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ION EXCHANGE, ISOTOPE EXCHANGE AND ISOTOPE SEPARATION

HIDETAKE KAKIHANA
Tokyo Institute of Technology, O-okayvama, Meguro-ku, Tokyo (Japan)

SUMMARY

lon-exchange and isotope-exchange reactions are discussed mainly from the
theoretical point of view in order to find a general expression for the isotope sepa-
ration factor (eqn. 14). The theoretical expression for the separation factor of boron
isotopes is derived from eqn. 14 for the system containing aqueous boric acid with
an anion-exchange resin (eqn. 20). Some experimental results for boron isotopes are
given and are discussed with the use of eqn. 20.

Results obtained from a small column are also presented in order to show a
new, simple procedure for boron isotope separation, which needs only boric acid as
raw material, a column of a weakly basic anion-exchange resin for chromatographic
purposes and water as eluting agent.

INTRODUCTION

Since Taylor and Urey! proposed the possibility of ion-exchange separations
of isotopes in 1937, many studies have been carried out, not only to acquire funda-
mental knowledge but also to find practical separation systems. Among these studies,
the most important work might be the theoretical work of Glueckauf? and the suc-
cessful separation of nitrogen isotopes by Powell et al.3.

In this paper, on the basis of fundamental facts of ion-exchange and isotope-
exchange reactions, the further possibility of ion-exchange separation of isotopes is
considered. using the case of boron isotopes as an example.

TON-EXCHANGE REACTION

The thermodynamics of pure ion-exchange reactions (with no complex for-
mation in the system) have been intensively investigated by Gregor and Frederick®~®
and by Glueckauf’?, who obtained different results. The reason for the difference has
been discussed and the general expression for the equilibrium constant of pure ion-
exchange reactions has been derived®.

The ion-exchange reaction is expressed in general as

gR,A -+ pB'* = pR B + gAP+ (N
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where A and B are solvated cations having charges p and ¢, respectively, and R is
the resinous anion.
The equilibrium constant of reaction 1, K, is given by

T3\ q 7 — P _ -
tn & = 1n IO 2P (o, — pia) — [alia — i) —

p (hg — hp)]In a, @)

where a., ay and a,, denote the activities of solvated cations A and B and free water
W in the external solution, @, and &, are the activities of solvated cations A and B
in the resin phase, 7 is a complicated function caused mainly by the structural strain
of the resin and having the dimension of pressure, P is the external pressure, ¥,- and
¥y’ are the partial molal volumes of the solvated cations A and B in the resin phase,
and / and /1 denote the solvation numbers of each cation in the external solution and
the resin phases, respectively.

The definitions of the separation factor., S and the distribution coefficient, D

are

_ [BI'[A]
$ = AT 18] @
and -
_ [B]
= B8] ©))

where [ Jand [~] denote the concentrations of each species in the external solution and
the resin phases, respectively.
Combining eqns. 2 and 3, we obtain

_ (49 _ Al 1, GG 1| m—P o
Ins = (f = 1) In -z + 5 In FEr e + g @ — PR
g (ha — ) —p (g — hg)lIna, (5
and combining eqns. 2 and 4, we obtain

S R BN AN 2 W T
InD = Tln 5 + - In LA IR o+ TR @ = Pe)

g (ha — ha) — p (g — /)] In a,, 6)

where » and ¥ denote the activity coefficients of each solvated ion in the external so-
Iution and the resin phases, respectively.

Eqns. 5 and 6 are the general expressions for the separation factor and the
distribution coefficient of a pure ion-exchange reaction. The first term in each equa-
tion is the concentration term, which is very important when p # ¢, the second term
is the activity coefficient term, the third is the pressure-volume term and the fourth
is the solvation term.

