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R E V I E 2  OF lL l JOK FLUTON IU1.l FY ROCHEblICAL TECHNOLOGY 

W. S c o t t  Moser and James 3 .  N a v r a t i l ,  Kockwell I n t e r n a t i o n a l ,  
Rocky F l a t s  P l a n t ,  Golden C L  80402 

SUMMARY 

The p a s t  twenty y e a r s  have seen s i g n i f i c a n t  growth i n  t h e  development 
and a p p l i c a t i o n  of  pyrochemical technology f o r  process ing  of  plutonium. For 
p a r t i c u l a r  f e e d - s t o c k s  and s p e c i f i c  a p p l i c a t i o n s ,  non-aqueous high-tempera- 
tu re  processes  o f f e r  key advantages o v e r  convent iona l  h y d r o m e t a l l u r g i c a l  
systems. Major p r o c e s s e s  i n  use today i n c l u d e  : 1) d i r ec t  o x i d e  r e d u c t i o n  
f o r  conversion of  Pu02  t o  m e t a l ,  2 )  molten s a l t  e x t r a c t i o n  f o r  americium 
removal from plutonium, 3 )  molten s a l t  e l e c t r o r e f i n i n g  f o r  PU p u r i f i c a t i o n ,  
and 4 )  hydr id ing  t o  remove plutonium from h o s t  s u b s t r a t e s .  
reviews c u r r e n t  major pyrochemical processes from t h e  c l a s s i c a l  c a l c i n a t i o n -  
hydrof luorination-"bomb reduct ion" sequence through new techniques  under  
development. Each process  i s  presented  and. b r i e f  d e s c r i p t i o n s  of product ion 
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1. INTRODUCTION I .  

Plutonium process ing  o p e r a t i o n s  a r e  conducted a t  f o u r  government- 
owned and con t r ac to r -ope ra t ed  f a c i l i t i e s  i n  t h e  t inited S t a t e s :  Los iilamos, 
Hanford, Savannah River ,  and Rocky F l a t s .  O r i g i n a l  o p e r a t i o n s  were under- 
taken dur ing  t h e  Planhatten P r o j e c t  i n  1943 wi th  t h e  s e p a r a t i o n  of p l u -  
tonium from i r r a d i a t e d  r e a c t o r  f u e l  a t  Hanfordpand wi th  t h e  p u r i f i c z t i o n  
and secondary recovery of  plutonium a t  Los Alamos. S i r n i l i a r  f a c i l i t i e s  
were subsequent ly  i n s t a l l e d  a t  Savannah River  and a t  Rocky F l a t s  in  the  
e a r l y  1950's .  Today, a l though t echno log ica l  i nnova t ions  have been s t e a d i l y  
i d e n t i f i e d  and implemented, a l l  fou r  l o c a t i o n s  remain a c t i v e  i n  plutonium 
p rocess ing  and i n  the  development of improved p rocesses  f o r  t h i s  a p p l i c a t i o n .  

growing r o l e  of pyrochemical technology i n  t h e  o v e r a l l  plutonium t rea tment  
scheme. Pyrochemical processes  u t i l i z e  o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  and 
d i f f e r e n c e s  i n  s o l u b i l i t i e s  among c o e x i s t i n g  phases  t o  recover  o r  pu r i fy  
plutonium a t  e l eva ted  temperatures .  C l a s s i c a l  t r ea tmen t  systems have com- 
p r i s e d  a h o s t  of  low-temperature aqueous u n i t  p rocesses  i n c l u d i n g  d i s s o l u t i o n  
and p r e c i p i t a t i o n  as well a s  i on  exchange and s o l v e n t  e x t r a c t i o n .  However, 
pyrochemical p rocesses ,  which f e a t u r e  a complete absence of  aqueous s o l v e n t s ,  
o f f e r  a number of  s i g n i f i c a n t  advantages which have s t i m u l a t e d  t h e i r  develop- 
ment: 

A major a r e a  of evo lu t ion  ove r  the  p a s t  twenty y e a r s  has been the  

I )  Reactor  s i z e s  a r e  much s m a l l e r  f o r  pyrochernical p rocesses ,  o f t e n  
an o r d e r  of magnitude smaller than aqueous p rocess  equipment of  
comparable throughput.  

nuc 1 ear c r i  t ica 1 i ty. concerns . . 2 )  The absence of  moderating r eagen t s  and s o l v e n t s  a l l e v i a t e s  many 

. .  ~~ 3) pyrochemi&al -p ro -ces ses  r e a d i l k  ' accept  ' m e t a l l i c  fe6d-s .an3 produce .'' - .  
. . . . . . . . . . . . .  . . . . . . . . . . . . . . .  

.2. . 6 ) .  

. . . . .  . . . . . . .  .- . . .  . . .  ..... '*.. . _  . -. , .  h i g h  p u r i t y  meta l l ic  'p'roduc't's; . I . .  ..* 

, .I 4) Process  des igns  p e r m i t  r e c y c l e  of  many r e a g e n t s  and by-product 
streams, thus  decreas ing  n e t  waste d i s p o s a l  problems. 
5 )  The u s e  o f  smaller f a c i l i t i e s ,  w i t h  h igh  r e c o v e r i e s ,  s h o r t  r e a c t i o n  
times, and less waste r e s u l t s  i n  lower u n i t  o p e r a t i n g  cos t s .  

have p resen ted  d e t a i l s  o f  t h e  more r e c e n t  pyrochemical S e v e r a l  papers  p, 2 , 3 d  
developments.  Tn t h i s  paper,  w e  w i l l  review t h e  major  py.rochemica1 p rocesses  
c u r r e n t l y  i n  use ,  i nc lud ing  b r i e f  d i s c u s s i o n s  of  t h o s e  o r i g i n a t i n g  i n  t h e  
e a r l y  days o f  plutonium processing.  

2, EARLY PYROCHEMICAL PROCESSES 

Aqueous t r ea tmen t  technology has  . h i s t o r i c a l l y  produced e i t h e r  peroxide  ' 

o r  o x a l a t e  by prec ipk . ta t ion  from pregnant  . p u r i f i e d '  so lu t i ,ons .  

s u i t a b l e  f o r  f u r t h e r  t'reatment. 

convers ions  o f  c a l c i n e d  ox ide  t o  plutonium t e t r a f , l u o r i d e  (PuF ) ' [ 4 ]  and' 
t e t r a f l u o r i d e  reduct ion  t o  meta l  w i th  calcium [5,6] . 
ca IC i n a t  ion,  hydrof l u o  r i n a t  ion ,  and "bomb reduct ion"  rep re sen ts t h e  c l a s s i c a l  
p rocess  f o r  meta l  product ion.  

I n  both  cases, 
. . . .  .. ? ' * I  . subsequent,.ca&cin.atioii has been;ys-ed,..to *produce 6. . pluton,ium .di.oxid.e. - . -  . (PuOz) . .-, ., .*. , :. . .  li * . .  
1 .  

