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THE FLUID-BED CONVERSION OF URANIUM TETRAFLUORIDE 
TO URANIUM HEXAFLUORIDE 

by 

G. J. Vogel and W. J. Mecham 

ABSTRACT 

Exper iments conducted in a 22-inch d iameter r eac to r 
have demons t ra ted that the continuous fluorination of uranium 
tet raf luor ide to hexafluoride with e lemental fluorine in a fluid-
ized bed is poss ible . P rac t i cab le fluorine efficiencies and 
conversion r a t e s were at tained with good t empera tu re control 
in exper iments with refined u ran ium te t raf luor ide . Runs made 
with crude u ran ium te t ra f luor ide , der ived from the reduction 
and hydrofluorination of ore concent ra tes produced by the acid-
leach p r o c e s s , indicated that these a lso can be p rocessed at 
sa t i s fac tory r a t e s and efficiencies. Uranium te t raf luor ide de­
r ived from carbona te - leached ore concentra te gave a lower p r o ­
duction ra te and was m o r e difficult to p rocess because of 
s inter ing tendencies . 

I. SUMMARY 

In this r epor t a r e d i scussed the exper imenta l r esu l t s obtained in the 
fluorination of uran ium te t raf luor ide to the hexafluoride with e lemental 
fluorine in a 2.5-inch d iamete r , continuously fed fluidized-bed r eac to r . 
Four types of u ran ium te t raf luor ide were fluorinated: refined green sal t , 
and crude u ran ium te t raf luor ides der ived from the reduction and hydro­
fluorination of South African (Rand) ac id- leached , Anaconda acid- leached, 
and Anaconda ca rbona te - leached ore concen t ra tes . Refined uranium t e t r a ­
fluoride was used for the shake-down t e s t s on the reac tor and to obtain 
data on the effects of t e m p e r a t u r e , bed height, fluidizing gas velocity, 
fluorine concentrat ion, and iner t solid diluent. F o r u ran ium tet raf luor ide 
der ived from Rand o r e , data were obtained on fluorine uti l ization, produc­
tion r a t e s , and buildup of impur i t i es in the bed. Explora tory fluorination 
ra te runs were made on the te t ra f luor ides der ived from the two types of 
Anaconda ore concen t ra tes . Some data were obtained on the exhaustive 
fluorination of the ash to reduce the urcinium to levels of l e s s than one per 
cent. 



Fluor inat ion exper iments with refined uran ium te t raf luor ide showed 
that the efficiency of uti l ization of the fluorine inc reased with t empera tu re 
over the range studied, 300 to 450 C. Efficiencies over 85 per cent (15 per 
cent of fluorine unreacted) were obtained at 400 C. Dilution of the bed with 
solids iner t to fluorine reduced the fluorine efficiency markedly . Dilution 
of the fluorine with ni trogen below the 25 volume per cent used in most of 
the runs dec reased the fluorine efficiency slightly, but the velocity of the 
gas had no effect at 400 C. Bed height did not affect the efficiency at 400 C, 
but at 350 C inc reased efficiency was obtained with increas ing bed height. 
Product ion r a t e s above 100 pounds u ran ium hexafluoride per (hour) (cubic 
foot of bed) were at tained eas i ly with 25 per cent fluorine in the inlet gas. 

Explora tory exper iments with crude uran ium tet raf luor ide made 
from South African (Rand) ore concentra te showed that reasonable fluo­
rine efficiencies and production r a t e s could be achieved at 400 and 
450 C. One run with Anaconda ac id- leached uran ium te t raf luor ide indi­
cated that production r a t e s were comparab le to those of the Rand acid-
leached u ran ium te t raf luor ide . Anaconda carbona te - leached uran ium 
tet raf luor ide in one run showed a substant ia l ly poore r production ra t e . 

II. INTRODUCTION 

Ore concent ra te , produced in the mining and mill ing of uran ium 
o re , r e p r e s e n t s a m a t e r i a l containing 50 per cent or more uran ium and 
a considerable amount (1 to 10 per cent) of meta l l ic impur i t i e s . Cur ren t ly 
much of this u ran ium is conver ted to u ran ium hexafluoride which is the 
feed for the U -U diffusion separa t ion plant. In the p rocess ing to u r a ­
nium hexafluoride essent ia l ly all of the naetallic impur i t ies must be r e ­
moved p r io r to isotopic enr ichment by gaseous diffusion. 

The conventional route for producing pure uran ium hexafluoride 
from ore concentra te has been to dissolve the concentra te in n i t r ic acid, 
free the uranium from the meta l l i c impur i t i e s by solvent extract ion, 
concentra te the pure uranyl n i t r a t e , deni t ra te to form the t r ioxide , then 
reduce, hydrofluorinate and fluorinate the u ran ium to u ran ium hexafluoride. 
In the new p r o c e s s developed by Argonne National Labora to ry , the ore 
concentra te is reduced without p r i o r t r ea tmen t except physical sizing. 
The resu l t ing uran ium dioxide is hydrofluorinated and then fluorinated. 
Most meta l l i c impur i t i es a re removed as an ash from the fluorination 
r eac to r . However, some volatile f luorides a re formed, p r i m a r i l y those 
of molybdenum and vanadium, and these mus t be removed by dis t i l la t ion 
to obtain a pure u ran ium hexafluoride for the gaseous diffusion p r o c e s s . 
A s u m m a r y of f luorides that can be p resen t and their boiling and melt ing 
points a r e given in Appendix A . ( ' ) 



Studies on the pilot plant reduction and hydrofluorination react ions 
have been completed and a re repor ted e l sewhere . (^'^) Some data have also 
been repor ted on the dist i l lat ive separa t ion of molybdenum and vanadium 
hexafluorides from uranium hexafluoride. (^) The fluorination study is 
r epor ted h e r e . 

The ove r - a l l f luorination reac t ion is as follows: 

UF4 + F 2 - ^ U F 6 . 

