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LEGAL NOTICE 

Th is  report was prepared as an account of Government sponsored work. Neither the United Stotes, 

nor the Commission, nor any person act ing on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, wi th respect t o  the accuracy, 

completeness, or usefulness of the information contained in this report, or that  the use of 
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B. Assumes any l i ab i l i t i es  w i th  respect t o  the use of, or for damages resul t ing from the use of 

any information, apparatus, method, or process disclosed i n  th is report. 

As used i n  the above, "person act ing on behalf of the Commission" includes ony employee or 

Contractor of the Commission, or employee of such contractor, to the extent that such employee 
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RECONSTITUTION OF MSR FUEL BY REDUCING 

UF6 GAS TO UF4 I N  A MOLTEN SALT 

L. E .  McNeese 
C .  D .  Sco t t  

ABSTRACT 

The d i r e c t  reduct ion of U F  t o  UF i n  a molten 
s a l t  is proposed a s  a s t e p  i n  t fi e p u r i  9 i c a t i o n  of 
f u e l  s a l t  from a molten sa l t  r eac to r .  This s t e p  
would replace the  conventional method of reduct ion 
i n  which UF' is reduced t o  UF powder i n  a H - F, 
flame. Reduction of the  UTc, kn a molten sal? w i l f  
r e s u l t  i n  a s h o r t e r  and more d i r e c t  process f o r  f u e l  
s a l t  p u r i f i c a t i o n .  The reduction is  t o  be  e f f ec t ed  
i n  two s t eps  which c o n s i s t  of absorpt ion of UF6 i n t o  
a molten s a l t  containing UF and of reduct ion of the  
r e s u l t i n g  intermediate f l u o r i d e s  t o  UF with hydro- 
gen. Experimental da t a  on the  absorpt ion s t e p  a re  
presented and information concerning the  reduct ion 
of intermediate f l u o r i d e s  is considered. 

6 

4 
4 

. 
I NTR ODUC T I O N  

One proposed processing s t e p  f o r  Molten S a l t  Reactor (MSR) fue l  

is the  reduct  ion of purif  fed UF6 t o  UF S O  t h a t  t he  UF can be r e -  
14. \ 4 

pur i f i ed  f u e l  s a l t .  'I ' 
i s  by use of H in  a H -F flame : 

The usual  method f o r  r e -  

2 2 2  

turned t o  bar ren ,  

ducing UF6 t o  UF4 

This reduct ion i s  ca r r i ed  out i n  a t a l l  column where the  UF6 and H2 

are introduced i n t o  a H -F 
is co l l ec t ed .  It i s  a rout ine  production operat ion and the re  i s  much 

ava i l ab le  operat ing Such a process would not be 

des i r ab le  f o r  remote operat ion.  It involves a s o l i d s  handling problem 

which rou t ine ly  requi res  equipment access and process con t ro l  is some- 

t imes d i f f i c u l t  . 

flame and dry  U F ~  powder ( f i n e l y  d iv ided)  2 2  

It would be des i r ab le  t o  reduce the  UF t o  UF i n  a molten sa l t  

environment, and t h u s  circumvent t he  problems of s o l i d s  handling and 

f u e l  make-up. Past  experience of o ther  workers has indicated the  

6 4 



f e a s i b i l i t y  of absorbing UF6 

reducing t h e  absorbed UFc t o  

found t h a t  corrosion was  not 

- 

2 

i n t o  molten s a l t  which contains UF and 

U F 4  by sparging with H Kirslis ( f t )  2' 
severe i n  absorption of F2 by molten s a l t  

containing U u n t i l  t h e  intermediate f luo r ide  of uranium had a f l u o r i d e  

content  g r e a t e r  than UF,. 

UF in  a molten s a l t  and B l o o d  has reduced various metal f l u o r i d e s  

i n  molten sal ts  by use of H 

found t h a t  H would reduce UF4 t o  2 (6 1 ,) 

3 
2 '  

This r epor t  presents  a proposed continuous processing method f o r  

t h e  reduction of UFh to UF4 i n  a molten sa l t  environment by absorption 

of UF6 i n  the  sa l t  and reduction with H The r e s u l t s  from a scouting 

t e s t  are analyzed t o  ind ica t e  process f e a s i b i l i t y .  
2 '  

PROPOSED PROCESS AND APPLICATION TO MSR PREESSING 

The cu r ren t  scheme f o r  processing Molten S a l t  Reactor (KR) f u e l  

c o n s i s t s  of removal of ;Iranium as UF, and v o l a t i l e  f i s s i o n  products 
D 