. . .  Experimental  work du r ing  t h e  1940!.s r,esu.lted i n  t h e  f i r s t  succe.ss.fu-1 . . .  

4 This  combination of 

Although a number of metal  convers ion  rou te s  
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from v a r i o u s  s a l t s  have been explored k,7] , t h i s  sequence s t i l l  f i n d s  wide 
a p p l i c a t i o n  today. 

Ca lc ina t ion  

The c h i e f  o b j e c t i v e  o f  c a l c i n a t i o n  i s  conversion of peroxide and o x a l a t e  
t o  I'uO s u i t a b l e  f o r  hydrof l u o r i n a t i o n .  In a d d i t i o n ,  removal of carbon, 
sul.phur ( S O Z ) ,  and n i t rogen  ( N O T )  i s  a l s o  d e s i r a b l e .  Calcined products  o f  both 
o x a l a t e  and peroxide  process ing  a r e  found to  be r e f r a c t o r y  t o  subsequent t r e a t -  
ment i f  c a l c i n e d  above t h e  3 5 0 - 4 5 O o C  ;ange. $nsequently , c a l c i n i n g ,  processes  
f o r  both m a t e r i a l s  a r e  c a r r i e d  ou t  a t  below o r  4 5 O O C .  i iesidence t imes a t  
temperature  v& as  a func t ion  of feed batch s i z e  and equipment type.  Conversion 
of peroxide  t o  PuUz i s  e s s e n t i a l l y  complete by 30OoC; however, o x a l a t e  con- 
ve r s ion  proceeds through a v a r i e t y  o f  i n t e rmed ia t e s  r e s u l t i n g  i n  r e s i d u a l  carbon 
i n  t h e  Pu02 product  [ 8 ] .  The approach t o  s t o i c h i o m e t r i c  Pu02 and e l imina t ion  
of carbon a r e  encouraged by c a l c i n i n g  i n  a i r  and enhanced s o l i d / g a s  mixing. In 
t h e  presence  of  excess  a i r ,  CO2 and SO2 account €o r  t h e  m a j o r i t y  of non-a i r  
o f f -gas  components. 
drying/dehydrat ion compris ing t h e  pre l iminary  s t age .  

s t a t i c  bed r e a c t i o n  boa t s  o r .  r o t a r y  c a l c i n e r s ,  t he  l a t t e r  r e p r e s e n t i n g  c u r r e n t  
p r e f e r r e d  p r a c t i c e .  In  s t a t i c  t r ea tmen t ,  s t a i n l e s s  s t ee l  o r  Inconel  c a l c i n i n g  
boa t s  a r e  u s e d  and h e a t  provided by l abora to ry  f r o n t - l o a d i n g  e l ec t r i c  ovens. 
Rotary c a l c i n e r s  a r e  of  i n c l i n e d  tube  des ign  with c o u n t e r - c u r r e n t  f low and 
provide  cont inuous  t rea tment  of s i z e d  feed b a t y t e s .  The c a l c i n i n g  tube  i s  
approximately 4 inches  iti 'diameter  and 6-8 f e e t h l e n g t h .  Feed s o l i d s  a r e  

. . . mixed by, r .otary r a b b l e  arms a s  they move downward by g r a v i t y .  Ca1Cine.r .. 

2 

Both m a t e r i a l s  may be two-stage c a l c i n e d  wi th  dry ing  o r  

Calc in ing  of peroxide and o x a l a t e  has  t r a d i t i o n a l l y  been conducted i n  

. .  - .  . _ &  ... . temperature .  . .  reaches  .h50°C*. t o  achie.v.e ma.ximum su lpha te .  rcpoyal, . . . . .  * . .  .I 

kqw& 
' Recent development of t h e  d i rec t  o x i d e - r e d u c t i o n  p rocess  ( d e s c r i b e d  ' 

i n  'a fo l lowing  . s ec t ion )  +fm+t+ * r e - c a l c i n i n g  a t  h ighe r  tempera tures  t o  achieve  
improved carbon and o t h e r  impur i ty  e l imina t ion .  High tempera ture  r e - c a l c i n i n g  
i s  conducted a t  85OoC f o r  4-6 hours i n  f ron t - load ing  l a b o r a t o r y  fu rnaces  
hea ted  by e l e c t r i c  r e s i s t a n c e  elements.  Oxides a r e  he ld  i n  c a l c i n i n g  boa t s  
of 2-2.5kg c a p a c i t y ,  and a r e  mechanical ly  s t i r r ed  a t  i n t e r v a l s  dur ing  t r e a t -  
ment. High tempera ture  c a l c i n i n g  achieves  approximately one o r d e r  of magnitude 
dec rease  i n  c a l c i n e  carbon con ten t  [9]. 

Hydrof l u o r i n a t i o n  and Bomb Reduction 

Hydrof l u o r i n a t i o n  of c a l c i n e d  ox ides  i s  c a r r i e d  o u t ,  i n  t h e  presence of 
excess  oxygen t o  p roduce '  P u F i  f o r  r educ t ion  t o  metal .  
conducted a t  600-650°C us ing  -anhydrous HF 'according t o  - t h e  fo l lowing  o v e r a l l  

. .  ..;:'. * 

The p rocess  is t y p i c a l l y  
. 

- .  . .  .. r: . ... . . . .  , .  . .. ,. .* 
. 5 .  . a  . :. . . .  . * .. -*..; *o..* ? .  f .  + .  . _.: ._.._ ..- . . ' r e a c t i o n :  : .... ,.A 

* . .  .* . . .  .. 

' ~ (1) . .. :4. . . .. . * . _ .  4 . .' PuO~.(S) .+ 4HF(g) -PuF (s) i- 2H20(g) . .  . .  > .  . .. 
. For s u i t a b l y  ' r e a c t i v e  oxides ,  : r e a c t i o n '  ( 1 )  *can be c a r r i e d  t o ' n e a r l y  q u a n t i t a -  

t i v e  completion under t h e s e  condi t ions .  

o p e r a t i o n s  [lo]. 
A t  Los Alamos, a s t a t i c  bed r e a c t o r  has been used f o r  product ion  

Downward flow of HF gas  through a c y l i n d r i c a l  packed bed 



, boat  i s  used. The s t a t i c  bed boat  is conta ined  i n  a Has te l loy  C e x t e r n a l l y  
hea ted  furnace  s h e l l .  A r o t a r y  h y d r o f l u o r i n a t o r  is  i n  u s e  a t  Rocky F l a t s .  
An incl inedbconveyor  design and coun te r - cu r ren t  flow of o x i d e  and HF i s  used. 
The r e a c t o r  has  t h r e e  temperature  zones ranging from 35OoC a t  the  s o l i d s  i n l e t  
t o  65OoC a t  t h e  s o l i d s  o u t l e t .  E i t r a t e s  and picked-up moi s tu re  a r e  removed 

I i n  t h e  low temperature  end while  su lpha te s  a r e  e l imina ted  a t  the  high tempera- 
t u r e  d i scha rge  end. i n  b o t h  s t a t i c  bed and r o t a r y  equipment, o f f - g a s e s  a r e  
passed to  c a u s t i c  scrubbing systems. 

