3

2 g/m l NH4N 0 3
+ 1 M HN03

30 min shak ing  
(w ithou t h ea tin g )

16%

22%

65%

97%

97%

Solubility  of PC 
in  w a te r in c re ases

In te r fe re s  w ith  
DBM determ ination

77%
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a g e n t; 97® was e x tra c te d  u n d e r  optimum cond itions. O rd in a ry  b a tch  

ex tra c tio n  (w ith 30 m inu tes sh ak in g ) even  w ith a sa ltin g  o u t ag en t 

y ie lds only 1 1 %  re co v e ry  a t room te m p era tu re . U rany l n it ra te  can be 

q u a n tita tiv e ly  e x tra c te d  in to  many k e to n e s (77-79), e s te r s  of carboxylic  

a c id s (8 0 ,8 1 ) , n e u tra l o rg an o p h o sp h o ru s  com pounds(77 ,82 ,83) an d  also 

in to  some o th e r  so lv en ts(7 4 ,7 5 ) u s in g  v a ry in g  am ounts of sa ltin g  ou t 

re a g e n ts  and  n itr ic  ac id . For exam ple u ra n y l n itra te  was q u an tita tiv e ly  

e x tra c te d  in to  MIBK w ith 2 .3  to  2 .7  M aluminum n itra te  o r  1 M ammoni­

um n itra te  a t pH 0 to  3 (8 4 ,8 5 ); I t  has also  been e x tra c te d  in to  0 .1  M 

trio c ty lp h o p h in e  oxide in  cyclohexane w ith  1 to 7 M n itr ic  

a c id (7 7 ,8 6 .87). The ad v an tag e  of u s in g  p ropy lene  ca rb o n a te  as th e  sol­

v e n t is th a t bo th  o rg an ic  an d  aqueous p h ases  can  be analyzed  fo r  

m ateria l balance. I t  was found  th a t  h ig h e r te m p era tu re s  an d  in c reas in g
to

am ounts of sa ltin g  ou t a g e n ts  fa v o r th e  u ra n y l n i t r a te  e x tra c tio n  in to  

p rop y len e  ca rb o n a te . D izdar(88) an d  Shevchenko(8S,, had  re p o r te d  th a t  

in c re a s in g  tem p era tu re  d ec re a se s  th e  u ra n y l ex tra c tio n  in to  to lu en e , and  

E v ers  (90) also found th e  same e ffe c t in  e th e r  and  hexone.

A sa lting  ou t ag en t w hich is h igh ly  h y d ra te d , e . g . ,  Al(NOg)g facili­

ta te s  ex tra c tio n  of uran ium  b y  red u c in g  th e  w ater a c tiv ity . B ut i t  

in te r fe re s  w ith th e  su b se q u e n t determ ination  of u ran ium . When LiNO^ is 

u sed  as sa ltin g  ou t re a g e n t th e  so lub ility  of p rop y len e  ca rb o n a te  in  

w a te r in c reases  w ith in c re a s in g  te m p era tu re s .
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T he add ition  of n itr ic  acid to  th e  aqueous p hase  fav o rs  th e  e x tra c ­

tion of uran ium  b y  p re v e n tin g  o r  d ecreasin g  th e  h y d ro ly s is  of u ra n y l 

ion and  by  inc reasin g  the  n it ra te  ion co n ce n tra tio n (91). H ow ever, la rg e  

co n cen tra tio n s  of n itr ic  acid a re  gen era lly  no t d es irab le ; th e  form ation

of H N O -.S com piexes red u ce s  th e  am ount of free  so lven t; th e  e x tra c -  o n

tion of o th e r  elem ents is en h an ced ; and  th e  d an g e r of an  explosive 

reac tio n  betw een so lven t and  ac id  is in c reased  (92). The optimum m atrix  

fo r u ra n y l n itra te  ex tra c tio n  in to  p ropy lene  carbona te  w as 2 g/m l 

NH4N 03-1 M HN03 .

T he ex tra c tio n  of uranium  in  p ropy lene  carb o n a te  by  sodium  ca rb o ­

n a te  solution as  a function  of pH is shown in F ig . 17. T he ad v an tag e  

of u s in g  carbona te  solution fo r s tr ip p in g  r a th e r  th a n  w a te r o r  acidic 

so lu tions is th e  inso lub ility  of many cations ( e . g . ,  tra n s itio n  m etals) in  

a solution w ith a m oderate to  h igh  carbona te  co n ten t, th u s  re d u c in g  th e  

num ber of in te rfe re n c e s . E x trac tio n  is  incom plete b o th  a t low pH an d  a t 

h ig h  pH. A t low pH th is  may be  due to  the  low concen tra tion  of c a rb o ­

n a te  ion, in su ffic ien t to  form th e  com plex. A lthough one would ex p ec t 

a h ig h e r  p e rc e n t ex tra c tio n  a t h ig h e r  pH , th e  ex tra c tio n  d ec re ase s  w ith 

in c re a s in g  pH above 7 .6 , w hich may be due to  th e  com petition w ith 

h y d ro x id e  form ation. Also, d issocia tion  of ligand  can  occu r w hich can 

allow fo r anionic com plexes w hich rem ain in aqueous p h ase . T he  success 

of th e  carbonate  s tr ip p in g  is a r e s u lt  of the  la rg e  overall form ation
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F i g . 17 E f f e c t  o f  i n i t i a l  aqueous  pH on t h e  homogeneous  
e x t r a c t i o n  o f  uranium'(VI) i n  p r o p y l e n e  c a r b o n a t e  i n t o  
aqueous  c a r b o n a te  s o l u t i o n .

to
[C03 - 3 ] = 0 . 1  M [U02 2+] = 4 . 4  x 1 0 ' 4 M
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co n stan t fo r u ran y l-c a rb o n a te  com plexes (93).

