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Static Reactor Reduction of Plutonium Hexafluoride wi th  Iodine and Hydrogen 

James D. /\'avratil, Ralph 0. Wing, Garrel F.  Molen, and Jerry D. Moseley 

Abstract.  Experiments  a re  described which are  
part of a n  effort t o  develop and e v a l u a t e  a plu- 
tonium hexafluoride volat i l i ty  p rocess  for the 
recovery and purification of plutonium from a 
variety of impure mater ials .  

Hydrogen and iodine were used  to reduce P u F ,  
LO PuF,. With proper equipmcnt and techniques,  
both reductants  were  found to b e  c a p a b l e  of quan- 
t i ta t ively reducing P u F , .  P u F ,  from I, reduct ions 
w a s  found t o  contain up to severa l  weight-percent 
of metal l ic  impurities. P u F ,  from the Hz reduction 
contained from a few hundred par t s  per million to  
s e v e r a l  weight-percent of metal l ic  impurities. T h e  
bulk of the impurities w a s  t raced to mater ials  
used  in construct ion of the reactor. T h e  r e s u l t s  
indicate  tha t  the  H, reduction s t e p  should b e .  
invest igated further. 

Detai1.s of equipment and procedures not descr ibed in 
previous reports  a re  included here-in. Reduction bomb 
pressures  and temperatures  a r e  given as well a s  
physical  and chemical  d a t a  on the P u F i  product. 

INTRODUCTION 

A number of meta l s ,  including plutonium, have 
f luorides tha t  a r e  volat i le  below 600°C. T h e  
volat i le  property of plutonium hexafluoride a l lows  
purification and recovery of plutonium from major 
r e s i d u e s  produced in plutonium p r o c e s s  streams..  
Several  National Laboratories  a r e  invest igat ing 
fluoride volat i l i ty  a s  a p r o c e s s  for recovering 
uranium and plutonium from s p e n t  reactor-fuel 
e lements .  

E s s e n t i a l l y ,  quant i ta t ive removal of plutonium 
from reactor  fuel  e lements  h a s  been .demonstrated (1). 
Conversion of plutonium hexafluoride into a more 

' 
readi ly handled form h a s  received l i t t le  attention. 
Data on the thermal decomposition of plutonium 
hexafluoride t o  plutonium tetrafluoride have been 
published (2). T h e  reduction of P u F ,  t o  P u F ,  with 
H, and I, h a s  been  described previu~is' ly (3,4). T h c  
reac t ions  of in te res t  are:  

P u F ,  +.xcH, + PuF,(PuF,) + 2HF + xcH, (1) 

5PuF,  + xcI, + 5 P u F 4  + 2 IF,  (IF,) + xcI, (2) 

T h e s e  two reac t ions  have  b e e n  further s tud ied  to 
obtain d a t a  for poss ib le  p r o c e s s  appl icat ions.  
T h i s  report descr ibes  the resu l t s  of t h e s e  inves- 
t.igatinns. Equipment design,  plutonium hexafluoride 
and reductant  t ransfer  t echniques ,  reduction yields ,  
react ion temperatures ,  a n d  product purity d a t a  are  
presented. 

SUMMARY 

T h e  I, reduction of P u F ,  t o  P u F ,  w a s  found to be 
nearly quantitative. Equipinent design and  reactant  
t ransfer  technique were found .to be important fac tors  
influencing the comple teness  of the react ion and 
purity of the P u F ,  product. T h e  reduction react ion 
ini t ia ted a t  approximately 4OC, and  gave small  tem- 
perature and pressure  i n c r e a s e s  in the reduction ' .  

bomb. White vapors ,  a t t r ibuted to  I F , ,  were' some- 
t imes observed evolving from the P u F ,  product upon 
opening the  reduction bombs. Iodine reduct ions 
resu l ted  in equipment corrosion, handling problems, 
and' product contamination. 

Hydrogen rcduct ions of P u F ,  were found to h e  
capable of greater  than 95% reduction yields .  P u F ,  
reduction products  contained s e r i o u s  contamination . 

from only those e lements  p resen t  in construct ion 
equipment, i-e. ,  F e ,  Ni, Cr, Cu. Proper  equipment 
design and up-scal ing of reduction equipment should 
resu l t  in P u F ,  with l e s s  than 300 ppm total  de tec tab le  
metal l ic  impurities (5). T h e  rapid reduct ion reaction 
ini t ia ted a t  approximately room temperature and 
gave r i s e  to  rapid temperature and pressure r i s e s  in 
the reduction bomb. A cl inking noise,  a s  metal 
s t r iking metal ,  accompanied the onse t  of react ion.  
It  appears  that  the initial reaction consumes  P u F ,  
in the vapor s t a t e  but not the  P u F ,  remaining in the  
liquid or sol id s t a t e .  Continued hea t ing  of the 
rcduction bomb w a s  found necessary  to produce 
high reduction yields .  T h i s  work, coupled with 



other  r e s u l t s  in a s imi la r  UF,  p r o c e s s  s t e p ,  led with charcoal in d i sposa l  trap "E." Gases leaving 
t o  t h e  recommendation t h a t  t h e  H, reac t ion  s t e p  be the d i sposa l  trap (CF,) were vented t o  the drybox 
s tud ied  on  a pilot-plant s c a l e .  a tmosphere.  

