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INTERPHASE TMNSFER KINETICS OF URANIUM USING THE 
DROP W T H O D ,  LEWIS CELL, AND KENICS MIXER 

D.  E .  Horner 
J. C .  Mailen T .  C .  S c o t t  
S .  W. T h i e l  R .  G .  Yates 

ABSTRACT 

The r a t e  c o n s t a n t s  f o r  t h e  i n t e r p h a s e  t r a n s f e r  of  uranium 
between 3.5 M HNO3 and t r i b u t y l  phosphate  (TBP)--normal hydro- 
carbon d i l u e n t  s o l u t i o n s  have been measured u s i n g  t h e  s i n g l e  drop 
method, Lewis c e l l  method, and a Kenics  mixer - -cent r i fuga l  
s e p a r a t o r .  
w i t h i n  e x p e r i m e n t a l  e r r o r .  The v a r i a b l e s  s t u d i e d  t h a t  a f f e c t  t h e  
r a t e  c o n s t a n t s  i n c l u d e  t h e  TBP c o n c e n t r a t i o n ,  t h e  a c i d i t y  and 
t o t a l  n e u t r a l  n i t r a t e  c o n c e n t r a t i o n s  of t h e  aqueous phase ,  and 
tempera ture .  R e s u l t s  of t h e s e  tes ts  i n d i c a t e  t h a t  t h e  rate 
c o n t r o l l i n g  mechanism i s  chemical  r e a c t i o n  a t  t h e  i n t e r f a c e .  

Rate c o n s t a n t s  o b t a i n e d  by a l l  methods w e r e  t h e  same 

INTRODUCTION 

Rate c o n s t a n t s  f o r  t h e  i n t e r p h a s e  t r a n s f e r  of uranium between n i t r i c  

a c i d  and t r i b u t y l  phosphate  (TBP)--normal hydrocarbon s o l u t i o n s  have been 

r e p o r t e d  by Burger (19591, Keisch (19591, Knoch and Lindner  (1960) ,  

Baumgartner and F i n s t e r w a l d e r  (1970) ,  Farbu e t  a l .  (1974) ,  and Moszkowicz 

and K i k i n d a i  (1975).  The l a t t e r  t h r e e  a u t h o r s ,  u s i n g  t h e  drop method, 

and Burger (1959) ,  u s i n g  t h e  L e w i s  c e l l ,  o b t a i n e d  p s e u d o - f i r s t - o r d e r  

r a t e  c o n s t a n t s  f o r  t h e  t r a n s f e r  of uranium from n i t r i c  a c i d  t o  0 .73 M TBP 

r a n g i n g  from about  6 x 10  t o  20 x cm/sec. Knoch and Lindner  (1960) ,  

u s i n g  uranium exchange i n  a s t i r r e d  c e l l ,  o b t a i n e d  much smaller v a l u e s  i n  

t h e  r a n g e  of 10 t o  cmlsec. The e x i s t i n g  l i t e r a t u r e  d a t a  g i v e  

v a r i a b l e  r a t e  c o n s t a n t s  b u t  do n o t  g i v e  v a l u e s  f o r  t h e  ra te  

c o n s t a n t s  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  and tempera ture  f o r  t h e  

aqueous t o  o r g a n i c  (A t o  0 )  and t h e  o r g a n i c  t o  aqueous (0 t o  A) t r a n s f e r  

d i r e c t i o n s .  W e  have t e s t e d  t h e s e  t r a n s f e r s  between 3.5 M HNO and 0.5 t o  

30 v o l  % TBP i n  a normal hydrocarbon d i l u e n t  (NHD) and have determined 

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  A t o  0 and 0 t o  A r e a c t i o n s .  A l l  known 

c o n t a c t i n g  d e v i c e s  w i t h  a d e f i n e d  i n t e r f a c i a l  area have been examined 

( i . e . ,  t h e  r i s i n g  and f a l l i n g  drop  a p p a r a t u s ,  Lewis c e l l s ,  and t h e  Kenics 

mixer - -cent r i fuga l  s e p a r a t o r ) .  
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The d a t a  o b t a i n e d  i n  ear l ie r  r e p o r t e d  s t u d i e s ,  which used e i t h e r  drop 

o r  L e w i s  c e l l  methods f o r  t h e  A t o  0 t r a n s f e r  of uranium from n i t r i c  

a c i d  t o  TBP-NHD, are summarized i n  T a b l e  1. 

(1)  t h e  t r a n s f e r  r a t e  i s  c o n t r o l l e d  by t h e  r a t e  of r e a c t i o n  a t  t h e  

i n t e r f a c e ;  (2)  t h e  r e a c t i o n  is  approximate ly  f i r s t - o r d e r  w i t h  r e s p e c t  t o  

uranium; (3) t h e  r e a c t i o n  is  of v a r i a b l e  o r d e r  w i t h  r e s p e c t  t o  TBP; ( 4 )  
t h e  e f f e c t  o f  n i t r i c  a c i d  i s  s l i g h t ;  and (5) t h e  e f f e c t  of t e m p e r a t u r e  

i s  s m a l l .  

Genera l  c o n c l u s i o n s  are t h a t :  

EXPERIMENTAL PROCEDURE 

Reagent s 

A p u r i f i e d ,  c r y s t a l l i n e  u r a n y l  n i t r a t e  hexahydra te  w a s  used f o r  a l l  

uranium s o l u t i o n s .  