U 0 22+ ♦ 3C 032" [U 02 (C 0 3) 3] 4 '  P3 = 2 X 1018

U 0 22+ ♦ 2C 032'  [U 02 (C 0 3) 2 2H20 ] 2'  ^  = 4  x  1014

U n fo rtu n a te ly , th e  s tab ility  of th e  com plexes lim its th e  possib ility  of 

a q u an tita tiv e  reac tion  betw een u ran ium  and  any  known colorim etric 

reag e n t (94). T h u s  it is n ece ssa ry  to  free  th e  uranium  from th e  ca rb o ­

nate  complex by add ing  n itr ic  acid  and  boiling to  eliminate th e  C 0 2> 

T he uranium  lib e ra ted  from th e  ca rb o n a te  complex re a c ts  w ith th e  colo­

rim etric  re a g e n t q u an tita tiv e ly .

T he re s u lts  of th e  final sep a ra tio n  s te p  of th e  ex trac tio n  of u ra n y l

ion in to  p ropy lene  carbonate  con ta in ing  dibenzoyl m ethane is  g iven  in

F igu re  18. As th e  pH of th e  aqueous solution in c reases  above 7, th e

p e rc e n t ex tra c tio n  d ec re a se s . T h is  r e s u lt  ag rees  w ith  S ta ry (9 5 ) . I t  is

an tic ip a ted  th a t  the  in itia l ex tra c tio n  of u ran y l n itra te  in to  p ropy lene

carb o n a te  and  su b se q u e n t s tr ip p in g  w ith  ca rbona te  solution will reduce

th e  ac tiv ity  from a fuel elem ent sample so th a t  th e  p o ssib ility  of

d e s tro y in g  th e  o rgan ic  chela ting  a g e n t is  d ec reased . I t  is  know n(96)

th a t  th e  dibenzoyl m ethane e x is ts  in  th e  enolic form ,

C_Hr COCH=COHC„Hr and  th e  s tru c tu re  of th e  yellow complex is  given 6 5 6 5
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F i g . 18 E f f e c t  o f  i n i t i a l  aqueous pH on  t h e  homogeneous  
e x t r a c t i o n  o f  u r a n y l - d i b e n z o y l m e t h a n e  i n t o  p r o p y l e n e  c a r b o ­
n a t e  .

[DBM] = 0 . 1  M [U° 2 ^+] = 4 . 4  x  10"^ M
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as(51)

U 0 2  
0 * 2 'o

H

in alcohol w ate r medium. F igu re  19 shows th e  maximum in  th e  a b s o rp ­

tion  spec tru m  of u ran ium  dibenzoyl m ethane to  be 395 nm, a s  m easured  

a g a in s t a re a g e n t b la n k . The medium is a 2 /2 /1  ra tio  of p ro p y len e  c a r ­

bonate  p h ase , aqueous phase  and  e thano l, a t pH 7. Yoe e t  al. (51) also 

re p o r te d  th e  same sp ec tru m  in e thano l-aqueous medium a t pH  7.

T he e ffec t of some d iv e rse  ions on th e  e x tra c tio n  of u ra n y l ion w ere 

in v e s tig a te d . T he e ffe c t of T h (IV ), F e(III) and  C a(II) w ere  s tu d ie d  

h ere  because th e se  a re  some of the  co n s titu e n ts  in  uran ium  o re s . The 

optimum m atrix  fo r u ra n y l n itra te  ex trac tio n  in to  p ro p y len e  carbona te  

was 2 g /m l NH4 NC>3 + 1  M HNC>3 . The e ffec t of T h (IV ), F e (III)  and  

C a(II) on th e  e x tra c tio n  of u ra n y l ion u n d e r th e  same cond itions is 

show n in  T ab le  III . T h e  p e rc e n t of U(VI) e x tra c te d  in  th e  p re sen ce  of 

T h ( IV ) , C a(II) and  F e (III)  a re  95%, 87% and  93% re sp e c tiv e ly . The 

hom ogeneous e x tra c tio n  of uranium (V I) in p ropy lene  carb o n a te  b y  aq u e ­

ous ca rb o n a te  is q u a n tita tiv e  w ith 0 .1  M carbona te  a t pH 7 .2  to  7 .6  in  

th e  absence  of d iv e rse  ions. T he e ffec t of T h (V I), F e (III)  an d  C a(II)
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Table III. Effect of Fe(III), Ca(II) and Th(IV) on the extraction

of uranyl nitrate from an aqueous medium 2 g/ml NH^NO^-HNOj,

into propylene carbonate at 99°C.

Metal Metal Uranium  U ranium

added  added  reco v e red

(mg) (mg) (mg)

5.24

5.24

5.24

5.24

4.98

4.56

4.87

5.08

T h

Ca

Fe

4.26

5.26 

5.42
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on th e  ex tra c tio n  of uranium (V I) in  p ropy lene  carb o n a te  in to  aqueous 

ca rb o n a te  solution of pH 7 .3  is shown in  T ab le IV. T he p e rc e n t of 

U(VI) e x tra c te d  in  th e  p resen ce  of T h (IV ), C a(II) an d  F e(III) a re  98%, 

8 8 % an d  95% re sp e c tiv e ly . T he homogeneous ex tra c tio n  of uran ium (V I) 

in aqueous ca rb o n a te  solution w ith 0 .1  M dibenzoylm ethane in  p ropy lene  

carb o n a te  is q u an tita tiv e  a t  pH 6  to  7 in  the  absence  of d iv e rse  ions. 

