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EXTRACTION OF URANIUM, MAGNESIUM, ZIRCONIUM, AND CERIUM 
FROM BISMUTH WITH A FUSED FLUORIDE SALT MIXTURE 

Max D. Adams , Jack F i s c h e r , Robert J. Meyer , 
and Norman D. Phil l ips 

ABSTRACT 

The extract ion of u ran ium, magnes ium, cer ium, z i r ­
conium, and niobium from bismuth with a molten mixture of 
sodium fluoride and zi rconium fluoride has been demon­
s t ra ted . Comparat ive r a t e s of extract ion .have been ob­
tained. The effects of high concentrat ions of magnesium 
and of hydrogen fluoride sparging on the extract ion p rocess 
have been invest igated. T r a c e r studies have demonstra ted 
that exchange occurs between zirconium dissolved in the 
bismuth and zi rconium in the fused salt . 

The applicabili ty of the fused fluoride extract ion 
step to the p rocess ing of the "Liquid Metal Fuel Reactor" 
solution fuel is d iscussed. 

INTRODUCTION 

Development work on fused salt volatil i ty p roce s se s for enriched 
reac to r fuels has been in p r o g r e s s for seve ra l y e a r s at Oak Ridge National 
Laboratory•'• and at Argonne National Labora tory .^ Considerat ion has been 
given to applying the F luor ide Volatility P r o c e s s to the solution fuel, u r a ­
nium dissolved in liquid bismuth, for the Liquid Metal Fuel Reactor .^ The 
Fused Fluor ide-Vola t i l i ty P r o c e s s for the LMFR fuel'* is one in which u r a ­
nium and some of the f ission products a r e extracted from bismuth with a 

^Gathers , G. I., C a r r , W. H., Lindauer , R. B . , Milford, R. P . , 
Whatley, M. E . , The Recovery of Uranium from Highly I r radia ted Re­
ac tor Fuel by a Fused Salt Volatility P r o c e s s , Proceedings of 1958 
International Conference on Peaceful Uses of Atomic Energy, Geneva, 
A/Conf. I 5 / P / 5 3 5 . 

^Steunenberg, R., F i s c h e r , J. , Vogler, S., Steindler , M. J., Goring, G., 
Adams, M., Vogel, R. C , Rodger , W. A., Mecham, W. J., and 
Seefeldt, W. B . , Recent Developments in Fluor ide Volatility ProcessinjE 
of Reactor F u e l s , Proceedings of 1958 International Conference on 
Peaceful Uses of Atomic Energy, Geneva, A/Conf. 1 5 / p / 5 3 9 . 

^Liquid Metal Fuel Reactor Technical Feas ib i l i ty Report , BAW-2, 
June, 1955. 

^Chemical Engineer ing Division Summary Report , ANL-5820, p. 35, 
F e b r u a r y , 1958. 



fused mixture of sodium fluoride and zirconium fluoride sa turated with 
hydrogen fluoride. The salt is then sparged with fluorine and uranium is 
separa ted from the fission products and recovered by disti l lation as u r a ­
nium hexafluoride. The pure uran ium hexafluoride can than be reduced to 
uranium and re turned to solution in the bismuth for further use in the r e ­
ac tor . An outline of this p roces s is shown in Figure 1. 

The p r i m a r y purpose of the labora tory work covered in this repor t 
was to determine to what extent magnes ium, cer ium, uranium, and z i rco­
nium could be extracted from bismuth using a molten mixture of sodium 
fluoride and zirconium fluoride. Comparat ive ra tes of extraction, as well 
as the effects of hydrogen fluoride as an oxidant and magnesium as a r e -
ductant were studied. 

EXPERIMENTAL 

Mater ia ls - Bismuth was obtained from the Ce r ro de Pasco Com­
pany. Spectrographic analysis revealed only t r aces of ma te r i a l s other 
than bismuth. Before it was used this ma te r i a l was t rea ted to remove 
surface oxides, inclusions and dissolved gases as follows: Bismuth, 
250 g r a m s , was broken from the ingots and melted in vacuum with about 
0.25 g rams of magnesium in a 28-mm OD Pyrex tube. The molten metal 
w^as held at 470 C, with periodic shaking, until evolution of gas had ceased. 
This requi red three to four hours . When the ingot was cool the surface 
film was removed by grinding. 

A fused and ground mixture of sodium fluoride and zirconium fluo­
ride was obtained from the Kawecki Chemical Company. A sufficient amount 
was obtained to allow all the work to be done using the same lot. The mix­
ture was analyzed for sodium, zirconium, fluorine, and oxygen. Results of 
these analyses a re given in Table 1. 

Table 1 

ANALYSIS OF SODIUM FLUORIDE-
ZIRCONIUM FLUORIDE 

Constituent 
Sodium 
Zirconium 
Fluorine 
Oxygen 

Sodium Fluor ide 
Zirconium Fluoride 
Total Salts 

Sodium Fluoride 
Zirconium Fluor ide 

Weight Pe r Cent 
13.2 
41.3 
45.3 

0.02 

Weight P e r Cent 
Calculated 

24.0 
75.7 
99.7 

Mole Pe r Cent 
Calculated 

55.6 
44.4 

Zirconium and cer ium were i r ­
radiated in CP-5 for use in t r a c e r ex­
per iments . Zirconium was free of 
hafnium, and the cer ium was 99 per cent 
pure containing t r aces of other r a r e 
ea r ths . 

