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THE SEPARATION OF URANIUM 
FROM ITS FISSION PRODUCTS BY 

COMBINED ION EXCHANGE-SOLVENT EXTRACTION 

by 

J. R. Musich,* K. A . Orlandini , 
and J. Korkis ch** 

INTRODUCTION 

Until recently, separation and purification of inorganic ions by ion­
exchange methods have been one- dimensional. By this is meant that in both 
cation and anion exchange systems, the separation of ions is usually achieved 
solely by the ion- exchange mechanism, and little use is made of the solvent 
or liquid-liquid extraction mechanisms potentially inherent in the system . A 
separation system involving both mechanisms would be likely to increase the 
efficiency of column exchange operations and would initiate a new realm of 
separation possibilities. 

Such a two-dimensional system, known simply as combined 1on 
exchange - solvent extraction (CIESE), has been proposed by Korkisch 1 The 
research discussed in this report is involved with the application of the 
CIESE principle to the cation exchange separation of uranium from its fis­
sion products in a mixed aqueous-organic solvent system . 

BACKGROUND 

The systematic investigation of feasible methods for separating 
uranium from rar e- earth and transition elements by cation exchange in 
organic solvent media began with the study of the hydrochloric acid-organic 
solvent media. Korkisch et al. 2 found that uo~+(VI) is easily separated from 
Th(IV), Zr(IV), and Ce(III)in-various solutions of 0.6M HCI and aliphatic 
alcohols, acetic acid, or tetrahydrofuran, but that separations from other 
transition metals are poor. The best results are obtained when the medium 
consists of 90% organic solvent and 10% 6M-l2M HCl, the resultant acid 
concentration being 0. 6M -1. 2M HCl. Of particular interest is the 90% tetra­
hydrofuran (THF)-1 O% I 2M HCl system in which Th(IV), Zr(IV), Ce(III), and 
Al(III) are adsorbed on the cation column, but in which all other elements 
tested pass through the column with the uo~+(vi) and are thus inseparable 
from the uranyl ion. 

'' CSUI Honors Program. 
*''Address after June 1968: Analytical Institute of the University of Vienna. Vienna, Austria. 
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When the same organic solvents are used with nitric acid, there is 
a vast improvement in the separations. 2• 3 In all instances, of the elements 
tested , the 90% organic solvent-10"/o 12M HN0 3 media offer excellent sepa­
rations from uranium, the only inseparable elements being Mo(VI), V(V), 
and Bi(III) . Of the various mixed systems, the 90% THF-10"/o 12M H 0 3 
medium offers the best results. 

Since the THF- HN0 3 cation exchange separations worked so well, 
it was decided to test the feasibility of the same solvent system for the 
uranium-uranium fission-product separations. If proven worthwhile, the 
method will not only provide an excellent analytical purification procedure 
for uranium, but will also fur ther corroborate the GIESE theory . 

EXPERIMENTAL PROCEDURE 

Reagents and Solutions 

In all experiments, the strong acid cation exchange resin Dow ex 50 
(BioRad AG SOW, XB, 100-200 mesh, hydrogen-form) was used For the 
column experiments, the n ecessary amount of this resin was soaked for at 
least 30 min in the THF- HN03 solution before being transferred to the 
column. For the determination of the distribution coefficients using the 
batch equilibrium method, the air-dried form of the resin was employed. 

The THF-HN0 3 solvent mixture was prepared by mixing nine parts 
of tetrahydrofuran (THF) (Mallinkrodt A.R . ) with one part of 12M HN03 

(Baker Reagent) , resulting in a 90o/o THF-lO~o 12M HN0 3 (v/ v) solution 
(eluent solution). T o ensure stability and freshness, these THF-HN0 3 

solutions were made as needed . 

The uranium carrier solution (stock solution) consisted of 10 . 55 gm 
of uranyl nitrate , U0 2(N0 3 ) 2 · 6H20 (chemi cally pure), dissolved in 50 ml of 
the stock THF-HN0 3 solution. When made according to these specifications, 
the carrier solution has a uranium concentration of 100 mg/ ml. For the 
qualitative analytical detection of the uranium in the preliminary experi ­
ments de signed to determine the proper elution volume, the uranium­
sensitive potassium ferrocyanide test was used . A 5% (w/ v) solution of 
K4[Fe(CN) 6] · 3H20 (Merck Reagent) in distilled water was the reagent 
solution . 

Standard and feed solutions of n~any radioactive tracer elements 
were made from laboratory HCl stock solutions of the elements. Depend­
ing on the activity of the solution, an amount of the HCl solution was treated 
with concentrated HN0 3 , heated and evaporated to near dryness, and then 
diluted with 1-2 ml of water . In this manner , all elements were in the 
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necessary nitrate form. The standard and feed solutions for the column 
and batch experiments were then prepared by spiking various cold UO~+ (VI)­
THF- HN03 or THF- HN0 3 solutions with 25-1 00 J-L(A) of a particular tracer . 

