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EACTOR F U E L  PWQCESSlNG 

In the development of new power reactor con- 
c e p t s ,  fue ls  tha t  can be used  for long per iods and 
a t  very high temperatures  a r e  cont inual ly  be ing  
developed.  To achieve  t h e s e  goa ls ,  mater ia l s  
ate employed for which the  chemistry encountered 
i n  fuel  process ing  is often not well understood. 
T h e  development program is di rec ted  toward t h e  
demonstrat ion of chemical  methods and engineer ing 
prac t ices  t o  permit the recovery of the uranium, 
thorium, and plutonium from t h e  spent  fue ls .  T w o  
approaches a re  being followed: the  development  
of both mechanical  and chemical  head-end methods 
des igned  to produc-e s u i t a b l e  aqueous  f e e d s  for 
so lvent  extract ion and t h e  development  of non- 
aqueous  p r o c e s s e s  s u c h  as chlor ide volat i l i ty ,  
which may e i ther  precede  or c i rcumvent  so lvent  
extract ion or fluoride volat i l i ty  p r o c e s s e s .  

1.1 Process Development for Uranium 
Carbide Fuels. 

L a s t  year  i t  w a s  reported t h a t  unirradiated 
samples  of uranium carb ides  hydrolyze rapidly i n  
water  arid i n  so lu t ions  of a c i d s  and b a s e s  at 80 
to 100°C. Hot-cell eva lua t ions  of t h i s  p r o c e s s  
with uranium monocarbide s a m p l e s  irradiated from 
608 to 16,000 Mwd/ton showed t h a t  i r radiat ion 
p a s s i v a t e s  uranium carbide toward hydrolysis  i n  
water  and in  b a s e  solut iol is  (but not i n  ac ids)  and 
tha t  t h e  degree  of pass iva t ion  is a funct ion of 
the  amount of irradiation. Fue l  containing 20% 
PuC-80% UC behaved similarly. To circumvent  
th i s  difficulty, two al ternat ive methods were ex- 
plored and t e s t e d  with unirradiated and i r radiated 
fuel  samples .  

The  f i rs t  method employed pyrohydrolysis  of 
uranium carb ide  with s t e a m  a t  700 to 800°C at 

1 atm; when a i r  is excluded,  UOz is produced, 
but  with air present ,  t h e  product is U,O,. T h e  
off-gas c o n s i s t s  of H CO, and eo,. Only 0.03% 

2' 
of t h e  carbon remains unreacted. In hot -ce l l  
t e s t s ,  0 5% of the  cesium and 0.04% of t h e  ru- 
thenium were volat i l ized but  were condensed  quan- 
t i t a t ive ly  in  the  steam condensate .  T h e  uranium 
oxide a s h  remaining af ter  hydro lys is  is e a s i l y  
d isso lved  i n  ni t r ic  ac id ,  and the resu l t ing  solut ion 
c a n  be  so lvent  extracted without further t reatment .  
Similar resu l t s  were obtained with PuC and 20% 
Puc-UC fuel  samples  tha t  had been  i r radiated 
t o  20,000 Mwd/ton. When i r radiated PuC-80% UC 
w a s  burned direct ly  i n  0,, 36% of the  f i s s ion  
product c e s i u m  and 2% of the  rutheni urn were 
volat i l ized,  probably as oxides .  

Alternat ively,  uranium monocarbide c a n  be  dis-  
solved in 13 M HNO, to produce a d i lu te  so lu t ion  
of uranyl ni t ra te  in  ni t r ic  acid.  However, t h i s  
so lu t ion  conta ins  about  40% of t h e  carbon (from 
t h e  ucj as  soluble organic  a c i d s  and poss ib ly  
other compounds. T h e s e  contaminants  c a n  be 
oxidized completely by extended treatment with 
permanganate. Then ,  af ter  removing t h e  e x c e s s  
acid by d is t i l l a t ion ,  the solut ion may b e  processed  
with l i t t l e  dif t icul ty  by Purex  so lvent  extract ion.  
In t e s t s  of t h e  procedure, uranium recovery w a s  
bet ter  than 99.99%; however, 0.15% of t h e  plu- 
tonium w a s  not recovered during s t r ipping.  

Our cont inuing s t u d i e s  of t h e  hydrolysis  reac-  
t ions and reaction products of t h e  carb ides  of 
uranium have  required s a m p l e s  with varying ratios 
of uranium to carbon. T h e  Metals and Ceramics  
Divis ion accordingly prepared heat- t reated s p e c i -  
mens ranging i n  ini t ia l  composition from UC, to 

UC, 8 5 .  
After h e a t  treatment a t  temperatures  of  

1275 to 1780"C, t h e s e  s ta r t ing  mater ia ls  were con- 
verted to mixtures of monocarbide-sesquicarbide 
(UC to WC ~ 

to UC 5 ) .  No uranium sesquicarb ide  w a s  formed 
or st.squicarbide-dicarbide (UC . 

. 
i i i  
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when an a s - c a s t  specimen of dicarbide (with a 
combined-C/U atom ratio of 1.86) w a s  hea t  t reated 
under condi t ions in  which t h e  sesquica ib ide  should 
have formed had t h e  as-cast specimen been a 
inixture of UC and UC, ,o .  

T h e  hydrolysis  of uranium sesquicarb ide  
[U,(C,),] between 25 and 99°C produced hydrogen, 
g a s e o u s  a l ipha i ic  hydrocarbons (containing mainly 
2 t o  8 carbon atoms, with a t race  of methane), a 
water- insoluble  wax: and a hydrous U(1V) oxide.  
Uranium monocarbide--sesquicarbide mixtures pro- 
duced less methane and m o r e  C , -  t o  C,-hydro- 
carbons  than expected,  indicat ing that  polymeriza- 
tion involving s ingle  carbon uni ts  from the  
monocarbide had occurred. Hydrolysis  of sesqui -  
carbide-dicarbide mixtures yielded the products  
expected from the  behavior of the  s e p a r a t e  com- 
pounds. T h e  compositions of the g a s e o u s  products 
from the heat-treated spec imens  containing uraniun 
sesquicarb ide  were markedly different from t h o s e  
of a s - c a s t  monocarhide-dicarbide mixtures with 
the same carbon t o  uranium atom rat ios .  

One of t h e  more interest ing e f fec ts  w a s  that  the  
g a s e s  produced by the hydrolysis  of irradiated 
monocarbide i n  a c i d s  contained increas ing  con- 
cent ra t ions  of hydrogen and C,-C, hydrocarbons 
and d e c r e a s i n g  concentrat ions of methane as the  
irradiation leve l  increased.  That  irradiation 
affects UC is further subs tan t ia ted  by the  
pass iv i ty  of irradiated carbide to  s imple hy- 
dro lys i s  in  water. 

1.2 Studies on the Dissolution of PuQ,-UO, 

Fundamental s t u d i e s  of the dissolut ion of cer ta in  
s ingle-  and mixed-fuel ox ides ,  begun l a s t  year 
with unirradiated UO,, PuO,, and PuO,-uO,  fuel  
pe l le t s  obtained f rom a number of manufacturers, 
were continued. 

Tota l  d i sso lu t ion  t imes f o r  pel lc ted U0,-PuO, 
mixtures, prepared differently, were determined. 
When the pe l le t s  represented a homogeneous sol id  
solut ion,  they could be  d isso lved  in nitric a c i d  
alone. When complete so l id  solut ion had not been 
achieved during pel le t  fabrication, a mixed d isso l -  
vent (nitric and hydrofluoric a c i d s )  w a s  required. 
I t  w a s  found that  complete dissolut ion of p e l l e t s  
in which so l id  solut ion had been a t ta ined  took two 
or three t imes as long as  would be predicted on 
t h e  b a s i s  of t h e  a rc3  of t h e  pel le t  and t h e  in i t ia l  
d i sso lu t ion  rate. 

1.3 Dissolution of 501-Gel-Derived ShQ,-LdQ, 

Dissolut ion s t u d i e s  were made with both un- 
irradiated and irradiated ThO,-4% UO, prepared 
by the sol-gel  process .  Unirradiated mixed-oxide 
samples  were only 70 to 73% disso lved  i n  7 hr 
in  boi l ing 13 M 11N03-0.04 M AI(NO,),. B e c a u s e  
of t h e  long dissolut ion time, “hee l”  d isso lu t ion  
appears  to b e  required. With a hee l ,  87% of the 
sol-gel-derived thoria d i sso lved  in  20 hr ,  the  
d isso lver  product being 0.8 M i n  thoriilm. Irradi- 
a ted samples  d isso lved  much fas te r ,  a t  l e a s t  
ini t ia l ly ,  than unisradiated spec imens .  In 7-hr 
t e s t s  about 95% of the irradiated oxide d isso lved .  

1.4 Studies on the Z i r f l e x  Process 

Several  modifications and improvements to t h e  
Zirflex process  for the  chemical  removal of 
Zircaloy cladding from oxide-core f i d s  were 
eva lua ted .  When ammonium f luoride---a~n~nonium 
nitrate solut ions a re  used to se lec t ive ly  d i s s o l v e  
Zircaloy from irradiated UC),, some smal l  fraction 
of the  UO, is disso lved .  Uranium c a n  be  re- 
covered f rom Zirflex decladding w a s t e  solut ion 
by a s low (2- t o  7.-day) precipi ta t ion of uranium 
peroxide with 1 M FI,O,, followed by filtration. 

T h e  addition of ammonium tar t ra te  and ammonium 
hydroxide t o  Zirflex w a s t e  solut ion produced solu- 
t ions  (pH 8) that  were s t a b l e  for more than a year, 
a t  25OC. T h e  zirconium concentrat ion w a s  0.15 hf 
a t  a tartrate-to-zirconium rat io  of 0.1, and 0.5 M at 
a ratio of 0.5. T h e  addition of potassium tar t ra te  
and potassium hydroxide produced a w a s t e  (pII 12) 
that  w a s  s t a b l e  for 70 hr a t  a tartrate-to-zirconium 
ratio of 1.4.  Addition of ammonium tar t ra te  and 
amnionium hydroxide t o  the  NH,F d isso lvent  
caused  no reduction of the Zircaloy-2 d isso lu t ion  
rate .  

1.5 Studies on the Adsorption of Protactinium 

The recovery of 233Pa from nitric acid solut ion 
of short-cooled irradiated thorium may be  p o s s i b l e  
by the  u s e  of unfired Vycor g l a s s  as  a n  adsorber. 
Laboratory s t u d i e s  showed that  unfired Vycor 
preferentially and eff ic ient ly  adsorbs  protactinium 
from simulated acid-’l‘horex d isso lver  solut ions,  
with distribution coeff ic ients  of 3800 t o  300, 
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depending on the (:oncentration of other ions in  
the  solut ion.  More than 98% of the  protactinium 
c a n  be  removed. 

Other inorganic  ion exchange r s  or adsorbers  were 
tes ted .  L inde  molecular s i e v e s  ( S X ,  POX, and 
l S X j  gave distribution coeff ic ients  from 1000 t o  
2000; s i l i c a  gel ,  3000 to 6800; and Rio-Rad ZP-1, 
a zirconium phosphate  ion exchanger ,  about 17,000. 
Protactinium can be removed from the Vycor with 
oxal ic  acid so lu t ions .  

‘The f i rs t  t e s t s  t o  determine the feas ib i l i ty  of 
recovering uranium from so lu t ions  of i r radiated 
thorium by adsorption direct ly  onto high-surface- 
area thorium dioxide were discouraging.  

1.6 Recovery of Advanced Reactor Fuels  
by h l v e n t  E x t s a c t i o ~ ~  

Some advanced reactor fue ls  must be  d i s so lved  
i n  nitric-hydrofluoric acid mixtures,  but the  re- 
su l t ing  so lu t ions  are not amenable t o  s tandard 
solvent  extract ion methods.  Accordingly,  labora- 
tory experiments were made in order t o  def ine the  
variation in the dis t r ibut ion coeff ic ient  of uranium 
between tributyl phosphate  or dibutyl  butylphos- 
phonate and nitric-hydrofluoric ac id  s y s t e m s  con- 
ta ining niobium and aluminum. 

Countercurrent batch extract ion experiments ,  with 
a feed solution 0.1 M in  Nb, 0 . 1  M in  U, 1 M in F--, 
3 ill in  NO --, plus t race  amounts of f i ss ion  
products,  resul ted in sa t i s fac tory  uranium recovery 
and decontamination from fluoride,  niobium, z i r -  
conium, ruthenium, and rare-earth e l emen t s .  

3 

1.7 Studies on Chloride Volatil ity 

Labolatory s t u d i e s  indicated the  feasibi l i ty  of 
col lect ing volat i le  ZrC14 and UC1, ( resul t ing from 
the chlorination of U-Zr alloy fuel)  in boi l ing 
water.  T h e  chloride c a n  be removed from th is  
solut ion,  and the  solut ion c a n  be  reduced in 
volume, by adding hydrogen peroxide and boiling. 
T h e  resul t ing solut ion is  s t a b l e  a t  room tempera- 
ture. It may b e  as concentrated as 5 kf i n  zir- 
conium, and the  uranium c a n  be  sa t i s fac tor i ly  
recovered by so lven t  extract ion with tr ibutyl phos- 
phate .  T o  indicate  t h e  poss ib l e  appl icat ion of 
chlor ide volat j l i ty  t o  graphite-matrix fue ls ,  the 
a s h  from the burning of UC-’I’hC-graphite fuel  w a s  
sa t i s fac tor i ly  chlor inated,  and  the  thorium and 

uranium chloride w a s  d i s so lved  in 6 N HC1. After 
concentrat ing,  the uranium was  recovered by sol- 
vent extract ion.  

Other work i n  the  chloride sys t em included 
thermodynamic ca lcu la t ions  on the reduction of 
volat i le  UC1, with CO t o  produce the  nonvolat i le  
UCl,; quant i ta t ive reduction and recovery of the 
uranium is not feasible .  Phase-equilibrium d a t a  
for the  sys t em HCl-I-I,O-ZrOCl, were determined 
for the  range 0.2 to 3.5 M ZrOCl,. Ca lcx la t ions  
were made which indicate  tha t  the equilibrium 
capac i ty  of chlorine for transporting plutonium as 
PuC14 i s  affected only s l igh t ly  by the p re sence  
of utanium chloride vapor. T h i s  capac i ty  in- 
creases from 3 x I O e 6  mole to IO-’ mole of plu- 
tonium per mole of chlorine a s  the temperature 
i n c r e a s e s  from 700 to  1000’K. 

1.8 Corrosion Studies 

Corrosion s t u d i e s  t o  eva lua te  potent ia l  s t ructural  
mater ia ls  for use with the  var ious aqueous and 
nonaqueous fuel p r o c e s s e s  under development were 
continued. T h i s  work is be ing  done by the Reactor  
Chemistry Division. 

Has t e l loy -F ,  Haynes 25, and type 309 SCb s ta in-  
less s t e e l  were  found t o  be  s u i t a b l e  for the 
p rocess  tha t  includes the  burning and ni t r ic  acid 
l each ing  of graphite and ca rb ide  fue ls  b e c a u s e  
the corrosion ra tes  for the  three a l loys  were 
51 mil/month. When t race  amounts (20.05 M )  of 
H F  a r e  added to  7 M HNO,, Corronel 230 is the 
b e s t  material  (< 2 mils/month); Haynes  25 and 

type 309 SCb s t a i n l e s s  s t e e l  w e r e  marginal ( > S  
mils/month); and IIastel loy F w a s  unsat isfactory 
(> 13 mils/month). 

N o  su i tab le  material  was  found for high-tempera- 
ture (800’C) oxidation followed by chlorination 
with C1, or CC1, at 50O0G. However, oxidation 
followed by chlorination with hexachloropropcne 
a t  180°C w a s  sa t i s fac tory  i n  e i ther  Nichrome V 
or Haynes  25. “A” nickel  showed r a t e s  of less 
than 1 mil/month for exposure to both O,-1% HE; 
a t  600°C and steam-1% 0, at 25°C. T h e  rate for 
type 304L s t a i n l e s s  s t e e l  in  the  la t te r  environment 
w a s  0.2 mil/month. 

Only Duriron and tantalum had sa t i s fac tory  cor- 
rosion r a t e s  when exposed to  90% H,SO,-lO% 
HNO, a t  150°C; the ra te  w a s  0.2 t o  0.3 mil/month. 

Hastel loy H was exposed t o  3 M ZrOC12-3 M 
HCl under a n  atmosphere of II,-HCl i n  order t o  

. 
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t e s t  i t s  durability a s  a s t ructural  material for a Volatility p r o c e s s e s  are being s tudied a t  a l l  
p rocess  in which ZrC1, vapor is absorbed in  con- t h e  nat ional  laborator ies ;  here ,  the  primary e m -  
centrated I-IC1. Although overal l  corrosion r a t e s  p h a s i s  h a s  been  on a molten-salt fluoiide-vola- 
were l e s s  than 2 mils/month, the al loy underwent t i l i ty  p r o c e s s  for u s e  with s p e n t  z i rconium-base 
a pi t t ing type of a t tack ,  indicat ing unf i tness  for fue ls  containing highly enriched uranium. T h e  
th i s  se rv ice .  p rocess  c o n s i s t s  bas ica l ly  of three s t e p s :  (1) d i s -  

solut ion of the  metal (or oxide) by hydrofluorination 
in a molten s a l t ,  (2) volat i l izat ion of the uraniiirn 
from the  melt as  U F ,  by contact ing the s a l t  with 
g a s e o u s  fluorine, and (3 )  the  purification of the 

1.9 Mechanical Processing Development 

T h i s  year ,  t h e  adequacy of the  250-ton fuel  s h e a r  
for process ing  first-core power-reactor fue ls  w a s  
demonstrated, and the safe ty  of shear ing  Zircaloy-  
2-clad fuel  w a s  verified. Batch-leaching of both 
sheared  IJO, and Tho,-UO, fue ls ,  held in a 
perforated baske t ,  w a s  found to be  feas ib le .  
Demonstrations of the  d isassembly  and/or shear ing  
of prototypes of second-  and later-core fue ls  indi- 
ca ted  that  they cannot  b e  sheared  in tac t .  Dis-  
assembly of t h e  advanced fue ls  c a n  be  achieved 
by “pulling” t h e  tubes,  s o  t e s t s  were made t o  
eva lua te  the  feasibi l i ty  of d i sassembl ing  to  tubes  
and shear ing  loose  tube bundles .  Both operat ions 
worked adequately.  

Evaluat ion of t h e  shear- leach process  wil l  be  
continued by s tudying the  feasibi l i ty  of shear ing  
and leaching  second-generat ion fue ls  i n  large- 
scale engineer ing t e s t s .  Similar s t u d i e s  wil l  b e  
made with liquid-metal-bonded fuels .  Work on the  
mechanical  processing of mass ive  graphite fuel 
rods wil l  a l s o  be s ta r ted  next  year. 

2. 

The 
United 

product U F ,  from contaminants  by p a s s i n g  the 
impure s t ream through beds  of N R F  and MgF,. A 
pi lot-plant-scale  demonstration of the process  for 
Zr-U al loy f u e l s  w a s  completed during the  year .  

A fev7 years  ago,  the s tudy of t h e  appl icat ion 
of the  process  t o  A1-U al loy fue ls  began. In 
addition, some work h a s  been done  on developing 
p r o c e s s e s  for highly enriched UO, fue ls  containing 
zirconia ,  thoria, beryllia, or s t a i n l e s s  s t e e l .  

Studies  have also been made at t h e  Laboratory 
aimed a t  t h e  volat i l izat ion and recovery of uranium 
and plutonium from low-enrichment fue ls  that  had 
previously been  d isso lved  in  molten s a l t ;  t h e s e  
s t u d i e s  wi l l  be  emphasized during the  corning year .  
A proposal h a s  been made t o  ins ta l l  a fluidized- 
bed fluoride-volatility pilot plant  i n  bui lding 3019 
a s  a n  ex tens ion  of the  work being conducted a t  
Argonne Nat ional  Laboratory. Primarily, t h e  wvtk 
a t  t h i s  facility would be  with s ta in less -s tee l -  or 

zirconium-clad UO,.  

2.1 Processing of Uranium-Zirconium Al loy  Fuel 

F LUO Wl D E V 8  LAT I LI TY P ROC E §Si NG For the  p a s t  3’); y e a i s  t h e  Chemical  Technology 
Division h a s  been engaged in  the  demonstration 

purpose of the  volat i l i ty  program in the  of the  molten-salt fluoride-volatility process  for 
S t a t e s  i s  t o  develop a n  al ternat ive to  con- U-Zr al loy fue ls  on a pilot-plant s c a l e .  In th i s  

vent ional  aqueous processes  for recovering uranium 
from s p e n t  nuclear  fuels .  All fluoride-volatility 
methods u s e  the  volatility of U F ,  to  achieve  a 
high degree  of separat ion of the  uranium from i t s  
f i s s ion  products. Other advantages  of volat i l i ty  
p r o c e s s e s ,  compared with aqueous p r o c e s s e s ,  a r e  
(1) t h e  formation of a dry, highly concentrated 
was te ,  (2) the  greater ease of process ing  cer ta in  
refractory fue ls ,  ( 3 )  fewer process ing  s t e p s  be- 
tween the original fuel  e lement  and UF,, and 
(4) increased  nuclear sa fe ty .  Thus ,  dependence 
on a phys ica l  property, volat i l i ty ,  rather than a 

chemical  one,  makes poss ib le  the  recovery of 
uranium for return t o  production channels .  

demonstration, highly enriched U-Zr al loy fuel  
e lements  were d isso lved  by H F  in 37.5-37.5-25 
mole % NaF-LiF-ZrF,  a t  650 to 5OOOC. ‘The re- 
s u l t i n g  s a l t ,  i n  which t h e  al loyed uranium had 
been converted t o  IJF4, w a s  contac ted  with 
fluorine a t  500°C. T h i s  converted the  U F 4  t o  
the volat i le  hexafluoride, which w a s  further 
purified by p a s s a g e  through N a F  and MgF, ab- 
sorber  b e d s .  T h e  purified U F ,  w a s  condensed  
and returned to production channels .  T h i s  trapping 
is d i s c u s s e d  in  the abs t rac t  t i t led,  “Sorbent 
Studies .  ” 

During the  pas t  year, th i s  demonstration w a s  
terminated, following the s u c c e s s f u l  completion 
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of a s e r i e s  of f ive runs made with high-burnup 
U-Zr alloy fuel that  had decayed for 6 to  13 
months.  The  capabi l i ty  for sus t a ined  operation 
w a s  demonstrated with l o s s e s  of only a fraction 
of a percent  and with exce l len t  decontamination. 
Operat ions with t h i s  short-decayed fuel were the 
smoothest  and most trouble free of any of t h e r u n s  
made. i kcon tamina t ion  fac tors  (DF's) were among 
the  h ighes t  eve r  reported for a radiochemical  
p rocess ,  including those  for three c y c l e s  of sol- 
vent extract ion.  For  spec i f ic  f i ss ion  products,  
DF 's  ranged from greater than l o 6  to  greater than 
10". Of particular in te res t  w a s  a zirconium- 
niobium D F  higher than 5 x lo", achieved in 
one of the runs.  

Aftet completion of the zirconium program, which 
cons i s t ed  of 40 runs, the pilot  plant equipment 
w a s  par t ia l ly  decontaminated to  permit measure- 
ment.s of the  ex ten t  of corrosion of the  hydro- 
fluorinator. Wall t h i c k n e s s e s  were  measured 
remotely by a pulse-echo technique developed for 
the Homogeneous Reactor  T e s t .  T h e  maximum 
corrosion rate of 0.14 m i l  per hr of HF flow 
occurred in the bottom 17 in.  of the  hydrofluori- 
nator,  a new sec t ion  instal led af ter  29  r u n s .  In 
the enlarged vapor sec t ion ,  the con ica l  sec t ion ,  
and in the remainder of the  bottom sec t ion  of the 
v e s s e l ,  the  maximum corrosion r a t e s  af ter  40 runs 
were from 0.024 to  0.028 m i l  per hr of MF flow 
(approximately 0.7 m i l  per run). In all a r e a s ,  the 
maximum loss (excluding p i t s )  w a s  less h a n  10% 
of the original wa l l  th ickness .  In general ,  the  
corrosion rates  based  on exposure t o  the $IF and 
the molten s a l t  after 40 runs  were less than those  
previously obtained in  a l l  a r e a s  excep t  for the 
newly ins ta l led  bottom. 

T h e  lower 9 ft of the  hydrofluorinator and the 
bottom part i>f the conical  sec t ion  were thoroughly 
in spec ted  af ter  the 40 runs; a t e l e s c o p e  and 
mirrors were used.  A few p i t s ,  e s t ima ted  to be  
mot more than 20 mils in  diameter  and 20 mils  
deep, w e r e  s e e n  iri the  lower sec t ion .  Several  
small f i s s u r e s  were noted i n  the  con ica l  sec t ion .  
'These fissures were est imated to be not more 
than 10 m i l s  wide,  and they did not appear  to  be 
deep.  N o  a r e a s  of ex tens ive  pi t t ing or c rack ing  
UF'PC s e e n .  After the  corrosion measurements had 
been made, the  plant  w a s  prepared for the program 
tu demonstrate  the  p rocess ing  of AI--U al loy f u e l s .  
T h i s  s u b j e c t  is d i s c u s s e d  briefly i n  the  next 
abs t rac t .  

Completed during t h e  year w a s  a process -  
improvement s tudy  made on a semiworks s c a l e  t o  
demonstrate the  feasibi l i ty  of d i s so lv ing  and 
fluorinating in  t h e  same  v e s s e l  and of using a 
par t ia l  sa l t - recyc le  procedure for maintaining the 
in i t ia l  proportion of ZrF, when us ing  t h e  37.5- 
37.5-25 mole % NaF-LiF-ZrF4  mixture. F i v e  
dissolution-fluorination c y c l e s  were  made in  an 
alloy 79-4 v e s s e l  without difficulty when 6-in. 
s e c t i o n s  of Zr-lJ alloy plate-type spec imens  were 
used.  Maximum corrosion rate:: for the  INQR-8 
(reported previously) and alloy 79-4 v e s s e l s  during 
al ternat ing exposure to I-IF and fluorine in molten 
s a l t ,  followed by c l ean ing  with aqueous  so lu t ions ,  
were 0 .87  and 0.53 m i l / h r ,  respect ively,  b a s e d  
on fluorine exposure time only.  Without the 
c l ean ing  s t e p ,  the  cotresponding ra tes  were 0.7 
and 0.4 mil/hr. 

Supplementing work reported l a s t  year ,  a brief 
s tudy  was made of the corrosivity and zirconium- 
d isso lu t ion  charac te r i s t ics  of a 36.9-27.0-27.0-9.1 
mole % NaF-LiF-ZrF, -BeF2 mixture at 50O0C, 
compared with the in i t ia l  composition u s e d  in  
pilot-plant s t u d i e s  (37.5-37.5-25.0 mole % N a F -  
L i F - Z r F 4  a t  G50°C). The  s t u d i e s  were made a t  
Bate l le  Memorial 1nsf.itute (BMI) on a laboratory 
s c a l e .  Corrosion ra tes  for non-heat-treated INOR-8 
spec imens  were very low in both salt compositions,  
ranging from sl ight  weight ga ins  t o  0.3 mil/month. 
Ini t ia l  zirconium dissolut ion ra tes  were pract ical ly  
the s a m e  in a l l  t e s t s ,  but the overal l  ra te  of zir- 
conium dissolut ion averaged 50% higher in the 
NaF-LiF-ZrF,  mixture. 

2.2 Processing of Uranium-Aluminum Al loy  Fuel 

Aluminum-uranium fuel e lements  present ly  com- 
pr i se  the  la rges t  potent ia l  load source  foi  a plant  
p rocess ing  metal l ic  fuel e lements  containing highly 
enriched uranium. Thus ,  the  appl icat ion of molten- 
s a l t  f luoride-volati l i ty methods t o  t h e  p rocess ing  
of aluminum-based fuel w a s  of major in te res t  as 
the development of the p rocess  for zirconium-based 
fue ls  ncared completion. P r o c e s s  developmeni 
effor ts  have  progressed from phase-equilibrium 
s t u d i e s  through laboratory- and engineer ing-scale  
dissolut ion and fluorination s t u d i e s  t o  a pi lot-plant  
d i sso lu t ion  of dummy fuel  e l emen t s  containing 
only aluminum. Corrosion s t u d i e s  have been  con- 
ducted concurrently.  
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A s  reported l a s t  year ,  the  KF-ZrF,-AlF,  s a l t  
sys tem w a s  s e l e c t e d  on t h e  b a s i s  of t h e  so lubi l i ty  
of AlF , ,  liquidus temperatures, and the  commercial 
avai labi l i ty  of 2KF.ZrF4 a t  a pr ice  of only about 
50q: per lb. Two general  types  of p r o c e s s  flow- 
s h e e t s  were developed.  In t h e  preferred “recycle” 
f lowsheet ,  A1-U alloy is d isso lved  in  suf f ic ien t  
6622-12  m o l e  % KF-%rF,-AlF, with I-IF a t  575 
to 6OOOC t o  yield a melt that  is 32 mole 70 i n  A1F3 
prior to fluorination. After fluorination a t  about  
600°C, part of the  s a l t  is discharged to  w a s t e ,  
and technica l  grade K F  and 2 K F - Z r F 4  a r e  added 
to  res tore  the ini t ia l  proportions. In t h e  “ s t e p ”  
f lowsheet ,  A1-U al loy is disso lved  i n  60-40 mole 7% 
KP-%rF4 with IIF a t  575 t o  6OO0C, af ter  which 
addi t ional  K F  is added. T h e  hydrofluorination--- 
KF-addition c y c l e  is repeated unt i l  a f inal  A l F ,  
content  of 28 mole 76 i s  ach ieved .  At that  point ,  
the  uranium i s  removed f rom the melt by fluorina- 
tion a t  about 575”C, and t h e  w a s t e  s a l t  is d is -  
carded.  

T h e  resu l t s  ohtained f r o m  a l l  s t u d i e s  of t h e  two 
f lowsheets  showed n o  major obs tac le  t o  the u s e  
of t h e  process  a t  full s c a l e .  F o r  t h e  recyc le  flow- 
s h e e t ,  penetrat ion ra tes  determined in  t h e  labora- 
tory increased  from 8 t o  43 mils/hr as the AlF ,  
concentrat ion changed from 12 t o  29  m o l e  7%. 
Engineering-scale  t e s t s  on 4- to  10-in. l engths  
of 19-plate fuel  e lements  gave penetration r a t e s  
of about  8 rnils/hr and typical ly  required less than 
10 hr for complete  d isso lu t ion ,  Removal of more 
than 99.9% of the  uranium by fluorination w a s  
demonstrated in  both the  laboratory- and engi -  
neer ing t e s t s .  All s t u d i e s  indicated that  t h e  
corrosivity of th i s  s a l t  mixture (KF-ZrF,-AIF,) 
toward TNOR-8 is less than that  of t h e  NaF-  
L i F - Z r F ,  blend used for d i sso lv ing  Zr-U al loy.  
On t h e  other hand,  t h e  nearness  of t h e  operat ing 
temperature to tha t  of the melting point of aluminum 
is a s u b j e c t  of concern.  However, in a laboratory 
t e s t  when the  s a l t  w a s  del iberately heated above 
the melting point of aluminum, the  aluminum 
reacted rapidly and completely t o  form a b lack ,  
s lag l ike  material which w a s ,  i n  t h e  main, un- 
ident i f iable ,  e x c e p t  for s o m e  ev idence  of a n  Al-Zr 
intermetal l ic .  Also,  the ne t  react ion h e a t  i n  the  
AI-ZrF, reaction and i n  melting t h e  aluminum, 
8.4 kca l  per mole of aluminum, is not considered 
e x c e s s i v e .  In one  engineer ing-scale  t e s t ,  the  
temperature of the  s a l t  rose  above  the  melting 
point of aluminum hut caused  n o  operat ional  
diff icul t ies .  F o r  t h e s e  reasons ,  the melting of 

a fuel  e lement  during ful l -scale  operation should 
not lead  to any s e r i o u s  consequences .  

2.3 Sorbent Studies 

One of the  process  s t e p s  responsible  for the  
uiiusually high decontamination fac tors  achieved  
in  fused-sal t  fluoride-volatility p r o c e s s e s  i s  that  
of the s e l e c t i v e  sorption of volat i le  f i ss ion  product 
f luorides  by inorganic fluorides. In the  current  
process ,  the UF’, and other vo la t i les  pas s  through 
a bed of N a F  a t  400’C immediately downstream 
from the  fluorinator; next, the  UF,  and cer ta in  
vola t i les  a r e  sorbed by N a F  a t  100°C. Molyb- 
denum hexafluoride is separa ted  f i o m  the  UF,  by 
desorption a t  about 15OoC, and the  UF, ,  NpF,, 
and TcF, a r e  desorbed a s  the temperature of the 
N a F  bed i s  ra ised to  400°C. T h e  neptunium and 
technetium fluorides a re  then sorbed by MgF, a t  
100OC. T h e  sorption process  h a s  been the  subjec t  
of two complementary s t u d i e s ,  one  i n  the labora- 
tory and t h e  other a t  a n  engineer ing scale. T h e  
laboratory s tudy  of the sorpt ion of volat i le  fliao- 
r ides  on a lka l i  metal f luorides  and MgF, u s e d  
gasometric measurements ,  s m a l l  ( l e s s  than 1 g) 
samples  of sorberit, s t a t i c  condi t ions,  and un- 
diluted g a s e s .  I t s  purposes  were t o  improve 
current volatility process ing  s t e p s  involving N a F  
and MgF, and t o  develop new or al ternat ive sorp- 
tion s y s t e m s .  T h e  engineer ing-scale  s tudy  h a s  
been  aimed a t  determining and character iz ing the  
rate  of removal of UF,  from nitrogen or fluorine 
by fixed beds  of N a F  pe l le t s .  

In the  laboratory s tudy ,  the gasometric method 
that  was used permitted a rapid and quant i ta t ive 
s tudy of physical-chemical  e f fec ts  i n  sorpt ions 
and desorpt ions,  the determination of s toichio-  
metric ratios, and the  measurement of the d issoc ia-  
tion pressures  where def ini te  complexes were in- 
volved. 

In the  UF,-NaF sys tem,  the e x i s t e n c e  of three 
compounds, namely, UF, -NaF,  UF6.2NaF,  and 
UF6.HF-2NaF,  w a s  demonstrated,  and their d i s -  
soc ia t ion  pressures  were measuied.  T h e s e  d is -  
sociat ion-pressure d a t a  ind ica te  that  under process  
condi t ions only the second compound i s  of im- 
portance.  Cycl ic  sorpt ion t e s t s  demonstrated t h a t  
spa l l ing  and powdering of N a F  pe l le t s  resul t  from 
volume changes  tha t  occur  when U F ,  and NaF’ 
reac t  to form U F  -NaF.  A ne t  i n c r e a s e  i n  capac i ty  
for U F ,  resul ted from modification to the  s t ruc ture  

6 
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of the  N a F  af te r  previous sorpt ion c y c l e s  involving 
e i ther  U F  or HF .  

Further s tudy  of the  MoF6-NaF and WF,-NaF 
sorpt ive s y s t e m s  showed that  compounds ana l -  
ogous t o  t h e  U F ,  sys tem e x i s t .  T h e  d issoc ia t ion-  
pressure  d a t a  obtained for MoF6-2NaF indica ted  
that  a n  optimum operat ing temperature for t h e  No. 1 
MaF sorber  should exist between 150 and 2OOoC, 
which would resul t  in  a maximum separa t ion  from 
MQF, a t  an  acceptab le  U F ,  loss. Also, the reac- 
t ions of U F ,  and WF, with LiFj X F ,  R b F ,  and 
CsF were character ized.  

Work QII MgF, denionstrated t h a t  U F ,  retention 
w a s  due to hydrolysis  (from moisture in  the  MgF,) 
as well as to phys ica l  adsorpt ion.  T h e  formation 
of t h e  nonvolat i le  UO, F, through hydrolysis  could 
b e  minimized by a more thorough preconditioning 
of t h e  MgF, with fluorine at high temperatures ,  
to dr ive off water. T h e  physical ly  sorbed UF,  
could b e  recovered by desorpt ion at 350OC. 

In t h e  engineering-scale s tudy,  the  relat ionship 
between the  l i f e  and capac i ty  of N a F  p e l l e t s  and 
their phys ica l  properties w a s  determined by c y c l i c  
sorption and desorption of U F ,  on d e e p  beds  of 
pel ie ts .  The capac i ty  of the  beds  for t h e  sorpt ion 
of UF, f rom a UF,-nitrogen stream w a s  measured 
by trapping t h e  U F s  t h a t  p a s s e d  througli a bed 
under spec i f ied  condi t ions of flow rate ,  tempera- 
ture,  composition, pe l le t  his tory,  e t c .  Also, the  
variation with time of the  concentrat ion of U F s  in 
t h e  effluent f r o m  fPxed b e d s  w a s  determined by u s e  
of a gas chromatograph, P e l l e t  l i fe  w a s  deter-  
mined by v isua l  and microscopic  observat ion of 
t h e  amount of powder formed af ter  a l ternat ing 
sorpt ions and desorp t ions  of t h e  UF,. 

Both pel le t  l i fe  and capac i ty  depended primarily 
on the void fraction; a high void fract ion (0.50 or 
more) tended to reduce pe l le t  l i fe  t o  less than 
four c y c l e s  before degradat ion became severe ,  
whereas  p e l l e t s  with a low void fract ion (0.35 or  
less) could be  recycled more than 20 times. How- 
ever, the pe l le t s  that had a low €raction of voids 
also had a lower sorption capac i ty  for UF,.  

2.4 Removal of Tellurium Hexafluoride from 

Pilot Plant Effluent Gas 

T h e  removal of  te l lur ium act ivi ty  ( ' 27mTe, 
' 291nTe, arid ' 32Te) from the effluent g a s  leaving 

the Volatility P i lo t  P l a n t  is a problem, particularly 
when process ing  short-decayed fuel. Only par t ia l  

removal is poss ib le  by reaction with t h e  aqueous  
potassium hydroxide i n  the  spray tower usua l ly  
employed for  fluorine d isposa l .  A laboratory 
invest igat ion showed tha t  b e d s  of n icke l  mesh 
held a t  temperatures  of 400 t o  500°C are  qui te  
effect ive i n  removing tellurium from TeF ,-helium 
mixtures. Although good mater ia l  ba lances  were 
not obtained,  the r e s u l t s  indicated tha t  the  use of 
such  beds  downstream from the c a u s t i c  scrubber  
would reduce contamination of the  atmosphere from 
the  effluent gas .  

2.5 Application to Stainl-ess Steel 

Preliminary s t u d i e s  ind ica te  tha t  molten mixtures 
of KF-%rF, may have suff ic ient  capac i ty  for 
dissolving FeF, to  warrant considerat ion of t h e  
molten-salt volat i l i ty  process  €or u s e  with fue ls  
that  contain s t a i n l e s s  s t e e l ,  As a n  example,  60-40 
mole % KF-ZrF, d isso lved  suff ic ient  FeF, to give 
a final concentrat ion of 22  m o l e  % at 575°C. 
However, i n  hydro fluorination t e s t s  with type 3041, 
s t a i n l e s s  s t e e l  i n  both the XF-ZrF4 and KF-ZrF4-  
AIF, s a l t  s y s t e m s ,  dissolut ion ra tes  of only about 
1 rnil/hr werc  obtained. 

Studies  of the corrosivity of 52-37-11 mole % 
NaF-LiF'-ZrF4, a m e l t  previously sugges ted  for 
u s e  in  recovering the uranium from the ERR-1, 
core-2 meltdown residue (about 88% U, 2% Z r ,  and 
10% lype 347 s t a i n l e s s  s t e e l ) ,  were made on a 
laboratory scale at K3attelle Memorial Ins t i tu te  
(WMI) under hydrofluorination conditions. The 
r a t e s  of a t tack  on INOR-8, HyMu 80 (alloy 79-4), 
8.5-10-5 wt 7% Ni-Mo-IJe, Ni--5% Fer Ni-1% AI,  and 
weld filler metal  61 wete unusual ly  high. Of t h e  
m e l t s  s tud ied  a t  RPJI under the  volatility program, 
only one,  50.5-37,8-12.5 mole % NaF-LiF-UeF, ,  
w a s  more t x x r o s i v c  than the one mentioned :hove. 
Despi te  t h e s e  unfavorable resu l t s ,  preliminary 
da ta  f rom ear l ier  ORNL, laboratory s t u d i e s  indicated 
that 37-37-26 mole % NaF-LiF-ZrF', should be 
sa t i s fac tory  for  processing s t a i n l e s s  s tee l .  

An ex tens ive  s tudy w a s  made o f  important 
var iab les  i n  the  f luoride-catalyzed des t ruc t ive  
0xidati.m of type 304L s t a i n l e s s  steel. T h i s  is of 
in te res t  as a decladding method for s t a i n l e s s -  
s teel-clad reactor  fue ls ,  particularly for u s e  in  the 
fluidi zed-bed volat i l i ty  process ,  hut p0:;sihly also 
for fused-sal t  processing.  G a s e o u s  hydrogen 
fluoride w a s  u s e d  as t h e  c a t a l y s t  b e c a u s e  of t h e  
ease with which a uniform concentrat ion can  be 
maintained, e v e n  in a fluidized bed, i n  c,ontrast to 
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t h e  difficulty c a u s e d  by the u s e  of a l e s s  volat i le  
material l i k e  FeF,. 1lyd:ogen fluoride concentra- 
t ions of up t o  80 mole % in oxygen were used ,  with 
maximum oxidation r a t e s  of 50 to GO mils/hr when 
t h e  FIF concentration w a s  about 40 mole % and the 
temperature w a s  650°C. Lower ra tes ,  10 t o  30 
rnils/hr, were obtained a t  575 to 600nC. Two 
b a t c h e s  of type 304L s t a i n l e s s  s t e e l  gave 
reproducibly different resu l t s ,  thus  clear ly  indi- 
ca t ing  t h e  importance of metallurgical differences.  
The  product cons is ted  of t h e  oxides  of iron, n icke l ,  
and chromium, with usual ly  less than a 1% fluoride 
content. T h e  low consumption of €IF ind ica tes  
that  a g a s  recyc le  s t e p  would be  desirab1.e i n  a 
commercial application. 

2,6 Application to Oxide Fuels 

In process ing  low-enrichment U 0 2  fuels  by the 
molten-salt fluoride-volatility method, a s a l t  sys tem 
with a high U F ,  solubi l i ty  would be advantageous 
in  minimizing s a l t  c o s t s .  In laboratory t e s t s ,  
uranium wds  successfu l ly  fluorinated and volati- 
l i zed  from a s a l t  containing 31.5 wt % uranium. 
T h e  mixture w a s  equivalent  to  that  obtained by 
d isso lv ing  fuel  from Commonwealth Edison ' s  
Dresden Reactor  in 37 .5~37~525  m o l e  YJ LiF-MaF- 
Z r F 4 m  Some preliminary phase-equilibrium s t u d i e s  
of t h e  LiF-NaF-%rF,-IJF', sys tem have been 
conducted. 

2.7 Volati l ization onsd Recovery of Plutonium 
Hexaflvoride 

T h e  feasibi l i ty  of volat i l iz ing I'uF from fused  
s a l t s  by fluorination w a s  demonstrated in laboratory 
work directed toward adapt ing the  fused-sal t  
fluoride-volatility method to  the  process ing  of low- 
enrichinent reactor fuels. An equilibrium relation- 
s h i p  between plutonium concentrat ions i n  t h e  g a s  
and molten s a l t  w a s  controlling, with the resul t  
that  the s a l t  had t o  be  contacted with a relat ively 
large voluine of fluorine. Such a large volume of 
gas in  the  usua l  batch fluorinator would require a 
f a s t  gas-sparging rate to  volat i l ize  the plutonium 
i n  a reasonable  time. An al ternat ive being con- 
s idered is the  u s e  of a gas-phase-continuous 

fluorination contactor  (e.g., a spray tower) to 
obtain a high gas-sal t  volume ratio. 

'The sal t -gas  equilibrium w a s  affected by changes  
in s a l t  composition, s a l t  purity, temperature, and 
fluorine pressure. Other factors ,  such  as plutonium 
concentration i n  the  s a l t ,  mechanical  agi ta t ion,  
and the  u s e  of  s p e c i a l  fluorinating a g e n t s  and 
c a t a l y s t s ,  appeared to  have  almost no e f fec t  on the 
equilibrium. Although the  controlling equilibrium 
apparently requires  the use of a s p e c i a l  fluoiinator 
design i f  long process  t imes are to  be avoided, 
the  lack  of dependence on plutonium concentra- 
tion and t h e  almost  complete removal of plutonium 
from a s a l t  that  had a n  ini t ia l  concentration of 
2 ppm indica t r  tha t  high plutonium recoveries  a re  
possible .  

Sorption t e s t s  conducted i n  conjunction with t h e  
volatilization work showed that  severa l  of the 
alkali-metal and  alkaline-earth fluorides effect ively 
trapped or removed PuF6 from fluorine gas .  
Variation of t h e  temperature i n  the range of 100 to 
400°C had l i t t l e  effect  on the sorpt ive behavior. 
T h e  sorpt ive e f fec ts  sugges ted  the  formation of 
chemical  complexes analogous t o  UF, -2NaF. 
However, the  comple teness  of sorption a t  400°C 
indicated that  t h e  formation of the  complexes of 
PuF, and N a F  i s  not revers ible ,  as  is that  of the  
UF6-NaF complex. 

2.8 Fluorination wi th  Gas Phase Continuous 

Laboratory development work w a s  ini t ia ted to 
show t h e  feasibi l i ty  of a spray,  or gas-phase- 
contitiuous, molten-salt fluorination reactor  for 
volat i l iz ing U F 6  and PuF, as a means of reducing 
corrosion, and of achieving the  large rat io  of 
fluorine g a s  to  molten s a l t ,  which i s  necessary  
for f a s t  plutonium recoveries. T h i s  type of molten- 
sal t -gas  contactor  may a l s o  be  usefu l  with a con- 
t inuous process ing  scheme.  Preliminary t e s t s  
cons is t ing  i n  dropping powdered f luorides  (47.5- 
47.5-5 mole % NaF-ZrF,-UF,) through a 5-ft-high 
fluorine tower a t  about  GOOOC resul ted in volatil- 
i z ing  more than 99.9% of the  uranium when the 
powder par t ic les  were between E0 and 150 ti in  
diameter. A correlation equat ion w a s  obtained for 
the dependence of uranium volat i l izat ion on tem- 
perature, size of the  drop, and res idence  time in  
t h e  high-temperature zone, 
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2.9 Measurement of Uranium Hexafluoride 
Concentrations in  Streams of Other Gases 

Instruments for measuring t h e  concentrat ion of 
UF g a s  i n  multicomponent p r o c e s s  streams are 
useful  for both pilot plant  operat ions and srnaller- 
scale experiments ,  S ince  s u i t a b l e  instruments  a r e  
not commercially avai lable ,  s e v e r a l  types  are 
being s tudied to determine thei t s tab i l i ty ,  range, 
and t h e  reproducibility of their  resul ts .  Of the  
three types  showing promise, the gas chromatograph 
w a s  fourid to have  a l inear  r e s p o n s e  to U F ,  con- 
cent ra t ions  in  the  ranges  1 to 65 male ’% and 0.2 
to 20 mole D/o; t h e  limit of detect ion was 0.01 mole 
% when operat ing in  the low range. T h e  response  
to mixed U F s  and MoFh stnxirns (in mixed g a s e s j  
is being determined. T h e  infrared ana lyzer  u s e d  
i s  accura te  to about  t h e  s a m e  range as  the  chrornat- 
ograph. ,A third instrument, c a l l e d  t h e  Con- 
s t r ic t ion Response  Analyzer (developed a t  the 
Oak Ridge G ~ S E Q U S  Diffusion Plan.t), measures  a 
pressure  s i g n a l  tha t  is proportional to t h e  s t ream 
density. Cal ibrat ion by wet a n a l y s i s  ind ica tes  
that  the  limit of detect ion is less than 0.1% of 
U F  0. 

2.10 General Corrosion Sfudies 

Corrosion problems related to  t h e  molten-salt 
fluoride-volatil ity process  have  been s tudied  on 
o laboratory scale a t  Bat te I le  IvIemorial Ins t i tu te  

under a subcontract ,  Some of t h e  results 
a re  reported e l sewhere  in t h i s  report, One of 
t h e  major undertakings w a s  an eight-run experi- 
ment i n  which 52-37-11 and 37.5-37.5-25 mole ’% 
NaF-LiF-ZrF, were used,  with and without dis-  
solut ion of type 347 s t a i n l e s s  s t e e l  and Zircaloy-2, 
respect ively,  to determine the effect  of m e l t  c o m -  
position, fuel-metal dissolving,  sa? t purity, h e a t  
treatment, variation between lots of INOR-8, etc., 
upon corrosion rates. T h e  experimental  work 
h a s  been completed, but evaluat ion of the  r e s u l t s  
h a s  not. 

Preliminary r e s u l t s  of another  BMI study to 
determine the feasibi l i ty  of e lectrochemical ly  
protecting the  INOR-8 hydroEluorinator indicated 
that  anodic  protection is not possible .  Cathodic  
protection gave posi t ive resu l t s  but did not elim- 
ina te  the  high rate  of a t tack  normally experienced 
at the  salt-vapor interface, particularly with mel t s  
s u c h  as 52-37-11 mole % NaF-LiF-ZrF, .  However, 

dilution of t h e  H F  with helium apparently markedly 
reduces  t h e  a t tack  at the interface. 

In supporf of the  BMI studies, a FQR‘rRAN 
digi ta l  computer program w a s  prepared at ORNL 
for ca lcu la t ing  and automatically plotting corro- 
s ion  r a t e s  for spec imens  of container  metal and 
dissolut ion r a t e s  for t h e  s imulated fuel ,  

A f i r s t  a t tcmpt  w a s  made to correlate  t h e  overal l  
col lect ion of weight-loss, d a b  from BMI cxperi-  
ments  on corrosion during t h e  hydrofluoxination 
s tep .  A factor-screening procedure based  on 
s t a t i s t i c a l  t cchniqurs  w a s  u s e d  with their  digital 
computer. T h e  program is being rev ised  for u s e  
here. 

ENT AND DISPOSAL 

‘The Waste Treatment and Disposal. program w a s  
designed to develop a comprehensive w a s t e  man- 
agement sys tem for all nuclear  w a s t e s  and to 
determine t h e  cost of t h i s  operation. Methods 
a r e  being developed for conversion of high-level 
radioact ive w a s t e s  to solids prior to permamii t  
d i sposa l  i n  a su i tab le  location such  as  a salt 
mine. T h e s e  calcined or g l a s s y  solids would 
be contained in 88-in.-lung by 6- to 24-in.-diam 
s t a i n l e s s  steel pots  (pipes), from whence a r e  
derived the  names  P o t c a l  or Potglass processes .  
T h e  P o t c a l  and P o t g l a s s  p r o c e s s e s  wil l  be demon- 
s t ra ted  in ihe Waste Solidification Demonstration 
pilot plant now being built at Fdanfortl. Low-level 
radioact ive w a s t e s  a re  t reated to remove radio- 
act ivi ty  prior to their  discharge to the environment. 
Two improved low-activity-waste p r o c e s s e s  have  
been developed for tes t ing  in  a pilot plant: the  
scaven~ing-prec ip i ta t ion  ion-exchange p r o c e s s  
and tile scavenging-precipitaticsn foam-separation 
process .  T h e  s d i d  and liquid radioact ive residues 
f r o ~ i  t reat ing low-level w a s t e s ,  evaporator con- 
centrated from miscel laneous s o u r c e s  a t  nuclear  
ins ta l la t ions ,  and concentrates  from s e c o n d  and  
third c y c l e s  of solvent  extract ion from process ing  
nuclear  fue ls  const i tute  a third w a s t e  type, inter- 
mediate-level radioactive was tes .  Methods being 
developed for d i spos ing  of intermediate-level- 
act ivi ty  w a s t e s  include incorporation in asphalf. 
or concre te  and burial in a controlled area. T h e  
economic and s a f e t y  a n a l y s e s  made on t h e s e  
w a s t e  treatment methods, as  wel l  as o thers  being 
developed within the AEC program, provide t h e  

t 
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AEC with a sound b a s i s  for national and inter- 
nationzl coiiiparison of al ternat ive s y s t e m s  and 
serve  as a guide for the direction of experimental 
work. 

3.1 Solidif ication of High-beve! 
Radioactive waste 

Engineering Studies. - T h e  engineer ing program 
included pump t e s t s  and developinent of three  
high-activity-waste sol idif icat ion methods, the 
RE-Potg lass  (rising level)  process ,  thtz Con- 
P o t g l a s s  (continuous) process ,  and t h e  Potca l  
process .  All w a s t e s  were simulated nonradio- 
ac t ive  solut ions.  

T h e  RL-Potg lass  process  w a s  t e s t e d  in 8-in.- 
dj am, 88-in.-high type 3041.. s t a i n l e s s  s t e e l  pots  
with FTW-65 Pure?: (foimaldehyde-treated v~asie,  
expected in 1965) and TRP-25 (aluminum) was tes .  
In t h e  RL process  the aqueous w a s t e  i s  fed 
directly to  t h e  pot, t h e  liquid is vaporized, and 
the  so l id  res idue i s  melted to a g lassy  sol id .  
With proper melt formulation, the  temperature 
should be  990°C or lower. As the  level  r i s e s ,  
three p h a s e s  are present: liquid g l a s s  a t  t h e  
bottom, a smal l  sol id  interface, and a smal l  
aqueous solut ion pool. The w a s t e s  contained 
one or m o r e  of the  following glass-forming a d -  
di t ives:  phosphate, l ead ,  lithium, aluminum, or 
sodium. Molar compositions of the  feed were 
3.9 NO,.., 0.25 Fe3+, 0.78 Na’, 0.43 SO,*..., 
0.79 PO,,-, 0.86 Li’, and 0.65 A i 3 +  for FTW-65 
was te ,  and 1.7 Ai3’, 2.1 Na’, 0.25 P b 2 + ,  6.0 
H N O ~ ,  and 2.0 PO,,-- for TBP-25 waste .  iln 
ini t ia l  t e s t s ,  a t  900 t o  1000°C, processing ra tes  
were 7 to 10  lite:s/hr. Dust  entraininent w a s  a 
problem but w a s  successfu l ly  controlled by 
periodic f lushing of off-gas l ines .  Tota l  corrosion 
penetration per run w a s  up t o  150 mils, with an 
average of around 80 t o  100 mils. Although th is  
corrosion rate  will b e  tolerable  for a s ingle-use  
container  with 320-mil-thick wall, further develop- 
ment i s  required t o  produce lowe; melting and 
hence  l e s s  corrosive melts (Sect. 3 . 3 ) .  

T h e  Con-Potglass  process. w a s  t e s t e d  in an 
B-in.-diam., 40-in.-long horizontal unit wherein 
aqueous  w a s t e s  (compositions above)  a r e  con- 
verted directly t o  molten gla T h e  aqueous  
feed f a l l s  directly on a sol id  interface which 
partially covers  the  molten pool. Average feed 
ra tes  were  5 to 10 liters/hr, but fas te r  ra tes  are 

expected with furnaces  with higher hea t ing  rat3-s. 

Oust ing and off-gas l ine plugging viere s a t i s -  
factorily controlled by u s e  of an updraft condenser .  
Corrosion i s  high in t h e  p iesec t  s t a i n l e s s  s t e e l  
uni ts ,  but a program object ive is t o  develop 

neutral”  g l a s s e s  with acceptab le  corrosion 
ra tes  ( s e e  “Laboratory Studies”,  th i s  chapter); 
otherwise,  a platinum-lined uni t  wil l  b e  required. 

A pump-loop t e s t  w a s  completed, and  a Chem- 
pump model G A T  (1 :; x 3,s) feed pump was recom- 
mended for u s e  in t h e  pilot plant a t  I-Ianford 
P.tomic Products  Operation. 

T h e  development of t h e  Potca l  process ,  us ing  
res i s tance  furnaces  and 8-in.-diam pots ,  was 

successfu l ly  completed. F i n a l  t e s t s  WCPC on 

reacidified F1‘?\’-65 wastes, in which the  N a 2 S 0 4  
t o  Fe3+ ratio w a s  6.0 rather than 1.5 a s  in  FTW-65 
waste .  The  average  feed rate  was about  15 
litersj’hr, and corrosion w a s  sat isfactory.  A 
16-in.-diam u n i t  h a s  now beer, designed and  in- 
s t a l l e d  for determining processing rate  as  a func- 
tion of diameter and for perfecting the  u s e  of 
induction heating. T h e  w a s t e  solution is fed  
from a pump circulation loop t o  the 16-in. pot, 
which i s  heated by a 150-kw 3000-cycle induciion 
furnace. In a t e s t  of the  16-in. unit wit.h FTW-65 
waste ,  t h e  ave iage  feed rate  was 24 l i ters /hr ,  
which confirms t h e  mathematical prediction that  
t h e  average  rate  is independent of pot diameter. 
Pot fa i lure  occurred when the  run w a s  80% com- 
plete. Fa i lure  was induced by inadequate  therrno- 
couples ,  which permitted an undetected,  e x c e s s i v e  
temperatiire r ise .  RL-Potg lass  runs wii 1 a l s o  
be made in  8-ii:.-diam pots  with induction heating. 
Data from t h e s e  t e s t s  will be  ut i l ized in t h e  
design of process  equipment for t h e  Hanford 
Waste Demonstration Prototype,  which will. iuse 
induction heating. 

Pilot-Plant  Design. - Cooperation with Hanford 
on the  design of the  pot calcinat ion equipment 
for the  Manford Waste Demonstration Prototype 
continued. Remote mechanical equipment, de- 
veloped at  t h e  Georgia Nuclear Laborator ies ,  
was modified for installation in the  Manford 
c e l l s ,  and the  pot calcine: design w a s  simplified 
to  reduce fabrication c o s t s  and improve the  process  
economics.  T h e  process  equipment designed for 
the cells w a s  reviewed, and methods for increas-  

ing t h e  cool ing ra tes  in t h e  calcinat ion furnace 
were developed t o  prevent overheating of t h e  
ca lc ine  upon cornpletion of calcinat ion.  Prelimi- 
nary planning of the  Wanford t e s t  program for the  
P o t c a l  and P o t g l a s s  p r o c e s s e s  was ini t ia ted.  

L <  
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Laboratory Studies. - A new series of s o l i d  
composi t ions w a s  developed for t h e  fixation of 
sulfate-containing Purex  w a s t e  by subs t i tu t ion  
of lithium fur sodium as a fluxing addi t ive.  T h e  
lithium series generally have  lower melting t e m -  
perature, greater  insolubi l i ty ,  and  improved physi-  
cal and mechanical  propert ies  compared with the i r  
sodium counterpar ts .  T h e  volat i l i ty  of su l fa te ,  
which is t h e  great problem with t h i s  w a s t e  type ,  
is not increased  as  a resul t  of the  subst i tut ion.  
T h e  volat i l izat ion of sulfur ic  a c i d  is undes i rab le  
s i n c e  i t  i s  corrosive and  also cons t i tu tes  a s i d e  
s t ream that  requires  treatment and  d isposa l .  
Studies  on the  fixation s o l i d s  from Purex w a s t e s  
that  do not  contain su l fa te  resul ted in  t h e  formu- 
lation of a number of low-melting (mp S700OC) 
products, of which some were  t rue g l a s s e s .  

Calcinat ion of sulfate-def ic ient  Purex w a s t e  
(essent ia l ly  NaNO, and  Na,SO,,) w a s  rendered 
f e a s i b l e  by t h e  addition of aluminum in a 1:l 
molar ra t io  to t h e  e x c e s s  of sodium over su l fa te .  
In the  a b s e n c e  of addi t ives ,  t h i s  w a s t e  type  
cannot  b e  sa t i s fac tor i ly  ca lc ined  b e c a u s e  of t h e  
entrainment of gross  amounts  of s o l i d s  a s  wel l  
a s  t h e  volat i l izat ion of sodium, cesium, and su l -  
fate. T h e  addition of aluminum is des i rab le  
s i n c e  it a c t s  as  a g l a s s  former in phosphate  
ceramic sys tems.  

S ince  mercury d o e s  not form a thermally s t a b l e  
compoutid, it  c a u s e s  operat ing problems by de-  
posi t ing in t h e  off-gas sys tem during t h e  fixation 
process .  Hence,  a process  w a s  developed t o  
remove mercury prior to w a s t e  sol idif icat ion.  
More than 99% w a s  removed from Purex FTW-65 
w a s t e  by displacement  with copper. Aluminum 
turnings were e f fec t ive  in removing more than 98% 
of the mercury from concentrated FTW-65 w a s t e .  

Corrosion t e s t s  confirmed t h e  feas ib i l i ty  of 
us ing  titanium a s  construct ional  material for t h e  
evaporator and  type  304L s t a i n l e s s  s t e e l  €or t h e  
fixation and  s torage  container  (“pot”). Ti tanium 
showed negl igible  corrosion (2 0.01 mil/month) 
r a t e s  in  FTW-65 solu t ions  both with a n d  without 
fluxing addi t ives .  Total penetrat ion of type  304L 
s t a i n l e s s  s t e e l  af ter  29 hr  of exposure with a 
phosphate  “ g l a s s ”  a t  105OOC w a s  15.4 mils  
( includes 3 hr for evaporation t o  dryness). Maxi- 
mum design operat ing temperature is 900°C. T h e  
corrosion rate of type 304L s t e e l  at 3OO0C in s a l t  
(simulated w a s t e  s torage  condi t ions)  w a s  = 0.6 
rnil/month. 

< 

3.2 Treatment of L o w - L e v e l  Radioactive Waste 

Scaveng ing-Preci pi tat ion Ion- Exc hange !‘roc- 
e s s .  - Modifications in  t h e  scavenging-precipi ta-  
tion ion-exchange process  eva lua ted  on a labora- 
tory s c a l e  included (1) t h e  addi t ion of Grundite 
c lay  to the  regenerant w a s t e  of t h e  ca t ion  resin 
column t o  s o r b  cesium act ivi ty  and  t h e  recyc le  
of t h i s  s lurry into t h e  scavenging-precipi ta t ion 
s t e p ;  (2) t h e  u s e  of alumina to remove phosphates  
from untreated neutral w a s t e ;  and  ( 3 )  t h e  u s e  of 
a n  anion exchanger  fur t h e  removal of ruthenium 
and cobal t  act ivi ty  remaining af ter  cat ion exchange  
treatment. Micro-pilot-plant t e s t s  showed that ,  
with Grundite clay added,  t h e  average  decontam- 
ination fac tors  obtained af ter  precipitation and 
cat ion exchange for cesium, s t ront ium, cobal t ,  
and  ruthenium were 630. 6000, 3, and 3 respec-  
t ively;  decontamination fac tors  in the  precipitation 
s t e p  a lone  were  7 ,  5, 3, and 3 respect ively.  Not 
only did Grundite c lay effect ively f ix  cesium 
act ivi ty ,  but i t  also improved s l ight ly  t h e  decon- 
tamination factors  for cobal t  and  ruthenium over 
those  obtained without Grundite. Chromatographic- 
grade alumina removed 50% or more of t h e  phos- 
pha tes  (up to 3 ppm in the  raw was te)  for a t  least 
15,000 bed volumes of w a s t e  processed .  Two 
strong-base anion res ins ,  Dowex 21K and I l lco 
TAD-1, possibly a r e  e f fec t ive  in removing o n e  
or  more forms of ruthenium remaining af te r  t h e  
scavenging-precipitation ion-exchange process ,  
but not a l l  forms; no se lec t iv i ty  for cobal t  is 
apparent .  Laboratory s t u d i e s  with Grundite c lay  
showed tha t  t h e  optimum pH range ( c l o s e  t o  pH 
11.8) for cesium sorption is narrow and  tha t  t h e  
amount of cesium sorbed i s  independent  of par t ic le  
size (SO t o  --’200 mesh)  but is greater i f  t h e  c lay  
is added before pH adjustment. A t es t  on an 
exhaus ted  alumina column showed that  phosphates  
are removed s lowly by the  u s e  of 1 M NaOH; 
1 ilil IINO, removed t h e  relat ively s m a l l  amount 
of f i ss ion  product act ivi ty  sorbed. Jar t e s t s  
showed tha t  untreated neutral  w a s t e  may be  clar-  
i f ied prior to ion exchange treatment by t h e  addi-  
tion of 10 t o  20 ppm of alum or 5 ppm of copperas  
and 70 ppm of lime, in tha t  order. 

T h e  low-level radioact ive w a s t e  pilot-plant 
development program included a test of a filtra- 
tion-ion-exchange process ,  performance tests in 
the  new 4-ft-diam agi ta ted  clar i f ier ,  demonstration 
of a n  improved scavenging-precipitation ion- 
exchange  process ,  and  ins ta l la t ion  of equipment 
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for t h e  demonstration of the two-step scavenging-  
precipitation foam-separation process .  

T h e  improved s caven gin g-pieci pitat ion ion - 
exchange process  w a s  t e s t e d  in three pilot-plant 
runs with ORNL low-level radioact ive was te .  
Impiovements were as follows: (1) Addition of 
a n  alumina column to remove phosphate  as  a n  
ini t ia l  s t e p  and thus  el iminate  t h i s  var iable ,  
which can  c a u s e  considerable  fluctuation in t h e  
eff ic iency of the  s tandard flowsheet. Phosphate  
concentration w a s  reduced from about  2 ppm t o  
<1 ppm, a sat isfactor i ly  low level .  (2) U s e  of a 
new 4-ft-diam agi ta ted clarifier. This clar i f ier  
h a s  a processing rate  of 47 gal  ft‘.’ hr-’ com- 
pared with 27 for the  older unit. The  hardness  
in  t h e  clar i f ier  effluent, us ing  t h e  scavenging-  
precipitation i o n e x c h a n g e  head-end condi t ions 
(0.01 M NaOH, 5 ppm Fe”), w a s  7 ppm (coniputed 
a s  C a C 0 3 )  a t  a flow rate  of 10 gpm, compared 
with 30 to 7 0  ppm for t h e  older  uni t  (without 
phosphate  removal). With t h e  foam-separation 
h e a d e n d  condi t ions (0.005 M Na,CO,, 0.005 M 
NaOH, 4 ppm Fez+), the  effluent hardness  (on 
tap-water feed) w a s  l e s s  than 2 ppm a t  5 gpm. 
(3) U s e  of a recycle  flowsheet in which t h e  ion 
exchange regenerant solut ion is combined with 
Gnindite c l a y  ( to  sorb  cesium) and recycled t o  
the  feed stream. T h i s  e l iminates  an evaporator 
and c a u s e s  a l l  act ivi ty  t o  exi t  t h e  system in the 
so l id  s ludge .  Overall decontamination fac tors  
for the recycle  sys tem averaged 1‘7, 11,  1200, 
1400, 2.6, and 580, for gross  beta, g ross  gamma, 
cesium, strontium, ruthenium, and rare ear ths ,  
respect ively,  which reduced t h e  water  t o  less 
than 2.0% of t h e  168-hr MPCw for occupat ional  
exposure. F i n a l  treatment with an anion exchange  
column increased  t h e  ruthenium and cobal t  DF’s 
t o  about 1 4  and 11 respect ively.  

An ini t ia l  t e s t  w a s  made of an ion exchange 
process  in  which the water  w a s  clar i f ied with 
a n  anthraci te  f i l ter  and the  hardness  and radio- 
nucl ides  removed by weak-acid (IKC 50) and 
strong-acid (Dowex 50) resin beds  in sequence ,  
thus  eliminating t h e  scavenging-precipitation 
s t e p .  About 1000 bed volumes (33,000 ga l )  of 
w a s t e  were t reated (effluent hardness  rose t o  
50% of feed concentration). Decontamination 
factors  for gross  be ta ,  gross  gamma, cesium, 
strontium, cobal t ,  and rare ear ths  were 25, 1.4, 
35, 2766, 1.0, and 134 respect ively.  Activity 
eff luent  concentrat ions were 0.05, 1.4, 1.5, 
0.09, and 0.25% of t h e  168-hr MPCw for 137Cs, 

90Sr, l o 3 - l o 6  Ru, ”Zr-Nb, and 6oCo respect ively.  
Algae from the se t t l ing  bas in  p a s s e d  through both 
the filter and the  ion exchange column. Hence,  
a more eff ic ient  c lar i f icat ion system, s u c h  a s  

scaven  gin g-precipitation, i s  required. 
Equipment for the demonstration of the scaveng-  

ing-precipitation foam-separation process  w a s  in- 
s t a l l e d  in  the  pilot plant  and awai t s  tes t ing.  
T h e  feed to t h e  foam-separation equipment com- 
p r i s e s  w a s t e  that h a s  been t reated with Grundite 
c lay for cesium removal in  t h e  scavenging-precip- 
i ta t ion s tep .  T h e  foam-separation equipment 
inc ludes  a 2-ft 8-ft-high countercurrent foam 
coluiiin for decontaminating t h e  low-level radio- 
ac t ive  waste ,  three 2-ft2 foam columns in s e r i e s  
for recovering t h e  surfactant  from decontaminated 
waste ,  an air recirculation sys tem to provide a i r  
for foam generation, a centrifuge f o a m  breaker, 
and three orifice-type foam breakers. T h e  maxi- 
nium design throughput rate for t h e  equipment is 

T h e  net  c o s t  for the  revised scavenging-precipi- 
tation ion-exchange process  u s i n g  alumina and 
t h e  Grundite-regenerant recycle  is 66$ per 1000 

gal for t reat ing about 2000 resin bed volumes of 
w a s t e  with minimum decontamination fac tors  of 
1000 and 100 for strontium and cesium iespect ively.  
If phosphate  removal i s  not required, the total 
c o s t  i s  about 60e per 1000 gal. If strontium is 
limiting, ins tead  of cesium, and 6000 resin bed 
volumes a re  t reated per cyc le ,  the total  c o s t  is 

about 56q per 1000 gal. 

Scnvenging-gsecipitaPion Foam-Seporotion $roc- 

ess. - Flowsheet  condi t ions for decontaminating 
low-level radioact ive process  w a s t e  water by t h e  
two-step scavenging-precipitation foam-separation 
process  were tes ted  with tap water and waste-  
water feeds  on a laboratory s c a l e .  T h i s  p r o c e s s  
c o n s i s t s  in precipi ta t ing and el iminat ing most of 
the hardness  (calcium and magnesium) in  a s u s -  
pended-bed s ludge  column and producing further 
decontamination in a countercurrent foam column. 
Nonradioactive and tracer runs werc performed 
to  determine the  effect of flow rates ,  foam recycle ,  
t h e  presence of phosphates ,  and the  u s e  of so l id  
c e s i u m  sorbents  or so luble  cesium complexers  on 
decontamination factors  (DF’s). Overall strontium 
DF’s of about 10’ to l o 4  were achieved;  those  
for cesium were i n  the  range 8 t o  15. T h e  DF’s 
obtained for cerium, cobal t ,  ruthenium, and zir- 
conium-niobium were > l o 2 ,  5 io 10,  3 to  10,  and 
2 to  23 respect ively.  T h e  distribution of calcium, 
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magnesium, iron, and t h e  surfactant ,  dodecyl- 
benzene sulfonate  (DRS), throughout t h e  sys tem 
w a s  s tudied.  U s e  of t h e  foam column parameter, 
V/LD (where V and L a r e  gas and liquid flow 
ra tes ,  respect ively,  and D is a n  average bubble  
diameter), as a b a s i s  for process  control w a s  de- 
veloped. 'The act ion of bacter ia  l iving in  w a s t e  
water  on alkylbenzene su l fona tes  and phosphates  
w a s  det  em ined semiquant i ta  t ive ly . 

Development work on t h e  one-step scavenging-  
precipi ta t ion foam-separation p r o c e s s  produced 
strontium [IF'S in the  range 200 to 400, but chem- 
ica l  c o s t s  and potent ia l  mechanical  diff icul t ies  
make the p r o c e s s  noncompetitive with other  avai l -  
a b l e  methods for waste-water decontamination. 
In t h i s  process  t h e  precipi ta te  is removed from 
the  water  by flotation in  the  foam concurrently 
with t h e  so luble  ions.  All operat ions,  including 
precipi ta t ion of h a r d n e s s  c a t i o n s  and other  con- 
taminants  as phosphates ,  scavenging  with ferric 
ion, and adding the  flotation agent ,  were performed 
s imultaneously.  T h e  so l id  and ion ic  Contaminants 
were then removed by a combination of frothing 
and foaming in a s ingle  column. Further  work 
on t h i s  p r o c e s s  h a s  been suspended .  

3.3 Disposal o f  Intermediate-Level 
Radioact ive Waste 

Incorporation of intermediate-level radioact ive 
w a s t e  in a s p h a l t  and burial  in  a control led area 
is a promising d isposa l  method. Ini t ia l  t e s t s  
with emulsified a s p h a l t  and cement  showed t h a t  
t h e  volume reduction with asphal t  is 2.0, com- 
pared with only 0.6 for cement ,  and that  t h e  leach  
rate  from a s p h a l t  in  water, as measured by leach 
t e s t s  with incorporated sodium and 137Cs, w a s  
about 3 x IOw4 g of product per c m 2  per  day,  
compared with about  4 x lo-' for cement. 

3.4 Engineering, E conom i c s, 
and Safety Evaluations 

Studies  have  been made of t h e  comparative 
costs of permanent s torage  of sol idif ied high- 
leve l  radioact ive w a s t e s  in  concre te  vaul ts ,  
rooms mined in  grani te  formations, and s a l t  mines,  
and of implicat ions a r i s i n g  from t h e  presence  of 
f i ss ion  product tritium in fuel  process ing  was tes .  

T h e  c o s t s  of permanent s torage  of ca lc ined  
radioact ive w a s t e s  i n  concre te  vaul t s  were f ive  
to s e v e n  t imes  greater  than t h o s e  for s torage  in  
s a l t ,  and  costs for s torage  in  rooms mined out 

of granite formations were twice  t h o s e  for s torage  
in  s a l t  mines. T h i s  economic advantage,  as wel l  
as t h e  greater  s a f e t y  it is bel ieved to offer, 
makes  s a l t  t h e  preferred choice.  T h e  vaul t s  
were assumed t o  be s imilar  t o  t h o s e  u s e d  for 
secondary containment of tanks  built for s torage  
of liquid radioact ive w a s t e s ,  i n  that they would 
b e  underground s t ruc tures  of reinforced concre te  
with 10 f t  of ear th  cover  a n d  a floor-to-ceiling 
height of 15 ft. For maximum safe ty ,  they would 
b e  s e a l e d  completely from t h e  surface,  and  s p a c e  
requirements were ca lcu la ted  assuming d iss ipa-  
tion of t h e  h e a t  of radioact ive decay  by conduc- 
tion through the  ear th  cover. Space  requirements 
for s torage  in  granite formations a r e  about  t h e  
s a m e  as  t h o s e  for s torage  in  salt depos i t s .  How- 
ever ,  excavat ing  costs a r e  higher for granite 
because  heavier  equipment is required, dr i l l ing 
is more difficult and s lower,  and costs of ex-  
p los ives  a r e  higher .  

Tritium is a unique const i tuent  of fue l  process-  

ing  w a s t e s  i n  that  i t  d o e s  not lend i t se l f  to de-  
contamination from the  w a s t e s  by t h e  convent ional  
methods appl ied t o  other  f i ss ion  product con-  
taminants .  About 75% of t h e  tritium in the  ir- 
radiated fuel  i s  currently discharged t o  t h e  
environment i n  low-level aqueous  w a s t e s ,  but 
future plants  s i tua ted  less remotely than t h o s e  
of today may b e  restr ic ted in  t h e  quant i ty  they  
can r e l e a s e  to their immediate environs. Tt is 
es t imated  tha t ,  under present  regulat ions,  re-  
la t ively l i t t l e  tritium could be  re leased  to sur face  
s t reams,  but plants  processing fuel a t  ra tes  
equivalent  to as much as  100,000 Mw (thermal) 
of reactor  power might d i s p e r s e  t h e  tritium s a f e l y  
t o  t h e  atmosphere. Larger  p lan ts  must. cons ider  
containment of t h e  tritium by internal  recyc le  of 
aqueous  s t reams.  Additional work i s  needed,  
however, to e s t a b l i s h  environmental to le rances  
for tritium as well as t h e  feasibi l i ty  of recycl ing 
t h e  n e c e s s a r y  process  s t reams within the  plants .  

4. TRANSURANIUM ELEMENT PROCESSING 

T h e  High Flux  Isotope Reactor  (HFIK) and 
Transuranium P r o c e s s i n g  Plan t  (TRU) a r e  being 
built to produce large quant i t ies  of t h e  heavy 
ac t in ide  e lements  for research purposes .  T h e  
reactor is scheduled  t o  begin operat ions in t h e  
la t ter  half  of 1965, and TRU will b e  ready for 
ful l -scale  operat ions i n  1966. T h e  des ign  o f  
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TWU, which i s  now under construction and about  
50% complete, w a s  under the  directioii of t h e  
Chemical Technology Division. Piocess de- 
velopment work and t h e  des ign ,  fabrication, and 
tes t ing  of equipment for the faci l i ty  i s  divided 
between t h e  Chemical Technology Divis ion and 
the Metals  and Ceramics  Division, with the  la t te r  
being responsible  for the remote target fabrication 
equipment. Only that portion of the  program 
under direction of the  Chemical 'Technology 
Divis ion,  including the  development work on t h e  
chemical  process  sys tems,  t h e  design,  deve lop-  
ment, and procurement of the chemical  equipment, 
and progress on construction of the  Transuranium 
P r o c e s s i n g  Fac i l i ty ,  is reported here .  

4.1 Development of Chemical Processes 

Invest igat ions continued in  the developing, t e s t -  
ing and improving of t h e  Tramex process  (tertiary 
amine extraction f rom highly s a l t e d  L i C l  solu-  
t ions)  for separa t ing  transplutonium e lements  from 
f iss ion products, coriosioii products, and alu-  
minum. T h e  'Tramex process  is usefu l  for iecov- 
er ing t h e  transplutonium eleinents  as a group and 
will be  u s e d  for i so la t ing  2 4 3 L 4 m  plus  244Cm from 
the Savannah River processing raff inates ,  for iso- 
la t ing transplutonium e lements  froin i r radiated 
NFIR ta rge ts  in TRU,  and for the  recovery of 
2 4 2 C m  and 2 4 1 A ~ n  from irradiated cermets  of A m 0 2  
and aluminum. P r o c e s s  condi t ions a r e  e s s e n t i -  
a l ly  unchanged. T h e  principal difference is the  
addition of methanol t o  t h e  feed solut ion to  inhibi t  
ac id  l o s s e s  caused  by radiolysis .  

A series of five batch countercurrent so lvent  
extraction t e s t s  of t h e  Tramex flowsheet w a s  made 
with so lu t ions  containing 242Cm a t  power dens i -  
t i e s  varying f rom 5 to  10 w/liter. N o  adverse  
effect  on the  extraction process  w a s  noted due  to  
a lpha radiation, and the resu l t s  ind ica te  that  t h e  
lrarnex process  can  achieve  high recovery of 
transplutonium elements  and high decontamination 
from f iss ion products. 

I .  

During the  p a s t  year ,  ex tens ive  work was  di-  
rected a t  miiiimizing or preventing the l o s s  of acid 
from Tiamex feed caused  by radiolysis  a t  high 
act ivi ty  leve ls .  T h e  a c i d  concentration i s  crit- 
i c a l  s i n c e  the precipitation of hydrolyzable i o n s  
occurs  in neutral so lu t ions ;  a t  concentrat ions 
above 3.1 N ,  distribution coef f ic ien ts  a re  too low 
for sa t i s fac tory  extract ion.  Acid l o s s e s  of 0.1 N 

per day have  been noted on Tramex feed a t  power 
dens i t ies  of 10 w/liter. Several  potential solu-  
t ions t o  t h i s  problem were invest igated.  T h e  b e s t  
solution found t o  t h i s  problem w a s  the addition of 
reducing agents  t o  prevent a c i d  l o s s  due to oxi- 
dation of t h e  chloride ion. T h e  addition of 2 to  10 
vol % inethanol completely s t a b i l i z e s  Tramex 
feeds  for long periods of time a t  high act ivi ty  
leve ls .  No adverse  affects due to  t h e  presence  
of a s  much as 10 vol % methanol were noted on 
ac t in ide  distribution Coefficients, extract ion kinet- 
i c s ,  or f iss ion product behavior. P h a s e  separa t ion  
i s  fas te r  with methanol present ,  and hydrochloric 
a c i d  distribution coeff ic ients  are s tab i l ized  a t  
a c i d  concentrat ions below 0.15 M .  

Since HFIK ta rge ts  which s t i l l  contain s ignif i -  
cant  ainounts of P u U  may be processed,  t h e  dis-  
solution of PuO,  in WC1 and the  behavior of pluto- 
nium in the  Trainex process  were invest igated.  
Plutonium oxide calcined a t  80OoC could b e  suc-  
cess fu l ly  d isso lved  only in 5 M HCI that  contained 
C u F 2  as ca ta lys t .  This  d isso lver  solut ion is not 
acceptab le  s i n c e  the  equipment rnade of Zircaloy-2 
corrodes severe ly  in fluoride so lu t ions .  Other so- 
lut ions wi l l  be  sought. In a laboratory-scalc  
mixer-set t ler  demonstration of the  Tramex process ,  
a plutonium recovery of 95% w a s  obtained when 
1 M I-IC1 was u s e d  a s  tile s t r ip  solution. 

In numerous smal l - sca le  laboratory t e s t s ,  t h e  
potent ia l  problems of f i res  or explos ions  resiiltinp, 
from t h e  u s e  of Alarnine 335.1-INO3-DEB in t h e  
Tramex process  were siudicd.  Such hazards  could 
ex is t  i f  the  solvent  weTe hea ted  in  the  presence of 
ni t ra te .  It w a s  poss ib le  t o  in i t ia te  two types  of 
undesirable  react ions;  however, extreme condi- 
t ions such  a s  a continuous spark  in  t h e  vapor 
phase  and dis t i l la t ion to  near  dryness  mere neces-  
sa ry .  Resul t s  ind ica te  that i t  is safe to  ad jus t  
'Tramex feed t o  10 (51 LiCl by evaporation even if 
some solvent  i s  present ,  but precaut ions must be  
taken to ma!te cer ta in  that  n o  solvent  i s  present  
when LiNO, or Al(NO,), so lu t ions  must be  heated.  

Widentatr ex t rac tan ts  were evaluated as a means 
of recovering americium, curium, and rare earths 
from ni t ra te  raffinate solut ions.  Tetraamyl meth- 
ylenediphosphonate  [TA(MDP)] and d ihesyl  meth-- 
ylenediphosphonate [DM(MDP)] strongly extracted 
t r ivalent  ac t in ides  and  lan thanides  from ni t r ic  
acid solut ion.  Although intragroup separa t ions  of 
the ac t in ide  eleriieilts a re  not feasi-Me, thrL) -e e x  

t ractants  would be  useful  for the  recovery of tri- 

2 



xvii 

valent  ac t in ides  and lan thanides  from ac id  w a s t e  
so lu t ions  s u c h  as  Purex  w a s t e  or 242Pu raffinate. 

S ince  HFIR targets  wi l l  b e  made from pressed  
p e l l e t s  of aluminum powder and actiriide oxide, i t  
is e s s e n t i a l  tha t  t h e  aluminum p h a s e  be  cont in-  
uous in order to guarantee sa t i s fac tory  h e a t  t rans-  
fer during irradiation. With oxide par t ic les  in t h e  
mesh-size range 20 to 200, the  aluminum p h a s e  is 
continuous, even when t h e  larger  nonpyrophoric 
aluminum powders a r e  used.  A modified sol-gel  
method was  used  to prepare 79 g of 2"PuQ2 for 
u s e  in prototype HFIR ta rge ts  which a r e  be ing  
irradiated in t h e  ETR. In addition, about  90 g of 
242PuQ2 containing 79-88 g of 24zPu  w a s  pre- 
pared for incorporation into seven  target  e lements  
to b e  irradiated in  a reactor at t h e  Savannah River  
Laboratory. T h e  239Pu prototype ta rge ts  opera te  
at t h e  s a m e  h e a t  ra t ings as HFIR ta rge ts ,  demon- 
s t ra t ing  t h e  hea t  removal propert ies  of t h i s  target  
des ign;  the  2 4 2 P u  ta rge ts  wil l  produce s ignif icant  
quant i t ies  of t h e  transplutonium e lements  and wil l  
provide addi t ional  irradiation experience with 
HFIR target  e lements .  

The  modified so l -ge l  method w a s  also s u c c e s s -  
fully used  to produce large par t ic les  of AmQz. 
Calcinat ion at 600°C produced oxide  with a den- 
s i t y  of  10.0 g/cc (+lo%). Ini t ia l  a t tempts  to pro- 
duce americium sols were not s u c c e s s f u l ;  how- 
ever ,  th i s  effort is continuing with lanihanum as 
a stand-in f o r  americium. 

Chromatographic elution from cat ion resin with 
a-hydroxyisobutyrate solut ion is s t  i l l  the  most 
re l iable  method ava i lab le  for separa t ing  t ranscu-  
tium iso topes ,  and ei ther  t h i s  sys tem or elution 
from anion exchange  res in  with 4.4 M LiN03 c a n  
be  used  to s e p a r a t e  americium from curium. In 
e i ther  process ,  s c a l e u p  t o  several-mi l l i  gr a m  
quant i t ies  is diff icul t  because  of dis turbance of 
t h e  resin bed by radiolytically produced g a s .  Two 
methods of control l ing radiolytic g a s  wete inves t i -  
gated,  us ing  2 4 2 C m  solu t ions  a t  act ivi ty  l e v e l s  as 
high as 1.50 w/liter. Pressur ized  coiurnns that  
employed spring-loaded res in  beds were operable ,  
minimizing the dis turbance of  the resin bed 
suf f ic ien t ly  to  allow good separa t ions  of americium 
from curium. Methanol w a s  very effect ive in  
reducing radiolyt ic  g a s  formation i n  e i ther  rhe a- 
hydroxyisobutyrate or LiNO sys tem;  the  u s e  of 
methanol may make i t  poss ib le  to s e p a r a t e  
e insteinium and fermium from gram quant i t ies  
of californium. A s u c c e s s f u l  americium-curium 
separa t ion  w a s  made at 242Cm alpha-act ivi ty  

l e v e l s  that  correspond to a 252Cf  loading of 1.5 to 
2.0 g per l i t e r  of res in .  

As a n  a i d  in developing improved ion exchange  
separat ion methods, s tab i l i ty  cons tan ts  (KS) for 
various ac t in ide  complexes a r e  being determined 
t o  e v a l u a t e  l igands of  potent ia l  interest .  To d a t e ,  
the s tab i l i ty  cons tan ts  for Am, Cm, Bk, and Cf 
have  been determined for diethylenetriaminepenta- 
a c e t i c  a c i d  and for 1,2,diaminocyclohexyl te l ra-  
a c e t i c  ac id .  

T h e  LiC1-anion exchange process  w a s  s u c c e s s -  
fully u s e d  t o  concentrate  and  purify 22 mg of 
'"Cm and 10 g of 241Am for u s e  i n  laboratory 
development s t u d i e s .  

4.2 Development of Process Equipment  

Experimental engineer ing s t u d i e s  a r e  cont inuing 
i n  order to develop equipment and procedures and 
to obtain information necessary  to design of t h e  
processing c e l l s .  T h e  development of individual  
p m c e s s i n g  equipment components, including 
samplers ,  diaphragm pumps, ion exchange  columns,  
and  valves ,  is wel l  advanced.  Tests of handl ing 
and maintenance concepts  in  a ful l -scale  cell 
mockup a r e  partially complete. Mockup t e s t s  in  
t h e  l a s t  year  included t e s t s  of disconnect  wel l s  
and tube bundles, equipment racks ,  equipment 
t ransfer ,  t h e  replacement of alpha windows, 
m an ipu la t or evaluation s , ce 11-li gh tin g main ten an ce , 
and remote maintenance methods. Pro to types  and 
fully designed components of most of t h e  process  
equipment and t h e  maintenance apparatus  a r e  
scheduled  to be  built and thoroughly t e s t e d  in  
t h e  cell mockup during t h e  next  year. 

Small pu lsed  columns (114 in i n  diameter  
and 6 ft high) are to be u s e d  i n  the 'L'RU 
Faci l i ty .  Development s t u d i e s  have been con- 
t inued with columns 2 in. in  diameter i n  order 
to determine t h e  operating condi t ions for good 
eff ic iency and flow capaci ty .  For both t h e  Tramex 
f lowsheet  and  t h e  phosphonic a c i d  f lowsheet ,  
t h e  best pulse  condi t ions a r e  a pulse  frequency 
of 40 cpm and amplitude of 0.2 in .  While i t  is 
n e c e s s a r y  to operate  a t  50°C o r  greater  for the 
Tramex flowsheet because  of t h e  bigh v iscos i ty  
of t h e  p h a s e s ,  the  phosphonic a c i d  f lowsheet  is 
sa t i s fac tory  a t  25OC. T h e  e f f e c t s  of var ia t ions 
of flow ratio, of u s e  of surfactant ,  and of p la te  
s p a c i n g  werc a l s o  s tudied.  Removal of ni t ra te  
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f rom an aqueous feed solution w a s  s i iccessful ly  
demonstrated in  a pulsed column 4 ft  high. 

4.3 Design orad Fabrication o f  P r o c e s s  Eqjuipnicnt 

P r o c e s s  equipii-lent, including solveiit extmction 
columns, ion exchange s y s t e m s ,  and tanks ,  i s  
being designed and built for u s e  in t h e  'Trans- 
uranium Process ing  Plan t .  Design is over 70% 
complete ( a s  of July 1 ,  1904), and fabrication of 
iilarpy cornponcr.is h a s  been s tar ted.  Detailed 
d e s i g n s  of most of t h e  major equipment components, 
including t h e  process  tanks ,  s e v e n  of the  ten 
equipment racks,  and the  intercel l  piping sj 'stem, 
a r e  complete. T h e  construct ional  material for 
the w a s t e  and off-gas headers  in the  c e l l  bank 
was changed from IIastel loy C t o  Zircaloy-2, 
which i s  more resis tant  to  corrosion, and the  
design w a s  modified to provide for rcinote re- 

placement of t h e  hcaders .  
Fabricat ion of t h e  first-cycle solvent  -extraction 

equipment rack and t h e  first of four 12-unit sampler  
s t a t i o n s  b a s  heen completed. T h e  fabiication of 
f ive addi t ional  equipment racks and the  intercel l  
piping plugs is proceeding. 

Procuremeat of b a s i c  Zircaloy-2 n a t e r i a l s  w a s  
undertaken during t h i s  year ,  and a l l  major i t ems  
are now on hand. Vendors for t h e  evaporators  
and was te-  and product-storage tanks are be ing  
chosen;  es t imated delivery d a t e  for t h e s e  v e s s e l s  
is about  January 1 ,  1965. 

4.4 Construetion of Transuranium 
Processing Pian: 

T h e  construction of t h e  Transuranium P r o c e s s i n g  
P!ant w a s  s ta r ted  July 1 ,  1963, and i s  about SO% 
complete and on schedule .  Procurement of govern- 
ment-furnished material and equipmei-it, including 
sh ie ld ing  windows, cubicle  floor pans ,  conveyor 
housing,  and a l l  high-quality piping assembl ies ,  
i s  on schedule .  A new foimulation for hydrous, 
high-density concrete ,  containing limonite and 
ferrophos (a  by-product from iron smelting), w a s  
developed for the  cel l -shielding ~ a l l s  t o  replace 
the magnetite, which could not  be  obtained in 
t h e  required quant i t ies .  

T h e  Isotopes Division and t h e  Chemical  Tech-  
nology Division are working together t o  produce 
experimental h e a t  s o u t c e s  for u s e  in  thermoelectric 
converters  u s i n g  two cur iux  i so topes ,  2 4  'Cm and 

Cm. The Chemical  Technology Division wi l l  
chemically separa te  and i s o l a t e  gram amounts of 
curium ; t h e  I so topes  Division will prepare and 
encapsula te  t h e  hea t  soiirces. Irradiated ta rge ts  
of 2 4 1 A m 3 2  in an aluminum matrix wil l  b e  proc- 
e s s e d  t o  s e p a r a t e  2 4  2 ~ m  from aluminum, f iss ion 
products, and eventual ly  from 2 4  'Am, although 
the f i rs t  products will contain t h e  residual  241Arn 
as  wel l  as  2 4 2 ~ n 1 .  ,~:ocess methods, fac i l i t i es ,  
and source  mater ia ls  a r e  used  for both the  Curium 
Program and the  c lose ly  related 'Transuranium 
Element Program ( s e e  Chap.  4). 

2 4 4  

5.1 Development of: the Process 

T h e  proposed method for i so la t ing  2 4 2 C ~ n  is to 
d isso lve  irradiated ta rge ts  of 2 4  'Am02-Al  in 
hydrochloric a c i d ,  ad jus t  t o  Tramex ( s e e  Sect. 4.1) 
feed condi t ions by adding LiCI and evaporat ing 
t o  concentrate  and t o  remove e x c e s s  ac id ,  separa tc  
2 4  'Am-242Cm h a  alumiriuiii and f iss ion products 
by t h e  Tramex process ,  and convert t h e  product 
from a hydrochloric acid solution t o  a nitric 
a c i d  solut ion by repeated ni t r ic  a c i d  addi t ions  
and  evaporat ions t o  d is t i l l  off chloride. The  
proposed iilethod for recovering 2 4 4 C ~ n  from t h e  
Savannah River concentrate  i s  a l s o  based  on t h e  
I raniex process .  T h e  concentrate  will f i rs t  be  
converted from ni t ra te  to chloride by t h e  Clanex 
(Co-Lanthanide-Actinide-Nitrate Extract ion)  proc- 
ess, in  which americium, curium, and race ear ths  
are extracted into Alamine 336 *IINO,---diethyl- 
benzene (DEB) from neutral  lithium ni t ra te  so lu-  
tion and then s t r ipped into d i lu te  hydrochloric 
a c i d  ( 'Trainex p r w e s s  development is reported 
as  pari of Sect .  4.1). With Trai-nex t e s t s  americium 
l o s s e s  a r e  low (0.01%) and f iss ion product de- 
contamination factors  are equal  t o  or greater  than 
l o4 .  N o  s e r i o u s  radiation-induced ef fec ts  were 
noted in 1- t o  l O - i n 1  batch extraction t e s t s  a t  
act ivi ty  l e v e l s  up t o  the  proposed process ing  
level  of 10  w/liter. 

Both t h e  Tramex and Clanex processes  are 
e x p e c t d  t o  operate  sat isfactor i ly  ai full act ivi ty  
level  in t h e  Curium Recovery Fac i l i ty  (CRF). 

F 1  
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However, two Tramex c y c l e s  may b e  required to 
routinely give sa t i s fac tory  f iss ion product decon-  
tamination fac tors  of greater  than i o 4  or io5 ,  
which a r e  required. 

Conversion of Tramex product from 8 i l l  HC1 to 
a ni t r ic  a c i d  solut ion by a l te rna te  addi t ions  of 
concentrated ni t r ic  ac id  and  evapora t ions  w a s  
successfu l ly  demonstrated in l / l @ s c a l e  tantalum 
equipment with s imulated Tramex product. Chloride 
concentration of t h e  product w a s  reduced to 1 to 
2 ppm after t h e  second boiloff of the  ni t r ic  ac id ;  
however, t h e  f inal  product w a s  15 N in  H N 0 3 ,  
compared with t h e  des i red  maximum acidi ty  of 2 M .  

Since  a hazard  would e x i s t  i f  res idua l  organic  
so lvent  were present  when curium product is 
converted from chlor ide to ni t ra te  and  b e c a u s e  a 
suff ic ient ly  low n i t r ic  a c i d  concentration cannot  
be readily obtained,  a modified Tmmex f lowsheet  
w a s  developed to produce chloride-free c u r i u m  
in 1 M HNO,. In t h i s  process  Alamine 336.HC:l 
containing t h e  ex t rac ted  americium a n d  curium 
is converted to t h e  ni t ra te  s a l t  i n  a conversion 
contactor ,  and t h e  so lvent  can  then b e  s t r ipped 
with 1 FINO,. Laboratory resu l t s  ind ica te  that  
a sa t i s fac tory  americium-curium product in ni t r ic  
a c i d  c a n  h e  obtained,  free from zirconium and 
rare-earth contaminants ;  however, ruthenium de-  
contamination w a s  poor and  must h e  improved. 

Separation of americium a n d  curium by precipi- 
tat.ion of pentavalent  americium a s  KAmO,CO, 
froin potassium carbonate  so lu t ions  a t  concentra-  
t i o n s  equivalent  to 40 to 130 w/liter w a s  demon-- 
s t ra ted .  T h e  precipi ta ted product contained 94 
to 98% of t h e  americium and carried from 2.0 to 
3.8% of the  curium. T h i s  procedure wil l  probably 
b e  used  i n  t h e  CRF t o  s e p a r a t e  '"Am and 2 4 2 C m .  
P l a n s  a r e  to u s e  the ion exchange  methods d i s -  
c u s s e d  in  Sect .  4.1 for separa t ing  243Am from 
244Cm.  However, e i ther  method c a n  b e  appl ied 
to bot.h separat ions.  

5.2 Development of Alternative Processes: 
Separation of Lanthanides and Actinides 

T h e  Talspeak  process ,  which is a new method 
of separa t ing  lanthanides  from tr ivalent  a c t i n i d e s  
(especial ly  americium and curium) c o n s i s t s  in  
preferential extract ion of the lanthanides  with 
a di lute  solut ion of di-(2-ethylhexyl)phosphoric 
a c i d  (HDEHP) i n  a n  aromatic  hydrocarbon from 
a n  aqueous  solut ion of sodium diethylenetr i -  
aminepentaacetate  in a carboxyl ic  a c i d ,  s u c h  as 
l a c t i c  acid.  The ac t in ides  may then b e  recovered 

from the  aqueous  raffinate by oxa la te  precipitation 
or by extract ion with a more concentrated solution 
of HDEHP in a n  a l ipha t ic  di luent  followed by 
s t r ipp ing  with d i lu te  ni t r ic  acid.  High concentra-  
t ions  of corrosive a c i d s  and  s a l t s  a r e  not  required, 
and the separat ion i s  res i s tan t  to the ef fec ts  of 
irradiation. Preliminary f lowsheets  have  been 
devised  on t h e  b a s i s  of resu l t s  from ha tch  t e s t s  
with var ious morioacidic phosphates  arid phos- 
phonates ,  d i luents ,  carboxyl ic  acids, and amino- 
polyacet ic  a c i d s .  Curium h a s  been successfu l ly  
separa ted  from f iss ion product rare  e a r t h s  i n  
continuous mixer-settler t e s t s .  

5.3 The Curium Recovery Faci l i ty  

T h e  Curium Recovery Fac i l i ty  (CRF) wil l  be  
used  to recover  multigram amounts of ""3m arid 
"'Cm for u s e  in research and to purify gram 
amounts of 2 4 2 ~ m  and 2 4 4 ~ m  for u s e  in  thermo- 
e l e c t r i c  converters. T h i s  faci l i ty  is ins ta l led  in  
c e l l s  3 and 4 of  the High Level. Chemical  Develop- 
ment Fac i l i ty ,  Building 4507. 

A dissolver and i t s  auxiliary eqxipment were 
designed,  fabr icated,  and ins ta l led  i n  c e l l  3 .  
T h i s  will b e  u s e d  to  prepare feed from irradiated 

11 targets .  Cell 3 will  also he  u s e d  for the 
chemical  separat ion of americium from curium. 
'This separa t ion  by ion exchange or  precipitation 
will he  performed in glass equipment mounted in 
removable containment boxes, The feed  for t h i s  
process ing  wil l  come from t h e  cell-4 so lvent  ex-  
t ract ion process .  Mixer-settlers for a s ingle  ex- 
traction cycle a r e  ins ta l led  in  cell. 4. T h i s  cell 
also conta ins  a product evaporator for convert ing 
from chlor ide to nit rate  solut ion,  A descr ipt ion of 
th i s  equipment w a s  given in  the  previous annual  
report. F a c i l i t i e s  for transferring feed so lu t ions  
and irradiated ta rge ts  into the  bui lding and  
fac i l i t i es  to remove product s t reams from t h e  
bui lding were designed and constructed.  T h e  
ins ta l la t ion  of the  CRF complex will b e  completed 
by the  end  of F Y  1964. 

F lowsheet  and equipment t e s t s  were made on 
simulated target  d i sso lu t ions ,  Tramex and Cianex  
feed adjustments ,  mixer-settler operation, and 
conversion of product f rom hydtochloric a c i d  to 
ni t r ic  acid solut ions.  

During cold tes t ing ,  repairs  and changes  were  
made to the  equipment as required. Most of t h e s e  
were relat ively minor. However, it w a s  n e c e s s a r y  
t O  replace unsat isfactory polyethylene w e l d s  and 

2 4 1~~ 
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disconnects ,  to  rep1 a c e  uiisat  i s  factory tantalum- 
plated process  tanks  with glass-lined v e s s e l s ,  to 
e l iminate  air locks  assoc ia ted  wi th  equipment 
piping, to  repair c racks  which developed in the  
Homolite mixer-settlers, and to repair the  manipu- 
la tois .  T h e  Kocnolite mixer-settlers were replaced 
by Zircaloy mixer-settlers with quartz  windows, 
and the  glass-lined tanks  will be  replaced with 
tantalum-lined tanks  when they become avai lable ,  

A s  soon as equipment and flolnshcnt t e s t s  have 
been completed, gram quant i t ies  of 2 d 3 A ~ 1  and 
2 4 4 C m  will be  separa ted  from the  Savannah River 
concentrate ,  which is  now s tored  i i i  an  underground 
tank at t h e  CKF. R u n s  will then be  made in order 
to produce 4- to  8-g amounts of 242Cm. 

Future p lans  call for instal l ing a second ex- 
traction c y c l e  and permanent equipment for 
arne;icium-curium scpnration. Instal la t ion of t h i s  
equipment will probably be s ta r ted  l a t e  in  F Y  
1965 and cont inue through F‘Y 1966. 

6, BfVEbQPMENT OF TKE TH8R198M 
FUEL CYCLE 

The  Thorium F u e l  Cycle  work i s  par t  of Oak 
Ridge National Laboratory’s Thorium Uti l izat ion 
Program. T h e  overal l  object ive is the  development 
of the  fuel cyc le  technology required for economical 
power prodiiction in  thorium-fueled reactors. Much 
of the  work carried out  in t h i s  program by the  
Chemical Technology Division h a s  been in c l o s e  
cooperation with the  Metals and Ceraiiiics Divi- 
sion. Oxide fue ls  and the  preparation of micro- 
spheres  of t h o s e  f u e l s  are being rmphashzed, but 
some work on preparation of thorium-uranium 
carb ides  and other sys tems,  such  2s ceimets, i s  
being carried out to  exploi t  t h e  versat i l i ty  of the  
sol-gel process .  

During the year ,  t h e  Kilorod Program was suc-  
cess fu l ly  completed; approximately 1000 tubes 
filled with T h 0 2 - 2 3 3 U 0 2  w e ~ e  produced in  u s i n g  
the sol-gel process  for oxide preparation and 
vibratory compaction as a means of remotely 
fabricat ing Tho2-’  3 U 0 2  fuels. Also during the 
year, the  preliminary (‘Title I) des ign  of the 
Thoriu m-Uran ium File 1 Cycle  Development Far: i li  ty 
w a s  completed, and detai led (Ti t le  11) design w a s  
s tar ted.  

6.1 The Kilorod Facility 

Development of a reactor fuel c y c l e  based on 
thorium and 233U h a s  been hindered by the  radio- 
act ivi ty  resialting from the decay  of the  daughter 
products of the 2321J normally present  i n  233U.  
B e c a u s e  of th i s  a s s o c i a t e d  act ivi ty ,  sn economical  
t h ~ r i u m - ’ ~  3U h e 1  c y c l e  requires  rapid, s imple 
chemical  and  mechanical p r o c e s s e s  e a s i l y  adapta- 
ble to  remote operation. The sol-gel p r o c e s s  
developed by OMNL for prepzring d e n s e  mixed 
oxides  o f  thorium and uranium uniquely meets  
t h e s e  requirements; and, coupled with t h e  loading 
of fuel tubes  by vibralory packing of s i z e d  oxide, 
it  provides  a complete s y s t e n  for making fuel 
elements ,  s ta r t ing  with so lu t ions  or c r y s t a l s  of 
nitrate s a l t s  of thorium and uranium. During the  
p a s t  year ,  a pilot plant demonstration (10 k g  per 
day) showed the  feasibi l i ty  of t h i s  procedure for 
the remote fabrication of fuel, 

In the  pilot plant denionstration, experience W R S  

obtained i n  the  handl ing of 2 3 3 U  containing 38 ppm 
of 2 3 2 U 1  and radiation d a t a  were co l lec ted  which 
will make i t  poss ib le  t o  improve the  des ign  of 
fac i l i t i es  for handl ing larger quant i t ies  of 233U 
having higher concentrat ions of ’U and i t s  
daughters. During the demonstration, about 1000 
fuel rods (hence the name, Kilorod Program) were 
produced to fulfill a request for e lements  t o  b e  
used  in reactor parametric s t u d i e s  at Wrookhaven 
National Laboiatory. 

The  Kilorod Program w a s  a cooperat ive program 
between the Chemical Technolog)7 Division and the  
Metals and Ceramics  Division. T h e  Chemical 
Technology Division carried out the feed-material 
preparation and sol-gel p r o c e s s  operat ions,  while  
the Metals and Ceramics  Division carried out  a l l  
operat ions related to Euei-rod fabrication. 

Three d is t inc t  and straightforward operat ions 
were involved i n  t h e  Kilorod Program, T h e s e  
operat ions werc: (1) preparation of feed mater ia ls ,  
(2) the  sol-gel process ,  and (3) fuel-rod fabiication. 
T h e  preparation of feed mater ia ls  cons is ted  i n  
preparing * ‘UO ,(NO 3j2 solut ion by removal of 
the daughter products of 2 3 2 U  from 2 3 3 U  by a one- 
cyc le  solvent  extract ion process  i n  which t h e  
appl icabi l i ty  of the new extractant ,  2,5% di-sec- 
butylphenylphosphonate in diethylbenzene w a s  
demonstrated, and i n  preparing Thoz by denitration 
of thorium ni t ra te  c r y s t a l s  with superheated s team 
at 450 to SOO°C, 



xx i 

In t h e  sol-gel  process ,  U 0 2 ( N 0 3 ) ,  and T h o ,  
feed s t o c k s  a r e  blended a t  80°C to form a s t a b l e  
sol, T h e  sol i s  dried to  a gel  a t  80°@ and then 
ca lc ined  and reduced i n  an Ar--4% H z  atrriosphere 
a t  115O0C to produce a s in te red ,  fragmented U 0 , -  
T h o z  product. Fuel-rod fabrication is carr ied oul  

by grinding and s i z i n g  t h e  fragments and  loading 
the  s i z e d  powder in to  fuel  t u b e s  which are 
vibratorily packed. Fol lowing compaction, the  e n d  
of the rod is c l o s e d  by welding, af ter  which i t  is 
inspec ted  €or leak-t ightness  and uniformity of 
packing, t h u s  complet ing t h e  process .  

All chemical  and mechanical  p r o c e s s e s  behaved 
sat isfactor i ly .  Fif ty  kilograms of 2 3 3 U  w a s  
purified by t h e  new so lvent  extract ion sys tem,  and 
the  product surpoassed  t h e  spec i f ica t ions .  A 
thousand kilograms of 2 3  ‘UUO2-ThO2 w a s  prepared 
by the sol-gel process .  All of t h e  material produced 
w a s  su i tab le  for preparing fue l  rods. Nine hun- 
dred rods, e a c h  containing 890 g of mixed oxide,  
and 200 shorter  . tods,  e a c h  containing 310 g of 
mixed oxide,  were prepared. 

T h e  pilot plant  demonstration showed tha t  the  
en t i re  p r o c e s s  Esed i n  the Kilarod Program may 
readily be  s c a l e d  ti> larger  operations. In fact ,  a 
more radioact ive ba tch  of sol-gel-der ived oxides  
w a s  prepared as a safe ty  t e s t ,  and t h e  workers 
were not exposed  to a leve l  of radiat ion appreciably 
higher than when t h e  less radioact ive,  more 
recently purified 2 3 3 U  had been used.  In t h i s  
s a f e t y  t e s t ,  aged  2 3 3 U  w a s  used  to s imula te  
14-day-old feed containing 1000 ppm of 2 3 2 U .  
Thus ,  t h e  present  equipment and working a r e a s  
can  provide radiological  s a f e t y  even  when con- 
s iderably  higher  concentrat ions of 2U and its 
decay  products a re  encountered. 

6.2 Development o f  the Sol-Gel Process 

Exploratory experiments  show tha t  a small but 
control lable  amount of porosity c a n  be  “bui l t  in to” 
par t ic les  of thorium-uranium oxide i n  order to 
improve their so lubi l iza t ion  prior to fuel  recovery. 
More work is n e c e s s a r y ,  however. 

6.3 Application of the Sol-Gel Process to the 
Preparation of ThC,-UC, 

Microspheres of thorium and thorium-uranium 
dicarb ides  a r e  a t t rac t ive  fuel  mater ia ls  for high- 
temperature, gas-cooled nuc lear  reactors .  A 

var ia t ion of t h e  sol-gel p r o c e s s  h a s  been developed 
on a laboratory scale for producing t h e s e  mater ia ls ,  
In t h i s  approach, a hydrosol  of thorium oxide 
which may contain up to 10 at. %I uranium oxide  is 
prepared by t h e  sol-gel  process .  A proprietary 
lyophilic, high-surface-area carbon product is 
dispersed  i n  t h e  oxide sol, and t h e  resu l tan t  
oxide-carbon sol is formed in to  ge l  s p h e r e s  and a i r  
dried. T h e  s p h e r e s  are  coiiverted to dicarbide by 
firing a t  about  1800OG in vacuum or i n  an argon 
s t ream for about  an hour. 

Conversions of the oxide to the  carbide a re  more 
than 99% complete  when firing is carr ied out  i n  
vacuum. Thc conversion react ion i n  vacuum o b e y s  
pseudo-first-order k ine t ics ,  with an act ivat ion 
e n e r w  of about  112 kcal per g-mole of T h o 2  and a 
s p e c i f i c  react ion rate  cons tan t  of 3.2 hr-’ a t  
1575°C. Both 2-ethylhexnnol and 1-methylpentanol 
are  sa t i s fac tory  water  ex t rac tan ts  for u s e  in forming 
carbon-containing sols, and nonionic sur fac tan ts ,  
s u c h  as 2-octanol, i n c r e a s e  the perfection of t h e  
spher ica l  shapcs .  

An outs tanding feature  of t h e  sol-gel p r o c e s s  for 
the pieparat ion of uranium carb ides  is the  ease of 
preparation of intimately mixed o x i d e s  and  carbon 
so t h a t  they wil l  reac t  readily and completely to 
des i red  carbide compositions. T h i s  ease of mixing 
resu l t s  from t h e  f a c t  that  sols are  mixed, ra ther  
than dry powders. Another feature  is the  relat ive 
ease and s implici ty  of forming near-perfect spheres .  
T h i s  is accomplished by the  s a m e  method ( s e e  
Sect. 6.4) as  tha t  u s e d  for preparing microspheres  
of t h e  oxides .  

T h e  apparent  dens i t ies  of the dicarbide s p h e r e s  
(thorium or 5% U-95% Th) increased  from 30 to 
90% of the  theore t ica l  d e n s i t i e s  as the free carbon 
content  d e c r e a s e d  from 22  to 2%. T h e  par t ic les  
showed exce l len t  r e s i s t a n c e  t o  breakage in  
handl ing and in  rapid thermal cycling. 

6.4 Production of Microspheres 

A new technique for producing high-quality 
microspheres  (5 to 2000 p in  diameter) of oxides  
and carb ides  of thorium and uranium-thorium 
mixtures w a s  developed. Microspheres appear  
usefu l  as fuel  par t ic les  i n  fueled graphite ele- 
ments  u s e d  in high temperature gas-cooled reac tors  
and for other  fueled matrices s u c h  a s  R e o .  T h e  
method requires  a minimum of handl ing and h a s  a 
potent ia l  for a high ra te  of production. Develop- 
ment h a s  been carr ied through the laboratory s c a l e  
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w d  h a s  been s c a l e d  up t o  ba tches  as large as  a 
kilogram. 

In principle, the technique c o n s i s t s  in d ispers ing  
sols of ox ides  or ox ides  containing finely divided 
carbon to  droplets  in  an immiscible nonaqueous 
liquid in which water i s  only somewhat soluble .  
Gelling occurs  when the  water is extracted from 
the  s o l  by t h e  immiscible liquid. Alcohols s u c h  
a s  Zethylhexann! were t h e  bes t  of a number of 
dispers ing and water-extracting agents. For 
optimum sphere-forming performance with different 
s o l s ,  sur fac tan ts  were added to  the  alcohol  to  
achieve  t h e  proper interfacial  tension between s o l  
and alcohol. After the gel  s p h e r e s  a re  formed, 
they are  converted to oxides  or carb ides  by 
calcinat ion.  The  technique h a s  been developed to  
the point where nearly perfect s p h e r e s  were 
produced reproducibly at the rate  of about  50 g/hr; 
a tapered column w a s  used.  T h e  desired s i z e  c a n  
be controlled t o  within 5.50 p, with l e s s  than 20% 
being rejected,  Oxide spheres  having d e n s i t i e s  
greater than 99% of theoret ical  can  be made, with 
l e s s  than 0.1% of the  s p h e r e s  having c r a c k s  or 

f iss t l ies .  Microspheres of both oxide and carbide 
were successfu l ly  coated with pyrolytic graphite. 

7. SEPARAT38bdS CHEMISTRY RESEARCH 

7.1 Studies in Descript ive ChexIstry 

New separa t ions  methods and reagents  are be ing  
developed, particularly for u s e  in  radiochemical 
processing. T h e  current s tudy  i s  principally on 
solvent  extract ion,  and i t  inc ludes  a sys temat ic  
experimental laboratory-scale survey of the be- 
havior and potential utility of ex t rac tan ts  in 
nuclear  fuel processing,  w a s t e  treatment, f i s s ion  
product recovery, transuranium element recoveries ,  
and other heavy-metal separat ions,  Attention i s  
increasing toward other separa t ions  methods, for 
example, extract ion chromatography for high- 
resolution separat ions.  

Extraction of Metal Nitrates by Amines. In a 
continiii.ng s tudy of the amine extract ion character-  
i s t i c s  of f iss ion-  and corrosion-product metals in  
ni t ra te  solut ions,  a detai led s tudy of niobium 
showed higher ex t rac t ions  with a primary amine 
than with the  other c l a s s e s  of ainines. Ext rac t ions  
increased  with increasing aqueous nitric ac id  
concentration; for example,  the  extract ion coeffi- 
c ient  w a s  above 1 from -= 10 M I I N 0 3  when 0.3 11.1 

> 

Primene JMT i n  toluene w a s  used. T h e  extract ion 
coefficient was nearly proportional to the amine 
concentration. T h e  extract ion behavior indicated 
slow equilibration among a t  l e a s t  two ex t rac tab le  
and a t  l e a s t  one  inextractable  niobiuni s p e c  
the aqueous phase  and sugges ted  tha t  the  m o s t  

extractable  s p e c i e s  i s  a te t rani t ra to  complex. In a 
survey invest igat ion of extract ion of other  metal 
ni t ra tes ,  extraction coeff ic ients  were <1 for 
mercuric ni t ra te ,  cO.01 for selenium ni t ra te ,  and 
<0.001 for antimony ni t ra te  with 0.1 M tr i lauryl-  
amine when t h e  nitric acid concentrat ion was  0.1. 
to  10 (VI. Conductance w a s  found t o  be an accura te  
measure of e x c e s s  nitric a c i d  extracted by trilauryl- 
amine i n  toluene. A new theoret ical  riiodel w a s  
shown to correlate  a wide range of uranyl ni t ra te  
extract ions.  

Exts-action of Metal Chlorides by Amines. - AS 
part of a program on surveying the  extract ion of 
meta ls  from various s y s t e m s  with representat ive 
amines,  da ta  m e r e  obtained for the extract ion of 
technetium, s i lver ,  cadmium, and palladium from 
HC1 and LiC1-0.2 h4 MC1 solu t ions  ovcr the  range 
0.5 to 10 IW total. chloride. All the  meta ls  were 
extracted effect ively,  particularly a t  the  lower 
chloride concentrat ions,  and, in  most c a s e s ,  t h e  
extraction power of the amine for the  metal  varied 
in the order: Aliquat 336 (quaternary amine) 
2 Alamine 336 (tertiary amine) ? Arnberlite LA-1 
(secondary amine) > Primene J M  (primary amine). 

Performance of Degraded Diluents. ..- Continued 
s t u d i e s  on a l ipha t ic  and aromatic d i luents  were 
concentrated on  t h e  improvement of their s tab i l i -  
t i e s  by sulfur ic  acid pretreatment, and on the  
s tab i l i t i es  and degradation reac t ions  of diethyl-  
benzene isomers ,  A sulfur ic  acid pretreatment 
previously u s e d  for improving the  s tab i l i ty  of 
al iphat ic  Amsco 125-82 w a s  successfu l ly  applied 
to two addi t ional  comrneicial a l iphat ic  di luents .  
Both were degraded severely when 1 M tri-n-butyl 
phosphate  ('iY3P) so lu t ions  were refluxed with 2 M 
H N 0 3 ,  with the  d i luents  used  as  received, but both 
were markedly more s t a b l e  after treatment with 
98.5% sulfur ic  acid a t  50°C for 90 min .  Studi-es of 
the nitration of diethylbenzene (DEB) isomers in  the 
presence or i n  the absence  of 6oCo gamma radia- 
tion confirmed the  previously reported s tab i l i ty  of 
meta-DEB. Sufficiently purified para- and ortho- 
DEB appeared to be only a l i t t l e  less s t a b l e .  In 
some texts ,  meta  and para  isomers  showed about  
the  same high res i s tance  t o  degradation a s  d o e s  
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ti-dodecane. As with other  di luents ,  (1) irradiation 
while mixing DEB with HNO, acce lera ted  degrada- 
tion without s ignif icant ly  changing  t h e  type and  
distribution of products; (2) t h e  presence  of TBP 
increased  the  ra te  of D E B  degradation; and ( 3 )  
hafnium extract ion correlated fairly well with the  
f inal  nitrogen content. T h e  pr incipal  degradation 
products  included ke tones  (ethylacetophenone 
isolated) ,  and nitrogen-containing products  (con- 
centrated but not  y e t  identified). 

Sorption by Immobil ized Extractants. - T h e  
potent ia l  u s e  of ex t rac tan ts  i n  quasi-sol id  form is 
k i n g  s tudied.  'These quasi-sol ids  are obtained by 
absorpt ion of l iquid or d isso lved  extractant  in a 
porous s o l i d  support, e i ther  for achieving high- 
resolution column separa t ions  (extraction chroma- 
tography) or for circumventing insolubi l i ty  or other  
phys ica l  diff icul t ies  tha t  would interfere  with 
liquid-liquid equilibration. Tests o f  uranyl-ion 
recovery by tri-n-octylphosphinr oxide on micro- 
porous polyethylene and of americium-lanthanide 
separa t ions  by di(2-ethylhexy1)phosphoric ac id  on 
severa l  suppor ts  confirmed some of t h e  advantages  
expected from sorption by immobilized extractant s, 

but they a l s o  showed some di f f icu l t ies  - slow or 
incomplete equilibration - sugges t ing  t h a t  a 
poriion of the  ex t rac tan t  w a s  i n  re la t ively in- 
a c c e s s i b l e  posi t ions.  

New Extraction Reagents. - A cont inued s e a r c h  
for new s e p a r a t i o n s  reagents ,  particularly so lvent  
extract ion reagents ,  h a s  included a s e r i e s  of N- 
a lkyl  amides ,  phosphorus e s t e r s ,  phosphoramides, 
carboxyl ic  a c i d s  (see Sect .  8.3), and subs t i tu ted  
phenols. 

Eight  new hi~~i -molecul~i r -weight  N-alkyl amides 
were synthes ized  and  examined as so lvent  extrac-  
tion reagents .  Varied subst i tut ion on t h e  a-carbon 
atom of the carboxyl ic  ac id  provided varying de-  
grees  of uranium-thorium se lec t iv i ty .  In 2 M HNQ,, 
severa l  amides gave urmium/thorium separa t ion  
factors  more than 100 t imes higher ,  with uranium 
ext rac t ions  somewhat lower, than with tri-n- 
butyl phosphate  (TBP), Separat ion factors  for 
urnnium/zirconium and uranium/ruthenium and to- 
t a l  a c i d  extract ion were s imilar  t o  t h o s e  with 
TBP. High coef f ic ien ts  were obtained for amer- 
icium and europium extract ion from LiNO, solu-  
t ions  but  were accompanied by high lithium ex-  
t ract ion and volume changes.  Separation fac tors  
for emropium/americium were l e s s  than 2, 

About SO neutral  organophosphorus compounds 
(es te rs  and phosphotatnides) were examined a s  ex- 
t rac tan ts  for cerium, europiurii, and americium. 
Some were s t rong  ex t rac tan ts ,  but none was a b l e  
to s e p a r a t e  europium from americium by fac tors  
greater  than 3 .  Di-(sec-butyl)(methylphenyl)phos- 
phonate  w a s  u s a b l e  i n  a di luent  comprised of 75% 
al ipha t ic  and 25% aromatic compounds, i n  cont ras t  
t o  the  more than 75% stomatic  cons t i tuent  required 
by di-(sec-butyl) phenylphosp'nonate (QSBPP). T h e  
uranium extract ion and separat ion from thorium 
were unaffected by t h e  change  in  reagent  structure. 
T h e  high se lec t iv i ty  for thorium over uraiiium 
reported previously for cage-structure phosphates  
w a s  shown to b e  due  to a c i d i c  impurities. 

Seven new phenols ,  e s p e c i a l l y  synthes ized  t o  
t e s t  cer ta in  var ia t ions of s t ructure ,  were examined 
for their  abi l i ty  to ext rac t  cesium from di lu te  
so lu t ions  of sodium hydroxide. One of these ,  4- 
chloro-2-(a-methyIberizyl)phenol, showed high ce- 
sium extract ion and good phys ica l  performance, 
comparable with t h e  bes t  of the  previously identi- 
fied cesium extractants .  Two polymeric reagents ,  
a dimer and a tetramer of 4-chloro-2-(a-hydroxy- 
ethyl)phenol, gave except ional ly  high ces ium ex-  
t ract ion coeff ic ients ,  although they had very 
limited solubi l i ty  in  hydrocarbon diluent. 

7.2 Development of Separations Processes 

P r o c e s s e s  a r c  being developed for s p e c i f i c  
separa t ion  and recovery appl icat ions,  both where 
n o  pract icable  p r o c e s s  yet  c x i s t s  and where 
ex is t ing  p i o c e s s e s  c a n  b e  measurably improved. 
Where warranted, development is carr ied t o  the  
point tha t  large-scale  performance can  b e  predicted. 

Cesium Recovery fram Ores. - T h e  ef fec t iveness  
of the  phenol extract ion (f'henex) p r o c e s s  for 
recovering cesium from alkaline-ore leach l iquors  
was further confirmed in  mixer-settler tes t s .  In a 
s imple  cont inuous system, t h e  cesium w a s  se- 
lec t ive ly  extracted with subs t i tu ted  phenols  in  a 
hydrocarbon di luent  and s t r ipped with d i lu te  acid.  
Eff ic ient  ces ium recovery and eff ic ient  separa t ion  
of cesium from other  components  of t h e  l iquors ,  
including other  a lka l i  meta ls ,  were obtained.  A 
variety of high-purity cesium conipounds c a n  b e  
produced s i n c e  t h e  cesium is e a s i l y  s t r ipped f iom 
t h e  so lvent  with many different mineral or organic  
a c i d s ,  from which t h e  corresponding s a l t s  a r e  
readily prepared. 



In applying the  p r o c e s s  to  the  treatment of 
pol luci te  ore, which is tile most important source  
of cesium, more than 97% of the cesium was  
solubi l ized by roast ing the ore  with 2 p a r t s  of 
NaCl and 1 part  of N a 2 C 0 ,  per part of ore for 1 hr 
a t  750°C and leaching  with water. Cesiiirn was 
extracted from the liquor i n  a countercurrent sys-  
tem with a 1 M solut ion of 4-sec-butyl-2-(a- 
methylbenzy1)phenol (HAMBP) i n  kerosene.  In one 
demonstration r u n  the ex t rac t  was scrubbed with 
water and s t r ipped with hydrochloric acid to give a 
cesium chloride product solut ion containing l e s s  
than 0.02% combined alkali-metal impurities, 
based on cesium. In a second demonstration run 
t h e  extract  w a s  scruhbed with 0.01 M tar tar ic  ac id  
and stripped with carbon dioxide and water t o  give 
a cesium carbonate  product solut ion with l e s s  than 
0.01% combined alkali-metal impurities. Tota l  
chemical  reagent  c o s t s  for the process? including 
the  c o s t  of the  roast ing chemica ls ,  a r e  es t imated  
a t  approximately 32q pcr pound of cesium. 

T h e  p m c e s s  offers many advantages  over t h o s e  
currently used-  I t s  development is considered 
espec ia l ly  timely, in view of the ant ic ipated large 
increase  i n  the cesium market. Scale-up from the  
preserit laboratory-scale work to  larger-scale  
operat ions c a n  be  accomplished on the  b a s i s  of 
prssent  technologg. 

Reryll ium Recovery from Ores. - A t en ta t ive  
so lvent  extract ion process  u s i n g  primary amines 
w a s  outlined for recovering beryllium from sulfur ic  
ac id  d i g e s t s  of low-grade beryllium ores. Ex- 
t ract ions of beiylliuiii with t h e s e  amines a re  rapid, 
in cont ras t  to t h e  very s low extractioris obtained 
with di(2-ethylhexy1)phosphoric acid.  Of a variety 
of amines tes ted ,  only t h e  primary amines ex- 
t racted s ignif icant  amounts of beryllium, arid 
l-(3=ethylpentyl)-.l-ethyloctylamine w a s  t h e  most  
effective. Beryllium extract ion coeff ic ients ,  low 
at pl1 1, are usably high a t  pH 2 to 3. Aluminum is 
extracted to  some extent ,  but good separa t ions  are  
achieved by sa tura t ing  the  solvent  with beryllium 
and by scrubbing the extract  with 0.01 to  0.03 M 
M2S0, .  Iron extract ion i s  minimized by reducing 
to the ferrous s ta te .  The  beryllium is readily 
s t r ipped f rom t h e  extract  with 0-5 to 1 M II,SO,. 

In a batch countercurrent demonstration of t h e  
process ,  92% of the beryllium was recovered f rom 
a synthe t ic  leach  liquor (0.5 g of beryllium and 5 g 
of aluminum per liter, pI1 2.5) in  s i x  extract ion and 
four scrub s t a g e s  with 0.3 M 1-(3-ethylpentyl)-l- 

ethyloctylamine in Solvesso  100. The product con- 
tained less than 0.3% Al, based  on beryllium. In a 
similar demonstration run with an ac tua l  ore  leach  
liquor, the e x k a c t i o n  eff ic iency w a s  lower, but 
96% recovery of beryllium s t i l l  w a s  obtained by 
operat ing at a higher organic to  aqueous  flow ratio. 

Ihoriurn Retzvery from Granitic Rocks. --. T h e  
three h o l e s  drilled in  the Coilway granite forrna- 
t ions  in  N e w  Hanipshire during 1962 have been ev- 
tended from their  original depths  of 500 to  600 ft 
to  1000 it, The  thorium content  and process  
amenability of these  deeper  samples  were nearly 
t h e  same a s  for surface and pre.Jious drill-coic 
samples .  Consequent ly ,  the  in-place reserves  of 
thorium and uranium i n  the Conway formation, that 
can  be  est imated with confidence,  a re  now 35 and 
8 to 12 iiiillion tons,  respect ively,  with about two- 
thirds  being recoverable  by ordinary process ing  
techniques.  

Biochemical Separations. - A new program h a s  
been s ta r ted  to recover and separa te  transfer 
ribonucleic a c i d s  (t-RNA’s) from E. coli bac ter ia  
in quant i t ies  suff ic ient  to permit  chemical ,  
physical ,  and biological  invest igat ions of t h e  
spec i f ic  t-RZNA’s. T h e  la t ter  s t u d i e s  should 
ultimately provide def ini t ive da ta  regarding t h e  
b a s e  sequence  concept  of information coding in  
nucleic  ac ids .  

Several methods for the recovery of t-RNA have  
been s tudied.  T h e  preferred method involves  
breaking the  bacter ia  c e l l s  i n  a phenol-water 
mixture, fractionating t h e  crude nucleic  a c i d s  i n  a 

sodium a c e t a t ~ - - i s o p r o p a n o l  mixture, and final 
purifying of the  t-RNA by s e l e c t i v e  elution f rom a 
DEAE-cel lulose column. Recoveries  ragged from 
0.8 to 1.9 g of  t-RNA per kilograin of wet bacter ia .  
Puri ty  w a s  measured by I4C amino acid in- 
corporation“ 

Attempts a re  now being made t o  d e v i s e  a liquid 
ion exchange systeIi1, sn i tab le  for reverse-phase 
column chromatography, to f ract ionate  the purified 
t-RNA mixture into its components. It i s  e s t i n a t e d  
tha t  2.5 t o  4Q different spec i f ic  &RNA’s e x i s t .  
Preliminary t e s t s  with quateinary amnloi~ium com- 
pounds i n  oxygenated dil uents  a re  encouraging. 

- 

7.3 FarndamcntaI Studies on the Eqwilibria and 
Kinet ics of Solvent Exfraction 

Continuing fundamental inves t iga t ions  ate aimed 
a t  understanding both the equilibria and the 
mechanisnis of separa t ions  syscems. Currect  
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s t u d i e s  a r e  concentrated almost  ent i re ly  on so lvent  
extract ion s y s t e m s ,  together with s o m e  ut i l izat ion 
of so lvent  extract ion in s tudying  the phys ica l  
chemistry of aqueous  so lu t ions .  

Extraction of Alka l ine  Earths and Alkal i  Metals 
by D i ( 2 - e t h y l h e x y l ) p h o s p ~ ~ ? i ~  Acid. - T h e  s tudy  
of sodium and strontium extract ion by mixtures of 
di(2-ethy1hexyl)phosphoric a c i d  (HDEHP) and  its 
sodium s a l t  is completed through t h e  range from 
t h e  completely a c i d  form to the completely s a l t  
form of t h e  extractant. T h e  correlat ion of t h e  
extraction d a t a  over t h i s  en t i re  range of ex- 
t ractant  composition with a s i n g l e  extract ion 
model appears  successfu l .  An experimental  con- 
firmation of proportionality hetween t h e  logarithm 
of the  hydrogen-ion concentrat ion and the  apparent  
pH as  measuted by g l a s s  e lec t rode  i n  4 N a N 0 , 3  
solut ion,  required i n  the  correlat ion s tudy ,  w a s  
obt.ained in  the range pH 4 t o  7. Simultaneous ex- 
t ract ion of a lka l ine  ear ths  by HDEI-IP showed ex- 
t ractabi l i ty  i n  the order C a  > Mg I Sr > Ba a t  low 
loading, changing  t o  Ca > M g  > Ba > Sr a t  higher 
loading. 

u s e  of Die lectr ic  Measurements in the Study of 
interactions Between Extraction Components. - In 
a previously reported s tudy  of in te rac t ions  between 
the  components  of synerg is t ic  extract ion mixtures, 
infrared spectrophotometry showed association 
between HDEHP and trioctylphosphine oxide 
(TOPO) but could not be  appl ied to mixtures of 
HDEIliP with tri-n-butyI phosphate  (TBP) b e c a u s e  
of a fortuitous overlapping of absorpt ion bands,  
Dielectr ic  measurements  have  now been used  to 
show t.liat there  is l i t t l e  if any  assoc ia t ion  between 
HDEHP and TBP. Dielectr ic  measurements  re- 
confirmed assoc ia t ion  between H D E H P  and TOP0 
and showed assoc ia t ion  between TBP and the 
complex sodium s a l t  NaDEIlP.3HDEHP. 

Extraction of A l k a l i  Medals by Substituted 
Phenols. - Equilibrium measurements  of cesium 
extract ion by 4-sec-butyl-2(a-methylbenzyl)phenol 
(RANIRP) in  both n-octane and di isopropylbenzene 
confinned the  dependence of the  extract ion 
coeff ic ient  on t h e  reciprocal  of hydrogen-ion con- 
centrat ion a n d  on the  third power of the  ex t rac tan t  
concentration. Extract ion isotherms with RAMBP 
in n-octane and i n  carbon te t rachlor ide teach  a 
plateau at a mole ratio of Cs:BAMBP =: 1:4 i n  the 
extract  s p e c i e s ,  presumably ces ium phenolate  
a s s o c i a t e d  with three undissoc ia ted  phenol 
molecules. At a n  aqueous hydroxide concentrat ion 
of 1 to 2 M, t h e  extract ion of ces ium (and also of 

the  other a l k a l i e s )  i n c r e a s e s  abruptly, reaching a 
mole ratio of approximately 1:l i n  extract ion from 
6 M CsOH. Water extract ion also increased  
abruptly, cons is ten t  with the hypothes is  of a sh i f t  
from solvat ion of the  a lka l i  phenolate  by phenol 
molecules  t o  hydration. 

investigation of Phenol-Alkali  Meta l  Extraction 
Species  by Nuclear Magnefic Resonance ond 
Infrared Spectroscopy. - Infrared spec t ra  of BAMIBP 
i n  carbon te t rachlor ide show absorpt ions attributed 
to phenol ic  -OH groups in three different s i tuat ions:  
unassoc ia ted ,  dimerized by hydrogen bonding, and 
polymerized by hydrogen bonding. The  indicated 
proportion of monomeric phenol var ies  from nearly 
zero  in undiluted B A M R P  to nearly 100% below 
0.05 M >  With cesium extraction (Cs:  C'JAMRP c:1:4), 
monomer and dimer absorptions d e c r e a s e  and 
polymer absorpt ion increases ;  t h e  phenolic proton 
nuc1ea.r magnetic resonance (NMR) l ine is broadened 
and sh i f ted  far downfield. With further cesium 
extract ion (Cs:BAklVIRP :,1:4) and concomitant water  
extract ion,  the infrared absorpt ion ascr ibed to 
polymer i n c r e a s e s  markedly; the  shif t  of the 
phenolic proton NMR l ine is reversed,  and the 
spectrum approaches  that  of water. T!E extent  of 
t h e  sh i f t  with other  a lka l ies  var ies  i n  the  same 
order as  their extractahi l i t ies :  Cs Rb -:> K. T h e  
resu l t s  ind ica te  that  inter-phenol hydrogen bonds 
are s t ronger  in the presence  than in  the  a b s e n c e  
of a lka l i  ion, espec ia l ly  when i t  is t h e  ces ium ion. 

Kinetic5 sf the Transfer O f  Sulfare During E X -  

traction by Amines. - Previous  ev idence  (through 
transfer-rate measurements  of tagged su l fa te  from 
amirie solut ion t o  aqueous su l fa te  solut ion)  of the 
participation of both neutral complex t.ransfer and 
complex anion transfer in uranyl su l fa te  extract ion 
was  confirmed and extended. T h i s  w a s  done by 
comparison with r a t e s  with the t racer  su l fa te  
ini t ia l ly  i n  t h e  aqueous phase  and by comparison 
of r a t e s  with the tracer  su l fa te  initially present  i n  
var ious s ing le  organic-phase spec ies .  B e s i d e s  
qual i ta t ive confirmation that there  i s  exchange  of 
an ions  when uranium is extracted from moderately 
concentrated su l fa te  so lu t ions  ( U 0 2 ( S 0 4 ) 2 2 - -  
predominating) and that  there  is no exchange when 
i t  is extracted from very low su l fa te  so lu t ions  
( U 0 , 2 t  and U Q , S 0 4  predominating), t h e s e  t e s t s  
gave a quant i ta t ive measure of the average su l fa te -  
to-uranium ratio i n  the  s p e c i e s  actual ly  transferred: 
about 1 i n  t h e  latter case and about  2 i n  t h e  
former. Computer correlation showed t h a t  the self- 
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diffusion of t h e  t racer  su l fa te  conformed renson- 
ably we!l to  first-order rate. 

Kinrfics of the Extioction of iron by DI(2- 
et)rylhcxyl)phosphorir: A.;id= - A kine t ics  s tudy  
h a s  beer) s ta r ted  t o  invest igate  the reasons  for and 
iiieslianisms of the inarkedly slow equilibration 
r a t e s  i n  the  extract ion of cer ta in  nrrtal ions with 
dialkylphosphoric acid. Res ides  its importance in  
t h e  fulldaiiieiltal s tudy of solvent  extraciioii,  a n  
understanding of the s low ext rac t ions  should a id  
in safeguarding aga ins t  diff icul t ies  in  entract ion 
processes  and (more iiiipoitant) provide a b a s i s  lor 
devis ing spec ia :  separa t ions  to exploi t  rat? differ- 
ences .  T h e  f i rs t  system being exarnincd i s  t h e  ex- 
t iact ion of Fe(1II) f rom acid sodiuiii p e x h l o i a t e  
so lu t ions  with MDEHP i n  n-octanc. 'l'his extract ion 
h a s  now been s h o n n  t o  follow first-ordei ra te ,  
log [E'e], = -kt, with r a t e  directly propoltioilal 
to a changing power of extractant  concentra- 
tion and inversely proportional to  acidi ty  ( k  = 
[ H D ~ f ~ p l o 0 . 3  -- 1 .,r , ,t I/[H+],). T ~ C  principal 
ob jec t ives  of the current s tudy  are  tc determine 
whether coiitrolling res i s tance  l i e s  a t  the  inter- 
face or i n  the ad jacent  liquid layers  and whether 
or not i t  involves  chemical reaction. 

Determination of the Act iv i ty  Cozff ic ients of 

Aqiseol~s Acids by Amine Extraction. - -  It w a s  
found possible  to measure acid activitier, in 
aqueous acid-sal t  mixtures by equilibration of an  
aqueous  acid-sdt  mixture and an aquecus. acid- 
only solut ion through an intervening amine phase.  
Amines of lower relat ive b a s e  streagth are  re-  

quired for u s e  with stronger a c i d s  and higher acid 
concentrat ions.  Acid extract ion isotherm curves  
show t h e  acidity ranges  for which different amines 
should be appl icable ,  

Activi ty  Coeff ic ients o f  the Solvent Phases. - 
Osmotic coeff ic ients  and so lu te  act ivi ty  coeffi- 
c i e n t s  were determined by direct  p rec ise  ineasure- 

ment of vapor-pressurc depression over so lu t ions  
of triphenylmethane, a m b e n z e n e ,  and bibenzyl in  
dry benzene and/or in  water-saturated n-hexme,  
in order to e s t a b l i s h  tlieiii as i sopies t ic  s tandards.  
Bibenzyl  h a s  the advantage of higher solubi l i ty  
than most other  possible  reference s o l u t e s  ex- 
amined, neai ly  3 rn in  hexane  and 10 m in  benzene,  
permitting i t s  u s e  in measurements a t  corre- 
spondingly high concentrat ions of t e s t  solutes.  
An improved manometer and capac i t ive  mercury- 
leve l  detector  for the  differential vapor-pressure 
apparatus  worked wel l  in mackap, promising s t i l l  

bet ter  sens i t iv i ty  and precis ion in  the  vapor- 
pressure-depression measurements. 

T h e  average aggregation number ii- of 4-sec-butyl- 
2-(~-11iethylbenzyl)pheno~ (BAMBP) w a s  measured 
a s  a function of i t s  concentration i n  wet  hexane,  
for u s e  in  the  s t u d i e s  of alkali-metal extract ion by 
BAMBP. Isopies t ic  balancing aga ins t  a m b e n z e n e  
at 25°C showed the  average aggregation increas ing  
approximately in pioportion to  concentrat ion from 
monomer at very lo-i, concentration t o  trimer a t  
about 1 M. 

T h e  averagr  aggregation number fi of tri-n- 
octylaunine (TOA) and i t s  s u l f a t e s  a t  concentra- 
tions betweeii 0.08 arid 0.3 M in  dry benzene was 
measured 3s a ftiirction of the sulfate-to-amine 
ratio. I sopies t ic  baiancing aga ins t  triphenyl- 
rnethanc at 2SoC showed that  the  so lu te  i s  mono- 
m ~ r i c  a t  a l l  ra t ios  from 0 (free-base amine) to 0.5 
(normal sulfate) .  Aggregation commenced abruptly 
at 0.5 ad increased  to  an n-of -22 a t  0.75, -3.5 
at 1 (bisulfate), and -12 a t  1.5 (50% e x c e s s  
sulfur ic  acid). At l e m t  up to  1 (bisulfate), n- was 
independent of amine concentrat ion in  the range 
0.08 to 0.3 M .  In further t e s t s ,  so  far completed 
with the bisulfate  only, aggregation w 3 s  e s s e n t i a l l y  
unaffected by t h e  addition of water t o  the  sys tem 
at  water  acti.vjty l e v e l s  up  t o  0.9 of saturat ion,  
which i s  approaching t h e  lpiater act ivi ty  i e v e l s  in 
typical  extract ion s y s t z m s  of interest .  

T h e  act ivi ty  coeff ic ient  of water  in  TOA-benzene 
and -phenylcyclohexane solut ions,  measured by 
i sopies t ic  balancing and by direct  liquid-liquid 
equilibration, decreased  with increas ing  water  
concentration, Corrclations appeared b e s t  when 
the water concentration was expressed  as mole 
ratio H,O:R,NI-I ', sugges t ing  that the  water  may be 
assoc ia ted  mainly with the  alkylammonium cat ion 
rather than witii the  free-base ainine or the sulfato 
or bisulfate  anions.  The  act ivi ty  coeff ic ient  was 
nearly independent  of the  su l fa te  t o  amine rat io  up 
to 0.5 (normal sulfate) ,  then increased  with in- 
c reas ing  ratio up  t o  1 (bisulfate). 

8. RECOVERY OF FISSION PRODUCTS BY 
SOLVENT EXTRACTION 

8.1 Cesium 

In continued s t u d i e s  of the  phenol extract ion 
process  for recovering c e s i u m  from Purer: was te ,  4- 
sec-butyl-2-(it-methylbcnzyl)phenol (RAMBP) w a s  
shown to be adeqnaiely s t a b l e  towaid chemical and 
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radiat ive degradation under expec ted  f lowsheet  
conditions. Feas ib i l i ty  of the  process  w a s  further 
confirmed in  a bench-scale  cont inuous demon- 
s t ra t ion run in  mixer-settler equipment. Cesium 
recovery w a s  bet ter  than 99%. Use of synerg is t ic  
reagent  mixtures (e. g., EAMBP in combination 
with D2EHPA) w a s  s tudied,  but t h e s e  s o l v e n t s  did 
not appear  as favorable  for cesium recovery as 
RAMBP alone. 

8.2 Strontium and Rare Earths 

T h e  s low ext rac t ions  of rare e a r t h s  with di(2- 
ethy1hexyl)phosphoric acid (D2EWPA) from tartrate- 
complexed Purex  w a s t e  at a pI1 of about  5 a r e  d u e  
to t h e  presence  of chromium, iron, and aluminum in 
t h e  waste ,  Apparently, the  aqueous  p h a s e  con- 
t a i n s  unextractable  metal-rare-earth--tartrate 
complexes which d i s s o c i a t e  s lowly t o  y ie ld  ex-  
t ractable  r a r e e a r t h  s p e c i e s .  

Studies  of cerium oxidat ion,  followed by ex- 
t ract ion with D2EHPA to obtain cerium separa t ion  
from other rare  ear ths ,  indicated tha t  both per- 
su l fa te  and ozone  are  s u i t a b l e  oxidants .  

8.3 Recovery of Strontium with Carboxylic Acids 

A t en ta t ive  process  w a s  outlined for recovering 
strontium from Purex w a s t e  by ex t rac t ing  with 
carboxyl ic  ac ids ,  scrubbing with d i lu te  HNO,, 
and s t r ipping with FINO3. In a ba tch  counter- 
current t e s t  with citrate-complexed, s imulated 
Purex  FTW solut ion at a pH. of about  8, m o r e  than 
99% of the strontium w a s  recovered in f ive  ex- 
t ract ion and two scrub  s t a g e s .  About 70% of the  
rare e a r t h s  was recovered with t h e  strontium. 

8.4 Technetium 

Efficient  extract ion of technetium from a lka l ine  
w a s t e  superna tan ts  w a s  demonstrated with Aliquat  
336 ( a  quaternary amine). However, a n  acceptab le  
method for s t r ipping the technetium frotu the  
solvent  has  not  been found. 

8.5 Engineering Studies 

Engineering s t u d i e s  of a so lvent  extract ion 
p r o c e s s  u s i n g  a subs t i tu ted  phenol (BAMBP) for 
t h e  recovery of ces ium from simulated Purex-type 
was te  have  been  made. T h e  flow capac i ty  of 

pulsed columns for t h e  extract ion,  sc rub ,  and 
s t r ip  s e c t i o n s  of the f lowsheet  were measured a s  
a function of pulse  condi t ions and flow ratio. 
Batch  phase-separat ion t e s t s  were made for come 
par ison with other known s y s t e m s  and t o  provide a 
b a s i s  for evaluat ion of mixer-settlers as con- 
tactors  for t h i s  system. 

A major par t  of the  year  w a s  devoted to re- 
covering and purifying the remainder of 50 g of 
231Pa obtained from the British for u s e  i n  pre- 
paring about  1 g of 2 3 2 U  for cross-sect ion 
measurements. Three methods were s h d i e d  for 
separa t ing  protactinium from uranium, thorium, and 
niobium, the three most s e r i o u s  contaminants .  
Although all showed promise, the  anion exchange  
procedure ut i l iz ing n i x e d  hydrochloric-hydrofluoric 
a c i d  so lu t ions  and fluoride complexing w a s  u s e d  
b e c a u s e  w e  have  bad  more experience with it.  
About 40 g o f  

The study of the chemistry of protactinium in 
su l fur ic  acid so lu t icns  w a s  continued, u s i n g  t h e  
so lvent  extract ion method T h e  unusual  depend- 
e n c e  of the protactinium distribution coeff ic ient  
on protactinium concentration, possibly d u e  to 
polymerization of protactinium, w a s  s tudied  under 
a variety of condi t ions.  At protactinium concen-  
t ra t ions that  a r e  qui te  low the extract ion coeff ic ient  
w a s  near ly  constant ,  but as the  concentrat ion w a s  
increased ,  the  coeff ic ient  increased  very sharp ly  
and then e i t h e r  leve led  o r  s lowly decreased  a t  
higkcr concentrat ions,  Fluoride ion  h a s  less ef fec t  
on protactinium extract ion from sulfur ic  a c i d  than 
from hydrochloric acid. 

'Pa h a s  been recovered. 

10. ~ A ~ I A ~ ~ ~ ~  EFFECTS ON CATALYSTS 

'The e f fec t  of be ta  radiation on  the c a t a l y t i c  
decomposition of formic ac id  vapor w a s  s tudied  by 
t h e  u s e  of copper, nickel ,  s i l i c a  gel ,  ac t iva ted  
alumina, z i n c  oxide, urania, thoria, silica-alumina, 
and chromia-alumina as c a t a l y s t s .  A beta-particle 
source  containing 80 c u r i e s  of "SrTiO3 w a s  
designed and constructed for t h e s e  s tud ies .  
Apparent act ivat ion energ ies  were measured,  and 
c h a n g e s  in product y ie lds  were sought .  Analyses  
were carr ied out with a gas chromatograph u s e d  a s  
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an integral part of the  c a t a l y s t  irradiation ap- 
paratus. No permanent effects of be ta  irradiation 
were found with any of the ca ta lys t s .  Trans ien t  
e f fec ts  were found with s i l i c a  gel ,  z inc  oxide, and 
uiania .  

PERATll  R E  CH EMlSTWY 

T h e  purpose of th i s  program is t o  develop and 
e x  p 1 o it var ious spec t ro ph o to m e t r i c t echniques  for 
s tudying the propert ies  of aqueous so lu t ions ,  
primarily of uranium, transuranium, rare-earth, and 
transition-group elements .  The  principal effort is 

directed a t  construction of a spectrophotometer 
that can  b e  used  t o  s tudy spec t ra  of t h e s e  elc- 
metits in solut ions up t o  33OnC. To aid in  
character iz ing t h e s e  solut ions,  a spec ia l  auto- 
c l a v e  has  been built for measuring liquid d e n s i t i e s  
at high ternperztures and pressures .  Since the  
high-temperature spectrophotometer h a s  not  ye t  
been constructed,  prclirninai-y spectrai s t u d i e s  of 
U O q 2 '  and P u 4 '  i o n s  have been made up t o  95°C 
in ex is t ing  spectrophotometers equipped with 
punched-card outputs. 

Computer c o d e s  for the IRM 7090 have  been 
written for ca lcu la t ing  reaction ra tes  f rom spec t ra l  
d a t a  taken a s  a function of t i m e  and for resolving 
complex s p e c t r a  into individual absorption pe~l i r , .  

11.1 High-Temperature, High-pressure 
Spt?CtiOphOtGmeteF System 

Work h a s  continued on the  development of 
equipment and techniques for s tudyjng aqueous  
so lu t ions  a t  high temperatures and pressores .  The  
prototype high-temperature, high-pressure spectro-  
photometric absorption cel l ,  constructed as part of 
the  subcontract  development work, h a s  performed 
sat isfactor i ly  i n  t e s t s  a t  t h i s  Laboratory. Condi- 
t ions  employed included temperatures up to 350°C 
and pressures  to 3400 ps i ,  applied simultaneously. 
Construction of the  ent i re  system should be c o m -  

pleted in FY 1965. 

11.2 SpeCtrQl StU$i@S O f  loniC SyStril lS O ?  

E levotsd TeinpescPtvres 

A s e r i e s  of absorption measuiements  has been 
made of uranyl perchlorate so lu t ions  of fixed ion ic  
s t rength a t  uranium concentrat ions between 0.01 
and 0.75 M and a t  ac id i t ies  froin 3 hf HCiO, to  SO- 

lut ions having hydroxyl numbers of about 1.0 ovcr  

the temperatilre range 2.5 t o  95OC. A s  the  acidi ty  
is lowered through the stoichionietric point into 
the region where the uranyl ion becomes pro- 
gressively m o r e  hydrolyzed, s ignif icant  spec t ra l  
changes  are observed. A s  the  acidi ty  is lowered, 
the effect  of increased temperature i n  promoting 
hydrolysis  becomes increasingly mote pronounced. 
Spectral s t u d i e s  h a v c  been made to the  precipita- 
tion temperature points a t  the var ious hydroxyl 
numbers. Work i s  in progress  o n  the  smoothing 
and resolut ion of the  s p e c i i a  in order to  deteimine 
t h e  effect  of the  expecimental va i iab les  on the  
fundamental spec t ra l  band parameters. 

11.3 Spectrophotometric Studies of Psr(lV) in 

Aqueous Nitrate Media 

The first phase  of the ana lys i s  of the d a t a  f rom 
s t u d i e s  of the  polymerization, precipitation, and 
depolymerization behavior of plutoniurn(1Y) i n  
nitrate s y s t e m s  over t h e  temperature range 25 to 
95°C h a s  been completed. Calculat ions were made 
of the rates of the polymerization and depolymeri- 
zation react ions.  Enough d a t a  were analyzed to  
perinit the  formation of three-dimensional s u r f a c e s  
interrelat ing the ra tes  and extent  of depolymeri- 
zat ion and t h e  ni t r ic  acid concentration u p  to 
15 M I-INO,. T h e  e f fec ts  of severa l  complexing 
a g e n t s  on the  depolymeiization ra te  were de- 
t e m i n e d .  

T h e  general ized computer program developed t o  
obtain reaction rate  d a t a  by the a n a l y s i s  of 
spectrophotometric absorption d a t a  from dynamic 
multicomponent sys tems is operating on the  IBM 
7090. Curve-fitting interpolation methods have 
been s tudied  for obtaining absorbance-time func- 
tions, which wil l  permit the accura te  calculat ion 
of time-independent spec t ra  from tlic time-dependent 
expcrimental resul ts .  The  computed reaction rate 
curves  for a l l  components of the  react ing sys tem 
are automatically plotted on the Calcomp plotter, 
as are t h e  experimental and computed absorbance- 
time functions. The  ins tan taneous  reaction ra tes ,  
obtained from t h e  s l o p e s  of the conrentration-time 
curves,  are numerically evaliiated as  a function of 
time in order to fac i l i t a te  the  study of the  k ine t ics  
of multicomponent s y s t e m s .  
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Work h a s  been carr ied out t o  i n c r e a s e  the useful- 
n e s s  of the  set of computer programs and sub-  
rout ines  for t h e  leas t - squares  convolute  smoothing 
of t h e  noise  and  random f luctuat ions from dig i t ized  
spec t ra l  da ta .  

12. MECHANISMS OF SEPARATllQNS 
PROCESSES 

T h i s  program is designed to provide a quant i ta-  
t ive descr ipt ion of the  mechanisms of separa t ions  
p r o c e s s e s  which c a n  b e  u s e d  to optimize plant  
operat ions when appl icable .  Act iv i t ies  of water ,  
ni t r ic  a c i d ,  and tributyl phosphate  (TBP)  over 
two- and three-component s y s t e m s  containing 
water, ni t r ic  acid,  uranyl ni t ra te ,  and T H P  are  
being measured i n  order  t o  e x p r e s s  so lvent  ex-  
t ract ion d a t a  for t h e s e  s y s t e m s  in  terms of 
mathematical equat ions.  T h e  t ranspirat ion method 
for t h e  dynamic measurement of vapor pressure  w a s  
u s e d  to obta in  t h e  par t ia l  p r e s s u r e s  of water  and 
ni t r ic  ac id  over  the  three-compotient sys tem - 
I-I,O-UO ,(NO 3 ) 2  -6H ,O-I-INO I T h e s e  r e s u l t s  were 
combined with l i terature  d a t a  on  t h e  a c t i v i t i e s  of 
water  and ni t r ic  ac id  over  the two-component 
s y s t e m s  - H20-U02(N0,3)Z-GW20 and H,O-HNO, -- 
to obtain appropriate re la t ions  for ca lcu la t ion  of 
t h e  a c t i v i t i e s  of U 0 2 ( N 0 3 ) 2 . 6 H 2 0  after a n  inte-  
gration of t h e  Gibbs-Duhem equat ion,  

The  a c t i v i t i e s  of water  and TBP were measured 
over  the  three-component, two-phase s y s t e m  - 
H20-U0,(N03)2.6H,0-TBP - and the  d a t a  were 
f i t ted to a n  empir ical  equat ion,  Par t i t ion d a t a  for 
t h i s  sys tem were fitted t o  an equat ion with t h e  
s a m e  independent  variable. T h e  solut ion of t h e s e  
two s imultaneous l inear  equat ions  e x p r e s s e s  t h e  
act ivi ty  coeff ic ient  of TBP as a function of t h e  
concentrat ion of uranium i n  t h e  organic  phase.  

13. ION EXCHANGE: RADIATBON DAMAGE TO 
ION EXCHANGE RESINS 

T h e  objec t ives  of t h i s  program are  to  develop 
new ion exchange  processes ,  to determine how 
s u c h  p r o c e s s e s  are  limited by radiation and 
thermal degradat ion of t h e  exchangers ,  and to 
develop methods of engineer ing a n a l y s i s  for 
appl icat ion i n  AEC problems. 

Analys is  of d a t a  from experiments  i n  which water  
flowed through the  Dowex 50W r e s i n  and in which 

the res in  w a s  exposed  t o  about  0.75 x IO9 r (2 whr 

per  gram of dry resin)  indicated that  the ra te  of 
loss of strong-acid capac i ty  w a s  about  20 t o  25% 
per watt-hour per gram of dry resin - about  double  
t h e  r a t e  reported i n  the  l i terature  for air-dried 
resin exposed  i n  a s t a t i c  sys tem.  T h e  radiat ion 
induced more than 4% de-cross-linking of the  res in  
matrix in the presence  of water ,  rather than further 
cross-linking, as h a s  been reported for air-dried 
resin. 

14. CHEMICAL ENGINEERING RESEARCH 

14.1 The Stacked-Clone Contactor 

T h i s  high-performance liquid-liquid extract ion 
d e v i c e  h a s  been developed through the  s t a g e  of 
ident i fying a n  optimum configuration of the  
functioning components. S tudies  on the  b a s i c  
des ign  included var ia t ions i n  hydroclone s h a p e  
and length, and i n  the  dimensions of t h e  underflow 
chambers, vortex finders, and feed ports. E a c h  
configuration w a s  t e s t e d  for flow capac i ty  and 
s t a g e  eff ic iency with t h e  sys tem uranyl nitrate- 
sodium nitrate-18% TBP in Amsco at a flow rat io  
(A/O) of about  3, Operability a t  higher flow ra t ios  
(A/O 5 40) w a s  also evaluated,  as  w a s  t h e  effect 
of temperature on  flow capac i ty  and eff ic iency.  

Due to the  high rate  a t  which d a t a  a re  generated,  
a computer program is be ing  employed to c a l c u l a t e  
s t a g e  e f f ic ienc ies .  T h e  ca lcu la t iona l  method h a s  
been rev ised  to include an improved m e a n s  of 
represent ing equilibrium da ta ,  

T h e  current s tacked-clone d e v i c e  performs 
equal ly  wel l  in e i ther  extract ion or s t r ipping modes 
a t  maximum s t a g e  e f f ic ienc ies  of 80% and capac i -  
t i e s  u p  to 4.0 liters/min. Flow ra t ios  a t  l e a s t  as 
high as 20 a r e  feasible .  T h i s  design represents  a 
useful  and prac t ica l  prototype high-speed con- 
tactor  for radiochemical processing.  