Rate data on this react ion,(^) obtained with a thermobalance , indicate that 
it does not proceed at an appreciable ra te below 200 C. At higher t e m p e r ­
a t u r e s , however, the ra te is rapid and tempera ture-dependent . The 
t empe ra tu r e dependence obeys the Arrhenius re la t ionship, yielding an 
activation energy of 19 to 20 kcal per mole. The ra te is not affected by 
gas velocity, but is proport ional to the fluorine concentration. 

Fluor inat ion of pure u ran ium hexafluoride on a production scale 
is cur ren t ly c a r r i e d out in ve r t i ca l tower , flame r e a c t o r s . Attempts to 
operate such r e a c t o r s with impure uranium te t raf luor ides have not been 
successful because of impuri ty scaling on the wall. The p re sen t study is 
concerned with the demonstra t ion of the use of a fluidized bed for fluo­
rination of these crude te t ra f luor ides . The use of the fluidized-bed pr in­
ciple for this gas - so l id react ion offers good t empera tu re control with 
good heat t r ans fe r r a t e s , and avoids the high t e m p e r a t u r e s which cause 
impur i ty fusion. 

III. EXPERIMENTAL 

Mate r ia l s 

The m a t e r i a l s used in these t e s t s were fluorine, ni trogen, and u r a ­
nium te t ra f luor ides , including those obtained from Anaconda ac id- leached 
o re , Anaconda ca rbona te - leached ore and Rand ac id- leached ore , as well 
as the refined te t raf luor ide . 

The chemica l composit ions and the physical p roper t i e s of the va r ­
ious te t ra f luor ides that were f luorinated a re given in Tables 1 and 2, 
respect ive ly . P rocess ing h i s to ry of the te t raf luor ides var ied. 

The ac id- leached uran ium te t raf luor ides were obtained by an acid 
leach of the o r e , prec ipi ta t ion of u ran ium as ammonium diuranate and 
calcination of uranium t r ioxide . The carbona te - leached uran ium t e t r a ­
fluoride was obtained by solubilizing the uran ium in the ore with sodium 
carbonate and precipi ta t ing it as sodium diuranate with sodium hydroxide. 
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Table 1 

CHEMICAL COMPOSITION OF GREEN SALT FROM 

G r e e n 
Salt 

Source 

Rand Acid-
l e a c h Ore 

Anaconda 
A c i d - l e a c h 
O r e 

Anaconda 
C a r b o n a t e -
l e a c h O r e 

UF4 
(%) 

80 4 

93 1 

74 0 

UO2 
(%) 

3 3 

0 6 

3 0 

UO2F2 
(%) 

6 2 

1 3 

3 9 

To ta l 
U r a n i u m 

(%by 
weight) 

6 8 

72 

65 8 

VARIOUS SOURCES 

Above 1% 

Ca( l 5), 
Na( l 6) 

None 

Na(7)* 

Meta l l : 

1 0 to 0 1% 

Fe (0 4), V(0 15),* 
Cu(0 5) 

Na(0 2 ) ,* Ca(0 1), 
Fe (0 6), Mg(0 1) 

K(0 5), Pb(0 1), 
A1(0 15), Fe(~0 2), 
Ca(0 4) , M B ( ~ 0 01) 

Lc I m p u r i t i e s , Weight 

0 1 to 0 01% 

Al, K, Mg, Mn, 
P b , P , Ni 

A l 

Sr(0 015), 
Mn(0 01), V(0 058), 
S(0 02), Ni(~0 05), 

P e r C e n t a 

0 01 to 0 001% 

L i , S r , C r , Zr, 
Zn, Mo(0 0005)* 

Cu, K, Mn, Ni, P , 
P b , T i , Zn, Si , 
Mo(0 002)* 

Below 
0 001% 

Mo(0 00007)* 

"Refined" 
Green Salt 

94 6 3 9 1 5 76 9 None None 

Si(0 02), Ba(0 06), 
Cr(0 015) 

None None 

3̂  Impurity amounts were obtained by spectrographic analysis (factor of 2 accuracy) except for those marked with an as ter isk , 
which were obtained by wet analysis A number m parentheses is the result of analysis 



T a b l e 2 

G r e e n Sal t 

R a n d O r e 
A n a c o n d a A c i d L e a c h 
A n a c o n d a C a r b o n a t e 

L e a c h 
" R e f i n e d " G r e e n Sal t 

P H Y S I C A L P R O P E R T I E S O F G R E E N S A L T 

B u l k 
D e n s i t y ^ 

( g / c c ) 

1.82 
2 50 

2 .50 
3.17 

P a c k 
D e n s i t y 

( g / c c ) 

2 .07 
2 90 

2 .75 
3.46 

P a r t i c l e 

+ 20^ 

0 1 
0 10 

0.10 
0.02 

; S ize 

-20 to 
+40 

8 0 
0.2 

2.2 

6 9 

Di s t r i b u t i o n 

- 4 0 to 
+60 

32 4 

6 9 

17.6 
35 5 

.: % m 

- 6 0 to 
+ 100 

30 5 
31.0 

37 2 
33.6 

I n d i c a t e d S ize 

- 1 0 0 
+200 

18 3 
34 6 

24 9 
19 8 

- 2 0 0 
+325 

9 0 
19 7 

11 1 
3 2 

R a n g e 

- 3 2 5 

1 7 
6 9 

1 9 
1 0 

" M e s h , U. S S ieve S e r i e s 

The oxide from the acid- leach p rocess and the sodium diuranate from the 
carbonate- leach p rocess were reduced and hydrofluorinated in pilot plant 
fluidized-bed r eac to r s to produce the uranium tetraf luorides for the study. 
The reduction was done at a maximum tempera tu re of 1100 F , the hydro­
fluorination at 850 F . The hydrofluorinated product from the sodium di­
uranate is actually a sodium uranium fluoride compound, but, for convenience, 
this and the other hydrofluorination products a re r e fe r red to as uranium 
te t raf luor ides . The uranium tetraf luoride products derived from ore 
concentra tes will be designated by the name of the mill and the type of 
concentration p rocess used. The "refined" uranium tetrafluoride was 
obtained by solvent extract ion of a n i t r ic acid solution of the ore concen­
t ra te and calcination of the n i t ra te product to uranium trioxide. This oxide 
also was reduced and hydrofluorinated in the pilot plant fluidized-bed 
r e a c t o r s . 