Chemical Company) w i t h  a mixed long-chain normal hydrocarbon,  which w a s  

p r i m a r i l y  dodecane, t r i d e c a n e ,  and t e t r a d e c a n e  ( s u p p l i e d  by Eastman Kodak 

Company). I n  a l l  cases, t h e  TBP s o l u t i o n s  were washed several  t i m e s  w i t h  

a 10% N a 2 C 0 3  s o l u t i o n  fo l lowed by a water wash t o  remove any a c i d i c  

d e g r a d a t i o n  p r o d u c t s  such as mono- and d i b u t y l  phosphor ic  a c i d s .  

The o r g a n i c  phase  w a s  o b t a i n e d  by d i l u t i n g  TBP (Ashland 

Apparatus:  Drop Method 

Equipment used f o r  t h e  r i s i n g  and f a l l i n g  drop exper iments  i s  shown 
i n  F i g u r e  1; a l l  materials t h a t  c o n t a c t  t h e  p h a s e s  are g l a s s ,  T e f l o n ,  o r  

s t a i n l e s s  s tee l .  The columns are s t a n d a r d  l e n g t h s  of Pyrex p i p e  connected 

by f l a n g e s  w i t h  T e f l o n  g a s k e t s .  

( f a l l i n g  drop)  o r  o r g a n i c  ( r i s i n g  drop)  phase  thorugh T e f l o n  t u b i n g  t o  a 

s t a i n l e s s  s tee l  n e e d l e  t h a t  forms a stream of i n d i v i d u a l  d r o p s .  During 

e l e v a t e d  t e m p e r a t u r e  tests,  t h e  f lowing  stream w a s  p r e h e a t e d  i n  a j a c k e t e d  

c o i l  and t h e  column w a s  h e a t e d  w i t h  h e a t i n g  t a p e  (+ I 3°C c o n t r o l ) .  

f a l l i n g  drop  a p p a r a t u s ,  t h e  aqueous phase  is c o l l e c t e d  a t  t h e  bot tom of 

t h e  column and ex i t s  through a n e e d l e  valve; t h e  o u t f l o w  ra te  i s  r e g u l a t e d  

so  t h a t  i t  i s  i d e n t i c a l  t o  t h e  dropping  ra te .  I n  t h e  r i s i n g  drop  a p p a r a t u s  

a s imple  over f low system a l l o w s  t h e  o r g a n i c  phase  t o  e x i t  from t h e  column. 

A s y r i n g e  pump f e e d s  e i t h e r  a n  aqueous 

I n  t h e  
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Table 1. Comparison c f  l i t e r a t u r e  Iralues of t h e  p s e u d o - f i r s t - o r d e r  r a t e  
c o n s t a n t s  f o r  urcni-urn t r a n s f e r  from n i t r i c  a c i d  t o  TBP-NIID 

a t  about  25OC 

HN03 TBP Method Reference k' 
(cml se c )  (M) 

-3 5.8 x 
9.7 x 10 

9.9 

4.5 

2 to 
200 10-7 

6.88 x 

5.81 

5.97 

11.5 to 
20 10-3 

3.8 

6.4 

0 

0 

0 

0 

0.1 

0.5 

2.0 

3.0 

0.73 

1.1 

1.1 

0.36-1.1 

0.73 

0.73 

0.73 

0.73 

O . O l a  0.4 

b 0.73 

S t i r r e d  c e l l  

S t i r r e d  c e l l  

S t i r r e d  c e l l  

S t i r r e d  c e l l  
(uranium 
exchange) 

Drop 

Drop 

Drop 

Drop 

Drop 

Drop 

Burger (1959) 

Burger (1959) 

Burger (1959) 

KeisCh (1959) 

Knoch and Lindner  
(1960) 

Knoch and Lindner  
(1960) 

Knoch and Lindner 
(1960) 

Baumgartner and 
F i n s  t e r w a l d e r  (1970) 

Farbu e t  a l .  (1974) 

Moszkowicz and 
K i k i n d a i  (1975) 

a 

bAcid c o n c e n t r a t i o n  n o t  given.  

3'  I n c l u d e s  0.99 .1 BaNO 
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Fig .  1. F a l l i n g  and r i s i n g  d r o p  equipment 
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Appara tus  : L e w i s  Cel l  

The L e w i s  c e l l  i s  shown i n  F i g u r e  2 .  The two phases  are i n d i v i d u a l l y  

mixed by two padd les  r e v o l v i n g  a t  100 rpm, a t  which speed t h e  i n t e r f a c e  i s  

n o t  a p p r e c i a b l y  d i s t u r b e d .  A s t a i n l e s s  s t ee l  i n s e r t  i s  used t o  improve t h e  

mixing ,  t o  t a k e  aqueous samples  (0 t o  A t r a n s f e r  t e s t s ) ,  and t o  add a 

c o n c e n t r a t e d  aqueous s t o c k  s o l u t i o n  t o  t h e  lower phase  a t  t i m e  z e r o  (A  t o  0 

t r a n s f e r  t e s t s ) .  

ho l low l e g  t o  perform t h e  l a t t e r  two f u n c t i o n s .  

A p i p e t t e  o r  hypodermic n e e d l e  i s  i n s e r t e d  th rough  a 

Appara tus :  Kenics  Mixer - -Cent r i fuga l  S e p a r a t o r  

The expe r imen ta l  c o n t a c t o r ,  shown i n  F igu re  3 ,  c o n s i s t s  of a Kenics  

m o t i o n l e s s  mixer  (Kenics  Corpora t ion ,  Danvers,  Mass.)  and a high-speed 

c e n t r i f u g e  ( M e t a l l e a k t r a k t i o n  AB,  Sweden). During o p e r a t i o n ,  t h e  aqueous 

and o r g a n i c  f e e d s  are  d e l i v e r e d  from p r e s s u r i z e d  t a n k s  through f l e x i b l e  

l i n e s  A and B t o  t h e  Kenics  mixe r ,  C .  A f t e r  mixing and phase  c o n t a c t ,  t h e  

streams p a s s  i n t o  t h e  c e n t r i f u g a l  s e p a r a t o r ,  D .  

t h e  motor ,  E ,  and can  be  c o n t r o l l e d  a t  speeds  between 5000 and 25,000 rpm. 