14.2 Mechanism of Coalescence in Solvent 
Extraction Systems 

It h a s  been ascer ta ined  that  a lpha  par t ic les  and 
f i ss ion  fragments  a f fec t  the ra te  of c o a l e s c e n c e  in  
immiscible  liquid-liquid sys tems.  S ta t i s t ica l  s t u d i e s  
of t h e  lifetime of s ing le  drops of d ispersed  p h a s e  
rest ing on a p lane  interface show tha t  the  fraction 
undergoing immediate c o a l e s c e n c e  on  contac t  i s  
highly i n c r e a s e d  by f i ss ion  fragments  and, i n  some 
c a s e s ,  a lpha  par t ic les .  T h e  mechanism for t h i s  
phenomenon h a s  not  been es tab l i shed ,  but  the  
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possibi l i ty  that  i t  i s  caused  by bubble nucleat ion 
in the film that  s e p a r a t e s  t h e  droplet from i t s  bulk 
phase  h a s  been eliminated by s t u d i e s  with s o l v e n t s  
with different vapor pressures  and under different 
tot  a1 pres  SU res. 

14.3 In-b ine Detection of Part ic les i n  Gas 
Streams by Scattered Light 

T h e  development of a device which u s e s  
sca t te red  light from the par t ic les  of an aerosol  in 
a radioact ive g a s  stream to provide an a n a l y s i s  of 
both concentrat ion and size distribution h a s  
progressed to the  point of cold tes t ing  a c e l l  with 
opt ical  windows and electronic  gear. It w a s  found 
that  the l ight  source  and some opt ical  components  
tiiust h e  upgraded to bet ter  def ine the  smal l  
opt ical ly  s e n s i t i v e  volume which i s  to  be  ex- 
c lusively illuminated and observed.  T h e  p u l s e s  
from the  sca t te red  l ight  are  to  be  de tec ted  by a 

photomultiplier tube and sor ted by a pulse-height 
analyzer  such  as i s  used  in radiocheniical ana lys i s .  

14.4 Studies on Magnetically Induced Electrolytic 
Dissolution of Stainless Steel Fuel Elements 

A feasibi l i ty  s tudy of an electrolyt ic  d i sso lver  
for s t a i n l e s s  s t e e l  us ing  an electromagnet ical ly  
induced e m f  w a s  made. The  dissolver  and the 
p r o c e s s  are  very uneconomical due to  inherent  
ineff ic iencies  in  e lectromagnet ic  coupl ing between 
the primary c o i l  and the d isso lv ing  s t a i n l e s s  s t e e l  
p i e c e s  const i tut ing the secondary. T h e  required 
circui t  parameters and performance of a feas ib le  
design were evaluated by experiments with a 
s c a l e d  analog of the  device.  

14.5 So!vena Extraction Engineering Studies 

The loss of pulse  in  the jack leg  of a pulsed 
column was  ca lcu la ted  on an analog computer for a 
range of pulse  frequency, column height, and 
jackleg  length and diameter. Good agreement with 
experimental d a t a  w a s  obtained. T h e  pulse  loss 
w a s  not s ignif icant  at a column-to-jackleg-diameter 
ratio of 8 or greater, 

T h e  flooding points  due to insufficient pulsat ion 
of a pulsed  column were ca lcu la ted  as a function 
of pulse  veloci ty  and flow ratio for the four most 
common methods of introducing and withdrawing 
f luids  from pulsed columns. T h i s  i s  part of the  

general  correlation of flow capac i ty  as  a function 
of fliii d properties and column parametws.  

A laboratory-size mixer-settler having posi t ive 
interface control and magnetically coupled mixers 
was  successfu l ly  demonstrated with a Purex-typc 
s y s tern. 

14.6 Transients in Gas-Absorption Towers 

Experimental da ta  on the t ransient  response  of 
an air-water sys tem in a packed tower subjec ted  to  
a pulsed input  of SOz are being u s e d  to develop 
mathematical models  of the system. T h e  SOz can  
b e  absorbed from the  air  p h a s e  a t  absorption 
factors  around unity. Data  a t  t h e s e  condi t ions d o  
not fit the  s imple slug-flow model which descr ibed  
ear l ier  experimental r e s u l t s  with the  COz-air-mater 
system. 

T n e  decontamination program h a s  as i t s  goal t h e  
development of improved methods for t h e  removal 
of f iss ion products and uranium compounds from 
contaminated metal sur faces  i n  nuclear  reactors. 
Equipment that c a n  b e  adequately decontaminated 
.without s ignif icant  corrosion damage may be  
maintained directly ins tead  of remotely and a l s o  
can b e  restored to  s e r v i c e  without ex tens ive  and  
cos t ly  replacement of corroded parts. 

T h e  laboratory program h a s  been concerned 
chiefly with continuing t h e  development and t e s t i n g  
of decontamination reagents  for gas-cooled reac tors  
such  as the EGCII, a t  Oak Ridge,  and t h e  AVR, i n  
Germany. A new room-temperature decontamination 
method h a s  been developed for carbon s tee l .  The  
method is based  on a S-min d ip  in  0.02 it1 oxal ic  
acid followed by a 5-min d i p  in  the s a m e  solut ion 
containing 0.05 M hydrogen peroxide. Carrier-free 
1 3 1 1  and 1 3 7 C s  were volat i l ized,  deposi ted on 
metals  a t  various temperatures, and then decon- 
taminated from metal  sur faces  in  the  laboratory. 
By t h i s  method, a l s o ,  s t a i n l e s s  s t e e l  from a n  
in-pile helium loop w a s  fairly e a s i l y  decontami- 
na ted  f rom f iss ion products. 

In severa l  t e s t s  of thc  deposi t ion of f iss ion 
products, conducted in  t h e  Oak Ridge Research  
Reactor, the  leve l  of the  act ivi ty  deposi ted from 
graphite-clad fuel  b a l l s  w a s  too low to permit 
meaningful measurements. Noncorrosive fluoride- 
containing reagents  were further developed for 
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decontaminat ing s t a i n l e s s  s t e e l  exposed  to con- 
taminated helium a t  about  1200’F. 

Other contr ibut ions to decontaminat ion research 
include a fluoride-containing reagent  developed 
for t h e  s imultaneous decontamination of Zircaloy-2, 
carbon s t e e l ,  and  s t a i n l e s s  s t e e l  and oxalate-  
peroxide reagents  formulated for t h e  decontami- 
nation of nickel  v e s s e l s  in  the  Fluoride Volat i l i ty  
P i l o t  P lan t .  

16. REACTOR EVALUATION STUDIES 

T h i s  program i s  a joint  effort by the Reactor ,  
t h e  Metals  and Ceramics ,  and the Chemical  
Technology Divis ions in which optimization 
s t u d i e s  a r e  prepared for var ious reactor t y p e s  and 
their  a s s o c i a t e d  fuel  c y c l e s  respect ively.  In t h e  
p a s t  year ,  four ac t iv i t ies  were  in progress  in  t h e  
Chemical  Technology Division; they included (1) 
completion of t h e  fuel-shipping-cask drop t e s t s  
and correlat ion of t h e  d a t a  obtained, (2) preparation 
of computer c o s t i n g  c o d e s  (MYRA and NORA) for 
fuel shipping optimization, (3) preparation of a 
cr i t ical i ty  report for u s e  i n  fuel-processing plant  
design,  and (4) a n  economic s tudy comparing t h e  
PWR reactor  and fuel  c y c l e  c o s t s  with t h o s e  of 
s i x  advanced converter  reactors .  

16.1 Studies of the Cost  of Shipping Spent Fue l  

Computer c o d e s  were developed for ca lcu la t ing  
sh ipping  and  fuel-processing costs for i r radiated 
reactor  fuels, including inventory or u s e  charges ,  
for given input  va lues  of burnup, spec i f ic  power, 
s i z e  of reactor  d i scharge  ba tch ,  and other var iab les  
and parameters. Also  ca lcu la ted  is t h e  maximum 
temperature of t h e  fuel e lement  during sh ipping  
(for pin-type f u e l  e lements  only). T h e  c o d e s  wil l  
select t h e  cool ing,  shipping,  and reprocess ing  
schedule  that  g i v e s  the  minimum to ta l  of t h e s e  
costs. T h e  c o d e  €01 ca lcu la t ing  the sh ipping  cost 
is ca l led  MYRA, and the  combined shipping- 
process ing  code  is c a l l e d  NORA. 

16.2 Cost  Studies for Processing 
Converter-Reactor Fuel 

Fuel. sh ipping  and process ing  c o s t s  were e s t i -  
mated for uranium-fueled PWR, SGR, and D,O- 
moderated reactors  and thorium-fueled HTGR, 

D,O-moderated, seed-blanket ,  and spectral-shif t  
reactors  in  a 1975-80 nuclear  power economy 
[20,000 Mw (electrical)] under ground rules es- 
tab l i shed  for comparative evaluat ion of advanced- 
converter  reactors. T h e s e  c o s t s  were then com- 
bined with fabrication c o s t s  es t imated  by t h e  
Metals and Ceramics  Divis ion and nuclear  parame- 
t e r s  spec i f ied  by t h e  Reactor  Divis ion t o  give 
total  fuel  c y c l e  costs. C o s t s  were ca lcu la ted  for 
fixed-charge r a t e s  of 15, 22.5, and 30%, including 
depreciation, cost-of-money, t a x e s  and insurance ,  
to cover  the  poss ib le  range for privately owned 
faci l i t ies .  T h e  process ing  c o s t s  (capi ta l  p lus  
operat ing,  but not including losses or inventory 
charges)  varied widely when expressed  i n  dollars 
per metr ic  ton, but s t a y e d  mostly within t h e  range 
of 0.15 to 0.3 mill/kwhr (electr ical) .  

16.3 Manual for Shipping Spent Reactor F u e l  

A report t h a t  d i s c u s s e s  the  des ign  of c a s k s  for 
t h e  sh ipping  of radioact ive mater ia l  i s  be ing  
prepared. It is based  on s t u d i e s  and inves t iga t ions  
concerning cr i t i ca l i ty ,  h e a t  t ransfer ,  s t ruc tura l  
integri ty ,  shielding,  and peripheral a r e a s  of 
regulat ions and acc idents ,  

16.4 Drop Tests on Containers for Shipping 
Solutions of Reactor Fuels 

Drop t e s t s  have  been performed on modified 
55-gal drums u s e d  to s imulate  holders  for t h e  
“bird c a g e s ”  i n  which irradiated fissile material 
is shipped.  T h e  drums were dropped on their  
s i d e s ,  R e s u l t s  ind ica te  tha t  drums tha t  hold t h e  
f i s s i l e  mater ia l  (contained i n  an 8-in.-diam pipe, 
or “bird”) by means  of t w o  rows of angle-iron 
s p o k e s  welded to a barring ring ( that  f i t s  snugly  
ins ide  the  drum) wil l  withstand a 30-ft fall. 

16.5 Cr i t ica l i ty  Control in Fuel-Cycle Plants 

A s tudy  t o  provide des ign  information on methods 
of c r i t i ca l i ty  control  in advanced fuel  c y c l e  p lan ts  
w a s  completed. T h e  cr i t ical i ty  parameters  for 
combinat ions of 235U, 233U, and 23gPu-240Pu 
with 238U and 232Th appl icable  to geometry, mass, 
concentrat ion,  and fixed and so luble  poison control 
were extended to the  s y s t e m s  of in te res t  by multi- 
group neutron diffusion and transport ca lcu la t ions .  
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17. CHEMICAL APPLICATIONS O F  NUCLEAR 
E XPLQSIONS 

17.1 Project C Q ~ C ~  

Work i n  th i s  piogram i s  centered about Pro jec t  
( loach,  a planned underground nuclear detonat ion 
of a 5- t o  10-kiloton nuclear  device  in a bedded- 
salt formation near Carlsbad,  N e w  Mexico. The  
purpose of t h i s  project is to  produce inilligram or 

larger  quanti t i e s  of transcurium e l e n e n t s .  T h e  
e lements  will b e  recovered by mining thousands  of 
tons of debris  and chemical ly  reclaiming the  
radio i so topes  I 

Samples from the  Gnome detonation were in- 
vest.igated in  the laboratory to  develop recovery 
rriethods for the  project. T h e  method inves t iga ted  
included water-leaching the debris  t o  remove s a l t ,  
thus  leaving a water-insoluble res idue tha t  con- 
ta ined 99% of t h e  ac t in ides ;  then,  acid- leaching 
the water-insoluble res idue to put t h e  ac t in ides  
into solut ion;  and finally, concentrat ing the  
ac t in ides  by precipi ta t ing them along with calcium 
oxalate ,  the carrier. The  process  s h o w s  promise 
of giving a concentrat ion factor  of about 1000, with 
an actinide-element recovery of 70 to  90%. 

Petrographic  a n a l y s e s  were peiformed on the 
water-insoluble res idue,  which w a s  found t o  con- 
sist of opaque,  magnet ic  mater ia ls :  quartz ,  
anhydrite, and severa l  unidentified subs tances .  
A large sample of s a l t  f rom the  proposed Coach 
s i t e  w a s  analyzed with respec t  to part ic le  s i z e ,  
water-insoluble res idue,  and acid-soluble con- 
s t i tuents .  Sedimentation and filtration d a t a  perti- 
nent  to the  engineer ing design of liquid-solid 
separati.ons for the water- and acid-leach opera- 
t ions were obtained. 

17.2 Prompt-Sampler Studies for Recovering 
Samples  and IrradicrPed Specimens f r e m  

Nuclear Explosion: 

A j e t  sampler  and a bubble-tapping sampler  are  
undrr  s tudy,  e a c h  having i t s  spec ia l  purpose i n  
helping to der ive benefi ts  from underground nuclear  
explosions. A hypervelucity je t  arrangement is 
being tes ted  a t  the Pitman-Dunn Inst i tute  for 
Research  (PDIFR) a t  Frankford Arsenal ,  Phi la-  
delphia ,  for rccovering spec imens  after they have  
been i r radiated with neutrons about 1 m from an 
underground-exploded nuclear  device,  The j e t  

sampler i s  designed to  recover a n  irradiated 
specimen before i t  c a n  be  engulfed i n  the nuclear  
and environmental debr i s  froin the  explosion. 
In t e s t s  with high explos ives ,  t o  sirnillate nuclear  
explosion pressures  that  a re  expected t o  opera te  
the  je t  sampler ,  suff ic ient  veloci ty  of the  s p e c i -  
mens was  obtained but not  suff ic ient  range and 
recovery. 

The  bubble-tapping sampler  i s  expec ted  to 
sample the gaseous  and par t iculate  explosion 
products from an underground nuclear  explosion 
cavi ty .  Technica l  feasibi l i ty  and c o s t  s t u d i e s  for 
a bubble-tapping sampler  experiment for p o s s i b l e  
inclusion in  a nuclear  t e s t  a re  also in  progress  a t  
PDIFR.  Th i s  sampler  is expecled t.o permit the  
sampling of g a s e s  and par t ic les  from the  explosion 
for hours afterward, t h u s  providing moe knowledge 
about  utiderground detonat ions.  

18. ASSISTANCE PROGRAMS 

During the  pas t  year ,  s e v e r a l  engineer ing e f for t s  
for o thers  have  been carried out  by the  Chemical  
Technology Division. T h e s e  inc lude  a contintia- 
tion of t h e  Eurocheiiiic A s s i s t a n c e  Program; l ia i son  
on the const iuct ion and s ta r tup  of the High Radia-  
tion L e v e l  Analyt ical  Laboratory for the  Analyt ical  
Chemistry Division; preparation of a preliminary 
design and c o s t  es t imate  for a proposed Alpha 
Laboratory Fac i l i ty  ( a l s o  for the  Analytical 
Chemistry Division); consul.tation to the  Operat ions 
Division on the  construct ion and s ta r tup  of the  twe: 
plant-waste-improvement projects ;  des ign  and  
fabrication of equipment for the Heal th  P h y s i c s  
experiments  on w a s t e  d isposa l  in  s a l t  and w a s l e  
d isposa l  by hydrofracturing; design of a 3U 
s torage  faci l i ty  for instal la t ion in Bui lding 3019; 
design and instal la t ion of a sliielded alpha-g- n m m a  
faci l i ty  i n  laboratory 1, Building 3508; and 
preparation of a proposal for process ing  Elk River  
reactor fuel  t o  further development of the Th-"'U 
h e 1  c y c l e .  

18,i Eurochemic Assistance Program 

T h e  Laboratory continued to coordinate the  ex-  
change of technical  information between Euro- 
chemic and the AEC production s i t e s  aad Nat ional  
Laborator ies  for t h e  AEC Division of International 
Affairs. E. M. Shank completed his s e c o n d  year  at 
Mol, ISeigium, as U.S. Technica l  Advisor to  
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Eurochemic during the  construct ion and s ta r tup  of 
the  Eurochemic fuel-processing plant. Construct ion 
of t h e  plant and its auxi l iary fac i l i t i es  is now 
ab0 ut 60 % c o m  pl e t  e, 

18.2 Construction and Startup of the High 
Radiation L e v e l  Analytical F a c i l i t y  

T h e  Chemical  Technology Divis ion cont inued to 
supply the n e c e s s a r y  technica l  l i a i s o n  between the 
Laboratory, the  AEC, the  des igners  (Vitro 
Corporation), and the construct ion contractor 
(Fos te r  and Creighton Company) during construct ion 
of the Nigh Radiat ion Level Analyt ical  Laboratoty.  
Construction w a s  completed i n  the  middle of 
April 1%4, and t h e  faci l i ty  w a s  turned over a t  t h a t  
time to the  Laboratory for f inal  tie-in work by  
ORNL craf t s  and M. K. Ferguson  Company, and 
shakedown operat ions by t h e  Analyt ical  Chemistry 
Division. T h e  faci l i ty  wil l  b e  p laced  in “hot”  
s e r v i c e  l a t e r  t h i s  year. 

18.3 Alpha Laboratory F a c i l i t i e s  

T h e  three-laboratory Interim Alpha Fac i l i ty  i n  
the basement  of Building 3019 w a s  completed and 
placed i n  service. Glove boxes  and equipmelit 
were ins ta l led  by the Metals and Ceramics  Division 
for t h e  fabrication of 242Pu target  rods for irradi- 
ation in  the  Savannah River reac tors  and  la ter  i n  
the  High Flux  Isotope Reactor. Other work 
scheduled  for t h i s  a r e a  i n  t h e  near  future inc ludes  
development of the  sol-gel p r o c e s s e s  for PuO,, 
t e s t i n e  of the  Tramex p r o c e s s  i n  laboratory pulsed 
columns, and chemica l  s t u d i e s  on  americium and 
curium oxides. 

A preliminary des ign  and c o s t  s tudy w a s  made 
for a new Alpha Laboratory Fac i l i ty  for joint  use 
by the  Analyt ical  Chemistry, Chemical  Technology,  
Reactor  Chemistry, and Metals and Ceramics  
Divisions. T h e  laboratory would contain twenty- 
e ight  16- by 32-ft a lpha laborator ies ,  four support ing 
“cold” laborator ies ,  a 32- by 64-ft-deep bay a r e a  
for large a lpha  experiments ,  and support ing office 
and s e r v i c e  fac i l i t i es .  T h e  faci l i ty ,  which would 
be adminis tered by t h e  Analyt ical  Chemistry 
Division, i s  es t imated  to cost about  $5,000,000, 

18.4 Projects for Improving 
the Plcint Waste System 

T h e  Chemical  Technology Division continued to 
supply consul ta t ion to  the  General  Engineer ing 
and Construction and the  Operations Div is ions  
during construct ion and s ta r tup  of t h e  two plant- 
waste-system improvement projects .  T h e  f i rs t  of 
these ,  t h e  Melton Valley w a s t e  col lect ion and 
t ransfer  system, w a s  completed in February 1964 
and is ready t o  b e  put into serv ice .  T h e  second,  
t h e  intermediate- and high-level-waste evaporator 
and high-level-waste  s torage  tanks,  w a s  near ly  
completed at  t h e  end of t h e  year. T h e  s t ruc ture  
t o  h o u s e  the two 50,000-gal s t a i n l e s s  steel ac id-  
w a s t e  tanks  and t h e  evaporator and i t s  auxi l ia r ies  
w a s  completed in  February 1964,  and instal la t ion 
of equipment and piping w a s  50% completed. T h e  
faci l i ty  i s  scheduled  to b e  completed by December 
1964 and  to go into “hot” operation ear ly  in  1965, 
af ter  t h e  shakedown operat ions.  

18.5 Demonstration of the  Disposal of  Solid, 
High-Level  Radioactive W Q S ~ ~  in Salt Mines 

A s s i s t a n c e  w a s  provided by t h e  Division on t h e  
w a s t e  d i s p o s a l  i n  s a l t  experiment being conducted 
by the Heal th  P h y s i c s  Division. T h e  responsi-  
b i l i t i es  included development, design,  and  hand- 
l ing of the  radioact ive mater ia ls  (Engineer ing  Test 
Reac tor  assembl ies )  to b e  u s e d  in the f i rs t  s e r i e s  
of experiments. 

.6 Disposal of Radioactive Waste 
by Hydrofracture 

T h e  engineer ing on t h e  Heal th  P h y s i c s  Divis ion 
expei iments  on t h e  d i s p o s a l  of i ntermediate-level 
radioact ive aqueous w a s t e s  by hydrofracturing 
is being coordinated by t h e  P r o c e s s  Design Sec-  
tion of t h i s  Divis ion.  In th i s  program, t h e  aque-  
ous w a s t e s  a r e  mixed with cement and clay,  and 
then they a r e  pumped a t  high pressure into a n  a p -  
proximately 1000-ft-deep hole  in t h e  QRNL t e s t  
a rea  in lower Melton Valley. When suff ic ient  p r e s -  
sure  is exer ted ,  the  rock s t r a t a  are fractured a t  the 
bottom of the hole, and the w a s t e  i s  dis t r ibuted in 
a thin s l a b  around the hole ,  where i t  s e t s  u p  as a 
concrc te  s h e e t  
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T h e  responsibi l i t ies  of t h e  Division i n  th i s  proj- 
e c t  included the  des ign ,  fabrication, and instal la-  
tion of the  cement, c lay,  and waste-s torage a r e a s ,  
and t h e  mixing c e l l  acd i t s  equipment. T h e  I-lalli- 
burton Coinparry was  responsible  for the high- 
presslice pumping equipment and the wel l  opera- 
t ions.  During the l a s t  year ,  the  facility design 
and instal la t ion was completed, and four hydto-  
fracturing inject ion experiments were made, f i rs t  
with inac t ive  synthe t ic  w a s t e  and then with low- 
and intermediate-level plant waste .  

18.7 Storage Faci l i ty  far 233Ug Building 3019 

A faci l i ty  is being designed for the  handl ing and 
cr i t ical ly  safe s torage  of severa! hundred kilo- 
grams of 2 3 3 U  i n  the  pipe tunnel  of Building, 3019. 
T h e  handl ing and sampling wil l  b e  done in t h e  
former solvent  room in t h e  makeup a i c a  of h i l d i n g  
3019. T h i s  facility wil l  e s t a b l i s h  t h e  Laboratory 
as  a nat ional  depository for 2 3 3 U  produced a t  
Savannah River and elsewhere,  and possibly for 
2 3 5 U - 2 3 3 U  t o  be  produced in power reactors  
[Consolidated Edison (core A) and Elk River]. 
Storage will be in conventional tanks  packed wit11 
s tandard Pyrex Raschig  rings, which contain 5% 
boron to provide t h e  neutron poison for cr i t ical i ty  
control. 

Interim s torage  was a l s o  provided for about  
60 kg of 2 3 3 U  obtained from Savannah Kivcr a s  
dry 2 3 3 U 3 0 8 .  The c a n s  of U30, w e r e  s tored in  
e ight  ver t ical  5-in.-diarri ho les  in t h e  5-ft-thick 
concrete  wall between c e l l s  3 and 4 Qf Ruilding 
3019. 

A large (100 f t3) glove box facility surrounded 

by 2 f i  of concrete  shielding and equipped with 
master-s lave manipulators and a z inc  bromide 
wirrdoiv was designed and is k i n e  ins ta l led  i n  
laboral2ry 1 ,  Building 3508, for research and 
development on alpha-gamma-emitting mater ia ls  
oii a larger s c a l e  than can  be handled in lightly 
sh ie lded  glove boxes. T h i s  faci l i ty  is scheduled 
t o  be  complete and ready for u s e  in July 1364. 

18.9 Shielding of I ~ ~ t o p i ;  Power Sources 
for Spare Missions 

Electronic  payloads on miss ions  las t ing  a s  lorig 
a s  five y e a r s  wil l  need to be  protected from the  

radiat ions emitted by i so topic  SNAP units .  Cs l -  
culat ions inade for t h e  i so topes  and power source  
s i z e s  of current in te res t  ind ica te  that  separa t ion  
d is tance ,  rather than shielding,  offers t h e  b e s t  
solution. 

18.10 Proposal for the  Elk River  
Weazctor Fuel Cyc le  

A proposal w a s  made t o  t h e  AEC for process ing  
and  reconst i tut ing the  fuel  from t h e  Elk River  
reactor in ordcr t o  h i t h e r  t h e  developmerit of t h e  
Th-233U Fiei cycle. IJnder t h i s  proposal, during 
the  period 1965.-1967, tuel  from t h e  reactor would 
b e  received,  s tored,  and mechanically and chemi- 
cal ly  processed  in  t h e  Inel disasseinbly faci l i ty  
in  c e l l  A ,  Duilding 3025. T h e  235U-233 U would 
be decontaminated and recovered in the  Thorex 
pilot plant in  Building 3019 by the  Acid 'l'horex 
P r o c e s s ,  and  new ThO,-UO, fuel rods would be 
made by t h e  sol-& -vibratory-compact.ion process  
and then assembled  i n t o  fuel a s s e m b l i e s  i n  t h e  
Kiloiod Fac i l i ty  for return t o  Elk Kiver. In l a t e  
1967 and thereaf ter ,  the  sariie effort would b e  
continued i n  t h e  Thorium-Uranium F u e l  C y c l e  
Development Fac i l i ty ;  iii these  la te r  operat ions,  
low-decontamination close-coupled process ing  
would be  demonstrated with u s e d  thorium and 
233U of high 2 3 2 U  content. 

19. CHEblCAL PlkOCESS!NG FOR THE 
MOLTEN-SALS REACTOR EXPERIMENT 

T h e  Molten-Salt Reactor  Experiment is a 1O.-Mw 
single-region reactor us ing  an LiF-BeF,-ZrF,-UF, 
(65-29-5-1 mole %) fuel  s a l t  a t  1200'F. T h e  
reactor is near ing completion in Building 7503 
i n  Melton Valley. A chemical  plant h a s  been 
designed for instal la t ion in  the  same building in  
a c e l l  ad jacent  to t h e  drain cell. T h e  chemical  
plant h a s  two purposes: (1) t o  remove oxides  

(in fuel s a l t  a s  ZrO,), which might eventual ly  
c a u s e  uranium precipitation; and (2) to  recover 
uranium from spent  fuel or contaminated flush 
s a l t .  Equipment for t h i s  plant is being built.  
Construction wil l  be started in July 1964,  with 
completion scheduled for January 1965. 
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20. WATER RESEARCH PROGRAM 

Oak Ridge Nat ional  Laboratory is carrying out  
a program of b a s i c  research  on t h e  propert ies  of 
water and its so lu t ions  under t h e  a u s p i c e s  of t h e  
Office of Sal ine Water, Department of t h e  Interior. 
This program has  a s  i t s  long-range goal  t h e  de- 
velopment of methods for t h e  economical  purifica- 
tion of water  in s u c h  amounts and of  s u c h  purity 
tha t  i t  may be  u s e d  for drinking and  for irrigation. 
Work in t h e  program is under t h e  direction of 
K A. Kraus  and is interdivis ional .  T h e  work 
d i s c u s s e d  in  t h i s  abs t rac t  is reported in  part in 
t h e  Saline Water Conversion Report, 1963, IJS. 
Department of t h e  Interior. All  work done  by t h e  
Chemical  Technology Division is reported direct ly  
to t h e  Office of Sa l ine  Water, and  t h i s  abs t rac t  
summarizes  t h e  work reported so far. No further 
information on t h i s  subjec t  a p p e a r s  in  th i s  report. 

S tudies  carr ied out i n  the Chemical  Technology 
Divis ion have  been a long  s e v e r a l  l ines .  One h a s  
been a b a s i c  s tudy of t h e  properties of membranes 

which have  potent ia l  u s e  as sal t - re ject ion mem- 
branes. Electrokinet ic  measurements  of membrane 
propert ies  a r e  carr ied out, and equilibrium meas-  
urements  are made of the  preferent ia l  uptake or 
exclusion of s a l t  from membranes (e.g., ZrO,) 
which h a v e  been prepared and  chemical ly  t reated 
in  s u c h  a way as to produce charged pores .  T h e  
relat ionship of sur face  composition and solut ion 
composition to t h e  adhesion of inorganic  crystal-  
line s a l t s  precipi ta ted from solut ion onto meta ls  
and metal  ox ide  s u r f a c e s  is being invest igated 
in another  s tudy .  T h e  importance of s c a l e  for- 
mation in  d is t i l l a t ion  methods u s e d  for water  
desa l ina t ion  provides incent ive  for t h i s  study. 
A third a r e a  of study h a s  been the  determination 
of dis t r ibut ive se lec t iv i ty  and act ivi ty  coeff ic ients  
of s a l t  in amide-water-salt sys tems.  From such  
s t u d i e s  it  is hoped tha t  insight  into t h e  mechanism 
of s a l t  exclusion by organic  membranes may b e  

gained. In addi t ion,  engineer ing eva lua t ions  of 
t h e  feasibi l i ty  of poss ib le  desal inat ion p r o c e s s e s  
a r e  carr ied out as required. 
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1. Power Reactor Fuel Processing 

Laboratory and engineer ing-scale  development of 
p rocesses  for recovering f i ss ionable  and fer t i le  
material  from irradiated power reactor fue ls  is 
continuing. Considerable  emphas i s  w a s  placed 
on b a s i c  chemical  s t u d i e s ;  however, major efforts 
are on chemical  appl icat ions,  engineer ing develop- 
ment, and small-scale  hot-cell  t e s t i n g  of the  more 
promising fuel-recovery p rocesses  

Work on carbide and graphite-type fue ls  included 
b a s i c  s t u d i e s  on the chemical  properties of 
uranium monocarbide and se squ ica rb ide ,  develop- 
ment of three potent ia l  aqueous p rocesses  for 
uranium and uranium-plutonium carbide fue ls ,  and 
development of both combustion-volati l i ty and 
-dissolution p rocesses ,  u s ing  both fixed beds  and 
f luidized beds,  for Rover fuel. T h e  work on the  
Rover fuel-recovery p r o c e s s e s  is presented in 
ORNL-3627, suppl .  1 (classif ied) .  

T h e  dissolut ion-rate  s t u d i e s  on U 0 , - P u 0 2  and 
PuO,  were extended t o  determine the to ta l  d i s s o -  
lution time. Similar s t u d i e s  were s ta r ted  on the  
dissolut ion of ThO,-UO, prepared by the sol-gel 
process .  Dissolut ion w a s  s lower than for pellet-  
ized fuel, but irradiated spec imens  of both types  
of ThO,-ZJO, d i s so lved  much more rapidly than 
unirradiated samples .  

Studies  on the Zirflex p rocess  included an evalu-  
ation of uranium peroxide precipitation for reclaim 
ing uranium from dec lad  so lu t ions  and a survey of 
methods of producing neutral  and alkal ine Zirflex 
w a s t e s  s tab i l ized  to keep  zirconium in solution. 

T h e  work on the  adsorpt ion of protactinium on 
inorganic ion exchange mater ia ls  was extended t o  
include the  evaluat ion of zirconium phosphate,  
s i l i c a  gel ,  and molecular s i e v e s .  Solvent extrac-  
tion s t u d i e s  were made in order to determine the  
effect  of f luoride,  niobium, and aluminum on the 
extract ion of uranium by tributyl phosphate  (TBP) 
and dibutyl butyl  phosphonate (DBBP). 

Chloride volat i l i ty  s t u d i e s  included a n  evalua-  
t ion of t h e  absorpt ion of ZrC14 and UC1, in boiling 

water and subsequen t  elimination of chlor ide with 
€i2q2,  chlorination of uranium from the a s h  re- 
su l t ing  from the combustion of graphite and car-  
bide fue ls ,  reduction of UC1, t o  UCI3 with carbon 
monoxide, a n d  the volat i l izat ion of PuCI,  in  a 

stream of chlor ine gas .  
Under the mechanical  p rocess ing  program, the 

evaluat ion of the 250-ton fue l  s h e a r  was  com- 
pleted.  In addition, fuel  d i sa s sembly  methods for 
second-generation fue ls  were s tudied,  the  safe ty  
of shea r ing  Zircaloy-2-clad fue ls  was demon- 
s t ra ted ,  and ba tch  leaching t e s t s  on s t a i n l e s s -  
s t e e l -  and Zircaloy-2-clad UO, and ThO;UO, 
were made. 

1.1 PROCESS DEVELOPMENT FOR URANIUM 
CARBIDE FUELS 

In order to provide a s u i t a b l e  fuel  mater ia l  for 
high-temperature gas-cooled reactors  and for  high- 
temperature fast reactors ,  uranium (and thorium) 
ca rb ides  are being s tudied and evaluated as 
fuel, Two reactors  w i l l  b e  charged with s u c h  fuel  
in the near future. T h e  first, the  Consumer’s Pub- 
lic Power  (Hallam, Nebraska)  reactor  wil l  u s e  
uranium monocarbide fuel  in s t a i n l e s s  steel tubes  
with sodium bonding in t h e  second  core;  the sec- 
ond, the High-Temperature Gas-Cooled Reactor  
(HTGK, Peachbottom, Pennsylvania)  will  u se  
uranium and thorium d ica rb ides  in  a graphite matrix 
in the  form of rl-in.-diam fuel  rods. T h e  u s e  of 
PuC-UC and PuC fue ls  i s  also be ing  contemplated. 

Unfortunately, the low-temperature hydrolysis  
process  developed with unirradiated fuel  and re-  
ported l a s t  year’  h a s  been found to be  unsui table  

....... ..____.. 

‘F. L. Culler, Jr., et af., Chem. Technol. Div. Ann, 
Progr. Rept. May 31, 1963, ORNL-3452, pp. 2-3. 
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for irradiated uranium carbide because  reactor 
irradiation p a s s i v a t e s  the  fuel  aga ins t  hydrolysis  
in  water  or NaOH solut ions.  Therefore, other  
p r o c e s s e s  wcre invest igated,  T h e  pyiohydrolysis 
of irradiated fuel  with s team w a s  feas ib le  a t  
750°C- In t h i s  process ,  U 0 2 ,  virtually free of 
carbon, w a s  formed. f h e  U 0 2  d isso lved  direct ly  
in  nitric acid t o  produce a Purex solvent  extract ion 
feed. An al ternat ive process  involves  dissolut ion 
of thc  fuel in  60% HN03.  However, th i s  process  
i s  inferior to pyrohydrolysis with s team b e c a u s e  
about half t h e  carbide carbon remains in  solut ion 
in the  form of organic compounds that  a r e  so luble  
in nitric a c i d ;  t h e s e  iiiust then be  destroyed by 
s t rong  oxidants  prior to solvent  extraction. 

Aqueous Chemistry of Irradiated Uranium 
Manocarbide 

In t h e  hydrolysis-dissolution process  as  ini t ia l ly  
developed with unirradiated stoichiometric uranium 
monocarbide, the f u e l  is hydrolyzed i n  water  a t  
80°C t o  a slurry of uranium dioxide, with nearly 
quant i ta t ive conversion of the carbide carbon t o  
volat i le  hydrocarbons. Dissolut ion of t h e  
uranium oxide in ni t r ic  a c i d  then produces a feed  
solut ion containing virtually no organic impurities. 
If des i red ,  t h e  t race  inpur i t ies  can  b e  removed by 
permanganate treatment of t h e  feed solut ion before 
precess ing  by so lvent  extract ion;  however, t h e  
presence of smal l  amounts of organic impurities 
does  not adversely affect  extraction. 

Unfortunately, t h i s  y e a r ' s  work showed that  re  - 
actor  irradiation of U C  adversely a f fec ts  its reac-  
t ions  with water  and with aqueous solut ions of 
NaOI-I, IICI, and  FI SO,. 2 - 6  Niobium-clad helium- 
bonded specimens7* irradiated to  0.6 and 1.6 at .  

2MM. J. Bradley and L. M. Ferr is ,  Processing o f  
Uranium Carbide Reactor Fuels .  I .  React ion with 
Water andHC1,  ORNL-3101 (Aug. 1, 1961). 

(1962). 
M. J. Bradley and L. M. Ferris, Inorg.  G e m .  1, 683 3 

M. J, Bradley et al. ,  Inorg. Chem. 3. 454 (1961). 
4 

'M. J. Bradley e t  a l . ,  The React ions  of Neufron- 
Irradiated Uranium Monocarbide with Water and Aqueous 
Solutions of NaOH, H C l ,  and H SO,. presented at  the 

52d National Meeting of the American Inst i tute  of 
Chemical Engineers, Memphis, Tenn,, Feb. 4, 1964. 

6111. J. Bradley et al . ,  React ions of Reactor-lrradiated 
Uranium Moriocarbide with Water and Aqueous Solutions 
of NaOH, HCI, and N 2 S 0 4 ,  in preparation. 
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% burnup (GO00 and 16,000 Mwd per metric toil of 
uranium respect ively)  were iner t  to water a t  80 and 
100°C in 24-hr-exposure t e s t s .  T h e  ou te r  portion 
of a sodium-bonded specimen irradiated t o  0.6 
at .  % burnup did hydrolyze; however, the  core  of 
the  specimen w a s  a lso inert to water. Specimens 
irradiated to the  relat ively low leve l  of 0.06 at .  % 
burnup hydrolyzed completely, although more 
s lowly than unirradiated carbide. Reactor  irradia- 
tion also markedly decreased  t h e  rate  of reaction 
with NaOH. In a 51-hr t e s t ,  pract ical ly  n o  g a s  w a s  
evolved when o 2-g p iece  irradiated t o  0.6 at. 7% 
burnup was contac ted  with 6 121 NaOH, although 
the specimen did d is in tegra te  t o  a -%-mesh 
powder. Unirradiated carbide under the same 
condi t ions reacted completely in about 10 hr. 
Irradiation had l i t t l e  effect  on the  ra tes  of re- 
act ion with HC1 or H 2 S 0 4 .  Complete reaction of 
2-g p ieces  with 2 M HC1 required 1 t o  3 hr, but 
only 20  min t o  1 hr in  6 M HC9. T h e  rate  of gas  
evolution with 6 /M I1 2 S 0 4  from the  sodium--bonded 
specimen (0.6 a t ,  % burnup) w a s  about the  sarne 
as  tha t  from unirradiated carb ide  (about 12 hr for 
complete reaction of 2- t o  4-g p ieces) ;  a helium- 
bonded specimen (0.06 a t .  % bumup) reacted more 
s lowly,  requiring four d a y s  for complete reaction. 

When hydrolysis  did occur, the neutron-irradiated 
uranium rnorlocarbide produced much m o r e  hydrogen 
and l e s s  methane than unirradiated samples  (Table  
1.1). 

Irradiated 20% PuC-UC spec imens  exhibited a 
similar  passivi ty  toward hydrolysis. After 26 hr 
in water a t  8OoC, part ia l  hydrolysis  of 20% PuC- 
80% UC (800 Mwd/metric ton) occurred, and 69% 
of the  cesium w a s  leached by t h e  water. With 
another specimen irradiated t o  20,000 Mwd/metric 
ton, no hydrolysis  occurred during a G-'nr t e s t ;  
6% of the  cesium w a s  foiind in the  water  after th i s  
tes t .  

Irradiated uranium monocarbide d isso lved  readily 
in boiling 4 t o  13 hl H N 0 3  a t  ra tes  that  were 
approximately those  obtained with unirradiated 
carbide specimens.  T h e  solut ions produced had the  
typical  red-brown color  assoc ia ted  with d isso lved  
organic compounds derived from the nitric ac id  
oxidation of carb ides  or graphite. 

'M. J. Bradley e l  al . ,  T h e  Effect of Irradiation on the 
Hydrolysis of Uranium Carbides. I. Preparation of 
Uranium Monocarbide Pel l e t s  for Irradiation, OKNL- 
3403 (March 1963)- 
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Table 1.1. Ef fect  of Reactor-Irradiation Level on the React ion of  Uronium Monocarbide wi th  Water 

and Aqueous Solutions ob NoOH, HCI, and H2S04 

Carbon in Gas  

(n of to ta l )  

Gaseous Products  ( ~ 0 1 % )  Burnup Volumes of Gas Evolved 

(at. Yo) 
[ml(STP)/g of carbide] H Z  CH4 c2KCs 

Reagent  

N,O 0 
0.06 
0.6 

90 
96 
4 0 a J b  

9 
28 
70 

88 
67 
26 

3 
5 
4 

98 
86 
12 

6 M NaOH 0 
0.06 
0.6 

112 
99 
4 

26 
53 

71 
42 

3 
4 

98 
60 

6 il2 H2S04 0 

0.06 

0.6 

91 
103 

93" 

13 
48 

66 

84 

44 

26 

2 
8 

8 

94 
78 
51 

2 or 6 M IICl 0 
0.06 
0.6 
1.6 

92 
97 
91 
98 

15 
23 
3 1  
40 

83 
75 
64 

56 

97 
87 
81 
83 

asodium bonded during irradiation. 

'Only outer portion (-40%) reacted; helium-honded specimens with th i s  hurnup were  inert ,  

Pyrohydrolysi  s Process for Uranium and 
Plutonium Carbide Fuels 

Laboratory experiments  with both unirradiated 
and irradiated uranium monocarbide fuel  samples  
showed that  t h i s  process  is f e a s i b l e  if t h e  pyro- 
hydrolysis  is carr ied out  with air-free s team at 
750°C. Further  laboratory work is planned to 
determine whether  t h e  process  i s  also appl icable  
t o  fue ls  t h a t  have  a graphite matrix. 

React ion r a t e s  of unirradiated uranium mono- 
carb ide  with air-ftee superhea ted  s team were deter- 
mined as a function of temperature and a r e  shown 
as  plots  of dry off-gas volume v s  t ime in  Fige 1.1. 
T h e  react ion went t o  completion in  1 hr at 75Q"C, 
and i n  about  3 hr a t  700'C. At 65OoC, the  re- 
ac t ion  w a s  incoinplete af ter  6 hr. T h e  uranium 
dioxide produced by the  pyrohydrolysis w a s  a 
granular, free-flowing, dark-brown powder with an 
oxygen-to-uraniutn rat io  of 2.03. The U 0 2  con-  
ta ined only 0.03% res idua l  carbon. 

About 425 cm3 (STP) of dry off-gas w a s  evolved 
per gtam of uranium monocarbide r e a c t e d e 3  Analy- 
sis of t h e  g a s e o u s  products from hydrolysis  at 
750°C indicated t h a t  the  overa l l  reaction of 1 
mole of uranium monocarbide with 3.7 moles  of 

T h e  unexpected irradiation-induced pass iv i ty  of  
irradiated uranium and plutonium monocarbides 
and other metal l ic  carb ides  to hydrolysis  in  water  
a t  80 to 100°C prompted t h e  laboratory-scale 
development of pyrohydrolysis. In t h i s  process ,  
uranium monocarhide is reacted with e x c e s s  s team 
at 750°C in the  a b s e n c e  of a i r  to produce carbon- 
free uranium dioxide. T h e  noncondensable  off- 
g a s  c o n s i s t s  principally of hydrogen and carbon 
oxides ,  Dissolut ion of the  uranium dioxide in  
ni t r ic  ac id  produces a fue l  solut ion that  may be  
processed  direct ly  by Purex so lvent  extract ion.  
Shearing of t h e  fuel  rods to e x p o s e  the  carb ide  
and  low-temperature s teaming t o  destroy t h e  
sodium bond would b e  required in the  case of 
f la i lam fuel. 

8 

'J. R. Flariary et al.) Hot-Cell Studies of Aqueous 
Dissolrrtion of Irradioted Carbide Reactor Fuels,  in 
preparation. 
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Fig. 1.1. Effect  of Temperature on Ranction o f  Ura- 

nium Monocorbide with Steam. 

s team yie lds  1 mole of uranium dioxidc, 3.7 moles 
of hydrogen, 0.68 mole of carbon dioxide, and 0.1 
mole of carbon monoxide. 

During the f i rs t  half of t h e  reaction period a t  
750°C, t h e  g a s  w a s  rich in  hydrogen (86 vol 70). 
As the  reaction proceeded, the  proportion of hydro- 
gen decreased  t o  '73.1 vol %. Conversely,  t h e  
carbon dioxide increased  from 2.4 t o  25.5 vol %, 
and the  carbon monoxide decreased  from 6 to 0 
vol %. T h e s e  d a t a  ind ica te  that  the  react ion pro- 
c e e d s  s tepwise .  The relat ively f a s t  reaction 

uc  + 2 H 2 0  -> uoz + c f 2H* (1) 

occurs  f i rs t ,  and then the  free  carbon is converted 
to carbon oxides  a t  s lower  ra tes  according to  the  
react ions 

In a run at  65OoC, t h e  gas composition w a s  con- 
s t a n t  throughout the reaction, indicat ing tha t  at 
t h i s  temperature, react ion (1) proceeds about  as 
rapidly as  react ions (23) and (2b). 

T h e  u ran ium dioxide product w a s  e a s i l y  d is -  
so lved  in e x c e s s  6.5 i l l  HNQ3 t o  produce a fuel  
solut ion containing 1.36 M U O z ( N 0 3 ) 2  and 3 M 
IINC3, su i tab le  for recovery of the  uranium by 
Purcx so lvent  extract ion without further treatment. 

In a batch solvent  extract ion t e s t  under s imulated 
Purex condi t ions,  more than 99.99% of the uranium 
and plutonium w a s  recoveied. T h e  small amount 
of finely divided carbon in  the  fuel  sollition had n o  
adverse  e f fec t  on solveiit extract ion performance. 

Pyrohydrolysis w a s  also s u c c e s s f u l l y  demon- 
s t ra ted  with prototype uranium rrioriocarbide fuel 
samples  irradiated up t o  16,000 Mwd/metric ton 
and with 20% PuC-80% UC irradiated up t o  
20,000 Mwd/metric ton, indicat ing that  the method 
probably c a n  be appl ied t o  a l l  types  of highly 
irradiated metal l ic  carbide fuels  without hindrance 
from irradiation-induced ef fec ts .  

In the hot-cell t e s t s  (Fig. 1.2), 1-g p iecesof  
s toichiometr ic  uranium monocarbide irradiated t o  
1500 Mwd/netric ton were contac ted  in  helinm- 
purged equipment with e x c e s s  s team a t  atmos- 
pheric pressurc a t  700 t o  750°C for 2 t o  3 hr. 
At 750"C, the overal l  reaction w a s  complete in 
1 hr, which agrees  c lose ly  with t h e  t e s t s  with 
unirradiated fuel  samples  (Fig. 1.1). T h e  nearly 
nonradioactive, dry off-gas contained 83 vol % 
I I z ,  11% CO,, and 6% CO, compared with 80, 16, 
and 4%, respect ively,  in the off-gas from unir- 
radiated monocarbide pyrohydrolyzed under identi- 
c a l  conditions. r h e  s team condensa te  from t h e s e  
r u m  contained 0.48% of the cesium, 0.04% of the 
ruthenium, and 0.006% of the  zirconium in the  
irradiated specirnens. T h e  diy off-gas samples  
taken for a n a l y s i s  were almost completely free of 
radioactivity. In preliminary runs where a i r  was 
not excluded from the  reactor, up  t o  42% of the 
cesium w a s  volat i l ized during pyrohydrolysis a t  
800°C. 

Very s imilar  resu l t s  were obtained when 20% 
PuC-80% UC irradiated to  20,000 Mwd/metric ton 
was pyrohydrolyzed a t  750°C; the  resul t ing mixed 
oxide d isso lved  readily in nitric acid,  and the re- 
su l t ing  fuel  solut ion w a s  s u c c e s s f u l l y  tes ted  by 
batch so lvent  extract ion.  

,~ .. 

Nitr ic  Ac id  Dissolution ob Uraniwrn and 
Plutonium Carbide Fuels 

In the  direct  ni t r ic  a c i d  dissolut ion process  for 
uranium monocarbide fuel, '  the  exposed  fuel  i s  
f i rs t  s teamed a t  low temperature t o  convert  the  
sodium bond (if present)  t o  sodium hydroxide; then, 
the  monocarbide is rapidly d isso lved  in s t rong  
nitric ac id  t o  produce a uranyl nitrate-nitric ac id  
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solut ion tha t  conta ins  near ly  half the original car- 
bide a s  so luble  organic  ac ids . '  T h i s  feed solu- 
tion must b e  ex tens ive ly  t reated t o  remove the 
organic  impuri t ies  before i t  c a n  b e  sa t i s fac tor i ly  
processed  by Purex so lvent  extraction. 

In hol-cell t e s t s ,  t h i s  process  was  cva lua ted  
with irradiated uranium monocarbide (GO00 Mwd/ 
metric ton), plutonium carb ide  (1 000 Mwd/me tri c 
ton), and 20% PuC-80% UC (20,000 Mwd/rnetric 
ton). N o  diff icul t ies  ascr ibable  to  irradiation- 
induced e f f e c t s  arose. Although t h e  t reated 
fuel  so lu t ions  performed reasonably well i n  ba tch  
so lvent  extract ion t e s t s ,  a n a l y s e s  indicated tha t  
the organic impurities were not completely e l i m -  
inated by oxidat ive degradation. Further  s tudy  of 
other phys ica l  or chemica l  methods for ie jec t ing  
the organic a c i d s  from the f u e l  solut ion or t o  
prevent their  formation during d isso lu t ion  a r e  
indicated. 

Samples (50 g )  of uranium monocarbide con- 
ta ining 4.8 to 5.0% C irradiated to 6000 Mwd/ 
metric ton which were refluxed in  a 300% e x c e s s  
of boi l ing 13.2 M EiMB3 for 6 hr produced solids- 
free, dark-red solut ions.  In one run, however, a 
smal l  (unweighable) black residue ivds  de tec ted  
a f te r  a 20-hr reflux. This black residue retained 
less than 0.01% of the  uranium and plutonium in t h e  
fuel  sample.  E x c e s s  a c i d  w a s  removed by d is t i l l a -  
tion. T h e  13 M H N 0 3  condensa te  contained 8% OF 
the  ruthenium (1.6% of the  to ta l  gamma act ivi ty)  
originally in  the fuel  sample.  

The solut ion w a s  then ad jus ted  t o  1.36 M in  
I J 0 2 ( N 0 3 ) 2 ,  3 M in H N 0 3 ,  and 0.2 1M in KMn04,  
after which i t  w a s  refluxed for 2 hr. After f i l t ra-  
tion, to remove the precipi ta ted manganese di- 
oxide, the  solut ion had t h e  charac te r i s t ic  yel low 
color of uranyl ni t ra te .  The solut ion w a s  f inal ly  
made 0.1 M i n  NaNO, to s t a b i l i z e  plutonium i n  the 
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QV) s t a t e  and then mas  subjec ted  t o  solvent  ex- 
traction under s imulated Purex conditions. Ura- 
nium recovery w a s  bet ter  than 99.99%; however, 
0.15% of t h e  plutonium w a s  retained in  the  solvent  
af ter  stripping. T h e  phase-separation time of 20 
t o  30 sec appeaied normal for t h e  Purex  sys tem,  a s  
did t h e  observed uranium and plutonium separat ion 
factor from gross  gamma act ivi ty  of 3.4 x i o 4 .  

Samples of pliitonium carbide (1000 Mwd/netiic 
ton) and  20% PuC-80% UC (20,000 Mmd/metric 
ton) were a l s o  evaluated,  With both fuels ,  d i sso-  
lution in  60% HNO, produced green--black so lu-  
t ions that  were free of so l ids .  During dis t i l la t ion 
of e x c e s s  ac id ,  up t o  0.56% of the  to ta l  ruthenium 
w a s  volat i l ized and col lected in  the a c i d  con- 
densate .  After oxidative degradat ion to  e l iminate  
t h e  organic ac id  impurities, t h e  resul t ing radio- 
ac t ive  so lu t ions  s t i l l  contained up  t o  32% of the 
carbon ( a s  so luble  organic a c i d s )  originally pres- 
ent in  the fuel  samples .  In a batch extract ion of a 

feed solut ion 0.13 M in  P u ( N O ~ ) ~  and 4.5 it! in  
H N 0 3 ,  the  plutonium was  almost  completely ex-  
t racted with s e v e n  al iquots  of 30% TBP in Ada- 
kane. However, 0.4% of the  plutonium w a s  re- 
ta ined by the  so lvent  af ter  s t r ipping five t imes with 
0.01 M IINQ,. E x c e s s i v e  holdup of plutoniuin 
(up to 1%) in t h e  s t r ipped snlverit was also ob- 
served  when treated feed so lu t ions  derived f r o m  
nitric ac id  dissolut ion of unir isdiated uranium 
monocarbide, with Pu(PV) t racer  added,  were 
tes ted  by batch so lvent  extraction. In contrast ,  
batch extract ion and s t r ipping of feed so lu t ions  
der ived from comparably irradiated carb ide  spec i -  
mens by pyrohydrolysis permitted nearly quantita- 
t ive uranium and plutonium recovery. Thus,  the  
holdup of plutonium in the s t r ipped so lvent  is 
at t r ibuted to the organic impurities not destroyed 
by oxidation. T h e s e  impurities are extracted and 
remain in t h e  solvent  after s t r ipping and appear  to  
act as s t rong complexing a g e n t s  for Pu(1V). 

Preparation and Hydrolys is  of Uranium 
Sesquicarbide 

U a s i c  chemical  s t u d i e s  on the preparation and 
hydrolysis  of various uniriadiated fuel carbides  
were continued. During t h e  pas t  year ,  hydrolysis  
of t h e  uranium monocarbide-uranium sesquicarh ide  

and t h e  uranium sesquicarbide-uranium $1 carbide 
binary s y s t e m s  w a s  studied. 

Uranium carb ide  but tons with compositions be- 
tween U C l a 0  and UC1.8,5 were prepared by a r c  
mel t iag high-purity uranium metal and spectro-  
scopic-grade carbon. Subsequent  h e a t  treatment 
of t h e s e  spec imens  a t  temperatures from 1275 to 
1765OC (typical ly  60 hr at  1600°C) resul ted in the 
formation of monocarbide-sesqiaicarbide (UC-UCI ~ 5 )  

or sesquicarbide-dicarbide (UC .s-UC . s s )  mix- 
tures. ' *  '' N o  s p e c i a l  s t r e s s i n g  w a s  required. 
N o  uranium sesquicarb ide  W ~ S  formed when an as- 
cast specimen with a combined-C/U atom ratio of 
1.86 was h e a t  t reated under conditions where 
uranium sesquicarb ide  should have  formed if the  
as -cas t  specimen were a mixture of UC and 

UC,.o. T h i s  further confirms prior work which 
shows that  UC 1. i s  the  composition of t h e  
dicarhide. '"' kg .o 

......... ~ ...... . . . . . . . . . 

'%Im J. Bradley and L, M. Ferris, Hydrolysis of 
Uranium Carbides Between 2.5 and 1 0 0 9  III.  Uranium 
Sesqwicarbide and Mixtures of the Sesquicarbide with 
Monocarbide or Dicarbide, presented a t  the 147th 
American Chemical Society National Meeting, Phi ladel-  
phia, Pa., Apr. 5. 1964. 

'OM. J. Bradley and L. 
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M. Fer r i s ,  lnorg. Chcrn. 3, 
7 3 0  (May 1951). 

(Feb. 1954). 
M. J. Bradley and L. M. Ferris,  Inorg. Chem. 3, 189 
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T h e  reaction of uranium sesqu ica rb ide  [U4(CJ3I 
with water6* '  a t  25 t o  99°C produced a g a s  con- 
ta ining hydrogen (59 vol %) and hydrocarbons 
(methane, 2 v o l  %; ethane,  26%; C 3 -  to C8-alkanes,  
6%; a lkenes ,  7%; alkynes,  0.5%; and unidentified 
unsaturates ,  O.S%), a water-insoluble wax, and a 
hydrous U(1V) oxide. Fif ty  percent of the carbon 
was  found in the g a s  and 10% in the  wax. Uranium 
monocarbide-sesquicarbide mixtures (UC to 
UC ) produced less methane and more C,- t o  
C 8-hydrocarbons than expected,  indicat ing that 
polymerization involving s ingle  carbon uni t s  from 
the monocarbide had occurred (Fig. 1.3). Hydroly- 
sis of sesqblicarbide-dicarbide mixtures (UC to  
UC .8 5 )  yielded the products expected from t h e  
behavior of the s e p a r a t e  compounds, principally 
C,- to C -hydrocarbons, some hydrogen, and a 
l i t t l e  methane (Fig. 1.4). T h e  compositions of the 
g a s e o u s  products from the  heat-treated spec imens  
containing uranium sesqu ica rb ide  were markedly 
different from those  of as -cas t  monocarbide-dicar- 
bide mixtures" with the same  C/U atom ratios 
(Fig.  1.5). 

1 . 5  

1.5  

8 

1.2 STUD! ES ON THE DliSSOLUTlON OF 
PUO ,.UO 

High-fired UO 2, UQ ,-PuQ 2, and PuO a r e  
leading contenders  for u s e  as fuel in second-  
generation power reactors.  Therefore,  a thorough 
s tudy of the  dissolut ion charac te r i s t ics  of t h i s  
type of fuel in  H N 0 3  and HN03-HF was begun 
l a s t  yea r  to determine the effect  of dens i ty ,  manu- 
facturing conditions,  and source,  

The ini t ia l  d i sso lu t ion  rate  d a t a  previously re- 
ported [Chern. Technol. Div. Ann. Progr. Rept. 
May 31, 1963, ORNL-3452, pp. 9-10] have  been 
extended to include measurement of t h e  complete  
dissolut ion time (Table  1.2) of commercially pre- 
pared high-density fue l  pe l le t s .  B e c a u s e  of 
roughening of t h e  pe l le t  su r f aces  during dissolu- 
tion, UQ, pel le t s  dissolved i n  about a third of the  
time predicted from their  ini t ia l  rate, a s suming  
uniform dissolut ion of a smooth pel le t .  By u s e  of 
a n  appropriate roughening cons tan t ,  the  t ime for 
the dissolut ion of UDz pel le t s  in any concentra- 
tion of nitric a c i d  may be ca l cu la t ed  to  within 
about 20%. 
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Table 1.2. Dissolution of Plutonium Oxide-Uranium Oxide Sintered Pcllets in 10 M HN03 

P e l l e t s  from NUMEC 

Diameter: -0,6 crii 

Length: -0.6 cm 

Sintering in 

PuQz Undissolved 

(70) 

P e l l e t  Oxide Pe l le t ing  Percent  T i m e  for N -6% 11, 
'I'Reoretical Dissolution 

2 Composition Preparation Pressure  ~ .......... 

(7% P U O Z )  Me th oda Densi ty  (rnin) 
(tons ,in, 2 )  Temperature Time 

.~...~.~. .~..~ . ~~ .. .. ~~~~ -~ 
(OC) Olr) 

..... . . . . . . . . . . . 

0.5 Coprecipita ted 1600 1 94 60 0 

5.0 Me. blended 1600 16 95 80 0 

5.0 Coprecipitated 12.7 1600 1 95 210 0 

17.8 M e .  blended 13.4 1600 16 80 120 0 

17.8 Coprecipitated 21.2 1600 16 93 360 0 

20.0 M e .  blended 1600 48 81 60 0 

20.0 Me. blended 16.3 1600 16 93 60 9 

20.0 Coprecipitated 11.7 1300 2 8 7  3 0  21  

35.0 Coprcciprtatad 11.7 1600 16 88 450 0 

_ _ _  ____ _- 

aCoprecipitated = P u ( 0 H )  and (NH ) U 0 continuously coprecipitated; Me. blended : mechanically blended PuO, 4 4 2  2 7 
and U 0 2 .  

The dissolut ion ra te  of pe l le t s  fabr icated by the 
Nuclear  Mater ia ls  and Equipment I:orporation 
(NUMEC) and containing both Pu02 and UO de- 
pended upon the  amount of P u O z  piesent  and the  
method of fabrication. Autoradiographs were used  
by NUMEC to ind ica te  t h e  degree of homogeneity, 
a s  a function of fabrication method, P e l l e t s  that  
appeared t o  b e  a homogeneous mixture of 1JO and 
P u 0 2  d isso lved  rapidly and completely in  ni t r ic  
acid.  T h e  variation in  dissolut ion rate with the  
concentration of nitric a c i d  is defined approxi- 
mately by the empirical equation: 

2 

2 

where m is t h e  mole fraction of P u 0 2  in the  pel le t ,  
With nonhomogeneous pe l le t s ,  the  uranium w a s  
se lec t ive ly  dissolved,  leaving par t  of the  PuOz 
undissolved. Mechanically blended pe l le t s  dis- 
so lved  fas te r  than those  prepared hy the coprecipi- 

tation of plutonium and uranium. W i t h  pe l le t s  that  
did not completely d isso lve  in 10 M H N 0 3 ,  solu- 
t ions of P i r e x  feed composition (350 d l i t e r ,  
1.2 N H') were prepared by d isso lv ing  the pe l le t s  
in 5.5 N €IN03-0.Q5 ?ti H F  in less than 20 hr. 

Most of the  variation in  the time required for the  
complete dissolut ion is due t o  the difference i n  
the f inal  dissolut ion r a t e s  for the  l a s t  few weight 
percent of a pel le t .  In s imulated cyc l ic  dissolver  
experiments, 150-g ba tches  of UOz pe l le t s  were 
d isso lved  in  4.5, 6, or 10 N H N 0 3  for half the  time 
ca lcu la ted  for complete  dissolution. About 40% 
of the UOz remained as  a heel. An additional 
batch of pe l le t s  w a s  then added, and the c y c l e  
w a s  repeated. Although there  w a s  considerable  
variation in the  sizes of p i e c e s  remaining a t  t h e  
end of each cycle ,  there  was no further accunula-  
tion of hee l  in the disso lver  af ter  three consecu-  
t ive dissolut ions.  In 10 M I-!N03, the pel le t s  
d i sso lved  qui te  uniformly from a l l  sur faces ,  
whereas  in  4.5 or 6 M FINO3, dissolut ion w a s  more 
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Fig. 1.6. Var ia t ion i n  the Shape o f  Part iol ly  Dissolved 

U O q  Pellets in High and L o w  Concentrations of Nitr ic  

Acid. (a) Dissolution in 10 M HN03; (b) dissolution i n  

6 M HN03. 

rapid from the  s i d e s  of the pel le ts .  In the di lute  
n i t r ic  acid,  t h e  p e l l e t s  f i rs t  became dumbbell 
shaped;  finally,  f la t  d i s k s  (the e n d s  of t h e  cylinder) 
remained a f t e r  t he  pe l l e t  had  a lmost  completely 
d isso lved  (Fig. 1.6). 

1.3 DISSOLUTION OF SOL-GEL- 
DERIVED Tho,-UO, 

The  sol-gel p rocess  produces refractory so l id  
so lu t ions  of Tho,-UO, ceramic fue l s  a t  near 

theoret ical  density.  T h e  dissolut ion character is-  
t i c s  of sol-gel-derived T h o  ,-UO, differ from 
similar  material  prepared by other  methods. There- 
fore a sys t ema t i c  laboratory-scale l a  study is being 
made to  compare the d olution of sol-gel-derived 

Tho,-UO, with t h e  dissolut ion of arc-fused and 
p res sed  and s in t e red  Tho,-UO, pel le ts .  

Both unirradiated and  i r radiated samples  14000 
t o  40,000 Mwd/metric ton (U + Th) a t  hea t  ratings 
of 17,000 t o  45,000 Btu hr-’ ft-’] were s u c c e s s -  
fully d i s so lved  in boi l ing 13 M HN03-0.04 M H F  

n g  Al(N03)3 in  concentrat ions up to  
Experiments us ing  unirradiated oxide 

indicated t h a t  “hee l”  dissolut ion,  in which some 
oxide is left undisso lved  at the  end of e a c h  of a 
s e r i e s  o f  s u c c e s s i v e  d i  lut ions,  is necessary  
to  ach ieve  accep tab le  ra tes .  Us ing  t h i s  not un- 
common dissolut ion technique, i t  appears  tha t  the 
standard Thorex p rocess  can  be  used  for sol-gel 
oxides.  

T h e  unirradiated Th02-4% UOz used  in t h e s e  
s t u d i e s  was prepared by  the  sol-gel process  and 
was  a powder having the  following par t ic le  size 
distribution: 6075, -6 +16 mesh; 1575, -50 +140 
mesh; 25%,-200 mesh. T h e  densi ty  of the parti- 

proached the theoretical ,  and the 
e area w a s  between 20 and 1000 

c m  ‘/g. 
T h e  dissolut ion behavior of s 

th i s  material  in boiling (118 to 1 
i n g  up to 0.1 M H F  and 0.1 M A1(N03)3 w a s  
ned  in 7-hr t e s t s .  With solut ions contain- 

ing no aluminum ni t ra te ,  the amount of oxide 
d i s so lved  increased  from about 71% to 76% as the 
hydrofluoric acid concentration in solut ion was  
increased  from 0.04 1M to  0.08 M, but a further in- 
c r e a s e  i n  hydrofluoric ac id  concentration to  0.1 M 
caused  no  addi t ional  i nc rease  in the amount dis-  
solved. Addition of 0.04 M Al(N03) to  solut ions 

t on the conta in ing  0.04 M H F  had l i t t l e  
amount of oxide d isso lved  in 7 hr; however, the 
p re sence  of 0.1 M A1(N03), i n  solut ions containing 

reduced t h e  amount d i s so lved  in . There  w a s  preferential  leaching 
xide. T h e s e  resu l t s  a r e  in  good 

qual i ta t ive agreement with e obtained pre- 
viously with T h 0 2 - 4 %  U02 1 pel le t s  whose 

12L. M. Ferris and J. W. Ullmann, Dissolut ion of Sol- 
Gel-Derived and Arc-Fused Th0 , -U02  Fuel Par t ic les  

in HNO ?-HF Solutions : 
press). 

La bora t or y De v e  1 
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d e n s i t i e s  were about 95% of the theoret ical  
density.  ' 3 -  ' 

T h e  time required to  completely d i s so lve  a batch 
of sol-gel ThO,-UO, in boi l ing 13 M HN03-0.04 M 
HF-0.04 M Al(NO,), w a s  about 75 hr; the  product 
solut ion w a s  about 1 M i n  thorium. T h e  amounts 
dissolved a s  a function of time were 70, 84, and 
92% in  7, 24, and 36 hr respect ively.  T h e  time 
required for  complete dissolut ion w a s  about twice 
that required for pe l le t s  tha t  were about 95% of 
theoret ical  densi ty .  Although not t e s t e d ,  it seems 
reasonable  to a s s u m e  tha t  t h e  dissolut ion t i m e  
could b e  reduced somewhat by accep t ing  a lower 
thorium concentration in  the  product solution. 

In a l l  the above experiments,  -50-mesh par t ic les  
were almost completely dissolved in  2 to 3 hr. 
T h e  undissolved residue from the  short-term 
d isso lu t ions  w a s  found by s i e v e  ana lys i s  to con- 
sist primarily of the -6 +16 mesh par t ic les .  

Since a 75-hr d i s so lv ing  c y c l e  is economically 
unattractive,  t e s t s  of s teady-s ta te  (or "heel") 
dissolut ion were made us ing  boiling 13 M HN03-  
0.04 M HF-0.04 M A1(N03)3 for 20 hr, followed by 
fresh fuel  addi t ions (2 g). In t h e  f i r s t  s e r i e s ,  
s t eady  s t a t e  w a s  achieved af ter  about two cycles .  
The  so lu t ions  from e a c h  c y c l e  were about  0.8 M 
in  Th and 0.5 M in H'. About 87% of the oxide 
present  at the  s t a r t  of e a c h  cyc le  w a s  dissolved,  
allowing a cons t an t  "heel" of 13%. Over s i x  
cyc les ,  97% of t h e  oxide charged to  t h e  sys t em was 
dissolved.  In t h e  second  series, s t eady  state was  

suff ic ient  to produce 1 M T h  so lu t ions  i f  a l l  the  
oxide were d i s so lved  in  e a c h  cycle .  In t h i s  series, 
however, the  dissolut ion t ime for each  c y c l e  was  
only 7 hr. With t h i s  dissolut ion time, s t eady  
s t a t e  may h a v e  been achieved in  s i x  cyc les ,  but 
the  d a t a  a r e  inconclusive.  T h e  hee l  i nc reased  
f rom 23% t o  60 to 80% over the s i x  cyc les .  T h e  
thorium concentration in  t h e  product so lu t ions  in- 
c r eased  correspondingly from 0.6 to  0.9 M .  T h e s e  
resul ts ,  obtained in  t h e  laboratory, a r e  in  reason- 
a b l e  agreement with those  obtained on a n  engineer- 
i n g  scale us ing  a baske t  leacher.  '' 

Limited dissolut ion s t u d i e s  by the General 
Elec t r ic  Company, Val leci tos ,  u s ing  irradiated sol-  
gel  oxide have  given s o m e  indication that irradiated 
fuel d i s s o l v e s  more rapidly than unirradiated. T h e  
General Elec t r ic  group, as  part  of a radiation 
performance evaluat ion subcontract ,  d issolved 
i r radiated T h o  2-U02 sol-gel oxide for burnup 
determinations us ing  approximately the  s a m e  
condi t ions that  w e  had used  for unirradiated s a m -  
ples.  T h e  spec imens  d i s so lved  at Val leci tos  had 
been irradiated to 4000 t o  40,000 Mwd per m e t r i c  
ton (U + Th) at h e a t  ra t ings of 17,000 to 45,000 
Btu hr-'  ft-'. In 7-hr dissolut ion tests, 90 to 
95% of the  irradiated oxide dissolved,  19-' ' 
compared with only 70 to 73% for t h e  unirradiated 
fuel. Some ev idence  for insoluble  r e s idues  was  
found; more sys t ema t i c  s t u d i e s  with irradiated 
fuel  a r e  planned. 

1.4 STUDIES ON THE ZIRFLEX PROCESS a l s o  achieved i n  about  two cycles .  T h e  product 
so lu t ions  i n  t h i s  s e r i e s  were only about 0.4 M in 
Th ,  but  the  h e e l  represented only about 4% of the  
input. Over the s i x  c y c l e s ,  more than 99% of the 
oxide charged w a s  dissolved.  

One  other s e r i e s  of h e e l  d i s so lv ings  w a s  made, 
a l s o  us ing  2-g fuel cha rges  and volumes of reagent  

13R. E. Blanco e t  al . ,  Aqueous Processing o f  
Thorium Fuels .  Part II ,  ORNL-3418 (May 23, 1963). 

14R. E. Blanco. L. M .  Ferris, and D. E. Ferguson, 
Aqueous Processing o f  Thorium Fuels .  Part I .  ORNL- 
3219 (Feb. 28, 1962). 

"L. M. Ferris and A.  H. Kibbey. Sulfex-Thorex and 
Darex-Thorex Processes  for  the Dissolution o f  Con- 
solidated Edison Power Reactor Fuel: Laboratory 
Development, ORNL-2934 (Oct .  26. 1960). 

16L. M. Ferris and A. H. Kibbey, Miscellaneous 
Experiments Relating to the Process ing  o f  C E T R  
Fuel by  Sulfex-Thorex and Darex-Thorex Processes ,  

"W. D. Bond, Dissolution o f  Sintered Thorium- 
Uranium Oxide Fuel in Nitric Acid-Fluoride Solutions, 

ORNL-3143 (AUg. 16, 1961). 

ORNL-2519 (Oct .  28, 1958). 

T h e  Zirflex p rocess ,  2 2 - 2 4  developed a t  Hanford 
and here,  involves  the chemical  decladding of 

I'M. E. m a t l e y  e t  al.,  Unit Operations Section 
Monthly Report fo r  March 1964 (in press) .  

"R. W. Darmitzel. Post-Irradiation Examination o f  
ORNL Fuel C y c l e  Capsules ,  GEAP-4397 (September 
1963). 

"1). T. Ikeuye, D. L. Zimmerman, and R. W. Darmitzel, 
ORNL-RML Services Program Progress Report for 
January 1964. GEAP-4472 (1964). 

"D. T. Ikeuye. D. L. Zimmerman, and R. W. Dar- 
mitzel ,  ORNL-RML Services Program Progress Report 
for February 1964. GEAP-4500 (1964). 

"T. A. Gens, Laboratory Development of Methods for  
Precipitating Uranium Peroxide from Zirflex Waste 
Solutions and Converting the Waste to  Alkaline Solu- 
tions, ORNL-TM-780 (February 1964). 

23L. M. Ferris, Zirflex Process  for  PWR Blanket 
Fuel,  II.  Rev i sed  Flowsheet,  ORNL-2940 (October 
1960). 
24P. W. Smith, The  Zir f lex  Process  Terminal Develop- 

ment Report, HW-65979 (August 1960). 
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Zircaloy-2-clad UO f u e l s  in  ammonium fluoride- 
ammonium ni t ra te  solution. Subsequent modifica- 
t ions of the process ,  involving the  addition of 
sma l l  amounts of  hydrogen peroxide to the  d isso l -  
vent,  have  extended i t s  appl icat ion t o  t h e  total  
dissolut ion of zirconium-uranium alloy fue ls  as  
well. For zirconium-uranium al loy fuels ,  t h e  proc- 
ess w a s  ca l led  “Modified Zi r f lex .J ’25*26 Work 
t h i s  year  included s t u d i e s  on the recovery of the 
s m a l l  amount of uranium tha t  d i s s o l v e s  during the  
decladding of oxide fue ls  and the preparation of 
s tab le ,  neutral  w a s t e  so lu t ions  from Zirflex sol- 
vent  extraction raff inates  to  minimize corrosion of 
the  waste-s torage tanks.  

In the  Zirflex decladding p rocess ,  up to 0.5% of 
the uranium d i s s o l v e s  in  the  solut ion as s l ight ly  
so luble  NH4UF5, formed i n  s m a l l  amounts when 
the NH4F-(NHq)2ZrF6 so lu t ions  con tac t  the  
uranium oxide af ter  the  cladding h a s  been dis-  
solved.  

In the  Modified Zirf lex p rocess ,  uranium-zir- 
conium al loy fuel is total ly  d i s so lved  in NH4F- 
NH4N03-H 202 solution. T h e  peroxide converts  
t h e  NH4UF5  to  more so lub le  hexavalent  uranium 
salts. T h e  uranium c a n  be recovered by solvent  
extraction, e i ther  direct ly  from t h e  product solu- 
t ion or from a solut ion prepared by adding ni t r ic  
ac id  and  aluminum nitrate.  2 5 s 2 6  Studies  were 
made in order to find whether the  solvent  extraction 
was te  so lu t ions  could be  made alkal ine,  s i n c e  
corrosion of the w a s t e  s to rage  t a n k s  would be  re- 
duced thereby. As the  pH is increased,  zirconium 
hydroxide normally prec ip i ta tes  from NH F solu- 
t ions at about pH 7. Since t h i s  precipi ta te  might 
trap and retain f i ss ion  products,  l o c a l  overheating 
(hot spots )  and inc reased  corrosion ra tes  might 
resul t .  

4 

Recovery of Uranium from Zirflex 
Dec ladding Solution s 

When Zirflex decladding so lu t ions  were less than 
0.001 M in  d i s so lved  uranium, the  uranium was 

25T. A. Gens ,  Modified Zirflex Process  for  Disso lu-  
tion o f  1--10% U-%r Alloy Fuels in Aqrleous N1I F- 

N I g 4 N 0  3-N2CJ 2:  La bora tory D e  vel opmen t, ORNL- 2905 

(March 1960). 

26F. G. Kitts .  Evaluation of an Engineering Demon- 
stration of the Modified Zir f lex  and Neuf lex  Processes 
for the Preparation of Solvent Extraction Feeds  from 
Unimadialed Zjrconium-Base Reactor Fuels,  ORNL,- 
3465 (March 1964). 

~ 

1 

quant i ta t ively recovered by precipitation a s  
uranium peroxide. In these  experiments,  simulated 
Zirflex decladding so lu t ions  were  made 1 hf in 
H202 and allowed t o  s t and  a t  25°C. Within a few 
hours,  the s low formation of sol id  U 0 4 .  4 H 2 0 ,  as 

ident i f ied by x-ray ana lyses ,  w a s  observed (Fig. 
1.7). Nearly quant i ta t ive precipitation of the  
uranium occurred in  three days.  After about a 
week, a s imilar  s low precipitation of zirconium 
compounds began. Thus,  i t  appea r s  that  uranium 
from Zirflex w a s t e  solut ion that is _<0.001 M i n  
uranium c a n  be  recovered by filtration or centrifu- 
gation before any s ignif icant  precipitation of 
zirconium compounds occurs .  

Recovery of Uranium from Modified-Zirfiex 
Dec ladding Solution 5 

One of the main d i sadvan tages  of the Modified 
Zirflex p rocess  is that the addition of ni t r ic  acid 
and aluminum ni t ra te  to the Zirflex d isso lver  
solut ion prior to  solvent  extraction produces a 
very la rge  volume of corrosive HNO 3-WF-Al(N03)3 
so lven t  extraction feed. An al ternat ive uranium- 
recovery possibi l i ty  would involve the separat ion 
of about 97% oE the  uranium (as insoluble  NH4UFs) 
by filtration or centrifugation, followed by recovery 
of the remaining 3% of the uranium by precipita- 
tion a s  U 0 4 .  4H20. T h i s  two-step procedure is 

UNCLASSIFIED 
ORNL - DWG 64 - 14848 

50 100 150 
TIME AT 25°C (hr) 

Fig. 1.7. Dissolved Uranium C a n  B e  Recovered from 

Z i r f lex  Wastes by Making the Solutions 1 1M i n  H Q 

Precip i ta t ing Uranium Peroxide, if the Solutions Are 
L e s s  Than About 0.001 iM in  Uranium. 

2 2 and 
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required b e c a u s e  the NH41JF is s l igh t ly  so luble  
i n  t h e  Zirf lex d isso lver  solution. T h e  two prod- 
uc ts ,  NH,UF5 and UO,.4H,O, could be  dis- 
so lved  in nitric acid-aluminum ni t ra te  solut ion,  
which could then be  u s e d  as solvent  extract ion 
feed. 

Preparation of Alkaline Zirflex Waste Solutions 

Zirflex w a s t e s  were made alkal ine without 
precipi ta t ing zirconium hydroxide when an a- 
hydroxy organic acid,  s u c h  as tartaric, w a s  added 
t o  form a so luble ,  complex zirconium sa l t .  \%en 
tar t ra te  w a s  added to t h e  dissolvent ,  less fluoride 
w a s  n e c e s s a r y  for zirconium dissolut ion.  T h i s  
resul ted in more concentrated w a s t e  so lu t ions  
containing less fluoride than ordinary Zirflex 
solut ions.  
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TARTRATE/ZIRCONIUM MOLAR RATIO 

Fig. 1.8. Addit ion of Potassium Tartrate and Potos-  

sium Hydroxide to Z i r f l e x  Wastes Produces Strongly 

Alka l ine  Solutions Whose Stabil i ty ut 25OC Depends o n  

the Tartrate-to-Zirconium Mole  Ratio. T h e  a lka l ine  

solutions were 0.2 M in Zr, 1.3 M in F-, 2.7 M in  K', 
and 0.4 M in C032 -, a n d  were a t  p H  12. 

Strongly a lka l ine  so lu t ions  (0.2 M Zr-1.3 M 
I;-1.9 M KQH-0.4 M K CO and varying amounts  
of potassium tar t ra te ,  pH 12) were prepared from 
simulated Zirf'iex w a s t e  so lu t ions  not bearing fis- 
s ion  products. T h e  length of time that  t h e  so lu-  
t ions were s t a b l e  at 2S°C w a s  a logarithmic func- 
tion of the tartrate-to-zirconium molar ratio in t h e  
so lu t ions  (Fig. 1.8). At a molar ra t io  of 0.4, the 
solut ion was s t a b l e  for only 2 min; a t  a ratio of 1.4 
the  solut ion was  s t a b l e  for 70 hr. Extrapolation 
of the  curve  ind ica tes  that  a tartrate-to-zirconium 
ratio of 2 would b e  requited to  s t a b i l i z e  the  solu-  
tion for one  year. 

Weakly a lka l ine  so lu t ions  (pH 8 to 9) were pre- 
pared from simulated Zirflex was te  by adding 
ammonium tar t ra te  followed by ammonium hy- 
droxide. T h e  so lu t ions  were s t a b l e  a t  25OC for 
more than a year. A molar ra t io  of tar t ra te  to  
zirconium of 0.1 w a s  suff ic ient  to  s t a b i l i z e  a 
0.15 M Zr  solut ion,  while  a ratio of 0.5 w a s  needed 
for a 0.5 M % r  solut ion (Fig. 1.9). 

bhen  tar t ra te  w a s  added t o  t h e  N H 4 F  dissolvent ,  
less fluoride w a s  n e c e s s a r y  for the dissolut ion of 
Zircaloy-2. Therefore, a lower molar ratio of 
F/Zr ,  dependent  on the  molar ratio of tar t ra te  t o  

2 3  

UNCLASSIFIED 
ORNL-DWG 6 4 - 4 4 8 7 A  

0 0.1 0.2 0.3 0.4 0.5 
ZIRCONIUM CONCENTRATION ( M )  

Fig, 1.9. Addit ion of Ammonium Tartrate and Arn- 
monium Hydroxide to Z i r f l e x  Wastes Produces Weakly 

Alka l ine  Solutions in  Which the Zirconium Solubility o t  

25OC Depends on the Tartrate-to-Zirconium Mole Ratio. 

In the  a lka l ine  solutions, F i Z r  2 8, COg/Zr - 0 to 4, 
and pH = 8 t o  9 .  
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zirconium, w a s  iequired to d i s s o l v e  a given quan- 
t i ty  of zirconium. F o r  example (Fig. l . l0) ,  the  
in i t ia l  d i sso lu t ion  rate  of Zircaloy-2 in refluxing 
6 M NI-14F--0.35 M ammonium tar t ra te  w a s  near ly  
20 mg min- '  c m P 2 ,  about  e q u a l  to t h e  ra te  i n  
refluxing 6 M NH4F containing n o  ammonium tar- 
trate. As dissolut ion proceeded, the  reaction 
pract ical ly  s topped  i n  refluxing 6 M NH4F as the  
F / Z r  ratio approached 6, whereas  in  the 6 M 
N H  F-0.35 ill ammonium tar t ra te  the dissolut ion 
rate  w a s  s t i l l  about  1 mg min-' cm-' when the 
F / Z r  ratio had decreased  to 5. With greater con- 
centrat ions of tar t ra te  (and, correspondingly, less 
fluoride), t h e  dissolut ion r a t e s  a t  low F/Zr ratios 
continued to increase.  In refluxing 3 M NH4F-1.5 
M ammonium tar t ra te ,  the ra te  was s t i l l  2 mg min- 

when the  F/Zr ratio had decreased  to 4. 
As the  amount of fluoride and l h e  f inal  F/Zr ratio 
a r e  decreased ,  the  solubi l i ty  of zirconium in the 
was te  solut ion is increased.  F o r  example, when 
Zircaloy-2 w a s  d isso lved  iii boi l ing 6 M NH4F- 

4 

UNCLASSIFIED 
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0 50 20 10 5 2 1 

MOLE RATIO OF F/DISSOLVED Zr 

Fig. 1.10. Dissolution Rates  o f  Z i rca loy -2  in Re- 
f luxing Ammonium Fluoride-Tartrate Solutions, in Con- 

trast to Rates in Solutions o f  Ammonium Fluoride Alone, 
Remain High at  F/Zr Mole Rat ios Be low 6 .  

0.35 M ammonium tar t ra te  and t h e  overhead vapors  
were removed i n  a downdraft condenser ,  t h e  
d isso lver  product so lu t ions  were s t a b l e  at 2 M Zr 
and a n  F /Zr  ra t io  of 3. T h e  tartrate-containing 
product so lu t ions  were  also stable when made 
a lka l ine  with ammonium hydroxide. 

1.5 STUDIES ON THE ADSORPTi1?N 
OF P ~ O ~ A C T ~ ~ I ~ M  

B e c a u s e  of the  long  half-life (27 days)  of 233Pa, 
thorium-uranium fuels  must e i ther  b e  cooled e ight  
or n ine  months before  process ing  i n  order to a s s u r e  
complete  recovery of a l l  ava i lab le  233Up or s p e c i a l  
methods must  b e  developed to permit recovery of 
t h e  233Pa. An unat t ract ive al ternat ive of t h e s e  
two poss ib i l i t i es  is t o  process  the fuel a f te r  a 

nominal th ree  or four months of cool ing and then 
t o  reprocess  t h e  w a s t e  again af ter  another  f ive  or 
s i x  months to recover the  residual 233U. 

Removal of the  protactinium on inorganic ad- 
sorbents  is one  method tha t  s h o w s  promise. Most 
of this work h a s  been  on t h e  u s e  of unfired Vycor 
g l a s s ,  but more recent  s t u d i e s  have  employed 
zirconium phosphate ,  silica gel, and molecular 
sieves, 

Adsorption of Protactinium on Unfired 
Vycor G lass  

T h e  distribution coef f ic ien ts  (DC's) of 233Pa 
between 60- to 80-mesh unfired V y ~ o r ' * ~ '  and  
aqueous  so lu t ions  containing 4 to 100 g of thorium 
per l i ter ,  0.5 to 12 M i n  HNO,, p l u s  t racer  quanti- 
t i e s  of protactinium were measured and found to 
obey the following empirical equation: 

D@ = (378 t 72) + (384 f_ 9)X - (1-27 -i 0.13)XY 

-(1.13 k 1.02)Y , 

where X is M FINO3 and Y is grams of thorium per 
l i ter  (Fig. 1.11). 

When H N 0 3  so lu t ions  containing 100 g of thorium 
per l i ter  were made 0.01 t o  0.04 M in  HF, there  re- 
s u l t e d  a s l igh t  i n c r e a s e  i n  t h e  protactinium DC in 

27 J: G.  Moore, The Effect of Nitric Acid, Thorium, 
Fluoride, and Aluminum on Protactinium Adsorption by 
Unfired Vycor Glass ,  ORNL-3599A (April 1964). 
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Fig.  1.1 1. Distribution o f  233Pa Between Unfired Vycor and Thorium-Nitr ic  Acid Solutions. 
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so lu t ions  containing0.5 to 3.5 M HMO3. At higher  
ac id i t ies ,  the coeff ic ient  decreased  with in- 
c r e a s i n g  fluoride content. The  la rges t  d e c r e a s e  
w a s  observed at  10 M H N 0 3 ,  where t h e  coeff ic ient  
dropped from about 3000 with no fluoride present ,  
to 300 when t h e  fluoride concentrat ion was  0.04 M 
(Fig.  1.12). 

When Al(NO,), w a s  added to so lu t ions  that  a r e  
0.04 M in  F, 0.5 to 10 M i n  I-IN03, and contain up  
to 100 g of thorium per l i ter ,  the  protactinium DC 
w a s  increased.  Concentrat ions of Al(NO,), up  to 
0.4 hf were used.  However, the  maximum coeffi- 
c ien t  w a s  still only about  half that obtained with 

n o  fluoride or aluminum present. F o r  example, t h e  
coeff ic ient  w a s  about  3000 for 10 M FINOj without 
fluoride (Fig. 1.12), 300 when i t  was 0.04 bl i n  
HF,  and 1500 when i t  w a s  0.4 M in  AI(N03)3  
(Fig. 1.13). 

T h e  amount of protactinium that  was unadsorb- 
a b l e  from ni t r ic  a c i d  so lu t ions  containing thorium 
(4 to  100 d l i t e r ) ,  H F ,  (0  to 0.Q4 M), and AI(NO,), 
(0.4 M )  decreased  with increas ing  nitric a c i d  con- 
centration. T h e  va lues  ranged from a maximum of 
about  7% unadsorbahle  from 0.5 M H N 0 3  so lu t ions  
to l e s s  than 2% from a l l  solutions that were more 
than 3 M in  FINO3. 

UNCLASSIFIED 
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Fig.  1.12. Effect of  HF on t h e  Adsorption of 233Pa from Nitric Acid Solutions Containing 100 g of Thorium per 

Liter. 
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Experimental d a t a  show no majo r  e f fec t  of 
protactinium concentration. 'The t racer  experi- 
ments reported above confirm previously reported 
s t u d i e s  made with so lu t ions  containing 50 rng of 
231Pa per liter. Both s e t s  of d a t a  verify the  
potent ia l i t ies  of a process  for removing protactin- 
i u m  from ni t r ic  ac id  so lu t ions  of short-decayed 
thorium fue ls  by adsorption on pulverized unfired 
Vycor glass .  Hot-cell experiments a re  scheduled  
to  determine t h e  e f fec ts  of high concentrat ions of 
233P3,  f iss ion products, and radioactivity on the  
process. 

Adsorption of Protactinium Q E ~  Other. 
lnorgcnic Exchangers 

Ini t ia l  laboratory experiments  with t racer  prot- 
actinium showed that  Rio-Rad ZP-1  (a zirconium 

UNCLASSIFIED 
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phosphate  exchanger), s i l i c a  gel, and Linde  molec- 
ular s i e v e s  5X, l o x ,  and 13X will also adsorb  
protactinium from ni t r ic  ac id  solut ions.  Ten- 
molar ni t r ic  ac id  so lu t ions  of thorium (4 g/l i ter)  
and 233Pa (2.3 to  9.0 x l o 5  counts  min-' m1-I) 
were contac ted  for 24 hr with 5 g of 60- to  80-mesh 
adsorbent  per  l i t e r  of solution. A distribution 
coeff ic ient  of 17,400 w a s  obtained with t h e  Bio- 
Rad ZP-1, compared with 3800 obtained with un- 
fired Vycor. Si l ica  ge ls  produced coeff ic ients  in  
the  same range a s  t h o s e  found for unfired Vycor, 
ranging from 3300 for corrimercial s i l i c a  gel to  
about 6000 for laboratoiy-prepared material. T h e  
minimum coeff ic ients  were obtained with the  
Linde  molecular s i e v e s  SX, lox, and 13X; they 
were 900, 2400, and 1900 respectively. In view of 
the  high coeff ic ients  obtained with the s i l i c a  ge ls  
and ZP-1, addi t ional  s t u d i e s  will be  made for 
comparisoti with unfired Vycor. 

Fig. 1.13. Effect  of Aluminum on t h e  Adsorption of 233Pa from Ni t r ic  Acid Solutions Containing 100 g of Tho- 
rium per L i t e r  and 0.04 M in  HF. 
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1.6 RECOVERY OF ADVANCED REACTOR 
FUELS BY SQLVENT EXTRACTION 

Some advanced reactor  fuels, particularly high- 
fired U 0 2 - P u 0 2  and P u 0 2 ,  cannot  b e  d isso lved  
in ni t r ic  ac id  but  c a n  b e  d isso lved  i n  a mixture of 
ni t r ic  and  hydrofluoric a c i d s  ( s e e  Sect .  1.2). Lab- 
oratory experiments  were run t o  def ine the  varia- 
tion in distribution coef f ic ien t  (DC) of uranium 
between tributyl phosphate  (TBP)  or  dibutyl butyl- 
phosphonate  (DBBP) and mixtures of H N O j  and  
IIF, and  the ef fec t  of t h e  presence  of niobium and/ 
or aluminum. With 30 vol  74 so lvent  in n-dodecane 
di luent ,  the uranium dis t r ibut ion coeff ic ient  in t h e  
U-IINO -HF sys tem may be  ca lcu la ted  from t h e  
following empirical equat ions:  

.$ 

Countercurrent batch extract ion experiments  
with low-irradiated fue l  h a v e  resul ted in  decon- 
tamination fac tors  from fluoride of 200; niobium, 
200; zirconium, 2000; ruthenium, 30; and rare- 
ear th  e lements ,  350 with T B P ;  and 450, 2000, 
9000, 2100, and 2000, respect ively,  with DBBP. 
F l o w s h e e t  condi t ions were: 

Feed:  0.1 M U. 0.1 M Nb, 1 M F-, 3 M (NO3)-, 

1 volume 

Scrub: 0.5 M A1(N03),, 0.5 volume with TBP. 

0.2 volume with DBBP 

Extractant:  30% solvent  i n  n-dodecane, 3 volume with 

TBP, 0.3  volume with DBBP 

1.7 STUDIES OM CHLORIDE VOLATILITY 

T h e  dis t r ibut ion coef f ic ien ts  ca lcu la ted  from these 
equat ions  agree  t o  within about  20% with experi- 
mental  resu l t s  obtained for 0.5 t o  10 M H N O j  and 
0.5 to 4 M HF. T h e s e  equat ions  a l s o  give good 
e s t i m a t e s  of t h e  uranium distribution in s y s t e m s  
containing aluminum and/or niobium if the  to ta l  
ni t ra te  concentrat ion i s  subs t i tu ted  for n i t r ic  acid 
concentrat ion and  i f  the total fluoride concentra- 
tion is reduced by 5 moles  of fluoride per  mole of 
niobium. F o r  aluminum, the to ta l  fluoride i s  re- 
duced by a n  amount twice  t h e  molarity of the  
aluminum. 

Very l i t t l e  niobium w a s  ex t rac ted  under any of 
the  condi t ions tes ted .  T h e  dis t r ibut ion coeff ic ient  
var ied from 0.01 to 0.04 with 38% THP, and from 
0.2 t o  0.06 with 3% DBBP in 1 t o  G N H N 0 3  and 
0.5 to 2 M HF. Niobium extract ion increased  
s l igh t ly  with increas ing  fluoride and  decreased  
s l ight ly  with increas ing  ni t r ic  a c i d  concentration. 
F a c t o r s  s u c h  as  increas ing  n i t ra te  and decreas ing  
fluoride, which i n c r e a s e  t h e  extract ion of uranium, 
a l s o  i n c r e a s e  the  separa t ion  of niobium. 

F r e e  hydrofluoric a c i d  (i,e.# fluoride uncomplexed 
with metal  ions)  i s  readi ly  ex t rac ted  by ei ther  
TBP or DBBP. T h e  DC of fluoride w a s  0.25 and 
0.45 with 0.85 M I I F  and 0.13 and 0.19 with 4.5 M 
H F ,  respect ively,  for t h e  two so lvents .  T h i s  high 
extract ion ind ica tes  tha t  a scrub  with a complexing 
agent, s u c h  as aluminum ni t ra te ,  wil l  b e  required 
to remove fluoride from t h e  organic  phase in a 

countercurrent so lvent  extract ion system. 

Work w a s  cont inued on t h e  u s e  of chlorination as 
a means  of recovering uranium from spent  nuclear  
fuels .  Chlorination w a s  s tudied  as a method for 
convert ing fue ls  containing thorium dispersed  in  
graphi te  or zirconium into water-soluble chlor ides .  
T h e  proposed methods, which avoid  the  u s e  of 
aqueous  so lu t ions  of fluorides, a r e  intended mainly 
for u s e  i n  combination with the  Darex process ,  2 8  

s i n c e  t h e  only fuels  of major importance for which 
t h e  I larex p r o c e s s  i s  present ly  unsui ted a r e  t h o s e  
conta in ing  zirconium or graphite. In addition, a 
low-decontamination process based  on chlorina- 
t ion and volat i l izat ion of chlor ides  offers  an 
a l te rna t ive  t o  aqueous head-end p r o c e s s e s  for 
fue ls  s u c h  a s  uranium oxide. 

Chiorination of Refractory Fuels  

Laboratory experiments  on t h e  chlorination of 
refractory fue ls  demonstrated t h e  recovery of 
uranium from s p e n t  uranium-zirconium al loy fue ls  2 9  

(Fig. 1.14). Briefly, t h e  experiments  were as  
follows: T h e  volat i l ized chlorination products  

28W. E. Clark, J. R. Flanary.  and F. G. Kitts, The 
Darex Process: The  Treatment of Stainless S tee l  Re- 
actor Fuels with Dilute Aqua Regia, ORNL-2712 (May 
1962). 

29T. A. Gens, Laboratory Development of a Com- 
bined Chloride Volati l i ty-Aqueous Processing Method 
f o r  Uranium-Zirconium Nuclear Fuels,  ORNL-TM-645 
(October 1963). 
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ture Chiorination and Dnrex Processes. 

(mainly zirconiuiir te t rachlor ide and uranium penta- 
chloride) were col lected i n  boiling water; the  re- 
su l t ing  solut ion w a s  concentrated;  the  f reez ing  
point w a s  lowered by removing chlor ide with 
hydrogen peroxide; and t h e  uranium w a s  recovered 
from t h e  5 M Zr  product solut ion by so lvent  ex- 
traction with trihutyl phosphate. 

A study w a s  made to determine the  boi l ing 
points, incipient  crystal l izat ion temperatures ,  
and chloride, water, and zirconium concentrat ions 
of ZrOCl 2-IICl so lu t ions  when the so lu t ions  were 
concentrated to between 0.2 and 3.5 M ZrQCI? by 
d is t i l l ing  off hydrochloric ac id  a t  atmosphGric 
pressure. T h e  ZrOC1 2-HCI mixtures formed con- 
stant-boiling so lu t ions  whose  properties depend on 
the  zirconyl chloride concentration. T h e  tempcra- 
ture a t  which crystal l izat ion s ta r ted  during s low 
cool ing increased  irregularly from 41 to  95OC. 
B a s e d  on t h i s  s tudy,  t h e  propert ies  of ZrOC12-HCI. 
solut ions,  which h a v e  been concentrated by dis-  
t i l l ing off hydrochloric ac id  a t  atmospheric pres- 
sure ,  c a n  b e  predicted a t  ZrQCI2 concentrat ions 

Laboratory t e s t s  were also made on t h e  recovery 
of uranium from uranium carbide-thorium carbide-  
graphite fuels  by burning, chlorinating the a s h ,  
d i sso lv ing  t h e  product in  6 N IIC1, concentrat ing 
t h e  chloride solut ion,  and recovering, t h e  uranium 
by so lvent  extract ion3 '  (Fig. 1.15). T h e  main ob- 
jec t ive  of th i s  work, which w a s  t o  perform t h e  
combustion, chlorination, and dissolut ion in a 

up to 3.5 M. 

s ingle  vesse l ,  thereby avoiding a transfer of the 
combustion a s h ,  w a s  tentatively accomplished. 
'The method is acceptab le  only if corrosion ra tes  
of 20 mils/month are accepted  for t h e  burner- 
chlorinator operation and  if titanium equipment is 
used  for the  f i rs t  c y c l e  of solvent  extraction. 

Chloride Volatil ity Law-Decontamination 
Process Development 

T h e  volat i l izat ion of uranium chlor ides  during 
the chlorination of nuclear  fuels  provides a partial 
decontamination method for uranium fuels. If the  
volat i le  uranium chlor ides  are se lec t ive ly  con- 
verted t o  less-volat i le  chlor ides ,  further decon- 
tamination from volat i le  f iss ion product chlor ides  
might b e  accomplished. Experimental and theoreti- 
c a l  invest igat ion of the  behavior of plutonium 
during t h e  chlorination of U 3 0 8 - P u 0 2  with CC14 
i s  a l s o  being s tar ted.  

T h e  equilibrium yie lds  of so l id  uranium tri- 
chlor ide from the  reduction of gaseous  uranium 
tetrachlor ide with carbon monoxide i n  an iner t  
carr ier  g a s  were ca lcu la ted  from publ ished free- 
energy data3 '  as  a function of temperature and 
pressure (Fig.  1.16). T h e  ca lcu la ted  y ie lds  were 
too small  for prac t ica l  u s e  under a l l  condi t ions 
invest igated.  

T n e  equilibrium capac i ty  of chlorine gas for 
forming (and carrying) plutoniuiii te t rachlor ide 
vapor during t h e  chlorination of IJ308-PuOa with. 
CC1 was also ca lcu la ted  from publ ished free- 
energy d a t a  at 1 atm of pressure. T h i s  a n a l y s i s  
w a s  made for temperatures  between 500 and 1050°K 
and varying amounts of chlor ine and iner t  gases .  3 3  

4 

30T. A. Gens, Laboratory Development of a Process  
for  Chlorinating the  Combustion A s h  from Graphite Fuels  
Containing ThC and U C 2  and Recovering the Uranium 

b y  Solvent Extraction from a Solution of the  Chlorination 
Products, OXNI,-TM-789 (in press) .  

Goode. Laboratory Study of the Separation 
and Recovery of Uranium and Plutonium from F i s s ion  
Products b y  Chloride Volati l i ty,  ORNL-TM-828 ( i n  
press).  

32T. A. Gens and G. J. Atta. 'Thermodynamic Calcu- 
lations Relating to  Chloride Volat i l i ty  Processing of 
Nuclear Fuels. I .  T h e  Gas-Phase Reduction of Uranium 
Tetrachloride to the Trichloride with Carbon Monoxide, 
ORNL-TM-829 (in press) .  

33T. A. Gens, Thermodynamic Calculations Relating 
to  Chloride Volat i l i ty  Processing of Nuclear Fue l s .  
I I .  T h e  Capacity of Chlorine for Carrying Plutonium 
Tetrachloride Vapor During Chlorination of U 0 -Pu02 
with CCI ( in preparation). 

2 

31J .  H. 

3 8  
4 
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2750 l i t e rs  N 2  441 liters C I ~  (91  
320 liters COz 4.7 l i ters  H20(1) 

HTGR FUEL 

2.94 k g  Th 
0.14 k g  U 
6.92 k g  C 

10 k g  TOTAL 

0 .085M U 

1.5 liters 1-7M H 2 0 2  
0.2 l i ters 16M HNO3 

Fig. 1.15. Combustion-Chlorination-Aqueous Dissolut ion-Solvent  Extract ion Process  for H T G R - T y p e  Fuels,  

Under a l l  condi t ions s tudied,  the capac i ty  of 
chlor ine for forming vola t i le  plutonium tetrachlor ide 
is s l igh t ly  grcater  when t h e  chlor ine is introduced 
during t h e  chlorination of U 0 with carbon tetra- 
chlor ide than during t h e  chlorination of plutonium 
trichloride direct ly  (Fig. 1.17). The capaci ty  in- 
creases from about  3 x t o  lo-' mole of 
plutonium te t rachlonde  per  mole of chlor ine as 
the temperature i n c r e a s e s  from 700 to 1000°K. 
If iner t  gas is present ,  t h e  capac i ty  i s  s l igh t ly  
greater. 

3 .s 

Ch.aride ' . alatility Hot-Cell Tests 

Ten hot-cell experiments  were made i n  order t o  
e v a l u a t e  the recovery and decontamination of 
uranium from uranium dioxide fue ls  by chlor ide 

volatility. T h e  uranium dioxide w a s  f i r s t  con- 
ver ted t o  U , 0 8  by hea t ing  in  oxygen a t  500 t o  
800°C. Then the  oxide  w a s  chlorinated with 85% 
C1 -15% CC14 a t  500°C, thus  forming t h e  volat i le  
UCl ,-UC1 6 s  T h e  ch lor ides  were f inal ly  purified 
and decontaminated from f i ss ion  products by 
fract ional  d i s t i l l a t ion  and sublimation. Uranium 
recovery varied from 90 to 98%. T h e  losses were  
c a u s e d  by incomplete  chlorination and/or sublima- 
tion of higher  ch lor ides  during t h e  purification s tep .  
Volatilization of t h e  plutonium w a s  accomplished 
by u s e  of large e x c e s s  volumes of the C1,-CCI4; 
but  i t s  behavior  w a s  unpredictable, probably due  
t o  phys ica l  adsorpt ion on the  equipment of t h e  
smal l  amounts of plutonium i n  t h e  fuel  samples .  
T h e  overa l l  gamma decontamination factors  
w e r e  general ly  low, less than 50, s imilar  to v a l u e s  
obtained by others .  Such decontamination may be 
sa t i s fac tory  for a close-coupled low-decontarnina- 
tion process .  

2 
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a s  a Function of Ternperoture. 

Corrosion Tests for Oxidation a d  
Chloride Volat i l i ty  Processes 

Head-end p r o c e s s e s  for graphite or carb ide  fuels  
generally c o n s i s t  i n  burning the fuel  in  oxygen, 

1.8 CQRROSSON STUD1 ES air, or s team and then dissolving the ' 'ash" i n  
ni t r ic  acid.  T e s t s  have  shown that  such  p r o c e s s e s  

Corrosion s t u d i e s  in  support  of t h e  various fuel  can b e  sat isfactor i ly  conducted i n  equipment 
process ing  development programs were carr ied made of s t a i n l e s s  s t e e l  or high-nickel a l loys.  T h e  
out by P. D. Neumann and other  members of the  corrosion rate  of type 309 SCb s t a i n l e s s  s t e e l  for 
Reactor  Chemistry Division. Structural mater ia ls  e ight  c y c l e s  of a l te rna te  exposure t o  oxygen a t  
for both aqueous and  nonaqueous processes were  800°C t'or 5 hr,  followed by leaching  in boi l ing 
evaluated.  5 M H N 0 3  for >2 hr, w a s  50.03 mil/month. If the  
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ash,  such  as plutonium dioxide or  thorium dioxide,  
requires t h e  addition of s m a l l  amounts of hydrogen 
fluoride to the  ni t r ic  acid d isso lvent ,  Corronel 230 
is the  preferred al loy.  Substi tution of the  Thorex 
dissolvent  (13 M MN03-0.04 M I-IF) for the  5 M 
HNQ3 in the burn-dissolve c y c l e  resulted i n  a 
corrosion rate  of less than 1 mil/month for Cor- 
ronel. 

Increased burning temperatures  can  be  expected 
to inc rease  the  corrosion ra tes  of nickel  and nickel  
a l loys  i n  p r o c e s s e s  tha t  call for burning and dis-  
solving. Nickel  exposed in pute  oxygen a t  800°C 
formed an adherent,  protect ive film, but the f i lm,  
when formed at higher temperatures,  spa l led  
irregularly. High-temperature a l loys  s u c h  a s  Ni- 
chrome, Corronel 230, Inconel,  and types 309 and 
310 s t a i n l e s s  steel c a n  be expected to  withstand 
dry oxidation a t  temperatures varying from 800 to 
11OO*C. T h e  addition of 1 vol 7% of hydrogen 
fluoride to  t h e  oxygen, accompanied by lowering 
the  exposure temperature to 6OO0C, resul ted in 
corrosion r a t e s  on “A” nickel  which inc reased  
from about 0.1 mil/month (24-hr tes t )  to 0.4 m i l /  
month ( 1 0 W h r  exposure),  

Superheated steam, with or without the addition 
of small  amounts of oxygen, is a poss ib l e  reagent  
for oxidizing Zircaloy-2 or for decomposing care 
bide fuels.  T y p e  304L s t a i n l e s s  s t e e l  and “A” 
nickel  exposed in s t e a m  a t  825OC: and atmospheric 
pressure corroded a t  ra tes  tha t  averaged 0.2 and 
0.7 mil/month, respect ively,  based on 1008 hr of 
exposure.  “A” nickel  t e s t e d  in steam-1 vol % 0, 
under these same  condi t ions showed a weight gain 
equivalent  to a corrosion ra te  of 1.8 mils/month 
based on 168 hr of exposure.  

N o  material  t es ted  showed sa t i s fac tory  resis t -  
a n c e  to any p rocess ing  c y c l e  involving high-tem- 
perature chlorination by chlorine or carbon tetra- 
chloride a t  500 to 600°C, followed by oxidation 
at 800OC and aqueous dissolut ion.  Cyc le  sc- 
quences  wete  changed t o  l e t  e i ther  chlorination or  
oxidation be  the  f i rs t  s t e p  and to u s e  either hydro- 
chloric or ni t r ic  acid as the aqueous  dissolvent .  
T h e  corrosion ra tes  of a l l  mater ia ls  tes ted were 
220 mils/month. Materials t e s t e d  included “A” 
nickel,  Nichrorne V, Haynes 25, arid Corronel 230. 
In c y c l e s  involving oxidation at 8OO0C, chlorina- 
tion by hexachloropropene at about 18OoC, and 
dissolut ion in  5 M H N 0 3 ,  both Nichrome V and 
Haynes 25 showed negl igible  corrosion. 

Corrosion Tesfs  for Aqueous Processes 

Carbide and graphite fue ls  a l s o  can  b e  dis inte-  
grated by treatment with ni t r ic  a c i d  of high con- 
centrat ions,  or they can  be  chemically oxidized 
a t  150°C (“burned”) by the u s e  of “nitrating 
acid,”  which c o n s i s t s  of mixed, concentrated 
I-12S04-10% € I N 0 3 .  For s u c h  serv ice ,  only 
Duriron and tantalum gave sa t i s fac tory  corrosion 
res i s tance  -- 5 0 . 3  mil/month. Other mater ia ls  
tes ted  included type 309  SCb s t a i n l e s s  steel, 
Carpenter 20 SCb,  Corronel 230, Ni-o-nel, and 
Nichrome V. Of the  a l loys  that  “fai led,”  type 
309 SCb had the  lowes t  corrosion rate, 7.7 m i l s /  
month for 96 hr  of exposure.  

In boiling 7 121 HN03-0.05 M HF, Cortonel 230 
was the m o s t  sdt isfactory of four a l loys  tes ted.  
Maximum rates for Corronel, type 309 SCb, 
Hastel loy F, and IIaynes 25 a l loys  were 1.9, 13.7, 
28.2, and 6.1 mils/month, respect ively,  for 48 hr  
of exposure in t h e  ini t ia l  dissolvent .  When the  
solut ion was  0.24 M in U O Z 2 +  and 0.06 M in rare- 
earth oxides,  to s imula t e  dissolved U 0 2  and P u 0 2 ,  
maximum ra tes  were 0.3, 0.4, 0.5, and 0.6 m i l /  
month, respect ively,  based  on 504 hr of exposure. 

In t e s t s  to eva lua te  the feasibi l i ty  of absorbing 
the  off-gases from hydrochlorination of zirconium 
fuels,  Hastel loy €3 w a s  exposed for 1008 hr  in  
boiling 3 HC1-3 M ZrOC12. The  maximum over- 
a l l  rate w a s  only 1.7 mils/montb, but pi t t ing 
occurred to such  a degree  that  the alloy cannot  b e  
recommended for t h i s  service. 

In miscel laneous tests, Durirota alloy, DC-8, 
corroded in  5 rlg tINO3-2 M HCl ( ini t ia l  Darex 
dissolvent)  a t  a maximum rate which inc reased  
from 3.0 mils/month, based  on 24 h r  of exposure,  to 
3.5 mils/month, based  on 72 hr of exposure.  In 
the “midpoint” Darex solution (4 ill H’, 4.3 ill 

0,06 M Ni”), the  maximum rate  inc reased  from 
0.5 to 0.7 mil/month, based  on 24 and 48 hr of 
exposure respectively.  

 NO^-, 0.15 M cr3+, 1.9 M CI-, 0.55 M ~ e ~ + ,  

1,9 M ECH AN lCAL PRQC ESSl NG 
D E V E LO PM E N T 

T h e  major efforts during t h e  p a s t  year  on 
mechanical  p rocess ing  of fue ls  included an evalua- 
tion of d i sa s sembly  methods for second-generation 



22 

power reactor  fuels ,  completion of shear ing  t e s t s  
on first-generation f u e l s ,  a safe ty  ana lys i s  of 
ziiconium-clad fuel  shear ing,  and the development 
of s u i t a b l e  equipment for the  batch-leaching of 
sheared  UOz and ThQ2-UOz fuels. 

T h e  shear-leach process ,  (Fig. 1.18) devel- 
oped a s  an al ternat ive to chemical  decladding fol- 
lowed by fuel dissolut ion,  inc ludes  (1) t h e  shear ing  
of multitubular fue l  assembl ies  or individual t u b e s  
in to  5 - t o  2-in. l engths  to expose  t h e  fuel material 
and (2) leaching  of t h e  fuel  from t h e  disrupted 
cladding with ni t r ic  acid or Thorex d i s s o l v m t .  
With some of the  second-generation fuels ,  at l e a s t  

2 

-. . . . . . . . . ......... __ 
34C. D. Watson e t  al., The Shear-Leach Process  for  

Spent Nuclear Fuels ,  ORNL-3625 ( t o  be published). 

part ia l  fuel e lement  d isassembly  prior to shear ing 
w a s  required. T h e  feasibi l i ty  of the shear-leach 
process  h a s  now been fully demonstrated for 
s ta in less -s  teel-clad and Zircaloy-2-clad UO and 
T h Q z - U 0 2  fuels. Further  work will b e  required to 
show its adequacy for NaK-bonded U-Mo or UC 
fuels  arid for fue ls  made from mater ia ls  that  a r e  
insoluble  in ni t r ic  ac id  or ca ta lyzed  ni t r ic  acid.  

Since the cladding is not  dissolved,  the  leached 
cladding c a n  b e  s tored as  a so l id  w a s t e  for about 
one-twentieth t h e  c o s t  of i t s  liquid counterpart. 
T h e  process  not only offers  a n  economic advantage 
in w a s t e  s torage  but is a usefu l  adjunct  t o  exis t -  
i n g  chemical  process ing  plants ,  allowing t h e  
process ing  of a wider variety of spent  fuel i n  
convent ional  s t a i n l e s s  steel. equipment. 

UNGLASSIF IED 
ORNL-DWG 63-3134 

[DISASSEMBLY -- ~ - -  -~ -- 
END FITTINGS 
TUBE SHEETS 

SPENTFUEL , 
ASSEMBIL ES L. - r  

I I  

r - - - . ~ . .  . . ~ ~ ~  
~- 

- -- - .. 

REM OVAL 

i- .: 7 \, 

END FI7.TINGS 
TlJBE SHEETS 

SI-1EATHS 
SAW BLADES 

SAWDUST 

BATC H 
. . . . . . . . . . 

EMPTY (BASKET) 

SO 1. I DS WASTE 1 DISPOSAL I 
(UNDERGROUND) 

Ist CYCLE 

EXTRACl ION 

PRODUCT 
SOI.IJTION SOLVENT 

METAL NITRATES Rf-COVERY 

OPT ION A L. 
oPER*T'oN {-- REQUIRED 

_ _ _ _  

Fig .  1.18. Flowsheet of Shear-Leach Process. 



23 

In the p rocess ing  of f i r s t -  and second-generation 
multitubular fuel arrays,  the end  adap te r s  are re- 
moved prior to shear ing.  In t e s t s  of this operation, 
the e n d s  were sa t i s fac tor i ly  removed by abrasive-  
disk s a w i n g  and by dr i l l ing out  spot  welds  tha t  
s ecu red  the  assembly outer  shea th  t o  t h e  end 
adapters .  Ei ther  method is e a s i l y  adapted for hot- 
cell USE by means of inexpensive commercial 
equipment. For  first-generation fuels ,  the tubes  
are  held together with brazed ferrules,  and the 
a s sembl i e s  c a n  hc s h e a r e d  directly.  Some second-  
generation fue ls  (e. g., Consol idated Edison Core 
M) contain fuel rods that a r e  held in  brazed “egg 
c ra t e s”  or grids spaced  a t  1-ft intervals  a long t h e  
fuel assembly. Tr ia l  pul l ings of individual rods 
showed tha t  the operation is f e a s i b l c  and that a 

force of 24 t o  130 lb  would be required. Similar 
tests in which rods were pushed from an assembly 
were equal ly  success fu l .  Both methods appea r  to 
be  practical .  P u s h i n g  or pulling of s e l e c t e d  fuel  
t ubes  a t  appropriate locat ions permits a parent 
assembly to  be subdivided by abrasive-disk saw- 
ing. For example,  i f  a ver t ical  and a horizontal  
COW of tubes in te rsec t ing  at t h e  center  of the  
assembly are  removed, the  assembly can  then be 
quartered by sawing  through the  assembly longitu- 
dinally at the  vacated s i t e s .  

‘]The 250-tun prototype fuel s h e a r  c o n s i s t s  of a 
s t a i n l e s s  s t e e l  housing tha t  contains  a horizontally 
moving ram which car r ies  a s t epped  blade a c r o s s  a 
V-shaped fixed blade. T h e  s h e a r  is also equipped 
with a horizontally ac tua t ed  feeding mechanism, 
gags  to  hold the spen t  fuel duting shear ing,  and 
gibs  to  ad jus t  t h e  c l ea rance  between blades.  The 
des ign  of t h e  s h e a r  permits remote replacement of 
t h e  feed envelope,  gags,  f ixed and moving blades,  
and the ad jus tab le  wearing su r faces  or  gibs. I t  is 
provided with a network type of lubrication sys t em 
and a sepa ra t e  sys t em of 40 n o z z l e s  for remote 
decontamination with aqueous solut ions.  All  the 
main features  of the  s h e a r  have been t e s t e d  t o  
evaluate  the adequacy of the design.  

Fwel-Feeding Mechani 5m. - T h e  hydraulic feed- 
ing mechanism, which is s e a l e d  to t h e  outer end 
of t h e  envelope, p u s h e s  the fuel  in to  the  s h e a r  at a 

preset  ra te  a g a i n s t  a variable-length s top.  This 

s top ,  which sets the length to b e  sheared,  was 
tes ted  with wood, U 0 2 ,  Th02-U02, and porcelain- 
f i l led prototype fuel a s sembl i e s ,  a s  well  a s  with 
loosely s t acked  rods. T h e  envelope and feeding 
mechanism performed excel lent ly ,  with the excep- 
tion of t h e  fuel s top,  which w a s  damaged twice. 
Placement  of the s t o p  or its equivalent  in  the 
exterior feeding mechanism is recommended, 

Gags. - In the  2.504011 shear ,  two gags placed 
s i d e  by s i d e  were evaluated for holding multi- 
tubular a s sembl i e s ,  subassembl i e s ,  and loosely 
packed fuel  tubes. T h e  resu l t s  of t h e s e  tests 
show that  two gags,  a resil ient-faced outer one 
and a hard-faced inner one, operating in the  
proper s equence  a re  necessa ry  for sa t i s fac tory  
shea r ing  of nuclear  fuel. A s i n g l e  g a g  d o e s  not 
permit proper feeding of the spen t  fuel while 
s imultaneously se rv ing  as a holding device,  The 
gags are ,  in principle,  a n  unbroken smooth ex-  
tension of the  feed envelope and must be dimen- 
s ioned accordingly.  

Fixed and Moving Blades. - T h e  fixed blade 
and fixed-blade holder,  or anvil ,  a r e  V-shaped, 
with t h e  open end of the  V facing the  leading s t e p  
of the moving bl-ade, T h e  width is the same  as 
that  of  the combined outer and inner V-shaped gags  
and opposes  the  thrust  of t h e  gagss This design 
of  the fixed blade appea r s  t o  b e  t h e  bes t  general  
s h a p e  to  accornriiodate all fuel types.  T h e  l i fe  of 
the  fixed blade is est imated to b e  severa l  reactor  
cores .  A step-shaped moving blade is considered 
to  be the b e s t  general-purpose blade. Optimum 
c lea rance  between t h e  two blades appea r s  t o  b e  
about 3 mil s .  During a 38-min t e s t  i n  which a 
porcelain-fi l led ORNL hfark I assembly w a s  
shea red  169 t i m e s  (>2-in. cuts) ,  an inc rease  in  
blade temperature from 39°C t o  6 2 T  occurred 
within 10.5 min (50 cu t s ) .  T h e  temperature re- 
mained at about  62OC for the  remainder o f  the  
shearing. 

Decontamination and Lubrication. - In a s ingle  
t e s t  in which the s h e a r  interior was  contaminated 
with about 300 g of U 0 2  and Th02-U02  f ines ,  the  
shea r  was sa t i s fac tor i ly  c l eaned  with four water 
washes  of about 30 l i te rs  each.  T h e  total  s h e a r  
holdup w a s  approximately 1450 g of UOz and 
ThO ,-UO 2,  resul t ing from 14.50 c u t s  of UO 2-filled 
and 215 c u t s  of Th02-U02- f i l l ed  OKNL Mark I 
fuel a s sembl i e s .  Approximately 1150 g of the 
contaminants had been removed from t h e  shea r  
by vacuum c lean ing  before washing. 
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Lubrication of the s h e a r  is probably not required, 
but water containing about 0.1% of fine molyb- 
denum disu l f ide  is recommended. 

Shearing Tests  

Safety of Shearing Zircaloy-2. - Zirconium-clad 
prototype fuel was  sheared  for the f i r s t  time in  the  
ORNL 250-ton shear.  A fuel bundle cons i s t ing  of 
77 loose  Zircaloy-2 tubes  (0.42 in. in diameter, 
with a 30-mil wall)  f i l led with U02 pe l l e t s  w a s  
sheared  into O S - ,  1.5, and 2.0-in. lengths.  T h e  
maximum shear ing  force required varied from 7 1  t o  
92  tons,  compared with 63 tons  for shear ing  a 
s t a i n l e s s  s t e e l  fuel bundle (ORNL Mark I assem- 
bly). Shearing w a s  accomplished without difficulty 
and with no apparent r isk of ignit ing the  parent 
assembly.  Some spark ing  w a s  observed during 
shear ing  of t he  Zircaloy-2 tubes ,  but par t ic le  
spec imens  larger than 38-in., 149 to 297 p, and 
74 to 149 p (examined at 500x by M. L. Picke ls imer  
of the  Metals and Ceramics  Division) showed n o  

ev idence  of oxygen contamination, annealing of 
t h e  grain structure,  or of temperatures sufficiently 
great t o  have  formed a de t ec t ab le  oxide skin.  
More than 95% of the  dislodged Zircaloy-2 par t ic les  
in t h e  two smallest fractions measured, 44 to 74 p 
and <44 p, were magnetic. T h i s  h a s  not ye t  been 
explained, and an  investigation of this magnetism 
is continuing. T h e  par t ic les  in these  two fractions 
were determined by the  x-ray absorption-edge 
method to c o n s i s t  of 48  t o  73% zirconium; a s m a l l  
amount of iron w a s  also detected.  

Some of t h e  shea red  cladding w a s  c racked  
circumferentially, and a large number of p i eces  
were s p l i t  longitudinally into seve ra l  sec t ions .  
T h i s  fracturing of the Zircaloy-2 c ladding  al lowed 
a much greater pe rcen tageof  the core  material  to 
become dislodged than w a s  the case with s ta in-  
less s t e e l  c ladding  (Fig. 1.19). 

Effect  of Tubing Wall Thickness on Shearing. - 
F u e l  t ubes  or rods were withdrawn from a Consoli- 
dated Edison  Core B assembly  and s tacked  loose ly  
in an  orderly array in  feed envelopes  for shear ing  
t e s t s  on loose rods. T h e s e  fuel rods are  0.3 in. in 
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diameter and 1 2  in. long, with 11-mi l  walls.  Two 
arrays were  evaluated:  the f i r s t  w a s  2.75 by 2.75 
in. and  contained 93 tubes;  t h e  other w a s  3.75 by 
3.75 in. and contained 156 tubes.  T h e  bundles  
were e a s i l y  gagged and  sheared.  The resu l t s  of 
tests with fuel rods filled with porcelain and 
shea red  into 1-in. lengths  showed tha t  the  bundles  
of small t u b e s  were e a s i l y  res t ra ined and held 
during shearing; the thin (11 m i l s )  wall  w a s  
shea red  as e a s i l y  as  tubing with 30- t o  35-mil 
wal ls ,  and terminal lengths  of 51.5 in. were 
e a s i l y  a t ta ined.  

Shearing of Intact and Subdivided Fuel Assern- 
blies. - First-generation unsheathed fuel  assem- 
b l i e s  of brazed tubular construct ion up to a maxi- 
mum s i z e  of 3.6 by 3.6 in. were e a s i l y  shea red  
intact .  Larger  sizes h a v e  not ye t  been tried. 
Attempts to  s h e a r  intact ,  second-generation, 6- by 
6-in. shea thed  fuel containing e g g  c r a t e s  (Consoli-  
dated Edison Core B) into which the  fuel rods are 
inser ted  were unsuccess fu l  b e c a u s e  t h e  shea th  pre- 
vented proper holding of the fuel during shearing. 
In subsequen t  t e s t s  with t h e  same assembly,  two 
rows of tubes were removed, and t h e  parent assem- 
bly w a s  sawed  longitudinally in to  subassembl i e s ,  
as explained i n  “Fuel-Disassembly T e s t s , ”  th i s  
chapter. Subassemblies  of 2.6- by 2.6-in. and 3.6- 
by 3.6-in. configurations were then e a s i l y  sheared.  
Further  tests with second-generation fue ls  are 
planned. 

Batch Leaching Studies 

Batch l each ing  s t u d i e s  were conducted on 
bench and engineer ing scales with sheared,  unir- 
radiated,  prototype T h o 2 - U 0 2  and U 0 2  fuel  to 
determine t h e  time required for l each ing  99.9% of 

the fuel  and to eva lua te  the  feasibi l i ty  of leaching 
in  a perforated basket .  Typical  data  are given in  
T a b l e  1.3 for both shea r ing  and leaching. 

Bench-Scale Leaching of Clad Tho,-UO, and 
UO, Pellets. - Leach ing  s t u d i e s  were performed 
in  which unirradiated shea red  s ta inless-s teel-clad 
T h o 2 - U 0 2  and U 0 2  pel le t s  were l eached  in  12 M 
HN03-0.04 M NaF-0.10 M A1(N03)3 and 7 M 
H N 0 3  respect ively.  Variables  s tudied in  the 
T h o  -UO leach ing  were,  in order of importance, 
air sparging for agi ta t ion of T h 0 2 - U 0 2  f ines  re- 

l e a s e d  from the  fuel baske t ,  length of sheared fuel 
p ieces ,  and fuel baske t  design. The  4-in.-diam 
batch l eache r  u sed  in t h e s e  experiments is shown 
in Fig.  1.20. 

T h e  minimum t ime  observed for 99.9% dissolut ion 
of pel le t ized Tho2-UO,  w a s  6.7 hr. In t h i s  test, 
/2-in. shea red  lengths  of s ta in less -s tee l -c lad  T h o 2 -  

UO were leached in  a perforated basket ,  employing 
an a i r  sparge.  Without an air sparge ,  the  average 
dissolut ion t ime  for both $2- and 1-in. lengths  was  
about 1 2  hr  (Fig.  1.21). T h e  leaching t i m e  required 
for 15-in.  lengths  of fuel  w a s  considerably longer 
than for $2- or 1-in. l engths  under the s a m e  condi- 
t ions.  T h e  extrapolated t ime  for 99% dissolut ion 
w a s  14 hr, compared with 8 hr for the shorter  
lengths.  Terminal thorium-plus-uranium concentra- 
t ions  in all runs w a s  about 125 g/liter. 

Four runs in  which shea red  metal-clad U 0 2  fuel  
w a s  l eached  i n  7 M H N 0 3  resul ted i n  99.9% U 0 2  
dissolut ion i n  less than 2 hr. Material sheared to  
1 ‘/2-in. lengths  l e a c h e s  appreciably fas te r  than 
tha t  c u t  in to  2-in. lengths.  Also,  U 0 2  w a s  leached 
more rapidly from Zircaloy-2 cladding than from 
s t a i n l e s s  steel cladding, possibly because  the 
shea red  e n d s  of the Zircaloy-2 a re  a lmost  fully 
open, while the  e n d s  of t h e  more duct i le  s t a i n l e s s  
steel are part ia l ly  c losed .  

2 2  

1 

2 

Table 1.3. Typical Shear-Leach Doto for Prototype Power-Reactor Fuels 

Recommended 
Shearing Sheared Core Clad Packing Void Time to Batch 

Fuel Cladding Force Length Dislodged Dislodged Density Fraction Leach 99.9% Notes 
(tons) (in.) (%) (%) (g/cm3) (%) (h r) 

Stainless steel 50-90 1 36 2 4.8 50 12 
1% 28 2% 55 2 

UOZ 

UO,-ThO2 Stainless steel 50-75 2 

2 

(pellets) or Zircaloy-2 

85 8 4.4 48 8 Sparged 
36 2 50 

85 8 4.4 48 20 25% heel 

12 Not sparged (pellets) 1 

U02-Th02 Stainless steel 50-75 
(sol gel) 1 36 2 50 65 No heel 
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Fig. 1.20. Recirculat ing 10-Li ter  Batch Leacher. 

L iqu id  height: about 4 ft. 

Air sparging w a s  not  u sed  s i n c e  the  reaction was  
very energet ic  and did not  require suspension of 
UO, fines.  T h e  bed of UO, f i n e s  was  about 2 in. 
deep  in  the bottom of the leacher  at s o m e  t i m e  
during e a c h  run. B e c a u s e  of the  high react ivi ty  of 
UO, f ines  with HN03 ,  t h e  fuel baske t  was  im- 
mersed in  the d i s so lven t  at room temperature and 

then hea ted  to 105OC. (The leaching b a s k e t  em-  
ployed in  t h e s e  runs i s  t h e  tall one  i n  Fig.  1.22). 

Engineering-Scale Leaching of Clad Tho,-UO, 
and UO, Pellets. - Unirradiated >2- and 1-in.- 
long shea red  s e c t i o n s  of s ta inless-s teel-clad 

and 6.4 kg  of s t a i n l e s s  s t e e l )  were batch leached 
in  a n  engineering-scale batch leacher  i n  which 
boiling (117.5OC) d i s so lven t  10.7 M in HN03 ,  0.04 
M in A13+, and  0.04 M in F- w a s  in convection 
circulation. T h e  effect of shea red  length on 
dissolut ion t i m e  was measured. Dissolut ion of 
the T h 0 2 - U 0  , w a s  99.9% complete in 18 >, hr for 
'/,-in. sec t ions ,  and in  18 hr for 1-in. sec t ions .  
T h e  f inal  product solut ion contained 160 g of 
thorium per l i ter  and w a s  9.6 M in HN03;  it had a 

volume of 92  liters and w a s  almost  the s a m e  for 

Tho2-UO, (17.3 kg  of 96.88% Th02-3.12% UO, 

e a c h  case. Except  for the amount of f ines  dis-  
lodged from the  basket  during dissolut ion of the  
consumable steel l iner  (4110 g of iron for %-in. 
s e c t i o n s  and 1650 g for 1-in. sec t ions) ,  there 
w a s  no appreciable  difference in  the  batch leach-  
ing  of %- or 1-in sheared sec t ions .  

An engineer ing-scale  batch leaching of 25 kg 
of fuel containing 19.1 kg  of UO, and 5.85 kg  of 
s t a i n l e s s  steel shea red  to 1-in. sec t ions ,  with 
boiling (108OC) 7.11 M H N 0 3  a s  the dissolvent ,  
resul ted in more than 99.9% dissolut ion of the  
UO, in  2 hr. T h e  f inal  product composition was: 
183 g/li ter uranium, 5 M H N 0 3 ,  2.08 g/liter Fe3+, 
0.019 g/ l i ter  Cr3+,  and 0.103 g/l i ter  Ni2+.  The  
volume of UO, f ines  carried out  of the baske t  
during dissolut ion of the consumable l iner  w a s  
about 1150 ml  (es t imated weight, 7170 8). 

Bench-Scale Leaching of Sized Sol-Gel-Derived 
Tho ,-UO - Dissolut ion ra tes  of T h o  ,-UO , 
prepared by the sol-gel process  were measured for 
the two extremes (6 t o  16 mesh and -200 mesh) 
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Comparison of  leaching rate of 1-in. sheared lengths 
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of the size distribution usua l ly  employed in vibra- 
torily packed fuel.  T h e  distribution recommended 
for '/,-in.-diarn fuel t ubes  is 60% 6 to 16 mesh, 
15% 70 to 140 mesh, and 25% -200 mesh. 

Dissolution of nominal 6- to 16-mesh sol-gel 
material  followed the  relationship K = 0.718e-00059' 
(for t > 1 2  hr), where R is the  fraction remaining at 
any t i m e  t in hours, S ince  the  fines d i s so lve  
much more rapidly, 99.9% of the  s i z e  distribution 
spec i f i ed  for t2-in. tubes  will d i s so lve  in about 
6 0  hr. A 1500-g batch of -200-mesh sol-gel mate-  
r ia l  w a s  also leached  in  10 l i t e r s  of refluxing 
d isso lvent .  At an  air-sparge rate of 0.05 s c f m ,  
99.92% disso lu t ion  w a s  achieved  in 14 hr. T h e  
composition of the  d isso lver  solution in both runs 
w a s  approximately 0.55 il.1 Th-0.017 M U-9.5 M 
HN03--0.04 M NaF-0.10 M A1(NO:O3. 

Dissolution of Sol-Gel-Derived Tho,-UO by 
Heel Operation, - T h e  s low d isso lu t ion  r a t e  of 
sol-gel-derived T h o  2-U02 sugges ted  that  dissolv- 
i n g  to a hee l ,  i n  comparatively shor t  cyc le s ,  would 
almost cer ta in ly  be preferable to  complete  core  
d isso lu t ion  of each  batch. 

A series of e ight  20-hr d i sso lu t ion  cyc le s ,  i n  
which a 1400-g charge  of sol-gel T h o 2 - U 0 2  w a s  
added to the  res idue  i n  the l eaching  baske t  a t  the 
end  of e a c h  cyc le ,  produced a maximum hee l  of 
356 g, equiva len t  to  25% of the individual charge,  
at the  end  of s i x  cyc les .  T h e  s i z e  distribution of 
the T h o , - U 0 2  hee l  contained in  the  baske t  a t  the  
e n d o f  the  fifth and e ighth  c y c l e s  was  as follows: 

Fifth Cycle  Eighth Cycle 

(%I (%I Mesh Size 

6 to 10 50 33 

PO to 20 45 60 

20 to 50 5 7 

T h e  amount of undissolved T h o 2 - U 0 2  found 
ou t s ide  the  baske t  a t  t he  end  of a 20-br cyc le  was  
s o  s m a l l  that  it could have  been discarded. 

Batch Leaching of Sheared Stainless-Steel-Clad 
Sol-Gel ThO,-UO,. - Previous  batch leaching  
work showed tha t  pe l le ted  Th02-UOz was  leached  
from s ta in less -s tee l -c lad  T h o  2-U0 fuel  more 
rapidly for $2-in. sheared  lengths (about 7 hr) than 
for 1-in. lengths (about 12  hr), with other condi- 
t ions  optimized. 

Stainless-steel-clad sol-gel T h 0 2 - U 0  was  
99.9% leached  in about 32  hr for f;-in. sheared  
lengths and 51 hr for 1-in. sheared  lengths.  T h e  
ratio of t h e s e  numbers is virtually the s a m e  as the 
7-hr t o  12-hr ratio for pe l le t ized  ThQ2-U02 - 
about 60%. T h e s e  absolu te  t ime  va lues  for sol-gel 
T h o  -UO are  somewhat  optimistic,  s i n c e  terminal 
thorium concentration was only about 75 d l i t e r ,  
compared with a value of 125  g/liter for a l l  pre- 
vious leaching  runs.  

Fuel -Basket  Design Specifications. - A fue l  
b a s k e t  must b e  des igned  t o  receive sheared  fuel 
from the  shea r  and transport it to the  leacher ,  
support  the c u t  fuel. within the leacher  while the  
core  material  i s  being leached, and remove the  
empty m e t a l  c ladding  from the leacher.  

T h e  f ive baske t s  t e s t ed  and representative 
s e c t i o n s  of the cylindrical  bottom and su r faces  
are shown in  Fig.  1.22. When relatively weak per- 
forated shee t  metal was  employed (the f i rs t  and 
third baske ts ) ,  the bottom was  reinforced with 
heavier  perforated shee t .  T h e  percentage  of free 
a rea  in  the  bottoms of t h e s e  two b a s k e t s  is the 
product of the  va lue  of e a c h  lamination, o r  about 
6%. 

Pr inc ipa l  var iab les  examined included ho le  size 
and s h a p e  and percentage of free area of the baske t  
material, Most of the runs that  were made to 
determine the optimum baske t  design were made 
with 1-in. sheared  lengths  of s ta in less -s tee l -c lad  
Tho2-UO in a nonsparged system. 

T h e  five types  of perforated s h e e t  eva lua ted  for 
baske t  l iner u s e  were ranked on the b a s i s  of time 
required for sheared  fuel to be  99% leached. T h e  
f i r s t  th ree  materials shown in Fig.  1.22 gave about 
equal performance within the  accuracy  of the  
dissolution-time measurements  made. 

2 2  
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2. FI uoride Vo I a ti I ity 

T h e  purpose of t h e  volat i l i ty  program i n  t h e  
United S t a t e s  is t o  develop a n  a l te rna t ive  t o  
convent ional  aqueous  p r o c e s s e s  for recovering 
uranium from s p e n t  nuclear  fuels .  Current major 
volatility p r o c e s s e s  depend upon e i ther  volatiliz- 
ing uranium as U F ,  from nonaqueous so lu t ions  
of t h e  reactor fuel, s t ruc tura l  mater ia ls ,  and  f i ss ion  
products, o r  volat i l iz ing cer ta in  s t ructural  mate- 
r ia ls ,  s u c h  as zirconium and aluminum, from t h e  
uranium a s  their  chlor ides .  In some c a s e s ,  s t ruc-  
tural  meta ls  and the  accompanying uranium a r e  
first converted to their  ch lor ides  with a chlorinat- 
ing agent ;  fluorine is then u s e d  t o  convert  t h e  
nonvolat i le  uranium chloride to t h e  vola t i le  U F  ,. 

Some of t h e  potent ia l  advantages  of volat i l i ty  
p r o c e s s e s ,  compared with aqueous  p r o c e s s e s ,  a r e  
(1) t h e  formation of a dry, highly concentrated 
w a s t e ,  (2) the greater  ease of process ing  cer ta in  
refractory fue ls ,  (3) fewer process ing  s t e p s  be- 
tween the  original fuel  e lement  and UF, ,  and 
(4) increased  nuclear  safety.  

At ORNL, t h e  emphas is  h a s  been on a molten- 
s a l t  fluoride-volatility p r o c e s s  which c o n s i s t s  
bas ica l ly  of th ree  s t e p s :  (1) disso lu t ion  of the 
metal (or oxide)  by hydrofluorination i n  a molten 
s a l t ,  (2) volat i l izat ion of uranium from t h e  melt 
a s  U F  by contac t ing  the  salt with g a s e o u s  fluo- 
rine, and (3) the  purification of t h e  product U F ,  
from contaminants  by p a s s i n g  t h e  impure g a s  
s t ream through beds  of N a F  and  MgF2 pel le ts .  

T h e  f i r s t  fuel  p rocessed  here  by t h e  molten-salt 
fluoride-volatility p r o c e s s  w a s  the molten salt 
from t h e  Aircraft Reac tor  Experiment. T h e  next  
effort w a s  t h e  development of a p r o c e s s  for u s e  
with a l loys  of zirconium and highly enriched 
uranium. A few y e a r s  ago, t h e  s tudy  of t h e  ap- 
pl icat ion of the  process  to A1-U al loy f u e l s  began;  
t h i s  work w a s  prompted by the  large potent ia l  
load of s u c h  f u e l s  to be  processed.  In addition, 
some work h a s  been done on developing p r o c e s s e s  
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for fue ls  containing zirconia-urania, thoria-urania, 
beryllia-urania, and s t a i n l e s s  s t e e l .  

S tudies  have  also been made here  aimed a t  t h e  
volat i l izat ion and recovery of uranium and pluto- 
nium from low-enrichment fue ls ,  but t h e  pr incipal  
effort has been  at Argonne Nat ional  Laboratory,  
by u s e  of a fluidized-bed approach. T h e  appl i -  
ca t ion  of fluidized-bed methods t o  f u e l s  containing 
highly enriched uranium h a s  also been s tudied  
there. T h e  nitrofluor process  is being s tudied at  
Brookhaven Nat ional  Laboratory for p o s s i b l e  
appl icat ion to fue ls  containing both low- and high- 
enrichment uranium. 

Work on the  molten-salt fluoride-volatility 
p r o c e s s  for Zr-U al loy f u e l s  at ORNL is nearly 
complete ,  and i t s  appl icat ion to A1-U al loy f u e l s  
is being s tudied.  

In t h e  future, p rocess  development e f for t s  wil l  
emphas ize  the  appl icat ion of the molten-salt 
fluoride-volatility approach to low-enrichment 
fuels .  Also,  a proposal w a s  made t o  i n s t a l l  a 
fluidized-bed fluoride-volatility pilot plant  in  
Building 3019, primarily for s t u d i e s  on s t a i n l e s s -  
steel- or zirconium-clad U 0 2 .  

2.1 PROCESSING OF URANIUM- ZI RCONl UM 
ALLOY FUEL 

Many nuclear  reactors  a r e  fueled with U-Zr 
al loy,  but s u c h  fue ls  a re  difficult and expens ive  
t o  process  by convent ional  aqueous methods. 
Therefore, i n  order to develop an al ternat ive 
method for recovering enriched uranium from s p e n t  
zirconium-alloy fuel  e lements ,  the Chemical  
Technology Divis ion h a s  adapted the molten-salt 
fluoride-volatility process  to t h i s  purpose. Studies  
have  been made at  laboratory and engineer ing 
s c a l e s ,  and during t h i s  pas t  year  a s e r i e s  of 
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t e s t s  i n  the  ORNL Volatility P i lo t  P lan t  w a s  
successfu l ly  completed. 

Opera bi I i t y  of Mol ten-Sa It F luoride-Volatil  i ty  
Process for Zirconium-Uranium A l l o y  F u e l s  

Proved by Tests  i n  P i l o t  P lant  

An extens ive  s e r i e s  of tests of the  process  for 
recovering uranium from s p e n t  U-Zr al loy fue ls  
w a s  conducted in  the  ORNL Volatility Pilot P lan t  
with t h e  objec t ives  of (1) proving the  process  a t  
that  scale and (2) gathering suff ic ient  information 
to s e r v e  as the  b a s i s  for the  des ign  of a commer- 
cial plant. T h e  process  w a s  as descr ibed  i n  the  
introduction to th is  chapter. 

T h e  t e s t  s e r i e s  of five runs w a s  successfu l ly  
completed, and t h e  two objec t ives  mentioned above  
were met. Therefore, the  program w a s  terminated. 
T h e  resu l t s  of the  f i rs t  two runs were reported 
l a s t  year , '  but all f ive  a r e  summarized here. 
T h e s e  f ive  pilot plant experiments were made with 
highly i r radiated,  short-decayed (6 t o  13 months) 
fuel. 

In t h i s  s e r i e s ,  t h e  capabi l i ty  for s u s t a i n e d  
operation w a s  demonstrated. Chemical  purity 
of the  product w a s  acceptable ,  and losses were 
sa t i s fac tor i ly  low. Decontamination from f i ss ion  
products  w a s  extremely good, and the maintenance 
of high decontamination factors  w a s  demonstrated. 
Corrosion of t h e  d isso lver ,  although high when 
compared with that  i n  conventional p r o c e s s e s ,  
w a s  not crucial. At tack w a s  reasonably uniform, 
and the  rate  of corrosion is predictable ,  so  ade-  
qua te  a l lowances  c a n  be made in  des igning  a 
s imilar  v e s s e l .  

Description of Process for Zirconium-Uranium 
Al loy  F u e l  as  Studied in the P i l o t  Plant .  - T h e  
f lowsheet  depict ing equipment and flow pa t te rns  
tha t  were used  for process ing  U-Zr al loy fuel  
e lements  is shown i n  Fig. 2.1. T h i s  f lowsheet  
encompasses  the  dissolut ion of fuel  e lements  i n  
a molten fluoride s a l t ,  fluorination to s e p a r a t e  the 
uranium (as U F 6 )  from t h e  s a l t  and from most of 
the  f i ss ion  products, and further purification and 
recovery of t h e  UF6.  

Dissolution. - F u e l  e lements  weighing about  
42  kg (total) a re  lowered i n t o  t h e  d isso lver  and 
a r e  then covered with a molten salt (37.5-37.5-25 

'Chem. Technol. Div. Ann. Progr. R e p t .  May 31, 
1963, ORNL-3452, p. 33. 

m o l e  % LiF-NaF-ZrF4)  at 650°C. Anhydrous 
H F  is sparged  through the  s a l t ,  convert ing the  
fuel  e lement  to Z r F 4  and UF4.  AS the  zirconium 
content  of the  melt bui lds  up  toward its f inal  
concentrat ion of 4 5  mole %, the  temperature is 
reduced to 5oo°C. Complete dissolut ion requires  
12 t o  17 hr. 

Submicron-size s o l i d s  generated during dissolu-  
tion a r e  scrubbed from the  off-gas by l iquid HF.  
T h e s e  s o l i d s  and any H 2 0  resul t ing from oxide 
d isso lu t ion  a r e  retained i n  t h e  H F  ca tch  tank for 
d i scharge  at t h e  e n d  of the  run. Unreacted H F  is 
recirculated. Noncondensibles  (hydrogen and 
iner t  purge g a s e s )  a r e  scrubbed by 2 N KOH 
solut ion before being discharged to the  off-gas 
system. 

After d i sso lu t ion  is complete, t h e  s a l t  is trans-  
ferred to t h e  fluorinator for  uranium removal. 

Fluorination. - Salt  i n  t h e  fluorinator is kept  
at 50OoC. Fluorine is admitted into a draf t  tube 
i n  t h e  lower sec t ion  of the  fluorinator, thus supply- 
i n g  pumping act ion t o  c i rcu la te  t h e  salt. In 2 hr ,  
t h e  fluorine converts  the  U F 4  t o  U F 6 ,  which 
vola t i l i zes  from t h e  sa l t .  Most of the f i ss ion  
products remain i n  the  s a l t ,  which is later  t rans-  
ferred to  a w a s t e  c a n  for burial. 

During fluorination and subsequent  product 
purification, e x c e s s  fluorine is reacted with 
KOH solut ion in  a spray tower before t h e  off-gas 
is discharged. 

Product Purification and Recovery. - T h e  gas 
s t ream from fluorination, containing U F  6, is routed 
through t h e  movable-bed absorber, which conta ins  
N a F  pel le ts .  T h e  f i rs t  portion of t h i s  sorber  is 
held at 400°C. At th i s  temperature, some f i ss ion  
and corrosion products, s u c h  as fluorides of 
niobium and chromium, a r e  sorbed,  but U F 6  p a s s e s  
through. T h e  gas s t ream then en ters  a portion 
of t h e  N a F  bed held a t  100°C. At t h i s  temperature, 
U F 6  is retained by the  NaF.  Technetium, neptu- 
nium, and molybdenum f luorides  a re  also retained,  
but all other  impurities present  a t  t h i s  point l e a v e  
the  sorber  through t h e  out le t  l ine near the middle 
of t h e  vesse l .  T h i s  s t ream p a s s e s  through another 
N a F  bed (at room temperature) before d ischarge  to 
the  c a u s t i c  scrubber. 

After t h e  concurrent fluorination and sorption 
a r e  complete, the portion of t h e  bed containing 
U F  is hea ted  to 150°C t o  remove MoF 6; a fluorine 
s w e e p  is also used .  T h e  ent i re  bed is then heated 
to 400°C (with a fluorine sweep)  t o  remove U F 6  
through the  out le t  l ine  at the  top  of the  vesse l .  



t ' HF \ 

.--.--.--.-a 

I 
I A-A-A-A-A-A 8ARREN -SALT 

T R A N S F E R  TANK 
SCRUBBER 

C I R C  U L ATlOli. 
PUMD--_, 

e++3--.-e--. 

YORMAL -LOW LEGEND 

- u  
----- HF 

-4-4- Fz 

-&-A- MOLTEN SALT 
WASTE SOL- C H E W C A L  lMYURITY P?OCJCc 

HF VAPOR GENERATOR 

RENO i HEAD PUMPS 
DRAIN 

Fig. 2.1. Process F l o w  Diagram of Vola t i l i ty  Pilot Plant.  



32 

’Technetium and neptunium fluorides are removed 
by sorption a t  100°C in a bed of MgF2 pe l le t s ,  
l eav ing  a s t ream of pure U F 6  i n  fluorine and iner t  
purge g a s  (nitrogen). 

T h e  U P 6  product (0.5 to  1 kg) i s  recovered by 
f reez ing  ei ther  in  a s m a l l  product receiver s i z e d  
for a n  individual run or in  large cold t raps  capable  
of handl ing 15 kg of  UF6.  

After the  U F 6  h a s  been recovered, t h e  N a F  in 
the  lower portion of the movable-bed absorber  
(about 7 kg) is discharged into the w a s t e  s a l t  i n  
the fluorinator. Fresh  N a F  is then charged to the 
top of the  absorber. 

Results of the F i v e  R u n s .  - F i v e  runs were 
made, according to the method descr ibed above,  t o  
s tudy f i ss ion  product decontamination and to 
demonstrate  sus ta ined  operability. For e a c h  
run, twc fuel  e lements  were d isso lved;  thus ,  
about  0.5 kg of uranium and 4 2  kg of zirconium 
were processed  per run. T h e  fuel  was  highly 
enriched uranium, highly burned, with decay 
t imes ranging from 6 to 13 months. Decontamina- 
tion was excel lent ,  and the ease of operation 
increased  s teadi ly  throughout the  series. Data  
and de ta i l s  of the runs are summarized below, 
according to t h e  uni t  oper a-ions. t ’  

Dissolution. - Diksolution of t h e  fuel  e lements  
w a s  s ta r ted  with the s a l t  a t  650°C, about 5OoC 
above i t s  melting temperature. During the course  
of dissolut ion,  the temperature w a s  lowered to 
500°C, about GO°C above t h e  f inal  melting point. 
Flow of H F  was maintained a t  125 g/min unt i l  
the  e lement  sur face  a rea  w a s  reduced due t o  
dissolut ion of fuel plates .  

T h e  change in sur face  a r e a  when fuel  p la tes  
were penetrated resulted i n  a “tail-out” of the 
dissolut ion.  To i l lustrate  th i s ,  the  time required 
for dissolut ion of 90% of the  Fuel e lements  ranged 
from 9.5 to 12.7 hr, averaging 10.7; for cornplete 
dissolut ion,  t imes ranged from 12.2 to 16.5 hr 
and averaged 14.8. Hence,  d a t a  for the  f i r s t  90% 
of e a c h  dissolut ion a r e  more meaningful  than d a t a  
for complete  dissolut ion.  

Based on 90% completion, average metal dissolu-  
tion ra tes  ranged from 2.9 t o  3.9 kg/hr .  T h e s e  
d isso lu t ion  ra tes  a re  equivalent  to an HF utili- 
zat ion of 36 t o  45% per p a s s  (HF loss from the 
recirculation was imdetectable). Consider ing 
sys tem discharge a t  t h e  end of e a c h  run, overal l  
H F  ut i l izat ion usual ly  fe l l  in  the  60 t o  70% range. 

F Zuorination. - Two different fluorine flow 
ra tes  were used  i n  e a c h  fluorination. T h e  major 

portion of the  uianium w a s  removed i n  1.67 hr 
(1.5 in  t h e  f inal  run) with a fluorine flow rate  
of 6 s t d  liters/min; the remainder w a s  reriioved 
in  0.33 hr with fluorine flowing at 13 liters/min. 
T h e  concentrat ion of uranium in t h e  w a s t e  s a l t  
af ter  fluorination did not exceed  4 ppm; presum- 
ably,  for commercial processing,  a n  economic 
ba lance  would d ic ta te  less fluorination, thus  
resul t ing i n  a somewhat higher uranium concen-  
tration in t h e  w a s t e  salt. 

T h e  to ta l  nonrecoverable losses of uranium 
include any tha t  w a s  unfluorinated and any that  
remained with t h e  N a F  discharged into the  w a s t e  
salt. With the except ion of run R-9, in  which the 
loss was 0.14fr,, the  loss of nonrecoverable ura- 
nium i n  every mn w a s  less than 0,1%. 

F luor ine  ut i l izat ion ranged from 7 t o  11%. Al- 
though of in te res t ,  t h e s e  va lues  are  of l i t t l e  sig- 
nif icance i n  process ing  enriched fuels. F o r  ex- 
ample, only 3 l b  of fluorine was used  for the  K-11 
fluorination. 

Product  Quality. - T h e  combined product U F 6  
from the five-run s e r i e s  w a s  completely s a t i s -  
factory for return to production channels .  How- 
ever ,  only t h e  U F 6  from run R-7 met published 
spec i f ica t ions  for total  and individual ca t ion ic  
impurities.’ T a b l e  2 .1  l i s t s  for e a c h  rim the 
principal impurities in that  product, t h e  maximum 
total  ca t ion ic  impurities (based on ana ly t ica l  
limits), and s e l e c t e d  values  of the  specif icat ions.  

T h e  specif icat ion of 200 ppm molybdenum, 
maximum, w a s  met i n  some runs; however the 
K-9 and K-11 products had 120% of the maxi- 
mum allowed. Obviously, the molybdenum-removal 
procedure (heating the U F 6 - N a F  complex to 15OoC 
with a sweep of fluorine) w a s  not uniformly ef- 
fective. We now bel ieve that  the time a t  150°C, 
the  fluorine sweep,  or both, were inadequate ,  and 
that  sorbing the  U F 6  a t  150°C rather than a t  
100°C wilI so lve  t h i s  problem. 

T h e  nuc l ides  ”Tc and 237Np were sa t i s fac-  
torily trapped by the  MgF2 bed, as evidenced by 
the  low amounts found in the  product i n  a l l  runs.  

The high sodium content  of I?-8 is attributed to 
N a F  remaining in  the  l i n e s  from ear l ier  work. 
With t h e  except ion of the  unexplained high v a l u e s  
for copper  and nickel ,  a l l  other individual ca t ion ic  
impurity l e v e l s  were sat isfactory.  

’Federal Register 25, 2817 (1960). 
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T h e  total  ca t ion ic  impuri t ies  i n  the  products 
i n  individual  r u n s  met t h e  publ ished spec i f ica t ion  
of l e s s  than 300 ppm only in  run R-7. In the  l a s t  
three runs,  the  major contaminant w a s  molybdenum; 
therefore, a reduction i n  molybdenum Contamination 
by t h e  procedural change  sugges ted  above  would 
materially reduce t h e  amount of to ta l  ca t ion ic  
impurities. Note that  the  to ta l s  shown i n  T a b l e  
2.1 include the  ana ly t ica l  l imits  for t h o s e  c a t i o n s  
tha t  were below the  limit of de tec t ion  and  are ,  
therefore, maximum. 

Decontamination from f i ss ion  products  w a s  better 
us ing  t h i s  molten-salt fluoride-volatility p r o c e s s  
for U-Zr alloy fue ls  than h a s  ever  been achieved 
by any other  known process ,  even  three c y c l e s  of 
so lvent  extract ion ( s e e  T a b l e  2.2). 

T h e  decontamination fac tors  (DF 's )  in one  run 
of u p  to more than 5 x 10" for 95Zr-95Nb a r e  
particularly noteworthy. In a l l  c a s e s ,  t h e  f i ss ion  
products in the  product UF6 were close t o  or 
below the  l i m i t s  of ana ly t ica l  detect ion (if below, 
the  limit of detect ion w a s  used  i n  ca lcu la t ing  
DF's). High decontamination w a s  maintained 
throughout t h e  s e r i e s ;  any trend evident  in  DF's 
w a s  in  t h e  direct ion of general  improvement with 
s u c c e e d i n g  runs. 

Radiation Exposure. - Records were maintained 
of t h e  dai ly  radiation exposure (as shown on 
pocket  ionizat ion chambers)  of e a c h  worker i n  
t h e  program. During the operat ions,  t h e  h ighes t  
weekly to ta l  exposure for any individual  w a s  

Table  2.1. Cat ionic Impurities in UF6 Product 

Specifications:  Mo, 200 ppm, inax; total  impurities, 300 ppm. max; 

both based on U 

Product Impurity L e v e l  (ppm, based on U) 

Run No. 
Tot a1 

Na Mo N i  F e  Cu 9 9 T e  2 3 7  NP 
Cations 

____ ~- 

R-7 130 ( 1  3 < 171 

R-8 326 43 67 150 5 48 <714  

R- 9 114 239 183 79 3 1  40 < 7 0 1  

R- 10 104 115 58 27 < 2  7 < 348 

R-11 100 241 45 18 24 < 498 

T a b l e  2.2. Overal l  Decontamination Factors 
....__._... ... . .. .. . ... .. . . . .. ...... . 

Nonvolatile 
Volati le I __ 

I so topes  . n r  Decay Time 
sotopes 

> lo9 > 5 x  lo9 > io8 > lo7 > lo7 > lo9 

> S x  lo9 > s X  lo8 > l o 8  > lo9  > i o "  

> lo6 > lo9 > i o ' O  > 1 0 l O  > l o9  

> l o l o  > 5 x 1 0 9  > l o 9  > l o 6  > 10' > 10'O 

> lo9 x x  10' > l o 9  > lo7 > l o9  > 5 x  io" 

R-7 13 

R- 8 6 > lo9 

> lo9 R-9 8.5 
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90 mr. T h e  h ighes t  quarterly total  exposure ( a s  
shown on f i l m  badges)  w a s  650 mr. 

Of the group, t h e  operators  were exposed  to  the  
h i g h e s t  radiation dosage.  In t h e  week i n  which 
the  operators  received the  h ighes t  to ta l  exposure,  
the average w a s  44 mr per operator. T h e  h ighes t  
exposure,  650 mr in one quarter, w a s  only 22% of 
t h e  MPD (maximum permissible  dose). During 
the  quarter  of h ighes t  exposure,  t h e  average f i l m  
badge rending w a s  426 mr per operator, equivalent  
to only 14% of t h e  MPD. 

Equipment Performance. --- T h e  equipment w a s  
reasonably trouble-free throughout t h e  s e r i e s .  All 
d i f f icu l t ies  were relatively minor, and there  w a s  
no need to en ter  c e l l  1 ( the high radiation a rea)  a t  
any time. A few minor design c h a n g e s  were made, 
and there  were some equipment fa i lures;  none of 
t h e s e  prevented s u c c e s s f u l  completion of a run. 
T h e  des ign  changes  cons is ted  in (1) replacing 
the  chemical  trap (NaF) and the  impurity t rap  
(MgF2) with U-bend pipe s e c t i o n s  t o  reduce the 
quantity of pe l le t s  required for f i l l ing from about 
10 k g  t o  about 1 kg, (2) replacing leaking  copper 
tubing on a refrigeration uni t  with f lexible  tubing, 
and (3) enclos ing  the  f langes on the  access l i n e s  
to the movable-bed absorber  in  a glove box. 

