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, . The s o l v e n t  e x t r a c t i o n  of hep tava len t  technet ium from aqueous 
n i t r t c  o r  hydroch lo r i c  a c i d , b y  t r i b u t y l  phosphate  i n  n-dodecane (TBP- 
NDD) has  been s t u d i e d  over  a  wide range of TBP and a c i d  c o n c e n t r a t i o n s  
a t  25, 50,  and 60°C:+The e x t r a c t i o n  - was found t o  proceed acco rd ing  t o  
t h e  r e a c t i o n  3TBP + H + TcQ, -+ (HTC1,,*3TBP). A d i s c u s s i o n  of  p o s s i b l e  , 

r e a c t i o n  mechanisms i s  p re sen ted ,  a long  wi th  v a l u e s  f o r  AG, AH, AS and 
. t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  e x t r a c t i o n  r e a c t i o n .  F i n a l l y ,  ev idence  
f o r  t h e  c o e x t r a c t i o n  of  technet.ium.by u rany l  i o n s  is present 'ed. . . 

INTRODUCTION 

I .Tc-99 i s a  h igh  y i e l d .  (6.06% f r ~ m  thernial neu t ron  f i s s i o n  o f  2 3 5 ~  (13 ) ,  

I long  l i v e r  = 2.12 x . 1 0 ~ ~ )  f i s s i o n  product  t h a t ,  a long  w i t h  lZ91,  

makes up a  dominant p o r t i o n  o'f t h e  n u c l i d e s  remaining i n '  r a d i o a c t i v e  . 
' 

. . 
wastes  a f  t e r  d e c a y  p e r i o d s  of 200 t o  1 0 0 0 ~ .  A knowledge of t h e  s o l v e n t  

e x t r s c t i o n  behavior  df t h e  element may suggest. ways t o  i s o l a t e  i t  arid 

perhaps s i m p l i f y  t h e  waste problem. The s o l v e n t  e x t r a c t i o n  chemis t ry  of 

technet ium has  been s t u d i e d  under a v a r i e t y  of c o n d i t i o n s  ( 1 - S ) ,  b u t  

I r e l a t i v e l y  l i t t l e  work has  been done i n  systems l i k e  t h o s e . u s e d  i n  

t r e a t i n g  n u c l e a r  was te .  I n  one i n v e s t i g a t i o n ,  c a r r i e d  o u t  und'er c o n d i t i o n s  

I s i m i l a r  t o  t hose  used' i n  t h e  Purex process '  ( 6 ) ,  t r i b u t y l  phosphate  (TBP) 
. . 2+ - 

w a s  used t o  e x t r a c t  technet ium from an  aqueous U02 -Tc04 -HNO3 s o l u t i o n .  

I . . However, o n l y  a  1im.i.ted range of c o n d i t i o n s  were s t u d i e d .  There are a  

few o t h e r  r e p o r t e d  i n s t a n c e s  where TBP has  been used a s  a n e x t r a c t a n t  

f o r  technet ium (e .g . ,  r e f .  2 ) ; b u t  t h e r e  has  been no comprehensive s tudy  

of t h i s  system. 

*Research sponsored by t h e  Nuclear  Fuel  Cycle D i v i s i o n  and t h e  
Div i s ion  of .Chemica1 Sciences. ,  U.S. Department of  Energy under con t , r ac t  
W-7405-eng-26 wi th  Union Carbide Corporat ion.  

. . 



l:lic presenl:  work w a s  unclertn,kc~l t o  examine t l ~ c  'usc o f  t r i l ) u t y . l  

p1,bsphate i n  .n-dodecane (TBP-NDD) as' a n  e x t r a c t a n t  f o r  aqueous ,  h e p t a v a l e n t  

t echne t ium under  a wide range  of cond i t ion ' s .  D i s t r i b u t i o n  coef  F i c i e n t s  

a s  a f u n c t i o n  of , t e m p e r a t u r e  and. t h e  c o n c e n t r a t i o n s  o f  TBP, HN03, H C 1 ,  

and U02(N03)2 were de te rmined  a n d . a n a l y z e d .  These d a t a  were used t o  

d e t e r m i n e  a p r o b a b l e . s t o i c h i o m e t r y  f o r  t h e  e x t r a c t i o n  e q u i l i b r i u m  r e a c t i o n ,  

. . 
and t o  c a l c u l a t e  c e r t a i n ,  approx imate  thermodynamic p r o p e r t i e s  o f  t h e  

' s o l v e n t  e x t r a c t i o n  p r o c e s s .  

EXPERIMENTAL 

Technetium - TC-99 w a s  o b t a i n e d  a s  s o l i d  NH4Tc04 from the .  I s o t o p e s  
. . 

D i v i s i o n ,  Oak Ridge N a t i o n a l  Labora to ry .  . T h e ' s a l t  was p u r i f i e d  and 

c o n v e r t e d  t o  t h e  po.tassium s a l t  by d i s s o l u t i o n  i n  warm, ammoniacal H202, 
. . 

' f o l lowed  by t h e  a d d i t 2 o n  o f  KOH and h e a t i n g  t o  d f i v e  o f f  N H 3  and p r e c i p i t a t e  

KTc04. The s o l u t i o n  was c h i l l e d  i n  a n  i c e  b a t h ,  and t h e  f i n e  w h i t e  
. , 

c r y s t a l l i n e  p r e c i p i t a t e  was f i l t e r e d  and washed w i t h  co' ld a b s o l u t e  
. . 

e t h a n o l .  F i n a l l y ,  t h e  p r o d u c t  was vacuum d r i e d  a t  ' 8 0 0 ~  i n  a n  ~ b d e r h a l d e n  

d r y i n g  a p p a r a t u s .  

T r i b u t y l  - S o l u t i o n s  of  TBP-NDD were p r e p a r e d  a s  d e s c r i b e d  

p r e v i o u s l y  ( 7 ) .  A l l  TBP-NDD s o l u t i o n s  were  s a t u r a t e d  wi th .  w a t e r  dur ' ing  

t h e i r  p r e p a r a t i o n ,  and remained.  s o  d u r i n g . t h e i r  a n a l y s i s  and u s e .  

D i s t r i b u t i o n  Measurements - N i t r i c  a c i d  s o l u t i o n s  of KTcq were  p reparqd  

by d i l u t i n g  2.00 m l  of  0.049'5 - .  M KTc04, a l o n g  w i t h  an  a l i q u o t  o f  10 .0  - M 

HN03 s u f f i c i e n t  t o  t h e  d e s i r e d  f i n a l  a c i d  c o n c e n t r a t i o n ,  t o  

exact ly . ' "25 m l  w i t h  - d i s t i l l e d  water. E x a c t l y  20 m l  o f  t h e s e  s o l u t i o n s  



' * .  
f * were emul.sif:i.ecl w . i t l i .  a'n e q u a l  voluriic! of 'I'I3P-NIII) ' t h a t .  llatl I~eeii  precrlr.~~.l.:i.l,rnrecl 

w i t h  n i t r ' i c  a c i d  of  t h e  same c o n c e n t r a t i d n ,  b u t  containing no t e c l ~ n e t i u m .  

