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Processes f o r  t h e  conversion of or  uranium metal t o  uranium 
hexafluoride o rd ina r i ly  involve f luo r ina t ing  agent .  
Elemental f l uo r ine  i s  used when t h e  scale  of operations j u s t i f i e s  t h e  con- 
s t r u c t i o n  of a f luo r ine  generating plant,  but f o r  smaller operations t h e  use 
of t h e  
provide a high 
and pressures and a r e  more e a s i l y  
addition, f l uo r ina t ions  i n  t h e  
those with gaseous f luo r ine .  introduces 
t h e  problem of separating t h e  
and from any by-products The present work i s  con- 

-, 

cerned with. t h e  determination of the,phase e q u i l i b r i a  among t h e  materials 
uranium hexafluoride, chlorine t r i f$uoride,  and,hyd.rogen f luo r ide .  
mixture odcurs as a r e s u l t  of f l uo r ina t ing  uranium metal with chlorine t r i-  
fluoride-hydrogen f luo r ide  solution,s or  as a result of t r e a t i n g  many uranium' 
compounds and ores  with chlorine $rifluoride: These p e s e  e q u i l i b r i a  def ine 
t h e  physical conditions necessary fo r  separat ing t h e  components by the  pro- 
cesses of c r y s t a l l i z a t i o n  o r  d i s t i l l a t i o n  and have ,made possible t h e  success- 
f u l  operation of a p i l o t  plant  f o r  t h e  direc?,,<Spcovery o f  uranium hexaflu- 
or ide from spent me ta l l i c  uranium fuel  elements'(1). 

a .  Others contributing t o  this work a t  t h e  Oak Ridge Gaseous Diffusion Plant,  
Union Carbide Ndclear Company,/ were: . C .  F. Hale, W .  S. Wendolkowski, F.  D .  
Rosen (present address, North /American Aviation, Inc . , Downey, Cal i fornia) ,  
R . L. Ja r ry  (present address 'Pennsalt Chemicals Corp., Philiadelphia,  '1 Pennsylvania) ,. and G 
Corp., Atomic Power Department, Pittsburgh, Pennsylvania). 
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c" 

P. Rutledge (present address, Westinghouse E l e c t r i c  

b.' Present address, Union 
Laboratory, O a k  R i d g e ,  
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The sol id- l iquid and liquid-vapor equ i l ib r i a  of t h e  th ree  binary systems were 
studied f irst ,  then t h e  sol id- l iquid and l iquid- l iquid e q u i l i b r i a  of t h e  
t e rna ry  system. The pure materials were prepared i n  t h e  following manner,. 

Uranium Hexafluoride. 
0.015 weight per cent hydrogen f luoride w a s  fu r the r  pu r i f i ed  by repeatedly 
bleeding the  vapor from t h e  molten compound. 
melting point of 64.04"C. i n  good agreement with that reported f o r  pure 
uranium hexafluoride ( 2 ) .  

Chlorine Trif luoride.  
through a bed of sodium f luo r ide  p e l l e t s  and f r ac t iona l ly  d i s t i l l e d  i n  a 
nickel  column having twenty theo re t i ca l  p l a t e s .  
+11.75 "C . a t  760 mm. pressure.  \The melting point w a s  -76.34 "C., $correspond- 
i n g  t o  a puri ty  of 99.96 per cent'. Although this material w a s  s tored i n  
w e l l  f luorinated nickel containe s ,  su f f i c i en t  decomposition occurred during 

not occur i f  t h e  sample w a s  s tored a t  low temperature. 

Hydrogen Fluoride.  Commercial hydkogen f luo r ide  was absorbed on a cooled bed 
of sodium f luo r ide  p e l l e t s  u n t i l  t h e  molar r a t i o  of IIF:NaF w a s  about 1:l. 
Gaseous impurit ies were pumped off 'and t h e  hydrogen f luo r ide  evolved by heat-  
ing t h e  bed. T h i s  mater ia l  was condensed i n  a container of cobalt  t r i f l u o r i d e  * 

and allowed t o  desiccate f o r  several  hours. 
s in t e red  metal f i l t e r  t o  a dry, well f l uo r ina t ed  nickel  container.  
determined by measurement of t he  freezing point was 99.97 per cent .  

