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Summary 

1. POWER-REACTOR FUEL PROCESSING 

In the  development of new nuclear-power-reactor 
concepts ,  fue ls  that  c a n  be  used  for long t imes 
and at high temperatures a re  continuously being 
sought. T h i s  sometimes l eads  t o  the u s e  of fue l s  
and cladding materials for which ex is t ing  fuel 
processing methods a re  not applicable.  T h e  de- 
velopment of new recovery p rocesses  for s u c h  
fue l s  is directed toward the demonstration of chem- 
ical  methods and engineering prac t ices  for recover- 
ing and decontaminating the  uranium, thorium, and 
plutonium, In the s tud ie s  described here,  develop- 
ment is centered on head-end methods designed t o  
produce su i tab le  aqueous feeds  for solvent extrac- 
tion and includes both mechanical and chemical 
treatments. 

1.1 Development of Processes 
for G r a p h i t e - B a s e  Fuels 

Work on graphite-base fue ls  l a s t  year was devoted 
to the  laboratory and engineering development of a 
grind-leach process  for pyrolyt ic-carboncoated 
T h C  ,-UC, fuel particles contained in  graphite 
(Peach  Bottom reactor fuel, for the  high-tempera- 
tu re  reactor a t  P e a c h  Bottom, Pennsylvania). In 
th i s  process ,  the  fuel compacts  are broken in a 
hammer mill t o  -6  mesh, ground to -140  mesh 
in a double-roll crusher to ensure  the  rupture of 
t h e  pyrolytic-carbon coating on all fuel particles,  
and leached in 13 M HNO, which may or may not 
contain fluoride, depending on conditions. T h e  
leached uranium and thorium nitrates are then 
filtered and washed from the  graphite residue. 

T e s t s  with a commercial roll crusher demonstrated 
the  feasibil i ty of crushing broken fuel t o  - 140 
mesh, and an  improved unit has  now been  built 
and i s  being used  in further t e s t s ,  Subsequent work 
with a batch-fed leacher-filter t e s t  facil i ty (nominal 

capacity,  3 to 5 kg of fuel) demonstrated a s a t i s -  
factory pneumatic method for controlled addition of 
ground fuel to the  leacher,  good solution loadings,  
satisfactory suspens ion  of a concentrated slurry 
of ground fuel and leachant during leaching, rapid 
transfer of the  slurry to  a filtration column, and 
reasonable  r a t e s  for separation of l eacha te  and 
washes  from the  graphite. T h e  uranium and thorium 
l o s s e s  to the  filtered and washed graphite were 
0.35 and 0.67% respectivcly. 

1.2 D e v e l o p m e n t  o f  M e c h a n i c a l  Processes 

Unirradiated fuel assembl ies  from three  second- 
generation power reactors (Dresden, type IV; Elk 
River, co re  IT; and Consol idated Edison, core B) 
were successfu l ly  sheared into 1- and 2-in. lengths 
without prior disassembly except  for the removal of 
end boxes. 

A computer code  was  developed and used to 
ca lcu la te  the temperature buildup from f i ss ion  
product heat generation in various s t e p s  in  the  
shear-leach process.  For fuel irradiated to 50,000 
Mwd/metric: t.on and cooled 180 days ,  a permis- 
s i b l e  maximum temperature of 1586°F was  calcu- 
lated to ex i s t  a t  t he  center of a 10-in.-diam fuel- 
storage baske t .  I t  was  a l so  determined tha t  the  
pressure developed in the  dissolver would be  l e s s  
than 1 ps i  when t h i s  fuel is quenched by the  acid.  

Further sa fe ty  s tud ie s  with finely divided zir- 
conium produced in t h e  abrasive-disk sawing  and 
in t h e  shearing of Zircaloy-2-clad fuel assembl ies  
showed tha t  f ines  produced by sawing  were always 
safe because  of a high degree of conversion to 
ZrO, and a high dilution (7:l) with debr i s  from the  
saw.  Fines less than 149 p in diameter produced 
by shearing are unsafe and must u l t imakly  b e  
dissolved in HNO ,-HF. A full-sized delayed- 
neutron leached-hull monitor was built and tes ted .  
T h i s  monitor is sens i t i ve  t o  a s  l i t t l e  as 5 mg of 
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2 3 5 U ,  2 3 3 U ,  or 2 3 9 P u  in an &in. v e ~ t i c a l  increment 
of an  8-in-diam baske t .  Monitoring time per incre-  
ment i s  40 sec. T h e  monitor operated successfu l ly  
in a 6oCo background of 1100 r/hr. 

Hot-cell t e s t s  were made to measure t h e  r e l ease  
of tritium and "Kr during shearing, leaching, and 
feed preparation. With s ta in less -s tee l -c lad  T h o  2-  

UO, fuel samples  irradiated to  25,000 Mwd/metric 
ton, 0.2% of the  and 1% of the  "Kr were re- 
leased  a s  g a s e s  during shearing; in our sys tem,  
another 0.2% of the  and t h e  remainder of the  
"Kr were re leased  to  the  atmosphere during d is -  
solution. About 70% of the  remaining was  
volati l ized and collected in condensa tes  during 
evaporation and feed adjustment s t eps .  Similar 
r e l eases  were measured with a Zircaloy-2-clad UO, 
PWR (pressurized-water reactor) fuel specimen 
irradiated to  40,000 Mwd/metric ton,  except  for a 
9% re l ease  of during shearing. Each of the  
sed iments  produced during leaching and feed ad- 
justment, respectively,  amounted to  0.6% of the  
fuel; most of the  fission products (Mo, Zr,  Nb, Sb, 
and Ru)  were found in the sediments.  

1.3 Development o f  Processes 
for Heovy-\NuPer-Moderated, 

Organic-Caaled Reactor Fuel 

T h i s  year, s tud ie s  were init iated on the  process- 
ing of heavy-water-moderated, organic-cooled reac- 
tor (HWOCK) fuels.  Most of the effort was  centered 
on SAP-c lad  IJC because  th i s  is a leading candida te  
for an  I~IWOCR fuel. SAP i s  a sintered dispersion 
of 5 t o  15% A l L 0 3  in aluminum. Several  potentially 
feas ib le  aqueous processing methods were inves- 
t igated cursorily. T h e s e  included: (1) decladding 
of the  fuel with NaOH or NaOH-NaNO, solution, 
followed by dissolution of the  residue (hydrous 
UOz  and IJC respectively) in nitric acid; (2) shear- 
ing of the  fuel,  followed by nitric acid leaching; 
(3) direct  dissolution in  nitric acid or mercury- 
ca ta lyzed  nitric acid; and (4) shearing, pyrohy- 
drolysis of the UC t o  UOz  a t  750 t o  780°C, and 
dissolution of the  residue in  nitric acid.  None of 
these  methods h a s  received sufficient development 
t o  allow se lec t ion  of the optimum process.  

1.4 Studies on the Adsorption of Protactinium 

Isotopically pure 2 3 3 U  h a s  high va lue  because  
of i t s  low gamma-activity level.  T h e  se l ec t ive  

separation of i t s  27.4-day precursor ,Pa would 
produce a source  of such  high-purity uranium and 
a t  t he  same time remove a la rge  fraction of t h e  
be ta  and gamma radioactivity assoc ia ted  with 
short-decayed thorium. 

Hot-cell experiments have  demonstrated the  
practicability of recovering 3Pa by adsorption 
on unfired powdered Vycor g l a s s  from nitric acid 
solutions.  Sol-gel thoria, irradiated to about 5000 
Mwd/metric ton and cooled 27 days ,  was d isso lved  
in 13 it! HN03.--0.05 M HF-0.1 iM Al, and the  prot- 
actinium was preferentially adsorbed on unfired 
Vycor g lass .  About 97% of the  protactinium was  
adsorbed at  a loading of 3.1 mg of 233Pa per gram 
of g l a s s .  T h e  protactinium w a s  eluted from the  
g l a s s  with 0.5 M oxal ic  acid,  yielding product solu- 
t ions  with protactinium concentrations of about 
1.5 mg/ml. Decontamination factors for zirconium- 
niobium, to ta l  rare ear ths ,  thorium, and uranium 
were 5.5, 4.8 x l o3 ,  2 1  x lo4 ,  and 25.7 x l o2  
respectively.  T h e  2 3 3 U  that  would be  present 
after t he  decay  of the  protactinium would contain 
only 0.1 to 0.5 ppm of 2 3 2 U .  

Similar experiments showed that s i l i ca  gel was  
a l so  an  e f fec t ive  adsorbent, although the capac i ty  
va lues  and decontamination fac tors  were lower than 
those  obtained with the  unfired Vycor. Zirconium 
phosphate (ZP-1) had about half the capacity of 
unfired Vycor a t  99% adsorption and w a s  not a m e -  
nable t o  elution. 

Laboratory experiments showed that protactinium 
is a l so  adsorbed by unfired Vycor g l a s s  from 
hydrochloric acid solutions.  T h e  protactinium dis -  
tribution coefficients between 60- t o  80-mesh g l a s s  
and 1 to  10 M HCl ranged from 120 to  410, with 
7.6 io 2.1% of the  protactinium unadsorbable. 

Development work on close-coupled p rocesses  
included the  completion of a survey to  determine 
whether methods other than solvent extraction were 
capable  of providing low-cost low-decontamination 
(factors of 1000) processes .  Only anion exchange 
appeared to  b e  a contender, and even  here cer ta in  
problems existed.  Therefore, further work h a s  
been limited t o  modifying and improving ex is t ing  
solvent extraction technolopj  for u s e  in c lose -  
coupled processes ,  Batch differential extraction, 
which appeared to  have some advantages in  l ab -  
oratory s tudies ,  w a s  found to be inferior t o  con- 
t inuous 11-lethods when sca l ed  up i i ~  engineering 
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t e s t s .  Although u s e  of tri-n-pentyl phosphate  and 
tri isopentyl phosphate i n  ti-dodecatie alleviated t o  
some extent the  second-organic-phase problem, 
both so lvents  were inferior t o  T B P  in  other respec ts .  
An engineeting des ign  study a l s o  indicated that 
the capi ta l  and operating c o s t s  for a batch dif- 
ferential  and a cont inuous solvent extraction plant 
were nearly equal  a t  t he  same capacity;  however, 
t he  batch-type plant would be more expens ive  t o  
operate. 

2. F LUOR I D E-VOL AT! LI TY P R5CE SSI NG 

This effort is part  of an in te rs i te  program to 
develop fluoride-volatility p rocesses  a s  alterna- 
t ives  t o  aqueous methods for recovering valuable 
components present i n  spent UO, fuel from power 
reactors. T h e  AEC’s goal is t o  have  t h e  tech- 
nology for low-enrichment fuel processing de- 
veloped through “cold” engineering, “cold” s e m i -  
works, and “hot” pilot-plant programs so that  
design of a full-scale plant c a n  begin by July 1, 
1969. Our main contribution will be the  ins ta l la -  
tion and operation of a pilot plant in severa l  of the  
shielded cells in  Building 3019. 

Laboratory- and small--engineering-sc a l e  s tud ie s  
were made in support of t he  fluidized-bed volati l i ty 
process,  particularly t h e  HF-0 method for staiti- 
less-steel-clad fuels. Work is now under way on 
s tud ie s  of t he  HC1 process  for Zircaloy-clad fue ls .  

Design of process  v e s s e l s  needed in  the  pilot 
plant for the  decladding, oxidation, and fluorination 
of the  U0,-PuQ2, and cold trapping of t he  volati le 
hexafluorides is nearly complete. Fabr ica t ion  is 
under way, and cell preparation has  begun. Design 
of mechan icd  equipment, instrumentation, and elec- 
trical gear is proceeding. P rocess  des ign  for t h e  
product separation and purification s t e p s  h a s  begun. 

2.1 F lu id ized-Bed Volat i l i ty  Process Development: 
La bora tory Studi e 5 $0 r Stai n less- Stee I - 

and Zircaloy-Clad UO, Fuels 

Bench-sca le  tests have  continued in support of  
t he  fluidized-bed volatility process  for lom-enrich- 
ment UO, fue l  c l ad  in s t a i n l e s s  s t e e l  or Zircaloy-2. 
A portion o f  t h e s e  t e s t s  were with the  >2-in.-OI) 
mini-bed reactor (bed weight, 5 t o  8 g), end part 
were with a 1-in.-OD fluidized-bed reactor (bed 
weight, 40 g) equipped with blowback fitters. T h e  
tests in  the  larger reac:tor were concerned with the  

physical s t a t e  of t h e  fuel and cladding during the  
decladding and fluorination s t e p s ,  and the  effect 
of large amounts of fluoride in the  bed on t h e s e  
two s t eps .  With t h e  small  reactor, emphas is  was  
on the  chemical  behavior of plutonium as PuO, 
during the  decladding cyc le  and in  subsequent  
volati l ization as  P u F ,  with fluorine. In the  declad- 
ding cyc le ,  the  effects of s t a in l e s s  s t e e l  decladding 
products, relative proportions of WF and oxygen, 
elimination of HF,  and pretreatment of the bed with 
fluorine were related to plutonium retention. In the  
fluorination cyc le ,  t he  effects of fluorination time, 
pyrohydrolysis, and type of bed materials were 
related t o  plutonium retention. T h e  s tud ie s  also 
included the fixation charac te r i s t ics  of plutonium 
on alumina during fluidization a t  high temperature. 

Studies with smal l  reactors were temporarily 
abandoned in favor of a 1-in.-OD reactor similar 
t o  tha t  now being used  for uranium decladding and 
fluorination tests. 

When s ta in less -s tee l -c lad  UO is dec lad  with 
mixtures of H F  and oxygen, lumps of  U,O, are 
formed i f  expansion of the  fuel is prevented. TQ 
avoid lumping, the  fuel should not occupy more 
than 10% of the  reactor c ross -sec t iona l  area. 

A procedure tha t  adequately pulverizes the p i eces  
of “ s t a in l e s s  steel oxide” without sintering the  
bed cons i s t s  of contact. for 15 min e a c h  with 10, 
20, 40, and 80 vol % fluorine, a l l  at 450 to 500°C. 
Then,  80 vol % fluorine is used at 500°C for 3 hr. 
With th i s  method, about 99.9% of the  uranium is 
removed. 

Large amounts of “ s t a in l e s s  s t e e l  fluoride” in  
t h e  alumina bed accelerated the  already rapid reac- 
tion of stairiless steel cladding with mixtures of 
H F  and oxygen. The s t a in l e s s  s t e e l  fluorides did 
not interfere with uranium removal during the Pluori- 
nation s t ep .  Fluidized beds  of p u r e  ZrF, were 
used in the  oxidation and fluorination of UO,, with 
the uranium concentration in the  fluorinated bed 
being one-fourth tha t  found when alumina was  used: 
0.0074%, compared with 0.03% for alumina. Sinter- 
ing was  no problem when ZrF,$ was  used; none 
occurred at 550OC even  with a sett led-bed fluori- 
nation. 

2.2 F B V P D :  Small-Scale Engineering Studies 

Experience iii remotely operating fluidized-bed 
equipment in the absence  of f i ss ion  products o r  
plutonium is necessary  before operating t h e  FBVPP. 
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An engineering facil i ty for acquiring s u c h  experi- 
e n c e  h a s  been built i n  a ce l l ,  with a l l  controls and 
instruments located externally. Two fluidized-bed 
reactors,  one 2 in. i n  inner diameter and the  other 
4 in., a re  included, and metered inputs of HC1, H F ,  
oxygen, fluorine, and nitrogen are provided. T h e  
reactors were made of nickel pipe. T h e  effluent 
s t reams c a n  b e  monitored for flow ra te ,  temperature, 
and pressure,  a s  well as for certain spec i f ic  com- 
ponent concentrations.  G a s  chromatography, in- 
frared and ultraviolet spectrometry, thermal con-  
ductivity, g a s  density,  and paramagnetic suscep-  
tibility instruments a re  available.  

During preliminary experiments i n  decladding 
s ta in less -s tee l -c lad  UO fuel e lements  with HF-0  ,, 
t he  A1,0, bed often caked ,  caus ing  incomplete 
reaction. Fluorination experiments were success fu l  
and provided da ta  on in-line monitoring ( s e e  Sect. 
2.5). Work will continue with both s ta in less -s tee l -  
and Zircaloy-clad fuels unti l  instruments and oper- 
a t ing  methods are adequately developed. 

2.3 Design of the Fluidized-Bed Volat i l i ty  
P i l o t  P lant  for Zircaloy- and 

Power-Reactor Fuels  
S tai n I ess-Stee I-CI od UO 

A fluidized-bed fluoride-volatility pilot plant is 
being designed for installation in Building 3019. 
T h e  processing of Zircaloy- and s ta in less -s tee l -  
clad UO, power reactor fue ls  will b e  studied in the  
facil i ty at irradiation levels up to about 30,000 
Mwd/ton with 140-day cooling. T h e  primary goal 
of such  s tud ie s  will b e  to obtain da ta  needed in the  
des ign  of a fu l l - sca le  commercial plant. 

F i r s t  in importance i s  the demonstration of the  
ANL process  that includes the  following s t e p s :  
removal of Zircaloy cladding from UO, with HCl, 
oxidation of UO, t o  U,O,, formation of volati le 
hexafluorides by reaction of t h e  uranium and plu- 
tonium with fluorine, and separation and purifica- 
t ion  of the  product s t reams from e a c h  other and 
from f i ss ion  products by different combinations of 
thermal decomposition of the  PuFb and disti l lat ion.  
Near the  end of th i s  report period a dec is ion  was  
made to  add equipment for studying the  u s e  of 
BrF, or BrF,  for producing U F ,  prior t o  forming 
and removing PuF6 with fluorine. Of secondary 
importance is the  demonstration of the  u s e  of I-IF-0, 
for removing s t a in l e s s  s t e e l  cladding and oxidizing 
the  UO,. 

Design of t h e  major equipment i tems required i n  
the  decladding, pulverization, and fluorination s t e p s  
(phase 1) w a s  completed,  except for t he  equipment 
related to  the interhalogen method. Fabrication of 
equipment and c e l l  preparation were begun. Design 
s tud ie s  were made of problems related t o  account- 
abil i ty,  handling of plutonium, containment, sh ie ld-  
ing, and fuel procurement. In phase 2 (separation 
and purification of product s t reams,  and sampling 
and leaching  of was te  solids),  design s tud ie s  a r e  
under way. Ways of sampling and leaching  was te  
so l id s  a re  being studied, and s o m e  experimental 
development work i s  being planned. Studies a re  
under way t o  aid in choosing a constructional 
material for t he  leacher. 

2.4 Corrosion Studies Related to the FBVPP, 
and More Corrosion Data from the Molten-Salt 

Volat i l i ty  P i l o t  P lant  

Because  of the highly reactive fluids used  and 
the  e leva ted  temperatures required in volati l i ty 
processes ,  corrosion of process  equipment and 
piping must b e  carefully considered. A s  a sup-  
plement t o  corrosion s tud ie s  a t  each  of the  par- 
t icipating s i t e s ,  we have a subcontract with Bat- 
te l le  Memorial Insti tute,  Columbus laboratories 
(BMI), t o  study volati l i ty corrosion problems. 
Resu l t s  of their corrosion s tud ie s  spec i f ic  t o  t h e  
F U V P P  ate presented, plus additional information 
on corrosion experienced in  t h e  Molten-Salt Fluoride- 
Volatility P i lo t  P l an t  (VPP). 

Rat te l le  workers compiled corrosion da ta  related 
t o  the  fluidized-bed volatility process  obtained 
from the  National Laboratories,  OKGUP, and the  
published literature. T h e  survey confirmed earlier 
cho ices  for materials of construction. Metallo- 
graphic s tud ie s  revealed intergranular modifica- 
t ions  in specimens of nickel t ha t  had been exposed 
to  process  conditions.  Subsequent s t u d i e s  a t  BMI 
showed that similar modifications in nickel 200 
and 201 were produced by exposing coupons to  
alumina. Different t ypes  of alumina produced 
varying degrees  of modification, usually in  propor- 
tion to  their sulfur content. T e n s i l e  t e s t s  on  
specimens with modifications produced by repeated 
exposure t o  type 38 Norton alumina showed a 
significant loss of ducti l i ty as compared with that 
observed in t e s t s  of coupons from unexposed 
nickel. 

Leaching will  be  used  a s  a verification of s a m -  
pling methods required t o  determine uranium and 
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plutonium retention in was te  so l id s  from t h e  primary 
reactor. Also,  t he  equipment will b e  des igned  so 
that  l eaching  of fuel after oxidation may b e  studied 
following the  all-volatility program, if des i red .  
T h e  high fluoride content of t h e  was te  s o l i d s  will 
resu l t  in severe ly  corrosive conditions with con- 
centrated FINO,, t h e  proposed leachant .  

A corrosion s tudy  was  begun at HMI to determine 
t h e  bes t  material  of construction for t h e  leaching 
equipment. Of t h e  18 t ypes  of specimens t e s t ed ,  
Corronel 230 (36 Cr, 58 Ni, 1 Mn, arid 5 F e ,  nom- 
inal) (in wt  %) and H A P 0  i2lloys 17, 20, arid 21 
(25 Cr, 50 Ni,  0.6 Mn, with varying amounts of 
Mo, Cu, and Fe) (in wt %) were most res i s tan t  to 
1 3  M HN0,-0.1 M H F  a t  t h e  boiling point (120%) 
i n  24- or 48-hr t e s t s .  R a t e s  for welded coupons 
submerged i n  l iquid were 17 to 29 mils/month. 
Since pure chromium corroded a t  only 4 mils/month, 
a l loys  high in  chromium, s u c h  as 60% Cr-40% Ni 
and 50% Cr-50% Ni, will b e  t e s t ed  for corrosion 
and fabricability. Other experimental a l loys  may 
b e  prepared a t  BMI for testing. 

Ultrasonic measurements were made to  determine 
t h e  extent of corrosion that occurred i n  t h e  VPP 
disso lver  during t h e  aluminum program. To ta l  cor- 
rosion for t h e  t en  d isso lv ings  and aqueous decon- 
tamination w a s  5 mils. An inspec t ion  of the d is -  
so lver  interior by te lescope  showed p i t s  and two 
cracks ,  apparently shallow. Wall-thickness meas- 
urements of the fluorinator after t h e  aluminum 
program showed average and maximum a t t acks  of 
2L and ?4 mil, respectively,  for each  of the  40 
fluorinations made in  both the  zirconium and alu- 
minum programs. No allowance was  made for cor- 
rosion during aqueous decontaminations. 

2.5 Continuous In-Line  Monitoring of  Gas Streams 
in  the Flu idi  zed- Bed F I uori de- Vo I a ti I i ty Proces s 

For proper control of the various p h a s e s  of t h e  
fluoride-volatility process ,  continuous in-line mon- 
itoring dev ices  must be developed for u s e  with 
multicomponent corrosive g a s  streams. Three  in- 
struments have  been tes ted  i n  connection with 
experiments on t h e  HF-0, flowsheet for s t a i n l e s s  
stL-1: a gas chromatograph, a nondjspersive in- 
f lared (1R) spectrophotometer, and an ultraviolet  
(uv) spectrophotometer. T h e  g a s  chromatograph 
will  ana lyze  f-or fluorine or IiF i n  a mixed 0 , -N,  
slrearn. Infrared ana lys i s  for U F ,  i n  s t reams 
containing fluorine wi3s not success fu l  because  of 

the  variable content of a contaminant (probably 
CF4) tha t  absorbs  strongly at a wavelength very 
close to tha t  for UF,. T h i s  conti2minant probably 
comes from reaction of fluorine with carbon elec- 
trodes in  t h e  electrolytic cell used  to produce 
fluorine. Fluorination experiments were monitored 
with a uv spectrophotometer equipped with a flow- 
through sample  cell having a 0.5-mni optical  path 
length and synthe t ic  sapphire windows. 

T h e  uv spectrophotometer shows  definite promise 
2s a continuous UF, monitor during fluorination, 
and t h e  g a s  chromatograph shows promise as an 
intermittent but general-purpose analyzer.  T h e  
IK analyzer is not so promising but would b e  usefu l  
as a UF,  rnoiutor if an  absorbance peak for UF,  
could  b e  found with which absorbance of contam- 
inants  would not interfere. 

2.6 Sorption of Plutonium Hexofluoride 
by Metal Fluorides 

T h e  separa t ion  of gaseous  PuF', and UF', and 
removal of f i ss ion  products by sorption-desorption 
s t e p s  could significantly enhance volati l i ty methods 
for process ing  nuclear f u e l s .  Of 31 metal f luorides 
(sorbents) f irst  t es ted ,  2 1  were eliminated when 
s t a t i c  t e s t s  with subtnilligram samples  demonstrated 
fai lure  to reac t  with or sorb  significant amounts of 
Pup,. T h e  remaining t en  (the fluorides of the  
group I-A and 11-A metals) have now had more 
exterisive dynamic sorption testirig, us ing  2-g 
sorbent samples .  In no case did P u F ,  desorb as 
rapidly as U F 6  does  from NaF. Lithium fluoride, 
NaF, and CaF, were studied most exhaustively 
for poss ib l e  desorption of P u F 6  in the presence  of 
fluorine, with LiF showing the  most promise. N o  
significant desorption from NaF  could b e  tiieasurcd 
even  after 10 hr at 600°C. Desorption from CaFz 
could b e  de tec ted  only at 600"C, where 7 and 15% 
desorbed in 10 hr. With LiF, 97% desorbed in  9 h i  
at 400"C, arid in 4 Iir at SUOo. 

T h e  va lence  of plutonium in lithium, sodium, and 
calcium compounds produced by reaction of t h e  
fluorides with PuF, l i e s  between 1 and 5. T h i s  
accounts  for the  difficulty in desorbing the  plu- 
tonium a s  P u F  even  in the  presence  of fluorine. 

61 Application ot the LiF sorption p rocess  t o  the  
volatility system appears  promising. Optimization 
of sorption and desorption conditions,  evaluation 
of separa t ion  from f i ss ion  products, and preparation 
of the  LiF i n  su i t ab le  form for large-scale t e s t ing  
are required. 
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2.7 Separation of Uranium Hexaf luoride 
from Bromine Fluorides 

In support of the  interhalogen fluoride-volatility 
process  for recovering uranium and plutonium from 
low-enrichment power-reactor fue ls  c l ad  in either 
Zircaloy-2 or s t a in l e s s  s t e e l ,  i t  was  necessary  t o  
develop a method for separa t ing  UF,  from BrF, 
and BrF,  present i n  t h e  product g a s  stream. Sep- 
aration of the  UF,  by se lec t ive  sorption from the  
product stream us ing  NaF  was  precluded, unfor- 
tunately, by cosorption of the  reduction product, 
BrF,. (Bromine pentafluoride does  not form a 
complex with N a F  under t h e s e  conditions.) A suc -  
ces s fu l  approach to th i s  separa t ion  was  found, 
however, by sorbing the  UF,  on a bed of N a F  
at 150°C, flushing the  bed with fluorine t o  eliminate 
cosorbed bromine compounds, and then following up 
with additional fluorine in a series of pressuriza- 
tion-depressurization cyc les .  With t h i s  method, 
UF, containing l e s s  than 14 ppm of bromine was  
recovered. AEC spec i f ica t ions  fix the  l imits of 
bromine contamination in U F 6  at 5 ppm. Based  on 
the  resu l t s  of t e s t s  completed to  da te ,  i t  is expected 
that t h i s  stringent specification c a n  b e  met. 

2.8 Chromium Chemistry and the Behavior 
of Chromium in  Volat i l i ty  Processing 

In process ing  s ta in less -s tee l -c lad  UO, fuel t h e  
behavior of the  contained chromium in the  €IF-0, 
decladding s t ep ,  and in the  fluorination or UF,  
volati l ization s t ep ,  is of interest .  Development 
s tud ie s  showed essent ia l ly  no chromium volati l iza- 
tion in t h e  H F - 0 ,  decladding procedure; tha t  i s ,  
the  chromium remains i n  the  fluidized alumina bed, 
probably as nonvolati le C r F  3 .  Appreciable chro- 
mium volati l ization d o e s  occur,  however, in t h e  
fluorination s t ep .  T h e  volati le chromium compounds 
of in te res t  here a re  C r 0 2 F 2 ,  CrF,, and CrF,. T h e  
relative ainounts of t h e s e  three compounds were 
not determined. An appreciable amount of chro- 
mium was  observed to cosorb with UF, in NaF  
sorption beds.  

In chemical s tud ie s  an effort w a s  made to syn- 
thes i ze  and charac te r ize  the NaF-CrF, compounds 
that a r e  most likely to  form in  an N a F  sorption 
system. T h i s  work revea1,ed and identified one  
NaF-CrF, phase  that was  isostructural  with K,CrF, 
but of somewhat smaller unit-cell s i ze .  A method 
for generating CrO,F, was  a l so  devised  and studied. 
T h e  NaF  sorption sys tem h a s  promise a s  a means 
of removing CrO,F, from the  UF, product. 

2.9 Vapor-Liquid Equi l ibr ia  o f  UE,-NbF, System 

A s  a part of continuing s tud ie s  on fluoride-vola- 
t i l i ty methods of process ing  nuclear fue l s ,  the  
separa t ion  of UF ,  f r o m  volati le impurities by d is t i l -  
lat ion is being considered. For t h i s  reason, t he  
vapor-liquid equilibria of U F ,  and one s u c h  impurity, 
NbF,,  were determined. T h e  150OC isothermal 
da t a  previously reported and the  5.92-atm isobaric 
da t a  were fitted to  three  simplified forms of the  
Wohl four-suffix equation. T h e  da ta  were corrected 
for nonideal vapor-phase conditions by an empirical  
equation. 

3. M O L T E N - S A L T  REACTOR PROCESSING 

3.1 Continwows Fluorination o f  Molten Salt  

Process ing  of both the  fuel s a l t  and the  fert i le 
s a l t  of a molten-salt breeder reactor (MSBR) re- 
quires the  continuous and complete removal of t h e  
uranium from the  s a l t  by fluorination. T h e  principal 
problems are  control of corrosion and conformity t o  
high recovery specifications.  It i s  anticipated that 
corrosion c a n  b e  controlled by keeping a layer  of 
frozen s a l t  on the  fluorinator walls,  using the  
internal hea t  generation from f i ss ion  product decay  
t o  provide the  thermal gradient. T h e  high recovery 
spec i f ica t ions  may b e  met by us ing  a tower in 
which a countercurrent flow of molten s a l t  is con- 
tacted with dispersed, r ising fluorine. Present  
work is aimed a t  showing that t h e  fluorination rate 
is satisfactory and that t he  ax ia l  concentration 
gradient will not be  destroyed by the  inherent ax ia l  
mixing in  s u c h  towers. Recoveries of 96 to 99.4% 
have been achieved in  1-in.-diam tOwers containing 
salt to  a depth of 48 in. 

3.2 Dist i l la t ion o f  Molten Salt 

Removal of the  f i ss ion  product poisons from the  
fuel s a l t  of t h e  molten-salt breeder reactor will be  
accomplished, primarily, by vacuum disti l lat ion of 
t h e  carrier s a l t  (after the  uranium h a s  been removed 
by fluorination) to remove the  valuable 'LiF and 
BeF, from the  less -vola t i le  f i ss ion  products. An 
equilibrium s t i l l  was  built and operated a t  0.5 mm 
Hg and 1000°C to  determine the  relative volatility 
of CeF, ,  NdF3,  and LaF, in an LiF--rare-earth 
fluoride system. After severa l  operational dif- 
f icu l t ies  were resolved, cons is ten t  resu l t s  showed 
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t h e s e  fluorides to have relative volati l i t ies i n  t h e  
range 0.0005 to 0.003, with cerium showing the  
higher va lues .  T h e s e  va lues  are low enough to 
permit the  u s e  of a batch s t i l l  without difficulty. 

3.3 Alternative Processing Methods 
for a Molten-Salt  Breeder Reactor 

Reductive coprecipitation and liquid-metal ex- 
traction a re  be ing  studied as poss ib le  methods for 
decontaminating MSRR carrier s a l t  (Li2BeF,)  after 
removing uranium by fluorination. Adequate removal 
of La and Gd is achieved by treatment with near- 
theoretical  quant i t ies  of We t o  form beryll ides of 
t he  type LnBe,,.  Either e x c e s s  Be, up t o  243 
t imes  theoretical ,  or a stronger reductant, Li, is 
riecessary to remove Zr at t r ace  level.  Zirconium 
i s  removed as f ree  metal  from 5 mole % ZrF, solu- 
t i ons  in  Li,BeF,,  but from di lu te  so lu t ions  a 
beryllide, ZrBe2, h a s  also been identified. Neo- 
dymium, es t imated  to cons t i tu te  50% (by weight) of 
t h e  lan thanides  present,  will require a 40-fold 
e x c e s s  of Re for removal, corresponding t o  11 g of 
Be per kilogram of salt being processed. To dai.e, 
l i t t l e  s u c c e s s  has been achieved in  removal of Sm, 
Eu, or Sr with either Li or Be. 

Lithium-bismuth (liquid-metal) extraction experi- 
ments were also continued. Significant removals 
were observed for L a ,  Sm, Gd, Sr, and Eu - t h e  
l a s t  principally by extract.ion into the  metal  phase ,  
t he  o thers  by deposit ion as interfacial  so l ids ,  a s  
previously reported €or other metal  extraction tests. 

4. WASTE TREATMENT AND D1SPOSAL 

4.1 High-Level  Radioactive Waste 

Laboratory Studies. - T h e  ORNL work on t h e  
fixatjon o f  highly radioactive aqueous was te  w a s  
surnniaIized i n  an operating manual for u s e  in t h e  
Waste Solidification Engineering Prototype at 
Pacific Northwest Laboratory ( P N  L). Melt compo- 
s i t i ons  were developed for the  two new was te  
types des igna ted  as Pulex-1 and Purex-2. Lead  
boros i l ica te  me l t s  appear t o  be preferable to 
phosphate me l t s  for f ixing Purex-1 w a s t e  because  
of their  lower corrosivity,  bu t  their thermal conduc- 
t iv i t ies  a r e  a l so  much lower. V i scos i t i e s  were 
measured a s  a function of t tmperature fur one  
aluminum (TBP-25) and three high-sulfate Purex 

(FTW-65)  was t e  melts.  For the la t te r  type, vis- 
cos i ty  increased  with inc rease  i n  the content of 
p rocess  oxides  and with the  addition of simulated 
f i ss ion  products. Seven semiengineering-scale 
tests were made with phosphate me1t.s for Purex-1 
and Purex-2 types  of waste, and one  semiengineer- 
ing-scale t e s t  of t he  Con-Potglass p rocess  was  
made with a l ead  borosil icate melt. The  practi- 
cali ty of controll ing ruthenium volatilization by rc- 
cycling the  overhead from t h e  fixation vesse l  to 
the  was te  evaporator was  confirmed i n  laboratory 
tes t s .  

Scoping s tud ie s  indicated the feasibil i ty o f  dis- 
pers ing  fluidized-bed was te  i n  a g l a s s  matrix and, 
alternatively, t he  probable feasibil i ty of incor- 
porating (dissolving) such  was te  in  a homogeneous 
glass. Fluoride was  volatilized from the  bed when 
a fluoride-containing was te  w a s  d ispersed  in  a 
lead  boros i l ica te  matrix. 

Engineering Studies. - Four  Rising-Level Pot- 
g l a s s  t e s t s  were made during this report period, 
two (R-89, -90) with FTW-65 Purex  (with su l fa te )  
was te  and two with PW-1 Purex  was te  (K-!)l, -92). 
Particular emphasis  was  p laced  on detecmining the 
b e s t  method of adding the  glass-making addi t ives  
and eva lua t ing  the  pot-corrosion problem. T e s t  
R-89, with an %in.-diam pot a t  90OoC, showed an 
excess ive ly  high corrosion rate; but a duplicate 
tes t ,  R-90, at 850"C, was completely success fu l ,  
with negligible corrosion. A similar t e s t  in an 
S-in.-diarn pot at PNL also showed negligible 
corrosion. 'Test R-90, with an R-in.-diam pot at 
9Oo"C, was  also successfu l ,  and the  corrosion 
r a t e  w a s  low. A similar t e s t  i n  a 12-io.-diam pot  
showed excess ive  corrosion, up to 239 mils. T h e  
proportional feeding of a solution of glass-cnaking 
addi t ives  (LiOH, NaOH, and H j P 0 4 )  to the  was te  
feed l i ne  is recommended as preferable to mixing 
directly with the  w a s t e  i n  the  feed  tank. I t  w a s  
concluded that additional definition of the  cor- 
rosion mechanism is requited before attempting 
large-scale tests of the  Rising-Level Po tg la s s  
p rocess  with radioactive was tes .  

4.2 Intermediate-Level Radioactive Waste 

Immobilization of intermediate-level radioactive 
was te s  (ILW's) by incorporation into a cheap, 
inert, and inso luble  material  before s torage  or 
burial  offers sa fe ty  and economic advantages  to 
a n  expanding nuclear industry. Cons iderable  
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world-wide in te res t  h a s  been shown i n  the  u s e  of 
asphal t  as  a inaterial for incorporating a l l  types  
of ILW's. T h e s e  was te s  include second- and third- 
cyc le  raffinates; so lu t ions  from fuel decladding, 
solvent cleanup, and off-gas scrubbers;  and slur- 
r i e s  and so l id s  from low-level treatment processes .  
?'he asphal t  p rocess  be ing  developed a t  ORNL 
cons i s t s  i n  adding the  was te  directly to emulsified 
road asphal t  i n  a stirred evaporater a t  any tem- 
perature up to t h e  boiling point of the  solution, 
evaporating the  water and hea t ing  the  product to 
about 160°C while stirring, and finally draining 
t h e  product into a s t e e l  drum. The latter s e rves  
to contain t h e  product during preliminary s torage  
and shipment. 

Mixtures of asphal t  and was te  s a l t s  products 
containing 10 to 80 wt % s a l t s  have been  prepared 
i n  the  laboratory with ORNL ILW, fuel de jacke t ing  
was te  (FDW), and a Purex  second-plutonium-cycle 
waste.  Also, products containing 20 to 60 wt '% 
s a l t s  from ORNL ILW have  been  prepared on an 
engineering sca l e .  T h e s e  was te s  a re  principally 
n i t ra te  solutions of sodium, aluminum, and iron 
and often contain sulfate,  fluoride, chloride, and 
phosphate. T h e  asphal t - sa l t  products a r e  very 
insoluble i n  water, and l e s s  than '1, o ,  of the  
radioactive material i s  l eached  per day from a 
given sample. A t  present,  cement is widely used  
as  a matrix, but t h e  leach  rate i s  50 to 100 t imes  
higher. Asphalt  h a s  a further advantage: the final 
volume of was te  i s  only half the original; for 
cement, it i s  increased  50%. 

T h e  res i s tance  of asphal t  to radiation is found 
to limit t he  amount of radioactivity that c a n  b e  
incorporated and the  degree of applicabili ty of 
th i s  d i sposa l  method. Studies show tha t  asphal t  
should b e  sa t i s fac tory  up to a t  l e a s t  10' rads of 
absorbed dose ,  a d o s e  equivalent to that expected 
from an in i t ia l  1 0  cur ies  per  gallon of product 
over an  infinite period. No i nc rease  of leach  ra tes  
i n  water occurred a t  l o 8  rads with samples  con- 
taining 60  wt '% s a l t s  from ORNL waste.  Hard 
a spha l t s  swel l  about 36% at 10' rads, bu t  sof t  
a spha l t s  allow g a s  to escape ;  swel l ing  i s  probably 
not a problem a t  these d o s e  leve ls .  

T h e  incorporation of iner t  so l id s  in  a spha l t  does  
not appear to inc rease  the  hazards  that a r e  normal 
in the handling of material that  h a s  a high flash 
point. However, t he  haza rds  involved i n  incor- 
porating n i t ra tes  were studied intensively.  A 
comprehensive series of t e s t s  (drop-weight, auto- 
ignition, shock sensit ivity,  flame propagation) 

on small  and 30-gal-drum samples  showed that the 
asphalt-salt  mixtures burn, a s  expected, but that  
they do not explode or show a significant i nc rease  
i n  burning rate over pure asphal t ,  

Laboratory, hot-cell, and engineering develop- 
ment s tud ie s  a i e  planned to determine the  k inds  
and quant i t ies  of was te  that can  b e  incorporated, 
the  l eve l s  of radioactivity that can b e  tolerated,  
and the  engineering var iab les  involved i n  operating 
a mixer-evaporator to produce t h i s  asphalt-bonded 
waste.  

4.3 L o w - L e v e l  Radioactive 

Water recyc le  is considered an improvement over 
t he  present method of dealing with t h e  low-level 
radioactive was te  problem. T h e  current method 
c o n s i s t s  i n  relatively inefficient decontamination 
treatment, d i scharge  to nearby streams, and de- 
pendence on t h e s e  s t reams to d i lu te  the  remaining 
radioactivity to maximum permissible concentra- 
tions. In the  recyc le  approach, a more efficient 
treatment of low-salt-content was te  water is de- 
s igned  to directly reduce the  radioactivity l e v e l s  
to U.S. Publ ic  Health Service radiochemical spec -  
if ications for drinking water, and the  water can  
b e  returned for r euse  in a nuclear installation. 

Micro pilot  plant experiments a t  OKNL have  been 
based  on a flowsheet that  i nc ludes  flocculation 
by alum, demineralization by ion exchange, and 
final cleanup by ac t iva ted  carbon. 'These experi- 
ments  demonstrated decontamination fac tors  (DF's)  
of 1000 to  10,000 for all  major radioactive s p e c i e s  
for up to 2400 volumes of recyc le  water treated 
per volume of cation resin. T h i s  process  h a s  
provided the  h ighes t  DF ' s  for cobal t  and ruthenium 
ever  a t ta ined  in the  ORNL development program. 
Operation of t he  water-recycle process  for severa l  
more c y c l e s  is needed to determine whether a 
buildup of contaminants occurs.  P i lo t  plant t e s t s  
of t he  process  a r e  now warranted. 

4.4 Engineering, Economic, and Safety Evaluation 

Three  s t u d i e s  a r e  presented: c o s t s  of "per- 
petual" storage,  s a fe ty  of tank storage, and an 
ana lys i s  of t he  management of w a s t e s  from vola- 
tility processes .  

T h e  c o s t s  of perpetual tank s torage  of both ac id  
and alkaline w a s t e s  were estimated as a function 
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of tank size, tank life, and f i ss ion  product concen- 
tration in the  was te  for three representative types  
of financing. For  acid was tes ,  t he  optimum tank 
capacity is about 1,000,000 gal, and minimum total  
c o s t s  range from 0.0165 to 0.0272 mill/kwhr. For 
alkaline was te s ,  the optimum tank capacity is 
2,500,000 gal, and minimum total  c o s t s  range from 
0.0177 to 0.0294 mill/kwhr. Reducing the  volume 
of wastes,  as stored, by doubling the  concentra- 
tion of f i ss ion  products reduces the  total c o s t s  
between 1 5  and 30%. The  total  c o s t s  for s tor ing  
cladding w a s t e s  ranged f r o m  0.0215 to 0.0398 
mill/kwhr. T h e s e  c o s t s  were greater than those  
for raffinate w a s t e s  because  of the greater volumes 
of cladding was tes .  

In a s tudy  of the  safety of tank storage, con- 
sideration of t he  nature and extent of tank failure 
ind ica tes  tha t  t he  m o s t  l ikely mechanism of re- 
lease would be  through loss of cooling and that 
t he  atmosphere would cons t i tu te  t he  major ex- 
posure pathway, Two inc idents  lead ing  to  major 
releases were postulated, and total r ada t ion  ex- 
posures  to  neighboring populations a t  various 
d i s t ances  downwind were estimated, based on 
dosage t o  the  lungs  result ing from inhalation, 
subsequent  exposure to the fallout from the pass- 
i ng  cloud, and exposure to  direct  radiation from 
t h e  p a s s i n g  cloud. Exposure due to d i rec t  radia- 
tion from t h e  pas s ing  cloud was  found to b e  only 
a few percent of tha t  from the other two sources,  
and may be  considered negligible. 

C o s t s  were estimated for management of t he  
major was te s  from fluidized-bed volatility process-  
i ng  uf Zircaloy- and s ta in less -s tee l -c lad  UO, 
reactor fuels.  Management a l te rna t ives  cons i s t  of 
encapsulating the  was te s  without additional treat- 
ment, encapsulation following preparation of g lassy  
so l ids ,  and encapsulation of the f i s s ion  products 
as a “g la s s”  following their separation from the 
iner t s  by  a phosphoric acid leach. In a l l  c a s e s ,  
the final products a re  shipped to a salt mine for 
final d i sposa l ,  I t  was  concluded tha t  there is not 
a clear-cut economic incentive to  make g l a s s e s  
or to leach  the  f i ss ion  products bu t  that, if these  
conversions a re  des i rab le  for greater sa fe ty  in  
handl ing and shipping, a subs tan t ia l  crcdit  from 
cheaper  management of t he  products can b e  applied 
aga ins t  the cost of the  treatment step. Also,  i t  
was  concluded h a t  m o r e  economic was te  manage- 
ment cannot  b e  c i ted  a s  an advantage of volati l i ty 
over aqueous processing in the  fluidized-bed 
method for low-enrichment fuel. 

5. TRANSURANIUM-ELEMENT PROCESSING 

The  High F lux  Isotope Reactor (IIFIR) and the 
Transuranium Process ing  P lan t  (TRU) have been  
built a t  ORNL to produce la tge  quanti(-ies of t he  
heavy actinide elements  a s  part of the USAEC 
Heavy Element Production Program. These mate- 
rials will be used in bas i c  research in  laboratories 
throughout the  country. T h e  HFIR went c r i t i ca l  
early in the  fall  of 1965 and was  approaching ful l  
power a t  the end of t h i s  report period. Construc- 
tion of TRU was  completed, essent ia l ly  a l l  equip- 
ment was  installed,  and “cold” checkout of t h i s  
equipment w a s  done. T h e  in i t ia l  radioactive proc- 
e s s i n g  will begin almost immediately. Special  ir-  
radiations of more than 500 g of 2 4  ‘Pu in a Savannah 
River reactor, beginning in February 1965, produced 
about 2 tng of californium. One ta rge t  rod contain- 
ing  5 pg  of californium w a s  processed at QRNL 
t h i s  year. The  remaining ta rge ts  wil l  be  processed 
in  TRU in the  coming year,  Design and development 
work on the  target eleinents, t o  b e  remotely fab- 
ricated in TRU, is under the direction of the  Metals 
and Ceramics  Division. The  major phases  of t he  
project, including des ign  and construct.ion of t he  
building, the  development of the  chemical  separa- 
t ions  processes ,  and the design, fabrication, and 
installation of t he  chemical  process equipment 
are the  responsibil i t ies of the Chemical Technology 
Division and a r e  reported here. 

5.1 Development of Chemical Processes 

During the  pas t  year additional Clanex, ‘Tramex, 
and ion exchange processing runs were made a t  
full-scale radioactivity leve ls  in the  Curium Ke-  
covery Fac i l i ty  (CRF). T h i s  work is reported i n  
Sect.  5. 

Methods for d i sso lv ing  irradiated and unirradiated 
PuO ~ were investigated.  Resu l t s  indicate {.hat 
irradiated Pi10 d i s so lves  more readily than unir- 
radiated Pu02; however, fluoride, which .is not 
compatible with the main-line TKU process  equip- 
ment, will probably b e  required for total  PuOz d i s -  
solution. In turn, it will then be  necessary  1.0 
reduce the  fluoride concentration to less than 5 
ppm following dissolution; thus  fluoride removal 
methods were studied. Simple hydroxide precipita- 
t ions  and washing appear to be adequate. Recovery 
and purification of plutonium by HC1 anion exchange 
a re  convenient for TRU operations, and scouting 
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t e s t s  on a laboratory s c a l e  indicate that t h i s  method 
will provide acceptab le  plutonium recovery; how- 
ever,  additional Purification may be required. 

About 286 g of 242Pu was  prepared as PuO, for 
incorporation into IIFIR targets.  Thirty-one ta rge ts  
coinprise the first  loading of the  HFIR. 

T h e  preparation of plutonia by a sol-gel method 
offers severa l  p rocess  advantages over the hy- 
droxide precipitation method used  previously for 
preparing dense ,  coarse  particles of PuO,,  and 
g ives  a product of greater uniformity. Plutonia 
sol-gel development was therefore continued, and 
significant progress was  made i n  the preparation 
of uniform s o l s  of desirable charac te r i s t ics .  T h i s  
work is reported in Sect. 8.2, 

A sol-gel method appears t o  be equally attractive 
for the  preparation of 20- t o  200.-p par t ic les  of 
dense  americium-curium oxide for incorporation into 
IIE‘IR targets.  The  abil i ty to prepare oxide mi-  
crospheres of controlled particle size f rom rare- 
earth s o l s  a s  stand-ins for americium and curium 
was reported l a s t  year; and during th i s  report 
period, the  techniques developed were successfu l ly  
applied t o  the  preparation of 241Am, 2 4 4 C ~ ~ ~ ,  and 
mixed 243Am-244Cm s o l s .  In a l l  c a s e s ,  dense  
oxide microspheres could be  formed from t h e s e  
so l s .  

Rare-earth sol-gel development was continued 
both a s  an aid to  HFIK target preparation and 
because  the  oxide forms produced have potential  
as  control rod materials in reactors and a s  burnable 
poisons in  fuel elements.  During t h i s  investigation, 
modifications were developed that greatly simplify 
the  process  and make i t  m o r e  amenable for in-cell 
preparation of 243Am and 244Cm s o l s  and mi- 
crospheres.  Studies t o  eva lua te  t h e s e  modifica- 
t ions in  the  preparation of americium and curium 
s o l s  are needed. 

Since separation of californium-einsteinium-fer- 
miurn and purification of some final products will 
b e  effected by ion exchange, two s u c h  p rocesses  
were investigated a t  high activity leve ls .  About 
0.5 g of 2 4 2 C m  in miscellaneous recycle so lu t ions  
from t h e  CRF was  satisfactorily purified by LiC1 
anion exchange. Although an  attempt to sepa ra t e  
0.5 g of 242Cm from -1.5 g of 241Am by elution 
from cation exchange res in  with :r.-hydroxyisobu- 
tyrate was  not completely success fu l ,  resu l t s  in- 
dicated that t h i s  method will probably be  satisfactory 
with 100-rng quantit ies of ”Cf. Additional high- 
acti.vity-level runs  will be  required to  prove the  
acceptabili ty of th i s  process.  

One of the  IIFIR prototype target rods, TRU-SRL 
irradiation element No. 26, was  discharged from 
the  Savannah River High F lux  Rear tor  after an  
estimated irradiation of 3.7 x IOz2 nvt.  T h i s  target, 
which originally contained 10 g of plutonium (95.66% 
2 4 2 P u )  as oxide,  was  d isso lved ,  analyzed for 
transplutonium-element content,  and processed  t o  
recover the  heavy elements.  Analyses by the  bes t  
available methods indicated that the  irradiated 
ta rge ts  contained 5.45 g of plutonium, 1.58 g of 
americium, 2.64 g of curium, about 5 pg  of z 5 7 C f ,  
about 2 pg of 2 4 9 B k >  and about 0.2 p g  of 2 5 3 E s  
a t  t he  time of discharge from the reactor. 

5.2 Development of Process Equipment 

T h e  full-scale Zircaloy-2 pulsed-column rack for 
t he  Tramex process  was “cold” tes ted  before i t  
was  ins ta l led  i n  ihe  plant. Emulsions s tab i l ized  
by zirconia sols were minimized by control of tem- 
perature and acidity in the feed adjustment s t ep .  
T h e  batch spray column for berkelium separation 
was  shown to  b e  adequate in regard to hydraulics 
and efficiency. Tes t ing  of pulsed columns for 
separation of americium and curium from other 
transuranic elements was  begun, but problems with 
p la te  wetting by the  organic and subsequent flood- 
ing  were very severe.  Purification of the  solvent 
only partially corrected the problem. Successful 
operation with the  organic phase  continuous w a s  
demonstrated, but the  TIiU rack is not operable in  
that manner without major revisions.  

5.3 Design and Fabrication of Process Equipment 

Equipment in TKLJ for recovery, separation, and 
purification of the  actinide elements from irradiated 
HFIR ta rge ts  includes dissolution and feed ad- 
justment tanks ,  a centrifuge for feed clarification, 
two cyc le s  of solvent extraction equipment, ion 
exchange columns for recovery of plutonium and 
miscellaneous spec ia l  separa t ions ,  plus numerous 
process  and s torage  tanks.  

With the  exception of equipment for precipitation 
of the  recycle actinide oxides,  all process  equip- 
ment h a s  been designed and fabricated. 

In t h e  pas t  year,  equipment racks  for t h e  first- 
cyc le  solvent extraction sys tem and for the  chro- 
matographic separation of californium, einsteinium, 
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and fermium were fabricated. In addition, an ex- 
tensive in-line process  instrument sys tem for detec- 
lion of l o s s e s  in waste streams and product mon- 
itoring was  designed, and the components were 
built  in the  ORNL instrument shop. 

Several miscel laneous equipment i t e m s ,  including 
the  all-Zircaloy-2 centrifuge, target carriers,  solid- 
waste handling equipment, and a periscope, w e r e  
procured or fabricated, 

5.4 Construction of TRU 

Construction of TRU is now essent ia l ly  complete. 
Equipment w a s  ins ta l led  in two phases .  The 

First phase  was  a cost-plus-fixed-fee contract  
involving the  installation of a major portion of t h e  
piping, structural ,  and serv ice  i tems required for 
operation of t he  process  equipment. T h i s  work 
began in May 1965 and was  completed i n  5 ?2 montlis. 
T h e  second phase  foIlowed immediately, beginning 
November 1 ,  1965, utilizing ORNL craft  forces  for 
the installation of the  prefabricated process  equip- 
ment and piping. T h e  major portion of t h i s  work 
w a s  completed in January 1966, a t  which time 
rc(:~1d'7 shakedown runs were begun. 

An office wing was addsd; a shielded alpha c a v e  
is being constructed in  an ex is t ing  laboratory; and 
a 50-ton crane,  an  emergency generator, and a 
data-logging system are being acquired far thi:; 
facil i ty ~ 

T h e  TRU operating group was  assembled and i s  
engaged in  gett ing TRU ready for operation. Air 
balancing and leak t e s t ing  for the cells and the  
building were completed. Equipment and operating 
procedutes were t e s t ed  for dissolving HFIR ta rge ts ,  
for removing e x c e s s  aluminum from the feed by 
caus t i c  precipitation and centritugation, for the  
plutonium removal process  (PPlurix), for metering 
radioactive feed to the process,  for t he  first  solvent 
extraction cyc le  (Tramex), and for recovering 
berkelium by batch solvent extraction (Berlex). 
Second-cycle so lvent  extraction (Pharex) h a s  not 
yet been  operated successfully.  

A safety ana lys i s  of the proposed operations 
w a s  reviewed by the  ORNL Director's Radiochem- 
i c a l  P l a n t s  Committee, and operation of the  proc- 
e s s i n g  plant was  appraved. 

'The f i r s t  feed for 'TRU will be  prototype targets 
and spec ia l  s lugs  tha t  were irradiated in the  Savan- 
nah River P lan t  (SRP) reactors, and some solution 
(containing about 500 g of americium and curium) 
that was recovered from the was te s  t rom the 2 4 2 ~ u  
processing at SRP. About 2 mg of '"Cf will 
become available f rom these  materials l a t e  i n  1966. 
The first  HF1R ta rge ts  will not be  ready for proc- 
e s s i n g  until  l a t e  1966 or early 1967. 

6. CURIUM PROCESSING 

'I'he Curium Program was jointly undertaken by 
the  Isotopes Division and the Chemical Technology 
Division to prepare curium lor fabrication into hea t  
sources.  T h e  hea t  sources  are desired to  develop 
the  techniques of incorporating c u r i u m  into thermo- 
e lec t r ic  converters for evaluation iiS SNAP-type 
generators. The Chemical Technology Division is 
responsible for t he  purification of the curiam, and 
lor delivery of the  refined product to the Isotopes 
Division. A number of process methods, f a d i t i t s ,  
and source materials were used for both the Curium 
Program and the  c lose ly  related Transuranium- 
Element Program (Sect. §). 

The  Cur ium Recovery Fac i l i ty  (CKF) was  orig- 
inally designed for laboratory-scale tes t ing  of 
t ransuraniiim-elemetit p rocesses  at high leve ls  of 
radioactivity. It went through sovwa l  phases of 
modification t o  improve its operation and to in- 
c r ease  its capacity to the rnultigram level. During 
the  Program, the  Clanex, Ilapex, and 'I'ramex re- 
covery ~ C Q C ~ S S ~ S  were tes ted  a t  high leve ls  of 
radioactivity, while about 35 g each  of highly 
refined 2 4 3 ~ m  and 2 4 4 ~ m  and about 25 g of " ' ~ r n  
were recovered from irradiated tiuget materials. 
At t he  conclusion of the 24zCni Program early 
next year,  the  CRF wil l  b e  converted to a laboratory 
facil i ty in which to continue the development, 
testing, and evaluation of separa t ions  processes  
useful in the separation and recovery of the  trans- 
ur snium elements. 

Two adverse e f fec ts  of alpha radiolysis i n  hjgii- 
activity-level Tramex feed - the rapid loss of 
acid from adjusted feed and the formation of 0x1- 
dan t s  that coiivest cerium t o  the extractable tet-  
ravalent s t a t e  - were studied in la'rioratory-scalc 
t e s t s  in t h e  pas t  year. Methyl alcohol was  fouiid 
to bc  effective foi preventing acid loss only when 
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it i s  added to feed which already conta ins  ap- 
preciable concentrations of t h e  oxidants formed 
by radiolysis.  Stannous chloride, which c a n  b e  
used  a s  a reductant in high-activity-level Tramex 
feed to  keep cerium in t h e  unextractable tr ivalent 
s t a t e ,  is oxidized at the  rate of 1.0 meq/whr and 
acce lera tes  the  rate of acid loss by radiolysis. 

6.2 Solvent Entscsctian Processing 
of 243Am-244Cm 

Approximately 16 g e a c h  of highly refined 243Am 
and 244Cm were recovered from Savannah River 
P lan t  concentrates,  a residual solution developed 
during the  separation and recovery of t h e  2 4 2 P u  
contained in 10 kg of 2 3 9 P u  tha t  had been ir- 
radiated to >99% burnup. P r o c e s s  losses, recov- 
e r ies ,  and decontamination f rom f i ss ion  products 
duplicated those  reported previously. After t h e  

3Am-2 4Cm campaign, a short  s e r i e s  of promising 
chemical flowsh-eet modifications w a s  t e s t ed  a t  
high activity levels.  T h e  resu l t s  of t h e  t e s t s  with 
the  Dapex flowsheet indicated that i t  was  superior 
to Clanex as  a primary solvent extraction cycle.  
Other tests indicated that t he  Ta l speak  and Cerex 
flowsheets a re  s t i l l  promising but need further 
study. 

6.3 Processing of the 2 4 1 A m 0 2  Targets 

Two campaigns were completed during the  year 
i n  which two types  of irradiated 2 4 1 A m 0 2  ta rge ts  
were processed  to recover approximately 25 g of 
highly purified 242Cm. Feed  material for t h e  f i r s t  
campaign cons is ted  of 18 aluminum canned ta rge ts  
that had been irradiated in the  Q R K ;  that for t he  
second campaign cons is ted  of f ive  Martin Company 
ta rge ts  tha t  had been irradiated in t h e  MTK, plus 
an  additional 1.8 ORR targets.  Each ORR target 
contained about 3.3 g of 2 4 1 4 m  as  A m 0 2  c o m -  
pressed  i n  an aluminum matrix and canned i n  alumi- 
num. Similarly, t he  2 4 1 A m  content of t h e  MTR 
targe ts  was  3.6 g. At reactor discharge,  e a c h  
target contained the  following amount of 2 4 2 C m :  
MTW, 1.2 g; ORR (first  s e t  of 18), 0.8 g; and ORR 
( las t  set), 1.1 g. 

T h e  f i r s t  lot  of ORK targe ts  was  processed  
directly through one cyc le  of Tramex solvent ex -  
traction in  ba t ches  of three ta rge ts ,  yielding a 
product contaminated with 4Ce. T h e  second 
campaign featured the  continuous addition of 

reductant t o  t h e  feed stream; as  well as a combined 
Dapex-Trainex two-cycle process.  Even though t h e  
ta rge ts  were processed  after a decay period of 
only 15 t o  30 days ,  a curium product of exceptional 
purity was  recovered with low losses. 

6.4 Curium R e c ~ v e r y  Facility Equipment 

T h e  Curium Xecovery Fac i l i ty ,  originally designed 
and constructed to  recover gram quant i t ies  of 
curium and smaller amounts of the  heavier trans- 
uranium elements,  was  modified during the  year 
t o  improve i t s  operation. Included was  the  replace- 
ment of t he  solvent extraction contactors fabricated 
from Zircaloy-2 with a s e t  fabricated f rom tantalum. 
Similarly, two glass-l ined tanks  were replaced 
with tantalum-lined tanks.  T h e s e  resulted in  im-  
proved capacity and ease of operation and e l i m i -  
nated t h e  spa l l ing  of the  g l a s s  into the  process  
solutions,  which occurred with so lu t ions  of high 
power density.  Other modifications included piping 
changes  and installation of a vacuum filter-transfer 
sys tem and a phase  separator.  All t hese  contributed 
t o  increas ing  t h e  on-stream efficiency of the  facil i ty,  
and materially shortened t h e  processing t i m e  re- 
quired, a significant consideration i n  process ing  
t h e  reIativeIy short-lived 2 4  'Cm. 

7. DEVELOPMENT OF T H E  THORIUM 
F U E L  CYCLE 

T h e  Thorium F u e l  Cyc le  work is part of the  
Thorium Utilization Program of OXNX,. T h e  overall  
objective is t h e  development of t h e  fuel-cycle 
technology required for economical power produc- 
t ion in thorium-fueled reactors. Much of t h e  W Q F ~  

carried out in t h i s  program by the  Chemical. Tech-  
nology Division h a s  been in close cooperation 
with the  Metals and Ceramics Division. Oxide 
fue ls  and the  preparation of microspheres of those  
fue ls  a re  being emphasized, but some work on 
preparation of thorium-uranium carbides and other 
sys tems is being done to exploit t he  versati l i ty of 
the  sol-gel process.  

7.1 233U Storage and Distribution FaciIiv 

Oak Ridge National Laboratory se rves  a s  a stor- 
age,  purification, and d ispens ing  center for 3U. 
During the  pas t  year,  the  233U handling facility 
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h a s  received 63.4 kg of 2 3 3 U  as  oxide,  metal, and 
nitrate solution, including 50 kg as  U O ,  containing 
less than S ppm of '32U,  Shipments>'during the  
s a m e  period amounted to 18.3 k g  of 233U as  purified 
nitrate solution or oxide powder. 

Recent  modifications to  the: Building 3019 facil i ty 
increased  the  s torage  capac i ty  to 117 kg of 233U 
as  oxide or  metal and to  400 kg as nitrate solution. 
A l-kg/day single-cycle solvent extraction glove 
box to complement t h e  6-.kpJday solvent extraction 
faci!ity w a s  p laced  in operation. In addition, a 
5-kg/day dissolver-leacher,  limited in  s i z e  to 
I ( <  ever-safe" cri t icali ty dimensions,  was  des igned  
and ins ta l led  for use as a metal  or oxide d isso lver ,  
or as a leacher for chopped, metal-clad fue l  elements.  

7.2 Sol-Gel Process: Further Development 
and New Applications 

Y~.aboratory s t u d i e s  were made of  sol-gel methods 
for preparihg dense  UO ,-Tho bodies  containing 
rimre than 10 mt 75 C J O ,  and for preparing dense  
thorium dicarb ides  from thoria-carbon sols. F lu id ,  
s t a b l e  urania-thoria sols of any cornpusit ion can  
be prepared simply by mixing urania sols with 
thoria sois. Nearly theoretically d e n s e  W0,2-Th02 
microspheres with thoriurti:uranium atom rat-ios of 
3.5:1. hiive been prepared in  300-g lots. Basic 
s tud ie s  of the nature of 'I'hG2-C sols and TitO,-C 
ge l s  are being made, and t h e  conversion of ' ~ h 0 2 - C  
mixtures t o  t he  carb ide  is being s tudied  in  a11 
attempt t o  prepare thorium dicarbides au i tab le  f o r  
u s e  a s  reactor fuels.  A t  present,  only porous, IOW- 
derisity (<YO% of theoretical  crystal  dens i ty)  car- 
bides are obtained by us ing  Th9,-C sols  as t.he 
s ta r t ing  material. 

7.3 Development af Methods 
for Producing Microspheres 

A process  waii deve!oped for preparing thoria and 
thoria-urania sphe res  SO to about 800 1-1, in diameter,  
of high strength and nearly theoretical  density.  In 
this process ,  colloidal oxide sols  were dispersed 
i n  an  organic liquid aid converted to gel sphe res  
by extraction of water. To fluidize the !sol drops 
and to  avoid c:oalescence, clustering, and deposi-  
tion on the wall, t h e  u s e  of sur fac tan ts  in the 
solvent and of spec ia l  v e s s e l  configuration:; was 
necessary.  T h e  gel spheres  were separa ted  f rom 
the so lvent ,  dried,  and fired to 1150°C. NIIicrospheres 
were prepared by us ing  2-othyl-l-hexanoI a:; t h e  

drying solvent i n  continuous column sys tems,  in- 
cluding solverit recovery. Demonstrated capac i t i e s  
of t hese  sys t ems  were up to 1200 g oE thoria mi-  
c rospheres  per hour. 

A variety of nozz les  for d ispers ing  sol  into uni- 
form droplets were designed, built,  and tes ted .  
Several  appear to b e  sa t i s fac tory  for plant use.  
Gel microsphere drying and firing cont inues  to 
occupy our attention, espec ia l ly  in the  case of 
urania and uraniurn-containing spheres ,  where we 
are constrained from using strongly oxidizing at- 
mospheres during firing. In these  c a s e s ,  residual 
carbon in  the  product sphe res  may h e  too high for 
some poss ib l e  applications f o r  t he  fiiel. Continuous 
operation of the  microsphere formitig coluinri over 
a period of f ive  d a y s  showed that t he  column 
reaches  e s sen t i a l ly  s teady  s t a t e  i n  tha t  length 
of t i m e .  Changes in  t h e  coniposition of the  drying 
alcohol used in the  column, s u c h  as buildup of 
nitric acid,  depletion of surfactant concentrations,  
and poss ib le  accumulation of degradal.ion products 
from dis t i l l ing  t h e  alcohol to dry i t ,  d o  not prevent 
sa t i s fac tory  operation o v e r  tha t  time interval.  

tion o f  the Thorium- 
ecycie Fac i i i ty  

The  Thorium-Uranium Kecyo Le Faci l i ty  (TURF) 
is to provide adequate sh ie lded  s p a c e  fur develop- 
menl. of p rocesses  and equipment for r emotdy  proc- 
e s s i n g  and fabricating 3U fuels of various 
types.  Sufficient sh ie ld ing  is be ing  provided to ac- 
commodate highly irradiated fuel assemblies after 
a three-month decay  period. The four operating 
c e l l s  tha t  make up  the  facil i ty are each  20 f t  wide 
and have  ;I combined length of 106 f t -  

T h e  construction contisct for TURF w a s  modified 
to provide for completion of t he  building by February 
10, 1967. 'The building i s  now enclosed; much of 
the  major equipment .is installed; and the  cell wa l l s  
a r e  p o u r d  and l ined to an elevation near the  mid- 
point between floor and  ce i l ing ,  It is estimated 
that the job  is 60% complete. Procurement of over 
$1.5 milliori of spec ia l  equipment has proceeded 
srnoothly except  for three s t e e l  sh ie ld ing  doors. 
All  other items have  been, or c a n  be, made ava i lab le  
to  the  contractor prior to h i s  need for them. 

7.5 Design ~f Process Equipmeni 

T h e  type  of fuel to he produced in the f i r s t  l ine  
of equipment t o  b e  ins ta l led  i n  T U R F  was changed 
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from metal t ubes  filled with vibratorily compacted 
oxide fragments to carbon-coated microspheres. 
T h i s  change in objective either revised or placed a 
restraint  on  design of a l l  equipment except  tha t  
being designed for handling liquids. Preliminary 
des igns  were made of the  various major i tems of 
process  equipment to  guide the  process  develop- 
ment effort. Detailed des igns  were made of small-  
s c a l e  urania s o l  formation equipment far  fabrica- 
t ion of process  development equipment. Work yet t o  
b e  accomplished includes additional preliminary 
design and fabrication plus final design of the  
equipment to  b e  installed in the  facil i ty.  

8. SQh-GEL PROCESSES 
FOR T H E  URAAIlUM FUEL CYCLE 

T h e  uranium fuel cycle,  espec ia l ly  as  i t  re la tes  
t o  fast reactors,  occupies  a position of primary 
importance i n  t he  reactor development program of 
the  IJnited S ta tes .  F u e l  preparation i s  an important 
pait  of the  uranium fuel cyc le ,  and the work reported 
i n  t h i s  sec t ion  was  carried out a s  part of our effort 
to apply the sol-gel techniques (initially developed 
for t he  thorium fuel cyc le)  to the  uranium cycle .  

Emphasis in t h i s  work was  on urania and plutonia 
s o l  preparation because  these  s o l s  are readily made 
into U0, -PuO,  mixtiires that  are useful as  reactor 
fuels.  However, some s tud ie s  were made on other 
materials which show potential  of being prepared 
by sol-gel techniques,  such  as UN and ZrO,, and 
th i s  work is included in th i s  sec t ion .  

8.1 Uranium Sal-Gel P r o c e s s e s  

The  urania work proceeded in two phases .  T h e  
first  cons is ted  of (1) the  development of a laboratory 
p rocess  for preparing aqueous urania s o l s  by a 
precipitation-peptization method and (2) t h e  produc- 
tion of more than 15 kg of urania microspheres. 
Deta i l s  of the  development of the  s o l  preparation 
method and microsphere forming, drying, and firing 
s tud ie s  of th i s  phase  have been published; some of 
t he  resu l t s  are summarized in th i s  sec t ion .  

T h e  second phase  cons is ted  of the  chemical 
development of improvements in  t he  laboratory flow- 
shee t ,  investigations of other methods of urania 
so l  preparation tha t  are more amenable to  engineer- 
ing sca leup ,  and a s tudy of an alternative method 
of preparing gel microspheres. In t h i s  work it was 
found tha t  the uranium concentration in thr: sols 
could be  increased by increasing the  formate and 
t h e  uranium concentrations in the  uranous nitrate- 

formate solution from which the  hydrous oxide was  
precipitated. Our developments have  included a 
modified precipitation-peptization method for pre- 
paring urania s o l s ,  in  which the  hydrous oxide 
precipitate is washed and the  washed so l id s  a re  
peptized by resuspending and adjusting the  NO,- 
concentration, and a method of microsphere prep- 
aration that inc ludes  chemical gelation of dis- 
persed so l  droplets. In the  la t te r  procedure hydrous 
oxide s o l s  are d ispersed  as  droplets into a n  
organic liquid floating on a layer of 15 M NH,OH, 
and gelation occurs  when the  droplets descend into 
the  ammonia solution. 

To obtain a better understanding of the  chemical 
and physical changes taking p lace  during t h e  
urania s o l  preparation, samples  were taken a t  
various s t a g e s  in  the  precipitation-peptization proc- 
ess and examined by electron microscopy and 
selected-area electron diffraction t o  measure t h e  
size, shape ,  and crystall inity of t he  particles.  In 
addition, t he  visible and ultraviolet spec t r a  of t h e  
diluted s o l s  were measured, and approximate sizes 
of particle aggregates were ca lcu la ted  from the  
turbidities. T h e  final s o l s  cons is ted  of cubic  UO, 
c rys ta l s  having an edge  length of 10 to  20 A. 

T h e  preparation of uranium nitride microspheres 
from gel microspheres of mixed uranium oxide and 
carbon was  investigated.  T h e  gel spheru les  were 
converted to t he  nitride by heating them in a stream 
of nitrogen a t  160OOC or, alternatively, by hea t ing  
them init ially in  a stream of argon a t  160OOC and 
then in nitrogen. 

An objective i n  t he  chemical development of 
zirconia s o l  procedures was  to prepare urania- 
zirconia sols by a simple iiiixing of so l s .  Clear  
s o l s  that  had nitrate-zirconium ratios a s  low as 0.7 
were prepared by adding formaldehyde to a boiling 
zirconyl nitrate solution, drying the  result ing solu- 
tion or so l ,  and resuspending the  residue i n  water. 
In other experiments, hydrous zirconia was  precipi- 
tated with ammonia f rom a nitrate-rich zirconia 
so l ,  washed with methyl alcohol, and peptized by 
adding nitric acid t o  the  dried product. 'The b e s t  
sols were made by adding f o r m i c  acid to  the  s ta r t ing  
material before precipitation. In one experiment, a 
s o l  1.8 i l l  in zirconium and having nitrate:zirconium 
and formate:zirconium ra t ios  of 0.39 and 0.30, re- 
spectively,  was  prepared. 

8 . 2  Plvtonia Sol-Gel Process  

Efforts t o  develop a sol-gel process  for the  prep- 
aration of dense  oxide f o r m s  of PuO,  were con- 
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t i m e d .  T h e  objective of t h i s  work i s  to develop a 
process  for preparing plutonia s o l s  that would ( l j  
b e  compatible with other actinide sols and (2) 
afford versati l i ty i n  forming techniques.  Currently, 
t h e  process  u t i l i ze s  polymerization of tetravalent 
plutonium to produce c rys ta l l i t es  of colloidal s i z e  
and t o  ensure  valence stabil i ty.  T h e  final s o l s  
are 1 t o  3 M in plutonium and have NO,-/Pu mole 
ra t ios  of 0.1 t o  0.1s. They are s t ab le  for many 
months and are compatible with thoria and urania 
sols which have been  produced a t  ORNL. T h e  
ability to  produce dense  plutonia, as well a s  homo- 
geneous plutonia-urania or plutonin-thoria, micro- 
spheres  a t  any desired ratio h a s  been demonstrated 
011 a laboratory scale. Pilot plant equipment capable  
of producing 100-g ba tches  of plutonia sol was  
designed, fabricated,  and successfu l ly  used  in 
preparing such  s o l s  having uniform charact.eristics. 

T h e  plutonia so l  is prepared by precipitating t h e  
hydrous oxide from a nitrate solution with ammonium 
hydroxide. After i t  is washed, the hydrous oxide 
is peptized by t h e  addition of nitric ac id  t o  give a 
nitrate-rich plutonia sol containing a nitrate:pluto- 
nium ratio greater than or equal t o  1. T h e  nitrate 
level is reduced by drying and baking the  so [ .  T h e  
res idue  is then resuspended in water t o  give a 
d i lu te  sol, which is concentrated by evaporation to 
t he  desired plutonium concentration. Numerous 
5- to  20-g ba tches  of sol were prepared, and 560 
g of plutonium was processed in 50- to 100-g 
ba tches  in a small  pilot facility. 

It was  es tab l i shed  by spec t ra l  ana lys i s  tha t  t h e  
sol tha t  formed during the  peptization of the hy- 
droxide precipitate with nitric acid contained plu- 
ton.ium polymer and tha t  the polymeric form s tab i l ized  
the  plutonium va lence  in the  tetravalent s t a t e .  X -  
ray l ine  broadening measurements indicated t h e  
diameters of the  plutonia c rys ta l l i t es  in t h e  product 
sols to be  about 80  A. Micropore filtration tech- 
niques indicated a range of micelle s i z e s ,  with 
some aggregates as large as 1000 A, 

?‘he product sols could b e  dried t o  dense ,  hard 
fragments or  formed in to  microspheres which ca lc ine  
t o  dense  oxide spheres  a t  1150nC. klicrospheres of 
Pu0,-UO, Containing 15, 20, and 25 wt 76 PuO, 
were prepared from mixed sols. After firing in 
H, a t  1150°C, t h e  dens i t i e s  of t he  mixed oxide 
products varied from 94 to  96% of the theoretical  
density.  We have  assembled equipment capable  of 
producing 100 to  200 g o f  mixed oxide microspheres 
per day. 

9 .  SEPARATIONS CHEMISTRY RESEARCH 

New separa t ions  methods and reagents are being 
developed, principally for u s e s  in radiochemical 
processing but a l so  for other purposes  extending 
from extractive metallurgy to biochemical separa- 
t ions.  Solvent extraction technology retains the  
principal emphasis ,  while other separation methods 
a re  receiving a growing share  of attention. Reagents  
1 hat  were developed in  t h e  former raw-materials 
program a t  ORNL continue to show extended utility. 
Additional reagents have  a l s o  been discovered in 
more recent evaluation s tudies .  T h e  present program 
in  separa t ions  chemistry c a n  be divlded into three 
interdependent types  of research activity: (1) de- 
sc r ip t ive  chemical s tud ie s  (Sects. 9.1 to 9.4) of 
the reactions of subs t ances  to be separated and of 
separa t ions  reagents,  of t he  controlling variables 
in particular separations,  and of new compounds 
that may be potential  reagents;  (2) development 
(Sects. 9.5 and 9.6) of se lec ted  separa t ions  into 
spec i f ic  complete processes ,  both where no work- 
able process  yet e x i s t s  and where existing proc- 
esses can  b e  improved, carried where warranted to 
the point that large-scale performance c a n  be  
predicted; (3 )  fundamental chemical  s tud ie s  (Sects, 
9.7 to 9.10) of the  equilibria and reaction mecha- 
nisms involved i n  separation sys t ems ,  both to in- 
c r e a s e  knowledge and to help define potential  ap- 
plications.  

9.1 Extraction of Metal Chlorides by Amines 

As part of t he  program surveying the  extraction 
charac te r i s t ics  of many metals  from various sys -  
tems with representative amines, da t a  were obtained 
for t he  extraction of Ir(IV) and Pt(1V) from H(:l and 
LiC1-0.2 Bf HC1 solu t ions  over the range 0.5 to 
10 total  chloride. Maximum extraction c e f -  
Eicients (obtained with the quaternary amine Aliquat 
3363 were about 10 and more than 1.000 for Ir(1V) 
and Pt(IV3 respectively.  

9.2 New Separations Agents 

Investigation for potential utility in solvent 
extraction or othet separa t ions  methods cont inues  
on  compounds that a re  (I) newly ava i lab le  com- 
mercially, (2) submitted by manufacturers for test- 
ing, or (3)  spec ia l ly  procured for tes t ing  class or 
structure. 
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r e s t s  with water-soluble (or marginally immis- 
cible) carboxylic and sulfonic ac ids  indicated that 
high-molecular-weight ac ids  of su i tab le  structure 
should be  good cation exchange extractants.  For 
example, strontium extraction and separa t ion  f rom 
sodium were higher with a mediurn-weight carboxylic 
acid than with HDEIW. Higher-weight carboxylic 
ac ids  are being sought,  and a smal l  sample of di- 
n-dodecylnaphthalenesulfonic acid was  synthe- 
s ized .  

Reported se l ec t ive  complexing of lithium by 
water-soluble sterically hindered P-diketones sug-  
gested that a high-molecular-weight ana log  might 
b e  3 1 1  effective lithium extractant.  Diketones are 
being procured for examination of the  e f fec ts  of 
structure in complexing, and the syn thes i s  of 
bis(a,n-dimethyloctadecanoy1)methane is in prog- 
r e s s .  

T h e  ex tens ive  coinplexing of metal ions  by 
dimethyl sulfoxide in  aqueous solution sugges ted  
that high-molecular-weight dialkyl sulfoxides (K ,SO) 
might b e  correspondingly ex tens ive  ex t rac tan ts .  
However, a s e r i e s  of symmetrical dialkyl sulfoxides 
extracted only a few metals (Au, Ag, Hg, P u ,  and 
Cu), apparently via sulfur rather than oxygen co- 
ordination. T h e  resu l t s  sugges t  that  an unsym- 
metrical sulfoxide R(Me)SO might give wider ex- 
traction through oxygen coordination; thus  2-ethyl- 
hexyl methyl sulfoxide is in preparation. 

A new commercial primary amine of unstated 
composition, Arnberlitc XLA-3 (Rohm and Haas  
Company), showed good thorium extraction and 
low loss to  the  aqueous phase ,  resembling the  
extractant obtained from the  commercial primary 
amine mixture Primene J M - T  (Rohm and Haas  
Company) by scrubbing out t h e  more-water-soluble 
fraction. 

A laboratory supply of 1-(3-ethylpentyl)-4-ethyl- 
octylamine, an excellent extractant formerly avail-  
able as a research chemical,  was  prepared f rom 
the  corresponding heptadecyl alcohol v i a  conver- 
s ion  through ketone and oxime. 

Samples of two new inorganic ion exchangers 
(titanium an.d t in phosphates) advertised for s e -  
lec t ive  cesium sorption, when compared with am-  
monium molybdophosphate ion exchanger,  showed 
lower se lec t iv i ty  for cesium (especially with respec t  
t o  iron) and greater loss  by solubili ty in 1 ,I.I FINO,. 

9.3  Pedormonce of Degraded Reagents 
nnd Diluents 

Identification of the  three principal products 
result ing from t h e  degradation of diethylbenzene 

(DEB) with nitric ac id  was  completed. Each  re- 
s u l t s  from reaction a t  the  a-carbon atom o€ one 
ethyl group to become (1-hydroxyethy1)ethylben- 
zene, (1-nitroethyl)ethylbenzene, or (1-ketoethy1)- 
ethylbenzene (ethylacetophenone). T h e  role of t h e  
degradation products i n  extraction process ing  was 
studied. In severe ly  degraded 1 M '1'HP(tri-n-butyl 
phosphate)-DEB solution, the products dep res s  
uranium extraction slightly and impair phase  separa-  
tion. Dissolved inetals in the two-phase sys tem 
TBP-DEB-I, M IINO , retarded degradation. 

In further s tud ie s  of the  s tab i l i ty  of di-sec-butyl 
phenylphosphonate (DSRPP) in nitric ac id ,  a 1 $2 
DSUPP-DEB solution was irradiated to 70 whr/liter 
while being stirred with 2 M HNO,. Nitrogen up- 
t ake  and hafnium extraction by the  degraded reagent 
phase  were lower than by a 1 ill TBP solution 
treated similaxly. 

Isolation and identification of products from the  
degradation of sec-butyl-a-methylbenzylphenol by 
nitrate so lu t ions  were started.  Nuclear magnetic 
resonance and infrared spec t ra  of the  principal 
product concentsated by column chromatography 
indicated nitro compound formation, most probably 
on the  tertiary carbon atom of the  scc -bu ty l  group. 

9.4 Comparative Chemistry of Lanthanides 
and Trivolent  Actinides 

Large  differences between lanthanides and tri- 
valent ac t in ides  in  extraction by di(2--ethylhexyl)- 
phosphoric acid from 'orgaiiic-complexed aqueous 
so lu t ions  pe r s i s t  over large ranges of pH, c o m -  
plexant concentration, and nitrate concentration. 

In a survey of severa l  support materials for u s e  
in applying extraction chromatography t o  ac t in ide  
and lanthanide separation, a polyamide powder 
gave superior performance. 

9.5 Recovery of BeryBIiLim from Qaes 

In continued s tud ie s  of a primary-arnine extrac- 
t ion process  for recovering beryllium from low- 
grade-ore su l fa te  leach  l iquors,  reagent c o s t s  were 
improved by optimizing the  stripping and product- 
preparation procedures. T h e  process  inc ludes  
extraction of beryllium with l-(3.-ethylpentyl)-4- 
ethyloctylamine, scrubbing with d i lu te  sulfuric 
acid,  and stripping with either d i lu te  sulfuric acid 
or fluoride solutions.  T h e  product is recovered 
from the  s t r ip  solution by hydrolytic precipitation 
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and upgraded to a relatively high-grade concentrate 
by d isso lv ing  the  precipitate i n  caus t i c  and diluting 
and heating to precipitate beryllium hydroxide. 

9.6 Extraction of Alka l ies  
by Di(2-ethylhexyI)phosphoric Acid (HDEHP) 

T h e  previous study of sodium extraction by 
HDEHP (HA) was extended to other a lka l ies .  Ex- 
tractions of t racers  (K, Rb, Cs)  from 3 M NaNO, 
and two-phase t i trations of HA with MOW (K, Li) 
in  3 M MNO, showed that lithium, potassium, and 
rubidium (like sodium) follow the  extraction reac- 
tion 

Tvl' t 2(HA)2 + MA.3HA + 1-1' , ...... . . . . I .  

while the  extractant remains mostly i n  the ac id  
form (HA),, shift ing toward (MA), a s  more of t he  
extractant is consumed. Cesium coordinates more  
than four A. (Dotted underlines represent the 
organic phase.)  

T h e  relative ex t rac tab i l i t i es  at 0.1 hi HA and 
MA/XA = 0.1  are: 

E,LH '1 

EN ,[H '1 
Alkali 

Li th ium 15 

Sudium 1 

P o t a s s i u m  0.6 

Ku bidiu r. 0 .3  

C e s i u m  0.35 

i n  good agreement with previous resu l t s  of sirnul- 
taneous  extraction from mixed solution. 

9.7 Extraction of Cesium 
by 4-sec- Buty 1-2- a,-methy I benzyl ph enol 

(SAMBP) plus Organic Acids 

T h e  study of t he  synerg is t ic  extraction of ces ium 
by UAMBP plus organic ac ids  was  completed. In- 
c reas ing  di(2-ethylhexyl)pl~osphor1c ac id  (IIA) con- 
centration c a u s e s  a n  increase  of the extraction 
coefficient to a maximum, then a decrease .  T h e  
ra te  of decrease  approaches proportionality to t h e  
square  of the  HA concentration, sugges t ing  that 
13AMBP arid HA interact to form a 1:2 complex in 

addition to the  1:l complex previously identified. 
Nuclear magnetic resonance spec t ra  also sugges t  
tha t  BAMBP is hydrogen-bonded to the  anion A- 
when both are present i n  the  complex with cesium. 
If t h i s  bonding fo rms  A--2BAMBP, it should con- 
tribute to the  s tab i l i ty  of the  synergistic complex. 

9.8 Kinet ics  o f  Metal-Ion Extractions 
by Di(2-ethylhexyI)phosphoric Acid (HDEH P) 

Six metal ions  t e s t ed  in extraction with 0.1 M 
HDEHP from HC104-NaC104 solutions,  at ionic 
strength = 2, divided into two groups. The  extrac- 
t ion rate cons tan ts  of iton(III), beryllium, and 
strontium decreased  linearly in  inverse proportion 
to the aqueous acidity, while t hose  of uranyl, 
europium, and zinc (all  relatively f a s t  extractions) 
were nearly independent of acidity,  T h e  iron ex- 
traction r a t e s  over a range of conditions a re  fairly 
c lose ly  summarized by the proportionalities 

ra te  constant a [Fe3 fl[WDEHP1°*3/[H '1, 
[IIDEHP] < 0.2 131 , 

ra te  cons tan t  cr: yFe3']IHH)EHP]'.S/rHt] *, 
[HDEI-IP] > 0.5 ill . 

T h e  inverse dependence on acidity appears t o  
rule out t he  possibil i ty that the iron extraction is 
slow because  of s l o w  d issoc ia t ion  of either hydro- 
lytic s p e c i e s  or hydrates. An alternative explana- 
tion, that the  iron r eac t s  readily (at t h e  interface) 
only with the  surface-active anion DEI-IP- (i .e*,  
N a  'DEHP-, i t s  concentration inversely propor- 
t ional t o  t h e  acidity), is supported by t h e  finding 
tha t  the  iron extraction is fas te r  at p1-I 1 and 2 
when the gross ca t ion  Na' is replaced by Sr2', 
which is extracted to a great,er extent and produces 
more DEHP-. 

9.9 Aggregation and Activity Coefficients 
in Solvent Phases 

Measurements continued of the departures from 
ideali ty in the behavior of organic so lu t ions  
i n  solvent extraction sys t ems  v ia  diluent vapor- 
pressure  lowering determined by direct  differential  
pressure measurement or by i sopies t ic  balancing. 
T h e  resu l t s  are expressed  as stoichiometric ac- 
tivity coefficients of (real or hypothetical) com- 
pounds and/or as apparent mean aggregation 
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numbers of polymeric s p e c i e s  assumed t o  behave 
ideally.  

In the  sys tem tri-n-octylamine ('rOA)-benzene- 
sulfuric acid.-water, being studied in  an  attempt 
t o  explain apparent deviations f r o m  t h e  mass 
action law, two subsys tems were examined: (1) 
dry TOk-benzene-M ,SO, and (2) undiluted TOA-  
H,SO,-H,O. In the dry benzene so lu t ions  t h e  
aggregation number for the  amine b isu l fa te  in- 
c reased  rapidly with molality from about 2 near 
0.003 rn  t o  ahoiit 3.3 a t  0.1 rn (well fitted by an  
empirical equation, 

and then m o r e  slowly t o  about 3.8 a t  0.5 rn. By 
means of t h e s e  da t a  the  d issoc ia t ion  of the  amine 

slightly norma! su l fa te ,  indicated by .G 

below 1, was  estimated as 0.7% a t  0.1 m and 4% a t  
0.4 rn. In t h e  undiluted TOA-H,SO,-II,O sys tem,  
t h e  water content of TOA *0.765I-I,SO4 increased 
with increasing water activity t o  mole fraction 
X = 0.8 a t  a P I Z 0  - 1 (the standard s t a t e  being 

pure H,O), while t he  activity of the  amine su l f a t e  
(taken as solvent,  the  standard s t a t e  being pure 
TOA*0.76511,S04) decreased  to 0.15. T h e  water- 
content curve deviated considerably from Henry's 
law, but neither it nor t he  a m i n e  su l f a t e  activity 
curve  showed any discontinuity or region of criti- 
c a l  sensit ivity.  

T h e  activity coefficients of tri-n-butyl phosphate 
(TBP) in  n-hexane a t  25T, needed i n  a study of 
synerg is t ic  strontium extraction by IIDEHP-TBP, 
were determined by i sopies t ic  balancing t o  de- 
c rease  from l a t  0 rn to 0.66 a t  0.2 m and 0.5 a t  
0.44 m. T h e  curve is similar to ,  and slightly lower 
than, a l i terature curve  for T B P  in cyclohexane 
a t  about G°C. 

(T  0 A H  ) , S 0 

H 0 

10. CHEMICAL APPLICATIONS 
OF NUCLEAR EXPLOSIVES 

10.1 Capper Ores  

Measurement of t h e  distribution of various radio- 
nuclides between acid leach  liquors and copper 
ore  s o l i d s  showed that t he  ion exchange properties 
of t h e  ore woi.ild b e  important in minimizing the  
amounts of certain radionuclides ( C s ,  Zr-Nb, etc.)  
t aken  in to  solution by in-situ leaching of nuclear- 
broken ore with dilute sulfuric acid.  Although 

severa l  radionuclides containinated the  copper 
product recovered by cement ation on detinned 
c a n s ,  only l o 6 R u  appeass to  b e  a significant 
problem. Ruthenium containinat ion was  decreased  
by treating the  leach  liquor with lime or activated 
carbon, or inore effectively,  by solvent-extracting 
the  copper. Tritium, in the form of tr i t iated water, 
was readily washed f r o m  a column of copper ore 
with a relatively smal l  volume of leach  solution, 
and most of i t  could b e  discarded before d isso lv ing  
any copper. Radionuclides formed by neutron 
activation of the  ore  a re  apparently of l i t t l e  con- 
cern s ince  most of t hose  formed a re  not leached 
effectively and do  not follow the  copper in the  
cementation s tep .  Based  on the  s tud ie s  t o  da t e ,  
t he  potential problems assoc ia ted  with t h e  pres- 
ence  of radioactivity in  the  sys tem do not appear 
t o  pose  a preventive obs tac le  t o  the  u s e  of nuclear 
explos ives  in copper processing. 

10.2 Magnesium Ores 

Paper  evaluation of pas t  work on recovery of 
magnesium from olivine indicated that considerable 
improvement of the  developed p rocesses  an.d ex- 
t ens ive  pilot operation woiild probably b e  required 
t o  e s t ab l i sh  economic feasibil i ty.  Also, it is 
not c l ea r  that  t he  u s e  of nuclear explos ives  could 
b e  advantageous in processiilg olivine deposits.  

10.3 Stimulation o f  Natural Gas Wells 

Laboratory measurements of tritium-hydrogen 
exchange in water-methane sys tems indica te  that 
t h e  ra te  of exchange will probably b e   OW during 
methane production f rom a natural gas well which 
h a s  been stimulated under t h e  conditions of pro- 
posed Pro jec t  Gasbuggy. T h e  exchange from 
water t o  methane w a s  equal  t o  or less than  2 x 

m c  li ter- '  day- '  a t  100°C when the  tritium 
concentration was  1 mc/liter. If fusion dev ices  
were used in g a s  stimulation rather t han  the  Gas- 
buggy tritium-spiked f i ss ion  device ,  tritium con- 
centrations would b e  higher and radiation-induced 
exchange would probably occur. 

1004 Production of  Oil from Shale 

T h e  us= of a nuclear device  to crush  oil s h a l e  
in  p lace  h a s  been proposed. T h e  recovery of the 
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oil from the  c rushed  s h a l e  in t h e  nuclear chimney 
would then involve in-situ retorting. A small 
furnace h a s  been constructed in which the  distri-  
bution and poss ib le  fate of radionuclides result ing 
from the nuclear detonation c a n  b e  studied during 
t h e  retorting process.  

10.5 Development of Hypervelocity Je t  Sampliers 

Efforts are continuing on  feasibil i ty s tud ie s  of 
hypervelocity j e t s  as means of t.ransporting spec i -  
mens, irradiated about 1 m from a nuclear detona- 
t ion,  to a remote recovery area that is relatjvely 
free from t h e  des t ruc t ive  effects of the detonation. 
Copper and iron ta rge ts  have  been je t ted  succx?ss- 
fully.  'rests demonstrated tha t  at least 50% of 
a target was  formed into a j e t  i n  about 15 psec .  
The  jet traveled with a velocity equal  to, or fas te r  
than, the  estimated velocity of $3 nuclear shock 
front i n  rock. 

From t h e s e  resu l t s  it is concluded that the €01- 
lowing fac tors  are important for efficient recovery 
of targets:  t he  precision with which the  target 
assembly is made; the  precision with which the  
explosive is c a s t  around this assembly;  t he  sym- 
metty of t he  detonation-wave front; and the  align- 
ment of the  charge,  t a rge t  assembly,  arid flight 
chamber. 

11. ~ ~ ~ ~ ~ E ~ Y  O f  FISSION PRODUCTS 
Y SOLVENT EXTRACT! 

Several recovery processes  developed and tes ted  
previously, but only with simulated reactor-fuel- 
reprocessing waste so lu t ions  at tracer level,  have 
now been demonstrated successfu l ly  with Purex 
STW (sugar-treated waste)  solution from Hanford. 
In a mixer-settler demonstration of the  Phenex  
process  fur recovering cesium by extraction with 
4-sec-butyl-2-( n.-methy1benzyl)phenol ( BAMBP ), 
cesium recovery w a s  more than  98%, and separa- 
t ions  of cesium from other f i s s ion  products imd 
from bulk metals were efficient. No changes  in 
extraction performance occurred i n  about 80 ex- 
traction-strip cyc le s ,  and ana lyses  of the  solvent 
showed no significant deterioration of the  BAMBP- 

In batch tests, cerium was  separa ted  se lec t ive ly  
f rom a mixed f i ss ion  product rare-earths solution 
(obtained by extractirig rare ear ths  from Purex 

S'ITW and stripping with HNO:,) hy osidiziiig the  
cerium with si lver-catalyzed persulfate and ex- 
tracting with di(2-ethy1hexyl)phosphoric acid 
(D2ElSPA). 

KutEienium recoveries from Purex S'rW solution 
by extraction with a tertiary atnine (Alamine 336) 
were much more effective than those  obtained 
previously froin simulated was te  solutions. About 
95% of the  ruthenium was  extracted from nitrite- 
t.reated STW in a s ingle  batch contact.  T h e  ruthenium 
was stripped readily with d i lu te  caus t ic .  

More than 95% of the ""Zr-NIL was ba tchext rac ted  
from Purex STW (0.3 11.1 f i t )  solution in 5 min a t  
room temperature with D2EHPA. This is in  contrast: 
to the  very slow extractions obtained earlier from 
hi gb-acid Purex waste.  

'l'he f i r s t  cyc le  of a two-cycle D2EHPA process  
fo r  separa t ing  promethium from mixed f i ss ion  prod- 
uct rare ear ths  was demonstrated at tracer level i n  
miniature mixer-settler equipment. Resul t s  were 
reasonably good but poorer than expected because  
of low s t age  efficiencies in t h e  contactor. In 32 
mechanical (1.6 1.0 15 ideal) extraction-scrub s t ages ,  
about Cis% of the promethium (along with heavier 
rare earths) was extracted arid separated from r a r e  
ear ths  lighter than promethium with D2EttFA 111 

diisopropylbenzene diluent. T h e  dccontaminet ion 
factor of promethium froin neodymium was  about 
40a. 

ew Flowsheet for Recovering Strontium, 
Rare Earths, and Cesium 

A new arid simplified flcwsheet was tentatively 
outlined for recovering rare ear ths ,  strontium, arid 
cesium from Pmex waste. T h e  proposed proc:ess 
provides less-pure products than processes  de- 
veloped earlier but h a s  the potential advantages of 
greater simplicity a i d  lower cotisumption of cheni- 
ical reagents,  T h e  process  includes single-stage 
extraction of the  race earths with sodiurri di(2- 
ethylhexy1)phosph~te (Na.-D2IXIPj a t  p€I 2.5 fol- 
lowed by extraction of strontium with Na-D%EHP-- 
D2EHPA% a t  pB 4. Cesium is then extracted from 
the was te  at pH 1% with a substi&u?ed pherrol. 
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12. BIOCHEMICAL SEPARATBONS 
12.1 Biochemical Separations Research 

Transfer ribonucleic ac ids  (tRNA’s) a re  interme- 
d i a t e s  in t h e  process  of protein syn thes i s  in l iving 
ce l l s .  Each tRNA contains “information,” coded 
in  the  chemical composition and physical configura- 
tion of the  tRNA, that identifies t he  spec i f ic  tRNA 
and participates in producing t h e  correct amino 
acid sequence in  proteins. To learn more about 
t h i s  “information” s torage  and action, samples  of 
pure tRNA’s a re  being prepared. 

Two samples  of individual tRNA’s from E .  coli 
B, t h e  one for phenylalanine ( tRNAPhe)  and one of 
t h e  four for leucine (tRNA:“”), were prepared by 
column chromatography. ‘They were first  separa ted  
f rom a l l  other tRNA’s by reversed-phase chroma- 
tography. However, they s t i l l  contained some 
higher-molecular-weight RNA. To remove th i s ,  the  
samples  were desa l ted  by ge l  filtration, using Bio- 
Gel P-2 polyacrylamide gel columns, and concen- 
trated by f lash  evaporation. F ina l  purification was 
obtained by gel filtration on columns of Bio-Gel 
P-100, which achieves  separation from RNA on the  
b a s i s  of molecular s i ze .  

Sample purity was  determined both by amino ac id  
incorporation and terminal nucleoside content. Fo r  
both tRNAPh“  and tRNA:‘” the  va lues  were in 
agreement, indicating that the samples  were very 
nearly pure. T h i s  is the first  t i m e  that l a rge  (100- 
mg) samples  of pure tRNA’s have been prepared. 
Biochemical and phys ica l  experiiuents a re  now 
being done to  determine the  molecular weight, 
nucleotide composition, and mechanism of interac- 
tion with the corresponding aminoacyl-RNA syn- 
the t a se  enzymes. 

An alternative method for fractionating tRNA’s 
h a s  been developed: chromatography on columns 
of hydroxylapatite, a calcium hydroxyphosphate in- 
organic ion exchanger. Resolution of 14 E. coli 
B tRNA’s was  obtained a t  room temperature by 
us ing  phosphate gradient (concentration gradient) 
elution techniques.  Since the  sequence of elution 
of tRNA’s is considerably different from that ob- 
tained on t h e  reversed-phase columns, i t  is antic- 
ipated that combinations of t h e s e  methods will  b e  
useful i n  preparing a number of pure tRNA’s. 

12.2 Biological Macromoleculor 
Separations TechnoIog’y 

preparing significant amounts of purified macro- 
molecules from biological materials. 

During the  pas t  year,  the construction of fac i l i t i es  
and acquisit ion of much of the  eqiiipment were 
completed. T h e  production of large amounts of 
mixed tl[?NA’s h a s  been sca l ed  iip successfu l ly .  
In one  campaign, 300 k g  of E. coli W cells were 
harvested,  following continuous fermentation, and 
processed to yield 630 g of mixed tRNA’s. Atten- 
tion i s  now being directed toward sca l ing  up t h e  
chromatographic methods for preparing gram-size 
samples  of individual pure tRNA’s from th is  large 
batch. 

12.3 Molecular Weights o f  Transfer 
R i lzo n IJ c I ei c Acid s 

’The feasibil i ty of measuring the  molecular weight 
of tRNA by membrane osmometry was  demonstrated. 
Preliminary da ta  on crude, mixed tRNA’s gave  
molecular weights ranging from 33,200 to  36,500 
i n  the  temperature range 37 to 17°C. Subsequent 
work showed the  presence  of a high-molecular- 
weight impurity; thus  these  va lues  ate not repre- 
sen ta t ive  of pure tRNA. 

Gel-permeation chromatography of unfractionated 
tRNA, phenylalanine tRNA, and a leuc ine  tRNA on 
polyacrylamide ge l s  (Bio-Gel I>-158 and P-300) 
was  used to  es t imate  the s i z e  of t he  molecules. 
Molecular weights of 27,000 for t h e  pheriylalanine 
tRNA, 29,500 for t he  leucine-4 tRNA, and 26,000 
t o  26,500 for unfractionated tRNA were obtained. 

12.4 Body-Fiuid Awolyses 

An automatic high-resolution analyzer capable  
of quantifying ultraviolet-absorbing molecular con- 
s t i tuents  of urine is being developed for u s e  as a 
c l in ica l  tool and i n  human biochemical research. 
’This analyzer,  which is a modified nucleotide 
analyzer, g ives  ieprodiicible resu l t s ,  and i t  h a s  
separated up to 93  ultraviolet-absorbing urine con- 
s t i tuents ,  of which 11 have  been tentatively iden -  
tified. Use  of anion exchange resin in  the size 
range 5 to 10 p as  the  separa t ing  mpdium h a s  
greatly increased  the  resolution of the system. 

13. CHEMISTRY Q F  P 

An engineering-scale program has  been initiated 
to  f i l l  the need for new methods and fac i l i t i es  for 

Protactinium, whose isotope 233 is the  precursor 
of 233U,  i s  a significant radionuclide i n  thorium- 
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breeder technology, and i t  a l s o  occupies  a key 
posit ion in the  actinide ser ies .  Thus ,  better knowl- 
edge  01 its properties is imperative. 

During this report period, solubili ty s tud ie s  were 
carried out  in both hydrochloric and sulfuric acid 
solutions,  and, in most cases, reproducibility of 
resu l t s  w a s  s t i l l  a problem. In hydrochloric acid,  
t he  addition of fluoride 01 sil icofluoride increased 
the  solubili ty markedly, but in a complicated manner. 

A small-scale preparation of a su l fa te  compound, 
reported to b e  H ,PaO(SO,),, yielded a product 
tha t  gave a similar x-ray diffraction pattern but a 
much higher sulfate-to-prof actinium ratio. T h e  larg- 
e r  amount o€ su l f a t e  might result  from inadequate  
removal of sulfuric acid from the  solid. 

Spectrophotometric s tud ie s  were continued, and 
resolution of some of the complex spec t ra  by means  
of a computer code  was  initiated. In 10 M HCl the  
reported band near 2150 A could not b e  verified 
when carefully purified reagents were used; t h e  
absorption increased s teadi ly  with decreas ing  wave- 
length to M o w  21.00 A. In concentrated sulfuric 
acid solution, three spec t ra  were observed, depend- 
ing  on the  source  of the protactinium. In dilute 
acid a broad band is orditiarily observed near 2000 
A, with  a shoulder at 2800 and perhaps other 
shoulders in between. However, one  case was  dif-  
ferent: Dilution of concentrated sulfuric acid solu- 
t ions  heated t o  fuming resulted in a sharp band 
near 2000 A and a second band near 2800. Kesolu- 
Lion of spec t ra  in 2.5 ill H,SO,+ solutions indicated 
tha t  three to f ive  Gauss ian  bands a re  required to 
account for the  observed spectra.  

14. I ~ ~ A ~ ~ A ~ ~ ~ ~  EFFECTS 
ON HETEROGENEOUS SYS?EMS 

15.1 f obricatian ond Instal lat ion 
af the Spectrophotometer System 

for Use with High l eve ls  
of Alpha- Ac ti ve Elements 

A spectrophotometer, assoc ia ted  cells, and related 
sys t ems  were  specially designed by Applied P h y s i c s  
Corporation (APC) of Monrovia, California. The 
spectrophotometer was  built by APG,  arid the  related 
equiprnetit was  built by shop:; at Oak Ridge. T h e  
system will be  used to study the  aqueous solution 
chemistry of uranium and transuranium elements  - 
including some i so topes  of such  alpha-active ele- 
ments as curium - over  a range of temperatures 
which may include the solution cri t ical  temperature. 

Installation of the spectrophotometer and i ts  
related sys t ems  is now essent ia l ly  complete in R 

“cold” area. At the  conclusion of “cold” testing, 
the  system will be  ins ta l led  in an area where high 
leve ls  of alpha activity can b e  tolerated. 

Numerous modifications were  made in the s y s -  
t e m ,  both during construction atid after instal Lation 
and preliminary testing. T h e  principal shortconlings 
were  lound i n  the  absorption cell des ign  and in the 
temperature control and programming unit. T h e  
cells were underdesigned in that seine window 
flexure occurred under pressure.  This was  cor- 
rected by a redesign of the  window retaining flange. 
T h e  temperature control and prog1amming unit  did 
not meet the  spec i f ica t ions  set, and an ex tens ive  
modification of the  entire unit was  required. Xa 
addition to  t h e s e  problems, the fluid-line discon- 
n e c t s  originally specified for the heating system 
of the  absorption cell were found to b e  incapable 
of operating at the required temperatures because 
of failure of t he  elastomer s e a l s .  Consequently, a 
new disconnect  whose  u s e  required brazing s ta in-  
less s t e e l  to titanium was  !;elected. Fortunately,  
a useful brazing technique, which was recently 
developed by NASA, could be  applied. 

T h e  study of the radiolysis of adsorbed water 
was continued, us ing  silica-alumina, alumina, and 
some molecular s i e v e s  as adsorbents.  ‘The G(H ,) 
values  were measured as a function of the electron 
fraction of sorbed water and were  found to be 
greatly enhanced over those  for liquid water, es- Aqueous so lu t ions  of uranyl perchlorate and 
pecially for t he  sllica-aluPniiia-vJater system. Sur- UO, + hydrolysis products a re  being studied to 
face acidity seems t o  play a part i n  the  efficiency verify the  experimental and computer techniques 
of the adsorbent t o  sens i t i ze  or to transfer energy that will Re used with the new spectrophotometer 
to  the adsorbed water. sys tem,  Until t h i s  system becomes operable,  

115.2 Spectral Studies of Ionic Systems 
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spec t ra l  s tud ie s  a re  being made a t  25 to  95OC 
with a standard Cary model 14 spectrophotometer 
and t h e  s a m e  digital  da t a  output equipment that 
will b e  used  with the  new system. 

Spectral s tud ie s  led to an  assignment of bands  
into the  various leve ls  of a proposed triplet  ex- 
c i ted  s t a t e  which is different from the  assignment 
inad? previously. T h e  ultraviolet spectrum of the  
uranyl ion was  measured to  1860 A and showed 
much previously unreported band structure. 

We a l so  measured the  effect  of hydrolysis on 
the  UOz spectrum. We found that t he  frequencies 
of the  peaks  of the  resolved bands  do not sh i f t  as 
hydrolysis progresses ,  and thus  conclude that 
hydrolysis does  not affect t he  0 - U Q structure.  
Our da t a  sugges t  that  there a re  fewer hydrolyzed 
s p e c i e s  than were proposed in previous work and 
that hydrolysis involves the  water of hydration i n  
the  equatorial posit ions.  

15.3 Measurement of  Densities o f  L i q u i d s  
PP High Temperatures and High Pressures 

Density sileasurenleilts were made for water up 
to  370OC and for uranyl perchlorate solutions up 
to  about 3OOOC with the  dilatometer described in  
the l a s t  annual report. Improvements on  the dila- 
tometer during the  p a s t  year include a new des ign  
of t h e  pressure  seal a t  the top of the  dilatometer 
(autoclave), which is based on the  Haskel s e a l  
design. T h i s  modification h a s  so lved  a sinal1 leak  
problem that ex is ted  in the  earlier s e a l s ,  probably 
because  the  autoclave i s  made of titaniurn. Also,  
severa l  computer programs were written that greatly 
simplify and expedite t h e  conversion of raw d a t a  
to actual solution dens i t ies .  W e  be l ieve  that we 
c a n  m e a s u r e  t he  density of water a t  temperatures 
to 370°C with a maximum error of 1.5%, and that 
below 325OC the  error will not exceed 0.6%. Our 
resu l t s  confirm steam-table va lues  to within t h e s e  
l imits of errQr. Working with so lu t ions  tha t  do  not 
decompose, we should b e  ab le  to maintain t h i s  
accuracy. 

16. MECHANISMS O f  SEPARATIONS PROCESSES 

T h e  first  three paragraphs below are  abs t rac ts  
of coinpleted work, already reported. T h e  l i terature 
c i ta t ions  c a n  b e  found i n  Sect.  16 of th i s  report. 
T h e  last paragraph summarizes work s t i l l  in progress. 

16.1 Act iv i t ies  of  Tri-n-biaty.8 Phosphate 
P-K NO 3-H 2Q Sa I w Pion s 

New experimental da t a  a re  presented on the  
distribution of nitric acid and water between aque- 
o u s  acid and 100% TRF solutions.  A tab le  of 
smoothed distribution da ta ,  obtained by a hand 
smoothing procedure from t h e s e  d a t a  combined 
with other l i terature da ta ,  is a l s o  presented. Sev- 
eral different mathematical representations of t h e  
da t a  in terms of t h e  Gibbs-Duhem relation a re  
described, and the  result ing ac t iv i t ies  of T R P ,  
obtained by graphical integration, are compared. A 
t ab l e  of rational ac t iv i t ies  of TBP (based on pure 
anhydrous T B P  as t he  standard s t a t e )  is presented 
for aqueous nitric acid concentrations ranging from 
0 to 15 M .  Par t ia l  molar volumes of the  components 
in the  ?'BP phase,  determined by l eas t  - squares  
ana lys i s  of the density da ta ,  are 16.5, 43.3, and 
273.9 ml/mole, respectively,  for H,O, HNQ,, and 
'THP. 

16.2 Determination of Rodioisotapes 
by Resa!ution of  Gamma-Ray Spectra 

A FORTRAN-63 computer program, ALPHA, w a s  
developed for t h e  quantitative ana lys i s  of radio- 
ac t ive  samples  by t h e  leas t - squares  resolution of 
t he  gamma-ray spectra.  A s  t h e  result  of thousands  
of ana lyses ,  ALPHA was found t o  be  fas t ,  ac- 
curate,  and relatively inexpensive.  T h e  program 
was designed to handle a s m a l l  or a large number 
of samples .  T h e  samples  can  have different radio- 
activity leve ls  (from 0.1 to i o 4  counts / sec) ,  i so tope  
compositions, and input formats. Also ,  they c a n  
b e  on ca rds  or magnetic tape. ALPHA takes  into 
account severa l  corrections,  such  as  background 
subtraction, counting time, decay, dead  time, 
automatic compensation for gain and threshold 
sh i f t s ,  sample  fraction, and volume reduction prior 
to counting. Typica l  computation t imes for sam- 
p l e s  containing from s i x  t o  ten  i so topes  a re  about 
5 to  15 sec. T h e  cos t  per ana lys i s  is about 20e 
( th i s  includes only the  CDC 1604 computer charges  
and not t he  cos t  of sample preparation and counting). 

T h e  determination of concentrations of radioactive 
nuclides having short  half-lives is impoitant in 
severa l  radiochemical problems. Since t h e  con- 
centrations ca lcu la ted  by the  leas t - squares  resolu- 
tion of gamma-say spec t ra  a re  accurate for long- 
half-life i so topes ,  the  s a m e  technique was  extended 
to  short-half-life isotopes.  In particular, two ways 
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of minimizing the  estimated error in the  individual 
radioisotope concentrations were studied. F i r s t ,  
an  equation w a s  derived to expres s  the  errors of 
each  component of a mixture as a function of t he  
radioactivit ies of t he  other i so topes  present,  of 
t he  background counting sate, of the  counting duta- 
tion of solution and background, of half-life, of 
irradiation t i m e  (whether the nuclide is produced 
by nuclear f i s s ion  or activation), and of decay  
t i m e .  T o  obtain optimum conditions for a particular 
isotope, the relative error c a n  be  minimized by 
graphical, analytical ,  or standard numerical methods. 

Recent  work on  improving the  accuracy in t h e  
determinations of radioisotopes may be  summarized 
as follows: T h e  use  of coincidence gamma count- 
ing h a s  been shown in  one case to improve t h e  
accuracy of ana lys i s  20-fold. This is for a mixture 
of lo6Ru and I3’I (one part l o6Ru  and 1000 par t s  

11). 

17. CHEMiCAL ENGINEERING RESEARCH 

17.1 The Stacked-Clone Contactor 

An experimental seven-stage s t a i n l e s s  steel 
stacked-clone contactor h a s  undergone further t e s t -  
ing with a variety of chemical  sys t ems  including 
hexone-acetic acid (in which a solution res idence  
t i m e  of 2 sec per theoretical  s t age  was  realized) 
and mineral oil-dilute HNO, (in which the d ispersed  
phase  had a very high viscosity). Operation in the  
organic-continuous mode was demonstrated with 
Amsco-dilute FINO3, and further t e s t s  involved the  
high aqueous-phase v iscos i t ies  of glycerol and 
dextrose solutions.  The ef fec ts  of solid-particle 
inipurit i e s  in the  aqueous feed were also noted. A 
l k t a g e  stacked-clone contactor (plant piototype) 
with integral pumps h a s  hecn fabricated and in- 
s ta l led ;  i t  is now being tes ted  with the system 
TBP-Amsco-NaNO ,-UO,(NO 3)  *-water. 

This program is supported jointly by the  Reactor  
Division and the  Chemical Technology Divisiorl. 
It cons i s t s  of s tud ie s  on various proposed advanced 
reactor and fuel-cycle sys l ems  t o  eva lua te  their 
technical and economic feasibil i ty.  T h e  work in 
t h i s  Division during the  pas t  year included estima- 
tion of the  c o s t s  of fuel shipping and processing 
and a f  preparing sol-gel oxides and other fuel mate- 

r i a l s  in connection with the  233U value study, t he  
HWOCR (Heavy- Water Moderated, Organic-Cooled 
Reactor) evaluation, and the  new nuclear power 
evaluation handbook. In addition, computer codes  
were developed for calculating shipping and ptoc- 
e s s i n g  c o s t s  and the  overall c o s t  of nuclear power, 
and for calculating the  gamma-shielding require- 
ments of fuel-handling fac i l i t i es .  T h e  optimization 
of t h e  s i z e  of f u e l  processing plants in a growing 
economy was  a l so  studied. 

19. PREPARATION AND PROPERTIES 
OF ACTINIDE-ELEMENT OXIDES 

T h e  chemistry underlying the  current sol-gel 
process  for making dense  nuclear-fuel ox ides  in- 
c ludes  the physical chemistry of colloidal thoria, 
urania, and plutonia, and of other colloidal ox ides  
of i n k r e s t .  T h e  purpose of our effort in the  Actinide 
Oxides Program is t o  determine the  properties tha t  
control t he  behavior of t h e s e  ox ides  during their 
preparation, 

Viscosity measurements of dilute thotia SOIS 
demonstrated that a PPI of 2.70 is more favorable 
for d i spers ing  thoria sols than tha t  of 2.0 or 3.5.  
At pH 2.70, the  ax ia l  ratios a t  solids volume frac- 
t ions  of 0.00513 and higher are similar to those  at 
pW 2; below th i s  concentration, however, t he  flocs 
of particles tend t o  come apatt, unlike the  flocs 
a t  pH 2 or 3.6. 

At concentrations of 4 through 7 M, thoria sol 
behaved as a simple pseudoplastic.  At higher 
concentrations (8.0 and 5.8 M > ,  t he  colloid was a 
gel tha t  was  pseudoplastic above the  yield s t r e s s .  

Studies o f  the  electrophoretic behavior of thoria 
sols with a moving-boundary apparatus repeatedly 
showed at least two different electrophoretic mobil- 
i t i e s  for the  same thoria sols, indicatirig that all 
the sol par t ic les  do not. possess the same effective 
charge density.  

T h e  init ial  densification of thoria gel prepared 
from steam-denitrated thorium nitrate occurred by 
shr inkage from loss of water below 600°C and 
shrinkage from plas t ic  flow and grain-boundary dif- 
fusion sintering from GOO to 1000°C. An activation 
energy of 39.0 kcal/mole was determined for the  
grain-boundary diffusion sintering i n  air .  

Since urania sols and ge ls  are sens i t i ve  t o  air 
oxidation, efforts were made to  ascertain what 
precautions m u s t  be takeri to obtain valid resu l t s  
when such m a t e r i d s  are studied. 



T h e  J,aboratory continued to  coordinate the  ex- 
change of technica l  information between Eurochemic 
and t h e  AEC production s i t e s  and National Lab- 
oratories for the  AEC Division of International 
Affairs. E. M. Shank completed h i s  fourth year a t  
Mol, I3elgiuii1, as U.S. Technica l  Advisor t o  Euio- 
chemic during the  construction and start-up of the  
Eurochemic fuel-processing plant. Construction of 
the  plant and i t s  auxiliary fac i l i t i es  is now coin- 
plete.  Cold start-up h a s  begun, and hot start-up 
is scheduled for t h e  end of 1966. 

20.2 Demonstration of the  Disposal of  Solid, 
High. Level  Radioactive Wostc in  Salt 

Ass i s t ance  was  provided by the Division on the  
experiment concerning the  d isposa l  of highly radio- 
active,  solid was te  in s a l t  (Project Salt  Vault). 
T h e  experiment i s  be ing  conducted by the  Health 
P h y s i c s  Division in  a s a l t  mine a t  Lyons,  Kansas .  
‘The f i r s t  t e s t s  have  included the  u s e  of fully ir- 
radiated,  90-day-cooled Engineering T e s t  Reactor 
(ETR) fuel assembl ies  t o  simulate the  hea t  and 
radiation f rom solid-waste containers.  All equip- 
ment for transporting the  fuel assembl ies  from Idaho 
to  Kansas  and handling them a t  and i n  the  mine 
has been completed. T h e  first  s e t  of ETR as- 
sembl ies  was  successfu l ly  transported to and in- 
s ta l led  in t h e  mine during November 1965. 

20.3 High-kevel Alpha Laboratory 

A detailed des ign  and c o s t  study was  made for a 
new alpha 1aborat.ory facil i ty for joint  u s e  by t h e  
Analytical Chemistry, Chemic a1 Tech  nolo gy , and 
Metals and Ceramics  Divisions.  T h e  laboratory 
would contain thirty 16-  by 32-ft a lpha  laboratories,  
two supporting “cold” laboratories,  a 32- by 88-ft 
deep-bay area  for large alpha experiments, a 32- 
by 64-ft shielded c a v e  area,  and office and se rv ice  
fac i l i t i es .  ‘The facil i ty,  which would b e  admin- 
istered by t h e  Analytical Cliernistry Division, is 
estimated to  c o s t  about $5,000,000. A preliminary 
des ign  package, su i tab le  for an architect-engineer,  
vias completed. Since th i s  project was  relegated 
to  f i s ca l  year 1968, no further detailed des ign  will 
be  done for about a year; however, alternative lay- 

outs are  being p r c p a r d  to detcmia i :  whether ally 
iuriher cos t  s av ings  c a n  bz r ed iz -d .  

20.4 Fuel-Shipping Safety Studies 

To provide technica l  backup da ta  for Federa l  
Regulations (10 CFR 72) designed to  ensure  the 
safety of spent  fuel shipments by public carriers,  
both theoretical  and experimental s tud ie s  are being 
made. The scope  of th i s  program was  increased  
materially during the  pas t  year. An ana lys i s  of 
the  s t r e s s e s  produced by internal pressures  in a 
c a s k  was  completed, and a report was  i ssued .  
Studies o n  cover c losuses ,  lifting and tie-down 
dcvices ,  and c a s k  sh.ell t h i cknesses  required to  
resist puncture have been completed,  and reports 
on t h i s  work are in preparation. T h e  shipping c a s k  
manual (OKNL-TM-681) prepared l a s t  year is be ing  
llpgraded for i s suance  by t h e  AEC as a monograph; 
t h i s  work is being done jointly by ORNL and Rat- 
t e l l e  Memorial Insti tute.  

Cornrnercial coa t ings  a re  s t i l l  being tes ted  for 
their res i s tance  t o  gamma radiation. Exposures 
were made i n  air  and in  demineralized viater. Three  
new coatings,  a modified phenolic type and two 
epoxy types,  were s t i l l  i n  good condition after a n  
exposure of 8 x lo9  r i n  water. Nineteen coa t ings  
res i s ted  exposures,  i n  air, of 21 x 10” r. A 
s e r i e s  of samples  was exposed in  the  Nuclear 
Safety P i lo t  P l an t  to the  plasma-jet volati l ization 
of irradiated UO, t o  simulate a reactor excursion. 
T h e  degree of contamination of the  various spec i -  
mens was  measured. A new decontamination pro- 
cedure to  avoid chemical degradation of t he  coat- 
ings  w a s  developed and tested.  

21. WATER RESEARCH PROGRAM 

Oak Ridge National Laboratory is carrying out 
a program of b a s i c  research  on the properties of 
water and i t s  so lu t ions  under the  ausp ices  of t he  
Office of Saline Water, Depaetment of the  Interior. 
‘This program h a s  as  i t s  long-range goal. t h e  devel-  
opment of methods for t he  econotnical purification 
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of water i n  such  amounts and of such  purity that 
i t  may be used €or irrigation and for drinking. Work 
in the  program is under the  direction of K. A. Kraus  
and is interdivisional. I t  is reported in part in a 
se r i e s  of reports i s sued  annually by t h e  Depact- 
ment of t he  Interior. T h e  most recent report i n  
t h e  series is Saline Water Conversion Report, 
196.5. Because  the  work is reported formally in  
the  above se r i e s ,  only this abstract  of t he  work 
carried out by Chemical Technology Division 
personnel is presented in  th i s  report. 

Studies carried out i n  the  Chemical Technology 
Division have followed severa l  l ines.  One h a s  
been measurements of thermodynamic properties 
of water-organic liquid mixtures, in the hope that 
such  mixtures will exhibit  t he  properties of, and 
so serve  as models for, salt-excluding organic 
membranes. This hope h a s  been  reinforced by 
the  finding tha t  the distributive se lec t iv i ty  and 
the  activity coefficients of inorganic s a l t s  in the  
mixtures are similar functions of their  water con- 
t en t s  over a wide range of organic structures,  from 
e s t e r s  to  amides and organic salts. Correlations 
of act.ivity coefficients and miscibil i ty gaps  with 
dielectric cons tan ts ,  s a l t  types ,  and water thermo- 
dynamic activity have contributed to the  informa-  
tion necessary  t o  e s t ab l i sh  the  utility of organic 
l iquids as membrane models. 

In another l ine  of s tudy ,  methods are being sought 
t o  alter the hydrodynamic conditions near a solid 
S U K ~ ~ C ~  to promote ra tes  of mass transfer of a 
so lu te  between the sur face  and the  circulating 
fluid. (This study is under the  direct  supervision 
of D. 6, Thomas, Reactor  Division, O12ML.j T h i s  
research is specifically intended to reduce the  
concentration polarization problems encountered 
i n  reverse osmosis and e lec t rodia lys i s  of brackish 
waters. T h e  study is focused upon measurements 
of mass-transfer promotion from wires  or cylinders 
supported above the  mass-transfer surface tie= the  
edge  of t he  hydrodynamic boundary layer. T h e  
experimental work u s e s  on electrochemical tech- 
nique with the  ferricyanide-ferrocyanide redox s y s -  
teai. T h e  t e s t  sur face  is polarized with a large 
e x c e s s  of supporting electrolyte so that the e lec t r ic  
current is diffusion or mass-transfer controlled. 
Several promoter sizes aiid arrangements have  been  
irivestigated over  a range of Reynolds  numbers. At 
cer ta in  points, the mass-transfer r a t e s  may b e  
more than eight t i m e s  higher than those  observed 
wiihout promoters, and the average rate ove r  t he  
entire test su r faces  may be more than three t i m e s  

higher. T h e s e  improvements are somewhat better 
than Thomas h a s  found i n  an  air-naphthalene s y s -  
tem, indicating that the  high Schmidt numbers of 
aqueous sys tems a t  l ea s t  do not hmder the  ap- 
plication of detached turbulence promoters. 

A hyperfiltration (reverse osmosis )  unit for de- 
salination of brackish waters was  designed and is 
under construction. It h a s  the capabili ty of circu- 
lating s a l t  so lu t ions  a t  the ra te  of 20 gpm. T h e  
materials of construction are s t a i n l e s s  s t e e l  and 
rubber hose.  T h e  purposes  of the unit are: (1) to 
find out if hyperfiltration membranes a re  workable 
in t h e  presence of large amounts of s t a in l e s s  
s t ee l ,  (2j to inves t iga te  long-term behavior of 
dynamically c a s t  membranes, and ( 3 )  to inves t iga te  
the  effects of cross-flow ve loc i t ies  that  a re  higher 
than those  previously attainable on flux and rejec- 
tion. 

22. CHEMISTRY OF CARBIDES AND NITRIDES 

In the  current phase  of this progrim, the bas i c  
chemistry of carefully characterized uranium and 
1.horium carbides is beitig studied. Th i s  year's 
-work cons is ted  of studies of the reactions of 
thoriu in carbides with sodium hydroxide so lul.ions, 
hydrolysis of uranium monocarbide-uraiiiuni di-  
carbide mixtures, arid elucidation of the high-tem- 
peraf.ure region of the uranium-carbon phase  dia- 
gram, where uranium monocarbide and dicarbide 
exhibit solid immiscibility. The  resu l t s  of these  
s tud ie s  were reported in the open 1iterat.ure. 