EXPERIMENTAL 

Apparatus:  Figure 1 i l l u s t r a t e s  the  s t a t i c  bed  
reac tor  f luorinat ion s y s t e m  i n c l u d i n g  the fluorinator, 
plutonium hexafluoride .product co l lec tors ,  plutonium 
hexafluoride reduction bomb, a n d  fluorine d i s p o s a l  
sys tem.  A 'comple te  descr ip t ion  of the  s t a t i c  bed 
s y s t e m  including fluorine supply  a n d  f luorine dis-  
p o s a l  may  be  found e l sewhere  (6). 

In genera l ,  plutonium dioxide or te t raf luoride w a s  
p l a c e d  in the  sample  boat "A" in the s t a t i c  bed 
reac tor  "B." T h e  furnace w a s  hea ted  to a des i red  
temperature a n d  fluorine w a s  introduced. A s  pl11- 

tonium hexafluoride w a s  formed, i t  w a s  swept  out 
of. t h e  furnace a n d  condensed  in the  reduct ion bomb 
"C" and/or  product co l lec tors  "D." T h e  e x c e s s  of 
f luorine cont inued through the system. a n d  reacted 

Two t y p e s  of reduction bombs were used .  T h e  
f i r s t  type,  cal led the "unlined bomb," i s  i l lustrated 
in Figure 2a.  T h e  unlined bomb w a s  constructed 
of s t a i n l e s s  s t e e l ,  had a void volume of 115 milli- 
l i t e r s ,  and w a s  equipped with a thermocouple well 
which terminated approximately 1.5 inches  above 
the  bomb bottom. Hoke v a l v e s  (No. 4213Q6Y) were 
u s e d  on the inlet  and out let  l i n e s  on the bomb. A 
copper gaske t  w a s  used  to s e a l  the  bomb. 

The. second  type of bomb, lined with Teflnn,  
i s  il lustrat 'ed i n  Figure 2b. T h i s  reduction bomb 
w a s  s imilar  to the  unlined bomb in volume, valving, 
s e a l s ,  and mater ials .  A liner ofTeflnn w a s  used  
to limit the  plutonium hexafluoride and fluorine- 
s t a i n l e s s  s t e e l  contact .  T o  furthcr limit gas-metal  
con tac t ,  the thermocouple well was. omitted. 

A de ta i led  drawing of the P u F ,  product col lectors  
may be found e l sewhere  (6). T h e s e  co l lec tors  a re  

Figure 1. Diagram of PuF, production, collection, and reduction system. 
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Figure 2. Two types of reduction bombs used in PuF, reduction studies; (a) unlined, (b) lined with Teflon. 
r ? 



approximately &inches-high, %-inch i.d., and  a r e  
equipped with Hoke v a l v e s  (No. M482M) on the  
in le t  a n d  out let  l ines .  

F o r  s o m e  of t h e  experiments ,  the g a s e o u s  products 
of t h e  reduct ion react ion were hydrolyzed in 6-inch 
by %-inch Kel -F  fluorocarbon p l a s t i c  t e s t  tubes .  T h e  
t e s t  t u b e s  were a t t ached  t o  the s y s t e m  u s i n g  a n  
a s s e m b l y  descr ibed  by Trevorrow, ~ e s s i e ,  a i d  
Steindler  (7) a n d  by Moseley and Robinson (6). 

A thermocouple of Chromel-Alumel w a s  u s e d  to 
' 

measure  temperature changes in the  unl ined bomb. 
A Honeywell  s i n g l e  point recorder  t raced  bomb 
tempera tures .  

'An Ashcroft  p r e s s u r e  gage w a s  u s e d  to measure 
bomb pressure .  T h e  measurements  were not  
automatical ly  recorded. 

Reduct ion bombs were h e a t e d  by e i ther  a Master 
Appl iance  Corporation heat-gun or i n  a trichloro- 
e thy lene  bath. T h e  equipment u s e d  for hea t ing  
t h e  bath i s  shown in Figure 3. 

Figure 3. Bath heating apparatus. 

STEEL BEAKER 

STIRRING BAR 

A Thermolyne s t i r -plate  w a s  used  t o  h e a t  a 
s t a i n l e s s  s t e e l  beaker  containing trichloroethylene. 
A s t i r  bar  coated with Teflon w a s  used  t o  ensure 
'uniform solution temperatures .  T h e  reduction bomb 
w a s  submerged in the solut ion and the bomb and 
solut ion temperatures  were measured by the thermo- 
couple and by a d ia l  thermometer. 

F igure  4 i l lus t ra tes  t h e  hydrogen sys tem.  Bott led 
hydrogen g a s  p a s s e d  through a regulator ,  a flow 
meter, a drying trap, and into a reduction bomb. 
P r e s s u r e  gages  were used  t o  ad jus t  precalculated 
hydrogen pressures  in the bomb. 

Rcagtuls. Pl"~uiiiiill*. J i u ~ i & ,  p l i i ~ u i ~ i u l l ~  LCLLA- 

fluoride, and plutonium metal were obtained from 
111e Melal F r u d u c l i u ~ ~  Gruup a1 Rucky F l a l s .  
Emiss ion  spec t rophotomet~ ic  a n a l y s e s  of t h e s e  
mater ials  showed l e s s  than one-weight-percent 
impurities. 