(FP) from the sa l t  by f luo r ina t ion ,  separat ion of r e f r a c t o r y  FP from 

t h e  sal t  by d i s t i l l a t i o n ,  and recomb i n a t  ion of the  v o l a t i l i z e d  uranium 

and pu r i f i ed  bar ren  s a l t  f o r  r e t u r n  t o  the  MSR (F ig .  1)'l). During the  

f l u o r i n a t i o n  s t ep ,  both ix-anim and v o l a t i l e  f i s s i o n  products are re- 

moved from t8he sa l t  'cy t he  r eac t ions :  

-volatile FP f l u o r i d e s .  

The UF6 and v o l a t i l e  FP f l u o r i d e s  w i l l  be separated by so rp t ion  tech- 

niques and the  urani-xn w i l l  then be 

bar ren  sa l t  t o  form the M3R f.iel. Thus, there  must be a method f o r  re- 

ducing UF6 t o  UF4. 

FP(in molten s a l t )  + F2 

1-sintrduced as UF4 t o  t h e  pu r i f i ed  

- 
4 Since the  end r e s u l t  of the  UF reduction w i l l  be a s o l u t i o n  of UF 6 

i n  molten sa l t  r a t h e r  than UT4 as a d ry  powder, it is  a t t r a c t i v e  t o  

c a r r y  on the reduction i n  a molten sa l t  environment and preferably i n  

t h e  pu r i f i ed  bar ren  sa l t .  To achieve t h i s  requirement, UF can be con- 

t a c t e d  with a molten f l u o r i d e  sa l t  containing some uranium as UF4 where 

it w i l l  be absorbed by r eac t ion  with t h e  UF t o  form an equivalent  i n t e r -  

mediate f luo r ide  of uranium, such as UF i n  the  s a l t :  

6 

4 
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Fig. 1. MSR Fuel Processing with Conventional UF.6 Reduction. 
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This  intermediate f l u o r i d e  w i l l  then be reduced to -UF4 i n  t h e  salt by 

means of H2: 

Such a process could be ca r r i ed  out continuously i n  a c3lumn in 

which t h e  ba r ren  s a l t  and UF a re  introduced a t  t h e  bottom of t h e  column 

along with s a l t  containing UF4 which is recycled from t h e  t o p  of t h e  

colurr,  (Fig.  2 ) .  6 
w i l l  be absorbed i n  t h e  s a l t  and subsequently reduced t o  UF4 as  it 

passes  b t o  t h e  H2 reduction sect,ion. 

t u r e  of H and HF and a s ide  strearr, of t h e  overhead molten s a l t  w i l l  be  

ready f o r  r e tu rn  t o  t h e  nuclear  r eac to r  core after f i l t r a t i o n  s ince  the 

HF and H 
the  reduct ion column. \Then t h i s  reduction step is incorporatea into the 

flowsheet, t h e  r e s u l t h g  process is m a r e  d i r e c t  and s h o r t e r  (Fig.  3).  

6 

A s  t h e  salt  and UF progress up t h e  column, t h e  TJF6 

The column off-gas w i l l  be a m i x -  

2 

sparge usua l ly  given make-up salt w i l l  have been achieved in 2 

i n i t i a l  tes ts  (next  stzt) i txiicate t k a t  t h e  absorpt ion s t e p  is  
very rapid,  however, it w i l l  be des i r ab le  t o  keep t h e  f l u o r i d e  content 

of t h e  in t e rzed ia t e  f luo r ide  below t h a t  eqJiva1en-L to W 

minimize corrosion. The rate of t h e  hjrdrogen reduct ion reac t ion  is  z.9t 

know-, although t h e  l imi ted  da ta  ava i l ab le  looks favorakle .  In s t - d y b g  

t h e  reduction of UF4 to UF 

h o d e r  t o  
5 

ir molten salt  by  H by t h e  reactior, :  3 2 

+xi?, 
3 b l t )  

uF4 ( salt  + l/2H2-uF 

Longi5 observed t h a t  equi l ibr ium was es tab l i shed  between a Hp-HF stream 

and molten s a l t  containing urmium f iuo r ides  a f t e r  t h e  gas babbles had 

r i s e n  a f e w  inches through t h e  s a l t .  

reduct ion of UF 

pressure of 1 atm a t  600 C .  

