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SYMBOLS

The fo llo w in g  symbols axe used th roughou t t h i s  p ap e r .

O ther sym bols, used l e s s  f re q u e n tly , w i l l  be exp la in ed  as th ey

are  in tro d u ced .

L I  ~ c o n c e n tra tio n  o f sp ec ie s  in  aqueous phase in d ic a te d
in  moles p e r  l i t e r .

( ) - c o n c e n tra tio n  o f sp ec ie s  in  o rg an ic  phase in d ic a te d
in  moles p e r  l i t e r .

HT - fi -d ik e to n e .

T" - e n o la te  ion  o f y? -d ik e to n e .

S - s y n e rg is t .

D0 - d i s t r ib u t io n  c o e f f ic ie n t  in  absence o f  s y n e rg is t .

D - d i s t r ib u t io n  c o e f f ic ie n t  in  p resen ce  o f  s y n e rg is t .

Kj. - eq u ilib riu m  c o n s ta n t fo r  th e  e x tr a c t io n  re a c tio n  in
th e  absence o f s y n e rg is t .

-  e q u ilib riu m  c o n sta n t fo r  th e  e x tr a c t io n  re a c t io n  in  
th e  p resence  o f s y n e rg is t .

Kg - eq u ilib riu m  co n s ta n t fo r  th e  in te r a c t io n  o f sy n e rg is t  
w ith  c h e la te .

AA - 2 ,lJ-pentanedione (a c e ty la c e to n e ) .

BA - l-p h e n y l- l ,3 -b u ta n e d io n e  (b e n z o y lac e to n e ).

BTA - U ,U ,i |- tr if lu o ro - l-p h e n y l- l ,3 -b u ta .n e d io n e
(b e n z o y ltr if lu o ro a c e to n e ) .

DBM - l,3 -d ip h en y l-l,3 ~ p ro p a .n ed io n e  (d ibenzoylm ethane).

FTA - !+ ,i+ ,i t - tr i f lu o ro - l - (2 - fu ry l) - l ,3 -b u ta n e d io n e
( f u r o y l t r i f lu o r o a c e to n e ) .

MeTTA - U ,i4 - ,i+ - tr if lu o ro -2 -m e th y l- l- (2 - th ie n y I )- l ,3-b u tan ed io n e ,

IA - l - ( 2 - th ie n y l) - l ,3 -b u ta n e d io n e  ( th e n o y la c e to n e ) .

TTA - !+,!+,i |- t r i f lu o r o - l - ( 2 - th ie n y l ) - l ,3 - b u ta n e d io n e
( th e n o y ltr i f lu o ro a c e to n e ) .
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TBP - t r i b u t y l  phosphate .

d^ - number o f micrograms o f m eta l p e r  ml in  benzene phase.

da ■ - number o f micrograms o f m eta l per. ml in  aqueous phase.

V - t o t a l  volume o f v a r ia n t  added.
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- 1 -

UmODUCTIOH

HISTORICAL.

The word ''synergism " was f i r s t  coined by Baes and coworkers1 

to  d e sc rib e  t h e i r  d isco v e ry  o f a d e f in i te  enhancement o f  th e  e x tra c tio n  

o f uranium from aqueous s o lu tio n  by a  m ix ture  o f an a c id ic  d ia lk y l  

phosphate and c e r ta in  n e u tr a l  organophosphorus e s t e r s ,  th e  r e s u l t in g  

m ixture g iv in g  a  b e t t e r  e x tra c t io n  o f uranium  th an  e i th e r  th e  ac id  

o r n e u tr a l  phosphate a lo n e . These w orkers co n sid ered  th a t  th i s  

synerg ic  ( s y n e r g is t ic )  enhancement was l im ite d  to  d ia lk y l  phosphoric 

a c id -n e u tr a l  re a g en t com binations and t h a t ,  ou t o f  s e v e ra l elem ents 

s tu d ie d , uranium , as u ra n y l io n , was th e  on ly  one which was e x tra c te d  

sy n e rg ic a l ly .
2

A few y e a rs  p r io r  to  th e  work o f Baes, Cunningham showed th a t  

m ix tu res o f  th e n o y ltr if lu o ro a c e to n e  (TTA) and t r i b u t y l  phosphate (TBP) 

in  benzene would e x t r a c t  praseodymium and neodymium from n i t r a t e  

s o lu tio n s  to  a  g re a te r  e x te n t than  e i th e r  re a g en t a lo n e . He a t t r ib u te d  

th i s  in c re a se  to  th e  p ro b ab le  fo rm ation  o f th e  complexes ^[(TTA)^,

M(TTA)g(TBP^O^jM(TTA) ( TBP) g( ) g and f^ T B P ^ N O ^ )^  I rv in g  and Edgington 

rep ea ted  th e  work o f Baes s u b s t i tu t in g  TTA fo r  th e  a c id ic  d ia lk y l  phosphate 

and ob ta in ed  a  much la r g e r  enhancement fo r  th e  e x tra c t io n  o f  uranium .

They p re d ic te d  t h a t  th e  synerg ic  e f f e c t  should n o t be observed in  the  

e x tr a c t io n  o f  th e  q u a d riv a le n t a c t in id e s  because th e  q u a d riv a len t a c t in id e s
k

a re  c o o rd in a te ly  s a tu ra te d  by TTA. However, in  a l a t e r  study  on the  

e x tra c t io n  o f  th e  q u a d riv a le n t a c t in id e s  w ith  TTA and t r i b u ty l  phosphate 

from n i t r i c  a c id  s o lu t io n  th ey  in  f a c t  observed a sy n erg ic  e f f e c t .  Their
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- 2-

co nclusions were id e n t ic a l  to  th o se  o f Cunningham concern ing  the  sp ec ie s  

p r e s e n t .
5

Healy extended th e  work o f I rv in g  and Edgington by s u b s t i tu t in g

a h y d ro ch lo ric  a c id  s o lu t io n  f o r  n i t r a t e  so lu tio n  and showed s im ila r

very  la rg e  enhancements fo r  b iv a le n t ,  te rv a le n t  and q u a d riv a len t m e ta ls .

He ex p la in ed  h is  r e s u l t s  in  term s o f an a d d itio n  w ith o u t rep lacem ent

and concluded th a t  th e  d if f e r e n c e  in  th e  aqueous phase from th a t  used

in  p rev io u s  work p e rm itte d  th e  occurrence o f an a d d itio n  re a c tio n  as

opposed to  a rep lacem ent r e a c t io n .  In  a  n i t r a te - c o n ta in in g  medium

th e re  i s  a  co m p etitio n  between th e  e x tr a c t io n  by t r i b u t y l  phosphate

o f th e  u ra n y l n i t r a t e  complex and th e  e x tra c t io n  by th e  /3 -d ik e to n e  of

th e  u ra n y l io n . The consequence i s  a mixed lig a n d  complex which co n ta in s

uranium , n i t r a t e ,  t r i b u t y l  phosphate and th e  /3 -d ik e to n e . In  a c h lo rid e

medium, where th e re  i s  no co m petition  due to  the  e x tra c tio n  o f a  u ran y l

c h lo r id e  complex by t r i b u t y l  p h o sp h ate , the  synergism  occurs by means

o f an a d d itio n  r e a c t io n .  Healy suggested  th a t  an aq u o -m e ta l-/? -d ik e to n e

complex such as UOgCTTA^CHgO).^ i s  rendered  le s s  h y d ro p h ilic  by the

s u b s t i tu t io n  o f a  n e u tr a l  e s te r  fo r  th e  w ater group o r groups producing

a sp ec ie s  such as UOgCTTA^TBP^.

Healy^ showed th a t  3-nonanol and N ,n -b u ty l a c e ta n i l id e  e x e r t

sy nerg ic  beh av io r on th e  thorium -and uranyl-TTA system s. Newman and 
7

K lotz showed th a t  tr io c ty la m in e  a lso  e x e r ts  sy nerg ic  behav io r on th e

thorium  system . A fte r  s tu d y in g  th e  in te r a c t io n s  between tr io c ty la m in e
8 9and h y d ro ch lo ric  a c id , and tr io c ty la m in e  and TTA th ey  concluded th a t  

tr io c ty la m in e  h y d ro ch lo rid e  adds to  th e  th o riu m -/? -d ik e to n e  complex.

S pectropho tom etric  s tu d ie s  o f th e  u ra n y l-  /3 -d ik e to n e - tr ib u ty l  

phosphate system  perform ed by Healy1 0 ’'1"1' le d  him to  th e  conclusion  th a t  

th e re  i s  a complex formed by TTA and t r i b u t y l  phosphate w hether th e
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/3 -d ik e to n e  i s  co o rd in a ted  to  th e  u ra n y l io n  o r n o t .  The co n d itio n s  

fo r  t h i s  in te r a c t io n  depend upon th e  c o n c e n tra tio n  o f t r i h u t y l  phosphate 

and w ater in  th e  system . Healy d id  n o t p o s tu la te  th e  in te r a c t io n  s i t e  

on th e /? ~ d ik e to n e  co o rd in a ted  to  u ra n y l io n . He d id  s t a t e  t h a t  in  

the  absence o f m etal ion  th e  in te r a c t io n  invo lved  hydrogen bonding 

between t r i b u t y l  phosphate and th e  eno l form o f th e / ? - d ik e to n e . I n t e r ­

a c tio n  w ith  th e  k e to h y d ra te  form of t h e /3-d ik e to n e  was ru le d  out because 

com plexation in c re a se d  as th e  c o n c e n tra tio n  o f w a ter decreased  in  th e  

system and because a  k e to h y d ra te  spectrum  was n o t found.

Newman1^ ev a lu a ted  Ka fo r  systems M/tTA/S where K„ = _____
(MTn ) ( s ) P

S was e i th e r  t r i b u t y l  phosphate or t r i o c t y l  phosphine oxide; M was 

thorium , u ra n y l, americium, curium , prometheum, thulium  o r calcium ; 

and th e  d i lu e n t  was benzene or cyclohexane. Ks rem ained co n stan t in  

systems where d i lu e n t ,  s y n e rg is t  and value  o f p were th e  same and on ly  

the  m eta l io n  was changed. Newman argued th a t  s in ce  th e  synerg ic  c o n s ta n t 

i s  a fu n c tio n  on ly  o f the  number o f  addenda p e r m olecule and n o t a 

fu n c tio n  o f th e  m eta l in v o lv ed , then  th e  s y n e rg is t  most l i k e ly  forms 

a bond w ith  one o f th e /3 -d ik e to n e  m olecules a tta c h e d  to  the  m e ta l, and 

no t w ith  th e  m eta l i t s e l f .  I f  bonds e x is te d  between th e  synerg ic  agent 

and th e  m eta ls  th e re  presum ably should be d if fe re n c e s  in  th e  values o f 

Kg which r e f l e c t  th e  d if fe re n c e s  in  th e  m e ta ls .

E. S z ib o ^  s tu d ie d  th e  e x tra c t io n  o f u ra n y l io n  w ith  ace ty lace to n e  

(AA) and TBP. This was th e  f i r s t  re p o r t  o f  a  sy n erg ic  enhancement o f 

th e  e x tra c t io n  o f a  m etal ion  w ith  a /3 -d ik e to n e  o th e r  than  TTA. Although 

he was ab le  to  show an enhancement o f e x t r a c t io n ,  he d id  n o t p o s tu la te  

what sp ec ie s  were formed and th e  mechanism by which th e  e x tra c tio n  took 

p la c e .
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STATEMENT OF THE PROBLEM.

The purpose o f t h i s  th e s i s  i s  to  determ ine th e  co n d itio n s  

n ecessa ry  f o r  o b ta in in g  and improving syn erg ic  enhancement o f th e  

so lv en t e x tra c t io n  o f uranium , th e  n a tu re  o f th e  com position o f th e  

synerg ic  complex found, and how th e  syn erg ic  agen t i s  bonded in  th i s  

complex. P revious in v e s t ig a to r s  have l im ite d  t h e i r  work p r im a r i ly  to  

th e  use o f TTA. as th e  e x tra c ta n t  o f uranium when stu d y in g  synerg ic  e f f e c t s .  

These in v e s t ig a to r s ,  w hile  o f fe r in g  a g re a t  d ea l o f  d a ta  concerning th e  

uranyl-TTA-TBP system , p rov ide  c o n tra d ic to ry  s ta tem en ts  as to  th e  

bonding in  th e  synerg ic  complex and do n o t s ta t e  th e  c o n d itio n s  n ecessa ry  

fo r  synergism  to  occur.

Thus, d a ta  were accum ulated fo r  v a rio u s  e x tra c t io n s  where th e  

s t ru c tu re  o f  th e  /3 -d iketone  was changed (Table I ,  p . 5) so th a t  p o s s ib le  

s i t e s  fo r  a d d itio n  o f th e  sy n e rg is t  in  th e  complex were changed. Synergism 

occurred  in  a l l  th e  systems 'S tud ied , which p rov ided  in s ig h t  as to  how th e  

s y n e rg is t  bonded in  th e  complex. The s to ic h io m etry  o f th e  complexes 

was a lso  determ ined and co n d itio n s  were e s ta b lis h e d  which would p rov ide  

a g re a te r  degree of synerg ic  e x tra c t io n  f o r  uranium .
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TABLE I  

/3-DIKETONE STRUCTURES

R '

I

R- C - i
II
0

c = c -
OH

R"

/3 -D iketone Abbrev. ..R R' R*
B en z o y ltr if lu o ro a c e to n e BTA phenyl H CF3

Ih e n o y ltr if lu o ro a c e to n e TTA 2- th ie n y l H c f3

F u ro y ltr if lu o ro a c e to n e FTA 2- f u ry l H CF3

A cety lacetone AA ch3 H ch3

Benzoylacetone BA phenyl H ch3

Dibenzoylmethane DBM phenyl H phenyl

Thenoylacetone TA 2- th ie n y l H ch3

1+JU ,U -T rifluo ro -2 -m ethy l-
l - ( 2- t h i e n y l ) l , 3-
bntaned ione MeTTA 2- th ie n y l ch3 c f3
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CALCULATION METHODS

DISTRIBUTION COEFFICIENT.

S o lven t e x tra c t io n  i s  based on th e  d i s t r ib u t io n  o f  a so lu te  

between two im m iscible p h a se s . For t h i s  case th e  c l a s s ic a l  phase 

ru le  o f  Gibbs can be ap p lied

P + F = C + 2 ( l )

where P i s  th e  number o f p h ase s , F the  number o f degrees o f freedom,

and C th e  number o f components. According to  eq u a tio n  ( l )  a system

c o n s is t in g  o f two im m iscible so lv en ts  and one s o lu te  d is t r ib u te d  between

them has one degree o f freedom a t  c o n s ta n t tem peratu re  and p re s su re .

Thus i f  th e  c o n c e n tra tio n  o f th e  so lu te  in  one phase i s  c o n s ta n t, the

c o n c e n tra tio n  o f th e  s o lu te  in  th e  o th e r phase i s  a lso  f ix e d . The

r e la t io n s h ip  between th e  co n ce n tra tio n  o f s o lu te  in  each o f th e  so lv en t
llfphases le d  to  N e rn s t’s fo rm u la tio n  o f th e  d i s t r ib u t io n  law on th e  b a s is

15o f experim ents by B e r th e lo t  and J u n g f le isc h .

The c o n c e n tra tio n  r a t i o  o f the  s o lu te  in  th e  two phases a t  

eq u ilib riu m  i s  c a l le d  th e  p a r t i t i o n  c o e f f ic ie n t ,  p , and i t  can be 

expressed  by th e  fo llo w in g  eq u a tio n :

P = corg/c

where Corg and C denote th e  co n ce n tra tio n  o f th e  d is t r ib u te d  compound

in  th e  o rgan ic  and aqueous phases re s p e c tiv e ly  assuming a c t iv i ty  c o e f f ic ie n ts

a re  c o n s ta n t .

When an io n  w ith  a  charge n+ i s  e q u i l ib ra te d  between an organ ic  and 

an aqueous phase (c o n ta in in g  so lv en t m olecules B and HgO), th en  in  th e
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p resen ce  o f an o rgan ic  re a g e n t, HA, complexes o f  th e  g en e ra l com position 

MfflAn (OH)^(HA)r Bs (HgO) may be form ed. Bydberg-*-^-^ considered  th e  

fo rm ation  o f such a h y p o th e tic a l  complex and showed th a t  i t s  com position 

and s t a b i l i t y  could be determ ined from measurements of th e  d is t r ib u t io n  

c o e f f ic ie n t ,  D, o f th e  t o t a l  m etal between the  o rgan ic  and aqueous phases 

as a  fu n c tio n  o f th e  d i f f e r e n t  v a r ia b le s .  The fo llo w in g  equation  w i l l  

be v a l id  f o r  th e  d i s t r ib u t io n  r a t i o  o f th e  m eta l M between th e  organic 

and aqueous p h ases :

■p _ 'Total c o n ce n tra tio n  o f  m etal sp ec ie s  in  th e  o rgan ic  phase (2)
T o ta l co n ce n tra tio n  o f m etal sp ec ie s  in  th e  aqueous phase

I f  th e  a l iq u o ts  withdrawn from b o th  phases a re  equal t h i s  d e f in i t io n  

may be re p la ce d  by

P _ Micrograms o f m etal in  organ ic  a l iq u o t (3 )
Micrograms o f m etal in  aqueous a l iq u o t

s in ce  th e  same v a lu e  fo r  atom ic w eight o f th e  m eta l would be used to

determ ine th e  c o n c e n tra tio n  o f a l l  sp ec ie s  in  b o th  p h ases .

The sp ec ie s  formed when a l ig a n d  i s  added to  an organic-aqueous

phase system  co n ta in in g  a m e ta l io n  may be d is t r ib u te d  between the  two

phases depending on the  charge o f th e  sp ec ie s  and th e i r  a f f i n i t i e s  fo r
"M*

e i th e r  p h ase . In  a  system co n ta in in g  a te tra c o o rd in a te  m etal io n , M , 

a /7 -d ik e to n e , HT, and a non-complexing aqueous medium th e  l e a s t  com plicated 

re a c t io n  th a t  can be w r i t te n  fo r  th e  c o o rd in a tio n  o f  th e  m etal ion  i s  

as fo llo w s :

M++ + 2 HT s MT2 + 2 H+

Charged sp ec ie s  a re  p re s e n t m ainly in  th e  aqueous phase and n e u tra l  sp ec ies  

in  th e  o rgan ic  p h ase . The eq u ilib riu m  c o n sta n t f o r  t h i s  re a c t io n , K .̂, i s
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re p re se n te d  as fo llo w s:

k  _ (MTg) [H+J  2 

13 [m++D (HT)2
(»0

One may express th e  d i s t r ib u t io n  c o e f f ic ie n t  fo r  t h i s  system 

as fo llo w s:

A p lo t  o f lo g  Dq v s . pH a t  c o n stan t HT c o n ce n tra tio n  o r lo g  D0 

v s . log  (HT) a t  co n s ta n t pH should g ive  in fo rm atio n  as to  w hether the  

re a c t io n  i s  c o r re c t  as w r i t t e n .  The slope o f t h i s  p lo t  should have 

th e  same num erical v a lue  as th e  number o f lig a n d s  th a t  have added to  

each m etal io n . Any d e v ia tio n s  from a s lope  o f two are  in d ic a t iv e  of 

re a c tio n s  o th e r  than  th a t  re p re se n te d  above.

I f  s y n e rg is t ,  S, i s  added to  th e  above system  th e  most s t r a ig h t ­

forw ard re a c t io n  th a t  can occur i s

The e q u ilib riu m  c o n sta n t fo r  t h i s  r e a c t io n ,  K-fcSj i s  re p re se n te d  as 

fo llo w s :

(5)

s in ce  a c t i v i t y  c o e f f ic ie n ts  a re  assumed to  be c o n s ta n t.

lo g  Dq = lo g  iq. + 2 lo g  (HT) - 2 lo g  [H+J  (6 )

+ 2 HT + x S ^ ^  MT2Sx + 2 H
.+

(7)

_ (MT2Sx) [£ * □ 2 

~ Cm++D (HT)2 (S )x
(8)

( 9 )
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log  D = lo g  Kfg  (S )X + 2 lo g  (HT) - 2 lo g  {E+ \̂ (10).

The slope  o f th e  p lo t  o f lo g  D v s . pH a t  c o n s ta n t HT 

c o n ce n tra tio n  o r lo g  D v s . lo g  (HT) a t  co n s tan t pH should  have th e  

same num erical value as th e  number o f /? -d ike tone  m olecules th a t  

co o rd in a te  to  th e  m eta l ion  in  the  p resence  o f s y n e rg is t .  Once again  

d e v ia tio n s  from slope two a re  in d ic a t iv e  o f re a c t io n s  o th e r  than  the  

eq u ilib riu m  re p re se n te d  by eq u a tio n  (7 ) .