One example of the  u s e  of large blocks of low- 
cos t  nuclear power predicted for the foreseeable 
Future would b~ thc production of hydtogen by the  
e lec t ro lys i s  of water, and then the use of the  
hydrogen in the syn thes i s  of ammonia for fert i l izer,  
T h e  market  potential for nitrogen ferti l izers is 
already very great due  t o  the  increase in  world 
population and food consumption. T h e  c o s t  of am-  
monia made from electrolytic hydrogen, assuming 
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that t he  e lec t r ica l  power is produced by a de- 
sa!inaiion reactor, was cornpared with t h e  cost of 
producing it by the  conventional steam-inethane 
reforming process.  It was  a l s o  assumed that t h e  
fertilizer plant would b e  located near t he  reactor. 
Fac tors  studied included c o s t  of power, c o s t  of 
natural gas: production rate,  return on investiiient, 
type of electrolytic cell ,  credit  for by-product 
oxygen, and transportation cos t .  

Our study showed that, with recently developed 
electrolytic c e l l s  that  operate a t  very high current 
dens i t ies ,  ammonia c a n  b e  produced for $39 per 
ton with power at  2.5 to  3.0 mills/kwhr. Such 
power c o s t s  are obtainable on an incremental b a s i s  
from commercial light-water reactors.  Large,  ad- 
vanced reactors producing power at 1.6 mills/kwhr 
may allow an ammonia plant using such  hydrogen 
to  compete (assuming a credit for by-product ox- 
ygen) with steam-methane reforming p lan ts  that  
u s e  natural  g a s  a t  29 to 336: per million i.3tu's. 
(The  average U.S. price of industrial  natural g a s  
in  1963 WAS 346. per million $<tu's.) 

23.2 Production e,?: Hydrogen 
by the Electrolysis o f  Water 

T h e  proposed use  of large dual-purpose nuclear 
reactors to desa l t  seawater  ca l led  for s t u d i e s  of 
on-site utilization of t h r  huge block of by-product 
energy. T h e  proposed amount of energy available 
[3000 to 5000 Mw (electrical)]  i s ,  in most cases, 
too large t o  bo  used in the  immediate vicinity,  and 
e lec t r ica l  l o s s e s  over a 100-mile transmission 
l ine  would amount to 10 to 20% of t h e  production 
cost. Rut the syn thes i s  of useful chemicals,  such  
a s  NH3,  in c lose ly  integrated industrial-nuclear 
ins ta l la t ions  would overcome both problems. T h e  
hydrogen for ammonia syn thes i s  c a n  be  produced 
by the  e lec t ro lys i s  of water; t hus  i t s  production 
in  a new, advanced e lec t ro lys i s  c e l l  i s  being 
s tudied  in  the  laboratory. 'l'he c e l l  incorporates 
porous nickel e lec t rodes  with a th in  (0.010 in . )  

a s b e s t o s  membrane containing 26 t o  35% aqueous 
KOH serv ing  as the  ion-transfer medium. It h a s  
been operated a t  current dens i t ies  up to  1633 
m a / c m 2  (1517 amp/ft2) with good c e l l  efficiency 
a s  measured by the  to ta l  voltage drop across t h e  
ce l l  (2.18 v at 9OOC). 

Elec t ro lys i s  c e l l s  that  have metal-plate c lec-  
trodes evolve the  two  product g a s e s  (oxygen and 
hydrogen) between the  electrodes,  caus ing  in- 
c r e a s e s  in electrolyte resist ivity,  which c a n  b e  
attributed to bubble formation, and result ing in 
s t e e p  inc reases  in  cell voltage a t  high current 
dens i t ies .  With t h e  advanced ce l l ,  t h e s e  g a s e s  
are released behind each  electrode; thus  res i s t iv i ty  
i s  not affected by bubble formation, and high cur- 
rent dens i t i e s  a re  attainable at  low c e l l  voltages.  

In addition t o  laboratory evaluations of t h i s  new 
ce l l ,  s tud ie s  are being performed on the  re la t ive  
m e r i t s  of pulsed, unidirectional current (half-wave 
rectified ac) and direct  current. 

23.3 Direct Fixat ion of Witrogera 
with ti Plasma 'Torch 

Laboratory study is i n  progress on the  production 
of nitrogenous fert i l izers v i a  t h e  direct  fixation of 
nitrogen f rom oxygen-nitrogen mi.xtures, us ing  a 
high-temperature plasma torch. Yie lds  of fixed 
nitrogen, expressed  as mole % nitric oxide in the  
f ina l  gas ,  have been as high a s  5.376, which may 
b e  compared with a theoretical  maximum equilib- 
rium concentration of 6.6% nitric oxide. 

23.4 bVaPste-Wnber Treatment 

Additional s tud ie s  include a sn tvey  of t h e  chem- 
ica l ,  metallurgical, and waste-water-treatment 
industries to determine other p rocesses  which 
appear attractive for inclusion a t  a nuclear in- 
dustrial  complex. 



1. Power-Reactor Fuel Processing 

r ~ b o r a t o i y  and engineering-scale development of 
processes  for recovering fi.ssionable and fert i le 
material from spen t  power-reactor fue ls  is con- 
tinuing. Th i s  work has  included bas ic  chemical  
s tud ie s  on unirradiated samples  of new types  of 
he1 and c ladding  materials,  chemical  and em- 
gineering development of mechanical  and aqueous 
cZiemica1 p rocesses  for present-day and advanced 
f l l e k ,  and hot-cell t e s t ing  of new processes  to 
determine the  effect  of radiation and f i ss ion  
products on the  chemical  reactions.  The major 
processes  s tud ied  this year included a grind- 
leach  process  for uranium-thorium-graphite HTGR 
(high-temperature gas-cooled reactor) fuel., the 
shear-leach process for metal-clad oxide fuels,  
atid caus t i c  (kc l add ing  arid shear-leach for SAP- 
c lad  UC fuel for a n  I - I W O C X  (heavy-water mod- 
e ra ted ,  organic-cooled reactor). Work on fuel 
r e c ~ v e . ~  processes  for LWFBR (liquid-metal fas t -  
breeder reactor) fuel w a s  begun, and efforts on 
close-coupled p rocesses  were cont.inued, 

Grind-leach process  development included labo- 
ratory and engineer in  g-s ca le  work w itli utiirradiated 
Peach  Rottom I W G R  fuel compact:;. In th i s  
process ~ the graphite fuel,  which contains py- 
rolq'tic-carbo.n-coated ThC?, -1IC, f u e l  particles,  
is broken to -6 mesh, ground to -140 mesh, and 
leached ill 13 iW WNO,-rD,QS M I?-. The uranium 
and thorium nitrate solution. is then recovered 
from the  graphite by fi l tering and washing. A l l  
s t e p s  of the  process  were proved feasible,  and 
processing times and fuel recovery were satis- 
factory. Although th i s  process  appears  to be  
inferior t o  the  burn-leach process for carbon- 
coa ted  fue ls ,  further t e s t s  are planned for fuels 
containing par t ic les  coated with S i c  or other in- 
combustible refractories. 

New work involved tests of the  shear-leach proc- 
ess, in which tubular s ta in less -s tee l -c lad  and Zir- 
caloy-&clad UO and ThO ,-UO fuels a re  sheared 
into shor t  lengths t o  fac i l i t a te  nitr ic ac id  leaching 

of the fuel oxide. T h e s e  s tud ie s  indicated the 
feasibil i ty of shea r ing  in tac t  second-generation 
power-reactor fuel assembl ies .  Calculations i t i -  

d ica ted  that t he  f i s s ion  product lieat generation 
of s tored ,  sheared  fuel is insufficient to produce 
e i ther  dangecous ly high temperatures or pes- 
surization of a batch leacher when the thermally 
hot fuel is quenched by the dissolvent.  Further 
sa fe ty  s t u d i e s  on the finely divided zirconium 
produced by sawing  and shear ing  of Zircaloy-2- 
c lad  fue ls  proved that sawing  is perfecl.ly s a f e  
and that-, although a problem e x i s t s  with shear ing  
fines,  it  is controllable. A full-scale model of 
the  delayed-neutron leached-hull monitor w a s  
built,  t es ted ,  and  found to be sa t i s fac tory  lor 
rapidly and accurately checking the fissionable- 
material content of leached s t a i n l e s s  steel and 
Zircaloy hulls.  Mot-cell t e s t s  were made with 
irradiated Consol idated Edison and PWR (pres- 
surized-water reactor) fuel samples  to determine 
the  amount of tritium aiid "Kr released during 
shearing, leaching, and feed adjustment. T h e  
t e s t s  indicated tha t  the  t r i t ium re lease  to the 
atmosphere is within es tab l i shed  limits but tha t  
a problem e x i s t s  in  d i sposa l  of aqueous effluents.  
The sediments  from fuel tlissolutiori arid feed 
ad jus  trnenf: were found to contain appreciable 
quantit ies of Eission product molybdenum and 
zirconium , 

Several methods for recovering uranium from 
SAP-clad UC fuel for an I1WC)CK were investi- 
gated. SAP is a cermet of A 1 2 0 3  and aluminurn. 
Both shear-leach and at1 NaO1-I or NaOW-NaNC), 
d d a d t l i n g  process  appear  feasible. Work will be 
continued 011 both processes .  

Development of a process  to  adsorb protactinium 
on unfired Vycor glass was  concluded in hot-cell 
experiments with highly irradiated 27-day-cooled 
Tho,-UO,. The  adsorbed protactinium is elut.ed 
with oxalic acid.  Satisfactory loadings on the 
powdered g l a s s  ( 3  m g  of Pa per rrrilliliter) and 
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e lua te  concentrations (2.8 ing of Pa per milliliter 
of oxa l ic  ac id)  were achieved. Higher concentra- 
tions a r e  not practical  because  the  solution is 
self-heating. Hot-cell t e s t s  with s i l i c a  gel and 
zirconium phosphate (Bio-Rad ZP-1) a s  adsorbent 
and hydrochloric ac id  as the fuel d i sso lvent  were 
also conducted. 

Close-coupled process ing  development included 
the completion of a survey to determine whether 
methods other than so lvent  extraction were suit-  
ab l e  for low -cost ,  low-decontamination fuel proc- 
ess ing .  Only anion exchange seemed to qualify, 
and that only marginally. Experiments with stirred- 
pot and static-column batch-differential solvent 
extraction sys tems indicated that they were more 
difficult t o  operate than continuous solvent-ex- 
traction sys tems.  Conceptual plant s tud ie s  of 
batch and continuous solvent-extraction sys tems 
indicated that they were equally expensive; there- 
fore ,  t he  continuous method is preferred because  
of i t s  greater ease of operation. 

1.1 DEVELOPMENT OF PROCESSES FOR 
GRAPHITE-BASE FUELS 

Developinent of processes  for recovering fuel 
materials from spen t  thorium-uranium-graphite 
fue ls  W ~ S  continued. Major attention was  focused 
on the lahoratory and engineering development of 
a grind-leach process  us ing  unirradiated Peach  
Bottom fuel compacts. 'I'he reactor a t  Peach  
Bottom, Pennsylvania,  i s  an  HTGK. IIot-cell 
t e s t s  on the alternatlve burn-leach process  * '  
were commenced; work on the pressurized aqurous  
combustion process3  for graphite fuels was  d is -  
continued because  of corrosion and chemical 
problems that make the  method appear definitely 
inferior t o  the  burn-leach process.  

Grind-Leach Process 

The grind-leach process  for coated ThC,-UC, 
or Tho,-UO, fuel par t ic les ,  e i ther  admixed with 
or f ree  of diluent graphite, includes the  breaking 
of the fuel matrix to -6  mesh and subsequent 
ro l l c rush ing  of the  broken fuel to -100 to  -140 

mesh in order t o  rupture a l l  fuel-bead coatings.  
T h e  crushed fuel i s  then leached in boiling 13 M 
HNO3-0.0S M F-, and the solubilized uranium 
and thoriuiii nitrates a r e  filtered and washed from 
the  insoluble graphite. With pyrolytic-carbon- 
coated The,-UC, fuel particles,  the  en t i re  f u e l  
matrix would b e  crushed; with S i c -  or Al ,03-  
coa ted  par t ic les ,  i t  may b e  feas ib le  to burn the  
graphite component of the  fuel  before grinding. 
Work done thus  far h a s  been with unirradiated 
Peach  Bottom fuel compacts containing 150- to  
420-p-diam ( i~ 100 -40 mesh) ThC,-UC, particles 
with a 55-p-thick pyrocarbon coating. 

Feed  for the  roll-crushing experiments was  pre- 
pared in a conventional hammer mill (fixed ham- 
mers on a 1s-in.-diam by 8-in.-long rotor operating 
a t  845 rpm with discharge bars set for '$-in.-wide 
s lo ts ) .  It produced, in a s ing le  pas s ,  a 75% 
yield of - 6  mesh material. A brief s e r i e s  of 
t e s t s  on ball-rnilling4 the  -6  mesh material 
indicated that t h i s  method is undesirable because  
of the low grinding rate,  batchwise operation, and 
lack  of posit ive size c lass i f ica t ion  of t he  product. 

Preliminary roll-crushing experiments were madc 
with a smal l  commercial roll crusher having 8-in.- 
diam by 2-in.-wide rolls.  Nip angle  (Fig.  1.1) and 

4H. 0. Witte and L. M. Ferris, B a l l - M i l l m g  of Graphite- 
Bed Reactor F u c f ,  OKNL-TM-1412 (Feb. 3,  1966). 
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Fig.  1.1. Schemat ic  D iag ram of a Double-Rol l  Crusher. 

A n g l e  o f  n ip ,  A n ,  i s  d e f i n e d  by cos A n / 2  = (Dr + up)/ 
(Dr + D r ) ,  for this condit ion in which F ,  i s  

h o r i z o n t a l .  F T  i s  t he  t a n g e n t i a l  f o rce  on t h e  p a r t i c l e ,  

F N  i s  the no rma l  f o rce  o n  t h e  p n r t i c l e ,  and F R  i s  t h e  
r e s u l t a n t  force on the p a r t i c l e .  

'I?. L. Nicholson, L. M. Fer r i s ,  and J. T. Roberts,  
Burn-Leach Processes  f o r  Graphife-Rare Reactor F u e f s  
Containing Carbon-Coated Carbides or Oxide Particles,  
ORNL-TM-1096 (Apr. 2, 1965). 

1965, ORNL-3830, pp. 34-36. 
'Chein.  Technol .  Div.  Ann. Pro&. Rept .  May 31, 

"hid., pp. 36-39. 



29 

throughput ra tes  were determined. Nip angle  is a 
measure of the coefficient of friction between the 
rolls and the material being ground. The  position 
of one roll was adjustable,  for varying the roll 
spac ing  (nominally equivalent to the maximum 
product diameter, U ; see Fig.  1.1). Both rolls 
were chain-driven a t  the  s a m e  s p e e d  by a variable- 
speed  motor. The  nip angle  was  Eound to  be about 
12" for Peach  Bottom fuel,  based  on experiments 
a t  nominal roll spac ings  of 0.045 anti 0.003 in.; 
the nip angle  for ordinary rock is about  32". Be- 
c a u s e  of excess ive  play in the bearings of the 
rolls and the  lack of rigidity in the  machine 
frame, the true n ip  angle  may be  even smaller 
than 129 The  determination of the  correct value 
is  important for predicting the  maximum s i ze -  
reduction ratio per pas s .  

P 

In tests with unfueled graphite, the throughput 
was measured a t  s eve ra l  values of roll spac ing ,  
roll speed ,  and nominal feed size, but the data 
were somewhat inconclusive.  I t  was tentatively 
concluded, however, that ,  with the  spac ing  set 
a t  t h e  cri t ical  spac ing  for a particular feed s i z e ,  
the throughput w a s  proportional to roll speed  up 
to  about 200 rpin (7-fps peripheral speed  with the  
8-in.-diam rolls). Increasing the speed  from 200 
to 300 rpm resulted in only a s l i gh t  further in- 
c rease  in  throuybput. Typica l  grinding ra tes  for 
unftieled graphite were 50 g/min through a nominal 
0.003-in. gap, arid 200 g/tnin for a 0.045-in. gap. 

For 1-ITGR coated fuel par t ic les ,  the  indicated 
ro l l  spac ing  is about  1.50 [L (0.006 in.). At a 
riomiiial 0.002- to 0.003-in. spac ing ,  a 90% yield 
of -100 mesh product was  achieved af te r  four 
s u c c e s s i v e  p a s s e s  through the  rolls;  incomplete 
reduction w a s  attributed mainly t.o def ic ienc ies  in 
the-! machine. An unexpected result  of recycling 
fuel through the rolls was  the production of rela- 
tively large flukes.  T h e s e  f l akes  were up to  
3000 p in diaineter but were on ly  about  50 t o  
140 thick, a s  determined by opt ica l  measure- 
ments. Thus the e f fec t iveness  of a roll crusher 
in  fracturing coa ted  par t ic les  may be much 
greater than is indicated by a simple s i e v e  
ana lys i s  of the  product. 

Despi te  the def ic ienc ies  of th i s  particular 
machine, i t  h a s  demonstrated tha t  roll-crushing 
of HTGR f u e l  is feas ib le .  On the  basis of in- 
fornral.ion obtained in t h e s e  t e s t s ,  a new machine 
(,Fig. 1.2) was desi.gned and built and is cur- 
rently being eva lua ted .  

To obtain data for des igning  an engineering- 
scale crushed-fuel leacher,  leaching experiments 
with feed prepared by the  s m a l l  commercial roll 
crusher were conducted i n  the  laboratory. These 
t e s t s  demonstrated the  need for continuous, con- 
trolled addition of ground fuel t.0 t he  leachant,  
intimate contact betwcen ground fuel and leachant 
to obtain maximum poss ib le  slurry concetittat.ions 
and solution loadings, and a sepa ra t e  solid-liquid 
separa t ion  device after leaching. Experience i n  
the  1aborat.ory led to an engineering test f a d i t y  
with a nominal capacity of 3 kg of ground HTGR 
fuel per batch. As shown in Fig. 1.3, the facility 
cons is ted  of a groundfuel  feeder,  a 4-in.-diam 
leacher,  and ii 6-in.-diam filter. The  equipment 
had an  ac tua l  capacity of 5 kg of hue1 in 10 liters 
of graphite-acid slurry.  

In  the leaching and washing  tests in the labora- 
tory, samples  of unirradiated, ground Peach  
Bottom fuel (3% U, 14% Th, 83% C) were  leached 
for 5 hr i n  boiling 2 to 13 M H N 0 3  (Table 1.1); 
uranium recoveries varied from 99.6 t o  99.8%, and 
thorium recoveries from 98.2 t o  99.2%. Similar 
recoveries were achieved with nitric ac id  rnade 
0.0s M in HI;', which shows tha t  fluoride is not 
required a s  a ca t a lys t  for d isso lv ing  ThC,-UC, 
(but would be needed for 'Tn0,-1102j. The U- 
plus-?'h concentration in the  leacha te  was  0.2 M. 
When washed with 10 M HNO, ins tead  of water, 
the recoveries were increased to 99.95;; th i s ,  
however, may only indicate tha t  leaching is in- 
complete in 5 hr. Subsidiary tests in which the 
fuel was leached with two s u c c e s s i v e  batches 
of f resh  boiliag 13 M WNO, a l s o  resulted in  re- 
covery of 99.9% of both uranium and thorium. In 
these  experiments, 1.3 to  50% of the carbide carbon 
w a s  solubilized. 

In experiments with the engineering test  equip- 
ment, --. 140 mesh roll-crusher product was  air- 
l if ted from the feeder by fluidizing the material 
at the base of the feeder while irijecting a i r  into 
the vertical lift tube. T h e  ground fuel flowed 
out of t h e  upper feeder s ec t ion  in to  the leacher;  
and thi: air for lifting, plus the air purge to fbe 
upper sectiuri, prevented vapor generated by the  
boiling acid in the leacher from entering the fuel- 
addition l ine.  The  ra te  of addition of ground fueL 
was  limited t o  about 75 g/min because  of the 
foam generated by the  initial reaction of fuel with 
i.he boiling 13 M HNQ3-0.05 i l l  F---* During i.he 
7-hr leaching period, the powdered fuel was sus- 
pended by boiling and by in jec t ing  air  into the 
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draft  tube of the leacher.  Subsequent transfer of 
the  slurry to the  filter v e s s e l  w a s  effected in 
30 sec by applying a vacuum of about 20 in. I-Ig 
to  the filter ves se l .  In the  fi l ter ,  t he  flow rate 
of product solution and three water washes  through 
the  6-in.-diam bed of ground fuel in the  filtration 
vesse l  ranged f r o m  a n  in i t ia l  rate of 320 ml/min 
to  a final rate a s  low a s  80 ml/min, for a total  
time of 48 min. 

Flowsheet  conditions and leaching and  filtration 
resu l t s  a r e  summarized i n  F ig .  1.4. Uraniuiii and 
thorium l o s s e s  to the  graphite residue after 

washing were 0.35 and 0.67% respectively.  Addi- 
tional washing of a poition of the  residue with 
0.1 ilil HNO, lowered the  l o s s e s  to  about 0.2 and  
0.5%. Th i s  additional washing would have  in- 
c r eased  the  total. volume of the mixed solution 
from 12.6 l i te rs  to 22.5 l i t e rs ;  therefore, t he  
additional uranium and thorium recoveries were 
achieved a t  the  expense  of doubling not only 
the  volume of mixed solution requiring feed ad- 
justment but a l s o  the time required for washing. 

Solution samples  taken  during leaching showed 
that the concentration of d isso lved  carbon reached 
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Fig. 1.2. Experimental Double-Roll Crusher for F i n a l  Size Reduction of Graphite Fuel. 
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Fig .  1.3. Engineering-Scale Leaching and F i l ter ing Apparatus for Fine ly  Ground HTGR Fue l .  
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Table 1.1. Uranium and Thorium Recoveries After Leaching of Rail-Crushed Peach Bottom Fuel  

Fue l  crushed to - 140 mesh. 
Leaching time, 5 hr 

Boiling leachant used  in each  case .  

Leachant Composition 

( M )  

I iN  0, HF 
Wash 

Recovery (%) 

U Th 

2.0 

5.0 

13.0 

15.8 

2.0 

5.0 

13.0 

13.0 

13.0 

13.0 

0 

0 

0 

0 

0.05 

0.05 

0.05 

0.05 

0.05 

0. 05 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

10 M HNO, 

10 M HNO, 

99.6 

99.7 

99.8 

99.8 

99.8 

99.8 

99.8 

99.7 

99.9 

99.8 

98.2 

99.1 

99.2 

98.8 

96.9 

99.0 

99.4 

99.5 

99.9 

99.9 

Carbide 
Carbon 

in Leachate 
(". of original) 

24 

31 

13 

50 

32 

22 

52 

a peak va lue  of about 3.5 g/liter a t  1.5 hr and 
slowly decreased  to  1.15 &liter a t  7 hr. Th i s  
ind ica tes  that the  composite solution may require 
feed adjustment, for example,  permanganate oxi- 
dation of the so luble  compounds of carbon if 
their presence c a u s e s  difficult ies in subsequent  
so lvent  extraction. 

Measurements of the  permeability (Fig.  1.5) of 
1- to  2.5-ft-deep beds of leached  graphite residue 
to  0.1 ilil HNO, wash  solution were well  correlated 
by the equation V ~ 0.9 (!\Z'/L) (l/p), where V 
is  in gal hr-' f t -2 ,  (hP/L) i s  in ps i  per ft  of 
bed depth, and I / ,  i s  in cent ipoises .  Bed depth, L, 
can  be  ca lcu la ted  f rom th is  equation by assuming 
the bulk density of the  leached  graphite to b e  
0.8 g/cni3. Range of ( : 2 P / L )  was  6 to 28 psi/ft.  

T h e  results of th i s  work ind ica te  that the  grind- 
leach  process  for graphite-base fue ls  is feas ib le  
but probably not competitive with the  burn-leach 
process  for reactor fue ls  containing pyrolytic- 
carbon-coated fue l  par t ic les ,  particularly if  
scheduled  hot-cell t e s t s  on the latter process  
indicate no ser ious  fission product volatilization 
in the burner off-gases. The  bes t  application for 
the grind-leach process  appears  t o  b e  for fuels 
containing, fuel par t ic les  coated with S i c  or other 
highly refractory materials. 

ORNL-DWG 55-'557 

I 02 '2  M T h - 0 0 5 5  M U - 3 6  M H i -  

L 3 6  LIZ-5  WASH N O  1 

2.137 ,&? 7 1 - 0 0 2 9  M U - 4 9  til H i  

L 33 h l e r ~  WASH N 3  P 
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Fig. 1.4. Grind-Leach Process  Flowsheet for Peach 
Bottoni HTGR Fuel. 
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Fig. 1.5. Permeabil i ty of -140 Mesh Leached Graphite 
to 0.1 hl N i t r i c  Acid. Measurements made in  l!$-in.-lD 

cyl inder for bed depths of  1 t o  2.5 ft. 

1.2 DEVELOPMENT OF MECHANICAL 
PROCESSES 

Development of the b a s i c  technology of the 
shear-leach process  '-' (for ful l -s ize  unirradiated 
h s t -  and second-generation s ta inless-s teel-clad 
and Zircaloy-clad UO, and Th02-U02 power re- 
actor  fuel e lements)  h a s  been completed on a ful l  
engineering s c a l e .  The process  is now being 
used by Nuclear F u e l  Services ,  linc., in  their 
reacior fue l  processing plant near Buffalo, New 
Y O & .  

f inal  verification of 
the  process  for second-generation fuels ;  evalu- 
ation of the f iss ion product hea t  generation pcob- 
lern in various s t e p s  of the process;  furthei 
evaluat ion of the zirconium-fines safe ty  problem; 
continued development of a leached-hull  monitor; 
and hot-cell experiments with irradiated Euel 
samples ,  to  determine the  re lease  rate of tritium 

Work this  year  included: 

Chern. Technol. Div. Ann. Pzogr. Rept .  M a y  31, 

6Chem. 'I'echtiol. D i v .  Ann. Progr. R a p t .  May 31, 

'Chern. Technol. Div. Arm. Pro&. R e p t .  May 31, 

5 

Y96.1, ORNL-3152, pp. 17-25. 

1964 ,  OKNL-3627, pp. 21-27. 

696.5, ORNL-3830, pp. 48--59. 

and "Kr during shear ing  and leaching and to  
character ize  the res idues  obtained during leaching 
and feed adjustment.  

Shearing of Second-Generation Fuels 

T h e  feasibi l i ty  of shear ing  intact  unirradiated 
second-generation power reactor fuel assembl ies  
(after the end  hardware h a s  been removed) was 
investigated by using Dresden type IV, Elk River 
core  11, and Consolidated Edison core B fuel 
assemblies .  The  Dresden f u e l  assembly (Fig. 
1.Ga) consis ted of a 6-by-6 array of porcelain- 
filled Zircaloy-2 tubes (outer diameter,  0.52 in.; 
wall  thickness ,  0.035 in.; length, 115 in.) secured 
by crossed-wire grids, on approximately 19-in. 
centers .  The  Elk River assembly (Fig. 1.6bj 
cons is ted  of 25 s t a i n l e s s  s t e e l  tubes  (outer 
diameter,  0.452 in.; wal l  thickness ,  20 mils; 
length, 62 in.) filled with porcelain pel le ts .  Two 
leaf-spring grid s e c t i o n s  on 21-in. centers  sepa-  
rated t h e  tubes.  T h e  Consolidated Edison as- 
sembly (Fig. 1.GC) contained 231 porcelain-filled 
s t a i n l e s s  s t e e l  tubes (outer diameter,  0.30 in., 
wal l  thickness ,  0.01 in.; length,  105 i1i.j; thc 
tubes were held in  place with s t a i n l e s s  s t e e l  
leaf-spring grids. 

The  Dresden fuel assembly w a s  successfu l ly  
sheared into 1- and 2-in. lengths,  with the terminal 
p ieces  varying from 135 to 2% in. The grids were 
easily broken during shear ing,  and the  shear ing 
force varied from 40 to 55 tons. Typical  sheared 
fuel is shown in Fig.  1.70. The  Elk River a s -  
sembly w a s  a l s o  easily sheared into 1-in. sec t ions  
(Fig. 1.76). The resullrs for t h e s e  two fue ls  
indicate  that  intact  shear ing  of assembl ies  with 
the end hardware removed is feasible ,  provided 
tha t  irradiation does not create s p e c i a l  unforeseen 
problems. 

The shear ing t c s t s  with Consolidated Edison 
f u e l  were made with s e v e r a l  short  fuel-assembly 
sec t ions  15 t o  36 in. long. In one tes t ,  in  which 
a 3-ft-long s e c t i o n  containing four stainless steel 
leaf-spring grid s e c t i o n s  was sheared ,  the fue l  
jammed in the fixed blade and could not be fed 
properly. After the tubes were pulled from the 
grid sec t ion ,  the terminal piece cons is ted  of a 
sec t ion  of shea th  4 to 5 in. wide, plus  p ieces  of 
tubing 2*4 to 6 in. long. This  t e s t  denionstrated 
that  a dul l  s h e a r  blade and excess ive  clearance 
(20 mils )  between the moving and fixed blade 
produced a poor product and did not cut  the 
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s h e a t h  completely. When the moving blade w a s  
replaced and t h e  cIearance w a s  decreased to 3 
t o  5 mil s ,  a n  excel lent  product and  a good terminal 
c u t  were achieved.  Material obtained with the 
20-mil c learance is shown in Fig.  1.8a; typical  
product and  t h e  end  p ieces  obtained with the 
3- to  5-mil c learance a re  shown in Fig. 1.8b and 
c respectively.  Unlike the  moving blade,  the 

fixed b lade  of the s h e a r  is not eas i ly  dulled and 

of use.  It was concluded tha t  the 
sol idated Edison core  B fuel can  b e  sheared 
sat isfactor i ly  i f  the blade is reasonably sharp,  
if  b lade c learance  is 3 to  5 mi l s ,  and If some 
“chunking” of fuel  at the grids can  be tolerated, 
a long with some terminal p ieces  up to 3 in. long. 

ced  during the se 
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Fig.  1.6. F u e l  Assemblies Used in Shearing T e s t s  on Second-Generation Power Reactor Fuels.  (a) Dresden 

type  IV; ( b )  Elk River core 1 1 ;  ( c )  Consolidated Edison core B. 
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Fig. 1.7. Sheared Fue l  from ( a )  Dresden T y p e  I V  ond ( b )  Elk River Core 11 Shearing Tests. 
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Fig. 1.8. Sheared Fuel from Consolidoted Edison Core B Shearing Tests. ( a )  Sheared with 20-mi l  clearance; 
(b )  sheared with 3- to 5 - m i l  clearance; (c) end piece from shearing with 3- t o  5-mil clearance. 

Fuel  Element Heat  Generation Studies 

During the mechanical processing of spent  
power reactor fue ls  in air, internally generated 
hea t  from f i ss ion  products may build up and 
produce temperatures detrimental  to the fuel or 
equipment in the shear-leach process. To study 
th i s  problem, a FORTRAN computer code, 
BIGDEAL, w a s  developed' to  cover fuel burnups 
ranging from 8000 to 50,000 Mwd/metric ton, 
spec i f ic  powers of 10 t o  70 w/g, and decay times 
of 180 to  1080 days.  The  decay  code  used  was  
a modification of PHOEBE. For t h e s e  calcula-  
t ions,  a Yankee Atomic type subassembly  (36 
U0,-filled s t a i n l e s s  steel fuel tubes,  0. 
in  outer diameter, 120 in. long, on 0 
centers)  was  se l ec t ed  as a typical  power reactor 
fuel. The  fuel-handling operations that  were 
evaluated have  included: suspens ion  of a n  
intact  assembly vertically in water; suspens ion  
horizontally in air;  horizontal  posit ioning in the 
s h e a r  feed envelope; basket  s to rage  of sheared 
material in a n  array of 1 6  baske t s  of 5, 7.75, and 
10 in. inner diameter on 12-in. centers ;  and 
suspens ion  of six f i l led baske t s  in a dissolver  
a t  the s t a r t  of a batch dissolution. In addition to 
calculat ing t h e  maximum ant ic ipated temperature 
in each  of the above s i tua t ions ,  an estimation 
was  made of the pressure r i s e  in a vented batch 

'G. E. Abraham 111 and 
Maximum Temperatures of 
of Power  Reactor Fuel Duri 
ORNL-3948 (in press) .  

dissolver  caused  by acid vaporization (from the 
quenching of t h e  s i x  baske t s  of thermally hot 
fuel by cold acid).  The  calculat ions a l s o  a s -  
sumed s teady-state  heat-transfer conditions and 
heat  l o s s  by natural convection and radiation 
only. Temperatures calculated for minimum, typ- 
ica l ]  and maximum conditions are given in Table  
1.2. 
The highest  temperature encountered (1586°F) 

i s  far below the melting point of both UO, 
(3947OF) and s t a i n l e s s  s t e e l  (2642OF); therefore, 
i t  is assumed that the  fuel and cladding wil l  not 
melt during processing if  the burnup, spec i f ic  
power, and cooling t ime  are within the l i m i t s  
specif ied.  By providing for longer decay  t i m e s  
and forced cooling, lower temperatures could b e  
maintained during mechanical disassembly, in  the 
s h e a r  feed envelope, or during storage.  

If the s i x  fuel baskets  were placed in an empty 
dissolver  equipped with a 6-in.-diam off-gas l ine,  
an acid flow rate of 1.16 x l o 5  lb/hr would be 
required to develop a pressure of 1 ps ig  in the 
dissolver  when processing fuel a t  the m 
heat  generating conditions.  Such an acid flow 
rate  is impractical; therefore, i t  is concluded that 
pressure buildup in  the dissolver  wil l  not be a 
problem under normal operating conditions. 

A s  part of th i s  s tudy,  the  thermal conductivity 
in  a i r  was  determined for U0,-filled s t a i n l e s s  
s t e e l  tubing (0.5 in. in outer diameter, with a 
wal l  thickness  of 0.035 in.) sheared into 1-in. 
s ec t ions  (and including the dislodged fines). 
The  mean par t ic le  s i z e  of the UO, fines was 
120 p, and voidage was  40.3%. The thermal con- 



Table 1.2. Minimum, Typical,  and Maximum Temperatures Achieved by  Reactor Fue l  

in  Various Steps of the Shear-Leach Process 

Minimum Typica l  Maximum 
Operation or P rocess  Step Tempera turea Temperature Temperature‘ 

(OF) ( O F )  ( O F )  

Receiving-cana 1 storage 

Mechanica 1 disassembly 

Shear feed envelope 

Storage in baskets of 
various internal diameters: 

5 in. Center 
Surface 

7.75 in. Center  
Surface 

10 in. Center 
Surface 

68.5 

123 

143 

160 
140 

196 
155 

232 
171 

71.5 

150 

350 

4 91 
324 

72 0 
453 

924 
575 

75.5 

191 

548 

852 
548 

1244 
773 

1586 
97 9 

8Burnup, 8000 Mwd/metric ton; spec i f ic  power, 10 w/g; cooled for 1080 days. 
bBurnup, 20,000 Mwd/metric ton; spec i f ic  power, 23 w/g; cooled for 180 days. 
=Burnup, 50,000 Mwd/metric ton; specific power, 70 w/g; cooled for 180 days. 

ductivity is temperature dependent  and c a n  be 
expressed  as: 

k = 0.0280 x 0.6209 x ( t )  , 

where k is the thermal conductivity in Btu hr-’ 
ft-’ O F - ’ ,  and t is temperature in O F .  The  da ta  
were correlated for the  temperature range 200 t o  
1500OF. 

Safety Studies on F i n e l y  Divided Zirconium 

T e s t s  were conducted t o  eva lua te  the safe ty  
of handl ing zirconium particles produced (1) by 
abrasive-disk sawing  of Zircaloy-2-clad fuel as- 
sembl ies  to  remove inert  end  boxes and (2) by 
shear ing  of Zircaloy-2-clad fuel rods and then 
leaching the  core material from the sheared  
p ieces .  Material for t h e s e  tests was  produced by 
both wet  and dry abrasive-disk sawing  and  shear -  
ing  of reactor-grade Zircaloy-2 tubing fi l led with 
UO, pe l le t s .  All samples  were then s ieved  into 
eight particle-size fractions between 4760 and  
< 4 4  p. No attempt was  made to  sepa ra t e  the  
abrasive-disk debris from the zirconium f ines  in 
the  sawed material, where the  volume ratio of 

loose  abras ive  to  f ines  was  7:l.  The  UO, in the  
sheared  material was  d isso lved  with 6 M HNO,. 

Ignition tests were made on s m a l l  samples  of 
each  s i z e  fraction with a 20,000-v, 0.35-amp 
spark  discharged from a “ tes tacoi l”  probe. In 
the ignition t e s t s  none of the  sawing fines,  and 
only the  < 149-p-diam particles produced by 
shearing, could be  ignited. The  resu l t s  of the 
spark  t e s t  on each  size fraction were as follows: 

Diametral  

Range of 
2 i rca I oy -2 
Fines (p) 

4760 t o  2000 
2000 to 1190 
1190 to 590 
590 to 297 

297 t o  149 
149 to 74 
74 to 44 

< 44 

Results 

N o  reaction 
No reaction 
N o  reaction 
One flash,  apparently from a finer par- 

t icle clinging to this size fraction 
One f lash ,  a s  above 
Brilliant f lash  produced 
Bril l iant f lash  produced (more pro- 

nounced) 
Brilliant f lash  produced (instantaneous 

and more pronounced) 
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The  samples  were a l s o  tes ted  with a Phi l l ips  
electron-probe analyzer t o  determine the extent 
of zirconiuni conversion to ZrO, during 1nechanica1 
processing. ’The ana lys i s  showed that most of 
tbe sawing  f ines  a re  apparently converted t o  
oxide but that the  Zircaloy-2 shear ing  fines a r e  
not oxidized by e j ther  shear ing  or leaching. Thus,  
tht: shea r ing  operation i tself  does  not cons t i tu te  
a fire or explosion hazard. 

’The resu l t s  of t hese  t e s t s  indicate tha t  the  
f ines  result ing from sawing  a r e  safe because  
they are largely converted to ZrOz and are  highly 
diluted with debris from the abras ive  disk.  It 
was  also concluded tha t  sheared  p a r t i d e s  larger 
than 149 p in diameter are s a f e  but tha t  smaller 
ones  should be  periodically removed from the  dis- 
so lver  and dissolved in  HN0,3-I-IF. In an  experi- 
ment in which leached Zircaloy cladding and 
f ines  were d isso lved ,  80% of the  -10 mesh f ines  
and 5% of the bulk cladding were d isso lved  in 
2 to 3 hr. 

The  size-distribution data presented below 
indicate the  amount of zirconium f ines  that would 
be produced by leaching 1400 lig of sheared  
fuel (19% of which is cladding) containing 1 
metric ton of uranium: 

Part ic le Size 

cp ) 

< 44 
<149 
<297 
< 590 
< 1000 
<2000 

2 irconium 

(ks) 

0.106 
0.266 

0.372 
0.532 
0.745 
1.410 

The volume of leached hul l s  produced was equiv- 
a l en t  to about  75 gal per ton of uranium processed. 

Monitoring of Leached Hul ls 

T o  bo assured  tha t  the leaching of uranium, 
plutonium, or thorium from s t a i n l e s s  steel or 
Zircaloy-2 cladding in  the  shear-leach process 
is complete, it i s  necessary  for a fuel processor 
to have  ava i lab le  a reliable monitor for tes t ing  
thc  leached hulls.  

The  fabrication and t e s t ing  of a prototype 
delayed-neutron monitor’ was completed, and a 
full-scale monitor was  built’ and IS now being 
tested.  The  new one is capable  of aoni tor ing  a n  

$-in.-diarn baske t  in 8-in. vertical  increments. 
Each increment c a n  be monitored in 40 s e c ,  
inakitig i t  poss ib le  to  monitor a 5-ft-long baske t  
in about  6 min.  For each  measurement, the hul l s  
are irradiated with thermalized neutrons for 20 
s e c ,  and t h e  delayed neutrons ate then counted 
for 20 sec. The  monitor is sens i t i ve  to a s  l i t t l e  
a s  5 m g  of f i ss ionable  i so topes .  

F i r s t ,  the neutron flux in the empty basket was 
measured by indium dosimeters.  Then the baske t  
was loaded with hul l s  that had been filled with 
iner t  ceramic (no fuel), and the iieuhon flux was 
measured again. ‘Typical r e s u l t s  for both measure- 
ments are given in Fig. 1.9. Next, to simulate 
incompletely leached cladding, empty hul l s  con- 
taining known amounts of residual fuel were 
placed in known posit ions in the  basketful of 
ceramic-filled hul ls  and monitored. The resul ts  
are shown in Fig. 1.10 fur one hull  containing 
G mg of 23sU (left) and for a hull  containing I00 
mg of 2 3 5 ~  (right). 

Figure 1.11 shows the response  obtained when 
each  8-in. segment  of the  baskcit contained a 
uniformly distributed 100 mg of fuel and, in 
addition, one hull on the ceiiter l ine  of the 
basket.  Th i s  hull contained 500 mg of 235U. 

‘The full-scale monitor contained s ix  spec ia l  
2-in.-diam BF,  detector tubes incorporating 
charcoal getters that provided the  necessary  
efficiency arid ensured long life (many months or 
even  years). The  getters remove the  fluoride 
ions produced by the  gamma radiolysis of the 
BF,. T h e s e  ions interfere with operation of the  
tube, and the gamma radiation comes from the ‘ ‘Co formed during irradiation of s ta in less -s tee l -  
c lad  fuel in the reactor. ‘The est imated gamma-ray 
dose  at t h e  tubes ,  wheii a baske t  containing hul l s  
from processing fuel  burned to 25,000 Mwd/metric 
ton is monitored, is 450 r/hr. The  gamma dependence 
of t he  monitor was  evaluated by using a 110- 
curie 6oCo source  tha t  provided 1100 r/hr of 
gamma radiation at: the tubes.  The gamma pulses  
were 20 v, and the neutron pulses were 80 v. A 
neutron-counting c i rcu i t  i.hat we believe wi l l  
discriminate more completely aga ins t  the gamma 
pulses  is currently being assembled.  The  source  
of the high background, which is equivalent to 
15 mg of 235U, is being sought;  it  is tentatively 

9Chern. Technof. Div .  Ann. Pro&. Kept.  May 31, 
196.5, ORNLr3830, pp. 56--59. 

“’reiid., ~ i g .  1.13, p. 58. 
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believed to  b e  caused  by ac t iva ted  sodium i n  
the aluminurn parts of the  detector tubes.  

A new type of neutron generator, which employs 
a rechargeable sealed-tube ta rge t  tha t  i s  con- 
tiniiously regenerated by a gas  s t ream,  is being 
tested; the  des ign  g ives  a continuous flux 
of l o 9  neutrons/sec for 60 hr. 
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Fig.  1.9. Neutron Irradiation F l u x  (neutrons c m - ?  

s e c - ' )  in  the Basket  Was Measured by  Indium Dosim- 
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0 

MQt-Cell Tests  

Hot-cell  experiments were made with s t a in l e s s -  
s tee l -c lad  Consolidated Edison and Zircaloy-2- 
c lad  PWR fuel samples ,  irradiated to  2.5,OOO and 
40,000 Mwd/metric ton,  respectively,  t o  eva lua te  
the re lease  of f i ss ion  product tritium"-" and 

'Kr during shearing, leaching, and leach-product 
feed a d j u ~ t m e n t . ' ~  The  samples. were 4.5 in. 
long a n d  \6 in. in diameter. Each  Consolidated 
Edison  fuel pin contained 27 g of T h o ,  and 1.3 g 
of highly enriched 2 3 5 U 0 2 ;  each  PWK pin con- 
tained 36 g*of UO,. Res idues  obtained during 

"E. L. Albenesius,  P h y s .  R e v .  Let ters  3, 274 

''E. L. Albenesius and  H. S. Ondrejcin, Nucleonics 

13E. N. Sloth e t  al . ,  J. Inorg. Nucl. Chem. 24, 337 

(1959). 

18(9), 100  (1960). 

(1 962). 
14D. L. Horiocks, Trans. Am. Nucl. SOC. 8(1), 12-14 

(1 965). 
"5. H. Goode, H o t  Ceil  Evalimfion of the Re lease  of 

Tritium and 85Kr During Processing of Th02-UQ2 
Fue l s ,  ORNL-3956 (in preparation). 



39 

the leaching and feed adjustment of the Con- 
sol idated Edison samples  w e r e  then filtered 
from the solut ions and analyzed. T h e s e  data  are  
important to fuel  processors  using the  shear-leach 
process  ~ particularly in  assoc ia t ion  with the 
management of gaseous  and l iquid was tes .  

Multiple shear ing of the Consolidated Edison 
fuel  rods released 0.2% of the tritium and 1% of 
the  "Kr t o  the s h e a r  off-gas, based  on calculated 
f iss ion yields .  Another 0.2% of the tritium and 
the ba lance  of the 85Kr were re leased  to the dis-  
solver  off-gas when the  exposed fuel  was dis- 
solved in fluoride-catalyzed nitric acid.  EX- 
trapolation of these  resu l t s  indicates  that  a t  this  
irradiation level  about 1 curie  of tritium per metric 
ton of uranium plus thorium would be l iberated to  
the atmosphere during shear ing  and leaching. This 
quantity represents  0.5% of the amount calculated 
by BIomeke*' that could safe ly  be discharged 
from a 6-ton-per-day plant  at t o  MPC, through 
100-m s t a c k  when the mean wind s p e e d  is 3 mph. 
In further experiments,  about 70% of the tritium 
remaining in the dissolved fue l  solution a s  THO 
was carried overhead when this  strongly ac id  
solution was dis t i l led.  In a processing plant, 
most of the TI-IO released during feed adjustment 
would report to the low- or  intermediate-level 
radioactive w a s t e  stream. 

Multiple shear ing and subsequent  leaching with 
4 iM HNO, of the PWR fuel specimens released 
9% of the  tritium to the off-gas; th i s  is equivalerlt 
to 18.5% of the maximum amount that  could safe ly  
be discharged from a 6-ton-per-day plant. 

In the shear ing  experiment, s i n g l e  rods were 
sect ioned in  a vacuum-tight hydraulic shear ,  
and the released f iss ion gases w e r e  flushed with 
!iydrogen through hot copper oxide to convert  the 
tritium to THO for count ing in a liquid scint i l -  
lation spectrometer.  The  hydrogen purged served 
a s  a carrier gas and a l s o  exchanged isotopically 
with tritium adsorbed on the v e s s e l  wal ls .  The 
tritiated water was condensed with liquid ni- 
trogen, and the remaining gases  were sampled 
for *'Kr determination. 

When only the end plugs were sheared from five 
Consolidated Edison fuel  samples ,  the amount 
of  tritium re leased  varied f rom 0.006 to 0.018% 
of tlie theoretical  amount present .  Two spec i -  
mens sheared  in  e ight  p laces  re leased  0.03 and 

"Chern, Teciinol. Div. Ann. Pro@. Kept .  May 3 1 ,  
1964, QRNL-3627, pp. 110-12. 

0.22% of the tritium present.  About 0.5% of the 
"Kr w a s  re leased from specimens receiving a 
s ingle  cut; 0.87 and 1.07% were released from 
the two samples  receiving e ight  cu ts .  When two 
PWR fuel samples  were sheared into %-in. sec- 
t ions,  9.27% of the tritium was  released;  one- 
fourth was released immediately, and the remain- 
ing  three-fourths diffused in  two days.  

The sheared fue l  was then dissolved in 13 M 
HNO,-O.OS M €IF-0.1 M AI(N03),  to re lease  
additional tritium and kiypton. A purge gas  of 
He-0.2% H, carried the dissolut ion off-gas 
through an  NaOH scrubber,  a cold trap held a t  
-77'C, and then through heated copper oxide to 
convert  any residual  tritium to  THO, which was 
condensed in  a second cold trap. About 0.20 
and 0.13% of the  tritium were released during 
dissolut ion of the Consolidated Edison and PWR 
fuel samples  respectively.  In addition, the re- 
mainder of the "Kt from both samples  was re- 
leased.  

The  dissolved-fuel solut ions and caus  t ic  scrubber 
solut ions were dis t i l led twice to separa te  the 
tritium from other f iss ion products,  and the 
tritium contents  of the condensa tes  were deter- 
mined by scint i l la t ion syectrometty.  In one ex-  
periment, 70% of the tritium was wapora t ed  from 
the dissolver  solut ion during feed adjustment. 

In an actual  6-ton-per-day Thorex solvent e x -  
traction plant, the so lvent  extraction feed would 
contain an estimated 30% of the tritium, the ac id  
rectifier overhead about 47%, and the concentrated 
acid about 23%. The rectifier overhead would 
have to be diluted with 18,000,000 gal  of water 
to permit discharge at concentrations less than 
t o  the MFJCw for t r i t ium ( 3  x l o w 3  pc/rnl). Then, 
to qualify as potable water,  further dilution to  
1 x pc of tritlum per milliliter would be re- 
quired. An alternative control measure would be 
volati l ization of the t r i t ia ted water and d ispersa l  
in the atmosphere. 

Insoluble res idues were present  in  both the 
dissolver  and feed-adjustment solutions obtained 
in the Consolidated Ed i son  shear-leach tests 
described. T h e s e  were col lected by filtration, 
washed, dried, weighed, and analyzed.  In these  
expenmcnts ,  a typical  radioactive leach solution 
was obtained by a 6-hr dissolut ion of the sheared 
Th0,-U02 in boiling Thotex reagent.  The  solu- 
tion was  8.5 M in HNO,, 1.39 M in  Th, and 0.05 M 
in U; gross gamma, 1.23 Y IO'* counts  inin-' 
ml-  Filtration recovered the  residue,  which, 
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after washing and drying, amounted to  0.58 wt % 
of the  original fuel core.  T h e  residue contained 
0.23 w t  % U, 7.45 wt % Th (representing a thorium 
and uranium l o s s  of 0.05% each) ,  0.74 wt  % Mo, 
and 0.23 w t  % Zr. T h e  remainder of the  residue 
cons is ted  of s i l i ca ,  alumina, and s t a i n l e s s  s t e e l  
corrosion products. 

To remove e x c e s s  nitric ac id  from the  leach  
solution, i t  w a s  evaporated until t he  boiling 
point was  a l i t t le higher than 136OC. Approxi- 
mately a '70% reduction in volume resulted,  The  
concentrate was  diluted with water to nearly the 
original volume, producing an acid-deficient feed 
solution of composition: 0.09 M ac id  deficient,  
1.36 M in 'Th, 0.05 M in U; gross  gamma, 1.49 x 
lo1 '  counts min-l ml-'. A precipitate formed 
during th i s  feed adjustment was  removed by fil- 
tration and analyzed. 'This second residue, 
representing about 0.6% wt % of the  original core,  
contained 7.7 wt % Th (another thorium los s  of 
O.OS%), 4.63 wt % Mo, 0.32 wt % Zr, and 
0.19 wt  % U (0.02% loss).  

T h e s e  experiments verify the  relative insolu- 
b i l i t i es  of the  f i ss ion  products molybdenum and 
zirconium encountered during head-end aqueous 
process ing  of the  high-burnup fue ls '  and ,  
spec i f ica l ly ,  the precipitation of t h e s e  f i ss ion  
products from the strongly ac id  concentrate re- 
su l t ing  f rom ac id  boil-off. 

1.3 DEVELOPMENT OF PRQCESSES FOR 
HEAVY-WATE R-MODE R A T  E D, ORGANIC- 

COOLEDREACTORFUEL 

One of t he  advanced reactor types being con- 
s idered  by the Atomic Energy Commission is a 
heavy-mater-moderated, organic-cooled reactor 
(HWOCR). A prototype will  possibly b e  built in 
the mid-1970's. Several  zirconium-clad fue ls ,  
including Tho,-UO,, Th-U alloy, and IJC, a re  
being considered for the  HWOCR; but, a t  present,  
SAP-clad UC appears  t o  be  the  leading candidate.  
SAP (sintered aluminum product) i s  a s in te red  
dispersion of A1,0, (5 to 15%) in a n  aluminum 
matrix. 

. . . . . . . . . . 
17J. 14. Goode and J. R.  Flanary, Dissolution of 

Irradiated, Stainless-Steel-Clad ? 'h02-U02 in Fluoride- 

Catalyzed Nitric Ac id  Solutions: Hot-Cell Studies on 
Pel le t i zed ,  Arc-Fused, and Sol-Gel Derived Oxides ,  
ORNL-3725 (January 1965). 

Studies were init iated th i s  year  on the  develop- 
ment of aqueous methods for process ing  SAP- 
c lad  UC fuel. Several  poss ib le  process ing  methods, 
such  a s  caus t i c  declndding, shear-leach, and  
others,  were partially evaluated in  the laboratory. 
At the  present s t a g e  of development, caus t i c  de- 
cladding appears  to h e  the  most practical  method, 
although none of the p rocesses  s tud ied  have re- 
ce ived  sufficient development for a final evalu- 
ation to  b e  made. 

S A P  cladding (6% A1 0 ) disso lved  rapidly 
--,2 (about 20 m g  min-' c m  ) in  boil ing 2 hi' NaOH- 

2 M NaNO, solutions.  Ra te  cons t an t s  for each  
experiment were ca lcu la ted  froin the  expression 
given by Wymer and Blanco, l 8  

dN0 €3 dNAl k S N o ~  , 
dt dt V 

i n  which dNA,/dt is the  init ial  rate of appearance 
of aluminum in solution (moles/rnin); k is the  
rate constant;  S is t h e  init ial  sur face  a rea  of 
the  speciiiien (cm'); N O H  i s  the  init ial  number of 
moles of hydroxyl ion;  and  V i s  t he  init ial  volume 
of the  solution (liters). The  ra te  cons tan ts  ob- 
tained with SAP were about  4 x l i ter  min-' 
cm-'; t hese  va lues ,  when compared with those  
obtained for pure aluminum (about 2.6 x 
show tha t  the  SAP cermet used  in these  experi- 
ments d i sso lved  a t  about  t he  s a m e  rate as  pure 
aluminum. 

Decladding of simulated SAP-clad UC fuel with 
both NaOH-NaN03 and NaOH solu t ions ,  followed by 
nitric ac id  dissolution of the  res idue ,  was  studied 
briefly. In each  experiment the  UC/SAP weight 
ratio was  about 8. T h e  SAP cladding w a s  readily 
d isso lved  in 4 hr i n  boiling 2 M NaOII--2 M 
NaNO,, leaving UC (which is practically inert  
t o  t h i s  reagent) and some of the  A1,0, from the  
SAP a s  a residue. The  uranium l o s s  to  the  de- 
cladding solution was  less than 0.07%. However, 
th i s  approach h a s  the  d isadvantage  that,  a f te r  
the  UC is disso lved  in the nitric ac id ,  up to  
50% of the  carbide carbon remains in  solution as 
so luble  organic compounds.' T h e s e  could pos- 
s ib ly  have  a deleterious e f fec t  in  the subsequent  
so lvent  extraction s t e p  of the  process.  It is ex- 
pected tha t  decladding in  NaOH solution, which 

18R. G. Wymer and R. E. Blanco, Ind. En& Chem. 

"I,. M, Ferris and M .  J. Bradley,  J .  Am.  Chem. SOC.  

49, 59 (1957). 

87, 1710 (1965). 
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Table 1.3. Approximate Rotes of Dissolution of SAP (6% AI2O3-94X A I )  in Boi l ing Nitr ic  Acid 

and Ni t r ic  Acid Containing E i t h e r  HF Or H g ( N 0 3 ) 2  

Conr,entration in Reagent (M) Dissolutlon Amount Average Dissolution 
Ex per h e n  t Time Dissolved Rate 

(hr) (%I (mg min-l  cm-') HNOj H F  H g  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

8 

10 

13 

4 

6 

10 

13 

6 

10 

13 

0 

0 

0.05 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.005 

0.005 

0.005 

0.005 

0. os 
0.05 

0.05 

4 

6 

6 

20 

1 

1 

1 

1 

1 

1 

18 

25 

5 4 

99 

18 

19 

14 

16 

15 

14 

0.2 

0.4 

0.5 

0.7 

0.7 

0.6 

0.6 

0.6 

0.4 

should  provide for both d isso lu t ion  of  t he  SAP 
and hydrolysis of the UC even  if i t  h a s  been 
irradiated, 2 n  will  circumvent th i s  problem. Wy- 
drolys is  of t he  UC would be  des i rab le  s i n c e  not 
only is the  carb ide  carbon converted to  gaseous  
hydrocarbons but the  uranium in the  carbide is 
converted to hydrous UO,, which readily d i s -  
so lves  in nitric acid.  Only preliminary experi- 
ments on the decladding of SAP-clad UC w i t h  
NaOH solu t ions  have  been made. T h e  method 
appears  t o  work well  except  tha t  the  ra te  of 
reaction of UC with NaOH and sodium aluminate 
so lu t ions  is relatively low. Work on  th i s  method 
is continuing. 

Shearing (followed by ac id  leaching) and  direct  
d i sso lu t ion  in  nitric ac id  were considered as 
process ing  methods for SAP-clad UC fuel. Both 
approaches could be  made to work, but e a c h  
process  h a s  d isadvantages  stemming from t h e  
relatively low ra t e  of d i sso lu t ion  of SAP in  nitric 
acid.  SAP, in the absence  of UC, d isso lves  in  
nitric ac id  a t  about 0.2 mg min-' cm--2. Mercuric 
nitrate,  which ca t a lyzes  the  d isso lu t ion  of a lu-  
minum in  nitric ac id ,  was  not effective as a 
ca ta lys t  for SAP even  at a concentration of 

'OM. J. Bradley e t  a!., N L I C ~ .  Sci.  Eng. 21, 159 
(196s). 

0.05 M ,  ten t imes the concentration usually re- 
quired (Table  1.3). The  presence  of IIF at a 
concentration of 0.05 M did not signit icantly in- 
c r e a s e  t h e  ra te  of reaction. T h e s e  resu l t s  a r e  in 
good agreement with those  obtained by Italian 
workers. 2 1  *'' Thus, in a shear-leach process,  
some,  but not all, of the SAP cladding would b e  
d isso lved  in nitric ac id  a long  with the  UC. T h e  
residual cladding coiild be  d isposed  of as a so l id  
was te ,  but the d isso lver  so lu t ion  would require 
ana lys i s  €or aluminum before proceeding with feed 
adjustment and solvent extraction. On ihe  other 
hand, complete d isso lu t ion  of the  SAP and the  
UC could b e  achieved, but only after qu i te  long 
dissolviiig periods - 20 hr  or more .  Even if the  
fuel could b e  d isso lved  completely in  a short  
time, t he  presence  of a l l  t h e  aluminum from the  
c ladding  could b e  undesjtable i n  a feed-adjustment 
s t e p  and  from the  waste-management viewpoint. 
After complete dissolution, uranium and aluminurn 
would b e  present  i n  so lu t ion  in  approximately 
equimolar concentrations.  

Another method considered for the  process ing  of 
SAP-clad UC fuel corisists of shear ing ,  pyrohydrol- 

21G. Beone, Coniportamerito del S . A . P .  all 'a t tacco 
di aoluzioni di acido tlitric-o e nitrato metcurio, RT/ 
CIII(63)34 (October 19fJ.3). 
"G. Beone, Energia Nucl .  (Milan) 12(5), 273 (1965). 
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y s i s ,  and dissolution of the residue. Th i s  approach 
h a s  the  advantage that t he  carbide carbon i s  re- 
moved as  CO and CO, during pyrohydrolysis and 
t h e  uranium is converted to a reactive UO,. T h i s  
technique worked very wel l  in t he  laboratory but 
could present  problems on an  engineering scale 
in tha t  t h e  temperatures required for rapid py- 
rohydrolysis of IJC (750 to  780°C) a r e  well above 
the melting point of SAP. In laboratory t e s t s  of 
th i s  approach, SAP and UC (at  a UC/SAP weight 
ratio of about 8) were allowed to  reac t  with s team 
for 4 hr a t  about 750OC. The  result ing residue d is -  
so lved  completely in about 5 hr in boiling 5 M 
HNO,. Since SAP disso lved  only slowly in 
nitric ac id ,  it w a s  tentatively concluded that,  
during pyrohydrolysis, t he  SAP had been con- 
verted to  a low-temperature form of A1,0,, sol- 
uble in nitric ac id .  However, other experi- 
ments showed that th i s  was  not so. Heating 
SAP and type 2s aluminum above  t h e  melting 
point (about 690°C) in either s team or pure argon 
did not result  in de tec tab le  chemical a t tack ;  
however, the samples  so treated d isso lved  rapidly 
in boiling 8 M HNO,; hea t ing  above  t h e  melting 
point w a s  e s sen t i a l  t o  rapid d isso lu t ion  i n  nitric 
acid.  Samples tha t  were heat-treated a t  tempera- 
tures  up to  650°C d isso lved  a t  about the same 
low ra tes  as  those  tha t  were not heat-treated. 

Other potential methods for process ing  SAP- 
c l ad  UC and poss ib le  p rocesses  for other IHWOCR 
fue ls  will  b e  eva lua ted  during t h e  coming year. 

1.4 STUDIES OF THE ADSORPTION OF 
PROTACTINIUM 

Previous hot-cell experiments showed the  feasi- 
bility of recovering nearly isotopically puie 
by adsorbing ,,,€’a, i t s  27.4-day precursor, on 
powdered unfired Vycor g l a s s  from nitric ac id  
so lu t ions  of highly irradiated short-cooled T h o 2 -  
U 0 , . 2 3  Since the  protactiniuln accounts  for a 
large fraction of the  be ta  and gamma radioactivity 
a s soc ia t ed  with short-decayed thorium, the  re- 
inoval of this isotope greatly dec reases  the  radio- 
activity of the aqueous thorium-uranium solution. 

During the pas t  y e a r ,  t he  protactinium adsorption 
s tud ie s  were completed,  culminating in hot-cell 
experiments that  demonstrated the  practicability 

of the process  for recovering protactinium. T h e s e  
experiments showed t h e  maximum practical  ca- 
pacity of Vycor g l a s s ,  s i l i ca  gel,  and zirconium 
phosphate under process  conditions,  as  well  as 
concentration factors obtained with oxalic ac id  
elution and the  e f fec ts  of iiiesh s i z e  of the Vycor, 
flow rate,  and  repeated c y c l e s  of loading-washing- 
eluting. 2 4  Also, laboratory s t u d i e s  were made to  
measure the  distribution coefficient of be- 
tween unfired Vycor and hydrochloric ac id  solu- 
t ions.  

by 
adsorption on unfired Vycor, silica gel, or zir- 
conium phosphate was  demonstrated by us ing  
so l -ge l  thoria f u e l  specimens tha t  had  been 
irradiated t o  about  5000 PAwd per metric ton of 
thorium in a n  average neutron flux of 2.6 x lOI4. 
After a 27-day decay period, the  thoria was  dis- 
so lved  by refluxing for 20 to  24 hr in 13 M FINO,- 
0.05 M HF-0.1 M Al. T h i s  produced a solution 
with the  following composition: HNO,, 11.4 M ;  
IIF, 0.05 M; Al, 0.1 M; Th,  126 mg/ml; t J 9  0.82 
mg/ml ;  ‘,,Pa, 0.054 mg/ml; and gamma emitters 
equivalent t o  1.4 x 1 0 ”  counts/min. About 97% 
of the  protactinium was  adsorbed by pass ing  th i s  
solution through a column 0.9 cin in  diameter and 
17  c m  long containing 7 g of 100- to 120-mesh 
unfired Vycor. At a flow rate of about  1 ml/min, 
the column w a s  loaded to  3.1 iilg of 233Pa per 
gram of g l a s s  (Fig.  1.12). T h e  column had to  b e  
cooled with water to prevent boiling. I t  was  
washed with 10 M WN0,-0.1 M Al, which removed 
about 1.5% of the protactinium. On e lu t ing  with 
0.5 M oxal ic  ac id ,  about 96% of the  protactinium 
was  recovered a t  an  average  concentration of 
1.46 m g / m l  .- about 25  t imes the  concentration of 
the protactinium in the  feed. T h e  m o s t  concen- 
trated e lua t e  fraction contained 2.86 mg/ml  of 
‘,,Pa and had to  be diluted to prevent boiling. 
T h e  protactinium product was  decontaminated from 
zirconium-niobium, to ta l  rare ear ths ,  thorium, and 
uranium by fac tors  of 5.5, 4.8 x l o 3 ,  2 1  x l o 4 ,  
and -5.7 x l o 2  respectively.  T h e  2 3 3 U  which 
would be obtained from the  decay  of the  protac- 
tinium in th i s  solution would contain only 0.1 to 
0.5 ppni of 2 3 2 U .  

A s ing le  adsorption-elution c y c l e  appeared to 
have l i t t l e  or no e f fec t  on the  unfired Vycor g l a s s ,  

In the  hot-cell work, t he  recovery of 

> 

23J.  G. Moore c t  a t . ,  Adsorption of Protactinium on 
Unfired Vycot: Initial Hot-Cell Experiments,  ORNL- 
3773 (Apri l  1965). 

24J.  A. Goode and J. G. Moore, Adsorption of Prot- 
actinium; Final Hot-Cell Experiments, ORNL-3950 
(in preparation). 
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Fig.  1.12, Adsorption of Protac t in ium on 100- to 120- 
Mesh Unfired Vycor. 

and a second experiment with the  same coluinn 
demonstrated practically the same adsorption and  
e lu t ing  charac te r i s t ics .  Increasing the  particle 
size from 100-120 t o  60-80 mesh decreased  the  
column loading from 2 .5  mg/g t o  about  2 mpyg. 
Increasing the  flow rate from 1 ml/min t o  2 ml/min 
decreased the  loading by 10 t o  15%. 

Similar hot-cell t e s t s  were  performed with 60- 
to 80-mesh s i l i ca  gel and zirconium phosphate  
(Bio-Rad ZIJ-1). T h e  columns were 0.6 cm in 
diameter, 11 c:m long, and contained about 4 g 

of the  adsorbent. At a flow ra te  of 0 .5  ml/min and 
99% protactinium adsorption, t he  silica gel atl- 
sorbed about  2 mg/g and the  zirconium phosphate 
adsorbed 1.3 mg/g. For comparison, under the 
same condilions 60- to  80-mesh unfired Vycor 
adsorbed abouf 2 .5  mg of '"Pa per gram of 

The  zirconium phosphate  was  not amenable to 
oxalic ac id  elution, so the protactinium w a s  

glass.  

allowed to decay  on t h e  column and the  233U 
was removed with nitric ac id .  The  nitric ac id  
elution severe ly  damaged the zirconium phos- 
phate, and it was  not reusable.  The  protactinium 
on the  s i l i c a  gel, however, was  e a s i l y  eluted with 
oxalic acid.  The  elution charac te r i s t ics  were 
very simili3r t o  those  of unfired Vycor, although 
the  product w a s  not qu i te  so free from contami- 
nants.  T h e  protactinium prodrlct from the s i l i c a  gel 
had been decontaminated from zirconium-niobium 
total  rare-earth beta emitters,  thorium, and uranium 
by factors of about  1.5, 8.6 x l o 2 ,  2 1 . 0  x l o4 ,  
and :> 100 respectively. 

T h e  distribution coefficient of 'Pa between 
GO- to  80-mesh unfired Vycor g l a s s  and 1.04 to 
10.4 M HCI solutions containing about  3 &liter 
of Th  was  measured by the  Martin technique. The  
coefficient increased  from 260 in 1 M HCl to a 
maximum value  of 410 in about  4 rM HCl, then 
decreased  t o  120 in 10 M tIC1. T h e  amount of 
unadsorbable protactinium ranged from 7.6% in 
the di lu te  ac id  t o  a minimum value of 2.1% in 6 
to 8 M HC1. For comparison, the distribution 
coefficients for 1 to 10 M HNO, ranged f rom 
about 700 to  4000, respectively,  with 6% t o  less 
than 2% of the protactinium unadsorbable. 

1.5 CLOSE-COUPLED PROCESS DEVELOPMENT 

During the growth of t he  nuclear power economy, 
when the rccycling of highly irradiated 239Pu arid 

3 3 ~  fuels is expec ted  t o  become a common 
practice,  t he  isotopic contaminants of these  
fue ls  will  increase  toward high equilibrium con- 
centrations.  The  gamma or neutron radiations 
a s soc ia t ed  with these  isotopic contaminants, or 
their  daughters,  will  then necess i t a t e  sh ie lded  
and remotely operated fac i l i t i es  for fuel fabrica- 
tion. When such  fac i l i t i es  become es tab l i shed ,  
the  current needs  and  prac t ices  of s t r iv ing  for 
complete f i ss ion  product decontamination of the 
23yPu and 233U products can  be expected to 
diminish. T h e s e  considerations are particularly 
important i f  the  process ing  and fabrication plants 
a r e  close-coupled and  perhaps located at the 
reactor station. Such close-coupled sys tems a re  
presently of interest  to power producers desiring 
totally integrated and independent fac i l i t i es  and 
to t h e  developers of t he  extremely large power 
s t a t ions  tha t  a r e  expec ted  t o  achieve  very low 
unit power cos t s .  



It is the purpose of th i s  subprogram to develop 
and demonstrate low-cost fuel recovery process ing  
methods that c a n  b e  coupled t o  t h e  sol-gel process  
for fue l  reconstitution and  refabrication. T h e s e  
methods will  provide the  necessary  separation (a 
decontamination factor of about  1000) of the  fuel 
from neutron poisons,  chemical impurities, and 
f i ss ion  products that might interfere with the  fuel 
reconstitution process .  Although incompletely 
decontaminated, the recovered fuel and the fuel 
assembly may then b e  prepared or manufactured in 
sh ie lded  and  remotely operable facil i t ies.  

Chemical Development Studies for 
6: lose- Cou pled P la nts 

Investigation of simple,  low-cost methods that 
might b e  su i tab le  for low-decontamination proc- 
e s s i n g  was  completed. Separation methods which 
were investigated included precipitation, s e l ec t ive  
crystall ization, ion exchange, e lec t rodia lys i s ,  and 
so lvent  extraction. Except  for so lvent  extraction, 
anion exchange was  t h e  only method that could 
be developed into a workable process.  However, 
resin capacity was  low and decontamination w a s  
poor, creating a recycle problem and requiring 
severa l  cyc le s  of anion exchange. W e  concluded 
tha t  so lvent  extraction was t he  only operation 
tha t  provided adequate  product recovery and 
sufficient separation of t h e  uranium and thorium 
from t h e  contaminants to warrant further study. 

Laboratory experiments showed that so lvent  
extraction operations in a differential contactor 
resulted in satisfactory decontamination (Fig. 
1.13). Th i s  contactor was  s imple  and  operated 
satisfactorily in laboratory-scale experiments in 
s p i t e  of the formation of a second  organic phase.  
With 30% TRP (tributyl phosphate) in n-dodecane 
(NDD) as the  solvent,  more than 99.9% of the  ura- 
nium and 48% of the  thorium extracted in 3.3 vol of 
so lvent  (Fig.  1.14). The  separa t ion  of uranium 
from gross gamma radioactivity was  adequate,  
result ing in  a decontamination factor (DF)  of 1400. 
Continuing the extraction until  9.8 vol of solvent 
was  used ,  extraction of 99.2% of the  thorium and 
a D F  of 68 were demonstrated. By extracting 
first  with 3% TBP, then with 30% TBP, a more 
complete separation of uranium from thorium and 
f i ss ion  products may b e  achieved ,  but operating 
with two so lvent  compositions i s  inconvenient. 

During leaching  of Zircaloy-2-clad Tho,-UO, 
fuels with 13 M €11\10,-0.04 M HF, a smal l  amount 
of cladding is d isso lved .  About 40% of th i s  
zirconium and 25% of the  fluoride were extracted 
in t h e  differential  contactor.  This w a s  due  ,to 
the  high sa l t i ng  strength and the  a b s e n c e  of a 
scrubbing s t e p  to remove t h e s e  contaminants. 
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Fig. 1.13. Decontarninution o f  Uranium and Thorium 
by Differential  Extraction. 
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The fluoride, i n  particular, would be  detrimental 
in the  reconsti tution or refabrication of the fuel 
product. 

The  second organic phase ,  sometimes called 
the third phase  (Fig.  1,15), which is encountered 
in thorium extrilction is due to the  limited so lu-  
bility of the thorium-'1'W complex in aliphatic 
diluents.  The  u s e  of any of the  following three 
so lvents ,  80% TBFJ in NDD (which approximates 
the T B P  content of the  heavy third phase),  30% 
tri-n-pentyl phosphate (TNPP) in NDD, or 30% 
trnsopentyl phosphate  ( T I P P )  in NDD, dec reases  
the difficult ies with the  second organic phasc  
but presents other problems. When 80% 'LXP-NDD 
was  uscd, the density difference (& - [&$ was 
us s m a l l  as 0.01 g/ml under s o m e  equi ibrium 
conditions. The  dens i ty  of t he  scrub  solution 
entering a countercurrent column would be  less 
than the  dens i ty  of the  pregnant organic leaving 
the  column; consequently,  operation of the sys -  
t e m  would be  difficult. With e i ther  of the  tri- 
pentylphosphates there  is less probability of  
encountering a second organic phase  than with 
TWP, but t he  distribution coefficienf for thorium 
i s  l e s s .  The  second organic phase  is formed 
when 30% TBP or 30% TNPP i s  about  0.26 M III 

'ITh(NO,), but does  not occur with 30% TIPP until 
it is 0.31 M in 'l?h(NO,),. The  corresponding 
equilibrium aqueous phase  i n  the  30% T I P P  
equilibration was more  than 2 M in 'ITh(NO,), 
(Fig. 1.15). Therefore, t he re  i s  l i t t le possibil i ty 
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Fig.  1.15. Extraction of Unsalted T h ( N 0 3 ) 4  by 30% 
Tri-n-butyl Phosphate, 30% Tri-n-pentyl Phosphate, or 

30% Tri isopentyl Phosphate i n  n-Dodecene. 

of encountering a second organic phase  when 
'I'IPP is used  as the  so lvent  in a thorium ex- 
traction process. T h e  ef fec t iveness  of these  
TBP subs t i tu tes  in product decontamination from 
f i ss ion  products h a s  not been determined. 

Accurate dens i ty  equat ions  were derived for 
aqueous and organic (YBP and NIX?) solutions 
of thorium and nitric ac id .  T h e  density of aqueous 
thorium nitrate-nitric ac id  so lu t ions  is given by 
the equation 

or,c - 0.382 ( M  Th) + 0.0289 (M  tI ') t 1.0061 , 

and the  density of thorium-nitric ac id  so lu t ions  in 
TBP-NDD is given by: 

p2 o ~ c  - 0.373 (M  Th) t 0.0234 (M III ') 

t 0.9788 (vol % TBP) t 0.7479 (vol % NDD) , 

where 0.9788 and 0.7479 a re  the  dens i t ies  of pure 
TBP and NDD respectively.  When the  thorium 
concentration was  less than 1 li.1 and the acid 
less than 4 111, t h e s e  equat ions  gave resu l t s  that  
were with +O.OOS g/ml of the  measured dens i t ies .  
Th i s  is about  the limit of analytical  accuracy. 

Equipment Development far Close-Coupled 
Processes 

A s m a l l  pulsed column was  t e s t ed  a s  a batch 
solvent-extraction contactor to see whether i t  
was  more efficient than a stirred-tank batch dif- 
ferential  contac'tot. Supposedly, i t  might have 
the des i rab le  high throughput and multistage 
charac te r i s t ics  of a continuous pulsed column 
and thus be  superior to the  singleestage stirred- 
tank contactor. In the  t e s t s ,  a standard Thorex 
feed was  extracted with acidified 30% TBP,  which 
was  injected at a pulse frequency of 30 cpm arid 
an amplitude sufficient to provide organic flow 
rates of 52 t o  207 gal hr-' f t-2.  The  tests were 
unsuccessful,  even  a t  the lowes t  flow rate,  in 
that  the organic holdup in  the cartridge sec t ion  
approached 80% (even with supplemental pulsing). 
Also,  the dense  second organic phase formed an 
organic-continuous erriulsion in the  disengaging 
sec t ion ,  result ing in considerable aqueous en- 
trainment in the extract .  Good extraction per- 
fortnatice was realized in the cartridge,  a s  
evidenced by l i t t l e  backmixing and a s t e e p  con- 
centration gradient in the cartridge sec t ion ,  but 
th i s  w a s  largely negated by the excess ive  ot- 
ganic holdup and the formation of emulsions. 



Also, a portion of the  column changed from the  
aqueous-continuous to  the  organic-continuous 
mode during each  run. We conclude tha t  the 
problems of operating a large-scale batch-ex- 
traction sys tem,  either with a stirred-tank con- 
tactor or a pulsed-colurnn contactor,  a r e  such  
that ba tch  extraction should not b e  used  for 
the  close-coupled plant. Th i s  conclusion is re- 
inforced by the  fac t  of the  undesirable extraction 
of zirconium and fluoride in batch extraction 
t e s t s ;  and qiialitative resu l t s  of a n  engineering 
study indicate tha t  the  batch-extraction process- 
ing plant will  cos t  about t h e  same  as  the con- 
tinuous-extraction plant and  will  he  much more 
difficult  t o  operate,  even  i f  the  problem of the  
third phase  were t o  be  so lved .  

As part of the  engineering development of batch 
extraction, a vortcxing batch differential  solvent- 
extraction contactor was  invented and demon- 
strated.  Th i s  contactor subs tan t ia l ly  reduced the  
required se t t l e r  volume and  hence  the  radiation 
exposure of the organic extractant.  It is recom- 
mended for any  radioactive process  for which 
batch differential so lvent  extraction is feasible.  

Studies of Conceptual Clase-Coupled Plants 

We have  prepared a conceptua l  engineering de- 
s ign  and preliminary economic evaluation of a 
small close-coupled plant for process ing  165 kg/ 
day  of Zircaloy-clad,  vibratorily packed sol-gel 
(U-Th)O, fuel irradiated to  20,000 Mwd/ton or 
more. T h i s  particular capac i ty  and fuel type 
(that is, metal-clad oxide) were chosen t o  permit 
comparison of t he  close-coupled plant with a 
165-kg/day on-site p lan t2  for process ing  low- 
enrichment uranium fuel but des igned  to achieve  
high decontamination of the products and  to  
permit conventional d i rec t  fabrication. 

The  s tudy  vias based  on essent ia l ly  the  same 
ground rules and  c o s t  assumptions that were 
used  for t he  small-plant s tudy .  At first ,  we 
assumed that t h e  process ing  plant used  batch 
differential so lvent  extraction; but when th is  
proved impractical for the  technica l  reasons d is -  

cussed  previously, the s tudy  was  repeated in 
order to es t imate  c o s t s  for a single-extraction- 
cyc le  continuous extraction sys tem.  The  dif- 
ference in c o s t  between the  ba tch  and the  con- 
tinuous p rocesses  was  insignificant in view of 
the probable accuracy  of t h e  es t imates .  T h e  
close-coupled plant w a s  assumed t o  be  fully 
integrated into a 1000-Mw (electrical)  reactor 
s ta t ion  and included (1) underwater fuel-element 
s torage  and dismantling; (2) a remote maintenance 
shear-leach head-end treatment, with feed adjust-  
ment, ac id  recovery, high-level off-gas treatment, 
and high- and low-level was te  evaporation equip- 
ment in  the  same area ;  ( 3 )  solvent extraction with 
30% T B P  followed by sol preparation by extracting 
the  nitrate from the  blended uranium and thorium. 
nitrate product so lu t ions  with a long-chain amine; 
(4) gel formation, firing, and s iz ing;  and (5) fuel 
fabrication in a remotely operated facil i ty that is 
s i m i l a r  in design t o  TURF.  

Capital  costs for the  process ing  plant were 
estimated from preliminary conceptual equipment 
and building layouts; the  operating c o s t s  were 
derived by ad jus t ing  published da ta  oil the Nu- 
c lear  Fue l  Services plant t o  a n  integrated facil i ty 
of relatively smal l  s i z e  and adding perpetual-care 
was tc-storage charges  derived from computer cal- 
culations.  

Capital  c o s t s  for the  fabrication plant were 
estimated by computer, and operating c o s t s  for 
the  fabrication plant were estimated on roughly 
the  s a m e  b a s i s  as  for  the chemical plant. Fully 
developed technology w a s  assumed,  and a frugal 
approach w a s  u s e d  in es t imat ing  plant staffing 
and overhead. 

The  c o s t  es t imate  i s  presented in Tab le  1.4. 
T h e  resu l t s  indicate a to ta l  procesking and fabri- 
ca t ion  c o s t  of about $156 per kilogram of (U + Th). 
Th i s  is a rather attractive c o s t  in view of the  
smal l  capacity of the plant and the  present-day 
commercial fuel-processing c o s t s  for thorium 
fuels.  The  corresponding to ta l  c o s t  for the  
smal l  p l an tz6  w a s  about $120 per kilogram of 
uranium, indicating tha t  the  m o r e  complex thorium 
processing system and remote fabrication plant 
c o s t  about 30% more than s i m i l a r  operations with 
low-enriched uranium. 

. . . . . . . . . 

25Chern. Technol.  Div. Ann. Progr. R e p t .  May 31, 26W. E. IJnger et al . ,  On-Site Fuel Processing and 
R e c y c l e  Plant - Design Study, ORNL-3959 (in press).  1965, ORNL-3830, p. 66. 
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Table 1,4. Capital and Operating Costs  for  a Small Close-Coupled Processing Plani 

Capital  Cost 
Processing building and equipment 
Fabrication building and  equipment 
Startup cos t ,  processing plant" 
Startup c o s t ,  fabrication planta 

Total capi ta l  investment 

Annual Operating Cos th  

Capital  amortization a t  221/%/year 
Processing plant (direct c o s t s )  
Fabricat ion plant (direct c o s t s )  
Solid was te  
High-level waste  s torage 
Medium-level waste s torage 

$ 7,430,000 
5,300,000 
1,420,000 
1,448,000 

$15,598,000 

$ 3,510,000 

1,420,000 
2 , s  56,000 

75,000 
282,000 
153,000 

T o t a l  annual  operating c o s t  $ 7,996,000 

$156 per kilogram of (U t Th) 

- ...... _.l_l_. - 
=One year's operating cost, excluding waste-storage charges and fuel-element hardware. 
bExclusive of inventory charges and cost for (U t Th) makeup. 

1.6 HYDROLYSIS OF URANIUM, THORIUM, 
AND FISSION PRODUCT CARBIDES 

The  carbides  and ni t r ides  of uranium, thorium, 
and plutonium have definite potent ia l  as reactor 
fuels .  Pyrolytic-carbon-coated ThC ,-UC, par- 
ticles in a graphite matrix a r e  already being used 
as the fue l  for the High-Temperature Cas-Cooled 
Reactor (IITGK, P e a c h  Bottom, Pennsylvania).  
Uranium monocarbide is a leading candidate  fox 
the f u e l  in a heavy-water-moderated, organic- 
cooled reactor (WWOCR), and UC-F-'uC and UN- 
PUN are k i n g  considered as fue ls  for sodium- 

cooled fast breeder reactors.  The  chemistry of 
t h e s e  and other carbides  and nitrides is being 
s tudied to provide data  bas ic  to the development 
of piwessing methods for fuels  of this  type. 
Studies  of the chemistry of uranium and thorium 
carb ides  that  a re  direct ly  pertinent t o  the process- 
ing oE the spec i f ic  types of fuel mentioned above 
are  summarized in Sec ts .  1.1 and 1.3. In addition, 
the fundamental chemistry of uranium and thorium 
carb ides  in both aqueous and g,aseous sys tems 
i s  being investigated in a separa te  but closely 
related program. Work done under t h i s  la t ter  
program i s  summarized in  Sect. 22. 



T h i s  effort is part of an  in te rs i te  program to 
develop fluoride-volatility p rocesses  as alterna- 
t i ves  t o  aqueous methods for recovering valuable 
components present i n  spent  UO, fuel from power 
reactors.  T h e  AEC’s goal is t o  have  t h e  technology 
for low-enrichment fuel processing developed 
through “cold” engineering, “cold” semiworks, 
and “hot” pilot-plant programs so tha t  des ign  of a 
full-scale plant c a n  begin by July 1, 1969. Our 
main contribution will  b e  the  installation and opera- 
t ion  of a pilot plant in severa l  of the  sh ie lded  
cells in  Building 3019. P r o c e s s  de t a i l s  and pri- 
ori t ies,  relationship t o  work a t  other s i t e s ,  and 
poss ib le  advantages of volatility methods were 
presented in  l a s t  year’s annual report. 

Laboratory- and small-engineering-scale s tud ie s  
were made in  support of t h e  fluidized-bed volati l i ty 
process ,  particularly the  H F - 0  method for s ta in-  
less -s tee l -c lad  fuels.  Work i s  now under way on 
s tud ie s  of t h e  IlCl p rocess  for Zircaloy-clad fue ls .  

Design and installation of the  Fluidized-Bed 
Volatility Pilot P lan t  (FBVPP) is divided into 
phase  I (decladding, oxidation, and fluorination of 
t h e  U 0 , - P u 0 2 ,  and cold trapping of the  volati le 
hexafluorides) and phase  I1 (product separation 
and purification). For  phase  I ,  design of p rocess  
v e s s e l s  is nearly complete,  their  fabrication is 
under way, and cell preparation h a s  begun. Design 
of mechanical equipment, instrumentation, and 
e lec t r ica l  gear i s  proceeding. About 26% of t h e  
labor man-days estimated as  being required for 
phase  I w a s  expended. 

Process des ign  for phase  II h a s  begun. 

2.1 FLUIDIZED-BED 
DEVELOPMENT: L 

FOR STAINLESS-STEEL- AND 
ZIRCALOY-CLAD UQ, FUELS 

T h i s  study is intended t o  complement chemical 
process  development work on a fluidized-bed 

volati l i ty process  for recovering uranium and plu- 
tonium from low-enrichment UO, power reactor 
fue ls  that  a re  c l ad  in  either Zircaloy or s t a i n l e s s  
s t ee l .  Other work is being done a t  Argonne National 
Laboratory, primarily on t h e  HC1 process  for 
Zircaloy-clad fue ls ,  and a t  Brookhaven National 
Laboratory, where the  emphasis  is on operational 
problems related to t h e  H F - 0 ,  p rocess  a t  an  
engineering sca l e .  Our main t a s k  a t  Oak Ridge 
National Laboratory will b e  to provide a pilot-plant 
demonstration of t h e  fluidized-bed process  wi th  
highly irradiated fuel,  and t h e s e  s tud ie s  a re  s p e -  
cifically intended t o  support t h i s  effort. 

Bench-scale t e s t s  of t h e  fluidized-bed volati l i ty 
process ,  to h e  used  for low-enrichment UO, fue l s  
tha t  a re  c lad  in s t a i n l e s s  s t e e l  or Zircaloy-2, 
were made with a ‘/,-in.-OD mini-bed reactor that  
was  not equipped with off-gas f i l t e rs  and with a 
1-in.-OD fluidized-bed reactor equipped with blow- 
back filters. 

With the  smaller reactor, emphasis  was  on t h e  
chemical behavior of plutonium during the  declad- 
ding cyc le  and i n  subsequent  volati l ization as 
P u F  ~ with fluorine. Studies of plutonium retention 
in  t h e  bed included t h e  effect  of s t a i n l e s s  steel 
decladding products,  t h e  u s e  of H F - 0 ,  mixtures, 
pyrohydrolysis, t he  presence  of UO ,, and varia- 
t i ons  in  t h e  temperature of fluorination. We con- 
cluded that both diffusion into the  alumina sur face  
and fluoride-oxide interaction contribute t o  t h e  
difficulty of achieving complete plutonium volati l i-  
zation. 

In t h e  1-in.-OD reactor, s t u d i e s  w e r e  made of 
t h e  H F - 0 2  process  for decladding s ta in less -s tee l -  
c lad  UO, fuel. T h e  principal conclusion was  that 
t h e  fuel should not occupy more than  10% of t h e  
reactor c ross -sec t iona l  area t o  prevent formation 
of lumps of U,O,. In s tud ie s  of the  bed produced 
in  t h e  IIF-0, process ,  a fluorination program was  
developed to  g ive  maximum pulverization of the  
s t a in l e s s  s t e e l  oxide in  conversion t o  fluoride. 
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Other work with the  1-in.-OD reactor demonstrated 
t h e  feasibil i ty of achieving high uranium recovery 
when using s t a i n l e s s  steel fluorides or ZrF ,  (in 
place of alumina) a s  the  fluidized-bed material. 

‘/-in.-QD mini-bed reactor h a s  
been  discontinued. A second 1-in.-OD reactor, 
installed in a glove box for plutonium t e s t s ,  will 
b e  used ins tead .  It will t e s t  f lowsheet proposals  
with plutonium-bearing fuel after uranium t e s t s  
have been conducted in  the  other 1-in. reactor. 
Emphasis  is now being placed on s tud ie s  of t he  
use  of alumina and all-fluoride beds ,  the recovery 
of uranium with BrF,< or BrF,, and other develop- 
ment work required for t he  engineering des ign  and 
operation of the  Fluidized-Bed Volatility Pilot  
Plant (FBVPP).  

Work with the  

Description of Fluidized-Bed Volat i l i ty  Processes 

In fluidized-bed volatility processes ,  t h e  chem- 
ical s t e p s  for decladding and oxidation (pulveriza- 
tion) of the  fue l  a re  performed in a fluidized bed 
of alumina. ‘The fluidized bed se rves  as a heat- 
transfer medium to distribute the  hea t  of reaction. 

Zircaloy-clad fue l  c a n  b e  reacted with gaseous  
HCl a t  about 400°C t o  yield volati le ZrCl,, or it  
c a n  be oxidized with mixtures of CIF and oxygen 
a t  S50 t o  G O O T ,  to yield ZrO,. T h e  ZrC1, formed 
during decladding with HC1 c a n  subsequent ly  b e  
converted 1.0 ZrOz by hydrolysis with s team in  a 
separa te  fluidized bed. OK, in the  upper portion 
of the  primary fluidized bed, i t  c a n  be  reacted with 
gaseous  T-IF to form nonvolatile %rF4. T h e  UO, 
fuel is pulverized by  reacting with oxygen. 

Stainless-steel-clad fuel c a n  b e  treated with 
mixtures of I W  and oxygen a t  550 to 6 0 0 T  to 
convert the  cladding to oxides.  T h e  UO, fuel 
reacts with the  oxygen and HF, caus ing  pulveriza- 
t ion and conversion to U,O,, UO,F,, and IJF,. 

According to one proposed flowsheet, t he  oxides  
and fluorides of the  uranium and plutonium are 
converted to the  volati le hexafluorides by reaction 
with fluorine in the  same bed. T h e  UF6 arid P u F b  
are then co l lec ted  in a cold trap and, later,  sep- 
arated by disti l lat ion or thermal decomposition, or 
both. An alternative flowsheet c a l l s  for conver- 
s ion  of the  uranium to UF, by  contacting with 
BrF5, thus  separa t ing  it from the  plutonium (not 
volati l ized by BrF5). Subsequently, a stream of 
fluorine converts the nonvolatile f luorides of plu- 
tonium to PuF  ,’ 

1 -in. -OD F lu i  di zed- Bed U n i t  

A 1-in.-OD fluidized-bed reactor was  designed 
and used in many t e s t s  of uranium processes .  A 
similar unit, which will b e  used for test runs of 
simulated plutonium processes ,  i s  shown in Fig. 
2.1. It cons i s t s  of a machined 30O-cone bottom 
welded to  a 5 5,-in.-long, 1-in.-OD nickel tube. 
T h i s  tube is connected t o  a 10-in.-long, 2-in.-OI) 
disengaging sec t ion  by a tapered expansion sec- 
tion. Mounted in the  disengaging sec t ion  a re  two 
blowback f i l t e rs ,  each  cons is t ing  of a l-in.-diam 
sintered nickel disk.  T h e  mean pore size is 20 p. 

On an alternating cyc le ,  each  fi l ter  is blown back 
every 7 sec with a pulse  of 10-psig nitrogen. T h e  
1-in. fluidized-bed section? is hea ted  to t h e  reac- 
tion temperature in  a furnace, and the  disengaging 
sec t ion  and f i l t e rs  are heated to about 170:C 
by  a coil of Nichrome wire. About 40 g of bed 
medium, 13 g of UO,, and 4 g of cladding are  used  
in  a standard experiment. A typical s t a in l e s s -  
steel-clad fuel unit, shown in Fig. 2.2, cons i s t s  of 
a 6.5-g p la t e  of UO, wrapped in a 2 - g  shee t  of 5- 
mil-thick type 302 s t a i n l e s s  s tee l .  

frocessing of Stainless-Steel-Glad UQ, 
in Fluidized Beds 

Lumps of U,Q, May Form uring Decladdirig with 
F-0, Mixtures. - T h e  decladding treatment for 

stainless-steel- .clatl  170, cons i s t s  of a 30-min 
treatment with 20% IIF in oxygea followed by 1 
hr with 40% H F  in oxygen, both at 600°C. Studies  
in the  l--in.-C)D unit showed that,  i f  the  fuel is 
prevented from expanding during the  decl.adding, 
unpulverizabhe lumps of U,O, are formed. Some 
UO,F,  and [JF4 are, of course,  formed. If a large 
amount of lumps is present,  bed fusion and loss of 
fluidization can occur during fluorination. ’The 
fraction of the fuel in lumps greater than 20 mesh 
ranges from none when the fuel init ially occupies  
about 7% of the  cross-sectional a rea  to 100% when 
the  fuel occupies  about 22% of t h i s  area. Since 
small  amounts of uranium oxide lumps do  not 
interfere with fluorination, in m o s t  of t he  experi- 
ments t he  fxe l  occupied about 10% of the  reactor 
c ross -sec t iona l  area,  When 10% o€ t he  cross- 
sec t iona l  area is occupied by fuel,  t he  alumina- 
to-fuel weight ratio is about. 2:P. 

Fluorination Procedure M u s t  Prevent Sintering 
and Promote Pulverization of ‘‘%oin!ess Steel 
Oxide.” - During t h e  HE-0, treatment t o  remove 
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PHOTO 83047 

Fig. 1-in.-OD Flui d r, Including 

PHOTO 83048 

Fig. 2.2. Stainless Steel Fuel Specimen with U02 Plate ond Sheet  o f  Type 302 Stainless Steel. 
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s t a i n l e s s  steel cladding, t he  cladding is converted 
to oxides but is not pulverized. T h e s e  p i eces  of 
oxide must b e  pulverized during fluorination. An 
additional restriction on the  fluorination procedure 
is that i t  must not c a u s e  sintering of t he  bed. 
Tests in the  1-in.-OD bed showed tha t  sintering 
invariably occurs  when the  in i t ia l  fluorination is 
carried out at 6OOOC or greater, or when a high 
in i t ia l  concentration of fluorine is used  at a low 
temperature - 450 to  5OOOC. Consequently, a low 
concentration of fluorine a t  a relatively low tem-  
perature must b e  used initially. A procedure that 
resu l t s  in exce l len t  uranium removal with no 
sintering and good pulverization of the  s t a i n l e s s  
steel oxide cons i s t s  of contac t  for 15 min each  
with 10, 20, 40, and 80 vol % fluorine, a l l  at 450 
to 5OOOC. T h e  temperature is then ra i sed  t o  55OoC, 
and fluorination with 80 vol % fluorine is continued 
for 3 hr. With t h i s  method, about 99.9% of the  
uranium is removed from the  alumina bed; a very 
small  residue (0.03% of bed weight) remains. 

Behavior o f  Chromium During Fluorination. - 
T h e  chromium contained in t h e  s t a i n l e s s  s t e e l  
cladding remains in  the  bed during treatment with 
the  HF-0 ,  mixture, but i t  is volati l ized in an 
undetermined form during fluorination. Unfortu- 
nately, at l e a s t  part of t h e  chromium compound 
formed h a s  only moderate volati l i ty at 100°C, the  
temperature of the  off-gas l ines ,  and most of it is 
init ially deposited in the  f i r s t  sec t ion  of the  off- 
g a s  system. Later ,  chromium-poor g a s  will trans- 
fer i t  to the  cold t raps ,  where the  chromium may 
hold up plutonium (see Sect. 2.8). 

Large Amounts o f  Fluoride in  the Alumina Bed 
Cause L i t t l e  Diff iculty.  - Although init ially t h e  
fluidized bed is pure alumina, i t s  use  with s ta in-  
less -s tee l -c lad  fuel resu l t s  i n  the  accumulation of 
solid fluorides, principally iron and nickel,  s i n c e  
most of the  chromium is volati l ized during fluorina- 
tion. Because  reuse  of the bed for many decladding 
cyc le s  is an  economic necess i ty ,  the  effect of 
large amounts of s t a i n l e s s  steel fluorides on the  
properties of the  bed must be  known. A s e r i e s  of 
s tud ie s  was  made in which f ive  decladding and 
fluorination cyc le s  led  to  a final iron-plus-nickel 
fluoride loncent ra t ion  in  the  alumina bed of nearly 
50%. In another experiment, a complete decladding 
and fluorination cyc le  was  performed in a bed  
containing only s t a in l e s s  steel fluoride. In t h e s e  
two s tudies ,  no ser ious  difficulty was  encountered. 
T h e  decladding rate was  more rapid than usual,  
probably because  so l id  fluorides promoted t h e  

oxidation of s t a i n l e s s  steel. Uranium removal was  
about 99.9% complete; and after 4 hr of fluorina- 
tion, 0.056% of the  original uranium remained on 
the  pure s t a i n l e s s  steel fluoride bed. T h e s e  
r e su l t s  indicate that,  although a modified declad- 
ding program may b e  necessary  in the  presence of 
solid fluorides, a fluidized bed should b e  reusable 
many times. Further, there  is a possibil i ty of 
operating the  reactor with only s t a in l e s s  s t e e l  
f luorides as the  fluidized medium. 

Retention of Plutonium by the F lu id ized Bed 
Presents a Problem. - Studies of the  proposed 
fluidized-bed process  for s ta in less -s tee l -c lad  UO , 
power-reactor fuel containing plutonium were con- 
tinued with the  f;-in.-OD mini-bed reactor unit. 
T h e  resu l t s  indicated that plutonium retention 
is influenced appreciably by diffusion e f fec ts  and 
by fluoride-oxide interactions within the  alumina 
bed. 

T h e  e f fec ts  of diffusion of PuO, into alumina 
were studied i n  a series of t e s t s  in which about 
0.1-g quantit ies of the  material were fluidized 
with helium a t  65OOC for 0.1, 2.5, 5.0, and 10.0 
hr. After subsequent  1-hr fluorinations a t  450°C, 
the  plutonium retentions reached a limiting value 
of about 2% in  about 2.5 hr. T h e  respec t ive  val- 
u e s  were 0.8, 2.4, 1.7,  and 2.1%. 

T h e  effect of fluoride-oxide interactions on 
plutonium retention due, in part, t o  t he  presence 
of uranium compounds was  studied on a relative 
b a s i s  by varying conditions in the  decladding 
cyc le  while standardizing subsequent  fluorinations 
at 45OOC for 1-hr periods. T h e  tests were made 
with 0.1 g of PuO,, 0.4 g of UO,, and 0 .3  g of 
s t a in l e s s  steel (type 304) in 5 g of fused alumina 
(Norton RR 120 mesh). In one test, we showed 
that plutonium retention was  not appreciably af- 
fected by the  s t a in l e s s  steel decladding products 
that form during the  oxidation cycle.  When stain- 
less steel was  omitted, t he  final plutonium reten- 
tion w a s  21.9%, compared with a corresponding re- 
tention of 21.0% when s t a i n l e s s  s t e e l  w a s  present.  
In another t e s t ,  with s t a i n l e s s  s t e e l  present,  t h e  
HF-0 ,  ratio was  changed f rom 40:60 vol % t o  
20:80 vol %. This ,  l ikewise,  had no significant 
effect  on retention. T h e  final va lue  was  17.6%. 
T h e  complete absence  of H F  in t h e  decladding 
cyc le ,  however, had a marked influence on reten- 
tion. When 100% 0, was  substi tuted for a 40:60 
vol % mixture of HF-0 , ,  a subsequent  1-hr fluorina- 
tion at 45OOC reduced the  retention to 5.1%. A 
comparable dec rease  w a s  achieved by pretreatment 
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of the  alumina with fluorine a t  450OC for 1 hr 
prior to  decladding with a 40:60 vol % mixture of 
H F - 0 2 .  T h e  plutonium retention here was  7.5%. 
More extens ive  pretreatment of the  alumina with 
fluorine did not contribute t o  any further decrease .  

Tes t ing  of other prospective bed materials a s  
subs t i tu tes  for alumina h a s  included, t o  da te ,  
crystall ine A l F ,  and sol-gel thoria. T h e  u s e  of 
AlF ,  resulted in plutonium retention very similar 
to tha t  obtained when alumina preconditioned with 
fluorine was used. After t he  decladding cyc le  
and a 1-hr fluorination a t  45OoC, it amounted to 
8.7%. In two previous t e s t s  where preconditioned 
alumina was used, corresponding retentions were 
7.5 and 9.6%. N o  improvement was  achieved in t h e  
use  of sol-gel thoria as bed material. A s i m i l a r  
test resulted in plutonium retention of 7.5%. 

Some decrease  in retention was  achieved by 
pyrohydrolyzing alumina that contained plutonium 
remaining after a 1-hr fluorination. T h e  residual 
plutonium in a bed was  reduced from 6.7 to 2.5% 
by hydrolysis with 73% steam in helium a t  5OOOC 
for 2 hr followed by a second 1-hr fluorination. 
By comparison, a similar t e s t  in which the  pyrohy- 
dro lys i s  s t e p  was  omitted demonstrated a retention 
of 5.9% after 2 hr of fluorination. 

Use of a Fluidized Bed of ZrF, 

t he  final c leanup of plutonium c a n  b e  done with 
the  bed se t t led ,  requiring a much smaller flow of 
fluorine. 

Zircaloy c a n  possibly b e  volati l ized a s  ZrCl, 
and converted to ZrF,  in a fluidized bed of ZrF ,  
by the  following scheme. A two-zone fluidized 
bed would b e  used, with HC1 reacting with the 
Zircaloy in the  lower zone t o  form volati le ZrC1,. 
In the  upper zone, t h i s  ZrC1, would react with H F  
t o  form nonvolatile ZrF,. Such a scheme eliminates 
the  hydrolysis reactor for d i sposa l  of ZrCl,, does  
not require transfer of ZrC1, through f i l t e rs  and 
l ines ,  and eliminates the  u s e  of the  relatively 
expensive alumina a s  t he  bed. Only a s ing le  
main was te  s t ream ex i s t s ,  and its volume is mini- 
mal, depending only on the  weight of Zircaloy 
processed. 

T h i s  particular method of treating Zircaloy-clad 
UO, is a poss ib le  alternative t o  processing i n  
alumina followed by hydrolysis of t h e  ZrC1,. A s  
such, i t  will b e  explored in small-scale process  
t e s t s  t o  examine whether t he  particle-size range 
is su i tab le  for fluidized-bed operation, and to  
study t h e  retention of plutonium in ZrF,  formed 
in s i tu .  If successfu l ,  t he  decladding of s t a in l e s s -  
steel-clad fuel will b e  studied with beds  cons is t -  
ing of ZrF ,  and mixtures of ZrF ,  and s t a i n l e s s  
steel fluorides. 

The  successfu l  decladding and fluorination in 
the  s t a in l e s s  steel fluoride bed led t o  investiga- 
tion of the  use  of a ZrF ,  bed (commercial ZrF,, 
less than 20 mesh). It was  fluidized for 1 hr with 
a g a s  velocity of $2 fps  t o  elutriate t he  fine par- 
t i c les .  Thirty-five percent of the  result ing mate- 
rial was  s t i l l  finer than 325 mesh. Pretreatment 
of th i s  material with H F  or fluorine t o  convert 
oxides t o  fluorides was  necessary  to prevent ex- 
c e s s i v e  powdering of t he  bed during processing 
of fuel. P l a t e s  of UO, were successfu l ly  oxidized 
t o  U,O, and fluorinated in th i s  bed with no sin- 
tering. About 99.97% of t h e  uranium was  removed 
during a standard 4-hr fluorination, with a residual 
uranium concentration of 0.0074%, based  on the  
init ial  bed weight. T h i s  is about one-fourth t h e  
amount found after similar treatment in an alumina 
bed. Only a very s l igh t  powdering of the  bed was  
found during oxidation and fluorination. Another 

2-2 FBVPD: SMALL-SCALE ENGINEERING 
STUD1 ES 

A small-scale engineering t e s t  facil i ty,  located 
in  a cell in Building 3503, conta ins  two fluidized- 
bed reactors,  one made of 2-in. sched  40  nickel 
pipe and the  other of 4-in. s ched  40  nickel pipe, 
and the  necessary  process  equipment for declad- 
ding with HC1 and HF-O,, followed by oxidation 
and fluorination. Instrumentation and control of 
th i s  facil i ty dupl ica tes  tha t  t o  b e  used in the  pilot 
plant as c lose ly  as poss ib le ,  and all operations 
except fuel-element charging and process  s t e p s  
involving plutonium or irradiated fuel will  b e  t h e  
same a s  in the  pilot plant. T h e  p u r p w e  of the  
facil i ty is t o  t e s t  instrumentation and control 
equipment and t o  develop operating procedures. 

advantage of the  ZrF ,  bed is tha t  it resists sin- 

bed at 450 and 550°Ccaused no sintering, Pe rhaps  

' A rgonn e National  La  bora tory Ch ernic a1 En gin eering 
tering. 'leanup Of a ZrF4 Divis ion Summary Report, Apri l ,  May, June, 1961, ANL- 

6379, pp. 134-45. 
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Construct ion, in  st all a t  ion, and calibration of 
the  reactors  and their auxi l iar ies  were completed. 
Tes t ing  of the  HF-0 ,  f lowsheet for s t a i n l e s s  steel 
fuel  was  begun. T h e  ini t ia l  resu l t s  were unsuc- 
cessful ,  mostly because  of caking of the  bed mate- 
rial. T h i s  effect was more noticeable during declad- 
ding than during fluorination. 

Results of Decladding and Fluorinating 
Stainless-Steel-Clod UO, 

A series of t e s t s  w a s  run on 1-ft-long segments  
of Consolidated Edison type fuel  bundles s u c h  as 
those  shown in Fig.  2.3. T h e  fuel  tubes  were 0.3 
in. OD x 0.010 in. wall th ickness  and spaced  0.45 
in. center-to-center i n  a square array. The t u b e s  
and the  outer cage  s t ructure  were of type 304 
s t a i n l e s s  steel, and t h e  t u b e s  were f i l led with 
UO, pel le ts .  T h i s  type of element is very difficult 
to process  i n  a fluidized bed because  of the nar- 
row internal channels .  We found that  when t h e  
cross-sect ional  a rea  of t h e  rectangle  surrounding 
t h e  fuel  tubes  in  an  element segment exceeded 
20% of the  reactor c r  sec t ion  (i.e., more than 
four t u b e s  in  the 2-in.-ID reactor) t h e  change in  
volume resul t ing from oxidation of the  steel and 

the  UO, pe l le t s  was  sufficient to plug the  reactor 
and s top  the g a s  flow. Several  t e s t s  were unsuc- 
cess fu l  because  of caking of the  alumina (the bed 
material), particularly when more than 30% of the  
s o l i d s  would p a s s  through a 140-mesh screen.  In 
one completely successfu l  tes t ,  decladding and 
fluorination were finished in  3 and 3.6 hr respec-  
tively. T h e  uranium recovery was 99.6%, and t h e  
uranium material  balance was  104%. In both suc-  
cess fu l  and unsuccessful  t e s t s ,  the pressure,  
temperature, and flow-indicating and -controlling 
equipment performed well, although the necess i ty  
of keeping the HF s y s t e  
t ion resul ted in  more fr 
differential-pressure cells. 

Incomplete decladding of the fue l  was  the com- 
monly observed resul t  in  the  unsuccessful  t e s t s .  
In some runs th i s  was obviously because  hard 
c a k e s  of alumina prevented contact  between t h e  
metal and the HF-0 ,  g a s  stream, but i n  other runs 
such  c a k e s  were not found when t h e  reactor was  
opened. We thought the  incomplete reaction might 
have resul ted because  of the  low temperature a t  
the  sur face  of the  element (caused b y  irregularities 
in  fluidization of the  alumina bed). To test th i s  
hypothesis,  a fuel  element equipped with s i x  
thermocouples w a s  heated in  t h e  2-in.-ID reactor 
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during f ive  tests. In four of the  t e s t s ,  t h e  particle 
size and type  of alumina were varied,  and in t h e  
other test no alumina w a s  used. In all f ive  t e s t s ,  
t h e  fluidizing g a s  flow was  cons tan t  at 1.0 fps ,  
and the  power input t o  t h e  wall  hea te r  was  con- 
s tan t .  Resu l t s  showed that t he  element tempera- 
ture increased  at almost t h e  same ra te  in each  
tes t .  Thus ,  we conclude  (1) that low element 
temperature was  not t h e  explanation for incomplete 
decladding; and (2) tha t ,  under t h e  conditions 
described, t h e  fluidized bed was  not an e f fec t ive  
heat-transfer medium. 

2.3 DESIGN OF THE FLUIDIZED-SED 
VOLATILITY PILOT PLANT FOR ZIRCALOY- 

AND STAINLESS-STEEL-CLAD UO, 
POWER-REACTOR FUELS 

T h e  Fluidized-Bed Volati l i ty P i lo t  P l a n t  (FBVPP)  
is be ing  designed for installation in  Building 3019. 
T h e  processing of Zircaloy- and s t a in l e s s - s t ee l -  
c l ad  UO, power reactor fue ls  will b e  s tud ied  i n  
t h e  facil i ty at irradiation l eve l s  up to about 30,000 
Mwd/ton with 140-day cooling. 

T h e  primary goal of s u c h  s tud ie s  will b e  to  ob- 
ta in  d a t a  needed in  t h e  des ign  of a full-scale com- 
mercial plant. Some of t h e  spec i f i c  benef i t s  to b e  
derived include t h e  following: a determination of 
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t h e  behavior of ac tua l  f i s s ion  products i n  t h e  
process ,  particularly during t h e  purification of 
plutonium; acquisit ion of experience in operating 
and maintaining a fluidized-bed process ing  plant 
under conditions of in tense  radioactivity; and dem- 
onstration of the  sa fe ty  of the  fluidized-bed 
fluoride-volatility method. 

T h e  p rocess  flowsheet as of May 18, 1966, is 
shown in  F ig .  2.4. Shortly after t ha t  da t e ,  a de- 
c i s ion  was  made to add equipment for studying 
t h e  interhalogen flowsheet (see "Process  De- 
scription"). Provis ions  for supplying BrF,  or  
BrF ,  to the  primary reactor will b e  required, as 
will a method for reconverting and recycling t h e  
spent  interhalogen. T h e  d is t i l l a t ion  system will 
b e  designed t o  handle  either a UF,-fission- 
product-interhalogen mixture or, as originally 
planned, a UF6-fission-product mixture, with or 
without PuF , ,  depending on which of t h e  two 
thermal decomposers is used. Meanwhile, labora- 
tory s tud ie s  will  b e  concentrated on developing a 
method - hopefully, sorption-desorption - for re- 
covering plutonium immediately after i t  l eaves  t h e  
primary reactor (see Sect. 2.6). 

Design of t h e  major equipment i t ems  required in  
t h e  decladding, pulverization, and fluorination 
s t e p s  (phase 1) w a s  completed, except  for t h e  
equipment related t o  t h e  interhalogen method. 
Fabrication of equipment and cell preparation were 
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begun. Design s tud ie s  w e r e  made of problems 
related t o  accountability, handling of plutonium, 
containment, shielding, and fuel. procurement. 

In phase  2 (separation and purification of product 
streams, and sampling and leaching of was te  
so l ids ) ,  des ign  s tud ie s  are under way. A digital  
computer program was  written to  simulate d is t i l l a -  
tion of a U F  ,-PuF,-fission-product mixture, with 
NbF, as  a hee l ,  while operating a thermal decom- 
poser loop for P u F ,  off the  fractionating tower. 

Ways of sampling and leaching waste  so l id s  in 
the  F B V P P  are being studied, and some experi- 
mental development work is be ing  planned. Studies 
a re  under way at Bat te l le  Memorial Insti tute to aid 
in choosing a constructional material for the  
leacher ( s e e  Sect. 2.4). 

P toces s Desc  ri pti  on 

In the  WCl process  €or Zircaloy-clad UO (highest 
priority for F B V P P  studies),  the cladding is re- 
moved by reacting i t  with HCI to form volati le 
ZrC1,. T h e  ZrCl, f lows t o  a sepa ra t e  ves se l  and 
is converted to ZrO, by reaction with s t e a m  in a 
fluidized bed of alumina or sand ,  After decladding 
and following pulverization of the  UO, pe l le t s  by 
reaction with dilute oxygen t o  form U,O,, the 
uranium and plutoriiurn compounds are converted t o  
their respective hexafluorides by reaction with 
fluorine. T h e  volati le fluorides from the  fluorina- 
tion s t e p s  a re  collected in cold traps arid then 
revolatilized either through a thermal decomposer, 
where the  plutonium is separa ted  from the  other 
s a l t s  by se l ec t ive  thermal. decomposition, or t o  
the  s torage  cold t raps  for storage.  The  material 
.in t h e  storage cold t raps  is melted and drained to  
the  batch d is t i l l a t ion  sys tem,  where the f i ss ion  
products are se lec t ive ly  removed. Niobium penta- 
fluoride is added to t h e  reboiler to  se rve  a s  a 
heel during disti l lat ion.  T h e  low-boiling f i ss ion  
products are vented from t h e  s t i l l  overhead through 
sorbent traps to the  off-gas d isposa l  scrubber. 
The  high-boiling f i ss ion  products a re  co l lec ted  in 
the  reboiler, from which they are finally vaporized 
to f i ss ion  product traps.  If t h e  plutonium is not 
removed prior to desublimation i n  the  s torage  co ld  
traps,  i t  is separated from the  uranium during the  
disti l lat ion process  by recycling a s i d e  stream 
from t h e  s t i l l  through a thermal decomposer and 
back to the s t i l l .  After sufficient decontamination 
from plutonium is achieved, the  U F ,  is vaporized 

from t h e  still through a c leanup f i s s ion  product 
trap t o  a UF,  container for removal from t h e  system. 

The processing of s ta in less -s tee l - -c lad  fue ls  will 
b e  done in a maimer similar t o  that described above 
for the Zircaloy-clad fue ls  except  that the cladding 
will be  removed by oxidation with HF-02. The  
“s te in less  s t e e l  oxide” product of t h e  decladding 
will remain in t h e  fluidized bed a s  relatively large 
particles that  powder during t h e  subsequent  fluori- 
nation s tep .  

Provisions will also b e  made t o  study the  u s e  
of gaseous  BrF ,  or BrF, instead of fluorine t o  
se lec t ive ly  volati l ize the uranium. The plutonium, 
then, is converted to PuF, by fluorine and col- 
l ec ted  separately.  T h e  method for purifying th i s  
PuF,, however, h a s  not been  se lec ted .  

The  facil i ty i s  s i z e d  to process a charge of 
about 40 kg of UO, atid 1250 g of plutonium. T h e  
primary reactor will be 8 in. in inner diameter, 
about 1 2  ft high, and will  accommodate a fuel 
element 60 in. high with a 5.4-in. square  c ros s  
section. 

Stotus of Design, Fabrication, 
and lnstollotion 

Engineering flowsheets for phase  1 (cell 3 equip- 
ment) were complei ed ,  but wil l  require modification 
t o  show interhalogen equipment. The flowsheets 
show process  equipment, flow paths,  and instru- 
mentation, and they identify all process and in- 
strument piping. 

Conceptual  des ign  s tud ie s  of equipment for the 
uranium--plutonium separation and the  product puri- 
f ication s t e p s  a.re proceeding. T h i s  equipment is 
a major  part of phase  2 and will be installed in 
ce l l  2. The  most significant design study related 
to uranium-plutonium separation and product puri- 
fication was the  writing of a digital  computer 
progtam to perform the  ca lcu la t ions  necessary  in  
the  ana lys i s  of a dynamic-batch distillation- 
thermal-decomposition system. Ilecomposition of 
PuF’, to PuF’, w a s  assumed t o  occur i n  a decom- 
poser located i n  a loop of€ t h e  fractionat.ing tower, 
with no decomposition in the  tower. For one set 
of conditions where NbF, w a s  added as a reboiler 
heel (about 2.5 mole 74 of the  original charge), 
resu l t s  of ca lcu la t ions  showed tha t  the  reboiler 

‘Written by D. I .  Dunthorn, Engineering Dz-velopment 
Department, ORGDP. 
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could b e  operated a t  l e s s  than 100°C. T h i s  low 
a n  operating temperature should result  i n  very 
slow thermal decomposition of PuF, to  PuF, i n  
t he  reboiler and in t h e  fractionating tower. 

Certified construction drawings have been i ssued  
for a l l  t h e  process  v e s s e l s  t o  be h c a t e d  in  ce l l  3 ,  
except t hose  required for interhalogens.  T h e s e  
v e s s e l s  a re  phase  1 equipment and will be  operated 
first. Design of t h e  cooler for t h e  off-gas from the  
primary reactor and design of t he  transit ion zone 
between t h e  cooler and t h e  primary filter are being 
modified s l igh t ly  to minimize the  possibil i ty of 
f ines  retention. 

T h e  shielding drawings for t h e  phase  1 equip- 
ment i n  ce l l  3 were completed. Shielding s t e e l  
was  ordered and received precut and ready for 
installation. 

Preparation of piping drawings for cell 3 is 
about 85% complete. 

Fabrication of p rocess  equipment was begun in 
ORNL and ORGDP shops .  T h e  surge tank and 
scrub tower for disposing of H F ,  HCI, and fluorine 
a re  finished. T h e  pyrohydrolyzer, cold t raps ,  and 
primary reactor and pyrohydrolyzer backup f i l t e rs  
a re  about 75% complete. T h e  primary reactor i s  
about one-fourth finished. T h e  peripheral compres- 
sor  required for recirculation of fluorine was  com- 
pleted. T h i s  unit was  designed by the  Mechanical 
Development Department, and a prototype was  
tes ted  in  t h e  Engineering Development Department 
(EDD). (Both departments are in  the  Technica l  
Division, ORGDP.) It u s e s  a motor-generator s e t  
to develop 165-cycle alternating current iequired to 
drive an ac motor and, i n  turn, t he  compressor a t  
9900 rpm. 

Procurement of a l l  phase  1 process  equipment is 
either finished or progressing. T h e  furnace for t he  
primary reactor i s  being made by Marshall Products 
Company and will b e  insulated with lightweight, 
high-temperature insulation as opposed t o  con- 
ventional firebrick and diatomaceous-earth-as- 
hes tos  in  se r i e s .  T h e  low-temperatuie iefrigera- 
tion unit required for t he  cold t raps  will b e  supplied 
by Harris Manufacturing Company. It will b e  capa-  
b le  of removing 12,000 Btu/hr from circulating 
brine a t  -75OC, and will u s e  e thane  as the  refriger- 
a n t  i n  t he  low s t a g e  of the  c a s c a d e  of two 7.5-hp 
compressors.  T e s t s  were completed in the  EDD 
on filter t ubes  fabricated from sintered nickel 
f ibers and reinforced with nickel mesh, as supplied 
by the  Huyck Metals Company. More conventional 
filter tubes  made from sintered nickel powder 

without the  mesh reinforcement failed at the  welds. 
T h e  sintered-fiber tubes  t o  b e  used in the  primary 
and backup f i l t e rs  for both the  primary reactor and 
the  pyrohydrolyzer have  been ordered from Huyck. 

A sliding-disk,  full-opening va lve  normally used  
for high-vacuum serv ice  was  modified and pur- 
chased  from M i l l  L a n e  Engineering Company for 
u s e  as  the  prototype for t h e  valve i n  t he  charging 
chute  to t h e  reactor. On the b a s i s  of sa t i s fac tory  
leak- tes t  resu l t s  in t h e  EDD, th i s  bas i c  design 
will b e  used  in the  FBVPP. 

Numerous i tems of mechanical equipment a re  
required for loading fuel elements into the  carrier- 
charger, and, after transporting i t  from the  s torage  
cana l  t o  Building 3019, t o  charge  the  fuel element 
into t h e  primary reactor; other equipment is re- 
quired t o  remotely remove was te  so l id s  from the  
primary reactor and pyrohydrolyzer, move t h e s e  
was te s  from the  ce l l ,  from there to ce l l  1 for 
sampling and perhaps leaching, and finally to  t h e  
burial ground. An exis t ing  carrier (the Pu-A1 
carrier) will b e  modified for u s e  a s  a charger- 
carrier. Modifications of the  upper end, including 
addition of a reel ,  have  been designed but not 
drawn in final form. Design of modifications to 
the  shut te r  h a s  been completed,  F u e l  elements 
will b e  lowered from t h e  carrier-charger on a zir- 
conium wire into the  primary reactor. A swaging 
d i e  was  developed to  attach a n  aluminum ferrule to 
the  wire to support t h e  fuel elements;  a punch-and- 
die-type forming tool was  also designed for sp l i c -  
ing  t h e  wire during the  underwater loading opera- 
tion. As t h e  fuel element is lowered out of the  
carrier-charger, i t  p a s s e s  through a sh ie lded  en- 
c losure  equipped with gloves and a viewing port. 
T h i s  enclosure is located on top  of the  charging 
chute.  Des igns  a re  complete for t h e  enclosure,  
i t s  shielding, windows, port covers ,  spli t-flange 
charging valve,  fuel element guide, and remote 
mirror, but f inal  drawings have not yet been is- 
sued .  T h e  assembly view of t h e  entire charging 
system remains t o  b e  drawn. 

Equipment is being designed t o  transfer the 
porous metal f i l ters from ins ide  t h e  reactor e n -  
c losure  to  carriers for d isposa l .  Conceptual 
des igns  a re  nearly finished for the  change-out 
method and carriers,  but de ta i led  des ign  is only 
beginning. Improvements in  t h e  formei may b e  
necessary  before the  latter c a n  proceed. 

Conceptual des ign  of a system for storing empty 
was te  c a n s ,  positioning them under the  primary 
reactor and the  pyrohydrolyzer, disconnecting them, 
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and removing them from t h e  cell is practically 
complete. Detailing of t h e  handling machine is 
about 40% complete, with some subassembl ies  
designed. 

Design of p rocess  instrument ation is proceeding. 
Instrumentation was  spec i f ied  on engineering flow- 
s h e e t s  as  noted above. Six sec t ions  of t h e  graphic 
panelboard as required for c e l l  3 equipment were 
designed. A preliminary drawing w a s  s ta r ted  for 
t he  main transmitter tack. The necess i ty  for eti- 

c los ing  the  transmitter rack to cont-ain poss ib le  
r e l eases  of a lpha  emitters will complicate main- 
tenance  and routine adjustments.  Heating t h e  
enc losure  may also b e  required to prevent con- 
densa t ion  of BrF ins ide  the transmitters.  

Process and ana ly t ica l  instruments cos t ing  about- 
$45,000 were received or a re  on order. T h i s  in- 
c ludes  a l l  ana ly t ica l  instruments {except a n  of f -  
g a s  fluorine analyzer), as  follows: (1) a gas -  
dens i ty  detector t o  show the  trend in  t h e  quantity 
of metal f luorides produced during fluor ination, 
(2) an  off-gas oxygen analyzer,  (3) an  off-gas 
hydrogen analyzer,  (4) an analyzer to measure 
f lmr ine  concentration downstream from the  cold 
t raps ,  and (5) a portable detector to monitor air- 
borne fluorides. 

Work is proceeding on t h e  assumption tha t  a 
Dextir data-handling sys tem will b e  ins ta l led  for 
u s e  with the  Oak Ridge Research Reactor and 
surrounding fac i l i t i es ,  including Ruilding 3019. 
With t h i s  sys tem,  se l ec t ed  instrument readings 
will b e  logged on magnetic tape .  T h e  t apes  will  
be processed  la te r  on the  I3M 360 dig i ta l  computer 
in accordance with programs t o  b e  developed. 

Electrical  des ign  for phase  1 included: t he  
heiiting method for i.he upper part of t h e  primary 
reactor, t h e  pyrohydrolyzer, and t h e  fi l ter  enclo- 
sures ;  wireways between cell 3 and t h e  control. 
area;  and t h e  lighting of cell 3 ,  Design of the  
e lec t r ica l  power distribution sys tem was  s ta r ted ,  
and methods of heat.ing process  l i nes  a re  be ing  
studied. 

Modifications t o  improve the  containment fea tures  
of t h e  Building 3019 penthouse (a secondary con-- 
tainment area) were completed. T b e  penthouse c a n  
now b e  held a t  0.3 in. vacuum (water gage) re la t ive  
to atmospheric pressure.  Additional capac i ty  will 
be provided in  t h e  cell ventilation sys tem by in- 
2;talIing ti new fil ter  bank and rerouting duc ts .  

In preparation for ins ta l la t ion  of FBVPP equip- 
ment, all highly contaminated equipment from 
ear l ie r  programs was  rernoved from c e l l s  1, 2 ,  and 

3 of Building 3019. T h e  walls,  ce i l ing ,  and floor 
of ce l l  3 were decontaminated. T h e  concre te  
retained some embedded contamination, however, 
tha t  must b e  considered each  time drilling of 
concrete s ta r t s .  The ce l l  w a s  painted, and t h e  
need for masks  h a s  been infrequent, even  when 
drilling. The cost-plus-fixed-fee contractor s ta r ted  
work in  cell 3 during April. T h e  first  t a sk  w a s  
t h e  dril l ing of ho le s  from the  sample  gallery into 
cell 3 and from cell 3 to cell 2. Work began on  
foundations for shielding a t  t he  lowest level.  

Project Planning, Scheduling, and Reporting. - 
T h e  project is being planned and scheduled  us ing  
t h e  criticalLpath method. Within the  l a s t  year a 
cos t  reporting sys tem h a s  been placed into opera- 
t ion that a l lows  expenditures of labor and material 
to b e  related to ac t iv i t ies  on i.he network diagram. 
T h e  integrated sys tem allows much flexibility i n  
grouping and reporting ac tua l  costs. Based  on the  
labor es t imates  now recorded on f.he network dia- 
gram, phase  1 i s  26% complete. 

Miscellaneo~s Design Studies 

Accountability. - Early in t h e  preliminary des ign  
of the  F’BVPP, p lans  were made to  study account- 
abil i ty methods for t h e  pilot plant and make what- 
ever application poss ib le  to a full-scale plant 
si tuation. 

T h e  resu l t s  of t he  study indicate tha t  t he  most 
feas ib le  method of handling accountabili ty in  the  
pilot plant i s  by ana lys i s  of product and was te  
streams. An accuracy of 22% for plutonium a t  the  
95% confidence leve l  was estimated. 

