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1. Introduction

The industrial production of enriched uranium is based on gas
diffusion (GD).! In many countries, however, an intensive search
is being carried out to find other methods of enrichment making it
possible not only to lower the cost per separative work unit
(kg S. W.U.) but also to decrease considerably the consumption of
raw material and energy.l‘3 As alternatives to GD, methods based
on the use of the centrifuge, lasers, effusion phenomena, a rotating
plasma, and chemical isotopic exchange (CIE) are being examined.??
Their theoretical principles and the possibility of their practical
application have been examined in a number of reviews,”*? and
there is an extensive patent literature. The greatest interest in CIE
is being shown in Japan and France,>® but published systematic
reviews of this topic are inadequate. Some publications>*1%18 deal
only with individual aspects of the use of CIE to separate uranium
isotopes, and ten years have passed since the publication of the
review by Filippov and co-workers,® which deals most fully with this
problem. In this period, many new and interesting publications
have appeared, which not only develop the ideas presented in earlier
work but also propose various fundamentally new approaches to the
solution of the problem of separating uranium isotopes by chemical
methods.

Of all the methods used to separate uranium isotopes, only CIE
does not require the use of gaseous compounds or the atomic
vapour of uranium. The regular features observed in the isotopic

enrichment of uranium by CIE may be useful in the development of
methods for separating the isotopes of heavy elements which for any
reason do not form stable volatile compounds.

The aim of the present review is to analyse published data on the
separation of uranium isotopes by chemical isotopic exchange and to
compare promising methods for enriching uranium.

I1. Theoretical principles of the separation of
uranium isotopes by chemical isotopic exchange

In principle, chemical methods for separating isotopes may be
based on kinetic or thermodynamic isotope effects arising in
chemical transformations. In both cases the magnitude of the
isotope effects is determined by the differences in the zero-point
energies of the vibrations of the bonds in the isotopic molecules
involved in the reactions.’!® Since the difference in the masses of
the isotopic forms of molecules or ions is small, the interatomic
distances and force constants of the bonds can with good accuracy
be regarded as invariant.'®

The CIE methods used at present are mainly based on
thermodynamic isotope effects, since a single separation step is
reversible. In this case the separation of isotopes can easily be
made a muiti-stage process by using counter-current separating
systems. Moreover, the expenditure of energy in these processes is
determined chiefly by the organisation of the phase reversal.’®

In schemes for enriching uranium by CIE, the most widely
encountered systems are those in which the isotopic exchange takes
place between forms which do not react chemically and which are
selectively distributed between two phases. The equilibrium constant
of the isotopic exchange reaction (X') and hence the isotope separation
coefficient (o) can be calculated by statistical thermodynamics.'!®
In particular, for the heavy hydrogen isotopes, use is made of the
approximate Bigeleisen-Mayer equation,'® from which it follows that
the values of Ina are proportional to the square of the reciprocal of
the mass of the isotope. Thus for CIE reactions in uranium
compounds, very low values of o can be expected. The observed
isotopic effects can be increased, however, by making use of complex
processes in which the values of o for the elementary reactions act in
the same direction and increase the overall effect. To determine the
regular features of the change in the values of « in CIE processes, it
has been proposed that isotopic exchange reactions be classified
using three factors: the oxidation state of the element, the nature of
the coordinated ligand, and the configuration of the cocrdination
sphere.2?2  The highest values of & should be achieved in systems
in which the compounds being compared differ from one another to
the greatest extent in terms of all three factors. The element in the
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higher oxidation state should be combined with o,n-donor ligands
(N, O, F), and should form an unsaturated coordination sphere.
For the element in the lower oxidation state, the coordinated ligands
should have o,n-donor and weak n-acceptor properties (Cl, Br, I,
S, Se), and the coordination sphere should be close to saturation.
Under real conditions, only a certain approximation to the optimum
systems is possible, since the selection principles are contrary to the
requirements for thermodynamic stability. Systems containing
elements in different oxidation states are most promising, systems
containing complexes with different configurations occupy second
place, and systems differing only in the ligands are least promising.
A theoretical analysis of the values of « in isotopic fractionation
in UTY — UV systems has been carried out.*?* The values of K
have been calculated for the reactions:?*

[235U (HZO)!]¢+ + [938U02]2+ ;Z [23ﬂU (1-120)8]‘} + [236U02]2+y
2 (H,0), Ol + [0, = U (H,0), Cl, + [2%U0,]*.

At 20 °C, #*°U should be concentrated as UO3™ if the distances
U—H,0 in [U(H,0)s]** and U(H,0),Cl, are shorter than 2.26 A
and 2.30 A respectively. X-Ray diffraction data indicate that these
conditions are satisfied. The wavenumbers of the doubly degenerate
(v2) and antisymmetric (vs) vibrations of the U—O bonds have been
used to calculate the ratios of the reduced partition functions (RPF)
of the UOZ™ ion in its compounds with ClO3 , CI-, NO3 , and
SOF.2* The contribution of v; to the RPF is 85% at 25 °C, and
increases with increase in temperature. The equilibrium constants
of the CIE reactions involving UOZ™ are sensitive to changes in v,
resulting from complex formation. The separation coefficient for
the isotopes 23U and 2**U in U™-UY! systems in the presence of
cation exchangers is given by the expression®*?

Ine=Ine’ +In[l +K— /1 +p)] +In[1 +EK*— D/t +o) (1)

where o is the separation coefficient for the system containing
only uranyl ions, K the equilibrium constant of the CIE reaction
between UTY and UV in solution, and p and p the molar ratios of
U and U in solution and in the ion exchanger respectively.

It follows from Eqn. (1) that the influence of K on « is greater,
the greater the difference between p and P, that is the higher the
selectivity of the sorption of the ionic forms of uranium. The
concentration profiles of the elution curves, and equations relating
the concentrations of the ith isotope to the position of the band
in the column have been obtained, and the way in which the overall
separation coefficient is related to the local values of « and the time
taken to establish the steady state has been determined.?s?’

To select the best method for separating uranium isotopes, it is
also necessary to take account of economic factors. It has been
suggested® that to be competitive, CIE methods must satisfy the
following requirements:

1) the values of & should be not less than 1077

2) the chemical forms taking part in the exchange should be
stable and should be distributed selectively between the phases;

3) the time for which uranium is involved in an elementary step
should not exceed 1 min;

4) an effective means of phase reversal must be available.

The average consumption of energy should be about S eV per
atom for reflux streams of high intensity.

II1. The separation of uranium isotopes by ion
exchange

1. Reactions involving UY!

The results of experiments on the separation of uranium isotopes
in a system formed by a uranyl salt solution and a sulphonic acid
cation exchanger were published in 19542 UO2™ was eluted
through a column of Dowex 50 x 8 resin (50~100 mesh) in the
Cu-form using a 5 x 102 M solution of (NH4),MgA, where
H,A = EDTA. For a UO3* band length of 28 cm and
a migration distance of 90 cm, the specimen was enriched in the
35U isotope from 4% to 5% at the front of the band. The isotopic
fractionation took place as a result of the isotopic exchange reaction

[238U02A]3_ + [235U02]3+ = [235]}02!\]3— + f238UOd?+'

where the subscripts ‘s” and ‘r’ refer to the solution and resin phases

respectively. In this system, phase reversal is described by the
following equations:
[UOL,A? + CuZ* - [UO,]2* + CuA?" (sorption), @
[UO,12* + (NH,),MgA - [UOL,AR™ (descrption). 3)

Equilibria (2) and (3) are displaced to the right, sc that both band
fronts remain sharp during the elution, and no change in the band
length takes place. This method of elution was calied the Spedding
method, after one of the authors.® In the process studied, the
value of o for 2°U/®**U reached 1.002. It was later established®
that in fact, « = 1.00006 + 0.00005. The Spedding method has
also been used to study isotopic replacement reactions in a cation
exchanger —solution system using a column of length i~2 m filled
with Amberlite IR-120 or Dowex 50 x 8 resin in the H ™ -forrn.*® The
sorption was carried out from UOy(NO3),, UO,ClL;, UO,(ClOy)s,
and UO,(SO,4) solutions.  Solutions of ammonium acetate,
citrate, and tartrate were used as eluants. The values of o obtained
varied in the range 1.0001-1.0004.  The values of o obtained
using Dowex 50x 8 resin were higher than those obtained
using Amberlite IR-120.

