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SEPARATION SCIENCE AND TECHNOLOGY, 16(10), pp. 1373-1387, 1981 

Interpretation of the Extraction Mechanism of the 
Purex and Thorex Processes from Kinetics Data 

J .  C. MAILEN 

CHEMICAL TECHNOLOGY DIVISION 
OAK RIDGE NATIONAL LABORATORY 
P. 0. BOX X 
OAK RIDGE, TENNESSEE 37830 

AR S T RACT 

The rate of t r a n s f e r  of s p e c i e s  between phases in s o l v e n t  
e x t r a c t i o n  is expected t o  be c o n t r o l l e d  by c h e n i c a l  r e a c t i o n  
k i n e t i c s ,  d i f f u s i o n ,  o r  a combination of t h e s e  s teps .  T r a n s f e r  
k i n e t i c s  d a t a  f o r  uranium(VI), thorium(IV),  and zirconium(1V) 
i n d i c a t e  t h a t  t h e  chemical  r e a c t i o n  is  t h e  r a t e - c o n t r o l l i n g  s t e p  
f o r  most d i spersed  systems. The evidence f o r  t h i s  conclus ion  is: 
(1) t h e  t r a n s f e r  r a t e  c o n s t a n t s  f o r  the  e x t r a c t i o n  of uranium were 
t h e  same f o r  L e w i s  c e l l ,  s i n g l e  drop,  and Kenics mixer tests; 
( 2 )  t h e  forward t r a n s f e r  rate c o n s t a n t s  i n c r e a s e  with i n c r e a s i n g  
TBP c o n c e n t r a t i o n  ( t h e  v i s c o s i t y  of the organic  phase a l s o  
i n c r e a s e s )  i n  a l l  cases ;  ( 3 )  t h e  r e v e r s e  t r a n s f e r  r a t e  v a r i e s  dra- 
m a t i c a l l y  with changes i n  n i t r a t e  c o n c e n t r a t i o n  i n  the aqueous 
phase (same phase v i s c o s i t i e s ) ;  and ( 4 )  t h e  d i f f e r e n c e  i n  t h e  
a c t i v a t i o n  e n e r g i e s  of the  forward and r e v e r s e  r e a c t i o n s  f o r  
uranium(V1) t r a n s f e r  i s  e q u a l  t o  the heat of r e a c t i o n  of uranium 
w i t h  TBP. A proposed mechanism f o r  the  s o l v e n t  e x t r a c t i o n  k i n e t i c s  
which is  c o n s i s t e n t  with t h e  exper imenta l  r e s u l t s  inc ludes  t h e  
formation o r  decomposition of a charged i n t e r f a c i a l  complex a s  the 
r a t e - c o n t r o l l i n g  s t e p  and e q u i l i b r a t i o n  of the  i n t e r f a c i a l  complex 
w i t h  t h e  bulk organic  complex as t h e  r a p i d  s t e p .  

I n t r o d u c t i o n  

The s o l v e n t  e x t r a c t i o n  k i n e t i c s  of uranium(V1) ( 1  ), 

thorium(1V) (21 ,  and zirconium(1V) ( 3 )  i n  t h e  HNOg--tri-n-butyl 

phosphate ( T B P h o r m a l  p a r a f f l n  hydrocarbon d i l u e n t  

1373 

Copyright 0 1982 b y  Marcel Dekker. lnc. 