d i r e c t  f l u o r i n a t i o n  f o r  product ion o f  P u r 4  a s  fo l lows:  

s c r e w  

More r ecen t  work a t  Rocky F l a t s  [111 h a s  lead t o  t h e  development o f  

i'u02(S) + 2 F 2 ( g )  - F u F ~ ( s )  -+ C,(g) ( 2 )  
Direc t  f l u o r i n a t i o n  i s  c a r r i e d  o u t  in  a f l u i d  bed r e a c t o r  a t  approximately 
3OO0C i n  2-2.5kg batches.  

according t o  t h e  fol lowing the rmi t e  type r e a c t i o n :  
The"bomb reduct ion" process  produces plutonium meta l  from t e t r a f l u o r i d e  

PuF4( s )  + 2Ca(s) d F u (  1) 1 2CaFi( 1) ( 3 )  

In a d d i t i o n  t o  high y i e l d s  of plutonium meta l ,  a major p rocess  o b j e c t i v e  i s  
c o l l e c t i o n  o f  a dense,  coherent  meta l  product.  The p rocess  m u s t  be c a r r i e d  
o u t  such t h a t  r e a c t i o n  products  a r e  l i q u i d  and product  me ta l  can s e p a r a t e  
from t h e  r e s u l t i n g  calcium f l u o r i d e  s l ag .  

Ample  energy i s  suppl ied  by r e a c t i o n  ( 3 )  t o  provide  h igh  process  
tempera tures  s u f f i c i e n t  f o r  meta l  coa lescence  i n  most product ion  s c a l e  systems: 

&qg, = -156.6 kcal /mole Pu. 
(below 500-1OOOg Pu) ,  s p e c i f i c  h e a t  l o s s e s  a r e  l a r g e  enough t o  r e q u i r e  a 
b o o s t e r  r e a c t i o n  t o  maintain high process  tempera tures .  The r e a c t i o n  most . 

However, i n  s m a l l - s c a l e  o r  experimental  r educ t ions  

. . . _  . . * .  
. 

, . _ _  _. . . . . .  . . .  _. _.... I .  - ,. ' commonly used. is.: . .- . . . _. 
I c a ( s >  + 12(g )  - CIz(1)  ( 4 )  

Typica l  i o d i n e  a d d i t i o n s  range 
when requi red .  Thus, a t y p i c a l  combined r e a c t i o n  f o r  small-scale t e s t s  might be: 

from 0 . 3  t o  0.5 moles I2 p e r  mole o f  plutonium, 

PuF4(s) + 0.312(g) + 2.3Ca(s)-Pu( 1) + 0.3Ca12( 1) f 2CaF2( 1) (5) 
0 for w h i ~ h A H ~ ~ ~  7 -196 kcal /mole plutonium. The presence  of CaI2 a l s o  a i d s  by 

lowering t h e  s l a g  m e 1  t ing temperature  by approximately 100°C. 
Product ion  o p e r a t i o n s  u s e  a 25% excess  ca lc ium a d d i t i o n  above s t o i c h i o -  

metric requirements .  Reaction ( 3 )  i n i t i a t e s  a t  550-6OO0C, and charge  tempera- 
t u r e s  a r e  expected t o  peak a t  1600-17OO0C, a l though tempera tures  ove r  19OO0C 
have been r epor t ed  1123 . I n t e r n a l  r e a c t o r - p r e s s u r e s .  reach  ove r  lOOpsig a t  . 
temperature  peaks. 
b o o s t e r  is  requi red .  

Product ion b a t c h  s i z e s  t y p i c a l l y  exceed 1500g and no 
The recovery of plu.tonium t o  metal product  is  97 t o  99./. 

hea ted  'and cons t ruc t ed  o f  
< - .. ..-I . * . .  . .. . . ,.'. . I. 

1 . at'*~pu'rities'no.rma~ly eTceedin'g 99~.8%l?u.~, '...: . . . * .  . . . : - - z * 
The "bomb reduct ion" r e a c t o r s  a r e  i n d u c t i o n  

1 - .:a magnes ia .c&cib le  .f.itt.ed :within.  a s t e e l  . r eac toF  can, o r  .!'b.omb".. Both pre-. , .. . 
f i r e d l s i n t e r e d  MgO c r u c i b l e s  and s l ip -cas t  c r u c i b l e s  have proved s a t i s f a c t o r y .  
Mixed r e a c t a n t s  a r e  loaded i n t o  t h e  c r u c i b l e ,  t h e  r e a c t o r  evacuated and argon 
purged, and t h e  h e a t i n g  cyc le  commenced. For s m a l l - s c a l e  r educ t ions ,  r e a c t o r  
h e a t i n g  con t inues  beyond i n i t i a t i o n  of t h e  the rmi t e  r e a c t i o n  t o  p e r m i t  e f f e c t i v e  
m e t a l / s l a g  sepa ra t ion .  In l a r g e r  runs,  p rocess  energy gene ra t ion  is s u f f i c i e n t .  
The success  of a reduct ion  run i s  a l s o  p a r t i c u l a r l y  s e n s i t i v e  t o  heat-up r a t e .  

- _ .  . . 
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Too rap id  a r i s e  i n  temperature  i n i t i a t e :  r e a c t i o n  only a t  t h e  charge  o u t e r  
s h e l l  and subsequent  hea t  d i s s i p a t i o n  t o  the  c e n t e r  y i e l d s  poorly conso l ida t ed  
product.  A f t e r  r educ t ion ,  the"bomb" i s  cooled,  the  c r u c i b l e  removed and 
broken t o  f r e e  the  c o n t e n t s ,  and t h e  metal  product c leaned  by ac id  p i ck l ing .  

Recent improvements t o  the  "bomb reduct ion" p rocess  have included 
a d d i t i o n  of P u 0 2  t o  t h e  PuF4 reduct ion  feed 
f l u o r i n a t i o n  requirements .  
s u c c e s s f u l l y  and r e s u l t e d  in  s i g n i f i c a n t  product ion i n c r e a s e s .  

b3,1q, t h u s  dec reas ing  hydro- 
Feed mixtures  o f  25-30' / ,  f.u(i2 have performed 

3 .  REC LN T PY F.C Ct IEEi I CAL PROCESSES 

The compell ing advantages o f  pyrochemistry over  aqueous systems i n  
c e r t a i n  a p p l i c a t i o n s  and shortcomings i n  e a r l y  pyrochemical processes  have 
s t imu la t ed  a number of major process  developments and improvements s i n c e  t h e  
e a r l y  1960'.s. D i rec t  ox ide  reduct ion  (EA), molten s a l t  e x t r a c t i o n  ( M S E ) ,  
and hydr id ing  have been developed and c u r r e n t l y  play a key r o l e  i n  product ion 
systems. Likewise,  plutonium e l e c t r o r e f i n i n g  (EK)  has reached product ion-  
s c a l e  o p e r a t i o n  and undergone s i g n i f i c a n t  s ca l e -up  and improvements. These 
processes  and t h e i r  a p p l i c a t i o n s  a r e  descr ibed  i n  fo l lowing  s e c t i o n s .  