Argon and hel ium were used 
where inert a tmospheres were r e ­
quired. Trace amounts of water were 
removed from the gases by passing 
them over Linde Molecular Sieves. 
By this method the water content was 
held to 10 ppm or l e s s . 



FIGURE 1 

FUSED FLUORIDE-VOLATILITY PROCESS FOR LMFR SOLUTION FUEL 
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FPS = Non-Volatile Fission Product Fluorides Extracted by the Fused Salt. 
FPSV = Volatile Fission Product Fluorides 
FPN •= Noble Fission Products - Not Extracted by the Fused Salt̂  

^FPN removal under investigation at American Smelting and Refining, 
under B.N.L. Subcontract 



E q u i p m e n t and P r o c e d u r e s - S e v e r a l expe r inaen t s w e r e c a r r i e d out 
in a r o c k i n g f u r n a c e a s s e m b l y d e s i g n e d for s m a l l s c a l e e x t r a c t i o n s t u d i e s . 
Six c e r a m i c f u r n a c e t u b e s w e r e s e t h o r i z o n t a l l y in a f i r e b r i c k m a t r i x . The 
t u b e s w e r e wound with a s b e s t o s i n s u l a t e d n i c h r o m e w i r e . By spac ing the 
wind ings c l o s e r t o g e t h e r at the end of the tubes than a t the m i d d l e a f a i r l y 
u n i f o r m t e m p e r a t u r e over the l eng th of the tube w a s ob ta ined . T h r e e 
t h e r m o c o u p l e s w e r e a t t a c h e d to e a c h f u r n a c e tube for c o n t r o l and r e c o r d ­
ing p u r p o s e s . 

The f i r e b r i c k s s u r r o u n d i n g the c e r a m i c f u r n a c e tubes w e r e c o v ­
e r e d wi th g l a s s wool a n d a l u m i n u m foi l . The a s s e m b l y was p l a c e d in a 
t r a n s i t e b o x and m o u n t e d on a long a x l e . By m e a n s of a long l e v e r a r m , 
a t t a c h e d to a m o t o r t h r o u g h a g e a r r e d u c t i o n s y s t e m , the uni t was r o c k e d 

t h r o u g h an a r c of about 40 d e ­
g r e e s at one cyc le p e r m i n u t e . 

FIGURE 2 

GRAPHITE CAPSULE FOR EXTRACTION EXPERIMENTS 
IN ROCKING FURNACE 

TUBE 

j COPPER TUBE CRIMPED 
AND BRAZED AFTER FILLING 
WITH INERT GAS 
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l-g" COPPER TUBE 

G r a p h i t e t u b e s , 0.5 inch 
ID X one inch OD x ten i nches 
long p r o v i d e d with a t h r e a d e d 
plug on one end, w e r e u s e d a s 
s a m p l e c o n t a i n e r s . E a c h tube 
was d e g a s s e d at about 1400 C 
with cont inuous evacua t ion . 
F i f ty g r a m s of b i s m u t h and 
15 g r a m s of s a l t w e r e u s e d in 
each e x p e r i m e n t . T h e s e p r o ­
p o r t i o n s p r o v i d e d a p p r o x i ­
m a t e l y five l iquid cc e a c h of 
b i s m u t h and sa l t s ince the 
dens i ty of b i s m u t h is t e n and 
tha t of the sa l t is about t h r e e . 
After l oad ing , the g r a p h i t e 
c a p s u l e s w e r e p l a c e d in Ig inch 
c o p p e r p ipe . A c o p p e r cap 
was b r a z e d o v e r one end and 
a 1 /4 - inch c o p p e r tube was 
b r a z e d on the o the r end. By 
m e a n s of t h i s tube the v e s ­
s e l w a s f i r s t e v a c u a t e d and 
then f i l led with a r g o n . The 
1 /4 - i nch tube w a s then 
c r i m p e d , cut off and b r a z e d 
over the c r i m p . A d i a g r a m 
of the uni t is shown in F i g u r e Z 



FIGURE 3 
APPARATUS FOR STIRRING, SPARGING AND SAMPLING 

DURING EXTRACTION EXPERIMENTS 
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The apparatus used for 
the s t i r r ing - spa rge tes ts is shown 
schematical ly in Figure 3. It 
consisted of a cylindrical vesse l 
two inches in diameter and 
24.5 inches long. It was heated 
by external res i s tance furnaces . 
The molybdenum crucible was 
supported by a graphite block to 
provide proper positioning within 
the hot zone. The vesse l could 
be evacuated to less than one 
micron or p r e s su r i zed with inert 
gas. A s t i r r e r powered by a var ­
iable speed motor , a t he rmo­
couple well and a 1/4-inch tube 
for hydrogen fluoride gas sparg­
ing were all made of molybdenum. 
The sparge tube, s t i r r e r , and 
thermocouple tube could be moved 
up or down through "Chemlon" 
packing glands for proper posi ­
tioning and to permi t their r e -
nnoval from the melt before the 
melt was frozen on completion of 
the experiment . 

Corros ion exper iments showed that molybdenum was compatible 
with both liquid bismuth and the fused fluoride salt in the presence of 
hydrogen fluoride at the operating t empe ra tu r e s . No visible cor ros ion of 
the molybdenum par t s occur red during any of the extraction exper iments . 

Samples of the liquid bismuth were obtained with four m m quartz 
tubes . A tube was inse r ted through a rubber se rum cap and through the 
ball valve into the mel t . P rope r manipulation of the vacuum and argon 
valves prevented the admiss ion of a i r to the vesse l . Samples of 10 to 
20 g rams of bismuth were drawn into the tube by means of a syringe con­
nected with rubber tubing. The tube was then quickly ra ised to the cooled 
port ion of the vesse l to freeze the sample before it was removed through 
the valve and se rum cap. The bismuth pin was then freed from the quartz 
tube and submitted for analys is . 

