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[57] ABSTRACT 
Spent reactor fuel elements are dissolved in dilute ni-
tric acid. After addition of acetic acid as a complexing 
agent, the nitric acid is partly decomposed and the 
mixture subjected to electrolysis while a carrier liquid, 
which may be dilute acetic acid or a dilute mixture of 
acetic acid and nitric acid is caused to flow in the 
electric field between the electrodes either against the 
direction of ion migration or transversely thereto. The 
ions of uranium, plutonium and other transuranium 
elements, and of fission products accumulate in dis-
crete portions of the electrolyte and are separately 
withdrawn as at least three fractions after one or more 
stages of electrolysis. 

8 Claims, 7 Drawing Figures 
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Fig. 2 
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3,932, 1 
PROCESS FOR SEPARATELY RECOVERING 

URANIUM, TRANSURANIUM ELEMENTS, AND 
FISSION PRODUCTS OF URANIUM FROM 

ATOMIC REACTOR FUEL 5 
This invention relates to a process for separately 

recovering uranium, the transuranium elements, and 
fission products from spent atomic reactor fUel. 

Numerous methods of fractionating spent reactor 
fuel have been proposed, and some are in current prac- 1 0 

tical use. It is known, for example, to separate pluto-
nium from uranium and the fission products other than 
zirconium and the lanthanides by precipitation from a 
strongly acidic aqueous solution with BiP04, and fur-
ther to purify the plutonium-bearing fraction. The 15 

method however, does not separate uranium from fis-
sion products and can be performed batchwise only. 
Batch processes are difficult to carry out by remote 
control, a necessary condition when handling strongly 
radioactive material. 20 

It is also known to extract the solution of the spent 
fuel elements with organic solvents such as tri-n-butyl 
phosphate, methylisobutyl ketone, dibutoxydiethyl 
ether, and tertiary amines. The extraction methods 
permit plutonium to be isolated and uranium to be 2 5 

recovered, but the other transuranium elements and 
the fission products cannot be separated. The separa-
tion of plutonium from uranium involves a difficult 
redox treatment of the plutonium which requires the 
process to be burdened with large amounts of reagents. 3 0 

The extracting agents are partly decomposed by radia-
tion with unfavorable effects on the separation 
achieved. Loss of some uranium and plutonium must 
be accepted if the recovered elements are not to be 
contaminated with fission products. 3 5 

Yet another known method relies on the use of ion 
exchange materials. These methods, however, are se-
lective and do not permit the entire spent fuel to be 
fractionated. The ion exchange materials largely con-
sist of organic compounds which are subject to chemi- 4 0 

cal and radiolytic attack by the process liquid. 
The primary object of the invention is the provision 

of a process which is free from the shortcomings of the 
aforedescribed known methods. 

More specifically, it is an object of this invention to 4 5 

provide a universal method of fractionating the mate-
rial of spent atomic reactor fuel which permits the 
separate recovery of uranium, of the transuranium 
elements, particularly plutonium, and of the major 
fission products without impairment by radiolysis and 5 0 

without burdening the process material with more than 
minimal amounts of reagents. 

An additional object is the provision of a process 
which can be performed in continuous operation and is 
capable of convenient remote control. 5 5 

With these and other objects in view, the invention 
provides a process in which the materials to be sepa-
rated are subjected once or repeatedly to electrolysis 
between two spaced electrodes as solutes in aqueous 
mineral acid, preferably nitric acid, in the presence of 6 0 

a complexing agent which is preferably a carboxylic 
acid and water soluble, a carrier liquid being caused to 
flow through the electrolyte either in the direction of 
the electric field between the electrodes, or trans-
versely to the field. The resulting accumulation of ura- 6 5 

nium, the transuranium elements, and the Fission prod-
ucts in discrete portions of the electrolyte permits each 
of the three major fractions or even subfractions to be 

2 
withdrawn from the electrolyte practically free from 
the other fractions or subfractions. 

The procedure briefly described in the preceding 
paragraph will be referred to hereinbelow as "counter-
current electrolysis" when the carrier liquid is caused 
to flow in a direction opposite to the direction of migra-
tion of one type of ions in the electric field, and "cross-
current electrolysis", if the carrier liquid flows trans-
versely to the direction in which ions would normally 
migrate in response to the potential difference between 
the electrodes in the absence of the superimposed flow 
of carrier liquid. 

Counter-current electrolysis, as such, has been 
known heretofore (Bericht des Hahn-Meitner-Institut 
Berlin: HMI-B 44 [1965]; Chemie-Ingenieur-Technik 
42 [1970] 1090-1094; Separation Science 6 [4] 483 
[1971]). The method is based on the different migra-
tion rates of the several species of cations to be sepa-
rated, a carrier solvent being caused to flow counter-
current to the migrating ions at a rate to compensate 
for the mean migration velocity of the several species 
of ions so that the common center of gravity of the ions 
remains stationary, individual species of ions, however, 
migrate upstream or downstream and are thereby sepa-
rated. In cross-current electrolysis, the carrier liquid is 
caused to flow transversely to the direction of the elec-
tric field with analogous results. 

The migration rates of the several components to be 
separated are modified in the process of the invention 
in a manner greatly to improve the separation of the 
individual ions or of specific groups of ions by incorpo-
rating in the electrolyte a complexing agent, preferably 
a carboxylic acid, which forms complexes to a different 
degree with the several components to be separated. 

