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KINETICS MEASUREMENTS IN LIQUID-LIQUID EXCHANGE APPLIED TO 
ISOTOPIC SEPARATION 

M. C .  Chalabreysse, R. Neige, J. Aubert 
Commissariat Energie Atomique 
26700 Pierrelatte, France 

and 

G. Folcher 

91130 Gif-sur-Yvette, France 
DPC - BP NO. 2 

ABSTRACT 

A method using calibrated drops, freely falling through a 
stationary continuous phase, is commonly used to study the 
kinetics of heat or mass transfer. This technique has been 
applied to uranium isotopic transfer between free ions dissolved 
in an aqueous phase and the corresponding complexes of an organic 
phase. 

In this report, results are presented for experiments in which 
an aqueous hydrochloric acid solution of U(1V) of naturally occurring 
isotope composition and an organophosphorous extractant, diluted 
in aromatics, containing a U(IV) complex at 2 3 5 ~  atom fraction of 
0.5% were used to determine isotopic mixing kinetics. The aqueous 
phase was fed as calibrated drops through the stationary organic 
phase at a velocity depending on the drop size and the physical 
characteristics of the contacted phases. The 235U concentration 
of the effluent stream was determined as a function of the drop 
residence time. 

An isotopic transfer coefficient kA <cm/sec) was calculated. 
Its variation was investigated as a function of drop diameter 
between 0.07 to 0.4 cm. The plot of kA vs diameter can be divided 
in two regions where kA is practically constant. In the region 
of small drops, the activation energy of kA was measured. The low 
value, 6 kcal/mole, indicates diffusional, rather than chemical 
transfer resistance. In the diffusion control region the isotopic 

557 

Copyright @ 1980 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



558 CHALABRNSSE ET AL. 

exchange k i n e t i c s  are c o n t r o l l e d  by t h e  physFca l  c h a r a c t e r i s t i c s  
of  t h e  p h a s e s .  A model which w a s  deve loped  from t h i s  s t u d y  i s  
shown t o  be  u s e f u l  i n  o p t i m i z i n g  t h e  o p e r a t i o n  of  t h e  p r o c e s s .  

INTRODUCTION 

A method u s i n g  c a l i b r a t e d  d r o p s ,  f r e e l y  f a l l i n g  t h r o u g h  a 

s t a t i o n a r y  c o n t i n u o u s  p h a s e ,  i s  commonly used t o  s t u d y  t h e  

k i n e t i c s  of  h e a t  o r  mass t r a n s f e r .  I n  t h i s  s t u d y ,  t h e  t e c h n i q u e  

w a s  a p p l i e d  t o  d e t e r m i n e  uranium i s o t o p e  mix ing  k i n ,  i s between 

f r e e  i o n i c  s p e c i e s  d i s s o l v e d  i n  an aqueous p h a s e  anc. t h e  

c o r r e s p o n d i n g  complexes of  a n  o r g a n i c  p h a s e ,  w i t h  t h e  two p h a s e s  

n o t  i n  i s o t o p i c  e q u i l i b r i u m .  

These s t u d i e s  employed a n  aqueous h y d r o c h l o r i c  s o l u t i o n  

of  U(1V) a t  t h e  i s o t o p i c  compos i t ion  
235u No = 0.50 atom % of  3 

and an o r g a n i c  s o l u t i o n  c o n s i s t i n g  of U(IV) a t  t h e  i s o t o p i c  

compos i t ion  
235,, NC = 0.72 atom Z of  

which i s  bound w i t h  a n  organophosphorous extractant i n  an a r o m a t i c  

d i l u e n t  . 
A mathemat i ca l  d e s c r i p t i o n  of t h e  p r o c e s s  w a s  deve loped  unde r  

238u 
t h e  a s sumpt ion  t h a t  chemica l  e q u i l i b r i u m  i s  a t t a i n e d ,  so t h a t  

2351J t r a n s f e r  t o  one  p h a s e  c a u s e s  a c o r r e s p o n d i n g  t r a n s f e r  of 

i n  t h e  o p p o s i t e  d i r e c t i o n .  I s o t o p i c  s e p a r a t i o n  e f f e c t s  are  n o t  

t a k e n  i n t o  a c c o u n t  by t h e  model,  as  none o c c u r s  i n  t h e  s y s t e m  

i n v e s t i g a t e d .  