Table 1. Isotopic enrichment in UO3 " cation exchanger systems.>!~3*

Rate of move-
i Length of
Eluant pu | Rate ;’;Sl“""“‘ m':;fm:n em | mentof the 10° ¢
m ’ band, cm h™!

Perchlorate — — — — 0.04-0.1
Chloride 7 9.5 197 1.85 0.2540.1
Tricarballylate —_ — — —_ 0.6640.1
Acetate 3 gg }8; ggé (ngg_ 1i
Glycollate i . . .
La)éf:tea 7 7.0 203 0.80 i .42%3.15
Citrate - - - — 1.804-0.15
Malonate 7.5 6.3 200 1.4 2.18%0.2

Note. LS-6 cation exchanger (H*-form, 100-200 mesh), 25 °C,
column diameter 1 cm, eluant concentration 0.1 M; € = « — 1.

The Spedding method has been used to study the isotopic
fractionation of uranium in a uranyl —cation exchanger system with
elution by solutions of ammonium carboxylates or NiCL.33*  The
results are given in Table 1. Enrichment in 235U takes place at the
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elution front, that is the carboxylate form of the uranyl complexes is
enriched. The correlation between ¢ = o — 1 and the wavenumbers
vs (em™) of the antisymmetric vibrations of the UO3" group in the
complexes is given by the equation

e=4.62-10°(960—),

where 960 cm™! is the value of vs in the resin phase. The data in
Table 1 show good agreement with the results of a study*® in which
the eluant used for UO3™ sorbed on Dowex 50 resin was 0.07-0.22 M
ammonium o«-hydroxyisobutyrate solution (pH 2-6). The enrichment
in 25U took place in the solution phase, and the value of e,
(1.9-0.6) x 107, depended on the pH of the eluant.

The isotopic fractionation of uranium in UO3 ™ —cation exchanger
systems with desorption by complex-forming reagents is also being
studied in China.’® It has been found® that the isotopic effects in
UO32* —anion exchanger systems are lower than those in cation-
exchange chromatography.

Table 2. Isotopic fractionation of uranium in U'Y —cation exchanger

systems ¥ #
Temperature, | Percentage Length of | Enrichment in
Eluant solution °C cross-linking | column, m | *5U* relative to
of resin natural uranium,
o
0.3 M NH,CI, HCI 30 10 12 4.9
0.45 M NH,Cl, HCl 60 12 12 5.5
0.4 M NH(CI, HCl — 15 12 6.2
0.45 M Na,SO, 40 20 10 3.3
0.2 M NaySO¢ 30 16 10 2.9
0.2 M NaCl, 0.28 M HCI — 20 8 2.8
0.2 M NaCl, 0.27 M HCl —_ 10 5 1.4
0.28 M HCl — 16 12 2.4
0.18 M H.SO, 35 16 10 2.0
1 M Hz80, —_— S 10 1.5
0.04 M NaF, 0.5 M H,S50, — — 4 1.4
Lactic acid 0.6 M 30 10 10 4.2
Sulphosalicylic acid 75 15 10 5.1
4

Citric acid

01 M 60 12 10 4.6

0.5 M —_ —_ | 4 0.8

*The enrichment takes place in the ‘trailing’ part of the elution curve.

2. Reactions involving U™

Japanese workers®*®*! have developed methods for separating
uranium isotopes in U™ — cation exchanger systems with elution by
various complex-forming reagents (Table 2).  Strongly acidic
styrene —divinylbenzene cation exchange resins with different degrees
of cross-linking have been used. In contrast to the systems
containing UO3™, with U™ the enrichment in #°U takes place in
the resin phase, and the values of £ are lower for U™ than for the
yranyl ion. If UY is desorbed using pure H,SO, solutions, marked
spreading of the uranium zone is observed, so that solutions of
MgSO, or an H,80, + MgSO, mixture have been proposed as
eluants.>**®  The value of ¢ when an MgSO,4 + H,SO4 mixture was
used was 5 x 107°.%

In the elution of UV with solutions of citric,** malonic, and
lactic*? acids, the elementary separation coefficient decreases with
increase in temperature. The values of € are approximately the
same for all three acids. The value for citric acid is 6 x 107° at
s50°Cc.#

A method for separating uranium isotopes in a U —anion
exchanger system has been patented.*> Uranium(IV) was sorbed on
a chloromethylated or aminated styrene— divinylbenzene anion
exchange resin from a solution containing NH4HSO,. The uranium
was desorbed using an NH;HSO,4 + H,SO4 mixture. In a column
of length 10 m, enrichment in the 23U isotope by 10% relative to
the original concentration took place at the front of the elution
curve.

Thus the single-stage separation coefficients of uranium isotopes
in ion-exchange systems containing different ionic forms of the
metal in the same oxidation state are too low for these systems to be
used on the industrial scale. Recently, however, systems in which
the enrichment coefficient € reaches 10~ have been found. Thus
in the isotopic exchange reaction between U! extracted by a 0.1 M
solution of the macrocyclic polyether dicyclohexyl-18-crown-6 in
1,2-dichloroethane and UY! in an aqueous solution containing
3.1-3.9 M HC], enrichment of the organic phase in the 2*°U isotope
was observed, and the calculated value of o was 1.002 + 0.004.%

In the corresponding system containing U, enrichment of the
organic phase in the light isotope was again observed, and the
coefficient o was 1.001 + 0.0003.** An interesting feature is that
the separation coefficients for 2**U/?**U and *°Ca/**Ca in the
systems containing the crown ether were found to be close to one
another (¢ = 1.0010 + 0.0002 for *°Ca/*?Ca).*® The reasons for
these high isotopic effects in the uranium systems are not yet clear.

IV. The isotopic fractionation of uranium in electron
exchange processes

1. The U™V-U™ gsystem

The values of « can be increased considerably by using systems in
which uranium is present in different oxidation states in the
compounds undergoing exchange. The U™V-U™ system has been
proposed as one such system.*’*!  The different oxidation states are
separated using ion exchange resins*’ or various extracting agents.**!

In the ion exchange method, U™ is sorbed from 8 M HCl
solution, and U™ remains in the aqueous phase. When a cation
exchanger is used, U™ is sorbed, and U™ remains in the agueous
solution containing 0.25 M H,SO4. In both cases, U™ is enriched
in the 35U isotope. The values obtained for o were 1.0024 and
1.0020 for the anion exchanger and the cation exchanger respectively.
In practice, it is difficult to use ion exchangers, because of the
instability of U™,

It is recommended that in extraction systerns, UT be transferred
to the organic phase as its complexes with alkyl phosphates,
phosphine oxides, phosphonates, or phosphinates. The organic
diluents used are benzene, toluene, dodecane, or kerosene. The
results of the experiments are given in Table 3. The isotopic
fractionation involves the reaction

= 235711V
235U!,lq! + 238UE:K/B pid 23>U£’}g + 23BU£1q[.

Since appreciable rearrangement of the structure of the species
involved in the exchange is not required, this reaction is rapid, and
its kinetic charactersitics are determined by the inter-phase transfer
time. Irrespective of the extracting agent, the U compound is
enriched in the light isotope 2**U.
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It is desirable that the separation of uranium isotopes in extraction
systems be carried out by the counter-current method; the aqueous
phase should contain 0.1-2.5 M UCl; and 4-9 M HCI, and the
organic phase 0.1-1 M U™. To prevent the oxidation of U™, the
process must be carried out in a nitrogen atmosphere, and the
reagents should be free from ions which catalyse the oxidation of
U™, 1t has also been suggested that reagents combining with
oxygen should be introduced into the system.