Commercial uranium hexafluoride containing l e s s  than 

The f i n a l  product had a sharp 

Commercial chlorine t r i f l u o r i d e  w a s  passed as a Gapor 

The product boiled a t  

a storage of about one month t o  r , q u i r e  i r e d i s t i l l a t i o n .  Decomposition did 

\ 
\ 

It w a s  then t r ans fe r r ed  thrQugh a 
The pu r i ty  

BINAE'LY SYSTEM URANIUM HEXAFLUORIDE-CHLORINE TRIFLUORIDE 

The sol id- l iquid equilibrium vas studied by means of a modification of t he  
freezing-melting technique of Skau, ( 3 ) ' .  Samples were contained i n  a th in -  

\ 
wall welded nickel  cylinder with a capacity of about 30 cc. equippe,d with a 
thermocouple w e l l  and a solenoid-driven stirrer. 
suspended ins ide  a heavy cy l ind r i ca l  copper sh i e ld  f i t t e d  with a thermocouple 
and a Nichrome heating element. The sh ie ld  w a s  pJaced i n  a l a rge  Dewar f l a s k  
which could be immersed i n  l i q u i d  nitrogen o r  i n  a Dry Ice-trichloroethylene 
bath.  The evacuation o f s t h e  jacket of t h e  D e w a r  f l a s k  was used as a control  
of t h e  heat t r a n s f e r  rate.-%.,Temperatures of t h e  sample and the sh i e ld  were 
measured with calikirated cop&?-constantan thermocouples and a White double 
potentiometer and a r e  accurate $0. fO .25 "c . 
Mixtures were prepared by weiglling t h e  components a c c ~ a t e l y  i n t o  t h i n  nickel  
containers and t r ans fe r r ing  the contents t o  t h e  s t i r r e d  sample cyl inder .  The 
samples were cooled a t  the  ra te  of 0.17"C. 'per minute. Changes i n  t h e  sh i e ld  
and sample temperatures a r e  parallel u n t i l  $here i s , a  phase change i n  t h e  
sample. The sample temperature then fa l l s  more slowly u n t i l  t h e  eu tec t i c  
temperature i s  reached. When t h e  m i x t u r e  has completely s o l i d i f i e d  a t  t h i s  I 
temperature, t he  sample temperature again p a r a l l e l s  t h e  sh i e ld  temperature. 

From a family of these warming-freezing curves, t h e  phase diagram f o r  t h e  
system urarkum hexaf luoride-chlorine t r i f l u o r i d e  w a s  obtained as shown i n  

The sample cylinder w a s  \ - 

t 

P 
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Abstract  

The problem of separa t ing  uranium hexafluoride from mixtures containing 
ch lor ine  t r i f l u o r i d e  and/or hydrogen f l u o r i d e  arises as a consequence of t h e  
f l u o r i n a t i o n  of uranium ores ,  uranium t e t r a f luo r ide ,  or spent r e a c t o r  f u e l  e l e -  
ments wi th  ch lor ine  t r i f l u o r i d e .  The phase e q u i l i b r i a ,  which determine t h e  
condi t ions f o r  t h e  separa t ion  of t h e  components, were s tud ied  f i r s t  f o r  t h e  
t h r e e  b inary  systems, then  f o r  t h e  condensed t e r n a r y  system. 
i n  t h e  successfu l  operat ion of a p i l o t  p lan t  f o r  t h e  d i r e c t  recovery of uranium 
hexafluoride from spent m e t a l l i c  uraniuh f u e l  elements,  

These data aided 

Binary System: Uranium Hexafluoride-Chlorine T r i f l u o r i d e .  The s o l i d - l i q u i d  
equi l ibr ium w a s  s tud ied  by means of a modif icat ion of t h e  freezing-melt ing 
technique of Skau. The system i s  simple and e x h i b i t s  small p o s i t i v e  dev ia t -  
ions  from Raoult ' s  l a w .  
uranium hexafluoride and melts  a t  -77.4"C. 
t r i f l u o r i d e  was observed a t  - 8 3 . 1 " ~ .  

