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The relative difference in internal m obilities o f 6Li and 7Li, e, in molten L iN 0 3 has been 
rem easured in the tem perature  range from 559 K to 726 K by countercurrent electrom igration  
(K lem m 's m ethod). As tem pera tu re  increases, the isotope effect increases, although the increasing 
rate decreases: it is practically  constant above 650 K. The e values are lower than  those m easured 
by Lunden and Ekhed [5] by 15-25% . T he effective diffusion coefficients have been estim ated 
from  the d istribution  o f the isotopes in the separation  tube by num erical sim ulation.

Introduction

M easurem ents  o f  isotope effects on ionic mobilities 
in m olten  salts yield useful in fo rm a t io n  not only for 
perfo rm in g  iso tope  sep a ra t io n  by the  cou n te rcu rren t 
e lec trom igra t ion  m e th o d  inven ted  by K lem m  [ 1 - 3 ]  
but also for in te rp re t ing  the m ech a n ism  o f  the  ionic 
transport. M olten  L i N 0 3 is a poten t ia l  salt for 
en r ichm en t o f  Li isotopes. S o m e  20 years ago the 
relative d if ference  in the in ternal mobili t ies ,  e, of  
6Li and  7Li in m o l ten  L i N 0 3 was m easu re d  at 
several tem p e ra tu re s  by O k a d a  [4], and  L u n den  and 
Ekhed [5]. T he  o b ta in ed  e  values were 1 0 -1 5 %  
lower in [4] than  in [5] and  slightly decreased  with 
tem p e ra tu re  in [4] w hile  they w ere nearly  constant 
in [5],

Recently  K lem m  and  L u n den  [6 ] have  a rgued  
that the an o m a lo u s  d is tr ib u t io n  o f  iso topes in 
coun te rcu rren t  e lec tro m ig ra t io n  o f  nea t melts such 
as L i N 0 3 [5] and  K N 0 3 [7] is a t t r ib u tab le  to e in ­
creasing w ith  tem p e ra tu re .  T h us  a positive d e p e n ­
dence o f  e  on te m p e ra tu re  in L i N 0 3  w ould  confirm  
the ir  a rgum ent.

Presently a m ore  accura te  mass sp ec trom e te r  for 
isotope a b u n d a n c e  m easu rem e n ts  is ava ilab le  for us. 
Also an a p p a ra tu s  for te m p e ra tu re  control o f  the
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elec trom igra t ion  cell has been  deve loped .  W e thus 
were in a posi tion  to rem easu re  these e  values and  
the ir  tem p e ra tu re  dependence .

Experimental

L ith ium  nitra te  o f  reagen t g rad e  was vacuu m - 
dried  at ab o u t  400 K overn igh t.  A m m o n iu m  n itra te  
o f  reagent g rade  was used w i tho u t  special d e ­
hydration.

T he  e lec trom igra t ion  cell used was the  sam e as 
the one devised for en r ich m en t  o f  6Li a nd  show n in 
Fig. 1 o f  [8 ]. T h e  ca th o d e  c o m p a r tm e n t  con ta ined  
m olten  N H 4 N 0 3 and the  rest o f  the cell m olten  
L i N 0 3. T he  sepa ra t io n  tu b e  for en r ich m en t  o f  7Li 
had  4 m m  internal d ia m e te r  and  ca. 160 m m  length. 
It was packed  as densely as poss ib le  w ith  a lu m in a  
pow der o f  ca. 50 p m  gra in  size. F o r  every ex p er i­
ment the d ia p h ra g m  part  o f  the  s ep a ra t io n  tu b e  was 
filled with fresh L i N 0 3  becau se  the  old L i N 0 3 in 
the cell could have  been  c o n ta m in a te d  d u r in g  the 
previous runs.

T he  tem p e ra tu re  o f  the  m elt  was k ep t  w ith in  
±  2 K with a te m p e ra tu re  con tro lle r  (M ode l  D S M  
m ade  by S h im a d e n  Electric Co. Ltd., Tokyo).  
Constan t d irec t  cu rren t was su pp l ied  w ith  a D C  
supplier  M odel PA D  500-0.6 m a d e  by Kikusui 
Electric Co. Ltd.,  Tokyo. A fte r  e lec trom igra t ion ,  the  
separa tion  tube  was tak en  ou t  and  cut in to  pieces.
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T able 1. Experim ental conditions and results.
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Exp.
no.

Temp.

