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The invention described herein may be manU 
factured and used by or for the Government of 
the United States without the payment of any 
royalty therefor. 
This invention relates to the art of separating 

substances and aims generally to improve the 
Sale, 
. In particular the invention provides a method 
of beneficiating mixtures of isotopes and like 
substances capable of ion transport, applied in a 
new manner rendering it possible to separate iso 
topes (that is, increase, the content in an isotope 
mixture of one isotope relative to another) and 
to similarly separate other substances having 
differention mobilities. 
The method in its preferred form is one in 

which charged particles in a fuid medium are 
transported in an electric field in a direction op 
posite to the flow of the dispersion medium. 
These charged particles can be the ions of the 
isotopes of a given element, the ions of a mix 
ture of elements or compounds, as Well as 
charged groups of atoms differing in the veloci 
ties of their electrical transport. It is preferable 
but not essential that the stream velocity be in 
termediate between the velocities of the ions to 
be separated. It is also preferable that the com 
position and concentration of liquid electrolyte 
solutions which may be employed remain un 
changed throughout the operation. It is essen 
tial that the system embody provisions to pre 
vent remixing of the separated components. 
The method by which our invention can be 

applied to the separation of isotopic ions can best 
be shown by specific examples. It must be recog 
nized that various details will necessarily vary 
for different isotopes and different ion combina 
tions, however, the basic principles involved will 
remain the same in all cases. - 

Eacample I.--The separation of 39K and 4K by 
the electrical transport of K ions against a 
counter-flow of an aqueous solution of K2SO4. 
When K2SO4 is dissolved in water, it disasso 
ciates into ions according to the equation: 

K2SO4->2K+--SO4- ? 

These ions in turn are believed to become hy 
drated by attracting to themselves a number of 
water molecules. 
are therefore believed to have the form: 

(KinH2O) + and (SO4.nH2O) - 

Solvated ions, are meant. When a direct electric 
current is applied to two electrodes immersed in 
an aqueous solution of K2SO4, K+ ions migrate. 
towards the cathode. During the electrolysis hy 
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drogen is liberated at the cathode and oxygen at 
the anode, the K+ and SO4 remaining in solu 
tion at the cathode and anode respectively. In 
consequence, in a stationary electrolyte body in 
absence of special provision, the cathode com 
partment will become alkaline due to the trans 
port of K+ ions into it and the simultaneous 
transport of SO4 ions out of it. Concomitant 
with this action at the cathode, the anode com 
partment in absence of such provisions will be 
conne acid due to the transport of SO4 ions into 
it and simultaneous transport of K+ ions out of 
it. Since the K+ ions consist of a mixture of 
light and heavy isotopes 39K+ and the 4K+, both 
isotopes are transported towards the cathode. 
In this application of our invention it is ex 
tremely desirable for the solution to flow in the 
direction from cathode to anode at a rate pref 
erably intermediate between the velocities of the 
39K+ and 41K+ ions, of which the former is faster 
than the latter. - 

It is also preferred for continuous operation 
that the composition and concentration of the 
Solution remain unchanged. 

(a) These conditions may be realized in prac 
ticing this invention by the continuous or inter 
mittent addition of H2SO4 and H2O to the cath 
ode compartment at such a rate that the com 
position and concentration of the original elec 
trolytic solution are controlled in a desired man 
ner or remain unchanged. At the same time 
KOH and H2O may be added to the anode com 
partment at such a rate that the composition and 
concentration of the original electrolytic Solution 
are controlled in a desired manner or remain 
unchanged. The anode compartment may be 
equipped with a constant level overflow device. 
In the preferred arrangement, there is estab 
lished a flow of electrolyte thru the System in the 
cathode-to-anode direction, and the velocity of 
this flow for best operation is held at about SOrne 
weighted mean of the migration velocities of the 
slow and fast moving isotopes, the weighting be 
ing dependent on the stage of advancement of 
separation. In the particular example given, 
the velocity of flow approaches nearer and 
nearer the average velocity of 39K+ ions as the 
separation advances, in the absence of with 
drawals. When the concentrated isotope is be 
ing withdrawn from the cathode compartment 
the stream velocity will not necessarily be the 
weighted mean of the isotope velocities. The 
rate of intermittent or continuous withdrawal 
should not be so great as to reduce the stream 
flow to a rate less than that of the 4K+ ions. 
Under these prescribed conditions it will be seen 
that the faster moving 39K+ ion will make head 
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Way against the electrolyte stream and move to 
wards and into the cathode compartment while 
the slower moving 413 ions Will be carried out 
of the cathode compartment and will be carried 
by the Stream in the cathode-to-anode direc 
tion. 

