
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Estimation of Isotope Separation Power of Chromatography
Hidetake Kakihanaa

a International Atomic Energy Agency Vienna International Centre, Vienna, Austria

To cite this Article Kakihana, Hidetake(1980) 'Estimation of Isotope Separation Power of Chromatography', Separation
Science and Technology, 15: 3, 567 — 585
To link to this Article: DOI: 10.1080/01496398008068498
URL: http://dx.doi.org/10.1080/01496398008068498

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496398008068498
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGYy 1 5 ( 3 ) ,  pp. 567-585, 1980 

ESTIMATION OF ISOTOPE SEPARATION POWER OF CHROMATOGRAPHY 

Hidetake  Kakihana 
I n t e r n a t i o n a l  Atomic Energy Agency 

Vienna I n t e r n a t i o n a l  Cent re  
P. 0. Box 100 

A-1400 Vienna, A u s t r i a  

ABSTRACT 

A mathematical  model f o r  t h e  d i s t r i b u t i o n  of  i s o t o p i c  
c o n c e n t r a t i o n  i n  a d isp lacement  chromatogram i s  d e r i v e d  s t a r t i n g  
from a s imple  concept  t h a t  t h e  chromatographic  movement of  s p e c i e s  
can b e  expressed  as t h e  sum of t h e  movement caused by t h e  e x t e r n a l  
f o r c e s  and t h e  movement caused by t h e  i n t e r n a l  c o n c e n t r a t i o n  
g r a d i e n t .  The t h e o r e t i c a l  e q u a t i o n  i s  combined w i t h  a p p r o p r i a t e  
mater ia l  b a l a n c e  t o  develop a set of e q u a t i o n s  which re la te  t h e  
s i z e ,  p r o d u c t i o n ,  and s t a r t - u p  t i m e  o f  t h e  chromatographic  
s e p a r a t i o n  equipment t o  the degree  of i s o t o p e  enrichment .  These 
e q u a t i o n s  are e a s y  to  u s e  and r e q u i r e  a minimum of e m p i r i c a l  d a t a .  

The model i n c o r p o r a t e s  a series of s i m p l i f y i n g  assumptions 
which are v a l i d  f o r  d i sp lacement  chromatography where t h e  
i s o t o p i c  s e p a r a t i o n  c o e f f i c i e n t  i s  small and t h e  degree  of  e n r i c h -  
ment accomplished i n  a s i n g l e  column i s  n o t  v e r y  h igh .  The model 
i s  a p p l i e d  t o  estimate i s o t o p e  s e p a r a t i o n  power f o r  t h e  cases of  
boron and uranium i s o t o p e  s e p a r a t i o n .  

INTRODUCTION 

Although t h e o r e t i c a l  a s p e c t s  of chromatographic  s e p a r a t i o n  

have r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n ,  many problems remain.  Even 

f o r  t h e  l i m i t i n g  case i n v o l v i n g  t h e  chromatographic  s e p a r a t i o n  of  

i s o t o p e s ,  several t h e o r e t i c a l  approaches have been made t o  p r e d i c t  

t h e  maximum i s o t o p e  s e p a r a t i o n  which can  be o b t a i n e d  a t  one end of  t h e  
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568 KAKIHANA 

chromatographic  column. However, w h i l e  t h i s  parameter  i s  of  

pr imary i n t e r e s t  i n  t h e  o p e r a t i o n  of cont inuous  s e p a r a t i o n  d e v i c e s ,  

chromatographic  columns o r  ion ic-migra t ion  equipment i s  u s u a l l y  

o p e r a t e d  ba tchwise .  I n  t h i s  case t h e  c o n c e n t r a t i o n  p r o f i l e  

w i t h i n  t h e  column i s  of  i n t e r e s t ;  models which d e s c r i b e  o n l y  t h e  

degree  of i s o t o p e  s e p a r a t i o n  a t  a s i n g l e  p o i n t  are i n a d e q u a t e .  

We s h a l l  deve lop  t h e  model sought  on t h e  b a s i s  of fundamental  

c o n s i d e r a t i o n s  and make o n l y  t h o s e  s i m p l i f y i n g  assumptions which 

can be expected t o  hold r e a s o n a b l y  w e l l  i n  i s o t o p e  s e p a r a t i o n  systems.  