D i rec t  Oxide 3educt ion 

D i r e c t  ox ide  reduct ion  ( M J R )  i s  a pyrochemical technique  f o r  t h e  
product ion of plutonium metal  by d i r e c t  calcium reduc t ion  of  Pu02. 
passes  t h e  convent iona l  hydrof l u o r i n a t i o n  s t e p  and thus  addres ses  t h r e e  major 
process  problems: 1 ) d - n e u t r o n  r e a c t i o n s  a s s o c i a t e d ,  wi th  f l u o r i n e ,  w i th  r e s u l t -  
ing s h i e l d i n g ,  personnel  exposure,  and handl ing problems; 2 )  c o r r o s i o n  r e s u l t -  

DOR by- 

ing from t h e  u s e  of HF gas ;  and 3) aqueous r e c y c l i n g  requi rements  f o r  CaF2 . .  . . .. . .  * .  . .  
... ._ 

. s l a g  c r u c i b l e  par t s : ' ,  ,. .. .. - Ear ly  atkempt6'  a t  DOR ' f a t i e d  t o  'p'rodiice' kon'sblidatGd 'metal '  products"' * '' . .,.:\; -...a&: - . " . f., 
[5,.7,15,16] u n t i l  t h e  importance of a molten s a l t  p h a s e ' f o r  mass t r a n s f e r  

nad take-up of  r e a c t i o n  products  was apprec i a t ed .  Follow-up work wi th  
v a r i o u s  molten s a l t  a d d i t i v e s  achieved growing degrees  of  success [17], u n t i l  
t he  f i r s t  p r a c t i c a l  r educ t ions  t o  plutonium meta l  were r e p o r t e d  i n  1968 [18] 
and 1969 [19J. The process ,  a s  developed t o  d a t e  [1,2,20,21), , c a r r i ed  o u t  i n  
the  presence of  a molten CaC12 'sa l t  phase accord ing  t o  t h e  fo l lowing  o v e r a l l  
r eac t ion :  

bl 

is 

PuO2( s)  + - 2Ca( I.) - - ZCaO(s) + Pu( 1) 

where u n d e r l i n e s  denote  s o l u t i o n  i n  f o l t e n  CaC12. 
both s o l u b l e  i n  C a C l 2 .  Thus, the s a l t  pro-vides two impor tan t  func t ions :  1) a'.  
t r a n s f e r  medium f o r  calcium t o  t h e  r e a c t i o n  s i t e ,  and 2 )  a mechanism f o r  calcium 
oxide  removal' from the .  r e a c t i o n  s i te .  

( 6 )  
m 

Calcium and i t s  ox ide  a r e  

Vigorous s t i r r c n g  i s  essent ia l  f o r  
I I  . ' . - . . success fu l  ..i redu.ctions,.iand . d i r e c t  - r e a s t i o p  gf calcium wi th .  Pu02 p.rpb*abLy does. . . , ._ ,. , 

.- 'occur to' some extr%t.. Th&'%nsolubi l i ' ty  .of pfu&n;um . in '* the  Ca-CaO-CaCli system 
permits . f i n a l  met.al consql.i?.ation.' . , . . .. t * ' The methanism of ' r educ t ion  'is not '  fu ' l ly 'f inderstood' ,  a l though some 
r e a c t i o n  sequences have been suggested [l]. 
reac t ion  ( 6 )  is c a r r i e d  t o  completion (&yooo~ = -44.3kcal/mole Pu) provided: 
1) s u f f i c i e n t  CaC12 i s  a v a i l a b l e  t o  d i s s o l v e  product  CaG, 2 )  excess  calcium 
is p r e s e n t ,  and 3 )  adequate  s t i r r i n g  i s  used. The r e a c t i o n  is  t y p i c a l l y  

, c a r r i e d  o u t  a t  830-835OC, where the  s o l u b i l i t y  of calcium ox ide  i n  CaC12 is  

I t  has  been well e s t a b l i s h e d  t h a t  
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approximately 18.5 mole'ib CaO [22]. Melt v i s c o s i t i e s  r i s e  s i g n i f i c a n t l y  beyond 
about 14 mole% CaCi [l]. Consequently,  s a l t - t o - o x i d e  weight r a t i o s  of 4 :  1 to  
5:1 a r e  normally used. Reduction ba tch  s i z e s  have grown from o r i g i n a l  small-  
s c a l e  work (<50g o x i d e ) ,  through 700g Pu02 s i z e s ,  t o  c u r r e n t  feeds  of about 
lkg Pu02.  
s t o i c h i o m e t r i c  excess o f  calcium and achieve  gr .ea te r  than 99.5"/, process  
plutonium y i e l d s .  
used 25% excess  calcium loadings and achieve  y i e l d s  above 98%. 

equipment shown i n  Figure 1. The r e a c t i o n  c r u c i b l e  i s  u s u a l l y  v i t r i f i e d  i.lgcI 
and d u a l - i m p e l l e r  s t i r r e r s  o f  s o l i d  ceramic o r  hollow tan ta lum des igns  have 
been used s u c c e s s f u l l y .  The reduct ion  charge i s  loaded i n t o  the  c r u c i b l e  
and t h e  fu rnace  and c r u c i b l e  slowly r a i s e d  to  about  800°C t o  avoid thermal 
shock of t h e  r e f r a c t o r i e s .  The reduct ion  r e a c t i o n  i s  i n i t i a t e d  by vigorous 
s t i r r i n g  and r equ i r e s  only  abxout 10 minutes  f o r  completion. During r e a c t i o n ,  
a s i g n i f i c a n t  temperature  sp ike  occurs  due t o  t h e  exothermic n a t u r e  of t he  
r e a c t i o n .  S t i r r i n g  i s  d iscont inued  t o  permit  meta l  c o n s o l i d a t i o n ,  t h e  r e a c t o r  
i s  allowed t o  cool ,  and products  a r e  broken o u t  f o r  recovery.  

Major shortcomings of t h e  s t a t i o n a r y  p rocess  equipment 
inc lude :  1)' t h e  long turnaround times n e c e s s i t a t e d  by slow heat-up,  and 2 )  t h e  
g e n e r a t i o n  of a waste s t ream of  ceramics  f o r  reprocess ing .  
fu rnace  shown i n  F igure  2 i s  c u r r e n t l y  being eva lua ted  f o r  DOR and o f f e r s  u p  
t o  a 60% dec rease  i n  process ing  t i m e  without  waste  r e f r a c t o r i e s .  The use  of  
me ta l  c o n s t r u c t i o n  i n  p l a c e  of r e f r a c t o r i e s  may r e q u i r e  t h e  use  of t h e  lower- 
me l t ing  b ina ry  CaC12-CaF2 s a l t  and lower p rocess  tempera ture  t o  minimize 
c o r r o s i o n  and product '  contaminat ion.  