In a typical exper iment , after an alloy was prepared , sampled and 
cooled, the top flange of the apparatus was removed and the fluoride salt 
mixture was added to the crucible . The system was then al ternately 



evacuated and filled with argon three t imes . The unit was heated during 
the final evacuation to a p r e s s u r e of one micron. When the t empera tu re 
reached about 450 C, argon was admit ted to a p r e s s u r e of 800 mm. At 
550 C a sample of the bismuth was taken. 

Immediately after this sample was taken, s t i r r ing (at 220 rpm) and 
sparging with hydrogen fluoride were s ta r ted . Samples of the bismuth were 
taken at in tervals during the epcperiment. At the end of the experiment a 
sample of the cold salt was taken. Liquid samples of the salt could be taken, 
but samples were too smal l for accura te ana lyses . 

P repa ra t ion of Synthetic Fuel Solutions or Alloys - Bismuth solu­
tions were p repa red by one of two techniques depending on the type of ex­
per iment being c a r r i e d out. 

Samples used in the rocking furnace exper iments were obtained 
from alloy ingots weighing about 250 grams which were p repa red in Vycor 
tubes, in the following manner . About 0.5 grams of magnesium were placed 
in a smal l magnes ium oxide crucible in a Vycor tube 30 mm OD and about 
15 inches long. A vacuum connection was made to the open end of the tube 
with a la rge rubber tubing and a valve at tached to a vacuum manifold. When 
evacqated, the tube was slowly lowered into a ver t ical ly mounted tube fur­
nace at about 600 C. The magnes ium evaporated and was condensed on the 
cooler walls of the tube above the furnace. As the tube was lowered some 
of the magnes ium reac ted with the Vycor to form a brown coating on the 
wal ls . 

The cooled Vycor tube with the valve attached and still under vacu­
um, was t r a n s f e r r e d to a hel ium-fi l led dry box. In the dry box the 
rubber tubing was removed from the Vycor tube. The magnesium oxide 
crucible was removed and rep laced in the previously p repa red bismuth in­
got, another smal l piece of magnes ium and a weighed amount of uranium, 
z i rconium, ce r ium, or a connbination of these . 

The vacuum connection was then replaced. The unit was removed 
from the dry box, a t tached to the vacuum sys tem and again evacuated. It 
was placed in the tube furnace while the t empera tu re was maintained at 
600 C for severa l hou r s . About eighteen hours were requi red to dissolve 
the z i rconium, which had the lowest dissolution ra te . 

After heat ing, the tube was removed from the furnace, it was shaken 
vigorously for about 30 seconds and quenched in water . The Vycor tube could 
then be broken away from the meta l quite easily. The brown coating on the 
walls of the tube was apparent ly not at tacked by the liquid meta l . 

The ingot was cut in half along the long axis and examined for homo­
geneity by autoradiography. 



Alloys used in the s t i r r i ng apparatus were p repa red in the extraction 
equipment as they were requi red . Four hundred g rams of the p re -me l t ed 
bismuth and about 0.8 g rams of clean magnes ium were melted in a molyb­
denum cup under vacuum. The system was p r e s s u r i z e d with argon to 800mm 
at 450 C after which it was s t i r r e d continuously while the t empera tu re was 
r a i s ed to 550 C. Uranium and other alloying m a t e r i a l s were added by drop­
ping the weighed pieces through a sect ion of four m m quartz tubing which 
was passed through the ball valve and held just above the surface of the 
mel t . S t i r r ing of the b ismuth was continued for about three hours before 
sampling, after which the furnace was cooled. Longer t imes were requi red 
to dissolve z i rconium. The bismuth was then allowed to solidify in the 
argon a tmosphere . 

The mixture of sodium fluoride and zirconium fluoride was added to 
the b ismuth and the extract ion exper iment was then run in the same molyb­
denum crucible and appara tus . 

Autoradiography - Once the alloys to be used in the rocking furnace 
t e s t had been p repa red , an analyt ical technique was needed which would r e ­
veal thei r homogeneity. The samples taken for routine analyses from sev­
e ra l locations in the alloy ingot did not give a complete answer . Counting 
at var ious locations with a par t ia l ly shielded geiger tube was not much bet ­
t e r . Autoradiography of the ingots provided a simple and effective method 
for a non-des t ructuve examination of each ingot. 

Each ingot, p r epa red by the quar tz tube method descr ibed previously, 
was cut in half through the long axis of the cylinder. One half was ground 
flat by filing and polishing by hand on e m e r y paper . The ingot was placed in 
contact with a 5 x 7 inch sheet of Eas tman Kodak Type KK X-ray film in a 
l ight-t ight ca rdboard or wooden box. A photographic changing bag was used 
for all manipulat ions of the film. 

Adequate autoradiographs could be obtained of most samples with 
exposures of 30 minutes to four hours . Natural uranium was the exception, 
requir ing four to ten days when the concentrat ion of uranium in bismuth was 
about 1000 ppm. 

P rocess ing of the film was c a r r i e d out in a "daylight" developing 
tank. Kodak Liquid X- r ay film developer and fixer were used. It was found 
especial ly important to keep the t empera tu re near 20 C to avoid fogging the 
film. 