I n  t h i s  way w e  d e r i v e  a comprehensive e x p r e s s i o n  which can  d e s c r i b e  

t h e  c o n c e n t r a t i o n  p r o f i l e  i n  any  k i n d  of  chromatography; t h e  r e s u l t  

can be a p p l i e d  n o t  o n l y  t o  i on  exchange and g a s  chromatography, 

b u t  t o  i o n i c  m i g r a t i o n  proceses  as w e l l .  

We have p r e v i o u s l y  d e r i v e d  t h e  g e n e r a l  e x p r e s s i o n  which 

d e s c r i b e s  t h e  t r a n s p o r t  of any chemical  s p e c i e s  i n  a chromato- 

g r a p h i c  column (1): 

a 
ax - 

ac i (x ,  t )  
t-vi(x, t)Ci(X, t ) +  Di(X, t)- ax 1. 

T h i s  e x p r e s s i o n  relates t h e  t i m e  ra te  of change of t h e  

c o n c e n t r a t i o n  of  s p e c i e s  L, a C .  ( x , t ) / a t ,  t o  t h e  v e l o c i t y  v i ( x , t )  

of s p e c i e s  A which r e s u l t s  from t h e  a p p l i c a t i o n  of  

f o r c e  a long  t h e  x-ax is ,  and t o  t h e  chromatographic  

c o e f f i c i e n t  D.(x,t) c h a r a c t e r i s t i c  of  species I i n  

system. If v .  and Di a r e  independent  of p o s i t i o n ,  

reduces t o  

a n  e x t e r n a l  

d i f f u s i o n  

t h e  p a r t i c u l a r  

t h e n  E q .  (1)  

For  t h e  c a s e  of  a two-isotope system ( t h e  element  whose 

i s o t o p e s  are  t o  b e  s e p a r a t e d  c o n s i s t s  of two i s o t o p e s ,  A and B ) ,  

under t h e  r e s t r i c t i o n  t h a t  t h e  sum of  t h e  c o n c e n t r a t i o n s  of  t h e  

two i s o t o p e s  i s  k e p t  c o n s t a n t  a t  any p o i n t  i n  t h e  column, Eq. ( 2 )  

y i e l d s  (1) 

RA(x, t )  + K = A(t)  exp ( k x ) ,  ( 3 )  
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ISOTOPE SEPARATION OF CHROMATOGRAPHY 569 

where R ( x , t )  d e n o t e s  t h e  mole f r a c t i o n  o f  i s o t o p e  A a t  t h e  

d i s t a n c e  x a t  t i m e  t, t h e  parameters  k and K are c o n s t a n t s ,  and 

A ( t )  i s  a n  a d d i t i o n a l  c o n s t a n t  which may, however, be  t i m e -  

dependent .  

A 

These e q u a t i o n s  permit  u s  t o  perform numerical  c a l c u l a t i o n s  

a s s o c i a t e d  w i t h  t h e  s e p a r a t i o n  of uranium i s o t o p e s  and of  i s o t o p e s  

of  boron,  and a l l o w  us t o  expand on d i s c u s s i o n s  p r e s e n t e d  i n  p r e v i o u s  

papers  ( 1 , 2 ) .  The r e s u l t s  f o r  uranium i s o t o p e  s e p a r a t i o n  by i o n  

exchange chromatography are p r e s e n t l y  o f  p a r t i c u l a r  i n t e r e s t .  

The r e s u l t s  p r e s e n t e d  h e r e  can  be used to  de termine  t h e  t h e o r e t i c a l  

e f f i c i e n c y  of  t h e  e x i s t i n g  p r o c e s s  and what must b e  done t o  improve 

upon t h e  p r e s e n t  s e p a r a t i o n  power. The r e s u l t s  a l s o  form t h e  b a s i s  

f o r  a n  economic comparison between chromatographic  and o t h e r  i s o t o p e  

s e p a r a t i o n  methods, such  as gaseous d i f f u s i o n .  

THEORY 

The b r i e f  t r e a t m e n t  g iven  below i s  conf ined  t o  a d e s c r i p t i o n  

of band d isp lacement  chromatography i n v o l v i n g  two i s o t o p e s ;  t h e  

band i s  assumed t o  be s h a r p l y  d e f i n e d  and t h e  t o t a l  c o n c e n t r a t i o n  

o f  i s o t o p e s  i n  t h e  band i s  assumed c o n s t a n t .  