H i s  d a t a  a l s o  i r d i c a t e  only 1% 
t o  UF by a gas stream coctaining 1% 83' i n  H, at  a 

c 4 3 0  

The experimental  equipment was assezibled from e x i s t i n g  equipment 

ava i l ab le  as a r e s u l t  of work b- support of t h e  Moltes S a l t  F lcor ide  

V o l a t i l i t y  Process. Means were prmided  for contact  k g  UP dissolved 

i n  molten s a l t ,  with 'fl6 in  t h e  f irst  s t e p  of t h e  reduction p rmesa  a:id 
4' 
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7 
f o r  contact ing t h e  r e s u l t i n g  uranium f luo r ide  with hydrogen i n  t h e  second 

s t ep .  Details of t h e  experimental equipment and of t h e  procedure f o r  

t e s t i n g  t h e  reduct ion process a re  discussed in  t h e  f o l l m i n g  sec t ions .  

EQUIPI$Em AN3 M4TERIALS 

The reduct ion test  was ca r r i ed  out i n  the vesse l  shown schematic- 

a l l y  i n  F ig*  4. 
n icke l  pipe and w a s  26 inches i n  length.  

was  loca ted  in  the  center  of the vesse l  and termkated 1/4-in. from the  

bottom of t h e  vesse l .  

i n se r t ion  of a cold, 3/8-in. n i cke l  rod which was used f o r  sampling t h e  

s a l t .  

The vesse l  was constructed from bin.-diam Sch 40 
A 3/8-in. n i c k e l  i n l e t  l i n e  

A 3/4-in. f i t t i n g  on the t o p  f lange allowed the 

The vesse l  was heated by two n ichrom w i r e  r e s i s t ance  furnaces .  

A flow diagram f o r  the equiprnernt used in t h e  tes t  is  s h m  i n  Fig.  5. 
The equipment included a w6 m t e r i n g  system, a hydrogen metering sys- 

t e m ,  means f o r  purging bo th  t h e  UF6 system and H 

reduct ion vessel ,  and a NaF t r a p  damstream from t h e  ves se l  f o r  absorb- 

ing UF6 or  HF from the off-gas of the reduct ion vesse l .  

The sa l t  charge w a s  prepared by mixing LiF,  Z r F 4  and UF4.  

w a s  reagent grade and contained<0.23 w t  % impuri t ies  (mostly NaF). 
The zirconium content of t h e  Z r F 4  w a s  found by ana lys i s  t o  be 54.7% 
which compares favorably with t h e  s t o i c h i o m t r i c a l  value of 54.6%; t h e  

uranium content  of the UF w a s  found t o  be 76.5% which a l s o  compares 

favorably with t h e  s to ich iometr ica l  value of 75.q; and t h e  uranium 

hexafluoride contained l e s s  than 200 ppm impuri t ies .  Hydrogen that  was  

used contained l e s s  than  0.005 v o l  f r a c t i o n  impuri t ies .  

system w i t h  N2, t h e  2 

The L iF  

4 

A sal t  charge cons i s t ing  of 5320 g Z r F 4 ,  863 g LiF, and 61.8 g UF4 
(0.197 gmole UF ) was placed in t h e  reduct ion vesse l  and heated t o  600°C. 

A t  t h i s  temperature the depth of molten salt  w a s  12 inches. The salt  

mixture had a UF4 concentrat ion of 1 w t  '$ and a melting point  of approx- 

imately 51OoC. A salt sample (UR-1) was taken by in se r t ion  of a cold 

3/8-in.-diam n i c k e l  rod i n t o  t h e  molten salt .  

w a s  then  fed  through t h e  by-pass around t h e  reduction vesse l  f o r  16 

4 

A w6 f l a w  of 1.5 g /mh 



8 

ORNL DWG 65-1793 

3/8" NICKEL GAS INLET / 
J 

3/8"-diam. OFFGAS 
LINE 

COPPER 

4-in. 
N 

GASKET 

SCHEDULE 
ICKEL PIPE 

40 

. 

Fig. 4. Vessel Used for Reduction of UF6 to UF4 in a Molten Salt: 



ORNL DWG 65-1794 

N2 SUPPLY-, 

u 
SUPPLY SUPPLY 

u 
UF6 SUPPLY UF6 SUPPLY 

- 

11 I 
I I 

REDUCTION REDUCTION 
VESSEL VESSEL 

CALIBRATED 
CAPILLARY 

NaF 
TRAP 

OFFGAS 

Fig. 5. Flow Diagram for Equipment Used in Reduction of UF6 to UF4 in a Molten Salt. 



