
T H E R M O D I F F U S I O N  IN L I Q U I D  A N D  G A S E O U S  

M U L T I C O M P O N E N T  I S O T O P E  M I X T U R E S  

G. D. R a b i n o v i c h  a n d  V.  P .  I v a k h n i k  UDC 621.039.341.6 

The thermodif fus ton  p r o c e s s  in isotopic  mix tu res  of t i tanium, tin, and carbon t e t r a c h l o r i d e  
has been s tudied expe r imen ta l ly .  The r e s u l t s  a r e  analyzed  here .  

The idea  of using a C t u s t u s - D i c k e [  thermodiffus ion appara tus  for s epa ra t i ng  the i so topes  of a c e r -  
tain e lement  in the liquid s ta te  was d i sc losed  by those authors  as e a r l y  as in 1939 [1]. The ve ry  few sub-  
sequent  e x p e r i m e n t a l  s tudies  [2,5] with b i n a r y  isotope m i x t u r e s  have r evea l ed  that the magnitude of the 
thermodif fus ion  constant  is no t iceab ly  h igher  than when the same mix tu re s  a re  in the gaseous  s ta te .  In 
view of this,  accord ing  to [5, 6], thermodiffus[on in the liquid s ta te  may be t r ea ted  as a technologica l  v a r i -  
ant of the isotope concent ra t ion  p r o c e s s  appl icab le  to va r ious  chemica l  e l ements .  

Unfortunately,  it has not been poss ib le  to ca lcu la te  the thermodif fus ion constant  of liquid isotope mix-  
tu res  on the b a s i s  o[ l i qu id - s t a t e  theory,  as it could be done in the ca se  of gaseous  mix ture  on the bas t s  of 
the m o l e c u l a r - k i n e t i c  theory.  Some r e su l t s  der ived  in [7, 8] f rom the t he rmodynamics  of i r r e v e r s i b l e  
p r o c e s s e s  and f rom s t a t i s t i c a l  mechanics  have yie lded a re la t ion  between the thermodiffus ion cons tant  and 
those c h a r a c t e r i s t i c s  of a b i n a r y  mixture  about which there  a r e  no r e l i a b l e  tes t  da ta  ava i lab le  yet (heat of 
evapora t ion  of pure  isotope components ,  heat  of component  evapora t ion  f rom a solution, r ad ia l  d i s t r i b u -  
tion function, e t c . ) .  

Since the thermodfffus ion cons tant  is  a quant i ta t ive  m e a s u r e  of the isotope effect  involving the d i f -  
f e rence  between the mo lecu la r  m a s s e s  of the components ,  hence obviously  

~=f(M,, M~) (1) 

for a binary mixture. 

When the difference between the masses is small relative to the nominal mass of a molecule, [ .e. ,  
when M2-M I << Mi, then the right-hand side of (1) can be expanded into a Taylor series with respect to 
the small parameter M2-M I. The first term of the series is f(Ml, MI) = 0 and, if only the second term is 
retained, the thermodiffusion constant and the mass difference should be related linearly. Thus, for ex- 
ample, the molecular-kinetic theory [12] yields for gases 

SO-- AG M~-- M 1 
- -  M~ + M 1 ' (2) 

with A G denoting a coeff ic ient  which accounts  for  the c h a r a c t e r  of i n t e r m o l e c u l a r  fo rces ,  which indica tes  
that the sa id  re la t ion  is,  indeed, l inea r .  

Rela t ion (2) is in comple te  ag reemen t  with tes t  data.  

Based on the kinet ic  theory of l iquids,  K. Wir tz  in [9] has shown that for  l iquid b i n a r y  i so tope  mix tu re s  

with A L denoting a coeff ic ient  which accounts  for  the c h a r a c t e r  of t n t e r m o l e e u l a r  f o r ce s  but, because  not 
enough is known about the coeff ic ient  AL, this re la t ion  has not been conf i rmed expe r imen ta l ly .  
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TABLE 1. Isotope Content  of T i t a n i u m  T e t r a e h l o r i d e  Samples  (%) 

Top of column Bottom of column 

46 I 47 

8,66 [ 7,84 

8,50 I 7,78 

48 

73,05 

73,02 

Masses 

49 J 50 46 ] 47 ] 48 [ 49 [ 50 

Steady state (22 h) 

5,4 I 5,05 ] 7,3 [ 7,04] 73,7 ] 5,91[ 6,05 

Sample after 5.5 h 

5,5 I 5,2 ] 7,651 7,28[ 73,27 ] 5,9 ] 5,9 

When M J M I - 1  << 1, then f o r m u l a  (3) can be r e w r i t t e n  as 

a L = AL(M~--MI). (4) 

No theoretical formula is available for calculating the thermodiffusion constant in the case of multicomp0- 
nent liquid isotope mixtures. 