In this invention the loss of the concentrate 
in the cathode compartment is minimized by re 
ducing remixing by turbulence and diffusion to a 
minimum. This may be accomplished in any de 
Sired manner, and in our preferred embodiment 
is accomplished by separating the cathode and 
anode compartmentS by Some porous packing, 
such as sand, fritted glass, porous Alundum or 
any other porous or granular electrically non 
Conducting material, which will permit the elec 
trical transport of ions and the flow of electro 
lytic solution while quieting the flow through 
the separating zone. It is believed desirable, for 
best efficiency, to have the packing of a char 
acter providing interstices having minimal areas 
of relatively uniform small size, of the order of 
half a millimeter or less. 
The theoretical criteria, are that the minimal 

Sections should be Small enough to reduce re 
mixing to a substantial degree, the ultimate being 
to a degree comparable to diffusion in static liq 
luids, and large enough to enable flow of the elec 
trolyte through the packing without requirement 
of excessive heads. 
The uniformity of size of minimal areas is be 

lieved desirable because, by Poisieulle's law, fluid 
flow varies as the fourth power of the radius, 
While the ion migration varies as the Square of 
the radius. It would thus appear that non-uni 
formity of minimal areas would accommodate a 
disproportionate amount of the counter-flow in 
the larger interstices, resulting in excessive coun 
ter-flow in the larger areas, and insufficient coun 
ter-flow in the smaller areas, with respect to the 
rate of ion mobility. 

It will be observed that as the rate of counter 
flow is not essentially required to be held at the 
weighted mean of the rates of ion mobility, there 
is a substantial tolerance of minimal area sizes, 
particularly where the length of packed column 
is considerable. 
duce the length of packed column in order to in 
crease the electrical efficiency of the system, i.e., 
reduce the power consumption, and therefore it 
is desirable to correspondingly reduce and make 
more uniform the interstices; the pore size being 
made as Small as possible commensurate with 
free flow of the electrolyte without excessive 
head; and the frit being made as Short as pos 
Sible while reducing back diffusion to a value ap 
proximating diffusion in Stagnant liquids. The 
use of a cooling means to reduce the effect of 
thermal diffusion is also desirable. 
A simple design of the apparatus necessary for 

the separation of 39K and 41 K isotopes is shown 
in Figures 1 and 2, in which 

Fig. 1 is a diagrammatic longitudinal Section of 
one illustrative embodiment; while 

Fig. 2 is a similar section of another. Corre 
sponding parts are designated by the same letters 
in both figures. In these illustrations A is the 
cathode, B the anode, C the cathode compart 
ment, D the anode compartment, E the connect 
ing compartment, F the porous medium to pre 
went remixing, G and H constant level means, I 
the acid inlet, J the alkali inlet, K a cooling 
means, and I, a means for withdrawing the light 
isotope concentrate from the cathode compart 
ment. Letter M refers to the required Solution 

However, it is desirable to re 
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4. 
of H2SO4 in water, N to that of KOH in water, 
O refers to the cathode zone in which the 39K 
isotope is being concentrated, P to the anode solu 
tion, which serves as a supply of fresh K+, and Q. 
to the overflow liquid. Where water is used as 
the cooling means K, the system may comprise 
a cooling Water inlet R and suitable overflow 
pipes S. 

In operation, when a negative potential is ap 
plied to A, with respect to B, K+ ions will be 
transported in the D-to-C direction while SO4 
ions. Will be transported to the C-to-D direction. 
In the preferred operation of the method inlet 
means I is then regulated to admit H2SO4 at Such 
concentration and rate as to keep the concentra 
tion and pH of O in its original state. At the 
same time inlet, means J is regulated to admit 
KOH at such concentration and rate as to keep 
the concentration and pH of P in its original 
State. Additions of Small amounts of methyl 
orange solution, either separately or with the 
H2SO4 and KOH solution, to the cathode and 
anode compartments serves as a means to Con 
trol the pH in the two compartments. Concen 
trations of H2SO4 and KOH solutions are com 
puted on the basis of concentration of K2SO4 in 
the electrolyte being used and on a knowledge of 
hydrolysis and velocities of K+ and SO4 ions. 
The rates of addition of H2SO4 and KOH are 

computed on the basis of the amount of direct 
current applied. Since F is a material of fine 
porosity, solution O will have a higher head, T, 
than P. In consequence, the Solution flows from 
C-to-D, the velocity of the flow preferably being 
maintained at about the Weighted means of the 
average rates of migration of 39K and K+ ions. 
The length of tube E, filled with porous material, 
is not critical, lengths of a few millimeters and 
of 120 centimeters have been used successfully. 
In practice, short tubes, filled with fine-grained 
materials are preferable to long tubes filled with 
coarse-grained materials. The direct current 
flowing between A and B can be varied between 
wide limits; however, it should not be so low that 
the rate of diffusion from cathode to anode and 
vice-versa, becomes comparable to the rate of 
transport; neither should the current be so high 
that the electrolytic solution boils or becomes 
turbulent. 