Note, t h a t  when t h e  w a t e r - s a t u r a t e d  TBP-NDD. s o l u t i o n  was e q u i l i b r a t e d  . . 

. . 
w i t h  a n  aqueous s o l u t i o n  o f .  n i t r i c  a c i d ,  a  s m a l l  change i n  t h e  volume of 

. . 

t h e  TBP phase  occur red  a s  HN03 was' t r a n s f e r r e d  i n t o  and H20.was t r a n s f e r r e d  

o u t  of t h e  o r g a n i c  phase .  A t  high;TBP and HN03 c o n c e n t r a t i o n s ,  t h i s  

' 

e f f e c t  can  prodyCe a  s u b s t a n t i a 1 , c h a n g e  i n  t h e  volume of t h e  o r g a n i c  
' 

5 

phase,, and hence i n  t h e  TBP c o n c e n t r a t i o n .    ow ever, under t h e  c o n d i t i o n s '  

of t h e  exper iments  r e p o r t e d  h e r e ,  a  maximum volume.change of. about  5 %  

( u s u a l l y  much l e s s )  occurs. .  These s m a l l  changes  were  n e g l e c t e d ,  and a l l  

TBP . c o n c e n t r a t i o n s  c i t e d  r e f e r  t o  t h e  i n i t i a l ,  .water-saturated,TBP-NDD 

s o l u t i o n  b e f o r e  i t  was e q u i l i b r a t e d  y i ' th  HN03 .and KTc04. I f '  d e s i r e d ,  

t h e  f i n a l  c o n c e n t r a i i o n  of TBP i n  t h e . o r g a n i c  phase may be c a l c u l a t k d  

u s i n g  t h e  d a t a  of Davis (8-10). . . 
' 

E q u i l i b r a t i o n s  were c a r r i e d  o u t  i n  a  w a t e r  b a t h  a t  25, 40,  and 60 + 

0.5"C f o r  20 min t o  e n s u r e  the rmal  and chemica l  e q u i l i b r i u m .  P r e l i m i n a r y  

exper iments  had shown t h a t  i d e n t i c a l  r e s u l t s  were  o b t a i n e d  f o r  samples 

'wi thdrawn any t i m e  a f t e r  1 0  'min. I n  t h o s e  exper iments  c o n t a i n i n g  u r a n y l  

n i t r a t e ,  a l i q u o t s  of a  s t o c k  s o l u t i o n  p repared  by d i s s o l v i n g  r .eagent 

g rade  U02(N03)2*6H20 ( ~ l f a - ~ e n t r e n )  i n  d i s t i l l e d  w a t e r  were added t o  the' 

. . . . 
v o l u m e t r i c  f l a s k  b e f o r e  d i l u t i o n .  

S t u d i e s  o f  t h e  K T C & - H C ~ - H ~ O &  sys tem were c a r r i e d  o u t  ' a s  d e s c r i b e d  

above,  e x c e p t  t h a t  H C 1  was s u b s t i t u t e d  f o r  HN03: 1t was n e c e s s a r y  t o  

d i l u t e  t h e  s t o c k  s o l u t i o n  of  H C l  t o  a  c o n c e n t r a t i o n  .of l e s s  than  6  - M 

b e f o r e  add ing  KTcOt, t o  p r e v e n t  r e d u c t i o n  o f  . t h e  . p e r t e c h n e t a t e  ion .  

Analyses  -, TBP w a s '  ana lyzed  by a  m o d i f i c a t i o n  o f  t h e  d i e l e c t r i c  
. . 

const .ant  method o r i g i n a l l y  developed by K e l l y  e t  a l .  (11) .  Samples weie  

washed once w i t h  0 .01  M Na2C03, followed' by two w a s h i n g s . w i t h  d i s t i l l e d  

wa te r .  The d i e l e c t r i c  c o n s t a n t  of t h e  sample was then  mnasured and t h e  



1 .. . . 
I- ' TBP c o n c e n t r a t i o n  determined by con~par i son  w i t h  a  c a l i b r a t i o n  c u r v e  

prepared by measur ing,  tlie d i e 1 e c t r j . c  c o n s t a n t s  o f  a  s e r i e s  o f  s tandar i l  
. . . . . . 

TBP-NDD s o l u t i o n s  and f i t t i n g  t h e  d a t a  t o  g q u a d r a t i c  e q u a t i o n .  The 

e s t i m a t e d  e r r o r  o f . t h e  method i s  + O . l ' v / o  TBP. 

. ' . Technetium c o n c e n t r a t  i o n s  i n  aqueous.  and o r g a n i c  s o l u t ~ o n s  . were 

determined by b e t a  c o u n t i n g  u s i n g  ' a  ~ a c k a r d  Model 2425 l i q u i ' d .  s c i n t i l l a t i o n  

s p e c t r o m e t e r .  Counting e f f . i c i e n c y  was g r e a t e r  t h a n  80%: Most s o l u t i o n s  
$ 

r e q u i r e d  a d i l u t i o n  p r i o r  t o . b e t a  c o u n t i n g ;  a c i d ' s o l u t i o n s  w e r e . d i l u t e d  

w i t h  w a t e r ,  and o r g a n i c  s o l u t i o n s  were d i l u t e d  w i t h  30% 'TBP-dodecane. 
. . 

Quenching w a s  minimized b y . c o u n t i n g  s m a l l  a i i q u o t s  o f  t h e  d i l u t i o n .  The 
. . 

l i q u i d  s c i n t i l l a t i o n  'medium was Packard I n s t a g e l .  . .. ' , . 

Uranium w a s  determined by Neutron . ~ c t i v a t : i o n  ~ n a l ~ s i s :  

I E f f e c t  of N i t r i c  Acid C o n c e n t r a t i o n  
. . 