T he e ffec t of T h (IV ), C a(II) and  F e(III) in  th e  overa ll p ro ced u re  in d i­

ca tes  no loss of U (V I) in th e  ex tra c tio n  0 .1  M dibenzoylm ethane in  p ro ­

py lene ca rb o n a te  a t  pH 7, as shown in T able V. In  th is  s tep  almost 

q u a n tita tiv e  e x tra c tio n s  w ere achieved  in  th e  p re sen ce  of d iv e rse  ions, 

p e rh a p s  because of th e  rem oval of d iv e rse  ions in  th e  f i r s t  two s e p a ra ­

tion s te p s .
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Table IV. Effect of Fe(III), Ca(II) and Th(IV) on the extraction

of uranium into 0.1 M aqueous carbonate solution at pH 7.3.

Metal Metal Uranium

ad d ed  added

(mg) (mg)

T h 4 .26  4 .98

Ca 5 .26 4.56

Fe 5.42 4.87

5.08

U ranium

reco v e red

(mg)

4 .88

4.47

4.63

5.06
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Table V. Effect of Fe(III), Ca(II) and Th(IV) on the extraction

of uranium into 0.1 M DBM in propylene carbonate, at pH 7.

Metal Metal U ranium  U ranium

added  added  reco v e re d

(mg) (mg) (mg)

T h  4 .26 4 .88  4 .80

Ca 5.26 4 .47 4 .40

Fe 5.42 4 .63  4 .59

5.06 5.05
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4.7 Liquid-liquid Phase Equilibria in the Propylene Carbonate + 

Methyl Iso-Butyl Ketone + Water System

T he reco v e ry  of th e  so lven t u sed  in  ex trac tio n  is n early  always 

n e c e ssa ry , n o t only to make th e  solvent available fo r re u se , b u t also to 

p rov id e  so lv en t-fre e  p ro d u c ts . In many in s ta n c e s , th e  so lven t reco v ery  

opera tion  is the  most costly  p a r t  of th e  en tire  separa tion  scheme, and  

co n seq u en tly , it m ust be g iven  special a tte n tio n . D istillation , ev ap o ra­

tion , c ry s ta lliz a tio n , chemical reac tion  and  liq u id -liq u id  ex trac tio n  a re  

exam ples of some of th e  so lven t recovery  m ethods.

To d ep ic t the p hase  behav io r of a th re e  com ponent system  on a two- 

dim ensional d iagram , it  is n ecessa ry  to  co n sid er bo th  th e  p re s su re  and  

the  te m p era tu re  a s  fixed . T he ph ases  of the  system  can th e n  be shown 

as a function  of the  com position. T he overall com position of a te rn a ry  

system  can always be ind icated  by a  po in t in an eq u ila te ra l tr ian g le . 

T he ap ices of th e  trian g le  re p re se n t the  p u re  com ponents. The sum of 

th e  le n g th  of th e  p e rp en d icu la rs  from any  po in t w ith in  th e  tr ian g le  to 

th e  th re e  s id es , equals  th e  a l titu d e (97). The len g th  of th e  a ltitu d e  is 

th en  allowed to re p re se n t 1 0 0  p e rce n t com position, and  th e  len g th  of 

th e  p e rp en d icu la rs  from any  point re p re se n ts  the  p e rce n tag es  of th e  

th re e  com ponents. Any poin t on the  side of th e  tr ian g le  re p re se n ts  a 

b in a ry  m ix ture of the two com ponents a t the  two en d s  of th a t side.
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T he d en sitie s  of th e  p ropy lene carb o n a te  + m ethyl iso -b u ty l ketone 

system  a t  30°C and  50°C a re  shown in T ab les VI and  V II. T he so lub il­

ity  da ta  an d  the  liq u id -liq u id  phase  d iagram s fo r  th e  p ropy lene c a rb o ­

n a te  + m ethyl iso -b u ty l ketone + w a te r system , a t  30°C and 50°C, a re  

shown in  T ables V III, IX and  F igs. 20 an d  21, re sp ec tiv e ly . The 

phase  d iagram s we ob ta ined  belong to  th e  ty p e  w hich form s two p a irs  of 

p a rtia lly  m iscible liq u id s . A ccording to  th e  p h ase  d iagram s a t 30°C and  

50°C, bo th  liqu id  p a irs , p ropylene ca rb o n a te -w a te r  and  w ater-m ethy l 

iso -b u ty l ketone a re  p a rtia lly  m iscible, and  m ethyl iso -b u ty l ketone d is ­

so lves in any  p ro p o rtio n  w ith p rop y len e  ca rb o n a te . When th e  tem p era­

tu r e  in c re a se s , th e  m iscibility of th e  liqu id  p h ase  in c re ases . H ow ever, 

th e  so lub ility  in c rease  w ith tem p era tu re  is  v e ry  small and  obviously  

h ig h  te m p era tu re s  would be re q u ire d  to ach ieve complete m iscib ility . 

B ecause of th e  re la tiv e ly  d ifficu lt an a ly sis  of th e  two equilibrium  liq u id  

m ix tu res we u sed  th e  le v e r ru le  te c h n iq u e (98) to  ob ta in  the  tie  lin es . 

T he com positions of th e  two equilibrium  p h a se s  ob ta ined  by  th is  te c h ­

n ique a t 30°C and  50°C a re  shown in  T a b le s  X and  XI.