In one embodiment carried out by the inventors 
the apparatus used was similar to that shown in 
Fig. 1. Connecting tube E consisted of a glass 
tube, 2.2 centimeters inside diameter and 122 
centimeters long, fitted with a cathode and an 
anode compartment and other parts, as shown 
in Fig. 1. The apparatus was packed with a 
fine-grained sand, in the neighborhood of 60 
mesh or less, and filled with solution of K2SO4 
containing 1 equivalent of K2SO4 to 50 equivalents 
of H2O. "The restituent Solutions of H2SO4 and 
KOH contained each i equivalent of the acid Or 
base to 25 equivalents of H2O and a Small amount 
of methyl orange. The apparatus was immersed 
in a bath of flowing water maintained at a tem 
perature of about 35 to 40 centigrade. A direct 
current of 0.5 ampere at about 825 voltS was ap 
plied between platinum electrodes. Aqueous 
H2SO4 Solution was added at the rate of about 
8.74 cubic cms., per hour, and aqueous KOH SO 
lution at the rate of about 8.57 cubic cms., per 
hour, these rates being those which just main 
tained neutrality, i. e., pH of 3 to 4, as indicated 
by fading of the methyl orange indicator added to 
the cathode and anode compartments. The re 
Sulting overflow amounted to a little less than the 
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sum of these figures due to evaporation from the 
electrode compartments and receiver. From these 
figures, the flow rate through the connecting tube 
E, based on a calculated free cross-section of 
14.35%, amounted to about 16.0 linear centi 
meters per hour. For comparison, the calculated 
average mobilities of 39K and 4K in the de 
scribed field gave a weighted mean value of 16.07 
centimeters per hour. 
Samples were withdrawn from the cathode 

compartment at intervals of about 50 hours and 
analyzed for their relative content of 39K and 
4K by the mass spectrograph. The experiment 
was discontinued after an operation of 335 hours. 
The results are shown in the table below in terms 
of ratio of 39K/4K, the original ratio being 14.2:1. 

??? Ratio 39K14IK - egli InnlIng 0 a0 Cathode Sample No. Experiment, in Sample 
hours 

1------------------------------------- 0. 14.20 
2--- 25 470 
3--- O2 15.20 
4--- 152 5. 70 
5------------------------------------ 204 16.20 
6--- 243.5 16.65 
7- - - 294 17.00 
8---- 335 

The ratio in Sample 1 corresponds to 93.44% 
39K and 6.55%, 4K (the percentage of the isotope : 

17. 40 

O 

15 

20 

40K being negligible) ; and that in Sample 8 cor 
responds to 95.57% of 39K and 5.42% 41K. Thus, 
the 41x in this run was reduced nearly one-fifth. 

Mathematical analyses by the inventors hereof 
are borne out by the observed results, which, it : 
Will be seen from the above table, show a virtually 
straight line change of ratio With time (i. e., an 
asymptotic approach toward 100%. 39K and 0% 
4K), within the range of the table. The theory 
held by the inventors in this regard with respect 
to the net ion transport at any given plane in 
the transport zone, but to which, of course, the 
inventors are not to be restricted, may be ex 
pressed as follows: 

i. Ion transport of positive ions away from the 
anode is a function of the concentration and the 
ion mobility. 

2. Transport of positive ions back towards the 
anode in the counterflow System is a function of 
the concentration in the stream and diffusion. 

1d. Thus it can be shown that the forward 
transport of the light isotope ions due to the 
electric current is given by 

I+ CX ) 
FA VCX -- CX2 

where I+ is the positive ion current, F" is the fara 
day, A is the free cross-sectional area, C1 and C2 
are the concentrations, and X1 and X2 are the 
mobilities of the light and heavy isotope ions 
respectively. 

2d. At the same time the back transport of 
light isotope ions due to the undercurrent flow of 
electrolyte is 

1+ C ) 
FA VCi - C. 

while that carried back by diffusion is 

dC. 
dZ 

where D is the diffusion coefficient and 
dCi 
dZ 

is the concentration gradient. 
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6 
3. At equilibrium the forward transport is just 

balanced by the backward transport. In conse 
quence, the equilibrium expression is 

4. This expression upon integration gives for 
the Overall separation factor S - 

I + L ??) FAD (C1 -- C) X ? 
Where L is the length of the tube and (C1--C2) is . 
the normality of the solution in equivalents pe 
liter. 

5. From these expressions it can be shown that 
the optimum rate of isotope separation is ob 
tained When the system is operating at half equi 
librium; as well as supporting the observations 
that very small differences in ion transport rates 
may be put to work to give considerable separa 
tion by ion transport. 