F i g u r e s  1-3 show p l o t s  bf DTc [ i . e . ,  

I 

f u n c t i o n  o f  n i t r i c  a c i d  c o n c e n t r a t i o n  - a t  .25, 50 ,  and 60°C. For any 

g i v m  TBP c o n c e n t r a t i o n ,  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  i n c r e a s e s  r a p i d l y  

I w i t h  i n c r e a s i n g  a c i d i t y  u n t . i l  a  maximum i s  reached between 0 . 6  and 1 . 0  - M 

I 
i HN03: Above . 1 . 0  . - M HN03, D ~ c  

. f a l l s  o f f  r a p i d l y  a s  c o m p e t i t i o n .  from t h e  

s i g n i f i c a n t  amounts of n i t r i c  a c i d  p r e s e n t  i n  t h e  o r g a n i c  phase  r e d u c e s  

t h e  amount of f r e e  TBP a v a i l a b l e  t o  e x t r a c t  technet ium.  The maximum 

I 

i ' . seems t o  occur  a t  s l i g h t l y  lower a c i d i t i e s  a s  t h e  T B P , c o n c e n t r a t i o n  

i n c r e a s e s ,  and a t  s l i g h t l y  h i g h e r  . a c i d i t i e s . a s  t h e  t e m p e r a t u r e s  i n c r e a s e s .  

These t r e n d s ,  w h i l e  n o t  ve ry  pronounc,ed, . fo l ldw . t h e  q u a l i t a t i v e  changes  

i n  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  of n i t r i . c , . ' a c i d  and hence t h e  c o n c e n t r a t i o n  

of f r e e  TBP. 
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~ f ' f  e c t  of Hydroch lor ic  ,Acid  Concen t ra t  i o n  

I n  c o n t r a s t ,  f i g u r e s  4-6.show t h e  d i s t r i b u t i o n  behav ior  o,f technet ium 

when h y d r o c h l o r i c  a c i d  i s  s u b s t i t u t e d  f o r  n i t r i c  a c i d  under t h e  same 

e= c o n d i t i o n s  o f  t empera tu re  and TBP c o n c e n t r a t i o n ' s .  The d i s t r i b u t i o n  

c o e f f i c i e n t  ' i n c r e a s e s  smoothly a s  t h e  H C 1  o r  TBP c o n c e n t r a t i o n  i s  i n c r e a s e d .  

  he ' d i f f e r e n c e s ' i n  t h e  d i s t r i b u t i o n  behav ior  between t h e  two sys tems  can 

be l a r g e l y  a t t r i b u t e d  t o i t h e  r e l a t i v e l y  l a r g e  amounts of n i t r i c  a c i d  
. . 

t h a t  can  b c  e x t r a c t e d  by TBP, which reduce t h e  amount of uncomplexed o r  . . 

" f ree"  TBP a v a i l a b l e  t o  e x t r a c t  p e r t e c h n e t a t e .  ~ y d r o c h l b r i c .  a c i d  . i s  much 

l e s s  e x t r a c t a b l e ,  s o  c o r r e c t i o n s  f o r  the  amount of TBP complexed by t h e  

n i ine ra l  a c i d  are s m a l l  o r  n e g l i g i b l e  o v e r  . the  range  of c o n d i t i o n s  s tudied ' .  

F i g u r e  7 'shows t h a t  p l o t t i n g  D i s  a  f u n c t i o n  of t h e  mean molar . ' 

T  c 

a c t i v i t y  of h y d r o c h l o r i c  a c i d  (49  a t  25' y i e l d s  l i n e a r  c u r v e s  w i t h  a  s l o p e  o f  

. . 

one under a l l  c o n d i t i o n s  s t u d i e d .    hi's s u g g e s t s  t h a t  a s i n g l e  . p r o t o n  is  

, , - invo lved  i n  t h e  e x t r a c t i o n  r e a c t i o n  and t h a t ,  under  t h e s e  c o n d i t i o n s ,  
,'.' 

c o m p e t i t i o n  between HTcq and H C 1  f o r  TBP is  n e g l i g i b l e .  1 m ~ 1 i c i t . i ;  

t h i s '  t r e a t m e n t  i s  t h e  assumption t h a t  t h e ' a c t i v i t y  c o e f f i c i e n t s  of t h e  

aqueous and o r g a n i c '  t echne t ium s p e c i e s ' a r e  c o n s t a n t  (and p robab ly  n e a r  

u n i t y )  i n  . t h e s i  d i l u t e  ( 0  t o  500 pg/ml) s o l u t i o n s .  The a c t i v i t y  c o e f f i c i e n t  

of TBP a t  a  g i v e n  c o n c e n t r a t i o n  is Blso  assumed t o  b e  unchanged by t h e  
. . 

e x t r a c t i o n  o f  s m a l l  amounts o f  t echne t ium and HC1.  

' ~ f f e c t  o £  TBP -Concen t ra t ion  

T y p i c a l  p l o t s  of DTc as a  f u n c t i o n  of.TBP c o n c e n t r a t i o n  i n  t h e  

n i t r i c  a c i d  sys tem a r e  shown i n  Fig .  8. The s l o p e s  of t h e s e  and s i m i l a r  

l i n e s  t h a t  may b e  c o n s t r u c t e d  from t h e  d a t a  i n  F i g s .  1-3 have a n  average  

v a l u e  o f '  3 .'I + 0 .2 ,  s u g g e s t i n g  t h a t  t h r e e  TBP molecu les  a r e '  invo lved  i n  

t h e  e x t r a c t i o n  o f  p e r t e c h n e t a t e .  S i m i l a r  r e s u l t s . h a v e  been found p r e v i o u s l y  . 
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,. ,. 
f o r ,  bo'th p e r t e c h n e t a t e  (6) and perrt lena' te (which behaves s i m i l a r l y )  (11) , 

though o v e r  a  much s m a l l e r  r ange  o f  c o n d i t i o n s .  I f  t h e  d i s t r i b u t i o n  

d a t a  f o r  t h e  h y d r o c h l o r i c  a c i d  sys tem (Fig .  4-6) i s  t r e a t e d  i n  t h e  same . . 

e way, a  s i m i l a r  f a m i l y  o f ' c u r v e s  is  g e n e r a t e d . w i t h ' a n  a v e r a g e  s l o p e  o f  

F i g u r e . 9  compares p l o t s  o f  Do as  a  f u n c t i o n  o f  mean molar a c t i v i t y  
Tc 

i n  t h e  HN03. and H C 1  systems'. D o '  i s  o b t a i n e d  by d i v i d i n g  D by t h e  
Tc Tc 

c o n c e n t r a t i o n  o f .  free TBP t o  t h e  t h i r d  power [(TBP) . - - 
f r e e  - (TBP)organ ic  

n  (HX-nTBP) 1. T h i s  normal izes  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  t o  a 
o r g a n i c  

c o n s t a n t  1 - M c o n c e n t r a t i o n ' o f  f r e e  TBP [ s e e  r e f s .  ( 7 ) . a n d  ( 1 2 ) l .  A 

s t r a i g h t , l i n e  w i t h  a  s l o p e  o f  one i s  o b t a i n e d  f o r  t h e  HC1.system; however, 

t h e  c u r v e  f o r  t h e  H N O j  sys tem i s . n o n l i n e ' a r .  The i n i t i a l  por . t ion  o f  t h e  
. . 