The s im p le s t o rgan ic  phase re a c t io n  which w i l l  produce the  

sp ec ie s  M ^Sx i s  as fo llo w s :

MT2 + x S MT2Sx (.11)

The eq u ilib riu m  co n stan t f o r  t h i s  r e a c t io n ,  Ks , i s  re p re se n te d  as

_ (mt2sx )

(mt2 ) ( s ) x

The experim en tal d i s t r ib u t io n  c o e f f ic ie n t ,  Ds , o b ta in ed  by vary ing  

c o n c e n tra tio n  o f sy n e rg is t  w h ile  keeping a l l  o th e r  co n ce n tra tio n  term s 

c o n sta n t may be w r i t te n  as

Ds = D0 + D = * (MI2Sx> = (MTg) 4- Ks (MTg)(S )X ^

Qf't] &++3

Combining equations (k ) , ( 5 ) ,  (8 ) and (13) y ie ld s

V Do = Kt s  ( h t ) 2 ( s ) x { e J  "2 ( ih )

log  (Ds -D0) = lo g  Kt s  (HT) 2 [h+J  "2 + x  lo g  S (15)

The slope  o f th e  p lo t  o f lo g  (Ds -D0) v s . lo g  (S) w i l l  y ie ld  th e  value 

o f  x , th e  number o f syn erg ic  addenda p e r m olecule o f  c h e la te  s in ce  th e  

f i r s t  term  o f th e  r ig h t  s id e  o f equation  (15) i s  c o n s ta n t.
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EQUILIERIUM CONSTANTS.

E qu ilib rium  co n s ta n ts  can be ev a lu a ted  fo r  th e  re a c tio n s  w r i t te n  

above w ith  th e  a id  o f  th e  same p lo ts  th a t  a re  used to  determ ine the  

number o f  m olecules bonded to  m etal io n . From equation  ( 6 ) th e  p lo t  

o f  lo g  DQ v s .  lo g  (HT) has an in te r c e p t  equal to  lo g  Kj. -  2 lo g  [H+J  •

I f  th e  pH i s  known, lo g  K  ̂ can be ev a lu a te d .

I f  th e  number o f synerg ic  addenda i s  equal to  one, then  equation  

( 10) may be a l te r e d  to  read

log  D = lo g  Kts (S) [H+J “2 + 2 lo g  (HT)

I f  th e  pH and c o n c e n tra tio n  o f s y n e rg is t  a re  known lo g  K^s can.be 

ev a lu a te d  from th e  in te r c e p t  o f  the  p lo t  o f  log  D v s . log  (HT). This 

eq u a tio n  was used  in  th e  s tu d ie s  p re se n te d .

I f  lo g  Kts an£ lo g  Kt a re  known fo r  a  /3 -d iketone  then  lo g  Ks 

may be o b ta in ed  by s u b tra c tin g  log  Kt from lo g  Kts because K ts /^ t  = Ks .

METHOD OF LEAST SQUARES.

The d a ta  were su b jec ted  to  th e  method o f l e a s t  squares to  

determ ine th e  s lo p es  and in te r c e p ts  o f the  v a rio u s  p l o t s . This work was 

perform ed on an I.B .M . 1620 Model I  computer u s in g  a m odified su b ro u tin e  

o f  K. W ib e rg .^

Although l e a s t  squares a n a ly s is  i s  an accep ted  method fo r  de term in­

ing  th e  s lope  and in te r c e p t  o f  th e  b e s t  s t r a ig h t  l in e  through experim ental 

p o in ts  i t  does n o t n e c e s s a r i ly  apply  to  th e  d a ta  appearing in  t h i s  work.

The f r e e  lig a n d s  p re s e n t  a t  eq u ilib riu m  len d  them selves to  s id e  re a c tio n s  

which may cause d e v ia tio n s  in  the  s lo p es  o f  th e  experim ental p lo t s .  A
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more r e l i a b l e  method i s  to  analyze th e  experim en tal d a ta  d i r e c t ly .  

Any d e v ia tio n s  from l i n e a r i t y  o r in te g r a l  slope  a t  e i th e r  end o f th e  

p lo t  le a d  to  conclusions about s id e  re a c t io n s .
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EXPERIMENTAL

EXTRACTION PROCEDURE.

For th e se  s t u d i e s , i t  was n ecessa ry  to  use  a t i t r a t i o n  app ara tu s  

which p rov ided  fo r  s t i r r i n g ,  tem perature  c o n tro l ,  e le c tro d e s  fo r  pH 

d e te rm in a tio n  and an opening fo r  removing a l iq u o ts  o f  th e  aqueous and 

o rgan ic  p h ase s . The v e s s e l  designed f o r  th e  t i t r a t i o n s  was made by 

s e a lin g  th re e  e x tr a  necks onto a  s tan d ard  200-m l. round-bottom ed 

f la s k  which had been encased in  a  w a ter ja c k e t .  A cork  in  th e  c e n te r  

neck h e ld  th e  b u re t .  The o th e r necks p rov ided  access to  a d ip  tu b e , 

a  g la s s  e le c tro d e  and a s i lv e r  - s i lv e r  c h lo r id e  e le c tro d e .

An In s tru m e n ta tio n  L abora to ry  Model 135A e le c tro m e te r  was used 

as a p o te n tio m e te r , to g e th e r  w ith  a g la s s  e le c tro d e  (Beckman no. 40^98) 

and a  f ib e r  ju n c tio n  s i lv e r  - s i lv e r  c h lo r id e  e le c tro d e  w ith  a s a l t  

b rid g e  c o n ta in in g  a s o lu tio n  s a tu ra te d  w ith  r e s p e c t  to  s i l v e r  c h lo r id e , 

0 .01  M w ith  r e s p e c t  to  l i th iu m  c h lo rid e  and 1 .9 9  M w ith  re s p e c t to  

l i th iu m  p e r c h lo r a te .

The s o lu tio n  in  th e  f l a s k  was s t i r r e d  w ith  a  m agnetic s t i r r e r  and 

k ep t a t  3 0 . 0°  by pumping w ater from a c o n s ta n t tem peratu re  b a th  through 

th e  w a ter ja c k e t .

F ive g e n e ra l ty pes o f e x tra c t io n  experim ents were perform ed, the  

p rocedures f o r  which a re  o u tlin e d  below.

VARIANT - TRIBUTYL PHOSPHATE - S ix ty  ml o f  a s o lu tio n  co n ta in in g  

p e rc h lo r ic  ac id  and 2 .0  M w ith  re s p e c t to  l i th iu m  p e rc h lo ra te  

(pH = 3-5 f o r  AA, BA, TA and DBM; pH = 1 .2  fo r  BTA, FTA, and TTA) was 

s t i r r e d  w ith  s ix ty  ml o f a 0 .2  M s o lu tio n  o f /3 -d ik e to n e  in  benzene fo r  

one hour a t  3 0 .0 ° . F i f t y  ml o f t h i s  e q u i l ib r a te d  aqueous phase was
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then  p ip e t te d  in to  th e  four-necked  f la s k  to  which had been added 1 .00  ml 

o f a u ra n y l p e rc h lo ra te  s o lu t io n  co n ta in in g  f iv e  mg o f uranium  in  2 .0  M 

li th iu m  p e rc h lo ra te  ( f i n a l  c o n c e n tra tio n  o f uranium - k x 10“^ M). F i f ty  

ml o f  a  0 .2  M s o lu tio n  o f  ^ r-d ike tone  in  benzene was added to  t h i s  aqueous 

phase and v ig o ro u s ly  s t i r r e d  f o r  f o r ty  m inutes a t  which tim e 1 .00  ml 

a l iq u o ts  were removed from each phase . The c o n c e n tra tio n  o f TBP was 

changed by d isch a rg in g  q u a n t i t ie s  o f  O.987 M TBP in  benzene from a m icro 

b u r e t .  A fte r  each a l iq u o t  o f TBP was added th e  c o n ten ts  o f th e  f la s k  

was s t i r r e d  f o r  te n  m inutes and a 1.00  ml sample removed from each phase . 

The sample was taken  from th e  aqueous phase by blow ing a i r  through a 

d ip  tube s e v e ra l tim e s , which d isp la ce d  th e  benzene phase p e rm ittin g  th e  

aqueous phase to  e n te r .  A 1 ml p ip e t  was in s e r te d  in to  th e  tube to  

remove th e  sample. This p rocedure  was fo llow ed  f o r  each change in  TBP 

c o n ce n tra tio n  u n t i l  a  c o n c e n tra tio n  o f 0 .2  M TBP was o b ta in ed  and a t  

l e a s t  tw elve a l iq u o ts  had been added. The tem peratu re  was kep t a t

30.0  - 0 .1 °  th roughout th e  experim ent. The pH was k ep t co n stan t by th e  

a d d itio n  o f sm all q u a n t i t ie s  o f base or a c id  to  th e  aqueous p hase . To 

p rev en t h y d ro ly s is , a d d itio n s  were made c a r e fu l ly  to  avo id  lo c a l  excess 

o f a c id  o r b a se . A s o lu tio n  0 .1  M w ith  re s p e c t to  l i th iu m  hydroxide 

and 1 .9  M w ith  re s p e c t to  l i th iu m  p e rc h lo ra te  was added i f  th e  co n ten ts  

o f th e  f la s k  became too  a c id ic ,  o r a so lu tio n  0 .1  M w ith  re s p e c t to  

p e rc h lo r ic  a c id  and 1 .9  M w ith  re s p e c t to  l i th iu m  p e rc h lo ra te  i f  the  

co n ten ts  became too  b a s ic .

A fte r  th e  experim ent was com plete, th e  g la s s  and s i lv e r  - s i lv e r  

ch lo rid e  e le c tro d e s  were p laced  in  an aqueous s o lu tio n  O.OO99 M w ith  

re s p e c t to  p e rc h lo r ic  ac id  and I .99 M w ith  re s p e c t  to  li th iu m  p e rc h lo ra te  

and k ep t a t  3 0 .0 ° . The e .m .f .  o b ta ined  from t h i s  s o lu t io n  was used to
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fj
determ ine E fo r  th e  e le c tro d e  p a i r  and th e  pH was o b ta ined  by

19s u b s t i tu t io n  in to  th e  B ates equ atio n  which fo llo w s:

En = Eq/ + R.L.l ru l—  (16)
1 F \E+]

E1 i s  th e  e .m .f .  value in  m i l l iv o l t s  o f the  aqueous s o lu tio n  in  th e

four-necked  f la s k  and E° i s  ob ta ined  by adding 120.3 m i l l iv o l t s  to  th e

e .m .f .  re ad in g  o f th e  s o lu tio n  0.0099  M w ith  re s p e c t to  p e rc h lo r ic  a c id
2 30 RTand I .99  M w ith  re s p e c t to  l i th iu m  p e rc h lo ra te .  The co n stan t —̂ ------  i s— J

equal to  6 0 .1  because a l l  s tu d ie s  were perform ed a t  30.0°C .

VARIANT - £H - HO SYNERGIST PRESENT - S ix ty  ml o f a 2 .0  M 

l i th iu m  p e rc h lo ra te  so lu tio n  (pH = 3-0) was s t i r r e d  w ith  s ix ty  ml 

o f a  0 .2  M s o lu tio n  o f /3 -d ik e to n e  in  benzene f o r  one hour a t  3 0 .0 ° .

F i f t y  ml o f th i s  e q u i l ib ra te d  aqueous phase was then  p ip e t te d  in to  th e  

fou r-necked  f la s k  to  which had been added 1 .00  ml o f a s o lu tio n  0 .02  M 

w ith  re s p e c t to  u ra n y l p e rc h lo ra te  and 2 .0  M w ith  re s p e c t to  l i th iu m  

p e rc h lo ra te .  F i f t y  ml o f a 0 .2  M s o lu tio n  o f/3 -d ik e to n e  in  benzene was 

added to  t h i s  aqueous phase and s t i r r e d  fo r  f o r ty  m inutes a t  which tim e

1 .0 0  ml a l iq u o ts  were removed from each p hase . The pH was v a rie d  from

3 .0  to  1 .0  by th e  a d d itio n  o f 1 -99*+ M p e rc h lo r ic  ac id  in  s u f f ic ie n t  

q u a n t i t ie s  to  in su re  th a t  th e  pH change was a t  l e a s t  0 .1  u n i t  between 

a d d it io n s . The co n ten ts  o f th e  f la s k  was s t i r r e d  fo r  te n  m inutes to  

assu re  e q u i l ib ra t io n  o f th e  phases and a 1 .00  ml sample removed from 

each p h ase . The e .m .f .  o f  th e  system was measured a f t e r  th e  samples 

were removed. ' The pH o f th e  samples was ob ta ined  by use o f th e  e .m .f . 

read in g s  as d esc rib ed  above and a l l  th e  runs were perform ed a t  30.0  t  0 . 1° .

VARIANT - pH - SYNERGIST PRESENT - The procedure used was the  

same as f o r  "no sy n e rg is t  p re se n t"  w ith  th e  fo llow ing  ex cep tio n s:
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S ix ty  ml o f a  2 .0  M lith iu m  p e rc h lo ra te  so lu tio n  was s t i r r e d  fo r  one 

hour w ith  s ix ty  ml o f  a "benzene s o lu t io n  0 .2  M w ith  re s p e c t to  

/I -d ik e to n e  and 0 .2  M w ith  re s p e c t to  TBP. F i f ty  ml o f a "benzene

s o lu tio n  0 .2  M w ith  re sp e c t to /J -d ik e to n e  and 0 .2  M w ith  re s p e c t to

TBP was added to  f i f t y  ml o f  th e  e q u il ib ra te d  aqueous phase to  which 

th e  uranium had "been added. Tbe pH was v a rie d  from approxim ately  2.5 

to  0 . 5 , s in ce  h ig h e r a c id i t i e s  were n ecessa ry  to  o b ta in  m eaningful 

d i s t r ib u t io n  c o e f f ic ie n ts  in  the  p resence  o f TBP.

VARIANT - /?-DIKETOKE - NO SYNERGIST PRESENT - F i f t y  ml o f

benzene, 50*0 ml o f a 2 .0  M lith iu m  p e rc h lo ra te  s o lu t io n , and 1 .00  ml

o f a  s o lu tio n  0 .02  M w ith  re s p e c t to  u ra n y l p e rc h lo ra te ,  and 2 .0  M

w ith  re s p e c t to  lith iu m  p e rch lo ra te , were added to  th e  four-necked  f la s k .

A dd itions o f  2 .00 M /3-diketone in  benzene were made so th a t  i n i t i a l l y

th e  co n ce n tra tio n  o f/3 -d ik e to n e  in  the  f la s k  was 0 .001 M and f in a l ly

0.200 M. At l e a s t  te n  co n ce n tra tio n s  were ob ta ined  between th e

ex trem es. A fte r  allow ing 10 m inutes s t i r r i n g  tim e fo r  a tta in m en t o f

e q u ilib r iu m , 1 .00  ml a liq u o ts  were removed from each phase a t  each

c o n c e n tra tio n . The pH was kep t co n s ta n t th roughout th e  experim ent

as ex p la in ed  p re v io u s ly . A fte r  th e  c o n cen tra tio n  o f/1 -d ik e to n e  had
■»

been r a is e d  to  0 .2  M, two s e p a ra te  p o r tio n s  o f known amounts o f benzene 

were added to  low er th e /3 -d ik e to n e  c o n ce n tra tio n , and samples were 

withdrawn a f t e r  s t i r r i n g .  This p rocedure  was perform ed to  a s c e r ta in  

w hether th e  system was a t  e q u ilib riu m , s in ce  th e  same d is t r ib u t io n  

c o e f f ic ie n t  should be o b ta in ed , w ith in  experim en tal e r ro r  ( - 10$ ) ,  f o r  the  

same co n ce n tra tio n  o f /3 -d ik e to n e  no m a tte r  how th i s  co n ce n tra tio n  i s  

o b ta in e d .
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VARIANT - /3-DIKE TONE -  SYNERGIST PRESENT - The procedure was 

th e  same as d i r e c t ly  above excep t th e  aqueous phase was shaken f o r  

one hour w ith  0 .20  M TBP, p r io r  to  u se , and th e  four-necked  f la s k  

co n ta in ed  f i f t y  ml o f 0 .20  M TBP in  benzene in s te a d  o f benzene i t s e l f .  

A fte r  th e  co n ce n tra tio n  of /^ -d iketone  had been ra is e d  to  0 .2  M, two 

s e p a ra te  p o r tio n s  o f  known amounts o f 0 .2  M TBP were added to  low er 

th e  /? -d iketone  c o n c e n tra tio n .

KINETICS PROCEDURE.

E ighty  ml o f a s o lu tio n  2 .0  M w ith  re s p e c t to  li th iu m  p e rc h lo ra te  

and pH = 3*0 was s t i r r e d  w ith  e ig h ty  ml o f  a, 0 .2  M s o lu tio n  o f/3 -d ik e to n e  

in  benzene o r e ig h ty  ml o f a benzene s o lu tio n  0 .2  M w ith  re s p e c t to  

f i -d ik e to n e  and 0 .2  M w ith  re s p e c t  to  t r i b u t y l  phosphate , w hichever 

was a p p ro p r ia te . Seventy f iv e  ml o f t h i s  e q u il ib ra te d  aqueous phase 

was th en  p ip e t te d  in to  a four-necked  f la s k  to  which 1 .0  ml .of a  u ran y l 

p e rc h lo ra te  s o lu t io n  co n ta in in g  f iv e  mg o f uranium in  2 .0  M li th iu m  

p e rc h lo ra te  had been added. Seventy f iv e  ml o f th e  a p p ro p ria te  o rgan ic  

phase was added to  t h i s  aqueous phase and v ig o ro u s ly  s t i r r e d  f o r  f o r ty  

m inute in te r v a ls  a t  which tim e 1 .0 0  ml a l iq u o ts  were removed from each 

phase and th e  e .m .f .  o f th e  system  was o b ta in ed . A fte r  fo u r  such 

in te r v a l s  two 25 ml a l iq u o ts  o f each phase were removed, and an aqueous 

and an organ ic  a l iq u o t  were added to  each of two four-necked  f l a s k s .

The pH was a d ju s te d  to  2 .0  in  one f la s k  and to  1 .0  in  th e  second. The 

s o lu tio n s  in  each f la s k  were s t i r r e d  f o r  a l lo t t e d  tim e in te r v a ls  a f t e r  

which 1 .00  ml a l iq u o ts  were removed from each p h ase , and th e  e .m .f . 

o f  th e  system reco rd ed .
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PREPARATION AND STANDARDIZATION OP REAGENTS.

/3 -D ik e to n e s . A ll th e  /? -d ik e to n es  except ^ ,^ ,U - t r i f lu o r o - 2 -  

m e th y l- l- (2 - th ie n y l) - l ,3 -b u ta n e d io n e  and 2,l+-pentanedione were purchased 

as re a g en t grade chem icals and were n o t fu r th e r  p u r i f i e d .

U,i4 - ,^ -T rif lu o ro -l-(2 -T h ie n y l)- l ,3 -B u ta n e d io n e . The compound was 

o b ta in ed  from P e n isu la r  ChemEesearch, I n c . ,  P.O. Box 3597s G a in e sv ille , 

F lo r id a .  M.p. l+l-i+2°;, r e p o r te d 20 1+2.5-1+3-2°.

1+ ,1+ ,l+ -T rif lu o ro -l-P h e n y l- l,3 -B u ta n e d io n e . The compound was 

ob ta in ed  from P e n isu la r  ChemResearch I n c . ,  P.O . Box 3597; G a in e s v ille , 

F lo r id a .  M.p. 38-1+0°; re p o r te d 20 3

1+ ,1+ ,l+ -T r if lu o ro - l- ( 2 -F u ry l) - 1 ,3 -B u taned ione . The compound was 

purchased  from Eastman O rganic Chem icals, D i s t i l l a t i o n  P roducts 

I n d u s t r ie s ,  R ochester 3 } New York. M.p. 19-21°; re p o r te d 20 19-21°.

1 - ( 2 - T h ien y l) - 1 ,3 - B utaned ione. The compound was purchased  from 

Chemical Procurem ent L a b o ra to r ie s , 18-17 130 S t r e e t ,  C ollege P o in t 

56, N.Y. B .p. 128-130°/8mm; re p o r te d 21 129-131°/8mm.

1 -P h e n y l- l , 3 -B u taned ione . The compound was purchased  from 

Eastman Organic Chem icals, D i s t i l l a t i o n  P roducts I n d u s t r ie s ,  R ochester 

3 , N.Y. M.p. 58 -9°; re p o r te d 22 59° .

1 ,3 -D ipheny l-1 ,3 -P ropaned ione . The compound was purchased  from 

Eastman Organic Chem icals, D i s t i l l a t i o n  Products I n d u s t r ie s ,  R ochester 

3 , N.Y. M.p. 77 -8°; re p o r te d 23 78° .