Commercial grade fluorine g a s  w a s  purchased from 
the ~ l l i e d  Chemical  Corporation. Hydrogen fluoride 
w a s  removed from t h e  fluorine with a sodium fluoride 
t rap  which w a s  heated t o  100°C. 

Hydrogen w a s  supplied by the klatheson Company 
in lecture bot t les .  T h e  g a s  w a s  "prepurified" 
grade and w a s  p a s s e d  through a molecular s i e v e  
trap t o  remove moisture. 

Iodine w a s  purchased from the  Deepwater  Chemical  
Company and w a s  U.S.P. grade. T h e  c r y s t a l s  were 
ground before use .  but not , fur ther  purified. 

T h e  hydrolysis  solut ion w a s  6M_ nitr ic  a c i d  and 
1M a l u r ~ l i n u ~ ~ i  ~ l i t r a l e .  T e c l ~ r ~ i c a l  g rade  r e a g e ~ l l s  
were used  s i n c e   he hydrolysis  solut ion w a s  only 
a n a l y z e d  lor p l u l u ~ i i u ~ ~ ~ .  

Three  different reagents  were used  for fluorine 
d i sposa l :  alumina, s o d a  lime, and charcoal .  T h e  
ac t iva ted  alumina w a s  supplied by Alcoa and used  
without furthcr trcatmcnt. Soda lime, manufactured 
by Dewey and Alrn C l ~ e ~ r l i c a l  C ~ I I I ~ ~ I I ~ ,  was dried 
and sc reened  t o  greater  than b m e s h  s i z e  before 
use .  Technica l  grade ac t iva ted  charcoal  (4-10 
mesh s i z e )  w a s  supplied by Cliffs-Dow Chemical  
Company. T h e  fluorine d i s p o s a l  sys tem i s  descr ibed 
in d e t a i l  e l sewhere  (8). 



Figure 4. Hydrogen supply system. 
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Procedure: 

- 

PLUTONIUM HEXAFLUORIDE GENERATION AND 
COLLECTION - Plutonium dioxide or tetrafluoride 
w a s  loaded into the sample  boat shown in Figure 1. 
T h e  boat was  placed in t h e  furnace and heated t o  
550°C. Fluorine w a s  al lowed to flow over the boat  
for approximately 6 hours. Plutonium hexafluoride 
evolving from the  furnace w a s  condensed in liquid 
argon-cooled product col lectors  or in a reduction 
bomb. 

- - - - 

IODINE REDUCTION - Three  different procedures 
were used  for iodine reduction experiments: 

REDUCTION BOMB H2 BOTTLE 

1. A weighed amount of iodine was  e i ther  direct ly  
p laced  in the  unlined bomb or placed in a Cincll- 
deep,  1-inch-diameter aluminum oxide crucible 
which w a s  placed in the bomb. T h e  bomb w a s  
s e a l e d ,  connar.t.ed t o  the s tat ic-bed gas-sample 
manifold, and evacua ted  t o  l e s s  than 3 milli- 
meters  of mercury. Product  co l lec tors  containing 
p l u t o r ~ i u r ~ ~  l~exaf luor ide  were connectcd t o  the 
manifold. T h c  rcduction bomb was ,cooled  with 

liquid argon. Valves  between the t r a p s  and 
bomb were opened. Plutonium hexafluoride in 
the  product col lectors  w a s  vaporized by heat ing 
i t  with a heat-gun. Plutonium hexafluoride 
condensed  in the  cooled reduction bomb. Transfe r  
w a s  considered complete when the  pressure  in the  
en t i re  s y s t e m  dropped to l e s s  than 3-mm mercury. 
By weighing the  cold t raps  before and  af ter  
t ransfer ,  a theoret ical  weight of plutonium hexa- 
fluoride t ransferred to  t h e  reduction bomb w a s  
obtained. A thermocouple was  inser ted into the  
thermocouple well  and the bomb w a s  allowed t o  
warm to room temperature. T h e  bomb w a s  hea ted  
with a heat-gun or al lowed to remain a t  room tem- 
perature. When t h e  react ion w a s  considered com- 
plete ,  off-gases were ei ther  hydrolyzed or pumped 
off and the bomb was oponod. 

2. T h e  second  procedure varied in plutonium transfer  
technique.  Argon a t  50- t o  100-millili ters per 
minute w a s  used  t o  di lute  and s w e e p  plutonium . . . 

hexafluoride from warm cold-traps into the reduc- 
tion homb. During t ransfer ,  the  bomb w a s  e i ther  
cooled with liquid argon or lef t  a t  room temperature. 



3. T h e  third procedure varied from the f i r s t  two in 
both technique and  order of plutonium hexa- 
f luoride addition. An empty l ined or unlined bomb 
w a s  e v a c u a t e d  and cobled with l iquid argon. 
Plutonium.hexafluoride w a s  t ransferred into the  
bomb from co l lec tors  a s .  descr ibed  in the f i rs t  
procedure. T h e  reduct ion bomb containing plu- 
tonium hexafluoride w a s  removed from t h e  manifold 
s y s t e m  and  connected to another  s t e e l  bomb con- 
t a in ing  iodine.  T h e  reduction bomb w a s  cooled 
with liquid argon and both bombs evacua ted .  
V a l v e s  between the  bombs were opened and t h e  
iodine bomb hea ted  with a heat-gun. Iodine 
desubl imed in the reduction bomb. T h e  amount of 
iodine t ransferred w a s  determined by weighing the  
iod ine  bomb before and  af ter  t ransfer .  