The s e p a r a t e d  streams leave t h e  s e p a r a t o r ,  p a s s  th rough  r o t a m e t e r s ,  and 

are c o l l e c t e d  a t  t h e  e x i t s  of  l i n e s  F and G.  I n  t h e  tests of t h i s  u n i t ,  t h e  

c e n t r i f u g e  speed w a s  12,500 rpm, t h e  organic- to-aqueous r a t i o  w a s   varied^ from 

about  1 t o  9 .5 ,  and t h e  t o t a l  f low w a s  v a r i e d  from 250 t o  630 ml/min. 

The s e p a r a t o r  i s  d r i v e n  by 

Mathematical  Equat ions  

The o v e r a l l  chemica l  r e a c t i o n  r e p r e s e n t i n g  e x t r a c t i o n  of  uranium i n  a 

two-phase system i s  g e n e r a l l y  accep ted  as: 
k '  

k 
- -f 

U022t + 2N03 + 2TBP f U02(N03)2'2TBP. 

I f  s imp le  f i r s t - o r d e r  k i n e t i c s  are  assumed, d i f f e r e n t i a l  e q u a t i o n s  

d e s c r i b i n g  t h e  o v e r a l l  n e t  mass t r a n s f e r  f o r  t h e  s i n g l e  drop  t echn ique  

( t o  o r  from t h e  d rops )  are:  

dc  = ( k ' a c '  - kac) d t ,  f o r  o r g a n i c  d r o p s ,  
V 

and 
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. 

Fig .  3.  Kenics  mixe r - - cen t r i fuga l  s e p a r a t o r .  
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d c '  = ( kacv; k ' a c ' ) d t ,  f o r  aqueous d r o p s .  

Four modes o f  o p e r a t i o n  have been used w i t h  t h e  f a l l i n g  

and r i s i n g  drop method: 

Mode 1. 

Mode 2 .  

Mode 3. 

Mode 4 .  
For Node 1, eq 3 can  be s i m p l i f i e d  t o :  

Aqueous t o  o r g a n i c  t r a n s f e r  - f a l l i n g  d r o p  

Aqueous t o  o r g a n i c  t r a n s f e r  - r i s i n g  d r o p  

Organic  t o  aqueous t r a n s f e r  - f a l l i n g  drop 

Organic t o  aqueous t r a n s f e r  - r i s i n g  drop.  

because c i s  'L 0 f o r  t h e  o r g a n i c  column c o n c e n t r a t i o n .  

eq 

I n t e g r a t i o n  of - 
4 g i v e s  t h e  working e q u a t i o n :  

C '  
= In-;-. k ' a t  - -  

V '  C 
0 

(5)  

For uranium exper iments  i n  Mode 2 ,  eq 2 c a n  b e  s i m p l i f i e d  t o :  

k ' a c ' d t  d c  = 
V 9 

s i n c e  i n  t h i s  c a s e  k '  >> k and c '  is  e s s e n t i a l l y  c o n s t a n t .  T h i s  i n t e g r a t e s  

t o  g i v e  

k ' a c ' t  c =  
V ( 7 )  

Assuming t h a t  c i s  e s s e n t i a l l y  c o n s t a n t  f o r  Mode 3, eq 3 cannot  b e  

s i m p l i f i e d  and i n t e g r a t i o n  g i v e s  

- 1). ( 8 )  
k ' c  ' (,-k ' a t  /v ' - - =  

C 

The v a l u e  of k' i n  eq 8 must be determined from a n  A t o  0 t r a n s f e r  test  

b e f o r e  t h e  v a l u e  of k can b e  found. 

For Mode 4 ,  eq 2 can be  s i m p l i f i e d  (because  c '  2 0) t o  

kac a t .  d c  = - -  
V 

I n t e g r a t i o n  g i v e s  

k a t  - I n  c /co.  
V 
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The L e w i s  c e l l  d a t a  c o n s i s t  of samples of o n l y  t h e  i n i t i a l l y  b a r r e n  

phase ;  c o n c e n t r a t i o n s  i n  t h e  o t h e r  phase were determined by m a t e r i a l  

b a l a n c e .  For t h e  L e w i s  c e l l ,  eq 2 can  be a p p l i e d  and developed t o  g i v e  

a working e q u a t i o n  by u s i n g  t h e  material  b a l a n c e  e q u a t i o n  

I = cv + c ' v ' ,  (11) 

and assuming t h a t  

D = k ' / k .  

S u b s t i t u t i n g  e q s  11 and 1 2  i n t o  eq 2 r e s u l t s  i n  a n  e q u a t i o n  t h a t  

can b e  i n t e g r a t e d  between l i m i t s  t o  g i v e  

1/17' - (v/v '  + l / D ) c o  
k '  = ln[I/vf - ( v / v '  + l / D ) c t  ]/(x v '  + L ) & A t ,  D v 

from which k' can be c a l c u l a t e d .  