Measurement of t h e  quantit ies of uranium and 
plutonium entering t h e  process  would b e  much 
more difficult and less accurate.  Two poss ib le  
methods were proposed for t hese  measurement:s. 
With t h e  first  method, t h e  uranium content of t h e  
fuel would b e  determined by either weighing t h e  
fuel element and subtracting the  ca lcu la ted  weight 
o f  cladding and hardware, or by using t h e  value 
for uranium corilerrt as  supplied by t h e  fuel elernenl: 
manufacturer. Next, t h e  235U/U and Pu/U ra t ios  
would b e  determined by sampling t h e  bed in t h e  
primary reactor. Such  sampling would b e  poss ib le  
only between the  oxidation and fluorination s t e p s  
of a two-step process ;  i t  would not be  poss ib le  
with the  two-zone process  employing simultaneous 
oxidation and fluorination. ANL personnel,  fortu- 
nately,  have recently recom~nended t h e  two-step 
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process.  Assuming tha t  t he  peak-to-average ratio 
of t he  235U/U and t h e  Pu /U  ratios in the  fuel 
i s  greater than 2, sampling errors in determining 
the  average va lue  of t h e s e  ratios in t h e  fuel were 
guessed  to b e  within 10% precision and 5% b i a s  
a t  t he  95% confidence level. Assuming further (1) 
that  three samples  are taken for ana lys i s ,  (2) that  
t h e  235U/U and FJu/U ra t ios  may b e  determined 
within 1% by mass  spectrometer and coulometric 
titration, respectively,  and (3) that t he  to ta l  urani- 
um is known within 1.5%, ca lcu la t ions  showed 
that the  235U and plutonium content of t he  fuel 
element might b e  determined within 7.5% a t  t he  
95% confidence level.  

T h e  second method proposed for measuring 
inputs of uranium and plutonium would rely on 
gamma scanning  the  fuel element prior t o  charging 
i t  t o  t he  primary reactor. F i r s t ,  the  weight of to ta l  
uranium in the  fuel element would b e  determined 
a s  before. Then the  relative l eve l s  of g ross  gamma 
activity and severa l  f i s s ion  piodiicts would b e  
determined a s  a function of posit ion in t h e  element 
by scanning  the  element with a n  ion chamber and 
a multichannel scinti l lat ion chamber. Samples 
would b e  cu t  from t h e  fuel element and analyzed 
to  determine absolute concentrations of uranium, 
plutonium, and f i ss ion  products and isotopic ra t ios  
of the  uranium and plutonium. F ina l ly ,  t he  average 
2 3 5 U / U  and Pu/U ratios in  the  fuel element would 
b e  determined by relating laboratory ana lyses  of 
t h e  samples  t o  the  relative spa t i a l  distribution of 
f i ss ion  products indicated by t h e  gamma scanner.  
For a typical power reactor element having ax ia l  
peak-to.-average burnup ra t ios  of 2 t o  4,  t he  effect  
of the  combined errors is estimated to b e  such  
that t h e  average 235U/U and Pu/U content of t h e  
fuel could b e  determined within +lo% at t h e  95% 
confidence level.  Since th i s  error dominates t h e  
error in measurement of the  weight of to ta l  urani- 
um, the  235U and 2 3 9 P u  content of t he  fuel would 
b e  determined within 10%. Since  the  gamma s c a n  
method would require a lengthy and relatively 
cos t ly  development program fat removed from t h e  
main objec t ives  of the F B V P P ,  th i s  approach was 
abandoned. 

A program is under way here to s tudy  analytical  
and sampling problems anticipated in t h e  FBVPP.  
Particular emphas is  is being placed on sampling 
so l id s  directly f r o m  the  fluidized bed of t he  primary 
reactor, the  gaseous  U F  6 -PuF  , product stream, 
and the  reactor was te  so l ids .  Recirculation of 
so l ids  from the  primary reactor through the  sample  

container with a g a s  jet  exhauster is being con- 
sidered. T h i s  method is similar to t h e  conventional 
method used  in  aqueous p rocesses ,  and is CUT- 

rently being used  successfu l ly  in t h e  Waste Cal- 
cining Fac i l i t y  of t he  Idaho Chemical P rocess ing  
Plan t .  A thief sampler is being considered for 
sampling was te  so l id s  in the  was te  container.  A 
grinding and fusion method was  recommended and 
outlined for ana lys i s  of samples  of so l id s ,  with a 
detection limit for plutonium possibly as low as  
0.00001 wt %. Equipment i s  being designed for 
acid leaching of was te  so l id s  from the  pilot plant 
as a means of strengthening material ba lance  
data.  Bat te l le  Memorial Insti tute is investigating 
corrosion problems assoc ia ted  with the  leaching 
s t e p  prior t o  se lec t ing  the  material of construction 
( s e e  “Choice of Material of Construction for F B V P P  
Leaching Equipment,” Sect. 2.4). 

Reference Fuel  Element and  EM^ Procurement. - 
T h e  preliminary version of the  accountabili ty s tudy  
distributed to project personnel for comments 
s ta ted  that t h e  most nearly typical power-reactor 
fue l  material t o  b e  processed  in  the  F R V P P  was  
fuel from the  BONUS reactor irradiated to 11,000 
Mwd/ton and cooled about 180 days .  T h i s  burtiup 
was  generally not thought t o  b e  sufficient for t h e  
most rigorous demonstration runs t o  b e  made in t h e  
pilot plant. T h e  problem w a s  studied further, and 
a reference fue l  element (similar t o  one f rom Oyster 
Creek) was  adopted as the  b a s i s  for calculations.  
I t s  charac te r i s t ics  are: 

Burnup 23,000 Mwd/ton 

Irradiation t i m e  1492 days 

Specific power 15.45 kw/kg 

Themidl power 1600 Mw 

Since t h e  plant c a n  only process  an element l e s s  
than 5 ft long, that  will f i t  in a n  envelope 7.3 in.  
i n  diameter, only part of a fuel element was  as- 
sumed. Based  on a maximum of 40 kg of uranium 
per charge,  quant i t ies  of other cons t i tuents  would 
b e  as  follows: 45 kg of UO,, 59 kg of UF, ,  293 
g of plutonium (total), 195 g of plutonium (fission),  
9.2 k g  of zirconium, and 336 g of 2 3 5 U .  

A number of irradiated power-reactor fue l  ele- 
ments have  been reserved for processirlg in the  
F R V P P .  T h e s e  e lements  a re  l i s ted  and described 
in Tab le  2.1. 

Problems of  Handling Plutonium in  the FBVF‘P. - 
A study is being made of the  problems that t h e  
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Table 2.1.  Irradiated Fuel (Zircoloy-Clad) Elenients Requi sitiunerl for Processing in t h e  FBVPP 

Source Description 
Numbet Date Availap,le ______ ................ __ ............ 

Length Cross  Sectimi 2 3 R 1 J  Content Durriug of 
Element Requested (awrox) 

(in.) (in. x in.) P g )  (Mwd/ton) 

BONUS (boiler) 4 6/69 30" 3.8 Y 3-5 19.8 11,000 

Shippingport (blanket) 12 6/66  10.25 5.2 x 5.2 15.5 8,000 t o  

23,000 

Saxton (core TI) 4 6/67 36.6 5.3 x 5.3 35.1 18,000 

"After cutt.ing GO-in.-long element in half t h o u g h  nonfueled zone. 
bPlutonium content before i r radiat ion estimated to be 5.8% of inixcd oxide fuel. 

p resence  of plutonium is expected t o  c a u s e  in  the  
pilot plant. T h e  report, when i s sued ,  will include 
a description ol the  pilot plant equipment, a review 
of t h e  pertinenl charac te r i s t ics  of plutonium and 
plutonium compounds of in te res t ,  a tabulation of' 
t h e  quant i t ies  of plutonium and its daughters to b e  
handled and the  a s soc ia t ed  shielding problem:;, t he  
cont.ainment des ign  policy, and the  des ign  criteria 
for v e s s e l s  containing plutonium. 

The amount of plutonium required i n  a fue l  charge 
to e a c h  F H V P P  run was estimated. It had to be 
sufficient to cover expec ted  losses to  was te  
s t reams,  samples ,  and holdup in equipment, and 
still provide enough product for reasonable mate- 
rial  ba lances .  Because  of the  uncertainties in- 
volved, e s t ima tes  were made for both a pess imis t ic  
case and ail optimistic one. T h e  two va lues  were 
1235 and 530 g per run. S ince  t h e s e  quant i t ies  
exceed  t h e  amount present in  a normal Euel charge ,  
PuO,-UO, additions will b e  needed.. 

Calcu la t ions  were made to determine the  required 
th ickness  of the  gamma sh ie ld  for the primary and 
backup cold t raps  in t h e  FRVPP. T h e  reference 
fut.1 charge  was  assumed, and t h e  sh ie ld ing  tal- 
cula t ions  were made with the  d ig i ta l  computer 
code  SDC. Only f i ss ion  products with fluorides 
having significant vapor pressures  a t  650'C were 
used. Resu l t s  indicated that 6 in. of lead  would 
reduce t h e  radiation background lo 50 millirems/hr 

-_. .- ................. 

E. D. Arnold and H. F. Maskewitz, SDC, R Shielding- 
Design Calculation Code for. Fuel-Handling Facili t ies,  
OKNL-3041 (Mar. 31, 1966). 
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at a point in t h e  personnel access area 59 in.  from 
the  nearer trap (primary). Six i nches  of lead w a s  
also recommended as shielding for t he  backup t rap  
because  of its proximity to the  primary trap, and 
because  of the phys ica l  arrangement of  he two  
t raps  in  c e l l  3 .  

Another investigation related to the  problem 
of handling plutonium in t h e  F R V P P  was that of 
containing plutonium and uranium hexalluorides 
(MF',) in the event  of a major re lease .  R e l e a s e  
could c:onceivably occur i f  a lint? downstream from 
the  primary reactor were to  leak  during a fluorina- 
t ion  s t ep ,  or i f  a pressurized cold trap were to 
rupture or tievelop a leak. Resul t s  of ca lcu la t ions  
indicated that i f  one-half of the MF6 in  one typical 
pilot plant tun (20 kg of' uranium and ,500 g of plu- 
tonium) were re leased  jnstantaneously,  t he  con- 
centration o f  plutonium at ground leve l  i n  t!ie 
ORNL a rea  would exceed  the maximum permissible 
concentration for plutonium (6 :x pc/cc) by a 
factor of 2 for only 10 rr i in .  This resu l t  i s  based  
on  removing M F 6  by three mechanisms in s e r i e s  
as follows: (1) deposit ion of (ine-half t h e  to ta l  
amount in cell 3 ,  (2) a decontamination factor of 
l o 6  on t h e  absolute fi l ters,  and ( 3 )  a maximum 
average  dispersion factor of 4.6 i( lo-' (curies/m3) 
(curies/sec) for t he  3020 Fjtar:k. On the b a s i s  of 
s tud ie s  of  PuF6 re l eases  a t  ANL,  t h e  der.:ontamirin- 
t ion factor of 10' should b e  achievable  by fi l tering 
t h e  air  through two HEPA (high-efficiency partic- 
u la te  air) f i l ters i n  series at 30 to 40% of rated 
flow, with sufficient water vapor present i n  t h e  air 
to give a mole ratio (MF6:I-I,0) less than the 
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theoretical  requirement of 0.5. T h e  water vapor 
reac ts  with t h e  MF, t o  f o r m  MO,F,, which de- 
pos i t s  on the  fi l ters as particulate matter. 

Preparation of  Hazards Evaluation Report. - One 
engineer now h a s  a s  h i s  primary work responsi-  
bility t h e  preparation of t h i s  report; another is 
working on it part-time. T h u s  far, a draft for t h e  
Chemical P rocess  sec t ion  of the  report inc ludes  
evaluations that extend through t h e  fluorination 
s t e p  of each  of the  various methods t o  b e  demon- 
s t ra ted .  Much of t he  work done in t h e  s tud ie s  
described above should b e  directly applicable to  
the  report. 

2.4 CORROSlON STUDIES RELATED TO THE 
FBVPP, AND MORE CQRR 

FROM THE MOLTEN-SALT MQLATILIPY 
PlLQT PLANT 

B e c a u s e  of t he  elevated temperatures and t h e  
highly reactive nature of t h e  principal f lu ids  used  
in  t h e  fluidized-bed volati l i ty process ,  corrosion 
of equipment and piping must b e  carefully con- 
sidered. As part of t h e  development program, 
corrosion da ta  have been  gathered a t  each  of the  
participating s i t e s .  In the  molten-salt fluoride- 
volati l i ty program, da t a  were co l lec ted  in the  
major experimental fac i l i t i es  at ORNL, partic- 
ularly in  the  Volatility P i lo t  P lan t  (VPP).4 At t h e  
same time we have had a subcontract with the  
Columbus laboratories of Bat te l le  Memorial Insti-  
t u t e  (BMI) to  study spec i f ic  problems related to 
corrosion in volatility p rocesses  and t o  a id  in 
evaluating spec imens  exposed in  our experimental 
fac i l i t i es .  In th i s  s ec t ion  w e  d i s c u s s  corrosion 
s tud ie s  spec i f ic  to the  F B V P P ,  and present ad- 
dit ional information on corrosion experienced in 
the  V P P  during the demonstration of t h e  process  
for aluminum-based fuels.  

BMI compiled corrosion da ta  related to  the  
fluidized-bed volatility process ,  with contributions 
obtained from Argonne, Brookhaven, and Oak Ridge 
National Laboratories,  from ORGDP, and from t h e  
published literature. 'The survey confirmed earlier 
choices  for materials of construction. Metallo- 
graphic s tud ies ,  part of which were made a t  t he  
originating s i t e s  but mostly a t  BMI, revealed inter- 
granular modification in  spec imens  of nickel t ha t  

had been exposed to process  conditions.  Subse- 
quent s tud ie s  a t  BMI showed tha t  similar modifica- 
t ions in nickel 200 and 201 were produced by 
exposing coupons to  alumina tha t  might b e  used  
as  t h e  fluidized medium. Different types  of alumina 
produced varying degrees  of modifications, usually 
in proportion to their  sulfur content. Sulfur, identi- 
f ied in t h e  affected a reas  of t h e  coupons and in  
portions of process  equipment from Brookhaven, by 
both a chemical spot  t e s t  and microprobe ana lys i s ,  
is thought to b e  the  offender. Resu l t s  of t ens i l e  
t e s t s  on spec imens  with modifications produced by 
repeated exposure t o  type 38 Norton alumina ( a  rel- 
atively pure grade) showed a significant loss of 
ducti l i ty compared with that observed in t e s t s  of 
coupons from unexposed nickel. Attempts to 
so lve  t h e  problem will b e  by: alloying nickel,  
seeking  sulfur-free raw materials,  developing 
purification methods, or a combination of t h e s e  
methods. Modifying n icke l  will probably b e  most 
effective because  of sulfur-related f i ss ion  products 
that  will  a lways  b e  present.  Cycl ic  exposure to  
fluorine may l e s s e n  t h e  adverse  effect  of sulfur 
and sulfur-related elements that  embrittle nickel,  
because of the  volati l i ty of t h e  higher fluorides 
of t h e s e  elements.  

Leaching will b e  used as a verification of 
sampling methods required t o  determine uranium 
and pliutonium retention in  was te  so l id s  f r o m  the  
primary reactor. Also,  t h e  equipment will b e  
designed so that  leaching of fuel after oxidation 
may b e  studied following t h e  all-volatility program, 
if  desired.  T h e  high fluoride content of the  was te  
so l id s  will result  i n  severely corrosive conditions 
with concentrated HNO,, t h e  proposed leachant.  

A corrosion s tudy  was s ta r ted  at BMI t o  determine 
t h e  b e s t  structural  material for t h e  leaching equip- 
ment. Of the  18 types  of specimens tes ted ,  Corro- 
ne1 230 (36 Cr,  58 Ni, 1 Mn, and 5 F e ,  nominal)(in 
wt %) and HAP0 al loys  17, 20, and 2 1  (25 Cr, 50 
Ni, with varying amounts of Mo, Cu, Mn, and Fe) 
(in wt %) were more res i s tan t  to 13 M HN0,-0.1 M 
]-IF a t  t he  boiling point (120OC) in 24- or 48-hr 
t e s t s .  R a t e s  for welded coupons submerged in  
liquid were 17 to  29 mils/iiionth. Since pure 
chromium corroded a t  only 4 mils/month, a l loys  
high in chromium, s u c h  as 60% Cr-40% Ni and 
50% Cr-50% Ni, will  b e  t e s t ed  for corrosion and 
fabricability. If t h e s e  scout ing  t e s t s  continue to 
show superiority in  one direction, small  hea t s  of 
spec ia l  compositions will  b e  produced a t  RMI for 

-. . . . . . . 

4C?zen. Technol. D i v .  Ann. Progr. Rept.  M a y  31, 
1965, ORNL-3830, p. 34. more ex tens ive  tes t ing .  
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At the  end of t he  demonstration of the  aluminurn 
process  in t h e  molten-salt fluoride-volatility pro- 
gram, the  th ickness  ol the d isso lver  (hydrofluori- 
nator) walls was  measured ultrasonically. After 
decontamination, corrosion rods were  reriiovcd from 
the  fluorinator, and sec t ions  of pipe and equipment 
w e r e  obtained for corrosion s tud ie s .  These i t e m s  
are s t i l l  quite radioactive,  so detailed exattiination 
by micrometry and metellography, as appropriate, 
s t i l l  remains t o  b e  done. 

Survey of Corrosion Expected 
in the Flu idi zed- Bed Vola ti 1 i ty  Process 

T h e  survey of corrosion da ta  applicable to  the  
fluidized-bed volatility process  confirmed the  
earlier cho ice  of nickel 200 or 201 a s  the most 
nearly optimum material for u se  at 400 to 600°C 
in t h e  decladding, oxidation, and fluorination s t e p s  
of the  HCl process  for zirconium-clad fue ls ,  and 
for we  i n  t h e  HF-0 ,  p rocesses  for b0t.h zitconium- 
and s ta in less -s tee l -c lad  fuels.  Maximum penetra- 
t ion rates in the HCI process  ca lcu la ted  f rom 
relatively short exposures  were less than 4 m i l s /  
month on t h e  b a s i s  of weight change. L,imited 
data for t he  HF-0, process  indicated,  on the  same 
b a s i s ,  Corrosion of somewhat greater extent.  
Resu l t s  indicated that Duranickel a l lay  i301 would 
probably b e  sa t i s fac tory  for making the  flanges.  
The corrosion res i s tance  of aus ten i t ic  s t a i n l e s s  
s t ee l  and Inconel was  superior t o  that of nickel 
i n  the pytohydrolyzer used in t h e  HC1 process.  
In s o m e  ins tances ,  welds made wilh nickel filler 
metal 61 corroded much fas te r  than  those  made 
with nickel 200 or 201. Porous nickel f i l t e rs  Cor- 
roded a t  acceptable rates in  loop tests ai: ORCDP 
when exposed to H,-I-ICl at 315°C and N, -F ,  a t  
205'C. Uranium and plutonium hexafluorides in 
the presence of fluorine did not appear to acceler- 
ate attack at temperatures helow 500*C. 

Intergranular Modifications o f  Nickel 
in Fluidized-Bed Volat i l i ty  Process 

While compiling the  corrosion da ta  available 
from f Luidized-bed experiments, UMI workers ex- 
amined portioris of nickel equipment and S o m e  of 
the nickel specimens exposed at other s i t e s .  
'These spec imens  were polished and then etched 
with 1:1 HN03-CH,COOH. In some c a s e s ,  inter-. 
granular modifications t o  a depth of 1 0  m i l s  were 

observed. In an attempt t o  determine the  c a u s e  
of t he  modifications, laboratory s tud ie s  were begun 
a t  K M I .  After early experimental difficult ies,  
similar modifications w e r e  produced in  both nickel 
200 and 201 by exposing the  coupons t o  severa l  
of t he  types  of alumina that might b e  used as bed 
material. Tab le  2.2 summarizes da t a  from the  
experiments. Of spec ia l  interest  are the  progres- 
sion of modifications found when nickel 201 was  
exposed t o  Norton 38 Alundum and the  relatively 
deep modifications produced by Nortori Regular 
Alundum. Apparently, Alcoa T-61 alumina and 
Norton RR alumina contain only small amounts of 
t he  offending agent. In control experiments with- 
out alumina, no modifications were observed in 
coupons exposed to an atmosphere of water and 
in a vacuum; t r aces  of modifications were ob- 
served when specimens were exposed in nitrogen. 

Sulfur in the  alumina is thought. to cause  the  
iritergranular modifications. When the  various 
grades of alumina were analyzed by combustion 
with oxygen and titration of the evolved SO2, t he  
following concentrations of sulfur were measured 
( P P I :  

Norton Regular 190 

Norton 38 

Norton RR 

A I c o ~  T-61 

< 30 (probably about 10) 

< SO (probably about  30) 

< 50 (probably about 20) 

A spot  t e s t s  with sodium azide (NaN,) a l s o  showed 
sulfur present a t  t he  grain boundaries of coupons 
with modifications present in the  Norton Regular 
Alundum. R e s u l t s  of microprobe ana lyses  showed 
sulfur, iron, and oxygen a t  the surface of nickel 
specimens with intergranular modifications, but 
sulfur could not b e  detected t o  a significant depth 
in the  grain boundaries. 

A study was  made t o  determine i f  intergranular 
modifications produced by  exposing nickel 201 t o  
Norton type  35 Alundum adversely affected the 
strength of t he  nickel.  Norton type 38 is not 
necessar i ly  the preferred bed medium, but i t  is 
advertised as  being relatively pure, is cheaper  
than Norton RR, and is less friable than Alcoa 
T-61 alumina. 

Tens i l e  spec imens  measuring 0.5 x 2.75 x 0.055 
in. were exposed to the  alumina in  evacuated cap- 
s u l e s  in two groups. The  first  group was  exposed 

'I. F. Fcigl, Qualitative Analysis b y  S p u f  Tests ,  2d 
ed., Nordernan, N e w  Yurk, 1939. 
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for 25 hr a t  520°C and produced modifications to  
a nominal depth of 5 mils (10 m i l s ,  total). T h e  
second group was  exposed to  f resh  alumina s i x  
different t imes for a to ta l  exposure of 350 hr a t  
520°C and a nominal penetration of 20 m i l s  ( a  
total  of 40 mils of t he  55-mil-thick specimens).  
Three  spec imens  were exposed fur  each  condition, 
and tens i le  tests were made a t  room temperature 
and a t  52OOC. Base-line da t a  for spec imens  not 
exposed t o  t h e  alumina were obtained from tens i l e  

t e s t s  of as-received specimens and after exposure 
in  vacuum at 520°C for 350 hr. 

Average va lues  of tens i le  properties a re  pre- 
sen ted  in T a b l e  2.3. Note that t h e  intergranular 
modifications had significant e f fec ts  on strength 
charac te r i s t ics .  Specimens exposed for 350 hr 
and pulled at room temperature showed reductions 
of 58 and 88%, respectively,  for ultimate tens i le  
strength and elongation. Corresponding va lues  
for specimens pulled a t  520°C were 31 and 91%. 

Table  2.2. D e p t h s  of Intergranular Modif ications o f  Nickel  As Affected 