When the e lements added to the b ismuth were present in low concen­
t ra t ions and when sufficient magnes ium had been used, the alloys were gen­
era l ly homogeneous except for spots of higher activity on the outer surface. 
When the additives were p resen t in higher concentra t ions , par t icu la r ly in the 
case of ce r ium, the activi ty was found in the form of small d i sc re te par t ic les 



spread uniformaly throughout the bismuth. The alignment of these par t ic les 
in the b ismuth indicated that var ious zones were produced as the bismuth 
expanded on cooling. If the b ismuth were not agitated before quenching the 
activity tended to r i s e to the top portion of the ingot. 

The analytical p rocedures a re descr ibed in the appendix. 

RESULTS AND DISCUSSION 

Magnesium Extract ion - Magnesium may be added to the LMFR b i s ­
muth solutions in higher concentrat ions than any other constituent except 
uranium. The proposed concentrat ion has var ied from 350 ppm to 2000 ppm. 
Its function is to act as an antioxidant to prevent depletion of uranium in the 
LMFR fuel through react ion with accidental contaminants such as oxygen. 

Since magnes ium is the mos t active ma te r i a l present it would be ex­
pected that it would be oxidized and ext rac ted f i rs t . Therefore , magnesium 
will have to be removed before some of the l ess active metals can be oxi­
dized. Any magnes ium remaining as the metal would tend to reac t with 
f luorides of l e s s act ive m e t a l s , reducing them and keeping them in the b i s ­
muth solution. 

Ext rac t ion of magnes ium was demonst ra ted to be fast. In the t ime 
requ i red to mel t the salt and take the f i r s t sample the concentrat ion had 
dec reased by a lmost a factor of ten in one exper iment . In another fifteen 
minutes extract ion was complete . The data a r e shown in Table 2. 

Two exper iments were c a r r i e d out to determine whether magnesium 
could reduce uran ium te t raf luor ide under the conditions of these exper iments . 
Bismuth containing over 2000 ppm of magnes ium was contacted with fused 
salt containing smal l amounts of u ran ium tetraf luoride in the rocking furnace. 
There was no reduct ion of the uran ium te t raf luor ide . 

Uranium Extrac t ion - The proposed uranium concentration in an 
LMFR solution fuel was in the range of 800 to 1300 ppm in bismuth. The 
bismuth solutions p r e p a r e d for these exper iments have contained 900 to 
1500 ppm uranium. 

F o r p r e l im ina ry exper iments a b i smuth-uran ium alloy was p repa red 
which contained no magnes ium or other additive or fission product me ta l s . 
This alloy was heated with a fluoride salt mixture in a stat ic sys tem. The 
fluoride salt had been p reme l t ed and degassed. Uranium concentration in the 
bismuth w^as reduced from 1000 ppm to 3 ppm in one hour. 

When re la t ively high concentrat ions of magnesium a re p resen t an 
oxidizing agent is r equ i red for complete extract ion. Uranium can be ex­
t r ac t ed using sodium f luor ide-z i rconium fluoride mix tu res in 15 to 30 minutes 



T a b l e 2 

S T I R R I N G E X T R A C T I O N E X P E R I M E N T S WITH F U S E D F L U O R I D E SALT 

Weigh t B i s m u t h 

g 

500 

500 

400 

400 

400 

400 

400 

400 

Weigh t Sa l t 

g 

45 

45 

72 

90 

H F s p a r g e ^ 

in 

m e t a l 

90 

H F s p a r g e 
in 

m e t a l 

90 

H F s p a r g e 

in 

s a l t 

90 

H F s p a r g e 

in 

s a l t 

90 

H F s p a r g e 

i n 

m e t a l 

T e m p e r a t u r e : 550 C 

Sp 
S a m p l e S t i r r i n g a n d 
a r g i n g T i m e , ( m i n u t e s ) 

O r i g i n a l 
C o n t a c t 

15 

O r i g i n a l 
C o n t a c t 

30 
170 
230 

O r i g i n a l 
C o n t a c t 

15 
75 

135 
195 

O r i g i n a l 
C o n t a c t 

15 
30 
45 

105 
s a l t 

O r i g i n a l 
C o n t a c t 

15 
30 
90 

O r i g i n a l 
C o n t a c t 

5 
15 
30 
90 

sa l t 

O r i g i n a l 
C o n t a c t 

5 
10 
15 
30 

O r i g i n a l 
C o n t a c t 

5 
10 
15 
30 

U 
ppm^-

1425 
950 
235 

1325 
365 
129 
119 
122 

1310 
1300 

175 
71 
73 
75 

1340 
16 

8 
_b 

3700 

1400 
1480 

-
-
-

1530 
1045 

176 
47 
38 

4900 

1520 
925 

85 
57 
17 
14 

1345 
685 

57 
104 

26 

Mg 
p p m 

2400 

2820 

2600 

2390 

1960 
265 

15 = 
15 
15 

c a 2500 

2300^^ 
570 

2 5 ^ 
25 
25 
25 

c a 2500 

Note s : ^ C o r r e c t e d for 15 p p m b l a n k u r a n i u m v a l u e 
^ B e l o w b l a n k vailue 
'^Below l i m i t of d e t e c t i o n 
" A n a l y s e s done a t A l l i a n c e R e s e a r c h C e n t e r of t he B a b c o c k and W i l c o x C o m p a n y 
^ L i m i t of d e t e c t i o n fo r s p e c t r o g r a p h i c s t a n d a r d s i n u s e 
H F s p a r g e r a t e for a l l t e s t s ~ 0 . 5 g r a m s p e r m i n u t e 



if t he s y s t e m is s p a r g e d wi th h y d r o g e n f l u o r i d e . If h y d r o g e n f l u o r i d e is not 
u s e d the u r a n i u m c o n c e n t r a t i o n c a n be d e c r e a s e d to a final va lue of about 
100 p p m in a p p r o x i i n a t e l y t h i r t y m i n u t e s . 