EXPERIMENTAL 

I n  o r d e r  t o  o b t a i n  v e r y  small d r o p s ,  o n l y  a n  aqueous d i s p e r s e d  

phase  w a s  u sed .  P r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e d  t h a t  i f  

kA is  t h e  t r a n s f e r  r a t e  c o n s t a n t  t o  t h e  aqueous d r o p ,  and ko t h e  

t r a n s f e r  ra te  c o n s t a n t  t o  t h e  o r g a n i c  d r o p ,  t h e n  

A’ k = mk 0 
where m i s  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 .  
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LIQUID-LIQUID EXCHANGE 559 

The aqueous phase  was f e d  as  c a l i b r a t e d  d r o p s  which passed  

through t h e  s t a t i o n a r y  phase a t  a v e l o c i t y  depending on drop s i z e  

and t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of the c o n t a c t e d  phases .  Drops 

were c o l l e c t e d  a f t e r  20, 50, 100, and 200 c e n t i m e t e r s  of  f a l l .  

The 235U c o n c e n t r a t i o n  of t h e  aqueous stream w a s  determined 

as a f u n c t i o n  of  t h e  r e s i d e n c e  t i m e  of  t h e  f a l l i n g  drop  i n  t h e  

cont inuous  phase .  Note t h a t  t h e  235U i s o t o p i c  f r a c t i o n  i n  t h e  

cont inuous  phase ,  N C ,  w a s  c o n s t a n t  throughout  t h e  experiment  because  

of  t h e  r e l a t i v e l y  l a r g e  amount of U i n  t h i s  phase.  
235,, For t h e  t i m e  i n t e r v a l  d t ,  t h e  rate of  t r a n s p o r t  o f  

from a drop i s  g i v e n  by 

!8 = kA(Nt - N*)CAS, 

where N t  i s  t h e  i s o t o p i c  f r a c t i o n  a t  t i m e  t ,  N* i s  i t s  v a l u e  when 

a t  e q u i l i b r i u m  w i t h  t h e  cont inuous  phase ,  kA i s  the g l o b a l  v e l o c i t y  

t r a n s f e r  ra te  t o  t h e  aqueous phase drop,  C i s  t h e  uranium 

c o n c e n t r a t i o n  i n  t h e  aqueous phase,  and S d e n o t e s  t h e  area o f  t h e  

drop .  

The ra te  of  loss  of 235U from t h e  drop i s  a l t e r n a t i v e l y  

A 

given  by 

0 = VCA(dNt/dt), 

i n  which V r e p r e s e n t s  t h e  volume o f  t h e  drop .  

Eq. ( 2 )  i n t o  Eq. (3)  and t h e  r e c o g n i t i o n  t h a t ,  t o  a v e r y  good 

approximat ion ,  N* = NC,  y i e l d s  

S u b s t i t u t i o n  of  

dN L C 

Upon i n t e g r a t i o n ,  Eq. 

N t  - N c - In  [- No - NC1 = 

d t .  

( 4 )  becomes 

S k - t ,  A V  

(3) 

( 4 )  

( 5 )  

where N i s  t h e  f r a c t i o n  of 235U i n  t h e  aqueous drop i n i t i a l l y .  

I f  t h e  i s o t o p i c  exchange e f f i c i e n c y  E is d e f i n e d  as t h e  

amount of  235U exchanged a t  t i m e  t r e l a t i v e  t o  t h e  maximum amount 

t h a t  can  be  exchanged, t h e n  

i 
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No - Nt E ,  =-, 
1 No - NC 

o r  
S - t .  A V  

- I n  (1 - Ei) = k 

For p e r f e c t l y  s p h e r i c a l  d r o p s  of d i a m e t e r  d ,  

S 6  
V d’ 
_ -  _ -  

CHALABREYSSE ET AL. 

(6)  

(7 )  

It should  be noted  t h a t  E q .  ( 9 )  does n o t  t a k e  i n t o  c o n s i d e r a t i o n  

i s o t o p i c  exchange d u r i n g  drop  format ion  o r  c o a l e s c e n c e .  Hence, t h e  

l i n e a r  r e l a t i o n s h i p  i n d i c a t e d  by Eq. (9 )  i s  o n l y  v a l i d  over  t h e  

t i m e  per iod  t2 - tl which cor responds  t o  t h e  approximate range  

0.2 < Ei < 0.8. 

RESULTS 

The f i r s t  phase  of  t h i s  s t u d y  involved  i n v e s t i g a t i o n s  of 

t h e  dependence of drop v e l o c i t y  and of k on t h e  d i a m e t e r s  of  t h e  

d r o p s .  The cor responding  r e s u l t s  are  p r e s e n t e d  i n  F i g s .  1 and 2 .  
A 