by Aluinino T y p e  a n d  Duration of Exposure 

Nickel specimens sealed in a Vycor capsule  in a vacuum 

Temperature: 520°C 

~~~~ 

Alcoa T-61 Time 
Depth of Intergranular Modifications (mils) 

Norton 38 Norton Regular Norton RR 
-~ __ ~ 

N1-200 N1-201 N1-200 N1-201 N1-200 N1-201 N1-200 N1-201 
(hr) 

25 0.5 <0.5 4 , 0  4.0 7.0 7.5 

50 1.0 1.0 6,n 4.5 7.0 7.5 

100 1.2 1.0 7.0 6.0 7.0 7.0 0.6 0.4 

200 1.6 1.4 9.0 8.0 7.5 7.0 

Note: After 100-hr exposures with no alumina present and various atmospheres, t races  of modifications 
were noted with nitrogen; none were noted with water o r  i n  vacuum. 

Table  2.3. Ef fect  of Intergranular Changes on Tensi le  Properties of Nickel  201 

Exposure Conditions 

Temperature 

("C) 

As-rec eived R T  a 

Vacuum only 520 

38 A1 ,,O 520 

38 520 

..... 

- 

. ... . 

Tens i l e  results a r e  averages from three specimens 
~ 

Time 

(hr)  

0 

350 

25 

350 

Intergranular Pene-  
tration, Nominal 

(mils) 

0 

0 

10 

40 

Measurements Made a t  Tens i l e  Ted t  Conditions 

Yield Strength, Tens i l e  Elongakon 
0.2% Offset Strength in 1 in. 

(Psi) (PSI) (70) 

- .. . . . . . . .. ~ 

~ 

~ 

R T a  

~~ ~~ ~ - - 

520°C K T a  520°C RTa 52OoC 

3 
x 10 

34.7 

23.0 

24.3 

22.0 

x l o 3  l o 3  i o 3  lo3  l o 3  

27.4 57.0 37.2 3'7.5 33.8 

18.7 57.4 35.4 42.2 24.0 

19.0 51.1 32.2 33.9 24.9 

17.2 24.0 24.9 4.3 2.5 

aii.r ~ room temperature. 
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Thus ,  the nickel containing grain-boundary modifi- 
ca t ions  was  shown to be  severe ly  embrittled. 

Although sulfur apparently caused  t h e  modifica- 
t ions ,  t h e  f i r s t ,  and rather insens i t ive ,  ana lyses  
indicated a low sulfur content for Norton 38 alumi- 
na. T h e  ana lyses  will b e  repeated us ing  more 
refined ana ly t ica l  methods. 

Choice of Material  of  Construction 
for FEVPP Leaching Equipment 

Screening s tud ie s  were s ta r ted  a t  BMI to  find an 
alloy from which leaching equipment for the F B V P P  
c a n  b e  fabricated.  E ighteen  a l loys  or forms of 
alloys were tes ted .  All  specimens except  one  
were about %2 :x. 2 in., and most were welded. The 
exposures  were conducted in  13 iW HNO,-O.l M 
H F  under refluxing conditions (bp, about 120°C) in  
an all-Teflon container equipped with Teflon sup- 
port rods. Specimens of all a l loys  were immersed 
in liquid; Gorronel 230 coupons were a l s o  loca ted  
in  t h e  condenser,  in the vapor above the  liquid, 
and a t  t h e  vapor-liquid interface.  

T h e  a l loys  with m o s t  favorable corrosion r a t e s  
based  on e i ther  24- or 48-hr exposures  were Corro- 
riel 230 and Hanford a l loys  17, 20, and 21 Nomi-  
nal  compositions a re  (in %): 

Alloy Cr Ni Co Mn Fe W Mo Cu 

Corronel 230 36 58 1 5  

Hanford 17 25 50 0.6 21.5 1. 5 

Hanford 20 25 so 0.G 16.0 6.0 1 

Hanford 2 1  25 50 0.6 18.5 1.5 3 

Corrosion r a t e s  (mils/month) for welded coupons 
of Corronel 230 exposed for 4 8  hr were: 4.8 i n  t h e  
condenser,  22 in the  vapor, 26 a t  the  vapor-liquid 
interface,  and about 27 for submerged coupons.  
After exposure in  t h e  liquid for 24 hr, v;elded 
specimens of IIanford 17 had corroded a t  t he  rate 
(mils/month) of 24, Hanford 20 a t  17 and 27, and 
Hanford 21  a t  24. Pure chromium corroded at  4 
mils/month. Illium R ,  Nichrome V, Rexalloy 33, 
I - r a p e s  21  (cast) ,  and types  309, 310, and 446 
s t a i n l e s s  steel corroded a t  exceptionally high 
rates. T y p e s  309 and 310 s t a i n l e s s  steel were 
unstabil ized; specimens of 309SCb will  b e  k s t e d  

‘R. E. Burns 2t  al., I d .  Eng. Cham., Prod. Res. 
nrve!op. 2(2), 163 (1963). 

further. Alloys with intermediate r a t e s  of attack 
were Vitallium {rolled), Haynes 2 1  (rolled), Han- 
ford 22, 23, and 24, arid Has te l loy  F-. 

T h e  exce l len t  resu l t s  from chromium prompted 
t e s t s  of samples  of 60% Cr-40% N i ,  50% Cr-SO% 
Ni, and 28% Cr-50% Ni-5% W-17% Fe received 
from t h e  Blaw-Knox Company. T h e s e  compositions 
have  been developed for u s e  as  hangers i n  high- 
temperature boilers,  but their  fabrication properties 
a re  in question. 

More Corrosion Data from the MoTten-Salt 
Volat i l i ty  Pilot P l a n t  

T h e  V P P  d isso lver  (hydrofluorinator) and fluori- 
nator were used  throughout t h e  programs t o  demon-. 
s t r a t e  molten-salt fluoride-volatility methods for 
process ing  zirconium- and aluminum-based fue l s .  
Corrosion da ta  from the  zirconium program have 
been reported. 7,8  T h e  aluminum program included 
ten d isso lv ings  and a final c leanup with aqueous 
so lu t ions  to decontaminate the  equipment. 

Dissolver corrosion during the aluminum program 
was  measured by pulse-echo and Vidigage tech- 
niques.  Both methods indicated tha t  total corro- 
s ion  for the  t e n  dissolvings arid aqueous decon- 
tamination w a s  5 m i l s .  T h e  interior of the  d is -  
so lver ,  insped.ed by te lescope ,  revealed many 
small pits;  a few wide, sha l low pits;  two parallel  
c racks ,  apparently shallow, in. long and in. 
apart, perpendicular to a girth weld 3 ft above t h e  
distributor plate;  and a similar c rack  i n  the  cone ,  
observed after the zirconium program but which 
showed no significant change as  a result  of the  
aluminum program. 

T h e  fluorinator w a s  not examined between t h e  
zirconium and aluminum programs. A to ta l  of 40 
fluorinations were conducted i n  both programs. 
Wall th ickness  measurements after t he  alumitiutn 
program showed that t h e  average a t tack  i n  t h e  
s a l t  region (the most vulnerable) was  5, mil per 
run €or t h e  40 fluorinations, with no allowance for 
corrosion during t h e  aqueous decontaminations. 
Maximum measured a t tack  (on t h e  same basis) was  
less than mil per run. Visua l  examination of 
t h e  in s ide  of t h e  fluorinator revealed no ev idence  
of excess ive  attack. 

-_I.. . . 

7Chem. Technol. D i v .  Arm. Pro&. Rept. ~ M i y  31,  1964,  

‘E. L. Youngblood et ai., Corrosion of the Volat i l i t y  
Pilot Plai t  INOR-8 Hydrofluoritiator atid N i c k e l  201 
Fluorinstor 13uring 40 Fuel Processing Runs with 
Zircoriiurii-Ursriiuni A l l o y ,  ORNL-3623 (March 19t.5j. 

ORNL-3627, p. 34. 
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2.5 CBNTIISUQUS I N - L I N E  ~~~~~~~~~~ 

QF GAS STREAMS IN THE FLUIDIZED-BED 
F LUORl D E - V O L A T I L I T Y  PROCESS 

One of the  primary goa ls  of t h e  Fluidized-Bed 
Fluoride-Volatility Process Development Program 
i s  t h e  se l ec t ion  and adaptation of instrumentation 
for monitoring and controlling operating conditions.  
Additionally, during the  development of a process ,  
analyzing reactor off-gas and other s t reams during 
a n  experiment he lps  show t h e  response to changes 
in  operating conditions and ind ica tes  needed 
changes .  Selection, adaption, and evaluation of 
in-line analytical  instrumentation i s ,  therefore, a 
major part of the  effort. 

Three  instruments have been  investigated thus  
far in the  Unit Operations Section: a g a s  chro- 
matograph, an infrared (IR) spectrophotometer, and 
an  ultraviolet (uv) spectrophotometer. T o  da te  only 
the  HF-0 ,  process  h a s  been t e s t ed ,  but t he  equip- 
ment for tes t ing  t h e  HCl flowsheet is being in- 
s ta l led ,  and experimental work will  begin soon. 
To b e  included in future tes t ing  is t h e  evaluation 
of thermal-conductivity cells and gas-density de -  
t e c  tors.  

T h e  g a s  chromatograph was  success fu l  i n  moni- 
toring H F  or fluorine in  0 , - N ,  s t reams and shows  

promise for u s e  a s  an  occas iona l  but general- 
purpose analyzer. T h e  IM analyzer had difficulty 
with interfering contaminants i n  t h e  fluorine during 
attempts t o  monitor U F ,  in fluorination off-gas 
streams. 'The uv spectrophotometer successfu l ly  
monitored [JF, during fluorination experiments. 

Tests of GQS Chromatograph for Analyzing 
Fluorine and HF in Oxygen-Nitrogen Mixture 

T h e  chromatograph being t e s t ed  is a s e r i e s  5000 
Barber-Colman dual-column g a s  chromatograph 
with programmed temperature-control capabi l i t i es  
and a thermal-conductivity detector. One of the  
columns is a '/,-in.-OD by 20-ft-long nickel t ube  
packed with a 30- to 40-mesh Ke l -F  molding powder 
subs t ra te  and 20% No. 10 Kel -F  oil  absorbent. 
(The other column is not in use.)  T h i s  packed 
column g ives  good separa t ion  between t h e  H F  and 
0 , - N ,  peaks  and fair  separa t ion  between t h e  
fluorine and 0 , -N ,  peaks.  Hydrogen fluoride tends  
to b e  held on t h i s  packing, and i t s  peak t a i l s  
rather severely un le s s  t he  column is pretreated 
with fluorine and then  ClF,.  With pretreatment, 
t h e  tail ing is reduced but not eliminated. Typica l  
chromatograms for two sys t ems ,  HE'-0 ,-N, and 
F 2 - 0 2 - N 2 ,  a r e  shown in  Fig. 2.5. 

1- . . . . 
ORNL-DWG 66-7801 
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Fig. 2.5. Typical Chromatograms. (a)  HF-OZ-N2 mixture: 39% HF; (b) F2-02-N2 mixture: u n k n o w n  concen- 

trations, about 25% 02-N2. 
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Overlap of Absorbance Peaks for CF, and UF, 

Two infrared (IR) spectrophotometers have  been 
tes ted :  a Mine Safety Appliances model 300 LIRA 
and a Beckman model 215. Both a re  Luft-type, 
nondispersive IR analyzers,  with se l ec t ive  de-  
tectors.  S ince  U F 6  is very corrosive, t h e  de tec tors  
of both instruments were fi l led with g a s e s  that 
have an IR absorption peak corresponding to one 
of t h e  absorption peaks  of UF,, rather than  UF,  
i tself .  These detector g a s e s  a re  SO, (8.6 p) i n  
t h e  Beckman instrument and N,O (7.7 p) i n  the  
LIRA. Both instruments had nickel flow-through 
g a s  cells with C a F ,  windows and de tec ted  U F O  in  
nitrogen streams. However, during attempts a t  
calibration with F2-UF mixtures, a n  interfering 
contaminant was  observed in  t h e  fluorine. T h e  
contaminant was  though1 to be CF,,9 which ab- 
sorbs energy very strongly around 8 [ I  and is 
known to b e  in t h e  fluorine produced at  the Oak 
Kidge Gaseous Diffusion P lan t  i n  concentrations 
up to  0.1%. Since  there  is no s imple  means of 
removing CF4 from fluorine, experiments with 
t h e s e  instruments were suspended .  i f  a se l ec t ive  
absorbance peak for U F O  (perhaps 16.0 p) c a n  b e  
found, t he  development of a n  IR instrument will  
be resumed. 

9Suggt.sted by D. 17. Smith, Physics  Department, 
Technical Division, ORGDD. 
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F ig.  2.6. Ultraviolet Absorbonce  Spectra o f  UF,. 

Ultrav io let  Spectrophotometer Successfully 
Follows Fluorine Concentrations in  Off-Gas 

from Two Fluorinations 

A flow-through g a s  cell with a 0.5-mm optical  
path length and synthe t ic  sapphi re  windows was  
fabricated for u s e  with a Bausch and Lomb m o d e l  
505 Spectronic uv spectrophotometer. After pre- 
treating t h e  cell with fluorine and ClF , ,  t he  uv 
absorbance of UF, between 2000 and 5000 A was  
measured (Fig. 2.6). T h e  40.5% absorbance at 
2140 A corresponds to  a molar absorptivity of 
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Fig. 2.7. Calibration of B a u s c h  and Lornt, Model 505 
S p e c  troni c U I trovio I et  Spectrophotorn eter For Con cen tra- 

tion of UF6 in Fluorine a t  21.10 A. 
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66 

3200 l i te rs  mole'- '  cm-',  compared with 3600 
z 1000 reported previously." The  resu l t s  of a 
calibration run with F,-UF, mixtures a t  1 ps ia  a re  
shown in F ig .  2.7. One difficulty experienced 
with the  uv instrument is the  clouding of t he  
windows with a powdery f i l m  that probably re- 
su l ted  from incomplete preconditioning. In s p i t e  
of th i s ,  t h e  uv instrument was  used to follow the  
UF,  concentration in the  off-gas f r o m  two fluorina- 
tion experiments. T h e  clouding caused  about a 
2% shift  of the  zero point during the  run and, hence,  
a n  uncertainty in the  point where UF ,  concentra- 
tion returned t o  zero at the  end of the run. 

2.6 SORPTION OF PLUTONIUM ~ ~ X ~ F ~ ~ Q ~ ~ Q ~  
BY METAL FLUORIDES 

T h e  possibil i ty ex i s t s  that. a sorption-desorption 
system can  be found for P u F ,  comparable to  the  
one  whereby UF, is sorbed by and desorbed from 
NaF .  Such a sys tem would b e  of great advantage 
in the  volatility processing of nuclear fuels.  

T h e  search  for a P u F 6  sorption-desorption sys -  
tem progressed in  three s t ages ,  result ing in  t h e  
se lec t ion  of t en  sorbents (fluorides of t h e  group 
I-A and 11-A metals) as likely candida tes  for further 
study. Of the  31 fluorides tes ted ,  only t h e s e  t e n  
reacted with or sorbed significant amounts of 
plutonium. T h i s  led to  15-min dynamic t e s t s  that  
showed that sorption s t i l l  occurred a t  a l l  tempera- 
tu res  from 100 t o  700OC. T h e  hoped-for rapid 
desorption was  not observed. T h e  third phase  of 
the  investigation, long-term dynamic t e s t s ,  showed 
relatively s low desorption from C a F z  and L i F ,  
leading to  the  current s tud ies  of LiF. Sorption a t  
28OoC and desorption a t  500°C appear t o  b e  l ikely 
conditions of operation. Additionally, t he  effort 
is being broadened (1) to consider other than t h e  
simple metal fluorides a s  sorbents ,  (2) to  eva lua te  
temperature, fluorine pressure,  and other condi- 
t ions  tha t  may favor t h e  hexavalent s t a t e ,  and ( 3 )  
t o  t e s t  physical  and mechanical arrangements that  
may improve desorption. 

'The chief difficulty in achieving high desorption 
ra tes  for P u F ,  appears related to  t h e  s tab i l i ty  of 
the  compounds holding the  plutonium in  a va lence  
of l e s s  than 6. 

Tests for Sorption and Desorption 
of Plutonium Hexaflusri de 

T h e  fluorides of t h e  meta ls  of groups I-A and 
11-A that  were shown t o  s ta t ica l ly  react with or 
sorb significant amounts of PuF,"  were tes ted  in 
a dynamic sys tem a t  temperatures of 100 to 7OOOC 
for retention of P u F 6 .  For  t h e s e  t e s t s ,  about 1 to 
7 mg of PuF, was  passed  through 2 g of t h e  t e s t  
sorbent during a 15-min period, using a fluorine 
carrier (60 ml/min). An NaF  trap at 5OOOC col -  
lected the  plutonium not retained in  t h e  t e s t  trap. 
T h e  da ta  of Tab le  2,4 show tha t  for NaF,  CsF,  
C a F , ,  SrF2 ,  and BaF, t h e  retention was high at  
a l l  temperatures; at  no temperature and with no 
sorbent was  retention very low (i.e.,  desorption 
high). 

Since rapid desorption, s u c h  as the  rate in t h e  
U F  ,-NaF system, does  not occur with t h e  plutonium 
complexes,  long-term t e s t s  for desorption were 
undertaken. Fo r  t h e s e  t e s t s ,  about 40 m g  of P u F b  
was  first  sorbed on t h e  2-g t e s t  sorbent;  the  desorp- 
tion t e s t  included a fluorine flow of 60 ml/min into 
a backup trap of N a F  a t  200°C to  co l lec t  any  de- 
sorbed PuF,. With NaF,  insignificant quantit ies 
of PuF, were desorbed in  2-hr t e s t s  at  20, 100, 
200, 300, 400, and 500OC; a t  6OOoC in 10 hr, less 
than 0.5% was desorbed. With CaF,, in t e s t s  
s i m i l a r  to those  described for NaF ,  t h e  resu l t s  
were comparable except that ,  i n  duplicate IO-hr 
t e s t s  at  600°C, 7 and 15% desorption was  obtained. 
For the  N a F  and CaF,, no improvement in desorp- 
t ion was  derived from reversing t h e  flow of fluorine 
(opposite t o  that during sorption) for temperatures 
of 100 to 6OOoC. With L i F ,  significant but s low 
desorption was  noted a t  4OOOC (about 9 hr t o  desorb 
97%) and at  50OoC (about 4 hr to desorb more than 
97%). 

Properties of Compounds Formed by Sorbing 
Plutonium Hexafluoride 

T h e  s t a t i c  reac t ions  of PuF, with fluorides of 
group I-A and KI-A metals descr ibed  previously' 
were repeated with equipment and methods modified 
to  eliminate c r o s s  contarnination and to  improve 
contac t  between t h e  gaseous  and so l id  phases .  
T h e  atom ratios achieved were 0.90 for L i F ,  1.13 

...... ____ .___ .... ___ 
"J. Winnick, personal communica t ion .  

"Chem. Technol. D i v .  Ann. Progr .  R e p t .  May 31, 
1965, ORNL-3830, p. 85. 
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Table  2.4. Temperature Dependence  for Retention of PuF on Group I-A and I l - A  Metal F l s o r i d e s  
6 

Percentage of P lu tonium Retained a t  Tcrnpernturc ("C) 
Sorbent 

100 200 

29.4 
98.6 
97.1 
83.6 

99.6 
29.1 
98.8 
99.99 
99.95 
99.4 

46.8 
99.8 
98.5 
90.4 
98.6 
20.1 
98.2 
39.995 
99.97 
99.95 

87.5 
99.6 
97.6 
93.8 

76.6 
96.3 
99.994 
99.7 
99.95 

3 00 

......... 

for NaF,  1.31 for K F ,  1.35 for KbF, 1.06 for CsF ,  
0.04 for BeF, ,  0.16 for MgF,, 0.49 for CaF, ,  0.42 
for SrF2, and 0.37 for UaF2. The thin films of 
compound formed with NaF, RbF,  and C s F  sorbents  
were reddish-brown; all others  appeared white or 
opaque. 

T h e  oxidation s t a t e  of plutonium sorbed a s  P u F 6  
was studied by using oxidirnetric t i t ra t ions,  infrared 
absorption, and x-ray methods. For  t h e s e  s tud ies ,  
t h e  sample was prepared by pass ing  PuF, in a 
s t r e a m  of fluorine through a bed of sorbent at the  
test temperature. T h e  sample containing plutonium 
w a s  then transferred ei ther  to a solution of e x c e s s  
K1 for back-ti tration of the  l iberated iodine or to  a 
standard ferrous su l fa te  solut.ion for back-titr, '3 I '  ion 
with standard cer ic  su l fa te  solution. For t h e  
infrared s tudies  the sol id  w a s  dissolved in 2 N 
HNO, saturated with boric acid, and €or the x-ray 
s tudies  the so l id  was pulverized arid transferred 
to a capillary. The average valence of t h e  sorbed 
plutonium iis a function of t h e  preparation tempera- 
ture was found by t i t ra t ions to be  4.75 for 20, 100, 
150, and 200°@, and 4.0 fox 500 t o  700°C; a .value 
of 1.55 was obtained from infrared absorption for 
a sample prepared at 100°C. T h e  sample prepared 
at  600°C gave an  x-ray pattern that  coincides  with 
that  of Na3UF 7.  

From the  titration experiments,  the oxidation 
numbers of the  plutonium sorbed by C a r ,  wore 
similar to those noted for NaF sorbent.  With Li17 
sorbent,  however, the plutoriiurn had a valence uE 
4.0 for all temperatures of preparation. 

400 500 600 

88.7 

99.91 
97.5 
99.9 
97.9 
70.9 
96.9 
99.997 
98.9 
39.99 

. 

96.9 
99.94 
94.2 
99.9 
99.8 
71.0 
98.6 
99.98 
99.97 
99.97 

-. ............. __ 

89.7 
99.97 
94.4 

73.4 
98.6 

99.96 
93.93 

__ ... 

700 

90.4 
98.2 
98.0 
98.5 
95.8 
87.1 
94.5 
99.996 
99.97 
39.99 

T h e  colors of the  complexes prepared with NaF 
and CaF depended on the  preparation temperature, 
whereas those  prepared with L i F  were  pink for all 
preparation temperatures. With NaF  at  the low 
temperatures (up to 300OC) the  complex was tan, 
and at high temperatures it  was green. With C:aF2, 
the  comparable colors were white and violet. 

2.7 S E ~ ~ ~ A ~ ~ ~ ~  OF ~~A~~~~ 
ORlDE FRQM BROMINE FLUOR! 

T h e  s tudy reported here w a s  made i n  support of 
t h e  interhalogen fluoride-volatility process  for 
recovering uraniiim and plutonium from low-enrich- 
ment UO, power-reactor fue ls  clad in ei ther  Zircaloy- 
2 or s t a i n l e s s  s tee l .  In this process ,  uranium 
(as thp hexafluoride) is separated from plutonium 
by volati l ization f rom a fluidized bed with BrF, 
or &F3. 'The plutonium remains in  the bed for 
subsequent recovery wiih fluorine. The product 
stream, consis t ing of UF,, ElrF,, BrF,, Br,, and 
an inert diluent such  a s  he l inn ,  is then passed  
through a bed of MaF at  15O"C, on which (.he UF, 
and BrF,3 are cosorbed. T h e  BrF, is removed from 
the  sorbent with a stream of fluorine tha t  converts 
the BiF, to the  nonsorbing BrF,, leaving the UF, 
on the  bed. After t h i s ,  more  fluorine is used in a 
s e r i e s  of pressurization-depressur ization pulses  t o  
obtain the high degree of separation required. 

Exploratory work demonstrated the feasibi l i ty  of 
recovering IJF with minimal bromine contarriiiia- 
tion (14 ppm) by sorption on NaF. Fluorine is 
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used to  remove bromine contamination, either as 
Br, or  B r F 3 ,  from the  NaF bed. Pressure  pulsa- 
t ion and the  u s e  of small NaF  par t ic les  minimize 
the  adverse  effect of s low diffusion of bromine or 
bromine-fluorine compounds f rom t h e  interior of t h e  
solid.  We a re  planning further t e s t s  t o  see whether 
t he  spec i f ied  bromine contamination of 5 ppm'2 is 
attainable by th i s  method, and to  determine whether 
t he  process  objective i s  b e s t  accomplished by 
u s e  of a fluidized bed of NaF. 

Studies of Sorption-Desorption Methods 
for Lower ing Bromine Content of  UF, 

Studies on t h e  evaluation of sorption on N a F  as  
a means of separating UF ,  from BrF3 and H r F 5  
in the  interhalogen fluoride-volatility process  con-  
s i s t ed  generally of experiments in which 2-g quan- 
t i t i e s  of UF', were fluorinated with a 20-80 mix- 
ture (vol %) of B r F 5  and helium. The  product 
stream, cons is t ing  of IJF,, UrF , ,  and UrF , ,  w a s  
passed  through a 4-g bed of granular NaF  (activated 
Harshaw material). In most c a s e s ,  t he  U F ,  was  
placed in a nickel boat contained in a 1-in.-OD 
nickel tube reactor, and was  fluorinated for 2 hr. 
In a preliminary t e s t ,  sorption of the  product U F ,  
and BrF, on NaF  (-12 + 20 mesh) a t  100°C resulted 
in severe  caking  of t h e  bed. Rais ing  the  bed tem- 
perature t o  150°C in a second test eliminated t h e  
caking  and resulted in  complete sorption of the  
UF, .  T h e  bromine contamination, based  on  t.he 
weight of UF, sorbed, was 6.3%. Subsequent de- 
sorption of the U F 6  onto a second bed of NaF  
by flushing with fluorine a t  375°C for 1 hr reduced 
t h e  corresponding bromine contamination to  54  
ppm, based on UF,. In another t e s t ,  using a 
s ing le  bed of NaF (-12 i 20 mesh) a t  150"C, UF,  
was  sorbed from a product stream as previously. 
A 1-hr fluorine flush, with t h e  temperature held a t  
150°C, reduced t h e  bromine content to 44 ppm. 
Changing the  particle s i z e  from ---12 t 2 0  to -20 
+ 4 0  mesh in a similar t e s t  further reduced t h e  
bromine contarnination to  l e s s  than 18 pprn. Ad- 
ditional improvement in the  desorption of residual 
BrF3 was  obtained by ten cyc le s  of pressurization- 
depressurization of ail NaF  bed (-12 + 2 0  mesh) 
in t h e  1-hr fluorine treatment s t ep .  T h e  cyc le s  
were of 1-min duration a t  15 psig.  T h e  final 
bromine contamination in t h i s  t e s t ,  based  on t h e  

"Federal  Register 30, 14821 (1965). 

weight of UF,, was l e s s  than 14  ppm ( the  analytical  
limit). 

T h e s e  da t a  indicate that a cyc l ic  fluorine pulsa- 
tion, combined with NaF  of t he  correct particle 
size, very probably will result  in the  required 
degree of separation. 

iUM CHEMISTRY 
AND THE BEHAVIOR ROMlUM 

IN VOLATllDTY F SING 

In process ing  s ta in less -s tee l -c lad  UO, fuel by 
the  fluidized-bed method, appreciable chromium 
volati l ization occurs  in the fluorination or UF, 
volati l ization s t e p  but not in the  HF-0 ,  decladding 
s tep .  T h e  volati le chromium compounds of con- 
cern are CrF,, CrF,, and C r 0 2 F 2 .  Process de- 
velopment t e s t s  were conducted t o  define the  
problem; supporting chemical investigative work 
was  done principally on the  behavior of chromium 
in t h e  NaF  sorption s tep .  

Preliminary work partially defined the  behavior 
of t h e  volati le compounds, CrF, and C r 0 2 F 2 ,  
formed in t h e  fluorination s t e p  of t h e  process.  
Sorptiori on N a F  appears  to have  promise as a 
means of separa t ing  CrO,F, from UF, .  Further 
work is planned on th i s  system to  identify the  
chemical complex involved and to  ascer ta in  the  op- 
timum temperature of operation. Work is a l s o  
planned to define vapor pressure-temperature equi- 
libria for the  three volati le chromium compounds 
d iscussed  above. 

Chromium Volat i l izat ion in Process Test ing 

In a typical fluidized-bed t e s t  i n  a 1-in.-OD 
reactor, fluorination for 4 hr a t  550°C produced 
the  following disposit ion of chromium: 16% w a s  
left i n  t he  alumina bed, 4% was  deposited in t h e  
disengaging sec t ion  and on the  fi l ter ,  53% was  
sorbed in  the  100°C NaF  bed, and about 8% was  
deposited in  the  filter blowback valves.  T h e  
remainder was  believed deposited throughout the  
g a s  tubing sys tem,  and th i s  usually resulted i n  
some chromium contamination of the  HF used  in a 
subsequent H F - 0 ,  decladding tes t .  T h e  composi- 
tion of the alumina bed used  in the  above t e s t  wa:i 
approximately 25% UO, and 8% type 304 s t a i n l e s s  
s t ee l ,  result ing in  a chromium content of about 
1.6%. 
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Destructive oxidation of 20 g of type 302 s t a in -  
l e s s  steel by I1F-0, was  accomplished i n  a boat 
test. Resul t s  showed that essent ia l ly  no chromium 
volati l ization occurred in t h e  decladding s t ep .  
Less than 0.5% of the  chromium was  found in the  
fIF was te  after treatment for 2 hr a t  600'C. 

Chromium Tetrafluoride Synthesis 
and lnteraction with N a F  

To provide the  volati le chromium compounds 
needed for t he  s tud ie s ,  methods of syn thes i s  were 
investigated.  Free-energy es t imates  ' indicated 
that t he  reaction 

AgF2 1- CrF,--+ CrF, i- AgF, 

AI;' := -29 kca l  , (1.) 

might be  used  for synthes iz ing  CrF,. In laboratory 
t e s t s ,  we found that dense  blue-black CrF4 vapors  
were evolved above 4OOoC, the  boiling point of 
t he  compound. This procedure proved useful for 
small-scale preparation of CrF, when used directly 
for experiments performed ins ide  a controlled- 
atmosphere glove box. 

Exposure of NaF t o  O F 4  vapor a t  400 to S O O T  
yielded a pale-green solid phase  with a face-  
centered cubic  structure and a l a t t i ce  constant of 
7.90 A.  Since it is isostructural  with the high- 
temperature form of K2CrF,,I4 the  compound is 
believed t o  b e  Na,CrF',. 

Chramyl Fluoride Synthesis 
and hteroct ion with NaF 

Chromyl fluoride was  prepared by reacting CrO, 
with CoF,, and the  charac te r i s t ics  of the  reac- 
tion were determined by transpiration with helium. 
Alt.hough th i s  syn thes i s  was  used previously, l 5  

the  conditions for t he  reaction were inaccurately 
defined. For example, we obtained subs tan t ia l  
amounts of CrO,F, at 200°C, the  temperature used 
by previous workers t o  outgas  the sys tem before 

13A. Glassner,  The Thermochemical Proper t ies  of the 
Oxides,  Flrrorides, and Chlorides a t  2500"K, ANL-5750 

A. Oriorii and  C. P. Smyth, J .  Am. Chern. SOC. 

(1957). 
14R. 

70 ,  125 (1948). 

G. D. FLesch and H. J. Svac, J .  Am. Chern. Soc,  15 

ao, 3189 (19.58). 

further heating t o  the  temperature ( 4 5 0 T )  they 
regarded necessary  for synthes is .  

Chromyl fluoride vapor Wiits sorbed on ac t ive  
NaF,  and the  equilibrium pressure w a s  determined 
by transpiration. A t  23 and 168'C the pressures  
over the  NaF-Cr02F, were found to  b e  0.00153 
and 0.00556 m m  Hg respectively.  T h e  temperature- 
pressure equilibrium is therefore expressed  as  

579 
= -0.865 - - . 

log 'Illm H g  1' 

In contrast ,  the  pressure of UF, over UF6*2NaF 
is expressed by 

T h e s e  express ions  show that the  d issvc ia t ion  
pressures  a re  about equal a t  1003C, and that a t  
150°C the  U F 6  pressure  is more than t en  times 
the pressure of Cr02F2;  consequently,  UF,  might 
be  desorbed from N a F  in the usua l  sorption-desorp- 
tion purification procedures (about 300°C) without 
s ignifi c m t  contamination by c hromi um. 

During the  recovery of uranium from spent nu- 
c l ea r  fue ls  by a fluoride-volatility process,  t h e  
U F ,  is contariiinated by other volati le me ta l  flia- 
orides.  One such  impurity is NbF,. Disti l lat ion 
is being considered a s  a method for separa t ing  
the  UF6 from these  impurities, but,  t o  desigri t he  
disti l lat ion system, more m u s t  be  known aboul. the  
vapor-liquid equilibria of the impurities and the 
UF,. 

An investigation was  conipleted tha t  determined 
the  vapor-liquid equilibria of UF,-NbF, in t h e  
region 0 to 13  atm at 114 to 315°C. 

Vapor-Liquid Equilibria Experimentally 
Determined and Correlated 

by a Wohl-Type Equation 

Specifically,  the  150°C isotherm and the  S.92- 
a t m  isobar were determined experimentally in an 
isothermal still i n  which the  vapors were circulated 
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1 7 -- - 1  mechanicallyI6 and in an isobaric s t i l l  in which ( 3  ~~ ' 
the  vapois  were circulated thermally. T h e  da ta  

three simplified forms of the  Wohl four-suffix 

t i o n ~ ' ~  a re  a l l  fairly similar and differ only in  the  
assumptlon made about t h e  ratio of effective 
volumes of t he  two components. T h e s e  equations 
a r P  nonlinear, and curve fi t t ing was accomplished 
on the  CDC 1604 digital  computer by a nonlinear 
regression technique developed by Law and 
~ a i l e y .  2 o  

Since t h e  da t a  used  were indirect, that  i s ,  liquid 
composition v s  total  pressure in the  case of the  
isothermal da t a ,  and liquid composition v s  boiling 

necessary  to  ca lcu la te  t he  partial  pressure P I  of 
each  component from the  "adjusted vapor pres- 
sure."" T h e  "adjusted vapor pressure" is the  
vapor pressure of component i corrected for t he  

were fittpd by t h e  method of l ea s t  squa res  to  12 

equation. The simplified forms of t h e s e  equa- 1 j  

I 

~ 

MARGULES EQUAi ION 
point in the  case of the  isobaric da t a ,  i t  w a s  * SCATCHARD-HAMER EQUATION 

3 -* 

2 14' i' B /~ 
nonideality of the vapor phase 111 the following 1: VAPOR/ 

manner: 1 ,  ' P  1 *&fl 0k - &-*-- h- - ~ 6 -  -+* - * --- 1 
0 01 0 2  03 0 4  05 0 6  07 08  0 9  10 

mole fract ion of LF6 
P I *  = 'pol , 

where P y  is t h e  vapor pressure  of component i, 
and i s  t h e  nonideality correction factor for 
compviient i. T h i s  correction factor, ca lcu la ted  
by means of an  empirical equation developed by 
B lack ,22  is a function of t h e  c r i t i ca l  cons tan ts  
and liquid molar volume of component i, t h e  mole 
fraction of i in t he  vapor, and the  temperature and 
pressure of the  system. 

?'he isothermal da t a  and the  ca lcu la ted  curves  
a re  shown in F ig .  2.8. T h e  isobaric da t a  and 
ca lcu la ted  curves  for the  bes t  fit of that  da t a  are 
shown in F ig .  2.9. Tab le  2.5 l i s t s  the  va lues  of 
the  cons tan ts  that  give the  bes t  f i t  for each  s e t  of 
da t a  and each  type of equation. T h e  tab le  a l so  

O i  

I6R.  C. Liimatainen, Vapor-Liquid Equilibrium in the 
Sys tem Bromine Pentatluoride-Uranium Hexafluoride,  
ANL-6003 (May 1959). 

17D. F. Othmer and T. R. Morlep, Ind. En&. Chem. 
38, 751 (1946). 

I8K. Wohl, Trans. Am. Inst .  Chem. Engr.  42, 215-49 
(1946). 

"E. IIala e t  a ] . ,  Vapor Liquid Equilibrium, pp. 52- 
5 3 ,  Pergamon, New York, 1958. 

'OV. j. Law and R. V. Bailey,  Chem. Eng. Sc i .  18 
(1963). 

Fig. 2.8. Isothermal Pressure-Gomposirion Diagram 

for UF6-NbF5 System a t  15OoC. 
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210. Redlich, A. T. Klster, and C. E. Turnquls t .  
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sliows the  computed standard deviation of the curve between 0.6 and 1.0 m.f. UF,  in  the liquid. 
dependent variable (either temperature or pressure) Since the calculated standard deviation for any of 
for each  type. With the  standard deviation as the  the  simplified equat ions is not greater than the  
criterion for choice,  t h e  van Laar equation is expected error in t h e  data ,  any of the simplified 
best. T h e  van Laa r  equation is preferred also on four-suffix equat ions is sat isfactory for computing 
the b a s i s  of the l e a s t  peculiari ty in shape  of the the activity coefficients.  

Table 2.5. Calculated Constants for Simplified Forms of  the Four-Suffix Wohl Equation 

Isothermal Isobaric 
-. ___. ........... 

0- D 
Simplified F o r m s  

( O C )  
A R D A B I) 

( a tm)  

Margules 0.737 1.023 0.239 0.12 0.58 0.95 0.04 3.0 

van Laar 0.739 1.170 0.309 0.103 0.59 1.04 0.01 3.0 

Scatchard-Hamer 0.729 0.929 0.479 0.38 0.53 0.88 0.34 3.2 
___ ...........___I __ ..................... ....................... ~- 

CJ = Standard deviation. 



3. It ctor Processi 

The development of a molten-salt breeder re- 
ac tor  (MSBR) i s  among the  long-range projects of 
the  Oak Ridge National Laboratory, T h e  Chemical 
Technology Division is participating by develop- 
ing  p rocesses  for continuously removing f i ss ion  
products from the  core salt  and recovering the  
newly produced 233U from the blanket s a l t .  The 
reference reactor for th i s  s tudy  i s  a 1000-Mw 
(electrical)  MSBIZ which is a two-region sys tem 
with a n  LiF-ThF,  (71-29 mole %) blanket and an  
LiF-BeF,-UF, (about 65.5-31.2-3 mole %) fuel 
stream. In order t o  optimize breeding performance, 
t he  233U rnust not be  allowed t o  reach high con- 
centrations in the  blanket (design concentrations 
will  b e  about 0.012 mole %). Because  of the  low 
power dens i ty  in the blanket, i t  is only necessary  
to  remove the f i ss ion  products by a smal l  purge 
(one blanket volume per 40 years).  T h e  blanket 
is processed  for uranium removal every 21  days .  

F i s s ion  product poisons accumula te  in the  fuel 
s a l t  a t  a much higher rate and must be  removed 
on about a 39.4-day cyc le .  The  most attractive 
process  for the  fuel. s a l t  cons i s t s  of fluorination 
of the  s a l t  to remove the uranium and subsequent  
dist i l lat ion of the  carrier s a l t  to sepa ra t e  the  
valuable 7LiF and BeF, from t h e  less -vola t i le  
f i ss ion  products. The UF, from the  fluorination 
i s  purified by sorption on N a F  pe l le t s ,  desorption, 
and collection in a cold trap. It is subsequently 
combined with the  purified carrier s a l t  by bubbling 
i t  into the  liquid phase,  reacting the  UF, with 
UF,,  and  subsequently adjlusting the  va lence  
s t a t e  by reduction with hydrogen. T h i s  process ing  
scheme  was  previously descr ibed '  and  was  sub- 
jec ted  to  a preliminary c o s t  es t imate  that showed 
i t  t o  be  economically f e a ~ i b l e . ~  Advances in the  
t echno low this year,  which wi l l  be  reported here,  
involve the  continuous fluorination and the  vacuum 
disti l lat ion of the  molten s a l t  and s tud ie s  of 
alternative methods of processing the  fuel s a l t .  

3.1 CONTRNUOUS FLUORJNATION OF 
MOLTEN SALT 

The  u s e  of fluorination to recover uranium from 
a molten s a l t  h a s  been repeatedly demonstrated, 
particularly in the Molten-Salt Volatility P i lo t  
P l an t  at Oak Ridge. Fluorination converts t he  
UF, in the  salt  to volati le UF,  according t o  t h e  
reaction: 

UF, + F2-+ U F ,  . 

The  few f i ss ion  products that  become volati le by 
fluorination c a n  be  separa ted  from the  uranium by 
se l ec t ive  sorption on packed beds of MgF, and 
NaF. Problems that a r i s e  in applying fluorination 
to molten-salt reactor process ing  a r e  concerned 
with the  control of corrosion, t he  conformity to 
high recovery spec i f ica t ions ,  and the  necess i ty  for 
continuous operation. It is anticipated that cor- 
rosion c a n  be  controlled by operation of a con- 
t inuous fluorinator with a layer of frozen s a l t  on 
the ves se l  walls.  Th i s  is made poss ib le  by the  
high rate of internal hea t  generation from f i ss ion  
product decay '  in the  MSBR fuel.  

The  attainment of consistently high recovery of 
the  uranium is the  subjec t  of present  study. T h e  
continuous fluorinator is envisioned as a tower 
through which s a l t  will  p a s s  countercurrent to a 
rising, d i spersed  stream of fluorine. Problems of 
the  equilibrium distribution of UF,  between the  
gas  and liquid phase ,  t he  ra te  of fluorination, and 
the  degree  t o  which ax ia l  mixing will destroy 

'D. E. Ferguson, Chern. Technol.  Div. Ann .  Progr. 
Rep t .  M a y  3 1 ,  1965,  ORNL-3830, pp. 301-2. 

' C .  D. Scot t  and W. I.. Carter, Preliminary Design 
S tudy  of a Continuous Fluorina tion-Vacuum-Distillation 
Sys t em for  Regenerating Fuel and Ferti le Streams in a 
Molten S a f t  Breeder Reactor ,  ORNL-3791 (January 
1966). 
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the  concentration gradient and negate  the  counter- 
current e f fec t  are being considered. 

Experimental s tud ie s  of continuous fluorination 
of molten s a l t  a r e  being made in a 1-in.-diam 
nickel column having a s a l t  depth of 48 in. No 
provision is being made in the present  work for 
corrosion protection by a frozen layer  of salt 
(Fig. 3.1). Fluorination t e s t s  in which molten 
s a l t  (NaF-LiF-ZrF,) containing 0.5 w l  % UF, 
was  contac ted  countercurrently with fluorine a t  
600°C demonstrated removal of uranium from the  
salt with 96 to  99.4% efficiency in  a 1-hr period 
of continuous operation. The  flow rates (cc/min) 
for t he  molten salt and  the  fluorine were 15 and 
70 (STP) respectively.  Material ba lances  were 
complicated by the  inevitable corrosion of the  
n icke l  ves se l .  Complete removal of uranium from 

METERED i-2 

METERED N 2  FOR 
SALT DI S PLACE MEN T 

SALT FEED TANK 
14 l i ters  

the  s a l t  with no corrosion would yield,  for the  
above conditions,  a U F 6  concentration of 17.6 
mole % in the  off-gas. Observed concentrations 
ranged as high as 35 mole % UF,. 

T h e s e  results indicate that subsequent  de- 
velopment c a n  be  expected to produce acceptab le  
recoveries of uranium by continuous fluorination. 

3.2 DISTILLATION OF MOLTEN SALT 

A flowsheet for the  proposed MSRK u s e s  a semi- 
continuous disti l lat ion process t o  remove rare- 
ear th  f i ss ion  products from the  reactor fuel.  In 
th i s  process  t h e  uranium-free s a l t  is fed con- 
t inuously to  a still pot that  accumulates the 
less-volati le f i ss ion  products whi le  the BeF, 

INFRARED ANALYZER 
FOR UF6 ANALYSIS 

l-----+ t I __..... 1 

NoF  TRAP 
1.25 kg 

SALT SAMPLING 

‘NICKEL. FLUORINATOR 
1 in. DIAtvl 

72 in. LONG 

i 
ORNL-DWG 65-9354A 

-1 

SODA LIME TRAP 
7 x g  

I OFF-GAS 

SALT RECEIVER 
14 liters 

Fig. 3.1. Equipment for Removal of Uranium from Molten Salt  by Continuous Fluorination. 
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and 'LiF are boiled off.' T h e  conten ts  of t he  
s t i l l  pot a r e  then discharged periodically with a 
cyc le  t ime determined probably by the  rate of 
hea t  generation by the  accumulated f i ss ion  
products. 

Accurate vapor-liquid equilibrium da ta ,  m a s s -  
and heat-transfer data for boil ing and condensing 
molten s a l t s ,  and rates of entrainment of s a l t  
from the  boiling sur face  are necessary  to design 
the  full-scale facility for process ing  molten s a l t s .  
Vapor-liquid equilibrium data c a n  be  expressed  as  
relative volati l i t ies of the  fuel-stream component 
with respec t  to L i F .  T h e  relative volatility, aAB, 
of component A with respec t  to component B is 
defined as:  

2 -  in. 
NICKEL PIPE---, 

BO1 Ll NG 

> THERMOW E L L  

where A and I3 r e f e r  t o  the  t w o  components, and 
Y and X are the vapor-phase and the  liquid-phase 
mole fractions respectively.  T h e  lower the  relative 
volatility of the  f i ss ion  products with respec t  t o  
L i F ,  the  m o r e  effective will be the  separation. 

Values for the relative volati l i t ies of the  rare- 
ear th  fluorides with respec t  to LiF were measured 
with various temperatures and f i ss ion  product 
concentrations by using a cold-finger technique. 
T h e s e  va lues ,  ranging from 0.01 to  0.05, a re  high 
enough t o  warrant reconsideration of the proposed 
s imple  disti l lat ion process.  

To verify t h e  relative volatility da ta ,  a re- 
circulating vapor-liquid equilibrium s t i l l  was  used. 
T h i s  dev ice  (Fig. 3.2) was  not a s  s imple  t o  op- 
e ra t e  as  the cold-finger appara tus ,  but it was  
not sub jec t  t o  the  same  experimental  b i a ses .  

ORNL-DWG 66-3933 

CONDt  NSED 

-- 
A I R W ATE R 
MIXTURE 

rUBlNG 

Fig. 3.2. Schematic Diagram of Molten-Salt Equil ibrium S t i l l .  



75 

Vapor was  continuously generated in the  2-in. 
still. pot, condensed in t h e  1-in. condenser,  and 
returned as liquid to the s t i l l  pot. When concen- 
trations reach s teady  s t a t e ,  the  concentration of 
the liquid in  the  s t i l l  pot and that of the  liquid 
in the  condenser  will  be equilibrium va lues  from 
which relative volati l i t ies can  b e  determined, 
provided t h e  liquid volumes in the condenser  and 
boiler s ec t ions  a r e  wel l  mixed. Measurements 
were made by f reez ing  the s a l t  and cu t t ing  the 
s t i l l  i n  p i eces  t o  take  samples .  

Several  runs l a s t ing  from 2 to 30 hr were made 
with th i s  s t i l l  a t  1 O O O T  and  0.5 mm I-lg. Rela t ive  
vola t i l i t i es  for sys t ems  of L i F  containing from 
1 to 2% se lec t ed  rare-eartli f luorides were meas- 
ured. T h e  relative volatility of cerium apparently 
l i e s  between 0.0014 and 0.003; the relative 
volati l i ty of neodymium l i e s  between 0.00055 and 
0.00089; and lanthanum h a s  a re la t ive  volatility 
of about 0.00067. T h e s e  r e su l t s  were reproducible 
a f te r  in i t ia l  difficult ies with s t i l l  operation were 
resolved. The  principal problems appeared to be: 
(1) avoiding excess ive  contamination of the  con- 
densa te  collector when charging the  s a l t  t o  t he  
sys t em,  and  (2) salt c l ing ing  to the wa l l s  where 
i t  could not be mixed with the  bulk of the  s a l t .  

T h e  relative volatility of CeF ,$  determined by 
the  equilibrium s t i l l  is about  one-tenth of tha t  
reported previously from cold-finger measurements,  
and  the  relative vola t i l i t i es  of NdF,  and  L a F j  
a re  one-fiftieth of t hose  previously reported. 
T h e s e  more accura te  va lues  a r e  low enouph to  
permit comfortable operation of a batch disti l lat ion 
sys t em in  the  fuel-salt  flowsheet.. 

A number of other a s p e c t s  of s t i l l  operation 
were tes ted  in  t h e s e  experiments. T h e s e  experi-  
ments demonstrated that long-term operation of a 
unit  for boil ing and condens ing  fluoride salts can 
be performed with relatively s imple  controls for 
temperature atid pressure.  In t h e  case of the 
small-scale equipment used  in  these  experiments,  
the temperature in t h e  condens ing  sec t ion  w a s  
controlled by manually ad jus t ing  t h e  flow of a 
mixture of a i r  and water. Temperature in the  still 
pot was  regulated by a n  e lec t ronic  on-off tempera- 
ture controller connected t o  the  furnace enc los ing  
tbe still. A s imple  manostat  controlled the  pres- 
s u r e  to within kO.05 mm. 

T h e  formation of fluoride s a l t  “s110w” in the  
vacuum line from the  s t i l l  w a s  once  thought to be 
i i  potential  problem in the operation of a d is t i l -  
lation process .  In these experiments we s a w  

no  “snow” or other type of s a l t  deposit ion in 
the  vacuum line.  

Tenta t ive  t e s t s  that  could have de tec ted  a 
corrosion r a t e  of 0.1 mil/day indicated no cor- 
rosion. 

We will  continue t h e s e  s tud ie s  to  co l lec t  good 
relative volatility da t a  for all the  r a t e e a r t h  
fluorides and t o  he lp  provide heat- and m a s s -  
transfer da t a  for design of a n  operational disti l la-  
t ion unit .  

3.3 ALTERNATIVE PROCESSING METHODS FOR 
AMOLTEN-SALT BREEDER REACTOR 

Liquid-metal extraction h a s  been under study as 
a poss ib le  subs t i tu te  for vacuum disti l lat ion.  
Earlier t e s t s  with L i ,BeF4  s a l t  showed that the  
lanthanides were removed, in most e a s e s ,  by a 
reductive coprecipitation with Be to yield re- 
fractory insoluble beryll ides tha t  deposited a t  
the salt-metal interface. The s c o p e  of the  study 
was  extended to  include reductive precipitation 
us ing  minimum quantit ies of L i  or Be as reductant 
followed by s imple  physical separa t ion  of t he  
precipitated metals by filtration or se t t l ing .  De- 
contamination factors were determined by us ing  
in i t ia l  concentrations of 30 to 1000 ppm of Z r ,  
Nd, La, Sm, Eu, Gd, and Sr, e i ther  s ingly or i n  
various combinations. 

Further s t u d i e s  of the liquid-metal extraction 
method were made with Li-Bi a l loys  to t e s t  re- 
moval of the  s a m e  elements,  with the  except.ion 
of Zr and Nd. 

Procedure 

T h e  reduction-coprecipitation s t u d i e s  were made 
of 15-g (7.54:~) samples  of L,i2F3eF4 sp iked  with 
L 1 c ~ l d ”  neutron poisons (as fluorides). ’These 
samples  were contained in mild-steel conta iners  
under a protective atmosphere of argon. A typical 
test included: preparing and sampl ing  the  original 
s a l t  while it was molten; reducing with between 
1 and 243 t i m e s  the  theoretical  amount of Li or 
Be a t  temperatures in the  range SO0 to 1000°C 
for about  90 min, with s t i r r ing  by an  argon sparge; 
f i l tering through a sintered-Cu filter s t ick ;  re- 
covering frozen samples  of treated s a l t  from t h e  
fi l ter  and ,  when poss ib le ,  xecoveririg the precipi- 
tated meta ls  from the bottom of the  reactor. Siilt 
samples  were analyzed for lanthanides and  Zr 
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by neutron activation ana lys i s ,  spark-source mass 
spectrometry, or emission spectrometry. The metal 
precipitates were examined by x-ray diffraction. 

Liquid-metal extraction t e s t s  with solutions of 
L i  in Bi were made in the same  equipment but 
without filtration of either phase .  Samples were 
recovered after se t t l ing ,  quenching to  room tem- 
perature, and sacr i f ic ing  the  crucible.  Before the 
s a l t  3nd the  metal s lugs  were sainplcd for anal-  
y s i s ,  they were c leaned  of sur face  deposits.  

Results 

Reductive Precipitation. - T h e  decontamination 
factors (DF’s) for La  and Gd (Table  3.1), when 
compared with the indicated process  requirement 
a t  the  bottom of each  column, show that adequate  
removals could be achieved with both Li and Be 
by us ing  e x c e s s  reductant in the  range of one to  
four t imes the  theoretical  requirement for de -  
posit ing I n B e l  j. The  low va lues  obtained in 
experiment 8 reflect the  incomplete removal of 
Zr ,  present in th i s  experiiment as a major COIII- 

ponent, 11.7%. In th i s  case the  f ina l  concentra- 
tion of Z r  (500 ppm) was comparable to  the  init ial  
concentrations of La and Cd, and was ,  therefore, 
sufficient t o  inhibit their  reduction. T h e  s p e c i e s  
identified in the  recovered metal precipitates 
( s e e  Tab le  3.1; experiments 1, 3, and 10) indicate 
that reduction of lanthanides in L i 2 B e F 4  with 
either Li or B e  leads  exc lus ive ly  to  beryll ides of 
t he  type  h R e l  3 .  T h e  x-ray identifications l i s ted  
in Tab le  3.1 represent only the  spec i f i c  beryllide 
tha t  i s  most likely, s ince  the  L n B e l j  compounds 
a r e  indistinguishable f rom each  other when co- 
deposited from a mixture. 

Examination of the  DF’s  for Zr (Table 3.1) shows 
tha t  Zr c a n  b e  removed eas i ly  from so lu t ions  in 
Li2BeF4 over a broad range of concentrations by 
treatment with either Li or Be. It is deposited 
either as  free metal or, from very d i lu te  so lu t ions  
(70 ppm), a s  ZrBe, (Table  3.1; experiment 4). 
T h e  rather high theoretical  e x c e s s e s  of Re  used  
here do  not represent optimized values.  Based  on 
the above work, the consumption of Be  t o  obtain 
a D F  (Zr) 1 .13  a t  an  init ial  Z r  concentration of 
28 ppm would require only 0 .2  g of Be per kilogram 

of s a l t  be ing  processed, even allowing a 100-fold 
e x c e s s .  T h e  va lue  of DF  (Zr j  = 11 obtained a t  
1000°C in experiment 7 is of spec ia l  in te res t  
s i n c e  i t  sugges t s  a solution to the  high volatility 
of ZrF4, a major problem encountered a t  th i s  tem-  
perature in  t he  vacuum-distillation s a l t  recovery 
method. ’The technique would be  to u s e  L i  or Be 
as a reductant to retain Zr in the  s t i l l  pot as  
nonvolati le free metal. 

T h e  reduction of Nd with Be (Table 3.1; experi-  
ments 2 and  4) required a IO-fold excess of 
reagent,  as  indicated by interpolation between the 
va lues  shown. In t h e  process ,  an in i t ia l  con- 
centration of 311 ppm of Nd [which i s  50% (by 
weight) of the  to ta l  lanthanides] would require 11 g 
of Be  per kilogram of s a l t  being processed .  In 
experiment 4, Nd deposited in t h e  form of NdBe 1 3  

(identified by x-ray ana lys i s ) .  In t h i s  t e s t ,  depo- 
s i t ion  of one of severa l  poss ib le  Z r  beryll ides 
might be expected because  of the low Zr concen- 
tration (70 ppm). Th i s  w a s  confirmed when ZrBe, 
was identified a long  with a-Zr. 

In addition to t h e  e lements  l i s ted  in Table  3.1, 
S m ,  E u ,  and Sr were studied a s  par t s  of t he  mix- 
tures u s e d  in experiments 1, 3, and 8, as  well  as 
in other tests not l isted.  Resul t s  with these  
e lements  a re ,  generally, not encouraging. T h e  
value I)F(Sm) = 2 obtained in experiment 3 is 
among the  h ighes t  observed. 

L i - B i  Al loy Extraction, - T h e  U p ’ s  and distri- 
bution coefficients,  KD1s ,  obtained in liquid-metal 
extractions of “spiked” carrier s a l t  us ing  Li-Bi 
a l loys  a re  summarized in Tab le  3.2. Except  for 
Sm, adequate decontamination was  achieved  for 
a l l  elements (La, Sm, Eu,  Gd, and  Sr) in the  

The  generally high D F ’ s  cannot b e  ex- 
plained in  most cases by a true extraction mecha- 
nism, a s  is indicated by the  low distribution co- 
efficients shown in Tab le  3.2. Also ,  poor material 
ba lances  W ~ T C ~  obtained when only samples  of 
the  s a l t  and metal phases  were used .  T h e  mecha- 
nism for the  removal of the  e lements  in ques t ion  
i s  precipitation a s  interfacial  so l id s ,  which were 
later i so la ted  and identified by x-ray ana lys i s  to 
b e  beryll ides of the Ln13ei3 type. The  high K D  
observed for Eu ,  however, indicates that  th i s  ele- 
ment w a s  removed almost exclusively by extraction 
when 30 a t .  % Li-Bi alloy was  used .  

spike.” 1 1  



Table 3.1. Reductive Precipitation o f  Neutron Poisons f rom t i 2 8 e F 4  

Initial concentrations: Zt  = 70 ppm; Nd = 400 ppm; others GO0 to 900 ppm 

ppni of “spike” in original salt  
Species Identified in Metal 

Precipitates by X-Ray Analysis 

D F  = Factor of 
Esperiment Rcducta,lt Excess  Temperature ppm of “spike” in treated s a l t  

Zr  La Nd Gd 
N 0. Reductant (OC) 

2.3 Be; C-Zr (trace); LaBe13 (trace) 550-GOO 2.4 1 Be 1 

2 Be 4.2 (Nd), 550-560 55 
243 (Zr) 

2.1 Not examined 

3 Be 4.4 550-595 9.0 8.0 Lanel3 and Be (tracej 

4 Be 103 550-585 

S Be 121 5 50-56 0 395e 

52 CL-Zr, ZrBe2, Be, NdBe13 

Be 

6 Be i 04 SO0 35 Cu (from filter) i unidentified l ines  

7 Be 162 1000 I1 Not examined 

8 Li 1.28 550-575 23.1b 1.1 1.3 CL-Zr; tiF + Li2BeF4  in salt 

9 Li 105 550-580 51 Cu (from filter) 

10 Li 4.1 550 13 6 Be, LaBel 3 ,  FeBe  (from crucible)’ 

D F  required for process I .43 1.7 20 1.05 

dlnitiai concentration = 400 ppm of ZP. 
bInitial concentration = 11,7?3 Zr, 
‘Separation by settling. 
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4. Waste Treatment and Disposal 

The w a s t e  treatment and d i sposa l  development 
program is des igned  to develop a comprehensive 
waste-management sys tem for  nuc lear  was te s ,  
including their  f inal  d i sposa l ,  and  to e s t ima te  t h e  
c o s t  of t h i s  operation. Economical management 
of radioactive e f f luents  is a prerequisite to the 
natural growth of a nuclear power industry. A 
comprehensive waste-management flowsheet was  
prescnted previously. High-level radioactive 
w a s t e s  (HLW), which contain nearly all t h e  fission 
products, a r e  converted to so l ids .  Intetmediate- 
leve l  radioactive w a s t e s  (ILW j, characterized by 
their generally high s a l t  content, a r e  incorporated 
in  asphal t ;  any  contained water is simultaneously 
volatilized. Low-level radioactive w a s t e s  (LLWj 
a r e  treated to remove the  radionuclides,  and the  
decontaminated water is discharged to the  environ- 
ment o r  recycled for reuse.  T h e  recovered so l id s  
a r e  combined with the  TLW. Both the  HLW and 
ILW sol id  products c a n  b e  shipped to an ult imate 
d isposa l  site. 

4.1 HIGH-LEVEL RADIOACTIVE WASTE 

Status and Progress 

Development of the  Rising-Level Potgl ass (RL- 
Po tg la s s )  p rocess  continues. Two new prototype 
was te  compositions,  PW-l and PW-2, were s tud ied ,  
and phosphate-type glilsses o r  ceramics  were ex-  
plored further. T h e s e  prototype w a s t e s  will  be  the  
s tandards  fo r  t he  development program in the  
United States. They differ considerably from the  
previous standard was te ,  FTW-65, b e c a u s e  of t he  
hi& iron content of PW-1 and the  inc rease  in the  

f i ss ion  product concentration of both was te s  to  
tha t  equivalent to a burnup of 20,000 Mwd/metric 
ton. T h i s  change necess i t a t ed  additional melt- 
development s t u h e s  and smal l - sca le  rising-level 
t e s t s  i n  t h e  laboratory to develop a melt with a 
suitably low melt-ing point and low degree of cor- 
rosivity. Additional large-scale t.ests were also 
required to define pumping, h e a t  transfer, corro- 
sion, and other engineering var iab les  in  8- and 12- 
in.-diam pots. Some success fu l  small- and large- 
s c a l e  runs were made, and corrosion was  negligible, 
but in severa l  i n s t ances  it was  severe.  Conse- 
quently, evaluation of t h e  RL-pot glass process  
i n  the  Waste Solidification Engineering Prototype 
(WSEP) with radioactive was te  a t  Pac i f i c  North- 
wes t  Laboratory (PNL) was  not recommended until 
t he  corrosion mechanism is more clearly defined. 
Low-melting s i l i ca t e  mixes were also developed 
to incorporate Purex wastes.  Init ial  corrosion 
tests in a small-scale continuous melter wete  
promising. It may prove poss ib l e  to u s e  Inconel, 
Nichrome, or similar commercial alloys,  ins tead  
of platinum, to make a continuous melter. 

Prev ious  work with HLW’s was  confined to 
aqueous wastes.  A new program w a s  s ta r ted  to 
develop su i tab le  treatment methods for the solid 
wastes from the  fluidized-bed fluoride-volatility 
p rocess  (Sect. 2). An economic survey w a s  made 
to define the  parameters for th i s  work (Sect. 4.4). 
Thermal conductivit ies were derived to a s s i s t  i n  
determining whether the  was te  bed should  merely 
b e  s e a l e d  in  a d isposable  s t a i n l e s s  st.eel pot or  
d i spersed  in a g lassy  matrix i n  a pot. It appears  
feas ib le  to p l ace  powdered glass over the  was te  
bed i n  a pot and to melt t he  g l a s s  and  c a u s e  it to 
flow into the  voids. 

. _.. . .- - 
’K. J i .  Hlanco and F. L. Parker, W a s t e  Treatment and 

‘D. 1%. Ferguson el a l . ,  Chem. TtYhnol.  Uiv. Ann. LlisposaI Sentiannual J’rogress Repor!, July-December 
Pmgr. Rript. M a y  3 1 ,  1965 ,  ORN1..-3830, p. (16. 1 Y65, ORNL-Tbl-1465 (in press). 
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La boratory Stud i e5 

Disposal of Aqueous Wastes. - T h e  ORNL, work 
on was te  solidification w a s  summarized in  the 
ORML sec t ion  of the  operating manual for the  
WSEP a t  PNL. A revised version will be  i s sued  
as  a final report summarizing t h e  ORNL work on 
solidification of highly radioactive aqueous 
was tes .  

Melt-Development Studies. - Waste types  studied 
during 1966 included Purex  FTW-65, Furex-1, and 
Purex-2 (Table  4.1) in addition to melt viscosity 
measurements of a s ingle  TBP-25 melt. Work on 
the  Purex melts covered a range of simulated fis- 
s ion  product compositions from zero  to that ex- 
pected from a burnup of 20,000 Mwd/metric ton 
(Table  4.2). The  compositions of melts4 f rom 
FTW-65 Purex was te  were varied systematically,  
and the  leach  rates of the  products were determined. 

T h e  resu l t s  confirm that mel t s  of t h i s  type that 
contain calcium a re  more inso luble  than those  
without it. Further correlation of melt composi- 
tion with phys ica l  properties i s  continuing. 

T h e  adoption of Pulex-1 and Purex-2 as new 
standard compositions for Purex  waste,  with and 
without sulfate,  and both containing simulatcd 
f i ss ion  products from 20,000 Mwd/metric ton 
burnups (Tables  4.1 and 4.2), necess i t a t ed  addi- 
tional development of melt compositions. Keason- 
ably satisfactory phosphate melt compositions 

3W.  E. Clark et a]., Development of Processes  for 
Solidification of Aqueous, Highly Radioactive Waste. 
Summary Repor t  for Pot-Calcination and Rising-Level 
Potg lass  Processes ,  ORNL-3961 (in preparation). 

4C. L. Fitzgerald et al., A Computer Code for Storing 
and Retrieving Data and Developing Improved Solids for  
Fixation of Highly Radioactive Wastes, ORNL-3821 
(March 1966). 

T a b l e  4.1. Simulated Wastes (Without F iss ion  Products)  Used in  Melt-Development Studies 

Gram-Moles per Liter of Waste 

Purex FTW-65 Purex-1 Purex-2 TBP-25 
Constituent 

H 4  0.5 5.0 5.0 0.5 
+ 

Na 0.3 0.138 0.93 

AI,' 0.05 0.001 0.001 1.6 

Fe3  ' 
c r 3  + 

0.10 

0.02 

0.93 

0.12 

0.445 0.002 

0.024 

Ni2'  0.01 0.05 0.01 

Hg2'  

XU 

Mn2 + 

0.0035 

0.002 

0.001 0.001 0.01 

so,2- 0.15 0.870 0.026 

~ 0 , ~ -  

sioj2- 
F- 

NO,- 

c1-- 

-. 

0.005 

0.01 

0.0005 

'1.0 

0.003 0.006 

0.01 0.01 

<0.001 <0,001 

-8.8 -6.44 -5.4 

Gallons per 82 per lo3  k g  100 per 100 per 106 
unit weight of u lo3 kg lo3  kg per kilo- 

of u of u gram of 
2 3 5 u  



were readily avai lable  from previous melt-develop- 
ment work recorded i n  t h e  ORNL m e l t  catalog.4 
Difficulty w a s  encountered with corrosion from 
Purex- l  was te  which is high i n  iron. (See "Cor- 
rosion with Phosphate  Melts," below.) L e a d  
s i l i c a t e  mel t s  were also developed for th i s  was te  
type. T h e  b e s t  of t h e s e  were more homogeneous 
in  appearance, had lower sof tening and operat ing 
temperatures, were less corrosive, and gave  higher 
volume reductions than the phosphate  mel ts  (Table  
4.3). Thermal conductivity w a s  much lower than 
for t h e  phosphate  mel ts  though s t i l l  about  twice 
a s  high as  for  ca lc ined  w a s t e  (Fig. 4.1). 

Viscosi ty  Measuremetits. - Viscos i t ies  of se- 
lec ted  phosphate  mel ts  were measured by the  
falling-sphere method descr ibed p r e v i ~ u s l y . ~  T h e  
viscosi ty  of TBP melt 2634 decreased  from 429 
p o i s e s  at 800°C to  207 at 900°C (Fig. 4.2). Vis- 
cosities of the FTW-65 melts were lower than 
those  of  TBP melt 263 by at l e a s t  a n  order of 
magnitude. T h e  e f fec t iveness  of f i ss ion  products 
in  increasing viscosi ty  is shown by t h e  fact  that 
FTW-65 melt 392 without fission products  de- 
c reased  in viscosi ty  from ll p o i s e s  a t  800°C to 
about 6 at 850°C and to 3.5 at 9OO"C, while  a 
melt of the  s a m e  composifion except  for t h e  addi- 

T a b l e  4.2. Simulated Fission Products  Used in Melt-Development Studies  

Composition Number 

Burnup, Illwd/metric ton 10,000 10,000 

Thermal neutron flux 

Irradiation time, months 11.4 

Decay time, months 3.8 

3 x 10l3 

Percent  2 3 5 ~  in fuel 2 

Fission product concentrations, 
gram-atoms (x  lo2) per  liter 
of waste  
Xb 
cs 
Sr 
Ba 

0.7 
0.7 

0.53 
0.53 

0.6 
1.9 

1.4 
0.8 

0.71 
3.45 

1.55 
1,95 

Rare earths 0.45 8.1 11.9 

Z r  

Mo (and Tc) 

Ru, Rh, Pd 

2. I 
2,3 

2.8 

4.5 
4.4 

1.6 

6.5 

7.9 

5.66 

& 0. ox 
0.17 

_I 

I 

Total fission products, 0.144 0.2347 0.397 
gram-atoms per  l i t e r  of 
w a s t e  

RTl l i s  ' composition was  used i n  the  earlier developmental s t l r d i e s ,  and i t s  u s e  w a s  continued i n  sotlie FTW-65 ex- 

bCalculated from ORNL-2127 (J. 0, Blomelce and  Mary 1'. Todd), 
'C .  €2. Cooley, letter to W. G. D e l t a  a t  al . ,  "Projected Waste Compositions for WSEP S t u d i e s , ' ~  May 6. 196.5. 

p e r h e n t s  to provide continuity. The f igure of 10,000 Mwd/metr ic  ton is only naniirral. 



Tuble 4.3. Summary of  Semiengineering-Scale Tests  of the RL-Potgloss  and Con-Potgloss Processes 

Melt Numbers ( s e e  ref. 3Ia 

422 423  473 476 478b 479c 480 46 1 

P rocess  rested 

Additives, g-moles pe r  l i t e r  of 
was te  solution 

H P ,  
LiOH , H 2 0  
NaOH 
Ca(N03)*.  4 H 2 0  
XaH2PO2 

Silicic ac id  (80% SiOz) 
PbO 

%BO3 

Operating temperature, OC 

Time a t  operating tempera- 
ture, hr 

Volume reduction 
volume waste/volume solid 
ga l lons  solid per metric ton 

o f  U processed  

Container corrosion 

Solid product (solubili ty and 
general  appearance) 

Volatility and entrainment, 
% v i  to:al present 
L i  
F e  

PO4 
M V  

cs 
Ru 
Zr 

so4 

RL- 
Purex-1 

2.0 
1.: 
1.1 
0.1 

900-950 

14.0 

9.0 
11.1 

Negligible 

Soluble 

0.01 
0.12 
0.10 
0.63 

53.3 
1.9 

RL- 
Pu  rex- 1 

2.5 
1.4 
1.4 

900-950 

15.0 

7.7 
13.0 

Highd 

Saxisfactory 

3.6 
3.3 
3.4 
4.6 
4.4 

38.4 

RL- 
Purex-1 

3.5 
1.9 
1.9 

0.2 

900-950 

13.0 

5.7 
17.5 

High' 

Satisfhstory 

0.20 
0.17 
0.41 
0.59 
0.63 

39.5 
<0.37 

RL- 
Purex-1 

2.4 
1.4 
1.3 

0.1 

900-950 

i3.8 

7.7 
13.0 

Moderate 

Satisfactory 

0.18 
0.13 
0.4: 
0.70 
0.49 

34.4 
0.26 

RL-  
Purex-1 

2.4 
1.1 
1.3 

0.1 

900-950 

14.0 

7.7 
13.0 

Highd 

Satisfactory 

15.2 
15.6 
12.0 
12.7 
14.6 
38.6 

RL- 
Purex-2 

2.4 
1.37 
1.27 

0.1 

800-850 

14. C 

7.0 
14.3 

Moderate 

Porous  

1.00 
1.80 
0.28 

1.7i  
0.26 

27.7 
0.39 

15.0 

RL- Con- 
Purex-2 Pu  rex- 1 

2.2 
1.37 
1.27 

0. i 

800-850 

i4.0 

1.0 

0.8 
0.8 
0.9 

900 

60.0 

7.0 12.0 
14.3 9.0 

Moderate Kegligibiee 

Satisfactory Sa:isfactory 

0.18 

0.2; 0.34 
0.15 
0.96 1.38 

9.0 
30.8 12.5 

0.32 0.09 
11.3 

aMelts numbered 478 and higher a re  not inciuded in t h i s  in i t ia l  publication (ref. 3). 
bope ra t ee  under flowing KO. 
'The ratio chemical equiva len ts  (a lka l ies  t a lka l ine  earths)/chemical equivalents (nonvolati le anions) < I. 
dThermocouple wel:s corroded through. 
'See Table  4.4 for de ta i led  corrosion dara. 

Fluctuation i n  ilow ra te  c a u s e d  upse t s  i n  operation, resu l t ing  i n  excess ive  entrainment and excess ive  corrosion. 
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Fig. 4.1. T h e r m a l  C o n d u c t i v i t i e s  of Purex D i s p o s a l  

Sal ids .  
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Fig. 4.2. V i s c o s i t i e s  of P h o s p h a t e  M e l t s  I n c o r p o r a t i n g  

S i ni u I Q t e  d Radio a c t  i v e  W a s t e  s. F o r  m e  I t  corn p o s i t  i o n s ,  

s e e  ref .  4. ( a )  26.1% p r o c e s s  oxides;  ( h )  407: p r o c e s s  

o x i d e s ,  no s i m u l a t e d  f i s s i o n  products; (c) 20% p r o c e s s  

o x i d e s ,  no s i m u l a t e d  f i s s i o n  products; ( d )  c p l u s  s imu-  

l a t e d  f i s s i o n  p r o d u c t s  e q u i v a l e n t  t o  a burnup o f  10,000 
M w d / m e t r i c  ton.  

tion of simulated f i ss ion  products  equivalent  to  a 
burtiup of 10,000 Mwd/metric ton (composition 1, 
T a b l e  4.2) decreased  in v iscos i ty  from 13 p o i s e s  
a t  850°C to 7 at 900OC. 

Small-Scale Rising-Level Process Tests.  - 
Seven semienginee.ring-scaIe Rising-Level (RL) 
P o t g l a s s  tests were made, u s i n g  phosphate  melts: 
f ive with Purex-1 and two with Purex-2. The 
w a s t e s  contained sirnula!-ed Fission products  
equivalent  to a burnup of 20,000 Mwd/metric ton. 
Fixat ion of Purex-1 w a s t e  i n  t h e s e  mel t s  required 
a higher temperature (900 to 9.50"C) than the 900°C 
maximum that  is des i rab le  when s t a i n l e s s  s t e e l  
pots are used. At about  95OoC, corrosion w a s  
correspondingly s e v e r e  (see below, "Corrosion 
with Phosphate  Meits") except  in melt 422, which 
contained added calcium and which sol idif ied to 
form a product with rather unsatisfactory propert ies  
(Table  4.3). Substitution of 0.1 1l.l NaFI,P02 (melt 
478) for a s m a l l  fraction of t h e  Na' and 
in  a melt containing no added Ca'.'. (melt 423) de- 
c r e a s e d  t h e  cor ros iveness  somewhat (Table  4-31, 
Further  development is required to obtain Purex-1 
mel t s  t h a t  have  sui tably low corrosion rates and 
melt ing points. 

Corrosion with Phosphate Melts, - The occa- 
s iona l  unexplained cases of s e v e r e  corrosion that  
have  occurred i n  RL-Potg lass  experiments  and 
during thermal conductivity tests on phosphate  
mel t s  have  resul ted in  t h e  postponement of t e s t s  
planned for t h i s  p r o c e s s  in  t h e  WSEP at PNL. 
Corrosion inc idents  which contributed to t h i s  de- 
c i s ion  a r e  summarized below (see also ref. 2). 

1. Purex-l. Waste (High Iron Content, No Sulfate): 
(a )  Melt 478, Crushed so l id  material horn 

engineering run 91 ( s e e  "Demonstration of 
Rising-Level P o t g l a s s  Process," below) 
corroded through t h e  i - i n ,  wal l s  of t h e  
thermocouple wel l s  (type 304L s t a i n l e s s  
s tee l )  during 4 hr at 850 to 900°63. In a 
second experiment, severe  corrosion did 
not occur  af ter  2 hr at 850 to 900OC fol- 
lowed by cooling to room temperature and 
then a s low rise in temperature (lor thermal 
conductivity measurement), ending a t  830OC 
for 24 hr.  

( h )  Melt 475. In two engineer ing-scale  t e s t s  at 
900DC, run 91 showed negl igible  corrosion, 
while  run 92 showed heavy corrosion (see 
Demonstration of RTsing-Level P o t g l a s s  
Process," below). 



84 

( c )  Specimens of types  304L and 3310 s t a i n l e s s  
s t e e l s  ($-in.-diam rods) were par t ia l ly  im- 
mersed in melt 478 a t  95OOC for 69 hr  under 
an atmosphere of air. T h e  310 s t e a l  w a s  
completely destroyed, and t h e  304L was  
heavily corroded. In s imilar  t e s t s  a t  about 
850°C for 24 to  72 hr i n  a i r  and in  argon, 
corrosion w a s  generally l e s s  severe.  Less 
corrosion occurred under argon than in air, 
and the  B 10 s t e e l  was more heavily cor- 
roded than t h e  304L. Quant i ta t ive measure- 
ment of corrosion w a s  not possible .  

2. FTW-65 Waste (High Sulfate Content, Medium 
Iron Content): 
( a )  Melt 2.4 A thermal conductivity t e s t  on RL- 

Potgl .ass  “ g l a s s ”  i n  s i tu  resul ted i n  fa i lure  
of the  ‘/1 ,-in.-wall center  tube (304L) when 
kept  a t  83OOC for 24 hr. 

(b)  Melt 358. Crushed sol id  material w a s  melted 
down for thermal conductivity measurements. 
T h e  $,-in. wall of the heater  well (304L) 
fai led during the  second of two s u c c e s s i v e  
periods of hea t ing  to  85OoC for 3 to  4 hr. 

( c )  Melt 357. Of two engineer ing-scale  t e s t s  
a t  ORNL and o n e  a t  P N L ,  o n e  t e s t  a t  OKNI, 
a t  900°C showed heavy corrosion, but cor- 
rosion w a s  negl igible  i n  the other  two a t  
825 t o  850°C ( s e e  Sect. 4.3). 

Many of t h e  above t e s t s  a re  not truly representa- 
t ive of t h e  condi t ions prevai l ing during t h e  actual  
RL-Potg lass  sol idif icat ion process .  However, 
when combined with the  occas iona l  c a s e s  of severe  
corrosion observed i n  small-scale RL-Potg lass  ex- 
per iments  (Table  4.3), they ind ica te  the  need for 
further study of corrosion under varying RL-Pot- 
g l a s s  conditions, and particularly the need for a 
knowledge of the  corrosion mechanism. 

Ruthenium Volatility Studies, - In the  pot 
processes ,  i t  is expected tha t  t h e  volat i l izat ion of 
ruthenium will b e  controlled by recycle  of the  pot 
off-gas to the  evaporator. In t h e  evaporator, the  
ni t r ic  ac id  is steam str ipped from t h e  combined 
feed and pot condensa te  t o  yield a condensa te  
containing very l i t t l e  ruthenium. Engineering- 
scale t e s t s  h a v e  indicated t h e  validity of th i s  
approach,’ and more recent laboratory t e s t s  further 
confirm it. * For example, variation of ruthenium 
concentration from 0 t o  1.0 mg/ml i n  a simulated 
pot off-gas stream recycled to  t h e  evaporator re- 
su l ted  in  volatilization of l e s s  than 1% of tho 
ruthenium i n  all cases. If necessary ,  s m a l l  con- 

centrat ions of a reductant (e.g., NaH,PO,) can be 
added to  reduce t h e  volatility by fac tors  of 38 to 
2500. 

VolrstiliPy-Waste-Pracess Development Program. 
- T h e  fluidized-bed volatility p r o c e s s  for recover- 
ing  uranium and plutonium from spent  fuel e lements  
produces subs tan t ia l  quant i t ies  of highly radio- 
ac t ive  sol id  w a s t e s  ( s e e  Sect. 2). T h e s e  w a s t e s  
c o n s i s t  of alumina powder (bed material) with fis- 
s ion  product fluorides. T h e  purpose of th i s  pro- 
gram i s  to develop and demonstrate laboratory- 
scale p r o c e s s e s  for converting t h e s e  was te  powders  
into a form s u i t a b l e  for permanent disposal ,  

Three  primary a l te rna t ives  a r e  being considered: 
(1) s e a l i n g  t h e  contaminated alumina powder i n  a 
s t a i n l e s s  s t e e l  can ,  omitting any kind of ptocess-  
ing; (2) dispers ing t h e  powder in  a g lass ,  metal, 
or polycrystal l ine sol id  and canning it; and (3) 
incorporating t h e  powder in a g l a s s  or polycrystal- 
l ine  sol id  and canning t h e  product. Any of t h e s e  
forms would be s u i t a b l e  for shipment to a s a l t  
mine for permanent d i sposa l  ( s e e  Sect. 4.4). 

Dispersion i n  Glass. - Initial s t u d i e s  were con- 
centrated on dispers ing t h e  bed mater ia l  in a g lass .  
T e s t s  with 60- to 300-mesh alumina or alumina 
containing 25 wt % “ s t a i n l e s s  s t e e l  ox ides ,”  
p l u s  s tand-ins  for f iss ion products  to  s imulate  the  
sol id  was tes ,  showed that  dispers ion i n  g l a s s  i s  
feas ib le  by simply melting a high-density g l a s s  
p laced  o n  top of t h e  powder. T h e  g l a s s  f lows 
down into the powder to form a cont inuous matrix 
surrounding the  par t ic les .  T h e  method w a s  also 
tes ted  with bed material (alumina containing a 
mixture of s t a i n l e s s  s t e e l  ox ides  and fluorides) 
obtained from “cold” engineer ing t e s t s  (see Sect. 
2.2). T h e  g l a s s  w a s  a powdered commercial l ead  
borosi l icate  g l a s s  (Corning No. 8463; densi ty ,  
6.2 g/cc). It w a s  placed on top of the bed ma- 
terial, melted, and held for 1 hr a t  600°C. T h e  
product w a s  mechanically strong, but t h e  Iionioge- 
neity w a s  uncertain, as  indicated by co lor  varia- 
t ions,  presumably resul t ing from t h e  iron. T h i s  
same effect was noticed with a g l a s s  cons is t ing  
of 12-5% B20,---87.S% P b Q  (by weight). 

Optimum glass/bed weight ra t ios  for t h e  disper- 
s ion  experiments (i.e., no reaction between bed 
material and g lass )  were about 2 / l ,  T h e  weight 

..I__.___..______ 

5H. W. Godbee and W. E. Clark, “Use of Phosphate 
and Hypophosphite to Fix Ruthenium from High-Activity 
Waste in Solid Media,” Ind. fin& Chem. Prod. Res. 
Deve lop .  2, 157 (1963). 



of bed material varied from 25 to 120 g, and dis- 
persion l i m e s  and temperatures varied from $. to 
1 hr at 600 to 6SO°C, depending upon the s i ze  of 
the  bed particles. Under the same conditions, 
faster removal of air  bubbles and faster mixing 
occurred when vacuum was applied a t  the bottom of 
the container. The  engineering feasibility of, or 
the need for, the vacuum h a s  not been determitied. 

Since ZrF, i s  one of the possible solid was tes  
requiring disposal, and also one of the fission 
product fluorides, i t s  behavior in contact with low- 
melting (5110 to SOO°C) lead borosilicate glasses 
m u s t  be  known. Therniodynamic analysis shows 
that the reaction between ZrF, and SiO,, H,C),, 

or DLO is highly probable a t  the temperatures 
mentioned above. To determine whether these 
oxides, when present a s  a glass,  will react with 
ZrF, at these temperatures, a thermogravirrietric 
analysis (weight loss with temperature) was run 
with a mixture of  ZrF, powder and a powdered 
comnmercial. lead borosilicate glass. A sample 
containing 2.1378 g of ZrF, and 4.2690 g of g lass  
W ~ S  heated to 6 0 0 T  and held at th i s  temperature 
for 2 hr. An exothermic reaction occurred between 
450 and 500°C. The weight loss over this SOo 
interval was about half the total weight loss of 
3.63%. 

Dispersion in a g l a s s  without premixing of the 
bed material and powdered g lass  was studied by 
two additional techniques. The f i r s t  was to pre- 
m e l t  the high-density g lass  and pour it on the bed 
material, and the second was to place the bed 
powder over a solid low-density g l a s s  and then 
melt the glass. The first technique produced the 
same quality product a s  obtained by melting the 
high-density glass on top of the bed material. 
Initial attempts with siiiking the bed powder in  a 
low-density g lass  were unsuccessful since the 
type of glass tested (Na,0-P,05 eutectic, density 
about 2.5 p'cc) reacted wilh the bed materi;d to 
form an extremely viscous m e l t  that  prevented 
further mixing. 

Incorporation Studies. - Scouting studies were 
made of the feasibility of preparing homogeneous 
g l a s ses  by contacting the  bed material with vari- 
ous  fluxes. Among the latter were the Na,Q-P,O, 
eutectic and the PbO-L3,03 melts, a s  well as the 
combination of additives (NaH,PO,, Na,I-IPO,, 
Na,F3,O7) necessary to produce the aluminurn 
borophosphate g lass  l isted in the ORNL mel t  
catalog as melt 284. The Na,O-P,O, and PbO- 
B,O, melts did not produce satisfactory materials 

at 80OOC. Melt 284, containing 35.4% (by weight) 
of waste cladding oxides, produced a seemingly 
homogeneous glass. Were, the powders were 
mixed, melted, and held at 900°C for 1 hr. 

Characterization studies were started on sirnu- 
lated bed materials obtained from the ANI,, BNL, 
and ORNL fluidized-bed development programs 
(see Sect. 2). These  studies include the nieasure- 
ment of bulk density of the bed powder i n  the as- 
poured s t a t e  and aft.er compaction; chemical and 
physical stability determinations as a function 
of temperature, using thermogravimetric and dif- 
ferential thermal analysis; thermal conductivity 
measurements on the as-poured and compacted 
bed material a s  a function of temperature; and 
solubil.ity and other physical meas~re~nei i t s .  

?'he effective thermal conductivities, ke> of 
the various two-phase systems considered for 
disposal of the bed material were estimated by 
using theoretical equations for the thermal can- 
ductivity of mixtures. These  estimated values 
of k e  show that the  thermal conductivity of the 
bed material could be increased by factors of 10 
to 230 over that in air  by judicious selection of the 
matrix in which the bed material is dispersed 
(Table 1.4). Reasonable values of conductivity 
(see, for example, Fig. 4.1) for the bed material 
incorporated into a glass or crystalline solid - 
single phase  - are also given i n  Table 4.4. Tnese 
values show that the conductivity of  the bed ma.. 
terial. is increased over that in air  (by factors o f  
2 to 3), but not nearly so much as  with the dis- 
persions. 

The maximum volume percent of A1,0, that can 
be readily incorporated i n  g lasses  or polycrystal- 
l ine so l ids  is 15 to 25% (Table 4.4). '['his is 
economically important s,ince it shows that the 
number of storage cans  required to contain a given 
amount of waste will be two to s ix  times larger 
i f  the alumina is incorporated (dissolved) rather 
than dispersed. Therefore, i t  was tentatively 
concluded that dispersions are better than solid 
solutions because they have higher thermal con- 
ductivities, smaller volumes, and probably equally 
Low solubilities. 

6H. W. Godbee, Thernial Condrrctivity of iWagr1esia, 
Alumina, and Zirconia Powders in A i r  a t  Atinospheric 
Pressure from 200r'F to 1500°F, QKNL-3510 (April  
196fj). 
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Table  4.4. Estirriated" Theimal  Conductivity o f  Fluidized-Bed Waste Solids i n  Various Media a t  500°% 

Thermal Conductivity (Dtu hr-' ft-' F )  
Volume P e r c e n t  

Cont inuous Discont inuous  Mixture or  Single  
P h a s e ,  k P h a s e ,  k d  P h a s e ,  ke 

Continuous P h a s e  Discont inuous P h a s e  

C 

__ ~ 

Twa-Phase Systems 

Air 60 0.025 11 0.32 

60 130 11 74 

60 0.5 11 3.2 

60 2 11 5.6 

Aluminum A1203 

G l a s s  A1,03 

Crys ta l l ine  A1203 
so l id  

Single-Phase Systems 

Glass  15-25 0.5 

Crys ta l l inc  10-15 1 
so l id  

.. .. ___I_- -._. 

*Using m i x t u i e  equat ions  given i n  ref. 6. 

Engineering Stu Ai os 

Demonstration of Rb-Potglass P r o c e s s  _- F T W -  
65 Purex Waste. - A final t e s t  (R-90) of t h e  RIP 
P o t g l a s s  p r o c e s s  with FTW--65 Piirex w a s t e  w a s  
m d e  in  an $-in.-diam x 96-in.-high pot, us ing  melt 
3.5y4 (Table  4.5). 'The operat ing temperature w a s  
limited t o  850°C s i n c e  laboratory s t u d i e s  had 
indicated that  the  viscosi ty  and corrosivity of 
the  melt were sat isfactor i ly  low a t  t h i s  tempera- 
ture. Also, a previous t e s t  at 900°C (I<-89) in an 
8-in.-diam pot had shown t h a t  the  corrosion rate  
w a s  e x c e s s i v e  ('Table 4.6). Test R-90 proceeded 
sinoothly, and the  corrosion w a s  negl igible  - 15 
mils. T h e  original wall th ickness  of the pot w a s  
320 m i l s .  T h e  s a m e  melt w a s  a l s o  successfu l ly  
t e s t e d  a t  PNL in a 12-i--.-diam pot. In t h i s  tes t ,  
a d e n s e  so l id  product w a s  formed, and there w a s  
no evidence of any corrosion. 

PW-1 Purex  Waste. - T e s t  R-91 was  an RL- 
P o t g l a s s  t e s t  made in  a n  8-in.-diam pot, using 
s imulated PW-1 w a s t e  and lithium and sodium 
phosphates  a s  glass-making addi t ives  (Table  4.7). 
Phosphi te  was  also added to provide a reductant 
t o  d e c r e a s e  coriosion (see "Small-Scale Rising- 
Level  Process T e s t s , "  above). T h e  was te ,  addi- 
t ives ,  and s imulated f iss ion products  were com- 

bined i n  t h e  feed tank and fed to  the  pot as  a 
s ingle  stream, as  i n  a l l  previous t e s t s .  A pre- 
c ip i ta te  formed in  the  feed  tank, making i t  diffi- 
cu l t  to control the  flow rate  of t h e  resul tant  slurry 
to the  pot. However, t h e  t e s t  w a s  completed, and 
a sat isfactor i ly  d e n s e  g lassy  product w a s  formed. 
Corrosion w a s  negligible, l e s s  than 5 mils  (Table  
4.6). 

T e s t  R-92 w a s  a dupl icate  of R-91, with two ex- 
cept ions:  (1) a 12-in.-diam pot w a s  used  to  de- 
termine t h e  effect of pot diameter on process ing  
rate, and (2) t h e  glass-making addif ives  and phos- 
ph i te  were added a s  a separate ,  propoitionated 
s t ream in t h e  w a s t e  feed l ine  to  t h e  pot. T e s t  
12-92, which l a s t e d  for 100 hr, w a s  conducted in  a 
s t a i n l e s s  steel (304LC) pot, 12 in. i n  diameter and 
6 f t  high. T h e  pot  w a s  heated in  an inductioii 
furnace having a 15-in.mdiarn susceptor .  

B e c a u s e  of inalfiinction of the  proportional feed 
system, a n  e x c e s s  of about 26% of t h e  additive 
phosphate  solut ion w a s  added during t h e  f i rs t  20 
hr  of operation, and the  proper feed ra t ios  were 
not reached until t h e  44th hour. 'This may h a m  
caused  t h e  e x c e s s i v e  coriosion observed i n  the  
bottom of t h e  pot, s i n c e  laboratory experience 
ind ica tes  that a n  e x c e s s  of phosphate  frequently 
l e a d s  t o  e x c e s s i v e  corrosion. Undoubtedly, t h e s e  
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H +  1.5 

Na 0.9 

~ 1 ~ '  0.15 

+ 

Fe3' 0.30 

NiZt  0.03 

EIg2 + 0.0105 

cr3 + 0.06 

T a b l e  4.5. Composition o f  FTW-65-X3a Simulated Purex Waste and Addit ives for Runs R-89, R-90 

E x p r e s s e d  a s  gram-moles per l i t e r  of or iginal  w a s t e  

Melt 357;4 approximate rnp 8OOoC 

- 
so4?- 0.45 

P043- 0.015 

sio, 2- 0.03 

F- 0.0015 

NO3- -3-1 

F i s s i o n  products'  0.5 

C o n s  t i  tuent  Concentrat ion 1 I Const i tuent  Concentrat ion 

3.6 

2.4 

Addit ives  

WaOI-I 

Al(NO,), 

Addit ives  

H3P04 

LiOI-1 

2.7 

0.75 

"The FTW-6S-X3 represents  the  h i g h e s t  concentrat ion o f  this w a s t e  type  that  c a n  be convenient ly  s imula ted  by 

bHanford-BNL sirnulated-fission-product composi t ion equiva len t  to a burnup of 10,000 Mwd/metric ton (Table  4,2). 
direct  makeup from laboratory r e a g e n t s  without  h e a t i n g  t h e  solut ion.  

Total w a s t e  o x i d e s  =: 30 wt %. 

T a b l e  4.6. Corrosion Resul ts  in R is ing-Leve l  Potgloss Engineering-Scale Test  

Diameter  of  pot, 8 in. 

Maximum 
Operat ion Operation Addit ive Corrosion 

Equiva len t  
Waste F i s s i o n  P r o d u c t  

Addit ivea Temperature  Time Addition Depth 

(mils) 
Level 

(Mwd/metric ton) ("C) (h r) Method 
Type 

Run 

~ 

K-89 FTW-65-3X 10.000 T y p e  1 900 45' Pre-mix 320 

R-90 F'rW-GS-3X 10,000 T y p e  1 850 97 Pre-mix 15' 

K-91 PIN-1 

R-92' PW-1 

20.000 T y p e  2 900 61 Pre-mix <5d  

20,000 T y p e  2 900 100 F e e d  l i n e  2 39 

?I'ype I: 

bFai lure  occurred. 
'Pot cooled  and  s o l i d s  remelted and  h e l d  a t  700  to 8OO0C for 30 addi t ional  hours. 
dCnishing and remelt ing c a u s e d  fai lure  of 28-mil-wall tubing. 
"Pot diameter, 12 in. 

2,7 m o l e s  NaOEI, 2.4 moles LiOH, 0.75 m o l e s  AI(NO,),, and  3.6 m o l e s  H PO, per  l i t e r  o f  waste .  3 
T y p e  2: 1.27 moles  NaOH, 1.37 moles  LiOH, 2.4 m o l e s  H,PO,, a n d  0.1 mole NaH2POz p e r  l i t e r  o f  waste. 



88 

Table 4.7. Composit ion o f  Burex-1 Simulated Purex Waste ond Addi t ives  for  Runs R-91, R-92 

Expressed a s  gram-mole per l i t e r  of original was te  

Melt 478 (Table 4.3) 

Constituent Concentration 
-. ._ 

13 + 5.0 

Na ' 0.14 

F e 3 +  0.93 

H 3 P 0 4  0.003 

NO,- 7.8 

N i 2 +  0.005 

~1~ + 0.001 

c r 3  + 0.012 

Addilive s 

NaOH 1.27 

LiOH 1.37 

var ia t ions in  proportional feed r a t e s  can  b e  con- 
trolled and prevented by su i tab le  modifications 
of t h e  equipment, Consequently, proportional 
addition of t h e  glass-making addi t ives  is recom- 
mended. Severe corrosion (up to 2.39 mils) occurred 
in  t h e  bottom zone  of t h e  pot  and decreased  to 
nearly zero a t  t h e  top. T h e  exac t  reason for t h e  
high corrosion rate  i n  t e s t  R-92 compared with 
t h e  ra te  for R-91 i s  unknown but could have  been 
caused  by (1) improper mixing of w a s t e  and addi- 
t ives ,  (2) additional length of operat ing time at 
temperature, or ( 3 )  unpredictable corrosivity a t  
high temperatures. It w a s  concluded that sharper  
definition of the  corrosion mechanism is required 
before large-scale  t e s t s  with radioact ive feeds  
a r e  attempted. 

4.2 INTERMEDIATE-LEVEL RADIOACTiVE 
WASTE 

T h e  intermediate-level w a s t e s  (ILW's) generated 
i n  nuclear  ins ta l la t ions  generally have  been s tored 
i n  tanks  or mixed with cement. T h e s e  w a s t e s  in- 
c lude  second- and third-cycle raffinates; solu- 
t ions  f rom decladding, solvent  c leanup,  and off- 
g a s  scrubbers;  and s lurr ies  and s o l i d s  from p r o c e s s e s  
for decontaminating process  waters. T h e s e  w a s t e s  

Constituent Concentration 
___. .................. . 

r 'ission products 

Sr2 + 0.015 

Ba2 + 0.019 

Rare earths 0.118 

zr4 + 0.065 

Moo3 0.065 

Additives 

H 3 P 0 4  2.40 

N aH 2P0 0.10 
........ 

are character ized by their  modest leve ls  of radio- 
act ivi ty  (heat ing and radiation d o s e  l e v e l s  are not 
se r ious  problems) and by  their  high s a l t s  o r  s o l i d s  
content, which prevents  their eff ic ient  treatment 
by conventional methods such  a s  ion exchange or 
precipitation. Still,  nei ther  tank s torage  nor solid- 
i f icat ion in  cement i s  completely sat isfactory.  
Tank s torage  is only a temporary measure, and the 
products  formed by mixing t h e  w a s t e  with cement 
are only moderately insoluble  and represent  a 
volume increase.  In addition, most operat ions 
with cement  a re  dusty,  good mixing is difficult 
to  achieve,  and the  operat ions a r e  cumbersome. 

A promising recent  development i s  the  u s e  of 
asphal t  t o  solidify and insolubi l ize  t h e s e  was tes ,  
Immobilization of  w a s t e s  by incorporation into 
s u c h  a cheap, insoluble  material a s  asphal t  be- 
fore burial or other  s torage  can reduce not only 
treatment costs but also the  flow of radioactivity 
to t h e  environment. P l a n t s  for incorporating ILW 
i n  asphal t  have  been developed i n  Belgium7 and 
France. '  In t h e  process  being developed a t  

- .............................. 
7P. Dejonghe, in Third United Nations International 

Conference on the Peacefu l  Uses  of Atomic Energy, 
A/CONF. 28/P/774 (May 1964). 

'G. Wormser, J. Rodier, and E, de Robien, in Third 
United Nations International Conference on the Peaceful 
Uses  of Atomic Energy, A/CONF. 28/P/86 (May 1964). 
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ORNL, w a s t e s  a r e  introduced into a n  emulsif ied 
a s p h a l t  at any convenient temperature below the 
boi l ing point  of t h e  solut ion,  water  i s  volat i l ized 
by heating, t h e  temperature of t h e  product is raised 
so that  i t  f lows freely, and the product is drained 
into a steel drum for preliminary s torage  and ship- 
ment. Attract ive fea tures  of the  p r o c e s s  include: 
u s e  of emulsified asphal t ,  which f lows  readily a t  
room temperature; evaporation a t  low temperatures  
to minimize entrainment of radiat ion emi t te rs  and 
thermal degradation of t h e  asphal t ;  low agi ta t ion 
ra tes ,  which provide adequate  mixing and keep 
t h e  hea ted  s u r f a c e s  of t h e  evaporator c lean;  opera- 
t ion i n  a batch or cont inuous manner; and incor- 
poration of so luble  or insoluble  s o l i d s  with equal  
effect iveness .  

Status and Progress 

incorporating ILW i n  asphal t  is a promising 
method for handl ing t h i s  type of waste, and no 
s e r i o u s  problems have  been observed i n  the  in- 
corporation procedure. T h e  products  show ac- 
ceptably low l e a c h  r a t e s  i n  water  over  long  per iods 
of time, with no signif icant  i n c r e a s e  at radiation 
l e v e l s  up to 10' rads. A comprehensive hot-cell 
program is planned to determine t h e  radiation 
l imits  for  t h e  asphal t  system. Three  prominent 
t y p e s  of ILW will b e  t e s t e d  and will contain 50 
to 500 c u r i e s  of mixed f i ss ion  products  per  gallon. 
In particular, t h e  effect  of d o s e  and  d o s e  ra te  on 
leaching  of act ivi ty  from t h e  samples  and on radio- 
l y t i c  gas formation in  t h e  samples  will be  studied. 
Engineer ing s t u d i e s  a r e  planned with nonradio- 
a c t i v e  was tes ;  a 12-in,-diam by 16-in.-higb Pfaudler  
wiped-film evaporator will b e  used. T h e s e  s t u d i e s  
will generate heat-transfer and f lowsheet  d a t a  as 
a function of w a s t e  type; flow ra tes ,  flow ratios, 
and s p e e d  of t h e  rotor in  t h e  evapoxatot; and the  
temperature of t h e  hea ted  sur face  i n  t h e  evaporator. 
Information will b e  gained on  p o s s i b l e  process ing  
problems such  as  entrainment o f  asphal t ,  emulsify- 
ing agent, or radioactivity from t h e  evaporator. 

Process Description 

T h e  batch p r o c e s s  c o n s i s t s  i n  (1) adding the  
w a s t e  direct ly  to emulsif ied a s p h a l i  in a n  evapora- 
tor, which conta ins  a st i r rer  and a bottom out le t ,  
a t  any  convenient  temperature up to about lOO*C, 
with a low st i r r ing ra te  (about 150  rpm); (2) evapo- 

ra t ing t h e  water  and rais ing the  temperature of the 
product to about 16O0C; and  ( 3 )  draining t h e  prod- 
uc t  into a d isposa l  container  (Fig. 4.3). In the 
cont inuous process ,  t h e  w a s t e  and asphal t  a re  
introduced at t h e  top of a wiped-film evaporator, 
and t h e  mixture f lows down t h e  wal l s  of the evap- 
orator  where t h e  water is evaporated and the  tem- 
perature  of t h e  product IS ra ised to  about 160°C. 
Agitator paddles  or  b lades  sweep the  wal l s  con- 
t inuously at about 150 to 300 rpm and provide good 
mixing and h e a t  transfer. T h e  p r o c e s s  was  demon- 
s t ra ted  in  t h e  laboratory with nonradioact ive and 
radioact ive w a s t e  i n  4-in.-diam by 6-in.-high 
ba tch  evaporator, and on an engineer ing-scale  
with a 12-in.-diam by 16-in.-high Pfaudler  wiped- 
film evaporator with 4 f t 2  of heat-transfer surface. 
T h e  process ing  ra te  in  t h e  large uni t  w a s  about 
4 gal/hr of product containing 60 wt % s a l t s  (Table  
4.8). 

Mixtures containing 10 to 80 wt % sal ts  f r o m  
w a s t e  h a v e  been prepared from C)RNI, ILW, fuel- 
de jacke t ing  w a s t e  (FDW), a n d  from a Purex second-  
plutonium-cycle w a s t e  (2CW) (Table  1.8). T h e  
a s p h a l t s  were einulsified a s p h a l t s  used  i n  the  
sur face  treatment of roads  (type R S 2 ,  a rapid- 
se t t ing ,  high-viscosity emulsified asphal t ;  type 
SS-1, a slow-setting, low-viscosity emulsified 
asphalt). Both types  contained nominally 63 wt % 
asphal t ,  35 wt 70 water, and 2 wt  74 erriulsifying 
,2gent. No apparent difference w a s  observed i n  t h e  
products  obtained with ei ther  type. In t h e  engineer- 
ing-scale  t e s t s ,  more oil w a s  in  the condensa te  
when SS-1 asphal t  w a s  used. The mixtures that  
contained 70 t o  80 wt  % s a l t s  represented high 
volume reduct ions (volumes of w a s t e  per  volume 
of  product), but were not a lways homogeneous 
and  f ree  flowing. T h e  products  containing 60 
wt % salts (Tablc  4.8) represent  a good compro- 
m i s e  of propert ies  - volume rcdurtion, homoge- 
nei ty ,  viscosi ty ,  e tc .  Therefore, they were s tudied 
in  grea tes t  detail.  

Solubility of Asphalt Products 

The uniformity of t h e  asphal t  coa t ing  on the 
w a s t e  par t ic les  i s  measured by determining the  
leach ra te  of e lements  from the  asphal t - sa l t s  
product. L e a c h  t e s t s  wcre carr ied o u t  with dis- 
t i l led water  at 2 5 T ,  and the water was com- 
pletely renewed e a c h  week. In some tes t s ,  t h e  
water w a s  circulated,  but i n  most  i t  was  s tagnant .  
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Fig.  4.3. Drawing a Sample of Asphal t -Containing Simulated ORNL Intermediate-Level  Radioact ive Waste  from 

the  Mixer- Evaporator  Unit. 

T a b l e  4.8. Composi t ions of ILW's and t h e  Asphal t  P r o d u c t s  Incorporating 60 wt % Solts from These Wastes  

Component 

I L W ~  2CW + 1.1 NaOHb F D W ~  

Asphal t  Asphal t  Asphal t  
Product  P r o  d u c t  Product  Waste  Waste Waste  

(M) (wt 70) (M) (wt %) (IM) (wt %) 

Sodium 

Nitrate  

Hydroxide 

Sul fa te  

Aluminum 

Ammonium 

Chloride 

Iron 

Asphal t  

6.61 18.5 9.66 17.0 4.16 18.6 

4.64 34.9 6.2 29.5 2.2 26.5 

2.06 3.8 2.82 3.7 0.06 0.2 

0.35 4.1 1.13 8.5 

0.22 0.7 

0.19 

0.056 

1.34 

0.2 

0.54 

37.8 

1.5 

2.0 

1.33 

2.3 

39.0 

1.5 

1.7 

1.9 10.0 

1.21 

44.7 

1.5 

2.6 

Densi ty  a t  25OC, g/ml 

Volume of w a s t e /  
volume of product  

eOak Ridge Nat ional  Laboratory intermediate- level  w a s t e  (evaporator  bottoms). 
bPurex  second-plutonium-cycle was te ,  neut ra l ized  with 10% e x c e s s  NaOH. 
CAluminum fuel-dej a c k e t i n g  was te .  
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The  leach  rate, expressed as the  fraction of the 
activity in the sample leached per day through unit 
specific surface, was  calculated from the relation: 

(activity leached/total activity in sample) 
(surface area of sample/mass of sample) (t ime) 

- - 

fraction leached 

Stability of Asphalt Products Toward Radiation 

fraction leached g day-' . 
The  numerical value of th i s  unit and the  method 
of calculation a re  the  s a m e  as those  previously 
used,' but the  terminology here appears better 
s ince  it avoids the easily misinterpreted term - 
g cm- day- '. 

Asphalt products containing 20 to 60 wt % salts 
from simulated ORNL ILW were leached with water 
for periods of up to 16 months. The  fraction of the 
13'Cs or  sodium leached per day through unit 
specific surface reached a steady-state value of 
1.5 x for the 20 wt % product and 3 x l ov4  
for the  60 wt % product (Fig. 4.4). Hot-cell tests 
with ac tua l  ORNL ILW, containing 5 curies of 
mixed fission products per gallon, confirmed these  
tracer tests. After nine months of leaching, a 
product containing 60 wt % salts from ORNL ILW 
approached a steady-state value of 2 x g 
cm- '  day-' (Fig. 4.4)." After four months the 
fraction of the sodium leached f rom products con- 
taining 20 to 60 wt % salts from simulated de- 
jacketing or second-cycle was tes  was  nearly the  
s a m e  as that obtained with simulated ORNL ILW. 
T h e  fraction of l o 6 R u  leached from a product con- 
taining 60 wt % s a l t s  from simulated ORNL ILW 
reached a steady-state value of 7 x g cm-2 
day-' (Fig. 4.4). Generally, the leach  ra tes  of 
asphalt  products are 50 to 100 t i m e s  lower than 
those of cement products containing s i m i l a r  amounts 
of was te  salts .  

The  radiation stabil i ty of asphalt  products made 
with simulated was te s  was  determined by irradia- 

9H. W. Godbee e t  a l . .  Chern. Technol. Div .  Ann. Progr. 
Rept .  May 31, 1965, ORNL-3830. pp. 116-117. 

J. H. Goode, Fixation of Intermediate-Level Radio- 10  

act ive  Waste in Asphalt:  Hot-Cell Tests ,  ORNL-TM- 
1343 (Nov. 18, 1965). 

tion with a 6oCo source. Products containing 60 
wt % s a l t s  from simulated ORNL ILW, FDW, and 
2CW were prepared from a hard-base asphalt  and 
irradiated to doses  of l o 6  to lo8  rads. As re- 
ported previously9 for ILW, a dose of l o 6  rads 
showed negligible effect, a dose of l o 7  caused 
slight swelling (Fig. 4 3 ,  and a dose  of 10' rads 
caused  a sample to swell about 36% in  volume. 
T h e  results with samples containing sa l t s  from 
FDW and 2CW are about the s a m e  a s  those with 
ILW. In contrast, similar samples prepared from a 
soft-base asphalt  and irradiated to a dose  of l o 8  
rads showed only a sl ight increase in  volume (Fig. 
4.5). An asphalt  product containing 10  curies/gal 
would receive a dose  of lo8  rads in an infinite 
period. Thus,  soft-base asphalt  should be  

"H. W. Godbee e t  al . ,  Chern. Technol. Div .  Ann. 
Progr. Rept .  May 31 ,  1964, ORNL-3627, pp. 109-110. 
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F ig.  4.4. L e a c h  R a t e s  o f  Aspha l t  Products Incar- 

parat ing Simulated ORNL Intermediate-Level  Waste. 

Sodium and 137Cs from product containing 60 wt % 
solids w i th  ( a )  stagnant and ( b )  f lowing water  and ( c )  

containing 20 wt % solids w i th  f lowing and stagnant 

water. ( d )  l o 6 R u  from 60% product w i th  stagnant water. 

( e )  137Cs from product containing 10 curies/gal and 

60 wt % salts from actual  ORNL ILW. 
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PHOTO 81049R 

t 

a -  

( b) 

Fig .  4.5. Cross Sections of Asphalt  Products Containing 60 wt  % Salts from Simulated ORNL Intermediate-Level 

(a) Unirradiated; ( b )  hard asphalt  irradiated to lo7 rads; (c) hard asphalt i rradiated to l o 8  rads; ( d )  soft Waste. 

asphalt  i rradiated to l o8  rads. 
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satisfactory from the  standpoint of radiation 
stability. A product containing about 10 curies 
per gallon of mixed fission products from ORNL 
ILW had, as mentioned above, about 2 x 
fraction of the activity leached per day through 
unit specific surface after nine months (about lo' 
rads) (Fig. 4.4). This  result is practically the 
s a m e  as that obtained with the nonradioactive 
products. No radiolytic gases were released over 
this period, and a volume increase was not visibly 
perceptible upon examining the  sample in its con- 
tainer. However, a few small bubbles were ob- 
served in the product after breaking it open (Fig. 
4.6). Leach tests on the 60Co-irradiated samples 
indicate that irradiation to a dose of lo8 rads 
does  not affect the leach rate. 

Hazards Survey 

The incorporation of inert so l ids  in  asphalt 
does  not appear to present any additional hazard 
to that normally present when processing, storing, 
or  shipping an organic material with a high flash 
point. In fact, the flash point of an asphalt product 
should increase as the amount of inert solids in- 
creases.  The hazards involved in incorporating 
an  oxidant (nitrate salts) in asphalt  were studied 

intensively. With s m a l l  samples, the flash point 
of unirradiated asphalt, approximately 280°C, was 
lowered only about 5OoC when the mixture con- 
tained 35 wt % nitrate and a total of 60 wt % salts.  
The  f l ame  was  easily extinguished when the air  
was  replaced by nitrogen, even though the  solid- 
phase  temperature was  400 to 5OO0C. Standard 
drop-weight, autoignition, shock sensitivity, and 
flame-propagation tes t s  were made. Also, burning 
t e s t s  with 30-gal-drum samples showed that the 
asphalt-salt mixtures burn, as  would be expected, 
but that  they do not explode or show a significant 
increase in burning rate over that for pure asphalt. 
All these  tests were made by a subcontractor.'2 

4.3 LOW-LEVEL RADIOACTIVE WASTE 

Introduction 

The objective in developing a water-recycle 
process is to provide a closed-circuit water- 
treatment system to decontaminate low-level radio- 
active waste (LLW) to drinking-water purity (with 

"Subcontract 2604 with Atlantic Research Corpora- 
tion. Alexandria, Va., "Safety Characteristics of Waste- 
Asphalt Product.'' 

PHOTO 84310 

Fig. 4.6. Asphalt Product Containing 10 Curiedgnl and 60 wt % Salts from Actual ORNL ILW. Sample i s  
7 broken to show bubbles formed on absorbing a dose o f  10 rads. 
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respec t  t o  radioactivity) as spec i f ied  by t h e  U. S. 
P u b l i c  Heal th  Service (USPHS), and t o  permit t h e  
water  t o  be  returned to  t h e  nuclear  instal la t ion 
for reuse.  T h e  remaining intermediate-level w a s t e  
is mixed with asphal t  and buried as so l id  waste .  
R e u s e  is i n  l i n e  with current United S t a t e s  policy, 
which encourages  recirculation rather  than dis- 
charge  of w a s t e  water  to  rivers and s t reams.13 
T h i s  type  of research and development is also 
direct ly  appl icable  to  t h e  recyc le  of nonradio- 
ac t ive  industr ia l  and urban w a s t e  waters ,  where 
nearly complete c lar i f icat ion and demineralization 
a r e  required. 

Status and Progress 

A micro pilot plant  t e s t  with low-salt-content 
recycle  water  gave resu l t s  that  were very promis- 
ing  and t h a t  agreed wel l  with t h o s e  projected from 
t e s t s  with high-salt-content LLW.I4 Decontamina- 
tion fac tors  (DF's)  of 1000 t o  10,000 were obtained 
for all major radioact ive s p e c i e s  for up to 2400 
volumes of w a s t e  t reated p e r  bed volume (BV) of 
cat ion resin;  they were in  t h e  thousands for I 3 ' I ,  

l o 6 R u ,  "Sr, and total  rare ear ths ,  and i n  t h e  ten- 
thousand range for 6 o C o  and ' 'Cs; o ther  radiation 
emit ters  - 144Ce,  l z 5 S b ,  and 95Zr-Nb - were 
reduced t o  t h e  analyt ical  l i m i t s  of detect ion 
(Table  4.9). T h e  product water also met USPHS 
s tandards  for those  nonradioactive e lements  de- 
termined. T h e  usua l  s a l t  content  w a s  reduced to 
less than 2 ppm, a greater than 20-fold reduction. 
Several more c y c l e s  will b e  run t o  determine 
whether buildup of contaminants  occurs .  T h e  re- 
s u l t s  will b e  u s e d  to  predict  t h e  cost of process-  
i n g  and reus ing  water  i n  a ful l -scale  plant. The 
prospec ts  s e e m  good b e c a u s e  resu l t s  from small- 
scale laboratory work have  been largely confirmed 
in  t h e  micro pi lot  plant  t e s t s .  

Experimental Work and Results 

T h e  p r o c e s s  c o n s i s t s  in  (1) coagulat ing by zeta-  
potential-controlled addi t ions of the  coagulant, 
alum, and t h e  coagulant  a ids ,  ac t iva ted  silica and 
a nonionic organic  polyelectrolyte; (2) clarifying 

J. W. Gossett ,  Chem. Process. (Chicago) 28. 29 

Technol. Div. Ann. Progr. Rept. May 31,  

13 

(1965). 
14Chem. 

1965. ORNL-3830. p. 127. 

by upflow through a f luidized bed of s ludge  (up- 
flow clarifier) followed by f i l ter ing through a bed 
of an thrac i te  coal and sand;  (3) demineralizing by 
cation-anion exchange; and (4) sorbing t h e  remain- 
i n g  radioact ive and nonradioact ive contaminants  
on granular act ivated carbon (Fig. 4.7). 

A micro pilot plant  t e s t  w a s  made with synthe t ic  
recyc le  w a s t e  water  - a low-salt-content water 
c o n s i s t i n g  of decontaminated and demineralized 
LLW treated by t h i s  p r o c e s s  (SO%), raw LLW (20%), 
and radioact ive t racers .  Cont inuous operation of 
the  coagulation-clarification sys tem under optimum 
condi t ions  w a s  important to t h e  maintenance of 
high D F ' s  for radionucl ides  such  as cobal t  and 
ruthenium which, i n  neutral waste ,  e x i s t  i n  several  
forms, including col loidal  and ionic. T h e  eff ic ient  
removal of co l lo ids  is a s s o c i a t e d  with t h e  neutral- 
izat ion of their mutually repelling sur face  charges,  
as measured by z e t a  poten t ia l s  (ZP)." F o r  
synthe t ic  recycle  water, t h e  s u c c e s s i v e  addition 
of act ivated silica (0.5 ppm as SiO,) and alum 
[2 t o  3 ppm a s  Al,(SO,),] i n  the  f lash  mixer 
changed t h e  ZP from - 20 mv to + 3 mv. T h e  alum 
d o s e  w a s  one-tenth of tha t  required for t reat ing 
t h e  high-salt-content LLW. Stirring at 1750 rpm 
effect ively enmeshed the  co l lo ids  within the  
freshly formed aluminum hydroxide floc. T h e  
addition of 75 ppb of a nonionic organic  poly- 
e lectrolyte  (Purifloc N-12, made by Dow Chemical 
Company) at t h e  flocculator enhanced the growth 
and se t t l ing  propert ies  of t h e  floc (Fig. 4.8) and 
accomplished the  des i red  f i l ter ing act ion i n  the  
upflow clar i f ier  ( the primary filtering medium) by 
maintaining a f luidized bed of s ludge.  T h e  final 
ZP w a s  - 2  mv. After coal-sand filtration, the 
water  had  a clar i ty  comparable to tha t  of dis t i l led 
water, represent ing a greater than 100-fold de- 
c r e a s e  in  turbidity. 

In t h e  demineralization-carbon system, spec i f ic  
conductance w a s  a s imple indicator  of resin-bed 
exhaust ion because  ion ic  breakthrough precedes  
breakthrough of t h e  radioelements, a s  in  t h e  treat- 
ment of s tandard LLW.14 A s  expected,  t h e  D F  
for bulk i o n s  w a s  less than that  obtained for 
s tandard LLW: 100 to 200 i n s t e a d  of 500, simply 
b e c a u s e  t h e  spec i f ic  conductance  of t h e  recyc le  
water, a t  80 to 100 micromhos/cm, w a s  only one-  
fourth to  one-third of tha t  for LLW, while  the va lue  
for water af ter  demineralization w a s  t h e  same in 
both cases. 

I5T. M, Riddick, Tappi 47, 171 (1964). 



Table 4.9. Product-Water Analysis of  Low-Salt-Content Waste Treated by the Water Recycle Processe  

A. Overall Decontamination Factors (DF's) for Radionuclides 

Individual Isotopes TotaI Bulk Ions 
1 4 4 ~ e  6 0 ~ o  1 3 7 c s  1311 l o a R u  12ssb 'OSr 95.Zr-Nb Earths Gamma Beta (spec1 fic 

Rare Gross Gross 

conductance) 

28.0 245 142 277 96 3.4 55.1 1.7 52.0 254 l a8  80b Waste analysis, 
&s min-' ml-' 
o r  counts  min-l  
ml-' 

350' 1900 270" 260' 20Ub DF's  for product water 800' 37,000 14,000 3600 1230 210' 5700 

B. Wet Anolysis 

Total  
Turbid1 ty Dissolved To Tota l  Calclunl Pia AI SI PO, SO, F Cl NO3 C 

\D 
(pprn) (ppm) (YP-) (ppm) (ppm) b p m )  bpm)  (ppm) in 

(JTu)d Solids Hardness Alkalinity Hardness 
(ppm CaCO,) (ppm CaCO,) (ppm CaC03  (ppm) 

Waste water I O  e 24 19.6 21 3 <@.1 0.56 0.17 <2 0.26 <I 3 38 

Product water <0.05 <1 0. I < I  <0.1 <0.1 <0.1 (0-1 0.02 <2 <0.02 <1 <I <2 

6 O . l h  250 I 250 45 1 USPHS standardsf 5 500 g B 6 6 8  

eAlum-silica-nonionic polyelectrolyte clarification, cation-anion exchange, vegetable-based activated carbon. D F  values for product water with a 

'The dimensions of specific conductance are micromhos/cm. 
'These are minimum vaIues, s ince  all of the  radioactivity in the  waste water was  reduced to the analytical l imits of detection (background). 
dJackson turbidity unit. Turbidities measured on low-angle turbidity meter. Rei'.: A. P. Black and S. A. Hannah, I .  Am. Water Works Assoc. 57, 901 

eNot determined. 
'W.S. Public Health Service Drinking Water Standards, 1962. 
%io  limits given 
hNo lirnit given. 

specific conductance of less than 1 micromho/cm. 

(1965). 

Th i s  figure is considered to represent the safe tolerance level i n  drinking water forman. Ref.: T. R. Camp, Water a n d I t s  Im- 
purities, p. 93, Reinhold, New York, 1963. 
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Fig. 4.7. Flowsheet  for the Water Recyc le  Process. 

A vegetable-based, granular ac t iva ted  carbon 
(Nuchar (2-190, made by West Virginia P u l p  and 
P a p e r  Company) w a s  used  in preference to  other 
commercial carbons because  of its greater capac i ty  
for cobal t ,  according to t h e  s t u d i e s  of Roberts  
and Abdel-Razek.16 At the  end of the  run, 6oCo 
w a s  e lu ted  from the  carbon column by 0.5 N H N 0 3 ;  
2.25 BV (equivalent to 6.75 cat ion resin volumes) 
decreased  t h e  act ivi ty  t o  o n e  one-hundredth of the 
original, while  4 BV (equivalent to 1 2  cation resin 
volumes) decreased  i t  to  o n e  one-thousandth. 
However, cobal t  elution is not really required dur- 
i n g  every resin-regeneration c y c l e  because  the  
carbon column is oversized to a t ta in  optimum 

16J. T. Roberts and I. Abdel-Kazek, private cornmuni- 
cation about work being done a t  the TJniversity of Ten- 
nessee .  

contact  time (equal to  3 cat ion resin volumes to 
give 1 2  min of contact  time). No 6oCo break- 
through was evident  a t  the  conclusion of the run. 

A principal object ive of t h e s e  runs w a s  to ac- 
cumulate a large inventory of decontaminated, 
demineralized water for a recycle  t e s t  run. Data  
obtained in  t h e s e  runs  demonstrated that  (1) t h e  
pH of the  raw w a s t e  must b e  in  t h e  range 7 to 8 
prior t o  treatment (otherwise, poorly formed alum 
floc resu l t s  i n  poor colloid removal, and a 35-fold 
d e c r e a s e  i n  the  overal l  D F  for 6oCo occurs), 
and (2) activated-carbon treatment should fol low,  
not precede, cation-anion exchange.  An additional 
carbon column inser ted between t h e  cat ion and 
anion exchange coluinns altered t h e  chemical re- 
ac t ions  of the  6oCo i n  t h e  effluent from the  cat ion 
exchanger  and resul ted i n  a 100-fold decrease  in  
t h e  D F  for 6oCo.  
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PHOTO 8 3 2 6 5  

Fig.  4.8. C o a g u l a t i o n  of Suspensoids by U s e  o f  Z e t a - P o t e n t i a l  Control. ( a )  R a w  water  c o n t a i n s  suspended 

p a r t i c l e s  w h i c h  have  an  average z e t a  p o t e n t i a l  (ZP) o f  -20 mv. ( b )  A l u m  [2 t o  3 ppm Al,(sO,),] and  a c t i v a t e d  

s i l i c a  (0.5 ppm,  a s  S i 0 2 )  are added w i t h  r a p i d  s t i r r i ng .  R e p u l s i v e  su r face  charges are n e u t r a l i z e d  t o  a ZP o f  i 3 mv, 

and p a r t i c l e s  ( the  "stars") are enmeshed i n t o  the  f resh ly  formed s m a l l  aggregates of a luminum hyd rox ide  f loc. 

(c) F l o c  g rowth  i s  enhanced b y  the  a d d i t i o n  of  a nonionic o rgan ic  p o l y e l e c t r o l y t e  (75 ppb) w h i c h  l ower5  t h e  ZP  t o  

- 2  mv. T h e  water, a f te r  f i l t r a t i on ,  has  a c l a r i t y  comparable t o  t h a t  of d i s t i l l e d  water. 

4.4 ENGINEERING, ECONOMIC, AND 
SA F E TY EVAL UATl ON 

During t h i s  report period, a s tudy of the  c o s t s  
of perpetual  s torage  of power-reactor fuel-process- 
i n g  w a s t e s  in  t a n k s  w a s  completed, an a n a l y s i s  
of the  safe ty  of tank s torage  w a s  undertaken in  
cooperation with the  Health P h y s i c s  Division, and 
t h e  economics of managing w a s t e s  from fluidized- 
bed volat i l i ty  process ing  of power-reactor fue ls  
w a s  examined. T h e  results of t h e s e  s t u d i e s  a r e  
summarized below. 

Costs of Perpetual Tank Storage 

A study of t h e  c o s t s  of perpetual  s torage  of 
power-reactor fuel-processing w a s t e s  i n  t a n k s  h a s  
been  completed and p ~ b 1 i s h e d . l ~  In t h i s  study, 
t h e  costs a r e  examined for three representat ive 
t y p e s  of financing: government ownership,  pr ivate  
ownership, and a combination of government and 

17J. 0. Rlomeke et a!., The Cos t s  of Pemanenf  Dis- 
p o s a l  of Power-Reactor Fuel-Processing Wastes in 
Tanks, ORNL- 2873 (Sep t rmb er 196 5). 



98 

private  ownership. T h e  case of government owner- 
sh ip  inc ludes  only depreciation and in te res t  on 
t h e  investment capita!; whereas ,  i n  t h e  case of 
pr ivate  ownership, costs reflect a 15% return on 
equity as  well as a l lowances  for depreciation, 
insurance,  t axcs ,  and interest .  In the  third case, 
pr ivate  ownership i s  assumed during a 20-year 
period of w a s t e  accumulation, af ter  which the  
government a s s u m e s  responsibility for perpetual 
c a r e  of t h e  tank farm. In e a c h  case, i t  is assumed 
that  a permanent tax-free fund i s  es tab l i shed  dur- 
i n g  t h e  f i l l ing period and that  t h e  fund is of such  
size that  the  annual tax-free in te res t  will b e  suf- 
f ic ient  to provide for t h e  periodic replacement of 
tanks  and for t h e  annual operat ing expense  of t h e  
facility. 

T h e  tank farms were designed for s tor ing raf- 
f inate  w a s t e s  in  both ac id  and a lka l ine  forms, and 
i n  tanks  ranging i n  capaci ty  from 200,000 to 
5,000,000 gal. Cladding w a s t e s  a r e  neutral ized 
and  s tored in  1,200,000-gal carbon-steel tanks.  
Capi ta l  c o s t s  were est imated for each  case, then 
used  in  computer code TASCO to es t imate  total  
c o s t s  for e a c h  method of financing a s  a function 
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of tank s i z e ,  tank lifetime, and f i ss ion  product 
concentration in t h e  waste .  

Raffinnte Waste. - For the  raffinate was tes ,  
ini t ia l  capi ta l  expendi tures  varied from $8 to $16 
million, and t h e  total  over  20 y e a r s  of w a s t e  ac- 
cumulation ranged f rom $22 to  $61 million. The  
annual  operat ing e x p e n s e s  ranged f rom $0.3 to 
$0.4 million during t h e  f i rs t  year  t o  $0,5 t o  $2.0 
million during t h e  20th year. ‘The inagnitude of 
t h e  permanent fund needed for “perpetual care’’ 
ranged from $22 to $72 million, and annual pay- 
ments  of $0.7 to  $2.6 million a r e  required to  es- 
tabl ish t h i s  fund. T h e  total  c o s t  of perpetual 
s torage  of ac id  raffinate waste ,  i n  m i l l s  per kilo- 
watt-hour of electr ic i ty  generated, is plotted in  
Fig. 4.9 aga ins t  tank capaci ty  for tank l i fe t imes 
of 25, 50, and 75 y e a r s  for the three cases of 
financing. Minima occur  a t  a tank capac i ty  of 
about 1,000,000 gal i n  all cases. T h e s e  minima 
range from 0.0165 to 0.0184 mill/kwhr for case 1, 
from 0.0235 to  0.0253 mill/kwhr for case 2, and 
f rom 0.0251 t o  0.0272 mill/kwhr for case 3. Total 
c o s t s  for a lkal ine was te  s torage  a r e  as  much as 
15% higher than t h e  equivalent c o s t s  for acid 
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Fig. 4.9. C o s t  o f  A c i d  Woste Storage a s  a Funct ion  of  Tonk Capac i ty ,  T a n k  L i f e ,  and Method of  Finonc ing .  
( a )  C a s e  1, government ownership; case  2, p r iva te  and government ownership; and ( b )  case  3, pr ivate ownership,  



storage (Fig? 4.10), and the optimum tank capacity 
is about 2,500,000 gal. 

One of the least.=-certain aspec ts  oE t.he h a s i s  
u s e d  f o r  this study is the degree of fission product 
concentration that can he tolerated during storage. 
rhe concentrations adopted are based on a care- 
fu l  consideration of Savannah River  and Hanford 
experience and a r e  believed to h e  as  great as 
practical for wastes of this type. To obtain an 
indication of the effect of fission product cmncen- 
trat.ion on costs,  a sec:ond set o f  costs was com- 
puted on the basis that the was tes  are reduced to 
I-ia1.f the volume of the original design bssis. In 
th i s  instance, acid Purex and 'i'horex wastes are 
stcired ut  50 and 100 gal per ton of fuel, respec- 
tively, and alkaline Purex  and Thores wastes are 
stored a t  300 and 600 gal/ton. This reduction 
in volumes caused a decrease of between 15 and 
30% in  total costs. The optiinurn tank size for 
acid-waste storage remii.ned about 1,000,000 gal, 
whereas the optiirium size for alkaline-waste 
:;t.orage dropped from about 2,500,000 to 1,500,000 
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These  costs are about the saine as those esti- 
mated €or managing raffinate was tes  by a series 
of operations iticloding 30-year irrtetim storage, 
conversion to solids, and shipment and final dis- 
posal of the solidified was tes  i n  a salt mine, '8  
The latter scheme is believed to offer greater 
safety than long-term tank storage and is the pre- 

ferred approach. 
Cladding Wastes. - The costs of cladding- 

waste storage were compiled independently of 
those Cor the raffinaies. The initial. capital cost 
in at1 c a s e s  was $3.5  million, and the total over 
20 years was $52 inillion. The arinual operating 
expenses ranged from $19,000 to $89,000 for the 
first. year to $82,000 to $980,000 for the 20th year. 
The permanent fund varied from $17 to $78 million, 
and required annual deposits of $0.6 to $2.8 mil-  
lion. Total cos t s  ranged from 0,U215 mill/kwhr 

'.*J, 0. Blomeke et a l . ,  "Estimated Costs  of High- 
Level Waste hlanageii;ent,s' Synzposiuzzz or1 t h e  Solidif i-  
cation and L.ong-Term Storage of H i g h l y  Radioactive 
Wastes, Richland, '#a&., Feb. 14--18, 1966. 

0 I 2 3 4 5 G (~10~1 fl I 2 3 4 5 6 l x1081 
INDI'JID~JAL TANK CAPACITY (qn l l  

Fig. 4.10. Cast of Alkaline Waste Storuge o s  a Funct ion  of Tank Cupacity,  Tnnk  Life,  and Method of Financing.  

(a) Case 1, government ownersh ip;  tose 2, pr ivate and government ownership; and ( 6 )  C Q S B  3, private ownership. 
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for tanks  of 75-year l i fe  with government owner- 
sh ip  to  0.0398 mill/kwhr for tanks  of 25-year l i fe  
with pr ivate  ownership. The  to ta l  c o s t s  of clad- 
ding-waste s torage,  which a re  i n  every ins tance  
greater  than the comparable c o s t s  for raffinatc 
s torage,  a re  a consequence of the larger  volumes. 

A Safety Analysis of Tank Storage 

A safety a n a l y s i s  of the tank s torage  of highly 
radioact ive processing w a s t e s  from power-reactor 
f u e l s  w a s  undertaken, u s i n g  the same b a s i s  as  
that  adopted for the economic s t u d i e s  of w a s t e  
management. A hypothetical tank farm is assumed 
to b e  located on the  ORNI, reservation, thus  per- 
mitting a more detai led study to  be  made of the 
iiiovement of accidental ly  re leased  radionucl ides  
by virtue of an ex is t ing  thorough knowledge of the  
loca l  environment. T a n k s  of Savannah River de- 
sign with a capaci ty  of 1,000,000 gal a re  assumed. 
When newly filled, they contain between 4 and 7 
billion cur ies  of radioact ive f i ss ion  products, de- 
pending on whether t h e  w a s t e s  are s tored a s  
a lkal ine or acid solutions. Maximum hea t  genera- 
tion ra tes  range from about 40,000,000 to 70,000,000 
Etujhr .  

T h e  most  likely mechanism of a major re lease  is 
bel ieved to  be  the  loss  of cooling. T h e  worst 
poss ib le  time for t h i s  to occur  would be  when 
the  tank is newly f i l led and the hea t  evolution 
rate  is at i t s  peak. In t h i s  event, the w a s t e s  
would h e a t  themselves  to boi l ing i n  10 to '20 hr. 
An additional 115 hr would be required for the  
ac id  w a s t e  to evaporate  to  dryness ,  and 240 hr 

would be  required to  evaporate  the  a lka l ine  w a s t e  
to  dryness .  It is est imated that  decomposition of 
t h e  inert and f iss ion product s a l t s  would require 
10 hr and 17 hr for ac id  and a lka l ine  w a s t e s ,  
respectively, and that  24 to 47 hr would be needed 
for thermal decomposition of the  concre te  vaul ts .  
Assuming continued containment of t h e  f iss ion 
products  (FP's) a t  t h i s  time, i t  is est imated that  
the  maximum in-tank temperature would reach 
severa l  thousand d e g r e e s  Fahrenhei t  a t  the  end of 
a n  additional hour. 

B a s e d  on t h e s e  considerat ions,  two inc idents  
are postulated (Table  4.10). In the first,  i t  is 
assumed that  cool ing is interrupted for a time si~f- 
f ic ient  for the  w a s t e s  to self-heat to boiling and 
that  they boil for 10 hr with both the  condenser  
and t h e  filter out  of service.  R e l e a s e s  from a n  
acid and an a lka l ine  w a s t e  tank are  as  shown. 
T h i s  type  of incident  might be  such  as could be  
incurred by sabotage  of the cool ing and ventila- 
tion fac i l i t i es  above ground. 

T h e  second postulated incident a s s u m e s  perma- 
nent  l o s s  of cooling, a s  might resul t  from an ex- 
plosion of radiolytic hydrogen in  the  tank. Hydro- 
gen is produced i n  t h e s e  tanks a t  such  ra tes  that ,  
if t h e  ventilation system failed, the  lower cx- 
p los ive  limit (4% 1'1, i n  a i r )  would b e  reached in 
only 1'/2 to 3 hr, and our a n a l y s e s  ind ica te  that  
quant i t ies  could accumulate  which, i f  ignited, 
could rupture t h e  tank and concrete  encasement. 
In t h i s  event ,  if no effect ive remedial ac t ions  were 
taken,  great  atmospheric r e l e a s e s  would be  en- 
countered over the  ensuing  168 to 300 hr. 

Assuming that  t h e  FP's a s s o c i a t e  with t h e  
normal dus t  par t ic les  in the air, and choosing a 

Table 4.10. Postulated Incidents 
I____ ....... ..... ......... 

Quant i t ies  of Radioac t ive  F i s s i o n  P r o d u c t s  

R e l e a s e d  to Atmosphere by: T y p e  of Incident  

Acid Waste A1 k al in  e Waste 
....... .... ~ ......... 

1. Self-boiling for 10 hr  300 curies/min of Ru; 300 curies/min of FP's 
without condenser  lo3  curies/min of (180,000 cur ies )  
and f i l ter  FP's (720,000 cur ies )  

2, Permanent  l o s s  of 

cool ing 
90% of Ru, Cs, and 

Te;  5% of o ther  
FP's - over  168 h r  
( 1 . 1  x 10' curies) 

50% of Ru; 25% of C S  

a n d  Te; 170 of o ther  
FD's  .-. over 300 hr  
(1.5 x lo8  cur ies )  
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typical  par t ic le  size ( that  is io s a y ,  deposi t ion 
xafe), the  gamma exposure ra te  (in r/br) due  to 
Fallout is est imated to be that  shown in Fig. 1.11 
as a function o f  t h e  d is tance  downwind from an 
acid-waste  tank. This  is for incident  1 under con- 
di t ions of rainfall and dry weather, a t  night, Here, 
i t  is assumed tha t  t h e  emit ters  do not lie directly 
on t h e  sur face  but a r e  dis t r ibuted exponent ia l ly  
throughout t h e  topmost layers ,  a s  i n  weapons fall- 
out. F igure  4.12 shows s imilar  curves  for incident  
2. T h e  ground exposure ra tes  for incident  2 a r e  
about 5000 t i m e s  those for incident  1. 

Figure 4.13 shows t h e  ground-level concentra- 
tion (pc/cm3) a t  var ious d i s t a n c e s  downwind fol- 
lowing t h e  f i rs t  incideni, and t h e  resul t ing ex- 
posure t o  the  lungs  from breathing the  contaminatiorl 
over  t h e  duration o f  the  incident .  T h e s e  d o s e  
equiva len ts  are t h e  resul t  of i n k g r a t i o n  over  the  
f i r s t  year. 

F i g u r e  4.14 g i v e s  the s a m e  information for inci- 
dent  2. These  results are about 1000 times those  
shown in Fig. 4.53. 

ORNL. D ' W  65-3C86A 
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D O W N W I N D  D I S T A N C E  (mi les)  

F i g .  4.11. Ground-Level Exposure Rate as a Funct ion 

of Distonce Downwind from an A c i d  Waste Tank  Fol- 
lowing Temporary L o s s  of Cooling. 

ORNl  DWG 65-30873 

Fig.  4>12. Ground-Level Exposure R a t e  a s  a Function 

of Distance Downwind f r o m  on Ac id  Wuste T a n k  Fol- 
lowing Permanent L o s s  of Cooling. 

Similar a n a l y s e s  of inc idents  1 and 2 for the 
case of a lka l ine  w a s t e  gave resu l t s  from one-fifth 
to one-half of t h o s e  for a c i d  wastes. 

A third source  of exposure  t o  t h e  surrounding 
population is that  which would result from direct 
radiation from t h e  p a s s i n g  radioact ive cloud. Th i s  
h a s  been found to b e  only a few percent  of that 
from t h e  two s o u r c e s  a l ready t reated and const4 
quently is considered to be of negl igible  importance. 

Another phase of t h i s  study, which is still i n  
progress ,  i s  a considerat ion of a large-scale  re -  
lease of radioact ive mater ia ls  to t h e  geological 
environment, arid the  resul tant  contamination of 
t h e  ground and surface waters. From a considera-  
tion of all known exposure pathways,  and t h e  cor- 
rect ive measures  necessary ,  w e  expect to es t imate  
t h e  ex ten t  of liabilities incurred by t h e s e  re leases .  
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for  vitrifying aqueous was tes ,  t h e  engineer ing 
d e t a i l s  of the  p r o c e s s e s  and the equipment re- 
quired have  not been establ ished.  Therefore, the 
c o s t s  of making the  “glasses,” or of the  proposed 
f i ss ion  product leaching  s t e p  that  might precede 
i t ,  were not included i n  t h i s  study. 

T h e  charac te r i s t ics  of t h e  principal w a s t e s  f rom 
t h e  HC1-volatility process ,  and t h e  poss ib i l i t i es  
for management, a re  given i n  Fig. 4.15. T h e  ef- 
f e c t i v e  theimal conductivities, k (Biu hr-’ ft-’ 
O F - ’ ) ,  were est imated over t h e  range 200 t o  
900OF. T h e  alumina bed is u s e d  for f ive cladding- 

2 removal and fluorination cyc les ,  following which 
the  f i ss ion  product hea t  generation rate, 120 d a y s  
af ter  fuel discharge from t h e  power reactor, is 
nearly 10,000 Btu hr-’ f tm3.  

T h e  high-level (HL) radioact ive w a s t e  may be 
s tored  in  air-cooled annular bins  for decay of 

0 5 10 15 20 25 30 35 shoit- and intermediatr-livrd f i ss ion  products, 
then packaged i n  s t a i n l e s s  steel c a n s  (6, 12, or 

a s a l t  mine for final disposal .  Alternatively, th i s  

O R Y L  DWG 6 5  3 o a 5 p I  

L)oivwrm DISTANCE (m 1-5) 

Fig. 4.13. Ground-Level Concentration as  a Funct ion 24 in. in  diameter and 10 f t  long), and shipped to  
of  Distance ~ ~ ~ ~ ~ ; ~ d  from an  id W a s t e  ‘ rank ~ ~ 1 -  
lowing Temporary Loss of Cooling. 

“J. C. Suddath and J. 0. Rlomeke,  A n  Economic Fig .  4.14. Ground-Level Concentration as  a Function 
Analysis ofHigh-Level Waste Management for Fluidized- of D ~ ~ + ~ ~ ~ ~  ~~~~~~~~d from an w a s t e  ~~~k ~ ~ i -  
Bed Volatility Processing of P o w e r  Reacfor Fuels,  
ORNLTM-1441 (April 1966). lowing Permanent L o s s  o f  t o o l i n g .  
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Fig. 4.15. Monogement of Wastes from HCI Volati l i ty  Process.  

waste may be  converted to a less-soluble micro- 
crystall ine glassy solid having a better thermal 
conductivity, then packaged in  less-expensive 
carbon-steel cans,  and shipped to a s a l t  minc. 
Carbon-steel containers are considered to offer 
adequate containment for the luw-solubility glassy 
materials; whereas s t a in l e s s  s t ee l  I S  stipulated 
for the untreated wastes. 

A third choice for management of HC1-volatility 
wastc is to leach more than 95% of the fission 
products with 85% H,PO,, return the alumina to 
the reactor, and convert the leach liquor irito a 
phosphate glass. 2 o  'Tnis g l a s s  is stored i n  water- 
filled cana l s  for fission product decay before 
shipment to a sa l t  minc. 

The cladding waste after pyrohydrolysis contains 
50% ZrO,  in A1,0 , ,  and i ts  fission product level 
is 1% of that of the reactor-bed waste. This wastc 
i s  canned in 24-in.-diam s t a in l e s s  s tee l  containers 
and may be  stored temporarily in  cana l s  or shipped 
immediately to a s a l t  mine. 

'Ord. C.  Emma, RNL, personal communication, ~ o v .  
18, 1965. 

The characterist ics and management of the high- 
level was te  from the WF-0, process  are given in 
Fig. 4.1ba This waste contains 23% by weight of 

s t a in l e s s  s tee l  fluorides, " equivalent to using 
the A1,0, bed for two decladding-fluorination 
cycles.  The  fission product heat generation rate 
is about 4000 Btu hr-' ft-3. It i s  stored for fis- 
sion product decay in  air-cooled annular bins, 
after which i t  is either canned directly in  24-in.- 
diam s t a in l e s s  steel containers or converted to a 
microcrystalline ' 'glass91 and encapsulated in 
carbon-steel vessels.  'The packaged products are 
shipped to a salt mine for final disposal.  

( 1  

Costs. - The  c o s t s  for each management opera- 
tion were based  on earlier economic ana lyses  made 
here and a t  the Idaho Chemical P iocess ing  Plant 
([CPP), and were computed a s  a function of age  
of the  wastes.  Thc operating l ife of the process- 
i ng  plant was taken a s  20 years, and present- 
worth c o s t s  were computed on the  bds i s  of tecowr- 
i ng  all capital  and operating expenses  during t h i s  
20-year period of waste production. An annual 
interest  rate of 4% w a s  assigned. 
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Fig. 4.16. Management o f  Wastes from HF-O2 Volat i l i t y  Process.  

Air-cooled annular b i n s  of t h e  ICPP des ign2 '  
were used  for interim s torage  of t h e  w a s t e s  prior 
to  treatment and encapsulat ion.  T h e  HCl-process 
HL w a s t e  w a s  s tored in  I-in.-thick bins ,  and t h e  
IIF-O,-process w a s t e  w a s  s tored i n  8-in.-thick 
bins. T h e  c o s t s  of s t a i n l e s s  s t e e l  containers ,  
6, 12, and 24 in. i n  diameter  by 1 0  f t  long, were 
taken a s  $500, $855, and $2500.22 Glassy  s o l i d s  
c a n  b e  encapsulated i n  the  la rges t  v e s s e l s  (24 in. 
in  diameter) a t  relatively early ages:  1.3 y e a r s  
in  the  case of HCl-process w a s t e s ,  and 0.6 year  
in t h e  case of FIF-0,-process wastes .  Therefore, 
only 24-in.-diam containers  were considered for 

t h e s e  products, and the  c o s t  of the c a n s  w a s  
taken as  $1250 each. T h e  c o s t s  for shipping the  
w a s t e s  1000 miles  were based  on publ ished data. 2 3  

T h e  sh ipping  c a s k s  contain thirty-six 6-in.-diam 
v e s s e l s ,  nine 12-in.ediam v e s s e l s ,  o r  four 24411.- 
diam v e s s e l s .  T h e  costs for d i s p o s a l  of the  
w a s t e s  i n  s a l t  mines a re  based  on  unpublished 
d a t a z 4  for burial of the  containers  i n  the  floor of 
a mine 1000 f t  below t h e  surface. 

T h e  minimum total  costs for management of 
t h e s e  w a s t e s  in  untreated form and as g lassy  
s o l i d s  are given in Fig. 4.17. For the HL and 

2 1 J .  I. Stevens ,  An Economic Evaluation of Ultimate 
Disposal o f  Liquid Radioactive Wastes b y  the Fluidized 
Bed  Calcination Process ,  IDO-14595 (October 1962). 

J. J. Perona e t  al., Evaluation of Ultimate Dis -  
posal Methods for Liquid and Solid Radioactive Wastes.  
Part 11. Conversion to Solid b y  Pot Calcination, ORNL- 
3192 (September 1961). 

2 2  

J. J. Perona et al., Evaluation of Ultimate Disposal 
Methods fo r  Liquid and Solid Radioactive IVastes: 
Shipment of Calcined Solids,  ORNIL-3356 (October 
1962). 

24R. L,, Eradshaw, J. 0. Blomeke, and J. J. Perona, 
Evaluation o f  Ultimate Disposal Methods f o r  Liquid 
and Solid Wastes.  Part VI. Disposal o f  Solidif ied 
Wastes in Salt Formations, ORNL-3358 ( in  preparation). 

2 3  
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F ig .  4.17. Toto1 Management Costs as a Function o f  Bin-Storage Time, 

cladding was tes  from the  €IC1 volatility process, 
t he  minimum total cost of 0.0206 mill/kwhr is 
obtained, using four to five years  of bin storage 
followed by encapsulation in 24-in.-diam vessels.  
‘]The minimum cos t  for managing th i s  waste as a 
r <  glass” is 0.0194 millhwhr, with 5-year bin 
storage before treatment and encapsulation. In 
the c a s e  of he waste  from HF-0, processing, 
minimum cos t s  for management in untreated form 
and a s  a “glass” are  0.0212 and 0.0180 mill/kwhr, 
respectively, a t  bin-storage t i m e s  of 5.5 and 2.0 
years,  

‘l’he incremental and total costs for managing 
phosphate glass prepared from the  HCI-volatility 
HI, wiaste following a phosphoric acid leach, and 
including the  c o s t s  for cladding-waste management, 
are given in Table  4.11. In th i s  scheme, t h e  fis- 
sion products are leached from the reactor bed, 
and the  liquor is made into a phosphate glass. 
The  g l a s s  is encapsulated in 6-in.-diam c a r b n -  
steel. vessels ($240 each), which are subsequently 
stored i n  water-filled cana lsz5  for 3, 10, and 30 

Discussion and Conclusions. -- In th i s  study, 
the important consideration is the difference be- 
tween minimum total cos t s  of managing the was tes  
in untreated form and a s  a glassy product. The 
cos t s  for untreated was tes  in  each c a s e  may be 
taken as a nearly complete cost. 1\1though they 
do not include cos t s  for a container-filling station 

Toble 4.11. Munagement Costs in Thousandths of  a 

Mill per  Electrical Kilowott-Hour for Phosphate 
Glass and Cladding Wastes from HCI 

Val oti  I i ty Process 

Interim Solid Storagt. in  Canals for: 

3 Years 10 Years  30 Y e a r s  
