
Temperature Dependence of Lithium Isotope Effects 
in Ion Exchange Electromigration
Y asuh iko  Fujii.  M or ik azu  H o so e* .  and  M ak o to  O k a m o to

Research Laboratory for N uclear Reactors, Tokyo Institute o f Technology,
O-okayam a, M eguro-ku, Tokyo 152, Japan

Z. Naturforsch. 42a , 7 0 9 -7 1 2  (1987); received M arch 9, 1987

The isotope separation coefficient o f lith ium  electrom igration through a cation exchange 
m em brane is determ ined at 6, 11, 20 and 4 0 °C . It is found that this coefficient increases with 
tem perature while the slope o f the isotope d istribu tion  in the band decreases with increasing 
tem perature. These tendencies are opposite  to those usually observed in ion exchange chrom a­
tography.

Introduction

Isotope separa tion  by ion exchange e lec trom ig ra ­
tion is a com bina t ion  o f  c h ro m a to g rap h y  and  elec­
trom igra tion  in aq ueo us  solution. As to the  la tter  
process. Brewer, M adrosky  and  Straus accom plished  
isotope separa tion  o f  po tass ium , ch lor ine  and  c op ­
pe r  [ 1 - 3 ] ,  C hem la  and Bonnin o f  bo ron ,  l i th ium , 
sod iu m  and ru b id iu m  [ 4 - 7 ] ,  and Bakulin, Fiks, 
K onstantinov et al. o f  l i th ium  [ 8 - 1 1 ] .  M ar t in  and  
Liibke used d iap h ra g m  tubes [12, 13], and  Behne, 
Bilal and W agen er  capil lary tubes [1 4 -1 6 ] .  In ex­
perim ents  using wetted p ap e r  strips the iso tope ef­
fects were found to increase with te m p e ra tu re  [5, 6 ]. 
A review on the isotope effects in e lec trom igra t ion  
was given by K lem m  and H einzinger  [17].

In previous studies the  present au thors  have  m e a ­
sured isotope effects in e lec trom igra t ion  using a 
cation  exchange m e m b ran e  as m ig ra t io n  m e d iu m  
[1 8 -2 1 ] .  T he  chemical characteristics o f  the  ca tion  
exchange m em b ra n e  resem ble  those o f  gel type 
spherical cation exchange resins. T h e  ion  exchange 
resin contains usually 40 to 50% of  w a te r  and  fixed 
ions at a concentration  o f  ap p ro x im a te ly  2  e q u iv a ­
lents per liter. T h ereby  the ion exchange resin is f re­
quently  regarded  as a concentra ted  electrolyte so lu ­
tion o f  4 - 6 M  ( m o le / d m 3). T h e  anions, how ever,  
are fixed in a cation exchange m em b ran e .  T h is  m ay
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p roh ib i t  the fo rm a tion  o f  h igher  o rd e r  com plexes 
be tw een  the m o v ab le  cations and  fixed anions. Also 
the  fixation o f  the  anions reduces the d iffusivity  o f  
the cations.

In the present w ork  we have  s tud ied  the  te m p e ra ­
tu re  d ependency  o f  the  iso tope effect o f  l i th ium  
elec trom igra t ion  th ro ug h  a cation  exchange m e m ­
brane.

Experimental

Materials

T h e  cation exchange m e m b ra n e  Aciplex CK-1, a 
h om ogeneous ,  strongly acid ic  type stylene divinyl- 
benzen  cop o lym er  resin, was supp lied  by Asahi 
C hem ica l  Industry  Co. Prio r  to use the  m em b ra n e  
was converted  to the H + form and  cut into strips 
(2 cm w ide and  60 cm long). O th e r  chem icals  were 
o f  reagent grade.