HN03 c u r v e  h a s  a s l o p e .  n e a r  one and l i es  c l o s e  t o  t h e  HCL 
. . 

curve .  However, a s  t h e  .ac id  c o n c e n t r a t i o n  i n . . i n c r e a s e d ,  t h e  HMO3 d a t a  

b e g i n  t o  c u r v e ,  and c o n s i s t e n t ' l y  lower v a l u e s  of D o  a r e  o b t a i n e d .  The . 
Tc 

. . 

H N O ~ - T B P - H ~ O  sys tem i s  known t o  be q u i t e  compl ica ted  ( 1 3 ) ,  and i t  'would 
. . 

appear  t h a t .  t h e  e m p i r i c a l  method used '  t o  c o r r e c t  foic f r e e  TBP i n  t h i s '  
. . 

syst& i s  n o t  adequa te  t d  account  f o r - t h e  r a p i d l y  i n c r e a s i n g  c o n c e n t r a t i o n  

of n i t r i c  a c i d  and subsequen t  a c t i v i t y  c o e f f i c i e n t  changes  i n  t h e  o r g a n i c  

phase .  .1n t h e  HC1 system, much l e s s  a c i d  i s  e x t r a c t e d ,  and t h e s e  c o r r e c t i o n s  

a r e  n o t  so  ' c r i t i c a l .  It i s  . a l s o  p o s s i b l e  t h a t  a  second s p e c i e s  may.be 

e x t r a c t e d  i n  t h e  HN0j sys tem,  b u t  t h i s  h a s  n o t  y e t  been e s t a b l i s h e d .  

E x t r a c t i o n  R e a c t i o n  S t ~ i c ~ i o m e t r y  

These d a t a  p r e s e n t e d  above s u g g e s t  t h a t  t h e  f o l l o w i n g  e q u i l i b r i u m  , 

predominates  i n  t h e  e x t r a c t i o n  o f  pertechnetate i o n  from a c i d -  s o l u t i o n  

by TBP: 
. . + - 

H + T C O ~  + 3TBP + . (HTCOI, ~ T B P )  
o r g a n i c  ' 





This  s to i ch iome t ry  has  been suggested f o r  both per t e c h n e t a t e  (6) and 

pe r rhena te  (11)  ,' a l though   ekes and Beck ' (14) r e p o r t  a  four  th-order 
, . .  

dependence on TBP. Each s p e c i e s  i n  Eq. (1)  would a l s o  be hydra ted  t o  a n  
. . 

undetermined degree .  .3 . . 
, . . . 

. . 

' 

Since  H T c 4  i s  a s t r o n g  a c i d  (15) ,, i t  might be  e x p e c t e d t o  behave 

. . l i k e  o t h e r  s t r o n g  a c i d s ,  e s p e c i a l l y  s t r o n g  oxy-acids ,  when i n t e r a c t i n g  

w i t h  .TBP. However,.. w h i l e  t h e r e  is  evidence  f o r '  1: 2  and .2: 1 TBP:HA 
. . 

. complexes c o n t a i n i n g  va ry ing  numbers of H20 molecules.  . (13, . 1 6 )  ,, most. o f  

t h e  a c i d s  t h a t  have been s t u d i e d  form 1:l complexes w i t h  TBP under most 
. . 

cond i t fons .  . A s o l v a t i o n  number of t h r e e  appea r s  t o  be. most unusual .  
. . . . 

. ' H C l Q ,  ha s  been r e p o r t e d  t o  form complexes c ~ n t ~ i n i n g  1, 2, o r  4' TBP 

m6lecules  atid from 2.5 : t o  1 0  water  molecules ,  depending on t h e  t o t a l  

. . HC104 c o n c e n t r a t i o n  ' (17)  . 
On t h e  b a s i s  o f  e x t e n s i v e  ,physicochemical d a t a ,  t h e  fo l lowing  . i n t e r a c t i o n  

, between TBP monohydrate a n d ' t e t r a h y d r a t e d  p e r c h l o r i c  a c i d  was: proposed 
. . . . 

i n  d i l u t e  (up t o  2  - M 'HC104) s o l u t i o n :  

4  (TBP tH20) + H C J O I + + ( ~ ~ )  + C l q - ( a q )  + 
(erg) 

- 
The TBPmonohydrate molecules  may 'be hydrogen bonded t o  e i t h e r  t h e  C1o4 

. . 

oxygen atoms o r  t h e  t e t r a h y d r a t e  pro ton ,  s i n c e  HClQ is  e x t e n s i v e l y  

d i s s o c i a t e d  i n  TBP (16) .  In  t h e  f o r m e r c a s e ,  t h e  p e r c h l o r a t e  i o n  may be 

cons ide red  a s  t h e  s p e c i e s  be ing  e x t r a c t e d ,  w i t h  a hydrated p ro ton  p rov id ing  

f o r  e l e c t r o n e u t r a l i t y .  1 n ' t h e . l a t t e r  ca se ,  a  hydra ted  p ro ton  i s  e x t r a c t e d ,  

and t h e  an ion  s e r v e s  t o  ba lance  e l e c t r i c a l  charge.  In t e rmed ia t e  c a s e s ,  

where bo th  t h e  p e r c h l o r a t e  i o n  and t h e  hydra ted  pro ton  a r e  hydrogen 

bonded t o  one o r  more TBP*H20'complexes, a r e  a l s o  p o s s i b l e .  . . 



' t  ' HClQ, i s .  unique i n  t h a t  i t  i s  t~he o n l y  mineral. a c i d  t h a t  .i.s s t r o n g  

i n  TBP, even though i t s  i o n i z a t i o n  i s  suppressed  when a  d i l u e n t  i s  added 

t o  t h e  o r g a n i c  phase .  I t  is u n l i k e l y  tha t .HTc04  behaves a s  a  s t r o n g  , . 

a c i d  i n  a n  o r g a n i c  TBP-NDD-HN03-H20 phase .  Hence, mechanism i n v o l v i n g  * 

t h e  exc lus i i r e  s o l b a t i o n  of a  hydra ted  ' d ro ton  by TBP a r e  u n l i k e l y .  These 

mechanisms a r e  f u r t h e r  excluded by t h e  e x p e r i m e n t a 1 , r e s u l t s  p r e s e n t e d  
. . 

- 
h e r e .  I f  TBP were a c t i v e l y  s o l v a t i n g  o n l y  a n d ' n o t  t h e  Tc04 

I 

+ - 
i d n s ,  t h e  TBP-H -H20 complex would c a r r y ,  e . s s e n t i a l l y  o n l y  N O 3  i o n s  i n t o  

t h e  o r g a n i c  phase  t o  m a i n t a i n . e l e c t r o n e u t r a l i t y  s i n c e  they'  a r e  f a r  more 

- 
. a v a i l a b l e  (0..1 t o  4 .0  - M) t h a n  ,Tc04 ' ions  (0.004 M) , and no a p p r e c i a b l e  

d i s t r i b u t i o n  o f  t echne t ium i n t o  t h e  o r g a n i c  phase  would be observed .  