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



1374 MAILEN 

( N P H )  sys t em have been s t u d i e d  t o  examine t h e  e f f e c t s  of p roceqs  

v a r i a b l e s  and t o  a i d  i n  u n d e r s t a n d i n g  t h e  meclianism i n v o l v e d  i n  

t h e s e  e x t r a c t i o n s .  TJranium(V1) e x t r a c t i o n  k i n e t i c s  were ex ten -  

s f v e l y  s t u d i e d  u s i n g  t h e  d rop  ne thod ,  t h e  Lewis c e l l ,  and t h e  

Ken ics  mixer ( 4 )  (Kenics  C o r p o r a t i o n ,  Danvers ,  Hass .  )/H-10 c e n t r i -  

f uga 1 s e p a r a t o r  ( : . l e t a l l e x t r a k t i o n  AR, Sweden). Thoriurn(1V) 

e x t r a c t i o n  k i n e t i c s  were s t u d i e d  i n  a s imi l a r  manner u s i n g  b o t h  

t l te drop and L e w i s  c e l l  methods. Zirconium(1V) e x t r a c t i o n  k ine -  

t i c s  r e c e i v e d  on ly  a b r i e f  e x a m i n a t i o n  u s i n g  the Lewis c e l l ,  b u t  

tliese l i m i t e d  d a t a  g i v e  a d d i t i o n a l  s u p p o r t  t o  t h e  mechanism devel-  

oped p r i m a r i l y  from the r e s u l t s  of the s t u d i e s  on U ( V 1 )  and 

T h ( I V ) .  The L e w i s  c e l l  d a t a  were t a k e n  d u r i n g  the i n i t i a l  s t a g e s  

o f  t h e  expe r imen t  b e f o r e  d i f f u s i o n  g r a d i e n t s  had comple t e ly  deve l -  

ope? i n  t h e  r e c e i v i n g  phase t o  minimize d i f f u s i o n  e f f e c t s .  Details 

of t h e  e x p e r i m e n t a l  t e c h n i q u e s  and d i s c u s s i o n s  of ea r l ie r  l i t e ra -  

tiire <ire c o n t a i n e d  i n  r e f e r e n c e s  1-3. The e v i d e n c e  developed i n  

tliese s t u d i e s  can he grouped i n t o  t h e  f o l l o w i n g  c a t e g o r i e s :  

1. Comparing t h e  e x t r a c t i o n  ra te  c o n s t a n t s  o b t a i n e d  u s i n g  

d i f f e r e n t  e x p e r i i n e n t a l  t e c h n i q u e s ;  

2. Examining the e f f e c t  of t h e  c o n c e n t r a t i o n s  of 

r e a c t i n g  s p e c i e s  on t h e  t r a n s f e r  ra te  c o n s t a n t s ;  and 

3. Comparing t h e  d i f f e r e n c e  i n  t h e  a c t i v a t i o n  e n e r g i e s  of 

t h e  fo rward  and r e v e r s e  t r a n s f e r s  of U ( V 1 )  t o  t h e  heat 

of r e a c t i o n  of uranium w i t h  TBP. 

A d d i t i o n a l l y ,  t h e  r a t i o  of t h e  fo rward  ( aqueous - to -o rgan ic )  t o  t h e  

r e v e r s e  (organic- to-aqueous)  t r a n s f e r  ra te  c o n s t a n t s  w a s  shown t o  

be c ,qunl  t o  t h e  e q u i l i b r i u m  c o n s t a n t .  T h i s  e v i d e n c e  is  i n c l u d e d  

t o  s u p p o r t  t h e  v a l i d i t y  of t h e  e x p e r i m e n t a l  r e s u l t s .  

1 n  a l l  t h e  e x t r a c t i o n  k i n e t i c s  s t u d i e s ,  the t r a n s f e r  is  

des i - r ibed  by t h e  p s e u d o - f i r s t - o r d e r  ra te  e q u a t i o n s :  

dc '  a k ' c '  a k c  
d t  
- = - -  

v l  
+ 7 ( change  i n  aqueous phase 

V c o n c e n t r a t i o n )  

a k c  + a k ' c '  (change i n  o r g a n i c  phase ac _ = - -  
d t  V c o n c e n t r a t i o n )  . 