Procedure

A p re t rea ted  ca tion  exchange m e m b ra n e  was set 
in the e lec trom igra t ion  cell im m ersed  in a th e r m o ­
sta ted  w ater  ba th ,  cf. F igu re  1. T h e  an od e  c o m p a r t ­
m en t  was filled w ith  1 M L i N 0 3 con ta in ing  a small 
a m o u n t  o f  L i C 0 3  p o w d e r  w hich w orked  as a pH  
buffe r  p reventing  the  an od e  so lution  from lowering 
its pH. T he  ca th o d e  c o m p a r tm e n t  was filled with a
0.1 M H N 0 3  solution. T h e  e lec trom igra t ion  o f  the 
li th ium  ions tow ard s  the  c a tho de  was pe rfo rm ed  at 
constant current. A sha rp  ban d  b o u n d a ry  was fo rm ­
ing at the front.  T h e  experim en ta l  condit ions o f  four 
runs are  listed in T ab le  1.
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Fig. 1. The experim ental arrangem ent. 1. C arbontetrachloride. 2. C ation  exchange m em brane. 3. T herm ostated w ater 
bath. 4. Anode solution. 5. C athode solution. 6 . Therm om eter. 7. DC power supply. 8. Voltmeter. 9. Ammeter. 10. Recorder.

Fig. 2. L ithium  contents and isotopic ratios in the frontal segm ents o f  the band, a) Run 1 (6 °C), b) Run 2 (11 °C), c) R un 3 
(2 0 ° C ) .d )  Run 4 (4 0 °C ).

After the m igra t ion  the  m em b ra n e  was taken  out 
o f  the cell and the front part o f  the l i th ium  ban d  
was cut into segm ents o f  2 m m  width. T h e  l i th ium  
in the segments was leached  by 1 M H N 0 3  and  the 
concentra tion  o f  the  l i th ium  in the solu tions was 
m easured  by f lame p h o to m e try  at 673 nm. T h e  rest 
o f  the leaching so lu tion  was d r ied  and the  l i th ium  
in it was converted  to Lil for mass spec trom e try  by 
repeated ly  add ing  d rops  o f  an  HI solution. T h e  6Li /  

Li ratios in the sam ples were d e te rm in e d  w ith  a 
m ass-spec trom eter  M A T  C H-5.

Table 1. Experim ental conditions and result of electro­
m igration.

Run 1 2 3 4

T em perature  (°C ) 6 11 20 40
C urrent density (m A /cm 2) 130 125 120 120
Final voltage* (V) 670 390 280 180
M igration length (cm) 30.6 26 24.8 27.8
Velocity (cm /h) 2.2 2.2 2.1 2.0
e x  103** 2.3 3.2 3.8 4.5
M c m “ 1) 5.8 4.8 4.1 2.7

* at the end o f the m igration.
** The error o f each s is estim ated as ±  3 x 10-4 .

Results and Discussion

T h e  results o f  the isotope analyses and  the  c o n ­
cen tra tion  m easu rem en ts  are p lo tted  in F ig u re  2. 
T h e  isotope separa tion  coefficient £, w hich indica tes  
the relative m obili ty  difference, is ca lcu la ted  from 
the  isotope analysis d a ta  presen ted  in Fig. 2 by 
using the equa tion

e = Z if j ( R J - R 0) / Q R 0( l - R 0) ,  (1)

w here  /  is the contents o f  l i th iu m  in a segm ent,  R  
the  a tom ic  fraction o f  the  iso tope 6 Li, Q the  total 
am o u n t  o f  li th ium  in the  m igra t ion  b and ,  and  the

subscripts 0  and  j  ind ica te  the original solution and 
the  /'-th segment. T he  ca lculated  e's are given in 
T ab le  1 and p lo t ted  in F igu re  3.

T h e  o b ta in ed  e at  20 °C  agrees well with the 
previously  repor ted  values o f  3.6 x 10 ~ 3 and 3.8 x 
10~ 3 at the ban d  velocities o f  3.2 and 3.7 c m /h r ,  
respectively [18]. T hese  values also coincide with 
the  da ta  repor ted  by Bonnin and C hem la  [4], T hey  
ob ta in ed  £ = 3 . 8 x l 0 “ 3  for the l i th ium  isotopes 
using wetted  fi lter p ap e r  at room  tem pera tu re .  Ba­
kulin  et al. [8 ] and  K onstan t inov  et al. [10] ob ta ined  
larger values o f  e \ 7 -  1 2  x 1 0 - 3  for an aqueous  so lu­
t ion  o f  5 M L i 2 S 0 4.
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Fig. 3. A rrhenius plots o f separation  coefficients (e), a p ­
parent m obilities (u) and slope coefficients (ks). e's o f  ion 
exchange electrom igration; lith ium  in this work: o and 
rubidium  [21]: a. e’s o f chem ical exchange systems; boron 
by using anion exchange resin [23]: •  and U (IV) — U (VI) 
[24]: a. Here K  is the chem ical exchange constant.