H y d r o g e n f l u o r i d e is not the only ox id iz ing agen t tha t can be u s e d . 
In a s e r i e s of e x p e r i m e n t s done in the r o c k i n g f u r n a c e , b i s m u t h t r i f l u o r i d e 
w a s shown to e n h a n c e the e x t r a c t i o n of u r a n i u m in the p r e s e n c e of m a g ­
n e s i u m . The add i t i on of a s t o i c h i o m e t r i c a m o u n t of b i s m u t h t r i f l u o r i d e to 
the s a l t m i x t u r e r e s u l t e d in c o m p l e t e e x t r a c t i o n of t h e u r a n i u m in two h o u r s 
a t 600 C. The da ta f r o m t h e s e e x p e r i m e n t s a r e shown in T a b l e 3. 

T a b l e 3 

E X T R A C T I O N OF URANIUM F R O M 
BISMUTH USING BISMUTH T R I -

F L U O R I D E AS AN OXIDANT 

50 g r a m p o r t i o n s of the s a m e m a s t e r 
a l l oy w e r e r o c k e d wi th 15 g r a m s N a F -
Z r F 4 a t 600 C. The q u a n t i t y of B i F j 
a d d e d w a s j u s t suf f ic ient to r e a c t wi th 
a l l t h e m a g n e s i u m , u r a n i u m , and z i r ­
c o n i u m p r e s e n t . 

In i t i a l U r a n i u m 
C o n c e n t r a t i o n (ppm) 935 
In i t i a l M a g n e s i u m 
C o n c e n t r a t i o n (ppm) 2 700 
B i s m u t h t r i f l u o r i d e 
u s e d ( g r a m s ) 0.869 

T i m e of 
E x t r a c t i o n 
(minute 

15 
30 
60 

120 

.s ) 

U R e m a i n i n g in B i s m u t h 
a f t e r E x t r a c t i o n 

(ppm) 

41 
34 
21 

None d e t e c t e d 

The s t i r r i n g ajid s p a r g i n g e q u i p m e n t p r o v i d e d a b e t t e r m e t h o d for 
ob ta in ing i n f o r m a t i o n on e x t r a c t i o n b e h a v i o r . A s u m m a r y of the e x p e r i ­
m e n t s i s g iven in T a b l e 2. 

The m e t h o d by which h y d r o g e n f l u o r i d e was i n t r o d u c e d w a s shown 
to affect the r a t e of r e m o v a l . When the gas w a s p a s s e d t h r o u g h the m e t a l 
and sa l t p h a s e s , e x t r a c t i o n w a s m o r e r a p i d than when it w a s p a s s e d t h r o u g h 
the s a l t p h a s e a l o n e . 



In this pa r t i cu la r equipment, which was not designed for highly 
efficient use of the hydrogen fluoride, l e s s than eight t imes the stoichi­
ometr ic weight of hydrogen fluoride was sufficient to remove all of the 
oxidizable me ta l s . 

Zirconium Extrac t ion - Zirconium, like magnesium is a constituent 
of the fuel. While magnes ium acts as an antioxidant for the uranium, z i r ­
conium is requ i red as a cor ros ion inhibitor. At present a concentration of 
z i rconium of about 200 ppm seems to be sufficient. In addition to that added, 
z i rconium is produced in the react ion in significant amounts due to its r e l a ­
tively high fission yield. 

Alloys were made up containing 300 to 800 ppm of i r rad ia ted z i r co ­
nium in b ismuth and ex t rac ted with salt either in the rocking furnace or 
the s t i r r ing equipment. It was possible to get some information about ex­
t rac t ion of niobium from these exper iments also due to the decay of 65-day 
Zr -95 to 35-day Nb-95f however , the niobium was presen t in very low un­
known concentra t ions . 

A separa t ion of z i rconium and niobium could be done on bismuth 
samples and each could be de termined by radiochemical methods. Niobium 
came to an equi l ibr ium distr ibut ion after a short t ime . An extract ion fac tor* 
of 2.2 was attained in five minutes and did not change through the r e s t of a 
30-minute extract ion in which hydrogen fluoride was used continuously. 
This may not be significant in view of the ex t remely small quantity of nio­
bium which was p resen t . 

The removal of fission product z i rconium and additive zirconium is 
essent ia l ly a mult iple react ion involving isotopic exchange, reduction of 
z i rconium tet raf luor ide and oxidation of zirconium. Table 4 shows the sum­
mation of data for z i rconium extract ion. 

Rapid isotopic exchange of ziirconium occurs between the zirconium 
in the bismuth and the l a rge r e s e r v o i r of z irconium in the fused salt as 
shown by the dec rea se in the z i rconium activity of the meta l . The ra t io of 
z i rconium 7 activi ty to z i rconium concentrat ion in the meta l phase remains 
constant after five minutes of sparging with hydrogen fluoride. 