The fluorine was obtained from General Chemical Company in s ix-
pound cylinders and was guaranteed to contain a minimum of 98.5 per cent 
fluorine. Impuri t ies were most ly nitrogen with minor amounts of oxygen, 
carbon te t raf luor ide , carbon dioxide and hydrogen fluoride. 

Nitrogen was obtained from Liquid Carbonic and was guaranteed to 
contain g rea te r than 99-6 per cent nitrogen. 

The calcium fluoride used as a bed diluent in some tes ts was a 
commerc ia l grade, crys ta l l ine ma te r i a l which was crushed and screened 
to obtain a 30 to 100 mesh fraction. This had a bulk density of 1.7 g /ml . 

Equipment 

The equipment for the pilot plant can be classified into the gas-
mete r ing sys tem, the reac tor sys tem, and the condensing sys tem. A 
simplified flow diagram is shown in F igure 1. 
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Fluor ine and nitrogen flows to the reac tor were m e a s u r e d by 
or i f ices , the p r e s s u r e being t r ansmi t t ed by Taylor pneumatic ins t ruments . 
The fluorine flow r a t e could also be de termined by noting p r e s s u r e drop in 
a 17.6-cu ft hold tank. Both flows were regulated automatical ly. 

The r eac to r sys tem consis ted of the gas p rehea te r , r eac to r , and 
f i l t e r s . The r eac to r was 2-2- inches in d iameter , 4 feet long, topped by a 
s ix- inch d iameter disengaging sect ion, 12 inches long. The inlet gas 
d is t r ibutor contained inver ted cone holes with •f^-inch openings at the tip 
of the 45-degree cone. P r e s s u r e in the reac tor and p r e s s u r e drop a c r o s s 
the bed were indicated by gages connected to p r e s s u r e t aps . Three inside 
and five skin thermocouples were provided. Heat was supplied by c lam­
shell Nichrome wire h e a t e r s , the bottom one controlled automatical ly, the 
o thers by var iable voltage t r a n s f o r m e r s . No method for cooling the r e a c ­
tor was provided except for removal of insulation. Uranium tet raf luor ide 
was fed into the r eac to r by a one- inch sc rew driven by a d i r e c t - c u r r e n t 
motor . Screw revolutions were automatical ly counted. The ra te of powder 
fed could be de te rmined by watching the change in level of powder in a 
one-inch d iameter Fluorothene sight g lass . Bed height could be de termined 
by th ree movable thermocouples in the cent ra l thernnowell. The two fi l ter 
uni t s , s epa ra te from the r e a c t o r and equipped for blowback, contained 
s in te red Monel e lements of 10-micron pore s ize . 

The condenser sys tem included a 10-foot long, t h ree - inch d iameter 
condenser fitted with a fin-type cooling unit consist ing of 12 fins mounted 
on J- inch tubing para l l e l to the tube axis . Inside this tubing c i rcula ted t r i -
chloroethylene which was cooled by a F r e o n - 1 2 , t h ree -hor sepower re f r ig ­
era t ion sys tem. The t r ichloroethylene could be heated to 90 C by a s team 
heat exchanger when it became n e c e s s a r y to vaporize the uranium hexa­
fluoride from the condenser . The condenser was placed on a t a r ed 50-
pound sca le . 

Operat ing P r o c e d u r e 

The genera l p rocedure for making a run is d i scussed below. De­
p a r t u r e s from this p rocedure a r e mentioned in the discussion of r e su l t s 
when the change of p rocedure affected the outcome of a run. 

P r e l i m i n a r y data on the p r e s s u r e drop cind fluidization c h a r a c t e r ­
i s t ics of the var ious green sa l t s with or without calcium fluoride were 
f i r s t obtained in a glass column using a i r as the fluidizing medium. 

To s t a r t a f luorination run in the metal r eac to r , ni t rogen siifficient 
to fluidize the u ran ium te t raf luor ide was passed through the r eac to r . If 
enough u ran ium te t raf luor ide had not been added a l ready, it was screw-fed 
into the r e a c t o r to the des i r ed bed height. After the bed had been heated 
to t e m p e r a t u r e , the fluorine was introduced and the uranium te t raf luor ide 



screw feeder was s ta r ted . Rate of uran ium hexafluoride production was 
de termined by moving the th ree thermocouples in the bed to determine the 
bed interface. Duration of runs var ied but general ly consis ted of operating 
for two hours at some equi l ibr ium condition. 

Samples of the feed ma te r i a l were examined chemical ly and physi­
cally. The residue at the end of a run was often analyzed. Hydrolyzed 
samples of the gas pass ing into the condenser were examined spec t ro -
graphical ly to determine the amount of impur i t ies in the uran ium hexa­
fluoride (for ore concentra te u ran ium tetraf luoride runs only). Off-gas 
from the condenser was sampled by drawing the gas into an evacuated 
bulb and analyzing for fluorine and /o r uranium. The fluorine concent ra­
tion was de termined to ensure that no gross e r r o r had been made in 
measur ing the fluorine efficiency and the uran ium content was m e a s u r e d 
to de termine the effectiveness of the condenser . 

With refined uran ium tet raf luor ide the effect on fluorine uti l ization 
efficiency of changes in bed height, fluorine concentrat ion, fluidization gas 
velocity t e m p e r a t u r e and bed diluent were de termined. With uranium 
tetraf luoride from ore concent ra tes the fluorine efficiency and production 
ra te at different t e m p e r a t u r e s were determined, using calcium fluoride 
diluent in some c a s e s . In addition, the extent of impur i ty buildup in the 
bed was de termined for uran ium tetraf luoride der ived from some of the 
ore concen t ra tes . Data were a lso obtained on the comple teness of removal 
of u ran ium from the ash. 