A t  t h e  beginning  of  t h e  o p e r a t i o n ,  t h e  chromatographic  column 

c o n t a i n s  none o f  t h e  s p e c i e s  whose i s o t o p e s  (A and B )  are  t o  b e  

s e p a r a t e d .  A s o l u t i o n  c o n t a i n i n g  t h i s  s p e c i e s  [ w i t h  the i s o t o p i c  

mole f r a c t i o n  R i ( R )  of  A] is f e d  c o n t i n u o u s l y  t o  t h e  column a t  a 

c o n s t a n t  ra te  u n t i l  a cer ta in  bandwidth of  t h e  s p e c i e s  is  formed. 

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

uniform.  The band i s  t h e n  developed by an adequate  e l u e n t ,  and s h a r p  

boundar ies  are main ta ined  a t  b o t h  ends of t h e  band. A s  band 

development proceeds ,  t h e  f r o n t  p a r t  of che band i s  e n r i c h e d  i n  

one i s o t o p e  (A) and the rear p a r t  of t h e  band i s  d e p l e t e d  i n  t h a t  

i s o t o p e .  

and t h e  rear of t h e  band. A f t e r  a c e r t a i n  per iod  of development, 

There w i l l  of c o u r s e  b e  a p l a t e a u  r e g i o n  between the f r o n t  
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5 70 KAKIHANA 

t h e  i s o t o p i c  mole f r a c t i o n  of A a t  t h e  f r o n t  o f  t h e  band i n c r e a s e s ,  

t o  a t t a i n  t h e  v a l u e  r e q u i r e d  f o r  product  (and t h e  v a l u e  of  t h e  

i s o t o p i c  mole f r a c t i o n  of A a t  t h e  rear of  t h e  band d e c r e a s e s ) .  

This  c o n d i t i o n  i s  shown s c h e m a t i c a l l y  i n  F ig .  1. Once t h e  i s o t o p i c  

mole f r a c t i o n  of A a t  t h e  f r o n t  of  t h e  band r e a c h e s  t h e  v a l u e  

r e q u i r e d  f o r  p r o d u c t ,  m a t e r i a l  can  b e  withdrawn c o n t i n u o u s l y  o r  

semi-cont inuously from t h i s  end as  product  of t h e  d e s i r e d  d e g r e e  of 

enr ichment  ("product ion  s t a g e " ) .  A t  t h e  same t i m e ,  mater ia l  may 

be  withdrawn from t h e  o t h e r  end of  t h e  band a s  was te .  The t ime 

e l a p s e d  between i n i t i a t i o n  o f  t h e  o p e r a t i o n  and t h e  beginning  of 

t h e  

p e r i o d  i s  d e s i g n a t e d  as  t h e  " p r e l i m i n a r y  s t a g e . "  

product ion  s t a g e  i s  termed t h e  "s ta r t -up"  t i m e  ( t s ) ;  t h i s  

I 
I 

I 
I I 
I 1 
I I 
I 
I I 
I I 

FIGURE 1. Mole f r a c t i o n  (a )  and c o n c e n t r a t i o n  (b)  p r o f i l e s  
i n  a band chromatographic  s e p a r a t i o n .  
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ISOTOPE SEPARATION OF CHROMATOGRAPHY 5 7 1  

We w r i t e  t h e  i s o t o p i c  mole f r a c t i o n  of A i n  t h e  band i n  

equ i l ib r ium w i t h  t h e  feed s o l u t i o n  a s  R l  and t h e  one r equ i r ed  f o r  

product  as R*, and we  d e f i n e  

which are employed i n  an e s t ima t ion  of t h e  rate of  i s o t o p e  

sepa ra t ion ,  t h e  i s o t o p e  s e p a r a t i o n  power, e tc .  are given by t h e  

fo l lowing  equat ions  ( 1 , Z )  : 