It is recommended that phase reversal be carried out electro-
chemically.®?  Zinc amalgam (1.1-1.8% Zn) can be used as the
cathode to reduce U in the aqueous phase. The solution used for
the electrolysis should contain 4-5 M ZnCl,. Under these conditions,
liberation of gas does not take place in the reduction of UTY. The
anode for oxidising pu may consist of lead, lead amalgam, graphite,
mercury, or tantalum; the best characteristics are shown by lead.

2. The CHEMEX process

In 1977 it was reported that an industrial method had been
developed in France for obtaining uranium with a low degree of
enrichment (up to 3.5% 2>*U) from natural raw material by isotopic
exchange in an extraction system (the CHEMEX process).’? Later,
various characteristics of this process were described in more
detail.'®*3-%  The isotopic exchange between U in the organic
phase and U™ in the aqueous phase is carried out in plastic
pulsation counter-current columns with a diameter of 1.2 m and a
height of 30 m. Organophosphorus compounds are used as the
extracting agents. The rate of the overall process is determined by
the kinetics of inter-phase transfer. The kinetic charactersitics give
an efficiency of up to 200 kg S. W. U. per year for a column volume
of 1 m®. The value of the single-stage separation coefficient reaches
1.0025. Phase reversal is achieved electrochemically in a cell with a
graphite anode and a dropping mercury cathode. U™ is reduced in
the aqueous phase. The self-oxidation of U™ is prevented using a
patented method.®® The overall scheme of the CHEMEX process is
shown in Fig. 1.

The cascade for the production from natural uranium of 250 000 kg
S.W. U. per year of product with an enrichment of 3.5% in 2°U
includes 20 identical extraction columns. The production of 50 tons
of uranium with an enrichment of 3.5% requires 250 tons of natural
uranium. 200 tons of depleted uranium (0.2% 2*3U) are produced.
The output is doubled by combining two identical cascades in a
module (Fig.2). The expected energy consumption is 300 kW per
kg S.W.U.

The French Atomic Energy Commission proposes in 1990 to
begin the construction of a plant with a capacity of 10° kg S. W. U,
per year, consisting of two parallel modules and containing 80
exchange columns. The contruction will cost 25-30 million dollars.
To develop the method, a model assembly was constructed in 1970,
and in March 1985 a pilot plant consisting of a module with
dimensions one tenth of those of the industrial assembly was
brought into operation in Pierrelatte.’! The main disadvantages of
the method are in the loss of uranium in the technological cycle,
and the low rate of the process, which requires the use of large-scale
equipment and large quantities of uranium. The time required for
the equilibrium state to be established is several months.

3. The U —UY! system

a) The kinetics of electron transfer between U and UY!
In the development of the Manhattan project, it was established®
that the equilibrium constant (X) of the exchange reaction

[288U02]2+ + 235U (IV) pd [235U02]2+ + 23ﬂU (IV) (4)

differs from 1 and is equal to 1.0012-1.0013. At that time,
however, this reaction could not be used to obtain enriched uranium,
because of the low values of the enrichment coefficient and the very
long equilibration time.

Table 3. Separation of uranium isotopes by extraction in the UV — U™ system.*°
Concentration
Extracting agent* Diluent of UV in the Composition of the aqueous phase Temperature, Phase contact a
organic phase, M time, s
TBP benzene 0.4 0.4 M U(IIN), 7M HCI 21 15 £.0030
TBP (50%) dodecane 0.2 0.2 M U(dlN, 7M HCl —_ 49—132 1.0026
TBP (40%) kerosene 0.4 0.4M U, 7M HCl 21 15 1.0025
TBP (42%) Xylene 0.42 2.35 M U, 35 30 1.0028
0.13 M U(IV),
1.55 M HCI
TBP (50%) toluene 0.42 0.4 M U, 8M HCI — 30 1.0026
- j-isobutylphosphonat dod 0.55 1M U, ** 20 60 1.0023
"(z'i‘(l);f)l di-isobutylphosphonate odecane 0.125 M UIV),
4.6 M HCI
TOPO (10%) toluene 0.12 0.11 M U, 25 60 1.0024
0.00 M U(IV), 5 M HCI
Di-n-pentyl sulphoxide (2 M) tetrachloroethane 0.44 0.43 M U(1ID), 25 60 1,0020
0.16 M U(IV)
i2- 0,08 0,08 M U(HI), 20 300 1.0020
Di-2-EHHP (30%) toluene A5 M CH 6 M HBr
dodecane 0.67 0.7 M U(IN), 8.2M 1) 30 80 1.0027

Tri-2-methylbutyl phosphate

*TBP = tributyl phosphate, TOPO = trioctylphosphine oxide, di-2-EHHP = di-2-ethylhexyl hydrogen phosphate.

**The given ratio between the organic and aqueous phases is 0.5.
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The kinetics of the isotopic exchange reaction (4) in homogeneous
solutions have been studied in considerable detail.® Only the main
conclusions about the kinetics and mechanism of reaction (4) will be
examined in the present review.

enriched fraction

U, - U
stream stream of aqueous
of organic phase
phase v

L)
a0
o
=
YL A LNEYT |4

° supply
=3 -
L2
2

Ulll

U{;rls «Uag
1 depleted fraction
Figure 1. Diagram of the streams in the extraction column of the

CHEMEX process.'®

The order of the reaction between U™ and UY! with respect to
the concentration of the reagents is usually fractional. In solutions
with a relatively low acidity (2 M acid), its rate (R) is inversely
proportional to the cube of the H™ concentration. It has been
suggested that in this acidity range the isotopic exchange mechanism
includes the hydrolysis of UYY. In hydrochloric acid solutions with
an HCI concentration greater than 3 M, R increases with increase in
the acid concentration. It has been suggested that under these
conditions the exchange involves chloro-complexes of U™ and UY™.
In H,SO4 and (NH4),C,0, solutions, isotopic exchange takes place
between U™ and UV sulphate and oxalate complexes respectively.
In water-acetone and water—ethylene glycol mixtures, the orders of
the reaction with respect to U™, U, and H™ show a complex
dependence on the concentration of the organic solvent; the highest

values of R are observed for a concentration of the organic
component of 30-40%.  The rate of reaction (4) increases
considerably on ultraviolet irradiation of the solution.

———3 product
(3.5% *350U)
b j% ZJSU |
[ 3
I cascade
F supply
supply P cascade

0.24% 35 |

depleted fraction
(0.2% U)

Figure 2. Industrial module of the CHEMEX process.’

Most authors consider that electron transfer between UTY and UY!
involves the formation and subsequent disproportionation of UV.%

Japanese workers studied the kinetics of isotopic exchange
between U™ and UY in the presence of Dowex 5 x 4 cation
exchange resin®® and Dowex 2 x 8 anion exchange resin.®® The
isotopic exchange process in the cation exchange resin involves two
stages: exchange in the resin phase between U™ and UY', and
exchange between U™ in the resin and U in the solution. The
rate of exchange in the resin phase is 10°-10% times that of the
corresponding reaction in the solution. The rate of exchange in the
resin depends markedly on the acidity of the solution, but a
corresponding relationship is not observed for the exchange in the
solution. The apparent activation energies of these stages are
24.5 kJ mol™ and 58.4 kJ mol™ respectively.

The reaction in the anion exchange resin is described by the
scheme:

238U(IV), + 235U(VI), 2 BSY(IV), + 238U(VI),,
ZSBU(IV)S + ZSEU(IV)r pd 235U(IV)S + 238U([V),,
235U(VI), + 238U(IV)S = 235U(IV)S + 238U(Vl)r. (5)

The rate constant of reaction (5) at 30 °C is 7.3 x 107 litre mol™ min™,
which is much lower than the rate constant of the exchange in a
homogeneous solution under analogous conditions. The explanation
given for this phenomenon is that the concentration of acid in the
resin phase is lower than that in the solution.*® The activation
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energy of reaction (5) is 96.2 kJ mol™, which is close to that in
solution (101-105 kJ mol™"). It has been suggested that the
mechanisms of isotopic exchange in the solution and in the anion
exchange resin are similar.