In other Words, these and similar analyses in 
dicate that it may be desirable to carry the con 
centration with a given batch of material, ap 
proximately half-way from the starting percent 
age toward 100%, or 0% as the case may be, and 
then use the enriched material as make-up ma 
terial for another run to carry the concentration 
half way from that point onward, etc. Other 
wise expressed, K (in the form of KOH) having 
93.44%. 39K may desirably be fed to an anode 
Compartment until 39K in the solution drawn off 
at the cathode reaches about 96.7%. 39K. There 
after K (in the form of KOH) derived from the 
Solution previously drawn from the cathode end, 
Or from other cathode compartments, and hence 
comprising up to 96.7% 89K may desirably be used 
to feed an anode compartment until a concentra 
tion of about 98.4%. 39K is reached at the cath 
Ode; then solution comprising up to 98.4% 39K 
may desirably be employed as make-up to feed 
another unit of operation, etc., all without de 
parting from the principles of this invention. 

Referring in more detail to the specific experi 

In S = 

ment described above, in that case detailed data, 
Was as follows: 

Voltage --------------------------------- 825 
Amperage -------------------------------------- 0.5 
Irength of tube ----------------------cm-- 122 
Inside diameter --------------------- Cn. 2.2 
CrOSS-Sectional area of unpacked tube-cm2. 3.8 
Weighted mean velocity of K+ (per Glasstone, 

“Phys. Chem.,” Van Nostrand, N.Y., 1940, p. 
895) = (6.6)×104) cm./sec., for a gradient of 
One volt per cm., length of path; (as 
volts/cm. =825/122=6.76) weighted mean ve 
locity 39K+ and 41K+= (6.6X10-4) (6.76) cm/ 
Sec. 16.07 cm/hour. 

Solutions: 
Concentrations: 

Electrolytel- 1 equivalent of K2SO4 to 
50 molecules H2O. 

Acid-------- 1 equivalent of H2SO4 to 
25 molecules H2O. 

Alkali ------ 1 equivalent of KOH to 25 
molecules H2O. 

Rates of addition: - 

Acid---- 9.314 g. per hour H2SO4 solu 
tion=8.74 cc./hr. 

Alkali -- 9.451 g. per hour KOH solu 
tion=8.57 cc./hr. 

Now, since the Velocity of K is 16.07 centimeters 
per hour, We Know that under the controlled con 
ditions the rate of counterflow, i. e., of the flow 
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against the Kit, must also approximate 16 centi 
meters per hour. Also from the above, the effec 
tive free cross-sectional area of tube in this ex 
periment was 

8.74 
2 ?????? ????????????????? 16 0.546 cm. 

Or 14.35% of the total cross-sectional area. 
For continuous Withdrawal at maximurn power 

efficiency, the withdrawal rate may desirably be 
Set to maintain not to exceed half-equilibriuin. 
Conditions as above described. 
Thus in the detailled experiment above, in 

Which ion transport is 16 centimeters per hour; 
free cross-section 0.546 cm.; and separation co 
efficient, calculated as the inverse square root of 
the ratio of ionic weights of the hydrated ions, 
viz: V41--8 (18.02)/39--8X (18.02) is 1.0054; the 
withdrawal rate to maintain half-equilibrium 
amounts to the net gain in ion transport 
(0.0054) (16 cm./hr.) (0.546 cm2), which equals 

0.04735 cubic centimeter per hour divided by 2 
(one-half of said gain being removed by with 
drawal. While the other half is dissipated by dif 
fusion). Thus in the example given, for maxi 
mum power economy, 0.0236 cc./hr. of enriched 
electrolyte may be withdrawn at the cathode 
compartment. With the long frits employed 
equilibrium conditions lie at very nearly 100% of 
39K, so the liquid withdrawn from this Small 
System at 0.565 cc./day would be raised from, say 
93.44%. 39K to about 96.71% 39K, yielding a sub 
Stantial output of greatly beneficiated material. 
A slower withdrawal rate will yield a lesser quan 
tity of material at a higher equilibrium value, i.e., 
a greater enrichment, with decreased power efii 
Ciency; a faster Withdrawal, a greater quantity 
of less enriched material. 

In the foregoing, the example has assumed for 
the sake of simplicity, that the process was ap 
plied only for concentrating the light isotope 39K 
in the cathode compartment. 

(b) If, on the other hand, it is desired to con 
centrate the heavy potassium isotope in the anode 
compartment, instead of the light isotope in the 
cathode compartment, the spill-over at the anode 
is maintained as before, except that instead of 
introducing a fresh supply of KOH into the anode 
Compartment, the overflow liquid from the con 
partment is treated to convert the K2SO4, which 
it contains, into KOH and this KOH is used again 
to neutralize the H2SO4 formed in this compart 
ment. At the same time, H2SO4 is added as pre 
viously to the Cathode compartment, except that 
fractions of solutions are withdrawn from the 
Cathode Compartment and equal amounts of a 
fresh Solution of K2SO4 is added to this corn 
partment at regular intervals, so as to maintain 
the original ratio 39K/4K in this compartment. 
Otherwise, the operation is the same as when 
the desired product is the light isotope 89K, i. e., 
the K+ is moving from anode to cathode, while 
the maSS flow of the solution is countercurrent 
from the cathode to the anode. The product, 
Whether light or heavy, is withdrawn from the 
cathode or anode compartment respectively at 
regular intervals. 