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



PUREX AND THOREX PROCESSES 

A t  equi l ibr ium,  
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- =  k t  D = ce/ce '  . 
k 

I n  t h e s e  s t u d i e s ,  c is t h e  molar c o n c e n t r a t i o n  of the  metal  

3 )  

ion  

being e x t r a c t e d  a t  time t ,  a i s  t h e  i n t e r f a c i a l  a r e a ,  V is t h e  

phase volume, k i s  a t r a n s f e r  r a t e  c o n s t a n t ,  and D is  t h e  

e q u i l i b r i u m  d i s t r i b u t i o n  c o e f f i c i e n t .  The s u b s c r i p t  e denotes  

e q u i l i b r i u m  c o n d i t i o n s ,  whereas t h e  primed symbols r e f e r  t o  t h e  

aqueous phase and t h e  unprimed symbols t o  t h e  organic  phase. In  

t h i s  t rea tment ,  t h e  e f f e c t s  of system v a r i a b l e s  such as n i t r a t e  

c o n c e n t r a t i o n ,  TBP c o n c e n t r a t i o n ,  and temperature  a r e  included i n  

t h e  rate c o n s t a n t s  and are eva lua ted ,  except  i n  t h e  case of tem- 

p e r a t u r e  e f f e c t s ,  by log-log p l o t s  of t h e  rate cons tan t  vs the 

a p p r o p r i a t e  v a r i a b l e .  

DISCUSSION 

Determinat ion of T r a n s f e r  Rate Constant  by D i f f e r i n g  Techniques 

The forward t r a n s f e r  rate c o n s t a n t  f o r  U ( V 1 )  w a s  determined 

from measurements by t h e  L e w i s  c e l l ,  f a l l i n g - r i s i n g  drop, and 

Kenics mixer/H-lO c e n t r i f u g a l  s e p a r a t o r  techniques;  as a r e s u l t ,  

I n t e r p h a s e  t r a n s f e r  was i n v e s t i g a t e d  over a wide range of area- to-  

volume r a t i o s  and phase-mixing e f f i c i e n c y .  I n  a l l  these  methods, 

t h e  i n t e r f a c i a l  areas are known, so t h a t  good de termina t ions  of 

t h e  t r a n s f e r  rate c o n s t a n t s  can be made. The i n t e r f a c i a l  areas 

i n  t h e  Lewis c e l l  and r i s i n g - f a l l i n g  drop methods were determined 

d i r e c t l y .  The i n t e r f a c i a l  a r e a s  c r e a t e d  i n  t h e  Kenics mixer were 

determined from c o r r e l a t i o n s  developed by Middleman ( 4 ) ,  who used 

photographic  techniques t o  examine t h e  d i s p e r s i o n s .  A d i f f u s i o n  

l i m i t e d  system would be expected t o  e x h i b i t  a l a r g e  v a r i a t i o n  i n  

r a t e  c o n s t a n t  f o r  t h e s e  three c o n t a c t i n g  techniques.  The average 

r a t e  c o n s t a n t s  f o r  t r a n s f e r  of uranium from n i t r i c  a c i d  (2  t o  

3.5 E) i n t o  30% TBP-NPH were 8 x 5.5 x and 7.1 x 
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1376 MAILEN 

10-3 cm/s f o r  the  L e w i s  c e l l ,  drop method, and Kenics mixer/H-10 

c e n t r i f u g a l  s e p a r a t o r  tes ts ,  r e s p e c t i v e l y .  The es t imated  s tandard  

d e v i a t i o n  €or  a l l  of t h e  methods was about  22.4 x 

Thus, wi th in  exper imenta l  e r r o r ,  all t h r e e  exper imenta l  techniques 

y ie lded  the  same value f o r  the  r a t e  cons tan t .  The agreement of 

the Forward rate c o n s t a n t s  f o r  uranium t r a n s f e r  by these  t h r e e  

very d iE€erent  techniques i s  a convincing argument €or  chemical 

r e a c t i o n  a s  the  c o n t r o l l i n g  t r a n s f e r  mechanism. 

cm/s. 