Under suitable conditions, plutonium is complexed 
selectively so as to be converted to a neutral species 
whereas uranium, the transplutonium elements, and 
the fission products retain an electric charge. The plu-
tonium, therefore, travels with the carrier solvent in the 
direction of movement of the latter, and independently 
of the electric field. It may thus be isolated by "electro-
lytic extraction" of the accompanying elements. Dur-
ing counter-current electrolysis in which the carrier 
flows toward the anode, the recovered plutonium val-
ues may still be accompanied by anions of some fission 
products (TC04 and polymolybdates), but may be 
purified of these contaminants in a simple manner by 
precipitation or by passage over an anion exchange 
column. During cross-current electrolysis, the pluto-
nium may be withdrawn with a portion of the carrier 
and the electrolyte free from other components, while 
the cationic components are deflected toward the cath-
ode, and are thereby divided into a uranium fraction 
and one or more sub-fractions containing other cati-
onic species. The anionic components are deflected 
toward the anode, and may be recovered separate from 
all other species present. 

The components of each fraction or sub-fraction may 
be further separated by electrolytic extraction in elec-
trolytes differing from the original electrolyte and from 
each other in the kind of complex-forming ligands and 
their pH-depending concentration, each additional 
electrolysis being used for isolating groups of compo-
nents and/or individual components. 

The preferred complexing agents of the invention are 
carboxylic acids having 2 to 10 carbon atoms and at 
least one free carboxyl group. Acetic acid is the pre-
ferred complexing agent in the electrolyte and in the 
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aqueous carrier solvent, but may be replaced by other components of a sub-fraction including neptunium, 
water-soluble alkanoic acids having one or more car- americium, and curium which accumulates in a few 
boxyl groups. Carboxylic acids have been found to be compartments adjacent the anode compartment in the 
effective in concentrations from 0.5-normal to 4-nor- apparatus of FIG. 4; 
mal, best results usually being obtained when the liquid 5 FIG. 6 diagrammatically illustrates the process of the 
electrolysis medium is 1.5 to 2.5-normal with respect to invention as employed for continuously separating 
acetic acid. If the carrier additionally contains nitric more than two ion components in a single stage by 
acid, it should be 0.02 to 2-normal, and preferably 0.05 combined counter-current and cross-current electroly-
te 0.2-normal with respect to nitric acid. The initial sis; and 
electrolyte usually contains nitric acid because the 1 0 FIG. 7 shows the continuous, multiple-stage separa-
spent fuel elements are normally dissolved in concen- tion of a mixture having more than two ion components 
trated nitric acid. If not initially present in the electro- employing the counter-current electrolysis technique, 
lyte, nitric acid may be added to the latter in the R e f e r r i n g initially to FIG. 1, there is shown a horizon-
amounts necessary to achieve the concentration range tally elongated, upwardly open trough of inert material 
indicated above. 15 which is provided with a multiplicity of longitudinally 

The initial electrolyte is preferably prepared from spaced, transverse partitions of nylon gauze which will 
spent fuel elements by dissolving the latter in strong or be described in more detail with reference to FIG. 3. 
concentrated nitric acid, adding the desired amount of They impede, but do not prevent, the flow of liquid and 
carboxylic acid, and subsequently reducing the nitric permit migration of ions in an electric field established 
acid concentration by the addition of a reducing agent 2 0 between a cathode 6 and an anode 7 in respective 
which forms gaseous oxidation products only, such as longitudinally terminal portions of the trough 10. A 
formic acid or formaldehyde. They reduce nitric acid semi-permeable diaphragm 12, approximately three 
to nitrogen oxides only, and the latter are gaseous and times as far from the anode 7 as from the cathode 6, 
readily converted again to nitric acid in a known man- extends across the trough 10, permits the migration of 
ner. 2 5 ions in the electric field, but blocks the flow of liquid. 

The reducing treatment causes precipitation of palla- In operating the apparatus of FIG. 1, an aqueous 
dium, selenium, and most silver in the elementary con- carrier liquid, such as dilute acetic acid or a mixture of 
dition, while niobium, tellurium, and a portion of the dilute acetic acid with a little nitric acid, as described 
molybdenum are precipitated as oxides (Nb2Os, Te02 , above, is fed to the ends of the two compartments 
MO03). Some silver may be precipitated as the bro- 3 0 separated by the diaphragm 12, which are nearest the 
mide, and the residual molybdenum is present in the cathode 6, through supply lines 1, 3 at a rate that may 
solution at the prevailing pH in the form of polymolyb- be controlled precisely by valves, not shown. The liquid 
date ions which migrate toward the anode during elec- to be fractionated is supplied near the center of the 
trolysis. Molybdate ions do not precipitate zirconium trough 10 through a valved line 4. Liquid is withdrawn 
ions at the prevailing pH, whereby the formation of 3 5 at a controlled rate from the ends of the two compart-
gel-like precipitates is avoided, such precipitates being ments nearest the anode 7 through discharge lines 2, 5 
difficult to separate from the mother liquor and equipped with overflow spouts. Non-illustrated cooling 
strongly adsorbing other ions. elements are distributed throughout the trough 10 to 

The liquid separated from the precipitate contains Pu maintain a desired, uniform temperatue and to remove 
as an electrically neutral complex, U, and may further 40 the heat generated by the passage of current through 
contain Np, Am, Cm, Rb, Cs, Sr, Ba, Zr, Ru, Rh, Cd, the electrolyte. The flow rate from the supply line 1 is 
In, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, and Tb as cationic controlled in such a manner that the cathode compan-
ions which may be simple ions or partly complexed ment does not turn alkaline, and that cations of metals 
ions. The liquid further contains nitrate ions and small migrating through the trough cannot reach the cathode 
amounts of polymolybdate and Tc0 4 ions. These ions 4 5 1. 
or ion complexes other than acetate and nitrate ions The flow rates through the lines 1, 3, 4 are adjusted 
are separated by counter-current or cross-current elec- until a stable state is reached in which the solutions 
trolysis. discharged from the lines 2, 5 contain only elements of 