An initial redox react ion occurs between zirconium tet raf luor ide in 
the fused salt and u ran ium and magnes ium. Approximately 60% of the s to i ­
chiometr ic quantity of z i rconium is t r a n s f e r r e d to the bismuth as uranium 

total gamma counts in meta l phase minus z i r co ­
nium gamma counts in metal phase (before 
extract ion) 

*Extract ion factor 
total gamma counts in metal phase minus zirco­
nium gamma counts in metal phase (after 
extract ion) 



Table 4 

RADIOCHEMICAL EXCHANGE OF ZIRCONIUM AND THE EXTRACTION OF 
ZIRCONIUM AND NIOBIUM WITH FUSED SODIUM FLUORIDE-ZIRCONIUM 

FLUORIDE AND HYDROGEN FLUORIDE 

T e m p e r a t u r e : 550 C 
B i s m u t h : 400 g 
Salt: 90 g 

Or ig ina l Alloy 

Alloy af ter 
contact with sa l t 

Alloy af ter 5 m i n 
s t i r r i n g and sparg ing 
with HFa 

Alloy af ter 10 min 
s t i r r i n g and sparg ing 
with HF 

Uran ium 
ppm 

1520 

925 

85 

57 

Magne s lum 
ppm' ' 

2300 

570 

25C 

25 

Z i r con ium 
ppmb 

245 

2300 

2500 

1800 

Z i rcon ium 7 
c p m / g of me ta l 

5.8 X 10* 

4.0 X 10* 

6.5 X 10^ 

4.2 X 10^ 

B/A 

2.4 X 10^ 

1.7 X 10 

2.6 

2.3 

Niobium 7 
c p m / g of m e t a l 

4.2 X 10* 

2.2 X 10* 

1.9 X 10* 

1.9 X 10* 

Alloy af ter 15 min 
s t i r r i n g and sparg ing 
with HF 17 

Alloy after 30 min 
s t i r r i n g and sparg ing 
with HF 14 

25 

25 

1400 

480 

3.4 X 10^ 

2.15 X 10 ' 

2.4 

4.5"i 

1.9 X 10* 

1.9 X 10* 

H F s p a r g e r a t e —0.5 g r a m s p e r minu te 

Ana lyses done at Al l iance R e s e a r c h Cen te r of the Babcock and Wilcox Company. 

L imi t of de tec t ion . 
d 

High value p robab ly due to counting e r r o r . 

and magnesium a r e oxidized and ext rac ted by the salt before hydrogen 
fluoride sparging. The zirconium is then oxidized by hydrogen fluoride at 
a much slower ra te than the uranium or inagnesium. Relative ra tes of ex­
t rac t ion of the three consti tuents a r e shown in F igure 4. 

During the 30-minute experiment the zirconium was not completely 
removed from the bismuth, but since it is an original constituent of the 
LMFR fuel it would be advantageous to leave about 250 ppm in the bismuth 
to facil i tates fuel reconst i tut ion. 

Cer ium - Cer ium was used as a representa t ive of the r a r e ear th 
fission products . These r ep re sen t the most innportant group of fission 
products with respec t to LMFR process ing , though the actual concentrations 
should be low (less than 100 ppm total). 

Removal of these elements should present no problem. Data for ex­
t rac t ions c a r r i e d out in the rocking furnace a re presented in Table 5. 



FIGURE 4 
EXCHANGE OF ZIRCONIUM AND EXTRACTION OF URANIUM AND 

MAGNESIUM IN BISMUTH AND SODIUM-ZIRCONIUM FLUORIDE SALT 

ZIRCONIUM 

—A 

_ J _ 

ORIGINAL 
CONTACT 

WITH 
SALT 

5 10 15 20 25 

STIRRING AND HF SPARGING TIME, minutes 

Table 5 

30 

EXTRACTION OF CERIUM WITH SODIUM 
FLUORIDE-ZIRCONIUM FLUORIDE 

50 g bismuth alloy rocked at 600 C with 
15 g salt mix ture . No hydrogen fluoride 
was used. 

Time of Contact 
Between Metal 

and Salt 
(minutes) 

Activity of 
Original 

Alloy 
cpm/g of 

Metal 

Activity of Bismuth 
After Extract ion 
cpm/g of Metal 

Extractions-
Fac tor 

5 
5 

30 

2.5 X 10^ 
5.1 X 10^ 
2.5 X 10^ 

84 
102 

3 

30 
31.5 

840 

aExtrac t ion Fac to r = Activity before extract ion 
Activity after extract ion 



The extract ion is apparent ly complete in l e s s than 30 minutes under these 
c i r c u m s t a n c e s . Cer ium can be ex t rac ted by the fused salt alone; however, 
with the use of hydrogen fluoride the extract ion should be ex t remely rapid. 

Economics of the F luor ide Volatility P r o c e s s for the LMFR Solu­
tion Fuel - The fluoride p r o c e s s as original ly conceived was shown in F i g ­
u re 1. F i s s i on products , u ran ium, magnes ium, and zirconium were to be 
t r a n s f e r r e d from the b ismuth into a fused f luor ide-z i rconium fluoride mix­
ture by oxidation with hydrogen fluoride. The uranium could then be vola­
t i l ized f rom the salt by fur ther oxidation to the hexafluoride with fluorine. 
After purif icat ion of the u ran ium hexafluoride by disti l lation, it could be 
reduced to the me ta l and used to recons t i tu te the fuel solution. 

E a r l y qualitative economic considera t ions indicated that the highest 
cost factor in the operat ion of the fuel p r o c e s s might be the cost of the fused 
sal t , which would be d iscarded . If the concentrat ion of fission products in 
the d i sca rded salt is high enough, the cost per kilowatt can be dec reased 
accordingly. At a f ission product concentrat ion of 1.5 per cent in the salt , 
it can probably be d i sca rded at reasonable cost. However, the prac t ica l 
r euse of the fused salt is h a m p e r e d by the formation of magnesium fluoride. 