R F  = R; - R i .  Other q u a n t i t i e s  A 

S' 
For t h e  s t a r t -up  t i m e  t 

where E i s  dependent upon t h e  d i f f e r e n c e  i n  d i s t r i b u t i o n  

c o e f f i c i e n t s  of t h e  t w o  i so topes ,  

c1 i s  t h e  void f r a c t i o n o f t h e  chromatographic column, and Ci(s) 

and C.(R) denote  t h e  concen t r a t ions  of i s o t o p e  i n  t h e  s o l i d  and 

l i q u i d  phases ,  r e s p e c t i v e l y .  The parameter  q i s  de f ined  by t h e  

express ion  

where R ( a )  r e p r e s e n t s  t h e  mole f r a c t i o n  of i s o t o p e  A i n  t h e  

l i q u i d  phase a t  t h e  po in t  x i n  t h e  column a t  t i m e  t ,  i . e . ,  
A 

C A W  

RA(R) = CA(Q) + C,(!L) ' 

and 

The band v e l o c i t y  is  r e l a t e d  t o  t h e  s u p e r f i c i a l  v e l o c i t y  of 

t h e  feed s o l u t i o n  v" through t h e  express ion  
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572 KAKIHANA 

R' 
a + d '  (10) 
V - 

v=- 

The parameter in Eq. ( 4 )  is termed the "slope coefficient"; 

it is related to the velocities v and the diffusion coefficients 

D. of the two isotopes A and B through the expression 
i 

'A - 'B 'B'v k =-- - -  
e DA - DB DBED ' 

where 

EV = (VA/VB> - 1, 
and 

ED = (D /D  ) - 1. A B  

The "enrichment coefficient" A' is given by 
A: = c[exp(keKet)exp(k x ) ] ,  

e P  
where c is an experimentally determined constant, x is the 

distance from the origin (x = 0) at which RA(x,t) begins to deviate 

from the value Ro and 

P 

A' 

The width of the enriched zone xg is given by 

AR? 
In [- + 11,  1 x* = - 

ke A: 

and the rate of growth of the enriched zone (dxE/dt) is given by 

Provided the product is 

production stage, then Up , 
drawn per unit time per unit 

max 
withdrawn continuously in the 

the maximum amount of product with- 

band volume is 
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ISOTOPE SEPARATION OF CHROMATOGRAPHY 573 

where 

c;+B = c; + c;, 

and xz and x$ are the w i d t h  o f  t h e  e n r i c h e d  zone and t h e  w i d t h  

of the d e p l e t e d  zone, r e s p e c t i v e l y .  

s i g n i f i c a n t  q u a n t i t y  i n  e s t i m a t i n g  t h e  i s o t o p e  s e p a r a t i o n  power of  

chromatography. For example, i f  w e  choose (3% uranium-235) kgem - 
y as t h e  u n i t  f o r  t h e  case of 3% uranium-235 enr ichment ,  i t  i s  t o  

b e  compared w i t h  t h e  amount of  product  of  t h e  same d e g r e e  o f  

enr ichment  p e r  u n i t  t i m e  and p e r  u n i t  b a r r i e r  area produced by t h e  

gaseous d i f f u s i o n  method [ ( 3 %  uranium-235) kg-m - y  1, though 

t h i s  comparison i s  n o t ,  o f  c o u r s e ,  a r i g o r o u s  one between t h e  two 

methods. * 

max The parameter  Up i s  t h e  most 

- 3  

-1 

-2 -1 

CALCULATED RESULTS 

We performed numer ica l  c a l c u l a t i o n s  o f  t h e  essential f a c t o r s  

of  i o n  exchange chromatographic  s e p a r a t i o n s  of boron and uranium 

i s o t o p e s  w i t h  t h e  e q u a t i o n s  p r e s e n t e d  above.  Ranges o f  parameter  

v a l u e s  i n c l u d e  t h o s e  a c t u a l l y  o b t a i n e d  i n  p r a c t i c e .  I n  o r d e r  t o  

s i m p l i f y  t h e  c a l c u l a t i o n s ,  we  assumed 

0 0  
RA = R A ( R ) ,  

1 + E [ l  - R;(a)] = 1, 

1 + (a /dA)  = 1, 

and 

S e p a r a t i o n  of Boron-10 and Boron-11 

I n  t h i s  case w e  s e l e c t e d  

R;(b) = 0.198 

R i  = 0.5, 

*The t o t a l  c o s t  r e q u i r e d  t o  produce t h e  u n i t  amount of  product  

of  the  same d e g r e e  o f  enr ichment  should  be used f o r  t h e  r i g o r o u s  

comparison of t h e  i s o t o p e  s e p a r a t i o n  power between chromatography 

and o t h e r  methods. 
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574 KAKIHANA 

that is, the desired isotopic composition of boron-10 in the 

product was taken to be 50%. The results of the calculations 

arc presented graphically in Figs. 2-5. 