We assume in this case that, by analogy to (4), the same relation 

a~i=A (M~--M:), (5) 

applies which E. Schumacher [10] has used for analyzing thermodiffuston in multicomponent gaseous iso- 
tope mixtures. Unlike (4), formula (5) can be verified experimentally even when no data on the coefficient 
A are available. 

Using for this purpose convection free test cells is not feasible here, because slight shifts in concen- 
tration due to an elemental separation in such an apparatus cannot be recorded accurately enough by mod- 
ern methods of mass-spectrometry. 

Thermodiffusion columns, where the elemental effect is highly amplified, offer unquestionable ad- 
vantages in this regard. 

It has been shown in [I0] that, when condition (5) is satisfied in a thermodiffusion column, 

In qij ~-- In C~LCj~ -- B ' a i j ,  (6) 
Ci oC]L 

with B '  deno t ing  a coef f ic ien t  which accounts  for  the co lumn  g e o m e t r y ,  for  the phys i ca l  c h a r a c t e r i s t i c s  of 
the m i x t u r e  to be  pa r t i t i oned ,  and fo r  the tes t  t e m p e r a t u r e s .  

A c o m p a r i s o n  of (5) and (6) y i e lds  

In q~i = B"(M~--M:). (7) 

It m u s t  be e m p h a s i z e d  that  (6) c o r r e s p o n d s  to a s teady  s ta te  in a the rmodf f fus ion  co lumn  without  

r e s e r v o i r s  of f in i te  v o l u m e  at its ends .  

Re la t ion  (7) was  ve r i f i ed  e x p e r i m e n t a l l y  on c a r bon ,  t i t a n i um,  and t in t e t r a e h l o r i d e .  

T i t a n i u m  has f ive s tab le  i so topes ,  t in  has ten, c a r b o n  and c h l o r i n e  have two each.  

The t e s t s  w e r e  p e r f o r m e d  in a c y l i n d r i c a l  the rmodf f fus ton  appa ra tu s  c losed  on both ends .  The de-  
s ign p a r a m e t e r s  of the co lumn  w e r e  as fol lows:  L = 0.35 m, 6 = 2.5 �9 10 -4 m, B = 0.105 m. The i nne r  
c y l i n d e r  was  hea ted  with vapor ,  the ou te r  c y l i n d e r  was  cooled with r u n n i n g  w a t e r .  The t e m p e r a t u r e  of 
the ins ide  su r f ace  of the ou te r  c y l i n d e r  was  checked with t h e r m o c o u p l e s  and ma in t a ined  at T 2 = 308~ The 

TABLE 2. Isotope Conten t  of T in  T e t r a e h l o r i d e  Samples  (%) 

M a s s e s  i17 l I8  119 120 122 124 

Steady state [top 
(24 I" 0 Iottom 

Sample after[top 
11 h ~ottom 

112 114 

1,06 0,76 
0,96 0,71 

1,04 0,73 
0,96 0,69 

115 116 

0,43 14,6 
0,41 14,03 

0,41 14,61 
0,39 14,10 

7,57 
7,30 

7,61 
7,33 

24,4 
24,14 

24,34 
24,05 

8,42 
8,43 

8,44 
8,55 

32,62 
33,21 

32,64 
33,15 

4,52 
4,76 

4,50 
4,70 

5,62 
6,05 

5,68 
6,08 
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F ig .  1. Loga r i t hm of the i so topes  s e p a r a t i o n  fac to r :  (a) for  
t i t a n i u m  with m a s s e s  M i = 47, 48, 49, 50 and isotope with 
m a s s  46, as a funct ion of the m a s s  d i f f e r ence  AMtj = M [ - 4 6 ;  
(b) for  t in with m a s s e s  M i = 114, 115, 116, 117, 118, 119, 120, 
122,124 and isotope with m a s s  112, as a funct ion of the m a s s  d i f -  

f e r e n c e  AMij = M i -  112. 1) Steady s ta te ;  2) a f ter  11 h. 