2 ,l+-Pentanedione. The compound was o b ta in ed  from Eastman Organic 

Chem icals, D i s t i l l a t i o n  P roducts  In d u s t r ie s ,  R ochester 3,  N.Y. I t  was 

d i s t i l l e d  a t  a tm ospheric p re s s u re ;  b .p .  138°; re p o r te d 2^ 139°• A 

c o lo r le s s  p ro d u c t was o b ta in ed .
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1+A A -T rif lu o ro -2 -M e th y l- l- (2 -T h ie n y l)- l ,3 -B u ta n e d io n e . The 

compound was p rep a red  by th e  method o f B arkley and L e v in e .2^ t 0 a 

s t i r r e d  suspension  o f  0 .6  mole o f  sodium m ethoxide in  200 ml a b so lu te  

e th e r  was slow ly added 0.3  mole o f e th y l t r i f lu o r o a c e ta te  in  50 ml 

anhydrous e th e r .  Then, 0 .3  mole o f 2 -p ro p io n y l th iophene in  50 ml o f 

anhydrous e th e r  was added over a f q r ty  m inute p e r io d  and th e  m ixture 

s t i r r e d  a t  room tem peratu re  f o r  tw enty h o u rs . The m ix ture  was th en  

poured onto 500 g o f crushed ic e  and k ep t co ld  du ring  th e  e n tir e  

working up p ro ced u re . The b a s ic  aqueous phase was e x tra c te d  w ith  

e th e r  and then  c a u tio u s ly  a c id i f ie d  w ith  a m ix ture  o f  ic e  and co n cen tra ted  

h y d ro ch lo ric  a c id . T h e ^ -d ik e to n e  p r e c ip i ta te d  as an o i l  and was 

e x tra c te d  w ith  e th e r .  Hie e th e r  was d i s t i l l e d  a f t e r  d ry ing  and th e

re s id u e  f r a c t io n a te d  to  g ive 65$ y ie ld  o f  yellow  o i l .  B .p . 85-7 / 0 .9  mm.
, o 25Copper d e r iv a t iv e  m elted a t  202-4 as re p o r te d .

i s

13.57 

13.69

TRIBUTYL PHOSPHATE - The compound was o b ta ined  from F ish e r

S c ie n t i f ic  Company, F a ir  Lawn, New Je rs e y . I t  was p u r i f ie d  by the  

26method o f  Scruggs. The p roduct was d i s t i l l e d  under reduced p re s su re ;

b .p .  138-9/3  mm, n20 = l . k 2 k k .  The re p o r te d 2^ b o i l in g  p o in t  i s
d

1^3-^-A

BENZENE.-  The compound (A.C.S. th iophene f r e e )  was o b ta ined  from 

F ish e r  S c ie n t i f ic  Company, F a ir  Lawn, New Je rse y .

LITHIUM PERCHLORATE - The compound was o b ta ined  from the  G. F re d e ric k  

Smith Co. ,  867 McKinley Avenue, Columbus 22, Ohio, and was used w ith o u t 

fu r th e r  p u r i f i c a t io n .

C^FgOS

C alcd. i+5.77 2.99

Found i+5.93 3.0k
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PERCHLORIC ACID - The compound was ob ta ined  from th e  J .T .

Baker Chemical C o., P h il l ip s b u rg , New J e rse y . Standard a n a ly t ic a l  

p rocedure was used to  s tan d a rd iz e  th e  a c id .

URANYL PERCHLORATE - The compound was p rep ared  by t r e a t in g  uranium 

t r io x id e ,  ob ta ined  from Brookhaven N atio n al L abora to ry , w ith  p e rc h lo r ic

a c id  in  a mole r a t i o  o f 1 :2 . The s a l t  was then  d isso lv ed  in  s u f f ic ie n t

2 .0  M lith iu m  p e rc h lo ra te  to  make a so lu tio n  th a t  con tained  5 ®g o f 

uranium /m l.

THORIUM PERCHLORATE - The compound was p repared  by t r e a t in g  

thorium  n i t r a t e  s o lu tio n  w ith  an excess o f sodium carbonate  s o lu t io n .

The p r e c ip i ta te  was a i r  d r ie d  and a sm all amount te s te d  fo r  n i t r a t e  by 

th e  brown r in g  t e s t .  The carbonate  was then  t r e a te d  w ith  p e rc h lo r ic

ac id  in  a mole r a t i o  o f 1 :^  and the  p e rc h lo ra te  d isso lv ed  in  s u f f ic ie n t

2 .0  I  l i th iu m  p e rc h lo ra te  to  produce a. so lu tio n  co n ta in in g  25 mg o f 

thorium /m l.

ANALYSIS OF METAL IONS.

URANIUM - F lu o r im e tr ic  d e te rm in a tio n s  o f uranium were c a r r ie d

ou t by th e  Hot L abora to ry  a t  Brookhaven N atio n a l L abora to ry  u s in g  a

27s l ig h t ly  m odified  method o f C entanni. The accuracy o f t h i s  method i s

THORIUM - Spectrophotom etric  de te rm in a tio n s  o f thorium  were 

perform ed on a Beckman DU spectrophotom eter by the  Hot L aborato ry  

a t  Brookhaven N a tio n a l L abora to ry  u sin g  the  procedure o f Thomason^
r-i

w ith  m o d ifica tio n s  by Newman. The accuracy  of th i s  method i s  *2$.
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TABLE I I  

EXPERIMENTAL CONCENTRATIONS

TA
W - AA, BA, DBM, 
ST - BTA.FTA.TTA V arian t PH (HT) (S) fffl

¥ S 3 .5 0 .2  M 0.001 M - 
0 .2  M

O.OOOit M

ST S 1 .2 0 .2  M 0.001 M - 
0 .2  M

0.000k M

W pH - No S 3 .0 -1 .0 0 .2  M 0.000U M

ST pH - No S 3 .0 -1 .0 0 .2  M 0 .0 00k M

W pH - S p re s e n t 3 .0 -1 .0 0 .2  M 0 .2  M 0.000U M

ST pH - S p re se n t 1 .5 -0 .5 0 .2  M 0 .2  M O.OOOif- M

W HT - No S 3 .0 0 .01 M - 
0 .2  M

O.OOOlf M

ST HT - No S 3 .0 0 .01 M - 
0 .2  M

0.0004 M

W HT - S p re s e n t 3 .0 0.01 M - 
0 .2  M

0 .2  M 0-.0004 M

ST HT - S p re se n t 1 .5 0.01 M - 
0 .2  M

0 .2  M 0.0004 M
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RESULTS

Values o f th e  s lo p es  o f  p lo ts  of lo g  D v s . v a r ia n t  ob ta ined  

by g ra p h ic a l methods a re  assem bled in  Tables I I I  and IV . Table V 

shows th e  r e s u l t s  o f L e a s t Squares an alyses o f  th e se  p l o t s .

The c a lc u la te d  v a lu es  o f th e  lo g arithm s o f e q u ilib riu m  co n stan ts  

a re  p re sen te d  in  Table VI. Values of and Kf-S were o b ta in ed  by 

e v a lu a tin g  th e  in te r c e p ts  o f p lo ts  of lo g  D0 v s . lo g  (HT) and log  D 

v s . lo g  (HT) r e s p e c t iv e ly  (F ig u res  V III - XXIV) because v a r ia t io n  

o f HT c o n c e n tra tio n  was th e  on ly  procedure w hich produced d a ta  fo r  

a l l  th e  /? -d ik e to n es  s tu d ie d . Equations (6) and (10) a re  th e  b a s is  

fo r  such c a lc u la t io n s .  Values o f Ks were o b ta in ed  d i r e c t l y  from

Kj; and K^s s in ce  Ks = K ts /Kt -  Values o f  th e  n eg a tiv e  logarithm s
29of th e  d is s o c ia t io n  c o n s ta n ts  , PKps which were o b ta ined  in  a dioxane- 

w a ter system , a re  a ls o  p re se n te d .

Table VII l i s t s  th e  v a lues o f lo g  K^s o b ta in ed  from th e  th re e  

ty pes o f e x tr a c t io n  s tu d ie s  c a r r ie d  o u t in  t h i s  work. Equations (10) 

and (15) a re  th e  b a s is  f o r  th e se  c a lc u la t io n s .  Table V III l i s t s  th e  

values o f lo g  o b ta in ed  from procedures where e i th e r  pH o r /3-d iketone

was th e  v a r ia n t .  Some v a lu es  o f  Kj.g and Kj., v a r ia n t  pH, a re  n o t en te red
•<?»

in  th e  ta b le s  because o f k in e t ic  com plications which w i l l  be exp lained  

in  th e  D iscussion  S e c tio n .

In  o rd er to  be ab le  to  compare th e  v a rio u s  /3 -d ik e to n es  e a s i ly ,  

th e  d if fe re n c e s  between lo g a rith m s  of e q u ilib riu m  c o n s ta n t v a lu es  from 

Table V fo r  each /3 -d iketone  and those fo r  a c e ty la c e to n e  were ta b u la te d . 

A cety lacetone  was chosen as a re fe re n ce  and ass ig n ed  a value o f 1 .0  in  

each case so t h a t  com parison may be e a s i ly  made. Table IX l i s t s  th e
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lo g arith m s o f th e  v a lues assigned  to  th e  /3 -d ik e to n es .

A ll c a lc u la t io n  methods a re  d e sc rib e d  in  the  p receed ing  s e c tio n . 

The g rap h s, d a ta  f o r  so lv en t e x tra c t io n  s tu d ie s ,  and d a ta  f o r  k in e t ic  

s tu d ie s  a re  c o lle c te d  in  th e  appendix .
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TABLE I I I

SLOPES OP PLOTS LOG D VS. HT CONCENTRATION

/ 3 -D iketone Medium No S F igure S F igure

BTA CIO^ 2.0 X III 2.0 XV

NO§ 2.0 xrv

PTA cioij; 2.0 XVIII 2.0 XIX

TTA cioi; 2.0 XXIII 2.0 XXIV

AA c io i 2.0 V III 2.0 IX

so£ 2.0 X

BA C io; 2.0 VI 2.0 V II

DBM CIO^ 2.0 XVI 2.0 XVII

TA CIO^ 2.0 XXI 2.0 XXII

Me TTA

1 J"00

2.0 XX
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TABLE IV

SLOPES OP PLOTS LOG D VS. VARIANT

Vfl r i  A V arian t - (a)

/^-Diketone Medium Eo S S Ei fniT*p
C101+

MprHnm ■pi Cr

BIA cio^

E°3

2 .0 -* 1 .0

2 .0

x x v i,
XXXVII

XXXVIII

2 .0 XXXIX 1 .0 IV

ETA cio5 1 .4 XLII 2 .0 XLIII 1 .0 IV

TTA cio-k 2.0 XL VII 2 .0 XLIX 1 .0 V

Cl" 2 .0 XLVIII 2 .0 L
SO^ 1.3  -* o LI

AA 010^ 2 .0 XXV ' 1 .4 XXVI 1.0 I

SO^ 2 .0 XXVII 1 .0  (SO0 I I

BA cio^ 2 .0 XXVIII 1 .4 M X 1 .0 I I I

C l“ 2 .0 XXXIII 1 .4 XXXIV
s o j 2 .0 - *  0 XXXV

DBM CIO^ 2 .0 XL 1 .3 XLI 1 .0 I

TA cio^ 2 .0 XLV 1.5 XLVI 1 .0 I I I

Me TTA cioi; 2 .0 XLIV 1 .0 VII
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TABLE :v
LEAST SQUARES ANALYSIS OF PLOTS LOG D VS. VARIANT

V arian t - (HT)
V arian t

(S) Var ia n t  - pH

f3 -  T)i kptnnp Wo fl . a C104 .Wo a a . Medium .

BTA 2 .0 2.1 CIO^ 1 .0 1 .0 1 .9 cio£
2 .0 N°3 1 .9 NO3

FTA 2 .0 1 .8 cio£ 0 .9 1-5 1 .8 CIO^

TTA 1-9 2.0 C10£ 0 .9 1 .8 2 .0 CIO^

1 .9 2.0 Cl"

. AA 2.2 1 .8 CIO^ 0 .9 1 .8 1 .!+ CIO^

1 .8 s o j

BA 2 .2 1 .9 cioi[ 0 .9 1 .8 1 .4 cio£
2 .0 1 .4 Cl"

. DEM 2.2 1 .8 d o j 1 .0 2 .0 1 .3 cioj;

TA •1.8 1-9 cioj^ 0 .9 2 .0 1.5 CIO^

Me TTA 1 .8 cioij 1 .2 1 .8 Cloi;
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TABLE V I

LOGARITHMS OF EQUILIBRIUM CONSTANTS ..

^ -D ik e to n e  Log Log K̂ -s Log Kg

FTA -2 .2 5  2 .7^  ^-99

TTA -2.1*1 2 .6 l  5 .02

BTA -2 .9 0  2 . 5 - 3 1

TA -1+ .68 -1.1*1* 3 -2k

AA -5 .8 1  -2 .25  3 .56

BA -5.1*2 -1 .5 2  3 .90

DBM -5 .5 2  -1 .1 0  I*.1*2

a
re fe ren ce  2 9 .

a
PKp

8.50

9.10

9.20

12.35

12.70

12.85

13.75
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TABLE V II 

VALUES OF LOG Ktg

/?-D iketone V arian t -  (HT) V a rian t - (S ) V arian t - pH

FTA 2.7k 2.96 2.59

TTA 2 .61 2.71 2.k3

BTA 2 . h i 2 .1*6 2.27

TA - 1 M - 1.17

AA - 2.25 - 2.19

BA - 1.52 - 1.59

DBM -1 .1 0 - 1.25

Me TTA - 3.09 -2 .2 1 -2 .95
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TABLE V III 

VALUES OF LOG Kt

/3-D iketone

TTA

TA

AA

BA

DBM

V arian t - (HT)

- 2 . k l  

- 4 . 6 8  

- 5.81  

-5 .42  

- 5.52

V arian t - pH

- 1 . 9 9

-4 .58

-5 .21

-5 .04

-5 .51
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TABLE IX

DIFFERENCES IN EXTRACTION AND ENHANCEMENT

•Diketone A  lo g  Kj. A lo g  Kfca A  lo g  K,

AA 0.00 0.00 0.00

BA 0.39 0.73 0 .31+

DBM 0.29 1.15 0.86

TA 1.13 0.81 -0 .32

BTA 2.91 1+.66 1.75

TTA 3 .1+0 1+.86 1.1+6

FTA 3.56 k .99 1.1+3
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DISCUSSION

SYSTEMS INVESTIGATED.

Systems in v o lv in g  th e  fo llow ing  /3 -d iketones have been 

in v e s t ig a te d :  th e n o y ltr if lu o ro a c e to n e  (TTA), fu ro y ltr if lu o ro a c e to n e

(FTA), b e n z o y ltr if lu o ro a c e to n e  (BTA), thenoy lacetone  (TA), 

benzoylacetone (BA), dibenzoylm ethane (DEM), ace ty lace to n e  (AA), 

and U,i+,!+ - tr if lu o ro -2 -m e th y l- l- (2 - th ie n y l) - l ,3 -b u ta .n e d io n e  (MeTTA).

TTA was in v e s t ig a te d  because i t  i s  the  most w idely  used 

p>-diketone fo r  th e  e x tra c t io n  o f th e  a c t in id e  and lan th an id e  ions 

s tu d ie d  by o th e r in v e s t ig a to r s .  A comparison o f  K .̂, Kg and K̂ .g fo r  

th e  ura.nyl-TTA-TBP system was made between th e  r e s u l t s  of t h i s  work 

and o f p rev ious work. A study  o f th e  o th e r /J -d ik e to n e  systems fo llow ed.

Since the s tu d ie s  o f  synerg ic  systems had been l im ite d  to  the

use  o f TTA as /3 -d ik e to n e , a  study o f FTA a.nd BTA was undertaken  to

determ ine i f  the  th ie n y l  group was a n e c e s s ity  in  the  s t ru c tu re  fo r
30

synergism  to  occur. A p re lim in a ry  re p o r t  from Brookhaven N atio n al 

L abora to ry  s ta te d  th a t  th e  tr i f lu o ro m e th y l group was a  n ecessary  

s t r u c tu r a l  e n t i ty  in  th e  /3 -d iketone  fo r  th e  synerg ic  phenomenon to  

o ccu r. However, th e  work o f Sz&bo showed synergism in  th e  uranyl-AA-TBP 

system . BA and TA were s tu d ie d  fo r  d i r e c t  comparison w ith  BTA and TTA 

re s p e c t iv e ly .  AA was in v e s t ig a te d  to  check th e  r e s u l t s  o f Sz&bo, fo r  

he could n o t f u l l y  e x p la in  h is  f in d in g s .

D ibenzoylm ethane, ano ther common c h e la tin g  ag en t, i s  employed in

31e x tra c t io n  procedures in v o lv in g  m eta l io n s . This /3 -d ik eto n e  was 

s tu d ie d  to  determ ine th e  e f f e c t  o f th e  sym m etrical s t r u c tu r e ,  as opposed 

to  those  o f  BA and BTA. The two phenyl groups could a lso  le a d  to  s t e r i c
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e f f e c t s  i f  th e  sy n e rg is t  were to  hond to  th e  c h e la te d  /3 -d iketone o r 

to  th e  m e ta l.

The aforem entioned /3 -d iketones co n ta ined  E-groups s ig n i f ic a n t ly  

d i f f e r e n t  from one ano ther in  o rd e r to  dem onstrate w hether a s p e c if ic  

R-group was a  n ecessa ry  r e q u is i te  fo r  synergism  to  o ccu r, e i th e r  by 

d i r e c t  in te r a c t io n  o f th e  group w ith  TBP or through  e le c tro n ic  f a c to r s ,  

such as a change in  a c id i ty .  There remained on ly  one p o s i t io n  on th e  

/3 -d ik e to n e  which had n o t been a l t e r e d ,  th e  carbon atom between th e  

two ketone groups. The hydrogen bonded to  th e  c e n te r  carbon on th e  

/3 -d ik e to n e  could n o t be considered  to  be a c id ic ,  b u t th e re  was a 

p o s s ib i l i t y  t h a t  th e  u n a lk y la ted  oxygen in  TBP could in te r a c t  a t  t h i s  

p o s i t io n .  In  o rd er to  check on t h i s  p o s s i b i l i t y ,  a study  o f MeTTA was 

u n d ertak en . One hydrogen on th e  m iddle carbon i s  rep laced  by a m ethyl 

group in  t h i s  compound. I f  an enhancement o f  e x tra c t io n  was ev id en t 

w ith  MeTTA, t h i s  p o s i t io n  could be e lim in a ted  as a  s i t e  fo r  a d d itio n  

o f  TBP to  th e  c h e la te d /3 -d ik e to n e .

The work o f H ealy^^’"*"̂  had p re v io u s ly  ru le d  ou t in te r a c t io n  o f 

TBP w ith  th e  ke to h y d ra te  form o f th e  /3 -d iketone  as d iscu ssed  below and 

so a l l  p o s s ib le  s i t e s  f o r  in te r a c t io n  have been s t r u c tu r a l ly  a l t e r e d .

METAL-TBP BOND.

12Newman proposed th a t  TBP in te r a c t s  w ith  th e  ch e la ted  /3 -d iketone  

because Kg v a lu es  f o r  TTA d id  n o t change fo r  a s e r ie s  o f m eta l io n s . 

H ealy and F e r r a r o " ^ p r e s e n t e d  in f r a r e d  evidence to  show th a t  one 

/3 -d ik e to n e  lig a n d  becomes m onodentate and concluded th a t  TBP hydrogen 

bonds to  th e  f r e e  e n o lic  hydroxyl group. They had assigned  th e  peak 

about 1600 cm"^ to  th e  m eta l-carb o n y l v ib ra t io n .  They claim ed th a t
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in s e r t io n  o f a  n e u tr a l  organophosphorus compound in  metal-TTA

complexes caused t h i s  s in g le  peak to  s p l i t  in to  two p e ak s , in d ic a t in g
32

th a t  some TTA carbonyl was "becoming f r e e .  L i perform ed th e  same 

in f r a re d  experim ents and found th a t  in  some metal-TTA com plexes, th e  

"bond a t  1600 cm- "1" i s  s p l i t  "before TBP i s  added and th e re fo re  th e  

assignm ent o f "bonds in  th e se  s p e c tra  i s  u n c e r ta in .