The E f f e c t  of t h e  Concent ra t ion  of Reac t ing  Spec ies  on t h e  
- T r a n s f e r  Rate Cons tan ts  

Log-log p l o t s  of t h e  t r a n s f e r  rate c o n s t a n t s  vs t h e  f r e e  TBP 

c o n c e n t r a t i o n  f o r  U(VI), Th(IV), and Zr(1V) a r e  shown i n  Figs .  1-3, 

r e s p e c t i v e l y .  Free  TRP i s  def ined  as t h e  TBP i n  t h e  organic  phase 

t h a t  1s not bound t o  e x t r a c t e d  metal ion. The U(V1) and Th(1V) 

p l o t s  c o n t a i n  data p o i n t s  ob ta ined  e i t h e r  by t h e  drop method or  by 

t h e  L e w i s  ce l l ;  s i n c e  the  r e s u l t s  by both methods were essen- 

t i a l l y  i d e n t i c a l ,  i n d i v i d u a l  d a t a  p o i n t s  were not  i d e n t i f i e d  a s  t o  

experimental  technique.  I n  a l l  t h r e e  c a s e s ,  t h e  forward t r a n s f e r  

r a t e  c o n s t a n t s  i n c r e a s e  with i n c r e a s i n g  TBP concent ra t ion .  The 

v l s c o s i t y  of the  organic  phase a l s o  i n c r e a s e s  wi th  t h e  TBP con- 

c e n t r a t i o n  so t h a t  the  rate of d i f f u s i o n  of s p e c i e s  i n  t h a t  phase 

would be expected t o  decrease.  The o v e r a l l  t r a n s f e r  rate,  i f  i t  

i s  d i f f u s i o n - c o n t r o l l e d ,  should be l i m i t e d  by t h e  organic  phase 

which is more v iscous  than  the  aqueous phase. The f a c t  t h a t  

system changes which r e s u l t  i n  a decrease  i n  t h e  d i f f u s i o n  rate 

a c t u a l l y  i n c r e a s e  t h e  exper tmenta l ly  measured t r a n s f e r  rates is 

evjdence f o r  chemical r e a c t i o n  c o n t r o l  of t h e  t r a n s f e r  €or  U(VI), 

Th(IV), and Zr(1V). The reverse  t r a n s f e r  r a t e s  f o r  U(V1) and 

Th(IV) [ t h a t  f o r  Zr(IV) was not  determined]  both decrease  wi th  

t n c r e a s i n g  TBP concent ra t ion .  This  nega t ive  dependence of t h e  

reverse  t r a n s f e r  r a t e  c o n s t a n t s  on TBP c o n c e n t r a t i o n  i s  evidence 

f o r  a complex r e a c t i o n  mechanism; o t h e r  evidence t o  be d iscussed  

l a t e r  a l s o  s u p p o r t s  a complex r e a c t i o n  mechanism. 
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concentration. Aqueous phase, 2 E HNO3. 
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FIGURE 3 .  Zr(IV) t r a n s f e r  r a t e  cons tan t  vs f r e e  TBP concent ra t ion .  
Aqueous phase,  3.2 t o  3.5 HNO3. 
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F-IGURE 4.  Uranium(V1) t r a n s f e r  r a t e  cons tan t  vs HNO3 and NaN03 
concent ra t ions .  Organic phase, 30% TBP. 
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PUREX AND THOREX PROCESSES 137 9 

The e f f e c t s  of n i t r i c  a c i d  and sodium n i t r a t e  on t h e  t r a n s f e r  

ra te  c o n s t a n t s  of U(VI), Th(IV), and Zr(IV) a r e  shown i n  Figs .  4-7. 