t e m p e r a t u r e  of the outs ide  su r f ace  of the i n n e r  c y l i n d e r  in the TiCI 4 t e s t  and in the SnCI 4 tes t  was T t 
= 380~ as ca l cu l a t ed  f r o m  the known s a t u r a t e d - v a p o r  p r e s s u r e  and quan t i ty  of heat  p a s s i n g  through the 
gap. On account  of the t endency  of TiC[ 4 and SnC[ 4 to i n t e r a c t  with the a i r  m o i s t u r e ,  the co lumn  was f i l led 
with these  s u b s t a n c e s  u n d e r  al l  n e c e s s a r y  p r e c a u t i o n s .  Samples  for  a n a l y s i s  we re  taken off the top and 
the bo t tom.  The v o l u m e  of each s a m p l e  was  a p p r o x i m a t e l y  0.02 ml.  A total  n u m b e r  of 4-6  s a m p l e s  was  
taken f r o m  both ends t i l l  s t eady  s ta te  was  reached ,  i . e . ,  the total  v o l u m e  sampled  f r o m  the co lumn  did not 
exceed 0.1 ml.  T h e o r e t i c a l l y ,  f o r m u l a  (6) de r i ve d  for  a c o l u m n  ope ra t ion  without  s a m p l i n g  would not be 
app l i cab le  he re .  Acco rd ing  to e s t i m a t e s  of the s a m p l e  vo lume  in d i m e n s i o n l e s s  v a r i a b l e s ,  however ,  under  
our  spec i f ic  t es t  cond i t ions  the effect  of the said s ample  vo lume  was wel l  within the l i m i t s  of the m e a s u r e -  
ment  e r r o r .  The i so topic  con ten t  of s a m p l e s  was  d e t e r m i n e d  by m a s s - s p e e t r o m e t r y  with a model  MKh- 
1303 i n s t r u m e n t :  m e a s u r i n g  the a tomic  peaks of the r e s p e c t i v e  e l e m e n t s  tn TiC14 and SnCl 4 a n a l y s e s ,  and 

m e a s u r i n g  the s p l i n t e r  CCl~- and CC[ + tons in the CC14 a n a l y s e s  (de t e rmina t i on  of the c h l o r i n e  isotope con -  
tent) .  

The  r e s u l t s  of t i t a n i u m  and tin m e a s u r e m e n t s  a r e  given in T a b l e s  1 and 2. The se  data  have been  
evalua ted  in t e r m s  of r e l a t i o n  (7) and, as can be seen  in F ig .  1, they fi t  this  r e l a t i o n  c l o s e l y  enough.* 
T h e r e f o r e ,  the d i r e c t  p r o p o r t i o n a l i t y  be tween  the t he rmod i f fu s ion  c o n s t a n t  and the m a s s  d i f fe rence  in m u t -  
t i eomponen t  l iquid i so tope  a c c o r d i n g  to (5) is  thus c o n f i r m e d .  The CCI 4 t e s t s  have shown that  the s p l i n t e r  
ions CC[~- appea r ing  in the m a s s - s p e c t r o m e t e r  a re  as sub jec t  to r e l a t i o n  (7) as is a lso the s e p a r a t i o n  of 
C12t~135 ~137 molecules. 

*The e x c u r s i o n  of poin ts  &IV[ = 1 in Fig .  l a  and AM = 5 in F ig .  lb  was  due to a s y s t e m a t i c  e r r o r  in the 
d e t e r m i n a t i o n  of r a r e  i so topes .  

