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Displacement chromatography of electron-exchange reaction between U(IV) and U(VI) has
been accomplished in an anion exchange resin column using Ti(IIl) ion as a reductant and Fe(III)
ion as an oxidant. The details of the so-called redox-process for uranium isotope separation are
described. The temperature dependencies of the elementary separation coefficient and the
equilibrium constant of the isotope exchange reaction are discussed using the analytical data
obtained by a series of separation experiments at different temperatures.

Introduction temperature control were used. For long distance
migration, four columns were connected in series
with Teflon tubes having an inner diameter of
I mm. In Fig. 1, the column is illustrated schemat-
ically. The ion exchange resin used was a strongly
basic anion exchange resin supplied by Asahi
Chemical Industry. Uranyl chloride solution was
prepared by eluting a cation exchange resin column
of uranyl form with hydrochloric acid solution.

As has been reported in a previous paper [1], an
anion exchange chromatographic process using the
electron-exchange reaction between uranous ion and
uranyl ion has given a very large isotope effect
compared with those obtained by other chemical
separation processes of uranium isotopes [2—5]. In
the present study, the temperature dependencies of
the elementary separation coefficient and the
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Technology, Ookayama, Meguro-Ku, Tokyo 152, Japan. Fig. 1. Column for chromatography.
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TiCl; solution was prepared by dissolving highly
pure metalic titanium into concentrated hydro-
chloric acid. Other reagents were analytical grade.

Determination of the Concentration of Hydrochloric
Acid to Realize an Ideal Electron-Exchange
Chromatography

In the present electron-exchange chromatography,
uranyl ion should be reduced to uranous ion by Ti**
ion and the uranous ion should be oxidized to
uranyl ion by Fe*" ion, in the resin bed. These
oxidation and reduction rections will proceed due
to the differences of their redox potentials:

3)

Another important point is the anion exchange
selectivity of the species depend on the concentra-
tion of hydrochloric acid. The anion exchange
selectivities of the elements are shown in Fig. 2 as
functions of the concentration of hydrochloric acid
[6]. The selectivity is also dependent on tempera-
ture; thus we have carried out a series of pre-
liminary experiments to determine the ranges of
the hydrochloric acid concentration and tempera-
ture in which the electron-exchange chromatog-
raphy can be best realized. The results of the
observations, shown in Fig. 3, indicate that the
maximum concentration of hydrochloric acid to
maintain ideal chromatography varies from 9 mol/

TiO, + 4H* + e~ =Ti* + 2H,0 0.099 V dm?at 15°C to 4 mol/dm? at 83 °C.
UO3" +4H*+2e~=U* +2H,0 0.330 V Goda et al., on the other hand, reported that the
Fe3*+ e =Fe?* 0771V rate of the electron-exchange reaction is a function
Table 1. Experimental conditions.
Run No. 1 2 3* 4 5 6*
Temperature (°C) 30 50 70 70 70 87
Uranium feed 0.1 M U02C12 0.1 M UOzclz 0.1 M UOzclz 0.1 M UOzC]Z 0.1 M UOzclz 0.1 M U02C12
solution S M HCI 4.5 MHCI SMHCI 3.5 M HCI 3.5 M HCI 4 M HCI
1 MFeCl,** 1 M FeCl,** 1 M FeCl,** 1 M FeCl,**
Titan eluent 0.1 M TiCl, 0.1 M TiCl; 0.1 M TiCl; 0.1 M TiCl, 0.1 M TiCl, 0.1M T1C13
SMHCI 4.5 M HCI SMHCI 3.5 M HCI 3.5 M HCI 4MH
1 M FeCl, ** 1 M FeCl,** 1 M FeCl,** 1 M FeCl, **
Migration 185.9 184.5 100 122.6 2201 93.5
distance (cm)
Flow rate 3.08 4.04 3.70 4.05 7.93 12.3
(ml/h)
Band velocity 0.68 0.83 0.53 1.09 2.07 2.25
(cm/h)

* Previous reported in [1], M: mol/dm?>.

** FeCl, is a catalyst whose effect on efficiency of separation will be described in another paper.
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of hydrochloric acid concentration as shown in Fig. 4
[7. 8]: hence the concentration should be as high as
possible at a given temperature. The experimental
conditions selected are listed in Table 1.

Chromatography

First four reverse breakthrough experiments were
carried out under different temperatures: 30, 50, 70,
and 87 °C. The column was packed with the anion
exchange resin and conditioned with hydrochloric
acid of an appropriate concentration. Uranylchloride
solution was then introduced from the top of the
column until the effluent became the same as the
feed solution. After that the absorbed uranyl ions
were eluted containing HCl and TiCl; reductant.
The effluent, which emerged from the column, was
collected in small fractions.

Two band displacement experiments were carried
out at 70°C to confirm the constancy of the
elementary separation coefficient and accumulation
of it with increase of the migration distance. In this
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Fig. 3. Selected HCI concentrations for five temperatures.
In the shaded area displacement chromatography can not
be realized.
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Fig. 4. Rate constant of the electron-exchange reaction as a
function of HCI concentrations.

case, uranylchloride solution was fed to the column
whose resin was equilibrated with FeCl; solution of
an appropriate concentration as shown in Table 1.
After forming a uranyl absorption band of a suitable
length, the eluent containing TiCl; reductant was
introduced into the column. According to the differ-
ences of the redox potentials and the selectivities of
the species, the uranium band migrated downward
with sharp front and rear boundaries. The effluent
from the column was collected in small fractions.