In general, equipment performance w a s  excel lent .  
From a process  s tandpoint ,  e a c h  p iece  of equip- 
ment performed i t s  designed function well. M e -  
chanical ly ,  there  were a few malfunctions, but 
a l l  were relat ively minor and eas i ly  repaired. T h e  
minor des ign  changes  were made ei ther  t o  reduce 
holdup i n  t h e  sys tem or to increase  safety.  Most 
of the  equipment malfunctions could be  tolerated 
unt i l  a run w a s  complete ,  permitting correction 
between runs;  the worst consequence  of any of 
the fai lures  w a s  de lay  of the  run for a few hours  
while repairs  were made, 

Terminal Operations. - After the s e r i e s  of runs 
descr ibed above,  the  uranium remaining in  the 
sys tem w a s  recovered i n  order to obtain a f inal  
material balance. T h e  recovery w a s  accomplished 
by a dummy run, barren s a l t  f lushes ,  and aqueous 
r inses .  T h e  plant w a s  then partially decontamina- 
ted in  order to  inspec t  the dissolver .  

Inspect ion of the d isso lver  w a s  necessary  to  
ensure  that  the  equipment w a s  in  sa t i s fac tory  
condition for u s e  in  another program. T h e  d is -  
so lver  was inspected remotely; t h e  interior w a s  
examined visual ly  for defec ts ,  and wal l  th ickness  
w a s  measured for determination of corrosion loss. 

T h e  plant c leanout  and decontamination and the 
d isso lver  inspect ion (including corrosion meas- 
urements) a re  descr ibed  below. 

P l a n t  Cfeanorit a n d  Decontamination. - Residual  
uranium w a s  recovered from the  equipment that  
held molten s a l t ;  th i s  was  done by making a run 
u s i n g  Zircaloy without uranium and then f lushing 
with barren s a l t .  T h e  remainder of the  sys tem 
w a s  water  rinsed. T h e  plant c leanout  resul ted 
in  the  recovery of 900 g of uranium. T h i s  res idue 
completed t h e  material balance for a l l  the  uranium 
charged to the  plant. 

T h e  d isso lver  and the  fluorinator were partially 
decontaminated with a n  aqueous solut ion of hot 
ammonium oxala te  (0.35 M ) ,  and then with two 
ba tches  of a low-sudsing detergent  i n  water. T h e  
d isso lver  only w a s  then flushed with 0.1 M 
A1(N03)3 solut ion,  followed by a 5-1-1 wt % 
solut ion of NaOH-H 0 -sodium tar t ra te ,  water 
r inses ,  and drying. 

At the  s t a r t  of the cleanout  program, the  radi- 
ation background a t  different working a r e a s  in 
cell 1 ranged from 25 to 500 r f i r ,  and spec i f ic  
“hot s p o t s ”  read as high as 2200 [ f i r .  T h e  
dummy run and barren salt  f lushes  had  no effect  
on the  hot  s p o t s ,  but did reduce the  background 
readings by a factor of 2 t o  3. T h e  ammonium 
oxala te  solut ion reduced background to 10 t o  
20% of original intensi ty  and reduced t h e  worst  
original hot s p o t  from 2200 t o  11 [ f i r .  After 
completion of t h e  partial decontamination, t h e  
h ighes t  measured intensi ty  w a s  15 r /hr  ins ide  
the  lower s e c t i o n  of the  dissolver .  Outside the 
equipment, s o m e  of the v e s s e l s  showed a contac t  
reading of 1 t o  2 r/hr. Background i n t e n s i t i e s  
in  ce l l  working a r e a s  ranged from 50 t o  200 nir/hr. 

Disso lver  Inspect ion a n d  Corrosion Measure- 
ments. - Following t h e  par t ia l  decontamination 
descr ibed above, t h e  interior of t h e  d isso lver  
w a s  examined visual ly ,  and the  metal  loss due  to  
corrosion w a s  determined. T h e  inspect ion showed 
that  t h e  d isso lver  was  s t i l l  i n  good condition and 
that  i t  would b e  safe to process  additional fuel 
e lements .  

Corrosion l o s s ,  based on wal l - thickness  c o m -  

par i sons ,  w a s  measured us ing  a pulse-echo tech- 
nique originally developed for t h e  Aqueous Homo- 

2 2  

3E. L. Youngblood et al . ,  Corroszon of the Volat i l i ty  
Pi lot  Plant INOR-8 IIydrofluorinator and Nickel 201 
Fluorinator During Forty Zirconium Fuel Processing 
Runs, ORNL-3523 (being prepared). 
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geneous  Reactor .  The d isso lver  w a s  filled 
with water ,  and an ul t rasonic  t ransducer  w a s  
lowered in  from the  penthouse. All operat ions,  
including posi t ioning of the  t ransducer ,  were 
performed remotely from the penthouse. 

Pulse-echo  measurements were made i n  e a c h  
quadrant of t h e  d isso lver  a t  3-in. intervals .  T o t a l  
losses during 40 runs are shown in Fig.  2.2 i n  
terms of m i l s  of th ickness  lost for e a c h  leve l  
of t h e  v e s s e l .  T h e  c rossha tched  area  represents  
the  range of readings in  t h e  four quadrants .  For  
example,  a t  the  bottom of t h e  v e s s e l ,  the  reading 
in  one quadrant indicated a metal l o s s  of 27 mils ,  
while a t  the  same leve l  the  reading i n  another 
quadrant showed none. (The  lower portion of the 
v e s s e l  WZIS replaced af ter  29  runs,  so  measure-  
inents of t h i s  portion ind ica te  l o s s  during the 
l a s t  11 r u n s  only.) 

In F ig .  2.2, the  numbers bes ide  t h e  c rossha tched  
areas represent  the  corrosion rate  in  m i l s  pet 
hour of exposure to molten salt and MF (measured 
losses d o  not include sxiiall pits). With t h e  ex-  
cept ion of t h e  new sec t ion  a t  t h e  bottom, t h e  
average  ra tes  range f rom 0.012 t o  0.017 mil per 
hour of H F  exposure,  or less than '/2 mil/run. 
Corresponding ra tes  for maximum measured losses 
range from 0.024 t o  0.028 mil /hr ,  or about  0.7 
mil/run. 

A high corrosion ra te  is indicated for the  new 
s e c t i o n  a t  t h e  bottom of the  dissolver .  However, 
the  quadrant of maximum loss w a s  opposi te  a 
quadrant in  which a th ickness  gain w a s  measured 
(counted as  zero loss i n  ca lcu la t ing  averages). 
S ince  t h e  pulse-echo  t ransducer  must be  centered 
for accura te  readings,  t h e s e  probable spur ious  
readings could have  been c a u s e d  by the ins ta l la -  
t ion of the  new s e c t i o n  being s l ight ly  off-center. 

T h e  measured corrosion r a t e  during fuel d isso lu-  
t ion is not se r ious ly  high. T h e  v e s s e l  w a s  d e -  
s igned  for a life of about 100 runs (a 1OO-mi1 
corrosion allowance). T h i s  es t imate  now appears  
conserva t ive ,  and t h e  remaining l i fe  af ter  4 0  runs 

may be about 100 more runs.  
Corrosion measurements had been made ear l ier  

af ter  7 ,  14,  21, and 29   dissolution^.^-^ Corn- 
par ison of t h e  ear l ier  measurements  with current 
d a t a  revea ls  a trend toward a d e c r e a s i n g  cor- 

4R. W. McClrmg and K. V. Cook, Development of 
Ultrasonic Techniques for the  Remote Measurement of 
the HRT Core Vesse l  W a l l  Thickness ,  ORNL-TM-103 
(Mar. 15, 1962). 

rosion rate  with increas ing  exposure t i m e .  Al- 
though s u c h  factors  a s  the possibi l i ty  of bet ter  
temperature control during la te r  runs may have  
contributed t o  the trend, the  in i t ia l  corrosion ra te  
i s  apparent ly  higher than the  rate  af ter  some 
processing.  

After th ickness  measurements were completed,  
the  interior of t h e  lower portion of the d isso lver ,  
up t o  and including part of the  conica l  sec t ion ,  
w a s  remotely inspec ted  with a te lescope  and 
mirror. A few pi ts ,  es t imated  t o  be  smaller  than 
20  mils  in diameter and 20 m i l s  deep ,  were  s e e n  
in t h e  lower sec t ion ;  a photograph of one of t h e s e  
p i t s  is shown in F ig .  2.3. Some smal l  f i s s u r e s  
s u c h  as  t h e  one shown i n  Fig.  2.4 were found 
in  the  conica l  sect ion.  T h e s e  f i s s u r e s  were 
es t imated  t o  be not more than 1 0  mils  wide, and 
they did not appear  t o  be deep. No area  of ex- 
t e n s i v e  pi t t ing or cracking w a s  found. T h e  p i t s  
did not appear  t o  be any deeper  or wider than 
those  found in  ear l ie r  examjnations. T h u s ,  nei ther  
pi t t ing nor f issur ing cons t i tu tes  a s e r i o u s  problem. 

AI loy 79-4 More Corrosion- Wesi stant than 
INOR-8 in  Engineering-Scale T e s t s  of 

Combination Hydrrs f luos inotas -F Iuo~~~a~o? 

Completed during the  y e a r  w a s  a process-  
improvement s tudy made on a semiworks scale 
t o  demonstrate  t h e  feas ib i l i ty  of d isso lv ing  and  
f luorinat ing in  t h e  same v e s s e l  and  of us ing  
a par t ia l  sal t - recycle  procedure for supplying the 
in i t ia l  Z r F 4  content  necessary  when us ing  the 
37.5-37.5-25 mole % NaF-LiF-ZrF mixture. 

A comparison of the  corrosion r a t e s  of Alloy 
79-4 and [NOR-8 in  s ing le-vesse l  s e r v i c e  was  

the  most  recent  object ive of the  study.'  To t h i s  

5E. C. Moncrief and A. P. Litman, Corrosion of the 
Volatility P i l o t  P lan t  INNOR-8 Disso lver  After Seven 
Cold  Dissolut ion Runs ,  ORNL-CF-60- 11-80 (Nov. 30, 
1960). 

6 ~ .  P. Litman, Corrosion of Volatility ~ i ~ o t  P l a n t  
Mark I INOR-8 Hydrofluorinator a n d  Mark III L Nickel 
Fluorinator  After  Fourteen Dissolut ion Runs, ORNL- 
3253 (Feb. 9, 1962). 

C. Moncrief, Corrosion of the Volatility P i l o t  
P l a n t  INOR-8 Hydrofluorinator a n d  C Nickel Fluorinator  
After  21 Nonradioactive Dissolution R u n s ,  ORNL-'I'M- 
186 (Mar. 29, 1962). 

'Nominal compositions and corntnercial designat ions:  
Alloy 79-4 - 79% Ni. 4% Mo, b a l  Fe; WyMu 80 (Car- 

penter S tee l  Co.); Moly Permalloy (Allegheny Ludlum 
Stee l  Corp.). 

INOR-8 .-- 17% Mo, 7% Cr, 5% Fe. ba l  Ni; Hastelloy N 
(Union Carbide Corp., Stel l i te  Djv"); Inconel 608  ( ' h e  
International Nickel Co., Huntington Alloy Products 
Div.). 

4 
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end,  two engineer ing-scale  v e s s e l s ,  one  fabricated 
of e a c h  al loy,  were exposed t o  molten s a l t  under 
a l te rna t ing  hydrofluorination and fluorination 
condi t ions.  T h e  INOR-8 v e s s e l ,  as previously 
reported,g corroded a t  a rate  of 0.87 m i l  per hour 
of fluorine exposure,  whereas  t h e  maximum rate  
of corrosion for t h e  Alloy 79-4 v e s s e l  w a s  0.53 
m i l  per hour of fluorine exposure.  T h e s e  ra tes  
include the  corrosion due to decontamination with 
aluminum ni t ra te  solution; excluding t h i s  cor- 
rosion,  t h e  r a t e s  were 0.7 and 0.4 mil/hr re- 
spect ively.  F o r  s ing le-vesse l  processing,  t h e  
express ion  of to ta l  corrosion i n  terms of fluorine 
exposure  is useful  for two reasons:  (1) most of 
the  corrosion occurs  during t h e  fluorination s t e p ,  
and (2) the  rat io  of hydrofluorination time to 
fluorination t ime remains nearly cons tan t  for 
any par t icular  fuel  alloy. 

F i v e  process  runs were made in the Alloy 79-4 
v e s s e l ,  us ing  Zr-U al loy fuel e lements  s imilar  
t o  t h o s e  used  in  t h e  Pressur ized  Water Reactor  
as s e e d .  An in i t ia l  s a l t  composition of 35-35-30 
mole '% NaF-LiF-ZrF4 w a s  used;  temperatures  
were 550 to 575OC. F i v e  dissolution-fluorination 
c y c l e s  and two addi t ional  fluorinations were made 
i n  a S-in.-ID Alloy 79-4 v e s s e l ,  us ing  t h e  s a l t -  
recyc le  scheme.  Dissolut ion ra tes  of  about  1 mg 

cm-' min-' were  obtained during all t e s t s .  R a t e s  
were c o n s i s t e n t  with t h o s e  from previous d is -  

'Chem. Technol. D i v .  Ann. Progr. R e p t .  May 31, 
1963, ORNL-3452, pp. 45-46. 

so lu t ions  at s imilar  conditions. No operat ional  
diff icul t ies  were experienced during any of the 
d isso lu t ions  or fluorinations. 

T h e  resu l t s  a r e  shown i n  T a b l e  2.3, where they 
a r e  compared with those  previously reported for 
INOR-8 exposure. T h e  va lues  in  t h e  l a s t  column 
represent  recent  data .  Corrosion a t  t h e  interface 
w a s  s ignif icant ly  greater in  t h e  INOR-8 v e s s e l  
than in  the  Alloy 79-4 unit. Also, t h e  t e s t  bars  
that  had not been exposed  to t h e  solut ion used  
for decontaminat ion showed a much lower rate  
as measured by micrometers a t  t h e  end  of  t h e  
t e s t  period. Metallography of t h e  b a r s  a t  BMI 
showed ne i ther  pi t t ing nor intergranular a t tack  
in  t h e  case of t h e  INOR-8, but did reveal  pi t t ing 
at tack on t h e  Alloy 79-4 surface. T h e  comparison 
i n  T a b l e  2.3 would show 0.29 m i l  per  hour of 
fluorine exposure  for INOR-8 and 0.19 m i l  per 
hour of fluorine exposure for Alloy 79-4 if inter- 
granular a t t a c k  were included. 

NaF-Li F-ZrF,-BeF, at 50OOC Apparently Less  
Desirable than NaF-LiF-ZrF, at 650°C for 

Hydrofluorination Melt 

Supplementing work reported last year , '  a s tudy 
w a s  made of t h e  corrosivity and  zirconium-dis- 
solut ion charac te r i s t ics  of 36.9-27.0-27.0-9.1 
mole % NaF-LiF-ZrF,-BeF2 at 5OO0C, compared 
with t h e  in i t ia l  composition u s e d  in  pi lot  plant  

T a b l e  2.3. Corrosion Rates Measured During Cyclic Hydrofluorination 

and Fluorination of Z r - U  Alloy in INOR-8 and Alloy 79-4 V e s s e l s  

T e s t  Ba r s  V e s s e l s  

INOR-8 79-4 INOR-8 79-4 

Exposure,  hr: 

T o  molten s a l t  1060 

To H F  142 

To F2 66 

TO A1(N03)3 solution 

(decontamination) 

1060 

142 

66 

699 

83 

36 

78 

52 0 
79 

34 

58 

Corrosion rates ,  O.2ga 0.14a 0.87 0.53 

mil/hr of F 2  exposure 

a ~ y  micrometry. 

b ~ y  Vidigage. 
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s t u d i e s  (37.5-37.5-25.0 mole % NaF-LiF-ZrF,  a t  
650OC). T h e  s tudy w a s  made on a laboratory 
scale by BMI under subcontract .  l o  Corrosion 
rates for non-heat-treated INOR-8 spec imens  were 

very low in both salt compositions;  in i t ia l  zirco- 
nium-dissolution r a t e s  were pract ical ly  t h e  same 
in all tests, but t h e  overal l  r a t e  of zirconium 
dissolut ion averaged 50% higher in  the  NaF-LiF-  
Z r F  mixture. 

Base Alloys  in a 

1963). 

LEVEL OF 
SALT-GAS 
INTERFACE 
(APPROX 1 

LINE ( '/o -in 00 

W e  concluded that  t h e  m e l t  containing beryllium, 
which permitted t h e  500°C operation, apparently 
h a s  no advan tages  over  t h e  s tandard melt; a dis-  
advantage would b e  the  s p e c i a l  precaut ions re- 
quired when handling beryllium compounds. 

T h e  experiment in  which the  melt containing 
BeF, w a s  u s e d  was  t h e  f i r s t  one  i n  which all 
t h e  fuel  e lement  s t ructural  metal  w a s  added at 
t h e  beginning of t h e  run. T h e  p i e c e s  of metal  
were contained i n  a baske t  tha t  had a perforated 
bottom below which t h e  H F  entered. Figure 2.5 
i l lus t ra tes  a typical  arrangement of fuel e lement  
metal ,  t h e  baske t ,  and t h e  corrosion specimens.  
In previous runs, t h e  metal  t o  b e  d i s so lved  was  
added intermittently a s  the  run progressed. With 

LJNCLASSlFlED 
PHUTO 66bB9 

CORROSION / SPECIMENS 

Y I 
Fig.  2.5. Corrosion Specimens and Meta l  Used to Simulote Fuel  Elements Are Mounted os o Unit Prior to In- 

sertion Into rl-in.-ID T e s t  Vessel  Conioining Molten Fluorides. 
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the  new method, bet ter  simulation of p r o c e s s  
condi t ions w a s  accomplished by f i r s t  determining 
corrosion r a t e s  for s e l e c t e d  construct ional  mate- 
rials while d i s so lv ing  zirconium in t h e  s tandard 
melt. After dissolut ion had stopped, t h e  cor- 
rosion spec imens  were removed, new o n e s  were 
introduced, and their  ra tes  of corrosion were 
determined without zirconium dissolut ion.  T h i s  
s econd  p h a s e  of t h e  experiment w a s  intended to 
s imulate  condi t ions nea r  the  end of a plant-scale  
run. 

Specimens exposed t o  molten s a l t  and H F  during 
t h i s  s tudy were made from INOR-8, HyMu 80 
(Alloy 79-4), Ni-10% Mo-5% Fe, Ni-5% Fe, 
Ni-l% AI, and nickel  f i l ler  metal 61. According 
to  weight- loss  measurements of spec imens  exposed  
in t h e  f i rs t  p h a s e  of the experiment with Zircaloy-2 
dissolving,  no specimen corroded at more than 
0.1 mil/month. No a t tack  w a s  measurable  by 
micrometry on any specimen, nor w a s  intergranular 
a t tack noted for any specimens excep t  t h e  Ni-l% 
A1 and the  Ni-5% Fe specimens tha t  were ex- 
posed  a t  t h e  in te r face  location. T h e s e  showed 
maximum corrosion r a t e s  of 78 and 2 3  mils/month,  
respect ively,  based  on sound metal remaining. 
During t h e  second  p h a s e  (with H F  but no Zirc-  
aloy-2 present) ,  corrosion r a t e s  as measured by 
weight loss were s l ight ly  higher. Maximum va lues  
were 0.14 mil/month for INOR-8 (vapor), 0.27 for 
HyMu 80 (interface),  0.20 for  Alloy 2 (vapor), 
2.6 for Ni-1% A1 (liquid), 3.4 for Ni-5% Fe (inter- 
face) ,  and  1.6 for nickel  filler m e t a l  61 (liquid). 
T h e  only corrosion ra te  measurable  by micrometry 
w a s  4 .5  mils/month for t h e  Ni-l% A1 spec imens  
located a t  t h e  in te r face  and in  the  l iquid,  and 
13.5 and 2.7 mils/month for t h e  Ni-S% Fe spec i -  
mens a t  t h e  in te r face  and in  the  l iquid r e spec -  
t ively.  No intergranular a t tack w a s  found during 
t h e  second  p h a s e  excep t  on the  Ni-l% A1 and  
Ni-S% Fe specimens,  which had maximum a t t a c k s  
of 3 2  and 1 4  mils/month, b a s e d  on sound metal  
remaining. 

A s  part  of another s t u d y , ”  three comparable 
experiments were l a t e r  conducted a t  BMI, s ta r t ing  
with 37.5-37.5-25 mole % NaF-LiF-ZrF,  a t  65OoC. 
A s  in  the  s tudy above, Zircaloy-2 w a s  d i s so lved  
f i rs t  in  e a c h  c a s e ,  followed by a nondissolution 
phase.  T h e  highest  ra te  of corrosion for any  
comparable INOR-8 specimen was  0 .3  mil/month, 
a s  measured by weight l o s s .  No measurable  

“ S e e  first part of s e c t .  2 .10  of th i s  report. 

dimensional l o s s e s  or intergranular a t tack  w a s  
noted. 

T h e  d isso lu t ion  r a t e s  of Zircaloy-2 for t h e  f i rs t  
24  hr of t h e  experiment in which NaF-LiF-ZrF,- 
B e F ,  w a s  used ,  and for the  three experiments 
with NaF-LiF-ZrF,,  were very c l o s e  - 0.26 to  
0.30 mg cm-2min-1. However, whereas  t h e  over- 
all d isso lu t ion  ra te  for Zircaloy-2 for the  experi-  
ment containing B e F ,  and conducted at 500°C w a s  
5.3 g/hr, the  overal l  r a t e s  for t h e  three t e s t s  
u s ing  NaF-LiF-ZrF,  a t  65OoC were 9.2, 7.9, and 
6.7 g /hr .  

2.2 PROCESSING OF URANIUM-ALUMINUM 
ALLOY FUEL 

Aluminum-clad A1-U alloy fuel e l emen t s  pres-  
ent ly  comprise  the  la rges t  potent ia l  load source  
for a plant  p rocess ing  metal l ic  fuel e l emen t s  
containing highly enriched uranium. Thus ,  t h e  
appl icat ion of molten-salt  fluoride-volatility 
methods to the  p rocess ing  of aluminum-based 
fuel became of major in te res t  as t h e  development 
of t h e  p r o c e s s  for zirconium-based fue ls  neared 
completion. T h e  development of a molten-salt  
p r o c e s s  for aluminum-uranium a l loys  was ,  of 
course,  cont ingent  upon finding a mixture of 
f luorides  s u i t a b l e  for u s e  as a solvent  with HF. 
Desirable  charac te r i s t ics  of  the  s a l t  melt for 
the  p r o c e s s  include t h e  following: (1) l iquidus 
temperature below 6OO0C, l 2  (2) a n  adequate  
capac i ty  for d i s so lv ing  the  A l F ,  derived from t h e  
dissolut ion of aluminum with HF ,  (3) low c o s t ,  
(4) adequa te  phys i ca l  properties s u c h  as low 
vapor p re s su re  and viscosi ty ,  and (5) abi l i ty  to 
b e  contained in  the  present  INOR-8 hydrofluori- 
nator and n icke l  fluorinator. A s  reported l a s t  year,  
KF-ZrF4-A1F3 w a s  chosen  a s  the mixture that  
most nearly meets  t h e  above requirements. T h i s  
cho ice  was  based  on p h a s e  equilibrium s t u d i e s  
made by Reactor  Chemistry Division personnel,  
laboratory- and engineer ing-scale  dissolut ion and 
fluorination s t u d i e s ,  and laboratory corrosion 
t e s t s .  Aside from the  differences i n  s a l t  s y s t e m s  
and in t h e  d e t a i l s  of “s tepping” through t h e  

”Melting points  for composit ions of interest, OC : pure 
aluminum, 600; type 1100 aluminum, 6 4 3  to 657; 13% 
U--87% Al, 6 4 0  (eutect ic);  and 18% U in type 1100 
aluminum (“meat” of ORR and MTR fuel) ,  7 3 0  (approx). 

Chem. Technol .  D i v .  Ann. Progr. Rept.  May 31, 
1 3  

1963, ORNL-3452, Suppl. 1. 
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composition diagram, t h e  p r o c e s s  for AI-U al loy 
fue ls  is ident ical  to t h e  one  for Zr-U fue ls  de-  
sc r ibed  in  Sect .  2.1. 

During the  p a s t  year ,  t h e  preliminary p h a s e  
diagram for  K F - Z r F  ,-A1F, w a s  refined, pr incipal ly  

by t h e  new visua l  polythermal method, t o  be t te r  
def ine t h e  600OC isothermal. Purif icat ion of t h e  
components  Z r F ,  and AIF, by volat i l izat ion and 
of t h e  K F  by oxide  precipi ta t ion and d is t i l l a t ion  
w a s  n e c e s s a r y  to obtain m e l t s  that  were suffi- 
c ient ly  c l e a r  for  v i s u a l  s tudy.  T h e  e f fec t  of 
oxide addi t ions  t o  t h e  melt i n  t h e  region of t h e  
compound K F  - Z r F ,  w a s  evaluated.  T h e  r e s u l t s  
of  the  p h a s e  s t u d i e s  performed as a par t  of  the  
development of p r o c e s s  for aluminum-uranium 
al loy were reported. Other  laboratory s t u d i e s  
were made in  order to determine t h e  ex ten t  of t h e  
aluminum-djssolution react ion thbt w a s  at t r ibutable  
to H F  and the  extent  tha t  was at t r ibutable  to t h e  
reduction of ZrF, in  t h e  melt by aluminum. T h e  
effect  of m e l t  composition on t h e  ra te  of aluminum 
disso lu t ion  w a s  explored i n  t h e  KF-ZrF,-AlF, 
system. Two modif icat ions of t h e  p r o c e s s  were 
developed,  and t h e s e  were  t e s t e d  s u c c e s s f u l l y  
on both a laboratory and an engineer ing scale. Suc- 
c e s s f u l  fluorination t e s t s  were a l s o  made on both 
scales. Corrosion s t u d i e s  under hydrofluorination 
condi t ions  were made a t  Bat te l le  Memorial Insti- 
tu te  (TSMI) and i n  t h e  laboratory here. R a t e s  of 
a t tack  on INOR-8 were very low - almost  t h e  
same as t h o s e  found i n  laboratory s t u d i e s  of the  
s tandard Zr-U al loy process .  

B a s e d  on all t h e  favorable  resu l t s ,  demonstrat ion 
s t u d i e s  were begun i n  the  pi lot  plant. At t h e  
end  of t h e  period, o n e  run had  been  completed i n  
which two s imulated fuel e lements  (aluminum 
only) were s u c c e s s f u l l y  d isso lved  and p r o c e s s e d  
through the  fluorination s tep .  Plans c a l l  for  a 
s tudy of corrosion under fluorination condi t ions 
ai BMI and cont inuat ion of pi lot  plant  demonstra- 
tion runs to culminate  i n  t h e  process ing  of highly 
i r radiated,  short-cooled fuel  e lements  from t h e  
Oak Ridge Research  Reactor. Other laboratory- 
and engineer ing-scale  s t u d i e s  will b e  confined 
to providing a s s i s t a n c e  required by t h e  pi lot  plant. 

Phase Equil ibrium Data Refined15 for 
KF-ZrF,-AIF, 

T h e  p h a s e  diagram for the sys tem KF-ZrF,- 
A l F ,  as presented  i n  last year's report is shown 
i n  Fig. 2.6. Additional d a t a  were obtained, prin- 
c ipa l ly  by t h e  v i s u a l  polythermal method, tha t  
be t te r  def ined t h e  600OC isotherm ( s e e  F ig .  2.7). 
Impuri t ies  in  t h e  reagents  resul ted in  c loudy mel t s  
t h a t  interfered with visual  s tudies .  One of t h e  
regions of in te res t  w a s  near  the  compound K F .  
ZrF,. Thermal a n a l y s i s  showed that  K F  .ZrF, 
somet imes  c rys ta l l ized  in  a metas tab le  form that  
f roze a t  453°C. During freezing, t h e  metas tab le  
form often changed exothermally into a more s t a b l e  
form t h a t  froze at 478OC. Oxide, i n  t h e  concen-  
tration range of 0 to 2500 ppm, ra i sed  t h e  visual ly  
determined l iqu idus  temperature (the temperature 
a t  which a cool ing melt  becomes cloudy) above  
t h e  s t a b l e  f reez ing  point  by about  l ° C  per  20 ppm 
of oxygen. T h i s  e f fec t  on the  l iquidus pers i s ted  
throughout t h e  concentrat ion range of  42 t o  55 
mole 70 %rF, but w a s  not noted a t  37.5 mole %. 
Since the  oxygen contaminant i n  t h e  K F  w a s  
apparent ly  t h e  reason for the  f a l s e  l iquidus point, 
a procedure w a s  developed to  improve t h e  purity 
of t h e  KF.  Commercial K F  is usual ly  very hygro- 
s c o p i c  and thus  is contaminated with e i ther  mois- 
ture or KOH. T h e  b e s t  K F  previously ava i lab le  
h a d  a KOI-I conten t  corresponding to about  1200 
ppm, by weight, of  oxygen. B e c a u s e  KOH i n  
molten K F  r e a c t s  with var ious f luorides  t o  pre- 
c ip i ta te  metal oxides ,  

2MFx t. xKOH -+ 2M0x,2 J, + x H F  + x K F  , 

t h e  production of be t te r  qual i ty  K F  w a s  p o s s i b l e  
by i t s  vacuum dis t i l l a t ion  from t h e  remaining 
molten mixture. T h e  use of FeF, and  FeF, to 
precipi ta te  t h e  oxide  yielded K F  that  contained 
900 ppm of oxygen af ter  i t s  dis t i l la t ion from t h e  
melt; t h e  u s e  of U F ,  g a v e  a product containing 
only 500 ppm. More accura te  determinat ions of 
the  l iquidus temperature i n  the  KF-%rF,-AlF, 
sys tem were made with t h e  higher quality KF.  

_____ 

14B. J. Sturm, K. E. Thoma,  and E. H. Guinn, Molten- 
S a l t  Solverzts for Fluoride-Volatility Processing of 
Aluminum-Matrix Nuclear Fuel Elements, ORNL-3594 
(in press). 

"Work performed by R. J. Sturm and R. E. Thorna, 
Reactor Chemistry Division. 
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Fig. 2.6. The S y s t e m  KF-ZrF4-AIF3. 

Dissolut ion Rate Studies Show Ef fect  ob: Melt aluminum i n  KF-ZrF4-A1F,  with WF.I7 T h e  t e s t s  
Composition and Provide hame lnfcarmntian on cons is ted  simply i n  the  partial reaction of 3-g 

the  Chemical Reactions spec imens  of aluminum in 60 to 70 g of salt held 
in a 0.93-in.-ID nickel  reactor and sparged with H F  

Dissolut ion Rates. - Supplementing t h e  labor- at a f low rate  of about  100 m l  (STP)/min. T h e  
ra tes  were ca lcu la ted  according to t h e  weight-loss atory s t u d i e s  previously reported, l 6  more deter- 

minations were made of ra tes  of d isso lu t ion  of 

"M. R. Bennett and  G. T. Cathers, Adaptation of the 
............. ~~ Fused-Salt Fluoride-Volatility Process  to  the Recovery  

16Cheri?. Technol .  DIV. Ann. Progr. R e p t .  May 31,  of [Jranium from Aluminum-Uranium Al loy  Fuel ,  ORNL- 
1963, ORNL-3152, suppl. 1, p. 11. 3596 (June 1961). 
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method and, in  some  cases, according to microm- 
etry. Condi t ions of the  experiment and the d a t a  
obtained a r e  summarized elsewhere.  l 7  To bet ter  
indicate  the portion of t h e  KF-ZrF4-AlF,  system 
surveyed in  d isso lu t ion  ra te  t e s t s ,  t h e  v a l u e s  
for the  dissolut ion r a t e s  v s  t h e  midpoint o f  t h e  
composition path for e a c h  experiment a r e  shown 
in Fig.  2.7. R e s u l t s  of runs made at in i t ia l  melt  
composi t ions nea r  60-40 mole % KF-ZrF4  showed 
tha t  the  hydrofluorination reaction was  highly 

dependent  on t h e  KF/ZrF4 ratio (Sect. AB, Figs .  
2.7 and 2.8). High dissolut ion ra tes  were ob- 
se rved  when in i t ia l  m e l t s  contained about 60 mole 
% K F .  In a second  s e r i e s  of t e s t s ,  t h e  addition 
of AlF, to the  in i t ia l  mixtures w a s  necessa ry  to 
ach ieve  a l iquidus below the  600°C operat ing 
temperature (Sect. BC, Figs .  2.7 and 2.8). Maxi- 
mum dissolut ion r a t e s  were obtained in t h i s  series 
at a K F / Z r F 4  rat io  of 0.65/0.35. Also, as indi- 
c a t e d  on Fig.  2.7, t h e s e  f i r s t  two series of t e s t s  

Fig. 2.7. Molten-Salt  F luor ide-Volat i l i ty  Process far AI-U Al loy  Fuels:  Reference Diagram Summarizing Cur- 

rent Information on the Locat ion o f  the 6OO0C Liquidus Isotherm, Dissolution Rates for Aluminum Using HF ( L a b -  

oratory-Scale), and Process F lowsheet  Alternatives. 
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were i n  t h e  portion of the  p h a s e  diagram used  in  
the  f i rs t  ha!f of the  “s tep”  f lowsheet  ( s e e  next  
sect ion) .  A third series of dissolut ion-rate  t e s t s  
wax conducted i n  a n  asea proposed fur t h e  “part ia l  
transfer” and t h e  last dissolut ion of t h e  “s tep”  
f lowsheet  (Sect. DE, F ig .  2.7). On t h e  b a s i s  of 
d a t a  from a l l  previous hydrofluorination t e s t s ,  
a n  increasing AlF, concentrat ion a t  a cons tan t  
KF/ZrF, ratio would have  been  expected to  
resul t  in  lower reaction rates .  ‘This effect w a s  
not observed;  ins tead ,  t h e  dissolut ion ra te  in  
the  l a s t  s e r i e s  of t e s t s  definitely increased  with 
A l F ,  content  (Fig. 2.9). 

Reaction Mechanisms. - T h e  dissolut ion r a t e s  
of 40 to  50 mils/hr differed greatly i n  s ignif icance,  
depending upon the  composition of t h e  melt. At 
about  60-40 m o l e  % MF-ZrF,, when t h e  m a x i m u m  
r a t e s  were observed,  only about 30% of t h e  hydro- 
gen had been evolved at the  time of withdrawal 
of the  d isso lu t ion  specimen. In runs  19 to 24, 
where t h e  in i t ia l  ZrF, content  varied fr01i1 21  t o  
16.5 mole %, usual ly  95 to 100% of t h e  hydrogen 
had been evolved when t h e  dissolut ion speciiuen 
was  withdrawn, T h i s  difference in  behavior, 
typifying t h e  two types  of dissolut ion process ,  
w a s  further just i f icat ion for choice of t h e  “re- 
c y c l e ”  process .  T h e  high dissolut ion r a t e s  
observed in  runs 1 to 18 were a lways  accompanied 
by t h e  formation of black,  d i spersed  material i n  
t h e  molten s a l t  as  wel l  a s  by a delay i n  hydrogen 

evolution. However, with further hydrofluorination, 
all t h e  hydrogen w a s  evolved, and t h e  black mate- 
rial was d isso lved .  Although never posi t ively 
ident i f ied,  the  black material w a s  strongly re- 
ducing and was bel ieved to  b e  ei ther  amorphous 
zirconiuiu or zirconium hydride formed by the  
react ions : 

4A1 + 3%rF4---;. 3Zr (amorphous) + 4MF, , 

Zr i Y221!, --+ ZrHx . 

T h e  material b a l a n c e  over one  run (Table  2.4) 
indicated that  over 50% of t h e  aluminum w a s  dis-  

so lved  by t h e  f i rs t  reaction; t h e  average  composi- 
tion of the  zirconium hydride formed was Z r H l . , 4 .  

“Step” and P P P a i . ~ i a !  Transfer’# Process 
Elow56;eets Developed 

Two ine thod~ for obtaining a reasonable  capac i ty  
for t h e  AIF, tha t  resu l t s  f ioni  the hydrofluorination 
of aluminum in the  fuel  e lements  were developed. 
Both 
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T a b l e  2.4. Mater ia l  Balance irr a n  Aluminum Dissolut ion Run 

Showing Reduction of ZrF4 

Conditions: 67.9 g of 61-39 mole % KF-ZrF4 in  a 0.93-in.-ID nickel  

reactor  sparged with €IF a t  ra te  of 100 ml (STP)/min for 

1 hr; n o  digest ion period af ter  dissolut ion 

Grams Moles 
- 

Aluminum i n  t e s t  

Aluminum actual ly  d isso lved  i n  1 hr  

Hydrogen evolved 

HF  used  from weighed source 

H F  recovered in  cold t rap 

H F  used  in  reaction 

3.254 

2.286 

7.739 

5.516 

2.223 

0.0848 

0.0315 

0.111 

Results Calculated from Above Data  

Fract ion of aluminum reacted througb reduction of ZrF, - 56.4% 

Fract ion of theoret ical  hydrogen evolved - 56.8% 

Moles of reduced Zr produced - 0 

Moles of H 2  produced but  not  evolved - 0.0240 

Zirconium hydride average composition - ZrHx, x = 1.34 

Concentration of amorphous Zr in  s a l t  -. 4.8% 

for the  KF-%rF,-A1F3 system, the  u s e  of com- 
mercial 63-37 mole % KF-ZrF,  s a l t ,  and recyc le  
of the  s a l t  from o n e  d isso lu t ion  to the  next. T h e  
spec i f i c  f lowshee ts  and compositions,  as de- 
sc r ibed  below, were based  on the  charge  of an  
integral  number of Oak Ridge Research  Reactor  
fue l  e lements  to the  Volatility P i lo t  P l a n t  hydro- 
fluorinator for each  d isso lu t ion  s tep.  

T h e  s t e p  flowsheet (path FGHIJK on Fig.  2.7) 
is a s l ight ly  modified version of t he  p lan  proposed 
last year.16 T h e  current plan is to begin with 
GO-40 mole % K F - Z r F 4  and d i s so lve  one  e lement  
to obtain 51-34-15 mole % KF-ZrF,-A1F3. T h i s  
salt is diluted with KF to 60.6-27.3-12.1 mole 
%, and a second element  is disso lved .  T h e  re- 
su l t ing  salt, 54.2-24.3-21.5 mole %, is also diluted 
with K F  to y ie ld  a s a l t  of the  composition 61.6- 
20.4-18.0 mole %. Two more e lements  a r e  then 
d isso lved ,  y ie ld ing  a final s a l t  of 52.2-17.3-30.5 
mole % KF-ZrF,-AIF3 with approximately 3000 
ppm of uranium (from irradiated elements).  After 
fluorination, t he  salt is discarded. 

T h e  par t ia l  t ransfer  p rocess  (path MN on Fig. 
2.7) u s e s  66-22-12 m o l e  % KF-ZrF4-A1F, as the  
ini t ia l  melt. It is obtained by a modified step 
procedure, as descr ibed  above, for d i sso lv ing  one  

element  in  6.3-37 mole % KF-ZrF,  and then diluting 
with K F  to the  des i red  composition (path HLM). 
Two e lements  a r e  d isso lved  in the ini t ia l  melt, 
producing 53.1-17.7-29.2 mole % s a l t  conta in ing  
about 2600 ppm of uranium. T h e  uranium is re- 
moved from t h i s  s a l t  by fluorination. Then,  about 
two-thirds of the s a l t  (by weight) is discarded. 
T h e  other one-third is recycled and diluted with 
63-37 mole ’% KF-ZrF4 and K F  to 66-22-12 mole  %, 
t o  become the  salt charge for the  next cyc le .  T h e  
location of point M may have to  b e  changed  
s l ight ly ,  s i n c e ,  a s  shown on Fig. 2.7, the most 
recent phase-diagram studies ind ica te  a l iquidus 
above 600°C for that  particular composition. 

A comparison of the  s t e p  and partial  transfer 
f lowshee ts  can  b e  made us ing  the  following ratios:  

Part ia l  Transfer Step 

lJranium processed per cyc le  1.0 1.3 

Est imated corrosion per cyc le  1.0 1.2 

Est imated time per cyc le  1.0 2.7 

Number of consecut ive 6 13 

process operations per  cycle  

(not including s a l t  makeup) 



T h e s e  rat ios  are based on a s ingle-vesse l  plant  
with an auxi l iary v e s s e l  for s a l t  makeup or for 
holding molten s a l t ;  the  same plant could b e  
operated in  Either mode or in a variety of combi- 
nat ions between the tmo shown. T h e  higher c y c l e  
t ime and larger  number of operat ions make t h e  
s t e p  p r o c e s s  l e s s  a t t rac t ive  than t h e  par t ia l  
transfer. 

Engineer ing t e s t s  of both procedures were made 
in a n  INOR-8 vesse l .  'The t e s t  of the  s t e p  flow- 
s h e e t  cons is ted  of three d isso lu t ions  and one  
fluorination. Short l engths  of full cross-sect ion 
Low-Intensity T e s t  Reactor  (LITR) prototype 
fuel e lements  were dissolved.  'The e lements  were 
3 x 3.1 x 10 in. long, and the  part of the  dissolver-  
fluorinator containing them was 5'; in. i n  inner  
diameter. Overall penetration ra tes  varied from 
3.5 to 9 mils/hr, and overall H F  ut i l izat ion ranged 
from 9.5 to 44.8%. After the  l a s t  dissolut ion,  the  
uranium was removed from t h e  melt by sparg ing  
with i luoi ine a t  575OC. Fluorination for 3 hr 
lowered the  uraniuin concentration t o  65 ppm. 
T h e  half-time value for fluorination w a s  28 min; 
the  overal l  eff ic iency of fluorine ut i l izat ion w a s  
3.3%. 

Six dissolution-fluorination c y c l e s  were made 
in  another  engineer ing t e s t  of the  par t ia l  t ransfer  
f lowsheet ,  following a n  ini t ia l  s t e p  dissolut jon-  
dilution to obtain the  desired s tar t ing composition. 
Again, short  l engths  of full c ross -sec t ion  LITK 
[except  for one Oak Ridge Research Reactor  (ORli) 
type] piototype eleinents were d isso lved ,  with over- 
a l l  penetration ra tes  of 3 to 6 mils/hr and H F  utili- 
zat ion of 15.1 t o  36.7%. After e a c h  of t h e  f i r s t  
four par t ia l  t ransfer  d i sso lu t ions ,  t h e  uranium 
was removed from the  en t i re  melt by f luorine 
sparging a t  t h e  rate  of 2 to 3 s t d  liters/min. T h e  
half-time v a l u e s  for removal of uranium varied 
between 20 and 46 min, and fluorine ut j l izat ion 
varied between 0.4 and 3.1%. After e a c h  of the  
final two d isso lu t ions ,  the  melts  were divided 
iiito two par ts ;  one  par t  w a s  fluorinated a t  t h e  r a t e  
of 3 s t d  liters/min and t h e  o ther  part a t  6 s t d  
liters/min. Apparently, fluorine flow rate  was 
not the  controlling factor  for uranium removal i n  
th i s  sys tem,  s i n c e  in  o n e  c a s e  a higher  flow 
resul ted in  higher removal, but i n  the  other ,  a 
lower removal. 

Operationally, the  runs were except ional ly  
smooth. P r o c e s s i n g  of t h e  A1-U al loy by ei ther  
f lowsheet  was so  nearly s imilar  to  previous ex- 
periments with Zr-U alloy that  n o  changes  i n  

operat ing technique were necessary.  Only three 
operat ional  diff icul t ies  occurred during the  test- 
ing  of both f lowsheets .  One of these ,  a fai lure  
of the  autoresis tance-heated pipe used  for t rans-  
ferring s a l t  and admitting IIF gas, w a s  s imilar  
to  onc that  occurred during zirconium processing.  
'The other  two diff icul t ies  were pecul iar  t o  t h e  
A1-U alloy p r o c e s s  and involved temperature 
excursions.  In one c a s e ,  t h e  temperature of the  
center  of the  element  rose  to  about  110OoC, 
although the  temperature of the  bulk s a l t  remained 
below 550. When t h e  flow of $IF w a s  s topped ,  
the temperature ins ide  t h e  element  returned t o  
nearly that  of t h e  bulk s a l t ,  and the  remainder of 
the  run was  uneventful. In the second c a s e ,  a 
temperature above  700°C w a s  recorded in  the  s a l t  
for about  15 min; but, with no I-IF flow, i t  returned 
to  normal, and the  run w a s  cont imed.  

In addition to t h e  fluorination s t u d i e s  that  were 
a part of t h e  engineer ing-scale  t e s t  of the  p r o c e s s  
for A1-U a l loys  ( s e e  preceding d iscuss ion) ,  labor- 
atory t e s t s  were made i n  order t o  determine the  
comple teness  and rate  of removal of uranium from 
KF-ZrF,-AlF, melts. T h e  t e s t s  were made in  a 

0.93-in.4D nickel  reactor, us ing  SO to 70 g of s a l t  
and fluorine sparg ing  r a t e s  of about 100  nil (STP)/ 
inin. R e s u l t s  of the  t e s t s  a r e  summarized i n  T a b l e  
2.5 and show that  more than 99.9% of t h e  uranium 
w a s  e a s i l y  volat i l ized from the melts. T h e  re la -  
tively high v a l u e s  for uranium retained in three of 
the  runs (15, 20, and 3 0  ppm) were at t r ibuted to  
insuff ic ient  t imes  of fluorination. 

Corrosivity to !NOR-$ of KF-ZrF,-AIF, for 
Dissolving Aluminum a t  600°C I s  Equal  t o  or 

Slightly L e s s  than That of N a E - B i F - Z r F ,  
for Disso lv ing  Zirconium a t  650°C 

Of importance in evaluat ing the  sui tabi l i ty  of 
any new appl icat ion of the  molten-salt fluoride- 
volatility p r o c e s s  is the  relat ive corrosivity of 
t h e  proposed m e l t  t o  the container  mater ia ls .  
Three  s e p a r a t e  s t u d i e s  were made for the  alumi- 
num p r o c e s s ,  e a c h  of which involved exposure 
of at l e a s t  INOR-8 to  molten fluorides and HF.  In 
a laboratory experiment a t  BMI, which h a s  been 
previously repoited, corrosion w a s  found 

18P. D. Miller et a l . ,  Corrosion Res is tance  of Nickel-  
Rase Al loys  Under Hydrofluorinator Conditions with 
Aluminum Dissolving, BMI-X-215 (Jan. 7,  1963). 

' 'Chem. Technol .  Div. A M .  Progr. R e p t .  May 3 1 ,  
1963, ORNL-3152, SUPPI. 1, pp. 12---13. 
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T a b l e  2.5. Laboratory Demonstration of Nearly Complete Removal o f  Uranium 

from KF-ZrF4-AIF3 Mel ts  with Fluorine at 500°C 

mditions: 50 to 70  g s a l t  in a 0.930-in.-ID n icke l  reactor; fluorine sparzing rate, 

100 ml (STP)/min 

Step process:  Dissolut ion of A1-U alloy in  60-40 mole % K F - Z r F 4  at 60C°C 

to at ta in  composition of 51-34-15 m o l e  :G KF-ZrF4-AlF3,  followed by 

addition of K F  and dissolut ion of more  alloy to at ta in  final cc)mposition 

of 51.5-20.5-28 mole % KF-%rI~*,.-AlFj; fluorination may be  undertaken at 

600°C ei ther  af ter  first phase  or a t  end 

Recycle  process:  Dissolut ion o f  Al-U al loy in 67-2 1-12 mole Yo K l ~ ' - Z r F , - A l ~ ~ * 3  

to a t ta in  s a l t  composition o f  51.8-16.2-32 mole yo KF-%rF,-AlF , foLlowad 

b y  fluorination a t  600'C 
3 

Run 

U Concerrtpation ______ F Iuorina tion 

'Type o f  P r o c e s s  Temp 'rime Initial Fin31 

A 

B 

C 

D 

E 

F 

G 

1-1 

Step process .- 1st phasee 

h 
Step process  - 1st phase  

step process - 1st  phasee 

Complete s t e p  processa 

h Complete s t e p  process 

Complete s tep processe  

b Recycle process  

Recycle  processb  

575 

6 00 

625 

57.5 

600  

625 

600 

600 

0.5 

1.0 

1.0 

0.5 

1.0 

0.5 

1.0 

1.0 

0.5 

1.0 

1.0 

1.0 

1530 

1.570 

1480 

3200 

5300 

3500 

3900 

2300 

1.2 
0.8 

7 

15 
1.2 

1.2 

1 .I 

30 

2.0 

0.8 

2.2 

20 

%all prepared by addition of UF 
bSalt prepared by dissolut ion of 3.6 wt 5% 17-A1 alloy. 

4' 

to b e  UllU§ually low when nickel-base a l loys  were 
exposed  to 63.5-31.4-4.8 mole ?4 KF-ZtF,-A1F3 
at 6OO"C while  d isso lv ing  type  1100 aluminum 
with HF. The aluminum w a s  added periodically, 
a d  the  concentrat ion of AIF, w a s  increased  t o  
15.6 mole in  280 hr.  

Another laboratory experiment w a s  conducted 
at BMI with the  new procedure (see third par t  of 
Sect. 2.1). In t h i s  experiment, a l s o  made a t  
6QO°C, corrosion w a s  f i r s t  determined during 
101 hr while type 1100 aluminum w a s  dissolving;  
next, r a t e s  of corrosion were determined over a 
200-hr period by u s i n g  t h e  salt from the f i r s t  
portion of the run but  without t h e  d isso lu t ion  of 

aluminum." ?'he m e l t  us;ed i n  the  f i rs t  (disselu- 
tion) p h a s e  of the experiment w a s  made by ad- 
jus t ing  a commercial s a l t  with Z r F ,  to a nominal 
composition of 62.8-37.2 mole % KF-ZrF,. The 
usua l  t1F-H2 purification of the inltial s a l t  W ~ S  

not employed. The s a l t ,  as used,  contained 
63.8-36.2 mole % KF-ZrF, and 131, 29, 766, and 
312 ppm of Fe, Cr, Ni,  and S respect ively.  Again 
t h e  corrosion r a t e s  were very low. N o  losses o€ 

'*P. D. itliller st a!., Corrosion Re.sistance of ~ i c k e z -  
S a  s e A I 1  oyn U r ~ d e r  Hydrof l  irorin at or Conditions with 
Aluminurn Dissolv ing  - Part  If, HMl-X-260 (ikt. 18, 
1963). 
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metal were de tec tab le  by micrometry on  any of 
t h e  n icke l -base  a l loys  exposed  during ei ther  p h a s e  
of t h e  experiments. By weight l o s s ,  t h e  maximum 
corrosion r a t e s  for INOR-8 and HYMN 80 (Alloy 
79-4) were 0.2 and 0.8 mil/month, respect ively,  
during t h e  f i rs t  phase ,  and 0.5 mil/month during 
t h e  second.  Of in te res t  were t h e  intergranular 
e f fec ts  noted i n  the  second s tudy,  compared with 
the  f i rs t .  No intergranular a t tack w a s  observed 
in the  INOR-8 or I-Iylllu 80 spec imens  in  t h e  
ear l ier  s tudy,  nor  did spec imens  of a new h e a t  
of INOR-8 show any intergranular a t tack in  any of 
the spec imens  exposed  in any position or par t  
of t h e  experiment. However, another  h e a t  of  
INOR-8 (M1071) tha t  had been  t e s t e d  before  showed 
intergraniilar modification under a l l  condi t ions 
except  when coupons were exposed above t h e  
s a l t  during t h e  nondissoluiion part of t h e  experi- 
ment. For the la t te r  hea t ,  t h e  maximum intergran- 
ular a t tack  w a s  1.5 m i l s  in  101 hr during t h e  f i rs t  
part and 3 mils in 200 hr during t h e  second part. 
Based  on sound meta! remaining, t h e  maximum 
corrosion ra tes  were 10.8 mils/month and 8.2 
a i l s /month  respect ively.  Specimens of INOR-8 
tubing showed altliost no intergranular effects .  
HyMu 80 spec imens  showed a s l ight ly  greater  
inc idence  of intergranular a t tack,  Alloy 2 (85% 
Ni--.10”/0 Mo-5% F e )  and weld filler metal 61 were 
at tacked s l igh t ly  more, and Ni---1% A1 and Ni--S% 
Fe spec imens  were severely attacked.. 

T h e  third coriosion s tudy w a s  made in our labo- 
ratory in  a n  attempt to obtain a direct  comparison 
of t h e  corrosion of Hastel loy N (INOR-8) when 
exposed t o  HF and the  melts  for d isso lv ing  A1-U 
and Zr-U a l loys .  Gravimetry indicated that  K F -  
ZrF,-AlF,, a s  proposed for the A1-IJ alloy proc- 
e s s ,  i s  s l ight ly  l e s s  corrosive to Hastel loy N than 
the NaF-LiF-ZrF,  melt used  for dissolving zir- 

coniuin. During the  t e s t s ,  which were made at 
6OO0C, spec imens  were exposed t o  H F  and t o  
helium for 14 and about  35 hr respect ively.  A 
s ingle  specimen mas exposed in  both t h e  s a l t  and 
gas p h a s e s  of a particular s a l t  composition with- 
out fuel dissolut ion.  When the  computations were 
arbitrarily based  only on the a rea  of e a c h  specimen 
actual ly  submerged in s a l t ,  corrosion ra tes  of 
0.006 and 0.013 mil/hr were found at 67-21-12 and 
51.8-16.2-32 mole % KF-ZrF,-AlF3, respect ively,  
for t h e  A1-U alloy process  c a s e ,  arid 0.022 and 
0.018 mil/hr a t  37.5-37.5-2s and 27.5-27.5-45 m o l e  
% T..iF-NaF-ZrF4, respect ively,  for t h e  Zr-U al loy 
process .  T h e  s a l t  compositions represented t h e  

ini t ia l  and f inal  condi t ions for the  hydrofluorina- 
tion (dissolut ion)  s t e p  of the two processes .  

First  Test W a s  Completed Successdully i n  the 
Pi lo t  Plant by Using Fuel Eiements  Simulated 

w i tk AB urn i nu in 

On t h e  b a s i s  of t h e  favorable resu l t s  reported 
above,  t h e  p r o c e s s  development effor ts  on  the  
process ing  of U-AI alloy fuel have  been extended 
to pilot plant  scale. One run w a s  successfu l ly  
completed. 

T h e  f i rs t  aluminum run in t h e  pilot plant  con- 
s i s t e d  i n  t h e  dissolut ion of s imulated fuel ele- 
ments containing only aluminum. ‘Two dummy 
e lements ,  e a c h  21 in .  long and weighing 4 kg, 
were d isso lved  i n  molten KF-ZrF, in  30 hr. Even  
though there  w a s  no uranium present ,  t h e  remainder 
of the  process  was followed to t e s t  the  system. 

T h e  composition of the  s a l t  a t  t h e  beginning of 
metal d i sso lu t ion  w a s  63-37 mole ”/0 KF-ZrF,; i t s  
final composition w a s  16.4-52.7-30.9 mole % 
AlF,-KF-ZrF,. Sal t  temperature w a s  iilaintained 
a t  600 to  62OoC throughout the  dissolut ion.  Pre- 
liminary da ta  indicat ing the  effect  of !-IF flow 
rate on  dissolut ion rate  were obtained by varying 
Ilk‘ flow iii t h e  range of 80 to 125 g/min; resu l t s  
were inconclusive.  Dissolut ion w a s  complete  
in  30 hr, but a flow of H F  w a s  cont inued at 40 
g/min for 1 hr t o  remove any finely divided s o l i d s  
that  might have  been present  i n  the  melt. 

After d i sso lu t ion  w a s  accomplished, t h e  r e -  

rriaind-r of the  f lowsheet  w a s  followed, with 
minor var ia t ions,  lo t e s t  the operability of t h e  
sys tem.  No diff icul t ies  were encountered. 

One major chan-gt? w a s  made in t h e  f lowsheet  
on t h e  b a s i s  of laboratory s tudies .  In t h e  p a s t ,  
during fluorination UI;, w a s  sorbed by N a F  a t  
100°C. At t h i s  temperature, MoF, i s  a l s o  sorbed,  
and i t  must b e  removed before UF,  can  be  re- 
covered. In the  revised process ,  UF’, i s  sorbed by 
N a F  a t  150°C. At 15OoC2, MoF, should not be  held 
by t h e  NaF,  and only a negligible quantity of 
U F ,  i s  d i sp laced  t o  t h e  chemical  trap. The LJF, 
may be  recovered from the  chemical trap. 

R e s u l t s  of the  first run were qui te  sat isfactory,  
and they indicated that  there  a re  no inherent dif- 
f icu l t ies  with ei ther  t h e  process  or t h e  equipment 
that  would prevent  continuation of the  development 
program i n  t h e  pi lot  plant. 
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2.3 SORBENT STUDIES 

In the  fluoride-volatility process ,  fixed b e d s  o€ 
N a F  p e l l e t s  a r e  u s e d  for separa t ing  U F ,  from a 

g a s  s t ream which may also contain f luorides  of 
corrosion products, fission products ,  o r  both. Data  
on t h e  rate of removal of U F ,  from g a s  s t r e a m s  
by fixed. b e d s  of N a F  a r e  necessary  for t h e  des ign  
of sorber  sysf.ems. T h e  u s e f u l n e s s  of current  
so l id  sorbents ,  NaF and MgF,, could b e  sub-  
s tan t ia l ly  increased  i f  their  capac i ty ,  spec i f ic i ty ,  
anti stilbility were improved. Also,  other  sorbents  
may be  superior .  

Work on t h e s e  problems h a s  been  concentrated 
in  s e v e n  areas :  (1) t h e  development of a correla- 
tion between sc,rption-desocption condi t ions and 
t h e  resul tant  deter iorat ion of Nap- p e l l e t s  and 
c h a n g e s  in  capac i ty  for sorbing UF, ,  (2) an ex-  
tension of ihe s tudy  on t h e  r a t e s  of sorpt ion of 
U F ,  by s ingle  l a y e r s  of N a F  p e l l e t s  t o  inc lude  
a broader temperature range and two addil ional 
pe l le t  types,  ( 3 )  determination of t h e  sorption- 
desorpt ion cha-racter is t ics  of impurity gases, 
(4) a study of other  p o s s i b l e  sorbent  s y s t e m s ,  
(5) a s tudy  of p e l l e t  production from N a F  powder, 
( 6 )  t h e  el iminat ion of t h e  undesirable  retention of 
uranium on MgF,, and (7) t h e  evaluat ion of t h e  
separa t ion  of PuF, and U F ,  by sorpt ive methods. 
R e s u l t s  of s t u d i e s  made i.hus Far on item 7 a r e  
reported in  Sect. 2.7 of t h i s  report. 

F o r  part of t h i s  work, a gasometr ic  appara tus  
was spec ia l ly  constructed,  and it permitted t h e  
rapid s tudy  of quant i ta t ive  and control led g a s -  
sol id  reac t ions  s u c h  as sorpt ions,  desorpt ions,  
a l ternat ing sQrptiori-desoiptions, s y n t h e s e s ,  and  

d issoc ia t ion-pressure  measurements. T h e  
gasometr ic  appara tus ,  used  with small, well- 
d i spersed  samples ,  permitted a broad a t tack  on 
many of the  s p e c i f i c  problems with a minimum 
of effort. 

A Correlation Between Sorption-Desorption 

Conditions and Both Deterioration of NaF 

Pellets and Changes i n  Capacity Cor UF, 

During repeated sorp t ions  and desorp t ions  of 
U F ,  on N a F  pe l le t s ,  t h e  pe l le t  s t ruc ture  is broken 

--- . . 

S. Katz ,  Apparalris for the Gnsornetric Study of 
Solid-Gas Reactions: Sodium Fluoride with Hydrogerz 
fJluoride and ilranium Hexafluoride,  OKNL-3497 (Oct. 
1.5, 1963). 

2 1  

down, and a finely divided, low-density powder 
is produced. T h e  capac i ty  of t h e  NaF p e l l e t s  to 
sorb  U F ,  is appreciably reduced af ter  the f i r s t  
sorption-desorpf ion c y c l e  and gradually i n c r e a s c s  
in  subsequent  cyc les .  From kine t ics  s t u d i e s  on 
p e l l e t s  in  both s i n g l e  l a y e r s  and i n  b e d s  under a 
variety of operat ing condi t ions with d i lu te  UF,, 
and from s t a t i c  s t u d i e s  in  the  gasometer  with 
undiluted UF, ,  an explanat ion h a s  been  developed 
for t h e  e f f e c t s  of va i ia t ions  i n  operat ing condi t ions  
on both the  phys ica l  behavior  of the  pe l le t s  and 
on their  capac i ty  for UF,. 

As purchased from t h e  I larshaw Chemical  Com- 

pany, the  N a F  pe l le t  (1/8 in. i n  diameter by 1/8 
in. high) h a s  a sur face  a r e a  of 1 to 2 m7/g. T h e  
void fract ion is about  0.45, which theoret ical ly  
l imi t s  t h e  weight  of U F ,  sorbed to 33% of t h e  
pel le t  weight. In p r o c e s s  appl ica t ions  a t  I O O O C ,  
the  quant i ty  of U F ,  sorbed during t h e  f i rs t  c y c l e  
represents  about  15% of t h e  uranium contained 
in t h e  theoret ical  composition U F  =2NaF, and on 
t h e  second cyc le ,  about  10% of theoret ical ,  with 
a gradual  i n c r e a s e  thereafter. The 1:2 molar 
ratio, IJF;ZNaF, h a s  been es tab l i shed  as t h e  
limit, according t o  s t u d i e s  with highly d ispersed  
NaF. 

The in i t ia l  sorpt ion of U F ,  by t h e  N a F  pe l le t  
IS dependent  upon temperature, U F  concentrat ion,  
void fraction, and s p e c i f i c  sur face  area.  T h e  
temperature dependence  of the rate  of sorpt ion 
ut a point i n  t h e  pe l le t  h a s  been  shown to b e  of 
t h e  Arrlienius type;  t h i s  produces a d e c r e a s e  i n  
to ta l  sorpt ion capac i ty  for a pel le t  as the temper- 
a ture  is increased .  T h e  dependence of sorption 
capac i ty  011 t h e  concentrat ion of U F ,  a r i s e s  as a 

resul t  of different t ransfer  mechanisms for di luted 
and pure UF,. F o r  impure UP,, t ransfer  is by 
diffusion through s tagnant  di luent  gas; for pure 

UF , ,  t r m s f e r  is by forced flow resul t ing From 
decreased  pressure  within t h e  pellet. T h e  sorpt ion 
capac i ty  for pure U F ,  IS about  30% of theoret ical  
and h a s  l i t t l e  dependence  on sorpt ion temperature. 
T h e  dependence  of sorption capac i ty  on  t h e  void 
fract ion r e s u l t s  from t h e  requirement t h a t  the  
sorbed U F ,  must  occupy a volume d ic ta ted  by 
the  dens i ty  of t h e  U F b - 2 N a F  (4.13 g/cm3 at  
26OC). F igure  2.103 s h o w s  t h e  bulk-volume 
relat ionship between t h e  s a m e  weights  of N a F  
pe l le t s ,  reagent-grade Nal", and N a F  which had  
previously heen  in  t h e  form UF,-2NaF.  Rate of 
sorpt ion is ini t ia l ly  dependent  upon t h e  ava i lab le  
surface;  thereaf ter ,  it is also affected by the  
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th i ckness  of t h e  su r face  layer  of t he  complex, 
which, in  turn, is inverse ly  proportional to  the  
spec i f i c  sur face  area.  

During desorption of U F ,  from the  N a F  pel le t ,  
mechanical  damage may occur. I t s  ex ten t  is a 
function of original void volume, temperature of 
desorption, ra te  of U F ,  removal, and the  temper- 
a ture  to which the  remaining NaF is subjec ted .  
In the  a b s e n c e  of fluorine, t he  U s +  complex is 
formed, blocking the  movement of the U F ,  in  the  
pel le t  and  further reducing the  capac i ty  of t he  
NaF for UF,. 

T o  e s t a b l i s h  the effect  of ini t ia l  void fraction 
n of pe l l e t s  and on their  capac-  

ity for UF, ,  tests were conducted on p e l l e t s  from 
two shipments  of NaF, l o t s  P-2 and P-4, with 
in i t i a l  void f rac t ions  of 0.45 and 0.34 respectively.  
T h e  t e s t s  cons i s t ed  in  alternately sorbing and 
desorb ing  U F ,  between fixed beds  of NaF pel le ts .  
In test, the  pe l l e t s  were loaded to  capac i ty  
with U F ,  a t  100°C and then desorbed a t  4OO0C, 
us ing  fluorine a s  a carrier g a s  in  both s t eps .  T h e  
pressure  drop w a s  measured af ter  e a c h  run for 
comparison with ini t ia l  p ressure  drop data,  and 
samples  were withdrawn for ana lys i s .  Photographs  
of both P-2 and P-4 pe l l e t s  after e ight  complete  
c y c l e s  a r e  shown in F igs .  2.10b and 2 . 1 0 ~  re- 
spec t ive ly .  T h e  P-2 pe l l e t s  had deteriorated badly; 

Fig. 2.10. Appearance o f  NoF i n  Sorption Tests.  ( a )  Volumes o f  ident ical  weights of N a F  from different 

sources; (b )  pe l le t  w i th  void fraction of 0.45 after  e ight  sorption cycles; (c) same as  ( 6 )  except void froction o f  

0.34; (d )  after two or three cycles with pure U F 6 ,  surface loyer often sloughs off  ond rernoins intact. 
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about 5% of the  N a F  had separa ted  from the  pe l le t  
as a low-density powder, and about  20% of t h e  
ini t ia l  pe l le t  material w a s  present  a s  a weakly 
adherent, low-density material a t  t h e  pel le t  su r -  
face.  T h e  remainder of t h e  pe l le t  w a s  e s s e n t i a l l y  
unchanged. In contrast ,  t h e  P-4 p e l l e t s  showed 
l i t t l e  change  af ter  e ight  cyc les .  Thei r  appearance  
w a s  s imilar  t o  tha t  of t h e  P-2 p e l l e t s  a f te r  two 
cyc les .  T h e  s a m e  type of deter iorat ion is be l ieved  
to  have  occurred i n  e a c h  c a s e ;  however, t h e  rate  
of deter iorat ion w a s  much lower with t h e  d e n s e r  
material. 

As shown in Fig. 2.11, r e s i s t a n c e  to  flow of  
nitrogen through a bed of P-2 p e l l e t s  increased  
s l ight ly  af ter  n ine  cyc les .  No i n c r e a s e  w a s  noted 
for t h e  P-4 material. T h e  increased  pressure  
drop resu l t ing  from pe l le t  deterioration i s  not 
bel ieved to b e  a problem, but entrainment of t h e  
finely divided N a F  from t h e  bed  could c a u s e  
diff icul t ies .  

Mechanical damage to  t h e  N a F  pe l le t s  is sig-  
nificantly lower when t h e  U F ,  is desorbed rapidly 
a t  a relat ively low temperature. Holding t h e  NaF- 
U F ,  complex a t  32OoC for 1 hr reduces  the  sub-  
sequent  capac i ty  of t h e  d ispersed  N a F  powder 
for U F ,  by about  10%. T h e  usua l  c h a n g e s  i n  
appearance  during t h e  f i rs t  desorpt ion a r e  a round- 
i n g  of t h e  corners  and a roughening of t h e  s u r f a c e  
of the  pel le ts .  

Sorption of  U F ,  during t h e  s e c o n d  and third 
c y c l e s  is about  10% of theoretical. T h i s  reduction 
in  capac i ty  is c a u s e d  by t h e  i n c r e a s e  in  t h e  a r e a  
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of t h e  ex terna l  sur face  of t h e  N a F  pe l le t  that  
occurred during t h e  f i rs t  cycle .  T h e  increased  
ra te  of react ion i n  t h e  outer  layer  b locks  t h e  pores  
sooner  than with p e l l e t s  which had not previously 
been exposed  to UF,; t h i s  e f fec t  is most pro- 
nounced with undiluted UF,. Thus,  s i n c e  t h e  
U F ,  r e a c t s  more rapidly, less time is avai lab le  
for  t h e  transport of g a s e o u s  U F ,  beyond t h e  
vicini ty  of t h e  sur face  of t h e  pellet. With more 
c y c l e s  of sorption-desorption, mechanical  damage 
and  overal l  pe l le t  dimensions increase.  Both 
condi t ions a r e  minimal when desorption temper- 
a tures  a r e  low and  U F ,  withdrawal r a t e s  a r e  
high. Mechanical damage r e s u l t s  i n  loose powder; 
in  fact ,  c y c l e s  involving pure U F ,  often c a u s e  
a n  i n t a c t  sur face  layer  t o  s lough off as shown i n  
Fig. 2.10d. T h e  sorpt ion capac i ty  of t h e  d is -  
persed powder is reduced b e c a u s e  of s in te r ing  
i f  t h e  powder is hea ted  to about  49OoC, or higher, 
during t h e  desorpt ion process .  T h e  net  e f fec t  of 
t h e s e  fac tors  is usual ly  a gradual i n c r e a s e  in  t h e  
sorpt ion capac i ty  af ter  the third cycle .  

Extension of Mathematical Model for 
Sorption of UF, by NaF 

Previous  work on t h i s  p r ~ b l e m ~ ~ * ~ ~  c o n s i s t e d  
in  t h e  correlat ion,  by u s e  of a mathematical model, 
of d a t a  on  t h e  sorpt ion of U F ,  from a flowing 
s t ream of U F ,  and nitrogen by s i n g l e  l a y e r s  of 
N a F  pe l le t s .  T h e  pe l le t s  were  from a par t icular  
shipment received from t h e  Harshaw Chemical  
Company. T h e  mathematical model cons idered  
t h e  e f f e c t s  of temperature, concentrat ion of UF,, 
g a s  flow rate ,  and pe l le t  charac te r i s t ics .  T h e  
da ta  were taken  i n  t h e  temperature range 29 t o  
100°C and showed t h a t  t h e  sorpt ion ra te  and  
capac i ty  of a pel le t  for sorb ing  U F ,  were s t rongly 

inf luenced by t h e  s p e c i f i c  sur face  a r e a  and void 
fraction of t h e  pel le t .  

T h i s  work w a s  ex tended  to  inc lude  p e l l e t s  
from three other  shipments ,  with void fract ion and 
s p e c i f i c  sur face  a r e a s  different from t h o s e  of t h e  
f i rs t  shipment  tes ted .  In addition, t h e  temperature  
range w a s  extended so tha t  d a t a  a r e  ava i lab le  to  

"Chem. Technol.  Div .  Ann. Progr. Rept . ,  May 31, 
1963,  ORNL-3452, p. 48. 

Fig. 2.11. Slightly Greater Resistance to Gas F l o w  

Noted i n  Bed o f  N a F  P e l l e t s  (45% Voids i n  Individual  

23L. E. McNeese. An Experimental Study o f  Sorption 
o f  Uranium Hexafluoride by  Sodium Fluoride Pe l l e t s  and 
a Mathematical  o f  Di f fus ion with Simultaneous 

Pel le ts )  After N i n e  Cyc les  of U F, Sorption-Desorption. Reaction. ORNL-3494 Wov. 14, 1963). 
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225°C. In general, t h e s e  additional d a t a  support  
t h e  conclus ions  drawn from t h e  ear l ie r  s tudy.  

Preparation of Compounds Formed by Reaction 
of UF,, MoF,, and WF, with NaF, and 
Measurement of Dissociation Pressures 

T h e  compounds U F ,  *2NaF,  MoF;2NaF, and 
WF,-2NaF were prepared i n  t h e  gasometer, and 
t h e  dissociat ion-pressure curves  were determined. 
T h e  equat ions  for t h e  d issoc ia t ion  p r e s s u r e s  were: 

log  Pmm = 9.25 - (4.18 x 103) /T  

for U F ,  over  UF;2NaF , 

l o g  pmm = 8.80 - (3.99 1 0 3 ) / ~  

for WF, over WF;2NaF , 

l o g  pmm = 8.27 - (2.87 x 103)/T 

for MoF, over MoF, - 2 N a F  , 

where Pmm is pressure  in  mm of mercury, and T 
is temperature i n  OK. 

Reactions of UF, and WF, with LiF, KF, RbF, 
and CsF 

React ions  of U F ,  and WF, with lithium, potas-  
s ium, rubidium, and cesium f luorides  were char-  
ac te r ized  i n  t h e  gasometer  at temperatures  from 
100 to 450°C. Lithium fluoride did not reac t  with 

WF, at temperatures  below 435°C; no react ion 
occurred with U F ,  until a temperature of 370°C 
w a s  a t ta ined ,  when a U5+ compound w a s  formed. 

When U F ,  and WF, e a c h  contacted K F ,  R b F ,  
and CsF separa te ly ,  compounds approximating 
3 K F - 2 U F 6 ,  WF6*2KF,  UF6.1 .7RbF,  WF6*2.1RbF,  
U F ,  .0 .8CsF,  and WF, - C s F  were prepared. T h e s e  
compounds evolved l i t t l e  of t h e  metal  hexafluo- 
r ides  upon hea t ing  to 400°C. No favorable  s e p -  
aration sys tem was  evident. 

Production of Pellets from NaF Powder 

At present ,  pel le ted N a F  used  i n  t h e  volatility 
p r o c e s s  is purchased from Harshaw Chemical  
Company for about  $5 per  lb. Since powdered 
N a F  is ava i lab le  for less than 20q per lb ,  a s tudy 
of pe l le t  production from N a F  powder is i n  prog- 

r e s s  on a subcontract  b a s i s  with t h e  Paducah  
Gaseous  Diffusion Plant .  Pellets a r e  produced 
by agglomerating a mixture of powdered N a F  and 
water, followed by drying and fluorination a t  250 
to  350°C. To da te ,  p e l l e t s  prepared by t h i s  
method have  sa t i s fac tory  sorption charac te r i s t ics ,  
but they l a c k  t h e  s t ructural  s tab i l i ty  n e c e s s a r y  
for repeated u s e  in fixed-bed sorbers .  Work 
will b e  cont inued on methods for increas ing  their  
s tabi l i ty .  

The Undesirable Retention of Uranium 
on Magnesium Fluoride Sorbent 

T h e  undesirable  retention of uranium on  t h e  
MgF, used  to s e p a r a t e  TcF, from gross  amounts  
of U F ,  w a s  shown t o  b e  c a u s e d  by phys ica l  
sorption, if t h e  MgF, were pretreated with fluorine 
a t  high temperatures. 2 4  T h e  deposi t ion of U F ,  on 
MgF, w a s  s tudied  as a function of preheat ing,  
prefluorination, and prehydrofluorination of t h e  
pe l le t s .  B e c a u s e  t h e  as-received p e l l e t s  con-  
ta ined  about 10 wt % water, a rigorous preheat ing 
and prefluorination w a s  necessary  to  prevent 
chemical  conversion of t h e  U F ,  to  a nonvolat i le  
form, probably UO,F,. P h y s i c a l  sorption a t  t h e  
100°C sorpt ion temperature is responsible  for 
most of the  uranium adsorbed on carefully pre- 
t reated MgF, p e l l e t s ,  and t h e  amount of U F ,  
re ta ined per  kilogram of MgF, c a n  b e  reduced 
to less than 1 g by hea t ing  to  350°C, t h u s  per- 
mitting t h e  adsorber  to  b e  discarded when nec-  
essary .  

2.4 REMOVAL O F  TELLURIUM HEXAFLUORIDE 
FROM PILOT PLANT EFFLUENT GAS 

T h e  radioactivity due  to tellurium ( 7mTe,  
l Z g m T e ,  and 13'Te) i n  eff luent  g a s e s  from fluo- 
ride-volatility process ing  represents  a p o s s i b l e  
source  of a tmospheric  contamination. T h e  tel- 
lurium is probably i n  t h e  form of very volat i le  
TeF, (bp 38"C), although s o m e  lower-valent 
f luorides  of  less volatility might conceivably 
or iginate  through reduction. T h e  caust ic-spray 
absorpt ion sys tem u s e d  for fluorine d i s p o s a l  i n  

24S. Katz, Reduction of Uranium Hexafluoride Re-  
tention on Beds  of Magnesium Fluoride Used  for Re-  
moval o f  Technetium Hexafluoride, ORNL-3544-A (Jan. 
16, 1964). 
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t h e  Oak Ridge Volatility Pilot P l a n t  (VPP) h a s  
been shown c a p a b l e  of removing some of t h e  
tellurium but not enough t o  e n s u r e  tha t  none 
accompanies  t h e  residual  eff luent  (helium or  
nitrogen). S ince  tellurium and sulfur  a r e  Group 
VI e lements ,  and  s i n c e  nickel  readily r e a c t s  with 
most sulfur compounds at temperatures  higher  
than 3OO0C, p a s s a g e  of t h e  g a s  s t ream through 
a bed of nickel  a t  400 to 500°C seemed to  b e  a 
likely possibi l i ty  a s  a more effect ive method of 
removing tellurium. Laboratory resu l t s  confirmed 
th is ,  and a high-temperature nickel  bed will prob- 
ably be  t e s t e d  under p r o c e s s  condi t ions i n  t h e  
VPP.  

T h e  laboratory t e s t s  cons is ted  i n  p a s s i n g  a 
mixture of TeF, and helium through a 6-in.-long 
bed of nickel  mesh i n  a 1-in.-diam nickel  tube 
held in  a furnace. T h e  TeF, and helium g a s  
f lows were monitored by flowmeter, but t h e  total  
quantity of TeF, used w a s  determined by weight  
l o s s  of the  s o u r c e  tank. For convenience of sep-  
aration and ana lys i s ,  t h e  bed w a s  made up of s i x  
s e p a r a t e  s e c t i o n s  of mesh, e a c h  s e c t i o n  be ing  
1 in. long. 

Run condi t ions and resu l t s  from t h i s  s tudy are 
shown in T a b l e  2.6. In the  f i r s t  th ree  runs a t  
400, 500, and 600°C, the  respec t ive  material 
ba lances  of 88.5,72.9,  and 63.0% indicated losses; 

25Chern. Technol. Div .  Pro&. Rept .  M a y  31, 1963, 
ORNL-3452, p. 44. 

therefore, three consecut ive  bubbler t raps  con- 
ta ining a 5% KOH solut ion a t  90°C were employed 
i n  t h e  next  three runs in  a t tempts  t o  determine the  
TeF, loss through t h e  column. However, t h e  
insignif icant  amounts of tellurium found i n  t h e  
c a u s t i c  indicated that  e i ther  there were no l o s s e s  
or that  t h e  c a u s t i c  t raps  were almost  total ly  in- 
effective. 

'The tellurium distribution i n  e a c h  bed indicated 
d e g r e e s  of reaction. 'The f i rs t  th ree  runs showed 
s o m e  ev idence  of breakthrough a t  6OO0C and per- 
h a p s  a t  500. 'These temperatures were bel ieved 
to  b e  f ic t i t iously high due  to t h e  method of thei- 
mocouple instal la t ion.  With a more rel iable  ther- 
mocouple technique,  t h e  second group of three  
runs,  a l l  conducted below 500°C, gave  l i t t l e  
ev idence  of breakthrough. T h e  effect  of too low 
a temperature (below 4OO0C) i s  s e e n  in  the  f i rs t  
s e c t i o n  of the fourth run (Table  2.6). 

T h e  mechanism for tellurium retention i n  a hot 
nickel  bed i s  probably a combination of chemical  
reduction and t h e  diffusion of elemental  tellurium 
into t h e  nickel .  All the  poss ib le  reduction prod- 
uc ts ,  Te,F lo, 'ref?,, and tellurium have  signifi- 
c a n t  vo la t i l i t i es  (decreas ing  i n  t h e  order given) 
s o  tha t  movement of tellurium through a bed af ter  
reduction is not  surpr is ing,  particularly a t  60Qo C. 

261. G. Ryss ,  The Chemistry of Fliiorine and I t s  
Inorganic Compounds, ARC-Tr-3927 (Pt. l ) ,  pp. 161-205 
(February 1960). 

Table 2.6. Retention of Tellurivni in B e d s  of Nickel Mesh at 400 to 600' C 

Conditions: Mixtures of 15 to 25% TeF, passed  through b e d s  of nickel  mesh (1 in. in  diameter 

and 6 in. long) a t  100 m l  (STP)/min for 0.5 hr  

Materia! 

Balance 

(a) 

. . . . . . . . . . . . . . . . . . . . Tellurium Retention (yo input) .... ~ ..... ................... ~ 

Reactor  Aqueous 

wal lb  KOH Trap 
. ._. . Bed Section (in order of u s e )  'l'emp 

ec,. 1 2 3 4 5 6 
._ -.-.... 

400 61.8 24.8 1.9 0 0 0 88.5 

500 17.7 11.6 4.7 7.2 13.4 10.0 8.7 72.9 

600 8.7 4.4 4.7 3.8 0 0 41.4 63.0 

400 0 24.5 38.5 1.8 0.2 0 0.7 65.7 

450 20.7 44.7 1.4 0 0 0 0 66.8 

480 43.6 13.0  1.0 0.7 0 0 0 58.3 

a. 

bDeterrnined by total  dissolution. 

Iemperaturcs  i n  the l a s t  three runs were bel ieved more accura te  than others  due  to improvements in  application of 
tliennocouples. 
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Tellurium tetrafluoride is reportedly e a s i l y  hydro- 
lyzed (in cont ias t  to Te,F,, and TeF,), and there- 
fore, soine retention of telluiium in  the  aqueous  
t raps  should have  occurred. 

Although t h e  material b a l a n c e s  make t h e  ade-  
quacy of the  method somewhat quest ionable ,  a 

high-temprrature nickel  bed will probably b e  qui te  
e f fec t ive  under process  conditions, wherc only a 

t race  of act ivi ty  will b e  present .  Additional 
nf fec t ivcness  c a n  probably h e  achieved by increas-  
i n g  t h e  res idence  time beyond the  value of ahout  
0.5 inin used  i n  the above t e s t s .  

2.5 APPLlCATiBN TO STAINLESS STEEL 

Solubility of FeF, in 60-40 Mole % KF-ErE,  
I s  About 22 Mole %, but Stainless Steel 

Dissolution Rote I5  LOW 

T h e  solubi l i ty  of the  fluorides of iron, chromium, 
and nickel  i n  so lvent  mel t s  such  as NaF-LiF-ZrF,  
is low at 450 to 600OC because  of t h e  la rge  dif-  
fe rences  between the  melting temperatures  of t h e  
dif luorides  of t h e s e  meta ls  and that  of t h e  sol- 
vents .  T h e  d isadvantages  of low solubi l i ty  (10 
to  15%) may be offset  if other  properties, for 
example,  t h e  rapid dissolut ion of s t a i n l e s s  s t e e l  
c laddings  or t h e  sui tabi l i ty  of a recycled s a l t  
a s  so lvent ,  prove t o  b e  espec ia l ly  favorable. Ac- 
cordingly, preliminary s t u d i e s  of t h e  solubi l i ty  
of FeF, wePe made with KF-ZrF, mixtures of 
composition s imilar  to  t h o s e  employed i n  t h e  
reprocess ing  of aluminum-based fuel. Although 
only preliminary d a t a  have  been  obtained, t h e  
sa tura t ing  concentrat ion of FeF, in t h e  KF-ZrF,  
(6040 m o l e  %) so lvent  a t  575OC may he  appioxi- 
rilately 22 mole %. T h e s e  d a t a  sugges ted  t h a t  
molten mixtures of K F  and ZrF, might h a v e  
suff ic ient  capac i ty  for d i sso lv ing  FeF, t o  warrant 
considerat ion of their  u s e  i n  the  appl icat ion of 
t h e  volatility p r o c e s s  to fue ls  that  a re  d ispersed  
in  a s t a i n l e s s  s t e e l  matrix. 

Dissolut ion-rate  t e s t s  were conducted t o  detei-  
mine t h e  pract ical i ty  of us ing  KF-ZrF,  for proc- 
e s s i n g  s ta in less -s tee l -c lad  fuels. In two t e s t s  
with H F  in  64-36 mole % KF-ZrF,  and 51.8-16.2- 
32  mole ”/o KF-ZrF,-AlF,  a t  60OoC, dissolut ion 
r a t e s  of 1.3 and 0.8 mil/hr, respect ively,  were 
measured by gravimetry for type 304L s t a i n l e s s  
steel. T h e  second sys tem w a s  t e s t e d  on t h e  
assumption that  the  high proportion of K F  would 

i n c r e a s e  t h e  d isso lu t ion  rate; however, the  multi- 
valent  components  (ZrF, and AIF,) apparently 
had an, overriding effect. Previously reported 
work i n  t h e  KF-ZrF, sys tem a t  65OoC resu l ted  
in higher d isso lu t ion  rates .  U s e  of t h e  50-50 mole 
% s a l t  i n  two t e s t s  gave ra tes  of about  7.0 mils /  
hr (2.0 and 2.2 mg c m - ?  Inin-.’). 2 2  For  60-40 mole 
”/o s a l t ,  r a t e s  of 2.3 and 2.8 mils/hr (0.9 and 1.0 
m g  cm-’ min-l)  were measured. 

T h e  d isso lu t ion  r a t e s  found a t  600 and 65OOC 
a r e  not necessar i ly  insuff ic ient  for s t a i n l e s s -  
s teel-clad UO fuel. However, severa l  other  
determinat ions will have  t o  he made before t h e  
process ing  of s t a i n l e s s  s t e e l  c a n  b e  considered 
pract icable .  T h e s e  inc lude  t h e  solubility of 
FeF, (formed in  t h e  fluorination s t e p )  as  opposed 
to  that  of FeF,, t h e  corrosivity of FeF, ,  and the  
effect  of la rge  quant i t ies  of U F ,  on so lubi l i t i es ,  
a s ,  for example,  i n  t h e  case of low-enrichment 
fuel where a high concentration of UF,  appears  
desirable .  

52-37-11 Molle % NoF-LiF-ZrF,, 
for Dissolv ing the E R-1 Core-2 Residue wi th  

HF, Found T o  Be Exceptionally Corrosive 

The melt c o n s i s t i n g  of 52-37-11 mole % NaF- 
LiF-ZrF,  h a s  been  considered for u s e  i n  dissolv-  
ing  t h e  EBR-1 core-2 meltdown residue with 1-11? 
a t  65OoC:. T h e  res idue  h a s  t h i s  approximate 
composition: 88% uranium, 10% type  347 s t a i n l e s s  
s t e e l ,  2% zirconium, and an appreciable  amount 
of occluded ‘‘NaK” ( the heat-transfer medjum in  
the  fuel e lement ,  a mixture of sodium and potas-  
s ium) .  

In short-term t e s t s  reported previously, INOR-8 
coupons were corroded a t  about 0.06 mil/hr (43 
mils/month). ”- 2 9  ‘To verify t h e s e  resul ts ,  a 

laboratory s tudy  was made a t  Battelle Memorial 
Inst i tute  (BMI) under subcontract. 30 T h e  t e s t  
w a s  made without fuel dissolut ion i n  order to 
obtain maximum corrosion rates;  exposure of 

”G. I. Cathers, M. R. Bennett, and R. L. Jolley, 

28Chern. ‘l‘echnol. Div.  Ann. Progr. Rep t .  M a y  31, 

29Chern. Technol. Div.  Ann.  Progr. Kept. June  30, 

30P. D. M i l l e r  et al . ,  Corrosion Res is tance  of Nickel-  
Base Al loys  in a NaF-LiF-ZrF,  S a l t  Mixture Con- 
s ~ d e r e d  f o r  ERR-1 Fuel  Recovery,  RMI-X-247 (July 
31, 1963). 

Chern. Eng. Progr. Syrnp. Ser. 60(47) 31-36 (1964). 

1961, ORNL-3153, pp. 34--35. 

1962, ORNL-3314, pp. 4 5 4 6 .  
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corrosion coupons  to H F  and  molten salt w a s  
for 212 hi. T h e  melt w a s  very highly corrosive, 
with the  maximum a t tack  occurr ing a t  t h e  s a l t -  
vapor in te r face  for all a l loys  tes ted .  On t h e  
b a s i s  of t h e  sound metal  remaining, determined 
by micrometry and  metallography, maximum cor- 
rosion r a t e s  of 56, greater  than 83, 65, 51, greater  
than 83, greater  than 83,  and  120 mils/month 
were measured for unannealed INOH-8, annea led  
INOR-8, annea led  Alloy 79-4 (HyMu SO), Ni-10% 
Mo-5% F e ,  Ni-.-5% F e ,  Ni-1% Al, and nickel  
f i l ler  metal 61 respect ively.  (The designat ion 
“greater  than” ind ica tes  complete  penetrat ion of 
that  par t icular  specimen.) 

T h e  above  r a t e s  of a t tack  may b e  compared with 
r a t e s  obtained from experiments  conducted la te r  
with both 52-37-11 mole % NaF-LiF-ZrF,  for 
s t a i n l e s s  steel and t h e  s tandard melt  for process-  
ing  zirconium fue ls ,  37.5-37.5-25 m o l e  % NaF-  
LiF-ZrF, ,  with and without metal  d i sso lv ing  i n  
each  case (see f i rs t  par t  of Sect. 2.10). When 
s t a i n l e s s  s t e e l  w a s  d isso lved  in t h e  52-37-11 
m e l t ,  both the annea led  INOR-8 and the  unan- 
nealed Alloy 73-4 coupons loca ted  a t  t h e  s a l t -  
vapor in te r face  were again penetrated,  indicat ing 
corrosion r a t e s  greater  than 53 mils/month. Dur- 
ing  t h e  nondissolut ion phase ,  ra tes  of a t tack  
were 15,  32, and  56 mils/month for  unannealed 
INOR-8, annea led  INOR-8, and unanneoled Alloy 
79-4, a l l  loca ted  a t  the interface. At the  begin- 
ning, of the  nondissolut ion p h a s e  of t h e  experiment, 
the  nickel ,  chromium, and iron conten ts  of t h e  
melt were (3.7, 1.7,  and 6.1 mole % respect ively.  
For t h e  most par t ,  the concentrat ions of t h e s e  
e lements  in  t h e  me l t  represented t h e  s t a i n l e s s  
s t e e l  tha t  w a s  d isso lved  during t h e  f i r s t  p h a s e  
of the tes t .  

T h e  extreme cor ros iveness  of the  52-37-11 melt 
is apparent  when the  above resu l t s  a r e  compared 
with t h o s e  obtained in  t h e  l a t e r  experiments  with 
37.5-37.5-25 mole % NaF-LiF-ZrF,. In nei ther  
the dissolut ion nor t h e  nondissolut ion p h a s e s  of 
[.he zirconium-flowsheet experiments  w a s  any 
corrosion of INOR-8 or  Alloy 79-4 interface-  
loca ted  coupons de tec tab le  by e i ther  micrometry 
or metallography af ter  exposures  of 104 to 210 
hr. According to weight-loss determinat ions,  t h e  
maximum rate of a t tack  for any comparable spec i -  
men of the two a l loys  w a s  0.5 mil/month. 

Recent ly ,  p rocess ing  of t h e  EJ3R-1 core-2 melt- 
down res idue  w a s  eliminated from t h e  develop- 
mental. program planned for t h e  Volatility P i l o t  

P l a n t  (VPP).  IIowever, i f  t h e  res idue  is e v e r  
processed  i n  t h e  VPP on a production b a s i s ,  
ear l ie r  ORNL lahoratory-scale  s t u d i e s  ind ica ted  
that  t h e  salt mixturc, 37-37-26 mole % NaF-LiF-  
ZrF,, should b e  considered for u s e  during t h e  
hydrofluorination s tcp .  

Destructive Oxidation of Sta in le s s  Steel in 
Presence of HF Appears Feasible  R S  a 

HCQd-E?Id P Y O C e S S  

T h e  des t ruc t ive  oxidation of s t a i n l e s s  steel in  
the presence  of a fluoride ca ta lys t  i s  t h e  b a s i s  of 
a head-end process  for reactor  fue ls  us ing  s ta in-  
less steel a s  a cladding materiql or as a matrix 
ingredient. T h e  res i s tance  of s t a i n l e s s  s t e e l  t o  
chemical  a t t a c k  is usual ly  a difficult problem in 
process ing  s u c h  fuels. U s e  of the  oxidation proc- 
ess i n  conjunct ion with e i ther  the fused-sal t  or t h e  
fluidized-bed volat i l i ty  process  appears  poss ib le ,  
and it could also b e  used as  a head-end s t e p  for 
aqueous  processes .  Exposure of type 304L s ta in-  
less s t e e l  to a 40% HF-02 g a s  mixture a t  575 to 
650OC resu l t s  in extremely f a s t  a t t a c k  ra tes ;  the 
prodiicts a r e  t h e  oxides  - not t h e  fluorides - of 
iron, nickel ,  and chromium. As a resul t  ,of work 
done during th i s  report period, a process  featur ing 
g a s  recycle  is proposed a s  a convenient  and  
general  hend-end method for ut i l iz ing the destruc-  
t ive oxidation process  (Fig.  2.12). In s u c h  a proc- 
ess, the  fuel  would he s imply exposed  t o  a cir- 
culat ing s t ream of MF and oxygen (or air) ,  wi th  
only oxygen required as make-up material. For  a 
molten-salt volat i l i ty  process ,  niolten s a l t  would 
b e  introduced for dissolut ion of t h e  UOz or other  
uranium material by hydrofluorination. U s e  of a 
fluidized bed for t h e  oxidation s t e p  also appears  
p o s s i b l e  in  volat i l i ty  processing. For adaptat ion of 
th i s  head-end process  to aqueous processing,  t h e  
oxidation products would b e  fluidized, f lushed,  or 
mechanical ly  transferred to another  v e s s e l  for 
d i sso lu t ion  and preparation for solvent  extraction. 

T h e  choice  of H F  a s  t h e  c a t a l y s t  w a s  b a s e d  on 
the resu l t s  of s t u d i e s  on the dissolut ion of s ta in-  
less s t e e l  i n  fused s a l t s  i n  the  presence  of €IF 
and oxygen. 3 1  Work a t  Brookhaven Nat ional  
Laboratory showed that  s t a i n l e s s  s t e e l  rapidly 
degrades  when exposed  to a mixture of s o l i d  FeF 

3 

~ 

31Chem. Technol. Div. Monthly Pro&. Rept, Feb. 
1957, ORNL-2270, pp. 71-74. 



56 

UNCLASSIF'ED 
04NL-CVvZ 64-8264 

FUEL 

OXYGEN 
MAKE UP 

HF 
CATALYST 

NOrE: THIS NICKE! VESSEIL COULD Al.SO t 
8E THE FLUORINATION REACTOR 
IN VOLATILITY PROCESSING FLUORIDE VOLATILITY 

PRODUCT SENT TO 

OR 
AQIJFOIJS PROCESSES 

Fig. 2.12. Head-End Process for Stainless Steel F u e l s  

Using the Destructive Oxidation Method. 

and oxygen in  a bed of fluidized alumina. 3 2  The 
u s e  of g a s e o u s  H F  as a c a t a l y s t  may have process  
advantages,  as, for example, i n  the  uniform distri- 
bution of the  catalyst .  Also,  only a l i t t l e  fluoride 
should remain in  the bed and hence  should not  
c a u s e  a corrosion problem i f  the  bed is leached  
with aqueous  ac ids .  

T h e  most important factors  were H F  concentra- 
tion, temperature, and a metallurgical difference 
betwcen two b a t c h e s  of type 304L s t a i n l e s s  s t e e l  
samples .  G a s  flow rate  and t h e  presence of nitro- 
gen and moisture were less important factors. T h e  
t e s t s  were conducted by suspending  cyl indrical  
spec imens  (1 in. long and 5 in. in  diameter) in a 
2-in.-diam nickel  reactor for a n  hour. T h e  oxide 
scale w a s  removed by immersion in  boi l ing 0.3 M 
ammonium oxala te  prior to determination of t h e  
reaction rate  by weight loss. 

T h e  maximum oxidation rate  a t  65OOC occurred 
in  approximately 40 mole % H F  a t  flow ra tes  
of 100 and 200 ml(STP)/min (Fig. 2.13). T h e  
oxygen ut i l izat ion var ied inversely with flow 
rate, with 28% uti l izat ion be ing  obtained at 
a flow rate  of 100 ml/min. A d is t inc t  differ- 
e n c e  w a s  obtained between two b a t c h e s  of metal 
(Fig. 2.14). Batch A gave high oxidation r a t e s  
with almost no ev idence  of pitting; ba tch  B 

4 

321nforrnation from L. P. Hatch, Chemistry and 
Chemical  Engineering Division, Brookhaven National  
Laboratory, December 1963. 

at corresponding temperatures gave lower r a t e s  and  
a high degree  of pitting. Moisture or a n  iner t  gas 
usua l ly  lowered the oxidation rate. T h e  product 
contained Fe202 and CrzO3 in a l l  cases. T h e  
fluoride content  w a s  less than I%, indicat ing tha t  
the  MF c a t a l y s t  is not appreciably consumed. 
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min]. 



57 

T h e  probable  iiiechanism is that  t h e  HF (or other  
fluorides) des t roys  t h e  pass iv i ty  of the  s t a i n l e s s  
s t e e l  through t h e  formation of C r F  , which i n  turn 
i s  converted to oxide. 'This a g r e e s  with a thermo- 
dynamic evaluat ion a n d  with Lhe ac t ion  of moisture 
i n  d e c r e a s i n g  the  rate. In one run, where 40% F', 
in  oxygen w a s  used in p lace  of HF,  a lmost  total  
conversion to fluoride occurred, but the  a t tack  r a t e  
w a s  only 3 mils/hr. 

Further  development of the des t ruc t ive  oxidation 
method will proceed with other  types  of s t a i n l e s s  
s t e e l ,  and t h e  process  wil l  b e  eva lua ted  as  t o  i t s  
adaptabi l i ty  a s  a head-end t reatment  for volat i l i ty  
or aqueous processes .  Nickel ,  or possibly a high- 
n icke l  a l loy,  is being considered as a construc-  
t ional  material for the  reactor  v e s s e l .  Preliminary 
information indicated corrosion r a t e s  of l e s s  than 
0.1 mil/rnonth for n icke l  a t  6SOOC for a 1% MF---O, 
mixture, and about  2 mils/month for a 4070 IIF--0, 
mixture. 

3 

2.5 APPLBCBTION TO OXIDE FUELS 

LiF-NaF-ZrF, Mixture ppsars Useful as the 
B a s i s  for Q Molten-Salt V ~ l ~ ~ t i l i t y  Process for 
Low-Enrichment UQ, Fwels Clad in Zirconium 

To frilly explo i t  t h e  molten-sal t  fluoride-volatil- 
ity p r o c e s s ,  i t  must h e  appl ied to f u e l s  containing 
UO, of low enrichment. A fuel  cons is t ing  of UO, 
c l a d  i n  zirconium, a s  used  in Commonwealth 
Edisoi i ' s  Dresden Reactor ,  w a s  chosen  for t h e  
initial. study. Previous  s t u d i e s  on  low-enrichment 
uranium have  been  concerned with t h e  volatil- 
izat ion and recovery of plutonium from fluoride 
s a l t  mel ts .  T h e  process ing  of low-enrichment 
UO, power reactor  fue ls  by t h e  fused-sa l t  volatil- 

i ty  method a p p e a r s  feas ib le  on t h e  b a s i s  of high 
UO, d isso lu t ion  r a t e s  and t h e  p o s s i b l e  volat i l i -  
za t ion  and recovery of both plutonium and uranium. 
Two important fac tors  a r e  t h e  nature  of t h e  clad-  
d ing  mater ia l  a n d  t h e  uranium concentrat ion ob- 
ta inable  i n  t h e  molten sa l t .  F o r  UO, fue ls  c l a d  
i n  Zircaloy-2, t h e  p r o c e s s  for d i sso lv ing  zi rcoiaium 
in molten salts with H F  is well es tab l i shed;  t h e  
only quest ion is that  of t h e  upper prac t icable  
limit for the  concentrat ion of uranium i n  t h e  
so lvent  salt. Heretofore, t h e  concentrat ion of 
U F ,  i n  t h e  melt w a s  so low tha t  it w a s  of l i t t l e  
or  no consequence  with respec t  to t h e  p h a s e  
behavior  of t h e  mixture. 

Preliminary solubi l i ty  measurements  were made 
in  KF-ZrF,  and LiF-NaF-ZrF,  mixtures. Suc- 
c e s s f u l  fluorination t e s t s  were made with a s a l t  
intended t o  s imula te  t h e  maximum amount of U F ,  
expec ted ,  Future  work will be  guided primarily 
by t h e  phase-diagram information to b e  secured  
for s p e c i f i c  fuels .  It will include both d isso lu t ion  
and fluorination t e s t s  of a c t u a l  flowsheet-indicated 
p r o c e s s e s ;  i n  addition, problems of corrosion and 
plutonium volat i l i ty  wil l  be  s tudied.  

T h e  solubi l i ty  measurements  were made by 
adding equimolar increments  of U F ,  and ZrF, to 
64-36 mole % MF-ZrF, and t o  37.5-37.5-25.0 mole 
% LiF-NaF-ZrF, .  T h e  resul t ing mixtures ap- 
proximately s imulated t h e  progressive c h a n g e  
in  so lvent  composition during d isso lu t ion  of Dres- 
den  Reac tor  fuel. According t o  t h e  l iqu idus  c u r v e s  

(Fig. 2.15) e x p r e s s i n g  t h e  resu l t s  of t h e s e  meas- 
urements ,  t h e  maximum IJF, so lubi l i t i es  i n  t h e s e  
mel t s  a t  5QO°C a r e  11 and 15 mole "/J respect ively.  
Lowering Z r F  , concentrat ion in  LiF-NaF-ZrF,  
w a s  conducive  to even  greater  UF ,  solubi l i ty .  
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U F 4  and LiF-NoF-ZrF4-UF4.  
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F o r  example,  t h e  solubi l i ty  i n  41.7-41.7-16.6 
mole % LiF-NaF-ZrF,  w a s  19 mole %. 

To determine the  feasibi l i ty  of removing t h e  
uranium from a melt where i t  i s  p resent  i n  high 
concentrat ions,  a n  exploratory fluorination t e s t  
w a s  made with t h e  LiF-NaF-ZrF,  system. T h e  
t e s t  s a l t  w a s  25.7-25.7-30.8-17.8 mole '% L i F -  
NaF-ZrF,-UF, (equivalent to 31.5 wt % U). T h i s  
melt w a s  ca lcu la ted  on t h e  b a s i s  of process ing  
Dresden fuel  in  37.5-37.5-25 mole % LiF-NaF-  
ZrF ,  t o  a f inal  combined %rF4 and IJF, content  of 
approximately 4 5  mole %. Thus ,  the proposed proc- 
ess is similar  to t h e  present  o n e  for zirconium 
fue ls ,  which u s e s  equimolar LiF-NaF and  pro- 
g r e s s e s  from 25 t o  4 5  mole % ZrF,. 

Uranium w a s  successfu l ly  recovered by fluo- 
rination, ind ica t ing  t h e  feasibi l i ty  of high con-  
centrat ion of uranium i n  a p r o c e s s  for Zircaloy- 
c lad  fuel. Fluorination of a 62.5-g batch of the  
t e s t  s a l t  a t  6OO0C for 1 hr with a fluorine ra te  
of 100 m l  (STP)/min volat i l ized 99.8% of t h e  
uranium (570 ppm of residual  uranium i n  the  sal t ) .  
A second hour of fluorination increased  t h e  re- 
covery to 99.99+% (8 ppm i n  t h e  sal t ) .  During 
fluorination, t h e  sound of t h e  bubbles  of fluorine 
enter ing t h e  melt did not change,  which indicated 
a n  a b s e n c e  of thickening or  t h e  precipi ta t ion of 
s o l i d s  in  t h e  melt. A high fluorine ut i l izat ion 
w a s  obtained a s  a resul t  of t h e  high uranium con- 
centration. During t h e  f i rs t  hour of fluorination 
the  fluorine ut i l izat ion w a s  31%; i t  dropped to  
0.03% during t h e  second hour - t h e  b e s t  example 
yet  observed of t h i s  phenomenon. 

2.7 VOLATILIZATION AND RECOVERY 
OF PLUTONIUM HEXAFLUORIDE 

Extension of the  u s e  of fused-sa l t  volat i l i ty  proc- 
e s s i n g  to low-enrichment fuel  requires  t h e  vola- 
t i l izat ion and  recovery of plutonium a s  wel l  a s  
uranium. In previous work a t  a t racer  concentra-  
tion leve l  of only 2 ppm of plutonium i n  t h e  salt, 
the  feasibi l i ty  of fluorinating and volat i l iz ing t h e  
plutonium as t h e  hexafluoride w a s  demonstrated, 
and a sorption method for trapping t h e  PuF6, s e p -  
arately from UF,, w a s  tes ted.  3 3  Further  laboxa- 
tory t e s t s  with 1000 ppm of plutonium i n  the  salt 

.........-........ .. ..... . 

G. 1. Cathers and R. L. Jolley, Recovery of PuF6 

b y  Fluorination of Fused Fluoride Salts,  ORNL-3298 
(Sept. 28, 1962). 
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geneially confirmed the resu l t s  obtained a t  2 ppm. 
However, the  rate-controlling factor w a s  not  t h e  
s p e e d  of reaction between PuF4 and fluorine, a s  
previously descr ibed,  but rather a chemical  equi-  
librium between t h e  s a l t  and  g a s  p h a s e s .  Due t o  
th i s  equilibrium, a n  adequate  plutonium recovery 
i s  poss ib le  only with u s e  of a high volume ratio of 
g a s  t o  salt. Maintenance of a high ratio i s  prob- 
ably pract icable  only by u s i n g  a high sparg ing  rate 
in  a batch reactor, or by u s i n g  a s a l t  spray  or gas-  
phase-continuous fluorine contactor  with a n  intrin- 
s ica l ly  high volume ratio of g a s  to salt ( s e e  Sect .  
2.8). 

In the  experimental work a t  a plutonium salt  con- 
centration of 1000 ppm, a n  evaluat ion was made of 
factors  that  might a f fec t  t h e  volat i l izat ion ra te  
and thus  permit a more rapid recovery. T h e  re- 
s u l t s  indicated that  t h e  composition, purity, tem- 
perature of the  s a l t ,  and the pressure of the g a s  
over t h e  s a l t  were important. Agitation of t h e  salt  
and the use of fluorination c a t a l y s t s  and  different 
fluorinating agents  h a d  no s ignif icant  effect. 

Experimental Work 

T h e  t e s t s  with a concentration of 1000 ppm of 
plutonium were made in  a glove box; smal l  n icke l  
reactors  were used  (1 in.  in  diameter  and 8 in.  
high), with about  50 g of s a l t  and  a g a s  (usually 
fluorine) sparge  rate  of 100 ml (STP)/min. Plu-  
tonium w a s  added t o  t h e  salt in  the form of PuF, .  
The volat i l ized P u F 6  w a s  trapped in  var ious so l id  
fluoride test beds;  e a c h  bed weighed about  8 g and 
w a s  he ld  in a '/,-in.-diam nicke l  tube.  T h e  rate  
of volat i l izat ion of plutonium from t h e  molten s a l t  
w a s  followed by sampling t h e  s a l t  a t  in te rva ls  
over a 4- to 6-hr period. Total material b a l a n c e s  
and recoveries  were determined from t h e  complete  
system. 

Equ i I i brium Relationship 

The analy t ica l  expression u s e d  i n  interpretation 
of t h e  resu l t s  is: 

where X s , o  is t h e  original mole fraction of pluto- 
nium in t h e  s a l t ,  and  Xs is t h e  mole fraction a f te r  
sparging S moles of s a l t  with F moles of fluorine 
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gas.  T h e  equilibrium cons tan t  K is defined by 
the  relation: 

K = X , / X s ,  

where X is the  m o l e  f ract ion of PuF6 in  t h e  g a s  
phase in  equilibrium with t h e  s a l t .  T h e  l inear  
semilogarithmic expression descr ibing the relat ion 
between plutonium concentration and moles of flu- 
orine is similar  in form t o  an integrated first-order 
kinet ic  equat ion,  the  b a s i s  for use of half-t ime 
v a l u e s  in  previous work. 

&2 

Volatil ization Tests,  - T h e  equilibrium con- 
s t a n t s  and  mater ia l  ba l ances  for representat ive 
tests are given in  T a b l e  2.7. Two ba tches  of t h e  
pr incipal  type of salt used ,  31-24-45 mole % LiF- 
NaF-ZrF4 ,  gave different resu l t s ,  possibly a s  the 
resu l t  of a difference in purification method and,  
hence,  of different oxide contents .  Values  of K 
for batch A were generally in  the  range 0.43 to 
0.49 at 6OO0C with fluorine, both with and without 
violent s t i r r ing of t h e  salt. In contrast ,  va lues  of 

Table 2.7. Plutonium V a l a t i l i z a t i a n  During Fluorinat ion of Fused Fluarides 

Normal run: About 50  g s a l t  containing 1000 ppm plutonium fluorinated at atmospheric pressure in a 

1-in.-dimn reactor at a gas-sparge rate of 100  rnl(STP)/min 

Salt  composition 

(mole yo) Conditions 

Plutonium 

Materia 1 

Balance 

Equilibrium 

Constant  

("700) (K) 

30 LiF-25 NaF-45 ZrFqe 

30 LiF-25 NaF-45 % r F q a  

30 LiF-25 NaF-45 Z T F , ~  

30 LiF-25 NaF-45 ZrF," 

30 LiF-25 NaF-45 Z r F q a  

30 LiF-25 NaF-45 ZrFqb 

30 LiF-25 NaF-45 ZrF,' 

30 LiF-25 NaF-45 ZrF4' 

30 LiF-25 NaF-45 Z T F , ~  

b 
30 LiF-25 NaF-45 % r F 4  

30 LiF-25 NaF-15 ZrFqb 

30 LiF-25 NaF-45 %rFqb 

30 LiF-25 NaF-45 % r F , b  

30 LiF-25 NaF-45 ZrF4' 

42 NaF-58 ZrF4 

55  LiF-45 Z r F 4  

26 A1F3-54 KF-20 %IF, 

F2' 600°C 

F,, 600°C 

F,, 6OOqC, stirring 

F2* 600°C, stirring 

F,, 500°C 

F2, 600"C, st i r r ing 

CUT3, 600°C 

F2, 600°C, 2 mole 7% P b F ,  

F2. 65O0c: 

F,, 600°C. 1/2 X N.D.' 

F,, 6oooc, 2 x N . D . ~  

F,-0.5 a tm,  600'C 

F,-3.5 atm, 6OOoC 

F,-5.0 atm, 600'C 

Fg, 600°C 

F,, 600°C 

F,, 60OoC 

0.49 

0.43 

0.43 

0.45 

0.29 

0.30 

0.33 

0.33 

0.26 

0.28 

0.27 

0.32 

0.22 

0.21 

0.46 

0.33 

0.15 

97.8 

100.0 

97.9 

98.1 

95.1 

99.3 

98.7 

98.6 

98.8 

95.7 

100.8 

93.9 

75.7 

96.2 

82.2 

100.6 

90.7 

%atch A. 

'Ratch B. 

CSignifies u se  of either half or t w i c e  the normal depth (N.D.) of sal t .  
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about  0.30 were obtained for batch 8. The larges t  
variation in  behavior w a s  obtained when different 
s a l t  composi t ions were u s e d  (Fig.  2.16). T h e  high- 
e s t  K values  were measured with 31-24-45 mole % 
LiF-NaF-ZrF,, t h e  lowes t  with 26-54-20 mole % 
AlF3-KF--ZrF4.  T h e s e  va lues  correspond t o  “ki- 
ne t ic  half-time va lues”  of 2.7 and 4 .9  hr, respec-  
tively, for a fluorine flow ra te  of 100 ml(STP)/min. 
Temperature apparently affected t h e  equilibrium 
constant ,  but  a quant i ta t ive interpretation is not  
poss ib le  with t h e  limited d a t a  obtained. The Ar- 
rhenius  plot gave  some indication that  600°C 
would be t h e  most favorable fluorinating tempera- 
ture  (Fig. 2.17). Increasing t h e  fluorine pressure  
increased  t h e  rate  of P u F ,  volatilization. Thus ,  
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Fig. 2.16. Dependence o f  PuF6 Volat i l izat ion on 

Composition of Fused Salt. 

higher  pressure increased  t h e  fluorine-gas dens i ty  
and produced a higher  concentration of P u F ,  i n  
the  gas d e s p i t e  some d e c r e a s e  in  t h e  K value. 

Fac tors  other  than rapid s t i r r ing  that  h a d  l i t t l e  
or no ef fec t  on the ra te  of P u F ,  volat i l izat ion in- 
c luded t h e  u s e  of other  fluorinating agents  and 
fluorination ca ta lys t s .  T h e  g a s e o u s  interhalogen 
ClF, behaved no differently from fluorine. T h e  
interhalogen WrF5 did not volat i l ize  any  Puli,, 
presumably due  t o  i t s  d i ssoc ia t ion  t o  BrF3, which 
reduced any PuF ,  that  may h a v e  formed. Reagents  
s u c h  as P b F , ,  CoF2, or UF, added to t h e  s a l t  to 
a c t  as  fluorination intermediates  or redox c a t a l y s t s  
had l i t t l e  e f fec t .  

Sorption af Plutonium by Hexafluoride Fluoride 
Beds. - B e d s  of C a F , ,  MgF,, L i F ,  NaF,  and K F  
were used  i n  t h e  volat i l izat ion t e s t s  to achieve  the  
high recoveries  reported in  T a b l e  2.7. All e x c e p t  
K F  were t e s t e d  a t  temperatures  as high a s  4OO0C, 
and all were e f fec t ive  i n  sorb ing  and trapping the  
PuF, .  T h e  sur face  a r e a s  of the  f i rs t  four mater i -  
als were,  respect ively,  14, 60, 42, and 1.7 m2/g .  
Only fused L,iF, with a s p e c i f i c  sur face  atea of 
0.02 m2/g, showed low P u F ,  retention. R e s u l t s  
of t h e  sorption s t u d i e s  s u g g e s t  t h e  e x i s t e n c e  of 
complexes between the sorbents  and PuF ,  s imi-  
la r  t o  those  formed with U F ,  and were gencrally i n  
agreement with resu l t s  reported previously. How- 
ever ,  the  high retention of P u F ,  at 400OC: also 
indica tes  that  t h e s e  complexes may not be e a s i l y  
reversible. 
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Fig.  2.17. Effect of Temperature on PuF6 Vola t i l i -  

zation from Two Nominally Ident ical  Batches of 31-24- 
45 Mole % i iF-NaF-ZrF4. 
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Conclusions 

T h e  volat i l izat ion of PuF6 from molten fluoride 
s a l t s  h a s  been found to b e  controlled by a n  equi- 
librium exis t ing  between the g a s  a n d  salt p h a s e s .  
Although the equilibrium constant  may b e  varied to  
some extent  by changes  in  s a l t  composition, tern- 
peratuie, p ressure ,  and  s a l t  purity, t h e  e f fec t ive  
half-time in  a batch fluorination p r o c e s s  would b e  
approximately 3 t o  4 hr when us ing  a l inear  veloc- 
i ty  of fluorine g a s  of about  1 fpm (or a m a s s  veloc- 
i ty  of 6.3 Ih f t - '  hr-') a t  t h e  sur face  of the s a l t .  
Sparging for a period of e ight  or more half-times 
would be  required for adequate  recovery (more  than 
99%). Thus ,  a more eff ic ient  gas-sal t  contac t ing  
uni t  is required (see Sect. 2.8). Both volat i l iza-  
tion and sorpt ion t e s t s  showed that  plutonium re- 
covery from low -enrichment fue ls  by the molten- 
s a l t  volat i l i ty  process  is chemical ly  feasible .  

Further laboratory work on the plutonium prob- 
blem will c o n s i s t  i n  devis ing  process  f lowshee ts  
for s p e c i f i c  fue ls ,  extending t h e  s t u d i e s  of sorp- 
tion beds,  and  developing a method for recovery of 
t h e  sorbed plutonium. 

2.8 FLUQRlNATlQN WlTH GAS 
PHASE CONTINUOUS 

An invest igat ion of t h e  fluorination of UF,  from 
fal l ing droplets  of molten salt  that  contain t h e  
uranium w a s  made to  determine t h e  feas ib i l i ty  of 
u s i n g  a fluorination tower into which the molten 
s a l t  is ei ther  sprayed  a s  a mist  or in jec ted  a s  
numerous f ine s t reams.  All resu l t s  ind ica te  t h e  
feasibi l i ty  of u s i n g  a spray  or falling-drop p r o c e s s  
t o  fluorinate and volat i l ize  uranium and probably 
plutonium from molten fluoride salts. 

U s e  of a gas-phase-continuous contactor  of th i s  
type  p r e s e n t s  a p o s s i b l e  method of achiev ing  a 
more rapid volat i l izat ion of plutonium as well a s  
uranium. Also, the rate  of corrosion of t h e  con- 
tactor  should be less than t h a t  when a fluorinator 
i s  operated batchwise with t h e  s a l t  p h a s e  con- 
tinuous. A spray  fluorination tower operated with 
countercurrent g a s  flow would b e  compatible  with 
the operation of a cont inuous process ,  and i t  
would a l s o  resu l t  in  a product s t ream of more 
cons tan t  composition than that  from batch fluorina- 
tion. 

T h e  t e s t s  were made by dropping pulverized, 
c l a s s i f i e d  s a l t  from a powder-feeding device  

through a fluorination column held a t  a tempera- 
ture  above  t h e  melt ing point of the  salt, T h e  
fal l ing par t ic les  of salt were melted in  a preheater  
s e c t i o n  of t h e  column before enter ing the fluorina- 
t ion zone. 

Successfu l  uranium volat i l izat ion tests h a v e  
been made with molten salt droplets  ranging from 
53 to 3200 p i n  diameter; fluorination temperatures  
ranged from 550 to 670°C T h e  salt  employed w a s  
47.5-47.5-5 mole % NaF-ZrF4-UF4, v h i c h  had a 
l iquidus temperature of about  53OOC. T h e  resu l t s  
generally i n d i c a t e  that  a uranium volat i l izat ion of 
greater  than 99% is achievable  with droplets  less 
than 150 p in  diameter  fa l l ing approximately 1.5 
f t  in 3 sec. T h e  d a t a  have  been used  to  der ive a n  
equation showing t h e  relat ionship between uranium 
removal and par t ic le  s i z e ,  temperature, and  length 
of t h e  fluorination column, T h i s  work will  b e  
extended t o  a s tudy  of uranium removal from other  
s a l t  composi t ions and to the quick and complete  
volat i l izat ion and  recovery of plutonium. 

Experimental Work 

Apparatus and Operation. _- T h e  falling-drop 
fluorination equipment (Fig. 2.18) c o n s i s t e d  
mainly of (1) a powder feeder;  (2) the column, 
which w a s  divided in to  a preheater  sec t ion ,  a 
fluorination s e c t i o n ,  and an unheated s e c t i o n  
containing t h e  salt receiver  cup; (3) t h e  fluorine- 
UF, trap; and (4) t h e  e lec t r ica l  res i s tance  h e a t e r s  
for t h e  column. T h e  columrn in  which the  f i r s t  
s t u d i e s  were made was about 1 in. in  internal  
diameter; i t  w a s  la te r  replaced with a colurnn that 
w a s  about  3 in. in  internal  diameter. 

T h e  s a l t  was prepared by grinding and s iev ing  
47.5-47.5-5 mole % NaF-ZrF4-UF,. I t  w a s  intro- 
duced into t h e  column through the  powder feeder ,  
f i rs t  fa l l ing through t h e  14-in.-long preheater  
sec t ion ,  where the par t ic les  melted to form drop- 
le t s .  T h e s e  then fel l  through the  56-in-long 
fluorination s e c t i o n  and into t h e  unheated bottom 
s e c t i o n  of t h e  columil, where they froze and were 
co l lec ted  in t h e  s t a i n l e s s  s t e e l  s a l t  receiver. In 
most runs, t h i s  c u p  w a s  f i l led with a liquid 
fluorocarbon ( C 8 F I 6 )  to prevent U F 6  from being 
sorbed by t h e  N a F  in  t h e  frozen s a l t  droplets. 
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T h e  co l lec ted  par t ic les  of s a l t  were then s ieved ,  
sampled,  and analyzed.  

Results. - Represcntat ive resu l t s  obtained with 
t h e  present  3-in.-OD fluorination column a r e  given 
in T a b l c  2.8. T h e s e  d a t a  and t h o s e  for t h e  
ear l ier  1-in.-OD column a r e  plotted in Fig. 2.19 
as log  [(l/(:u)/ - ( l / C o u ) l  D 2 / t  v s  1 /T ,  from t h e  
equation: 

yielding 

k = 1.79 x l o z 9  and 

cz 4.42 x lo4  (arbitrary cons tan ts )  . 
Here, 

D = droplet diameter, p i  

T = fluorination temperature, OK, 

t = fluorination time, sec, 

C = original uranium concentrat ion,  wt frac- 
ou 

tion, and 

C = f inal  uranium concentration, w t  fraction. 

Fluorinat ion t imes were ca lcu la ted  by the  s tand-  
ard method, us ing  drag coef f ic ien ts ,  and,  to a good 
approximation, they a r e  inversely proportional to  
the  square  of t h e  diameter  for the  sizes of drops 
used  (except  t h e  3000-p-diam drops). 3 4  

Of s p e c i a l  in te res t  i n  Fig. 2.19 i s  the  adequate  
f i t  of t h e  d a t a  to the equat ion over  a very wide 
rarige of droplet diameters  (58 t o  3200 p), although 
there  is cons iderable  s c a t t e r  in  the data ,  From 
t h i s  w e  conclude that  the  correlation equat ion can  
b e  used  to predict  uranium removals at condi t ions 
other  than those invest igated.  

3 4  
J. H. Perry (ed.), Chernicaf t.:nffineering llandbook, 

pp. 1018-20, McGraw-Hill, N e w  Y o r k ,  1950. 

Table 2.8. Resu l ts  o f  Falling-Drop Fluorinat ions i n  the 3- in. -QD Fluarinator 
__.....ll.....___l_.. ~ 

.__._.._l....l.lll___ ......._._.I..... __..l.__..__..._i_.__ 

Run No. 

4R 14B" i 6 n  17B 18R 1 OB 

Ini t ia l  range of powder diameters ,  p 63-88 63-88 125-149 

Initial uranium concentration, wt fraction 0.077 0.094 0.0961 

Average fluorination temp, O C  622 574 572 

Length of f1uo;inating sec t ion ,  in. 55 56 56 

Preheater  temp, O C  664 623 619 

Sample-diameter range, p 
< 53 

5 3 - 6 3  

63-88 

88-105 

105-125 

125-149 

149-177 

1 77 -2 1 0 

> 210 

3200 

Arnownt of Uranium Removed (%) 

98.94 

99.56 99.17 

99.93 99.42 

59.89 99.40 

93.89 99.44 99.93 

99.70 98.52 99.69 

97.70 

97.01 

125-149 

0.086 

566 

56 

540 

95.95 

99.72 

98.97 

98.92 

149-177 3200 

0.0837 0.080 

572 582 

56 56 

648 636 

99.74 

99.19 

97.42 

95.53 

7.2 

L 
Fluorination time calculated from f ( sec)  = ---------. 

length (in.) of the fluorinating sect ion.  

, where D is the par t ic le  diameter QL), and L is the 
1.246 x g2  

eSarnple-collec:ion c u p  contained no fluorocarbon. 
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In Fig. 2.20, all the  d a t a  obtained with the  3-411.- 
OD fluorinator (except ing the 3200-p-diain drops) 
is plotted as percentage removal of uranium v s  
droplet diameter. At the temperature of t h e s e  runs 
(about  57OoC), t h e  bes t  remova!s (better than 
99.9%) were for droplet diameters  between 7'0 
and 140 pI with t h e  col lected droplets  being pro- 
tected from back sorption of UF,.  Fluorination 
t imes for t h e s e  sizes ranged from 2.3 t o  9.2 sec. 
Droplets with diameters  of less than 70 p are not 
des i rab le  b e c a u s e  they sorb  some UF, before they 
can be  collected. T h i s  lowers the maximum 
uranium removal to about 99.4%. Loss through 
drifting to the wall i s  also a problem with tlle 
material of smaller  part.icle size ( l e s s  than 70 p 

in diameter). 
Preheater  temperature seemed to  affect  the re- 

moval of uranium from droplets  larger  than 150 p 

in  diameter; t h i s  fac t  s u g g e s t s  that  t h e s e  1a:ger 
par t ic les  a re  not completely melted in  p a s s i n g  
through the preheater zone  at 62OoC. 

A probable mechanism, and t h e  one on which t h e  
correlat ing equat ion is based,  is the  s imultaneous 
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Fig.  2.20. Vuriation of Quant i ty  of uranium Voln- 
t i l i r e d  wi th  Droplet Diameter for Fluorination a t  570°C- 

diffusion of fluorine and UF4 t o  a reaction zone  
i n s i d e  t h e  drop, with subsequent  diffusion of U F ,  
out  of the  drop. Supporting t h i s  mechanism i s  the  
nega t ive  pressure  surge  observed when powder i s  
ini t ia l ly  dropped into the  fluoiinator, indicat ing 
t h a t  the fluorine is taken up prior to evolution of 
t h e  UF,. 

Conclusions, - T h e  falling-drop method of 
fluorinating and volat i l iz ing uranium from fluoride 
s a l t s  s h o w s  promise of being a useful  p r o c e s s  
method. Par t icular ly  encouraging a r e  the  very 
high r a t e s  of removal for uranium, which s u g g e s t  
that  t h i s  method may also be  useful for plutonium 
volatilization. More than 99.9% of the  uranium can  
b e  removed from 125-pdiam drops in about 3 sec 
at 550°C. T h i s  ra te  i s  about  a thousand t imes 
greater than tha t  poss ib le  when a molten pool of 
s a l t  is used. T h e  large increase  in  ra te  with 
uranium s u g g e s t s  that  a s imilar  increase  may be  
obtained with plutonium. T h i s  i s  important s i n c e  
the rate  of plutonium volat i l izat ion from fused 
s a l t s  i s  undesirably low. T h e  high gas-to-salt 
volume ratio, inherent in  a spray column, would 
be  particularly advantageous for plutonium volatili- 
zat ion in  view of t h e  equilibrium involved (see 
Sect. 2.7). 

T h e  importance of keeping the  droplets  molten 
is shown by t h e  s u c c e s s f u l  use of factors  based 
on diffusional  mechanisms in  developing the 
correlat ing equation. T h e  s c a t t e r  in t h e  resu l t s  
is at t r ibuted to uranium volat i l izat ions usua l ly  
greater than 99%. In future work, operating varia- 
t ions will b e  made in  order t o  obtain l e s s  complete  
uranium volatilization. T e s t s  wil l  also be  made 
with other  s a l t  composi t ions containing both 
plutonium and uranium. 
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Three  types  of g a s  ana lyzers  a r e  being t e s t e d  
i n  a n  at tempt  t o  provide a rel iable ,  accura te  
means  for determining concentrat ions of U F ,  as 

w e l l  as other  volat i le  f luorides  for the  evaluat ion 
of both large- and  small-scale  equipment for  
a lmost  all s t e p s  of the  molten-salt fluoride- 
volat i l i ty  process .  Most of t h e  work h a s  involved 
the  determination of the  U F b  concentrat ion in  a 
stream containing var ious Combinations of fluorine, 
oxygen, and nitrogen. A d iscuss ion  follows of 
work with a g a s  chromatograph, an infrared 
analyzer ,  and a Constr ic t ion Response  Analyzer 
(CFL4). 

T h e  three  t y p e s  h a v e  not been u s e d  in  equivalent  
s y s t e m s  and therefore cannot  be direct ly  com- 
pared. R a s e d  on present  knowledge, t h e  g a s  
chromatograph g ives  greater  precis ion than t h e  
others ;  t h e  infrared analyzer  shows the s h o r t e s t  
response  time; and t h e  CXA is the  most s u i t a b l e  
for a cont inuous in-line monitor. 

cen t ra ted  on t h e  development of a rel iable  gas-  
sampling va lve  and on finding condi t ions that  
a l low a n a l y s e s  t o  be  made in 5 or 10 min. 

A tnultiport, piston-type gas-sampling valve 
w a s  made a t  ORNL from nickel  and Teflon, and i t  
h a s  been  operat ing for about  a year  on s t r e a m s  
containing volat i le  fluorides s u c h  as UF,, CIF3, 
and H F  in F 2  or N2.  N o  diff icul t ies  with t h e  
va lve  have  been observed. It h a s  been used  with 
a dual-column g a s  chromatograph ( F  and M Scien- 
t i f ic  Gorp., model '720) that  w a s  modified so that  
all par t s  contac t ing  the  sample  a r e  of e i ther  
nickel  or Teflon. 'The column packing i s  Kel-F 
molding powder coated with Kel-F No. 10 oil. A 
thermal conduct ivi ty  c e l l  with a nickel  filament is 

the  detector .  
T h e  a n a l y s i s  of U F ,  in nitrogen or fluorine w a s  

accomplished on a 4-min schedule ,  while  t h e  
a n a l y s i s  of more complex samples  took more time. 
For  t h e  a n a l y s i s  of a UF,-N2 s t ream, a l inear  
re la t ion w a s  observed between the  instrument 
reading and  the  UF,  concentrat ion in the  range of 
1 to 65 mole % IJF, with a 5-cm3 sample  loop and 
i n  t h e  range of 0.2 to  20 mole % with a 15-cm 
sample  loop. T h e  limit o f  detect ion is about 0.01 
m o l e  % U F ,  with the  larger  sample  loop. 

Gas Chromatography 
Infra red Ab so rpt i on 

T h e  u s e  of g a s  chromatography for t h e  a n a l y s i s  
of g a s  s t r e a m s  containing volat i le  f luorides  h a s  
been limited primarily by the  a b s e n c e  of sa t i s fac-  

gas-sampling v a l v e s  tha t  will withstand t h e  
cor ros iveness  of t h e  fluorides. However, t h e  
development of a sa t i s fac tory  column packing 
mater ia l  a t  t h e  Oak Ridge Gaseous Diffusion Plan t  
(ORGDP) h a s  increased  in te res t  i n  th i s  type of 
g a s  ana lyzer  for fluoride mixtures. A gas chromato- 
graph h a s  the  particular advantage  tha t  a n a l y s i s  
for one  or more components of a multicomponent 
g a s  s t ream is poss ib le ;  most ana lyzers  c a n  b e  
used  only for binary or pseudobinary g a s  mixtures. 

T h e  p a s t  appl icat ion of g a s  chromatography w a s  

A Beckman 1K-15A nondispersive type of in- 
frared ana lyzer  w a s  modified and tes ted  for t h e  

determination of t h e  U F  concentrat ion in s t reams 
containing nitrogen or fluorine, or both. T h e  
instrument as present ly  operated c a n  measure 
U F ,  concentrat ions between 0.5% and 25% with 
a n  accuracy  of +0.2%. T h e  response  time is 
nearly instantaneous.  Ini t ia l ly ,  i t  had a ra ther  
s e v e r e  z e r o  drift, equivalent  to  6% of full scale 
per hr, apparent ly  due  t o  an increase  i n  trans- 
parency of the  window material on exposure to 
UF,. T h i s  drift w a s  s lowed to  0.4% of ful l  s c a l e  
per hr by preconditioning the  apparatus  with d iy  
nitrogen for 24 hr. 

tory column mater ia ls  and t o  t h e  a b s e n c e  of 6 

liiiiited t o  laboratory-type a n a l y s e s  and not ex- 
tended to the  a n a l y s i s  of a p r o c e s s  g a s  s t ream 
every 5 or 10 min; t h i s  limitation was d ic ta ted  by 
the  a h s e n c c  of a rel iable ,  automatic, gas-sampling 
valve. In t h e  laboratory, the  time required for 
sampl ing  and a n a l y s i s  is very often not nearly a s  
cr i t ical  as i t  is when the transitory behavior of 
p r o c e s s  equipment is be ing  followed by per iodic  
ana lyses .  Accordingly, recent  work h a s  been con- 

Constriction Response Analyzer 

T h i s  analyzer  w a s  developed a t  ORGDP for 
cont inuously monitoring p r o c e s s  s t r e a m s  contain- 
i n g  UF6.35 A smal l  s i d e  s t ream (0.2 to 0.3 l i ter /  

35C. W. Weber and W. . S .  Pappas, g'A Constriction 
Response  Analyzer and Its Application to  Continuous 
Uranium Hexafluoride Determi nation," to be submitted 
for publication in Analytical Chemistry.  
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min) is withdrawn from the  p r o c e s s  s t ream and 
p a s s e d  f i rs t  through a n  orifice and then through a 
capi l lary restriction. T h e  pressure  drop a c r o s s  
the  capi l lary restr ic t ion and the pressure ahead  
of the orifice a re  held cons tan t ;  t h e  en t i re  sys tem 
is held a t  cons tan t  temperature, Under t h e s e  
condi t ions,  the pressure  drop a c r o s s  t h e  orifice, 
A P ,  is proportional to the  iiiolecular weight  of t h e  
g a s  divided by t h e  square  of t h e  viscosi ty .  T h e  
high molecular weight  of U F 6  relat ive to e i ther  
fluorine or nitrogen, t h e  usua l  major components of 
the  stream, makes poss ib le  t h e  detect ion of low 
concentrat ions of U F  6 .  

In our appl icat ion,  fluorine, oxygen, and nitrogen 
have been t h e  major di luent  gases, and,  by t h e  
nature  of the  process ,  the  relat ive concentrat ions 
of t h e s e  three g a s e s  vary. T h e  instrument is qui te  
s e n s i t i v e  to t h e  smal l  differences in  dens i ty  and 
v iscos i ty  of t h e s e  g a s e s  (as shown by t h e  scale 
readings for the pure gases ,  Fig. 2.21); therefore, 
t h e  carrier-gas composition must b e  known before 
the  U F  concentration c a n  b e  determined. 

6 

Batch fluorination of uranium oxide  h a s  been 
monitored with t h i s  instrument, and some g a s  
samples  have  been taken for UF,  determination by 
chemical  ana lys i s .  A plot of v a l u e s  indicated by 
the instrument as t h e  run progressed is shown in 
Fig. 2.21, with chemical ly  determined UF,  con- 
centrat ions shown bes ide  the  scale readings ob- 
se rved  a t  the  time of sampling. In th i s  particular 
case, the  only oxygen in t h e  s t ream w a s  t h a t  pro- 
duced by the  react ion of the  uranium oxide with 
fluorine; as the fluorination approaches  comple- 
tion, the oxygen content  approaches zero. A 
smal l ,  known amount of nitrogen is present  as an 
instrument purge, and the  ba lance  is fluorine. 
With this  knowledge of the  variation of t h e  carrier- 
g a s  s t ream, w e  interpreted the leveling-out of t h e  
instniment readings as the end point of the re- 
action. From the  low concentration found a t  t h e  
end point, w e  infer  that  t h e  limit of detect ion of 

U F ,  is less than 0.1%, provided t h a t  t h e  composi- 
tion of t h e  carrier g a s  is known. 
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2.110 GENERAL CORROSION STUDIES 

S i n c e  corrosion of t h e  hydrofluorination and 
fluorination v e s s e l s  is a major concern in  t h e  
molten-salt fluoride-volatility process ,  the prob- 
l e m  is be ing  s tudied  extensively.  At ORNL, 
s t u d i e s  a r e  be ing  made a t  both laboratory and 
engineer ing s c a l e s  and i n  t h e  Volat i l i ty  P i l o t  
P lan t .  Also, many laboratory-scale corrosion 
d a t a  are obtained from s t u d i e s  made a t  Bat te l le  
Memorial Ins t i tu te  (BMI) under a subcontract  with 
ORNL. 

R e s u l t s  of corrosion s t u d i e s  t h a t  a r e  c lose ly  re- 
la ted  to  major top ics  in t h i s  chapter  a r e  reported 
under the appropriate  sec t ion  headings  (see 
Sects .  2.1, 2.2, and 2.5). Only s t u d i e s  of a more 
general  nature  a re  reported in  t h i s  sec t ion .  

Multifactor Experiment Conducted in an  Attempt 
to Explain Variable Corrosion of INOR-8 Under 

Hydro fluorination Condi ti o ns 

A multifactor experiment w a s  conducted at BMI 
to (1) determine the r e a s o n s  for t h e  e x t e n s i v e  
intergranular penetrat ion of INOR-8 noted af ter  
i t s  exposure to  52-37-11 mole % NaF-LiF-ZrF,  
and MF,36  and (2) to at tempt  to explain the  varia- 
t ions  in t h e  degree  of intergranular  penetration 
found when var ious l o t s  and forms of INOR-8 
were exposed  t o  ten c y c l e s  of hydrofluorination 
and fluorination i n  another  laboratory-scale  experi-  

In t h e  la t ter  experiment, the current  
p r o c e s s  for Zr-U al loy fue ls  w a s  s imulated as 
nearly a s  poss ib le ,  with hydrofluorinations and 
fluorinations a t  650 and 50OOC respect ively.  
Among the conclus ions  from the  multifactor experi- 
ment a re ,  for example,  t h a t  the chief offender 
during hydrofluorination i s  a melt t h a t  is high i n  
alkali-metal fluoride, that  purification of t h e  melt 
with H F  and hydrogen i s  apparent ly  unnecessary ,  
and tha t  the  metal lurgical  properties of INOR-8 
have  l i t t l e  effect. Other  eva lua t ions  a r e  also in- 
c luded.  

3 6  
P. D. Miller et  a[., Corrosioii Res is tance  of Nickel-  

B a s e  A l loys  i n  a NaF-LiF-ZrF4 Salt  Mixture Considered 

for ERR-1 Fuel Recovery,  BMI-X-247 ( J u l y  31, 1963). 

P. D. Miller e t  al.,  'I'hc Cor-iosion of an ZNOK-8 
Single-Vessel Hydrofluorinator-Fluorinator, BMI-X-234 
(May 27, 1963). 

37 

Some of the  fac tors  s u s p e c t e d  of affect ing t h e  
degree of at tack during hydrofluorination were: 
(1) ac tua l  var ia t ions between h e a t s  of INOR-8; 
(2) the  relat ively high ini t ia l  concentrat ion of 
sulfur  in  the  melts  u s e d  in  both experiments  (83 
to 184 ppm, compared with the usua l  value of less 
than 5 ppm); (3) the possibi l i ty  that  the  inter- 
granular penetration of INOR-8 when exposed  to 
highly corrosive condi t ions,  s u c h  as during t h e  
fluorination s t e p  of the  s tandard  process  for Zr-U 
a l loys  and during hydrofluorination i n  52-37-1 1. 
mole % NaF-LiF-ZrF,, is a n  extension of ordinary 
corrosion; and (4) var ia t ions in  t h e  grain size and 
the amount of second phase  present  i n  different 
INOR-8 hea ts .  INOR-8 tubing cons is ten t ly  h a s  a 

much smal le r  grain s i z e  than d o e s  plate ,  and both 
the p la te  with high amounts  of second phase  and 
the tubing seemed t o  be suscept ib le  t o  inter- 
granular a t tack.  Sui table  h e a t  treatment and possi-  
bly the  u s e  of vacuum-melted INOR-8 were sug-  
g e ~ t e d ~ ~  as poss ib i l i t i es  for improving the  per- 
formance of INOR-8. 

Another aim of t h e  experiment was to s tandard ize  
the  new procedure for s imulat ing p r o c e s s  condi- 
t ions.  T h i s  new procedure ca l led  for containing a 
coiiiplete charge of s imulated fuel-element metal 
in a cup  near  the bottom of the t e s t  vesse l .  T h e  
bottom of t h e  c u p  w a s  perforated, and €IF and 
molten s a l t  c i rculated around t h e  cy l inders  o r  
b a r s  of fuel metal  ( s e e  third par t  of Sect. 2.1). 

At t h e  e n d  of the  report period, both the experi- 
mental  work a t  BMI and their  report had been  com- 
~ l e t e d . ~ '  After the exposures  a t  BMI, s e l e c t e d  
spec imens  of INOK-8 were then s e n t  here  for 
examination by Metals  and Ceramics  Divis ion 
personnel; th i s  work h a s  not  been completed. 
W e  a l s o  plan to  s u b j e c t  the numerical corrosion 
d a t a  to  two independent t y p e s  of s t a t i s t i c a l  analy- 
sis, or factor screening;  tlii-is far, however, only 
preliminary c o n t a c t s  with Mathematics Division 
personnel have  been  made, 

T h e  des ign  of the  experiment ca l led  for the  u s e  
of four s e p a r a t e  t e s t  v e s s e l s ,  e a c h  4 in. in  inner 
diameter. Two of t h e  v e s s e l s  contained 52-37-11 
m o l e  % NaF-LiF-ZrF4. T h e  salt i n  one  of t h e s e  

38Suggested by J .  T. Venard and  H. E. McCoy, 

39P. D. Miller e t  al., The E f f e c t  of Heat Treatment 
and of S a l t  Composition on the Corrosion of ZNOR-8 
and HyMu 80 During IIydrofluorination, BMI-1-288 
(May 28, 1961). 

Metals and Ceramics Division. 
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v e s s e l s  had been purified in  t h e  Reactor  Chemis- 
try Divis ion’s  molten-salt-production faci l i ty  with 
HF and hydrogen, while  the  s a l t  in  the other  
v e s s e l  had  not been purified. T h e  other  two 
v e s s e l s  contained purified and unpurified NaF- 
LiF-ZrF,  (37.5-37.5-25 mole %). E a c h  of the  
four v e s s e l s  contained spec imens  of INOR-8 
s h e e t  that  were s u s c e p t i b l e  t o  intergranular 
a t tack,  spec imens  that  were not suscept ib le ,  an 
untes ted  hea t ,  vacuum-melted INOR-8, spec imens  
of tubing, and spec imens  of HyMu 80 s h e e t  - a 

total  of s i x  ca tegor ies .  T h e  principal spec imens  
of INOR-8 were subjec ted  t o  four types  o f  h e a t  
treatment: the s tandard anneal  of 2150OF for 
1 hr in  argon followed by rapid cool ing;40  1 hr  a t  
2300OF and rapid cooling; 1 hr a t  2300OF and 
rapid cooling, followed by 100 hr a t  1600°F; and 
no heat  treatment. T h e  second h e a t  treatment w a s  
intended to provide a s  nearly a complete  solution- 
anneal  as  poss ib le  without melting t h e  al loy,  
while  the  third treatment w a s  expec ted  to re- 
precipi ta te  any “tramp” elements ,  o r  to  be  
equivalent  to  sens i t iza t ion  of aus ten i t ic  s t a i n l e s s  
s t e e l s .  

A comparison between corrosion during dissolu-  
tion of reactor  f u e l s  and nondissolution w a s  ob- 
ta ined by f i r s t  dissolving meta ls  in  the  mel t s  - 
Zircaloy-2 in  t h e  melt containing 25 mole % ZrF, 
and type 347 s t a i n l e s s  steel in the  melt contain-  
ing 11 mole % ZrF,. T h e  s e c o n d  p h a s e  of e a c h  
experiment cons is ted  i n  determining t h e  a t tack  on 
a new s e t  of corrosion coupons; here ,  t h e  salt re- 
maining at t h e  end of the  f i rs t  (dissolut ion)  p h a s e  
of the  test w a s  used.  

T h e  experiments  were conducted according to 
plan, e x c e p t  that  one  vesse! fa i led at the  begin- 
ning of the  nondissolution phase.  T h a t  portion 
of the  experiment w a s  repeated; then, t h e  non- 
dissolut ion p h a s e  was conducted in  the n o m a 1  
manner. All t e s t s  were made at 650°C, with 
1-11? flow r a t e s  of 10 g/hr, nominal. During t h e  
dissolut ion p h a s e s  of t h e  runs, ut i l izat ion of H F  
was about  80% lor Zircaloy-2 and about 10% for 
type 317 s t a i n l e s s  steel. 

The main conclus ions  with respec t  to t h e  con- 
s t ruct ional  mater ia ls  for the hydrofluorinator 
v e s s e l  p r e s m t e d  in the BMI report were a s  
follows: 

The specimens were cooled by rapidly transferring 
them from the hot zone of the annealing furnace to a 
wate reoo led  end section. The  average cooling rate  
down to 500°F was approximately 200°F/min. 

4 0  

1. T h e  study confirmed ear l ier  r e s u l t s  that  in- 
d ica ted  t h a t  s a l t  composi t ions high i n  a lkal i -  
metal f luorides  a r e  more corrosive than t h o s e  
high i n  ZrF,. F o r  example,  INOR-8 w a s  
at tacked at  r a t e s  of 1 mil/month, or l e s s ,  in  
37.5-37.5-25 mole % NaF-I iF-ZrF,  while  
Zircaloy-2 w a s  being d isso lved ,  and INOK-S 
was a t tacked  a t  ra tes  up to 150 mils/month 
in 52-37-11 mole % NaF-LiF-ZrF,  while  
s t a i n l e s s  s t e e l  was  being d isso lved ,  Speci- 
mens of I-IyMu 80 (Alloy 79-4) were penetrated 
at  s imilar  ra tes ,  but, in  general, INOR-3 was 
sl ight ly  more res i s tan t  t o  t h e  s y s t e m  s tudied  
than w a s  HyMu 80. 

2. T h e  maxirnum corrosion occurred a t  interface 
a r e a s ,  as is normal in  t h e s e  s a l t  sys tems.  

3. T h e  differences in  corrosion noted between 
dissolut ion and nondissolut ion portions of the  
runs were not  s ignif icant  in  the 25 mole 72 
ZrF, s a l t ;  i n  the  I1 mole % ZrF,  s a l t ,  how- 
ever ,  t h e  a t tack  at the in te r face  was more 
severe  while metal  w a s  being dissolved.  

4. T h e  purification of ini t ia l  m e l t s  with H F  and 
hydrogen was not an important factor  in cor- 
rosion. Interest ingly,  t h e  su l fu r  content  of 
o n e  unpurified melt used in a dissolut ion 
(hydrofluorination) phase  of t h e  experiments 
w a s  331 ppm; ye t  the melt  w a s  n o  more cor- 
rosive than the  other  mel ts ,  purified and un- 
purified, i n  which the sulfur  content  w a s  l o s s  
than 5 ppm. 

5. Differences i n  composition and h e a t  t reatment  
of INOR-8 had l i t t l e  e f fec t  on i t s  corrosion. 
‘Thus, annea l ing  an INOK-8 v e s s e l  af ter  
welding i s  apparently unnecessary,  a t  l e a s t  
from the s tandpoint  of r e s i s  tance  to corrosion 
by molten f luorides  and  MF. 

6. Personnel  a t  BiU concluded that  the inter- 
granular modifications a r e  merely the  s ta r t  of 
carbide precipi ta t ion,  which occurs  when t h e  
metal  is hea ted  to about 1200°F. They also 
feel that  t h e  metal in the  region of intergranu- 
lar modifications should not be  considered 
unsound s i n c e  t h e  modifications were only ob- 
se rved  af ter  etching. Also,  bending of t h e s e  
spec imens  over  a s m a l l  rad ius  did not  open up 
vis ible  c r a c k s  in  the grain boundaries. At 
ORNL, we prefer to reserve judgment on t h i s  
point s i n c e  the  modifications occurred more frr- 
quently and more severe ly  with the  more cor- 
rosive melt. 
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Cathodic Protection Greatly Reduced Corrosion o f  
INOR-8 by HF when Submerged in Molten 

Fluorides, but Attack at Melt-Gas Interface 
O n l y  Slightly Reduced 

Cathodic  and anodic  protection procedures  are 
widely used to reduce corrosion i n  a variety of 
aqueous  sys tems,  Since corrosion is a major prob- 
lem i n  the hydrofluorinator, a n  experimental pro- 
gram was undertaken a t  BMT t o  determine the 
feas ib i l i ty  of us ing  an impressed vol tage to  re- 
tard corrosion in  molten-salt environments. 

Corrosion experiments  that  were run under 
condi t ions where INOR-8 s p e c i a e n s  were made 
cathodic  showed that  submerged a r e a s  were well 
protected but t h a t  measurable  a t tack  occurred a t  
the interface a reas .  However, t h e  at tack a t  the  
interface w a s  s ignif icant ly  less than i s  normally 
encountered without impressed  voltage. 

In order to obtain the optimum current-voltage 
relat ionships  for u s e  i n  the ca thodic  protection 
experiments, the  development of polarization 
curves  for t h e  mater ia ls  of in te res t  .- INOR-8, 
Zircaloy,  and graphite - w a s  necessary .  The 
polarization charac te r i s t ics  were obtained by t h e  
use of a potent iostat ,  with platinum as  a reference 
electrode and graphi te  as a n  anode. F igure  2.22 
shows the  r e s u l t s  for the s a l t  composition 38-36- 
26 inole % NaF-LiF-ZrF,. All measurements  were  
made v i t h  the sys tem a t  65OOC aiid at an  H F  
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flow of about  5 g/hr. The  arrows on the curves  
show t h e  direction in which t h e  impressed vol tage 
w a s  varied. T h e  h y s t e r e s i s  noted i s  bel ieved to 
b e  the resul t  of some residual  polarization. 

A s  would b e  expected,  the  m o r e  res i s tan t  a 
material is to corrosion t h e  s t e e p e r  the  s l o p e  of 
i t s  polarization curve. For  example, t h e  curve 
for Zircaloy,  which is the  least r e s i s t a n t  to the 
s a l t  mixture of the mater ia ls  tes ted,  exhibi ted a 

gent le  s lope  when compared with t h o s e  far  INOR-S 
or graphite. R e s u l t s  not shown in t h e  figure pre- 
d ic t  much less corrosion for INQR-8 under helium 
than tinder €IF. 

Similar measurements  were made i n  the 52-37-11 
mole 70 NaF-EiF-ZrF,  mixture. Since t h i s  salt  is 
more  corrosive than t h e  one  containing 26 mole % 
% r F 4 ,  curves  for INOR-8 and Zircaloy a s  ca thodes  
in the  melt with 11 mole % ZrF4 had less s l o p e  
than that  of the  curve for the other  sa l t .  

The resu l t s  shown i r i  t h e  upper right quadrant 
of Fig. 2.22 indicated that  the graphite could  be  
polarized anodical ly  but tha t  t h e  INOR-8 could 
not be  polaiized. 'rhe ca thodic  curves  in  t h e  
lower lef t  quadrant indicated that  a potential of 
about 5 to SO mv (negative) for INQR-8 w a s  suffi- 
c i e n t  to  furnish protection. Keeping t h i s  vol tage 
a s  low as poss ib le  w a s  des i rab le  for two reasons:  

(1) t o  minimize t h e  e x c e s s i v e  deposi t ion of nickel  
on the  BNOR-8 cathode,  particularly when the  
s a l t  is high in  metal content ,  and (2) to prevent  
polarization of the  graphite anode. 

Three  experiments were conducted t o  determine 
whether INOK-8 could b e  cathodical ly  protected. 
A '/2-in,-diam graphite rod was  used as the a n o d e  
in t h e  f i rs t  two. In the third, the  INOR-8 spec i -  
mer. w a s  p laced  between two graphite e lec t rodes .  
T h e  Hastel loy H container  wa l l  w a s  u s e d  as the 
reference electrode in  t h e  control c i rcu i t  of the  
potentiostat. A gnlvanostat  or battery w a s  uspd 
a s  the power s o u r c e  in t h e  l a s t  two experiments. 
A specimen of INOR-8 electr ical ly  insu la ted  with 
Teflon from t h e  r e s t  of the sys tem was inser ted  
in  e a c h  experiment as a blank. 

Operating condi t ions and corrosion resu l t s  a r e  
shown i n  Table 2,9. In a l l  cases t h e  cor ros ionon 
the submerged portion of the cathodical ly  protected 
coupon w a s  about  ten t imes less than that  ob- 
se rved  for the blank. 

T h e  interfacial  area,  which is normally a t tacked  
severe ly ,  w a s  p r o k c t e d  s l igh t ly  by a n  impressed 
current of about  3.2 amp/ft*. At higher current 
d e n s i t i e s  of about  31 t o  53 amp/ft ', t h e  corrosion 
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Table 2.9. Results of Cathodic Protection of INOR-8 in Presence  of  52-37-11 Mole 76 
NuF-biF-LrF4 ond HF at 65Q°C 

Cathodic protection nearly eliminated a t tack  on that  part of INQR-9 

specimen exposed to molten s a l t  below the sal t -gas  interface. Attack 

a t  the interface was  only s l ight ly  reduced when pract ical  current 

dens i t ies  were used. 

Conditions: Time -= 100 hr 

I I F  f low rate = ->.5 g/hr 

Cathodic Penetration (mils /month) 

Density 

_I__.. - Experiment Coupon Current -I 

IrnprPssed 

Doten tial Interface Below Interface 

(mv) (amp/ft2) (by micrometry) (by weighing)a 
No. No. 

3 

2 

0 0 

2 2 ---4 0 31-53 

1 0 0 

4 3 3.2 

5 0 0 

6 3 3.2 

93 

8 

194 

179 

1 as 
1 2 s  

1 9  

< 2  

24 

< 2  

18 

( 2  

=The cathodically protccted coupons were weiched af ter  a l l  obvious n l c k r l  sponge w a s  removed by abrasion. The 
Kate of a t tack on surface below interface w a s  est imated after sharp amount of sponge was very la rge  on coupon 2. 

attaLk a t  the interface had been accounted for. 

vds; reduced by a factor of 10. T h e  graphi te  
anodes  were reduced in  a r e a  to  some exter.t a t  the  
in  t e i  face regions. 

l h u s ,  ca thodic  protection should  hc usefu l  in  
reducing corrosioli of submerged a r e a s  in  INOR-8 
sys tems.  but, at pract ical  cur ient  d e n s i t i e s  ( l e s s  
than 10 amp/ft ), t h i s  method iv i l l  no t  s a t i s -  
factorily protect t h r  interfacial  aieas. 

- 

2 

Prebimina:y Results Show That Use ofi a n  Inert 
Gas wi th  the Wf May Inhibit Corrosion a t  h e  

Melt-Gas Interface 

T h e  appearance of t h c  coupon from the cathodic-  
protection s tudy run at high current  dens i ty  ( s e e  
pr-ceding sec t ion)  sugges ted  tha t  hydrogen pro- 
duced at t h e  cathode reduced corrosion in  cer ta in  
a reas .  Thc  lower ra te  of corrosion w a s  postu- 
la ted  t o  bc  a resu l t  of a lower act ivi ty  of the  I F  
in  the  vapor phase,  compared with i t s  act ivi ty  i n  
the liquid. Some exploratory experiments  were 
therefore madr  to t e s t  the hypothes is  tha t  the  

introduction of a n  iner t  g a s  j u s t  below the  sur face  
of t h e  molten s a l t  during hydrofluorination would 
reduce t h e  ra te  of corrosion of INOR-8 a t  t h e  
interfsce without adversely affect ing fuel  dissolu-  
tion rates. 

Preliminary s t u d i e s  showed that  the presence 
of an  iner t  g a s  s ignif icant ly  reduced the penetra- 
tion of INOR-8 a t  the sal t -gas  interface i n  52-37-11 
mole % NaF-LiF-ZrF4 s a l t  at  650°C. However, 
more experiments  must b e  made before a final 
conclusion can be  reached as to the pract icabi l i ty  
of diluting the WF above the  inolten s a l t  with 
iner t  gas in  order to control coirosiotl. 

F ive  experiiiients were conducted with the  52- 
37-11 mole % NaF-LiF-ZrF, s a l t  that  had  been 
u s e d  i n  the  electrochemical  protection s tudies .  
T h i s  composition w a s  s e l e c t e d  b e c a u s e  of its 
except ional ly  high corrosivi ty . 

Helium or argon w a s  introduced below the sur- 
face of the  liquid in  ainounts shown in the third 
column of T a b l e  2.10. T h e  HF w a s  introduced 
near the  bottom of t h e  container at a rate  of about 
5 g/hr. Experiment 6 w a s  run as a control i n  
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Toble 2.10. 

Conditions : 

Reduction of Corrosion of INOR-8 Under Hydrofluorinotor Conditions 
After Addition of Inert Gas 

52-37-11 mole % NaF-LiF-ZrF 

temperature 6SOOC; H F  a t  about 5 g/hr introduced about 4 in. below 

surface of sal t ;  container 4 in. in internal diameter and made of 

Hastel loy B; exposure t imes 100 hr except  for experiments 4 and 7, 

which were 74 and 41 hr respectively 

from cathodic protection experiments; 

Penetration Rates  (mils /month) 

At Interface, Su brner ged 
Experiment Coupon Amount of Inert Gas  

No. No. Introduced 
by Micrometry Area, by Wt Loss 

4 
4 

Sa 
Sa 

6 

6 

7 
7 

8 

8 

7 

8 

9 

10 

11 

12 

13  

1 4  

1 5  

16 

1.5 g/hr of He under coupon 8 

(HF introduced below coupon 7) 

1.5 g/hr  of He under the 

surface near coupon 1 0  

None (HF introduced below 

coupon 11) 

20  g/hr of argon under the 

surface near  coupon 1 3  

37 g/hr of argon under the 

surface near  coupon 15 

23 

15 

<6 

< 2  

380 

250 

<4  
<4 

4 

7 

11 

12 

< 4  

< 3  

32 

13 

(2.1 
e1.9 

< 0.7 

<1.0 

aS ta in l e s s  s t e e l  was being dissolved during this  experiment. 

which only H F  w a s  introduced. All  experiments 
were run for about 100  hr u n l e s s  noted o therwise  
in the  table. 

Note that  wherever the inert-gas sparge  was  
used ,  the corrosion w a s  much less than that  for 
the control experiment when only H F  w a s  present.  
For  example, a maximum ra t e  of 2 3  mils/month 
was  obtained in  experiment 4, cont ras ted  with 
380 mils/month in experiment 6. F igure  2.23 
shows  the s e v e r e  notching of control coupons 11 
and 12, compared with the mild a t tack  on coupons 
15 and 16. The  corrosion of t he  submerged a r e a s  
was  a l so  reduced somewhat by the inert-gas 
sparge  (see Tab le  2.10). 