(K)

Electric
current

(mA)

D uration

(hrs)

Transported
charge

(C)

£Li ^ eff

(I)
( 10-9 m 2 s_

(II)
')

1 559 150 18.0 9 538 0.0091 ±  0.0001 2.8 2.5
2 561 145 44.2 23 237 0.0096 ±0.0001 1.9 1.5
3 561 300 24.0 23 555 0.0099 ±  0.0001 1.7 1.9
4 610 150 48.0 25 103 0.0114 ±  0.0001 2.2 1.8
5 610 300 24.0 24 797 0.0110 ±  0.0001 2.9 2.7
6 660 150 48.0 25 116 0.0115 ±  0.0002 2.8 2.5
7 660 300 24.5 25 458 0.0118 ±  0.0001 2.6 3.3
8 725 150 30.0 15 074 0.0118 ±  0.0002 3.3 2.9
9 725 220 24.0 17 852 0.0119 ±  0.0001 4.1 4.4

10 726 300 24.0 24 856 0.0117 ±  0.0001 4.2 4.0

T he  am o u n t  o f  Li in the  pieces was d e te rm in ed  by 
f lame sp ec t ro p h o to m e try  and the iso tope  ratio  
7 L i / 6Li was m easu red  by  surface ion isa t ion  with a 
V arian  M A T  C H 5  m ass spectrom eter .  F o r  o b ta in ­
ing good rep ro du c ib i l i ty ,  always th e  sam e am ou n t  
o f  Li (ca. 1 (ig) as Lil w as pu t on the  side f i lam ent 
and  the rising rate o f  the  heating  cu rren t and the 
w ait ing  t im e before  the  m ea su rem e n t  w ere  the sam e 
for each sample. T h e  rep ro du c ib i l i ty  for the ratio  
7 L i / 6Li was be t te r  th a n  0.2%.

Results

T h e  m ain  ex p e r im en ta l  condit ions an d  the results 
are given in T ab le  1.

T h e  relative d if fe rence  in internal mobili t ies  o f  
6Li and 7 Li, e, is c a lcu la ted  by [2, 4]

e = ( b 6 - b 1) / b  (1)

=  ~  (F/ Q)  [(1 +  r0) / r 0] X  [ M 'o  ~  ' ' /) /(!  +  ''/)],
/

where b is the internal m ob ili ty  o f  Li (b = y 6b6+yjb-i,  
v =  isotope ab u n d an ce ,  > ’6  +  y-s =  1), F  the  F a rad ay  
constant,  Q the  t r an sp o r te d  charge, n the  quan ti ty  o f  
Li and  r the  iso tope ra t io  (r =  7 L i / 6 Li). T h e  suffixes
0  and  / refer to the sam p le s  before e lec trom igra t ion  
and  the i-th  sam p le  thereafte r ,  respectively. T he  
su m m at io n  is taken  f ro m  the  fraction neares t  to the 
an o d e  up to the one w h e re  the iso tope  ratio  was 
practically  unchanged .

F ro m  the o b ta in ed  e values and th e  d is tr ibu tion  
o f  the isotopes in the  sep a ra t io n  tu b e  af ter  elec tro­
m igra t ion ,  the  effective d iffusion  coefficients are  
es t im ated  as follows.

T he  cross section o f  the  m elt in the  d ia p h r a g m  is 
assum ed to be un ifo rm . T h e  net flow o f  6Li per  cross 
section in the d ia p h ra g m  part  is expressed by

Jb = e I i C 6 c7/ F  c 2 -  Z)e(T(dc 6 /d.\-) , ( 2 )

where / d is the cu rren t density ; c, c 6  and  c 7  a re  the 
concentrations o f  L i+, 6 L i+, 7 L i+ ions, respectively; 
D eff is the effective in te rd iffus ion  coeff ic ient o f  Li- 
isotopes. This  e q u a t io n  is derived  from  (18) in [9] 
for the system consisting o f  one  k ind  o f  ca tion  w ith  
two isotopes. A s im ila r  eq u a t io n  holds for 7 Li.

C o m bin in g  ( 2 )  with the  eq u a t io n  o f  continu ity ,  
one obta ins

c 6 (-Y, t + A t )

= c6 (x,  t ) +  { A t / A x )  [(£ I J F c 2) (3)

• {c6  (.Y, t) C-j (.Y, t) -  c6  (.Y +  A.x, t) c7 ( x  + A x ,  t)}

-  (Deff / A x )  [ 2 c 6 (.y , t) -  c6(.y -  Ax ,  t) -  c6( x  +  Ax ,  /)}].