: A more l i k e l y  bonding scheme might i n v o l v e  TBP'molecules hydrogen 

bonded t o  a  HTc04 molecule. .  I n  t h e  o r g a n i c  phase ,  b o t h  TBP and TBP 

monohydrate a r e  a v a i l a b l e  t o  f o r m . c o o r d i n a t i o n  complexes. A t  t h e  . - .  

.aqueous-organic ' i n t e r f a c e ,  TBP*H20 i s  probab ly  t h e  predominant, S p e c i e s .  

C o n s i d e r a t i o n  of t h e s e  f a c t s  and a n  examina t ion  of molecu la r  s c a l e  

models l e a d ,  t o  two p o s s i b l e  s t r u c t u r e s  of t h e  TBP-HTc4 compl'ex, r e p r e s e n t e d  

by I- .and -ZI, below. 

I S t r u c t u r e  I i s  t h e ' l e s s  s a t i s f y i n g  of t h e  two, a s  i t  i n v o l v e s  t h r c e  

. d i f f e r e n t  t y p e s . o f  HTcOq-to-TBP bonds, i s  h i g h l y  unsymmetr ical ,  and i s  
. . 



'. 
I .  

*. . 
s l i g h t l y  more crowdcd s t e r i c a A l y  t l ~ a n  i s  t h e  second model. S F r u c t u r e  :]:.I. 

i n v o l v e s  'bond'ing o?rly th rough  . t h e  oxygen atoms of  t h e  p e r t e c l ~ n e t a t e  i o n  . ' 

and . n o  , d i r e c t  TBP-Tc bonds. Such a  complex cou ld  form i n  two s t e p s .  

Two TBP monohydrate molecu les  on t h e  i n t e r f a c e  cou ld  c o o r d i n a t e  t o  t h e  

' o x y g e n , a t o m s  o f  t h e  p e r t e c h n i c  a c i d  molecule .  p his complex cou ld  move 

i n t o  t h e  o r g a n i c  phase. , :where a  f r e e  TBP molecuIe  c o u l d  t h e n  hydrogen 

bond t o  t h e  p e r t e c h n i c  ac id '  prot.oh. 

The f o u r t h  oxygen atom of HTc04 i s  a l . so  a v a i l a b l e  t o  c o o r d i n a t e  t o  

a  TBP monohydrate complex. T h i s . s i t e  i s  somewhat obscured i n  t h e  t r i -  

, TBP complex, b u t  i t  c a n  b e  reaChed and t h e  r e s u l t i n g  H T ~ Q ,  - T B P - ( T B P * H ~ o )  3 

c o m p l e x , ' w h i l e  somewhat more .crowded, does  n o t  a 'ppear t o  b e  i m p o s s i b l e .  .. 
. . 

. .  Indeed ,  t h e  e x i s t a n c e  of t h i s  highe'r TBP'. s o l v a t e  .may accoun t  f o r  t h e  

I f a c t  t h a t  p l o t s  of D v e r s u s  TBP c o n c e n t r a t i o n  i n  t h e  H C 1  sys tem pro'duce TC . . .  . 

l i n e s  whose s l o p e s  a r e  c o n s t a n . t l y  s l i g h t l y .  g r e a t e r  t h a ~ .  3.0 (3..08 t o  . 

. . 

. . .  3 . 4 8 ) .  ' S i m i l a r  complexes may accoun t  f o r  t h e  r e p o r t e d  HReQ, 04TBP and 

, Methods are a v a i l a b l e  t o  d e t e r m . i n e , i f  t h e s e  o r  some o t h e r  s t r u c t u r e s  

a c t u a l l y  e x i s t . .  For example,  a s t u d y - o f  t h e  i n t e r p h a s e  t r a n s f e r  k i n e t i c s  
. . 

of p e r t e c h n e t a t e  could .  b e  used t o  d e t e r m i n e  t h e  o r d e r  of the .  aqueous-to- 

o r g a n i c  and organic- to-aqueous  r a t e  e q u a t i o n s  w i t h  r e s p e c t  t o  t h e  , c o n c e n t r a t i o n  

' of TBP. I f  , t h e  ' two-step-mechanis" l e a d i n g  t o  t h e  f o r m a t i o n  of t h e  t r i -  
. . .  . . 

s o l v a t e d  s p e c i e s  i n  t h e  o r g a n i c  phase  i s  c o r r e c t ,  t h e  aqueous- to-organic  
. . . . 

r a t e  e x p r e s s i o n  w i l l  have a  second-order  dependence on.TBP c o n c e n t r a t i o n , .  ' 

and t h e  organic- to-aqueous  r a t e  e x p r e s s i o n  w i l l  have.  a  n e g a t i v e  f i r s ' t -  

o r d e r  dependence on t h e  TBP c o n c e n t r a t i o n .  Obviously ,  i f  t h i s .  mechanism - . '  

i s  i n c o r r e c t ,  o t h e r  r e s u l t s  are p o s s i b l e  t h a t  may s u g g e s t  o t h e r  'mechanisms 

. . 
and s t r u c t u r e s .  I n f r a r e d  o r '  &an s p e e t r a l  s t u d i e s  may a l s o  p rove  



v -  . Ilelpful. i n  i d e n t i e y i n g  t h e s e  c o m p l e x ~ s .  At tempts  t o  i s o l a t e  c r y s t a l l i n e  
. . 

compounds a r e  a l s o  be ing  made. 

. . 
C a l c u l a t i o n  of Equi l ib r ium Q u o t i e n t s  

The r o n c e n r r a t i o n  e q u i l i b r i u m  q u o t i e n t  e x p r e s s i o n  f o r  Eq.  (1) may 

be w r i t t e n  a s :  

where [HTc04*3TBP] i s  equa ted  w i t h  t h e  measured ' c o n c e n t r a t i o n  of t echne t ium 

i n  ' t h e . o r g a n i c  pilase. U n f o r t u n a t e l y ,  t h e  a v a i l a b l e  a c t i v i t y  c o e f f i c i e n t  

d a t a  f o r  t h e  components of. t h i s  sys tem,  needed t o  c a l c u l a t e  a. t r u e ,  

thermodynamic e q u i l i b r i u m  constant . ,  ar.e l i m i t e d ,  e ~ ' ~ e c ' a l 1 ~  a t  

t e m e e r a t u r e s  o t h e r  t h a n  25 O C .  ~ o n i t h e l e . s s ,  a  r easonab ly  c o n s t a n t  v a l u e  
' .  

f o r  K can b e  o b t a i n e d  by i n s e r t i n g  t h e  known s t o i c h i o m & t ? i c  c o n c e n t r a t i o n s  
C - .  

of e a c h  s p e c i e s .  i n t o  Eq. ( 3 )  : F u r t h e r ,  by t a k i n g  advan tage  of t h e  known 

a c t i v i t y  c o e f f i c i e n t s  of n i t r i c  a c i d  and hydroch10,ric a c i d ,  ah  improved 
. . 

e x p r e s s i o n  - .  c a n  be  developed.  . . 