T h e  r e s u l t s  of experiment 5 showed tha t  the  
dissolution of type 347 s t a i n l e s s  s t e e l  w a s  hardly 
affected by the inert-gas sparge.  A s  might be  ex- 
pected, this  experiment  a l s o  resu l ted  i n  s l ight ly  
reduced corrosion of the INOR-8 coupons.  

In previous s t u d i e s  us ing  s imi la r  s a l t  composi- 
t ions  without an  inert-gas sparge ,  corrosion 

'P. D. Miller e t  at., Corrosion Res i s t ance  of Nickel- 
B a s e  A l l o y s  in a NaF-LiF-ZrF Sa l t  Mixture Con- 
s ide red  for EBR-1 F u e l  Reco~ery ,~BMI-X-247  (July 31, 
1963). 

NOT 
PROTECTED 

UNCLASSIFIED 
PHOTO 66611 

PROTECTED 

f Argon with H F  Practically Ellmi- 
ng Usually Found ot the Salt-Vapor 
1 Mole % NaF-LiF-ZrF4, with H F  
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r a t e s  a t  t h e  interface were general ly  in  e x c e s s  of 
those found i n  th i s  s tudy.  T h u s ,  some further 
e f fec t iveness  from t h e  inert-gas s p a r g e  is in- 
dicated.  

Program PLOTDATA Prepared for CDC-1604-A 
Dig i ta l  Computer to Process Data and P l o t  Results 

from Battel le’s Corrosion Studies 

In support  of the s t u d i e s  of corrosion being 
conducted a t  BMI, a program, PLOTDATA, w a s  
written i n  FORTRAN language for u s e  with t h e  
CDC-1604-A computer. I t  performs the  required 
ca lcu la t ions  and prepares  magnet ic  t a p e s  for u s e  
in  plot t ing both corrosion resu l t s  and ra tes  of 
dissolut ion of metal added t o  the  t e s t  v e s s e l s  t o  
s imula te  plant  condi t ions.  The  program h a s  been 
revised severa l  t imes and i s  now performing 
sat isfactor i ly .  W e  plan to further modify t h e  
program so that ,  as a n  option, the  corrosion re- 
s u l t s  c a n  b e  printed i n  a format s u i t a b l e  for u s e  
i n  a statistical ana lys i s .  

T h e  program prepares  two printed output s h e e t s ,  
two bar c h a r t s  of corrosion resu l t s ,  and o n e  graph 
showing both quantity of metal  d i sso lved  on a 
cumulative b a s i s  and a ca lcu la ted  ins tan taneous  
rate  of metal dissolut ion v s  time. Values  for 
metal  d i sso lved  are  b a s e d  on a s toichiometr ic  
re la t ion of t h e  hydrogen evolved during a run 
t o  e i ther  zirconium, s t a i n l e s s  steel, or aluminum. 
V a l u e s  of dissolut ion rate  a r e  ca lcu la ted  for e a c h  
measurement of evolved hydrogen by assuming 
tha t  t h e  metal  spec imens  d isso lved  uniformly 
over their en t i re  surface.  F o r  a given run, t h e  
metal  i s  added as rods of the  s a m e  s h a p e  and 
length. T h e  c r o s s  s e c t i o n  may b e  circular ,  square,  
o r  rectangular. 

T h e  program h a s  been helpful  i n  e l iminat ing 
manual ca lcu la t ions  a t  BMI and i n  enabl ing  u s  t o  
see t h e  r e s u l t s  of the  experiment i n  both numerical 
and graphical  form before the report descr ibing t h e  
experiment is received. 

42N. G. Hardie, A Multi-Variable Screening Proce-  
dure Adaptable t o  Electronic Computers for the Empiri- 
c a l  Exploration of R e s p o n s e  Surfaces ( t h e s i s ) ,  Georgia 
Institute of Technology (April 1963). 

Preliminary Attempt Made to Correlate 
Hydrofluorination Corrosion Data by 
Using Factor-Screening Procedures 

In an attempt to bet ter  understand the  signifi- 
c a n c e  of t h e  overal l  col lect ion of corrosion d a t a  
that  h a s  been obtained a t  BMI on  a laboratory 
scale, s e l e c t e d  d a t a  points  were submit ted to the  
Georgia Tech  Research  Inst i tute  for processing 
by u s e  of a multivariable screening  procedure that  
appeared Quoting from reference 
41,  “ the method u s e d  is e s s e n t i a l l y  the  classifica- 
tion of d a t a  points  by s e t t i n g  arbitrary class l imi t s  
on e a c h  independent  var iable  and thereby crea t ing  
pseudoleve ls  of that  factor. T h e  fac tors  a r e  
t reated i n  pa i r s  a s  i n  factor ia l  des ign ,  and t h e  
error sum of s q u a r e s  is compared for e a c h  pair. 
T h e  relat ive magnitudes of t h e s e  error s u m s  of 
s q u a r e s  provide indicat ions of t h e  relat ive good- 
n e s s  of f i t  for e a c h  pair, and  thereby assist t h e  
invest igator  in  a preliminary screening  of fac tors  
with which h e  need  not b e  concerned. ... the  
candida te  var iab les  a r e  ranked according to t h e  
var ia t ion i n  t h e  response  which is removed when 
t h e  e f f e c t s  of e a c h  factor a r e  removed. In addition, 
t h e  organizat ion and d isp lay  in  tabular  form of the  
e s t i m a t e s  of t h e  mean and var iance for e a c h  factor- 
leve l  combination of those  factor  combinat ions 
having a relat ively smal l  error sum of squares ,  
provide t h e  experimenter with an e s t i m a t e  of t h e  
general  contour of t h e  response  sur face  over  t h e  
observed range of paired factors.” 

T h e  r e s u l t s  of t h e  o n e  computer run that  w a s  
made must b e  considered preliminary s i n c e  some 
errors  in  t h e  or iginal  submission of da ta  have  
s i n c e  been located.  Also, the  scarc i ty  of points  
i n  one  category c a u s e d  t h a t  category to  be  over- 
emphasized i n  the  conclusions.  P l a n s  a r e  to re- 
write the  program to make i t  s u i t a b l e  for u s e  on the  
Laboratory’s  CDC-1604-A computer, to include the  
da ta  that  have  been co l lec ted  s i n c e  the  original 
submission,  and  t o  make further computer runs. 

4 3  
H. M. Wadsworth and N. G. Hardie, “A Screening 

Procedure for the Empirical Exploration of R e s p o n s e  
Surfaces ,”  paper presented at the American Stat i s t ica l  
A s s o c i a t i o n  Meeting, Cleveland (Sept. 4, 1963). 



T h e  w a s t e  treatment and d i sposa l  development 
program was designed to develop a compreherisive 

g l a s sy  s o l i d s  and t h e  interrelation of c o s t  and 
safety.  

was t e  management sys t em for nuclear  w a s t e s ,  in- 
c luding their  f inal  d i sposa l ,  and to es t ima te  t h e  

Low-level radioact ive w a s t e s  (LLW), such  as  
cool ing water, cana l  water,  floor-drain water,  and 

aste Treatment  and Disposal 
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c o s t  of t h i s  operation. T h e  effect ive,  economic 
management of radioact ive eff luents  is a prerequi.- 
s i t e  to t h e  natural  growth of a nuclear  power in- 
dustry. 

Two ruethods a r e  being developed for t h e  con- 
version of high-level radioact ive w a s t e s  (HLW) to  
so l ids ,  t h e  P o t c a l  (pot calcinat ion)  and P o t g l a s s  
(fixation of w a s t e s  in  g l a s sy  solids) p rocesses .  l-j- 

T h e  ca l c ined  or glassy s o l i d s  a re  contained in  
88-in.-long S- to 24-in.-diam s t a i n l e s s  s t e e l  “pots”  
(pipes),  which are designed to be  c losed  by weld- 
ing prior to  shipment and ul t imate  disposal .  Since 
there  a re  no olf-gases ,  future survei l lance require- 
ments during ul t imate  d i sposa l  should b e  negligible.  
G las sy  so l ids ,  rather than porous ca lc ines ,  are 
des i rab le  because  of their  higher thermal conduc- 
t ivi ty  and high degree of insolubility. These prop- 
e r t i e s  should resul t  in  a n  i n c r e a s e  in economy and 
safety.  A major remaining program object ive i s  t o  
determine costs of calcinat ion and fixation i n  

other very low-salt-content waters ,  are t reated to 
remGve radionucl ides  prior to their  discharge to 
t h e  environment. Two general  treatment methods 
are being developed for t h i s  purpose: the  scaveng-  
ing-precipitation ion-exchange p rocess  and 
t h e  scavenging-precipitation foam separat ion - ’ 
process .  An improved sravenging-preoipitation ion- 
exchange p rocess  was  success fu l ly  tes ted  i n  a 
600-gph pilot  plant,  where OKNL process  was te  
w a s  decontaminated to a leve l  less than 2.0% of 
t h e  maximum permissible  l e v e l s  for human expo- 
sure .  T h e  improvements reduced t h e  est imated 
treatment c o s t  &om ’ 7 8 ~  to  6 6 ~  per 1000 gal for a 
750,000 gal/day plant. The scavenging-precipita- 
t ion foam separat ion p rocess  wil l  be  tes ted  in the  
pilot  plant  in  J u n e  1964. T h e s e  p rocesses  have  
been developed a s  high-capacity,  bulk-treatment 
operat ions to ach ieve  the  des i rab le  economics in- 
herent  in t h i s  type of processing,  compared with 
t h e  c o s t s  of spec ia l i zed  treatment p rocesses  where 
batching operat ions,  many ana lyses ,  and high labor 

‘F. L. Culler et al . ,  Chem. Technol. W i v .  Ann. Pro&. 
R e p t ,  May 31, 1963, ORNL-31S2 (Sept. 13, 1963). 

2 ~ .  M. ~o1rnE.s  et a]., ecPot-Ca!cination p rocess  for 
Converting Highly Kadionct ive  Wastes to  Sol idss0* 
Proceedings of Symposiiin on the Trealincnt and  
Storage of High-Level Radioact ive Wastes, Ideld in 
Vienna Oct. 8-13, 1962,  pp. 2.55-86, IAEA, Vienna. 

%f. E. Clark and 13. W. Godbee, bPFixation of Sirnu- 
lated Highly Radioact ive Wastes in  Glas sy  Solids,as 
ProceedinQs of Sympo,siiim on the Teeafmcrzt and 
Storage of High-Level Radivacti ve Wastes, Helii in  
Vienna Oct.  8-13, 1962, pp. 41149, IAEA, Vienna. 

4 ~ .  W- IIancher et al., Engineering Studips on P O L  
Ca1ciiIatioi-i for Ultimate Disposal  of Nuclear Wastes 
from the THP-25, Darex ,  and f’rirea Processes ,  OKNL-  
3277 (Sept. 9, 1963). 

’R. E. Blanco rt  of . ,  Status  of the OKNL Potcal and  
Potglass P r o c e s s e s  for the Conversion of Highly Ro- 
dioactive L iqu id  Wastes to Solids,  ORNL-TM-857 
(May 8, 1964). 

requirements lead  to high unit  cos ts .  

%. E, Rrooksbank et ill.. L,orv-Ra~ioactivity-Level 
Waste Treatment. Part 11. Pilot Plant Demonstration 
of the Removal of Act i v i t y  from Low-Level Process  
Waate b y  a ScavenBin~-Prec ip i ta f ion  Ion-Exchange 
Process, ORNL-3349 (May 20, 1963). ’ K. R. ~ o ~ c  omh, LO w ~a cii oa cti vi t y - L  e .vet  as t c  
Treatment. Part I .  Laboratory Development of a 
Scaveri~ing-Prt.cipitatiotl  Ion-Exchange Process f o r  De- 
contamination of Process  Water  Wastes, OKNL-3322 
(July 10, 1963). 

M/aate Treatment and Disposal Quart. Pro@. Reppt, 
Noveinher 1963-January 1964, ORNL-TM-803 (jn p r e s s ) .  

’E. Schonfeld, E f f e c t s  of Impurities on Calcium Pra- 
cipitation, to be  published in the June i s s u e  of the 
Journal of American Water  Works Association. 

l o  ~ a s t e  Treatment and  Disposal Quiirt. Progr. R r p t .  
M a y  1963-Octoher 1963, ORNL-TM-757. 



74 

Intermediate-level radioact ive w a s t e s  (ILW), such  
as  res idues  from process ing  LLW, evaporator con- 
cent ra tes ,  and concent ra tes  from t h e  second and 
third solvent  extraction c y c l e s  from process ing  
nuclear  fuels  and other  high-salt-content was tes ,  
can  be processed  by incorporation i n  asphal t  or  
concrete  prior to burial i n  a controlled area. Work 
o n  incorporation in  asphal t  is promising (low leach  
rate, high volume reduction, eas i ly  shipped)  and i s  
continuing. 

Economic and safety a n a l y s e s  on t h e  H L W  man- 
agement s y s t e m s  show that  the  c o s t  of conversion 
of w a s t e s  to  s o l i d s  and their s torage  i n  ultimate 
d isposa l  s i t e s ,  such  as  a s a l t  mine, will be well 
within economic limits. 1 1 ,  l 2  T h e s e  s tudies ,  con- 

J .  J. Perona e t  al., “Economic Evaluation of Tank 
Storage and  Pot Calcinat ion of Power-Reactor Fuel -  
Reprocessing Wasles,’’ Proceedings  of Symposium on 
the Treatment a n d  Storage of Nigh-Level Radioactive 
Wastes, He ld  in Vienna Oct. 8-13, 1962,  pp. 309-35, 
TAKA, Vienna. 

J. J. Perona e t  al., Comparative C o s t s  for F ina l  
Disposa l  of Radioactive Sol ids  in  Concrete Vaults, 
Granite, and  Sal t  Formation, ORNL-TM-664 (Oct. 23,  
1963). 

1 1  

1 2  

ducted jointly with the Heal th  P h y s i c s  Division, 
will be  extended to  other  waste-solidification s y s -  
tems i n  t h e  future to  provide the  AEC with a sound 
b a s i s  for nat ional  and internat ional  comparison of 
a l ternat ive s y s t e m s  and t o  s e r v e  a s  a guide for the  
direction of t h e  experimental work. 

DAREX PUREX T B P - 2 5  
WASTE 

1- --- .. 

I 
I 
I 
I 
I 
I 
I 

- - - - 

‘The primary concept  of t h e  pot process  i s  that  
a n  evaporator and a sol idif icat ion unit should b e  
used  together in  a loop (Fig. 3.1). Advantages of 

t h e  loop include (1) rcduced evaporation load on 
t h e  pot, (2) retention of a l l  s o l i d s  (and su l fa te )  i n  
the  loop, (3) retention of entrained s o l i d s  from t h e  
pot in  the  evaporator, (4) low entrainment (high 
dxontaminat ion)  from evaporator to overhead vapor, 
and (5) controlled (low) acidi ty  in  t h e  evaporator to  
reduce ruthenium volatility. T h e  raw w a s t e  is fed 
to  an evaporator (both a cont inuous and a batch 
evaporator have  been developed for t h i s  purpose), 

f -  ----- 
I 
I 
I 
I 
I 
I 
I I 

CONTINUOUS 
POT G L A S S  

PROCESS 

RIS ING L E V E L  
POT G L A S S  

P R O C E S S  

UNCLASSIFIED 
O R N L  DWG 6 4 - 3 5 2 1 4  

GLASS FORMING 
ADDIT IVES 

- 

POT 
C ALC IN  ER 
PROCESS 

t VU PO RATOR 

O F F  
f GUS 

. -A 

0 lSTl  L L  AT ION 
COLUMN 

Fig.  3.1. Pot  P r o c e s s e s  for Converting High-Level  Radioactive Wastes to Solids. 
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where i t  i s  concentrated as  much a s  p o s s i b l e  with- 
out precipi ta t ing so l ids .  T h e  concentrated w a s t e  
is then pumped to t h e  pot, and t h e  overhead vapors  
from t h e  pot are condensed  and returned to t h e  
evaporator. A deentrainer  is provided for the  evap- 
orator  overhead prior to condensat ion.  T h e  evap- 
orator  condensa te  is fed to a dist i l la t ion column 
for recovery of ni t r ic  ac id ,  off-gas scrubbing, and 
decontamination of t h e  w a s t e  water  to b e  dis-  
charged to t h e  environment. Some of t h e  water  is 
recycled to  t h e  evaporator. L i t t l e  ne t  production 
of  off-gas o c c u r s  s i n c e  t h e  nitrogen oxides  a r e  
readsorbed in  t h e  off-gas system. The evaporation 
and total  p rocess ing  rate  is l imited by t h e  capac i ty  
of t h e  sol idif icat ion unit. 

Progress and Status 

T h e  pot calcinat ion (Potca l )  development program 
h a s  been successfu l ly  completed us ing  4- and 8- 
in.-diam p o t s  with r e s i s t a n c e  furnaces  and t h e  
three major (simulated) w a s t e s ,  Purex, TBP-25 
(aluminum), and Darex ( s t a i n l e s s  s teel) .  A &in.- 
diarn unit is now being t e s t e d  f o r  determining 
process ing  rate  as  a function of diameter  and for 
perfect ing t h e  u s e  of induction heating. T h e  de- 
velopment of t h e  RL-Potg lass  ( r is ing level)  and 
Con-Potglass  (continuous) p r o c e s s e s  i s  continuing. 
A complete  mechanical  mockup uni t  for t h e  P o t c a l  
p r o c e s s  w a s  constructed and successfu l ly  tes ted  
to  demonstrate  its functional reliability i n  remote 
radioact ive operat ions.  T h i s  design,  su i tab le  for 
both t h e  Potcal and RL-Potg lass  processes ,  will 
b e  u s e d  to t e s t  t h e s e  p r o c e s s e s  in t h e  Hanford 
Waste Solidification demonstration prototype pilot 
plant; highly radioact ive w a s t e s  and induction 
hea t ing  u n i t s  will b e  used.  A major ob jec t ive  of 
(tie P o t g l a s s  program is t h e  development of formu- 
l a t i o n s  for g l a s s y  s o l i d s  tha t  have  low corrosion 
ra tes  i n  s t a i n l e s s  steel equipment, t h u s  el iminat ing 
t h e  need  for a platinum l iner  i n  a cont inuous melter. 
C l a s s e s  with higher  corrosion r a t e s  c a n  b e  tolerated 
in  t h e  RL-Potg lass  sys tem where p o t s  a r e  u s e d  
only once. 

Engineering Studies 

Potcal Process. - In t h e  P o t c a l  p r o c e s s e s ,  the  
concentrated aqueous  w a s t e  is fed to t h e  pot con- 
tinuously, and the aqueous  l e v e l  in  the pot is con- 

trolled by a proportional thermocouple probe. Sol ids  

build up  on t h e  w a l l s  radially unt i l  t h e  pot i s  
filled. T h e  aqueous  feed is then s topped,  and t h e  
s o l i d s  a r e  hea ted  to  900OC. T h e  pot calcinat ion 
process  h a s  been successfu l ly  demonstrated with 
Purex,  TBP-25, and Darex w a s t e s  in  $$-in.-high 

having 6- t o  8-in. diameters. 
Typica l  w a s t e  composi t ions t e s t e d  a r e  l i s ted  i n  

T a b l e  3.1. Considerable  variation occurs  in  Purex  
was te ,  and, consequent ly ,  th ree  composi t ions were 
t e s t e d  to  e s t a b l i s h  t h e  versat i l i ty  of t h e  process:  
Purex l W W ,  where t h e  2Na/S04 mole ratio is less 
than 1; FTW-65 (formaldehyde-trealed waste ,  ex- 
pec ted  in  1965), where the 2Na/SO, ratio is 1; and 
future waste ,  where t h e  2Na/S04 ratio is more 
than 1. T h e  la t te r  a l s o  represents  neutral ized 
w a s t e  that  would b e  reacidif ied with sulfur ic  ac id  
prior to calcinat ion to bring t h e  ratio to 1 or less. 
In  the P o t c a l  s tandard operat ing procedure, 
Ca(N03)2  is added to t h e  pot cont inuously to  main- 
ta in  approximately a 10% stoichiometr ic  e x c e s s  of 
Ca" + Na'over  t h e  coticentration of SO,'-. T h i s  
e n s u r e s  that  su l fa te  will not b e  volatilized. T h e  
maintenance of a s toichiometr ic  e x c e s s  of su l fa te  
to  sodium a l s o  reduces  cesium volatility. 

8-ln.-Disrn Pots. - Two P o t c a l  t e s t s  (R-77 and 
R-78) were made in  8 - h - d i a m  p o t s  with reacidified 
Purex  w a s t e s  (Tables  3 , l  and 3.2). Foaming w a s  
e x c e s s i v e ,  and t h e  average  feed ra te  dropped to  
about  19 liters/hr, with a maximum of 72 and 132 
l i ters /hr  for t e s t s  K-77 and R-78 rcspectively. '4 
normal feed rate is about  28 l i ters /hr  for Purex  
1 W W  w a s t e  (Table  3.1). The product d e n s i t i e s  
(1.3 g/cm3) and residual  ni t ra te  content  (0.04 to 
0.87 wt %) were sat isfactory.  Corrosion w a s  
negligible. 

lG-ln.-Diam Pot. - A new 16-in.-diam pot system 
w a s  constructed i n  order to  eva lua te  t h e  effect  of 
s c a l e u p  on t h e  economics o f  t h e  pot p r o c e s s e s  and 
also t o  determine t h e  feasibi l i ty  of induction heat- 
ing. All previous work had  been done  with res i s t -  
a n c e  furnaces. 

In the  new system, w a s t e  is fed from a 1400-liter 
tank (a t  75"Cj through a feed loop to a 16-in.-diam, 
6-ft-high pot, i.e., G ft of a c t i v e  length ( F i g s .  3.2 
and 3.3). T h e  pots  a r e  made from $'-in.-thick s ta in-  
less steel (type 347) and are equipped with 1 2  
Chromel-Alumel thermocouples  spaced  a t  12411. 
in te rva ls  down t h e  center6  and s i d e s 6  for control- 
l ing  t h e  furnace. A liquid-level thermocouple, de- 
veloped here , s  is u s e d  to s e n s e  t h e  liquid leve l  in 
the pot  and control. the magnet ic  flowmeter-feed- 
va lve  system. 



76 

T a b l e  3.1. Compositions of H igh-Leve l  Rodiaact ive Waste 

Compositions of high-sulfate Purex 1 W W ,  FTW-65, THP-25 (aluminum), and Darex 

(s ta in less  s t e e l )  w a s t e s  a re  given in  Refs .  1 and 5 
.......... .......... ~ ..... ......... .......... ~ .... 

Const i tuent  

(g-moles per l i ter  of was te )  

Purex 

FTW-6S X3a 

(27 g a l  per ton of U )  

H +  

~1~ + 

Na+ 

~ e ~ +  

c r 3  + 

N i 2 +  

I I g 2  + 

Ru 

3 -  
4 

Sio3'- 

F -  

NO3-(') 

1.5 

0.9 

0.1 5 

0.30 

0.06 

0.03 

0.0 105 e 

0.006 

0.45 

0.01 5 

0.03 

0.0015 

-3.1 

Future  Acidb 

(or Keac idified) 

Purex 

........ 

0" 5 

1.2 

d 

0.1 

0.01 

0.02 

0,005 

d 

0.2 (0.6) 

d 

d 

0.0005 

?' 1.6 

N o n S u  If a t e  

Pure, 

0.5 

0.6 

0.2 

0.05 

0.006 

0.006 

d 

d 

d 

0.02 

d 

d 

aThe FTW-65 X 3  represents  the h ighes t  concentration of th i s  w a s t e  type tha t  c a n  be conveniently simulated by 

'Also corresponds to  neutralized was te  prior to  reacidification (Le., 2Na/S04 ~~ 3 ) ;  SO, = 0.6 af ter  reacidif ica-  

'Estimated from considerat ion of various Savannah K ~ v e r  plant f lowsheet was tes .  

dContcnt not specif ied.  

eMaximum. 

'Enough NO,- to  ba lance  in  each  waste .  

direct makeup from laboratory reagents  without heating. 

tion. 

Purex FTW-65 X3 waste ( T a b l e  3.1) w a s  used  in  
t h e  f i rs t  t es t .  Calcium ni t ra te  w a s  added con- 
tinuously t o  the pot LO.05 mole of Ca(N03)2 per 
l i ter  of waste]. About 2234 l i te rs  of was te  were 
processed  i n  94 hr (average rate  about 24 liters/hr). 
T h i s  confirms t h e  rate  predicted by t h e  radial- 
deposi t ion model' (2600 l i t e r s  in  140 hr). At t h e  
95th hr, a recurring short  c i rcui t  developed between 
t h e  pot and futnace,  atid t h e  run w a s  terminated. 
The pot w a s  wedged firmly in t h e  furnace and re- 
quired considerable  force for i t s  rcmoval. A 4411.- 
wide hole  had formed i n  t h e  pot, extending from t h e  
bottom upward for 6 ft. The maximum temperature 
recorded with t h e  external  thermocouples was 
1095'C, whereas  t h e  bottom center  showed that  

more than 1200OC had been reached there  ( the  
thermocouple was assumed to  have  failed). Several 
poss ib le  mechanisms which may account  for t h i s  
nonhomogeneous hea t ing  effect  are being studied. 
Visu.ally, t h e  holc  appears  t o  b e  t h e  r e su l t  of melt- 
ing  t h e  metal wall and e x c e s s i v e  corrosion caused  
by t h e  high temperature. 

RL-Potglass Process.  - In t h e  RL-Potg lass  
process' t h e  concentrated aqueous  feed, contain- 
i n g  glass-forming addi t ives ,  is fed directly into t h e  
pot, t h e  liquid is vaporized, and the so l id  res idue  
i s  m d t d  to  a glassy sol id .  T h e  addi t ives  c a n  b e  
added directly to t h e  evaporator or continuously t o  
t h e  feed l ine enter ing t h e  pot. With proper g l a s s  
formulation, t h e  operat ing tempErature should b e  
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Table 3.2. Summary of Engineering-Scale T e s t s  of the Potca l  and  Potglass Processes 

P o t c a l  and RL-Potglass  in  8-in.-diam 88-in,-high or 16-in.diam 72-in.-higli pots  

Con-pntglass  in  8-411. -diam 40-in.-long horizontal m e  l ter  

Calcinat ion 

Average Su lk  Volume or Nitrate in 

( l i t e r s h r )  (g / cm3)  
Test No. P r  w e  ss  Waste Type F c e d  Rate  Density Reduction Hold T i m e "  "lids 

(wt a) 
(hrj 

R-77 P o t c a l  

(8-in. diam) 

Potca l  

(8-in. d iamj 

Pr,tcal 

(16-in. d i a m  j 

R1,-Potglass 

HL-Potglass  

RL-Potg lass  

RL-Potglass  

Con-Potglass  

Con-Potglass  

Reacidif ied Purex 1 9  1.26 12.1 25  0.01 

R-78 Reacidified Purex 1 9  1.36 15.1 0.01 

R-83b FTW-65 Purex 2 1  1.3 10.6 C 

R-76b 

R-79, 80 

R-81 

R-82 

c-2 

c -4  

T BP-2 5 ' 
TBP-2Sd 

TBP-2.5' 

FTW-65 X.3e 

TBP-2Sd 

d 
FTW-65 X3 

4.8 

6 

7 

8 

1 od 

5-7 = 

7 C 

2 0.05 

12 0.04 

18 0.01 

None C 

None C 

c 

1.9 

2.2 

2.4 

2.6 

2.8 

8.2 

8.0 

11.0 

10.6 

12.5 

eTirnu for calcinat ion or t o  complete melting af ter  termination of liquid feed. 

b ~ o t  completed. 

'Limited by present  furnace capacity. 

dCornposition, in mole %: A1 0 , 25.0; PoO, 15.9; Na20,  18.6; P205 ,  40.5; nip. 900°C ( s e e  No. 1 in Table  3.6 of 

eSee FTW-1. Table  3.3 .  

2 3  ORNL-34 52). 

900°C or lower. A s  the  l e v e l  r i ses ,  three p h a s e s  
a r e  present:  l iquid g l a s s  at t h e  bottom, a small  
so l id  interface,  and a s m a l l  aqueous  supernatant  
pool (Fig.  3.4). T h e  overhead vapors a r e  COP 

densed and returned to t h e  evaporator,  thus pte- 
serving t h e  advantages of the  loop concept  (Fig.  
3.1). T h e  P o t c a l  equipment c a n  b e  used  for t h e  
rising-level process .  However, provision should 
be  made to flush t h e  off-gas l i n e s  to  remove dusts. 

wall  temperatures for t h e  TBP-25 nins  were  about 
1000°C (nndesirahly high) to make t h e  melt suf- 
f iciently fluid for practical, opcrnlion. The pot and 
thermocouple wa l l s  showed a pi t t ing a t tack  up to a 
depth of 150 mils. The wall temperature fur t h e  
FTW-65 X 3  run was 900 to 950°C. Corrosion a t  
t h e  top of the  pot showed pi t t ing up to 120 m i l s ,  
with the  average est imated a s  $0 to 100 mils. T h i s  
is considered accep tab le  i n  "single-use" pots  
where the  al lowance h a s  been arbitrari ly set dt 
150 mils  out of a total  wall  t h i ckness  of 320 mi l s .  
However, t h e s e  operat ing temperatures arr  higher 
than des i rab le  f o r  u s e  with type 304 s t a i n l e s s  
s tee l .  Lower corrosion rates are expected as the  
development program proceeds and g l a s s e s  with 
lower sof tening points  and decredsed inherent  cor- 
ros iv i t ies  a r e  developed, 

Two tests were made with a TBP-25 fixation 
formulation ( s e e  footnote d in  T a b l e  3.2) and o n e  
with an  F'I'W-65 X 3  formulation (FTW-1, Tab le  3.3), 
i n  8-in.-diam by 88-in.-high p o t s  ( T a b l e s  3.2 and 
3.3). The average feed ra tes  were low, 5 to 8 
li ters/hr,  which is charac te r i s t ic  of t h i s  system 
because  of i t s  l imited area foe hea t  transfer.  T h e  
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UNCLASSIFIED 
PHOTO 64754 

F ig.  3.3. Removal of 16-in.-diam, 72-in.-High P o i  from 

Induction Furnace. 

T h e  RL-Potg lass  p rocess  is similar to a rising- 
s now be ing  developed in  the  United 
In their  program, 

h a s  been p laced  on silicate 
s iderable  work on phosphate  gl 
depends  on small off-gas l i n e s  (rapid g a s  flows) 
and a fi l ter  sys tem to control 
Our system relies on la rge  o 
with flushing faci l i t ies ,  and r 
tor i n  the  loop concept to control t h e  dus t ing  
problem. 

Con-Potglass Process. - T h e  objec t ive  of t h i s  
p r ~ g r a m ~ * ~ ~ ” ’  is to develop a continuous melter 
that  would (1) apply in  the  loop concept,  (2) have  a 
f a s t e r  process ing  than the  RL-Potg lass  proc- 

ISM. N .  Elliot et at . .  “Fixation of Radioactive 
e in Glass. Part  111. 

Radioact ive  Wastes,  Held i 
pp. 489-506. IAEA. Vienna. 

ess, and  (3) produce g l a s s  in  a pot su i t ab le  for 
ult imate disposal.  Since t h e  rising-level process-  
i n g  r a t e  is limited by the  smal l  hea t  transfer a r ea  
at the  solid-liquid in te r faces ,  an  obvious method 

to  inc rease  t h i s  contac t  
u s e  of a horizontal melter. T h e  length 

of t he  melter can b e  as long  as that required to  
ach ieve  the des i red  rate, with an appropriate in- 
c r e a s e  in  diameter to inc rease  the  total h e a t  trans- 

containing glass-forming addi- 
rectly to t h e  m e l t  as in  the  

rising-level process .  
T h e  ini t ia l  t e s t  unit, 8 in. i n  diameter 

long, is constructed of type 304L stain1 
with 350-mil-thick wa l l s  (F igs .  3.5a and b). T h e  

UNCLASSIFIED 
ORNL-DWG 64- 1484A 

LIQUID LEVEL 

I ‘  
I 

70 In. FULL 
OPERATING 

VOLUME 

Fig. 3.4. Phose Pos i t ions  i n  the RL-Potg lass  Process. 
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operat ing temperature is 1000°C. T h e  feed e n t e r s  temperature of  1000°C c a n  be  maintained (Table  
through four water-cooled feed  i n l e t s  a t  ra tes  up to  3.2)l. T h e  ini t ia l  problems of dus t ing  and off-gas 
20 liters/hr, with an average  rate  of 5 to 10 l i n e  plugging were sa t i s fac tor i ly  controlled by t h e  
liters/hr. T h e  ra te  is limited by t h e  present  fur- u s e  of an updraft condenser  and by recyc le  of the  
n a c e  capac i ty  [i.e., t o  t h e  ra te  a t  which a wall condensa te  to  t h e  evaporator. T h e  molten glass 

T a b l e  3.3. Compositions of Some Typical Solid Products from Fixation of Purex Wastes 

FTW-65 Waste X3 

FTW-1 FTW-3 

1ww 
Waste 

1ww-1 

Non-Sulfate 

Purex 

Additi-res, g-moles per l i ter  of was te  

H 3 P 0 4  or H , P 0 3  1.02 

A W 0 3 ) 3  0.5 

LiOH 1.14 

NaOH 

Ca(N03)2 or Ca(OH)2 0.2 

Pb(N 0 3)  

Na2B407 

Fe(N03),  

Waste oxides ,  wt % (theo- 44.5 

re  t ical)  

Composition, mole Yo ( theoret ical)  

A1203 
C a O  

N a 2 0  

LizO 

Fe203 

Cr203 
NiO 

R u 0 2  

p2°5 
SiO, 

F- 

P b O  

B2°3 

11.8 

7.2 

16.3 

20.6 

5.4 

1.1 

1.1 

0.2 

16.3 

18.4 

1.1 

0.5 

Approx. melting temp., OC 750 

Approx. pouring temp., OC 900-1000 

Ratioa 1.22 

2.27 

1.0 

2.53 

1.4 

2.27 0.75-1.5 

1 .o 
2.53 

1.4 

0.16 0.16 

0.2-0.3 

25.8 32.2 

11.7 

23.4 

25.7 

4.7 

0.6 

0.6 

0.1 

9.1 

23.2 

0.6 

0.3 

825 

900 

1.49 

10.4 

18.9 

23.9 

6.2 

0.1 

0.1 

0.04 

18.9 

21.5 

750 

800 

1.06 

16.9-26.5 

6.7-9.8 

2 0.1-29.4 

1.7-2.5 

0.2-0.6 

0.4-0.6 

37.8-54.5 

37.8-54.5 

14.3-20.1 

500-700 

600-800 

Percent  SO los t  (100 min 5.3(900); 0.7' 5.2 (925) 6.2(900) 

a t  temperature) 

Descr ipt ion Brown rock; insoluble; Brown rock; in- Hard brown rock; Green g lass ;  in- 

noncorrosive a t  ~ O O O C  soluble  insoluble  soluble  

a 
Chemical equivalents  ( N a + +  Li' i C a 2 + j  

Chemical equivalents  (SO '- + PO,- + BO,- + Si0,'- + F-)  ' 

b ~ o s s  in semiengineering tes t .  
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to Glossy Solids. 

Continuous Melter (8 in. in  Diameter and 40 in. Long) far Converting High-Level  Radioact ive  Wastes 
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flows under a baffle,  through a ?4-in.-diam pipe, 
and into a receiver pot. A f reeze  valve w a s  suc -  
cess fu l ly  t e s t e d  on a n  ear l ier  model” (as in  Fig.  
3.6, but without agitator). In t h i s  case a f reeze  
t rap ( 2 5 0 4  volume) w a s  located i n s i d e  the  res i s t -  
a n c e  furnace. Cooling and m e l t  f reezing (700 to 
800°C) were accomplished by flowing a i r  or s team 
through an exterior cool ing co i l  for about 10 min. 
T h e  freeze-trap discharge l i n e  (y4-in.-diam 13-in.- 
long s t a i n l e s s  steel pipe) w a s  heated by auto- 
res is tance,  400 amp a t  6 v. 

A third model of a cont inuous me l t e r  w a s  con- 
s t ructed which u s e s  an agi ta tor  to improve hea t  
transfer (Fig. 3.6). T h e  bear ings are made of high- 
temperature Graphalloy, externally cooled and pro- 
tected from t h e  con ten t s  of t h e  melter by Inconel- 
a s b e s t o s  packing. E x c e s s i v e  friction developed in  
the  packing during in i t ia l  t e s t s ,  so t h e  shaf t  and 
packing gland a r e  being redesigned to extend t h e  
packing gland to t h e  o u t s i d e  of t h e  furnace in  

order to  permit t h e  u s e  of low-temperature low- 
friction packings.  

T h e  receiver pot is made  of type 304L s t a i n l e s s  
s t e e l  and is similar to t h o s e  used  in t h e  P o t c a l  
process .  I t  is located i n  a furnace so that  t h e  
melt can be slowly cooled and annealed, Mild- 
steel pots  could b e  used  i f  they prove safe enough 
for u s e  a s  interim s torage  and shipping containers.  

T h e  principal emphasis ,  at present ,  is on t h e  
development of an engineer ing unit  that  meets  the  
above object ives .  T h e  current “bes t ”  mix formu- 
la t ions  are used  for Purex  and TBP-25 was te s .  
Corrosion ra tes  were lower than those  obtained in  
t h e  rising-level process .  T h e  longest  run w a s  
120 hr, using the  TBP-25 g l a s s  formulation before 
failure of t h e  melter d i scha rge  line. T h e  ult imate 
object ive is to develop a melter system tha t  u s e s  
conventional mater ia ls  of construct ion and pro- 
duces  g l a s s e s  tha t  h a v e  low melting points  and low 
corrosivit ies.  If such  g l a s s e s  cannot  b e  developed, 
t h e  melter must have  a platinum liner. 

UNCLASSIFIED 
ORNL-DWG 63-7597RA 
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Fig. 3.6. Continuous Melter with Agitator for Converting High-Level Radioact ive  Wastes to Solids. T h i s  melter 

i s  also 8 in. in diameter and 40 in. long. 
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Continuous melters  are a l s o  being developed a t  
Brookhaven Nat ional  Laboratory (BNL) and a t  the 
Hanford Laboratory. 4-  ' In t h e  BNL system the  
concentrated was te  is mixed with phosphoric ac id  
and fed to a denitrator-evaporator prior to enter ing 
t h e  continuous melter. In the  Hanford system the 
concentrated feed, containing glass-forming addi- 
t ives ,  is spray ca lc ined ,  and t h e  calcined powder 
i s  fed to  a continuous melter. Both s y s t e m s  require 
relatively small  melters.  In t h e  ORNL sys t em t h e  
concentrated feed, containing glass-forming addi- 
t ives ,  is fed direct ly  into the  cont inuous melter. 
A s  a resul t  of this p rocess  simplification, a larger 
me l t e r  is required, which may or may not be  a 

disadvantage.  
Evaluation of Waste- Evaporator P u m p s .  - Pumps  

for c i rculat ing the  was te  in  t h e  evaporator loop 
and feeding t h e  pot were t e s t e d  for 1150 hr in a 
pump-test loop; 1-0 and 3.0 M ni t r ic  acid and simu- 
la ted Purex w a s t e  were used. T h e  model C F T  
Chempump (CFT-1-1/2-3/4S) and t h e  model GA 
Chempump (GA-1-1/2K-751-1S) performed ideally.  
T h e  model C F T  Chempump will probably b e  more 
rel iable  than the  model GA for u s e  in  t h e  Wanford 
Hot P i lo t  P l a n t  b e c a u s e  of the  provisions for re- 
moving h e a t  from t h e  motor and t h e  bet ter  provi- 
s i o n s  for keeping the s o l i d s  in the p rocess  stream 
from enter ing the  bearings.  [The  model C F T  Chem- 
pump h a s  been superseded by t h e  Chempurnp model 
GAT (1-1/2 x 3//4S).] T h e s e  two pumps operated 
a t  a ra te  of 8 to  10 gpm at a discharge pressure of 
20 to 25  ps i ,  pumping a liquid within 2 or 3OC of 
i t s  boil ing point with little trouble due  to cavi ta-  
tion. T h e  wear on these pumps during the ini t ia l  
1000-hr t e s t  period w a s  negligible.  T h e  bearing 
wear ranged from a maximum o f  0.0015 to a mini- 
~num of 0.0003 in., and t h e  shaf t  wear was  about 
8.0002 in. 

T h e  Allis-Chalmers pump (C-lOSS) operated s a t i s -  
factorily for 650 hr, but fa i led to complete 1000 hr  
of tes t ing.  However, it  was more given to cavi ta-  
tion and w a s  noisy due to impeller imbalance. 
During t h e  day preceding the  6 N t h  hr of operation, 

-__I-- 

14L. €'. Hatch et al., Chem. Technol.  Group, Chem. 
and Chem. Eng. Div., R N L ,  Morithly Reports f o r  Period 
1963-1 964. 

''A. M. Platt et al., Progress Report - Research 
and Development Act iv i t ies ,  Solidif ication of Radio- 
active Wastes, HW-81829 (Apr. 15, 1964). 

16E. R. Irish, Quart. Progr. Rept .  Research and De- 
velopmen t A c ti vi t i  e s ,  Fixa t i  on of Rn di oil c ti ve Kes i  d i ~  e s ,  
October-December 1963, HW-80526 (January 1964). 

t h e  pump made sc rap ing  n o i s e s  and eventual ly  wore 
out  t h e  hydraulic ba l ance  plate ,  caus ing  the shaf t  
to  freeze in t h e  front bearing. When t h e  pump was  
disassembled,  t h e  bear ings were found to be exces -  
s ive ly  worn, and t h e  front shaf t  w a s  grooved and 
bent. 

After t h e  1000-hr t e s t  with solut ions w a s  com- 
pleted,  t h e  two Chempumps were t e s t e d  with a con- 
centrated Purex  was te  in  which enough chemicals  
had  been added to form a heavy slurry with t h e  
following composition: 

Molarity Constituent 

0.3 F e ( N 0 3 ) 3  

0.45 N a 2 S 0 4  

0.1 N a 2Si03 

0.07 H N 0 3  

Both pumps failed af ter  150 hr because  the slurry 
worked into t h e  rotor housing (because  of low 
purge rates)  and seve re ly  eroded t h e  front bear ings 
and rotor shel l .  T h i s  slurry w a s  probably exces-  
s ive ly  e ros ive  and is not necessa r i ly  representa- 
t ive  of actual  waste;  t h e  Chempump i s  expected to  
ope ra t e  sat isfactor i ly  on ac tua l  waste .  

The pumps, equipment, and procedures used  to 
t e s t  t h e s e  pumps are descr ibed in  de ta i l  else- 
where. '' 

Pilot-Plant  Design 

Cooperation with Hanford on the  design of the  
Hanford Waste Solidification Demonstration Proto- 
type included (1) design of the pot calciner  and 
a s soc ia t ed  off-gas equipment; (2) h e a t  t ransfer  
s t u d i e s  for pot cooling; and (3) preparation of a 
proposed operating plan for t h e  pot process ,  in-  
c luding object ives ,  run schedu le ,  and sampling 
schedule .  

T h e  present  furnace design for t h e  pot calcina-  
t ion demonstration u s e s  induct ive heat ing of a 
suscep to r  tha t  surrounds t h e  calcinat ion pot, Power 
to t h e  furnace produces a ne t  transfer of about 
80 kw to t h e  pot at a pot-wall temperature of 900°C. 
Heat  will be  transferred from t h e  suscep to r  oper- 
a t ing  a t  1000 to  l l 0OoC to the  pot wall  (900OC) by 

"C. W. Eiancher and E. J. Frederick, Waste P m c e s s -  
ing  Pump Test Loop Progress Report, J u l y  1, 1963, 
ORNL-TM548 ( A I I ~ .  7,  1963)- 



radiation. T h e  water-cooled induction coils su r -  
rounding t h e  susceptor  m u s t  b e  protected by a 
layer  of insulat ion to  prevent high hea t  loss. With- 
out  insulat ion,  t h e  h e a t  l o s s e s  a r e  es t imated to  Le 
close to t h e  maximum power input, so i t  i s  doubtful 
i f  a 900@C pot-wall temperature could b e  achieved. 
An optimal insulat ion th ickness  would permit rapid 
cool ing of t h e  pot upon completion of calcinat ion;  
ye t  maintain h e a t  losses during calci-nation a t  a 
reasonable  level. 

Transient-s ta te  cooling-rate ca lcu la t ions  for p o t s  
filled with solids ini t ia l ly  a t  900°C were performed 
a t  Ranford, us ing  average  h e a t  t ransfer  coeff ic ients  
between t h e  pot and t h e  coolant  a s  determined by 
s teady-state  calculat ions.  'The t ransient-s ta te  cal-  
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cula t ions  determined t h e  center-line temperature of 
t h e  s o l i d s  a s  a function of time for various pot-wall 
hea t  transfer coeff ic ients .  F igures  3.7 and 3.8 
show t h e  maximum center-line ternperatuses as  a 

function of pot-wall. h e a t  transfer coeff ic ients  for 
pot diameters  of 8 ,  12, and 16 in. 'The c a l c i n e  
(Fig.  3.7) w a s  assumed to  h a v e  R thermal conduc- 
tivity of 0.2 Btu hr-' f t - '  (9)'- ', while  the  g lassy  
s o l i d s  (Fig. 3.8) were assumed to have  a conduc- 
tivity of 1.0 Htsi hr. . '  f t - ' ( "F)"  ' and included an 
al lowance in  t h e  spec i f ic  h e a t  term for t h e  h e a t  of 
crystal l izat ion.  Since the pot-wall he3t  t ransfer  
coeff ic ients  were based  on  t h e  pot-wall area,  t h e s e  
curves  could b e  used  for other  types  of furnaces  
as  long as t h e  coolant  teiilperature is in the  vicinity 
of loo@ F'. 

WPSTF CALCINE PROPER I IES 
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Fis,  3.7. Maximuin Center-Line Temperatures for Calc ine During Cool ing Cycle .  
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Fig.  3.8. Maximum Center-Line Temperatures for 

Glassy Solids During Cooling Cycle. 

T a b l e  3.4 g i v e s  t h e  r e s u l t s  of the  h e a t  t ransfer  
ra te  ca lcu la t ions  for different condi t ions,  which in- 
c lude  1.5- and  0.75-in. t h i c k n e s s e s  of “Fiberfrax” 
insulat ion (made by t h e  Carborundum Company), 
the addition of a susceptor ,  and t h e  u s e  of cool ing 
a i r  i n  addition to t h e  coil-cooling effect. T h i s  
tab le  also g ives  t h e  maximum pot center-line tem- 
perature for c a l c i n e s  and g l a s s y  s o l i d s  for an in- 
ternal  h e a t  generation ra te  of 5000 Btu hr-’  f tW3.  

I t  is apparent from Fig. 3.7 tha t  c a l c i n e  internal  
hea t  generation r a t e s  should  b e  limited to 5000 
Btu hr-’ f t -3  for 8-in.-diam pots and 2500 Btu 
hr-’ f t - 3  for 12-in.-diam pots. T h i s  limitation is 
based  on a maximum al lowable c a l c i n e  temperature 
of 1832@F (lOOO*C). Cool ing a i r  between the  pot 

and insulat ion will a l s o  b e  required to achieve  a 
pot-wall coeff ic ient  of a t  l e a s t  2.0 Btu hr- ‘ ( O F ) -  ’ 
ft-’ of pot-wall area.  F igure  3.8 s h o w s  tha t  g l a s s y  
s o l i d s  having  h e a t  generation r a t e s  of 5000 Btu 
hr-’ f t P 3  c a n  b e  cooled e a s i l y  i n  8- or 12-in. pots ,  
even  at low pot-wall coeff ic ients .  

A schedule  of 20 t e s t  runs w a s  proposed for dem- 
onstrat ion of t h e  P o t c a l  process  i n  the  Waste Cal- 
cination Demonstration Pilot P l a n t  a t  Hanford. T h e  
proposed schedule  included 11 runs with FTW-65 
was te ,  7 with t h e  P o t c a l  p r o c e s s  and 4 with t h e  
RL-Potg lass  process ,  F i v e  runs with Redox w a s t e  
(aluminum) were also proposed to s imula te  TBP-25 
(aluminum) waste .  I t  w a s  recommended that  a 
s p e c i a l  sulfate-free Purex  w a s t e  b e  prepared that  
could b e  adjusted with iron, chromium, and nickel  
n i t ra tes  to  s imula te  t h e  Darex waste .  H e a t  transfer 
and off-gas decontamination problems would b e  
s tudied by us ing  three l e v e l s  of radioactivity. 
T e s t s  at low l e v e l s  of radioactivity would b e  fol- 
lowed by medium-level t e s t s  that  would produce 
s o l i d s  with a h e a t  generation rate of approximately 
1000 Btu hr --’ High-radioactivity t e s t s  would 
produce s o l i d s  with a h e a t  ra t ing of 5000 Btu hr- 
ft-3. Hanford h a s  proposed even  higher-level t e s t s  
in  which cerium is added to  normal Purex  was tes .  
In t h i s  case 6-in.-diam p o t s  will probably b e  u s e d  
for calcinat ion.  

Mechanical Equipment, - T h e  mechanical equip- 
ment developed for the P o t c a l  process  and tes ted  
a t  Lockheed Nuclear Products  Facility-Georgia 
Nuclear L,aboratory’ w a s  modified to ref lect  the 
change i n  operat ing philosophy between the Idaho 
Chemical  Process ing  P l a n t  and Wanford. T h e  fill- 
i n g  s ta t ion  and a s s o c i a t e d  operat ions were en- 
closed i n  a secondary containment hood to mini- 
mize the  contamination potent ia l  to the cell. T h c  
calciner-pot  sc rew c a p  and pot lift head a r e  pre- 
a l igned i n  a j ig located i n  t h e  cold makeup area. 
T h e  assembly is brought in to  thp cell and lowered 
partially in to  the  furnace by the  in-ce l l  crane. A 
torque wrench is used  to remove the c a p ,  which is 
retained i n  position by the  pot lift head  res t ing  on 
the  top hood assembly.  T h e  pot is then lowered the 
remaining d i s t a n c e  into the  furnace. The  air-dr iven 
dolly that  moved the pot between s t a t i o n s  w a s  re- 
placed by a manually operated dolly. R a i s i n g  and 

18E. W. Miller ,  MechanicaZ Development and Evalu- 
ation of the QRNL. Pot Calciner, ER-6297 (July 1963). 
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Table 3.4. Msximuni Center-Line Vernperot i~res for Cooling of 8-in.-diorn Pots in an lnducfion Furnace 

Average Heat Maximum P o t  Maximum Pot  

Conditions Transfer Coefficient Center-Line Temperature Center-Line Temperature 

Outside of Pota of Calc ineb  (OF) of Glassy  Solids' ( O F )  

1.5-in. insulat iond and susceptor  0.83 

0.75-in. insulat iond and susceptor  1.49 

1922 

1853 

1697 

1685 

0.75-in. insulation;d n o  susceptor  1.70 1844 1684 

1.5-in. insulationd and susceptor;a 2.13 

155 c f m  cooling air  

0.75-in. insulation and susceptor ;a  2.44 

155 cf rn  cooling air  

1831 

1825 

1682 

1682 

1.5-in. insulation; no susceptor  0.87 1918 1698 

a ~ t t i  im-' (OF)- '  per square foot of area on pot calciner  wall. 

' Q  -= 5000 Diu h r - I  ft-3; K - 0.2 Riu hr-' f t - - '  ("F)-'. 

' 0 -  5000 Rtu hr-' ft-3; K = 1.0 Utu hr.-' f t - I  (OF)-'. 
dFiberfrax insulation, piodnct of the Carborunduiii Company. 

lowering of the  pot a t  t h e  fill staiion will b e  done 
with t h e  in-cell c rane  ins tead  of by air-operated 
Duff-Norton jacks. An impact  wrench will rep!ace 
t h e  "through-the-wall" clamp closuic operation. 
Afier calcinat ion the  pot will b e  moved hack to t h e  
ini t ia l  position, the  c a p  will b e  inser ted,  and the 
enclosed assembly ~ i l l  be  reiiioveel to ei ther  the  
v c l d i n g  s ta t ion or to  s torage.  The pot lift head  
wil! b e  removed for reuse. 

' i h e  eqiiiprnent and operat.ing pol ic ies  will b e  
cold tes ted  i n  a mockup a t  Hanford and modified, 
if necessary ,  before instal la t ion i n  the  Waste Cal- 
cination Prototype. 

Lcabaaa tory Stu cli e5 

Laboratory s t u d i e s  included t h e  development of 
su i tab le  g l a s s e s  ( g l a s s  in  t h i s  report inc ludes  
both t rue g l a s s e s  and rocklike c rys ta l l ine  so l ids )  
for t h e  incorporation of Purex  waste^'^ [work on 

TBP-2S (aluminum) and Darex w a s t e s  reported 
previously], * O  removal of rrtercury from was tes ,  2 1  

s emienginei? rin g-scale  (4-in .-di a m  by 24-i n. ) de- 
velopment of t h e  RIA-Potglass  u s e  of 
cnnductivity probes for monitoring solution leve ls ,  * 
and corrosion t e s t s .  

formulation development program are to 
Gloss Formulotian. - Objec t ives  of the  g lass -  

1. produce a g l a s s  tha t  corrodes s t a i n l e s s  s t e e l  
only s l ight ly;  

2, hold f iss ion products and su l fa te  in  the  sol id  
product and eliiiiinatc s i d e  s t reams;  

3. achieve  a l a g ?  voluine reduction and a high 
concentration of was te  oxides  i n  t h e  g lass ;  

4. produce a sol id  product that  is s t a b l e  under 
s torage  conditions, mechanicaI!y strong, in- 
soluble ,  and a good h e a t  conductor; 

5. develop universal  matrix g l a s s e s  which c a n  be  
used  with a wide variety of w a s t e  compositions; 

6. operate  safely and economically. 

"W. E. Clark, 1-1. W. Godbee, and C. I,. Fitzgerald, 
Laboratory Dcvelopn7ent of P r o c e s s e s  for Fzxation of 
High-Level Radioact ive Wastes in Glass); Solids. (3) 
Wastes from the Purex Solvent Extract ion Process ,  
OKNL-3640 (in preparation). 

2oYI, E. Clark and H. W. Godbee, Laboratory De-  
velopment of P r o c e s s e s  for Fixat ion of High-Level 
Radioact ive Wastes in Glassy  Solids: Wastes Con- 
taining (I) Alirminum Nitrate  and  (2) the Nitrates  of 
Const i tuents  of S ta in less  Steel, OKNL-3612 (in press). 

"W. E. Clark and C. L. Fi tzgerald,  P r o p o d d  Methods 
for the Removal of Mercury from Radioact ive Waste  
Solutions, ORNL-TM-827 (Mar. 31, 1964). 

"H. W. Godbee and W. E. Clark, Conversion of 
Simulated High-Level Radioact ive Waste  Solutions to 
Glassy  Sol ids  in a P o t  by a Rising Liquid Level  
Method: T h e  RL-Potg lass  Process ,  ORNL-3629 (in 
press). 
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Phospha te  w a s  chosen  a s  t h e  primary g l a s s  
former because  (1) its s a l t s  a re  more eas i ly  handled 
in  acid solution than s i l i c a t e s ;  (2) it  usual ly  h a s  
lower melting points  than s i l i c a t e s  and h a s  less 
tendency toward puff iness  during meltdown than 
borates;  (3 )  it appea r s  to be  more  compatible with 
su l fa te  than ei ther  silicate or borate; and (4) i t  is 

formed by the oxidation of phosphite.  T h e  u s e  of 
phosphi te  (or hypophosphite) may be  des i rab le  for 
retention of ruthenium in the  so l id  product. 

I t  will not be poss ib l e  t o  maximize all t h e s e  
criteria. So. it will be  necessa ry  to relax some  of 
them i n  order to  meet t h e  more important objec-  
t ives .  A prime objec t ive  is t o  produce g l a s s e s  
tha t  are not very corrosive toward s t a i n l e s s  s t e e l s  
during t h e  production of the g l a s s y  sol ids .  Hence  
i t  may be  necessa ry  to accep t  c rys ta l l ine  s o l i d s  
rather than true g l a s s e s  - and somewhat higher 
solubi l i t ies .  T h i s  is particularly t rue  of Purex  
was te s  containing sulfate.. T h e  production of a 
t rue  glai;., may not be  a reasonable  cri terion in  
any event,  s i n c e  m o s t  g l a s s e s  wil l  tend to devitrify 
a t  the  high temperatures expec ted  to be  generated 
internally by decay of la rge  amounts of f i ss ion  
products. 

T h e  general  effect  produced by the retention of 
large amounts of s u l f a t e  in  t h e  product is to  m a k e  
formation of a t rue g l a s s  difficult  ( if  not  impos- 
s ib le )  and to inc rease  the  difficulty of producing 
homogeneous so l id  products. In general ,  t rue  
g l a s s e s  a re  less so lub le  than c rys ta l l ine  mater ia ls  
of similar composition, probably because  of their  
smaller  surface a r e a s  for specif ied s h a p e s  and 
volumes (i*e., s tnal ler  roughness  factors). T h e  
effect of was te  oxide concentration i n  a given 
g l a s s  i s  not known, as yet.  However, the marked 
differences in  leach r a t e s  for s imilar  compositions 
of so l id  products ind ica te  that  vitr if ication is more 
important than was te  oxide cantent i n  determining 
l each  rate (Fig.  3.9). 

A new series of solid composi t ions was  developed 
for t h e  fixation of sulfate-containing Purex  waste;  
lithium was  subst i tuted for sodium as a fluxing 
additive.  Sitice sodium i s  normally a major con- 
s t i tuent  of Pu rex  was te  ( T a b l e  3"1), t h e  addition of 
lithium produces a solid with both of t h e s e  alkal i  
metals  a s  major const i tuents .  As a general  rule, 
t h e  me l t s  prepared by lithium addition have  soften- 
ing  temperatures as  low as or lower than the  cor- 
responding sodium melts,  ale more fluid a t  a given 
temperature, suffer no greater su l fa te  loss, are 
somewhat less soluble ,  and are  generally more 

sat isfactory both from the  operat ional  standpoint 
and from t h e  nature  of t h e  f inal  product. One  of 
t h e  compositions se l ec t ed  for sctniengineering- 
s c a l e  fixation t e s t s  of t h e  RL-Potglass p rocess  
contained 44.5% was te  o x i d e s  and l o s t  l e s s  than 
1% of its SO, (Tab le  3.3). T h e  dissolut ion ra te  o f  
t h i s  ceramic product in water was  about g 

T h i s  is com- 
parable to thc solubi l i ty  of another g l a s sy  product, 
which lost about 15% of i t s  SO, during fixation 
and therefore should h a v e  been more insoluble  

A large number of experimental  mel ts  were pre- 
pared'. l o  by t h e  addition of lithium, phosphate,  

day- '  after about a month. 

(Fig.  3.9). 
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aluminum, and sometimes calcium, magnesium, 
borate, and/or s i l i c a t e  to  t h e  F‘TW-65 w a s t e  solu- 
tion. Since correlation of composition with proper- 
t i e s  becomes extremely difficult when the number 
of major var iables  becomes as  la rge  ( s ix  or seven)  
as  in t h e  present  c a s e ,  computer coding will b e  
used  for coriels t ing t h e  data ,  l ‘yp ica l  bet ter  com-  
positioris a r e  presented in  T a b l e  3.3. Solid prod- 
u c t s  F’TW-3 and 1 W W . - l  were formed by the addition 
of the  s a m e  addi t ives  to  both FTW-55 and Purex  
1 W W  w a s t e  solution. Such universal  addi t ive for- 
iiiulations will doubt less  be of va lue  i n  handl ing 
varj ab le  composi t ions tvithiii a given w a s t e  type, 
but they cannot  be  expected to yield volume reduc- 
t ions as  high, or physical  propert ies  as  desirable ,  
a s  c a n  b e  obtained by u s e  of a formulation espe-  
c ia l ly  se lec ted  for a given w a s t e  composition. 

A few s c o p e  s t u d i e s  were aiined a t  t h e  develop- 
ment of s o l i d s  for the fixation of Purex  w a s t e  that  
contains  no sulfate .  T h e  p h a s e  s t u d i e s  of Taka-  
h a ~ h i ~ ~  were used  as a guide. Addition of P b O  to 
t h e  sodium aluminum phosphate  system w a s  effec- 
t ive in producing low-melting g l a s s e s  (Table  3.3), 
though their  propert ies  (espec ia l ly  corrosion) re- 
quire further evaluation. 

Waste that  c o n s i s t s  primarily of sodium ni t ra te  
with l i t t l e  or no nonvolat i le  anion is not amenable 
to  fixation by pot ~ a l c i n a t i o n , ~ ~  because  gross 
displacement  of s o l i d s  t a k e s  p lace  on heating. T h e  
addition of sulfuric ac id  is undesirable  s i n c e  the 
resul t ing melt, which c o n s i s t s  principally of 
Na2S0, ,  is soluble .  T h e  addition of aluminum to 
counteract  t h e  e x c e s s  of a lkal i  ox ides  over non- 
volat i le  ac id  oxides  prevented t h e  displacement  of 
s o l i d s  and the  volati!ization of cesium. I,rJhen t h e  
following ratio w a s  maintained, 

Chemical equiva len ts  (Na’ + Cs’) 

Chemical equivalents  (SO,’- i A10, --) 
~~ 

~ 1 ,  -. . . . . . . . . . . . . . . ... . . . 

acid oxides .  Aluminuiii appears ,  therefore, to a c t  
as a truly amphoteric oxide in  the  calcine.  ‘The 
u s e  of alumina i s  a l s o  compatible with the forma- 
tion of phosphate  g l a s s  f rom t h i s  was te  type. 

B a x c l o ~ m e n t  of the WL- and Con-PQtglass Broc- 
e 5 s e 5 ,  - T h e  development of t h e  RL-Potg lass  
process  w a s  completed on a semiengineer ing 
sca le .  22 Experiments wcie  performed in p o t s  4 in. 
in  diameter and 24 in. hi&. A final five runs wese 
made with FTW-65 g l a s s  foimulations (‘fable 3.6). 
F e e d  r a t e s  were 35 to -42 ml/min. One of these ,  
i n  which a borophosphate melt w a s  einployed, ivas 
very corrosive, and the  fixation pot was perforated. 
U s e  of an improved melt allowed t h e  successfu l  
completion of three runs, with negl igible  corrosion. 
However, when t h e  method of operation w a s  changed 
to  provide sparging by nitrogen (in t h e  hope that  
t h e  agitation would make higher feed ra tes  pos- 
s ible) ,  t h e  pot w a s  perforated again. T h e  corrosion 
w a s  attributed to the  hydrolysis  of s u l f a t e s  when 
t h e  aqueous p h a s e  w a s  mixed with t h e  molten sa l t .  
Sparging is not recommended. T h e  thermal con- 
ductivity o l  t h e  so l id  produced in t h e s e  experiments 
was higher over t h e  ent i re  temperature range from 
200 to 870°C (about 480 to 1600’F) than that  of 
any fixation so l id  measured t h u s  far (Fig.  3.10). 
Volatilization of ruthenium (20.7 to  37.1%) and 
iron (3.1 to 14.9%) w a s  excess ive .  Although higher 
than desirable ,  t h e s e  vola t i l i t i es  are acceptab le  
s i n c e  the  condensed off-gas i s  recycled to  t h e  
evaporator in  t h e  loop system. Comparison of the 
iron with t h e  phosphate  (20.4%) in the off-gas im- 
p l ies  that  iron, as  wel l  a s  ruthenium, i s  being 
volatilized rather than being simply entrained. 

It w3s concluded that  t h e  RL-Potg lass  process  
w a s  sat isfactory in  t e r n s  of flow rate ,  product 
quality, and corrosion, and tha t  larger-scale engi- 
neer ing t e s t s  should proceed ( s e e  “Engineering 
Studies ,”  th i s  chapter). 

A few in i t ia l  t e s t s  were made with a small con- 
t inuous melter, tha t  i s ,  with a 4-in.-diam pot with 
a configuration s imilar  to  tha t  shown in Fig. 3.4. 
T h e  melt depth is maintained a t  about 1 in. by a 
fixed ovcr f lov~ out le t  in  t h e  center  of the bottom. 
T h e  overflow out le t  and a center  heat ing rod are 
not shown in Fig. 3.4. T h e  FTW-1 mix (Table  3.3) 

t h e  amount of 1 3 7 C s  in  the off-gas system was no 
greater thaii that  expected from entrainment ( T a b l e  
3.5). Addition of e x c e s s  alumina [added t o  t h e  
solution before calcinat ion a s  A1(N03)3.9M20] did 
not i n c r e a s e  the  volatilization of ei ther  alkali o r  

was not fluid enough a t  900°C for u s e  i n  t h i s  
23K. Takahashi ,  “Advances in G l a s s  Technology,” 

V I  Intcm. Congress on Glass ,  IVashington, U.C., j U l y  melter. Addition of more lithium and phosphate, 
8-14. 1962,  pp. 366-77, Plenum, N e w  York, 1962. reducing t h e  w a s t e  oxide  content  from 44.5% to 

24J.  K. Green and J. E. Brown, Unclassified Re- 39.6% (FTW-2, T a b l e  3.3), produced a melt which 
w a s  eas i ly  handled. F e e d  ra tes  of 2 to 5 l i ters /hr  
were obtained. 

search and Development Progranis Executed for the 
Division of Reactor Development and the Division of 
Research, HW-78035 (May 1963). 
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Table  3.5. Suppression of the Vo la t i l i ty  of Sodium, Cesium, and Sulfate During Ca lc ina t ion  o f  

Sulfate-Deficient Pwrex Waste* in the Presence of Aluminum 

Experiment 

1 1 L. 3 4 

Al(N0 ) added, g-moles/liter of w a s t e  
3 3  

Mole ratios: Al/NaNQ3b 

Al/ total  Na + i37Cs 

1 3 7 c s t  

Tota l  in  off-gas line, condenser,c and 

condensate receiver  

Na + 

In off-gas l ine and condenser 

In condensate receiver 

so4'- 
In off-gas l ine and condenser 

In condensate receiver 

Observations 

0.27 

0.34 

0.225 

Vola t i l i ty  and Entrainmenr (W of Tota l )  

0.25 

0.15 

T o t a l  0.45 

0.29 

0.17 

T o t a l  0.46 

Gross displacement of so l ids  

took place from inner c u p  

to cooler  parts of ignition 

tuba; s o m e  white sol id  in 

ex i t  tube from condensa te  

receiver  

0.01 

0.13 
0.12 

0.25 

0.12 

0.10 

0.22 

No gross  displacement of 

so l ids ;  some white 

so l ids  in off-gas s y s -  

tem 

0.54 

0.675 

0.45 

0.012 

0.005 

0.004 

0.005 

< 0.003 

0.004 

< 9.007 

No  gross  displacemenr of 

solids; so l ids  slightly 

vis ible  in  the  off-gas 

sys tem 

0.80 

1.0 

0.566 

0.006 

Negligible 

0.018 

0.018 

Negligible 

0.014 

0.014 

No so l ids  

vis ible  

in  off- 

g a s  s y s -  

tem 

f 
aFu:,re acid Purex waste. Composition (g-moles/liter): I<', 0.5; Na , 1.2; Fe3+, 0.1; SO,'-, 0.2; NO3-, -1.6 (to balance). 

bMore precisely, Al/moles Na minus (2 x inoles SO '- 
'Cesium and sodium volat i l i t ies  measured in separa te  experiments. 

4 ). 



Table  3 .6 .  Sernienginerring-Scale T e s t s  o f  the Rh-Potg lass  Process  

Pot s :  4 in. in  diaiiieter by 24 in. high 

Waste composition: Run A ( see  F T W - 4 ,  'Table 3.3) 

Run B ( see  FTW-1, Table  3.3) 

Kun No. 
~ ~ 

A B C Da E 

Volatility and  entrainment, yo of 

t o t a l  present  

so42- 

Ru 

t.'e 

 PO^^ 
Average feed rate, ml/min 

40.3 

26.64 

5.76 

0.23 

35.5 

6.1 1.1 0.5 22.5 

20.7 37.1 29.7 22.3 

6.4 14.9 6.8 3.1 

0.4 0.4 0.4 0.18 

36.9 41.8 38.0 38.1 

Apparent volume reduction, volume % 36 ""36 ry 36 ry 36 

solid/volume unconcentrated 

was te  

Corrosion E x c e s s i v e  Negat ive Negat ive Negat ive E x c e s s i v e  

a O . l  M H P O  

bOperated with a sparge of N 

w a s  added j u s t  before s tar tup t o  compare ruthenium volati l i ty with that  frornan aged 
solution. 

a t  the bottom of the fixation pot. 

T h e  u s e  of e lec t r ica l  r e s i s t a n c e  as  a monitor of 
the  leve l  of solut ion,  ca lc ine ,  and melt in t h e  pot 
w a s  invest igated and found to  be  potentially use-  
ful. T h e  prototype probe cons is ted  of a number of 
Nichrome wires  enclosed in quartz  tubes ,  e a c h  of 
which was open to t h e  interior of t h e  pot a t  a dif- 
ferent leve l  (Fig. 3.11). Readings from probes of 
t h i s  type were compared and correlated with ther- 
inocouple readings during two seniengineer ing-  
s c a l e  fixation experiments. Though t h e  technique 
is feas ib le ,  i t  may not warrant adoption s i n c e  in  
any event  i t  is des i rab le  to monitor internal pot 
temperatures with thermocouples. Also, i t  h a s  
proved feas ib le  to  loca te  t h e  r i s ing  level  i n  radio- 
ac t ive  f ixat ions,  a t  l e a s t  approximately, by means 
of radiation monitors. 

Mercury Removal. - Mercury is present  i n  some 
types  of Purex w a s t e  and in  all TRP-25 (aluminum) 

25R.  T. Allemaim e t  al., N o t  Cel l  S tudies  o f  the 
Solidification of  Hclnford High-Level  Wastes by  Radiant  
H e a t  Spray a n d  P o t  Calcination, HW-SA-2877 (March 
1963); presented at the  AIChE Symposium on High- 
Level  Radioact ive Wastes, Buffalo, N.Y.. May 1963. 

wastes .  Since mercury forms no  compounds that  
are thermally s t a b l e  a t  temperatures  used  for t h e  
solidification of w a s t e s  (480 to  90Q°C), i t s  pies- 
e n c e  in t h e  off-gas sys tem is a potential problem. 
T h e  s e l e c t i v e  condensat ion of mercury w a s  not 
successfu l .4  Hence,  a sys tem h a s  been developed 
tha t  removes mercury i n  a s imple column prior t o  
t h e  sol idif icat ion s tep .  2 1  T h e  column conta ins  a 
more ac t ive  metal, such as  copper or aluminum, 
which d i s p l a r e s  the mercury (Fig. 3.12), T h e  
mercury is converted to  an amalgam su i tab le  for 
ultimate d isposa l  i n  pots. T h e  s m a l l  amount of ac- 
t ive  metal added to t h e  was te  d o e s  not affect t h e  
w a s t e  solidification and i n c r e a s e s  t h e  w a s t e  bulk 
only slightly. 

A batch operation i s  poss ib le  i n  which t h e  colirmn 
is discarded upon exhaust ion,  or a cont.inuous 
process  in  which t h e  metal i s  added thiough t h e  
top of the  column as i t  is needed. 'The amalgam 
formed would b e  removed a t  t h e  bottom of t h e  
column. A vibrated column filled with copper shot  
appears  best for FTW-65 Purex  w a s t e s  and,  i n  
principle, for a l l  w a s t e  so lu t ions  with an acidi ty  
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Fig. 3.10. Comparative Thermal Canductivi t ies of 

C a l c i n e s  and "Glasses"  from Fixation of  TBP-25 and 

Purex Waste Types .  

lower than about 1.0 M .  Aluminum may be used  
for column packing with Purex  was te  so lu t ions  
containing up to 1.5 &.I free acid,  but lower acidi-  
ties are  required for TRP-25 (aluminum) wastes .  
Anodic polarization of the  copper prolonged the  
effect ive l i fe  of t h e  column, but it is quest ionable  
whether t h e  i n c r e a s e  warrants  t h e  added com- 
plexity of design.  

More than 99% of t h e  mercury was removed from 
408 column volumes of YTW-65 (Purex) w a s t e  
solution by p a s s a g e  through a s t a i n l e s s  s t e e l  
column packed with copper shot  and vibrated to  
settla the  amalgam and to prevent plugging and 
channel ing i n  t h e  bed. A nonagitated column with 
a small  anodic  current imposed removed more than 
99.9% of t h e  mercury from more than  800 bed 
volumes of FTW-65 waste .  About 0.05 M Cu '' w a s  
added to t h e  was te  in e a c h  case. More than 99% of 
the mercury w a s  removed from TBP-25 (1.26 M 
FINO,) was te  by a copper-packed column, but t h e  
copper concentration in the effluent w a s  exces -  
s ively high, about 0.5 M ,  as a resu l t  of t h e  high 
acidity,  T h e  number of equ iva len t s  of copper dis-  

solved per equivalent  of mercury removed ranged 
from about 16 to about 2.5. The composition of t h e  
copper amalgam formed w a s  not  determined, but t h e  
product was a thixotropic liquid that  flowed through 
a g l a s s  s topcock a t  t h e  bottom of t h e  column. This 
ind ica tes  a probable copper content  of 6 wt % or  
less. Zinc:, lead, tin, cadmium, and iron were a l l  
a t tacked too rapidly for sat isfactory operation. 

Corrosion. - Corrosion l imitat ions differ for t h e  
three pot p rocesses .  In t h e  P o t c a l  and RL-Pot- 
g l a s s  p rocesses ,  t h e  pot is u s e d  only once.  Hence, 
a higher corrosion rate c a n  be tolerated than in  t h e  
case of the Con-Potglass  p rocess .  Corrosion h a s  
been negligible for the  P o t c a l  process  with the 
three major was te  types ,  but corrosion in  t h e  glass 
sys t ems  h a s  been undesirably high. A total  pene- 
tration of up to 150 m i l s  h a s  been se l ec t ed  as a 
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Probes Used for Determining L e v e l s  of Solution, Cat- 
cine,  and Melt in Q Rising-Liquid-Level Fixation Pot.  
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UNCI nSS l t U  Sta in less  s t e e l  ( type  304L) is a sat isfactory ma-  
t e n a l  of construct ion for t h e  pots. Successful  
f ixat ions have  been car i ied  out in  type  304L stain-  
less s t e e l  in  4-in.-diam by 24-in.-high and %in.- 
diam by 8$-in.-high pots  a t  maximum operat ing 
temperatures of 950 to 1000°C with F'TW-65 and 
TBP-25 wastes .  Maximum penetration in  t h e  la t te r  
c a s e  (for about 120 hr of exposule)  w a s  about 120 
mils, but n o  actual  fa i lu ,e  of t h e  container  oc- 
curred. Small-scale corrosion t e s t s  in  the  lab- 
oratory indicated penetrat ions of a s  much a s  6 3  
mils  for 24 hr in kTW-55 w a s t e  p lus  fixation addi- 
t i v e s  at 1050°c. Both large- and small-scale  con- 
t inuous rnelters failed within a few hours af ter  
beginning operation a t  about  1000°C when g l a s s  
formulation FTW-1 ('Table 3.3) was used.  

T h e  conclus ions  tha t  c a n  b e  drawn from t h e  cor- 
rosion data  arc: (1) Coriosion i n c r e a s e s  rapidly 
with increase  i n  tempeiature above about 900"(;, 
and operating temperatures  as  high as 1000 t o  

FtWM \\ASTF 105OoC can  be  tolerated with s t a b l e  melts for 
limited periods of time In equlpnicnt that  will be 
used  only once. (2) T h e  corrosion rate  a t  a given 
temperature d e c r e a s e s  drast ical ly  when a l l  t h e  
volat i le  material (particularly Ivater) h a s  been 
driven off. 

nuw i+,r G G - 9 3 ~ 1  

73 k E 7 E  T' ihl i  FOR 
E L A P ~ R A T ~ ?  - C A ~ C I N F R  

MFTAL- - 0 A D I N G  
CHU'k ~ ~ 

rL'i r RATE D PLATE 

FLL  FL ATE 

S-OHA?,t TbNK 

Ffg. 3.12. S c h e m a t i c  Diagram o f  Proposed Columii 

for Continvovs Reinoval  o f  Mercury fro,iX A c i d  Wuste  

So I ut ions. 

su i tab le  limit for u s e  with the  s tandard s ingle-use 
p o t s  with a wall th ickness  of 320 iiiils, although 
lower ra tes  a re  desirable .  A much lower rate  is 

required for t h e  continuous melter. If a g l a s s  inix 

with a sui tably low corrosion rate  cannot  b e  de- 
veloped for u s e  in a replaceable  s t a i n l e s s  s t e e l  
cont inuous melter, a platinum-lined iilelter will be 
required. 'The economics for scheduled replacc- 
merit of s t a i n l e s s  s t e e l  mcl ters  would be  different 
at e a c h  instal la t ion.  

Exposure of type 30.27.. s t a i n l e s s  s t e e l  and tita- 
nium 45A i n  w a s t e  evaporator so lu t ions  both with 
and without glass-making addi t ives  confirmed pic- 
d ic t ions  that the  s t a i n l e s s  s t e c l  will eventual ly  
undergo lntcrgranular a t tack and that  the  corrosion 
rat:, of the  titanium will be  negligible. Overall 
ra tzs  for type 304L s t a i n l e s s  s t e e l  varied frorri 

0.1 niil/month in the  boiling, unconcentrated FTW- 
6 5  Purex was te  to  1.4 inils/month in concentrated 
1 W W  Purex waste .  T h e  corrosion rate of titariiuni 
w a s  negl igible  (10.04 rnil/month) i n  a l l  cases. 

Coupling t h e  s t a i n l e s s  s t e e l  t e s t  spec imens  t o  
titanium had no not iceable  effect  on t h e  corrosion 
of t h e  titanium. 

Exposure of type 3017, s t a i n l e s s  stee! in NaCi 
with v a q , n g  amounts of impurities added (e.g., 

H,O, CaSO,, and MgCl,) indicated a maximum iate 
of about 0.03 mil/iironth for 3600 hr (five m o i l h )  
exposure a t  300@C. It appears  that  t h e  moisture in  
the  envlionrnerit wi11 govern the  corrosion ia tc  and 
that  corrosion should, therefore, a lmost  completely 
s top  after t h e  f i r s t  month's s torage  in a s a l t  mine, 
providcd that  the tcmperatuie of t h e  ~ o t  wall d o e s  
not exceed about 300@C and tha t  vatctr cannot reach 
t h e  s torage  containers .  

Low-level radioact ive w a s t e s  ( L L W )  c o n s i s t  of 
waters  with low s o l i d s  and radioacticily contents .  
I'hey are customarily t reated to remo\,re act ivi ty  
before discharge t o  s t reams.  T h e  object ive of the  
ORNL program is to  develop, evaluate ,  and  deter- 
mine the  cost of a l ternat ive p r o c e s s e s  for decon- 
taminating LLW to l e s s  than t h e  maximum permis- 
s i b l e  leve ls ,  MPCw, permitted for water for 
occupational exposure (168 hr/wcek) in  order to  
avoid t h e  spread of radioactivity. T h e  retained 
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s o l i d s  and radioactivity c a n  be combined with 
high-level w a s t e s  for ul t imate  d isposa l  or, more 
economically, incorporated in concre te  or asphal t  
and buried in  rest r ic ted a reas .  Two p r o c e s s e s  a re  
being developed, t h e  scavenging-precipitation ion- 
exchange p r o c e s s  and t h e  scavenging-precipitation 
foamaepara t ion  process .  T h e  precipitation s t e p s  
were originally intended for clatificat.ion (includ- 
i n g  radiocolloids) and reduction of the  hardness  
(calcium and magnesium ions)  content  t o  i n c r e a s e  
t h e  efficiency of t h e  resin or detergent  used  i n  t h e  
second s tep .  Recent  t e s t s  show, however, tha t  
recycle  of the radioact ive contaminants  to the pre- 
c ipi ta t ion s t e p  and removal of all radioact ivi ty  from 
the  sys tems in  t h e  s ludge  precipi ta te  is economi- 
ca l ly  a t t ract ive for t h e  ion exchange sys tem but 
probably is not f e a s i b l e  for t h e  foam system. 

Previous  pilot-plant t e s t s  showed tha t  t h e  scav-  
enging-precipitation ion-exchange p r o c e s s  c a n  be 
used  to  decontaminate  LI,W a t  ORNL to less than 
2% of t h e  MPCw for about 78g per 1000 gal, 
P r o c e s s  improvements were t e s t e d  and shown to 
reduce the  est imated cost to about  66g per 1000 gal  
without loss i n  decontamination efficiency. Im- 
provements included an alumina column to remove 
phosphates ,  which had c a u s e d  er ra t ic  hardness  r e m  

moval, and recyc le  of t.he res in  regenerant dong 
with added Gmndite  c lay to t h e  precipitation s y s -  
tem. Thus,  a l l  radioactivity is removed in  the  
precipi ta ted s ludge,  and t h e  need  for a regenerant 
evaporator and t a n k s  to  s t o r e  t h e  concentrated 
regenerant is eliminated. Anion exchange res ins  
were not very s e l e c t i v e  for ruthenium and cobal t  
removal. 

Small-scale t e s t s  of t h e  scavenging-precipi ta ion 
foani-separation p r o c e s s  showed tha t  i t  w a s  particu- 
larly e f fec t ive  for strontium removal and that  LLW 
a t  ORNL c a n  b e  d e c r e a s e d  to about  2% of the  
MPCw for strontium. Cesium w a s  not removed 
effect ively u n l e s s  Gruridite c l a y  w a s  added. Over- 
all. decontamination fac tors  for ces ium and other  
ac t iv i t ies  were lower than for strontium but a r e  
probably adequate  for most  ins ta l la t ions  i n  t h e  
nuclear  industry. More accura te  decontamination 
fac tors  and cost e s t i m a t e s  wil l  b e  obtained in  
projected pilot-plant t e s t s .  

Scavenging-Precipitation Ion-Exchange Process 

Laboratory Studies.  - Several  modifications to  
t h e  scavenging-precipitation ion-exchange proc- 

ess697 were evaluated.  T h e  proposed p r o c e s s  
(Fig. 3.13) c o n s i s t s  i n  

1. t h e  u s e  of an act ivated alumina column to re- 
move phosphates  from untreated raw was te ,  

2. t h e  recycle  of regenerant w a s t e  from the  ca t ion  
exchange column together  with Grundite c lay  
t o  t h e  main w a s t e  s t ream, 

3. T h e  precipitation of hardness  ca t ions  and scav-  
e n  gin g of rad ion uc l ides  (strontium, cesium, 
etc.) and clar i f icat ion of the combined w a s t e  
s t ream, 

4. t h e  removal of t h e  remaining strontium and ce- 
sium by Duoli te  CS-100 cat ion exchange resin, 

5. t h e  p o s s i b l e  removal of t h e  remaining ruthenium 
and cobal t  by anion exchange.  

After 1500 to 2000 bed volumes of w a s t e  p a s s  
through 1 volume of CS-100 resin, t h e  resin bed is 
eluted with 0.5 iM I-INO,, washed with water, and 
reconditioned with 0.1 M MaOH. Grundjte c lay  i s  
added to t h i s  regenerant solut ion to sorb cesium 
and fract ions of t h e  o ther  radionuclides. T h e  
resul tant  slurry is metered (recycled) into t h e  un- 
t reated low-level was te ,  where the  clay and sorbed 
ac t iv i t ies  a r e  re ta ined i n  t h e  s e t t l e d  s ludge  i n  the  
clarifier. Important fea tures  of t h e  modified p r o c e s s  
a re  d i s c u s s e d  below. 

AIurninrr Sorption. - ‘The eff ic iency of act ivi ty  
removal by the  scavengin~-precipi ta t ion ion-ex- 
change  process  is lowered when phosphates  a r e  
present  in  low-level waste ,  Their  seques te r ing  
act ion resu l t s  i n  t h e  incomplete  precipitation of 
hardness  ca t ions ,  and, a s  a consequence,  t h e  resin 
capaci ty  is u s e d  to  sorb h a r d n e s s  c a t i o n s  (calcium, 
magnesium, etc.) i n s t e a d  of radionuclides. Hard- 
n e s s  precipitation w a s  sa t i s fac tory  at a phosphate  
concentration of 1 ppm but not a t  2 ppm i n  micro- 
pilot-plant tests.’ T h e  upper limit for phosphate  
concentration h a s  not been determined as yet ,  
Phosphate  c a n  be removed by sorpt ion on  act ivated 
alumina. l o  In micro-pilot-plant and pilot-plant 
tests ( s e e  below), u s i n g  alumina columns that  re- 
moved more than 50% of t h e  phosphate ,  hardness  
precipitation w a s  entirely sa t i s fac tory  a t  phosphate  
concentrat ions up to  0.8 and  0.7 ppm, respect ively,  
a t  t h e  e n d  of t h e  tes t s .  Laboratory experiments  
show that  approximately 15,000 bed volumes o f  
raw waste ,  containing 1 to 3 ppm of phosphate ,  c a n  
b e  processed  upflow through a fluidized bed of 
chromatographic-grade alumina (ALCOA F-20 grade, 
-80 to 200 mesh), with a sorption efficieficy of 
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Fig. 3,13. Flowsheet  Used in  the M i c r o  P i l o t  P lant  Tests  of the  Modified Scavenging-Precipitation Ion-Ex- 

change Process Includes the Addition of an Alumina Coiutnn, an Anion Column, and a Grundite-Clay Recyc le  

System. 

50% or more. T h i s  is a volume comparable to  that  
from f ive  to  seveii r i l l is  of t h e  scavenging-precipi- 
tation ion-exchange process ,  when the  bed-volume 
ratio of alumina to  CS-100 res in  is 0.75 to 1 
(Fig.  3.13). A l e s s  expens ive  form of alumina i s  
now b e i  n g t es ted  ~ 

T h e  efficiency of sorption of phosphate  on alu- 
mina increased  when the  phosphatc  concentration 
w a s  greater than 1 ppin. Up to 80% of the phos- 
phate  W ~ S  sorbed from w a s t e  containing 3.6 ppm of 
phosphate. N o  l o s s  in  efficiency was noted by 
increasing the  liquid l inear  flow sa te  through the  
colurnli from 12 cm/min to 22 cm/min, equivalerit 
to residence tiines of 4 and 2 min. Regeneration of 
exhausted alumina restored i t s  capaci ty  and i t s  
efficiency. After t reat ing with s i x  volumes e a c h  
of 1 ,M NaOll for phGsphate removal and  1 M HNO, 
for f i s s ion  product removal, another  13,000 bed 
volumes of w a s t e  were processed  before t h e  phos- 

pha te  sorption eff ic iency dipped below 50%. Studies  
a re  being continued t o  determine minimum re- 
generant requiremmts.  

T h e  capac i ty  of the  alumina for phosphate ,  a s  
determined by a n a l y s i s  of the  regenerants ,  is es t i -  
mated to  b e  a t  l e a s t  0,4 meq per n l  of AI 0 
(which is cquivalent  t o  the  removal of 1 ppm of 
phosphate  f rom 13,000 volumes of w a s t e  per vol- 
ume of alumina). '2'his is numerically equivalent  
to  60 ineq of A13+ per  meq of PO,3- ( 1  rill of dry 
A1,0,  = 1 ml of wet  A.l,O, 0.8 g o f  A1,0,). T h e  
s ta ted  equivalence ratio ind ica tes  that  phosphate  
sorption on alumina is a surface-dependent phe- 
nomenon. Moreover, t h e  observed s low ra te  of 
phosphate  removal f rom alumina by 1 M NaOH 
corroborates the  work of Sinha and Choudhury, 2 6  

2 3  

26P. R. Sinha and A, K. Choudhury, J. Ind ian  Chei;i. 
SOC. 31, 211 (1954). 
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i n  which they sugges t  that  phosphate  sorption i s  a 
chemical  reaction between phosphate  and the sur- 
face alumina to form inso luble  aluminum phosphate. 

Alumina h a s  a limited but unknown capac i ty  for 
I3'Cs, "Co,  and "'Ru. For a w a s t e  containing 
5 t o  8 0  d i s  min-' ml-'  of 137Cs, 1 to 5 of "Co, 
and 1 to  6 of ' 0 6 R ~ i ,  at l e a s t  1 ,  2, and 10%, re- 
spect ively,  of t h e s e  a c t i v i t i e s  were sorbed from 
20,000 alumina bed volumes of w a s t e  and were re- 
covered during t h e  regeneration s tep.  

Grundite-Clay Recycle. - T h e  objec t  of us ing  
t h e  Grundite-clay recyc le  i s  to consol ida te  a l l  the  
radioactivity into a so l id  form and t h u s  el iminate  
furflier process ing  of t h e  CS-100 resin regenerant 
liquid. In pilot-plant t e s t s ,  more than 507% of t h e  
strontium but only about  10% of t h e  cesium is 

scavenged  prior to ca t ion  exchange.6 Batch ex- 
periments show, however, that  Grundite c lay,  a 
cheap  commercial product (68.5q per  100 lb), h a s  
an optimum capac i ty  for cesium in a narrow range 
around pH 11.8 - t h e  pM prescr ibed for t h e  original 
process .  Clay at concentrat ions of as l i t t l e  as 1 g 
per  l i t e r  of regenerant w a s t e  removes more than 
50% of the  cesium, while  2 g/ l i ter  removes more 
than 80%. Cesium sorption is independent  of 
par t ic le  size but is about  3% greater  if c lay  is 
added to t h e  w a s t e  prior to pH adjustment  to 11.8 
(Fig. 3.14). 

A number of  micro-pilot-plant runs were made i n  
order to  demonstrate  t h e  Grundite-clay recycle  
rnodification together with the  u s e  of alumina t o  
reduce phosphate  concentration. T h e  decontamina- 
t ion factor  of 7 for cesium, shown i n  T a b l e  3.7, 
i l lus t ra tes  t h e  eff ic iency of Grundite for sorbing 
t h i s  element in  t h e  precipi ta t ion s tep.  Without 
c lay,  l e s s  than 10% of t h e  cesium processed  w a s  
found i n  the  s ludge  of t h e  clar i f ier ;  with c lay ,  
more t.han 80%. Also, with c lay ,  overal l  decon- 
tamination fac tors  a c r o s s  the c la r i i i e r  and ca t ion  
exchanger  for cobal t  and ruthenium appear  t o  b e  
improved, although t h e  accuracy  of the v a l u e s  at 
such  low act ivi ty  l e v e l s  is doubtful. T h e  v a l u e s  
for 6oCo and '06Ru were increased  from 2 to 3, 
while that  for "Sr increased  from 3000 to 6000. 
The factor for w a s t e  volume reduction ( to  air-dried 
cake)  w a s  increased  by about 1.6 (from 3400 to 
5500), see T a b l e  3.8. (See below for d i scuss ion  
of t h e s e  e f f e c t s  on cost . )  

Anion Exchange. - Two strong-base anion ex-  
change  res ins ,  I l lco TAD-1 and Dowex 21K, were 
included in  t h e  micro-pilot-plant runs to eva lua te  
them for removal of ruthenium and cobal t  remain- 

ing  i n  the  w a s t e  after cat ion exchange  processing.  
T h e s e  res ins  were s e l e c t e d  b e c a u s e  they had the 
most favorable decontamination factor for ruthenium 
(about 5) out of a group of I S  organic  and inorganic 
sorbents  that  had been t e s t e d  in  a batch equilib- 
rium experiment with t reated ILW a t  pFi 11.8. 

Both resins ,  preequilibrated to  pl-I 11.8 with 
c a u s t i c ,  showed relat ively poor se lec t iv i ty  for 
ruthenium, In two runs, in  which 2000 column 
volumes of w a s t e  were t reated with I l lco TAD-1 
resin (equivalent  to Dowex I), average decontami- 
nation factors  for ruthenium were 2 and I .  The 
w a s t e s  had  previously been t reated by cat ion ex- 
change  and contained 0.97 and 1.7 d i s  min-' m l - '  
respect ively.  If i t  i s  assumed that  more than one  
form of ruthenium e s c a p e d  removal in  the precipi- 
tation and cat ion exchange s t e p s ,  t h e  da ta  could 
b e  interpreted in  terms of the  resin having effec- 
tively removed o n e  or  more forms of ruthenium. 
Alternatively, i t  could b e  that the  resin performed 
wel l  for re la t ively few bed volumes (compared with 
2000 for t h e  cat ion resin). 

T h e  average  decontamination factors  ohtairred i n  

two runs with Dowex 21M were poorer (about 1..3 
and 1.2) for effluent processed  from t h e  cation 
exchanger, with average ruthenium ac t iv i t ies  of 
0.4 and 27 d i s  min-' ml...' respect ively.  T h e  
w a s t e  processed  in  t h e  la t ter  run w a s  composed of 
L,LW spiked  with t reated ILW, which conta ins  m o r e  
ruthenium. 

Clarification of Raw Waste. - 'Two methods a r e  
being considered for coagulat ing suspended  s o l i d s  
in  untreated, neutral  I.,L.,W prior to its decontamina- 
tion by ion exchange. T h e  f i r s t  inc ludes  the  addi- 
tion of AI,(SO,),. F o r  w a s t e  ihat  approxirnaies 
tap water  (pl-1 of 7 to 8, an in i t ia l  total  hardness  of 
125  ppm, and a s p e c i f i c  conductance of 250 micro- 
mhos/cm), j a r  t e s t s  show that  t h e  aluminum sul fa te  
t reatment  is optimum (1) when t h e  w a s t e  is made 
10 to 20 ppm i n  Al,(SO,),, (2) when the: mixture i s  
flash-mixed for 5 min, and ( 3 )  when t h e  mixture 
i s  finally coagulated for 30 miri. Both t h e  s p e c i f i c  
conductance and t h e  total  hardness  of t h e  clar i f ied 
w a s t e  remain t h e  same, but its pII i s  lowered from 
7.5 to 7.0. 

T h e  other method involves  adding copperas  and 
lime, which not only c la r i f ies  t h e  w a s t e  but a l s o  
partially precipi ta tes  hardness  ca t ions  a n d  thus  
reduces t h e  load on t h e  subsequent  ion exchange 
s tep .  T h e  optimal condi t ions for coagulat ion a r e  
obtained by f i rs t  making t h e  w a s t e  S ppm in 
copperas  and fl,ash mixing for 2 min, then making 
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Table  3.7. Enhanced Effects of Grundite-Clay Recyc le  on Decontamination Factors in Micro-f' i lot-ptant 

T e s t s  of t h e  Scavenging-Precipitation !on-Exchange Pracess on ORNL L o w - L e v e l  Waste" 

................... __ .. - ~ .......................... _____ .............................. ~ ~ 

Decontamination F a c t o r s  
~ ..................... ~ .................... .......... 

Total 

Rare Ear ths  137cs 9osr  6 O C O  10%" Gross  y 

h W'j Grundite-clay recyc le  

Clarliier. and cation ezchanyer  3 > 380C > l l O C S d  3 000 2 2 

C!arifier and ca t ion  exchanger 10 > 12OC 630 6000 3 3 

Ca rion c xchstiger 2 > 2oc 90 1200 1 1 

h 
With Grundite-clay recyc le  

Clarifier 5 6 7 5 3 3 

__ ................... .................... ~ ___ 
'1100 liters/run, equivalent  t o  about  2000 bed volumes of Duolite CS-100 ca t ion  exchange resin. 

'Average act ivi ty  of f i ss ion  products i n  strearxi t o  clarifier: 

N o  Recycle  

(Run 7) 

86 

3 

' 3 6 C s ,  dis min-' m1-' 6 

Gross beta ,  counts  min-' ml-' 

~ r o s s  gamma, counts  min-' ml..' 

TKE, couilts min-' ml-' 42 

'O'Sr, d i s  min-' ml-'  93 

6 0 ~ o ,  d i s  min--' m1-l 3 

loGRu, dis  min-' tnl-..' 2 

With Recycle  

(Run 8 )  

35 

18 

1 7  

81 

62 

5 
1 

Recycle  consisted of 0.25 lb of Grundite c lay  slurried in to  10 l i te rs  of regenerant w a s t e  from a CS-100 column, 
previously loaded with ces ium and strontium. T h e  effect ive c l a y  concentration af ter  enter ing the main w a s t e  stream 
was about 100 ppm. 

CCesiurn and  to ta l  rare ear ths  reduced t o  limit of detect ion.  Decontamination fac tors  of 100 to  1000 have  been  ob- 
tainec! for rare earths both wi th  and  without Grundite c lay  added. 

dIndividual ces ium decontamination factors  for t h e  clar i f ier  and  ca t ion  exchanger  were n o t  obtainable. A material  
halance,  however, showed that, without Grundite c lay ,  (10% cesium ac t iv i ty  was in  the  s ludge,  while ,  with Grundite 
c lay,  > 80% c e s i u m  act ivi ty  w a s  in the  s ludge.  

the  w a s t e  70 ppm in lime a n d  f l a s h  [nixing for 3 
m i a ,  and,  finally, by coagula t ing  for 30 min.  The 
pH of t h e  clar i l ied so lu t ion  i n c r e a s e s  from 7.9-8.5 
to 10.0-10.4, and up t o  40% of t h e  w a s t e  hardness  
is removed when 0.75 ppm of phosphate  is present .  
Nearly 70% of t h e  h a r d n e s s  is removed i f  n o  phos- 
phate  is present. After copperas  is added,  the  
spec i f ic  conductance is minimum when the amount 
<If lime is optjmum, thus,  the  measurement is poien- 
t ia l ly  useful  as a simple method for cont inuously 
controlling lime addi t ion (Fig. 3.15). The figure a l s o  
shows tha t  for tap water ,  t h e  s p e c i f i c  conductance 
d e c r e a s e s  direct ly  to a minimum, while ,  for w a s t e  
water, i t  i n c r e a s e s  before proceeding dowrward. 
T h i s  ini t ia l  i n c r e a s e  is probably due  to phosphates  
in t h e  w a s t e ,  which c a u s e d  calcium supersaturat ion 

prior to t h e  precipitation of the  hardness  cat ions.  
T h e  work on clar i f icat ion under neutral  condi t ions 
is preliminary, a n d  no conclus ions  c a n  b e  drawn 
regarding t h e  most eff ic ient  method. 

Pilot-Plant Tests. - T h e  low-level-waste pilot 
plant  w a s  revised ;is follows: 

1. A I-ft-diam agi ta ted  clar i f ier  w a s  ins ta l led  for 
u s e  with both the  scnvenging-precipitation ion- 
exchange  and  t h e  scavenging-precipi ta t ion 
foam-separation processes .  

2. A f luidized bed of ac t iva ted  alumina w a s  in- 
stalled to remove phosphate  from t h e  w a s t e  
water  i n  order to  prevent  phosphate  interference 
with the precipi ta t ion of calcium. 
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Table 3.8. Effect  of Grundite-Clay Recycle on Waste 

Volume Reduction in  the Scavenging-Precipitation 

Ion-Exchange Process 

Without 

Recycle 

Feed ,  bed volumes 

Waste, bed volumes 

CS-100 liquid regenerant  

Recycle regenerant  

Dis rard  regenerant 

Wash and backwash 

Settled s ludge 

Fi l tered s ludge  c a k e  

Air-dried s ludge c a k e  

Volume reduction factor 

Fi l tered c a k e  + concentrated 

liquid 

Air-dried c a k e  + concentrated 

liquid 

2000 

5 

5 

21 

3.1 

1.5 

0.32 

1120a 

3400a 

With 

Recycle  

2000 

5 

None 

None 

3.7 
1.9 

0.37 

1050a 

5500a 

aVolume reduction factors  without recycle  include CS- 
100 liquid regenerant w a s t e  which was  reduced in volume 
by evaporation to the iliaximum pract ical  degree. Volume 
reduction factors with recycle  a r e  for sol id  was te  only. 

3. Provis ion w a s  made t o  recycle  t h e  ion ex- 
change regenerant, with Grundite c lay as addi- 
tive, to t h e  raw w a s t e  feed. 

Three demonstration runs were made with the 
revised equipment. A l s o  a preliminary t e s t  w a s  
made of a process  in which w a s t e  water  is merely 
f i l tered through a deep-bed anthraci te  f i l ter  before 
t h e  calcium and magnesium hardness  ions  and 
radionuclides a r e  removed by weak-acid (IRC-SO) 
and s t r o n g a c i d  (Dowex 50) resin beds  in se- 

quence. Previous pilot-plant t e s t s  have  been re- 
ported. 6 . 2  

F lowsheet for the Scavenging-Precipitation lon- 
Exchangr Process Tes ts .  - Three  runs were made 
according to t h e  following f lowsheet  (similar t o  
t h e  one shown in Fig. 3.13 biit with a s m a l l  anion 
resin column): Low-level w a s t e  (a t  10 gpm) w a s  

__... ~ 

27R. E. Rrooksbank, I,. J. King, and J. T. Roberts ,  
P i l o t  P lan t  Demonstration of the  Removal of Radio- 
act ivi ty  from Low-Level P r o c e s s  W a s t e  W a t e r  by  a 
Scavenging-Precipitation Ion-Exchange Process .  pre- 
sen ted  a t  Symposium on Radionuclide Exchange on 
Soils, Minerals, and Res ins ,  Amer. Chem. Soc., Phi la-  
delphia ,  Pa., April 10, 1964. 

fed t o  a 2-ft-diam alumina column containing about  
4.4 f t3  of Alcoa F20, 80- to 200-mesh act ivated 
alumina. T h e  alumina column throughput ra te  w a s  
191 gal  hr- '  ft-', which f luidized the bed to 
about  2.4 t imes i t s  packed volume and al lowed the  
liquid about  4 rnin of res idence  time in t h e  ex- 
panded bed. In recycle  runs ,  t h e  resin-column 
e lua te  from t h e  previous run w a s  returned t o  t h e  
w a s t e  water  feed s t ream a long  with Grundite clay. 
T h e  c lay  w a s  added ( a s  a s lurry)  t o  sorb cesium 
and other ac t iv i t ies  a t  a ra te  of about  0.7 lb  per 
1000 gal of waste .  T h e  e lua te  recycle  and Grundite 
were both added to t h e  process  w a s t e  s t ream be- 
tween t h e  alumina column and  t h e  f lash  mixer. 
T h e  alumina column effluent went t o  the  f lash 
mixer ( res idence time, 18 s e c ) ,  where i t  w a s  
mixed with a 10 M NaOH solut ion and  a solut ion 
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of copperas  (24 g/l i ter)  t o  make a solut ion that 
was  0.01 M i n  Na0I-I and contained 5 ppm of 
Fez+. Tha t  mixture went to the  flocculator,  where 
it w a s  ag i ta ted  at 1 rpm during a 1s-min residence 
time, then t o  the bottom of the clarifier, and  
passed  up  through a s ludge  blanket 4 or 5 f t  
deep. T h e  clar i f ier  agi ta tor  w a s  operated a t  
0.5 rpm. Res idence  time in the  clar i f ier  w a s  53 
min, and the  throughput mte w a s  48 gal  hr-' ft-'. 
Sludge from the bottom of the  clar i f ier  was  re- 
cycled t o  the  f lash mixer a t  1.9 li ters/min. Sludge 
from t h e  s ludge  blanket  w a s  removed a t  the rate  
required to maintain t h e  s ludge  leve l  at the  top 
sludge-collection dam, and  representat ive fractions 
were s e n t  to t h e  s ludge  filter. 

T h e  clar i f ier  effluent was  p a s s e d  through the  
deep-bed an thrac i te  f i l ter  and fed t o  the ion 
exchange column (8 in. in diameter),  which con- 
ta ined 4.4 ft3 of sodium-form Duolite CS-100 
resin.  T h e  resin column w a s  loaded with 2000 
bed volumes (66,000 gal)  of clar i f ied waste ,  then 
removed from t h e  process  s t r e a m  and e lu t ed  with 
0.5 1l.I FINO3. T h e  f i r s t  5 bed volumes of a c i d  
(165 gal), containing most of t h e  f i ss ion  products, 
w a s  held for recycle  during the  next loading 
cycle .  T h e  second  5 bed volumes of ac id  would 
normally be  held for t h e  next  elution. T h e  20 
bed volumes of 0.1 M NaOIi tha t  w a s  used  to  
return t h e  resin t o  the sodium form w a s  added t o  
the  recycle  acid,  and the mixture w a s  neutral ized 
before being recycled. 

A small (60-ml) column of anion resin (Illco 
TAD-1) was  used in  run IIR-18 following the  cation 
exchange column (Tab le  3.9). 

Removal of Phosphate and Hardness Ions- - 
About 500,000 gal lons of w a s t e  water containing 
0.5 to 2.0 ppm of phosphate  w a s  treated in the 
alumina column. T h e  phosphate  concentration was 
reduced t o  0.1 t o  0.7 ppm. T h e  phosphate-removal 
eff ic iency w a s  more than 50% for the  f i r s t  325,000 
gal  of w a s t e  (10,000 alumina packed-bed volumes). 
T h e  reduction in phosphate  concentration undoubt- 
edly contributed t o  t h e  eff ic ient  precipitation of 
ha rdness  in t h e  next s t e p .  Over a 32-day period, 
ha rdness  was  reduced t o  a n  ave rage  of 7 ppm (as 
CaCO,) in  the clar i f ier  effluent and t o  4 ppm in the 
fi l tered effluent.  T h e s e  va lues  are lower than t h e  
va lues  (12 to  22 ppm) obtained in t e s t s  on nonra- 
dioact ive,  c l ean  t a p  water  a t  t h e  same  throughput 
ra tes  (48 gal / f t2)  ( s e e  below). F a c t o r s  which may 
have  contributed t o  t h i s  improved performance a r e  
(1) the  p re sence  in the w a s t e  of s o l i d s  that provide 

sites for precipitation, (2) the  control of phosphate 
concentrat ion by the  alumina column, (3) the  
presence of Grundite c lay in the  s ludge  blanket,  
and (4) the a g e  and/or his tory of the  s ludge  
blanket.  

Removal of Radioactivity.  - In a l l  three runs,  
the t reated w a s t e  contained less than 2% of the 
MPCW for continuous occupat ional  (168-hr) ex- 
posure for strontium and l e s s  than 0.005% of the  
MPCw for cesium (Tab le  3.9). Overall  decontami- 
nation factors  were 1225, 1772, and 1407 for 
strontium and 720, 623, and 2106 for cesium re- 
spect ively.  T h i s  is equivalent  to 99.92 to 99.94% 
strontium removal and to 99.84 to 99.95% cesium 
removal. Recycl ing resin-column e l u a t e  and  adding 
Grundite c lay before f lash  mixing resul ted in a n  
inc rease  in cesium retention in  the s ludge  from 
29% to  over 60% and possibly resul ted in a s l igh t  
reduction (from 80% t o  72%) in  the amount of 
strontium retained. Except  for the  gross beta  
ac t iv i ty  in run HR-18, more than 50% of a l l  t ypes  
of radioactivity fed t o  the  sys t em w a s  retained in 
the  s ludge .  T h e  low removal of gross  beta act ivi ty  
in run HR-18 is attributed to short-l ived isotopes 
known to have  been present  in the  was te .  

T h e  third run, FIR-19, w a s  continued beyond 
2000 bed volumes (the nominal capac i ty  uscd in  
cost est imat ions)  t o  6250 bed volumes, with no 
Grundite e l u a t e  r ecyc le  after 2000 bed volumes. 
At t h a t  time, the hardness  content  of t h e  resin 
column effluent had not increased. Gross  beta ,  
gross  gamma, and total  rare ear th  a c t i v i t i e s  were 
1.3, 3 ,  and 0.33 counts  min-' ml-', respect ively,  
and the  "Sr, 137Cs, 1 0 6 R ~ ,  "Zr-Nb, and 6oCo 

a c t i v i t i e s  were 0.02, 3.2, 0.13, 0.5, and 2.3 
d i s  min-' ml-'  respect ively.  T h i s  is 0.05, 1, 
0.7, 0.06, and 0.2% of the MPC, for total  rare 
ear ths  (as "Y), "Sr, 1 3 7 C s ,  106Ru, and 6oCo 
respect ively.  Radiation s c a n s  of the  resin column 
indicate  that t h e  cesium broke through the  resin 
column at about 2600 bed volumes. 

In t h e  three runs,  the  decontamination factors  
for rare ear ths  were  383, 705, and  657, averaging 
581. T h e  factors for ruthenium were 2.2, 2.1, and 
3.5,  averaging 2.6; they a r e  of doubtful accu r scy  
because of the  low leve ls  of radioactivity.  T h e  
factors  for 95Zr-Nb and 6oCo a r e  s imilar ly  low. 
T h e  u s e  of a s m a l l  anion exchange resin column 
af te r  the  cat ion resin column increased the  overall  
decontamination factor for ruthenium and cobal t  



Table  3.9. Radiochemical Data from Scavenging-Precipitation ton-Exchange Runs to Demonstrote the U s e  of an Alurninu Column 

for Phosphate Control and :he Recyc le  of Resin Column E l u a t e  and the Addition o f  Grundite C loy  

to Eiiminate the Need  for Evaporation and Storage of Resin  Column E iua te  

Run G r o s s  8 e t a  Gross Gamma Tota l  Rare Earths  s 9 - g 0 S ~  l S 7 C s  'O6Ru "Zr-Nb 6.sCo 

HR-17 

Feed  (2000 resin bed volumes), 

Recycled e lua te ,b  d i s  min-' mi- '  

D F  of scavenging-preciaitation 

DF of ion exchange 

D F  overal l  

percent  of MPCw in effluent 

d i s  min- '  ml-' 

ER-18 

Feed (2000 resin bed volumes), 

Recycled eluate, '  d is  m h - '  m l - I  

D F  of scavenging-precipitaLion 

D F  of ion exchange 

D F  overall 

Perceni  of MPCw in effluent 

( D F  using a n i m  exchange, 330 bed volumes) 

(DF overall using anion exchange) 

dis  min-l ml- '  

HR-19 

Feed  (2000 resin bed volumes) ,  

Recycled eli:ate,b dis  nin- '  ml- '  

D F  of scavenging-precipitation 

D F  of ion exchange 

D F  overall 

Percent  of MPCw i n  effluent 

d i s  min-' m1-I  

4.3 2.3 

2.6 - ' 3  

11.2 -' 7 

42" 

5.12" 

1 .s 
1.18 
2.14 

1 . 2 f  

2.05 

6 

l2 .5  

13.68" 1.13a 

4.35 2.:. 

5.0 6.7 

22.5 13.8 

11.5a 49  7.2 0.45 2.7 1.4 

7.2 4.9 1 .II 
"'250 ,510 

+383.3 '"1225 >720 
53.3 _, 

0.004c 1 .8 3.002 0.1 0.07 

12a 42 5.9 0.42 1.4 1.7 

2.09" 11.16 6.56 0.0 1 2.67 

4.27 3.54 2.71 1 .o 6.2 

165 500 230 1.2 1.2 

705 1772 623 2.1 7.3 

0.OG3 1.4 0.305 0.09 0.05 

W d  (1 6)" 
( l l ) e  

d (14) 

Sa 29 4.6 0.4 0.9 1.3 

5.14" 13.2 5.93 0.00s 0.03 0.08 

5.3 3.8 2.5 

125 367 840 

657 1407 2106 

o.oo3c 1.4 0.001 0.35 0. 05 

aCounts min- '  mi-'. 

bCalculated from eluate  ana lys i s  - no recycle  during HR-17. 

' M P C ~  cor "Y. 

dAnion exchange D F  = i . 5  a t  1500 bed volumes. 

eAnion exchange DF  = 1.0 a t  I500 bed volumcs.  

P 
0 
0 
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to about  14 and 11 i n  t reat ing 300 b e d  volumes 
of was te .  For plants  requiring ruthenium de- 
contamination factors  higher than about  2.5, the  
extra  cost of t h e  anion exchange sys tem would be  
just i f ied.  On a n  absolu te  b a s i s ,  the  decontamina- 
tion factor for ruthenium c a n  b e  about  100 times 
lower than that  of strontium s i n c e  the MPC, for 
ruthenium is approximately that  much higher  and  
s i n c e  the f i ss ion  yield in  c u r i e s  is about  t h e  
same. 

It w a s  concluded that  the process  a s  t e s t e d  
without t h e  anion exchange column w a s  satis- 
factory for t reat ing w a s t e s  s imilar  to ORNL low- 
leve l  w a s t c s  s i n c e  all t rcated eff luents  containcd 
less than 2% of t h e  MPC for drinking water. 

Agitated-Clarifier Tests. - A 7-ft-diam non- 
ag i ta ted  s ludge-blanket  c lar i f ier  w a s  used in  a 
previous pilot-plant d e m o n ~ t r a t i o n ~ * ' * ~ '  of t h e  
removal of radioact ivi ty  from low-level process  
w a s t e s  by the scavenging-precipitdtion iun- 
exchange process .  In that  c lar i f ier ,  t h e  influent 
s t ream occas iona l ly  channeled  up  through the  
s l u d g e  blanket ,  c a u s i n g  a s h a r p  increase  in the  
to ta l  hardness  of the clar i f ier  eff luent  that  re- 
s u l t e d  in  reduct ions of t h e  on-stream l i fe t imes of 
the an thrac i te  pol ishing filter and  the  cat ion-  
exchange  resin column. Such a breakthrough of 
to ta l  hardness  in  t h e  scavenging-precipitativn foam- 
separa t ion  column would upse t  t h e  foam column. 
Laboratoiy experiments concerning the  h e a d e n d  
treatment of low-level wastes prior t o  f o a m  s e p -  
aration" indicatcd tha t  a n  ag i ta ted  sludgc-blanket 
c lar i f ier  operated at  flow ra tes  up to 60 ga l  br-' 
ft-' y ie lded eff luents  containing l e s s  than S ppm 
(as CaCO,) total  hardness .  An agi ta ted  clar i f ier  
that h a s  a throughput ra te  of 48 ga l  hr- '  ft  -' a t  
tlic pilot-plant feed r a t e  of 10 gpm w a s  instal lcd 
and t e s t e d  with t a p  water  feed t o  which copperas  
and  c a u s t i c  were added t o  make the final solut ion 
5 to 10 ppni i n  Fez+ and 0.01 N in  NaOII (Fig. 
3.16, T a b l e  3.10). T h e  clar i f ier  effluent total  
hardness  w a s  higher in  the  pilot-plant t e s t s ,  Lut 
paral le led laboratory resul ts .  A t  47 to 48 gal  
hr-' ft-', the  pilot-plant c lar i f ier  effluent and  
the  laboratory clar i f icr  effluent contained 12 t o  
1 6  and 4 to 10 ppm of to ta l  hardness  respect ively,  
T h e  pilot plant  c lar i f ier  effluent contained 6 t o  

"E. Schotifeld and W. Davis ,  Jr., Softening and De- 
contarninafing Waste Water by  Caustic-Carbonate Pre- 
cipitants and  Filtration in a SlowlpSf irred Sludge- 
Blanket  Clarifiers Laboratory Development arid Semi- 
Pilot-plant T e s t i n g ,  ORNL-TM-835 (Jan. 15, 1961). 

10 ppm of to ta l  hardness  a t  24 ga l  b r - '  ft-', 
and the  laboratory effluent contained 1.5 t o  2 5  
ppm a t  20 ga l  hr- '  ft-*. An  addi t ional  s ludge  
dam was  then ins ta l led  in the  pilot-plant c lar i f ier  
to al low s ludge  removal from t h e  top of t h e s l u d g e  
blanket  i n  order to provide for good sludge-  
blanket-level control. Also,  four baff les  were 
ins ta l led  in the bottom cone  sec t ion  of f.he 
clarifier. T h e s e  modifications did not a f fec t  t h e  
resu l t s  appreciably ('l'able 3.10). 

A s tudy of the effect  of agi ta t ion on effluent 
hardness  revealed that  a t  a throughput ra te  of 
24 gal hr-' ft-', optimal agi ta t ion w a s  achieved  
a t  1 rpm, with only t h e  lower paddle  being used.  
Increas ing  or decreas ing  the  ag i ta tor  s p e e d  re- 
su l ted  in high effluent hardness .  Agitat ing with 
only the lower paddle  w a s  beneficial  at t h e  48 
gal  hr-' ft-' throughput rate, and reducing the  
agi ta tor  s p e e d  from 1.0 rpm to 0.5 rpm improved 
hardness  removal. Equipment l imitat ions pre- 
vented lowering t h e  agi ta tor  s p e e d  below 0.5 rpm 
(Table 3.10). 

T h e  h e a d e n d  treatment proposed for t h e  scav-  
enging-precipitation foam-separation prccess  (5 
to 10 ppm Fe3', 0.005 M NaOH, and  0.005 M 
Na2C03)  w a s  also t e s t e d  with t a p  water  feed at  
5 and  at 2.5 gpm. The clar i f ier  effluent contained 
2 t o  3 ppm of to ta l  hardness  (as CaCO,), i n  good 
agreement  with laboratory t e s t s  (Table  3.9). T h e  
ag i ta ted  clar i f ier  operated smoothly, and  there  w a s  
n o  channeling, of liquid through the  s ludge  blanket. 

Fix-ed-Bed ion Exchange Process. - T h e  fixed- 
bed ion exchange process  proposed by Fiiggiris'*29 
involves  the  sorption of ca t ion ic  s p e c i e s  of ra- 
dionucl ides  (the majority of t h e  radioactivity) and 
the ca t ions  a s s o c i a t e d  with t h e  bicarbonate- 
hardness  cons t i tuents  of t h e  process  water  on a 
bed of weak-acid cat ion exchange  resin and  a 

bed of strong-acid cation exchange  resin arranged 
in  s m i e s .  Regeneration of t h e  resin beds by t h e  
split-regeneration method resu l t s  in  high regenerant 
ut i l izat ion and l e a v e s  concentrated w a s t e  in. the  
form of neutral salts. 

One preliminary t e s t  w a s  made in t h e  pilot plant 
to demonstrate  the  operability of the  equipment and 
to famil iar ize  t h e  operators  with it. Low-level 
radioact ive process  w a s t e  water w a s  pumped from 
t h e  ORNL equal izat ion b a s i n  through a deep-bed 
an thrac i te  f i l ter ,  a 4.4-ft3 bed of weak-acid resin 

"I. K. Higgins, personal communication, January 
1963. 
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(1RC-SO), and  a 4.4-ft3 bed of strong-acid resin 
(Dowex 50W1-X8). Column loading w a s  continued 
unt i l  thp to ta l  hardness  ( a s  CaCO,)  of the  sys tem 
effluent was 50% of the  total  hardness  of t h e  feed. 
T h e  resin columns were then regeneiated with 
fresh nitric acid.  After 1000 bed volumes (the 
f lowsheet  quant i ty)  of process  w a s t e  was  pumped 
through t h e  resin column and  j u s t  before cesium 
breakthrough from the strong-acid resin (Dowex 50) 
column, average decontamination factors  for gross  

be ta ,  gross  gainma, cesium: strontium, cobal t ,  and 
total  rare ear ths  were 25, 1.4, 35, 2766, 1.0, and 
134 respect ively.  P l a n t  eff luent ,  which w a s  
strongly t inted green,  contained 0.05, 1.4, 1.5, 
0.09, and  0.25% of the  168-hr MPCw for 13'Cs, 
"Sr, 1 0 3 - 1 0 6 R ~ ,  95%r-l\ab, and 6 o C o  respect ively.  

T h e  process  effluent during t h i s  t e s t  contained 
l e s s  than the  maximum permissible  concentration 
of a l l  radionuclides. However, t h e  effluent did 
contain a l g a e  (it w a s  strongly tinted green), and 

Table  3.10. Performance Tests  w i t h  T a p  W u k r  in Agitated Clar i f ier  in  Low-Leve l  Radioact ive Waste P i lo t  Plant  

T a p  water feed contained 100 to  120 pprn total hardness  (as  eq. of CaCO ) and had pII of 7.2 to 7.8 

Copperas,  caus t ic ,  soda  ash ,  dnd recycle  sludee added to  f lash  mixer 

Speed of agi ta tor  in flocculator, 1 rpm 

~ .......... ~ . ~- . .. .... ~ ~ ~ ~ ~ ~ 

Average Clarifier 

Clarifier Effluent T a p  Watcr Agitated Clarifier Clarifier Copperas Sludge 

Feed  Rate  'Throughput Rate  Agitator Speed Concentration Recycle  Rate  Effluent p1-I Tota l  Hardness 

(ppm eq. to  CaCO,) 
( w m )  (gal hr-' ft- ') ('P 11) (ppm Fez +) ( i i t r rs /min)  

10  

10 

7.5 

5 

5 

10 

10  

5 

5 

10 

5 

5 

5 

5 

5 

10 

5 

2.5 

5 

Scavenging-Precipitation Ion Exchange; Caust ic Added to Make Solution 0.01 M in NaOW 

Sludge Removed from Lowpr Darn; Upper Dam and Baff les  Not Instal led 

48  1 5 1.9 11.3 12-15 

48  1 1 0  1.9 12.1 12-16 

36 1 5 1.4 1 1 ~ 8-1 2 7-1 0 

21 1 5 0.9 12.0 - 10 

24 1 10 0.9 11.5-1 1.8 6 -8 

Sludge Removed from Upper Darn; Baff les  Instal led in  Conical Hottom 

4 8  1 5 1.9 11.8-12.0 14-17 

18 1 10 1.9 12.1 19-22 

24 1 5 0.9 12-12.2 8-9 

24 1 10 0.9 11.9-12.0 6-'7 

48 

24 

24 

24 

24 

24 

48  

Upper Agitator Paddle  Removed 

1 5 1.9 11.9-12.0 13.8 

1 5 0.9 1 1.9-1 2.2 4 , l  

0.5 5 0.9 12" 0-1 2.2 4.2 

1.5 5 0.9 12 * 0-1 2.1 4.4 

2 5 0.9 12.0-1 2.1 6.7 

3 5 0.9 12.0-1 2.1 8.3 

0.5 5 1.9 11.8 

Scavenging-Precipitation Foam Separation; Caust ic and Soda Ash Added to 

Make Solution 0.005 M in  NaOH und 0.005 M in N a 2 C 0 3  

Upper Agitator Paddle  Removed 

24 0.5 10 0.9 11.2-11.3 2.7 

12 0.5 10 0.5 11.2-11 $ 3  2.3 

24 0.5 10 0.9 1 1.2-1 1.5 1.5 
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LJNCI.ASSICIED 
ORNL-I-R-DWG 78656A 

VAR14BLE-SPEED DRIVE 

4-ft  DlAM CLARIFIER 

-'-CLARIFIED WASTE OUTLET 
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SIGHT GLASS 

 BAFFLES 

4GITATOR ?ADDLES 
( 4  BLADES) 

SLUDGE OUTLET 

SL!JDGE RECYCLE OUTLETS 

.---WASTE INLET 

Fig. 3,16. Modified Clarifier. 

radioactivity is known t o  concent ra te  in a l g a e  
that  accumulate  in the  QRNL s to rage  cana l s .  
It i s  felt ,  therefore, that  a clar i f icat ion pretreat- 
ment, such  a s  a scavenging-precipitation, w i l l  be  
required for this  process .  

Cast Estimates fer the Improved scavenging- 
Precipitation Ian-Exchooge socess. - A cursory 
cost e s t ima te  w a s  prepared in  accordancc  with the 
ini t ia l  resul ts  from thc  current pilot-plant program. 
A deta i led  mt ima te  wil l  b e  made a t  the  end  of 
the program when a l l  thc  data a r e  ava i lab le .  
Costs of 71.6, 78.4, 91.3, and 131.6$ per 1000 
gal were estimated for the original scavenging-  
precipitation phenolic-resin ion-exchange process  
for 2000, 1500, 1000, and 500 bcd volumes per 
resin cycle l e spcc t ive lye6  The number of bed 
volumes per Lycle, based  on obtaining minimum 
decontamination factors of 1000 for strontium and 
100 for cesium, varied ovcr this range in the  
original pilot-plant t e s t 6  as a resul t  of fluctuations 
in the  phosphate  concentration i n  the was te .  Ex- 
ces s ive ly  high phosphate  concent ra t ions  oc- 
cas iona l ly  caused  insufficient hardness  removal 
in  the scavenging-precipitation-fi l tration h e a d e n d  
s t e p  and consequent  premature breakthrough of 
radioactivity from the ion exchange  column. 
Although the  c o s t s  ca lcu la ted  for treatment of an  

average  of 1500 resin bed volumes of w a s t e  per 
resin bed cyc le  were economical ly  a t t ract ive,  i t  
is des i rab le  t o  optimize the  process .  Phosphate  
should b e  cons is ten t ly  removed t o  a leve l  of 
1 ppm or less t o  eliminate occas iona l  early break- 
through of radioactivity when high phosphate  con- 
ccnt ra t ions  occur and to  make i t  economical t o  
process  wa te r s  that  cons is ten t ly  have  high con- 
cent ra t ions  of phosphate. If hardness  removal i s  
maximum, the  number of bed volumes treated 
approaches  2600 before cesium breakthrough 
occurs and is limited by the sodium concentration. 
For waters in which strontium is the  l imiting 
radionuclide, more than 6000 bed volumes can  b e  
t rea ted  i f  hardness  removal before ion exchange  
is efficient (see pilot-plant t e s t s  above). 

Laboratory and pilot-plant tests showed that  
phosphate  can b e  removed by sorption on ac t iva ted  
alumina to  a leve l  of 1 ppni or less. The added 
cost i s  estimated a s  7g per 1000 gal, based  on 
2g in fixed c o s t s ,  1g  in  chemical  c o s t s ,  and 4~ 
in  waste-handling c o s t s  ( same basis as in Ref. 6). 
T h i s  c o s t  would apply,  however, only t o  watens 
containing e x c e s s i v e  amounts of phosphate. This 
method is much less expens ive  than one ca l l ing  
for the  u s e  of sodium carbonate.  'Tire total  p rocess  
cos t ,  us ing carbonate addition, w a s  es t imated  to 
be $1.02 per 1000 gal,6 partly d u e  t o  increased  
chemical  c o s t  and partly due  to the  reduction of 
column capac i ty  to 1000 bed volumes. 

T h e  u s e  of the Grundite-clay tegenerant recycle 
a l s o  h a s  a c l ea r  cost advantage.  In accordance  
with the  previous es t imate  a s  a b a s i s , 6  the  elimi- 
nation of regenerant was te  evaporation and tank 
s to rage  of evaporator concentrate dec reased  the 
c o s t  by 1.5~ for treating 2000 bed volumes, and 
2@$ foa t rea t ing  1500 bcd volumes. Cost i nc reases  
were 3g for s ludge  burial  and 1$ for fixed and  
chemical  c o s t s ,  a total  of 4 ~ .  

T h e  ne t  c o s t  for the ~ e v i s e d  scavenging-precipi- 
tat ion ion-exchange process us ing  alumina and 
the Crundite-regenerant recycle is 666 per 1000 
gal for treating about 2001) rcsin bcd volumes of 
was te ,  with minimum DF's of 1000 and 100 f o r  
strontium and cesium respcctivcly.  T h i s  includes 
34@ for fixed costs, 22s  for chemical  c o s t s ,  and 
l o $  for w a s t e  handling costs. If phosphate  removal 
is not required, the total c o s t  is about 606 per 
1000 gal. If strontium i s  limiting, i n s t ead  of 
cesium, and i f  6OG0 res in  bed volumes a re  t rea ted  
per cyc le ,  the  total  c o s t  is about 566 per 1000 
gal.  
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Scavenging-Prccipitsticn Foam-Separation Process 

haboratary Studies. - Two methods for deccn-  
taminating low-level radioact ive process  w a s t e  
water by f o a m  separat ion were examined: (1) T h e  
two-step process ,  in which most of the  hardness  
(calcium and magnesium ions)  is first precipi ta ted 
in a s ludge  bed by making the  water  0.005 M e a c h  
in sodium hydroxide and sodium carbonate  in the  
presence  of 2 to 9 ppm of ferric ion scavenger .  
Further  purification of the  clar i f ied effliient is 
then achieved by adding, as  the  sodium s a l t ,  50 
to  70 ppm of dodecylbenzene sulforiate (DBS) 
surfactant  in  a countercurrent foam column. ('2) 'The 
one-step process ,  in which caustic-sodium ortho- 
phosphate  precipitant, ferric ion scavenger ,  sur- 
factant ,  and a flotation agent  (such a s  Armeen Z )  
are a l l  added together. T h e  slurry thus  forifled 
(containing.  strontium in a so l id  s t a t e )  and t h e  
d isso lved  strontium are then removed as  a COLII- 

bination of foam and froth. 
Two-Step Process. - Most of the  development 

work reported here  d e a l s  with the Iwo-step process  
( s e e  F ig .  3.23 in ref. l), in which overall strontium 
decontamination factors  up to  lo4 and l o 2  were 
a t ta ined  with t a p  water  and w a s t e  water  feeds ,  
respect ively,  when t h e  foam condecsa te  w a s  re- 
cycled.  ('l'hese va lues  were about two to four 
t i n e s  higher when the  foam condensa te  was not 
recycled.) Average DF's obtained for other radio- 
nuc l ides  in  three 12-hr w a s t e  water runs were: 
137Cs, 1.2 to 1.9; 60Co, 5 t o  15; 1 0 6 R ~ ,  3 t o  10; 
'44Ce, > l o 2 ;  and g5Zr-Nb, 2 to  23. None of t h e s e  

va lues  is necessar i ly  t h e  maximum possible .  

Radiochemical  a n a l y s e s  were done by resolving 
t h e  complex s p e c t r a  obtained with a 256-channel 
gamma-ray spectrometer  using the method of l e a s t  
squares .  

Dens i t ies  of t h e  s ludge  in a suspended-bed 
clar i f ier  were measured for a bed 1 0  to 13 c m  deep  
a t  a water flow rate  of 20 gal  ft-' hr-'. Caicinm 
and iliagnesium concentrat ions decreased  by a 
factor  of 5 to  5.5 from the bottoril to t h e  top of 
the bed, while the  concentration of ferric ion 
decreased by a factor of 3.5. T h e  concentrat ions 
of e a c h  of t h e s e  e lements  in slurry samples  taken 
a t  the  bottom, middle, and top of the  bed a r e  Suill- 
iriarized i n  T a b l e  3.11. 

Increasing the flow rate  threefold (from 20 to 60 
gal ft-' hr-'), when 0-01 M Na0I-I (no carbonate)  
was used  as the  precipitant, decreased  the bed 
densi ty  by a factor  of 2 to 2.5 (Table  3.12). 

Hccycle  of foam to t h e  sludge-bed premixer pro- 
duced no mechanical  di€f icul t ies ,  but an increase  
in t h e  entrainment of s o l i d s  in  t.he effluent w a s  
noted in w a s t e  water runs.  T h i s  apparently re.. 
duced t h e  eff ic iency of strontium removal in the 
foam column. Also,  the  surfactant ,  dodecycl- 
benzene su l fona te  (DBS), accumulated in the 
so l id  p h a s e  of the  s ludge ,  probably as calcium and 
magnesi im dodecyclbenzene sulfonates .  

Phosphate ,  even in  the few-parts-pe r-million 
range,  interferes  with the  precipitation of cal-  
c ium, which, i n  turn, adversely a f fec ts  strontium 
removal by  the  foam column. 

3 0  

~ 

30E. Schonfeld, unpublished data. 

Table 3.1 1. Distribution of Iron and Total-Hardness Cat ions in  the Sludge Bed 

Conditions: Flow rate ,  20  gal  ft-2 hr-' 

0.005 M NaOH-0.005 IM Na2C03 ,  except  where noted 

Tota l  Hardness  Calcium 
Iron CaCO, in Tota l  Hardness  

Sample Point  (as  C a C 0 3 )  (as C a C 0 3 )  
(g/liter) (g/liter) (g/liter) (%) 

Bot tom 16.70 12.02 1.355 73 

Middle 11.34 6.66 0.815 59 

Topa 3.35 2.19 0.390 65 

aO.O1 M NaOI-I; no carbonate. 
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Table  3.12. Effect of Increasing the Flaw Rate of the Feed on Densi ty  of the Sludge Bed 

NaOH, sufficient to make the feed 0.01 M Precipitant: 

F l o w  Rate  of F e e d  to the Total  Hardness ,  

Sludge Bed as CaC03 

(gal ft-' h r - l )  (g/l iter) 

20 

47 

60 

3,35  

2.00 

1.40 

Phospha te  c a n  b e  temporarily removed a s  a ferric 
phosphate i f  the  ferr ic  ion is added while the pH 
of the water is low (5 t o  8), rather than when the 
pH is high, as would be  the  case af ter  the addition 
of caust ic-carbonate ,  which c a u s e s  calcium t o  
precipi ta te  a s  the carbonate.  A t  the high final 
pII (11.3), the  ferric phosphate  gradually redis- 
s o l v e s  and t h u s  i n c r e a s e s  the amount of so lub le  
phosphate  ion ava i lab le  for inhibit ing the prc- 
c ipi ta t ion of calcium. For t h i s  reason,  in pro- 
longed operation (several  d a y s )  under high-phos- 
phate condi t ions,  no important gain is real ized 
from sepa ra t e  iron addition. T h e  final so luble  
phosphate concentration in the s ludge  column 
would s lowly approach t h e  same  va lue  i t  would 
have  were the  ferric ion and caust ic-carbonate  
added s imultaneously t o  a high-phosphate feed. 
T h e  effect  of s e p a r a t e  iron addition w a s  more 
pronounced for s imulated w a s t e  (tap water con- 
ta ining 5 ppm of phosphorus as sodium orthophos- 
phate) than for ac tua l  was t e  water,  which contained 
1 to 5 ppm of phosphorus as mixed ortho-, meta-, 
and polyphosphates.  l o  

Also worth noting is a brief s tudy that  indicated 
that t h e  a lgae  in w a s t e  water  tend to concentrate  
phosphates ,  which could then be readily removed 
by filtration in a s ludge  bed or by flotation in  a 
foam column. 

T h e  addition of 0.3 to  0.6 l b  of Grundite c lay  

per 1000 gal  of feed water removed about 85 to 
90% of t h e  cesium in the  s ludge  bed but had 
l i t t l e  or n o  effect  o n  the  removal of strontium. 
Raking t h e  clay for 20 min a t  600°C almost  doubled 
the sludge-bed DF  for cesium - from abou t  7 or  8 
to almost  1s. Asbes tos  CMS (a refined a s b e s t o s  
product of Union Carbide Corp.) and purified mag- 

I_ 

CaCO in Total  

Hardness  
3 

Calc ium,  as  

C a C 0 3  

(g/l i ter)  

Ferric Iron 

(g/liter) 
(7.0) 

................ _____ 

2.19 0.39 63 

1.25 0.28 62.5 

0.88 0.20 62.5 

nesium ammonium phosphate  powder were found 
to  be  4.5 t o  15 t imes less effect ive for sorbing 
cesium than untreated Gmndite  c lay  of even larger 
par t ic le  s i z e  (>SO mesh). 

Attempts to enhance  cesium decontamination in 
the foam column by complexing it with sur fac tan ts  
having good foaming properties and ac t ive  phenolic 
groups in  b a s i c  solution fai led in a s ingle-s tage 
column. RWA-100 (a monobutyl phenylphenol 
sodium sulfonate),  hexachlorophene, dichloro- 
phene, and each  of t h e s e  in combination with 
dodecylbenzene sulfonatc  (DBS) were tes ted .  
T h e s e  were chosen  b e c a u s e  they had  shown 
s e l e c t i v e  cesium-complexing abi l i ty  a t  pH 12 or 
higher in ion exchange or  so lven t  extraction sys-  
t e m s  containing high concentrat ions of sodium. 
They  showed no se lec t iv i ty  in t h e  foam-column 
s t u d i e s .  

T h e  foamcolumn parameter,  V / L D  (where V and 
L are t h e  g a s  and l iquid flow rates, respect ively,  
i n  cub ic  cent imeters  per minute and D i s  an 
average bubble diameter,  in centimeters),  which is 
proportional to the extract ion factor,  must exceed  

. 150 i f  adequa te  strontium DF's  (a t  l e a s t  100) a i e  
t o  be  achieved in the foaming s t e p .  Correlation 
of t h i s  function with DF's €or other radionucl ides  
in process  was te  water h a s  not been done to  date .  
However, in runs with t a p  water  that  contained 
only 1 3 7 C s  t racer ,  V / L D  va lues  in the range 250 
to 350 were not suff ic ient  for cesium extraction. 

A semiquant i ta t ive comparison w a s  made of 
the biodegradabili ty of the branched-chain alkyl- 
benzene  su l fona tes  (ABS) present  in (1) was te  
water from unknown commercial  c l ean ing  com- 
pounds,  (2) F a b ,  and (3) Trepolate  F-95. After 
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two t o  three weeks ,  a l l  the  spec imens  had been 
degraded t o  a n  average extent  of about  50%. 

One-Step P r o c e s s .  - Improvement of the one- 
s t e p  process  yielded strontium DF’s31 of 250 to 
450. New f lotat ion agents  superior to Aimeen Z 
were a l s o  found. C o s t s  for chemicals  a r e  too high 
for t h e  one-step process  t o  be  competitive with 
other ava i lab le  decontamination mcthads. Further  
laboratory development work h a s  been suspended .  

Engineering Studies. .- Engineering s t u d i e s  for 
t h e  design and operation of separat ion columns 
using countercurrent flow of a s t a b l e  f o a m  and a 
liquid were completed. Specific problems for a 
low-level radioact ive w a s t e  treatment pilot plant 
were invest igated.  

Feed Distributor. - A feed distributor, designed 
to  give 37 feed s t reams on about  a 33/4-in. tri- 
angular spac ing  in  a 24-in.-diaiii column, gave  
uniform f lows,  low d ischarge  ve loc i t ies ,  and re- 
duced channel ing to  the degree  required for large- 
diameter foam columns. Para l le l ,  horizontal ”/*- 
in.-013) tubes were spaced  a c r o s s  the  column, with 
0.037-in.-diarn metering or i f ices  and baff les  t o  
give a low discharge velocity. 

T h e  e f fec ts  of dodecylbenzene sulfonate  and Na’ 
concentrat ions on foam s tab i l i ty  in a 24-in.-diam 
column with a 48-in, foam height  were s tud ied  a t  
various g a s  and liquid flow rates .  T h e  low-level- 
w a s t e  f o a m  column should have  a s t a b l e  foam 
when the  liquid conta ins  25 ppm of dodecylbenzene 
sulfonate;  a t  10 ppm, gross bubble growth oc- 
curred, and over three-fourths of the sur face  gen- 
erated w a s  lost. 

Orif ice  Foam Breaker. - T h e  idea  of a n  orifice 
as  a f o a m  breaker vias developed f rom considera-  
tion of the  foam-breaking inechanism in a previ- 
ously tes ted  sonic  cyc lone  and centrifugal foam 
breakers .  Since sharp  pressure changes  and even 
pressure discont inui t ies  a r e  poss ib le  i n  an or i f ice ,  
the  performance of or i f ices  a s  foain breakers  w a s  
tes ted.  

Experimental data  w a s  co l lec ted  for four or i f ice  
diameters ,  us ing  foam from extra-coarse-porosity, 
fritted-glass d i s k  g a s  spargers .  Foam generated 
from a 200- to  275-ppm Trepolate  F-95 solut ion 
w a s  drawn through the  orifice by vacuum, with 
t h e  top of t h e  column vented to  the  atmosphere. 

31E. Rubin, E. Schonfeld,  and J. Weinstock,  Removal 
of Metallic Ions b y  Foaming Agents  and Suspensions:  
Laboratory and Engineering Studies,  RAI-116 (December 
1963). 

T h e  amount of uncondensed foam w a s  measured 
b y  operating the orifice for 2 to  5 min and then 
venting t h e  vacuum pot and discharging t h e  liquid 
and f o a m  into a graduate. T h e  orifice diameter, 
the  foam rate ,  t h e  pressure  drop a c r o s s  the orif ice ,  
the foam dens i ty ,  the  d i s t a n c e  from the  orifice to 
the vacuum chamber wal l ,  and the  wal l  material 
were varied. 

Foaius were e a s i l y  condensed by an or i f ice ,  
with residual  foam volumes being about a thou- 
sandth of those  of the in le t  volumes for well- 
drained foams. P r e s s u r e  drops from atmospheric  
for the in le t  f o a m  t o  1; atm in t h e  vacuum pot were 
adequate. T h e  same pressure ratio would probably 
apply a t  other pressures  (i.e.,  an upstream-to- 
downstream pressure ratio of 2 is probably ade-  
quate). With the  inlet  f o a m  a t  atmospheric pres- 
sure ,  condensat ion was l e s s  complete for a 30- or 
25-cm H g  pressure drop, compared with a pressure  
drop of 50 or 65 c m  of Bg, arid became very poor 
for lower pressure drops. 

T h u s ,  condensat ion occiirs as the  bubbles  pass 
through the  orifice, and or i f ices  smaller  than the  
bubble  and impingement of t h e  bubbles  on a 
sur face  a re  not necessary .  T h e  condensat ion of 
foam w a s  abaut  equally eff ic ient  for 0.015- and 
0.250-cm-diam orifices. T h e  0.015-cm-diarn or i f ice  
w a s  smaller  than nearly all t h e  bubbles ,  while the 
0.250-cm-diam orifice w a s  larger  (mean bubble 
diameters  of 0.05 to  0.08 cm). For most t e s t s ,  the  
s t ream from the  or i f ices  impinged on a Teflon 
s h e e t  p laced  2 to  3 in. from the  orifice. T h e  
amount of uncondensed foam w a s  s l igh t ly  de-  
c r e a s e d  by placing the  or i f ice  24 in. from the 
Teflon shee t .  T h e  amount of uncondensed foam 
w a s  s l ight ly  greater for 3 g l a s s  sur face  in  p lace  
of the Teflon shee t .  It appeared that  the  foam 
bubbles  broke before they hi t  the sur face  and tha t  
t h e  liquid s t r ik ing  the  surface caused  some forma- 
tion of new f o a m  bubbles ,  depending on the  ma-  
ter ia l  and posi t ion of t h e  surface.  

Solution Flow. --- T h e  laminar flow of solut ion in  
t h e  cont inuous liquid phase between s t a b l e  foam 
bubbles  w a s  studied.  T h e  model u s e d  for the  foam 
structure  pos tu la tes  that  m a s t  of the flow of liquid 
through t h e  foam is in the  s p a c e s  enc losed  by 
three bubbles  (P la teau  borders). T h e  foam- 
drainage models  in t h e  l i terature  did not adequately 
descr ibe  the  P l a t e a u  borders and u s e d  empirical 
cons tan ts  to descr ibe  the  experirnentally observed 
foam drainage. Equat ions and theoret ical  cons tan ts  
derived i n  t h i s  invest igat ion show good agreement 
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with experimental  resu l t s  for severa l  foam-drainage 
s i tuat ions.  T h e  equat ions f i t  new experimental  
resu l t s  and d a t a  in  the  l i terature  for the accumu- 
la t ion of solut ion below a s ta t ionary bed of foam. 
T h e  densi ty  and drainage of foam were correlated 
for countercurrent,  ver t ical  flow of foam and liquid,  
and for continuous time s teady-s ta te  discharge of 
foam flowing vertically or  horizontally through 
drainage chambers.  T h e  principal var iables  were 
average foam bubble diameters  of 0.3 to 1.5 mm, 
average foam d e n s i t i e s  of 0.001 to  0.34 g/cm3, t h e  
dimensions of the  foam beds  or drainage chambers,  
and superf ic ia l  foam or l iquid ve loc i t ies  of 0 to 1.0 
and 0 to 0.35 cm/sec respect ively.  T h e s e  experi-  
mental resu l t s  were obtained i n  6-in.-ID foam 
columns and in  a 24-in.-diam column operated with 
flows up to 80 li ters/min forfoam and 13 li ters/min 
for l iquid.  

A square,  Luc i t e  foam column w a s  operated with 
a s i z e  (4 x 4 in.) and condi t ions to represent  one  
l iquid feed or i f ice  uni t  of the  low-level-waste 
pilot-plant column. T e s t s  have  shown that  a s t a b l e  
flow regime may be expected. At a feed rate  of 
400 rnl/min (equivalent to  a pilot-plant rate of 
5 gpm), channel ing and flow inve r s ions  are  ob- 
served,  as would b e  expec ted  from a predicted 
“flooding rate” of 2.8 gpm. 

Pilot-Plan? Design. - A foam-separation pilot  
plant  h a s  been designed and is currently being 
ins ta l led  in  the  ORNL Low-Level-Waste P i l o t  
P lan t .  T h e  p rocess  wil l  be  t e s t e d  us ing  ORNL 
low-level was te ,  which is representat ive of s imilar  
w a s t e s  produced a t  most ins ta l la t ions .  A general  
f lowsheet is shown in Fig.  3.17. T h e  precipitation 
equipment used for the ion exchange p rocess  will  
a l s o  be used  for the foam process  (see Sect. 3.2, 
Pi lot-Plant  Tests) .  In t h i s  c a s e ,  a carbonate  
precipitation (0.00s M Na2C03 ,  5 ppm copperas)  is 
used  to  remove ha rdness  i o n s  (calcium, magnesium, 
etc.), and Grundite c lay  (0.5 lb/1000 gal)  is u s e d  
to sorb cesium. After c lar i f icat ion arid filtration 
through the anthtaci te  f i l ters ,  was t e  will  be  fed 
to  the  foam-separation columns shown i n  Fig.  3.17. 

T h e  p rocess  equipment inc ludes  a countercurrent 
foam column (2 f t  square and 14 ft high) for de-  
contamination of the was te ,  three recovery columns 
in s e r i e s  for the removal and recycle  of sur fac tan t  
fiom the  w a s t e  effluent before discharge,  and two 

types of foam-breaking equipment (or i f ices  and a 
centrifugal foam breaker). T h e  air sys t em for the  
generation of foam in the  countercurrent and re- 
covery columns inc ludes  a N a s h  vacuum pump, 

which maintains  a c losed  circulat ion of a i r  to 
prevent the  release of contamination from the 
process .  T h e  only g a s  requiring cleanup will  be  
the  e x c e s s  gas bled from the  sys t em through the 
water s e a l  i n  order to control the sys t em inventory. 
T h i s  w i l l  b e  discharged to the pilot-plant scrubber  
and the  building-ventilation-system filters. Ai r  for 
t h e  dis t r ibutors  in the  foam columns is suppl ied by 
t h e  vacuum pump a t  a controlled volume and 
pressure.  E x c e s s  a i r  over that  required by the 
dis t r ibutors  is bypassed  to the  air  header  and is 
then dis t r ibuted to the foam sec t ion  of the  re- 
covery columns, where i t  mixes with the  a i r  from 
the  recovery column distributors.  This arrangement 
provides more air  for sweeping the foam out of the 
columns in to  the or i f ice  foam breakers ,  and i t  a l s o  
provides a cons t an t  a i r  flow rate  through the 
or i f ices .  Consequently,  changes  in or i f ice  s i z e  to 
compensate  for changes  in  the  air fed to the  dis t r i -  
butors  wil l  not be  necessary.  Air fed to the counter- 
current column is separated from the foam in t h e  
centrifuge foam breaker and then fed to the air  
header ,  where i t  mixes with the bypass  a i r  stream. 

Deta i l s  of t h e  foam columns are shown in Fig.  
3.18. The  countercurrent column is 2 ft squa re  
and h a s  about 8 ft of countercurrent contact ing 
height. Foam is generated by nine 3-in.-diam 
sp innere ts  immersed i n  a 24-in.-deep pool of 
water. Each  spinneret  h a s  4174 holes ,  60 p in 
diameter,  for dis t r ibut ing the a i r  for foam genera- 
tion. Liquid from the bottom of t h e  column is fed 
continuously to the recovery columns, where t h e  
surfactant  is stripped, and then recycled back to 
t h e  bottom of the  countercurrent column. T h e  
countercurrent column feed distributor c o n s i s t s  of 
s i x  .3/8-in.-diam pipes  with s i x  or i f ices  dr i l led along 
e a c h  pipe,  making a total  of 36 ori€ices .  T h e  
orifice diameter is 0.052 in. A sma l l  baff le  is 
provided below e a c h  or i f ice  to prevent the  j e t  of 
l iquid from impinging direct ly  on the foam. As the  
foam r i s e s  above the feed distributor,  it  e n t e r s  a 
short  ver t ical  drying sec t ion  and then a 6-ft-long 
baffled horizontal  drying sect ion.  T h e s e  s e c t i o n s  
provide suff ic ient  res idence t ime for entrained 
l iquid to  drain from the foam, thus  inc reas ing  the  
overal l  volume reduction for the system. Liquid 
drained from the  horizontal  drying sec t ion  is 
redistributed in the column by a distributor posi- 
t ioned j u s t  below the main feed distributor.  Foam 
l eav ing  the  drying sec t ion  will be  co l l apsed  in  the  
centr i fugal  foam breaker. 
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Recovery of the  surfactant  is accomplished in a 

s e t i c s  of three 2-ft square  foam columns ad jacent  
to the  countercurrent column. Each column i s  
44 in. high, with a 24 -h -deep  liquid pool and a 
large foam olitlet nozz le  posi t ioned j u s t  above t h e  
liquid leve l  t o  prevent foam col lapse  before i t  
l e a v e s  the column. 'The f o a m  is col lapsed  while  
p a s s i n g  through or i f ices  i n  t h e s e  nozzles. Liquid 
introduced in  the  top column f lows to t h e  lower 
columns through s e a l e d  downcorners. T h e  liquid 
f rom the  bottom column is the  decontaminated 
was tc  that  h a s  been s t r ipped dowii to  contain less 
than 5 ppm of surfactant .  Air distribution in each 

recovery column is accomplished wi th  four Micro 
Metallic s t a i n l e s s  s t e e l  spargers .  T h e  average  
mean pore-size opening i n  the  spargers  is 10 +L 

(grade G). Foaniate from a l l  three r w o v e r y  columns 
i s  recycled cont inuously to the  countercurrent 
column. 

The maximum des ign  capaci ty  of the  sys tem will 
be about 5 gpm of ORNL low-level waste. T h e  
liquid pumps arid t h e  Nash vacuum pump have  been 
s i z e d  t o  handle  th i s  feed rate ,  but lower throughput 
r a t e s  aiid a wide range of air-to-liquid ra t ios  c a n  
also be  s tudied i n  t h i s  equipment. 
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F i g .  3.18. Detoils of Foam Columns. 

Simple, s a f e ,  and inexpens ive  methods a r e  
needed to s tore  w a s t e s  whose radioact ivi ty  leve l  
is low enough tha t  h e a t  generation is not  a problem 
but whose radioactivity leve l  i s  high enough tha t  
they cannot  b e  discharged to t h e  environment. 
One mcthod to reduce the  volume and d e c r e a s e  the 
solubi l i ty  of  liquid concent ra tes  and s l u d g e s  is to 
el iminate  the  water  and coat. t h e  dried s o l i d s  with 
a cheap  iner t  material, Incorporation of s u c h  
w a s t e s  i n  asphal t  or t a r  appears  t o  b e  s imple,  
inexpensive,  re la t ively i n s e n s i t i v e  to the type of 
mater ia l  being coa ted ,  and, within l imits ,  inde- 
pendent  of local geologic  and hydrologic coiadi- 
t ions.  T h e  product is eas i ly  sh ipped  to a burial  
ground i n  a controlled area.  Other methods,  s u c h  
as s torage  of concentrated so lu t ions  or  s t o r a g e  of 
the s o l i d s  from t h e s e  so lu t ions  af ter  var ious drying 
schemes ,  d o  not  seem to offer t h e  unique combi- 
nat ion of advantages  ascr ibed to asphal t .  

Evaporator concent ra tes  and s l u d g e s  corre- 
sponding to misce l laneous  wastes from a n  atomic 
center  were incorporated i n  cement  and emulsif ied 
asphal t .  T h e  was te  s lur r ies  or s o l i d s  a re  f i r s t  
mixed with the asphal t  a t  room temperature. T h e  
temperature is then ra i sed  to  160OC to volat i l ize  
t h e  water, l eav ing  t h e  s o l i d s  e n c a s e d  in asphal t .  
In a plant faci l i ty  the  product would b e  transferred 
to a s t e e l  barrel before cooling. T h e s e  s tud ie s  
showed that  was te  so lu t ions  o r  s l u d g e s  a r e  more 
e a s i l y  incorporated (at lower temperatures  and with 
less stirring) into emulsif ied a s p h a l t  than into 
a s p h a l t s  s u c h  as t h o s e  used  a t  Mol, 
which a r e  almost rigid at room temperature. [ T h e  
a s p h a l t  paving emulsion u s e d  in our s t u d i e s  is 
dt-fined i n  Federa l  Specification SS-A-674b (Emul- 
s i o n  Paving  Asphalt) as type RS-2: a rapid- 
se t t ing ,  high-viscosity, emulsif ied a s p h a l t  for 
sur face  treatment. The  material u s e d  contained 
35 wt % water.] T h e s e  s t u d i e s  also showed tha t  
volume reduction factors  (volumes of w a s t e  s o h -  
tion per  volume of product) were as high as 2 for 
products  prepared from emulsified asphal t ,  whi le  
they were usua l ly  less than 1 for products prepared 
from Port land cement  (Table  3.13). They also 
showed tha t  the l e a c h  r a t e s  of  13’Cs and sodium 
were about  100 tmes greater for the  cement  
products than for the  asphal t  products  ( T a b l e  3.13). 
T h e  l e a c h  rate  (in d is t i l l ed  water a t  25OC) of 
137Cs f rom an asphal t  product containing 20 wt  % 
s o l i d s  from simulated OIZNI, waste  evaporator 
bottoms (Table  3.13) w a s  5.5 ii g cm-’ day-’ 
a t  the  end  of two weeks,  while the ra te  from a 
product containing 62 wt % solids w a s  7,3 x 
a t  t h e  m d  of two weeks.  Experiments t h u s  far  
ind ica te  t h a t  t h e  l e a c h  rate  i s  affected more hy the  
percentage of solids and by the  s p e c i e s  being 
leached  (Cs and Ma > Ru and Sr) than by t h e  type 
of leach  test (i.e,, flowing water  v s  s tagnant  
water). T h e  term “leach rate” rather than “dis- 
solut ion rate” i s  used  s i n c e  the  asphal t  matrix 
d o e s  not  dissolve.  L e a c h  r a t e s  wete  ca lcu la ted  
by u s i n g  the expression:  

Activity leached/cm2/day 

Act ivi ty/g of product 
- - .____I = g c m - 2  day-‘  , 

32P, Drjonghe et at., Insoliahiliaation of Radioactive 
Coilcentrates b y  Asphalt Coating; Final Report No. 3, 
1st Part, Concerniiig Proposal 167, April I, 1961, to 
March  .31, 1963, EURAEC-695. 
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fraction of act ivi ty  leached  per u n i t  a r e a  per uni t  
time for 1 g of product, 

P o s s i b l e  d isadvantages  of an asphal t  matrix 
m a y  be  i t s  low melting temperature and s tab i l i ty  
toward radiation. Workers h e r e 3 3  concluded that ,  

3 3 C .  D. Watson, A. J. Hoiberg, and G. A. Wsst, Ind. 
En& Chem. 50, 87A-aOA (1958). 

T a b l e  3.1 3. Incorporation of  Inteimediate-Level 

Hadioactive Wasre Solutiona in Cemeiit and Asphalt  

Cement Asphalt  

in general, a s p h a l t s  and ta rs  can  b e  used  suc-  
cess fu l ly  in radiation environments as long as  the 
total  exposiire d o e s  not exceed  ahout  l o 9  rads. 
Expei iments  a t  Mol3* showed that  a dose  of 10' 
rads  had l i t t l e  or  n o  effect  on the  leach  r a t e  of 
mater ia ls  incorporated i n  asphal t .  Conservat ive 
ca lcu la t ions  (Table  3.14) show that  these  d o s e s  
will not be  exceeded  for most intermediate- and 
low-level. w a s t e s  encountered in  practice. 

3.4 ENSBNEERBNG, ECQN MICS, AND SAFETY 
E V A  LUAT 3ONS 

Volume rcduction factor  0,6 

Wt :lo so l ids  from was te  solut ion 

Leach  rate  after t e a  weeks ,b  

24 

g cm-'  day.- '  

N a  4 x l o - - *  

1 3 7 c s  3 x 10-2 

' ' ~ r  3 x 

'06Ru c 

Density, g/cr1i3 1.6 

2.0 T h i s  s tudy,  undertaken in  cooperation with t h e  
62 ORNL Hen1t.h P h y s i c s  Division, h a s  a s  i t s  ob- 

jec t ive  the  evaliiat-inn of the economics and safe ty  
a s s o c i a t e d  with t h e  management of radioactive 
waste. All s t e p s  between final process ing  and 
ultimate d i s p o s a l  a r e  being considered,  and i t  i s  
expected that  a n  optimal combiliation of operat ions 
wil l  be  def ined for different methods of disposal. 
and that  the  most proinising areas for experimental 
s tudy will be indicated.  

3 x 1 0 - ~  

10-4  

6 x l o w 7  
d 

aMolar composition: 6.61 Na', 0.19 NH4+,  0.22 Ai", 

bCalculated according t o  the expression:  

0.35 SO,"., 0.056 C1-, 2.06 OH-, and 1.61 N O , - .  
Progress and Status 

~ Activity :ceched/cm2 /day Pr incipal  emphas is  has: been placed so far on the  
Act ivi ty/g of product economics of a s e r i e s  of operat ions bel ieved t o  

cNo t e s t  madc wi th  '06Ru in  cement. rcpi-esent an acceptably safe schemc for the 
dNone detectable  af ter  ten weeks  of leaching. management of highly radioaci ive l iquid w a s t e s .  

-__ - g cm-2 day-'. 