The l iquid-vapor equi l ibr ium was s tudied  a t  t o t a l  p ressures  of 1 .5 ,  2.0, 2.5,  
and 3.0 atmospheres. The system i s  a simple zeot ropic  one, bu t  a t  pressures  
below 2.5  atmospheres t h e  l i qu idus  curves i n t e r s e c t  t h e  s o l u b i l i t y  curve9 
r e s u l t i n g  i n  t h e  depos i t ion  of a s o l i d  phase. 
mation was observed even a t  higher pressures .  

Binary System: Uranium Hexafluoride-Hydrogen Fluor ide .  The s o l i d - l i q u i d  
equi l ibr ium shows l a r g e  p o s i t i v e  devia t ions  from i d e a l i t y .  
formula percent uranium hexafluoride and above 61.2 "C . t h e  components f o m  
two immiscible l i q u i d  phases wi th  a consolute  temperature of 101°C.. The 
s i n g l e  b inary  e u t e c t i c  f r e e z e s  a t  -85°C. 

The s i n g l e  b inary  e u t e c t i c  qontains  0.4 mole percent  
Enantiotropy of t h e  s o l i d  ch lo r ine  

No evidence of compound for- 

Between 10 and 80 

The presence of t h e  m i s c i b i l i t y  gap and t h e  polymeric na ture  of hydrogen 
f l u o r i d e  g r e a t l y  complicate t h e  l iquid-vapor e q u i l i b r i a .  
e x i s t ,  containing 80 t o  85 formula percent  hydrogen f luo r ide ,  t h e  exact  com- 
pos i t i on  being temperature dependent. 

An. azeotrope does 

Binary System: Chlorine Trifluoride-Hydrogen Fluor ide ,  The s o l i d - l i q u i d  
equi l ibr ium shows l a r g e  pos i t i ve  devia t ions  from i d e a l i t y .  

"Including work by G .  P.  Rutledge, C .  F .  Hale, R .  L .  J a r ry ,  F. D. Rosen, and 

The s i n g l e  b inary  

W .  S. Wendolkowski. 
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Basic Studies  of t h e  Separat ion of Uranium Hexafluoride from Mixtures 
Containing Chlorine T r i f l u o r i d e  and Hydrogen Fluor ide  - McGi11, Barber, 
Davi s , Bernhar d t  
Page 2 .  

e u t e c t i c  contains  7.5 formula percent ch lor ine  t r i f l u o r i d e  and m e l t s  a t  -88.8"C. 
The s o l u b i l i t y  da ta  involve both of the c r y s t a l l i n e  forms of ch lor ine  
trif luo r ide  . 
The liquid-vapor e q u i l i b r i a  show t h e  ex is tence  of an  azeotrope containing 
about 67 formula percent ch lor ine  t r i f l u o r i d e ;  however, the  s t rong  p o s i t i v e  
devia t ions  from i d e a l i t y  suggest that the azeotrope i s  not an  intermolecular  
compound. 

Condensed Phase Ternary System. The s o l i d - l i q u i d  and l i q u i d - l i q u i d  s o l u b i l i t y  0 

data given above were combined with t e r n a r y  s o l u b i l i t y  da ta  t o  ob ta in  the 
s o l u b i l i t y  sur faces  f o r  the t e r n a r y  system. 
w a s  found a t  -gl°C., the composition being 19.5 formula percent  ch lor ine  
t r i f l u o r i d e ,  80.5 formula percent  hydrogen f luo r ide ,  and less than  0.2 formula 
percent  uranium hexafluoride.  
of the  o ther  two components suppresses t h e  m i s c i b i l i t y  gap; t h e  minigap 
temperature occurs a t  5 3 " ~ .  a t  a composition of 49 f o  

hydrogen f l u o r i d e .  