After t ransfer ,  t h e  reduct ion bomb w a s  al lowed t o  
warm t o  room temperature, then i t  w a s  heated t o  
100nC, coo led ,  evacua ted ,  and opened. 

HYDROLYSIS - A Kel -F  fluorocarbon p l a s t i c  
t e s t  tube containing 5- t o  10-mil l i l i ters  of 6M 
nitr ic  acid-1M aluminum ni trate  solut ion w a s  
frozen with l iquid argon. T h e  t e s t  tube w a s  
connec ted  to  the  s t a t i c  bed manifold s y s t e m  and 
evacua ted .  T h e  reduct ion bomb w a s  connected 
a d j a c e n t  to  the t e s t  tube.  L iqu id  argon w a s  used  
t o  coo l  t h e  t e s t  tube,  and  the v a l v e s  between the 
~ c s l  tube alld bomb were opened.  q h e n  t h e  g a s  
t rans fe r  w a s  complete, the v a l v e s  t o  the t e s t  tube 
were c l o s e d  and the t e s t  tube w a s  al lawed tn 

warm gradual ly t o  room temperature. T h e  test 

tube  w a s  removed from the  manifold, decan ted  
into a sample v i a l  and r insed  with hydro lys i s  
solut ion.  Addit ional  hydro lys i s  solut ion w a s  
added  t o  a d j u s t  the  sample to  a known volume and  
thc solut ion w a s  submit ted for a n a l y s i s .  

HY UHUGEN HEDUCTION - Hydrogen reduct ions 
were performed us ing  both lined and unl ined reduc- 
tion bombs. In a l l  hydrogen reduct ion experiments ,  
plutonium hexafluoride w a s  condensed  in the  reduc- 

tion bomb prior to reductant  arlrlition. When cold 
t r a p s  were u s e d  exc lus ive ly  a s  col lect ion v e s s e l s ,  
t h e  amount of plutonium hexafluoride t ransferred 
t o  the reduct ion bomb w a s  determined by weighing 
the  cold t raps  before and af ter  t ransfer .  In those 
experiments  where the reductiom bomb w a s  used  
to co l lec t  plutonium hexafluoride, back-up cold 
t raps  were u s e d  and  plutonium hexafluoride con- 
d e n s e d  in t h e s e  t r a p s  w a s  t ransferred into the  
reduct ion bomb. T h e  amount of plutonium hexa-  
fluoride co l lec ted  in the reduct ion bomb w a s  

determined by weighing the bomb before and 
af ter  col lect ion and transfer.  

Plutonium hexafluoride in the  reduction bomb 
w a s  frozen with liquid argon and the bomb w a s  
purged with g a s e o u s  argon and then evacuated.  
With the u s e  of p ressure  a s  a quant i ta t ive indicator, 
a precalculated amount of hydrogen w a s  introduced 
into the reduct ion bomb. When the proper hydrogen 
pressure w a s  reached , ' the  v a l v e s t 0  t h e  reduction 
bomb and from t h e  hydrogen g a s  bottle were c losed .  
Res idua l  hydrogen in the manifold w a s  purged 
through the fluorine d i s p o s a l  l raps into the drybox 
with argon. T h e  ent i re  s y s t e m  w a s  evacua ted  back 
to the hydrogen bottle.  Care w a s  taken to eliminate 
a l l  s o u r c e s  uf sparks in the drybox during hydrogen 
vent.ing. 

A thermocouple o l  C111-omel-Alumel w a s  inserted into 
the thermocouple wel l  of the unlined bomb. T h e  
unlined bomb w a s  hea ted  with a heat-gun aimed 
a t  the  hont  and bottom of the bomb. Two experi- 
ments  were conducted with the  unlined bomb with- 
out applying hea t  immediately after hydrogen 
transfer.  T h e  bomb w a s  al lowed t o  remain a t  room 
temperature fo r  severa l  hours. 

When the bomb l ined with Teflon w a s  used,  a 
thermocouple .of Chromel-Alumel w a s  taped to t.he 
back-center of the  bomb. A heat-gun w a s  used to 
hea t  the front s ide  of the bomb. 

Atrempt,~ wnrr. mndr tr? I I I C ' R ~ U ~ : ~  L I ~ U  plutoniiini 
h e x a f l u o r i d e - h y d ~ n p n  initintiuii t e ~ ~ ~ p u r u t u r c .  An 
unlined bomb containing plutonium hexafluoride 
and hydrogen w a s  t ransferred from a liquid argon 
bath to  a dry i c e - t r i c h l ~ r o e t h ~ l e n e  bath. Thermo- 
c o ~ p I c s  were I I S P ~  in mnjunc t ion  with rccordcrj 
to fnllnw t.hn AI.I~?I!IV!I I ~ I I I ~ B P ~ I U ~ ~ O  nnd tcmpcratillc 
ins ide  the bomb. T h e  solut ion temperature w a s  
allowed t o  r i s e  gradually and the temperature a t  
ini l ia l ion of react ion w a s  noted. 