The 700g oxide  ba tches  t r e a t e d  a t  Los hlamos [21]have used 50% 

Rocky F l a t s  reduct ions  a t  about t he  900g P u 0 2  l e v e l  have 

The WR process  i s  c a r r i e d  o u t  under an i n e r t  atmosphere in  t y p i c a l  

The " t i l t -$our"  

* ^  . .  I .  

Mo 1 ten  S a l t  E-tract ion 

, A m e r i c i u m  - 241 grows i n t o  plutonium -239 by b e t a  decay of  plutonium - 
241.- I t s  removal is  requi red  to  minimize impur i ty  l e v e l s  i n  meta l  and person- 
n e l  exposure t o  gamma r a d i a t i o n  dur ing  plutomium process ing .  The molten s a l t  
e x t r a c t i o n  process  (ELSE) was developed t o  remove americium from plutonium by 
reaction with MgC12 i n  a molten s a l t  solvent .  

I n v e s t i g a t i o n s  on e l e c t r o r e f  i n i n g  and f u e l  p rocess ing  dur ing  t h e  e a r l y  
1960's [23,24] suggested t h e  p r a c t i c a l i t y  of p a r t i t i o n i n g  americium between 
molten sal ts  and plutonium o r  i t s  a l l o y s .  Subsequent  experimental  work 
r e s u l t e d  i n  development of a molten s a l t  p rocess  s p e c i f i c a l l y  f o r  t h i s  
a p p l i c a t i o n  [25,26] . The c u r r e n t  MSE process  i s  based on u s e  of  pigC12 i n  a 
NaCL-KC1 o r  %&C1-CaCl2 so lven t  s a l t  t o  e x t r a c t  americium from molten plutonium 
accord ing  t o  t h e  fol lowing reac t ion : '  . .  

w)lere.th'e'.underl.ines ' iii-dicate *so lhCion ' in  
1 . .  .. . I .  

, .F  

(7) 
, *  

Am( 1)  + 3/2MgC12( 1) - AmC13( 1)  +. 3/2Mg( 1 )  . . .  
+.*. .. . ;e: ...: - 

I ,  khlorid 'e" s a l t  o r  .iced' metai .  
Th.e equi l ibr ium.  cons t an t  f o r  r e a c t i o n  ('7) .is approximate ly  1.5 x lo6 a t  1000°K . :. . 

' and f a v o r s  amerfci jm removal' ;ub'j.ect' t o  th'e e'ffects' ' of  me ta l  and .$al*t composi t ion '  
( i . e .  component a c t i v i t i e s ) .  The analogous plutonium/plutonium c h l o r i d e  r e a c t i o n  
has an equ i l ib r ium cons tan t  of about 3.3, showing t h a t  modest plutonium w i l l  
a l s o  be ox id ized  b u t  w i l l  then p a r t i c i p a t e  i n  americium o x i d a t i o n  t o  the  c h l o r i d e .  

t r a c t i o n  process .  In  t h i s  case ,  t he  d i s t r i b u t i o n  of americium based on thenno- 
The t r a n s f e r  of americium i n t o  t h e  s a l t  phase can be t r e a t e d  a s  an ex- 

---.._ . , .-__ 
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dynamic and e m p i r i c a l  knowledge may be coupled with t h e  r a t i o s  of r e a c t i n g  
phases ,  r o l e  of s i d e  r e a c t i o n s ,  and approach t o  e q u i l i b r i u m  t o  e x h i b i t  t h e  
e f f e c t s  of  process  v a r i a b l e s  [l]. 
Rocky F l a t s  c 2 7 ) ,  chemical equi l ibr ium d a t a  and exper imenta l  r e s u l t s  were used 
to  c a l c u l a t e  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  Pu and .4m a s  f u n c t i o n s  of  f.igCl2 
1.oading i n  s a l t .  T h e s e  r e s u l t s  were then u s e d  w i t h  c l a s s i c a l  e x t r a c t i o n  
process  equat ions  t o  show t h e  impact of !4gC12 loading,  number of e x t r a c t i o n  
s t a g e s ,  s a l t - t o - m e t a l  r a t i o s ,  and o t h e r  v a r i a b l e s  on americium removal and 
have proved extremely v a l u a b l e  i n  guiding product ion o p e r a t i o n s .  A sample 
p l o t  [1,27] 

i s  c u r r e n t l y  conducted in  a two-stage c o u n t e r - c u r r e n t  s y s t e m  t o  minimize s a l t  
requirements  and maximize americium content  of thie s a l t .  Plutonium metal  i s  
t r e a t e d  i n  2 -2.5 ki logram ba tches  i n  -A .- . 9. - -  . -  - c ruc i b  1 e s  w i t h i n  

. _... ., . t , , - -  j r e s i s t a n c e  hea ted  furnaces+. Loaded s a l t  and meta l  a r e  r a i s e d  t o  an o p e r a t i n g  
temperature  of 75OoC and f l a t - b l a d e d  s t i r rer :are  used t o  a g i t a t e  t h e  molten 

In recent  process  development work a t  

is  shown i n  F igure  3 .  
The N S E  process  has been in  product ion a t  Kocky F l a t s  s i n c e  1967 and 

r z  c . CI , f I  

. .. ,.~_:, 1 i c - . l  , ,' . -  

s a l t  and metal  f o r  e q u i l i b r a t i o n .  Af te r  r e a c t i o n ,  slow s t i r r i n g  i s  used t o  
a i d  phase disengagement. The furnace  i s  cooled and p r o d u c t s  a r e  removed i n  
a break-out  a r ea .  The furnace uses  an i n e r t  atmosphere c o v e r  t o  p r o t e c t  
tantalum p a r t s ,  plutonium, o r  s a l t s  from n i t r i d i n g  o r  o x i d a t i o n .  

NaC1-KCl feed  s a l t .  Today, 30 mole "/. FtgC12 s a l t s  a r e  used. Both s a l t s  were 
c a p a b l e  of  90% americium e x t r a c t i o n  i n  2-s tage  c o u n t e r - c u r r e n t  t reatment .  
However, t h e  high-XgC12 procedure r e q u i r e s  on1 ?about one- t e n t h  t h e  amount 

35 mole % NaCl - 35 mole % K C 1  - 30 mole %.MgC.12 and 50 mole % NaCl - 26 mole % 
CaC12 - 24 mole % MgC12'are used f o r  MSE. 
when convent iona l  aqueous techniques a r e  u s e d  f o r  s p e n t  s a l t  t rea tment .  T h e .  . 
NaCl-CaCl2-MgCl2 may b e  u s e d  when t h e  s a l t  i s  processed by pyrochemical methods. 

magnesium which m u s t  b e  removed. This  i s  accomplished by vacuum c a s t i n g  a t  about 
800°C. 