If a q u a n tity  of so lven t (MIBK) is  g rad u a lly  added  to a m ix tu re  of 

w ate r and  p ropy lene  carbona te  (show n in  F ig . 18 a s  po in t F ) , th e  

o vera ll com position of th e  te rn a ry  system  moves along line FB. If equal 

p a r ts  of MIBK and  m ix tu re  F have been  ta k e n , th e  overall com position 

of th e  re su ltin g  te rn a ry  system  is re p re s e n te d  by  M, so s itu a ted  th a t
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T able VI D ensities  of th e  p ro p y len e  carb o n a te  + 

m ethy l iso -b u ty l ketone  system  a t  30° C.

PC d e n s ity
_3

wt% g cm

100.0

89.6

77.2

50.2

24.2

10.2 

0.0

1.200

1.140

1.080

0.961

0.868

0.824

0.793
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T able VII D ensities  of th e  p ro p y len e  carb o n a te  +

m ethy l iso -b u ty l ketone system  a t  50°C.

PC d en s ity
- 3

wt% g cm

100.0

90.0 

74.8 

49.3

28.0 

11.6

0.0

1.170

1.120

1.050

0.937

0.861

0.807

0.774
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T able V III. Solubility  d a ta  for th e  p ro p y len e  ca rb o n a te  +

m ethyl is o -b u ty l ketone  + w a te r  system , a t  30°C.

P ropy lene carb o n a te  phase A queous phase

PC MIBK w ater PC MIBK w ater

wt% wt% wt% wt% wt% wt%

0 . 0 0 97.00 3.00 0 . 0 0 1.60 98.40

9.81 86.90 3.29 0 . 2 1 1.69 98.10

23.20 73.20 3.60 0 .69 1.71 97.60

48.00 47.50 4.50 1.73 1.77 96.50

72.00 2 1 . 2 0 6.80 5.22 1.77 93.01

82.90 9.68 7.42 12.52 1.38 8 6 . 1 0

91.60 0 . 0 0 8.40 21.90 0 . 0 0 78.10
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T able IX. Solubility da ta  fo r th e  p ro p y len e  carbona te  +

m ethyl iso -b u ty l ketone + w a te r system  a t 50°C.

P ropylene carbona te  phase A queous phase

PC MIBK w ater PC MIBK w ate r

wt% wt% wt% wt% wt% wt%

0 . 0 0 95.60 4.40 0 . 0 0 1.70 98.30

1 1 . 0 0 84.20 4.80 0.23 1.77 98.00

26.60 68.50 4.90 0 . 6 6 1.84 97.50

46.40 47.70 5.90 1.75 1.85 96.40

68.40 23.00 8.60 5.47 1.83 92.70

80.20 8.80 1 1 . 0 0 13.32 1.48 85.20

86.60 0 . 0 0 13.40 26.30 0 . 0 0 73.70
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Fig.20 Liquid-liquid phase diagrams of the propylene 
carbonate + water + methyl iso-butyl ketone system at 30°C.
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Fig.21 Liquid-liquid phase diagrams of the propylene 
carbonate + water + methyl iso-butyl ketone system at 50°C.
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T able X Composition of th e  two equ ilib rium  p h ases  fo r th e  

MIBK + W ater + PC system  a t  30°C.

w ate r p hase MIBK p h ase

w ater PC MIBK w ater PC MIBK

wt% wt% wt% wt% wt% wt%

85.5 13.0 1.5 3 .0 22.5 74.5

84.7 14.0 1.3 6 . 0 71.0 23.0

83.8 15.0 1 . 2 7 .0 84.0 9 .0
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T able XI Composition of the  two equilibrium  p h ases  fo r the 

MIBK + w ate r + PC system  a t 50°C.

W ater phase MIBK phase

w ater PC MIBK w ater PC MIBK

wt% wt% wt% wt% wt% wt%

89.5 8 .5 2 . 0 5 .0 34.0 61.0

80.0 18.5 1.5 8 . 0 67.0 25.0

75.0 24.5 0.5 10.5 78.5 1 1 . 0
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MB = FM. M is h e terogeneous; it will th e re fo re  se p a ra te  in to  two p h a s ­

e s , w hose com positions are  g iven b y  P an d  L. Phase P h as  h ig h  con ten t 

of MIBK and L has a low co n ten t of MIBK. By rem oving MIBK from 

p h ase  P a M IBK-free e x tra c t is ob ta ined , whose com position is  r e p r e ­

sen ted  b y  po in t E. In  th e  same w ay, ra ff in a te  R is  ob ta ined  from th e  

ra ff in a te  phase  L. H ence, by ex tra c tio n  followed b y  phase  separa tion  

an d  so lv en t rem oval from th e  p h a se s , th e  o rig inal m ix tu re  F is  s e p a ra t­

ed  in to  th e  m ix tu res E and  R. As com pared w ith th e  o rig inal m ix ture F 

(83% HgO and  17% P C ), E has h ig h e r co n ten t of p ropy lene  carbona te  

(75%), and  R con tains less of p ropy lene  carbona te  (9%). So th a t  e x tra c ­

tion  has  e ffec ted  a p a rtia l sep ara tio n  betw een th e  com ponents of th e  

m ix tu re  of p ropy lene  carbona te  and  w a te r. T h e re fo re , acco rd ing  to  th e  

p h ase  d iag ram s, complete reco v e ry  of p ro p y len e  carb o n a te  from  aqueous 

medium u s in g  m ethyl iso -b u ty l ketone is no t rea lized  and  th is  m ethod is 

w astefu l of m ethyl iso -b u ty l ke to n e .
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C h ap te r  V 