Isotopic exchange between U™ and UY! in systems containing
AV-17-10P anion exchange resin in 6 M HCI solution, KU-8-2P
cation exchange resin in 0.5 M HCI solution, and titanium
phosphate in 0.7 M H,SO, solution has been studied under static
conditions.5® In hydrochloric acid solutions at 25 °C in the
absence of catalysts, practically no exchange takes place, but in the
presence of titanium phosphate and sulphuric acid the rate of
exchange is fairly high (k¢ = 1.5 x 107 litre mol"* ). Itis
suggested that the limiting stage of the exchange is the reaction
between U™ sorbed on titanium phosphate and U in the aqueous
phase. In 6 M HCI solutions the rate of isotopic exchange increases
considerably in the presence of Fe' salts, but this effect is not
observed in 0.5 M HCI solutions.

Table 4. Influence of catalysts on the rate of isotopic exchange in the
U — U™ gystem.

Con T Tem-| 4 e
Concentraticn |centra-| pera- » 1t .
Catalyst of catalyst, M [tion of fure, mlolA: klky Refs.

HCL Mj °c | min

FeCl, 2.5 1 55 9.5 179 (65, 66)
0.1 2 50 0.082 58

Cucl, 0.1 4 0 | 1.4 175 (68
VCl, 0.05 4 70 0.17 24 {68
CrCly 0.1 4 70 0.04 1.25 | [66—68]
p-Benzoquinone 0.05 1.7 90 2.0 1.2 {67}
Hydroquinone 0.4 4 90 0.53 4.8 [69]
Alloxan 0.1 2 50 0.37 65 [67, 69]
VClg 4 CrCly 0.054-0.1 4 70 0.38 48 (66
FeCl, + alloxan 0.1-4+0.02 2 50 0.24 170 {66, 69]
FeCl, + CrCly 0.074-0.2 | 2 5 | 0.18 | 129 {66, 67]
FeCl, + LiCl + y-picoline 0.7-+2.540.3 | 1.5 | 55 | 14.0 264 [67]
FeCl, + LiCt + piperidine 0.74-2.5+0.3 | 1.5 55 14.8 2‘49 (67, 68)
FeCl, + ethanol (40%) 1.0 4 55 | 42.4 820 167, 69]

* ko is the exchange rate constant under corresponding conditions in
the absence of a catalyst.

The rate of electron exchange between U™ and UY! can be
increased considerably using various catalysts. Thus the reaction
between U™ sorbed by a cation exchange resin and UY! in solution
is catalysed by the nitrate ion.** Detailed studies have shown that
the reaction is catalysed by various metal cations, for example Cul,
™ T, Sal, VI NbY, As™, Cr, MoV, Mn¥, P!, Hgll, b,
B, zr™V, ReY, Ru'™, and Fe,**" and by various organic
compounds, such as dicarboxylic or sulphonic acids, hydroxyacids,
acids containing N,S-donor atoms and salts of these acids, furans,®®6°
derivatives of quinone and hydroquinene, catechols, and alloxans.5”?
The concentration of catalyst varies in the range 0.05-3 M. The
use of a mixture of catalysts often gives a synergic effect, the
magnitude of which depends markedly on the catalysts.%¢7 The
catalystic systems are chosen so that the difference in the potentials
for the UTY/UY! couple and the redox couple of the catalyst is
0-0.05 V.%7!  The data in Table 4 show that in a number of cases
the rate of the isotopic exchange between U™ and UY! can be
increased by a factor of almost 1000. Since the mechanism of

isotopic exchange in the U™ —UY! system has not been reliably
established, the nature of the action of the catalysts is not yet fully
understood. Thus the search for the best catalytic systems is carried
out mainly by trial and error.

b) Isotopic effects in the UTY —UY! system

A method for separating uranium isotopes by CIE, in which
equimolar quantities of the original U™ and UV salts are mixed in
the light at 25-75 °C and pH 1.5-1.9 has been described.” After 1 h,
exchange is stopped by adding 3 M HCI solution. The oxidation
states of uranium are separated by precipitating U™V with a 5%
excess of oxalic acid. In nine separation steps the 2°U concentration
increases from 0.7052% to 0.7090%.

The exchange reaction was also carried out in 0.207 M H,SO, for
20 h at 35 °C in the dark in a nitrogen atmosphere.”” Uranium(IV)
was precipitated using hydrofluoric acid. For the separation of
235U and **U, « = 1.0013 + 0.0004. Similar experiments were
carried out in perchloric acid solutions,” where the value of o was
1.0012.

Isotope fractionation in the U™V —UY! system in the presence of
0.05 M CuBr; as catalyst has been studied ° The experimental
scheme is shown in Fig.3. Dowex 50W x 4 was used as sorbent.
After eight-fold repetition, the 2**U enrichment factor was 1.0042.

It is suggested”” that the value of « in the UTY —UY? system is
independent of the ligands coordinated to uranium.

Gonda and Kakihana’® passed 0.05 M solutions of trioctylamine
(TOA) or TBP in benzene, saturated with U™V and UYY, through ion-
exchange columns with a length of 100 cm and a diameter of 1.2 cm,
filled with Dowex 21K anion exchange resin, at a rate of 25 ml h™.
In the system containing TBP, the solution at the outlet from the
column was enriched in 2*°U by a factor of 1.017 compared with the
original solution. When TOA was used, the filtrate was depleted in
the light isotope (« = 0.987). Since in the system containing TBP
the anion exchange resin sorbs mainly U, in the TOA — U™ system
25U is apparently concentated as [UO,P.

When a solution containing 0.5 M H;SOy, 0.03 M NaF, and
equimolar quantities of U and UY' was passed at a rate of
0.5 ml min~" through a column of length 100 cm filled with a cation
exchange resin, the resin sorbed mainly U™V.7® At the outlet from
the column, the 23U enrichment factor was 1.009. With increase
in the rate of elution to 2 ml min~!, the enrichment factor decreased
to 1.000333.

In the counter-current method for separating tlie isotopes,”’
uranium(IV) sorbed by a strongly acidic cation exchanger moves
downwards, and an aqueous solution of UY! moves upwards. In
the upper part of the column, UY! slightly enriched in ***U is
removed, reduced to ulv , and sorbed on the cation exchanger used
in the second column. Uranium(IV) depleted in 2**U is removed
from the lower part of the first column, oxidised to UY! and passed
to the second column.

A slightly different counter-current method for separating uranium
isotopes has been proposed.78 In this method, the cation exchanger
with U™ sorbed on it again moves downwards, but an oxidising
agent containing 1% H,0, moves upwards. U is oxidised to UV,
desorbed from the resin, and moves upwards with the eluant.
Uranium(V]) in the upper part of the column is enriched in the light
isotope.

The isotopic fractionation of uranium in counter-current columns
makes it possible to carry out a multi-stage process. In the
uvV-uV system, however, this cannot be achieved by using a
stationary layer of ion exchanger. For example, Fujii and
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co-workers” sorbed UY on a strongly basic macroporous ion
exchanger placed in a column with a length of 100 cm and a
diameter of 1 cm. Uranium was eluted with a solution containing
0.1-0.12 M TiCl; and 4-5 M HCI at a rate of elution in the range
3.75-12.3 ml h™'. When the eluant comes in contact with the resin,
UV is reduced to U™, Since U™ is weakly sorbed by the anion
exchanger under the conditions of the experiments, most of it is
transferred to the aqueous phase and moves with the eluant. The
movement of U is accompanied by isotopic exchange between
U™ in the aqueous phase and UV in the exchanger phase. If the
rate of attainment of isotopic equilibrium is sufficiently high,
isotopic fractionation takes place repeatedly during the passage of
the front,’ as a result of which U™V is enriched in the #*°U isotope
in the tail of the elution curve. The values of & obtained at 70 °C
and 87 °C were 7.3 x 10~ and 7.0 x 107* respectively. The
number of theoretical plates in the experiments varied from 570 to
990, depending on the rate of elution and temperature.

l u(m), u(m)

sorption on cation
exchanger

' 4M Hf/ \dilute HBr

desorption of UV!

desorption of UV

adjustment of the
-f acidity of the UV!
solution

reduction of
UVvy 50%

U (), u(m)

sorption on cation

exchanger
4M HV \dilute HBr

Figure 3. Diagram of the experiment to study isotopic effects in the
UV — v system.™

Similar experiments were carried out with a cation exchanger in
the UV-form.%* 0.1 M Fe(NO3)s solution was used as eluant.
During the elution, U™ was oxidised to UYY, and was washed from
the column. Enrichment in 2**U took place at the front of the
elution curve.