IV. RESULTS AND DISCUSSION 

Refined Uranium Tetraf luor ide 

With refined uran ium te t raf luor ide the fluorine efficiency* inc reased 
marked ly with increas ing t e m p e r a t u r e , dec rea sed with solid diluent in the 
bed and changed li t t le with the fluorine concentrat ion over the range studied. 
High fluorine efficiencies, above 90 per cent, were at tained at 400 C with 
25 per cent fluorine in the inlet fluidizing gas (Figure 2). F luor ine efficien­
cies of 100 per cent a re not r equ i red in this p r o c e s s a s , after the u ran ium 
hexafluoride has been removed, the waste gas containing the unreac ted 
fluorine can be reac ted with u ran ium tetraf luoride to form an interraediate 
u ran ium fluoride, which can be fed into the r eac to r . Thus, no fluorine is 
lost in the ove r -a l l p r o c e s s . When calc ium fluoride diluent is p resen t in 

*Fluorine efficiency (F. E.) is defined a s the ra t io of the amount of fluo­
r ine r equ i red to produce the u ran ium hexafluoride col lected in the con­
denser to the amount of fluorine enter ing the r eac to r . A sample 
calculation for fluorine efficiency is shown in Appendix B. 



F i g u r e 2 

E F F E C T OF T E M P E R A T U R E , F L U O R I N E CONCENTRATION, 
AND B E D DILUTION ON F L U O R I N E E F F I C I E N C Y 

C o n d i t i o n s : In le t g a s , 25% f luo r ine (or a s ind ica ted) 
Gas v e l o c i t y , 0.5 f t / s e c . 
Bed he igh t - dunnped - d i luent r u n s , 8.5 i n c h e s ; 

o t h e r , 11 inches 

100 
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80 

u 60 

IT 

o 
3 30' 
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20 

10 

0 

300 350 400 450 
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c o n c e n t r a t i o n s of f r o m 50 to 85 p e r cen t , the f luor ine eff ic iency was 
a p p r o x i m a t e l y h a l v e d ( F i g u r e 2). The u s e of l o w e r f luo r ine c o n c e n t r a t i o n 
in the in le t f lu id iz ing gas d e c r e a s e d the f luor ine eff ic iency only s l igh t ly 
in t e s t s m a d e at 350 C wi th in le t f l uo r ine c o n c e n t r a t i o n s of 8, 15 and 
25 p e r cen t . 

An i n c r e a s e in the a m o u n t of u r a n i u m in the f lu id ized b e d ( i . e . , 
g r e a t e r bed he ight ) i n c r e a s e d the f luor ine ef f ic iency at 350 C but at 400 C 
w h e r e high ef f ic iency is a l r e a d y a t t a i n e d , l i t t l e effect was no ted (Table 3). 
The l o w e r ef f ic iency wi th the s m a l l e s t bed he igh t s w a s p a r t l y due to the 
low (25 C) t e m p e r a t u r e of the gas e n t e r i n g the r e a c t o r . T e m p e r a t u r e s 
be low the r e a c t i o n t e m p e r a t u r e w e r e m e a s u r e d in the bo t t om inch of bed. 
The gas ve loc i t y in the r e a c t o r in the r a n g e f rom 0.32 to 0.52 f e e t / s e c 
did not affect the f luor ine ef f ic iency at 400 C (Table 3). 

R e a c t i o n r a t e s in e x c e s s of 150 pounds of u r a n i u m hexa f luo r ide 
p e r (cubic foot of dumped bed) (hour ) w e r e a c h i e v e d without diff iculty. In 
any s c a l e up of the p r o c e s s the r a t e of h e a t r e m o v a l m a y l i m i t the r e a c ­
t ion r a t e p e r uni t vo lume of bed . 

^ ^ 

/ 
25% I-2L/' 

y ^ l 5 % F p 

y j 8%F2 

/ 

/ 
' 

•— 

jL 

>f 
k 

• Refined UF4, no diluent 

A Refined UF4 + 8 5 % C0F2 diluent 

X Refined UF4 + 5 0 % CaF2 diluent 

1 1 



Table 3 

R u n 
N o . 

1 
2 
3 
4 
5 
6 
7 
8 

9 

T e m p 
(C) 

350 
350 
350 
350 
4 0 0 
4 0 0 
4 0 0 
4 0 0 
4 0 0 

E F F E C T OF BED HEIGHT AND FLUIDIZATION VELOCITY ON 
FLUORINE EFFICIENCY 

F 

Weight of 
Dumped 

Bed (lb) a 

1.76 
2.82 
4.36 
5.19' ' 
4.95 
2.57^ 
2.57c 
4.64 
4.96 

PRODUCTION RATES FOR 
(.EFINED URANIUM TETRAFLUORIDE UNDER 

B e d 
Height 
Diannet 

Rat io 

2.3 
3.5 
4 .5 
6.5 
6.6 
4 . 6 
4 .6 

6 .6 
7.0 

DIFFERENT 

to F l u o r i n e 
e r Efficiency 

(%) 

15 
38 
65 
82 

91 
90 
90 
86 

91 

CONDITIONS 

G a s 
Velocity 
( f t /sec)b 

0.52 
0.50 
0.47 
0.47 
0.53 
0.51 
0.32 
0.42 
0.53 

Inlet 
Gas / P roduc t ion Rate ^ 

F luo r ine lb UF^ 
Cone (%) \ (hr ) (cuf t of dumped bed)/ 

25.8 71 
26.6 114 
25.0 147 
25.8 127 
24.8 134 
24.7 204 
31.1 151 
25.9 106 
24.9 128 

^ B e d dens i ty v a r i e d but was approx ima te ly 119 Ib /cu ft at 350 C and 106 Ib / cu ft at 400 C 

° At r e a c t o r condit ions 

c E s t i m a t e d f rom differential p r e s s u r e drop a c r o s s the bed 

Rand Acid-leached Uranium Tetraf luoride 

Initial exploratory exper iments on process ing Rand acid- leached 
uranium tetraf luoride consisted of fluorination runs with small amounts 
of uranium in a bed of iner t solids to simulate conditions when large 
amounts of inorganic ash a r e in the bed. La te r , runs were made with 
undiluted Rand mate r ia l at a constant bed height and no solids take off. 