RESULTS AND DISCUSSION 

Iodine Reductions: I t  h a s  been reported that  plu- 
tonium hexafluoride r e a c t s  with iodine to  form 
plutonium tetrafluoride and iodine pentafluoride 
or iodine heptafluoride a s  follows: 

5 P u F ,  + I, -t 5 PuF, + 2 IF,  

P u F ,  + IF,  -t P u F ,  + IF, 



T h e  reduction a p p e a r s  t o  b e  a gas-phase reaction ., hexafluoride. Argon purging of plutonium hexaflu- 
which proceeds rapidly a t  room temperature (3). ride into the bomb appeared to el iminate  t h i s  problem. 

A s e r i e s  of e leven  experiments  w a s  performed 
us ing  the f i rs t  iodine procedure descr ibed .  
Briefly, iodine w a s  loaded into t h e  bomb, the  
bomb w a s  cooled with liquid argon, and plutonium 
hexafluoride condensed onto the iodine. 

Bomb tcmperclture measurements  were made during 
three experiments. In e a c h  c a s e  a lS°C rapid 
temperature r i s e  was  recorded when the bomb 
temperature reached  4OC. 

In some of the  experiments ,  white fumes evolved 
upon opening the  bomb af ter  reduction. The  fumes 
were probably the r e a c t i u ~ ~  products  of iodine 
pentafluoride with moisture in the  glovebox air  (9). 
T h e  product remaining in the  bomb w a s  usual ly a 
light pink-salmon colored powder. Analys i s  of the 
product revealed smal l  amounts of iodine, and in 
many experiments  unreacted iodine w a s  observed 
in the reduction bomb. The  unreacted iodine w a s  
protected by a coa t ing  of PuF,. X-ray diffraction 
a n a l y s e s  indicated that  the ~ r o d u c t  w a s  primarily 
plutonium tetrafluoride. 

Iodine w a s  varied from a two- t o  five-fold e x c e s s  
over that  theoret ical ly  required for complete plu- 
tonium hexafluoride reduction. No signif icant  
product-yield t rends  could be correlated with the 
amount of iodine used .  

Reduction y i e l d s  were ca lcu la ted  a s  follows: 

mg P u  in P u F ,  product 
76 Reduction Yicld = x 100 

mg P u  transferred into 
bomb a s  P u F ,  

Average reduction yield for the eleven experiments 
w a s  68%. Maximum yield for one exper i r r l e~~l  w a s  93%. 

A s e r i e s  of experiments  was  made using the second  
iodine prncecli~re for reduction. It  w a s  hoped that  a 
more quant i ta t ive t rans fe r  of plutonium hexafluoride 
could be  achieved by sweeping  the vaporizing plu- 
tonium hexafluoride out of the cold t raps  with argon 
gas .  In some of the f i r s t  procedure experiments, 
the bomb down-leg, through which plutonium hexa- 
fluoride was t ransferred,  plugged during transfer.  
It  appears  that  plugging w a s  caused  by iodine con- 
densing in the down leg  and react ing with plutonium 

In most of the s e c o n d  procedure experiments ,  the 
reduction bomb w a s  kept  a t  room temperature 
during transfer.  It  w a s  hoped tha t  a cont inuous,  
controlled react ion would prove eff ic ient .  

During plutonium hexafluoride t ransfer ,  5 t o  10°C 
i n c r e a s e s  were noted and during one experiment, 
a n  80-millimeter p ressure  increase  w a s  noted. T h e  
t ransfer  of plutonium hexafluoride required a n  
e x c e s s i v e  amount of time and, because plutonium 
tetrafluoride w a s  found in the cold t raps ,  i t  appeared 
that  iodine backstreaming had occurred. 

Minimum and maximum yie lds  were 42 and  97% 
respec t ive ly ;  however, the number of experiments  
conducted w a s  not suff icient  to  provide a meaning- 
ful  average reduction yield. 

Two experiments  were conducted using the third 
iodine procedure for reduction. By condensing 
, plutonium hexafluoride into a n  empty bomb followed 

by desubl imation of iodine into t h e  bomb, problems 
encountered in the f i r s t  two ~ r o c e d u r e s  (plugging 
and b a ~ k s t r e a m i n ~ )  were el iminated.  I t  w a s  hoped 
tha t  bet ter  reac tan t  contact  would resu l t  in higher 
and more cons i s ten t  reduction y ie lds  than previously 
obtained,  but no yield d a t a  were obtained s i n c e  it  
w a s  sacr if iced for purity da ta .  T h e  bomb lined with 
Teflon w a s  u s e d  in order that  meaningful plutonium 
tetrafluoride purity d a t a  could be  obtained.  

T h e  products  from the l a s t  two c e d u c ~ i o n s  appeared 
ini t ia l ly  to  b e  the  normal-pink plutonium tetrafluoride, 
but upon exposure to  the glovebox atmosphere,  the 
powder emitted white fulnes and changed to a light- 
green powder, green c r y s t a l s ,  and pink f lakes .  When 
the fuming had c e a s e d ,  x-ray diffraction a n a l y s i s  
showed the ~ r o d u c t  to  be ~ l u t o n i u m  tetrafluoride. 