Ponta and Calusaru®® passed a solution of a U"! salt through a
column filled with a cation exchanger in the Ti'!-form. UY was
reduced to U™ and sorbed on the resin, and Ti™™ was converted into
TiO?* and washed from the column. The observed isotopic effect
is determined by the superposition of the relatively large isotopic
effect of the electron exchange between U™ in the resin and UY! in
the solution on the weaker isotopic effect of opposite sign due to the
reduction of UY! by Ti'™,

The methods of separation described above have proved
unsuitable for industrial application, however. A method for
separating uranium isotopes based on the continuous movement of a
uranium zone along a column®! filled with Dowex 50W-X8 cation
exchange resin in the Ti™-form was patented in 1972. When a
solution of UY! is passed through the column, the UY! is reduced to
U, which is sorbed by the resin. As a result, a U zone is
produced in the upper part of the column. A solution of FeClj,
which oxidises the sorbed uranium, is then passed through the
column. The UV formed is transferred to the solution, and moves
with the eluant to the boundary between the zones of uranium and
the reducing agent Ti'™, where UY! is again reduced to U™ and
sorbed by the cation exchanger.  The uranium zone moves
continuously along the column, and selective distribution of the
uranium isotopes takes place at its boundaries as a result of isotopic
exchange between U™ from the resin and U"! from the solution.
Enrichment in 23U takes place at the boundary between the zones
of uranium and the reducing agent. The results of similar
experiments carried out by other workers,>** show good agreement
with these data.®!

The chromatographic separation of uranium isotopes according to
the above scheme®! has also been carried out using anion exchange
resins.®>®®  In the experiments of Fukuda and co-workers,® the
zone of uranium, present as anionic complexes of UYL, moved
along a column filled with a strongly basic anion exchanger in the
Fe™.-form. A Ti'™! solution was used as eluant. The HCI
concentration lay in the range 94 M, and the temperature in the
range 15-83 °C. FeCl, solution was used to catalyse the isotopic
exchange. Enrichment in the light isotope took place in the
‘trailing’ part of the zone. The values of ¢ obtained at 30, 50, and
87 °C were 7.8 x 107, 6.8 x 107 and 7.0 x 107 respectively.
Fe''L, TI'™, MoV, SbY, CrVI, CelV, and HgII were proposed as
oxidising agents, and Ti™!, VI VIL Nb™ ¢!, and Cul as reducing
agents.®® The eluted mixture is treated with oxygen to regenerate
the oxidising agent. The reducing agent is regenerated by hydrogen
in the presence of catalysts (Pt, Ru, Rh, Pd, Os, or Ir).*’

4. The ACE process

In 1972, the Japanese firm Asahi Chemical Industry began to
develop an industrial method for obtaining uranium with a low
degree of enrichment."* This method has been called the ACE
process.'*  The method is based on isotopic exchange between U™V
and UYL, Both cation exchangers and anion exchangers are used to
separate the ionic forms of uranium. The firm has developed new
highly effective resins giving the process improved kinetic
characteristics, which make it economic.
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A pilot plant for enriching uranium by CIE (one tenth of the size
of the industrial assembly) was brought into operation in Japan in
1985.°° The capacity of the assembly is 1-2 thousand kg S. W. U.
per year. The cost of construction was about 15.8 million dollars.%!
The cascade consists of four columns with a height of 3 m and a
diameter of 8 m (Fig. 4), filled with anion exchange resin. The
sphericity and dimensions of the particles are varied along the length
of the column.®?> Fe™ is used as oxidising agent, and Ti'" as
eluant. The time required to establish the steady state to obtain
uranium with an enrichment of 3% is 20-90 d, and the expenditure
of energy is 105-180 kW.h per kg S. W.U.** To obtain uranium
with an enrichment of 93%, the time taken to establish the steady
state is 9~10 years.'?

V. The separation of uranium isotopes in the
UF¢—NOUFg system

Nugent® and Ogle®® found that in the isotopic exchange between
UFs and NOUFg, relatively high isotopic fractionation of uranium
takes place, and the light isotope is concentrated in the UFs.
Nugentg“ carried out the experiments in a column with a small
diameter, filled with NOUF¢ in anhydrous HF. A solution of UFg
in Freon-114, which is denser than the solution in the column, was
dispersed in the upper part of the column. Isotopic exchange takes
place as the drops fall. The value found for o was 1.0016. Similar
results were obtained using the compiexes NOUF; and NO,UF;
instead of NOUFg. Ogle® used solutions of UFg in trichlorotri-
fluoroethane, dichlorotetrafluoroethane, or perfluorotributylamine.
The data obtained by Ogle show good agreement with those
obtained by Nugent.** A scheme for an assembly for separating
uranium isotopes, based on the above method, has been proposed.%
The values of o in the UFg(gas)— NOUFg(solid) system at 25 °C and
70 °C are 1.0016 and 1.0011 respectively.” The rate of exchange

increases in the presence of HF. The main obstacle to the practical
utilisation of the exchange between UF¢ and NOUFj is the high
stability of NOUFs in anhydrous HF solutions towards oxidising
agents.”**®* The oxidation of NOUFg is necessary to organise phase
reversal. F,, CIF;, CIFs, BrFs, and BrFs have been proposed as
oxidising agents.”® The problem of the repeated utilisation of NO
has not yet been solved.”® Moreover, the time taken to establish
isotopic equilibrium is fairly long (~2 h), even in the presence of
HF. These difficulties make it unlikely that an economic industrial
method for separating uranium isotopes based on the reaction
between UFs and NOUFg will be developed in the near future.

V1. Other methods

Many workers have used a combination of ion exchange and
various electrochemical processes to increase isotopic effects. Thus
a method in which isotopic exchange between U™ and UY is
combined with counter-current electromigration has been described.*®
After the electrochemical cell had operated for 1400 h, the 2°U
concentration in the anode compartment increased by a factor of
1.0007. The method is uneconomic, compared with gas diffusion.
Uranium isotopes have also been separated by electromigration using
cation exchange membranes.!® The authors cited suggested that
the use of ion exchange membranes should increase the efficiency of
isotopic fractionation, since the solvation of uranium ions in the
membrane is less extensive than in solution, so that the differences in
the masses of the isotope-containing forms should be greater for
separation in the membrane. For the fractionation of **U and
232U by this method o = 1.00006.

The theory of the separation of isotopes by electromigration in an
ion exchanger—solution system has been developed, with allowance
for the association of the ions and the formation of ion pairs, and
also for isotopic exchange between ionic forms in solution and in the
exchanger phase.’®!
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Figure 4. Diagram of the cascade of the ACE prc»cess:2 1, vessel for depleted uranium; 2, vessel for enriched uranium;,
3, vessel for natural uranium; 4, separating columns; 5,6, columns for regenerating the oxidising agent and the reducing
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A combination of ion exchange and electrophoresis has been
used.!'® Natural UV chloride was sorbed on the cation exchanger,
and then eluted with a mixture of glycine and CaCl,. A voltage
was applied to the ends of the chromatographic column (current
density 2-3 mA cm™); the cathode was situated in the upper part.
The concentration of 2*3U at the cathode after 3, 10, and 20 h was
0.736, 0.744, and 0.750 mol% respectively.