Healy^®*-1"*- ru le d  out in te r a c t io n  o f th e  k e to h y d ra te  form o f th e  

/3 -d iketone  w ith  TBP because com plexation in c reased  as th e  co n ce n tra tio n  

o f w ater decreased  in  th e  o rgan ic  d i lu e n t  and no k e to h y d ra te  spectrum  

was found. His conclusion  i s  supported  "by th e  f a c t  th a .t t h e ' e x tra c t io n  

o f u ran y l ion  w ith  AA was s y n e rg ic a lly  enhanced "by TBP a lthough  AA does 

no t e x h ib it  a k e to h y d ra te  s t r u c tu r e .  Therefore synergism  cannot be due 

to  th e  in te r a c t io n  o f TBP w ith  a  k e to h y d ra te  hydroxyl group.

The e x tra c t io n  o f u ra n y l ion  was sy n e rg ic a lly  enhanced by TBP 

w ith  a l l  th e /3 -d ik e to n e s  s tu d ie d . While th e re  i s  no d i r e c t  p ro o f th a t  

TBP i s  bonded to  th e  m eta l io n , i t  i s  ap p aren t th a t  no one fu n c tio n a l
f

group on th e  c h e la te d  /3 -d iketone  can be involved  in  th e  bonding. This

f a c t  coupled w ith  th e  aforem entioned evidence le ad s  to  th e  conclusion  •

th a t  TBP does no t in te r a c t  w ith  th e  c o o rd in a te d /? -d ik e to n e , b u t in s te a d

probab ly  bonds d i r e c t ly  to  th e  m e ta l. I f  m e ta l bonding i s  invo lved  th en

i t  appears th a t  uranium i s  a t  l e a s t  seven c o o rd in a te . That th e

co o rd in a tio n  number o f uranium (V l) can r i s e  to  e ig h t has been e s ta b lis h e d

33by x -ra y  c ry s ta llo g ra p h y  fo r  th e  t r i p l e  a c e ta te ,  Na QjC>2 ( C2H3O2 ) cp and
oil

fo r  th e  complex U02(N0g )2 *2 (C2Hcj0 )3P0 . However, w hile  th e  s tu d ie s  o f
OC

Sacconi o f th e  in f r a r e d  s p e c tra  o f complexes o f uranium (V l) w ith  

/3 -d ik e to n es  have prov ided  abundant evidence th a t  th e se  complexes a re  

c o o rd in a te ly  u n sa tu ra te d , i t  appears th a t  th ey  g e n e ra lly  form adducts
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w ith  only  one m olecule o f w a te r , ammonia, p y r id in e , e t c . ,  and th a t  

t h i s  m olecule i s  co o rd in a ted  d i r e c t ly  to  th e  c e n tr a l  m eta l atom th u s  

p roducing  seven co o rd in a te  uranium . The f a i lu r e  to  form e ig h t co o rd ina ted  

complexes in  th e se  cases may be due to  s t e r i c  f a c to r s  which would be 

even more pronounced w ith  TBP.

EXPLANATION OF SYNERGIC BEHAVIOR.

I f  m eta l bonding i s  in v o lv ed , TBP most p robab ly  re p la c e s  a 

w ater m olecule from a co o rd in a tio n  s i te ,  on th e  m e ta l. This re p la c e ­

ment ren d e rs  th e  complex l e s s  h y d ro p h ilic  and more so lu b le  in  the
9

organ ic  p h ase . H ealy i s o la te d  th e  w ater in so lu b le  c r y s ta l l in e  yellow  

uranyl-TTA-TBP s o l id  complexes w ith  approxim ately  th e  expected  m eta l - 

TTA-TBP mole r a t i o s  which co n ta ined  p r a c t i c a l ly  no w a te r . He a lso
36

s tu d ie d  sy n erg ic  e f f e c t s  in  v a rio u s  organic d i lu e n ts  , a  study  which 

p o in te d  ou t th a t  as th e  s o lu b i l i t y  o f w ater d ecreases in  a s e r ie s  o f 

d i lu e n ts  th e  sy n erg ic  e f f e c t s  in c re a se . The s o lu b i l i ty  o f a s e r ie s  o f 

u r a n y l - ( i -d ik e to n e-aq u o  complexes should decrease  in  th e  o rganic 

d i lu e n t  as w ater d ecreases  in  s o lu b i l i ty  th e r e in .  The replacem ent 

o f a w a ter m olecule w ith  TBP g r e a t ly  in c re a se s  th e  s o lu b i l i ty  o f the  

complex in  th e  o rgan ic  p h ase . However, th e  g re a te r  th e  s o lu b i l i ty  o f 

th e  aquo complex in  th e  o rgan ic  phase i n i t i a l l y ,  th e  l e s s  th e  degree 

o f  enhancement.

The eq u ation  f o r  the  o rgan ic  phase r e a c t io n  may be w r i t te n  as 

U02T2(H20 )y + y TBP ^ = ± :  U02T2(TBP)y + y HgO 

where Kg i s  th e  eq u ilib riu m  c o n sta n t a sso c ia te d  w ith  t h i s  r e a c t io n .
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IHTERPRETATIOH OF GRAPHS.

In  o rd e r to  e s ta b l i s h  which of th e  /3 -d iketones s tu d ie d  i s  the  

b e s t  e x t r a c ta n t ,  i t  was n ecessa ry  to  norm alize th e  graphs o f  log  (Ds -D0 ) 

v s . lo g  (TBP). The e x tra c t io n  s tu d ie s  were c a r r ie d  ou t a t  e i th e r  

pH = 1 .0  o r pH = 3*0 depending on th e  a c id i ty  o f th e  /3 -d ik e to n es . Since 

th e  pH o f th e  system a f f e c t s  th e  e x tra c tin g  a b i l i t y  o f  the  /?-d ike tone  

i t  was n ecessa ry  to  in c o rp o ra te  a  pH f a c to r  in  p lo t t in g  th e  d a ta  p o in ts .

This was accom plished by p lo t t in g  lo g  (DS-DQ) - 2 pH v s . lo g  (TBP)

The b e s t  s t r a ig h t  l in e s  th a t  can be drawn through th e  d a ta  p o in ts  of 

th e se  graphs have slo p es  o f one. (F ig u res  I  -  V II ) . As th e  co n cen tra tio n  

o f TBP in c re a s e s , n e g a tiv e  d e v ia tio n s  from th e  s lope  o f one appear.

The decrease  o f th e  va lu es  o f th e  g ra d ie n t i s  p robab ly  due to  the 

in c re a s in g  tendency fo r  th e  two s o lu te s  ( /3 -d ik e to n e  and TBP) to  

a s s o c ia te .  Such a s s o c ia t io n ,  which was confirm ed by in f r a re d  measure­

ments made by Healy'L0, w i l l  decrease  t h e i r  e f f e c t iv e  in d iv id u a l c o n c e n tra tio n s . 

Healy a t t r ib u te d  th e  a s s o c ia tio n  to  hydrogen bonding between TBP and the 

en o lic  form of th e  /3 -d iketone .

A comparison betw een MeTTA and th e  o th e r /3-d iketones shows th a t  

MeTTA i s  th e  w eakest l ig a n d  in  ac id  so lu tio n  in  th e  p resence  o f s y n e rg is t ,  

p robab ly  due to  i t s  h igh  pKp caused by th e  rep lacem ent o f an en o lic  

hydrogen w ith  a  m ethyl group.

THORIUM - MeTTA.

5
Healy p o s tu la te d  th a t  a mechanism fo r  th e  synerg ic  e x tra c tio n  

o f thorium  would n e c e s s a r i ly  be d i f f e r e n t  th an  th e  mechanism in  the  

u ra n y l system s in ce  he thought IhTlj. to  be c o o rd in a te ly  s a tu ra te d . He 

p o s tu la te d  a d d itio n  o f TBP to  th e  c h e la ted  /3 -d ik e to n e . Work w ith
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7
t r io c ty la m in e  le d  Newman to  conclude th a t  th e  amine h y d ro ch lo rid e

added to  th e  |3 -d ike tone  in  th e  thorium  system . I t  was o f i n t e r e s t

to  study  th e  thorium-MeTTA-TBP system  to  see i f  TBP would in t e r a c t

w ith  MeTTA. E a r l i e r  work in  t h i s  in v e s t ig a t io n  le a d s  to  th e

co n clu sio n  th a t  a l l  s i t e s  f o r  in te r a c t io n  of TBP on th e  c h e la te d

MeTTA are  thought to  he ru le d  o u t. I f  an in te r a c t io n  occurs in  th i s

system th e  TBP may he bonding d i r e c t l y  to  thorium . The slope  o f the

graph o f lo g  (Dg-D0 ) - 2 pH v s . lo g  (TBP) fo r  t h i s  thorium  system was

1 .0  (F igure  V i) . I f  TBP adds d i r e c t l y  to  th e  thorium  atom then  the

c o o rd in a tio n  number would in c re a se  to  a value g re a te r  th an  e ig h t .

T en -coord inate  thorium  s t ru c tu re s  have been proposed by B ohigian and 

37M a rte ll  f o r  th e  thorium  d e r iv a t iv e  o f tr ie th y le n e te tra m in e h e x a a c e tic
qD

a c id , by G o ld s te in , Menis and Manning f o r  a b is (a .c e tic  ac id ) complex 

o f te t r a k is ( th e n o y l t r i f lu o r o a c e to )  thorium , and by  M e u t t e r t i e s ^  fo r  a 

p e n ta k is ( tro p o lo n o )- th o riu m  complex. Thus th e  mechanism f o r  th e  synerg ic  

e x tr a c t io n  o f thorium  may be th e  same as th a t  o f uranium .

F u rth e r  exam ination o f th e  p lo t  o f lo g  (Dg-D0 ) - 2 pH-vs. log  (TBP)

f o r  th e  thorium  system shows th a t  d e v ia tio n s  from a s lope  o f 1 .0  were 

ob ta in ed  fo r  TBP co n ce n tra tio n s  g re a te r  than  0.016 M. This d e v ia tio n  

i s  more pronounced than  in  th e  u ra n y l system because th e  co n cen tra tio n  

o f th e  ^3-d ik e to n e  in  t h i s  case i s  r a is e d  to  th e  fo u r th  power in  the  

ex p ress io n  f o r  Ds s in ce  ThT^ i s  formed. With th e  assum ption th a t  a

one to  one compound i s  formed a  value  o f lo g  K = 0.23 f o r  th e  in te r a c t io n

o f  MeTTA w ith  TBP was c a lc u la te d  from th i s  d e v ia t io n . Log Kj-S was 

o b ta in ed  by e v a lu a tin g  th e  in te r c e p t  o f th e  l in e  w ith  a  s lope  o f 1 .0  

in  F ig u re  VI assuming th e  c o n c e n tra tio n  o f HT to  be 0 .2  M. This value 

was th en  s u b s t i tu te d  in to  th e  eq u a tio n  fo r  th e  in te r c e p t ;

lo g  K(.s (HT)^ (H+H ^ = In te r c e p t
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and f r e e  (HT) ev a lu a ted  fo r  th e  d e v ia ted  l i n e .  The c o n ce n tra tio n  o f 

HTS i s  o b ta in ed  as fo llow s

(HTS) = (HT)t o t a l  - (HT)f r e e

F ree  (S) i s  o b ta ined  by s u b tra c tin g  (HTS) from 1 .0 , th e  value  o f t o t a l

(5) a t  th e  in te r c e p t  o f the  g raph . The th re e  c a lc u la te d  v a lu es  a re  

s u b s t i tu te d  in to  th e  fo llow ing  eq uation

v = (HTS)
(HT) (S)

and K e v a lu a te d .

£H AS VARIANT.

T h e o re t ic a l ly , ano ther means o f o b ta in in g  the  number o f  m olecules 

o f  /3 -d iketone  th a t  co o rd in a te  to  th e  m eta l io n  would be to  o b ta in  the  

s lope o f a graph o f lo g  D0 v s . pH o r lo g  D v s . pH, app ly ing  equations

(6) and (10) re s p e c t iv e ly .  This approach was in v e s t ig a te d  and la rg e  

d e v ia tio n s  from slope  2 .0  were o b ta in ed  fo r  BTA and FTA in  th e  absence 

o f  s y n e rg is t  and fo r  AA, BA, DBM and TA ( s o -c a l le d  weakly a c id ic

Jl-d ik e to n e s) in  th e  p resence  o f s y n e r g is t .  These d e v ia tio n s  might 

have been a t t r ib u te d  to  the  fo rm ation  o f aqueous com plexes, such as 

nOgT*" in  th e  absence of s y n e rg is t  and U0gTS+ in  the  p resen ce  o f 

s y n e rg is t .  The fo llow ing  experim ents show th a t  th e se  su p p o sitio n s  are  

in c o r r e c t .  E x tra c tio n  s tu d ie s  were perform ed using  an aqueous complexing 

s o lu tio n  so th a t  th e  anion p re s e n t would e lim in a te  th e  fo rm ation  o f 

aqueous f l -d ik e to n e  complexes. A sodium n i t r a t e  so lu tio n  was chosen 

fo r  th e se  s tu d ie s  in  th e  absence o f s y n e r g is t ,  bu t n i t r a t e  ion  forms
p

s u b s t i tu t io n  complexes w ith y 3 -d ik e to n es  in  th e  p resence  o f s y n e rg is t
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so a potassium  s u l f a te  s o lu tio n  was used in  th e  p resence  o f TBP.

A ll e x tra c t io n  s tu d ie s  c a r r ie d  out in  n i t r a t e  o r s u l f a te  media had 

lower log  Do and lo g  D v a lu es  th an  th e  comparable experim ents in  

p e rc h lo ra te  s o lu t io n . The s lo p es  o f  th e  p lo ts  o f  lo g  D0 v s . pH 

and lo g  Dc v s . lo g  (HT) fo r  BTA in  a n i t r a t e  medium were 2 .0  (F ig u re  XIV 

and XXXVIII). I t  has been shown th a t  th e  slope o f th e  p lo t  o f lo g  DQ 

v s . log  (BTA) i s  2 .0  in  p e rc h lo ra te  medium, (F igure  X X IIl) , hence no 

s a t i s f a c to r y  ex p lan a tio n  on th e  b a s is  o f aqueous complexes can account 

f o r  th e  slope d e v ia t io n s . I f  UOgT"1" were formed in  p e rc h lo ra te  s o lu tio n  

then  th e  s lope  o f th e  p lo t  o f  lo g  D0 v s . log  (BTA) should  a lso  d e v ia te  

from 2 .0 . I f  trc^TjJHT were formed from U02T+ th en  th e  s lope  in  n i t r a t e  

medium should be g re a te r  th an  2 .0 . This same type o f argument was used 

to  d isp rove  th e  e x is ten c e  o f aqueous complexes in  th e  p resence  o f 

sy n e rg is t ;  th e  s lope  o f th e  p lo t  o f  log  D v s . pH fo r  AA in  a s u l f a te  

medium was 2 .0  as was the  p lo t  o f  lo g  D v s . lo g  (AA) (F igures X and XXVII) .

The work in  s u l f a te  medium was extended to  BA and TTA. In  th e se  

cases th e  s lo p es  were n o t 2 .0 . The p lo t  fo r  BA showed a slope o f 2 .0  

from a pH o f 1 .2  to  1 .8  and then  a g rad u a l decrease  u n t i l  a s lope  o f 

0 .0  was ob ta ined  approxim ately  pH 2 .3  (F igure  XXXV) .  The p lo t  fo r  TTA 

showed a s lope  o f 1 .3  from a pH o f 0 .8 -1 .8  w ith  a g rad u a l decrease  to  a 

s lope  o f  0 .0  about pH 2 .1  (F igure  L i ) .  These o b se rv a tio n s  may be 

exp lained  by th e  fo llo w in g  s e r ie s  o f com petitive  r e a c t io n s :

I).- +
U 02(S0I^)3 + 2 HT + S UO2 T2 S + 3  SOI). + 2  H

3- = +
U02 T (S 0 ^ )2 + HT + S —  UOgTgS + 2 SO^ + H

u o 2 t 2 so^  + s  ^   ^  u o 2 t 2 s  + sojj

AA i s  no t ab le  to  form aqueous mixed complexes w ith  s u l f a te  in
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th e  pH range in v e s t ig a te d . The d is t r ib u t io n  in vo lves th e  aqueous
14-s u l f a te  complex U C^SO ^g and th e  complex in  th e  o rgan ic  phase UOgTgS.

1+0Ahrland has s tu d ie d  the  u ra n y l- s u lfa te  system and o b ta ined  form ation  

co n s ta n ts  c o rre c te d  to  zero  io n ic  s tre n g th , lo g  K  ̂ = 2.93? lo g  Kg = O.85 

and lo g  = -O .3 8 . Log Kj. and log  K̂ -s fo r  AA have th e  low est va lues 

f o r  th e  /3 -d iketones s tu d ie d , which supports  th e  o b serv a tio n  th a t  AA 

does n o t compete w e ll w ith  s u l f a te  fo r  th e  u ra n y l io n . BA has h ig h e r 

v a lues fo r  lo g  K  ̂ and lo g  K^s , and as th e  pH in c re a se s  th e  com petition  

fo r  th e  m eta l ion  between BA and SO  ̂ in c re a s e s . Mixed aqueous complexes

a re  form ed. At pH values below 1 .6  the  eq u ilib riu m  re a c tio n  invo lves
Ll- ■?_

UC^SO^)^ and UOgTgS. As the  pH in c re a se s  U O g^SO ^g forms and th e

slope  d e v ia te s  from 2 .0 . F in a l ly  a t  h igh  pH va lu es  th e /3 -d ik e to n e  can r e ­

p la ce  two s u l f a te  ions in  th e  co o rd in a tio n  sphere in  th e  aqueous phase 

and a slope o f 0 .0  i s  ob ta ined  because o f th e  eq u ilib riu m  re a c tio n  

in v o lv in g  UOgTgSO^ and UOgTgS. TTA competes so w e ll w ith  s u lf a te  th a t  

mixed complexes a re  p re s e n t in  th e  e n t i r e  pH range s tu d ie d  and th e  slope 

i s  never as g re a t  as 2 .0 . The form ation  o f UOgTgSOj  ̂ occurs a t  lower pH 

and a slope o f 0 .0  i s  o b ta ined  e a r l i e r  th an  w ith  BA.

KIKETIC STUDIES.

No reaso n ab le  sp ec ie s  in  e i th e r  phase could  ex p la in  d ev ia tio n s  

from th e o r e t i c a l  s lope  v a lues in  a non-complexing medium. T h e o re tic a lly  

p ro p er s lo p es  were o b ta ined  in  complexing m edia, which d isproved the  

su p p o sitio n  th a t  UOgT"1" and U02TS+ were form ing in  p e rc h lo ra te  s o lu tio n .

I f  th e se  sp ec ie s  were formed slopes o f 2 .0  could no t be ob ta ined  in  

complexing and non-complexing media when v a r ia n t  was (3-d ik e to n e .

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



-39-

A k in e t ic  study  w ith  pH as v a r ia n t  (appendix , pp . 91 -95) re v e a le d  

th a t  th e  d e v ia tio n s  from a s lope  o f 2 .0  in  p e rc h lo ra te  o r c h lo rid e  a re  

due to  th e  fo rm ation  of a sp ec ie s  which i s  e x tra c te d  a t  a  low r a t e .

This r e a c tio n  d id  n o t a t t a i n  eq u ilib riu m  in  th e  e lapsed  tim e o f 

an experim en tal ru n .

Data c o lle c te d  from th e se  experim ents showed th a t  h igh  D va lues 

were o b ta ined  b e fo re  ac id  was added to  th e  system and th e  system was 

a t  e q u ilib riu m . A fte r  th e  a d d itio n  o f a c id  th e  D va lues were low er 

b u t as tim e in c re a se d , a t  c o n s ta n t pH, th e  D va lu es  in c re a se d .

The f i r s t  s tep  in  th e  experim en ta l p rocedure i s  an e x tra c t io n  o f 

th e  u ra n y l ion  from th e  aqueous to  o rgan ic  phase . The e x tra c t io n  o f 

ura.nyl ion  proceeds a t  a f a s t  r a te  and th e  system is  a t  eq u ilib riu m  

w ith in  the  f o r ty  m inute in te r v a l  a l l o t t e d  in  th e  experim ental p ro ced u re , 

as shown in  th e  appendix ( p p .91- 95) .  The succeeding s te p s  invo lve  th e  

a d d itio n  o f 2 .0  M p e rc h lo r ic  a c id , which should s t r i p  u ra n y l io n  ou t o f 

th e  o rgan ic  p h ase . Uranium i s  s tr ip p e d  in to  th e  aqueous phase and i s  

r e -e x tra c te d  a t  a low r a t e .  This low r a te  caused the  s lope  o f th e  p lo t  

o f apparen t lo g  D0 v s . pH in  p rev io u s  experim ents to  d e v ia te  from 2 .0 .