I n  t h e  o r i g i n a l  process  a p p l i c a t i o n  5-6 mole % NgC12 was u s e d  i n  t h e  

feed s a l t ,  wi th  a coyensura te  m i n c r e a s e  i n  pro t u c t  s a l t  Am conten t .  Both 

The NaC1-KC1-MgC12 system i s  u s e d  

Product  meta l  b u t t o n s  normally c a r r y  excessiwe amounts o f  calcium o r  

E l e c t r o r e f  i n i n g  
Impure plutonium meta l  from molten s a l t  e x t r a c t i o n ,  d i r e c t  o x i d e  reduct ion ,  

i s  p u r i f i e d  by o r  o t h e r  s o u r c e s l -  
e l e c t r o r e f i n i n g  (ER)  u s i n g  a molten s a l t  e l e c t r o l y t e .  

f u e l s  was r e p o r t e d  i n  1958 [28] and was fol lowed by a 300g ( P u ) - s c a l e  e l e c t r o -  
r e f i n i n g  process  f o r  making h igh  p u r i t y  meta l  a t  Los Alamos [29] i n  1960. 
Subsequent'  work a t  Los Alamos [30-36) , ,Rocky F l a t s  [37-401 , Hanford [41) , 
a n d '  i n  o t h e r .  c o u n t r i e s  E421 h a s  demonstrated t h e  molten s a l t  EK process  i n  a 

. .  

Successful.electrochemica1 recovery o f  plutonium from m e t a l l i c  r e a c t o r  

, v a r i e t y  o f .  a p p l i c a t i o n s  and has  - s t e a d i l y  improved t h e  , p r o c e s s  by .procedure 
,.. 

. ' 

'.and.'equiprnent ,mod'if i c a t i b n s .  ? F u r t h e r - d n d e r s t k i d i n g  .ana e v o h t i o n  of  t h e  process  ' *  ..< . . - 
: . .  

has r e s u l t e d  i n  c u r r e n t  product ion f a c i l i t i e s  i n  t h e  2 t o  6 kg Pu. range [43] . 
w i t h  a molten s a l t  e l e c t r o l y t e .  
l y t e  i s  e s t a b l i s h e d  by e i t h e r  : 1) d i r e c t  plutonium s a l t  a d d i t i o n ,  o r  2) i n c l u s i o n  
of  EfgC12 i n  t h e  s a l t  mixture .  
( 8 ) :  

. . ' - In  plutonium e I e c t r o r e f i n i r i g , .  impure mopten .PU .i's 'p laced i.n c o n t a c t  ' .. 
An i n i t i a l  c o n c e n t r a t i o n  o f  P u + ~  i n  t h e  e l e c t r o -  

I n  t h e  l a t t e r  c a s e  Pu t3  i s  provided by r e a c t i o n  

Pu( 1)  -I- 3/2bigC12( 1) -3/2Mg( 1) + PuC13( 1)  (8 )  
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The impure plutonium is made anodic  and a tungs ten  cathode o r  containment 
can i s  made c a t h  d i c .  A s  c u r r e n t  i s  passed, plutonium meta l  i s  oxid ized  a t  
t he  anode t o  Pu" and taken u p  i n  t he  e l e c t r o l y t e ,  while  P u + ~  i s  reduced to  
meta l  a t  t h e  cathode,  according to  the  fo l lowing  h a l f - c e l l  r e a c t i o n s :  

.AN 0 DE : 

CATHODE: p"+3 + 3e-- P u (  1) pure 

(9) 

The c a l c u l a t e d  c e l l  i ) o t e n t i a l  f o r  ( 9 )  T (10):where the  a c t i v i t y  o f  Pu  i n  t he  
impure anode i s  0.9 and temperature  i s  740"C, i s  on ly  0.003 v o l t s .  The over -  
a l l  p o t e n t i a l  requi red  m u s t  i nc lude  IgKx l o s s e s  i n  the  c e l l  c i r c u i t  and any 
t i m e  dependent r e s i s t a n c e  (e .g .  e l e c t r o d e  p o l a r i z a t i o n ) .  So long a s  t h e  c e l l  
d r i v i n g  p o t e n t i a l  does no t  exceed the  decomposition o f  t h e  s a l t  c h l o r i d e s ,  
t h e  e l e c t r o l y t e  composition does no t  change. 

The r e f i n i n g  e f f e c t  of an e l e c t r o l y s i s  process  f o r  a given i m p u r i t y  
is  a f u n c t i o n  of both i o n i c  t r a n s p o r t  p r o p e r t i e s  and thermodynamic p r o p e r t i e s  
( i e .  a c t i v i t i e s  i n  t h e  s a l t  phase) .  I n  t h e  EK process ,  i m p u r i t y  e l i m i n a t i o n  
is  c o n t r o l l e d  by t h e  chemical a c t i v i t y  of i m p u r i t i e s  i n  t h e  e l e c t r o l y t e .  
Plutonium c h l o r i d e  a c t s  as  a s a l t - p h a s e  b u f f e r  t o  ma in ta in  low s a l t - p h a s e  
a c t i v i t i e s  f o r  t hose  i m p u r i t i e s  more, .noble (having  l e s s  s t a b l e  c h l o r i d e s )  
than  plutonium. These i m p u r i t i e s ,  such a s  ga l l i um o r  i r o n ,  a r e  r e t a i n e d  i n  
t h e  anode. I m p u r i t i e s  such a s  americium a r e  n o t  r e t a i n e d  i n  t h e  anode, b u t  
a r e  t r a n s f e r r e d  t o  t h e  s a l t  a s  ions  and a r e  capab le  of  being reduced a t  t h e  
cathode.  On t h i s  b a s i s ,  elements with c h l o r i d e s  less s t a b l e  than PuC13 a r e  
expected t o  be  r e t a i n e d  i n  t h e  anode and thereby removed from th.6 plutonium 
be ing  r e f ined .  . .. . . .  . .I 

'As e l e c t r o f i n i n g  proceeds,  t h e  c o n c e n t r a t i o n s  of  n o n - t r a n s f e r r e d  im-  * 

p u r i t i e s  i n c r e a s e  s i g n i f i c a n t l y  i n  t h e  anode, and even tua l ly  reach  t h e i r  
s o f u b i l i t y  l i m i t s  o r  begin p r e c i p i t a t i o n  of i n s o l u b l e  s o l i d  phases.  These 

i n t e r f a c e  and cause anode p o l a r i z a t i o n  by de-coupl ing t h e  l i q u i d  anode-to- 
s a l t  e l e c t r o n  path.  As p o l a r i z a t i o n  t a k e s  p lace ,  i m p u r i t i e s  a r e  t r a n s f e r r e d  
t o  t h e  s a l t  and f i n a l l y  appear  i n  t h e  product ,  t hus  caus ing  o f f - s p e c i f i c a t i o n  
product .  This  e f f e c t  l i m i t s  p r a c t i c a l  anode d e p l e t i o n s  and h i g h l i g h t s  t h e  
importance of  godd s a l t / a n o d e  mixing o r  c l o s e  process  c o n t r o l  t o  avoid 
impur i ty  t r a n s f e r  a t  maximum anode dep le t ions .  