1 n  t h e  n i t r i c  a c i d  system' a t  2 5 0 ~ ;  Eq.  (3 )  can  be modi f i ed  t o  t a k e  
. . 

in . to  account  t h e  d e g r e e  of d i s s o c i a ' t i o n  ( a )  of n i t r i c  a c i d  (18) . m d '  t o  

c o r r e c t  f o r  f r e e  TBP e f f e c t s  (12) :  

. . 
C1 

Table  1 shows some t y p i c a l  v a l u e s  of K c a l c u l a t e d  from Eq .  ( 4 ) .  For a  
C 

I 

I 

given  TBP c o n c e n t r a t i o n ,  t h e  v a l u e s ' o f  K a r e  somewhat h i g h e r  a t  low a c i d  . 
. . 

c o n c e n t r a t i o n ,  p a s s  th rough  a minimum n e a r  2 . 0  M, then  r i s e  aga in .  s l i g h t l y .  
I 

For t h e  d a t a  shown i n  Tab le  1, t h e  a v e r a g e  v a i u e  o f  K i s  0 .94  + 0.15.  

, . ,  

~ - -- ~- 





. 
I f  a l l  t h e  d a t a  i n  F i g .  1 a . re . ,used , ' the  a v e r a g e  va.lue of K i s  found t o  

be 0.97 + 0.45.  Large d e v i a t i o n s  from t h i s  v a l u e  occur  a t  h i g h  TBP 

c o n c e n t r a t i o n s  and low a c i d  c o n c e n t r a t i o n s ,  f e s u l t i n g  i n  a  l a r g e  s: tandard,  

d e v i a t i o n  on t h e  v a l u e  f o r  K. For  example, i n .  0.2 M HN03 using.  80 v / o  
. . - 

'TBP, a v a l u e  of 2 . 5 1 , i s ' o b t a i n e d  f o r  K. S i m i l a r  d e v i a t i o n s  were observed  
. . 

- 
id  a .  .s tudy o f  t h e  Re04 system (14)  and . a r e  a p p a r e n t l y  due t o -  changes  i n  

t h e  a c t i v i t y   coefficient.^ of t h e  v a r i o u s '  components of t h e  sys tem.  

. . ~ n f 6 ~ t u n a t e l ~ ,  no d a t a  are a v a i l a b l e  t o  c o r r e c t :  f o r  t h e  c o n c e n t r a t i o n  ' . , 

. , 

of f r e e  TBP o r  t h e  d e g r e e  o £  d i s s o c i a t i o n  of HN03 a t  e l e v a t e d  t e m p e r a t u r e s .  
. . 

Howeyer, such  c o r i e c t i o n s  should b e  small . a t  . n i t r i c  a c i d  c o n c e n t r a t i o n s  
. . + 

.below 0.8 - M, and u s i n g  u n c o r r e c t e d  v a l u e s  f o r  [TBP] and [ H .  ] i.n Eq. (3 )  
. . 

under t h e s e  cond i t iq .ns  y i e l d s  v a l u e s  o f  0.42 . t . 0.16 and 0.11. + 0.05 . fo r  
. . 

' . Kc a t  40 and 60°C. 

I n  t h e  H C 1  sys tem,  f r e e  TBP c o r r e c t i o n s  a r e  n e g l i g i b l e ,  and v a l u e s  

+ 
. ' . of Kc can be. c a l c u l a t e . d d i r e c t l y  from Eq. ( 3 )  by e q u a t i n g  [ H  ]  wit:h t h e  

. .. 

. ' s t o i c h i o m e t r i c  h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n .  K has  ' an  a v e r a g e  , v a l u e  
.C . 

. . 

of 3.4 + 1 . 8  a t  2 5 . " ~ , .  0.89 2 0.49 a t  4.0" and '0 .23 + 0.14'  a t  .60° .  A s  i n  

I . the n i t r i c  . a c i d  sys tem,  . l a r g e  d e v i a t i o n s  from t h e  average  v a l u e s .  occur  

I . 'a t  h igh"ac id  and TBP . c o n c e n t r a t i o n s .  . . 

For .  t h o s e  H C 1  c o n c e n t r a t i o n s ,  where a c t i v i t y  d a t a  a r e  a v a i l a b l e ,  a  

mixed c o n c e n t r a t i o n - a c t i v i t y  e q u i l i b r i u m  c o n s t a n t ; .  K ; ,  may b e  c a l c u l a t e d  

by s u b . s t i t u t i n g  t h e  . mean . m d ~ a r  h y d y o c k l o r i c  a c i d  a c t i v i t y  f o r  t h e  . s t o i c h i o m e t r i c  

h y d r o c h l o r i c  a c i d  c o n c e n t r a t i o n  i n  E4: ( 3 ) .  The average  v a l u e  o f  K' 
. 

C - .  
. . 

' . . ' ' o b t a i n e d  i n  t h i s  . w h y  i s  3.4 + 0 .8  a t  25°C. Apparen t ly ,  t h e  v a ' r i a t i o n  i n  

t h e  ira'lues' o f  K t h a t  l e a d  t o  t h e  l a r g e  s t a n d a r d  d e v i a t i o n  i s  due mainly  
C 

. t o  a c t i v i t y  e f f e c t s ,  s i n c e  u s i n g  e,ven a l i m i t e d  amount o f  a c t i v i t y  d a t a  in. '  

Eq. ( 3 )  r e s u l t s  . i n  t h e  much more c o n s t a n t  v a l u e  of K ' .  S i n c e  t h e  t echne t ium 
C . . 



