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PRELIMINARY DEVELOPMENT OF INTERNAL GELATION FLOWSHEETS 
FOR PREPARING (Th,U)02 SPHERES 

P. A. Haas 
R. D. Spence 
D. P. Stinton 

ABSTKACT 

Internal gelation procedures were developed to prepare good, high-den- 
sity (Th,U)O2 spheres, 800- to 1200-~m in diameter, as required for Sphere- 
Pac fabrication of nuclear fuels. Decomposition of hexamethylenetetramine 
(HMTA) dissolved in metal nitrate solution drops releases ammonia to soli- 
dify or gel the drops as hydrated metal oxides. The thoriuar-uranium 
nitrate feed solutions were made acid deficient by partial neutralization 
with NH4OH or by solvent extraction of nitrate. For some feeds, gelation 
of drops was in trichloroethylene at 60 to 75OC. 
centrations of urea as a complexing agent for metals required higher tem- 
peratures and were gelled in perchloroethylencneral oil mixtures at 80 
to 9S°C. 
important to prevent cracking of the 800- to 1200-~1m sintered spheres. The 
spheres were dried in steam atmospheres, calcined and then sintered in 
A d %  H2 at 145OOC to give (Th,U)O2 spheres with nearly theoretical den- 
sity (>99%). The initial batches prepared with other washing and drying 
procedures showed severe cracking. These preliminary results demonstrated 
two practical chemical flowsheets, but additional development, including 
equipment flowsheets studies, would be necessary to justify final selection 
of a process. 

Feeds with high con- 

Slow changes of concentration during washing with ammonia were 

1. INTRODUCTION 

Sphere-Pac fabrication of nuclear fuels, as developed at Oak Ridge 

National Laboratory, has important advantages for remote operation, and 

these advantages are important for a thorium-uranium (Th-U) fuel cycle. 

The development of Sphere-Pac fabrication procedures' 

processes for UO2293 have been reported. The development of gel-sphere 

processes to prepare (Th,U)02 spheres with metal ratios of Th/U = 3 was 
part of the continuing fuel refabrication program for application to LWRs. 

The most useful results for large (Th,U)02 spheres were from internal gela- 

tion processes, and this report describes these results. 

and of gel-sphere 
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The Sphere-Pac development program included an assessment of both 

domestic and foreign technology. Three sizes of spheres having diameter 

ratios of about 40:lO:l were found to be necessary. Each of the three 

general types of gel-sphere processes had important advantages and disad- 

vantages for their preparation. 

scouting tests5s6 indicated that the large-size spheres of Th/U = 3 were 
very difficult to prepare by application of published technology for two 

(water extraction from sols; external chemical gelation) of the three types 

of gel-sphere processes. Few (Th,U)O2 results have been reported for the 

third type (internal chemical gelation) as applied for preparation of 

Sphere-Pac UQ2 spheres. 

Results of the assessment4 and various 

The objective of this report is to describe the preliminary development 

of procedures for preparing good, high-density (Th,U)02 spheres, 800 to 

1200 pm in diameter. The intermediate size of 200 to 300 um in diameter are 

easy to prepare; thus, the process selection is determined by the need for 

large-and small-diameter products. The "fertile fines'' concept using pure 

Tho2 only as the small spheres might be used for Sphere-Pac Th-U fuels. 

If the fines must also be (Th,U)02, the Th-U feeds described in this report 

can probably be used with the same internal gelation procedures developed 

for U O ~  fines.293 

1.1 Product Specification 

The primary product for these preliminary development studies is the 

large coarse (Th,U)O2 spheres for a Sphere-Pac fabrication of nuclear fuel. 

Flowsheet conditions adequate for the large coarse size are very likely to 

allow easy preparation of the intermediate size, A Th/U ratio of 3 .0  was 
used €or all tests; variations over the range anticipated for most U-Th 

fuel cycles would probably require changes only in the broth concentra- 

tions. 

The target specifications for the development studies were approxi- 

mately as follows: 

Th/U atom ratio: 

Dens it y : 

3.0 

- >99% of theoretical 
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Size: 

Shape and strength: 

Carbon content and 
metallic impurities: 

O/U ratio: 

Other characteristics: 

Microstructure: 

1.2 

I >800 pm minimum 
1000 to 1200 pm preferred 

Very high fraction of good sphericity 
through fabrication. The degree and 
amount of nonsphericity allowable 
is not known 

To meet nuclear fuel specifications 
for pellets . 