Apparatus 

A 1-gm resin column with a diameter of 0 . 5 em was used for all 
column experiments . 

Gamma- ray counting was performed by either the RIDL 200- channel 
analyzer, Model40-7, which has a thallium-activated Nal crystal detector, 
or by the RIDL 400-channel, Model 34-12B, lithium-dnfted germanium de­
tector. For beta-particle analyses, an ANL 2n open-window /3-counter was 
used . 

Procedures 

Proper Preparation of the Exchange Column 

The two required features of an ion-exchange res1n column are that 
the resin must be free of air pockets and that the proper drop rate is ob­
tained. To prevent air pockets and bubbles from forming in the column, the 
empty column is first filled with the THF-HN0 3 solution After a small 
cotton plug, presoaked in THF-HN03, is packed mto the bottom tip of the 
column to act as a resin bed support, the resin-THF-H 0 3 presoaked mix­
ture is slowly added to the solution within the column w1th a transfer p1p t 
In this manner, th resin is constantly in the THF-HN0 3 solut1on, and by 
being allowed to merely settle to the bottom of the column, there IS no 
chance for air-pocket formation . Th1s feature 1s a necessity m column 
operations, for a moving air pocket can easily promote the formation of 
continuous air channels in the resin and destroy the needed solution flow 
pattern through the resin . 

The drop rate preferred in this work is 0 . 25-0.50 ml / min To ob­
tain this rate, either of two methods can be used if the initial resin- column 
drop rate is too fast. Oftentimes , the mere packing of the resm column 
with a glass stirring rod "tightens" the resin enough to give the needed rate . 
If this is still not slow enough, a cotton plug may be set upon the top of the 
column and packed down accordingly. This slow drop rate is necessary to 
give the microquantities of elements used in the column runs adequate time 
to exchange with the resin . 

Determination of the Proper THF-HN03 Elution Volume 

To recover all the uo~+(VI) fed onto the cation column, it is neces­
sary to determine what volume of the THF-HN0 3 solution must be passed 
through the column (elution volume) after the uo~+(vi) feed solution has 
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been introduced to the column. Qualitative-analysis and activity- counting 
methods are used for this elution volume determination. 

For the qualitative-analysis method, 1 ml of the stock UO~+(Vl) 
solution was loaded onto the resin column. Fifty-drop (:::: 1-ml) effluent 
fractions were collected; the effluent solution consists of the uo~+(Vl) 
coming through the column along with the THF- HN0 3 eluent used to wash 
the column Two drop rates (44 drops or ::::Q. 7 ml/ min, and 24 drops or 
::::Q.4 ml/min) were tested; in each case, 30-40 ml were collected m the 
50-drop fractions. After the fraction collection was complete, I ml of the 
K 4[Fe(CN)6] solution was added to each fraction . The appearance of a 
brown solution indicated the presence of uranium . 

The determination of the elution volume using the activ1ty method 
followed nearly the same procedure. The 1-ml feed solution this tune 
consisted of 0 .9 ml of THF-HN03 , ::::0.02 ml of the uo~+(Vl) carrier, and 
::::0.08 ml of a U 232 tracer used as a spike. Fifty-drop fractions were 
again collected at a 24-drop/min rate , and the )'-ray activity of each was 
counted on the Nal(Tl) detector. 

The detailed results of these two methods are presented in the 
Results and Discussion section of this report. For now, 1t will suffice to 
mention that 20 ml of THF-HN03 was the elution volume fmally settled 
upon. 

Preliminary Separations of Individual Elem nts from Uranium 

After the elution volume needed to c~mpletely recover the uo~+(Vl) 
was determined, the next step was to separate various elements in their 
tracer forms from the uranium feed solut10n. All these column operat10ns 
followed the same pattern and were done to estimate their separation 
factors . 

In each case, the feed solution was 1 ml of the uo~+(Vl) carrier, 
spiked with 20 A of the tracer element. An identical standard solution was 
also prepared for later comparisons. After two 10-ml effluent samples 
were collected, the solutions were counted for a short time, the exact 
length of time depending upon the relative activity of the tracer. The ratio 

count rate in standard solution 
count rate in effluent solution 

then indicates how well the element was adsorbed by the resin . A high rat1o 
value indicates complete or nearly complete separation, the lower the value 
becomes, the greater is the amount of the element that passes through the 
column with the uo~+(vl) . 
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Batch Equilibrium Determinations of Kd 

The most important preliminary experiment is that dealing with 
Kd value determinations for the possible fission-product elements. The 
distribution coefficient, Kd, is defined by Mayer and Tompkins 4 as 

f.Lg of element per gm of resin 
j.lg of element per ml of solution · 

If the Kd is known for each element, it is pas sible to predict what fis sian 
products will be adsorbed on the resin column and separated from uranium . 
Determinati ons of this type will also supplement the Kd values previously 
determined by Korkisch ~ e]. 2 for the 90% THF-10% 12M HN0 3 system and 
give a broader picture of the possible separation uses of this solvent system . 