CONCLUSION

Homogeneous liq u id -liq u id  ex tra c tio n s  of thenoy ltrifluo roace tone  ch e ­

la te s  of F e (III ) , C o(II) and  C u (II) and  th e  acety lacetone chela tes ch e ­

la te  of F e(III) have been  perfo rm ed  a t n e a r  n e u tra l pH (G to  8 ) w ith  

th e  add ition  of ta r t r a te  as au x ilia ry  ligand  to m aintain th e  cations in 

so lu tion . T he ex tra c tio n  of F e (III)-T T A  and Fe( III ) -a c e ty  lace to n a te  

d ecreases  w ith in c reas in g  pH in th is  pH ran g e ; th e  ex tra c tio n  of

C o(II)-T T A  in c reases  w ith  in c reas in g  pH while e x tra c tio n  of C u (II)-T T A  

was no t a  function  of pH u n d e r  th e  conditions s tu d ie d . At h ig h e r 

(T T A )/(m eta l) ra tio  th e  ex tra c tio n s  of F e ( I I I ) - ,  C o (II)-  and  

C u (II)-T T A  w ere q u a n tita tiv e  a t pH 6 , 7 an d  8 . E x trac tio n  of

F e (III)-ace ty lace to n a te  was le ss  effic ien t th an  th e  ex tra c tio n  of 

F e(III)-T T A  u n d e r  th e  same cond itions. H owever, ra p id  q u an tita tiv e  

ex tra c tio n s  w ere ob ta ined  w ith  0 .2  M acety lacetone a t pH 6  and  7.

T h u s , it is  possib le  to e x tra c t  F e(III) q u an tita tiv e ly  u s in g  a  ch eap er

re a g e n t th an  TTA e . g . ,  ace ty lace to n e , a t n e a r  n e u tra l pH ( 6  to  7 ) .

- I l l  -
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C onventional e x tra c tio n s  of F e (III)-T T A  in to  p ro p y len e  carbona te  

a n d  to luene h av e  also been perform ed a t n e a r  n e u tra l  pH . At low 

(T T A )/(m e ta l)  ra tio s  th e  homogeneous m ethod gave b e t te r  ex trac tio n  

e ffic ien cy . A t h ig h e r  (m eta l)/(T T A ) ra tio  th e  conventional m ethod also 

gave q u a n tita tiv e  ex tra c tio n . At n ea r n e u tra l pH b o th  conventional and  

hom ogeneous ex tra c tio n s  w ere rap id  and  equ ilib rium  was a tta in ed  w ith in  

a few m inu tes. E x trac tio n s  a t h ig h e r pH fav o rs  form ation of th e  enolate 

ion, th u s  in c re as in g  th e  ra te  of th e  o therw ise  slow s tep  in  chelate 

e x tra c tio n . Homogeneous ex trac tio n  also c ircum ven ts  th is  lim iting s te p .

T he h ig h e r  pH  re s u lts  which show sig n ifican tly  h ig h e r  ra tio  of eno ­

la te  ion, su g g e s t an  a lte rn a tiv e  mechanism fo r  th e  sy n e rg ic  e ffec t of 

v a rio u s  o rgan ic  b ases  in TTA ex tra c tio n s . I t  is  p rop o sed  th a t  ac id -b ase  

reac tio n s  betw een  th e  chelating  ag e n t an d  th e  v a rio u s  b ases  in  the  

o rgan ic  ph ase  y ie ld  h ig h e r concen tra tions of b o th  eno l and  enolate ions 

in th e  aqueous p h ase . T h u s , th e re  is  a s ig n ifican t in c rease  in  th e  ra te  

of th e  slow est s te p  in th e  m etal-TTA  e x tra c tio n s  w hich re s u lts  in more 

rap id  achievem ent of ex trac tio n  equ ilib ria .

U ranium (V I) was q u an tita tiv e ly  e x tra c te d  in to  p ro p y len e  carbona te  

from an aqueous medium 2 g/m l NH^NO^ an d  1 M HNO^ a t 99°C. The 

u r a n i u m ( V I )  in th e  o rgan ic  phase  was q u a n tita tiv e ly  s tr ip p e d  from the  

o rgan ic  p h ase  w ith  0 .1  M sodium carbona te  a t  pH 7 .2  to 7 .6  u s in g  the
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hom ogeneous e x tra c tio n  tech n iq u e . Final sep a ra tio n  of uranium (V I) was 

o b ta in ed  by  e x tra c tin g  uranium (V I) in to  0 .1  M dibenzoylm ethane in  p ro ­

p y lene carb o n a te  u s in g  th e  homogeneous techn ique  a t pH 7. T he effec t 

of T h (IV ), F e (III)  an d  C a(II) on th e  ex tra c tio n  of uran ium (V I) w ere 

in v e s tig a te d . T h e re  was no effec t of th ese  d iv e rse  ions on th e  e x tra c ­

tion  of uran ium (V I) w ith  dibenzoylm ethane in  p ro p y len e  ca rb o n a te . 

T h e re fo re , in th e  p re sen ce  of th e se  d iv e rse  ions, uranium (V I) can  be 

e x tra c te d  in to  p rop y len e  carb o n a te  and  q u an tita tiv e ly  determ ined  u sin g  

th is  te ch n iq u e . T h is  m ethod can be u sed  to  e x tra c t uranium (V I) from 

o re s  and  sp e n t fu e l e lem ents.