For t h e  reverse e x t r a c t i o n  ra te  c o n s t a n t  (0 t o  A) a similar e x p r e s s i o n  

i s  o b t a i n e d :  

I/v - ( v ' / v  + D)C; 
k = I n  I/v - (v '  /V + D ) c ~  ] /($ + D )  a , A t .  V 

Procedures  and Data Handling: Drop Method 

The major  c o m p l i c a t i o n  of t h e  drop  method f o r  de te rmining  i n t e r p h a s e  

t r a n s f e r  ra tes  i s  t h e  need t o  c o r r e c t  f o r  "end" e f f e c t s .  These end e f f e c t s  

c o n s i s t  of t h e  t r a n s f e r  t h a t  o c c u r s  w h i l e  t h e  drop i s  forming on t h e  n e e d l e  

and d u r i n g  i t s  t i m e  i n  t h e  c o l l e c t i n g  pool  b e f o r e  l e a v i n g  t h e  column. The 

two r e p o r t e d  methods of c o r r e c t i n g  f o r  end e f f e c t s  a r e  (1) t o  u s e  s e v e r a l  

l e n g t h s  of  column, t h e r e b y  changing t h e  t r a v e l  t i m e  of t h e  drop w h i l e  

m a i n t a i n i n g  t h e  s a m e  end e f f e c t ;  o r  ( 2 )  t o  i n c r e a s e  t h e  flow r a t e  of t h e  

drop phase  over  a r a n g e  which a l l o w s  e x t r a p o l a t i o n  t o  i n f i n i t e  f low and 

z e r o  end-ef fec t  t i m e .  Because Farbu et a l .  (1974)  showed t h e  l a t t e r  

t e c h n i q u e  t o  be e r r o n e o u s  due  t o  t u r b u l e n c e  c r e a t e d  a t  h i g h e r  f l o w s ,  we  

have chosen t o  u s e  f o u r  column l e n g t h s  r a n g i n g  from about  9 t o  60 c m .  

method r e q u i r e s  g r e a t  care t o  m a i n t a i n  c o n s t a n t  end e f f e c t s  f o r  t h e  s e v e r a l  

tes ts  w i t h  d i f f e r e n t  l e n g t h s  o f  column; t h e  drop f low ra.te and t h e  pool  

volumes must b e  as c o n s t a n t  as p o s s i b l e .  

T h i s  

The phase c o n t a c t  t i m e  is  assumed 
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t o  b e  t h e  i n t e r v a l  between t h e  t ime t h e  d r o p s  break  f r e e  and when t h e y  

c o a l e s c e ;  a s topwatch was used t o  make s e v e r a l  measurements f o r  each  

t e s t .  The drop  volume w a s  measured by c o u n t i n g  t h e  number of d r o p s  p e r  

u n i t  volume of f e e d  phase ,  and t h e  s u r f a c e  w a s  c a l c u l a t e d  by assuming t h a t  

t h e  d r o p s  w e r e  s p h e r i c a l .  

A f t e r  a test ,  d a t a  f o r  each  column l e n g t h  a re  p l o t t e d  by 

r e a r r a n g i n g  t h e  i n t e g r a t e d  rate e q u a t i o n s  s o  t h a t  the s l o p e  i s  

t h e  v a l u e  of k o r  k ' .  
but  t h e  s l o p e  i s  n o t  a f f e c t e d .  T h i s  s t a t e m e n t  can be j u s t i f i e d  because  t h e  

c o l l e c t i n g  pool  h a s  a small volume, and t h e  r e s i d e n c e  t i m e  f o r  a n  element  of  

volume i n  t h e  pool  i s  c o n s t a n t .  The t r a n s f e r  t h a t  o c c u r s  i n  t h e  p o o l  f o r  a 

f i r s t - o r d e r  t r a n s f e r  o n l y  adds  p r o p o r t i o n a t e l y  t o  t h e  t o t a l  t r a n s f e r ,  

because t h e  c o n s t a n t  i n t e r f a c i a l  areas and r e s i d e n c e  t i m e s  i n  t h e  pool. w e r e  

c a r e f u l l y  main ta ined .  Thus, f o r  a f i r s t - o r d e r  t r a n s f e r ,  t h e  r a t e  c o n s t a n t  

can s t i l l  be determined from t h e  s t a n d a r d  semilog p l o t s .  T y p i c a l  r e s u l t s  

by t h e  drop t e c h n i q u e  a re  shown i n  F i g u r e  4 f o r  a n  0 t o  A e x t r a c t i o n  a t  40°C 

u s i n g  f a l l i n g  d r o p s  (Mode 3) .  The v a l u e  f o r  k ,  1 . 2 1  x cm/sec, i s  t h e  

s l o p e  of t h e  l i n e  o b t a i n e d  as a l e a s t - s q u a r e s  f i t  t o  t h e  p o i n t s .  S i m i l a r  

l i n e s  w e r e  o b t a i n e d  f o r  t h e  o t h e r  e x t r a c t i o n  modes by p l o t t i n g  t h e  

a p p r o p r i a t e  f u n c t i o n s  from t h e  s o l u t i o n s  of t h e  r a t e  e q u a t i o n s .  

T h i s  l i n e  i s  d i m l a c e d  by t h e  end e f f e c t s ,  

A major l i m i t a t i o n  of t h e  drop  method r e s u l t s  from t h e  l i m i t e d ,  

p r a c t i c a l  h e i g h t  of t h e  column, which, i n  t u r n ,  l i m i t s  t h e  d r o p  t r a n s i t  

t i m e s  t o  a few seconds.  

t r a n s f e r r e d  o u t  of  a drop  and, f o r  cases where t h e  drop  i s  t h e  loaded  phase ,  

t h i s  l e a d s  t o  ra te  c a l c u l a t i o n s  based on a small d i f f s r e n c e  of  l a r g e  

numbers. T h i s  i s  t h e  case f o r  t h e  A t o  0 t r a n s f e r  from aqueous d r o p s  and 

f o r  t h e  0 t o  A t r a n s f e r  from o r g a n i c  d r o p s .  W e  have found t h a t  i f  t h e  
-3 r a t e  c o n s t a n t  i s  less t h a n  about 10  cm/sec f o r  t h e s e  two cases, t h e  

d a t a  are v e r y  u n c e r t a i n .  