T he app a ren t  m o b ili ty  o f  th e  l i th ium  ions, w, is 
defined as the velocity o f  the  front o f  the  band ,  
m ultip lied  with the length o f  the  ban d  and  d iv id ed  
by the voltage app lied  to the  band . In the  final stage 
o f  the exper im en t  the voltage ap p lied  to the  b a n d  is 
practically identical w ith  the  voltage b e tw een  a n o d e  
and cathode. T he  a p p a re n t  m ob ili t ies  o f  the  l i th iu m  
ions calculated  tha t  way are  p lo t ted  in F ig u re  3.

Separation Coefficient

In T ab le  1 and Fig. 3 it is seen tha t  the  sep a ra t io n  
coefficient e for l i th iu m  increases w ith  increasing 
tem pera tu re .  This  tendency  has also been  fo un d  for

ru b id iu m  elec trom igra t ion  in the  sam e ca tion  ex­
change m em b ra n e  [21], cf. F ig u re  3. C h em ica l  ex­
change systems, on the o th e r  hand ,  show  usually  the 
opposite  tendency. T h e  repor ted  sepa ra t ion  coeff i­
cients o f  a boron chem ical exchange system using 
anion exchange ch ro m a to g rap h y  [23] and  a u ran iu m  
chemical exchange system be tw een  U  (IV) and 
U (VI) [24] are also p lo t ted  in F igu re  3. T here fo re  
the results o f  the present w ork  ind ica te  th a t  c h e m i­
cal exchange reactions were not p laying a m a jo r  role 
in the isotope effects.

On the o ther  hand , the  res idence t im e  o f  the 
w ater molecules near  the L i + ions decreases w ith  in ­
creasing tem p era tu re ,  and  consequently  the  effec­
tive relative m ean  d ifference  be tw een  the  isotopes 
becomes larger at h igher  tem pera tu res .  T h is  w ould  
explain w hy e  increases w ith  increasing te m p e ra ­
ture. It should  be noted , how ever,  th a t  the  isotope 
effect o f  l i th ium  ion m igra t ion  was repo r ted  to have 
a m in im u m  at 60 °C  for aq u eo u s  L i 2 S 0 4  [8 ] and  a 
m in im u m  at 40 °C  for aq u eo u s  C H 3C O O L i  [14], 
This indicates tha t  classical k inet ic  effects as well as 
chemical effects may be involved in the  m ig ra t ion  
o f  light ions such as L i+.

Slope Coefficient

The  isotope en r ichm ent  curves in Fig. 2 are  the 
steeper the  lower the tem p era tu re .  T o  q uan ti ta t ive ly  
discuss the steepness, the slope coeff ic ient k s was 
in troduced  [2 2 ]:

r -  I-0  =  ('max -  I’o) exp ( -  ks A-) , ( 2 )

where r is the isotopic ra tio  ([ 6 L i] / [ 7 Li]) and  .v the 
dis tance from the front o f  the band. T he  ca lcula ted  
slope coefficients are listed in T ab le  1.

The  decrease o f  k s with increasing te m p e ra tu re  
was also observed in the ru b id iu m  ion exchange 
elec trom igra t ion  experim en ts :  A:s =  5.73, 4.77, 
3.79 c m - 1  for 5, 25, 50 °C , respectively. Evidently  
the increase o f  d iffusion coeffic ients with te m p e ra ­
ture is the  reason for this b ehav iour .  U sually  c h e m ­
ical exchange isotope en r ich m en t systems show  the 
opposi te  tendency. Since the  reac t ion  rates be tw een  
the two phases are enhanced  at e levated  te m p e ra ­
tures, the  chemical eq u i l ib r iu m  is m ore  rap id ly  a t ­
ta ined  at high tem pera tu res  and th ere fo re  the  en-
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r ichm en t curves b ecom e  sh a rp e r  with  increasing 
tem p era tu re .  In a fo r thcom ing  p ap e r  the H ight o f  
an  Equivalen t T heore t ica l  P late (H E T P) in these 
an d  o ther  experim en ts  shall be eva lua ted  and  d is ­
cussed.
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