Because  of handling diff icul t ies  caused  by prolonged 
off-gassing of the product,  no e l ~ ~ i s s i o n  spcctro-  
photometric a n a l y s e s  were made or1 ~ l ~ e  p~.udiict. 

Plutonium tetrafluoride produced in the unlined- 
bomb experiments  contained large amounts  of 
metal l ic  impurities. Iron, nickel ,  and chromium 
were i n d i v i d i ~ a l l ~  present  in the 1000- t o  4500-ppm 
(of P u )  range. Plutonium tetrafluoride of accept-  
ab le  purity ( l e s s  than 10% of the mentioned leve l s )  
could probably be produced in equipment having 
su i tab le  construct ion mater ials  and design.  



I n c o n s i s ~ e r l t  y ie ld  da ta  probably resu l ted  more 
from plutonium hexafluoride t rans fe r  problems than 
incomplete  reduct ion.  In s e v e r a l  experiments ,  
g a s e s  p resen t  a f te r  reduct ion were hydrolyzed and  
the  resu l tan t  so lu t ion  a n a l y z e d  radiometr ical ly  for 
plutonium. T h e  maximum plutonium l o s s  in  the 
off g a s e s  w a s  found to be  only 0.25% of the  ~ l u -  
tonium theore t ica l ly  t ransferred.  

C o n s i s t e n t  reduct ion y i e l d s  approaching 100% could 
probably be a c h i e v e d  with iodine by the u s e  of 
proper equipment  and procedures.  I t  w a s  decided,  
however, tha t  t h e  reduct ion of plutonium hexafluoride 
with hydrogen should  be investigated-before further 
iodine reduct ion experiments  were performed. T h e  
diff icul ty of working with g a s e o u s  iodine and g a s e o u s  
iollillc: f luor ides  w a s  the primary reason  for abandnning 
t h i s  approach.  

Hydrogen Reduct ions:  Hydrogen reduc t ions  were 
made, u s i n g  t h e  bomb l ined with Tef lon ,  when 
product purity and  yield were t o  be determined. 
T h e  unl ined bomb w a s  used  when only pressure  
and temperature changes  werk to be measured.  
Star t ing mater ial  for the f i r s t  product-purity 
experiment  w a s  part ia l ly  f luorinated plutonium 
dioxide,  w h e r e a s  feed for the  s e c o n d  and third 
experiments  w a s  plutonium d iox ide  produced by 
burning plutonium metal  in  air .  

' 

Plutonium tetrafluoride from the l ined bomb w a s  
a pink-brown powder containing a few agglomerates  
coa ted  with blue-black s u b s t a n c e .  T h e  coa t ing  
w a s  Iountl t o  bc p lu ton iun~ trilluoride. 

Produc t  a n a l y s i s  indicated tha t  plutonium hexa- 
fluoride i s  reduced by hydrogen a s  fol lows:  

P u F ,  + H,(<10% e x c e s s )  + P u F ,  + 2 H F  

P u F ,  + e x c e s s  of H, + P u F ,  + P u F ,  + H F  

F e e d  and product mater ials  were ana lyzed  by 
emission spectroscopy.  T a b l e  I con ta ins  concen- 
tration l e v e l s  of e ' ~ e m e n t s . ~ r e s e n t  in the feed  and 
product mate r ia l s  above  detect ion limits.  An 
a s t e r i s k  i s  used  t o  ind ica te  that  no s ignif icant  
difference in impurity concentrat ion w a s  found 
between feed  and product material.  , C h a n g e s  in 
impurity concentrat ion by a factor  of four or greater 
were considered s ignif icant .  

Ana lyses  were made for twenty addi t ional  ca t ions ,  
and they were found t o  be presellt  iri ins ien i f i rnn t  
quant i t i es  ( l e s s  than 25 pprn). 

T h e  feed  for the  three experiments  w a s  fluorinated 
from room temperature to  300°C during furnace 
warmup. Below 300°C, the ra te  of plutonium hexa- 
fluoride formation w a s  very low. During t h i s  time, 
the product co l lec tors  were not open to the system. 
It  w a s  hoped that  those  e lements  that  form volat i le  
f luor ides  below 300°C would be removed from the 
sys tem and not contaminate the plutonium tetra- 
fluoride reduction product.  E lements  of t h i s  type 
(Table  I) a r e  T a  and Si.  Tantalum contamination 
111 Ll~e product W a s  lower than in the feed.  No 
s ign i f ican t  decrease  in Si concentrat ion w a s  
observed.  Si l ica  contaminat.inn nf thr prodirct w 3 c  
not expected s i n c e  SiF, h a s  a hoi l ing point of,  

' 

6 5 O C  (10). Recent. e x p ~ r i m e n t s  have ~ h o l v n  thnt 

complete removal of Si a t  low flnnrination tempera- 
tu res  ( l e s s  than 300°C) may not be p o s s i b l e  (11). 
S iF ,  can probably be se lec t ive ly  vo la t i l i zed  from 

'I'able I .  Puri f icat ion o f  plutonium by volat i l izat ion,  and hydrogen reduction o f  PuF,  (impurities in feed and product motcrial in p y / g  P u ) .  