Reasonable fluorine efficiencies and uranium hexafluoride produc­
tions r a t e s were obtained with la rge quantities of inorganic fluorides 
present in the fluidized bed (Table 4). Data were obtained with inert ca l ­
cium fluoride diluent in the bed to simulate conditions existing in the bed 
when the inorganic fluorides present in the Rand feed build up in the bed. 
The star t ing bed for each run was 100 per cent calcium fluoride to which 
ursLnium tetraf luoride was fed at a ra te such that there was no buildup of 
uranium tetraf luoride in the bed, i .e. , the feed ra te equaled the conversion 
ra te . Efficiency inc reased from 38 per cent at 450 C to 68 per cent at 
550 C. Production r a t e s of 134 pounds of uranium hexafluoride per (cubic 
foot)(hour) were obtained at 550 C. The operating l imi ts of the p resen t 
reac tor were exceeded in a 600 C run because sufficient cooling was not 
available to control the react ion t empera tu re . 



Table 4 

E F F E C T OF TEMPERATURE ON FLUORINE EFFICIENCY AND 
ON URANIUM HEXAFLUORIDE PRODUCTION FOR 

LOW-URANIUM CONCENTRATION BEDS 

Conditions: Inlet F2 concentrat ion, 30% 
Superficial gas velocity, 0.47 f t / sec 
Bed height, 9 in. 
Start ing bed, 100% CaFz 
Feed m a t e r i a l , Rand ac id- leached UF4 

Run 
No. 

F-21 
F -22 
F-23 
F -24 

Temp 

(c) 

450 
500 
550 
600 

Maximum UFg 
Produc t Rate 
[ lb /^uf t ) (hr ) ] 

75 
96 

134 
Ignition 

Fluo rine Efficiency 
at this Rate 

38 
49 
68 

Ignition 

(%) 

Uranium 
in Bed at 

End of Run 
(%) 

Not Determined 
2.35 

Not Determined 
3.9 

Other runs were made with no calcium fluoride diluent in the bed 
(i .e. , the init ial bed was 100 per cent Rand uranium tetraf luoride to which 
addit ional m a t e r i a l of the s ame composit ion was fed to maintain a constant 
bed height with no ash take off). The bed of 100 per cent Rand uran ium 
te t raf luor ide was f i r s t f luorinated at 350Cfor two hour s , since experience 
had shown that init ial control of the t empera tu re was difficult because of 
lack of cooling faci l i t ies . After this two-hour per iod the bed t empera tu re 
was inc reased to the des i r ed value. Fluorinat ion was continued until a 
re la t ively low u ran ium hexafluoride production was at tained. Data from 
these runs showed: 

1 . The bulk density of the bed dec rease s due to the buildup of the 
inorganic ash . Data from a 400 C run (Figure 3) show the dec rease in bed 
density as indicated by the dec rea se in p r e s s u r e drop through the constant 
height bed. Pa r t i c l e s ize dis t r ibut ion, bulk, and pack density a r e given in 
Table 5. 

2. The uran ium hexafluoride production dec r ea se s as the amount 
of u ran ium in the bed d e c r e a s e s , due to the accumulat ion of inorganic fluo­
r ide a sh (Figure 3 and Table 5). 

3. Relat ively high sodium contents in the bed, a t l e a s t 2 2 per cent, 
can be to le ra ted without caking. This is impor tant since sodium combines 
with u ran ium te t raf luor ide to form rela t ively low melt ing compounds, e.g. , 
3NaF • UF4, m p 629C.(1) Sodium composit ion of the beds at 400 and 450 C 
a r e given in Table 6, along with the composit ion of other e lements . 



Conditions 
Gas Velocity 0 5 ft/sec 
Inlet Fluorine Concentration 3 0 % ^ — 

- Dumped Bed Heigtit 9 inches ^ ^ - • - ' ' ' ' ' ^ 
Temperature 350 C for first two hours ^ ^ 

400 C for remainder y r 

y ^ - Run Interrupted 

- / t̂—'—" 
1 1 1 1 1 1 1 1 

Time Elapsed, hr 

1 0 b 

0 8 o. o 
0 6 o 

04 I 
0 2 " 
0 "̂  

F i g u r e 3 

F l u i d - b e d F l u o r i n a t i o n of U r a ­
n i u m T e t r a f l u o r i d e : Effect of 
Run T i m e on P r o d u c t i o n of 
U r a n i u m Hexa f luo r ide and on 
Bed Dens i ty 

T a b l e 5 

CHANGE IN P A R T I C L E SIZE AND DENSITY OF 
F L U I D I Z E D B E D DURING FLUORINATION 

C o n d i t i o n s : T e m p : 400 C 
Ve loc i ty : 0.5 f t / s e c 
In le t F2 Cone : 15% 
F e e d : Rand A c i d - l e a c h e d 

P a r t i c l e Size D i s t r i b u t i o n 
(% in I n d i c a t e d Size 

U.S . S t a n d a r d 
M e s h 

+ 20 
- 2 0 +40 
-40 +60 
-60+100 

-100+200 
-200+325 

- 3 2 5 

Bulk , g / c c 
P a c k , g / c c 
Bed Weight , g 
D u m p e d Height.^* 

i n c h e s 

In i t i a l 

0.05 
8.0 

32.4 
30.5 
18.3 

9.0 
1.7 

D e n s i t y 

1.82 
2.08 

1350 

9.4 

Range) 

After 
4 h r ^ 

0.1 
13.1 
37.3 
31.8 
10.3 

5.5 
2.0 

1.07 
1.50 

715 

8.5 

After 
9 h r a 

1.8 
11.9 
32.2 
27 .3 
11.8 
14.1 

0.9 

0.66 
1.08 

407 

7.8 

a Inc ludes 2 h r at 350 C 

b 
He igh t = 

Weight of Bed 
Bulk Dens i t y X C r o s s - s e c t i o n a l A r e a of R e a c t o r 



Table 6 

COMPOSITION OF FLUIDIZED BED DURING 
FLUORINATION RUNS^ 

Conditions: 15 per cent fluorine in inlet gas 
Bed height, approximately 9 inches 
Gas velocity at operating conditions, 0.5 f t / sec 