T a b l e  3.14. Absorbed Dosea of Asphaltic Productsb Incorporating Radioactive Solids 

from Wasies of Intermediate Radioact iv i ty  L e v e l  

Elapsed  time, yr 1 1 0  100  1000 

1 3 7 ~ s , c  cur ies /ga l  of was te  

0.1 2.6 x 10' 2.3 X l o 6  1.1 x l o 7  1.3 x l o 7  

5 1.3 Y l o 7  1.2 x 10' 5.5 x 10' 6.2 x 10' 

' 0 6 ~ u , d  cur ies /ga l  of was tc  

0.1 3.1 A l o 5  6.2 x l o 3  6.2 X 10' 6.2 x l o 5  

5 1.6 U l o 6  3.1 X l o 6  3.1 X l o 6  3.1 X l o 6  

- ~~~~ ~~- 

a A s s u m i n g  infinite homogeneous medium. 

bAsphaltic product represents  a volume reduction of 2 from the w a s t e  and has  a densi ty  of 1.5 g/crn3. 

'Enerey of disintegration, 0.8 M e \ ;  decay constant ,  2.1 x 1 0  

dEnergy of dis integrat ion,  1.3 M e v ,  decay constant ,  6.9 X 10 

yr-'. 

' yr - I .  
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Est imated c o s t s  have  been reported previously , 3 4  

for interim s torage  of the  w a s t e s  as l iquids ,  con- 
vers ion to s o l i d s  by pot calcinat ion,  interim 
s torage  of s o l i d s ,  and shipment  of so l ids .  Also, 
t h e  e f f e c t s  of f i ss ion  product removal on w a s t e  
management costs were est imated. '  A study of the 
c o s t s  for f inal  d i sposa l  of sol idif ied w a s t e s  in 
s a l t  mines is currently near ing  completion. 

During t h e  p a s t  year ,  s t u d i e s  were made of t h e  
comparative costs of the permanent s torage  of 
sol idif ied w a s t e  in  concrete  vaul t s ,  granite forma- 
t ions ,  and s a l t  mines," and of the implicat ions 
a r i s ing  from the  presence  of fission product tritium 
in fuel  process ing  was tes .  

Comparative Costs for D i s p ~ s a l  in  Vaults,  
Granite, and Salt 

Although c a v i t i e s  mined i n  s a l t  formations a re  
bel ieved to offer the b e s t  poss ib i l i t i es  for the 
permanent d i s p o s a l  of sol idif ied w a s t e s ,  the  u s e  
of s a l t  mines implies  t h e  probable  need  for sh ipping  
t h e  w a s t e s  from a process ing  plant  poss ib ly  many 
m i l e s  dis tant .  Suitable d e p o s i t s  of granite o r  
s h a l e  might b e  more a c c e s s i b l e  to a plant, and i t  
i s  conceivable  that high-integrity concre te  vaul t s  
could b e  constructed at the  plant  site for permanent 
containment. L a c k i n g  a formal s a f e t y  ana lys i s ,  a 
qua l i tahve  observat ion c a n  b e  made tha t  d i s p o s a l  
in gran i t r  would, a t  bes t ,  be n o  s a f e r  than in  sal t  
and that c o n c r ~ t e  vaul t s  would be  l e s s  safe be- 
c a u s e  of the lirniled durability of the  concre te  and  
r h e  c l o s e n e s s  of the  waste to t h e  biosphere. 
Therefore, the c o s t s  for mining s p a c e  i n  grcrnite 
must  be as low as fo; salt, and for vaul ts ,  lower 
than for salt, for: t h e w  al ternat ive methods I o  be  
competitive. As em bc w e n  h ~ l o w ,  t h i s  w a s  not 
found to b e  t h e  case. Costs far  s torage  i n  con- 
c r e t e  vaul t s  were five to SPVFL~I t i m e s  greater  than 
those for s torage i n  s a l t ,  and c o s t s  for s to iage  i n  
grani te  were twice those for salt. 

A b a s i c  assumption i s  that ,  after the  w a s t e  h a s  
been placed i r i  storage, all accesses to the  
s torage  a rea  arc  s e a l e d  t o  provide t h e  maximum 
containment and i so la t ion  from t h e  environment. 
Under t h c s e  circumstances,  d i ss ipa t ion  of the 
radioact ive d e c a y  h e a t  will occur  only by con- 
duction througli t h e  surrounding so l id  medium. 
Bet te r  h e a t  t ransfer  to permit more eff ic ient  

3 - 2 ~ .  L. Culler et al., Chrm. ~ a c h r ~ o l .  niv .  ~ t m .  
Progr. R t p t .  June 30, 1962, ORML-3314 (Sept. 14, 1952). 

uti l izat ion of s torage  s p a c e  could be  achieved by 
circulat ing a i r  through the  s torage  a r e a  and d is -  
charging i t  bsck into t h e  atmosphere af ter  appropri- 
a t e  c leaning  and monitoring. However, t h i s  would 
represent  a l e s s - s a f e  s i tuat ion in  that  i t  would 
provide a direct  route for the  e s c a p e  of the  f i ss ion  
products  into the environment in  the event  of 
s a b o t a g e  or natural  disaster .  

Having ava i lab le  as a point of reference the more 
de ta i led  a n a l y s i s  of t h e  c o s t  factors  in  the  d i s p o s a l  
of ca lc ined  w a s t e s  i n  sal t  mines,  2 , 3 5  only a ra ther  
perfunctory a q a l y s i s  is needed  to show t h e  relat ive 
c o s t s  ~ O K  disposal  i n t o  vaul t s  and granite. The 
procedure cons is ted  it1 ca lcu la t ing  the  relat ive 
costs fa r  s torage  s p a c e  and then es t imat ing  s p a c e  
requirements as determined by h e a t  t ransfer  con- 
s iderat ions,  Handl ing procedures and operat ing 
costs were assumed to be ident ica l  to  t h o s e  used  
for disposal i n  sa l t .  

As i n  previous cost s t u d i e s  i n  t h i s  s e r i e s ,  a 6 
met.ric ton/day plant was assumed,  process ing  
1500 metric tons /year  of thorium converter fuel  at 
a burnup of 10,000 illwtl/metric: ton and 270 metric 
tons /year  of thorium converter  fuel  at a busnup of 
20,000 Mwd/metrie ton. This hypothet ical  plant  
would process  the  fuel  from a 15,000 Mw (electr ical)  
nuclear  economy, which may he in e x i s t e n c e  by 
1975. Acid Purex  and reacidif ied Thorex wastes 
packaged in  cy l inders  6 to 24 in. i n  diameter were 
chosen  for t h i s  s tudy  s i n c e  they p o s s e s s e d  the 
h ighes t  and  l o w e s t  h e a t  generation r a t e s  per uni t  
volume respect ively.  

T h e  concept  of the concrete  vaul t  assumed t h e  
construct ion of concre te  rooms  completely buried, 
with j u s t  suf f ic ien t  ear th  cover  to  provide the 
n e c e s s a r y  shielding.  B a s e d  on a preliminary 
des ign  of s u c h  a vault, equipped with a s t a i n l e s s  
s t e e l  l iner  and an air-cooling sys tem,  Watsran 
et est imated a cost of $PO.7O per cubic  foot 

of  s torage  s p a c e ,  T h e  gross resemblarice to t h e  
vaul t s  provided for s torage  of l iquid w a s t e s  is 
str iking,  i n  that  all a re  underground s t ruc tures  of 
reinforced concrete ,  a re  of about  t h e  Same size and 
proportions, and  have  leakt ight  metal linings. The 
c o s t  per uni t  of s torage  s p a c e  for t a n k s  ranges  
from $6 to $22.S0/ft3 at I-Ianford, Savannah River, 

3sR. E. Blanco and E. 6.. Siruxness, Waste Treatment 
and Disposal Progress Report for February and March 
1962, ORBL-TM-252, pp. 39-43 (Sept. 10, 1962). 

36L. C. Watson ct al . ,  Method of Storage of Solids 
Containing Fission Products, CRCE-736 (June 30, 
1953). 
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and t h e  Idaho Chemical P r o c e s s i n g  Plan t .  3 i  After 
tleductions for cool ing s y s t e m s  and metal l inings,  
s p a c e  in  t h e s e  underground concrete  s t ruc tures  
c o s t s  about $3 to $4/fi3. In t h e  present  stiidy, t h e  
u s c  of both ordinary and high-tempciature ccncre te  
was considered,  and the c o s t  of s p a c e  vias taken 
to  be  $3 a i d  S4.30/ft3 respectively. Salt i s  mined 
for about  $2/ton, which means that t h e  c n s t  for 
s p a c e  i n  s a l t  formations i s  about  15q/ft3. 

T h e  s p a c i n g  between cyl inders  of was te  in a 

s torage  sys tem is controlled by t h e  necess i ty  t o  
d i s s i p a t e  the  h e a t  generated by radioact ive decay  
without reaching temperatures that  are  injurious t o  
t h e  s torage  system. T h e s e  limiting temperatures 
wept: taken to b e  1650OF for t h e  was te ,  400 t o  
5QOCF for ordinary concrete ,  and I O O O O F  for 
s p e c i a l  high-temperature concretes .  Space requirs- 
i nen t s  for ac id  Purex and reacidified Thorex 
w a s t e s  s i tua ted  i n  racks  in  concrete  vaul t s  were  
computed as  functions of a g e  a t  buria!, assuming 
for h e a t  transfer e s t i m a t e s  the  case of a semi- 
infinite s lab ,  ini t ia l ly  a t  constant  temperature, 
with a constant  hea t  flux into one sur face  and hea t  
l o s s  from the  other  by convection. The grea tes t  
sav ings  in s p a c e  requirements for vaul ts ,  c o a p a r e d  
with those  for s a l t ,  occurred for the s torage  of 

w a s t e s  aged 1 0  to  3 0  years ;  over t h i s  range of 
a g e s ,  t h e  requirements differed by cons tan t  factors. 

Hence,  the  comparison of c o s t s  w a s  carried out 
only for 38-year-old w a s t e s ,  t h e  s torage  a rea  
requirements for which varied from 1.8 f t 2  for 
G-in.-diam cyl inders  of reacidified 'Thorex w a s t e  in  
high-temperature concrete  to  1300 f t 2  for ?%in.- 

diam cyl inders  of acid Purex in sa l t .  
T h e  c o s t s  of s torage  s p a c e  per cyl inder  in  

concrete  vaul t s  and i n  s a l t  mines were obtained 
from the  area requirements and s p a c e  c o s t s ,  
assuming R fl.oor-tc-ceiling height  of 15 ft ('Table 
3.15). T h e  c o s t s  for s torage s p a c e  i n  high-tem- 
perature concre te  were 20 to 50% less than t h o s e  
for ordinary concrete ,  but the  c o s t  of s p a c e  in 
vaul ts  w a s  a t  l e a s t  e ight  t imes higher  for both 
ac id  Purex and reacidified Thorex w a s t e  than the  
c o s t  of s p a c e  i n  salt  formations. In ca lcu la t ing  
t h e  to ta l  c o s t s  of s torage  i n  s a l t ,  G O  t o  85% was 
for  s a l t  removal, and, s i n c e  the  other  c o s t s  (e.g., 
for handl ing equipment and labor for s tor ing the  
c a n s )  would h e  about the  same for all s torage  

37E. Dound, D e s i g n  of Underground Storage Tanks for 
Radioactive IYastes, HW-57282 (March 1959). 

Tohle 3.15. Cost  of Space in  Salt Focmotions ond 
Concrete Vau l ts  for Cyl inders of Waste Aged 30 Years 

Cost of Space ($/cylinder) 

Acid Purex Xeaririified Thorex 

Diameter of the 

C y  lirider s 

(in.) 

. -- . .. . . . . . . ..__ 

6 

1 2  

24 

6 

1 2  

24 

6 

12 

24 

Salt Formations 

180 

740 

2920 

Vault ,  500OF L i m i t  

2300 

91 00 

36,500 

Vault, 1000°F L i m i t  

1470 

5800 

21,900 

15  

59 

230 

185 

720 

2850 

120 

460 

1850 

sys tems,  t h e  relat ive total  c o s t s  srrould probably 
differ by fac tors  of 5 to  7. 

Excavat ion c o s t s  in hard rock (grani te  or meta- 
morphosed basa l t )  have been reported to  range 
f rom $9 to $15/yd3 a t  a number of recent  Govern- 
ment  project^.^ ~y comparison, excavat ion c o s t s  
in s a l t  a re  about  $4/yd3 ($?/ton). T h i s  difference 
e x i s t s  because  heavier  equipment is required to 
mine hard rock, drilling is more difficult and 
s lower,  and costs of explos ives  are higher. Since 
t h e  thermal propert ies  of s a l t  are  within about 10% 
of t h o s e  of granite, the s p a c e  requirements i n  
e i ther  medium would be  about the  same. Further- 
more, t h e  ra t ios  of rock volume mined for s torage  
s p a c e  to that  lef t  as  supporting p i l la rs  would also 
b e  comparable. Assuming all. other  c o s t s  (amounting 
to 15 to 40% of t h e  total c o s t s )  to be  the same 
a lso ,  s torage  i n  granite would c o s t  about twice  a s  
much a s  s torage  in sa l t .  

3 8 ~ .  L. Russel l ,  U.S, Department of Interior, Bureau 
of Mines, personal  communication to R. L. Bradshaw, 
OHNL, May 16, 1963. 
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Management of Tri t ium in Fuel-Processing Wastes 

Tritium, 12.3-year ‘H, i s  produced i n  t h e  f i s s i o n  
cjf  2 3 s u  , with a y i e l d 3 9  of about  0.01%, and i t  
meri ts  s p e c i a l  considerat ion from the  s tandpoint  of 
its management i n  w a s t e s  from fuel process ing  
b e c a u s e  i t  i s  unresponsive to  separa t ion  and con- 
centrat ion by convent ional  procedures  for t reat ing 
waste .  In  fnel  process ing  about  25% of t h e  tritium 
appears  i n  t h e  d isso lver  off-gas and i s  re leased  
through t h e  s t a c k ,  Nearly a l l  the remainder ap- 
pears  as t r i t ia ted water in  t h e  evaporator conden- 
s a t e s  and is s a f e l y  re leased  to t h e  ground water  a t  
the  s i t e s  of e x i s t i n g  IJnited S t a t e s  process ing  
plants .  

T h e  extent  to which present  prac t ices  c a n  b e  
appl ied to t h e  future management of tritium-bearing 
w a s t e s  from recovery of power reactor  fuels i s  
unclear. B a s e d  on recent  predictions.ID of nuclear  
power growth in  the U.S., t h e  annual  production of 
tritium may b e  expected to r i s e  from about. 15,000 
c u r i e s  in 1368 to about  6 million i n  the  year  2000. 
T h e  accumulated production, a l lowing for natural 
decay ,  should r i s e  from 15,000 c u r i e s  t o  about 30 
million i n  2080. 

If t h i s  tritium could b e  uniformly d ispersed  
throughout the  environment, t h e  resul t ing i n c r e a s e  
in background would be of l i t t l e  s ignif icance.  In 
t h e  ac tua l  case, however, a fuel  process ing  plant  
will have  only its immediate environs ava i lab le  for 
dispers ion,  and t h e  capac i ty  of t h o s e  environs wil l  
depend on t h e  r a t e  tha t  tritium is r e l e a s e d  as  wel l  
a s  on t h e  many environmental fac tors  that  per ta in  
to that part-icular site. T h e  r a t e  of tritium release 
will be determined by t h e  i r radiat ion his tory of the  
fuel  and  i t s  ra te  of process ing  by t h e  plant. While 
t h e  e a r l i e s t  p lan ts  may h e  sized, b e c a u s e  of low 
process ing  requirements, to  handle  only a ton or 

so  of fuel  a day,  there  will be  a s t rong  economic 
incent ive  to increase  the c a p a c i t i e s  of individual 
p lan ts  as  t h e  nuc lear  power industry grows and to 
s i t u a t e  them less remotely. 

Three  poss ib i l i t i es  other  than t h o s e  i n  current  
use  at U.S. production s i t e s  for the d i s p o s a l  of 
tritium-bearing w a s t e s  are: (1  j dilution and re- 
lease direct ly  to sur face  waters ;  (2) dis t i l la t ion 
into t h e  plant off-gas sys tem and r e l e a s e  up the  

...........-__I...____. 

39E. L. Albenesius  and R. S. Ondrejcin, Nucleonics  

40Civilian Nuclear Dower, Appendices to a Report to 

14, 100 (September 1960). 

the Pres ident  - 1962,  IJSAEC, Washington 25, D.C. 

s t a c k ;  and (3)  recycle  of evaporator  tritium to 
build up  i n  the concentrated high-level w a s t e  
s t ream,  which is subsequent ly  s tored for decdy. 
It is probable  that  none wil l  offer the  b e s t  answer  
for all future s i tua t ions  but  that  all three may 
eventual ly  be  ut i l ized to t h e  fu l les t  pract ical  
extent. 

The quant i ty  of tritium that  c a n  b e  r e l e a s e d  to 
sur face  waters  call be computed within the  
l imitat ions that  (1) the  conccntrat ion s h a l l  not 
e x c e e d  ‘4 t h e  maximum permissible  concentrat ion 
i n  water  (MPCw) for cont inuous occupat ional  
exposure,  o r  3 x l o w 3  pc/cm3,  a t  t h e  boundary of 
t h e  control led zone,  and (2j t h e  concentrat ion 
s h a l l  subsequent ly  not exceed  t h e  ICRP-recom- 
mendrd  lcve l  for the  general  population of 1/30 the  
blPCw$ or 1 x pc/cm3. If the control led zone 
borders a stream of any s ignif icant  size, the f i r s t  
of t h e s e  restr ic t ions is controlling. 

A ton of fuel  i r radiated to 16,000 Mwd a t  a 

s p e c i f i c  power of 16 Mw conta ins  about 200 cur ies  
of tritium, which would require about  18 million 
galloias of dilution capac i ty  for i t  to  be re leased  
from the controlled zone  at the  MPC. T h e  total  
aqueous  effluent from a plant  operat ing with a 
Purex  process  flowsheet may b e  as much a s  l o 6  
gal  per  ton of fuel processed ,  but t h i s  is far short 
of t h e  requirements for tritium dilution. T h e  m o s t  
p rac t ica l  means  of achieving the  on-site dilution 
requirement would be  to h a v e  ava i lab le  for t h i s  
purpose a creek  or small river flowing thiough t h e  
controlled area. To meet  t h e  spec i f ica t ion  for u s e  
Sy t h e  general  population, this s t ream would have  
to flow i n t o  a larger  body of water  to achieve  
addi t ional  dilution by a factor of 3 or more. 

It is des i rab le  that  a plant  be  s i t u a t e d  ad jacent  
t o  a large, preferably navigable  river for other  and 
poss ib ly  more important r e a s o n s  than tritium 
disposa l ,  but  it  is much less obvious tha t  dccepta-  
b l e  sites should b e  limited to t h o s e  which, i n  
addition, encompass  a st ream of the  size useful  
for dilution. It is concluded,  therefore, t h a t  with 
res t r ic t ions  as present ly  interpreted, t h e  al ternat ive 
of r e l e a s e  to surfacp waters  is of very limited 
appl icabi l i ty  as a general  case. 

I>istillation into the  plant  off-gas may provide 
an a c c e p t a b l e  means  of re leas ing  tritium and o ther  
f i ss ion  product contaminants  in t h e  evaporator 
condensa tes .  I t  is est imated that  about  1200 
c u r i e s  of  tritium per day could b e  re leased  from a 

100-m-high s t a c k  under very unfavorable atmos- 
pheric  condi t ions (mean wind s p e e d  of 3 mph and  
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extremely unstable  condi t ions)  without exceeding  

‘4 the  maximum pemiiss ihle  concentrat ion in  a i r  
(MPC-:a) for cont inuous occupat ional  exposure of 
2 x l o ’ - ?  cur ies/cm3 a t  any point near  the ground. 
T h i s  a l lowable ra te  of re lease  wou?d permit a 
cont inuous fuel processing r a t e  equivalent  to  
96,000 M w  (thermal), which i s  t h e  predicted size of 
t h e  nuclear  power economy in about  1985. A 
s i n g l e  plant  of th i s  capac i ty  may not b e  i n  
ex is tence  until an even la te r  date. 

A second a s p e c t  of the  problem, however, i s  the  
deposi t ion on  t h e  ground of t r i t ia ted water  following 
i t s  re lease .  While i t  i s  bel ieved that  a tmospheric  
concentrat ion i s  probably t h e  more impor tmt  factor 
in  determining a!lowable tritium r e l e a s e s ,  addi- 
t ional  work will be required to e s t a b l i s h  ground 
to le rances  and the mechanisms for es t imat ing  
deposi t ion rates followitig s t a c k  r e l e a s e s  under 
different c l imat ic  conditions. 

Final ly ,  in  determining t h e  pract ical i ty  of t h i s  
niethod of tritium disposa l ,  considerat ion must b e  
given t o  the  l imitat ions s e t  for the r e l e a s e  of the 
other  f iss ion products which may also h e  present  
in t h e  evaporator condernsates. If 90Sr is taken as  

t h e  controlling nucl ide,  a decontamination factor 
of l o 8  to l o 9  between t h e  feed and condensa tes  of 
t h e  evaporator would b e  required. T h i s  i s  
ach ievable  with present  equipment but may require 
multiple-effect evaporation. 

One  means  of limiting t h e  re lease  of tritium t o  
the  environment would b e  t o  recycle  the  principal 
tritium-bearing s t reams within the process ing  plant ,  
caus ing  t h e  tritium inventory in  t h e s e  s t reams t o  
i n c r e a s e  until t h e  tiitiilm discharged for tank 
s torage  with t h e  concentrated high-level w a s t e s  i s  
equivalent  t o  that  enter ing with t h e  i r radiated fuel. 
A hydrogen ba lance  a c r o s s  the  H A  a id  HS columns 
of a two-cycle Piirex process  f lowsheet4’  indi- 
c a t e s  that  about  7% of the  tritium in the feed would 
follow the  orgaaic  product s t ream, while  93% would 

remain with t h e  aqueous  raffinate. T h e  raffinate 
i s  subsequent ly  evaporated to l ~ o  of i t s  or iginal  
volurne and s tared.  At t h i s  point, i t  conta ins  about  
3% of the  tritium in the  feed,  and the evaporator 
condensa te  conta ins  about 90%. If a l l  t h e  aqueous  
p r o c e s s  s t r e a m s  were recycled except  the  concen-  
trated raffinate, the  concent ia t ions of tritiuiii i n  a l l  
s t reams would increase  unt i l  they were about  33 
t imes greater than their  ini t ia l  va lues ,  and,  a t  th i s  
point, the  tritium i n  the high-level w a s t e  being 
bled from the p r o c e s s  would e q u a l  that  i n  the  feed. 
If tritium concentrat ions of t h e s e  magnitudes were 
undesirable  i n  t h e  f inal  product s t reams,  i t  could 
b e  reduced or  eliminated by evaporating l iqu ids  to  
dryness  and dehydrating s a l t s ,  followed by new 

solut ion makeup with uncontaminated water. 
While a total recycle  of aqueous streams is 

technical ly  poss ib le ,  in pract ice  i t  might b e  a 

rather complex and expens ive  proposition. In the 
proposed s i tua t ion ,  other  f i ss iun  products, es- 
pecial ly  ruthenium, would build up  i n  var ious 
s t reams.  Present ly  uncontaminated process  makeup 
a r e a s  would become radiation zories requiring 
safe ty  precaut ions awl limited personnel access. 

Poss ib ly  the  most  important a s p e c t  i n  determining 
the  feasibi l i ty  of recycl ing condensa tes ,  which 
average i n  volume about 10,000 ga l  per ton of fuel 
processed,  would be t h e  demonstration of how 
effect ively t h e  organic content  of t h e s e  s t reams 
could b e  controlled, T h e  so-cal led organic  
( I  cruds,”  composed principally of butyl phosphates  
and hydrocarbons, a r e  steam-stripped during evap-  
oration and would require removal f rom t h e  con- 
d e n s a t e s  before recycl ing i f  operating diff icul t ies  
were t o  be  avoided. Sui table  techniques have  not 
a s  yet  been demonstrated. 

41E. H. Irish, Descript ion of P u x e x  Plant  Process, 
IWy-60116 (May 19, 1959). 



4. Transuranium Element Processing 

T h e  Transuranium Process ing  P lan t  (TRU) and 
the  High Flux Isotope Reactor  (HFIR) are being 
built  here  in  order t o  provide gram quant i t ies  of 
many of the transuranium e lemen t s  and milligram 
quant i t ies  of some  of t h e  transcalifornium iso-  
topes.  T h e s e  mater ia ls  wil l  b e  used  for research 
purposes  in  laborator ies  throughout t h e  country. 

Long-term irradiation of a 10-kg batch of 239Pu 
in  a Savannah River production reactor h a s  pro- 
duced about 400 g of 242Pu and a 200-g mixture 
of 243Am and 244Cm. T h e s e  mater ia ls  were re- 
covered a t  the Savannah River  Laboratory (SRL) 
and then s e n t  here.  ARer fabricat ion in to  target 
rods,  they wil l  be further irradiated for 12 t o  18 
months in t h e  I iFIR,  and t h e  transcurium elements  
wil l  be  recovered a s  products.  T h e  curium iso-  
t o p e s  then wi l l  b e  returned t o  the  reactor for 
addi t ional  irradiation. 

Chemical  p r o c e s s e s  a r e  be ing  developed and  
equipment i s  be ing  designed in  order t o  make 
target rods,  d i s s o l v e  and recover transuranium 
elements  from t h e  irradiated ta rge ts ,  and then 
prepare and sh ip  t h e  recovered products t o  cus -  
tomers. T h i s  report summarizes the  development 
of the  chemical  s epa ra t ions  p rocesses ,  methods 
for preparing ac t in ide  ox ides  su i tab le  for incorpo- 
ration into HFIR ta rge ts ,  the des ign  and develop- 
ment of the  equipment to  do t h e s e  processes, and 
progress  in construct ion of t h e  Transuranium 
Process ing  Plan t .  Development of the  procedures 
for making the  t.argets, under t h e  direction of t h e  
Metals and Ceramics  Divis ion,  and corrosion 
s t u d i e s  being done in  t h e  Reactor  Chemistry 
Division are  not reported here.  

T h e  Curium Recovery Fac i l i ty  (CRF)  is under 
construct ion and wi l l  be  used  t o  t e s t  transuranium 
process  chemistry a t  ful l -scale  radioactivity 
leve ls ,  to recover multigram quant i t ies  of 243Am 
and 2 4 4 ~ m  for incorporation into HFIR ta rge ts ,  
and t o  purify gram quant i t ies  of 242Cm and 244Cm 
for u s e  in  thermoelectric converters  (Chap. 5). 

T h i s  faci l i ty  is being ins ta l led  i n  cells 3 and 4 of 
t h e  High Leve l  Chemical Development Fac i l i ty ,  
Building 4.507. At  present,  t h e  cel l -3  complex is 

s t i l l  under construct ion,  while t h e  cell-4 complex, 
which con ta ins  t h e  solvent  extraction equipment,  
is complete. Equipment cal ibrat ion and leak  t e s t -  
ing  have  been completed; cold runs  of chemical 
f lowsheets  are being made; and necessa ry  equip- 
ment modifications a r e  in  progress .  

4.1 DEVELOPMENT OF CHEMICAL PROCESSES 

A summary f lowsheet  for XiFIR target preparation 
and p rocess ing  is shown in Fig.  4.1. Ten  kilo- 
grams of Pu-A1 have  beerr irradiated i n  a Savannah 
River production reactor  t o  greater  than 99.9% 
burnup of 239Pu .  About 400 g of res idual  pluto- 
nium, primarily t h e  mass-242 i so tope ,  w a s  re- 
covered and purified a t  SRL. In addi t ion,  about 
100 g of 243Am and 100 g of 744Cm, along with 
10,000 cur ies  of rare-earth f i ss ion  products i n  
ni t r ic  ac id ,  were recovered from t h e  raffinate of 
the  plutonium-recovery p rocess  a t  SKL. T h i s  
mater ia l  is stored i n  a n  underground tank a t  t h e  
Curium Recovery Fac i l i ty  and wil l  h e  processed 
there  for recovery of americium and curium. T h e  
americium, curium, and rare ear ths  will  be con- 
centrated and converted t o  a chlor ide system by 
t h e  Clanex (Co-Lanthanide-Actinide-Nitrate Ex- 
t ract ion)  process ,  in  which americium, curium, 
and rare e a i t h s  are extracted into a tert iary amine 
from neutral  ni t ra te  solut ion and a r e  s t r ipped into 
d i lu te  hydrochloric ac id .  T h e  product can  then 
be adjusted to 11 M LiC1--0.1 LM HC1 for isolat ion 
of ac t in ides  from lanthanides  by the Tramex proc- 
ess. T h e  purified 242Pu,  243Am,  and 244Cm will 
be converted to dense  oxide in t h e  par t ic le-s ize  
range 20 t o  200 ti, fabricated into ta rge ts  by t h e  
Metals and Ceramics  Division, and irradiated in 
t h e  WFIR for 12 to 18 months. 

11.5 
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weic invest igated as  ex t iac tan ts  for t r ivalent  act i -  
nide and lanthanide e lements  from ~JhtOlllUlil dcid- 
w a s t e  process ing  so lu t ions ,  methods for thc  
preparation of actrnide oxides  s u i t a b l e  for H F M  
targe ts  were s tudred,  and t r c t s  wcic  continued 
t o  f ind su i tab le  techniques  for intrd-actinide 
sepdidt ions by ion  exchange.  

Pron e x  Brscess Bevclapmcn: 

Invest igat ions continued on de te loping  tes t ing .  
and tmpiovlng the  Trarnex process  for s rpara t ing  
transplutoniurii e le ,nents  from f i ss ion  products ,  
corioslon product4 and aluminum. T h i s  process  
may be used  for separa t ing  a l l  known transplutc- 
n i u m  elements  a s  a group from the  lanthanide 

r-- - 

Fig. 4.3. Sunrrrlary Fiowsheet !or t+FlW Target Prrpa-  

ration and Processing. 

'Khe main-line HFIR targct  processing method 
(Fig. 4.1) c o n s i s t s  of target  disso:ution in hydio- 
chloric ac id ;  ac t in ide  separa t ion  from f iss ion 
products and alut11iriiiiii by t h c  'X'ramex process ;  
transcurium element  separat ion from ameiicium 
and curium by phosphonate  extract ion from di lute  
hydrochloric a c i d ;  berkelium separat ion f rom 
californium, einsteinium, and fermiuin by dialkyl  
phosphate  extract ion of Bk(1V) f rom concentrated 
ni t r ic  acid;  a n d  californium, einsteinium, and 
fermium isolat ion by chromatographic e lut ion f rom 

a cat ion exchange resin.  
During t h e  pas t  year ,  no addi t ional  laboratory de-  

velopment wark was performed on the Clanex proc- 
ess or the  transcurium element  extract ion (which 
were reported l a s t  year); however, t h e s e  processes  
wil l  be t e s t e d  at full-scale radioactivity leve ls  in 
t h e  Curium Recovery Faci l i ty .  Additional laboratory 
development work is planned for the berkelium re- 
covery process  a s  soon as suff ic ient  amounts of 
berkelium become avai lable .  Invest igat ions were 
continued on dcveloping, tes t ing,  a n d  improving the  
Trarnex process .  In addition, bidentatil compounds 

f i ss ion  products and  many other  ionic  iiiipurities. 
The piucess  condi t ions shown i n  Fig. 4.2 a r e  

essent ia l ly  t h e  s a m e  a s  t h o s e  presented l a s t  
year. '  T h e  only dif lerence i s  i n  t h e  addition of 
methaiml to  t h e  f e e d  solut ion to prevent ac id  
losses caused. by radiolysis .  I ~ h o r a t o r y  t e s t s  
ind ica te  that  a s  l i t t l e  as 2 vol 70 methanol wi l l  
effect ively s t a b i l i z e  for two wcckr, '1'ramex feed 
containing 10 vi of alpha act ivj ty  per liter. 

Additional T z a m e s  development work included 
the  following: pa i t ia l  purification of A l a n i n e  336, 
invest igat ion of t h e  s tab i l i ty  of Ala:oirxe 336 *HNO,, 
determination of t h e  solubi l i ty  of I?l@i, in  LiCI- 
HC1 iiiixtures, behavior  s t u d i e s  of plutonium in 

FEED 
I O U  L i C l - 0  1 M 4 ' 3 ,  

0 6 .V AI 4MINE 336 HCI - 
IN UIETHYLEEbULEIVE 

8 N i ,  ,I 

WilSTL _] 
L,C' -aici3 e- 

=ISSION PRODUCTS (,# E M  I 1  #lXlNF 336 HhOz 
N DIETHYLBENZENE 

Fig. 4,2. Tramcx Process Flowsheet. 
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t h e  Tramex p rocess ,  and  a n  evaluat ion of hazards  
resul t ing from the  u s e  of Alamine 336-diethyl- 
benzene (DEB) in t h e  Tramex p rocess .  

Test of the Tramex Process a t  High Power 
Dens i ty .  - A series of f ive batch countercurrent 
solvent  extract ion tests were made of the Tramex 
flowsheet with 242Cm a t  power dens i t ies  varying 
from 5 to 1 0  w/liter.' N o  adve r se  effect on sol- 
vent extract ion d u e  to t h e  a lpha  radiation was  
noted. T h e s e  runs were made i n  order t o  expl.ore 
t h e  e f fec ts  of var ious operating condi t ions;  con- 
sequent ly ,  no s ingle  run w a s  made under conditions 
o p t h i z e d  for obtaining both high recovery of 
curium and  high decontamination from f i ss ion  
products. However, the resu l t s  indicate  tha t  t h e  
Tramex p rocess  is capab le  of meeting these  
goals .  T h e  b e s t  curium recovery observed (meas-  
ured b y  raffinate l o s s e s )  was  99.93%. T h e  b e s t  
f i s s ion  product decontamination fac tors  were 
400 for  141Ce,  310 for lo3Ru.,  and 3 x l o 4  €or 

F e e d  was  prepared from four ta rge ts  each  of 
which contained 10 t o  20 mg of 242Cm a t  the time 
of processing.  The  aluminum target  matrix was 
dissolved i n  2 11.1 HC1. Solvent extract ion feed 
w a s  prepared by adding 200 m l  of 11 M LiC1 t o  
t h e  d isso lver  product and evaporating t o  a f ina l  
temperature of 133°C. T h i s  procedure produced 
accep tab le  Feed, both i n  terms of s a l t  concentra- 
t ions  (10 M L iCl  and 0.17 M A1C1,) and acidi ty  
(probably less than 0.08 M HCl). The ad jus t ed  
feed w a s  contacted with 0.6 11.1 Alamine 336.HCI 
in  DEB in a semiautomatic batch,  countercurrent 
solvent-extraction apparatus .  Volume rat ios  were 
6, 4.5, and 9 rnl per cyc le  for feed,  scrub,  and 
so lven t  so lu t ions  respect ively.  T h e  s c r u b  solution 
w a s  10.8 M LiC1, 0.02 M HC1. Curium was  stripped 
from t h e  so lven t  with 6 to 8 M HCI. Stripped prod- 
uct w a s  washed with a fresh stream of solvent  con- 
taining the ni t r i te  and/or the chlor ide salt of 
Alamine 336 in diethylbenzene. Strip and wash  
volumes were e a c h  6 ml  per cyc le .  Each of the 
five runs w a s  made with s i x  extract ion,  four 
scrubbing, two stripping, and e ight  washing s t a g e s .  
T h e  main conclusions are  as follows: 

Z r-N b . 

1. Curium at power densi ty  varying from 5 to 10 
w/li ter has no appreciable  effect on the 
mechanical operation (of t h e  extraction process .  

W. D. '13urch e t  nl . .  Transuranium Quatt .  Pro&. X e p t .  2 

A@. 31, 1963, ORNL-3558, pp. 8-18, 

2. T h e  acid concentration in  the  feed must be  no 
more than a few hundredths molar, or curium 
will reflux in the extraction contactors .  Re- 
fluxing occurred in runs Cm-2 and Cm-6; as a 
resul t ,  curium recovery w a s  poor, 

3. Cerium decontamination factors  were poor i n  
a l l  runs. T h i s  was  probably due to oxidation 
of cerium to $he Ce4+ s t a t e  a t  high radioac- 
tivity levels .  T h i s  oxidation should be pre- 
vented by the presently planned addition of 
methanol to  the feed solution. 

4. Ruthenium decontamination factors  were a l s o  
poor, even though ni t ra te  was  added t o  the 
wash solvent  to improve decontamination. It is 
probable that  the nitrite decomposed before i t  
was  used;  ev idence  from other t e s t s  ind ica tes  
tha t  freshly prepared Alamine 336.HN0, would 
have  been effective.  

5. Zirconium decontamination w a s  excel lent  when 
the ac id  concentration i n  the  s t r ip  was  suffi-  
c ient ly  high. 

Control of Acidity in  High- ad i ocx ti vi  ty - he ve I 
Tramex Feed. - Separat ions by the Tramex p rocess  
a re  greatly affected by s m a l l  changes  in  acidi ty ,  
and severa l  methods were invest igated for con- 
troll ing ac id  Posses  caused  by radiolysis.  T h e  
e x a c t  mechanism of the loss is not understood, but 
i t  i s  probably due  t o  chloride oxidation. Analysis  
of radiolyt ic  gas from 10 IW LiCi containing ""'Cm 
(14 w/li ter)gaveH, : O 2  : C1, ratios of 7.3 : 1.2 ; 1.0, 
hut a material  ba l ance  of t h e  gaseous  products did 
not account  for all the  chloride lost by the 
radiolyt ic  destruct ion of the hydrochloric acid.  
Similarly, an oxygen material  ba l ance  did not  
account  for suff ic ient  oxygen when t h e  rad io lys i s  
of water is a s s u a e d  to produce H ,  t '4 0," 
Evidence of chlorine and oxygen retention in the 
solut ion was  noted i n  a test in  which large 
quant i t ies  of g a s  were evolved from a b a s i c  so- 
lution when i t  was acidified.  The g a s  cons i s t ed  
of nearly equal  quant i t ies  of GI,  and Q Z ,  but no 

Since acid l o s s  appea r s  to resul t  from the oxida- 
t ion of the chloride ions ,  t h e  addition of reducing 
agen t s  to high-radionctivity-level Tramex feed was  
invest igated a s  a means of preventing the  loss. 
Certain reducing a g e n t s  were effect ive,  and the 
resu l t s  obtained by adding hydrazine monochloride, 
formaldehyde, and methanol are shown  in  Fig.  4.3. 

I-I 2 .  
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Fit,. 4-3. E f F e i t  of Curium-242 hlpho Act iv i ty  on 

Acid  i n  10 M LiC I  

Both hydrazirie iiionochloride and formaldehyde 
increased  &e acidi ty ,  wiiile methanol was the m o s t  
effect ive addi t ive for maintaining t h e  correct  
acidity. When 10 vol % methanol was present  in  
10 hl LiCl  containing 18 UT of 2 4 2 C i ~ ~  per liter, the  
solution was s tab le  even  af ter  24 days ,  and the  
acid concmtra t ion  was 0.03 to 0.06 M during the  
ent i re  25 days.  T h e  accumulated radiation d o s e  
w a s  greatcr than 1 0  kwhr/liter. In additional 
s t u d i e s ,  i t  w a s  found that  a 10 ,21 :,iC1---0.05 i l l  
ijC1 solut ion containing IO :v of alpiia act ivi ty  per 
l i ter  can  b e  s tab i l ize6  for a s  long as two weelis by 
adding as  l i t t l e  a s  2 vol % CI-13011. 

The Effect  of Methanol on the Trclmsx Process.  - - -  

' rhe u s e  of methanol t o  inhibit acid l o s s  by 
rariinlysis appczrs  to  be  completely sat isfactory 
and docs not produce any detriinental s i d e  e f fec ts  
in t h e  extract ion process .  P h a s e  separat ion i s  
~iiorc rapid with inethanol present ,  and i t s  u s e  in  
extraction t e s t s  caused  no gross  change in  dis t r i -  
bution coeff ic ients ,  extract ion k ine t ics ,  or fissioil 

product behavior. 
Distribution coeff ic ients  were deterrniiied for 

americium and HCI between 0.6 M A l a n i n e  336- 
IIC1--DEB and feeds  that cons is ted  of 11 ,W LiCi 
or 10 M LiCl-0.15 M AlCI, and 2, 5, or 10 vol % 
CH,OM. Free acid was varied from 0.02 to  0.30 M. 
N o  adverse  e f fec ts  due to  the presence of a s  much 
as  10% CH,OH were noted. Americium distribution 
coeff ic ients  were not changed by the addition of 
2% CI-t30H, but i n c r e a s e s  of about 25% were 
obtained by making the feed solut ion ei ther  5 or 10 

vol % in  @H,OH. Hydrochloric acid distribution 
coeff ic ients  appear  to be  independent of feed acid 
concentrat ions below 0.15 M. Acid distilbution 
coeff ic ients  for 11 W LiCl feed a t  low a c i d i t i e s  
were ~f the  order of 5.0, 4.4, and 4.0 for 2,  5, and 
1 0  vol % methanol respect ively.  Scouting experi- 
ments indicated that  europium behavior para i le l s  
that  of americium. 

T h e  effect  of methanol o n  curium distribution 
coeff ic ients  w a s  inves t iga ted  with a lO-w/liter 
2 4 2 C m  solut ion s tab i l ized  with 2 vol % C H 3 0 H .  
'The distribution coeff ic ients  remained almost  
constant  over the  eight-day period, and n o  detri- 
menta! e f fec ts  were noted. 

T h e  effect  of iiiethanol addition on curium and 
Lss ion  product behavior w a s  invest igated in  a 

mixer-settler ran of the  Tramex process  a t  t racer  
act ivi ty  leve ls .  Zirconium and ruthenium remained 
quant i ta t ively i n  the organic phase.  T h e  overal l  
curium recovery w a s  99.976, and n o  f i ss ion  products 
were de tec tab le  i n  t h e  product, corresponding t o  a 
decontalnination factor of bet ter  than 1000. Curium 
and f i ss ion  product behaviors  were typical of t e s t s  
made in  which methanol was not used ,  atid no 
hydraulic or kinet ic  problems were encountered. 

Acid Adjiistri~ent in l'romex Feed by Adding 
Hydrocjen Chloride Gas, - T h e  equilibration of 
Tramex feed with hydrogen chloride g a s  w a s  a l s o  
invest igated as a means of restor ing acidi ty  l o s t  
through radiolysis .  Since high HC1 concentrat ions 
resul ted when pure €IC1 was equi l ibrated with feed 
solut ions (1.0 M IICl and 0.4 M HC1 a t  l2O0C), the 
effect  of equilibrating Tramex feed with iner t  g a s  
containing a reduced partial p ressure  of hydrogen 
chloride w a s  s tudied.  

Ini t ia l  experiments  es tab l i shed  tha t  the partial. 
pressure of  hydrogen chloride over 1 0  M LiC1--0.1 
i l l  I I C I  a t  23°C is only 0.45 mm of mercury. T h i s  
means that  t h e  par t ia l  pressure of hydrogen chlor ide 
in t h e  gas s t ream m i s t  be  only 0.45 mrii of mercury 
and that  the  g a s  flow necessary to  replace acid 
l o s s e s  i n  Tiamex feed would be e x c e s s i v e  a t  room 
temperature. However, by inc ieas ing  the  tempera- 
ture  of the feed, a larger par t ia l  p ressure  of 
hydrogen chloride can  be  used ,  and t h u s  a smaller  
total  g a s  flow i s  needed.  Studies  a t  e leva ted  
temperatures ind ica te  that  Tramex feed could b e  
maintained a t  about  0.1 M HC1 with gas at an I-IC1 
partial pressure of 20 inm mercury and a flow rate  
of 3 l i t e rs  per minute per SO l i te rs  of feed when the 
feed is maintained a t  120°C. However, the diffi- 
c u l t i e s  a t tendant  with maintaining feed a t  t h i s  
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temperature a re  suff ic ient ly  s e v e r e  to make t h i s  
method of a c i d  control  much less at t ract ive than 
controlling i t  by adding methanol. 

Effect of Nitrate on Extraction i n  the Tramex 
Process. - The addition of small amounts  of 
Alamine 336-WN0, to Alamine 336.HCI-DEB w a s  
inves t iga ted  as a poss ib le  means  of increas ing  
act inide distribution coef f ic ien ts  and minimizing 
acid- loss  problems. W i t h  h igher  dis t r ibut ion 
coeff ic ients ,  i t  w a s  thought that  control  of t h e  
acid concentrat ions of Tramex feed might b e  less 
cr i t ica l ,  but unfortunately, t h i s  w a s  not true. 

Distribution coef f ic ien ts  were  determined for 
americium, europium, and hydrochloric a c i d  be- 
tween (1) ll M LiCl  containing 0.05 to Q.2Q M IICl 
and (2) t h e  mixed ni t r ic  and hydrochloric a c i d  
salts  of 0.6 M Alamine 336 i n  DEB. T h e  concen- 
t ra t ion of Alamine 336.HN0, w a s  var ied from 0.01 
t o  0.10 M” Aaericium and europium dis t r ibut ion 
coeff ic ients  were both increased  by the  addition of 
ni t ra te ;  however, separat ion fac tors  between 
americium and europium were decreased  b e c a u s e  
t h e  i n c r e a s e  in  dis t r ibut ion coef f ic ien ts  for 
europium w a s  greater  than the i n c r e a s e  i n  the  
dis t r ibut ion coef f ic ien ts  for americium. In addition, 
it was  found t h a t  americium-europium separat ion 
fac tors  were dependent  on  the  concentrat ion of 
free acid. Since se;,aration fac tors  a r e  not  affected 
by free-acid concentra.tion in  the  all-chloride 
s y s t ~ m ,  the mixed chloride-nitrate sys tem appears  
to b e  more s e n s i t i v e  to free a c i d  than t h e  all- 
chlor ide sys tem,  even though t h e  dis t r ibut ion 
coeff ic ients  a r e  greater, 

Purif ication ~f Alamine 336. - Alnmine 335 is a 
mixture of octyl  and decyl tertiary amines,  con- 
ta ining small  amoutits of primary and secondary 
amines. Only the tertiary amine hydrochlorides 
extract  ac t in ides  from concentrated lithium chlor ide 
solut ions.  Primary and se:rondory :*mines appear  
t o  reduce act inide distribution coef f ic ien ts  some- 
what, and their  p resence  needless ly  i n c r e a s e s  the 
viscosi ty  of the Tramex extractant. A method of 
p ~ i ~ i f j i i n g  the amine b a s e d  on par t ia l  neutral iza-  
tion of the amine hydrochloride s a l t  to produce t w o  
so lvent  layers  w a s  u s e d  to fract ionate  a sample of 
Alamine 336 into a bottom layer  containing 10 m o l e  
% of t h e  amines (mostly primary and secondary)  and 
a top layer  of purified tertiary amine. E a c h  cu t  
was d isso lved  i n  diethylbenzene to a concen- 
t ra t ion of 0.6 M total  amine hydrochloride, and 
americium distribution coef f ic ien ts  from 10 M 
LiC1-0.15 M A1C13 a t  var ious concentrat ions of 

hydrochloric ac id  were determined. T h e  variation 
i n  distribution coef f ic ien ts  for t reated and untreated 
Alamine 336.4C1 a s  a function o f  the  concentrat ion 
of hydrochloric a c i d  i n  the  organic  phase  i s  shown 
in Fig. 4.4. T h e s e  resu l t s  indicate  that  by simply 
neutral iz ing with hydrochloric acid and discarding 
10% of the Alamine 336, most of t h e  primary a n d  
secondary amine:; can  b e  removed, prodircing a 
purified Alarriine 336 that  g ives  distribution 
coef f ic ien ts  tha t  a re  about 50% higher. 

A s imilar  evaluation, made with a more high1.y 
purified Alamirre 336 tha t  i s  now avai lab le  from the 
mmufac turer  a s  the  hydrochloride s a l t  d i sso lved  in 

diethylbenzene, resul ted in  americium distribution 
coef f ic ien ts  t h a t  a r e  20% higher than those for the 
or iginal  material. 

~ ~ l ~ ~ ~ ~ i ~ ~  of AlCl, in LiCI-HCI Mixtures, .- As 
previously reported, 3 the  maxiiiium solubi l i ty  of 
aluminum chloride in  119 ? I  L i C l  is 0.2 (M, At t h e s e  
s a l t  concentrat ions hydrochloric ac id  i n  e x c e s s  of 
0.05 M wi l l  precipi ta te  aluminum chloride. ’9’he 

375. E. Fargpson  e t  al., Transwartitmi Quart. Prodr, 
Re-pS, Nov. 30, 1962, ORNX,-3498, pp. 21-22. 
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solubi l i ty  of aluminum chloride in 10 M LiC1 
solut ion d e c r e a s e s  as t h e  acid concentration in- 
c r e a s e s  (Fig. 4.5). At acid concentrat ions of 
0.45 and 0.90 M, the  so lubi l i t i es  are 0.15 and 0.10 
M respect ively.  

Stability of  Allamine 33Q.WN0,- - In t h e  Tramex 
process  Ru4'  ex t rac ts  into the organic phase;  
however, after extraction i t  i s  slowly reduced by 
the amine solvent  to the inextractable  Ru3 '  s t a t e .  
One proposed method of maintaining ruthenium in 
i t s  ex t rac tab le  form during curium str ipping opera- 
t ions  is to incorporate Alamine 336.HNQZ in to  the  
organic  scrubbing s e c t i o n  of t h e  s t r i p  column. The  
preparation and s tabi l i ty  of 0.6 M Alainine 336. 
HNO ,-DES w a s  therefore invest igated.  

Alarnine 336.FIN0, can h e  readily prepared by 
contact ing 0.6 M Alamine 336.HC1-DEB with 1 M 
KNO,; however, this ainine s a l t  decomposes upon 
s tanding  a t  room temperature. In 72 hr, about  50% 
of the  ni t rous a c i d  is destroyed. When the  amine 
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Fig. 4.5. Solubility of AIC13 in Conccntrated L i C l  
Solution Containing flci. 

s a l t  w a s  kept  i n  contact  with 8 M IICI, only 20% of 
the  ni t rous a c i d  remained after 72 hr. Contact ing 
t h e  amine s a l t  with 8 hf MC1 a t  6OoC further in- 
c r e a s e d  t h e  decomposition rate. At 50°C t h e  
concentrat ion of ni t rous ac id  w a s  decreased  from 
0.6 t o  0.1 M in  30 min; the  ni t rous ac id  was  total ly  
destroyed in  4 hr. B e c a u s e  of th i s  instabi l i ty ,  
Alamine 336eHN0, must be  prepared immediately 
prior to u s e  in  o rde r  to  be effective. 

Plutonium B ~ ~ Q V ~ Q P  in the Tramex Process .  - 
During MFIR target  processing,  i t  may become 
necessary ,  b e c a u s e  of target fa i lure  before com- 
p le te  burnup, to  process  ta rge ts  that  still contain 
s ignif icant  amounts of PuO,. In order to  handle  
such  ta rge ts  by t h e  method that  wil l  b e  u s e d  for 
total ly  burned ta rge ts ,  i t  will be  n e c e s s a i y  to  
d isso lve  residual  PuOz in hydrochloric acid. T h e  
dissolut ion of PuO,  in HC1 and the  behavior of 
plutonium in the  Tramex process  weie  therefore 
invest igated.  

Plutonium oxide that  had been calcined a t  8OOOC 
could he successfu l ly  d isso lved  only in 6 M HC1 
that  w a s  0.02 M in  CuF,. A 3-g Al-PuO, cermet 
that  contained 1 g of P u O z  w a s  completely dis-  
so lved  in  50 ml of dissolver  solut ion within 1 hr. 
Both copper and fluoride i o n s  were required s ince ,  
s ingly,  nei ther  one  ca ta lyzed  t h e  dissolut ion.  
Further  invest igat ion of th i s  d i sso lver  s o h t i n n  is 

necessary  to  deterniine whether t h e  amount of 
fluoride required in the  dissolut ion will be  
detrimental to the processing equipment, which i s  
made of Zircaloy-2 and m a y  be  suscept ib le  to  
attack. 

Plutonium behavior in  the  Tramex process  w a s  
invest igated i n  a laboratory-scale mixer-settler 
run. Plutonium that  had been dissolved in  6 hf 
HCl---O.02 M C u F ,  w a s  adjusted to  Tramex feed 
condi t ions (11 hi' LiC1-0.02 M XCl) and extracted 
with 0.6 M Alamine 336.HC1-DES. Plutonium 
va lence  in  t h e  adjusted feed w a s  86% P u 3 +  and 
14% Pu4'. More than 99.9% of the  plutonium w a s  
extracted;  however, only 3% of the extracted 
plutonium could b e  s t r ipped with 8 IM HC1-0.1 M 
NW,OM.HCl. When 1 M HCI V J ~ S  u s e d  as the  s t r i p  
solut ion,  a plutonium recovery of 95% w a s  obtained. 
All t h e  plutonium valence in  the  production solution 
was t r ivalent ,  and plutonium losses incurred during 
s t r ipping were d u e  to the presence  of s o m e  Pu". 

Tramex Safety. - Numerous small-scale  laboratory 
t e s t s  have  been made t o  determine the possibi l i ty  
of f i res  and explos ions  resul t ing from the  u s e  of 
Alamine 336-DEB i n  the Tramex process .  Such 
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hazards  would e x i s t  i f  the  so lvent  were  hea ted  in 
the  presence  of nitrate. T h i s  could occur  e i ther  by 
the acc identa l  carry-over of  so lvent  with product 
curium, which will b e  converted from chloride to  
ni t ra te  so lu t ions  (Chap. 5), or by recyc le  of ni t ra te  
feed that  h a s  been  contac ted  with t h e  extractant .  

I t  was p o s s i b l e  to in i t ia te  two types  of unde- 
s i r a b l e  reac t ions ;  Iiowever, at l e a s t  two of the 
fo!lowing extreme condi t ions were required: evapo- 
ration to dryness ,  introduction of a cont inuous 
spark in  the vapor phase ,  and  t h e  presence  of 
e x c e s s i v e  amounts of solvent .  By u s e  of a con- 
t inuous spark  i n  t h e  vapor phase ,  it  was  poss ib le  
in  some cases to igni te  t h e  vapors ,  th i s  e f fec t  
appeared to  be  simple combustion. The s e c o n d  
type of react ion occurred only when t h e  conten ts  
of t h e  reaction f lask  had  been d is t i l l ed  nearly to 
dryness. T h i s  reaction could b e  descr ibed  as  a 
mild explosion,  charac te r ized  by a f lask of l ight  
and a rapid increase  in pot temperature. Only two 
sets of condi t ions produced an audible  detonat ion,  
and in  no case w a s  t h e  explosion suff ic ient ly  
violent  to  rupture t h e  g l a s s  reaction f lask .  

No indica t ions  of a fire or explosion could be 
produced by d is t i l l ing  a mixture of Alarnine 
.3.36sf3N0,-DE13 and concentrated HNO, to dry- 
ness; however, a very mild explosion or f lash  
occurred in  th i s  sys tem when a cont inuous e l e c t r i c  
spark w a s  introduced in  t h e  vapor p h a s e  during 
dis t i l la t ion.  T h i s  react ion occurred only after the  
solution had been  evaporated nearly to  dryness  

T h e  addition of 11 11.1 LiCl was  e f fec t ive  in  
reducing t h i s  explosion hazard.  With the  addition 
af 11 M Lie1 (I6 vol mild f l a s h e s  produced by 
cont inuous spark ing  did not  occur  unt i l  a pot 
temperature of 26S°C w a s  reached. 'The addition 
of 3 AI A l U ,  or 10 M LiC1-QmQ1 M A1631, (16 vol X) 
completely el iminated any react ion,  even though 
t.he mixture w a s  evaporated to  pot temperatures  as 
high as 375°C. This i n d i c a t e s  that  AICl, is more 
e f fec t ive  than LiCl for suppress ing  t h e  react ion,  

The addition of e i ther  LiNO, o r  Al(NO,), 
def ini te ly  increases t h e  r i sk  of explosion when 
Alamine 335 -IINO,-DEB is  d is t i l l ed  in t h e  presence  
of HNO, .  In t h e  p r e s e n c e  of 8 M LiNO, (16 vol %)), 
an audible  detonat ion occurred a t  25(a"C, with 
suf f ic ien t  force to blow a l l  fittings out  of the  
reaction f lask.  T h i s  explosion occurred with or 
without a cont inuous spark i n  the  vapor phase;  
but, when t h e  spark  w a s  u s e d ,  multiple vapor 
igni t ions occurred, beginning at about 85°C. 

(147 to  15CPC). 

T h e s e  vapor-phase igni t ions were a l s o  promoted by 
Al(NO,),, but  there  was no react ion upon hea t ing  
to  dryness  i n  t h e  a b s e n c e  of a spark.  

T h e s e  r e s u l t s  ind ica te  tha t  i t  is probably safe 
t o  adjust Tramex feed to 1 0  M L i C l  by evaporat ion 
even  if some so lvent  i s  p resent  and that  c a r e  
should b e  taken to make cer ta in  that no so lvent  is 
present  during conversion of t h e  curium product. 
from a chlor ide to ni t ra te  (Sect. 5) or  during 
hea t ing  of LiNO, 'or A1(NB3j, solut ions.  

S ince  methanol will be u s e d  in  Tramex feed, t h e  
flammability of 2 t o  10 vol Y'u methanol i n  11 M 
LiC1 w a s  invest igated.  'These mixtures were 
d is t i l l ed  to dryness  as i n  the  above t e s t s .  
Methanol vapors could not  b e  igni ted with a con- 
t inuous spark  i n  the free s p a c e  of the react ion 
flask,  e i ther  wi th  or without an air  sparge.  Wow- 
ever ,  a spark a t  the condenser  out le t  did igni te  the 
methanol vapor. T h e  vapor w a s  igni ted twice  for 
brief in te rva ls  (2 or 3 s e c )  when the pot tempera- 
ture reached 133 OG. 

identate Compounds Q S  Extractaats far Tr iva lent  
Actinide and Lanthanide Elements 

Following the  recovery of 2 4 2 2 p ~ ~  f rom highly 
i r radiated 239Pu, t h e  2 4 3 A m  and 2"4Cin must  
b e  recovered from t h e  a c i d  2 4 2 P u  raffinate. Bi- 
denta te  ex t rac tan ts  were eva lua ted  as  a means  
of recovering americium, curium, and rare e a r t h s  
from s u c h  solut ions.  Tetraarnyl methylenedi- 
phosphonate  PrA(MDPj1 and &hexyl rnethylene- 
di  phosphonate  [DH(MDPj] strongly extracted tri- 
valent  a c t i n i d e s  and lan thanides  from nitric a c i d  
solut ion,  i n  cont ras t  to monodentate ex t rac tan ts ,  
which a r e  generally e f fec t ive  only from nearly 
neutral  s a l t  so lu t ions  or very corncentrated ni t r ic  
ac id  solut ions.  Although separa t ions  between 
e lements  i n  t h e s e  s y s t e m s  are  s u c h  tha t  effect ive 
intragroup separa t ions  cannot  be made, t h e s e  ex- 
t rac tan ts  would b e  useful for t h e  recovery of 
t r ivalent  ac t in ides  and lanthanides  from a c i d  
w a s t e  so lu t ions .  

Extract ion coef f ic ien ts  were obtained for Am, Cf, 
Ce, and Eu between 10 vol % TA(MDP)-DEB and 
n i t r ic  a c i d  which varied in concentrat ion froin 0.2 
to 3 M .  Extract ion coeff ic ients  decreased  in  the 
following manner: C e  > Am > Cf >Eu.  Separation 
factors between ad jacent  e lements  were 2 or less, 
With 10 vol  !% TA(MDP), extract ion coef f ic ien ts  a r e  
low; however, usefu l  ex t rac t ions  can  be obtained 
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with higher  concentrat ions of TA(MDP). 'The 
effect  of ni t r ic  a c i d  concentrat ion on the ex- 
traction of americium and europium from 4 M I-INQ, 
is shown in Fig.  4.6. T h e  extract ion coeff ic ients  
of americium and europium are  third-power de- 
pendent  on t h e  percentage of TA(MD)P) in  the range 
of 10 to 75 vol % (F ig .  4.7). 

Extraction coeff ic ients  were a l s o  obtained for 
Am, Cf,  Ce ,  and E1-1 between 5 vol % DIJ(IVIIDP)-DEB 
and HNO, (F ig .  4.8). Extract ion coef f ic ien ts  a r e  
much larger in  th i s  sys tem;  they d e c r e a s e  with in- 
c r e a s i n g  acid concentration. Again, separat ion 
factors  between adjacent  e lements  a re  smal l .  
Concentrated Dt-I(MDP) is very v iscous ,  and high 
dilution i s  necessary  to obtain good handl ing 
char  ac teri s ti ( 3  s . 

Preparation of Oxides for HFlR Targets 

HFTR targe ts  wil l  be  made from pressed  pe l le t s  
of aluminum powder and act inide oxide,  and i t  i s  
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e s s e n t i a l  that  the  aluminum phase  be  cont inuous 
in order to ensu re  sa t i s fac tory  hea t  t ransfer  during 
irradiation. When ac t in ide  oxide par t ic les  less 
than 1 0  p in  diameter a re  mixed with -325  mesh 
aluminum powder and p res sed  into cermets ,  the  
oxide phase  is cont inuous and the thermal con- 
ductivity of the  pel le t  is low. But,  with oxide 
par t ic les  ranging from 2 0  to  200 p in diameter,  the  
aluminum phase  will b e  cont inuous,  and con- 
ductivity will b e  sa t i s fac tory  for irradiation in high 
neutron fluxes.  

A modified sol-gel p rocess  involving a hydroxide 
precipitation for preparing dense ,  c o a r s e  par t ic les  
of PuO,  was  reported l a s t  y e a r 4  and,  during t h i s  

4F. L. Culler et al . ,  Chem. Technol. Div. Ann. Progr. 
Rept .  May 31, 1963, ORNL-3452, pp. 114-15. 

report period, the  p rocess  w a s  used  to prepare two 
ba tches  for inclusion in  prototype ta rge t  rods. 

In the  preparation of PuO, by hydroxide precipi- 
tat ion, about 25% of the oxide w a s  less than 20 1-1 

in diameter and could not  be used.  Recyc le  of t h i s  
material  is a problem s i n c e  e i ther  dried hydroxide 
or  high-fired oxide is difficult  t o  d i s so lve  even  in 
boiling concentrated ni t r ic  ac id  containing H F  
catalyst .  However, t h e  preparation of PuO,  by a 
sol-gel method would simplify the  recycle  problem 
b e c a u s e  t h e  dried gel c a n  be s i z e d  before fir ing a t  
1150°C, and the  f ines  generated by grinding the gel 
are readily d ispers ib le  in water. Preliminary 
indicat ions are that  a sa t i s fac tory  sol-gel p rocess  
for t h e  preparation of d e n s e  PuO, c a n  be  developed. 

T h e  hydroxide precipitation method was  a l s o  
success fu l ly  used to  produce large-particle-size 
AmO, powder. Brief a t tempts  to produce americium 
s o l s  were not  successfu l ;  however, t h i s  effort is 
continuing. In addition to the invest igat ion of 
oxide preparations,  a method was  developed to 
recover PuO,  from HFIR target re jects .  

Preparation of PuO,. - Seventy-nine grams of 
dense ,  high-fired PuO,  containing 69.27 g of 
2 3 9 P u  was  prepared for u s e  in prototype HFIR 
targets .  T h e  oxide was  prepared by precipi ta t ing 
P u ( N O ~ ) ~  with NH40H,  by washing and drying 
t h e  precipi ta te ,  and then ca l c in ing  a t  1150OC. 
T h e  ca l c ined  oxide was  ground with a mortar and 
p e s t l e  so i t  would p a s s  through a 70-mesh screen.  
F i n e s  [- 325 mesh) generated during grinding were 
recycled. The  par t ic le  size of t h e  remaining 
oxide w a s  as follows: 

Screen Size W t  73 

48.37 

15.89 

9.74 

26.00 

-70 + I 4 0  

-140 4-170 
-170 +200 

-200 +325 

T h e  above procedure was  a l s o  u s e d  to prepare 
90 g of oxide containing 80 g of 242Pu.  T h i s  
la t te r  oxide was  incorporated in to  s e v e n  target 
e lements ,  which were fabricated by the Metals and 
Ceramics  Division. T h e  completed ta rge ts  a r e  
being irradiated i n  one  of the SRL reactors  to 
produce transplutonium e lemen t s  and to  gain 
additional irradiation experience with HFIR target  
elements.  

T h e  2 4 2 P u  as received w a s  a finely powdered 
oxide tha t  had been calcined a t  about 600°C. 
To ta l  dissolut ion of t h i s  mater ia l  w a s  effected by 
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refluxing for 6 hr i n  13 M HN0,-0.025 M HF.  
Fol lowing dissolut ion,  plutonium va lence  w a s  
ad jus ted  from (VI) t o  (IV) with ni t r ic  oxide,  and the  
hydroxide w a s  prepared. T h e  calcined oxide w a s  
ground with a s t r ik ing  mortar and pes t le  so  it 
would p a s s  through a 70-mesh screen.  F i n e s  
(-325 mesh) generated during grinding wil l  b e  
recycled. With t h i s  grinding procedure, t h e  fol- 
lowing par t ic le-s ize  dis t r ibut ion w a s  obtained: 

Screen Size Wt 7 2  

-70 +lo0 38.3 

-100 +200 30.3 

-200 +325 14.0 
-325 17.4 

PuO, Sol Preparation. - Apparent plutonium sols 
were prepared by d iges t ing  freshly precipi ta ted 
and washed  P u ( O H ) ~  a t  60°C for 8 hr at a pH of 
1.5. T h e  h ighes t  pH at which complete  pept izat ion 
occurred, regard less  of digest ion time or  tempera- 
ture, w a s  1.5. T h i s  pH may b e  a function of ba tch  
size and plutonium concentrat ion,  as well as  of 
hydrogen ion concentration. Sol ids  that  were 
produced upon drying s u c h  sols at 120°C were 
readily d ispers ib le  i n  water; however, they were 
sof t  and friable and appeared to b e  qui te  porous. 
When t h i s  gel w a s  redispersed in  water, t h e  pH of 
t h e  sol w a s  1.5. Calcinat ion of t h e  gel produced a 

porous, f r iable  PuO, product that  d o e s  not appear  
t o  b e  su i tab le  for t h e  preparation of HFIR targets .  
However, greatly improved product w a s  obtained 
by hea t ing  the  dried ge l  a t  160°C for 2 hr, 
repept iz ing i n  water, drying t o  the gel, and 
calcining. T h e  pH of t h e  s o l  formed by resuspending 
t h e  or iginal  gel (after hea t ing  a t  16OoC for 2 hr) 
w a s  1.8. Calcinat ion of t h i s  gel  to the  oxide at 
1150°C produced a hard, g lassy  product with a 
densi ty  of 10.38 g/cc (*lo%).  Such mater ia l  
should  b e  s u i t a b l e  for HFIR target preparation. 
Laboratory work is cont inuing i n  an effort to  
produce improved plutonium sols and to  develop 
re l iab le  sol-gel procedures. 

AmO, Preparation. - Americium dioxide of 
acceptab le  par t ic le  size w a s  successfu l ly  prepared 
by the  hydroxide precipitation method u s e d  t o  
prepare PuO,. In th i s  method, americium w a s  
precipi ta ted from ni t r ic  ac id  solut ion with e x c e s s  
NH,OH. T h e  resul tant  precipi ta te  w a s  very f ine,  
but i t  could b e  f i l tered with a medium g l a s s  frit. 
Fol lowing washing,  the hydroxide w a s  allowed to  

a i r  dry for severa l  days ;  small, hard par t ic les  
formed during t h e  drying process .  After calcinat ion 
at 600°C to t h e  oxide,  nearly a l l  par t ic les  were 
between 20  and 200 p i n  diameter. In subsequent  
ba tches ,  larger  par t ic les  were produced which would 
require grinding before incorporation into HFIR 
targets .  T h e  dens i ty  of the  ca lc ined  oxide  w a s  
10.0 g /cc  (110%).  Attempts to  s u s p e n d  americium 
hydroxide as  a sol by the  procedures  out l ined for 
plutonium sol preparation were not s u c c e s s f u l ;  
however, other  p o s s i b l e  methods of sol preparation 
a r e  being invest igated.  Lanthanum wil l  b e  u s e d  as  
a stand-in for americium. 

Dissolution o f  Prototype HFIR Targets. - Four 
unirradiated prototype HFIR ta rge ts  were processed  
for plutonium recovery, and about  60 g of plutonium 
w a s  recovered. T h e s e  ta rge ts  c o n s i s t e d  of a 
packed mixture of high-fired PuO, and aluminum 
powder. T h e  aluminum w a s  readily d isso lved  in  a 
solut ion 1.2 M in  NaOH and 1.5 M in  NaN03.  One 
l i t e r  of d isso lver  solut ion w a s  u s e d  per mole of 
aluminum. Plutonium l o s s e s  during aluminum 
dissolut ion averaged 0.7 mg/liter (0.005%). T h e  
PuO,  w a s  washed  with hot 2 M HNO, for addi- 
t ional  decontamination from aluminum, and s imilar  
plutonium losses were incurred. T h e  PuO, w a s  
dissolved by refluxing for long t imes in  concen- 
trated nitric ac id ;  during reflux, 2 M H F  w a s  s lowly 
added unt i l  a concentrat ion of 0.01 M w a s  reached. 
T h e  plutonium product, concentrated t o  24  g of 
plutonium per l i t e r  by evaporat ion,  contained 0.02 
g of aluminum per  l i t e r  of solution. 

T h e  dissolut ion of aluminum in 2 M HC1 w a s  also 
tes ted ;  however, plutonium losses were increased  
from 0.005 to 0.1%. Plutonium oxide could not  b e  
d isso lved  in e i ther  6 or 12 M HC1; less than 0.2% 
had d isso lved  af ter  refluxing for more than 24 hr. 

Dissolut ion i n  c a u s t i c  appears  t o  be  usefu l  for 
recovering plutonium from HFIR target  re jec ts .  I t  
may not  be  n e c e s s a r y  to  d isso lve  and then re-form 
t h e  plutonium oxide  following aluminum dissolut ion 
i f  the oxide  is thoroughly washed.  

Actinide Separations by Ion Exchange 

An adequate  so lvent  extract ion process  t o  
s e p a r a t e  transcalifornium i s o t o p e s  or to  s e p a r a t e  
americium from curium is not  avai lable;  maximum 
separat ion fac tors  of adjacent  e lements  for the  
Tramex and phosphonate  s y s t e m s  a r e  less than 
2.5. Chromatographic e lut ion from cat ion resin 
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with a-hydroxyisobutyrate solut ion is s t i l l  the  
most re l iable  method ava i lab le  for separa t ing  
transcurium iso topes ,  and e i ther  t h i s  sys tem or 
elution from anion exchange res in  with 4.4 M 
LiNO, can  be  u s e d  to  s e p a r a t e  americium from 
cuiium. In e i ther  process ,  s c a l e u p  to several-  
milligram quant i t ies  will b e  difficult b e c a u s e  of 
dis turbance of t h e  resin bed by g a s e s  formed by 
radiolysis  of the  solution. 

Methods for controlling or  prevent ing radiolyti- 
ca!ly produced g a s  were inves t iga ted  with amer- 
icium-curium separa t ions  i n  which radioactivity 
l e v e l s  as high as 150 w/liter were provided by 

'Cm. Pressur ized  columns which employed 
spring-loaded res in  b e d s  Controlled t h e  effects of 
g a s s i n g  by prevent ing separa t ion  of the  resin bed; 
th i s  allowed good separa t ion  of americium from 
curium. It w a s  also found tha t  methanol w a s  very 
effect ive i n  reducing radiolytic-gas formation i n  
e i ther  t h e  a-hydroxyisobutyrate or  t h e  LiNO, 
sys tem,  and t h e  u s e  of methanol may make i t  
poss ib le  to s e p a r a t e  e insteinium and fermium from 
gram quant i t ies  of californium. 

A s  an a i d  i n  developing improved ion exchange  
separa t ion  methods,  s tabi l i ty  c o n s t a n t s  ( K s )  for 
var ious ac t in ide  complexes a r e  be ing  determined to  
eva lua te  l igands  that a re  of potent ia l  interest .  To 
da te ,  s tab i l i ty  cons tan ts  for americium, curium, 
beckelium, and californium have  been  determined 
for diethylenetriaminepentaacetic ac id  and for 
1,2-diaminocyclohexyltetraacetic acid.  

Separation of Curium from Americium at High 
Wadiooctivity bevels. - T h e  separa t ion  of curium 
from americium by chromatographic e lut ion from a 
spring-loaded ca t ion  exchange column with am- 
monium a-hydroxyisobutyrate a t  act ivi ty  l e v e l s  of 
50 w/l i ter  w a s  achieved. Two milligrams of 2 4 2 C m  
and 4 m g  of 241Am were loaded  on  a 20-rnl column 
of Dowex 1-X8 (-400 mesh) res in  at 8OoC. T h e  
curium and americium were e lu ted  with 0.4 M a- 
hydroxyisobutyrate a t  pH 4.2 a t  a flow r a t e  of 0.3 
m l  cm-'min-'. G a s s i n g  problems were control led,  
and separa t ion  of t h e  bed w a s  prevented by spring- 
loading the  column of resin. Ninety percent  of t h e  
curium and americium were recovered, with 10% 
c r o s s  contamination. 

T h e  separat ion of curium from americium w a s  
achieved by chromatographic e lut ion from a spring- 
loaded anion exchange colwnn with lithium ni t ra te ;  
the  radioactivity l e v e l s  were equiva len t  to 100  
w/liter. T h e  charac te r i s t ic  cherry-red glow from 
the radioact ive e lements  separa ted  into a white 

band and a red band. T h e  white  glow was assoc i -  
a ted  with curium, while  t h e  red w a s  presumably due 
to  the exci ta t ion of americium. T h e  separa t ion  
factor  w a s  1.87, and r e s u l t s  ind ica te  that  t h e  
separat ion of curium from americium could be 
achieved with about 1% c r o s s  contamination. 

Since the  addition of methanol to Tramex f e e d s  
w a s  effect ive i n  greatly decreas ing  radiolytic-gas 
production, i t  w a s  used  i n  ion exchange separa t ions  
of americium and curium. Americium and curium 
were loaded on 1 0  m l  of Dowex 1-8X (250 to 270 
mesh) res in  from 8 M LiNO,-20 vol % CI-I,OII at 
an act ivi ty  leve l  of 150 w/liter. T h e  methanol 
greatly inhibited but did not completely el iminate  
the g a s s i n g  of the  solution. Curium loaded on the 
column in a band at a radioactivity l e v e l  equiv- 
a l e n t  to  500 to 1000 w/liter. Although t h e  resin 
became discolored within a few minutes ,  there  was 
l i t t l e  gassing.  Americium and curium were e lu ted  
with 3.6 M LiNO,-20 vol % CH,OH, giving one 
product containing 94% of t h e  curium and 3% of t h e  
americium and another product containing 87% of 
the  americium aiid 0.8% of t h e  curium. Without 
methanol t o  inhibi t  radiolytic-gas formation, the 
column would have  been inoperable b e c a u s e  of 
large pockets  of gas.  

Methanol w a s  a l s o  u s e d  to  d e c r e a s e  the  pro- 
duction of radiolytic g a s  during americium-curium 
separa t ion  by elut ion from cat ion resin with 0.5 M 
ammonium a-hydroxyisobutyrate--20 vol. % C€-I,OPI 
a t  pW 1.1. At radioactivity leve ls  of SO0 to 1000 w 
per l i t e r  of  resin,  t h e  column operated s a t i s -  
factorily, with no disruption of the  bands.  One 
product contained 90% of t h e  curium and 1% of 
the  americium, and  t h e  other  contained 85% of 
the  americium and 2% of t h e  curium. 

T h e  u s e  of methanol t o  inhibi t  radiolyt ic  g a s  
formation may make i t  poss ib le  t o  s e p a r a t e  
e insteinium and fermium from gram quant i t ies  of 
californium by chromatographic e lut ion from ca t ion  
exchange resin with a-hydroxyisobutyrate. T h i s  
is of great importance s i n c e  no other sa t i s fac tory  
method is ava i lab le  for t h i s  separation. The  
242Cm alpha act ivi ty  l e v e l s  i n  the  above mentioned 
laboratory runs correspond t o  a 2 5 2 C f  loading 
equivalent  t o  1.5 t o  2.0 g per l i ter  of resin. How- 
ever ,  larger-scale t e s t s  a t  t h e  s a m e  act ivi ty  l e v e l s  
a r e  needed t o  prove the u s e f u l n e s s  of t h i s  method. 

Determination of Stabi l i ty  Constants for Ameri-  
icium, Curium, Berkelium, and Californium @om- 
plexes. - Stability c o n s t a n t s  ( K s )  for var ious 
ac t in ide  complexes a re  being determined to eva lua te  
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UhCLASSIFlED 
ORNl UWG G4 -BOG5 l igands  tha t  arc 3 f  potent ia l  in te res t  i n  separat ion 

processes .  T h e s e  s tab i l i ty  cons tan ts  were deter- 
mined by comparing (1) ac t in ide  distribution 
coef f ic ien ts  between cation exchange rcsin and 
aqueous so lu t ions  containing known quant i t ies  of 
the  l igand and (2) distribution coef f ic ien ts  meas- 
urcd i n  t h e  a b s e n c e  of a complexing ligand. 

s tab i l i ty  cons tan ts  were determined for diethylene- $ 
t r iaminepentaacet ic  ac id  (DTPA)  and for 1,2- 
diaminocyclohexyltetraacetic ar id .  T h e  valr ies  y 
obtained for DTPA and their rclniionship to + 

lailthanide s tab i l i ty  cons tan ts  a r e  shown in Fig. 
4.9. Thc stabi l i ty  cons tan t  for americium is E O 5  

greater than that  for any of t h e  :arc eart1:s; how- 
ever ,  act inide s tab i l i ty  constants gradually de-  
crew.p in the Sollowiiig manner:  americium > 
curium > berkelium i californilin- The stabi l i ty  

than that  for europium. 

understanding of the 'l'alspcak PrGcess  (Chap. 5). 
IIowever, the s t rengths  of the cOtilp1CXEs formed d o  
not completely explain the  behavior of a l l  a c t i n i d e s  

$ 2O 

Americium, curium, bcrkelium, and californium 2 '@ 

cons tan t  for californium is only s l ight ly  greater  L a  CP P r  Nd P- Sm Eu Gd i b  D, HO E r  Tm Y b  Lu 

Am Cm Bk r f  

T h i s  sttidy is of value in  obtaining a bet ter  fig. 4,10. R e i n t i r e  Extraction of t h e  Actinides and 

banillanides by 0.1 ,w ~-EW(+,P)A-DEB from 1 M G I ~ ~ ~ -  

l i c  Acid contaiq.Ping 0.05 M DTPA at pH 3.0. 

2 3  

22 
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2+ 
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Fig. 4.9. Stabil i ty ConstarpCs 0 6  Lanthanides and 

Ast in ides with Diethy1enet;inminepenfaocetic Acid. 

and lanthanides .  When extract ion is made into 

2-ethylhexyl phenylphosphonic ac id  [2-EI-I(4P)A] 
from di lute  mineral ac ids ,  americium and curium 
extraction coef f ic ien ts  a re  between t h o s e  of 
praseodymium and neodymium. However, the 
americium and curium complexes with D T P A  a r e  
much stronger than t h e  praseodymiiim and neo- 
dymium complexes (Fig. 4.9). In the presence  of 
DTPA, americiiim and curium extract ion into 0.1 M 
2-EH( $P)A-DEB is decreased  suff ic ient ly  t o  
make it poss ib le  t o  extract  all lanthanides  away 
from einericium and curium (Fig.  4.10). Since the  
californiiim extraction coeff ic ient  into 2-EM( qP)h 
from mineral. a c i d s  without a complexing agent  is 

about 40 t i m e s  that  for americium and curium, and 
s ince  the  californium-DTPA stabi l i ty  complex is 
weaker, t h e  californium-europium separat ion factor  
is only 8, compared with the americium-europium 
separat ion factor of more than 100 (Fig.  4.10). 

Invest igat ion of s tabi l i ty  cons tan ts  of the  
complexes will b e  continued both to aid i n  under- 
s tanding  T a l s p e a k  and to develop improved ion 
exchange separat ion methods for separa t ing  
californium, einsteinium, and fermium. 
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4.2 DEVELOPMENT OF PROCESS EQUIPMENT 

Experimental engineer ing s t u d i e s  a r e  required i n  
order to deve lop  t h e  equipment and procedures  and 
t o  obtain informatioil to permit t h e  design of the 
chemical  process ing  equipment. Maintenance and 
mechanical  handl ing problems a r e  be ing  invest i -  
gated in a ful l -scale  mockup, complete  with 
manipulators, cubic le  floor pan and roof tank pi t ,  
and conveyor. Individual components ,  s u c h  as  

pulsed columns,  pumps, d i sconnec ts ,  and ion 
exchange  columns, a r e  being t e s t e d ,  and des ign  
da ta  a r e  be ing  obtained. 

Tests of t h e  equipment-rack handl ing sys tem,  
including the  t ransfer  case and rack-guide sys tem,  
have almost been completed; af ter  some minor 
modif icat ions,  t h e  sys tem is functioning satis- 
factorily. T h e  feasibi l i ty  of handl ing a replaced 
alpha-seal  window ins ide  t h e  cubic le  with t h e  
t ransfer-case h o i s t  and heavy-duty master-slave 
manipulators was  demonstrated. Several  compo- 
nents ,  including the proposed sampling s ta t ion ,  
large-diameter d i sconnec ts  for t h e  w a s t e  and off- 
g a s  header  sys tem,  and a n  impact  wrench for in- 
c e l l  maintenance,  were tes ted ,  modified as re- 
quired, and  made t o  function properly. 

Sat isfactory hydraulic operat ion of a pulsed-  
column s e t  for t h e  Tramex p r o c e s s  w a s  achieved,  
and adequate  s t a g e  he ights  of 17 in. were meas- 
ured for the s c r u b  sect ion.  T e s t s  of t h e  phospbo- 
nate  process  for the separa t ion  of transuranium 
e lements  i n t o  a n  americium and curium fraction 
and a transcurium fraction showed that  s t a g e  
he ights  of 8 in. for extract ion and 14 in. for 
s t r ipp ing  could be  achieved,  R a r e e a r t h  t racers  
were used  in  t h e s e  runs. A similar s e t  of columns 
was bui l t  and p laced  in  a glove box for use with 
ac t in ide  t racers .  Operation of t h i s  s e t  i n  t h e  
coming year  wil l  permit the  measurement of ex- 
t ract ion and s t r ipping s t a g e  he ights  for t h e  Tramex 
p r o c e s s  and a complete  demonstration of the 
phosphonate p r o c e s s  with ac t in ide  t racers .  

Mockup Studies 

T h e  sui tabi l i ty  of des ign  concepts  for the  p r o c e s s  
equipment is being determined by thorough experi- 
mental t es t ing  of ful l -scale  apparatus .  T h e  t e s t i n g  
of p r o c e s s  equipment is nearly complete, as  is the 
t e s t i n g  of handl ing and maintenance c o n c e p t s  i n  a 
ful l -scale  cell mockup. Prototypes of most of t h e  

p r o c e s s  equipment and  maintenance appara tus  will 
be  t e s t e d  i n  t h e  cell mockup, 

A s ingle  uni t  of the TRU sampler  w a s  mocked up 
and t e s t e d  t o  check  (1) the ease of part replace-  
ment, (2) the  operation of the  bottle-lift mechanism, 
and ( 3 )  the  flow charac te r i s t ics  through t h e  needle  
system. After minor change i n  the  rear  guide 
systern of the l i f t  mechanism and  a reduction in 
or i f ice  diameter, sampling t e s t s  with water  a n d  
10 M LiC1 so lu t ions  ind ica ted  that  representat ive 
s a m p l e s  could b e  taken with a sampling time of 10 
to 15 min and a pump frequency of 20 cpm. 

T h e  fabricat ion,  assembly,  and  t e s t i n g  of the  
f i rs t  s i x  TRU pumps pinpointed the  diff icul t ies  to  
De expected i n  the  manufacture and operation of 
t h e  remaining pumps. Problems encountered were: 
(1) leaking check  va lves  and (2) diaphragms t h a t  
were sheared  a long  the  s e a l  line. Check-valve 
leakage  w a s  considerably reduced by press ing  a 

'4-in. hardened s t e e l  ba l l  i n  t h e  check-valve s e a t  
as  an addi t ional  s t e p  in t h e  assembly  procedure. 
T h i s  cons is ten t ly  produces check v a l v e s  tha t  seal 
adequately. T h e  shear ing  of the  Zircaloy-2 
diaphragm along the s e a l  l ine  is el iminated whcn 
t h e  diaphragm is made of annea led  s tock.  A t e s t  
apparatus  w a s  operated to l i fe- tes t  both annealed 
and unannealed diaphragms, and diaphragm l i fe  in  
e x c e s s  of 3 x l o 6  c y c l e s  was achieved  for ma- 
ter ia ls .  An addi t ional  s e a l  configuration i n  the  
form of a rectangular tongue 0.003 in. high and 
0.015 in. wide w a s  t e s t e d  io see if t h i s  cheaper  
design could b c  effect ively s e a l e d .  It s e a l e d ,  but 
did not indent  t h e  diaphragm properly; therefore, 
we  decided to u s e  t h e  original tongue-and-groove 
s e a l ,  

A 13/-in.-QD disconnect  was t e s t e d  for u s e  i n  
the w a s t e  and off-gas headers  i n  TRU. T h e  t e s t  
sample,  constructed of s t a i n l e s s  steel, leaked  
less than 2.5 x lo-'  s tandard cc of helium per  
s e c o n d  af te r  s i x  make-and-break cyc les .  

A disconnect  ('4-in. s i z e ,  with %-in. tubing con- 
nec t ions)  was t e s t e d  at a pressure of 25,000 p s i  
for u s e  i n  the  l i n e s  to t h e  hydraulic co l lapse  uni t  
i n  t h e  target-fabrication cells. T h e  disconnect ,  
s e a l e d  a t  a torque of 20 lb-ft u s i n g  the  TRU dis- 
connect  clamp, w a s  leakt ight  aga ins t  a pressure 
of 30,000 psi. 

A right-angle drive uni t  for the  e lec t r ic  impact  
wrench w a s  t e s t e d  for operation of the  d isconnec t  
clamps. T h e  torque output  is reduced approxi- 
mately 30% by t h e  drive. A ra tchet  wrench (with a 
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24-in. handle) operated disconnect  c lamps  s u c c e s s -  
fully without overs t ress ing  t h e  manipulators. 

Test operation and adjustment  of t h e  equipment- 
t ransfer  case a r e  near ing completion. T h e  adjust-  
ments  included the  alignment and pinning of the  
door-gui.de p l a t e s ,  shimming of t h e  door bracke ts ,  
remachining gal led s u r f a c e s  i n  the  hois t  mecha- 
nism,  t h e  instal la t ion of a double-lead worm gear  
in the  h o i s t  drive sec t ion ,  t h e  addition of posi-  
t ioning s c r e w s  for t h e  hois t  drum, and adjustment  
of the  t ransfer-case door-lock dr ives  and cam 
plate. M e r  proper door posi t ion w a s  obtained,  
the  door w a s  watertight (1;; in. deep). Future  
p lans  c a l l  for a ;i2-in.-high metal head on the s e a l  
s u r f a c e s  to  give a bet ter  s e a l  on the f la t  rubber 
gaskets .  After t h e  ‘4 6-in.-thick solid-rubber window 
g a s k e t s  were replaced with ‘/,-in.-thick sponge  
subber, leakage w a s  reduced to 0.8 l i ter  of a i r  per 
min a t  0.3 in. of water pressure.  

T h e  equipment-transfer-case hois t  functioned s a t -  
i s f a c t o d y  af ter  the  above changes  were made. 
Equipment r a c k s  with a load of about 400 l b  were 
drawn into the  transfer c a s e  and then reinstal led 
successfu l ly  on the  tracks. T h e  right equipment 
rack w a s  removed and ins ta l led  in “le back-rack 
position arid vice versa ,  demonstrating the  feasibi-  
lity of t h e  transfer system. Some difficulty i n  
s ta r t ing  the equipment rack into the transfer case 
w a s  encountered. Redesigned guides  wilh rol lers  
and increased  flare were instal led.  T e s t s  and 
adjustments  of the new guides  should conclude 
t h e  equipment-transfer-case work. 

T h e  new extended-resch, heavy-duty maoipu- 
la iors  (Central Research  Lzboratory, model F) 
have  performed very well and have  required nu 
maintenance to date. T h e  locking feature proved 
very h e l p f d  i n  handl ing t h e  equipment racks.  
T h i s  feature e n a b l e s  one operator, in  a number of 
ins tances ,  t o  do the work of two. 

Preliminary alpha-wiiidow-removal feasibi l i ty  
t e s t s  were completed. In t h i s  proposed scheme,  
the old alpha window is pushed into the cubic le  as  
the  replacement window i s  ins ta l led  from the 
operat ing s ide.  T h e  old window f r a m e  is then 
d isassembled  in the  cubicle  and the  window 
placed i n  a canvas  bag prior to  shat ter ing it.  
T h i s  d i sassembly  and breakage is required s i n c e  
t h e  window is too large t o  go into the  transfer 
case. A heavy steel p la te  weighing 300 l b  w a s  
handled with the transfer-case hois t  and the cell 
manipulators. T h e  p la te  was  moved from i t s  r e s t  
position with a small  block and tackle  (operated 

by t h e  manipulators) to  a new position for dis- 
assembly and then to another for bagging. Refine- 
ments were made i n  the  des ign  of the  canvas  b a g  
and in  the window-moving mechanism. T h e  t e s t s  
will b e  completed with a more-complete window 
mockup furnished by the window manufacturers. 

The instal la t ion and removal of t h e  hot dis-  
connect  wel l  and the tube bundle by means of the  
bui lding crane,  extension cables ,  manipulators, 
and t h e  equipment-transfer-case hois t  were  ac- 

complished remotely, thus  demonstrating the  
design feasibi l i ty .  Only minor changes  were 
needed to  perfect t h e  procedure, 

Juniper l i n e s  which connected the  hot disconnect  
well and the  equipment racks  were mocked up and 
tes ted  for ease of instal la t ion and removal by 
means of master-s lave manipulators. In a f e w  
i n s t a n c e s  it w a s  necessary  to  remove the top 
d isconnec t  c lamp a m  i n  order to c lear  t h e  dis- 
connect  ferrule during assembly.  However, t h i s  
problem is minimized with t h e  new disconnect  
c 1 amp. 

T h e  feasibi l i ty  of the service- l ine disconnect  
desigil concept  w a s  demonstrated by means of an 
alignment j i g  mockup instal led on  the  hack- 
equipment track. T h e  male d isconnec ts  with a 

short length of ?*-in. tubing and a 90@ bend were 
clamped in  a sp l i t  manifold bolted to  the  equipment 
rack. T h e  d isconnec ts  were then aligned i n  the 

jig. P e i f e c t  registration of the d isconnec ts  with 
t h e  clamps on the  s i d e  rack w a s  made when the 
rack w a s  moved from the  j i g  to the s i d e  rack. 

Development of Pulsed Columns 

Small pulsed columns (1‘4 in. in  diameter by 6 f t  
high) aie to be  u s e d  i n  the ‘TRU Faci l i ty .  Develop- 
ment work w a s  continued with pulsed colurr~rns 
(3 in. in  diameter and 4 ft high) t o  determine the 
b e s t  operat ing condi t ions for good eff ic iency and 
capaci ty .  

For the rare-earth scrub sec t ion  of t h e  Tramex 
flowsheet, the b e s t  pu lse  condi t ions - a frequcncy 
of 40 cpm and amplitude of 0.2 in.  - gave a s t a g e  
height of 17 in, and a total capac i ty  of 12 ml/min 
a t  50OC. Increasing the  temperatuic to 70@C 
improved the efficiency and flow capac i ty  slightly. 
Addition of FX-170, a fluorochemical surfactant ,  
increased  the  flow capac i ty  threefold but also 

increased  the  s t a g e  height by the same factor. It 
was necessary  io increase  the pulse  f requrncy t o  
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80 cpm t o  obta in  sa t i s fac tory  eff ic iency,  which 
a l s o  reduced the capac i ty ;  thus ,  there  appears  io 
b e  no advantage in adding the  surfactant .  Variation 
of aqueous flow ra te  (while maintaining cons tan t  
organic  flow) to give aqueous/organic  ra t ios  of 

'4,  and 1/1 c a u s e d  no change  iri efficiency. In- 
4 7  

c r e a s i n g  t h e  p l a t e  s p a c i n g  from '4 in. to '4 in. 
increased  the  s t a g e  height  by 50% without in- 
c r e a s i n g  the  flow capac i ty  significantly. 

Veiy nearly complete  removal of ni t ra te  from 5 M 
MC1-1 M HNO, w a s  accomplished in  one pulsed 
coluinii by extract ion of n i t ra te  with 30% Allmine  
336 i n  diethylbenzene. The ni t ra te  content  of t h e  
raffinate w a s  0.0005 M WNO,, which is equivalent  
to  a s t a g e  height  of 12 in. 

T h e  phosphonats  p r o c e s s  for t h e  separa t ion  of 
transplutonium e lements  into a n  americium-curium 
fract ion and a transcurium fraction w a s  t e s t e d  i n  
the  s a m e  3/-in.-diam pulsed  columns. Europium 
t racer  (a stand-in for t h e  transcurium elements)  
was extracted from 1.3 M HC1 by 1 M di-(2- 
ethy1hexyl)phenylphosphonic a c i d  i n  diethylbenzene 
and s t r ipped with 3 M HC1 at t h e  following flow 
ratios: feed/organic/s t r ip  - 2/2/1. 

T h e  total. flow capac i ty  w a s  35 ml/min a t  a 
p u l s e  frequency of 40 cpm and a n  amplitude of 
0.2 in. a t  35°C- At t h e  s a m e  operat ing condi t ions,  
t h e  average  s t a g e  height  w a s  8 in. for extract ion 
and 14 in. for stripping. T h e  addition of air a t  
1 cc/min into t h e  bottom of  t h e  column to s imula te  
radiolytic-gas generation a t  a ra te  equivalent  to  a 
power densi ty  of 20 w/l i ter  c a u s e d  some loss o f  
pu lse ,  which w a s  compensated for by operat ing a t  
a frequency of 60 cpm where rro s ign i f icant  loss of 
capac i ty  or  eff ic iency w a s  observed.  

4.3 DESIGN AND FABRlCATlON OF PROCESS 
EQUi PM ENT 

Chemical  p r o c e s s  equipment wil l  b e  loca ted  i n  
four c u b i c l e s  and s e v e n  tank  p i t s  of the  Trans-  
uranium P r o c e s s i n g  Plan t .  Equipment that  requires  
access by the master-s lave manipulators, e i ther  for 
operation or routine maintenance,  wil l  b e  mounted 
in  t h e  cubic les  on one of three  equipment racks.  
T h e  tank p i t s ,  loca ted  below and behind t h e  
cubic le ,  wil l  contain the  p r o c e s s  t a n k s  and inter- 
connect ing p r o c e s s  piping. Detai led design of t h i s  
equipment is be ing  done in t h e  Engineer ing Depart- 
ment of the  Oak Ridge G a s e o u s  Diffusion Plan t .  

While some of t h e  less unusual  equipment is be ing  
procured commercially, t h e  bulk wil l  b e  bui l t  i n  the 
ORNL shops .  

The des ign  of most major equipment components, 
including s e v e n  of the  ten  equipment racks,  t h e  
four p r o c e s s  sampler  s t a t i o n s ,  t h e  p r o c e s s  tanks,  
t h e  interpi t  piping plug a s s e m b l i e s ,  a n d  t h e  c e l l  
w a s t e  a n d  off-gas header  sys tem,  h a s  been  com- 
pleted,  and fabrication or procurement is under way. 
Overall des ign  progressed from about 20% complete  
at the  beginning of the year  to approximately 6.5% 
complete  now. Cell piping, makeup a r e a  equipment, 
and cold-service piping comprise  most of the  re- 
maining des ign  effort. T h e  des lgn  of p r o c e s s  
equipment is scheduled  for completion by February 
1965 and i s  on schedule .  

In order to fac i l i t a te  fabrication of the  complex 
equipment required for the process ,  approval w a s  
requested and obtained from the  AEC to make much 
of the cr i t ica l  and unusual  equipment items in  ou r  
shops.  Equipment in  t h i s  category requires  an 
est imated 7000 rnan-days of shop  work and in- 
c l u d e s  the  ten cubiclc-equipment racks  and all t h e  
in-cell p r o c e s s  piping. 

Fabricat ion of the  equipment rack for t h e  first- 
c y c l e  so lvent  extract ion sys tem and one of t h e  
four sampler  s t a t i o n s  is completed. Fabricat ion of 
other  components for which design h a s  been  com- 
pleted i s  in  progress .  Procurement of the  28 t a n k s  
required for the  process  has been s tar ted.  Follow- 
i n g  delivery of t h e  b a s i c  tdnk v e s s e l s ,  scheduled  
for January 1965, the  n o z z l e s  wil l  b e  inser ted  
through the v e s s e l  h e a d s  and mechanical ly  rolled 
into the  heads  in  our shops. Fabricat ion and 
procurement of all process  equipment and piping, 
present ly  15% complete, a r e  scheduled  for com- 
pletion in August 1965. 

Eqwiprnent Design 

Design h a s  been  completed for most of t h e  
primary equipment components. Deta i led  process  
piping des ign  is complete  for cell 7 and cubic le  7. 
P ip ing  for t h e  remainder of the  c e l l  bank and for 
the  makeup and  s e r v i c e  a r e a  outs ide  t h e  cell bank 
is be ing  designed,  

Cubicle-Equipment Racks, - Cubic le  equipment 
wil l  b e  mounted on three  removable racks,  3 ft 
wide by 18 in. deep by 6 ft high; two are  loca ted  
on t h e  s i d e s  and one  on the back  of the  four process  
cubic les .  
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Equipment for the Tramex process  will b e  on the  pumps, columns, pressure-pot control s y s t e m s ,  and 
lef t  s i d e  rack in  cubic le  7 and will c o n s i s t  o f  solut ion holdup tanks,  wil l  b e  mounted on t h e  rack. 
three pulsed columns,  1'4 in. i n  diameter ,  with T h e  equipment rack pictured in Fig. 4.11 is under- 
5-ft-long ac t ive  sec t ions .  In addition t o  the  going cold tes t ing.  Equipment for the second 
columns,  other components required for the  opera- c y c l e  of so lvent  extract ion,  i n  which americium 
tion of the so lvent  extract ion sys tem,  including t h e  and curium is separa ted  from t h e  higher ac t in ides ,  
feed-metering system, the  pulsers ,  in te rcyc le  will b e  loca ted  on  a s imilar  rack in  cubic le  6, 

Fig.  4.11. F i rs t -Cyc le  Solvent Extract ion Rack. Columns and a l l  piping are o f  Zircaloy-2. 
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T h e  right side-rack in cubicle  6 will  contain a n  
ion exchange column with a 1.5-liter res in  capaci ty ,  
a s soc ia t ed  feed pump, and res in  handling and 
solution-distribution sys t ems .  T h i s  equipment 
will  be  u s e d  for miscel laneous recovery operat ions 
and plutonium recovery from short-term irradiations.  
A hydraulically operated piston at the  top of the  
column re ta ins  and compresses  t h e  resin bed, 
making poss ib l e  upflow loading and elut ion even  
in  t h e  presence of s ignif icant  g a s  evolution. 

Berkelium is sepa ra t ed  from the  higher ac t in ides  
in  a batch extract ion system loca ted  on the right 
equipment rack in  cubic le  6. A ni t r ic  acid feed 
containing the  mixed ac t in ides  is equi l ibrated with 
an organic extractant  (30% D2EPHA in decane)  in a 
batch spray column. T h e  berkelium is extracted 
in to  t h e  organic and retained in the column. After 
t h e  organic  phase  h a s  been scrubbed with cold 
feed, t h e  berkelium is str ipped from the  organic  or 
purified product. Distribution coeff ic ients  would 
give separat ion factors  bet ter  than l o 7  in a s ingle  
contact  if complete phase  separat ion were achieved,  
so t h e  equipment w a s  accordingly designed to  
minimize entrainment and solut ion holdup. 

Each  back equipment rack in  t h e  four p rocess  
cub ic l e s  wil l  house a 12-unit sampler s ta t ion’  for 
sampling the  p rocess  tanks.  Design of the s t a t i o n s  
i s  complete,  and the f i rs t  h a s  been built. Distri-  
bution s y s t e m s  for t h e  var ious ac t in ide  products 
and miscel laneous equipment wil l  occupy the 
upper sec t ion  of the back racks.  

T h e  two s i d e  r acks  in cubic le  4 will  contain 
equipment for t h e  separat ion of californium, 
einsteinium, and fermium, and for t h e  preparation 
of ac t in ide  ox ides  for recycle  back t o  the HFIR. 
Design is being held up pending flowsheet develop- 
ment work of th i s  equipment. Cubicle  5 is free of 
equipment excep t  for the sampler s ta t ion.  It will  
b e  u s e d  for s p e c i a l  s epa ra t ions  as t h e  need 
ar i ses .  

Process Tanks. - T h e  in-cell t a n k s  for t h e  
p rocess  can  be  c l a s s i f i e d  in  three groups as: 
(1) feed and product evaporators ,  (2) product 
s torage  tanks,  and (3) was te  accumulation tanks.  
T h e  t anks  are about 4 %  ft high and range in  volume 
from 20  to  150 l i t e rs .  All  n o z z l e s  terminate in  
TRU d i sconnec t s  located 40 in. above the head of 
the  tank. During maintenance operat ions,  the  tank 

5F. L. Culler e t  al., Chem. Technol. Div. Ann. Progr. 
Rept. May 31,  1963, ORNL-3452, pp. 120-22. 

p i t s  will  b e  flooded with water to a level  j u s t  
below the  d i sconnec t s  t o  provide shielding. 

T h e  evaporators  c o n s i s t  of tantalum-lined, 
Hastel loy C v e s s e l s  with flanged heads  of %-in.- 
thick tantalum plate.  T h e  evaporators  and 
a s soc ia t ed  condense r s  a r e  designed for boilup 
r a t e s  of 15 li ters/hr.  

T h e  product s torage  and was te  accumulation 
tanks (Fig. 4.12) wil l  b e  of all-welded construction 
excep t  for the  tubing penetrat ions through the  
tank heads ,  where rolled jo in ts  will  be  used. T h e  
product s torage t anks  will  be fabricated from 
Zircaloy-2, which is suff ic ient ly  res i s tan t  to 
corrosion to prevent the  buildup of undesirable  
amounts of corrosion products or  contaminants in  
the s tored act inide products.  T h e  w a s t e  accumu- 
lation tanks will b e  made of Hastel loy C, which 
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h a s  acceptab le  corrosion r a t e s  for t h i s  application. 
Nozzles  for both t y p e s  of tanks  will be  of 
Zi rcaloy-2. 

T h e  des ign  of t h e s e  v e s s e l s  is complete ,  and 
procurement h a s  j u s t  s tar ted.  

In-Cel l  Process Piping. - Piping  connec t ions  
between equipment components in  both cubic le  
and pi t  wil l  b e  made by individual  jumper l ines ;  
TRU disconnects  will be u s e d  at e i ther  end. 
Interconnecting jumper l i n e s  between cubic les  and 
p i t s  a re  grouped in  bundles. 

P ip ing  connect ions between cells will be  routed 
through intercel l  piping plugs (Fig.  4.13) set in to  
1- by 5-ft openings i n  t h e  cell partition walls. 
Jumper l i n e s  will run from disconnec ts  mounted on 
t h e s e  plugs t o  other  loca t ions  i n  the  pi ts .  T h e  
plugs will seal t o  a metal  frame permanently 
mounted in  the  opening. T h e  w a s t e  header  is 
ins ta l led  i n  a n  opening i n  t h e  removable plug, 
and t h e  off-gas header  is ins ta l led  i n  a s imilar  
opening i n  the  permanent frame above the  piping 

plug. T h e  w a s t e  header  in  any pit c a n  be  remotely 
replaced without dis turbing the  piping plugs. 
Individual s e c t i o n s  of the off-gas header  can  b e  
replaced only af ter  d i sconnec t ing  and moving 
s e c t i o n s  in  other  ce l l s .  

Crit ical  Path Scheduling. - Crit ical  path 
schedul ing  is being u s e d  on  t h e  Transuranium 
project. F o r  schedul ing,  the  project is divided 
inro two major segments:  (1) des ign  and con- 
s t ruct ion of t h e  bui lding and (2) procurement of the  
equipment, including chemical  p r o c e s s  equipment, 
target  fabrication equipment, and building mechani- 
cal equipment. T h e  i tems  i n  the  second segment  
a r e  t h e  responsibi l i ty  of ORNL. 

In August 1963 the  ORNL portion of the  schedule ,  
developed during the  previous year ,  w a s  rev ised  
and updated t o  ref lect  c h a n g e s  and progress  i n  
design. A s  a resul t  of t h i s  updating, a s ignif icant  
increase  i n  overal l  manpower requirements w a s  
evidenced (an increase  from 8000 to 11,856 man- 
days). Since t h a t  time, about  2300 addi t ional  
man-days have  been added. At present ,  the des ign  
is 69% complete; the  scheduled r a t e  of expendi ture  
of design manpower i s  shown in Fig.  4.14. 

Each month, a de ta i led  progress  report i temizing 
the  s t a t u s  of all design ac t iv i t ies  is prepared and 
t ransmit ted t o  project personnel. T h i s  report, 
including progress  curves  for the  three major 
design subgroups,  a summary curve, and other  
pertinent information, i s  presented monthly to  
project management for review. T h e  s t a t u s  of the  
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three major design subgroups as of May 31 ,  1964,  
is as  follows: chemical  process ing  equipment 
(39% of total  design) ,  67% complete; mechanical  
equipment (23% of to ta l  design) ,  79% complete;  and 
target  fabrication equipment (38% of to ta l  design) ,  
67% complete. 

In June 1963, a summary cr i t ica l  path s c h e d u l e  
depict ing t h e  major components of t h e  TRU con- 
s t ruct ion program and their interrelat ionships  w a s  
prepared (the March 1964 revis ion is shown as 
Fig. 4.15). T h i s  summary schedule  is aimed a t  

present ing only the important d e t a i l s  affect ing the  
schedule  and is reported quarterly to the  Atomic 
Energy Commission. 

In July 1963,  the  development of a schedule  for 
the  fabrication of chemical  process ing  equipment 
by the  P l a n t  and Equipment Divis ion 's  fabrication. 
department w a s  agreed upon. In January 1961, 
such  a schedule ,  involving approximately 7000 
man-days of loca l  shop  effort, w a s  generated. 
T h i s  work is now s l a t e d  for completion in  July 
1965. 
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4.4 CONSTRUCTION OF THE T ~ A ~ S ~ R A ~ ~ ~ ~  
PROC ESSlNG PLANT 

Bui Id in g Con struc ti on 

T h e  construct ion contract  for t h e  Transuranium 
P r o c e s s i n g  P l a n t  (TRU) w a s  awarded to Blount 
Brothers  Construction Company of Montgomery, 
Alabama, on June  14, 1963. T h e  construct ion 
subsequent ly  w a s  s ta r ted  on July 1 ,  1963,  with a 
scheduled completion d a t e  i n  ear ly  April of 1965. 
T h e  construct ion,  as of July 1, 1964,  is approxi- 
mately 50% complete and progressing in  accordance  
with t h e  c r i t i ca l  path schedule  which t h e  contractor  
h a s  prepared for the  Atomic Energy Commission. 

T h e  building i s  now completely e n c l o s e d  and 
roofed in, except  for t h e  exter ior  doors. T h e  
concrete  p i t s ,  which contain t h e  cell vent i la t ion 
and off-gas f i l ter  assembl ies ,  the  underground 
pipe tunnel, and the  n ine  hot cells, have  been  
poured to  f inal  first-floor e levat ion.  High-density 
concrete  h a s  been successfu l ly  poured in  the  front 
cell wal l ,  and t h e  cell-viewing-window frames h a v e  
been accurately positioned, T h e  f i rs t  appl ica t ion  
of Fiberglas-reinforced epoxy res in  coa t ing  t o  the  
inter ior  c e l l  wall w a s  completed. T h e  first- and 
second-floor s l a b s  have  been poured, and the  
second-floor partition w a l l s  have  been  erected.  
All underground piping h a s  been ins ta l led ,  a s  h a s  
t h e  main hea t ing  and a i r  condi t ioning unit. 

T h e  50-ton bui lding c rane  in the  high bay area ,  
with i t s  5-ton auxiliary hois t ,  w a s  ins ta l led  and is 
in temporary operat ing condition. T h e  contractor  
b a s  ut i l ized i t  for placing concre te  i n  the  inter ior  
of t h e  building and for placing t h e  p r e c a s t  con- 
c re te  sh ie ld ing  plugs that  form t h e  floor of the  
l imited-access  area. 

Procurement o f  Government-Furnished Equipment 

T h e  responsibility for the  procurement of severa l  
spec i f ic ,  high-quality equipment i t ems  w a s  removed 
from t h e  Contractor and accepted  by us, prior to  
awarding the contract  for t h e  bui lding construct ion.  
T h e s e  i tems  a r e  to be furnished to t h e  contractor  

for instal la t ion.  To da te ,  they have  been avai lable  
for the contractor 's  use a s  required by t h e  contract  
specif icat ion,  except  for one or two i tems  whose 
delayed delivery had no  effect  upon t h e  contractor 's  
schedule .  T h e  equipment and material i t ems  tha t  
h a v e  been suppl ied include all high-quality s ta in-  
less s t e e l  p ipe  and pipe fittings, four prefabricated 
Has te l loy  C piping assembl ies ,  nine Has te l loy  C 
sump assembl ies  for the  c e l l  floors, the s t a i n l e s s  
s t e e l  intercel l  conveyor housing, the  ten cel l -  
viewirig-window s l e e v e s ,  s t a i n l e s s  s t e e l  p rocess  
va lves ,  and cer ta in  s p e c i a l  instruments. St i l l  to  
b e  suppl ied a r e  t h e  Has te l loy  C cel l -cubicle  floor 
pans  and t h e  filters for t h e  building and c e l l  
vent i la t ion and off-gas sys tems,  t h e  procurement 
of which is on schedule .  

Development of High- 

Hydrous iron ore aggregate  was to have been 
obtained from the Treasure  Bel t  Mining Company in 
Montana for u s e  as the  pr incipal  ingredient in  the 
high-density concre te  sh ie ld ing  for the  TRU P l a n t ,  
After mining and delivery of about  20% of the  
required quantity, i t  became apparent ly  impract ical  
for Treasure  Bel t  to Eulfill their contract ,  and they 
were subsequent ly  declared in  default. Therefore ,  
i t  w a s  n e c e s s a r y  to develop a subs t i tu te  mater ia l  
from which t o  make the  high-density concrete .  

T h e  South Atlant ic  Division Laboratory of the  
Corps of Engineers ,  in  Marietta, Georgia, a s s i s t e d  
the AEC-OR0 in  developing a concrete-mix formula, 
ut i l iz ing ferrophosphorous and limonite aggregate. 
Subsequent tes t ing  by t h e  Corps  of Engineers ,  
a s s i s t e d  by representat ives  of the AEC-OR0 and 
ORNE, produced an acceptab le  n i x  for the  
shielding requirernmts  of t h e  'TRU Plant .  T h e s e  
aggregate  mater ia l s  were then procured by AEC- 
O K 0  and del ivered t o  the  contractor. A second 
iiiix, ut i l iz ing t h e  Montana hydrous iron aggregate ,  
which had been purchased under the  Treasure  
B e l t  contract ,  and t h e  A41abarna limonite, h a s  a l s o  
been developed i n  the  same manner for some l e s s -  
c r i t i ca l  sh ie ld ing  applications. 



5. Curium 

A jo in t  program between the Iso topes  Division 
and Chemical  Technologv Division h a s  been es- 
tabl ished to  produce curium h e a t  s o u r c e s  for u s e  

, in  thermoelectric converters. I t  is the  responsi-  
bility of the  Cheniical Technology Division t o  
provide processing technology, fac i l i t i es ,  and 
operat ions t o  i s o l a t e  gram amounts of curium. 
Irradiated ta rge ts  of 2 4 1 A m 0 2  i n  an aluminum 
matrix will b e  processed t o  s e p a r a t e  242cm from 
aluminum, f iss ion products, and eventual ly  from 
241Am, although the f i rs t  products wil l  contain 
the  residual  241Am as  well a s  242Crn. A nit r ic  
acid solut ion of t h e  product wil l  b e  delivered to 
t h e  I so topes  Division for subsequenf  fabrication 
of the  thermoelectric h e a t  sources .  A number of 
process  methods, fac i l i t i es ,  and source  mater ia ls  
a r e  u s e d  for both t h e  Curium Program and t h e  
c l o s e l y  related Transuranium Element Program. 

T h e  Curium Recovery Fac i I i ty  (CRF) w a s  orig- 
inally planned for tes t ing  transuranium element  
p r o c e s s e s  a t  high act ivi ty  leve ls ,  but modifica- 
t ions have  been made to i n c r e a s e  capac i ty  and 
to  improve reliability so i t  can  also be  used  to 
i s o l a t e  nrultigram quant i t ies  of curium, free  of 
f iss ion products. A 10-g sample  of 2 4 4 C ~ n  for 
an experimental hea t  source  will b e  i so la ted  
from a ni t r ic  ac id  concentrate  containing about  
100  g of 243Am, 100 g of 244Cm, and 10,000 
cur ies  of rare-earth f iss ion products which Sa- 
vannah River  Laboratory prepared as  feed m a -  
ter ia l  for t h e  Transuranium Element Program. 

T h e  Cheniical Technology Division part of t h e  
Curium Program inc ludes  laboratory-scale develop- 
ment of the  chemical  processes ,  searching for 
a l ternat ive process  methods which may b e  u s e d  
in  ex is t ing  peocessing fac i l i t i es ,  and design,  con- 
s t ruct ion,  and operation of the  C R F  to t e s t  the  
p r o c e s s e s  and to i s o l a t e  multigram amounts of 
2 4 2 ~ m  and 2 4 4 ~ m .  

5.1 DEVELOPMENT OF THE PROCESS 

T h e  proposed methods for i so la t ing  2 4 2 C ~ ~ 1  and 
244Cm differ s l ight ly  b e c a u s e  of t h r  difference 
in  feed mater ia ls .  Summary f lowsheets  a r e  given 
in  Fig.  5.1. F e e d  for 244Cm isolat ion comes 
from the long-term irradiation of 239Pu for the 
Transuranium Element Program. Savannah River  
h a s  processed  10 kg of 239Pu irradiated for t h e  
Transuranium Element Program and h a s  suppl ied 
a nitric a c i d  concentrate  containing the  2 4 3 A m ,  
244Cm7 and a l l  t h e  rare-earth f i ss ion  products. 
T h i s  solut ion will b e  converted from ni t ra te  t o  
chloride by t h e  Clanex (Co-Lanthanide-Actinjde- 
Nitrate Extract ion)  process  in which americium, 
curium, and rare ear ths  a r e  extracted into Alamine 
336 - IiNO3-diethylbenzene (DEB) from neutral 
lithium ni t ra te  solution and then s t r ipped into 
di lute  hydrochloric acid.  T h i s  s t r i p  product is 
scrubbed with Alaminc 336 - HC1-DEI3 t o  remove 
the  l a s t  t r a c e s  of nitrate. T h e  Tramex process  
will b e  u s e d  for  decontamination and recovery of 
t h e  3Arn-244Cm. Americium and curium separa-  
tion c a n  h e  accomplished by severa l  methods. 
Chromatographic e lut ions,  e i ther  from cat ion ex- 
change resin with a-hydroxyisobutyrate or from 
anion exchange resin with 4 M LiNO,, a r e  ef- 
fec t ive  separat ion methods. Another acceptab le  
separat ion method is based  upon precipitation of 
pentavalent  americium a s  a double potassium 
carbonate  while t r ivalent  curium remains soluble .  

For  t h e  2 4  'Cm isolat ion process ,  irradiated tar- 
g e t s  of 241Am02 in an aluminum matrix wil l  b e  
d isso lvcd  in  2 M HC1. Dissolver  solution wil l  b e  
adjusted t o  prepare feed for  t h e  Tramex process  
by adding lithium chloride and evaporating t o  
concent ra te  t h e  solution and to  d is t i l l  off e x c e s s  
hydrochloric acid.  Product  from the Tramex proc- 
ess wil l  b e  in 8 M HC1. T h i s  must b e  converted 
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Fig. 5.1. Summary Flowsheets for Curium Processing. 

t o  a ni t r ic  acid solution for subsequen t  processing 
to hea t  s o u i c e s  by the I so topes  Division. Labora- 
tory demonstration h a s  shown tha t  repeated addi- 
t ion of ni t r ic  acid followed by  evaporation is 
effect ive for t h i s  conversion. ' h o  such  addi t ions 
and evaporat ions to produce concentrated ni t r ic  
ac id  rcduced the chlor ide concentrat ion to  only 
a few parts  per million. T h e  f i r s t  s amples  of 
* 'Cm wil l  not h e  sepa ra t ed  from 'Am; however, 
e i ther  the ion exchange or precipitation methods 
can probably be  used  for t h i s  separat ion.  

Status of the Chemical Pracesses 

In general ,  sa t i s fac tory  resu l t s  for all the proc- 
ess s t e p s  have  been obtained i n  laboratory-scale 
tests made at low radioact ivi ty  levels .  r h e  most 
critical s t e p s  h a v e  a l s o  been  sat isfactor i ly  tes ted  
a t  full l e v e l s  but with only a few mil l i l i ters  of 
solution. Laboratory development to improve the 
p r o c e s s e s  will cont inue,  but t h e  next  important 
s t e p  is to  t e s t  the p r o c e s s e s  at full radioactivity 
leve l  in the  Curium Recovery Fac i l i ty  (CRF). 

Clanex Process. - Conversion from ni t ra te  to  
chlor ide by the  Clanex p rocess  h a s  been s u c c e s s -  

fully demonstrated in  laboratory mixer-sett ler t e s t s  
with s imulated feed at low radioactivity leve ls .  
Americium, curium, and rare-earth recovery was 
bet ter  than 99.9%; t h e  product was 2 M in HC1 
and contained less than 0.01 M HNO,, which is 
low enough not to  interfere  i n  the  subsequen t  
Tramex piocess .  

Tramex Process. -- As reported l a s t  year, Tramex 
t e s t s  made in laboratory-scale mixer-sett lers gave  
americium l o s s e s  of about 0.01% and f i ss ion  
product decontamination fac tors  equal t o  or greater 
than lo4.  N o  s e r i o u s  radiation-induced effects 
were noted in  1- to  10-ml batch extraction t e s t s  
a t  act ivi ty  l e v e l s  up  to the proposed processing 
leve l  of 10 w/liter.  I..oss of ac id  in  Tramex feed 
by radiolysis  h a s  been sa t i s fac tor i ly  controlled 
by making the  feed solution 2 vol % in methanol. 
T h e  Tramex p rocess  is expected to  operate  satis- 
factorily a t  full radioactivity leve l  in the  CRF. 
Howrver,  two Tramex c y c l e s  may b e  required to  
routinely give sa t i s fac tory  f i ss ion  product decon- 
tamination fac tors  of greater  than l o 4  or 10'. 

Conversion of Tramex Product from Chloride 
to Ni t rate  Solution, -- Conversion of Tramex prod- 
uc t  from 8 M HC1 to  a ni t r ic  ac id  solut ion by 
a l t e i n a t e  addi t ions of concentrated ni t r ic  ac id  
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and evaporat ions w a s  successfu l ly  demonstrated 
i n  l/lO-scale tantalum equipment with s imulated 
Tramex product. Chloride concentrat ion of t h e  
product w a s  reduced t o  1 or 2 ppm af te r  t h e  second 
boiloff of t h e  nitric acid;  however, t h e  f ina l  prod- 
uct w a s  15 iM in  H N 0 3 ,  compared with t h e  des i red  
maximum concentrat ion of 2 M .  

A modified Tramex process  tha t  produces 
chloride-free curium i n  1 M HNO, w a s  demon- 
s t ra ted  in  a laboratory mixer-settler run a t  low 
radioactivity leve ls .  T h e  americium-curium product 
w a s  free of chloride, zirconium, and  rare-earth 
contaminants ,  but ruthenium decontamination w a s  
poor and must b e  improved. 

Americium-Curium Separation. - T h e  separa t ion  
of americium and curium by precipi ta t ing pentava-  
lent  americium as KAm02C0,  from potassium 
carbonate  so lu t ions  in which t h e  radioactivity 
leve l  w a s  40 t o  130 w/l i ter  h a s  been demonstrated. 
T h e  precipi ta tcd product contained 94 t o  98% 
of t h e  americium and carr ied from 2.0 t o  3.8% 
of t h e  curium. T h i s  procedure wil l  probably be  
used  i n  the  C R F  to s e p a r a t e  241Am and 242Cm. 

Americium and curium separa t ion  c a n  also b e  
made a t  high radioactivity leve ls  by  chromato- 
graphic e lut ion from ion exchangc resin i f  methanol 
i s  added to t h e  so lu t ions  t o  s u p p r e s s  the  forma- 
tion of radiolyt ic  gas .  Elution with 4.4 M LiNO, 
from anion exchange resin and elut ion with 0.5 M 
NH, a-hydroxyisobutyrate a t  pH 4.1 from ca t ion  
exchange resin were both tes ted  a t  radioactivity 
leve ls  of 500 t o  1000 w per l i ter  of resin. T h e  
americium products contained 85 t o  9% of the  
americium along with 0.8 t o  1.0% of t h e  curium, 
and  t h e  curium products contained 9 0  t o  95% of 
t h e  curium a long  with 1 t o  3% of t h e  americium. 
F o r  complete recovery, t h e  e lua te  between t h e s e  
t w o  product c u t s  must b e  recycled. Although 
t h e s e  t e s t s  were made with s m a l l  volumes of 
so lu t ions  a n d  resin (1O-ml columns), s c a l e u p  
a p p e a r s  t o  b e  feas ib le .  P l a n s  a re  t o  u s e  ion 
exchange for separa t ing  243Am and 244Cm. 

Experimental Work 

Only part of t h e  experimental work carr ied out 
during t h e  pas t  year  is d i s c u s s e d  here. Clanex,  
Tramex, and  americium-curium separa t ion  by ion 
exchange  a r e  reported i n  Sect. 4.1 of t h i s  report. 
S e e  also ‘‘Transuranium Element Process ing”  
in  t h e  l a s t  annual.’ 

Conversion of Tramex Product from Chloride 
to Ni t rate  Solution. - When 2 4 2 C m  i s  purified by 
the  Tramex process  i n  the  CRF, t h e  product will 
be  contained i n  about 12 l i te rs  of 8 M HC1. T h i s  
must b e  converted t o  a ni t r ic  a c i d  solut ion,  prefer- 
ably 4 l i t e rs  of less than 2 M HNO,, before 
shipment t o  the Isotopes Division s i n c e  their  
p r o c e s s  equipment is made of s t a i n l e s s  steel. 
T h e  proposed method of converting t h i s  t o  a 

ni t ra te  solution is t o  evaporate  t o  4 l i t e rs ,  add 
4 l i t e rs  of concentrated ni t r ic  ac id ,  and evaporate  
to 4 l i ters .  T h i s  process  is to b e  repeated two 
more t i m e s .  

T h i s  conversion w a s  t e s t e d  a t  1/10 s c a l e  in 
tantalum equipment with s imulated feed containing 
mixed rare  ear ths  a s  s u b s t i t u t e s  for americium 
a n d  curium. 

Chloride concentration of the  product w a s  re- 
duced t o  1 or 2 ppm af ter  t h e  secund boiloff of 
t h e  nitric acid.  The  f inal  product w a s  approxi- 
mately 15 M i n  HNO, and contained 0.5 g of 
rare ear ths  per liter. Noncondensable a c i d  reaction 
products (probably ni t rosyl  chlor ide)  were readi ly  
scrubbed from t h e  off-gas with d i lu te  c a u s t i c .  
From all  three boildowns, a to ta l  of 5.5 equiva-  
len ts  of a c i d  per l i ter  of product were co l lec ted  i n  
t h e  c a u s t i c  trap. 

Some ruthenium decontamination c a n  be obtained 
i f  RuO, is volat i l ized during t h i s  conversion. 
However, ruthenium added as  t h e  trichloride did 
not volat i l ize  e v e n  from boi l ing concentrated 
ni t r ic  ac id  during the  f inal  s t a g e s  of conversion.  
Sodium bismuthate in  concentrated ni t r ic  a c i d ,  
or ozone bubbled through concentrated ni t r ic  
a c i d  containing sodium ni t r i te ,  effect ively oxidized 
ruthenium t o  t h e  volat i le  RuO, when the  so lu t ions  
were boiled. 

were obtained with N a B i 0 ,  concentrat ions a s  
low a s  0.004 M ,  and a ruthenium decontamination 
factor  of 5 w a s  obtained with ozone i n  t h e  presence  
of 0.02 M NaNO,. 

There  is considerable  doubt that  the  ni t r ic  ac id  
concentrat ion c a n  be  reduced to  2 il.1 by t h i s  method. 
In order t o  d o  so, t h e  product must b e  evaporated 
t o  a s m a l l  volume and then diluted. T h i s  means 
tha t  the  2 4 2 C m  wi l l  b e  concentrated t o  s e v e r a l  
hundred wat t s  per l i t e r ,  and large entrainment 
losses during evaporation probably wil l  occur. 

Ruthenium decontamination fac tors  of 70 to 100 1 

‘F. L. Culler e t  at., Chern. Technol.  Div. Ann. 
Progr. Rept.  May 31, 1963. ORNL-3452, pp. 96-115. 
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If t h i s  conversion method is used ,  precaut ions 
must b e  taken  so tha t  Tramex so lvent  wil l  not b e  
present  in  t h e  curium product, s i n c e  Alamine 
336-DEB i n  nitric ac id  is a potent ia l  hazard 
( s e e  Sect .  4.1). 

Modif ied Tramex Process t o  Produce Chlsr ide-  
Free Curium. - Since a potent ia l  hazard would 
e x i s t  if res idual  organic solvent  were present  
when curium product is converted from t h e  chlor ide 
form t o  t h e  ni t ra te  by s u c c e s s i v e  boildowns of 
t h e  hydrochloric a c i d  solut ion,  and b e c a u s e  a 
suff ic ient ly  low ni t r ic  a c i d  concentrat ion cannot  
be readily obtained by repeated boildowns (Sect. 
5.3), a modified Tramex f lowsheet  w a s  developed 
t o  produce chloride-free curium in 1 M HNO,. 

T h e  f lowsheet  for the  modified Tramex process  
is shown i n  Fig. 5.2. In t h e  process ,  americium 
a n d  curium a r e  extracted in to  0.6 M Alamine 
336'HCl-DEB from 11 M L i C l  feed as  before; 
however, Alamine 336 .HC1 containing t h e  ex-  
t racted americium and curium is then converted 
from t h e  chlor ide to t h e  ni t ra te  salt by contac t ing  
i t  wi th  8 M LiNO, i n  a conversion contactor .  

1 1  M L i C l -  
0.02 M HCI 

EXTRACTION 

8 M  L i N 0 3  

I 

T h e  aqueous phase  from t h i s  conversion is scrub-  
bed with 0.6 M Alamine 336'HNO,-DEB t o  reduce 
americium a n d  curium l o s s e s .  Solvent from t h e  
conversion contactor  is then s t r ipped with 1 it! 

HNOJ,  and  t h e  s t r ipped product is scrubbed  with 
0.5 M di-(2-ethylhexyl)phosphoric acid-  Amsco 
mixture t o  remove zirconium. 

In a laboratory-scale mixer-settler demonstration 
of t h i s  process ,  99% of t h e  curium and almost  a l l  
t h e  iuthenium and zirconium were extracted i n  t h e  
f i rs t  contactor. In the  conversion contactor ,  about  
1% of t h e  curium, about  20% of t h e  ruthenium, a n d  
most of t h e  zirconium were transferrcd to t h e  
aqueous  raffinate. Product from t h e  s t r i p  contactor  
contained 98% of t h e  curium, about 30% of t h e  
ruthenium, and no de tec tab le  amounts  of zirconium 
or chloride. In order for t h i s  process  to be ac- 
ceptab le ,  ruthenium decontamination must be 
improved. No def ini te  p lans  have  been made t o  
i n s t a l l  t h e  third contactor  in  t h e  CKF S O  tha t  
t h i s  modified Tramex process  c a n  b e  used. 

precipi tat ion of KAmO,CO, to Separate Ameri-  
cium-Curium. - Precipi ta t ion of K A m 0 2 C 0 3  from 

,------ 

UNCI  ASS lF lED 
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Fig.  5.2. F lowsheet  of Modif ied Tramex Process to Produce N i t ra te  Product. 
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K,CO, so lu t ions  w a s  invest igated a t  a lpha-  243A1n, 244Cii~,  and 2 4 2 C i n .  F i n a l  determination 
act ivi ty  l e v e l s  of 4 0  to 130 w h i t e r .  It w a s  found of their  adequacy cannot  be made until a c t u a l  
that  americilam can  be  sa t i s fac tor i ly  oxidized a t  processing, i n  t h e  CRF is carr ied out a t  ful l  radio- 
t h e s e  ac t iv i ty  leve ls .  The  precipi ta te  contained ac t iv i ty  lwel. 
94 t o  98% of t h e  americium and carr ied from 2.0 
t o  3.8% of the curium (Table  5.1). Oxidation of 
americium with NaOCl proceeded rapidly a t  ele- 
vated temperature, and  tnost of t h e  americium 
precipi ta ted within 15 Inin. Americium c a n  also 
be oxidized t o  the  pentavalent s t a t e  with per- 
su l fa te  a t  temperatures of 80 t o  9oOC. A t race  
of s i l v e r  w a s  added to aid the oxidation; however, 
it  does aot seem to be  required. In t h e  presence  
of potassium, americium oxidation does not pro- 
c e e d  beyond the  5 t s t a t e ,  but, in  s o d i u m  carbonate  
so lu t ions ,  some americium is oxidized t o  the  
so luble  G+ s t a t e .  Curium in the  f i l t ia te  precipi- 
t a ted  af ter  about  1 0  hr, presumably as  a resul t  of 
the  high radioactivity level .  T h e  precipi ta ted 
curium appeared to  be  the  hydroxide s i n c e  it w a s  
readily so luble  i n  d i lu te  ac id ,  although t h e  pos- 
s ib i l i ty  of oxa la te  froiii t h e  dimerization of t h e  
C 0 2 - -  radical  to form C z 0 4 2 -  may have  been 
involved. 

Although t h e s e  tests were made with only about  
5 m l  of solut ion,  scale-up should b e  feas ib le .  
Large-scale  t e s t s  wil l  be made in t h e  CHF. 

Conc lusi  on5 

All  t e s t s  t o  d a t e  indicate  that  the proposed 
process  methods a r e  c a p a b l e  of producing pure 

F i s s i o n  product decontamination fac tors  e q u a l  
t o  or greater than IO4 have been demonstrated i n  
laboratory mixer-settler t e s t s  for t h e  Tramex 
process .  Tests a t  full lewis of radioactivity in  
t h e  CRF a r e  needed t o  determine if one c y c l e  is 
suf f ic ien t  or if two extract ion c y c l e s  are neces-  
s a r y  to  routinely give decontamination fac tors  of 
greater  than t h e  lo4  or l o5  required. 

Conversion of Tramex product from 8 M I X Z  t o  
nitric a c i d  solut ion by a l te rna te  addi t ions of 
concentrated ni t r ic  a c i d  and evaporat ions y ie lds  
a product low in  chloride concentrat ion but higher 
i n  nitric a c i d  than des i red .  T h i s  method is also 
potentially hazardous if Tramex so lvent  is present .  
T h e  'Tramex process  c a n  b e  modified t o  give 
chloride-free product i n  di lute  ni t r ic  ac id ;  however, 
for t h e  condi t ions tes ted ,  ruthenium decontaniina- 
t ion  w a s  poor. Additional development is needed 
t o  find condi t ions for bet ter  decontamination. 

f'iecipitation and  ion exchange methods h a v r  
both been sa t i s fac tory  for separa t ing  americium 
and curium at radioact ivi ty  l e v e l s  g ica te r  than 
100 w/liter. Although t h e s e  t e s t ?  were made 
with only a few milliliters of solution, scale-up 
t o  t h e  l i t e r  s c a l e  should be feasible .  T e s t s  with 
larger voluines will bc made in  the CRF when 
gram quant i t ies  of 'Cm a r e  processed .  

T a b l e  5.1. Americium-Curiwm Separation by K A m Q 2 C 0 3  Precipi tat ion 

Tests made wi th  about 5 id of solution 
...... ~ ......... ____ ~. .. ...... ..- ....... ~~~ .............. ___ 

Ini t ia l  Ini t ia l  Americium Curium Initial Feed 

Conditions 241Am 242Cm Precipi ta ted Carried Activity Level  

(w/liter) (g/liter) (g/liter) (%) (a) 
I .- .............. ~ _ _ _ _  ____ ............. l____l 

3 M K2C03-.0. 1 M NaOCl a t  95OC for 1 hr 6.2 0.61 94 3.8 65 

3 M K2C0,-0.1 M NaOCl a t  70°C for 2 hr 2.8 0.36 9G 2.6 15 

4 M K2CO3-O.05 M K 2 S 2 0 s  a t  90°C for  1 hr 1.3 0.31 98 2.0 40 

4 M K2C03-0.05 11.1 K S 0 + t r a c e  of Ag 5.2 1.05 96 3.1 130 
2 2  8 

at ~ O O C  for 3 hr 

......... .- ......... .......... . -. __ .......... 
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5.2 DEVELOPMENT OF ALTERNATlVE 
PROCESSES: SEPARATION OF ~ A ~ T ~ ~ N ~ ~ ~ ~  

AND ACTINIDES 

Talspeak Process 

A cont inuing s tudy  of t h e  comparative chemistry 
of t h e  lanthanides  and t r ivalent  a c t i n i d e s  h a s  
produced a new method of separa t ing  t h e  two 
groups. T h i s  is ca l led  t h e  T a l s p e a k  process ,  
from "Trivalent Actinide-Lanthanide Separation 
by Phosphorus-reagent Extraction from Aqueous 
Complexes. " T h e  lanthanides  and  yttrium a r e  
preferenti a l ly  extracted by a n  aromatic  hydro- 
carbon solution of di(2-ethylhexyl)phosphoric 
a c i d  (HDEHP) from a n  aqueous  carboxyl ic  ac id  
solut ion containing diethylenetriaminepentaacetic 
ac id .  The  ac t in ides  may then b e  recovered by 
oxa la te  precipitation or by extract ion under dif- 
ferent  conditions. The  method h a s  been  s u c c e s s -  
fully t e s t e d  a t  t racer  leve ls  of radioact ivi ty  to  
s e p a r a t e  americium and curium from f i ss ion  product 
rare ear ths  produced by t h e  irradiation of 2 4 1 A m .  
A deta i led  report of a s tudy  of t h e  method h a s  
been prepared. 

D a t a  from comparative experiments  on extract ion 
of s e v e r a l  lanthanides  and t r ivalent  ac t in ides  
h a v e  permitted t h e  s e l e c t i o n  of ex t rac tan ts ,  
d i luents ,  carboxyl ic  a c i d s ,  a n  aminopolycarboxylic 
acid,  PI-I va lues ,  and re la t ive  flow r a t e s  for tenta-  
t i v e  p r o c e s s  f lowsheets .  Batch  countercurrent 
t e s t s  of f lowsheets  have  been made a t  t racer  leve l  
and,  in  some c a s e s ,  with macro concentrat ions of 
lanthanides .  Continuous countercurrent t e s t s  
also have  been s u c c e s s f u l  in  separa t ing  americium 
and curium from f iss ion product lanthanides  a t  
t racer  l e v e l s  of radioactivity. S tudies  of extrac-  
tion k ine t ics  have  helped t o  determine t h e  pre- 
ferred extraction condi t ions,  R e s u l t s  of other 
tests have shown tha t  t h e  separat ion propert ies  
of t h e  sys tem are  res i s tan t  to  the  e f f e c t s  of ir- 
radiation and tha t  s t a i n l e s s  s t e e l  is a sa t i s fac tory  
material for process  equipment. 

Future  work wi l l  include more de ta i led  s t u d i e s  
of t h e  extract ion behavior  of individual  lanthanides  

'Boyd Weaver and F. A. Kappelmann, 'Palspeak, 
A New Method o f  Separating Americiiim and Curium 
from the Lanthanides by Extraction from an Aqueous 
Solution o f  an Aminopolyacetic Ac id  Complex with a 
Morioacidic Phosphate or Phosphonate, ORNL-3559 
(to be issued).  

and  ac t in ides ,  including t h o s e  not y e t  s tud ied ,  
t h e  behavior of imputi t ies ,  k ine t ics  of extract ion,  
adaptat ion of the  method to s p e c i f i c  appl icat ions,  
development of s p e c i a l  techfiiques s u c h  as ex- 
t ract ion chromatography, and t e s t i n g  of f lowshee ts  
with aqueous  feeds  of composi t ions expec ted  in 
pract ice .  

Group Separation. - Comparative experiments  
included extract ions by 0.3 M IIDEHP in  di- 
isopropylbenzene (DIPB) of I4'La, ' 4 4 C e ,  142Pr, 
147Nd,  147Pm, '53Sm, l S 2 E u ,  and 241Am from 1 M 
lactic acid containing from zero  concentrat ion to  a t  
l e a s t  0.05 M sodium diethylenettiaminepentaacetate 
(Na5DTPA) (Fig.  5.3) .  T h e s e  i s o t o p e s  and 'lY, 
' 'Tm, 2Cm, and 2Cf were compared in  extrac-  
t ions  from 1 M l ac t ic  acid-0.05 MNa DTPA. Extrac-  
tion of neodymium, t h e  least-extractable  lantha- 
nide,  from th is  aqueous solut ion w a s  about  10 
t imes tha t  of californium and 50 t imes tha t  of 
americium. Curium extract ion w a s  s l ight ly  greater 
than americium extraction. Rela t ive  extractabi l i -  
t i e s  of e lements  of the  two groups a r e  shown in 

5 
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ORNL-DWF 64-5059 
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Fig. 5.3. T r iva lent  Act inides Are L e s s  Extractable 

than Lanthanides from Solutions Containing Diethylene-  

triominepentoacetic Acid. Organic phase: 0.3 M H D E H P  

in DIPH. Aqueous phase :  1 M l ac t ic  ac id  with var iable 

concentration of Na5DTPA.  



142 

Fig. 5.4. T h e  group-sepalation s t e p  in  t h e  tcrrta- 
tive f lowsheet  shown i n  Fig. 5.5 is based  on the  
u s e  of an  aqueous solut ion of about  t h e  s a m e  
composition. T h i s  combination of so lvent  and 
aqueous-phase compmit ions  appeared t h e  m o s t  
favorable  of severa l  s tud ied  for the separat iov of 
the lanthanides  f:om californium. 

Most of t h e  t e s t s  were made with only 144Ce, 
lS2Eu,  arid 241Am. With HDEMP, t h e  maximum 
separa t ion  factor  obtained between europium arid 
arncriciuni w a s  100. T h e  s a m e  separa t ion  factor 
between t h e s e  e lements  was a l s o  obtained b57 

extract ion with 2-ethylhexyI phenylphosphonate 
(HEH[@p]) in  DIPB, but t h e  sepa ia t ion  between 
eumpiiim and californium was only about half 
that: obtained with HI>I.:L-IP. Aliphat ic  dililernts 
gave considerably higher dis t r ibut ion coefficients 
thari aromatic di luents ,  but the europium-americium 
separation factor w a s  l e s s  than half a s  high with 
n-dodecane as with DIFIB. 

lo5 

$ IO4 
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Fig. 5,4. Compar i son  of  Ex t rac tab i l i t i es  of Latitho- 

n i d r  and Act in ide Groups. Organic phase: HDEHP in  

DIPB.  Aqueous phase: 1 M l ac t i c  acid, 0.05 ?VI 
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Fig. 5.5. Suggested Flowsheet  for Pur i f icat ion of Tr iva len t  Actinides. 
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Carboxylic a c i d s  were u s e d  as buffers, and as 

so lubi l izers  of the  aminopolyacet ic  ac id  complex- 
i n g  agents ,  in  t h e  aqueous  phases .  L a c t i c  ac id  
appeared to give somewhat  bet ter  p h a s e  separa t ion  
than did other  carboxyl ic  acids .  However, extrac-  
tion r e s u l t s  were s imilar  with glycol ic  and c i t r ic  
ac ids .  Ci t r ic  a c i d  should  b e  preferable with large 
concentrat ions of lanthanides  b e c a u s e  of i t s  
higher buffering power. T h i s  remains t o  be  tes ted .  
T h e  low solubi l i ty  of lanthanide ta r t ra tes  l imits  
the  u s e  of tar tar ic  acid.  

Diethylenetriaminepentaacetic a c i d  w a s  u s e d  
a s  t h e  pentasodium s a l t ,  with the  concentrat ion 
of t h i s  salt  and the  carboxyl ic  ac id  control l ing 
t h e  pIi of t h e  aqueous  phase.  A composition of 
1 M l a c t i c  a c i d  and 0.05 M Na5DTPA h a s  a pH of 
3.0. Nitrilotriacetic (NTA), hydroxyethylethyl- 
enediaminetr iacet ic  (HEDTA), and t r ie thylene-  
te t raminehexaacet ic  (TTHA) a c i d s  gave smaller  
separa t ion  fac tors  than DTPA. Ethylenediamine- 
te t raace t ic  ac id  (EDTA) and diaminocyclohexane- 
te t raace t ic  a c i d  (DCTA) were too  inso luble  in t h e  
des i red  pH range. 

Recovery and Separation of the Actinides. - 
After extract ion of the  lanthanides ,  t h e  t r ivalent  
a c t i n i d e s  may be  recovered from t h e  carboxyl ic  
a c i d  so lu t ions  by oxalate  precipitation. However, 
s i n c e  th i s  precipitation may not give adequate  
purification i n  some c a s e s ,  s t u d i e s  were made of 
so lvent  extract ion methods. Extract ion with 0.3 M 
KDEHP in n-dodecane af ter  adjustment  of the pH 
t o  1.5 gave effect ive and rapid recovery,  while  
extract ion a t  higher pI-1 was s l o w  and gave lower 
dis t r ibut ion coeff ic ients .  Americium and curium 
may b e  s t r ipped from t h i s  exlractant  with 1 N 
H N 0 3 .  Since t h e  transcurium e lements  a r e  much 
more extractable  than curium from mineral a c i d s ,  
i t  should be poss ib le  t o  s e p a r a t e  t h e  a c t i n i d e s  
in to .  two subgroups a t  t h i s  point; tha t  is, t h e  
h e a v i e s t  e lements  would b e  s t r ipped subsequent ly  
by a more concentrated acid.  T h i s  separa t ion ,  
represented by the  third column in the  ten ta t ive  
f lowsheet  (Fig. 5.3,  h a s  not ye t  been tes ted .  

Applications and Advantages. - T h i s  process  
is a n  al ternat ive t o  t h e  Tramex and phosphonate  
p r o c e s s e s  ( s e e  Sect. 4.1) present ly  intended for 
u s e  i n  process ing  HFIK targets .  A s tudy is also 
being made of t h e  feasibi l i ty  of using the  group 

~. .-. . . . . ................... __ 
3 

D. F. Peppard, G. W. Mason, and W. J. Driscoll.. 
Inorg. Nucl .  Chern. 12, 144 (1959) 

separa t ion  method for purifying t h e  244Cm t o  b e  
produced at Savannah River. Only t h e  f i rs t  group- 
separa t ion  c y c l e  should b e  necessary  for t h i s  
appl icat ion.  Some of the proposed f e e d s  a t  Savan- 
nah  River  may contain relat ively large concentra- 
t i o n s  of lanthanides .  T h e  effect of t h i s  variable 
on the  T a l s p e a k  process  is being evaluated.  

T h e  a b s e n c e  of chlor ide or any other  highly 
corrosive const i tuent  a l lows  t h e  u s e  of s t a i n l e s s  
s t e e l  as  a construct ion material for process  equip- 
ment. T e s t s  of s t a i n l e s s  s t e e l  in var ious car-  
boxylic a c i d  and mixed so lu t ions  gave  corrosion 
ra tes  less than 1 rnil/year. 

Ext rac t ions  a r e  not s e n s i t i v e  t o  the  effects of 
irradiation; a considerable  decomposi t ion of the  
aminopolyacetic ac id  c a u s e s  only a s m a l l  change  
i n  dis t r ibut ion coeff ic ients .  In t e s t s  with curium 
a lpha  irradiation, there  was a n  insignif icant  effect  
on extract ion from irradiation up t o  100 whr/liter, 
which is more than would b e  encountered in 
pract ice .  T h e  presence  of ni t ra te  ion up  to  1 
equivalent / l i ter  had n o  s ignif icant  effect on e x -  
t ract ions.  

Effect ive separa t ions  were made between ameri- 
cium and lanthanides  a t  t racer  leve l  by the  tech-  
nique of extract ion chromatography, i n  which the 
mixed elements  were f i r s t  depos i ted  from an 
aqueous  solut ion on columns containing HDEHP 
on var ious support mater ia ls  (such a s  microporous 
polyethylene, Saran powder, and diatomaceous 
s i l i c a )  and then eluted separately by a n  aqueous  
complexing solut ion and ni t r ic  acid.  

Conclusions. - T h e  Talspeak  process  is a 
s imple  and  effect ive method for separa t ing  the  
transplutoniuin elements ,  particularly americium 
and curium, from t h e  lantbanides .  It should be 
adaptab le  t o  t h e  purification of 242Cm produced 
by irradiation of 241Am and t o  the  purification of 

44Cm produced at Savannah River. Additional 
laboratory invest igat ion is required t o  determine 
the  behavior of metal ionic  impurities and f i ss ion  
products other  than the  rare ear ths .  Cont inuous 
countercurrent extract ion t e s t s  a t  high act ivi ty  leve ls  
a r e  needed t o  make cer ta in  that  there  a r e  n o  delete-  
r ious radiation e f f e c t s  and to determine t h e  maximum 
decontaminat ion fac tors  for t h e  process .  If neces-  
sa ry ,  auxi l iary ex t rac t ioncycles  c a n  be  developed t o  
i n c r e a s e  t h e  reinoval of contaminants  other than 
lanthanides .  The versat i l i ty  of the  T a l s p e a k  
process  c a n  b e  increased  by developing t h e  pro- 
posed c y c l e  for separa t ing  t h e  ac t in ides  i n t o  two 
subgroups (Fig. 5.5). 
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T h e  adaptabi l i ty  of the  process  t o  techniques  of 
extract ion chromatography should make i t  espec ia l ly  
usefu l  i n  analyt ical  and other small-scale appli- 
c a t i  oris" 

Other Extraction S y s t e m s  

Cerium, europium, and americium were compared 
in  experiments  with severa l  new combinations of 
ex t rac tan ts  and  aqueous  so lu t ions  including: 
primary amines v s  s u l f a t e  so lu t ions ,  quaternary 
arnmoniums v s  carboxylic a c i d s ,  methylene- 
diphosphonates  v s  carboxylic a c i d s ,  naphthenic  
a c i d s  v s  carboxyl ic  a c i d s ,  and aqueous- insoluble  
carboxyl ic  a c i d s  v s  ni t ra tes  or so luble  carboxyl ic  
acids .  Whenever there  w a s  s ignif icant  extract ion,  
there  w a s  no separa t ion  between the  lanthanide 
and ac t in ide  groups. 

5.3 THE CURIUM RECOVERY FACILITY 

T h e  Corium Recovery Fac i l i ty  (CRF)  is being 
ins ta l led  i n  t h e  High L e v e l  Chemical  Development 
Fac i l i ty ,  Building 4507, for t e s t i n g  transuranium 
p r o c e s s  chemistry a t  high radioactivity leve ls ,  
recovering multigram amounts of 2 4 3 A m  and 244Cm 
for u s e  i n  research,  and purifying grain amounts 
of 242Cm and 244C~11 for u s e  in  thermoelectric 
converters"  P r o c e s s  equipment i s  provided for 
irradiated target  dissolut ion,  feed adjustment ,  a 
s i n g l e  extract ion cyc le ,  and product conversion 
from chlor ide io nitrate solut ion.  Space h a s  a l s o  
been provided for temporary equipment to s e p a r a t e  
americium and curium by ei ther  ion exchange or 
precipitation. Materials of construct ion were  
s e l e c t e d  for  their corrosion r e s i s t a n c e  t o  both 
ch lor ides  and ni t ra tes .  Process- tank c a p a c i t i e s  
a re  from 30 to 150 l i ters ,  and t h e  feed  rate through 
the  mixer-settlers is about  1 l i terf i r .  T h i s  cor- 
responds t o  a maximum 242Cm process ing  rate  of 
2 g/day. In pract ice ,  t h e  faci l i ty  wil l  b e  operated 
on a campaign b a s i s  to i s o l a t e  curium a s  it is 
required. 

Stcatus of the F a c i l i t y  

Construct ion of t h e  C R F  wil l  b e  completed by 
July 1964. Most of the equipment h a s  a l ready 
been cal ibrated and tes ted  for leaks.  Cold runs 
of chemica l  f lowsheets  a r e  i n  progress ,  and 

necessary  equipment modifications a r e  being 
made as required. A concentrate  i n  ni t r ic  a c i d  
containing about  100 g of 243Am, 100 g of 244Cm, 
and s e v e r a l  kilograms of rare-earth f i ss ion  prod- 
u c t s  is s tored  in  an underground tank a t  the 
faci l i ty .  0perat.ions to recover multigram quant i t ies  
of 243Am and 244Crn from t h i s  concentrate  wil l  
begin ear ly  next  fiscal year. 

Description of the Faci l i ty  

T h e  layout  of t h e  CRF is shown i n  the  cutaway 
s k e t c h ,  Fig.  5.6. P r o c e s s  equipment on removable 
racks  is located in the c e l l  s o  tha t  i t  c a n  b e  e a s i l y  
viewed from t h e  operat ing area. Master-s lave 
nianipulators c a n  b e  used  to d isconnec t  t h e  racks  
for removal t o  t h e  maintenance box on t h e  roof 
of t h e  cel l .  p r o c e s s  t a n k s  a r e  located j u s t  below 
t h e  window leve l  i n  t h e  c e l l s ,  and s torage  tanks  
a re  located below lead sh ie ld ing  in  t h e  c e l l  floor. 
Most operat ions wil l  be carr ied out  from the  front 
of t h e  cell, T h e  chemical  makeup a r e a  for solvent ,  
sc rub ,  and other nonradioactive so lu t ions  i s  on the  
second leve l  i n  back of the ce l l .  Glove-box 
enc losures  for sample  and equipment removal a re  
located on top  of t h e  ce l l .  Also  loca ted  on the  top 
over cell 3 (not shown i n  Fig.  5.6) is a load-out 
s ta t ion  for removing product so lu t ion  of 242Cm, 
and a s l u g  chute  for introducing i r radiated ta rge ts  
into cell 3. J u s t  ou ts ide  Building 4507 is an 
underground tank in  which t h e  feed (243Am,  244Cm, 
and rare e a r t h s )  is stored.  

Cell  4. - T h e  arrangement of equipment i n  c e l l  
4 has been d i s c u s s e d  p r e v i ~ u s l y . ~  Most of the 
principal process  equipment represented schemat-  
ica l ly  i n  Fig.  5.7 i s  located in  that  cell. Only the  
d isso lver  and scrubber  a re  ins ta l led  i n  c e l l  3. 
Equipment for feed preparation c o n s i s t s  of a dis-  
so lver ,  a feed adjustment evaporator, and a filter. 
Equipment for a s i n g l e  extract ion c y c l e  is pro- 
vided. T h e  so lvent  contactors  a r e  two mixer- 
s e t t l e r  banks ,  each  with 1 6  s t a g e s ;  ca tch  tanks  
are provided for each  of t h e  exi t  s t reams.  T h e  
product c a t c h  tank  is a n  evaporator that  c a n  be  
used  for convert ing Tramex product from a chloride 
solut ion t o  a ni t ra te  solution. There a r e  a number 
of interconnect ing l i n e s  not shown o n  t h i s  diagram 

4F. I,. Culler et al . ,  Chern. TechnoI. Uiv. Ann. 
Pro&. R e p t .  M a y  31, 1963, ORNL-3452, pp. 138-43. 
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Fig. 5.6. Curium Recovery F a c i l i t y  - Cell 4 and Other Areas. 
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which a r e  necessary  s o  tha t  so lu t ions  can  be  re- 
cyc led  if two extract ion c y c l e s  a r e  needed. For  
example,  when 244Cm i s  isolated,  t h i s  equipment 
wil l  b e  used  f i rs t  for t h e  Clanex p r o c e s s  t o  convert 
from ni t ra te  so lu t ions  t o  chloride so lu t ions  by 
amine extraction. T h e  equipment wil l  be  c leaned ,  
and t h e  same equipment wil l  be  used  i n  t h e  Tramex 
process  to  purify the  americium and curium. Figure 
5.8 is a photograph of t h e  ins ta l led  equipment 
taken through the viewing window from t h e  operat- 
i n g  area.  All processing equipment in  the  c e l l  is 
designed for remote manipulation and maintenance. 
T h e  equipment is piped with jumper l ines  having 
remote d isconnec ts  at both ends.  T a n k s  are 
located in t h e  bottom of t h e  c e l l ,  and other process  
equipment i s  mounted a n  removable equipment 
racks .  Figure 5.9 shows the mixer-settler equip- 
ment rack. Note t h e  two mixer-settler banks  and 
a l l  the  t ransfer  l i n e s  which terminate a t  discon-  
n e c t s  that  c a n  be  operated with a n  impact  wrench 
held by the master-s lave manipulator. 

T h e  arrangement of the  tanks  with removable 
jumpers to fac i l i t a te  remote removal of the  c e l l  
t a n k s  is i l lustrated i n  a photograph (Fig. 5.10) 
taken through t h e  opening i n  t h e  cell roof. T h e s e  
particular tanks  a r e  located direct ly  i n  front of the 
mixer-settler rack. 

Cell 3. - A Zircaloy-2 d isso lver  and auxiliary 
equipment a r e  being ins ta l led  in  cell 3. T h i s  
c e l l  wil l  also s e r v e  as a ‘‘hot” laboratory for 
laboratory-scale work in  support  of t h e  operat ions 
in  c e l l  4. Equipment for t h e  separa t ion  of gram 
quant i t ies  of americium from curium and equipment 
for other product purification s t e p s  wil l  be  placed 
in the cell as  needed. 

T h e  equipment f lowsheet  for t h e  d isso lver  s y s -  
tem is shown in Fig.  5.11, and the plan layout of 
c e l l  3 i s  shown i n  Fig.  5.12. Equipment boxes 
hous ing  temporary equipment for americium-curium 
separa t ion  or for experimental work will b e  located 
i n  t h e  work t a b l e  a rea  (Fig. 5.12). T h e s e  boxes 
wi l l  enter  and leave  the  cel! v ia  t h e  maintenance 
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HEAT EXCHANGER i 
RACK 

1 

SOLUTIOIU- 
TRANSFER 

Fig. 5.8. Cell 4, View from the Operating Area. 

box on the cell roof (Fig. 5.6). Ce l l  3 is now being 
prepared and wi l l  be  completed and ready for 
operation by the  end of th i s  fiscal year.  

Carriers. - A carrier for transferring irradiated 
241Am targe ts  i n to  c e l l  3 for d i sso lu t ion  h a s  been 
des igned  and built.  It is sh ie lded  by l ead  sho t  
and paraffin. 

A w ater-shielded carrier for transferring re- 

covered 242Cm from Building 4507 to the  I so topes  
, and a glove box arrangement 

for the  transfer of t h i s  so lu t ion  into the  carrier 
w a s  ins ta l led  above  c e l l  3. 

F a c i l i t y  Test ing and Modification 

During cold tes t ing,  repa i rs  and changes  were 
made t o  the  equipment as required. Most were 

minor. However, it w a s  necessary  to rep lace  un- 
sa t i s fac tory  polyethylene welds  
rep lace  tantalum-plated p rocess  t anks  with glass- 
lined v e s s e l s ,  el iminate air locks  a s soc ia t ed  

s e t t l e r s  with Zi -2 units,  and  repair  the 

ts, l i n e s  ad jacent  to 
d welded jo in t s  proved 

were replaced with metal tubing 
l ene  d i sconnec t s  could 

not be made to sat isfactor i ly .  Tubing  that 
s apparently degraded 

and began to c rack  in a few weeks. Metal discon- 
completely sa t i s f ac to ry ,  even  

e the  Homolite m 

es and breaks.  Tantalum 
h a s  presented almost  no problems, and 
cu l t i e s  have  been encountered with H a s  
piping. 
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Fig. 5.9. Photograph of Mixer-Sett ler Solvent Extroction Rack. 
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Fig. 5.10. Par t  o f  Cel l  4, V iew Looking Down from Maintenance Box. 
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CATCH TANK 

Fig. 5.11. Cell 3, Dissolver Equipment Flowsheet. 

All t h e  tantalum-plated t a n k s  ins ta l led  in  cell 4 
developed ho le s  in t h e  plating when t e s t e d  with 
hot  hydrochloric acid.  T h e  e x a c t  mechanism 
c a u s i n g  the  plat ing fai lure  h a s  not been e s t a b -  
l i shed ,  but indicat ions a r e  tha t  impurit ies de-  
posi ted on and  within t h e  plat ing formed weak 
s p o t s  or voids.  T h e s e  t anks  have  been temporarily 
replaced with glass-l ined tanks,  unt i l  tantalum- 
l ined o n e s  c a n  be  procured. 

Gravity-flow l ines  from t h e  makeup a r e a  to  the 
cell have  cons is ten t ly  developed air  locks.  T h e s e  
l ines  are being equipped with spring-loaded check 
v a l v e s  made of corrosion-resistant mater ia ls  so  
that  t h e  l ines  will  run ful l  and not  siphon. With 
t h i s  arrangement, flow r a t e s  c a n  be  sa t i s fac tor i ly  
regulated by cal ibrated pumps. 

T h e  Homolite mixer-sett lers cracked and were 
repaired severa l  t imes .  There a l s o  appea r s  to be  
corrosion and/or erosion of t h e  Homolite, and it 
is poss ib l e  tha t  dissolved Homolite contr ibutes  to 
t h e  emulsion problems encountered during p rocess  
f lowsheet  tests. Zircaloy-2 uni ts  equipped with 
pure fused-si l ica  windows a r e  being made and 
wil l  r ep lace  t h e  Homolite mixer-sett lers.  T h e  
new uni t s  wil l  be completed and mounted on a new 
equipment rack t h i s  fiscal year. 

T h e  AMF heavy-duty extended-reach manipulators 
have  s e e n  only limited serv ice ,  but they d o  not 

appear  t o  be adequate  s i n c e  considerable  down- 
t i m e  h a s  been required for repairs.  

Process Demonstrations 

Flowsheet  and equipment t e s t s  have  been 
completed on s imulated target d i sso lu t ions ,  
Tramex and Clanex feed adjustments ,  and con- 
vers ion of product from hydrochloric a c i d  t o  ni t r ic  
ac id  solut ions.  

Cold tes t ing  of chemical  p rocesses  tha t  c a l l  
for mixer-sett lers h a s  been hampered by s e v e r e  
emulsion problems encountered with Tramex 
reagents .  T h e  emulsions are now believed to have 
been  caused ,  a t  l e a s t  in  part, by a molybdenum 
impurity in the  lithium chlor ide solution. Dis-  
so lved  Homolite from t h e  mixer-sett lers a l s o  
appea r s  to  c a u s e  emulsions.  Fol lowing the  
elimination of t h i s  problem, process  demonstra- 
t ions  involving extract ion and s t r ipping wi l l  be 
comp le ted.  

Target  Dissolution. - Curium-242 wil l  be  pro- 
duced from t h e  irradiation of ta rge ts  cons i s t ing  of 
241Am oxide i n  powdered aluminum. The  ta rge ts  
a r e  contained i n  aluminum cans ,  /2 in. in diameter 
and  8 in. long. E a c h  target wil l  contain about 
1.2 g of 242Cm after  irradiation, and two ta rge ts  

1 
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will  be used  for each batch  OF Tramex feed.  

rf 

T w o  
t e s t s  of the  dissolut ion of the ta rge ts  have  been 
made with /-in. aluminum rods as dummy ta rge ts .  
While d isso lv ing  t h e  aluminum in 2 M HCI a t  3 7 T ,  
an a i r  flow of 60 liters/min w a s  suff ic ient  t o  
d i lu te  evolved hydrogen to  less than 2 vol  70. 
No difficulty w a s  experienced in  control l ing the  
reaction; i n  fac t ,  t h e  d isso lu t ion  ra te  became too 
s low for pract ical  purposes  as t h e  s u r f a c e  a r e a  
and  ac id  concentration decreased .  T h i s  c a n  b e  
remedied by  increas ing  t h e  temperature as  t h e  
d isso lu t ion  progresses .  

Tramex Feed Adjustment. - Tramex f e e d  wil l  
b e  prepared from t h e  d isso lver  solut ion,  which 
wil l  contain americium, ciitium, and  rare  ear ths  

1 
2 

i n  d i lu te  hydrochloric acid.  E x c e s s  HC1 may be 
removed by adding  a measured amount of LiCl 
solut ion,  followed by evaporation to  the  des i red  
s a l t  s t rength,  T h i s  feed adjustment  (without 
aluminutn) h a s  been performed e ight  t imes  with 
sa t i s fac tory  resul ts .  An empirical re la t ionship 
between firial temperature and LiCl  concentrat ion 
whic-h i s  accura te  to  about 1% h a s  been obtained. 

In addi t ion t o  regulating s a l t  s t rength ,  a c i d  
must b e  removed t o  a sa t i s fac tory  degree.  T h e  
concentrat ion of I-ICL in the  f inal  so lu t ions  h a s  
varied from less than 0.01 to 0.06 M, depend- 
i n g  on s ta r t ing  condi t ions,  ra te  of evaporat ion,  
and  f ina l  temperature. T h i s  is within the des i red  
range of a c i d  concentrat ion for Tramex feed.  
N o  addi t ional  work is planned for pure LiCl 
solut ion,  but s imilar  s t u d i e s  for LjCl so lu t ions  
containing AlC1, a r c  in progress .  

Ciclnex F e e d  Adjustment. - T h e  Clanex  process  
wi l l  be  used  when R nit rate  feed containing non- 
vola t i le  salts is to b e  converted to a chlor ide 
sys tem.  This is accomplished by extract ing 
both ac t in ides  and lanthanides  in to  Alamine 
336-FiMO3 from a neutral ni t ra te  feed, s t r ipp ing  
t h e  ac t in ides  and  lanthanides  in to  d i lu te  hydro- 
chlor ic  a c i d  solut ion,  and  scrubbing t h e  s t r i p  
product with Alamine ,336 -H@l. The final product 
c a n  t h e n  b e  ad jus ted  to 11 iV LiCl for isolat ion 
of a c t i n i d e s  from lanthanides  by t h e  Tramex process .  

Synthet ic  Clanex  feed w a s  successfu l ly  pre- 
pared. In t h i s  t e s t ,  Al(MQ3)3-?IIN03 feed  w a s  
concentrated by evaporation, and HNO, w a s  neu- 
t ra l ized  with d i b a s i c  aluminum ni t ra te  to form 
a feed 9 N in ni t ra te  with almost  no  f ree  acid.  

C Q R ~ V ~ ~ S ~ Q ~  of Tramex Product from a Chloride 
itrate Solution. - In a s imulated cutium- 

product boildown and chloride-to-nitrate conversion 
(but with no curium present), t h e  chlor ide con- 
centrat ion w a s  reduced to 30 pprn, and  t h e  f ina l  
product :vas 4.1 M in  IIN03. In t h i s  procedure 
24 l i te rs  of 8 M HC1 were cont inuously evaporated 
a t  a ra te  of 1 l i t e r h r  to n f inal  volume of 12 
l i ters .  The IJGI concentration of t h i s  solut ion 
was 6.3 M ,  To remove chloride, 3 l i t e rs  of 15.8 /V 
HNO, w a s  added, and the solution w a s  evaporated 
to a volume of 12 l i ters .  T h i s  procedure w a s  
repeated three  t imes,  af ter  which t h e  solut ion 
conta ined  0.05 M HC1 a n d  11.4 IM WNB3. In a n  
at tempt  to reduce t h e  H N 0 3  concentrat ion,  t h e  
solut ion w a s  di luted with 3 l i t e rs  of demineralized 
water a n d  evaporated t o  12 l i ters .  After  repeat ing 
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t h i s  procedure eight  t imes,  t h e  chloride concentra- 
tion w a s  reduced t o  320 ppm and the  nitric ac id  
concentration t o  7.2 M .  F i n a l  concentrat ions 
of chlor ide (30 ppm) and H N 0 3  (4.1 N )  were 
obtained by evaporating the  solut ion t o  a volume 
of 4 l i ters  and then diluting t o  12. In order t o  
reduce the  nitric ac id  concentrat ion t o  2 M ,  
which h a s  been requested by t h e  I so topes  Divi- 
s ion ,  i t  would he  necessary  t o  evaporate  the  
solut ion to a volume that  would concentrate  242C3n 
t o  power dens i t ies  of severa l  hundred w a t t s  per 
l i t e r  before diluting t o  2 M HNO,. It is probable 
that  a t  t h e s e  condi t ions e x c e s s i v e  curium l o s s e s  
wil l  result through entrainrncnt. 

Transfer and Storage of 2 4 3 A m - 2 4 4 & m  Cancentrote 

About 100 g of 243Ain, 100 g of 244Cm,  and 
10,000 cur ies  of rare-earth f iss ion products in  
a ni t r ic  a c i d  solution have been transferred from 
the  Savannah River Laboratory t o  t h e  underground 
s torage  tank a t  t h e  CRF.  T h i s  americium and 
curium w a s  produced by t h e  long-term irradiation 
of 10  kg of 239Pu and will b e  recovered and 
purified for t h e  Transuranium Element Program. 

Heat ,  generated by 243Arn and 2 4 4 C i ~  alpha 
act ivi ty ,  is diss ipa ted  through the  tank wal l  in to  
a continuous s t ream of cool ing water  in  t h e  pit 
surrounding t h e  tank. Radiolyl ical ly  produced 
hydrogen i s  diluted t o  a safe concentration by 
normal instrument a i r  flow. T h e  s torage  tank is 

equipped t o  provide alarms i f  t h e  tank  temperature 
g e t s  too high or if t h e  cool ing water  l e v e l  in  t h e  
pit ge ts  too low. 

Canclwsians 

Construction and t e s t i n g  have  not been  corn- 
pleted,  but t h e  C R F  should be  ready for operation 
a t  ful l  radioactivity leve l  ear ly  i n  FY 1965. 'The 
completed faci l i ty  wil l  b e  capable  of us ing  the  
Clanex a n d  Tramex processes  t o  i s o l a t e  gram 
quant i t ies  of 243Am, 244Cm,  and 242C~21. 

Cold tes t ing  of equipment ins ta l led  in t h e  CKIF 
h a s  shown that  welds  and bends  in  polyethylene 
tubing develop leaks  and cannot b e  relied upon 
for long-term serv ice .  Although tantalum-plated 
tanks  should b e  sat isfactory in hydrochloric acid,  
a l l  t h o s e  instal led failed because  of defec ts  in  
t h e  plat ing and were temporarily replaced with 
glass- l ined tanks.  For t h e  Tramex and Clanex  
processes ,  IIomolite d o e s  not appear t o  be  a 
sat isfactory material of construct ion because  of 
breakage, corrosion, and erosion. 

In order t o  make the  CRF into a rel iable  produc- 
t ion faci l i ty ,  i t  is recommended tha t  a second 
extract ion cyc le  b e  added and tha t  permanent 
equipment b e  instal led for americium-curium 
separat ion.  A bet ter  es t imate  of t h e  need  for 
t h e s e  and other modifications c a n  be  made af ter  
some operating experience h a s  been  obtained, 
and  t h e  changes  wil l  not be  s ta r ted  before t h e  
l a s t  part of t h e  1965 f i s c a l  year. 



6.  he Thorium Fuel Cycle 

6 , l  THE KllLOR85 FAClLlTY 

During the  p a s t  year ,  the  Kilorod Program, a 

joint effort  with the Metals and Ceramics  Division, 
was  success fu l ly  completed. Approximately 900 
fuel rods, e a c h  containing 890 g of oxide ( 3  wt 

"/o 33U02-97  wt % T h o , )  and 200 rods, e a c h  
containing 310 g of t h e  s a m e  mixed oxide,  were 
made, T h e  mixed oxide in  t h e s e  rods,  which a re  
t o  be  u s e d  fof reactor  parametric s t u d i e s  a t  Braok- 
haven National Laboratory, were made in  t h e  
Kilorod Faci l i ty  by t h e  sol-gel  p rocess .  T h e  fuel 
was then vibratorily packed in  tubes ,  and the  rods 
were  completed in the  facility. T h e  faci l i ty  w a s  
designed to produce about ten  rods a day; af ter  
the customary s tar tup problems, i t  operated a t  
or above the design production rate. 

T h e  p rocess  s t e p s  in  the Kilorod Program con- 
s i s t e d  of (1) 233U purification by so lven t  ex- 
traction, (2) Tho preparation by s t ream denitration 
of thorium nitrate, ( 3 )  preparation of mixed Tho,- 
DO, by the  sol-gel p rocess ,  (4) s i z i n g  and loading 
the oxides in to  Zircaloy tubes  by vibratory coin- 
paction, and (5) weldirig and in spec t ing  the  fin- 
i shed  rods. T h e  s iz ing ,  loading, welding, and 
in spec t ing  operat ions were primarily the respon- 
s ibi l i ty  of t h e  Metals and Ceramics  Division and 
a r e  not reported here. 

Evaltiatian of the d a t a  co l l ec t ed  during t h e  
Kilosod Program1 is in progress ,  and the faci l i ty  
is be ing  cleaned prior to  p l ac ing  i t  in standby. 

Neutron irradiation of 23 'Th to produce 'U 
also produces 232U.  The decay  products of 2 3 2 U  
incliide energet ic  gamma emit ters  which ser iously 
inf luence plant  des ign  and fuel-handling proce- 
dures .  Purif icat ion of the  uranium by so lven t  

extract ion c a n  remove many of the daughters  and 
thus fac i l i t a te  fuel  handling. The so lven t  ex- 
t ract ion p rocess  and equipment were descr ibed 
in last year 's  annual report. 

To da te ,  about 50 k g  of 2 3 3 U  h a s  been purified - 
37 kg for the  Kilorod Program and 13 kg for other 
AEC-sponsored projects ,  A summary of the  product 
quali ty obtained is presented in T a b l e  6.1, together 
with the spec i f ica t ions  set for the Kilorod Program. 
As c a n  be  s e e n ,  the  product met spec i f ica t ions  in  
a l l  ins tances .  

T h e  gross-gamma decontamination fac tors  pre- 
s en ted  in  the  tab le  a r e  those  obtained from the 
gamma act ivi ty  of the  concentrated product. A 
more complete study of the  gamma act ivi ty  of the 
product is presented an Fig.  6.1. Here gamma 
act ivi ty ,  exp res sed  a s  coun t s  per min per mg of 
2 3 3 U ,  is plot ted v s  t ime after purification. The  
in i t ia l  drop in act ivi ty  is due t o  the decay of the 

2Pb, which was not completely removed. After  t h i s  
in i t ia l  decay,  t h e  act ivi ty  i n c r e a s e s  a s  the  long- 
l ived daughters  grow in. Also presented for com- 
par ison of general  behavior is a curve prepared 
from laboratory da ta  and adjusted to f i t  the  scale 
of gamma act ivi ty  in t h e  Kilorod Program. T h e  
da ta  ind ica te  tha t  mow complete removal of the 
short-l ived daughters  w a s  achieved i n  the  labo- 
ratory than w a s  achieved i n  t h e  Kilorod Program. 
However, atter a few days ,  t h e  growth cu rves  
were comparable. 

In summary, the solvent  extract ion p rocess  for 
purifying 233U produced mater ia l  tha t  met a l l  
spec i f ica t ions  s e t  €or t h e  Kilorod Program. 

Preparation of Thoria by Steam 
Denitration of Thorium Nitrate 

T h e  denitration of thorium ni t ta te  to  prepare 
T h e ,  s u i t a b l e  Cor preparing sol for u s e  i n  the 
sol-gel p rocess  w a s  carried out as  an unshielded 
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operation in  an area apart  from the  Kilorod Fac i l -  
ity. T h e  denitrator w a s  built before t h e  s t a r t  
of t h e  Kilorod Program but w a s  built large enough 
t o  meet t h e  requirements of that  program. 'Tho2 
w a s  produced in 13-5-kg batches.  T o  smooth 
out poss ib le  Latch-to-batch var ia t ions in the 
deni t ra ted product, 70 k g  of t h e  pmduct  w a s  
charged to  a powder blender. Following blending, 
the thoria powder w a s  carefully weighed into 
10-kg (equivalent t o  about  8500 g of thorium metal) 
port ions for charging t o  the  blending operation in  
t h e  sol-gel cubic le  in  the Kilorod Faci l i ty .  

T h e  denitrator w a s  operated from ear ly  January 
to mid-November 1963 without a s igni f icant  me- 
chanica l  failure, tha t  i s ,  one caus ing  l o s s  of oper- 
a t ing  time. On th is  da te ,  a s imultaneous failure 
of the  building s team supply and a s a f e t y  pre- .,sure 
swi tch  caused  the  s team superheater  to burn out. 
More than enough T h o ,  had been  accumulated 
by t h i s  time to  complete  t h e  Kilorod Program, so 
operation of the  denitrator was  discontinued. 

During the  above period, 99 ba tches  of T h o ,  
wexe prepared. F i v e  ba tches  were rejected, two 
as a resul t  of the  superheater  failure. T h e  other 
three were rejccted b e c a u s e  of known operator 
error during preparation. T h e  94 acceptab le  
b a t c h e s  amounted to  1272 k g  of thoria. An ad- 
di t ional  111 k g  W ~ S  prepared for u s e  in  re la ted 
programs. 'Test d i spers ions  and analyt ical  resu l t s  
showed that  a11 of th i s  material (1383 kg) met re- 
quirements. P r o c e s s  control w a s  exce l len t  through- 

out t h e  period. Denitrator product w a s  within 
expected l imits ,  which is shown by the  thorium 
va lues  of the  T h o ,  and by t h e  range in  N/Th 
atom ratio (see Table  6.2). 
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Fig.  6.1. Growth of Gemma Radioactivity in Pur i f ied 

Uran iutn-233. 

T a b l e  6 , l .  Kilorod Program: Operating Results for Solvent Extract ion Systeme 

Resul t s  

Propeity Measured Specification Average Range of Values 

* 3U recovered, % 

Product loss ,  Yo 

N03- /U rat io  

3U decontamination: 

Gross gamma, D F  

Thorium, D F  

Material balance,  % 

> 99.0 

c2.5 

> 100 
l o 3  

99.0 

99.8 

0.2 

2.18 

2 58 

3.5 x i o 3  

99.3 

99.6-99.9 

0.1-0.4 

2.12-2.42 

150-41 6 
2-6 103 

99.0-99.7 

B A  total  of 49.6 kg of 233U processed i n  nine runs (4-8 kg/run). 
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Preparation of Mixed ThB,-UQ, by the 
Sol-Gel Method 

SOL PREPARATION 

BLENDING,  80°C 
pl-i A D J I J S T M E N T  

................. 

U O j  ~ ThOZ 

After the  deni t ra t ion of thorium ni t ra te  to pre- 
pare  'I'hO, su i tab le  for preparing sol, t h e  sol-gel 
method c o n s i s t s  of blending uranyl ni t ra te  solu-  
tion with the  thoria sol, ad jus t ing  t h e  ni t ra te  
content  and pl-1, drying to form a gel, and  then 
calcination-reduction t o  produce t h e  final mixed 
oxide, which is s i z e d  to t h e  des i red  range for 

SOI. 

S T E A M  

vibratory compaction into fuel  tuhes  (Fig.  6.2). 
In t h e  Kilorod Fac i l i ty  e a c h  of t h e s e  s t eps  is 
performed as a batch operation. Since t h e  blend- 
ing,  drying, and ca lc in ing  a r e  performed i n  t h e  
presence  of high l e v e l s  of a l p h a  act ivi ty ,  the 
equipment for t h e s e  operat ions is housed in  a 
s e a l e d  carbon-steel  cubic le ,  about  9 ft long by 
7 ft wide by 7 f t  high, having e ight  windows, t e n  
glove ports, and three t ransfer  ports. This cubic le  
is located on  t h e  third floor of t h e  Kilorod Faci l i ty  

H20 

............. t 

Table 6.2  Product Quality-Control Data for Denitrutor Operation 

-- 
M /Th Identification Tho Percent  Percent  

NO,-- Atom Ratio of Prepared 'Ph 
Materials (kg) (ranges) (ranges) (ranges) 

Rotary denitrator ba t ches  

1-12a 165.5 85.3-86.4 0.5-1.3 0.02-0.06 

350- 450°C GEL Al- I ON 

EVAPORATION 
00--85"C 

.......................... 

....................................... 

Blended ba tches  
b BB-1 - BB-17 

... ____ 
AIR, 30O0C/hr TO 4 i 50°C 

f f 5 O 0 C ,  f h r  

ARGON - 4% HYDROGEN 
1i5OoC, 4 tir 

.4RGON -COOL TO ~ O O ° C  

............. - _ _ ~ _ _ _  - 
DENSE UO2 -.Thc72 

VIBRATORY 
COMPACT I ON 

ro SIZING AND 

1,120.7 84.6-86-2 0.58-1.06 0.026-0.045 

U03 -Tho2 
GEL. 

(DENSITY:  - 7 kg/liter) 

-_I___- 

aThis represents  the f i r s t  1 2  denitrator ba t ches  which were  ana lyzed  individually in or3er to atiiass process-control 

The  B B  designation represents  a batch obtained by mixing approximately f ive  rotary denitrator ba t ches  in  a batch h 
data on the denitrator. 

blender to obtain 70 kg of thoroughly bletided powder. 

UNCLASSIF I EO 
ORNL-LR- D W G  74842RC 

Fig. 6.2.  Flowsheet  for the  Sol-Gel Process.  
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(see Fig .  6.3). Riological sh ie ld ing  is provided 
on the  s i d e s  by 8 in. of barytes  concre te  or  4'/2 
in. of s t e e l  and on t h e  floor by a 4I/-in.-thick 
steel s lab .  T h e  top and back of t h e  sol-gel cu- 
b i c l e  abut  4-ft-thick concrete  s l a b s .  Means a r e  
provided i n  the  cubic le  whereby vulnerable 1110- 

chanica l  p a r t s  may b e  maintained witbout enter ing 
the  operat ing cubicle .  

In the  cr i t ical i ty-safe  (s lab-shaped)  blend tank 

(Fig. 6.4) the  thoria i s  blended with a precisely 
measured quantity of 2 3 3 U ,  introduced a s  uranyl 
ni t ra te  solut ion.  T h e  quant i t ies  of thorium and 
uranium used  are  s u c h  that the U/Th ratio, defined 
as  (233LJ x 100)/(233U 1- Th), m e e t s  the  metal  
ratio specif icat ion. '  4 t  the  end  of t h e  blending 

'W/Th specif icat ion:  (233U X 100)/(233W + Th) = 
3.00 f 0.05, or, i f  wi thjn 3.00 t 0.1, poyder s  may be 
blended to yield a mixture within t4e i 0.05 range. 

s tep ,  the  batch i s  pumped t o  a tray dryer (Fig.  6.5). 
Here, the  s o l  is dried to a gel  in about 30 hr and 
is then transferred from t h e  t rays  to  aluminum oxide 
crucibles .  T h e  c ruc ib les  of gel  are p laced  in  the  
calciner ,  and the temperature is raised io 1150°C 
while purging with a i r  (Fig.  6.6). When 1150OC i s  
reached,  t h e  gas purge is changed to 96% tlr-4% 
H,. This purge is inaintained in  t h e  furnace, 
held at  115OoC, for 4 hr. T h e  ca lc iner  i s  then 
turned off and allowed to  cool  to 35OOC. An argon 
atmosphere is maintained during t h e  cool ing portion 
of t h e  cycle .  T h e  cooled oxide product (a t  a tern- 
peratlire less than 3SO°C) is removed f rom t h e  cal-  
c iner  and placed under a n  argon atiiiosphere unt i l  
i t s  temperature falls below 100°C. The batch is 

then weighed and transferred to  t h e  rod-fabrication 
operation. 

Construction of t h e  sol-gel  unit of t h e  Kilorod 
Fac i l i ty  w a s  completed, and tes t ing  of individual 

, AND 
-IONS 
L E V E L  

Fig.  6.3. Kilorod Solids-Preparation and Rod-Fabricat ion F a c i l i t y .  
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Fig. 6.4. Crit ical ly Safe Slab Blend Tank. Thoria powder i s  blended wi th  2 3 3 U 0 2 ( N 0 , ) ,  solution, forming a so 
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Fig. 6.5. Tray Dryer. In this equipment, the sol i s  dried to o gel. 

equipment p i eces  s ta r ted  March 1, 1963. Equip- 
ment shakedown and cold t e s t ing  of individual 
operations w a s  completed May 3. A sus t a ined  
five-day operating demonstration w a s  then con- 
duc ted  from May 13-17, us ing  deple ted  uranium 
as a stand-in for 233U. This demonstration showed 
tha t  t he  plant w a s  operable a s  an  integrated unit, 
that  des ign  production r a t e s  could be  maintained, 
and that  expected product-quality s tandards  could 
b e  met. 

Fol lowing cold tes t ing,  the  plant w a s  c leaned  
thoroughly, and final equipment adjustments were 
made. T h e  facil i ty w a s  ready for operation with 
radioactive material on June 5, 1963. 

A hundred sol-gel ba t ches  were prepared and 
ca lc ined  in the  sol-gel operations.  During the  
ent i re  program only one  batch w a s  prepared which 
did not meet the  U/Th ratio spec i f ica t ion .  T h i s  

batch (U/Th ratio = 3.12) w a s  used, however, 
with the  permission of Brookhaven National Labo-  
ratory. Thus ,  a l l  t he  sol-gel product w a s  accept- 
ab le  for rod fabrication. T h e  total  ca lc ined  prod- 
uct transferred to  the  rod fabrication operation 
w a s  988.8 kg  (see Tab le  6.3). T h e  total  233U 
consumed in  the  p rocess  w a s  26.5 kg, while 860.2 
k g  of thorium w a s  used. T h e s e  quant i t ies  were 
processed  in  seven  operating campaigns.  

Product  quali ty control (Table  6.4) m e t  or ex- 
ceeded  all spec i f ica t ions .  Even though the  U/Th 
ratio spec i f ica t ion  of 3.00 k 0.05 was es tab l i shed ,  
an  overall  campaign ratio of 3.00 * 0.03 appeared 
a t ta inable  from preliminary work. T h i s  narrower 
and better control range w a s  obtained in  all cam- 
paigns following the first .  An improperly designed 
uranyl ni t ra te  feed solution tank w a s  the source  
of the  trouble in t h e  f i rs t  campaign. T h e  tank, 
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UNCL AS51 F I E D 
PHOTO 58230 

Fig. 6.6. Calcination-Reduction Furnace. Ge l  fragments are calcined t o  dense oxide, and the 233U03-Th02 i s  

converted to 2 3 3 U 0 2 - T h 0 2 .  
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which w a s  18 in. in diameter and packed with 
borated-glass  Rasch ig  r ings for cr i t ical i ty  control,  
could not b e  agi ta ted properly. Further,  s i n c e  
a current of instrument air p a s s e d  through the  
tank at all t imes,  the  concentrat ion of the  feed 
solut ion was  constant ly  inc reas ing  b e c a u s e  of the  
evaporation of water. After campaign 1, t h e  tank 
w a s  replaced with a geometrically s a f e  [5 in. in  
diameter (IPS) and 13 ft long], vertically mounted, 
unpacked s torage tank. Exce l l en t  control w a s  
experienced thereafter. 

In routine operation of the  calciner ,  the  quantity 
of g a s e s  r e l eased  by the  ca l c ined  product was  
not expec ted  to  exceed  0.05 s t d  cm3/g. Of 97 
ba tches  made under routine condi t ions,  only 
three exceeded th is  value,  and t h e  h ighes t  of 
t h e s e  w a s  only 0.057. Average gas - r e l ease  va lues  
for any given campaign, o r  for the  whole program, 
were considerably lower, as shown in Tab le  6.4. 
T h e  gas - r e l ease  va lues  for  t h e  crushed oxide 
enter ing the fuel rods did not exceed  the  expected 
maximum in any c a s e .  

T a b l e  6.3 Quantit ies o f  Uranium-233 and Thorium Chorged, and Product 
Removed from the Sol-Gel Operation 

Th 
233u 

Campaign 

No. Input Input 

(9 )  (kg) 

233U02 + T h o ,  
233u x 100 

ou tpu t  233u + Th 

(kg) Ratio 

To ta l  

3,196 

4,255 

3,166 

3,450 

6,056 

4,521 

1,874 

26,518 

104.7 

137.2 

102.5 

110.7 

195.5 

145.2 

59.9 

855.7 

118.6 

160.9 

118.5 

128.7 

226.8 

166.7 

68.6 

988.8 

2.96 

3.01 

3.00 

3.02 

3.00 

3.02 

3.03 

3.01 
~ 

T a b l e  6.4. Kilorod Program: Operating Summary of Sal-Gel Demonstration 

Property Measured 

Resu l t s  

Specification Average Range of Values 

x 100 

+ T h  

u 2 3 3  

u 2 3 3  3.00 * 0.05%a 

Gas  release:  (std c m 3 / g )  

Calcined product 0.05 max 

Crushed oxide 0.3 max 

Product loss ,  % <0.5 

Material balance,  % 99.5 

2.99Sb 

0.022 
0.11 

<0.5 

99.82 

2.91-3.07 

0.003-0.057c 
0.05-0.28 

99.53-100.83 

aPowders fall ing within a ratio of 3.00 * 0.10 may be blended to  obtain desired ratio of 3.00 f 0.05. 
bThe average and the maximum and minimum analyt ical  values  reported for the metal  ratio in  a l l  s o l  ba tches  

‘Three ba tches  exceeded  0.05 s t d  cm /g. 

(campaigns 2-7). 
3 



Product loss (not recoverable)  w a s  nearly all 
l i l i~ i ted  to ana ly t ica l  losses and insignif icant  
puwder losses ins ide  the cubicle .  T h e s e  were 
too s m a l l  to h e  mcasured and a r e  es t imated at 
0.5%. Material b a l a n c e s  corifirrn th i s  es t imate  
and a r e  within accepted  ana ly t ica l  errors  i n  a l l  
c a s  e s I 

Maintenance Experience 

t h e  cold- tes t ing p h a s e  of sol-gel  p r o c e s s  devel- 
opment, e lement  replacement w a s  predicted to b e  
necessary  a f te r  20 b a t c h e s  of ox ide  were fired. 
Kilorod exper ience  w a s  somewhat  be t te r  and indi- 
c a t e d  that  a minimum of 33 b a t c h e s  could b e  fired 
with e a c h  element. 

Radiation Exposure Experience 

Records  were kept  on maintenance for all equip-  
ment throiighout t h e  program. The solvent  extrbc- 
tion systeru processed  all t h e  233u required with- 
out a single failure. T h e  major breakdown involved 
i n  the deni t ra t ion operat ion occurred when a s o p e r -  
hea te r  failed. Minor mainterlarice within t h e  sol- 
gel cubiclc w a s  limited to replacement  of pl-1 
e lec t rodes ,  ttrermocouples, and  cruc ib le  supports  
i n  the  ca l r iner .  None of t h e s e  affected t h e  on- 
s t ream t i m e  of the  process .  

'rhe prime indicator  of equipment reliability is 
the plant  on-stream t ime and t h e  number of major 
breakdowns that  required c u b i c l e  entry.  P e r c e n t a g e  
on-stream t i m e  w a s  90%, limited only by major 
repairs. Four  major repairs  were made within the 
sol-gel cubicle .  T h e s e  included t h e  replacement 
of three  burned-out ca lc iner  e lements  and repair 
of three rnialfunctioning control  va lves .  During 

One of the  primary objec t ives  of t h e  Kilorod 
Fac i l i ty  w a s  to gain radiat ion d a t a  i n  t h e  handl ing 
of 2 3 3 ~  on a plant  s c a l e .  T h i s  information is 
expec ted  to contr ibute  des ign  information for 
future fa r i l i t i es .  Personnel  radiation-exposure 
d a t a  compiled during t h e  work ind ica te  tha t  rddi- 
ation l e v e l s  to which workers were  exposed  were 
well below the  maximum permiss ib le  exposure  
l e v e l s  for workets i n  the field. 

T a b l e  6.5 presents  a breakdown of t h e  dis t r i -  
bution of d o s a g e s  received by the  operators  a s  
a funct ion of work act ivi ty .  During the  sol-gel  
operat ions,  blending of Tho, with the uranyl 
ni t ra te  solut ion w a s  respons ib le  for 36% of the  
total  cxposure,  and loading  t h e  evaporator  w a s  
respons ib le  for 27%. During rod fabrication, the  
major  contributors appeared to b e  vibratory com- 
pact ion (IS%), welding ( l S ~ ) ,  a n d  blending o f  t h e  
s i z e d  oxides (14%). 

16 1 

Table 6,5, Radiation Received by P e r s o n n e l  in the Kilorod Program as  a Functiol i  of Task  
~ .- .......................... ................... ~ ............... 

Operational Task Exposure ( X  of total) 
........ ............................. 

Sol-Gel Phose 

Blending 35.7 

Loading evaporator 16.7 

IJnloading evaporator 11.9 

Loading furnace 11.9 

Unloading furnace 11.9 

Dumping oxide 11.9 

100.0 

____ ................ ...-- ....... ................... ........ 

~ ........................... 

Opcrational Task E X r J O S I J r e  (% Of total) 

Rod -Fa br i ca t  i on Phase 

Jaw crushing 8.3 

Ball milling 4.3 

Dle ndj ng 13.6 

Cornpac t ing 18.6 

Scanning 3.8 

Welding 15.4 

Cleaning 5.3 

Leak test, weighing 5.9 

Lsoading 9.7 

Supervision 15.1 

100.0 
-_ 

..... 
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Table 6.5. Kilorod Program: Summary of Personnel  Radiat ion Exposure 

Average Weeklya 

Personnel Exposure (millirems) 

Hands and Arms Tota l  Body 

Time Since Purif icat ion 

(range i n  d a y s )  Operational P h a s e  Daily Throughput ......... ~ 

..... .~ ...... ~ ........ __ .......... ......... 

Solvent extraction 0 0 

Sol-gel 10 kg 7-50 57 1 8  

Rod fabrication 10 rods 13-51 104 17 

aOperating maximum permissible dose: 100 millirems/week to  the total  body (‘uased on 5 rems/year). 
=500 millirems/week to  the hands  and arms (based on a self-imposed 

limit ra ther  than the higher value of 1500millirems permitted by the 
NCRP). 

Table  6.6 presents  a radiation exposure summary 
obtained over campaigns 4-7. Note that  233U 
w a s  processed  over per iods as long  a s  50 d a y s  
af ter  extraction. An ac tua l  i n c r e a s e  in  radio- 
act ivi ty  of about 30% WRS noted in  the  in-process  
materials during t h e s e  campaigns,  but t h i s  i s  
not of s ign i f icance  in  comparison with overall 
dosages .  During sol-gel  operat ions t h e  individual 
hand and forearm exposures  averaged 57 millirems/ 
man-week. Tota l  body d o s e s  averaged 18 milli- 
rems/man-week. T h e  workers who fabricated 
rods accumulated an average of 104 millirems per  
man-week t o  t h e  hands and 17 millirems per  man- 
week to  the body. 

A s ingle  10-kg batch w a s  processed  through t h e  
Kilorod Faci l i ty  equipment to  s imulate  t h e  handl ing 
of a 2 3 2 U  concentration of 800 ppm, 14 d a y s  af ter  
purification by solvent  extraction. A solut ion of 

3 U 0  2 ( N 0 3 ) ,  purified s i x  y e a r s  previously w a s  
used  for “spiking” t h e  regular feed solution. T h e  
daughters  from t h e  2321J present  in  th i s  solut ion 
gave suff ic ient  radioactivity t o  produce the des i red  
radiation level .  T a b l e  6.7 compares  exposures  
experienced in  the  Kilorod Program operation with 
those  experienced while process ing  the  simulated 
higher 2 3 2 U  content. An i n c r e a s e  of 2 to  4 t imes 
the l e v e l s  experienced in  the  Kilorod Program i s  
noted. A word of caut ion must b e  added concern-  
ing  sp iked  runs. At t h e  end of the program, t h e  
general  background within t h e  process ing  cubic les  
frequently fell within the range of 15 to 30 mr/hr. 
It is th is  background leve l  that  is reflected in  the  
data  from sp iked  runs rather  than a leve l  typical  
of a run with 800 ppm 2 3 2 U .  It was not feas ib le  
to  make more than o n e  sp iked  run, so t h e  back- 

T a b l e  6.7. Comparison of Radiat ion Exposures 

as a Function af 2 3 2 ~  Content 

Conditions: Data  under column labeled ‘‘37 ppm 232U1’ 

ore average for kilorod program 

D a t a  under calumn labe led“800  pprn 232Us’  

represent values for 0 single run and 

do not ref lect  long-term buildup of 
background 

D o s e s  in both cases were distributed 

between two operators for sol-gel work 

and among four operators for rod 

f abri cation 

Personnel Exposure Data 

(millirems /man -week) 
Operational ~ _I 

800 ppm 2 3 2 ~  
- - - .. - - 

P h a s e  37 ppm 2 3 2 ~  
- 

Hands Body Hands Body 

Sol-gel 57 18 2 03 4 8  

Rod fabrication 104 1 7  198 55 

ground which might b e  found af ter  a period of 
operat ing at the  800-ppm leve l  i s  not known. 
Further, the  da ta  given were taken from dosimeters  
c l ipped to  the  wrist, and a r e  not necessar i ly  t h e  
d o s e  t o  the hands,  which were c l o s e r  t o  t h e  mate- 
rial handled. T h e  background leve l  would un- 
doubtedly be higher  than t h e  range of 15 to 30 
mr/hr, and proper a l lowances  must  b e  made for 
both of t h e s e  factors when u s i n g  the  f igures  ob- 
ta ined during the  spiked run. 
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I h 0 2 A  O s E  

UOz(NO,), PREFCRArlON __ 

Conc I us i ans 

OXIDE- CARBON 
SOL 

Th-U OXIDE PREPARATION 

1. T h e  Kilorod demonstration s h o w s  t h a t  the  
sol-gel  process  is a pract ical  production process .  

2. Specif icat ions requiring high purity of prod- 
uct  and rigid ana ly t ica l  control c a n  be  met. 

3. Loss of valuable  p r o c e s s  mater ia l s  c a n  be  
limited to extremely low va lues .  

4. Radiat ion exposures  to operators  c a n  b e  
held well below permissible  l e v e l s  a t  a 232U 
concentrat ion of 38 ppm. 

5. A 2 3 2 U  concentrat ion of SO0 ppm c a n  b e  
handled safe ly  i n  the e x i s t i n g  faci l i ty  providing 
the  feed i s  purified weekly. 

6. Uranium-23.3 for u s e  i n  t h e  sol-gel p r o c e s s  
can  b e  purified sat isfactor i ly  by a so lvent  ex-  
t ract ion process u s i n g  di-soc-butyl phenylphos- 
phonate. 

REACTION 
Th-U OXIDE-CURBON 

4.2 DEVELOPMENT OF THE SOL-GEL PROCESS 

SPHERE -FORMING 
STEP 

Scout ing experiments  show tha t  a smal l ,  con- 
trolled amount of porosity c a n  b e  “built in to” 
uranium-thorium oxide  par t ic les .  T h i s  may in- 
c r e a s e  their ra te  of d i sso lu t ion  and expedi te  fuel 
processing.  In t h e  present  s t a g e  of development, 
t h e  porosity is not uniformly dis t r ibuted,  and 
further development is needed. 

Three  different methods a r e  under s tudy for 
generat ing porosity i n  thoria and thoria-urania 
prepared by sol-gel  techniques.  In the f i rs t  method, 
a low-density, 1200°C-fired Tho, powder is 
added t o  the  sol i n  the  blending s tep .  T h e  Tho, 
powder maintains  i t s  low dens i ty  throughout sub- 
sequent process  s t e p s ,  resu l t ing  i n  a low-density 
ca lc ined  product. In laboratory-scale  experi- 
ments  i t  w a s  shown tha t  t h e  bulk porosity of t h e  
sol-gel preparation w a s  increased  in  proportion 
to t h e  rat io  of porous powder t o  to ta l  s o l i d s  i n  
the sol. However, t h e  porosity of t h e  product 
obtained by t h i s  method is not  uniformly distrib- 
uted. T h e  nonuniformity is at t r ibuted to the  high 
se t t l ing  ra te  of t h e  s in te red  T h o ,  tha t  i s  added 
to  t h e  sol. Even  though t h e  sol is concentrated 
t o  a v i s c o u s  m a s s  which i s  s t i r red constant ly  
while  be ing  evaporated,  s e t t l i n g  out  of t h e  powder 
occurs .  Work done  to d a t e  h a s  been  only pre- 
liminary, and much more work remains t o  b e  done 
in t h i s  area.  

6.3 APPLICATION OF THE SOL-GEL PROCESS 
TO THE PREPARATION OF ThC,-UC, 

T h e  sol-gel p r o c e s s  provides t h e  b a s i s  for a 
new p r o c e s s  for producing s p h e r e s  of uranium- 
thorium carbide su i tab le  for u s e  a s  f iss i le-fer t i le  
fuel  material. In common with o ther  sol-gel proc- 
e s s e s ,  t h i s  new p r o c e s s  a l s o  h a s  t h e  advantages  
over  convent ional  p r o c e s s e s  of s implici ty  and of 
improved control over  par t ic le  size and shape.  
Preliminary s t u d i e s  of th i s  p r o c e s s  were reported 
in  l a s t  year’s annual  progress  report. T h e  proc- 
ess c o n s i s t s  of the  four s t e p s  out l ined in  Fig. 
6.7. An oxide sol, containing from 0 t o  10 metal- 
a t .  % uranium, i s  prepared by t h e  b a s i c  sol-gel 
method (see Fig. 6.2, Sect. 6.1); suff ic ient  high- 
surface-area carbon is blended with t h e  oxide 
sol to produce a n  oxide-carbon sol t h a t  c a n  b e  
completely converted to t h e  des i red  carbide; t h e  
oxide-carbon sol is formed and s e t  to  gel s p h e r e s  
by dispers ion in  an organic  l iquid c a p a b l e  of 
ex t rac t ing  water  from t h e  so l ;  and t h e  gel s p h e r e s  
a r e  converted to carb ide  s p h e r e s  by a i r  drying and 
then f i r ing a t  1750°C in vacuum or  i n  a s t ream of 
argon at 2000 to  2300°C. T h e  p r o c e s s  h a s  been 
t e s t e d  on  a laboratory scale. Good convers ions  
(better than 99%) to carbide were obtained,  and 
t h e  control of microsphere size and integri ty  
w a s  good. 

Whi le  the p r o c e s s  h a s  been demonstrated to b e  
feas ib le  on a laboratory scale, some problems 

UNCLACjSlf I t V  
ORNL-DWG 64-1653A 

FINNY IIIVIDEII 
CARRMJ 

-- -. . . . 1 . . . . . . . .. . . . . . . . 
Th--U 

DICARUIDE 
SPHERES 

Fig. 6.7. Sal-Gel Process far Preparing Carbides. 
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remain unsolved. P a r t i c l e  d e n s i t i e s  ranged from 
65 t o  90% of the  theoret ical  densi ty  of the  c r y s t a l s  
of t h e  compounds. It is des i rab le  to  produce 
par t ic les  of controlled dens i ty  up to  t h e  theo- 
retical1.y at ta inable  densi ty .  Only preliminary 
work h a s  been done on t h e  control of the  mono- 
carbide/dicarbide ratio. Further  s tudy is needed 
in  order to  find t h e  optimum form of carbon to  
use ;  and to  find a method that  will e n s u r e  uniform- 
ity and conti01 of s o l  and finished-product prop- 
e r t i e s  from Latch to  batch. 

T h e  oxide-carbon sols used  in  t h e  most s u c c e s s -  
ful preparation so far  were prepared by blending 
fine par t ic les  of commercial channel  black (Table  
6.8) with uraniuin-thorium oxide sols. T h e  re- 
quirements for carbon appear  t o  b e  t h o s e  indi- 
c a t e d  by Eq. (2) below. In addition, from 0.3 t o  
0.4 moles of carbon per mole of oxide a r e  needed 
for reduction of ni t ra te  ion and other oxidiLing 
agents  present  i n  the  thoria-carbon sol. Thus ,  
for t h e  usua l  2 M oxide  s o l ,  t h e  added  carbon 
required for dicarbide conversion g ives  a s o l i d s  
concentrat ion of 10.6 moles/liter, or about  630 g 
of s o l i d s  p e i  l i ter  of sol. T h e  electron micrograph 
(Fig.  6.8) shows what appear  t o  b e  s ing le  c r y s t a l s  
and small agglomerates  of T h o ,  coa ted  with 
uniform ha los  of t h e  carbon used.  T h i s  s u g g e s t s  
that  very intimate contact  is achieved.  

The channel  black carbons had par t ic le  sizes 
of about  110 t o  140 A,  spec i f ic  sur face  a r e a s  

for nitrogen adsorption of 400 to 1100 m 2 / g ,  and 
5 to 16% of a volat i le  component which contained 
more than 50% by weight of oxygen (Table  6.8). 
Stable  a q u a s o l s  of t h e s e  lyophi l ic  carbons  c a n  
be  prepared with the  a id  of d ispers ing  a g e n t s  by 
shear ing  them in water  or a lka l ine  solut ions.  T h e  
carbon sur faces  apparently carry two k inds  of 
s i t e s  b e c a u s e  they ale electrophoret ical ly  negat ive 
at a pH higher that1 3 and posi t ive at lower pH's. 
Conductimetric titration with sodium hydroxide 
gave a value of 1 to 5 micromoles of ac id ic  s i t e s  
per square  meter, The  diphenylguanidine ad-  
sorption index (Table  6.5) g ives  R convenient  
measure of t h e  ava i lab le  a c i d  (i.e., carboxyl ic  
acid)  groups on the carbon surface.  

Stable  sols containing, a s  high a s  20 mole % 
U have  been prepared. T h e  to ta l  uranium capaci ty  
of the  sys tem is unknown. T h e  high s o l i d s  content  
of t h e  s o l s  e n h a n c e s  t h e  non-Newtonian flow 
propert ies  of t h e  oxide-carbon sols and i n c r e a s e s  
their yield s t r e s s  and apparent  v i scos i ty .  T h e  
effect  is increased by us ing  carbons  having larger  
a r e a s .  In order t o  avoid plugging t h e  jets i n  t h e  
sphere-forming s t e p ,  carbons having somewhat 
less than the highest  sur face  a r e a  were chosen  
(e.g., Cahot  Supercarbovar). 

Studies  of flow propert ies  in  oxide-carbon s o l s  
containing carbons of extremely high sur face  a rea  
are be ing  conducted a t  Southwest  Research  Insti-  
tute under a subcontract .  

Table 6.8. Properties of Carbons Used for Preparation of Oxide-Carbon Sols 

Neo Spectra Mark IC 110 11 00 16.2 3.0 100 

Black Pear l s  46d 120 800 14.0 3.0 7 5  

Supercarbovard 140 400 5.0 5.0 2 0  

N e o  Spectra Mark 11' 130 870 14.7 3.3 98 

aLoss in  weight a t  1000°C in argon. 

bDiphenylguanidine cheinisorption in arbitrary units; an  indicator of readily avai lable  ac id  groups on the carbon 

CColurnhian Carbon Company, New York, data  sheet .  

dCabot Corporation, Boston, data  shee t .  

s urfac FL. 
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6.8. Electron Micrograph of Dried Thoria-Carbon Sol. The dark spots are T 2. The gray halos are 

Gelation: Formation of Microspheres Calcining: Conversion of Oxide-Carbon 
Gels to Carbides 

Oxide-carbon sols form g e l s  which undergo 
fragmentation upon drying in  a tray, j u s t  a s  t he  T h e  oxide-carbon gel sphe res  a re  converted to 
oxide s o l s  do. However, s i n c e  microspheres  are  carb ides  by hea t ing  them to about 1800°C in  a 

the preferred s h a p e  for carb ides ,  t h e  present  dis-  Reduction to the car- 
cuss ion  is limited to the  formation of oxide- b ides  appears  to proceed by reac t ions  (') and 
carbon microspheres. In con t r a s t  to forming (2) below: 
s p h e r e s  from oxide s o l s ,  no surface-active agent 
is needed to ad jus t  the  interfacial  sur face  tens ion  
between the oxide-carbon s o l s  and t h e  organic 
forming medium. However, a secondary alcohol 
(2-octanol) is added  to the  2-ethylhexanol to sup- 
p r e s s  a s l ight  tendency of t h e  organic drying 
so lvent  to  ex t rac t  carbon with t h e  water. T h e  
gel sphe res  (Fig. 6.9) are s t rong  enough to b e  
ca lc ined  directly to  carbides.  

vacuum or in  flowing argon. 

T h o  + 4C 3 ThC + 2COceY 

While i t  may be  poss ib l e  to prepare pure mono- 
carbide by t h i s  method, the  production of mono- 
carbide uncontaminated by d icarb ide  or oxide h a s  
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F ig .  6.9. Spheres of Urania-Thoria-Carbon Gel. The spheres are formed by dispersing the sol in on immiscible 

solvent, such a s  2-ethylhexanol 

not as y e t  been demonstrated.  In two experiments,  
with an ini t ia l  C/Th atom rat io  of 3.4, thorium 
monocarbide w a s  obtained; however, t races  of 
oxide and a large fraction of dicarbide were found 
by x-ray diffraction. 

Since all the reactants  and products i n  Eqs. 
(1) and (2) excep t  carbon monoxide a r e  s o l i d s ,  
equilibrium may b e  descr ibed by a cu tve  of CO 
pressure v s  temperature (Fig.  6.10). Reasonably 
complete conversions should b e  obtained between 
1450 and 18OO0C i f  the  par t ia l  pressure of CO 