A cyclic process involving electro-adsorption and electro-desorption
on porous electrodes having a highly developed surface and ion-
exchange properties has been proposed for separating uranium
isotopes.’®® The sorption—desorption cycles are synchronised with
the periodic change in the direction of the flow of liquid, so that a
concentration gradient is created along the column.

A kinetic isotopic effect has been detected in the sorption of
[UO,P*™ on ion exchange resins under static conditions.'%+!%%

The sorbents used were the strongly acidic cation exchange
resin Amberlite IR-120 in the H" -form and the strongly basic
anion exchange resin Amberlite IRA-400 and the weakly basic anion
exchange resin Amberlite IRA-93 in the OH™, CI", or SO}~ forms.
The ratio of the concentrations of 2°U and #*®U changed during the
sorption. The time dependence of the separation coefficient o
shows an extremal point, whose position depends on many factors.
When the cation exchange resin was used, the maximum values of «
were observed 2 min after contact with the solution, and with the
anion exchange resins the smallest value of o was observed after
5-10 min. After passing the extremal point, the ratio 2*°U/?3%U
returned to the original value. The values of « at the extremal
points when Amberlite IR-120, IRA-93, and IRA-400 were used
were 1.02, 1.03, and 0.99 respectively. The same authors patented
similar methods for separating uranium isotopes, based on the
kinetic isotopic effect in the sorption of [UO,** on a carboxylic
acid cation exchanger on an acrylic base'°® and on an anion exchanger
consisting of a structured copolymer of glycyl methacrylate and
amines.'?’

The values of o obtained in the works cite are more than
10-100 times the uranium isotope enrichment coefficients in
equilibrium processes with electron transfer. The nature of the
observed phenomenon is not yet clear.

It has been found'®® that the rate of formation of uranyl
hydroxide acetate as a result of the irradiation of UO,(CH3COOQ),
solution with visible light is different for 233U and #**U. The
observed phenomenon was attributed to the magnetic isotope effect.

The lack of data on the magnitude and sign of this effect,
however, does not make it possible to relate it directly to magnetic
phenomena. Moreover, U is reduced to UTY when uranyl acetate
solutions are irradiated with light. The authors cited'%® did not take
account of this process. It follows from the theory of magnetic
isotope effects'® that their highest values are achieved when various
conditions are observed. Firstly, the constants of the hyperfine
interaction (HFI) with the magnetic nuclei of different isotopes in
intermediate radical pairs should differ considerably from one
another. Secondly, the HFI constants for one of the isotopes
should have high values. Thirdly, the generation of triplet radical
pairs is necessary, since their recombination is always preceded by a
singlet-triplet interconversion, which leads to the most effective
selection of the isotopes.

Until recently, there was lack of agreement on the electronic state
of the excited uranyl group.!'® In particular, it was stated that as a
consequence of strong spin-orbit coupling, the existence of a
characteristic spin in the many-electron uranium atom was
impossible. It has been shown,!!! however, that the application of

d104—107

an external magnetic field under certain conditions leads to a
decrease in the yield of U™ in the photoreduction of the uranyl
group under the infiuence of N,N-diallyl-N,N-dimethylammonium
chloride. The sign of the magnetic effect proves unambiguously
the existence of a triplet state of the excited uranyl ion, which on
photoreduction gives a triplet radical pair. Thus the appearance of
magnetic isotope effects is probably possible in principle in the
photoreduction of UO3*. The search for specific systems in which
these effects are greatest is obviously necessary.

VII. Comparison of the methods

According to the estimates of various specialists, even at the low
rates of development of nuclear energy, the annual requirements of
the capitalist countries for enriched uranium will be 30 million kg
S.W. U. by 1990, and 60 million kg S. W.U. by the year 2000.'?
The production of enriched uranium will be increased both by
modernising existing gas-diffusion (GD) plants and by introducing
assemblies based on new principles. At the present time, three gas-
diffusion plants are operating in the USA (Oak Ridge, Paducah,
Portsmouth), and three in Western Europe, of which two are in
France (Pierrelatte, Tricastin), and one in Britain (Capenhurst).

The production of enriched uranium by GD in the EEC countries is
controlled by the international organisation Eurodiff.

In 1970, Britain, West Germany, and the Netherlands established
the firm Urenco to develop the ultracentrifuge (UC) method for
separating uranium isotopes. In 1979, this firm began to operate
two demonstration assemblies in Capenhurst (Britain) and Almelo
(The Netherlands), which by 1987 had produced approximately
2 million kg S. W. U. of enriched uranium.*? A pilot plant with an
output of 75000 kg S. W. U. per year using the UC method is
operating in Nintyo-Toge, Japan. In 1985, the Japanese firm PNC
began the construction of a similar plant with a planned output of
200000 kg S. W. U. per year.!*> It is planned to provide 30% of
Japan’s requirements for enriched uranium from plants using the UC
method.

In the USA, approximately 2.6 million dollars have been spent in
the construction of a UC plant in Portsmouth.!'* It was planned to
bring the first cascade of the plant with an output of 13.2 million kg
S. W.U. per year into operation in 1988. The Department of Energy
of the USA, however, decided to halt the development of the UC
method.!**!!15 A method based on the selective photo-ionisation of
the atomic vapour of uranium under the influence of laser radiation
(AVLIS) was chosen for industrial application in the nineteen-
nineties.!’® The main advantages of the AVLIS method over UC
is the lower capital expenditure and the lower cost of production
per kg S.W.U., and also the greater flexibility for improvement of
the method and a gradual increase in output.''®* The very high
values of o (see Table 5) make it possible to use depleted uranium
from GD plants as the starting material for the AVLIS process.'!¢
In the USA it is planned to begin in 1988 the construction of a plant
using the AVLIS method with a planned output of 10 million kg
S.W.U. per year.!’® A similar programme for separating plutonium
isotopes is also being developed.!? It is proposed to begin work on
this in 1990. In 1984, 71.9 million dollars were spent on the
development of this program. The AVLIS process is also being
studied in France,'' Japan,'!” and Britain.!’®
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Representatives of Urenco state, however, that by the late
nineteen-eighties the new generation of centrifuges will make it
possible to achieve the same economic characteristics as the AVLIS

process.'*?

Table 5. Comparison of methods for separating uranium

isotopes.>>"116
Energy con- Capital Cost of
f expenditure | product,
Method* Level of development -1 ;:Tll()gugltv k(}N dollars per | dollars per
T kg SW.U. | kg S.W.U.
Gb principal method 1.003 | 2400—2500 250 95
uc large-scale plants being 1.005 100—135 400 90
brought into production
Sy construction of large-scale 1.015 3000—3600 350 125
plants being planned
88J ditto 1.025 4000 — —
AVLIS demonstration assembly ~100** 50—150 60—70 25—30
being constructed
MLIS laboratory studies 2—4 235 — —
CHEMEX | demonstration assembly 1.002 300 325 60—065
in operation
ACE. ditto 1.001 105—180 — —
PM laboratory studies 1.4 330 - e

*GD = gas diffusion, UC = ultracentrifuge, SJ = separating jet
method, SSJ = supersonic jet method, AVLIS = selective laser photo-
ionisation, MLIS = selective laser photo-dissociation,

PM = plasma method; ** separation coefficient without allowance
for losses 10°—10%.

In addition to AVLIS, the selective laser photo-dissociation of
UF¢ vapour (the MLIS process) is also being developed. This
method has certain advantages over AVLIS, since UFg is extremely
volatile.> The MLIS process does not give such high values of o as
the AVLIS process, however (see Table 5), so that it is necessary to
increase the number of stages. The MLIS process is being studied
in the Institute of Physical and Chemical Studies in Japan.'* It is
proposed to develop the MLIS method to the AVLIS level.

The separating jet (SJ) method has been developed in
West Germany since the mid nineteen-fifties. In 1975, Brazil
and West Germany agreed to construct a demonstration plant for
enriching uranium by this method.> Table 5 shows that the SJ
method is the most expensive of the alternative methods.