The batch equilibrium experiments were carried out in the following 
manner : To a suspension of l gm of resin in 20 ml of THF -HN0 3 was added 
l 00 A of the tracer . This mixture was then shaken to equilibrium for ap­
proximately 2 hr . Meanwhile, a standard solution consisting of 10 ml of 
THF- HN0 3 plus 50 A of the tracer was prepared. After shaking, l 0 ml of 
the equilibrated solution was withdrawn , and both it and the standard solu­
tion were counted. The Kd calculations are simplified by making sure that 
there is twice as much spike in the sample as there is in the standard, since, 
after shaking, the 10 ml withdrawn from the sample will then be equivalent to 
the 10-ml standard solution . The )'-active element solutions such as Co 60 , 

Cs 137
, etc., were put in polyethylene bottles and counted directly on the de­

tectors, while the {3-active elements such as Sr90 and Tc 99 had to be treated 
with concentrated HCI and plated on tantalun; discs before counting on the 
open-end {3-counter. 

In this manner, Kd values for about 20 elements were determ1ned . 
For those elements of interest for which no isotope tracers were available , 
the Kd values were determined as accurately as possible from spectro­
graphic analysis of experimental solutions. For Cr(III) and Cu(II) , which 
formed deeply colored solutions in the THF- HN0 3 , the Kd values could be 
visually approximated during a column run . 

Separation of Uranium from the Fission Products 

After the Kd values are determined , the final step of the experiment 
becomes a simple column - exchange procedure. Identical standard and feed 
solutions of the actual fission products are converted to the nitrate form . 
The feed solution is passed through the r esin bed, followed by elution with 
20 ml of THF-HN0 3 . The effluent and standard solutions are then analyzed 
on the Ge(Li) detector. Since the detector is calibrated t o corresponding 
energy values, it becomes a matter of identifying the peaks and determining 
which elements of the fission -product " pot " solution are separated from 
uranium on the cation exchange column. 
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RESULTS AND DISCUSSION 

The first column run designed to determine the proper THF- HN03 
elution volume was done at a ::::0.7 -ml/min drop rate . In light of later ex­
periments, this flow rate proved to be too fast, as a positive ferrocyanide­
uranium test was still being obtained in the 50-drop fractions after 30 ml 
of eluent had passed through the column. 

For the U
232 

tracer experiment, the drop rate was reduced to 
::::0.4 ml/min. Figure 1 gives the results of the )' -activity analysis. 

22,000 

2.0,000 

~ 18,000 

i 16,000 

~ 14,000 

~ 12,000 

~ 10.000 

~= •.ooo 
stlmt 

2,000•tG;~+=±=±=q;::::J;~=±:~~~~+.+.-~ 
2 4 6 B 10121416 1820222'4Z6Z83032~363840 

ELUTION 'IOLUME, ml 

As can be seen from Fig. 1, 
most of the U232 activity passes 
through the column with the first 
3 ml of eluent; the minimum is 
reached at ::::1 0 ml. Thereafter , 
however, the activity again increases 
slightly, reaches a peak at ::::25 ml, 
and then levels off up to 40 ml. 

The second peak in Fig. 1 is 

Fig. 1. THF-HNo3 Elution-volume Data the result of )' -emission by possible 
for Uranium Separation uranium daughter products present 

in the tracer and carrier solution 
that may be eluted from the column more slowly than the U 232 itself. Of 
the possibilities, bismuth is a likely suspect, as earlier studies 2•3 indicated 
a very low Kd for bismuth in this same THF-HN03 system. The ferrocya­
nide test on these same active solutions shows that n o more U232 is present 
after 12-14 ml of eluent have passed . 

Apparently, then, all the uranium is eluted by 10-14 ml of THF­
HN03 at the slower 0.4-ml/ min drop rate. For this reas on, all further 
column experiments were run at a drop rate of 0.25-0.4 ml/ min, and 20 ml 
of eluent were used to wash the column. 

Figure 2 summarizes the important Kd values as determined by the 
three methods mentioned earlier. The batch equilibrium values are the 
most accurate and important , as they are obtained from quantitative activity 
counts. The spectrographic results lack sufficient accuracy to assign ex­
plicit number values, while the visual Kd values are merely estimated ac­
cording to surrounding values in the periodic table . 