Separation of Uranium-235 and Uranium-238 

For this separation we chose 

Ri(R) = 0.0072 

and 
R" = 0 .03 .  

A 
this conforms to the enrichment commonly required in present 

10 

10 

L 
\ 
cn 
t. 

10 - ,  . E = lo+ 

10' 2 10 - 
V /cmh-' 

FIGURE 2. Effects of E, k e ,  A:, and on t (50% boron-10 
enrichment). 
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ISOTOPE SEPARATION OF CHROMATOGRAPHY 575 

FIGURE 3 .  

FIGURE 4 .  Effects of E and on dx*/dt (50% boron-10 enrichment). e 
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576 KAKIHANA 

FIGURE 5. E f f e c t s  of dx:/dt and band width  on Umax (50% boron-10 
enr ichment ) .  P 

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

i n  F i g s .  6-9. 

DISCUSSION 

S i n c e  t h e  main purpose of a previous  paper  ( 2 )  w a s  t h e  

d e r i v a t i o n  of  a set of e q u a t i o n s  n e c e s s a r y  f o r  a n a l y s i s  of 

displacement  chromatography, t h e s e  were o n l y  b r i e f l y  p r e s e n t e d  i n  

t h i s  paper .  Now w e  wish t o  c o n s i d e r  t h e  e q u a t i o n s  i n  g r e a t e r  

d e t a i l ,  and t h e n  t o  supplement t h e  remarks g iven  i n  t h e  prev ious  

paper  (2). 

Star t -up  T i m e  ( t s ) ( F i g s .  2 and 6 )  

The s t a r t - u p  t i m e  ts i s  t h e  t i m e  s p e n t d u r i n g  t h e  p r e l i m i n a r y  

s t a g e ;  once product ion  h a s  commenced, i t  has  no s i g n i f i c a n t  meaning. 
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FIGURE 6. E f f e c t s  of E, ke,  A; and 
enr ichment ) .  

on ts (3% uranium-235 

The more t h e  v a l u e  of t h e  i s o t o p i c  mole f r a c t i o n  r e q u i r e d  f o r  

product  d e v i a t e s  from t h e  v a l u e  of t h e  f e e d ,  t h e  longer  t 

becomes. I n  p r a c t i c e ,  t h e  s t a r t - u p  t i m e  should of c o u r s e  be 

minimized. S i n c e  t i s  a f u n c t i o n  o f  E ,  v, k and A:, i t  can 

be c o n t r o l l e d  through t h e s e  parameters .  

r e l a t i v e l y  smal l ,  e s p e c i a l l y  when A; i s  much smaller t h a n  ARA 

For example, i n  t h e  case of  uranium i s o t o p e s  i n  F i g .  6 ,  t remains 

n e a r l y  unchanged i n  t h e  range  of 7.2 x 10 f ( A R F / A ; ) (  7.2 x 1 0  

( t h r e e  s t r a i g h t  l i n e s  f o r  A; = 1 x 

w e r e  superposed i n t o  one l i n e ) ,  provided t h a t  t h e  o t h e r  parameters  

are c o n s t a n t .  T h i s  means t h a t  w e  can  omit t h e  second t e r m  i n  t h e  

The e f f e c t  o f  A: is  
max . 

2 4 

1 x low6,  and 1 x 
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578 KAKIHANA 

FIGURE 7 .  E f f e c t s  of k and A' on x* (3% uranium-235 enrichment) .  

b racke t  of Eq. ( 4 )  i f  A R r x  

s i m p l i f i e d  form 

1 + E [ l  - R l ( % ) ]  
~ E V  ke 

tS = 

>> A:, and rewrite Eq. ( 4 )  i n  t h e  

A R ~  . ( 2 0 )  

On t h e  o t h e r  hand, t h e  e f f e c t s  of  E ,  

in f luenced  by each of t h e s e  parameters  by t h e  same degree ,  and is 

inve r se ly  p ropor t iona l  t o  each  i f  t h e  o t h e r  two and A; are  kept  

cons t an t .  