If the system contains complex formation reactions such as

A +nX +tF "2 AX,F, (7a)

B
B + nX +F "% BX,F, (7b)



ION EXCHANGE, ISOTOPE EXCHANGE AND ISOTOPE SEPARATION 49

in the external solution and

A

A+nX+sY "2 AX, Y, (8a)
Bas

B+ nX+sY "2 BX,Y. (8b)

in the resin phase, the general expression for the separation factor is®

Z X pAIX]" [FY I A IXIIYY
B n 4 nt n s ns N
InSy =1InS +In = ‘, /33 X ET In )7_;, 3 /3,: X7 VT (9)

where the f values are the stability constants of eqns. 7 and 8.
ISOTOPE-EXCHANGE REACTION

If A and B are the isotopes of a certain element M, the stability constants in

reactions 7 and 8 can be expressed in terms of the isotopic reduced partition function
ratio’?;

A
r A
oo - Lo an
-/ 00 ns

where f,,, and [, are the reduced partition function ratios of the chemical compounds
MX,F, and MX,Y and [, and f$, are the reduced partition function ratios of the
atom (M) itself in the external solution and the resin phases, respectively.

The expression for the reduced partition function ratio was skillfully derived
by Urey and Rittenberg!! and Bigeleisen and Mayer!?-13;

5 _ s n]r 3n/2 _ 3N-6 u, e-u‘/z 1 —e- “;
e e B M aa a2)
or
5 . WS (1 1 1
T./ =14 li’l (5 _Tl— -+ —e"'—‘ )All,
IN=—-6
=1 4 z G(ll()Aul (13)
i=1

where (s/s’) fis the reduced partition function ratio, f is the partition function ratio,
m and m’ are the atomic weights for the heavy and light isotopes, # is the number of
isotopic atoms exchanged, s and s’ are the symmetry numbers, u; and u; are equal to

hevi kT and hvi/kT for the heavy and light isotopic compounds and du, is equal to
u; — Uy
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Eqns. 12 and 13 make it possible to calculate the reduced partition function
ratio, if the spectroscopic data are known for each isotopically different compound.
Further, even if the spectroscopic data for the rarer isotopic compounds are not
known, the approximate estimation of the reduced partition function is possible with
use of the G and F matrix method'.

The reduced partition function ratios of boron compounds and the equilib-
rium constants of isotope exchange reactions between two boron compounds are
calculated and shown in Table 1.

ION-EXCHANGE SEPARATION OF ISOTOPES

Combining eqn. 9 with eqns. 10 and 11:

r T
InSy=1In 2 X xyfu —In

n=0t=0 n=

S
z fns.f:u; (14)
0 s=0

where x,, and ¥, are the mole fractions of each chemical species in the external so-
lution and the resin phases, respectively, and are expressed as

B [X]" [F)'

x"l = r T (15)
X B IXI"[FF
n=01=0
B n(yis
Sy = P X1 V] (16)
z X BLIXI" Y
n=0 s=0

Eqn. 14 is the general expression for the isotope separation factor with com-
plex formation reactions and describes the relationship among three different kinds
of quantities, the separation factor, the reduced partition function ratio and the mole
fraction, each of which can be measured experimentally by different methods.

In the case of boron isotopes, if boric acid is dissolved in water, the slight
dissociation

B(OH); + H,O == B(OH); + H* (17)

will occur and the isotope exchange equilibrium
1B(OH); + ""B(OH); == 'B(OH); + '°B(OH); (18)

will be maintained.

The equilibrium constant of reaction 18 is simply the ratio of the reduced
partition function ratio of B(OH); to that of B(OH); and, as shown in Table I, the
value is 1.0186 at 300°K.

This means B will prefer to move in the neutral species B(OH); and !B in
the anionic species B(OH); and the isotopic difference is 1.0186 which is very high
as the isotopic standard. This high value, however, is not unexpected if it is remember-
ed that the structural change between two species is very great, from a triangle in
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B(OH); to a tetrahedron in B(OH)3;. This potentiality of isotopic difference in
boric acid solution can be realized by the use of an anion-exchange resin, which
prefers to pick up the anion B(OH)j.

Involving only two chemical species, B(OH); and B(OH) 3, a simple expression
for the isotope separation factor can be derived from the general eqn. 14:

In §1} = In fucom, — In [Nacom, fb(om, +{d — fB(om;,)fB(ouu] (19)

As the difference of the reduced partition function ratios of same chemical
species between the external solution and the resin phases is very small, we can make
the approximations /.,(OH, -—f,,(om and j,,(OH, —fB(OH, and, using the value 1.019
forf,,(o",‘/f,,(om , eqn. 19%is reduced to

S8 = [Rncorn,+ 1.0197 (I — Jpom)]™! (20)

BORON ISOTOPE SEPARATION WITH USE OF ANION-EXCHANGE RESIN

The experimental results obtained by equilibrium and breakthrough experi-
ments are summarized in Table II. The values for the mole fraction of B(OH); in
the resin phase, Fncom,, are calculated by means of eqn. 20 and are shown in Table
II. The separation factor of boron isotopes is not much influenced by the kind of
anion-exchange resin used, but is very much influenced by the boric acid concentra-
tion in the external solution: the higher the concentration the lower is the separation
factor or, in other words, the higher the value of Yucom, the lower is the separation
factor.