is kept  below its equilibrium value by evacuation 
or by a sweep  of argon. 

T h e  ra tes  of conversion of t h e  oxide-carbon 
ge ls  t o  dicarbide were invest igated from 1445 to 
1750°C, with C/(U + Th) ratios of 4 .3  to 6.8, 
and U/(U + Th) ra t ios  of 0 to 0.05. In e a c h  ex- 
periment, the  sample was  vacuum-outgassed 
by ra i s ing  the temperature slowly to  120OOC and 
holding i t  there until the  g a s  evolution w a s  negli-  
gible. T h e  sample w a s  then heated to the desired 
reaction temperature, and t h e  volume of g a s  

IO6 

IO2 

f00 
I O 0 0  I400 I800 2200 

TEMPERATURE LOCI 

Fig.  6.10. Equil ibrium Part ia l  Pressure of Carbon 

Monoxide over Thoria-Carbon Mixtures. 
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evolved was  measured. Figure 6.11 is an Arrhe- 
nius  plot of d a t a  taken for temperatures  between 
1718 and 2023OK. All  points  represent  ra te  con- 
s t a n t s  obtained by us ing  carbon in  e x c e s s  of that  
required for forming dicarbide.  T h e  reaction was 
of a n  apparent f i r s t  order with r e spec t  t o  the 
fraction of oxide tha t  remained. T h e  act ivat ion 
energy was  about 112 kca l  per mole of ThC,. T h e  
reaction ra tes  were independent of U/(U + T h )  
and C/(U + Th) atom rat ios  i n  t h e  range s tudied 
and appeared to  vary only with temperature and 
pressure.  

Properties of Uranium-Thorium Dicarbide 

A thorough evaluat ion of t h e  carbide s p h e r e s  
h a s  not been made. T h e  propert ies  thought to be 
important and some va lues  for three preparat ions 
a re  shown in T a b l e  6.9. Dens i t i e s  have  varied 
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Fig.  6.11. Temperature Dependence of Reaction-Rate 

Constant in  Dicarbide Formation. 

T a b l e  6.9. Properties of Uranium-Thorium Dicarbides 

Fir ing conditions: For irregular particles, 15OO0C in vacuum; for microspheres, 1750 to 195OoC in f lowing argon 

Propert ies  
Microspheres from Run: 

from Run CNS-2 sc BP-46 

Irregular Par t ic les  

Uranium-Thorium Oxide-Carbon 

U / T h  atom rat io  in  the s o l  s t a g e  

Surface area (N, adsorption) of carbon used,  mz /g  

Par t ic le  densi ty  of unfired sample,  calculated 

980 

3 
from tap  densi ty ,  g/cm 

Part ic le  densi ty  of unfired sample,  from mercury 
3 

porosity, g/cm 

Uranium-Thorium Dicarbide Microspheres 
3 

Density, particle (mercury porosity), g/cm 8.53 

Density, Yo of theoret icala  89.0 

total  pore volume 

particle volume 
Porosity, 0.2 

Porosity, i n  c losed  voids 0.16 

U / T h  atom rat io  

Free carbon, % by wt 

Conversion, oxide t o  carbide, % 

0.53 

99.0 

aTheoret ical  densi ty  for ThC,  is 9.6 g/cm3. 

bSamples may have reoxidized on handling. 

0.0330 

400 

2.22 

2.24 

6.2 1 

65.7 

0.342 

0.168 

0.033 

1.64 

97.4b 

0.0339 

800 

2.26 

2.22 

7.58 

79.7 

0.2044 

0.167 

0.033 

1.74 

92.3’ 
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Fig. 6.12. Uranium-Thorium Dicarbide Microspheres Farmed by the Sol-Gel Process. 
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Fig. 6.13. Spheres of Uranium-Thorium Carbide, Coated with Pyrolytic Carbon. 
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from 50 to 90% of the  theoret ical ly  a t ta inable  
value,  and porosi t ies  have  ranged from 0.065 to 
0.34. Approximately 50% of the  po res  a r e  iso-  
la ted  from t h e  surface.  T h e  uranium w a s  uniformly 
dis t r ibuted in t h e  sol and remained so throughout 
t h e  process .  T h e  p resence  of 2 5  to  30% e x c e s s  
carbon did not appear  to  improve t h e  percentage 
of conversion of oxide to  dicarbide,  but may have 
increased the  porosity and  dec reased  the  densi ty  
of the  product. T h e  fractional conversion t o  
dicarbide is based  on ox ide  appearing in  the  
product and is in doubt b e c a u s e  i t  i s  not known 
whether the  s o u r c e  of T h o ,  is unconverted oxide o r  
oxide formed by t h e  hydrolysis  of t h e  extremely 
ac t ive  carbide on exposure to air. A ca lc ined  prod- 
uct  typical  of t h e  l a t e r  preparations is shown in 
Fig. 6.12. Surfaces  of freshly prepared sphe res  a r e  
lus t rous  and look l i k e  metal. T h e  carbide s p h e r e s  
c a n  be  readily coated with pyrolytic carbon to  give 
microspheres l ike  t h o s e  shown in Fig. 6.13. 

6.4 PRODUCTION OF MICROSPHERES 

Coated oxide and carbide fuel microspheres will 
b e  u s e d  in gas-cooled reac tors  s u c h  as the  P e a c h  
Bottom (High-Temperature G a s  Reactor),  Target ,  
Dragon, and AVR. T h e  sol-gel  p rocess  h a s  re- 
cent ly  been adapted to  t h e  preparation of such  
microspheres.  T h e  microsphere-forming p rocess  
promises  to  provide a n  e a s y ,  re la t ively inexpensive 
way to  make microspheres  of a variety of fuel 
mater ia ls  in any s i z e  a c r o s s  a range from less than 
SOP to  2 0 0 0 ~ .  T h e  microspheres  are formed by 
d i spe r s ing  t h e  appropriate s o l  at room temperature 
in  a n  organic l iquid with which i t  is almost  com- 
pletely immiscible.  The  spher ica l  droplets  of 
sol that  form are s e t  to g e l s  a s  t h e  organic  l iquid 
ex t rac ts  water from them. After drying, t h e  gel 
s p h e r e s  a re  calcined to  oxide or carbide.  

T h e  sphere-forming technique h a s  been devel- 
oped in  the  laboratory to  a s c a l e  of about 100-g 
batches,  and engineer ing scale-up s t u d i e s  a r e  
being conducted. P a r t i c l e  d i ame te r s  c a n  b e  c l o s e l y  
controlled between 50 and 1000 p, and they c a n  
be made smaller  or larger  with somewhat less 
control over  size distribution. All  t h e  simplicity 
and ease of control of t h e  b a s i c  sol-gel  p r o c e s s  
(see Sects .  6.1 and 6.2) a re  also charac te r i s t ic  of 
the sol-gel  microsphere adaptation. Y ie lds  of 
thorium oxide and uranium-thorium oxide s p h e r e s  
have  been demonstrated in  some  runs to b e  greater  
than 95%. 

In ear ly  development work, microspheres were 
prepared by d i spe r s ing  sols in  carbon tetrachlo- 
ride containing about 15 vol % isopropyl a lcohol  
in  a beaker  a t  room temperature;  a controlled- 
s p e e d  s t i r rer  w a s  used.  T h e  method w a s  suc-  
c e s s f u l  in  preparing spheres ,  but good control 
over gel-particle sizes w a s  not achieved. In the 
second  development, the  droplets  of sol were 
introduced from a hypodermic need le  into the 
organic  solvent  and allowed to  fa l l  freely through 
an upflow of solvent  i n  a column. T h i s  produced 
uniform-sized gel sphe res ;  however, t h e  lowes t  
pract ical  l imit  in  diameter of the  needle-orifice 
through which the  s o l  could b e  success fu l ly  forced 
w a s  about 0.006 in. T h i s  imposed a lower l imit  
on sphe re  diameter of  500 p. Sols having non- 
Newtonian flow behavior tended to sol idify in  
smaller  or i f ices  and plug them. In the  third tech- 
nique, t h e  one used at present ,  the  sol and t h e  
organic  d i spe r s ing  solvent  a r e  pumped through 
different channe l s  in  t h e  same  nozzle .  T h e  organic  
so lven t  f lows from a n  annulus  around t h e  tube 
from which the sol flows. On emerging, the s o l  
s t r e a m  “necks down” to  a f ine je t .  T h e  solvent  
flowing from the annulus  and moving a t  a higher 
velocity d i s t ends  the  sol jet unt i l  it f inally breaks 
up into s e c t i o n s  about four t imes  t h e  length of 
the  j e t  diameter. T h e  s o l  sec t ions ,  being i m m i s -  
c i b l e  with the  solvent ,  contract  to form spheres .  
Good size control c a n  b e  achieved by th i s  mech- 
anism, which depends  largely on  t h e  relat ive 
ve loc i t ies  of the two concentr ic  s t reams.  

Thorium oxide and uranium-thorium oxide sols 
for u s e  in  sphere-forming s t u d i e s  a r e  prepared a s  
descr ibed in  Sect. 6.2, with two important quali-  
f icat ions.  T h e  sols are made a s  concentrated 
as possible ,  being l imited by their  apparent vis-  
cos i ty  and yield point. At present ,  the  concen- 
tration l i m i t s  a r e  about  5 moles of T h o ,  or 3 moles  
of 5% U-thorium oxide per  liter. A s  the uranium 
content  is increased,  the  maximum al lowable 
s o l i d s  concentration is decreased.  Fo r  sols 
containing 4 moles or more of carbon per mole 
of metal ,  as in  carbide microsphere preparation, 
the l imit ing (U + Th)  concentrat ion in  t h e  sol is 
about 2 M (see Sect.  6.3). 

About 20 organic so lven t s  were screened in  
order t o  obtain severa l  sat isfactory o n e s  for form- 
ing  and drying microspheres i n  the  column. The  
cr i ter ia  for se lec t ion  were: production of gel 
microspheres having good spherici ty  and no sur- 
f a c e  d e f e c t s  or  c racks ,  a n d  with low internal 
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voidnge; good dispers ing-solvent  flow behavior 
in t h e  column; low solubi l i ty  of d i spe r s ing  solvent  
it1 the sols, but severa l  percent  solubi l i ty  of 
water in the organic: solvent ;  a low-boiling azeu- 
tropic mixture of organic  so lven t  with water;  and 
good thermal s tabi l i ty .  In general ,  the  long-chain 
alcohols  a r e  the most sat isfactory so lven t s  with 
r e spec t  l o  sphere-forming propert ies .  T h e  a l coho l s  
2-ethyl-1-hexanol and 2-methyl-1-peritanol were 
superior t o  the others  tried. E s t e r s  were uns t ab le  
when dis t i l led.  Halogenated so lven t s  were avoided 
!,ecause of t h e  heal th  hazard and b e c a u s e  of 
poss ib l e  coaltamination of the  product with halogens.  

Surfactants  were used  in  forming sphe res  from t h e  
oxide sols to prevent coa le scence ,  c luster ing,  and 
adhesion of s p h e r e s  to walls.  Although some t y p e s  
of ca t ion ic  sur fac tan ts  (i.e-, fatly amines) worked 
well with ' rho, ,  the  nonionic types  were generally 
more sat isfactory.  Of these ,  the  e ther  a lcohols ,  
polyols, secondary alcohols ,  and tertiary a l coho l s  
perforined bes t .  E s t e r s  hydxolyzed when d is t i l l ed  
with water and n i t r ic  acid which c a n e  from the  
sol during gelation. T h e  sol-solvent interfacial  
tension was 4 to 15 dynes/crn for combinations of 
so lven t  and surfactant  tha t  formed sphe res  most 
sat isfactor i ly ,  T h e  surfactant  w a s  not needed for 
sols coiitainiiig carbon. T h e  lyophilic carbon 
had surface-act ive propert ies  when u s e d  with 
alcohol:; and adjusted the interfacial  tension t o  
a value of 10 tu 15 dynes/cm. 'There w a s  a tend- 
ency for the  alcohols  to ex t rac t  a s m a l l  amount o f  
carbon from the  s o l ,  but t h i s  w a s  prevented by 
addirig about 1.0% by volume of 2-octanol or 3 -  
heptanot t o  the  alcohol.  

The engineer ing feasibi l i ty  of producing spheri-  
c a l  par t ic les  of thoria, thoria-urania,  and thoria- 
urania-carbon with diameters  of 100 to 1000 11. 

was demonstrated in  a flgidizing column in which 
2-ethylhexanol was used  a s  the  forming and drying 
solvent .  Eriefl-y, t h e  following is done: af ter  a n  
i3ppropriate sol is prepared, i t  i s  d i spe r sed  into 
droplets  at the top of a tapered g l a s s  column and 
aJ.lc~wtxl t~ s e t t l e  unt i l  the droplets  reach their  
f luidizing velocity.  Coa le scence  o f  t h e  droplets  
and wetting of the  glass column are prevented by 
a s u i t a b l e  surface-act ive agent  i n  the organic 
phase.  As water  is extracted from the sol droplets  
by the  organic niediurri, a par t ia l  gel l ing or se t t ing  
o f  t h e  drop!ets oc:curs; t h i s  a l lows  the sphe ro ids  
to be temoved in tac t  from the bottom of the coluron 
af ter  a holdup t i m e  of 10 to 30 min. T h e  gel led 
par t ic les  a r e  dried at about 10OOC to remove the 

e x c e s s  drying solvent  and to reduce the water 
content  of the  gel to approximately 5 wt %. (In 
firing to 1150°C, the thoria and thoria-urania 
spheroids  have der is i t ies  c l o s e  to the theoret ical  
c rys ta l  densi ty  and exhibi t  very high crushing 
s t rengths .  

An agi ta ted v e s s e l  containing 2-ethylhexanol and 
a surfactant  seemed to be  more eff ic ient  than a 
tapered column for making sphe res  in t h e  size 
range of 10 to 100 p, but size control w a s  poorer. 
T h e  s t i r red system studied cons i s t ed  o f  a +liter 
baffled beaker and a turbine m i x e r  with four verti-  
c a l  blades.  Sol is poured into the drying agent  
a t  mixer s p e e d s  of 800 to 1600 rpm. The  degree 
of agi ta t ion not only controls  t h e  par t ic le-s ize  
distribution but also i s  the  only mechanism for 
suspending t h e  droplets  while water is being 
extracted in to  the organic.  Fo r  t h i s  reason t h e  
diameter of the  gel led par t ic les  produced in a 
stirred-batch system must be less than 100 to  
150 p to prevent se t t l ing  out ,  

Controlled diameters  were formed in  tlie tapered 
column system by discharging the sol through 
a s m a l l  or i f ice  o r  through a two-fluid nozzle.  
For oxide-sol molarit ies of 2 to 5, the respect ive 
droplet  diameters  must b e  2.7 to 2.0 t imes greater  
than  the desired diameter af ter  calcining.  T h e  
fal!ing-drop rnechanisrn predicts  that the  droplet  
diameter D should be related to the  orifice diameter 
(1, the  interfacial  tension y,  tlie densi ty  difference 
hp, arid t h e  accelerat ion of grnviI.y g, by the  fol- 
lowing, equation: 

A 4.9 M thoria sol was  fed at a flow rate  of 0.2 
ciu3/min through i3n or i f ice  6 mils in diameter 
immersed in 2-ethylhexnnol containing 0.1 vol. 
Parap lex  G 6 2  (surfactant) .  l'he diameter of the 
calcined thoria sphe res  prepared by t h i s  procedure 
i s  about 540 11 (Fig. 6.19). The measured in tc r -  
facial tension between the  sol and organic  p h a s e s  
was 45.4 dynes/cm, and the  densi ty  difference w a s  
1.33 g/cm3. From ~ q .  (1) the predicted diameter 
of the drop is lei30 p, which would shrink to about 
520 p af ter  calcinat ion.  The experimental  agree- 
ment with Eq. ( l j  is within 4%. 

With the  falling-drop mechanism and a fixed 
y and the  or i f ice  diameter m u s t  b e  rediiced 
eightfold t o  reduce the diameter of the drop 50%. 
In order to e l iminate  the undesirably small  orifice 
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Fig. 6.14. Thoria Spheres Formed in a Fluidized Column of 2-Ethylhexanol and Paraplex G-62 and Calcined to 

11 50°C. 
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s i z e s  required for drop formation by free fal l  
through the  drying agent ,  a two-fluid nozz le  w a s  
used  to form droplets.  T h e  sol is introduced in 
the  center  of a flowing organic  s t ream of 2-ethyl- 
hexanol,  which a c t s  as a driving fluid, a s  de-  
s c r ibed  above. T h e  continuous flow of sol is 
acce le ra t ed  to  t h e  velocity of the  coaxial ly  flowing 
so lven t  and then b reaks  up to  give sol droplets  
with a diameter about two t imes greater  than the 
minimum diameter of the  sol stream. A nozz le  
length of 6 to 1 0  in. is required for droplet  for- 
mation before discharging into the  tapered column. 
With t h i s  mechanism, the sol droplet  diameter D 
can  b e  related t o  s o l  flow ra te  f, t h e  drive-fluid 
flow ra te  F, and  t h e  c ross -sec t iona l  a rea  for drive- 
fluid flow A ,  by the following equation: 

D = 2.31;. 

A 2.5 M thoria s o l  w a s  fed through a No. 20 hypo- 
dermic need le  into the  cen te r  of a ,-in.-ID p l a s t i c  
tube containing a flowing s t ream of 2-ethylhexanol 
with 0.4 vol % Ethomeen S-15, a surfactant .  At 
r e spec t ive  sol and  organic  flow ra tes  of 1.2 and 
290 cm3/min, about 75 g of thoria s p h e r e s  were 
formed, with the  following size dis t r ibut ion after 
calcinat ion to 115OOC: 1.4%, larger  than 250 p; 
38.6%, 210 to 250 p;  49.7%, 150 to 210 p; and 
10.3%, smaller  than 150 p. Equat ion (2) predicts  
a sol droplet  diameter of 630  p, which would 
shrink to 254 p af ter  calcinat ion.  T h e  Reynolds  
number of the  organic  flow i n  t h e  p l a s t i c  tube 
was  150, and,  consequent ly ,  t h e  maximum drive- 
fluid veloci ty  w a s  tw ice  t h e  average organic  
velocity F / A .  When t h i s  correction i.s appl ied to 

Eq. (2), t h e  predicted droplet  diameter is 445 p, 
which would shrink t o  180 p af ter  calcinat ion and 
b e  within t h e  experimentally determined size range. 
In order to form uniformly s i z e d  drople t s  with a 
two-fluid nozzle ,  the  drive-fluid flow must b e  
laminar, and therefore t h e  sol should b e  injected 
in  s u c h  a manner as to minimize dis turbances.  

A s  mentioned above, in  order t o  keep  the  s o l  
droplets  from s t ick ing  t o  each other and wet t ing 
t h e  glass column wa l l  while  water  is being ex- 
t racted,  a surfactant  is d i s so lved  in the  organic  
phase.  A surfactant  concentrat ion of 0 . 1  to  0.4 
vol % in t h e  organic l iquid s e e m s  to b e  sufficient.  

Thoria s p h e r e s  in  t h e  size range of 50  to  250 
p af te r  calcinat ion to 1150°C were produced i n  a n  
agi ta ted v e s s e l  containing Span 80 (Atlas)  dis-  
solved in a 20  vol % isopropanol-CC1, solution; 
however, in a fluidized column t h i s  organic  system 
produced pear-shaped par t ic les .  With Span 80 
and 2-ethylhexanol in a s t i r red beaker,  thoria 
sphe res  larger  than 100 to 150 p could not b e  
produced. T h i s  difference in  behavior is mainly 
due to  t h e  difference i n  so lven t  d e n s i t i e s  (the 
densi ty  of 20 vol % isopropanol-CC1, i s  1.42 
g/cm 3; the  densi ty  of 2-ethylhexanol is 0.834 
g/cm3) which man i fe s t s  i tself  in  the bouyancy of 
t h e  solvents .  In a fluidized column, however, 
Span 80 in 2-ethylhexanol appea r s  to  be  a s a t i s -  
factory mixture for producing thoria-gel spheroids  
100 to 300 p in  diameter.  For  thoria gel  s i z e s  
larger than 300 p, t h e  Span 80 apparently lowers 
the  interfacial  t ens ion  enough to  a l low the  fluid 
forces  to  d is tor t  t h e  droplet  i n t o  e l l ipso ida l  s h a p e s .  
Pa rap lex  G-62 (a Rohm and H a a s  Co. p las t ic izer  
used in  polyvinyl chlor ide tubing) in 2-ethylhexanol 
w a s  u s e d  in a fluidized column to produce thoria 
gel par t ic les  in  t h e  s i z e  range of 500 t o  1000 p 

with almost no droplet  coa le scence .  However, 
a t tempts  to make s m a l l e r  thoria spheroids  resul ted 
in  t h e  deposi t ion of the  gel led par t ic les  on the  
g l a s s  column wal l s ;  t h i s  appeared to  be  due to a 
surface-charge effect .  T h e  Pa rap lex  G-62 w a s  
known to b e  a weak surfactant  for t h i s  system 
s i n c e  the  G-62 addition did not a l te r  the  inter- 
facial tension between the  aqueous s o l  and  2- 
ethylhexanol,  which was 15.4 dynes/cm. 

Of severa l  sur fac tan ts  recommended for the  
2-ethylhexanol sys t em,  t h e  following showed 
s o m e  promise: Hodag 40  R, Sarkosyl 0 (Geigy), 
and Ethomeen S-15 (Armour). Hodag 40  R is a 
high-molecular-weight ester and w a s  very s i m i l a r  
in  behavior to Pa rap lex  G-62 in  2-ethylhexanol. 
Sarkosyl 0 w a s  t h e  b e s t  surfactant  t e s t e d  for 
preventing droplet  c o a l e s c e n c e  and par t ic le  ag- 
glomeration in  all size ranges;  however, thoria 

w a s  extracted from the sol droplets  into t h e  organic  
phase.  Sarkosyl 0 h a s  two poss ib l e  ac t ive  s i t e s  - 
an amide and carboxylic ac id  radicals .  From 
earlier experience,  o le ic  a c i d  d i s so lved  in  CC1,- 
isopropanol w a s  sat isfactory for forming thoria- 
gel spheroids  excep t  for t h e  extraction of thoria 
into t h e  organic  l iquid.  In order to el iminate  the 

3Chern. Technol .  Div. Ann. Progr. Rept .  June 30, 
1962,  ORNL-3314. 
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effect of t h e  carboxylic a c i d  radical,  a n  amide 
(Ethomid 0-15) w a s  tried as  a surfactant  in  2- 
ethylhexanol,  but i t  d id  not  prevent  coa le scence  
of the  droplets.  

Ethomeen S-15 (a  tert iary amine) a t  concen- 
t ra t ions of 0.2 to  0.4 vol % in  2-ethylhexanol 
appeared to be  the  most promising sys t em for 
producing thoria sphe res  of any size up to 1000 p 
in  diameter. T h i s  mixture prevented droplet  coa- 
l e s c e n c e  and par t ic le  agglomeration, and there 
w a s  no ev idence  of thoria extract ion in to  the  
organic phase.  A poss ib l e  explanat ion for the  
apparent s u c c e s s  of Ethomeen S-15 is tha t  t h i s  
tert iary amine i n  the organic  phase  c a u s e s  t h e  free 
ni t r ic  acid i n  the  aqueous sol phase  (pH : 3.2) to 
concentrate  a t  the  interior droplet  sur face ,  produc- 
ing a gel led film of oxide. A sol id  sur face  f i lm on 
the  droplets  should b e  suff ic ient  to prevent coa le s -  
c e n c e  of t h e  sol .  

A thoria-8 wt % urania sol, prepared by d is -  
pers ing steam-denitrated thoria with 0.06 mole 
of HNQ, ( instead of the  usua l  0.077 mole) per 
mole of thoria,  behaved differently from t h e  pre- 
viously t e s t e d  thoria sols. In the  2-ethylhexanol 
and Ethomeen 5-15 system, the  thoria-urania sol 
(pH = 3.4) presented a ser ious  particle-agglomer- 
ation problem. As the  sol drople t s  l o s t  water 
and partially gel led,  they appeared to s t ick  to- 
gether on col l is ion.  T h i s  problem w a s  solved by 
returning to the  Span 80 and 2-ethylhexanol s y s -  
tem. With t h i s  particular thoria-urania s o l ,  no 
distortion of t h e  droplets  w a s  encountered for 
gel sizes up to  1800 p. T h e  resu l t s  s u g g e s t  that  
many of the  problems encountered with different 
organic  s y s t e m s  could b e  controlled by s l igh t  
a l terat ions of the aqueous sol, 

Four different tapered g l a s s  columns were 
used  in the microsphere s tud ies .  T h e  sma l l e s t  
column system held only 200 m l  of organic  SOIU- 
tion. It w a s  used for t e s t i n g  var ious surfactants .  
T h e  g l a s s  column is 15 in. long and is tapered 
from /4 in. at the bottom t o  1 in. ( inner diameters) 
a t  t h e  top; the included ang le  of taper  is 3 O .  A 
second column sys t em held 6 l i te rs .  I t  w a s  used 
primarily for tes t ing  the feas ib i l i ty  of a two-fluid 
nozzle  for making s o l  droplets .  Here,  the  glass 
column i s  24 in. long and is tapered from 1 in. a t  
the bottom to 3 in. a t  t h e  top (inner diameters).  
T h e  tapered ang le  of So c r e a t e s  a n  uncontrollable 
flow separat ion a t  the  column wall ,  thus  caus ing  
the  sol droplets  and gel led sphe ro ids  t o  b e  in  
continuous motion up and down the column. The 

1 

entrance sec t ion  for t h e  drying l iquid i s  a t  t h e  
bottom of t h i s  column and is a 3-in.-to-l-in. g l a s s  
reducer which a d d s  to the  flow-instabil i ty problem. 
With t h e  random vert ical  mixing of sol droplets  
and gel led spheres ,  t h e  probabili ty of droplet  
coa le scence  and agglomeration is increased;  a l so ,  
the  operation of the column must be on a semibatch 
bas is .  A flow-distributor p la te  (37 holes ,  with a 
diameter of 3/32 in.) containing 32% ftee area was  
inse t ted  below the tapered column a t  the  l-in.-ID 
sect ion;  however, the column f low pattern w a s  not 
significantly improved. 

T h e  m o s t  sat isfactory column, b a s e d  on opera-  
t ional cr i ter ia ,  had a volume of 2 l i t e rs ;  it w a s  
used for tes t ing  the formation of sol droplets  
from orif ices  of different s i z e s .  It produced 30- to 
40-g ba tches  of thoria and  carbon-thoria-urania 
spheroids .  T h i s  g l a s s  column h a s  a converging, 
tapered entrance sec t ion ,  1 2  in .  long, dec reas ing  
from 1% in. to $2 in. in inner diameter.  T h e  fluid- 
iz ing or diverging sec t ion  of t h e  column i n c r e a s e s  

from >2 to  l'/B in. in  inner diameter in a 24-in. 
length (included angle  of taper  is 13"). Even a t  
a Reynolds number of 400 (based on the  %-in.- 
diam c r o s s  sec t ion  and the  propert ies  of the or- 
ganic  liquid), the first few sol droplets  produced 
in the column indicated flow sepa ra t ion  at t h e  
wall;  however, as t h e  number of droplets  increased,  
a bed of droplets  w a s  formed, t h u s  l e s s e n i n g  the  
flow ins tab i l i t i es .  Within 20 min, a t  a so l  Elow 
rate of 15 to 20 cm3/hr, two d is t inc t  b e d s  were 
formed. A l ayer  containing fluidized sol drople t s  
(not ye t  gelled) w a s  sepa ra t ed  about a n  inch above 
a second  bed of fluidized gel led par t ic les .  The 
Stokes terminal velocity for a gel led par t ic le  is 
1.3 to 1.4 t imes greater than for a newly formed 
s o l  droplet  (5 11.1 thoria sol). T h i s  two-layer phe- 
nomenon, which would permit t h e  continuous opet- 
ation of a column sys t em,  pers i s ted  throughout 
severa l  runs, i n  which a uniform sol-droplet  s i z e  
was achieved. 

A fourth column sys t em had a volume of 1 2  liters; 
i t  w a s  ins ta l led  (Fig.  6.15) to s tudy the ef fec t  of 
s ca l eup  on t h e  flow pa t te rns  of the  organic  l iquid 
and to produce 200-g ba tches  of thoria and thoria- 
urania spheres .  A two-fluid nozz le  w a s  u s e d  to 
form the sol droplets ,  and t h e  flow of t h e  sol was  
metered by a variable-speed, cont inuous infusion- 
withdrawal pump. A considerable  amount of ver- 
t ical  mixing of t h e  sol droplets  and gel led sphe res  
was  encountered i n  t h i s  column, due  to its con- 
figuration, and, i n  order to keep  t h e  drople t s  
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fluidized, i t  w a s  necessary  to  res t r ic t  the iilinimum- 
flow a r e a  by inser t ing a rod in  the center  of thc  
colurilil. Several different rods, s o m e  s t ra ight  and 
some tapered,  were tried in  the  center  of the  col- 
uiim to  form a n  annulus  for the  organic  flow. 'The 
majority of runs made in t h i s  column were with a 
$4-in. annular spac ing  a t  the  rninimum-column- 
flow area. Although ver t ical  mixing w a s  not 
entirely eliminated, the  annular  flow pattern was 
superior  to  flow i n  the bare  column. 

'The 2-ethylhexanol, which cx t rac ts  water  from 
the sol droplets ,  becomes saturated when t h e  
water  conten t  is 2.55 wt %. Continuous s ingle-  
s t a g e  dis t i l la t ion i s  a useful  way to  remove t h e  

water and regenerate  the organic d ispers ing  sol-  
vent. A sidestrearn of 2-ethylhexanol is taken 
froin t h e  sphere-forming column sys tem and pre- 
heated with dried organic; i t  is then fed into a 

s t i l l  where i t  is partially vapoiized. Most of thn 
water is vaporized, and t h e  composi t ions of t h e  
liquid and vapor s t reams leaving  t h e  s t i l l  are 

controlled by the temperature of the s t i l l .  If the 
sphere-forming sys tem is operated with 2-ethyl- 
hexannl containing 1 uit water and t h e  s t i l l  is 
operated a t  145"C, 10% of t h e  feed to  the s t i l l  
is vaporized, and the liquid product conta ins  0.5 
wt % water. 
water  and s e p a r a t e s  into two sa tura ted  p h a s e s  
af ter  condeiisation. T h e  water  sa tura ted  with 
2--ethylhexanol (0.1 rrii  z) is discarded,  and the  
organic saturated with water is returned to the 
s t i l l .  All the  sphere-forming runs t o  d a t e  were 
bat'chwise and were terminated when the water.- 
in-alcohol concentrat ion reached 1.5 to 2.0 wt %. 
4 s t i l l ,  5 l i t e rs  in  volume, w a s  constructed to 

provide temperatuic'-vs-conposition data and is 
being used  to  regeneiate  the  2-ethylhexanol used 
i n  t h e s e  development s tud ies .  

Several  samples  o f  thoria and thoria-urania- 
carbon spheroids  were made for tes t ing  and coat- 
ing  with pyrolytic carbon. About 1300 g of cal- 
c ined thoria s p h e r e s  i l l  t h e  size range of 150 to  
250 !L were prepared for coa t ing  t e s t s .  For ex- 
pediency, aboiit 700 g of t h e s e  s p h e r e s  were made 
in 60-g ba tches  with an agi ta ted v e s s e l  containing 
20 vol % isopropanol--CCl, and  0 .1  vol '% Span 
80. T h e  equipment cons is ted  of a 4-liter beaker 
and a turhi.ne-type mixer. T a b i e  6.10 s h o w s  the  
s i z e  yield from run ME-39, a t  different mixer 
s p e e d s  for a 4.5 M thoria sol .  T h e  remaining 
600 g of thoria s p h e r e s  in  t h e  150- to 2 .50"~ range 
were prepared in  a f luidizing column containing 
2-ethylhexanol and 0.4 vol X Ethoriieen S-15. 
About 150 g of  thoria-urania-carbon s p h e r e s  wore 
prepared for tes t ing  various carbon-sol prepa- 
rations. T h e s e  gel led sphero ids  were made i n  a 

f luidizing column of k t h y l h e x a n o l  containing 
Paraplex  G-62 a s  a surfactant .  

About 2250 g of thoria-8 wt 7% highly enriched 
urania microspheres  wexe prepared i n  t h e  12-liter 
column. T h e  s o l  droplets  were formed with a two- 
fluid nozzle  and suspended in  2-ethylhexanol 
containing 0.2 vol 7% Span 80.  T h e  s o l  droplets  
required a holdup t i m e  of 15 to 20 min  i n  t h e  col- 
umn to  become gelled. After gelat ion,  the  micro- 
s p h e r e s  were removed from t h e  column and a i r  

T h e  vapor phase  conta ins  5.5 wt 
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dried a t  about 10Q°C. T h e  mercury-displacement 
densi ty  of the  gelled sphe res  w a s  4.5 g/crn3, and 
the  average crushing s t rength of 25 gel led par t ic les  
w a s  363 g. The  dried gel sphe res  were then hea ted  
t o  1150°C at t h e  following rates: 100°C/hr from 
25 to 500°C and 300°C/hr from 500  to 1150OC. 
After calcinat ion a t  1 150°C t h e  microspheres had 
the  following size distribution: 14%, greater  than 

2%, less than 150 \L. Propert ies  of the calcined 
microspheres a r e  presented in  T a b l e s  6.11 and 
6.12. 

420 p; 28%, 297 to  420 11; 56% 150 to 297 p ;  and 

From Tab le  6.11 we conclude that t h e  sol-gel 
oxide microsphere p rocess  is capab le  of producing 
except ional ly  dense ,  strong, high-quality spheres .  
T h e  presence of carbon is probably due to the  
surfactant  (“Span-80”, an ester) used  in  forming. 
T h e  firing in air eliminated much of t h e  carbon, 
which ind ica tes  that  i t  w a s  largely on t h e  surface.  
Ana lyses  were not made for ionic  impurit ies since 
the  impurit ies in the original thorium ni t ra te  and 
uranyl ni t ra te  were known to  be  negligible.  

The total g a s  volumes evolved from the air- 
fired sample at  temperatures up to 120Q°C i n  

T a b l e  6.10. Thoria S ize  Y i e l d  After Calcinotion a t  1150°C for Dif ferent  Mixer Speeds 

Mixer Speed > 250 p 210-250 I‘ 150-210 <150 /L Tota l  150--‘2.50 
(rem) (g) (9)  (8) ( n )  ( g )  (% yield) 

.~ ....... ................................................................ ~ ~ ~ . . ~ ~ .  

33 0 14.3 12.6 14.6 19.3 60.8 45 

350 28.6 41.8 50.1 62.5 183.0 50 

370 0.8 12.9 21.3 25.9 60.9 56 

Table 6.1 1 Properties of Sol-Gel Uranium-Thorium Oxide Microspheres 

Nominal composition: 8 at. % highly enriched uranium-thorium oxide 

Property 
Air Fired,  

1150°c 

4% H 2-Ar Fired, 

1150°C 

Density, g / cm3 ,  t ap  

By helium pycnometry 

By toluene pycnometry 

By mercury pycnometry 

Porosity, fraction of sphere v o ~ u t n e , ~  

Access ib le  to  surface 

Closed 

Surface a rea ,  m 2 / g  (Kr adsorption method) 

b Roughness factor 

Crushing load,c kg 

U/(U + Th), atom ratio 

Om, atom ratio 

Carbon, ppm 

6.2 
10.0 
10.0 
9.99 

0.001 
0.004 

0.004 

1.3 

> 5.71 

0.0803 

2.52 

8 0  

6.1 

9.98 

To be reported 

To be  reported 

0.006 

0.003 

1.76 

0.0799 

2.005 

410 

a F r o m  mercury porosimetry data  a t  8000 psi .  

‘Ratio, surface area by BET (Kr) to sur face  area calculated from weighted average sphere diameters. 

‘Average load required t o  crush a s ingle  sphere taken over  25 samples  > 5710 g (limiting capaci ty  of apparatus), 

Probable CP- 

Tor, about 25%. 
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Table 5.12 Gases Evolved from Sol-Gel hdicrospheres 

Heated in s ta t ic  vacuum to  various temperatures unt i l  equilibrium pressures  a r c  obtained. 

8% enriched U, Th oxide; fired in 4% H --AT a t  1150°C for 4 hr; cooled in argon ( see  T a b l e  6.11) 

Sample, 

2 

Gas 
Volumes of Various Gases  a t  Temperature, cm3/g 

5oooc 8OOoC 12oooc Tota l  
~ 

Total  0.007 

0 

0.00525 

0.00008 

0.00028 

0.00003 

0.00008 

0.00137 

0.004 

0 

0.0012 s 
0 

0.00028 

0.00008 

0.00004 

0.00240 

0.ooG 

0.00198 

0.00021 

0 

0.00294 

0.00006 

0.00006 

0.00078 

0.017 

0.00198 

0,00674 

0.00008 

0.00350 

0.00017 

0.00018 

0.00155 

aTota l  hydrocarhons. 

bApproxi*natrly 90% N ,  a t  temperatures u p  to  500°C, and 90% CO above 500°C. 

vacuum mere high, 0.645 cc/g;  the  g a s  w a s  90% 
free  O,, with the  remainder be ing  largely CO, 
and H 2 0 .  T h e  sample which w a s  fired i n  a i r  
to 11SOoC, then fired i n  4% H2-Ar and cooled in 
argon had much less g a s  (0.017 cc ig ) .  Water, 

CO,, CO, and H ,  were major components of t h e  
small  amount of gas  present. 

Future  work will be  directed toward the  s c a l e u p  
of a two-fluid nozzle  and toward fluidizing column 
concepts .  The  development, des ign ,  fabrication, 
and t e s t  operation of a 35-kg/day sys tem for the  
pcoduction of microspheres  is scheduled  during 
the  next year. 

Southwest Wesearch Inst i tute (SR!) 
Svbcsntract No. 2326 

Studies  a r e  in  progress  a t  SRI, San Antonio, 
Texas ,  t o  apply their t echniques  to  the encap-  
sulat ion of sol drops tha t  can  then be gel led and 
dried to microspheres. T h e  sol and an  organic  
polymer solut ion a re  fed to  two concent i ic  oii- 
€ices t o  form droplets  of s o l  with a s h e l l  of organic  
polyiner solution. The polymer solut ion s h e l l  i s  
sol idif ied by chemical react ion,  drying, or solvent  

extraction. The sol core  may then b e  gelled by 
removal of water  by i t s  diffusion out  of t h e  s o l  
through the s h e l l  or by the  diffusion of gel l ing 
agent  through the  s h e l l  into the  so l .  T h e  polymer 
coa t ing  may b e  removed completely during ca l -  
cination or may be  formulated to l e a v e  a desir-  
ab le  carbon coating. 

Most of t h e  t e s t s  have  been with s h e l l s  of metb- 
acrylate ,  ce l lu lose  a c e t a t e  butyrate, or polyvinyl- 
pyrrolidone polymer solut ions.  T h e  s o l  encapsu-  
la t ion techniques  have  been improved unt i l  t h e  
formation of irregular s h a p e s ,  t h e  s low hardening 
of the  polymer she l l ,  and c lus te r ing  i n  the  harden- 
ing  bath are not s e r i o u s  pioblems. However, the 
c a p s u l e s  usual ly  co l lapse ,  break, or become m i s -  
shapen due to shr inkage of t h e  sol during gelation. 
Procedures  intended t o  keep t h e  organic  s h e l l  
pl iable  or p las t ic ized  during t h e  gelat ion have  not 
yet  been successfu l .  

T h e  gelation of s o l  drops without encapsulat ion 
w a s  t e s t e d  by expos ing  t h e  drops to  alkanolarnines 
and polyamines. Smooth s p h e r e s  of 270-p average 
size were prepared by washing t h e  drops gel led 
in  diethylenetriamine repeatedly i n  acetone,  wash- 
ing  i n  toluene,  and then air drying. Other washing 
or drying condi t ions gave  cracked,  c lus te red ,  or 
misshapen par t ic les .  



arations Che 

New separa t ions  methods and reagents  a r e  being 
developed,  particularly for u s e  in radiochemical 
processing.  T h e  current emphas is  is principally 
on solvent  extract ion technology. T h o s e  s o l v e n t s  
that were developed i n  t h e  former OKNE raw ma- 
t e r i a l s  program h a v e  proved t o  b e  extensively use-  
ful. Additional ex t rac tan ts  h a v e  been discovered 
more recently in  t h e  cont inuing evaluat ion of new 
reagents .  In addition to solvent  extract ion appli- 
ca t ions ,  some of t h e s e  reagents  or analogous com- 
pounds should b c  usefu l  i n  other  separa t ions  meth- 
o d s ,  for example,  i n  extract ion chromatography 
and res inous  ion exchange.  Thc  present  program 
inc ludes  (1) descr ip t ive  chemical  s t u d i e s  per t inent  
to ex is t ing  and potent ia l  separa t ions ,  (2) develop- 
ment of s e l e c t e d  separa t ions  into spec i f ic  complete  
processes ,  and ( 3 )  fundamental chemical  s t u d i e s  to 
i n c r e a s e  knowledge of t h e  react ion mechanisms and 
bet ter  def ine their potent ia l  appl icat ions.  

IES IN DESCRIPTIVE CHEMISTRY 

Descript ive chemical  s t u d i e s  pertinent t o  ex is t -  
ing  and potent ia l  separa t ions  methods form a cen- 
t ra l  part of t h e  Separat ions Chemistry Research  
Program. They  inc lude  sys temat ic  s tudy of t h e  
controlling var iab les  and of t h e  r e s p o n s e s  of vari- 
o u s  metal  i o n s  i n  particular separa t ions ,  s tudy of 
suscept ib i l i ty  of reagents  t o  chemical  and radiation 
damage and means  of minimizing s u c h  damage,  and 
a cont inuing search  for useful  new reagents .  

Extraction o f  Metal Nitrates by A m i n e s  ' 
A deta i led  s tudy of t h e  amine extract ion charac-  

t e r i s t i c s  of t h e  principal f i s s ion  products  i n  n i t ra te  
so lu t ions  h a s  been completed with t h e  s tudy  of  
niobium. Ext rac t ions  increased  with increas ing  

'Work done by the Department of Nuclear Engineering, 
MIT,  under subcontract. 

n i t r ic  a c i d  concentrat ion throughout t h e  range 2 t o  
12 M and were higher with primary amine than with 
the  other  amine c l a s s e s  (Fig. 7.1). The extract ion 
coef f ic ien ts  varied i n  neat ly  direct  proportion to 
t h e  amine concentration. They were  not affected 
by varying t h e  aqueous  niobium concentrat ion from 
lo-' to  M .  Of t h e  different amine c l a s s e s ,  
t h e  tertiary amine is at present  of mos t  in te res t  for 
potent ia l  u s e  in  fuel reprocessing. Its ext rac t ions  
of severa l  other  f iss ion products from ni t r ic  acid 
so lu t ions3  a r e  compared with niobium extract ion in  

'Takashi Watanabe and E. A. Mason, The Solvent Ex- 
traction of Niobium b y  Alkyl  Amines from Nitrate Sys -  
tems, MITNE-32 (Subcontract No. 1327) (in press). 

3V. C. A. Vaughen and E. A. Mason, Equilibrium Ex- 
traction Characteristics of Alkyl  Amines and Ntrclear 
Fuels Metals  in Nitrate Systems,  TID-12665 (Subcon- 
t ract  No. 1327) (Oct. 1, 1960). 
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Fig. 7.2. Niobium is the  most extractable  at ni t r ic  
acid concent ia t ions above 5 M ,  and riitrosylruthe- 
nium t h e  most extractable  below 6 M ,  e a c h  reaching 
a maximum extract ion coeff ic ient  of about 0 .1  with 
0.3 M trilaurylamine (TLA) i n  toluene. I t  should 
b e  noted tha t ,  while 95%r-95Nb extract ions are 
often lumped together for analyt ical  expediency or 
necess i ty ,  t h e  T L A  extract ion coeff ic ients  of the  
daughter niobium range o n e  to two orders  of magni- 
tude higher than those  of the  parent zirconium. 

Equilibration w a s  rapid i n  niobium extract ions 
f rom 5 4  M HNO, but w a s  increasingly s low a t  
higher nitric ac id  concentrat ions,  espec ia l ly  with 
t h e  priinary amine. 'l'he apparent extract ion coef- 
f ic ient  from 12 M HNO, with t h e  primary amine in- 
c reased  from 1 a t  1 min to 8 a t  20 min and to 80 a t  
100 min. However, the extraction coef f ic ien ts  with 
t h e  primary amine below 8 M HNO, and t h o s e  with 
t h e  other  amines a t  a l l  a c i d i t i e s  had reached con- 
s t a n t  v a l u e s  a t  20 min (Fig. 7.1). T h e s e  extrac- 
t ions,  together with extract ions after timed aging 
of spec i f ic  aqueous so lu t ions  and a t  varying p h a s e  
ratios, indicated that  there  is s low equilibration 
among niobium s p e c i e s  in the  aqueous  ni t r ic  a c i d  
solutions. There appear  t o  b e  a t  l e a s t  two ex- 
t rac tab le  s p e c i e s  and a t  least one  inextractable  
s p e c i e s .  T h e  resu l t s  sugges t  tentat ively tha t  the 
most extractable  s p e c i e s  is a te t rani t ra te  complex. 

In a briefer survey of the  extraction of other  d e -  
ments by trilaurylarnine ni t ra te ,  t h e  extract ion 
coeff ic ients  of Hg(Il), Se(IV), and Sb(II1) varied 
only s l ight ly  with varying nitric ac id  concentration 
f r o m  0.1 to 10 M. T h e  extraction coeff ic ients  with 
0,L M 'TLA i n  toluene were in the range 0.4 to  0.7 
for mercury, 0.001 t o  0.003 for selenium, and 
to  for antimony. They varied in d i rec t  propor- 
tion t o  t h e  amine concentration for selenium, and 
for mercury from 0.1 to 1 M HNO ,, but in  proportion 
t o  about t h e  >4 power of amine concentration for 
mercury from 5 t o  10 M !-INO,. 

'l'rilaurylamine ni t ra te  ex t rac ts  e x c e s s  ni t r ic  a c i d  
in  cons iderable  amounts, which often m u s t  b e  ac- 

curately known. Usually the  e x c e s s  ac id  is t i t ra ted 
(e.g., refs. 2 and 3), but t i t ra t ions failed i n  t h e  
presence  of extracted ruthenium. Conductivity of 
the  organic  phase  proved to be  a useful  measure of 
t h e  e x c e s s  nitric acid (Fig. 7.3) and in preliminary 
t e s t s  appeaied not to  b e  affected by ruthenium. 

4P. J. Lloyd and E. A. Mason, Equilibrium Extract ion 
Charac te r i s t ics  of Alkyl Amines arid Nuclear F u e l s  
Metals in Nitrate  Systems, MITNE-4.3 (Subcontract No. 
1327) (Dec. 2, 1963). 

The apparent stoichiometry. of the  uranyl-tsilauryl- 
amine-nitrate extract  complex var ies  with loading, 
that  is t o  s a y ,  with the ratio of uranyl ion to total  
amine. A new extract ion model h a s  been pro- 
posed4. '  to account  for th i s  on the  b a s i s  that  i t  i s  

'P. J. Lloyd and E .  A. Mason, ?'be Mechanism of 
Extract ion of Hexavalent Uranium by 'Trilauryfarnine 
Nitrate, Abstract No. 32, 14D), 146th American Chemical 
Society Meeting; Denver, January 1964. 
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due  to independent  extract ion by amine ni t ra te  
monomers and dimers: 

2R,NWNO, ~=:~(R,NHNO,) ,  K = 125 (ref. 6) , 
2R ,NHNO t UO ,(NO 3 )  & 

(K,NHNO,),UO,(NO,), K ,  = 5 0 ,  

2(R ,NHNO ,> + UO ,(NO 3 )  F‘ 
~(R,N~INo , )~~ ,uO, (NO, ) ,  K ,  - 200 . 

This model gave  good correlation of uranyl extrac-  
t ions  with up to  0.3 M TLA in  toluene v s  aqueous 
so lu t ions  with ion product [H ‘1 !.NO 3-1 through the 
range 0.01 to 3. 

‘K = 125 was derived from the data of E. Hogfcldt, 

Royal  Institute of Technology, Stockholnl, Sweden (to 

be published). 

1 

IO3 

10’ 

3 }  ,103 

Tc(VII1 

Extraction of Meta! Chlorides by Amines 

In view of t h e  increas ing  utilization of amine ex- 
t ractants ,  a sys temat ic  survey is being made of t h e  
extract ion behavior of most representat ive metals 
from a variety of aqueous systems.  

Data  a r e  shown in Fig. 7.4 f o r  the extract ion of 
technetium, s i lver ,  cadmium, and palladium from 
HC1 and from LiC1-0.2 iCI ISCl over t h e  range 0.5 
to  10 M total  chloride. Extract ions of about 20 
o ther  metals were  reported previously,’ In all 
cases t h e  s o l v e n t s  were 0.1 Fcl so lu t ions  of repce- 
s e n t a t i v e  primary, secondary, tertiary, and yuater- 
nary amines in  diethylbenzene. All  four of t h e  

7Che~1 .  Technol. Div. Ann. Progr. Rcpt .  June  30, 
1962, ORNL-3314, p. 104; also Chem. Technul. niv. 
Atin. Pro&. K e p t .  May 31, 1963. ORNL-3452. p. 170. 

$0 0 5 io  0 5 io  0 5 IO 
$ 10-3 

z o  5 
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Fig. 7.4. Ex t rac t i on  of Meta l  Chlor ides w i th  Amines. Organic phase: 0.1 hi‘ so lu t ions  of ( 1 )  Primene JM 

(RR’R”CNH2, 18 to 24 carbon atoms), (2) Amberl i te L A - 1  (RR’R”CNHC,2H23, 24 to 27 carbon atoms), (3) Alamine 

336 (R3N, R n-octy l -n-decy l  mixture), and (4) Al iqwat 336 [R3(CH3)N’, R = n-octy l -n-decy l  mixture] in d ie thy l -  
benrene (wi th  Al iquut  336, 3 vo l  % t r idecanol  was added t o  the solvent phase t o  prevent third-phose formation). 
Amines were in ch lor ide form. 0.01 M metal ion in LICI-0.2 M HCI (top graphs) or HCI so lu t ions  

(0.5 to 10 3 CI). 

Aqueous phase: 
For technetium and  s i lver ,  tracer on ly  was used. Contact: 10 min ut 1/1 phase ratio. 
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meta ls  were extracted effectively under s o m e  
condi t ions.  With few except ions,  t h e  extract ion 
coeff ic ients  decreased  with increas ing  chlor ide 
concentration and were s l ight ly  higher from t h e  
s a l t  solut ion than from hydrochloric acid. In most  
cases, the  extract ion power of the amines for t h e  
var ious meta ls  varied i n  the  order Aliquat 336 
(quaternary amine) 2 Alamine 336 (tertiary amine) > 
Amberlite L A - 1  (secondaty amine) > Primene J M  
(primary amine). 

Performance of Degraded Diluewts 

In radiochemical process ing  by solvent  extrac-  
tion, deterioration of thc solvent  phase  c a n  c a u s e  
unsat isfactory operation. T h e  amount of degrada- 
tion var ies  with t h e  mater ia ls  used and with t h e  
extent  of their  exposure to radiation and react ive 
chemica ls  during t h e  process ing  of t h e  aqueous  
feed. Studies  of severa l  a s p e c t s  u l  extractant  and 
diluent degradation have  been made at ORNL, and 
a sunimaty of prior work h a s  been published.' T h i s  
year, s t u d i e s  have  continued on the  s t a b i l i t i e s  of 
a l ipha t ic  and aromatic di luents ,  espec ia l ly  t h e  
latter. 

Of the  a l ipha t ic  di luents ,  normal paiaff ins  i n  t h e  
C, ,  range a r e  most desirable. Also,  their  eventual. 
avai labi l i ty  in  quantity a t  low price seems a s s u r e d  
b e c a u s e  of their growilig u s e  in  t h e  biodegrsdable- 

detergent  industry. In t h e  interim, however, there  
is in te res t  i n  t reat ing psesent  commercial d i luents  
to make them more res i s tan t  t o  nitration. A sulfur ic  
ac id  treatment method used  to improve the  s tabi l i ty  
of Amsco 125-82 w a s  descr ibed p r e v i ~ u s l y . ' ' ~  
Recently, two addi t ional  commeicial d i luents  were 
t reated by t h i s  method, and their s t a b i l i t i e s  toward 
nitric acid degradation were also improved. T h e  
di luents ,  Soltrol 170  (Phi l l ips  Petroleum Company) 
and Peneteck  White Oil (Pennsylvania  Refining 
Company), are descr ibed a s  follows: 

Soltrol 170 Peneteck 

Type - 100% isoparaffin White o i l  

Sp. gr., 60/60°F 0.77 0.80 

F l a s h  point, 'E' 185 265 

(closed cup) 

Both d i luents  degraded severely when t h e  as-re- 
ceived s o l v e n t s  were made 1 M i n  T U P  and boiled 
with 2 M I-INO, ( T a b l e  7.1) and degradation w a s  
markedly less severe  after sulfur ic  ac id  treatment. 
However, their  degradation w a s  s t i l l  measurably 

'C. A. Blake, W .  Davis, and J. N. Schtiiitt:. Nucl. S C I .  

'Chem. 'Iechnol. Div. Ann. Progr. R e p t .  May 31, 1963, 

Eng.  17, 626-37 (1963). 

ORNL-3452, p. 174. 

Table 7.1. i reotment of Al iphat ic Di luents w i t h  Sulfuric Acid 
- 1  1 

Relat ive degiaddtion of 1 M THP-diluent measured by y5Lr-Nb extractiona (gamma count5 s e c  rnl ) 

Di h e  n t 

Blank 

Extraction Before 

Degradedb Without 

H SO Treatment 
2 4 

Degradedb After 

K SO ,i'reatmentc 
2 4  ................. 

Degradation 4 hr 24 hr  4 hr 24 hr 

Soltrol 170 

Peneteck  

Amsco 125-82 

n-Jhdecane  

200 

200 

100 

100 

3600 6000 

4000 ?6000 

4000 ?5000 

125 450 

200 700 

350 

< 100 400 

- 1  
aExtract ion from 2 M IIN03;  ini t ia l  y5Zr-Nb - IO4 gamma counts  s e c  m1-I; equal  volumes; 10-min contact  a t  

room temperature. Organic phase  treated prior to extract ion a s  follows: wash  twice with equal  volumes of 0.2 M 

Na CO (10 rnin each  contact); contact  30 i i i in  with sol id  calcium hydroxide. about 50 g of the sol id  per l i ter  of 

organic phase;  and  separa te  from solid (calcium t e s t )  (ref. 8). 
2 3  

'Equal v o l u m e s  1 M '1'BP-diluent and 2 M IINO,, boiled under total  reflux. 

'IIcated while s t i r r ing dilucnt with equal  volumes of 96Y0 H 2 S 0 4  at 5OoC for 1.5 hr. 
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greater than tha t  of n-dodecane or  of t reated Amsco 
125-83, probably b e c a u s e  of different in i t ia l  con- 
t e n t s  of readily degradable  components, It s e e m s  
safe to  predict that  sulfur ic  a c i d  treatment c a n  
similarly s t a b i l i z e  var ious other  commercial dilu- 
en ts ,  except ing any tha t  might contain readily 
degradable s p e c i e s  as major components. 

Aromatic d i luents  were shown previously8* '  to 
have  advantages over a l ipha t ics  in  cer ta in  so lvent  
extract ion appl icat ions.  For ,example, their  use 
with T B P  improved radiation s tabi l i ty ,  uranium ex-  
t ract ion,  uranium/fission product separat ion,  and 
solubility of extracted metal  s a l t s .  Commercial 
diethylbenzene,  a mixture of isomers ,  h a s  been 
used  successfu l ly  i n  t h e  recovery of 233U from 
gross amounts of thorium in ni t ra te  so lu t ions  with 
di-sec-butyl phenylphosphonate (Sect. 6.1). [It 
a l s o  is being t e s t e d  as  a diluent for tertiary amines 
in  t h e  recovery of transuranium e lements  from chlo- 
ride solut ion (Sect. 4.1).1 Stability s t u d i e s  during 
t h i s  year  emphasized t h e  nitration propert ies  of 
diethylbenzene (DEB) i somers  and their  mixtures. 
T h e  DEB'S or their I rl.1 TBP solu t ions  were sub- 
jec ted  to degradat ion by mixing with 2 il.I HNO, in  
t h c  p r e s e n c e  or i n  t h e  a b s e n c e  of 6oCo gamma 
ionizing radiation. The  temperature during irradia- 
t ions  w a s  SOOC. Treatments  in  t h e  a b s e n c e  of 
radiation were at 50 and about 100'C. 

T h e  extent  of degradation w a s  t e s t e d  i n  three  
ways: (1) measurement of t h e  i n c r e a s e  of "Zr-Nb 
or l 8  'I l f  extract ion by degradation products; (2) 
a n a l y s i s  of nitrogen uptake,  and (3) g a s  chroma- 
tographic ana lys i s ,  sometimes i n  conjunct ion with 
vacuum dis t i l la t ion,  to determine t h e  loss of DEB 
and to provide spec t ra  of the vola t i le  degradation 
products. 

F i s s i o n  product 'Zr-Nb ext rac t ions  reported last 
year  showed tha t  t h e  meta-DEB was most s t a b l e  of 
the  three  isomers. G a s  chromatography and  nitro- 
gen a n a l y s e s  (Fig. 7.5) h a v e  confirmed t h e  s tabi l i ty  
of t h e  meta-DEB and also its superiority over 
ortho- and para-DEB but with less difference than 
w a s  indicated by t h e  t racer  extract ions.  T h e  ex- 
planation appears  to b e  tha t  o n e  or more contami- 
n a n t s  of ten but not a lways  present  i n  DEB give 
r i s e  to most of t h e  zirconium-extracting nitro deg- 
radation product. Samples presumably free of 
such  con1 aminant appeared res i s tan t  to  t h e  degra- 
dation. T h e  par t icular  b a t c h e s  of meta-DEB and 
para-DEB represeated i n  Fig. 7.5, and also o n e  
particular batch of commercial DEB (18% ortho, 
48% m e t a ,  29% para, 5% low boiling), showed about  

t h c  s a m e  r e s i s t a n c e  to ni t ra t ive degradation (within 
a factor of 2 a t  a 4-hr reflux) a s  did n-dodecane. 
T h u s  t h e  problem in obtaining maximum s tab i l i ty  of 
DEB is not separat ion of t h e  isomers ,  as ptevi- 
ous ly  sugges ted ,  but identification and elimination 
of cer ta in  impurities. Work on the  ident i f icahon is 

i n  progress ,  us ing  a spec ia l  gas-chromatograph- 
column packing developed for high resolution of 
t h e  D E B  isomers. l o  

As with al iphat ic  diluents, '  irradiation while  
mixing DEB with 2 il/I HN0,3  a c c e l e r a t e s  degrnda- 
tion but g i v e s  t h e  s a m e  type and distribution of 
products a s  a r e  obtained simply by hea t ing  t h e  
DEB with 2 M HNO, (Fig. 7.6). (Spectra for only 
meta-DEB t e s t s  a r e  shown; those  for ortho- and 
para-DEW tests a r e  similar.) Ketone, but l i t t l e  or 
no nitrogen or carboxyl ic  acid,  w a s  found in  a 

'OC. A. Blake, Anal. Chem. 35, 1759-60 (1963). 
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t h e  degraded solvent  ('I'BP w a s  a l w a y s  present  a t  
1 M during t h e  extraction t e s t s ,  whether or not 
present  during degradation). 'The trend w a s  

EZ(Hf) [NI2 over the  range [N] 7 0.01 t o  0.2%, 
with Ez(Hf)  = 0.1 a t  0.2% N. 

Sorption by Immobil ized Extractants 

I 
IRR AD1 ATED 
70 whr/lifer 

1 2 3 4 5 6 7 a 
TIME FROM AIR ( r m i l  

F iy. 7.6. Zhrornuroyraphs Corripuring meta-Diethy I- 
benzene ( D E B )  Degradation by 2 M N i c r i c  A c i d  With 

and Without Irradiation. (Ckromatogroph o f  meta-DEB 

before degrodation gove single DEB peak.) (Aerograph 

Auto-Prep, model A-700, '1-in.-diam, 20-ft-long copper 4 
column, 20% SE-30 on Chromosorb W-HMDS, Hel ium 

f l o w  a? 50 psi  and 65 rnl/min. Sample 7 11 h, tenpera-  

t u r e  prngrarnm3d from 140 to 240OC.) 

vacuum dis t i l la t ion fraction (70 to 90°C, 0.05 mm 
Hg) including components of p e a k s  1 to 4 in  Fig.  
7.6, while  high nitrogen content  w a s  found i n  a 
second fraction (90 to 130°C, 0.5 mril IHg) including 
coiiiponerits of peaks  5 and 6. Material from peak 4 
h a s  been identified as  ethylacetophenone. T h e  
nitrogen-rich dis t i l la t ion fraction h a s  not been re- 
solved,  and i t  may contain cornpoitents that  a r e  not 
found by g a s  chromatography b e c a u s e  they are de- 
composed a t  t h e  highest  column temperatures (up 
to 250°C). 

As with al iphat ic  di luents ,  t h e  presence  of T H P  
(other condi t ions constant)  i n c r e a s e s  the  rate  of 
DEB degradation by a factor between 2 a n d  3, 
probably b e c a u s e  of HNO, and IfNO, extracted by 
the  'rBP. 

'Hf extrac- 
tion correlated fairly well with nitrogen content  of 

In all t h e  DEB degradation tests, 

In extract ion chromatography a water-insoluble 
extractant ,  immobilized on a support to form a 

quasi-solid and packed i n  a column, i s  u s e d  for 
separa t ions  of extractable  mater ia ls  by t h e  usua l  
chromatographic techniques,  I t  c a n  offer advan- 
t a g e s  over  liquid-liquid extraction i n  a t  least two 
k inds  of circumstances:  (1) when many s t a g e s  but 
not high capac i ty  and throughput a r c  needed and 
(2) when some physical  limitation such  as  limited 
solubi l i ty  of t h e  extractant  i n  su i tab le  d i luents  
interferes  with sirriple liquid-liquid equilibration. 
In t h e  la t ter  case, and even for scoping  t e s t s  i n  
the  former case, the  column [nay be  used  o n  load- 
ing  ins tead  of chromatographic b a s i s ,  or t h e  quasi- 
sol id  may b e  slurried with t h e  aqueous feed solu- 
tion. 

T h e  following t e s t s  showed some of the  advan- 
t a g e s  expected from sorption by immobilized 
ex t rac tan ts ;  but they a l s o  showed some diff icul t ies  
that  may represent  general l imitat ions i n  the  
technique. 

Urany l  Sorption by Phosphine Oxide. - Trialkyl- 
phosphine oxides ,  espec ia l ly  n-octyl (TOPQ) and 
19-ilecyl (TDPO), are wel l  known a s  s t rong and 
versa t i le  extractants .  * However, their  poten- 

t ia l  usefu lness  i n  processing i s  impaired by limited 
solubi l i ty  i n  hydrocarbon diluents. I t  w a s  previ- 
ous ly  d e m ~ n s t r a t e d ' ~  that  so l id  TDPO could sorb 
uranyl ni t ra te  from aqueous solution to  reach the  
expected loading limit of U :  TDPO = 1: 2. (The  
TDPO, ini t ia l ly  c iystal l ine,  hecame gummy, fluid, 
and hard as  uranyl sorption progressed.) Recent ly ,  

~ 

"C. A. Blake,  K. B. Brown, and C. F'. Coleman, Sol- 
vent Extraction o f  Uranium (and Vanadium) from Acid 
Liquors with Xrialkylphosphine Ox ides ,  ORNL- 1961 

J. C .  White and W. J. R o s s ,  Separations b y  Solvent 
Extraction with Tri-n-cctylpliosphi2ie Oxide,  NAS-NS- 

I3C. A. Blake,  K. B. Brown, a n d  C.  F. Coleman, Sol- 
vent Extraction o f  Uranium (and Vanadium) from Acid 
Liquors with Trialkylphosphine Oxides ,  ORNL-1961, 
p. 87 (Nov. 4, 1955). 

(ivov. a. 1955). 
1 2  

3102 (Feb. 8, 1961). 



corresponding t e s t s  were made with TOPO sup-  
ported on granules  of microporous polyethylcne, l 4  

sorbing uranyl ni t ra te  and uranyl su l fa te  from 
aqueous  solut ions.  T h e  sorbent  w a s  prepared by 
s lurrying 30- to  4Q-mesh granules  in  a n  e ther  solu- 
tion of TOP0 (1 g of '1'OPO per  gram of polyethyl- 
ene)  and evaporating t h e  ether. P h y s i c a l  perform- 
a n c e  w a s  good. T h e  sorbent  f loated on t h e  aqueous 
solut ion,  w a s  e a s i l y  filtered, and  showed n o  change 
(except  in  color) during uranium sorption o r  e lut ion,  
in  cont ras t  t o  t h e  behavior of t h e  unsupported 
TDPO. The extent  of uranyl sorption, however, 
was low (Fig. 7.7), with not more than 50% of the 
expected loading capac i ty  ut i l ized,  in  cont ras t  to 
t h e  high loading of the  so l id  TDPO. Subsequent  
elution of t h e  sorbed uranium from t h e  supported 
TOPO w a s  also inefficient. Only 50% w a s  eluted 
in e i ther  test by two s u c c e s s i v e  5-min c o n t a c t s  
with 0.2 M sodium carbonate  solut ion,  SO m l  per 
2 grams of TOPO-2 grams of ethylene,  i n  contrast  
to ready elution from t h e  s o l i d  TDPO. T h e  re- 

14Supplied by Winsten Laborator ies ,  Westbury, LI.* 
N.Y. 
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F i g .  7.7. Sorption of Uranyl  by Solid I r i -n -decy lphos-  

phine Oxide, and by Tri-n-octylphosphine Oxide Sup- 

ported on Microporous Polyethylene.  

0 2.35 9 TDPO, 30 m i n  contact with successive 50- 
rnl batches of 0.0042 ;M U02(N03)2. 

0 2 g TOPO on 2 g polyethylene, 5-min contact  with 

successive 50-rnl batches of 0.021 M UO (NO ) 
2 3 2 '  

A 2 g TOP0 on 2 g polyethylene, 5-min contact w i th  
successive batches of 0.021 M U 0 2 S 0 4  in  0.5 &I 

NalSQ4, pH 1. 

su l t s  s u g g e s t  that a large portion of t h e  TOPO w a s  
i n  pos i t ions  of hindered access ib i l i ty ,  some per- 
h a p s  completely inaccess ib le ,  to the sorbable  
uranium, 

A r n e ~ i ~ i ~ ~ - ~ ~ ~ t ~ ~ ~ ~ ~ e  Separations, A chroma- 
tographic separnticin w a s  previously reported, show- 
i n g  well-separated p e a k s  of europium arid americium 
in elution with s u c c e s s i v e  13 and 11 kl chlor ide 
so lu t ions  from a colutrin of tertiary amine chlor ide 
supported on polystyrene-divinylbeiizene beads .  l 5  

In recent  t e s t s ,  well-separated p e a k s  of americium 
and cerium were obtained i n  elution from a column 
of di(2-ethy1hexyl)phosphoric a c i d  (I-IDE€IP) i n  di- 
isopropylbenzene (DHJB) supported on microporous 
polyethylene (Fig.  7.8). The f i rs t  e lu t ing  solution 
contained 1 hl glycine ni t ra te  and Q,Q5 iW penta- 
sodium diethylenetriaminepentaacetate (Na,DTPA), 
corresponding to a typical  feed solut ion used  in  
the T a l s p e a k  separat ion p r o c e s s  (Secl.. 5.2). The 
second elut ing solut ion was 1 iW nit r ic  acid.  The 
column packing cons is ted  of 5 ml of 0.3 hi I-IDEWP 
i n  DIPB supported in  5 g of 30- to 40-mesh micro- 
porous polyethylene beads.  l 4  

__.._....._.______.__.I_..._.... 

15Chem. Technol. D i v .  Ann. Pro&. Rspt .  June 30, 
1962, ORNL-3314, p. 110. 
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Similar t e s t s  with the  same extractant  supported 
on  Saran powder, silane-treated s i l i c a  gel, and 
silane-treated diatomaceous s i l i c a  gave  similar, 
compact, well-separated peaks  for americium and 
europium. (‘The americium-europium separat ion i s  
more difficult than the  americium-cerium separa-  
tion.) However, c loser  examination of t h e s e  col- 
umns shows that, in s p i t e  of t h e  rapid completion 
of elution apparently shown by t h e  elution ra tes ,  
around 1 or 2% of the  americium i s  s t i l l  held up i n  
t h e  column and i s  eluted only very slowly by the  
complexing eluant. T h e  pract ical  s ign i f icance  of 
such  holdup will presumably differ i n  different 
spec i f ic  applications. Current t e s t s  are aimed 
toward determining the c a u s e  and t h e  poss ib le  con- 
trol of t h e  holdup. 

New Extraction Reagents 

A continued search  for new separa t ions  reagents ,  
particularly solvent  extraction reagents ,  h a s  in- 
c luded a s e r i e s  of N-alkyl amides,  phosphorus 
e s t e r s ,  phosphoramides, carboxylic a c i d s  ( s e e  
Sect. 8.3), and subs t i tu ted  phenols. 

Id-Alkyl Amides. --. A previous progress  repoit in  
t h i s  s e r i e s  l 6  compared uraniuin and thorium extrac- 
tion ab i l i t i es  of 14 N,N-dialkyl amides with those  
of tri-n-butyl phosphate  (TBP) and di-(sec-butyl) 
phenylphosphonate (DSBPP). Briefly, t h e s e  d a t a  
indicated that  thorium and uranium c a n  b e  recovered 
separately or simultaneously by choosing the  ap- 
propriate ainide s t ructure  and aqueous  nitric acid 
concentration. None of the  amides (mostly com- 
mercial N,N-dimethyl amides of fatty ac ids)  gave  
uranium extract ion coef f ic ien ts  as  high a s  those  
obtained with TEP or DSHPP at t h e  same con- 
centrat ion in  the  solvent. However, a l l  t h e  amides 
tes ted  indicated uranium-thorium separa t ions  that  
were a t  l e a s t  a s  good a s  t h o s e  obtained with ‘I’UP. 
T h e  la rges t  effect of s t ructure  on extract ion piop- 
e r t i e s  w a s  encountered when t h e  a-carbon atom of 
t h e  carboxyl ic  acid fraction w a s  completely sub- 
s t i tu ted ,  a s  in  2,2-dimethylundecanoic (neotri- 
decanoic)  acid.  Under  comparable condi t ions,  t h e  
thorium extraction coeff ic ient  with N,N-dimethyl- 
neotridecanamide w a s  lo3  t o  lo4 t imes lower than 

“Chern. Technol. Div. Ann. Progr. Rept .  May 31, 

17C. A. Blake, Jr.,  et  31.. Comparison of Dialkyl 
Phenylphosphonatcs with TBP in Nitrate Systems,  
OHNL-3371 (Jan. 8, 1963). 

1963, ORNL-3452, p. 178. 

that  with T B P .  T h e  uranium coeff ic ient ,  however, 
w a s  a l s o  depressed  excess ive ly ,  by 10 to 40 times. 

Recent ly ,  with a s s i s t a n c e  f rom 12’. 1-1. Baldwin of 
t h e  ORNL Chemistry Division, a s e r i e s  of 2-ethyl- 
hexanamides w a s  prepared from severa l  amines, 
including the  cyc l ic  imine morpholine. T h e  mono- 
ethyl subst i tut ion on t h e  a-carbon atom h a s  an 
effect on extraction properties similar to, but l e s s  
dras t ic  than, that  of t h e  dimethyl subst i tut ion c i ted  
above, so that  with changing N-alkyls a range of 
extractabi l i t ies  is obtained (Fig. 7.9) which f i t s  
between that  of t h e  N,N-dimethytneotridecanamide 
and t h o s e  of t h e  N,N-dimethyl fatty amides de- 
scr ibed previously. ’ Indicated separat ion factors ,  
uranium over thorium (Fig. 7. lo), decreased  rapidly 
with increasing aqueous nitric acid,  but up to  5 11.1 
HNO, a l l  t h e  amides gave higher uranium/thorium 
separat ion factors  than did ‘TBP. Highest  separa- 
t ions  were achieved with t h e  n-propyl, n-butyl, and 
morpholine der ivat ives ,  which at 3 M IINO, gave 
uranium/thorium separat ion factors  7 t o  10 t imes 
as high as those  with DSBPP and 80 t o  100 t imes 
as high as  t h o s e  with TBP. Extract ion of nitric 
acid by the  2-ethylhexanamides w a s  about the  
same as  that  by TBP. Each inole of amide ex- 
t racted 1 inole of IINO, when the equilibrium aque- 
o u s  phase  w a s  6 t o  7 M IINO,; the same o c c u r s  
with T B P  when the  f inal  concentration of HNO, in 
the aqueous layer  is about 8 M. Ruthenium and 
zirconium extract ions were lower with the amides 
than with TBP to about the same exten t  a s  the 
uranium extract ions,  so  that uranium/zirconium and 
uraniuin/ruthenium separat ion factors  were s imilar  
t o  those  with TBP. Extract ions of americium and 
europium were very low from nitric acid,  eveii with 
undiluted amides. Coeff ic ients  were higher froin 

s a l t e d  so lu t ions  (6 M LiN03-0.1 M IlNO,), but 
extract ions were s low,  and separat ion fac tors  be- 
tween t h e  two elements  were l e s s  than 2. 

T h e  work reported here  w a s  nearly f inished when 
i t  w a s  found that  T. H. Siddall of t h e  Savannah 
River Laborator ies  had  previously examined amides 
as extractants ,  particularly with reference to 
s e l e c t i v e  extraction of uranium, neptunium, and 
plutonium from f iss ion products. Three of  
the  23 amide s t ruc tures  exaiiiined by Siddall (N,N- 
dibutylacetamide, N,N-diethyldecanamide, and N,N- 
dibutyl-2-ethylhexanamide) were also among t h o s e  

___. . . ... . .. . 

ley. H. Siddall HI, J. Phys .  Chem. 64, 1863 (1960). 

19T. H. Siddall 111, Applications of Amides as Ex-  
tractants, DP-541 (January 1961). 
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t es ted  a t  ORNL, and allowing for differences in  
reagent sources ,  concentration, di luents ,  and t e s t  
conditions, t h e  uranium and thorium extract ion co- 
eff ic ients  a re  in agreement. There were no other 
dupl icat ions in  t h e  remaining compounds in  t h e  two 
t e s t  s e r i e s ,  but e a c h  encompassed enough s i m i -  
larity i n  s t ructure  t o  lead  to s imilar  conclus ions  
about s t ructural  e f fec ts  on extract ion,  separat ion,  
solubility, and s tabi l i ty  properties. 

Phosphate Esters and Phosphoramides. - About 
50 neutral  organophosphorus compounds ( e s t e r s  and 
phosphorarnides) were examined a s  ex t rac tan ts  for 
cerium, europium, and americium. Some were s t rong 
ex t rac tan ts  from t h e  highly sa l ted  6 M LINO, t racer  

solut ions,  and t h e s e  are l i s ted  in T a b l e  '7.2. Where 
the  coeff ic ients  were too high for accura te  meas- 
urement, extract ions were repeated from 2 M I-INO,. 
None of the  reagents  t e s t e d  ( including those  of 
lower extraci ion abi l i ty  not shown on t h e  tab le)  
gave  separa t ions  of europium from americium by 
fac tors  greater than 3 .  

Di-(sec-butyl) phenylphosphonate, 3 reagent  very 
effect ive i n  separa t ing  uranium and thorium by 
solvent  extraction (ref. 17; see a l s o  Sect. 6.1), 
mus t  be  used in  a predominantly (more than 75%) 
aromatic diluent to ensiire t h e  organic-phase solu- 
bility of t h e  extracted uranium. A similar  com- 
pound, but with a methyl group replacing one  of 

Table  7.2. Ext rac t ion  o f  144Ce, 152Eu, and 2 4 1 A ~  w i t h  N e u t i a !  Organophosphorus Compounds 

Organic phase:  1.0 M reagent in  diethylbenzene, washed before extract ion with equal  volumes of 0.2 M Na CO 
2 3  

(twice) and aqueous feed without t racer  (once). 

Extract ions were from separa te  t racer  solut ions with ei ther  6 M LiNOj  i 0.1 M IINO, or 2.0 M I1NO 
-1 -1 1 5 2  3; 

Initial tracer concentration: 2 4 1  ~m = 1.1 x i o 3  gamma counts  s e c  n r ~  , ~u = 2.2 x 10 

gamma counts  s e c ~ l  in1-l , 144 Ce = 6.0 x l o 3  gamma counts  s e c - l  ml.-l. 

10 min, room temperature, equal  voliume:s, aqueous and organic phases .  

Aqueous phase: 

Contact: 
...~.~... .. .. .. . ~~ . .... ....... .......... ~ _ _ . _ _ ~ ~ ~  ~~~ ~~~ ~ . 

OQ 

No. 

Ex  traction Coefficient 

from 6 M L i N 0 3  - Eu/Am 

Separation 

Fac tor  
Reagent 0.1 M €%NO3 

~ ..... ~.~ .~ ~. ..... _ _ ~  ~- 
C e  Eu  Am 

Extract ion 

Cofficient 
E u / A m  

from 2 N IINO Separation 

C e  Eu Am 
- F a r t o r  

502 

458A 

15 2 

493 

482 

347 

317 

98 

26 

270 

27 1 

Tributyl phosphate 

Tri(  2-methylbuty1)phosphate 

Tri(2-ethylbuty1)phosphate 

Tri(  2-ethylhexy1)phosphate 

Di(sec-buty1)phenylphosphonate 

Diarnyl arnylphosphonate 

Didecyl decylphosphonate 

Diethyl benzylphosphonate 

Dibutyl phenylphosphonate 

Dibutyl cyclohexylphosphonate 

Tetrabutyl rnethylenediphos phonate 

Tetrabutyl ethylenediphosphonate 

Tetrabutyl  diethyleneglycoldiphosphate  

Dibutyl dibutylphosphinariiide 

Tetrabutyl  butylphosphonaiiiide 

19 

11  

4 

5 

12 

500 

>so0  

76 

63 

>so0 

?500 

500 

>so0  

?500 

>so0 

92  

69 

33 

50 

57 

>so0  

.so0 

200 

500 

?SO0 

>so0 

>so0 

190 

>so0 

>so0 

36 2.5 

27 2.5 

12 2.7 

17 3.0 

21 2.4 

85 

300 

67 3.0 

200 2.5 

450 

>so0 

>so0  

>so0  

?500 

>so0 

0.1 0.3 0.2 1.5 

0.1 0.4 0.2 2.0 

0.01 0.2 0.1 2.0 

10 3.9 6.4 0.6 

2.5 2.2 3.0 0.7 

0.1 0.1 0.1 1 

0.2 0.7 0.3 2.3 
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t h e  hydrogens on t h e  benzene  ring, permitted t h e  
u s e  of a di luent  that  w a s  25% aromatic and 75% 
al iphat ic .  Uranium extract ion arid separa t ion  from 
thorium were unaffected by t h e  change  i n  reagent  
structure. 

T e s t s  with t h e  cage-structure phosphate  es te r ,  
4-octyl-l-phospha-2,6,7-trioxabicyclo r2.2.21octane- 
1 oxide  

CH,(CI-I,),C-CH,O~P + o , 
'CH20' 

were reported previously16 a s  showing high ex- 
t ract ion power for thorium and high se lec t iv i ty  for 
thorium over uranium. T e s t s  with a second and 
larger  sample  of t h e  s a m e  material now prove that  
t h e  high extract ion power w a s  c a u s e d  by t h e  pres- 
e n c e  of 5 to  10% acid ic  impurity in t h e  product. A 
two-phase titration of t h e  reagent-diethylbenzene 
mixture in 70% ethanol  with aqueous  Na0I-I showed 
t h e  p r e s e n c e  of both s t rong (pH about  6.0) and 
weak (pH about 9.5) ac id  funct ions.  No attempt 
w a s  made to  purify the reagent ,  but some extrac- 

t ion  t e s t s  were made a t  high uranium a n d  thorium 
concentrat ions (equilibrium aqueous  p h a s e  con- 
cent ra t ions  of SO to 100 g of metal  ion per l i ter)  
where extract ion by t h e  impurity w a s  small  com- 
pared with t h e  extraction by t h e  ac tua l  reagent. 
T h e s e  t e s t s  showed that  both uranium and thorium 
ext rac t ions  from 2 M HNO, by t h e  c a g e  compound 
were low, es t imated EZU _i 0.5 and E:Th 5 0.1 
with 1 M c a g e  phosphate  v s  EZU - 2, arid EzTh 
1.1 with 1 M T B P ,  both in  diethylbenzene.  

Substituted Phenols. - Seven new phenols  were 
obtained with s t ruc tures  chosen  to t e s t  cer ta in  
var ia t ions from t h e  previously es tab l i shed  good 
extractants ,  BAMBP and Santophen-1. Of t h e s e  
( T a b l e  7 . 3 ,  only 4-chloro-2-( a-methylbenzy 1)phenol 
showed both high cesium extract ion and favorable  
phys ica l  per formances  T h i s  compound is equiva- 
l e n t  to  Santophen-1 with a n  a-methyl added,  which 
d e c r e a s e d  sodium extraction and/or phenol loss to 
t h e  aqueous  p h a s e  and increased  cesium extrac- 
tion, at least in  proportion to  t h e  increased  f inal  
pH. I t s  isomer 4-chloro-2-(~-phenylethyl)phenol 
had  limited solubility i n  di isopropylbenzene and 
extracted very l i t t l e  cesium. Two low polymers of 

Toble  7.3. Cesium Ext rac t ion  by Substituted Phenols :  Ef fec ts  of Reogent Structure 

5-min contact  a t  1: 1 phase  ratio 

Diluent was diisoyropylbenzene except  as noted 

0.0 1 M NaOH Initiala 0.1 M Na0I-I Ini t ia la  
___.___I_._ --.-...._._..._._I___ Phenol  It1 

Fina l  pII E p )  Fina l  pH E p )  
_____I._.-__ 

B A M B P  4-sec-butyl-2-(&methyl- 

benzy1)phenol 1 11.5 1.8 12.8 20 

I-sec-butyl-2-benzylphenol 0.Sb 5.8 ( P P ~ )  0.5 0.08 12.6 (ppt) 

4-( 1,1,3,3-tetramethylbutyl)2-bexizylphenol l C  11.8 0.5 12.9 1.2 

2,0-bis( c,methylbenzyl)-phenol 1 11.7 <o. 0 1 12.9 0.0s 

Santophen-1: 4-chloro-2-benzylphenol 1 10.2 0.6 11.7 15 

4-chloro-2-( mnethylbenzy1)phenol 1 11.0 1.8 12.1 30 

4-ch loro-2-$? -phrnyle thy1)phenol 0.5 11.2 <0.01 12.4 0.02 

Tetramer of 4-chloro-2-( rrhydroxyethy1)phenol <0. 2 8.9 (PPt) > l o o  10.3 (ppt) 100 

Dimcr  of 4-chloro-2-( ahydroxyethy1)piienol 0.5 9.6 (PPt) 0.6 11.7 ( P P ~ )  100 

aContaining 

bDihient DIPB -t 3% tridecanol; corresponding E"('Cs) with BAlllBP -:- 0.3 and 1.6. 

'Diiuent xylene; corresponding E " ( C s )  with BAMBP = 0.7 and 7. 

M c s  + 1 3 4 ~ s  tracer; ini t ia l  p~ 11.9 (0.01 M) and 12.9 (0.01 M). 
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a c lose ly  related monomer, 4-chloro-2-(a-hydroxy- 
ethyl)phenol, although of limited solubi l i ty  and 
showing poor phase  separat ion,  gave very high 
cesium extract ion coeff ic ients .  Further coni- 

pounds of t h i s  nature will b e  sought  for comparison. 
All t h o s e  s t ructures  re la ted to UAMRP (equivalent  
to  omission of i t s  a-methyl, to  replacement of i t s  
p-sec-butyl with a p-tert-octyl, and to  replacement 
of i t s  p-sec-butyl with a second o-a-methylbenzyl) 
extracted l e s s  cesium than did BAMBP. Several  
misce l laneous  phenolic compounds (bis-cresols  
and diphenyl e ther  der ivat ives)  were insufficiently 
so luble  in hydrocarbons for tes t ing.  

Commercial 23AMBP w a s  rectified in  a Podbiel-  
niak column a t  6 mrn and 185°C for u s e  i n  physico- 
chemical  s tudies .  T h e  nominal purity of t h e  coin- 
mercial BAMBP is 98t %, and t h e  average  neutral 
equivalent  (by tetrabutylammoniuiii hydroxide titra- 
tion in  pyridine) is cons is ten t  with that. G a s  

chromatography indica tes  severa l  percent  of slightly 
more volat i le  and s l ight ly  l e s s  volat i le  components 
i n  the  s tar t ing material, decreased but not com- 
pletely eliminated in  the dis t i l la te .  Cesium ex- 
traction coeff ic ients  were the s a m e  with s ta r t ing  
material and dis t i l la te .  T h e s e  resu l t s  ind ica te  
that  t h e  commercial BAMBP i s  of good quality 
but probably d o e s  contain some homologs or other 
conipounds c lose ly  resembling BANIBP i n  chemical  
nature. 

7.2 BEVELBPMEWT OF SERAWATlPNS 
PROC ESS E S 

P r o c e s s e s  a re  developed for spec i f ic  separat ion 
and recovery appl ica t ions ,  both where n o  pract ica-  
ble process  ye t  e x i s t s  and where ex is t ing  proc- 
esses a r e  l e s s  than sa t i s fac tory .  New p r o c e s s e s  
are  ordinarily devised  on the  b a s i s  of potential 
methods discovered in  t h e  descr ip t ive  s t u d i e s  
(Sect. 7.1) and by extending the appl icat ions of 
previously developed processes .  Where warranted, 
development i s  carried t o  the point that  large-  
scale performance c a n  be predicted. 

Cesium Recovery from Ores 

T h e  phenol extract ion (Phenex)  process ,  which 
w a s  developed for recovering f i ss ion  product 
cesium from reactor fuel  processing w a s t e s  (Sect. 
8.1), h a s  continued to be successfu l ly  appl ied to  

the  recovery of cesium from ores .  T h e  process  
provides a s imple,  cont inuous,  and inexpensive 
method for preparing high-purity cesium compounds. 
Most of the  s t u d i e s  were made with 4-sec-butyl- 
2-(a-methylbenzyl)phenol (BAMBP), and principal 
emphas is  w a s  on recovering cesium f r o m  pollu- 
c i t e  ore, which is t h e  most important source  of 
cesium. Recent  s t u d i e s  included further develop- 
ment of the alkaline-roast-water-leach method 
for d i sso lv ing  cesium from pollucite ore  and s u c -  
c e s s f u l  demonstrat ions of t h e  so lvent  extract ion 
process  in bench-scale  continuous runs. 

Dissolution of C e s i u m  from Pniliicite Ore. - 
Batch t e s t s ,  aimed a t  optimizing the  roast-leach 
process ,  showed that  t h e  N a 2 C 0 3 : N a C l  rat io  in 
the  flux and the  roast ing temperature and time c a n  
all be  decreased  below those  used  previously, * 
without lowering cesium recoveries .  Decreasing 
the Na2C03:NaC1 rat io  h a s  the advantages  of de- 
c reas ing  t h e  c o s t  of t h e  flux and a l s o  lowering 
the l o s s  of the phenol extractant  t o  t h e  aqueous 
phase  (because of t h e  lower aqueous pII; see be- 

low) in  the  subseqiuent ext iact ion operation. Op- 
tiinum recovery (better than 97%) w a s  obtained 
with a N a 2 C 0 3 :  NaCl weight ra t io  of about 0.5 
(Fig. 7.11). With t h i s  flux composition, the roas t  
temperature was not c r i t i ca l  in  the range 640 to  
850°C. In all t h e s e  t e s t s ,  the  roast  time w a s  2 
hr, and 25 ml of water  per gram of ore  was used  
for leaching  the calcine.  In other t e s t s ,  equiva-  
len t  resu l t s  were obtained with roas t  t imes as  
short  as  0.5 hr and with much sinaller volumes of 
water in  the  leaching s tep .  

Stripping sf Cesium.  - Since  the  subs t i tu ted  
phenols a re  very weak a c i d s  and ex t iac t  cesium 
only at  high pM l eve ls ,  they a r e  eas i ly  s t r ipped 
with di lute  acid.  Only a s l igh t  e x c e s s  of a c i d  
over that  equivalent  to t h e  extracted cesium need 
be  suppl ied for complete  stripping. T h e  mineral 
ac ids ,  as  wel l  a s  organic a c i d s ,  are useful  s t r ip-  
ping agents ;  therefore, the  preparation of a wide 
variety of cesium compounds is possible .  Also,  
by appropriate choice  of ac id  concentration, the  
cesium c a n  b e  concentrated by a large factor in 
the  s t r ipping c y c l e  t o  give a concentrated product 
solution. 

With 1 N a c e t i c  or oxal ic  a c i d s ,  m a r e  than 95% 
of t h e  cesium w a s  s t r ipped from 1 M BAMI3P in 
kerosene (loaded with 18 g of cesium per l i ter)  

20Chenz. Technol. Div. Ann. Progr. R e p t .  May 31. 
1963, ORNL-3452, p .  176. 
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Fig. 7.11. Effect of F l u x  Composit ion and Roost 

Temperature on Cesium Qissolution. Procedure: -- 200 
mesh pollucire ore roasted 2 hr with 3 t imes i ts  weight 

of f l u x ;  leached with woter. 

i n  a s i n g l e  batch contac t  ai a n  organic to aqueous 
rat io  of 6:l .  Highly effect ive s t r ipping w a s  also 
obtained with water  plus  carbon dioxide (carbonic 
ac id)  to give a cesium carbonate  product. 

Loss of ~A~~~ to the Aqueous Phase. - T h e  
distribution loss of BAMBP to t h e  aqueous phase  
i n c r e a s e s  with increas ing  aqueous  pH and decreas-  
ing  sodium concentrat ion (Fig. 7.12). With a solu-  
tion of 1 A! BAMBP i n  n-octane, and NaCl-NaOH 
solutioris 0.9 M in  ~ a + ,  the concentrat ions of 
RAMHP in t h e  aqueous  p h a s e  were  0.03 and 0.38 
g/ l i ter  at pW's of 11.5 and 12.5 respect ively.  
With 3.1 /!I N a +  in the aqueous p h a s e  and t h e s e  
same pH's, BAMBP concentrat ions i n  the aqueous  
were 0.007 and 0.08 g/litcr respect ively.  T h e s e  
resu l t s  ind ica te  that ,  under expec ted  f lowsheet  
condi t ions (3  M Na'  in  raffinate at pII about  12.5), 
t h e  distribution loss of BAEvlRP should  be  lower 
than 0,1 g per l i ter  of raffinate. 

continuous Runs. - T h e  chemical  and opela- 
t ional  feas ib i l i t i es  of t h e  process  were confirmed 
in two cont inuous bench-sca le  mixer-settler runs 
with 1 iM BAMBP in kerosene.  In t h e  f i r s t  of 
t h e s e  runs, more than 98% of the  cesium w a s  re- 
covered from a polluci te  ore  leach  liquor (9.8 g of 
cesium per liter, pH 13.1), prepared by thc  N a  CO - 
NaCl roast-water-leach method, us ing  four extrac-  
tion and three  water-scrub s t a g e s .  The extract  
w a s  s t r ipped with 4 iM WCl to give a cesium chlo- 
ride product solut ion conta in ing  375 g of cesium 
per liter. Other cons t i tuents  of the  product solu- 
tion, i n  grams per l i ter ,  were: 0.059 Rb, 0.002 K, 
0.014 Na, less than 0.0005 Li, l e s s  than 0.802 Si, 
less than 0.005 Al, and 0.015 Fe. 

2 3  

UNCL4SSIFIED 

11 0 11.5 12 0 12 5 13.0 

FINAL- pH 

Fig.  7.12. Distribution L o s s  of AMBP to t h e  Aque- 

ous Phose. Organic Phose: 1 M EAMRP in n-octnne. 

Aqueous phase: NaCI-MaOH solut ions 0.9, 1.8, or 3.1 !d 
in totol sodium. 
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Flowsheet  condi t ions for a second run, in  which 
the  carbonate  s t r ipping method was demonstrated, 
are shown in Fig.  7.13. T h e  feed liquor for t h i s  
run w a s  prepared by roast ing pollucite ore for 1 hr 
a t  750°C with 2 par ts  of NaCl and 1 part of 
Na CO per part of ore  and leaching  with water. 
T h i s  treatment d i sso lved  97.5% of the  cesium. 
More than 99% of t h e  ces ium w a s  recoveied in 
four s t a g e s  of extract ion and f ive s t a g e s  of scrub-  
bing with 0.01 h! tar tar ic  ac id ,  Cesium WaS str ipped 
from t h e  extract  in  two carbonate  (carbon dioxide 
plus  water)  s t r ipping s t a g e s  backed up  by a s ingle  
MC! st r ipping s tage .  Cesium str ipping in  t h e  
carbonate  sys tem was 90 to 95% complete, with 
t h e  residual  cesium bcing s t r ipped quantitatively 
in t h e  HCl system. Consumption of carbon dioxide 
and HC1 were about  0.22 and 0.015 lb, respec-  
t ively,  pei  pound of cesium. In procsss  pract ice ,  
t h e  cesium chloride product solut ion would prot- 
ably be recycled to  the extract ion s tep .  A white  
cesium carbonate  product containing l e s s  than 
0.008% combined alkal i -metal  impurities, and 
negligible amounts of other impurities, w a s  ob- 
tairied by evaporat ing the  carbonate  s t r i p  solu- 
tion (about 160 g of cesium per l i ter)  t o  dryness ,  
Decontamination factors  (feed liquor to  s t r i p  
product) for cesium were 3.6 x 10’ from Rb, better 
than 4 x IO4 from M, 5 x 10’ from Na, better than 

2 3  

- ~~ EXTRACTION ........ 

( 4  STAGES) . ~ ...... 

T -. 

9.6 x l o 3  from Li, 5 x l o 2  from F e ,  more than 
2.6 x 10’ from Al,  and bet ter  than 3.7 x IO4 from 
Si. 

Tota l  reagent  c o s t s  for the process ,  assuming 
u s e  of t h e  carbonate  s t r ipping method, a r e  e s t i -  
mated a t  about  32q: per pound of cesium recovered. 
About 65% of th i s  c o s t  is for the roast ing chemi- 
c a l s  and 25% is for l o s s  of BAMBP. 

Beryllium Recovery from Ores 

A tentat ive so lvent  extract ion process  us ing  
primary amines h a s  been outlined for recovering 
beryllium from s d f u r i c  ac id  digests of low-grade 
beryllium ores. T h e  increas ing  demand for beryl- 
lium (for high-temperature metal  a l loys ,  atomic 
reactor u s e ,  e tc . )  and t h e  scarc i ty  of high-grade 
ores has  increased  t h e  need for processes  capable  
of t reat ing the  low-grade domest ic  ores. 

Effect  of Amine and Diiuesat Choice. - Of the 
amines t e s t e d  for their  abi l i ty  to  extract  beryl- 
lium from s u l f a t e  so lu t ions ,  only the primary 
amines were useful ,  and Amine 21FX1 [l-(3-ethyl- 
pentyl)-4-ethyloctylamine] w a s  much m o r e  effect ive 
than other primary amines.  For  example, i n  ex- 
t ract ions a t  pH 2.5 with 0.3 1l.I so lu t ions  of various 
amines in  Solvesso  100 (a  high-boiling, aromatic, 

U N C L b S S l  FlED 
C R N  L- DWG 64 -8082  

1.- F ~ E D  LICUGP (20 g Cs/ l l ter ,  p i  12.8) 
9 2  -nl/min 

001 M J 
T A R l A e l C  ACID, 

2 5 r n l / J 3 i i n  

.......... ......... 
STR I P STRl P L..).... 

1 M R A M R P  
IN KEROSENE, 
10.2 rn i / rn in  

1.0 rnl/min 
C A K3O N AT E 
SOLUTION 

r -  

I 
I 

(STATIC VOLUME;  CiEPLACED ‘WHEN 
NEEDED ‘WTH FRESH 0.1 M t’Cl ) 

I + 
CH LOR I DE 

STRIP SOLUTION 

GO2 GAS, 
G 037 q/min 

Fig. 7.13. Flowsheet Conditions for Continuous Cesium Recovery Run. Organic phase: 1 M BAMBP i n  kerosene. 
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petroleum product), the  extract ion coef f ic ien ts  
were 10, 3.0, 2.7, and 0.5, respect ively,  for Amine 
2 1 F $1, 1-nonyldecy lamine, 1 -he pty loc ty lam ine,  
and Primene JM (Table  7.4). Adding a long-chain 

alcohol or tri-n-butyl phosphate  (TBP) t o  Amine 
21F81-Solvesso 100 depressed  beryllium extrac-  
tions. Beryllium extract ion coef f ic ien ts  with t h i s  
amine were s l ight ly  lower i n  kerosene  or Ainsco 
125-82 d i luents  than i n  Solvesso  100. T h e  h ighes t  
coeff ic ient ,  21, w a s  with carbon te t rachlor ide 
diluent. 

Effect of pH and Contact Time. - In extract ions 
with 0.3 M Amine 2 1 F 8 1  i n  S o l v e s s o  100 from 1.8 
M su l fa te  solut ion,  the  beryllium extract ion coef- 
f ic ien ts  were less than 1 a t  a pH of 1 and in- 
c r e a s e d  with increas ing  pH, reaching a maximum 
of about  17 i n  t h e  pH range 3.5 to 4 (Fig. 7.14). 
In cont ras t  to the  very s l o w  extract ions of betyl- 
lium obtained with di(2-ethylhexy1)phosphoric 
acid (D,EHPA), ' ' s 2 '  ext rac t ions  with amines are 

rapid. At a pII of 2 or below, ex t rac t ions  a t ta ined  

af ter  c a n t a c t s  of 1 min were equivalent  t o  t h o s e  
at ta ined af ter  30 min, At higher pH's, more than 
90% of t h e  at ta inable  extract ion occurred within 
1 min, but there  w a s  a s low i n c r e a s e  i n  t h e  magni- 
tude of t h e  extract ion coeff ic ient  up to contact  
t imes of 1 hr. 

Effect of Other Extraction Variables. - Iticreas- 
ing the s u l f a t e  concentration from 0.2 to 2 M 
nearly doubled the beryllium extract ion coef f ic ien ts  
with Amine 21F81. Also, increas ing  the tempera- 
ture i n  the range 15 t o  50°C increased  t h e  coeffi- 
c ien ts  slightly. On the  other  hand, adding smal l  
concentrat ions of fluoride to the liquor drast ical ly  
reduced extract ions.  In most sys tems,  t h e  beryllium 

____ 
'*Laird Crocker et  sl., Recovery of Beryllium from 

Spor hlozmtain, Utah Ore by Solvent Extraction arid 
Caust ic  Stripping, U.S. Bureau of Mines Report RI- 
6173 (1963). 

"R. A. Wells, D. A. Everest ,  and A. A. Narth,  Nuc1. 
Sci. En& 17, 259-67 (October 1963). 

Table 7.4. Effect  of Amine and D i l u e n t  Choice on Beryl l ium Extract ion 

Organic phase: 0.3 M primary amine in indicated diluent (organic solu- 

t ions were prcequilibrated with 0.5 M so4 '-- solution, 

pH 2.5. to minimize pH change during extraction). 

Aqueous phase: 0.02 M Be, 'Be tracer, 1.8 M S 0 4 2 - ,  pH 2.5. 

Contact: 10 n i n  a t  phase ratio of 1: 1. 

Beryl l ium Extract ion 

Amine Diluent Coefficient. E 

1-Iieptyloctylamine Solvesso 100 

1-Nonyldecylamine Solvesso 100 

Primene JM Solvesso  100 

Amine 21F81 Solvesso 100 

Solvesso 100 ! 5% T D A ~  

Solvesso 100 + 5% T R P  

Benzene 

Amsco 125-82 

Kerosene 

Carbon tetrachloride 

Hexane 

2.7 

3.0 

0.5 

10 

4.7 

6.5 

9.8 

7.4 

8.6 

21 

0.3 

eTDA =: tridecanol. 
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F i y .  7.74. E f fec t  of pH and Contact T i m e  on  Beryl-  
lium Extract ion wi th  0.3 M Aiiaine 21F8l.  Aqueous 

phase: 0.02 M Be, 1.8 M SO4. Phase r a t i o :  1/1.  

extract ion coeff ic ient  v7as proportional t o  about 
the 0.7 power of the amine concentration. 

Extractions from Synthetic Liquors. - All the 
extract ion t e s t s  descr ibed above were from “pure” 
so lu t ions ,  containing no metal contaminants  except  
sodium. In extract ions from synthe t ic  leach 
liquors, beryllium extract ion coeff ic ients  were 
much lower, due primarily t o  interference from 
aluminum. Although the  aluminum extract ion coef -  
f ic ients  ape low, i t s  concentration in  beryllium 
liquors is ordinarily suff ic ient ly  high to  provide 
s ignif icant  competition for the  extractant .  Fer r ic  
iron is extracted strongly, but i t s  interference is 

prevented by reducing i t  to  the  ferrous s t a t e  
prior t o  extraction. Although fluoride interferes  
with beryllium extract ion f rom “pure” solut ions,  
i t s  presence in leach liquors is desirable  s i n c e  
it complexes aluminum in the  aqueous phase  and 
d e c r e a s e s  t h e  competition from aluminurn. In 
t e s t s  with 0.3 M Amine 21F81 in  Solvesso  100 
and a synthe t ic  leach  liquor, beryllium extraction 
coeff ic ients  were 1.2 to  1.5 in t h e  pII range 2 to  3: 

Bery I I i urn Extract  ion 

Coeff ic ient ,  E :  F i n a l  pH 

1 .5 

2.0 

2.5 

3.0 

0.7 

1.2 

1.5 

1.5 

T h e  coeff ic ients  in t h i s  pH range, although low, 
a re  adequate  for process  u s e .  T h e  above tests 
were made a t  a phase rat io  of 1:l with a solut ion 
containing (in grams per l i ter)  0.5 Be, 5 AI,  0.5 
Fe(lI), 2.5 F, and 96 SO4. 

In other t e s t s  with t h i s  synthe t ic  liquor i t  was  
shown tha t  most of the  extracted aluminum c a n  be 
d isp laced  from the  so lvent  by loading i t  to iiear 
satuiat ion with beryllium. T h e  maximum beryllium 
loading obtained from t h i s  solut ion with 0.3 M 
Amine 21FX1 w a s  about  0.4 g/liter. T h e  separa-  
tion from aluminum c a n  be further increased  by 
scrubbing the extract  with di lute  sulfur ic  acid.  

Beryllium Stripping. - Although a number of 
reagents  (including chlor ide or ni t ra te  s a l t  solu-  
t ions,  a lkal ine reagents ,  etc.) s t r i p  beryllium ef- 
fect ively,  0.5 t o  1 M H , S 0 4  h a s  been tentat ively 
s e l e c t e d  a s  the  preferred s t r ipping solution. 

Batch Countercurrent T e s t s .  - In batch counter- 
current demonstrations of the process  with 0,3 M 
Amine 21F81 in Solvesso  100, 92% of the berylliiim 
w a s  recovered from a synthe t ic  leach  liquor (pH 
2.9, anal.ysis given above)  i n  s i x  extract ion and 
four sc rub s t a g e s  ; t h e  organic /aqueous feed /scrub 
rat io  w a s  10/7.6/2.5. Ueiyllium extract ion coef- 
f ic ien ts  ranged from 0.9 i n  t h e  feed s t a g e  to 1.6 
in tire l a s t  extract ion s t a g e .  Beryllium w a s  s t r ipped 
from the scrubbed extract  with 1 M I-12S04: precipi- 
ta ted with NH,OH, and the precipi ta te  w a s  re- 
slurried with di lute  c a u s t i c  (pH 12.5) t o  i n c r e a s e  
the separat ion from aluminum. The  product c o i ~  

tained about 0.3% AI, based  on the beryllium 
con tent. 

Another demonstration r u n  w a s  made with an 
ac tua l  leach  liquor suppl ied through the  courtesy of 
the Sal t  L a k e  City Station of the  U.S. Bureau of 
Mines. T h e  liquor w a s  prepared by sulfur ic  acid 
leaching of Spor Mountain, Utah, ore  and contained 
(in grams per liter): 0.65 b e ,  4.0 Al, 2.3 F e ,  16 F, 
and 110 SO,. Coeff ic ients  for extract ion of beryl- 
lium from t h i s  liquor were appreciably lower than 
f rom t h e  synthe t ic  liquor, possibly due to  i t s  
higher fluoride content  and t h e  presence  of cer ta in  
addi t ional  contaminants ,  for example, calcium. 
IIowever, e f fec t ive  recovery of beryllium w a s  
obtained by opeiat ing a t  a higher organic/aqueous 
flow ratio. T h e  recovery w a s  about  96% complete  
in s i x  extractioii and two scrub  s t a g e s  with organic/ 
aqueous feed/scrub ra t ios  of 20/5/3. Analyses  
of t h e  product a r e  not  complete. 



Thorium Recovery from Granitic Rocks 

As descr ibed  previously,  grani t ic  rocks a r e  
being eva lua ted  as a future s o u r c e  for large ton- 
n a g e s  of thorium which eventual ly  wil l  be needed 
for power ieac tor  s y s t e m s .  After t e s t s  of a large 
variety of grani t ic  rocks  from different loca- 
t ions ,  2 3 - 2  principal  in te res t  h a s  centered on the 
Conway grani te  formations i n  New Hampshire. 
T h e s e  grani te  formations a r e  espec ia l ly  a t t ract ive,  
due  to the i r  re la t ively high thorium content  and 
good response  to process  treatment. 

rill-Care Samples of  Canway Granite. - In the  
p a s t  year ,  the three h o l e s  t h a t  were drilled in  t h e  
Conway grani te  formations in  1962 were extended 
from their original d e p t h s  of 500 to 600 f t  to 1000 
to 1.050 f t  (as part of the  U.S. Upper Mantle Proj- 
ect) .  Invest igators  a t  R i c e  University (under 
subcont rac t  t o  ORNP,) h a v e  completed gamma-ray 
spectrometr ic  a n a l y s e s  of t w o  of the  deeper  cores .  
T h e s e  d a t a  a r e  shown i n  T a b l e  7.5 along with 
d a t a  reported previously for the more-shallow 
core samples .  T h e  thorium concentrat ion in  t h e  
Kanca core d e c r e a s e d  s lowly with depth over the  
f i r s t  400 ft (average thorium content  = 48 ppm) 
and then increased  as t h e  depth w a s  extended from 
500 t o  1010 f t  (average thorium content  = 62 ppm). 
For t h e  Mad River  core ,  the  concentrat ion varied 
only i n  t h e  range of 63 to 73 ppni (averaging 67 
ppm) for rock from t h e  f i r s t  500 ft and from 900 
t o  1050 Et. T h e  middle s e c t i o n s  of the  core  (500 
to 900 ft) showed s ignif icant ly  lower thorium con- 
cent ra t ions  (average thorium content  : 55 ppm). 

, T h e  average  thorium concentrat ions for the to ta l  
cores  were 56 and 63 pprn for  t h e  Kanca and Mad 
River cores ,  respec t ive ly ,  which i s  in  good agree-  
ment with t h e  average  concentrat ion of 56 t G ppm 
for t h e  en t i re  formation,24 ca lcu la ted  on the b a s i s  
of sur face  samples .  

Processing of Conway Granite. - In ac id  leach-  

ing  tests (6-hr leach  with 2 N H , S 0 4  a t  room 
temperature and 60% pulp dens i ty)  of drill-core 
s a m p l e s ,  t h e  average  thorium recovery from Kanca 

23Chern. Technol. Div. Ann. Pro&. Rept .  M a y  31,  
1961, OKNL-31.53, p. 102. 

24Cliern. Technol.  Div. Anti. Progr. R e p t .  June 30, 
1962, ORNL-3314. p. 182. 

25Chern. Technol. Div. Ann. Pro&. K e p t .  M a y  31, 

2 6 ~ ~ .  ~Cirown and L. T. Silver, Proc. Intern. Conf.  

196.7, OKNL-3452, p. 196. 

Peaceful U s e s  At. Energy, Geneva, 1955 8, 129 (1956). 

core  s a m p l e s  taken a t  depths  of 700 to 1000 ft w a s  
about  7076, or about  t h e  s a m e  as  w a s  obtained 
previously2s from rock taken  a t  0 to 600 ft. T h e  
p r o c e s s  amenability of Mad River  c o r e  samples  
taken at t h e  700- t o  8 0 0 4  leve l  w a s  relat ively 
poor, thorium recoveries  be ing  only about  45% 
complete. By comparison, recoveries  were about 
67:h complete  from rock taken at 0 to 500 f t  or at 
1000 ft. 

Table  7.5. Thorium and Uranium Content 

of Bii I IXore Samp I e s  
- ....... . . .. .... . ....... 

Depth 

(fi) 

Average Concentrationa (ppm) 

Thorium Ilranium 

0- 100 

100-200 

200 - 300 

300-400 

400-500 

500-600 

600-700 

700-800 

800-900 

900-1010 

0- 100 

100-200 

200--300 

300-400 

400-SO0 

500--600 

600-700 

700-800 

800-900 

900- 1000 

1000-1050 

Konca Core 

5 2  

49 

48 

44 

53 

G 4 

60 

60 

66 

69 

Mod River Core 

66 

67 

73 

63  

66 

59 

5 3  

55 

54 

64 

73  

15' 

16' 

l G h  

19' 

15' 

h 
20 

17 

16 

19 

20 

16' 

17' 

17' 

18' 

21' 

15  

17  

16 

18 

19 

19 

aCamnma-spectrometric analyses at Ricc  University. 

'Chemical analyses at ORNL. 
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Grinding of Conway granite t o  -20 mesh is 
adequate  for effect ive leaching of thorium. Thorium 
recoveries  froin a Redstone-quarry sample  were 
nearly t h e  same (84 t o  86%) from -20-mesh as 
from - 200-mesh material (Table  7.6). For grinds 
coarser  than - 20 mesh, recoveries  dropped off 
slowly with increase  in  par t ic le  s i z e  but were 
s t i l l  good (78%) even  f r o m  

Reserves of Thorium and Uranium, -- B a s e d  on 
the  sur face  and drill-core da ta ,  the  reserves  of 
thoiium i n  the outer 1000 f t  of the  main Conway 
formations a r e  es t imated  a t  35 million tons. Al- 
though less information is ava i lab le  on the  uranium 
content  of t h e s e  formations, i t  apparently is equal  
t o  a fourth to  a third of t h e  thorium content ,  or 
8 t o  12 million tons.  About two-thirds of t h e s e  
thorium and uranium r e s e r v e s ,  or about 24 and 
5 t o  8 million tons,  respect ively,  arc recoverable 
by ordinary process ing  techniques.  

+mesh material. 

Biochemical Separations 

A new program h a s  been ini t ia ted,  in  cooperation 
with the Eidogy Divis ion,  to recover and separa te  
the  transfer ribonucleic a c i d s  (t-RNA’s) from 
Escherichia cofi bacter ia .  T h e  transfer ribonucleic 
ac ids  are intermediates  in  the  s y n t h e s i s  of pro- 
te ins  from a-amino ac ids .  T h e  E.  coli bacter ia  
were chosen  as a source  because  they c a n  be  

Table 7.6. Effect  of Fiiieness of Grind  on 

Thorium R e c o v e r y  from Conwoy Granite 

J x a c h i n g  procedure: Ore leached with 2 N HLS04 (130 

lb of H 2 S 0 4  per ton of orc) for  6 

hr  at 25OC 

Grmd Size of Ore Thorium Recovery (X) 
. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -.-. . . 

-200 mesh (Tyler) 8 6  

-65 86 

-48 86 

-20 84 

-9 80 

-8 80 

-4 78  

-0.37 in. 67 

-0.52 in. 58 

grown e a s i l y  and there  is much information avai l -  
ab le  concerning them. 

In order to form viab le  proteins, amino a c i d s  
must be joined,  through the formation of pept ide 
bonds, in a highly s p e c i f i c  sequence .  About 18 
amino a c i d s  ate uti l ized in  t h e  formation of pro- 
teins. T h e  information controlling th i s  s y n t h e s i s  
is contaiaed in the  nuc le ic  a c i d s  and is bel ieved 
to  b e  expressed  in  their  chemical  composition, 
T h e  deoxyribonucleic a c i d  (UNA) in  t h e  c e l l  
nucleus d i rec ts  t h e  formation of other ribonucleic 
a c i d s  (RNA’s) i n  t h e  cytoplasm. One s p e c i e s  
of t h e s e ,  the t-RNA’s, combine with the  amino 
a c i d s  and tramsport them t o  the  ribosome, the  s i t e  
of protein synthes is .  There  i s  a t  l e a s t  one type 
of t-RNA for e a c h  amino ac id ,  and possibly more 
than one in some cases, thus giving a total of 25 
to 4 0  &RNA’s, differing only s l ight ly  in  chemical  
and physical  properties. T h e  information direct  - 
ing  the function of the  nuc le ic  a c i d s  is thought to 
be  ((coded” by the  s e q u e n c e  of organic b a s e s  
(adenine, guanine,  cy tos ine ,  uraci l ,  and ( ( ra re”  
b a s e s  i n  f-XNA) a t tached  t o  the RNA chains .  Each  
t-RNA thus  must have two coded “ s i t e s , ”  one 
which recognizes  the proper amino a c i d  and t h e  
other which in te rac ts  a t  the ribosome to give t h e  
correct  amino ac id  seqlaence. It is postulated 
that  the spec i f ic  t-RNA’s a re  ident ical ,  regardless  
of the source,  thus implying a universal  code. 
However, pure t-RNA’s h.ave not been obtained in 
s ignif icant  quant i t ies .  

It is the  object  of th i s  program to develop meth- 
ods  for obtaining a purified mixture of the  t-RNA 
from E. coli and for subsequent ly  f ract ionat ing 
th i s  into t h e  individual t-RNA s p e c i e s .  Multi- 
gram quant i t ies  are needed for t h e  determination 
of the  b a s e  sequence  by chemical  ana lys i s ,  for 
physical-chemical invest igat ions of the  molecalar 
weight and secondary s t ructure  by techniques s u c h  
as Debye light sca t te r ing ,  and t o  make ava i lab le  
samples  of the s p e c i f i c  t-RNA’s for biochemical 
and biological experiments. Successfu l  completion 
of even  a portion of th i s  program would provide 
a def ini t ive t e s t  of the  base-sequence concept  of 
information coding  and of the universal i ty  of the 
code. 

T h e  following s e q u e n c e  of operation h a s  been 
developed for the recovery of t-RNA: 

1. T h e  bacter ia  a r e  (‘broken” i n  a mixture (un- 
s t a b l e  emulsion) of 88% phenol and aqueous 
buffer. Nucleic  a c i d s  d i s s o l v e  in  the  aqueous 
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2. 

3.  

4. 

phase ,  while most of the other  c e l l  cons t i tuents  
d i s s o l v e  in  the  phenol or a r e  insoluble .  
T h e  nuc le ic  acid mixture obtained from t h e  
separa ted  aqueous  p h a s e  i s  f ract ionated in  an 
aqueous sodium acetate-isopropanol mixture 
t o  se lec t ive ly  prec ip i ta te  most of t h e  DNA. 
T h e  resul t ing RNA mixture is loaded on a 

DEAE-cel lulose column, and the  &RNA is re- 
covered by elut ion with 0.65 iM NaCl. 
F ina l ly ,  the  bound amino a c i d s  a r e  discharged 
by a b a s i c  d iges t ion ,  and the  resul t ing purified 
t-RNA is s tored  as a n  aqueous  solut ion.  

T h e  overal l  recovery and purity of two t-RNA 
products prepared here  and one obtained from a 
commercial source  a r e  shown in Table  7.7. Puri ty  
w a s  determined by 4C amino a c i d  incorporation. 
Considerable  variation i n  product purity and in  
overal l  recovery w a s  experienced.  It is evident  
that  addi t ional  knowledge of the e f fec t  of process  
var iables ,  s ta r t ing  with the  bac ter ia  growth s t e p  
and involving a l l  chemical  recovery s t e p s ,  would 
be desirable .  

Preliminary experiments  a re  under way t o  design 
a liquid ion exchange sys tem,  appl icable  to reverse-  
phase  column chromatography techniques,  for t h e  
separat ion of the  s p e c i f i c  f-RNA's. Quaternary 
ammonium compounds in  oxygenated d i luents  s u c h  
as alcohols ,  e t h e r s ,  and a c e t a t e s  a r e  be ing  
screened.  Extraction of t-RNA into organic p h a s e s  
s u c h  as 0.1 M dimethyldilaurylamrnonium chlor ide 
in  amyl a c e t a t e  from 0-33 M NaCl so lu t ions  and 

s t r ipping of t h e  t-RNA into 0.40 ;M 
been  demonstrated.  Chromatography 

are  under way to inves t iga te  t h e  
s p e c i f i c  &RNA's. 

Table  7.7. Recovery and Purity of Transfer 

Ribonucleic Acid 

1-90 1-131 Commercial 

Recovery, milligrams of t- 1.85 0.85 
RNA per  gram of bacter ia  

Leucine incorporationa 106 58 56 

Isoleucine incorporationa 62 31 28 

Valine incorporationa 65 49 51 
.~ 

"Micromicromoles of amino acid incorporated per op- 
tical-density unit of the t-RNA. 

7.3 FUNDAMENTAL STUDlES ON THE 
EQUlLlBRlA AND KINETICS OF SOLVENT 

E X T R ACT 1 ON 

T h i s  program encompasses  a group of funda- 
mental invesf igat ions aimed a t  increas ing  t h e  
understanding of both the equi l ibr ia  and t h e  
mechanisms of separa t ions  s y s t e m s ,  and in  s u c h  a 

way as t o  improve, extend,  or define the limits of 
their p rocess ,  ana ly t ica l ,  and physicochemical  
uscs.  Current s t u d i e s  a r e  concentrated almost  
ent i re ly  on so lvent  extract ion s y s t e m s  - emphasiz-  
i n g  amines,  dialkylphosphoric  ac ids ,  and synergis-  
t i c  combinat ions - together with some ut i l izat ion 
of so lvent  extract ion in s tudying  the physical  
chemistry of aqueous  solut ions.  

Extraction of Alkaline Earths and Alkali 
Meta Is by D i (2-eth y I hexy I)phos p horic Acid 

T h e  experimental invest igat ion of the extract ion 
of sodium and strontium by di(2-ethylhexy1)- 
phosphoric a c i d  (HDEHP or HA) and by mixtures 
of th i s  a c i d  with i t s  sodium s a l t  (HDEHP t 

N a D E f I P  or  HA i NaA) i n  benzene i s  complete, 
and i t s  interpretation i s  nearly complete. The 
reagent  and hydrogen-ion dependences  i n  two 
aqueous s y s t e m s ,  0.5 ilil and 4.00 M NaN03,  a r e  
summarized i n  Fig.  7.15. T h e  react ions for sodium 
and strontium extract ion when nearly a l l  the  ex-  
t ractant  is i n  the  ac id  form (HA), producing the  
ex t rac t  s p c c i e s  NaAa3IIA and SrA2-411A, were 
reported previously. ' T h e  generalized equation: 

kI+L'+ n/y(aHA-.bNaA)y$MAJn - v) 

a +  b -  1, n t /3 - 1 ,  i +  j -  v ,  

h a s  been found useful  in  extending the interpreta- 
tion of both sodium and strontium extraction to 
sys tems containing various proportions of the  
s a l t  NaA. T h e  parameters  i, j ,  and n have  been 
sought  as a function of b, t h e  proportion of s a l t  
i n  the  extractant  (NaA/C A). T h e  value of y a s  a 

function of b h a s  been  measured separa te ly .  I? 

27Chem. Technol. Div. Ann. Progr.  Rep t .  May 31, 
1963, ORNL-3452, p. 182; also W. J. McDowell and C .  
I?. Coleman. J. Inorg. N u c l .  Cltem. 25, 234 (196.3). 

A. 1,. Myers, W. J. McDowell, and C. F. Coleman, 
J. Inorg. N u c l .  Chem. (in press). 

28  
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Fig .  7.15. Extract ion of  Strontium from Sodium Nitrate Solutions by NaDEHP-HDEHP in Benzene. Heavy l ines: 

constant extractant  compositions [NaDFIIP1/(2 DEHP]. constant extractant  concentrations [E DFtIF]. L i g h t  l ines: 
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Alternative eva lua t ions  of i and j for strontium 
extract ion a r e  compared in  F ig .  7.16. T h e  dashed  
l ines  show the  va lues  t o  be expec ted  if SrA2411A 
were tlie only extract  s p e c i e s  produced throughout 
the range from acid-form to salt-form extractant ;  
i would be posi t ive a t  extractant  composi t ions b 
<'$, and then would become negat ive at b >f3 s i n c e  
hydrogen ion  would have  t o  be  extracted along 
with strontium to form SrA2.4HA. T h e  experi-  
mental values  of i follow c l o s e l y  along th is  l ine  
a t  extractant  composi t ions up to h -2 0.4 or 0.5, 
then leve l  off, showing that  one or more new 
strontium s p e c i e s  not containing hydrogen have  
become important i n  the extract .  T h e  va lues  of 
j conform to those  of i, although with la rge  un- 
cer ta int ies  due to the geometric nagnif icat ion of 
errors in  individual  graphical  ana lyses .  

Using the experimental  va lues  of i shown in 
Fig.  7.16 for strontium extract ion,  and the  va lue  
of i ~ 1 for sodium extract ion,  a l lowed graphical 
determination of n / y  from t h e  s l o p e  of E ~ [ H  '1' 

UNCLASSIF IED 

....... 

...... 

VALUE OF,  ASSUMING 

......... 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 :.O 

N a A / Z A  

Fig .  7.16. Sodium and Hydrogen Concentration D e -  

pendence in Strontium Extract ion by BEHP. Hydrogen 

ion coeff ic ient  i and sodium ion coeff ic ient  j asdef ined  

in Eq. ( l ) ,  evaluated graphical ly  f r o m  extract ion curves 

at various aqueous sodium nitrate concentrations (e.g., 

Fig.  7.15); 0.125 M DEHP in benzene. 

UNCLASSIFIED 
DRNL-DWG 63-3607R ................... ~~ 

n 

0 0.2 0.4 0.6 0.8 1.0 
NUA/-XA 

Fig ,  7.1 7. Extractant  Concentration Dependences for 

Sodium and Strontium Extract ion by DEMP in  Benzene. 

Extractant  coeff ic ient  n / y  and combining ra t io  zi as de- 

fined i n  Eq.  (1). 

v s  2 A a t  various cons tan t  b values  (Fig. 7.17). 
Applying the  value of y (average degree of total 
phosphate  polymerization) it1 the case of strontium 
and the value of ay (average degree of a c i d  polym- 
er izat ion)  in  the  case sf sodium al lowed the cal- 
culation of their respec t ive  n values ,  shown i n  
F ig .  7.17. Within experimental  variation the  value 
of ri for sodium follows the expected trend (ix., 
4 a t  extractant  composi t ions up  to  NaA/C A :: 0.25, 
and then decreas ing  to a limit of 1 )  over the en t i re  
extractant  composition range. For strontium, t h e  
value of n is in the range 5 to 6 ,  i n  agreement 
with the value of 6 indicated by acid-form reagent  
dependence s t u d i e s ,  up  to  N:iA/x A I 0.5. T h e  
increase  in  11 for strontium extract ion a t  N a A / x  A 
i 0.5 probably means that  the extracted strontium 
i s  a s s o c i a t i n g  with NaA, ei ther  as  a s p e c i f i c  
compound analogous to SrA2,4€IA or (more likely) 
by incorporation in to  NaDEIJP aggrega tes .  

T h e  foregoing correlat ions required that  hydrogen- 
ion concentratiorts i n  the  aqueous so lu t ions  be 
obtainable  from pM measurements. Experimental 
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demonstration w a s  previously reported of pro- 
portionality between the  hydrogen-ion concentra- 
tion and the  apparent pH as measured by g l a s s  
e lectrode in  4 M N a N 0 3  s o l u t i o i ~ ~  "pH" + 0.6 ~ 

- - - log [d], i n  t h e  pH ranges  (4 and >7, but re- 
s idua l  volume errors were magnified too much i n  
the intermediate  region 4 to  7 for the direct  meas- 

urements t o  be s ignif icant .  T h e  same proportion- 
a l i ty  h a s  now been demonstrated through t h i s  
intermediate region by direct  comparison of the 
potential. of the g l a s s  e lectrode with that  of a 

quinhydrone electrode. T h e  potent ia l  of the 
quinhydrone electrode i s  known t o  ref lect  the 
hydrogen-ion activity accurately a t  pII l e v e l s  up 
to  about 8 (ref. 30). T h e  experimental comparison 
showed glass-electrode pM c lose ly  proportional 
to  that  of the quinhydrone electrode from pH 3 to  
pH 8 i n  the 4 M N a N 0 3 ,  h e n c e  proportional t o  
- log  a + and (s ince  the act ivi ty  coeff ic ient  should 

be nearly cons tan t  in  th i s  pB region a t  such  high 
ionic  s t rength)  t o  .--log [HT.  Since t h e s e  resu l t s  
overlapped the previous direct  measurements, the  
same proportionality constant  was  a l so  demon- 
s t ra ted ,  "pH" + 0.6 ~ - log [H '1. 

T h e  relat ive extractabi l i t ies  of Mg: C a ;  Sr, and 
B a  by HDEHP were measured by s imultaneous 
extract ion from aqueous  nitrate-hydroxide so lu t ions  
ini t ia l ly  containing each  of the alkaline-earth 
ions a t  a concentrat ion of 0.1 M .  The amount of 
hydroxide ini t ia l ly  present  controlled the total  
amourit of metal ion extracted by controlling the 
amount of hydrogen ion removed f r c m  the extractant  
in  exchange and was adjusted t o  give from 10  to  
100% metal-hydrogen exchange.  T h e  resu l t s  with 
0.1 IZI IIDEHP in benzene are shown i n  Fig. '7.18 
as ratios of the magnesium, calcium, and s t ron-  
tium extraction coeff ic ients  t o  that of barium, 

T h e  differences i n  extractabi l i ty  a r e  greatest  a t  
low loading: (This  order is 
the opposi te  of the order for cat ion exchange with 
the usua l  res ins .  Alkali-ion select ivi ty  by IIDEHP, 
L i  > Na > (K, C s ) ,  is also opposi te  t o  the order 
shown by usua l  resinous ca t ion  exchangers .  ') 
At higher loading, the order of strontium and barium 

H 

2 +  Khf/EB a = [M tjorg [ E ~ ~ + I  [Ba lorg. 
a 4  

Ca > Mg > Sr > Ba. 

''Chcrn. Technol. Div. Ann. Progr. R e p t .  June 30, 

3 0 S .  Glasstone, Textbook of Physical Chemistry,  2d 

"Chem. 

1962, ORNL-3314, p. 112. 

ed.. p. 995. Van Nostrand, New York, 1946. 

'l'echnol. Div. Ann. Progr. R e p t .  June 30, 
1962, ORNL-3314, p. 114. 
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F i g .  7.18. Extract ion of A lka l ine  Eurths by 0.1 M 

Ui(2-ethylhexyl)phosphoric Acid in Benzene.  Extraction 

coeff ic ients of Mg, Cir, and Sr re la t ive  to  extract ion 

coeff ic ient  of 0 a  normalized to 1, in extraction from 0.8 
N (NO, t O H - )  solutions, vs equrvalent percent load- 

ing ~ 200 123 MAZ]/([HAl t 2rx MA2]). 

was reversed. R e s u l t s  were s imilar  a t  lower 
HDEMP concentrat ions,  except  that a t  0.05 M the  
greatest  differences i n  ext iactabi  lity appeared 
nearer t o  15% than to  10% loading, and a t  0.01 N ,  
between 15 and 20% loading. 

Use of Dielectr ic  M m ~ u r e m e n t s  in  the Study of 
Interactions Between Extraction Components 

In the s tudy of the synerg is t ic  extract ion of 
strontium by the mixed ex t rac tan ts  acid or sodium 
di(2-ethylhexy1)phosphate (IIDEHP or NaDEIIP)  
p lus  tri-n-butyl phosphate  (TBP), the equi l ibr ia  
indicate  some competition between t h e  formation 
of the  mixed strontium complex and the assoc ia t ion  
of the HDEHP or NaDEHP with TBP. Either of 
the la t ter  would be expec ted  to  interfere with the  
extract ion of strontium. Baker and B a e s 3 '  found 
molecular-compound formation in mixed so lu t ions  
of HDEI6P and tri-n-octylphosphine oxide (TOPO) 
by means of infrared absorption. By analogy, 
TBP might be  expected to form a similar, though 

321& T. Baker  and C. F. Baes ,  Jr., J .  Znorg. Nucl. 
Chem. 24, 1277-86 (1962). 
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probably somewhat  weaker, compound. They  were 
not a b l e  to determine t h i s  interact ion,  however, 
because  the expec ted  peak  from t h e  intermolecular 
compound (about 1250 cm--') occurred at t h e  same 
place  a s  the sum of t h e  p e a k s  (1230 and 1270 
cm-') of t h e  two separa te  phosphate  s p e c i e s .  

T h e  ex is tence  or a b s e n c e  of intermolecular bond- 
ing  of TBP with HDEHP, T O P O  with HDEHP, and 
TWP with the  complex sodium salt NaDEHP-3HDEIf;P 
h a s  been examined qual i ta t ively by measurement 
of t h e  d ie lec t r ic  c o n s t a n t  of n-octane so lu t ions  
of t h e s e  mixtures, a t  c o n s t a n t  total reagent con- 
centrat ion,  as a function of varying composition. 
In addi t ion,  t h e  molar polar izat ions of s e v e r a l  
phosphate  s p e c i e s  i n  n-octane h a v e  been deter-  
mined. 

For d i lu te  so lu t ions  of polar s o l v e n t s  where t h e  
mole fract ion and  polar izabi l i ty  of t h e  so lvent  
remain almost unchanged from tha t  of pure so lvent ,  
the d ie lec t r ic  c o n s t a n t  of t h e  so lu t ion  may be 
written: 

where cs is t h e  d ie lec t r ic  cons tan t  of the so lvent ,  
and TX and x 1  a r e  t h e  polar izabi l i ty  and mole 
fraction of a given solute. When two s u c h  d i lu te  
solut ions a r e  mixed, t h e  d ie lec t r ic  cons tan t  of 
the mixture is 

x 
. I -  x (0: - a, )] 2 . 

2 
lrn x 1  t x 2 2n1 

Here, a ln l  and c! 2nl a r e  t h e  polar izabi l i t ies  of the 
two so lu tes  i n  the mixture. They  should be the  
s a m e  as a and ix2 when there  is no interact ion 
between t h e  s o l u t e s ,  so t h a t  a plot of c,,, v s  
x2/(xI I x2) should be l inear .  When there  i s  
intermolecular bonding, a ,  and i~ 2m will  differ 
from IX and a and it is unlikely that  they would 
happen to vary so as to produce a fortuitous linear 
re la t ion between em and x2/(xI + x2) for all 
compositions. Hence,  when there  is intermolecular 
bonding, the  plot of en, vs x2/(x1 t x2) should be 
curved. Such p lo ts  (Fig, 7.19) show c w v a t u r e s  
for t h e  HDEHP-TOP0 mixtures, as already expected 
from t h e  work c i t e d ,  and for t h e  N a D E H P 3 H D E H P -  
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Fig .  7.1 9. Dielectr ic  Constants of Phosphate Ex- 
tractant Species Mixtures in n-Octane. 

TBP mixtures, but not for t h e  HDEHP-TBP nix- 
tures ,  indicat ing l i t t l e  QP no intermolecular as- 
soc ia t ion  between I-IDEHP and T B P  i n  t h e  n-octane 
solirtions. Tho r e s u l t s  shown have been further 
corroborated by l inear  var ia t ion of ern .VS [WEEW] 
a t  cons tan t  [TEP] and of em v s  ['I"BP] a t  cons tan t  
[HDEHPI. 

In addition to the measurements at cons tan t  total 
phosphorus concentration, the d ie lec t r ic  cons tan ts  

and Sr(DEHP), solutions i n  n-octane were detet- 
mined over a range of concentrat ions.  There  were 
no discont inui t ies  or inf lect ions.  Plots of E v s  
concentration were l inear  except fur very smal l  
deviat ions at the highes t  concentrat ions,  0.5 to  
1.0 M ,  s u c h  as  are generally attributed l o  increased  
solute dipole  iritemctioii. Molar polar izat ions were 

of ' rw,  TOPO, (IEI>EIIIPj2, NaI>EHF".3EIX)EWP, 
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ca lcu la ted  by the method of Guggenheim. Val1i-s 
compared a t  0.10 mole of the s t a t e d  dipole per 
l i ter  a r c  a s  follows: 

Dipole: TBP T O P 0  ( H D E H P ) 2  NaDEHP.3HDEHP S r ( D E H P ) ,  

Debye  un i t s  
. . 2 . 8  4 .5  2.7 4.1 12 .8  

For-ndla W C I & ~  

D e b y c  units 

Mnlc? d phosphmus 
2 . n  4 .5  1.3 1.1 6.4 ........ ~~~ 

T h e  high va lue  for Sr(DEHP)2 probably resu l t s  
from polymerization of that  s a l t  in  the  hydrocarbon 
solution. 

Extaacti0n of Alkal i  Met015 by Substituted Phenols 

T h e  high extract ion power and se lec t iv i ty  of 
subs t i tu ted  phenols for ces ium ( s e e  Phenex  proc- 
ess, Sec ts .  7.2 and 8.1) prompted a detai led in- 
vest igat ion of the  extract ion equilibria. T h e  extrac- 
tant 4-sec-butyl-2~-(a~-methylbenzyl)-phenol (BAMBP) 
w a s  chosen  for de ta i led  s tudy because  i t  shows 
high cesium extract ion power, good physical  per- 
formance, and low loss t o  aqueous so lu t ions .33  
Various di luents  were used ,  particularly n-octane 
and (for infrared and nuclear-magnetic-resonance 
s t u d i e s )  carbon tetrachloride. 

Cesium extract ion from aqueous cesium hydrox- 
ide  so lu t ions  at  concentrat ions up to about 2 M 
(left s i d e  of Fig: 7.20) increases  with increasing 
hydroxide concentration and approaches asymp- 
totically a Cs:BAMBP mole ratio of 1:4 in  the  
organic phase.  At low loading (mole ratio Cs:RAMBP 
around 0.01 or l e s s ) ,  t h e  cesium extract ion coef- 
f ic ient  i s  inversely proportional t o  the  hydrogen- 
ion Concentration in the aqueous phase as rep- 
resented by the  pH, and  direct ly  pi-oportional to  
the cube  of the BAMHP concentration (Fig. 7.21). 
T h e  proportionality of E t o  l / [ H f ]  a l s o  holds  a t  
higher loading, up  a t  l e a s t  to Cs:BAMBP = 0.1 
(Fig. 7.22)’ provided that  the observed extract ion 
coeff ic ients  a re  corrected for the  decreased  con- 
centrat ion of free BAMRP on the b a s i s  of 4 

33Chern. Technol. Div. Ann. Progr.  R e p t .  M a y  31, 
1963, ORNL-3452, p. 189. 

BAMEP molecules  bound by each extracted cesium 
ion, a s  sugges ted  by the  limiting loading ratio. 

T h e  foregoing re la t ions  sugges t  that  the  cesium 
extract ion curve as shown in Fig .  7.20 should be 
approximated by an  equat ion of the  form E K 

Caq[CR - 4COrgl3 or Core - kCaq2[C,  - 4C ore 1 3 ,  
C = {COrg/k[CR - 4CoTg]3)1’2,  where E i s  the 
cesium extract ion coeff ic ient ,  and Caq, Core, and 
a 4 

C K  a r e  t h e  concentrat ions of aqueous-phase 
cesium, organic-phase cesium, and total  BAMBF. 
T h i s  equat ion matches fairly c lose ly  the cesium 
extract ion curves  of Fig.  7.20 over the  range of 
Caq froin about 1 M t o  below 0.1 M ,  with the  pro- 
portionality cons tan t  k being 80 for BRMBP in 
oc tane  di luent  and 15 for carbon tetrachloride 
diluent. T h e  agreement gives  some corroboration 
of t h e  third-power extractant  concentration depend- 
e n c e  a t  high loading, whereas  the direct  measure- 
ments were lituited t o  loadings of l e s s  than 0.01. 

A third- ins tead  of fourth-power dependence on 

BAMBP concentrat ion,  when 4 BAMBP molecules 
appear  t o  be  bound per cesium ion,  s u g g e s t s  that  
the BAMBP i s  partially polymerized in  solution. 
Several different methods (infrared spectroscopy,  
nuclear  magnetic resonance,  and osmotic  coef- 
f ic ient  determinat ions,  a l l  d i s c u s s e d  la ter  in  th i s  

114 CS. 
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Fig.  7.20. Ef fec t  of Aqueous A lka l i -Meta l  Hydroxide 

Concentration on Alka l i  and Water Extract ion by BAMBP. 
BAMBP concentration 1.1 M in n-octane and 1.0 M in 

CCI4, except when di luted by wnter extract ion,  for 

e x a m p l e ,  approaching about 0.9 M a5 the extracted water 

concentration approaches 4 iM. 
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0.04 0.02 0.05 0.1 0.2 0.5 I 
CONCENTReTlON BAMRP ( M )  

Fig .  7.21. Dependence of Cesium Extract ion on 

BAMB P Con centration. (DIP B := d i -i sopropy I benzen e.) 

Firral pH’s varied from 10.9 to 11.9; the observed ex-  

traction coef f ic ients  were normalized to pH 11.90 on 

basis of log E ?: pH. 

seLtion)  a g r e e  qual i ta t ively i n  indicat ing some 
polymerization, but it cannot  y e t  bc correlated 
quant i ta t ively with the ex t rac t ions .  Osmotic 
measurements showed t h a t  t h e  average  polymeriza- 
tion number for BAMBP i n  wet  hexane  var ies  ap-  
proximately linearly with t h e  BAMBP concentra-  
tion, from 1 at low concentrat ion to 3 near 1 M .  
This  should l e a d  t o  a changing power dependence 
of extract ion on BAMBP concentrat ion i n s t e a d  of 
the  cons tan t  dependence found, u n l e s s  t h e  
stoichiometry of  the e x t r a c t  s p e c i e s  changes  with 
BAMBP concentrat ion at low loading. At high 
loading, the average  degree  of polymerization may 
be ciffected by the  presence  of cesium and phenolate  
ions. 

When the aqueous  c e s i u m  hydroxide concentrat ion 
is increased  above  about  2 M, t h e  extract ion 

response  c h a n g e s  abruptly, as shown at the  right 
s i d e  of Fig. 7.28. T h e  Cs:BAMBP mole rat io  
i n c r e a s e s  from 1:4 toward 1:1, and at the  s a m e  
time t h e  concentrat ion of ex t rac ted  water  i n c r e a s e s  
from a few hundredths molar to about  4 h!. In t h i s  
region of t h e  extract ion sys tem the  other a l k a l i  
ions  a r e  extracted to about  the s a m e  exten t  as  
ces ium and a r e  similarly accompanied by large 
amounts of water. T h e  s imples t  explanat ion for 
the  overal l  extract ion curve  appears  t o  be  as 
follows: Below about  2 M a lka l i  metal  hydroxide, 
e a c h  a lka l i  metal  ion is ext rac ted  by exchange 
for t h e  proton of 1 phenol molecule ,  producing a 

phenolate  ion, and also associates with severa l  
more phenol moleculcs  i n  replacement  of i t s  hydra- 
t ion in t h e  aqueous phase .  At  higher concentra- 
t ions  of a lka l i  hydroxide, t h e  phenol is more 
readily ionized,  more of it is converted to alkali 
phenolate ,  and there  a r e  insuff ic ient  phenol mol- 
e c u l e s  to rep lace  the  waters  of hydration, which 
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Fig. 7.22. pH Oependence of  Ces ium Ext rac t ion  wi th  
BAMBP. Looding e f fec ts  el iminated by ca lcu la t ing  

free BAMBP on bas is  of 4 BAMBP’s bound per Cs, and 

correcting the observed extraction coeff ic ients to 1.13 or 

1.08 M on bas is  of third-power reagent concentration 

dependence. Aqueous phase i n i t i a l l y  1 M in  C s N O 3  

(plus tracer)  and 0.1 M i n  Na(OH,  NO3).  
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then accompany the alkal i -metal  ions in to  the 
organic phase .  

Investigation of Phenol-Alkali-Metal Extraction 
Species by Nuclear Magnetit Resonunce 

and Infrared Spectroscopy 

Both infrared absorption and nuclear  magnetic 
resonance (NMR) reflect the  nature of bonds formed 
i n  t h e  organic phase  and accordingly give some 
information about intermolecular aggregation of 
t h e  subs t i tu ted  phenol extractant  and about  the 
changes  accompanying extract ion of a lkal i  ions  
and water. 

Infrared spec t ra  of 4-sec-butyl-2-(a-methyl- 
benzy1)phenol (BAMBP) and i t s  solut ions in  carbon 
tetrachloride a t  28 to  3OoC (F ig .  7.23) show three 
regions of absorption by the  phenolic OH bond: a 

sharp  band a t  3612 c m - ' ,  a scr ibed  to  unassoc ia ted  
(monomeric) phenol; a broader  band near 3540 
cm-', ascr ibed to  dimerized phenol; and the 
region around 3400 t o  3500 cm-', ascr ibed to 
phenol polymerized into larger aggregates  by 
hydrogen bonding. The s p e c t r a  ind ica te  tha t  t h e  
BAMBP conta ins  only a t race  of monomer when 
undiluted (about 4 M), i s  almost  ent i re ly  monomeric 
below 0.05 M ,  and (with est imated correction for 
overlapping of bands)  is about 30% monomeric a t  
1 M .  T h e  NMR of t h e  phenol ic  proton also under- 
goes  a sh i f t  with concentration, from which a 

dimerization cons tan t  can  b e  est imated for t h e  
concentration range in  which only monomer and 
dimer a r e  important. T h e  value obtained for 

2.0 -t 0.3, which ind ica tes  about the  same propor- 
tion of monomeric BAMBP a s  d o e s  thc  infrared 
absorption, a t  concentrat ions up  to  near ly  1 M .  

On extraction of cesium (but not water) from 
cesium hydroxide solut ions l e s s  concentrated than 
2 M ,  as  shown i n  Fig. 7.20, t h e  monomer and dimer 
absorpt ions decrease ,  and the polymer absorpt ion 
increases .  When water  i s  extracted,  from cesiuin 
hydroxide sn lu t ions  m o r e  concentrated than 2 M ,  
the  polymer absorption i n c r e a s e s  markedly. T h e  
NMR's of severa l  ident i f iable  protons in  the  
BAMBP rtiolecule show appreciable  changes  of 
intensi ty  and f ine  s t ructure  on extract ion of 
cesium, and that  of the  phenolic proton i s  shif ted 
markedly. A s  the ratio of cesium to EAMBP in- 
creases, approaching 1 : 4, t h e  phenolic proton 
l ine  is broadened and s h i f t s  downfield, as  shown 

BAMBPin carbon te t rachlor ide a t  34OC i s  Kdinrer - . .. 

in Fig.  7.24. T h i s  sh i f t  is reversed when water  
extraction s t a r t s ,  and the  hydroxyl proton reso- 
nance  spectrum then approaches that  of water. 
T h e  s h i f t s  i n  t h e  presence  of t h e  other a lkal i -  
metal ions  were s imilar  but re la t ively a l i t t l e  
smaller ,  Cs > R b  K (>Na),  and reached the  re- 
versal  due t o  water extract ion a t  lower loadings. 
Although interpretation of t h e s e  resu l t s  i s  not 
complete, they indicate  that  inter-phenol hydrogen 
bonds are s t ronger  in  the  presence  than in  the 
absence  of alkali-metal ion -- st rongest  when the 
ion is cesium. This in turn s u g g e s t s  intermolec- 
ular bonding among t h e  phenols  involved with a n  
extracted alkali-metal ion, ins tead  of s imple as-  
sociat ion of e a c h  individually with that  ion. 
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Fig. 7.23. Infrared Absorption by Phenolic -OH of  
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Diluent, CCI4; ce l l  temperature, 31 i 2°C. 

( B A IA 83 P ). 

Concentration Puth Length 
Product 

( M )  (mm) 
Curve 

a 0.0482 
b 0.0963 
C 0.3825 
d 0.963 
e 1.926 
f 3.95 

ed) 

(undi lut-  

1.200 
0.600 
0.150 
0.060 
0.030 

(0.0133 
corrected 

to  0.0146) 

0.0578 
0.0578 
0.0574 
0.0578 
0.0578 

(0.0525 
corrected 

to  0.0578) 
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Fig.  7.24. Downfield Shift of Nuclear Magnetic Res-  

onance L i n e  o f  Phenol ic Proton as a Funct ion of Ex-  
tracted A lka l i -Meta l  Ion Concentration. 1 M 4-sec- 

Buty  I-2-(c~-rnethy I benzy 1)phenol (B AMB P )  in carbon 

tetrachloride, 34OC. For the corresponding extract ion 

equi l ibr ia ,  see F ig .  7.20. 

Kinet ics  of the Transfer of Sulfate During 
Extraction by Amines 

Evidence of the participation of both neutral  
complex t ransfer  and complex anion transfer i n  
t h e  amine extraction of uranyl s u l f a t e  w a s  pre- 
viously reported, based  on k ine t ics  of tagged 
s u l f a t e  transfer from organic t o  aqueous and on 

interfacial  tension measurements tha t  showed the 
interface to be  sa tura ted  with undissociated amine 
su l fa te  adsorbed in  preference t o  the  uranyl-amine- 
su l fa te  complex. 3 4  T h o s e  resu l t s  have  been 
confirmed arid extended by kinet ic  measurements 
with a wider range of aqueous su l fa te  concen- 
t ra t ions,  with the t racer  ( 3 5 S )  su l fa te  ini t ia l ly  i n  
the aqueous instead of the  organic  phase,  and 
with the t racer  s u l f a t e  ini t ia l ly  present  in various 
organic-phase s p e c i e s .  As before, t racer  transfer 
was measured with uranium absent ,  with uranium 
being extracted from the  aqueous phase,  and with 
uratiium already a t  equilibrium distribution. 

Transfer  of tagged s u l f a t e  from the  organic to  
t h e  aqueous w a s  s lower during uranium extraction 

. . . ....... . ..... 

W. ,.J. McDowell and C. F. Coleman, Interface 
Il.locl?anzam for Uranium Extraction by Amine Sulfate, 
Abstract No. 62, 25K, 144th American Chemical Society 
Meeting, Los Angeles, April 1963. 

3 4  

than with uranium absen t  a t  very low su l fa te  
concentrat ions,  becaine about equa l  at 0.025 M 
SO,’-, and w a s  fas te r  during uranium extraction 
than with uranium absen t  a t  higher su l fa te  concen- 
t ra t ions,  up to 1 M .  Transfer  of tagged su l fa te  
in the  opposi te  direction, aqueous to  organic,  
w a s  examined a t  su l fa te  concentrat ions from 
0.025 t o  1 M, and in  each  c a s e  the  equilibration 
of t racer  w a s  more rapid during uranium extraction. 
Since the  number of microcuries of 35S and the  
anoun t  of uranium transferred was  known, i t  was  
poss ib l e  to ca lcu la te  the  number of s u l f a t e  ions  
transferred per uranium atom from t h e s e  f igures  
and t h e  known 35S/c SO, ratio. The  va lues  ob- 
tained were as follows: 

Aqueous sulfate ,  M 0.025 0.05 0.50 1.00 

S 0 4 / U  i n  average 1.24 1.64 2.7 2.0 
species transferred 

T h e  resu l t s  of t racer  t ransfer  i n  both direct ions 
corroborate the previous conc lus ions  tha t  the  pre- 
dominating s p e c i e s ,  e i ther  neutral  complex ox 
complex anion,  is the s p e c i e s  principally t rans-  
ferred.  In more de ta i l ,  they indicate  a s l igh t  
preference for transfer of the anion; tha t  is to 
s a y ,  from a su l fa te  solut ion where UO,SO, and 
UO,(SO,), - concentrat ions a re  nearly equal ,  
a l i t t l e  more of the U0,(S04)2-  than of the  
UO ,SO, is transferred.  

A mathematical  model w a s  developed for the  
s e l f d i f f u s i o n  transfer of 3 5 S  aqueous to organic 
and organic  to aqueous in  the  particular apparatus  
used.  If x = [35S] and y = L35S] we write 

0 rg a g’ 

dx 

dt 
- _ -  - klX - k,Y , 

where k, is t h e  ra te  cons t an t  for 35S transfer 
org ^t aq, and k, for the t ransfer  aq --t org. Sub- 
s t i tut ion of (xo - x> for y ,  integration, and eval-  
uation of t h e  integration cons t an t  a t  t = 0 yield: 

With t h e  a id  of the  IRM 7090 computer, the  d a t a  
were shown t o  give a good fit t o  t h i s  first-order 
model. 
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While equilibration i s  u s e h l l y  rapid in the  ex-  
traction of many metal ions  by di(2-ethylhexy1)phos- 
phoric ac id  (HDEHP), s o m e  metal ioas s u c h  as 

l’e(bl1) and aluminum show very slow equilibiation. 
A kilretic s tudy h a s  been  s ta r ted  to  find thc 
reasons  for and mechanisms of t h e  s low ext tac-  
t ions.  Des ides  i t s  importance in  the fundamental 
s tudy of solvent  extract ion,  an understanding of 
the  slow extract ion should a id  in  safeguarding 
aga ins t  d i f f icu l t ies  i n  extract ion p r o c c s s c s  and 
should provide a b a s i s  for devis ing  separa t ions  
t o  exploi t  ra te  differences.  

T h e  f i rs t  sys tem being examined i s  the  extrac-  
tion of Fe(II1) [59Fe tracer  plus  s t a b l e  i r m  
(0.002 hf) as  carrier] from ac id  perchlorate solu- 
t ions by HDEHP so lu t ions  in  n-octane. T h e  
equilibria in  t h i s  sys tem have  been previously 
i e p ~ r t e d . ~ ’  Over t h e  range of condi t ions so far 

examined, the  extract ion rate is f i is t  ordcr with 
respec t  to t h e  aqueous iron concentration. T h e  
rate  constant ,  k a  - --d log [Fe]/dt ,  var ies  in- 
versely with c l o s e  to the f i rs t  power of perchloric 
ac id  concentration (ionic s t rength cons tan t  a t  
2 $41 IIC10, + NaC104) in  extract ion with a limited, 
qu iescent  interface between s lowly s t i r red p h a s e s  
and with total  dispers ion by  rapid s t i r r ing in  a 

baffled cell. Tine rate cons tan t  var ies  direct ly  
with the  H D H I t ’  concent ia t ion,  but in  changing 
degree: ka = [HDFXP] 1 . 4  above and ka  a 

[ I - IT)E:HP]0 .3  below about  0.4 M HDEI-IP. T h e  
equilibrium data  c i ted  above sugges t  tha t  the 
change  in power dependence on the extractant  
concentration may b e  due t o  a sh i f t  in  predorni- 
nance  between extract  s p e c i e s .  

With tlic present  extraction equipment, there  i s  
a gap between the  h ighes t  aqueous  acidity u s a b l e  
with t h e  qniescent  interface (constant  interfacial  
area)  and t h e  lowes t  aqueous acidi ty  u s a b l e  with 
dispers ion ( interfacial  area varying with mixing 
rate). Both types  will be modified so a s  to  obtain 
an overlap, which should aid in dis t inguishing 
between controlling res i s tance  a t  t h e  interface or 
i n  the ad jacent  liquid layers .  

-~ - ~~ 

35C. Y. Baes, Jr., and H. T. Baker, J. Phys.  Chem. 
64, 89-94 (1960). 

Many different s t u d i e s  of ac id  extraction by 
amines have  showri that under certain condi t ions 
the  anion t o  amine ratio in  t h e  organic phase 
var ies  with t h e  aqueous acidi ty .  With sulfur ic  
acid a t  l e a s t  (equilibrated with amine sulfate-  
bisulfate), the anion t o  amine ratio h a s  been 
showil to  depend only on the  aqueous sulfur ic  
acid act ivi ty ,  whether t h e  aqueous solut ions con- 
taiii the  ac id  a lone  or the a c i d  mixed with i t s  
s a l t s .  ‘This s u g g e s t s  that  the  act ivi ty  of a n  a c i d ,  
in aqueous solut ion together with any number of 
nonextractable  s o l u t c s ,  should b e  o l t a i i n h l e  by 
matching a g a i n s t  a s e p a r a t e  solut ion of t h e  a c i d  
alone;  through the m e d i u m  of a n  amine solut ion.  
A relatively brief examination of th i s  possibi l i ty  
gave  encouraging resu l t s  in  some t e s t s .  For  
example,  0.5241 f i7  HC1-1.578 rn NaCl mixtuie 
irlatched 1.025 rll XCl, y +  = 0.794, conpared with 
0.800 f rom t h e  l i terature ,  and 0.8836 m HCi- 
2.834 iii NzCi mixture matched 2.248 ni SC1, yt - 
1.336, compared with 1.316 froin i l i e  literature, 
wlren aqueous acid and aqueous mixture yere 
s t i i red in  the separa te  l e g s  of an H-c-l! in  s imul -  

taneous contac t  with a 0.25 M solution of tri-n- 
octylamine in  benzene f i l l ing the  c rossbar  of the 
H-cell. Other t e s t s  showed tha t  under some con- 
di t ions t h e  measurement f a i l s  becnuse  of exces-  
s ive ly  s low or insens i t ive  equilibration. Extrac- 
tion isotherms of the  a c i d s ,  a s  i l lust rated for HC1 
in F ig .  7.25, s h o w  that  sone parts  of t h e  c u r v e s  
are very flat ( insensi t ive) .  Different nmine-diluent 
combinations give favorably s loping  extraction 
curves  a t  different ac id i t ies ,  so that  f rom corn- 
pi la t ions of such  c u i v e s  it should be  poss ib le  to  
choose  a s u i t a b l e  amine solut ion for any acidi ty .  

Extractants  other than amines c a n  also extract  
a c i d s  from aqueous solut ions,  and parallel t e s t s  
were made with tii-n-butyl phosphate  (TBP) and 
severa l  e thers ,  a lcohols ,  and amides. However, 
t h e  T R P  fai led to give sa t i s fac tory  equilibration 
in  M-ccll t e s t s  b e c a u s e  e x c e s s i v e l y  rapid trafisfer 
of water  through the TMP phase  between the  two 
aqueous p h a s e s  prevented t h e  ac id  concentrat ions 
from reaching equilibrium. Acid transfer ra tes  
were excess ive ly  slow with t h e  other reagents  
tes ted.  
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Fig.  7.25. Equi l ibr ium Curves for Hydrochloric Ac id  Extraction by  Tert iary Amines. The single aster isk refers 

Thesis,  Mas- 

The double aster isk refers to 0. Bertocci and G. Rolandi, 9.  
to J.  C. Peak, “The  Equilibrium Between Chloride, Nitrare,  and Sulfate Salts of Tr i - iso-octyl  Amine,” 

sachusetts Inst i tute o f  Technology, January 1959. 

rriurg. Nucl .  Chern. 23, 323-32 (1961). 

Activity Coefficients of the Solvent Phases 

In addition to  direct  t e s t i n g  of so lu t ions  of ex- 
t ractants ,  to determine their ac t iv i ty  coef f ic ien ts  
or degrees  of aggregation, the  different ia l  vapor- 
pressure measurements  previously descr ibed 
a r e  be ing  used t o  determine ac t iv i ty  coeff ic ients  
and osmotic  coef f ic ien ts  of organic  so lu t ions  of 
compounds that  a r e  usefu l  as  i s o p i e s t i c  reference 
solutes .  T h e s e  a re  being determined both i n  
anhydrous s y s t e m s  and in  water-saturated sys tems,  

36Chem. TechnoI. Div. Ann. Progr. Rept.  Awe. 31, 
1.960, ORNL-2993, p. 173; also A. I,. Myers, W. J. 
McDowell, and C. F. Coleman, J. Iriorg. Nircl. Chem. 
(in press). 

the  la t ter  be ing  m o r e  closely related to t h e  solvent  
extraction sys tems u l  ultimate interest .  T h e  f i rs t  
reference soliitr so “ca l ibra tedyy w a s  triphenyl- 
methane, which is useful  but limited to di lute  
solutions by i t s  low solubility. 3 7  Azobenzene is 
somewhat  more so luble  and s o  far appears  to b e  
a generally usefu l  reference solute. In a s e a r c h  
through other feasible compounds with low vapor 
pressures ,  bibenzyl  w a s  t h e  most so luble  in  both 
benzene and hexane (Table  7.8) and w a s  chosen  
for next  examination. 

37Chen~. TechnoI. D i v .  Ann. Pro&. H e r ~ t .  May 31, 
1963, ORNIL-3452, p. 166, 
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Table 7.8. Solubi l i t lss of Compounds Considered 

for I J s s  as Isopiest ic  Reference Solutes 

Soluhility a t  

2 0 ’ ~  (m) in: 
Vapor Pressure  

..... .~ Compound at 25cC 

01) Benzens n-Hexane 

Triphenylmc tha ne <1 0.4 0.4 

Azo benzene <1 2.9 1.0 

Rihenzy! 10 10.0 2.8 

Biphenyl 9 6.7 1.3 

Phenantiirrnc < 1  2.8 0.6 

Bi(p-bromdpheny1) 

Ilcx?chlorobenzene 

Diazoaminoh?nzene 

Brnzoin 

p-.rerpixxiyl 

Doiriacontane 

r0 .3  4 . 1  

O s ~ n o t i c  coeff ic ients  of dry benzene solut ions of 
triphenylmethane and aznbenzene ,  and water-satu- 
rated n-hexane solut ions of azobenzene and bi- 
benzyl ,  arc summarized in Fig. 7.26. T h e  la t ter  
a r s  s t i l l  tentat ive (although the nearly cons tan t  
va lues  for both at  about 0.8 between 0.5 and 1 m 
seem to b e  cons is ten t )  b e c a u s e  the  measurements 
so far made below 0.5 rii have  not appeared con- 
s i s t e n t ,  and the  reasons have  not yet  been r e -  
solved.  

T h e  sens i t iv i ty  and precision of the differect ia l  
vapor-pzessure apparatus  i s  being improved by 
u s e  of capac i tance  between two pla tes  to  loca te  
t h e  mercury sur face  in  one aim of t h e  differential 
manometer. Oiie plate  f loa ts  on the mercury sur- 
face ,  while  t h e  position of the  other is adjusted 
by means of a high-precision microineter head  t o  
reproduce a s tandard capac i tance ,  and hence  a 

s tandard spac ing ,  between the  plates .  The mi- 
croriieter head38 h a s  a least count oi  0.5 p by 
vernier, and average measuiements  of t h e  mercury 
position were reproducible to  within 1 CL in  mockup 
t e s t s .  T h i s  i s  to be  compared with a l e a s t  count  
of 10 p (est imate  to 1 p) and reproducibility of 
average measurements within about  2 p with t h e  
present  measuring s y s t e m ,  in which the  position 
of a needle  is adjusted by rncar,~ of a modified 
machinist’s micrometer while  contact  of t h e  needle  

3sBoeckler non-rotating spindle microineter  head, 
mode l  4-MRR, Arizona Tool and D i e  Co., Tucson,  Ariz. 

point with t h e  mercury sur face  i s  observed through 
a 20x binocular microscope. 

Average polymerization numbers of rl-sec-butyl- 
2-(n-nethylbensyl)phenol (HAMSP) w 
mined in  s e v e r a l  di luents ,  for u s e  i n  the  s tudy of 
BAMBP extraction equi l ibr ia  (Sect. 7.3). T h e  
mcthod used \vas i sopies t ic  balancing aga ins t  
so lu t ions  of azobenzene.  Three  s e r i e s  of solu-  
t ions in  n-hexane w c w  tes ted  (F ig .  7.27): solu-  
t ions dried with magnesium perchlorate; solut ions 
equilibrated in  the presence  of saturated ni t ra te  
solut ion,  water act ivi ty  := 0.5; and so lu t ions  
equilibrated in the  preseirce of saturated barium 
chloride solut ion,  water  act ivi ty  = 0.9 (commiinica- 
tion through vapor phase  only). The  osmotic 
behavior of azobenzeriz found at 0.5 t o  1 m  concen- 
trations in wet hexane  (above) was provisionally 
assumcd t o  b e  valid for the other conditioiis in- 
c luded in  F ig .  7.27. T h e  resu l t s  show the average 
polymerization increasing in  near ly  direct  propor- 
tion to  the BAMRP concentration to  about the 
trimer a t  I M BAMB? and s l ight ly  lower when 
water w a s  eliminated. A few t e s t s  in  n-octane 
gave s imilar  resu l t s ,  but the UAMSP appeared 
essent ia l ly  monomeric a t  a concentrat ion of about 
1 M in  chloroform. 

Although the  s t a t e  of aggregation of amine sul-  
fa te  in general and of tri-mGoctylamine su l fa te  i n  
particular h a s  been extensively s tudied in  various 
organic d i luents ,  there  a r e  still some m r e s o l v e d  
quest ions.  On one hand, mass-action a n a l y s e s  of 
equilibria involving tri-n-octylamine su l fa tes  have 
sugges ted  that  they a r e  polymeric, and, on the 
other hand, various physical  measurements have  
indicated that the  normal su l fa te  (TOAS) i s  not 

UNCLASSIFIED 
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Fig .  7.26. Osmotic Coefficients a t  20°C of Solutions 

of Compounds to Be Used as  Isop ies t ic  Reference 

Salutes. 
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Fig. 7.27. Water Contents and Polymesizotion of 

BAMBP in  n-Hexane Solutions. Isopiest ic  balancing v5 

uzobenzene solutions at 25OC. Solid l ines  and b lack  

symbols, average polymerization number, A ;  dashed 

lines and open symbols, organic-phase water  concen- 

trations determined by Karl  Fischer t i t rat ion.  

polymerized a t  all and that  the  bisulfate  (TOAHS) 
is only s l igh t ly  polymerized, E = 2 to (I. However, 
the  condi t ions of t h e  phys ica l  measurements  have  
riot exac t ly  matched t h o s e  of t h e  extract ion equi- 
libria, particularly with respec t  t o  t h e  water  
content  of the extractant  p h a s e  and poss ib ly  with 
respec t  t o  sulfate-bisulfate  ratios. T h e  t e s t s  
reported here  have  near ly  c l o s e d  those gaps  for 
benzene  so lu t ions  of TOA and its sidfates. 

F igure  7 2 5  s h o w s  average  polymerization num- 
bers  i n  dry benzene  a t  25i°C, determined by iso- 
p ies t ic  balancing a g a i n s t  triphenylmethane, as the  
s u l f a t e  content  i n c r e a s e s  from 0 to 50% e x c e s s  
sulfur ic  acid. (The resu l t s  a r e  corrected for non- 
ideal i ty  of t h e  triphenylmethane, Fig. 7.26, and 
all nonideal i ty  of t h e  TOA, TOAS, and TQAHS 
s p e c i e s  is automatical ly  included i n  their average  
polymerization numbers.) The free-base amine,  
the normal su l fa te ,  and all mixtures between them 
are close to monoiiieric . Noticeable  polymetiza- 
tion commences with the  formation of bisulfate  

and i n c r e a s e s  in direct  proportion t o  the  bisulfate  
content ,  but  only to 7i = 3.6 for pure bisulfate. 
T h e  polymerization i n c r e a s e s  more rapidly with 
tlie incorporation of e x c e s s  sulfur ic  ac id ,  to E :: 
12-5 at 5% e x c e s s ,  which (except  for t h e  a b s e n c e  
of water) would correspond to equilibrium with 
about 10 M aqueous sulfur ic  ac id ,  

At l e a s t  i n  the mnge between free-base amine 
and bisulfate ,  the  polymerization appears  inde- 
pendent of amine concentration from 0.08 t o  8.3 m. 
In further t e s t s ,  so far  complete with the  b isu l fa te  
only, polymerization w a s  almost  unaffected by  the 
addition of water  to  the  sys tem (via vapor phase)  
at water ac t iv i t ies  up to 0.9, which is approaching 
the water  act ivi ty  in typical  amine s u l f a t e  extrac- 
tion sys tems:  

0 0.33 0.50 0.75 0.90 

GTonHs  3,60 3.57 3.69 3.53 3.50 
aH 2O 

Water is a common, var iable ,  and probably im- 

portant component in the  organic  p11ases of amine 
extract ion sys tems.  Hence,  a s  a part of the  
s t u d i e s  a t tempting to reso lve  apparent discrepan-  
cies in amine s u l f a t e  extract ion sys tems,  concen-  
t ra t ions and ac t iv i t ies  of water in the  amine-diluent 

F R S C - R S E  OM!NE NOIIMAL SULFATE 
AND A N  0 

I\]ORMA. SlJLFAl-E B1'5ULFATE 

0 0.08 TO 0.I6 m rOA 
e 0.2 rc  0.3 n TOA 

IN DRY BENZENE 

0 0.5 1.0 ( 5  
MOLE RATIO: SIJLFAVE/UMINE IN O R i X N l C  PHASE 

Fig .  7.28. Polymerizat ion ob Tri -n-octylamine Sul- 
fa tes  in  Benzene. From isopiest ic  measurements v s  

triphenylmethane, 25OC, 
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phase  a r e  being measured a s  a function of su l fa te  
to  arnine ratio. In some arnirie extraction sys tems 
the  equilibria h a v e  been shown to be sliiftcd by 
the effect  of a large interfacial  area produced by 
d i ~ p e r s i o n . ~ ’  In order to check  t h e  possibi l i ty  
tha t  water might b e  involved i n  that behavior, or 
might b e  affected s imilar ly ,  the  waterd is t r ibu t ion  
t e s t s  included liquid-liquid equi l ibrat ions through 
both d ispersed  and limited in te r faces  and vapor- 
phase  Equilibration in  a n  i s o p i e s t i c  system. So 
far, n o  clear-cut difference in water behavior with 
means of cquilibration h a s  been found. 

T h e  water  act ivi ty  in  the aqueous p h a s e s  w a s  
controlled by varying sodium s u l f a t e  Concentration 
(aEsz0 from 0.86 t o  1.00) when t h e  p h a s e s  were to  

b e  in  direct  contact ,  and by us ing  sa tura ted  aque- 
ous so lu t ions  of appropriate salts ( a  from 0.11 

t o  0.90) when they were not. Water concentration 
in  t h e  organic phase  decreased  with decreas ing  
water act ivi ty  in the aqueous phase,  and a l s o  
with increas ing  su l fa te  to amine ratio in the  
organic phase.  Choosing pure water  as the refer- 
e n c e  s t a t e  for  water in the organic phase  a s  wel l  
a s  in  t h e  aqueous phase  s e t s  t h e  equilibrium 
water act ivi ty  in the organic p h a s e  equal to that  
in t h e  aqueous phase. Of t h e  various possible  
ways of express ing  the  organic-phase water  con- 
centration, i t s  mole ratio t o  ionized amine gave  
the  s imples t  and m o s t  uniform correlation of t h e  
corresponding act ivi ty  coeff ic ients  (Fig.  7.29). 
This s u g g e s t s  that  the  water  may be  a s s o c i a t e d  
principally with the  amine cat ion rather than with 
the  s u l f a t e  or bisulfate  an ions  or free-base amine. 
T h e  act ivi ty  coeff ic ients  d e c r e a s e  s l ight ly  with 
increasing water  contents ,  and they increase  with 

2 O  

39K. A. Allen and W. J. McDowell, J. Phys.  Chem. 64, 
877-80 (1960). 

increasing amine bisulfate  fraction, espec ia l ly  a t  
t h e  low water ac t iv i t ies .  The abrupt drops a t  
lowes t  water contents ,  [H,O]/[TOAW ‘1 less than 
0.2, arr = O e l l ,  may resul t  from limiting error in 

the correct ions for water  solubi l i ty  in  the  diluent. 
Z0 
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Fig.  7.29. Act iv i ty  Coef f ic ients  of !Voter In Bri-n- 

octylarnine Sulfate Solutions. Wafer concentration ex- 

pressed a s  mole ratio to  ionized omine, corrected for 

water d issolved by diluent alone; reference state,  pure 
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with benzene d iluent. 
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Fission Products by Solvent Extraction 

T h e  object ive of t h e  fission-prodctct-reco.lery 
progiam is to develop p r o c e s s e s  appl icable  t o  
large-scale  recovery and purification of fis:;ion 
products  from reactor  fuel  process ing  w a s t e s .  T h e  
program inc ludes  b a s i c  chemical  research,  develop- 
ment of recovery methods, and development of 
engineer ing procedures  to carry out  t h e s e  opera- 
t ions .  Large  quant i t ies  of cer ta in  f iss ion product 
e lements  a r e  being requested for industr ia l ,  s p a c e ,  
and other  appl icat ions,  and there  i s  e v i d e n c e  t h a t  
t h e  demand will increase.  Also, a s i d e  from their 
ut i l i ty  for recovering useful  f i s s ion  products, the 
recovery methods developed a r e  of in te res t  for 
f rac t imat  ing w a s t e s  to ease cer ta in  waste- 
d i s p o s a l  problems. 

T h e  priricipal effort i n  this program h a s  been on 
t h e  development of so lvent  extract ion methods 
s i n c e  t h i s  technique is a par t icular ly  versa t i le  
o n e  and is readily adaptab le  to large-scale  opera- 
Lions. T h u s  far, a so lvent  extract ion p r o c e s s  
u s i n g  d i (2e thylhesyl )phos~hor ic  a c i d  (D2EHPA) 
has been successfu l ly  developed for recovering 
"Sr and  mixed rare earths. A modification of th i s  
process  has  been  operated i n  plant  scale at t h e  
Ilanford Atomic Products  Operation. New ptoc- 
esses have  also been developed in  the laboratory 
for recovering cesium with subs t i tu ted  phenols  and 
for recovering zirconium-niobium and poss ib ly  
yttrium atid ruthenium. 'l%e combination of t h e s e  
developments  with previous s t u d i e s  on rare-earths 
separa t ions  a.nd on t h e  recovery of technetium, 
neptuniiutri, and plutonium affords  an integrated 
so lvent  extract ion f lawsheet  for t h e  recovery of 
a l l  important f i s s ion  products  and other  compo- 
nents  from w a s t e  liquors. Current s t u d i e s  are 
aimed a t  consol idat ing,  optimizing, and completing 
t h e s e  developments  and a t  devis ing  new p r o c e s s e s  
tha t  will provide even  more advantages  in opera- 
tions and cost .  

L .  

8.1 CESIUM 

Highly favorable resu l t s  cont inued to  be ob- 
ta ined  i n  the  development of t h e  P h e n e x  proc- 
ess for  recovering cesium from a lka l ine  solu- 
t ions  by extract ing with subs t i tu ted  phenols  and 
s t r ipp ing  with d i lu te  acid. Although severa l  dif- 
ferent subs t i tu ted  phenols  h a v e  performed accept-  
ably,  nearly all recent  t e s t  work w a s  with 4-sec- 
butyl-2-(n-methylbenzyl)phenol (BAMRP), which 
h a s  e s p e c i a l l y  a t t rac t ive  extract ion d ia rac te r i s -  
t ics .  T h e  s t u d i e s  included (1) s u c c e s s f u l  demon- 
s t ra t ion  of t h e  process  in  cont inuous t e s t s ,  ( 2 )  
evaluat ion of t h e  chemical  and radiation s tab i l i ty  
of BAMRP, and ( 3 )  evaluat ion of t h e s y n e r g i s t i c  
reagent  c:otnbination, BAMBP p l u s  D2EHPA. 

Continuous Tests 

To confirm the  chemical and operat ional  feasi- 
bi l i ty  of t h e  process  that  had  been outlined on the  
b a s i s  of batch t e s t s ,  cont inuous cyc l ic  runs were 
made i n  mixer-settlers with s imulated Puree w a s t e  
solut ion (tartrate-complexed and ad jus ted  t o  
pi-I 12.7). 'The solvent was 1 M BAMBP in Amsco 
12582. T h e  extract  was scrubbed with 0,002 $1 
sodium tar t ra te  and s t r ipped with 0.1 M [{NU3. 
With aqueous  feed/organic/scrub/strip f low ratios 
of 10/5/1/0.25, cesium recovery w a s  bettet than 
99% , and overal l  cesium decontamination fac tors  
were 2000 from sodium aiid more than GO00 from 

'Chrrn. Technol. Div. Ann. Pro#. H e p t .  June 30, 

'Cham. 'I%chnol. Dav. Ann. Pro&. Rept. May 31, 

1962, ORNL-3314, p. 120. 

1963, ORNL-3452, p. 189. 
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iron, chromium, and nickel. No change  in  per- 
formance w a s  noted through 26 hr  of operation, 
equivalent  to  23 complete c y c l e s  through t h e  
system. 

The  radiation and chemical  s t a b i l i t i e s  of BAMBP 
arc: good within the range of expected flowslaeet 
conditions, One-molar so lu t ions  of BAMBP in 

Amsco 125-82 were exposed  to 6 o C o  radiation for 
various periods of time (with absorbed d o s e s  up to  
100 whr/liter) while being intimately mixed ei ther  
with tartrate-complexed s imulated Purex  1 W W  
(pH 12.5) or with 0.05 M HNO, s t r i p  solut ion.  
Comparative t e s t s  were also made in  the a b s e n c e  
of radiation. The  so lvent  contac ted  with the radio- 
ac t ive  ac id  s t r ip  solut ion and those  contacted with 
the a lka l ine  feed with and without radiation, 
showed a facto1 of 2 to 3 i n c r e a s e  in  cesium (and 

sodium) extract ion power compared with h a i  for 
untreated solvent ,  whereas  the  fourth solvent  
showed no change (Table  8.1). There  w e r e  no 
s ignif icant  changes  in  the t i t ra table  phenol con- 
tent  of any of t h e  so lvents  nor in their  se lec t iv i ty  
for cesium over metal contaminants  in the Purex 
liquor. Also, phase-separat ion propert ies  were not 
impaired by the treatments. 

A similar  i n c r e a s e  in t h e  cesium extraction 
power of 1 M BAMBP-Amsco 125-82 occurred on 
contac t  with 2 M NaOM for extended periods. 
Solvent t reated for one  day  ex t rac ted  cesium with 
a coeff ic ient  twice  tha t  for untreated solvent ,  but 
there  vras no further change for up to  14 d a y s  con- 
tact .  N o  s ignif icant  differences in  the treated and 
untreated so lvents  were d iscern ib le  from infrared 
spectroscopy or nuclear  magnetic resonance 
measurements. 

BAMBP was readily ni t ra ted by contac t  with 
3 M XNO,, but there  was l i t t l e  or no reac t ion .a t  

Table 8.1 Radiat ion Stabi l i ty  Tests  with BAMBP 

Solvent-treatment conditions: 1 M BAnllRI’ i n  .4msco 125-82 contacted 

with (1) s imulated Purex  1 W W  (tarttate-complexed, pII 12.7) or ( 2 )  0.05 M 

IINO, in  6oCo source. Para l le l  t e s t s  were run without the radiation field. 

After treatment, all so lvents  were stripped with 0.05 M HNO, and sub- 

jec ted  to s tandard cesium extraction tes t s .  

Contacting Conditions 
.......... ......... Cesium 

Extraction Calculated 

Solution Time (hr) (whr,liter) 
Absorbed Dose  Coefficient,a “1 Type of Contact Aqueous Contact 

-. . .......... ........ 

None None None 22. 21, 25 

6 0 ~ o  Source (1) 5 10 33 

23 43 42 

52 98 62 

No radiation (1) 5 None 23 

23 44 

52  50 

6 0 ~ o  Source (2) 5 7 35 

2 3  31 43  

52 71  52 

No radiation ( 2) 5 None 23 
23 26 

52 24 

BExtraction a t  a phase  rat io  of 1/1 f rom tartrate-complexed s imulated 
1WW was te  (0.001 M Ca)  a t  pH 12.7. 



nit r ic  a c i d  concentrat ions of 1 hl or below. In 
agreement with Hanford resu l t s ,  ex tens ive  degrada- 
tion (with loss of cesium extract ion power) oc- 
curred on contac t  with 1 M HNO t h a t  w a s  0.1 M in  
nitrite. Degradation in  t h e  p r e s e n c e  of ni t r i te  
w a s  much s lower at a pH of 1 and w a s  negl igible  
in  contac t  with a lka l ine  ni t r i te  solut ions.  

Synergistic Solvent Mixtures 

T h e  synerg is t ic  so lvent  mixture, RAlClBP p lus  
D2EHPA, i s  being evaluated as  an a l te rna t ive  to 
UAMRP a lone  for cesium recovery - following 
extract ion of strontium and rare  e a r t h s  with 
D2EHPA. (A process  for t h e  coextract ion of stron- 
tium, rare ear ths ,  and ces ium at pH 4 with 
D2EHPA-BAMBP h a s  been developed at Hanford. 3, 

T h e  synerg is t ic  solvent  e x t r a c t s  ces ium effec- 
t ively at much lower pH l e v e l s  than t h e  pH of -12 
required with RAMRP alone. Also ,  u n l e s s  s p e c i a l  
precaut ions a r e  taken,  s o m e  accumulat ion of 
D2EEIPA in the BAMBP solvent  might occur  by 
c rossover  from t h e  strontium-rare-earths recovery 
cycle .  A feed pH of -8 rather than a lower pIi 
(e.g., 4) w a s  chosen  s ince ,  i n  t h e  former case, a 
much lower D2EHPA concentrat ion is required for 
cquivalent  cesium extract ion power, and the se- 
lec t iv i ty  for cesium over  metal  contaminants  is 
better. 

In a batch countercurrent t e s t ,  more than 99% of 
t h e  cesium W d S  recovered from tartrate-complexed 
s imulated Purex 1 W W  (pH 8.4) with 1 iM RAMBP - 
0.04 M D2EHPA - Amsco 125-82 i n  four extrac- 
tion and one scrub  s t a g e s  ( T a b l e  8.2). T h e  
cesium w a s  s t t ipped to the e x t e n t  of 98.6% in 
three s t a g e s  with j5 volume of 0.2 M H N 0 3 .  
Overal l  cesium decontamination fac tors  were  750 
from sodium, 150 from strontium, and 1300 from 
evrop ium. 

T h e  s a v i n g s  in  c a u s t i c  for feed adjustment  made 
poss ib le  by u s e  of the  synerg is t ic  so lvent  must b e  
balanced a g a i n s t  i t s  inferior se lec t iv i ty  and poorer 
response  to s t r ipping by d i lu te  acid,  compared 
with the ef fec t iveness  of RAMBP alone.  A more 
def ini t ivc comparison of t h e  s o l v e n t s  with regard 
t u  their inf luence on overal l  p rocess ing  costs 
would b e  required before a f ina l  c h o i c e  could b e  
made. 

31,. A, Bray, Solvent Extraction Process :or Recovery 
of Strontium, Rare Earths, and Ces ium fromRadioactive 
Waste Solutions, WW-SA-2982 (June 17, 1963). 

Toble 8.2 Botch Countercurrent Cesium Recovery 

with BAMBP-DZEHPA 

Organic: 

Aqueous feed: Siinulated Purex 1WW complexed with tar t ra te  ( 2  

moles per mole of Fe), diluted ilireefold w i t h  

caus t ic  to  pH 8.4, t raced with ‘33C!s 

1 M 13AMBP---O.O4 BZ DZEI3PA--Arnsco 12.5-82 

Scrnh: 0.15 IM HN03-0 .001  M tartaric acid 

Flow ratios: Aqurous feed/organic/scrub : 10/5/1 

C e s i u m  Gamma Activity 

(counts  m i n - l  rn1-I) 

Orzanic  Aqueous 

C e s i u m  Extraction 

Stage ~ _ _ _  Coefficient, E: 

Scrub 1 7.0 x lo4  8.4 x i o 2  83 

Aqueous feed 3.5 x l o 4  

Extraction 1 7.1 x lo4 4.8 X l o 3  16 

Extraction 2 1.0 X lo4 6.8 X 10’ 15 

I’xiraction 3 1.6 X lo3  “‘1.8 X 10’ -9 

Extraction 4 -1.9 x 10’ <lo2 

8.2 STRONTIUM AND RARE EARTHS 

Further  s t u d i e s  of t h e  DZEHPA extract ion proc- 
ess for recovering strontium and mixed rare ear ths  
from Purex  w a s t e s  included (1) invest igat ion of 
the factors  affect ing rare-earths extract ion rates ,  
(2) s tudy  of cerium oxidation followed by extrac- 
tion with D2EIIPA t o  obtain separa t ion  from other  
rare ear ths ,  and ( 3 )  study o f  strontium separat ion 
from calcium. 

Rate of  Rare-Earths Extraction 

T h e  s low extraction4 of rare ear ths  with D2EIIPA 
from tartrate- or citrate-complcsed l iquors  is due 
to s low readjustments  t o  equilibrium i n  the  
aqueous  p h a s e  a f te r  t h e  sys tem h a s  been disturbed. 
T h i s  w a s  demonstrated by ba tch  contact ing 
tartrate-complexed Purex  1 W W  (pH S) with 0.2 M 
D2EHPA-0.1 M NaD2EHP-0.15 M TBP-Amsro 
125-82 for 1 niin and aging the  raffinate for v? ‘ rious . 
periods before contact ing aga in  with fresh solvent .  
T h e  cerium extract ion coeff ic ient  in  the  second 
1-min contac t  was  1 2  with 24 h r  between contacts ,  

4Chern. Techriol. Div. Ann. Pro@. Rept .  May 31, 196.3, 
ORNL34.52, p. 192. 
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compaie6 with only 0.S with 5 miri between con- 
tac ts .  Subsequent experiments, in  which metal 
contaminants  were added to  a nitrate-tortrate- 
su l fa te  solut ion (one a t  a time) showed that  iron, 
aluminum, and chromium, particularly the  las t ,  
depressed  rare-earth extract ion rates  (Fig.  8.1). 
l h e  adverse  effect  of chromium on rare-earth 
extract ions h a s  a l s o  been observed by Hanfoid 
~ o r k e 1 - s . ~  Analyses  of the  so lvent  p h a s e s  for 
contamiriant metals  showed tha t  the  amounts ex- 
tracted were not large enough to represent  signifi- 
can t  competition for the W2EHPA eitl.ractant. With 
0.003 M Cr in  the ayaeous  phase ,  cerium extract ion 
coeff ic ients  w e r e  8.5, 25, and 120 for contac t  
times of 1, 10, and 30 min  rcspect ively.  By con-  
t ras t ,  both cerium and europium c o o f f k i e n t s  were 
highe: than 700 in 1-min ext rac t ions  from pure 
sodium tar t ra te  so lu t ions  or from th is  solut ion 
with 0.003 M Ni added. T h e  magnitude of the 
effect  of e a c h  interfering metal  was different for 
t h e  different rare e a r t h s .  Iron depressed  extrac-  
t ions of europium and aeodymium more than that  

c 

1000 

100 

U 

t X LLi 

a 

too 2 

CERIJM EXT 

0 5 IO 15 20 25 30 

COYTACT TIME h n )  

- .  i ; g *  8.1. EfBect of Metal: Cantorninants on Extrac-  

tion $cites o f  Rare Earths. Organic phose: 0.2 M 

D2EI-IPA-0.1 M NaD2EHP--O. 15 M T B P - A m s c o  
125-82. Aqueous phase: 0.67 M NO3-, 0.33 M Sod2-, 

3+ 0.33 M tor t rote ,  0.0003 M Ce (or E u ) ,  and 0.17 fif Fe 
or  0.03 M AI  or 0.003 M Cr3'-, at  pH 6. Phase  ra t io :  

1/1. 

of cerium, while  chrorilium depressed  cerium ex- 
traction more than europium extraction. In other 
t e s t s ,  increas ing  t h e  chromium concentrat ion 
in the feed from (4.003 M to  0.03 I?.! decreased  
cerium extract ion coeff ic ients  (3-min contac ts )  
by a factor of 100. 

lhese and other  resu l t s  sugges t  that  the  
aqueous phase  conta ins  uilcxtractablft metal-rare- 
earth-tartrate coinplexes which d i s s o c i a t e  s lowly  
to  extractable  rare-earth s p e c i e s .  The  a d v e r s e  
effect  of the offending meta ls  c a n  be par t ia l ly  
overcome by increasing the  amount of e x c e s s  tar- 
t ra tc  i n  the solution. For example, incrcnsing 
the  tar t ra te  concentrat ion in  ad jus ted  Pure:: 1 W W  
from 0.3 M to  0.4 A4 increased  cetiutii coef f ic ien ts  
from 19 to 40, respect ively,  in  2-min contac ts  
and from '75 t o  120 in 20-mi11 contacts .  Other 
var iables ,  including the time of aging of t h e  coin- 
plexed feed and the e.ctraction temperature a r e  
a l s o  of some importance in  controlling t4e extrac- 
tion rates of the rare ear ths .  

,, 

Cerium Qxidation and Extract ion 

Cerium c a n  be separa ted  from the  other $are 
ear ths  by oxidizing, for example, with potassium 
permanganate, to  C e l t  and extract ing witl i  
D2EHPA. Promising al ternat ive oxidants  s tudied 
recently include ammonium persulfate  and ozone, 
the  la t ter  being at t ract ive because  i t  a d d s  no 
extraneous ions t o  the system. In t e s t s  with 

0.05 M Ce(NO,),-tji\iO, feeds ,  the  rate and ex ten t  
of cerium oxidation with ozone increased  with in- 
crease in temperature and with increase  in  ni t r ic  
ac id  concentrat ion in t h e  range 2 t o  10 M .  With 
6 WPJO,, m o r e  than 95% of the cerium w a s  oxi- 
d ized  (and subsequent ly  recovered by ex t rac t ing  
with 0.3 M D2EHPA-Amsco 12.5-82) by bubbling 
ozonized oxygen through a fine-porosity g l a s s  frit 
in to  a 6- in .deep  column of solut ion a t  6OoC for 
1 hr. Analyses  of t h e  in le t  and e x i t  g a s  s t reams 
showed that  about 3.6 l b  of ozone per pound of 
cerium were fed to  the sys tem over this  period, 
with about 12% of the  ozone  being consumed. 
Contact ing the  p h a s e s  i n  a four-stage counter- 
current column considerably increased  the  ozone  

6 

Personal cornmimication with G. 1,- Richardson of 

6T. A. Butler and E. E. Ketchen, Ind. Eng. Chern. 

5 

Kanforri. Feb. 1. 1963. 

53, 651 (1961). 
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ut i l izat ion efficiency. With a solut ion res idence  
time in  t h e  column of about  1 h r  a t  60"C, more 
than 90% of the cerium w a s  oxidized on p a s s i n g  
0.7 Ib of ozone  per  pound of cerium through the  
column. Approximately 25% of t h i s  ozone w a s  
consumed. 

Us ing  s i lver-catalyzed ammonium persulfate  as  
the  oxidant, oxidation was  very s low a t  room 
temperature but increased  with increas ing  tempera- 
ture, increas ing  oxidant and c a t a l y s t  concentra- 
tion, and decreas ing  acidi ty .  Although cerium 
recoveries  bet ter  than 90% were obtained under 
cer ta in  condi t ions by oxidizing t h e  cerium prior 
to extract ion with 0.3 IM D2EWPA-Amsco 125-82, 
resu l t s  were cons is ten t ly  bet ter  when the oxidant 
w a s  added t o  [.he feed while  contact ing with t h e  
so lvent  phase.  T h i s  w a s  not d u e  to the  longer 
contac t  time i n  the  la t ter  case s i n c e  the  extrac-  
tion of C e 4 +  is rapid. W i t h  the la t te r  procedure, 
more than 98% of the cerium w a s  recovered i n  
30 min a t  S5'C from a mixed rare-earth feed con- 
ta ining 9 g of cerium per l i ter ;  t h e  WNO, concen- 
tration w a s  1.3 hi. T h e  persulfate/cer ium ratio 
was  2.2/1, and t h e  s i l v e r  concentrat ion w a s  
0.005 M .  With comparable condi t ions,  but per- 
forming the extract ion a f te r  30 rnin of oxidation, 
cerium recovery w a s  only 25%. 

S e p a ~ ~ a t i ~ t ~  of Strontium from Calcium 

Previous  s t u d i e s  showed tha t  calcium may b e  
separa ted  fnnm strontium by s e l e c t i v e  extract ion 
with D2EHPA from feeds  complexed with ace ta te '  
or by partitioning from the  ex t rac tan t  with ci t ra te '  
solution. Although n o  provision w a s  made orig- 
inal ly  for strontium-calcium separa t ion  in  the  three- 
c y c l e  process  for the  recovery of strontium and 
mixed rare ear ths  from Purex  1 W W  feed, s u b s e -  
quent  t e s t s  showed the  feas ib i l i ty  of their  separa-  
tion by s l i g h t  modificdtion of second-cycle  extrac-  
tion condi t ions.  In th i s  c y c l e  the rare  ear ths  a re  
extracted with D2ENPA a t  a pR of about 2 t o  
s e p a r a t e  them from strontium, which remains in t h e  
aqueous  raffinate. By making t h e  feed 0.02 M i n  
c i t ra te ,  to prevent the  precipi ta t ion of rare ear ths ,  

'12. E. McHenry and J. C. Posey, Ind. Eng. Chem. 
53, 651 (1961). 

'UT. W. Schultz, 6. L. Richardson, and J. E. Mendel, 
paper presented a t  the American Chemical Society 
Meeting. Washington, D.C., March 1962. 

and operating at a pH of about  2.6, most  of t h e  
calcium can b e  made to ext rac t  with the  rare 
ear ths  (from which i t  c a n  b e  readily separa ted  in 
subsequent  processing). T h i s  w a s  demonstrated 
i n  a ba tch  countercurrent t e s t .  With font extract ion 
and th tee  scrub  s t a g e s ,  more than 98% of t h e  
calcium w a s  coextracted with t h e  rare  e a r t h s ,  
leaving more than 38% of the strontium in the 
raffinate. 

8.3 RECOVERY OF STRONTIUM WITH 
CARBOXYLIC ACIDS 

A tenta t ive  process  w a s  outlined for recover- 
i n g  strontium from complexed Purex w a s t e s  by 
extract ion with carboxyl ic  a c i d s  and s t r ipping 
with d i lu te  acid. As reported previously, '  stron- 
tium extract ion with t h e s e  reagents  i s  st rongly 
dependent  on pH, reaching a maximum in t h e  pH 
range 7.5 to 8.5. Rare e a r t h s  a re  a l s o  extracted 
appreciably,  but the extract ion ra tes  a re  low and 
they limit the  recoveries  obtainable  within reason- 
a b l e  t imes.  

In a batch countercurrent demonstration of t h e  
p r o c e s s  us ing  0.5 &I Sunaptic A ( a  commercial 
naphthenic ac id  mixture) in Amsco 125-52, m o l e  

than 99.5% of t h e  strontium was recovered in f ive 
extract ion and two scrub  (0.3 M HNO,) s t a g e s .  
For pCI control, the  extractant  fcd t o  the sys tem 
was  about  one-third in the  sodium-salt form and 
two-thirds in the  a c i d  form. The  feed was simu- 
la ted  Purex  FTW (expected 1965 composition) 
waste, which w a s  complexed w i t h  c i t ra te  and 
ad jus ted  with Laustic t o  pIf 5.2. The pH in the 
extract ion sys tem wa"s about  8. Nearly 70% of thc  
rare  ear ths  and nickel in  t h e  solut ion were ex- 
t racted with the  strontium. The strontium w a s  
quant i ta t ively s t r ipped from t h e  e x t i a c t  with l4 
volume of 1 M HN03. Overall decontamination 
factors  for strontium were about  300 from iron, 
100 from aluminum, 7000 from chromium, 300 from 
zirconium-niobium, 300 from ruthenium, and 10 
from sodium. 

T h e s e  resu l t s  a r e  not  compet i t ive with t h o s e  
given by the  D2EHPA process  for strontium (and 
r a r e e a t t h s )  recovery. H o w ~ v e r ,  t h e  carboxyl i r  
a c i d s  uscd  were not of optimum structure. New 
reagents  are being obtained for tes t ing.  

1 

...I....._.._......_.__ __ 
9C12arn. Techriol. Div. Ann. Fro&. R e p t .  M a y  31, 

1963, OREL-3452 (suppl. l), p. 16, 
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Previaus  s t u d i e s  l o p l  ' showed that  technetium 
is extracted from acid solut ion with tertiary a m i i l e s  

and from acid,  neutral, or b a s i c  solut ion with 
quatern3i-y ammonium compounds. In reccnt t e s t s  
wit11 2 quaternary extractant  (Aliquat 336), tech- 
i ietium w a s  effect ively extracted from simulated 
Hanford tank w a s t e  supeinaiant  (pII 9 to  13). 
Coeff ic ients  in the  raage of 70 to 130 were ob- 
ta ined with 0.2 W 4!iquat 336 i n  95% diisopropyl- 
benzene--5% tridecanol dilneot. Of many reagents  
tried, effect ive s t r ipping w a s  obtained only with 
22 M IIClO,. 

P.?. I h e  solvent  extraction process  for t h e  recovery 
of cesium from adjusted Purex-type was te  by u s e  
of a subst i tuted phenol (BAMBP) as  the extractant  
was tes ted  in  g l a s s  pulsed columns (2  in. in  

diametei  and 24 f t  high) with adjusted s imulated 
Piirex 1 W W  as  feed. ?'Re general  operability of the 
pulsed columns w a s  good; no cmulsion and very 
l i t t l e  entrainment w m e  observed. The flow 
capac i ty  at flooding is shown in  Tahle 8.3 for the 
extract ion,  scrub,  and s t r ip  s e c t i o n s  of the flow- 
sheet,  The flow capaci ty  of a s i e v e  p la te  ( > - i n .  
ho les ,  23% free area)  column operated with the  
aqueous p h a s e  continuous and at a pulse  ainpiitude 
of 1 in. w a s  960 gal hr-" f t - '  a i  a pulse  fre- 
quency of SO cpm, and 440 at 70 cprn for the ex- 
traction section. For scrub  t h e  capac i ty  w a s  
430 and 260 gal hr - I  i t - '  at 50 and 70 cpm re- 
sFecl ively.  For s t r ip ,  the capac i ty  was  710 and 
430 gal h r - '  f t - '  respectively. The tes t ing of 
nozzle p l a t e s  (!$-in. holes, 10% free a rea)  operated 
with the  organic phase cont inuous showed a 

8 

"G. E. Boyd and Q. V. Larson,  J .  Phys .  Chem. 64, 
988-96 (1960). 

C. Y. Coleman, P. A. Kappelmann, and P,. Weaver, 
11 

N u c l .  SCI. E n g .  8, 507-14 (1960). 

Table 8.3  t-^low Capacity of P u l s c d  Columns for Recovery  o f  

Cesiuiii by 1 M BAMBP in  Arrisco 125-82 

Aqueous feed: adjusted simulated Purex lWW., pH 13; contained 
I 3 +  , in (moles/l i ter)  0.17 Fe3', 0.033 Al' , 0.003 Cr 

0.003 Ni  

tartrate.  

- 2 +  2 .' , 3.0 Na. 1.5 NO3 , 0.33 SO, and 0.33 

Scrub solution: 

Strip aolutioii: 0.05 M [%NO3. 

0.002 M sodium talirate.  

.-. . - ~ . . -  - 
I 

Flooding,. Total  Flow 

(gal hrC'  ft.. ') Flow TZ at io 

A/O At At 
Flowsheet Section 

50 cpin 70 cpm 

Sieve Plates (fis-in. Ho les ,  23% Free Area), Aqueous Phase Continuous 

Extraction 5 960 440 

Scrub 0.2 430 260 

Strip 0.1 7 10 430 

Nozzle  P la tes  ( k - i n .  Holes, 10% Free Area) Qrganic Phase Continuous 

Strip 0.1 6 20 480 

0.02 66 0 
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s l igh t ly  lower flow capac i ty  for t h e  s t r i p  sect ion.  
Increas ing  the  organic/aqueous flow rat io  from 
10/1 to 50/1 had very l i t t l e  e f fec t  on flow 
capaci ty .  

Batch  phase-separat ion t e s t s  in  a s tandard,  
baffled tank mixer (6 in. in diameter  and 6 in.  
deep) were made i n  order to determine t h e  feasi- 
bility of us ing  mixer-settlers as contac tors  for t h e  
process .  T h e  mixing, e v e n  at t h e  lowes t  power 
input required to produce a uniform dispers ion,  
is more in tense  than that  obtained in  a pulsed  
column, and any  tendency to form a s t a b l e  emul- 
s ion  is more likely in  a mixer. P h a s e  separat ton 

w a s  sa t i s fac tory  for s y s t e m s  tha t  are  typical  for 
the extract ion and s t r ip  s e c t i o n s  of t h e  process .  
T h e  break time of t h e  d ispers ion  ranged from 60 to 
150 sec and was nearly independent of power in- 
put  over the  range of 2 to 140 hp per 1000 gal and 
mixing t i m e  from 2 to 5 min. However, p h a s e  
separa t ion  for t h e  scrub sec t ion  w a s  e r ra t ic  and  
in  some cases extremely s low with t h e  u s u a l  
condi t ions set by the  flowsheet. Increas ing  t h e  
tar t ra te  concentrat ion in  the aqueous  scrub 
solut ion from 0.002 1l.i to 0.02 M, or adding a ni- 
t ra te  salt to make the  scrub  solut ion about 0.5 M 
in ni t ra te ,  greatly improved the  phase  separat ion.  
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'The purpose of th i s  program i s  to  s tudy the  
chemistry of protactinium, with emphas is  on 
s y s t e m s  potentially appl icable  to separa t ions  
processes .  Protactinium h a s  an extreme tendency 
to  hydrolyze, and present  knowledge d o e s  not 
permit liandling i t  reliably above t race  concen-  
t ra t ions in  most chemical  systems.  Studies  based  
largely on so lvent  extraction and ion exchange 
methods h a v e  been conducted i n  both sulfur ic  
ac id  and hydrochloric acid solut ions.  However, 
the major effort during the  p a s t  year  was diverted 
from fundamental s t u d i e s  to the  purification of 
about 40 g of 231Pa that w a s  borrowed from Eng- 
land for u s e  in  preparing 2 3 2 U .  T h e  2 3 2 U  is 
being used for nuclear  cross-sect ion measurements 
as part of t h e  Tripar t i te  Nuclear Cross-Section 
Program. 

Recovery of protactinium for return t o  England 
i s  complete. Approximately 39 g of 231Pa w a s  
recovered and h a s  been shipped. Several potential. 
p r o c e s s e s ,  including both solvent  extract ion and 
ion exchange,  were s tudied and partially devel-  
oped,  but t h e  conventional process  involving anion 
exchange from t h e  hydrochloric acid-hydrofluoiic 
acid sys tem w a s  u s e d  for t h e  actual  separat ion.  

Fol lowing separat ion of t h e  2 3  'U, the  protac- 
tinium w a s  contained in  about 8 l i te rs  of HC1-HF 
solut ion,  which w a s  s tored for over a year  to 
permit decay  of 2 3 3 P a  and some f i ss ion  products. 
Important contaminants  included 2 3  'U, "*Th, 
and other  daughter ac t iv i t ies ,  f iss ion products, 
and niobium, which was present  as an impurity 
in  t h e  original material. P r o c e s s i n g  w a s  carried 
out i n  a hot  cell in  the  High Level  Radiation 
Analytical Fac i l i ty ,  P3uilding 3019. 

T h e  purification process  was based  on loading 
protactinium on  a n  anion exchange resin from 

HC1-HF solut ion in  which the  fluoride h a s  been 
complexed with boric acid. 'The r e s in  w a s  Dowex 
1-X8 (50 to 100 mesh)  and t h e  feed composition 
w a s  9 h' HCl-0.2 to  0.3 M H F ,  sa tura ted  with 
boric acid.  T h e  protactinium w a s  eluted from the  
resin with HC1-HF solut ions,  and the  protactinium 
products  were precipi ta ted with ammonium hydrox- 
ide,  filtered, washed,  and finally igni ted to  the  
oxide. 
The total  amount of protactinium recovered was  

approximately 39 g (probably iP g), which w a s  ob- 
ta ined i n  three products  (Table  9.1). Product  A re-. 
sul ted from elut ion of a column on which t h e  prot- 
actinium loading w a s  incomplete (due to insuff ic ient  
boric ac id  to  complex t h e  fluoride completely), and 
i t  contained remarkably l i t t l e  niobium. T h e  s i l icon 
and calcium impurities are  bel ieved to have  been 
introduced with the  ammonium hydioxide u s e d  for 
precipitation. Product  B resul ted fr01i1 elution of 
a column on which the res t  of the  protactinium 
had been loaded quantitatively, and i t  contained 
appreciable  amounts of niobium. Product  C was 

recovered from various liquid and sol id  w a s t e s  
that had accumulated during the  '' 2U program, 
and i t  is the  least-pure fraction. 

A major difficulty during t h i s  work resul ted frou 
s o l i d s  that  appeared i n  t h e  var ious solutioris, 
leading i n  many cases to reduced flow or plugging 
of the  ion exchange  column. In some cases a 

white sol id  appeared in  HC1-HF product solut ions 
af ter  s tanding  for severa l  days .  It redissolved 
upon addition of boric  ac id  and appeared to  follow 
protactinium thiough the  ion exchange cyc le .  
Analys is  of t h i s  inaterial showed only aluminum 
and s i l icon .  

Pr ior  to  t h e  protactinium recovery, some scout-  
ing  t e s t s  were undertaken to  inves t iga te  the  

216 
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T a b l e  9.1. Ana ly t ica l  D a t a  Summary for 231Pa20, Products 

Product 

Weight, i: 

A 

22.45 

P a  content,a g 

N b / P a  y ratio (February 1964)b 

Spectrographic ana lys i s  

Ca a s  oxide, 7 0  

Si as  oxide, yo 

Nb a s  oxide, % 
A I  as oxide, 70 

Radiation a t  contact,  r /h i  

January 1964 

AKJd 1964 

8.9 

0- 

0.75 

0.7 

0. lC 

B 

22.57 

16.5 

4 x  10-2 

2.1 
1.3 

3.1 

N.rLd ‘“2.4 

3.7 
5.0 

6.2 
6.9 

C 

6.70 

2.83 

2-45 

4-13 

1-4 
2 -7 

1.3  

‘Rased on specif ic  act ivi ty  of 5.28 x l o7  counts rnin-l rng-l. 

bRatio of 0.75- and 0.3-Mev gamma peak heights.  

‘Estimated from relat ive content of f iss ion product Nb. 

“Not detected.  

Beta  ana lys i s  indicated that Zr-Nb activity w a s  ? 80% Nb. 

appl icabi l i ty  of a l te rna t ive  procedures, compared 
with t h e  u s u a l  HC1-HF anion exchange method 
that  had been u s e d  in  t h e  pas t .  T h e  contaminants  
of primary concern were niobium (an impurity i n  
the matcrial orj ginally obtained from UKAEA); 
2 3 ? U  (from t h e  irradiation); its daughter  228Th;  
and aluminum (used  t o  c a n  t h e  protactinium during 
irradiation). T h e  2 3 2 U  w a s  readily removed by 
p a s s i n g  t h e  I1C1-HF solut ion containing t h e  ‘Pa 
through a Dowex 1 res in  column, and t h i s  w a s  
used  as  the  f i r s t  s t e p  of the  process .  Aluminum 
w a s  e s s e n t i a l l y  e l iminated by us ing  boric a c i d  
to  complex t h e  fluoride ion i n s t e a d  of us ing  AlCl,, 
which had been  u s e d  i n  most of t h e  p a s t  work. 
Were some boric  a c i d  to  follow t h e  protactinium 
into t h e  product solut ions,  it could b e  removed 
by volat i l izat ion from t h e  protactinium oxide  by 
adding methyl a lcohol  and heating. 

Thorium does not load  on  Dowex 1 resin from 
high concentrat ions of IlCl (or HCl-IIF-H,BO, i n  
this case) ,  but protactinium d o e s  load, and t h i s  
i s  t h e  b a s i s  of the  u s u a l  separat ion,  An al terna-  
t ive procedure w a s  developed to s e p a r a t e  protac- 
tinium and thorium b a s e d  on di lut ing t h e  IICI-€IF 
feed solut ion with water  to reduce the hydrochloric 
a c i d  concentrat ion to  about  2 N ,  complexing t h e  
fluoride ion with boric a c i d ,  and p a s s i n g  t h e  
solut ion through a ca t ion  (Dowex 50) res in  column. 

In tests of t h i s  procedure, thorium loaded quan- 
t i ta t ively on  t h e  column and protactinium p a s s e d  
through. There  w a s  no separat ion of protactinium 
from niobium s i n c e  it also p a s s e d  through t h e  
co lum n. 

T h e  most diff icul t  separat ion is tha t  of niobium 
from protactinium. It w a s  found that  some sepa-  
ration could b e  obtained by e lu t ing  protactinium 
from Dowex 1 resin with 8 N HC1-0.2 N HF; t h e  
separa t ion  apparent ly  improved with decreas ing  
IIF and increas ing  HC1 concentrations. In o n e  
t e s t  with ”Nb tracer, more than 95% of t h e  prot- 
actinium w a s  eluted with 8 N HCI-0.2 N ttF 
before niobium could b e  de tec ted  in  the  eluate .  
It w a s  a l s o  observed,  both during development 
work and during processing,  tha t  whenever prot- 
actinium loading on the  resin w a s  incomplete  
(due to  low HCI concentrat ion or insuff ic ient  
boric  a c i d  to complex the  fluoride), t h e  e lu ted  
product contained relat ively l i t t l e  niobium impurity. 

During both t h e  p r o c e s s  development and t h e  
ac tua l  process ing  of t h e  231Pa, there  w a s  never  
any ev idence  for i r revers ible  formation of prot- 
actinium s p e c i e s  tha t  would not load  on  t h e  
resin. When poor loading  of protactinium w a s  
observed,  t h e  addition of boric  ac id  and/or hydro- 
chlor ic  a c i d  invariably resul ted in  a bet ter  than 
99% loading subsequent ly .  T h i s  observat ion 
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inc ludes  c a s e s  in which so lu t ions  containing 
more than 1 g of protactinium per l i ter  and e x c e s s  
boric acid were s tored for weeks  before proc- 
ess ing .  It i s  not c l e a r  whether the  poor protac- 
tinium loading observed in  some cases w a s  the  
resul t  of t h e  formation of inextractable  s p e c i e s  
or the  resul t  of the  extract ion coeff ic ient  be ing  
too small  b e c a u s e  of poor control of p r o c e s s  
condi t ions.  Whatever t h e  reason,  in  every c a s e  
t h e  protactinium w a s  made extractable  by addition 
of boric a c i d  and hydrochloric acid.  In s o m e  
cases i t  was necessary  to ra i se  the  hydrochloric 
acid concentrat ion substant ia l ly  above 8 N ,  a 

value often used  i n  t h e  pas t .  In the range 9.5 to 
10 .5  N ,  quant i ta t ive loading w a s  always observed.  

9.3 PRQTACTlNlUM %HE 
SULFURlC ACID 

Study of t h e  extract ion of protactinium from 
sulfuric ac id  so lu t ions  h a s  continued, with e m -  
p h a s i s  on t h e  i n c r e a s e  i n  extract ion with increas-  
ing protactinium concentration. T h i s  behavior 
w a s  descr ibed  l a s t  y e a r '  for the  extract ion of 
protactinium from 5 N H,SO, with both trilauryl- 
amine and Dowex 1 resin. 

'The extract ion of protactinium from 8,1 N H,SO, 
with. 0.03 N trilaurylamine i n  diethylbenzene 
(Fig.  9.1). demonsf rated a somewhat more conipli- 
ca ted  behavior than that  reported for 5 N acid.  
At low protactinium concentrat ions,  the  concen-  
tration of extracted protactinium i n c r e a s e s  ap- 
proximately linearly with the  concentration rena in-  
ing in  t h e  aqueous  phase;  t h u s  the  extract ion 
coeff ic ient  is nearly constant ,  lying between 
4.2 and 4.5.  At high Protactinium concentrat ions,  
the  extract ion coeff ic ient  is inversely proportional 
to  the  1/3 power of t h e  aqueous  protactinium 
concentration. Between t h e s e  two l inear  port ions 
of the  curve there  i s  a sharp increase  in extract ion 
with a very small  i n c r e a s e  in t h e  aqueous  prot- 
actinium concentration. Distribution measure- 
ments  a long t h e  l inear  port ions of t h e  curve re- 

mained unchanged for equilibration per iods between 
1 and 21  days.  However, the  s t e e p  portion of 
t h e  curve  (F ig .  9.1) moved substant ia l ly  to  t h e  
lef t  (i.e., lower aqueous  protactinium concen-  
tration) for measurements  made a t  12 and 21  d a y s  
compared with measurements  af ter  only 1 day. 

A s imilar  s e t  of experiments  with a 6.6 N H,SO, 
aqueous phase  indicated greater extract ion 

than tha t  from ei ther  5 or 8 .4  N acid.  T h e  ex-  
traction coeff ic ient  increased  s l ight ly  (from 12 
to  16) with aqueous  protactinium concentration in  
the low concentrat ion range; i t  increased  sharply 
at about 2 x l o 5  a lpha  counts  min" ' ml-' con- 
centrat ion in  the  aqueous  phase ,  and,  a t  higher 
concentrat ions of protactinium, t h e  extract ion coef-  
f ic ient  w a s  aga in  nearly cons tan t  (80 to  100). 
T h e  experimental resu l t s  are subjec t  t o  a larger 
uncertainty in  t h i s  s e r i e s  of experiments  than in 
the  others  because  of sampling difficulties. 

T h e  distribution behavior i n  t h e s e  experiments  
is rather unusual ,  and the  explanat ion of i t  is 
only tentat ive.  Distribution curves  obtained for 
any one  a c i d  concentration, such  a s  8.4 N Ii,SO, 
(Fig.  9.1), a r e  reasonably cons is ten t  with a mech- 
anism involving t h e  formation of one  or more 

2 x {o3 
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fairly s m a l l  polymers of protactinium. T h e  effect act ivi ty  of 'U was  determined with high-purity 
of changing the aqueous a c i d  concentration is a samples  produced by the neutron irradiation of 
further complication, s i n c e  extract ion a t  the  low 2 3  'Pa. Calorimetric measurement of the  heat-  
protactinium concentrat ion is higher from 6.6 evolution rate  and alpha counting were used.  T h e  
N sulfur ic  ac id  than from e i ther  5 or 8.4 N acid.  average value obtained by t h e s e  two methods 
A great  dea l  more information will  b e  required was  4.77 x 10" d i s  min - '  mg-' ,  which cor- 
to permit a firm explanat ion of t h i s  behavior. responds to a half-l ife of 71.7 t 0.9 yea r s  a t  an 

est imated 95% confidence level .  

9.4 SPECIFIC ACTIVITY OF 232u 
In collaboration with personnel  of the  Chemistry '3 .  M. Chilton et a!. ,  J .  Inorg. Nucl .  Chern. 26,  

and Analytical  Chemistry Divis ions,  the  spec i f ic  395-99 (1964). 



1 a ffects on Catalysts 

The s tudy  of the  e f f e c t s  of radiation on sol id  
c a t a l y s t s  w a s  continued by us ing  the  vapor-phase 
decomposition of formic acid as the t e s t  reaction. 
T h e  microcatalytic-chromatographic technique '  w a s  
used ,  and the act ivi ty  and se lec t iv i ty  of copper ,  
nickel ,  s t a i n l e s s  s t e e l ,  s i l i c a  gel ,  act ivated 
alumina, ZnO, UO,, T h o , ,  s i l ica--alumina,  and 
chromia-alumina were s tudied before and af ter  be ta  
irradiation. T h e  beta  rays  were suppl ied by a n  
80-cui ie  "Sr- soiirce e s p e c i a l l y  des igned  for 
t.his program. Trans ien t  e f fec ts  due to i r radiat ion 
were found with s i l i c a  gel ,  ZnO, and UO,. No 
permanent effects were found in any  case. 

Progress and Status 

T h e  s tudy  of the  effect  of be ta  radiat ion on 
c a t a l y s t s  for the decomposition of formic ac id  w a s  
concluded,  and at tent ion wi l l  now be  turned to  
an invest igat ion of energy transfer phenomena 
between s o l i d s  arid adsorbed mater ia ls  i n  a radia- 
tion f ie ld .  

Experimental Work 

Design of the Equipment. - 'The radiation source  
used in t h e s e  s t u d i e s  conta ins  80 cur ies  of 
"SrTiO, in the  foriii of a d i s k  approximately 2 c m  
in  diameter  and 4 mm thick.  T h i s  d i sk  is enczp-  
su la ted  in  a s t a i n l e s s  s t e e l  containei  having  a 

5-nril-thick s t a i n l e s s  s t e e l  window which is i n  
turn held i n  a lead sh ie ld ,  with the  window fac ing  

up. '4 s l id ing  drawer in  the lead  sh ie ld ,  operated 