I t  seems p o s s ib le  th a t  p e rc h lo ra te  o r c h lo rid e  would be bonded to  th i s  

sp ec ie s  s in ce  th e  e f f e c t  occurs on ly  w ith  th ese  an io n s. The k in e t ic  

experim ents c a r r ie d  ou t w ith  BTA and FIA (p p .92-9*0 showed th a t  

v a r ia t io n  in  w a itin g  tim e o f  approx im ate ly  100 m inutes had as much 

e f f e c t  as a  u n i t  change in  pH. Log D0 va lues o f the  f i r s t  e x tra c t io n  

s te p  in  th e  k in e t ic  experim ents were approxim ately  th e  same as th o se  o f 

s im ila r  systems where pH was v a r ie d .

This same g en e ra l ex p lan a tio n  may ho ld  fo r  th e  e x tra c tio n  o f th e  

w eakly a c id ic  /3 -d iketones in  th e  p resence  of TBP, when p e rc h lo r ic  o r
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h y d ro ch lo ric  a c id  i s  added to  s t r i p  th e  o rgan ic  phase o f u ra n y l io n .

In  th e se  system s however, th e  sp ec ie s  formed a f t e r  s tr ip p in g  would 

co n ta in  bonded TBP, as i s  e v id e n t from th e  f a c t  th a t  th i s  type  o f 

e x tra c t io n  does no t occur in  th e  absence o f TBP w ith  th e s e /3 -d ik e to n e s . 

Experim ents c a r r ie d  ou t w ith  BA in  s e v e ra l  c o n s ta n t TBP c o n ce n tra tio n s  

as pH was v a rie d  showed th a t  as th e  TBP c o n c e n tra tio n  was low ered the  

slope  d e v ia tio n s  from 2 .0  became sm a lle r . K in e tic  experim ents w ith  AA 

in  the  p resence  o f TBP showed th a t  th e  f i r s t  e x tra c t io n  s tep  proceeded

a t  a f a s t  r a t e .  Log D v a lu es  o f  th e  f i r s t  e x tra c t io n  s tep  in  th e  k in e t ic

experim ents were approx im ately  th e  same as th o se  o f  s im ila r  system s 

where pH was v a r ie d .

In  o rd er to  in su re  th a t  a  s lope  o f 2 .0  meant th a t  s t r ip p in g  was

n o t follow ed by e x tra c t io n  o f m eta l io n  a t  a low r a t e ,  a k in e t ic

experim ent in v o lv in g  BTA and TBP was c a r r ie d  ou t ( p . 95 ) .  The r e s u l t s  

showed th a t  eq u ilib riu m  was r a p id ly  ach ieved . Values o f lo g  D agreed 

w ith in  experim en tal e r r o r  w ith  th o se  o b ta in ed  in  experim ents in  which 

pH was v a r ia n t  (p . 83 ) .  In  b o th  cases th e  value  o f th e  s lo p e  was 2 .0 .

The r e s u l t s  o f Sz4bo'L̂  show d e v ia tio n s  from slope  2 .0  fo r  AA in  

p e rc h lo r ic  a c id , in  agreem ent w ith  th e  f in d in g s  o f t h i s  work. Sz&bo 

t r i e d  to  e x p la in  th e  d e v ia t io n  as be ing  caused by th e  form ation  of 

U02T(HT)s(C10i|.). The d e v ia t io n s , however, a re  p robab ly  caused by th e  

aforem entioned k in e t ic  e f f e c t .

ATTAINMENT OF EQUILIBRIUM.

The systems s tu d ie d  where th e  experim en tal procedure d id  n o t 

invo lve  a d d itio n  o f a c id  were a t  e q u ilib riu m . This f a c t  was shown by 

r a is in g  and low ering  th e  c o n c e n tra tio n  o f s o lu te  by a d d itio n  o f so lu te
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in  d i lu e n t  o r  d i lu e n t  a lo n e . Log D va lu es  ob ta ined  in  t h i s  manner 

were th e  same w hether th e  c o n ce n tra tio n  o f so lu te  was o b ta ined  by 

adding so lu te  o r d i lu t in g  a  h ig h e r c o n ce n tra tio n  o f s o lu te .  The p lo ts  

o f lo g  (DS~D0 ) v s . lo g  (TBP) were compared w ith  those  o f  log  D v s . pH 

fo r  BTA, PTA and TTA. Log D v a lu es  on each s e t  of p lo ts  were th e  same 

where th e  /3 -d iketone  c o n c e n tra tio n  was eqpal to  0 .2  M, the  TBP 

co n ce n tra tio n  was equal to  0 .2  M and th e  pH va lues were e q u a l.

EQUILIBRIUM CONSTANTS.

The va lu es  o f th e  eq u ilib riu m  c o n sta n ts  ob ta ined  fo r  TTA agree 

reaso n ab ly  w ith  l i t e r a t u r e  v a lu e s .

I rv in g  & Edgington

Walton'k o

,12Newman-

This work

* t

- 2.8

-2 .5

- 2.26

- 2 . k l

Kts

if .70

5.02

Ko

2.if8

2.61

Medium

0.01  M n i t r a t e  

0 .01  M n i t r a t e

2 .0  M ch lo rid e

2 .0  M p e rc h lo ra te

The d if fe re n c e s  may be a t t r ib u te d  to  th e  changes in  aqueous media and

th e  d if fe re n c e s  in  experim en tal e r r o r  in  th e  a n a ly s is  o f uranium by

counting  techn iques o r f lu o r im e try . The only  o th e r l i t e r a t u r e  d a ta
1+1

a v a i la b le ,  ob ta in ed  by S ta ry  a.nd Hladsky , were v a lu es  o f lo g  K̂ . 

f o r  BA and DBM in  0 .1  M sodium p e rc h lo ra te  o f - if .68 and - if .12 re s p e c tiv e ly . 

These va lu es  d isag ree  w ith  th e  work in  t h i s  p a p e r , which may be due to  

th e  experim en tal method employed. S ta ry  ob ta ined  d a ta  by vary ing  pH 

w ith  a d d itio n s  o f 0 .1  M sodium hydroxide to  th e  aqueous phase . S trong 

base  i s  known to  c lea v e /3 -d ik e to n e s  th e reb y  form ing a c id  and ke tone .

These sp ec ie s  e i th e r  alone or in  com bination could a f f e c t  th e  e x tra c t io n .
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The au th o rs  mention slow a tta in m en t of eq u ilib riu m  in  th e  systems 

th ey  s tu d ie d  and perhaps a s im ila r  k in e t ic  e f f e c t  to  th e  one found 

in  t h i s  work was o p e ra tiv e .

LOG Kt -

An exam ination o f th e  graph o f  lo g  Kj. v s . pKp ( p . ^ 3  ) ,  where 

Kjj i s  th e  d is s o c ia t io n  c o n s ta n t o f the  /3 -d ik e to n e , shows th a t  th e  degree 

o f e x tra c t io n  o f u ra n y l ion  hy a  (I-d ik e to n e  depends on th e  ac id  s tre n g th  

and th e  s tru c tu re  o f th e  /3 -d ik e to n e . The v a lues o f lo g  Kj. in c re a se  as 

pKp d ecreases  w ith  th e  excep tion  o f AA. Since t h i s  system in vo lves a 

heterogeneous eq u ilib riu m  th e  s t ru c tu re  o f  the  /3 -d ik eto n e  should a f f e c t  

th e  e x tra c t io n  of m eta l io n . I f  pK-p v a lu es  a re  th e  same fo r  two 

/3 -d ik e to n es  th e /3 -d ik e to n e  w ith  a  s t ru c tu re  c lo se r  to  th a t  o f th e  

d i lu e n t  should  e x tr a c t  to  a g re a te r  degreei This e x p ec ta tio n  i s  borne 

ou t by a  comparison o f AA and th e  o th e r /3 -d ik e to n e s . Log i s  much 

low er fo r  AA because th e  s u b s t i tu t io n  o f a m ethyl group fo r  an arom atic 

group more th an  o f f s e ts  th e  a c id i ty  of AA. This d iscu ss io n  o f the  

in te r p la y  o f s tru c tu re  and a c id i ty  may be extended to  a comparison o f 

BTA and BA. Because o f i t s  e le c tro n  w ithdraw ing p ro p e r t ie s  the  

tr i f lu o ro m e th y l group causes th e  ac id  s tre n g th  o f a /3-d iketone to  

in c re a s e . The d if fe re n c e  in  pKp between BA and BTA i s  3.65  u n i ts  

and BTA has a  lo g  value 2 .5  u n i t s  g re a te r  th an  BA.

Values o f lo g  Kj. o b ta ined  by d i f f e r e n t  methods (Table VIH) agree 

reaso n ab ly  w e ll in  most c a se s , w ith  ex cep tio n a l agreement in  th e  cases 

o f  TA and DBM. This p ro v id es  fu r th e r  p ro o f th a t  k in e t ic  e f f e c t s  a re  

n o t p re s e n t  in  systems in v o lv in g /3 -d ik e to n es  l i s t e d  in  Table V I I I ,
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Hie sigma 'bond s tre n g th  o f th e  m e ta l-  /3 -d ik e to n e  bond in c re a se s  

as pKp o f th e  /3 -d ik e to n e  in c re a s e s . Comparisons o f  d i f f e r e n t  /3 -d iketones 

a re  p o s s ib le  s in ce  th e  system s a re  s im i la r .  An a n a ly s is  o f lo g  Kg va lu es  

f o r  th e  weakly a c id ic  o r s tro n g ly  a c id ic  /3 -d ik e to n es  shows th a t  an 

in c re a se  in  sigma bond s tre n g th  i s  accompanied by an in c re a se  in  the  

a b i l i t y  o f TBP to  bond to  uranium . As th e  sigma bond s tre n g th  in c re a se s  

in  th e se  complexes th e  p i  bonding must in c re a se  th e reb y  reduc ing  the  

in c re a se d  n e g a tiv e  charge on th e  m etal atom. The m eta l e le c tro n s  are  

made a v a ila b le  f o r  d ona tion  to  lig a n d  o r b i t a l s  and th i s  back donation  

a c tu a l ly  d ecrea se s  th e  n eg a tiv e  charge on the  m eta l th e reb y  in c re a s in g  

th e  degree o f sigma bonding w ith  th e  TBP oxygen. A lthough th e  in tro d u c tio n  

o f a tr i f lu o ro m e th y l group d ecreases  th e  sigma bond s tre n g th  o f the  

m e ta l-  /3 -d iketone  bond, th e  degree o f p i  bonding i s  g re a t ly  enhanced 

by th e  a t t r a c t io n  by th e  tr i f lu o ro m e th y l group o f  th e  p i  cloud o f the  

arom atic  c h e la te  system  th e reb y  p e rm itt in g  th e  m eta l to  donate more 

e le c tro n ic  charge in to  t h i s  p i  system . This e f f e c t  g r e a t ly  outweighs 

th e  re d u c tio n  in  sigma bond s tre n g th  o f th e  m eta l /3 -d iketone  bond.

See Table Viand F ig u re  1 .

LOG R e ­

v a lu es  o f lo g  K(.s o b ta in ed  from a l l  the  so lv en t e x tra c t io n  methods 

employed in  t h i s  work, where a p p lic a b le , are compared in  Table V III . 

E x c e lle n t agreem ent i s  o b ta in ed  w ith in  experim en tal e r ro r  f o r  the  

th re e  m ethods, a s id e  from MeTTA. In  th e  l a t t e r  case th e  value  o f lo g  

Kj_s , V a rian t - (s) ,  i s  low er than  th e  v a lues o b ta in ed  from th e  o th e r 

m ethods. MeTTA d a ta  gave th e  p o o re s t f i t  fo r  a slope  o f 1 .0  when.TBP
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was v a rie d  and t h i s  may e x p la in  th e  d isc rep an cy .

The o rd e r o f syn erg ic  e x tra c t io n  fo r  th e  /5 -d ik e to n es  remains 

th e  same f o r  each method employed w ith  th e  ex cep tio n  o f TA and DBM. 

Although th e  d if fe re n c e  betw een FTA and TTA w ith in  each s e t  o f d a ta  

i s  not m eaningfu l, i t  appears th a t  FTA i s  a  b e t t e r  e x t r a c ta n t  in  th e  

■- p resence  o f TBP because i t s  lo g  K^g value i s  th e  h ig h e r  f o r  each method 

employed. From th ese  d a ta  and F igu re  1 i t  appears th a t  lo g  Kfcs i s  

p ro p o r tio n a l to  pKp.

ENHANCEMENT OF EXTRACTION.

The d if fe re n c e s  in  enhancement fo r  th e  /5 -d iketones s tu d ied  

p o in t  ou t th e  v a r ia t io n  in  th e  degree of p i  bonding between the 

s tro n g ly  a c id ic  and weakly a c id ic  /5 -d iketones and w ith in  each group 

(Table IX ). I t  must be p o in te d  out th a t  th e  d if fe re n c e s  in  enhancement 

between th e  /3 -d ik e to n es  a re  n o t as g re a t  as th e  d if fe re n c e s  in  

e x tra c t io n  in  th e  absence o f  s y n e rg is t  ( A  lo g  K^.). The d if fe re n c e s  

in  enhancement a re  due to  th e  in d i r e c t  e f f e c t s  on th e  metal-TBP bond 

caused by the  o th e r lig a n d s  r a th e r  than  d i r e c t  e le c tro n ic  e f fe c ts  on 

th e  m e ta l- lig a n d  bonds in  th e /3 -d ik e to n e  c h e la tio n  to  th e  m e ta l. The 

g r e a te s t  d if fe re n c e  in  enhancement values ( A lo g  Kg) i s  2 .0 7 , w hile  

th e  g r e a te s t  d if fe re n c e  in  e x tra c t io n  in  th e  absence o f sy n e rg is t  

( A lo g  Kj.) i s  3 . 56 .

URANYL -  MeTTA.

E x tra c tio n  in  th e  p resence  o f  sy n e rg is t  combines th e  c h e la tio n  

o f th e  m etal by /?-d iketone  m olecules and co o rd in a tio n  of th e  m etal 

by TBP. Log Kts v a lu es  should  r e f l e c t  b o th  types o f bonding. The
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value  o f lo g  K|-s was c a lc u la te d  fo r  uranyl-M e TTA. and found to  be -3*09.

A comparison can be made concerning /3 -d ik e to n e  c h e la tio n  in  each system 

i f  one co n siders  MeTTA bonding to  c o n tr ib u te  much more to  th e  value  of 

th e  co n stan t th an  th e  TBP bonding, which i s  tru e  f o r  th e  o th e r/3 -d ik e to n e s  

s tu d ie d . The replacem ent by a m ethyl group o f an e n o lic  hydrogen in  

TTA has th e  e f f e c t  o f m arkedly low ering th e  a c id i ty .  The organ ic  

n a tu re  o f  the  m ethyl group should in c re a se  th e  e x t r a c ta b i l i t y  o f  th e  

complex b u t t h i s  i s  g r e a t ly  o f f s e t  by th e  decrease  in  a c id i ty .  The 

d if fe re n c e  in  lo g  K^s va lu es  fo r  TTA and MeTTA i s  5*70, which dem onstrates 

th a t  a c id i ty  o f th e  /3-d ik e to n es  p lay s  th e  m ajor ro le  in  th e  e x tra c t io n  o f 

m eta l ions both  in  th e  p resence  and absence o f s y n e rg is t .

IMPROVEMENT OF EXTRACTION.

An a n a ly s is  o f p lo ts  o f  lo g  Ks , lo g  K|-s , and lo g  v s . pKc 

(F igure  l )  shows th a t  a l in e a r  dependence i s  ev id en t fo r  a l l  th re e  p lo ts  

b u t a f i r s t  power dependency i s  found f o r  lo g  Kj.g v s . pKD. This 

dependency in  i t s e l f  i s  im portan t s in ce  th e  o th e r two p lo ts  have 

va lu es  o f  slopes le s s  th an  one. The change in  s t ru c tu re  o f the  

/3 -d ik e to n es  caused s o lu b i l i ty  e f f e c t s  as w e ll as s t e r i c  f a c to r s  

to  p la y  a  ro le  in  th e se  system s. However, th e  a d d itio n  o f TBP perm its  

th e  ac id  s tre n g th  o f th e  /3-d ik e to n e  to  p la y  i t s  f u l l  ro le  in  a f fe c t in g  

th e  bonding, and lo g  K^s i s  d i r e c t ly  p ro p o r tio n a l to  pKp w ith  u n i t  s lo p e . 

This enhancement o f a c id  s tre n g th  may be a  secondary e f f e c t  in  the  

synerg ic  phenomenon.

Use o f th e se  p lo ts  p e rm its  th e  s e m i-q u a n tita tiv e  e s tim a tio n  o f 

lo g  Kfcs , lo g  Kfc and lo g  Ks i f  th e  pKjj va lue  i s  known.

The p r a c t ic a l  a sp ec t o f th i s  problem i s  approached through
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lo g  and A  lo g  K̂ -s v a lu e s . I t  appears t h a t  o f a l l  th e  f l -d ik e to n es  

s tu d ie d , FTA i s  th e  b e s t  e x tr a c ta n t  o f  uranium in  th e  p resence  o f TBP.

I t  i s  a lso  th e  s tro n g e s t  a c id . Seem ingly, th e  optim um /?-diketone fo r  

e x tra c t io n  o f u ra n y l ion  should  have as low a pK-p as i s  com patib le w ith  

te rm in a l R-groups s im ila r  in  s t ru c tu re  to  t h a t  o f th e  o rgan ic  d i lu e n t .

CONCLUSIONS.

Thus i t  seems th a t  any system co n ta in in g  a /3 -d iketone  and TBP 

w i l l  s y n e rg ic a lly  e x tr a c t  uranium . TBP p robab ly  co o rd in a te s  d i r e c t ly  

to  th e  c e n tr a l  m eta l atom re p la c in g  a  m olecule o f w a ter in  th e  co o rd in a tio n  

sp h ere . Uranium i s  a t  l e a s t  sev en -co o rd in a te  in  th e  complex. The 

rep lacem ent o f a  w a ter m olecule by TBP causes t h i s  complex to  be le s s  

h y d ro p h ilic  and more so lu b le  in  benzene enab ling  more c h e la te d  uranium 

to  e n te r  the  o rgan ic  phase .

A nalysis  o f  th e  eq u ilib riu m  co n stan ts  has shown th a t  sy nerg ic  

e x tra c t io n  o f  uranium  in c re a se s  as th e  ac id  s tre n g th  o f th e  /3-d ik e to n e  

in c re a se s  and th e  degree o f d a tiv e  p i  bonding o f th e  m e ta l- [3-d ik e to n e  

bond in c re a s e s . The d if fe re n c e  in  ac id  s tre n g th  p la y s  a more im portan t 

ro le  in  t h i s  system and i t  would appear t h a t  th e  use  o f  /3-d ik e to n es  w ith  

low pKp va lues w i l l  in su re  th e  g r e a te s t  degree o f sy n erg ic  e x tra c t io n  

in  a c id  m edia.

These c r i t e r i a  can be extended to  th e  e x tra c tio n  o f any m eta l 

th a t  i s  c o o rd in a te ly  u n s a tu ra te d . The work w ith  thorium  shows tha t- 

much i s  to  be le a rn e d  about maximum co o rd in a tio n  number o f th e  m e ta ls .

F in a l ly ,  i t  may be no ted  through experiences in  t h i s  work and

13th e  work of S ta ry  and Szabo th a t  r e l i a b le  d a ta  cannot be o b ta ined  

in  so lv en t e x tra c t io n  o f m eta ls  w ith  P e r ta in  /3 -d ik e to n es  i f  e i th e r
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s tro n g  ac id  o r base  i s  added to  th e  system to  change pH. De­

com position o f /? -d ik e to n es  may occur and many s id e  re a c tio n s  can 

fo llo w .
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FURTHER STUDIES

I t  has been dem onstrated th a t  synerg ic  enhancement i s  p robab ly  

due to  th e  rep lacem ent o f  a  w ater m olecule by TBP in  th e  co o rd in a tio n  

sphere o f  th e  m eta l. Healy"*"0 was ab le  to  i s o la te  a  s o lid  uranyl-TTA- 

TBP complex. I f  a s in g le  c r y s ta l  o f  t h i s  synerg ic  complex could be 

o b ta in ed  i t  would be o f  i n t e r e s t  to  su b jec t i t  to  x - ra y  a n a ly s is  to  

determ ine i t s  s t r u c tu r e .  This would confirm  th e  p resence  o f a metal-TBP 

bond.
■51

A n u c lea r  m agnetic resonance study  o f J  P may a lso  a id  in  

fu rn ish in g  a d d it io n a l  con firm ato ry  evidence f o r  metal-TBP bonding.

The isom er s h i f t  of ^^P w i l l  be g re a te r  i f  TBP i s  bonded to  uranium 

r a th e r  than  in te r a c t in g  w ith  a  c h e la te d  /? -d ik e to n e .