Accordmg to these fmdings , V(V), P(V) , Tc 99, Ru106, Ag 110 , Ir 192, and 
B1207 pass through the resin with the UO~+(VI) . * Of these, only Tc 99 and Ru 106 

are possible fission products and need to be considered. All the othe r tested 
fission-product elements are either strongly adsorbed by the column, or are 

'~ Pu(IV) is also coeluted with the uranium. 
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eliminated f r om concern because of their short half- lives . The fact that 

bismuth, a u r anium decay product, has a low Kd lends credence to the 
earlier supposit ion that it may be responsible for the second peak shown 
in Fig. 1. 
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Fig. 2. Kd Values of Elements 1n Tl-lF -t!N03 (Dowex 50) 

Analysis of the column and batch uranium-fission product standard 
solutions indicated that the following )' - emitters were pres ent : Ce 144

, 

Ru 103 , Ru 10 6, Cs 137
, Nb9 5, and Zr95 . After separation , most of the Ru 103 and 

Ru 106 and a small fraction of the Nb95 passed thr o ugh the column with the 
u r anium. As mentioned earlier, these s olutions were analyzed with a 
Ge(Li) detector . Problems were encountered with machine background 
"noise" and with probable J3 -emission interference throughout the first 
125 channels. Because of this , good decontaminati o n factors could not be 
determined for the fission elements, although the qualitat ive identification 

of the peaks and elements was explicit. 

Figure 3 shows the peak locations for the standard and effluent 
solutions. All fission products were found in the first 200 cha nnels of the 
analyzer, each channel being equivalent to an energy of 4 keV. In this 
manner, the )'-emission energy values corresponding t o each peak could 
be calculated and the peaks could be identified by comparing the experi­
rnenta I values with Crouthamel 's 5 standard values. The only peak not 
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identifiable is that at channel 19 (0.076 MeV). However, since this ele­
ment is completely adsorbed by the resin, it presents no separation prob­
lems and can remain unidentified . 

10 
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Fig. 3. Logarithmic Duplay of Y -activity in Uranium -Fission Product Solutions 
Used for Column-separation and Decontamination-factor Calculations. 
Note the high machine background interference in the standard solution. 

No analysis was done for ,8 -emitting fission products. Sr90 and 
Tc99 are likely fission products, but th e re is no way of determining this 
with the open-window counter. All the elements are ,8-emitters, and a 
count of the massive ,8-activity could not be divided into individual ele­
ment contributions. One only needs to real\ze that Sr90 would be strongly 
adsorbed (Kd = 16,850), while Tc99 (Kd = 7.3) would likely be eluted with 
the ruthenium and niobium. 

Table I summarizes the fission-product separation data and pre­
sents decontamination-factor values, the decontamination factor being 
defined (as on p. 7) as 

count rate in standard solution 
count rate in effluent solution · 

As with the Kd values, the higher the decontamination-factor value, 
the better the separation from uranium. The values were determined by 
comparing the relative heights of the peaks in the standard and effluent 
solutions for each element, using the effluent background readings as the 
base line. More important than the decontamination values, however, are 
the graphic results (shown in Fig . 3), which clearly indicate that Ru103 , 

Ru 106, and Nb95 must be further separated from the uranium. 
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TABLE I. Decontamination F actors for Fission-product Elements 

)' -energy. Decontamination 
Element Chann el MeV Factor 

a 19 0.076 -i ,--100 
Ce144 33 0. 132 9,000 
Rul06 129 0.516 6.2 
Ruto6 157 0. 628 5 
Csl37 166 0. 664 260 
zr95 182 0.728 340 
zr95 190 0 760 3-!0 
Nb95 193 0 772 40 

aunidentifie d peak. 

The advantages 2 and potential uses of the bidimensional CIESE prin­
ciple are many. After the uranium has been completely eluted from the 
column by the THF-HN03 eluent, the other metal ions adsorbed on the col­
umn can be eluted. The separation procedure is free of interferences since 
no salting- out agents or high acid concentrations are necessary . Of particu­
lar importan ce is the fact that the bulk constituent of the mixture (in this 
case, uranium) may be present in gram amounts without interfering with the 
isolation of trace amounts of the other metals . Considering these advantages, 
then, extensive analytical applications of CIESE are possible and fo rthcoming. 

Besides the analytical separation and purification of uranium, the 
THF-HN0 3 system may also be used for the separation of any two elements 
showing extremes in their Kd values . Another immediate applicatio n of this 
system will be in the preliminary separation work needed for the -y-ray char­
acterization of Th23 s The laboratory has a sample of U238 which contains 
small amounts of Th234. Thorium has a high Kd in the THF-HN0 3 medium 
and can readily be separated from the uranium . The Th234 will then be bom­
barded with neutrons to produce the Th235 necessary for these investigations . 
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