~~~~ .~ 

'R. J. K o k r s ,  H. 'robin, Jr.. and P. H. E m m c t t ,  J .  Am. 
Chern. SOC. 77, 5860 (1955). 

by a cran!;, a l lows  posi t ioning of the  c a t a l y s t  
holder direct ly  above the  source  window (Fig. 
10.1). T h e  c a t a l y s t  holder, a l s o  of stainless 
s t e e l ,  h a s  a 2.5-mil-thick window 011 the  bottom 
to allow the  en t rance  of the be ta  par t ic les ,  a 
thermocouple wel l ,  a n  e lec t r ic  heater ,  and g a s  
in le t  and out le t  l ines .  T h e  wires  and l i n e s  are 
brought out of t h e  sh ie ld  through an offset  channel  
i n  the s l id ing  drawer. 

Dosimetry. - T h e  d o s e  rate  (due primarily to 
the  energe t ic  be ta  par t ic les  emitted f rom 'OY, 
which is i n  equilibrium with the "Sr) was meas- 
ured by the  reduction of a Ce(1V) solut ion in a 
gold-foil cup. A value  of 4.45 x 1OI8 e v  min- '  
rnl-.' was  obtained. T h e  absorption in the  P-mil- 
thick gold foil should not be  much different from 
that  in  2.5 m i l s  of s t a i n l e s s  s t e e l ,  so the  d o s e  
rate  ins ide  the  c a t a l y s t  holder shoiild be  about  
t h e  s a m e .  Attempts to measure t h e  d o s e  rate  
i n s i d e  the c a t a l y s t  holder direct ly  by us ing  
NaCOOH solut ions '  gave lower and highly e r ra t ic  
resu l t s ,  probably b e c a u s e  of difficulty in ana-  
lyzing €or t h e  very smal l  to ta l  amount of oxa la te  
ion produced. 

Retnction Rate Measurements. -- Method. .- T h e  
c a t a l y s t s  were placed in  the  ca ta lys t  holder as  
pressed  porous d i s k s ,  i n  the  case of the  metals ,  
and as  30- to  49-mesh granules, in  the  case of 
the oxides .  T h e  holder w a s  mounted in  the  s l id ing  
drawer and brought t o  about 20OOC in a s t ream of 
helium carrier gas .  Then  a "slug" of helium, 
saturated a t  room teiuperature with IICOOH, w a s  
introduced in to  t h e  carrier s t ream by t h e  operat ion 
of a linea: va lve  of the  type used  to in jec t  saiiiples 
into a g a s  chromatograph. T h e  WCOOH w a s  
carried over t h e  ca ta lys t ,  through a cold t rap t o  
remove iunreacted HCOOH and water ,  and i n t o  a 

T. J. Hardwick and W, S. Fuentner,  J -  P h y s .  Chem. 2 

63,  896 (1959). 
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Fig. 10.1. Eighty-Curie Beta Radiation Source. 

g a s  chromatograph for a n a l y s i s  of CO and CO,. 
This procedure w a s  repeated at s e v e r a l  tempera- 
tures ,  after which the  sys t em was cooled and 
s tored under a s l ight ,  posi t ive helium pressure .  
After the sys t em had stood overnight,  t h e  measure- 
ments were  repeated t o  see i f  s torage,  use ,  or 
thermal cyc l ing  had affected the  c a t a l y t i c  act ivi ty .  
Then the  sample  was  cooled and placed in the 
sou rce  for an overnight irradiation, and the  m e a s -  
urements were repeated. T h e  sample  w a s  then 

given a 2- to %day irradiation, and the ca ta ly t ic  
ac t iv i ty  w a s  again measured a t  var ious tempera- 
tures .  In  t h e s e  experiments,  the ca ta lys t  w a s  
removed from the  radiation field before the meas-  
urements were made. Measurements were made 
of the  ca ta ly t ic  act ivi ty  i n  the p re sence  of the 
radiation field, but n o  e f fec ts  were found in  any 
of t h e s e  c a s e s .  

Results.  - T h e  resu l t s  obtained for the unirradi- 
a ted oxide c a t a l y s t s  are given i n  T a b l e  10.1, 
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They are ,  i n  general, in  agreement with r e s u l t s  
reported i n  the  l i terature .3  No effect  of radiat ion 
w a s  found for the  chromia-alumina, s i l ica-alumina,  
thoria, or act ivated alumina. For thoria and 
act ivated alumina, the  ex ten t  of decomposition of 
HCOOI-I was only s l igh t ly  greater i n  the  presence  
of the  c a t a l y s t  than in i t s  absence ,  n e c e s s i t a t i n g  
a l a rge  correction; so  the  resu l t s  can  only b e  
considered semiquant i ta t ive.  T h e  e f f e c t s  of over- 
night irradiation on s i l i c a  gel ,  ZnO, and IJO, a r e  
shown by the  triangular points  in F i g s .  10 .2 ,10 .3 ,  
and 10.4 respect ively.  In a l l  c a s e s ,  the  effect. 
observed w a s  a temporary i n c r e a s e  in t h e  rate  of 
the minor reaction: dehydrogenation i n  the case 
of silica gel  and UO, and dehydration i n  the 
case of ZnO. IJpon u s e ,  t h e  radiation-induced 
act ivi ty  decl ined as  indicated by the dashed  l ines .  
For UO, and ZnO, the  act ivi ty  dropped below i t s  
original value and became undetectable  a t  the 
lower temperatures. For s i l i c a  gel ,  the  act ivi ty  
returned t o  its original level .  T h e  second,  and 
longer, irradiation restored the  original ac t iv i ty  
to ZnO and enhanced the  act ivi ty  of s i l i c a  gel 
and U 0 2 ,  as shown by the square  points  in  F igs .  
10.2-10.4. Whether even higher radiation d o s e s  

3P. Mars, J. J. F. Scholten, and P. Zweitering, “The  
Catalyt ic  Decomposition of Formic Acid,P’ p. 35 i n  
Advances in Cata lys i s ,  vol. 14, Academic, New York, 
1963. 

would give greater enhancement w a s  not deter-  
mined. 

T h e  s tudy  of t h e  metal  c a t a l y s t s  copper  and 
nickel  w a s  complicated by the  fact that the  re- 
act ion products poison the  ca ta lys t s ,  and the 
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S i 0  , -A 1 O3 

u02 

S i 0  (s i l ica  gel) 

.41,03 

ZnO 

Cr20,-A1,0, 

Thoz 

2 

......... ......... .- 

I\, 0 0.4709 375 99 + 
1.0255 6.8 97 3 

0.6100 210 87 13 

1.2928 126 67a 33a 

0.5499 25.7 6 94 

1.0722 71 -0 99 t 

2.0393 2 8  b b 

19.1 

29.1 17.4 

20.5 28.3 

25a l S a  

26.8 17.4 

6.9 

16a b 

......... ......... 

aCatalyst  not v-ry active. 

bData badly scat tered for dehydrogenation reaction. 

Precis ion very poor. 

Values  could not be calculated.  



223 

UNCLASSIFIED 
O W L - D W G  64-3?84 

! .......... .L J._.- . I J 
1.R5 1.90 1.95 2 0 0  2.05 2.10 2.15 2.20 

'OOn/~ (0  K) 

Fig.  10.3. The Effect of  Beto Radiat ion on t h e  Dc- 
composit ion of Formic  Ac id  on Zinc Oxide. 

exten t  of rpaction became a function of the  t ime 
between in jec t ions  of tIC6X)FI vapor as well as 
of temperature. As well as  could b e  determined,  
h o ~ e v e r ,  110 radiat ion e f f e c t s  occurred. 

Measurements made with the s t a i n l e s s  steel 
container  alone (needed to priavide cor rec t ions  
to t h e  measurements  made on the various c a t a l y s t s )  
showed i t  t o  b e  :I qui te  elkclive c a t a l y s t ,  con-  
s ider ing the fac t  that only a few square  cenii- 
meters  of sur face  was exposed .  T h e  react ion w a s  
about 84% dehydrogenation and 16% dehydrat.ion, 
with apparent  act ivat ion energ ies  of 22.8 and 

1.85 4.90 1.95 2.00 2.05 2 1 0  2.15 220 

10oO/r (OK i 

Fig.  10.4. The Effect  of Beta Radiation on the De- 

2 '  
composi t ion  of Formic Acid on Ut3 

24.6 kcal/mole respect ively.  There wa:; no ir- 
radiation effect .  

Cans !US ions 

Ecta radiat ion c a n  induce changes  in s o m e  oxide 
c a t a l y s t s  for the decomposition of IICOOII. T h e  
changes  found were a lways t ransient  incrcases 
in  the ca ta ly t ic  act ivi ty  for the minor inode of 
reaction. The m i c r o c a t a l y t i c : - c h P o m ~ ~ [ ~ ~ r a ~ ~ ~ ~  tech-  
nique, coupled with the "Sr 'OY beta soiirce 
designed for u s e  in  this. s tudy ,  provides a rapid 
method for s c a n n i n g  ieactant-catalyst  sys t ems  for 
possible useful  radial ion e f f e c t s  



11. High-Temperature Chemistry’ 

T h e  purpose of th i s  program is to develop and 
exploi t  various spectrophotometric techniques for 
s tudying  the  properties of aqueous so lu t ions ,  
primarily of uranium, transuranium, rare-earth, and 
transition-group elements. T h e  principal effort is 
directed at  construct ion of a spectrophotometer 
that c a n  b e  used  to  s tudy spec t ra  of t h e s e  ele- 
ments  in solut ions up to  33OoC. 

11.1 HIGH-TEMPERATURE, HIGH-PRESSURE 
OTOMETER SYSTEM 

T h e  program f o r  the  absorption spectrophoto- 
metric s tudy  of aqueous solut ions a t  high tempera- 
ture and high pressure h a s  been d i s c u s s e d  in  
recent reports. ’-‘ A high-pressure, high-tempera- 
tiure spectrophotometer has. been e s p e c i a l l y  de-  
s igned  for the Laboratory under subcontract  by the  
Applied P h y s i c s  Corporation (APC) of Monrovia, 
California. ‘l’he design i s  s u c h  that ,  ultimately, 
soltit ions  containing high l e v e l s  of alpha-radio- 
ac t ive  e lements  of in te res t  i n  heavy-element 
cheniistry c a n  be  studied. T h e  high-temperature, 
high-pressure spectrophotometer sys tem will per- 
m i t  the  s tudy  of the solut ion chemistry behavior, 
reaction kinet ics ,  and spec t ra  of elements  and 

‘Joint program viith the Analytical Chemistry Division. 

‘F. I.. Culler e l  a l . ,  Chem. Technof. Div. Ann. Pro&. 

3AnaI. Chem. Div. Ann. Pro&. Rept .  N o v .  1.5, 1963. 

4R. E. Biggers and R. Eno, “The Design and De- 
velopiiient of a Spectrophotometer System for Optical 
Measurements on Liquids  a t  High-Temperatures and 
High-Pressures”; presented at the Symposium on High 
Ternperzturc Solution Chemistry, 141st niee ting of the 
American Chemical Society. Washington, D.C., March 
20-24, 1962; and a l so  at t h e  Symposium on Molecular 
Structure and Spectroscopy. Department of Physics and 
Astronomy, Ohio State  University, Columbus ,  June 
11-15, 1962. To be published. 

Rept .  May 31, 1963, ORNL3452.  p. 213. 

OKNL-3537, pp. 39-45. 

s u b s t a n c e s  i n  solut ion up to  a t  l e a s t  330°C. ?‘he 
sys tem wil l  be  operable  at pressures  t o  a t  l e a s t  
5000 p s i  with t h e  highly radioact ive solut ions.  

During t h i s  report period, the prototype high- 
tempeiature, high-pressure spectrophotometer c e l l  
that  w a s  constructed for ORNL by APC h a s  been 
given a s e r i e s  of t e s t s  ut i l iz ing various s e t s  of 
sapphire  windows that were made for the c e l l  by 
the Linde  Company; both c-axis (0”) and 60° win- 
dows were  used  in the t e s t  s e r i e s .  T e s t s  made 
here  showed tha t  the  sapphire  wi.ndows made by 
Linde  conform t o  our specif icat ioi is  for sur face  
f inish and f la tness .  The  prototype c e l l  h a s  been 
subjec ted  to  operating and assembly procedures, 
and i t s  performance h a s  been evaluated a t  350OC 
and 5000 psi. A leak-rate spec i f ica t ion  of not 
more than 1 pl of water  per hour from t h e  pres- 
sur ized end chambers  of the  ce l l ,  a t  the maximum 
condi t ions of temperature and pre.ssure, w a s  im- 
posed t o  permit ultimate operation with high l e v e l s  
of a lpha  radioactivity. 

A number of dimensional measurements and inter- 
ferometric f l a t n e s s  and  f inish measurements of the  
c e l l  and a l l  of i t s  components were made in order 
to  verify conformity to  design. Some of the meas- 

urements were made a s  a function of pressu ie  up t o  
5000 psi .  As a resul t  of these  t e s t s ,  s e v e r a l  minor 
changes  were made in  t h e  c e l l  design.  

A new spr ing  was  designed for loading t h e  inne r  
IHaskel seals of the cel l .  T h e  spr ing  must develop 
approximately 200 l b  of force, a t  400°C, within a 
to ta l  l inear  s p a c e  of 0.240 in., and with a very 
s m a l l  def lect ion of approximately 0.020 in. T h i s  
requirement w a s  met with a Bel lvi l le  type of 
spring. Four s u c h  spr ings  were designed and con- 
s t ruc ted  from 17-4-PH precipitation-hardened s ta in-  
less s t e e l .  Cal ibrat ions a t  room temperature con- 
firmed the design,  and the  spr ings  have been 
tes ted  a t  full temperature and pressure;  they per- 
form according to  design specif icat ions.  
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T h e  des ign  of the window mounting p la te  w a s  
changed,  and the th ickness  w a s  increased  con- 
s iderably,  to provide one tha t  wil l  withstand t h e  
temperature and pressure  requirement without flex- 
ing  begond a tolerable  limit. In t e s t s  carr ied out 
during t h i s  p a s t  year ,  i t  w a s  found that, a t  e le-  
vnled-temperature operation, flexure of the  thinner 
plate:; led to a condition in which the  sapphi re  
window:; w e r e  unsupported near  their cen ters  and 
were subjec ted  to very high s t r e s s e s .  T h e s e  
s t r e s s e s  c;ln e x c e e d  the rupture s t rength of 
sapphi re ,  and sapphi re  windows have ,  on occas ion ,  
fractured. 

One of the  purposes  of this  program is to develop 
and exploi t  var ious si)ectrophotometric techniques  
for s tudying  the propert ies  and react ions i n  
aqueous  so lu t ions ,  primarily o f  uranium, t h e  higher  
transuranium, rare-earth, and other  transition-group 
elements .  A Cary model 14 CMR spectrophotometer 
sys tem i s  now fully equipped for routine s p e c t r a l  
s t u d i e s  of so lu t ions  up to about  97"C, us ing  
e s s e n t i a l l y  convent ional  equipment. T h e  prtts- 
sur ized,  c i rculat ing,  closed-loop s y s t e m  and 
instrumentation h a s  been ins ta l led  and is be ing  
readied for operation a t  temperatures  beyond 
100"C, tip to approximately 150 to 17S'C. 

Work w a s  s ta r ted  on s t u d i e s  6f the  environmental 
effect  of ionic  s p e c i e s  (cornplexing ions)  and  
temperature on the  spec t ra  of U(VI) s y s t e m s ,  be- 
ginning with uranyl ion in  perchlorate  s y s t e m s  zit 
fixed ionic  s t rengths  in both light and heavy water. 
Prel iminary experiments  were carr icd out at 1 M 
HCL04 and an ionic st rength of 3.0 over the tern- 
perature  range 25 to 9S"C. 'The experimental  
var iab les  of in te res t  a r e  temperature, U(VI) con- 
centrat ion,  acidi ty ,  and heavy-wat.er e f f e c t s  (sol-  
vent  isotope effects) .  'The e f fec ts  of su l fa te  and 
ni t ra te  ions  as complexing ions  wil l  be s tud ied  
subsequent ly ,  Studies  a t  temperatures fiom t h i s  
point to  t h e  vicinity of t h e  c r i t i ca l  point  wil l  h a v e  
to awai t  completion of the high-temperature, high- 
pressure  spectrophotometer sys tem.  

A l l  t h e  work is be ing  performed in s e r i e s  of 
experiments  a t  invariant ion ic  s t rength,  insofar  as  

th i s  i s  poss ib le .  'The work has been  extended into 
the region of low acjdi ty ,  where hydrolysis  i s  an 
important effect .  All the experimental spec t ra l  

d a t a  are be ing  obtained, digi t ized,  and punched as 
IRM card d e c k s ,  s imultaneously with the  s t r ip-  
char t  spectral-data  output.. Smoothing, resolution, 
a n a l y s i s  o f  react ing s y s t e m s ,  and other  types of 
a n a l y s i s  of the da ta  will, for the tnost part, b e  
carr ied out  with computer techniques  and programs 
that  we  h a v e  been developing. T h e  spectrophotom- 
e t e r  d ig i ta l  d a t a  output systern h a s  been  d i s c u s s e d  

'The uranyl ion exhib i t s  14 absorpt ion bands  
in  t h e  region 3300 to 5000 A. A change  in  the 
ionic  s t rength from 2 t o  3 d o e s  not affect  the 
absorpt ion of 0.01 M uranyl solut ion a t  1 iM WCI04. 
There  appear  to b e  s m a l l  c h a n g e s  in the absorpt ion 
s p e c t r a  between an ionic  s t rength o f  1 t o  2. An 
ionic: s t rength of 3 h a s  been  s e l e c t e d  for the ini t ia l  
s t u d i e s .  \Ye have  observed no s igni f icant  changes  
i n  t h e  absorpt ivi ty  of 0.01 M uranyl ion a t  an ionic 
s t rength  of 3.0 when the  acidi ty  is changed  from 
1 iW to 3 iW HC10,. 'These experiments  in  per- 
chlor ic  media a r e  being carr ied out to serve as 
reference measurements for subsequent  work on the  

of so lvent  and temperature on the  complexa- 
tion of uranyl ion  by sulfate ,  ni t ra te ,  and  other  
ions.  

Several  s e r i e s  of measurements have  now been  
made on s toichiometr ic  so lu t ions  of uranyl per- 
ch lora te  (no e x c e s s  acid), on  so lu t ions  containing 
e x c e s s  ac id ,  and on so lu t ions  which were  ex- 
tens ive ly  hydrolyzed. E a c h  solut ion w a s  s tudied  
over t h e  temperature range 25 t o  95°C for e a c h  
change  of t h e  experimental variable. 

T h e  effects of ac id  and temperature on t h e  
spec t ra  of the  uranyl solut ion a re  qui te  marked. In 
many cases, s imilar  r e s u l t s  a r e  obtained with 
ei ther  a n  increase  in  a lkal ini ty  or a n  i n c r e a s e  in 
temperature, T h e  molar absorptivil.ies increased  
as the bas ic i ty  or t h e  temperature increased.  
Solut ions of 0.01 M UC)2(C10,)2 precipi ta ted 
immediately when the LJ(V1j t o  OH ratio w a s  
greater than 1.1 a t  25"C, and within 24 hr when 
the rat io  w a s  1.0. With a ratio of 0.9, the  0.01M 
uranyl so lu t ion  precipi ta ted at approximately 
60°C. At a rat io  of 0.7, the solut ion precipi ta ted 
at approximately 95°C. T h e  molar absorp t iv i t ies  
changed very l i t t l e  with acid concentrat ion in  the  
range 2.5 to 0.1 M HC104, however. Work a t  
uranyl ion concentrat ions up to  about  0.8 M is in 
progress. It h a s  been observed tha t  at high uranyl 
perchlorate  concentrat ions,  there is a s l o w  ap- 
proach to  equilibrium when the temperature is 

ra i sed ,  even  i n  the  presence  of e x c e s s  acid.  T h e  

previously. * *  
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magnitude of the effect  i s  surpr is ing,  and i t  will 
be s tud ied  further. 

T h e  a n a l y s i s  of data  f rom spectrophotometric 
s t u d i e s  h a s  continued. An object ive of t h i s  work 
was to determine the k ine t ics  of the polymerization 
and depolymerization of Pu(1V) and the propert ies  
of Pu(1V) polymer in  solut ion under condi t ions of 
acidi ty ,  temperature, and solut ion composition en- 
countered in fuel  processing. An internal  mem- 

orandum on the  plutonium work w a s  re i ssued  for 
6 

external  distribution. Preliminary 
by approximation methods have  been 

Polymcr i ia t ian  and Precipitation 

d a t a  a n a l y s e s  
summarized. 7 

Behavior of 
Pv(IV) in  Acid Nitrate Media 

The recovery of plutonium from irradiated nuclear  
fuels  by aqueous process ing  methods normally in- 
volves  dissolut ion of the fuel in ni t r ic  a c i d  
followed by solvent  extract ion or ion exchange 
purification of tetravalent plutonium from the  
ac id  ni t ra te  medium. Ilydrolysis and subsequent  
polymerization of the te t ravalent  plutonium c a n  
c a u s e  difficulty because  polymeric plutonium is 

neither extracted by usual  s o l v e n t s  nor sorbed on 
ion exchange resins .  In addition, increas ing  t h e  
temperature of the col loidal  polymer c a u s e s  i t  to  
precipi ta te  if t h e  temperature e x c e e d s  a c r i t i ca l  
value for any given polymeric solution. Precipi ta-  
tion could resul t  in se r ious  cr i t ical i ty  prohlems, 

In collaboration wi th  D. A. Costanzo,  Analytical 
Chemistry Division. 

‘K. I?. Biggers and D. A. Costanzo, Hazards and 
Experimental Evaluation for: Studies  on the Polymeri- 
zation and Hydrolysis of Plutonium in IJranyl Nitrate 
Acid  Solutions at Elevated Z’emperafures, ORNL-‘TM- 
580 (May 22, 1963). 

’D. A. Costanzo and R. E. Biggers, A Study of the 
Polymerization, Depolymerization and Precipitation of 
Tefravalent  Plutonium a s  Functions of Temperature and 
Acidi ty  b y  Spectrophofoniefric Methods: Preliminary 
Report, ORNL-TM-585 ( J u l y  1, 1963). 

5 

and inadequate  extract ion or sorption could resul t  
in  l o s s  of plutonium t o  process  w a s t e  s t reams.  T h e  
present  work w a s  undertaken t o  provide more ex- 
tens ive  d a t a  on the k ine t ics  of polyiilerization of 
plutonium in ac id  nitrate media. 

The polymerization of Pu(1V) w a s  s tudied  a s  a 

function of plutonium and nitric ac id  concentra- 
t ions and of temperature. T h e  disproportionation 
of Pu(IV) and the  oxidation of Pu(1V) by ni t ra te  ion 
were also studied. Col loidal  polymer formation i s  
favored by a n  increase  in  plutonium concentrat ion,  
by temperature, and by a d e c r e a s e  in acidi ty .  
Temperature inarkedly increases  the rate and ex- 
tent  of polymer formation a t  any par t icular  acidi ty .  
Figure 11.1 s h o w s  t h e  concentration-time plot for 
the five-component plutonium systein in  0.06 M 
HNO, a t  25OC. T h i s  figure represents  one of the  
final resu l t s  of the computer a n a l y s e s  of the  
dynamic s p e c t r a l  da ta  of Sect. 11.4. T h i s  figure 
was  prepared as part of the  computer output for 
plotting on the Calcomp off-line plotter. Other 
types  of da ta  and p lo ts  obtained are d i s c u s s e d  
a l s o  in Sect. 11.4. Similar resu l t s  have been  
obtained for other  ac id i t ies ,  media, and ternpera- 
tures. 

For so lu t ions  containing ini t ia l ly  Pu(II1) and 
Pu(V1) resul t ing from t h e  rapid disproporiioriation 
of Pu(IV) a t  low acidi ty ,  the removal of Pu(1V) 
from solut ion by polymerization of the Pu(1V) re- 
versed the disproportionation reaction. T h i s  
effect is more pronounced t h e  lower the  acidi ty .  

? ?  
T h e  ef fec ts  of U 0 2 ( N 0 3 ) 2 ,  Al(NO,),, NaNO 
and N a F  on the  k ine t ics  of polymer formation in 
acid ni t ra te  media were a l s o  determined a t  low 
ac id i t ies  and a t  various temperatures. In the  
presence  of high concentrat ions of a nitrate s a l t ,  
the  col loidal  Pu(IVj  polymer precipitated. 

T h e  precipitation of “aged” Pu(1V) polymer by 
nitrate-containing e lec t ro ly tes  (e.g., HNQ,, 
A1(N03),, NaNO,, and LiNO,) was  s tudied as  a 
function of ni t ra te  ion concentration a t  25OC. (The  
term “aged” Pu(1V) polymer i s  applied to  polymer 
solut ions that have  s e t  for severa l  weeks  a t  room 
temperature or that  have been subjec ted  t o  boi l ing 
for 24 hr.) T h e  amount of polymer precipi ta ted in 
the ni t ra te  media reached a maximum a t  2 t o  3 hl 
nitrate and decreased  thereafter with an i n c r e a s e  
in ni t ra te  concentration. Precipi ta t ion did not 
occur  above  a ni t ra te  concentration of 4 M .  T h e s e  
s t u d i e s  show that  polymer formation and precipita- 
tion can  b e  prevented in reactor fuel process ing  by 
the proper control of conditions. 
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Fig. 11.1. Reoctions of Plutonium in 0.06 HN03 o t  25'C (Concentrotion-Time P l o t s  for the Five-Component 

System), Showing Disproportionation of Pu(lV) and Polymer Forrnotion. 

inet ics  o f  the Depolymerization of Polymeric 
Pu(IV) in  Acidic Nitrate Media and in the 

Presence of Cornplexing Agents 

T h e  work that  w a s  briefly summarized i n  the  
previous s e c t i o n  showed that  the  polymerization 
of Pu(IV) c a n  b e  very rapid. Experiments carr ied 
out  during the  ear ly  plutonium project work show 
tha t  the  depolymerization by increased  a c i d  con- 

centrat ion is very s low,  and d r a s t i c  condi t ions a r e  
required for t h e  depolymerization. In addi t ion,  
s i n c e  t h e  depolymerization is very s low a t  even 
high a c i d i t i e s ,  the solul.ions and prec ip i ta tes  re -  
quire  d r a s t i c  treatment before becoming s u i t a b l e  
for further processing.  

The  k ine t ics  of t h e  depolymerization of freshly 
prepared polymeric 13u(lV) t o  ionic plutonium have  
been s tudied  a t  a c i d i t i e s  from 1 t o  15 M H N 0 3 .  

As a typical  example, Fig.  11.2 shows the rate  of 
depolymerization of polymeric plutonium in 1 M 
IJNO,. T h e  d a t a  d o  not ind ica te  first-order de- 
polymerization kinet ics .  Figure 11.3 i s  a three- 
dimensional  sur face ,  represent ing the interrelated 
e f f e c t s  of react ion rate, time, and t h e  13' activity. 

T h e  r a t e s  of depolymerization of aged polymeric 
Pu(IV) were determined in S W I-IMO, and a t  e le-  
vated temperatures. In 5 M EINQ3, the  depolymeri- 
zat ion rate  is about five times s lower  than for 
freshly prepared polymer. A 600-fold increase  in  
ra te  w a s  observed for a 70" increase  in tempera- 
lure. Approxirriate act ivat ion energ ies  for t h e  
depolymerization of aged and fresh polymer were 
ca lcu la ted  t o  be 16.7 and 14.2 kcal  respect ively.  

T h e  e f f e c t s  of fluoride, su l fa te ,  and fluoride in 
t h e  presence  of a 4:l mole ratio e x c e s s  of alumi- 
num on t h e  depolymerization k ine t ics  were a l s o  
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Fig. 11.2. Concentrat ion-Time Curves for the Conversion of Freshly Piepored Polymeric Pu(Iv) to  Ionic Pluto- 
(a) Distribution between the various states during the 

react ion (tr iangular points show concentrations o f  various states a t  t = 0); ( b )  concentration-time 

nium in  1 M HN03 at 2s0@. 
depolymerination 

logarithmic p lot  for polymer, corrected for amount o f  ionic plutonium i n i t i a l l y  present (3%).  

Tota l  Pu, 7.448 x M .  
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F i g .  11.3. Three-Dimensional  Representation of the Depolymerizat ian Surface for Fresh Polymer ic  Pu(IV), 
Polymeric Pu(IV) Fract ion Remaining (C/C, ) #  Time (f), and the  Stoichiometric N i t r i c  lnterreloting the Following: 

Acid Act ivi ty  (3 +). Temperature, 25OC; plutonium concentrution, 7.45 x M. 
H 

studied.  T h e  effect:; of fluoride were shown to 
exert  up to nri S000-fold d e c r e a s e  i n  the time re- 
quired to convert  50% of the  plutonium present  a s  
polymeric Pu(IV) to ionic  plutonium, over that  in 

pure acid.  

11-4 COMPUTER PROGRAMS FOR 
SP E C ~ R O ~ ~ Q T Q M E ~ R ~ C  STUD1 ES 

Computer Program for the Analyses of 
Spectrophotometric Absorption DQta 

u Iticomponemt Systems, 5 

A s tudy  of the reaction kinetics of the  plutonium 
polymer s y s t e m  by spectrophotometric means 1x1s 

prompted the  development of methods that could  
he used  for t h e  ana lys i s  of data from s u c h  sys-  
te rns  I T h e  complexity of the mathematical com-  
putat ions requires  the  u s e  of digi ta l  computing 
techniques for a reasonably quick and s t a t i s t i c a l l y  
meaningful a n a l y s i s  of the data .  In order to make 
poss ib le  the  ana lys i s ,  a number of FORTRAN 
computer programs and subrout ines  have  been pre- 
pared for the IRM 7090 or CDC 1604-A computers. '  
T h e  main program (cal l ing t i t le  ABDSD) is com- 
plete. All  thr subprograms are  f inished and oper- 

8 ~ n  col lnborat ivn w i t h  A. A. RrWJkS. E. C. 1,ong. axid 
0. W. Russ of the Central Data Processing Center, 
ORGDP. 
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ating. 
gram h a s  already been presented. 2 0 3  

A general disci iss ion of the computer pro- 

Considerable  effort w a s  appl ied to  the  problem 
of finding various methods to accurately f i t ,  
automatically, the  absorption-time d a t a  in  order t o  
permit the calculat ion of time-independent s p e c t r a  
from t h e  experiment resu l t s  obtained with dynainic 
s y s  tems. 

It appears  that a polynomial curve-fitting 
technique i s  appl icable  to those cases where the 
absorption-time curve h a s  a relatively large num- 
ber of data  points  per unit time interval, and 
espec ia l ly  for cases of this  type that  show signifi- 
can t  s t a t i s t i c a l  sca t te r  of the  experimental data .  
For t h o s e  cases where the s c a t t e r  i s  not signifi- 
c a n t  and where a large number of d a t a  points  a r e  
not avai lab le ,  a moving-point-group interpolation 
technique must b e  used. T h e  moving-point-group or 
interpolation technique will not  handle  very signifi- 
c a n t  s t a t i s t i c a l  s c a t t e r  as well, but wil l  help re- 
move a small  amount of sca t te r ;  under these  condi- 
t ions,  in  general ,  th i s  technique g ives  resu l t s  
superior  to  those  provided by t h e  s ing le  polynomial 

curve-fitting technique. T h e  e x a c t  number of da ta  
points or s p a c i n g s  necessary  a re  s t rongly depend- 
e n t  on the  particular charac te r i s t ics  and reaction 

k ine t ics  of t h e  sys tem under study. Lagrangian 
interpolation appears  to  b e  s ignif icant ly  be t te r  
than most of the  other approaches appl ied to  t h i s  
problem for much of the  work s tudied.  

The computed reaction-rate d a t a  and var ious 
other types of s t a t i s t i c a l  data  a re  tabulated for 
each  component and s p e c i e s ,  if desired,  and the  
reaction rate  curve for each  s p e c i e s  and the ab- 
sorption-time functions c a n  b e  plotted on the  
Calcomp curve plotter a s  direct  output from 
the computer. T h e  program also c a l c u l a t e s  t h e  
instantaneous reaction rate, or s lope ,  a t  e a c h  
d a t a  point on the curve of t h e  concentration 
v s  time for each  s p e c i e s  of the  system. T h i s  
fac i l i t a tes  the  kinet ic  a n a l y s i s  of proposed re- 
act ion mechanisms for a l l  the s p e c i e s  present  in 
the solut ion under s tudy and which may be  in- 
volved in reac t ions  along severa l  different pa ths  
a t  the  s a m e  time. T h e  da ta  may a l s o  b e  punched 
out t o  b e  u s e d  as input for a more de ta i led  kinetic 
a n a l y s i s  by subsequent  programs. 



isms of Separ 

T h e  development of mathematical equat ions to  
descr ibe  the extract ion of uranyl ni t ra te  from 
aqueous  ni t r ic  ac id  by tributyl phosphate-hydro- 
carbon diluent so lu t ions  requires  a knowledge of 
the ac t iv i t ies  of the various chemica l  s p e c i e s  in  
the multicomponent sys tems.  T h e s e  a re  being ob- 
ta ined from measurements of the vapor pressures  
of water, ni t r ic  acid,  and trihutyl phosphate  (TBP), 
and from a n a l y s e s  of l i terature  data .  

12.1 ACTlVfTIES OF WATER, NIT 
88 RAN IN THE THREE. 

SYSTEM 

The transpiration technique for the  dynamic 
measurement of vapor pressure  w a s  u s e d  t o  ob- 
ta in  thc par t ia l  p ressures  of water  and nitric 
ac id  over t h e  three-component s y s t e m  water-nitric 
acid-uranyl ni t ra te  at 25'C. T h e  concentrat ion 
of ni t r ic  ac id  w a s  varied f rom l t o  14 n?, while  the 
concentration of uranyl ni t ra te  hexahydrate  (WNH) 
w a s  varied from 0 to 2.3 rn. T n e  ac t iv i t ies  of 
IJNH were ca lcu la ted  by means of the  Gibbs-Duhem 
re1 ation, 

n d In a I n t l  In a + n d In a3 = 0 . ( 1) 

Subscripts  1, 2, and 3 refer t o  water, ni t r ic  a c i d ,  
and uranyl ni t ra te ,  respect ively,  and the terms n 
atid a refer to the number of moles and the act ivi ty .  

After integration of Eq, (1) and appropriate  sub- 
s t i tu t ions ,  the  rat ios  of ac t iv i t ies  of nitric ac id  in 
the three-component sys tem to corresponding 
va lues  i n  the  two-component s y s t e m  water-nitric 
acid were f i t ted to a four-parameter empir ical  func- 
tion. By u s e  of c r o s s a i f f e r e n t i a t i o n  terms, the 
rat ios  of the ac t iv i t ies  of water  i n  t h e  three-compo- 
nent  s y s t e m  to the  product of t h e  a c t i v i t i e s  i n  the 
two two-component s y s t e m s  were also used  to eval-  
ua te  t h e s e  four parameters. Since the  final ca lcu la-  

t ions involve the  two two-component systems; ,  
act ivi ty  coeff ic ients  of ni t r ic  ac id  so lu t ions  and 
water  ac t iv i t ies  in  aqueous  uranyl ni t ra te  solut ions 
were fitted to appropriate semitheoret ical  equa- 
t ions us ing  data in  t h e  l i terature .  l e 2  

The ac t iv i t ies  of water  and the act ivi ty  coefli- 
c i e n t s  of ni t r ic  a c i d  and UNH in the three-compo- 
nent  sys tem were ca lcu la ted  according t o  the 
following: 

T h e  quant i t ies  ins and mu a r e  the  molal i t ies  of 
ni t r ic  ac id  and UNH respect ively;  yz(ms ,  O ) ,  for 
example, is t h e  act ivi ty  coef f ic ien t  of ni t r ic  acid 
in  t h e  two-component, water  --nitric a c i d  sys-  
tern containing m y  moles of a c i d  per kilogram of 
water, and y3(ms,mlz)  is the  act ivi ty  coeff ic ient  of 
UNI-1 in  the three-component s y s t e m  containing 

'W. Davis ,  Jr., and H. J. de  Bruin, J .  Inorg. N u c l .  

2R. A. Robinbon and t. K. L im,  J .  Chern. SOC, 1951, 

Chem. 24, 1069 (1964). 

p. 1840. 
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rn. 111oles of ac id  and mu moles of UNH per kilo- 
gram of water. T h e  P’s are the four parameters 
obtained by fitting the da ta  by t h e  method of l e a s t  
squares .  Values  of t h e s e  parameters, their s tand-  
ard deviat ions,  and the s tandard deviat ion of the  
fit arc l is ted in Table  12.1. Equation (4) was  used  
t o  ca lcu la te  a tab le  of t h e  act ivi ty  coeff ic ients  of 
uranyl nitrate hexahydrate, which is summarized 
in Fig.  12.1. Activity coeff ic ients  presented in 
th i s  figure for uranyl nitrate hexahydrate and nitric 
ac id  concentrat ions greater than 2.3 and 14 rn, 
respect ively,  represent extrapolat ions of t h e  ex- 
perimental data. 

T a b l e  12.1. Pnrnrnetors of Equations (2) ,  (3) ,  and (4), 
Obtained by the Method of L e a s t  Squares 

Standard 

Deviationa 
P a r a m e t e r  Value 

1.65560 0.077 1 

-0.11263 0.0440 

---0.15217 0.0030 

0.00579 0.0003 

p 2  

p 3  

p 4  

aStandard deviat ion of the fit is 0.2582. 

UNCLASSIFIED 
O S N L - D I C  64 8286 

Flg .  12.1. Act ivi t ies of UO (NO ) -6H 0 in Aqueous 
2 3 2  2 

Ni t r ic  Acid Solutions. 

12.2 V A ~ ~ R - P ~ ~ ~ ~ ~ ~ ~  AND PARTITION DATA 
FOR THE TWO-PHASE SYSTEM H20-  

UO ,(NO 3)  ,-TBP 

Vapor pressures  of TBP and water  over two- 
phase  H20-U0, (N03)2-TBP s y s t e m s ,  a t  25OC, 
were measured by the transpiration technique 
us ing  32P-laheled TTIP. Par t i t ion data  were a l s o  
obtained for th i s  sys tem a t  ident ica l  aqueous  
uranyl ni t ra te  concentrat ions.  Experimental d a t a  
were obtained for uranyl ni t ra te  molal i t ies  ranging 
from 0.04 to 1.82 in  the aqueous phase.  

T h e  combined vapor pressure and partition d a t a  
were found t o  fit Eq. (5), and the partition d a t a  
a lone,  Eq. (6). 

T h e  cons tan t  K is t h e  thermodynamic equilibrium 
constant  for the  formation of t h e  bisolvated 
U02(N03);  2 T B P  complex; m3 (org) is the 

molality of uranyl ni t ra te  in t h e  organic phase ;  and 
j z T H P  and y U Z T  are the act ivi ty  coef f ic ien ts  of 
TBP and U O z ( N 0 3 ) 2 .  2TBP respect ively.  Solu- 
tion of t h e s e  two s imultaneous equat ions theoret- 
i ca l ly  permits t h e  calculat ion of y T s p  as a func- 
tion of the molality of uranium in the organic 
phase ,  Eq. (7). 

T h e  value of a so obtained appears  to be suffi- 
c ient ly  prec ise  (standard deviation of 2.8%); how- 
ever ,  the  uncertainty in the value of (standard 
deviat ion greater than 1.00%) s u g g e s t s  that  further 
refinement of the d a t a  is n e c e s s a r y  before attempt- 
ing to u s e  Eq. (7) for the calculat ion of act ivi ty  
coeff ic ients  of TBP in th i s  three-component sys-  
tem. T h i s  refinement includes checking  for con- 
s i s t e n c y  of da ta  by comparing the quantity d In 
a .  / d m 3  (aq) calculated from partition d a t a  (by 
means of the  Gibbs-Duhem relation) with that  
calculated from vapor-pressure data .  

r B P  



xchange: Radiation Da e 

ange Resins 

Although ion exchange  is widely u s e d  in  radio- 
chemical  process ing  for s u c h  operat ions as separa-  
tion, purification, and radioact ive w a s t e  treatment, 
the limitations imposed by radiat ion damage to the 
organic res ins  a r e  poorly def ined.  'I'he object  of 
this work w a s  to s tudy the  c h a n g e s  in  t h e  prop- 
e r t i e s  of a strong-acid ca t ion  exchange  res in  
under condi t ions s imilar  t o  t h o s e  used  i n  process-  

Data a n a l y s i s  of previously reported flowing- 
water  irradiation experiments  ' ind ica te  tha t ,  af ter  
a d o s e  of 0.75 x 10' r (2  whr per gram of dry resin), 
the  rate  of loss of strong-acid capac i ty  of Dowex 
SOW ca t ion  resin w a s  about  20 to 25% per watt- 
hour per grain of dry resin.  T h i s  loss r a t e  is about  
double  tha t  reported in  the  l i terature  for air-dried 
resin exposed  i n  a s t a t i c  

Ins tead  of increas ing  cross- l inkage,  as reported 
for air-dried mater ia l  exposed  s t a t i c a l l y ,  there  is 
evidence  t h a t  de-cross- l inking of t h e  res in  matrix 
occurred during exposure under s imulated chemical  
process ing  conditioiis (Table  13.1). It is est imated,  
from determinations of moisture conten t  and t i t ra ted 
capac i ty ,  tha t  the  number of water  molecules  re- 
ta ined per su l fona te  (-SO 1-1) group remaining on 
t h e  res in  af ter  irradiation w a s  120% greater than 

ing. 

3 

tha t  for t h e  original material. Similar a n a l y s e s  of 
unirradiated Dowex SOW resin (20%, lGO/O, 12%, 
and 8% cross- l inked)  showed a maximum increase  
of only 30% i n  t h i s  ra t io  for e a c h  4% d e c r e a s e  in 
cross-linkage. T h e  loss of polar su l fona te  groups 
during irradiation would tend t o  reduce the water 
conten t  of the resin. Accordingly, the observed 
i n c r e a s e  i n  water  uptake i s  at t r ibuted to more than 
4% d e c r o s s - l i n k a g e  of the  res in  matrix. 

De-cross-linking appears  t o  play a major role  in  
the damage that  has been reported3 for res in  used  
for radiochemical  processing. Apparently, when a 
res in  bed is exposed  both to radiat ion and to a 
flowing aqueous s t ream, the  c ross - l inks  tha t  make 
the material "absolutely" insoluble  a r e  severed ,  
and t h i s  resu l t s  i n  detr imental  e f f e c t s  s u c h  as 
(1) increased  solubi l i ty  of t h e  res in  and loss of 
capac i ty  and (2 )  the introduction of so luble  and 
inso luble  contaminants  in the e l u t e d  product. 

'Chem. Technol. Anti. Pzogr. Ropt .  May 31,  1963, 
ORNL-3452, p. 218. 

'5. W. Utley, The Chemical Effccls of Low Energy 
X-Radiation on Ion Excfiangt3 Resins, thes i s ,  Vsnder- 
bilt Univwsity,  Nashvi l le ,  Tenn., June 1959. 

3 ~ .  R. ~ r r ,  private communica t ion .  
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Tcible 13.1. The Mafrix of the Cat ion  Exchange Resin Dowex 50W De-cross-links when Exposed to Gumma Radiation in u Flawing Stream of Water 

Cross-Linkage and Water Retention 
Strong-Ac id 

Water Content 

yo Increase Capaci ty  ( molecules H 01 

-SO H group / 
Cross-Linkage Mesh Radiation Dosea 1 Gain d u e  t o  Lower 

- Cross-Linkage of Gain due to  (70) S u e  (r 1 - (gr::Iy:cin) ( m e q  per dry gram) 3 
Y 

Original Exposed Original Exposed Original Exposed  aiginal Resin Irradiation 

8 20-50 0.76 1.01 1.54 4.8 3.2 11.7 27.1 28 130 

12 20-50 0.77 0.80 1.28 4.9 3.4 9.2 20.8 7 126 

16 20-50 0.7.5 0.74 1.28 4.8 3.5 8.6 20.5 2s 138 

2 0  20-100 0.77 0.55 0.72 4.6 3.3 5.7 12.2 82 

aIrradiared in a 6oCo gamma-radiation fieid o i  0.012-0.0i3 w per gram of dry resin.  

p3 w 
3 



14. Chemical Engineering Research 

Chemical engineer ing research is an aggregate  
of s t u d i e s  which, while intimately t ied i n  with 
the objec t ives  of t h e  Division’s programs, are 
generally long range and fundamental ,  or  involve 
the pursuit  of new concep t s  which hold the  promise 
of large returns in  appl icat ion,  but which, because  
of t h e  lack  of e s t ab l i shed  technology, embody 
uncertain p rospec t s  for s u c c e s s .  It is in th i s  
program tha t  in te res t ing  effects noted during the 
pursuit  of more spec i f ic  commitments are i so la ted ,  
s tudied,  and made part of technology. It is also 
from t h i s  program t h a t  new i d e a s  a r i s e  to  la ter  
grow into programs in  their  own right or to change 
the direction of ex is t ing  programs. 

T h e  work reported for t h i s  year  includes:  defini-  
t ive  s t u d i e s  on des ign  parameters  for a high- 
performance so lven t  extract ion contactor which 
u s e s  liquid cyc lones  for s t a g e s ;  the  quant i ta t ive 
verification of the  effect  of ionizing radiation on 
c o a l e s c e n c e  in liquid-liquid sys t ems  and at tempts  
to  formulate an explanat ion for it, progress  in  at- 
tempts to use light sca t te r ing  as  a method for 
par t ic le-s ize  a n a l y s i s  in  radioact ive gas  s t reams;  
a n  unsuccess fu l  attempt t o  u s e  magnetically in- 
duced current for the  e lec t ro ly t ic  dissolut ion of 
s t a i n l e s s  s t e e l  fue l  e l emen t s ;  and progress in an 
attempt t o  develop a model t o  desc r ibe  the tran- 
s i e n t  behavior in gas-absorption towers.  

E STACKED-CLONE CONTACTOR 

A high-speed so lven t  extract ion dev ice  thaf 
features  high throughput, high extract ion effi- 
ciency,  short  con tac t  time per s t a g e ,  and low 
holdup, has been developed for appl icat ion t o  
radiochemical processing.  T h e  s tacked-clone 
contactor c o n s i s t s  of a c a s c a d e  of axial ly  aligned 
liquid cyclones,  e a c h  of which a c t s  as a s i n g l e  
countercurrent extract ion s tage .  Counterflow in 
e a c h  s t a g e  is c rea t ed  from the  appl icat ion of the  
induced underflow effect. ‘The contactor  develop- 

ment h a s  progressed to the  identification of an 
optimum cod  i guration, shown schema tical ly in  
Fig.  14.1. Figure 14.2 is a n  exploded view of the  
functioning components,  and Fig .  24.3 is a photo- 
graph of the  assembled contactor.  

UNCLASSIFIED 
ORNL-DWG 64-8277 

---- TYPICAL EXTRACTION CLONE 

--UNDERFLOW GAP 

CH I M N t Y 

-IJ N D ER FLOW CHAMBER 

-VORTEX FINDER 

---TYPICAL FEED STAGE ci_ordE 

CHIMNEY 

UNDERFLOW GAP 

-TYPICAL POLISHING CLONE 

Fig. 14.1. Clone Shepes, Underflow Chombers, ond 

other Functioning Components of the Stacked-Clone 

Con ta c tor. 
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:ONNECTION IDRIVE- 
FLOW EXIT) 

'EED BLOC1 - 
ZRTEX FINDER- 
"UIMNFV INSFRT 

c 4  

L 

Fig.  14.2. Exploded V i e w  of  Recycle Plote,  Inserts, and Clone Body. 

EXTRACT10 
STAGES 

Fig. 14.3. The Stocked-Clone Contactor. 
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T h e  s tacked-clone contactor,  in  its present state 
of development,  appea r s  t o  be  a useful  and practi-  
c a l  dev ice  for appl icat ion to radiochemical proc- 
ess ing .  

Variables  examined were clone length,  under- 
flow chamber depth and gap, vortex finder exten-  
s ion,  and feed port s i z e .  T h e  e f fec ts  on flow 
capaci ty  and s t a g e  eff ic iency were determined 
with t h e  sys t em uranyl nitrate-1 M sodium nitrate- 
18% T B P  in Amsco a t  a n  aqueous-to-organic flow 
ratio (A/O) of about  3 to  give a n  extract ion factor 
near unity. Typ ica l  t e s t  resu l t s ,  ave rages  taken 
over s eve ra l  runs from 50 t o  95% of flooding, a r e  
shown in T a b l e  14.1. At 40°C, the t e s t  resu l t s  
c lear ly  show the  e f fec t  of c lone  length (Fig.  14.4), 
optimum performance being achieved with about 
4-in. c l o n e s  to  produce s t a g e  e f f ic ienc ies  as high 
as 80% at a flow capaci ty  up t o  4.0 liters/min. 
Although ze ro  vortex finder ex tens ions  appear to  
have a s l ight ly  higher performance factor than 
the ',-in. ex t ens ions  and changes  in  other vari- 
a b l e s  produce l i t t l e  effect  on performance in the  
ranges tes ted ,  the  need for a n  underflow chamber 
with a limited gap and for some vortex-finder 
extension is b a s e d  on other cr i ter ia  and h a s  been 
demonstrated previously. 

8 

Operability of t h e  dev ice  at flow rat ios  (A/Q) 
a s  high a s  40  h a s  been demonstrated.  Tests a t  a 
ratio of 20 us ing  a sys t em s a l t e d  with 2 M sodium 
ni t ra te  indicated that  t h e  performance w a s  equiva- 
lent  to that  a t  a ra t io  of 3, with a maximum entrain- 
ment of 5% of the  to ta l  organic  feed. T h e s e  re- 
s u l t s  are  reported in Tab le  14.2, which a l s o  shows  
the  e f fec t  of temperature on performance. The 
effect of temperature on performance is s ta r t l ing  
a t  f i r s t  g lance;  however, comparison with other 
types of contactors  shows  tha t  pulsed columns 
and mixer-sett lers behave s imilar ly ,  if to a sma l l e r  
degree . 

Due to  the  rapid generation of d a t a ,  a computer 
program h a s  been employed for stage-efficiency 
calculat ions.  T h i s  program u s e s  an equilibrium 
expression tha t  r ecogn izes  the  variation of the 
so lu te  dis t r ibut ion over an appl icable  concentra- 
tion range. Equilibrium da ta  obtained with each  
series of c lone  runs are u s e d  in  the  expression.  
Each  s e r i e s  of runs inc ludes  operation in  both 
the extraction and s t r ipping modes. A s  part of 

the calculat ion,  a parameter in  t h e  equilibrium 
relation is adjusted to make the calculated average 
s t a g e  efficiency for the  extraction mode equal to  
the average s t a g e  eff ic iency for the s t r ipping 
mode. It h a s  been found that  the adjustment h a s  
been random around zero,  signifying that the  s t a g e  
efficiency is t h e  s a m e  in  e a c h  mode. T h e s e  
average or normalized eff ic iencies  a re  reported. 

UNCLASSIFIED 
ORNL-DWG 64-8278 

AQUEOUS PHASE 1M NoN03 
ORGANIC PHASE 48% TBP IN AMSCO 125-82 
DISTRIBUTING SPECIES URANYL NITRATE 
EXTRACTION FACTOR APPROX UNITY 
MARK X EXTRACTION CLONES WITH %-in 
UNDERFLOW CHAMBER DEPTHS, '/e-in UNDER- 
FLOW CHAMBER GAPS, %-in FEED PORTS 

VORTEX FINDER 
EXTENSION ( i n  ) 

0 3h 
0 EFFICIENCY 
0 FLOODING THROUGHPUT 
A A PERFORMANCE FACTOR 

I I 

1.5 2.0 2.5 3.0 3 5 4.0 4.5 
NOMINAL EXTRACTION CLONE LENGTH (in.) 

75 

- 
a-" 

65 - 
> u z 
w 

55 
LL 
w 

45 

35 

Fig. 14.4. The Effect of Clone Length and Vortex 
Finder Extension on the Performance of the Stacked- 
Clone Contactor at 40°C. 
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Table 14.1. Summary of Typicol Performance of t h e  Stacked-Clone Contoctor a t  40°C 

Conditions: Mark X extract ion clones used 

Aqueous phase: YM NaN03  

Organic phase:  

Distributing spec ies :  Uranyl nitrate 

Extract ion factor: Approximately unity 

Pol ishing sect ion:  Mark XI1 clones,  0.40-in.-diam vortex finders 

18% TBP in Amsco 125-82 

with no extensions,  no underflow chambers ,  v8-in. underflow 

gaps ,  -in. feed ports. 
4 6  

Feed Port Flow Capacity, Average 
Underflow 

Chamber 
Flooding Stage , Performance 

Nominal Extraction Vortex 
Finder 

Width 

(in.) 

Clone Length 
(liters b i n )  Eff ic iency Factor  Extension Depth Gap 

(in.) 
(in.) (in.) (in.) a t  A/O = 3 (70) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.5 

2.5 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3.5 

3.5 

4.0 

4.0 

4.5 

4.5 

0 

3 c 

43 

4 

4 

0 

3 

0 

3 

0 

3 

0 

3 
43 

4 

4 

43 

c 

3 

0 

3 

0 

3 

0 

3 

0 

3 
43 

0 

3 
43 

0 

3 

43 

1 

1 
4 
4 

4 
4 
4 

'/2 
1 

1 

1 

2 
% 

'/4 
1 
4 

1 

1 

1 

1 

4 
4 
4 
4 
4 
4 
4 

4 
4 

3 

3 

1 

1 

0 

0 

1 

1 
4 
4 

1 

'8 
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Tohle 14.2. Summary of the Effects of Temperowre and F low Ratio on the Performonce of 

the Stocked-Clone Contactor 

Condit ions '  4-in. Mark X extraction c lones  with 5 -in. vortex finder extensions,  
1 6  

1 .  G - i a  underflow chamber depths ,  '/1 6-in. underflow gaps,  

feed ports. 