S yn th esis  o f  /3 -d ik e to n es  w ith  h igh  ac id  s tre n g th  should be 

a ttem p ted . E lec tro n  w ithdraw ing groups on a phenyl r in g  would in c re a se  

th e  a c id  p ro p e r t ie s  o f  a  /3-d iketone and would be an e x c e lle n t  e x tra c ta n t  

in  th e  p resence  o f s y n e r g is t .  O ther /? -d ik e to n es  such as l+ ,U 4 - tr if lu o ro -  

l - ( 2- p y r i d i n y l ) - l ,3-bu taned ione  would have h igh  a c id  s tre n g th  and y e t 

would enhance th e  degree o f p i  bonding w ith  th e  m etal io n . H exafluoro- 

a ce ty la ce to n e  would have a g r e a t ly  in c reased  ac id  s tre n g th  and would 

p robab ly  e x tr a c t  m arkedly in  th e  p resence of TBP. However, th i s  

/3 -d ik e to n e  i s  markedly so lu b le  in  w ater and t h i s  f a c to r  would have to  

be a sse ssed . S yn thesis  o f  m onofluoromethyl o r d iflu o ro m eth y l s u b s t i tu te d  

TA should be a ttem pted  to  o b ta in  a  /3 -d iketone w ith  a pK^ value in  th e  range 

o f 11. Values o f  log  and lo g  K^s could be ob ta ined  fo r  th is /3 -d ik e to n e  

and an assessm ent made o f th e  use o f  F igure  1 to  se m iq u a n tita tiv e ly  

e s tim a te  th e se  v a lu e s .
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F in a l ly  i t  would tie o f i n t e r e s t  to  see i f  syn erg ic  phenomena 

a re  p re se n t in  systems c o n ta in in g  c o o rd in a te ly  u n sa tu ra te d  t r a n s i t io n  

m e ta ls . A study  of " c o o rd in a te ly  sa tu ra te d "  m e ta l/3 -d ik e to n a te s  

could p o s s ib ly  le a d  to  co n clu sio n s  as to  how much i s  r e a l ly  known 

about th e  bonding in  m eta l c h e la te s .

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



-51-

SUMMAEY

E x tra c tio n  s tu d ie s  were c a r r ie d  ou t w ith  a c e ty la c e to n e , 

b enzoy lacetone , b e n z o y ltr if lu o ro a c e to n e , d ibenzoylm ethane, 

fu ro y l t r i f lu o ro a c e to n e ,  th e n o y la ce to n e , th e n o y ltr if lu o ro a c e to n e  

and !+ ,U ,!+ -trifluo ro -2- m e th y l- l - (2- t h i e n y l ) - l ,3-bu taned ione in  th e  

presence  o f t r i b u ty l  phosphate as s y n e rg is t  to  determ ine th e  c o n d itio n s  

n ecessa ry  fo r  o b ta in in g  and im proving synerg ic  enhancement o f th e  

so lv en t e x tra c tio n  o f uranium , th e  n a tu re  o f  th e  synerg ic  complex, 

and how the  synerg ic  agen t i s  bonded in  th i s  complex. The above 

p>-diketones were chosen so th a t  a l l  p o s s ib le  s i t e s  fo r  bonding 

o f  th e  sy n e rg is t  w ith  t h e /? - d ik e tone  would be v a r ie d . Synergic 

enhancement occurred  in  a l l  cases p rov ing  th a t  th e  s y n e rg is t  could . 

n o t bond to  th e  f i -d ik e to n e . I t  was concluded th a t  TBP p robab ly  bonds
5,36

d i r e c t ly  to  uranium . This co n clu sio n  coupled w ith  the  work o f H ealy 

concerning th e  e f f e c t  o f v a rio u s  o rgan ic  d i lu e n ts  on enhancement o f 

e x tra c tio n  and s o lu b i l i ty  s tu d ie s  o f 110212(^ 2^ )x th e se  d i lu e n ts  

le ad s  to  th e  fo llow ing  eq u a tio n  fo r  th e  ex p lan a tio n  o f th e  synerg ic  

phenomenon:

U 0 2 T2^H2 ° ^ x  +  x  S  "  -  U 0 2 T2 Sx  +  x  H2 °

The most common e x tra c te d  sp ec ie s  i s  g e n e ra lly  re p re se n te d  by UO2T2S. 

This sp ec ie s  i s  rendered  l e s s  h y d ro p h ilic  w ith  th e  rep lacem ent o f a 

w ater m olecule by TBP and i s  more so lu b le  in  th e  o rgan ic  p hase .

E quilib rium  c o n sta n ts  f o r  th e  fo llo w in g  re a c tio n s  were o b ta in ed  

fo r  a l l  th e  aforem entioned -d ik e to n e s . The s to ic h io m e tr ie s  o f the  

e x tra c te d  complexes f o r  a l l  t h e f3-d ik e to n es  were a lso  o b ta in ed  and are-
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re p re se n te d  by th e  sp ec ie s  below.

2+ „  +
U02 + 2 HT U02T2 + 2 H Kt

2+ +
U02 + 2 HT + S U02T2S + 2 H Kt s

uo2t2 + S % uo2t2s ks

I n te r p r e ta t io n  o f  th e  v a lues o f  th e se  eq u ilib riu m  co n stan ts  le d  to  

th e  co n clusion  th a t  th e  e x tra c t io n  o f  uranium by any /J-d ik e to n e  should 

be enhanced by th e  a d d itio n  o f  TBP. The synerg ic  e x tra c tio n  of uranium 

v a r ie s  d i r e c t l y  w ith  th e  ac id  s tre n g th  o f th e  /3 -d iketone  and w ith  the  

degree o f p i  bonding between th e  m eta l and th e  f i -d ik e to n e . FTA, th e  

s tro n g e s t  a c id , showed th e  h ig h e s t  v a lue  f o r  K  ̂ w hile  BTA e x h ib ite d  th e  

h ig h e s t  va lue  f o r  Kg . BTA forms a s tro n g e r  sigma bond w ith  uranium and 

th e  m eta l i s  a b le  to  re in fo rc e  th e  degree o f  p i  bonding w ith  BTA to  a 

g re a te r  degree th an  w ith  FTA. However, th e  a c id  s tre n g th  o f the 

/3 -d ik e to n e  p la y s  th e  major ro le  in  th e  synerg ic  e x tra c t io n  o f uranium 

as i s  evidenced from v a lu es  o f  Kt and K̂ -s . Improvement o f the  e x tra c t io n  

o f uranium in  th e  p resence  o f TBP may be b rough t about by choosing a 

/3-d ik e to n e  w ith  a  low pKjj va lue  co n ta in in g  te rm in a l R-groups capable 

o f in c re a s in g  th e  degree o f p i  bonding w ith  uranium .

A se m iq u a n tita tiv e  method was developed fo r  e s tim a tin g  K t, Ks , and 

Kts a /3 -d ik e to n e  once pKp i s  known by a p p lic a tio n  o f a p lo t  o f  log  Kt, 

log_ Ks and lo g  Kt s  v s . pKD (F igure  1 , p .  k3 )• The v a lues o f th ese  

e q u ilib riu m  c o n s ta n ts  may be read  d i r e c t ly  from t h i s  graph .
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APPENDIX

DATA.

The experim en ta l d a ta  a re  c o lle c te d  on pages 55 th rough 95* 

Symbols a re  d e fin ed  on pages iv  and v . A ll e x tra c t io n s  were 

perform ed in  2 .0  M lith iu m  p e rc h lo ra te  u n le ss  s ta te d  o th e rw ise . 

E x trac tio n s  employing s a l t s  o th e r th an  l i th iu m  p e rc h lo ra te  con ta ined  

aqueous media o f  io n ic  s tre n g th  2 .0 .

The f ig u re s  a re  c o lle c te d  on pages 96 th rough lk 6 .  Corresponding 

d a ta  appear on th e  pages in d ic a te d  in  The L is t  o f  F ig u re s , pages ix - x i .
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AA - UOg - TBP Variant - TBP (O.987 M)

pH = 2.50 D0 = 0.022

£b_ *a lo g  (%-Dq ) V lo g  [TBP]

3 .2 73 - 1.670 0.05 - 3.006
5 .0 73 -1 .336 0 .10 -2 .701
9 .1 71 -0.975 0.20 -2 .398
16 71 - 0.692 0.1+0 -2 .087
2k 59 - 0 A 15 0 .70 - 1.836
32 55 - 0.252 1 .00 - 1.682
38 1+8 - 0 .111+ 1 .1+0 -1 .533
1+2 k3 - 0.020 1 .90 -1 .398
kQ 39 0.082 2.k0 -1 .295
3!+ 3*+ - 0.010 3 .20 - 1.170
50 29 0.231 It.30 - 1 .01+1+
52 2k 0.331 6.00 - 0.906
57 19 O.I+7I+ 7.60 - 0.602
k6 17 0.1+29 9 .30 -O .558
k8 16 0.1+71+ * - 0 . 6!+!+
38 17 0.31+5 * - 0.718

* 10.00 ml o f 0 .20  M AA added
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2+
AA - U02 - SO  ̂ - TBP V arian t - TBP (O .99U M)

pH = 2 .30 D0 = 0.003

d-b da log  (%D0) V log  [TBP]

0.63  110 - 2.620  0.05  - 3.003
1 .0  110 - 2.237  0.10  - 2.699
1 .6  100 - 1.896  0.20  - 2.391
3 .0  96 - 1.553  0 .U0 -2 .0 8 b
5 .0  100 - 1.331  0 .70  - 1.837
6 .6  96 - 1 . 18I+ 1 .00  - 1.679
10 96 - 0.996  1 .U0 -1 .530
13 87 -0 .835 1 .90  -1.395
16 87 - 0 . 7U3 2 .b o  - 1.292
20 85 -0 .63^  3 .20  -1 .167
25 80 - 0.510  1+.30 -l.O U l
27 71 - 0 A 2U 6 .80  -0 .825
36 60 -0 .22k  9 .30 -0 .707
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BA - UOg - TBP Variant - TBP (O.987 M)

pH = 2.40 D0 = 0.024

^a log  (Ds-D0) V log  [TB]

6 .6 77 - 1.212 0.05 - 3.006
13 71 -0.799 0.10 - 2.701
20 62 -0 .525 0 .20 - 2.398
33 54 -0.231 0.4-0 - 2.087
38 48 - 0.115 0.70 - 1.836
*+3 44 - 0.021 1 .00 - 1.682
k9 38 0.120 i .4 o - 1.533
56 31 0.251 1.90 - 1.398
59 25 0.369 2.40 - 1.295
67 17 0.593 3 .20 - 1.170
61 13 0.669 4 .30 -1 .044
70 8 .7 0.904 6 .01 - 0.906
67 6 .5 1.012 7 .60 - 0.602
71 5-2 1.135 9.30 - 0.558
57 5-4 1.022 * - 0 .644

4 .7 O.98O * - 0.718

* 10.00 ml o f 0 .20  M BA added
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BTA - UOg - TBP Variant - TBP (O.987 M)

pH = 1.20 D0 = 0.038

db da log  (Df D0 ) V log  [TBP]

57 2k 0.369 ' 0.05 - 3.006
68 Ik 0.683 0 .10 - 2.701
6k 8 .0 0.901 0 .20 -2 .398
7k 3-7 1.300 0 .1*0 - 2.087
82 1-9 1.635 0 .70 -1 .831
80 1 .2 1 .82H 1 .00 - 1.682
82 0 .71 2.063 1 .90 -1 .398
78 0.60 2 . Ill* 2.k0 -1 .295
77 0.1*3 2.253 3 .20 - 1.170
7^ 0 .29 2.k07 I*.30 - 1 .0l*l*
70 0 .20 2 . 5I+U 6.00 - 0.906
71 0.21 2.529 7 .60 - 0.602
72 0.16 2.653 9.30 - 0.558
58 o.ii* 2.617 * -0.61*1*
1*9 0.13 2.576 * - 0.718

*  10.00 ml o f 0 .20  M BTA added
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DBM - Uo|+ - TBP Variant - TBP (O.987 M)

pH = 2.44 Dq = 0.016

*b ^a log  (Df D0 ) V*

30 45 -O.186 0.10
49 31 O.195 O.25
61 21 o . 46l o . 4o
62 16 0.587 0.60
56 12 0.668 . 0.85
68 8 .6 O.897 1 .20
59 6.8 0.938 1 .80
67 5 . ^ 1.093 2.40
68 4.8 1.151 3.20
60 3.3 1.259 4.00
60 3.0 1.301 5.00
58 2.3 i . 4o i 6.20
57 1 .6 1.552 8.20
52 1 .1 1.673 n . 4o
52 1 .2 1.635 **
38 1.3 1.466 **

lo g  [TBP]

-2 .4 o4
- 2.002
-1.784
-1.608
-1.455
-1.303
-1.207
- 1.129
-1.044
-0.973
-O.908
-0.834
-0.737
-0.627
-0 .710
-0.774

* f i r s t  s ix  a d d itio n s  were 1*974 M in  TBP

** 10.00 ml o f 0 .20  M DBM added.
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FTA - UOg - TBP Variant - TBP (O.987 M)

pH = 1.21 Dq = O.588

<*b ^a lo g  (Ds-Dn ) V lo g  OeBP]

72 9 .0 0.870 0.05 - 3.006
73 3 .9 1.258 0.10 - 2.701
78 1 .8 1.631 0.20 - 2.398
87 O.95 1.959 O.itO - 2.087
8Lt O.52 2.212 0.70 - 1.836
82 O.38 2.333 1.00 - 1.682
88 O.25 2 . 5^6 i .h o - 1.533
69 0.17 2.608 2 .bo - 1.295
76 0.11 2.839 k .30 - 1 .0^1+
69 0.08 2.936 6.00 - 0.906
66 0.-09 2.890 7.60 - 0.602
71 0.07 2.982 9.30 - 0.558
k2 0.06 2.817 * - 0.751

* 25.00 ml o f 0 .20 M FTA added

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



MeTTA 

pH = :

- UOg* - TBP V arian t - TBP (O .987 M)

..19  D - undeterm inable'  o

db da log  (Ds -D0) V log  [TB]

0.15 85 -2 .75^ 1.90 - 1.398
0.21 87 - 2.618 2 .1+0 - 1.295
0.28 86 -2.1+87 ,3.20 - 1.170
0.1+5 82 - 2.260 1+.30 - 1 .01+1+
0.82 88 -2 .031 6.00 - 0.906
1.2 8k -1.81+5 7.60 - 0.602
1.8 8k - 1.670 9-30 - 0.558
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1++
MeTTA - Th 

pH = 2.88

1+1+
67
97
115
187
200
218
235
276
2k0
29k
29k

- 62-

- TBP V arian t - TBP ( 0.987  M)

Dq = 0.032

d log  ( D - D j  V lo g  TBPQ. S O  __________

872 - 1.737  0.05  - 3.006
856 - 1.336  0 .10  - 2.699
830 - 1.072  0 .20  - 2.391
782 - 0 .91+0 0 .1+0 2 .08I+
711+ - 0.639  0 .70  1.837
690 - 0.589  1 .00  1.679
676 - 0.537  1.^0  1.530
61+2 -0.1+77 1 .90  1.395
632 - 0.393  2 .1+0 1.292
63I+ -0.1+60 3 .20  1.167
620 - 0.375  1+.30 1 .01+1
600 - 0.339  6 .00  0.902
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TA - UOg - TBP Variant - TBP (O.987 M)

pH = 2.1*8 Dq = 0.0007

*b •̂a log (Df D0) V lo g  (TBI

19 65 -0.531* 0.05 - 3.006
26 38 -0 .165 0 .10 -2 .701
1*8 30 0 . 201* 0 .1*0 - 2.087
71 19 0.573 0.70 - I .836
73 15 0.687 1.00 - 1.682
75 11 0.831* 1 .1+0 -1 .533
78 8 .9 0.9l*3 1 .90 -1 .398
71 7 .8 O.96I 2 .1+0 -1 .295
69 5 .6 1.091 3-20 - 1.170
71 i* .o 1.2l*9 1* .30 - 1 .01*1+
80 3 .2 1.398 6 . 0 0 - 0.906
81 2 .2 1.566 7.60 - 0.602
71+ 1 .7 1.639 9.70 - 0.531
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m  - Uo|+_ TBP Variant - TBP (0.987 M)
pH = 1.23 D0 = 0.214

*b da lo g  (Di-Do) V lo g  (TBP]

69 9-5 0.848 0.05 -3.006
81 8.7 0.959 0.10 -2.701
82 2.9 1.448 0.20 - 2.398
90 1.4 1.807 o .4o - 2.087
86 l . l 1.892 0.70 -I .8 3 6
83 0.73 2.055 1.00 -1.682
86 0.60 2.156 i . 4o - 1.533
92 0.37 2.395 1.90 - 1.398
81 o .4i 2.295 2.40 - 1.295
81 0.19 2.630 3.20 -1.170
86 0.17 2.704 4.30 - 1.044
81 0.25 2.5IO 6.00 -0.906
80 0.10 2.903 7.60 -0 .602
76 0.08 2.978 9-30 -0 .558
62 o . i 4 2.646 * - 0.644
45 0.07 2.821 * -0 .781

* 10.00 ml o f 0 .20  M TTA added
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2+
r° 2 V arian t -  AA (0 .792  M)

>.21

■ db da log  Dq V log  [AA)

0.07 71 -3.001+ 0.63 - 2.006
0.10 79 -2 .897 1 .25 -1 .710
0.22 77 -2.51+1+ 1 .88 -1 .532
0.38 75 -2.295 2.50 - 1 .1+11
0.60 7l+ - 2.091 3.13 -1 .31^
0.82 76 -1.967 3-75 -1.235
1 .5 77 - 1.811 1+.38 - I . I 69
2.0 68 -1 .532 5.00 -1 .113
2.3 78 -1.530 5.61+ - 1.062
2.8 68 -1 .385 6.25 - 1.019
i t .3 71+ - 1.236 8.05 -0.911+
7 .2 65 -0.956 10.00 - 0.828
9-5 65 -0.835 13.00 -0 .730
1 .3 61 -0 .671 15.00 -O .678
5 .7 67 - 1.070 * - 0*852
2.8 69 -1 .392 * -0 .931

* 25 .OO ml o f benzene added

2+
M  - U02 - TBP V arian t - AA (0 .396 M)

pH = 3.Q1+

&b log  D V lo g  [M]

21 70 -0 .523 1 .50  -1 .938
35 51 -0.161+ 3 .00  -1.61+5
51*- 33 0 . 211+ I+.50 - 1 .1+81
58 23 0.1+02 6 .00  - 1.361
66 18 0 . 56I+ 7 .50  - 1.273
68 ll+ 0.686  9.00  - 1 . 201.
71 9 .9  0.856  10.60  - 1.131
68 7 .8  0 . 91+0 12.00  - I .091
69 5 .9  1.068  1 5 .I+O - 0.998
66 1+.1+ 1.176  1 8 .1+0 - 0.937
59 3 .8  1.191  21 . 1+0 - 0.887
60 3 .2  1.273  2I+.1+0 - 0 .831+
57 2 .6  1 .31+1 27 .I+O - 0.801
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AA - UOg - SO  ̂ - TBP V arian t - AA (O.l+OO M)

pH = 2.53

s da lo g  D V log  [Ai

0.16 85 -2.725 1.50 -1 .93^
0.63 95 - 2.178 3.00 -1 .6 1 a
1 . 1+ 95 -1 .831 5.00 - 1 .1+32
2 .8 8U -1A 77 7 .00 - 1.297
3 .5 82 -1 .370 9.00 - 1.199
3 .8 87 - 1.360 11.00 -1 . 12k
5 .0 81 - 1.209 13.00 - 1.063
6 .2 81 - 1.116 15.00 -1.012
7 .6 79 -1 .017 17.00 - 0.968
9 .2 79 -O .93U 19.00 - 0.931
8 .9 76 -0 .931 21.00 - 0.897
10 75 -0.875 23.00 - 0.868
12 72 -0 .778 27.00 - 0.819
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- 6 7 -

2+UO
2

V arian t - BA ( 0.788  M)

3.39

dB da lo g  D0 V lo g  [BA]

0.35 73 -2 .319 1 .25 - I . 71I4
0 .8k 7^ -1 .9^5 1.88 -1 .537
1 .6 70 -1.6*41 2.50 - l . i f l i f
2 .5 70 -1  .i+i+7 3.13 -1 .317
if.8 70 -1.16*4 3.75 - 1 . 2if0
6 .2 70 -1 .053 I4.38 -1 .173
8 .2 66 - 0.906 5.00 -1 .117
Ik 63 - 0.653 5.63 - 1.066
15 58 - 0.588 6.25 - 1.022
21 55 - 0 A 18 8.03 - 0.918
31 k2 - 0.132 9.65 -0.85if
38 32 0.075 rL.35 -0 .791
It-U 29 0.181 13.05 -0 .738
32 33 -0 .013 * -0 .817
22 38 - 0.238 * - 0.885

■ * 10 .00  ml o f Benzene added

2+
BA -  UOg -• TBP V arian t - BA (0 .39^  M)

pH = 3.26

dB da lo g  D V lo g  [M ]

0.59 71 - 2.080 0.00
26 k7 -O .257 0.63 - 2.309
50 3k 0.168 1.25 . - 2.013
61 17 0.555 1 .88 - 1.837
66 8 .8 0.875 2.50 - 1.618
63 6 .7 0.973 3.13 -1.5*40
72 I4.9 1.167 . -  3.75 - 1 .U7U
7^ 3:6  ' 1.313 if .38 - 1.14714
7k 2 .8 l.*422 5.02 - l . i f l7
30 1 .0 1.^77 10.02 -l.l ifO
61 0.7*4 1.916 15.02 - 0.995
3k 0.53 2.008 20.02 - 0.901
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BTA - tro!"*" V a ria n t - BTA ( 0.809  M)

pH = 3 .22

* 30.00  ml of "benzene added.