Material 
Analyzed A 1 B e  C a Cr Cu F e  G a  R4g Pli . I'll 81 . 7, n '1.0 - . - - -  - - - - - -  

F c c d  - 1000- 
Exp. No.  1 , 159 100 2500 21 100 206 2000 500 428 (1 61 25 10 % 

Product - 
Exp. No.  1 22 (0.04 5 * 20 53 1 1  50 29 * I * (100 

F e e d  - 
E x p s .  2, 9 308 U.U8 40 54 100 815 3000 133 137 35 179 83 

Product - 
Exp. No. 2 15 * .10 * * 99 20 3 * (2.5 t * 
Product - 
Exp. No. 3 25 * ' 1 0 .  * * 81 . 13 1 ' * (2.5 ~r * 

* No s igni f icant  change  in impurity concentration between feed and product. 

8 



P u F ,  by warming the  SiF,-PuF, mixture t o  -6S°C 
P u F ,  h a s  a melting point of 51.6OC (12). 

Some f luorides of Cr may be  volat i le  in t h e  300- 
to-550°C ;ange. T h e  concentration of Cr  in the .  
feed  and product w a s . e s s e n t i a l l y  the  same.  
Chromium contamination of the product may resu l t  
f rom a f luorine-stainless  s t e e l  reaction. T h e  inner 
sur face  of the s t a i n l e s s  s t e e l  tubing between the  
bomb and v a l v e s  wss exposed  to plutonium hexa- 
fluoride during t ransfer  and  reduction operations. 
T h e  remaining elements  l i s ted  in T a b l e  I have 
f luorides with melting points  above 550°C. T h e  
concentrat ion of most of t h e s e  e lements  w a s  
s ignif icant ly lower in the product than in the feed.  
Iron and copper were presen t  a s  construct ion mate- 
r i a l s ;  therefore, some corl~al~l inat ion from t h e s e  
e lements  w a s  expected. T h e  presence  ol signifi- 
can t  amounts of Zn in the reduction product w a s  
unexpected and  i s  unexplained a t  t h i s  time. 

T a b l e  I1 con ta ins  further ana ly t ica l  d a t a  on the  
feed and product mater ials ,  hydrogen-plutonium 
hexafluoride mole rat ios ,  and  reduction yields .  
T h e  calculat ion of redu'ction yield h a s  been  described 
in the s e c t i o n  on Iodine Reduction. 

\ 

T h e  theoret ical  ~ e i ~ h t - ~ e r c e h  of plutonium in 
plutonium tetrafluoride i s  75.9. Although the  product 
from Experiment No. 1 had a low plutonium content ,  
the weight-percent plutonium from the products of 
Experiments  2, 3, and 4 w a s  quite c l o s e  t o  the 
theoret ical  value. 

, Summation of weight-percent plutonium and weight- 
percent  fluorine should be equa l  t o  100 if the  

. 

product w a s  pure plurorliu~r~ ~ e ~ r a f l i i o r i d c .  T h c  
to ta l s  of the appropriate columns in T a b l e  I1 yield'  

T a L l t  11. Anolytiool,  chemical,  and ~ i n l d  data from reduction experimenl 

Mean Speci f ic  
Crystoll ito Surface 

Material P u  ( 4 0 )  S i z e  (microns) Area (m2/ g) 

Product - 
Exp. No. 1 64.6 - - 
Product - 
Exp. No. 2 75.8 3- 150 0.33 
Product - 
Exp. No. 3 75.3 5-30 0.24 
Product - 
E x p .  No. 4 73.9 - - 

v a l u e s  l e s s  than 100. T h e  weight-percent fluorine 
va lues ,  determined by neutron counting, a r e  not 
a s  accura te  a s  the  plutonium a n a l y s e s .  Large  . 

amounts of plutonium trifluoride could have  the 
e f fec t  of lowering weight-percent fluorine va lues ,  
but a mixt'ure containing 7 0  w/o plutonium trifluoride- 
3 0  w/o plutonium tetrafluoride would b e  necessary  
t o  reduce the weight-percent  fluorine va lue  to  20.7. , 

X-ray diffraction a n a l y s e s  showed t h a t  only a smal l  
(<lo W/O) amount of plutonium trifluoride w a s  in  
the  samples.  

From the equa t ions  shown,  i t  can  b e  s e e n  tha t  a 
theoret ical  H,/PuF, mole rat io  of 1 i s  required 
for quant i ta t ive plutonium hexafluoride reduction 
to plutonium tetrafluoride. Experiment No. 4 
showed that  sa t i s fac tory  reduction y ie lds  could 
be  obtained with a s l igh t  e x c e s s  of hydrogen 
(H,/PuF, mole ra t io  of 1.08). 

T h e  75% yield obtained in Experiment No. 2 can  
be at t r ibuted,  in  part,  to  a l o s s  of plutonium tetra- 
fluoride during a check of the bomb pressure  after 
reduction. Experiment No. 4 w a s  conducted in the 
unlined bomb. Only yield da ta ,  in addi t ion to  tem- 
perature and pressure  increase  da ta ,  were obtained. 
It  i s ,  believed t h a t  with improved techniques,  reduc- 
tion y ie lds  above  99% could Le cons i s ten t ly  obta-ined. 
T h i s  opinion i s  b a s e d  on the work described in t h i s  
report and on previous work where UF, w a s  reduced 
in a s imilar  manner (5). 