The invention will be described in more detail with respective fractions of the solution supplied at 4, each 
reference to the attached drawing in which: 5 0 fraction being free of elements of the other fraction, 

FIG. 1 shows electrolysis apparatus employed for except as will be described hereinbelow. 
performing the process of the invention in a perspec- The use of the apparatus shown in FIG. 1 in the pro-
tive view, portions of a tank being shown broken away cess of the invention is illustrated in FIG. 2. 
to reveal internal structure; The spent fuel elements are dissolved in strong or 

FIG. 2 is a flow sheet illustrating continuous fraction- 5 5 concentrated nitric acid, and the solution is mixed with 
ation of spent reactor fuel by multiple, sequential elec- an amount of acetic acid sufficient to make the mixture 
trolytic extraction employing several units of apparatus about 2-normal or 2-molar with respect to acetic acid, 
as shown in FIG. 1 for counter-current electrolysis; The mixture is further treated with formaldehyde or 

FIG. 3 is a flow sheet illustrating continuous fraction- formic acid to reduce enough nitric acid to nitrogen 
ation of spent reactor fuel by cross-current electrolytic 6 0 oxides that the residual nitric acid makes the mixture 
extraction according to the invention employing an about 0.05-normal or 0.05-molar with respect to nitric 
electrolytic cell illustrated in top plan view; acid. The nitrogen oxides and the gaseous oxidation 

FIG. 4 illustrates the stationary distribution of the products of the formaldehyde or formic acid are drawn 
fission products, of neptunium, and of the tran- off, and the nitrogen oxide is again converted to nitric 
splutonium elements in the last stage of the separation 6 5 acid to be used for dissolving additional fuel elements, 
process in apparatus similar to that of FIG. 1; As described above, the reducing agent causes precipi-

FIG. 5 illustrates the corresponding condition of tation of Pd, Ag, Te, Nb, Se, and some Mo, and the 
similar apparatus employed for further separating the precipitate is separated from the mother liquor in a 
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continuously operating centrifuge, and may be further parallel to the short trough walls and columns parallel 
processed in a manner not relevant to this invention. to the long trough wall. 

The supernatant is fed to a trough 10 of the type The diaphragms preferred in the apparatus of FIG. 3 
shown in FIG. 1, while the trough also receives an have polypropylene frames to which the nylon gauze is 
aqueous carrier liquid of 0.05 M H N 0 3 and 2 M 5 heat-sealed. Each frame bounds one side of a cell, and 
CH3COOH per liter in each of its two compartments. interlocking projections and recesses in the frames 
The solution of fuel constituents fed to the trough 10 permit the same to be connected in the form of the 
contains U, Pu, Np, Am, Cm, and various fission prod- illustrated grid. The apertures in the nylon gauze of 
ucts, jointly referred to in the drawing by the symbol diaphragms oriented transverse to the direction of cur-
Fp. As indicated by diagonal shading in the trough 10, 1 0 r e n t flow a r e approximately 10 microns, those in the 
this mixture is separated by the liquid flowing through g a u z e arranged parallel to the direction of current flow 
the trough 10 and by the applied electric field. a r e approximately 50 microns in diameter. The temper-

The electrically neutral plutonium complex is carried a t u r e o f t h e electrolyte is kept constant throughout the 
toward the* anode by the carrier liquid supplied to the t r o u S h 1 3 t o a v o l d thermal diffusion currents in the 
larger trough compartment and discharged together 1 5 l l c lu , d- W h i l e the temperature o f t h e electrolyte is not 
with electrolyte and/or carrier liquid through the dis- c r i t i c a 1 ' i s Preferably above ambient temperature for 
charge line 5. The plutonium, at this stage, is contami- t h e s a k e o f convenience, particularly to reduce the load 
nated with T c 0 4 " and polymolybdate anions. As on the coohng equipment, but evaporation losses are 
shown in the drawing, the stream bearing Pu,Tc, and a „ Preferably minimized. From these considerations, an 
portion of the Mo originally present in the spent fuel " electrolyte temperature ot >U C is currently preferred, 
may be split, one branch being fed to a precipitation b u t a n ? other temperature between about 30 and 70 C 

. . . r
u . . , , - , . , may provide the same advantages. As is not explicitly plant in which the plutonium may be precipitated as , , •„ . - . . . * 

o 1 . \ , !1 u • t shown, but will readily be appreciated, each row ot Pu(OH)4 or as oxalate, the other branch being passed ,, • • j u + u e 1 » • 11 4 a , , , , ° F ^ cells is equipped with a heat exchanger of electrically 
over an anion exchange column for removal of TcO, 2 5 n o n . c o n d

4
u c t ^ e g l a s s > k n o w n a s a « c * l d f l » "Cold 

and polymOlybdates so that a pure aqueous solution, fi „ o f m u c h s m a U e r , h a r e C 0 I T f m 0 n l e m _ 
containing plutomum as the only metal ion present, is 1(f d a g r e f l u x c o n d e n s e r s s e t i n t o t h e n e c k s o f 
obtained. In normal practice only one ot the two meth- a n d a l s Q c o n s t i t u t e the cold cores of Hopkins condens-
ods of separating plutonium from accompanying anions e r s W a t e r c i r c u l a t e d t h r o u g h t h e « c o l d f l n g e r s " a n d 
will be chosen. 30 a refrigerated, thermostatically controlled tank. The 