The supersonic jet (SSJ) method is being developed in the
United Arab Republic, where a pilot plant with a planned output of
about 300 thousand kg S. W. U. per year has been constructed.
Insufficient technical information has been published on this process.

Attempts have been made to separate uranium isotopes in a
strongly ionised rotating column of uranium plasma or in the plasma
of a low-pressure arc with a hollow cathode (PM).> The details of
the mechanism of the separation of the isotopes in the plasma are
not yet clear, because of the complexity of its structure. The
technical problems associated with the use of uranium compounds in
a plasma have not been solved.

Comparison of different methods for separating uranium isotopes
shows that the chief advantages of CIE methods are the simplicity of
the equipment, the use of traditional technology and non-aggressive
reagents, and the economic features.’> Their disadvantages are the

low values of o, the long times taken to establish equilibrium, and
the complexity of the methods for phase reversal. The developers
of the CHEMEX and ACE processes, however, have managed to
overcome the difficulties and to develop competitive methods for
enriching uranium (see Table 5). The CHEMEX process gives the
cost of 1 kg S. W. U. at the level of 60% of the cost of 1 kg S.W.U.
in the Eurodiff plants.!'® An advantage of the ACE process over
the CHEMEX process is the simplicity of phase reversal, since the
latter process requires the use of additional equipment to carry out the
redox reactions (electrolyser, etc.).”® Table 5 shows that the energy
used in the ACE process is much lower than that in the CHEMEX
process. At the same time, the value of € for the CHEMEX process
is twice that for the ACE process.

Because of these disadvantages, it cannot be said that CIE
methods occupy a leading place in the technology of uranium
enrichment. These simple and economic methods may prove useful,
however, in countries where the requirements for uranium with a low
degree of enrichment are low and where there is no need to develop
a large-tonnage capital-intensive technology such as GD or UC.
Moreover, CIE methods may possibly find application when
combined with other promising methods such as laser methods in the
early stages of the production of uranium with a low degree of
enrichment, when it is necessary to process very large volumes of the
starting material.

The possibilities provided by chemical methods for separating
uranium isotopes have not been exhausted. In particular, much can
still be achieved using processes based on kinetic isotopic effects.

References

1. M Semla, J Perrier The Separation of Isotopes (Translated into
Russian), Atomizdat, Moscow, 1980, p. 168
2. M M Miller Energy, 1984, 9 829
3. S Villani (Editor) Uranium Enrichment (Translated into Russian),
Energoatomizdat, Moscow, 1983, 320 pp
4. S S Alimpiev, N V Karlov, B B Krynetskii, Yu N Petrov
Itogi Nauki i Tekhniki, Radiotekhnika (Progress in Science and
Technology, Radio Technology), Vol. 22, 1zd. VINITI, Moscow,
1980, Parts 1 and 2
5. MV Veselova, I D Sokolova Metody Razdeleniya Isotopov Urana
s Pomoshch’yu Lazera i Khimicheskogo Ionnogo Obmena za
Rubezhom (Methods Used in Other Countries for Separating
Uranium Isotopes Using Lasers and Chemical Ion Exchange),
Izd. TsNIlatominform, Moscow, 1979, 32 pp
6. E A Filippov, M R Agevnin, L D Efimova, et al. Sovremennye
Metody Razdeleniya Izotopov Urana (Present-Day Methods for
Separating Uranium Isotopes), Moscow, 1979, 76 pp
7. Tekhnologiva i Ekonomika Abogashcheniya Urana, Atomnaya
Tekhnika za Rubezhom (The Technology and Economics of
Uranium Enrichment, Atomic Technology in Other Countries),
No. 8, 1983, p.27
8. S Villani Naturwissenschaften, 1984, 71 115
9. Nucl. Eng. Int., 1985, 30(7) Ref. No. 36
10.  Nucl. Energy, 1984, 23(4) 194
11. H Lee Proceedings of the 3rd Pacific Chemical Engineering
Congress, Seoul, 1983, Vol.3, p.326
12. G A Kotel'nikov, L N Nefedova Atomnaya Tekhnika za
Rubezhom (Atomic Technology in Other Countries), No. 3, 1986,
p.8
13. S Fujine, Y Naruse, K Shiba Nucl. Technol., 1983, 62 317



Russian Chemical Reviews 58 (5) 1989

451

14
15.
16.

17.
18.

19.

20.

21.

22.
23.
24.
25.
26.

27.
28.

29.
30.
31
32.
33.
34.
35.
36.

37.

38.
39.

40.
41.

42.

43.
44.
45.
46.

47.
48.

T Miyake, K Takeda, K Imamura, H Obanawa Nucl. Technol.,
1984, 64 237

J Kahovec Chem. Listy, 1980, 74 398

K Stamberg, J Cabicar Jad. Energ., 1981, 27 338

K Stamberg, J Cabicar Jad. Energ., 1982, 28 32

J M Lerat, C Lorrain Uranium Enrichment by Solvent Extraction.
Solvent Extraction and Ion Exchange Nuclear Fuel Cycle, Paris,
1985, p. 53

B M Andreev, Ya D Zel'venskii, S G Katal’nikov Razdelenie
Stabil'nykh Izotopov Fiziko-khimicheskimi Metodami

(The Separation of Stable Isotopes by Physicochemical
Methods), Energoatomizdat, Moscow, 1982, 202 pp

N M Zhavoronkov, D A Knyazev, A A Ivlev, G D Klinskii
Zh. Fiz. Khim., 1977, 51(1) 1 [English translation in Russ. J. Phys.
Chem., 1977(1)]

N M Zhavoronkov, D A Knyazev, A A Ivlev, G D Klinskii
Zh. Fiz. Khim., 1978, 52(4) 897 [English translation in Russ. J.
Phys. Chem., 1978(4)]

D A Knyazev, G D Klinskii Isotopenpraxis, 1978, 14 41

Y Yato, H Kakihana Bull. Tokyo Inst. Technol., 1975, 127 63
T Oi, T Watanabe, H Kakihana J. Nucl. Sci. Technol., 1986, 23
86

Y Fujii, M Aida, M Okamoto, T Oi Sep. Sci. Technol., 1985, 20
377

H Kakihana Proceedings of the European Nuclear Conference,
Nuclear Energy Authority, 1975, Vol. 12, p.37

R Jacques Sep. Sci. Technol., 1980, 15 533

F H Spedding, J E Powell, H J Svec, et al., US AEC, 1954,
Ref. ISC-475

A C Rutenberg, J S Drury J. Inorg. Nucl. Chem., 1969, 31 2289
M Ciric Energ. Nucl., 1968, 10 376

M Okamoto, R Goda, A Nakagawa, et al. Isotopenpraxis, 1980,
16 293

A Nakagawa, Y Sakuma, M Okamoto, M Maeda

J. Chromatogr., 1983, 265 231

Y Tanaka, J Fukuda, M Okamoto, M Maeda J. Inorg. Nucl.
Chem., 1981, 43 3291

H Y Kim, M Kaikhana, M Aida, et al. J. Chem. Phys., 1984, 81
6266

J Aaltonen, K G Heumann, P Pietila Z. Naturforsch., B, 1974, 29
190

S Li, Q Chen, D Su, et al. Huazue Yu Fangshe Huazue, 1982, 4
126

R Goda, Y Sakuma, Y Fujii, M Okamoto Isotopenpraxis, 1982,
18 293

US P.3953569; Chem. Abs., 1977, 84 118 300

Y Sakuma, M Okamoto, H Kakihana J. Nucl. Sci. Technol.,
1981, 18 793

Japan P.7573092; Chem. Abs., 1976, 81 167286

T Oi, Y Sakuma, M Maeda, M Okamoto Isotopenpraxis, 1983,
19 261

T Oi, Y Sakuma, M Okamoto, M Maeda J. Chromatogr., 1982,
242 281

BRD P.2235603; Chem. Abs., 1973, 78 118300

Y Han, S Xu, J Qian, S Gao J. Nucl. Radiochem., 1986, 8 177
X Wen, W Luo, D Wang J. Nucl. Radiochem., 1986, 8 118

M Hiraoka Crown Compounds, Their Characteristics and
Applications (Translated into Russian), Izd. Mir, Moscow, 1986,
363 pp

French P.2282928; Ref. Zh. Khim., 1977, 13LSP

US P.4012480; Chem. Abs., 1978, 87 26570

49.
50.
51
52.