' 

The t e r n a r y  e u t e c t i c  temperature 

Addition of ch lor ine  t r i f l u o r i d e  t o  mixtures 

ula percent  uranium 
hexafluoride,  13 formula percent  ch lor ine  t r i f luor . ide  t nd 38 formula percent  

The t e r n a r y  l iquid-vapor equi+ibr ia  were not determined. 

The above da ta  show that uranium hexafluoride may be separated wi th  high 
e f f i c i ency  from either the b inary  or t e r n a r y  mixtures by f r eez ing .  F r a c t i o n a l  
d i s t i l l a t i o n  i s  a l s o  p r a c t i c a l ,  though less a t t r a c t i v e  because of the presence 
of t h e  uranium hexafluoride-hydrogen f l u o r i d e  azeotropes.  
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S O L I D - L I Q U I D  PHASE DIAGRAM 
CHLORINE TRIFLUORI DE -URANIUM HMAFLUORIDE 

Figure 1 
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Figure 1. The system i s  a 
simple one with a s ing le  
binary e u t e c t i c  containing 
about 0.4 mole per cent 
uranium hexafluoride and 
freezing a t  -77.4"C. There 
w a s  no *evidence of compound 
formation. A t  a temperature 
of -83.1 "C . t h e  s o l i d  chlorine 
t r i f l u o r i d e  undergoes an 
enantiotropic transformation. 

The liquid-vapor e q u i l i b r i a  
of th is  system were studied 
with a nickel  Other - type  
equilibrium s t i l l  consis t ing 
of a simple vacuum-jacketed 
b o i l e r  and a condenser. 
'Provisions were made f o r  re- 
cycling t h e  condensate t o  
t h e  b o i l e r  and f o r  sampling 
t h e  l i q u i d  i n  t h e  b o i l e r  and 
t h e  condensate. Synthetic 
mixtures of t h e  components 
of about 25 cc .  were charged 
t o  t h e  s t i l l  and allowed t o  
c i r c u l a t e  lor s i x  hours t o  
. a t t a i n  equilibrium at  con- 
s t a n t  pressure.  The temper- 
ature w a s  then measured and 
1 cc.  l i q u i d  warples w i t h -  
drawn from t h e  b o i l e r  and 
condenser. The samples were 
hyeolyzed with watkr i n  a 
je t  and analyzed f o r  %he ratio 
ukanium/chlorine. The com- 
posi t ions determined i n  U s  
manner a r e  accurate t o  wi th in  
+2 per cent .  

The data are presented i n  Figure 2 fo r  t o t a l  pressures of 1.5, 2.0, 2.5, and 
3.0 atmospheres absolute.  A t  d i s t i l l a t i o n  pressures up t o  2.5 atmospheres, 
the l iquidus curves i n t e r s e c t  t h e  s 'olubili ty l i n e  f o r  this system r e s u l t i n g  
i n  t h e  deposit ion of s o l i d  uranium!hexafluoride i n  t h e  b o i l e r .  
then becomes invariant  and distil1,s a t  constant composition. 
i s  not encountered above 2.5 atmodpheres pressure, and t h e  cbmponents may be 
completely separated by fract iona? d i s t i l l a t i o n .  
compound formation even i n  t e s t s  a t  higher pressures.  