The liquid withdrawn from the cathode compartment h e a t e x c h a n g e r s are supported by the frames of the 
of the trough 10 through the line 2 contains uranium, diaphragms through which they pass, 
the fission products Fp together with Np, Am, and Cm. A s i n g l e i n k ; t 1 7 l e a d s t o t h e f o u r t h r o w o f c e i l s f r o m 
It is fed to another apparatus not significantly different t h e a n o d e 1 6 a t o n e longitudinal trough wall, and an 
from that shown in FIG. 1 near the longitudinal center 35 outlet 18 is connected to the other end of the same row 
of its trough 10', and subjected to electrolytic counter- of cells. Each row of cells and the two electrode corn-
current extraction with a carrier liquid identical with partments communicate with a manifold 19 through 
that employed in trough 10. the afore-mentioned one longitudinal trough wall. Indi-

The operating conditions in the trough 10' are ad- vidual outlets, valved in a non-illustrated manner, lead 
justed in such a manner that the local field strength E, 40 outward from the ends ofthe rows of cells remote from 
the mobility u v of the uranium ions, the average flow the manifold 19, and the outlets of the eleven central 
rate v of the liquid carrier, and the mobility u' of all rows lead into a common manifold 20. The third row of 
other cations present satisfy the relationship cells from the cathode 15 has an outlet 21 whose pur-

F.u,. < v < Eu' pose will be explained hereunder. 
This condition is readily fulfilled because the mobil- 45 T h e solution to be resolved by electrolytic extraction 

ity of the uranium ions in the system now being de- i n t h e a p p a r a t u s s h o w n i n F l G . 3 i s p r e p a r e d as ex-
scnbed is only approximately one half of that of the p l a i n e d w i t h r e f e r ence to FIG. 2. The fuel elements are 
second slowest 10ns present, those of Np0 2

+ . The liquid d i s s o i v e d i n n i t r i c acid, the solution is mixed with acetic 
discharged from the anode compartment of the trough a c j d j a p o r t ion of the nitric acid is destroyed by a re-
10' at a sufficiently high flow rate of the aqueous car- 50 ducing agent which also precipitates some ofthe fission 
ner liquid contains only uranium 10ns. The fission prod- products, and the supernatant from centrifugal removal 
ucts Fp, together with Np, Am, and Cm are discharged o f t h e precipitate is introduced into the apparatus of 
from the cathode compartment of the trough 10' pj(-j 3 through the inlet 17. 
through the line 2', and this subfraction may be further j n the absence of an electric field, the solution, ini-
resolved by repeating the electrolytic extraction batch- 55 tially carrying U, Pu, transplutonium elements, and 
wise in a trough 30 differing from that shown in FIG. 1 fission products, tends to travel in the fourth row of 
by the absence of the diaphragm 12, as will be de- cells across the width of the trough 13. The electric 
scribed hereinbelow with reference to FIG. 4 or in field between the electrodes 15, 16 does not affect the 
devices of the type that will presently be described with electrically neutral plutonium complex in the solution, 
reference to FIGS. 6 and 7. 60 and plutonium is discharged from the opposite longitu-

The apparatus for cross-current electrolytic extrac- dinal trough wall through the outlet 18, having been 
tion shown in FIG. 3 is a rectangular, open trough 13 stripped of all other components of the fuel elements 
provided with a rectangular grid of partitions 14 of by electrolysis. 
nylon gauze. Electrode compartments extending along As described above, T c 0 4 and residual molybde-
the two narrow walls of the trough 13 are free from 65 num in the form of polymolybdate are deflected toward 
partitions and contain a cathode 15 and an anode 16 the anode 16 and simultaneously carried across the 
respectively. The remainder of the trough is divided by trough 13 in each row of cells by a uniform stream of 
the partitions 14 into quadratic cells arranged in rows carrier liquid identical with that described with refer-
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ence to FIG. 2 so that all Tc and much Mo originally 
introduced into the apparatus through the line 17 are 
discharged from the anode compartment. Uranium, 
neptunium, americium, and curium as well as fission 
products Fp are deflected toward the cathode by the 5 

electric field. The manifold 20 receives a solution con-
taining pure uranium, while the other elements accu-
mulate nearer the cathode and are withdrawn from the 
outlet 21 for further separation, if so desired, in the 
trough 30 shown in FIG. 4. 10 

The valves in the several branches of the manifold 19 
which maintain the same flow rate in each row of cells, 
and thus prevent flow of the carrier in the direction of 
the electric field, and the valves in the several outlets 
on the opposite side of the trough which serve the same 15 

purpose, have been omitted for the sake of clarity. 
Lateral diffusion of liquid from one row of cells into the 
adjacent ones cannot entirely be prevented, but it can 
be held to an insignificant rate. 

Uranium amounts to 90% or more of the cationic 2 0 

components present and has a substantially smaller 
mobility than the others so that it can be recovered 
from the manifold 20 in practically pure condition. The 
technetium and molybdenum recovered from the 
anode compartment can be separated from each other 2 5 

by means of an anion exchange column, and the further 
work-up of the fraction withdrawn from the trough 13 
at 21 is illustrated in FIG. 4, the same apparatus being 
also employed for the work-up of a corresponding frac-
tion of transplutonium elements and fission products 3 0 

discharged from the apparatus of FIG. 2 through ;the 
line 2'. ; 

The apparatus shown in FIG. 4 has a trough 30 simi-
lar to the trough 10 shown in FIG. 1 and equipped with 
partitions which impede, but do not prevent, liquid 3 5 

flow and may be of nylon gauze as are the partitions 11 
shown in FIG. 1. The partitions have been omitted for 
the sake of clarity. The trough 30 is not provided with 
a semi-permeable membrane, and is supplied with a 
continuous stream of 2-N acetic acid contiguously ad- 4 0 

jacent the cathode 31 through a feed pipe 32. An over-
flow pipe 33 communicating with the bottom of the 
trough 30 near the anode 34 permits a constant liquid 
level to be maintained in the trough. 