and ke a r e  l a r g e ;  ts is  

The Width of t h e  Enriched Zone x? (F igs .  3 and 7) 
L 

The width of  t h e  enr iched  zone a f f e c t s  t h a t  of t h e  band, 

and consequent ly  t h e  s c a l e  of  t h e  appa ra tus .  The narrower t h e  

*The d i s t a n c e  between two ad jacen t  l i n e s  i n  F igs .  3 and 7 becomes 

smal le r  as A' becomes smaller. e 

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



ISOTOPE SEPARATION OF CHROMATOGRAPHY 579 

1C 

- 
-F 
El c 
u 
\ 

U 
c 

*; 
X 
U 

Id 

I I \ 

102 - 10' 11 
V / cm.h-' 

I 

FIGURE 8. E f f e c t s  of E and 7 on dxE/dt (3% uranium-235 enrichment).  

enr iched  zone, t h e  smaller t h e  s i z e  of t h e  appara tus .  A s  can be 

e a s i l y  a sce r t a ined  from an examination of Eq. ( 1 6 ) ,  x; i s  a 

func t ion  of k and A: f o r  a given value of AR, . Although the  

width of t h e  enriched zone i s  n o t  d i r e c t l y  inf luenced  b y c a n d  v, 
t h e r e  i s  an  i m p l i c i t  dependence through k 

A: on x", becomes smal le r  f o r  a cons t an t  va lue  of ke as t h e  r a t i o  

ARyX/AA increases* .  

Eq. (16) can be r e w r i t t e n  t o  a good approximation i n  t h e  form 

max 
e 

and A:. The e f f e c t  of 

I n  cases  where A: is much smaller than  ARmax A '  

Rmax 1 A 
x*  = -  I n  (- 1. 

ke A:! 

Since t h e  width of t h e  enr iched  zone i s  inve r se ly  p ropor t iona l  

t o  ke a t  cons tan t  A:, and moreover depends more s e n s i t i v e l y  on 
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580 KAKIHANA 

FIGURE 9. Effects of dx$/dt and bandwidth on Umax (3% uranium-235 
enrichment). P 

this parameter, it is important to maximize k 
minimize x*. 

can be shown to be inversely proportional to HETP (Height Equivalent 

to a Theoretical Plate). 

in order to 
Furthermore, as is described in the Appendix, ke 

Hence making ke large is equivalent to 
making HETP small. 

The Rate of Growth of the Enriched Zone (dx:/dt)(Figs. 4 and 8 )  

The rate of growth of the enriched zone directly affects the 

amount of product obtained, since dxz/dt multiplied by the cross- 
sectional area of the column and the total concentration of isotopes 
in the band is the amount of product obtained per unit time. 

More significantly stated, the value of dx-:/dt determines whether 

or not a chromatographic process can be put into practical use for 

isotope separation. 

and v, but does not depend on ke and A; directly. 

max For a given AR, , dxz/dt is a function of E 
- 

In order to 
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make d x z / d t  l a r g e r ,  i t  i s  most impor tan t  t o  choose t h e  system 

where t h e  v a l u e  of E is  l a r g e r .  But once t h e  system i s  chosen,  E 

cannot  be  v a r i e d  t o  a g r e a t  e x t e n t ,  and it  becomes n e c e s s a r y  t o  

make t h e  band v e l o c i t y  as h i g h  as  p o s s i b l e .  

c o u r s e  t h a t  the  h i g h e r  ARY becomes, t h e  smaller d x z f d t  becomes. 

The Maximum Amount of  Product  p e r  Uni t  T i m e  p e r  Unit Band Volume 

(Umax)(Figs. 5 and 9) 

It i s  a matter of  

The maximum amount of  product  p e r  u n i t  t i m e  p e r  u n i t  band 

volume i s  t h e  most impor tan t  parameter  f o r  e s t i m a t i n g  t h e  i s o t o p e  

s e p a r a t i o n  power of t h e  p r o c e s s .  