The observed dependence o f  drop  v e l o c i t y  on d iameter  i s  i n  

good agreement w i t h  t h e  r e l a t i o n s h i p  developed by Vignes (1). I n  

t h e  i n t e r m e d i a t e  s ta te ,  v e r y  s m a l l  d r o p s  are r i g i d .  Although 

c i r c u l a t i o n  may occur  w i t h i n  t h e  d r o p ,  inducing  a c c e l e r a t i o n ,  t h e  

s u r f a c e  remains s t a b l e  up t o  a l i m i t i n g  d i a m e t e r  dR. I n  t h i s  s t a t e ,  

t h e  r e l a t i o n s h i p  between drop  v e l o c i t y ,  d i a m e t e r ,  and t h e  

c h a r a c t e r i s t i c s  of t h e  phases  i s  g i v e n  by (1)  

- 

where v, i s  t h e  v e l o c i t y  of  a s i n g l e  drop i n  a n  i n f i n i t e  cont inuous  

phase ,  g is  the a c c e l e r a t i o n  due t o  g r a v i t y ,  Ap = p d - p  

d i f f e r e n c e  between t h e  s p e c i f i c  g r a v i t y  of t h e  d i s p e r s e d  phase and 

is  t h e  
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GRAPHE 3I 
DROP VELOCITY VERSUS I T S  DIAMETER 
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FIGURE 1. Dependence of drop  v e l o c i t y  on drop  d i a m e t e r  a t  23OC. 
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FIGURE 2.  Dependence of k on drop  d i a m e t e r .  A 
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562 CHALABREYSSE ET AL. 

t h e  cont inuous phase ,  uc i s  t h e  c o e f f i c i e n t  of  v i s c o s i t y  of  t h e  

cont inuous phase,  and (5 r e p r e s e n t s  t h e  i n t e r f a c i a l  t e n s i o n  of 

t h e  drop. The p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  phases  involved 

i n  t h i s  s t u d y  are presented  i n  Table  1. 

I n  t h e  Eotvos s ta te ,  i . e . ,  f o r  drop d iameters  l a r g e r  than  

dR, t h e  drops  no l o n g e r  r e t a i n  a s p h e r i c a l  shape and s o  r e t a r d  

a c c e l e r a t i o n .  

i 

The dependence of  kA on drop d iameter  which i s  p r e s e n t e d  

g r a p h i c a l l y  i n  F ig .  2 d i s p l a y s  two r e g i o n s  over  which kA i s  

s e n s i b l y  c o n s t a n t ,  and a "breakthrough" a t  t h e  d iameter  dR. A t  

23"C, t h i s  breakthrough cor responds  t o  a d iameter  of  0 .3  cm; a t  

4 O o C ,  t h e  same behavior  w a s  observed,  except  t h a t  t h e  breakthrough 

occurred  a t  a d iameter  of 0 .2  c m .  

The agreement between t h e  behavior  of kA and t h e  o n s e t  of t h e  

Eotvos s t a t e  is v e r y  good; f o r  t h e  l a r g e  drops ,  which a r e  

c h a r a c t e r i z e d  by s i g n i f i c a n t  v i b r a t o r y  and o s c i l l a t o r y  motions,  

t h e  corresponding k v a l u e s  are a f a c t o r  of t h r e e  l a r g e r  than  

t h o s e  of t h e  smaller s i z e  drops .  
A 

The a c t i v a t i o n  energy c h a r a c t e r i s t i c  of t h e  process  i n  smaller 

s i z e  d r o p s  (d 5 0.2  em) i s  about  6 kcal /mole over  t h e  tempera ture  

range 20 t o  6 5 ° C .  Moreover, a t  23OC, when t h e  c o n c e n t r a t i o n  of 

organophosphorous compound i n  t h e  o r g a n i c  phase d e c r e a s e s ,  t h u s  

TABLE 1 

P h y s i c a l  C h a r a c t e r i s t i c s  of t h e  Phases  a t  2 5 O C  

Continuous o r g a n i c  phase 

D_ = 1 . 2  x c m  / s e c  

Dispersed aqueous phase 
2 

c 
3 pc = 1.054 g/cm 

pc = 0.038 P 

3 Pd = 1.43 g/cm 

pd = 0.027P 

Gi = 1 2  dyne/cm 
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y ie ld ing  a s o l u t i o n  of decreased v i s c o s i t y ,  t h e  va lue  of kA 

inc reases  and t h e  a c t i v a t i o n  energy decreases .  The low va lue  of 

t h e  a c t i v a t i o n  energy and t h e  inve r se  dependence of t h e  r a t e  

cons tan t  on v i s c o s i t y  i s  i n d i c a t i v e  of a d i f fus ion-cont ro l led  

t r a n s f e r  process.  The experimental  d a t a  were t h e r e f o r e  analyzed 

i n  t e r m s  of a d i f f u s i o n a l  t r a n s f e r  model. 