NaC1-KC1 e l e c t r o l y t e  s a l t  c o n t a i n i n g  3 mole % MgCl 
r e f i n i n g %  conducted i n  s t a t i o n a r y . c ' e l l s  a s  shoirn in  F igure  4. 
ce l i s ,  a suspended tungs ten  ca thode  .allo.ws. molten plutonium t o  c o a l e s c e  and 
d r i p  down to  a col lec t ' ion  r i n g  in .  the.  bottom of  t h e  magnesia c r u c i b l e  o u t s i d e  

technique  i s  used t o  d e t e c t  t h e  o n s e t  of p o l a r i z a t i o h ,  and t e rmina te .  ER runs 

' as shown i n  F igure  0, a r e  u s e d  f o r  e l e c t r o r e f i n i n g ,  ' T y p i c a l . c h a r g e s  c o n s i s t  . 

v n ~  - 'be r e l a t i v e l y  high-melt ing phases.  They may f l o a t  t o  t h e  sa l t - anode  I 

Product ion e l e c t r o r e f i n i n g  i s  conducted a t  740-750°C us ing  equimolar ad&Lel 
A t  Los Alamost e l e c t r o -  F ~ A . ~  

I n  t h e s e  2: 
hm 

ku%AJ 
' 

I , . .. .. . I  . a .  - t h e '  aqoile**-cup: e.. Both. s.alt phaSe .+d-molteG anode . h r e . s t i r r e d  .&d:ar ba.ck-EMF. ' "1. 

' 

, 

r . . .  , . b e f o r e  s i g n i f i c a n t  dmpurity. .car.ryover,i  , A t  .Rocky.-Flats, .!'.t'il.t-'pour':, furn'aces,, , '.. ' 

_ I  5 

o f  2-2.5 kg of  blSE o r  DOR metal.  
been s u c c e s s f u l l y  produced with only  t h e  s a l t  phase s t i r r e d .  Metal is  re -  
covered from t h e  s t a t i o n a r y  c e l l  by c r u c i b l e  break-out  and from t h e  "t i l t-  
pour" c e l l  by c a s t i n g .  

Metal of  s u f f i c i e n t l y  high q u a l i t y  has 

A t  Los Alamos, over  t h e  per iod  1964-1977, product 

. .  ' .. :. . . . , . .- 

1. .. ... - ... 
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I .  
' y i e l d s  (100 x P u p r o d / P u f e e d )  of 75.2-84.7;; have been achieved: average = 
81.8% [44]. 
98-99% P u ,  a l though 99.98"L p u r i t i e s  were achieved wi th  9JX Pu feeds  1441 . Product p u r i t i e s  were wel l  i n  excess  o f  99 9;b Pu with feeds  o f  

lly d r i d i n  g 

During plutonium process ing ,  s i g n i f i c a n t  amounts o f  P u  a r e  coated 
onto  m e t a l l i c  and non-meta l l ic  s u b s t r a t e s  such a s  c r u c i b l e s ,  t o o l s ,  and 
equipment. This  plutonium may b e  recovered f o r  r e c y c l e  without  damage t o  
t h e  s u b s t r a t e  by t h e  hydr id ing  process .  
l a t e d  s t a r t u p  o f  a product ion pro to type  hydr id ing  appara tus  a t  iiocky F l a t s  
i n  1972 [45 , 463 . 
t o  produce plutonium d i h y d r i d e  by t h e  fo l lowing  r e a c t i o n :  

The advantages of  hydriding s t i m u -  

Gaseous hydrogen i s  reac ted  with plutonium i#n  an oxygen-free v e s s e l  

~ u ( s )  + H2(g) - F u H ~ ( s )  (11)  

The product hydr ide  i s  non-s to ich iometr ic  b u t  approaches PuH2 
composition. A s  t h e  plutonium hydride i s  produced, i t  s p a l l s  o f f  of  t h e  
s u b s t r a t e  and i s  c o l l e c t e d .  Product hydr ide  may be  e i t h e r  ox id ized  t o  
Pu02 f o r  s t o r a g e  and f u r t h e r  t rea tment  o r  dehydrided by h e a t i n g  i n  vacuum 
t o  produce meta l  powder which is  vacuum c a s t .  

c l o s e d  h o r i z o n t a l  c y l i n d r i c a l  v e s s e l s .  
and 1-500 T o r r  o f  H 2  depending on t h e  s u b s t r a t e  and i t s  plutonium loading. 
Oxida t ion  is conducted i n  two s t a g e s , f i r s t  a t  3OO0C then  a t  5OO0C i n  02 gas. 
Both processes  a r e  l i m i t e d  by c r i t i c a l i t y  c o n s t r a i n t s  t o  3 kg maximum b a t c h  
s i z e s .  , Dehydriding i s  performed by adding h e a t  and vacuum t o  reverse * 

r e a c t i o n  (11) .  
of . .achieving 7OO0C f o r  decomposition. I n  a l l  c a s e s ,  e x i t e d  hydrogen is  
d isposed  of  by combustion. 

Hydriding and o x i d a t i o n  a r e  performed i n  r e a c t i o n  pans placed i n  
Hydriding i s  conducted a t  100-400°C 

The r e a c t i o n  i s  c a r r i e d  o u t  i n  a vacuum-tight f u r n a c e  caphble  

4. .4REAS OF CURRaT PYRCCHENICAL DEVELGPMENT 

* .  

Following i s  a b r i e f  d e s c r i p t i o n  of  s e v e r a l  a r e a s  of  c u r r e n t  process  
r e s e a r c h  and development a c t i v i t y .  

Pyroredox 

The pyroredox process  is a t h r e e - s t e p  pyrochemical o x i d a t i o n - r e d u c t i o n  

' . I n  t h e  f i r s t  s t age ;  impure molten plutonium m e t a l  is  v igorous ly  mixed . 
t echnique  under development t o  s e p a r a t e  impur i ty  e lements  from plutonium. 

wi th  a molten ZnC12 - CaC12 - K C l  

(eig;: C r ;  Ga; 'Fe).. ' * A n  excess 'of:ZnCli 'i-s. "ked ioy'dkive t h e  oxidaiion**.accord-. " ' *  * a  

s a l t .  :Plutonium is o x i d i z e d  by ZnC12 i n  
p r e f e r e n c e  t o  impur i ty  meta ls  forming less s t a b l e  c h l o r i d e s ,  .than z i n c  . .  

The b a t h  temperature  e x h i b i t s  a s p i k e  t o  about  7OO0C upon i n i t i a t i o n  of 
r e a c t i o n .  
whi le  impuri ty  m e t a l s  with more s t a b l e  c h l o r i d e s  (e.g.  A l ,  Am) a r e  t r a n s -  

s e p a r a t e d .  