The syskem 
This d i f f i c u l t y  

There was no evidence of 

BINARY SYSTEM CHLORINE TRIFLUORIDE-HYDROGEN FLUORIDE 

The so l id - l iqu id  equilibrium were determined with t h e  same apparatus des- 
cribed above. The data  are presented i n  Figure 3 .  These components form a 
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LIQUI D-VAPOR EQUILIBRIA I 

I N  THE SYSTEN UF6-CLF3 I 

Figure 2 

could be calculated.  Results were accurate t o  .C 

simple system with a s ingle  
binary eu tec t ic  containing 

t r i f l u o r i d e  and freezing a t  
-88.8"C. The' necessity of 
expressing t h e  concentration 
i n  formula per cent arises 
because of t h e  unknown 
degree of associat ion of 
hydTogen f luor ide  which makes 
i t s  ac tua l  molar concentration 
inde f in i t e .  The two c rys t a l -  
l i n e  forms of chlorine t r i-  
f luo r ide  exhibi t  d i f f e ren t  
s o l u b i l i t i e s  i n  hydrogen 
f luor ide  as shown i n  the  
f igure .  Large posi t ive 
deviations from Raoult ' s  l a w  
were observed, but t he re  was 
no evidence of a misc ib i l i t y  
gap or of t he  formation of a 
compound. 

The liquid-vapor equ i l ib r i a  
were determined with the  same 
equilibrium s t i l l  described 
f o r  t h e  previous system. The 
equilibrium samples were 
analyzed by vaporizing them 
slowly through a tared, w e l l  
f luor ina ted  t r a p  of sodium 
f luor ide  p e l l e t s  and taking 
t h e  weight gain of t h e  t r a p  
as the  weight of hydrogen 
f luor ide .  From the  weight 
of t h e  i n i t i a l  sample, t h e  
composition of t h e  m i x t u r e  
0.5 formula per cent .  

7.5 formula per cent chlorine 
1 

The data a r e  presented i n  F igwe  4 f o r  t o t a l  pressures of 1.5,- 2.0, 2.5, 3.0, 
and 4 .O atmospheres absolute.  
t rope whose composition i s  not sens i t ive  t o  pressure.  The azeotrope contains 
about 67 formula per cent chlorine t r i f l u o r i d e ,  but t he  proximity of  t h i s  
composition t o  t h a t  of a compound HF.2ClF 3, must be considered for tui tuous.  
While t h e  compound HF.ClF3 has been iden t i f i ed  i n  the  vapor state a t  sub- 
atmospheric pressures (h), t he  strong pos i t ive  deviations from Raoult 's  law 
which were observed a re  not consistent w i t $  a complexed system. 
point data f o r  this system a l s o  gave no indicat ion of such a compound. 

T h i s  system contains a m i n i m u m  boi l ing  azeo- 

The freezing 

BINARY SYSTEM URANIUM HEXAFLUORIDE-HYDROGEN FLUORIDE 

For ConcentTations of uranium hexafluoride i n  hydrogen f luor ide  up t o  10 
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formula per cent, t he  f reezing point apparatus previously described w a s  
used. Above t h i s  concentration, the components separate i n t o  two immiscible 
sblutions,  and it vas necessary t o  determine visual ly  t h e  temperature required 
t o  form a s ingle  homogeneous l i q u i d  phase. Transparent fluorothene tubes 
containing synthet ic  mixtures of t he  components were slowly warmed and shaken 
u n t i l  a c l ea r  solut ion r e su l t ed .  The temperatures so obtained are only cor- 
r e c t  t o  +2"C.  

The sol id- l iquid equilibrium data are presented i n  Figure 5 .  
gap begins a t  6 1 . 2 " ~ .  and extends over t h e  composition range of 10 k 0.5 t o  
80 + 3'farrnula per cent uranium hexafluoride. 
th is  system i s  1 0 1 ° C .  
t a i n s  less than 0.5 formula per cent uranium hexafluoride. There w a s  no 
evidence of compound formation. 