Only a s m a l l  q u a n t i t y  of material  can  b e  

Procedure  and Data Handl ing:  L e w i s  C e l l  

The major problem encountered w i t h  L e w i s  c e l l s  is  t h e  poor mixing 

of  t h e  i n d i v i d u a l  phases  r e l a t ive  t o  t h e  mixing o b t a i n e d  i n  t h e  drop  phase  

of t h e  s ing le-drop  method and i n  t h e  Kenics  mixer. T h i s  l e a d s  t o  a 

more-or-less r a p i d  s h i f t  from chemical  c o n t r o l  t o  d i f f u s i o n  c o n t r o l  i f  
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t h e  chemical  r a t e  c o n s t a n t  is  l a r g e ,  as  is  t h e  case f o r  uranium t r a n s f e r .  

A v a r i e t y  of e x p e r i m e n t a l  t e c h n i q u e s  w e r e  examined w i t h  t h e  L e w i s  c e l l  t o  

improve t h e  r e p r o d u c i b i l i t y  and a c c u r a c y  of t h e  d a t a .  It w a s  de te rmined  

t h a t  t h e  b e s t  p rocedure  w a s  t o  i n t r o d u c e  p r e - e q u i l i b r a t e d ,  b a r r e n  phases  

i n t o  t h e  c e l l ;  a f t e r  t h e  phases  w e r e  allowed t o  s e t t l e .  t h e y  were s l o w l y  

s t i r r e d .  A c o n c e n t r a t e d  s o l u t i o n  of t h e  i o n  t o  be s t u d i e d  w a s  i n t r o d u c e d  

i n t o  t h e  a p p r o p r i a t e  phase ,  and samples of t h e  o t h e r  phase  were t a k e n  as 

a f u n c t i o n  of t i m e .  Rate c o n s t a n t s  w e r e  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n s  

p r e s e n t e d  ear l ie r .  

Although t h e s e  r a t e  c o n s t a n t s  g e n e r a l l y  decreased  w i t h  t i m e ,  i n i t i a l l y  

when l i t t l e  o r  no uranium had t r a n s f e r r e d ,  t h e  ra te  w a s  n o t  d i f f u s i o n  

c o n t r o l l e d ,  because  no ( o r  v e r y  l i t t l e )  d i f f u s i o n  g r a d i e n t  e x i s t s  a t  i n i t i a l  

c o n t a c t .  Hence, an e x t r a p o l a t i o n  back t o  i n i t i a l  t i m e  ( t h e  t i m e  of i n j e c t i o n  

of  t h e  c o n c e n t r a t e d  i o n  s o l u t i o n )  y i e l d s  t h e  ra te  c o n s t a n t  fo r  t h e  chemical  

r e a c t i o n .  T h i s  procedure  w a s  v e r i f i e d  by t h e  agreement of t h e  ra te  c o n s t a n t s  
o b t a i n e d  i n  a l l  t h e  e x p e r i m e n t a l  methods (Lewis c e l l ,  d r o p ,  and Kenics  

m i x e r ) .  The e x t r a p o l a t i o n  method, i l l u s t r a t e d  i n  F i g u r e  5 f o r  d u p l i c a t e  0 

t o  A tes ts  of uranium t r a n s f e r ,  g i v e s  a s t r a i g h t - l i n e  p l o t  as k vs  t i m e  

w i t h  a n  i n t e r c e p t  k v a l u e  of  ( 1 . 6 4  - + 0.2)  x l o v 4  (95% c o n f i d e n c e  l i m i t s )  

based on  t h e  d u p l i c a t e  r u n s .  No uranium i s  p r e s e n t  i n  t h e  b a r r e n  p h a s e s  

a t  t h i s  i n i t i a l  t i m e ,  and t h e  reverse t r a n s f e r  of uranium i s  n e g l i g i b l e .  

The e x a c t  mathemat ica l  e q u a t i o n s  f o r  t h e  L e w i s  c e l l  c o n t a i n  t h e  q u a n t i t y  

D ,  but  t h e  r a t e  c o n s t a n t  determined by e x t r a p o l a t i o n  i s  independent  of 

t h e  v a l u e  o f  D and does  n o t  r e q u i r e  t h a t  k ' / k  = D .  

Procedures  and Data Handl ing:  Kenics  Mixer--Centr i fugal  S e p a r a t o r  

I n  t h e  Kenics  mixer ,  t h e  o r g a n i c  and aqueous streams are subdiv ided  

and mixed by a n  a r r a y  of  m o t i o n l e s s  mixer  e lements .  Chen ( 1 9 7 2 )  h a s  

developed a set  of c o r r e l a t i o n s  which makes i t  p o s s i b l e  t o  estimate t h e  

i n t e r f a c i a l  area c r e a t e d  a t  known c o n d i t i o n s  of  f l o w  rate ,  i n t e r f a c i a l  

t e n s i o n ,  and phase  d e n s i t y .  I n  a l l  tests u s i n g  t h i s  system, t h e  i n i t i a l  

aqueous uranium c o n c e n t r a t i o n  w a s  10 g / l i t e r ;  under t h e s e  c o n d i t i o n s ,  t h e  

f r e e  TBP i n  t h e  o r g a n i c  phase  remains n e a r l y  c o n s t a n t  a t  1.1 - M. Equat ion  

2 c a n  b e  i n t e g r a t e d  f o r  t h i s  c o n d i t i o n  t o  y i e l d :  
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+ 1  In - - - -  vc  C 

v l c l  DC ' k' = 0 Q- 

' D v  

S ince  ( c / c ' )  f o r  uranium never  exceeded 14% of t h e  D ,  good approximate 

v a l u e s  of k' can be ob ta ined  from t h e  s i m p l i f i e d  e q u a t i o n :  

Values  from eq 1 6  were about  3% lower  t h a n  t h o s e  u s i n g  eq 15. 