Weight per cent of component^ 

Component 

U 
H2O Solubles 

Na 
Mo 
V 
Ca 
Cu 
F e 
K 
Mg 
Ni 
Ti 

Compo 
Acid 

sition of Rand 
- leach Feed 

68 
6.5 
1.6 
0.0005 
0.15 
1.5 
0.5 
0.4 
0.1 
0.04 
0.01 
0.0005 

400 

After 
4 h ra 

48.8 
16.8 
10.5 

0.02 
0.2 
2 
1 
1.5 
1 
0.2 
0.05 
0.04 

C Run 

After 
10 hra 

26.0 
8.8 

20.0 
0.02 
0.5 
5 
2 
2 
2 
1 
0.1 
0.05 

450 C 

After 
4 h r a 

31.3 
9.1 

18 
0.0004 
0.26 
5 
2 
2.5 
2 
0.5 
0.1 
0.05 

Run 

After 
7 h r a 

18.5 
8.1 

22 
0.0004 
0.36 
5 
2 
2.5 
2 
0.5 
0.05 
0.05 

a-Includes 2 hr at 350 C 

t> Impurity analyses were by spect rographic methods (factor of 2 accuracy 
except for sodium and some molybdenum and vanadium analyses , which 
were analyzed by wet methods. 

Anaconda Acid-leached Uranium Tetraf luoride 

Anaconda acid- leached uranium tetrafluoride appears to be as 
react ive as the Rand uranium tetraf luoride (see Table 7). The comparison 
runs were at different gas velocity, fluorine concentrat ions and start ing 
t e m p e r a t u r e s ; based on the pounds of uranium hexafluoride produced per 
cubic foot of fluorine passing through the bed, however, the uranium t e t r a ­
fluorides show s imi la r reac t iv i t i es . At lower t empe ra tu r e s , 300 to 350 C, 
severe caking was encountered with the Anaconda acid- leached uranium 
te t raf luor ide, but this might be avoided by slightly higher gas velocity. 



Table 7 

COMPARISON OF URANIUM HEXAFLUORIDE PRODUCTION FOR 
RAND ACID-LEACHED AND ANACONDA ACID-LEACHED 

URANIUM TETRAFLUORIDE 

At End of 

2 hr 
4 hr 
6 h r 
8 hr 

Conditions 

Temp, C 

Fluor ine m 
Nitrogen, % 

Gas velocity, 
f t / s ec 

Dumped bed 
height, m 

Rand Acid- leach 

Cumulative 
weight 

UFft Produced 

Rand 

3 hr at 350 
r ema inde r 

15 

0 50 

10 

ed UF4 

(lb) (lb UF^/cu ft F2) 

3 38 
6 57 
8 88 
9 86 

Anaconda Carbonate- leached U 

0 386 
0 392 
0 355 
0 296 

ranium T 

Anaconda 

400 400 

36 

0 36 

10 

Anaconda Acid- leached UF4 

Cumulative 
weight 

UFfc Produced 
(lb) (lb UFs/cu ft F2) 

6 53 0 459 
10 28 0 361 

-
-

etrafluoride 

Data from one run on Anaconda uranium tetrafluoride show that 
the ra te of uranium hexafluoride production is much lower than with the 
Rand uranium tetraf luoride. Resul ts are shown m Table 8 

Table o 

COMPARISON OF URANIUM HEXAFLUORIDE PRODUCTION FOR 
RAND ACID-LEACH AND ANACONDA CARBONATE-LEACH 

URANIUM TETRAFLUORIDE 

Conditions Tennp 2 hr at 350 C followed by 
6 hr at 400 C 

F j m inlet gas 30% for Anaconda carbonate-leach 
15% for Rand acid-leach 

Fluidizing gas velocity 0 5 ft/sec 

Bed height 10 inches 

At End of 

2 hr 
4 h r 
6 hr 
8 hr 

Anac 
Carbonate-

Cumulative 
weight 

UFt Produced 
(lb) 

1 44 
4 65 
5 72 
6 54 

onda 
-leach UF4 

I 
(lb U F S / F J ) 

0 088 
0 149 
0 123 
0 116 

Ran d 
Acid-leach UF4 

Cumulative 

UF 
weight 

6 Produced 
(lb) 

3 38 
6 57 
8 88 
9 68 

(lb UF^/F^) 

0 386 
0 392 
0 355 
0 296 



Samples of the bed showed that sodium content inc reased to approxi­
mate ly 50 per cent, based on spec t rographic analysis (Table 9). At this 
sodium level some s in ter ing o c c u r r e d at the d is t r ibutor . 

Table 9 

BED ANALYSIS FOR ANACONDA CARBONATE-LEACH RUN 

Analysis , wt % 

After After 
Component Feed 4 h r^ 8 hr^-' 

u 
H2O Solubles 

N a 
Al 
Mo 
V 
B a 
C a 
Cu 
C r 
F e 
K 
Mn 
Mg 
Ni 
P b 
S r 

65.8 
-

10 
0.15 
0.00007c 
0.058^ 
0.06 
0.4 

-
0.015 
0.2 
0.5 

-
0.1 
0.05 
0.1 
0.015 

22.2 
11.4 

Very Strong 
0.15 
0.0009^^ 
0.14c 
0.15 
1 
0.5 
0.015 
0.4 
2 

-
0.4 
0.05 
0.1 
0.015 

15.6 
-

50 
0.6 

Not Analy 
0.6 
0.2 
2 
1 
0.02 
0.6 
5 
0.1 
6 
0.04 
0.15 
0.04 

Bulk Density 
of Bed, g m / c c 2.50 0.725 0.85 

a Includes 2 h r at 350 C. 

^ T e n per cent s in te red . 

c Wet ana lyses . All o the rs by spec t rographic ana lys is , 
factor of 2 accuracy . 

Recovery and Product Pur i ty 

As was expected, the f luorides of molybdenum and vanadium were 
found in the product f ract ions (Table 10). These were the only impur i t ies 
found whose volat i l i t ies r e q u i r e the use of fractional dist i l lat ion for sepa­
ra t ion f rom uran ium hexafluoride. 