T he p o ssib ility  of reco v e rin g  p ropy lene ca rb o n a te  from  aqueous 

so lu tions u s in g  m ethyl iso -b u ty l ketone as  an  e x tra c tiv e  so lv en t was 

s tu d ie d . From th e  d a ta  collected in th is  s tu d y  we can  conclude th a t 

m ethyl iso -b u ty l k e to n e  is  not an  effective  so lven t fo r  th e  ex tra c tio n  of 

p ro p y len e  ca rb o n a te  from an  aqueous so lu tions.

T he so lven t e x tra c tio n  p ro ced u res  o u tlined  h e re  can e i th e r  be 

d ire c te d  to  rem ove th e  in te rfe re n c e s , o r  th e  elem ents of in te re s t  may be 

e x tra c te d  as a g ro u p . T he e x tra c te d  cations can be s tr ip p e d  from  the  

o rg an ic  p hase  u n d e r  v a ry in g  conditions of pH and  in  th e  p re sen ce  of 

v a rio u s  com plexing ag en ts  to  achieve se lec tive  sep a ra tio n s . T h is  is 

view ed as  an  ad v an tag e  fo r  the  sep ara tio n  of iron  from  commercial o res .
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P resen t hydrom etallu rg ical p ro ced u re s  involve an  in itia l sep ara tio n  of 

iron (III) in to  th e  o rgan ic  phase  a t low pH followed b y  ex tra c tio n  of 

d esired  cation a t h ig h e r pH. E x trac tion  of all th e  cations of in te re s t 

along w ith iron  into th e  o rgan ic  p h ase  followed by  selective s tr ip p in g  of 

the form er ap p ea rs  to  o ffe r a g re a t ad v an tag e  in  cost since th e re  is 

only one ex trac tio n  in th is  case.

In g enera l, it is ex p ec ted  th a t  th e  homogeneous so lven t ex trac tio n  

a t n e a r  n e u tra l pH will re s u lt in more effec tive  so lv en t ex tra c tio n , more 

rap id  e x tra c tio n s , and  will enable th e  d esign  of commercial so lven t 

ex trac tio n  p rocesses to  be perform ed  a t h ig h e r pH w ith a concom itant 

improvement in corrosion  re s is ta n c e .

T he uranium (V I) ex tra c tio n  m ethod can  be app lied  to  sep a ra te  u r a ­

nium from o re s , sea w ate r and  fuel elem ents. I t  is  an tic ip a ted  th a t  th e  

in itia l ex trac tio n  of u ra n y l n itra te  into p ropy lene  ca rbona te  and  su b se q ­

u en t s tr ip p in g  with aqueous ca rbona te  solution will red u ce  th e  ac tiv ity  

from a fuel elem ent sample so th a t possib ility  of d es tro y in g  th e  o rgan ic  

chelating  ag en t is d ec reased . B ehavior of ty p ica l h ig h  yie ld  fission  

p ro d u c ts  will have to  be s tu d ied  before  th is  sep a ra tio n  scheme can  be 

a p p lied .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B ibliography

1. E .H . Cook, and  R.W. T a ft , J r . ,  J .  Amer. Chem. Soc. 74, 6103 
(1952).

2. M urata, K . , and  Ikeda, S . ,  B unsek i K agaku, 18, 1137 (1969).

3. M urata , K ., Yokoyama, Y ., and  Ik ed a , S . ,  A nal. Chem. 44, 805 
(1972).

4. T in g , C .S . ,  Williams, E .T . ,  an d  F in sto n , H .L .,  "Homogeneous 
L iquid-L i qu id  Solvent E x trac tio n ,"  P roceed ings In tl . Solvent 
E x trac tio n  C o n g ress , L iege, 1980.

5. H ong, C .S . ,  F in ston , H .L . , Williams, E .T . ,  and  K e rte s , A .S . ,  J .  
In o rg . N ucl. Chem. 41, 420 (1979).

6 . M urata, K ., an d  Ikeda , S . ,  J .  In o rg . N ucl. Chem. 32, 267 
(1970).

7. S tep h e n s, B .G .,  and  S u d d e th , H .A ., A nal. Chem. 39, 1478 
(1978).

8 . M arcoux, L .S . ,  P ra te r ,  K .B .,  P ra te r ,  B .G . and  Adams, R .N .,  
A nal. C hem ., 37, 1446 (1965).

9. N elson, R .F . ,  and  Adams, R .N .,  J .  E lectroanal. C hem ., 13, 184 
(1967).

10. M eredith , R .E . ,  and T obias, C .W ., J .  E lectroanal. Chem. S o c ., 
108, 286 (1961).

11. "P ropy lene C arbonate" T ech . B u ll .,  Je ffe rso n  Chemical C o ., In c . ,  
H ouston , T e x a s , 1960.

12. H ong, C .S . ,  W akslak, R . ,  F in ston , H .L .,  and  F ried , V ., J .  
Chem. E ng. D ata, 27 146 (1982).

- 115 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13. H ong, C .S . ,  "Homogeneous L iquid-L iquid  E x trac tio n "  P h .D . T h e ­
s is , C ity U n iv e rs ity  of New Y ork, B rooklyn College (1980).

14. B erth e lo t, M ., and  Ju n g fle isch , J . ,  A nn. Chim. e t .  P h y s . ,  26, 
396 (1872).

15. N e rn s t, W ., Z. P h y sik . C hem ., 8 , 110 (1891).

16. M orrison, G .H ., an d  F re ise r , H ., "Solvent E x trac tio n  in  A naly t­
ical C h em istry ,"  John  Wiley, N .Y . (1957).