. . . . 
'I r , 

' . concen t rg t , ibns :a?e  so l o w  M .o'r l e s s )  , most o f  t h e  remaining v a r i a n c e  

i n  t h e  v a l u e  o f  t h e  e q u i l i b r i u m  c o n s t a n t  i s  probab ly  due . t o  t h e  changing 
. . 

a c t i v i t i e s  o f  TBP over  t h e  wide range  of c o n d i t i o n s  s t u d i e d .  A t y p i c a l  
. . 

s e t , o f  v a l u e s  f o r  K and K '  i s  shown i n , T a b l e  2  f o r  30% TBP a t  25OC. 
c .  C 

S i m i l a r  r e s u l t s  a r e  o b t a i n e d  when K and K' a r e  c a l c u l a t e d  a t  40  
. C .  C 

. .  . and 60°C. 'These v a l u e s  ar:e summarized i n  Tab le  3,  a l o n g  w i t h  averAge 

v a l u e s  o f  .AG . o b t a i n e d  'from t h e  r e l a t i o n s h i p  AGc = -RT I n  K c ( o r  AG; 

' =  -RT:..lfi ' K '  ) 
. . C 

From t h e  g e n e r a l  r e l a t i o n s h i p  I n  K = -(AH/RT) + C ,  it. can be  e a s i l y '  

+ 
. shown t h a t  when [ I W ~  and I H  1 a r e  h e l d  c o n s t a n t ,  i n  DTc = - ( A H / w )  + 

C ' ,  and s e m i l o g a r i t h m i c  p l o t s  of l o g  D Tc v e r s u s  1 / T  such  a s  t h o s e  shown 

i n  ' F i g .  .10 sh0ul.d be l i n e a r  w i t h  s l o p e  -(AH/2.3 .R) . The d a t a  i n  F ig s .  4-6 
. .  . . . 

may be use'd t o  c o n s t r u c t  48  such plots, which y i e l d  an  average  AH 

v a l u e  of -62.3 + 4.2 kJ/mole.  u s i n g  t h i s  a v e r a g e  v a l u e  of AH,  ASc ( o r  AS:) 

may ' b e  c a l c u l a t e d  from t h e  r e l a f i o n s h i p  AS = ' (AH/T) + R I n  
C 

K [ o r  AS' = (Atl/T + K I n  K;)] . The average  v a l u e s  o f  AS ' and AS; 
. c  C C 

c a l c u l a t e d  in :  t h i s  way. are shown .in' Table  3. 

.It shou ld  b e  no ted  t h a t  .use o f  t h e  average  v a l u e  of K c .  o r  K '  c t o  

c a l c u l a t e  AG o r  AG; (and 'subsequently AS and AS') g i v e s  s l i g h t l y  
C . .  , 

. . C 'C 

- . d i f f e r e n t  v a l u e s  f o r  t h e  f r e ' e ' e n e r g y  and e n t r o p y  changes  t h a n  a r e  shown 

i n  Table  2.  T h i s  d i f f e r e n c e  a r i s e s ,  because  t a k i n g  t h e  , logar i thm of  each ' 

. 

, . 

ca lcu la t . ed  v a l u e  o f K  and then  a v e r a g i n g  i s  n o t  mathemat ica l ly  e q u i v a l e n t  

t o  t a k i n g  t h e  l o g a r i t h m  of a n  average  v a l u e  f o r  K. I n  a n  i d e a l  d a t a  
. . 

set ,  t h i s  d i f f e r e n b e  would n o t  o c c u r .  . . 

It s h o u l d a l ' s o  be n d t e d  t h a t  t h e  average  v a l u e s  of ' t h e  v a r i o u s  

pa ramete rs  a r e  e s s e n t i a l l y  t h e  same when c a l c u l a t e d  w i t h  o r  w i t h o u t  t h e  

u s e  of t h e  a v a i l a b l e  a c t i v i t y  c o e f f i c i e n t  d a t a .  However, t h e  s c a t t e r  i n  

' . t h e  v a l u e s ,  a s  measured by t h e  ' s t a n d a r d  d e v i a t i o n  of t h e  a v e r a g e ,  i s  

s u b s t a n t i a l l y  reducbd when- t h e  a c t i v i t y  koef f i c i e n t s  a r e  used.  



" Table 2.. Calcula ted  va lues  of K and K' 
C C 

. . f o r  t h e  e x t r a c t i o n  of HTc04 from'aqueous H C I  
. . 

(30% T B P ,  25OC) 
. . 



. . . . . . 
T a b l e  3.  Average va lue s  of  K K' , AGc, AG:, A'Sc, and AS 

C' C c 
. fo r  t h e  e x t r a c t i o n  of ,HTcOq from aquecus H C 1  

'AG . : 

. C .  

(kJ/mole) 

' AG' 
C 

( k ~ / m o l e )  
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'. . 
: A ,  s i m i l a r .  . t r e a t m e n t  o f  t h e  d a t a  from : the  n i t r i c  a c i d  sys tem ( F i g .  

1-3) can be  c a r r i e d  o u t ,  b u t  i s  hampered b y ' a  l a c k  of a c t i v i t y  d a t a ' a n d  

d a t a  t o  c o r r e c t  f o r  t h e  concen t r ' a t ion  of f r e e  TBP a t  e 1 e v a t e d . t e m p e r a t u r e s .  

None the less ,  a n  approximate  v a i u e  f o r  AH can  be  o b t a i n e d  i n .  t h e  same way 

' as i n  t h e  h y d r o c h l o r i c  ac id ; sy? tem.  ' L i n e a r  0 f . D  v e r s u s  1 /T ,  
Tc 

such as . those  shown i n  F i g .  11, a r e  obta ' ined f o r  n i t r i c  a c i d  c o n c e n t r a t i o n s  
. . 

up . t o  .. 1 . 0  . I4 .  and,^^^' c o n c e n t t i t i o n s . u p  t o  60 v / o  (2.2 1). I f  a l l  t h e  d a t a  - -- 
. , 

p r e s e n t e d  i n  F i g s .  1-3 2s. ana lyzed  i r i  t h i s  way, an  average  v a l u e  f o r  AH 
,, 

of -58 ..2' +. 3 . 1  k ~ / m o i e  i s  o b t a i n e d .  . . Using t h e '  a v e r a g e  v a l u e  o f  0.97 f o r  . . 

K~ a ' i  2 5 0 ~ ~  a v a l u e  of 75 + 800 $/mole i s  d b t a i n e d -  f o r  hG. and nS i s ,  ,. . , 
C . .  . . 

, . 
c a l c u l a t e d  t o  be -19.7. + 25 J/mole'"K. . .The ' l a r g e ,  n e g a t i v e  , e n t r o p y  term 

o b t a i n e d  i n  b o t h : a c i d .  sys tems  is  c o n s i s t e n t  w i t h  t h e  l a r g e  .amounts o f  

o r d e r i n g  t .hat  must occur  as. t h e  f i v e  m o l e c u l e s ,  and i o n s  on t h e  ' l e f t  hand 

. s i d e  o'f Eq. (1 )  condense i n t o ,  a s i n g l e  complex s p e c i e s , a n d  as t h e  s t r u c t u r e -  

b r e a k i n g  .oxyaniolis are removed from t h e  aqueous phase  and a l l o w  t h e  

. . s t r u c t u r e  o f . t h e  s o l v e n t  t o  r e f o m .  Table  4 summarizes t h e  v a i u e s .  o f  

t h e  v a r i o u s  pa ramete rs  = a l c u l a t e d  f o t  t h e  HNO1 system. - 
I d e a l l y , . o f  c o u r s e , .  t h e  t r u e  thermodynamic e q u i l i b r i u m  c o n s t a n t  f o r  

.Eq. ( 1 )  cou ld  be c ' a l cu la ted  u s i n g  Eq.. (3 )  a l o n g  w i t h  t h e  a p p r o p r i a t e  
. . 