Magnesium is a consti tuent of the fuel solution which will be t r a n s ­
f e r r ed to the fused salt during p roces s ing . It will be present in the fuel in 
concentra t ions possibly a s high as 2000 ppm. The magnes ium concentrat ion 
was inc reased in the fuel during the per iod this investigation was being c a r ­
r ied out. Uranium will be the only m a t e r i a l p resent in concentrat ions 
approaching th is , but it can be removed per iodical ly from the sal t by in te r ­
mit tent convers ion to u ran ium hexafluoride with fluorine. Magnesium fluo­
r ide , however , will continue to inc rease in concentrat ion in the fused salt 
throughout the p rocess ing . If the salt were d ischarged to waste when it con­
tained 1.5 per cent f ission produc ts , it would have the approximate miolar 
composit ion: 86 per cent magnes ium fluoride; 5.3 per cent sodium fluoride; 
and 8.2 pe r cent z i rconium te t ra f luor ide , for the case in which the fuel con­
tains 2000 ppm magnes ium. If the fuel contained 350 ppm magnes ium the 
final consti tution of the salt would be : raagnesium fluoride - 53.8 mole per 
cent; sodiuna fluoride - 18.2 mole per cent; z i rconium tetraf luoride -
27.8 mole per cent. 

As the fuel is p roces sed , the salt would go from a binary sodium -
z i rconium te t raf luor ide sys tem to a qua te rnary sys tem with magnesium fluo­
r ide increas ing to become the major consti tuent. Uranium tetraf luoride 
would be the fourth consti tuent in that it might inc rease in concentrat ion to 
five mole per cent just before fluorination, depending on the pa r t i cu la r flow­
sheet used. The liquidus t e m p e r a t u r e could i nc rease above that of 500 C 
for the s ta r t ing sys tem. The p r o c e s s could be made more a t t rac t ive by 
removing magnes ium from the fuel solution before the fused salt extract ion 
or by removing magnes ium fluoride f rom the salt phase . 



APPENDIX A 

ANALYTICAL PROCEDURES 

All bismuth meta l samples were dissolved by a procedure known as 
the Amalgam-Leach Dissolution. In this p rocedure , the metal sample is 
contacted with m e r c u r y and a dilute hydrochlor ic-hydrof luor ic acid solu­
tion. The more active e lements a r e leached out of the amalgam while more 
than 99 per cent of the bismuth r ema ins in the m e r c u r y . Additional bismuth 
removal is achieved by the addition of metal l ic zinc. The result ing solu­
tion is sufficiently f ree of bismuth to pe rmi t the di rect determinat ion of all 
of the e lements of i n t e re s t except magnes ium. To determine magnesium an 
additional separa t ion is n e c e s s a r y to remove zirconium and uranium as 
well as the res idual b ismuth. When magnes ium was the constituent being 
determined, fluoride was omitted from the leach solution. 

The uran ium content of the bismuth samples was determined polaro-
graphical ly by the s tandard addition technique^ in sodium ace ta te-EDTA* 
solution. The accuracy of this method is i' 5 per cent and the lower l imit 
of detection is approximately 20 ppm. 

The magnes ium was de termined by an EDTA t i t ra t ion using E r i o -
chrome Black T as. an indicator . The bismuth, z i rconium, and pa r t of the 
uran ium in te r fe rences were removed by extract ion of thei r diethyl dithio-
ca rbamate complexes into carbon te t rach lor ide . The accuracy of this 
determinat ion is i' 1 per cent. The lower l imit of detection is 15 ppm 
magnes ium. 

In meta l samples containing act ivated zirconium the zirconium was 
de termined by precipi ta t ing ba r ium fluozirconate and gamma counting the 
prec ip i ta te in a well- type scinti l lat ion counter . The niobium activity of 
these samples was de te rmined by taking a total gamma count and subt rac t ­
ing the counts due to z i rconium. No radiochemica l separat ions were made 
on samples of the fused sal t containing act ivated zirconium. 

The var ious p rocedures used in this work were checked in two ways. 
Uranium and magnes ium procedures were tes ted on a s tandard alloy of b i s ­
muth and uran ium, z i rconium, and magnes ium obtained from Brookhaven 
National Labora to ry . The z i rconium, niobium, and cer ium techniques were 
checked by dissolving a port ion of the samples by the amalgam- leach d i s ­
solution and another port ion in n i t r ic acid and comparing the counts. These 
resu l t s a r e sumraar ized in Table 6. 

I. J. Kolthoff and J. J. Lingane, Polarography, Vol. 1, In tersc ience , 
New York, 1952, p. 377. 

*Ethylene Diamine Te t r ace t i c Acid. 



T a b l e 6 

R E L I A B I L I T Y O F A N A L Y T I C A L DETERMINATIONS 

E l e m e n t 

U r a n i u m 
M a g n e s i u m 
Z i r c o n i u m -

N i o b i u m 
C e r i u m 

C o n c e n t r a t i o n , p p m 

Known* F o u n d N i t r i c 

Ac t iv i t y , c p m / g 

A m a l g a m - L e a c h 

828 
263 

815 
282 

1.35 X 10^ 
5.25 X 10^ 

1.44 X 10^ 
5.42 X 10^ 

* B r o o k h a v e n N a t i o n a l L a b o r a t o r y v a l u e s - U r a n i u m d e t e r m i n e d 
c o l o r i m e t r i c a l l y . M a g n e s i u m d e t e r m i n e d s p e c t r o g r a p h i c a l l y . 