Table 10 

MOLYBDENUM AND VANADIUM FOUND IN 
PRODUCT URANIUM HEXAFLUORIDE^ 

Analysis of 
Gas Sample 

Taken During 
Run (ppm)° 

Liquid Sample 
of Product 

(ppm)l3 

UF4 P r o c e s s e d Mo V Mo V 

Rand Acid- leached 
Anaconda Carbona te - leached 

17 1470 
Gas Not 
Sampled 

17 

- 0 . 8 

677 

1130 

^ F e e d Analysis (par ts per mil l ion p a r t s u ran ium) : Rand - Mo 7, 
V 2200; Anaconda - Mo ~ 1, V 882. 

^ Based on u ran ium. 

Since the non-volat i le ash must be purged from the r e a c t o r to keep 
the sodium which p romotes s in ter ing at a low level , it was of in t e re s t to 
de te rmine whether the u ran ium in the ash cotold be removed by fluorination 
to levels of l e s s than one per cent u ran ium. Data on removal of uran ium 
from ash of both Rand and Anaconda u ran ium te t raf luor ide runs a re given 
in Table 11. The u ran ium content of the ash was reduced to l e s s than 
one per cent in 5 to 6 hours of f luorination at t e m p e r a t u r e s between 400 
and 600 C with 30 per cent fluorine in ni t rogen. 

Table 11 

REMOVAL OF URANIUM BY FLUORINATION OF 
REACTOR "ASH 

Conditions: F luor ine Concentrat ion, 30% 
Gas Velocity, 0.6 f t / s ec 
T e m p e r a t u r e , as given 

Residue 

Rand Acid- leached 

Anaconda Carbona te - l eached 

Trea tmen t 

None 
Two hours at 400 C 
Two m o r e hours at 400 C 
Two m o r e hours at 600 C 
None 
1-Z hours at 400 C 
Two m o r e hours at 400 C 
1.3 m o r e hours at 500 C 

P e r Cent 
Uran ium 

in Bed 

28.6 
2.8 
1.7 
0.7 

27.0 
15.1 

3.6 
0.7 



Operabil i ty and P r o c e s s Improvements 

Caking of solids in the r eac to r during a run was a problem, par t icu­
l a r ly in the ea r ly runs made at low fluidizing gas ra tes and low t e m p e r a t u r e s . 
Poss ib ly good fluidization was not being attained in the bottom portion of 
the bed at the low flow r a t e s . The lower t empera tu re operation was compli­
cated by the formation of UF4-UF6 in te rmedia tes . At 350 C the bed had a 
white color and analys is showed that a l a rge portion was uran ium penta-
fluoride. The pentafluoride mel t s at approximately 357 C. Higher flow 
ra t e s and t e m p e r a t u r e s produced be t te r operation. Except for one instance, 
the caking occur red on the walls of the reac tor and appeared to s ta r t by 
forming a bridge from the cen t ra l thermowel l to the wall. 

In genera l , the r eac to r and auxi l ia r ies operated sat isfactor i ly a l ­
though improvements such as a r e a c t o r cooling sys tem, a fluorine r e c i r ­
culating pump and a solids sampling sys tem would be advisable in any 
further pilot plant s tudies . A cooling sys tem for the reac tor would allow 
operating at conditions producing u ran ium hexafluoride at a high ra t e . 
F a s t e r r ecovery and l imi ta t ion of t empe ra tu r e surges would also resu l t . 
The fluorine rec i rcu la t ing pump would enable operat ion at a higher fluorine 
concentra t ion (heat removal permi t t ing) saving considerably on the cost 
of the fluorine and keeping the load on the gas sc rubber -neu t ra l i za t ion 
sys tem low. The pump would not be n e c e s s a r y in a production plant where 
a high fluorine ut i l izat ion is encountered and where any unreac ted fluorine 
could be r ecove red by pass ing it through a bed of uran ium te t raf luor ide . 
The solids sample r for the r eac to r would be useful for determining the 
change in composit ion of a bed during a run. 

The condenser opera ted sa t i s fac tor i ly at the operating conditions. 
Analyses of exit gas sampled showed that general ly from one to two per 
cent of the enter ing u ran ium hexafluoride gas was not condensed. An 
ex t r eme of 4.5 per cent of the gas was not condensed in a run made at a 
high uran ium hexafluoride production ra te and with a high initial loading 
of solid in the condenser . 

Analyses of the u ran ium hexafluoride product indicated that the 
10-micron s in te red p r e s s e d powder f i l t e rs were not removing all of the 
ent ra ined dust from the gas . The p r e sence of nonvolatile m a t e r i a l s such 
as sodium in the product was bel ieved due to passage of par t icula te 
m a t e r i a l through the f i l t e r s . The amount of solids t rapped by the f i l ters 
va r i ed from one to four per cent of that fed into the r eac to r . General ly, 
the m a t e r i a l was white and contained 25 to 5 0 per cent uranium. In future 
equipment it may be des i rab le to remove the major port ion of the dust in 
a cyclone to reduce the number of blowbacks requ i red on the f i l t e r s . 
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VI. A P P E N D I C E S 

A P P E N D I X A 

M E L T I N G AND BOILING P O I N T S O F SOME F L U O R I D E S 

A N T I C I P A T E D IN THE F L U O R I N A T I O N O F 
CRUDE URANIUM T E T R A F L U O R I D E 

F l u o r i d e 

UF6 

VOF3 

VF5 

P O F 3 

MoFfe 

BiFg 

SbFs 

C r F 4 

Me l t i ng Po in t , 

64a 

300 ( ? ) 

19.0 

-40 

17.5 

-

7 

-

C Boil ing Po in t , C 

56.4b 

l l O b 

48 .5 

-39 

35 

550b 

150 

300^ 

^ T r i p l e P o i n t 
^ S u b l i m a t i o n P o i n t 

F L U O R I D E S WITH BOILING POINTS UNDER -40 C 

P F 3 SO2F2 SiF4 A s F j 

P F 5 SFe BF3 

F L U O R I D E S WITH BOILING P O I N T S OVER 600 C 

F e F z VF3 NiF2 CaFg C r F j M g F j AIF3 

F e F a N a F C u F CuFz P b F j PbF4 



APPENDIX B 

FLUORINE EFFICIENCY 

Method of Calculation 

Run No. 2 

Feed: Rand Acid- leached Uranium Tetraf luoride 

Gas Flows: Into the reac to r - ni t rogen 7.04 cfh at 30 C, 1 a tm. 