The trough 30 was filled with a batch of the tran- 4 5 

splutonium and fission element fraction obtained in 
Dne of the processes illustrated in FIGS. 2 and 3, and 
the flow of current between the electrodes of dilute 
acetic acid was kept constant to produce a final station-
iry condition illustrated in FIG. 4. 5 0 

Hydrogen peroxide was fed dropwise to the cathode 
compartment from a pipe 35 at a rate sufficient to 
suppress the formation of gaseous hydrogen which 
vould have migrated with the carrier and would have 
precipitated rhodium in metallic form. Zirconium mi- 5 5 

'rated to the anode in the electric field as a negatively 
;harged complex, and was discharged with excess car-
ier liquid through the pipe 33. 

The other elements present in significant amounts 
iccumulated sequentially in the non-illustrated cells of 6 0 

he trough 33. A mixture of Cs and Rb was found near-
:st the cathode, and was followed sequentially toward 
he anode by Ba, Sr, Y, La, Ce, Pr, Nd, Sm, Am, Rh, 
tu, and Np. Zones of the pure elements were joined by 
liffusion zones in which also elements present in very 65 
mall amounts tended to collect. Cd thus was found in 
he diffusion layer between Ba and Sr, Pm between Nd 
tnd Sm, Eu and Gd between Sm and Am, and Cm 
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between Am and Rh. The amount of Np present was so 
small that much of it was contained in the diffusion 
zone with Ru. 

The several compartments were emptied simulta-
neously through non-illustrated drain valves into indi-
vidual containers, and the contents of the containers 
holding the Am fraction and both adjoining diffusion 
layers and the Np fraction and its diffusion zone toward 
Ru, as indicated by broken lines in FIG. 4, were com-
bined and subjected to another resolution process 
under the same conditions as described with reference 
to FIG. 4 in a trough 30' shown in FIG. 5, not signifi-
cantly different from the trough 30 and similarly 
equipped with non-illustrated nylon partitions, elec-
trodes 31, 34, feed and discharge pipes 32, 33, and a 
hydrogen peroxide dropper 35. A protective layer of 
potassium ions was maintained near the cathode 31. 

The results achieved are evident from FIG. 5, Np, 
Ru, Rh, Am, Gd, and Eu were isolated with a decon-
tamination factor greater than 106, and similar results 
were achieved in the preceding fractionation illustrated 
in FIG. 4 for all significant constituents. Cm was pres-
ent only in trace amounts in the fractionated fuel ele-
ments, but it was separated from the bulk of Am in the 
procedure of FIG. 5 in the diffusion zone toward Rh. It 
could have been isolated, if so desired, by once more 
repeating the electrolytic extraction process. 

It is a particular advantage of the process of the in-
vention that the transplutonium elements are cleanly 
separated from the lanthanides in a much simpler man-
ner than by the cation exchange resin treatments em-
ployed heretofore. 

The process of the invention permits mixtures of 
substances of the type described, more specifically 
spent fuel elements from atomic reactors of all kinds, to 
be separated into the individual components in a simple 
manner which is readily controlled. The high decon-
tamination factors mentioned above are achieved with-
out significant loss of the materials processed. This is a 
particular advantage in the work-up of fuel elements 
from fast breeder reactors which may contain 10 to 
20% plutonium. The entire procedure may be carried 
out in an aqueous medium with minimal amounts of 
reagents not subject to radiolytic destruction. Not only 
plutonium, but also the transplutonium elements and 
the important fission products are recovered individu-
ally, thereby permitting the isolation and separate han-
dling of radioactive fission products having a long half-
life. It is a particular advantage of the process of the 
invention that it permits continuous operation with 
automatic controls, intervention of a human operator 
being readily accomplished by remote control as far as 
required. 

The following Examples further illustrate the inven-
tion with reference to the devices shown in FIGS. 1 to 
5. 

EXAMPLE 1 
The apparatus illustrated in FIG. 2 was supplied with 

an aqueous solution obtained by dissolving reactor fuel 
elements in nitric acid, further processing the solution 
in the manner described with reference to FIG. 2, until 
it contained, per liter: 

0.3 mole uranyl nitrate, 
0.01 mole plutonium'1 nitrate, 
0.00008 mole Am241 nitrate, 
5 mCi Cm242, 
0.00007 mole Np237 nitrate, 
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2 mole acetic acid, 
0.05 mole nitric acid, and 
5% fission products, based on the uranium weight. 

Formic acid was used in partly destroying the nitric 
acid employed for dissolving the fuel elements, and the 5 

precipitate formed thereby was removed. 
The solution was fed to the first electrolytic.trough 

at a rate of 30 ml per hour. A solution of 2 mole acetic 
a c i d a n d 0.05 mole nitric acid per liter was supplied to 
the cathode portion of the trough at 50 ml per hour, and 1 0 

to the anode portion at 10 ml per hour. The trough had 
a length of 30 cm and contained 270 cm3 liquid. The 
partitions and cooling fingers present, but not illus-
trated, reduced the effective flow section to 5 cm2. The 
liquid in the trough was cooled at a rate of approxi- 15 

mately b 1 watt per cm3. 
The voltage applied to the electrodes was 550 V, and 

the current, flow was 500 mA when a steady state was 
reached. The local field strength was determined to be 
10 V/cm in the zone of the trough holding the original 2 0 

mixture and in the cathode portion from which U, Np, 
Am, Cm and the fission products were withdrawn. It 
was 20 V/cm were plutonium was withdrawn, and 40 
V/cm in the zone near the cathode between the pipes 1 
and 2 which was practically free of salts. 2 5 

In the two fractions discharged from the first trough 
10, the decontamination factor of plutonium relative to 
the cationic components including uranium was better 
than 10s, and the cationic components showed a de-
contamination factor greater than 108 with respect to 3 0 