t h e  h i g h e r  t h e  power o f  t h e  p r o c e s s .  I n  o r d e r  to  make U as 

l a r g e  as p o s s i b l e ,  i t  i s  n e c e s s a r y  t o  maximize dx*/dt  and t o  mini- 

mize X* + x*. e d  

The l a r g e r  t h e  v a l u e  of  Umax, 
maxP 
P 

e 

In t h e  f o l l o w i n g ,  w e  estimate t h e  power f o r  uranium i s o t o p e  

s e p a r a t i o n  by i o n  exchange chromatography. T h i s  method i s  

c u r r e n t l y  be ing  c o n s i d e r e d  as a p r a c t i c a l  means f o r  uranium i s o t o p e  

s e p a r a t i o n .  A s  an example, i f  w e  se lect  
-3 E = 1 X 1 0  , 
-1 k e  = 0 . 1  cm , 

v = 50 cmfh, 
- 

and 

A: = 1 x 

t h e n ,  from Fig .  6 ,  

t % 650 h ;  

from Fig .  7 ,  

x* % 100 c m ;  

( d x z / d t )  % 1.5 x lo-' cm/h 

and from Fig .  8 ,  

f o r  3% uranium-235 enr ichment .  I f  i t  i s  f u r t h e r  assumed t h a t  t h e  

s l o p e  c o e f f i c i e n t  kd and t h e  enrichment  c o e f f i c i e n t  A '  i n  t h e  

d e p l e t e d  zone are i d e n t i c a l  t o  t h e  cor responding  v a l u e s  (ke and 

A') i n  t h e  e n r i c h e d  zone,  and t h a t  the maximum d e g r e e  of d e p l e t i o n  

iz t h e  d e p l e t e d  zone R:in = 0.0062, we  o b t a i n ,  from Fig .  9 ,  

d 

Urnax = 160 kg.m-3-y-1. 
P 
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582 KAKIHANA 

I n  p r a c t i c e ,  a p l a t eau  r eg ion  i n  which RA = Ro i s  necessary 
A 

between t h e  enriched and the  deple ted  zones t o  keep them sepa ra t e ,  

hence a bandwidth approximately t h r e e  t imes x* is  requ i r ed .  More- 

ove r ,  t h e  band should be d isp laced  by a zone of about 200 cm, s o  

t h a t  a chromatographic column about 500 cm i n  l eng th  is a c t u a l l y  

requi red  f o r  t h e  example considered. 

I f  & = 7 x 

U y  % 30 kg-m -y  , 
and CAfB = 0.7 mole/L, then  

- 3  -1 
r -4 

o r ,  a l t e r n a t e l y ,  i f  t h e  process  were cha rac t e r i zed  by E = 2 x 10 
-1 and ke = 0.2 cm , 

- 3 .  -1 U m a x %  8 kg-m y . 
P 

These parameters appear t o  be phys ica l ly  r e a l i s t i c ;  thus  i t  appears 

t h a t  i on  exchange chromatography may o f f e r  a p r a c t i c a l  approach t o  

uranium i so tope  sepa ra t ion .  

By way of comparison, w e  c a l c u l a t e  from t h e  d a t a  given by 

Higashi (3) t h a t  t h e  amount of product ob ta ined  pe r  u n i t  t i m e  

per  u n i t  a r ea  of  b a r r i e r  is  about 1 kg-m y by gaseous d i f f u s i o n  

i f  3% enrichment i s  produced. A d i r e c t  comparison of t h i s  r e s u l t  

w i th  Umax i s  of course  midleading, s i n c e  o the r  f a c t o r s ,  such a s  

energy demand, hold-up, c a p i t a l  c o s t ,  e t c .  must be considered. 

-2. -1 

P 

CONCLUSION 

Numerical c a l c u l a t i o n s  were presented  t o  demonstrate t h e  use 

of band chromatography t o  achieve  i so tope  sepa ra t ions  i n  boron 

and uranium systems. The r e s u l t s  f o r  uranium i so tope  sepa ra t ion  

i n d i c a t e  t h a t  i on  exchange chromatography can be developed i n t o  

a p r a c t i c a l  p rocess  f o r  t h i s  system. 
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ISOTOPE SEPARATION OF CHROMATOGRAPHY 583 

APPENDIX 

R e l a t i o n s h i p  Between S l o p e  C o e f f i c i e n t  (k) and HETP 

I n  accordance  w i t h  Glueckauf 'sn concept  of a chromatographic  

p l a t e  we  f i r s t  d e r i v e  a fundamental  e q u a t i o n  f o r  he te rogeneous  

chromatography. Consider  a chromatographic  column which i s  

o r i e n t e d  a l o n g  t h e  x a x i s  and i s  o f  c r o s s - s e c t i o n a l  area AyAz. 