___ 

Containers 4.1 4.1 4,1 

Interim 2.5 5,o 7.2 
solid 

storage 

y e a r s  before shipment to  a sa l t  mine for burial. Shipment 2.0 0.8 Op4 
bhiiiium total costs of about 0.013 mill/kwhr a re  
obtained with 10 to 30 years’ interim solid storage. 

... . ... . . . . ...._..............I_~ Disposa l  6.2 3.6 1.6 
25.J- 0, Blomekc et al., Evaluation of Ultimate Dis-  

posal Methods for Liquid and Solid l?adiwictive W a s t e s ,  
Part III. Intwim S t o r a g e  of Solidified Wastes, ORNL- Total 14.8 13.5 13.3 

1000 
m i l e s  

-..._ 
in salt - - 

335.5 (October 1‘36.3). -.-I_ 



106 

and a remote welder for s e a l i n g  t h e  v e s s e l s ,  t h e s e  
i tems  are of minor economic importance and should 
not a l te r  the  to ta l s  substant ia l ly .  On the other 
hand, t h e  c o s t s  of management af ter  incorporation 
i n  g l a s s  a r e  exc lus ive  of the possibly more signi- 
f ican t  c o s t s  of t h e  glass-preparation s tep  and of 
the  leaching  s t e p  preceding phosphate-glass  pro- 
duction. 

T h e  l a r g e s t  c o s t  difference is i n  the handl ing 
of  t h e  HC1 volatility w a s t e  as  a phosphate  glass .  
Almost $1200 per metric ton of uranium processed  
(0.0012 mill/kwhr) is ava i lab le  t o  pay for leaching  
the  HL w a s t e  from t h e  reactor  bed, for producing 
a glass from the  resul t ing aqueous phosphate  
leach  liquor, and for preparing the  s o l i d s  for r e u s e  
in  t h e  reactor  bed. We doubt i f  t h i s  i s  sufficient 
to pay for t h e s e  s t e p s ,  but i t  cer ta inly represents  
a major par t  of the  potent ia l  cost .  Inherent i n  
t h e s e  es t imates ,  of course,  i s  the  assumption that  
the  leached  s o l i d s  c a n  be  recycled to the reactor 
over a l o n g  term of operations. 

There  is $520 per  ton of uranium (0.0032 mill/ 
kwhr) avai lable  to pay for producing inicrocrystal- 
l i n e  s o l i d s  from t h e  H F - 0 ,  volatility p r o c e s s  
waste .  T h i s  should b e  much simpler than the com- 
bination leaching  and phosphate-glass  production, 
and i t  may b e  poss ib le  to accomplish i t  for the  
money avai lable .  

T h e  l e a s t  c o s t  difference is a s s o c i a t e d  with 
making microcrystalline s o l i d s  f r o m  HL HC1 
volatility waste:  $190 per ton (0.0012 mill/kwhr). 
However, i n  terms of cost ,  the  same amount of 
money is avai lable  a s  for HF-0, waste ,  $30 per 
cubic  foot of g l a s s y  product. 

T h e  uncertaint ies  i n  the  volatility process  flow- 
s h e e t s ,  as  well a s  i n  the  w a s t e  charac te r i s t ics ,  

temper any conclus ions  that  c a n  b e  drawn f rom an 
economic ana lys i s  of proposed w a s t e  management 
schemes  a t  t h i s  time. T h e  following general ob- 
se rva t ions  a r e  made, however. 

1. There is not a clear-cut economic incent ive 
to  do anything with the  w a s t e s  other  than to en- 
capsula te  them after severa l  y e a r s  of bulk s torage 
and to sh ip  them to a s a l t  mine for final disposal .  
If, for greater safety during handl ing and shipment, 
i t  is desirable  t o  incorporate them in g lass ,  a 
subs tan t ia l  credi t  from cheaper  management c a n  b e  
appl ied aga ins t  the  c o s t  of the treatment s tep,  
but the  total management c o s t  will probably b e  
increased.  

2. One of the  major imponderables to be re- 
so lved  i s  the  potential difficulty a r i s ing  from the 
presence  of fluoride in t h e s e  was tes .  Early lab- 
oratory d a t a  ind ica te  that  volat i le  fluorides a re  
evolved during t h e  glass-encapsulat ion operations. 
I t  s e e m s  entirely poss ib le  that  a pyrohydrolysis 
s t e p  may b e  required for fluoride removal to pro- 
duce  ei ther  an acceptably safe granular product 
for interim s torage  and shipment, or a s  a pretreat- 
ment s t e p  before incorporation i n  g lass .  

3. T h e  most s ignif icant  factor present ly  affect- 
i n g  t h e  management c o s t s  of t h e s e  w a s t e s  i s  t h e  
volume of w a s t e  per uni t  of fuel  processed.  Vola- 
t i l i ty  p r o c e s s  development should be  directed to- 
ward reducing t h e s e  volumes. 

4. T h e  total  c o s t  of high-level w a s t e  manage- 
ment f rom volatility process ing  may be  equal  t o  
or more than the c o s t s  es t imated for aqueous 
process  wastes .  More economic w a s t e  management 
cannot  be  c i ted  a s  a n  advantage of volatility over 
aqueous  process ing  in the  fluidized-bed method for 
low-enrichment fuel. 



T h e  Transuranium P r o c e s s i n g  P l a n t  (TRU) and  
t h e  High F l u x  Isotope Reactor  (HFIR) were bui l t  
at QRNL as production fac i l i t i es  to provide gram 
quant i t ies  of many of t h e  transuranium e lements  
and milligram quant i t ies  of some of t h e  t rans-  
Californium isotopes.  T h e s e  mater ia ls  wil l  b e  
u s e d  i n  research  work in  laborator ies  throughout 
the  country. T h i s  part of the USAEC Heavy Ele- 
ment Product ion Program began with t h e  long-term 
irradiation of 2 3 9 P u  in  a Savannah River  produc- 
tion reactor. T h i s  irradiation program h a s  produced 
near ly  1 kg of 2 4 2 P u  and 300 g e a c h  of 243Am and 
244Cm. T h e  242Pu w a s  recovered and  decon-  
taminated at Savannah River, and some of t h e  
americium and curium w a s  processed  a t  t h e  Curium 
Recovery Fac i l i ty  (CRF) at ORNL. Over a one- 
year  period beginning i n  February 1965, about  
525 g of 2 4 2 P u  w a s  irradiated in  a s p e c i a l  High 
F l u x  Demonstration Run in one  of the Savannah 
River  production reactors .  T h i s  reactor, with a 
s p e c i a l  fuel  loading, w a s  operated a t  a thermal- 
neutron flux exceeding  2 x 1015 neutrons cm-’ 
sec-l. In t h i s  run, 6 prototype HFIR ta rge ts  con- 
ta in ing  10 g e a c h  of 242Pu, 18 a c t u a l  HFIR target  
rods also containing 10 g of 2 4 2 P u ,  and 8 s p e c i a l  
s l u g s  fabricated at Savannah River were irradiated. 
This  i r radiat ion produced about  2 m g  of californium 
a long  with t h e  other a s s o c i a t e d  heavy ac t in ide  
elements .  One of the HFIR prototype rods, which 
contained about  5 p g  of californium, w a s  processed  
a t  QRNL th is  pas t  winter; the  remaining rods wil l  
be  processed i n  t h e  immediate future in  TRU. 

T h e  major main-line chemical  p r o c e s s e s  were 
developed and tes ted  a t  high act ivi ty  leve ls ,  and 
equipment w a s  designed and ins ta l led  in t h e  faci l i ty  
to d o  the  e s s e n t i a l  processing.  Within t h i s  p a s t  
year ,  e s s e n t i a l l y  all construct ion in  connect ion 
with the  faci l i ty  w a s  concluded, and the  “cold” 
checkout  of t h e  equipment is now e s s e n t i a l l y  
complete. T h i s  report summarizes the  development 
work and other  p h a s e s  of t h e  program in t h e  Chemi- 

cal Technology Division during the  p a s t  year. 
Development of the procedures and equipment for 
remotely fabricat ing target  rods i s  under t h e  direc-  
t ion of the  Metals and Ceramics  Division and i s  
not reported here. 

Additional small quant i t ies  of 243Am and 244Cm 
were recovered in  the  C K F  during th i s  report period. 
All p rocess ing  ac t iv i t ies  in  t h i s  faci l i ty  have  now 
been  concluded,  however, and a l l  addi t ional  proc- 
e s s i n g  wil l  be  done in  TRU. Work in  the  C K F  
during t h e  p a s t  year is reported in  Sect. 6. 

5.1 DEVELOPMENT OF CHEMICAL PROCESSES 

Chemical  p r o c e s s e s  a r e  required for preparation 
of oxides  used  i n  I-IFIK ta rge ts  and for recovery 
of heavy e lements  from irradiated targets .  Material 
for HFIR ta rge ts  w a s  obtained from irradiating, to 
greater than 99.9% burnup of 239Pu, batches  of 
plutonium as  plutonium-aluminum alloy in  a Savan- 
nah River  production reactor. About 1000 g of 
res idua l  plutonium (primarily t h e  242 isotope)  h a s  
been  recovered and purified at  Savannah Rivet ,  
About 286 g of th i s  material w a s  used  for t h e  in i t ia l  
HFIR loading, and t h e  remaining plutonium was 
irradiated a t  Savannah Rivcr in a reactor  having a 
s p e c i a l  fuel  loading designed to maximize the flux. 
In addition, about  300 g of 243Am and 300 g of 
244Cm, along with rare-earth f iss ion products in  
nitric ac id ,  were recovered as a crude product 
from t h e  raffinate of the  plutonium recovery s t e p  
a t  Savannah River. About 75 g of th is  mater ia l  
w a s  processed  for americium-curium recovery a t  
ORNL i n  the  C R F ;  t h e  remainder wil l  be  processed  
in  TRU. In t h e  processing in  the  C R F ,  americium, 
curium, a n d  rare ear ths  are concentrated and con- 
verted to a chlor ide sys tem by the  Clanex  process ,  
and t h e  ac t in ides  a r e  then i so la ted  from the  lan- 
thanides  and  other f i ss ion  products by the Tramex 
process .  Purified 2 4 2 P u ,  243Am, and “‘Cm will 

5. Transuraniu m-Element Processing 
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be  converted to  d e n s e  oxides  i n  the par t ic le-s ize  
range 20 to  200 p, made into ta rge ts  in  TRU, and 
irradiated. 

T h e  main-line HFIX target process ing  method 
c o n s i s t s  in  d isso lv ing  the target in HC1; separa t ing  
t h e  ac t in ides  from f iss ion products and aluminum 
by the Tramex process;  extract ing t h e  transcurium 
elements  from americium and curium in d i lu te  HC1; 
separa t ing  berkelium from Californium, einsteinium, 
and fermium by dialkyl phosphate extrdction of 
Bk4' f rom concentrated IINO,; and i so la t ing  ca l i -  
fornium, einsteinium, and fermium by chromato- 
graphic elution f rom a cat ion exchange resin.  

Status and Progress 

During the  pas t  year, additional Clanex,  Tramex, 
and ion exchange processing was  demonstrated a t  
ful l -scale  radioactivity leve ls  in  t h e  CRF.  'This 
work i s  reported in  Sect. 6. 

Since residual  P u O ,  wil l  remain in  the targets  
irradiated in  t h e  Savannah River High Flux  Reac-  
tor, a s tudy w a s  made of methods for d i sso lv ing  
irradiated and unirradiated refractory PuO,. Re- 
s u l t s  indicate  that  irradiated PuOz d i s s o l v e s  more 
readily than the unirradiated PuO,; however, fluo- 
ride, which i s  not compatible with the main-line 
'TRU process  equipment, wil l  probably be  required 
for total  PuO,  dissolution. Since it will b e  neces-  
sa ry  t o  reduce the  fluoride concentrat ion to  less 
than 5 ppm following dissolut ion,  fluoride removal 
methods were also studied.  Simple hydroxide 
precipitation appears  t o  work sat isfactor i ly .  

Although the HNO, anion exchange method for 
plutonium isolat ion c a n  be used in  TRU operations, 
i t  may be convenient to  s e p a r a t e  plutonium from 
HC1 solut ions.  Scouting t e s t s  on a laboratory s c a l e  
showed that  a n  H(31 anion exchange method wil l  
give acceptab le  plutonium recovery; however, the  
product may require addi t ional  process ing  to  re- 
move residual  f iss ion products. 

T h e  sol-gel  method for t h e  preparation of 20- to  
100-p part ic les  of d e n s e  americiuiii-curium oxide 
for incorporation into HFIR targets  h a s  severa l  
inherent advantages  over a l ternate  processes .  Lab-  
oratory effor ts  to  perfect the  process ,  with lantha-  
nides  a s  s tand-ins  for americium and curium, were 
continued. T h e  techniques developed were s u c -  
cess fu l ly  applied to the preparation of 241Am, 
244Cm,  and mixed 243Aii1-244Cm s o l s .  In a l l  cases 
i t  w a s  poss ib le  to  form t h e s e  sols  into micro- 
spheres  that  ca lc ine  to  d e n s e  oxide spheres .  

Significant s t e p s  were made toward adapt ing the 
process  for e a s i e r  operation in  the  sh ie lded  faci l i -  
t i e s  required for americium and curium processing. 

Chromatographic elution from cat ion exchange 
resin with a-hydroxyisobutyrate so lu t ions  wil l  be  
used  to  separa te  californium, einsteinium, and 
fermium in TRIJ .  T h e  method w a s  tes ted  by s e p a -  
ra t ing americium from curium a t  high act ivi ty  
leve ls .  While the  resu l t s  obtained in  t h e s e  t e s t s  
were not completely sat isfactory,  they indicated 
that  this  method can  be s c a l e d  up to  handle  100- 
rng quant i t ies  of 52Cf. Experimental s t u d i e s  with 
rare ear ths  a s  s tand-ins  for the  heavy e lements  are 
needed t o  optimize column scale-up,  and addi t ional  
high-activity-level runs are required t o  fully prove 
t h i s  process .  

One of t h e  HFIR prototype target  rods w a s  d is -  
charged from t h e  Savannah River  High Flux  Reactor  
on September 7, 1965, af ter  a n  est imated irradiation 
of 3.7 x 10,' nvt. T h i s  target, which originally 
contained 10 g of plutonium (95.66% 2 4 2 P u )  a s  
oxide, w a s  dissolved,  analyzed for transplutonium- 
element  content, and processed to  recover t h e  
heavy elements .  Analyses  indicated that  the  ir- 
radiated target  contained 5.45 g of plutonium, 1.58 
g of americium, 2,64 g of curium, about  5 pg of 
252Cf ,  about  2 pg of 249K3k, and about  0.2 pg of 
2 5 3 E ~  a t  t h e  time of discharge from the  reactor. 

Plutonium Recovery from Irradiated 

T h e  2 4 2 P u 0 2  in  HFIR targets  and in  aluminum- 
matrix s l u g s  now being irradiated in the  Savannah 
River reactor  wil l  not be  completely burned before 
i t  is processed;  also, in  t h e  future i t  may be n e c e s -  
sa ry  to  process  Some targets  from t h e  H F I K  before 
the 42Pu02  is completely burned. Unfortunately, 
the  dissolut ion methods for unburned or parlially 
burned PuC), normally require fluoride, which is 
not compatible with Zircaloy-2 processing equip- 
ment in  TRU. For  t h e s e  reasons ,  a s tudy of d i s -  
solut ion methods for irradiated and unirradiated 
refractory P u 0 2  was made. T h i s  work included 
rate  s t u d i e s  of methods that  require fluoride, a s  
well a s  a n  invest igat ion of nonfluoride methods. 

R e s u l t s  indicated that  fluoride-catalyzed d is -  
so lu t ions  wil l  probably be  required; accordingly, 
a s t a i n l e s s  s t e e l  dissolver  w a s  ins ta l led  i n  TRU. 
However, when fluoride is used,  i t  wi l l  b e  neces-  
sa ry  to  reduce t h e  fluoride concentrat ion to less 
than 5 ppm before subsequent  process ing  is done 
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in  Zircaloy-2 equipment. Thus ,  fluoride removal 
methods, as  well as ana ly t ica l  methods to d e t e c t  
fluoride at low concentrat ions,  a r e  be ing  invest i -  
gated. 

During normal processing of irradiated HFIR 
targets ,  the  plutonium wil l  b e  completely burned, 
and t h e  en t i re  target c a n  b e  readily d isso lved  i n  
HC1. S ince  i t  wi l l  b e  n e c e s s a r y  t o  recover  244Pu 
from t h e s e  ta rge ts ,  a n  HCl anion exchange  sys tem 
for recovery and  purification of plutonium is be ing  
invest igated.  

PuO, Dissolution Studies 

Phosphoric  a c i d  a n d  anhydrous HC1 g a s  i n  molten 
KC1-AICl, were the  only effect ive reagents  found 
for d i sso lv ing  unirradiated P u O  , without fluoride; 
however, irradiated PuO, d isso lved  much m o r e  
readily than the unirradiated PuO,. T o t a l  d i sso lu-  
tion of a n  irradiated specimen (-,64 at. % of the  
plutonium f iss ioned)  w a s  accomplished by refluxing 
with 3 M HC1. T h i s  reagent  d i sso lved  about  65% 
of t h e  plutonium in a specimen irradiated to  about  
30 at. % f iss ioned.  T h e s e  r e s u l t s  ind ica te  tha t  i t  
should b e  poss ib le  to process  HFIR ta rge ts  con- 
ta in ing  s ignif icant  quant i t ies  of plutonium by non- 
fluoride methods i f  suff ic ient  burnup h a s  been 
accomplished;  however, fluoride wil l  probably be  
required for to ta l  PuO, dissolut ion of less highly 
irradiated material. 

Unirradiated PuO, Dissolution Studies. -- T h e  
PuO,  u s e d  for t h e s e  s t u d i e s  w a s  ident ica l  with 
tha t  used  in  HIJIK prototype fuel  targets .  T h i s  
refractory PuO, w a s  made from plutonium t h a t  had 
been  purified by anion exchange,  precipi ta ted as 
t h e  hydroxide, washed,  dried a t  9O”C, and calcined 
a t  1100°C for 5 hr. T h e  par t ic le  size w a s  177 to 
200 p. In a l l  dissolut ion experiments  which re- 
quired fluoride, periodic addi t ions  were made to 
replenish H F ,  which w a s  rapidly lost by volat i l iza-  
tion and i n  corrosion of g l a s s  equipment. 

Phosphoric  ac id ,  concentrated HNO, 0.1 ht in 
I-IF, a n d  anhydrous HC1 in molten KC1-AlC1, effec- 
t ively d isso lved  refractory PuO ,. Nine-molar IiBr 
0.1 M i n  HF,  or 6 M IlCl 0.1 M in CuFz is probably 
effect ive,  a l though t e s t s  with t h e s e  so lu t ions  were 
not continued long enough for complete  dissolut ion.  

Complete dissolut ion of 192 m g  of PuO, w a s  
achieved  by refluxing with 50 m l  of 15.8 h! IlNO- 
0.1 M H F  for 22 hr. Hourly addi t ions  of suf f ic ien t  
H F  t o  k e e p  t h e  solut ion at  0.1 M were necessary  

t o  maintain t h e  dissolut ion rate .  In experiments  
in which periodic addi t ions of  H F  were not madc, 
d i sso lu t ion  r a t e s  decreased  dras t ica l ly  within 2 hr. 
Rapid dissolut ion ra tes  were also obtained with 
9 M HBr-0.1 W H F  a n d  6 M HC1-0.12 M CuF,. 
Disso lu t ions  of 32 and 2876, respect ively,  were 
achieved by t h e s e  reagents  i n  1 ht. However, as  
in the  previous experiment, ra tes  decreased  rapidly 
af ter  the f i rs t  hour b e c a u s e  of fluoride loss. Tota l  
d i sso lu t ion  with periodic addi t ions of fluoride w a s  
not attempted. 

A number of addi t ional  reagents  that  did not re- 
qu i te  fluoride were invest igated;  however, con- 
centrated H,PO, proved t o  b e  the  only e f fec t ive  
aqueous reagent. In th i s  case, PuO, w a s  added to 
SO ml of 85% H , P 0 4 ,  and t h e  H,PO, w a s  con- 
centrated by evaporation unt i l  a temperature of 
260 t o  270°C w a s  obtained. At t h e s e  condi t ions,  
PuO, completely d isso lved  in about  6 hr, and 
plutonium was recovered from t h e  phosphate  so lu-  
tion by precipitation with NaOtI. After a s i n g l e  
precipitation and wash,  the  P0,3-/Pu mole tatio 
w a s  0.18. A second precipitation should reduce 
t h e  phosphate  content  to a n  acceptab ly  low level .  

In t h e  invest igat ion of nonaqueous d isso lu t ion  
methods, plutonia w a s  found to be  d isso lved  iapidly 
and completely by anhydrous HCl gas in molten 
KC1-AlC1, (50-50 mole 76) at 500’G. In s imilar  ex-  
periments without HC1, a plutonia d isso lu t ion  rate 
of only 8%/hr w a s  obtained. 

Additional reagents  invest igated and  the  average  
d isso lu t ion  rates obtained a r e  l i s ted  in  T a b l e  5.1. 

Irradiated PuO, Dissolution Studies. - T h e s e  
experiments  wete  conducted with ?,-in. segments  
of prototype I lFIR target  rods that werc irradiated 
in  t h e  Engineer ing Test Reactor  (ETR). T h e  target  
rods are designated as TRU-1 (-31 at .  % of t h e  
plutonium fissioned), TKU-2 (“64 at. % of t h e  
plutonium fissioned), and TKU-3 (“,62 at. % of t h e  
plutonium fissioned). 

T h e  TRU-1 target  rod had a n  unperturbed peak 
exposure of 1.7 x 10” neutrons/cm2 and  w a s  ex- 
posed to a n  average  hea t  flux of 640,000 Btu  hr-’ 
ft-’. T h e  TKU-2 target  rod had an est imated in- 
tegrated,  unperturbed peak exposure of 3.2 > l o 2 ’  
neutrons/cm2 and  was  exposed a t  a higher average  
flux of 3.7 x l o i 4  neutrons cm-’ sec-l (peak, 
unperturbcd), for one E T R  cycle .  T h e  TRU-2 tdrget 
w a s  exposed  to extreme heat-flux condi t ions of 
greater  than 1,000,000 Btu hr--’ f t  - 2 .  T h e  TRU-3 
target  received a burnup greater than that  received 
by TRU-I, but a t  approximately the  s a m e  hea t  flux. 
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Table 5.1. P u 0 2  Dissolution in Various Solutions 

A q u e o u s  Reagent 
Dissolution 

Time 

(hr) 

A vera ge 
Dissolution Kate 

(% /hr ) 

4 M HN03-0.5 M K2S207--0.005 M AgNO, 

12  M LiC1.--1 M HC1 

9.6 M LiCI-0.8 M IICl--2 M 11202 

1 0  M LiCI-0.5 M HC1-0.23 M NaOCl 

12 M J.iC1-1 M HC1-0.5 M NII,OH*HCl 

29% N,PO,--S% H 2 0 2  

9 M HBr 

Fused  Li2C03 a t  7OO0C 

Fnsed  J,i,CO -J2iN03 a t  650OC 

2 

2 .5  

1 

3 

2 

4 

11 

0.51 

0.01 9 

0.013 

0.28 

0.007 

0.11 

0.07 

0. 04a 

0.31a 

aTotal  amount of plutonium that was  dissolved by fusing PuO, in reagents, followed by cooling and dissolving the 
solidified s a l t s  in water. 

All irradiated specimens were more readily d is -  
soived than those  that  were unirradiated. Dis- 
solut ion in HN0,-HF w a s  considerably more rapid 
for irradiated P u O ,  (Fig.  5.1), and TRU-2 was  com- 
pletely so luble  in  2 to 3 M HC1, while  unirradinted 
PuO, is virtually insoluble  in  th i s  reagent. Dis-  
solut ion data  obtained for t h e s e  ta rge ts  a re  shown 
in T a b i e  5.2. All dissolut ions were conducted 
under reflux conditions. When HNO, w a s  used  
without H F ,  the  aluminum portion ( jacket  and 
matrix) of t h e  target segment  w a s  f i rs t  d i sso lved  
in 1.2 M NaOII-1.5 M NaNO,. 

T h e  PuO,  residue from the IlCl d isso lu t ions  of 
TKU-1 and TRU-3 w a s  readily d isso lved  in  re- 
fluxing 6 i!! HC1-0.1 M CuF,. An HNO, dissolu-  
tion of TRU-2 without fluoride was  not attempted. 

In most experiments a smal l  amount of res idue 
remained that  w a s  soluble  in aqua regia and H,SO,. 
It cons is ted ,  primarily o f  aluminum, s i l i con ,  palla- 
dium, ruthenium, and rhodium, with s o m e  molyb- 
denum and zirconium and t races  of calcium, copper, 
iron, magnesium, s i lver ,  titanium, and nickel. 

Dissolut ion t e s t s  were a l s o  made with a pel le t  
cu t  from t h e  HFIR prototype target rod, TRU-SRL 
irradiation element  No. 26, which w a s  irradiated 
to  -3.7 x 10" nv t  in the Savannah River High 
Flux  Reactor. About 45% of t h e  original 10 g of 
plutonium (95.66% 242Pu) w a s  burned out by t h e  
irradiations. When a large e x c e s s  of 2.6 M HC1 was  

added to t h e  pel le t ,  only about  25% of the residual  
plutonium w a s  dissolved.  However, the  so l id  
res idue w a s  readily so luble  in 15.6 M HNO,---O.l M 
HF. B e c a u s e  th i s  t e s t  showed incomplete d is -  
solut ion of plutonium in 2.6 M HC1, t h e  target  rod 
w a s  processed by d isso lv ing  the  aluminum i n  
c a u s t i c  and by dissolving the residue in 8 M HC1 
containing 0.1 M CuF, ca ta lys t .  More experience 

O R N L  OWG 66-?664A 
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Fig .  5.1. C O ~ ~ O F ~ S Q ~  of the Dissolut ion Rates of 

Irradiated and Unirradiated 2 3 9 P u 0 2  in 15.8 M HNQ3- 
0.1 M HF. 



T a b l e  5.2. D i s s o l u t i o n  of Irradiated 239Pu02 
in Various Solut ions  

Percentage of FuO, 
Disso lved  Reagent - 

TRU-1 TRU-2 TRU-3 

15.5 ~1.1 HNO,-O.l M HF 99.96 99.94 99.5 

15.8 M HNO, 45 68.0 

2 to 3 M HCI 65 99.85 87.2 

is needed to determine the  burnup necessary  before 
t h e  res idua l  PuO,  c a n  b e  d isso lved  without fluo- 
ride. 

Fluoride Removal Following Target Dissolution 

Laboratory t e s t s  ind ica te  that  fluoride c a n  b e  
effect ively removed from HFIR target  d i sso lver  
so lu t ions  by hydroxide precipitation, filtration, and 
redissolut ion.  In s t u d i e s  made with s imulated d is -  
so lver  solut ion that  contained thorium as  a s tand-  
i n  for plutonium, fluoride w a s  reduced to 3 ppm by 
two precipitation cyc les .  Fluoride decontamina- 
t ion fac tors  of about  54 and  1 4  were obtained for 
t h e  f i r s t  a n d  s e c o n d  c y c l e s  respect ively.  R e s u l t s  
were  comparable for so lu t ions  with and  without 
aluminum. 

Plutonium Isolation by HCI Anion Exchange 

Plutonium c a n  be  i so la ted  from HFIK target  d i s -  
so lver  solut ion by sorpt ion on anion exchange  
res in  from 6 to 8 M HC1 a t  60°C. Under t h e s e  
condi t ions t h e  t r ivalent  ac t in ides  and rare-earth 
f iss ion products d o  not load,  and  t h e  WCl eff luent  
from t h e  plutonium column c a n  readily be  converted 
to feed s u i t a b l e  for Ttamex processing.  

S ince  Pu3 '  wi l l  not load, t h e  s tab i l i ty  of Pu4+ 
in  concentrated HCl w a s  invest igated.  Te t rava len t  
plutonium w a s  found by spectrophotometric a n a l y s i s  
to be  s t a b l e  for s e v e r a l  d a y s  in  both 6 and  8 M HC1 
a t  room temperature, and there  w a s  n o  ev idence  of 
disproportionation af ter  hea t ing  to 75OC for 1 hr. 

In smal l - sca le  laboratory experiments ,  column 
loadings of greater  than 99% were obtained from 
both 6 a n d  8 M HCI feed so lu t ions  on Dowex 1-8X 
res in  a t  60°C. After loading, t h e  column w a s  

washed with ten column displacement  volumes of 
6 or 8 M HC1 without s ign i f icant  plutonium losses 

Plutonium c a n  be  eluted from t h e  column with 
ei ther  di lute  or concentrated acid tha t  conta ins  
suff ic ient  reductant t o  reduce P u 4 +  t o  Pu3 '. Since  
e lu t ing  with concentrated a c i d  may afford s ignif i -  
c a n t  decontamination from f i ss ion  product ruthenium 
and zirconium, which load  wi th  t h e  plutonium, s e v -  
e r a l  reductants  were invest igated.  Ascorbic ac id ,  
U4', and NH,I were effeci ive in reducing pluto- 
nium. Under t h e  condi t ions used  (0.1 &I reductant  
and  6 t o  8 M HCl), NH,I w a s  t h e  most effective. 
Complete plutonium elution w a s  obtained in  7 
column displacement  volumes when NH,I w a s  
used ,  while  1 2  column volumes were required when 
ascorb ic  acid w a s  used;  U d 4  w a s  even  l e s s  effec- 
tive. Adequate  decontamination from f i ss ion  prod- 
u c t s  has not yet  been demonstrated. 

(" 0.1%). 

Preparation of Oxides %or HFIR Targets 

High Flux  Isotope Reactor  targets  wil l  he made 
from pressed  pe l le t s  of aluminum powder and 
ac t in ide  oxide,  with the  aluminum phase  cont inuous 
to  ensure  sa t i s fac tory  h e a t  t ransfer  during irradia- 
tion. 

A p r o c e s s  ut i l iz ing hydroxide precipitation for 
preparing d e n s e ,  c o a r s e  par t ic les  of PuO, w a s  
reported previously. '  During th i s  pas t  year  i t  w a s  
used  to prepare about  324 g of PuO,, containing 
286 g of 242Pu.  T h i s  materia1 w a s  subsequent ly  
made into ta rge ts  for the f i r s t  loading of t h e  HFIR. 

T h e  preparation of plutonia by a sol-gel  method 
offers s e v e r a l  p rocess  advantages  over the  hy- 
droxide precipitation method mentioned above,  and 
g ives  a product of greater uniformity. Plutonia  sol- 
gel  development work w a s  continued, and  s ignif i -  
c a n t  progress  w a s  made i n  the  preparation of uni- 
form sols of des i rab le  character is t ics .  T h i s  work 
is reported i n  Sect. 8. 

A sol-gel  method appears  t o  be  equal ly  attrac- 
t i v e  for the  preparation of 20- to  200-t~ par t ic les  of 
d e n s e  americium-curium oxide. T h e  abi l i ty  to pre- 
pare  oxide microspheres  o f  controlled par t ic le  
s i z e  from rare-earth sols as  s tand-ins  for americium 
a n d  curium w a s  reported l a s t  year.' T h i s  work 

IF. L. Culler, Jr . ,  et a l . ,  Chem. Technol. D i v .  Ann. 
Pro&. l i e p t .  M a y  31 ,  1964 ,  ORNL-3452, pp. 114-15. 

'D. E. Fergusun et a l . ,  Chem. Taciinol. DZY. Ann. 
Pro&. Rept. M a y  31,  1965, ORNL-3830, pp. 143-49. 
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w a s  continued not only to  provide p r o c e s s e s  for 
americium and curium oxide preparation but a l s o  
because  rare-earth oxide microspheres have  po- 
tent ia l  as control rod mater ia ls  and a s  burnable  
poisons  i n  fuel  e lements  for nuclear  reactors. T h e  
s o l  preparation method as originally developed 
c o n s i s t s  i n  (1) precipi ta t ing t h e  metal  hydroxide 
by adding  NH ,OH or tetramethylammonium hy- 
droxide (TMAH) to  a rare-earth ni t ra te  solut ion,  
(2) removing residual  ni t ra te  and so luble  impuri- 
t i e s  by washing  the  precipi ta te  with water ,  (3) 
forming a sol by adding a s m a l l  amount of HNO, 
and d iges t ing  a t  SOOC, and (4) concentrat ing the  
s o l  by evaporation. Recent  modifications, which 
have  greatly simplified the process ,  make i t  more 
amenable  to in-cell preparation of 243Am and 
244Cm s o l s .  In t h e  modified procedure the  metal  
hydroxide is prepared by a xeverse “st r ike”;  that  
i s ,  a d i lu te  solut ion of rare-earth ni t ra te  (-0.02 M )  
is added to a 20-fold e x c e s s  of 8 M NPI,OH. T h i s  
resu l t s  in  a precipi ta te  that  is e a s i e r  t o  f i l ter  and 
t o  wash.  T h e  lighter lanthanide hydroxides (up to  
neodymium) prepared i n  th i s  way liquefy spon-  
taneously into t ranslucent  sols,  and the  heavier  
lanthanide hydroxides a r e  readily converted t o  
sols by hea t ing  for 1 hr a t  8OOC. 

T h e  modified s o l  preparation method h a s  not ye t  
been tes ted  for preparation of americium and 
curium sols, but the  original rare-earth s o l  pro- 
cedure w a s  successfu l ly  appl ied t o  t h e  preparation 
of  241Am, 2 4 4 C m ,  and mixed 243Am-244Cm sols. 
In a l l  cases it w a s  poss ib le  to form t h e s e  s o l s  
into gel  microspheres that  ca lc ine  t o  d e n s e  oxide 
spheres .  Future  work will be directed a t  applying 
the  simplified procedure t o  the  preparation of 
ameiicium-curium sols. 

 reparation of 2 4 2 ~ u ~ 2  for HFIR Targets. - 
Plutonium-242 oxide for the  f i r s t  HFIR ta rge ts  w a s  
prepared by the  hydroxide precipitation method 
and w a s  ground to  the  desired par t ic le-s ize  range 
with p e s t l e  and mortar. T h e  following s i z e  d is -  
tribution w a s  obtained: 

Screen Size W r  % 

-70 +I00  45.8 

- 1 0 0 1 2 0 0  22.4 

-200  1 3 2 5  12.6 

-325  19.2 

About 324 g of th i s  oxide, containing 286 g of 
2 4 2 P u ,  w a s  used  in targets  for t h e  f i rs t  HFIK 

loading. Although -325 mesh f ines  were not  u s e d  
i n  prototype ta rge ts  previously fabricated,  t h e  in- 
c lusjon of t h e  19.2 wt % f ines  in  t h e s e  ta rge ts  
presented no problems. 

About 74 g of 2 4 2 P u 0 ,  contained i n  re jec t  alu- 
minum pel le t s  was recovered and recycled without 
d i sso lv ing  the PuO,.  T h e  aluminum matrix w a s  
d isso lved  in  NaOH-NaNO , solut ion,  and contami- 
nant  oxides ,  for example, A1,0,, were d isso lved  
by refluxing in  di lute  I-INO,, which d o e s  not dis-  
s o l v e  appreciable  quant i t ies  of the high-f i redPu0 ,. 

Original Rare-Earth Sol-Gel Process.  - In th i s  
process  the ni t ra te  s a l t  of the  rare ear th  is d is -  
so lved  i n  water  and is precipi ta ted by addi t ion of 
a base, preferably TMAH. Although NH,OH c a n  
b e  used ,  i t  is impossible  t o  d e c r e a s e  t h e  ni t ra te-  
to-metal mole ratio i n  the  precipi ta te  below 0.3 t o  
0.5, and sols  prepared from th is  precipi ta te  produce 
inferior microspheres. When TMAIl i s  used  t o  
precipi ta te  the  metal hydroxide, e s s e n t i a l l y  com- 
p le te  ni t ra te  removal c a n  be  obtained. Six to  ten  
w a s h e s  a r e  required to remove contaminant ions.  
B e c a u s e  of t h e  amorphous character  of t h e  hy- 
droxide, t h e  precipi ta te  cannot  b e  f i l tered;  and 
centrifugation is required in  a l l  washing opera- 
tions. Carbon dioxide is readily sorbed by the  
b a s i c  hydroxide and  prevents s o l  formation i f  i t  i s  
p resent  in  suff ic ient  quantity. A s  received,  TMAH 
frequently conta ins  e x c e s s i v e  carbonate  as  a n  im- 
purity, which must b e  removed prior t o  use.  At- 
mospheric CO, can  a l s o  be  troublesome, and the  
b e s t  s o l s  were prepared i n  a C0, - f ree  atmosphere. 
After a smal l  addition of HNO,, the  washed  hy- 
droxide is pept ized by digest ion for 30 to 60 min 
at  50OC. T h e  amount of HNO, requjrrd var ies  
with the  rare ear th  used.  Nitrate:metal m o l e  ra t ios  
of 0.03 to 0.05 are suff ic ient  to produce good 
praseodymium and neodymium hydroxide sols, while  
ra t ios  of 0.1 t o  0.2 a r e  necessary  for europium 
hydroxide sols. After digest ion,  the  sols c a n  b e  
concentrated to 2 M by evaporation a t  50OC. 

In a l l  cases i t  w a s  poss ib le  to  produce micro- 
s p h e r e s  t h a t  c a l c i n e  t o  oxide spheres .  D e n s e  oxide 
microspheres  were prepared from hydroxide sols 
of praseodymium, neodymium, gadolinium, and  
europium, as  well as  from mixed s o l s  of praseo- 
dymium-neodymium and europium-gadoliniurn. 

Spheres  a r e  readily formed f rom 1 t o  2 M sols by 
the  tapered-column technique. Good resu l t s  were 
obtained with a dehydrating mixture c o n s i s t i n g  of 
10 vol % 2-octanol, 89.9 vol % 2-methyl-1-pentanol, 
and 0.1 vol % Span 80. I t  i s  a l s o  poss ib le  t o  u s e  
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2-ethyl-1-hexanol containing a smal l  amount of 
Span 80. 

Resistance to crushing forces was  determined as 
a function of sphere diameter for praseodymia and 
europia microspheres. In both cases i t  is propor- 
tional to the square of the sphere diameter (Fig. 
5.2). The  strengths of praseodymia and europia 
are quite comparable; however, higher calcination 
temperatures a re  necessary to obtain the  maximum 
strength for europia. Praseodymia spheres  attain 
the indicated resistance to crushing forces at a 
calcination temperature of 1050°C. A cubic crystal  
structure is indicated by x-ray ana lys i s  for this 
praseodymia. Increasing the temperature to 1250°C 
did not increase the resistance to  crushing forces.  
For europia spheres,  the maximum res i s tance  t o  
crushing forces is not attained until the  calcina- 
tion temperature exceeds  12OOOC. X-ray ana lys i s  
of europia spheres indicates a change in crystal-  
l ine form from cubic to monoclinic a t  1200 to  
13OO0C, and the monoclinic form is apparently 
required for maximum crush resistance.  ‘The crys- 
tall i te size 
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Fig. 5.2. Correlation of Resistance to Crushing 

Forces and Diometer for Praseodymium Oxide and 

Europi urn Oxide Mi crospheres. 

and 10SOnC:-fired praseodymia spheres  was  deter- 
mined by x-ray l ine broadening to be 500 to  600 A.  

Improved Rare-Earth Sol-Gal Process. - In recent 
development work it was discovered that, when the 
order of addition is reversed during precipitation 
of the  rare-earth hydroxide, NII,OH can  be used 
a s  the precipitating base. The  resulting precipi- 
tate is eas ie r  to filter, nitrate can be more com- 
pletely removed, and thcre is a strong tendency 
toward spontaneous sol formation during washing. 
Th i s  behavior simplifies equipment requirements 
and makes possible a single-vessel operation. 
Since less time is required to prepare a s o l  and 
s ince  a l l  the s t e p s  can  be done in one vesse l ,  
CO, sorption from the atmosphere is not a serious 
problem. 

The  modified sol process cons is t s  in  the  fol- 
lowing s teps :  

1. T h e  metal hydroxide is precipitated by the 
addition of a 0.02 hl solution ot the lanthanide 
nitrate to a 20-fold excess  of 8 bl NH,OH, with 
stirring, a t  25OC. 

2. The  precipitate is centrifuged and washed 
with C02-free disti l led water five or s i x  times 
(the precipitate is reslurried and recentrifuged, 
and the wash liquor is decanted, during each  wash 
cycle); the pH of the wash liquor decreases  from 
11 to 9. 

3. The damp pas te  is aged for 30 to 60 min for 
the lower lanthanides (up to neodymium), a t  which 
t i m e  i t  liquefies spontaneously into a translucent 
s o l  with a metal concentration of about 0.5 11.1, a 
nitrate-to-metal ratio of about 0.2, and a pH of 7, 
The  viscous hydroxide pas tes  of the  heavier lan- 
thanides do not liquefy spontaneously at 25°C 
even after severa l  days,  but if they a re  heated for 
1 hr at 8 0 T ,  the viscosity decreases  sharply and 
the apparent pII decreases  from 10 to about 7. 
Th i s  produces fluid sols about 0.5 M in metal, with 
a nitrate-to-metal mole ratio of 0.05 to 0.15. 

4. The dilute s o l s  can be concentrated to 2 to 
2.5 M metal hydroxide in  a rotary vacuum evapora- 
tor at SOo(:. 

Sols prepared in th i s  manner can  be formed into 
microspheres as previously described; for example, 
microspheres were prepared of a series of rare- 
earth oxides (La,O,, C e 0 2 ,  Pr,O,, ,  Nd,O,, 
Eu,03, Ho,O,,, Ei,03) .  The gel microspheres a re  
dried in vacuum for severa l  hours a t  120°C and 
heated to 500°C: in vacuum to decompose the 
residual nitrate before sintering a t  1000 to 1500°C 
in  air (the final temperature depending on the 
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c rys ta l  form required). A sample  of 150-p-diam 
microspheres  of monoclinic Eu 0 hea ted  t o  
1475°C for 3 hr is shown in Fig.  5.32. 'rhe products 
have  high densi ty  (95% of t h e  theoret ical  c rys ta l  
dens i ty)  and low sur face  area (0.01 t o  0.1 m2/g). 

Samples of hydroxide s o l s  of praseodymium, neo- 
dymium, and europium were examined by electron 
microscopy and selected-area electron diffraction 
to determine t h e  size, shape ,  and crystal l ini ty  of 
t h e  col loidal  par t ic les  a t  various s t a g e s  i n  the  
process .  Electron micrographs of a praseodymium 
hydroxide sol a t  various t imes of aging a t  2S°C 
a r e  shown in Fig.  5.1. The rapid d e c r e a s e  i n  
v iscos i ty  and pH occurs  between s t a g e s  B and C, 
during which time the  sol par t ic les  c rys ta l l ize  into 
rods and bundles  of rods (400 to  1000 A long  and 
20 t o  200 A wide) with a diffraction pattern char- 
ac te r i s t ic  of hexagonal  Pr(OH),. Examination of a 
thin microtome s e c t i o n  c u t  through a ge l  micro- 
sphere  showed that  the bundles  of rods were 
randomly oriented arid had a roughly square  c r o s s  
sec t ion .  

Pol i shed  c r o s s  s e c t i o n s  of ca lc ined  oxide micro- 
s p h e r e s  reveal  some f ine internal  pores, and  
methods are being developed to reduce t h i s  porosity 
and to i n c r e a s e  the  dens i ty  above  95%. 

241Am Sol Preparations- -- T h e  original sol-gel 
procedure as developed for the  preparation of 
rare-earth microspheres w a s  direct ly  appl icable  to  
the  preparation of 241Am sols. Stable  sols were 
prepared, and microspheres that  ca lc ined  t o  oxide 
s p h e r e s  at 1150OC could be produced. 

Americium s o l s  were made by precipi ta t ing the  
hydroxide f rom Am(N03)3 so lu t ions  with NI-I,OH 
and with TMAH. Unlike t h e  resu l t s  obtained with 
rare-earth precipi ta tes ,  complete ni t ra te  removal 
w a s  achieved by NH,OH precipi ta t ion,  and the  
abi l i ty  of the  precipi ta te  to f o r m  a s o l  indicated 
that  NH,OH is a sa t i s fac tory  b a s e  for  ac t in ide  s o l  
preparations. 

Small differences between americium and iare- 
ear th  behavior s u g g e s t  that  americium may be 
more amenable  t o  s o l  formation and tnicrosphere 
preparation than a r e  the lanthanides .  There w a s  

Fig. 5.3. Microspheres of 120-p-diarn Monocl inic E u 2 0 j  Calcined at 1475OC. 



F i g .  5.4, EUecfron Micrographs a5 Proseadyrnium Hydroxide Sols. (A )  F r e s h l y  precipitated, aged 13 inin; 

(5) precipitate woshed, a3ed 80 miri; (C)  precipi tate washed, aged 140 min; (D) precipi tate wmshed, aged 6 c l a y s .  
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iuuch less tendency for americium hydroxide t o  
pept ize  during the  later s t a g e s  of t h e  washing 
procedure, and t h e  s o l  formed during digest ion 
w a s  qui te  t ranslucent ,  which i s  indicat ive of a 
s m a l l  micelle size. A nitrate:americium mole ratio 
of 0 . 1 5  w a s  required for good sol s tabi l i ty .  After 
digest ion,  the  s o l s  were concentrated t o  nearly 
2 M by evaporation. 

Americium hydroxide rnicrospheres were formed 
by introducing the  concentrated sol from a syr inge 
into a beaker  of slowly ag i ta t ing  drying medium 
(20 vol % 2-octanol-80 vol 7L 2-ethyl-1-hexanol). 
T h e  gel  spheres  calcined t o  s t a b l e  oxide spheres  
a t  115OOC. 

Curium Sol Preparations. - Sols can  b e  prepared 
f r o m  both 2 4 4 C m  and mixed 2 4 3 A n - 2 4 4 C m  hy- 
droxides by  appropriate modifications of the 
rare-earth sol-gel procedure. Two radiolytic ef- 
fec ts  were encountered,  but nei ther  appears  to  
limit t h e  usefulness  of the  technique. (1) During 
s o l  concentration, severe  foaming limits curium 
concentration t o  about 100 g/liter. (2) Consider- 
a b l e  porosity can  resul t  from radiolytic decomposi- 
tion of water  in the  s e t  gel sphere .  T h i s  la t ter  
e f fec t  i s  minimized by rapid drying and by cal-  
c in ing  immediately af ter  sphere  formation. Dilute 
curiiim s o l s  c a n  b e  formed in to  uniform s e t  gel 
s p h e r e s  that  ca lc ine  t o  very hard oxide micro- 
spheres .  

Curium sols were produced by precipi ta t ing the  
hydroxide from a n  H N 0 3  solut ion with NH,OH, 
followed by two w a s h e s  with 7 M NH,OH to en- 
s u r e  complete  removal of res idual  nitrate. T h e  
precipi ta te  w a s  further washed with dis t i l led 
water  until the  pH of the f i l t ra te  w a s  l e s s  than 
8.0. T h i s  required s i x  t o  e ight  w a s h e s .  A 
high-speed centrifuge w a s  used  t o  s e p a r a t e  t h e  
precipi ta te  from the liquid. 

After i t  w a s  washed,  t h e  precipi ta te  w a s  trans- 
ferred to  a beaker a s  a thick s lurry;  and suff ic ient  
0 . 1  ,1.I I i N O j  w a s  added t o  give a nitrate:curium 
mole ra t io  of about 0.2. T h e  slurry w a s  s t i r red 
and heated at SO t o  70°C for 1 t o  2 hr. During 
th i s  digest ion period the  th ick  slurry became a 
thin sol character ized by the appearance  of a 
f o a m  layer .  Digestion w a s  continued until t h e  
volume of foam w a s  equal  t o  that  of liquid. At 
th i s  point a few milliliters of methanol w a s  added,  
which quenched the  foam and gave a thin, free- 
flowing s o l .  Because  of the  foaming, the  maxiinurn 
sol concentration w a s  limited to about  100 g of 
curium per l i ter  (300 w/liter). T h e  s o l  generates  

radiolyt ic  g a s  a t  a rate of about  8 liters/hr per 
l i ter  of so l .  

Sols  prepared a s  descr ibed above c a n  be  formed 
by s e t t i n g  t h e  sol in a drying so lvent ,  e i ther  in 
a s t i r red pot or in a tapered column. However, 
preparing uniform microspheres by the  stirred-pot 
m e t h d  h a s  not been possible ,  s i n c e  the  shear ing  
act ion of t h e  paddle  breaks the  d i lu te  s o l  droplets  
into very smal l  par t ic les  of various s i z e s .  Im- 
proved uniformity and larger par t ic les  were ob- 
ta ined when a tapered colutnti w a s  used  for sphere  
forming. Extens ive  agglomeration of t h e  s o l  
droplets  during column drying w a s  diff icul t  t o  
overcome; however, good resul ts  were obtained 
with a dry ing  agent  containing 7 9 . 3  vol % n- 
hexanol ,  20 vol 70 n-octanol, 0.5 vol % Span 80, 
and 0.2 vol % ,\dogen 3G4. T h e  Span SO and t h e  
Adogen 364 were necessary  to  prevent agglomera- 
tion of t h e  s m a l l  droplets  during dehydration. T h e  
s e t  gel  s p h e r e s  were washed with methanol to  
remove res idua l  drying agent  and al lowed to a i r  
dry. T h e  resul t ing gel  microspheres  (average 
diameter  of 100 t o  200 11) were free-flowing. 

T h e  gel  par t ic les  must be  calcined quickly, 
s i n c e  water  incorporated in t h e  gel s t ructure  is 
decomposed by the in tense  alpha radiation, pro- 
duc ing  radiolytic g a s  and forming g a s  pockets  in 
t h e  gel  spheres .  T h e  ge l  must b e  calcined a t  a 
temperature greater than 105OOC t o  produce oxide 
s p h e r e s  that  wil l  retain their  integrity. Spheres  
ca lc ined  a t  800 to  1000°C tended t o  dis integrate .  
Calcinat ion a t  120OOC produced very hard, d e n s e  
microspheres, which d isso lved  s lowly in  e i ther  
6 M H N Q 3  or 6 M WC1 at reflux. T h e  gel  s p h e r e s  
shrank  in  s i z e  about a factor of 3 during cal- 
cinat ion a t  llOO°C, and t h e  fired product w a s  a 
free-flowitig powder, with sphere  diameters  in the  
size range 40 to  8 0  p. 

Curium and mixed arnericium-curium oxides  c a n  
a l s o  be  prepared as  hard fragments by drying and 
ca lc in ing  their washed hydroxide precipi ta tes .  
While oxide prepared in  this  fashion is s u i t a b l e  
for HFIR ta rge ts ,  grinding and screening  opera- 
t ions a re  necessary to obtain the  desired par t ic le  
size u n l e s s  a mechanical method t o  form the  
hydroxide can  b e  devised.  

xchange Separations a t  High Activity Levells 

Since t h e  separa t ion  of californium-einsteinium- 
fermium and purification of some final products 
wil l  b e  effected by ion exchange,  recent  work 
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w a s  done  with two such  prGCESSes at  high iictivity 
leve ls .  About 0.5 g of 242Cm i n  rnisccrllaneous 
recyc le  so lu t ions  from the CXF w a s  satisfactorily 
purified by LiC1 anion exchange.  An at tempt  to 
separate O..s g of "I'.'Ccm from -1.5 g of 241Rrn 
by elution from ca t ion  exchange resin with a-  
hydsoxyisobutyrate w a s  less s u c c e s s f u l ;  however, 
r e s u l t s  indicate  that  this methcd wi l l  probably be 
sahisfactory with IOO-mg quant i t ies  of ' j2Cf.  

'The LiCI anion exchange  purification of ,~-,0..5 g 

of '"Cm from recycle  CRF solutions worked very 
well. During th i s  pr ixess ing ,  resiri  loadirigs were 
;3bouL fiOO w/liter, which is subs tan t ia l ly  higher 
than a n y  previousiy encountered,  T h e  product 
cont aitied 11 o de tecta ble radiixhemic: a I coiitarrii- 
uants. 

In the chromatographic s e p t a t i o n  t e s t ,  t h e  
res in  :vas loaded up to 5000 w/liter with 2""iim- 
2 4  'Am. Methanol added to the process  so lu t ions  
effect ively suppressed  the forma tinn of radiolytic 
gas s o  that  no  appreciable  increase  in  pressure  
drop across the r e s i n  columri was noted. How- 
ever ,  resiti degradation w a s  s e v e r e ,  and about 
one-third of t h e  24'Cm became embedded i n  the 
charred r e s i n  and was riot readily- eliited. Es- 
scntially all this curium V J ~ S  recovered by s lu r ry -  
ing the res in  in  6 M NO3 and  leaching f o r  2 4  ?IF, 
Even though t h e  run w a s  not successful, i t  a p  
pints that t h i s  procedure can be i idal>ted fa: 
handling up io IOO-mg amounts of "CY. Further 
experiments  are in progress to  optimize column 
scale-up, arid addi t ional  h i ~ ~ - a r t i v i t y - l ~ : v i . 1  runs  
are planned. 

inrae of the I W I K  prototype target rods, TRTJ-- 
SRL irradiation element  No. 26, was discharged 
f rom the Savannah River High Flux Reactor  on 
Septem1:er 7, 196.5, a f t e r  an estimated irradiation 
of 3.7 x pG2' iwt. 'This target,, which originally 
coiitairied IO g cjt' plutonium (95.66% '"Pu) a s  
oxidc:, was dissolved, arlalyzed for transI;li.itonjurn- 
element content ,  and processed  to recover  the 
kieavy elements .  Analyses  by t h e  besf. ava i lab le  
methods indicated thal. the irradiated target con- 
ta ined 5.45 g of plutonium, 1.58 g of americium, 
2.64 g of curium, about  5 pg of "j2Cf,  about  
2 pg of 249Bk, and ahout  0.2 pg of zs.l;l% a t  the 
fine of discharge from the  reactor. Detailed 

ana ly t ica i  resu l t s ,  material ba lances ,  arid other 
information about this rod have been publ ished.  

The prxessir ig  method cons is ted  in d isso lv ing  
thc a turninurn jacket arid matrix in  caustic-sodium 
ni t ra te  so lu t ion ,  d i sso lv ing  the  res idue  in IfC1 
containing CuF ca ta lys t ,  i so la t ing  t h e  plutonium 
by sorpt ion on anion exchange res in  from HC1 
so lu t ion ,  effect ing group and par t ia l  separa t ion  of 
the transplutmiurn elements by LiCl anion ex- 
change ,  and separating berkelium-caliiumium- 
einsteinium by chromatographic elution from ca t ion  
excliange resin wi th  a' solution of ammonium u A y -  
droxyisobulyrate , 

Target B i s s ~ l u t i a n ,  -- The aluminurn jacke t  and 
matrix of the target rod (-.,150 g of aluminum) were 
dissolved in  1 l i ter  of 5.2 M NaQPI-4.8 1l.l NaNTJ,3. 
The reaction rate  was est:;ilqi controlled by regu- 
laf.ing t h e  atncjurtt of rod irlme~sed in the  caustic: 
solution, arid di:;solut.im was compk6.e i n  about 
3 hr. T h e  solut ion was filtered to I 

ritidissolsred residue (residual R u 0 2  arid act inides) .  
LOSS of curium in the aluminum dii;solver solution 
'NRS <: 0. I %. 

The ac t in ides ,  includirig residual PulCe2, were 
esse!itially dissnlvixl af ter  being refluxed in 
8 iM HCl---O.I. 11.1 CuF, fur 1 br. Two atlditional 
passes with refluxing S ill HC1--0.3 IM CuFT  ere 
made to e n s u r e  conipletk dissolution o E  the Puc),,. 
1.hese two passes  contained l e s s  than 0.5% of 
the to ta l  plutonium rec:rwered. A l l  three of t h e  
solutions were combined for processing.  'This 
mmbinetl solutic:n was  carefully ana lyzed  to de- 
termine t h e  total amount of a c t i r i d e s  i n  the ir-  
radiated target. 

Plutonium !solation, .- Plutoniui-n was separa ted  
frurn fission product.s and o&er nctinic-2es by 
loading a pluioniurn chlor ide compl.ex on a n  anion 
exchange resin itoin an iJCl solut ion.  Final p w i -  
ficatinn was obtained by the  st;mdard 14NOj 
anion exchange process .  

The dissolver solut.ion was adjusted to 8 M 
HCl---I. M H N 0 9  and passed  through a n  anion ex- 
change column at 6 0 T .  Under these condi t ions,  
95% of the plutoniuiii (5.3 g) w a s  loatied on the 
column and was kiter recovered a s  product. At- 
tempts io elute plutonium by- reducing p u 4 +  to 
p u 3  + with 1 it? NH,OH.HG~ in 8 M I-IC:~ were not 
sur:ctzsdul, hut- sa t i s fac tory  pliitonjum elution 

2 

# ,  

W. D., Hurch, Trmsuran ium Qmrtsr ly  Progress Re- 
por t  f u r  Period Ending Oct. 3 1 ,  196.5, ORNL-39665 (in 
preparation). 

3 
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w a s  accomplished without valence change  in  1 M 
HC1. Attempts were made t o  further purify the  
plutonium from lo3Ru and 9 5 Z r  by reducing the  
plutoniuiu t o  the  trivalent s t a t e  with 1 M NH,OH. 
HC1, adjusti.ng the  EICl t o  8 M ,  and p a s s i n g  t h e  
adjusted feed through a n  anion exchange  column. 
Under t h e s e  condi t ions,  ruthenium and zirconium 
s o r b  a s  chloride complexes while  P u 3 +  p a s s e s  
readily through t h e  column. T h i s  procedure was 
not s u c c e s s f u l ,  s i n c e  difficulty w a s  experienced 
in  reducing plutonium. 

F i n a l  plutonium purification w a s  obtained by 
anion exchange from HNO,. T h e  plutonium w a s  
precipi ta ted from the  chloride solut ion as  the  
hydroxide, filtered, and washed  with NH,OIT. T h e  
hydroxide was  then d isso lved  i n  8 M H N 0 3 ,  and 
t h e  plutonium valence was adjus ted  by reduction 
with ferrous su l famate ,  followed by oxidation t o  
P u 4 +  with NaNO,. Plutonium w a s  loaded on a 
Dowex 1-X4 (50- t o  100-mesh) anion exchange 
resin a t  8O"C, washed with 8 MI-IN0,-0.01 M MF, 
and eluted in 0.7 hf IINO,. 

'P^ransplutonium-flement Isolation. -- T h e  t rans-  
plutonium e lements  were recovered by L i C l  anion 
exchange.  Elua te  from t h e  f i rs t  plutonium ion 
exchange column w a s  ad jus ted  t o  12.5 M LiCl  
a n d  passed  through a n  anion exchange  column to 
load a c t i n i d e s  and  rare-earth f i ss ion  products. 
Rare e a r t h s  were eluted with s e v e n  column vol- 
umes of 10.5 M LiC1-0.1 M NII,OH.HCl-0.1 M 
HC1. T h i s  gave a rare-earth decontamination 
factor of > l o 3  and a curium breakthrough l o s s  of 
0.3%. Par t ia l  separat ion of americium and curium 
froin t h e  transcurium elements  w a s  obtained by 
e lu t ing  with 9.5 M LiCI-0.1 M HCl until about  
80% of t h e  americium and curium w a s  removed 
from t h e  resin column. T h e  remaining ac t in ides  
were s t r ipped from t h e  resin column in 1 ,I.! HCl. 
T h i s  product fraction contained 1 2 0  ing of 244Cm,  
165 mg of 243Am, and e s s e n t i a l l y  a l l  t h e  berke- 
lium, californium, and einsteinium. I t  w a s  t reated 
with NH,OI.I to precipi ta te  the metal  hydroxides, 
which were filtered and washed.  T h e  precipi ta te  
w a s  d isso lved  in 50 m l  of 1 M HC1, evaporated t o  
dryness ,  and redissolved in  50 ml of 0.05 M IHCl 
to  prepare feed for sorbing the a c t i n i d e s  on a 
ca t ion  exchange resin column. T h e  ac t in ides  
were loaded a t  80°C onto 200 in1 of Dowex 5012'- 
X12 resin (200 t o  400 mesh) in a column 2 . 5  c m  
in diameter and 36 c m  long. Flow ra tes  through- 
out t h e  run were maintained a t  0.35 m l  cm- '  
min-'. 

After being loaded,  
50 m l  of 0.05 M HC1, 
ments were separa ted  
with 0.5 M ammonium 

t h e  resin was washed with 
and the  transplutonium ele- 
by chromatographic elution 
a-hydroxyisobutyrate a t  pH 

4.2 unt i l  t h e  californium w a s  e lu ted ,  and then with 
0.4 ,1.1 amnionium a-hydroxyisobutyrate at pH 4.6. 
Frac t ions  were taken during th i s  elution and were 
analyzed by alpha pulse  t o  determine the ac t in ide  
con tent  . 

Berkelium w a s  recovered f rom the center  column 
fraction that  preceded curium elut ion by converting 
to  8 M HNQ, solut ion,  oxidizing t o  B k 4 +  with KBrO,, 
extract ing with 0.3 M di-(2-ethylhexyl)phosphoric 
a c i d  in  decane ,  and s t r ipping with 8 M HN0,--1 M 
H202. 

5.2 DEVELOPMENT OF PROCESS EQUIPMENT 

Engineering s i u d i e s  a r e  k i n g  conducted t o  de-  
velop equipment a n d  operat ing procedures for t h e  
TRU. T h e  development of so lvent  extract ion 
equipment w a s  concerned mainly with g l a s s  
prototype pulse  columns in  which t h e  f lowsheets  
were tes ted t o  determine flow capac i ty ,  mass 
transfer eff ic iency,  and revis ions t o  the  chemical  
f lowsheets .  'Two of the  equipment racks  for the 
plant were tes ted.  

In t h e  'Tramex f lowsheet ,  emulsions s tab i l ized  
by zirconia  sol were minimized by revis ing the  
feed adjustment  s t e p .  F i n a l  tes t ing  of t h e  Zir-  
caloy-2 pulse-column rack w a s  completed before 
i t  w a s  instal led in  the  plant. T h e  batch spray 
column for berkelium separa t ion  w a s  sat isfactor i ly  
"cold" tes ted .  Work w a s  s t a r t e d  on the  f lowsheet  
for separat ion of americium and curium from other 
transuranic e lements .  Severe p la te  wet t ing by the  
so lvent  was  partially eliminated by purification 
of t h e  organic reagents ,  but t h e  only completely 
s u c c e s s f u l  operation w a s  with the  organic p h a s e  
continuous. Studies  wil l  b e  continued on th i s  
f lowsheet .  

Tramex Process 

Test ing  of the  Tramex process  showed that  
emulsions c a n  be  minimized by careful. feed ad- 
justment  and that  operation in the  ful l -scale  
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pulse  columns is sa t i s fac tory  with synthe t ic  
process  so lu t ions .  Both zirconia  and silica s o l s  
emulsify when they a r e  mixed with the Tramex 
solvent .  T h e  s o l s  a r e  formed by hydrolysis  during 
the  boildown feed adjustment  s t e p .  T h e  amount 
of sol  and  subsequent  emulsion is minimized by 
keeping the  temperature below 120°C during the  
boildown and then by ad jus t ing  t h e  f ree  ac id  to 
0.2 M or  higher. Addition of complexing agents  
s u c h  as tar t ra te  or s u l f a t e  w a s  not  adequate .  
Addition of a f locculat ing agent  (Polyox 205) re- 
duced the amount of emulsion, but  ge l  “s t r ikes”  
that  were useful  in  other  f lowsheets  c a u s e d  heavy 
emulsi ons.  

F i n a l  t e s t i n g  of t h e  full-scale pulse  columns 
before inski l la t ion in  t h e  process  bui lding w a s  
completed. Continuous operation w a s  s u c c e s s f u l  
with so lu t ions  tha t  were typical ,  except  for radio- 
act ivi ty ,  for  t h e  Tramex process .  T h e  L i C l  feed 
contained about  100  ppni of zirconium, and i t s  
concentrat ion w a s  ad jus ted  by boildown. Several  
pump diaphragms made of Zircaloy-2 fai led;  how- 
ever ,  none of t h e  replacements  made of a tan- 
talum-10% tungsten a l loy  failed. T h e  eff ic iency 
of the  columns,  measured by us ing  NiGl,  as the 
so lu te ,  agreed with t h a t  previously obtained in 
the smal l  g l a s s  columns in  which most  of the  
developinent work w a s  dotie. 

Berkelium Sew ration Equipment 

The semicont inuous spray  column designed for 
separa t ion  of berkelium from t h e  other t ransuranic  
e lements  WRS t e s t e d  with typical  nonradioactive: 
so lu t ions .  The equipment w a s  dernonstrated to be 
hydraulically adequate  although one of the spray  
h e a d s  plugged. The hole  size:; were subsequent ly  
enlarged.  The eff ic iency w a s  sa t i s fac tory  in  a 
test with cerium and europium a:; subs t i tu tes  for 
ber!ieliurn and californium. After s e v e r a l  revis ions 
of t h e  chemica l  f lowsheet ,  greater  than 98% re- 
covery of cerium w a s  obtained, with a decontami- 
nation factor greater  than  1000 with respec t  to 
europium. 

Separation of Americium and Curium from 
Other Tm nsurani c Elements 

Following the separa t ion  of a c t i n i d e s  from lan- 
thanides  by t h e  Tramex process ,  the  ac t in ides  a r e  
separa ted  by t h e  Pharex  process  into two groups 

with 2-ethylhexylphenylphosphonic a c i d  as the ex- 
traction agent .  Study of this  procedure i n  p u k e  
columns is in progress .  Severe p l a t e  wet t ing by 
t h e  so lvent ,  and consequent  p h a s e  inversion, w a s  
a problem. Cleaning of t h e  p l a t e s  gave only 
temporary rel ief .  Treatment  of the  di luent  (Amsco) 
with act ivated alumina and scrubbing  of the sol- 
vent  with s t rong  HCI removed unidentified surface-  
a c t i v e  agents  and  reduced p la te  wetting. ’This per- 
mitted operation for a s h o r t  period, but the  so lvent  
c leanup w a s  incons is ten t  and t h e  t e s t s  could not 
b e  repeated. 

Other means of circumventing the problem are 
under s tudy.  Flame-treating of t h e  p la tes  to  form 
a heavy oxide film minimized t h e  wet t ing phenom- 
e n a  and permitted operation o f  t h e  columns with 
t h e  aqueous phase  cont inuous,  as  designed.  I t  
also appears  sa t i s fac tory  to operate  the  columns 
with the organic phase  continuous. 

Ekpiprnent w a s  des igned  and built to s e p a r a t e  
and recover t h e  ac t in ide  e lements  from irradiated 
WFTR target rods.  (Solvent extract ion,  ion ex- 
change,  arid precipi ta t ion techniques a r e  used.) 
Equipment fabr icated of Zircaloy-2, tantalum, atid 
Hastel luy C ,  for corrosion and r e s i s t a n c e  in  HC4 
system.,  is mounted on racks  that  a r e  remoteby 
replaceable  if fa i lures  should occur  or if new 
techniques should  be required. 

Status and Progress 

After approximately three y e a r s  of continuous 
effort, the  design and fabrication ~ 9 f  a l l  main-line 
chemical  process  equipmetit were completed. One 
s p e c i a l  equipmeni rack for  preparing oxide pre- 
c i p i t a t e s  for u s e  i n  making recycle  targets  is 
being de layed  unt i l  development of t h e  sol-gel 
procedure is completed. Essent ia l ly  a l l  this 
equipment is  now ins ta l led  in  t h e  faci l i ty .  

q u i p m e n t  Racks 

Two of t h e  three equipment racks that  were in- 
complete  at t h e  beginning of this  year  - the  
so lvent  extract ion s y s  tern and t h e  californium- 
einsteinjum-fermiurn separa t ion  s y s t e m  racks - 
were des igned  and fabricated.  A f lowsheet  based  



on t h e  sol-gel  technique w a s  se lec ted  for the 
preparation of oxides  for fabrication of HFIR tar- 
g e t s ,  and des ign  of th i s  f ina l  equipment rack h a s  
j u s t  s ta r ted .  

T h e  separat ion of californium, einsteinium, and 
fermium i s  accomplished by chromatographic e lu-  
tion from a n  ion exchange  resin.  'l'he ion exchange 
column and  related feed preparation and solut ion 
handl ing s y s t e m s  for t h i s  operation a r e  made 
entirely of tantalum to minimize the  containina- 
tion of t h e  s m a l l  quant i t ies  of products with im- 
puri t ies  from corroding equipment. In-line a lpha  
and neutron monitors on the  elutr iant  s t ream from 
the  ion exchange column show the  elut ion peaks  
for t h e  different s p e c i f i c  a lpha  and neutron ac- 
t iv i t ies  of t h e  three products and allow the cor- 
rect  product c u t s  of t h e  elutr iant  s t ream to b e  
made. 

To provide a m o r e  versa t i le  first-cycle solvent  
extract ion sys tem,  the  equipment rack originally 
fabr icated for t h i s  posi t ion w a s  modified s l ight ly  
for u s e  as  the  second-cycle  extract ion sys tem,  
and a new first-cycle rack w a s  designed and made. 
T h e  added versat i l i ty  w a s  des i rab le  t o  allow a 
number of different head-end f lowsheets  to b e  
run in the  f i rs t  cyc le .  T h e  new first-cycle rack 
w a s  designed with a number of piping jumpers on 
the  front of the rack, t o  allow rerouting of inlet  
and recycle  s t reams into a l te rna te  points of the  
three-column system. 

In- kine Ins trurncnta tion 

To maintain current information on s u c h  operat- 
ing var iables  a s  l o s s e s ,  separat ion factors ,  and 
decontamination factors ,  a group of monitors (one 
alpha,  one  gamma, and four neutron) was  instal led 
for the process  s t reams.  'The gamma monitor con- 
s i s t s  of a detector  and a multichannel ana lyzer  
tha t  s c a n  t h c  aqueous product s t ream from ei ther  
the  f i rs t -  or the  second-cycle  s t r ip  column. Anal- 
y s i s  of t h e  gamma spectrum from th is  instrument 
gives  a semicontinuous measure of product purity 
and f iss ion product decontamination. 

T h e  alpha and neutron monitors a r e  s imilar  in 
design and make u s e  of a sol id-s ta te  detector  of 
the  surface-barrier type. A s  a n  alpha counter t h e  
sol id-s ta te  e lement  is relat ively insens i t ive  t o  
both neutrons and beta-gamma radiation. For 
neutron detect ion,  t h e  face of the  detector  i s  
covered with a polyethylene s h e e t ,  and the  proton 

froin the  21-p reaction of fast neutrons is detected.  
Although i t s  eff ic iency for neutron count ing i s  
only about  O . l % ,  the  detector  h a s  the  advantage 
tha t  i t  i s  extremely direct ional  and c a n  b e  used 
in a relatively high general  neutron background. 

T h e  w a s t e  aqueous  and  organic s t reams from 
e a c h  of t h e  so lvent  extract ion s y s t e m s  p a s s  in  
front of a neutron detector  that  is a b l e  to d e t e c t  
losses i n  t h e  range of 1%. A third neutron d e -  
tector  i s  located a t  t h e  bottom s e c t i o n  of t h e  
berkelium recovery column and monitors the  ca l i -  
fornium content  of t h e  berkelium product during 
the Separat ion s t e p s .  An alpha and a neutron 
monitor on the  elutr iant  s t ream from the  cali- 
fornium-einsteinium-fermium separa t ion  sys tem 
show the  ac t iv i ty  peaks of t h e s e  three components. 

Centrifuge 

Design and fabrication of the  all-Zircaloy-2 
centrifuge were completed, and the  unit w a s  
tes ted  thoroughly before instal la t ion.  During the  
t e s t s ,  minor vibrational problems were encountered 
that  required a modification of the support bear- 
ing between t h e  d i ive  motor and the  centrifuge 
bowl, and the  addition of ver t ical  and horizontal 
vanes  in  the  centr i fuge to  prevent wave  harmonics 
from developing. The  centrifuge was  operated a t  
s p e e d s  up t o  a maximuin of 4000 rpm. In preinstal- 
lation tes t ing,  removal e f f ic ienc ies  for appropriate 
rare-earth hydroxide s imulants  were measured and 
shown to b e  adequate .  A centrifugal force ex- 
ceeding  2500 x g is developed a t  4000 rpm. 

Fabrication of Miscellaneous Equipment  

Several  items of miscel laneous equipment were 
procured or fabricated.  Included a r e  two compo- 
nents  of t h e  sol id-waste  handl ing sys tem .- a 
w a s t e  accumulation s ta t ion  and a car i ier  for trans- 
porting w a s t e  containers  from the  t ransfer  cubic le  
to  the  accumulation s ta t ion .  'The la t ter ,  which i s  
instal led in t h e  l imited-access  a rea ,  incorporates a 
d isposable  42-in. concrete  c a s k  ins ide  a supple-  
mentary sh ie ld .  Small w a s t e  items a r e  accumu- 
la ted in p las t ic  containers  10 in. in  diameter by 
10 in. high. T h e s e  a r e  h e a t  s e a l e d  a t  the  transfer 
cubic le  and then s tored  in  the  accumulation s t a -  
t ion,  t o  b e  d isposed  of in groups of 30 t o  40 in  
the concre te  cask .  
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Fabrication of the Postirradiation Carrier, which 
provides sufficient shielding (4 ft of limonite 
concrete) to handle 1 g of californium, was com- 
pleted, except for t he  addition of the shielding 
material. An existing c a s k  was modified for u s e  
as a Preirradiation Carrier, where gram amounts of 
curium are  handled in each  target. Specifications 
for a periscope were prepared, and an  order was 
placed for one unit. Periscope s l eeves  a re  pro- 
vided in all cells, and the periscope can be  used 
at any cell after installation of a viewing dome. 
This dome can b e  installed from the operating 
area without jeopardizing containment. 

5.4 CONSTRUCTION OF TRU 

The Transuranium Process ing  Plant,  containing 
nine shielded cells, eight laboratories, and re- 
lated serv ice  a reas ,  is essentially complete. 

Status and Progress 

The lump-sum contractor completed construction 
of the basic building in June 1965. From May 17, 
1965, through October 1965, the H. K .  Ferguson 
Company installed, on a cost-plus-fixed-fee con- 
tract, certain portions of the equipment required 
for operation of the  processing equipment. On 
October 18, 1965, ORNL craft forces began in- 
stallation of the shop-fabricated processing 
equipment. The major part of th i s  phase was 
completed in January 1966, a t  which t i m e  “cold” 
shakedown runs were begun. 

An office addition to  TRU was a l so  constructed 
during th i s  time and was occupied by ORNL 
personnel during the latter part of February. A 
shielded alpha cave is being constructed; also,  
a %-ton crane to transfer equipment from trucks 
to the building handling facil i t ies,  an emergency 

Fig. 5.5. Tronsuranium Processing Plont. 
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generator, and a data-logging 
purchased for incorporation into 

system are being 
TRU . 

Building Construction 

An overall view of TRU, showing the process 
cell area, laboratory wing, and office annex, is 
shown in Fig. 5.5. 

Instal lat ion of Process Equipment 

The installation of processing equipment was 
divided into two phases. The first  phase, com- 
prising approximately 80%, was done on a cost- 
plus-fixed-fee contract. On May 17, 1965, the 
H. K. Ferguson Company began the installation 

of the instrument racks, piping, electrical, and 
structural equipment required for final placement 
and operation of the prefabricated processing 

nt to  be  installed in the  cell tank pits 
and the cubicles. A major part of this work was 
in the  Chemical Makeup Area, and th i s  is de- 
picted in Fig. 5.6. This  work was completed on 
November 1 ,  1965, as originally scheduled. 

Phase  2,  the  installation of the  processing 
equipment in the cubicles and cell tank pits, 
was begun on October 18, 1965, by ORNL craft 
forces. This work included the intercell con- 
veyor, processing equipment in the nine cubicles 
and seven cell tank pits, and miscellaneous 
process auxiliaries. 

Locating all equipment in the  cell tank pits 
and the cubicles from a set of grid bars in the 

THROUGH TO 
LIMITED ACCESS 
AREA AND C E L L  

tNK 

Fig. 5.6. Chemical Makeup Equipment and Service Piping in Chemical Makeup Area. 
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Fig. 5.7. 

B E  BUNDLE 

P R €FA B R 1 C ATED 
TANKS AND PIPIN 

GRID BAR 

Overall V iew Looking Down at Chemical Processing Equipment i n  C e l l  7. 
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pits proved to  be a very workable arrangement. 
The  few inevitable errors were quickly isolated, 
and adjustments were made with appropriate j igs  
or other devices to relocate the i t em in question. 

The  equipment in the cubicles and tank pits, 
shown in Figs.  5.7-5.9, was originally fabricated 

in mockups and jigs, utilizing the convenience 
of shop facilities. The  prefabricated tubing was  
readily installed in the  facility; i t  required only 
bolting in place and leak checking in this final 
phase of construction. 

Fig.  5.8. V i e w  of Chemical  Process ing  C e l l  Through Front  Window. Solvent extract ion equipment rack on lef t ,  

sampler station at back of c e l l .  
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Fig. 5.9. V i e w  of Target Fabrication Cel l  Showing Pel le t  Loader o n  the Right and Welder in  the Center. 

5.5 T R U  OPERATIONS 

Construction of TRU and instal la t ion of much 
of the  process ing  equipment w a s  completed th i s  
year. Building and process  equipment checkout  
w a s  s ta r ted  s imultaneously with t h e  s t a r t  of f inal  
equipment instal la t ion by ORNL craf t  forces. 

Status and Progress 

T h e  TRU operat ing group w a s  assembled  and 
is engaged i n  t ra ining and in  pre-startup checking  
of TRU. T h e  plant  and  t h e  equipment were 
checked  for  conformity with the  drawings, and 
a l l  bui lding s e r v i c e  s y s t e m s  a r e  in  operation. 
C e l l  and  bui lding a i r  balancing and l e a k  tes t ing  
were completed. Equipment a n d  operat ing pro- 
cedures  were tes ted  for all “cold”  chemical  

makeup, for d i sso lv ing  HFIR targets ,  for removing 
e x c e s s  aluminum from t h e  feed by c a u s t i c  pre- 
c ipi ta t ion followed by centrifugation, for recover- 
ing  the plutonium by ion exchange (Plurix), for 
metering radioact ive feed t o  the process ,  for t h e  
f i r s t  c y c l e  of s o l v e n t  extract ion (Tramex process) ,  
and  for recovering berkelium by batch so lvent  
extra2tion (Berlex process) .  Second-cycle sol- 
vent  extract ion (Pharex)  h a s  not been operated 
successfu l ly ;  cer ta in  changes  must b e  made and 
development work must b e  extended.  T h e  equip- 
ment for separa t ing  californium, einsteinium, and 
fermium h a s  j u s t  been completed and is ready for 
checkout .  

A safe ty  a n a l y s i s  of TRU and of t h e  proposed 
operat ions w a s  prepared and w a s  reviewed by the  
ORNL Director’s Radiochemical  P l a n t s  Committee. 
Operation of t h e  process ing  plant  w a s  approved. 



126 

Available Feed Materials 

The normal feed for TRU will be  HFIR-dis- 
charged targets containing varying amounts of 
the heavy-element oxides dispersed in aluminum. 
However, there is a backlog of actinide materials 
from some spec ia l  irradiations at Savannah River 
that will supply feed to TRU until the irradiations 
in the HFIR become routine. These  sources  in- 
clude the following: 

1. Four “prototype” targets that  have an active 
region equal in s i z e  t o  that ,of HFIR targets, 
but with a different external configuration to 
make the targets more convenient to irradiate 
in one of the Savannah River P lan t  (SRP) re- 
actors.  

2. Eight SRP s lugs  that contain a l l  available 
2 4 2 P u  not already committed to HFIR targets. 

3. About 250 gal of HNO, solution containing 
260 g of 242Cm and 220 g of 243Am. Th i s  
material was  recovered a t  Savannah River from 
the was tes  from the original 2 4 2 P u  processing. 

Table 5.3 indicates the  expected quantities of 
actinides in these  spec ia l  feeds.  

Inspection of 18 HFIR Targets 

About 100 to 200 pg of californium is contained 
in 18 target rods that were irradiated a t  SRP and 
are  now stored in the HFIR pool. There is no in- 
centive t o  process these  targets to recover the  
transuranic actinides in the near future, s ince  
the feeds l isted in Table 5.3 are far more valuable. 
However, the rods have the equivalent of three 
months’ full-power irradiation in the  HFIR, and 
they will be put in  the  first HFIR target loading 
i f  their integrity can  be assured. Preliminary in- 
spections revealed some damage to the spacer  fins 
that center the  rods in an  outer sheath,  but a method 
for install ing an  additional spacer  is being in- 
vestigated and w i l l  probably prove acceptable. 

The  targets will be brought from the  HFIR pool 
to the TRU facility, inspected in cubicle 1, and 
returned to the HFIR. Ten separa te  inspections 
or operations will be performed on each  rod. 

Proposed Program 

The plant will begin operating with radioactive 
feed during June. The  spec ia l  feeds will be 

Table  5.3. Expected Compositions of Special Feeds for  TRU 

Total Mass in All F e e d  Material of Indicated Type 

Four 
TRU-SRP Prototypes 

Eight 250 gal  
S R P  Slugs of HNO, Solution 

AI, g 

242Pu,  g 

243Am, g 
2 4 4  Cm, g 

24*cm, g 

Bk, mg 

Cf, mg 

Mixed f i ss ion 
products, g 

2 4 9  

2 5 2  

1000 

12 

6 

14 

0.002 

0.04 

0.2 

8 

2000 

92 

37 

93 

0.05 

0.7 

1.7 

50 

0 

220 

260 

0.2 

5000a 

~~ ~~ 

aAlmost a l l  gamma-ray act ivity has  decayed or has  been separated except that from 154Eu and 144Ce.  
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processed  f i rs t ;  then t h e  main program wilI begin. 
T h i s  involves  recovering transcurium e lements  and 
recycl ing americium and curium t o  the  HFIR. T h e  
e x a c t  schedule  of process ing  and irradiation wil l  
depend on t h e  demands for t h e  var ious transuranium 
iso topes .  

Special Target Dissolver 

Hot-cell t e s t s  on irradiated plutonium spec imens  
indicated that  HCl w a s  not effect ive i n  d isso lv ing  
high-fired PuOz par t ic les  that  had been irradiated 
t o  less than 6.5% burnup. At lower burnups, even  
t h e  convent ional  15 M HN0,-0.1 M IlF is very 
s l o w  in d isso lv ing  Pu02.  B e c a u s e  of our com- 
p le te  inabi l i ty  t o  handle  fluoride-containing re- 
a g e n t s  in  t h e  near ly  all-Zircaloy-2 ‘1’KU equip- 
ment, a new s t a i n l e s s  s t e e l  d i sso lver  s y s t e m  w a s  
designed and ins ta l led  in c e l l  6 on a n  unused 
portion of one  rack.  

T h i s  sys tem cons is ted  of a d isso lver ,  a con- 
denser ,  a n  oEf-gas scrubber ,  a f i l ter ,  and a 
sampler. We intend t o  u s e  t h i s  s y s t e m  t o  d isso lve  
t h e  partially irradiated ta rge ts  w e  now have ,  
p l u s  any  IlFIR t a rge ts  that  might be pulled early. 
At  a la te r  d a t e ,  when w e  wil l  expec t  n o  more of 
t h e s e  ta rge ts  that  a r e  diff icul t  to d isso lve ,  we 
wil l  remove the  s t a i n l e s s  s t e e l  d i sso lver  sys tem.  

T h e  target d i sso lu t ion  method c o n s i s t s  in  d i s -  
so lv ing  the  aluminum matrix in c a u s t i c ,  d i sso lv ing  
t h e  residue in  refluxing 15 ill tINO,-O.l h! HF,  
removing t h e  f luoride by precipi ta t ing the  ac t in ide  
e lements  and withdrawing t h e  fluoride-containing 
supernatant ,  and  then d isso lv ing  the  residue of 
ac t in ide  elements  in  d i lu te  HNO, for transfer to 
the  main part of t h e  plant. No fluoride wil l  l e a v e  
the  s t a i n l e s s  s t e e l  sys tem e x c e p t  in  a b a s i c  
solut ion,  where i t  is not  harmful t o  t h e  Zircaloy-2. 

This  new d i s s o l v e r  s y s t e m  w a s  checked out by 
d isso lv ing  dummy ta rge ts  containing Ce02 a s  a 
stand-in for PuO,. T h e  f i r s t  of t h e  irradiated 
targets  is now ready to b e  d isso lved .  

control-board-mounted s t e a m  regulating sys tem 
w a s  required before adequate  metering could b e  
achieved.  All  components of t h i s  s y s t e m  now 
function sat isfactor i ly .  

Plutonium Removal and Recovery (Plurix) 

T h i s  portion of the  s y s t e m  w a s  tes ted  and op- 
e ra ted  successfu l ly .  Chemical  runs were made 
with iron as a stand-in for plutonium. However, 
plutonium is so different from iron that  only Crhot’t 
operat ions c a n  provide a real  test of efficiency 
or recovery. An improved seal (O-ring) w a s  in- 
s t a l l e d  on t h e  top,  movable, res in  retainer s c r e e n  
t o  prevent a s m a l l  loss of resin into the  piping 
system. 

First Solvent Extraction Cyc le  (Tramex) 

T h e  pulse  columns and auxi l iar ies  for the  f i rs t  
c y c l e  of so lvent  extract ion were successfu l ly  
operated on t h e  Tramex f lowsheet  a t  flow r a t e s  
of 0.5 liter/hr for synthe t ic  feed ,  0.7 liter/hr for 
scrub,  and 1.5 l i ters /hr  for extractant. Although 
s l ight ly  lower than originally intended, t h i s  
throughput is s t i l l  completely adequate .  

Second Solvent Extraction Cycle (Pharex) 

T h i s  process  equipment, which is nearly iden- 
t i c a l  to  that  u s e d  i n  t h e  f i r s t  c y c l e ,  w a s  also 
successfu l ly  operated. However, the Pharex re- 
agent  (2-ethylhexylphenylphosphonic acid) ,  which 
w a s  custom prepared for u s  by a commercial firm, 
cannot  be  used  with th i s  equipment. Apparently, 
e i ther  the  material or a n  impurity in  th i s  material 
reac ts  with t h e  metal  s u r f a c e s  in the  pulse  
columns and makes them organophilic. When sig- 
nif icant  amounts of organic “wet”  t h e  pulse  
p la tes ,  flow through the  aqueous-continuous column 
is restr ic ted,  and t h e  columns “flood.” Methods 
of circumventing t h e  problem a r e  being s tudied  
by the  development groups. 

Feed Precipitation and Centrifugation 
Berkelium Recovery Process (Berlex) 

T h e  all-Zircaloy-2 centr i fuge wil l  be  used  for 
feed  clar i f icat ion and  recovery of precipi ta ted 
hydroxides in nitrate-to-chloride conversion proc- 
esses. Slurr ies  a r e  fed by s team j e t ,  and a 

Hydraulic behavior of the  berkelium recovery 
sys tem w a s  sa t i s fac tory  during a “cold” run in 
which s t a b l e  cerium and europium were added to  



128 

t h e  feed a s  s tand-ins  for berkelium and Cali- and a n  overal l  separa t ion  factor  greater than 
fornium. Analyt ical  resu l t s  showed no de tec tab le  1.5 x l o 4 .  Material ba lances  for cerium and euro- 
cerium in the raff inate  and n o  de tec tab le  europium 
in t h e  product. This ind ica tes  a maximum product If the  chemistry of berkelium i s  l ike  that  of 
l o s s  of 1.9% of the  cerium to t h e  raffinate, a de- cerium, performance of t h i s  equipment under 
contamination factor for europium of a t  l e a s t  245, “hot”  conditions should b e  qui te  sat isfactory.  

pium were 80 and 117% respect ively.  



6. Curium 

The  Curium Program was jointly undertaken by 
the Isotopes Division and the ChemicaI Technology 
Division to prepare curium for fabrication into hea t  
sources.  T h e  heat sources a re  desired to develop 
the techniques of incorporating curium into thermo- 
electric converters for evaluation as SNAP-type 
generators. ’The Chemical Technology Division is 
responsible for the purification of the curium, and 
for delivery of the refined product t o  the Isotopes 
Division. A number of process methods, facil i t ies,  
and source materials were used for both the Curium 
Program and the closely related Transuranium- 
Element Program (Sect. 5). 

The  Curium Recovery Facil i ty (CRF) was  origi- 
nally designed for laboratory-scale tes t ing  of 
transuranium-element processes a t  high leve ls  of 
radioactivity. I t  went through several phases  
of modification to improve its operation and to 
increase its capacity to the multigram level. 
During the program, the Clanex, Dapex, and Ttamex 
recovery processes  were tes ted  at high leve ls  of 
radioactivity, while about 35 g each  of 243Am and 
244Cm and about 25 g of 242Cm were recovered. 
Details of the processes  will be d iscussed  below, 
followed by sec t ions  devoted to 242Cm and 244Cm 
recoveries in the C R F  and a series of t e s t s  con- 
ducted at high radiation leve ls  to evaluate a 
number of alternate flowsheets. A brief description 
of equipment, modifications, and operating ex- 
perience i n  the C R F  concludes th i s  section. 

6.1 PROCESS DEVELOPMENT 

The  principal out-of-cell development work on 
th i s  Program was  a laboratory-scale study of 
adverse radiation effects on Tramex feed solution. 
Although the radiolytic mechanism is not known, 
practical methods for overcoming the adverse 
effects were developed and successfully used 
during C R F  operations. Other s tud ies  with trans- 
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uranium elements a re  reported in the  previous 
section (Sect. 5). 

Study of Radiolytic Effects on Tramex Feed  

During 242Crn processing in the CRF, two 
important effects of alpha radiolysis in high- 
activity-level feed were noted. T h e s e  were (1) the 
rapid loss of acid f rom adjusted feed and (2) the 
formation of oxidants that converted cerium to  
the extractable tetravalent s ta te ,  making good 
cerium decontamination impossible. During the 
init ial  C R F  runs, methyl alcohol added to the feed 
decreased the  rate of acid loss only sl ightly com- 
pared with the very effective stabil ization of feed 
acidity demonstrated in previous tests. ‘ 9 ’  Lab- 
oratory-scale tests made to resolve this dis- 
crepancy showed that, to be effective, methyl 
alcohol must be added to  feed already containing 
an  appreciable concentration of the oxidants formed 
by radiolysis. As a result of these  s tud ies ,  the 
C R F  operating procedure was changed to allow 
oxidants to accumulate for about 100 whr after 
boiling before adding the methyl alcohol, This  
usually resulted in effective stabil ization of the 
acid. Also studied was  the effect of SnC12, a 
reductant added in  CRF processes to keep cerium 
in  a trivalent s ta te .  

Radiolytic Effects in  Tramex Feed  

Acid loss and oxidant formation as a function of 
alpha radiation dose  were determined for a sample 

‘D. E. Ferguuson et a!., Chem. Techno!. Div. Ann. 
Progr.  Rept .  May 3 1 ,  1965, OKNL-3830, pp. 1.57-73. 

‘J3. Weaver and I?. A. Kappelmann, Talspeak: A New 
Method of Separating Aniericirm and Curiuni from the  
Lanthanides by Extraction from an Aqueous  Solution 
of  an Aminopolyacetic Acid Complex with a Monoacidic 
Organophospha te ,  ORNL-3559 (August 1964). 
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of Tiainex feed prepared i n  the  CRF. T h e  feed 
was 10.1 M L i C l  containing hydrolyzable metal 
impurities (aluminum, f iss ion products ,  rare ear ths ,  
and corrosion products) a t  a concentration of  0.2 
equivalent / l i ter  and 2 4  'Cm a t  a concentration of 
96 mg/liter (11.5 w/liter). T h e  ini t ia l  t e s t s  were 
made by following t h e  procedure previously used  
in  the  CRF. Immediately before s ta r t ing  the ex- 
periment, d i sso lved  chlorine was removed by 
hea t ing  the sample  to  boiling. Then  the sample  
w a s  cooled t o  room temperature, and a f inal  a c i d  
adjustment  w a s  made. Solution acidi ty  and the 
oxidant  concentration, expressed  as  ava i lab le  
chlor ine,  were determined a t  various times. T h e  
resu l t s  plotted a s  a function of to ta l  radiation d o s e  
in  watt-hours per l i ter  of feed are presented i n  
Fig.  6.1. 

T h e  ac id  concentration of the  solut ion dropped 
from 0.40 ,I! to  zero,  and hydrolyzablk metal ions ,  
including curium, precipi ta ted in 57 hr or a t  a total  
radiation d o s e  of 660 whr/liter. T h e s e  resu l t s  
a r e  i n  good agreement with operat ing experience 
i n  the  CRF. I t  can  b e  noted i n  F ig .  6 .1  that  the  
rate  of a c i d  depletion decreased  a s  the  free-acid 
concentrat ion decreased.  At a free-acid concen-  
tration of 0.35 111 the ra te  of ac id  loss w a s  1.0 
meq/whr; at 0.10 M the  ra te  w a s  0.60 meq/whr. 

T h e  lower curve i n  Fig.  6.1 shows the  oxidant  
concentration, which w a s  determined a s  ava i lab le  
chlorine as a function of alpha-radiation exposure.  
T h e  in i t ia l  i n c r e a s e  in  oxidant concentrat ion,  
which should approximate the ini t ia l  production 
rate  of oxidant, was about  1.0 meq/whr. A max- 
imum oxidant concentration of 0.021 equivalent /  
l i ter  w a s  ieached a t  a d o s e  of 120 whr/liter. 
Oxidant concentration in t h e  feed solut ion then 
decreased  at a rate of 0.025 neq/whr.  T h e  reason 
for th i s  increase  to  a maximum followed by a 
d e c r e a s e  upon further exposure is not known. 

Behavior of Stannous Chloride i n  Tramex Feed 

Since  starinous chloride i s  used  i n  C R F  opera- 
t ions to keep  cerium i n  the unextractable  trivalent 
s t a t e ,  a laboratory-scale  t e s t  w a s  made to in- 
ves t iga te  SnC1, behavior in  Tramex feed. Herc  
the s tannous  ion was  oxidized a t  the  rate of 1.0 
meq/whr, which agrees  with the  ini t ia l  ra te  of 
oxidant formation i n  t h e  previous cxpcriment (Fig.  
6.1). Stannoiis ions  in  Tramex feed c a u s e d  about  
a 50% i n c r e a s e  i n  the ac id  deplet ion ra te  (-1.5 

meq/whr ins tead  of 1.0 meq/whr a t  0.35 hf H t )  
but greatly decreased  the  production rate  of radio- 
lyt ic  gas .  After all the  s tannous  i o n s  werc ox- 
idized,  the  rate  of radiolytic gas  formation in- 
c reased ,  the  rate  of ac id  l o s s  decreased  to that  
observed for untreated feed solut ion,  and oxidants  
accumulated i n  the  solution. 

Effect of Methano! in Tramex Feed 

Effect ive acid protection with methanol i n  
Tramex feed w a s  found to  depend upon t h e  pres-  
e n c e  of radiolytically formed oxidants  at  t h e  time 
of the  methanol addition. In a typical  laboratory 

ORNL-DWG 65-95388 
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Fig. 6.1. Effec t  of  Alpha Radiation on Tramex Feed 
Solution. Mediuin: 10.1 M Lick; power l eve l :  11.5 
w/I i ter .  
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t e s t ,  t h e  f inal  a c i d  adjustment  w a s  made, and  
5 vol % methanol w a s  added immediately a f te r  
the Tramex feed  sample  w a s  hea ted  to boi l ing to  
remove oxidants .  T h e  ra te  of a c i d  deplet ion 
measured at 0.1 IM Ht w a s  0.3 meq/whr compared 
with 0.6 meq/whr previously observed for untreated 
feed. T h e  a c i d  concentrat ion d e c r e a s e d  from 
0.3 M to zero,  and metal  hydroxides precipi ta ted 
a t  a n  a lpha  radiat ion d o s e  of 880 whr/liter, which 
is only s l igh t ly  more than the  660-whdl i te t  ex- 
posure t h a t  reduced the a c i d  concentrat ion of 
untreated feed from 0.4 M to zero.  Throughout the  
test with methanol, t h e  oxidant  concentrat ion 
measured as ava i lab le  chlorine w a s  2 meq/l i ter  
(one-tenth thc  maximum concentrat ion observed for 
untreated feed). 

Effect ive a c i d  s tab i l iza t ion  w a s  demonstrated i n  
a test in  which the oxidant  concentrat ion w a s  
al lowed to reach a maximum before methanol w a s  
added. F i v e  volume percent  methanol, added  to 
feed (containing t h e  radiolytically formed oxidants)  
a t  15.8 w/liter (132 m g  of 24'Cm/liter), s tab i l ized  
t h e  a c i d  concentrat ion during a n  exposure  of about  
2000 whr/liter (Fig.  6.2), af ter  which t h e  a c i d  w a s  
depleted a t  a rate  equal  to that  observed for un- 
t reated feed. Assuming that  all t h e  alcohol  (-1.2 
moles/ l i ter)  was consumed during the exposure,  
the  es t imated  ra te  of methanol destruct ion is 
0.6 meq/whr, a rate  comparable to tha t  for a c i d  
destruct ion in  untreated feed.  

A l s o  plot ted i n  Fig. 6.2 is t h e  oxidant  concen-  
t ia t ion a s  a function of dose.  T h e  oxidant  concen-  
tration w a s  e s s e n t i a l l y  cons tan t  at -., 0.5 meq/l i ter  
during t h e  t i m e  tha t  t h e  a c i d  w a s  s tab i l ized .  I t  
reached a maximum of 2 meq/liter at a n  exposure  
of about  1800 whr/liter, which toughly corresponds 
t o  the  d o s e  a t  which most of the  methanol w a s  
consumed . 

Combined Effect o f  Methanol and Stannous 
Chloride in Tramex Feed 

A s i n g l e  scout ing  experiment w a s  done  to de- 
termine t h e  feas ib i l i ty  of us ing  methanol  t o  retard 
a c i d  l o s s  from Tramex feed conta in ing  s t a n n o u s  
chlor ide to keep cerium i n  the  t r ivalent  s t a t e .  As 
t h e  ra te  of a c i d  loss w a s  d e c r e a s e d  only s l igh t ly ,  
s tor ing  ad jus ted  Tramex feed conta in ing  s t a n n o u s  
chlor ide for more than a few hours  d o e s  not appear  
t o  be f e a s i b l e  e v e n  i f  methanol is added. T h e  
most sa t i s fac tory  procedure w a s  to protect  ad-  
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Fig. 6.2 Ef fec ts  of Alpha Radiat ion on Concentrated 

LiCl Solutions Stabi l ized with Methanol. 

jus ted  Tramex feed  from a c i d  loss by adding  
methanol. T h e  s tannous  chlor ide w a s  then added 
as the  feed entered the  extract ion contactor. 

6.2 SOLVENT EXTRACTION PROCESSING 
OF 2 4 3 A m - 2 4 4 C ~  

F e e d  mater ia ls  processed  for americium and 
curium recovery during t h e  p a s t  year  included 
Savannah River  P l a n t  (SKP) concent ra tes  con- 
ta in ing  ' 3Am- '' 4Cm, and irradiated ' 'Am0 ' 
targets .  T h e  source  and previous history of the  
SRP concent ra tes  were descr ibed previously. 
T h e  741Am0,  ta rge ts  a r e  d i s c u s s e d  i n  Sect .  6.3. 
After t h e  243Am-244Cm campaign, a shor t  s e r i e s  
of promising chemical  f lowsheet  modif icat ions were 
t e s t e d  a t  high act ivi ty  leve ls .  The resu l t s  of 
t h e  t e s t s  with thc Dapex f lowsheet  indicated that  
i t  w a s  superior  to t h e  Clanex as a primary so lvent  
extract ion cyc le .  Other t e s t s  indicated that  t h e  
T a l s p e a k  and Cerex f lowsheets  are s t i l l  promising 
but  need further s tudy.  
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Status and Progress 

A shor t  campaign to recover approximately 16 g 
each  of 243Am and 244Cm from 175 l i te rs  of S R P  
concentrate  w a s  completed. T h i s  highly purified 
material w a s  desired as  a readily ava i lab le  s tock  
to  meet future needs  of research and devel.opment 
for quant i t ies  of 243Am and 244Cm. T h e  process  
w a s  conducted according to the Clanex-Tramex 
f lowsheet ,  with recoveries ,  l o s s e s ,  and decon- 
tamination essent ia l ly  the same as those  reported 
previously. 

After so lvent  extraction processing,  additional 
decontamination of the curium product w a s  obtained 
by LiCl  anion exchange techniques.  Quant i t ies  
of 243Am, 2 4 4 C ~ ~ ~ ,  and ionic  impurities i n  the  
so lvent  extraction product and in the  f inal  purifi- 
cat ion product a r e  shown i n  Table  6.1. 

T h e  americium-curium product w a s  s tored a s  a n  
HC1 solut ion and was  ava i lab le  to  supply various 
requests for gram amounts of americium or curium. 

Flowsheer Testing 

At the  conclus ion  of the 243Am-244Cm campaign, 
a shor t  series of in-cel l  development runs  w a s  con- 
ducted with partially purified 243Am-244Cm as  feed 
s tock  to t e s t  three proposed chemical  f lowsheets :  
the  Dapex, the  Cerex,  and the Talspeak .  

Table 6.1. Purified 244Cm Product 

Solvent Ext rac t ion  F i n a l  Purif icat ion 
Product  (9) Product  (g) 

Const i tuents  

15.5 15.2 3 4 3  Am 

'44cm 15.3 15.0 

L1 96 5 

C a  

C r  

cu 
Fe 

Rare  e a r t h s  

N1 

Zr 

h 

2 0.02 

0.3 <0.02 

1.2 <0.01 

0.5 <0.02 

0 <0.01 

3.7 0.05 

6 <0.01 

Dnpex. - T h e  Dapex f lowsheet ,  featur ing 0.7 M 
di-(2-ethylhexyl)phosphoric ac id  (HDEHP) in  
Amsco 125-81 (alphat ic  hydrocarbon diluent) as  
extractant ,  w a s  shown to b e  superior  to  the  Cianex  
f lowsheet  for convert ing ni t ra te  feed s t o c k  to 
Tramex feed; iii addition, i t  is a l s o  compatible  
with aluminum-containing chlor ide feed (dissolver  
solution). With ei ther  feed, the  so lvent  extract ion 
losses were low, and decontamination from zir- 
conium w a s  high. 

&rex. - A t e s t  of the  Cerex f lowsheet  (a  modifi- 
cat ion to  t.he 'Tramex f lowsheet  that  inc ludes  an 
oxidant, KBrO,, in  the wash I s t ream of the  
s t r ipp ing  bank to  maintain any extracted C e 4 +  in  
the  te t ravalent  s t a t e )  showed tha t  condi t ions for 
the oxidat ion s t e p  were poor and that  Ce3 '  ap- 
peared in  the  product. T h e  par t ia l  s u c c e s s  ob- 
ta ined i n  th i s  t e s t ,  however, indicated that  further 
development of a su i tab le  oxidant  sys tem might 
yield a useful  flowsheet. 

Talspeesk. -- T h e  Talspeak  f lowsheet , '  which 
could replace both the  present  c y c l e s  of so lvent  
extract ion,  features  extract ion of t h e  lan thanides  
i n  the  f i rs t  bank with HDEHP in diisopropyl ben- 
z e n e ,  extract ion of t h e  ac t in ides  i n  t h e  s e c o n d  
bank with HDEIIP  in Amsco di luent ,  and s t r ipp ing  
of the  ac t in ides  in the  third bank. T h e  ac t in ides  
a r e  ini t ia l ly  prevented from extractiilg by com- 
plexes  of l a c t i c  a c i d  and diethylenetriaminepenta- 
a c e t i c  acid (DTPA). T h e s e  complexes a r e  broken 
by pH control in the  second contactor .  A s imple 
a c i d  s t r i p  is used  for ac t in ide  recovery. 

T h e  advantages  of the f lowsheet  are that  the  
chemical  sys tem is noncorrosive t o  s t a i n l e s s  s t e e l ,  
and that  aluminum-based target  mater ia ls  c a n  be  
d isso lved  in  HMO, without fear  of the hydrogen 
explosion hazard.  T h e  d isadvantage  l i e s  i n  the 
f a c t  that  the lactate-DTPA cornplexing a g e n t  i s  
re la t ively uns tab le  to  radiation degradat ion and 
c a n  form heavy polymeric s u b s t a n c e s  under cer ta in  
conditions. 

T h e  chemistry involved in  the  experimental flow- 
s h e e t  w a s  successfu l ly  tes ted  with americium and 
europium t racers  in  laboratory mixer-settler equip- 
ment having only a few s t a g e s .  T h e  w a s t e  organic 
from t h e  rare-earth extraction sec t ion  (two scrub,  
one feed ,  three extraction s t a g e s )  contained 49% 
europium and 0.1% americium. T h e  product organic  
from the ac t in ide  extraction s e c t i o n  (two scrub,  
one  feed,  three extraction s t a g e s )  contained 96.5% 
americium and 1% europium; there  w a s  a 3.5% 
americium loss to  the raffinate was te .  
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The  hot-cell tests were conducted with two 
banks of mixer-settlers designed for Tramex flow- 
shee ts .  The  product was  stripped by washing 
with acid in  the  waste-organic ca tch  tank. The  
lactate-DTPA solution was  continuously metered 
to the feed solution (0.3 M in I-INO,, 0.16 h! in 
rare earths and containing 0.193 g of 244Cm per 
liter) as it entered the first-cycle solvent ex- 
traction contactor. Th i s  maintained the acidity 
in the pH range 3 to 3.5. No lac t ic  ac id  was  
included in the feed to minimize radiation ex- 
posure. As was expected, contactor efficiencies 
w e r e  low, cross-contamination was  high, and 
neither recovery nor decontamination was accept- 
able. However, no difficulties specifically due to 
high-level radiation were encountered in several  
16-hr runs. Th i s  encourages further development 
aimed at increasing the decontamination and re- 
coveries at high levels of beta-gamma and alpha 
activity . 

SRP Concentrates. - During the pas t  year the 
remainder of the f i r s t  lot of unprocessed SRP con- 
centrate, containing approximately 50 g each  of 
2 4 3 A m  and 244Cm, was transferred into the Curium 
Recovery Facil i ty and evaporated to a small  
volume before storage in  the  tanks ins ide  cell 4. 
A second lot of SRP concentrate, containing ap- 
proximately 170 g of 243Am and 216 g of 244Cm, 
was received and transferred to the underground 
storage vesse l .  

Both these  solutions will be combined and 
transferred to the Transuranium Process ing  Fa-  
cility for recovery of the actinides. 

6.3 PROCESSING OF THE 241Arn02 TARGETS 

Two 24 'Cm recovery campaigns were completed 
during the year in which two types of targets were 
dissolved. Data for the l a s t  campaign are in- 
complete, and the results are extrapolated over 
the last s i x  targets, Feed  material for the first  
campaign consisted of 18 aluminum canned targets, 
0.5 in. in  diameter and 9 in. long, that  had been 
irradiated in the ORR; that for the second cam-  
paign consisted of f ive  Martin Company targets,  
1.25 in. in diameter and 5 in. long, that  had been 
irradiated in the  MTR, plus an additional 18 ORR 
targets (10 in. long). Each  ORI? target contained 
about 3.3 g of 241Am as AmO, compressed in an 
aluminum matrix and canned in aluminum. Simi- 
larly, the 24'Am content of the MTR targets was  

3.6 g. At reactor discharge, each  target contained 
the following amount of 242Cm: MTR, 1.2 g; ORR 
(first s e t  of IS), 0.8 g; and ORR (last  set), 1.1 g. 

The  first  lot  of ORR targets was processed 
directly through one cycle of Tramex solvent ex- 
traction in  batches of three targets. The  product 
was  contaminated with 144Ce. The  second c a m -  
paign used continuous addition of reductant t o  the 
feed stream as w e l l  as a combined Dapex-Tramex 
two-cycle process.  Even though the targets were 
processed after a decay period of only 15 to 30 
days,  the curium product was of exceptional purity. 

Status and Progress 

About 6.9 g of 242Cm was recovered in the f i r s t  
campaign, of which 6.4 g met specifications for 
source fabrication (Table 6.2). Solvent extraction 
and process lo s ses  i n  the one-cycle Tramex flow- 
shee t  totaled about 4%; the rest  was  los t  by decay. 
Decontamination from fission products was  mar- 
ginal; the main difficulty was insufficient cerium 
decontamination (Table 6.3). Hydroxylamine hydro- 
chloride in the scrub  s t ep  did not adequately re- 
move the extracted Ce t before the solvent entered 
the stripping bank. The  system was  modified to 
permit a reductant to be added to the feed ju s t  
before i t  entered the extraction bank so  that Ce4 '  
would not be present in the original feed. The  
second campaign, which used the Dapex-Tramex 
(two-cycle) flowsheet, gave high-purity, specifica- 
tion-grade 'Cm-product recoveries averaging 97% 
and solvent cxtraction lo s ses  totaling 3.4% (Table 
6.4), of which 2.8% occurred the first  t i m e  the 
Dapex cyc lc  was  used. The  material balance for 
the campaign was 104%. The  marked decrease i n  
the Tramex-cycle lo s ses  (compared with l o s s e s  
in  previous runs) is attributed to the improved 
design of the new contactors, the modified feed 
adjustmcnt procedure that virtually eliminated 
formation of so l ids  in the contactors, and to the 
elimination of leaky valves in  the system. Decon- 
tamination factors for lD3Ru,  "Zr-Nb, and I4'Ce 
averaged, over the two campaigns, -2.6 x l o 3 ,  
3.5 x lo3 ,  and 900, respectively, for the '"Cm 
product, which was  recovered in the highest  purity 
yet observed in the Program. T h e  gamma-to-alpha 
ratios measured i n  the dissolver product (Dapex 
feed), Tramex feed (Dapex product), and € i d  
nitrate product are compared in Fig. 6.3. Here 
the gamma scan  is normalized to the alpha disinte- 
gration rate and is plotted aga ins t  photon cncrgy 
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Table  6.2, Curium Product  Puri ty 
.- .................... 

Product 
.I_..__._.. 

241 AruO, Targets 
__ .............................. ~. . -  Constituents Specific a tion 
First  18, Second 18, F ive  

OKR ORR a Martin 
.................... ................... .- ~~~ ........ ~~ . 

Cm, g/liter 0.25 0.25 0.25 0.25 

HNO,, M 1 to 4 1.4 2.5 3.5 

C1'--, gAiter <0.1 <0.1 < 0.1 <0.1 

Ni, g/liter <1 0.13 0.13 0.13 

Bi, Pb ,  Ca, Si (total), g per g of Cm <o.os 0.18b O . l f j b  0.226 

Alkali metals (total), g/l i ter  <10  16.5 3.4 2.4 

Other ca t ions  (total), g i l i t e r  <1 < 1  0.14 0.6 

Suspended so l ids ,  g/l i ter  < 0.01 C C C 

-. ....... - ..................... ....... -~ 

aData for first  s ix  of the campaign. 
bConsists almost entirely of calcium prescnt a t  the limit of detection. 
'Filtered through 45- to  60-/L pore sintered g lass  filter initially. After the new tantalum-lined evaporator was  in- 

stalled,  no so l ids  could be  found, and filtration was  discontinued. 

T a b l e  6.3. Decontamination Factors: 2 4 2 C m  Recovery 
.......................... .................... ....... 

Cycle Gross Gamma Io3Ru 52p9 'Nb '4 'Ce 144ce l 4 O ~ a  
...................... _. I_.._. . .... ...___. 

'Tramex 

Dapex 

Tramex 

Overall 

Dapex 

Tramex 

Overall 

350 

10 

360 

3.4 x 10, 

18 

F i r s t  18 ORR Targetsa 

180 980 

Second 18 ORR Targetsb  

540 24 

95 15 

5.2 i o 4  360 

F i v e  Mnrtin Targets 

9 6 I 6 

120 

72 0 1 ./ 

1 

7.9 l o 3  
7.9 x i o 3  

13 

1 

1.6 x l o 3  
1.6 x l o 3  

> 500 

> 7  

C 

1 >30 

50 1.1 l o 3  190 90 C 

x l o 3  6.6 x l o 3  190 90 
......... ..................... . . .  

aProcessed  through one cycle only. 
bProcessed a t  -15 to  30 days after reactor discharge; based  on first  12  targets. 
'Not detected.  
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(Mev). The  scan  of the nitrate product indicates 
only lo3Ru (trace) and 95Zr-Nb as contaminants. 
The  other peaks ate due to curium iso topes  and 
fission gammas. 

Important flowsheet and procedure modifications 
developed and reduced to practice during these  
campaigns included: (1) limiting the maximum 
temperature in the Trainex feed adjustment to 
12OoC, (2) continuously metering a reductant 
(0.15 M SnC12 in 10.8 M LiC1-0.03 hl HCl) stream 
into the feed a s  i t  enters the extraction bank of 
the contactors, (3)  increasing the HCl concentra- 
tion to 8 M in the Tramex strip solution, and (4) 
scrubbing with 10.8 LiC1-0.03 M IIC1. These  
four modifications resulted in the following s ig-  
nificant improvements respectively: eliminating 
the accumulatien of so l ids  in the  contactors, main- 
taining the cerium in  the inextractable (trivalent) 
s ta te ,  increasing zirconium-niobium decontamina- 
tion, and better europium scrubbing, The  increase 
in on-stream time that resulted from the  absence  

Table 4.4. Curium Material Balance 

(February t o  May 1966) 

2Cm 

Percent  of Dapex 
ga F e e d  __ 

Dapex 

Dissolution 17.71 

Solvent extraction feed 18.46 100.00 

Recovered product 17.85 96.67 

Solvent extraction lo s ses  0.51 2.77 

Tota l  accounted for 18.36 99.44 

Tramex 

Solvent extraction feed 18.85 102.10 

Recovered product 19.11 103.52 

Solvent extraction lo s ses  0.12 0.67 

Tota l  accounted for 19.23 104.19 

aEaeh of the three runs w a s  corrected for decay  t o  the 
da te  that the product was  recovered from the individual 
lot of feed material. Further decay of finished product 
during storage before delivery to  user will  reduce the 
amount delivered a t  the rate of about 0.5%/day. 

Fig. 6.3. Gamma Scans  of the Principal Streams 
Handled in the 242Cm Program. 

of so l ids  became a significant factor i n  242Cm 
recovery because  of its short half-life (160 days). 

These  modifications, along with delaying the 
addition of the methanol to the Tramex solvent 
extraction feed for about 100 whr after the final 
evaporation and LiCl adjustment, permitted proc- 
e s s i n g  feeds of 15 to 20 w/liter without difficulty. 
These  procedures, including recent modifications 
to the flowsheet, are presented below. 

Dissolution of the Targets 

The targets were dissolved in lo t s  of three by 
metering G ,VI HCl a t  0.75 liter/hr into a dissolver 
ves se l  initially containing enough water t o  cover 
the targets.  The  temperature was  held a t  50°C 
throughout the run. The  acid addition rate con- 
trolled the dissolution rate such that hydrogen 
evolution never exceeded 2 moles/hr. T h e  solution 
was continuously sparged, and the evolved gases  
were further diluted with purge a i r  to reduce the 
hydrogen concentration to less than 2 vol %. The 
noncondensable fraction of the evolved gas  was  
scrubbed with 1 M NaOtI and passed  success ive ly  
through beds of activated charcoal and s i lver  mesh 
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to s o r b  a c i d  vapor and radioiodine before d is -  
charging i t  to the  gaseous-waste  d isposa l  sys tem 
of the laboratory. T h e  off-gas w a s  cont inuously 
monitored for par t iculate  and gaseous  f i ss ion  
products. A s  the  cladding was breached,  the  
trapped g a s e s  were released,  resul t ing i n  mornen- 
tary s u r g e s  of act ivi ty ,  mostly 85Kr. Of the  1311 
re leased  during dissolut ion,  only a minute quant i ty  
e s c a p e d  the  scrubber-sorber sys tem,  even with 
ta rge ts  that  had decayed  only 15 days .  .4fteI a l l  
the  a c i d  w a s  added to  the sys tem,  the solut ion 
w a s  digested for 2 hr a t  50°C. Then  t h e  d isso lver  
solut ion (-0.7 M f ree  WCI) w a s  filtered and s tored 
until. two l o t s  were accumulated. T h e  composited 
solut ion w a s  digested a t  95 to 100°C for 2 hr and 
adjusted to so lvent  extract ion feed spec i f ica t ions  
as  descr ibed in  the  next  sec t ion .  T h e  adjustment  
of Tramex feed from disso lver  solut ion w a s  the  
same as  that  prepared from Dapex product, with 
care being taken to  limit the  aluminum concen-  
tration t o  t0.1 M. 

Dapex feed  Adjustment 

T h e  raw dissolver  solut ion,  about  0.7 M in  HCl, 
0.7 M in AI, and containing approximately 0.3 g of 
242Cm per l i ter ,  w a s  adjusted to Dapex feed 
spec i f ica t ions  (0.5 M HC1 ini t ia l ly)  with 1 2  M MC1 
or by dilution with water. T h e  power dens i ty ,  
while  not a controlling factor, w a s  usua l ly  about  
20 w/liter; the aluminum concentrat ion i n  the 
ranges encountered did not vary s ignif icant ly  and 
w a s  not controlled. 

Depex Solvent Extraction 

T h e  Dnpex so lvent  extract ion f lowsheet  is shown 
i n  F ig .  6.4. When feed material that  had decayed 
less than 30 d a y s  af ter  reactor d i scharge  w a s  
be ing  processed ,  5 vol % of the  Amsco di luent  
was replaced with diethylbenzene to help chemi- 
ca l ly  fix radioiodine in the extractant .  In s p i t e  of 
th i s ,  however, some I 3 l I  w a s  released from the  
so lu t ions  in  the  contactors  to the c e l l  atmosphere. 

3The d isso lu t ion  of the Martin target  was  conducted  
in  a c e l l  4 v e s s e l  not  equipped with a charcoal-s i lver  
m e s h  sorber ,  b e c a u s e  t h e s e  ta rge ts  would not  pass  the 
target  charg ing  port of the d isso lver .  T h e  d a t a  indi- 
c a t e d  >99.5% of the  I 3 l I  w a s  removed i n  the  scrubber .  

Adjusted feed w a s  metered a t  0.6 liter/hr to  t h e  
extract ion bank of a 16-stagr mixer-settler main- 
ta ined a t  5OOC. Here t h e  americium, curium, and 
most of the rare ear ths  were extracted into 0.7 M 
HDEHP metered to  the  extraction bank a t  2.2 
l i ters /hr .  Most of the  extracted impurities were 
scritbbed from the extract  with 0.03 M HCI metered 
to the  scrubbing bank of the  mixer-settler a t  1.2 
l i ters /hr .  T h e  americium, curium, and  rare  ear ths  
were s t r ipped into 2 M HC1 metered to  the s t r ipp ing  
bank of a second 16-stage mixer-settler. Traces 
of 95Zr,  1 3 1 1 ,  and other light f i s s ion  products that  
s t r ipped into t h e  aqueous  phase with the  americium- 
curium and rare ear ths  were preferentially reex- 
tracted into 0.7 M WDEHP metercd t o  the  washing 
bank of the  second mixer-settler at  0.9 liter/hr. 
T h e  aqueous product w a s  co l lec ted  and transferred 
i n  ba tches  to  a n  evaporator, where i t  w a s  concen-  
trated for the  f i rs t  s t e p  in  the  Tramex feed adjust-  
ment  procedure which follows. 

Tramex Feed Abiustinent 

T h e  americium-cuiium ---rare-earth product from 
the Dapex c y c l e  (or raw d isso lver  solut ion)  w a s  
evaporated to  a small  volume t o  remove the  bulk 
of the  e x c e s s  HC1; suff ic ient  13.5 iW LiCl w a s  then 
added to  give approximately an 11 M L i C l  feed 
ca lcu la ted  to yield a power dens i ty  of 30 to 40 
w/liter. T h e  remainder of the  e x c e s s  a c i d  w a s  
removed by evapuiat ion to 120°C, af ter  which the  
ca lcu la ted  volumes of methyl a lcohol ,  12 M HC1$ 
and the  remaining 13.5 M LiC1 required were added 
and mixed thoroughly to  give a power dens i ty  of 
15 to 20 w/liter. After a s s a y ,  the  ad jus ted  feed 
w a s  f i l tered and transferred to  the feed hold tank 
i n  ba tches  suff ic ient  for one  day of so lvent  ex- 
traction operation. 'The remainder w a s  withheld 
and sampled dai ly  so that  addi t ional  adjustment  
of the ac id  could b e  made (if required) to com- 
p e n s a t e  for that  destroyed by radiolysis .  

Tramex Solvent Extraction 

T h e  Tramex c y c l e  of so lvent  extract ion w a s  con- 
ducted according to the most recent  Tramex flow- 
s h e e t  (Fig.  6.5), us ing  the  same equipment held a t  
50°C as  that  used  in  the  Dapex cyc le .  T h e  feed 
w a s  metered t o  t h e  axt iact ion bank of t h e  mixer- 
s e t t l e r  at 0.6 liter/hr. A 0.3-liter/hr s t ream of 
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Fig. 6.4. Curium Recovery Flowsheet;  Dopex (1966). 

reductant (0.15 M SnC1, in  11 M LiC1-0.03 M HCl) 
was  continuously mixed with the feed j u s t  before 
it entered the contactor to maintain cerium in the 
trivalent inextractable s ta te .  Americium and curium 
were extracted into 0.65 M amine-HC1 metered to  
the extraction bank at 2.4 liters/hr; t races  of 
impurities were scrubbed from the extract  with 
10.8 i!4 LiC1-0.03 M HC1 metered to the scrubbing 
bank of the  mixer settler at 1 liter/hr. T h e  a m e r -  
icium and curium were stripped into ultrapure 
8 M HC1 metered to the stripping bank a t  1.1 
liters/hr. Ruthenium in the extract  was  hindered 
from stripping into the americium-curium fraction 
by including amine-nitrite in the backwash stream. 
This unstable reagent was kept chilled and was 
metered into an equal volume of the 0.65 M amine- 

HC1 wash I1 stream and passed to the washing 
bank of the mixer-settler. The  aqueous product 
stream w a s  continuously evaporated to remove the 
excess  acid and to reduce the volume of the solu- 
tion to be handled in the chloride removal s t ep  
which follows. 

Chloride Removal 

The concentrated chloride product solution (-,6 g 
of 242Cm in -10 to 12 l i ters) was converted to the 
nitrate system by metering 10 M HNO, to the 
product evaporator a t  0.75 liter/hr, while holding 
the volume in the evaporator constant. The  FINO, 
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Fig.  6.5. Curium Recovery Flowshoot;  T ramex (1956). 

addition w a s  discont inued when the chloride con- 
tent  of the  residual  soliitjon reached 100 ppm, a f te r  
which thc  evaporation w a s  continued to a final 
volume of about  6 l i t e rs  (-120 w/liter) to  remove 
the e x c e s s  nitric acid.  T h e  residual  solut ion w a s  
then di luted to  approximately 0.5 g of curiuin per 
l i ter ,  and s tored unt i l  shipment. T h e  final product 
contained -0.25 g of 242Crn per l i ter ,  and w a s  
about 4 M in  HNO,. 

Curium Product Transfer 

T h e  curium product w a s  transferred to t h e  Iso- 
topes Division fac i l i t i es  in  a water-shielded and 

-cooled carr ie l .  T h e  product solut ion,  s tored  a t  
a power dens i ty  of about 50 w/l i ter ,  w a s  di luted 
with water  r i n s e s  to about  30 t o  40 w/liter i n  the  
carrier. In the  l a s t  campaign, the  filtration s t e p  
w a s  eliminated b e c a u s e  the  s o l i d s  present  in  
product recovered and held in  glass- l ined tanks  
were eliminated af ter  the  tantalum-lined v e s s e l s  
were placed in serv ice .  

6.4 CURIUM RECOVERY FACILITY EQUIPMENT 

Progress and Status 

T h e  Curium Recovery Fac i l i ty ,  designed and  
const iucted to  recover gram quant i t ies  of curium 
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and l e s s e r  amounts of the  heavier  transuranium 
elements ,  w a s  descr ibed  previously. ‘ Exper ience  
gained over the p a s t  year  and a half  of operat ion 
with radioact ive feed mater ia l  led to  incorporat ing 
modifications both to  t h e  des ign  of t h e  so lvent  
extract ion equipment and to  t h e  c h o i c e  of material 
of construction. Revis ions  and modifications t o  
the piping and the  addi t ion of s e v e r a l  new p i e c e s  
of equipment have  great ly  improved the ease of 
operation and minimized the  downtime required 
for maintenance and repair. Included in  the  new 
equipment were  two m i x e r s e t t l e r s  made of tan- 
talum, a new tantalum-lined product s t o r a g e  tank,  
a tantalum-lined product collection-evaporator tank,  
a tantalum-lined waste-organic  col lect ion tank,  a 
vacuum f i l ter  and  solut ion t ransfer  sys tem,  a new 
reagent addition sys tem,  a phase  separator ,  and 
a new lightweight feed  metering pump. P i p i n g  
changes  c o n s i s t e d  i n  extending the  out le t  n o z z l e s  
of t h e  p r o c e s s  tanks above  the  operat ing deck  for 
greater a c c e s s i b i l i t y  and flexibility of operation. 

New Equipment 

Tantalum Contactors. - A new set of mixer- 
s e t t l e r s  w a s  fabricated that  features  longer mixing 
chambers  and modified s t i r re r  b l a d e s  which im- 
proved the  pump mixing charac te r i s t ics .  T h e  
mixer dr ive uni t s  were mounted on the  support  rack 
in  the c e l l ,  e l iminat ing t h e  former cumbersome 
f lexible-cable  sys tem driven through the  c e l l  roof. 
T h e  new uni t  funct ions smoothly and h a s  greater  
capac i ty  than the older  uni ts .  N o  corrosion a t t a c k  
w a s  observed. 

New Tanks. - Two glass- l ined co l lec t ion  tanks  
were replaced with tantalum-lined v e s s e l s .  One 
of these ,  thc product col lect ion tank (which also 
s e r v e s  both as a n  evaporator  and as a react ion 
vessel) ,  is exposed  to prolonged per iods of  i n t e n s e  
bombardment with high-energy alpha par t ic les  and  
to corrosive a t tack  by HC1-IINO, mixtures. It w a s  
observed t h a t  t h e  g l a s s  “flanked” away from the  
l ining upon cont inued exposuie  and contaminated 
the  product with so l ids .  Ultimcrte breaching of the  
glass liner w a s  feared. T h e  second tank, the 
spent-solvent  col lect ion tank,  was replaced with 
one des igned  to accumulate  the  small. volume of 
entrained aqueous  product solut ion for the  whole 

%. L. Culler et al., Chem. Trchnol.  Div. h n .  Pro&, 
Hept. May 31, 1964, CiRNL-3627, pp. 136-52. 

run, thereby el iminat ing the need for da i ly  shut-  
downs to recover i t ,  A s e p a r a t e  p h a s e  separa tor  
w a s  ins ta l led  so that  larger volumes that  might 
occur  could b e  handled without interrupting the  tun. 

A new tantalum-lined cuiium product s torage  tank 
w a s  ins ta l led  in c e l l  3. T h e  new tank al lowed 
isolat ion or combination of s u c c e s s i v e  l o t s  of 
specif icat ion-grade product to  be s tored  while  
operat ions were in  progress .  I t  a l s o  made another  
process  v e s s e l  ava i lab le  for u s e  i n  s tor ing  off- 
specif icat ion material for la te r  recycle. 

Piping Revisians. - T h e  piping ins ide  cell 4 
w a s  revised to  provide e a s y  access to the  process  
tanks  loca ted  below t h e  deck. T h i s  c o n s i s t e d  of 
extending tantalum out le t  l i n e s  to above  the  e d g e  
of the  deck  near  t h e  suc t ion  manifold of t h e  
t ransfer  pumps. With t h i s  sys tem,  only t h e  in- 
ser t ion of a short  pair of e a s i l y  ins ta l led  f lexible  
jumpers to a pump w a s  required to move t h e  con- 
ten ts  of any v e s s e l  to any other. 

Reagent Addition System. - T h e  reagent  addition 
sys tem w a s  redesigned s u c h  that  a pressure  bot t le  
loca ted  outs ide  t h e  glove box is used  t o  t ransfer  
reagents  into the  p r o c e s s  v e s s e l s .  T h e  d ischarge  
l ine  from the  pressure  bot t le  l e a d s  t o  the glove 
box, where t h e  terminals  of the t ransfer  l i n e s  to  
e a c h  cell v e s s e l  a r e  located.  

Vacuum Transfer-Fil tration System. - A new 
vacuum transfer-filtration sys tem w a s  ins ta l led  
that  resul ted in  rapid filtration and transfer of 
highly s a l t e d  process  so lu t ions  from the  feed 
adjustment  tank to the  feed  head tank. When used  
i n  conjunct ion with the  revised piping terminating 
above  the  decking  mentioned ear l ier ,  rapid t rans-  
fe rs  and the filtration of any  solut ion from one 
v e s s e l  to any  other v e s s e l  a l s o  became e a s y  arid 
rapid. 

Feed Metering Pump. - A new, lightweight model 
of the reagent  head of the feed metering pump w a s  
designed and fabricated that  incorporated a han- 
dl ing yoke. T h i s  model is e a s i l y  ins ta l led  or 
replaced in  t h e  c e l l  with manipulators i n  about  
10% of the  time required for the  previous model. 

Building Vacuum System. - T h e  building vacuum 
sys tem w a s  upgraded to minimize a radiation- 
contamination hazard tha t  exis ted.  T h e  wet- 
vacuum pump w a s  teplaced with a s team-jet  
evacuator  and condenser  sys tem that is total ly  
enc losed .  T h e  new sys tem h a s  dmple capac i ty  
and gave sa t i s fac tory  s e r v i c e  in  a l l  rcspucts .  

Manipulator. - ’The des ign  of the  manipulator 
finger w a s  modified to include a mechanical ly  



fixed finger pad fabricated from one-ply fabric- 
reinforced neoprene rubber shee t .  The  pad covers  
the working f a c e  of the  finger and is held with 
backing p la tes  mounted on e a c h  s i d e  of t h e  finger. 
T h e s e  pads now have  a useful  s e r v i c e  life. 

Opera ti on s 

Remote Maintenance. - Two in-cel l  t anks  and 
the  mixer-settlers were disconnected f rom their 
se rv ice  piping, removed from the c e l l ,  and then 

replaced with new counterpar ts  without de lay  or 
incident. T h e  old equipment w a s  lifted into the  
maintenance enc losure  atop t h e  c e l l s  and trans- 
ferred into s e a l e d  s t e e l  containers  of s u i t a b l e  size 
by means of a bagging technique. T h e  new equip- 
ment w a s  introduced into the maintenance en- 
c losure  from s t e e l  conta ine is  in  a s imilar  manner. 
Other items ins ta l led  with th i s  technique included 
t h e  vacuum transfer sys tem and the  reagent  head 
of  t h e  f e e d  pump. Routine maintenance in  glove 
boxes of in-cel l  va lves  and pumps w a s  contiriued 
throughout the year. 



7. Development of t h e  Thorium Fuel Cycle 

7.1 233U STORAGE AND DISTRIBUTION 
FACl Ll TY 

Oak Ridge National Laboratory s e r v e s  as a 
s torage ,  purification, and d ispens ing  center  for 
2 3 ( U  fuel .  During t h e  pas t  year ,  approximately 
63.4 kg of 2 3 3 U  as oxide  powder, metal  res idue,  
and ni t ra te  solut ion w a s  received i n  12 shipments .  
During t h i s  s a m e  period, e ight  shipments ,  amounting 
t o  18.3 k g  of 233U a s  purified n i t ra te  solut ion or  
ox ide  powder, were made from t h e  center .  T h e  
rece ip ts  included 50 kg of L 3 3 U  containing less 
than j ppm of 2 3 L U .  T h e  present  inventory i s  
190 kg of 2 3 3 U  varying in  i so topic  enrichment 
from 78 to 98.5% and containing from 2.6 to  250 

T h e  solut ion s torage  sys tem,  dry-solid s torage  
wel l s ,  and 1 kg/day single-cycle glove-box 
purification sys tem,  which were descr ibed i n  l a s t  
year ' s  annual  report, were  p laced  i n  operat ion.  

A dissolver- leacher  (Fig. 7.1), limited i n  s i z e  t o  
6 1  ever-safe" cr i t ical i ty  dimensions,  w a s  des igned  
and ins ta l led  for use as a metal  o r  ox ide  d isso lver  
or as a leacher  for ch0ppc.d metal-clad fuel ele- 
ments  containing 'U. The leacher  is c a p a b l e  o f  
dissolving 1700 g of UO, to a f inal  concentration 
of 100 g/ l i ter  in 2 hr.1 T h e  removable inner 
b a s k e t  makes  the  unit a t t rac t ive  for leaching  
chopped s ta inless-s teel-clad or zirconium-clad 
e lements ,  as wel l  as  for d i sso lu t ion  of metal, 
slag, o r  oxide.  This uni t  increased  t h e  d is -  
solut ion ra te  111 t h e  so lvent  extract ion fac i l i ty2  by 
a factor  of 6 and,  coupled with t h e  glove-box 
solvent  extraction system, e l imina tes  t h e  need  tor  

pp III 0 f 3 2u. 

'M. E. matley et o~.,  nit Operations section 
1Wotithly Progress Repor t  - Janclaty, 1 Y G 4 ,  ORNL'L'M- 
798 (July l964j. 

' c .  C. ~ a w s  e t .  al., Suinmary of Kilorori projec t  - A 
Semi-Remote IO k$/dny Vibra tory-Compzic tiori Method, 
OKNL-3681 (Auwst  1965). 

dissolut ion i n  thorium-containing so lu t ions  (thorium 
a c t s  as a neutron poison) and for limiting feed con- 
centrat ions t o  10 g of 2 J 3 U  per l i t e r  to avoid t h e  
possibi l i ty  of cr i t ical i ty .  

7.2 SOL-GEL PROCESS: FURTHER 
DEVELOPMENT AND NEW APPLICATIONS 

Recent  developments i n  sol-gel technology in- 
c lude  ex tens ion  o€ t h e  process  to t h e  preparation 
of microspheres of ThO2-1J0, of a l l  thorium:uranium 
ra t ios ,  and the  preparation of thorium carb ides  from 
T h o 2 <  sols. 

. 

Preparation o f  Thorio-Uranio by Sol-Gel Methods 

One objec t ive  of t h e s e  s t u d i e s  is to see i f  sol- 
ge l  technology can  b e  extended t o  inc lude  mixtures 
of thoria and urania  i n  all ra t ios .  We a r e  con- 
centrat ing our effor ts  on  a n  approach where sols 
are mixed in t h e  des i red  ratio, s i n c e  t h i s  would b e  
t h e  most convenient approach t o  u s e  with t h e  
variety of fuel composi t ions w e  an t ic ipa te  will b e  
s tud ied  i n  our development program i n  t h e  T U R F .  
T h e  original sol-gel process ,  which uses thoria  
sol  prepared by steam deni t ra t ion of thorium ni t ra te ,  
i s  limited 1.0 mixtures containing l e s s  than about  
10% uranium, which is added to t h e  thoria sol as 
uranyl n i t ra te  o r  as UO,. 

In  t h e  present  mixed-sol approach,  a thoria sol 
is mixed directly with a urania  sol. Laboratory- 
s c a l e  invest igat ions a r e  also under way on  other 
p o s s i b l e  methods for preparing mixed s o l s ,  such as 
solvent  extract ion of ni t ra te  from mixed 'rh(NO,),- 
U 0 2 ( N 0 3 ) 2  so lu t ions ,  d i spersa l  of precipi ta ted 
Th(O€i), with UO,(NO 3 ) 2 ,  and coprecipi ta t ion of 
uranium arid thorium hydroxides followed by 
pept izat ion in H N 0 3 .  We a r e  concentrat ing our  
effor ts  o n  sols having a t1iorium:uraniurn atom ratio 

141 
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of about  3.5:1, s i n c e  t h i s  appears  t o  b e  i n  t h e  
range of m o s t  in te res t  for reactor fue ls .  

T h e  thoria  s o l s  were  prepared by severa l  
methods, e a c h  of which produces a sol having a 
different thoria c rys ta l l i t e  size and a different 
opf imum nitrate:thotlum ratio. T h e s e  sols  were  
blended with urania  sols, and  condi t ions were 
found i n  e a c h  case where it i s  poss ib le  t o  make 
usefu l  s o l  mixtures i n  t h e  range of thorium:uraniurn 
atom ra t ios  approximately equal  to 3 .  In  t h i s  way, 
we  a r e  obtaining insight  into t h e  fundamental 
nature  of s t a b l e  thoria-urania sol mixtures. 

We prepared U 0 2 - T h 0 2  sols by t h e  following 
methods: 

1. blending U 0 7  sols  with T h o ,  s o l s ,  

2. dispers ing . coprecipi ta ted Th(O11)4-U(OtI), 
with HNO,, 

3 .  dispersing Th(OH), with U 0 , ( N 0 , ) 2 .  

Sols that  a r e  both fluid and s t a b l e  can  b e  pre- 
pared by any of t h e s e  methods.  T h e  first method 
w a s  u s e d  to prepare 300-g l o t s  of ca lc incd  
microspheres  with thorium:uraniuin atom ra t ios  u p  
t o  3.5:l. T h e  l a s t  two methods were not as  
thoroughly examined for su i tab i l i ty  of microsphere 
formation, although a few smal l - sca le  t e s t s  were 
performed. 

Mixing UO, Sols wi th  Tho, Sols. - Stable ,  
fluid UQ,-Th02 sols over  t h e  en t i re  composition 
range were  s u c c e s s f u l l y  prepared by u s i n g  U 0 2  

sols made e i ther  by t h e  formate method or by t h e  
ni t ra te  method,3 and by using T h o z  sols made by 
our s tandard method from steam-denitrated T h o z  . 4  

We prepared 300-g lots of microspheres  with 
thorium:uranium atom rat ios  up t o  3.5: l .  T h e  
upper limit of concentrat ion of (Th -I U )  appears  
to b e  about  1.6 M for fluid sols at a thorium:uranium 
ratio approximately equal  t o  3 .  Above t h i s  con-  
centrat ion the  s o l s  ate too thick for e a s y  micro- 
sphere  formation. Typica l  chemical  composition 
and crys ta l l i t e  s i z e s  a r e  shown i n  blend 6 (Table  
7.1). T h i s  sol w a s  formed into 200- to 300-p-diam 
ge l  microspheres  with 2-ethyl-1-hexanol containing 
0.3% Span 80 and 0.5% Ethomeen S/15 sur fac tan ts .  
Exce l len t  gel microspheres  with shiny s u r f a c e s  
and no evidence  of pi t t ing were produced. T h e s e  
s p h e r e s  could b e  dried to  125OC i n  argon with no 
evidence  of cracking or de le te r ious  pitting of t h e  
sur face .  After calcinat ion at 1200°C, they were 
found t o  have  near-theoret i ca l  dens i ty ,  exce l len t  
r e s i s t a n c e  t o  crushing forces, and low carbon 
contents  (Fig.  7.2). T h e  residual  porosity re- 
maining i n  t h e  microspheres  w a s  shown t o  b e  less 
than 200 A by mercury porosimetry. 

,J. P. McBride, Prepara t ion  of U 0 2  Microsphere by a 

Sol-Gel Technique,  ORNL-3874 (February 1566). 
'I). E. Ferguson, S t a t u s  and P r o g r e s s  Repor t  for 

Z'iooriiim Firel C y c l e  Development  for Period Endirig 
December 3 1 ,  1962,  ORNL-3385 (Oct .  14, 1963). 

Table 7.1. Preparations of U02-Th02 Sols 

Prepara t ion  s c a l e :  ^'30il g of combined oxides 

4 f X-Kay Crys ta l l i t e  S i z e  (A)" 
--.--...--.--.---.-_I_ Prepara t ion  Th/U (Th + U) NO3-: (Th + U )  

Mole Ratio (% of U)  111 Plane 220 P l a n e  311 Plane 
. . . . . . .... _____I___ 

Code Atom Kat io  ( M )  

3.45 1.6 0.11 G S  6.5 64 68 Blend 6 

CP-12 3.75 1.65 0.13 52.6 67 62 ti5 

CP-13 3.69 2.0 0.13 63' 5 72 6 3  62 

CP-14A 3.04 1.8 0.14 62 ti6 58 69 

Cy P-14R 2.59 1.7 0.1s 47 67 67 68 

b 

"Crys ta l l i t e  s i z e s  were determined b y  x-ray lin? broadening of t h e  re f lec t ions  from the 111, 220, and 311 planes ,  

bRlend 6 - prepared by b lending  a urania  S O 1  (1.32 M in IJ, 88% U", and having  a nitrate:uranium ratio of 0.16) 
with n thoria  s o l  (3.07 M in Th, with a nitrata:thorium ratio o f  0.059) prepared from steam-dcni t ra tcd thoria .  T h e  
urania  s o l  w a s  prepared by the formate method. 

a s  shown.  
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POLISI iCU SECTIONS OF 710 10 297-/i-dlOrT MICROSPHFRES, 
THORIUM URANIUM ATOM R4TlO OF 3 5 ,  DENSITY BY H g  
POROSIMETRY OF 99% OF THFOREl I L A L ,  30 ppm OF C, 
4ND OXYGEN URANIUM M O L E  RATIO OF 2 046 

Fig. 7.2. Culcirled ShO -UOp Microspheres Prepared 2 
by Mix ing  Thoria and Urania 501s.. 

Sols  having thorium:uranium atom rat ios  of '4 ,  1 ,  
and 3 were made by us ing  U O z  s o l s  prepared by 
t h e  ni t ra te  method. We have  not character ized 
t h e s e  s o l s  or their  resultant ge ls  and fired products 
as  extensively as  t h e  sols  prepared from UOz  s o l s  
by t h e  formate method. However, we foriiled gel  
s h a r d s  and gel  microspheres from t h e s e  s o l s  in  
5- t o  15-g l o t s  and ca lc ined  t h e s e  products to  near- 
theoret ical  dens i ty .  

Coprecipitation Method. - Thoria-urania sols 
over t h e  en t i re  composition range were prepared by 
a coprecipitation method. In t h i s  method t h e  
hydrous oxides  are precipi ta ted from a solut ion 
containing U(N03) ,  and Th(NO,), by using NH,OH. 
They are  f i l tered,  washed free of e lectrolyte ,  and 
d ispersed  into sols by warming t h e  f i l ter  c a k e  to  
6SoC and adjust ing t h e  ni t ra te  concentration. 
Previous methods of s o l  formation depended on 
washing the  f i l ter  c a k e  until t h e  ni t ra te  reached 

t h e  concentration for optimum s o l  formation oil 
heat ing.  Some of t h e  hydroxide prec ip i ta tes  were 
exceptionally e a s y  t o  filter and wash .  Sols  with 
3:1, 1:1, 1:3, and 1:19 atom rat ios  of thorium: 
uranium were prepared. T h e s e  sols a r e  generally 
i n  t h e  concentration range 0.7 t o  1.0 M i n  combined 
oxides ,  and p o s s e s s  good fluid propert ies  and 
s tab i l i ty .  One of the s o l s  (thorium:uranium ratio 
of 1 )  w a s  concentrated to 3 . 3  M by vacuum 
evaporation a t  55OC. T h e  nitrate:metal atom ra t ios  
i n  t h e  sols range from 0.1 to 0.4, and t h e  average  
c rys ta l l i t e  s i z e  var ies  from 20 t o  3 0  A .  

Th(OW),-Ue%, Method. .- Sols  with thorium: 
uranium atom rat ios  of 3.5 were prepared by t h i s  
method, in  which precipi ta ted Th(OII), filter c a k e  
i s  d i spersed  by adding so l id  UO,(NO,), -511zQ to 
i t .  When t h e  two s o l i d s  are mixed, immediate 
liquefaction occurs  and a yellow, fluid suspens ion  
i s  formed. Heating t h e  s t ispension t o  93OC yie lds  
a transparent ruby-red so l .  Crystal l izat ion o c c u r s  
on cooling, hilt the  c rys ta l s  redissolve and t h e  sol 
remains fluid a t  room temperature when di luted 
with water t o  2.16 M (thorium-uranium). T h e  
nitrate:thoriurn-uranium mole ratio w a s  0.134, and 
the  c rys ta l l i t e  size a s  measured by x-ray l i n e  
broadening w a s  ~ 3 0  A for T h o z  and  t l O O O  A for 
UO,. Attempts t o  form t h e  s o l  into ge l  micro-  
s p h e r e s  that would f i re  t o  a d e n s e  product were 
not s u c c e s s f u l .  E x c e s s i v e  cracking occurred i n  
gelation and on drying arid firing. T h e  high ni t ra te  
concentration of the  s o l  probably c a u s e d  t h e  
cracking problem. Some means of ni t ra te  removal, 
e i ther  during or af ter  gelat ion,  would probably b e  
required before t h i s  s o l  coiild b e  u s e d  for micro- 
sphere  preparation. 

Calcinat ion s t u d i e s  of t h e  gel  microspheres  
showed that  firing according to a spec i f ic  s e q u e n c e  