Pu, Tc, and Mo. 
The solution containing uranium and other cationic 

components was partly evaporated to increase its con-
centration and fed to the trough 10' which was oper-
ated under similar conditions as the trough 10 to pro- 3 5 

duce a uranium fraction having a decontamination 
factor better than 10® and a fraction containing the 
transuranium elements and fission products, which was 
further resolved as described with reference to FIGS. 4 
and 5. 40 

The specific operating conditions maintained in the 
trough 10', which had the same dimensions as the 
trough 10, included flow rates of the same carrier liquid 
as for the trough 10 of 50 ml and 10 ml per hour re-
spectively, and a supply of the solution to be resolved at 45 
a rate of 30 ml per hour. The applied potential was 400 
V and produced a current of 450 mA- The field 
strength was 8 V/cm where the mixiture to be fraction-
ated was fed to the trough, 1, V/cm where the uranium 
was withdrawn, 12 V/cm where the other components 5 0 

left the trough, and 35..V/cm in the salt-free area near 
the cathode. 

The yield of plutonium and uranium, as determined 
by the ratio of Pu and U supplied and Pu and U iso-
lated, was 100% as soon as stationary conditions were 5 5 

achieved. , 

EXAMPLE 2 
The process of the invention was carried out on a 

laboratory scale in apparatus of the type shown in FlG. 6 0 

3. The trough 13 had a length of 45 cm and a width of 
26 cm. Its height was 3 cm, and it was filled with liquid 
to a depth of 0.5 cm. The effective cross section of the 
trough as measured from the orifice of the pipe 17 
across the width of the point free from uranium, times 6 5 

the liquid depth, was 10 cm2. A potential of 500 V was 
applied to the electrodes, and the field strength thus 
was 1 I V/cm on an average. The current was 0.4 amp., 

225 
10 

and the cooling capacity of the apparatus was 0.5 
W/cm3- The total amount of carrier liquid discharged 
from the manifold 19 was 500 ml per hour. The fuel 
element solution was fed to the apparatus at a rate of 
0.02 mole per hour. Its metal content consisted of 94% 
U, 3% Pu, and 3% fission products and transplutonium 
elements. It was prepared as described in Example 1. 

The three principal fractions were recovered at a 
yield of 100% and had each a decontamination factor 
of better than 10s relative to the other two fractions. 

EXAMPLE 3 
A trough Of the type described with reference to FIG. 

4 was employed for resolving batches of mixed tran-
splutonium elements and fission products withdrawn 
from the process described in Example 1 after a full 
day's operation, and from the process described in 
Example 2 after half a day's operation: 

The trough had a length of 1 meter and was provided 
with approximately 200 transverse nylon gauze parti-
tions. The effective cross section of the liquid in the 
trough was 3 cm2, and the salts to be separated occu-
pied about 90 cm of the length when a stationary distri-
bution was reached. 

A potential of 3000 V was applied to the electrodes, 
and the current flow was constant at 0.3 amp. 2-Nor-
mal acetic acid was continuously fed to the cathode 
zone at a rate of 60 ml per hour. 

The individual components withdrawn from areas 
other than the diffusion zones shown in FIG. 4 had a 
decontamination factor greater than 10® and were re-
covered in a yield of approximately 80%. 

The Components accumulated in the areas enclosed 
by broken lines could not be resolved in the same run. 
They were transferred to another trough, as is shown in 
FIG. 5, which had a length of 80 cm of which 72 cm 
were occupied by the salts to be separated when a 
stationary state was established. The effective cross 
section of the trough was 0.25 cm2. An applied voltage 
of 3000 volt produced a current flow of 25 mA while 
2-normal acetic acid was supplied at a rate of 5 ml per 
hour. 

FIG. 6 illustrates apparatus which has been employed 
successfully for further resolving the fraction of tran-
splutonium elements, neptunium, and fission products 
discharged from the devices of FIGS. 2 and 3, and 
which combines the modes of operation of the devices 
shown in FIGS. 1 and 3. 

Elongated troughs 40 are juxtaposed in a common 
horizontal plane and are each partitioned, into many 
transversely aligned cells by means of nylon dia-
phragms 41. A trough 42 free from diaphragms extends 
along one side of the group of troughs 40, and recepta-
cles 43 are transversely aligned with respective cells in 
a row along the other side of the group of troughs 40. 
The longitudinally terminal cells in each trough 40 
contain anodes 44 and cathodes 45, and pipes commu-
nicating with the anode and cathode cells of each 
trough 40 permit a carrier liquid to be passed longitudi-
nally through the trough in the manner shown in FIGS. 
4 and 5. Carrier liquid is also supplied to the trough 42 
which contains neither partitions nor electrodes. The 
several anodes 44 and cathodes 45 are connected in 
parallel to a source of direct current. A manifold 46 
supplies the solution of the fraction to be resolved to 
the cells near the center of the trough 40 adjacent the 
trough 42. 
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A cover, not illustrated, normally covers the arrange-

ment of troughs 40, 42, and carries capillary pipets 
arranged in rows and columns at right angles to the 
rows, the number of columns being equal to the num-
ber of troughs 40 plus one. The cover may be shifted 5 

from a position in which the topmost column of pipets, 
as viewed in FIG. 6 dips into the trough 42 and another 
position in which the lowermost column of pipets dips 
into the receptacles 43. In both positions of the non-
illustrated cover, a pipet reaches into the liquid in each 10 

cell of each trough 40. The pipets are connected to a 
vacuum line by a manifold and a two-way valve which 
permits the pipets to be connected jointly with the 
vacuum line or with the atmosphere. 