- fluorine 15.9 cfh at 30 C, 1 a tm . 

Purge Gas - at s c rew feeder 1.0 cfh 

- at two p r e s s u r e points 0.9 cfh 

Product Uranium Hexafluoride Condensed: 2.09 Ib /h r 

The fluorine efficiency as defined here is 

F . E . = 

F luor ine requ i red to produce the u ran ium hexafluoride collected 
in the condenser , mols x 100 

Fluor ine pass ing through the bed, mols 

- ("^oJ-s UF5 condensed/hr) x oxide impur i ty factor x 100 
mols Fz /h r through bed 

The mols u ran ium hexafluoride condensed per hour and the mols of 
fluorine passed through the bed pe r hour a r e taken from the exper imenta l 
data: 

Mols UFe condensed /hr = hV.l/^\ =0.0183 m o l / h r 
' 352 Ib /mol ' 

Mols Fz /h r through bed = 7.04 cfh x HI ^ x . , i ^ ° ^ = 0.01765 m o l / h r , 
' 303 K 359 scf ' 

The oxide impur i ty factor is a co r rec t ion factor applied because not 
al l the u ran ium is p re sen t as u ran ium te t ra f luor ide . Some u ran ium dioxide 
and uranyl fluoride a r e p re sen t which consume fluorine at g r e a t e r than a 
one- to-one r a t io . The factor is calculated as follows: 



Mater ia l 

Uranium 

te t raf luor ide 

Uranium dioxide 

Uranyl fluoride 

Quantity in 
100 lb 

of Feed 

80.4 

3.3 

4.9 

Mols Fluorine Required 
Mols per 100 lb. to Produce 

of Feed Uranium Hexafluoride 

0.2560 0.2560 

0.0122 0.0366 

0.0159 0.0318 

Total 88.6 0.2841 0.3244 

0.3244 
Oxide Impuri ty Fac to r =-—————•= 1.14 

*̂  ^ 0.2841 

Therefore 

F . E . = (0.00594 X 1.14) (lOO)/o .01765 = 38.4%. 

Gas Analysis Check on the Calculation 

As defined, the fluorine efficiency can be represen ted as the fluorine 
ut i l izat ion or the percentage of fluorine consumed in producing the uranium 
hexafluoride. Since the percentage consumed is calculated, the percentage 
unconsumed is known and efficiency calculat ions can be checked by sampling 
the off-gas from the reac to r and analyzing the contained f luorine. Thus, 
r e su l t s should ag ree with that of the efficiency calculation. Gas samples 
were taken from the exit of the condenser , since the analysis of the sample 
for fluorine would be s imple r if the fluoride ion from the hydrolysis of 
u ran ium hexafluoride were not p re sen t . In addition, an exit sample a lso 
checks the amount of u ran ium hexafluoride in the exhaust gas, since the 
efficiency factor could be changed if l a rge amounts of uranium hexafluoride 
were lost from the condenser . 

_ , „ . . , (Unreacted Fluor ine , cfh) x 100 
Expected fluorine m gas sample , per cent = — -— — r; ^ 5 p . p Total Gas Flow, cfh 

Unreacted fluorine = (l - F.E.)(F2 into r eac to r , cfh) = (l - 0.384)(7.04 cfh) 

= 4.34 cfh 

Total Gas Flow: 

Nitrogen into r eac to r with fluorine 15.9 cfh 

Purge ni t rogen 1.9 cfh 

Unreacted fluorine 4.34 cfh 

22.14 cfh 



Expected fluorine in gas sample , per cent = (4.34)(l00)/22.14 = 19.6, 

The fluorine contents of two samples taken during the run were 19.0 
and 19.1 per cent. This included the contribution of fluorine ion from the 
contained u ran ium hexafluoride which was negligible. The lower than ex­
pected fluorine concentrat ion in the gas sample is not surpr i s ing since fluo­
r ine is a lso consumed by other m a t e r i a l s in the solid feed, notably wa te r . 
In addition, the re a r e e r r o r s introduced by the flow mete r ing sys tem and the 
analysis of the feed m a t e r i a l . Consequently the check of calculated with 
analyzed fluorine concentrat ion is considered reasonably good. 



VII. BIBLIOGRAPHY 

1. Bar ton, C. J., F r i e d m a n , H. A., G r i m e s , W. R., Insley, H., Moore, R. E. , 
and Thoma, R. E . , Phase Equi l ibr ia in the Alkali F luor ide -Uran ium 
Tetraf luor ide Fused Salt System: 1. The Systems LiF4-UF4 and NaF-UF4, 
J. Am. Ce ramic S o c , 41 , 63 (1958). 

2. Jonke, A. A., Levi tz , N. M., Lit ty, A., and Lawroski , S., Ind. Eng. Chem., 
50, 1739 (1958). 

3. Labaton, V. Y., A Kinetic Study of the Fluor inat ion of Uranium Tetraf luo­
r ide by F luor ine , RDB (cap.) R-8120, United Kingdom Atomic Energy 
Authority (January 1955). 

4. Levi tz , N. M., Pe tkus , E. J. , Katz, H. M. and Jonke, A. A., Chem. Eng. 
P r o g r e s s , 5Ji, 199 (1957). 

5. M e a r s , W. H., Townsend, R. V., Broadley, R. D., Stahl, R. F . , and 
Tur i s s ina , A. D., Removal of Some Volatile Impuri t ies from Uranium 
Hexafluoride, Ind. Eng. Chem. , 5Ĉ , 1771 (1958). 
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