The column i s  d i v i d e d  i n t o  t h e o r e t i c a l  p l a t e s  w i t h  h e i g h t  H as  

shown i n  F i g .  A - 1 .  

of s o l u t e  i n  t h e  column and t h e  v e l o c i t y  of s o l u t e  i n  mobi le  phase ,  
R r a p e o t i v e l y .  The c o n c e n t r a t i o n  of s o l b c e  i n  t h e  mobi le  phase ,  c i' 

i s  r e l a t e d  t o  c by t h e  e q u a t i o n  cR = c i / ( a  + d i ) ,  where di i s  

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  and i s  t h e  void  f r a c t i o n .  The 

n e t  g a i n  (A) o f  s o l u t e  i n  a p l a t e  under  c o n s i d e r a t i o n  ( t h e  shaded 

p l a t e  i n  F i g .  A-1) i n  a v e r y  s m a l l  t i m e  i n t e r v a l  A t  i s  

We w r i t e  c and vR f o r  t h e  o v e r a l l  c o n c e n t r a t i o n  i 

i i 

A = ~ I c .  R (X - H) - ci(x)  R IV R AyAzAt, 

R 
a+ di  

=-  a V  (c i (x  - H) - ci(x)IAyAzAt. 

Using t h e  c o n c e n t r a t i o n s  a t  t i m e s  t and t + A t ,  c i ( t )  and c i ( t  + A t ) ,  

A i s  a l s o  expressed  as  

A = H{ci(t + At) - c i ( t ) I  AYAz. (-4-2) 

Expanding c . ( x  - H) and c . ( t  + At) i n  T a y l o r ' s  series a b o u t  x 

and t and n e g l e c t i n g  terms h i g h e r  t h a n  t h e  t h i r d  term w i t h  r e s p e c t  

+ flow direct ion, x 

H (X-H) x 
Plate height 

FIGURE A - 1 .  Chromatographic column d i v i d e d  i n t o  t h e o r e t i c a l  p l a t e s .  

"E. Glueckauf ,  Trans.  Faraday SOC. 51, 34 (1955). 
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584 KAKIHANA 

t o  c . ( x  - H) and t h e  second t e r m  w i t h  r e s p e c t  t o  c i ( t  + A t ) ,  

E q s .  (A-1) and (A-2) become 

and 

aci 
A = (at) AtAyAzH, 

r e s p e c t i v e l y .  From t h e s e  two e q u a t i o n s ,  we  o b t a i n  

Equat ion (A-5) is  t h e  fundamental  e q u a t i o n  f o r  chromatography 

based on t h e  concept  of t h e o r e t i c a l  p l a t e s .  

Comparing t h i s  e q u a t i o n  w i t h  Eq. (2) i n  the tex t ,  

we  o b t a i n  t h e  f o l l o w i n g  two i d e n t i t i e s :  

av R H 
D =  1 2 ( a  + di> ' 

and 

(A-3) 

(A-4) 

(A-5) 

(A-6) 

(A-7)  

Using Eqs .  (A-7) and ( A - 8 ) ,  w e  can  d e r i v e  t h e  r e l a t i o n  between k 

and HETP. According t o  Glueckauf ' s  assumption t h a t  i s o t o p e s  

A and B have t h e  same v a l u e  o f  HETP*, k i s  e x p r e s s e d  i n  terms o f  

H as 

"This assumption i s  n o t  a good one.  It  i s  c lear  t h a t  t h e  HETP 

of  each i s o t o p e  should  be  d i f f e r e n t  i f  t h e r e  i s  t o  be an i s o t o p e  

e f f e c t .  
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ISOTOPE SEPARATION OF CHROMATOGRAPHY 585 

VA - VB 2 k = - = -  
DA - DB H (A-9) 

But t h e  fundamental equat ion  der ived  by ou r  theory  i s  n o t  

n e c e s s a r i l y  equ iva len t  t o  t h a t  de r ived  by p l a t e  theory.  Therefore ,  

i t  i s  more reasonable  t o  i n d i c a t e  i n s t e a d  t h a t  

1 k “TI. (A-10) 
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