BTA - UOg"1" -  TBP V a ria n t - BTA (0.1+05 M)

pH = 1 .22

da lo g  Dq V lo g  [BTA]

19 57 -0.1+77 0.63 -1 .997
37 -0 .075 1.25 - I .699
53 25 0.325 1 .88 - 1.520
59 lb 0.625 2 .50 -1 .398
68 8 .9 0.883 3.13 - 1.302
68 6 .b 1.027 3.75 -1.225
72 b .o 1.255 1+.38 -1 .159
73 3 .3 I . 3U5 5.00 -1 .103
71 1 .9 1.573 6 .25 -1.009
75 1 .1+ 1.729 8.03 - 0.906
6b l . l 1.765 9.65 - 0.832
b l 1 .3 1.1+99 * -0.927

db da lo g  D V lo g  [BTA]

69 1 .6 1.635 8 .75 -1.191
59 0.93 1.802 10.00 -1 .139
70 0.61+ 2.039 11.25 -1.091+
53 0 . 51+ 1.992 12.50 -1.051+
5!+ 0.31 2 . 21+1 15.50 -0.976
52 0.28 2.269 18.50 -0 .915
52 0.18 2 .1+61 21.50 - 0.866
1+7 0.19 2.393 2I+.5O - 0.826
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BTA 

pH =

2+
■ U02 - HO3 Variant - BTA (0 .8 l l  M)

2.95

db da lo g  Dp V lo g  [BTA]

21 91 -0 .637  0 .63  -1 .996
35 7^ -0 .325 1 .25  - I .699
i+9 59 - 0.081  1 .88  - I .U 95
65 1+0 0.211  2.50  - 1.379
79 29 0 .3^5 3 .13  - 1.287
81+ 21 0.602  3-75  - 1.206
78 15 0.716  1+.38 -1.11+9
82 13 0.800  5 .00  - 1.090
78 9 .1+ O.919  5.63  -1.01+5
92 6 .9  1.125  6.25  - 1.001
89 l+ .l 1.337  8 .0 0  - 0.901
85 3 .0  1 .1+52 9.65  - 0.827
85 2 .1  1.607  11.35 - 0.765
80 1 .6  1.699  13.05  - 0.713
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2+
DBM - U02 V ariant - DBM (0 .7 9 9  M)

pH = 3.37

db ^a lo g  D0 V lo g  [DBI

0.01 70 -2 .854 0.63 - 2.003
0.33 7^ - 2.347 1.25 -1 .706
0.82 71 -1 .939 1.88 - 1.530
1 .4 68 -1 .686 2.50 -1.405
2.3 64 - 1.445 3.13 - 1.309
4 .3 72 - 1.224 3.75 -1 .232
6 .3 64 -1 .007 4.38 -1 .166
8 .8 6k -0 .862 5.00 -1 .110
10 62 -0 .792 5.63 -1 .059
18 5^ - 0.477 8 .05 -0.913
26 55 -0 .325 9.65 - o .84l
35 4o -0 .058 11.35 - 0.779
35 32 0.039 13.05 -0 .727
25 39 -0 .193 * -0.807
13 46 -0 .549 ** -0 .960

* 10 .00  ml o f  benzene added 
** 25.00 ml o f  benzene added 

2+
DBM - U02 - TBP V arian t - DBM ( 0.399  M)

pH = 3.01

*b ■̂a lo g  D V lo g  (DEM]

31 37 - 0.077 0.63 - 2.304
50 20 0.398 1 .25 - 2.007
65 23 0.451 1.88 - 1.831
74 12 0.790 2.50 -1 .708
70 3 .3 1.327 3.13 -1 .612
69 3 .3 1.320 3.75 - 1.534
76 1 .2 1 .802 4.38 - 1.468
83 0 .97 •1-932 5.00 - 1.412
78 O.99 1.897 7.50 - 1.244
67 0.53 2.102 15.00 - 1.132
66 0.55 2.176 15.00 -0 .986
61 0.45 2.132 20.00 -0 .891
55 o .4i 2.127 25.00 -0 .818
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-7 1 -

+CVIOJ
B

V arian t - FTA (O.836 M)

3.08

dB da log  D0 V lo g  [FTA]

32 1+8 -O.176 0.63 - 1.983
59 21 0 .1+1+9 1.25 -1 .686
66 12 0 .71+0 1.88 - 1.510
73 7 .8 0.971 2.50 - 1.387
80 3-9 1.312 3.13 - 1.291
77 2 .5 l.i+89 3.75 -1.21k
3k 1 .8 1.669 1+ .38 - 1 .11+7
80 0.9I+ 1.930 5.00 -I .0 9 1
78 0 .77 2.006 5.90 -1 .021
78 0 .67 2.066 6.1+0 -O.987
78 0 .53 2.168 8.00 -0.89!+
69 0 .57 2.083 9.60 -0 .821
82 0 .39 2.323 11.20 -O .76I
6k 0 .1+1 2.193 12.80 - 0.711
1+5 0 .33 2.135 * -O .89I
3^ 0 .23 2.170 * -1 .019

* 25.00  ml o f  Benzene added

»r - TBP V arian t - FTA ( 0 .1+18 M)

1 .19

db da log  D V log  [FTA]

68 22 0.1+90 1.25 - 1.991
69 6 .3 l.Ol+O 2.50 - 1.697
82 2 .9 1 .1+51 3.75 - 1.527
79 1 .7 1.667 5.00 -1.1+08
80 O.9I+ 1.930 7.00 -1 .272
83 0 .67 2.093 9.00 - 1.175
78 0 .1+7 2.220 11.00 - 1.099
70 0.3I+ 2 .311+ 13.00 -1 .038
66 0 .30 2.3^2 15.00 -O.987
65 0 .20 2.512 18.00 - 0 .921+
62 0 .16 2.588 21.00 - 0.873
60 0 .15 2.602 21+.00 - 0.813
55 0 .09 2.772 27.00 - 0.796
53 0 .1 1 2.683 30.00 -0 .766
38 0 .15  . 2.1+01+ * - 0.905
29 0 .22 2.120 * -1 .012

* 25.00  ml o f  0 .2  M TBP added
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2+
MeTTA - ISO^ -  TBP V ariant - MeTTA (0 .1 7 3  M)

pH = 3.15

a log  D V log  (MeTTA]

2.5
6 .9
16
2b
28
31 
33 
36 
36
32
33

72
73 
6 l  
50 
39 
33 
25 
22 
20 
15 
13

-1.1+60
-1.025
-0 .581
- 0.319
- 0.144
-0 .027

0.121
0 . 211+
0.255
0.329
0 .^ 0 5

2.00
6.00

1 1 .0 0
15.00
20.00
24.00
29.00
33.00
38.00 
1+ 2 .0 0  
1+7.00

-2.176
-1.726
-1.^98
- 1.387
-1 .292
-1.236
-1.180
- 1 . 11+1+
-1.108
- 1.087
-1 .056
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+CM 
CM

B V arian t - TA ( 0.806  M)

3 M

da lo g  D0 V log  [TA]

1 .8 78 - 1.637 0.63 - 1.999
1+.8 76 -1 .200 1.25 -1 .802
9 .0 73 -O.9O9 1.88 -1 .526
17 68 -0 .602 2.50 - 1 .1+03
20 57 - 0 .1+55 3.13 -1 .307
27 57 - 0 . 321+ 3.75 -1 .229
32 h9 -0 .185 1+.38 -1 .163
38 hi -0 .092 5 .00 -1 .091
50 32 0.191+ 6.25 -1 .001
55 27 0.309 8.55 -0 .877
61 16 0.581 10.85 -0 .787
63 10 0.799 13.15 -0 .718

TA ■ 2+
- UO -

2
TBP V arian t -  TA (0 .1+03 M)

pH == 3.32

*b da lo g  D V lo g  [TA]

32 1+0 - 0.097 0.63 -2 .300
50 21 0.377 1.25 - 2.003
57 9 .6 0 .771+ 1.88 - 1.827
69 1+-7 1.167 2.50 - 1 .701+
61+ 3 .1 1.315 3 .17 -1 .608
65 2 .If 1 .1+33 3.75 -1 .530
62 1-9 I.51I+ 1+.38 - 1 .1+61+
58 1-1+ 1.617 5.00 -1.1+08
63 0 . 61+ 1.993 10.00 -1 .130
59 0.1+1+ 2.127 15.00 -0 .985

V 1+7 0.32 2.167 20.00 -0 .880
1;

1+8 0.31 2.190 25.00 -0 .816
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TTA - UOg+ Variant - TTA (O.796 M)

pH = 3.15

da l o g Do V lo g  [TTA]

36 1+2 -0 .067 O.63 -2.001+
58 2l+ 0.383 1.25 - 1.707
57 8 .8 0.811 1.88 - 1.531
67 if .8 1 .11+5 2.50 -1.1+09
7k 3 .6 1.313 3.13 - 1.312
70 2 .5 1 .1+1+7 3.75 - 1.235
7*+ 2 .3 1.507 I+.38 -1 .168
73 1.1+ 1.717 5.00 - 1 . 1 1 1
72 1 .3 1 .7^3 5.63 -1 .061
58 1 .0 1.763 6.25 - 1.017
66 O.83 1.901 7.95 -0 .926

■ UOg"1" - TBP V a ria n t -  TTA (0.398  M)

1 .22

da lo g  D V lo g  [TTA]

65 2 .6 1.398 5.00 - 1 .1+30
72 1 .2 1.778 6.25 - 1.339
72 O.98 1.866 7.50 -1 .266
69 0.76 1.958 8.75 - 1.205
61 0.52 2.069 10.00 - 1.153
58 0.39 2.172 11.25 -1 .108
50 0.67 2.169 15.50 -1 .068
56 0.21 2.1+26 18.50 -O.929
61 0.18 2.530 21.50 -0 .880
57 0.15 2.580 21+.50 - 0.793
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AA - UOg Variant - pH

E°/= -372.1 mv HCIO^ (1.994 M)

*b ^a lo g  D0 V E pH

13 69 - 0.725 0.000 -182 .1 3.167
11 72 -0 .816 0.005 -186.2 3-100
7 .1 76 -1 .030 0.015 - 195.9 2-937
4 .2 78 - I .2 6 9 0.025 - 204.1 2.800
2 .5 76 - 1.483 0.050 - 213.7 2 . 64o
1 .3 80 -1 .788 0.080 - 224.9 2.453
0.73 80 -2.0I+I 0.110 -232 .6 2.325
0 .50 81 -2 .208 0.150 - 241.3 2.180
0 .31 82 - 2.409 0.190 - 246.6 2.090
0.20 80 -2 .602 0.240 - 253.8 1.972

2+AA - U0 |  - TBP V arian t - pH

E ° '=  - 374.0 mv HCIO^ (1.994  M)

<*a lo g  D V E pH

61 3-9 1.194 0.000 -195.3 2.978
65 4 .8 1.132 0.010 -202 .0 2.867
60 8 .0 0.875 0.030 - 216.4 2.627
57 12 O.677 0.050 -225 .0 2.483
55 17 0.510 0.070 - 231-7 2.372
47 21 0.350 0.100 - 239-3 2.245
45 26 0.238 o . i 4o - 245-5 2.142
35 34 0.012 0.200 - 253.7 2.005
28 42 -0 .176 0.280 - 259-7 1.905
19 45 - 0.374 0.390 -267.6 1.773 .
15 55 - 0.564 0.520 - 274.9 1.652
11 60 -0 .737 0.670 - 281.7 1.538
8 .6 58 -0 .829 0.850 - 288.3 1.428
6 .5 61 -0 .972 1.060 - 294.1 1.332
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AA -  UC>2+-  SoJ" - TBP V ariant - pH

Eq /= - 3 7 8 .3  mv H2S0^ (O.6 7  M)

da lo g  D V E pH

29 65 - 0.350
r'

0.000 - 229.3 2 .1+83
17 77 -O.656 0.030 - 236.9 2.357
8 .6 88 -1 .010 0.070 - 21+9 .1 2.153
6 .2 86 -1.11+2 0.110 - 255 .1+ 2.01+8
1+.2 92 -1 .3^0 0.160 -261.1+ 1 . 9^7
2 .6 100 ■ - 1.585 0.230 -268 .2 1.835
1 .5 89 - 1.773 0.310 -27I+.6 1.728
0.88 95 - 2.033 0.1+00 -280 .1 1.637
0.73 98 -2 .128 0.520 -286.5 1.530
0.5!+ 100 -2 .268 0.650 -292 .9 1 .1+23
0.3^ 99 - 2 .1+65 0.800 -298 .2 1.335
0.32 90 -2.1+1+9 1.020 - 301+.7 1.227
0.15 98 - 2.815 1.300 -311.8 1.108
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-7 7 -

2+
BA -  U02 V ariant -  pH

E° = - 375.6  mv HCIO^ (I.99U  M)

da io g  Do V E PH .

1+2 39 0.032 0.000 -178 .8 3.280
16 61 -0 .581 0.005 -198 .0 2.960
12 66 -0.7I+0 0.010 -202 .0 2.893
7-7 72 - 0.971 0.020 - 209.9 2.762
3 .8 75 - 1.295 0.035 -218 .1 2.625
2.1+ 71+ -1.1+89 0.050 -225 .0 2.510
1 .7 7^ -1 .638 0.070 - 231.9 2.395
0.97 78 - 1 .81+2 0.100 - 239.3 2.272
0.66 77 -2 .067 0.1U0 - 21+7 .7 2.132
0 .39 80 -2 .313 0.190 -25U.U 2.020
O.25

2+

81 -2 .510 0.250 -261 .6 1.900

BA - U02 - TBP ( 0 .20  M) V a rian t - pH

E = - 37*+. 1 mv HC10it ( 1.99k  M)

^a, lo g  D V E PH

81 1 .5 1.732 0.000 -200 .0 2.902
79 2.1+ 1.518 0.010 -210 .0 2.735
71 3-7 1.283 0.020 -219 .0 2.585
7*+ 5-8 1.106 O.Ol+O -227.6 2.1+1+2
68 9-1 0.870 0.075 - 237.0 2.285
66 16 0.615 0.110 -21+6.8 2.122
60 22 0 .1+36 0.150 - 253.3 2.013
50 33 0.180 0.220 -261+.1+ 1.828
1+1 1+1 0.000 0.290 - 271 .1+ 1.712
3!+ 1+5 -0 .121 0.380 -278 .2 1.598
28 52 -O.269 • 0.1+90 - 281+. 9 1 .1+87
23 56 -0 .386 0.620 -291 .0 1.385
18 68 - 0.577 0.785 - 297.7 1.273
13 71 - 0.737 1.000 - 301+.0 1.168
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BA - U02 - TBP ( 0 .10  M) V a rian t -  pH 
n /

E = - 376.1  mv HCIO^ (I.99U  M)

db da lo g  D V E pH

66 O.78 1.928 0.000 - 197.8 2.972
65 1 .0 1.813 0.010 -206.2 2.832

. 62 2 .2 l . l |-50 0.030 -218 .6 2.625
6k 3-6 1.250 0.050 -226 .k 2.^95
6k 6 .6 O.987 0.080 - 235-5 2 .3*6
57 11 0.715  ■ 0.120 -2*6 .2 2.215
53 17 0 .k9k 0.170 -250.8 2.089
50 2k 0.319 0.230 - 257.7 1-973
*6 36 0.077 0.300 -26k .0 1.868
36 ^9 -0.13!+ 0.390 -270.8 1-755
26 55 -0 .325 0.510 - 277.9 1.637
19 63 -0 .520 0.660 -285.0 1.518
13 73 -0.7U9 0.850 -291.8 I.I+05
9 .0 76 -0 .927 1 .090 -298 .6 I .2 9 2

1
CV 1CU

81 TBP (0.05  M) V arian t - pH

: - 377.3 mv HCIO^ ( l . 99k M)

db da lo g  D V E pH

80 k.O 1.301 0.000 -202.7 2.910
72 6 .2 I.O65 0.010 -209.8 2.792
7*t 9 .5 O.982 0.025 -218 .2 2.652
67 15 O.665 0.050 -226 .2 2.518
60 2k 0 .*t07 0.080 - 23*+. 9 2.373
50 3k 0.168 0.120 - 2*6 - 9 2.223
39 *6 -0 .037 0.170 -251.*+ 2.098
27 52 -0 .280 0.230 -258 .2 1-985
20 **•9 -0 .389 0.300 -265 .3 1.867
11 63 -0 .780 0.380 -271 .8 1.758
10 69 -0 .836 0.*t80 -278.0 1.655
7-5 72 -0 .979 0.610 -283 .9 1-557
5.8 76 -1 .117 0.770 -290 .2 l.* t52
3-8 71 -1 .276 0.970 -296.8 1.3*t2
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2+
BA - UOg _ [cbp ( o .01  M) V a rian t - pH 

Eq /= - 368.3  mv HCIO^ ( 1 . 99^ M)

*a log  D V E PH

68 7 .7 0.946 0.000 -19!+. 2 2.902
58 13 O.65O 0.010 -203.8 2.742
51 20 0.407 0.030 -210 .9 2.623
45 35 0.109 0.050 - 221.7 2.443
36 *+5 - 0.097 0.075 - 227.3 2.350
25 54 - 0.334 0.110 -236 .1 2.203
13 61 -0 .672 0.160 - 246.0 2.038
7-9 67 -0 .928 0.210 - 254.4 I .8 9 8
5-5 75 - 1.135 0.280 - 262.7 1.760
3-3 75 - 1.356 0.370 - 270.5 1.630
2 .1 73 - 1 . 5^1 0 .1+70 - 277.2 1.518
1 .5 77 - 1.710 0.610 -283.8 l . 4 o 8
1 .0 78 - 1.893 0.780 -290.8 1.292
0.72 87 -2 .082 0.980 - 297.2 1.185

BA - UOg - TBP ( 0.002  M) V arian t -  pH

; - 375-4 mv HCIO^ (1.994  M)

V •̂a lo g  D V E pH

49 ' 25 -0 .292 0.000 - 194.8 3.010
32 44 - 0.138 0.020 - 208.7 2.728
23 51 - 0.346 o .o 4o - 215.5 2.665
13 59 -0 .638 0.060 -226 .0 2.483
8 .3 66 -0 .901 0.080 -232.8 2.377
5-7 66 - 1.064 0.110 - 239.8 2.260
3 .4 70 - 1.314 0.150 - 247.5 2.132
2.0 67 - 1.525 0.200 - 255.2 2.003
1 .2 71 - 1.772 0.270 -262 .9 1.875
0.78 72 -1 .965 0.350 - 269.5 1.765
0.48 75 -2 .194 0.450 - 276.4 1.650
0.27 77 - 2.455 O.58O -283 .2 1-537
0.25 79 -2 .500 0.730 -290 .0 1.423
0.15 74 -2 .692 0.900 -296 .0 1.323
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2+
u o 2 -  Cl . V arian t - pH

-1+62.0 HC1 (1 .0  M)

db da log  Dc V E pH

1+6 1+0 0 .0 6 l 0.000 -21+1+.0 3.633
29 5I+ -0 .270 ' 0.010 - 255.7 3 .1+38
16 65 -0 .609 0.030 -261+. 9 3.285
8 .1 7l+ -0 .960 0.0I+5 -275 .0 3.117
3-8 76 - 1.301 0.060 -285.3 2.9I+5
3-1 76 - 1.389 0.085 -289 .0 2.883
1 .7 78 -1 .661 0.100 -296 .6 2.757
1 .2 88 -1 .866 0.120 -302 .0 2.667
0.76 87 -2 .058 0.150 -309.5 2 . 51+2
O.36 86 -2 .378 0.195 -317.8 2 .1+03