RESULTS 

The major f r a c t i o n  of t h e  expe r imen ta l  d a t a  w a s  ob ta ined  i n  d rop  and 

L e w i s  c e l l  tests. The Kenics  mixe r - - cen t r i fuga l  s e p a r a t o r  w a s  used i n  

more l i m i t e d  tes ts  t o  conf i rm t h e  s a m e  v a l u e s  of t h e  r a t e  c o n s t a n t .  

E f f e c t  of Uranium Concen t ra t ion  

It w a s  necessa ry  t o  demonst ra te  t h a t  t h e  uranium e x t r a c t i o n  i s  

f i r s t  o r d e r  over  t h e  expe r imen ta l  range  of  uranium c o n c e n t r a t i o n s  and t o  

de te rmine  whether  t h e  Marangoni e f f e c t ,  d e s c r i b e d  by S t e r n l i n g  and 

Se r iven  (1959) ,  e x i s t s  i n  t h i s  system. Although t h e  mechanics of t h i s  

phenomenon are q u i t e  compl ica ted ,  t h e  e f f e c t s  r e s u l t  from i n t e r f a c i a l  

t e n s i o n  d i f f e r e n c e s  caus ing  t u r b u l e n c e ,  which e f f e c t i v e l y  i n c r e a s e s  t h e  

i n t e r f a c i a l  area by a n  unknown amount; t h i s  i n c r e a s e s  t h e  ra te  of 

t r a n s f e r  and l e a d s  t o  t h e  c a l c u l a t i o n  of e r r o n e o u s l y  h i g h  t r a n s f e r  r a t e  
c o n s t a n t s .  McDowell (1978) i n d i c a t e d  t h i s  e f f e c t  can  l e a d  t o  ra te  
c o n s t a n t  " inc reases"  by f a c t o r s  of >2. 

on t h e  ra te  c o n s t a n t  f o r  t h e  A t o  0 t r a n s f e r  a re  g iven  i n  Table  2.  A t  

c o n c e n t r a t i o n  f a c t o r s  > loo ,  t h e  ra te  c o n s t a n t  remains t h e  same. Hence, 

t h e  e x t r a c t i o n  i s  f i r s t  o r d e r  w i t h  r e s p e c t  t o  uranium, and no Marangoni 

e f f e c t  w a s  observed.  The mass t r a n s f e r  ra tes  i n  t h e  0 t o  A d i r e c t i o n  are 

much smaller t h a n  t h o s e  i n  t h e  A t o  0 d i r e c t i o n ,  and no s y s t e m a t i c  

examinat jon  of t h e  Marangoni e f f e c t  w a s  made; a few d e t e r m i n a t i o n s  a t  
d i f f e r e n t  uranium c o n c e n t r a t i o n s  i n d i c a t e d  t h a t  t h e  0 t o  A t r a n s f e r  w a s  
a l s o  f i r s t  o r d e r .  

The d a t a  f o r  t h e  e f f e c t  of uranium - 
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Table  2.  K i n e t i c  c o n s t a n t s  as a f u n c t i o n  of i n i t i a l  uraniurn soncen t rn t io r  
i n  e x t r a c t i o n s  from 3.5 i! HNO,a i n t o  30Z TBP--YHD 

J 
- 

I n i t i a l  uranium K i n e t i c  c o n s t a n t ,  k 
c o n c e n t r a t i o n  ( g / l i t e r )  System (cm/sec) 

2 

5 

F a l l i n g  drop  6 .9  

L e w i s  c e l l  6 . 4  lov3 
lob  R i s ing  and f a l l i n g  drop 8.5 x lom3 
l o c  Kenics  mixer 7 . 1  

238e L e w i s  c e l l  5.3 

-3 5 Od R i s i n g  drop  and L e w i s  c e l l  5.0 x 10  

Average 7 . 3  5 2.5 

a Kenics  mixer r u n s  c o n t a c t e d  a c i d - f r e e  30% TBP--NDD w i t h  3.5 5 HN03 
s o l u t i o n s ;  f i n a l  aqueous s o l u t i o n s  were approximate ly  2 

bAverage of n i n e  d e t e r m i n a t i o n s .  
Average of t e n  d e t e r m i n a t i o n s .  

dAverage of two d e t e r m i n a t i o n s .  
Average of t h r e e  d e t e r m i n a t i o n s .  e 

HN03, 

C 
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E f f e c t  of TBP Concent ra t ion  

Data f o r  t h e  drop  and t h e  Lewis-cell  tests are  p l o t t e d  as  a 

f u n c t i o n  of  f r e e  TBP c o n c e n t r a t i o n  i n  F i g u r e  6.  

c a l c u l a t e d  f o r  t h e  drop tests as t h e  i n i t i a l  c o n c e n t r a t i o n  o f  TBP less 

t h a t  complexed w i t h  uranium by eq 

L e w i s  c e l l  rests, t h e  f r e e  TBP w a s  assumed t o  b e  e q u a l  t o  t h e  i n i t i a l  