(c) In the method just described, KOH en 
riched in 4K is added at the anode compartment 
to neutralize the acid formed therein. The 
method may also be practiced by subtracting free 
SO4 ions from the anode compartment in 
stead of neutralizing them therein. This may 
be effected, for example, by precipitating the ex 
ceSS Sulfate ions in the anode Zone as an insolu 
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8 
ble sulfate. Thus, if the anode Zone electrolyte 
is Withdrawn and treated with Ba(OH)2 the ex 
cess SO4 ions will be precipitated as BaSO4, and 
the K2SO4 solution remaining may be reintro 
duced to the anode compartment, steps being 
taken to maintain the water balance, as by evapo 
ration of Water from the K2SO4 solution before 
or after its reintroduction to the anode compart 
ment. As before the pH in the cathode con 
partment, may be maintained by addition of 
H2SO4 and Water, and for continuous operation 
accompanied by Withdrawals from the anode 
compartment of solution enriched in 41X, res. 
tituent K+ ions may be added at the cathode 
compartment, as by addition of K2SO4, to main 
tain the original ratio of K39/K41 therein. 

(d) If desired, the maintenance of proper pH 
conditions may be effectuated by adding acid 
ions at the cathode compartment through the 
medium of an electrode formed of an appropri 
ate metal salt, and the excess acid ions may be 
removed from the anode compartment by the 
use of a metal electrode forming a substantially 
in Soluble salt With the acid. Thus in the case 
of K2SO4 a lead sulfate cathode and a lead anode 
may be used, producing a non-gassing system. 
After reduction of the cathode to lead, and oxi 
dation of the anode to lead sulfate, the electrodes 
inay be interchanged and the process continued 
as before. In concentrating either heavy or light 
isgtopes. With this arrangement, the entire sys 
tem Will automatically maintain a pH identical 
with the pH of the initial electrolyte and, when 
no withdrawal of concentrate is being made, only 
Water need be added at the cathode compartment 
to produce the counterflow, and only the corre 
Sponding quantity of water need be removed from 
the anode compartment. Indeed water may be 
evaporated in an evaporation chamber connect 
ed. With the anode compartment, and be there 
after condensed and returned to the system at 
the cathode compartment. During withdrawal 
of concentrate of lighter or heavier isotopes from 
the compartment toward or from which the ions 
migrate, respectively, make-up electrolyte solu 
tions may be added at the opposite end of the 
System. 

(e) As above mentioned, the practice of this 
invention is not limited to details applicable in 
the Specific case of an aqueous solution of K2SO4, 
but contemplates modification of details of op 
eration to suit other systems of solute and sol 
Vent, as Will be apparent to those skilled in the 
art from the above and following examples, show 
ing that this invention can be used to separate 
the isotopes, for example, of any element whose 
ions can be made to migrate against a counter 
Current stream of electrolyte. Consider for in 
stance: - 

Eacample II.-The concentration of the light 
isotope of uranium, 235U. 

(d). The isotopes of uranium can be separated 
by our invention from solutions of its salts, such 
as UO2 Cl2; UO2SO4; UO2(NO3)2; etc. - Using, for 
example, an aqueous solution of UO2(NO3)2, the 
apparatus can be essentially either that described 
in Fig. 1, or that in Fig. 2, or any other design 
based on Similar principles. Some modifications 
as to details are necessary, however, when apply 
ing Our method to this system of solute and sol 
vent. In the case of uranium solutions, which 
are colored yellow, concentration and rate of ad 
dition of the acid (in this case, of a solution of 
HNO3) to the cathode compartment, can be con 
trolled by means of a liquid boundary which 
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forms, in the cathode compartment, above the 
packing, between the UO2(NO3)2 solution below 
and the HNO3 solution above. A stationary 
boundary, i. e., one which does not move down 
Or up, is an indication of the proper concentra 
tion and rate of the inflowing acid. The NO3 
which accumulates in the anode compartment is 
neutralized by the addition of an excess of solid 
uranium trioxide, UO3, or uranyl hydroxide, 
UO2(OH)2, to this compartment. A sufficient 
amount of H2O is also added to this compartment 
to maintain the concentration of the electrolytic 
Solution in the original state. The 235U concen 
trating in the cathode compartment, is with 
drawn at regular intervals or continuously, as 
desired. 
In this connection, precautions should be taken 

to prevent the deposit of oxide of uranium on 
the cathode which would upset the operation of 
the System. Various preventive measures may be 
taken. For example, one may prevent deposi 
tion of the uranium oxide, as by heating the 
Cathode sufficiently to cause the uranium oxide 
to remain in solution. Again, one may prevent 
the uranium-carrying ion from coming in con 
tact with the cathode, as by surrounding the 
cathode with a uranium free cathode zone re 
stituent, herein the HNO3 solution, which may 
be localized or segregated further from the ura 
nium carrying ion by the use of a porous parti 
tion or cup between the Cathode and the urani 
un carrying Solution. 
As before, the concentrations of restituents are 

calculated on the basis of the dilution of the 
electrolyte desired, the mobilities of the ion spe 
cies involved, and the relative Solvations of the 
positive and negative ions. The rate of addi 
tion of the restituents is then governed by the 
number of faradays current to be passed. 