of temperatures  and atmospheric  environments 
w a s  required to obtain a product of near-theoretical 
densi ty  and low carbon content .  Fir ing under re- 
ducing conditions produced s p h e r e s  of low densi ty ,  
high carbon content ,  and low res i s tance  to  crushing 
forces .  T h e  attainment of high densi ty  d o e s  not 
appear  t o  b e  simply a matter of removing the  
carbon.  Therrnogravimetric a n a l y s e s  are being 
made i n  an attempt t o  determine t h e  optimum 
firing condi t ions.  

Thorium Dicarbide by Sol-Gel Methods 

Thorium dicarbide microspheres a r e  of in te res t  
for u s e  i n  high-temperature gas-cooled reactors .  
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They c a n  b e  prepared by  a modification of t h e  
sol-gel process  involving mixed thoria-carbon 
SO IS.^,^ T h i s  method l e a d s  to a relat ively low- 
dens i ty  ( ~ 9 0 %  of theoret ical)  product, and ,  i n  t h e  
relatively few experiments tha t  have  been performed 
so far ,  smal l  amounts  of unreacted T h o ,  h a v e  been  
present  i n  t h e  product. P r e s e n t  s t u d i e s  a r e  de- 
s igned  t o  ascer ta in  what control c a n  b e  exerc ised  
over  densi ty  and residual  ox ide  (or f ree  carbon) 
content .  In addi t ion to being u s e d  i n  forming 
carb ides ,  mixed oxide-carbon microspheres  a r e  
precursors  i n  some methods for ni t r ide and  s u l f i d e  
s y n t h e s i s .  In in i t ia l  work, we  a r e  concentrat ing 
principally on conversions of dried ge l  f ragments  
t o  ThC,  fragments, with t h e  expec ta t ion  of 
changing t h e  emphas is  to t h e  formation of T h C z  
microspheres  as w e  learn more about t h e  con- 
vers ion.  Preparat ion of dicarbide microspheres  is 
somewhat  more complicated than that  of s h a r d s  i n  
that  t h e  microsphere forming p r o c e s s  introduces 
extraneous carbon into the T h 0 2 - C  g e l s  i n  t h e  
form of sorbed organic  l iqu ids .  We a r e  at tempting 
to understand t h e  b a s i c  conversion reac t ions  
between T h o ,  and carbon before  proceeding too 
deeply into s t u d i e s  of conversion to dicarbide 
microspheres ,  where addi t ional  fac tors  must  b e  
taken into account .  Even  in  t h e  relat ively s imple  
case of dried gel  shards ,  s i d e  react ions t h a t  
consume carbon, s u c h  as t h o s e  between sorbed  
H L O  and carbon, and be tween ni t ra te  ion and 
carbon, must b e  al lowed for i n  t h e  conversion s t e p .  

I n  preparation of ThO,-C sols  for conversion to 
mono- o r  dicarbides ,  w e  a r e  examining different 
carbons as wel l  as  several  methods of suspending  
the  carbons i n  T h o ,  sols.  T h e  sol produced must 
h a v e  good fluidity for formation in to  microspheres  
and y ie ld  no g r o s s  segregat ion of carbon and T h o ?  
upon gelat ion.  In addition, it is l ikely that  only 
cer ta in  arrangements  of carbon and T h o L  crystal-  
l i t e s  in t h e  ge l  wi l l  l ead  to d e n s e  c a r b i d e s  and 
good conversions.  G r o s s  segregat ion of T h o a  arid 
carbon is likely to occur  u n l e s s  t h e  carbon i s  
arranged i n  s u c h  a manner t h a t  t h e  thoria  crystal-  
lites are prevented from sinter ing together  to form 
g r o s s  thoria  par t ic les  on hea t ing  t o  t h e  conversion 
temperature (1150°C). T h e  nature of t h e  carbon, 

'R. G. Wyrrier ant1 D. A .  Douglas, Jr., Sta tus  arid 
Progress  Report for Thorirm Fuel C y c l e  Development 
f o r  Period Ending Decemher 31 ,  1963,  OKNL-3611 
( J u l y  1965) .  

J. I,. Kel ly  e t  a]., Incl. E n g .  Cheni., Process Design 
Develop. 4, 212-16 (1965). 
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for example, ac id ic  v s  b a s i c ,  p lays  a role i n  its 
interact ion with T h o z  sol. 

T h e  techniques  s tud ied  for forming Tho,-C s o l  
mixtures include (1) dispersion of carbon i n  a 
T h o ,  sol v ia  a pump recyc le  loop, (2) ul t rasonic  
dispers ion of carbon i n  T h o ,  sols, (3) addi t ion of 
T h o ,  to a carbon suspens ion ,  and (4) b a l l  milling 
a C-Tho,  sol blend.  T h e  f i rs t  two methods have  
been  u s e d  successfu l ly  i n  t h e  pas t  at ORNL, and 
t h e  third w a s  developed a t  Southwest Research  
Inst i tute .  T h e  ball-milling method, which h a s  
apparent ly  not been u s e d  previously, gave  t h e  b e s t  
r e s u l t s  in ternis of sol properties, that  is, 
v iscos i ty ,  sedimentat ion,  and  N e w h n i a n  behavior. 
F i n a l  evaluat ion must ,  of course ,  inc lude  sphere  
formation and conversion to carbide,  which a r e  
s t i l l  being s tudied.  Preparat ion by t h i s  method 
involves  ba l l  milling t h e  carbons  with a 2 to  3 M 
T h o ,  sol  for about 20 hr. 

F i v e  different channel  black carbons were u s e d  
in  t h e  above  t e s t s .  T h e  sur face  a r e a  of t h e  
channel  b l a c k s  ranged from 1 0 0  t o  1400 m2/g. 
Spheron 9 (United Carbon Company), which h a d  t h e  
lowes t  spec i f ic  sur face  a r e a ,  g a v e  t h e  most fluid 
s o l s .  T h e  viscosi ty  of a 2 M ThOa--8 M C sol is 
only 6 to 6-5 cent ipoises ,  compared with 4 
cent ipoises  for t h e  T h o ?  sol prior to addi t ion of 
Spheron. T h e  o ther  channel  b l a c k s  at the  same 
concentration gave  sols (or pas tes )  with v i s c o s i t i e s  
of 10 to 25,000 cent ipoises .  If t h e  v iscos i ty  is 
too high (above about. 60 cent ipoises ) ,  t h e  sols  a r e  
tiot manageable. With Spheron 9, it appears  that  
about 3.5 M i s  t h e  pract ical  upper limit of thoria 
concentrat ion when the  carbon:thoria mole ratio i s  
4. At a carbon:ThO, mole ratio of 2 ,  Spheron 9 
w a s  s t i l l  superior  to t h e  higher-surface-area 
channel  b l a c k s ;  and a t  t h i s  ratio, a 4 M T h 0 2 - 8  M 
C sol is qui te  thick (-.,2000 cent ipoises )  and non- 
Newtonian. Dilution t o  3 .4  it1 T h o ,  g ives  a u s a b l e  
sol  (59 cent ipoises ;  Newtonian), and a t  3 M t h e  
v iscos i ty  is 20 cent ipoises .  T h e  Tho, -C sols 
prepared with Spheron '3 appear  t o  form good micro- 
s p h e r e s  i n  2-ethyl-l-hexanol by using 0.3% Span 
80 a n d  45% Ethomeen S/1S a s  sur fac tan ts .  

Sols having carbon:thoria mole ra t ios  of 4.17, 
3.71, and 3.25 were prepared by t h e  ball-milling 
method, us ing  Spheron 9, and dried to  g e l  s h a r d s  
tha t  were  u s e d  i n  carb ide  conversion s t u d i e s .  
Several  t e s t  conversions were made on t h e s e  g e l s  
i n  an effor t  to def ine condi t ions for optimum con- 
vers ion to t h e  dicarbide ( T a b l e s  7 .2  and 7.3). At 
temperatures  of 1900°C a n d  a t  carbon:thoria mole 
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Tab le  7.2. Composition of Fired Products Colcwloted from Elemental  Ana lys is  

Assumption:  Thorium present  only a s  rho,, T’hC, or ThC2; poss ib i l i ty  t h a t  
oxycarbide (ThOC) could b e  present  is neglected 

P e r c e n t  of 
Composi t ion Calcula teda  observed ‘Ig T h e o r e t i c a l  Composi t ion ($6) 

.......... 
Densi ty  Densi ty  ( g / c c )  

C:ThO, 

~. 
Densi ty  __ Run M O I ~  ThC, ThC ThO, ~ r e e  Material 

No. Rat io  C E3a lanc e 
................ 

(fdcc) atm 1 atm 544 atrri 

80 3.25 10.61 87.67 1.57 0.05 99.90 10.50 8.39 10.19 79.9 97.1 

77 3.71 53.85 44.4’2 1.73 0.10 100.10 9.99 7.98 9.77 79.3 97.8 

75 4.17 87.33 9.30 3.04 0.33 100.00 9.58 8.55 8.83 89.2 92.2 

a U s i n g  x-ray dens l t les :  Tho, ~ 10.03; ThC2 - 9.60; ThC 10.64; C - 2.0. 

ra t ios  .4, conversion to t h e  dicarbide appears  t o  
occur  reasonably wel l .  Only rim 75 had enough 
carbon initially for complete conversion t o  di- 
carbide.  Apparently, a s i d e  reaction, such  a s  tha t  
between nitrate and carbon during the  ini t ia l  lower 
temperature portion of t h e  heat ing cyc le ,  consumed 
some of t h e  carbon. T h e  chemical  a n a l y s i s  of t h e  
f inai  product on run 75 ind ica tes  that  a to ta l  of 
0.123 mole of carbon per 100 g of s tar t ing material 
w a s  consumed i n  s i d e  react ions;  t h e  free  carhon 
remaining i n  t h e  fired product would not b e  enough 
to convert t h e  remaining ThQ, and T h C  to ThC, .  
T h e  free-carbon content in t h e  final product in- 
c reased  a s  t h e  ini t ia l  carbon:thoria ratio w a s  in- 
c reased .  Therefore, even  when proper ba lance  of 
carbon and T h o ,  i s  achieved,  higher temperature 
and/or longer reaction t imes  may b e  required t o  
obtain complete conversion to  ThC, .  T h e  higher  
oxygen res idues  coincident with t h e  higher carbon 
contents  a re  puzzl ing but may b e  related to  t h e  
intimacy of t h e  solid-solid contact .  The observed 
densi ty  of t h e  product i n  run 75, where appreciable  
conversion t o  ThC,  occurred, is about 90% of t h a t  
theoretically poss ib le  for t h e  analyzed compo- 
s i t ions .  

7.3 DEVELOPMENT 8 F  METHODS FOR 
PRQDIBCJNI G MI CROSPM E R E S  

Sinall, spherical  par t ic les  of high-density oxide  
or dicarbide are the  preferred fuel mater ia ls  for 
proposed high-temperature gas-cooled reactors .  

T h e  spher ica l  s h a p e  is preferred b e c a u s e  of t h e  
ease with which pyrolytic carbon coa t ings  a r e  
appl ied.  ‘The coat ing s e r v e s  a s  a small  “pressure  
v e s s e l ”  for f iss ion product zetention. T h e  greater  
mechanical  strength, t h e  controlled void volume, 
t h e  bulk flow properties, and t h e  overal l  uniformity 
poss ib le  with spheres  a re  important advantages  for 
many appl icat ions.  Therefore, we  have  emphasized 
t h e  development of t h e  sol-gel p r o c e s s  for prepa- 
ration of smal l ,  hi.&-density spheres .  

In t h e  microsphere preparation process ,  drops of 
s o l  a r e  gel led by extract ing t h e  water  into an 
organic  l iquid,  such  as 2-ethyl-1-hexanol (2EIi), 
ca l led  t h e  “solvent .  ” 

T h e  process  for converting a s o l  in to  a fired 
microsphere inc ludes  t h e  following s i x  operations: 

1. Dispe ise  t h e  s o l  into drops.  

2 .  Suspend t h e  drops i n  a solvent  that  ex t rac ts  
water  t o  c a u s e  gelat ion.  

3. Separate  t h e  gel  iiiicrospheres from t h e  so lvent  
(organic liquid). 

4. Recover t h e  solvent  for reuse .  

5 .  Dry t h e  gel  inicrospheres. 

6. F i r e  t h e  microspheres t o  densify them and t o  
bring about des i red  chemical  react ions.  

F o r  a given s o l  concentration, the  s i z e  of t h e  
product microsphere i s  determined in  t h e  f i rs t  
s t e p .  I n  t h e  second s t e p ,  t h e  extract ion of water  
c a u s e s  gelat ion and t h u s  converts  t h e  drop of sol 
into a so l id  sphere .  T h i s  is t h e  key process  s t e p .  



Toble  7.3. Conversion of Dried Th02-C Gels  to Thorium Carbides 

Conditions: 15 to  20 g of ge l  shards; vacuum induction furnace 
Heating Schedule: to llOO°C in i; hr; to 1700°C in  1 hr; 

to 1900°C in 1 hr; hold a t  1900°C for 
about 30 min 

Chemical Analyses b (wt 76)  

C:Th02 Maximum Fina l  Gas Weight 5-Ray Analyses Tota ls  Porosiry Run Mole Temperature Pressure  Loss" Tota l  Free  Tota l  Soluble 

~~ 

7 3 c  3.25 1170 7000 19.4 Major Minor Trace 6.91 0.65 90.18 89.25 3.15 100.24 3.74 

80 3.25 1915 13 23.2 Kot  detected Trace  Major 5.36 0.05 94.44 54.56 0.095 59.00 17.63 

77 3.71 1920 14 22.2 N o t  detected Minor Major 7.34 0.10 92.65 92.27 0.105 100.10 18.28 

75 4.17 1890 40 22.3 Not  detected Major Trace 8.98 0.33 90.84 90.73 0.184 100.00 3.17 

"Theoretical weight l o s s  for conversion to  ThC, is 17.94"r0; the reported values include approximately 5"/, volati les present in the original ge ls  a s  

bTheoretical percentages: C 0 T h  

sorbed gases and water. 

- - -  
T h o  , 12.16 87.85 
ThC 4.92 95.08 
ThCz 5.38 90.62 
ThOC 4.61 6.14 89.25 

'This run had an air leak during firing. 
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The interfacial tension holds  t h e  drop i n  a 
spherical  shape .  T h i s  f ixes  t h e  maximum micro- 
sphere  s i z e  a t ta inable ,  s i n c e  very la rge  drops wil l  
dis tor t .  Slow extraction of water  i s  e s s e n t i a l  t o  
obtain a microsphere with a high densi ty  and high 
s t rength.  If t h e  water is extracted too fast, t h e  
drop breaks  into fragments or f o r m s  a hollow 
part ic le .  T h e  remaining four operat ions a r e  s imple 
in principle. However, t h e  densif icat ion during 
firing and t h e  amounts of carbon and vola t i le  ma-  
t e r ia l s  in  t h e  fired product c a n  vary great ly ,  de- 
pending on t h e  drying and firing condi t ions.  

T h e  first four process  operat ions can  b e  done in 
a continuous column sys tem (Fig.  7.3). T h e  sol 
i s  d i spersed  into drops t h a t  a r e  re leased  into t h e  
enlarged top of a tapered column. T h e  drops a t e  
suspended or fluidized by a circulat ing upflowing 
s t ream of t h e  organic liquid. A s  the  water is ex- 
t racted and t h e  drops shrink and ge l  in to  so l id  

microspheres ,  their  se t t l ing  velocity i n c r e a s e s .  
T h e  column configuration and t h e  fluidizing flow 
r a t e s  are s e l e c t e d  t o  permit t h e  gel led par t ic les  t o  
fall out continuously while  s o l  drops a re  formed a t  
t h e  top of t h e  column. The  separat ion of t h e  ge l  
s p h e r e s  from t h e  organic  liquid is completed by 
discharging them onto a filter and draining off t h e  
liquid. T h e  spheres  are then  dried and fired. 
Fresh or purified solvent  i s  continuously added to 
the  column t o  d i s p l a c e  wet so lvent  to a recovery 
sys tem where water  is removed by dis t i l la t ion.  
T h e  columns may b e  operated ba tchwise  without 
removal of product or recovery of solvent .  Other 
types  of equipment were used  t o  form microspheres. 
For example, agi ta t ion in baffled v e s s e l s  w a s  
used  for dispers ing and suspending t h e  s o l  drops 
when microspheres less than 100 p in  diameter 
were desired.  A inixer-settler sys tem would b e  a 
s imple  and efficient microsphere preparation s y s -  
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tern if a relat ively nonuniform product w a s  ac- 
ceptab le  and  a mean diameter  of 80 p or l e s s  w a s  
des i red .  

Dispersion of Sols  

A major part of t h i s  s tudy w a s  t h e  development 
of sol d ispersers .  None w a s  optimum i n  all 
r e s p e c t s ,  but t h e  important requirement can  b e  met. 

Sol drops may b e  formed from a larger  mass of 
sol by  applying one  or  more forces ,  s u c h  as 
gravity, centrifugal f ie lds ,  shear ,  inertia, interfacial  
t ens ion ,  and e lec t ros ta t ic  repulsion. To obtain 
uniform drops and controlled diameters ,  both t h e  
force and t h e  configuration of the  sol where t h e  
fo ice  is appl ied must  b e  unitorm, and one  or both 
must b e  controllable. With all t h e  d ispersers ,  t h e  
uniform s o l  configuration is obtained by feeding 
t h e  sol through small  o r i f ices ,  0.004 t o  0.030 in .  
i n  diameter ,  

T h e  two sol dispers ion d e v i c e s  that  g a v e  t h e  
most unifotm drops have  important limitations. 
T h e  f i r s t ,  which c o n s i s t s  of flowing sol through 
smal l  o r i f ices  immersed i n  t h e  2EH, is a prac t ica l  
and  s imple  means of forming 1200- to 2000-p drops 
by t h e  falling-drop mechanism. But t h e  or i f ice  
size necessary  t o  produce s o l  drops smaller  than 
1000 p is too s m a l l  to  b e  prac t ica l .  T h e  second,  
t h e  two-fluid nozzle ,  descr ibed  in t h e  l a s t  annual  
report, g i v e s  excel lent  drop uniformity and s imple,  
e a s y  control of t h e  drop size over  a wide range. 
However, t h e  maximum capac i ty  per  t w o f l u i d  
n o z z l e  (1 t o  10 cc/min depending on t h e  drop 
s i z e )  w a s  res t r ic t ive ,  and t h e  need  for  non- 
pulsa t ing  and accurately controlled flows w a s  a n  
important limitation for remote large-scale  oper- 
a t ion.  

A recently developed and promising method for  
uniformly dispers ing a sol on  a la rge  scale i s  t o  
s h e a r  t h e  sol s t ream emerging from a n  orifice, by  
maintaining a veloci ty  gradient i n  t h e  2EH at t h e  
or i f ice .  T h i s  method w a s  t e s t e d  with rotary 
f e e d e r s  immersed in  t h e  top  of t h e  column. T h e  
sol s t ream leaving smal l  o r i f ices  (0.010 o r  0.016 
in .  in  diameter) i n  t h e  feeders  i s  sheared  off with 
most of the  force from t h e  velocity gradient i n  t h e  
relat ively s tagnant  2EH. In  all t h e  other  d e v i c e s  
s tud ied  t o  d a t e ,  t h e  or i f ices  a r e  s ta t ionary  and 
t h e  2EH i s  pumped p a s t  t h e  or i f ice  through a 
confined flow channel .  

An e lec t ros ta t ic  sol d isperser  w a s  developed on 
a laboratory scale and t e s t e d  i n  t h e  microsphere 
column. T h i s  device  h a s  15 No .  24 hypodermic 
n e e d l e s  at a controlled posi t ive potent ia l  with a 
copper  ring at ground potent ia l  around each  needle .  
T h e  mode of dispers ion var ies  with voltage with 
d is t inc t  t ransi t ions.  A s  t h e  vol tage is increased ,  
there  i s  first an operat ing region with l i t t l e  effect ,  
then an intermediate  region character ized by a 
s i n g l e  s t ream of very uniform drops,  and then a 
region wherein a fanl ike spray of nonuniform drops  
is formed. F o r  t h e  intermediate  region of uniform 
drops,  t h e  s o l  drop size is a function of vol tage,  
sol flow rate, and sol concentration. With t h i s  
disperser ,  t h e  calcined-product size dis t r ibut ions 
for a 3 IM thoria  s o l  and i i  limited range of mean 
s i z e s  (200 t o  350 p) were as good as for a two- 
fluid nozzle .  

Column Design 

Tapered columns (g lass )  were t h e  most success- 
ful of severa l  column configurations tes ted .  Con- 
tinuous addi t ion of so l  drops and removal of ge l  
microspheres w a s  poss ib le  for columns up t o  
'4 in .  i n  minimum inner diameter by simply us ing  
smooth, gradual tapers  and ax ia l  upflow of solvent .  
When t h e  columns were s c a l e d  up  t o  a minimum 
inner  diameter  larger  than t h i s ,  t h e  suspens ion  of 
t h e  sol drops and ge l  s p h e r e s  w a s  unsat isfactory 
i n  severa l  w a y s  b e c a u s e  of t h e  laminar flow and 
parabol ic  velocity distribution. T h e  problems 
a s s o c i a t e d  with maintaining fluidization i n  t h e  
larger  columns were eliminated by introducing a 
solvent  stream tangent ia l ly  at t h e  bottom of the 
column below t h e  point of minimum inner  diameter 
(Fig.  7.3). T h i s  tangent ia l  s t ream produced a 
swir l  tha t  extended with decreas ing  intensi ty  from 
1 to 3 ft up  t h e  column. T h e  mixing c a u s e d  by the  
swirl p revents  t h e  accumulation of par t ic les  on 
one  s i d e  of t h e  column and t h e  resul tant  ax ia l  
flow. By controlling tangent ia l  and  ax ia l  f lows 
separa te ly ,  t h e  veloci ty  profile a c r o s s  a diameter  
c a n  b e  flattened, or t h e  upflow t a t e  a t  t h e  center  
may even b e  relat ively lower than  that  in  t h e  
region between t h e  center  and t h e  wal l .  'The 
f la t tening of t h e  veloci ty  profile by the swir l  
reduced t h e  amount of ax ia l  mixing so that  t h e  sol 
drops remained in  t h e  upper half of t h e  column. 
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Drying and Firing Sandit ions 

Drying and firing a r e  necessary  t o  remove 
volat i le  matter and t o  s in te r  t h e  s p h e r e s  t o  a high 
dens i ty ,  a s  well as  t o  bring about desired chemical  
changes  i n  some cases. T h e  temperature and  t h e  
atmosphere a r e  controlled according to  a program 
in which t h e  gel spheres ,  as  removed from t h e  
coliimn, a r e  heated t o  about 1200°C and then 
cooied t o  rooin temperature. T h e  drying-firing 
operation i s  conveniently done in two s t e p s  in two 
s e p a r a t e  p i e c e s  of equipment. At t h e  present  
s t a g e  of development, drying is done with t h e  
s p h e r e s  supported by a fritted-glass disk in a 
Pyrex  v e s s e l .  T h e  organic drying solvent  (2EH) 
i s  drained off through the  frit.  T h e  ent i re  v e s s e l  
i s  heated by a mantle, and heated g a s  i s  p a s s e d  
up through t h e  frit. T h e  dried s p h e r e s  a r e  fired in  
alumina c ruc ib les  i n s i d e  laboratory muffle fur- 
n a c e s .  

Cracking that  0ccui.s during firing and t h e  amount 
of carbon i n  t h e  dried gel  s p h e r e s  depend on t h e  
drying condi t ions.  Cracking i s  much more t rouble-  
some with s p h e r e s  having la rge  diameters than 
with t h e  smaller  ones .  T h e  presence  of s team in 
t h e  drying atmosphere a i d s  t h e  removal of 2EH 
froiil t h e  gel  spheres  and minimizes cracking.  For 
thoria microspheres ,  t h e  preferred condi t ions are: 

Drying Argon 25  to 110°C in 1 hr  

Argon + steam 110 to 200°C in  6 hr 

Firing Air From 100 to 500°C a t  100°C/hr 
F r o m  500 t o  11 50°C a t  300°C/hr 
At 115OoC for 4 hr  

For thoria-uritnia sols made with UO,(NO,), o r  

U 0 3  (limited to  < l o %  urania), t h e  urania  is re- 
duced t o  UO, by Ar-4% )I2 during t h e  f inal  4 hr of 
firing and then is protected by a n  argon atmosphere 
during cooldown. If carbon black is added to t h e  
s o l ,  carbide microspheres  may b e  formed by re- 
act ion of t h e  carbon with t h e  oxides  a t  tempera- 
tu res  of 1700°C or higher in  a n  inert a tmosphere 
or  vacuum. 

T h e  r a t e s  of temperature r i s e  l i s ted  for the 
thoria microspheres were s low enough t o  b e  safe 
for any of t h e  g e l s .  Much fas te r  ra tes  of tempera- 
ture  r i s e  during ei ther  drying or  firing sometimes 
resul ted i n  fractured par t ic les ,  or par t ic les  having 
greater porosity, larger sur face  a reas ,  and lower 
r e s i s t a n c e s  t o  crushing forces. 

Salvents and Surfactants 

T h e  eight-carbon alcohol  2EH w a s  u s e d  for all 
t h e  microsphere preparation s t u d i e s  reported here .  
In general, t h e  long-chain a lcohols  a r e  t h e  m o s t  
sa t i s fac tory .  Halogenated so lvents  were avoided 
because  of poss ib le  halogen contamination of the  
product. Consider ing t h e  many excel lent  propert ies  
of 2EH for t h i s  u s e ,  we  are unlikely t o  find any  
solvent  that  is s ignif icant ly  bet ter .  

A surfactant  must b e  d isso lved  i n  t h e  so lvent  
to  prevent c o a l e s c e n c e  of t h e  sol drops with e a c h  
other, coa lescence  of t h e  s o l  drops on the  column 
wal l s ,  and cluster ing of par t ia l ly  dried drops.  
Surfactants  a l s o  lower t h e  interfacial  tension 
between the  s o l  and 2EH; t h e  interfacial  t ens ion  
must b e  high enough t o  keep t h e  drops spher ica l .  
T h e  concentrat ions of surfactant  u s e d  were 0.1 t o  
1 vol %. Span 80 (an Atlas  Powder  Company e s t e r )  
w a s  most effect ive for preventing c o a l e s c e n c e  and  
cluster ing,  but i t  a l s o  gave a low interfacial  
tension and permitted distortion of the  larger  
drops of s o l .  (Span 80 i s ,  nominally, sorbi tan 
monooleate.) Ethomeeri S/15 and Amine 0 were 
successfu l  for forming thoria s p h e r e s  in  a l l  s i z e s .  
For sols other  than pure thoria, Span 80 and 
Ethomeen S/15 were generally u s e d  together, with 
t h e  most common concentration being 0 .5  vol % of 
each .  

Solvent Recycle 

T h e  solvent  that overflows from t h e  microsphere 
column t o  t h e  wet-solvent tank i s  dried before i t  
i s  returned t o  t h e  column. T h e  water  content is 
efficiently reduced by a s imple  s ingle-s tage 
dis t i l la t ion.  The  boiling point of t h e  2EIS changes  
rapidly with water  content: from 183OC for pure 
2EH to 150°C for 0.5 wt % H,O, and to  98°C for 
t h e  azeotrope when a n  aqueous p h a s e  i s  present .  
T h e  so lubi l i t i es  a t  room temperature a r e  2.55 wt % 
for water i n  2EH, and 0 .1  wt for 2EH in water. 

U s e  of heat  exchangers ,  a s t i l l  heated with 
90-psig s team,  and a p h a s e  separator  g ives  veiy 
s imple and efficient operation. Only a s m a l l  
fraction of t h e  liquid i s  vaporized. Most of t h e  
heat  required is s e n s i b l e  hea t ,  and a good h e a t  
exchanger  minimizes t h e  heat ing and cooling load .  
As water  and 2EH a r e  vaporized, t h e  water  content 
of t h e  liquid d e c r e a s e s  unt i l  t h e  boiling point 
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approaches t h e  condensat ion temperature  of 90- 
p s i g  s team (165°C). T h u s  t h e  amount of boilup is 
automatical ly  control led,  and no measurement or 
control d e v i c e s  ate needed .  After t h e  vapors  a r e  
condensed,  t h e  aqueous and  2EH p h a s e s  s e p a r a t e  
by gravity and ate discharged through j a c k l e g s .  
T h i s  s ingle-s tage dis t i l la t ion with separa t ion  of 
t h e  condensed l iquids  requi tes  less hea t  than a 
multiple-stage column with reflux. 

Gradual color c h a n g e s  of t h e  s o l v e n t s  during 
sphere-forming operat ions ind ica te  t h e  accumulat ion 
of surfactant  o r  solvent  degradat ion products .  
T h e  accumulat ion of t h e s e  impurities did not c a u s e  
any apparent deleter ious e f f e c t s  during t h e  l o n g e s t  
tuns  (over 100 hr) tha t  w e  made. One charge of 
2EH w a s  u s e d  for over  100 d a y s  i n  a pilot-plant 
sys tem,  with smal l  addi t ions of sur fac tan ts  during 
every period of operation. I i  impuri t ies  do liinit 
the  recyc le  of so lvent ,  t h e  c o s t s  of so lvent  t reat-  
ment v s  replacement will have  to  b e  considered.  

Characteristics of  the Product 

T h e  product charac te r i s t ics  of pr incipal  i m -  
portance are:  s h a p e ,  s i z e ,  chemical  composition, 
homogeneity, densi ty ,  r e s i s t a n c e  t o  crushing 
forces ,  and amount and  type (open or c losed)  of 
porosi ty  present .  Irradiation behavior is also of 
prime importance. General ly ,  nearly 100% of t h e  
par t ic les  produced i n  t h e  product size range were 
s p h e r e s .  Some of t h e  nonstandard sol preparat ions 
and  column condi t ions resul ted in c lus te r ing  or  
cracking into fragments. About 750-p-diam thoria  
microspheres  were t h e  la rges t  poss ib le  for the 
condi t ions u s e d ,  as shown by  t h e  fact that  t h e  
la rges t  g e l  par t ic les  were s l ight ly  dis tor ted.  (The  
interfacial  t ens ion  canriot maintain t h e  spher ica l  
s h a p e  when t h e  s o l  drop becomes very la rge ,  s i n c e  
t h e  dis tor t ing forces  become relat ively larger  .) 
T h e  lower size limit is determined by the practi- 
ca l i ty  of dispers ing t h e  sol in to  very smal l  d rops  
and col lect ing t h e  product, which may b e  nearly 
col loidal .  

T h e  only impurity problem encountered so far 
concerns  t h e  presence  of 2000 to 5000 ppm of 
carbon i n  urania microspheres  fired i n  reducing or 
iner t  a tmospheres .  Since t h e  ni t ra te ,  formate, and  
hydrazine a r e  completely volat i l ized,  t h i s  carbon 
must come f rom t h e  2EH and t h e  sur fac tan ts .  T h e  
2EI-I and sur fac tan ts  l e a v e  no res idues  except  
carbon, and t h e  carbon c a n  b e  completely oxidized 

during firing if a n  oxidizing atmosphere is ac- 
ceptable .  T h e  concentrat ions of other impuri t ies  
a r e  the  same as  or less than t h o s e  i n  t h e  ni t ra te  
s a l t s  from which the  sols a r e  prepared. T h e  sot- 
preparation, sphere-forming, and sphere-drying 
operat ions ate not corrosive t o  s t a i n l e s s  s t e e l  or 
g l a s s  appara tus ,  and the microspheres  a r e  iner t  
toward alumina a t  120OCC. 

Most of our gel  microspheres  s in te r  t o  s t rong 
par t ic les  of nearly theoret ical  densi ty  a t  115OOC. 
T h e  pores  remaining a t  t h i s  temperature  a r e  very 
f ine  and uniformly dis t r ibuted.  T h e  resu l t s  for 
pyrolytic carbon coat ing and irradiation of sol-gel 
microspheres  a r e  good. 

Charac te r i s t ics  of thoria gel  microspheres  and 
their  fired products  were inves t iga ted  a s  a function 
of time during continuous operation of t h e  micro- 
sphere column for about f ive  days .  T h e  primary 
objec t ive  of t h e  invest igat ion was t o  determine t h e  
effect  of long-term u s e  of t h e  organic  extractant ,  
2EH, on product charac te r i s t ics .  A second ob- 
jec t ive  w a s  to  eva lua te  different gel  sphere  drying 
methods for removing carbon from t h e  gel micro- 
s p h e r e s  that  were produced. A s i n g l e  ‘Tho, s o l  
preparation w a s  used  throughout t h e  continuous 
run  to  e l iminate  any differences i n  product b e c a u s e  
of s o l  variability. T h e  thoria  par t ic les  d i spersed  
in t h e  sol had a crystafilite size of 59 A when 
measured by x-ray l i n e  broadening, and a ctystal-  
l i t e  size of 68 A when ca lcu la ted  from sur face  
a r e a  measurement by nitrogen adsorption. 

Carbon content ,  densi ty ,  and pore s i z e  distri- 
bution of t h e  gel  microspheres  were  measured; 
and dens i ty  and carbon content  of t h e  ca lc ined  
microspheres  were measured.  P o r e  size dis t r i -  
bution is be l ieved  to b e  a good index of c h a n g e s  
i n  t h e  gel-setting mechanism. T h e  presence  of a 
population o f  pores  s ignif icant ly  larger  than t h e  
mean crys ta l l i t e  size could conceivably s igna l  
de le te r ious  changes  i n  t h e  organic  extractant .  
Such pores  were observed in  s o m e  previous prepa- 
rations. I n c r e a s e s  in t h e  carbon content  of t h e  gel  
or ca lc ined  product from s p e c i e s  that  resul t  f rom 
t h e  organic  extractant  would not b e  des i rab le .  

‘The carbon content of t h e  gel and of the ca lc ined  
product w a s  approximately constant with time 
( T a b l e  7.4). T h e s e  d a t a  s u g g e s t  that  there  is no 
buildup of s p e c i e s  i n  t h e  2EH that c a n  preferen- 
t i a l ly  sorb  on t h e  thoria gela  Steam-stripping of 
t h e  ge l  s p h e r e s  produced calcined products of 
very low carbon content (30 to 45 ppm), a s  well a s  
a high densi ty  (about 9.8 g/cm3), Gel s p h e r e s  
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Table 7.4. Properties of E i i e d  Thoria G e l  and Cnlcined Thoria Microspheres 

(210 tO 250 11 in Dinrncte; when Calcined)  

~ 

Column Operat ing 
Time 

(days)  

Gelb  

1 

Densi ty  P o i e  Radius  of the Gel  (A) 

_.._II__ Mean Radius  ~. .............. Percent i le  
F i red  

Producta  

Carbon Content  
.................... (PP.7) (g/cm 3 ,  Treatment  

...... 

80th 90th 95th Gel  Method F i r e d  (No.  av) 
Product  Ge 1 

Oven dr ied 950--1200 30 23 23 2 1  27 5.39 9.85 

C 5700 42 35 48 250 950 3.90 9.82 

C 1500--2600 38 28 36 39 300 4.76 9.77 

C 4300 44 25 31 34 37 5.07 9.64 

C 4100 35 26 32 32 32 4.83 9.86 

d 3700 91 9.84 

e 3700 120 9.87 
- 

aTheore t ica l  dens i ty  is  10.00 g,/cm3. 

bSol evaporatcd and dr ied t o  g e l  in a n  oven at 80 to  100°C in  a i r  t o  produce gel  f ragments .  T h i s  g e l  w a s  not ex-  

‘Steam-strippcd a t  100°C with 50 g of s team per gram of microspheres .  Gel  microspheres  then ca lc ined  by heat-  

dStcam-stripped a t  100°C with -5 g of s t e a m  per gram of microspheres ,  and the11 wi th  argon and methanol  vapor 

eSame a s  d ,  except  methanol  vapor a t  25OoC was  uszd .  

posed to 2EH. 

ing i n  hydrogen a t  12OO0C for 4 hr af ter  a 300°C/hr  hea tup  rate  from room temperntiire in  hydrogen.  

a t  150°C for I hr. Calc ina t ion  s a m e  a s  c .  

dried i n  methanol vapor had about t h e  same carbon 
content as  t h o s e  that  had been  s t r ipped,  but  t h e  
carbon content of t h e  fired product was twice as  
high. Washing gel  s p h e r e s  in ace tone  or methanol 
w a s  examined a s  a n  al ternat ive to steam-stripping, 
In  both c a s e s ,  e x c e s s i v e  ciacking and destruct ion 
of t h e  microspheres resul ted;  t h u s  t h i s  approach 
cannot  he u s e d  for thoria. Steam-stripping t h e  gel 
spheres  prior to firing t o  high densi ty  produces a 
microsphere af ter  calcinat ion that  is acceptab le  
from t h e  s tandpoint  of both carbon content and 
densi ty .  When t h e  gel  i s  steam-stripped, firing of 
t h e  gel  in  a i r  is not required t o  achieve  low carbon 
content. When argon drying is used ,  t h e  gel micro- 
s p h e r e s  contain 3 to 5 wt % carbon, t h e  removal 
of which requires  firing in  air. 

T h e  measurements of pore radii show l i t t l e  change 
with t ime during column operation and, therefore, 
sugges t  that  no s p e c i e s  that  wil l  affect t h e  gel- 
se t t ing  mechanism are  building up in  t h e  organic  
extractant. A product of acceptable carbon content 
and densi ty  was obtained even with t h e  gel formed 

a l te r  one  day’s  operation. Radi i  of 10% of i t s  
pores  were larger than 750 A.  C o a r s e  pores  oh- 
served during t h e  ear ly  operation arc bel ieved to 
result from e x c e s s i v e  extraction of ni t ra te  from t h e  
s o l  during gelling. T h e  organic  ex t rac tan t  appears  
to  reach  a ncar-eqiuilibrium content of ni t ra te  i n  a 
one- t o  two-day operation period. 

Coated- Basti c le  Development Fac i l i ty  (CPDF) 
Micaasphere Column 

A system including a tapered column with a mini- 
muiii i n s i d e  diameter of 3 in. was instal led and 
operated with thoria s o l s  (Fig. 7.3). T h e  capaci ty ,  
limited by the  steam supply to t h e  dis t i l la t ion 
sys tem,  is a t  l e a s t  25 cc/min of s o l  (1200 g of 
T h o z  per hour for a 3 M thoria sol). All four t y p e s  
of s o l  d i spersers  were used,  and t h e  resu l t s  a re  
a t  l c a s t  equal  t o  those  obtained i n  t h e  development 
s tudies .  Two two-fluid nozz les  gave 85% yie lds  of 
microspheres in the  210- t o  250-1‘ range. For t h e  
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7.4 CONSTRUCTION OF THORIUM-URANIUM 
R E C Y C L E  F A C I L I T Y  

Building Construction 

A contract for the construction of the Thorium- 
Uranium Recycle Facility (TURF) was signed with 
Blount Brothers Construction Company of Mont- 
gomery, Alabama, on May 6, 1965. The initial 
contract stipulated a completion date of December 

falling-drop mechanism with 0.022-in.diam orifices, 28, 1966; however, some changes in drawings and 
the products were 80% in the 590- to 849-p range the discovery of some drawing deficiencies have 
for one run and 60% in the 420- to 500-p range for necessitated an extension of the contract to Feb- 
another run. This  column system is being used to ruary 10, 1967. The facility is estimated to  be 
supply microspheres for other parts of the fuel- about 60% complete. 
cycle program and to investigate the problems of The building has been completely enclosed 
long-term remote operation. since January 1966. Views of the exterior and 

interior of the facility, taken in mid-April, are 
shown in Figs. 7.4 and 7.5 respectively. Installa- 
tion of stainless steel  cell liners is the task that 
controls the rate of progress of construction. The 
contractor was unable to use metal-inert-gas 
welding exclusively €or joining liner plates but 
did use this method for the first pass. Tungsten- 
inert-gas welding was used for the final pass. 
The protective coating system to be applied to the 
walls in most of the occupied areas and in cell  F 
was upgraded from a vinyl to a modified phenolic 
at the request of the paint contractor, with no 

Fig. 7.4. Exterior V iew o f  TURF, April 1966. 
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I 

Fig. 7.5. Interior V i e w  of  T U R F ,  April 1966. 

additional cos t  to t he  government. Using e s sen -  
tially t h e  same co g system in almost every 
area saves  labor for the  painting contractor and 
thus  compensates for t h e  cos t  of additional ma- 
terials. Cell A, sometimes referred t o  as the glove 
maintenance room, is a structure consisting of 5- 
in.-thick carbon-steel plates,  supported by external 
s t ee l  structural members, into which a re  mounted 
a number of large (up to 3 x 4 ft) P lex ig las  viewing 
panels. To minimize distortion we designed th i s  
structure to allow t h e  various carbon-steel panels 
to be  joined to  each  other by skip welding, with 
the  space  between the  welds being sea l ed  with 
epoxy cement. Argonne National Laboratory pre- 
viously built a similar metal room i n  th i s  fashion, 
and it h a s  performed satisfactorily. All t h e  pane ls  
for th i s  room have been fabricated and have received 
two coa ts  of paint a t  the  painting contractor’s shop. 

4 

T h e  was te  pit outside Building 7930 is under 
struction; t h e  30-in. main exhaust and the  8411. 

e drain l ines  a re  in place; and t h e  
emergency generator shed h a s  been erected. 

Fixtures Furnished 
by the Government 

Those  i t e m s  that presented unusual problems in 
design and/or pracurement and also those that 
required lead t imes that would delay the  construc- 
tion were deleted from the  fixed-price contract and 
included in t h e  O W L  procurement list. These  
include the  in-cell crane and manipulator system; 
the  three s t ee l  shielding doors; underground stain- 
less steel duct work; highest-quality s t a in l e s s  
s t ee l  pipe, valve, fittings, and eductors; viewing 
windows and window forms; special  penetrations 

. 
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through t h e  cell wal ls ;  var ious untes ted  i tems  for 
t h e  cell fire protection sys tem;  and other  miscel-  
l aneous  items. Equipment cos t ing  $565,000 h a s  
been  del ivered;  equipment cos t ing  $980,000 is on 
order and is approximately 50% complete; and  
equipment es t imated to c o s t  $125,000 remains to 
be  p laced  on order. 

T h e  major difficulty h a s  been with t h e  three  steel 
sh ie ld ing  doors. Both t h e  des ign  and construct ion 
lagged behind t h e  schedule .  T h i s  work w a s  ex- 
pedi ted as much as poss ib le ,  but unforeseen prob- 
l e m s  a r o s e  with t h e  dr ives  of t h e  ver t ical  l i f t  doors  
and c a u s e d  addi t ional  delay. W e  d o  not yet  know 
whether t h e  delay i n  door del ivery wil l  delay com- 
pletion of t h e  building. 

T h e  remainder of t h e  procurement h a s  proceeded 
e s s e n t i a l l y  on schedule ,  and all o ther  i t ems  h a v e  
been  ava i lab le  prior t o  t h e  contractor’s  need. 
Par t icular ly  noteworthy is t h e  des ign  and construc-  
tion of t h e  in-cell c rane  and manipulator sys tem;  
t h i s  $363,000 order  for design and construction 
h a s  proceeded smoothly with an i n c r e a s e  of only 
$13,000 in  contract  price. While t h e  proof of t h e  
sys tem wil l  be  i t s  performance in  t h e  faci l i ty ,  t h e  
manufacturer’s tests of powering and l inking de- 
v i c e s  a re  very encouraging. T h e  pressure-reducing 
va lve  for t h e  cell f i re  protection sys tem w a s  modi- 
f ied and  tes ted ;  i t  w a s  accepted  by Factory Mutual 
Insurance Company during t h e  year. 

7.5 DESIGN OF PROCESS EQUIPMENT 

Procedures  and equipment a r e  being developed 
to  adapt  t h e  sol-gel  p r o c e s s  t o  remote operat ion as 
required for T U R F .  

During t h e  year  t h e  function of t h e  f i rs t  l i n e  of  
equipment to b e  ins ta l led  i n  T U R F  w a s  changed 
from vibratorily compacted, oxide-filled metal t u b e s  
to  carbon-coated microspheres. Preliminary plant- 
type  des igns  were prepared for most of t h e  major 
p r o c e s s  s t e p s ;  “co ld”  pilot-plant-scale equipment 
w a s  designed for development of urania  sol forma- 
tion equipment; and work w a s  completed on  t h e  
equipment for handling liquids. The development 
of t h e  ver t ical  t u b e  furnace for firing of oxide  
fragments w a s  completed. F i n a l  des ign  of bo th  a 
dryer and a ver t ical  tube  furnace w a s  discont inued,  
pending resu l t s  of developmental work with micro- 
spheres .  

A simplified f lowsheet  of t h e  blocks of equipment 
to  b e  ins ta l led  in  t h e  faci l i ty  is shown in Fig. 7.6. 

Of t h e  p r o c e s s  s t e p s  indicated,  only urania sol 
preparation, microsphere formation, and  micro- 
sphere  drying and firing have  received s ignif icant  
preliminary design study. 

Small-scale precipitation-peptization t e s t  equip- 
ment w a s  des igned  and  fabricated for u s e  by Unit 
Operat ions i n  the  development of t h i s  method of 
urania  sol preparation. T h e  engineering f lowsheet  
for t h i s  sys tem w a s  developed, with at tent ion 
being given t o  problems pecul iar  t o  remote opera- 
tion. Washing of t h e  precipi ta te  is done  by counter- 
current decantat ion rather than by filtration, to 
avoid handling so l ids .  Also ,  pumps for t h e  urania  
precipi ta te  a r e  of a novel des ign  with no moving 
p a r t s  i n  t h e  p r o c e s s  stream. T h e  sys tem will h a v e  
a capac i ty  of approximately 1 k g  per 8-hr day. 
Similar equipment is t o  b e  des igned  and fabricated 
for t e s t i n g  (by Unit  Operations) t h e  amine extrac-  
t ion method of preparing urania  and urania-thoria 
sols. 

T h e  equipment located in  Building 4508 for pro- 
duction of microspheres  i s ,  i n  principle, satis- 
factory for plant  operat ion,  although there  a r e  
shortcomings or  s ignif icant  design problems re- 
maining in  t h e  following areas :  (1) instal la t ion 
and maintenance of t h e  drop forming device ;  (2) 
means  for predetermining t h e  performance of t h e  
drying alcohol ;  (3) means  for t ransfer  of g e l  s p h e r e s  
from t h e  bottom of t h e  sphere  forming column; (4) 
means  for making t h e  rough separat ion of s p h e r e s  
from t h e  alcohol ;  and (5) means for inspec t ing  
s p h e r e s  a t  t h e  t ime of withdrawal from t h e  column. 
All except  (2) have  been or a r e  being designed,  
but none have  ye t  been fabricated or tes ted .  T h e  
design of t h e  dryer for ox ide  fragments w a s  ap- 
proximately 75% complete when t h e  objec t ive  w a s  

ORNL-DWG 66- 5013A 
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Fig. 7.6. Simplified Flowsheet  o f  Microsphere Equip- 
ment for T U R F .  
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changed. A tilting-pan carouse l  w a s  be ing  de- 
s igned  b e c a u s e  both we and  t h e  drying-equipment 
manufacturers bel ieved that  i t  would b e  much 
simpler mechanically than t h e  cont inuous t ray 
dryer. A lack of bids  from su i tab le  fabr icators  t o  
design and  construct a dryer to our spec i f ica t ions  
forced u s  t o  assume t h e  de ta i led  design of th i s  
device. T h e  requis i te  drying condi t ions for micro- 
s p h e r e s  have not yet  been es tab l i shed;  however, 
preliminary indicat ions a r e  that  t h i s  s t y l e  of dryer 
is not su i ted  t o  drying microspheres  and tha t  t h e  
unit under des ign  w a s  greatly oversized.  A verti- 
cal tube dryer, s imilar  t o  t h e  ver t ical  t u b e  furnace 
t e s t e d  for firing oxide fragments, appears  at t h i s  
t ime t o  b e  bes t  su i ted  for drying microspheres. 

Tes t ing  of a 3-in.-ID prototype ver t ical  tube  
furnace t o  b e  used  for ca lc in ing  sol-gel ox ide  
fragments w a s  successfu l ly  completed. T h e  ge l  
w a s  introduced a t  t h e  top of t h e  furnace,  ca lc ined  
t o  115OoC, and cooled while  p a s s i n g  down through 
t h e  tube.  When uranium w a s  present  i n  t h e  thoria  
used  i n  t h e  t e s t s ,  i t  w a s  reduced to  UO, by Ar-H, 
flowing up t h e  tube.  T h e  furnace, as  t e s t e d  in a 
f ina l  operating demonstration, w a s  judged ready 
for adaptat ion to remote operation. Product  
qual i ty  from t h i s  ca lc iner  met or  exceeded  expec- 
ta t ions,  and mechanical  re l iabi l i ty  is judged 
adequate  for our requirements. A number of 
problems concerning t h e  operation of t h e  ca lc iner  
were solved o r  circumvented. T h e  most trouble- 
some of t h e s e  w a s  t h e  breaking of t h e  bore tube.  
T h i s  occurred when br idges of product co l lapsed  
with t h e  furnace a t  operating temperature; i t  w a s  
a l lev ia ted  by developing procedures  that  minimized 
t h e  occurrence of bridging. For  example, it w a s  
found that  bridging did not occur  i f  t h e  bed  w a s  
held s t a t i c  a t  115OOC up t o  4 hr. Per iods  of 8 t o  
12 hr a t  t h i s  temperature, however, c a u s e d  
bridging. Bridges intentionally formed, a s  de- 
scr ibed,  could b e  broken repeatedly without 
damaging t h e  tube,  provided t h e  furnace w a s  

cooled t o  room temperature before  attempting t o  
break t h e  bridge. Instrumentation w a s  developed 
to  follow t h e  progress  of t h e  bed down t h e  tube.  
This equipment could reliably d e t e c t  and s i g n a l  a 
lack  of movement of t h e  bed downward (and there- 
fore a bridge) i n  about 5 min, which is less t ime 
than is required, s i n c e  detect ion of a bridge within 
2 hr is adequate .  Instal la t ion of t h i s  furnace for 
remote operation would require means  of remotely 
breaking br idges and replacing t h e  bore t u b e  (or 
complete furnace). Frequency of breakage should 
b e  low enough tha t  t h i s  would impose no s e v e r e  
handicap. T h e  qual i ty  of t h e  product w a s  signifi- 
cant ly  improved as  compared with that  of t h e  
product from calcinat ion in muffle furnaces .  U s i n g  
our s tandard method of measurement, gas r e l e a s e  
v a l u e s  measured on t h e  furnace product were 
0.003 t o  0.008 cc/g as  compared with 0.05 t o  
0.15 c c / g  obtained previously on  samples  fired in  
muffle furnaces. T h e  0xygen:uranium atom ra t ios  
were <2.015. Dens i t ies  measured by mercury 
porosimetry a t  500 ps i  were 9.97 t o  10.12 g/cc.  
T h e s e  a r e  close t o  t h e  theoret ical  c rys ta l  dens i ty  
of T h o 2 .  T h e  product improvements a r e  bel ieved 
t o  b e  t h e  resul t  of bet ter  contact  between t h e  re- 
ducing g a s  and t h e  so l ids ,  and t h e  removal and 
handling of t h e  product i n  Ar-H2 without exposure 
t o  air. 

Oxide fragments were t o  h a v e  been  fired i n  a 
ver t ical  tube  furnace s imilar  t o  t h e  o n e  tes ted .  
When t h e  program objec t ive  w a s  changed,  all 
major dec is ions  relat ive to  furnace des ign  had 
been  made, and we were detai l ing t h e  calcining 
sys tem and preparing a bid package  for t h e  
furnace, which w a s  to have  b e e n  a fully s e a l e d  
uni t ,  hea ted  e lec t r ica l ly  by molybdenum res i s tors .  
Conceptual  des ign  of a Vezin-type sampler  had 
been  completed; a de ta i led  des ign  w a s  i n  progress .  
W e  bel ieve tha t  t h i s  s a m e  general method wil l  b e  
adequate  for firing microspheres  and  that  no 
problem will b e  encountered with bridging of 
microspheres  i n  t h e  tube. 



8. Sol-Gel Processes for the Uranium Fuel Cycle 

The uranium fuel  cycle ,  espec ia l ly  a s  i t  re la tes  
to fast reactors ,  occupies  a posi t ion of primary 
importance i n  the  reactor development program of 
t h e  United States .  F u e l  preparation i s  a n  important 
part of t h e  uranium fuel  cycle ,  and t h e  work re- 
ported i n  t h i s  s e c t i o n  w a s  carr ied out  as par t  of 
our effort to apply t h e  sol-gel techniques (originally 
developed lor t h e  thorium fuel  cyc le)  t o  t h e  uranium 
cycle. 

Emphas is  i n  t h i s  work w a s  on urania  and plutonia  
sol preparation b e c a u s e  t h e s e  sols a r e  readily made 
in to  U 0 , - P u 0 2  mixtures, which a r e  most important 
as  reactor  fuels. However, some s t u d i e s  have  been  
carr ied out  o n  other  mater ia ls  which show potent ia l  
of being prepared by sol-gel techniques,  s u c h  as  
UN and ZrO,, and  some of t h i s  work is also re- 
ported in t h i s  sect ion.  

in  the  laboratory process ,  invest igat ion of other  
methods of urania sol preparation more amenable  
to  engineer ing sca leup ,  and  s tudy of an al ternat ive 
method of preparing gel  microspheres. T h i s  i s  re- 
ported i n  “Development of Urania Sol-Gel P r o c e s s , ”  
la ter  in  t h i s  sec t ion .  Also d i s c u s s e d  i s  the  nature  
of urania  sols and sol-forming phenomena indicated 
by e lec t ron  micrograph, e lectron diffraction, and 
absorpt ion s p e c t r a  techniques  (“Phys ica l  Chem- 
is t ry  of Urania Sol Formation”) (summary of a re- 
port now i n  press‘). A report on the  laboratory 
preparation of uranium ni t r ide microspheres  by a 
sol-gel technique3 is summarized i n  “Preparat ion 
of Uranium Nitride Microspheres. ” T h e  final sec- 
tion d e s c r i b e s  the  chemical  development of zirconia  
sol preparation, the  goal of which is preparation of 
sols s u i t a b l e  for mixing with urania  sols to prepare 
t h e  mixed oxides. 

8.1 URANIUM SOL-GEL PROCESSES 
Preparation of Urania Sols and Microspheres4 

Chemical  development of uranium sol-gel proc- 
esses inc ludes  work on  the preparation of urania, 
uranium nitride, and  zirconia  s o l s  for u s e  i n  urania- 
z i rconia  preparation. The urania  work procecded 
i n  two phases .  T h e  f i rs t  c o n s i s t e d  of (1) the  de- 
velopment of a laboratory process  for preparing 
aqueous  urania  sols  by a precipitation-peptization 
method and (2) t h e  production of more than 15 kg 
of urania  microspheres  (7 kg containing ful ly  en- 
riched uranium). Deta i l s  of the  development of the 
sol preparation method and microsphere forming, 
drying, and firing s t u d i e s  of t h i s  p h a s e  h a v e  bcen 
published.’ A summary of the  more important 
par t s  of t h i s  report is given below (“Preparation of 
Urania Sols and Microspheres”). T h e  second p h a s e  
w a s  t h e  chemical  development of improvements 

J. P. McBnde, Preparation of WO, Microspheres by 3 
1 

Sol-Gel Technique, ORNL-3874 (February 19hb). 

T h e  sols u s e d  i n  preparing 15 k g  of UO, micro- 
s p h e r e s  by t h e  sol-gel technique were prepared by 
precipi ta t ing hydrous U(IV) oxide  and then dispers- 
ing i t  i n  water, A f lowsheet  for the  laboratory prep- 
aration of U(IV) sol is given in Fig. 8.1. It begins  
with t h e  preparation of a uranous ni t ra te  solut ion 
by t h e  ca ta ly t ic  reduction with hydrogen of a uranyl 
ni t ra te  solution containing e x c e s s  ni t r ic  acid. T h e  
solut ion is f i l tered to  remove t h e  catalyst .  In t h e  
preferred method of Preparation (nitrate-formate), 
formic a c i d  is added t o  the  filtered solution and 

~ 

2C. J. Hardy, The Electron Microscope, Electron D i f -  
fraction, and Spectrophotometric Examination of f€ydrous  
Urariiurri Dioxide  Precipitates arid Sols ,  ORNL-3963 (in 
press) .  

3T. A. Gens, D. itl. Helton, and S. D. Clinton, Lah- 
oratory Prepatatiori o f  Uranium Nitride Microspheres by 
a Sol-Gel Technique, ORNL-3879 (November 1965). 

4 ~ u m m a r y  of ref. I .  
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Fig. 8.1. f l o w s h e e t  for the Laboratory Preparation of 

Uraniu §,I. 

t he  hydrous oxide  i s  formed by precipi ta t ing U(1V) 
with a n  ammonia solution containing hydrazine. 
T h e  precipi ta te  i s  co l lec ted  by filtration and then 
washed t o  remove e x c e s s  electrolyte. T h e  washed 
filter c a k e  is then heated a t  60 to 65°C to produce 
a fluid, s t a b l e  sol. Sols  were also prepared froril 
t h e  hydrous oxide  precipi ta ted from uranous ni t ra te  
soI.ution without t h e  addition of formic ac id  accord- 
ing  to  t h e  ni t ra te  method, but th i s  method presented 
some problems ( s e e  below and ref. 1). Precaut ions  
were taken to protect t h e  material from a i r  oxida- 
tion by the  u s e  of a blanket gas (argon) during a l l  
s t a g e s  of t h e  process .  B e c a u s e  i t  was  des i rab le  
to work with enriched uranium, the  sols were made 
batchwise,  us ing  300 g of uranium in e a c h  lot. 
Thus,  severa l  ba tches  could b e  worked with con- 
currently i n  the  same area without fear of cr i t ical i ty  
incidents .  Sol concentrat ions of 1.2 t o  1.6 M UO, 
were achieved (Table  8.1). 

In order tha t  the  washed filter cake  can b e  lique- 
fied t o  a sol by heating, i t  is necessary  to  add the  
amiiionia in the  precipitation s t e p  unt i l  a pH be- 
tween 7 and 8 is achieved. The  addition of formic 
ac id  to  t h e  U(1V) nitrate solut ion is necessary  t o  

maintain a high U(1V) content  (more than 85% of 
the uranium) in the  precipi ta te  and the subsequent  
sol. In t h e  a b s e n c e  of formic acid, the  U(IV) con- 
tent  of t h e  hydrous oxide  would b e  down to about 
80% of the to ta l  uranium, i n  contrast  to bet ter  than 
99% for t h e  original. IJ(1V) nitrate solution. In 
addition, the  formic a c i d  s implif ies  p1-I control i n  
the  precipi ta t ion s t e p  and a c c e l e r a t e s  the  washing 
of the filter cake. 

'To form microspheres, the  urania s o l  was dis- 
persed into droplets  a t  the  top of a forming column 
(Fig. 7.3 ,  Sect. 7.3), and the droplets  fe l l  through 
countercurrently flowing 2-ethyl-l-hexano1, A s  t h e  
droplets  fell, wate: w a s  extracted until a suff ic ient  
quantity had been removed and the drops were s e t  
to  gel microspheres. Two organic surfactants ,  
Amine 0 and Span 80, were added t o  the organic 
solvent  a t  about a 0.5 vol % concentration to  pre- 
vent s p h e r e s  s t ick ing  t o  the column wall and to 
prevent clustering. The  s p h e r e s  s e t t l e d  to a prod- 
uct-collection vesse l  a t  t h e  bottom of the column 
where they were col lected batchwise. 

Wet ge l  s p h e r e s  were placed on a fritted disk, 
and b lanket  g a s  w a s  p a s s e d  through the  fritted 
disk and from there  through t h e  bed of gelled 
spheres .  The  ent i re  v e s s e l  was heated by a heat- 
i n g  mantle. A variety of drying condi t ions were 
tes ted  for e f fec t iveness  of removing the 2-ethyl-l- 
hexanol and surfactants  from t h e  gel microspheres. '  
Steam str ipping appears  to be  best .  Drying under 
argon a t  150°C bes t  preserved the  U(1V) content  
of the  gel ,  but the carbon content  w a s  about three 
t imes a s  high a s  with s team stripping. Vacuum 
drying a t  100°C for '74 hr yielded gel led micro- 
spheres ,  s t i l l  containing about 5 wt % carbon. 
In general, the  carbon content  of the  dried gel 
s p h e r e s  w a s  2 to 7 wt %. 

Table 8.1. Propert ies of Typical Urania Sols 

Specific 
Gravity 

(g/cc) 

Uranium U(IV) 
N03- /U  HCOO-/U Concentration Content 

Ratio (M, (70 of V) Ratio 
I 

1.23 87 0.13 0.44 
1.27 85 0.07 0.38 
1.48 86 0.45 
1.49 81 0.14 0.45 
1.61 86 0.11 0.31 
1.62 87 0.11 

1.317 
1.319 
1.369 
1.373 
1.404 
1.405 
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The UO, microspheres were fired a t  1150 to 
125OOC in high-purity Alundum boats inside a 2 \ -  
in.-ID furnace tube a l so  made of high-purity Alundum. 
Two firing procedures were used. In one, the 
spheres were heated in H, a t  3W°C/hr to the fir- 
ing temperature and held there for 4 hr. In the 
other, the spheres were heated to 950°C in CO,, 
the heating continued in H, to firing temperature, 
usually 115OoC, and held for 4 hr. 

Table  8.2 shows firing da ta  for typical products. 
Microspheres from the straight H, firing and the 
CO,-H, firing differed in carbon content, resistance 
to crushing forces (crush strength), and x-ray 
crystall i te s i z e  as measured by x-ray diffraction 
l ine broadening. The  H,-fired products contained 
2000 to  5000 ppm of carbon and generally had 
crush strengths between 1.3 and 2.3 lb. The C0,- 
1-1, firing effectively lowered the carbon content 
but decreased the strength. The crystall i te size 
obtained for microspheres of a typical H,-fired 
product was  450 A, while that for a CO,-H,-fired 
product was  2500. 

The method routinely produced yields of 90% 
of the calcined microspheres from a 300-g batch 
in the  125- to 177-p-diam size.  In th i s  125-to-177-p 
fraction, about three-fourths of the spheres (by 
weight) were of 149- to 177-p size.  With urania, 
microsphere-forming experience at  ORNL h a s  
primarily been in  the 50-to-250-p range. 

Figure 8.2 shows typical urania microspheres. 
The bright spo t s  are light reflections from the sur-  
faces  of the  spheres. Polished sec t ions  of these  
same spheres  are shown in Fig. 8.3. Although i t  
does  not appear a t  th i s  magnification, there is a 

uniformly distributed microporosity in these  spheres 
which tends  to coalesce to form macropores a t  
about 1700 O C. 

Development of Urania Sol-Gel Process 

After the completion of the preparation of about 
15 kg of urania microspheres, chemical develop- 
ment of the  urania sol-gel process continued in an 
attempt to  improve the  laboratory process and to 
produce more concentrated urania sols. The  incen- 
tive to produce more concentrated sols  derives from 
the attendant decrease  in volumes which must be 
handled, and from improvement in  sphere-forming- 
column operations. In addition, other sol prepara- 
tion methods more amenable to engineering scaleup 
were investigated. These  included an improved 
precipitation-peptization process and a method 
based on solvent extraction, A new method of 
microsphere preparation involving the  hydrolysis of 
sol droplets was a l so  investigated. 

Improvements i n  the Laboratory Process. - Sol 
preparation by the precipitation-peptization method 
begins with the  preparation of a uranous nitrate 
solution by the  catalytic reduction (with Hz)  of a 
solution 0.5 M in  UOzz+ and 2.3 M in NO,', con- 
taining 15 g of urea per liter. The excess  nitric 
acid over the stoichiometric nitrate : uranium ratio 
of 2 is necessary to prevent precipitation during 
reduction. The  e f fec ts  on solution stabil i ty and 
sol formation of (1) substituting formic  ac id  for the 
excess  nitric ac id  and (2) of increasing the uranium 
concentration were studied. 

Table 8.2. Firing Data for 125- to 177+-diam UO, Microspheres 

Sintered in  H, at indicated temperature for 4 hr 

Sintering Weight Loss on Weight Required Carbon Density of 
Temperature Sintering Gel to Crush Content Product Heatup 

Schedule ("C) (wt %) (d (ppm) (%, of theoretical) 

a 1150 6.9 87 1 4600 97.8 
a 1250 1050 4900 97.6 
b 1150 10.2 354 460 - 100 
b 1250 313 200 - 100 
b 1250 9.4 354 <loo  - 100 

aH, to firing temperature at 300°C/hr. 
'CO,  to 450°C a t  50°C/hr; CO, to 6OO0C at Zj°C/hr; CO, to 950°C at 50°C/hr; H, to firing temperature at 3OO0C/ 

hr. 
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i 

Fig. 8.2. Typical U 0 2  Microspheres (Diameters, 125-177 p).  

Y-65850 

L I* 

Fig. 8.3. Sections o f  U 0 2  Microspheres. Density, 96% of theoretical; carbon content, less than 100 ppm; resisted 

crushing loads of 550 9. 
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Table  8.3 shows the  resu l t s  of experiments in 
which the  uranium and nitrate contents of the  solu- 
tion to  b e  reduced were held nearly constant at 
about 0.5 M and 1 M ,  respectively, and formic ac id  
was  added to  give formate-to-uranium ratios of 
from about 0.8 to 1.6. In all experiments, the  re- 
duced solutions were s tab le  and could b e  processed 
to form s o l s  in  the usual manner (see “Preparation 
of Urania Sols and Microspheres”). (Subsequent 
experience showed that s tab le  solutions may be  
prepared with an HCOO-/U ratio of 0.5 and that 
urea need not b e  added.) The  t i m e  required to  
produce a sol by heating the hydrous oxide filter 
cake  increased markedly for the oxide precipitated 
from the reduced solutions that contained the higher 
formate concentrations (e.g., about 4 hr for HCOO-/U 
of 1; 8 hr for a ratio of 1.3; 16 hr for a ratio of 1.6). 

Examination of Table 8.3 shows that optimal 
conditions for preparing a UO, so l  of high uranium 
concentration and high U(1V) content were obtained 
when the so l  w a s  prepared from a solution contain- 
ing an HCOO-/U ratio of 1.3. The  final so l  was  
2.23 M in uranium, and the oxidation s t a t e  of the 
uranium was  represented by the formula U02.06 .  
Sol product yields decreased with increasing 
HCOO-/U ratios. These  results and previous 
experience’ suggest that  for high yields, an 
HCOO-/U ratio of 0.4 to 0.8 in the solution to be  
reduced may be  desirable. 

Reduced solutions were prepared from uranium 
solutions (0.5, 0.75, 1.06, and 1.34 M in uranium) 
with NO,-/U ratios of 2 and HCOO-/U ratios of 
1; each  contained a s m a l l  amount of urea. Sols 

were prepared in  the usual way by precipitating the 
uranium with ammonia (final pH, 7); the hydrous 
oxide w a s  recovered by filtration and then washed 
and held at 60 to 65OC to form a sol. The  results 
a re  shown in  Table  8.4. 

It is s e e n  that uranium content of the sol in- 
creased with increase i n  the uranium concentration 
in the start ing solution, without significantly af- 
fecting the  U(1V) content or sol yields. The  2.8 M 
sol formed from the  solution prepared a t  the high- 
e s t  uranium concentration showed a higher vis-  
cosity than the more dilute so l s .  

Engineering Scaleup. - Development of a process 
for making kilogram quantities of urania so l  (en- 
riched in  ’ , ’U) in criticality-proof equipment re- 
quires modification of the laboratory process. 
Scaleup of the  method for making the  uranium(1V) 
nitrate solution does  not appear to be difficult, 
but filtering and washing present criticality and 
handling problems and make difficult the production 
of sols having a prescribed NO,-/U ratio. Hence, 
effort is being directed toward developing a process 
in  which the hydrous oxide is precipitated and 
washed and the  washed so l ids  are peptized by 
adjusting the NO,- concentration. Preliminary 
results have been encouraging, and a completely 
continuous sol preparation process is foreseen. 

In the present tentative process a U(1V) solution 
is prepared by catalytic reduction with H, of a 
0.5 M U O Z 2 +  solution containing 1 M NO,- and 
0.25 M HCOO-. After reduction, the HCOO’ con- 
centration is adjusted to give an HCOO-/U ratio 
between 0.5 and 0.7 (this adjustment is necessary 

Table  8.3. E f fec t  on Sol Properties Produced by Substituting HCOOH for the Excess  

HN03 when Preparing Solutions of U(IV) 

Reduction Conditions Properties of the UO, Sols 

U Specific U U W )  
Gravity Concentration Content NO,-/U HCOO-/U Concentration 

Ratio Ratio (70 of U) 

0.52 
0.50 
0.47 

0.50 
0.51 
0.50 

2.0 0.77 1.41 1.54 
2.0 0.80 1.48 1.85 
2.0 1.00 1.51 1.95 
2.0 1.00 1.52 1.98 
2.0 1.26 1.59 2.23 
2.0 1.59 1.57 2.16 

90 
89 
94 
91 
94 
95 
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b e c a u s e  part of the  HCOO- is reduced i n  the  re- 
duction s tep) .  T h e  hydrous oxide is then pre- 
c ipi ta ted by adding 3.5 M NH,OH. T h e  precipi ta te  
is then washed severa l  t imes  t o  reduce the  NO,- 
concentration. T h e  washed precipi ta te  is re- 
suspended,  t h e  NO,- concentration is adjusted,  
and t h e  suspens ion  is st i r red at 60 to 65OC until 
peptized. T a b l e  8.5 s h o w s  t h e  propert ies  of urania 
sols prepared i n  t h i s  way. As indicated i n  the  
table, two preparat ions were made us ing  a kilo- 
gram of uranium. Greater than 95% yie lds  of sol 
were achieved i n  the  large-scale  preparations. 

Uranium(1V) so lu t ions  of  the  above composition 
were readily prepared in  a s t a i n l e s s  s t e e l  reactor  
containing a fixed bed  of 1 k g  of platinized 

alumina c a t a l y s t  in  the  form of i -  by &-in. right 
cylinders. T h e  reactor  w a s  made of l i - i n .  s c h e d  
40 pipe. T h e  ca ta lys t  occupied a 3-ft length 
of pipe. With H, a t  a pressure  of 500 ps i ,  more 
than 99% of t h e  uranium w a s  reduced at a solut ion 
flow ra te  of 1 liter/hr. 

Development of Methods for Preparing Micro- 
spheres. - A method of microsphere preparation 
that  i n c l u d e s  chemical  gelat ion of dispersed sol 
droplets  h a s  been  developed for making spheru les  
of t h e  oxides  of uranium, zirconium, and t h ~ r i u m . ~  

'T. A. Gens, Formation of Uranium, Zirconium, and 
Thorium Oxide Microspheres by Hydrolysis of Droplets,  
ORNL-TM-1508 (in press). 

Table 8.4. Preparation o f  Uronium(lV) Nitrate Solutions: Effect  of  Uranium Concentration 

on Properties of the U 0 2  So1 

Reduction conditions: mole ratios - U0,2+:N0,-:HCOO- 1:2:1 

Sol Properties 
Initial 

U0,SOl U ( W  
Concentration Content NO,-/U HCOO-/U Yield uo,z+ 

Concentration 
(M) (70 of U) Ratio Ratio ( 7 0 )  

0.5 
0.75 
1.06 
1.34 

1.98 
2.18 
2.56 
2.79 

91 0.05 0.51 91 
86 0.09 0.68 87 
91 0.06 0.63 90 
90 0.09 0.55 89 

Table 8.5. Properties o f  Uronia Sols Prepored by the Modif ied Precipitotion-Peptization Process 

Precipitation conditions: 0.5 MU, 1 M NO3-, 0.25 to 0.35 M HCOO- 

Peptization conditions: NO3- concentration adjusted; mixture stirred at 60 to 65OC 

Specific Uranium U(IV) 

Wee) (M) (% of U) 

Content NO,-/U HCOO-/U Preparation Gravity Concentration 
Ratio Ratio 

NUFD-5a 0.67 88 0.15 0.07 

F-9 1.258 0.01 83 0.19 0.15 

F-lOb 1.205 0.81 87 0.18 0.17 

a l O O  g of u. 
bl kg of U. 
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In th i s  method, a hydroxide precipitate is prepared 
by bubbling ammonia into a salt solution, and the 
precipitate is heated to form a sol. Microspheres 
are then formed by jetting the sol onto a layer of 
organic liquid (usually 2-ethyl-1-hexanol) floating 
on a layer of 15 M NH,OH. The so l  s t r eam dis- 
perses into droplets in the organic layer, and the 
droplets fall into the ammonia solution, where they 

ted into gelled hydroxide microspheres. 
These spherules may then be dried and fired. Work 
is under way on the preparation of several kinds of 
microspheres and on controlling their porosity. 
Most of the effort has  been directed toward apply- 
ing th i s  method to the preparation of uranium oxide 
microspheres, as briefly described below. 

In a typical preparation 0.1 mole of UC1, is dis- 
solved in 100 ml  of water to yield a U(1V) solution; 

1 composition of the uranium compound 
is UC1,OH. Ammonia, diluted with argon, is 
bubbled into the  solution until the uranium precipi- 
tates, and the precipitate is melted a t  50°C to form 
a sol. Gel microspheres a re  formed by u 
layered-liquid system described above. The  

spherules a re  leached several times over a 20-hr 
period with a total of 5 liters of 15 M NH,OH to 
reduce the chloride content below 10 ppm. The 
leached microspheres a re  oven-dried and fired for 
1 hr at 115OOC in Ar-4% H,. Porosity of the prod- 
uct, measured by mercury porosimetry, is typically 

. Figure 8.4 shows the fired UO, micro- 
spheres. A photomicrograph of a polished section 
of one of the  fired microspheres appearing in  Fig. 
8.5 shows some internal porosity. Spheres 250 p 
in diameter resisted a crushing force of 800 g. 

Physical  Chemistry of Urania Sol 

In preparing urania sols by the precipitation- 
peptization method (see “Preparation of Urania 
Sols and Microspheres”), the washed hydrous 

‘Summary of ref. 2.  

’This work was  done by C. J. Hardy, gues t  sc ien t i s t  
from the Chemistry Division, Atomic Energy Research  
Establishment,  Harwell, England. 

Fig.  8.4. Microspheres Formed from 1.3 M U(IV)  Chloride Sol ond Fired i n  Ar-4% H2 ot 1150°C. 



oxide, prepared from either a uranous nitrate or 
-formate solution, is heated at 60 to 65OC 

to form a sol. Alternatively, the precipitate can 
be allowed to age at  2 5 T  for several days, during 
which t i m e  a sol gradually forms. To obtain a 
better understanding of the chemical and physical 
changes occurring in the precipitate during the sol- 
forming process, samples were taken at various 

s tages  in  both the nitrate and nitrate-formate 
processes and examined by electron microscopy 
and selected-area electron diffraction to measure 
the size, shape, and crystallinity of the funda- 

cles. In addition, the visible and ultra- 
violet spectra of the diluted sols were measured, 
and approximate sizes of particle aggregates were 
calculated from the turbidities. 

* 

1 

c t 

c 

Fig. 8.5. Photomicrograph o f  a Polished Section of a U 0 2  Microsphere Prepared from Chloride Sol. F ired in 

Ar-4% H2  at  l150°C. 
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The initial precipitates consisted of irregularly 
shaped aggregates of 15- to 25-A-diam particles 
of hydrous uranium dioxide, The initially diffuse 
l ines in the electron diffraction patterns became 
sharper with increased t ime  of aging at 25OC. 
The black s o l s  prepared by heating the filtered 
and washed precipitates a t  6OoC consisted of 
cubic UO, crystals having an edge length of 10 to 
20 A. The  presence of 0.4 mole of formate per 
mole of uranium in the sol prepared by the nitrate- 
formate method resulted in a more uniform disper- 
sion on the electron microscope grid but did not 
appreciably affect the size or latt ice spacing of the 
primary crystallites. Figure 8.6 is an electron 
micrograph of sol particles prepared by the nitrate- 
formate method, and Fig. 8.7 is i t s  electron diffrac- 
tion pattern, showing that the particles consist  of 
crystalline UO,. 

The turbidities or apparent absorption spectra of 
the diluted s o l s  were measured from 8000 to 3000 
A, and the optical density w a s  found to vary in- 
versely as the 1.2 to 1.4 power of the wavelength 
from 8000 to 4000 A, and as the fourth power of the 
wavelength at less than 4000 A. The maximum 
size of the scattering particles calculated from the 
turbidity a t  4000 A was of the order of 800 A, 
which agrees  approximately with the size of the 
largest  aggregates observed on the electron micro- 
graph. 

A model has  been proposed (ORNL-3963) for the 
chemical and physical constitution of the particles 
in the nitrate-formate prepared so l  in which formate 
ions bridge pairs of uranium atoms on the surface 
of primary cubic crystall i tes having an edge- length 
of 10.9 A; these  crystallites are then considered 
to form the aggregates that have diameters of up 
to 800 A. 

Preparation of Uranium Nitr ide Microspheres' 

The preparation of uranium nitride microspheres 
from gel microspheres of mixed uranium oxide and 
carbon was investigated. Spheron 9 carbon black 
was d ispersedin  urania sol a t  O°C with a Bronson 
Sonifier (ultrasonic generator and sonic converter 
device) to give a mixed sol 0.55 M in urania with a 
carbon-to-uranium weight ratio of 2.3. The mixed sol 
was then formed into gel microspheres in a manner 
similar to that described previously for thoria (cf. 

'Summary of ref.  3. 

Sect. 7.3). The gel spherules were converted to UN 
microspheres by heating them in a stream of nitro- 
gen a t  16OOOC or, alternatively, by heating them in 
a stream of argon a t  16OOOC and then in nitrogen 
at 1600. Thermodynamic calculations were per- 
formed to guide the laboratory work.g 

Either of the two firing methods (nitrogen or 
inert gas  followed by nitrogen) yielded a satisfactory 
product. However, with the method employing 
only nitrogen, an impervious UN coating prevented 
complete conversion of the interiors of the micro- 
spheres. Temperature cycling from 160OOC to 
1000 and back to 1600, in flowing nitrogen, ren- 
dered the  coating permeable, and the reaction then 
proceeded rapidly. Spheres 200 p in diameter, 
made by either method, resisted crushing loads of 
about 400 g. 

Figure 8.8 is a photograph of microspheres pre- 
pared by heating the gel microspheres in nitrogen. 
Chemical and x-ray ana lyses  showed that all the 
UO, had been converted to nitride, but the product 
contained 0.13 atom of residual carbon per atom of 
uranium. The  density, measured by toluene dis- 
placement, was 13.66. 

The major problem with these methods, i f  the 
desired product is pure UN, is that the amount of 
carbon in the U0,-C gel microspheres must be 
carefully controlled s ince  one atom of carbon is 
required per atom of oxygen. Additional carbon is 
unavoidably added to the microspheres during the 
forming operation, and further work is needed to 
control the final carbon-to-uranium ratio. In addi- 
tion, the relative amount of U(V1) in the final gel 
should be known or predictable in order to estab- 
l ish the amount of carbon necessary for conversion 
to pure UN. 

The methods described above appear promising 
for preparing UN microspheres for u se  in reactor 
fuels. 

Development of Methods for Preparing 
Zirconia Sols 

The increased strength of urania microspheres 
containing up to 20 vol % zirconia and the en- 
hanced bumup potential obtained by adding such 

'T. A. Gens, Thermodynamic Calculations of the 
Y ie ld  of Uranium Nitride During Carbothermic Reduction 
of Uranium Oxide in the Presence of Pure Nitrogen or 
Nitrogen Mixed with Hydrogen or Inert Gas.  ORNL-TM- 
1264 (September 1965). 
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Fig. 8.6. Electron Micrograph of  Urania Sol Prepared by Nitrate-Formate Method. 



P 

PEM-200-5890 I 

~ ~ ~ 

Fig. 8.7. Electron Diffraction Pattern o f  Uranio Sol Prepared by Nitrate-Formate Method. 

a diluent provide an incentive to study ways of 
making urania-zirconia sols. Chemical develop- 
ment of zirconia sol preparation was done the 
objective of making such compound sols by simple 
mixing. Various methods of preparing concen- 
trated zirconia s o l s  containing low nitrate-to- 
zirconium ratios were investigated by using a s  
starting materials a zirconyl nitrate solution and a 
nitrate-rich zirconia so l  (“preformed zirconia sol”) 
prepared by titrating a zirconyl nitrate solution 
to pH 1.5 with NH,OH and boiling to form a sol. 
In one group of experiments, formaldehyde was 
added dropwise to a boiling zirconyl nitrate solu- 
tion in an  attempt to destroy the nitrate. The 
resulting solution or sol was  dried, and the residue 

was  resuspended in water. Clear solutions or sols 
that had nitrate:zirconium ratios as  low as 0.7 
were prepared th i s  way. In other experiments, 
hydrous zirconia was precipitated with ammonia 
and washed with methyl alcohol; then peptization 
was attempted by adding nitric acid to the dried 
product. At€empts to prepare sols by this method 
with zirconyl nitrate solution were unsuccessful; 
but with the preformed zirconia, several sols were 
prepared. The best ones were made by adding 
formic acid to the preformed material before pre- 
cipitation. In one experiment, a sol 1.8 M in zir- 
conium and having nitrate:zirconium and formate: 
zirconium ratios of 0.39 and 0.30, respectively, 
was prepared. In a similar experiment, treatment 
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Fig. 8.8. Uranium Mononitride Microspheres Prepared by Firing U02-C Gel Microspheres Under Nitrogen. 

of the final sol 
form yielded a 
of 0.27. 

with Dowex 3 resin in the formate 
sol with a nitrate:zirconium ratio 

Figure 8.9 shows how the nitratezirconium ratio 
was affected by the dropwise addition of form- 
aldehyde to a boiling 1.65 M ZrO(NO,), solution 
and then refluxing for 24 hr or longer. Even with 
excess  formaldehyde (assuming the reaction: 
2HN0, + HCHO = HCOOH + 2N0, + H,O), the 
ratio was only reduced to 0.7, and nitrate removal 
appeared to be leveling off. Table 8.6 gives the  
results obtained in several experiments in which 
solutions prepared as above were dried and the 
solids resuspended in water. 

The most promising s o l s  were prepared by adding 
formic acid to the cold, preformed zirconia sol 
(0.558 M ) ,  precipitating the hydrous oxide by add- 
ing  th i s  mixture to an excess  of 1 M NH,OH while 
keeping the mixture a t  , and peptizing the 
washed hydrous oxide with 0.6 M HNO,. E a s e  
of peptization was adversely affected by increasing 

the precipitation temperature, extending the aging 
period of the precipitate prior to washing, drying 
a t  50°C rather than a t  room temperature, and grind- 
ing the dried powder. Table 8.7 gives the results 
obtained in several  preparations. The following 
example is illustrative of the sol preparation method. 

Eight and one-tenth grams of 97 to 100% HCOOH 
was added to 100 ml of cold preformed zirconia 
sol (Zr, 0.558 M ;  NO,-/Zr, 2.12), and the result- 
ing sol was added with stirring to 305 ml of 1 M 
NH,OH maintained at O°C, The precipitate was 
allowed to age  1 hr at O°C before filtering. It 
was washed several  times by suspending in cold 
methyl alcohol and filtering on a Biichner funnel. 
The recovered so l ids  were air-dried overnight at 
room temperature. Eighteen and eight-tenths mill i-  
l i ters of 0.6 M HNO, was added to the dried pre- 
cipitate, and the suspension was heated and stirred 
for several  hours to form a sol. The  sol was 1.84 
M in Zr and had NO,-/& and HCOO-/Zr ratios 
of 0.39 and 0.30 respectively. 
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T a b l e  8.6. Preparation o f  Acid-Def icient  Solutions o r  Sols by React ion of  

Formaldehyde with Z i rcony l  N i t ra te  Solution 

Preparation Method: 1. 200 ml of 1.65 M ZrO(N0,)2 
2. Temperature, 100°C 
3. Dropwise addition of HCHO 
4. Reflux time 2 24 hr 
S. Evaporation to dryness 
6. Addition of H,O 

Composition of F ina l  Sol 
37% HCHO 

Added NO,-/Zr HCO 0- /Zr 
Ratio Ratio 

Drying Z r  
Conditions Concentration 

( 9 )  
( M )  

18.7 6OoC, air  
18.7 6OoC, air 
25.0 5OoC, vacuum 
19.0 

1.62 
0.84 
1.53 
1.13 

0.83 
0.76 
0.72 
O.6la 

0.19 
0.11 
0.34 
0.33 

aTreated with 22.4 g of Dowex 3 resin in the OH- form. 

T a b l e  8.7. Zirconia Sol Preparat ion with Preformed Zirconio Sol 

Preparation Method: 1. 100 m l  of 0.558 M zirconia sol; NO,-/Zr = 2.12 
2. Addition of HCOOH (97 to 100%) 
3. Addition a t  O°C to 305 ml of 1 M NH,OH 
4. Cold CH,OH wash 
5. Evaporation to  dryness  a t  room temperature 
6. Peptization with 0.6 M HNO, 

Sol Properties 
HCOOH Init ial  

HCOO- / Z r 
t 

Ratio Ratio Ratio 

- Z r  
H COOH/NO , NO,-/Zr NH4 /Zr Added 

Concentration 

(MI 
(g) Ratio 

0 0 0.52 0.88 0.26 
5.4 1.0 1.41 0.65 0.28 0.45 
8.1 1.5 3.5a 0.48 0.09 0.45 
8.1 1.5 1.84 0.39 0.08 0.30 
8.1 1.5 0.35b 0.27 0.08 1.28 

10.8 2.0 4.3a 0.48 0.09 0.32 

aSols concentrated by hea t ing  in a i r  to give fluid sols. 
bTreated peptized s o l  with Dowex 3 resin in  formate form to gelation; added HCOOH. 
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F ig.  8.9. Nitrate:Zirconium Ratio,  a s  Affected by 

Dropwise Addition o f  37% Formaldehyde to 200 ml of 

1.65 M ZrO(NOg)p Solution a t  100°C. Ref lux t i m e 2  24 hr. 

8.2 PLUTONIA SOL-GEL PROCESS 

Efforts to  develop a sol-gel process  for the  
preparation of d e n s e  oxide forms of PuO, were 
continued. T h e  object ive of t h i s  work is to de- 
velop a p r o c e s s  for preparing plutonia sols which 
(1) would b e  compatible with other  ac t in ide  sols 
and (2) would afford versat i l i ty  in  forming tech- 
niques. T h e s e  condi t ions require a ni t ra te  medium 
and s t a b l e  col loids  of low ni t ra te  concentration. 
Currently, the  process  u t i l i z e s  polymerization of 
te t ravalent  plutonium t o  produce c rys ta l l i t es  of 
colloidal size and t o  maintain va lence  s tabi l i ty .  
T h e  f inal  sols a r e  1 t o  3 M i n  plutonium and have  
NO,-/Pu mole rat ios  of 0.1 to  0.15. They a r e  
s t a b l e  for many months and a r e  compatible with 
thoria and urania  sols which have  been produced 
a t  ORNL. T h e  ability t o  produce d e n s e  plutonia, 
as  well a s  homogeneous plutonia-urania or plutonia- 
thoria, microspheres  at any desired ratio h a s  been 
demonstrated on a laboratory scale. 

Status and Progress 

The abi l i ty  t o  prepare plutonia sols on a lab- 
oratory scale (5 to 20 g) and to  produce both pure 
PuO, and Pu0, -Tho,  microspheres  w a s  reported 
l a s t  year." During t h i s  report period, efforts were 
continued t o  improve and optimize the  sol-making 
process ;  and s t u d i e s  were ini t ia ted to determine 
the  nature  of colloidal plutonia par t ic les  by spectro- 

"Chern. Technol. Div. Ann. Progr. Rept .  May 3 1 ,  
1965, ORNL-3830, pp. 1 4 4 4 8 .  

photometric, microfiltration, x-ray l ine  broadening, 
and electron-microscopic techniques.  P i l o t  plant  
equipment capable  of producing 100-g b a t c h e s  of 
plutonia sol w a s  designed, fabricated, and s u c c e s s -  
fully u s e d  in preparing such  s o l s  having uniform 
character is t ics .  In addition, the  compatibility of 
plutonia sols with urania  sols w a s  demonstrated; 
and d e n s e  P u O  ,-UO, microspheres containing up 
to  25  wt % PuO, were prepared from mixed sols. 
In future development work, effor ts  to  def ine the  
nature of col lodial  plutonia par t ic les  will continue, 
and increased  emphas is  will be  given to  p r o c e s s  
modifications which a re  amenable  to  scaleup.  
P i lo t  plant  equipment, which is nearly complete, 
will b e  used  to prepare 100- to  300-g b a t c h e s  of 
Pu0,-UO, microspheres; and analyt ical  equipment 
designed for a lpha  containment will be  used  t o  
character ize  oxide  forms which contain PuO,. 

Sol Process 

T h e  f lowsheet  for the  plutonia sol p r o c e s s  i s  
shown in Fig.  8.10. Hydrous plutonia is precipi- 
ta ted from a plutonium ni t ra te  solut ion (containing 
1 to 3 M e x c e s s  HNO,) by s low addition of t h e  
plutonium solut ion t o  a 100% e x c e s s  of NH,OH 
with rapid stirring. T h e  plutonia is recovered by 
filtration, the  filter c a k e  is resuspended i n  water, 
and the  suspens ion  is filtered. Three washings  
a re  usual ly  suff ic ient  to reduce the  pH of the  fil- 
t ra te  t o  less than 8.0, indicat ing sa t i s fac tory  re- 
moval of contaminant ions. T h e  freshly precipi- 
ta ted plutonia is then pept ized by digest ion with 
di lute  HNO, . Complete peptization, character ized 
by a change  from a n  opaque light-green s lurry t o  
a nearly t ransparent  dark-green suspens ion ,  re- 
quires  a minimum ni t ra te  concentration of o n e  mole 
of HNO, per mole of plutonium. At t h i s  HNO,/Pu 
ratio, a digest ion time of about 4 hr a t  80°C is 
necessary.  Higher nitrate concentrations, how- 
ever, c a n  b e  used  to reduce the  digest ion time 
and temperature; for example, a t  NO,-/Pu mole 
rat ios  of 2 or  more t h e  digestion time is 10 to 15 
min at room temperature. 

The  plutonia  sol produced during digest ion is a 
s t a b l e  col loidal  dispers ion but is not s u i t a b l e  for 
fuel-particle preparation unt i l  the  ni t ra te  concen- 
tration h a s  been reduced. T h i s  is accomplished 
by evaporat ing the sol t o  produce a gel, then bak- 
ing t h e  dried gel a t  25OOC for about  2 hr. Nitrate  
removal is a function of both time and temperature, 
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F i g  8.10. Plutonio Sol-Gel Process. 

and e x c e s s i v e  baking wil l  resu l t  in  material which 
cannot  be  redispersed. For  t h i s  reason, very uni- 
form hea t ing  of plutonia s o l i d s  is required during 
ni t ra te  removal. T h e  final sol is prepared by re- 
suspending  t h e  baked gel i n  water and evaporat ing 
to  the  des i red  plutoriiutn concentration. S o l s  with 
plutonium concentrat ions i n  e x c e s s  of 2 M and 
with NO,-/Pu mole ratios between 0.1 and 0.15 
are obtained. 

Demonstration of the Process 

Numerous small-scale b a t c h e s  of plutonia sol 
were prepared i n  batch sizes of 5 t o  20 g of plu- 
tonium, and a smal l  pilot faci l i ty  capable  of produc- 
ing  100-g quant i t ies  of plutonia sol h a s  recently 
been assembled  and successfu l ly  used  t o  p r o c e s s  
560 g of plutonium in ten  b a t c h e s  (50 to 100 g of 
plutonium per batch) (Table  8.8). 

T h e  sol-forming equipment w a s  originally de- 
s igned  as a “single  vesse l ,”  i n  which a l l  processirig 
I- precipitation, filtration arid washing, ni t ra te  
addition and sol formation, volume reductian, bak- 

ing, and redispers ion - was to be done. In practice, 
all s t e p s  through volume reduction were accom- 
pl ished very effect ively i n  this v e s s e l  as fabri- 
cated,  but s i n c e  s t i r r ing w a s  required during baking 
to  provide uniform denitration, the l a s t  two s t e p s  
were performed with a spec ia l ly  designed open 
hot plate. Supporting equipment in  the  s a m e  glove 
box included a valence adjustment v e s s e l ,  con- 
decsers ,  two was te  tanks  which a l s o  serve  as a 
vacuum manifold, and an in-box vacuum pump. The 
va lence  adjustment  v e s s e l  was  also used  as  a 
holdup tank i n  which Pu(NO,), feed solut ion w a s  
di luted and metered into the  NH,OW in the sol- 
forming v e s s e l ,  Valence adjustment of t h e  Pu(NO,), 
s tock  solut ion w a s  not required. 

Dilute Pu(NO,), feed so lu t ions  were used  a t  
f i rs t ,  but la ter ,  higher concentrat ions were found 
to be pract ical  and did not affect  product quality 
( th i s  is important s i n c e  v e s s e l  size is extremely 
limited if cr i t ical ly  safe equipment is to b e  em- 
ployed). Nitrate feed  solut ions containing up to 
115 g of P u  per l i t e r  were used,  and NH,OI-I con- 
centrat ions were increased  from 2 M to 6-3  M. 



Table 8.8. Plutonia Soi Preparations 

Preparat ion method: 1. Precipi ta t ion of Pu(OH), with e x c e s s  NH,OH 
2. Washing Pu(OH), with H,O 
3. Pept izat ion of Pu(OH), with HNO, 
4. Drying and baking t o  reduce NO,- content 
5. Addition of K,O :o form plutonia sol 
6, Concentration of sol by evapcrat ion 

Precipi ta t iona 
Pept izat ion Baking F ina l  So: Propert ies  

Pu Time a t  ~ ~ 

(hr) Concentrat ion N03-/ '~ 
(MI 

P u  

(W 

Pu(piO,), Solution NH,OH Solution 
Excess Volume NO,-/Pu 8 0 0 ~  Temperature Time' Preparation P u  N O 3 -  

Ratio Rat io  rnrj ("C) Volume Concenrration Volume Concentration Added ( l i ters)  
(liters) (XI (liters) (Y) (M (W 

PS1 1.22 0.169 
Ps-2 1.22 0.169 
Ps-3 1.22 0.169 
Ps-4 1.22 0.169 
Ps-5 1.22 0.169 
PS-6 1.22 0.169 
Ps-7 0.86 0.240 
PS8 0.65 0.318 
Ps-9 1.30 0.3i8 
PSlO 0.53 0.476 

2.34 
2.34 
2.34 
2.34 
2.34 
2.34 
1.84 
1.84 
3.68 
2.25 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
1.0 
0.63 
1.25 
0.53 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
3.75 
5.0 
5.0 
6.3 

114 
114 
I14 
114 
i14 
114 
104 
72 
72 
48 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
1.75 
1.25 
2.5 
1.15 

0.083 
3.083 
0.083 
0.063 
0.083 
0.083 
0.120 
0.165 
0.165 
0.219 

1.3 
i.3 
1.3 
1.3 
2.5 
2.5 
2.5 
2.5 
2.5 
1.7 

<6  
4.5 200 
4.1 205 
2.9 250 
O C  265 
0 250 
0 250 
0 300 
0 278 
0.5 225 

6.4 
5.9 
1.08 
0.78 
1.80 
1.80 
0.20 
0.47 
2.62 

1.18 
1.08 
1.71 
1.96 
1.63 
1.88 
2.10 
0.98 
1.46 
1.28 

F 
-J 

0.33 h3 

3.23 
0.22 
0.17 
0.11 
0.11 
0.11 
0.095 
0.10 
0.18 

aPu(?i03!, solution added to NH,OH solution. 
'Approximate time a t  temperature. 
'Stirred at room temperature. 

.. . 
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A t  NO,-/Pu ra t ios  of 1.3 and 2.5, precipi ta ted 
plutonia w a s  repeptized a t  concentrat ions a s  high 
as 50 g of P u  per liter. At 2.5, pept izat ion oc- 
curred while  hea t ing  to 80’C even i n  d i lu te  solu- 
tions; i n  concentrated so lu t ions  only ‘/z hr at 80°C 
w a s  required a t  NO,-/Pu = 1.7. Extrapolat ing 
t h e s e  da ta ,  i t  s e e m s  reasonable  to  assume that  
precipitation c a n  b e  accomplished with feed con- 
taining 200 g of P u  per l i ter  and 7 M in  NH,O€I, 
and tha t  pept izat ion can  b e  effected a t  80 g of P u  
per liter. If these condi t ions c a n  b e  met, then 
400-g P u  b a t c h e s  c a n  b e  processed  i n  a working 
volume of 5 l i te rs ;  t h i s  is feas ib le  even  i n  5-in.- 
diarn cr i t ical ly  s a f e  equipment. 

Discussion of Process Variables 

During ear ly  development work i t  w a s  e s t a b l i s h e d  
by spec t ra l  a n a l y s i s  that  the sol that  formed dur- 
ing  d iges t ion  of the  hydroxide contained plutonium 
polymer, that  the  polymeric form s tab i l ized  t h e  
plutonium va lence  i n  the  te t ravalent  s ta te ,  and 
that  t h e  c rys ta l l i t es  formed by polymerization were 
of col loidal  dimensions. While t h e s e  character- 
i s t i c s  were  desirable, a high “ni t ra te  demand” 
(NO,-/Pu 2 1) for total  conversion of precipi ta ted 
plutonium to a s t a b l e  polymeric colloid w a s  indi- 
ca ted ;  therefore, a subsequent  ni t ra te  removal s t e p  
in  the sol process  w a s  required. Nitrate  removal 
could b e  accomplished by baking the  dried poly- 
meric col loid a t  temperatures of 100 to 300°C, 
but t h i s  s t e p  const i tuted a major problem in that  
p rec ise  k ine t ic  d a t a  and very uniform hea t ing  of 
the  dr ied polymer were required to  obtain a final 
sol of su i tab ly  low ni t ra te  concentration without 
incurring e x c e s s i v e  product l o s s e s  due to non- 
d ispers ib le  sol ids .  ‘Therefore, effor ts  were made 
to prepare a col loid having a nitrate-to-plutonium 
ratio of less than 1, and other nitrate-removal 
methods were invest igated.  T h e  k i n e t i c s  of ni t ra te  
ion removal by baking were also studied.  

All effor ts  to prepare an ini t ia l  plutonium poly- 
meric col loid at a ni t ra te  ra t io  of less than 1 
were unsuccessful .  Polymer w a s  prepaied from 
Pu(N03),-HN0, solut ions by (1) extract ion of 
ni t ra te  with strong-base amines, (2) ni t ra te  re- 
moval by e lec t rodia lys i s ,  ( 3 )  dilution to low a c i d  
concentrat ion followed by heating, (4) par t ia l  neu- 
t ra l izat ion of e x c e s s  a c i d  Eollowed by dilution, 
(5) neutral izat ion of e x c e s s  ac id  to low pH fol- 
lowed by heating, and ( 6 )  precipitation a t  var ious 

r a t e s  and concentrat ions followed by repeptization 
with d i lu te  HNO,. When polymerization was at- 
tempted by neutralization, dilution, or removal of 
e x c e s s  nitrate, precipi ta t ion occurred as t h e  ni- 
trate-to-plutonium ratio approached l; and when 
precipi ta ted plutonium w a s  repeptized with d i lu te  
I-INO,, a ni t ra te  ratio of 1 or more w a s  required. 

T h e  c r y s t a l l i t e  diameters  of severa l  polymer 
preparat ions have  been determined by x-ray l ine  
broadening t o  b e  of the order of 20 A, regardless  
of t h e  preparat ion method. This indica tes  that  
there  may b e  considerable  la t i tude  i n  s e l e c t i n g  
a method for preparing the  f i rs t  high-nitrate poly- 
meric colloid. Information concerning p o s s i b l e  
differences i n  the degree of aggregation of crystal- 
l i t e s  for var ious preparation methods is not avail- 
able .  

In a t tempts  to remove ni t ra te  from plutonia sols 
of high ni t ra te  concentration, e lectrodialysis ,  
neutralization, and amine extraction were briefly 
invest igated.  It appeared to b e  p o s s i b l e  to partially 
deni t ra te  d i lu te  polymeric co l lo ids  by electro- 
d ia lys i s ,  but during subsequent  evaporation t h e  
sols formed i r reversible  g e l s  a t  low plutonium con- 
centrat ions (0.3 M ) .  Attempts to  deni t ra te  by neu- 
t ra l izat ion and amine extract ion resul ted in  precipi- 
tation of the  polymer, and resuspension of the 
precipi ta ted polymer aga in  required o n e  mole of 
ni t ra te  per mole of plutonium. 

During denitration by baking dried polymer, 
c rys ta l l i t e  growth and agglomeration of c rys ta l l i t es  
occurred; t h e s e  phenomena appear  to b e  intimately 
a s s o c i a t e d  with t h e  abi l i ty  t o  prepare a plutonia 
sol a t  low ni t ra te  concentration. X-ray l ine broad- 
ening indicated a crys ta l l i t e  size of about 80 A for 
plutonia sols which were deni t ra ted to ra t ios  of 
0.1 to 0.2. Mictopore filtration techniques  indi- 
c a t e d  a range of micel le  sizes i n  the f inal  so l ,  with 
s o m e  aggrega tes  as  la rge  a s  1000 A. Aggregates 
in  var ious s i z e  ranges  were separa ted  by high- 
s p e e d  centrifugation, and x-ray ana lys i s  of such  
fract ions indicated no variation i n  c rys ta l l i t e  size 
as a function of aggregate  size. 

During baking, ni t ra te  removal time d e c r e a s e s  
with increas ing  temperature and can  vary from 
many d a y s  at  125°C to 13 min at 300°C. F o r  t h i s  
reason, uniform hea t ing  is essent ia l ,  and a method 
to rapidly determine ni t ra te  ra t ios  during baking is 
required. An analyt ical  technique w a s  developed 
which employed titration with sodium hydroxide 
to determine ni t ra te  concent rat.ion and appl icat ion 
of a n  empir ical  gravimetric factor  to a dried sample  
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to estimate plutonium concentration, Nitrate-to- 
plutonium ratios obtained in s way were in good 
agreement with ratios ob ed  by subsequent 
chemical analysis. or fragments. 

NO,-/Pu ratios a s  a function of baking time at 
various temperatures, and linear plots were ob- 
tained by assuming a second-order dependence 
on nitrate ion concentration (Fig. 8.11). The 
same rates were obtained when starting materials 
of different NO,-/Fu ratios were used. From a 
process standpoint, a baking temperature that 
would permit some latitude in baking t i m e  and 
still permit rapid nitrate removal is desired; 25OoC 
appears to fulfill t hese  requirements. AS indicated 
in Fig. 8.11, at 250OC l'/a to 2 hr of baking will 
provide product in the desired range (e.g., the 
NO,-/Pu ratio at 15, hr is about 0.14, and at 2 hr 
about 0.11). 

microspheres which calcine to dense oxide sphe  
a t  1150°C. 
thoria or urania s o l s  and formed into microspheres 

Kinetic da ta  were collected by determining Laboratory-scale preparation of PuO ,-Tho, 
microspheres containing 2, 10, 30, 50, and 80 wt % 

Plutonia s o l s  can also be  mixed w1 
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Plutonium sols can  be  dried and calcined to 
dense, hard fragments, and they can be formed into 

Fig. 8.11. Denitrotion of Plutonio Sols by Baking at  

Different Temperatures. 
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Fig. 8.12. 75% Uronio-25% Plutonio Microspheres Before ond After Fir ing at 1150OC in Hydrogen. 
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PuO, was  reported last year. l o  During th i s  report 
period, low-nitrate PuO, s o l s  were found to  be 
quite compatible with UO, sols, and microspheres 
of Pu0,-UO, containing 15, 20, and 25 wt % PuO, 
were prepared from mixed sols. As in the  thoria 
microsphere preparation (Sect. 7.2), the micro- 
spheres  of Pu0,-UO, were formed in  a tapered 
column. The  drying medium used was  2-ethyl-l- 
hexanol containing 0.5 vol % Amine 0 and 0.5 
vol % Span 80. 

The  density of the mixed oxide products after 
firing in hydrogen a t  115OoC varied from 94 to 96% 
of theoretical. (The theoretical density of the 

mixed oxides was taken as the weighted average 
of the dens i t ies  of the components.) Photomicro- 
graphs of U02-Pu0, microspheres before and after 
firing a re  shown in Fig. 8.12. 

Equipment capable of producing 100 to 200 g 
of mixed oxide microspheres per day h a s  been in- 
stalled i n  two 6-ft glove boxes. The first is for 
so l  blending, microsphere forming, and drying; the 
second is for calcination, separation, and packag- 
ing. T h i s  equipment will b e  used to prepare kilo- 
gram quantit ies of mixed U0,-PuO, microspheres 
in the near future. 



9. Separations Chemistry Research 

9.1 EXTRACTION OF METAL CHLORIDES 
BY AMINES 

In view of t h e  potent ia l  for increased  u s e  of 
amine extractants ,  a sys temat ic  survey w a s  made 
of t h e  extract ion charac te r i s t ics  of many meta ls  
from hydrochloric a c i d  and acidified lithium 
chlor ide so lu t ions  with representat ive amines.  
Extract ion coeff ic ients  for 61 metal i o n s  were re- 
ported previously.’ T h e  d a t a  reported here  com- 
p le te  t h e  work planned for t h i s  survey.  

Data  a re  shown i n  F ig .  9.1 for t h e  extraction of 
Ir(1V) and Pt(1V) from LiC1-0.2 M HC1 and HCl 
so lu t ions  over t h e  range 0.5 to 10 M to ta l  chlor ide 
with 0.1 M so lu t ions  of representat ive primary, 
secondary,  tertiary, and quaternary amines in  
diethylbenzene.  T h e  extract ion power of t h e  amines 
for both metals  varied i n  t h e  order: Aliquat 336 
(quaternary amine) > Alamine 336 (tertiary amine) > 
Amberlite LA-1 (secondary amine) > Primene J M  
(primary amine). T h e  extract ion coef f ic ien ts  
showed relatively l i t t l e  dependence  on chlor ide or 
acid concentration. Maximum coef f ic ien ts  were 
about  10 for Ir(1V) and more than 1000 for Pt(1V). 

9.2 NEW SEPARATIONS AGENTS 

Organic Acids 

Previous  tests with low-molecular-weight carbox- 
y l ic  and sulfonic  a c i d s  (water so luble  or of marginal 
immiscibility) indicated that  high-molecular-weight 
a c i d s  of su i tab le  s t ructure  should b e  good ca t ion  
exchange ex t rac tan ts  and,  in  addition, t h a t  sulfonic  

‘Chern. Technol .  Div. Ann. Progr. Rept .  June 30, 
1962, ORNL-3314, p .  104; ibid., May 31, 1963, ORNL- 
3452,  p .  170; ibid., May 31, 1964, ORNL-3627, p .  179; 
ibid., M a y 3 1 ,  1965, ORNL-3830, p .  193 .  

a c i d s  will give a n  unusually wide range of 
synergis t ical ly  enhanced extract ions.  Branched 
s t ruc tures  a r e  des i red  b e c a u s e  s t ra ight-chain 
carboxyl ic  a c i d s  are known t o  give e x c e s s i v e  
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Organic phase: 0.1 M solut ions o f  (1) Pr imene JM 
(RR’R”CNHZ, 18 to 24 carbon atoms), (2) Amber l i te  

LA-1 (RR’R”CNHC12H23, 24 to 27 carbon atoms), 

(3) Alamine 336 (R3N, R = n-octy l ,  n -decy l  mixture), 

mixture] i n  diethylbenzene. With A l iquot  336, 3 vo l  % 
o f  t r ideconol  was added t o  the solvent phase t o  prevent 

the formation o f  a th i rd  phase. Amines were i n  the 

chlor ide form. Aqueous phase: 0.01 M m e t a l l i c  i o n  i n  

HCI or LiCI-0.2 M HCI solut ions (0.5 to 10 M in t o t a l  

chloride). 10 min at a phase r a t i o  o f  1:l. 

and (4) A l iquot  336 [R3(CH3)N t , R = n-octy l ,  n -decy l  

Contact  time: 

. 
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precipitations and emulsions. A carboxylic acid 
(2,2-dimethyl-n-octadecanoic acid) is on order for 
custom synthesis,  and di-n-dodecylnaphthalene- 
sulfonic acid is being prepared in th i s  laboratory. 
A small  sample h a s  already been prepared and 
purified [neutral equivalent, 536 (theoretical, 54S)l 
for u se  in preliminary tests. 

Distributions of some “marginal” ac ids  to 
aqueous phases are compared in Table  9.1. Pre- 
liminary t e s t s  of strontium and barium extractions 
from 4 to 7 M NaNO, solutions showed higher ex- 
traction coefficients and separation factors from 
sodium than those obtained when di(2-ethylhexy1)- 
phosphoric acid (HDEHP) was  used. The  ex- 
traction coefficients v s  pH were s i m i l a r  to those 
with HDEHP, with the extraction maxima shifted 
from pH 4 to S t o  pH 9 to  10, as is to be expected 
for t he  weaker acids.  

p- Di ketones 

At l eas t  two sterically hindered P-diketones 
(dibenzoyl- and dipivaloylmethane) have been re- 
ported as se lec t ive  complexers for lithium ion, 
suggesting that a diketone of suitable size and 
structure for organic-phase solubility might give 
se lec t ive  lithium extraction. Several diketones 
have been obtained to compare possible s te r ic  and 
other structural effects on lithium complexing. 
A hi gher-molecular-weight compound, bis( o,, a-di-  
methyloctadecanoyl)methane, is being prepared i n  
th i s  laboratory for extraction t e s t s .  

Dio lky l  Sulfoxides 

The fact that dimethyl sulfoxide (Me,SO) forms 
complexes in aqueous solution with many metal 
ions suggested that water-immiscible dialkyl 
sulfoxides (K,SO) of sufficiently high molecular 
weight might be good extractants. However, a 
series of symmetrical dialkyl sulfoxides were found 
to extract relatively few metal ions from chloride 
and nitrate solutions, and the  identity of these  
(Au, Hg, Ag, Pt, and Cu) suggests that  here the 
association is through the sulfur, instead of 
through the oxygen, as was suggested by the wide 
range of complexes with Me’SO. Moreover, the  
extractions fell off with increasing alkyl chain 
length in  the symmetrical dialkyl sulfoxides. 
These  two observations suggest that a wider range 
of extractable complexes might be  obtained with an 
unsymmetrical alkyl methyl sulfoxide, R(Me)SO; 
thus  2-ethylhexyl methyl sulfoxide is being pre- 
pared. 

Primary Amines 

A new commercial  primary amine, Amberlite 
XLA-3, was obtained for examination. Analysis 
showed a content of >98% primary, (1% secondary, 
and <1% tertiary amine, with a neutral equivalent 

’Arnberlite XLA-3/Preliminary Technical Notes,  IE- 
91-65, Rohm and Haas  Co., Philadelphia,  P a .  (August 
1965). 

Table 9.1. Distribution of Sodium Carboxylates to Aqueous Phases 

Acid 
b Neutral Equivalent Aqueous Solubility 

of Sodium Salt (M) Founda Theoretical  

“Koch acid” (R”R”-C-CO,II, 627 240-300 
“15--19 carbons”) 

2-n-Dodecyloctadecanoic ac id  469 453 

“Versatic acid 15A” 271 240 
(R-C(Me,)-CO,H, “average 
15 carbons”) 

<0.001 

Emulsion 

0.14 

aBy titration in aqueous alcohol.  
4 M NaNO, solution. All three M a s  free ac id  in  water.  
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of 412 [manufacturer’s value, neutral equivalent  = 

353 (ref. 3 1 .  Only 5.4% w a s  l o s t  by  distribution 
from about 0 .1  M solut ion in  Amsco 123-15 t o  30 
vol of 0.2 M H,SO,, as compared with about 33% 
loss of Primene JM-T (ref. 3) when t e s t e d  simi- 
lar ly .  “Steady-state” loss to  a s imulated ore leach  
liquor a t  p1-I 1.8 w a s  16 ppm from 0.1 M solut ion,  
and t h e  thorium extract ion coeff ic ient  was con- 
s iderably above 100 at 0.03 M. In both t h e s e  
respec ts ,  Amberlite X1.A-3 resembles  t h e  extract- 
a n t  obtained by scrubbing out  the  lowec-molecular- 
weight components f rom Pr imene  JM-T. 

1-(:3-Ethylpentyl).-4-ethyloctylamine (“heptadecyl- 
amine,” “HDA,” “Amine 21F8f”) is a highly 
branched primary amine with exce l len t  propert ies  
a s  an extractant. It w a s  formerly ava i lab le  i n  smal l  
quant i t ies  as  a research chemical  from Union 
Carbide Chemical. Company but is no longer 
avai lable  from that  source.  A supply was pre- 
pared4  from 3,9-diethyltridecano1-6 by conversion 
of  t h e  alcohol  (6 moles) to ketone and t h e n  oxime, 
and ca ta ly t ic  hydrogenation to amine. The crude 
product, as separa ted  by fract ional  vacuum 
dis t i l la t ion,  a s s a y e d  16% primary amine p lus  4% 
secondary or tertiary amine. T h i s  w a s  upgraded by 

cat ion exchange sorption-elution in  isopropyl 
a lcohol  solution’ to 75% primary amine, 6% 
secondary t tertiary amine (calculated at s a m e  
equivalent  weight as HDA), and 19% iner t .  T h e  
overal l  yield of HDA, based  on s ta r t ing  alcohol, 
was about 10%. 

Inorganic Ion Exchangers 

Samples of two new ion exchangers  advert ised 
for s e l e c t i v e  cesium sorption, titanium phosphate  
(Abedem Ti) and t in  phosphate  (Ahedem Sn), were 
compared with commercial zirconium phosphate  
(ZP-1) and ammonium molybdophosphate (AMP-1) 
i n  sorption of cesium and severa l  other  metal i o n s  
from 1 M H N 0 3  so lu t ions  (Table  9.2). T h e  

3Pritnene JM-T, Rohm and Haas  Co., described a s  
KC(CH3),NH2, 18 to 22 carbon atoms. 

, H .  L. Holsopple and F. G. Seeley, Synthesis of 
3,9-DiethyltridecyZ-6-aminc, OKNL-TM-1314 (Nov. 5, 
1965). 

’J. P. Nelson e t  a l . ,  Anal.  Chem. 33, 1882 (1951). 

‘Soci&t& d’itudes,  de  Kecherches e t  d’Applications 
pour 1’Indus trie (S .E .I? .A .I .), Brussels,  Belgium. 

Table  9.2. Comparison o f  Sorption by Some Commercial Inorganic Ion Exchangers 

Distribution Coefficienta to: Metal Ion II_ .. . . . . . . . .. .. . . . . . _ _  
(in 1 M HNO,+) Abe de m Tih Abedem Snb Z P - l C  AMP-1 

cs 
K 

Li 

Fe(II1) 

Ba 

Eu 

Ce(II1) 

Am 

Ca, Cr(III), A1 

CW), Co(II), Sr 

Na, Ni(II), Zn, Cd 

1020 

3 

50.1  

280 

22 

6 

2 

4 

0.4 -0.6 

0.1-0.3 

50 .1  

200 

2 

50 .1  

50 .1  

107 

10 

4 

8 

5 0 . 1  -0.3 

60.1-0.:! 

-50.1 

460 

4 

0.3 

29  

0.2  

0.3 

So. 1 

5 0 . 1  

20 .1  

0.2 

0.1 

6700 

4 

0.3 

1 

0.2 

0.9 

1 

3 

0.4-0.6 

10.1-0.4 

-<0.1--0.2 

aDistribution coefflclent = (moles per gram of solid)/(moles per milliliter of solution).  
b‘l’itanmm and tin phosphates (S .E.K.A.I . ,  Brusse ls ,  Belgium).  
‘Zirconium phosphate and ammonium molybdophosphate (Bio-Rad Laboratorlas, Richmond, Calif ) 
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selectivity of the Abedem exchangers for cesium 
was lower than that of ammonium molybdophosphate, 
especially with respect to iron. They a l so  showed 
greater loss by solubility i n  nitric acid solution: 
Abedem Ti, 8%; Abedem Sn, 2%; ZP-1, 0.8%; and 
AMF'-l, 0.2% in 20-hr contacts of 1 g of each with 
10 ml  of 1 hf FINO,. 

In brief tests of the Abedem exchangers for 
chromatographic biochemical separations, almost 
no transfer ribonucleic acid was sorbed from 
phosphate medium, while it was sorbed too strongly 
from chloride medium for elution by 5 M NaCI. 

9 . 3  PERFORMANCE OF DEGRADED 
REAGENTS AND DiLUENTS 

In radiochemical processing by solvent ex- 
traction, degradation of the solvent phase c a n  
cause  unsatisfactory operation. The amount of 
degradation varies with the materials used and 
with the extent of their exposure to radiation and 
reactive chemicals during the processing of the 
aqueous feed. 

Progress and Status 

Studies of several  aspects of diluent and reagent 
degradation have been made a t  ORNI,, and summa- 
ries of prior work have been T h i s  
year, the identification of the principal products 
resulting from degradation of diethylbenzene (DER) 
with nitric acid was  completed, and the effects of 
their presence on the extraction process were 
studied. A brief study of the stabil i ty of di-sec- 
butyl phenylphosphonate (DSBPP) against degra- 
dation by nitric acid was  finished, and studies 
were begun which aimed toward isolation and 
identification of the products formed when sec- 
butyl-a-methylbenzylphenol (BAMBP) is treated 
with nitric acid. The ORNL s tudies  of the 
stabil i t ies of several  reagents and aromatic 
diluents were summarized and presented a t  the 
International Conference on the Chemistry of the  

7C. A .  Blake, W .  Davis ,  Jr., and J .  M .  Schmitt, Nucf. 

'Chem. Technol.  Div.  Ann. Pro&. Rept .  May 3 1 ,  1964, 

'Chem. Technol.  D i v .  Ann. Progr. Rep t .  M a y  31, 

Sci. Eng. 17, 626-37 (1963). 

ORNL-3627, P .  1 8 0 .  

1965, ORNL-3830, p .  197. 

Solvent Extraction of Metals, held a t  Harwell on 
September 27-29, 1965. 

Stabi l i ty  of Diethylbenzenes 

(I-Hydroxyethyl)ethylbenzene, an alcohol, was 
identified i n  diethylbenzene degraded by nitric 
acid. This  compound and the two identified pre- 
v i o u ~ l y ~ ~ ~  [ethylacetophenone and (I-nitroethyl)- 
ethylbenzene] are the major products of the degra- 
dation. Infrared spectra showed very l i t t le 
nitration of the benzene ring. The  alcohol 
predominated in the early s t ages  of degradation by 
boiling 2 M HNO,, but i t s  concentration reached a 
maximum and then decreased; subsequently, the 
formation of the  ketone and nitro compound was 
favored. A suspected conversion of the nitro 
product to the ketone was proved when a sample of 
the former, purified by column chromatography, was 
heated in  a sea led  tube. A gas  chromatograph of 
the mixture after 3 hr of heating a t  llO°C showed 
50% conversion. The  decrease in the alcohol 
concentration suggests that it also converts to 
either the ketone or the nitro compound, but th i s  
was  not proved. 

A commercial DEB, 1 M in TBP, was mixed with 
an  aqueous 2 M HNO, solution containing dis- 
solved metals, and the stirred two-phase system 
was irradiated to an exposure of 70 whr/liter. The 
objective was to simulate in laboratory tests a 
condition more nearly approximating the conditions 
prevailing in large processing equipment. Periodic 
ana lyses  of the organic phase  and that from a 
control t e s t  without metals present showed that 
the rate of DEB degradation was slightly lower in 
the presence of metals. 

Degradation products from pure DEB'S were 
shown last yearg to be poor extractants for fission 
products. It h a s  now been shown" that the 
presence of DEB products in severely degraded 
(4 hr of boiling with 2 M I-INO, under reflux) 1 M 
TBP--DEB depresses the uranium extraction 
slightly. The products also have an adverse 
effect on disengagement of the organic and aqueous 
phases.  For example, the degraded solution used 
above takes  about twice a s  long a s  the undegraded 

"Proceedings of the International Conference on the 
Chemistry of the Solvent Extraction of Metals,  Scpt.  
27-29, 1965, Harwell, England, to  be published by 
Mactnillan. 
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solut ion to  s e p a r a t e  a t  room temperature from 2 M 
IINO, (90 sec v s  45) and from 0.2 M N a 2 C 0 ,  
(60 sec v s  30). It is difficult to remove com- 
pletely t h e  DE13 products from t h e  organic  p h a s e .  
Scrubbing with water and aqueous a lka l ine  SO- 

lut ions is only partly effect ive.  Scrubbing with 
ethanolamine effect ively removes the  nitro com- 
pound, but t h i s  method of c leanup r e s u l t s  in high 
reagent  loss and is expensive.  Further tes t ing  is 
required to determine t h e  extent  of product buildup 
i n  a continuous process .  

Stabi I ity of Di-sec- buty I Phenyl phos phonate 

Undiluted DSBPP (di-sec-buty 1 phenylphospho- 
nate) ,  a solvent  extract ion reagent  with exce l len t  
ability t o  s e p a r a t e  uranium from thorium,' ' w a s  ir- 
radiated with a 6oCo garnma-ray soiirce l a s t  year  
to 100 whr/liter while be ing  s t i r red with 2 M IINO,. 
Although some of t h e  reagent  w a s  nitrated, t h e  
f i ss ion  product exiraction power of the irradiated 
material was less than t h a t  of irradiated TBP i n  a 
comparable t e s t .  In further s tud ies ,  so lu t ions  of 
T'BP or DSBPP (each 1 M) i n  DEB were irradiated 
to 70 whr/liter while being s t i r red with 2 M HNO,, 
Nitrogen uptake i n  the  organic p h a s e s  w a s  0.1 M 
and 0.07 iM, respect ively (Table  9.3), and g a s  
chromatography indicated that  t h e  nitrogen w a s  
present  a lmost  completely in  DEB-nitro compounds, 
descr ibed previously. Extraction of l 8  'Hf from 
2 M HNO, (calcium tes t )7  was s l ight ly  lower with 
DSRPP than with TBP (D = 1.4 v s  D = 1.7) .  
Organic-phase hafnium concentrat ions after ex- 
t ract ion from 0.1 M Hf solut ion (traced with l a 1 ~ f )  

were low. 

Phenyl-subst i tuted organopliosphorus reagents  
have  been reported '' t o  b e  suscept ib le  t o  formation 
of phenol groups on the  benzene ring or tho to t h e  
a t tached  phosphorus atom, and i t  h a s  been re- 
ported' tha t  t h e  products extract  f i s s ion  products  
strongly. I t  is difficult to determine relat ive 
hafnium extract ions by reagent and di luent  
degradat ion products, but t h e  low extract ions ftom 
t h e  s t rong  0.1 I$! hafnium solut ion indicated low 
concentrat ions of any mater ia ls  tha t  extract  
hafnium (and presumably f i ss ion  products)  s t rongly.  

Stabil i ty of sec-Butyl-(n-nethylbenzyl)phencl 

The subst i tuted phenol sec-butyl-(a-methyl- 
benzy1)phenol (BAM'BP) h a s  utility in  recovering 
and separa t ing  cesium and rubidium from t h c  other 
a lka l i  meta ls  by solvent  extract ion.  BAMRP, 
however, when i n  contact  with aqueous  acidif ied 
ni t r i te  solut ions,  degrades  with loss of extract ion 
power. G a s  chromatograms of the degraded BAMBP 
show severa l  p e a k s  not originally present ,  one  of 
which is signif icant .  Some concentrat ion of t h e  
product h a s  been achieved  by column chroma- 
tography o n  neutral alumina. T h e  concentrate  con- 
t a i n s  nitrogen (infrared and elemental  ana lys i s ) ,  

"C. A .  Blake e t  af., comparison of DiaJkyl Phenyl- 
phosphonates with TRP in Nitrate Systems, OKNL-3374 
(Jan. 8, 1963). 

"E. S. Lane and A .  Pilbeam, The  Radiation D e -  
compositior~ of Some Phenyl Substitrrteri Organo- 
Ph osphonzs?(V) Extra c fan f Sys ferns, AERE-M-1284 
(January 1964). 

13W. D .  Arnold, D .  J .  Crouse, and K .  €3. Brown, Ind.  
Eng.  Chern., P rocess  Design Develop. 4, 249.--54 (1965). 

T a b l e  9.3. Comparison of Hufnium Extract ions by Degraded DSBPP and T B P  
................... ............ ............ 

Hafnium Extraction from '2 M IINO , with: 

Nitrogen "Hf Tracer, Distribution 0.1 M :If, Moles Complexed per 

Uptake Coefficient Liter of Organic Phase  After: 
Degraded 
Solution" 

b b 
Calcium Test N a 2 C 0 ,  Scrub (M) (Calcium Test) 

1 ill DSBPP/DER 0.07 

1 M TBP/DEB 0.10 

1.4 

1.7 

0.0002 0.0006 

0.0002 0.0023 

'Irradiated while st irring with 2 M HNO, in 6oCo source, 70 whr/liter exposure,  
bSee ref. 7 .  
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and nuclear magnetic resonance spec t ra  a re  con- 
s i s ten t  with nitration on the  s ide  chains,  princi- 
pally at the tertiary carbon atom of the  sec-butyl 
group. Work will continue until t h i s  compound is 
positively identified. 

9 .4  COMPARATIVE CHEMISTRY OF 
LANTHANIDES AND TRIVALENT ACTINIDES 

Studies of the comparative extraction chemistry 
of lanthanides and trivalent actinides have con- 
tinued in  support of and search for potentially 
useful processes for separating these  elements. 

In the  development of the  Talspeak  process for 
removing lanthanides from trivalent actinides by 
extraction with di(2-ethylhexy1)phosphoric acid 
(HDEHP) from lactic acid containing sodium 
diethylenetriaminepentaacetate (Na5DTPA) (see 
Sect. 6.5), it was observed that extraction of 
americium a t  fixed pII values from 2.6 to 3.0 was  
almost exactly inversely proportional t o  the DTPA 
concentration from 0.001 to 0.1 M DTPA (Fig.  9.2). 
Dependences of extraction of neodymium, samarium, 
and europium on DTPA concentration were only 
slightly different f rom that of americium. T h e  large 
difference between americium and the whole 
lanthanide group pers i s t s  even at very low DTPA 
concentrations, but not in i t s  absence.  At a 
constant DTPA concentration of 0.05 M 9  the 
difference in extractability of americium and 
several  lanthanides decreases  only slowly as the 
pH is decreased from 3.5 to 1.8 (Fig. 9.3). 

Addition of neutral nitrates up to  a concentration 
of 6 N nitrate in  Talspeak aqueous solutions in- 
creased distribution coefficients of americium and 
lanthanides up to a factor of 2 without changing 
group separation factors. 

Substitution of chlorinated hydrocarbons for 
aromatic hydrocarbons as diluents for HDEHP in 
Talspeak extractions did not change the group 
separation factors, but dilution by aliphatic hydro- 
carbons decreased separation by nearly a factor 
of 2. 

Brief s tud ies  of extraction by hydrocarbons of 
compounds of americium, cerium, and europium with 
fluorinated derivatives of acetylacetone from alka- 
l ine solutions indicated that extractabil i t ies were 
i n  the order: hexafluoroacetylacetonate > trifluoro- 
acetylacetonate > acetylacetonate.  Extractions by 
tributyl phosphate in diisopropylbenzene (DIPB) of 
the hexafluoroacetylacetoiiate were very high. No 

useful differences in  extraction of the  elements 
were observed. The  fluorinated reagents are 
volatile and expensive and are too soluble in the  
aqueous phase.  

In s tud ies  of the  applicability of extraction 
chromatography to lanthanide-actinide separation, 
tests were made of the  elution behavior of columns 
made by supporting HDEHP on various finely 
divided materials including polyethylene, Teflon, 
Kel-F, Saran, polyamide (Woelm), silicone-treated 
g l a s s  beads,  silica gel, and diatomaceous earth.  
In all cases except with the polyamide powder, a 
small portion of the  extracted cations failed to 
e lu te  with the  major part, thus  decreasing sepa- 
ration. T h e  polyamide powder a l so  h a s  unusually 

CONCENTRATION OF DTPA 1M1 

Fig. 9.2. Ext rac tab i l i t i es  Vary Inversely a s  Concen- 

tration of DTPA. Organic phase: 0.5 M HDEHP in 
DIPB. Aqueous phase: 1il.I l ac t ic  acid plus DTPA, 
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18 2 2  2 6  3 0  3 4  38 

P 1-I 

Fig. 9.3. Graup Separation I s  Ef fec t ive  over Wide 
pH Range. Organic phase: 0.5 M HDEHP in DIPB. 
Aqueous phase: 1 M lactic acid, 0.05 M DTPA. 

high capaci ty  for extractants .  Complete sepa-  
ra t ions of americium and lanthanides  a t  t racer  
leve l  were accomplished by appl icat ion of t h e  
T a l s p e a k  sys tem to polyamide columns.  Sepa- 
ration of lanthanides  at t racer  leve l  by elut ion with 
d i lu te  mineral a c i d s  ind ica ted  s t a g e  h e i g h t s  of 
about 1 mm. U s e  of the  polyamide is limited t o  
s y s t e m s  in which t h e  aqueous acidi ty  is less than 
3 N b e c a u s e  of its solubi l i ty  in  more concentrated 
ac id .  

9 .5  RECOVERY OF B E R Y L L I U M  FROM ORES 

In recent  years ,  in te res t  in  beryllium h a s  grown 
b e c a u s e  of its extraordinary physical  and chemical  
propert ies .  T h e  increasing demand for beryllium 
(for high-temperature a l loys,  atomic reactor  use ,  

e tc . )  and the  apparent scarc i ty  of high-grade ores  
have  increased the  need for p r o c e s s e s  c a p a b l e  of 
recovering the  metal. from t h e  low-grade domest ic  
ores .  A tentat ive so lvent  extract ion process  w a s  
previously outlined for recovering beryllium from 
low-grade-ore su l fa te  liquors by extract ion with a 
primary amine, scrubbing with d i lu te  sulfur ic  ac id ,  
and s t r ipping with ei ther  di lute  sulfur ic  acid ot 
di lu te  fluoride so lu t ions .  4 ,  One primary amine 
i n  particular, 1-(3-ethylpenty1)-4-ethyloctylamine 
(HDA), is superior  to other primary amines t e s t e d .  
Further t e s t i n g  of t h i s  process  continued to be  
encouraging. Both s t r ipping f lowshee ts  were 
optimized, resul t ing in  considerable  reduction i n  
chemical  reagent consumptions for t h e  s u l  furic 
acid s t r ipping method, compared with t h o s e  e s t i -  
mated previously. 

Extraction of Beryllium 

The effect  of individual contaminants  on t h e  
extract ion of beryllium w a s  s tudied by adding them 
t o  “pure” beryllium su l fa te  so lu t ions .  No 
s ignif icant  change  i n  the  beryllium extract ion 
coef f ic ien ts  occurred on addition of 10 g of MgZ*, 
1 g of e a 2  +, or 3.7 g of si (as  s i 0 3 z - )  per liter. 

Stripping Beryllium wi th  Fluoride Solutions 

In a ba tch  countercurrent t e s t ,  more than 95% of 
the  beryllium w a s  s t r ipped from 0.3 M HDA i n  
Solvesso  100 (loaded with 0.3 g of beryllium per  
l i ter)  in s i x  s t a g e s  with about 2 moles  of NH,F 
per mole of beryllium. In the  p r o c e s s  f lowsheet ,  
beryllium is then precipi ta ted with ammonia, and 
par t  of the  f i l t ra te  (which conta ins  fluoride) is 
recycled to t h e  s t r ipping sys tem to reduce require- 
ments for makeup fluoride. In the  s ix-s tage  
countercurrent s t r ipping sys tem,  a l l  t h e  fluoride 
was fed to  t h e  f i r s t  s t r ipping s t a g e  as N€14F- 
(NH,),SO, solution, and 0.01 M II,SO, w a s  fed to 
t h e  s ix th  s t a g e .  Subsequent recovery of the  
beryllium by hydrolytic precipitation with ammonia 
w a s  complicated by the  fluoride conten t  of t h e  
loaded s t r ip  solut ion (about 0.2 M F-). At t h i s  

___I I__._...I_..x 

14Chem. Technol.  Div. Ann. Progr. Rept .  May 31, 

l5Chem. Technol.  Div. Ann. Progr. Rept .  May 31 ,  

1964, ORNL-3627, p . 2 1  1. 

1965, ORNL-3830, p .  22.5. 

e 
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concentration, the  presence of fluoride ion  requires 
an unacceptably large amount of ammonia for the  
complete precipitation of Be(OH), . Stripping with 
NaF-Na,SO, solution is now preferred s ince  
beryllium stripping is as effective a s  i n  the 
aiiimonium system, and beryllium can  be precipi- 
tated completely (pH 10) with economic amounts 
of sodium hydroxide. 

Stripping Beryll ium with Sulfuric Acid  

Acid requirements for stripping beryllium were 
decreased f rom about 18 lb per pound of B e 0  to  
about 9 Ib  by increasing the  number of s t ages  from 
four to s i x  and changing the  point of addition of 
the  bulk of the acid. In the  present flowsheet, 6 M 
H,SO, is fed to the third stripping s t age  and 0.01 
M H,SO, to  the sixth. The  l a s t  three s t ages  se rve  
primarily to back-scrub acid from the  amine 
(convert i t  from the bisulfate to the sulfate), 
thereby minimizing acid usage and converting the  
amine to a form that can  be more readily recycled 
to the  low-acid extraction system. The  decrease  
in the  amount of acid used for stripping a l so  con- 
siderably decreased ammonia requirements for 
precipitating beryllium from the  s t r ip  solution. 

Product Upgrading 

The  products obtained by hydrolytic precipitation 
of beryllium from the  strip solution usually contain 
a few percent of aluminum and other contaminants 
such a s  iron, magnesium, and calcium. To obtain 
a purer Be0 concentrate, the original beryllium 
precipitate is dissolved in caus t ic ,  and the so- 
lution is filtered to separate most contaminants 
except aluminum. Diluting and heating the so- 
lution precipitates Re(OH),, well separated from 
aluminum. A product obtained by extraction of 
beryllium from a synthetic leach liquor with €IDA, 
stripping with NaF-Na,SO,, precipitating with 
caustic,  and upgrading the precipitate a s  described 
above showed the  following impurities by spectro- 
graphic ana lys i s  (in percent): 0.05 AI, 0.01 Fe, 
0.02 Mg, 0.03 Ca, 0.03 C ~ ~ 0 . 0 0 5  K ,  0.05 Si, 2.7 Na,  
and <0.02 V.  

8.6 EXTRACTION OF ALKALIES BY 
DI(2-ETHY LH E X Y  L)PH SPHOR1C ACID (HDEHP) 

The  extraction of sodium by HDEI-IP (HA) i n  
benzene was previously studied in connection with 

the  study of strontium extraction as tracer 65Sr 
from sodium nitrate solutions. T h i s  study h a s  
been extended to the  other a lka l ies  (except 
franciutn). Tracers 42K,  86Rb, and 13,Cs were 
extracted from 3 M NaNO, solution, and potassium 
and lithium distributions were determined in two- 
phase  titrations of I-IA with KOH and LiOW in the  
respective 3 M nitrate solutions. T h e  results for 
potassium in tracer and macro concentrations 
agreed well. 

At each  of a se r i e s  of reagent compositions 
MA/CA (i.e., fraction of total  DEHP in the  s a l t  
form,  NaDEHP, etc.), the  apparent reagent de- 
pendence, as shown below, was  obtained f rom 
the  slope of the linear plot, log E,[I-Itl v s  log 
[XA] (where E, is the distribution coefficient, 
[Mlo/[M1,): 

Apparent Reagent Dependence  
for MAEA Equal to: 

0 0.1 0.2 0.5 0.8 
Alkali  

L i t h i u m  2 1.6 1.5 0.9 0.7 

Sodium 2 1.6 1.5 0.8 0.6 

Potassium 2 1.8 1.4 1.0 0.7 

Rubidium 2 1.8 1.5 1.0 0.6 

Cesium 2.6 2.4 2.0 1.6 1.0 

T h e  results show that for lithium, potassium, and 
rubidium, as for sodium, the  extraction reaction at 
low pM, where mos t  of the  extractant remains i n  
the  acid form, is:  

M+ + 2(HA), e MASSHA + H +  . . . . . . . .  . . . . . .  
(Dotted underlines represent the  organic phase.) 
It sh i f t s  at  higher pH toward formation of the 
(aggregated) simple sa l t ,  consistent with a net 
reaction: 

1 
2 

M t  (HA), e (MA), + H' . 
. . . . . . .  . . . . .  

The  results for cesium indicate that i t  coordinates 
more than four A, not unexpected on the  b a s i s  of 
the  s i z e  of the  cesium ion and its higher coordi- 
nation number i n  some other complexes. 

J. McDowell and C .  F.  Coleman, J .  Iriorg. ~ [ l c t .  
Chem. 27, 117-39 (1965). 
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I T h e  relat ive ex t rac tab i l i t i es  of t h e  a l k a l i e s  from 
t h e s e  d a t a  are, a t ,  for example, 0.1 M HA and 
MABA - 0.1: 

Alkoli 

Li th ium 15 
Sodium 1 

P o t a s s i u m  0 . 6  
Rubidium 0.3  
Cesium 0 . 3 5  

T h e s e  resu l t s  a g r e e  well with t h o s e  previously 
reported from t h e  simuItimeous ex t rac t ions  from a 
mixed solut ion 1 M i n  e a c h  a lka l i  nitrate. l 7  

9.7 EXTRACTION OF CESlUM B Y  
4-sec-BUTY L-2-a-METHYLBENZYLPH ENOL 

(BAMBP) PLUS ORGANIC ACIDS 

Study w a s  completed of t h e  synerg is t ic  ex-  
traction" of cesium by a subs t i tu ted  phenol 
(BAMBP) i n  combination with organic  a c i d s .  At 
low pH and low concentrat ion of t h e  added organic  
acid,  t h e  cesium extract ion coeff ic ient  v a r i e s  
linearly with both, as shown i n  Fig. 9.4 for 
di(2-ethylhexy1)phosphoric a c i d  (HDEHP). T h i s  
is cons is ten t  with formation of the s p e c i e s  pre- 
viously deduced, ' s CsHX, -2BAMBP and CsI-IX, 
2(BAMBP),, by ca t ion  exchange of Cs' with o n e  
Ht from t h e  acid dirnei A s  t h e  concentrat ion 
of HDEI-1P i n c r e a s e s  a t  a given pH (Fig .  9.4)p the  
ces ium extract ion coeff ic ient  goes through a 
maximum and then d e c r e a s e s ,  a t  a ra te  becoming 
nearly proportional to the  square  of t h e  HDEHP 
concent.ration. Since t h e  synergis t ic  cesium ex- 
t ract ion coeff ic ient  var ies  with the  square  of t h e  
BAMBP concentration' while  t h e  BAMHP e x i s t s  
a s  a mixture of monomers and d i m e r s , l g  t h i s  
s u g g e s t s  tha t  BAMBP and HDEHP interact  to form 
a 1:2 complex, BAMBP~(I-IDEHP),, i n  addition t o  
t h e  11 complex, (BAMBP),.(HDEHP), or RAMBP. 
HDEHP, previously identified by d ie lec t r ic  meas- 

17Chem.  Technol.  Div .  Ann. Progr. Rept .  June  30, 

"Chem. Technol. Div. Ann. Progr. R e p t .  May 31, 

"8. 2 .  Egan, R .  A .  Zingaro, and B. M. Benjamin, 

1962, ORNL-3314, p .  112.  

1965, ORNL-3830, DP. 214-17. 

Znorg. Chem. 4, 1055 (1965). 
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F i g .  9.4. Synergistic Cesium Extract ion by  BAMBP 
plus r)i(2-ethylhexyl)phosphoric Acid.  1.0 M BAMBP 
and varying concentrations o f  HDEHP i n  A m s c o  125-82; 

CsN03 in 3 IM N a N 0 3  in i t ia l ;  equi l ibr ium pH 
indicated. Extract ion Coefficient ot zero HDEHP: <0.01 
a t  pH 1-8, 0.09 at  pH 10.3, 6 .4 ,o t  pH 12.2. 

urements and by infrared and nuclear  magnetic 
resonance  spec t ra .  O 

Nuclear magnetic resonance  spec t ra  also s u g g e s t  
tha t  BAMBP is hydrogen-bonded to t h e  anion of t h e  
organic  acid when both are present  i n  t h e  complex 
with cesium. It seems p o s s i b l e  tha t  t h e  anion 
might form hydrogen bonds with two 1-3AMBP 
molecules  s imultaneously,  contributing further t o  
t h e  s tabi l i ty  of the  synergis t ic  complex. Since t h e  
two oxygens a r e  equivalent in  the  anion,  their  
e lectron dens i ty  is greater  than i n  the  un-ionized 
ac id ,  so  tha t  they should form stronger  bonds and 
in  turn enhance  t h e  bonding between the  phenolic 
oxygens and cesium. 

In ref 19, an infrared absorption peak at 3542 
cm-' w a s  ascr ibed to t h e  OH in t h e  hydrogen bond 

,OChem. Technol. Div. Ann. Pro&, K e p t .  May 3 1 ,  
1965, ORNL-3830, p.  212. 
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of t h e  BAMBP dimer. Subsequently, Keder et al. ' 
showed that  t h i s  peak  d o e s  not d i sappear  with 
dilution, hence  belongs to a n  intra- ra ther  than 
intermolecular bond; they a s s i g n  i t  to phenol OW 
bonded with t h e  benzyl  'rr e lec t rons .  None of t h e  
information derived i n  ref 19 from infrared ab- 
sorpt ion (e.g., t h e  degree  of dimerization as a 
funct ion of 13AMBP concentration) is affected by 
t h i s  correct ion.  

9.8 KINETICS OF METAL-ION EXTRACTIONS 
BY Di(2-ETHYLHEXY L)PHOSPHORlC ACID 

(HDEHP) 

Kinet ic  measurements  cont inued i n  t h e  extract ion 
by HDEHP of iron(III), an important representat ive 
of s e v e r a l  very s low extract ion equi l ibr ia  with t h i s  
reagent .  As previously reported,' ' t h e  extract ion 
ra te  is f i rs t  order with respec t  t o  aqueous  iron 
concentrat ion under all condi t ions tes ted .  In 
extract ion from perchloric acid-sodium perchlorate  
so lu t ions  at cons tan t  ionic s t rength (e.g., 2), t h e  
pll and .IIDEHP concentrat ion dependences  c h a n g e  
rather abruptly i n  t h e  region 0.2 IV < [HDEHP] < 0.5 
M .  T h e  r e s u l t s  to d a t e  c a n  b e  fairly c l o s e l y  
summarized by t h e  proport ional i t ies  

ra te  cons tan t  g [Fe3 '1 [HDEtiP1°.3/[H'l , 
[HDEHP] <0.2 M , 

ra te  cons tan t  oc [Fe3t1[HDEI-IP11.5/[H'1' , 
[HDEIIP] > 0.5 M . 

We were surpr ised to find that  t h e  rate  d e c r e a s e s  
with increas ing  acidi ty ,  b e c a u s e  we had expected 
t h e  s l o w n e s s  t o  prove d u e  to ei ther  (1) s low dis -  
soc ia t ion  of hydrolytic iron s p e c i e s ,  predict ing 
ra te  increasing with acidity, or (2) s low diu- 
soc ia t ion  of hydrates ,  predict ing l i t t l e  dependence  
o n  acidi ty .  Accordingly, the  effect  of acidity w a s  
determined i n  the  ex t rac t ions  of severa l  o ther  
meta ls  (Fig. 9.5). T h e  ions t e s t e d  divided into 
two groups - iron, beryllium, and strontium, r a t e s  
inversely proportional to acidity; and uranyl, 

' l V J .  E. Keder, E.  C. Martin, and I,. A .  Bray, Sepa- 
ration of Alkali Metals  by  Solvent Extraction with 
Mi.utures of Organic-Soluble Acids  arid Phenols,  BNWL- 

"Chem. Technol. Div. Ann. Progr. Rept .  iMay 31, 

SA-273, p.  8. 

1965, OHNL-3830, p .  217. 

. . . . . . . . . . 
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0 4 2 3 4 
PH 

Fig. 9.5. Kinet ics  of Metal - Ion Extract ions by 
HDEHP, 25OC. Organic phase, 0.1 M HDEHP in 

n-octane. Aqueous phases, ionic strength - 2, HC104 + 
NaC104 except x :  HC104 + Sr(CI04)*.  

europium, and z i n c  (al l  re la t ively f a s t  extractions), 
r a t e s  nearly independent  of acidi ty .  

A proposed explanat ion for t h e  effect  of acidi ty  
is tha t  uranyl ion, etc., may react  readily with 
e i ther  t h e  anion or ac id  form of t h e  extractant ,  but 
tha t  iron, e tc . ,  may reac t  readily (at t h e  interface)  
only with t h e  surface-act ive anion, which ( in  form 
of t h e  s a l t  NatDEHP'-)  d e c r e a s e s  l inear ly  as t h e  
acidi ty  i n c r e a s e s .  One attempted test of t h i s  