17. S idgw ick, N .V ., J .  Chem. S oc., 123, 725 (1933).

18. _ Low ry, T . M ., J .  Soc. Chem. In d . ,  42, 316 (1933).

19. F ajans, K ., N atu rw issenchaften , 11, 165 (1923).

20. B jerrum , N .,  K gl. Danske Selskab . 7, No. 9 (1926).

21. H ild e rb ran d , J .H . ,  and  R o ta riu , G .H ., A nal. C hem ., 24, 770 
(1952).

22. H ildeb rand , J .H . ,  and  S co tt, R .L . ,  "S o lub ility  of N onelectro ­
ly te s ,"  R einhold P u b lish e rs , New Y ork (1950).

23. G ordy, W ., and  S tan fo rd , S .C . ,  J .  Chem. P h y s . ,  8 , 170 (1940).

24. H asted , J . B . ,  R itson , D .M ., and  Collie, C .H .,  J .  Chem. P h y s .,  
16, 1 (1948).

25. Cam pbell, D .E .,  P h .D  T h esis , R en sse lae r P o ly techn ic  In s ti tu te ,
(1952).

26. G olden, G .S . ,  B .S  T h es is , M assachusetts  In s ti tu te  of T echnology, 
(1954).

27. H e rb e r, R .H .,  an d  Irv in e , J.W . J r . ,  J .  Amer. Chem. Soc. 76, 
987 (1954).

28. C alvin, M ., and  Wilson, K .W ., J .  Amer. Chem. Soc. 67, 2003 
(1945).

29. G lueckauf, E . ,  McKay, H .A .C .,  an d  M athieson, A .R . ,  T ra n s . 
F araday  S o c ., 47, 437 (1951).

30. T au b e , M ., J .  In o rg . Nucl. C hem ., 12, 174 (1959).

- 116 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31. I rv in g , H .,  an d  E d ing ton , D .N ., Ib id . 15, 158 (1960).

32. B lake, C .A ., B aes, C .F . ,  B row n, K .B .,  Coleman, C .F . ,  and
White, J .C . ,  P roceed ings of th e  second In te rn a tio n a l C onference 
on Peacefu l U ses of Atomic E n erg y , G eneva, (1958).

33. I rv in g , H .,  a n d  E d ing ton , D .N ., J .  In o rg . N ucl. C hem ., 21, 169 
(1961).

34. Ib id . 20, 321 (1961).

35. H ealy, T .V . ,  Ib id . 19, 314 (1961).

36. Ib id . 19, 328 (1961).

37. F e rra ro , J . R . ,  and  H ealy, T .V . ,  Ib id . 24, 1463 (1962).

38. Newman, L . ,  an d  K lotz, P . ,  J .  P h y s . C hem ., 67, 205 (1963).

39. Ib id . ,  65, 796 (1961).

40. Ib id . ,  6 6 , 2262 (1962).

41. Newman, L . ,  J .  In o rg . N ucl. C hem ., 25, 304 (1963).

42. Sek ine, T . ,  a n d  D y rssen , D ., J .  In o rg . N ucl. C hem ., 26, 1727
(1964).

43. W alter, W .R ., and  Li, N .C .,  J .  In o rg . N ucl. C hem ., 27, 411
(1965).

44. Li, N .C . ,  Wang, S .M ., and  W alker, W .R ., J .  In o rg . N ucl. 
C hem ., 27, 2263 (1965).

45. I rv in g , H .,  a n d  E d ing ton , D .N .,  J .  In o rg . N ucl. C hem ., 27, 
1359 (1965).

46. F in ston , H .L .,  and  Inoue, Y ., I b id . ,  29, 199 (1967).

47. T a ft, R .W ., J r .  and  Cook, E .H .,  J .  Amer. Chem. S oc ., 81, 46
(1959).

48. F inston , H .L .,  and  Inoue, Y ., J .  In o rg . N ucl. C hem ., 29, 2431 
(1967).

- 117 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49. F in ston , H .L .,  and  Gnizi, E .,  "Solvent E x trac tion  R esearch" P ro ­
ceed ings of th e  F ifth  In te rn a tio n a l C onference on Solvent E x tra c ­
tion  C hem istry , Edited by  K erte s , A .S .,  an d  M arcus, I . ,  Wiley 
In te rsc ie n c e , (1970).

50. D ay, R .A .,  J r . ,  and  U nderwood, A .L .,  "Q uantita tive A nalysis"

4* * 1  ed itio n , P ren tice-H all, In c . ,  Englewood C liffs, N .J .  (1980) p . 
605.

51. Yoe, J .H . ,  Will, F . ,  and  Black, R . ,  A nal. Chem. 8 , 1200
(1953).

52. Williamson, A .G ., "In troduction  to N on-electro ly te  Solutions" p . 
123, O liver Boyd. E d in b u rg h , Scotland (1967).

53. P osk an zer, A .M ., and  Foreman, B .M ., J r . ,  J .  In o rg . Nucl. 
C hem ., 16, 323 (1961).

54. A kaza, I . ,  K oska, M ., and  Imamura, T . ,  B unsek i K agaku, 14, 
825 (1965).

55. C itric  Acid Chelation D ata, T echnical Inform ation, C itro -tech
D ivision, Miles.

56. B jerrum , J . ,  Schw arzenbach, G ., and  Sillen, L .G ., "S tab ility
C o n stan ts  p a r t  II "The Chemical Society (London) (1958).