TABLE 3. P e r c e n t  Content of (~12(~135 p137 �9 ~m_l--~4_m M a s s e s  al ' ter T h e r -  
modi f fus tve  :Par t i t ion of CCI4, A c c o r d i n g  to the Data  of M a s s - S p e c -  
t r o m e t r i c  Ana lys i s  (Steady s ta te) ,  and of ~2'~135 ~,37 Ma sse s*  ,J  ~ n _ l , J t 5 _  n 

Masses  
Top of col- 

umn 
Bottom of 

column 

C '2 C 35 37 C, ~ C135 CI37 lm--iCl4--m n--1 5--a 

I17 119 

45,94 40,83 

4t,37 42,61 

121 

12,02 

I4,36 

123 

1,21 

1,66 

152 154 I i56 

35,47 41,97 18,62 

30,84 42,t8121,63 

158" 

3,67 

4,93 

* Percent content of these masses according to the formula 
. n = 1 0 0  ( y c . , ) 5 - "  ( l - y c l . , )  n - '  , 

where C] -n denotes the combinations of four elements of (5-n) (n = 1, 2,3,4, 5) 
and YC13S denotes the concentration of C1 s~ determined from an analysis of C ~a- 
CES 37 m . l C 1 4 _  m ( m  = 3 . , 2 , 3 , 4 )  splinter groups. 

160 

0,27 

0,42 
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F ig .  2 
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F ig .  3 

F i g .  2. L o g a r i t h m  of the s e p a r a t i o n  f a c t o r  d u r i n g  s t e a d y  
s t a t e  c o n d i t i o n s .  1) b e t w e e n  m a s s e s  M i = r~12~T35 ~137 

(m = 2, 3, 4) and m a s s  117, as  a {unction of the m a s s  d i f -  
f e r e n c e A M i j  = M t - l l 7 ;  2) b e t w e e n  m a s s e s  M i = C12C1351- 
Cl~Tn (n = 2, 3, 4, 5) and m a s s  152, as  a funct ion  of the 
m a s s  d i f f e r e n c e  AM[j = M i -  152. 

F i g .  3. L o g a r i t h m  of the  s e p a r a t i o n  [ a c to r ,  d u r i n g  s t e a d y  
s t a t e  c o n d i t i o n s ,  b e t w e e n  the k ryp ton  i s o t o p e  with  m a s s  86 
and m a s s e s  Mj = 84, 83, 82, 80, 78, as  a func t ion  of the 
m a s s  d i f f e r e n c e  AMij  = 8 6 - M j ,  in a co lumn  with  r e s e r -  
v o i r s  at  the ends .  C a l c u l a t i o n s  by  the a u t h o r s  b a s e d  on 
the t e s t  r e s u l t s  in [11, 12] and a c c o r d i n g  to (8): 1) V 0 
= 2.4 l i t e r s ,  V L =  2.5 l i t e r s ,  a n d y *  = 0.4; 2) V 0 = V L 
= 0.25 l i t e r s  and y* = 1.25. 

tnqij 

3,2 

Z,# 

t,e 

o,e 

T h e s e  r e s u l t s  a r e  shown in T a b l e  3 and in F ig .  2. In th is  way ,  d u r i n g  t h e r m o d i f f u s t v e  s e p a r a t i o n ,  
each  of the C12C135 CI ~7 n-1 5-n m a s s e s  b e h a v e s  l ike  an i so tope  of a f i c t i t i o u s  e l e m e n t  of m a s s  1 6 2 - 2 n  (n = 1, 

2 , 3 , 4 , 5 ) .  

When the t e s t  d a t a  a r e  e v a l u a t e d  in the f o r m  

M~ - -  Mj 
lnq~j= A' -Mi + 34 s (8) 

the  l o g a r i t h m  of the  s e p a r a t i o n  f a c t o r  r e m a i n s  a l m o s t  a l i n e a r  func t ion  of the r e l a t i v e  m a s s  d i f f e r e n c e ,  
b e c a u s e  the s m a l l  v a r i a t i o n  of the d e n o m i n a t o r  in (18) has  m a d e  i t  i m p o s s i b l e  to a s c e r t a i n  i t s  e f fec t .  

We m u s t  f u r t h e r  no te ,  in c o n c l u s i o n ,  tha t  r e l a t i o n  (7) is  v e r y  g e n e r a l  and a p p l i e s  not  on ly  to the 
s t e a d y  s t a t e  in a t h e r m o d i f f u s i o n  c o l u m n  wi th  bo th  ends  c l o s e d  but  a l so  to the t r a n s i e n t  s t a t e  and to t h e r -  
mod i f fus ion  c o l u m n s  wi th  r e s e r v o i r s  at the  ends .  