(b) in lieu of adding the anode restituents 
in the form of UO3 or UO2(OH)2 in solid phase, 
with Separately added Water, the restituents may 
be added entirely in solution form, this solution 
being advantageously derived, for example, by 
dissolving UO3 in a carrier Solution of Salt iden 
tical with the electrolyte solution. This restit 
Uent-carrying Solution may be Standardized to 
contain a definite amount of UO3 per cc. to fa 
cilitate the control of restituent addition, and 
the equivalent amount of Water, required to be 
added at the anode to maintain the composition 
constant, can be either added separately, or 
mixed with the restituent-carrying solution in 
the proper proportion and all the anode restitu 
ent ingredients added as one solution at the rate 
required by the current passed. Part of the 
overflow liquid passing from the anode ZOne may 
be used as a source of restituent UO3, and the 
remainder as carrier for the anode restituent. 

Starting with UO2(NO3)2 recrystallized several 
times to eliminate impurities which might upset 
the separation, and containing about 99.27%, 238U, 
about 0.72%. 235 U, and negligible amounts of 
234U, we have successfully increased the percen 
tage of 235U by 2.8% in a relatively short appli 
cation of separation according to our invention. 

Eacample III.-Separation of difficultly sepa 
rable elements. Our invention can be used effec 
tively to continuously separate, for example, ra 
dium from barium, or rare earths from one an 
other or any two elements having different effec 
tive ion mobilities. 

Eacample IV. — Separation of mixtures of 
atomic aggregates. Our invention can also be 
used to continuously separate various atomic 

O 
or molecular aggregates forming ions and hav 
ing different ionic mobilities when in solution; 
or mixtures of various types of colloids which 
form charged particles when in Solution and 
whose ion mobilities, under the influence of a 
direct current, are not the same for the vari 
ous kinds of particles to be separated. 
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To summarize: (a) This invention rests on 
the principle that different isotope-ions have 
different average mobilities under the influence 
of an electric field. Thus the lighter isotope ion 
of potassium 39K has greater average mobility 
away from the positive electrode in an electrolyz 
ing System than does the heavier ion 41X+. 

(b) In a freely communicating system, ther 
mal convection and other agitation disturbs the 
System to such extent that any appreciable net 
Separation of isotopes is unrealized. 

(c) In accordance with this invention, steps 
are provided, such as cooling or the interposi 
tion of a porous body between the cathode and 
anode compartments, or both, which prevent 
Such disturbances and even in a system in which 
no flow of electrolyte is maintained, this enables 
the above principle to effect slight net separa 

, tion of isotopes, i. e., beneficiation of isotopic 
mixtures with respect to certain desired isotopes. 
Such separation, in a single batch electrolyte 
System, is not great, and such system, while 
Within the purview of broad aspects of the in 
vention, is thus not a preferred embodiment. 
For example, when the ratio of the concentra 

tions of 39K to Kit becomes greater in the 
Cathode compartment in a single batch sys 
tem, it becomes less in the anode compartment, 
So there is less and less 39Kit to migrate com 
pared to the likt and therefore less and less 
increase in the relative proportion of 39K in the 
mixture of 39K and 41Kit reaching the cathode 
compartment. Thus after a time the ratio of 
39K+/41K in this migration stream approaches 
the ratio already built up in the cathode com 
partment, and when the decreasing ratio in the 
migration Stream reaches that corresponding to 
the ratio in the cathode compartment, further 
electrolysis cannot increase the cathode compart 
ment ratio, but will decrease it. 

(d) In accordance with this discovery the in 
vention, in its broader aspects not limited to 
physical transport of electrolyte during treat 
ment, contemplates that electrolysis be termi 
nated When the maximum concentration ratio in 
the Cathode compartment is reached and before 
net ion-transport at a decreased ratio has re 
duced the cathode compartment concentration 
deleteriously. v 

(e) The invention further, in this broad as 
pect, contemplates maintaining substantially 
constant the ratio of isotopes (as the ratio of . 
39K+ to 41K) in the anode compartment, thus 
preventing it from decreasing and preventing de 
crease - of the migration ratio, so that the cath 
ode compartment ratio can be brought up to the 
full value attainable by migration at the rate 
obtained from the original anode concentration 
ratio. 

(f) The invention further contemplates, in 
this broader aspect, retreatment of batches to 
further increase their concentration using previ 
ously beneficiated material as the starting mate 
rial for further improvement, so that by repeat 
ing treatment over and over again, compara- . 
tively great concentration ratio changes may be 
effected. 