Several  experiments  were performed to determine 
thc reduction reaction-init.iation temperature, 
pressure increase  during the react ion,  and tempera- 
ture r i s e  during the react ion.  T h e  unlined bomb w a s  
hea ted  with FI hefit-gun as previously described.  
Unfortunately, the  thermocouple was  s i tua ted  in a 

X-Ray 
Fluorine Diffraction Moles % 

( d o )  Identification Mole P U P ,  

22.2 - 1.77 
major PuF4 

20.8 minor P u F ,  1.12 
major PuF4 

20.8 minor P u F ,  1.18 

Yield  
(%) 



wel l  about  1.5 i n c h e s  from t h e  bottom of the  bomb 
and  t h e  temperatures  measured were lower than 
the  temperature of the  hea ted  wall .  P r e s s u r e  read- 
i n g s  were made v i sua l ly  on a 0- t o  200-psi 
p r e s s u r e  gage.  

T h e  reac t ion  w a s  ini t ia ted between 20 and 25OC 
in th ree  experiments ,  but occurred a t  O°C in the 
fourth cxpcriment. A rapid temperature r i s e  
fol lowed ini t ia t ion and varied from 40 to 60°C. 
F igure  5 s h o w s  temperature measurements  taken 
before, during,  and  af ter  the  react ion.  

T w o  addi t ional  experiments  were performed in 
which t h e  unl ined bomb w a s  s lowly hea ted  in a 
t r i c h l ~ r o e t h ~ l e n e  bath from 15 to 55OC. T h e  
so lu t ion  and  bomb thermocouple temperatures 
were maintained within 2OC of e a c h  other. T h e  
f i rs t  reduct ion ini t ia ted a t  2S0C, h ~ ~ t  in the  second  
experiment  the  react ion s t i l l  had not occurred a t  the  
t r ichloroethylene boiling point  (approximately 60°C). 

T h e  heat-gun w a s  appl ied to t h e  bomb wall and the 
react ion ini t ia ted a t  approximately 70°C. It  appeared 
that  the  react ion initiation-temperature w a s  influenced 
by uncontrolled var iab les  such  a s  wal l  e f fec t s  or 
t race  impurities. No further experiments  of th i s  
type were made. 

A rapid pressure  r i s e  occurred upon react ion a s  
i s  shown in Figure 6. Although the  amount of 
plutonium hexafluoride and hydrogen in the  reduc- 
tion bomb w a s  approximately the s a m e  in e a c h  
experiment, the  peak pressure observed varied from 
120-psi t o  greater  than 200-psi gage limit. It  should 
be noted tha t  the pressure a t  ini t ia t ion of the reaction 
i s  more cons tan t  (65-70 ps i )  than is the tenlperalure 
at ignition. 

Two experiments  were made in which the reduction 
bomb w a s  al lowed to warm to room temperature 

Figure 5. Temperature of ignition, rate of temperature rise, and maximum temperature measured for the static-bomb reac- 
tion: PuF, + H, + PuF, + 2HF. Numbers refer to experiment numbers. 

TIME (minutes) 



Figure 6. Pressure a t  initiation of reaction and maximum pressure measured for the s tat ic  bomb reaction: PuF, + H, + 

PuF, + 2HF. Numbers refer to experiment numbers. 

0 -  

without hearing. In the  f i r s t  experiment a tempera- 
ture r i s e  of 60°C w a s  noted a f te r  6 4  minutes. T h e  
bomb w a s  evacuated for 2 minutes and opened. 
White vapors  evolved for severa l  minutes. Similar 
vapors  were observed upon opening the reduction 
bomb in tlie f i r s t  t r i c h l o r o e l l ~ ~ l e n e  bath expcriment. 
T h e  reduction yield from t h i s  experiment w a s  
only 5 4  percent.  

- 
I I I I I I I I I I I 

Another experiment w a s  conducted in which the 
bomb w a s  al lowed t o  remain at  room temperature 
for 1 7  hours. At the end of that  time, the  bomb 
w a s  heated with t h e  heat-gun. A rapid temperature 
r i s e  of 17'C w a s  noted. No fumes were observed 
upon opening the bomb. 

2 4 6 8 10 12 14 16 18 20  22 24 
TIME (minutes) . 

It appears  that  plutonium hexafluoride in the 
liquid or sol id s t a t e  in the bomb i s  not reduced 
when the gas-phase react ion occurs .  T h e  appli- 
cat ion of external  hea t  i s  necessary  to  obtain 
good yields .  Initiation temperature of the gas-  

p h a s e  react ion w a s  not determined with cer tainty,  
but i t  i s  probably a t  room temperature or higher. 

T h e  hydrogen reduction of g a s e o u s  plutonium 
hexafluoride appears  t o  be a pracl ical  p lucess .  
Using unsophist icated equipment, favorable  
reduction y ie lds  and product.purity were 
obtained. Hydrogen h a s  been s e l e c t e d  a s  a 
reductant  for p l u t o n i ~ ~ r n  hexafluoride t o  be 
generated in the Rocky F l a t s  fluid bed 
fluoride volat i l i ty  pi lot  plant.  
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