The m i s c i b i l i t y  

The consolute temperature f o r  
A single  binary eu tec t i c  f reezes  a t  - 8 5 " ~ .  and con- 

The presence of t he  misc ib i l i t y  gap j u s t  describedlmade it necessary t o  use 
a d i f f f r e n t  apparatus f o r  invest igat ing t h e  liquid-vapor e q u i l i b r i a .  A 
sealed magnetic pump w a s  used t o  c i r c u l a t e  t h e  vapor phase through a vapor 
f l a s k  and then back through t h e  l i q u i d  phase u n t i l  equilibrium had been 
a t t a i n e d  a t  constant temperature and pressure.  
and t h e  contents t r ans fe r r ed  t o  a t h i n  nickel  vapor density bulb under 
measured conditions. 
could be calculated.  
completely vaporizing a small liquid\sample i n t o  t h e  bulb. 
analysis  w a s  checked with several  gases and gave good r e s u l t s .  
runs were made a t  several  d i f f e ren t  temperatures pnd with d i f f e ren t  mixtures 
of t h e  components i n  t h e  l i q u i d  container.  
Figure 6. 
uranium hexafluoride depending upon t h e  t o t a l  pressure.  The shape of t h e  
diagram i l l u s t r a t e s  the  ease of purifying uranium hexafluoride from small 
amounts of hydrogen f luo r ide  by d i s t i l l a t i o n .  

The vapor f l a s k  w a s  i so l a t ed  

From t h e  vapor density, t h e  composition of t h e  vapor 
A similar analysis  w a s  made of t h e  l i q u i d  phase by 

T h i s  method of 
Similar 

The resul ts  a r e  presented i n  
The minimum bo i l ing  azeotrope contains 15 t o  20 formula per cenf 

. 

CONDENSED PHASE T~RNARY SYSTEM 

The so i id - l iqu id  e q u i l i b r i a  f o r  the th ree  binary systems just described w e r e  
used as a basic  for  constructing t h e  s o l u b i l i t y  surfaces f o r  t h e  ternary 
system. Additional data on the freezing point and m i s c i b i l i t y  l i m i t s  of 
synthet ic  mixtures of t h e  three- components were obtained by observing t h e i r  
behavior on warming and cooling i n  transparent fluorothene tubes.  
a t t e n t i o n  w a s  given t o  determining the changes i n  t h e  uranium hexafluoride- 
hydrogen f luo r ide  m i s c i b i l i t y  gap on adding chlorine t r i f l u o r i d e .  

The results are.summarized i n  Figure 7 .  
t o  mixtures of t h e  other two components suppresses t h e  m i s c i b i l i t y  gap. It 
disappears completely a t  a composition of 4gi formula per cent uranium hexa- 
f luoride,  38 formula per cent hydrogen f luoride,  and 13 formula per cent 
chlorine tr if lu0ri .de.  The corresponding temperature, t h e  so-called minigap 
temperature, i s  5 3 ° C .  
19.5 formula per cent chlorine t r i f l u o r i d e ,  80.5 formula per cent hydrogen 
f luo r ide ,  and less t h a n  0.2 formula per cent uranium hexafluoride. 

Par t icular  

The addi t ion of chlorine t r i f l u o r i d e  

A. single t e rna ry  eu tec t i c  occurs a t  - 9 1 ° C .  containing 
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Figure 7 
3 

COBDENSED SYS'IEM UF6-HF-ClF 

Determination of t he  1iquid;vapor equ i l ib r i a  of t h e  te rnary  system w a s  not 
undertaken s ince the  presence of t he  misc ib i l i t y  gap would make such a t a sk  
extremely complex. These data were a l s o  considered unnecessary s ince t h e  
binary and condensed phase ternary systems of fer  e f f i c i e n t  methods of 
separating pure uranium hexafluoride. 
systems i s  t h e  very small amount of uranium hexafluoride contained i n  t h e  
binary and ternary eu tec t ics ,  s q g e s t i n g  that c rys t a l l i za t ion  processes 
should separate uranium hexafluoride i n  high yie ld .  D i s t i l l a t i o n  methods 
a r e  complicated by the  presence of t h e  uranium hexafluoride-hydrogen f luor ide  
azeotrope, but i f  the  urahium content of a mi;rture were first highly enriched 
by crys ta l l iza t ion ,  t he  res idua l  impurit ies '  would be readi ly  removed by 
simple ref luxing.  

The most outstandiri@; feature of these 
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