The forward rate c o n s t a n t  of U(VI) w a s  no t  a f f e c t e d ,  w i t h i n  t h e  

accuracy  of the experiments ,  by changes i n  the  c o n c e n t r a t i o n s  of 

n i t r a t e  o r  n i t r i c  a c i d ,  i n  c o n t r a s t  to  the  pronounced e f f e c t s  

observed on the forward rate c o n s t a n t  f o r  Th(IV) and, p a r t i c u l a r l y ,  

f o r  Zr(IV1. The a d d i t t o n  of n i t r i c  a c i d  or sodium n i t r a t e  t o  t h e  

aqueous phase is  without  major e f f e c t  on t h e  v i s c o s i t y  of e i t h e r  

phase; thus ,  n e i t h e r  should have a d i r e c t  e f f e c t  on the  d i f f u s i o n  

r a t e  i n  e i t h e r  d i r e c t i o n .  However, i n c r e a s i n g  the  n i t r a t e  con- 

c e n t r a t i o n  i n  t h e  aqueous phase w i l l  i n c r e a s e  t h e  f r a c t i o n  of t h e  

metal  i o n  p r e s e n t  as n i t r a t e  complexes i n  t h e  aqueous phase and 

could  conceivably i n c r e a s e  t h e  o v e r a l l  forward t r a n s f e r  r a t e  by 

i n c r e a s i n g  t h e  c o n c e n t r a t i o n  of t h e  t r a n s f e r r i n g  s p e c i e s  i n  t h e  

aqueous phase. No such argument can e x p l a i n  t h e  major decrease  i n  

t h e  r e v e r s e  rate c o n s t a n t s  wi th  i n c r e a s i n g  n i t r a t e  c o n c e n t r a t i o n  

observed f o r  both uranium and thorium. The negat ive  e f f e c t s  on 

t h e  t r a n s f e r  r a t e  c o n s t a n t s  a r e  taken as a d d i t i o n a l  evidence f o r  

chemical  r e a c t i o n  c o n t r o l  of t h e  t r a n s f e r  and a s  evidence €or  a 

complex r e a c t i o n  mechanism. Such an e f f e c t  a rgues  t h a t  t h e  

c o n t r o l l i n g  r e a c t i o n  inc ludes  pickup of n i t r a t e  dur ing  e x t r a c t i o n  

and loss  of n i t r a t e  dur ing  s t r i p p i n g .  

Comparison of t h e  D i f f e r e n c e  i n  A c t i v a t i o n  Energ ies  w i t h  t h e  Heat 
of Reac t ion  

The a c t i v a t i o n  energy f o r  t h e  forward t r a n s f e r  of U(VI) was 

found t o  he 13.4 kJ/mol; f o r  t h e  r e v e r s e  t r a n s f e r  the a c t i v a t i o n  

energy was 28.9 kJ/mol. The d i f f e r e n c e  i n  t h e s e  two va lues ,  

-15.5 kJ/mol, i s  t h e  h e a t  of r e a c t i o n  f o r  a system i n  which t h e  

chemical  r e a c t i o n  c o n t r o l s  t h e  r a t e s  of t r a n s f e r .  The h e a t s  of 

r e a c t i o n  of uranyl  n i t r a t e  wi th  TBP determined by e v a l u a t i o n  of 

e q u i l i b r i u m  d a t a  (1) and by d i r e c t  thermal  measurement (9)  a r e  

-15.9 and -15.1 kJ/mol, r e s p e c t i v e l y .  The e x c e l l e n t  agreement of 

t h e  d i f f e r e n c e  i n  t h e  a c t i v a t i o n  e n e r g i e s  wi th  independent va lues  

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



- 
e 
E 
Y ORNL DWG 81-261 

I I 1 I 

0 
" 4  

a 

z 2  ? I I I 2 0.8 I 2 3 4  6 

w 
LL 
m 

NO; CONCENTRATION ( M  ) I- 

- 
e 
E 

'- I I I 1 I I 
Y ORNL DWG 81-261 

0 
" 4  
w 

2 3 -  

2 0.8 I 2 3 4  6 

NO; CONCENTRATION ( M  ) I- 
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concent ra t ion .  Organic phase, 302 TBP. 
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FIGURE 7. Zr(OHI3+ t r a n s f e r  rate c o n s t a n t  vs  n i t r a t e  concent ra t ion .  
Aqueous phase, 0.5 5 HNO3 + fJaNO3 . Organic phase, 1 TBP 
uncomplexed ( c o r r e c t e d  f o r  TBP complexed with Zr(IV) and 
n i t r i c  a c i d ) .  

of t h e  h e a t  of r e a c t i o n  1s a d d i t i o n a l  evidence f o r  chemical reac- 

t i o n  c o n t r o l  of t h e  t r a n s f e r  r a t e .  