Analysis

The uranous content in the sample fractions was
determined spectrophotometrically at 650 nm. The
total uranium content was determined colorimetri-
cally after the removal of co-existing metalic
elements using a small cation exchange resin
column. A part of the purified uranium sample was
used to determine the uranium isotopic ratio, using
a mass spectrometer Model Varian MAT CH-5. The
uranyl content was evaluated as the difference
between the total uranium and the uranous content.
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Results and Discussion

Examples of the analytical results for a reverse
breakthrough chromatography and a band displace-
ment chromatography are illustrated in Fig. 5 for
Run No. 2 and Fig. 6 for Run No. 5, respectively. A
series of reactions took place in these chromato-
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Fig. 5. Analytical results obtained by reverse breakthrough
chromatography, Run No. 2.
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Fig. 6. Analytical results obtained by band displacement
chromatography, Run No. 5. Migration length 22 m.

8500

1075

graphic processes. At the rear boundary of the
uranium band, uranyl ion in the resin phase in
reduced to uranous ion by Ti(III) ion in the eluent,
and the uranous ion moves downward through the
solution phase. At the front boundary, the uranous
ion is oxidized to uranyl ion by Fe(Ill) ion in the
resin phase. It forms chloride complex with negative
charge and is absorbed in the resin phase again. The
reactions are given by following equations:

UO3* + 2Ti* - U* + 2TiO % (1)
at the rear boundary,

U*+ 2Fe’ +2H,0 —» UO3* 2Fe* +4H*  (2)

at the front boundary,

where represents the species that exist in the
resin phase. When uranous ion passed through the
uranium band, the following isotope exchange reac-
tion occurred between the uranyl species in the resin
phase and the uranous species in the solution phase:

BUAV) + UV = 3BUav) + FUVD). (3)

Reactions (1) and (3) took place in the reverse
breakthrough chromatography, while in the band
displacement migration, reactions (1), (2), and (3)
took place. Reactions (1) and (2) should tend
toward the right due to differences of the redox
potentials and the concentration of the hydrochloric
acid selected as mentioned above. Hence, both the
reverse breakthrough migration and the band dis-
placement migration were acomplished with satis-
factory sharp boundaries as shown in Figs. 5 and 6.
The isotopic ratio profiles indicate that the lighter
isotope U was enriched in the rear part of the
uranium band, i.e. the equilibrium constant of the
reaction (3) is larger than unity.

As shown in Fig 6, the band displacement
chromatography was successfully realized using
Ti(Ill) and Fe(III). In addition, this band displace-
ment chromatography was maintained stable for
long distance migration, with steady accumulation
of the elementary isotope effect. For instance, the
maximum value of the local separation factor
((USU/28U)/[3°U/*8U])p) increased from 1.045
for 122.6 cm migration to 1.144 for 2201 cm
migration (Run No. 4 and Run No. 5). The separa-
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tion factor of 1.44 is remarkably larger than 1.019
obtained for the uranyl-uranylcitrate system by a
cation exchange resin column using the same migra-
tion length.

Temperature Dependency of the Elementary
Separation Coefficient

The elementary separation coefficient ¢ was cal-
culated from the analytical data with the equa-
tion [9]

e=D fi(Ri— Ro)/(QRo(1 — Rg)

where f; is the amount of uranium in the /-th sample
fraction, Q the total ion exchange capacity of the
resin bed, R; the atomic fraction of 23U in the i-th
sample fraction and R, the atomic fraction of U
in the original solution of uranium. The calculated
values are listed in Table2 together with the
equilibrium constant K, which will be described
later. These values indicate that the elementary
separation coefficient in the present temperature
region is essentially independent of temperature and
the one found by the long migration Run No. 5
almost equals the one bound by the short distance
migration Run No. 4. This constancy is an advan-
tage of the present process.

In the present study, the equilibrium constant was
determined according to th theory for two phase
distribution of isotopes derived by Kakihana and
Aida [10]. The separation factor (S) between two
equilibrated phases is defined as

S=(1+o=[FUIFUYFPUIEF, @)

where the brackets denote the total amounts of the
given isotopes. The right hand side of (4) can be
expressed in terms of the mole fractions of the
complex species and the reduced partition function
ratios for the isotopic species. As shown in the
previous paper [1], the elementary separation coeffi-
cient is given by the following equation in the
present case:

e=(K—1)(Xv— Xw),

where K is the equilibrium constant of (3) and Xy
and X,y are the mole fractions of the uranous
species in the solution phase and the resin phase,
respectively.
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Table 2. Elementary separation coefficient ¢ and equilib-
rium constant K.

Run No. Temperature e K
(°0)

1 30 7.8x 1074 1.0013g
2 50 6.8x 1074 1.00115
3 70 7.3x 1074 1.0009,
4 70 7.2x 1074 1.0010,
5 70 6.7x107* 1.00104
6 87 7.0x 1074 1.0009,

In the present experiment, ¢ is known experi-
mentally, Xjy can be estimated from the analytical
data and Xy can be assumed to be zero with a
good approximation. Thus K can be calculated. The
results are listed in Table 2. K is plotted vs. the
square of the reciprocal temperature in Figure 7.
The graph shows a reasonably straight line crossing
the zero point. This finding indicates that the
temperature dependence of the equilibrium con-
stant of the isotope exchange reaction (3) has been
successfully determined.
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Fig. 7. Equilibrium constant K of the electron-exchange
reaction vs. 1/T2.
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Conclusion

A series of experiments for uranium isotope
separation has been carried out using the electron-
exchange reaction between U(IV) and U(VI). Both
reverse breakthrough and band displacement chro-
matographies have been accomplished satisfactorily
in an anion exchange resin column at different
temperatures. The atomic fraction of 23U was
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