BA - U02 - Cl" -  TBP V arian t - pH

E°/= - 1+59.2  HC1 (1 .0  M)

db da lo g  D V E pH

81+ 3 .2 0.000 1.1+19 -281+. 0 2.920
75 5 .0 0.020 1.176 -291.8 2.790
75 7 .0 0.050 1.030 - 299.2 2.667
73 9-1 0.090 0.901+ -306 .2  ■ 2.550
67 15 0 .11+5 0.650 - 311+.0 2.1+20
63 20 0 .1+98 0.220 -321.2 2.300
56 31 0.257 0.320 - 329.6 2.160
50 1+0 0.097 0 .1+50 - 337.2 2.033
1+2 1+1+ -0 .020 0.600 - 31+1+.7 1.908
35 50 - 0.155 O.78O - 351 .1+ 1.797
29 56 -0 .286 0.990 - 358.3 1.682
22 62 - 0 .1+50 1.230 - 363.8 1.590
19 66 - 0 . 51+1 1 .1+95 -368.6 1.510
16 71 - 0 .61+7 1.790 - 373.2 1 .1+33
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BA - UC>2+- SÔ " - TBP Variant - pH

Eo/= -385.3 mv H2S0  ̂ (O.67 M)

log  D V E pH

20 65 0.512 0.000 -2 2 k .6 2.675
31 62 0.301 0.020 -231 .6 2.562
31 65 0.322 0.050 - 239-7 2 .1+27
30 60 0.301 0.070 -2^3 .2 2.368
29 65 0.350 0.110 -250 .0 2.255
26 69 0.1+21+ 0.160 -258 .2 2.118
2k 65 0 .i+33 0.220 -261+. 2 2.018
21 69 O.517 0.300 -270 .8 1.908
15 69 O.663 0.1+10 - 278.3 1.783
6 .0 79 . 1 .120 0.550 -281+. 6 1.695
6 .8 83 1.087 0.710 - 291.5 1.563
k . l 78 1.279 O.89O -297.O 1 .1+72
2 .7 82 1 .1+83 1.110 -302 .2 1.385
1 .6 83 1 .71^ 1.360 - 310.7 1 . 2k3
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BTA - Uo|+ Variant - pH
ô1E = - 373.0  mv HCIO^ ( 1 . 99k M)

2+
BTA - UOg V arian t - pH

Eo /= - 375.1  mv HCIO^ (I.99I+ M)

da log  D0 V E pH

13 80 -0 .788 0.000 -269.9 1.732
10 73 - 0.863 0.100 -275.1 1.632
7 .2 76 -1.021* 0.21*0 -280.3 1 . 5^5
5 .0 75 -1 .176 0.1+1*0 -287.2 1 .1*30
3 .8 75 - 1.295 0.690 -293.6 1.323
2 .7 72 - 1.426 1.000 -299.8 1.220
2 .0 72 - 1.556 1.350 - 30l*.2 l . l b 7
1 .5 72 -1 .682 1.800 - 309.8 1.053
1 .0 71 -1 .851 2.355 - 315.2 0.963
0 .72 7b -2 .012 3.050 - 319-8 0.887
0.57 l b - 2.113 1*.000 -3 2 b .9 0.802
0.36 69 -2 .282 5.1+50 -330.8 0.703

db •̂a log  D0 V E pH

70 6 .U 1.039 0.000 -191.1 3.067
65 8 .8 0.865 0.010 -203.6 2.858
67 10 0.823 0.020 -209.1 2.767
65 15 0.637 0.01*0 -218.8 2.605
61 21 0 .1+71* 0.070 -230.8 2 .1+05
52 28 0.269 0.100 - 239-3 2.263
1*5 35 0.109 0.135 - 21*6.3 2 .11+7
38 ' b2 - 0 .01+3 0.180 - 253.0 2.035
31* 1*9 -O.15I+ 0.230 - 259.8 1.922
32 5l* -0 .230 0.290 -266.0 1.817
25 59 - 0.373 0.370 -272.1 1.717
27 59 - 0.336 0.1*90 - 275.7 1.657
3l* 57 - 0.231 0.700 -286.0 1 .1*85
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BTA - U02 - Nog Variant - pH
0 /

E = -4 5 6 .7  mv HNOg ( 2 .0  M)

db da !°g  Dq V E pH

180 17 1.025 0.000 - 293.3  ■ ■ - 2.723
170 30 0.753 0.010 -300 .0 2.612
160 b3 0.571 0.030 - 307.0 2 4 9 5
110 88 0.097 0.070 -322 .0 2 .21+5

78 120 - 0.187 0.110 -328 .0 2 .1^5
57 11+0 - 0.390 0.170 - 33^.1 2 .01+3
39 160 - 0.613 0.250 -3^2 .0 1.912
25 170 -0 .832 0.350 - 3^9.8 1.782
17 170 -1 .000 0 .1+70 - 356.1 1.677
12 180 -1 .176 0.610 -362.1 1.577

8 4 180 - 1.331 0.8-20 ■■ - 370.3 1.1+U0

BTA - U02+ - TBP 

E°/= -373.1  mv

db

V arian t - pH 

HCIO^ (I.99I+ M)

da lo g  D V E pH

81 0 .11 2.867 0.1+90 -282.8 1.505
91 0 . 4 2.813 0.750 -290.2 1.382
80 0 .22 2.561 1.100 - 297.3 1.263
83 0.30 2.1+1+2 1.500 - 303.8 1.155
ak 0 .1+5 2.271 2.010 -310.6 1.01+2
80 .0.72 2.0^6 2.750 - 317.2 0.932
86 1 .1 1.893 3.660 - 323.0 0.835
89 1 .7 1.719 If. 900 - 329.2 0.732
82 2.6 1 .1+99 6.810 - 335-1 0.633
80 5 .2 1.187 9.900 -31+0.9 0.537
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DBM - Uo|+ Variant - pH
o'

E = - 377-5 mv HCIO^ (1 .99*+ M)

fb _ da log  D0 V E pH

32 37 -0 .063 0.000 -183.0 3 . 21+2
16 1+1+ - 0 .1+39 0.010 - 189.7 3.130
6 .8 67 -0 .996 0.030 -207 .2 2.838
3-0 66 - 1 . 3^2 0.050 -218 .0 2.658
1 .6 70 - 1 . 61+0 0.070 -226 .0 2.525
0.85 68 - 1.903 0.090 - 233 .!+ 2.1+02
0 .57 60 -2 .022 0.120 -21+0.0 2.292

DBM - UOg - TBP V arian t -  pH

E = - 378.5  mv HCIO^ (I.99U  M)

da log  D V E pH

81 1 .2 1.829 0.000 - 210.3 2.803
82 1 .8 1.659 0.010 -218.5 2.667
81 2.1+ 1.528 0.025 -225.2 2.555
80 3 .3 1.385 o .o i+ o - 231.1 2 .1+57
7l+ 6 .7 1 .01+3 0.110 - 21+6 .7 2.337
68 11 0.791 0.170 - 255.9 2 .01+3
71 16 0 .61+7 0.250 -261+.2 1.905
60 19 O.I+99 0.350 - 272.7 1.763
56 27 0.317 0.1+60 - 279.2 1.655
56 32 O.2I+3 0.595 -285.8 1 . 5^5
1+5 1+0 0.051 0.750 - 291.9 1 .'1+1+3
39 1+7 -0 .081 0.920 - 297.0 1.358
32 51 -0 .202 1.155 - 303.0 1.258
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FTA - U02 Variant - pH
n /

E = - 378.2  mv HCIO^ (I.99U  M)

db da l0 § Do V E pH

85 1 .3 1.815 0.000 -199 .2 2.983
82 1 .9 1.635 0.010 -211 .0 2.787
81+ 2 .5 1.526 0.030 -218.1 2.068
83 l+.l 1.306 0.060 -230.8 2 .1+57
77 9 .8 0.866 0.130 -21+6.0 2.203
72 16 0.653 0.180 - 253.1 2.085
61+ 26 0.391 0.250 -26I.O 1.953
58 34 0.232 0.320 - 267.1 1.852
1+7 42 0.01+9 0.1+10 - 273.7 1 . 7k2
43 1+7 -0 .039 0.510 -278 .8 1.657
32 1+9 -0 .185 0.650 - 284.8 1.557
23 53 -0 .362 0.850 - 293.1 1.1+18
19 65 -0.531+ 1.050 -298.3 1.332

FTA - U02 - TBP V arian t - pH

E° = -376 .7  mv HCIO^ (1.994  M)

db da log  D V E pH

85 0.12 2.850 0.590 -296 .1 1 .31+3
88 0.10 2.953 O.89O -302 .0 1 . 21+5
85 0.17 2.699 1.300 - 307.9 1 .11+7
85 0.23 2.568 1.850 - 313 .1+ 1.055
81+ 0.33 2.1+06 2.550 - 319.8 0 . 91+8
82 0.50 2.215 3 .1+50 - 324.9 0.863
91 0.81 2.050 1+.810 - 331.8 O.7I+8
88 1.1+ 1.798 6.510 - 337.7 O.65O
86 2 .3 1.573 6.710 - 31+2 .0 0.578
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2+
MeTTA - U02 - TBP V arian t - pH

o>
E = - 376.1  mv HCIO^ ( 1 .99U M)

db da lo g  D V E pH

69 25 0.1+21+ 0.00 -205.6 2 .81+2
66 28 0.372 0 .01 -208.0 2.802
53 1+6 0.062 0.03 -217.6 2 .61+2
39 56 - 0.157 0.05 -221+.6 2.525
29 70 - 0.383 0.08 -231+.7 2.357
21 73 -O.5IH 0 .11 -21+1.0 2.252
13 79 -0 .782 0.15 -21+7.8 2.138
8 .6 81+ -O .99I 0 .20 -251+.9 2.020
5 .1+ 85 - 1.197 0.26 -261.9 1.903
3 .2 89 -1.1+1+1+ 0.33 -267.8 1.805
2 .2 91 -1 .6 l8 0.1+2 - 271+.1 1.700
1.1+ 87 - 1.793 O.5I+ -280.8 1.588
0.95 89 - 1.971 0.68 -287.2 1.1+82
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TA - UOg"1" Variant - pH

Eo/= -367.8 mv HCIÔ  ( I .99I+ M)

£b_ d-a lo g  D0 V E pH

38 ^3 - 0.053 0.000 - 195.7 2.868
15 67 -0 .650 0.015 -205.2 2.710
5-2 72 - 1 .11+3 O.Ol+O -220.0 2 .1+63
3 .3 75 - 1.356 0.055 -225.8 2.367
2 .1 76 - 1.559 0.075 - 232.9 2.21+8
l . k 77 -I.7I+0 0.095 -2 3 8 . k 2.157
0.92 73 - I .9 0 0 0.130 - 21+5-7 2.035
0.61 69 -2 .119 0.165 -251 .0 1 .91+7
0.32 72 - 2.398 0.235 - 259.7 1.802
0.19 76 -2 .620 0.320 -268.1 1.662

TA - Uol+ - TBP V a ria n t - pH
n /

E = -3 6 9 .I  mv HCIO^ (1 . 99k M)

d-b da lo g  D V E pH

83 1 .1 I.8 7 8 0.000 - 201+.7 2.7^0
81 2 .6 1 .1+91+ 0.020 -220.0 2 .1+85
79 9 .3 0.929 0.110 - 21+7 .8 2.105
72 ll+ 0.711 0.150 - 21+9.5 1.993
61+ 21 0 .1+81+ 0.200 - 256.7 1.873
51 28 0.260 0.280 -261+. 5 1 .7^3
1+9 37 0.122 0.370 -271.2 1.632
1+3 1+3 0.000 0 . 1+70 -277.O 1.535
33 53 - 0.205 0.620 -281+. 2 1 .1+15
26 59 - 0.356 0.820 -291 .9 1.287
2 0 ' 61 - 0 .1+81+ i.oi+o -298.0 1.185
17 65 -0 .582 1.300 -303.5 1.093
10 70 - 0 .81+5 1.700 -310 .2 0.982
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TTA - Uo|+ Variant - pH

Eq/= -378.2 mv HCIÔ  (1.994 M)

db da lo g  D0 V E pH

74 0 . 6U 2.063 0.000 -207.3 2.848
52 0 . 61+ 1.910 0.010 -216 .2 2.700
73 0.95 1.886 0.025 -221 .8 2.607
75 2 .6 1.460 0.050 -23O.7- 2.458
54 4 .5 1.079 0.110 - 245.0 2.220
65 Ik 0.667 0.165 - 253.9 2.072
57 20 0.^55 0.245 -262 .0 1.937
34 32 0.027 0.350 - 271.3 1.782
39 1+2 -0 .032 0.460 - 278.5 1.662
27 30 - 0.046 0.600 -285 .0 1.553
22 57 - 0.413 0.785 -292 .0 1.437
l 4 6k -0 .660 1.230 - 303.9 1.238
8 .6 56 - 0 .8l 4 1.580 - 310.5 1.128

UO2 " IBP V arian t - pH

•376.5 mv KClOk ( 1.994  M)

db da log  D0 V E pH

83 0.14 2.773 0.720 - 302.9 1.227
82 0.23 2.552 1.100 -308 .0 1.142
81 0.25 2.511 1.600 - 313.7 1.047
73 0.47 2.191 2.300 - 319.8 0.945
86 O.78 2.042 3.300 -326 .0 0.842
83 1 .2 1.840 4.800 - 332.8 0.728
82 1-9 1.635 6.800 - 339-2 0.622
82 3-5 1.370 9.800 - 345.4 0.518
74 7-0 1.024 14.800 - 354.4 0.368
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TTA -  U o |+ - Cl" Variant - pH

Eo /= -1+62.0 mv HC1 (2 .0  M)

db da lo g  Do V E pH

88 3-3 1.1+26 0.000 - 293 .^ 2.813
90 5 .0 1.255 0.010 - 299.9 2.702
86 8 .2 1.021 0.025 -3 0 6 .0 2.600
80 15 0.727 0.055 - 316.1 2 .1+32
68 29 0.370 0.100 - 327.0 2.250
55 1+0 0.138 0.150 - 33^.8 2.120
1+0 55 -0 .138 0.220 - 3 ^ .0 1.967
27 66 -0 .388 0.300 - 352.0 1.833
19 77 -0 .608 0.1+00 - 358.8 1.720
12 85 -0 .850 0.550 - 367.8 1.570

•
+CM 

CM
B

- Cl" - TBP V arian t -  pH

•1+61.2 mv HC1 ( 2 .0  M)

db •̂a lo g  D V E pH

90 0 .10 2 . 951+ 0.130 -366 .8 1.573
90 0.15 2.778 0.280 - 372.0 1 .1+87
91 0.25 2.561 0 .1+85 - 377.7 1.392
92 0.1+1 2.351 0.780 - 385.0 1.270
89 0 . 61+ 2 .11+3 1.180 - 392.0 1.153
97 O.98 1.996 1.700 - 399-2 1.033
90 1 .8 1.699 2.300 -1+01+.8 0 . 91+0
91 2 .9 1 .1+97 3.100 -1+10.1+ 0 .81+7
91 b .3 1.326 1+.200 . - 1+17.5 0.728
85 6 .7 1.101+ 5.500 - 1+23.0 0.637
79 11 0.862 7.100 - 1+3 0 .1+ 0.513
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TIA - UOg"*"- SÔ ~ - TBP Variant - pH

Eq/ = - 389.9 mv H2S0l̂  (O.67 M)

db da lo g  D V E pH

0 .07 94 3.128 0.000 - 244.2 2.428
0 .16 93 2.76k 0.060 - 253.6 2.272
0.11 100 2-959 o . i 4o - 263.4 2.108
0 .12 105 2.942 0.230 - 271.5 1.973
0.17 100 2.770 0.330 - 279.0 1.848
0 .22 89 2.607 0.450 -286 .0 1.732
0 .3U 91 2.428 0.590 - 292.3 1.627
0.45 105 2.368 0.780 - 299.2 1.512
0.63  . ■ 92 2.164 1.030 -306 .1 1.397
0 .91 93 2.009 1.390 - 314.5 1.257
1 .3 84 1.810 1.800 - 321.3 1.143
2 .0 86 1.634 2.250 -327.8 1.035
2 .7 100 1.569 2.830 - 334.3 0.927
3 .7 90 1.386 3 -5^0 - 343.2 0.778
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AA -  UOg+ -  TBP Variant - Time (minutes)

db da lo g  D pH

110 5 .2  1.325  3.03
110 6 .0  1.263 3.03
120 5.8  1.315  3.03
120 5-3 1.355  3.03

80 Ulf 0.259 1-78
82 36 0.358  1.85
96 36 0.k26 1 .86
85 2k 0 .5^9  1 .8 ^

U.7  97 - 1 .31k 1 .06
6 .8  89 -1 .117  1.06
8.U 80 -0 .979  1-06

F i r s t  s e t  o f  d a ta  i s  e x tr a c t io n  s te p ;  su cceed in g  s e t s  are  
s tr ip p in g  s t e p s .

Time

10
20
30
Uo

10
20
30
50

10
20
50
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2+BTA -  U02 Variant - Time (minutes)

lo g  D PH

1+6
1+5
1+6
1+8

0.87
0.70
1.2
1.1

1.723
1.808
I.58I+
1 . 61+0

2.98
3.08
2.96
2.96

23
1+3
1+7

23
5-9
1 .5

0.000
0.863
1.1+96

2.02
2 .02
2.02

38
32
38
^3

1 .1+
17
8 .7
8.0

1.1+3!+
1.539
1.611
1.666

1.81
1 .81
1 .81  
1 .81

l+l+
1+5
1+9
51

6.1
1 .3
1 .2
1.1

0.275
0 . 61+0
0.730
O.858

1.16
1.16
1 .16
1.16

F i r s t  s e t  o f d a ta  i s  e x tra c t io n  s te p ; succeeding s e t  i s  
s tr ip p in g  s te p .

Time

1+0
80
120
160

10
20
30

10
50
90
130

l+o
80
120
160
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BTA - U0^+ - NO” Variant - Time (minutes)

lo g  D. pH Time

89
96
93
95
98

20
17
20
19
23

0.6U8
0.752
0.668
0.699
0.629

2.59
2.57
2.58
2.60 
2.63

1+0
80
120
160
200

8 .0  
7 .k 
6.k 
7 .2
7 .1  
6.8 
6.1*

108
103
101
102 
10U 
99
103

-1 .130
- i .Mk)
-1 .198
-1 .151
-1 .166
- 1.173
-1 .207

1 .62
1 .67
1 .65
1 .65  
1 . 61+
1.66
1.68

10
20
30
1+0
80
120
160

F i r s t  s e t  o f  d a ta  i s  e x tr a c t io n  s te p ;  su c c ee d in g  s e t s  are  
s tr ip p in g  s t e p s .

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



FTA 2+- U02 Variant - Time (minutes)

d^ da lo g  D pH Time

56 0 .30  2.271 2 .91  ho
50 0 .50  2.072 2 .91 80
55 0 .38 2.160 2 .91  . 120 
53 O.W 2 . 0^3 2 .91  160

h6 11 0 .621 1 .93  ho
50 8 .2  0.785 1.93  70
h9 0 .91  ' 1.723 1.93  110
38 0.30 2.103 1.93 150

22 33 -0 .176  1 .13  10
31 25 0.093 1 .1 3  20
39 21 0 .269 1 .13  30
ho 19 0.323 1 .13  to
1*7 12 0.593 1.13 70
56 10 o .? ^  1 .13  110
52 7 .0  0 .871 1 .13  150

F i r s t  s e t  o f  d a ta  i s  e x tr a c t io n  s t e p ,  su cceed in g  s e t s  are  
s t r ip p in g  s t e p s .
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BTA - UOg - TBP Variant -  Time (minutes)

^  da lo g  D pH

81 0.03  3 .1+31 1-58
77 0 .05 3.188 1 .58
81 0.0U 3.306 1 .58
83 0 .06  3.1I+1 1.58

83 0.1+0 2.317  0 .98
78 O.36 2.336  O.98
100 o.iK) 2.398 0 .98
80 0 .36  2 . 3^7 O.98
82 0 .38  2.33U O.98
86 0.3U 2 .1*03 O.98

82 1 .7  1.683 0 .66
79 1-9  1*619 0 .66
81+ 1 .8  1 .669 0 .66
77 1 .7  1 .656 0 .66

F i r s t  s e t  o f  d a ta  i s  e x tr a c t io n  s te p ;  su cceed in g  s e t s  
s tr ip p in g  s t e p s .

Time

1+0
80
120
160

10
20
30
80
120
160

1+0
80
120
160

are
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Figure II

00

vo

CM

II -3-oO CQ
CO

CO

•H

oCM 00
co ir\ vo vot i  i i i

lo g  (D§D0 ) ~2pH

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

lo
g 

(T
B

P)



- 98-

Figure I I I
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Figure VI
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Figure VIII
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