T he  evolu t ion  o f  the  d is t r ibu t io n  o f  the  iso topes 
can be ca lculated  using (3); a c o m b in a t io n  o f  
A x  =  1 m m  and  A t  = 60 s is chosen for the ca lc u la ­
tion. T h e  ca lcu la tion  o f  D eff has been  do n e  w ith  a 
trial and e rror m e th o d ,  tha t  is, the  Z)eff  va lue  w ith  
which the exper im en ta l ly  ob ta in e d  d is t r ib u t io n  can 
be well rep rod uced  has been  finally chosen  and  
given in co lum n (I) in T ab le  1. In Fig. 1 it is show n 
for an exam ple  how  the  exper im en ta l ly  o b ta in ed  
d is tr ibu tion  is r ep ro d u ced  by such a ca lculation .

The existence o f  an  an o m a lo u s  d is tr ib u t io n  o f  the  
isotopes nea r  the sep a ra t ion  tu be  open ing  to the 
large vessel, w hich  was d iscovered  in the  ex p e r i ­
ments on pure  L i N 0 3 [5] and  K N 0 3 [7] by L u n d en  
and Ekhed, could not be a ff i rm ed  nor  d en ied  in the 
present experiments.
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D iscussion

Temperature Dependence o f  e

T h e  te m p e ra tu re  g rad ien t  in the vertical d irec tion  
in the sep a ra t io n  tube , w hich  is e s t im ated  to have 
been less than  0 . 2  K /cm , does not affect the 
ob ta ined  e. value because  ( 1 ) is based  on  the 
m ateria l and  tran sp o r ted  charge  b a lance  in a cross 
sectional a rea  in the  sep a ra t ion  tu b e  w here  the 
isotope ra tio  rem ain s  unch ang ed  d u r ing  e lec tro­
migration. T hu s  only the  te m p e ra tu re  at this place 
affects the e value.

T he  e values are  p lo t ted  against the  te m p e ra tu re  
in F igure  2. T he  prev iously  o b ta in ed  values by 
O k ad a  [4] and  L u n den  and  E khed  [5] are  also given 
for com par ison .  F ig u re  2 shows tha t  the  r e p ro d u c ­
ibili ty o f  the present results is very good  and  tha t  
they are  in d ep en d e n t  o f  the  cu rren t density  in the 
investigated range, as expected . As the  tem p e ra tu re  
increases, c increases b u t  becom es prac tica lly  co n ­
stant above  650 K. T h e  te m p e ra tu re  d epen den ce  
agrees well w ith  tha t  o b ta in ed  by L u n d en  and 
Ekhed [5] bu t th e i r  values are  systematically  larger. 
T he  d if ference  b e tw een  the  results o f  [4] and  the 
present ones is part ly  d u e  to the  b e t te r  te m p e ra tu re  
control and  m ain ly  to m o re  prec ise  mass spec­
trometry.

T he  present e values and  the te m p e ra tu re  d e p e n ­
dence agree  well with those o b ta in ed  for the  nearly  
eutectic (Li,  K ) N 0 3 m elt [10],

T h e  te m p e ra tu re  dep en d en ce  can be in te rpre ted  
as follows.

T he positive te m p e ra tu re  d ep en d en ce  o f  the 
isotope effect in the case o f  m olten  LiCl has been  
in te rpre ted  in term s o f  the  self-exchange velocities 
(SEV) o b ta in e d  by m o lecu la r  dynam ics  s im u la t ion
[11], T he  SEV refers to sepa ra t in g  m o t io n  o f  n e ig h ­
bouring  unlike  ion pairs  and  has b een  found  to  be 
strongly rela ted  with in ternal m ob ili t ies  for m olten  
alkali ch lor ides  [ 1 1 ].

T he  sep a ra t in g  m o t io n  o f  each p a ir  can  be 
classified into fou r  processes, tha t  is, the  oscillating 
process (O -process),  the  leaving process (L-process), 
the w and er in g  process (W -process) and  the  com ing- 
back process (C-process) [11, 12], In the  L-process 
the SEV is d e p e n d e n t  only on the  masses o f  the 
cation  and  an ion  o f  interest and  on the  tem p e ra tu re ,  
and there fo re  its iso tope  effect is re la tively  large. 
T h e  O -process  is the  process d u r in g  w hich the 
d is tance be tw een  ne ig h b o u r in g  unlike  ions is ch an g ­

ing in an oscillatory way, and its d u ra t io n  is d e te r ­
m ined  m ainly  by the m o t io n  o f  the  su r ro u n d in g  ions 
o f  the unlike ion p a i r  o f  interest an d  therefo re  the 
isotope effect o f  its d u ra t io n  is re la tive ly  small. As 
tem pera tu re  increases, the o ccurrence  o f  the  L- 
process becom es m o re  frequent an d  there fo re  the 
isotope effect increases.