As indicated diagrammatically in FIG. 6 by broken 15 

lines, full lines, and chain-dotted lines respectively, a 
three-component fraction supplied to the topmost 
trough 40 as an aqueous liquid from the manifold 46 
extends initially over the central portion of the first 
trough. The components migrate toward the cathode 2 0 

42 at different rates counter-current to a carrier liquid 
which passes longitudinally through each trough 40. At 
regular, frequent intervals, additional carrier liquid and 
electrolyte is drawn into the non-illustrated pipettes by 
vacuum from the troughs 40 ,42 , and the cover with the 2 5 

charged pipets is shifted into its other position in which 
air is admitted into the pipets, and the liquid drawn 
from the topmost trough 40 is discharged into the adja-
cent trough 40 and is replaced in the topmost trough 40 
by carrier liquid from the trough 42, while liquid from 3 0 

the lowermost trough is transferred to the receptacles 
43. The cover thereafter is returned to its starting posi-
tion. 

As this procedure is repeated, a steady state is 
reached in which the three fractions are almost sepa- 3 5 

rated in the lowermost trough 40, and the batches of 
liquid collected in most of the receptacles 43 contain 
pure fractions. 

In an actual embodiment of the apparatus illustrated 
in FIG. 6, 20 troughs 40 were juxtaposed. The elec- 4 0 

trodes 44, 45 received a potential difference of 500 V, 
and the current flowing in each trough 40 was 80 raA. 
A total of 250 ml 0.5-N acetic acid was passed longitu-
dinally through the troughs 40 during each hour, while 
simultaneously 25 ml of the same liquid passed through 4 5 

the electrolytic cells from the trough 42 to the recepta-
cles 43 together with 3 ml of the mixed solution which 
entered the apparatus through the manifold 46. There 
were approximately 200 individual cells in each trough 
40, which was 100 cm long and 2.5 cm wide. 5 0 

The transplutonium elements, neptunium, and the 
fission products were resolved continuously in this 
apparatus in a single stage about as efficiently as in the 
two-stage batch operation described with reference to 
FIGS. 4 and 5. The pure components of the original 5 5 

mixture were recovered in a yield of approximately 
80%, and the decontamination factor in the pure frac-
tions was approximately 106 except for the lanthanides 
which were separated from each other with a decon-
tamination factor of 103. 6 0 

FIG. 7 shows apparatus of the invention for separat-
ing the mixture of minor components discharged from 
the devices of FIGS. 2 and 3 in a multiple stage ar-
rangement of which only one stage 50 is illustrated in 
detail, the identical stages 51, 52 being shown in simpli- 6 5 

fied outline. 
Each stage has an elongated trough 53 similar in 

shape and arrangement to the troughs shown in FIGS. 

4 and 5 and equipped with non-illustrated nylon gauze 
partitions on polypropylene frames. The liquid dis-
charged from the apparatus of FIG. 2 at 2' or the appa-
ratus of FIG. 3 at 21 is fed continuously at a metered 
rate to the approximate longitudinal center of the 
trough 53 through a pipe 54. Carrier liquid is fed to one 
longitudinal end at a valve-controlled rate through a 
pipe 55 and withdrawn from the other end through a 
pipe 56. A cathode 57 is arranged in the trough 53 near 
the pipe 55 and an anode 58 near the pipe 56. 

An electrolytic bridge, that is, a thin glass tube filled 
with electrolyte, has one orifice in the trough 53 offset 
a small distance from the cathode 57 toward the anode 
58 and another orifice in a container 60 on the same 
level as the trough 53 and equipped with an auxiliary 
cathode 62. More carrier liquid is fed to the container 
60 behind the cathode 62 through a pipe 61, and is 
withdrawn from the bottom of the container 60 
through a pipe 63. The auxiliary cathode 62 is directly 
connected to the negative pole of a source of direct 
current, while the cathode 57 is held at a lower nega-
tive potential by a variable resistor 64. 

The mixed solution of fission products, tran-
splutonium elements, and neptunium is initially con-
centrated in the center of the trough 53, as indicated by 
cross hatching, and the slowest-moving cationic com-
ponent migrates with the flowing carrier liquid toward 
the anode, as described with reference to the afore-
described devices, while the rate of carrier flow and the 
potential difference between the cathode 57 and the 
anode 58 are set in such a manner that all other ion 
species migrate in the opposite direction. When a 
steady state is reached and maintained, a first sub-frac-
tion is withdrawn with electrolyte and/or carrier liquid 
from the pipe 56. 

The electrolytic bridge 59 and the potential prevail-
ing between the electrodes 57, 62 causes all other com-
ponents to flow into the container 60, and to be with-
drawn therefrom through the pipe 63. Carrier liquid 
flowing between the pipes 61, 63 prevents cations of 
these components from reaching the electrode 62. The 
procedure is repeated in the subsequent stages 51, 52, 
and may be repeated as often as needed to achieve a 
desired degree of resolution, a single component or a 
sub-fraction of a few components being withdrawn 
from the stream in each stage. Four sub-fractions or 
components may be withdrawn from a three stage ap-
paratus. 

In an actual embodiment of the apparatus of FIG. 7, 
the trough 53 differed from the afore-described trough 
30 mainly by having a length of 30 cm and an available 
flow section of 3 cm2. 0.5-Molar acetic acid was em-
ployed as the carrier liquid and was fed to the trough 53 
at a rate of about 100 ml per hour, while 10 ml/hr were 
supplied to the container 60. The feed rate of the com-
ponents to be resolved was approximately 2 millimol 
per hour. The overall applied voltage was 1000 V, and 
the resistor 64 was set for a current flow of 0.2 amp. 
between the electrodes 57, 58, and 0.02 amp. between 
the electrodes 57, 62. A uniform electrolytic tempera-
ture of 50°C was maintained as described above. 