The s o d i u m - z i r c o n i u m f l u o r i d e u s e d was. a n a l y z e d to d e t e r m i n e the 
m o l e r a t i o of s o d i u m f l u o r i d e t o z i r c o n i u m f l u o r i d e . T h e f l u o r i d e con ten t 
w a s d e t e r m i n e d by p y r o h y d r o l y s i s of the so l id s a l t a t 900 C. The evo lved 
h y d r o g e n f l u o r i d e w a s d i s s o l v e d in w a t e r and t i t r a t e d wi th s t a n d a r d b a s e to 
a p h e n o l p h t h a l e i n e n d - p o i n t . 

S o d i u m w a s d e t e r m i n e d on an a l i quo t of the d i s s o l v e d s a m p l e by 
p r e c i p i t a t i o n of s o d i u m z inc u r a n y l a c e t a t e . The p r e c i p i t a t e w a s i gn i t ed 
a t 600 C and w e i g h e d a s Na2U207-2 ZnU207. 

Z i r c o n i u m w a s d e t e r m i n e d by p r e c i p i t a t i o n of the c u p f e r r a t e f r o m 
s u l f u r i c a c i d so lu t i on . T h e p r e c i p i t a t e w a s i gn i t ed a t 900 C a n d w e i g h e d a s 
ZrOz . 

Oxygen w a s d e t e r m i n e d by the b r o m i n e t r i f l u o r i d e m e t h o d . "'"^ 

A m a l g a m - L e a c h D i s s o l u t i o n P r o c e d u r e - To a one g r a m s a m p l e of 
b i s m u t h a l loy in a 50 m l b e a k e r add abou t 10 m l of m e r c u r y and e x a c t l y 
10.0 m l of the a p p r o p r i a t e l e a c h s o l u t i o n . * S t i r wi th a m a g n e t i c s t i r r e r 
fo r a t l e a s t 20 m i n u t e s . The l e a c h m i x t u r e shou ld be s t i r r e d un t i l a l l e v i ­
d e n c e of a s o l i d m e t a l p h a s e h a s d i s a p p e a r e d . T h i s t i m e wil l v a r y wi th 
the p a r t i c l e s i z e of the s a m p l e . Add a p p r o x i m a t e l y 0.5 g r a m s of m e t a l l i c 
z inc and s t i r for f ive m o r e m i n u t e s . T a k e an a p p r o p r i a t e s i z e a l iquo t of 
the l e a c h so lu t ion fo r the d e t e r m i n a t i o n of the e l e m e n t of i n t e r e s t . 

% o e k s t r a , H. R. , and K a t z , J . J . , A n a l . C h e m . 25 , 1608 (1953). 

7Sheft, I . , M a r t i n , A. F . , a n d K a t z , J . J . , J . A m . C h e m . S o c , 7£, 
1557 (1956) . 

*Use a l e a c h so lu t i on of 4 M HCl for m a g n e s i u m d e t e r m i n a t i o n s , and 
4 M HCl - 0.5 M H F l e a c h s o l u t i o n for a l l o t h e r s . 



Sodium F luo r ide -Z i r con ium Fluor ide Salt Dissolution P rocedure -
Weigh accura te ly into a platinum dish approximately one gram of salt . Add 
25 ml of concentra ted hydrofluoric acid and digest on a sand bath for approxi­
mate ly 30 minutes . Add 20 ml 10 M sulfuric acid and evaporate until dense 
fumes appear . Cool, add 25 to 50 ml of water and heat on the sand bath until 
dissolution is complete . 

Uranium Determinat ion - Dissolve the sample according to the 
ama lgam- leach procedure . Introduce an aliquot containing approximately 
50 jj,g of u ran ium into a 50 ml beaker and evaporate to dryness . Dissolve 
the res idue in 2 ml of 4 IvI sodium acetate and 2 ml of 0.2 M EDTA. T r a n s ­
fer to a 5 m l volumetr ic flask and dilute to the des i red volume with water . 
After t r ans fe r r ing the sample to the polarographic cell , deaera te with n i t ro ­
gen. Record the height of the wave at -0.4 volts vs . the m e r c u r y pool. Add 
sufficient u ran ium s tandard solution to approximately double the wave height. 
Deaera te and r e c o r d the height of the wave at -0.4 volts . Calculate the u r a ­
nium concentrat ion using the s tandard addition formula. ^ 

Magnesium Determinat ion - Dissolve the sample by the ama lgam-
leach dissolution p rocedure with 4 M hydrochlor ic acid. Do not add me ta l ­
l ic zinc. Introduce an aliquot of the leach solution into a 25 ml separa to ry 
funnel. Neutral ize with ammonium hydroxide until a faint cloudiness p e r ­
s i s t s . Add concentra ted hydrochlor ic acid until the cloudiness d i sappears . 
Add 100 mg solid sodium diethyl d i th iocarbamate and ext rac t with 10 ml of 
carbon t e t r ach lo r ide . Repeat the addition of diethyl di thiocarbamate and 
ext rac t until the addition of diethyl d i th iocarbamate produces no more p r e ­
cipi tate. Trans fe r the aqueous phase to a t i t ra t ion vesse l , add approximately 
50 mg of solid ammonium carbonate and 1 0 ml of buffer. Add two or th ree 
drops of E r ioch rome Black T solution and t i t ra te with s tandard EDTA. 