According t o  double f i l m  theory ,  

l m l  - -i+-, + - ,  1 

kA kA kg a 
_ -  

where ( l la)  r ep resen t s  t h e  i n t e r f a c i a l  chemical r e s i s t a n c e  t e r m  

(which i s  n e g l i g i b l e  i n  t h e  present  s tudy) ,  ( l / k i )  denotes t h e  

r e s i s t a n c e  wi th in  t h e  drop, (l/kh) i s  t h e  r e s i s t a n c e  o u t s i d e  

t h e  drop, and m(= C /C ) i s  t h e  r a t i o  of uranium concent ra t ion  

i n  t h e  aqueous and organic  phases.  Since k w a s  observed t o  

be v i r t u a l l y  inva r i an t  wi th  r e spec t  t o  drop diameter over t h e  

range 0.07 t o  0.3 c m ,  t h i s  sugges t s  t h a t  t h e  o v e r a l l  r e s i s t a n c e  t o  

t r a n s f e r  i s  due mainly t o  the  continuous phase, whence 

A 0  

A 

Equation (12) p e r m i t s  a de te rmina t ion  of kh from t h e  experimental  

d a t a .  

A modi f i ca t ionof  the  model developed by Rowe, Claxton, and 

L e w i s  (2) y i e l d s  a good c o r r e l a t i o n  of  t h e  experimental  va lues :  

, (13) 
s t e  1 /2sc1/3  Sh = C R e  

where 

Sh = Sherwood number = kAd/De, 

Re = Reynolds number = pcvd/pc, 

Sc = Schmidt number = pc/p D c c '  
and CSte i s  an experimentally determined cons tan t .  

c o e f f i c i e n t  may be rep laced  by t h e  Stokes-Einstein r e l a t i o n s h i p  

The d i f f u s i o n  

D ~ ~ , / T  = cons tan t ,  
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564 CHALABREYSSE ET AL. 

and E q .  (13) y i e l d s ,  a t  c o n s t a n t  t e m p e r a t u r e ,  t h e  r e s u l t  

k; = C:teF, 

where 

(15) 112 l161v 516 
PC c ’  F = (v /d)  

s t e  and C1 

e x p r e s s i o n  i n d i c a t e s  t h a t  k; depends o n l y  weakly on drop d i a m e t e r .  

i s  a n  a d j u s t a b l e  c o n s t a n t .  I n  view of E q .  ( l o ) ,  t h i s  

The e x t e n t  t o  which E q .  ( 1 4 )  may be  used t o  c o r r e l a t e  t h e  

exper imenta l  d a t a  i s  shown i n  Table  2 .  It w a s  also noted t h a t  

k;)/F remains c o n s t a n t  when t h e  organophosphorous and t h e  uranium 

c o n c e n t r a t i o n s  i n  t h e  phases  are v a r i e d .  

C O N C L U S I O N S  

The mathematical  model a p p e a r s  t o  c o r r e l a t e  t h e  exper imenta l  

d a t a  reasonably  w e l l ;  as a r e s u l t ,  i t  is p o s s i b l e  t o  u s e  t h e  model 

as a guide  i n  de te rmining  which parameters  should  be  opt imized  i n  

o r d e r  to improve t h e  r a t e  o f  t r a n s f e r .  Equat ions  (10)  and (14)  

c a n  be  combined t o  y i e l d  

which i n d i c a t e s  t h a t  t h e  ra te  of  t r a n s f e r  i s  s t r o n g l y  dependent  

on t h e  v i s c o s i t y  of t h e  cont inuous  phase and t o  a lesser e x t e n t  

on AD. 
F i g u r e  3 i s  a g r a p h i c a l  d i s p l a y  of t h e  dependence of  

KA(=  k /d)  on drop  s i z e .  

necessary  t o  produce drops  which are less t h a n  one m i l l i m e t e r  i n  

d iameter  i n  a s p r a y  column ( o r  a pulsed  column) i n  o r d e r  t o  

o b t a i n  l a r g e  v a l u e s  of KA. 

These d a t a  i n d i c a t e  t h a t  it i s  A 

Moreover, a l t h o u g h  t h e  u s e  of s u r f a c e  
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TABLE 2 

C o r r e l a t i o n  of t h e  Exper imenta l  Data w i t h  a D i f f u s i o n a l  Model 

d V 104k (104k6) exp (1o4k6) talc 
(cm) (cm/s> ( cm/ s f  (cm/s> (cm/s) 

0 . 1  3 . 4  3 . 7  8.9 8 . 6  

0.15 6.2 4.0 9.6 9.4 

0.25 9.2 4.2 10.0 10 .0  

0 .3  11.5 4 .5  1 0 . 8  10.0 

FIGURE 3 .  Dependence of  KA on drop  d i a m e t e r .  
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a c t i v e  a g e n t s  does r e s u l t  i n  t h e  formation of smaller drops ,  i t  

a l s o  y i e l d s  smaller v a l u e s  of  kA. 
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