53.
54.

5.

56.

57.
58.

59.

60.

61.

62.
63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

75.
76.

71.
78.
9.

80.
81.
82.
83.
84.
8s.
86.
87.
88.
89.
90.

B.P.1467174; Chem. Abs., 1978, 87 94418

B.P.1541805;, Chem. Abs., 1980, 91 99955

BRD P.2705895; Chem. Abs., 1978, 87 191073

M Giraud Proceedings of the International IAEA Conference,
Salzburg, 1977, p.24

J C Guais Rep. Gen. Nucl., 1982, (1) 68

J H Coates Proceedings of the International IAEA Conference,
Amsterdam, 1980, p.3

C Bernaud, J H Coates, M Gelee, et al. Rev. Gen. Nucl., 1983, (1)
49

J H Coates, C Bernaud, P L Plurien Proceedings of the
International IAEA Conference, Vienna, 1983, p. 893

Nucl. Europe, 1985, 5(6) 39

R W Woodard Chemical Separation of the Isotopes of Uranium,
Union Carbide Corp., Oak Ridge, 1948, Y-185

J Shimokawa, G Nishio, T Komori J. Nucl. Sci. Technol., 1964, 1
51

H Kakihana Proceedings of the IIIrd International Conference on
the Peaceful Uses of Atomic Energy, Geneva, 1963, p. 1439

M V Ryzhinskii, P A Bronzov, M Yu Vitinskii III Vsesoyuznaya
Konferentsiya po Khimii Urana: Tezisy Dokladov (Summaries
of Papers Presented at the Third All Union Conference on the
Chemistry of Uranium), Izd. Nauka, Moscow, 1985, p. 124

M V Ryzhinskii, M Yu Vitinskii Radiokhimiya, 1986, 28 742

M V Ryzhinskii, P A Bronzov, M Yu Vitinskii Radiokhimiya,
1986, 28 748

N Paunescu, A Calusaru Isotopenpraxis, 1978, 14 160

Japan P.8227730; Ref. Zh. Khim., 1983, 15L6P

Japan P.8239813; Ref. Zh. Khim., 1982, 15L7P

B.P.1565392;, Chem. Abs., 1980, 93 247278

Japan P. 8252853; Ref. Zh. Khim., 1984, 15L4P

Japan P.8241974; Ref. Zh. Khim., 1983, 20L23

Netherlands P.7 609 046; Chem. Abs., 88 160497

Japan P.5805690; Chem. Abs., 1983, 98 214026

US P.2787587, Chem. Abs., 1958, 51 9368

T M Florence, G E Batley, A Ekstrom, et al. J. Inorg. Nucl.
Chem., 1975, 37 1961

K Takeda, H Onitsuka, T Watanabe J. At. Energy Jpn., 1986, 28
82

K Gonda, H Kakihana Nucl. Sci. Abs. Jpn., 1986, (1) 5221

P J Daloisi, M J Orlett, ] W Tracy, A J Saraceno, Goodyear At.
Corp., Piketon, Ohio, 1976, p. 22, Ref. GAT-865

French P.1480129; Chem. Abs., 1968, 68 8602

B.P.1120208; Ref. Zh. Khim., 1969, 141.26

Y Fujii, J Fukuda, H Kakihana J. Nucl. Sci. Technol., 1978, 15
745

A Ponta, A Calusaru Isotopenpraxis, 1975, 11 422

BRD P.2155895; Chem. Abs., 1972, 77 55268

Rumanian P.62074; Chem. Abs., 1978, 88 66771

A Calusaru, S Murgulescu Naturwissenschaften, 1976, 63 578
Japan P.8014700; Chem. Abs., 1980, 93 157613

Japan P.7978069; Ref. Zh. Khim., 1981, 1L7P

BRD P.3022237; Chem. Abs., 1981, 94 92395

Netherlands P.8 003 506; Chem. Abs., 1980, 92 205251

J Fukuda, Y Fujii, M Okamoto Z. Naturforsch., A, 1983, 38 1072
Japan P.5727733; Ref. Zh. Khim., 1984, 15L8P
Ekspress-informatsiya TsNIlatominform (Express Information,
Central Scientific Research Institute for Atomic Information),
1986, (2) (1447), p. 11



452

Russian Chemical Reviews 58 (5) 1989

91.

92.
93.

94,

9s.
96.
97.

98.

99.
100.
101.

102.
103.
104.
10s.
106.
107.
108.
109.

110.

111.

112.

113.
114,
115.
116.
117.

118.
119.
120.

Ekspress-informatsiya TsNIIatominform (Express Information,
Central Scientific Research Institute for Atomic Information),
1985, (38) (1441), p. 13

Japan P.8258982; Ref. Zh. Khim., 1984, 17L13P

M Seko, T Miyake, H Takeda AIChE Symp. Ser., 1982, 78 (221),
p.41

B P Nugent, Goodyear At. Corp., Piketon, Ohio, 1972, p.22,
Ref. GAT-675

P R Ogle, US AEC, 1972, Ref. GAT-674

French P.2331369; Ref. Zh. Khim., 1978, 9L14P

A J Saraceno, C F Trivisonno, Goodyear At. Corp., Piketon,
Ohio, 1972, p. 11, Ref. GAT-674

J Chatelet, M Luce, P Plurien, P Rigny, International Conference
on Uranium Isotope Separation, 1975, Vol.30, p.5

US P.2813064; Chem. Abs., 1958, 52 16075

T Fujii, H Kakihana, M Okamoto Isotopenpraxis, 1979, 15 203
I A Tikhomirov, E R Gofman, G S Tikhonov Zh. Fiz. Khim.,
1978, 52(9) 2337 [English translation in Russ. J. Phys. Chem.,
1978(9)]

Japan P.7652194; Ref. Zh. Khim., 1976, 15L18P

Y Oren, A Soffer Sep. Sci. Technol., 1984, 19 575

J Cacibar, K Stamberg React. Pol., 1983, 1 309
Czech.P.214904; Ref. Zh. Khim., 1985, 14L9P

Czech. P.225464; Ref. Zh. Khim., 1986, SL31P

Czech.P.7686; Ref. Zh. Khim., 1988, 1L10P

US P.4567025; Ref. Zh. Khim., 18L4P

A L Buchachenko, R Z Sagdeev, K M Salikhov Magnitnye i
Spinovye Effekty v Khimicheskikh Reaktsiakh (Magnetic and Spin
Effects in Chemical Reactions), Nauka, Novosibirsk, 1978, 293 pp
M D Marcantonatos J. Chem. Soc., Faraday Trans., 1980, 76
1093

N A Golubkova, I V Khudyakov, D A Topchiev,

A L Buchachenko Dokl. Akad. Nauk SSSR, 1988, 300 147
Atomnaya Tekhnika za Rubezhom (Atomic Technology in Other
Countries), Vol. 5, 1988, p. 40

Atoms in Japan, 1988, 32(5) 9

Energy Daily, 1985, 13 2, Ref. No. 119

Energy Daily, 1985, 13 6, Ref. No. 112

Nucl. Eng. Int., 1985, 30 776, Ref. No.377

Gensienerugi, 1985, (8) 5; cited in Ekspress-informatisya
TsNIIatominform (Express Information, Central Scientific and
Research Institute of Atomic Information), 1985, (19) (1422),
p.9

Nucl. Fuel, 1984, 9(15) 13

J Davis J. Am. Inst. Chem. Eng., 1982, 78(221) 71

Atoms in Japan, 1985, 29(8) 22