The presence of the neutral species, B(OH);, in the anion-exchange resin
phase may be caused by the formation of polyborate anions such as

HQ oM
z/E’\
ns” \Q/I\OH B405(OH)]

As observed in the above structure, the polyborate anions contain not only the
B(OH)7 structure but also the B(OH); structure and it is reported that the amount of
polyborate is large at high concentrations of boric acid especially at pH 7-8 (ref. 15).
In Table 11, the high values for facom, can be seen in the resin phases of high boron
concentrations and of pH 7-8.

As mentioned above, the separation factor is not much influenced by the kind
of the anion-exchange resin, but if we use a weakly basic anion-exchange resin such
as Diaion WA-21, the boric acid absorbed on the resin column can easily be eluted
with water. This may be a very useful attribute in the practical separation of isotopes.
If we used a strongly basic anion-exchange resin column, we must start by preparing
the resin column in the free base form, then prepare a boric acid band, elute the band
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Fig. 1. Results obtained using a column of Diaion WA-21, 100-200 mesh, with a load of 10 ml of
0.501 M boric acid at a temperature of 40°C, flow-rate 10 ml/h-cm? and water as eluting agent,
O, Concentration of boric acid: O, atomic fraction of boron-10; —, atomic fraction of boron-10
in natural sample.
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Fig. 2. Results obtained using a column of Diaion WA-21, 100-200 mesh, with a load of 10 ml of
0.497 M boric acid at a temperature of 40°C, flow-rate 19 mi/h-cm? and water as eluting agent.
J, Concentration of boric acid: , atomic fraction of boron-10; —, atomic fraction of boron-10
in natural sample.
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with a certain acid and regenerate it so as to prepare the column in the free base form.
On the other hand, if we use a weakly basic anion-exchange resin column, the cycle
is much simpler: We start from the free base form, prepare a boric acid band and
elute the band with water, so that simultaneously the column is converted into the
free base form.

Some results obtained on a small column of diameter | cm and about 50 cm
long are shown in Figs. | and 2. The separation is so good and the procedure is so

simple that it can be concluded that the system is particularly useful for the separation
of boron isotopes.

REFERENCES

I T. 1, Taylor and H. C. Urey, J. Chem. Phys., 5 (1937) 597.

2 E. Glueckauf, in H, London (Editor), Separation of Isoropes, Newnes, London, 1962, p. 209,
3 J. E. Powell, F. H. Spedding and H. J. Svec, J. Amer. Chem. Soc., 17 (1955) 6125,

4 H., P. Gregor, J. Amer, Chemn. Soc., 70 (1948) 1293,

5 H. P. Gregor, J. Amer, Chemn, Soc., 73 (1951) 642.

6 H. P. Gregor and M. Frederick, Ann, N.Y, Acad. Sci., 57 (1953) 87,

7 E. Glueckauf, Proc. Roy. Soc., Ser., A 214 (1952) 207.

8 H. Kakihana, Bull. Tokvo Inst, Technol., Ser, B, (1960) 1,

9

H. Kakihana and M. Hosoc, Chemisiry, 28 (1973) 850.

(in Japanese).

10 H. Kakihana and M. Aida, Bull. Tokyo Inst. Techrol., 116 (1973) 39.

11 H. C. Urey and D. Rittenberg, J. Chem. Phys., 1 (1933) 137.

12 J. Bigeleisen and M. G, Mayer, J. Chem. Phys., 15 (1947) 261.

13 J. Bigeleisen, Praceedings of the International Symposium on Isotope Separation, North-Holland,
Amsterdam, 1958, p. 121.

14 H, Kakihana, Y. Yato and T. Amaya. J. Nuc!. Sci, Techunol., 5 (1968) 36,
15 N. Ingri, Sv. Kem. Tidskr., 75 (1963) 4.