TBP, because e x t r a p o l a t i o n  of t h e  c u r v e  t o  t h e  "zero1' p o i n t  should  

n e a r l y  e l i m i n a t e  any l o a d i n g  e f f e c t s .  The s o u r c e  of t h e  v a r i a b i l i t y  

of t h e  r e s u l t s  i s  n o t  unders tood  b u t  may b e  due t o  s m a l l  amounts of  

s u r f a c e  ac t ive  a g e n t s  ( i n  a d d i t i o n  t o  TBP). The r a t i o  of t h e  ra te  

c o n s t a n t s ,  k ' / k ,  a t  d i f f e r e n t  TBP c o n c e n t r a t i o n s  i s  shown as c u r v e  A i n  

F i g u r e  7 ,  and t h e  e q u i l i b r i u m  e x t r a c t i o n  c o e f f i c i e n t  i s  shown by c u r v e  B .  

These c u r v e s  are i d e n t i c a l  w i t h i n  t h e  e x p e r i m e n t a l  e r r o q  which is  as 

expec ted  i f  t h e  r a t e  d e t e r m i n i n g  s t e p  i s  t h e  chemical  r e a c t i o n .  

The f r e e  TBP w a s  

1. For A t o  0 e x t r a c t i o n s  i n  t h e  

E f f e c t  of N i t r i c  Acid and Nitrate 

N e i t h e r  n i t r i c  a c i d  nor  n i t r a t e  a f f e c t e d  t h e  A t o  0 t r a n s f e r  

of uranium i n  n i t r a t e  o r  n i t r i c  a c i d  s o l u t i o n s  up t o  4 M. 

shows t h e  e f f e c t s  on t h e  0 t o  A t r a n s f e r  of  uranium. Nitrate  added as  

N a N O  h a s  approximate ly  a power of -2 e f f e c t  on t h e  0 t o  A r a t e  c o n s t a n t ;  

n i t r a t e  added as  HNO 

The lower e f f e c t  of HNO i s  p r o b a b l y  t h e  r e s u l t  of i t s  a b i l i t y  t o  form 

complexes w i t h  TBP, which competes w i t h  t h e  f o r m a t i o n  of  u r a n y l  complexes 

F i g u r e  8 - 

3 
h a s  t h e  e f f e c t  o f  approximate ly  a power of -1. 3 

3 

E f f e c t  of  Temperature 

P l o t s  of I n  k and I n  k '  vs  1 / R T  (30, 4 0 ,  an.d 60°C) are  shown w i t h  t h e  

l e a s t - s q u a r e s  l i n e s  i n  F i g u r e s  9 and 1 0  r e s p e c t i v e l y .  S l o p e s  of  t h e s e  

l i n e s  show a c t i v a t i o n  e n e r g i e s  of -3.2 kca l /mole  f o r  t h e  A t o  0 t r a n s f e r  

and -6.9 kca l /mole  f o r  t h e  0 t o  A t r a n s f e r .  The d i f f e r e n c e  of t h e s e  

v a l u e s  g i v e s  AH as -3.7 kca l /mole .  

from e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  uranium r e a c t i o n  by 

The AH can b e  i n d e p e n d e n t l y  de te rmined  
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Fig. 9. Activation energy plot for reverse extraction (0 to A) of 
uranium (3.5 - M HN03,  30% TBP--NHD). 
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F i g . 1 0 .  A c t i v a t i o n  energy  p l o t  f o r  forward e x t r a c t i o n  (A t o  0) of 
uranium (3.5 HN03, 30% TBP--NHD). 
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Using da ta  compiled by P e t r i c h  and K o l a r i k  (1977) 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  between 3.05 and 3.8 - M HN03 ( 4 4  d e t e r m i n a t i o n s ) ,  

and d i s c a r d i n g  s ix  obv ious ly  bad p o i n t s  ( i . e . ,  more t h a n  a f a c t o r  of  2 

away from t h e  ave rage  of a l l  d a t a  f o r  t h e  t e m p e r a t u r e ) ,  w e  o b t a i n e d  a 

v a l u e  of -3.8 kca l /mole  f o r  t h e  AH. 

as pub l i shed  by Healy (1956).  The v a l u e  de te rmined  from t h e  d i f f e r e n c e  

of  t h e  a c t i v a t i o n  e n e r g i e s  i s  i n  e x c e l l e n t  agreement w i t h  t h e s e  two v a l u e s .  

The AH w i t h  pu re  TBP i s  -3.6 kca l /mole ,  

Kenics  Mixer - -Cent r i fuga l  S e p a r a t o r  Tests 

Tab le  3 l i s ts  t h e  r a t e  c o n s t a n t s  f o r  t h e  A t o  0 t r a n s f e r  of uranium 

determined by u s i n g  t h e  Kenics  m i x e r - - c e n t r i f u g a l  s e p a r a t o r .  

phase  i n  a l l  t es t s  w a s  3 .5  - M HN03, i n i t i a l l y  c o n t a i n i n g  1 0  g of  uranium 

p e r  l i t e r ,  and t h e  o r g a n i c  phase  w a s  n o n - a c i d i f i e d  30% TBP--NHD. The 

The aqueous 

-3 
ave rage  v a l u e  found u s i n g  t h e  Kenics  mixe r ,  7 . 1  x 10  cm/sec, i s  i n  

e x c e l l e n t  agreement w i t h  t h e  ave rage  of a l l  drop  and L e w i s  c e l l  tests 
-3 under  similar c o n d i t i o n s ,  7 . 2  x 10 cm/sec. T h i s  i s  p a r t i c u l a r l y  

s i g n i f i c a n t  because  t h e  d rops  i n  t h e  Kenics  mixer are about  0 .3  mm i n  

d i a m e t e r  as compared t o  t h e  approx ima te ly  3-mm drops  i n  t h e  f a l l i n g  and 

r i s i n g  drop  tests.  

t h a t  a l l  sys tems g i v e  t h e  s a m e  ra te  c o n s t a n t s  i s  s t r o n g  ev idence  a g a i n s t  

any t y p e  of d i f f u s i o n  c o n t r o l  mechanism. 