The remaining impuri ty  meta ls  a r e  taken u p  by t h e  z i n c  product ,  

. f e r r e d  t o  t h e  s a l t  phase with Pu.  The s a l t  and m e t a l  phases a r e  cooled and 



In s t e p  two, plutonium i s  recovered f rom s tage-one  s a l t  by r educ t ion  

ruC13( l )  -+ 3 / 2  Ca(s -1)  - 3 / 2  CaCl2(1)  f P u ( 1 )  

1 

t o  metal  with excess  calcium by the  r e a c t i o n :  

( 1 3 )  
The reduct ion  temperature  s p i k e  reaches about 700°C and ba th  temperature  
t y p i c a l l y  reaches over  800°C a t  t e rmina t ion  of s t i r r i n g .  
and metal  phases a r e  sepa ra t ed .  

remove z inc  and calcium. 

has reached t h e  2 kg s c a l e .  To avoid thermal shock, " t i l t - p o u r ' '  fu rnaces  
w i t h  metal  c r u c i b l e s  a r e  used f o r  both ox ida t ion  and r educ t ion  s t e p s .  The 
use  o f  h i g h  p u r i t y  s a l t s  has been shown t o  minimize o p e r a t i n g  problems 
such a s  ba th  foaming and formation of i n s o l u b l e  impur i t i e s .  Under good 
cond i t ions ,  pyroredox w i l l  lower the  i m p u r i t y  con ten t  of  plutonium meta l  by 
about one o r d e r  of  magnitude a t  very high o x i d a t i o n  and r educ t ion  y i e l d s .  
The process  has  a t t r a c t i v e  a p p l i c a t i o n s  a s  a primary plutonium p u r i f i c a t i o n  
technique  and f o r  t r ea tmen t  of ER anode h e e l s  f o r  recyc le .  

The cooled s a l t  

The reduct ion  metal  bu t ton  i s  f i n a l l y  vacuum melted i n  s t e p  3 t o  

L i t e r a t u r e  d e s c r i b i n g  the  process  [ 4 7 )  i n d i c a t e s  t h a t  development 

S a 1 t T r e a tmen t 

X major development e f f o r t  has been d i r e c t e d  a t  recovery of plutonium 

The N a C l  - K C 1  - MgC12 s a l t s  from MSE and ER a r e  c u r r e n t l y  processed 
and americium from spen t  pyrochemical s a l t s  t o  p e r m i t  t h e i r  d i s c a r d  o r  re- 
cyc le .  
by aqueous technology;  however, r ecen t  Fyrochemical. t echniques  have shown 
s i g n i f i c a n t  promise f o r  Pu and Am removal. 

t o  meta l  with magnesium o r  calcium. 
i s  made v i a  a l l o y s  such a s  A 1  - Mg o r  Zn - Pig. React ions proceed as fol lows:  

'Sa l t s  a r e  t r e a t e d  a t  approximate- 
l y  7500C i n  s t a t i o n a r y ,  o r  " t i l t - p o u r "  equipment t o  reduce PuC13 and AmCl3 . 67 

When magnesium meta l  i s  used,  a d d i t i o n  

PuC13( 1)  + 3/2 Mg( 1) -Pu( 1)  + 3/2  blgC12( 1)  

AmC13( 1)  + 3/2 Mg( 1) -Am( 1) + 3/2MgCl2 ( 1 )  

(14)  

( 15) 
w i t h  a l l  components i n  s o l u t i o n .  Product  plutonium &a americium have been 
s u c c e s s f u l l y  c o l l e c t e d  by t h e  z i n c  o r  aluminum s o l v e n t  meta l  i n  a r ecove rab le  
but ton .  When cal'cium i s  used, r educ t ion  proceeds accord ing  t o  t h e  fo l lowing  
r e a c t  ions  : 

a d  

PuC13( 1 )  + 3/2  Ca( 1 - s )  -3/2 CaC12(1) + Pu(1) ( 16) 

AmC13(1). + 3/2  Ca(l-s)-3/2 CaC12(1.) + h ( l )  .. ( 1 7 )  
The thermodynamics of t h e  process  a r e  determined by t h e  r q l a t i v e  s t a b i l i t i e s ,  
'of t he  meta l  ch lo r ides :  When calcium i s  used,  magnesium is  a l s o  reduced t o .  -. *. .2..5. * 4 . . .  . . . .  I .  .* . .I.. . .  1 ., ,m$fal 'by,.the *fok1b$ihg- r e a c t i o n :  .* ' .  * -. . .  e 5 ' .  . . . ... 

. . ,  . .  . .  .:. : .: 
and a c t s  'as t h e  plutonium o r  americium c o l l e c t o r  metal .  
reduct ions  us ing  calcium meta l  on NaCl - KCL - MgC12 s a l t s  have n o t  been 
completely s u c c e s s f u l ' t o  d a t e ,  bu t  o f f e r  t h e  advantages t h a t  : 1) no s o l v e n t  
v e t a 1  i s  r equ i r ed ,  and 2 )  MgC12 removal from t h e  s a l t  enhances Pu/Am removal. 
Calcium reduc t ions  of CaC12 - based s a l t s  have been s u c c e s s f u l l y  accomplished 
and have rek indled  i n t e r e s t  i n  a l t e r n a t i v e  s a l t  s y s t e m s  f o r  E R  and MSE. 

ox ide  is  conta ined  a t  l e v e l s  approaching s a t u r a t i o n  and p reven t s  t h e  re-use 

A t t e m p t s  a t  d i r e c t  

The r e c y c l e  of D O K  s a l t s  i s  a l s o  an a rea  of keen i n t e r e s t .  Ca lc ium 

f 



of  u n t r e a t e d  s a l t s .  
us ing a d d i t i v e  condensed-phase r e a c t a n t s  o r  gaseous conversion such a s  

Therefore ,  work is underway t o  c o n v e r t  CaO back t o  CaC12 

- C a O ( 1 )  -b 2HCl(g) - CaC12(1) t- H 2 0  ( 1 9 )  

where t h e  u n d e r l i n e  denotes  s o l u t i o n  i n  CaC12. 
under c o n s i d e r a t i o n ,  as  a r e  r e a c t i o n / f i l t r a t i o n  sequences f o r  t h i s  and o t h e r  
s a l t s .  

D i r e c t  c h l o r i n a t i o n  i s  a l s o  

T h e  processes  reviewed i n  t h i s  paper a r e  t h e  r e s u l t  of many y e a r s  of 
dedica ted  development work by a v a s t  number o f  s c i e n t i s t s ,  e n g i n e e r s ,  and 
t e c h n i c i a n s  a t  Department of Energy f a c i l i t i e s  throughout t h e  United S t a t e s .  
A s p e c i a l  acknowledgment i s  due t h e s e  people  f o r  t h e i r  t e c h n i c a l  e f f o r t s  
and thorough documentation from which t h i s  paper was drawn. This  paper  
was pre?ared  under t h e  a u s p i c e s  of Rockwell I n t e r n a t i o n a l ,  Inc.,Energy 
Systems Group, on Department of  Energy Cont rac t  No. 
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FlGURE 1: 
(with dual-impeller stirrer) or Molten Salt Extraction (as shown, 
with single-impeller stirrer) at Rocky Flats. 

Stationary Furnace Used for Direct Oxide Reduction 

. .. 
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