hypothesis ,  by extraction with a n  appreciably 
water-soluble  dialkylphosphoric ac id ,  h a s  so  far 
fa i led  because  t h e  a c i d s  tried (di-n-butyl- and 
di-sec-butylphosphoric ac id)  precipi ta te  t h e  i ron.  
Another t e s t ,  however, d o e s  appear  to support  t h e  
hypothes is .  T h i s  c o n s i s t s  i n  replacing sodium 
with strontium as t h e  gross cat ion i n  t h e  aqueous  
p h a s e .  More strontium than sodium i s  extracted by 
HDEtIP at ,  for example, pH 1; that  is, more of t h e  
extractant  is ionized.  Hence, t h e  iron extract ion 
should  b e  f a s t e r , 2 3  as  is indeed found (X points  
in  Fig. 9.5). T h i s  t e s t  will b e  extended t o  s t i l l  
lower pH's; w e  expect  tha t  eventual ly  t h e  iron 
extract ion ra te  will begin to drop s teeply  in inverse  

___ ~ 

'3The higher affinity of strontium than sodium for 
WDEI-IP should provide more competition to the iron 
extraction and thus decrease i t s  equilibrium extraction 
coefficient. However, this is not inconsistent with an 
increase of the iron extraction rate,  s ince  a large de- 
crease of th i  resistance w i l l  overshadow the sl ight 
decrease in the driving force.  
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proportion to t h e  square  of t h e  acidity, s i n c e  t h e  
strontium extract ion coeff ic ient  so  d e c r e a s e s .  

9.9 AGGREGATION AND ACTIVITY 
COEFFICIENTS IN SOLVENT PHASES 

Diluent vapor-pressure lowering, determined by 
direct  differential pressure measurement or by 
i sopies t ic  balancing, h a s  continued t o  b e  used  for 
invest igat ing departures  from ideal i ty  in t h e  be- 
havior of organic solut ions in  solvent  extract ion 
sys tems.  T h e  departuie  from ideal i ty  i s  ca lcu la ted  
optionally e i ther  as t h e  s toichiometr ic  act ivi ty  
coeff ic ient  of a spec i f ied  (real  or hypothet ical)  
compound or as  the  apparent mean aggregation 
number of a polymeric s p e c i e s  assumed to bo  
behaving ideal ly .  T h e  following d a t a  for amine 
s u l f a t e s  a r e  ca lcu la ted  by both methods. 

Tri -n -oc ty I am ;ne -Benzene -Su I furi c Ac id 

A s  previously noted ,24  the  explanat ion for 
apparent deviat ions of amine cxtract ion s y s t e m s  
from t h e  mass action law is being sought in  t h e  
aggregation behavior and act ivi ty  coef f ic ien ts  of 
t h e  var ious s p e c i e s  involved i n  t h e  extract ion 
s y s t e m s .  

T h e  apparent aggregation n of trioctylamine 
bisulfate  (?'OAH*HSO,), as wel l  as  of t h e  normal 
s u l f a t e  and t h e  free-base amine, h a s  now been  
measured i n  dry benzene  at concentrat ions up t o  
around 0.5 rn (Fig.  9.6). While t h e  E ' s  for t h e  
la t ter  remain rather close t o  unity throughout, A for 
t h e  bisulfate  r i s e s  rapidly toward 4.  T h e  points  up 
to  0.1 m a r e  well fitted by t h e  empricial equat ion 

._ 

T h e  smal l  divergences of TiTOA and ?i(,roAH)2S04 

appear  to b e  real  and reproducible. T h e  r i s ing  
nTOA ( -  0.017 mTOA -t 1) indica tes  a s l igh t  
degree of intermolecular assoc ia t ion .  T h e  fal l ing 
I1 ( T O A H ~ z S O ,  ind ica tes  dissociat ion,  cons is ten t  

with qual i ta t ive ev idence  from t i t ra t ion curvesz  
that  some free b a s e  and bisulfate  c o e x i s t  with 
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F i g .  9.6. Apparent Aggregation of T'ri-n-octylamine 

and I ts  Sulfates i n  Dry Benzene, 25OC. Isopiest ic  

vapor balancing: TOA vs triphenylmethane; i ts  salts 

v s  azobenzene. 

normal trioctylamine su l fa te  in benzene  solut ion.  
If no  mixed bisulfate---normal s u l f a t e  aggrega tes  
a re  formed,' t h e  d issoc ia t ion  react ion presumably 
is 

1 
n 

(TOAH),SO, e TOA + - ( T O A H Q H S O , ) ~  . 

(Here t h e  s l igh t  assoc ia t ion  of TOA is negligible.) 
On t h e  further assumption that  t h e  su l fa te  dis-  
soc ia t ion  and b isu l fa te  aggregation are not 
s ignif icant ly  changed in  t h e  mixed solut ions,  t h e  
d a t a  of F i g .  9.6 c a n  b e  combined to es t imate  t h e  
degree  of dissociat ion:  

Molarity of Percent  

(TOAH)2S04 Dissociat ion 

0.1 

0.2 
0.3 

0.4 
0.5 

0.7 
1.5 
3 

4 
4 

In the  evaluat ion of t h e  s toichiometr ic  act ivi ty  
coeff ic ients ,  there  w a s  no quest ion that  monomeric 
TOA and (TOAH),SO, were t h e  appropriate 
formulations fox t h e  free b a s e  amine and t h e  normal 

',Chern. Technol .  Div. Ann. Progr. Rept .  May 31,  

2 5 K .  A .  Allen,  J .  P h y s .  Chem. 60, 239 (1956). 
1964, ORNL-3627, p .  206. 

z6The l inear  r i s e  found for 'Ti v s  H,SO,/TOA (ref. 21, 
p.  207)  s u g g e s t s  l i t t l e  i f  any d i rec t  a s s o c i a t i o n  be tween 
normal su l fa te  and b isu l fa te .  
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sulfate,  and evaluation of their activity coefficients 
through extrapolation of the  osmotic coefficient 
function to m = 0 was  s t r a i g h t f o r ~ a r d . ~ ~  However, 
it is not obvious whether the  monomer or the  
tetramer will prove t h e  more useful formulation for 
the bisulfate activity coefficients; hence  they have 
been calculated both ways (Fig. 9.7). In th i s  
sys tem the osmotic coefficients of the benzene 
solutions increased rapidly as the bisulfate con- 
centration decreased, so that there was  con- 
siderable uncertainty in extrapolation to m = 0. 
T h i s  does  not affect the  accuracy of the  s lopes  
of the yTOA13 "HS04 curves a t  concentrations 

above around 0.1 m monomer (0.025 m tetramer) but 
does  make uncertain the vertical positioning of 
those  curves in Fig.  9.7. A computer program is 
being prepared to provide a more su i tab le  calcu- 
1 ation. 

T r i -n -0 c t y  I a rn i n e  -Su If u r i c Ac id -Water 

In continued testing of the poss ib le  e f fec ts  of 
water content on the ac t iv i t ies  of amine salts, 
water contents of an  undiluted amine sulfate- 
bisulfate mixture were measured as a function of 
water activity. Tri-n-octylarnine bisulfate was 

ORNC-DWG 66.~7567 
..... 

(TOAH. HS04i4 
CALCULATED AS TETRAMER t z 

CALCIJI ATE0 AS MONOMER ' t- rj,: 1 i O A 2  - 

001 L L  ......... L--L ........ L .... 1 
0 0. I 0.2 0.3 0.4 0.5 0.6 

MOLALITY 

Fig.  9.7. Act iv i ty  Coef f ic ients  o f  Tr i - t i -octylamine 

and I t s  Sulfates i n  D r y  Benzene,  25OC. Isop ies t ic  

vopor balancing:  TOA vs triphenylmethane, i ts  sa l ts  

vs ozobenzene. 

I I I , 

0 I/_-... ~~L ...... I~ .... J. J 0 
0 0.2 0.4 0.6 0.8 rn 

uHz0, WATEFl ACTIVITY 

F i g .  9.8, Composit ion and A c t i v i t i e s  i n  the  Undi luted 

TOA-H2S04-H20 System, 25OC. T h e  rotio H2S04:TOA 
constant at 0.765. Isopiest ic  vapor-phase equi l ibrat ion 

wi th  various saturated aqueous solt solutions. Standard 

states: pure water  for a H  o, pure dry TOA '0.765 

H2S04 for aarriine sulfote '  
2 

dried under high vacuum until some of its sulfuric 
acid content w a s  volatilized (final mole ratio of 
normal sulfate t o  bisulfate = 0.44; TOA.0.765 
H 2 S 0 4 ) .  This  was equilibrated isopiestically with 
a ser ies  of saturated aqueous solutions of known 
water activity (Fig. 9.8). The  activity of the 
(constant-ratio) amine sulfate mixture, taken a s  
solvent, was then calculated as  previously 
described. T h e  water-content curve devia tes  
considerably from Henry's law, but neither i t  nor 
the amine sulfate activity curve shows any dis- 
continuity or  region of critical sensit ivity.  

Tributyl Phosphate-n-Hexane 

The activit ies of TBP in dilute solutions i n  
n-hexane, needed in the study of synergistic 
strontium extraction by IWEHP-TBP mixtures, 2 R  
were determined by isopiestic balancing. The 
activity coefficient curve (Fig. 9.9) is s i m i l a r  to,  
-. . . . . . . . 

27Chern. Techtiol. D i v .  Ann .  Pro@. R o p t .  May 31, 

28Chern. TectmoJ. D i v .  Ann. Pro&. Rept.  May 31, 

1965, ORNL-3830,  P. 219. 

1965, OKNL-3830, P .  213. 



188 

ORNL - DWG 66- 7569 
4.0 

0.9 

0.8 

0 
K: 0.7 
w 
0 
u 

>. 0.6 

2 

:: 0.5 I-- 

r- 

0.4 
0 0.4 0.2 0.3 0.4 0.5 

MOLLAL-ITY OF TBP 

Fig. 9.9. Act iv i ty  Coef f ic ient  o f  TBF in  Dry  n -Hexane  

Solution. Isopiest ic  vapor balancing v s  azobenzene. 

Dashed curve: ac t iv i ty  coeff ic ient  from freezing-point 

depression in cyclohexane, ref .  2 9 .  

Differential Pressure Gage 

In a cont inuing program t o  improve the  sens i t iv i ty  
and accuracy of differential vapor pre., - sure  meas- 
urements, a new commercial diaphragm instrument 
is being t e ~ t e d . ~  P r e s s u r e  difference moves a 
s t re tched  metal  diaphragm, caus ing  a change  i n  
capac i ty  that  is de tec ted  by a capaci ty  bridge. 
T e s t s  with s tandard aqueous so lu t ions  indicated 
accuracy  within 0.5%. For example, water  v s  
sa tura ted  KNO, showed 1.778 mm I-Ig at 25"C, and 
saturated KCI v s  saturated NaCl showed 2.127, as 
compared with 1.786 and 2.133, respect ively,  
ca lcu la ted  from the  l i terature  va lues .  However, 
there  is some drifting with time, indicat ing real or 
vir tual  leakage,  and t h i s  appears  to b e  worse with 
organic than with aqueous solutions. T e s t s  a r e  
continuing, t o  determine whether th i s  difficulty is 
inherent or c a n  be el iminated.  

and s l ight ly  lower than, that  for TUP i n  cyclo- 
hexane as determined cryoscopical ly  at around 
6°C:.2 Neither curve c a n  b e  fitted sa t i s fac tor i ly  
by t h e  Scatchard-Hildehrand, van Laar ,  or Margules 
equat ions.  3 0  

2 9 W .  F. Johnson and R. L.  Dillon, Phys ica l  Properties 
of Tri biz ly lph ospha te -Di lueri t Solutions, HW-2 9086 
(Sept. 1, 1953). 

,OJ .  H .  Hildebrand and R. L. Scott, The Solubility of 
Nonelectrolytes, 3d ed., pp. 34, 36, 131, Dover, N e w  
York, 1964. 

'MKS Baratron Electronic P res su re  Meter,  Bulletin 
77,  MKS Instruments, Inc., Burlington, Mass. 

. A. Robinson and R. 13. Stokes,  Electrolyte 
Solutions, 2d ed., p .  510, Butterworths, London, 1959. 
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10. Chemical Applications of Nuclear Explosions 

The purpose of this program is to  provide re-  
search and development in se lec ted  areas of 
the Plowshare Program, especially those areas 
requiring knowledge of chemistry or metallurgical 
engineering to determine feasibility. Areas in 
which research was  performed l a s t  year included 
(1) s tudies  of the distribution and possible fate 
of radionuclides formed during the use of nuclear 
devices  to aid in  the  recovery of copper from 
ore deposits;  (2) an examination of the potential 
for production of magnesium from olivine; (3) 
measurement of the rate of exchange of tritium 
and hydrogen in  water and natural gas  under con- 
ditions that may be  encountered in the stimu- 
lation of g a s  production from wells by nuclear 
explosives;  (4) s tudies  of the distribution and 
possible fate of radionuclides formed during the 
u s e  of nuclear devices  to  aid in the recovery of 
oil from sha le s ;  (5) hypervelocity jet sampling 
a s  a means of removing a specimen after irradi- 
ation in  the neutron flux of a detonation, but 
ahead of the detonation shock wave. 

10.1 COPPER ORES 

Fracturing of copper ore depos i t s  with nuclear 
explosives,  followed by leaching in place, is 
being studied for the AEC by Lawrence Radiation 
Laboratory (LRL,) and by the U. S. Bureau of 
Mines at Tucson, Arizona. The Oak Ridge National 
Laboratory is cooperating in th i s  program by 
studying potential problems that might a r i se  from 
the presence of radioactive contaminants in  the 
processing cycle.  The proposed flowsheet for 
recovering copper includes percolating a leach- 
ing solution of dilute sulfuric acid down through 

the nuclear-broken ore to dissolve the  copper, 
collecting the  leach liquor at the bottom of the 
ore body and pumping i t  t o  the surface, recovering 
a copper concentrate from the solution by ce- 
mentation on iron, and returning the  barren so- 
lution, after fortifying it with acid,  for reuse in 
the leaching step.  

Problems that might arise from the presence 
of radionuclides in  the system are being con- 
sidered under two main categories;  f i rs t ,  eval-  
uation of radioactive hazards to personnel; sec- 
ond, possible radiocontamination of the copper 
product, which, of course, could affect its mar-  
ketability. Assessment of these  problems re- 
quires some knowledge of the amounts of the 
different radionuclides that would be present in  
the system, their leachability under expected 
flowsheet conditions, and their behavior in cer- 
tain processing s t eps ,  for example, the copper 
cementation step.  The  amounts of each  of the 
fission products and tritium produced by det-  
onation of a given yield depend, of course,  on 
the type of device used. We have assumed in 
the init ial  evaluations that most of the energy 
might be derived from fusion and that leaching 
would not begin sooner than eight months a f te r  
the shot;  thus the tritium activity would be much 
higher than the  total  f ission product activit ies.  
In addition, induced activit ies would be  present, 
their amounts depending on the composition of 
the  ore and conditions of the experiment. 

Since nuclear-broken copper ore is not avail- 
able for leaching tests, the paths of the radio- 
nuclides in the  processing cyc le  a re  being studied 
by dosing the copper ore with soluble isotopes,  
with reactor-irradiated copper ore, and with radio- 
active debris from one of the Nevada test-si te 
sho t s ,  
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Status and Progress 

At th is  s t a g e  of t h e  s t u d i e s ,  the potcnt ia l  prob- 
lems a s s o c i a t e d  with t h c  introduction of radio- 
act ivi ty  into t h e  s y s t e m  d o  not appear  to con- 
s t i t u t e  a preventive obs tac le  t o  t h e  use of nuclear  
explos ives  i n  copper  processing.  T h e  ant ic ipated 
concentrat ion l e v e l s  of the  radiocontaminants 
in  t h e  process  liquors should  he  far below the 
leve l  that  would require t h e  sh ie ld ing  of equip- 
ment to avoid radiation exposure to personnel. 
Tritium w i l l  tequirr  s p e c i a l  considerat ion (par- 
ticularly with respec t  t o  underground operat ions)  
s i n c e  i t  w i l l  b e  in  a volat i le  form. 

Ruthenium contamination of the  copper is of 
concern but  d o e s  not  s e e m  to represent  a limiting 
problem. T h e  l e v e l  of contamination might b e  
suff ic ient ly  low as  t o  not represent  a hazard t o  
the customer population e v e n  i f  there  i s  no re- 
ject ion of ruthenium i n  going from the  cement  
copper concentrate  to t h e  f ina l  product. IIow- 
ever, t h i s  n e e d s  confirmation. If necessary ,  I t  
appears  that  s u i t a b l e  means of reducing ruthenium 
contamination a r e  avai lable .  

Leach ing  of Test-Shot Debris 

In batch t e s t s  with radioact ive debris ,  less 
than 2% of any  of the  long-lived radionucl ides  
were d isso lved  under expected flowsheet con-  
di t ions (pW 2 to 3 )  from a sample  of “puddle 
g l a s s ”  (Fig. 10.1). However, about  50% of the  
90Sr, about  20% of the 144Ce, and 5 t o  10% of 
the lo6Ru  were d isso lved  from a sample  of rubble. 

Adsorption of Radionuclides by the Ore 

T h e  ion exchange  propert ies  of the  copper  ore  
a re  highly important i n  regulating the  amounts 
of cer ta in  radionucl ides  that  a r e  dissolved.  Batch  
distribution t e s t s  with so luble  radionucl ides  
showed that  f i s s ion  products, s u c h  as ces ium 
and zirconium-niobium, and potent ia l  act ivat ion 
products, s u c h  as  s i lver ,  a r e  adsorbed very s t rongly 
by  t h e  ore  from a c i d  leach  so lu t ions  (Fig.  10.2). 
Strontium, rare ear ths ,  and ruthenium a r e  adsorbed 
much more weakly, although s ignif icant ly .  T h e  

chimney of broken ore c a n  b e  pictured as an ion  
exchange column severa l  hundred feet  high. Ra- 
dionucl ides  d isso lved  i n  the  ear ly  p h a s e s  of the  
leaching c y c l e  tend to be adsorbed on t h e  ore  
a s  t h e  leach  solut ion is recycled through t h e  
ore  column. T h i s  would limit t h e  buildup in  con-  
centrat ions of  some radionucl ides  in t h e  l e a c h  
liquor t o  l e v e l s  far  below those  that  would b e  
predicted on the  b a s i s  of batch leaching  experi-  
ments. 
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Fig .  10.1. Leach ing  of Test-Shot Debris with Sulfuric 

Acid. Procedure: 10-9 samples of -4-mesh debris 

leached for two days at r o o m  temperature with 20 m l  
of di lute H2SO4; ac id  added during the leach to maintain 

the p H  approximately constant a t  1.0, 2.5, or 4. T h e  

supernatant was analyzed for the various radionuclides. 

The  unleached debris contained ( in dis/min x lo4 
per gram): puddle glass - 1.4 137C5, 22 ’44Ce ,  

4.1 90Sr, 3.7 6oCo, and 2.0 ’06Ru; rubble - 2.2 137C5, 
0.04 144Ce,  0.09 90Sr, 0.01 6oCo, and 0.12 lo6Ru.  
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Fig. 10.2. Adsorption o f  Rad ionuc l ides  by Ar izona  

Copper Ore. Procedure: 5 m l  of Arizona copper ore 

leach  liquor (adiusted to di f ferent  p t i  l eve ls  and spiked 

wi th  t h e  appropriate radioisotope)  contacted 16 hr w i t h  

1 g of -20-mesh Arizona ore tai l ings;  amount adsorbed 

calculated on bas is  of head solut ion and supernatant 

analyses.  Less than 4% (KD < 0.25) of Ru, Fe ,  Eu, 

Sc, Y, Cr, Co, Z r ,  and Cd were odsorbed i n  the  p H  

range of 1.5 to 2.8. 

Cementation Tests 

E x c e s s i v e  radiocontamination of the  cement  
copper  could introduce complicat ions in s u b s e -  
quent  process ing  operat ions and,  i f  not e l iminated 
in  t h e s e  operat ions,  could a f fec t  t h e  marketa- 
bility of t h e  f inal  copper  product. In cementat ion 
t e s t s  with copper  l e a c h  liquors dosed  with radio- 
i so topes ,  s ign i f icant  f ract ions of f i ss ion  products  
s u c h  as ruthenium and zirconium-niobium cemented 
with t h e  coppcr .  Certain potent ia l  act ivat ion 
products s u c h  as s i lver  cemented quant i ta t ively.  
However, on the  b a s i s  of t h e  amounts of t h e  var- 
ious radionucl ides  tha t  would b e  present  i n  the  
sys tem and o ther  cons idera t ions ,  lo6Ru is t h e  

only radionucl ide that  appears  important with 
respec t  to radiocontamination of the cement  copper. 

Calwmn Leaching Tests 

A number of tests were made in  which a 4- 
in.-diam column of Arizona copper  ore w a s  leached  
with sulfur ic  a c i d  by the  open-drainage-trickle 
l e a c h  method. T h e  d isso lved  copper  w a s  re- 
covered from the  column eff luent  by  cementat ion 
on detinned c a n s ,  and t h e  depleted solut ion w a s  
fortified with su l fur ic  a c i d  and recycled t o  t h e  
column. In a test wherein tes t -shot  rubble w a s  
added to t h e  column (2000 e, of rubble per 2500 g 
of copper  ore), t h e  gamma act ivi ty  of t h e  l e a c h  
solut ion w a s  only s l igh t ly  above  background. 
T h e  copper  products  contained 0.005 to 0.01 pc 
of lo6Ru  per gram of copper ,  bu t  n o  other  radio- 
i so topes  were de tec ted .  

To bet ter  follow t h e  pa ths  of the  radionucl ides  
in  t h e  process ing  c y c l e ,  another  column run w a s  
made i n  which t h e  ore  w a s  sp iked  with a solut ion 
containing e q u a l  numbers of cur ies  of 134Cs ,  
85Sr, "Zr-Nh, ' 4 4 C e ,  and lo6Ru. In the  in i t ia l  
volumes of eff luent  co l lec ted ,  "Sr was the  dom- 
inant  i so tope ,  but i t s  concentrat ion decreased  
rapidly as t h e  solut ion w a s  recycled through the  
column. Only a very smal l  fraction of t h e  to ta l  
134Cs and 95%r-Nb w a s  found in  t h e  effluent. 
After s e v e r a l  c y c l e s  of t h e  solut ion,  about  54% 
of t h e  total  ac t iv i ty  in  t h e  effluent was d u e  to 
1 4 4 C e ,  42% to lo6Ru,  and 3% to  85Sr. Ruthe- 
nium w a s  t h e  only radioisotope found in  the ce- 
ment copper  i n  appreciable  amounts ,  i t s  concen-  
tration increas ing  with e a c h  s u c c e s s i v e  product 
batch.  

In another  run, the  ore w a s  sp iked  with Arizona 
copper  ore that  had been i r radiated in  the  Oak 
Ridge Research  Reactor  and cooled for 52 days .  
At tha t  time, t h e  concentrat ions of act ivat ion prod- 
u c t s  in  t h e  i r radiated ore, i n  microcuries per gram, 
were: 109 4 6 S ~ ,  78 59Fe, I3 6oCo, 12 54Wn, 
11 65Zn,  7 75Se, and 1.4 95Zr.  Only smal l  frac- 
t ions of any of t h e s e  i s o t o p e s  were d isso lved  i n  
the  column run. B a s e d  on a n a l y s e s  of t h e  solu- 
t ion  enter ing t h e  cementat ion c i rcu i t  and the  cop- 
per products ,  less than 3% of the  d isso lved  95Zr,  
75Se, and 46Sc  and less than 0.2% of the d is -  
so lved  54Mn, "Fe, 6oCo, and 65Zn were re- 
moved with the  copper  in  t h e  cementat ion s t e p .  
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Fig. 10.3. Tr i t ium und Copper Concentrat ions i n  the 

Column Effluent. The p H  of  t h e  eff luent  was 4.7 at 

500 ml,  4.6 at  1000 ti l l ,  and 4.5 a t  1650 ml. Procedure: 

4500 g of -0.5-in. Arizona copper ore, spiked wi th  

t r i t i a ted  water containing 3 rnc o f  3H, was leached at  

0.5 rn l /min wi th  synthet ic w e l l  water  adjusted t o  p H  1.2. 

Trit ium 

Following a nuclear  shot ,  the tritium wil l  ad- 
sorb on the ore rubble as t r i t ia ted water.’ P r a c -  
t ical ly  all  of i t  should eventual ly  b e  taken  i n t o  
the  leach  solution. On l eaching  ore dosed  with 
tritiated water  in  a column, most of the  tritium 
w a s  removed i n  the  f i rs t  portions of eff luent  (Fig. 
10.3). T h i s  s u g g e s t s  that  t h e  tritiiim hazard might 
b e  appreciably l e s s e n e d  by discarding rather  
than recycl ing the ini t ia l  effluent, which conta ins  
l i t t le  copper. A s ignif icant  fraction o f  t h e  solu-  
ble  90Sr also is removed ear ly  in thc c y c l e  and 
could b e  el iminated by t h i s  procedure. 

Ruthenium Contamination of Copper Product 

Preliminary t e s t s  showed tha t  ruthenium con- 
tamination c a n  b e  appreciably decreased  by t reat-  
i n g  t h e  leach  liquor with act ivated carbon or by 

‘I?. W. Stead, “Distribution in  Groundwater of Radio- 
nuc l ides  from Underground Nuclear Explos ions ,”  
Third Plowshsre Symposium, Apr i l  21 -23, 1964,  TID- 
7695. 

t reat ing the  recycle  liquor with l i m e .  Also,  sol- 
vent  extract ion of copper2  with LIX-64 (a new 
copper  ex t rac tan t  of undisclosed s t ruc ture)  gave  
a c l e a n  separa t ion  of copper  from radiocontami- 
nants .  

10.2 MAGNESIUM ORES 

A survey w a s  s ta r ted  to  determine whether the  
Plowshare Program could benefit t h e  minerals 
industry,  and therefore, t h e  economy, of t h e  Rp- 
palachia  region. Papee evaluat ion of p a s t  work 
by TVA on recovering magnesiutn (and possibly 
by-product nickel  and chromium) from ol ivine in-  
dicated that  es tab l i sh ing  ol ivine a s  a compet- 
i t ive  raw material for magnesium would require 
considerable  iinprovement of the  ‘TVA process  
and probably a n  ex tens ive  pilot operation. Be- 
c a u s e  of considerat ions with respec t  t o  t h e  ge-  
ography, nature ,  and size of the  ore bodies  and 
the  nature of t h e  subsequent  recovery process ,  
it w a s  not c l e a r  t h a t  t h e  u s e  of nuclear  explo-  
s i v e s  would b e  advantageous iri p rocess ing  ol i -  
vine. Considerat ions of poss ib le  Plowshare ap- 
pl icat ions i n  the Appalachia  region a r e  inac t ive  
for t h e  present .  

10.3 STIMULATION OF NATURAL GAS WELLS 

In feasibi l i ty  s t u d i e s  of t h e  s t imulat ion of gas 
production from w e l l s  by nuclear  devices  (Proj- 
ect Gasbuggy), i t  is important t o  cons ider  the 
relat ive dis t r ibut ions of tritium g a s  (produced 
by the device)  t o  t h e  groundwater and to the  nat- 
ural g a s  (e.g., methane) ini t ia l ly  present  in  the 
cavi ty ,  and t o  t h e  g a s  that  en ters  the wel l  once  
g a s  production h a s  s ta r ted .  Because  of the  ex-  
treme temperatures  and pressures  at the  ins tan t  
of detonat ion and short ly  thereafter, the  tritium 
distribution occurring during th i s  phase  c a n  b e  
measured rea l i s t ica l ly  only i n  a n  ac tua l  nuclear  
test. However, laboratory tiieasurernents have  
been made which provide a n  indication of t h e  
tritium exchange to b e  expec ted  during the  gas 
production phase.  

2D. W. Agers et a l . ,  “A New Reagent  for Liquid 
Ion Exchange of Copper,” Mining Eng. 17, 76 (1965). 
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Such t e s t s  have  shown that  t h e  formation of 
t r i t ia ted methane is probably low, provided tha t  
the tritium concentrat ion i n  the  g a s  phase  is low 
and provided tha t  there  is n o  ca ta ly t ic  e f fec t  i n  
the presence  of cavi ty  medium. Specif ical ly ,  the  
tritium exchange  with hydrogen i n  methane-water- 
vapor mixtures i s  e q u a l  to or less than 2 x 
mc liter-’ day-’ a t  100°C when t h e  tritium con-  
centrat ion is 1 mc/liter, and  is e q u a l  to or  less 
than 2 x m c  l i ter-‘  day--’ at room temper- 
a ture  when t h e  tritium concentrat ion is 0.2 mc/li- 
t e r ~  T h e  proposed Gasbuggy experiment involves  
a 10-kiloton f i ss ion  d e v i c e  with a 10,000-curie 
tritium sp ike .  T h e  maximum gas-phase tritium 
concentrat ion a f te r  the  s h o t  h a s  been  es t imated  
at 0.3 mc/liter, and the  present  tests include 
this concentrat ion.  T h e  laboratory exchange  t e s t s  
have  been  conducted for a period which e x c e e d s  
the  expec ted  methane res idence  t i m e  i n  the  wel l  
during a c t u a l  production. T h e s e  water-methane 
exchange r a t e s  a r e  a t  l e a s t  a factor  of 10 lower 
than those  predicted from the  l i terature  for trit- 
ium-gas-water and  tritium-gas-methane s y s t e m s ,  
hut  t h e  la t te r  were determined at much higher  trit- 
ium concentrat ions,  where self-induced radiat ion 
exchange  w a s  s ignif icant .  

A fusion Plowshare  device  would conce ivably  
produce more tritium than the  10,000-curie sp ike .  
It is not c l e a r  that  a gas-phase tritium concentra-  
tion would b e  produced tha t  would b e  suff ic ient ly  
high to make radiation-induced tritium-hydrogen 
exchange a s igni f icant  factor  i n  determining the  
quality of t h e  methane product. Never the less ,  
experiments wil l  b e  made to determine t h e  e x t e n t  
of tritium and hydrogen exchange be tween water  
and methane a t  tritium concentrat ions be tween 
1 and 100 mc/liter. In some of t h e  t e s t s ,  t h e  
g a s  p h a s e  wil l  b e  i n  contac t  with s h a l e  from t h e  
formation i n  which t h e  proposed Gasbuggy s h o t  
is to occur, i n  order t o  determine i t s  poss ib le  
c a t a l y t i c  e f f e c t s  on t h e  exchange.  

10.4 PRODUCTlON OF OIL FROM SHALE 

T h e  u s e  of a nuc lear  device  to crush  oil s h a l e  
in  p lace  h a s  been  proposed under t h e  P lowshare  
Program. T h e  recovery of t h e  oil from t h e  crushed 
s h a l e  in  the  nuclear  chimney involves  in-situ 
retorting, and t h e  feasibi l i ty  of t h i s  concept  is 
heing s tudied  at the  Bureau of Mines Research  
Station i n  Laramie,  Wyoming. A s  a part of t h i s  

s tudy ,  experiments  h a v e  been s ta r ted  at ORNL 
which wil l  examine t h e  distribution and poss ib le  
fate of radionucl ides  formed during t h e  nuclear  
c rush ing  and retorting s t e p s .  A small retort h a s  
been constructed which will have  the  capabi l i ty  
of first re tor t ing and  then burning 100-g ba tches  
of c rushed  s h a l e .  T h e  s h a l e  wi l l  b e  contam- 
inated with t h e  radionucl ides  (or their  s tand- ins)  
expec ted  to b e  produced by the device,  a long  with 
the  act ivat ion products produced by irradiation. 
T h e  product o i l  and g a s e s  wil l  b e  analyzed for 
the  contaminants .  

10.5 DEVELOPMENT OF HYPERVELOCITY 
JET SAMPLERS 

Hypervelocity j e t s  a r e  be ing  s tudied  a s  a means 
of t ransport ing samples ,  irradiated about  1 m from 
a nuclear  detonation, to a recovery a r e a  (about 
100 m away) tha t  is relat ively frep from t h e  de-  
s t ruc t ive  e f fec ts  of the detonation. T h e  experi-  
ments a r e  bcing conducted a t  the  Frankford Ar- 
s e n a l ,  Vincentown, New Jersey ,  i n  a n  evacuated  
(1 mm Hg) flight chamber 18 in .  i n  diameter  and 
55 f t  long. T h e  equipment h a s  been modified to 
handle  the  3j.,-lh charges  needed to focus and 
accelerate a j e t  formed from a 390-g copper  cone  
that  conta ins  a 3-g target  of gold. T h e  gold sim- 
u la tes  transplutonium mater ia ls .  T h e  je t ted  tar- 
get  is caught  in  a laminated wooden block 36 in.  
thick.  

During the pas t  year ,  preparatory t o  u s i n g  t h e  
gold targets ,  t e s t s  were made with smal le r  c o n c s  
of copper ,  iron, and aluminum, containing ta rge ts  
of the  s a m e  metals .  T h e  resu l t s  a r e  summarized 
below: 

1. A t  least 50% of the target  and a portion of the 
support ing cone  formed in to  a j e t  in  about  15 
p s e c  and t raveled with a veloci ty  equal  to ,  or 
f a s t e r  than,  the  es t imated  veloci ty  of a nuclear  
s h o c k  front in  rock. 

2. T h e  remainder of the  target  and most of the 
c o n e  formed a “react ion slug” which followed 
t h e  j e t ,  but a t  a lower speed .  (In the  experi- 
ments ,  t h c  reaction s l u g  w a s  also recovered 
in the receiver. In a nuclear  detonat ion the 
s l u g  would not b e  recovered b e c a u s e  it would 
b e  overtaken and destroyed by the s h o c k  front.) 
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3. It i s  e a s i e r  t o  c a t c h  je t ted mater ia l  when the  
j e t  c o n s i s t s  of c o a r s e  par t ic les ,  although th is  
type of j e t  does  not move t o  the  receiver  qui te  
a s  fast and as  accurately a s  a coherent  je t .  
Jet breakup w a s  controlled by the configuration 
of the  target  and the  duct i l i ty  of its material. 
When hardened copper  w a s  t e s t e d ,  x-ray photo- 
graphs showed that  80 t o  90% of the je t  con- 
s i s t e d  of coarse  par t ic les .  

4. T e n  to  twenty percent  of the  je t ted  mater ia l  
w a s  vaporized and condensed on t h e  wal l s  of 
t h e  flight chamber. 

contain under jet-impact condi t ions (the j e t  
s p l i t  a 55-gal drum of water), and the n e c e s -  
sa ry  filtration and sampl ing  faci l i ty  would be  
complicated for handling 100 t o  200 gal  of 
water; and (3) the  many boxes  of gel  required 
for the  s e r i e s  of s h o t s  a r e  expens ive .  'These 
considerat ions,  however, need not preclude 
the u s e  of any  of t h e s e  methods for recovery 
of t h e  target  i n  a nuclear  explosion.  Baff les  
ins ta l led  in  the  chamber near t h e  explos ives  
end  def lected most of the  extraneous matter 
tha t  had been  ge t t ing  in to  the receiver  and  
which came primarily from the explos ive  charge.  

5. T h e  j e t  w a s  s topped by 13 in. of wood. Je t  From t h e s e  resu l t s  i t  is concluded that  t h e  pre- 
re t r ievals  in  i c e ,  water, and ge l  were tried. c i s ion  with which t h e  target  assembly is made, 
T h e s e  a r e  impractical for the New J e r s e y  t e s t  t h e  precis ion with which t h e  explos ive  is cast 
range because  (1) the  v e s s e l  of ice h a s  to  he  around th is  assembly,  t h e  symmetry of the  det- 
prepared at t h e  a r s e n a l  (in Phi ladelphia)  and onation-wave front, and the alignment of t h e  charge,  
maintained i n  t ransi t  and on t h e  range; (2) a target  assembly ,  and flight chamber are wel l  su i ted  
reasonable  quantity of water is diff icul t  t o  to good recovery of future t e s t  targets .  



ecsvery of Fission Prod 

The  objective of the fission product recovery 
program is to develop processes applicable to 
large-scale recovery and purification of fission 
products from reactor-fuel-reprocessing wastes.  
Large quantities of certain fission products are 
being requested for industrial, space,  and other 
applications, and there is evidence that the demand 
will increase, Also, aside from their utility for 
recovering use fu l  fission products, the  recovery 
methods developed are of interest for fractionating 
was tes  to ease certain waste-disposal problems. 

Since the inception of this program the principal 
emphasis h a s  been on the development of solvent 
extraction methods, because they are particularly 
versatile and readily adaptable to  large-scale 
Operations. 'l'hus far, a solvent extraction process 
using di(2-ethylhexyl) phosphoric acid (D2EHPA) 
has  been successfully developed for recovering 
"Sr and mixed rare earths. A modification of th i s  
process h a s  been developed and operated in plant 
scale at the Fianford Atomic Products Operation. 
New processes have a l so  been developed in the 
laboratory for recovering cesium with substituted 
phenols and for recovering zirconium-niobium and 
ruthenium. The  combination of these  developments 
with previous studies of rare-earths separations 
and of the recovery of technetium, neptunium, and 
plutonium affords a possible integrated solvent 
extract.ion flowsheet for recovering nearly all val- 

waste) solution from IIanford. T h e  waste as re-  
ceived was about 0.3 M in free acid and 0.17 M in 
iron. 

Cesium Recovery 

In a mixer-settler run, more than 98% of the 
cesium was recovered from the Purex STW (corn- 
plexcd with tartrate and adjusted to pN 12) solution 
by extracting with 1 rcI 4-sec-butyl-Z-(a-methyl- 
benzy1)phenol (BAMBP) in Amsco 125-82 and 
stripping with 0.1 M HNO,-0.02 M sulfamic acid. 
Overall decontamination factors for cesium were: 
1000 from "Sr and F e ;  2200 from Al; 3000 from 
'44Ce, 95Zr-Nb, and 10611u; and more than 700 
from Na. The  principal purpose of the run was to 
tes t  the chemical and radiation stability of BARilBP 
at f u l l  radiation level. No changes in extraction 
performance or physical characteristics of the 
solvent were noticed in about SO extraction-strip 
cycles over a period of about 50 hr. 

Spectrophotometric examination at 371 m p  of 
solvent samples withdrawn from the s y s t e m  peri- 
odically throughout the Fun indicated that the 
amount of nitrated BAMBP was negligible (less 
than 0.1%) in all samples. The  titrated BAMBP 
concentration of the samples varied over a narrow 
range and was the same for the final sample and 
the original (Table 11.1). Standard cesium extrac- 
tion tests showed a small increase in the cesium 

uable components from waste liquors. , current extraction coefficient with cycling of the solvent. 
studies are aimed at consolidating, optimizing, and b'Or example, the extraction coefficient in the 
completing these  developments and a t  devising second of two extraction contacts was about 8 
new processes that might provide even greater for the  final solvent, compared with about 5 for the 
advantages in operations and cos t .  original solvent. 

Separation of  Cerium from Other Ware Earths 
11.1  HOT-CELL TESTS 

The  efficient separation of c e r i u m  f r o m  other 
rare earths obtained previously' with cold feeds  by Several recovery Processes developed and tes ted  

previously, but only with simulated waste solutions 

hot-cell t e s t s  with actual Purex STW (sugar-treated 

..... . . . . . ~ _ _ _ _  
at tracer level, were demonstrated successfully in lCheill. Technol. Dive  Ann. progr. H e p t .  May  31, 1965, 

ORNL-3830, p. 224. 
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Table 11.1. Test ing of Irradiated BAMBP 

Procedure:  Samples  of s t r ipped so lvent  from t h e  cont inuous ces ium recovery run 
were scrubbed with d i l u t e  n i t r ic  a c i d  and then water; then they were contac ted  
with two s u c c e s s i v e  volumes of 3 M NaN0,-0.0008 M C s  so lu t ion  a t  pH 12.0, 
e a c h  contac t  a t  a n  aqueous/organic  p h a s e  rat io  of 2/1. 

..................... .I___ ............ ....................... ___.. __ ................... ........................... 

Standard Cesium Ext rac t ion  T e s t  
....... Solvent  Exposure  

......... ......... BAMRP 
Concentrat ion Approximate 

Number of 
C y c l e s  

Time 

(W (hr) 

0 0 
8 10 

16 20 
24 32 
32 44 
40 58 
52 8 2  

1.00 
1.01 
1.03 
0.96 
0.96 
0.99 
1.00 

F i n a l  

PH 

12.0 
12.0 
11.9 
11.9 
11.9 
11.9 
12.0 

... _... .............. __ 
C e s i u m  Ext rac t ion  

Coeff ic ient ,  E:  

F i r s t  Second 
Contac t  C o n t a c t  

5.6 5.2 
5.8 6.2 
6.1 6.0 
5.7 6.0 
7.7 8.5 
7.9 8.5 

10.6 8.1 

oxidizing t h e  cerium with s i lver-catalyzed per- 
su l fa te  and extract ing with di(2-ethylhexy1)phos- 
phoric ac id  (D2EItPA) w a s  achieved also in batch 
tests with Purex STW. A mixed rare-earths feed 
w a s  f i rs t  prepared by extract ing rare  e a r t h s  from 
tartrate-complexed S T W  solut ion a t  pH 2.5 with 
D2EHPA and stripping with 2.5 M HNO,. T h e  
cerium i n  the s t r ip  solut ion w a s  oxidized by adding 
s i lver  ni t ra te  t o  0.015 M concentrat ion and sodium 
persulfate  t o  0.1 M concentration and hea t ing  for 
20  min a t  50°C. Batch contact ing t h e  oxidized 
solut ion with '/z vol of 0.3 M D2EHPA-Amsco 125- 
82 removed more than 97% of t h e  cerium but only 
about 0.3% of the  promethium from the  aqueous 
phase.  More than 99% of t h e  cerium w a s  s t r ipped 
by contact ing t h e  extract  with one-fourth i t s  volume 
of 2 M HN0, -1  M H'O,. The overal l  decontamina- 
t ion factor of cerium from promethium w a s  more 
than 270. 

ruthenium recoveries .  For example, with 0.2 M 
Alamine 336 i n  95% Amsco 125-82-5% tridecanol 
diluent, about 95% of the  ruthenium was  extracted 
from nitrite-treated STW in a s ingle  batch contac t  
at a n  organic/aqueous phase  rat io  of 2/1, whereas  
only 39% w a s  extracted From untreated w a s t e  under 
t h e  same conditions. In t h e  former tes t ,  less than 
1% of t h e  "Zr, 13'Cs, and ' 4 4 C e  were extracted 
with the  ruthenium. About 90% of t h e  ruthenium 
w a s  s t r ipped from t h e  extract  by contac t ing  it with 
d i lu te  c a u s t i c  solution. 

In addition to t h e  favorable resu l t s  with Alamine 
336, bet ter  than 85% of the ruthenium w a s  also 
extracted (organic/aqueous rat io  of 2/1) from ni- 
trite-treated STW with 100% T B P  and with t h e  
quaternary amine Aliquat 336. No su i tab le  method 
is known for s t r ipping t h e  ruthenium from Aliquat 
336. 

Zi rconium-Niobium Recovery 
Ruthenium Recovery 

Ruthenium recoveries  from Purex  STW solut ion 
by tertiary amine extraction were much m o r e  ef-  
f ic ient  than t h o s e  obtained previously' in  tests with 
simulated wastes .  Pretreatment  of t h e  STW, by 
adding sodium ni t r i te  and heat ing,  improved t h e  

In cont ras t  t o  t h e  s l o w  extract ions '  of 95Zr-Nb 
obtained from Purex  1 W W  solut ion (4 M H') with 
D2EHPA, extract ions from t h e  relat ively low-acid 

'Chem. Technol .  Div. Ann. Progr. Kept.  May 31, 1963, 
OKNL-3452, p. 193. 
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STW solut ion (about 0.5 ,M H’) are rapid, with 
equilibrium be ing  obtained at room temperature 
within 5 min. More than 95% of t h e  95Zr-Nb w a s  
extracted from STW solut ion i n  a 5-min contac t  
with 0.1 M D2EHPA i n  Amsco 125-82 at a n  aqueous/  
organic  p h a s e  rat io  of 2/1. 

T h e  f i rs t  c y c l e  of a two-cycle p r o c e s s 3  for s e p -  
arat ing proiiiethium from n i i x ~ d  f i ss ion  product rare  
e a r t h s  in a nitric acid system by extract ion with 
D2EHPA w a s  demonstrated in  a t racer  run i n  min- 
ia ture  mixer-settler equipmenb.  In t h i s  system, 
extract ion cocf f ic ien ts  of the r a h a r t h s  increase  
fairly uniformly with atomic 

(along wiJh heavier  
sepaTated from rate ear ths  lighter than promethium 
with 0.75 M DZEWPA in diisopropylbenxene i n  16 
extract ion and 16 scrub  s t a g e s ,  The decontamina- 
tion factor  for promethium from neodymium w a s  
about 400. Although not measured, decontamina- 
tion fac tors  should have  been much greater than 
400 fioni rare  ear ths  liglitcr than neodymium, which 
a r e  extracted less strongly. B e c a u s e  of poor mix- 
ing, s t a g e  e f f ic ienc ies  in extract ion and scrubbing 
were poor (50 to GO%), and t h e  total  number of 
idea l  s t a g e s  i n  t h e  twv uni ts  was,  therefore, prob- 
ably no gieater  than 18. T h i s  accounts  for t h e  
relat ively poor promethium recovery and somewhat 
lower decontamination eff ic iency than w a s  ex- 
pected. In this run the aqueous feed w a s  a rare- 
ear ths  ni t ra te  solut ion containing ’ 4 8 ~ m  t racer  
and, i n  g/liter: 9 La, 7 Pr ,  20 Nd, 6 Sm, and 1.0 
Eu. T h e  nitric a c i d  concentrat ion w a s  0.55 N. 
T h e  scrub  solut ion was 0.4 M I-INO,, and 2 M NaOH 
w a s  fed cont inuously to  t h e  feed s t a g e  to  control 
t h e  acidi ty  in  the  extract ion sys tem a t  the  des i red  

leve l .  
NaOIT were l/lO/S/O.l. 

T h e  flow ra t ios  of feed/organic/scrub/2 I d f  

11.3 NEW FLOWS EEY FOR ~~~~V~~~~~ 
STRONTIUM, R A R E  E RTHS, AND CESIUM 

A new and simplified f lowsheet  (Fig. 11.1) w a s  
tentat ively outlined for recovering rare  ear ths ,  
strontium, and cesium from Purex  waste .  T h e  
proposed p r o c e s s  provides  less-pure rare ear ths  
and strontium products than p r o c e s s e s  developed 
ear l ier  but requires  less equipment and d o c s  not 
u s e  la rge  amounts of aqueous-phase complexing 
agents  (e.g., tar t ra te ,  citrate). Also,  problems 
a s s o c i a t e d  with s low extract ions of rare e a r t h s 4  
f rom highly cornplexed so lu t ions  a r e  avoided. In 
t h i s  f lowsheet ,  the  rare  ear ths ,  as well a s  near ly  
all t h e  iron and some aluminum, a r e  exlracted from 
unadjusted Purex  STW solut ion i n  a s i n g l e  s t a g e  
with t h e  sodium salt of di(2-etbylhexyl)phospho~~c 
acid (Na-D2EHP) in  Amsco-tributyl phosphate  dil- 
uent. T h e  amount of Na-II2EHP fed to  the  sys tem 
is regulated t o  provide a f inal  extract ion pM (5-min 
contact)  of 2 t o  2.5. Iron extraction, which is very 
s low at  higher ac id i t ies ,  i s  rapid under t h e s e  con-  
ditions. For example, in  batch contac ts ,  more than 
99.8% of the  iron w a s  extracted i n  1 min. T h e  rare 
ear ths  are se lec t ive ly  s t r ipped from t h e  so lvent  
with d i lu te  nitric a c i d ,  af ter  which t h e  solvent  is 
prepared for recycle  by s ingle-s tage contac t  with 
d i lu te  caus t ic .  In t h e  second cyc le ,  a small amount 
of DTPA is added t o  t h e  aqueous phase  to complex 
nickel  and chromium. Strontium then is extracted 
with Na-D2EHP-D2EWA and s t r ipped with d i lu te  
HNO,. T h e  cesium is then extracted with a sub-  
s t i tu ted  phenol a t  pI1 12. Alternatively, the  stron- 
tium and cesium c a n  be extracted together a t  pH 5 
t o  8 with a mixture of D2EWPA and a subs t i tu ted  
phenol. 

3Chcrn. Tcchnol. Div. Ann. Progr. Rept .  M a y  31, 1965, 
ORNL-3830, p. 225. 

4Chem. Techno]. Div.  Ann. Progr. Rept .  May 31, 1964, 
ORNL-3627, p. 211.  
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Fig. 11.1. Simplified Flowsheet  (Tentat ive)  for Recovering Rare Earths, Strontium, and Cesium from Purcx STW. 
Solvent A, 0.75 M No-DZEHP in TBP-Arnsco diluent; solvent 9, 0.06 M No-D2EHP--0.24 M D 2 E H P A  in TBP-Amsco 
diluent; solvent  C, 1 M BAMBP in Amsco. 



12. Biochemical Separations 

12.1 BlOCHEMlCAL SEPARATIONS RESEARCH 

T h e  recovery of purified macromolecules of 
biological in te res t  c a n  present  formidable prob- 
lems, s i n c e  the  wanted mater ia ls  usual ly  occur  in  
rriitiute quant i t ies  i n  complex biological sys tems 
and must b e  recovered in  a biologically ac t ive  or 
undamaged s ta te .  A need  for methods for the  re- 
covery of s u c h  macromolecules h a s  a r i sen  from the  
increased  at tent ion being given to  all p h a s e s  of 
biological, b iochemical ,  and medical research.  
T h e  program at OKNL is broadly or iented toward 
the  development of methods for recovering a variety 
of types  of macromolecules; however, all t h e  activ- 
i t i e s  to d a t e  have  been focused on  t h e  recovery of 
pure t ransfer  r ibonucleic  a c i d s  (tRNA’s). T h e  
tRNA’s a r e  intermediates  i n  t h e  p r o c e s s  of protein 
synthes is ;  a s p e c i f i c  tRNA transports  each  of t h e  
20 amino a c i d s  to  t h e  s i t e  of protein s y n t h e s i s  
and conta ins  “information,” coded i n  t h e  chemi- 
cal composition and phys ica l  configuration of t h e  
tRNA, that  ident i f ies  t h e  spec i f ic  tRNA and par- 
t i c i p a t e s  i n  producing t h e  correct  amino ac id  
sequence  i n  t h e  protein. Samples of pure tRNA’s 
a r e  being prepared for subsequent  biochemical 
and phys ica l  chemical  experiments  so that  more 
c a n  b e  learned  about  t h e  nature  of “information” 
s torage  and act ion.  

Two tRNA’s, t h e  o n e  for t h e  amino ac id  phenyl- 
a lan ine  ( tRNAPhe)  and o n e  of t h e  four for leuc ine  
(tRNA:“”) from E. coli B, have  been recovered in  
a highly purified s t a t e  by reversed-phase column 
chromatography. ’ Condit ions controlling t h e  
chromatographic resolution of t h e s e  two tRNA’s 
were opt imized i n  a s e r i e s  of preliminary experi- 
ments. Increased  resolut ion w a s  obtained at in- 
c reas ing  temperatures, from 10 to 37OC, and also 
when the  sodium chloride gradient e l u a t e  was buf- 

‘Chem. Technol.  D i v .  Ann. Progr. R e p f .  May 31,  1965, 
ORNL-3830, p. 200. 

fered a t  pH 4.5, compared with higher pH levels .  
T h e  improved resolut ion at 37OC may b e  due to 
changes  i n  t h e  secondary s t ructure  of the tRNA, 
and a t  pH 4.5 it  may b e  d u e  to protonation of some 
of the  b a s e s  i n  the  tRNA. T h e s e  changes  may 
affect  t h e  ionic  interact ion between t h e  tRNA and 
the  column, t h u s  shif t ing the  posi t ion of the  tRNA 
in t h e  chromatogram. 

Twenty grams of E .  coli B mixed tRNA’s were 
chromatogrammed i n  up to  4-g l o t s  on coupled 
reversed-phase columns (Fig. 12.1). T h e  resu l t s  

JACKETED GLASS 
COLUMNS 

NO. 1 2 . 4 x 2 4 0 c m  
N 0 . 2  1 x 2 4 0 c m  

ELUTION 
GRADIENT ;t- GENERATOR 

i 

0 

ORNL-DWG 6 5 - 9 4 4 4 R 2  

1 

MONITOR 

ELUATE: 0 . 4 5 - 0 . 9 5  M NoCl 
0.01 M MgC12 
0.01 M N O - A C  p t i  4.5 

SAT. ‘NITH ISOAMYL ACETATE 

TOTAL ELUATE VOILUME : s.12 l i te rs  

FLOW RATE: 2 ml/ in in  

FRACTIONS: 20 ml 

COLUMN TEMPERATURE: 37OC 

. . . . . . . . . 

REFRIGERATED 
FRACTION 

COLLECTOR 

Fig. 12.1. Reversed-Phase Chromatographic System 

for Recovering tRNAPhe and t R N A i e U .  
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Fig.  12.2, F ina l  Portion of Chromatogram from Reversed-Phase Chromatogrnphy Experiment. 

QRNL D I G  65-42063A Table  13.1. Puri ty o f  Phenylalanine and 

Leucine-4 tRNA's  9 -  ~ 

__  __. ... - ._.. _ _ _  -- - . .- 

Amino Acid Terminal  Adeno- 
I Acceptance  s i n e  Nucleos idea  

8 

I (micromicromoles/ (rnicrornicromoles/ 
absorbancy u n i t )  absorbancy uni t )  

~- 1 6  
E 

tKNAPhe 1341 k / I b  1322 f 2 2  
1320 510' 

$ 3  tRNA? 998 ? 2 S b  1120 
a 

_I_ - m 

a "After b a s i c  hydrolysis .  
b\Vith crude nminoacyl-RNA synthe tase .  
' W i t h  purif ied phenyla lan ine  aminoacyl-KNA synthe-  

5 
Iu a 

0 tase .  0 - J - . - - A _  

100 175 190 175 200 225 250 

FHALI lor4 NUMBER 

Fig.  12.3. Chromatographic Experiment with Bio-Gel 
8-100 for F i n a l  Puri f icat ion of tRNAPhe.  

of a typical  experiment a re  shown i n  Fig. 12.2; 
for improved clarity, only t h e  final portion of t h e  
chromatogram is shown. T h e  tRNAP h e  and tRNA: e u  

were separated from e a c h  other and from other 
tRNA's, but they were contaminated with a higher- 
molecularweight  RNA. The  chromatographic 
f ract ions containing the  tRNAPh"  and tRNA:"" 
were separa te ly  pooled, desa l ted  by gel  filtra- 
tion (molecular s i e v e  chromatography) on Bio- 
Gel P-2 polyacrylaniide gel columns, and concen- 
t ra ted by f lash  evaporation. F ina l  purification w a s  

then achieved by gel filtration on Bio-Gel P-100 
polyacrylamide gel columns, with r e s u l t s  as  shown 
i n  Fig. 12.3 €or tRNAPhe.  On the  la t te r  column, 
the  RNA's separa ted  as a function of size, and t h e  
higher-molecular-weight contaminant e luted ahead  
of the  tRNAPhe or  tK?NAideU. 

Sample purity w a s  determined both by amino 
ac id  acceptance  and by terminal adenos ine  nucleo- 
s i d e  content. In e a c h  case, the va lues  were very 
nearly ident ical  (Table  12.1), indicat ing that  t h e  
f inal  purified samples  were all ac t ive  tRNAPhe 
or tRNA; e u. 

T h i s  is t h e  f i r s t  time that  relatively large (100- 
mg) samples  of pure tRNA's have  been preparcd, 
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Fig .  12.4. Chromatographic Resolut ion o f  tRNA's by Hydroxylapat i te  Cclunttis. 

and they are  iiow being used  by invest igators  i n  
the  ORNL Chemical Technology and Biology 
IJivisions to  determine their  molecular weight, 
nucleotide composition, and mechanism of inter- 
action with the  corresponding aminoacyl-RNA 
syiithetase enzymes. 

Studies have  been made of the  fractionation of 
tRNA's by an al ternat ive method chromatography 

on columns of hydroxylapatite, a calcium hydroxy- 
phosphate  inorganic ion exchanger. Resolution of 
14 E .  coZi B tRNA's was obtained at room temper- 
ature by phosphate  gradient elution at  pH 6.8. A 
typical chromatogram is shown in  Fig. 12.4. T h e  
ultraviolet absorbance curve shows partial resolu- 
tion into a large number of peaks. Multiple tRNA 
peaks,  wel l  separated in  the  chromatogram, were 
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observed for proline, se r ine ,  and alanine.  There  
also appeared t o  b e  two tRNA’s for isoleucine,  
tyrosine, and phenylalanine. F i v e  leuc ine  tRNA’s 
were indicated,  confirming l a s t  year’s  resu l t s  ob- 
ta ined with reversed-phase column chromatography. 
T h e  s e q u e n c e  of elution of t h e  tRNA’s from the  
hydroxylapatite column is considerably different 
from that  obtained with t h e  reversed-phase system, 
and  i t  is expected tha t  combinations of t h e s e  
methods will b e  useful  in  separa t ing  severa l  indi- 
vidual tRNA’s. 

12.2 BIOLOGICAL MACROMOLECULAR 
SEPARATIONS TECHNOLOGY 

Since macromolecules of biological in te res t  occur  
i n  complex biological s y s t e m s  in  minute quant i t ies ,  
l a rge  volumes of s ta r t ing  mater ia ls  must b e  proc- 
e s s e d  t o  recover gram amounts of purified rnacro- 
molecules. Further, b e c a u s e  of their  relatively 
la rge  size and sens i t iv i ty  t o  loss of biological 
act ivi ty ,  they cannot  b e  t reated by many of the  
more conventional chemical  process ing  operat ions.  
To provide new capabi l i t i es  and fac i l i t i es  for pre- 
paring s ignif icant  amounts of purified macromole- 
cules ,  a n  engineer ing-scale  program h a s  been 
s tar ted.  

During t h e  p a s t  year, major accomplishments 
included the  construction of faci l i t ies ,  including 
a large controlled-temperature process ing  area,  
and the  acquis i t ion of major components, including 
severa l  l a rge  refrigerated centrifuges. 

All the  a c t i v i t i e s  t h u s  far  have  been directed 
toward preparing gram-size sainples  of pure trans- 
fer  ribonucleic a c i d s  (tRNA’s) by scale-up of 
laboratory procedures  developed under Biochemi- 
ca l  Separat ions Research  (Sect. 12.1). The tRNA’s 
a r e  intermediates  i n  the p r o c e s s  of protein synthe- 
sis i n  all l iving sys tems,  and gram-size samples  
of pure tRNA’s a r e  needed to permit ex tens ive  
coricurrent biochemical and physical-chemical 
experiments. 

A procedure for preparing mixed tRNA’s from 
E .  coli bacter ia  w a s  successfu l ly  s c a l e d  up, and 
la rge  amounts of mixed tRNA’s were produced. 
T h e  p r o c e s s  f lowsheet  c o n s i s t s  of the following 
four major s teps :  

1. Continuous Fermentation. A s t a i n l e s s  s t e e l  
flow s te r i l i zer  w a s  devised  and at tached to t h e  
300-liter fermenter i n  the  B i o l o a  Division t o  

2, 

3. 

4. 

permit cont inuous cell growth. T h e  ce l l s ,  i n  a 
rapid growth p h a s e  with a doubling time of 
about 1 f2 hr, were semicontinuously harvested 
i n  a Wesphalia centrifuge. 
Cel l  Breakage. T h e  harvested cells were 
promptly broken i n  a phenol-aqueous-buffer 
mixture, and the  aqueous  solution, containing 
t h e  nuc le ic  ac ids ,  w a s  recovered by batch 
centrifugation a t  16,000 g i n  a refrigerated 
Sharples  centr i fuge with a 7-liter bowl. It 
w a s  in i t ia l ly  bel ieved that centrifugation of  
th i s  mixture (phenol, aqueous solution, and 
cell debr i s )  would b e  t h e  limiting s tep;  how- 
ever, under proper condi t ions,  t h i s  operation 
can  more than keep up with cell growth. 
DNA-RNA Separation. Fract ional  precipi ta t ion 
i n  a n  aqueous-buffer-isopropyl alcohol mixture 
w a s  u s e d  to remove undesirable  DNA. T h i s  
w a s  done ba tchwise  i n  t h e  controlled-tempera- 
ture process ing  area. 
I)EAE-Cellulose Extraction. F ina l  purification 
of t h e  mixed tRNA’s was achieved by batch 
extract ion onto DEAE-cellulose, an anion ex- 
changer (ce l lu lose  modified by t h e  addition of 
diethylaminoethyl groups), and preferential 
elution by 0.65 M NaCl solution. The product 
w a s  precipi ta ted and stored as a semidry powder 
at - 2 o o c .  

A s  experience w a s  accumulated, larger  campaigns 
were undertaken to  achieve  extended per iods of 
ce l l  growth, followed by batch process ing  of the  
material through to t h e  mixed tRNA product. In 
o n e  campaign, with E. col i  Vi, fermentation w a s  
continued for 80 hr, and 300 kg of cells were 
harvested. They  yielded 630 g of mixed tRNA’s. 
Only a few s u c h  campaigns a year  a r e  ,anticipated 
i n  order to  supply t h e  mixed tRNA needed for 
further separa t ion  work. 

Attention is now be ing  directed toward scale-up 
of t h e  chromatographic methods used  i n  preparing 
pure phenylalanine and l e u c i n e 4  tRNA’s a s  de- 
scr ibed in  Sect. 12.1. T h e  engineer ing var iab les  
affecting chromatographic resolution are being 
defined, and la rge  reversed-phase columns (1, 2, 
and 3 in. by 8 ft) have  been built. 

12.3 MOLECULAR WEIGHTS OF TRANSFER 
RIBONUCLEIC ACIDS 

I t  is generally accepted  tha t  tRNA molecules  
c o n s i s t  of about  75 to 80 nucleot ides ,  giving a 
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ca lcu la ted  molecular weight of 25,000 t o  30,000. 
However, publ ished v a l u e s  b a s e d  on sedimenta- 
tion ana lys i s ,  v i scos i ty ,  and free diffusion range 
from a s  low as  11,000 to 14,000 to as high as  
45,000. 

Osmometry 

A high-speed 
obtain osmot ic  

membrane osmometer was u s e d  t o  
p r e s s u r e  measurements  of crude, 

mixed tRNA solut ions.  T h e  van’t Hoff equation, 
re la t ing osmotic pressure  t o  molecular weight, is 
app!icable to  idea l  so lu t ions  only; therefore meas- 
urements  were made a t  severa l  tRNA concentra- 
t ions,  and t h e  r e s u l t s  were ext.rapolated to zero 
concentration from a plot of n / c  v s  c. Osmotic  
pressure  measurements  were made at 17 and 37OC. 
In one  s e r i e s  of experiments, t h e  solut ion of tRNA’s 
was dialyzed a g a i n s t  t h e  buffer solvent ,  and os- 
motic pressure  measurements  were made a t  25, 
13, and 1 7 O C  (Fig.  12-5). 

A plot of n / c  vs c foi t h e  noudialyzed so lu t ions  
showed 3 s l igh t  pos i t ive  s lope,  while  t h e  dialyzed 
material showed less dependence on concentration, 
with a s l o p e  nearer  zero. It appears  from t h e s e  
limited d a t a  tha t  d i a l y s i s  reduces  charge and ion ic  
interact ions.  Also, there  appeared to b e  a trend 
toward d e c r e a s i n g  molecular weight with increas ing  
temperature. 

T h e  apparent  molecular weights  of t h e  crude, 
mixed tRNA’s var ied from 33,200 to  36,500. Under 
comparable condi t ions,  t h e  molecular weights  of 
the  dialyzed and nondialyzed mzterial were 34,500 

ORNL DWG 65-9593 
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Fig. 12.5. Osmotic Pressure of Dialyzed t R N A  in 
0.1 W P h o s p h a t e  Buffer, pH - -  7.35. 

and 36,500 rcspcct ively,  La ter  s tud ies ,  us ing  gel- 
permeation Chromatography, showed that  t h p w  
va lues  were too high d u c  to the  presence  of high- 
m o l e c u l a ~ v ~ e i g h t  impuri t ies  i n  t h e  crude tRNA. 
However, t h e  experii-nents demonstrated the  ap- 
pl icabi l i ty  of osmometry to molccular weight de- 
terminations of tRNA’s. 

Gel-Permeation Chrcmatography 

Gel-permeation chromatography refers  to t h e  
molecular s i e v i n g  propert ies  of porous gel par- 
ticles. Excel len t  correlat ions hetween t h e  molec- 
ular  weights  of severa l  proteins  and their  elution 
volume on Sephadex and agar  gel columns have 
been reported. Polyacrylamide g e l s  were  used  i n  
t h i s  work. T h e s e  correlat ions a r e  b e s t  appl ied to 
s y s t e m s  in  which the  other  parameters  relating to 
s h a p e  are known to b e  cons is ten t ,  o r  “typical 
behavior” is assumed for a given series of s o l u t e s  
be ing  compared. Since t h i s  is a comparative 
method of determining molecular weight, t h e  most 
important factor  is t h e  choice  of s tandards  for 
comparison. Although v a l u e s  for the molecular 
weight of proteins  found by different inves t iga tors  
differ by as much as 1076, proteins  have been 
s tudied extensively,  and their  behavior on gel 
columns h a s  been  well documented. Serum albumin, 
e g g  albumin, and &lactoglobulin, used  a s  s tandards  
in t h e s e  experiments, con  be represented as el- 
l ipso ids  of revolution, with axial  ra t ios  of about 
4:l. I t  is bel ieved tha t  t h e  tRNA molecule h a s  
an ax ia l  ratio of 4 : l  or higher, Thus ,  gel-column 
behavior of tRNA and t h e s e  pro te ins  shou1.d be 
comparable. 

Exce l len t  l inear  correlation w a s  obtained when 
t h e  elution volume w a s  plot ted aga ins t  the  loga- 
rithm of the molecular weight, as shown i n  Fig. 
12.6. T h e  molecular weight of crude, mixed tRNA 
samples  from General Biochemicals  w a s  39,000, 
measured on a P-100 colurnn (1 x 1 2 1  cm) by elut- 
ing  with 0.1 M phosphate  buffer. T h e  good agree- 
ment of t h i s  va lue  with the  va lue  of 36,500 ob- 
ta ined by osmometry a t  17OC in 0.1 M phosphate  
buffer s u b s t a n t i a t e s  t h e  validity of t h i s  method. 

Only a s i n g l e  e lut ion peak w a s  observed on the  
P-100 column. However, other  tests showed that  
two p e a k s  were observed on  P-150 and P-300 
columns when e lu t ing  with a solution 0.4 M in 
NaCl, 0.01 M i n  MgCl,, and 0.05 M in  T r i s  buffer, 
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Fig. 12.6. Molecular Weights of Mixed tRNA, Phenyl- 

alanine tRNA, and Leucine-4 tRNA from Elut ion Volume 

on Bio-Gel P-150. 

pH 7.35. T h i s  shows t h a t  t h e  crude tRNA con- 
ta ined a high-molecular-weight impurity. T h e  
value of 39,000 is an average  va lue  of t h e  mixed 
tRNA’s and t h e  higher-molecular-weight material. 

T h e  P-150 and P-300 columns separa ted  the un- 
fractionated tKNA from t h e  high-molecular-weight 
material p resent  in t h e  ini t ia l  crude, mixed tRNA’s 
and gave good resoltuion of t h e  pure phenylalanine 
and leucine-4 tRNA’s. Therefore t h e s e  columns 
were u s e d  t o  determine t h e  molecular weight of 
t h e s e  pure tRNA’s (preparation descr ibed i n  Sect. 
12.1). Values  obtained from the  P-150 column d a t a  
for unfractionated tRNA (high-molecular-weight 
impurity removed), phenylalanine tRNA, and leucine- 
4 tRNA were 26,000, 27,000, and 29,500. T h e  
molecular weight of t h e  unfractionated tRNA w a s  
also est imated by us ing  t h e  P-300 column. A 
va lue  of 26,500 w a s  obtained. In t h e  case of t h e  
unfractionated tRNA, t h e  va lues  represent  an 
average of a l l  t h e  spec i f ic  tRNA’s present .  T h e  
va lues  a r e  in exce l len t  agreement with reported 
v a l u e s  of 26,600 for pure y e a s t  a lanine tRNA, 
26,500 for unfractionated y e a s t  tRNA, and 28,000 
to 32,000 for unfractionated wheat germ tRNA. 

12.4 BODY-FLUID ANALYSES 

T h e  goal of the  Body-Fluid Analyses  Program is 
to develop s y s t e m s  for automatically analyzing 
complex human body f luids  for their  molecular 

constituetits. This program is a par t  of the  Molcc- 
ular Anatomy (MAN) Program directed by N. G. 
Anderson of t h e  ORNL Biology Division. 

Of par t icular  in te res t  is the  automatic a n a l y s i s  
of human urine, s i n c e  many of t h e  molecular con- 
s t i tuents  of ur ine a re  known to have  pathological 
s ignif icance.  An automatic urine analyzer  of high 
resolution would b e  valuable  i n  t h e  d iagnos is  of 
many d i s e a s e s  and would also b e  useful i n  the  
s tudy of human biochemistry. 

A l i terature  search  h a s  been s ta r ted  on thc  sub- 
j e c t  of ur ina lys i s  and urine const i tuents ,  and t h e  
experimental program h a s  been directed toward 
developmcnt of a modified nucleot ide analyzer  for 
analyzing the  ultraviolet-absorbing cons t i tuents  
of urine. T h i s  analyzer  g i v e s  reproducible resu l t s  
and has separa ted  and de tec ted  up to 93 ultraviolet- 
absorbing ur ine const i tuents ,  of which 11 have  
been tentat ively identified. 

Literature Search 

A search  of t h e  l i terature  of t h e  last ten years 
which d e a l s  with ur ina lys i s  and t h e  s ign i f icance  
of urine cons t i tuents  is being made with a s s i s t a n c e  
from t h e  MEDLARS computer s e a r c h  system. Over 
100 references have  been found, and a b s t r a c t s  of 
t h e s e  a r e  be ing  co l lec ted  i n  a n  annotated bibliog- 
raphy. Reference to 5 4  molecular cons t i tuents  of 
human ur ine with pathological s ign i f icance  h a s  
been found, and many of these cons t i tuents  a r e  
ultraviolet absorbing. 

Modified Nucleotide Analyzer 

T h e  major experimental effort h a s  been to de- 
velop a modified, automatic nucleot ide analyzer  
for ur ine ana lys i s .  T h i s  h a s  included determina- 
t ion of reproducibility of t h e  device,  ident i f icat ion 
of some separa ted  urine const i tuents ,  increas ing  
t h e  sens i t iv i ty  of t h e  ion exchange separat ion 
column, and development of equipment. 

T h e  analyzer  i s  an automatic high-resolution 
device  for analyzing mixtures of nucleot ides ,  
nucleosides ,  and purine and pyrimidine bases. 
Gradient e lut ion of an anion exchange cotumn 
(0.6 cm i n s i d e  diameter x 150 cm, with Dowex 
1-X8 resin)  is u s e d  for separat ion,  and a continuous 
uv spectrophotometer operat ing al ternately a t  two 

2N. G. Anderson et al., Anal. Biochem. 6(2), 153 
(1963). 
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Fig.  12.7. Modified Nucleotide Analyzer for Ur ina lys is ,  

wavelengths  is u s e d  for detect ion (Fig. 12.7). 
There a r e  also provis ions for temperature control 
of  t h e  column, volumetric measurement or collec- 
tion of t h e  column effluent, and cont inuous record- 
i n g  of t h e  spectrophotometer output. A urine 
chromatogram is developed by placing a urine 
sample (1 t o  2 cc) on t h e  anion exchange column 
and e lu t ing  wi.th ammonium a c e t a t e  so lu t ions  rang- 
ing i n  concentrat ion from 0.015 t o  3 M at a pH of 
4.4. A typical  chromatogram t a k e s  about  40 hr 
and g ives  60 to 80 p e a k s  (Fig. 12.8). 

Urine chromatograms from different people  ex- 
hibi t  many differences but also many s imilar i t ies ,  
s u c h  a s  l a rge  p e a k s  for ur ic  acid and hippuric 
acid. Some of the  differences c a n  b e  attributed to 
diet. F igure  12.8 s h o w s  a comparison between t h e  
ur ine of  a normal subjec t  on a high-protein, low- 
vegetable  d i e t  and ur ine from t h e  s a m e  subjec t  
0 n  the  s a m e  d i e t  with the  addition of coffee and 
aspir in .  Several new chromatographic p e a k s  ap- 
pear  with t h e  addition oE coffee and aspirin. 

Twenty-seven urine samples  (24-hr composi tes)  
from normal s u b j e c t s  have  been  co l lec ted  and 
processed,  and 48 t e s t s  with urine h a v e  been m a d e  
with t h e  analyzer. There  has been no apparent 
loss of resolution, and  reproducibility is adequate. 

ldentification of  Separated Urine Constituents 

IJrine cons t i tuents  itidicated by t h e  chromatogram 
are being tentat ively ident i f ied by determining the 
posi t ion and t h e  280 mp/260 mp absorbance rat io  
of known standard p e a k s  i n  the  urine chromatogram 
and comparing them with unknown peaks. This  
g ives  two independent  means  of comparison, both 
o f  which should be charac te r i s t ic  of spec i f ic  
const i tuents .  T h e  pos i t ions  of 20 standard p e a k s  
have  been  es tab l i shed ,  and I1 p e a k s  have been 
tentat ively ident i f ied in urine samples  (Fig. 12.8). 
T h e s e  are: 
Xanthine p-Hy &oxy cinnamic acid 
Hypoxanthine Homovanillic acid 
Urocanic acid Vanillic ac id  
Uric ac id  Kynurenic acid 
Hippuric acid Snlicylacetic acid 
p-Hydroxybenzoic ac id  

Identification depends  on i so la t ing  very nearly 
pure components i n  e a c h  of t h e  chromatographic 
peaks .  Some t e s t s  were made i n  which effluent 
f ract ions were col lected,  and uv absorption s p e c t r a  
were made of severa l  such  f rac t ions  within t j  few 
of the  s ing le  chromatographic peaks.  T h e  absorp- 
tion spec t ra  were  different for some o f  t h e  f ract ions 
col lected within the  s a m e  chromatogiaphic peak, 
indicat ing m o r e  than o n e  component En t h e  s ingle  
peak. Recent  t e s t s  with ion exchange columns 
givirig higher  resolution also show that some 
chramat.ographic p e a k s  a r e  composed of severa l  
const i tuents .  For example, t h e  ur ic  a c i d  peak can  
be resolved into at l e a s t  s i x  others-  T h i s  shows 
t h e  importance of obtaining t h e  grea tes t  poss ib le  
resolut ion i n  t h e  anion exchange  columns before 
def in i te  identification can  be made. 

Another method for verifying the ident i ty  of the 
chmmatographic  p e a k s  will be  by a technique 
developed by Cohn3 and o t h e r s  in which ahsorb- 
a n c e  ratios of the  purified unknown at diEferent 
pH's a r e  used  for characterization. 

ion Exchange Properties and Column Resolution 

The separa t ing  power of the  ion exchangc column 
must be  increased  to circumvent the  problein of 
peak ident i f icat ion and t o  make i t  poss ib le  to  
quantify t h e  urine const i tuents .  
found i n  their  ear l ier  work that  different b a t c h e s  

Anderson et al. 

3 W. E. Cohrr, J .  Biol. Chern. 235, 1188 (1960). 



of the  same ion exchange material (Dowex 1-XS) 
had different separa.tion powers  for the  nucleot ides  
and related compounds; however, t h e  reasons  for  
t h e s e  differences were not determined. 

Recent  r e s u l t s  show that  par t ic le  size of t h e  
ion exchange resin is very important. A cont inuous 
water elutriation sys tem w a s  designed and built 
to  c lass i fy  t h e  resin. T h i s  system is composed 
of a 4-in.-ID elutriation column, a constant-level 
water feed sys tem with flow rate  control, a slurry 
pump for res in  feed, and product rece ivers  for t h e  
overhead and bottom fractions. T h e  column i s  
composed of a sec t ion  of constant  diameter a t  the  
top for feed introduction and par t ic le  s i z i n g  and 
a lower tapered sec t ion  where f ines  a r e  resus-  
pended. 

The  sys tem is capable  of separat ing resin into 
different sizes i n  t h e  diametral range of 5 to 50 1- 
T h e  overhead fraction i s  c lose ly  s i z e d  in  one  p a s s ,  
but the  bottom fract ion usual ly  requires  two o r  
th ree  p a s s e s  to  remove a l l  t h e  small par t ic les ,  

A batch of anion exchange resin (Dowex 1-X8), 
known to b e  good for nucleot ide separation, w a s  
separated in to  three size ranges: 5 to 1 0  p, 10 t o  
20, and larger  than 20. T h e s e  mater ia ls  were 
loaded into ident ical  s t a i n l e s s  steel columns, 
0.45 c m  ins ide  diameter x 150 cm,  and urine samples  
were separa ted  on each  by us ing  the  same operat- 
ing  condi t ions except  for pressure. T h e  smaller 
resin par t ic les  gave  ~ n u c h  better separation. A 
semiquant i ta t ive indicat ion of the  separat ing power 
is a comparison of the  number of chromatographic 

p e a k s  resolved i n  e a c h  case: 

Resin Size Ini t ia l  Pressure  

(ps ig)  Number o f  Peaks ( i4 

5-10 66 1500 

10-20 55 580 

> 20 42 350 

T h e  b e s t  separat ion was obtained with a s ta in-  
l e s s  s t e e l  column, 0.62 c m  i n s i d e  diameter x 150 
cm, f i l led with 5- to  1Q-p resin and operat ing a t  
1500 psig. Ninety-three urine Chromatographic 
p e a k s  were resolved, compared with 60 for the 
original system. 

Other propert ies  of the ion exchange resin and 
t h e  e f fec ts  of different column parameters  are also 
being invest igated.  

Development of Equipment 

IIigh-pressure operation is necessary  to take  
advantage of t h e  high resolution of small res in  
par t ic les .  S ta in less  s t e e l  columns were designed 
and built for operation a t  p ressures  up to  4000 
psig. They a r e  siinple to  make and use. A method 
of sample  inject ion b a s e d  on t h e  u s e  of two three- 
way va lves  a l s o  proved sat isfactory.  Here, par t  
of the  delivery l i n e  is used  as  a sample  holder, 
and the  sample is f lushed through the  l i n e  into 
the  columris with the  normal delivery of the elution 
sy  slexn. 
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13. Chemistry 

T h e  purpose of t h i s  program is t o  s tudy  the 
chemistry of protactinium, particularly in  s y s t e m s  
potent ia l ly  appl icable  to chemical  separat ior is  
processes ,  and t o  relate i t s  properties t o  t h o s e  
of t h e  other ac t in ides .  In most aqueous  so lu t ions ,  
protactinium d o e s  not  behave  i n  a s imple  or re-  
producible nianrier, and i t s  chemistry cannot  b e  
predicted with much cer ta inty.  This program is 
being extended to t h e  s tudy of ac t in ide  eleitients 
other  than protactinium, in cer ta in  c a s e s ,  and t h e  
experimental  t echniques  developed h e r e  wi l l  b e  
appl ied to these s t u d i e s .  

13.1 CHEMICAL BEHAVlOR 
!N SULFURIC AClD SOLUTIONS 

Study of sulfur ic  a c i d  so lu t ions  of protactinium 
w a s  continued, with emphas is  011 t h e  preparation 
of a so l id  protactinium s u l f a t e  compound. Var- 
ious measurements  were made with t h e  compound 
so that  the  in i t ia l  slate of t h e  protactinium would 
b e  known better than i t  had been  for previous 
work, i n  whic:h t h e  s ta r t ing  mater ia l  w a s  oxide 
or hydroxide. Solubility measurements  were in  
reasonable  agreement wi th  previous o n e s ,  and 
indica te  that minimum solubi l i ty  occurs in  con-  
centrated su l fur ic  ac id ,  with higher  s o l u b i l i h s  
in e i ther  d i lu te  or fuming ac id .  

Extract ion experiments  reported l a s t  year  w e r e  
continued in the  systetii 2.5 iM I-I,$O, vs  0.03 M 
trilaurylairiine i n  diethylbenzene so lvent ,  Re- 
s u l t s  were ent i re ly  cons is ten t  with those in l u s t  
year 's  annual  r e p G r t l  and  further supported t h e  
conclus ions  d i s c u s s e d  there .  A summary of th i s  
work w a s  presented a t  the Second International 
Symposium on Protactinium Chemistry, Ea Phys ico-  

of Protactinium 

chernie du Protact inium, held a t  Orsay, France ,  
in July 1965; t h e  papers  presented at t h e  meeting 
have  not yet been  publ ished.  

Protactinium Sulfate Compound 

A small amount of a protactinium su l fa te  com- 
pound (SO m g  of protactinium) w a s  made according 
t o  the  procedure used  by Hagnall and It3rown a t  
I-Iarwell.2 T h e  method inc ludes  the  addition of 
protactinium in FIF solut ion 1.0 n large e x c e s s  
of concentrated sulfur ic  acid,  followed by hea t ing  
to d is t i l l  away the  HF and,  f inal ly ,  to f u m e  away 
part of t h e  sulfur ic  ac id .  Small c rys ta l s  form 
a s  t h e  H F  is removed, a i d  the  solubi l i ty  of prot- 
actinium in coriceritrated sulfur ic  a c i d  is low 
enough that  nearly all of i t  is recovered as the  
so l id  compound. 

T h e  so l id  i s  washed  f i rs t  with concentrated 
su l fur ic  acid,  then with a few tenths of a milliliter 
of ni t robenzene to remove e x c e s s  sulfur ic  ac id ,  
and finally with the s a m e  volume of benzene to 
remove the nitrobenzene. The final product i s  
dried by watming gent ly  under a vacuum. It is 
difficult to achieve  quant i ta t ive removal of excess 
sulfur ic  a c i d  f rom t h e  c rys ta l s  without contarrii- 
nat ing them with water  OK other mater ia ls  witb 
which they might react .  

Analys is  of t h e  product showed 69.0% sul fa te  
and 34.8% protactinium, for a materia! ba lance  
of P03.8"/0. 'The s u l f a t e / P a  tnole r a t i o  was 4.77, 
a value subs tan t ia l ly  different from that ( 3 )  ro- 
ported by  Eagnal l  and Brown. The  high ratio 
might b e  explained by iiicomplete removal of SUI- 
furic ac id  during washing.  

With the cooperat ion of 0. I.,. Keller, of t h e  
Chemist iy  Divis ion,  and R. L.  Sherman, of the  

*K. W. Bagnall, 11. I3rt.)wn, and P. J. Juntis, J. C.'hem. 
S O C .  1965, p.  176. 
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Analyt ical  Chemistry Divis ion,  a good x-ray dif- 
fraction pattern w a s  obtained on th i s  compound. 
It h a s  not  been examined in de ta i l  but is qual-  
i ta t ively very siiuilar t o  that  reported by the 
Har-well group for their  compound, s t a t e d  t o  b e  
€1 ,PaO(SO,), . 

Since a s ingle-crystal  s tudy  would help t o  de-  
termine the  s t ructure  of t h e  compound, severa l  
a t tempts ,  a l l  unsuccessfu l ,  were made t o  grow 
larger  s ing le  c rys ta l s  (up t o  s e v e r a l  tenths  of a 
millimeter). A preparation on a larger s c a l e  is 
planned,  us ing  careful ly  dr ied so lvents  t o  re- 
move t h e  e x c e s s  sulfur ic  a c i d .  Since the x-ray 
method of crystal-s t ructure  determination may be  
very useful ,  both for protactinium and other  ac t i -  
n i d e  work, a n  x-ray powder cameia w a s  purchased 
and modified for be t te r  containment of t h e  sample  
s o  that  i t  c a n  b e  used  t o  s tudy  alpha-act ive ma- 
te r ia l s .  

Sol u bi B i ty of P roto c t  i n i u m 
i n  Sulfuric Acid Solutions 

Previous solubi l i ty  measurements Of protactin- 
ium in sulfur ic  acid so lu t ions ,  when the  oxide 
or hydroxide w a s  the  sa tura t ing  phase ,  were not 
reproducibile. In a n  at tempt  t o  obtain more con-  
s i s t e n t  resu l t s ,  recent  s t u d i e s  were made with 
t h e  su l fa te  compound a s  t h e  sa tura t ing  phase  and 
high concentrat ions of sulfur ic  acid ( l e s s  favorable 
t o  hydrolysis). Reproducibility could be  obtained 
from a given mixture under cer ta in  condi t ions;  
but some changes ,  particularly the addition of 
more of the  so l id  protactinium compound, caused  
apparent  increases  in  solubi l i ty  which, in most 
c a s e s ,  were reversed very s lowly i f  a t  a l l .  

Four  acid concentrat ions between 11 .6  and 19.5 
M (fuming) H , S 0 4  were invest igated in detai l .  
In al l  except  the  most di lute ,  t h e  so lubi l i t i es  
reached a constant  value a f te r  a few days ;  in  the 
11.6 M solut ion,  however, they continued to in-  
crease. After a week a l l  four so lu t ions  were 
hea ted  t o  25O-30O0C, mixed, and then cooled 
t o  room temperature. Measurements made the  
next  day  were a l l  50 t o  100% higher than t h o s e  
made before heat ing.  All  subsequent ly  decreased  
and became constant  after about  two weeks .  Ex-  
c e p t  for the  most di lute  a c i d ,  t h e  constant  va lue  

,R. L. Sherman and 0. 1,. Keller, Rev .  Sci.  Instr .  37, 
240 (1966). 

Tohle  13.1,  Protactinium Solubilities Observed 
in Sulfuric Acid Solutions 

Pa Solubility (ing Pa/ml) 

After  Adding More Pa 
P 4  

(IW Initial 2 6 10 

(days) _____. . .. . .. . Conren tration - 

19.5 0.024 0.11 0.11 0.11 
17.4 0.019 0.11 0.088 0.045 

14.4 0.036 0.13 0.16 0.14 
11.6 0.15 0.32 0.34 0.33 

w a s  about t h e  same a s  that  before heating. Ad- 
di t ional  measurements were made during a period 
of s e v e n  weeks ,  and c o n s i s t e n t  resu l t s  were ob- 
ta ined (column 2 of Table  13.1) .  

Although there  w a s  e x c e s s  so l id  in  a l l  four 
solut ions (determined by a n a l y s i s  and v isua l  in- 
spect ion) ,  s e v e r a l  milligrams inore of t h e  c o m -  
pound w a s  added t o  e a c h  of t h e  mixtures. Solu- 
bility increased  subs tan t ia l ly  in e a c h  case (column 
3); in  only one,  the  17.4 M ac id ,  did it s u b s e -  
quently drop s ignif icant ly  and  appear  to be  ap-  
proaching i t s  ini t ia l  value.  

T h i s  experiment demonstrates  t h e  difficulty in  
obtaining meaningful solubi l i ty  da ta  for protactin- 
ium. It is c l e a r  that  s u c h  measureinents are not 
promising as a means of gaining information about  
complexing or the  molecular s p e c i e s  in solut ion.  

13.2 ABSORPPBON SPECTRA 
IN SULFURIC ACID SOLUTIONS 

Preliminary resu l t s  of s o m e  absorption s p e c t r a  
of protactinium in concentrated sulfur ic  ac id  were 
reported l a s t  year. T h e s e  s t u d i e s  were continued 
and extended t o  d i lu te  a c i d  so lu t ions .  Recent  
a t tempts  to resolve the  complex spec t ra  into in- 
dividual bands indicated that  spectroscopy may 
yield information about  t h e  so luble  s p e c i e s .  Qual- 
i ta t ively,  a s t r iking s imilar i ty  was  observed for  
t h e  spec t ra  of protactinium and of uranyl ion i n  
the  s a m e  range of the  ultraviolet spectrum. 

Three  distiiictly different spec t ra  were observed 
i n  concentrated sulfur ic  ac id ,  depending on the  
source  or treatment of the  protactiniurii (Fig. 13.1). 
Curvc A represents  the  usua l  spectrum, with a 
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Fig.  13.1. Different Spectra Observed for Protactinium 
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peak  near  2260 A ( t h e  apparent  peak at 3200 A 
resu l t s  from t h e  ac t ion  of sulfur ic  a c i d  on t race  
organic  impurity). Such s p e c t r a  a r e  typical ly  ob- 
ta ined from so lu t ions  prepared by d isso lv ing  pu- 
rified protactinium hydroxide or oxide i n  concen- 
t ra ted s u l f u r i c  a c i d  or by sp ik ing  concentrated 
sulfur ic  a c i d  so lu t ions  with d i lu te  a c i d  solutions 
of protactinium. Leaching  of the  original Harwell 
oxide with concentrated su l fur ic  a c i d  gave a Zjolu- 
t ion having a s imilar  absorpt ion band,  but d i s -  
placed to 2180 A .  With repeated leaching of the 
same oxide,  t h e  apparent  so lubi l i ty  decreased ,  
the  peak height  also d e c r e a s e d ,  and t h e  peak 
moved to a s l igh t ly  shor te r  wavelength.  

Spectrum iZ resul ted from a solut ion prepared 
b y  leaching a s a m p l e  of impure oxide with con- 
centrated su l fur ic  a c i d .  T w o  p e a k s  a r e  noted:  
one a t  2500 A (well  defmed) and  one  below 2000 
A.  ' h i s  spectrum is dis t inc t ly  different from 
any reported in  the  l i terature .  Kepeated leaching 
o f  the same oxide wit.1~ fresh concentrated s u l -  
furic a c i d  g a v e  solutions with s imilar  s p e c t r a ,  
e s c e p t  tha t  t h e  so lubi l i ty  and absorpt ion were 
both markedly less and the p e a k s  were not so  
we l l  defined. We were  unable  to reproduce this 
spectrum when protactinium from any other s o u r c e  

w a s  used ,  or  to convert  t h i s  material, by a n y  
s imple  chemical  t reatment ,  to that which gave 
curve A .  Neither  hydroxide precipitation (after 
addi t ion of chlor ide or fluoride) nor ignition to t h e  
oxide w a s  effect ive.  After repurification of t h e  
oxide by t h e  s tandard  ion exchange procedure, a 
spectrum similar  to curve  A w a s  observed. W e  
have  n o  explanat ion for th i s  spectrum ( B ) ,  except  
tha t  i t  might b e  t h e  resul t  of double-sal t  formation 
or of a complex of protactinium with some unknown 
i tnpuri ty  . 

Spectrum C w a s  obtained from e i ther  of the  
above  so lu t ions  (that gave  curve A or curve S) 
by hea t ing  to the temperature of fuming of su l -  
furic a c i d  or ,  bet ter ,  by fuming the solut ion nearly 
dry and redissolving in concentrated ac id .  A s  
d i s c u s s e d  previously, t h i s  i s  e s s e n t i a l l y  t h e  pro- 
cedure u s e d  to prepare t h e  so l id  compound, re- 
ported to b e  H3PaO(S0,),. Spectrum C is char-  
ac te r ized  by a very sharp  (for protactinium) peak 
a t  about  2000 A and a shoulder  near  2200. T h e  
solut ion that  ini t ia l ly  gave curve W (before heat-  
ing) showed an addi t ional  shoulder  near 2550 A. 

Al l  t h e  s p e c t r a  descr ibed  were qui te  s t a b l e .  
T h e  only change  within s e v e r a l  w e e k s  occurred 
in the  solut ion that  gave  spectrum C, and which 
w a s  derived by hea t ing  t h e  solut ion tha t  ini t ia l ly  
gave  spect tum 13. After two weeks  t h e  major 
peak near  2000 A decreased  in height  about 20%, 
and t h e  2200-14 shoulder  grew somewhat. 

Brief s t u d i e s  were made of t h e  e f fec t  ol dilution 
with water  (s imultaneous dilution of both acid 
and protactinium). Dilution of t h e  solut ion that 
gave  curve A yielded a broad band that  was d i s -  
placed to a short.er wavelength,  about  2030 A ,  
i n  2 .S  kl a c i d .  Dilution of  t h e  solution tha t  gave 
c u r v e  B r e su l t ed  i n  a rapid d e c r e a s e  in  the peak 
a t  2500 A and t h e  appearaiice of shoulders  (below 
1.0 M ac id)  a t  about  2300 and 2800 fi (Fig.  13.2), 
T h e  spec t ra  of Loth solutions, af ter  dilution to 
2.5 iW a c i d ,  were qui te  s imilar ;  the difference ob- 
served  for concentrated a c i d  disappeared a f te r  
dilution. 

DiJution of t h e  solut ion tha t  gave curve C to 
2.5 /if ac id ,  however ,  resul ted io a different spec- 
trum (Fig.  13.3). T h e  peak near  2000 A remained 
reasonably sharp ,  and a second,  well--defined 
peak appeared near 2800 A. A shoulder  often 
occurs  near  2800 A and  is reporkd i n  t h e  litera- 
ture ,  but i t  is not so well  def ined as in th i s  c a s e .  

Any explanat ion of t h e  three different spectra 
is tent.ative at b e s t .  A s  s t a t e d  above,  none i s  
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offered for spectrum B.  T h e  spec t ra  A and C, 
however, are readily reproduced, and t h e  difference 
between them i s  a lmost  cer ta inly related t o  t h c  
effect of heat ing.  Fuming in  Concentrated s u l -  
furic ac id  h a s  an extremely s t rong dehydrat ing 
act ion,  and is the  operat-ion used  to yield t h e  
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compound reported t o  b e  H ,PaO(SO,),. There-  
fore, t h e  s h a r p  band observed in  spectrum C i s  
very l ikely a s s o c i a t e d  with the  PaO(S0,),3 .- ariion 
or a s p e c i e s  in  equilibrium with i t .  'The difference 
between th is  band and spectrum A ,  t o  a first ap- 
proxjmation a broadening of the  band and a sh i f t  
t o  longer wavelength, might resul t  from hydration, 
polymerization, or both. Hydration would not 
ordinarily b e  expected i n  concentrated sulfur ic  
a c i d ,  but condensed species of protactinium a r e  
unusually s t a b l e .  'These p r o c e s s e s  would resul t  
in Pa-01-3 or Pa-3-Pa  bonds rather than in t h e  
Pa-sulfate  and Pa-0 configuration of the tri- 
su l fa te  ion. T h e  la t ter  might be  somewhat l ike 
t h e  metal-oxygen ac t iny l  bond. 

Rcsirlutian of Spectra 

A computer code  w a s  developed a t  Oak Ridge 
National 1,aboratory for resolving overlapping 
spec t ra  and w a s  appl ied t o  t h e  s tudy of the  ab-  
sorption spec t ra  of t h e  uranyl ion4  (Sect. 15.3). 
To d a t e ,  only two protactinium spec t ra  have been 
s tudied in this manner, but t h e  work i s  continuing. 

T h e  f i r s t ,  the  spectrum shown in Fig. 13 .3 ,  w a s  
s tudied  af ter  subt rac t ing  a n  es t imated  correction 
for l ight  sca t te r ing  ( inverse fourth power of t h e  
wavelength, based  on absorption i n  the  range 
3600 t o  4000 A ,  in  which protactinium does not 
absorb). Two band models were used .  One in-  
c luded three bands ,  t h e  obvious ones  a t  2800 
and  2000 A, and a third near  2300 A ,  where a 
shouldes  appears  (F ig .  13 .4 ;  the  s t a r s  a r e  experi- 
mental points ,  and the  l ines  a r e  the  individual 
bands and their sums) .  All  subsequent  d i scuss ion  
i s  in  terms of wave numbers (cm-') rather than 
wavelengths  (A) b e c a u s e  t h e  resolution is done 
in  uni t s  of wave numbers: cm-' . A = 10'. T h e  
resul t  did not give a good fit t o  t h e  band at 35,500 
c m - l .  T h i s  band i s  not symmetrical, and i t  i s  
n e c e s s a r y  t o  pos tu la te  two bands  in this region 
t o  bet ter  f i t  t h e  data. A ca lcu la t ion  with four 
bands  (Fig.  13 .5)  g ives  a very good fit; t h e  s tand-  
ard deviation i s  0 .0048 in absorbance uni ts .  

T h e  second spectrum resolved by the  computer 
code  is a typ ica l  one for protactinium in 2.5 M 
H,SO,. The  resu l t s  for models us ing  three bands 
(Fig.  13.6)  and four bands  (Fig.  13.7)  show l i t t le  
difference in  f i t ;  thus  there  i s  s m a l l  just i f icat ion 

,J. Sell and R. J. Riggers, Mol. Spec t r .  18, 247 (1965). 
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on t h i s  b a s i s  for a c h o i c e  between them. Two 
bands  could not account  for t h e  observed spectrum. 

If t h e  two resolved s p e c t r a  a r e  compared, i t  i s  
c l e a r  tha t  some bands  a r e  qui te  s imilar  in  posi t ion 
and  width, while  o thers  are not. T h e  source  of 
t h e  protactinium in t h e  two cases is qui te  dif-  
ferent, and it is not unreasonable  tha t  some of 
the bands  should  b e  different .  We plan t o  con-  
t inue  t h i s  work in  order to determine whether any 
s imi la r i t i es  of band posi t ions and s h a p e s ,  and  
sys temat ic  c h a n g e s  in  band in tens i t ies ,  c a n  b e  
correlated with changes  in protactinium concen-  
t ra t ion,  ac id i ty ,  or other  experimental var iables .  

T h e  d a t a  far thest  into the  ultraviolet, near  50,000 
c m - '  (ZOO0 A), a r e  s u b j e c t  to quest ion b e c a u s e  
this is neai  the  limit of ihe range of the  spectro-  
photometer. A s  th i s  limit is approached,  the slits 
open rapidly and  absorbance  readings may b e  s u b -  
s tan t ia l ly  in  error. Calcu la t ions  were made in  
which the  d a t a  a t  t h e  left-hand end o f  the curves  
were ignored, and t h e  resul t ing parameters were 
not  changed greatly. There  w a s  ev idence ,  how- 
ever ,  that  t h e  rather broad, experimentally ob- 
se rved  band in t h e  region of 50,000 cm-" might 
resul t  from two overlapping bands ,  one near  48,000 
cm-l and the  other  above  50,000. Since i t  is 
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probably impossible  t o  obtain data  much beyond 
52,000 cm- ' ,  i t  i s  unlikely that th i s  quest ion can  
b e  resolved with cer ta inty.  

Iluring the  spectrum-resolution work descr ibed 
above,  the  observation w a s  made that  t h e  ultra- 
violet spectrum of protactinium is strikingly s i m -  
i l a r  t o  that  of uranyl so lu t ions  in  the  same range 
of wavelength. Also ,  the resolved hands had 

roughly the same spac ing .  If th i s  Observation 
c a n  b e  supported by addi t ional  s tudy ,  it could 
have  considerable  s ign i f icance ,  becarisc uranium 
and protactinium presumably have  very different 
s t ruc tures .  In pai t icular ,  protactinium strongly 
resembles  niobium and tantalum in solut ion,  rather 
than uranium, and i t  is generally agreed in  t h e  
l i terature  that  t h e  PaO, '  ion is qui te  unstable  
i f  i t  exists a t  a l l .  

ORNL-DWG 66-7572  

Fig.  13.5, Protactinium Spectrum Resolut ion with Four-Band Model. 
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Ultraviolet Spectrophotometric Studies 13.3 STUDIES WITH HYDROCHLORIC 
ACID SOLUTIONS 

Efforts t o  correlate  ul t raviolet  absorpt ion spec t ra  
with the  nature  of t h e  protactinium ion present  
in s t rong  HC1 so lu t ions  were unsuccessfu l .  N o  
bands  could b e  located which could b e  unam- 
biguously ascr ibed  t o  absorpt ion by the  protac- 
tinium. Solubility iiieasurements in  s t rong HC1 
showed that  fluoride ion,  or one  of i t s  complexes,  
is the  only common inorganic ion that  a f fec ts  
t h e  solubi l i ty  of protactinium oxide.  An anion 
exchange procedure w a s  shown t o  be  useful  in  
separa t ing  protactinium from a mixture of oxides ,  
but the  separat ion is very s low a t  room temperature. 

Several  s t u d i e s  have  been reported in  the  lit- 
erature  re la t ing t o  t h e  ultraviolet absorption s p e c -  
trum of protactinium disso lved  in s t rong  (7 t o  10 
M )  HC1.5 T h e s e  agree generally, but not pre- 
c i se ly ,  and report a s t rong  band center ing approxi- 
mately a t  2130 A and a weaker  band a t  approxi- 
n a t e l y  2600; the  la t tc r  is at t r ibuted t o  polymeric 
protactinium by some invest igators .  In the  present  
s tudy ,  all t h e  f i rs t  spec t ra  obtained showed a 

'D. Brown and A .  D. Maddock, Quart .  Rev. (London) 
17, 325  (1963). 
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peak at 2700 A,  which w a s  approximately pro- 
portional t o  the  protactinium concentrat ion;  some 
of t h e  so lu t ions  showed a second,  higher peak 
at  2085 A a lso .  T h e  height  of th i s  peak could 
not b e  correlated with the  concentrat ion of t h e  
protactinium. 

Experiments were carr ied out in 10 iII HC1 s o l u -  
t ions  prepared from mater ia ls  of t h e  h ighes t  purity 
obtainable .  T h e  spec t ra  were obtained immedi- 
a te ly  a f te r  preparation to minimize t h e  e f fec t  of 
chlorine produced by rad io lys i s .  During t h i s  in- 
vest igat ion,  t h e  spectrum of WC1 w a s  determined 
down to the  lowcr limit of the  Cary model 1 4  
spectrophotometer  (approximately 1940 A). If the 
absorpt ion was measured a g a i n s t  water  as a ref- 
e rence ,  then i t  increased  s t e a d i l y  with decreas ing  
wavelength bel'ow 2170 A .  There  w a s  no ev idence  
of a peak or  a shoulder .  

T h e  f inal  protactinium s p e c t r a  were obtained 
by comparing t h e  so lu t ions  with water  (as a ref- 
e rcnce  solut ion)  and  manually subtract ing the 
spectrum of a n  ident ica l  HC1 solut ion without 
t h e  protactinium. T h e s e  s p e c t r a  showed no ab-  
sorpt ion above  2700 A and a s t e a d y  i n c r e a s e  i n  
absorpt ion a t  lower wavelengths .  T h e  molar e x -  
t inct ion coelf ic ient  increased  approxirnately l in-  
ear ly  with decreas ing  wavelength to a va lue  near  
l o 4  a t  2100 A, but  no absorpt ion peak w a s  ob- 
se rved .  

Solubility in Hydrochloric Acid 

T h e  solubi l i ty  of Pa205 i n  hydrochloric a c i d  
of various molar i t ies  w a s  determined by batch 

equi l ibrat ions.  At €IC1 concentrat ions below 6 . 5  
M,  t h e  protactinium concentrat ion w a s  l e s s  than 
5 mg/liter. Lower v a l u e s  could not b e  determined 
b y  alpha-pulse  a n a l y s i s  b e c a u s e  of preferential 
d i sso lu t ion  of the e lements  in  the protactinium 
decay  chain.  Above 6.5 M the  solubi l i ty  increased  
markedly. For example, i n  7.05 M HCl the s o l -  
ubility w a s  6 . 1  mg/liter; in  9 .63  M ,  29.0 mg; i n  
11.42 M ,  67.8 mg. 

S ince  it w a s  bel ieved t h a t  protactinium might 
form double ions with other  inorganic ions  and 
thus  change i t s  so lubi l i ty ,  t h e  amount d isso lved  
in 9 M HC1 containing 1 to 2 mM concentrat ions 
of various foreign i o n s  w a s  determined. None 
of t h e s e  ions (Ca,  NH4,  Al ,  K, Na)  had  any  ap-  
parent e f€ec t  on the  solubi l i ty .  However, silico- 
fluoride ion,  S i F b 2 - ,  i n  a concentrat ion of 2 . 0  mkl, 
increased  t h e  solubi l i ty  tenfold over the so lu-  
bility in  ac id  without t h e  impurit.y. 'This indi- 
c a t e s  qual i ta t ively that  t h e  protactinium-fluoride 
complex is a t  l e a s t  as s t rong  as  t h e  s i l i con-  
fluoride complex. S tudies  on t h e  solubi l i ty  of 
Pa,05 in 9 ilil HCl, 1 t o  1 0  mM in fluoride ion,  
gave  qui te  unexpected resu l t s .  It was  known from 
previous work in process ing  gram amounts of prot- 
actinium that ,  in  8 M HCI-0.4 M I-IF, so lubi l i t i es  
greater  than 5 g of protactinium per l i ter  could 
b e  obtained e a s i l y  (F/Pa approx - z  18). In t h e  
present  s tudy ,  with a n  e x c e s s  of protactinium 
oxide,  the  amount of protactinium in solut ion,  
af ter  two d a y s  of agi ta t ion at room temperature, 
w a s  proportional to t h e  fluoride concentration 
(E'/Pa approx = 12). Further  agi ta t ion of t h e s e  
so lu t ions  for per iods up to s i x  weeks  raised t h e  
so lubi l i ty  to approximately 200 mg/liter for all 
so lu t ions .  



14.1 RhB1BbYSIS OF WATER IN THE 
ADSORBED STATE 

T h e  s tudy  of irradiation e f fec ts  on heterogeneous 
sys tems w a s  continued, us ing  water adsorbed on 
various s o l i d s  having high spec i f ic  sur face  areas. 
It w a s  previously observed that whcn water w a s  
adsorbed on s i l i c a  gel, the  yield of hydrogen gas  
obtained upon radiolysis  w a s  greatly enhanced.  
The  mechanism of th i s  phenomenon, however, w a s  
not c lear ,  so t h e  s tudy  w a s  extended t o  include 
alumina, s i l ica-alumina,  act ivated carbon, gold 
supported 011 s i l i c a  gel ,  platinum supported on 
s i l i c a  gel ,  and various molecular s i e v e s  as  ad-  
sorbents  to see if re la t ionships  between the proper- 
t i e s  of t h e  s o l i d  and the  amount of radiolysis  en-  
hancement could b e  deduced. T h e  goal of t h e s e  
s t u d i e s  is t o  determine the  mechanisms by which 
adsorption s e n s i t i z e s  molecules. to  radiation-induced 
chemical  react ions and,  if poss ib le ,  t o  apply such  
knowledge t o  the  chemonucleas and radiation- 
ca ta ly t ic  production of useful  chemicals .  

Experimental 

T h e  beta-radiation S Q U K ~  used  a s  a source  of 
ionizing radiation h a s  been descr ibed elsewhere.  
T h e  yield of hydrogen is measured by periodically 
f lushing t h e  g a s  accumulated i n  the  irradiation 
v e s s e l  through a g a s  chromatograph. Hydrogen i s  
normally the  only radiolysis  product observed. T h e  
yield i s  measured a s  a function of the  water con- 
tent  of t h e  sys tem,  including s t ructural  water 
present  in  the  adsorbent. T h e  adsorbents  are a l l  
pretreated by soaking  them in d is t i l l ed  water  and  
drying them a t  150OC overnight. 

'Chem. Technol .  Div.  Ann. Pro&. R c p t .  M a y  31, 1965, 

'N. A. Krohn, Nucleonics  23(5), 83 (1965). 
ORNL-3830, FP. 233-35, 

T h e  water content  of t h e  dried material is e s t i -  
mated f rom weight  loss upon heat ing to  1000°C. 
Additional water i s  added by exposure to water  
vapor; t h e  amount added i s  determined by weight 
gain. At the  conclusion of the radiolysis  t e s t s ,  
during which a negl igible  amount of water is de-  
s t royed,  t h e  irradiation clianiber i s  hea tcd  to 150°C, 
and the  eiiiittcd water vapor i s  col lected in a 
Drierite trap to provide a check on the  water con- 
tent. To obtain da ta  points  us ing  samples  with 
l e s s  water than that  contained in the 150°C dried 
material, t h e  s o l i d s  were heated t o  a temperature 
predeterinined by therniogravimetric measurements 
to  give t h e  des i red  amount of water. Specif ic  s u r -  
face  ateas of t h e  adsorbents  a r c  given in  T a b l e  
11.1. 

Resul ts  

As in  t h e  t e s t s  with s i l i c a  gel, the  evolution 
la te  of hydrogen by radiolysis  of water on the  a b o v r  
adsorbents  varied with irradiation time. Figure 
14.1 shows some typical  resu l t s  for t h e  various 

- 
l a b l e  14.1. S p e c i f i c  Surface Areas of Adsarbcnts 

Material 
BET Surface 
Area  (rn2/g) 

Davis  on K-566 s i l ica-alumina 3 02 
(13% alumina)  

F i s h e r  ac t iva ted  aluniina 195 
Merck acid-washed alumina 188 
Norton Zeolon H molecular  s i e v e  - 398 

unpel le ted 

Silica-5 wt  yo Pt 730 
Silica---9.5 w t  ";b Au 643 
Act ivated carbon 1093 

2 18 
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TIME OF IRRADIATION AT 436x 10'9. ev h i '  q-' ( h r l  

Fig. 14.1. Effect of I rradiat ion T i m e  on the Hydrogen 

Y ie ld  from the Rad io lys is  of Adsorbed Water. 

types of adsorbents .  T h e  rate  of hydrogen evolu-  

but maximum yie lds  c a n  ordinarily b e  restored by 
hea t ing  the adsorbent  io its own water  vapor a t  
15Q'C for a n  hour or two. An except ion w a s  noted 
with s i l ica-alumina,  where th i s  treatment led to a 
subs tan t ia l  i n c r e a s e  in  the  hydrogen yield. 

Maximum G(I1,) values  a r e  shown in Fig. 14.2 as 
a function of the  electron fraction of water. T h e  
behavior when s i l ica-alumina is used  as the  ad-  
sorbent  is very s imilar  to t h a t  previously reported 
for s i l i c a  gel ,  tha t  is, a sharp  rise in G(II,) that  
reaches  a maximum a t  an electron fraction of water  
of about  0.11 a n d  then  drops off as  more water  is 
added. T h e  maximum G(H,) of 1.85 compares  with 
1.72 for s i l i c a  gel, although t h e  s p e c i f i c  sur face  
a rea  w a s  only 302 m2/g,  compared with 682 m2/g  
for s i l i c a  gel. Thus ,  while  comparable on a weight 
b a s i s ,  the  s i l ica-alumina is more than twice as 
eff ic ient  per uni t  of sur face  a rea ,  perhaps b e c a u s e  
of the  more ac id ic  nature  of t h e  surface.  T h e  
G(H,) value of 2.12 measured at a n  electron frac-  
tion of water e q u a l  to  0.085 appears  to be  a spuri-  
ous resul t .  

T h e  curves  obtained when us ing  alumina as t h e  
adsorbent  were markedly different, being charac-  
ter ized by a rather s low i n c r e a s e  of G(H,) with 
water  content ,  with no s h a r p  maximum. T h e  dif- 
ference may be c a u s e d  by differences in  the  nature  
of binding of the  water. With t h e  s i l i c a  ge ls ,  wa te r  

tion normally d e c r e a s e s  with time under irradi, <I t '  ton, 

w a s  present: mainly on t h e  sur face ,  e i ther  a s  
s i lanol  groups or as  adsorbed water nivlecules. In 
t h e  case of alumina, water  is present  throughout 
the so l id  as  water of hydration. Again, the greater 
hydrogen y ie lds  from t h e  acid-washed aluniina may 
be  related to t h e  presence  of more sur face  acidity 
as  a resul t  of t h e  washing. 

T h e  radiolysis  of water on molecular s i e v e s  w a s  
found by Sutherland and Allen to  give hydrogen 
y ie lds  proportional t o  t h e  electron fraction of water, 
with a G(H,) of about  0.1 a t  a n  electron fraction of 
0.1; they concluded tha t  there  w a s  no energy t rans-  
fer from t h e  solid t o  the adsorbed water .3  From 
later  s t u d i e s  on t h e  radiolysis  of azoethane on 
magnesium oxide, however, Allen and co-workers 
sugges ted  that  energy-transfer efficiency increased  
with increas ing  perfection of crystal l ini ty .  There-  
fore, it w a s  decided to invest igate  molecular 
s i e v e s  more extensively.  T e s t s  with Lindc: 4 A  
(sodium form) a n d  SA (calcium form) s i e v e s  gave 
somewhat higher y ie lds  than found by Allen, but 
they were still too low to b e  of much interest .  In 
l ine  with the  idea  tha t  a c i d i c  s i t e s  might b e  im- 
portant, however, t h e  molecular s i e v e  Norton 

.... 

3J. W .  Sutherland and A. 0. Allen, J .  Am. Chetn. Snc. 

45. G. Rabe, B. Rabe, and A. 0. Allen,  J. Ani. Cheni. 

83, 1040 (1061). 

Soc. 86, 3887 (1964). 

ELELTRON FRACTION CF W A E H  

Fig. 14.2. Va lues  of G(H2) for the Radio lys is  of 
Adsorbed Water. 
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Zeolon H was tried in the  present  s tud ies .  In th i s  
material, sodium ions  have  been replaced by hy- 
drogen. A s  shown by the resul ts  in Fig. 14.2, the  
hydrogcii yield i s  greatly enhanced by th i s  particu- 
lar material, though i t  is s t i l l  not as  effect ive a s  
silica gel or silica-alumina. Thus,  the crystal l ini ty  
of t h e  adsorbent  d o e s  not seem to be important to  
the enhanced radiolysis .  

Activated carbon, platinum-silica, and gold-silica 
were only briefly invest igated as  adsorhents .  T h e  

G(II,) va lues  were a few hundredths for the  f irs t  
two, j u s t  about  what would be  expected from the  
electron fraction of water.  The  gold-silica combi- 
nation had some effect ,  the  hydrogen y ie lds  being 
about  one-fourth of t h o s e  obtained when us ing  
s i l i c a  gel of comparable sur face  a rea .  T h e  hydro- 
phobicity of carbon, the  affinity of platinum for 
hydrogen, and t h e  e lec t r ica l  properties of t h e  s o l i d s  
ace all involved here, and no firm conclusions c a n  
be  made from t h e  few experiments carried out. 



-Temperature C istry 

T h e  purpose of th i s  program is to develop and 
exploit spectrophotorrietric iechniques for s tudying  
the properties of aqueous  solutiijns, primarily those  
of uranjnim and t h e  transuranium elements .  A 
spectrophotometer, assoc ia ted  c e l l s ,  and related 
sys lems were spec ia l ly  designed for ORNL by the  
Applied P h y s i c s  Corporation (APC) to  a id  in  t h e s e  
:;tudie:;. T h e  spectrophotometer w a s  bui!t by APC, 
a n d  all the related equipment was  built by s h o p s  
a t  Oak Ridge,  The overall. sys tem is des igned  so 
that t h e  chemistry of solutions containing alpha- 
a c t i v e  heavy e lements  c a n  be  studied. T h e  sys tem 
will permit the  s tudy  oE t h e  solut ion chemistry 
a i d  the s p e c t r a l  propert ies  of e lements  in  solut ion 
up  to t h e  vicinity of the c r i t i ca l  point of water, 
3 7 2 T .  

Duriag the time tha t  t h e  spectrophotometer s y s -  
tem w a s  under construct ion and during t h e  ins ta l -  
la t ion and checkout  period, s t u d i e s  at. temperatures 
up to 95“C were done with a Cary model 14 s p e c -  
trophotometer on urariyl s y s t e m s  of in te res t  in 
perchlorate and oiher media. T o  a id  in  the  a n a l y s i s  
and infkrpretation of spec t roscopic  data,  computer 
a n a l y s e s  of spec t ra  a n d  other anci l lary experi-  
mental techniques were developed. 

’The spectrophotometer sys tem was constructed 
hy the Applied P h y s i c s  Corporation, t h e  Engineer- 
i n g  and Construct ion Division a t  the  Oak Ridge 
Gaseous  Diffusion P l a n t  (ORGDP), and the Special  
Pro jec ts  Shop a t  the Y-12 Plant .  T h e  overal l  pro- 
gvarri for t h e  constrwt . ion o f  the spectrophotometer 
s y s t e m  w a s  s ta r ted  in September 1964, and the  

main spectrophvtoineter was delivered by APC in 
October 1965. 

T h e  des ign  of the  sys tem is such  that so lu t ions  
containing high leve ls  of alpha-act i v c  e lements  of 
in te res t  in  heavy-element chemistry c a n  be  studied 
af ter  t h e  en t i re  sys tem is moved to a high-level 
alpha-containment laboratory; this relocation must 
be preceded by “cold” checkout  and operation 
periods to  prove the soundness ,  sa fe ty ,  and per- 
formance of t h e  overal l  sys tem,  

Spectrophotometer 

Instal la t ion and integration of the b a s i c  s p e c -  
t rophdometer  uni t  w i t h  the ancill.ary equipment 
fabr icated local ly  w e r e  begun the f i r s t  part of 
October. Electronic  iristrument modifications ne<:-. 
e s s a r y  to couple  t h e  new spectrr3pliotometer into 
our d ig i ta l  dat.a output system (I13M card) were 
completed and  checked out. Information obtained 
during s e v e r a l  days of acceptance  tes t ing  a t  APC: 
showed that  the resolu1.ion of the machine is some- 
what better t.hm that  specif ied for the  Cary model 
1 4  spectrophotometer. ‘The special high-vacuum 
c e l l  compartment., which uiiis fabricaied at  URGDP, 
w a s  not fully completed a t  (tie time of the t e s t s ,  
bLit t h i s  did not preclude adequate  opt ica l  tes t ing.  
Modifications were m a d e  to almost d l  i tems of 
the  overal l  sys tem;  a nuinber of c:hanges in  the 
spectsophototneter were made during i t s  construc-  
tion, a s  well a s  a l k r  i ts  instal la t ion.  

Cell compartment 

It was found that, when the cell compartment was 
evacuated,  ti deflect ion (maximum, about  0.050 in.) 
of Ihe w a l l s  (1%- a n t i  .?/4-inm-thick T6 aluminum) oc-  
currcxi. T h i s  wus eliminated by adding internal  
bracing, which was arranged so as not to  interfere 

22 1 
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with the  cells and other internal pieces .  Work w a s  
a l s o  necessary  on t h e  s t ructural  design of high- 
teinperature fluid-line penetrations of t h e  vacuum- 
chamber c e l l  compartment. T h e s e  l ines  c a n  b e  
disconnected;  they a r e  f lexible  and vacuum-tight 
and carry fluid ( s i l i cone  oil) a t  temperatures up to  
800’F. T h e  c e l l  compartment w a s  examined for 
l e a k s  i n  t h e  shop; f inal  t e s t s ,  however, including 
those  under operat ing condi t ions,  remain to  be  
done. T h e  wearing of threaded bolt ho les  in  the 
T6 (high-strength, heat- t reated)  aluminum w a s  a 
probleiil, but i t  w a s  eliminated by ins ta l l ing  hard- 
ened s t e e l  Hel icoi l  inser ts  into a l l  threaded holes  
for compatibility with s t e e l  bolting. Now, the 
aluminurn threads take only the load,  which is not 
e x c e s s i v e ,  and  have  no abras ive  wear from the  
s t a i n l e s s  s t e e l  bolts. The  c e l l  rocker sys tem will 
be made operable  soon. 

vacuum System 

T h e  vacuum sys tem for depressurizat ion of the  
c e l l  Compartment to  a t  l e a s t  10 torr w a s  im- 
properly tes ted  for leaks ,  and a number of i tems 
had t o  be  reworked. If ou tgass ing  of the myriad of 
i tems ins ide  t h e  c e l l  compartment i s  a problem (for 
t h e  most part they cannot  be  outgassed by baking), 
the  addition of a hermetically s e a l e d  VacIon pump 
to the  c e l l  compartment will be  indicated. T h i s  
would be compatible with the  u s e  of t h e  s i l i con  
sol id-s ta te  a lpha detectors  instal led ins ide  the  
c e l l  compartment for leak detect ion with high-level 
a lpha operat ions.  

4 Consolidated Vacuum Corporation mass-spec-  
trometer-type helium leak detector  w a s  put into 
s e r v i c e  and i s  performing adequately. 

Pump-Loop H e a t i n g  System 

T h e  pump-loop hea t ing  system, which suppl ies  
thermostated high-temperature s i l i cone  heat-transfer 
fluid to the c e l l  j acke ts  and i s  intimately con-  
nected with the emergency and programmed cool ing 
sys tem,  w a s  delivered in  December 1965. It w a s  
a l s o  “coldyy tes ted  for leaks  (helium leak test). It 
h a s  been partially instal led,  but h a s  yet  to  b e  de-  
bugged electr ical ly  and mechanically and to  b e  
coupled t o  t h e  c e l l s  via the  c e l l  vacuum compart- 
ment. T h i s  sys tem underwent numerous necessary  
design changes  and equipment item changes  during 
fabrication. 

Ahrxil iary  Services 

T h e  instal la t ion of serv ices ,  both t o  the  faci l i ty  
and  to  the  individual equipment i tems,  i s  a lmost  
completed. T h i s  includes main power supply,  
e lec t r ica l  distribution and heavier  power wiring, 
liquid-nitrogen and gas suppl ies ,  and a l l  the  s tand-  
ard laboratory s e r v i c e s  necessary  for the  s p e c -  
trophotometer and  other anci l lary sys tems.  T h e  
spectrophotometer monochromator w a s  thermostated. 
An auxiliary roughing pump w a s  provided for evacn-  
a t ion of t h e  c e l l  compartment before t ransferr ing 
the pumping load to  t h e  vacuum system. 

Control C ~ n i s l e  System 

T h e  control console  sys tem (Fig.  15.1), fabri- 
ca ted  a t  ORGDP, w a s  completed and instal led.  A 
number of c h a n g e s  and addi t ions a r e  not shown. 
T h e  equipment w a s  preliininarily checked out while 
i t  w a s  in the shop;  de ta i led  tes t ing  of the individual 
components i s  about  50% complete. A signif icant  
amount of miswiring in the  control console  syst:em 
caused  difficult checkout  problems; t h e s e  a r e  being 
solved one by one. Making minor changes  i n  the 
loca l  s h o p s  rather than returning t h e  i tems t o  the 
manufacturer w a s  found to  be  more expedient  from 
t h e  point of view of convenience and time required, 
except  in  c a s e s  of s ignif icant  equipment malfunc- 
t ions and long-term warranty. 

P a r t  of the  temperature control and programming 
sys tem,  designed and built by Minneapol isHoney-  
wel l ,  w a s  returned for changes  and rework. T h e  
set-point generator and paper-tape reader did not 
perform according t o  specif icat ions or the  design 
intent. 

A tape-read pulse  supply,  not included i n  the  
original design but  necessary  for the  operation of 
t h e  punched-paper-tape reader, w a s  provided by 
t h e  u s e  of a Hamner timer. 

Absorption Cells 

Two of t h e  three c e l l s  needed,  and t h e  e s s e n t i a l  
par ts ,  were fabricated. The  cell body and a n  ex- 
ploded view of the  internal par ts  for one-half of 
the  cell a r e  depicted in  Fig. 15.2. Tubing, valving, 
and pressure,  differential pressure,  and tempera- 
ture t ransducers  a r e  not shown. T h e  third cell wil l  
not  be  made until operat ing experience h a s  been 
obtained with t h e  present  design,  s i n c e  operation 
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Fig. 15.1. Control  Conso le  meter. T h e  temperature control and programming 
can be Seeh at the r igh t  side. etric, data acquis i t ion,  or other aux i l ia r ies  are s 

t h i s  early photograph. 

None o f  the spectr 

Fig. 15.2. Disassembled Absorpt ion C e l l  Showing Parts for the Ass b ly  of One-half of the Cel l .  No valving, 

tubing, or pressure and temperuture monitoring transducers are shown. The parts are, from r igh t  to  left: cell body, 

inner Haskel  seal, inner f i l l e r  body, inner sapphire window, outer f i l l e r  body, th ickness spacer disk, B e l l v i l l e  

spring, outer window spacer disk, outer sapphire window, outer Hoskel  seal, window retuining flonge. 
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may s u g g e s t  some n e c e s s a r y  or des i rab le  improve- 
ments. T h e  present  cell des ign  is t h e  resul t  of 
(1) a cons iderable  amount of work and experience 
with t h e  prototype a n d  (2) ex tens ive  ca lcu la t ions  
t o  improve the  des ign  and  performance of t h e  cell 
and the  window. 

A major diff icul ty  w a s  encountered i n  a t tach ing  
t h e  heat ing-system l i n e s  t o  t h e  cells ( inside t h e  
vacuum chamber). T h e  originally spec i f ied  self- 
s e a l i n g  quick d isconnec ts  were found t o  b e  in- 
capable  of operat ing a t  t h e  spec i f ied  temperature 
b e c a u s e  of t h e  fai lure  of organic e las tomer seals 
(no s u c h  se l f - sea l ing  coupl ings a r e  currently avai l -  
able). T h i s  n e c e s s i t a t e d  u s i n g  another  type of 
coupl ing - a s p e c i a l  a l loy metal-metal s e a l i n g  
coupl ing ava i lab le  with brazed-on tubulat ions,  3 2 1  
s t a i n l e s s  s t e e l  i n  our case. Attaching t h e s e  cou- 
pl ings (tubulations) t o  t h e  absorpt ion cells (tita- 
nium) in  a s t ructural ly  rigid, leak-free manner 
proved t o  b e  very difficult. A technique reported 
by NASA for brazing titanium t o  s t a i n l e s s  s t e e l s  
w a s  used  t o  make some t e s t  b razes ;  t h e s e  were 
evaluated.  Upon confirmation of t h e  soundness  of 
t h e  joint  des ign  and  the  t e s t  b razes ,  the  coupl ings 
wil l  be  a t tached  t o  the titanium cells. 

T h e  sapphi re  windows required for t h e  in i t ia l  op- 
erat ions,  obtained from two manufacturers, had to  
b e  returned for rework b e c a u s e  they did not conform 
t o  surface-f inish specif icat ions.  They  have  now 
been completed i n  conformance with spec i f ica t ions .  

A beam mask at tachment  (for ver t ical  c l ipp ing  of 
t h e  opt ica l  beam and for detect ion and  opt ica l  iso- 
la t ion of multiple p h a s e s  i n  the  ce l l )  w a s  fabricated 
and  tes ted .  I t s  performance appears ,  a t  the  moment, 
t o  be  adequate ,  although i t  h a s  not y e t  been pos- 
s i b l e  to t e s t  i t  with the  cell. It may b e n e c e s s a r y  
to  modify i t  l a te r  for external  indicat ion of position. 

15.2 S P E C T R A L  STUDIES OF I O N I C  SYSTEMS 

T h e  goals of t h e s e  s t u d i e s  include measurements  
of transuranium e lements  s u c h  a s  berkelium, curium, 
etc . ,  a s  well a s  eventual  operation a t  temperatures 
up  to a t  least t h e  c r i t i ca l  point of water  (372'C). 
T h e  spectrophotometer sys tem descr ibed above  
wil l  give u s  th i s  capabi l i ty .  Until t h e  new s p e c -  
trophotometer c a n  b e  made ava i lab le  for t h i s  work, 
interim experiments  a r e  being performed a long  the  
s a m e  l ines  of interest ,  at  temperatures t o  about  
95OC with t h e  spectrophotometric equipment avai l -  
able .  W e  a r e  also developing cer ta in  anci l lary 

equipment. A number of computer techniques  and 
programs were developed and evaluated spec i f ica l ly  
for t h e  a n a l y s i s  of cer ta in  types  of spec t roscopic  
da ta  a n d  for other needed calculat ions.  W e  plan, 
eventual ly ,  t o  d o  s imilar  s t u d i e s  with t h e  higher 
ac t in ide  e lements  under condi t ions of high l e v e l s  
of a lpha  ac t iv i ty  af ter  relocation of the system. 

T o  interpret  the  spec t roscopic  properties of the  
ac t in ide  e lements  beyond uranium properly, ura- 
nium should  be  understood as  wel l  a s  is possible .  
However, many b a s i c  problems remain concerning 
uranium and,  i n  particular, the uranyl ion; and a 
comprehensive theory of the  ion with respec t  t o  i t s  
spec t roscopic  propert ies  h a s  not been developed. 

Studies of the Uranyl Ion Spectrum in 
Perchlorate Media 

W e  concentrated ini t ia l ly  on the  uranium sys tem,  
with t h e  following experimental parameters of 
particular interest :  temperature (25 t o  95'C, with 
our convent ional  equipment), metal ion (uranyl) 
and  l igand (complexing) concentrat ions,  acidi ty  
(complications due  t o  hydrolysis), and ion ic  
strength. Ini t ia l ly ,  we  c h o s e  t o  s tudy perchlorate 
s y s t e m s ,  s i n c e  they a r e  not only of intr insic  in- 
t e r e s t  but wil l  also s e r v e  a s  reference d a t a  for 
spec t ra l  s t u d i e s  of the  uranyl ion in cer ta in  com- 
plexing sys tems.  T h i s  s e r i e s  of s t u d i e s  wil l  a l s o  
s e r v e  as a model for s t u d i e s  of the  transuranium 
e lements  t o  b e  carr ied out  la ter .  

An oral  presentat ion of part of t h i s  work w a s  
given a t  t h e  Symposium on Molecular Structure and 
Spectroscopy a t  the  Ohio S ta te  University, Colum- 
bus,  Ohio, June  14-18, 1965, and  t h e  work w a s  
recently published. T h e  parameters obtained for 
t h e  absorpt ion and f luorescence spec t ra  of the  
uranyl ion in  perchlorate media with t h e  a id  of 
computer techniques were interpreted with regard 
t o  some theoret ical  models recently proposed for 
t h e  vibronic leve l  structure. Our resu l t s  show that  
some prior inferences concerning the  charac te r  and 
distribution of t h e  bands i n  t h e  U O z z t  spectrum 
a r e  in  error. A careful  examination of t h e  profile 
of the  experimental  spec t ra  and  t h e  s t ruc ture  of 
t h e  resolved s p e c t r a  led u s  t o  a different ass ign-  
ment of bands  in to  t h e  various l e v e l s  of a proposed 
t r iplet  exc i ted  s t a t e .  

'J. T. Bell and R. E. Biggers. J. M o l .  Spec try .  18, 
247-75 (1965). 
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W e  a l s o  nieasured t h e  ultraviolet (UV) spectrum 
of t h e  uranyl ion to 1860 A and resolved it into 
15 bands (Fig. 15.3), wi th  band 1 corresponding to  

band 11 of the  v is ib le  spectrum.' A s  far a s  w e  
are aware,  uv spec t ra  in t h i s  de ta i l  have not been 
heretofore reported for UO,zt. 

s ri 

Fig. 15.3. Resolution of the LdO2(Cl0,), Spectrum i n  Aqueous Solution i n  the  Spectral Reg ion  28,000 to 54,000 
A comparison of the experimental  and the nonl inear least-squares-caiculated spectrum 

UOZ2+ := 0.0966 M ;  Ht - 0.112 M (HC1O4); temperature, 25.0"C; p =- 3.00 ( ionic  

cm-' (3570 tQ 1860 A). 
sllo-cring the resolved bands, 

strength), 
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Effect  of H y d r o l y s i s  on the Spectra of U 0 , 2 +  

Spectroscopic  s t u d i e s  were made on the  hydroly- 
sis of t h e  uranyl ion in  perchlorate media under 
qui te  varied conditions. We conclude, i n  agreement 
with some other recently reported work,' that  much 
of the previously published work concerning "equi- 
librium" hydrolysis  of the uranyl ion is based  on 
sys tems not a t  true equilibrium. 

We measured and  resolved severa l  s e r i e s  of 
spec t ra  of t h e  uranyl ion i n  solut ions ranging from 
those  containing e x c e s s  perchloric ac id  t o  those  
where ex tens ive  hydrolysis had occurred. T h e  
parameters of the  13 uranyl absorption bands  were 
observed as a function of the hydroxyl number, n, 
to  n = 0.291. T h e  resu l t s  of a l inear  leas t - squares  
f i t  of t h e  posi t ions,  determined from the nonlinear 
least-squares  resolution, for e a c h  band from n = 0 
to 0.208 show that the hydrolysis of the  uranyl 
ion d o e s  not affect  the  uranyl ion t ransi t ions.  
Leas t - squares  f i t s  of the  integrated a r e a s  for first- 
and second-order  equat ions gave almost  equal  
s tandard errors  of fit and showed that  the  increase  
in the band a r e a s  i s  a l inear  function of the  
hydroxyl number to  about n - 0.3. T h e  low osc i l la -  
tor s t rengths  of t h e  uranyl bands in  the v is ib le  
region indicate  that  t h e  t ransi t ions arc forbidden. 
A uranyl ion model involving a s ing le t  ground s t a t e  
and a n  exci ted s t a t e  cons is t ing  of two s ingle t s  
and one triplet w a s  developed and further refined 
by McGlynn and Smith.4 According t o  this  model, 
t h e  uranyl ion is l inear ,  and the spectriim a r i s e s  
from electroliic t ransi t ions from 0 - U - 0 li molec- 
ular bonds to  a uranium f orbital, T h i s  model i s  
probably the  bes t  represeotation of t h e  uranyl ion 
a t  th i s  time. 

Kraus and Moore5 showed in  some ear ly  work on 
plutonium that  hydrolysis  of the plutonyl ion 
( P u O , ~ ' )  produces changes  in all parameters of 

2M. E. A. Hermans, The  Urea P r o c e s s  for UO Pro- 

ductiorr: Chapter  VI ,  Some Hydrolytic Phenorncna of 
Uranyl S d l t  Sofut ions ( thes i s ) ,  'Techn. Hogeschool ,  Delft,  
Nether lands,  1964; Euratom KCN-Kema Reac tor  Develop-  
ment Group, Amhem, Nether lands;  AEC A c c e s s i o n  No. 
30063, NP-14078, 170 pp.,  1964. 

3The hydroxyl number, n, is def ined a s  t h e  ra t io  of 
hydroxyl ion concentrat ion (OH-j to U(V1) concentrat ion.  
'The hvdroxvl ion concentrat ion is taken to  be e a u a l  t o  

2 

the  r l i i ferekce between t h e  IJ(VI) molarity and thk con- 
centrat ion of an ions  other  than OH-. 

4S. P. hlcClynn and J. K. Smith, J .  M o l .  Spec t ry .  6 ,  
164-87 (1961). 

t h e  absorpt ion spec t ra l  bands,  although the param- 
e t e r s  of the  various spec t ra l  bands were not s tudied 
in detai l .  Upon increasing hydrolysis, the needle-  
sharp  t ransi t ion charac te r i s t ic  of P u 0 2 2  + a t  8310 A 
disappears  gradually, and the  spectrum gradually 
converts  t o  a less - in tense ,  more-diffuse one ,  with- 
out  s ignif icant  band s t ructure  and with very pro.- 
nounced band sh i f t s  toward the  red as the  bands  
disappear .  We observed no s u c h  changes  in  the  
band posi t ions f o r  t h e  uranyl ion and agree with 
Hermans that t h e  complicated U(V1) en t i t i es  having 
various charges  probably a r e  not encountered a t  
hydroxyl numbers less than 0.3 t o  0.5 and surely 
d o  not e x i s t  near the stoichiometric point ( n  = 0) 
of the  perchlorate s a l t .  

15.3 MEASUREMENT Q F  BENSITBES OF 
LlQUlDS AT HIGH TEMPERATURES 

AND HlGW PRESSURES 

4 s  a n  important adjunct  t o  the  program for t h e  
spectrophotometric s tudy of so lu t ions  a t  high tem- 
peratures  and high pressures ,  a nethod w a s  devised  
for measuring t h e  dens i t ies  of aqueous so lu t ions  
a t  accurately measured temperatures and pres-  
s u r e s  up t o  t h e  c r i t i ca l  points of t h e  so lu t ions ,  A 
knowledge of solut ion dens i t ies  v s  temperature is 
required to  ca lcu la te  the  concentration of s p e c i e s  
in  solut ions a t  temperatures up t o  the  c r i t i ca l  point 
of water (372OC) from t h e  knowii or measured con- 
c-ntmtion va lues  of the  solut ions prepared a t  about  
25OC. A high-temperature, high-pressure au toc lave  
(dilatometer) and related fac i l i t i es  were designed 
and assembled  to permit the accura te  measurement 
of liquid dens i t ies  under t h e s e  conditions. T h e  
sys tem w a s  improved and w a s  operated over t h e  
temperature range 25 to  40OoC. T h e  des ign  and 
mode of operation al low determination of d e n s i t i e s  
of so lu t ions  near t h e  c r i t i ca l  point t o  within a n  
error of about  1.2%, with progressively smaller  
errors at  temperatures below the c r i t i ca l  point. 

T h e  liquid volume of a weighed solut ion of a 
known composition is determined by taking a n  x- 
ray photograph to show the position of t h e  vapor- 
liquid interface in  a cal ibrated sec t ion  of the  
dilatometer. T h e  densi ty  is deterinjned from the 

5K. A. Kraus and  G. E. Moore, P a p e r  4.22, The  Trans-  
uranium Elements ,  vol. 14B, Par t  Ii: Plutonium Projec t  
Record, Nat ional  Nuclear  Energy Ser ies ,  ed. by G. 'r. 
Seaborg, J. J. KatK, and  W. M. Manning, McGraw-Hill, 
New York, 1949. 
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weight of t h e  solut ion and t h e  locat ion of t h e  in- 
terface a t  various temperatures. A prototype high- 
temperature dilatometer for t h i s  use w a s  des igned  
and w a s  constructed ent i re ly  from titanium. A 
recent  change  in  t h e  c losure  method greatly im- 
proved i t s  serviceabi l i ty .  A s p e c i a l  furnace and  
t h e  n e c e s s a r y  control instrumentation were also 
designed and constructed t o  maintain the auto- 
c lave ,  up  t o  tcmperatures of about  375OC, in a n  
e s s e n t i a l l y  isothermal  s t a t e  over i t s  en t i re  length 
of about  18 in. The  autoclave c a n  be  operated to  
pressures  of a b o u t  5000 ps i  and temperatures of 
400°C. T h e  addi t ion of a dilatometer containment 
chamber with cont inual  recirculation of the  atmos-  
phere within i t  h a s  greatly improved the  h e a t  t rans-  
fer and  t h e  coupl ing t o  t h e  furnace, with a resul t -  
ing  large increase  i n  i t s  thermal s tab i l i ty  and 
end-to-end thermal equilibrium. With a temperature- 
measuring and -recording sys tem ut i l iz ing a con-  
vent ional  thermocouple (calibrated), t h e  dens i ty  of 
water w a s  measured at numerous temperatures  up 
to the  c r i t i ca l  point. Agreement with s team-table  
va lues  w a s  obtained to  within 0.5% up t o  about  
275-3OO0C; a t  higher temperatures, the error in- 
c reased  because  the  temperature w a s  not known 
accurately enough. 

Computation of t h e  R e s u l t s  

Expei ience  obtained during t h e  development of 
t h e  faci l i ty  and the  calculat ion procedures evolved 
led t o  t h e  development of a s e t  of computer pro- 
grams for performing t h e  de ta i led  ca lcu la t ions  and 
plot t ing t h e  resul ts .  T h e  computer program DEN- 
SITY ca lcu la tes  t h e  dens i ty  of a n  experimental  
solut ion from measurements made with the high- 
temperature, high-pressure dilatometer a t  e a c h  of 
t h e  temperatures used. 

Program STEAM w a s  prepared fo generate  steam- 
tab le  d a t a  over any temperature s p a n  spec i f ied  up 
to t h e  c r i t i ca l  temperature of water. T h e  following 
quant i t ies  may b e  obtained: temperature ("C); 
pressure (in bars ,  kg/cm2, atm, and  psi); s p e c i f i c  
volume, liquid (cc/g); densi ty ,  liquid (g/cc); 

'A. M. Rom, Thermally Compensated Closure for Liquid 
Uerisity Autoclave, ORNL-TM-1293 (Oct. 14, 1965). 

spec i f ic  volume, vapor (cc/g); densi ty ,  vapor 
(g/cc>. 

In t h e  dens i ty  experiments, there  is a progres- 
s i v e  loss of water to the vapor phase  a s  t h e  tem- 
perature is increased.  T h i s  weight loss c a n  be 
determined from steam-table data .  Proper  interpo- 
la t ion techniques  must b e  used,  particularly for 
va lues  from 300°C to t h e  c r i t i ca l  point, where the  
va lues  a r e  pronounced nonlinear funct ions of t h e  
temperature. A s  w a s  pointed out by Bain i n  the  
1964 s team-table  revis ion,  a B e s s e l  function 
interpolation is most appropriate, and one w a s  
used  (subroutine BESINT) here. 

Program TCT was prepared to  plot graphs of 
thermocouple cal ibrat ion da ta ,  NBS referenced. 
Each graph covers  10°C, and graphs of s u c h  in- 
te rva ls  may be  obtained from 0 to 4OO0C. T h e  
y-axis range is variable. Temperatures  may b e  
read with a resolut ion of a t  least 0.05OC. 

Typical D e n s i t y  R e s u l t s  

T h e  d e n s i t i e s  of a number of uranyl perchlorate 
so lu t ions  which have  been s tudied spectropho- 
tometrically were measured to 95'C with a pyc- 
nometer for comparison with t h e  dilatometer re- 
s u l t s  a t  higher temperatures (25 to 400OC). At 
95°C t h e  r e s u l t s  from t h e  dilatometer agreed with 
t h o s e  from t h e  pycnometer t o  within 0.4%. 

T h e  dens i ty  of water w a s  measured at numerous 
temperatures up t o  t h e  cr i t ical  point of wa te r  in  a 
number of independent experiments to  ascer ta in  
t h e  accuracy  and reproducibility of t h e  mcasure- 
rnents. T h e  resu l t s  show that ,  up to about  32SoC, 
t h e  d e n s i t i e s  a r e  determined to within a n  average  
error of about  0.6% or bet ter .  From about 325OC 
t o  t h e  critical point, t h e  average error d o e s  not 
exceed  about  1,275, a n d  in  some experiments i t  did 
not exceed  0.7% in th i s  region. T h e  liquid-vapor 
interface may be  determined accurately from the  
x-ray photograph to within a few degrees  cent igrade 
of t h e  c r i t i ca l  point; but as  the  c r i t i ca l  point is 
c lose ly  approached, th i s  becomes exceedingly 
difficult. Measurements were made with uranyl 
su l fa te  and perchlorate so lu t ions  with equal ly  good 
resul ts .  Also, a s e r i e s  of measurements was made 
on potassium chlor ide at  various concentrations. 



16-1 ACTIVIT IES OF TRI-n-BUTYL PHOSPHATE 
(TBP) IN TBP-HNQ,-H,O SOLUTIONS 

An abs t rac t  of a published report’ summarizing 
act ivi ty  s tud ies  i n  the organic phase  for the  TBP- 
PINO,-H,O sys tem i s  included in the Summary 
of th i s  report. There is no further progress t o  
rcport on th i s  work. 

16.2 DETERMINATIO OF RADIQISBTOBES 
BY WESOkUTIQkr OF GAMMA-RAY SPECTRA 

‘Two a b s t r a c t s  of published i n  the Sum- 
mary of th i s  report summarize the work completed 
to  date .  Several  a s p e c t s  of the mathematical 
resolut ion of gamma-ray s p e c t r a  of radioisotope 
mixtures by the method of l e a s t  s q u a r e s  a r e  d i s -  
c u s s e d .  Current work, presented below, concerns  
improvements i n  accuracy i n  the determination of 
radioisotopes.  

‘W. Davis ,  Jr., J. Mrochck, a n d  C. J. Hardy, “ T h e  
System: Tri-n-Butyl P h o s p h a t e  (TBP) --Nitric Acid---  
Water. I. Act iv i t ies  of T R P  in  Equilibrium with Aque-  
ous Nitr ic  Acid  and  P a r t i a l  Molar Volumes of the  Thr-e  
Components in  the  TBP P h a s e , ”  a c c e p t e d  for publ i -  
cat ion i n  the Journal  of Inorganic and Nuclear  Chemisfry. 

2E. Schonfeld,  ALPHA -- A Computer  Program for the  
Determination of Radio iso topes  by Leas t -Squares  K e s -  
olut ion of the Gamma-Ray Spec t ra ,  ORNL-3810 (1965). 

3E. Schonfeld,  “Improved Accuracy i n  Determinat ion 
of Radionucl ide  Concentrat ions in  Solut ions Containing, 
Fas t -Decaying  Iso topes  by Leas t -Squares  Resolu t ion  of 
the Gamma-Ray Spec t ra ,”  Proceedings  of the  1965 Inter-  
na t iona l  Conference on  Modern Trends  in Act iva t ion  
Analys is ,  T e x a s  A & M Universi ty  (in press) .  

T h e  mathematical resolut ion of complex gamma- 
ray s p e c t r a  having R considerable  overlap of ad-  
jacent  bands  or widely differing radioisotope 
concentrat ions for two overlapping bands  is dif -  
ficult, and accuracy is poor in some cases. One 
method of improving the  accuracy  of the a n a l y s i s  
c o n s i s t s  i n  the u s e  of coincidence counting. (A 
coincidence event  is the  s imultaneous emiss ion  
of two gamma rays.)  Improved resolution of gamma- 
ray s p e c t r a  i s  achieved by coincidence count ing 
b e c a u s e  some of the interfering radioisotopes d o  