. . .  a c t i v i t y  ' c o e f f i c i ' e n t s .  .This c o n s t a n t  would be independent  o f  t h e  t y p e  
. . 

of a c i d  used, t o  supp ly  t h ~ ~ r o t o n i  f o r  t h e  r e a c t i o n .  Th is  i s  c l e a r l y  

. . 
, ,.. n0.t t h e  c a s e  f o r  t h e  "cons tan t s"  c a l c u l a t e d  h e r e ,  . a s  a  comparison of t h e  

v a l u e s  i n  ~ 9 b i ' e s -  3. and ' 4  ' w i l l  show. However, t h i s  t r e a t m e n t  .does .have 
. . 

. . . some p r e d i c t i v e  v a l u e ,  e s p e c i a l l y  f o r  t h e  less cornpl icated~HC1 system.  

. . s u b s t i t u t i n g .  D Tc f o r  [HT.c04*3TBP]/ [HTcQJ : i n  ~ q .  (3)  .and' t ak ing '  logr i th rns ,  
> .  

. . .  
i t  i s  e a s i l y  s'hown, t h a t  
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. . 

T a b l e -  4 .. 

a K from Eq..(4). 
. C 

I . ' ' . . '  " .  
b ~ c  from ~ g .  ( 3 )  . 



But s i n c e  AC =' -RTln.K = AH-TAS, t h e n  In K = (&SIR)-(AHIRT) and.  u s i n g  

: t h e  c a l c u l a t e d  v a l u e s  of AS' arid AH, 

.This e q u a t i o n . c a n  t h e n  b e  used to .  ? a l c u l a t e  an  approximate  v a l u e  f o r  D 
Tc 

a t  any g i v e n  t e m p e r a t u r e ,  a c i d  c o n c e n t r a t i o n  and TBP c o n c e n t r a t i o n  - i n  

t h e  h y d r o c h l o r i c  . a c i d  system. However, an  improved e q u a t i o n :  can  be 

+ o b t a i n e d  by a l l o w i n g  AS, AH, and t h e  power dependences o f  [H ] and [TBP] 

i n  Eq. ( 3 )  t o  a c t  a s  p a r a m e t e r s  i n  t h e  g 'eneral  eq~.lati,on 

4- 
I n  D~~ = a  + b/T + c i n  [H I + d  i n  [TBP] . ( 6  

. . 
The r n ~ ~ l t i p l e  l i n e a r  r e g r e ~ s i o n  qro'gram i n .  t h e  s t a t i s t i c s  .package of a  

. . 

Hewlett-Packard 41C c a l c u l a t o r  was used t o  f i t  t h i s  e q u a t i o n  t o  - the  
. . . . 

e x p e r i m e n t a l  v a l u e s  f o r  D 'TBP c o n c e n t r a t i o n  and t h e  mean molar a c t i v i t y  . 
Tc ' 

of h y d r o c h l o r i c  a c i d ,  y i e l d i n g  e q u a t i o n  (7 )  . . 

The - v a l u e s  of a ,  b ,  c ,  and d a r e  n o t  d r a s t i c a l l y  d i f f e r e n t  from 

. t h e i r  "ideal" . .values  i n .  Eq. ( 5 ) ,  b u t  g e n e r a l l y  y i e l d  v a l u e s  of D much 
Tc 

c l o s e r  t o  t h 6  e x p e r i m e n t a l l y  de te rmined  va ' lues .  ' :AS .shown by t h e  examples 

, . i n  Tab le  5 ,  t h e  c a l c u l a t e d  v a l u e s . a r e .  o f t e n  q u i t e  c l o s e  t o  t h e  e x p e r i m e s t a l  

v a l u e s ,  b u t  can  be s u b s t a n t i a l l y  d i f f e r e n t  a t  h i g h  a c i d  o r  TBP c o n c e n t r a t i o n s .  

I n  extreme c a s e s ;  t h e  c a l c u l a t e d . v a l u e  . . o f  D ' may be i n  e r r o r  by a s  much 
Tc . 

a s  60%, b u r  mpre . t y p i c a l l y  i t  k i i l l  b e  ' w i t h i n  5-15% .of t h e  . . e x p e r i m e n t a l  
. . 

v a l u e .  

I '  Attempts  t o  c o r r e l a t e  t h e  d a t a  from . t h e  * i t r i c  a c i d .  sys tem were 
I 

i u n s a t i s f a c t o r y  e x c e p t  over  v e r y  narrow r a n g e s  of c o n d i t i o n s .  

I 
1 E f f e c t s  of Adding Uranyl N i t r a t e  
I 

The f i n a l  paramet'er . a f f e c t i n g  t echne t ium e x t r a c t i o n  by TBP t h a t  w a s  

inc luded  i n  . t h i s  s t u d y  was t h e  a . d d i t i o n  of u r a n y l  n i t r a t e  t o  t h e  aqueous 



. . 
. . 

Table 5. . se lec ted  calculated. and experimental values f o r ,  . 
. . 

D . . i n  the H C 1  system 
T c 

Difference 
( X I .  , .. 

,Average of a l l  data:  -4.8. 
. . 



. . . .. ' 
'"9 . . . . . 

phase .  F i g u r e  12. shows some v a l u e s  of D a t  v a r i o u s  n i t r i c  a c i d ,  
Tc 

c o n c e n t r a t i o n s  when 0 . 1  - M U02 (NO3) 2 i s  added t o  t h e  'aqueous  phase  compared 

t.0 t h o s e  w i t h  no uranium i n  t h e  system. Under most c o n d i t i o n s , .  is  
. . D ~ c  

s u b s t a n t i a l l y  i n c r e a s e d .  Apparen t ly ,  a p e r t e c h n e t a t e  a n i o n  is  s u b s t i t u t e d  
. . 

f o r  a n i t r a t e  an ion .  i n  t h e  e x t r a c t i o n  of .the.. u r a n y l  i n  (6) : 

E f f o r t s  a r e  current1 .y  .be ing  made . . ' t o  q u a n t i f y ,  and e x p l a i n  t h i s  e f f e c t .  
. . 
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