Comparison of t h e  R a t i o  of t h e  Forward to t h e  Reverse Rate 
Cons tan ts  w i t h  t h e  Equi l ibr ium Constant  

The r a t i o  of t h e  forward t o  t h e  r e v e r s e  t r a n s f e r  rate 

c o n s t a n t s  should be e q u a l  t o  t h e  e q u i l i b r i u m  cons tan t  and i n  t h i s  

case  the  d i s t r i b u t i o n  c o e f f i c i e n t ,  D ,  [Eq. ( 3 ) l  f o r  a t r a n s f e r  

c o n t r o l l e d  by either chemical r e a c t i o n  k i n e t i c s  or  d i f f u s i o n .  

P l o t s  of k’/k and D vs  f r e e  TBP c o n c e n t r a t i o n  f o r  U ( V 1 )  and Th(1V) 

(F igs .  8 and 9) show t h a t  w i t h i n  t h e  accuracy of t h e  expertments ,  

t h e  agreement between k ‘ / k  and D i s  good. This  demonstrates  con- 

s i s  tency i n  t h e  data and lends  credence t o  the  experimental  tech- 

niq tie s . 
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FIGURE 8. Uranium(VI) t r a n s f e r  r a t e  cons tan t  r a t i o s  and e q u i l i b r i u m  
d i s t r i b u t i o n  c o e f f i c i e n t s  vs f r e e  TBP concent ra t ion .  
Aqueous phase, 3.5 HNO3. 

%oposed Mechanism 

The proposed mechanism €or s o l v e n t  e x t r a c t l o n  k i n e t i c s  i n  t h e  

P 2 ~ t - e ~  and Thorex processes  i n  the  sequence of r e a c t i o n s  (a t e t r a -  

va len t  Ion i s  used as an example) 

and 

M ( N O 3  )+ 'ZTBP (D) , 
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ORNL DWG 8(-264 

/ 

DASHED LINES ARE 
ESTIMATED RANGE 
ON k ' / k .  
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DISTRIBUTION 
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Lz 
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FIGURE 9. Thor€um(LV) t r a n s f e r  ra te  c o n s t a n t  ratios and e q u i l € b r i u m  
d i s t r i b u t i o n  c o e f f i c i e n t s  vs free TBP c o n c e n t r a t i o n .  
Aqueous phase ,  2 fl HNO3. 

where ( A ) ,  ( B ) ,  and ( D )  r e p r e s e n t  t h e  aqueous m e t a l - n i t r a t e  i o n ,  

the cha rged  i n t e r f a c i a l  complex, and the b u l k  o r g a n i c  complex, 

r e s p e c t i v e l y .  

The r a t e - c o n t r o l i n g  r e a c t i o n  is t h e  f o r m a t i o n  o r  decom- 

p o s i t i o n  of the cha rged  i n t e r f a c i a l  complex a c c o r d i n g  t o  Eq.  ( 4 ) .  

The e q u i l i b r i u m  between the i n t e r f a c i a l  complex and the b u l k  

o r g a n i c  s p e c i e s ,  Eq. ( 5 ) ,  i s  assumed t o  be e s t a b l i s h e d  r a p i d l y .  