(g) In its preferred aspects, the invention con 
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templates a fundamental improvement over the 
non-flowing batch treatment and provides a COn 
tinuous process in which the electrolyte is fiOWed 
counter-current to the direction of migration or 
ion transport of the Substances to be Separated, 
at a rate substantially equal to the average rate 
of movement in ion transport of the materials. 
to be separated. In the case of potassium, for 
example, 39K+ ions move, on the average, a lit 
tle faster than 41K+ ions. This average Speed is 
in each case, of course, a mean between certain 
ions moving more rapidly than others and Cer 
tain ones moving more slowly. Thus, when the 
rate of counter-current flow is somewhat leSS 
than the average speed of 4K ions, more of 
the slower 41K+ ions would be swept back by 
the fiow, than of the 39K+ ions; and when the 
rate of countercurrent flow is somewhat greater 
than the average speed of 39Kt ions, Sweeping 
most of the K+ ions back, more of the faster 
39K+ 

ions. In this connection, our observations indi 
cate that best efficiency is had with a rate of.. 
flow about equal to the weighted mean of the 

ions would successfully make headway. 
against the flow than in the case of the K+ 

5 

O 

5 

25. 
average rates of transport of the ions to be Sep 
arated, and that the efficiency falls off more 
slowly with excess rate of flow than it does 
with too slow a rate of fiow. Thus, While in the 
more preferred embodiments the rate of COUn 
tercurrent stream fow is maintained internedi 
ate the average velocities of the respective ions 
being separated; and while in the most preferred 
embodiments the stream velocity is held at about 
the Weighted mean of the average Velocities of 
the SioW and fast moving Substances; the inven 
tion is not limited in all its a Spects, in this 
regard. 

(h) The invention further contemplates as the 
best mode now known of practicing it, the con 
bination of steps to prevent remixing of ions (see 
c above), the maintenance of the most ad Van 
tageous concentration ratio at the electrode from. 
which the ions flow (see e above), and the main 
tenance of an advantageous rate of flow of elec: 
trolyte counter-current to the direction of ion 
transport (see g above) which can be more nearly 
stabilized because of the elimination of One vari 
able factor by e above. 

(i) The invention, in its preferred form, in 
volves addition of restitution constituents, here 
in called restituents, in such concentration, and 
at such ratio, as the maintain the composition 
of the electrolyte at the desired concentration . . 

55 and pH. m - 
The correct compositions of the restituents can 

be computed from the Hittorf numbers cf. the 
various ions (which include the true transport 
numbers and the solvent of solvation being trans 
ported by the moving ions and thus increasing 
their effective mass and slowing their mobility 
as well as diluting the solution at the end of the 
system toward which the ions are transported). 
As above noted an indicator or Suitable test 

is used to govern the addition of restituents to 
maintain the desired pH and concentiation., 
In maintaining the K2SO4 System at a pH of 
about 3 to 4 an indicator of methyl Orange is 
suitable, as above described. 

In starting with an electrolyte containing more 
or less than, say 50 molecules of Water to an 
equivalent of K2SO4, the addition of restituent. 
liquids correspondingly having 25 molecules of 
Water to one of KOH and A H2SO4, respectively, 
will in a short time, a day or two at laboratory 
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2 
Scale, adjust the conposition to the desired 50:1 
ratio, for the example given. The Water of de 
composition is replaced by the water of reac 
tion of the KOH and H2SO4. In any event the 
System is self adjusting as to coincentrations. 

Equivalents of acid and alkali, as exemplified 
by FSOH and H2SO4, determine the maintenance 
of neutrality to nethyl orange in the examples. 
If it is desired in certain instances to operate 
With a pH other than this neutrality, the indica 
tor or test used may be one suited to the pH 
desired to be maintained, and the addition of 
the restituent Solutions Will be governed to main 
tain the desired pH. Other indicators, refrac 
tive index, reflective index, absorption spectra, 
stratification, etc., are usable as indicators or tests 
in this connection, and may in certain instances 
be adapted for automatic control of the system. 

Rate of addition of the restituents determines 
the rate of counter-fiOW of the electrolyte. if 
acid is added too rapidly, the cathode compart 
inent Will become more acid because cations are 
not reaching it rapidly enough to neutralize the 
acid added. If the alkali is added too rapidly 
the anode compartinent will become alkaline be 
cause anions from electrolysis are not reaching 
the anode conpartment rapidly enough to 
neutralize the aikali added. The concentrationS 
Of the reStittentS determine te concentration of 
the electrolyte. The quantity of solutions to be 
added in a given time is determined by the fara 
days of current paSSed through the electrolyte. 
The addition of restituent. solutions at just such 
rate as will restore the pH at their respective 
electrode compartments in the example given, 
automatically provides Counterflow at the correct 
Value with respect to the ion mobilities of the 
isotopes to be separated. 