10 

minutes i n  order  t o  free t h e  system of N 

ed i n t o  the  d i p  l i n e  of the  reduction vesse l  and w a s  continued f o r  25 

minutes. 

purged with N, f o r  5 minutes a f t e r  which a salt  sample (UR-2) w a s  taken. 

The q u a n t i t y  of UF,: f ed  t o  t h e  system during t h i s  s t e p  w a s  38.2 
(0.108 gmoles). 

cm /min f o r  25 minutes. 

t h i s  s t ep .  

sample (UR-3) was taken. 

n igh t .  

p l e  was taken (UR-4). 
s t .  cm /min f o r  20 min during which a t o t a l  of 0.076 gmoles H2 w a s  fed 

t o  the  system. 

sample (UR-5) w a s  taken. 

cluded. 

The UF6 flow w a s  then d i v e r t -  2' 

A t  t h i s  time, t he  UF6 flow w a s  stopped and the  system was 

g 
L 

The sa l t  w a s  then purged with H2 a t  t h e  rate O f  95 s t .  
3 A t o t a l  of 0.107 gmoles H2 was added during 

A f t e r  t he  system was purged with N2 f o r  10 min, a s a l t  

The system w a s  then allowed t o  cool  down over- 

The following day the  system was  heated t o  600 C and a sa l t  Sam- 

The sa l t  w a s  then sparged with H2 a t  a rate of 85 

0 

3 

The system w a s  then purged with N2 f o r  10  min and a s a l t  

The system was  then cooled and the  tes t  con- 

DISCUSSION OF EXPERIMENTAL RESULTS 

Two quest ions r e l a t e d  t o  t h e  experimental work are of primary i n t e r -  

e s t .  

s a l t  and ( 2 )  the  valence of t he  uranium i n  the  r e s u l t i n g  mixture. 

of i n t e r e s t  are the  concentration l e v e l  of t r a c e  impuri t ies  such as Ni 

and 02. 

These are (1) the  f r a c t i o n  of UF/ which w a s  absorbed by the  molten 

Also, 
' 3  

The composition of t he  various s a l t  samples is given i n  Table 1. 

The uranium concentration i n  the  i n i t i a l  s a l t  (UR-1) w a s  found by analy- 

s is  t o  be 0.66; w t  $ which is  ll.& lower than t h e  calculated uranium 

concentrat ion of 0.75 wt 4 .  The calculated uranium concentration f o r  

complete absorption of t h e  UF, bubbled through t h e  salt  during t h e  25 

rnin add i t ion  period was  1 . 1 5  w t  9. ';"ne average uranium concentration 

a f te r  t h e  TJFc add i t ion  was  found by ana lys i s  t o  be 1.07 wt $ which is  

@J lower than t h e  calculated value. 

accuracy of t he  experimental da t a ,  complete absorption of the  UF6 had 

occurred 

v 

It w a s  concluded t h a t ,  wi th in  the  

4 It is bel ieved t h a t  t h e  add i t ion  of UF,: t o  a sa l t  containing UF' 

r e s u l t s  i n  the  formation of dissolved f l u o r i d e s  of uranium wi th  a va- 

lence intermediate between +4 and t6. This behavior i s  indicated by 



+ 4 

Table 1. Composition of Salt Samples Taken During 

Uranium Reduction Experiment 

Sample U +4 Ud Zr Li Ni O2 Remarks 
h% d% ti% e% PPm mm 

UR-1 0.666 46.65 3.64 874 4045 Initial salt melt 

UR-2 1.05 .954 < .Ol 933 4695 After UF6 addition 

m-3 

UR-4 

1.01 1.074 < .Ol 1002 4940 After 1st addition H2 

1-97 o-990 < .Ol 1007 3060 After cooling over- 
night ard remelting 

m-5 1.14 0.922 < .Ol 852 3245 After 2nd H2 sparge 
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t h e  f a c t  t h a t  q u a n t i t i e s  of F2 s u f f i c i e n t  f o r  t h e  formation of UF 

be  absorbed by molten salt  containing UF 

A s i m i l a r  behavior is a l s o  noted in reac t ions  between UF4 and UF 

absence of molten salt t o  y i e l d  intermediate f l u o r i d e s  such a s  U4F17. 