-in. 
1 6  

Aqueous phase: Sodium nitrate 

Organic phase:  18% TBP i n  Amsco 125-82 

D is tr ihu t i n g  s pe c ie s : 

Extract ion factor: Approxiinately uni ty  

Ura tiy 1 nit rs  te  

. . . . . .. . . .. . . . . . 

~ l o w  Capacitjr,a 

F lo  od ing 

(liters /min) 

(") a t  A/O = 3 

Average Stage Performance 
NaNO in Flow Rat io  Range 

3 

Factor 
Efficiency for Efficiency Aqueous Ire et! 

('h j Test (A/O) 
(OC) 

25 

3 0  

35 

4 0  

45 

50  

40 

45 

50 

2.0-5.3 

2.0-5.5 

1.5-6.0 

1.9-4.6 

1.8-4.5 

13-20 

12-19 

10-1s 

1.0 

1.0 

1 .o 

1 .o 

1 .o 

1.0 

2.0 

2.0 

2.0 

1.57 

2.03 

2.53 

3.13 

3.75 

4.25 

3.43 

4.27 

4.91 

52 

57  

65 

7s 

79 

60 

7 0  

67 

1.04 

1.45 

2.03 

2.81 

3.38 

2.06 

2.99 

3.27 

"Because flow capaci ty  is dependent on f low ratio, performance a t  different conditions m u s t  be  compared a t  a 
s tandard flow racio. A linear correlation is used to make t h i s  correction. 

T h e  e f fec t  of ionizing radiat ion on c o a l e s c e n c e  
of t h e  d ispersed  phase  in liquid-liquid s y s t e m s  is 
being s tudied.  It is known that s t rongly alpha-  
ac t ive  solutions usual ly  give no s e t t l i n g  problems 
in  so lvent  extract ion equipment. It is des i red  to 
e luc ida te  the mechanism of this plicnomenon with 
the hope of exploi t ing it.  

'To t h i s  end a n  apparatus  h a s  been constructed 
to measure the lifetime of s i n g l e  drops of d ispersed  
p h a s e  res t ing  on a p lane  interface under var ious 
condi t ions of temperature, p ressure ,  and radiation, 
and isolated mechanical ly ,  acous t ica l ly ,  and 

thermally f rom the environs.  T h e  interface under 
s tudy  c a n  be irradiated with a lpha  par t ic les  or 
fission fragments by including i n  t h e  aqueous 
p h a s e  a salt of 'Li or 2 3 s t ~ ,  respect ively,  and 
exposing the whoie s y s t e m  to a flux of thermal 
neutrons. 
The apparatus  is shown scheniatically i n  Fig. 

14.5. Drops of heavy p h a s e  a re  generated 011 the  
dropping t ip  by pneumatically express ing  the  
liquid in  the dropping buret (by advancing syr inge 
1). Syringe 2 is simultaneously backed off 10 
maintain a leve l  interface.  Figure 14.6 is a photo- 
graph of t h e  apparatus .  The emit t ing end  of the 
T e x a s  Instruments' Cockcroft-Walton neutron 
generator is visible i n  the  bottom center  of the 
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photograph. T h e  d a t a  from the  runs to d a t e  are 
shown in F i g s .  14.7-14.9. T h e  resu l t s  are sum- 
marized in T a b l e  14.3. 

T h e  only observed ef fec t  of charged-particle 
irradiation is coa le scence  on impact caused  by 
f i ss ion  fragments and,  i n  some c a s e s ,  a lpha 
par t ic les .  T h e  mechanism i s  not yet  understood. 
It was at f i r s t  bel ieved to  be the resu l t  of bubble 
nucleation on the  par t ic le  t rack between the drop 
and the  interface.  However, going t o  a more 
volat i le  organic phase  (n-hexane) and “pulling” 
a vacuum on the sys t em did not i nc rease  the coa-  
l e s c e n c e  probability, which one would expec t  i f  
bubble nucleation were occurring. There was  
probably some surfactant  contamination present ,  
as evidenced by the long drop life. 

UNCLASSIFIED 

IRRADIATION 

TIME ( s e c )  0 

Fig.  14.7. E f fec t  of  F iss ion  Fragments on Cooles- 

cence Rate  o f  Drops i n  the System n-Heptane-0.3 M 

235U02(N03)2. Atmospheric pressure. 

V 

UNCLASSIFIED 
ORNL-DWG 6 4 - 4 2 2 A  

SYSTEM WATER-BENZENE 
~~ 

r=25-c 
DROP DIAM=3mm 
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TIME ( s e c )  0 

Fig. 14.8. E f fec t  of  Alpha Par t ic les  on Coolescence 

Rate  o f  Drops in  the System Benzene-0.5 M 6 L i N 0 3 .  

Atmospheric pressure. 
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F ig .  14.9. E f fec t  of  Alpha Par t ic les  on Coalescence 

Rate of Drops in the System n-Hexane-0.5 M 6LiN03. 
Diameter o f  drops, 5 mm; vacuum, 1 1  in. Hg. 

T a b l e  14.3. Summary of Resu l ts  

System Resul t s  Comments 

n-Heptane, aqueous lowo coalescence  on impact under Clean system; t about 
a v  

3 5 ~ ~ 2 ( ~ 0 3 ) 2  neutron irradiationa 4.5 sec 

n-Heptane, 0.2 M 20% coalescence  on impact under Clean  system; t about 
a v  

aqueous k i C 1  neutron irradiationa 3.5 sec 

n-Hexane, 0.5 M N o  effect of neutron irradiationa a t  

atmospheric pressure or a t  11-in. 

Hg vacuum 

Organic contamination from 

sea lan ts ;  t a v  about 2 0  sec aqueous 6 L i N 0  
3 

aNeutron flux in vicini ty  of interface: 2 x l o 6  neutrons sec- ’  cm-’, according to maganese act ivat ion.  
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14.3 IN-LINE DETECTION OF PARTICLES IN 
GAS STREAMS BY SCATTERED LIGHT 

T h e  principle of operation of the  l ight-scat ter ing 
device  is t h e  measurement of the  frequency and 
intensi ty  of l ight  sca t te red  by individual par t ic les  
in a g a s  s t ream which p a s s e s  through a known, 
opt ical ly  s e n s i t i v e  volume when t h e  g a s  s t ream 
is subjec ted  t o  a light source  of known properties. 
Knowledge of t h e  distribution of scat tered-l ight  
intensi ty  measured from a number of par t ic les  over 
a known length of t ime and with known fluid dy- 
namics  wil l  a l low determination of the  aerosol  
concentrat ion and par t ic le-s ize  distribution. No 
in-line instrument u s i n g  t h i s  principle where there  
w a s  turbulent flow h a s  been reported i n  t h e  l i tera-  
ture, although one instrument manufacturer reports  
tha t  limited work w a s  done for s u c h  a n  appl ica-  
tion. ' 

Detection Cell 

An in-line detect ion cell. for 1 f -in.-diam pipe 
w a s  designed and fabricated,  and the  detect ion 
cell from a commercial uni t  built for s i d e  s t ream 
u s e  w a s  also procured and adapted for tes t ing  
purposes. Assoc ia ted  with e a c h  detect ion c e l l  
a re  two t o  four opt ical  windows arrayed radially 
a t  90°. One of t h e s e  windows a l lows  light from 
a primary source  to f o c u s  at t h e  center  point of 
the cell. T h e  other windows are  used  to al low 
sca t te red  l ight ,  e i ther  at goo from the  source  or 
near forward, to reach photomultiplier tubes,  which 
a re  t h e  detectors .  L e n s  s y s t e m s  a r e  used  to focus  
t h e  primary l ight  and t o  permit sca t te red  light 
from only a s e n s i t i v e  volume i n  the center of the  
cell t o  enter  the detectors .  

Initial resu l t s  from t e s t s  with the  ava i lab le  
detect ion cells showed that  one of the c r i t i ca l  
problems w a s  introduction of a high-intensity, 
well-defined l ight  source  in to  the detect ion cell. 
When a tungsten l ight  w a s  u s e d  as  the  primary 
light source  with t h e  b e s t  ava i lab le  opt ica l  s y s -  
tem, a signal-to-noise ra t io  from t h e  photomultiplier 
of about  8 to 1 w a s  achieved  with 1.3-p-diam 
aerosol  par t ic les .  Limited t e s t s  with a continuous, 
neon-helium laser  as t h e  primary light source  

2 

'D. Coxe, ROYCO Instruments, Inc., personal  com- 
munication (June 3 ,  1963). 

coupled with opt ica l  focus ing  gave a signal-to- 
no ise  ra t io  of about  25 to 1 for the  1.3-p-diam 
part ic les .  

Electronic Analysis of the Detector Signal 

In order to a n a l y z e  t h e  s i g n a l s  from the  photo- 
multiplier t u b e s  and re la te  them to aerosol  par t ic le  
size, a n  electronic  sys tem is necessary .  Modern 
radiation-counting techniques  a r e  being adopted 
t o  determine and record the  intensi ty  and frequency 
of t h e  light p u l s e s  which resu l t  from l ight  sca t te red  
from aerosol  par t ic les .  

Photomultiplier (PM)  t u b e s  a r e  being used  as 
the  de tec t ing  devices .  T h e s e  wil l  b e  coupled 
through preamplifiers, amplifiers, and a triggering 
device  to a multichannel pulse-height analyzer  
which h a s  the  capabi l i ty  of determining t h e  vol tage 
of the  s i g n a l  from t h e  P M  tube,  sor t ing  it accord- 
ing t o  magnitude, and s tor ing  t h e  number of s u c h  
s i g n a l s  which occur  during a s p e c i f i c  time interval. 
T h i s  spectrum of vol tage pulse  he ights  wil l  be  
the  b a s i s  for determining the  concentration and 
par t ic le  size distribution of the aerosol  p a s s i n g  
through the  detector. At a la ter  time, two 90°PM 
tubes  may b e  connected through coincidence 
circuitry t o  reduce the background noise. 

14.4 STUD1 ES ON MAGNETICALLY INDUCED 
ELECTROLYTIC DISSOLUTION OF STAINLESS 

STEEL F U E L  ELEMENTS 

A study w a s  made of the  possibi l i ty  of avoiding 
the contac t  problem i n  t h e  electrolyt ic  d i sso lu t ion  
in  nitric a c i d  of s t a i n l e s s  steels by inducing the  
required potent ia l  i n  t h e  p iece  by a moving mag- 
ne t ic  field. 

Experiments show tha t  a potent ia l  of about  3 v 
is needed t o  maintain d isso lu t ion  of a s t a i n l e s s  
s t e e l  anode in  ni t r ic  ac id  (Fig.  14.10). 

To obtain t h i s  vol tage across a 1-cm p iece  re- 
quires  a veloci ty  of 3000 m/sec  i n  a 1000-gauss 
field, if t h e  p iece  is moved mechanically with 
respec t  t o  t h e  field. Due t o  the  very large velocity 
and a s s o c i a t e d  mechanical  problems, t h i s  approach 
t o  t h e  problem w a s  abandoned. 

T h e  al ternat ive,  moving the  field with respec t  
t o  the  p iece ,  w a s  chosen.  T h e  most feas ib le  
technique w a s  to d ischarge  a capaci tor  bank 
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through a c o i l  around a n  appropriately shaped  d is -  
solver. I t  w a s  ca lcu la ted  tha t  a pulse  of 1- to 
10-msec duration w a s  required t o  a l low migration 
of ions  away from the anode  before the vol tage 
went t o  zero or below. 

T h e  solut ion of the different ia l  equat ion descr ib-  
ing the  current in  the  circui t  i s  avai lable ,  but i s  
not expl ic i t  in t h e  circui t  parameters: r e s i s t h c e  
R, inductance L, and capac i tance  C. To determine 
t h e s e  parameters, a s c a l e d  ana log  of the  proposed 
assembly w a s  constructed.  T h e  inductor in  the 
ana log  w a s  s c a l e d  to uni ty ,  i n  order that  the  value 
of inductance of a c o i l  mechanical ly  s imilar  t o  the 
proposed d isso lver  could be  used.  T h e  circui t  is 
shown in Fig.  14.11. 

T h e  s c a l i n g  fac tors  a r e  given in  Table  14.4. 
Charging vol tage,  c a p a c i t a n c e ,  and inductance 
were varied unt i l  a vol tage pulse  of 3 v las t ing  
10 m s e c  w a s  obtained i n  a single-turn secondary,  
corresponding to a ring of s t a i n l e s s  s t e e l  p i e c e s  
in t h e  dissolver .  Charging vol tage and capac i tance  
were chosen  s o  as  t o  minimize t h e  cost of the 
capaci tor  bank. T h e  current  v s  time for the pri- 
mary and single-turn secondary are shown in F igs .  
14.12 and 14.13. T h e  e s s e n t i a l  features  of the  
d isso lver  a r e  shown schemat ica l ly  i n  F ig .  14.14. 
T h e  ful l -s ize  d isso lver  would c o n s i s t  of a 0.1-f 
capaci tor  d i scharg ing  a t  675 v once  per second 
into 150  turns of water-cooled copper  tubing 
wrapped around a 2-in. Pyrex  pipe containing the 
s t a i n l e s s  s t e e l .  Power input t o  t h e  primary would 
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Fig .  14.11. Analog Computer Circuit .  

Table 14.4. Scaling Factors of Analog of 
Dissolver C i rcu i t  

~- ~~ 

Dissolver Analog 

Inductance 1 

Current 1 

Capaci tance 1 

T i m e  1 

Potent ia l  1 

10 R e s  is tance 

1 

100 

100 

10 

10 

1 

U N C L A S S I F I E D  
PHOTO - P - 6( 836 R 

1 v/cm 0.2 msec/cm 1 v/cm 0.5 msec/cm 

MAXIMUM CURRENT AT lOrnsec, REAL 
MAXIMUM CLJRRENT = 5000 amp, REAL 

Fig.  14.12. Voltage A c r o s s  0.1-ohm Resistor  in  

Primnry in  F i n a l  Anolog Computer Setup.  
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U N CL ASS I F I ED 
PHOTO-P- 61837R 

be  22.8 kw, t h e  eff ic iency 0.01%, and the dissolu-  
tion rate  about 5 mg/hr. Cost of the capaci tor  
bank and s i l icon  control rectifier bank would total  
about $5000. 

0.1 v/cm 0.5 msec/cm 

REAL.. VALUES: 3 v  PEAK, 
10 msec LIFE 

Hydraulic Study of Pulsed Columns 

The l ines  connected to  the  bottom of a pulsed 
column for introducing and withdrawing the organic 

Fig.  14.13. Voltage Across  Secondary in F i n a l  Ana- and aqueous s t reams m u s t  be properly s ized  t o  
log Computer Setup. minimize pulse  l o s s  and ye t  permit gravity flow 
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Fig.  14.14. Proposed Dissolver.  
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through them. An ana log  simulation of the  hydrau- 
l i c s ,  including s e v e r a l  different models, h a s  
yielded a good approximation of the experimental 
pu lse  loss  and pumping ef fec t  in  t h e s e  l ines  for 
pulsed columns containing nozz le  plates .  With 
a s inusoida l  pu lse  wave having a n  amplitude of 
1 in., t h e  p u l s e  loss w a s  independent of pulse  
frequency from 30 t o  80 cpm. For column lengths  
from 7 to  10 f t ,  and for l ine  lengths  equal  to or 
greater than the  column length, a l ine having a 
diameter one-eighth t h e  column diameter  caused  
less than a 5% pulse  loss. When the diameter of 
the l ine w a s  increased  to  25% of t h e  column diam- 
eter ,  the  l o s s  increased  to  about  15%. T h e  pulse  
in the  l ine lagged the  pulse  in  the column by about 
75% because  of the  difference in impedance t o  
flow. T h e  pumping effect of t h e  pulse  i n  the  noz- 
zle column w a s  insignif icant  ( l e s s  than 4 in. of 
water head), 

Flooding of Pulsed Columns Caused by 
Insufficient Pu f s a t  ion 

”The flow capac i ty  of pulsed columns limited by 
insuff ic ient  pulsat ion i s  dependent  on the  pulse  
veloci ty ,  the  rat io  of p h a s e  flow r a t e s ,  and the  
method of introducing and withdrawing both liquid 
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p h a s e s  from t h e  column. Four  cases covering the  
most common iiiodcs of operation a r e  shown in 
Fig. 14.15, C a s e  1 is cons tan t  introduction and 
withdrawal of both p h a s e s ;  case 2 i s  introduction 
of the  l ight  (L) p h a s e  during the  pulse  downstroke 
and cons tan t  withdrawal of t h e  heavy (11) phase,  
case 3 is cons tan t  introduction of the light phase 
and withdrawal of t h e  heavy phase  during the  
pulse  upstroke;  and case 4 is introduction of the  
light p h a s e  during t h e  pulse  downstroke and with- 
drawal of the  heavy phase  during t h e  pulse  up- 
stroke. 

Development of Smo I1 Mixer-Settlers 

A smal l  mixer-settler for u s e  i n  so lvent  extrac-  
tion f lowsheet  development s t u d i e s  with radio- 
ac t ive  s y s t e m s  h a s  been developed. It makes u s e  
of t h e  good fea tures  of other des igns ,  s u c h  as 
posi t ive interface control, incl ined s e t t l e r s  for 
increased capac i ty ,  and combination mixing and 
pumping impellers. In addition, the mixers are 
driven by a magnetic coupl ing that  e l iminates  t h e  
need of liquid s e a l s  and/or exposure of bearings 
t o  corrosive liquids. A prototypc constructed of 
p las t ic  h a s  been tes ted  and proved sat isfactory 
for a n  “easy’’ sys tem - t ransfer  of uranyl ni t ra te  

UNCLASSIFIED 
ORNL-DIVG 64  3 i 9 4 A  
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Fig.  14.15. Colculated Rat io of Thuouyhput a t  Flooding Due EO Insuff ic ient  Pulsation to Pulsed Ve loc i ty  as a 

Function of Flow Ratio for  Four Different Modes of F l o w  in a Pulsed Column. 
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with tributyl phosphate. T e s t s  with a more dif- 
ficult sys tem,  transfer of uranium with a n  amine, 
showed tha t  t h e  s t a g e  eff ic iency was  lower than 
desired (60 t o  70%) but was better than that ob- 
tained in a convent ional  box-type mixer-settler.’ 

14.6 TRANSIENTS IN GAS-ABSORPTlON 
TOWERS3 

T h e  a n a l y s i s  of t rans ien ts  i n  processing equip- 
ment h a s  recently received considerable  a t tent ion,  
and rightly so. T h e  reduction of c o s t s  which goes  
with reduction of process  holdup volume and in- 
c reased  capaci ty  requires  advanced control tech-  
niques,  which demand understanding of t ransient  
response.  T h e  countercurrent mass transfer opera- 
t ions are ,  as  a class, among the most interest ing 
and t h e  most difficult t o  analyze of operations. 
Gas absorption is being s tudied in th i s  program 
for two reasons:  It i s  t h e  s imples t  and most tract- 
ab le  of the  countercurrent operat ions for experi- 
mental work, and i t  is used  frequently in  radio- 
chemical  plants  as  a safeguard aga ins t  the accidental  
r e l e a s e  of radioiodine, where i t  spends  i t s  ent i re  
time of functioning s e r v i c e  in  a t ransient  mode of 
operation. 

‘Chern. Technol. D i v .  Ann. Pro&. R e p t .  June 30, 

3This work was done at the Universi ty  of Tennessee. 

1962, ORNL-3314, p. 100. 

T h e  experimental s t u d i e s  employ a 6-in.-diam 
g l a s s  column with 5 f t  of packed sec t ion  us ing  
both 0.25- and 0.5125-in. R a s c h i g  rings. T h e  
present  sys tem u s e s  SO dis t r ibuted between a i r  
and water and runs  a t  absorption fac tors  up  t o  2. 
T h e  SO i s  introduced as  a rectangular pu lse  in to  
the in le t  a i r ,  and the  concentrat ion of the outlet 
a i r  is monitored. T h i s  concentrat ion t race i s  then 
analyzed to produce a Bode plot of amplitude 
rat io  and phase  sh i f t  as a function of frequency. 
T h e  pulse  must  be  shor t  compared with the char- 
ac te r i s t ic  time of the  h ighes t  frequency of interest ,  
and a Fourier  a n a l y s i s  us ing  a digi ta l  computer 
is required. Ilowever, t h i s  technique h a s  proved 
superior  t o  the  previously used method of forcing 
the  sys tem with s inusoida l  inputs  over t h e  whole 
range . 

Similar s t u d i e s  reported l a s t  year  us ing  CO as a 
so lu te  component produced resu l t s  that  were well 
descr ibed by a slug-flow model at l e a s t  for moder- 
a t e  liquid flow ra tes .  T h i s  w a s  probably because  
the  absorpt ion fac tors  were much less than unity. 
T h i s  elementary model d o e s  not f i t  t h e  SO system. 
Apparently for s y s t e m s  with absorpt ion factors  in  
t h e  range of unity i t  is necessary  to  account  for 
mixing within t h e  tower. 

T h e  mathematical model present ly  being tried 
t a k e s  into account  a x i a l  mixing in  both phases .  
When some of t h e  necessary  d a t a  a r e  ava i lab le  i t  
is intended t o  try a model which descr ibes  the 
internal mixing by a nonuniform flow over the tower 
cross sec t ion  and  rad ia l  diffusion. 

2 

2 

2 

2 



15. Decontamination of Equipmi 

T h e  broad goal  of a l l  decontamination research 
programs is t o  develop and t e s t  reagents  and 
methods for t h e  rapid and eff ic ient  radioact ive 
decontamination of metal l ic  and nonmetal l ic  sur-  
f a c e s ,  without unduly damaging these sur faces .  
Decontamination permits direct  maintenance and 
recovery of equipment. Our group h a s  been con- 
cerned primarily th i s  year  with the  s p e c i a l  problem 
of decontaminating metal  sur faces  that  h a v e  been 
exposed  to the  coolant  s t ream in gas-cooled nu- 
c l e a r  reac tors  of t h e  type us ing  graphite-clad fuels .  
Oxalate-peroxide reagents  continued t o  give favor- 
a b l e  resu l t s  in laboratory t e s t s  on gas-contaminated 
s u r f a c e s ,  a s  wel l  a s  for other appl ica t ions .  Deta i l s  
have  been reported elsewhere.  '-' 

15.1 PROGRESS AND STATUS 

A new oxal ic  acid-hydrogen peroxide decontami- 
nation reagent for carbon s t e e l ,  c o s t i n g  ~ n l y  7 ' ~  a 

gallon, w a s  developed for use a t  room temperature. 
Another oxaiate-peroxide reagent  w a s  formulated 
for t h e  s imultaneous decontamination of Zircaloy-2, 
carbon s t e e l ,  and  s t a i n l e s s  s t e e l .  St i l l  another  
was ef fec t ive  on n icke l  and  INOR-8 from the  
Fluoride Volatility P r o c e s s .  

A few laboratory-scale s t u d i e s  were iiiade i n  
order to inves t iga te  the  t ransport ,  deposi t ion,  and 
adhesion of f iss ion products from gas s t reams 
onto sur faces  of various metals .  Carrier-free 

3 7 C s  were volat i l ized,  depos i ted  from 
the  gas phase ,  and decontaminated from meta ls  
in t h e  laboratory. F i s s i o n  products deposi ted on 

'I and 

'GCR Program Sorniann. Progr. Rept .  Sept. 30, 1963, 
OKNL-35 23. 

2~~~ Program Scrniann. Progr. Rept.  Mar. 31, 1964, 
ORNL-3619. 

3A. I3. Meservey, Peroxide-Inhibited Decontamination 
Solutions,  ORNL-3308 (Dec. 14, 1962). 

meta ls  in Oak Ridge Reactor  g a s  loops were 
s tudied.  

T h e  deposi t ion of f iss ion products when t h e  
ac id  and neutral  aqueous Zirf lex fuel  dissolut ion 
p r o c e s s e s  a r e  u s e d  were found to  b e  different 
and character is t ic .  

New Oxalate-Peroxide Deconterninotion 

A new morn-temperature decontamination method 
for carbon steel c o n s i s t s  in immersing t h e  s t e e l  
for about  5 min in 0.02 /\I oxa l ic  a c i d ,  then adding 
30% Hz02 unti l  t h e  peroxide concentrat ion is 
about  0.05 M, and soaking  for another  5 min.' 
T h e  first s t e p  d i s s o l v e s  light coa t ings  of rust  
and  a c t i v a t e s  the  sur face ,  and  t h e  second s t e p  
br ightens t h e  sur face  and decontaiiiinates it by 
fac tors  of 400  t o  800. T h e  depth of penetration 
of the  metal  is on1.y about 0.05 m i l .  T h e  treatment 
is hal ted by r insing mith water  or by further in-  
c reas ing  t h e  peroxide concentration toahout  0.25 M.  

T h e  usefu l  l i fe  of 0.5 M oxal ic  a c i d  solut ion 
0.1 M in fluoride and 0.2 M in hydrogen peroxide, 
a formula e f fec t ive  in the noncorrosive decontami- 
nat ion of s t a i n l e s s  s t e e l s  at 90 to 9S°C, was  ex-  
tended indefinitely by hourly replacement of de-  
composition losses (20% of t h e  oxa l ic  a c i d  and 
half t h e  peroxide arc? los t  e a c h  hour). 

An oxalate-peroxide mixture (0.4 M ammonium 
oxalate-0,16 M ammonium citrate---& OS 11.1 N a F -  
0.8 M M z 0 2 )  at an in i t ia l  pH of 4.0 was effect ive 
for s imultaneously decontaminating Zircaloy-2, 
s t a i n l e s s  s t e e l ,  and carbon s t e e l  at 90 to 95OC.' 
The contaminated meta ls  had been baked in helium 
at  500OC. Ini t ia l  corrosion ra tes ,  which decreased  
with t ime a s  t h e  ~ € 1  of t h e  solut ion rose during 
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u s e ,  were 0.5 mil/hr for Zircaloy-2 and 0.09 mil/hr 
for carbon s tee l .  

T h e  oxalate-citrate-peroxide formula recommended 
for decontaminating carbon steel (the Gas-Cooled 
Reactor  Program3) w a s  also qui te  effect ive on 
spec imens  of n icke l  and INOR-8 u s e d  in the  
Fluoride Volatility Hot Cel l  Fac i l i ty .  * T h e  
reagent did not a t tack  nickel  weld metal  a s  much 
a s  t h e  aluminum ni t ra te  previously u s e d ,  but i t  
w a s  not su i tab le  for u s e  with copper  and i t s  a l loys.  

Laboratory Volati l ization, Deposition, 
and Decontamination of l 3 l I  and 13'Cs (ref I )  

Carrier-free 'I w a s  volat i l ized in hydrogen 
and i n  helium and deposi ted on s t a i n l e s s  s t e e l  a t  
200 t o  500°C. T h e  depos i t s  were e a s i l y  removed 
from t h e  s t e e l s  contaminated a t  temperatures up  
t o  about  45OoC, hut t h e  s t e e l s  contaminated a t  
about  500°C, which retained only s l igh t  act ivi ty ,  
res i s ted  decontamination. Carrier-free 7Cs 
deposi ted from helium a t  500 t o  1000°C w a s  a l s o  
relat ively tenacious,  presumably due  t o  penetration 
of t h e  cesium in to  t h e  s tee l .  F o r  cesium deposi ted 
a t  about  2OO0C, however, decontamination factors  
(DF's)  in various reagents  were in t h e  range of 
i o3  to io5.  

Fission Products Deposited in Gas-Loop Tests  l n 2  

In severa l  experiments on the deposi t ion of fis- 
s ion  products in  the  Oak Ridge Reactor, t h e  
deposi t ion leve l  from circulat ing helium w a s  below 
t h e  leve l  of contamination that  occurs  in handl ing 
t h e  neutron-activated metal samples  i n  hot-cell 
faci l i t ies .  T h e  fuel e lements  were thus  shown to 
b e  highly retentive. Several metal specimens,  
remote from the neutron flux when contaminated a t  
270"C, were decontaminated by factors  of about  
100 in 1 hr a t  95°C in di lute  ni t r ic  ac id  and  in 
oxalate-peroxide a t  pl-1 4. Contamination tha t  w a s  

deposi ted a t  54OoC was  m o r e  res i s tan t  to re- 
moval; but, with the a id  of a fluoride-containing 
oxalate-peroxide solution, the D F  af ter  s e v e r a l  
hours a t  95OC w a s  a sa t i s fac tory  value of about 
50. Invest igat ion of f iss ion product deposi t ion 
on in-pi le  g a s  loops and methods of removing 
the f i ss ion  products  wil l  continue. Metal sur faces  
remote from t h e  neutron flux will be s tudied to 
el iminate  the  high gamma-radiation background 
caused  by neutron activation. 

Decontamination of Equipment Used 
in  the Zirflex Process 

A gamma scint i l la t ion spectrometer  was used  in  
an  invest igat ion of  t h e  types  of f iss ion products 
depos i ted  on s t a i n l e s s  s t e e l s  in t h e  STR and 
modified-Zirflex fuel dissolut ion p r o c e s s e s  and the  
e f fec ts  of different decontamination reagents .  In 
t h e  a c i d  fluoride STK process  (nitric and hydro- 
fluoric ac ids) ,  the  only gamma-emitting fission 
product depos i ted  from a solut ion of mixed f iss ion 
products was  rutheniuin. Similarly, the  only 
depos i t  on s t a i n l e s s  s t e e l s  in t h e  neutral  fluoride 
Zirflex process  w a s  cerium; only zirconium-niobium 
and ruthenium appeared on s t e e l s  exposed to 
contaminated, d i lu te  ni t r ic  ac id  as  a control. In 
comparative decontamination t e s t s  (30 min a t  
9SoC), the cerium w a s  eas i ly  removed by d i lu te  
ni t r ic  ac id  ( D F  = 8 x l o 3 )  and by oxalate-peroxide 
reagent a t  pH 4 ( D F  = 3 x lo3). T h e  ruthenium 
depos i ted  when the STR process  w a s  u s e d  w a s  
b e s t  removed with oxalate-peroxide ( D F  = 900, 
compared with 18 in 3 M FINO3). T h e  gamma 
act ivi ty  of t h e  s t e e l s  contaminated by radioact ive 
impuri t ies  in  ni t r ic  acid was  only about 4% as  high 
a s  that of t h e  s t e e l s  from the  STR and Zirflex 
process ing  solut ions,  but they were more resis tant  
t o  decontamination ( D F  about 14 when oxalate-  
peroxide was  used ,  compared with about 10 when 
3 M HNO, w a s  used). 



actor Evaluation Studies 

T h i s  program, which is supported jointly by t h e  
Reactor  Divis ion and t h e  Chemical  Technology 
Divis ion,  involves  s t u d i e s  on var ious proposed 
advanced reactor  and fuel  c y c l e  s y s t e m s  t o  de-  
termine the  feas ib i l i ty  and economics  of s u c h  
sys tems.  T h e  work i n  the  Chcmica l  Technology 
Division during the  p a s t  year  included the  ini t ia-  
tion of drop t c s t s  with unshieldcd sh ipping  con- 
ta iners  for f i ss ionable  mater ia l ,  development of 
two computer c o d e s ,  MYRA and NORA, for t h e  
est imat ion of reactor fue l  sh ipping  c o s t s ;  t h e  
preparation of s e v e r a l  s t u d i e s  on t h e  c o s t s  of 
process ing  irradiated fuel ;  and the  preparation of 
a cr i t ical i ty  report summarizing a l l  ava i lab le  
cr i t ical i ty  d a t a  of in te res t  t o  fue l  processors .  

16.1 STUDIES OF THE COST OF SHIPPING 
SPENT FUEL 

T h e  c o s t  of sh ipping  i r radiated fuel  e lements  
from a reactor  to a fuel-processing plant  i s  an 
appreciable  part of t h e  to ta l  fuel-cycle  c o s t ,  
Shipping c o s t  is often difficult t o  ca lcu la te ,  
because  of t h e  n e c e s s i t y  of f i rs t  des igning  a n  
adequately sh ie lded  and cooled sh ipping  cask .  
Fue l -cyc le  optimization requires  t h e  determination 
of c o s t s  under a variety of reactor  condi t ions and 
t h e  se lec t ion  of condi t ions that  give the  minirnum 
to ta l  c o s t .  T h e  sh ipping  c o s t  wil l ,  in  general ,  be  
different for e a c h  set of condi t ions.  A further 
difficulty a r i s e s  when inventory c h a r g e s  a r e  taken 
into account. A longer cool ing t ime before ship-  
ping reduces t h e  shie1din.g requirements and g ives  
lower sh ipping  costs, but  t h i s  reduction may b e  
offset  by increased  inventory c h a r g e s  for t h e  
cool ing  period. T h e  e x i s t e n c e  of a n  optimal 
cool ing  time may therefore be  expected.  

As a s t e p  in  the direct ion of fuel-cycle optimi- 
zat ion,  a computer c o d e  w a s  wri t ten that  d e s i g n s  
a c a s k  and c a l c u l a t e s  sh ipping  and cool ing c o s t s  

for any des i red  set of reactor condi t ions.  T h i s  
code ,  MYRA, may be  run on ei ther  the  CDC-1604A 
or t h e  IBM 7090. In e a c h  problem, t h e  number 
of e lements  per c a s k  is automatical ly  varied from 
one up  t o  t h e  maximum that  c a n  be  carr ied without 
exceeding  the  to ta l  a l lowable weight ,  as s e t  by 
carr ier  or handl ing limitations. T h e  cool ing time 
also is varied within spec i f ied  limits. T h e  c o s t s  
a r e  shown i n  e a c h  case. T h e  resul t ing output 
is a parametric s tudy that  e n a b l e s  the user  to 
s e l e c t  t h e  condi t ions that  give minimum total  
cost of cool ing and shipping. 

By means of the MYRA code ,  sh ipping  c o s t s  
were determined for s e v e r a l  reactor  f u e l s  under 
var ious condi t ions of biirnup and s p e c i f i c  power. 
C o s t s  of $2,00 to $9.00 per kilogram of uranium 
were found to be  typical  for s ta in less -s tee l - -c lad  
or Zircaloy-2-clad fuel  e lements  of low enrich-  
ment. T h i s  inc ludes  freight, handl ing costs, 
f ixed charges  on c a s k s ,  and insurance  aga ins t  
damage to f u e l  in  t ransi t .  Some of t h e  resu l t s  a r e  
shown i n  T a b l e  16.1. T h e s e  costs a r e  b a s e d  on a 
freight ra te  of $1.93 per 100 l b  (full) and $1.81 
per 100 Ib  (empty), a sh ipping  d i s t a n c e  of 1000 
miles  e a c h  way, a handling c o s t  of $500 per round 

trip, a n  insurance  r a t e  of 0.2% of the  fuel  value,  
a fixed-charge ra te  on c a s k s  of 15% per year, a 
c a s k  cost of $1.00 per Ib, and  a maximum shipping 
weight  of 140,000 lb. In e a c h  case, the number 
of c a s k s  u s e d  was t h e  minimum number needed to 
keep  up  with t h e  ra te  of d i scharge  of fuel  from 
t h e  reactor. 

Typical  optimization curves  a r e  shown in F igs .  
16,l arid 16.2. Figure 16.1 s h o w s  the  variation 
of sh ipping  c o s t  with t h e  number of e lements  per 
c a s k  for  a desal inat ion s tudy b a s e d  on three 
reactors  with a to ta l  capac i ty  of 25,000 M w  (ther- 
mal). Cool ing time w a s  90 days.  Miniinurn cost 
w a s  obtained a t  about  26 e lements  per c a s k .  A s  
t h i s  number is raised,  t h e  increas ing  difficulty 
of h e a t  removal t e n d s  to outweigh other  fac tors  
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T a b l e  16.1. Typ ica l  Colculatcd Fuel Shipping Costs According to the  M Y R A  Code 

Westinghouse Desal inat ion 

1000 Reactor, Commonwe a lth cppD, Consolidated 

Edison,  M’N (e lectr ical)  25,000 Mw (thermal) 
Edison,  Yankee 

Dresden Indian Point PWR Study Study 

Costs ,  dol lars  per kg of 

reference material 

Freight 

Handling 

Fixed charges on c a s k s  

Insurance 

Tota l  shipping cos t  

Reference material 

Cooling time, days  

Burnup, Mwd/metric ton 

reference matecia1 

Specific power, Mw/metric 

ton reference material 

1.20 

0.10 

0.71 

0.16 

2.17 

Tota l  U 

90 

10,000 

11.9 

1.75 1.13 2.02 

0.20 0.12 0.22 

1.12 2.08 1.71 

0.43 0.45 1.25 

3.50 3.78 5.20 

Tota l  U Tota l  U Tota l  U + Th 

90 90 90 

8,200 8 ,800  21,000 

18.3 8.8 35 

1.66 

0.18 

0.43 

0.26 

2.53 

Tota l  U 

90 

24,000 

25.8 

0.86 

0.10 

0.15 

0.05 

1.16 

Tota l  U 

1 2 0  

8,000 

11.7 

UNCLASSIF IED 
ORNL--DWG €4-8273 

U N C L A S S I F I E D  
O R N L - D W G  64-8274 

C U R V E  E N D S  W H E N  MAXIMUR, 

2.50 

2 .oo 

-. 

1.50 3 
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t-- 
a 
V 

- 
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0 
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N U M B E R  OF E L E M E N T S  P E R  CASK 
Fig .  16.2. Optimal Cooling Time. Desal inat ion 

F ig .  16.1. Optimal Number of Elements per Cask. reactors, 25,000 Mw (thermal) total; inventory rate,  

Desal inat ion reactors, 25,000 Mw ( thermal) total; lO%/year; fuel value, $13 per ki logram of uranium 

cooling time, 90 days. (plutonium value minus reprocessing cost). 
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and c a u s e s  a n  inc rease  in cos t .  F igure  16.2 
s h o w s  the  total  cos t  of cool ing and sh ipping  for 
t he  same reac tors ,  a s  cool ing  time i s  varied. An 
optimal cool ing time of about  150 days  is indi- 
ca ted .  T h i s  work is reported i n  de t a i l  in ORNL- 
3648. ' 

During this invest igat ion i t  became apparent  
that  the  optimal condi t ions for shipment  cannot  
be determined without tak ing  into account  t he  

'Koyes Salmon, A Computer Code (CDC 16MA or 
I B M  7090) for Calculat ing the Cos t  of Shipping Spent  
Reac tor  F u e l s  as  a Function of Burnup, Specif ic  Power, 
Cooling Time, F u e l  C o m p o ~ i t i o r ~ ,  a n d  Other Variables, 
ORNL-3648 (August 1964). 

p rocess ing  ba tch  s i z e ,  s i n c e  the  batch s i z e  in- 
f luences  both the  reprocess ing  c o s t  per kilogram 
and the  inventory charges  for t he  sh ipping  period. 
T h e  ex i s t ence  of a n  optimal batch s i z e  was  antici-  
pated,  because  larger batch sizes tend t o  reduce 
process ing  c o s t s  by min i r~~ iz ing  turnaround cos t .  

With to ta l  fuel-cycle optimization aga in  in mind, 
a second computer code ,  NORA, was written; i t  
inc ludes  the  fea tures  of MYRA plus  the  ca lcu la-  
t ion of reprocess ing  c o s t s  and  inventory charges  
for var ious process ing  batch sizes. T h e  inventory 
charges  a r e  for t he  en t i re  period from reactor  dis-  
charge to s t a r t  of reprocessing.  T h e  NORA code  
f inds  condi t ions that minimize the  to ta l  of t he  

Table 16.2. Prel iminary Shipping Costs:  Advanced Converter Study 

Average Uurnup Shipping C o s t  

of reference material) (Days) reference material) 

Reference 

Material 
(dollars per k g  of Cooling 'Time 

Keac t or (Mwd/metric ton 

PWR 

Seed-Blanke t 

SSCR 

D 0-uo 
2 2 

D 0-ThO 
2 2 

T A R G E T  

SCK 

20,000 

25,000 

30,000 

35,000 

5 0,000 

60,000 

70,000 

80,000 

90,000 

20,000 

25,000 

3 0,000 

35,000 

40,000 

14,000 

15,400 

17,000 

2 0,000 

15,000 

22,000 

30,000 

40,000 

51,400 

6 0,000 

70,000 

25,000 

35,000 

45,000 

150 

180  

180 

180  

240 

240 

240 

270 

270 

240 

240 

270 

270 

300 

360 

360 

360 

360 

270 

300 

330 

120 

150  

150 

150 

150  

90 

60  

3.94 

4.08 

3.71 

4.02 

9.69 

9.67 

9.78 

9.86 

1 0.2 0 

3.94 

4.61 

4.04 

4.69 

4.12 

2.02 

2.09 

2.37 

2.85 

3.35 

3.98 

4.44 

33.04 

32.67 

32.70 

32.92 

3.78 

5.01 

5.51 

U 

T h  

T h  

U 

T h  

T h  
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shipping,  reprocessing,  and inventory charges.  
T h e  number of c a s k  purchases  is optimized; that  
i s ,  t h e  number of c a s k s  may be  greater than t h e  
minimum requirement, provided tha t  the reduction 
in inventory charges  for the  delivery period just i -  
fies the  addi t ional  c a s k  cos t .  B e c a u s e  of th i s ,  
the  sh ipping  cost may be larger than i t  would b e  
i f  i t  were ca lcu la ted  t o  minimize t h e  to ta l  of cool- 
ing  and shipping c o s t s  only. 

Typica l  shipping c o s t s  ca lcu la ted  by the  NORA 
code  a r e  shown in Table  16.2. T h i s  work w a s  done 
for t h e  Reac to i  Division in connect ion with the  
s tudy of advanced converters .  Costs tend t o  b e  
somewhat  higher than t h o s e  shown in T a b l e  16.1, 
for t h e  following reasons:  (1) optimization re- 
quired t h e  u s e  of a larger number of c a s k s ,  (2) 
t h e  average  exposures  shown were increased  by 
peaking factors  of from 1.1 to 1.5, and (3) allow- 
able  temperatures were reduced in some cases. 

16.2 COST STUDIES FOR PROCESSING 
CONVERTER-REACTOR FUEL 

A s  part of a n  overal l  comparative evaluat ion 
of advanced converter reactors ,  espec ia l ly  
thorium-fueled converters ,  c o s t s  were est imated 
for process ing  irradiated fuel  from the  reactor 
types  l i s ted  in  Table  16.3, for a range of bumup 
va lues  around t h e  reference figure shown. T h e s e  
es t imates  were suppl ied t o  t h e  ORNL Technica! 
.4ssis tance Group, where they were coinbined 
with shipping c o s t s  (Sect. 16.1), fabrication c o s t s  
(Metals and Ceramics  Division), and  reactor  
c a p i t a l  and operat ing costs (Reactor Division), 
t o  give optimized power c o s t s  for e a c h  reactor in  
a hypothet ical  1975-80 nuclear  economy. 

Under t h e  ground rules  of th i s  s tudy,  e a c h  fuel 
type was  considered separa te ly  for t h e  case of 
process ing  in  a single-purpose plant designed to 
s e r v i c e  fifteen 1000-Mw (electr ical)  reactors  of 
tha t  type.  Alternatively, the  case of a dual- 
purpose process ing  plant  des igned  t o  set v ice  ten 
1000-Mw (electr ical)  reactors  of the  particular 
type plus  ten  1000-Mw (electr ical)  PWR-type 
reactors  w a s  a l s o  considered. Capi ta l  and oper- 
a t ing costs were est imated for e a c h  hypothet ical  
p rocess ing  plant. T h e  rules  spec i f ied  a fixed- 
charge rate  of 22.5%, with a l te rna t ive  va lues  of 

'5. A. Lane c t  at., A Comparative Evaluation o f  
Advanced Converters (in preparation). 

15 and SO%, to be appl ied t o  capi ta l  investment 
to cover  t h e  annual  cost of depreciat ion,  in te res t  
on debt  capi ta l ,  return on equity capi ta l ,  federal 
income t a x e s  for corporations, other t a x e s ,  and 
property and liability insurance for privately 
owned plants .  

T h e  ca lcu la ted  c o s t s  were based on the  e s t i -  
mates  of Farrow, with modifications as  deemed 
appropriate for each  fuel  type to allow for dif- 
ferences in head-end treatment and  fer t i le  and 
f i s s i l e  throughput ra tes ,  p lus  added c o s t s  for 
krypton removal f rom off-gases ,  ul t imate  w a s t e  
d isposa l ,  and  esca la t ion  to 1964 pr ice  leve ls .  
T h e  es t imates  a r e  comparable to  t h o s e  previously 
made for a large nuclear  water-desal inat ion in- 
d ~ s t r y , ' , ~  except  that  the  former s tudy did not 
include the extra  w a s t e  d i s p o s a l  and esca la t ion  
costs and u s e d  a 7.7% fixed-charge ra te  under 
public-ownership ground rules .  As h a s  already 
been pointed out ,  ' * '  the  re lat ive insens i t iv i ty  of 
to ta l  fuel-processing capi ta l  and operat ing c o s t s  
t o  production rate g ives  rapidly decreas ing  unit 
production c o s t s  with increasing plant  size. In 
t h e  present  s tudy,  however, f ixing the size of a 
nuclear  power industry served by one  s ingle-  
purpose process ing  plant  at a cons tan t  15,000 Mw 
(electr ical)  tended t o  minimize t h e  difference be- 
tween reactor  types  as far as  processing-cost  
contribution t o  unit e lectr ic i ty  c o s t s  [mills/kwhr 
(electr ical)]  is concerned, s i n c e  wide differences 
in  t h e  amount of fuel  to be  processed  per year  
are assoc ia ted  with smaller  differences in  the 
to ta l  annual  processing c o s t s .  

T a b l e  15.3 gives  typical  ca lcu la ted  processing 
c o s t s  for the  various reactor fue ls  in  s ing le-  
purpose planis .  A s  might be  expec ted ,  the  high- 
burnup High-'Temperature Graphite Reactor h a s  the 
h ighes t  cost in dol lars  per metric ton but one of 

3J.  T. Roberts, Fixed-Charge R a t e s  Applicable to 
Capital Investment in Spent Fuel Processing Plants 
(in preparation). 

W. H. Farrow, Jr., Radiochemical Separations Plant 
Study,  Part II  - Design and C o s t  Est imates ,  DP-566 

'Chem. Technol .  Div.  Ann.  Progr. R e p t .  May 31 ,  1963, 

6F. E. Harr ington et al., Fuel  Cyc le  Cos t s  for  a 

7F. L. Culler,  Jr . ,  

4 

(March 1 9 ~ 1 ) .  

ORNL-3452, P. 243. 

Plutonium Recyc le  System,  ORNL-3501 (Jan. 6 ,  1961). 

The E f f e c t  o f  Scale-up on Fuel  
Cycle  Cos t s  for  Enriched Fuel and NatiiraI Uranium 
Fuel  Sys t ems ,  ORNL-TM-561 (Apr. 16, 1963). 

*F. L. Culler,  Jr . ,  Partially Enriched Fuel  Cyc le s ,  
ORNL-'l'M-678 (Sept. 3, 1963). 
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Table 16.3. Spent Fuel Processing Costs for Advanced Converter Study: Single-Purpose Plants 

Basis: 15,000 Mw (electrical) total capacity, 8W0 load factor 

1,000 WJJ (electrical) per reactor except 500 M w  (electrical) for seed-blanket reactor 

150 days minimum cooling time before processing 

310 operating days per year (processing plus turnaround) 

PVR 

Mwd/rnetric ton U or Thb 

Thermal efficiency, yo 

Metric tonsfiatch, U or 

Kghatch,  Pu or U b  

Metric tons/year, U or 

Kg/year, P u  or U b  

Kg/year, fission products 

Batches /year 

Processing days /yr 

Processing rates: 

Th 

Th 

Metric tons/day, U or 

Kg/day, Pu or U b  
Thh 

Cost of processing plant, 

millions of dollars 

Land, startup, and working 

capital, millions of 

dollars 

Total capital investment, 

millions of dollars 

Annual operating cost, 

millions of dollars 

Annual charge for ultimate 

disposal, millions of 

dollars 

At 15yo fixed-charge rate: 

Millions of dollars /year 

Dollars /metric ton 

Mills /kwhr (electrical) 

At 22.5% fixed-charge rate: 

Millions of dollars/year 

Dollars/metric ton 

Mills /kwhr (electrical) 

At 30% fixed-charge rate: 

Millions of dollars /year 

Dollars/metric ton 

Mills /kwhr (electrical) 

25,000 

31.1 

38.7 

380 

563 

5,520 

14,100 

14.5 

194 

2.90 

28.5 

67.2 

4.5 

71.7 

6.7 

3.2 

20.7 

36,800 

0.197 

26.0 

46,200 

0.247 

31.4 

55,800 

0.299 

Type of Reactor 
~ .................. 

- 
Sl jK 
- .......... 

70.000* 

28.8 

77.4* 

3,230* 

217* 

9,040* 

15,200 

2.80 

288 

0.753' 

31.4* 

56.6 

3.8 

60.4 

5.1 

3.3 

17.5 

80,600 

0.166 

22.0 

101,000 

0.2 09 

26.5 

122,000 

0.252 

SSCR D 0 - U  D O-Tha 'TARGET SGR 

30,000* 

31.2 

66.3' 

2,635* 

468' 

18,600* 

14,000 

7.06 

2 54 

1.81* 

73.2* 

66.8 

4.4 

71.2 

6.5 

3.2 

20.4 

43,600 

0.194 

25.7 

54,900 

0.244 

31.1 

66,500 

0.296 

15,400 

26.8 

23.0 

92.0 

1,060 

4,240 

16,300 

46.1 

155 

6.85 

27.4 

74.8 

5.1 

79.9 

7.6 

3.4 

23.0 

21,700 

0.219 

29.0 

27,300 

0.276 

35.0 

33,000 

0.333 

2 2 ,  ooo* 
26.8 

12.2'  

215* 

784* 

13,800* 

16,300 

64.3 

155 

5.06* 

89.0* 

76.7 

5.2 

81.9 

7.9 

3.4 

23.6 

30,100 

0.224 

29.7 

37,900 

0.283 

35.9 

45,800 

0.341 

51,400' 

45.8 

12.9* 

445* 

186* 

6,410* 

9,560 

14.4 

195 

0.954* 

32.9' 

59.9 

3.7 

63.6 

5.5 

2.5 

17.5 

94,100 

0.166 

22.3 

12 0,000 

0.212 

27.1 

146,000 

0.258 

35,000 

43.6 

12.8 

88.0 

2 87 

1,970 

10,000 

22.4 

155 

1.85 

12.7 

62.2 

3.9 

66.1 

5.8 

2.6 

18.3 

63,800 

0.174 

23.3 

81.2 00 

0.222 

28.2 

98,300 

0.268 

The burnup for the D 0-'Th case is for the core only, but the number of metric tons Fer batch and thz number of 

metric tons per year include the blanket also. F o r  a l l  the other reactors, the numbers represent averages over one re- 
actor-discharge batch. 

a. 

bThe asterisk indicates that the fertile material is thorium and that the fissionable material is uranium. 
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t h e  lowest  c o s t s  in  mil ls  per kwhr (electr ical) ,  
with t h e  reverse  be ing  the  case for t h e  low-burnup 
D 0-U reactor. I t  should b e  emphasized,  however, 
that  t h e  process ing  c o s t  is not necessar i ly  the 
controlling factor i n  t h e  overal l  c o s t  evaluation. 
In t h i s  s tudy ,  for example, fabrication costs 
generally were higher than process ing  c o s t s  and 
varied more between reactors. 

In dual-purpose plant c a s e s ,  some uni t -cost  
advantages  were obtained i n  s c a l i n g  up  froin 
15,000 to 20,000 Mw (electrical), though t h e s e  
were partially offset  by the  extra  costs a s s o c i a t e d  
with des igning  for two different fue l  types ,  es- 
pecial ly  wlien the  second fue l  type was suff ic ient ly  
different from PWK (Pressurized-Water Reactor)  
fuel  t o  require s e p a r a t e  head-end and/or tail-end 
faci l i t ies .  T h e  total  costs c a n  b e  ca lcu la ted  in  a 
fairly straipbtforward manner, but divis ion of t h e  
costs between t h e  two fue l  types  i s  not neces-  
sar i ly  straightforward. Actually, s i n c e  the  PWR 
load is held cons tan t .  the  comparison of t h e  to ta l s  
g ives  t h e  correct  re la t ive ranking between t h e  
var ious advanced converters  as  fa r  as  process ing  
i s  concerned; but, i n  order t o  be  a b l e  to ca lcu la te  
a to ta l  unit-power cost for e a c h  reactor  for inter- 
comparing them with each  other  and with PWR, a 
c o s t  divis ion is necessary.  T h e  “revenue-day” 
cost-assignment  foxmula used for the  AEC refer- 
e n c e  fuel  reprocessing plant’ and the  Nucl.ear 
F u e l  Services  proposal’ i s  straightforward in  
that i t  d iv ides  to ta l  c o s t s  in  proportion to  (process-  
ing  p lus  turnaround) plant t ime a s s i g n e d  to a fuel ,  
but i s  arbitrary in that ,  for a plant designed t o  
match a spec i f ic  load,  i t  d o e s  not necessar i ly  
ref lect  t h e  manner i n  which e a c h  different fuel 
type ac tua l ly  contr ibutes  t o  to ta l  c o s t s .  In t h i s  
s tudy  i t  had  t h e  further d i sadvantage  of giving a 
different  PWK-processing cost for each  of the  s i x  
dual-purpose plants ,  which may or may not be  
just i f ied brit which complicates  intercomparisons. 
Alternative methods of c o s t  divis ion were pro- 
posed ,”  but, for s implici ty ,  i t  w a s  decided t o  
u s e  t h e  single-purpose plant  uni t  costs for inter- 
comparison purposes  in  th i s  s tudy and to l i s t  the  

2 

’AEC Reference Fuel-Reprocessing Plant, WASH-743 
(October 1957). 

lo“Chemical Processing Plant,” hearing before the 
Joint Commi t t ee  on Atomic  Energy,  85th Congress of 

“J. T. Roberts, Fuel Reprocessing Costs  for A d -  

the U.S., May 14, 1963. 

vanced Converter Reactors  (in preparation). 

dual-purpose plant  costs only as supplementary 
information. 

16.3 MANUAL FOR SHIPPING SPENT 
REACTOR FUEL 

Over the  p a s t  s e v e r a l  y e a r s  the  Laboratory and 
other  sites have conducted a s e r i e s  of invest iga-  
t ions  concerned with t h e  design of a safe shipping 
c a s k  for transporting radioact ive material and, 
more spec i f ica l ly ,  spent  reactor fuel  e lements .  
T h e s e  experimental and study-type invest igat ions 
have  encompassed b a s i c  engineer ing problems such  
as shielding,  h e a t  t ransfer ,  energy absorption 
charac te r i s t ics  of s t ructural  mater ia ls ,  and s c a l e u p  
and cr i t ical i ty  s t u d i e s .  T h e  goal  of the  program 
h a s  been to t a k e  the  resu l t s  of t h e s e  s t u d i e s ,  in- 
cluding those  done a t  other s i t e s ,  and combine 
them in to  a comprehensive report that  wil l  cover  
a l l  a s p e c t s  of sh ipping  c a s k  design.  

T h e  report h a s  been written and i s  being pre- 
pared in  second-draft form. T h e  top ics  d i s c u s s e d  
in t h e  report include cr i t ical i ty  and  nuclear sa fe ty ,  
h e a t  t ransfer  problems i n  c a s k  des ign ,  s t ructural  
integrity of c a s k s ,  shielding,  contamination, regu- 
la t ions ,  and accidents .  

16.4 DROP TESTS ON CO 
SHlPPlNG SOLUTIONS OF REACTOR FUELS 

Shipments of unirradiated f i s s i l e  material a re  
normally made in containers  with a surrounding 
framework ca l led  a ‘(bird c a g e ”  t o  e n s u r e  a def- 
ini te  s p a c i n g  between containers .  The purpose 
of controlled s p a c i n g  is t o  minimize neutron inter-  
ac t ion ,  i n  order to  prevent a n  acc identa l  and un- 
controlled cr i t ical i ty  incident when a number of 
such  containers  a r e  shipped together. S ince  spac-  
i n g  is mandatory, i t  i s  important t o  know what 
effect  an impact  acc ident  would have  on s u c h  a 
container. Such t e s t s ,  s imulat ing poss ib le  ac- 
c ident  condi t ions,  have  been made t o  a id  in  de- 
s ign ing  bird c a g e s  t o  withstand s u c h  impacts .  

In a recent  invest igat ion,  s e v e r a l  55-gal s t e e l  
drums (ICC spec i f ica t ion  17IIj, e a c h  of which 
held t h e  s imulated fissile mater ia l  in a n  g-in.-diam 
pipe positioned i n  t h e  center  of the  drum, were 
dropped from he ights  up  t o  30 ft. T h e  pipe, which 
weighed 200 lb, w a s  held in  p lace  by two rows of 
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angle-iron s p o k e s  welded t o  the pipe and t o  a 
s t e e l  hand tha t  fitted snugly i n s i d e  and w a s  welded 
to  t h e  drum. Resul t s  ind ica te  tha t  s u c h  bird 
c a g e s  c a n  withstand horizontal  d rops  without 
completely destroying the  spac ing .  

16,s CR3TICALITY CONTROL IN 
FU EL-CYCLE PLANTS 

A s tudy  w a s  inade in  order t o  def ine  design 
cr i ter ia  for methods for control l ing cr i t ical i ty  in  
fuel-cycle  plants. T h e  primary s t r e s s  w a s  placed 
on determining t h e  l imits  and al lowable procedures  
for newer and inore economical  methods for con- 
t rol l ing cr i t ical i ty  as they apply t o  large p lan ts  
for recovering unburnt fuel  and making new power- 
reactor fuels, 

P r e s e n t  cr i t ical i ty  d a t a  appl icable  t o  configura- 
tion, mass, concentration, and control  of fixed 
and so luble  poisons in  fue l -cyc le  p r o c e s s e s  were 
supplemented by multigroup neutron diffusion and 
transport ca lcu la t ions .  Allowable configurations 
and fissile m a s s e s  were determined for typical  
homogeneous and  heterogeerieous s y s t e m s  of f is-  
s i l e ,  fer t i le ,  and moderator mater ia ls  that  cpccur 
i n  f u e l  process ing  and fabrication. Limiting 
c r i t i ca l  concentrat ions were ca!culated for aqueous 
so lu t ions  of mixtures of 3U-2 'Th, §U- sU, 

Crit ical i ty  parameters and safeguard techniques 
were der ived for u s e  with fixed-poison arrays of 
borosi l icate  g l a s s  and  boron-stainless  s t e e l  and 
for u s e  with t h e  so luble  poisons  boron, cadmium, 
samarium, and gadolinium. 'The e f fec t  of various 
ex terna l  neutron absorbers  and ie f lec tors  on the  
react ivi ty  of  f i s s i l e  s y s t e m s  and ar rays  of f i s s i l e  
s y s t e m s  was  calculated.  T h e  r e s u l t s  of t h i s  
s tudy  a r e  to  be i s s u e d  as a topical  report. 

235u-232,rh 239pU_232Th, and 2 3 9 p u - 2 3 8 u  , 



17. Chernieal A plications of Nuclear Explosions 

T h e  Chemical  Applicat ions of Nuclear Explo- 
s i o n s  (CANE) Program a t  ORNL centers  about a 
s tudy  of t h e  various w a y s  in  which nuclear  explo-  
sioris may b e  used  t o  produce chemical  react ions,  
new products, or radioisotopes which a re  e i ther  
difficult or impossible  to obtain by other  means.  
T h e  major effort t h i s  year  w a s  devoted to t h e  de- 
velopment of a chemical  f lowsheet  for t h e  recovery 
of transplutonium e lements  from salt debr i s  pro- 
duced i n  Pro jec t  Coach ,  a planned underground 
nuclear  explosion.  Smaller effor ts  were devoted 
to  s t u d i e s  on t h e  production and recovery of radio- 
i so topes  by “ je t  sampling” and on t h e  feasibi l i ty  
of a “hubble-tapping” l ine  t o  obtain samples  from 
the b l a s t  zone  immediately after the  explosion.  

17.1 PROJECT COACH 

In Pro jec t  Coach,  it is proposed tha t  a 5- t o  10- 
kiloton nuclear  d e v i c e  des igned  for producing 
maximum neutron f luxes  b e  detonated underground 
in  a bedded-sal t  formation near Carlsbad,  New 
Mexico, for producing milligram or larger quant i t ies  
of transcurium elements .  Pro jec t  Coach  is a part 
of t h e  P lowshare  Program. T h e  Coach  detonat ion 
w a s  originally planned for 1963, but i t  w a s  post-  
poned b e c a u s e  of technica l  diff icul t ies  related t o  
developing a s u i t a b l e  neutron-producing device .  
Further work on t h e  device  is under way a t  
Lawrence Radiat ion Laboratory at Livermore, 
California. Lawrence Radiat ion Laboratory is re- 
spons ib le  for conducting the  detonat ion,  for mining 
and crushing the  debr i s  to  be  processed ,  and for 
on-si te  processing.  Our responsibi l i ty  in Pro jec t  
Coach  is to a id  i n  the development of chemical  
f lowsheets  for i so la t ing  transplutonium e lements  
from t h e  debris .  

T h e  i so topes  produced i n  t h e  Coach s h o t  wil l  
b e  d ispersed  into 10,000 t o  35,000 t o n s  of debris .  
The  debr i s  wil l  b e  mined about a year  af ter  the  

detonat ion i n  order t o  allow time for f i ss ion  product 
decay.  B e c a u s e  shipping c o s t s  for large tonnages 
of the  radioact ive debr i s  a re  high, an on-si te  
chemical  plant  for concentrat ing t h e  ac t in ides  t o  
a primary concentrate  is required. T h e  primary 
concentrate  wi l l  then b e  shipped t o  ORNL or t o  
other AEC s i t e s  for f inal  processing.  

Work performed on Pro jec t  Coach a t  ORNL th is  
year w a s  concerned with chemical  process ing  
methods for obtaining a ptimary concent ra te  of 
ac t in ides  from t h e ’  s a l t  debr i s .  Laboratory 
chemistry s t u d i e s  were performed on radioact ive 
samples  from t h e  Gnome underground detonat ion 
in  bedded s a l t ,  and engineer ing d a t a  were obtained 
on s a l t  samples  from t h e  tunnel excavat ion  prior 
t o  the  Coach shot .  

In the  proposed process  for primary concentra- 
tion, 10,000 to 35,000 tons  of t h e  mined and 
crushed s a l t  debr i s  is water-leached, leaving 
a water-insoluble res idue tha t  conta ins  more 
than 99% of t h e  des i red  ac t in ides .  Next, t h e  
insoluble  material i s  separa ted  from t h e  brine 
and  leached  with a c i d  t o  bring the  desired 
e lements  into solut ion.  A primary concentrate  of 
ac t in ides  is then obtained by “carrying” with a 
calcium oxala te  precipi ta te .  T h e  concentration 
factor achieved is about  1000. All  liquid and 
sol id  w a s t e s  wi l l  b e  d isposed  of at t h e  Coach  s i t e .  

Chemical Studies of Samples from the Gnome Site 

A 3 t o  1 weight  ra t io  of water  to  salt “ore” i s  
suff ic ient  t o  leach  a l l  the  salt from t h e  debris  a t  
room temperature. About 10% of t h e  ore  remains 
insoluble  i n  water  under t h e s e  condi t ions.  T h e  
insoluble  res idue is composed mainly of anhydrite, 
olivine, quartz, magnetite, and various s i l i c a t e s  
and c l a y s ,  plus  t h e  ac t in ide  e lements  sought .  T h e  
only s ignif icant  quant i t ies  of radioact ive e lements  
leached by water  a r e  and I3’Cs,  which are  

256 
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expected to be,  respect ively,  10 and SO0 t i m e s  
the maximum permissible  concentrat ion for water 
(MPC, j for occupat ional  exposure,  

Ei ther  ni t r ic  or hydrochloric acid is effect ive for 
leaching the ac t in ides  from t h e  water-insoluble 
res idues.  Different l each ing  condi t ions a r e  re- 
quired for different t ypes  of res idues ,  depending 
on whether anhydrite or s i l i c a t e s  a re  the  major 
component of t h e  residue.  For  r e s idues  tha t  a r e  
mainly anhydrite,  leaching with 1 N HC1 or 1 N 
HNO, (10 t o  30 parts  per unit  of water-insoluble 
material)  at room temperature for 4 hr is suff ic ient  
for 80 to  90% recovery of the ac t in ides .  On the  
other hand, with r e s idues  tha t  a re  mainly s i l i c a t e s  
of calcium, magnesium, and iron, leaching with 
3 t o  6 N acid (about 20 par t s  per unit of water- 
insoluble  material)  a t  reflux temperatures for 4 
to  6 hr is required for the  s a m e  percentage recovery 
of ac t in ides .  A leaching eff ic iency of about 90% 
can  be achieved at room temperature with the 
high-si l icate  res idues ,  but l each ing  times of two 
to  three d a y s  are required.  A leach-liquor clarifi- 
cat ion s t e p  is required for l iquors obtained from 
acid leaching of the high-si l icate  res idues.  Clarifi-  
ca t ion  is effected by adding gelat in  (1% by weight) 
to t h e  l each  liquor, d iges t ing  a t  8OoC for 1 hr t o  
coagulate  the col loidal  silica, and then sepa ra t ing  
the s i l i c a  by filtration. S i l ica te  decomposition by 
acid is necessa ry  for good l each ing  efficiency 
because  the radioactivity i n  the  wa.ter-insoluble 
r e s idues  i s  a s soc ia t ed  mainly with the  s i l i c a t e s .  
Acid consumption by the  water- insoluble  r e s idue  
var ies  from 10 t o  25 meq/g, depending on the  
s i l i c a t e  content .  Acid consuinption i n c r e a s e s  with 
inc i eas ing  s i l i c a t e  content  of the  r e s idues  ~ 

Par t ia l  precipitation of calcium as oxalate  a t  
pH 1 to  2 is effect ive for obtaining a primary 
concentrate  of the  ac t in ides ,  which are carr ied 
on the  oxa la te  precipi ta te .  Experiments on the 
carrying of 241.4m t racer  from acid l e a c h  l iquors 
of water-insoluble r e s idues  showed that 90 t o  
95% of the  t racer  w a s  carried by precipi ta t ing about 
5% of the so luble  calcium. It is est imated that  
the total  ac t in ide  concentrat ion factor achieved i n  
the s t e p s  going from s a l t  debr i s  to calcium oxa la t e  
is about 1000. 

Radiochemical a n a l y s e s  of severa l  Gnome 
samples  indicate  that  s imple  gamma count ing might 
be  used t o  select t h e  s a l t  debr i s  t o  be p rocessed .  
In t h i s  way the quantity of debr i s  t o  h e  p rocessed  
could be  reduced by half  or more by s imple gamma 
counting. In the samples  thus  far examined, t h e  

rat io  of gamma radioactivity to  transplutonium 
element concentrat ion is fairly constant .  

Engineering Data from Coach Excavation Salt  

A large sample of s a l t  from the excavat ion s i t e  
of the proposed Coach  detonat ion was used to  
obtain engineering da ta  on the  l iquid-solids sepa -  
ration in  the  viater and ac id  l each  s t e p s  of the 
proposed process .  T h e  sample contained ininera1 
concentrat ions nearly typ ica l  for the Salado forma- 
t ion in  which the  site is located,  excep t  for the 
concentrat ions of magnesium and su l fa te ,  which 
are s ignif icant ly  higher,  and of aluminum, which 
is lower. 

T h e  to ta l  water-insoluble material  resul t ing f rom 
leaching with 3 parts  of water w a s  21%, most of 
which w a s  calcium su l fa te .  About 40% of the 
insoluble  res idue p a s s e d  through a 50-mesh screen .  
Sedimentation and filtration t e s t s  with the  water- 
l e a c h  s lurry showed tha t  t h e  ra tes  were greatly 
improved by t h e  addition of the f locculat ing agent ,  
Separan. The  sedimentat ion rate  w a s  5 ft /hr 
without Separan, and 36 f t /hr  with 0.4 lb  of Separan 
per ton of water-insoluble material .  T h e  thickener 
for processing 100 t o n s  of s a l t  per day  should b e  
5 ft in diameter and 3 ft high i f  Separan is used.  
T h e  required f i l ter  a rea  is 200 ft2 under the  same 
condi t ions.  

Leach ing  the  water-insoluble res idue with 1 N 
HC1 (30 parts  per unit of res idue)  dissolved about 
50% of the  s o l i d s .  T h e  ma.jor cons t i tuents  of the 
ac id  l each  liquor were calcium, magnesium, and 
su l fa te ,  with low concentrat ions of iron, aluminum, 
and s i l icon .  The acid consumption was 3.6 meq 
per gram of water-insoluble res idue.  T h e  required 
thickener  and filter s i z e s  were very nearly the 
s a m e  as  those  for u s e  with the water-leach s lurry.  

It is expected tha t  about a fourth of the s a l t  in 
the debr i s  of t h e  Coach  detonat ion wil l  have  been 
melted. To s imula t e  s u c h  debris ,  a sample of s a l t  
was  heated ai 85OoC for 4 hr. The  most s ignif icant  
effects of melting were  tha t  nearly all the water- 
insoluble  matter was  smaller  than 50 mesh, com- 
pared with the  40% that  p a s s e d  the 50-mesh screen 
when the salt had not been melted, and tha t  the 
acid consumption was  more than doubled, 7.8 meq 
per gram of water-insoluble res idue.  
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17.2 PROMPT-SAMPLER STUDIES FOR 
RECOVERING SAMPLES AND IRRADIATED 
SPECIMENS FROM NUCLEAR EXPLOSlONS 

A study of samples  of t h e  products  of contained,  
underground nuclear  explos ions  is necessary  to 
understand t h e  chemical  and nuclear  react ions tha t  
occur. S ince  the nature of the  samples  depends  
upon the time at which they a r e  withdrawn, they 
must be  taken a t  s e v e r a l  in te rva ls  of time t o  
e s t a b l i s h  a l l  the  reac t ions  tha t  occur. Core 
samples  obtained by dr i l l ing in to  t h e  debr i s  a 

few weeks  af ter  detonat ion e s t a b l i s h  final products ,  
but they d o  no t  permit the invest igat ion of inter-  
mediate  chemical  reac t ions  or of radionucl ides  
that  have decayed beyond their  limit of de tec t ion .  
P r e s e n t  prompt samplers ,  s u c h  as t h e  Gnome 
sampler , '  allow g a s  s a m p l e s  of debr i s  p l u s  any  
irradiated target  material t o  b e  taken for a few 
mil l iseconds after detonat ion,  before the sampling 
sys tem is destroyed by t h e  explosion.  T h e  Gnome- 
type sampler  recovers  only about  3 x lo-- ' '  of any 
irradiated specimen,  and the  specimen is mixed 
with t h e  debr i s  of the  explosion.  

We a r e  invest igat ing two types  of samplers  tha t  
supplement the Gnome type.  One is a je t  sampler  
for recovering neutron-irradiated ta rge ts  free of 
explosion debr i s  in  about  50% yield,  and the other  
i s  a bubble-tapping sampler  whereby g a s e o u s  and 
aerosol  samples  from t h e  underground cavi ty  c a n  
be  withdrawn over per iods of hours or d a y s ,  
s ta r t ing  a few hundred mil l iseconds after t h e  
nuclear  explosion.  T h e  Pitinan-Dunn Inst i tute  for 
Research  (PDIFR) a t  Frankford Arsenal ,  under 
subcontract ,  is aiding i n  a s tudy  of t h e s e  samplers .  
Experimental work ut i l iz ing high explos ives  h a s  
been s ta r ted  by PDIFR on the je t  sampler ,  but the  
bubble-tapping sampler  is s t i l l  in  the  conceptual  
s t a g e .  

T h e  unique feature  of t h e  j e t  sampler  is that  i t  
a l lows a target  to be irradiated by  the  large neutron 
flux of a nuclear  explosion and t o  be je t ted through 
an evacuated pipe at ve loc i t ies  of 10 t o  100 km/sec 
ahead of t h e  s h o c k  wave t o  a recovery s ta t ion  
about 100 m from the  explosion point. T h e  irra- 
d ia ted  target  could then be  recovered within a 

few minutes after t h e  explosion and would be  free 
of explosion debris .  Such a sampler ,  i f  s u c c e s s f u l ,  

J. W. 1-andry, The Sequenced Gas-Sampling Exper i -  
ment ,  Project Gnome, Carlsbad, N. Mex., D e c .  10, 1961, 
USAEC Plowshare Program, PNE-103F (Sept. 26,  
1962). 

would be  very usefu l  in  isotope s t u d i e s  and fast-  
neutron c ross -sec t ion  measurements .  An outdoor 
f i r ing range ut i l iz ing a vacuum chamber h a s  been 
constructed a t  PDIFR for firing high-explosive 
shaped  charges  t o  form target  spec imens  in to  long- 
range hyperveloci ty  j e t s .  Uranium spec imens  
s imulat ing heavy meta ls  have  been je t ted a t  
veloci t ies  of about  10 km/sec,  but the  range was  
only 10 f t ,  and the recovery w a s  less than 50%. 
T h e  spec imens  were 25 mm i n  diameter. Range 
and yield a r e  expected t o  improve with larger  and 
more accurately fabricated target  spec imens .  
Studies  a r e  be ing  conducted t o  determine the  
necessary  s c a l i n g  fac tors  for the  t ransi t ion from 
high explosive t o  nuclear  energy to form j e t s  of 
various spec imens .  After s u c c e s s f u l  demonstra- 
tion of the  proper range, veloci ty ,  and recovery 
of j e t s  formed from s p e c i a l  t a rge ts  by high ex- 
plosives ,  a n  experiment in  a n  underground nuclear  
explosion wi l l  be  proposed. 

T h e  important feature of the bubble-tapping 
sampler  is tha t  the  conten ts  of the cavi ty  formed 
by a n  underground nuclear  explos ion  c a n  b e  
sampled i n  a cont inuous and controlled manner, 
s ta r t ing  a few hundred mil l iseconds af ter  t h e  
detonation and cont inuing for d a y s  or weeks ,  i f  
desired.  T h e  sampling is accomplished by ini- 
t ia l ly  ins ta l l ing  the  sampling pipe in le t  s e v e r a l  
meters from the detonat ion point, such  tha t  t h e  
end of the sampling pipe is protected by inter- 
vening rock. Upon detonat ion of the  device ,  t h e  
cavi ty  that  i s  formed expands  t o  within a few f e e t  
of the pipe inlet .  At the  time of maximum bubble 
size or cavi ty  radius ,  connect ion is made between 
the pipe and t h e  bubble  by s p e c i a l  means,  and 
the bubble is sampled.  T h e  expansion of the  
bubble bends  t h e  pipe in  a s l igh t  arc ,  but i t  i s  
postulated tha t  the a x i a l  compression wil l  not 
be  suff ic ient  t o  break or close the  pipe,  and a 

permanent connect ion to the cavi ty  wil l  be  a t -  
ta ined.  No part  of the  sample  pipe p a s s e s  through 
the  zone  of e a r t h  above t h e  cavi ty  i n  which col- 
l a p s e  and f a l l  of ear th  mater ia l  occur. T h e  pipe 
will require protection from the  s h o c k  wave,  h e a t ,  
and ear th  movement tha t  occur  outs ide the  c o l l a p s e  
zone.  I t  is bel ieved tha t  t h e  pipe could b e  pro- 
tected from t h e  shock  wave by surrounding the 
pipe with high explos ives  and f i l l ing it with water  
t o  counteract  and absorb  t h e  s h o c k  energy. Feasi- 
bility and cost s t u d i e s  of t h e  bubble-tapping 
sampler  a r e  being made, but n o  tests have  been 
conducted. 



18, Assistance Programs 

T h e  Chemical Technology Division provided as- 
s i s t a n c e  t o  others  on s e v e r a l  projects.  T h e  
Eurochemic A s s i s t a n c e  Program w a s  continued. 
Under th i s  program, the  Laboratory is coordinating 
the  exchange of information between Eurochemic 
and t h e  various AEC s i t e s  and is currently sup- 
plying the  U.S. Techn ica l  Advisor t o  Eurochemic 
during the  construction and s ta r tup  periods. T h e  
Division continued to supply technica l  l ia ison 
between the Laboratory,  the  AEC,  and the con- 
s t ruct ion contractor for the  High Radiation Leve l  
Analyt ical  Laboratory.  Consul ta t ion on construc- 
t ion of the  two plant-waste-improvement projects  
w a s  continued. A s s i s t a n c e  011 a lpha  laboratory de- 
s ign  and construction included completion of the 
Interim Alpha Laboratory in t h e  basement of 
Building 3019 and the  preparation of a design 
s tudy for a 32-laboratory Alpha Laboratory Fa- 
ci l i ty .  Engineering a s s i s t a n c e  w a s  provided t h e  
Heal th  P b y s i c s  Division on two large experiments:  
intermediate-level radioact ive w a s t e  d i sposa l  by 
hydrofracturing and high-level radioact ive w a s t e  dis- 
posal in salt. In order t o  provide addi t ional  233U 
s torage  s p a c e ,  a n  interim faci l i ty  for s tor ing GO kg  
of 2331J 0 was  des igned  and bui l t ,  and  the  design 
of a faci l i ty  for s tor ing 300 kg  of 233U as uranyl 
ni t ra te  solut ion was  begun. Both facilities wil l  
b e  in  Buil.ding 3019. A sh ie lded  interim alpha-  
gamma faci l i ty  w a s  designed and i s  being in- 
s t a l l e d  i n  Building 3508. A s tudy  w a s  made on 

the sh ie ld ing  of isotopic  power sou rces  for s p a c e  
missions.  F ina l ly ,  a proposal was  made t o  t h e  
AEC t o  process  fuel from t h e  E lk  River reactor in 
our f a c i l i t i e s  as a means of acce le ra t ing  engineer- 
ing evaluation of the  overal l  Th-233U fuel  cycle .  

3. .a 

WOCHEMlC ASSISTANCE ~ ~ ~ 6 ~ A ~  

T h e  Laboratory continued t o  coordinate  t h e  
Eurochemic A s s i s t a n c e  Program for t h e  exchange 
of information between Eurochemic and the  s e v e r a l  

AEC sites part ic ipat ing in the  program. In addi- 
tion, the  Laboratory is supplying t h e  U S .  Tech-  
n ica l  Advisor,  E. M. Shank, who will remain at 
Mol, Belgium, during the  construct ion and s ta r tup  
p h a s e s  of the  Eurochemic plant. 

During the pas t  year,  509  USAEC-originated 
documents and 55 drawings and miscel laneous 
i tems were sen t  t o  Eurocliemic. About 48 Euro- 
chemic documents written in  Engl ish were  re- 
ceived,  reproduced, and  distributed. Also,  4 
Eurochemic documents writ ten in French were 
t ranslated and distributed. 

A t  the  end of 1963, the Eurochemic staff  had  
increased t o  271 people from 1 4  countr ies ;  ex- 
pansion wil l  cont inue unt i l  the  full complement of 
450 i s  reached. E .  Pohland,  General  Manager 
s i n c e  the beginning of t h e  project,  retired, and 
R. Rometsch, Research Director, was  appointed 
ac t ing  General Manager. Based  on a new est imate ,  
the  to ta l  c o s t  of t h e  completed facil i ty wil l  b e  
$27.2 million. Expenses  for the  next four years ,  
including construction completion, are est imated 
to be  $21 million. T h e  plant is now schedu led  
for “hot”  s ta r tup  in December 1965. 

All  main process  engineer ing f lowsheets  have 
been approved except  €or the  rework and  the final 
plutonium sys t ems .  Detai led equipment design 
(by t h e  architect-engineer) is nearly complete,  and 
90% of the equipment h a s  been ordered; two long- 
delivery i t e m s ,  the  second  d i s so lve r  and the 1 W W  
evaporator,  have  not been ordered. A sys t ema t i c  
cr i t ical i ty  review is 90% complete.  Handling re- 
quirements for EL-3 fuel  ( the f i r s t  fuel  expected)  
were s tudied,  and the  s p e c i a l  tools  were ordered. 
T h e  engineering f lowsheets  for the effluent- 
treatment s ta t ion  have not been  approved; t h i s  
faci l i ty  may control the  plant  s ta r tup  date ,  s i n c e  
it is t h e  final control point for all radioact ive 
liquid w a s t e s  discharged from the  s i te .  Pre-project 
s t u d i e s  have  continued for medium-level radio- 
a c t i v e  w a s t e  (MLW) s to rage  and  sol id-waste  
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handling; the  M L W  s torage  faci l i ty  may also 
control t h e  plant  s ta r tup  date .  T h e  preparation of 
the ana ly t ica l  procedures and t h e  high-activity- 
leve l  glove box equipment is well advanced.  

Laboratory-scale s t u d i e s  were cont inued on 
processes  not immediately appl icable  t o  t h e  main 
process .  T h e s e  s t u d i e s  concern graphite-based 
fuels ,  the  Citriflex head-end, air-pulsed mixer- 
s e t t l e r s ,  and t h e  pre-project des ign  s tudy  for the  
500-curie hot ce l l s .  Similar s t u d i e s  a r e  continuing 
on various feed preparation sys tems,  t h e  so lvent  
extract ion f lowsheets ,  preparation of U(1V) nit rate ,  
and f ina l  product purification. Pi lot-scale  s t i idies  
were cont inued on dissolut ion,  bottom interface 
control, e f fec ts  of purge a i r  on pulsed columns, 
a i r  pulsation, evaporation, a n d  slab-tank mixing. 
In-line instrumentation developinent h a s  continued 
on the  beta-ray monitoring of low-level radioact ive 
was te ,  the  alpha liquid-film inonit or, a beta-gamma 
in-line sample  monitor, conductivity, a n d  t h e  
* 'A111 absorptiometer. 

18.2 CONSTRUCTION AND STARTUP OF THE 
HIGH RADIATION LEVEL ANALYTICAL 

FACILITY 

T h e  const tuct ion of t h e  Analyt ical  Chemistry 
Divis ion 's  High Radiat ion L e v e l  Analyt ical  
Laboratory w a s  completed in  April 1964. T h i s  
faci l i ty  is a ZZ5,000-ft3, two-story building housing 
one unloading c e l l ,  one s torage  ce l l ,  s i x  work 
c e l l s ,  th ree  ana ly t ica l  laborator ies ,  and  s u c h  
necessaxy supporting a r e a s  as cell-equipment 
assembly and decontamination rooms, change  
rooms, offices, a conference room, and  a serv ice-  
equipment a rea .  Construction w a s  done under a n  
AEC fixed-price contract  by t h e  F o s t e r  and  
Creighton Company of Nashvi l le ,  T e n n e s s e e .  
F i e l d  supervis ion and  inspect ion of construction 
were done  by the  Vitro Engineer ing Company, 
New York, who prepared t h e  contract  drawings and 
spec i f ica t ions  for t h e  project. 

Considerable  addi t ional  work s t i l l  remains to 
b e  performed before t h e  facility wi l l  b e  ready for  
high-radiation-level ana ly t ica l  operat ions toward 
the  end of th i s  calendar  year. T h i s  involves  t h e  
Laboratory and  H. K. Ferguson  Company p h a s e s  
of t h e  overall construct ion project. Afterward, 
cer ta in  modifications a n d  addi t ions  t o  ex is t ing  
construct ion wil l  be  required to improve t h e  ease 
of maintenance and operat ing reliability of m e -  

chanica l  equipment and  vent i la t ion controls ,  
particularly within the  radiation confinement a r e a s  
of the  building. 

Project  construct ion work remaining to b e  corn- 
pieted by Ferguson inc ludes  t h e  instal la t ion of 
tie-in connect ions between the construction s i t e  
and t h e  OIWL tank farm for two building drain 
l ines .  T h e  radiochemical drain wil l  b e  of Has te l -  
loy C, and a process-waste  drain. will b e  of 
vitrified t i le .  Work at  t h e  construct ion s i t e  will. 
include improvermnts in s i t e  drainage,  a new 
paved road around t h e  building, a protective fence  
around the  cell-ventilation exhaus t  equipment 
located outs ide the  building, and  fac i l i t i es  for 
hous ing  the  f i l ter  pit, f a n s ,  and s t a c k .  

Pro jec t  construct ion work remaining t o  b e  com- 
pleted by t h e  Laboratory inc ludes  the  procurement 
of Hastel loy C pipe required for H. K. Ferguson 
Company instal la t ion of t h e  radiochemical drain 
(RCD) tie-in connect ion;  placement of topsoi l ,  
s e e d i n g  of t h e  construct ion s i t e ,  and backfilling 
of trench a r e a s  following Ferguson instal la t ion of 
drain-line connect ions;  instal la t ion of model 8 
standard-duty manipulators for cell and  s p e c i a l  
work a r e a s ;  instal la t ion of heal th  phys ics  in- 
strumentation; instal la t ioi l  of s t a c k ,  RCD, and 
process-water drain monitoring and te lemeter ing 
instrumentation; and  instal la t ion of f i l t e rs  in  t h e  
cel l -exhaust  filter pit and s e a l i n g  of pit covers  in  
the  cell-exhaust filter and off-gas sys tem pi ts .  

18.3 ALPHA LABORATORY F 

A three-laboratory Interim Alpha Fac i l i ty  (Fig. 
18.1) w a s  bui l t  in t h e  equipment and  mcchanical  
room of t h e  Chemical  Technology Division Kadio- 
chemical  Pilot Plant ,  Building 3019, and  placed 
in operation. T h e  interior of t h e  bui lding w a s  
completely rrnovated, a n d  the  containment was 
upgraded. A once-through conditioned-air ventila- 
tion sys tem with appropriate  f i l ters  and backflow 
preventers w a s  instal led.  T h e  sys tem now ex- 
h a u s t s  t o  the  Huilding 3019 cell-ventilation s y s -  
t e m .  Ventilation exhaus t  from t h e  glove boxes  
is filtered through a b s o l u t e  f i l t e rs  a n d  d is rharged  
into t h e  Building 3019 disso lver  off-gas sys tem.  
Liquid-waste-disposal fac i l i t i es  have  been ex- 
tended into t h e  a rea .  E a c h  laboratory baa in- 
s t ruments  for cont inuous monitoring of alpha 
act ivi ty ,  detect ion of fire, and  detect ion of l o s s  
of vacuum in the  ventilation a n d  off-gas headers .  
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Fig.  18.1. Floor Plan of Inter im Alpha Laborotary, 5oscment  of  5 v i l d i n g  3019. 

Alarm s i g n a l s  are transmitted to the  Building 3019 
containment panel.  T h e  laboratory faci l i ty  is also 
t ied into t h e  Building 3019 communication and 
evacuat ion s ys  tem. 

T h e  faci l i ty  is being used  for t h e  fabrication of 
242Pu targets  for irradiation in  t h e  Savannah 
Eiver  reactors and later in t h e  High Flux Isotope 
Reactor,  in suppo,t  of the  Transuranium Program. 
Other process  invest igat ions scheduled for the 
near future include t h e  development of a sol-gel  
process  for PuO,, t es t ing  of the  Tramex p rocess  
in small-scale  pulsed columns, and  chemical  
s t u d i c s  on americium and  curium oxide. 

A preliminary des ign  arid c o s t  s tudy was made 
for a new Alpha Laboratory Fac i l i ty  for joint  u s e  

by the  Analyt ical  Chemistry,  Chemical Technology, 
Reactor  Chemistry,  and Metals and  Ceramics Di- 
vis ions.  T h e  laboratory would contain tvrenty- 
eight 16- by 3 2 4  alpha laborator ies ,  four sup- 
porting “cold” laborator ies ,  a 32- by 64-ft-deep 
bay area  for large alpha experiments,  and sup- 
porting office and  serv ice  faci l i t ies .  The  facil i ty 
i s  es t imated t o  c o s t  approximately $5,000,000. 

18.4 P 

T h e  Chemical Technology Division continued to 
supply consul ta t ion t o  the  General  Engineering 



262 

and Construction and t h e  Operations Divis ions 
during construct ion of two plant-waste-system 
improvement projects .  T h e  first of these ,  the  
Melton Valley w a s t e  col lect ion and  t ransfer  
system, w a s  completed in  February 1964, except  
for connect ions into t h e  main OHNL w a s t e  system. 
T h i s  sys tem wi l l  s e r v e  tho  High Flux  Isotope 
Rcnctor, t h e  Transuranium Process ing  Plan t ,  t h e  
Thoriurn-Uranium F u e l  C y c l r  Devrlopment Fac i l i ty ,  
and  the  Molten-Salt Reactor  Experiment. A waste-  
t ransfer  l ine h a s  been ins ta l led  t o  each  of t h e s e  
fac i l i t i es  for connection a s  e a c h  faci l i ty  is com- 

pleted. 
T h e  s e c o n d  improvement project is t h e  con- 

s t ruct ion of a n  intermediate-level w a s t e  evaporator 
and  two SO,OOO-gal high-level-waste s torage  tanks.  
The building t o  house  th i s  faci l i ty  w a s  completed 
in  Februacy 1964, and  instal la t ion of the  evapo- 
rator began in  March. T h e  faci l i ty  is scheduled 
for completion in February 1965 b e c a u s e  of a de lay  
in fabrication of the s torage  tanks. B e c a u s e  the 
sampling room for the  ent i re  facility is t o  be 
s i tua ted  a b o v e  t h e  storage-tank vault, t h e  evapo- 
rator cannot  h e  operated unt i l  the  s toragc  tanks 
have  b e e n  ins ta l led  and  their vaul t  h a s  been 
sea led .  

The  evapoiator and i t s  auxi l ia r ies  a n d  t h e  
s torage  tanks  a r e  being made of type 3 0 4 L s t a i n -  
less steel to permit t h e  handl ing of a c i d  w a s t e s  
Although the  major function of the evaporator wil l  
b e  to conrent ra te  10,000 gal per day of ORNL 
intermediate-level a lka l ine  waste containing less 
than 10 curies/gal ,  t h e  faci l i ty  h a s  a d e q u a t r  
sh ie ld ing  t o  prucess  and s t o r e  w a s t e  containing 
2800 curies/gal .  Tota l  c o s t  of t h e  two waste-  
system-improvement projects  will b e  $1.7 million. 

18.5 DEMONSTRATION OF THE DISPOSAL 

WASTE IN SALT MINES 
LIB, HIGH-LEVEL RADlOACTiVE 

T h e  engineer ing des ign ,  development, and fab- 
rication of the  required equipment for handl ing 
t h e  radioact ive mater ia ls  for thc  high-level w a s t e  
s o l i d s  demonstration i n  s a l t  a r e  being coordinated 
in the  P r o c e s s  Design Sect ion of th i s  Division. 
T h e  demonstration is directed by the  Health 
P h y s i c s  Division, with t h e  objec t ives  of demon- 
s t ra t ing  equipment and  techniques  for sa fe ly  
handl ing and  s tor ing of high-level radioact ive 
w a s t e  i n  s o l i d  form and  of s tudying  t h e  cffect  of 

radiation and h e a t  on t h e  sa l t .  F u e l  c lements  
from t h e  E T R  wil l  b e  u s e d  to  s imula te  t h e  pots  
of calcined w a s t e  that  wil l  b e  produced at the  
Hanford High-Activity-Level Waste Calcinat ion 
P i lo t  P lan t  a t  a future date .  T h e  present  operation 
includes canning and sh ipping  short-cooled ETR 
fuel  e lements  from t h e  NKTS in Idaho t o  the  Carey 
salt mine in  Lyons,  Kansas ;  transferring the  
e lements  from t h e  sur face  to t h e  mine; charging 
the  fue l  t o  sh ie lded  s torage  holes ;  and  recovering 
the  fuel  a f te r  completion of t h e  demonstration. 
Data w i l l  b e  col lected during a two-year period, 
s ta r t ing  ear ly  in  1965. 

In addi t ion t o  t h e  responsibi l i t ies  above, work 
in t h e  design sec t ion  inc ludes  evaluat ing t h e  
hazards  involved in  sh ipping  and operat ions i n  
the  mine, ins ta l l ing  t h e  equipment, and planning 
t h e  operating procedures for handl ing radioact ive 
materials. T h e  design of t h e  equipment w a s  
completed th i s  year ,  and the  majority of t h e  equip- 
ment is now being bui l t  or purchased. 

T h e  IIealth P h y s i c s  Division is in charge of 
renovating t h e  mine, mining t h e  experimental a rea ,  
instrumentation, and co l lec t ing  t h e  da ta  over t h e  
two-year demonstration period. 

18.6 ~ 1 ~ ~ ~ S A L  OF RADIOACTIVE WASTE 

T h e  engineer ing on t h e  Heal th  P h y s i c s  Di.vision 
experiments on d i s p o s a l  of intermediate-activity- 
leve l  aqueous w a s t e s  by hydrofracturing is be ing  
coordiriated by t h e  P r o c e s s  Design Sect ion of 
t h i s  Division. In th i s  program, t h e  aqueous  
w a s t e s  a r e  mixed with cernent and  c l a y  and  pumped 
at high pressure into a n  approxirnat.ely 1000-ft- 
d e e p  wel l  in  the  ORNL t e s t  a rea  in lower Melton 
Valley. When suff ic ient  pressure  is exerted, t h e  
rock s t ra ta  is fractured at  t h e  bottom of the  wel l ,  
and the  w a s t e  is dis t r ibuted i n  a thin s l a b  of 
large diameter around t h e  well, where it s e t s  up 
a s  a concrete  shee t .  

Our responsibi l i t ies  on th i s  project included 
t h e  design,  fabrication, and  instal la t ion of t h e  
cement, c lay ,  and w a s t e  s torage  areas, and the  
n ix ing  cell and  i t s  equipment. T h e  Halliburtun 
Company w a s  responsible  for t h e  high-pressure 
pumping equipment and t h e  wel l  operat ions,  
During t h e  p a s t  year, t h e  faci l i ty  des ign  and 
instal la t ion were  completed. A s e r i e s  of four 
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inject ions were made in  order to test t h e  per- 
formance of the  sur face  plant  and to determine 
t h e  underground behavior of t h e  grout s h e e t s  with 
w a s t e  so lu t ions  and s o l i d  mixes of different 
compositions. Synthet ic  w a s t e  so lu t ions  were 
u s e d  in the  f i rs t  in jec t ions  s o  tha t  t h e  romposi-  
tion would b e  s imilar  to tha t  of t h e  concentrate  
from t h e  ORNL w a s t e  evaporator. 

In the  f i rs t  inject ion (February 13, 1964), 3'7,000 
gal of synthe t ic  concentrated w a s t e  solut ion w a s  
mixed with 23,400 l b  of a t tapulg i te  dr i l l ing c lay  
and injected at  a depth of 945 ft. T h i s  inject ion 
w a s  made in order to t e s t  t h e  operation of the  
sur face  plant  and t o  eva lua te  a nonset t ing mix. 

In t h e  second inject ion (February 21), 27,300 ga l  
of synthe t ic  concentrated w a s t e  solut ion with 
30 cur ies  of 1981%u t racer  w a s  mixed with about  
170,000 l b  of a cement-base mix and  injected a t  
a depth of 924 ft. This inject ion w a s  made t o  
eva lua te  a mix with a low concentrat ion of cement  
and t o  determine whether t h e  ac t iv i ty  i n  the  grout 
s h e e t  could b e  de tec ted  at t h e  observat ion well. 

In t h e  third inject ion (April S), 33,500 gal  of a 

mixture of synthe t ic  Concentrated w a s t e  solut ion 
and a c t u a l  intermediate-level radioact ive w a s t e  
w a s  mixed with about 518,000 l b  of a cement-base 
mix a n d  injected a t  a depth  of 912 ft. T h i s  in- 
jec t ion  was made to demonstrate  tha t  concentrated 
radioact ive w a s t e  so lu t ions  s imi la r  to t h o s e  t o  
b e  produced by t h e  ORNL w a s t e  evaporator c a n  b e  
f ixed permanently underground. 

In t h e  fourth inject ion (April 17) ,  36,000 gal  of 
intermediate-level w a s t e  solut ion w a s  mixed with 
about  381,000 l b  of a c e a e n t - b a s e  mix and  in- 
jec ted  a t  a depth of 900 ft. T h i s  inject ion w a s  
made t o  eva lua te  a mix for d i lu te  w a s t e  solut ions.  

Minor diff icul t ies  were  encountered with var ious 
components of t h e  s u r f a c e  plant  during the  s e r i r s  
of inject ions and were corrected as they appeared.  
In gerieral, t h e  operation of t h e  inject ion plant  
h a s  been smooth and  sa t i s fac tory .  

Evaluat ion of t h e  mixes u s e d  in  t h e  four in- 
jec t ions  and  determination of the  underground be- 
havior  of the  grout s h e e t s  cannot  b e  accomplished 
until c o r e s  of t h e  formation h a v e  been recovered. 

AGE FACILITY FO 
BUILDING 3019 

A faci l i ty  is be ing  des igned  for instal la t ion in  the  
pipe tunnel  of Building 3019 for the  handl ing and  
cr i t ical ly  safe s torage  of up  t o  300 k g  of 233U as  
t h e  ni t ra te  solution. A smal le r  s torage  and handling, 
sys tem was  designed and  ins ta l led  in t h e  pent- 
house  of Building 3019 for the  handl ing and 
cr i t ical ly  s a f e  s torage  of more than 6 0  k g  of 2 3 3 U  
as dry U30,. 

T h e  faci l i ty  for handl ing ni t ra te  so lu t ions  in the  
pipe tunnel wil l  c o n s i s t  of f ive type 316 s t a i n l e s s  
s t e e l  t anks ,  3G in. OD, 51 in. long, and having a 

tunnel  in  which t h e s e  tanks  a r e  to b e  located wil l  
b e  a sh ie lded ,  doubly contained area.  Each  tank 
is to b e  separa te ly  ins ta l led  a n d  individually 
sh ie lded  to  permit maintenance independent of 
t h e  other tanks. T h e  cr i t ical i ty  problem is m e t  
by us ing  borosi l icate-glass  R a s c h i g  rings (1.75 
in. long, 1.50 in. OD, 1.042 in. ID> with a R 2 0 3  
content  of 11.8 to 12.8% and a total  g l a s s  volume 
of 31% of t h e  s p a c e  occupied by t h e  randomly 
packed rings. 

When needed,  solut ion froin t h e s e  tanks wil l  b e  
routed to  t h e  Thorex so lvent  extract ion faci l i ty  
located in  c e l l s  5, 6, and 7 of Building 3019 for 
decontamination of t h e  2 3 3 U  from the  decay  daugh- 
te rs  of 2 3 2 U ,  or to a laboratory-scale 2 3 3 U  puri- 
fication and packaging area  located in t h e  former 
so lvent  room in t h e  makeup a r e a  of Building 3019 
for handl ing quant i t ies  of 2 3 3 U  up to severa l  
hundred grains. F igures  18.2 and 18.3 show sche-  
mat ical ly  t h e  location, arrangement, and some 
d e t a i l s  of th i s  facility. 

With th i s  facility, t h e  Laboratory wil l  s e r v e  as  
a nat ional  depository for t h e  2 3 3 U  being  produced 
a t  Savannah River and elsewhere,  and  possibly 
for the  2 3 5 U - 2 3 3 U  t o  b e  produced in power re- 
ac tors  [Consolidated Edison (core A) and Elk 
River]. 

Interim s torage  was provided for about  60 k g  
of 2 3 3 U , 0 8  obtained from Savannah River  as  a 
dry powder contained in  welded aluminum c a n s  
2.77 in. OD, 6.5 in. long, a n d  with a wal l  thick- 
n e s s  of 0.04 in. Storage was provided by core  
drilling nine 5-in.-diam by 8-ft-3-in.4ong h o l e s  
into the  concre te  dividing wal l  between c e l l s  
3 and  4 in  t h e  Building 3019 penthouse and l ining 
t h e  h o l e s  with a 4-in.-IPS (iron pipe s i z e )  type 
316 s t a i n l e s s  s t e e l  pipe. 

3 .  /16-in. wal l  th ickness .  T h e  pari of the  pipe 
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Fig. 18.2. Location and Arrangement o f  F i v e  233U Storage Tanks in Pipe Tunnel of Building 3019 (Section A-A 
i s  shown i n  Fig. 18.3). 
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,R,",&",",~~','2"76 s a f e t y  g l a s s  ports for lighting, manipulator booting, 
and bag-out ports. T h e  a lpha  box will  b e  s u s -  
pended ins ide  t h e  sh ie ld ing  enc losure  and locked 
in  posi t ion by u s e  of a mechanical  ho is t ing  de- 
vice. T h e  box wi l l  b e  completely s e a l e d  to 
prevent the s p r e a d  of alpha contaminants. 

T h e  sh ie ld ing  enc losure  ( ins ide  dimensions,  
about  6 by 6 by 9 ft) wi l l  b e  made of solid concre tc  
blocks with mortared jo in ts  t o  form a wal l  about  
2 ft thick. T h e  interior wi l l  b e  coa ted  with a n  
acid-resis tant  s e a l i n g  material. T h e  roof of t h e  
enc losure  wi l l  he  a p r e c a s t  concre te  s l a b  about  
8 in. thick. A z i n c  bromide viewing window and 
one pair of spec ia l ly  bui l t  manipulators will b e  
ins ta l led  i n  t h e  wes t  wal l  of t h e  enclosure.  A 
removable s t e e l  p la te  with dry s t a c k e d  concre te  
block will b e  ins ta l led  in t h e  south  wal l  to permit 
t h e  removal of t h e  a l p h a  box. A t ransfer  port and  
a carr ier  loading port, e a c h  with lead sh ie ld  doors, 
wil l  b e  ins ta l led  in  t h e  north wall. A glove box 
bag-out arrangcment wi l l  b e  connected t o  t h e  
t ransfer  port. 

Inlet  a i r  and  exhaus t  wil l  b e  connected to  t h e  
nearby off-gas and cel l -vent i la t ion s y s t e m  for t h e  
building. Auxiliary high-efficiency f i l ters  and  
dampers wil l  b e  ins ta l led  t o  maintain a negat ive  
pressure  within t h e  enc losure  of 0.3 in. water  
gage, and  within t h e  a lpha  box, 0.4 in. water  
gage. A vacuum breaker  wi l l  b e  instal led t o  
prevent t h e  c o l l a p s e  of the box. 

Elec t r ica l  s e r v i c e s ,  a hot drain, d i s t i l l ed  water, 

The facility is 

GI-OVE BOX 

TUNNEL STORAGE 

Ft9. 18.3. o n e  Of  Five Storage Tanks and I t s  Relat ion process  water ,  g a g e s  and alarms,  and  a i r  sllpply 
to Small-Scale Puri f icat ion Fac i l i ty  (Sect ion A-A of will  be installed as 

Fig. 18.2). es t imated  t o  cost $70,000. 

A sh ie lded  alpha-gamma faci l i ty  vias designcd 
and is be ing  ins ta l led  in  laboratory 1, Building 
3508, to provide an  interim area in which chemical  
research and  development wi th  s u b s t a n t i a l  amounts 
of transuranium i s o t o p e s  c a n  be  done prior to 
the  s t a r t u p  of the  Transuranium P r o c e s s i n g  Plan t .  

The  proposed instal la t ion wil l  c o n s i s t  of s t ruc-  
tuial  a l te ra t ions  and  relocat ion of ex is t ing  fa- 
cilities, a n  a lpha  box, concrete-block sh ie ld ing  
enclosure,  and  misce l laneous  auxi l iary equipment. 

T h e  alpha box (approximately 5 by 5 by 5 ft) 
wil l  b e  made of mild s t e e l ,  c o a t e d  with liquid t i le ,  
and equipped with a P l e x i g l a s  viewing window, 

18.9 SHIELDING OF ISOTOPIC POWE 
SOURCES FOR SPACE MISSIONS 

Power-producing i so topes  all emit  penetrat ing 
radiat ion to some degree. Among t h e  eight iso- 
topes  considered for space-power appl icat ion 
( 1 3 7 ~ s ,  9 0 ~ r ,  2 3 8 ~ u ,  2 4 4 ~ n i ,  lZ7pm , 144Ce,  
242Cm,  and 'loPo), all  produce gamma rays as  
part of their  natural  decay  scheme,  a n d  t h e  be ta  
emit ters  produce a bremsstrahlung flux in  addi- 
tion. Moreover, four of the i so topes  a r e  neutron 
emit ters ,  t h e  neutrons coming from spontaneous  
f i ss ion  or from a,n reac t ions  in  t h e  fuel  material. 
A s  a resul t ,  protect ive measures  would b e  re- 
quired on s p a c e  miss ions  in which as t ronauts  or 
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long-life e lectronic  equipment is exposed  t o  
power generators  that  u s e  any  of t h e  e ight  iso-  
topes. 

Shield weights  and separa t ion  d i s t a n c e s  were 
ca lcu la tcd  for each  of the  eight i so topes  as  a 
function of power level .  If material sh ie ld ing  i s  
cmployed (uranium metal  and  lithium hydride), the  
ca lcu la t ions  indicate  sh ie ld  weights  ranging from 
about  20 lb  for 2 3 8 P u  t o  over 500 lb for 1 3 7 C s  
a t  a power leve l  of 10 kw (thermal). T h e s e  weight 
pena l t ies  c a n  b e  avoided,  according t o  t h e  cal- 
culat ions,  i f  separa t ion  d i s t a n c e s  ranging from 
2 f t  for 2 3 8 P u  t o  40 ft for 137Cs give protection 
equivalent  to the  sh ie ld  weights  quoted. 

18.10 PROPOSAL FOR THE ELK RIVER 
REACTOR FUEL CYCLE 

In order to further t h e  engineer ing development 
of t h e  Th-233U fuel  cyc le ,  a proposal w a s  made t o  
the  AEC for processing and  reconst i tut ing t h e  fuel 
from the  Elk River  reactor  in  our facilities. T h i s  
proposal is based  on t h e  present  Elk  River reactor  
fuel-discharge schedule ,  in  which t h e  core  wil l  b e  
discharged in thirds  (July 196.5, July 1966, and 
July 1967). T h e  first s p e n t  fuel  would b e  cooled 
s ix  months and  b e  ava i lab le  for process ing  in 
January 1966. 

Under the  proposed demonstration program, the  
Laboratory would receive,  s tore ,  and  mechanically 
and chemical ly  process  all or part of t h e  fue l  from 
t h e  Elk  River reactor to effect  complete  recovery 
of t h e  233U-235U from t h e  fuel. T h e  u s e d  thorium 
would b e  s tored as a partially decontaminated by- 
product. T h e  recovered uranium would b e  com-  
bined with new thorium and converted t o  T h o 2 -  
U 0 2  by t h e  sol-gel process .  T h e  T h 0 2 - U 0 2  
would b e  loaded into tubes  and  vibratorily com- 
pacted t o  produce new fuel  rods. Then,  t h e  rods 
would b e  assembled  into new fuel e lements  and  
returned t o  t h e  E l k  River  reactor. All  metal 

w a s t e  would b e  s e n t  to t h e  ORNL burial  ground, 
and all aqueous w a s t e s  would b e  handled in ex is t -  
ing  ORNL w a s t e  faci l i t ies .  

T h e  various operat ions would b e  handled in 
s e v e r a l  ex is t ing  ORNL faci l i t ies .  T h e  fuel  would 
b e  received a n d  s tored  a t  Building 3026, the  re- 
ac tor  fuel dismantl ing faci l i ty ,  where i t  would 
a l s o  b e  disassembled,  chopped, and leached in  
cell A t o  produce a thorium-uranium ni t ra te  fuel  
solution. T h e  resul t ing solut ion would b e  t rans-  
ferred through a pipel ine t o  t h e  Thorex pilot plant  
in cells 5, 6, and 7 of Xluilding 3019, where i t  
would b e  ad jus ted  and  so lvent  extracted t o  a c h i e v e  
separat ion of f iss ion products f iom thorium and 
uranium and t h e  separa t ion  and  recovery of t h e  
uranium from t h e  thorium by the  Acid 'rhorex 
Process .  T h e  product 33U-2 'U would b e  s tored  
temporarily in t h e  new 2 3 3 U  s torage  faci l i ty  cur- 
rently being ins ta l led  in t h e  pipe tunnel  of Building 
3019. T h e  recovered 233U with fresh thorium wi l l  
be  fabricated into fuel  rods by t h e  sol-gel-vibratory 
compaction procedure in  the  Kilorod Faci l i ty .  T h e  
completed rods would b e  inspec ted  and c leaned  
and delivered t o  the  fuel  e lement  reassembly a rea  
t o  b e  provided in a vacant  laboratory in Building 
3019. Here, each  group of 2.5 rods would b e  re- 
assembled  t o  make reconst i tuted fuel a s s e m b l i e s  
according to  Elk River  reactor fuel  spec i f ica t ions  
and, a f te r  inspect ion,  shipped t o  t h e  Elk River 
reactor a t  E l k  River, Minnesota, in  the same 
carrier in  which s p e n t  fuel  w a s  delivered t o  us .  

T h e  Kilorod Fac i l i ty  changes  and  the  instal-  
lation of a new fuel  e lement  assembly facility 
would b e  done immediately i n  order t o  make 
severa l  Elk River  fuel  rods and one complete  
assembly in  time for placement  in t h e  reactor in  
July 196.5. T h e  other changes  and  addi t ions 
would b e  scheduled for completion piior to January 
1966. 

T h e  c o s t  of equipment and faci l i ty  modifications 
h a s  been es t imated  t o  b e  $900,000, and  the  annual  
operating c o s t  for handl ing one-third of a core  t o  
b e  $800,000. 



19. Chemical rocessing for the Molten- 
Reacto r Expe ri rn e nt 

Deta i l s  of t h i s  work have  been reported in prog- 
ress reports ,”’  and only a brief summary is in- 
c luded here. 

T h e  f lowsheet  for the  chemical  process ing  sys -  
tem for t he  Molten-Salt Reactor  Experiment (MSRE) 
i s  shown in Fig. 19.1. F e e d  to  the  plant  can  be  
r i ther  fuel s a l t  or f lush s a l t  (LiF-ReF, ,  66-34 

mole %). T h e  s a l t  is transferred from an MSRE 
drain tank to  the INQK-8 fuel s torage  tank, which 
is large enough to hold a full batch with 40% free- 
board. Oxides are removed by sparg ing  with an 
H ,-HF mixture. The hydrogen maintains  a reducing 
condition in the  s a l t  to prevent corrosion of the 
vesse l .  T h e  H,-HF-H,O off-gas passes  through a 

iMolten-Salf Reactor Program Semiann. R e p t .  J u l y  31, 
1963. ORNL-3529. 

2Mollen-Sa1t Reactor Program Semiann. Rept .  J a n .  3 1 ,  
1964, ORNL3626.  
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Fig. 19.1. Equipment E lowshect  for the Pu i i f i co t ion  o f  Molten Salt  Used in the Molten-Salt Reactor Experiment. 

Here, oxides are converted to  f luorides by  H2-HF gas, ond uraniuni is  recovered by  converting i t  to lJF6 by sparging 

with F2. 
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750°F bed of N a F  pe l le t s  for removing the  fluorides 
of f i ss ion  products and chromium, t o  a cold trap for 
condens ing  and measuring the amount of water  re- 
moved, and then t o  a c a u s t i c  neutral izer  for re- 
moving the  e x c e s s  HF.  

Uranium can  b e  recovered from the molten s a l t  
by sparging with fluorine to  produce UF,. T h e  
UF,  g a s  is decontaminated by p a s s i n g  through t h e  
hot N a F  bed before sorption on low-temperature 

NaF in a s e r i e s  of absorbers. T h e s e  absorbers  
a r e  located in  a s e a l e d  cubic le  above  the proc- 
e s s i n g  cell and will be  transported to  t h e  Volatility 
P i l o t  P lan t  for desorption and col lect ion of the  
UF,  in product cylinders. E x c e s s  fluorine is 
disposed  of by contac t ing  i t  with SO2 to  form a n  
iner t  gas, S02F2 .  An act ivated-charcoal  trap and 
s e p a r a t e  off-gas filter provide final c leanup of the 
off-gas. 

20. Water Research Program 

Work by the  Chemical  Technology Divis ion on the  Water Research  Program is re- 
ported direct ly  to the  Office of Sal ine Water, and only an abs t rac t  appears  i n  th i s  report 
(see the  Summary). 
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Hlanco, K. E., G. I. Cathers ,  L. M. Fer r i s ,  T. A. Gens t  R. W. Horton, and E. L. Nicholson, P r o c e s s i n g  of 
Graphite Reactor  F u e l s  Containing Coa ted  P a r t i c l e s  a n d  Ceramics,  ORNL-TM-667, rev. 1 (in press) ,  
presented a t  t h e  A m e r i c a  Chemical Society National Meeting, New York, Sept. 8-13, 1963; Nucl. Sci. 
Eng. 20, 13-22 (1964). 

Bradley, Mildred J., and L. M. Fer r i s ,  “Hydrolysis of Uranium Carbides  Between 25 and 1004 11. Ura- 
nium Dicarbide,  Uranium Metal-Menocarbide Mixtures and Uranium Monocarbide--L)icarbide Mixtures,” 
presented a t  t h e  American Chemical Society Meeting, Phi ladelphia ,  P a . ,  April 1964; inorg. Chem. 3, 
189 (1964). 

Bradley, Mildred J., and L. M. Ferr is ,  “Hydrolysis of Uranium Carbides  Between 25 and looo. 111. IJra- 
nium Sesquicarbide and Mixtures of the Sesquicarbide with Monocarbide or Dicarbide,” Inor& Chem. 
3, 730 (1964). 

Irradiated Uranium Monocarbide,” Inorg. Chern. 3, 454 (1964). 
Hradley, Mildred J., L. M. Ferr is ,  J. R. Flanary,  J.  H. Goode, and J. W. IJllmann, “Hydrolysis of Neutron- 

Bradley, Mildred J., L. M. Ferr is ,  J. R. Flanary,  J. H. Goode, and J. W. Ullmantl, ‘“The Reac t ions  of 
Neutron-Irradiated Uranium Monocarbide with Water and Aqueous Solutions of NaOM, HC1, and H ,SO4,” 
presented a t  the  American Inst i tute  of Chemical Engineers  Meeting, Memphis, Tenn., Feh. 3-6, 1964. 

Bresee,  J. C., Bibliography of Rover F u e l  P r o c e s s i n g  and Molten Sal t  Fluoride Volati l i ty P r o c e s s  De- 
velopment S tud ie s  a t  BRNL, ORNL-TM-800 (April 1964). 

Culler, F. L., Jr., “Reactor  F u e l  P rocess ing , ”  presented a t  the 14th Annual Nuclear Science Seminar, 
Oak Ridge, Tenn., I k c .  1-14, 1963. 

Flanary,  J. R., Mildred J. Bradley, L. M. Ferr is ,  J. H. Goode, J. W ,  Ullrnann, and G. C. Wall, “Hot Cel l  
Studies  of A~UWXIS P r o c e s s e s  for Irradiated Carbide Reactor  Fue l s , ”  presented a t  the American 
Inst i tute  of Chemical Engineers  Meeting, Memphis, Tenn., Feb. 4, 1964. 

Gens,  T. A. Lahoratory Development of Methods for  I’recipitating Uranium Perox ide  from Zirf lex waste 

Solutions aid Converting the Waste to Alkaline Solufions, ORWL-’TM-780 (Feb. 3, 1964). 

Gens,  T. A., “The  IJse  of Chlorination and Chloride Volati l i ty Methods i n  P rocess ing  Nuclear F~t31~,”  
presented a t  the American Inst i tute  of Cheinical Engineers  Meeting, Memphis, Tenn., Feb. 4, 1964. 

Gems, 1’. A., Laboratory Development of a P r o c e s s  for Chlorinating t h e  Combristion Ash from Graphite 
Fucls  Containing ThC, and I J C 2  a d  Recovering the Uranium by Solvent Extraction from a Solution of 
the Chlorination Products ,  ORNL-TM-789 (April 1964). 

Guthrie, C, E., and J. P. Nichols,  Theoret ical  P o s s i b i l i t i e s  a n d  Consequences o f  Major Accidents  in 
U 2 3 3  a n d  P u 2 3 9  Friel Fabricat ion and Rrrdioisotope P r o c e s s i n g  Plants, ORNL-3441 (April 1964). 

Kit ts ,  F. G., Evaluation of an Engineering Demonstration of t h e  Modified Zirflex and Neuflex P r o c e s s e s  
for the Preparat ion of Solvent Extraction Feeds from Unireadiated Zirconium-Base Reactor  Fuels ,  
ORNL-3465 (Mar. 11, 1964). 
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Nichols ,  J. P., T h e  Effect of Various External  Neutron Absorbers  a n d  Reflectors  on  the  React ivi ty  of 
Solut ions of 239Pu-240Pu in Slabs, ORNL-TM-821 (Mar. 31, 1964). 

Nichols ,  J. P., “Criticality Control in  F u e l  P r o c e s s i n g  P l a n t s , ”  Nucl. Safety 4(4), 87-90 (June 1963). 

Scott, C. D., J. B. Adams, and J. C. Bresee ,  Prodrrction of Uranium Hexafluoride in  a F l u i d i z e d  B e d  Re-  
a c t o r  by the React ion of Uranium Tetrafluoride with Oxygen, ORNL-TM-544 (Aug. 8, 1963); to  b e  
publ ished in  hidustr ia l  a n d  Engineering Chemistry, P r o c e s s  Design a n d  Development (in press). 

IJriarte, A. L., and R. H. Rainey,  “Dissolution of High Densi ty  UO,, PuO,, and Pu0, -UO,  P e l l e t s  in 

Watson, C. D., B. C. Finney,  G. A. West, and B. A. Hannaford, “The Shear-Leach P r o c e s s  for Spent Nu- 
c l e a r  F u e l s , ”  presented a t  the  American Nuclear Society Winter Meeting, New York, Nov. 19-21, 2963, 
and published in  the American Nriclear Society Transacf ions  of t h e  American Nuclear  Society Winter 
Meeting, N e w  York, Nov. 19-21, 1963. 

Inorganic Acids ,”  presented a t  the American Nuclear  Society Meeting, New York, Nov. 18-21, 1963. 

Watson, C. D., and W. W. Parkinson,  “Irradiation of Bituminous Mater ia ls ,”  Chapter  6 in  Bituminous 
Materials, Tars, ‘2nd P i t c h e s ,  Vol. I ,  ed.  by A. J. Hoiberg, Wiley and Interscience Hooks, New York, 
1964. 

Watson, C. D., G. A, West, and W. F. Schaffer, J r . ,  “Mechanical Dejacket ing of Liquid-Metal-Bonded Nu- 
An Evaluat ion of a Hydraulic Method and Two Alternative Methods with Spent  F u e l  clear Fuels :  

from Core I of the  Sodium Reactor  Experiment,” Nucl. Sci, En&. 17(1) 149-64 (1963). 

West, G. A.,  and C. D. Watson, Gamma Radiat ion Damage a n d  Decontamination Evaluat ion of Pro tec t ive  
Coat ings  a n d  Other Materials for Hot  Laboratory a n d  F u e l  P r o c e s s i n g  Fac i l i t i es ,  OIiN1,-3589 (in 
press) .  

F t  UORl DE VOL A l l  L I TY PROCESSING 

C a r ,  W. H., “Pi lo t  P l a n t  P r o c e s s i n g  of Uranium-Zirconium Alloy Nuclear F u e l s  by a Molten-Salt Fluoridc-  
Volatility Method,” J. Tenn. Acad  Sci. 39(2) ,  44-49 (1964). 

Carr, W, H., S. Mann, and E. C. Moncrief, “Uraniun-Zirconium Alloy F u e l  P r o c e s s i n g  in t h e  Oak Ridge 
Nat ional  Laboratory Volatility Pilot P l a n t , ”  pp. 56-6 1 in Nilclear Engineer ing - Part X, American 
Inst i tute  of Chemical  Engineers ,  New York, 1964 [Chem. Eng. Pro&., Symp, Ser. 60(47) (1964)l. 

Hoiton, R. W., “Fluoride Volatility P r o c e s s i n g  for Recovery of Uranium from Rover F u e l , ”  presented 
a t  the c l a s s i f i e d  portion of the 1963 Annual Chemical  Technology Division Information Meeting, 
Sept. 23-25, 1963. 

Ffuoride a n d  Uranium Hexafluoride, ORN L-3497 (October 1963). 
Katz ,  Sidney, Apparatus  for t h e  Gasotnetric Study of Solid-Gas Reactions: Sodium Fluoride a n d  Hydrogen 

RrlcNeese, L. E., An Experimenlal Study of Sorption of Uranium Hexafluoride by Sodium Fluor ide  P c l l e t s  
a n d  a Mathematical Analys is  of Diffusion with Simultaneous React ion,  OHNL-3494 (Nov. 14, 1963), 
submit ted to t h e  Univeisity of T e n n e s s e e  for a Master of Sc ience  Degree in  Chemical  Engineering, 
August  1963. 

ber 1963, ORNL-TM-717 (Oct. 25, 1963). 
Milford, R. P., Process Developments in  the ORNL Fluoride Volatility Program October  1962 to Septem- 

WASTE TREATMENT AND DISPOSAL 

Hlanco, R.  E., Low L e v e l  Waste Treatment (ORNL-TM-861), presented a t  t h e  Annca! Meeting of the  
Nat ional  Technica l  Task Committee on Industr ia l  Wastes, St. Louis ,  Mo., Dec. 11-13, 1963. 
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Rlanco,  R. E., J. 0. Blomeke, W. ]Ea Clark,  E. J. Frederick,  H. W. Godbee, C. W. Hancher, J. M. Holmes, 
and J. C. Suddath, S t a t u s  of the  QRNL P o t c a l  and Potglass P r o c e s s e s  for the  Conversion of Highly 
Radioac t ive  L i p i d  Wastes to Solids, ORNIJ--TM-357 (May 8, 1964). 

Blomeke, J. O., “Waste Management Economics in  a Future  Atomic Energy Industry,”  presented  at the  
Annual Meeting of t h e  National Technica l  T a s k  Committee on Industr ia l  Wastes, St. Louis, hlulo., 
Dec. 11-13, 1963. 

Blomeke, J. O., J. J. Perona ,  R. I,. Rradshaw, and J. T. Roberts ,  Es t imated  C o s t s  for Management of 

Blomeke, J. O., J. J. Perona ,  H. 0. Weeren, and R. L. Rradshaw,’  Evalrration of Ultimate Disposa l  
Interim Storage of Sol idif ied Wastes, 

High-Activity P o w e r  Reac tor  P r o c e s s i n g  Wastes, ORNL-TM-559 (May 1.3, 1963). 

Method’s for L i q u i d  a n d  Solid Radioac t ive  Wastes. P a r t  Ill. 
ORNL-3355 (Oct. 14, 1963). 

Rradshaw, R. I,,, J. J. Perona ,  and J. 0. Blomeke, Demonstration O i s p o s d  of High-Level  R a d k x t i v c  
Background a n d  Prel iminary Design of Experimental  Aspects ,  Sol ids  i n  Lyons,  Kansas, Salt Mine: 

OKNL-TM-734 (Jan. 10, 1964). 

Brooksbank, R. E., L. J. King, and J. T. Roberts ,  “Pi lo t  P!ant Demonstration of the Removal of Radio- 
act ivi ty  from Low Level P r o c e s s  Waste Water by a Scavenging-Precipi ta t ion Ion-Exchange Pi-ocess,” 
presented a t  the  Symposium on Radionucl ide Exchange on Soils, Minerals, and R e s i n s ,  Phi lade lphia ,  
Pa., Apr. 10, 1964. 

Clark,  W. E., and C. L. Fi tzgerald,  P r o p o s e d  Methods for t h e  Kernoval of Merc-cury from Radioac t ive  Waste 
Solutions, ORNI,-‘TM.-827 (Mar. 31, 1964). 

Davis ,  W., J r . ,  Softening 2nd Decontanrinatind Waste Water by Caust ic-Carbonate  P r e c i p i t a u t s  a n d  Fi l t ra-  
tion in B Slowly-Stirred Sludgc-Blanket Clarifier: Laboratory Development and Semi-Pilot-Plant Test- 
ing, QRNI,-‘TM-835 (January 1964). 

Frederick,  E. J., aind j. M. Holmes ( technical  advisors ) ,  “ P o t  Calcinat ion Process,” motion picture pro- 
2 

duced b y  ORNI.. (S. Siaichak,  director ,  and E. Sicnknecht ,  r:amernman), March 1964. 

Hancher, C. W., and E. J. Frederick,  Waste P r o c e s s i n g  P u m p  T e s t  LOOP P r o g r e s s  Report, July 1, 1363, 
ORNi-TM-618 (Aug. 7, 1963). 

Hancher, C. VI., J. C. Suddath, I,. J. King, and M. E. Whatley, Engineering Studies  OR Pot Calcinatinil for 
Ultimate O i s p o s a l  of Nticlear Waste from TBP-2.5, Darex, a n d  Purex P r o c e s s e s .  P a r t  11. Collect ion of 
Performance Data a n d  Analysis ,  ORNL-TM-619 (Sept. 20, 1963). 

Hancher, C. W., J. C. Suddath, and M. E. Whalley, Engineering S tudies  oft P o t  Calcinat ion for Ultimate 
Disposal  of Nrzclear Wastz from the  TBP-25, Darcx, a n d  P u r e x  Processes. Part I .  The System 
Evaluation, OKNL-3277 (revised)  (Scpt, 9, 1963). 

Hancher ,  C. W., J.  (2-  Suddath, and M. E. Whatley, Engineer ing S tudies  3n P o t  Calcinat ion for Ultimafe 
Formaldehyde-Treated P u r e x  Waste for 1765 (FTWX), ORNE-TM-’715 Disposa l  of Nuclear  Waste.: 

(Jan. 4, 1964). 

I-Iolcotnb, R. R., Lo~r/-diadioactivi~y-Level Wnste Treatment. P a r t  I .  Laboratory Development of a 

Scavenging-Precipi ta t ion Ion-Exchange P r o c e s s  for  Decontamination of P r o c e s s  Waste, ORNL-3322 
(June 1963). 

Holmes,  J. M., “Pot  Calcinat ion P r o c e s s  for Convert ing Highly Radioact ive Wastes to Sol ids ,”  pre- 
sented  at the  IAEA Symposium on the  Treatment  and Storage of High-Level Radioac t ive  Wastes, 
Vienna, Austr ia ,  Oct. 8-13, 1962. 

‘Health Phys ic s  Division. 

‘ ~ u b ~ i c  Information Office. 
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Holmes, J. M., H. Pfohl ,3  and E, D. Arnold, Shielding Calculat ions - P o t  Calcinat ion Demonstration a f  
Hanford, ORNL-TM-595 (June 21, 1963). 

t ions by Solvent Extraction, ORNL-3518 (Nov. 22, 1963). 

t ions by Solvent Extract ion,”  Nucl. Sci. Eng. 17, 234-46 (1963). 

Optinzuni Economic Conditions, ORNL-TM-600 (Aug. 12, 1963). 

694 (Nov. 22, 1963). 

Solids in Concrete Vaults, Granite, a n d  Salt, ORNL-TM-664 (Oct. 23, 1963). 

Homer,  D. E., K. B. Brown, D. J. Crouse,  and B. Weaves, Recovery of F i s s i o n  P roduc t s  from Waste Solu- 

Horner. D. E., D. J. Crouse,  K. B. Brown, and B. Weaver, “F i s s ion  Product  Recovery from Waste Solu- 

Jury,  S. I f . ,  The  Programming of P o t  Calciner  Wall Temperature to Ensure  Calcinat icn a t  1650OF Under 

Jury, S. I%. ,  The Theory of Optimized Induction Heat ing Design for Hollow Cylindrical  Loads,  ORNL-TM- 

Perona, J. J., R. L. Bradshaw, and J. 0. Blomeke, Comparative C o s t s  for F i n a l  D i sposa l  of Radioact ive 

Schonfeld, E., U s e  of Alkali  Carbonate a n d  Alkali  P h o s p h a t e  to Eliminate  Inhibitory E f f e c t s  of Some 
Impurit ies on the Precipi ta t ion of Calcium a n d  Magnesium from P r o c e s s  Waste Water, ORNL-TM-505; 
J .  Am. Water Works Assoc.  56(6), 767-73 (June 1964). 

Suddath, J. C.,  and C. W. IIancher, “Status of Engineering Development of Pot Calcinat ion a t  OKNL,” 
presented a t  the High Leve l  Waste Treatment Meeting a t  Brookhaven National Laboratory,  Feb. 
12-13, 1964. 

Weeren, H. O., “Waste Disposal  by Shale Fracturing,” presented a t  a meeting of the Knoxville Society 
of Professional  Engineers ,  Knoxville, Tenn., Mar. 23, 1964. 

Weerei?, H. O., “Shale-Fracturing Disposal  Experiments a t  ORNL,” presented a t  the  ORNL Health 
P h y s i c s  Information Meeting, Oct. 2-4, 1963. 

Whatley, M. E., C. W. IIancher,  and J. C. Suddath, Engineering Development of Nuclear  Waste Pot Cal- 
cination, ORNL-TM-549 (Apr. 24, 1963); a l s o  presented a s  paper No. 7 at the Symposium on Uti l iza-  
tion and Disposal  of High Leve l  Radioact ive Materials of the American Inst i tute  of Chemical  Engi- 
nee r s  Meeting, Buffalo, N.Y., May 5-8, 1963. 

TRANSURANIUM ELEMENT PROCESSING 

Bottenfield,  B. F., J. P. Nichols ,  W. D. 13urch, 0. 0. Yarbro, and W. E. Unger, “Containment and Ventila- 
t ion Systems in the Transuranium Process ing  P l a n t , ”  presented a t  t h e  Eighth AEC Air  Cleaning Con- 
ference Held at Oak Ridge National Laboratory,  Oct. 22-25, 1963; TID-7677, pp. 86-100. 

Erooksbank, R. E., and W, T. McDuffee, Recovery of Plutonium a n d  Other Transuranium E lemen t s  from 

Burch. W. I).,  E. D. Arnold, and A. Chetham-Strode,4 “Production of the  Transuranium Elements ,”  NuCl. 

I r radiated Plutonium-Aluminum Alloy by Ion Exchange Methods, ORNL-3566 (May 1964). 

Sci. Eng. 17(3), 438-42 (November 1963). 

Ferguson, D. E., “The  Production of Transuranium Elements ,”  Nucl. Sci. Eng. 17(3), 435-37 (November 

“Evaluation of Shielding and Hazards i n  the Trans-  

1963). 

uranium Process ing  P lan t , ”  Nucl. Sci. Eng. 17(3), 486-91 (1963). 

5 Nichols,  J. P. ,  E. D. Arnold, and D. K. Trubey, 

3 

4Chernistry Division. 

5Neutron P h y s i c s  Division. 

Co-op student. 
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Unger, W .  E.,  B. F. Bn t t enhe ld ,  and F. L. “Transuraiiium Procesq ing  F‘acility Design,”  Nucl. 

Yarbm. 0. O., J. L. E n g l i ~ h , ~  and T- S. Mackey, “ P ~ o c e s s  Equipment Des igc  and Developmetit for 

Scz. E@.  17(3), 479-85 (1963). 

Transuianium P r o c e s s i n g  P l a n t , ”  Nucl. Sei. f.:n&. 17(3), 492-97 (Novembp-r 1963). 

Dean, 0. C., R. E. Brooksbank, and A. L. L o t t s ,  A New P r o c e s s  for the Remote Preparation o f  Fuel Ele- 
~nwiis Ccntainm‘ng uranium-233 Oxide---Thorirrm Oxide (ORNL-‘rM-588), presented at the Ceramic F u e l  
P a r t i c l e s  Symposium in t h e  Eighth Nuclear Congres s ,  Rome, Italy, June 19, 1963. 

Dean; 0. C., K. E. Biooksbank, and A. L. L o t t s ,  “Preparat ion and Fabricat ion of Uranium-233-Thorium 
Oxide F u e l s , ”  presented a t  t h e  Eighth Nuclear  Congres s ,  Rome, I ta ly ,  June 17-23, 1963. 

Dean, 0. C,,  C. C. Haws,  Jr.,  A. T. Kleinsteuber,  and J. W. Snider, “The Sol-Gel P r o c e s s  for Prepara-  
t ion of Thoria  S a s e  F u e l s , ”  pp. 519-42 in Proceedings o f  the Thorium Fuel Cycle Symposium De- 
C C ~ Z ~ C ~  5-7, 1962, Sessions ZV--V!Z, Book IZ, TID-7650, book II. 

Ferguson,  I). E. (compiler), Status and Progress Report for Thorium Fuel  Cycle  Development for Period 
Ending December 31, 1962, ORNL-33% (October 1963). 

Ferguson,  D. E. ,  0. C. Dean, and I). A. Douglas,  “The  Sol-Gel Process for the Remote Preparat ion and 
Fabricat ion of Recyc le  F u e l s ,  ” Third United Nat ions International Conference on the  Peace fu l  U s e s  
of Atomic Energy, Geneva,  Switzerland, Aug. 31-Sept. 9, 1964; to  be published in  the  Proceedings.  

Ferguson,  D. E ” ,  and J .  A. Lane,  “Technical  S ta tus  of the ORNE Thorium IJti l ization Program,” presented 
a t  the AEC Symposium on Advanced Converter Reactor  Prototypes,  Washington, D.C., Mar. 19-20, 

!laws, C. C., Jr., “P i lo t  P l a n t  Prepamtior.  of 233U-0-Th0 ,  Shards by the Sol-Gel Method,” presented 
a t  the Powder Fi l led  I J 0 2  Symposium, Worcester, Mass. ,  Nov. 5-6, 1963; to  be publ ished in the  P r o -  
ceediti  gs. 

Kelly,  J. L., 0. C. Dean, and A. T. Kleinsteuber ,  “The  Preparat ion of Thorium Dicarbide and Uranium- 
Thorium Dicarbide Spheres  by a Sol-Gel P r o c e s s , ”  presented a t  the  Eighth Nuclear Congres s ,  Rome, 
Italy, June 17-23, 1963. 

0. C. Dean, and A. T. Kleinsteuber,  “A New Procedure for the  Preparat ion of Sphezoidal 
P a r t i c l e s  of Thorium and Uranium-Thorium Dicarbides ,”  presented at the  American Chemical Society 
Meeting, New York, Sept. 8-13, 1963. 

1961; ORNI,-TM-959 (May 7.964). 

Ke!ly, 9. 

Kelly,  J. L., A. T. Kleinsteuher ,  S. D. Clinton,  and 0. C. Dean,  “Sol-Gel P r o c e s s  for Preparing Spheroi-  
dal P a r t i c l e s  of the Dicarbides  of Thorium and Thorium-Uranium Mixtures,” accep ted  for publication 
by Industrial and Engineering Chemistry, Process Design and Developnient. 

McHride, J. P., S. D. CXnton, and W. L. Pat t i son ,  “Reactor  lrradiation of Thoria  Powders  and P e l l e t s , ”  
pp. 575-95 in  Proceedings o f  the Thorium Fuel Cycle Symposium December 5-7, 1 9 ~ 5 2 ~  Sessions 
ZV--QZZ, Rook ZZ, TID-7650, book 11. 

Rabin,  S. A, S. D. Clinton, and J. W. Ullmann, “The  Radiat ion of Nonsintered Thor i a -U02  and Thoria- 
P u C 2  Fuel Rods for Power  Reactor  Applicat ions,”  presented a t  the Powder F i l led  UO, Fuel Element 
Symposium, Worcester, Mass., Nov. 5-6, 1963; to b e  published i n  the  Proceedings.  

6General Engineering and Construction Division. 

’Reactor Chemistry Division. 

. 
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SEPARATIONS CHEMISTRY RESEARCH 

Blake,  C. A., Jr . ,  “Separation of Diethylbenzenes by G a s  Chromatography Using Packed  Columtis,” 
Anal. Chem. 11(35), 1759-60 (October 1963). 

Blake,  C. A., Jr., “Chemical Separations in the Atomic Energy F ie ld , ”  presented,  under the  ORNL 
Travel ing Lecture  Program, a t  the  University of Mississ ippi ,  University,  Miss. ,  Dec. 9-10, 1963, 
a t  North Carolina State  University,  Raleigh,  Dec. 11- 13, 1963, at Miss i s s ipp i  State  University,  State  
Col lege,  Miss., Apr. 7 ,  1964, and a t  LeMoyne College,  Memphis, Tenn.,  Apr. 9, 1964. 

Blake,  C. A., Jr . ,  W. Davis ,  Jr.,  and J. M. Schmitt, P rope r t i e s  a n d  Cleanup of Degraded Tributyl P h n s -  
phate-Amsco Solut ions a d  the  Relat ive S tab i l i t i es  of Alternative Extractant-Diluent Systems, ORNL- 
3524 (Nov. 2.5, 1963). 

Blake,  C. A., Jr.,  W. Davis,  Jr., and J. M. Schmitt, “Propert ies  of Degraded TBP-Amsco Solutions and  
Alternative Extractant-Il i luent Systems,”  Nucl. Sci. Eng. 17, 626-37 (1963). 

Brown, K. R., “Introduction - Solvent Extraction Chemistry Symposium,” Nucl. Sci. Eng. 16, 381 (1963). 

Coleman, C. F. ,  “Amines as Extractants ,”  Nucl. Sci. Eng. 17, 274-86 (1963). 

Coleman, C. F., Amines as Extractants  - Survey of the Descr ipt ive a n d  Fundamental  Extraction Chemistry, 
ORNL-3516 (Nov. 12, 1963). 

Egan, B. Z . ,  “Extraction of Alkali  Metals by Substi tuted Pheno l s  - Descript ive Chemistry,”  presented 
to  Technical  Staff, U.S. Rubber Company, Wayne, N.J., by R. A. Zingaro,  Apr. 8 ,  1964. 

Myers, A. Id., W. J. McDowell, and C. F. Coleman, Degree of Polymerization of Di(2-ethylhexyl)phosphoric 
Acid a n d  Sodium Di(2-ethy2hexyJ)phosphate in Wet Benzene  by Differential  Vapor P r e s s u r e  Measure- 
ments, ORNL-TM-695 (Dec. 2, 1963). 

Schmitt, J. M., and C. A. Blake,  Jr., Purif icat ion of Di(2-ethylhexyl)phosphoric Acid, ORNL-3548 (Feb.  
17, 1904). 

Weaver, B,,  “New Methods for Separation of Act inides  and Lan than ides , ”  presented a t  T e x a s  Women’s 
University,  Denton, Tex., under Travel ing Lec tu re  Program, Jan. 13, 1964. 

Weaver, B.,  “Chemical Differences Between the  Lan than ides  and Trivalent  Act inides ,”  presented a t  t h e  
Fourth Rare Earth Research Conference at Phoenix,  Ariz., Apr. 22-25, 1964. 

Weaver, B., “Liquid-Liquid Extraction of the Rare Ea r ths , ”  in P r o g r e s s  in  the  Sc ience  a n d  Technology 
of the  Rare  Earths ,  Vol. 1, ed. by LeRoy Eyring, Pergamon, New York, 1964. 

Zingaro, R. A. ,  “Separation of Alkali  Metals by Solvent Extraction with Phenols ,”  presented,  under t h e  
ORNL, Travel ing Lecture  Program, a t  Alabama College,  Montevallo, Feb. 21, 1964, a t  the University 
of South Carolina,  Columbia, May 11, 1964, and a t  Clernson University,  Clemson, S.C., May 12, 1964. 

CHEMISTRY OF PROTACTINIUM 

Campbell ,  D. O., “The Chemistry of Protactinium in Sulfuric Acid Solutions,” in P roceed ings  of the 
Protactinium Chemistry Symposium, Gatlinburg, Tenn., Apr. 25-26, 1963, Sess ions  1-3; TID-7675. 

Chilton, J. M., “Some Observations on the  Behavior of Protactinium in Hydrochloric Acid-Hydrofluoric 
Acid Solutions,’’ in Proceedings of the  Protactinium Chemistry Symposium, Gatlinburg, Tenn., Apr. 
25-26, 1963, Sess ions  1-3; TID-7675. 
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RADIATION EFFECTS ON CATALYSTS 

Krohn, N. A., An Annotated Bibliography on the E f f e c t s  o f  Radiation on Heterogeneously Catalyzed Re- 

Krohn, N. A., and H. A. Smith,8 “The  Influence of Incorporated Kadioactivity and  External  Radiat ion on 

actions and on Chemisorption, ORNL-3461 (July 3, 1963). 

the Dehydration of Cyclohexanol  over Sulfate C a t a l y s t s , ”  J .  Phys.  Chem. 67,  1497 (1963). 

CW EM1 C AL EN GI NI E E RI NG RESEARCH 

Ches ter ,  C. V., and  €1. F. Johnson,  “Transfer  of Uranyl Ion Across  the Water-‘i’ri-n-Butyl P h o s p h a t e  
Interface,”  presented a t  the  53d Nat ional  American Ins t i tu te  of Chemical  Engineers  Meeting, P i t t s -  
burgh, Pa., May 17-20, 1963. 

Erdman, C. A., and C. V. Ches te r ,  A Study o f  the Electrodeless Electrolytic Dissolution o f  Stainless 
Steel in Nitric Acid Using a Magnetically Induced Potentia2, ORNL-TRI-598 (Sept. 3 ,  1963). 

Fisher ,  G. T. and J. W. P r a d o s ,  “A Differential S tage  C a s c a d e  Design for Separation of Two Compo- 
n e n t s  i n  a Dilute  Solution” (under subcontract  No. 1056 with the University of T e n n e s s e e ) ,  Ind. Eng. 
Chem., Fundamentals 2, 300-304 (1963). 

F isher ,  G. T., J. W. P r a d o s ,  and I.,. P. Rosanquet ,  “Thermal Diffusion of Sal t  Solut ions in  Single  Stage 
C e l l s  and in Continuous Horizontal Cel l s :  T h e  System Copper Sulfate-Cobalt Sulfate--Water” (under 
subcontract  No. 1056 with t h e  University of Tennessee) ,  A.I.Ch.E. (Am. Inst. Chem. Engrs.) J .  3 ,  
786-93 (1963). 

Whatley, M. E., “Countercurrent Liquid-Liquid Extract ion by  Exploi t ing the Induced Underflow Effect  i n  

the  Stacked-Clone Contactor ,”  presented a t  t h e  Annual Meeting of the  T e n n e s s e e  Academy of Science,  
Chat tanooga,  ‘Tenn., Nov. 29, 1963, and publ ished in  the  Proceedings. 

Whatley, M. E., and W. M. Woods, The Performance o f  an Advanced Experimental Stacked-Clone Con- 
factor: A High-Perfoi.mance Solvent Extraction Machine with Potential for Application to Very Highly 
Radioactive Solutions, ORNL-3533 (April 1964). 

ASSISTANCE PROGRAMS 

Goeller ,  H. E., E. M. Shank, and W, M, Sproule, L i s t  o f  Information Sent to and Received from theEuro- 
chemic Co., Jan. 1, 1963, through June  30, 1963 (Categorized), ORNL-TM-685 (Aug. 5, 1963). 

Goeller, H. E., E. M. Shank, and W. M. Sproule, L i s t  o f  Information Sent to and Received from the Euro- 
cbemir (To., Ju ly  1, 1963, through DPC,  31, 1963 (Categorized), ORNL-TM-68.5, suppl. 1 (Feb.  3 ,1964) .  

Nichols ,  J. P., and E. I). Arnold, Radiation Characteristics nndShielding Requirements o f  Isotopic Power 
Sources for Space Missions, ORNL-TM-591, Revised  (Aug. 13,  1963); presented a t  the  Syrnposiiim on 
Isotopic  Power F u e l s  at OKNL. June  25-26, 1963. 

22(%), 52-56 (February 1964). 
Nichols ,  J. P., and E. D. Arnold, “Shielding Isotopic Power  Sources for Space  Miss ions ,”  Nucleonics 

Shank, E. M., USAEC - Eurnchcmic Assistancr: Program Progress Report for January-June 1963, ORNL 
TM-704  OF^. 10,  1963). 

__ .. . .. . . . .- .. . . - . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ .  ~- 
‘University of Tennessee. 
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MI SC ELL AN EOUS 

Arnold, E. D., Shielding Requirements a n d  Radiation Charac te r i s t ics  of I so topic  P o w e r  Sources  for 
Space  Applications,  ORNL-3576 (April 1964). 

Arnold, W. D., and D. J. Crouse,  “Radium Removal from Uranium Mill Effluents with Inorganic Ion Ex- 
changers , ’ ’  presented a t  the American Chemical Society Meeting, Phi ladelphia ,  Pa. ,  Apr. 6-10, 1964. 

Arnold, W. D., D. J. Crouse,  and K. B. Brown, “Solvent Extraction of Cesium from Ore Liquors ,”  pre- 
s en ted  a t  the 19th Southwest Regional Meeting of the American Chemical Society,  Houston, Tex. ,  
Dec. 5-7, 1963. 

Bennett ,  M. R., “Chemistry in Fused Sal t  P rocess ing , ”  presented a t  the University of Chat tanooga,  
Chattanooga, Tenn. ,  Nov. 29-30, 1963. 

Blanco, R. E., Production of Fer t i l i zer  in a Multipurpose Atomic Power  Reactor  Complex for Dist i l la-  
tion of Sea Water: A Survey, ORNL-TM-609 (July 3, 1963). 

Brown, K. B., F. J. Hurst ,  D. J. Crouse,  and W. D. Arnold, Review of Thorium Rese rves  in Granitic Rock 
a n d  P r o c e s s i n g  of  Thorium Ores, ORNL-3495 (Nov. 22, 1963). 

Uranium-232,” J. Inorg. Nucl. Chem. 26, 395 (1964). 
Chilton, J. M., R. A. Gilbert ,  R. E. Leuze ,  and W. S. Lyon, “A Redetermination of the Half-Life of 

Corbin, I,. To,’ W. R. Winsbro, C. E. Lamb,’ and M. T. Kelley,’ “Design and Construction of ORNL, 
High-Radiation-Level Analytical  Laboratory,” presented a t  the 11th Conference on Hot Laborator ies  
and Equipment, Winter Meeting of the  American Nuclear Society,  New York, Nov. 18-21, 1963; a l s o  
in the Proceedings.  

Culler,  F. L.,  Jr., “Potent ia l  P r o c e s s e s  for the  Product ion of Liquid F u e l s  and Chemical Raw Materials 
from Coa l , ”  presented a t  the Symposium on Application of Advanced Technology to Coal  Resea rch ,  
University of Kentucky, Lexington, June 1963. 

Culler,  F. L.,  Jr . ,  “Part ia l ly  Enriched F u e l  C y c l e s , ”  presented a t  the European Atomic Energy Society 
Symposium on Fue l  Cyc le s  for Power  Reac to r s ,  Baden-Baden, Germany, Sept. 9-14, 1963. 

Davis ,  W., Jr., and P. S. Lawson,  Act ivi t ies  a n d  Other Thermodynamic P rope r t i e s  from Measurements of 
P a r t i a l  P r e s s u r e s  of Water-Nitric Acid-Tributyl P h o s p h a t e  Solutions a t  25OC, ORNL-TM-651 (Sept. 

19, 1963). 

Godbee, H. W., and W. T. Ziegler ,  “The  Thermal Conductivity of MgO, .41,03 and Z r 0 2  Powders  to 850°,” 

Goodpasture,  D. W., ’  and L. B. Shappert, Energy Absorption Capabi l i ty  of S tee l  Determined from Cask  

presented a t  the 1963 Thermal Conductivity Conference,  Catlinburg, Tenn., Oct. 16-18, 1963. 

Impact Tes ts ,  ORNL-TM-680 (Jan. 7, 1964). 

Guthrie, C. E., and J. P. Nichols,  “Theoret ical  P o s s i b i l i t i e s  and Consequences  in Major Accidents  in 
u 2 3 3  and P u  239 F u e l  Fabricat ion and Radioisotope P rocess ing  F a c i l i t i e s , ”  presented a t  a meeting 
of t h e  American Nuclear Society,  Phi ladelphia ,  Pa . ,  June  1964. 

S. H. Smiley, l o  W. G. Stockdale,  J. W. 
Ullmann, and A. L. Lot t s ,  l 1  Fuel Cyc le  C o s t s  for a Plutonium RecycZe System, ORNL-3501 (Jan. 6, 
1964). 

e s s i n g  Equipment Contamination a n d  Decontamination, ORNL-Tkl-837 (Apr. 29, 1964). 

1 1  Harrington, F. E. ,  E. D. Arnold, D. C. Brater,  lo D. A. Douglas,  

Harrington, F. E., D. H. Newman, and A. B. Meservey, Laboratory Study of Zirconium-Uranium Proc -  

. . . . . . . . . . .. . . .. . ... -. 

‘Analytical Chemistry Division. 

‘OORGDP. 

“Metals and Ceramics Division. 
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Helton, D. M., A Preliminary Study on Uranium Carbide Synthesis, Using a Plasma j e t ,  ORNL-‘I‘M-872 
(May 25, 1964). 

Landry, J. W . ,  “Peacefu l  Nuclear  Explos ives  a n d  t h e  Nuclear  T e s t  Ban ,”  presented t o  t h e  exhibi t  
managers  of t h e  American Museum of Atomic Energy a t  Oak Ridge Ins t i tu te  of Nuclear  Studies ,  Oak 
Ridge,  Tenn. ,  Aug. 15, 1963. 

Landry, J. W., “Project  P lowshare ,”  presented at t h e  U.S. Army Nuclear Sc ience  Seminar, Oak Ridge,  

Landry, J. W., “Excavat ion with Nuclear Explos ives ,”  presented t o  t h e  BJount Cournty Medical Society,  

Tenn., Aug. 21, 1963. 

Maryville, Tenn., Oct., 24, 1963. 

Tenn., Uec. 4, 1963. 
Landry, J. W . ,  “Project  P lowshare ,”  presented a t  t h e  U.S. Naval  Reserve Research  Seminar, Oak Ridge,  

Landry, J. W., “Peacefu l  U s e s  of Nuclear Explos ives ,”  presented t o  the  Knoxville-Oak Ridge Section 

Landry, J. W., “Peacefu l  Uses of Nuclear Explos ives ,”  presented t o  t h e  exhibi t  managers of the Ameri- 
can Museum of Atomic Energy at Oak Ridge Insiittite of Nuclear Studies ,  Oak Ridge,  Tenn., Jan.  
10, 196% 

Landry, J. W., “Peacefu l  U s e s  of Nuclear  Explos ives ,”  presented to t h e  University of T e n n e s s e e  Stu- 

of the American Inst i tute  of Chemical  Engineers ,  Oak Ridge,  Tenn., Dec. 11,  1963. 

dent  Chapter  of the American Inst i tute  of Chemical  Engineers ,  Knoxville, Tenn., Jan. 22, 1964. 

Landry, J. W., “Peaceful  IJses of Nuclear  Explos ives ,”  presented to t h e  Oak Ridge L i o n s  Club ,  Oak 
Ridge, Tenn. ,  Jan. 27, 1964. 

L e u z e ,  R. E,, and J. M. Chilton, “Production and Isolat ion of Uranium-232,” presented a t  the 15th Annual 
Southeastern Regional Meeting of the American Chemical  Society,  Charlot te ,  N.C., Nov. 14,  1963. 

McAllister, K. A., and A. D. Kyoti, A Review o f  P t ~ l ~ e - C o l t ~ m n  Flooding Data and Correlations with Pro- 
posed  method,^ of Correlation, OKNL-TM-634 (Sept. 9 ,  1563). 

Meservey, A. B., “Decontamination Research ,”  presented  a t  the  Winter Meeting of the  Reac tor  Decon- 
tamination Information Exchange  Group (RDIEG), Pi t tsburgh,  Pa., Feh, 26-28, 1961. 

Power, QRNL.-TM-S91 (revised); Nucleonics 22(2), 52 (February 1964). 
Nichols ,  J. P., and E. D. Arnold, Radiation Characteristics and Shielding Requirements of Isotopic 

Olsen ,  A. R.,” J. P. Nichols ,  and Sigfred P e t e r s o n , ”  Safety Analysis of the Operation of the High- 
Radiation-Level Examination Laboratory, ORNX, ,3479 (Nov. 20, 1963). 

Salmon, Royes,  A Computer Code (CDC lh04A or IBM 7090) for Calculating the Cost of SZiippingSpent 
Reactor Fuels  a s  3 Function of Burnup, Specif ic Power, Cooling Timc, Fuel Composition, and Other  
Variables, ORNL-3048 (August 1964). 

Shappert, L. E., An Economic Analysis of the Domestic and Overseas Shipment of Spent Reactor Fuel ,  
ORNL-TM-590 (June 27, 1963). 

Shappert, I,. B., Drop T e s t s  Performed on the Franklin Institute’s 1/4:-Scale Model of a 40-Ton C a s k ,  
ORNL-TM-629 (Aug. 19, 1963). 

Shappert, L. B., “Review of Incidents  Which Have Occurred in AEC Shipments of Radioact ive Material,” 
Nucl. Safety 5( l ) ,  123-2’7 (September 1963). 

Shappert, L. E., “Cask  Drop T e s t s  Perfornied a t  Oak Ridge Nat ional  Laboratory,”  presented  a t  t h e  
Paducah C a s e o u s  Diffusion P l a n t ,  Paducah ,  Ky., Oct. 2, 156.3. 

Shappert, I,. B., “Progress  Report on Shipping C a s k  Impact Tests and t h e  Shipping C o s t  Code,”  pre- 

Shappert, I.,. ELt A Guide to the Design of Shipping Casks  for the Transport o f  Radioactive Materials, 

s e n t e d  t o  t h e  U.S. Atomic Energy Commission, Germantown, Md., Nov. 14, 1963. 

ORNL-TM-681 (in press). 
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Shappert, L. B., and K. W. Haff, l 2  “Standards and Tests for Radioact ive Materials Shipping Casks ,”  
Nucl. Safety 4(4), 18-21 (June 1963). 

PROGRESS RE PORTS 

U n i t  Operations Section 

Whatley, M. E., e t  af., Unit Operat ions Section Monthly P r o g r e s s  Report, January 1963, ORNL-TM-541 
(Aug. 13,  1963). 

I b i d ,  February 2963, ORNL-TM-581 (Oct. 8, 1963). 

Ibid., March 1963, OIiNL-TM-586 (Sept. 23, 1963). 

Zbid., April 1963, ORNL-TM-608 (Qct. 17, 1963). 

Zbid., May 1963, QRNL-TM-613 (Oci. 21, 1963). 

Ibid., June 1963, ORNL-TM-628 (Sept. 12, 1963). 

Ibid., July 1963, ORNL-TM-642 (Nov. 8 ,  1963). 

Ibid., August 1963, OKNL-TM-776 (June 29, 1964). 

I b i d ,  September 1963, ORNL-TM-785 (Bug. 17, 1964). 

Zbid., October 1963, OKNL-TM-823 (Aug. 17, 1964). 

Ibid-, November 1963, ORNL-TM-756 (Apr. 28, 1964). 

Zbid., December 196.7, ORNL-TM-775 (Apr. 22, 1964). 

Transuranium Element Processing 

Burch, W. D., Transrzrnnium Quarterly P r o g r e s s  Report for P e r i o d  Ending February 28, 1953, ORNL-3482 
(Oct. 1 ,  1963). 

Ibid., for P e r i o d  Ending August 31, 1963, ORNL-3558 (March 1964). 

Ibid., for Per iod  Ending November 30, 1963, ORNL-3597 (May 1964). 

Ibid,, for P e r i o d  Ending Fehniary 29, 1964, ORNL-3651 (in preparation). 

Chemical Development Section C 

Brown, K. B., Chemical Technology Division, Chemical Development Section C, P r o g r e s s  Report on 
Separat ions P r o c e s s  Resea rch  for January-June 1903, ORNL-3496 (Oct. 18, 1963). 
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1963 
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July 23 

Effec ts  of Reactor Irradiation on T h o ,  

Use  of Radio-Frequency-Excited Oxygen for Low- 
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C. E. Gleit  
(Tracerlab) Temperature Burning of Organic Substances 

........ 

121sotopes Division. 
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July 30 

Aug. 6 

Aug. 13 

Aug. 20 

Aug. 27 

Sept. 3 

Oct. 8 

Nov. 5 

Nov. 12 

Nov. 19 

Nov. 26 

Dec. 3 

Dec. 10 

Dec. 17 
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Thermoconductivity of Powders  
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Uranium Carbide Development at Atomics 
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P e l l e t s  i n  Nitric Acid Systems 

P r o c e s s i n g  of A1-U F u e l  by F u s e d  Sal t  P r o c e s s  
Volat i l izat ion of PuF, from Fused  Sal t  Sorption 
Studies  with Solid F luor ides  

Solvent Extract ion Proper t ies  of Amines 

Uranium-Zirconium P r o c e s s i n g  in t h e  Volat i l i ty  
P i l o t  P l a n t  

Absorption of U F ,  in  Sodium Fluoride P e l l e t s  

Engineer ing Development of Foam Separat ion 
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Sta tus  of BNL-Kilorod Program 

Extract ion of Metals from Chloride Solut ions 
with Amines 

Small Angle X-Ray Scat ter ing as  a Research  Tool 

Turbulence Promotion with Flow Elements  
L o c a t e d  Away from the Surface 

Drop C o a l e s c e n c e  Studies  

L a s e r  Demonstration 

Alkylbenzenes - Structure Versus  S b b i l i t y  
" Bouclier Liquide ' ' (movie) 

Rover F u e l  P r o c e s s i n g  (c lass i f ied)  

T h e  Outlook for Thorium Utilization 

Pro jec t  P lowshare ,  P a r t  I: T h e  P e a c e f u l  U s e s  of 
Nuclear  Explos ives  

Nevada T e s t  (movie) 
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(Atomics International) 
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Mar, 31 Energy Absorption Capabi l i t ies  of L e a d  and Steel  
Shipping C o s t s  of Spent F u e l  Elements  

Chemonuclear and Radiation P r o c e s s  Development Apr. 7 
a t  BNL 

Apr. 14 Pro jec t  P lowshare ,  P a r t  11: “Project  GNOME - 
Technica l  Report” (movie) 

May 1 2  T h e  Kilorod Program 
Evaluat ion of Powder-Packed F u e l  Rods 

May 19 Remote F u e l  Fabricat ion Studies  

T h e  T U F C D F  

Preparat ion of Carbides  by Sol-Gel (c lass i f ied)  
Preparat ion of UO, and Mixed Oxides (c lass i f ied)  
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far Plutonium and Uranium 
TID-4500 (33rd ed.) 
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