57. R o sen s tre ich , J .L .  . and  G oldberg, D .E .,  Ino rgan ic  C hem istry , 4, 
909 (1965).

58. Ringbom , A ., " Complexation in A nalytical C hem istry ,"  In te rs c i­
ence p u b lish e rs  (1963).

59. Irv in g , H .,  and  Williams, R . J .P . ,  J .  Chem. S o c ., 3192 (1953).

60. G riffith , J . S . ,  and  O rgel, L .E .,  Q u art. R ev s . (London) 11, 381 
(1957).

61. R eid, J . C . ,  and
(1950).

62. K ing, E .L . ,  and
(1951).

-  118 -

Calvin, M ., J .  Amer. Chem. S o c ., 72, 2948 

R eas, W .H ., J .  Amer. Chem. S o c ., 73, 1806

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63. H ealy, T .V . ,  P ep p ard , D .F .,  and Mason, G .W ., J .  In o rg . N ucl. 
C hem ., 24, 1429 (1962).

64. K hopkar, S .M ., and  De, A .K ., A nalytica Chimica A cta, 22, 223
(1960).

65. W alker, W .R ., and  Li, N .C .,  J .  In o rg . C hem ., 27, 411 (1965).

6 6 . T e s ta , C .,  Anal. Cliim. A cta, 25, 525 (1961).

67. L ange 's  Handbook of C hem istry , 1 2 ^  Edition. Jo h n . A .D rew , Ed.
M c.G raw-Hill Company, New Y ork, S t.L o u is , San  F rancisco .

6 8 . S atake, M ., M atsum ura, Y ., and  M ehra, M .C ., Mikrochimica A cta,
1, 455 (1980).

69. S te inbach  J . F . ,  and  F re ise r , H ., A nal. C hem ., 25, 881 (1953).

70. K rishew , A ., and  F re ise r , H .,  A nal. C hem ., 31, 923 (1959).

71. S te inbach , J . F . , and  F re ise r , H ., Ib id . ,  26, 375 (1954).

72. E rk e len s , P .C . ,  Anal. Chim. A c ta ., 25, 129 (1961).

73. H abash i, F . , "H ydrom etallurgy" A special r e p o r t ,  Chem. & E ng.
News, 46-58, Feb 8 , 1982.

74. Peligo t, E . , Ann. Chim. P h y s .,  5, 1 (1842).

75. Sekine, T  and  H asegaw a, Y ., "Solvent E x trac tio n  C hem istry" p g  
544, Marcel D e k k e r ,In c .,  (1977).

76. R odden , C . J . ,  "A nalysis of E ssen tia l N uclear R eactor M ateria ls ,"  
D ivision of T echnical Inform ation, U .S . Atomic E n erg y  Commis­
sion , (1964).

77. Ishim ori, T . ,  Data of Inorgan ic  Solvent E x trac tio n  R es. R ep t. 
Jap an  A t. E nergy  R es. I n s t . ,  (1963).

78. R y d b e rg , J . ,  and  B ernstoem , B .,  Acta Chem. S c a n d ., 11, 8 6  

(1957).

79. Ich inose , N ., T a lan ta , 18, 21 (1971).

80. Adams, J .A .S . ,  Maeck, W .J ., Anal. C hem ., 26, 1635 (1954).

- 119 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81. F e in ste in , H .I . ,  U. S. A t. E nergy  Comm., TE1, 555 (1955).

82. B u rg e r, L .L . ,  U. S. A t. E nergy  Comm., HW, 44888 (1957).

83. B u rg e r, L .L .,  J .  P h y . C hem ., 62, 590 (1958).

84. Booman, G .L .,  and  Maeck, W .J ., E llio tt, M .C ., and  R ein , J .E . ,  
U. S. A t. E nergy  Comm., IDO, 14437 (1958).

85. H ardw ick, W.H. ,  and  M oreton-Sm ith, M ., A na ly st, 83, 9 (1958).

86 . H orton, C . A . ,  and  White, J . C . ,  Anal. C hem ., 30, 1779 (1958).

87. S h u lts , W.D. ,  and  Dunlop, L . B . ,  A nal. Chim. A cta, 29, 254 
(1963).

88 . D izdar, Z . I . ,  Gal, O . S . ,  and  R ajnvajn , J . K . ,  B ull. B oris K idric 
In s t.  Nucl. Sci. 7, 43 (1957).

89. S hevchenko, V . B . ,  and Fedorov, I . A ., Radiokhim iya, 2, 6
(1960).

90. E v ers , E . C . ,  and  K raus, C . A . ,  A-2329, P a r t  2 (1946).

91. N orstrom , S . L . G . ,  S v en sk . Kem. T id s k r . ,  60, 227 (1948).

92. G indler, J . E . ,  "Radio chem istry  of u ran iu m ,"  Special r e p o r t ,  pg  
93.

93. Maclaine, L . A . ,  "The C arbonate  C hem istry  of U ranium ; T heory  
and  A pplications", in P roc. In tl. Conf. Peacefu l U ses A t. E n erg y , 
8 , 26 (1956).

94. Jab lo n sk i, B . B . ,  an d  L eyden, D . E . ,  A nal. C hem ., 3, 404 (1978).

95. S ta ry , J . , and  H ladky, E . ,  A nalytica Chimica A cta, 28, 227
(1963).

96. D ufra isse , C . ,  and  G illet, A ., A nn. C him ., 6, 299 (1926).

97. G ibbs, and  W illard, J . ,  T ra n s . Conn. A cad. A rts  S c i.,  3, 152 
(1876).

„ j
98. T rey b a l, R . E . ,  "Liquid E xtraction" 2 ed itio n , Me Graw-Hill 

Book Company, Inc . (1963).

-  120  -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