In the case of UO2(NO3)2 in which there is a 
het transport Of Water from the anode to the 
Cath Cde eind, the addition of IeSS Water (i.e. more - 
concentrated HNO3) at the cathode end, and of 
more water at the anode end, as above set forth, 
automatically cuts down the counterflow rate 
by virtually, the same amount as the water-trans 
port cuts down the ion nobility, so here again 
addition Of the propery calculated restituents 
at the rates appropriate to maintain the original 
composition, as indicated in any suitable manner, 
will automatically provide counterflow at the 
Correct Value with respect to the ion mobilities 
of the ions being separated. 

-(ii) Visualized, the preferred embodiments of 
our invention may be. likened to a treadmill, in 
which the ions to be separated are continually 
moving, at different rates, at the same time being 
Continuously set back at a rate allowing only the 
lighter ions on the average to make progress 
against the rate of set-back, or causing only 
the heavier ions to be actually displaced counter 
to their direction of nobility, in the case of heavy. 
isotope Concentration. Regarded as an attenua 
tion of travel, this preferred embodiment 
amounts Virtually to a travel of infinite length. 

(k). AS is further apparent from the foregoing, 
the invention in its preferred aspects contem 
plates Various modifications and refinements, 
Severally and in various combinations. Thus, it 
includes provision of a mode of indicating the 
maintenance of the desired composition in the 
anode and Cathode compartments (exemplified 
herein by addition of a chemical indicator and 
by Stratification); it contemplates continuous or 
intermittent. Withdrawal of the aqueous or other 
medium in which ion transport has been pro- - 
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moted both at the anode and at the cathode end 
of the System, for the purposes described; it con 
templates that withdrawn material partially en 
riched in the desired constituent may be employed 
as a supply of materials to be separated in an 
other stage according to the invention, as in re 
fluxing or in batch retreatment; it conteinplates 
concentration with respect to either the more 
mobile or the less mobile ions of like sign of the 
materials to be separated; and it contemplates 
provision of any means for obviating plating out 
of the material being separated, as, for example, 
operation in a medium supplying ions (such as the 
H+ ions in the aqueous K2SO4 system) having a 
lower plating out potential toward the electrode 
used than the materials being separated, or isola 
tion (as by stratification or the surrounding of 
the electrode by an isolating medium With Or 
without an isolating cup in the uranium ex 
ample), or by increasing the tendency of the 
material being separated to remain in solution 
(as by heating the electrode in certain instances). 

(l) For ease of visualization, as above-men 
tioned, the system in its preferred form employ 
ing countercurrent may be likened to a tread 
mill (the countercurrent) on which the ions run 
in ion transport, the faster ions making progress 
against the treadmill, while the slower ions are 
held back or even carried in the opposite direc 
tion. As is also apparent from the foregoing 
descriptions, this invention may be employed for 
Separating Substances forming negatively charged 
ions of different mobilities in an electric field, and 
in Such case identical descriptions Will apply, 
reading “cathode' for “anode,' and “anode' for 
'cathode'. Wherever these terms are used With 
respect to the direction of ion mobility and the 
direction of counterflow, other details of opera 
tion being adjusted accordingly. 
The present invention obviously is not limited 

to the embodiments disclosed. Having described 
various preferred embodiments illustrating the 
invention, we claim: 
A proceSS for treating an aqueous solution of 

K2SO4 containing K39 and Klions in order to ob 
tain a product beneficiated with respect to K39 
ions which comprises passing a direct current 
thru an aqueous K2SO4 electrolyte from the anode 
ZOne thru a porous packing ZOne made from na 
terial selected from the group consisting of sand, 

4. 
fritted glass, and porous Alundum to a cathode 
zone thereby causing K39 and K41 ions to travel 
toward the cathode and the SO4 ions to travel 
toward the anode whereby the electrolyte in the 

5 vicinity of the cathode becomes slightly alkaline 
and the electrolyte in the vicinity of the anode 
becomes slightly acid, adding restituent aqueous 
Sulfuric acid solution to the cathode Zone to re 
duce the alkalinity caused by electrolysis, adding 
restituent aqueous potassium hydroxide solution 
to the anode ZOne to reduce the acidity caused by 
electrolysis, the volume of aqueous sulfuric acid 
Solution that is added to the cathode Zone being 
Sufficiently greater than the volume of aqueous 
potassium hydroxide Solution that is added to 
the anode Zone to set up a flow of electrolyte that 
is counter to the direction in which the K39 and 
Kil ions are traveling due to electrolysis and 
Which flow is at a velocity that is intermediate 
the rates at which the K39 and K41 ions are being 
electrically transported whereby K39 ions become 
concentrated in the Cathode Zone while Kal ions 
are Swept back therefrom, and withdrawing 
K2SO4 electrolyte beneficiated with respect to 
K39 ions from the cathode Zone. 

SAMUET LEO MADORSKY. 
AUBREY KEITH BREWER. 
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