D i f f u s i o n  c o n t r o l  i n  such small d r o p s  i s  u n l i k e l y ;  

CONCLUSIONS 

All t h r e e  sys tems used t o  measure r a t e  c o n s t a n t s  f o r  uranium t r a n s f e r  

g i v e  t h e  same v a l u e s  f 6 r  cases which have been examined. 

and i s  a n  i n d i c a t i o n  t h a t  rate c o n s t a n t s  can  be  measured i n  such s i m p l e  

t y p e s  of a p p a r a t u s  as L e w i s  c e l l s  and t h e  drop  a p p a r a t u s ,  i n s t e a d  of i n  

more complex t y p e s  of a p p a r a t u s .  

T h i s  i s  encouraging  

The t r a n s f e r  of  uranium from n i t r i c  a c i d  t o  TBP--NHD i s  c o n t r o l l e d  

by t h e  chemica l  r e a c t i o n  a t  t h e  i n t e r f a c e .  T h i s  c o n c l u s i o n  i s  based on 

t h e  f o l l o w i n g :  

1. The forward rate c o n s t a n t  d i v i d e d  by t h e  r e v e r s e  rate c o n s t a n t  

i s  e q u a l ,  w i t h i n  expe r imen ta l  e r r o r ,  t o  t h e  e q u i l i b r i u m  c o n s t a n t  

ove r  t h e  r ange  of TBP c o n c e n t r a t i o n s .  I n  comple te  d i f f u s i o n  

c o n t r o l ,  t h e  forward and r e v e r s e  r a t e  c o n s t a n t s  are expec ted  

t o  b e  e q u a l .  
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Tab le  3. R e s u l t s  of Kenics  mixer tes ts  u s i n g  3 . 5  
of uranium p e r  l i t e r  and 30% TBP--NHD a t  approx ima te ly  25OC; 
c a l c u l a t e d  u s i n g  eq 1 5  

HN03 c o n t a i n i n g  10  g, 

Aqueous f l o w  r a t e  Organic  f l o w  ra te  Area t o  volume k' 
(ml/min) (ml/min) rat  i o a  (cm-1) (cm/ s e c )  

49 

109  

158  

81 

216 

5 1  

73  

104 

44 

1 9 1  

200 

333 

467 

37 5 

250 

225 

37 5 

525 

417 

250 

Average 

14 .2  

30.2 

47.8 

22.3 

63.4 

1 6 . 0  

21.9 

33.2 

13 .9  

60.3 

7 .5  

7.2 

8 .4  

11 .5  

2.9 

5 .2  

7.6 x 

9 .0  

6 .6  x 

6.4 

aBy Kenics  c o r r e l a t i o n  of Chen (1972). 
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2.  The d i f f e r e n c e  between 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  forward 

and reverse r e a c t i o n s  is  e q u a l  t o  t h e  h e a t  of r e a c t i o n  of 

uranium w i t h  TBP. T h i s  s i t u a t i o n  should not  b e  t r u e  f o r  

d i f f u s i o n  c o n t r o l  u n l e s s  it o c c u r s  by chance.  

3. The r a t e  c o n s t a n t s  f o r  uranium (A t o  0) were t h e  same f o r  t h e  

3- and t h e  0.3-mm d r o p s  i n  t h e  Kenics  mixer ;  however, t h e  

l a t t e r  case should  have evidenced a h i g h e r  d i f f u s i o n  ra te .  
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NOMENCLATURE 

Reverse r a t e  c o n s t a n t  ( o r g a n i c  t o  aqueous)  

Forward rate c o n s t a n t  (aqueous t o  o r g a n i c )  

Concen t r a t ion  of d r o p ,  o r g a n i c  phase  a f t e r  t i m e  t 

Concen t r a t ion  of  d rop ,  aqueous phase a t  t i m e  t 

Volume o f  d r o p ,  o r g a n i c  phase  

Volume of d r o p ,  aqueous phase  

I n t e r f a c i a l  area ( t o t a l  s u r f a c e  of d r o p s )  between d r o p s  and 

column phase  

I n t e r p h a s e  c o n t a c t  t i m e  

I n i t i a l  c o n c e n t r a t i o n  i n  o r g a n i c  phase  a t  t = 0 

I n i t i a l  c o n c e n t r a t i o n  i n  aqueous phase  a t  t = 0 

T o t a l  i n v e n t o r y  of uranium 

Aqueous t o  o r g a n i c  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  

T i m e  change co r re spond ing  t o  c o n c e n t r a t i o n  changes c - c t 0 

o r  c '  - c '  t 0 

T2 - T1 Heat of r e a c t i o n ,  

Molar c o n c e n t r a t i o n  of uranium i n  o r g a n i c  phase  e q u i l i b r i u m  

Molar c o n c e n t r a t i o n  of uranium i n  aqueous phase  a t  

e q u i l i b r i u m  

F r e e  TBP c o n c e n t r a t i o n  ([TBP 1 - 2 [ c u , o l )  i n i t i a l  
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