The resistors 64 were set in such a manner that seven 
subfractions were recovered. They consisted, respec-
tively of Cs 4- Rb, Ba, Sr, lanthanides 4- transplutonium 
elements, Rh, Ru, and Np, as will be appreciated from 
the showing of FIG. 4. The resolution was as effective 
under conditions of continuous operation as in the 
batch process described with reference to FIG. 4. 
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The ratio of current flow in the trough to the current 
flow over the electrolytic bridge could be set by trial 
and error to achieve the desired result, but it could also 
be calculated in a conventional manner from the 
known mobility of the ions to be separated. 

While the invention has been described with refer-
ence to specific preferred embodiments, it should be 
understood that the invention is not limited to the ex-
amples chosen for the purpose of the disclosure, hut is 
to be construed broadly and limited solely by the scope 
and spirit of the appended claims. 

What is claimed is: 
1. A process for separately recovering uranium, plu-

tonium, trnnsplutonium elements, and fission products 
of said uranium and plutonium from an aqueous solu-
tion of atomic reactor fuel, said uranium and said plu-
tonium constituting the major components of said fuel 
in said solution, and said transplutonium elements and 
fission products constituting minor constituents, which 
comprises: 

a. subjecting said solution to electrolysis in a zone 
between an anode and a cathode in the presence of 
a complexing agent capable of forming an electri-
cally neutral complex with said plutonium while an 
aqueous carrier liquid is caused to flow through 
said zone in a direction from said cathode toward 
said anode at a rate sufficient so that said complex 
is carried by said carrier liquid toward said anode, 
while cations of said uranium, said transplutonium 
elements and at least a major portion of said fission 
products migrate toward said cathode; 

b. withdrawing said plutonium free from said ura-
nium, said transplutonium elements, and said 
major portion of said fission products from said 
zone near said anode; 

c. withdrawing from said zone near said cathode a 
liquid fraction free from plutonium and containing 
said uranium, said transplutonium elements, and 
said major portion of said fission products; 

d. subjecting said liquid fraction to electrolysis in 
another zone between another anode and another 
cathode while an aqueous carrier liquid is caused 
to flow through said other zone at a rate satisfying 
the relationship 

I ' l l , < v < l i u ' 

wherein E is the local field strength in said other 
zone, u v is the mobility of the ions of said uranium, 
and u' is the mobility of all other cations present in 
said other zone, whereby said uranium is carried by 
said carrier liquid toward said other anode while 
said transplutonium elements and said major por-
tion of said fission products is carried toward said 
other cathode by electrolysis; 

e. withdrawing from said other zone near said other 
anode said uranium free from said transplutonium 
elements and said fission products; and 

f. withdrawing from said other zone near said other 
cathode said transplutonium elements and said 
fission products free from said uranium. 
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2. A process as set forth in claim 1, wherein said 
complexing agent is acetic acid. 

3. A process for recovering uranium and plutonium 
free from one another and free from transplutoniuni 

5 elements and fission products of said uranium and said 
plutonium from an aqueous solution of atomic reactor 
fuel, said uranium and said plutonium constituting the 
major components of said fuel in said solution, and said 
transplutonium elements and fission products consti-

l" tuting minor const i tuents , which process comprises : 
a. subject ing said so lut ion to e lectrolys is in a z o n e 

b e t w e e n an a n o d e and a c a t h o d e spaced from said 
a n o d e in the presence o f a c o m p l e x i n g agent capa-
ble o f forming an electrical ly neutral c o m p l e x with 

15 said p lutonium whi le an a q u e o u s carrier liquid is 
c a u s e d to f low through said z o n e transverse to the 
d irect ion o f spacing o f said c a t h o d e and o f said 
a n o d e at a rate suf f ic ient so that said c o m p l e x is 
carried by said carrier liquid across said zone sub-

20 stantially without migrating toward said cathode or 
said anode, while cations of said uranium, said 
transplutonium elements and at least a major por-
tion of said fission products migrate toward said 
cathode, the rate of migration ofthe cations of said 

25 uranium being substantially smaller than that o f the 
ca t ions o f said transplutonium e l e m e n t s and o f the 
f iss ion products o f said major port ion, whereby 
said plutonium and said uranium a c c u m u l a t e in 
respect ive port ions o f said z o n e spaced from a 

30 port ion o f said z o n e in which said transplutonium 
e l e m e n t s and said fission products accumula te ; and 

b. separately withdrawing three liquid fractions from 
said portions respectively, a first one of said frac-
tions containing plutonium as the sole metallic 

35 so lu te , a s e c o n d fract ion conta in ing uranium as the 
so le metal l ic so lute , and a third fract ion be ing free 
from uranium and plutonium and conta in ing said 
transplutonium e l e m e n t s and said major portion o f 
fission products . 

40 4. A process as set forth in claim 3, wherein said 
complexing agent is acetic acid. 

5. A process as set forth in claim 1, wherein said 
complexing agent is a water soluble alkanoic acid hav-
ing 2 to 10 carbon atoms and at least one free carboxyl 

45 group, said solution being 0.5 to 4-normal with respect 
to said alkanoic acid. 

6. A proces s as set forth in claim 5 , where in said 
carrier l iquid includes nitric acid in an a m o u n t suffi-
c ient to m a k e said carrier liquid 0 . 0 2 to 2-normal with 

50 respect to said nitric acid. 
7. A process as set forth in claim 3, wherein said 

complexing agent is a water soluble alkanoic acid hav-
ing 2 to 10 carbon atoms and at least one free carboxyl 
group, said solution being 0.5 to 4-normal with respect 

55 to said a lkano ic acid. 
8 . A proces s as set forth in c laim 7 , wherein said 

carrier liquid inc ludes nitric acid in an a m o u n t suffi-
c ient to m a k e said carrier liquid 0 . 0 2 to 2-normal with 
respect to said nitric acid. 
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