not  have  co inc idences  and thus  a r e  not counted.  

’Po achieve  improved resolut ion by coincidence 
count ing it \vas i recessary t o  formulate a method 
of disp lay ing  the  s p e c t r a  so that  radioisotopes 
present  in the  sample c a n  be  identified. T h e  
problem w a s  t o  display the 20,000 da ta  points  
of e a c h  spectrum i n  a smal l ,  e a s i l y  viewed three-  
dimensional  representation. T h i s  w a s  done by 
writing a program that  allowed a digi ta l  computer 
to read the output da ta  from the coincidence counter 
and,  with opt ional  smoothing, t o  plot a permanent 
record on paper. A typical  display of the coin-  
c idence  spec t ra  of a sample mixture containing 
five radioisotopes is shown in F ig .  16.1. 

A second problem i n  th i s  area requiring s o l u -  
tion w a s  the mathematical resolution of the coin- 
c idence  gamma-ray spectra .  Resolut ion w a s  
achieved  by modifying the  highly s u c c e s s f u l  AL-  
PHA computer program. Preliminary resu l t s  ob.- 
ta ined with th i s  new program indica te  that ,  for 
a mixture of l a6Ru  and I3’I, it is poss ib le  to 
measure about  1 part of ‘06Ku in the  presence  
of 1000 parts  of 1 3 1 1 .  T h i s  represents  about  a 
20 fold improvement i n  accuracy .  

228 
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Fig.  16.1. T y p i c a l  Three-Dimensional  Representat ion of the  Co inc idence  Gamma-Ray Spectra of a Sample. 

Obiained by programming a d ig i ta l  computer. 



Chemical engineering research  is a n  aggregate  
of s t u d i e s  which, while generally pertinent t o  t h e  
appl ied programs of the  Chemical Technology 
Division, a r e  fundamental i n  nature  or pursue at- 
t ract ive new ideas .  T h e  fundamental s t u d i e s  
usually a r i s e  from interest ing e f fec ts  noted during 
work on programs with more spec i f ic  commitments. 
On t h e  other hand, work begun on new i d e a s  fre- 
quently becomes part of applied programs as  t h e  
work matures. 

The  reported work th i s  year  is restricted t o  t h e  
development of the  stacked-clone contactor, which, 
i n  addition to showing excel lent  performance 
charac te r i s t ics ,  is proving t o  be  a practical device  
of a rugged and rel iable  nature. 

17.1 THE STAC ED-CLONE CONTAGTOR 

T h e  s tacked-clone contactox is a high-speed sol- 
vent extract ion device  incorporating a l l  the neces-  
sa ry  fea tures  for process ing  highly radioact ive 
materials: low holdup, fast response, very short  
res idence time (for t h e  solvent)  per s tage,  and 
high solut ion throughput. T h e  contactor c o n s i s t s  
of a c a s c a d e  of axial ly  aligned liquid cyclones,  or 
s tages .  Each  s t a g e  opera tes  with countercurrent 
flow of the  two liquid p h a s e s  resul t ing f rom t h e  
induced underflow. To show a wide range of ap- 
plicability, the experimental contactor was t e s t e d  
with a variety of chemical  systems.  Original de- 
velopinent work w a s  done with the Amsco-TRP- 
NaN0,-UO,(NO,), system a t  severa l  concentra- 
t ions  and temperatures. Solution throughputs of 
3 to 1 l i ters /min (A/O = 3) and m a s s  transfer ef- 
f ic ienc ies  of 70 to  80% were typical ,  indicat ing a 
solut ion residence time of 4 sec /s tage .  

T h e  more recent t e s t s  involving seven  extract ion 
s t a g e s  and four aqueous-raffinate pol ishing s t a g e s  
operat ing with t h e  following s y s t e m s  resul ted in  

the throughputs (A/O 2 3 )  and m a s s  transfer ef- 
f ic ienc ies  noted below and in  Table  1’7.1: 

1. A hexone-water-acetic ac id  sysiern ex- 
hibi ted throughputs of 7 liters/min and ef f ic ienc ies  
from 80 to 90% (a residence time of 2 sec per theo- 
retical s t a g e )  a t  about  2.5OC. T h i s  flow capaci ty  
is unusually high, consider ing the physical  prop- 
erties involved (densi ty ,  viscosi ty ,  interfacial  
tension). Other solvent  extraction devices  showed 
imusual throughpcts with t h i s  system, which sug- 
g e s t s  that  some other  intr insic  physical  property 
inf luences flooding behavior. 

2, A hexone-0.2 M acid-deficient Al(NO,),- 
UO,(NO,), system, featuring aqueous- (continuous-) 
phase  v i s c o s i t i e s  as high a s  5 cent ipoises ,  oper- 
a ted  with flow capac i t ies  of 2.8 and 5.9 l i ters /min 
for 1.7 and 1.0 M Al(NO,),, respect ively,  and with 
a mass t ransfer  efficiency near  70% a t  about 30OC. 
Again, the hexone solvent  w a s  responsible  for t h e  
high flow capaci ty ,  s i n c e  previous sys tems having 
aqueous-phase v iscos i t ies  as  low as 1.3 cent ipoises  
exhibited f lows of only approximately 1.5 l i te rs /  
rnin. 

3, Very high organic- (dispersed-) phase  vis- 
c o s i t i e s  apparently do not affect s tacked-clone 
contactor  throughput. Mineral oil (viscosi ty ,  116 
cent ipoises )  w a s  mn with 0.08 M IINO, a t  flows 
up to 3.9 liters/min a t  about 3OOC. Extraction of 
benzoic  ac id  in  t h i s  system, however, w a s  only 
30 t o  40% efficient, possibly because  of a low m a s s  
transfer coeff ic ient  caused  by t h e  high viscosi ty .  

4. Low ef f ic ienc ies  and low extraction rate con- 
s t a n t s  were  a l s o  observed when benzoic  ac id  w a s  
extracted with Amsco, which h a s  a viscosi ty  of 
only 1.3 cent ipoises .  Flow c a p a c i t i e s  were 3.8 
liters/min a t  about  30°C. 

5. Benzoic  a c i d  extract ion with N-Paraffins-175 
(similar to n-dodecnne and having physical  prop- 
e r t ies  matching t h o s e  of Amsco) w a s  carried out 
at flows up to  3.8 liters/min (about 30°C) with 
e f f ic ienc ies  near 60%. 

230 



Table 17.1. Stacked-Clone Contactor Pedomance and Flow Capacity Dato 

Viscosity of Viscosity of hlass 
Distributing Der.sity Continuous Dispersed hterfacial Trsnsfer Flow Capacity (literdmin) Temperature Tension 

Phase Eiiiciency .4/0 = )r A/O ~ 1 A/O = 2 A/O ~ 3 (“c) Continuous Phase Dispersed Phase Species Difference Phase 

Wee) (centipoises) (centipoises) (+]es/cm:’ (5) 

0.005 dl CH,COOH 
1.7 $1 AI(NO>),, 0.2 +I 

acid-deficient 

acid-deficient 
1.0 !If AI(NO,),, 0.2 M 

0.01 rlb HNO, 
0.01 M HXO, 

0.08 hf HNO, 
0.08 IN HSO, 
0.08 M HNO, 
0.08 HNU, 
0.08 A! HNO, 
0.08 dl HKO, 
0.08 M HNO, 
Arr,sco 
Amsco 

0.08 Y HNO, 

Am sco 

Am sco 

Amsco 
5% YEP-Amsca 

5% TEP-Amsco, 1.0 
g of U per liter 

5% TBP-Amsco 

Henone 
Hexone 

Flcxone 

Miners! oil 
Nineral oil 
2-Erhyi-1-hexanol 
3-Paraffins-1i5 
N-Parzffins-175 
Amsco 
Amsco 
Amsco 
Amsco 
Ansco 
0.08 M HNO, 
66 wt 5% glycerol, 

0.05 M HNO, 
1.7 AliNO,),, 0.3 

to 0.9 I acid- 
deficient 

38 wt % dextrose 
38 wt % dextrose 
1 A! NaXO,, 2.5 

g of U per liter 
1 M N’uXO, 

1111 NaNO, 

0.198 
0.474 

0.356 

0.121 
0.124 
0.171 
0.254 
0.256 
0.248 
0.254 
0.248 
0.254 
0.253 
0.251 
0.425 

0.56 

0.409 
0.399 
G.296 

0.296 

0.257 

039 
4.17 

1.88 

0.84 
0.66 
0.84 
0.84 
0.66 
0.64 
0.66 
0.84 
0.66 
0.66 
1.18 
1.10 

1.10 

1.10 
1.33 
1.11 

1.11 

1.11 

0.56 
0.56 

0.56 

116. 
57. 
6.6 
1.34 
1.10 
1.28 
1.07 
1.2s 
1.07 
1.18 
0.66 

10.2 

.? :o 4 

2.35 
3.20 
0.73 

0.72 

0.72 

7. i 
8.1 

7.6 

53 
52 
13.4 
36 
35 
45 
44 
35 
35 
41 
40 
2: 

31 to 35 

15.6 
12.8 
16.3 

16.2 

16 

87 
69 

33 
38 

65 
57 

35 
31 

85 

67 

3.4s 

2.79 

1.21 
2.23 
2.80 

2.71 
2.02 

3.04 
6.28 
1.60 

2.19 

1.37 
1.17 
2.29 

2.19 

4.50 
1.95 

3.43 

2.77 

1.43 
2.64 
3.32 
2.75 
3.16 
2.55 
2.92 
3.60 
5.51 
1-44 

2.16 

1.82 
1.33 
2.08 

1.74 

6.97 
2.83 

5.88 

3.88 
4.29 
1.96 
3.75 
4.57 
3.78 
4.22 
3.15 
4.01 

4.40 4.96 
4.92 
1.29 1.24 

2.14 2.13 

1.78 1.76 
1.22 1.17 
1.87 1.75 

1.44 1.32 

25 
30 

25 

30 
40 
30 
30 
40 
25 
40 
25 
40 
40 
40 
40 

40 

40 
25 
40 

40 

40 
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6. Flooding for a 2-ethyl-1-hexanol-0.08 ilil 

IINO, system ..- one  character ized by a low inter- 
facial tension - occurred a t  2.0 liters/iiiiil (about 
3OoC). T h e  interfacial  tension for 2 e t h y l - l -  
hexanol w a s  13 dynes/cm, whereas  va lues  from 35 
to  50 were common for the other so lvents  used. 

Perhaps  the  most s ignif icant  resul t  th i s  year  w a s  
a demonstration of s tacked-clone contactor opera- 
tion with the  solvent  p h a s e  continuous. T h i s  mode 
i s  appl icable  when aqueous-phase v iscos i t ies  a r c  
high, when flow ratios (A/O) less than are de- 
sired, and when impurities i n  feed s t reams c a u s e  
emulsions i n  the  aqueous-continuous mode. Sev- 
eral  modifications i n  c lone geometry were t e s t e d  
before a s u i t a b l e  arrangement w a s  found. T h e  

most dis turbing problem was  that of formation of 
double d ispers ions  - dispers ions  having subminia- 
ture organic  droplets  within the dispersed aqueous  
drops. Good d ispers ions  up to 80% of flooding re- 
sul ted when t h e  end clone adjacent  t o  the  organic  
feed point w a s  one having a very s t rong induced 
underflow as compared with that of the noimal 
clones. Other extraction s t a g e s  were ident ical  t o  
those  iised during operation with the aqueous  
phase  continuous. Of course, the pol ishing s t a g e s  
for the  aqueous raffinate were removed; a gravity 
se t t le r  w a s  ins ta l led  a t  the  raffinate end; and 
organic-phase pol ishers  were ins ta l led  above  the  
aqueous feed  point (Fig. 17.1). T h e s e  pol ishing 
c lones  were ident ical  to  t h e  extract ion clones.  

ORNL-D'NG 66-7887 

ORGANIC rpRoDUCT 
I 

INTtRFACE 
,PACKING 

~ =+POLISHING ST'IGES 41 ~- -- cr 
n 

. . .  \if" P U M P N O t  N O 2  NO 3 NO 4 NO 5 N O 6  1 N b 7  N O 8  N O 9  N O l C  

AOIJFOUS 
FEED 

ORGANIC 
PRODUCT 

I 

I 
ORGANIC 

FEED 
(0) 

ORGANIC 
FEED 

~- POLISHING STAGES - - - EXTRACTION STAGES- - - 1, 1 

AQUEOlJS 
FEED 

AQUEOUS ZT' 
R4FFINATF 

Fig. 13.1. ( a )  Normal Stacked-Clone Contactor Arrangement for Aqueous-Continuous Operotion; ( b )  Stacked- 

Clone Contactor Arrangement for Organic-Continuous Operation. 
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Flooding occurred i n  t h e  organic-continuous mode 
at 6.5 l i ters /min (A/O = 2, 40°C) for the  sys tem 
Amsco-0.08 M HNO,, and entrainment of aqueous  
i n  organic  product w a s  <I"/,. 

Additional s y s t e m s  t e s t e d  (at approximately 
40°@) include: 

1, an Amsco-66 wt "/o glycerol sys tem that  flooded 
a t  1.6 liters/niin (dispersed- or aqueous-phase 
v iscos i ty  = IO cent ipoises) ;  

2. an Amsco-38 wt % dextrose system that  ex- 
hibi ted f looding a t  1.8 liters/min (dextrose vis- 
cos i ty  - 2.3 cent ipoises) ;  

3, a n  Amsco-acid-deficient 1.7 M AI(NO,), sys tem 
that  flooded at 2.1 l i t e r s / n i n  (aqueous-phase 
v iscos i ty  of 4 cent ipoises) ;  

4, a 5% THP-Amsco-1 M NaN0,-U02(N0,)2 sys-  
tem that  ideated a flow capac i ty  of 2.2 l i t e rs /  
min, 

Mass t ransfer  d a t a  for the  l a s t  system indicated 
a n  extract ioa eff ic iency of 70 to 80% during opera- 

tion a t  a flow rat io  (A/O) of approximately >2 and 
a t  f l a w s  280% of flooding (Table  17.1). 

Tests to determine the  e f fec t  of feed impurities 
on contactor  operation were conducted by suddenly 
inject ing la rge  quant i t ies  of powdered so l ids  
(diatomaceous ear th ,  Ful ler ' s  earth, or infusorial 
ear ths)  in to  the  aqueous  feed stream. Flow control 
w a s  not affecletl a s  long as the  s o l i d s  remained 
i n  the  aqueous  phase,  'Tests made with s o l i d s  
that  transferred to the  organic  p h a s e  during opern- 
tion i n  t h e  aqueous-contjnuous mode indicated no 
transfer  during operation i n  the  organic-continuous 
mode; but  emulsions contaminated the organic  
product in  both cases. 

A 14-stage s tacked-clone contactor with integral 
puinps h a s  been fabricated and ins ta l led  in a t e s t  
rack. T h i s  plant  prototype unit h a s  gone through 
preliminary testing, with 18% 'IkX-Amsco-1 ilil 

NaN0,-U02(N0,) , ,  and will rece ive  additional 
a t tent ion and evaluat ion with pract ical  flowsheets. 



T h i s  program i s  supported jointly by the l ieactor  
Division and the Chemical. Technology Division. 
I t  c o n s i s t s  of s t u d i e s  of var ious advanced reactor 
and fuel-cycle s y s t e m s  tn determine engineering 
and economic feasibility. T h e  work i n  th i s  Divi- 
s ion  during the p a s t  year  included c o s t  s t u d i e s  of 
shipping fresh and s p e n t  nuclear  fuel, processing 
spent  fuel (including final w a s t e  disposal) ,  and 
preparing various virgin and recycle  fuel mater ia ls  
(oxides, fluorides, metals, e tc . )  of interest .  In 
addition, computer c o d e s  were developed for es t i -  
mating and optimizing fuel-cycle and overal l  power 
costs .  Formal s t u d i e s  were made for the 2 3 3 U  
value study, n 2  t h e  WWOCR (Ijeavy-Water-Moder- 
a ted,  Organic-Cooled Reactor)  evaluation, and 
the  forthcoming first two volumes of the  new Nu- 
clear Power Evaluat ion s e r i e s  (to supersede  the 
present  Guide to Nuclear Powsr Cost EvaZtiation4), 
in collaboration with t h e  Metals  and Ceramics  
Division and the  Reactor  Division. C o s t s  of fuel  
preparation, shipping, and process ing  were es t i -  
mated for a variety of reactor t y p e s  of interest  to  
t h e  I lesal inat ion Reactor  Program. 

18,1 STUDiES OF THE COST OF 
SHIPPING REACTOR FUELS 

The computer program NORA, used to  ca lcu la te  
shipping and reprocessing c o s t s ,  w a s  descr ibed 

'L. L. Bennet t ,  A Study of the  F u e l  Value of U233, 
ORNL-.TM-1499 (to be issued) .  

*J. T. Roberts, E. D. Arnold, F. E. Harrington, A. L. 
Lotts, and K. Salmon, A Study of C o s t s  a n d  Other  
F a c t o r s  A s s o c i a t e d  with Process ing ,  Fabricat ion,  a n d  
Shipinent of R e c y c l e d  Thorium-Uranium Fuels ,  ORNL- 
TM-1463 (to be issued) .  

3P. R. Kasten.  F. E. Ilarrington, J. T. Roberts ,  and 
R. Salmon, An Evalua t ion  of I~eavy-Water-ModerateJ, 
Organic-Cooled Reac tors ,  ORNL-3921 (to be  issued).  

4Gnide to Nuclear  Power C o s t  Evaluat ion,  TlD-7025, 
vols. 1-5 and Suppl. I (March 1962-April 1963). 

in  previous annual reports. It w a s  expanded t h i s  
year t o  include the calculat ion of c a s k  cr i t ical i ty  
by linking NORA with the  DTF neutron transport 
code.5 T h i s  change will add considerably to  t h e  
usefu lness  of NORA, s i n c e  the possibi l i ty  of c a s k  
cr i t ical i ty  represented a potent ia l  source  of error 
in  the shipping c o s t  calculat ions.  No difficulty 
w a s  fnund i n  controlling cr i t ical i ty  i n  any of the 
cases calculatkd.  When boron w a s  used  i n  the  
metal s t ructure  supporting the fuel  elements, ef- 
fect ive multiplication fac tors  of the order of 0.3 
to 0.6 were obtained under full water moderation 
and reflection; t h e  safe upper limit is considered 
to b e  about 0.9. 

In connection w i t h  t h e  Reactor 'Division's project 
to modernize par t s  of t h e  Guide to Nuclear Power 
c o s t   valuation,^ a proposed sec t ion  on fuel  
shipping c o s t s  w a s  prepared. It p resents  c o s t  
es t imat ing procedures for fresh (new) fuels ,  spent  
fuels, recycled gamma-active fresh fuels ,  and 
cer ta in  fue l  chemicals  (uranium hexafluoride, 
uranyl nitrate, thorium ni t ra te ,  thorium oxide). 
Cask  design is handled by means of char t s  and 
curves  based  on correlat ions obtained with NORA. 
Numerical examples  of c a s k  design and c o s t  cal-  
culation a r e  included. T h i s  information is avail- 
ab le  separately a s  a n  ORNL report.6 

A study w a s  made of the  relat ive economic 
advantages  of lead,  s t e e l ,  and uranium as shield- 
ing mater ia ls  for shipping c a s k s n 7  Findings showed 
that  the use of uranium shielding could potent ia l ly  
reduce shipping c o s t s  appreciably,  espec ia l ly  

5W. W, Engle ,  M. A, Roling. and  B. W. Colston, 
D?'F-II, 4 One-Dimensional Multigroup Neutron Trans-  
por i  Program, NAA-SR-1095 ( to  be i ssued) .  

Saliiion, Es t imat ion  of F u e l  Shipping C o s t s  f o r  
Nuclear  Power C o s t  Evalua t ion  Purposes ,  OKNL- 
3943 (March 1966). 

'I,, R. Shappert and H. Salmon, Shipping C o s t  Com- 
p a r i s o n s  of Lead-, Steel-, a n d  Uranium-Shielded Casks.  
ORNL-3918 (January 1966). 

'R. 
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T o b l e  18.1. Spent-Fuel Shipping C o s t s B  

Shipping 

Material [mi l  l s /kwhr  (e1ectrical)l 
Shipping Cost B ~ t n u p  of Reference Mate r i a l  o f  Refe,ence 

Fue l  Type Reference Material per Cask  

I-- 

( B / W  (Mwd/metric ton) (kg) 
-- 

ATCE, 37-tod 10,000 
clu s t c  r 15,000 

20,000 
25,000 

B&W, " 66-rod 15,000 
cluster 20,000 

25,000 

B ~ w , "  S r i n g  15,000 
cylinder 20,000 

25,000 

3200 
3200 
2800 
2400 

1852 
1852 
1620 

2916 
2499 
2499 

2-31 
2.37 
2.70 
2.96 

4.78 
4.82 
5.58 

3.21 
3.56 
3.62 

0.028 
0,019 
0.016 
0.814 

rJ,038 
0.029 
0.027 

0.026 
0. 02 1 
0.017 

?3oling time, 120 days; rail shipment, 1000 mi les  each  way; maximum weight of loaded cask, 240,000 117; c a s k s  
shared among 15 reactors; cos t s  are in $ / k g  reference material charged to  rvactor; reference material is total  uranium 
for t.he AICE type and total  uranium p lus  thorium for the  R&W type, 

bA des ign  by Atomics International and Combustion Engineering. 
"A des ign  by Babcock and Wilcox Co. 

where vehic le  capac i ty  is limited to  about 25 tons, 
as  i n  shipment by truck. For any  given cask  weight, 
the uranium-shielded c a s k  h a s  a fuel  capac i ty  
much larger  than that  of ei ther  lead-  or s tee l -  
sh ie lded  c a s k s ;  t h i s  is c lear ly  advantageous,  
s i n c e  shipping cost i s  considered Lo b e  roughly i n  
inverse  rat io  to fuel  load per cask.8 In the larger 
cask  sizes (70 to 100 tons), however, the  advan- 
t a g e  of uranium is less c lear ,  b e c a u s e  heat-removal 
capac i ty  is more l ike ly  t o  be the  limiting factor 
i n  deciding how much fuel  c a n  b e  carried per cask .  
Thus ,  from a sh ie ld ing  point  of  view, a 100-ton 
uranium c a s k  might carry four t imes as much fuel 
a s  a lead  c a s k  of the s a m e  weight, but the  problem 
of removing severa l  hundred k i lowat t s  of decay 
h e a t  might make t h e  load advantage academic. 
(It  should b e  noted here  that  shipping regulat ions 
require tha t  t h e  design rate  of hea t  removal be  
maintained s a f e l y  under loss-of-coolant conditions, 
with all meclianical cool ing s y s t e m s  inoperative. ') 
No economic advantage w a s  foreseen in the  u s e  of 
al l -s teel  c a s k s ,  s i n c e  the i r  fuel c a p a c i t i e s  a r e  

'M. W. Rosenthal, J. T. Roberts, arid H. Salmon. A 
Cornpara t i ve E va 1 ua t i  on of A dvati ced Con vetters, ORN 1,- 
3686 (January 1965). 

'Code of Federa l  Regulations, T i t le  10, Par t  71, 
"Transport of Licensed  MaterialDa (proposed), Federal 
Regis te r  30, 15748 (1965). 

Toble  18.2. Recycled Gamma-Active Fresh Fuel 
Shipping Costs*  

B&W B&W 
66-Rod 5-Ring 
Cluster Cylinder 

Cos ts ,  S/kg (IJ + Th) 
Handling 
Insurance 
Freight 
Cask amortization 

'Total shipping cos t  

Weight of filled cask ,  thousands 
of pounds 

U + Th per cask, k g  

Heat r r m o v a l  per  cask,  kw 

$0.21 
0,14 
1.38 
0.43 

$2.05 

179 

4630 

0.6 

$0.08 
0.14 
0.91 
0.40 

$1.53 

172 

6665 

0.9 

"Rail shipment. 1000 miles each way; maximum cask  
weight, 240,000 lh; ca sks  shared among 15 reactors;  cask  
length, 4 elements end-to-end; costs are in  $ /kg  refer- 
ence material shipped. 

less than t h o s e  of lead-shielded casks .  I t s  eco- 
nomic potent ia l  notwithstanding, the  commercial 
use of uranium-shielded c a s k s  will depend largely 
on t h e  price and avai labi l i ty  of uranium and on 
developing economical fabr icat ion techniques. 
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A s  part  of the  IIWOCR evaluat ion,3 shipping 
c o s t s  were es t imated  for a 1000-Mw (electr ical)  
reactor of t h i s  type,  us ing  s e v e r a l  different fuel 
designs.  T h e s e  included a 37-rod c lus te r  (SAP- 
c lad  uranium carbide), a 66-iod c lus te r  (SAP-clad 
uraniuin and thorium oxides) ,  and a nes ted  cyl inder  
(Zircaloy-clad uranium and thorium). (SAP is a 
s intered dispers ion of 5 to  15% Al,O, in  aluminum.) 
T a b l e s  18.1-18.3 show the  ca lcu la ted  shipping 
c o s t s  for spent  fuel, recyc led  gamma-active fresh 
fuel, and non-gamma-active fresh fuel respect ively.  
T h e  economic assumpt ions  and “ground rules” 
for t h i s  s tudy were s imilar  t o  t h o s e  used in the 

‘Table 18.3. Nun=GanimasActive Fresh  f u e l  

Shipping Costsa 

AICE B8;W B&W 
37-Hod 66-Rod 5-Hing 
Cluster Cluster Cylinder 

IIandling 
Insurance 
Freight 
Containers 

$0.04 $0.05 $0.05 
0.03 0.08 0.06 
0.20 0.21 0.19 
0.06 0.10 0,08 

evaluat ion of advanced converters .  ‘The gamma 
act ivi ty  in  the recycled fuel  comes from the daugh- 
te rs  of 2 3 2 U  and 228Th. 

18.2 COSTS OF PREPARING NUCLEAR FUEL 
MATERIALS 

T h e  preparation of nuclear  fuel material con- 
s i s t s  of the  procedures  n e c e s s a r y  to convert  
makeup and  recyc le  mater ia l  to  the  proper chemi- 
ca l  and phys ica l  form for fuel fabrication. C o s t s  
of such  process ing  a r e  usua l ly  inclmled i n  fabri- 
cat ion cos ts .  

T h e  preparation of fuel material  for the IWQCM 
study included: 

1. Conversion of 1.15% enriched U F ,  to UO, for 
the carbide-fueled HWOCII-U by the  p r o c e s s  
method for normal feed mater ia l  production. 

2. Conversion of par t ia l ly  decontaminated n i t ra te  
product so lu t ions  from the reprocess ing  p lan t  
to  urania-thoria for the  oxide-fueled IIWOCR-Th 
or to  p r e s s e d  thorium powder and uranium bil- 
l e t s  for  t h e  metal-fueled HWQCII-‘rh. Required 
makeup uranium of high enrichment was con- 
verted from U F b  to UO, for ox ide  fuel or to 
UF, for metal  fuel. Tota l  shipping cos t  $0 ,33  $0.44 $0.38 

..................... T a b l e  18.4 summarizes  tire es t imated  c o s t s  for 
the fue l  if laterials above  and s t a t e s  the ground 
rules  of the  IICVOCR study.  T h e s e  e s t i m a t e s  may 

____ 
aTruck shipment, 1000 m i l e s  each  way; rnaxiiuum load, 

46,000 1b; containers shared a,,long 1 j reactors; costs arc  
in $/kg reference material [U o r  (U + Th)] shipped. 

Table  18.4. Summary of Estimated Costsa  of Preparing Fuel Mater ial  
................... ... ....................... 

Cos t s  ($/kg) for Throughputs Of: .............. ...... .. .~____- ............ Fixed 

Ra teb  
Charge 1 Metric Ton/Day 4 Metric Tons/Day 10 Metric Tons/Day 

Capital Total  Capital Total  Capital Tot a1 
-. ............ Reactor 

( X) 

HWOCK-U 22 2.79 6.41 
15 1.90 5.52 

0.82 1.84 
0.56 1.58 

HWOCR-Th 
Urania-thoiia 2 2  4.92 9.75 2.32 4.30 

15 3.35 8.18 1.58 3.56 

Uranium-thorium 22 5.78 13.49 2.56 6.90 
15 3.94 11.65 1.74 6.08 

................. 
R2G0 days/year on stream; fuel material preparation assumed to b e  done in an integrated processing-preparation- 

bAnnual fixed charge rate on capital  inves tment  
fabrication facility. 
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be connected by a s t ra ight  l i n e  on a log-log graph 
to obtain t h e  c o s t  for throughputs  other than those 
l is ted.  

The c o s t s  reported for the I-XWBCR-U fuel mn- 

ter ia l  a r e  t h e  s u m  of previously developed” U F G -  
to-ZJO, costs and a new e s t i m a t e  for the conversion 
of UO, t o  UO, by hydrogen retluction i n  a f luid 
bed. 

The c o s t s  for t h e  sol-gel ThO,-UO, a r e  modifica- 
t ions  of an ear l ier  s iudy”  to ref lect  the ground 
ru les  of t h i s  study and a cons is ten t  method €or 
all fuel  !xiaterial es t imates .  

The costs for the  metal  fuel faci l i ty  a re  b a s e d  
on a heavi ly  sh ie lded  thorium-metal powder l ine  
and a n  enriched uranium bi l le t  line, 

18.3 COST STUDIES OF SPENT-FUEL 
P ROC E5SRNG 

Advanced Converter Fuels 

3 For t h e  HWOCR evaluat ion,  cost es t imates  for 
spent-fuel process ing  were prepared for SAP-clad 
llranium carbide, SAP-clad thorium-uranium oxide, 
all$ Zircaloy-clad thorium-uranium fuels. These 
e s t i m a t e s  were made under assumptions some.- 
JYhat different f r o m  t h o s e  for t h e  advanced con- 
vexter evaluat ion,e  given i n  l a s t  year’s annual  
report; h e n c e  for  comparison purposes9 the 
process ing  c o s t s  for the s i x  earlier advanced con- 
ver ters  were reest imated on the  new bas is .  All 
the es t imates  a r e  summarized in  TaLle 18.5. 

Like the earl i tfr advanced-converter evaluation, 
the e s t i m a t e s  a s s u m e  that, i n  each  case, the 
process ing  plant. i s  des igned  to serve  a nuclear 
ecoriomy of 15,000 Mw (electr ical)  of the  particular 
reactor under consideration. T h i s  basis  g ives  an 
advantage to high-burnup reactoi’s, other th ings  
being equal, i n  that a srrialler process ing  plant is 
required f o r  a n  ecoiiomy of a given size, High- 
burnup reactors  a r e  given an even greater advan- 
tage  i f  t h e  size of the process ing  plarlt is arbi- 
trarily made the s a m e  for a l l  reac tors  and if the 

plant is assumed to b e  Fully loaded a t  d l  times, 
Using single-purpose p l a n t s  a s  the  b a s i s  of com- 
parison a v o i d s  the complicatiori of trying to divide 
c o s t s  between two different products i n  the same 
plant. 

In t h e  ear l ier  advanced converter evaluation, 
processing capi ta l  and oplerating co 
on modifications of and s c a l i n g  betweeti 1964 Du 
Pont es t imates’“  for 0,907- arid 9,O7-metric ton/ 
day p lan ts  and on 196.5 ORNIL cost  es t imates’4  
for f inal  waste d isposa l .  The es t imates  in  Table 
18.5 are ba:;eil on modifications of and scaling 
between 1963 Nuclear Fuel Services  (NFS) esti- 
mates  l 5  for a 1.0-metric ton/day plant  :md 1964- 
65 ~u ~ o n t  estiiilat.es’ 6 - 1  for  9.07-metric Loti/day 
plants ,  and on 1955-66 ORNL co!jt es t imates  for 
final d i sposa l .  ~ ~ i e  new est i rnates  are from 20 
to 407L lowe1 thaii the ear l ier  ones. 

Most of t h e  variation in  unit p rocess ing  casts 
i n  Table  18.5 is c a u s e d  by differences in  process-  
iiig plant size, total annual  capi ta l ,  and operat ing 
c o s t s  scaling with about  the 0,34 power of t h e  
dai ly  throughput ra te  i n  this study. Differences i n  
fuel type  (uranium ‘ i s  thorium, oxide  v s  carbide v s  
metal, Zircaloy-clad v s  SAP-clad v s  graphite 
matrix, e tc . )  contributed about  10% of the varia- 
tion. Differences i n  waste charac te r i s t ics  (dif-. 
fe rences  i n  amounts of f iss ion products caused  
by differences i n  I)ur!iuy and thermal efficiency, 
and  differences i n  bulk iner t  material caused by 
differences in fuel type and process  flowsheet s> 
contributed about 7 to 8% of the  variation. 
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Table 18.5. Cost  Est imutes o f  Spent-Fuel Processing for Advonccd Canverver Reactors 

Basis:  Single-purpose p lan ts  serving 15 reactors of a given desig1-i; 1000 Mw (clecti ical)  each; 
8070 reactor load factor; burnup approximately equal to the  estimated economic optimuin; 
260 processing days per year 

H WOC R- Th 
PWR SSCR IIWR-U HWR-Th HTGRa SGR HWQCK-U 

Oxide Metal 

Reference material burnup, 
hlwd/metric ton 

Thermal efficiency, 70 

'rhroughput rate, metric 
tons/year 

Processing rate, metric 
tons/day 

Total capital investment, 
millions of dollars 

Operating cost, niillions of 
dollars per ycar 

Total waste disposal 
charge, millions of dol- 
l ars  per year 

Unit cos t s  a t  15%/year 
F C H C  

$/kg 
m i  11 s /k vrh r (e 1 e c t ri cal  ) 

Unit cos t s  at  22%/year 
F C R C  

$ /kg  
mills/kwhr (electrical)  

21,248 

31.1 

663 

2.55 

40.0 

4.00 

2.15 

18.3 
0.116 

22.5 
0.142 

29,580 

31.2 

47 5 

1.83 

34.4 

3.44 

2.36 

23.1 
0.104 

28.1 
0.127 

12,540 

26.8 

1300 

5.00 

52.2 

5.22 

2.35 

11.8 
0.147 

14.7 
0.181 

23,000 

26.1 

730 

2.81 

40.0 

4.00 

2.63 

17.3 
0.120 

21.1 
0.147 

48,500 

44.4 

206 

1.00b 

31.0 

3.10 

1.91 

46.9d 
0.092 

57.4d 
0.113 

16,750 

43.6 

600 

2.31 

41.3 

4.13 

1.93 

20.4 
0.117 

25.3 
0.144 

15,000 

34.8 

839 

3.23 

46.4 

4.64 

3.02 

17.4 
0.139 

21.3 
0.170 

20,000 

34.8 

629 

2.42 

38.0 

3.80 

3.02 

19.9 
0.119 

24.1 
0.144 

20,000 

34.8 

629 

2.42 

38.0 

3.80 

2.21 

18.6 
0.111 

22.8 
0.137 

aHTGR c a s e  assumes  separate process ing  of the  thorium and uranium particles. 
*Processing rate for thorium particles. 
'Annual fixed-charge rate on total  capital  investment. 
dAverag;c cos t  per kilogram of  reference material (thorium plus uranium charged to reactor). 

The  ra te  f o r  the enriched uranium par t ic les  is much lower. 

Optimization of Plant  Size in an 
Expanding Economy 

T h r  cos t  s t u d i e s  descr ibed above  assume that 
t h e  processing p lan ts  operate  at a constant  full 
load equal  to  t h e  tequireinents of the assumed 
s t a t i c  nuclear  economy. A dynamic economy which 
s t a r t s  small  and grows over a period of years  can- 
not expect  to experience p iocess ing  c o s t s  as low 
as  t h o s e  equivalent to a s t a t i c  economy of the 
s a m e  s i z e  a t  a given time. T h e  processing plant 

c a n  b e  oversized ini t ia l ly  and s t a r t  up with a low 
load, or spent  fuel c a n  be s tockpi led ini t ia l ly  so 
that  t h e  plant, when built, can s ta r t  up with a 
higher load. T h e  a l te rna t ives  involve economics 
of sca le ,  c o s t  pena l t ies  a s s o c i a t e d  with operation 
a t  less than full load, and c o s t  pena l t ies  asso- 
ciated with inventory and s torage  charges  on stock- 
piled fuel. 

There should be  a n  optimal s tockpi l ing period 
and a n  optimal plant s i z e ,  depending on  the as- 
sumed growth rate  and on economic parameters. 
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T h e  general problem of opt imizing plant  size is 
qui te  complex, requiring compui e r  ca lcu la t ions  
w i t h  s u c h  techniques a s  dynamic programming. 2 o e ' 1  

We are developing such  a n  a n a l y s i s  as appl ied to  
fuel-cycle p lan ts  for advanced  converter and 
breeder reac tors  to a id  i n  our reactor evaluat ion 
s tudies .  For the  present ,  however, we a r e  us ing  
less-general  solut ions to t h e  problem, based  on 
making enough simplifying assumptions to permit 
rapid hand ca lcu la t ions  for est imat ing purposes. 
A simplified mathematical model similar to that  
of blamez2 w a s  developed for t h i s  purpose. It 
a s s u m e s  tha t  t h e  economy grows l inear ly  with 
time, that  is, that  the amount of s p e n t  fuel pro- 
duced e a c h  year  i n c r e a s e s  a t  a cons tan t  ra te  and 
tha t  t h e  planning horizon is infinite. It further 
a s s u m e s  t h a t  the  fuel  is backlogged for y years ,  
paying inventory and s torage  costs, a t  which time 
n plant of process ing  capac i ty  m x  comes on  stream. 
T h e  c y c l e  is repetitive, with p l a n t s  of s i z e  nix 
coming on s t ream every x y e a r s  s tar t ing a t  year y.  
For our simplified model i t  c a n  b e  shown that for 
a given x t h e  optimal va lue  of y is determined by 
Eq. (1): 

For  a given va lue  of y t h e  optimal va lue  of x is 
determined by Eq. (2): 

For x and y optimized s imultaneously,  Eq. (3 )  
is applicable: 

In t h e s e  equations, RI is t h e  growth rate of the  an- 
nual spent-fuel production r a t e  (such that  rnt is 
the  production ra te  a t  time f), r i s  the  effect ive 

*'I,. Thiriet, C. Oger, and P. deVaunias, Long Term 
Jl c vel nprnen t s in Irra dz a ted N a  t u w  1 I J r m  ium Pro ces sing 
C o s t s ,  Optinial Size and Si t in$  of Plants, CEA-R%642 
(Geneva A/Conf/28/P/'l8j (19G4). 

'lR. E. Belliuari and S .  E. Dreyfus, Applied Dyriarnic 
Programming, Princeton Univ. Press, 1962. 

2 2  A. S. Mannc, Econoinetrica 29(4) 6 3 2 - 4 9  (1961). 

discount  in te res t  ra te  for present -worth calculn- 
tions, K is the capi ta l ized  cost of bui ldmg and 
operat ing a process ing  plant  of unit drinual process- 
ing  capaci ty ,  a is the cost-scal ing factor for 
process ing  p l a n t s  (such that  the capi ta l ized  cost 
of bui lding and operat ing a plant  of s i z e  my i s  
Km"xa), and i s  the va lue  (for inventory chaxge 
purposes)  of a unit amount of fuel, In general the  
pr r~ent -wor th- lcve l ized  process ing  c o s t  per  uni t  
amount of fuel i s  given by Eq. (4): 

1 - e-'Y [e--'y + 2ry - ( r 2 ~ x a / v m 1 - a ) l  

1 - e-rx p = ??{- 

T h e  optimal (minimum) value of p (for x and y both 
optimized s imultaneously)  is given by Elq, (5): 

F o r  y = 0 (no s tockpi l ing of fuel), Eqs. (2) and (3) 
give 

which is also Manne's resu l t  for t h i s  case. Manne's 
resul t  with s tockpi l ing d i s a g r e e s  with ours, s i n c e  
he  u s e d  a different model for the c o s t  o f  stockpil- 
ing. 

T o  demonstrate t h i s  approach to reactor  evalua- 
tion from the fuel process ing  viewpoint, a hypo- 
the t ica l  nuclear  economy growing a t  a rate  of 1000 
Mw (electr ical)  per year is considered. For PWR 
fuel processing,  reasonable  va lues  of the  paxaru- 
e t e r s  might b e  a s  follows: rn 7 44 metric tons/  
year', v = $IOO,OOO/metric ton, r = 0.1 year-', 
R : 0.34, and K := $8,800,000/(rrietric ton/year)". 
Trial-and-error solut ion o f  Eqs. (1) and (2) g ives  
x - 21.4 y e a r s  and y = 4-9  years .  Equation 5 
g ives  p =: $17,000/met.ric ton, which is equivalent  
to 0.108 mill/kwhr (electrical). For IiTGIi fuel 
the  parameters  would b e  the  s a m e  except  for m L= 
13.7, v = I j; l o5 ,  and K = 9.4 x l o 6 *  In th i s  case 
the optimal resu l t s  are x = 20.6 years, y = 3.55 
years ,  and p =: $41,00O/metric ton or 0.081 mill/ 
kwhr (electrical). If s tockpi l ing i s  not permitted 
( y  = 0), t h e  optimal value of x becomes 18.7 i n  both 
cases, with p = $22,9OO/metric ton for PWK and 
p = $53,40O/metric ton for HTGK. Thus,  optimiz- 
ing  the  s tockpi l ing period s a v e s  about 25% in  t h e s e  
cases. 
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At t h i s  point such  a comparison between PWR 
and HTGR should b e  regarded as  qual i ta t ive 
rather than quantitative, s i n c e  the mathematical 
model is oversimplified and the  numeiical va lues  
of the parameters (m, v, r, a, and K )  a r e  subject  
to errors  of est imat ion a n d  a l so  differences of 
opinion. T h i s  approach does, however, provide a 
less-arhitrary method of arriving a t  coiilparable 
processing costs for different reactor t y p e s  than 
did our  previous approaches of ei ther  specifying 
a fixed throughput (such a s  1 or 10 iiietric tons/  
day) or a fixed nuclear economy [such a s  15,000 
Mw (electrical)]. Computer c o d e s  now being de- 
veloped should permit more complicated (more 
accurate)  mathematical models  to  be used  for 
evaluat ion purposes. 

18.4 COMPUTER CODE FOR SVUBI ES QF 
OVERALL POWERCOSTS 

Last year's annual report '  descr ibed the de- 
velopment of a computer code  (PQWERCO) for 
calculat ing t h e  c o s t  of e lectr ic i ty  produced by 
nuclear  power plants. A report covering t h i s  work 
w a s  written and will h e  i ssued .23  T h e  code  u s e s  
a fundamental method of calculat ion that  d o e s  not 
depend on  fixed-charge rate. Equat ions are given 
for the  e x a c t  calculat ion of fixed-charge ra tes  and 
average fuel working capi ta l  under various condi- 
tions. T h e  t rue tole of t h e s e  quant i t ies  i n  t h e  
determination of power c o s t  is d i s c u s s e d  in  detail.  

Additional progress  w a s  made i n  the  formulation 
of c o d e s  for some of the component fuel-cycle 
costs. Computer code  TASCQ was written, cover- 
ing  the  calculat ion of the  c o s t  of s tor ing high-level 
liquid w a s t e s  i n  tanks  on ei ther  a permanent or an 
interim s torage  basis .  T h i s  code  w a s  used i n  an 
economic s tudy by Blomeke et al., in  which optimal 

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

23K. Salmon, A Procedure and a Computer Code 
(POWERCO) for Calculating the  Cos t  of Electricity 
Produced by Nuclear Power Stations,  ORNL-3944 (March 
1966). 

tank sizes were determined for ac id  and neutralized 
w a s t e s  under various economic conditions, 2 4  

18.5 SHIELDING DESIGN CODE FOR 
FUEL-HANDLING FACl LlTlES 

SDC, a FORTRAN code  designed for the  IBM 
7090 computer, w a s  developed for calculat ing the  
gamma-shielding requireinents for chemical  process-  
ing, fabrication, or fuel-handling faci l i t ies .  2 5  

SDC c a n  handle  13 source  geometries (point, 
line, disk,  plane,  s l a b ,  cylinder with shield at  
s ide,  cylinder with sh ie ld  a t  end, sphere,  ring, 
rod cluster ,  s k e w  l ine,  annular cylinder with 
shield a t  s ide ,  and annular cylinder with sh ie ld  
a t  end) e i ther  unshielded or  shielded (by s l a b  
shields). 

Materials of construction for sh ie ld ,  cladding, 
or source  volume may b e  s e l e c t e d  from a l i s t  of 17. 

A s  many as 12  gamma-energy groups, covering an 
energy range from 0.10 to 10 Mev, with correspond- 
ing  source  s t rengths ,  may b e  used  to  descr ibe  the  
gamma spectrum. 

Integration of the  b a s i c  exponential-attenuation 
point kernel over t h e  var ious geometries w a s  t h e  
method chosen  for calculat ing the  uncollided 
gamma flux. Biological d o s e  rate  w a s  obtained by 
multiplying th i s  uncollided flux by the  product of 
a flux-weighted buildup factor  and a dose-conver- 
s ion  factor. 

SDC w a s  used  successfu l ly  iti several  des ign  
jobs  to  eva lua te  sh ie ld  t h i c k n e s s  and d o s e  rates. 
T h e  average machine time was  less than 0.01 hr 
per evaluation. Dose-rate determinations, where 
compared with experiment or  other  calculat ions,  
were conservat ive (-I 0 to 50%). 

24 J. 0. Blorneke, E. J. Frederick, R, Salmon, and 
E. D. Arnold, T h e  Cos t s  of Pernianent Disposal of 
Power-Reactor Fuel-processing Wastes  in Tanks, 
ORNL-2873 (September 1965). 

"Es D. Arnold and R. F. Maskewitz,  SDC, A Shield- 
ing-Design Calculation Code for Fuel-Handling Facili-  
t i es ,  ORNL-3041 (March 1966). 

. 



9. Preparation and Properties 

of Actinide-Ele ent Oxides 

T h e  purpose of t h i s  program is to determine t h e  
microstructural, surfare-chemical, and colloid- 
vhemical prop&rties that  control the behavior of 
thoria, urania ,  and o ther  ox ides  of meta ls  of  irn- 
port ance i n  t h e  development of sol-gel  p r o c e s s e s .  
T c d i n i q u e s  developed for thoria wil l  h e  extended 
to s t u d i e s  of urania and plutonia a s  wel l  as other  
act inide-element oxides .  

DIES OF THORIA 
SOLS AND GELS 

Viscosities of Dilute Thoria Sols 

T h e  v i s c o s i t i e s  of thoria  sols  (116-A crys ta l l i t e )  
were measured at s o l i d s  volume f rac t ions  of 0.041 
and lower, a t  t h e  optimum dispers ion pH (2.7Qj of 
thoria. T h e  fract ional  sur face  coverage o f  t h e  
thoria by ni t ra te  ion  is about 0.46. Values  of  
reduced viscosi ty  ( T / / O ~  - 1j/$ are  tabulated 
('h'able 19.1) for various s o l i d s  volume fract ions 6. 
and for var ious temperatures, along with the  
norniiial p ro la te  spheroidal  axial  ra t ios  for t h e  
particles, a s  calculated tiy the method of Simha. ' 
The v i s c o s i t i e s  at the highest  s o l i d s  volume 
f rac t ions  probably reflecf. part ic le-par t ic le  inter- 
ac t ion  rather than par t ic le  shape .  

At pH 2.70 t h e  axial ratios at  s o l i d s  volume 
f x c t i o n s  (concelltratkJns) of 0.00513 and higher 
are !;imilm to t h o s e  at pH 2, bu t  below t h i s  con- 
centrat ion the flocs of particles tend t o  come 
apar t ,  unI.ike t h e  flocs at ~ F I  2 or 3.Ga2 The sol 
-. . . . . . . . . . . . . . . . . ....... .._. ... .. . . . 

*R. ~ i m ~ i a ,  C d a f f e c t  o f  Sliape a n d  In te rac t ion  on the 
V i s c o s i t y  of Dilute  Solut ions of Large M o l . e ~ u l e s , ' ~  
Proc. h t e r z ~ .  K h e c ~ l .  Con&., 1st  Con&., 1948,  pp. 11-68, 
11-'7h, North-Holland, Amsterdam, 1919. 

'Uheni-  Technof. Div .  Ann.  Progr. R e p t .  M a y  S I ,  
1965,  ORN1.-3530, p. 280. 

then c a n  b e  d ispersed  more e a s i l y  at pIi 2.70 than 
at  t h e  higher  and lower pH values .  However, t h i s  
optimum s t a t e  is evident  only at low coricentra- 
tions; at t h e  higher concentration:; a floc t h a t  
appears to  b e  in dynamic equilibrium with the 
individual par t ic les  is t h e  dominant form of the 
h y d t o d y n a m i c d y  ef fec t ive  par t ic les .  

heology of Concentrated Thoria S a l s  

Flow curves  ( F i g .  19.1) were determined at pH 
2.70 for 4.0 to 8,s J! thoria  sols (1164 crystal-  
l i tes) .  T h e  8.0 and 5.8 M SOIS w e r e  ac tua l ly  soft 
g e l s  that  were pseudoplas t ic  above  t h e  y ie ld  
strc:ss. At lower  concentrat ions the SOIS behaved 
as siiiiple pseudoplas t ics .  Unlike the high-acid 
sols of ~ t . ~ ~ ~ h , ~  t h e s e  SOIS at pH 2.70 did not show 
coniplex thixotropic and rheopect ic  behavior. 

EOectsopharetic Studies of Thoria So15 

A ~ n a j o r  effort during t h e  past year was the s tudy  
of t h e  electrophoret ic  behavior of thoria  s o l s  with 
a moving-boundary apparatus ,  At l e a s t  two elec- 
t rophoret ic  mobil i t ies  were repeatedly observed for 
t h e  same thoria  sol. 

Sols were prepared by dispers ing i n  d is t i l l ed  
water  some ox;-rlate-precipitat.crd t?wria (140-8 
c r y s t d l i t e j  that had been  ca lc ined  i3t 80O"C, 
Aliquots (100 nil> were then dialyzed i n  about 7 
liters of HNOJ solution (pH 3 ) .  Th.e 1 and 0.33 !I! 
sols were so opt ical ly  d e n s e  that only the leading 
e d g e  (fastest-moving boundary if more than one 
boundary is present)  of the ascending boundary 

"E. Sturch, .4 Strzdy U P  tlie Viscosity of Thoria S o l s ,  
ORNL-TM-258 (June 1 3 ,  1962). 

24 1 
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Table 19.1. R e d u c e d  "iscosities of Dilute Thoria Sols (116-A Crystallites) Measumd ot pl-l 2.70 

Reduced Nominal Prolate - lemperaiurc 
( O C )  Vis cos  i ty Spheroidal Axial Ratio Solids Volume Fraction, 4 

0.041 

0.0205 

0.01025 

0.0051 3 

0.00256 

19.90 34.4 
25.50 30.0 
33.08 25.8 

19.89 16.1 
24.82 14 .9  
33.07 13.4 

lv.89 
25.40 
31.89 

19.72 
25.44 
33.10 

19.89 
25.43 
33.11 

11.6 
11.0 
10.5 

9.4 
9.1 
8.4 

6.9 
6.2 
5.9 

19.1 
17.5 
16.1 

11.2 
10.5 

9.9 

8 .9  
8.5 
8 .2  

7.6 
7.4 
6.9 

5.8 
5.3 
5.0 

0.00128 19.89 5.6 4.8 
25.45 4.8 4.2 
30.07 2.5 1 

_____. .... . .... . . . . .... .. . .. . . . . . . . . . . . . . . . . . . . . . ___ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

10" ~ and t h e  t ra i l ing edgc (dowest-moving boundaq i f  
lliore than one boundary is present )  of t h e  de- 
scending  b o u n d q  could be observed.  Mowcve:, 
0.1 and 0.033 M s o l s  were sufficiently t ransparent  
t o  allow observation of the  schl ieren pat tern 
(refractive-index gradient) throughout both chan- 
n e l s  of t h e  electrophoret ic  cel l .  Two moving 
boundai ies  were observed i n  both t h e  0.1 and t h e  
0.033 Y sols i n  both t h e  ascending  and descending  
channels  of t h e  c e l l ,  indicat ing that all t h e  s o l  
par t ic les  did not possess t h e  same ef fec t ive  charge  
dens i fy .  T h e  resu l t s  a r e  summarized i n  T a h l r  
19.2. T h e  fastest-moving boundaries  in  t h e  as- 
cendlng and descending channels  have  t h e  s a m e  
electrophoret ic  mobility, as  do t h e  slowest-moving 
boundaries i n  t h e  two channels ;  however, they are 
not enant iogiaphs (mirror images). Thc m o s t  
i n t e n s e  boundary 111 t h e  asccndi  ng channel  corre- 
sponds  t o  t h e  fastest-moving boundary; i n  t h e  de- 
scending  channel ,  however, t h e  slowest-moving 

Fig.. 19.1. F low Curves For Thosiq S o i s  oJ Varying boundary i s  most in tensc .  Other oxalate-precipi- 
t a ted  thoria showed s i m i l a r  behavior. 

5 

~i~ ~ 

10' 2 5 IO2 2 5 lo3 z 5 lon 
RATE OF SHFAR (sec') 

Thoria Concentration. 
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Table ’19.2. Electrophoretic Mobility of Thoria Sols (140-A Crystallites) 
.............. .. -. ............... .................._I -_ 

Electrophoretic Mobility 
[cm2/(v 3 sec)l Sol Concentration Field Strength 

- ___ - (rnoles/liter) (v/cm) 
Fastest  Boundary Slowest Boundary 

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

x 10-4 x 

1.36 left 1 1.47 9.86 tight“ 

0.33 1.51 5.39 right 2.13 left 

0.1 1 .12  6.8 right 3.5 left 

0.033 1.22 3.81 right 
3.83 l e f t  

3.51 right 

3.50 left 
... . ............. __ 

aThe right and left channels contain the descending and asiending boundaries respectively. 

T a b l e  19-2 s h o w s  that  t h e  electrophoret ic  
mobility depends  strongly on t h e  sol concentration. 
T h i s  i n d i c a t e s  that  an unptedicted long-range 
interact ion of t h e  e lec t ros ta t ic  f ie lds  of t h e  
col loidal  par t ic les  might b e  occurring. To deter- 
mine if c rys ta l  size or s h a p e  could b e  t h e  c a u s e  of 
t h i s  unexpected observat ion,  about  2 ml of 
“ e l e c t ~ o p h o r e t i c a l l y  pure” thoria  w a s  co l lec ted  
with a macro preparat ive cell and  t h e  t3eckman 
model W sampler ,  which w a s  modified to handle  
thoria sols, Electron photomicrographs of t h e  sol 
s a m p l e s  for e a c h  of t h e  electrophoret ical ly  
different regions were obtained, No marked 
difference i t1  crys ta l  size or  s h a p e  w a s  noted. 
T h e  c rys ta l  habi t  appears  to b e  predominantly 
octahedral  o r  cubo-octahedral throughout; however, 
a mixture of c u b i c  and octahedral  habi t  cannot  b e  
ruled out .  

A “‘COz-free” thoria  sol w a s  prepared by te- 
peatedly pept iz ing thoria  OXO-500 ge l  i n  con- 
centrated under argon, All subsequent  
operal.ions, including loading t h e  e lec t rophores i s  
c e l l ,  were  dotie i n  a dry box  with a cons tan t  argon 
purge. T h e  electrophoret ic  pat tern observed  for 
t h e  C0,-free sol appears  to b e  e s s e n t i a l l y  the 
s a m e  as  tha t  for untreated thoria. However, when 
t h e  same sol w a s  sa tura ted  with C02,  i t  showed 
e s s e n t i a l l y  only one  electrophoret ic  band, which 
w a s  considerably s lower  than t h o s e  for t h e  C0,- 
f r e e  sol. 

Prel iminary s t u d i e s  with ammonia-precipitated 
thoria showed e s s e n t i a l l y  only o n e  electrophoret ic  
band. Multiple e lectrophoret ic  b a n d s ,  then ,  a r e  not 
common for all thoria, Further  inves t iga t ions  to 

determine t h e  origin of t h i s  anomaly are under way 
on t h e s e  and other  types  ot thoria, T h e s e  s t u d i e s  
wil l  also b e  extended to urania  and to other  
ac tinide-element oxides .  

Preparation and Properties of Iron-Thoria 
Cermets and Mixtures 

T h e  feasibi l i ty  of us ing  t h e  tjol-gel p r o c e s s  for 
d i spers ion  hardening of meta ls  or increas ing  t h e  
thermal conduct ivi ty  of refractory oxides  wiis 
s tud ied ,  using iron-thoria cermets  and mixtures. 

T h e s e  cermets  and iiiixtures were made by mixing 
ni t ra te-s tabi l ized a-Fe,03 and Tho2 sols  i n  
preparat ions varying i n  concentration from 2% Fe 
t o  2% Tho, and by  ca lc in ing  i n  hydrogen t h e  mixed 
g e l s  made by dryiug these sols  at 80°C in air. 
T h e  i ron sol w a s  made by t h e  method of Bradfield. -? 

T h e  thoria s o l s  were made by pept iz ing calcined 
oxalate-derived thoria in di lut:e HMO,. Electron 
photomicrography of t h e  iron sol par t ic les  showed 
t h e  predominant forni t o  b e  an elongated,  platy 
aggregate  of f ine,  centrosymmetd c par t ic les .  T h e  
aggregates ,  i n  overal l  shape ,  were s imilar  to t h e  
iron sol par t ic les  shown by Overbeek,’ but were 
not as  elongated or  as definite. A typical  
aggregate  size w a s  about  1600 by 800 A and con- 
sisted of paral le l  s t r ings  of centrcsymmetric 
par t ic les  about  50 A i n  diameter. T h e  iron crys ta l  
p h a s e  was ident i f ied a s  rr-Fe20;I-I,Q by  x-ray 
____ ..... 

‘R. Bradfield, J. A r i l .  Cham. Soc. 44, 9G5-74 (1922). 
’5. T h .  G.  Ovcrbeek, Colloid Science,  vol. 1, ed. by 

II .  R. Rruyt, p. 77, Elsevier, N e w  York, 1952. 
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Fig. 19.2. Iron Crystals in 7.8% Iron-Thoria Cermet. 
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ana lys is ,  but t h e  l i n e  i n t e n s i t i e s  were insuff ic ient  
for  determining crys ta l  size. 

T h e  x-ray a n a l y s i s  of t h e  products  ca lc ined  a t  
llOO°C is presented i n  T a b l e  19.3. T h e  t w o  
products  with highest  iron composi t ions were made 
with t h e  116-A thoria  ( ini t ia l  c rys ta l  s ize) ,  and t h e  
res t  were made with t h e  202-A thoria. T h e  pat tern 
of c rys ta l  growth is reasonable ,  but iron appears  
to p o s s e s s  anomalous, exaggerated grain growth 
at t h e  intermediate  compositions. Electron photo- 
micrographs of rep l icas  of f racture  s u r f a c e s  of 
t h e s e  cermets  reveal  a grain s t ruc ture  whose  
charac te r i s t ic  dimensions d o  not agree  quanti- 
ta t ively with t h e  x-ray l i n e  broadening measure- 
ments ;  however, t h e  pat tern of exaggerated c r y s t a l  
growth a t  t h e  intermediate  composi t ions is aga in  
shown. Electron photomicrographs showed t h a t  
t h e  grain size of t h e  2% iron mixture w a s  about  
1 t o  2 p, while  that  of t h e  7.8% iron sample  w a s  
about 2 t o  10 p. Figure  19.2 s h o w s  t h e  gra ins  of  
i ron i n  t h e  7.8% iron cermet. T h e  smal le r  well- 
formed gra ins  a t  t h e  e d g e s  a r e  charac te r i s t ic  of 
t h e  typ ica l  grains  of t h e  2% iron sample,  whereas  
t h e  “overgrown” crys ta l  shown in t h e  center  is 
observed  frequently i n  t h e  7.8% sample. Metal- 
lographs  show that  thoria  t e n d s  t o  b e  t h e  inters t i -  
t i a l  cont inuous phase,  even  at  proportions as low 
a s  2%. However, t h e  overal l  homogeneity of t h e  
mixture of p h a s e s  appears  fa i r  for t h e  high-iron 
s a m p l e  and  moderately good for t h e  high-thoria 
sample.  These s a m p l e s  a r e  now be ing  t e s t e d  for 
s t rength and thermal conductivity. 

Table 19.3. X-Ray Analysis of 1 100°C-Calcined 
Iron-Thoria Cermets and Mixtures 

Crystall i te Size (A) 

Iron (110) Thoria (111) 
Composition 

(% a-iron) 
Plane Plane 

98 304 180 

87 2 500 21 0 

70 2500 244 

46 850 200 

22 480 270 

7.8 36 0 40 9 

2 a 755 

%sufficient l ine intensity for measurement. 

19.2 SURFACE AND SINTERING PROPERTIES 
OF SOL-GEL-DERIVED THORIA 

T h e  work reported i n  t h i s  sec t ion  w a s  done 
under subcontract  with t h e  Universi ty  of Utah,  
under t h e  direct ion of M. H. Wadsworth. 

Sintering of  Thoria Gels 

T h e  in i t ia l  densif icat ion of thoria gel  prepared 
from s t e a m d e n i t r a t e d  thorium ni t ra te  w a s  s tudied  
b y  isothermal  shr inkage measurements. T h e  gel  
showed shr inkage (1) from water  loss at tempera- 
t u r e s  below 6OO0C, and (2) from p l a s t i c  flow and 
grain-boundary diffusion s inter ing from 600 t o  
1000°C. An in i t ia l ,  rapid 5% l inear  shr inkage of 
t h e  gel  w a s  ac t iva ted  by temperature i n c r e a s e  and 
adsorbed water  vapor. Then  a n  addi t ional  6% 
shr inkage  occurred b y  grain-boundary diffusion 
sintering. Measurements i n  nitrogen-water vapor 
and  argon-hydrogen sugges ted  02-  v a c a n c i e s  as 
t h e  diffusion-controlling s p e c i e s .  T h e  act ivat ion 
energy for diffusion s inter ing i n  a i r  w a s  39.0 
kcal/mole. 

Calcined thorium o x a l a t e  powder compacts  also 
showed isothermal  grain-boundary diffusion shrink- 
a g e ,  but with a n  act ivat ion energy of only 18.9 
kcal/mole. P e r h a p s  t h i s  c a n  b e  at t r ibuted to a 
high vacancy  concentration in  t h e  re l ic  s t ructure  
left by ini t ia l  ca lc ina t ion .  

Low-Temperature Shrinkage of Thoria Gel 

T h e  l inear  re la t ionship of t h e  weight loss and  
t h e  volume change  of thoria  g e l  undergoing shrink- 
age below 5OO0C w a s  determined experimentally. 
This l inear i ty  a l lows  theore t ica l  s ign i f icance  to 
b e  g iven  to t h e  shr inkage equation, which w a s  
empir ical ly  found t o  b e  obeyed: 

(L/L0)’ - = b ( h g  t + log  C )  , (1) 

where 

L = length of sample,  

Lo = original length of sample,  
t = t ime,  

b = cons tan t ,  

c = constant .  
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The  constants are found by theory to b e  com- 
posed of the following theoretical and measured 
quantities: 

2.303 R T P  

3s a 
b =  , 

ak f W o  - W 

h R  W,, 
= -- -AF,$/RT , 

where 

R = the  g a s  constant, 

T = absolute temperature, 

a = a f reeenergy  correction coefficient, 

k = Boltzmann’s constant, 

h = Planck’s constant, 

Infrared Spectroscopy of Thoria Gel 

Infrared spectroscopy of the  nitrate and water in  
thoria gel was  extended to  the  near-infrared region. 

(2) A broad absorption band extending from 2.6 to  
4.3 p was  found. In addition, peaks occurred a t  
2.2, 1.9, 1.4, and possibly 0.58 p. T h e  peak a t  
1.9 p is a combined 0 - H  stretching and H,O de- 
formation band for physically adsorbed water. T h e  
peaks at  1.4 and 2.2 p are controversial, but they 
a l s o  appear in s i l i ca  gel. Some suggested as- 
signments of t hese  peaks are the  first overtone of 
t he  0 - H  stretching mode and combination of H,O 
deformation, or  combination of the  SiOH deformation 
fundamental; or the  peaks might result from ab- 
sorption in the  crystal  lattice. 

The  nitrato absorption band at 1030 c m - ’  is in- 

(3) 

f = weight fraction of water in the  sample, creased in  intensity by removal of physically 
adsorbed water at  room temperature. Evacuation 
to lo-’ p Hg and heating of the  ge l  to 15OoC W ,  = initial sample weight, 

W = sample weight at time t ,  causes  some of th i s  band to become a doublet, with 
sharp peaks a t  850 and 800 cm-’ .  T h e  peaks  
cannot be positively identified, but they are thought 
to result from nitrato nitrate association with 

S = constant of proportionality between weight surface hydroxyls. Heating to  3OO0C causes  a 
decrease in  the  nitrato doublet at  1000 and 1030 

AFot = initial activation energy for shrinkage, 

P = initial sample bulk density, 
0 

l o s s  and volume shrinkage. 

Equation (3) assumes that t h e  f ree  energy of 
activation is a linear function of t h e  weight l o s s  

cm-’,  removes the  850  cm-’ peak, and sharpens 
the 8oo cm-’ peak. 

according to the  equation 

(4) Groin Growth and Densif ication of Thoria Gel  

T h e  weight loss here refers only to chemisorbed 
spec ies .  Physical water appears t o  play no role 
in  low-temperature shrinkage; it merely fills t h e  
interstices between particles and produces no 
shrinkage when removed. Most physically adsorbed 
water is removed by simple room-temperature 
evacuation of t he  gel at 3 p Hg. T h e  remainder is 
removable by heating to 15OoC. Heating from 150 
to 5OOOC removes chemisorbed water and nitrate 
from the  gel. 

Preliminary da ta  indicated a value of a of 1.33 x 
lo3  kcal/mole, which leads  to a correction te rm,  
aW/W,,, of from 10  to 40 kcal/mole. Th i s  is a 
very large value, and sugges ts  that t he  free energy 
of activation of shrinkage is strongly dependent on 
the  amount of water and nitrate present. 

The  effects on grain growth and densification of 
firing in  nitrogen and in hydrogen were studied. 
Li t t l e  difference in either densification or grain 
growth was  noted up to 90OoC. At 1050°C, how- 
ever, the  hydrogen-fired sample densified to 10.0 
after only 60 min, whereas 530 min was  required in  
nitrogen. Presoaking the  samples at 900°C in  
their respective atmospheres did not alter t he  
qualitative differences in densification and grain 
growth noted at  1050°C. Samples presoaked a t  
9OO0C showed a density of 9.94 in nitrogen after 
880 min; in  hydrogen t h e  density was 9.99 after 
10  min. The  same pattern was  followed for firing 
a t  115OOC. In nitrogen a density of 10.01 was  
achieved in  150 min; i n  hydrogen th i s  density was  
reached in  30 min. 
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19.3 URANIA GEL OXIDAT! 

Urania  (but not thoria) s o l s  and g e l s  a r e  s e n s i t i v e  
t o  a i r  oxidation. Preliminary effor ts  were made to 
eva lua te  t h i s  problem, and to determine t h e  kind 
and  ex ten t  of safeguards  n e c e s s a r y  to obta in  val id ,  
reproducible resu l t s  i n  t h e  s tudy of s u c h  materials. 

IJrania ge l  having a n  in i t ia l  O/U mole rat io  of 
2.05 was al lowed to spontaneously oxid ize  i n  air. 
When t h e  ratio exceeded  2.35, oxidation c a u s e d  
s e v e r e  reduction of area (from 72 m2/g t o  17 mZ/g 
and less) .  F igure  19.3 s h o w s  t h e  effect of 

I u o 2 . 0 5  

"02.35 

c___ u02.45 

_---__ 
. . . . . . . . . . . 

oxidat ion o n  t h e  x-ray diffraction powder pat tern of 
t h e  urania. Initially, there  w a s  a peak  charactes- 
i s t i c  of t h e  (111) diffraction l i n e  of 30-A urania 
c rys ta l l i t es .  T h e  extremely rich pat tern shown for 
t h e  composition U 0 2 . 4 5  could not b e  ident i f ied as 
that  of any of t h e  known uranium o x i d e s  or hydrates  
of urarlium oxides ,  However, many of t h e  l i n e s  
were found to correspond t o  a n  unidentified 
component of hydrated UO, prepared by s team 
hydrolysis  of ammonium diuranate. T h e  x-ray 
pattern of the  oxidized urania  is thought t o  resul t  
from a mixture of t w o  hydrates  of uranium oxide,  
both of which were hitherto unreported. 

OF I~ ~ ........ ....... L - D W G  56 -7578  

-- I 

IO 15 2 0  25 30  3 5  

DlFF-RACTION ANGLE ( d e g )  

Fig. 119.3. X-Ray  Diffraction of Part ia l ly  Oxidized Urania G e l .  



The Chemical Technology Division provided as- 
s i s tance  to others on scveral  projects. The  Euro- 
chemic Assistance Frogani was continued. Under 
th i s  program, the Laboratory is coordinating the  
exchange of informsttion between Eurochemic and 
the various AEC s i t e s  and is currently supplying 
the U.S. Technical Advisor to Eurochemic during 
the construction and start-up periods. Engineering 
ass i s tance  on the disposal of high-radioactivity- 
level solid waste in salt was provided the  Health 
Phys ic s  Division. Th i s  work was completed in  
November 1965. Assistance on alpha-laboratory 
design included the preparation of a detailed design 
study for a 32-laboratory alpha facility. The  program 
on fuel shipping safety s tud ies  was  expanded to 
provide more theoretical and experimental data 
to ensure that the  shipping of spent nuclear fue ls  
can  be  done in the safes t  possible manner in order 
to provide near-absolute protection to the public. 

Additional irradiation-contamination-decontamina- 
tion evaluation t e s t s  were made on selected pro- 
tective coatings and plastics.  Evaluation of com- 
mercial protective coatings to gamma radiation and 
to fission product contamination in a simulated 
reactor accident was continued. A new procedure 
for determining the  decontaminability of protective 
coatings was developed and tested.  

20.1 EUROCHEMIC ASSISTANCE PROGRAM 

T h e  Laboratory continued to  coordinate the  
Eurochemic Assistance Program for the  exchange 
of information between Eurochemic and the several  
AEC sites included in the  program. In addition, 
the  Laboratory is supplying the  serv ices  of t he  
U.S. Technical Advisor, E. M. Shank, who will 
remain a t  Mol, Belgium, during the construction 
and start-up phases of the Eurochemic plant. 

During the pas t  year, 494 USAEC-originated doc- 
uments and 80 drawings and miscellaneous items 
of information were  sen t  to Eurochemic. Twenty- 
five Eurochemic documents written in English were  
received, reproduced, and distributed. In addition, 
two Eurochemic reports (French) were translated 
for distribution in English. 

Construction of t h e  Eurochemic facility w a s  c o m -  
pleted, and the checkout of equipment and cold 
runs are now in progress. T h e  plant is now sched- 
uled to go “hot” during October 1966. 

20.2 DEMONSTRATION OF T H E  DISPOSAL 

WASTE IN SALT 
OF SOLID, HIGH-LEVEL RADIOACTIVE 

20. Assistance 
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Project Salt Vault, the Health Phys ic s  Division’s 
field demonstration of the disposal of highly radio- 
active waste in  sa l t ,  was placed in  hot operation 
in  November 1965 with the storage of 14 short- 
cooled Engineering T e s t  Reactor (ETR) f u e l  as- 
semblies in  a s a l t  mine a t  Lyons, Kansas.  The  
equipment designed and developed i n  t h e  Chemical 
Technology Division was tes ted  dicing cold runs 
made during September, using operating instruc- 
t ions prepared for the  transfer and storage of radio- 
active material. The first  runs were cold and 
proved highly beneficial in  checking out the  oper- 
ating procedures and potential pitfalls that would 
have been costly in the hot runs. Several minor 
equipment changes w e r e  made to simplify or im-  
prove the  operations, and the instructions were  
reworked to  provide for maximum safety. F ive  
hundred curies of 6oCo in each  of two canisters 
were used in the  next runs in  October; t hese  runs 
were very useful in scouting radiation leve ls  in the  
various operating areas. Radiation streaming i n  
excess  of toleranee from a construction joint in  the  
shipping cask  w a s  found. Th i s  was eliminated by 
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adding an extra shielding band of 2$2 in. of lead to  
the cask  over the joint. T h e  band w a s  fabricated 
from field measurements on the cask  and installed 
a t  the si te.  Radiation readings with the 6oCo 
source were reduced from 60 mr/hr to about 6. 
When the cask  was loaded with 14 ETR fuel as- 
semblies, the maximum cask  reading was 45 mr/hr 
at contact. The  reading for the above-ground work- 
ing area when the  cask  w a s  in position for charging 
the  fuel assemblies to the mine was less than 1 
mr/hr, and the transporter shield with the  loaded 
assemblies in the mine also showed less than 1 
mr/hr. Radiation streaming from the fuel assemblies 
in the storage hole was about 2 r/hr immediately 
over the  hole. Supplementary scatter shields filled 
with lead shot were fabricated and installed, reduc- 
ing the level 'to less than 10  mr/hr at the floor 
level immediately over the storage holes. 

Fue l  loading into the canis te rs  at the  National 
Reactor T e s t  Station was accomplished with l i t t le 
difficulty after development of the appropriate hot- 
cell loading techniques. Using equipment devel- 
oped and built a t  the Laboratory, remote loading of 
the canisters into the cask in the large hot cell 
went smoothly. Radiation damage to the ethylene 
glycol coolant was more severe than expected and 
led to gassing of the coolant. The  cooling system 
was cleaned out, and the ethylene glycol was 
replaced with demineralized water; an ion exchange 
column w a s  added to the system in an additional 
effort to keep the system clean. N o  further dif- 
ficulty was encountered with the cooling system 
during transit between Idaho and Kansas o r  during 
operations at Kansas. 

20.3 HIGH-LEVEL. ALPHA LABORAGQ 

Detailed design and cost evaluation studies for a 
high-level alpha laboratory were continued and 
have culminated in the preparation of a design 
package suitable for u se  by an architect-engineer, 
T h e  laboratory, which wi l l  be administered by the 
Analytical Chemistry Division, is estimated to 
cost  about $5,000,000. It w i l l  be located in Melton 
Valley and wil l  occupy an area of about 50,000 
ft'. In addition to office, service,  and cold-labora- 
tory support facilities, the building will contain 
thirty 16- by 32-ft alpha laboratories, a 32- by 88-ft 
high-bay arca, and a 32- by 64-ft shielded glove- 
box area. These  will provide analytical, chemical, 
mctallurgical, and chemical engineering facil i t ies 

with capabili t ies for haiidling up to  100 curies of 
239Pu equivalent and lesser  amounts of alpha- 
gamma- or alpha-neutron-emitting mateiials. 

Since the project h a s  been put off uaitil f iscal  
year 1365, no further detailed design wil l  be done 
during the  interim; however, in an  effort to effect 
additional construction economies, several  alterna- 
tive building arrangements are being evaluated. 

20.4 FUEL-SHIPPING SAFETY STeQD$ES 

To provide technical backup data for Federal 
Regulations (10 CFR 72) designed to ensure the 
safety of spent fuel shipments by public carriers, 
both theoretical and experimental studies ace being 
made. T h e  scope  of th i s  program was  increased 
materially during the past year. 

It is presently realized that there is a distinct 
lack of information concerning minimum standards 
of good engineering practice in the design, fabrica- 
tion, aiid tes t ing  of shipping containers for trans- 
porting radioactive materials. To overcome these  
shortcomings and to provide standard methods of 
container analysis,  a program w a s  undertaken to  
provide design information in a number of different 
areas. 

Formulas to  be  used by the  design engineer to 
calculate the maximum stress produced in a cask  
used  to  ship radioactive materials when it is sub- 
jected to internal pressure were developed. These  
are presented i n  the report Structural Analysis of 

Shippink Casks,  Vof .  1, Analysis of a Shipping 
Cask Subjected to Internal Pressure (ORNI.,-TM- 
1312). The  formulas take into account the elastic- 
ity of lead shielding and wil l  predict the thickness 
of the cavity wall for ca sks  of both prismatic and 
cylindrical coniigurations. 

Volumes 2 and 3,  which cover closures, lifting 
and tie-down devices,  and the required thickness 
of the outer ca sk  shell  to  resist  puncture, have 
been completed in draft form. 

Th i s  information will provide standard methods 
of cask  analysis and reporting. Additional work 
this coming year in all  phases of cask design will 
cover areas of heat transfer, shielding, materials, 
fabrication, criticality, testing, and maintenance, 

The  shipping cask  manual (ORNL'I'M-681) pre- 
pared l a s t  year is being upgraded by ORNL and 

'Chem. Technol. Div. Ann. Progr. R e p t .  M a y  31, 1365, 
ORNL-3830, p. 269. 
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Battelle Memorial Institute, under a subcontract, 
for reissue as an AEC-sponsored monograph. 

20.5 E V A L U A T I O N  OF R A D I A T I O N  RESISTANCE 
AND D E C O N T A M I N A B I L I T Y  OF SELECTED 

P R O T E C T I V E  COATINGS 

Tests to  evaluate commercial protective coatings 
for u se  in reactor containment vesse ls ,  spent-fuel 
processing plants, and laboratories handling radio- 
active materials were conducted by exposing s a m -  
p le  coatings to  (1) gamma radiation, (2) fallout of 
radioactive fission products from the plasma-jet 
volatilization of irradiated UO, in a 1350-ft3 ves- 
sel, and (3) a tentative standard decontamination 
test .  The  Nuclear Safety Pilot  Plant group con- 
ducted the volatilization test with coated speci-  
mens supplied by the Chemical Technology Division. 

Radiation-Tolerance Testing 

Seventy-five commercial coatings, applied to 
steel ,  s ta in less  steel ,  concrete, and Fiberglas,  
were exposed to 6oCo gamma radiation at an inten- 
si ty of 1 x l o 6  r/hr at 40 to 5OoC in demineralized 
water and in air. Three newly tested coatings 
surpassed the  previous high (5 x l o9  r) radiation 
resistance'  in demineralized water; these  were (1) 
Carboline Company's system X, which consisted of 
a modified phenolic (Phenoline 368) embedded in 
g l a s s  cloth and Phenoline 368 sea l  coat;  th i s  
coating failed a t  8.3 x l o 9  r by blistering and loss 
of adhesion; (2) Varni-Lite Corporation's No. S- 
0900 epoxy system, which failed at 8.0 x l o g  r by 
blistering; and (3) Arnercoat No. 1762 with No. 66 
epoxy seal coat, which failed at  7.9 x l o 9  r by 
chalking. There is a lso  evidence of improved radia- 
tion tolerance in air, s ince  many (19 of 75) of the  
newer coatings appear to be serviceable after an 
exposure of 1 x 10" r. A summary of these  recent 
t e s t s  is given in Table  20.1. 

Studies of contamination due to a Simulated 
Reactor Excursion 

Protective-coating and control specimens were  
exposed in the Nuclear Safety Pilot  P lan t  t o  an 

'Chem. Technol. Div. Ann. Progr. R c p t .  May 31, 1965, 
ORNL-3830, pp. 296-95. 

atmosphere contaminated with radioactive fission 
products from plasma-jet volatilization of natural 
UO, that had been irradiated to an average neutron 
exposure of 4.5 x 10". About 0.6 curie of total 
mixed-fission-product gamma radiation (after cool- 
ing for seven days) was airborne in th i s  test. T h e  
amount of radionuclides deposited on the  samples 
was measured and compared. T h e  contaminants 
were  identified and measured by scanning the spec- 
imens with a gamma-ray spectrometer before decon- 
t amination. 

A polyester coating retained the l ea s t  amount of 
radionuclides; the three bes t  vinyls and epoxies 
retained about 32 and 36% more respectively. 
Coatings exhibiting the l ea s t  retention of the ten 
radionuclides (1311, 14'Nd9 239Np, 132Te, 1 0 3 R ~ ,  
14'Ce, "Mo, "Zr-Nb, 13'Cs, l4OBa-La) were  a s  
f o l l o ~ s :  

Viny ls  

No. 33, Amercoat Corporat ion 
No. SX-1666, Devoe and Raynolds  Company 
Nukem-40, Amerco a t  Corporation 

Epoxies 

No. R4-71F, Plas-Chem Corporation 
No. R4-74E, Plas-Chem Corporat ion 
No. SX-1655, Devoe and Raynolds  

Modif ied Phenol ics 

Phenol ine  300, Carbol ine Company 
Phenol ine  305, Carbol ine Company 
No. 7122, 7133X, Wisconsin Pro tec t ive  C o a t i n g  Company 

Polyester  

Liquid glass No. 5301, Stanley Chemical  Company 

Chlorinated Rubber 

No. SX-1661, Devoe and  Raynolds  Company 

lnorgonics 

Dimetcote-4, Amercoat Corporat ion 
Dimetcote-3, Amercoat Corporation 

Impraved Test  to Determine Decontaminability 
o f  Coatings 

A standard (ASTM type) t e s t  for evaluating the 
decontarninability of protective coatings and paints 
does  not now exist .  A previous procedure included 
the u s e  of 3 M (17.2%) HNO,, which in some cases 
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attacked and reiiioved a surface layer from some of 
the  coatings. Furthermore, the  contaminating solu- 
tion ( a  solution of mixed fission products in  nitric 
acid) became more concentrated in  nitric acid as 
the solution evaporated to  dryness on the speci-  
mens, again resulting in surface attack and fa l se  
results.  

A new approach t o  the  evaluation of decontain- 
inability is being developed. 'The specifications 
and procedure are summarized below: 

1. Contaminants cons is t  of mixed fission products 
f rom spent fuel (20,000 Mwd/ton burnup, cooled 
one  year). 

2. Containinants are dissolved in 8 M HNQ, solu- 
tion, which is to be adjusted to a pH of 4 a t  
the  time of application. 

3. Radionuclides to be  deposited on coupons 
include i44Ce-Pr,  "Ru-Kh, "Zr-Nb, and 
1 3 7 C ~ - i 3 7 r ' 7 B a  at 6 x l o 4  t o  '2 x I O 5  d i s  min-' 
nuclide- 

4. Contaminated coupons are to be  immersed suc-  
cess ive ly  in: (a) agitated tap water a t  room 
temperature, (b)  agitated weak acid solution of 

5. 

C,H,04 (0.4 M ) ,  NaF (0.05 M), and Hz02 (0.3 
M ) ,  at mom temperature, ( c )  agitated weak acid 
solution (as above) a t  8 O 0 C  

Radionuclides originally deposited and remain- 
ing after each  decontamination s tep  are meas- 
ured and identified by a gamma-ray spectrom- 
eter. 

The  decontaminability of several  paints w a s  
measured to evaluate the utility of the tes t ,  and 
the  results are summarized in Table  20.2. The  
first water wash removed a l l  of the  7Cs-1  7mBa, 
and the other contaminants were removed generally 
to the  extent of 50 to 90% for all types of couporls. 
P l a t e  g l a s s  was the  most completely decontami- 
nated material; after the water wash, no 95Zr-Nb 
remained. Other coupons were not as readily 
cleaned R S  the glass;  however, epoxy SX-I346 gave 
up about 98% of the 95Zr-Nb. After  the 80°C mild- 
acid wash, the contaminants on the g lass  and Varni- 
Lite S-0900 had reached the lower limit of detec- 
tion, providing an overall decontamination factor of 
600. Ruthenium-106 was  the  most difficult element 
t o  remove. 



Table  20.1. Gamma-Rodiai ian-Resistance Raring o i  Several Protective Coatings 

Radiation source: 6GCo at 1 x IO6 r/hr 
Temperature: 40 to 50°C 
Manufacturers are listed in alphabetical order 

Manufacrurer Coating 
Exposure Under Exposure 

Efiecia in Air  Effecta 
Substrate Demineralized 

(r) 
Water 

(r) 

Amercoat Corporation Epoxy, No. 1762 and No. 66 
Epoxy, No. 4000 Bondstrand pipe 
Polyester, No. 5000 Bondstrand pipe 
Inorganic, Dimetcote-3 
Inorganic, No. 1741 
Inorganic, Dimetcote-4 
Epoxy, No. 1762 and No. 66 gloss 
Epoxy, No. 1762 and No. 1732 
Vinyl, No. 1762 and No. 33HB 
Epoxy, No. 1762 and No. 74 
Vinyl, No. 1762 and No. 88 
Vinyl, No. 1762, Nc. 88, and No. 99 

Modified phenolic, system K Carboline Company 
(Phenoline 368) 

Modified phenolic, system C 
(Phenoline 300) 

Modified phenolic, system H 
(Phenoline 368) 

Modified phenolic, system G 
(Phenoline 368) 

Modified phenolic, system I 
(Phenoline 368) 

Modified phenolic, system F 
(Phenoline 300-368) 

Modified phenolic, system J 
(Phenoline 305) 

Modified phenolic, system A 
(Phenoline 300) 

Modiiied phenolic, system B 
(Phenoline 305) 

Concrete 
Fibergias 
Fiberglas 
Steel 
316 steel 
Steel 
Concrete 
Coflcrete 
Concrete 
Concrete 
Concrete 
Concrete 

Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 

7.9 109 
1.0 x 10'0 
1.0 x 1010 

9.6 x 10' 
3.9 109 
2.2 x l o 9  
1.7 lo9 
1.2 x io9  
1.: x 109 

1.2 x 109 
1.2 l o 9  
5.8 x 109 
8.3 x 103 
3.6 x 109 
6.3 x 109 
2.6 lo9 
6.3 x lo9 
4.7 109 
4.7 x log 
4.7 x 109 
3.6 x i o 9  

3.6 lo9 
2.1 109 
2.1 
4.3 x 109 
4.7 l o 9  
2.6 x lo9  

No tes t  

3.6 x 10' 

6.2 x lo9 
1.0 x 10'0 
1.0 x 1 o ' O  

2.2 x 1010 
1.0 x 1010 
1.0 x 1010 
4.2 lo9 
4.2 x io9 
3.2 l o 9  
2.7 109 
2.7 io9 
2.7 lo9 

1 x 10'0 
1 x 1010 

1 x 1010 
1 x 1010 
1 x 1ol0 
I x 1o l0  
1 x 1010 
1 x 10'O 
1 x 1010 

8.3 x IO9 

7.8 l o 9  

4.7 lo9 
1 x l O i 0  

3.2 lo9 
7.1 x 10' 
5.6 x 10' 
7.1 lo9  

6.8 x 10' 

N 
VI 
N 



Tabla  20.1 (continued) 

Exposure Exposure Under 

Manufacturer Coating Effect' in Air Effecta Substrate Demineralized 

(r) 
Water 

(r) 

Devoe and Raynolds 

Modified phenolic, system D 
(Phenoiine 300) 

Modified phenolic, system E 
(Phenoiine 300) 

Epoxy (So.  4), 46612, 43614 
Catalyzed epoxy (BO. 2), 46612, OX-1055 
Mol f i ed  epoxy (No. 3), ReNew Coat  
Epoxy (No. 3), 46612, SX-1346 
Acrylic (No. 1). MX-140, MX-i42, MX-145 
Chlorinared rubber (No. 2C), SX-1662, SX-1561 
Vinyl (11-S), 45610, SX-1667 
EPOXY (l-C), SX-1655, SX-1655 
Epoxy (FS-Xj ,  Catalyzed 46000, SX-1665 
Vinyi <FS-5), SX-1666 
Epoxy (FS-4). RB-1304, 8x3-1665 
EPOXY (FC-6). SX-1665 
Epoxy (FC-3), OX-1055 
Epoxy (FC-2), Catalyzed 43101, OX-1055 
Epoxy (F§-32), Catalyzed 46000, SX-1665 
Epoxy (FS-2), Catalyzed 46610, 45613, 46614 

Epoxy (FS-3A). Catalyzed 46000, SX-1665 
Epoxy (FC-8), SX-1029 

Acrylic (FC-7), NIX-148 
Epoxy (FC-6), SX-l655(FC) 
EPOXY (FG-5), SX-l665(FG) 
Epoxy (FG-3), OX-i055(FG;l 
Epoxy (FC-4), SX-1665 
Catalyzed epoxy (No. 2), OX-1055 
EPOXY (FG-4), SX-I665(FG) 
Epoxy (1-S), 4600, SX-1655 
Chlorinated rubber (No. ZC), SX-1662, SX-1661 
Epoxy (FC-l) ,  Catalyzed 48101. SX-1346 
Chlorinated rubber, (So.  61, 14700, 47212, 47201 

Concrete 
Steel 
Concrete 
Steel 

Steel  
Steel  
Concrete 
Steel 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Steei 
Steel 
Concrete 
Concrete 
Concrete 
Steel 
Steel 
Concrete 
Steel 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Steei 
Steei  
Concrete 
Sreei 

2.1 109 APE 
4.7 109 A, E 
2.1 10' A 
2.1 x 109 A 

1.0 io9  C 
1.57 l o 9  C 
2.9 lo9 
2.0 x 108 C 
2.0 x lo8  C 
3.2 x l o 8  C 
8.5 x 10' C 
1.3 x 10' C 

1.58 109 A, 6 E 
1.8 x 103 C 
9.0 x l o 8  C 

A 

A, B 1.4 x l o 9  
1.4 lo9  A, B 
1.4 x :a9 A. B 
9.0 x ioE C 
5.4 x 108 C 
1.4 lo9  C 
9.0 x 108 C 
1.8 x 10' C 
1.5 109 A 

i .5 x lo9  A 

1.57 x io9  C 
1.5 109 
8.5 x 108 C 
3.2 x lo8 C 
5.4 x 108 C 

1.5 lo9  A, C 

1.4 A, C 

C 

2.0 x lod  A, C 

6.0 lo9 
1 x 1010 

6.0 x 10' 
6.8 x 1 0 9  

1.0 x 1o:o 
1.0 x 1010 
1.0 x 1010 
1.0 x 1010 

1.0 x 10'0 
1.0 x 1010 
1.0 x 1010 

8.97 l a 9  

>7.0 109 

>7.0 109 
>7.0 x l o 9  
>7.0 x 10' 
>7.0 x 1 0 9  

>7.0 lo9 

2.9 109 
2.68 x 109 
25.0 l o 9  

2.5 x 10' 
.5.0 10' 

$7.0 x 10' 

3.87 x lo9  

2.68 x lo9 

1.7 x i o 9  
1.53 x I O 9  

1.5 x lo9  
1.0 x 1010 

1.0 x 1010 

27.0 x 109 
9.5 lo9 B 



Table 20.1 (continued) 

Exposure 
Effects i n  Air Effecte 

(r) 

Exposure Under 
Substrate Demineralized 

Coating 
Water Manufacturer 

(7) 

Epoxy (FS-6), RB-1033, SX-1029 Steel 1.8 x l o 8  C 2.2 lo9 c 

A,C 1.53 x l o g  B 2.0 x 108 
Epoxy (No. i), OX-1055 and SX-1346 Concrete 2.0 x 108 C,D 1.5 X lo9 B 

1.8 x 10' C, D 9.0 x lo8 D 
Acrylic (FS-1 j, 303, MX-145, MX-148 Steel 9.0 x 108 C 5.4 x los  E, D 

Vmyl (10-C), No. SX-1667 and 1666 Concrete 5.28 x 10' C 1.87 x 10' A,B 

Chlorinated rubber (No. 5),  4600, 47212N. 47201 Steel 

Vinyl (FC-9), L-10429, PVS Concrete 

Epoxy (FC-5), SX-1665 Concrete 1.4 lo9  
Hughson Chemical Company Polyurethane, 2552 (Bj 

Polyurethane, ZO51, (C-1) 
Polyurethane, Z051, (C-3j 
Polyurethane, 2552, (A) 

Polyurethane, 2001, (D) 
Poiyurethane, 2452, ( E )  

Polyurethane, Z051, (C-2) 
Polyurethane, 2051, (C-4) 

Vami-Lite Corporation Epoxy, SO900 

Epoxy , mdu s trial 

Epoxy, SO800 

Epoxy, industrial special 

Wisconsin Protective 
Coating Company 

Concrete 
Steel 
Steel 
Steel 
Concrete 
Steel 
Steel 
Steel 
Steel 
Steel 

Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 
Concrete 
Steel 

1.0 x 109 
1.0 lo9 
1.0 lo9  

1.0 109 

5.0 x loa 
5.0 x l o s  

1.68 x lo8  

1.68 x 10' 

1.68 x 10' 
1.68 x lo8  
8.0 lo9 

8.56 x l o 3  
(Not in M,O) 

(Not in HZO) 
3.56 x 10' 

(Not in HZOj 
8.56 x 10' 

(Not in H ,O) 

>6.0 109 
4.6 x 109 
4.6 x io9 
4.6 x io9 

>6.0 x io9 
2.9 lo9 
4.6 lo9 
4.6 x io9  
1.3 x 10' 
1.0 lo9 

B 
B 
B 

C 1.0 x 1o1o 
1.0 x 1 o ' O  

c 4.0 x 109 B 
1.0 x 10'O 

C 3.0 x 109 B, C 

3.0 x 10' B, C 
C 1.9 lo9 C 

1.9 io9  C 

iModified phenolic (No. S ) ,  7155, FG, 7133H Steel 3.0 x lo9  B, E 1.4 X 10" 
Modified phenolic (No. 4), 7100H, FG, 7133H Steel 1.1 x 109 C 1.4 x 1 o ' O  
Modified phenolic (No. 2). 9028, 7155, FG, Concrete 3.0 x i o 9  B 7.2 x l o g  B 

Modified phenolic (No. l j ,  9025, 7100H. FG,  Concrete 2.7 x 10' C 4.2 X 10' C 

Epoxy (NO. 3), 9028, 9009-1 Concrete 3.0 lo9  C 2.7 lo9  3, c 
Epoxy (Nil. 61, 9009-1 Steel 3.0 x l o 9  B 2.7 lo9 B 

7133H 

7133H 

'Radiation effect: A - coating chalked; 13 - coating embrittled; C - coating blistered; D - loss of adhesion; 
E - interfscial area attack; F - rough, sandlike surface; G - bleeding of binder materials. 
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T a b l e  20.2. R e s u l t s  o f  Decontarninability Test: Comparison of Results 

for Qvernl l  Factors with Factors for R u t h e n i u m  
- .......... __ - ......... 

T e s t  Coupon 

P l a t e  g l a s s  
S t a j n l e s s  steel, 304L. (243 f in ish)  
Tef lon  s h e e t  
Polye thylene  s h e e t  

Amercoat Corp. 
No. 99 s e m i g l o s s  (vinyl) 
No. 33 H B  (vinyl) 
No. 66 (epoxy) 

Carboline Co. coa t ings  
P h e n o l i n e  300 (modified phenol ic)  
P h e n o l i n e  305 (modified phenol ic)  
P h e n o l i n e  368(H), (modified phenol ic)  
P h e n o l i n e  368(G), (modified phenol ic)  

Devoe a n d  Raynolds  Corp. 
NO. SX-1346 (epoxy) 
No. SX-1667 (vinyl) 
No. SX-1666 (vinyl)  
NO. 47201 (chlor inated rubber) 
No. SX-1661 (chlor inated rubber) 
No. SX-I665 (epoxy) 
No. SX-l665(B), (epoxy) 
No. 46614 (epoxy) 
No. MX-145 (acryl ic)  

David E. L o n g  Corp. 
Series- A (vin y 1) 

P i t t sburg  Plate Glas s  Co. 
No. UC-9647 (epoxy) 
No. W-8134 (vinyl) 

Varni-Li te  Corp. 
Nu. S-0900 (epoxy) 
Indus t r ia l  s p e c i a l  (epoxy) 
No. S-0800 (epoxy) 
Industr ia l  (epoxy) 

Wisconsin P r o t e c t i v e  Coat ing  Co. 

P l a s i t e  7155 (modified phenol ic)  
P l a s i t e  7100 (modified phenol ic)  
P l a s i t e  7122 (modified phenol ic)  

In i t ia l  F i n a l  Overa l l  Decontainina tion 
Radioac t iv i ty  Radioact ivi ty  Decontaminat ion F a c t o r  for  

( d i  s /m in)  (d is  /min) F a c t o r  1 0 6 ~ ~  

......... ...... ___ _ _ _ - - ~  

lo5  

Contro I s 

5.18 (550 
5.66 1.01 l o 3  
6.00 2.4.3 103 
5.30 1.81 lo3  

Test  Coatings 

5.72 
5.20 
5.26 

4.72 
6.14 
5.34 
5.27 

5.97 
5.39 
5.80 
5.34 
5.34 
4.99 
4.88 
5.20 
5.46 

5.39 

5.34 
5.76 

5.34 
5.75 
5.94 
5.84 

5.53 
4.82 
4.39 

3.65 l o 3  

7.64 l o 4  
3.56 x l o 4  

1.93 lo4  
2.65 lo4 
2.77 l o 4  
3.73 l o 4  

4.75 l o 3  
4.50 l o 3  
5.80 l o 3  1 

5.47 x I O 3  
7.12 lo3  
6.91 x 103 
7.03 l o 3  

2.18 l o 4  
8.09 x 10" 

1.19 x lo4  

5.61 l o 4  
8.55 l o 3  

(900 
7.51 l o 3  
1.36 104 
2.25 x l o 4  

1.62 l o 4  
2.40 l o 4  
3.14 l o 4  

> 900 
560 
247 
293 

156 
14 

7 

2 1  
23 
19 
14 

125 
120 
100 
97 
75 
72 
69 
6 1  
20 

45 

9 
66 

> 590 
78 
41 
26 

34 
20 
14 

> 800 
185 
185 
112 

56 
29 

7 

13 
10 
13 
8 

52  

40 
35 
32 
25 
35 
39 
29 
8 

19 

17 
44 

> 330 
30 
18 
26 

14 
15 
10 



21. Water  Research Program 

Work by the Chemical Technology Division on 
the Water Research Program is reported directly 

to  the Office of Saline Water, and only an abstract  
appears in  this report ( s ee  the Summary). 
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T h e  b a s i c  chemistry of uranium, thorium, plu- 
tonium, and other carb ides  and ni t r ides  is being 
inves t iga ted ,  particularly i n  aqueous  and gaseous  
sys tems.  T h i s  work h a s  appl icat ion i n  connect ion 
with t h e  process ing  of power reactor fue ls  (Sect. 
l ) ,  reactor  sa fe ty ,  and high-temperature mater ia ls  
development (Sect .  8) .  Most of the  work to d a t e  
h a s  c o n s i s t e d  in  s t u d i e s  of the  hydrolysis  of 
uranium and thorium carbide spec imens  tha t  were 
carefully charac te r ized  by means  of advanced 
ana ly t ica l  and metallographic techniques.  S ince  
the  spec imens  were wel l  character ized,  infor- 
mation on t h e  uranium-carbon and thorium-carbon 
phase diagrams w a s  a natural  by-product of th i s  
work. During the  p a s t  year ,  the  react ions of 
thorium carb ides  with sodium hydroxide so lu-  
t ions  and the e f fec t  of p h a s e  dis t r ibut ion on the  
hydrolysis  of uranium monocarbide-dicarbide mix- 
tures were s tud ied .  Information on the high-tem- 
perature region of immiscibility in  the  uraniurn- 
carbon s y s t e m  w a s  also obtained. T h e  resu l t s  
of t h e s e  s t u d i e s  were reported in the  open l i t -  
erature;  ' --, consequent ly ,  only a brief summa- 
t ion of the main conclus ions  is given here. 

IIydrolysis of the  thorium carb ides  i n  2 t o  18 
M NaOH at 8OoC gave pract ical ly  the  same re- 
s u l t s  as obtained with water . '  T h e  monocar- 
bide yielded T h o ,  and 90 ml (STP) of g a s  per 
gram of carbide.  T h e  g a s  c o n s i s t e d  of 83% meth- 
ane, 13% hydrogen, and  s m a l l  quant i t ies  of C, 
to  C, hydrocarbons. The  dicarbide (ThC , 9 5 )  

yielded Tho, ,  a nonvolat i le  wax, and a g a s  com- 
posed of about  35% hydrogcn, 30% ethane ,  4% 
methane, 25% unsaturated C,  to C, a lkenes ,  and 
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'M. J. Bradley,  M. D. Pa t tengi l l ,  and L. M. F e r r i s ,  
Inorg. Chem. 4, 1080 (1965). 
LM. J. Bradley a n d  L. M. Fer r i s ,  J. Inorg. N u c l .  Chem. 

27, 1557 (1965). 
'Ma R. Sears ,  I... 111. F e r r i s ,  a n d  R. J. Gray, J. Efectro-  

chem. SOC.  113(3), 269 (1966). 

small  amounts  of C ,  t o  C, a lkanes .  Although 
t h e  composition of the  g a s  w a s  not affected by 
changes  i n  the NaOH concentrat ion,  the volume 
of evolved g a s  did vary. The  total. voluiiie of 
gas evolved [ m l  (STP) per gram of carbide]  w a s  
about  49 ml/g with 0 t o  6 M NaOH, 53 ml/g with 
1 2  M NaOII, and 5.5 ml/g with 18 M Na0W. 

In s t u d i e s  of t h e  hydrolysis  of a s - c a s t  and 
heat-treated uranium monocarbide-dicarbide mix- 
tures , ,  i t  w a s  shown that  complex polymeriza- 
tion reac t ions  occur  between t h e  s ingle  C uni ts  
from the  monocarbide and  t h e  C, groups from the 
dicarbide.  T h e  polymerization w a s  evidenced 
by the fac t  tha t  less g a s  w a s  evolved and more 
wax w a s  formed than expec ted  from a phys ica l  
mixture of the  two compounds. The exten t  of 
polymerization of C and  C, groups w a s  depend-  
e n t  on the  dis t r ibut ion of the  phases  throughout 
the  mixture. A phys ica l  mixture of mono- and 
d icarb ides  hydrolyzed to give the  products e x -  
pected from t h e  respec t ive  pure components. A s -  
c a s t  mixtures, which had very fine p la te le t s  of 
the  inono- and d icarb ides  d ispersed  uniformly 
throughout t h e  spec imens ,  showed maximum de- 
viation from t h e  behavior expected from a binary 
mixture. Specimens that  had been heat-treated 
at 1 8 2 0  t o  2130°C and which contained relat ively 
large i so la ted  a r e a s  of monocarbide and dicarbide 
within t h e  sample,  but s t i l l  considerable  con- 
t a c t  between the phases ,  exhibi ted hydrolysis  
properties that  were intermediate  to those  ob- 
ta ined with t h e  phys ica l  mixture and the a s - c a s t  
spec imens .  

T h e  high-temperature region where uranium mono- 
and d icarb ides  are immiscible  was determined , 
by examining the room-temperature microstruc- 
tures of spec imens  having composi t ions between 
U C , . ,  and I JC, , ,  that  had been prepared by de-  
composing monocarbide-sesquicarbide and s e s q u i -  
carbide-dicarbide mixtures at temperatures  of 
1820 t o  213OOC. T h e  low-carbon miscibility 
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boundary, which occurs between UC 1 ,  and UC ,, , monocarbide in  the dicarbide phase increases  
(5.2 and 5.7% carbon), is nearly composition- linearly with increasing temperature. The  peak 
invariant between 1820 and 207OOC. The high- of the immiscible region occurs  at about UC,,, 
carbon miscibility boundary occurs a t  about UC . 6 5  (5.7% carbon) and at  a temperature above 2070OC. 
(7.7% carbon) a t  182O0C, and the solubility of the 



pplications of 

Large,  dual-purpose nuclear  reactors have  shown 
great promise as s o u r c e s  of energy for d e s a l t i n g  
seawater .  However, there  i s  s o m e  quest ion con- 
cerning the  ab i l i ty  of s e a s i d e  a r e a s  t o  ut i l ize  
t h e  large blocks of power [3000 t o  5000 Mw (elec- 
trical)] that  may b e  produced by proposed nuclear  
desa l t ing  s t a t i o n s .  Certainly,  i f  t h e  a r e a  is 
highly industr ia l ized,  a fraction of the  power 
could be  put into the  e x i s t i n g  sys tem.  Hut most 
of t h e  ar id  and semiar id  regions of t h e  world a r e  
not industr ia l ized suff ic ient ly  t o  u s e  the  power, 
and i t  must h e  t ransmit ted e l sewhere  a t  a penalty 
of about  0.2 mill/kwhr per 100  m i l e s  of t rans-  
mission.’  Obviously, plants  for producing in- 
dus t r ia l  chemicals  at t h e  site of a nuclear  de-  
s a l t i n g  s ta t ion  would provide a ready market for 
power and el iminate  t ransmission losses. 

Indus trial-nuclear combinations may have  prom- 
ise for immediate appl ica t ions  as wel l  as  for 
future ones.  Many a r e a s  are now consider ing 
800- t o  1000-Mw (electr ical)  reactors  to  s e r v e  as 
power s ta t ions .  The  rate  of increase  in  c o s t  
with reactor s i z e  is very favorable, and the  c o s t  
difference between bui lding a 1200-Mw (elec- 
t r ical)  ins tead  of a 1000-Mw (electr ical)  reactor  
would be  s m a l l .  T h e  ex t ra  power could be  used  
in  plants  for t h e  on-si te  s y n t h e s i s  of usefu l  
chemicals  s u c h  as ammonia-based fertilizer for 
t h e  surrounding area and, in  t h i s  way, a l s o  
el iminate  or greatly reduce  transportation c o s t s .  
Since hydrogen e n t e r s  t h e  s y n t h e s i s  of ammonia, 
t h e  eff ic ient  production of hydrogen by electro-  
lyzing water  is of primary concern. 

The  production of ammonia w a s  s e l e c t e d  as 
having  promising potent ia l  b e c a u s e  of i t s  im- 
portance as  a fer t i l izer ,  and an  economic s tudy of 
i t s  production, us ing  electr ic i ty  f rom a nuclear  

desal inat ion reactor, w a s  tiiade by Blanco and 
others .2  T h e  s tudy  assumed t h e  u s e  of a new, 
advanced type of e lec t ro ly t ic  c e l l ,  which h a s  
been s tudied  here  (see Sect. 23.2). Other s t u d i e s  
now i n  progiess  include t h e  direct  fixation of 
nitrogen from nitrogen-oxygen mixtures (Sect. 
23.3) and the  u s e  of oxygen, ozone,  or nuclear 
h e a t  or  e lec t r ic i ty  for t reat ing w a s t e  waters ,  s u c h  
as s e w a g e  (Sect. 23.4). 

NBMICS OF HYDROGEN AND 

A study of the economics of hydrogen and 
ammonia fer t i l izer  production by t h e  e lec t ro lys i s  
of water  was  made t o  s e r v e  a s  a n  example of how 
large blocks of low-cost nuclear  power predicted 
for the foreseeable  futurc could be  used.’ Also ,  
t h e  c o s t  of ammonia production a t  a nuclear  
desal inat ion s i t e  via e lec t ro lys i s  w a s  compared 
with the  cost u s i n g  the  conventional steam- 
methane reforming process .  

As a resul t  of t h i s  s tudy ,  i t  w a s  concluded that  
a n  ammonia fer t i l izer  plant  c a n  b e  a n  economical  
consumer of power from a large niaclear desa l ina-  
tion s ta t ion .  T h e  c o s t  of producing ammonia by 
t h e  electrolyt ic  route, us ing  1.6-mill/kwhr power, 
with f inancing typical  of the  chemical  industry, 
could be  competitive with t h e  c o s t  based  on t h e  
u s e  of natural  gas  a t  4 4 ~  per million Btu’s with 
no oxygen credi t ,  or with natural g a s  a t  29q per 
million Htu’s a l lowing a n  oxygen credi t  of $4 per 
ton. T h e  la t ter  pr ice  for natural g a s  compares 
favorably with t h e  34$ per million Htu’s average  

’Economic Planning Coinenittee, Canadian Nuclear  
Association, “Nuclear Generation in Canada (1965- 
85);’ 64 CNA-110. 

‘R. E. Rlanco e t  a t . ,  A n  Economic Study of the  Pro- 
duct ion of Ammonia U s i n g  E l e c t r i c i t y  from a N u c l e a r  
Desa l ina t ion  R e a c t o r  Complex,  ORNL-3882 (1966). 
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industr ia l  pr ice  in t h e  United S ta tes  in  1963. 
The  use  of power from light-water reactors  a t  a 
cost of 2.5 t o  3.0 mills/kwhr could produce 
ammonia in the  near future a t  remote locat ions for 
less than $40 per ton, which is within t h e  range 
of our es t imate  of the current c o s t  of animonia 
production, including sh ipping  c o s t s ,  of $30 to 
$45 per ton. 

T h e  c o s t  of producing ammonia via e lec t ro lys i s  
a t  the desal inat ion reactor s i t e  w a s  determined 
and compared with t h a t  for producing hydrogen by 
steam-methane reforming plants  currently in 
ex is tence .  T h e  c o s t  of natural gas  w a s  also 
examined s i n c e  th i s  is the most important c o s t  
in the production of ammonia by reforming. Se- 
lected examples  of ammonia production c o s t s  for 
the  water  e lec t ro lys i s  process  a r e  shown in 
T a b l e  23.1. For comparison, t h e  natural-gas pr ice  
required to manufacture ammonia at the  same c o s t  
in  a reforming plant  i s  also included. Very large 
ammonia plants  (3000 tons/day)  that  might h e  

assoc ia ted  with large desal inat ion reactors  (by 
1980) producing 1.6-nill/kwhr power a r e  repre- 
s e n t e d  a long  with smal le r  plants  (300 tons/day) 
that  could b e  considered for the  near  future 
where power r a t e s  in  the range of 2.5 to 3.0 
mills/kwhr are ava i lab le .  T h e  production c o s t s  
given in  T a b l e  23.1 may he  compared with pub- 
l i shed  costs of $20 to $40 per  ton d isc losed  in 
the literature. Product ion costs over t h e  power- 
c o s t  range of 1 t o  3.5 mills/kwhr a r e  given iii 
F ig .  23.1. 'The current  wholesa le  price of anhy- 
drous ammonia in t h e  United S ta tes  is $92 per 
ton, but t h i s  inc ludes  the  manufacturing c o s t  ($20 
t o  $40 per ton), plant s torage  c o s t s  ($10 t o  $15 
per ton), transportation costs ($10 t o  $15 per 
ton), and s e l l i n g  expenses .  

Other s t u d i e s  in  progress  include surveys  of the 
chemical and metallurgical industr ies  t o  determine 
other p r o c e s s e s  that  could b e  instal led at s u c h  a 
nuclear-industrial site. An example of one s u c h  
combination is i l lustrated in Fig. 23.2. 

Table  23.1. Examples  of Ammonia Product ion Costs 

-4mmonia via E l e c t r o l y s i s  Ammonia v ia  Reforming 

Ammonia P l a n t  Return on Ammonia Competi t ive Ammonia 
- ............. .............. 

Product ion Natura l  

c o s t  G a s  Cost c o s t  
($/ton NH,) ($/IO6 Btu)  ($/ton NH3) 

Elec t ro ly t ic  Production Capaci ty  Investment  
Power Cost Oxygen Credit ( tons NIIJ/day) (%/year) 
(mil ls  /kwhr) ($/ton 02) 

3000 15a 1.6 0 27.60 44 27.60 

3 000 4b 1.6 

3000 1 5a 1.6 

0 20.00 41 20.00 

4 22.00 29 22.00 

3000 4b 1.6 2 17.20 33 17.20 

3000 4b 0.8' 2 13.40 21 13.40 

300 4b 2.5 0 34.80 67 34.80 

3 00 4b 2.5 2 32.00 59 32.00 

3 00 4 b  3.0 0 39.00 80 39.00 
............ ............... 

a h f t e r  income tax.  
bAssuming n o  income tax. 
'Off-peak power. 
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Fig. 23.1. T h e  Cost  o f  Ammonia Manufacture v i a  Water E lec t ro lys is  and Steam-Methane Reforming Are Compared 
'The effect  of oxygen credit  for the electrolysis system is  a s  a Funct ion o f  the Costs  o f  Power and Nutural  Gos. 

a lso  given. 
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23.2 PRODUCTION OF HYDROGEN BY THE 
ELECTROLYSIS OF WATER 

A study of the  economics of the production of 
ammonia by us ing  electrolytic hydrogen had 
showed promise when low-cost nuclear byproduct 
power was  used. The  s tudy '  indicated that new, 
advanced electrolytic cells producing hydrogen 
for an ammonia plant could permit the  plant to 
compete economically with one using the  steam- 
methane reforming process (using natural gas), 
provided the capital  c o s t s  of electrolytic plants 
could be minimized. One approach to lower 
capital  cos t s  would be operation a t  high current 
densit ies,  thus decreasing the number of cells 
required. An experimental program was  initiated 
to investigate various means of reducing capital  
cos t s  while maintaining or improving electrolytic 
ce l l  efficiencies. 

Status and Progress 

A new, advanced electrolysis cell capable of 
good cell efficiency at high current densit ies 
i s  being studied in the laboratory. The  cell ,  de- 
veloped for fuel-cell applications and oxygen 
production in submarines, h a s  been operated a t  
temperatures up to 9OoC and current densit ies up 
to 1633 ma/cm2 (1517 amp/ft2), with the limitation 
on current density being dictated by the s i z e  of 
the laboratory power suppl ies .  Cell  efficiencies,  
determined by dividing the calculated therrnody- 
namically reversible voltage at the c e l l  tempera- 
ture (90°C) by the measured cell voltage, ranged 
from 63.8% a t  a current density of 500 ma/cm2 
to 53.8% at 1633 ma/cm2. Typical tank-type 
electrolyzers such  a s  the Trail  cell operate a t  
current densit ies of less than 100  ma/cm2 and 
efficiencies of about 50%. 

The cell has  been operated intermittently with 
daily startups and shutdowns for three months, 
with no observable deterioration of efficiency. 
These  results sugges t  that off-peak power a t  a 
50'% reduction in power cost might be used and 
thus result  in additional sav ings  in the production 

___ 
3R.  J. Jas insk i ,  Advan.  Chem. Ser. 47, 95 (1965). 
4Contract NObs 90502. awarded by U.S. Navy, June 

1964. 
5T3. P. Sutherland, Trans .  Electrochem. S O C .  85, 183 

(1 94-1). 

of hydrogen. Data on the durability of the cells 
a t  high current dens i t ies  have not yet been ob- 
tained. 

The Electrolysis Cell and Electrolyte 
Circulation System 

Figure 23.3 shown an  exploded view of the 
cell. The  two porous nickel electrodes are 
are separated by a thin asbes tos  membrane im-  
pregnated with 26 to 35% KOW. The electrodes 
are porous nickel with average pore s i z e  of 
12  1-1 and 85% void space ;  dimensions a re  1.6 x 
1.6 I 0.03 in. The membrane is O.OIO-in.-thick 
asbes tos  paper. Electiolyte (26 to 35% KOII) is 
circulated in the channels behind each  electrode 
to replace electrolyzed water by diffusion and to 
supply cooling a t  high current dens i t ies  as  shown 
in Fig. 23.4. 

The  electrolyte is circulated through the ce l l  
from a reservoir kept a t  constant temperature. 
Before entering the  ce l l ,  i t  is sp l i t  into two 
streams and, after pass ing  through the  cell, 
flows through individual gravity gas separators 
where the  electrolysis products, hydrogen and 
oxygen, are exhausted a t  atmospheric pressure 
(Fig. 23.4). Carbonate in  the reagent-grade ICOH 
i s  removed by precipitation, and Ascarite drying 
tubes at a l l  system openings prevent contami- 
nation with CO, from the  air. Carbonate contami- 
nation was in most cases l e s s  than 0.0576, with 
the maximum being 0.09%. 

Current Supply and Electr ical  Measuring 
Equipment 

Direct current was supplied by a voltage- 
current-regulated power supply with an output of 
0 to  25 amp and less than 0.02% or 1 ma  output 
current change for +9% a c  l ine variation. The  
high-impedance measuring circuit consisted of a 
high-stability bucking supply, a voltage divider, 
two follower amplifiers, and a recorder. Sensi- 
tivity was better than f 1  mv. Only measurements 
of total cell voltage can  be made when using 
direct current, s ince  the configuration of th i s  cell 
and the  u s e  of high current density preclude the 
use of Luggin capillaries and reference elec- 
trodes. 
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To obtain independent measurements of polari- 
zation voltage and internal resistance voltage in 
electrolytic cells of the dimensions used in this 
investigation, it is necessary to make use  of the 
current-interrupter technique. The cell is sub- 
jected to a periodically interrupted current load, 
and, by means of electronic circuitry, the polari- 
zation voltage of the cell is measured during the 
current-off period and the IR drop through the 
electrolyte and membrane is measured during the 
current-on period. Kordesch and Marko' developed 
a simple measurement circuit for this technique; 
later, Pollnow and Kay7 built an improved, tran- 
sistorized version. Our measuring circuitry is 
almost the same as the latter authors' except 
that we used the high-impedance circuitry and 

'K. Kordesch  a n d  A. Marko, J .  Elec trochem.  SOC. 

7G. F. Pollnow a n d  R. M. Kay,  J .  Electrochem. SOC. 
107, 480 (1960). 

109, 648 (1962). 

recorders for readout. Half-wave rectified alter- 
nating current (unidirectional) is provided by 
using a sil icon controlled rectifier and firing 
circuit. The current is kept constant by the use  
of a motor-driven Variac, which is actuated when 
the current changes from its sdt-point value. 
This power supply is capable of delivering up to 
22 amp (average). 

Resu Its 

The cell (Fig, 23.3) has  been operated at temper- 
atures up to 90°C and at current densit ies up to 
1633 ma/cm2 (1517 amp/ft2) with direct current, 
and up to 1350 ma /cm2  with half-wave rectified 
alternating current. 

The total cell voltage of an  electrolysis cell is 
made up of several  components, as shown in 
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Fig.  23.4. Schematic Diagram of Electrolysis C e l l  and Electrolyte Circulation System. 

Eq. (1): 

Ecell = Erev  + Wanode  + Wcathode  + E~~ ' (l) 

The  term Erev is the thermodynamically reversible 
decomposition voltage of water (1.175 v at 90° 
and 1.184 v a t  80°C). The  t e r m s  manode and 
wcathode represent  the  anode and cathode over- 
voltages, and E I ,  is the  potential drop due to  
the resis t ivi ty  of the electrolyte  and membrane. 
With the  current-interrupter technique (without 
individual reference electrodes)  we are able  t o  

make independent measurements of the IR-free 
cell voltage [the sum of the  f i r s t  three terms of 
Eq. (l)] and the  IR drop [the l a s t  t e rm of Eq. (l)]. 
T h e  IR-free cell potential and the total  cell 
voltage (obtained by adding IR-free and IR- 
drop t e rms)  for pulsed current and the  total  
cell voltage for direct  current a re  shown in 
Fig. 23.5 as a function of current densi ty  a t  
two temperatures. T h e  da ta  show tha t  pulsed 
current affects  cell vol tage differently than 
direct current, with higher cell voltage observed 
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Fig. 23.5. Cell  Voltages and IR-Free Cell  Voltages Measured with Direct Current or Half-Wave Rectified Alter- 

noting Current (Unidirectional) Supplied to the Electrolytic Cel I. 

for the pulsed current at low current density and 
higher cell voltage observed for direct  current 
a t  high current density. The  reason for th i s  is 
not known, but it is not a function of the measur- 
ing circuitry, s ince  measurements of average cur- 
rent delivered by the pulsedcurrent source were 
calibrated by measuring voltage drop across  a 
calibrated shunt resistor with an  integrating 
digital voltmeter. 

Determinations of current efficiency were made 
by measuring the volume of hydrogen evolved. 
At 8OoC, 28% KOH, and a current density of 
1179 ma/cm2, the measured efficiency using 
direct current was  95.7%. Under the s a m e  condi- 
tions except with a slightly lower current density, 
1152 m a / c m 2 ,  current efficiency was  94.5% with 
pulsed current. This  difference is within the ex- 
perimental error of the measurement. Current 
efficiencies of 98 to 99% were measured a t  600 
ma/cm2 using direct current. 

A defect in the circulation pump caused con- 
tamination of the electrolyte with iron. Analysis 

showed the ferric iron concentration to be 8 to  
10 p g m l  and the ferrous iron concentrations to 
be 0.8 to 1 pg/ml. When the cell was d isas -  
sembled, about 30 to 40% of the back s ide  of the 
cathode was covered with a deposit  of Fe,O,. 
This  deposit  had not caused any noticeable de- 
terioration of cell- efficiency, and the hydrogen 
gas was  being evolved through the deposit, as 
shown by a multitude of tiny pinholes in it. 

23.3 DIRECT FIXATION OF NITROGEN WITH 
A PLASMA TORCH 

Nitrogen can  be  fixed as nitric oxide by heating 
air  or other oxygen-nitrogen mixtures to  very high 
temperatures. The  nitric oxide can be recovered 
from the reaction mixture i f  the mixture is cooled 
quickly. The  maximum concentration of nitric 
oxide occurs a t  about 3500OK. For the equimolar 
nitrogen-oxygen system, the maximum equilibrium 
concentration is 6.6 mole % NO, compared with 
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5.6% for air. One of the  major problems in  s u c h  
high-temperature p r o c e s s e s  is tha t  of cool ing or 
quenching t h e  react ion mixture t o  obtain the  de- 
s i red  product without e x c e s s i v e  energy l o s s e s .  
Quenching ra tes  on t h e  order of a million degrees  
Kelvin per s e c o n d  are required to obtain t h e  bulk 
of the  equilibrium concentrat ion of nitric oxide 
formed a t  3500OK. Such ra tes  have  been achieved 
by many inves t iga tors  with f luidized beds ,  ex- 
pansion chambers ,  n o z z l e s ,  cooled tubes or 
probes,  and by inject ion of co ld  components into 
t h e  product mixture. 

Status and Progress 

Studies  were carr ied out on t h e  high-temperature 
direct  fixation of nitrogen with a plasma torch and 
auxi l iar ies  s u c h  a s  a condenser  and g a s  scrubbers  
(Fig.  23.6). Nitrogen w a s  hea ted  to temperatures 
of 3000 up to  10,000’K. To obtain nitrogen as  
oxides ,  oxygen w a s  injected in to  t h e  nitrogen 
plasma and t h e  hot  reac tan ts  were quenched very 
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rapidly. T h e  y ie lds  of fixed nitrogen, expressed  
as mole % nit r ic  oxide in the  final mixture, varied 
from 1.3 to 5.3. T h e  energy ut i l izat ion,  expressed  
as grams of nitrogen fixed per kilowatt-hour, 
varied from 1 to 6.6. T h e  la t ter  value is  about  
45% of t h a t  obtained in  t h e  Birkeland-Eyde a r c  
process  u s e d  i n  t h e  ear ly  1900’s. Kinet ic  con- 
s idera t ions  show t h a t  t h e  g a s e s  were quenched 
at a rate  tha t  is on the  order of a million degrees 
per s e c o n d  or greater. 

In t h e s e  s t u d i e s ,  t h e  nitrogen and oxygen flow 
ra tes  varied from 9.5 to 19 liters/min and t h e  
N,/O, flow rate  ratio w a s  nominally 1. Power to  
t h e  torch ranged from 4 t o  20  kw, and about  40% 
w a s  l o s t  to the  water  u s e d  to cool  the electrodes.  
T h e  pressure in t h e  s y s t e m  varied from 685 t o  
728 mm IIg. Data  were co l lec ted  over per iods of 
15 t o  30 min, For a given nitrogen-oxygen flow 
rate ,  the  percentage of nitrogen fixed is nearly 
independent of t h e  power to the  torch; however, 
the  energy ut i l izat ion is higher, t h e  lower t h e  
power t o  t h e  torch (F ig .  23.7 and T a b l e  23.2). 
Over t h e  range of condi t ions s tud ied ,  t h e  b e s t  
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Fig. 23.6. Schematic Diagram of Apparatus U s e d  for High-Temperature D i rec t  F i x a t i o n  o f  Nitrogen Studies. 
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Table  23.2. Yields of F ixed  Nitrogen Obtained wi th  a Nitrogen Plasma and Spray Quench 

Energy Utilization 
(grams fixed nitrogen/kwhr) 

Nitric Oxide 
in  Final Gas 

Flow Rate 
(liters /rnin) Power to Torch Experiment 

(kw ) -- 
N 2  0 2  (vol 70) 

1 17 12 20 

2 19  19  6.8 

3 19 19  6.4 

4 19 19 6.3 

5 19 19 6.0 

6 19 19 5.8 

7 19 19  5.4 

2.4 

2.9 

2.1 

2.3 

2.0 
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2 .3  
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F ig.  23.7. Y i e l d  of F i x e d  Nitrogen a s  a Function of 

Power. Conditions: 

9.5 l iters/min; spray quench, 

N p  plasma;  f low rote o f  N 2 =  o2 = 

energy ut i l izat ion - which is not coincident  with 
t h e  b e s t  percentage of f ixed nitrogen - w a s  ob- 
ta ined with t h e  highest  flow rate  and t h e  lowest  
power a t  which the  torch would operate  s tably.  

23.4 W AST E -W AT E R T R E ATMENT 

Large nuclear  power s t a t i o n s  c a n  e f fec t  c o s t  
reductions in waste-water treatment by u s i n g  
lower-cost e lectr ic i ty  and process  h e a t  to  produce 
chemical  reagents  s u c h  as ammonia, chlorine, 
hydrogen peroxide, oxygen, and ozone for u s e  

in  convent ional  and advanced water  treatment 
processes .  T h i s  appl icat ion of nuclear  m e r r y  
wil l  depend on t h e  physical  locat ions of the  re- 
actor  and t h e  waste-water-treatment plants .  

Ini t ia l  efforts were concentrated on oxygen- 
consuming tertiary treatment processes .  Oxygen 
c a n  be  produced at  a n  a t t rac t ive  pr ice  by con- 
ventional dis t i l la t ion or e lec t ro lys i s  of water  i f  
low-cost e lectr ic i ty  is made avai lable .  Oxygen 
c o s t s  were ca lcu la ted  for 500- t o  1000-ton/day 
plants  by us ing  power costs of 2 to 5 mills/kwhr 
for both high-pressure (450 psig)  and low-pressure 
(0.5 to  5.0 psig) plants  supplying 95% oxygen. 
Costs, based  on government f inancing and 25- 
year  amortization, totaled from $3.19 per ton for 
%mill power to $4.19 per ton for 5-mill  power 
for a lOOO-ton/day low-pressure oxygen plant ,  
and from $3.69 per  ton for 2-mill power t o  $5.03 
per ton for 5-mill power for a lQQO-ton/day high- 
pressure  oxygen plant. 

T h e  wet-air oxidation (Zimmermanri) p rocess  for 
t reat ing s ludge  from s e w a g e  d i s p o s a l  w a s  d is -  
c u s s e d  with key personnel  of Zimpro, a Division 
of Ster l ing Drugs, Inc., t o  consider  reducing the 
c o s t s  of t h e  process  by u s i n g  oxygen ins tead  of 
air. Although considerable  invest igat ion and 
pilot plant  work would b e  required before a plant  
could b e  designed for oxygen, the idea is at t rac-  
t ive,  Est i rnates  based on a plant  process ing  
1000 tons/day of s e w a g e  s o l i d s  a t  3% s o l i d s  
concentration and accomplishing 70% reduction 
of chemical  oxygen demand were made. T h e  plant  
would c o n s i s t  of e leven  lOO-ton/day uni t s ,  of 
which 10 would b e  i n  cont inuous operation - t h e  



capac i ty  tha t  would b e  required for a c i ty  t h e  b e  about $15 per ton of s ludge  processed.  Build- 
size of Chicago  in  t h e  1980’s. i n g  and power subs ta t ion  c o s t s  a r e  not included 
mates  based  on oxygen production u s i n g  2-mill and will r a i s e  the  c o s t  of processing.  T h e  costs 
power ind ica te  t h a t  a plant  operat ing on oxygen wil l  b e  higher for the  air plant ,  however, than 
rather than a i r  would b e  cheaper  by about  $3 per for the  oxygen plant b e c a u s e  of t h e  higher power 
ton of s l u d g e  processed  or $3000 per day. T h e  requirements and t h e  bui lding s p a c e  required for 
c o s t  of operation, including amortization, would t h e  a i r  compressors .  

Preliminary esti- 
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published i n  the Proceedings. 

actions of the American Nuclear Society, December 1965. 
Irvine, A. R., A. L. Lotts,  and A. K. Olsen, “The Thorium-Uranium Recycle Facility Design,” Trans- 

Nicholson, E. L., L. M. Ferris, and J. T. Roberts, Burn-Leach Processes for Graphite-Base Reactor 
Fuels Containing Carbon-Coated Carbide or Oxide Particles, ORNL-TM-1096 (Apr. 2, 1965), presented 
at the  EURATOM symposium a t  Brussels,  Belgium, June 10-11, 1965. 

Nicholson, E. L., I,. M. Ferris, J. R. Flanary, J. H. Goode, B. A. Hannaford, J. W, Idandry,, J. @. Moore, 
R. H. Rainey, C. D. Watson, and 1%. 0. Witte, “Recent Developments in Thorium Fuel Processing,” 
presented a t  the Second International Thorium Fuel  Cycle Symposium, Gatlinburg, Tenn., May 3-6, 
1966; also published in  the Proceedings. 

IJllmann, J. W., ORNL Facilities Capable of Contributing to Plutonium Fuel Cycle Development,, ORNIP 
‘1’M-1268 (November 1965). 

Wittc, €1. O., Survey of Head-End Processes for the Recovery of Uranium and Thorium from Graphite- 
Base Reactor Fuels, ORNL-TM-1411 (Feb. 3, 1966)- 

Witte, H. O., and L. M. Ferris, Ball-Milling of Graphite-Base Reactor Fuel, OKNE-TM-1412 (Feb, 3 ,  1966). 

Rlake, C. A., Jr., K. B. Brown, and Dm J. Crouse, Chemical Applications of Nuclear Explosions (CANE): 

Rlake, C. A., Jr., K. B. Brown, and D. J. Crouse, Chemical Applications of Nuclear Explosions (CANE): 

Blake, C. A., Jr., K. 13. Brown, and D. J. Crouse, Chemical Applzcations of Nuclear Explosiona (CANE:): 

Progress Report for July 1 to September 30, 1965, ORN12-‘I‘M-1275 (Sept. 30, 1965). 

f’rogress Report for October 1 to December 31, 1955, ORNL-TM-1394 (Jan. 21, 1966). 

Progress Report for January 1 to March 31, 1966, ORNL-TM-1496 (Apr. 20, 1966), 

cember 1965, ORNk-TM-1465 (Mar. 24, 1966). 
Blanco, R. E,, and F, I,. Parker, Waste Treatment and Disposal Semiannual Progress Report, July-De- 

Brown, K. B., and C. A. Blake, Jr., Chemical Applications of Nuclear Explosions (CANE):): Progress 

Burch, W. D., Transuranium Quarterly Progress Report for Period Ending November 30, 1964, ORNL- 

Report for January 1 to June30,  1965, ORNL-TM-1191 (July 20, 1965). 

3847 (September 1965). 

Burch, W. D., Transuranium Quartetly Progress Report for Period Ending February 28, 1965, ORNL-3880 
(December 1965). 

May 31, 1965, ORNL-3830 (Novcmber 1965). 
Ferguson, D. E., and staff, Cht.nlicnl Technology Division Annual Progress Reporf for Period Ending 

Whately, M, E., Unit Operations Section Monthly Progiess Report, March 1965,ORNL-TM-1103 (June 1965). 
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Whatley, M, E,, Un i t  Operations Section Quarterly Progress Report, April-June 1965, ORNL-3868 (Decem- 
ber 1965). 

Whatley, M, E., Unit Operations Section Monthly Progress  Report, November 1964, ORNL-‘1’M-1090 (Feb- 
ruary 1966). 

Whatley, M. E,, l lnit  Operations Section Quarterly Progress  Report, July-September 1965, ORNL-3916 
(March 19b6). 

Wymer, R. C., and D. A. Douglas, Jr., Status and  Progress  Report for Thorium Fue l  Cycle Development 
for Per iod  Ending December 31, 1963, ORNL-3611 (July 1965). 

SEPARATIONS CHEMISTRY RESEARCH 

Baybarz, R. D., “Synthesis and Evaluation of Several Polyaminopolycarboxylic Acids for Group Separa- 
tion of Transplutonium from Lanthanide Elements by Solvent Extraction, ’’ presented at the 9th Con- 
ference on Analytical Chemistry in Nuclear Technology, Gatlinburg, Tenn., Oct, 11-13, 1965. 

Blake, C. A., Jr., and J. M. Schmitt, “Stability of Aromatic Diluents and Solvent Extraction Reagents in 
Radiochemical Processing, ” presented a t  the International Conference on the Chemistry of the Sol- 
vent Extraction of Metals, Harwell, England, Sept. 27-29, 1965. 

Coleman, C. F., “Amine Sulfate Extraction Mechanism and Amine Extraction Metal Separations,” pre- 
sented a t  the Gordon Research conference on Ion Exchange, New London, N.H., Aug. 2-6, 1965. 

Coleman, C. Fa, and J. W. Roddy, “Mass Action and Non-Ideality in Extraction by Arnirie Sulfate,” for 
presentation a t  the International Conference on Solvent Extraction Chemistry, Goteborg, Sweden, 
Aug. 29-Sept. 1, 1966. 

Crouse, D. J., and D. E. Homer, “Unexpected Rate Effects in the Extraction of Rare Earths by Di(2- 
ethylhexy1)phosphoric Acid,” presented a t  the International Conference on the Chernistiy of the Sol- 
vent Extraction of Metals, Harwell, England, Sept. 27-29, 1965. 

Egan, 13. Z., and W. D. Arnold, “The Purity, Properties, and Analytical Determination of 4-sec-Butyl-2- 
(amethyl-benzy1)phenol (BAMRP), ” submitted for publication i n  Analytical Chemistry. 

Kelmers, A. D., “Separation of Transfer Ribonucleic Acids, ’’ presented a t  ACS monthly Analytical meet- 

McDowell, W. J., and C. F. Coleman, “Extraction of Alkaline Earths from Sodium Nitrate Solutions by 
Mechanisms and Equilibria, ” J. Inorg. Nucl. Chem. 28, 1083 

ing at ORINS, Dec. 1, 1965. 

Di(2-ethylhexy1)phosphate in  Benzene: 
(May 1966). 

McDowell, W. J., and C. F. Coleman, “Interface and Transferring Species in Amine Extraction of Ura- 
nium,” for presentation a t  the International Conference on Solvent Extraction Chemistry, Goteborg, 
Sweden, Aug. 29-Sept. 1, 1966. 

Pearson, R. I,., and A. D. Kelmers, “Separation of Transfer Ribonucleic Acids by Hydroxylapatite 

Seeley, F. G., and D. J. Crouse, “Extraction of Metals from Chloride Solutions with Amines,” submitted 

Columns,” to be published in J. Biol. Chem. 241(3), 7 6 7 . 4 9  (February 1966). 

for publication in  the Journal of Chemical and  Engineering Data. 

Symposium, New York, Nov. 18-20, 1965. 

in Rare Earth Research, vol. 111 (ed. by LeRoy Eyring), Chdon  and Breach, New York, 1965. 

Weaver, Boyd, “Separations Techniques in Rare Earth Analysis,” presented a t  the Eastern Analytical 

Weaver, Boyd, “Chemical Differences Hetween the Lanthanides and Trivalent Actinides,’’ pp. 415-25 
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LVENT EXTRACTION TECHNOLOGY 

Crouse, D. J., K. B. Brown, and F. G. Seeley, “Primary Amine Extract ion of Beryllium from Sulfate 
Liquors ,”  presented  a t  t h e  International Conference on  t h e  Chemistry of the  Solvent Extraction of 
Metals, Harwell, England, Sept. 27-29, 1965. 

Leuze ,  R. E., R. D. Baybarz, F. A. Kappelmann, and Boyd Weaver, “Behavior  of t h e  Transplutonium 
Elements  i n  Solvent Extract ion Systems,” presented  a t  the International Conference on Chemistry of 
Solvent Extract ion of Metals, Harwell, England, Sept. 27-29, 1965. 

Roddy, J. W., and C. F. Coleman, “Activity Coeff ic ients  and Aggregation Numbers in  t h e  Tri-n-octyla- 
mine-Sulfuric Acid-Benzene System,” to b e  presented at the  152nd American Chemical Society 
Meetin& New York, Sept. 11-16, 1966. 

Weaver, Boyd, and F. A. Kappelmann, “Preferent ia l  Extraction of Lanthanides  over Trivalent  Act inides  
by Monoacidic Organophosphates  from Carboxylic and Aminopolyacetic Acids,” to b e  presented  at 
t h e  152nd American Chemical Society Meeting, New York, Sept. 11-16, 1966. 

T ~ A N 5 ~ ~ A ~ I U M  ELEMENT PRQCEWNG 

Raybarz, R. D., “Dissociat ion C o n s t a n t s  of t h e  Transplutonium Element C h e l a t e s  of 1,2 Diaminocyclc- 

Buxton, S. R.,  C. J. Hardy, and M. H. Lloyd, “ T h e  Preparat ion and Nature  of Rare-Earth Hydroxide Sols, 
and Implicat ions on Transplutoniuni Element  Oxides,”  for presenta t ion  a t  the 12th  Annual Meeting of 
t h e  American Nuclear  Society, Denver, &lo., June 19-23, 1966. 

Ferguson,  D. E., “Product ion of Transplutonium Elements ,”  Encyclopedia  of Science and Technology, 
McGraw-Mill Book Company (1966 Yearbook). 

Katz ,  S., and G. I. Cathers ,  “A Cas Sorption-Desorption Separation of Plutonium and Uranium Hexa- 
fluoride,” to be  presented  a t  t h e  American Chemical  Society, New York, Sept. 11-16, 1966. 

Vaughhen, V. C. A., and R. D. Baybarz, “Recovery and Purif icat ion of Gram Quant i t ies  of 243Am, Cm, 
and 242Cm,yy presented at the  150th Nat ional  Meeting of t h e  American Chemical  Society, Atlant ic  
City, N.J., Sept. 12-17, 1965, 

hexanete t raace t ic  Acid,” J. Znorg. Nucl ,  Chem. 28, 1055 (1966). 

2 4  4 

WASTE TREATMENT AND DISPOSAL 

Rlanco, R. E., VI. Davis, Jr., H. W. Godbee, L, J. King, J. T. Roberts, W. C. Yee, et al., “Recent  De- 
velopments i n  Trea t ing  Low and Intermediate L e v e l  Radioact ive Waste i n  t h e  United S ta tes ,”  pre- 
sen ted  a t  t h e  Symposium on  P r a c t i c e s  i n  t h e  Treatment  of Low and Intermediate L e v e l  Radioact ive 
Wastes, Vienna, Austria, Dec. 6-10, 1965. 

Blanco, R. E., “Waste-Byproduct Product ion,”  presented  at the  Nuclear  Power  Briefing for Utility Exec- 
ut ives ,  Southern In te rs ta te  Nuclear  Board, Oak Ridge, ’l’enn., Jan. 20-21, 1966. 

Blanco,  R. E., J. 0. Blomeke, and J. T. Roberts, “Future  Magnitude and Proposed  Solutions of t h e  Waste 
Disposa l  Problem, ” presented  at t h e  Symposium on the Solidification and Long-Term Storage of 
Highly Radioact ive Wastes, Richland, Wash., Feb.  14-18, 1966. 

Blomeke, J. O., E. J. Frederick, R. Salmon, and E. D. Arnold, The  Costs of Permanent  Disposal of 
Power-Reactor Fuel -Process ing  Wastes  in Tanks, ORNI.-2873 (September 1965). 

Blomeke, J. O., Lee Gemmell, and W. H. Kline, “Economics of Radioac t ive  Waste Management a t  Oak 
Ridge National Laboratory, Argonne Nat ional  Laboratory, and Rrookhaven Nat ional  Laboratory, ’’ 
presented to t h e  P a n e l  on Economics of Radioact ive Waste Management, IAEA, Vienna, Dec. 13-18, 
1965. 
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Blomeke, J. O., R. Salmon, J. T. Roberts, R. L. Eradshaw, and J. J. Perona, “Estimated Costs of High- 
Level Waste Management,” presented a t  the Symposium on Solidification and Long-Term Storage of 
Highly Radioactive Wastes, Richland, Wash., Feb. 15.--18, 1966. 

Clark, W. E., H. W. Godbee, and C. L, Fitzgerald, Laboratory Development of Processes  for Fixation of 
High-Level Radioactive Waste in Glassy Solids. 3. Wastes from the Purex Solvent Extraction Process,  
OKNL,-.3640 (June 1965). 

Clark, W. E., R. E. Blanco, J. C. Suddath, C. Mi. Hancher, H. W. Godbee, J. M. Holmes, and C. L. Fitz- 
gerald, “Pot Calcination and Rising Level Po t  Glass Processes  for Converting Highly Radioactive 
Wastes to  Solids,” presented at the 150th National Meeting of the American Chemical Society, At- 
lantic City, N.J., Sept. 12-17, 1965. 

Clark, W. E., H. W. Godbee, and C. L. Fitzgerald, “Laboratory Development of Po t  Processes for Solidi- 
fication of Radioactive Wastes,” presented a t  the Symposium on Solidification and Long-Term Storage 
of Highly Radioactive Wastes, Richland, Wash., Feb. 14-18, 1966. 

Davis, W., Jr., P. A. Haas, J. M. Holmes, A. W. Kibbey, 1,. J. King, and E. Schonfeld, “Foam Separation 

Davis, W., Jr., A. H. Kibbey, and E. Schonfeld, Laboratory Demonstration of the Two-step P rocess  for 
Decontaminating Low-Xadioactivity-Level Process  Waste Water by Scavenging-Precipitation and  
Foam Separation, ORNL-3811 (October 1965). 

Fitzgerald, C. L., H. W. Godbee, M. H. Davis, and W. E. Clark, A Computer Code for Storing and Re- 
trieving Data and  Developing Improved Solids for Fixation of Highly Radioactive Wastes, ORNL- 
3824 (March 1966). 

Godbee, 11. W., “Disposal of Intermediate-Level Radioactive Waste, ” presented a t  the USSR delegation 

Godbee, H. W., W. E. Clark, and C. L. Fitzgerald, “Physical Properties of Solids Incorporating Simulated 
Radioactive Wastes,” presented a t  International Symposium on Solidification and Long-Term Storage 
of Highly Radioactive Wastes, Richland, Wash., Feb. 14-18, 1966. 

Studies and Pilot  Plant Tests,” presented a t  the USSR delegation visit, ORNL, June 8-9, 1965. 

visit,  OEWL, June 8-9, 1965. 

Goode, J. H., Fixation of Intermediate Level  Radioactive Waste in Asphalt: Hot-Cell Tests, ORNL-TM- 
1343 (Nov. 18, 1965). 

King, L. J., W. C. Yee, J. M. Holmes, J. T. Koberts, and R. E. Rrooksbank, “Ion Exchange Studies and 
Pilot Plant Tes ts ,”  presented a t  Russian waste disposal delegation visit,  ORNL, June 8-9, 1965. 

King, L. J,, and M. Ichikawa, P i lo t  P l an t  Demonstration of the Decontamination of Low Level P rocess  
Wastes by a Recycle Scavenging-Precipitation Ion-Exchange Process,  ORNL-3863 (December 1965). 

Schaffer, U‘. F., Jr., W. J. Roegly, Jr., F. L. Parker, R. L. Bradshaw, F. M. Empson, and W. C. McClain, 
“Project Salt Vault: Design and Demonstration of Equipment,” presented at International Symposium 
on the Solidification and Long-Term Storage of Highly Radioactive Wastes, Richland, Wash., Feb. 
14-18, 1966. 

Suddath, J. C., and J. 0. Hlomeke, An Economic Analysis of High-Level Waste Management for Fluidized- 
Bed Volatility Processing of Power Reactor Fuels, ORNL-TM-1441 (Apr. 1, 1966). 

Suddath, J. C., C. W. Hancher, and J. M. Holmes, “Engineering Development of the Pot Processes  for 
Solidification of Radioactive Waste,” presented at International Symposium on Solidification and 
Long-‘Term Storage of Highly Radioactive Wastes, Richland, Wash., Feb. 14-18, 1966. 

Yee, W. C., The Selective Removal of Mixed Phosphates from Water Streams by Activated Alumina, 
ORNL-‘I‘M-1135 (Nov. 22, 1965). 
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Yee,  W. C., “ T h e  Se lec t ive  Removal of Mixed P h o s p h a t e s  from Water Streams by Activated Alumina,” 
presented  a t  American Water Works Associat ion Meeting, Portland, Ore., June  27-July 2, 1965, a l s o  
publ ished i n  J. Am. Water Works ASSQC. 58, 239-47 (February 1966). 

Yee, W. C., and W. Davis ,  Jr., “ E f f e c t s  of Gamma Radiat ion on Cat ion Exchange Resin i n  a Flowing 
Water System,” N n c f .  Sci, Eng. 24, 1-5 (January 1966). 

URANIUM FUEL CYCLE SOL-GEL PROCESSES 

Haire, R. G., and M. II. Lloyd, “Development of a Sol-Gel P r o c e s s  for t h e  Preparat ion of Dense Oxide 
Forms of P u 0 2 , ”  to  b e  presented  a t  t h e  12th Annual Meeting of the  American Nuclear Society, Den- 
ver, Colo., June  19-23, 1966. 

SEMINARS 

1965 

June  1 
June 8 
June 15 

June 22 

June 29 

Aug. 2-13 

Dec. 23 

1966 
Feb. 1 

Feb. 8 

Feb .  15 

FeR. 22 

Feh. 2 5  

Mar. 1 
Mar. 8 

Mar. 15 

Separation of Transfer-RNA 

Studies  on F i s s i o n  Product  Recovery - A Status  Report 

UO Sol-Gel P r o c e s s  Development (c lassi f ied)  

Chemistry of Cesium Extract ion by Phenols  

S ta tus  Report on TALSPEAK P r o c e s s  Developments 

Lecture  Ser ies  - Technica l  Advancement Program 
Theriiiodynaniics Lec tures  

T h e  Rcsolut ion of Complex Overlapping Spectra  

Hot F lowsheet  Demonstration (Talspeak,  Cerex,  
Dapex) - Curium Recovery Fac i l i ty  

Equipment 
Pro jec t  Sal t  Vaul t  - Design and Demnnstratiori of 

Est imated Costs of High-Level-Waste Management 

T h e  Potent ia l  Uses of Activated Carbons for the  
Adsorption of Metallic Ions 

Pro jec t  Plowshare:  ,4pplication to Copper Ores  

Densif icat ion of Thoria 

Extraction of Alka l ies  and Alkaline Ear ths  by H D E H P  

Activity Measurements in  the  Water, Sulfuric Acid, 
Trioctylamine, Diluent System 

Plowshare ,  P o s s i b l e  Applicat ions:  Stimulation of G a s  
Production from Wells and Recovery of Oil for Shales  

A. D. Kelmers 

U. E. Homer 

J. P. McBride 
W.  1). Bond 

B. Z. Egan 

Boyd Weaver 

J. J .  Martin 
(University of Michigan) 

J .  ‘r. Bell 

F. A. Kappelmann 
J. E, Bigelow 

W. F. Schaffer, J r .  

J. 0. Wlomeke 

E. A. Sigworth 
(West Virginia P u l p  and P a p e r  
@os, Chemicals  Division) 

W. D. Arnold 
F. J .  Hurst  

M. E. Wadsworth 

W. J. PdcDowell 

J. W. Roddy 

C. A. Blake 
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Mar. 22 
Mar. 29 
Apr. 1 2  

Apr. 1 9  

May 24 

May 31 

Waste Disposa l  by Hydrofracture 

Thermal Conductivity of Sheared F u e l  Elements  

Rare-Earth Sol-Gel Development, and Application of 

Plutonia  Sol-Gel Developnient 

Comments OII Design and Construction of TUIiF 

Laboratory T e s t i n g  of the  Fluid-Red Volatility 

H. 0. Weeren 

11. W. Godbee 

C. J. Hardy 

12. G. Haire 

A. R. Irvine 
J. W. Anderson 

J. C. Mailen 

Spectroscopy to the Study of Sol-Gel P r o c c s s e s  

P r o c c s s  
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ORNL-3945 
UC-IO - Chemical Separations Processes 

for Plutonium and Uranium 

1. 
2-4. 

5. 
6. 

7-8. 

9-28, 
29, 

30-31. 
32. 
3 3. 
34. 
35, 
36. 
37. 
38. 
39. 
40. 
41. 
42, 
43. 
44. 
45, 
46, 
47, 
48. 
49. 
50. 
51 e 

52. 
53. 
54. 
55. 

56- 185. 
186. 
187. 
188. 
189. 

INTERNAL DlSTRlBUTlON 

Biology Library 
Central Research Library 
Laboratory Shift Supervisor 
Reactor Division Library 
ORNL - Y-12 Technical Library 
Document Reference Section 
Laboratory Records Department 
Laboratory Records, ORNL R.C. 
E, L. Anderson 
S. E. Beall 
Arnold Berman 
D. S. Bil l ington 
C. A. Blake 
R. E. Blanco 
J. 0. Blomeke 
C. J. Borkowski 
R. E. Brooksbank 
G. E. Boyd 
J. C. Bresee 
R. Bo Briggs 
K. B. Brown 
F. R. Bruce 
W. D. Burch 
W. H. Carr 
G. ID Cathers 
J. M. Chandler 
W. E. Clark 
C. F. Coleman 
J. A. Cox 
D. J. Crouse 
F. L. Culler 
W. Davis, Jr. 
D. A. Douglas 
D. E. Ferguson 
L. M, Ferris 
J. R. Flanary 
J. L. Fowler 
J. H. Frye, Jr. 

190. J. H. Gillette 
191. H, E. Goeller 
192. A, T. Gresky 
193. W. R. Grimes 
194. P. A. Haas 
195. Richard Hamburger 

196. J. P. Hammond 
197. C. 5. HarriII 
198. A. Hollaender 
199. R. W. I-lorton 
200. A. R. lrvine 
201. W. H. Jordan 
202. M. T. Kelley 
203. J. A. Lane 
204. C. E. Larson 
205. R. E. Leuze 
206. M. H. Lloyd 
207. R. S. L iv ingston 
208. H. G. MacPherson 
209. F. C. Maienschein 
210, R. A. McNees 
211. R. P. Milford 
212. D. R. Miller 
213. E. C. Mi l ler  
214, K. Z. Morgan 
215. L. Nelson 
216. E. L. Nicholson 

217-218, R. B. Parker 
219. R. E. Pahler 
220. R. H, Rainey 
221. J. 1. Roberts 
222. A. D. Ryon 
223. A. F. Kvpp 
224. H. E. Seagren 
225. M. J. Skinner 
226, A. H. Snell 
227. J. C. Suddath 
228. E. H. Taylor 
229. V. C. A, Vaughen 
230. W. E. Unger 
231. B. J. Young 
232. C. D. Watson 
233. B. S. Weaver 
234. A. M. Weinberg 
235. M. E. Whatley 
236. G. C. Williams 
237. R. G. Wymer 
238. J. J. Katz (consultant) 
239. C. W. J. Wende (consultant) 
240. P. H. Emmett (consultant) 
241. C. E .  Winters (consultant) 
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242. J. A. Swartout, 270 Park Avenue, New York 17, N e w  York 
243. Sylvania Electr ic Products, Inc. 
244. Research and Development Division, PIEC, ORQ 
245. Dr. Barendregt, Eurochemic, Mol, Belgium 
246. Giacomo Calleri ,  CNEN, c/o Vitro v ia  Bacdisserns, Milano, I ta ly  
247. D. J. Carswell, Radiochemical Laboratory, The New South Wales Universi ty o f  Technology, 

P.Q. Box 1, Kensington, Sydney, N.S.W., Austral ia 
248. E. Cerrai, Laboratori CISE, Casel la Postale N. 3386, Milano, Italy 
249. David Dryssen, The Royal Inst i tute o f  Technology, Department o f  Inorganic Chemistry, 

Kemi stragen 37, Stockholm 70, Sweden 
250, Syed Fareeduddin, Indian Rare Earths Ltd., Army and Navy Building, 148 Mahatma Gandhi 

Road, Bombay 1, India 
251, J. M. Fletcher, Uni ted Kingdom Atomic Energy Authority, Atomic Energy Research Establishment, 

Harwell, Uerks, England 
252, W. A, Graf, Manager, P lan t  Design, Atomic Products Division, General Electr ic Company, 

Box 459, Pnlo Alto, Cali f .  
253. H. Irving, Department o f  lnorgar i ic  Chemistry, Universi ty of Leeds, I.-eeds, England 
254, P, Ishihara, Chemical Engineering Laboratory, Japan Atomic Energy Research Institute, 

Tokyo, Japan 
255. A. S, Kertes, Hebrew University, Jerusalem 
256. Jorgen Klitgaard, Eurochemic, Mol. Belgium 
257, Y. Marcus, Israel Atomic Energy Commission, Tel  Aviv, Israe l  
258. E .  Glueckauf, Atomic Energy Research Establishment, Harwell, Berks, England 
259, P. Rengnaut, C.E,N. Fontenay-aux-Roses, Eloite Postale No, 6, Fontenay-aux-Roses, Sein, France 
260. R. Rometsch, Eurochemic, Mol. Belgium 
261. A. J. A. ROUX, Director o f  Atomic Energy Research, South Afr ican Counci l  for Scienti f ic and 

Industr ial Research, Box 395, Pretoria, South Afr ica 
262. Jan Rydberg, Department o f  Nuclear Chemistry, Chalmers Tekni ska Hogskala, Gibraltargatan 

5 H. Goteborg, Sweden 
263. M. Show, AEC, Washington 
264, Er ik Svenke, Director, Department o f  Chemistry, Atomic Energy Company, Stockholm 9, Sweden 
265. D. G, Tuck, Associate Professor, Department o f  Chemistry, Simon Froser university, 

Burnaby 2, Br i t i sh  Columbia, Canada 
266. 8. F. Warner, Uni ted Kingdom Atomic Energy Authority, Production Group, Windscale rind 

Calder Works, Scl laf ield, Seascale, Cumberland, England 
267, R. A. Wells, Dept. o f  Sc ient i f ic  and Industr ial Research, National Chemical Laboratory, 

Teddington, Middlesex, England 
268, M. Zifferero, Comitato Nazionale per I'Energia, Nucleare, Laboratorio Trattamenta Elementi 
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