The rate e q u a t i o n  f o r  the aqueous - to -o rgan ic  t r a n s f e r  i n  

Eq. ( 4 )  is  

where t h e  c h a r g e  on the n i t r a t e  i o n  is omi t t ed .  The e q u i l i b r i u m  
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1384 MAILEN 

c o n s t a n t  (K) f o r  Eq.  5 )  i s  

The term CR i n  Eq. ( 6 )  i s  e l i m i n a t e d  by u s e  of Eq. ( 7 )  and then  

t h e  term k2/1: is  r e p l a c e d  by kr  so  t h a t  t h e  ra te  e q u a t i o n  becomes 

CD 
( 8  1 

k C C n  Cp + k --- --=-a dCA 
V' f A NO3 TPB V '  r 4-m-n c2-p , 

NO3 TBP 
C d t  

where C is t h e  molar c o n c e n t r a t i o n  of  t h e  s u b s c r i p t e d  s p e c i e s ,  a 

i s  t h e  i n t e r f a c i a l  area, V '  i s  t h e  aqueous phase volume, kf and 

k, Ire t h e  fo rward  and r e v e r s e  t r a n s f e r  rate c o n s t a n t s ,  r e spec -  

t i v e l y ,  and k2 i s  is  t h e  r e v e r s e  t r a n s f e r  rate c o n t s a n t  f o r  

Eq. ( 6 ) .  The p s e u d o - f i r s t - o r d e r  ra te  e q u a t i o n  f o r  the change i n  

aqueous c o n c e n t r a t i o n  commonly used  i n  e x t r a c t i o n  k i n e t i c s  s t u -  

d i e s ,  Eq. ( l ) ,  as d i s c u s s e d  ear l ie r ,  i n c o r p o r a t e s  t h e  e x p l i c i t  

n i t r a t e  and TBP c o n c e n t r a t i o n  terms of Eq. (8) i n  the ra tes  

c o n s t a n t s ,  k '  and k ,  

- = -  dCA 
d t  V' A V 

k'C + 5~ kCD . 

The following series of e q u a t i o n s  are o b t a i n e d  a t  

e q u i l i b r i u m :  

_ - _ _ _ _ _ -  kf - - $ ( e q u i l i b r i u m  c o n s t a n t )  (10) ( 1 2 )  
kr C4-m C 2 

A N O 3  TBP 
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and 

D i s t r i b u t i o n  c o e f f i c i e n t  (10) = CD/C, = I $ C ~ ~ > ~ B p  . 

The d i s t r i b u t i o n  c o e f f i c i e n t  a t  e q u i l i b r i u m  p r e d i c t s  a second 

power dependence on t h e  TBP c o n c e n t r a t i o n  and a (4-m) power depen- 

dence on t h e  n i t r a t e  c o n c e n t r a t i o n ,  where m is the  number of 

n i t r a t e  ions a s s o c i a t e d  wi th  the  metal ion  in the  aqueous phase. 

I n  a d d i t i o n ,  the  power e f f e c t  of a v a r i a b l e  on t h e  forward 

t r a n s f e r  rate minus t h e  power e f f e c t  on the  r e v e r s e  t r a n s f e r  rate 

must be equal  t o  t h e  power e f f e c t  on the  equl ibr ium d i s t r i b u t i o n  

c o e f f i c i e n t .  This  r e l a t i o n s h i p  i s  approximately t r u e  f o r  cases 

where d a t a  a r e  a v a i l a b l e .  The va lues  of t h e  power e f f e c t s  of t h e  

c o n c e n t r a t i o n  v a r i a b l e s  which have been determined a r e  shown i n  

Table  1. 
O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  l a c k  of un i formi ty  in  t h e  e f f e c t  of 

a p a r t i c u l a r  v a r i a b l e  on t h e  t r a n s f e r  rate,  forward o r  reverse .  