T he  increasing ra te  becomes, how ever,  sm aller  
with increasing tem p era tu re .  As te m p e ra tu re  in­
creases, the d is tance be tw een  n e ig h b o u r in g  like ions 
becomes greater, i.e. a cation is m o re  a t t rac ted  by 
the ne ighbour ing  an io n  with less in te rac t ion  from 
o ther  n e ighbour ing  anions. In o th e r  w ords, associ­
ation increases w ith  tem p e ra tu re  [13] and  the 
shortening rate o f  the O-process w ith  tem p e ra tu re  
increase slows down. Thus, the increase o f  e becomes 
sm aller  with increasing tem pera tu re .

The C-process reduces  the iso tope  effect o f  the 
SEV, since the ligh ter isotope co m e s  back  m ore  
readily  than  the h e av ie r  one. T h e  o ccurrence  o f  the 
C-process is expected to decrease w ith  increasing 
tem pera tu re ;  this also favours the  increase  o f  the 
isotope effect. H ow ever,  it rem ains  to  be know n by 
m olecu lar dynam ics  s im ula tion  h o w  m uch  the 
decrease o f  the C -process  con tr ibu tes  to the  increase 
o f  the isotope effect o f  the  SEV in L i N 0 3.

Effective Diffusion Coeff icient

In form ation  on effective d if fu s io n  coefficients 
Z)eff is o f  practical use for design an d  analysis o f  
isotope separa tion  experim ents .  In Fig. 3, the  t e m ­
pera tu re  depen den ce  o f  Z)eff for L i+ ions ca lcula ted  
from (3) is shown, in w hich  the d a sh e d  line denotes  
the self-diffusion coeff ic ients D sM o f  L i+ ions d e te r ­
m ined by D w ork in  et al. [14],

A no ther  way for ca lculating  D e{{ is to use the 
relation [ 1 , 2 ]:

D e(t = l 2/7 i t ,  (4)

where I is the length o f  the en r ich ed  region o f  7Li 
from the anode d u r in g  the t im e  t o f  the e lec tro­
migration . The ca lcu la ted  values a re  given on 
co lum n (II) in T ab le  1. E stim ation  o f  / f rom  the 
d is tr ibu tion  contains  so m e  errors d u e  to  d is tu rbance  
o f  the d is tr ibu tion  n e a r  the anode ,  an d  calcu la tion  
by use o f  (3) p rob ab ly  yields m ore  accu ra te  values.

Z)eff can be sm aller  th a n  Z)self (see F ig u re  3). This  
is because the laby r in th  factor o f  the  d ia p h ra g m  is
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Fig. I. D istribution  o f Li isotopes in the separation  tube 
(Exp. no. 4); the ratio  7L i/ 6Li and the quantity  o f Li, c \  per 
cm are shown. The solid curve shows the ratio  7L i/°L i 
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com parison, the cases Deff =  2.0 x 10-9 m 2 s~ ' ( ............ ) and
2.4 x 10“9 m 2 s_l ( -  --------) are also shown.

Fig. 2. The e value vs. tem perature. • ,  □, a : this work, x: [4],
--------- : the estim ated curve from 11 m easured points in the
range 586-761 K [5],

Fig. 3. The D e(( values vs. tem perature. The broken line shows 
^self [14]. o :  Dse)f calculated by M D sim ulation [15].
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grea te r  than  unity  and  thus  the  real d if fus ion  pa th  is 
longer than  the  a p p a re n t  one. T h e  o b ta in ed  values 
o f  D ef{ seem to be in d ep en d e n t  o f  the  electric 
curren t and  d e p e n d e n t  on  te m p e ra tu re ,  as expected. 
I f  the pack ing  o f  the  d ia p h r a g m  w ere equa l at every 
run, the o b ta in ed  values o f  D eff should  have  been  
the sam e at the  sam e  tem p e ra tu re .  As seen from  
Fig. 3. the values sca t te r  only little.

In conclusion, the  e va lue  is ascer ta ined  to be 
in d epen den t  o f  the  electric cu rren t  densi ty  w ith in  
the investigated range ; e increases w ith  increasing 
tem p era tu re ,  a l tho ug h  the  increasing ra te  decreases. 
This  te m p e ra tu re  d ep e n d en ce  is qua li ta t ive ly  
accounted  for in te rm s o f  the  SEV in melts  such as 
LiCl and consistent w ith  the  a rg u m e n t  p resen ted  by

K lem m  and Lunden  [6 ] for the an o m a lo u s  d is ­
t r ibu t ion  o f  isotopes in nea t  LiNC > 3 m elt  [5],

T he  effective d iffusion coefficients a re  es t im a ted  
in two different ways, one  o f  w hich  seem ing  to be 
new and preferable.
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