It is assumed t h a t  uranium present  i n  a molten salt as an intermediate 

f luo r ide  w i l l  appear as U+4 and U 

in preparat ion f o r  ana lys i s .  

t h e  l i m i t  of de t ec t ion  of 0.01 wt % and t h e  U+4 concentrat ion was 0.95 
+4 

wt % (Table 1). 

concentrat ion w a s  found to be 1.07 Wt 4 and 0.922 w t  $, respec t ive ly .  

Although d i f f e rences  in  U+4 concentrat ion were observed, it is f e l t  t h a t  

t hese  a re  within the  limits of a n a l y t i c a l  e r r o r  and are not meaningful. 

6 Reduction of t h e  to U+4 probably occurred during t h e  addi t ion  of UF 

by r eac t ion  of t h e  intermediate f l u o r i d e  with n i cke l  from t h e  ves se l  w a l l  

or with reduced f luo r ides  of n icke l ,  chromium, or iron i n i t i a l l y  present  

i n  t h e  salt. 

t o  approximately 1000 ppm during t h e  w6 addi t ion  and t h e  in i t ia l  hydro- 

gen t reatment .  This increase i n  N i  concentrat ion of approximately 130 
ppm is s u f f i c i e n t  f o r  t h e  reduct ion of approximately 15% of t h e  UF6 added. 

The concentrat ion of oxide i n  t h e  salt during t h e  t es t  was  approximately 

4000 ppm. 

can 5 
without t h e  evolu t ion  of UF6. 4 

i n  t h e  6 

+6 
af’ter d i s so lu t ion  i n  phosphoric acid 

(7)  
6 

The concentrat ion of U i n  t he  sample after UF6 addi t ion  w a s  below 

A f t e r  t h e  first and second hydrogen sparges,  t h e  U 

The n i cke l  concentrat ion increased from 874 ppm i n i t i a l l y  

In t h e  absence of conclusive information on t h e  reduction of uranium 

f luo r ides  intermediate between UF and UF reference can be made to d a t a  

4 on mater ia l s  having s i m i l a r  c h a r a c t e r i s t i c s .  

and UF in  molten mixtures of LiF  and BeF, has been s tudied  by  Long 

by observing t h e  concentrat ion of HF i n  H in equi l ibr ium with t h e  salt.  

Equilibrium was  observed t o  have been es tab l i shed  during t h e  rise of H2 

bubbles through a few inches of molten salt. The d a t a  indicated t h a t  

reduct ion of UF t o  UF could be achieved over a wide range of operating 

cord it ions . 

4 6’ 
The equi l ibr ium between UF 

(5 1 
3 2 

2 

4 3 

The reduction of N i F 2 ,  CrF2, FeF2 t o  t h e  metals by  hydrogen is u t i l a  

ized f o r  removal of these  contaminants from molten salt .  It was also 
rjbserved t h a t  molten salts containing uranium f luo r ide  with a valence> 5 
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a r e  q u i t e  corrosive toward n i cke l  metal .  ( 4 )  Since the  reac t ions :  
"k 

* 

I 

NiF2 + H2-Ni + 2HF 
a r e  known t o  occur i n  molten salts ,  it is f e l t  t h a t  t he  reac t ion :  

UF + l/2H2-UF + HF 5 4 
w i l l  a l s o  occur. 

CONCLUSIONS AND REC OMMENDAT IONS 

The following conclusions have been made on the  b a s i s  of the  mater- 

i a l  presented in  the  preceding sec t ions .  

1. Uranium hexafluoride is  absorbed r ap id ly  by molten f luo r ide  

s a l t  containing approx. 1 w t  $ UF4 a t  60OoC. 

t h a t  t he  absorpt ion r e s u l t s  i n  the  formation of an intermedi- 

ate f luo r ide  of uranium. 

It is  bel ieved 

2. It is l i k e l y  t h a t  reduct ion of the  intermediate f luo r ide  t o  

UF can be accomplished by contac t  wi th  hydrogen. 4 
3. Incorporat ion of the  proposed reduct ion s t e p  i n t o  the  flowsheet 

f o r  WR processing r e s u l t s  iia a s h o r t e r  and more d i r e c t  process.  

It is  recommended t h a t  experimental  work on the  reduct ion of UF6 t o  
UF in  a molten sa l t  environment be continued wi th  emphasis i n  the  follow- 

ing a reas :  
4 

1. rate of reduct ion of intermediate uranium f l u o r i d e  t o  UF by  4 
hydrogen. 

2. c o r r o s i v i t y  of molten f l u o r i d e  melts  containing intermediate 

uranium f l u o r i d e s .  

3. adapta t ion  of the  reduct ion process t o  continuous operat ion.  
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