For  i n s t a n c e ,  f o r  U(V1) t h e  n i t r a t e  a f f e c t s  only t h e  reverse  

t r a n s f e r  rate while  f o r  Th(1V) and Z r O H 3 +  t h e r e  are e f f e c t s  on t h e  

forward t r a n s f e r  rates. The TBP Concent ra t ion  a f f e c t s  both t h e  

forward and r e v e r s e  t r a n s f e r  rates f o r  U(V1) and Th(1V) whi le  t h e  

o n l y  e f f e c t  i n  t h e  c a s e  of Z r 4 +  is a p p a r e n t l y  on t h e  forward rate 

s f n c e  t h e r e  is  an approximately second power e f f e c t  of t h e  TBP 

c o n c e n t r a t i o n  on the  forward rate c o n s t a n t  and on t h e  d l s t r i b u t i o n  

c o e f f i c i e n t  f o r  zr4+. 

SUMMARY 

There is s u b s t a n t i a l  evidence t h a t  t h e  t r a n s f e r  rate in t h e  

Purex and Thorex systems i s  l i m i t e d  by chemical r e a c t i o n .  T h i s  

evidence i n c l u d e s  the  observa t ions  t h a t  t h e  same t r a n s f e r  r a t e  

c o n s t a n t s  are found f o r  experimental  techniques which g ive  d i f -  

f e r e n t  area-to-volume r a t i o s  and d i f f e r e n t  mixing e f f i c i e n c i e s ,  

t h a t  t h e  d i f f e r e n c e  i n  t h e  a c t i v a t i o n  e n e r g i e s  f o r  the  forward and 

r e v e r s e  t r a n s f e r  of U(V1) is equal  t o  i t s  h e a t  O C  r e a c t i o n  wi th  

TBP, and t h a t  the  e f f e c t s  o E  c o n c e n t r a t i o n  v a r i a b l e s  do not  con- 

form t o  e x p e c t a t i o n s  f o r  d i f f u s i o n  c o n t r o l .  The mechanism must be 
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1386 MAILEN 

TABLE 1 

Concent ra t ion  E f f e c t s  i n  Solvent  E x t r a c t i o n  K i n e t i c s  

Concent r a t i o n  exponenta 

Concent ra t ion  Forward Reverse D i s t r i b u t i o n  c o e f f i c i e n t  
Species  v a r i a b l e  t r a n s f e r  t r a n s f e r  Value Reference 
__I- -__ 

U V T )  HNO3 0 -1 1 ( 8 )  
NO 3 0 -2 2 
TBP 0.5b -0.8 1.38 (1)  

T h ( 1 V )  HNO3 1 Small 1.35 (11) 
NO3 0.6 -0.7 2 ( 2 )  
TBP 1.3 -0.7 2 ( 2 )  

Z r ( O H  )3+ HNO 3 - - - 
30 3 3.2 
TRP 

3c - 
- - - 

C r  + td  HNO 3 - - - 
- - NO 3 

TBP 2 
- 
2 - 

aFor example, d i s t r i b u t i o n  c o e f f i c i e n t  a (conc. 
var iable)conc.  exponent. 

bThe power e f € e c t  on  t h e  forward t r a n s f e r  rate of U(VI) v a r i e s  with 
TRP concent ra t ion .  

C4ssumed to  be 3 s i n c e  Zr(OH)3f must add t h r e e  n i t r a t e s  dur ing  
e x t r a c t i o n .  

dBoth Zr(Ot1)3+ and Z r 4 +  a r e  e x t r a c t a b l e .  

complex s i n c e  nega t ive  e f f e c t s  of TBP and n i t r a t e  concent ra t ion  

were found f o r  the  r e v e r s e  t r a n s f e r  rate c o n s t a n t s  oE U ( V 1 )  and 

Th(1V). Although a number of mechanisms could g ive  such a depen- 

dence, t h e  assumption t h a t  an i n t e r f a c i a l  complex is i n  r a p i d  

e q u l l i h r i u m  wi th  the bulk organic  s p e c i e s  l e a d s  t o  r e l a t i v e l y  

s imple r a t e  and  e q u i l i b r i u m  express ions  which are c o n s i s t e n t  wi th  

t h e  experimental  d a t a  and do not  v i o l a t e  any of the  known beha- 

v i o r a l  requirements  f o r  the  two-phase system. 
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