A c c o r d i n g  to F i g .  l a ,  b ,  the  l i n e a r i t y  of Eq.  (7) t s  fu l ly  r e t a i n e d  d u r i n g  a t r a n s i e n t .  Th i s  does  not  
a g r e e  wi th  the t h e o r e t i c a l  c o n c l u s i o n s  in [13], w h e r e  the a u t h o r  a n a l y z e s  the t r a n s i e n t  p r o c e s s  of s e p a r a -  
t ion in t h e r m o d i f f u s i o n  c o l u m n s  and c o n c l u d e s  that ,  f o r  e x a m p l e ,  in a t e r n a r y  m i x t u r e  of c o m p o n e n t s  d i f -  
f e r i n g  by  a uni t  of m a s s  the r e l a t i o n  be tween  s e p a r a t i o n  f a c t o r s  q12 and ql3 should  be  2C in q12 = ! n q13 wi th  
C < 1. A c c o r d i n g  to o u r  e x p e r i m e n t s  C = 1 at  any  i n s t a n t  of t i m e .  As to the a p p a r a t u s  wi th  r e s e r v o i r s  at 
the ends ,  we  have  used  d a t a  f r o m  t e s t s  wi th  k r y p t o n  [11]. We have  e v a l u a t e d  those  d a t a  a c c o r d i n g  to r e -  
l a t ion  (7) and the r e s u l t s  shown in F i g .  3 c o n v i n c i n g l y  c o n f i r m  the v a l i d i t y  of th is  f o r m u l a � 9  We wi l l  only  
note  that  the s e p a r a t i o n  f a c t o r  fo r  i s o t o p e s  KrS~-Kr78 has  not  been  p lo t t ed  with  c u r v e  2 b e c a u s e  of the p o o r  
a c c u r a c y  of the K r  78 c o n c e n t r a t i o n  m e a s u r e m e n t  at the  b o t t o m  of the co lumn .  B a s e d  on the l i n e a r  r e l a t i o n  
in F i g .  l b ,  the c o n c e n t r a t i o n  of the k ryp ton  K r  78 i so tope  in th is  e x p e r i m e n t  should  have  been  equal  to 7 
�9 10-4% r a t h e r  than the 0.01% i n d i c a t e d  in [11]�9 

Thus ,  r e l a t i o n  (7) r e p r e s e n t s  a r a t h e r  g e n e r a l  p r o c e s s  c h a r a c t e r i s t i c  of s e p a r a t i n g  i s o t o p e s  f r o m  a 
m u l t t c o m p o n e n t  m i x t u r e  unde r  c o n d i t i o n s  of a t e m p e r a t u r e  g r a d i e n t ,  and i t  can  be  s t a t ed  in t e r m s  of the 
fo l lowing  r u l e :  in a m u l t i c o m p o n e n t  i so tope  m i x t u r e  u n d e r  c o n d i t i o n s  of a t e m p e r a t u r e  g r a d i e n t ,  the l og -  
a r i t h m  of the s e p a r a t i o n  f a c t o r  fo r  each  p a i r  of c o m p o n e n t s  ts  d i r e c t l y  p r o p o r t i o n a l  to the r e s p e c t i v e  m a s s  

d i f f e r e n c e .  
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This  rule leads to the following p rac t i ca l  conclusions.  F i r s t  of all, with the aid of this rule ,  it is 
poss ib le  to de te rmine  all separa t ion  f ac to r s  f r o m  tes t  data on the separa t ion  of two isotopes,  which is 
espec ia l ly  important  when one component  ex i s t s  in such smal l  quant i t ies  as to make it v e r y  difficult to 
de te rmine  the change in its isotope content.  Secondly, on the bas i s  of data  on the separa t ion  kinet ics  in- 
volving two components ,  it is poss ib te  to ca lcula te  the t r ans ien t s  for  all  o ther  eomponea ts .  

i] 
Mi 

qij 
V 
L 
y* = H ' L / K ;  
H* 
K 

N O T A T I O N  

is the thermodiffusion constant  involving components  i and j; 
is the m a s s  of i- th component;  
see re la t ion  (6); 
is the volume of r e s e r v o i r ;  
is the length of column; 

is the r e f e r r e d  coeff icient  in the t r an s f e r  equation for  a mul t ieomponent  mixture;  
is the t r a n s f e r  coeff icient .  

S u b s c r i p t s  

O, L r e f e r  to the r e spec t ive  column ends; 
i, j r e f e r  to the components  of the mix ture .  
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