I (2.01 

A solid solution of UO2-Th02 would be 
preferred 

A homogeneous, fine-grained structure is 
desirable. The above specifications 
and the gel-sphere process characteristics 
probably assure a good microstructure 
without requiring a separate specification 

Scope of These Studies 

These studies determined two somewhat different internal gelation pro- 

cesses with prornising results for preparation of the dense, 800- to 1200-~rn 

(Th,U)OZ spheres. Process development is incomplete for both processes, 

Development for the (Th,U)02 fuel cycle ended in 1979, and gel-sphere 

development for fuel refabrication in 1980 has been for (U,Pu)O2 

compositions for FBR application. The information now available does not 
justify a final selection of either process variation. A process with 

ammonia neutralization and low urea concentrations in the feed has some 
simpler process steps and gave a slightly better demonstration result. 

Therefore it is described first. The alternative process, with extraction 

of HNO3 and high urea concentrations, is described with respect to the dif- 

ferences between the processes. The two processes are compared with a 

listing of remaining development requirements and recommendations. 

Since the (Th,U)02 chemical and equipment flowsheets have many simi- 

larities to those developed for UO2,2,3 

with references to the reports for U02. In the body of the report, unsuc- 

cessful results are described only to the extent necessary to define the 

known limits of successful results. More complete descriptions of some 
development results are in the Appendixes. 

some details are described briefly 
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1.3 C h a r a c t e r i s t i c s  of I n t e r n a l  Ge la t ion  Processes  

I n  t h e s e  i n t e r n a l  g e l a t i o n  processes ,  decomposition of hexamethylene- 

t e t r amine  (HMTA) d i s so lved  i n  metal n i t r a t e  s o l u t i o n s  releases ammonia t o  

p r e c i p i t a t e  hydrated metal. oxides.  The i n t e r n a l  g e l a t i o n  process  was f i r s t  

app l i ed  t o  t h e  product ion  of nuc lea r  f u e l s  and demonstrated f o r  Sphere-Pac 

f a b r i c a t i o n  a t  KEMA;' 

" t he  KDIA process ."  I n v e s t i g a t i o n s  of the  KEMA and o t h e r  i n t e r n a l  g e l a t i o n  

.L 

t h e i r  f lowsheet  cond i t ions7  s 8  are commonly termed 

f lowsheet  cond i t ions  have been r epor t ed  by o t h e r  l a b o r a t o r i e s .  9-11 Im- 

provements and modi f ica t ions  t o  prev ious ly  publ ished f lowsheet  cond i t ion7  p 8  

f o r  t h e  i n t e r n a l  chemical g e l a t i o n  process  were developed and r epor t ed  at 

ORNL2 t o  p r e p a r e  dense U02 sphe res  wi th  average diameters  of 1200, 300, and 

30 pm. 

The schematic  f lowsheet  f o r  the. i n t e r n a l  g e l a t i o n  process  is shown i n  

P ig .  1. The c o n t r o l l i n g  c h a r a c t e r i s t i c s  of i n t e r n a l  g e l a t i o n  r e s u l t  from 

t h e  absence of mass t r a n s f e r  dur ing  t h e  g e l a t i o n  s t e p .  The ammonia f o r  

chemical g e l a t i o n  i s  generated homogeneously without  stresses or s h e l l  

s t r u c t u r e s  from concen t r a t ion  g rad ien t s .  The o v e r a l l  r e a c t i o n  €o r  decom- 

p o s i t i o n  of J3MTA i n  an a c i d i c  medium is:  

Since  t h e  hea t  t r a n s f e r  from t h e  hot  organic  l i q u i d  is r e l a t i v e l y  r ap id ,  

t h e  g e l a t i o n  t i m e s  have only a small dependence on the  d r o p l e t  diameter.  

These advantages become i n c r e a s i n g l y  important  as t h e  sphere diameter  i s  

increased .  A s  a r e s u l t ,  i n t e r n a l  g e l a t i o n  appears  t o  be t h e  only p r a c t i c a l  
gel-sphere process  f o r  prepar ing  1200-pm U02 sphe res  and has important  

advantages f o r  l a r g e  (Th,U)02 spheres .  Spheres of 300 v m  i n  diameter  are 

easy t o  prepare ,  and s e l e c t i o n  of processes  f o r  Sphere-Pac p repa ra t ion  is 

determined by t h e  need f o r  >BOO- and. 30-vm products.  
The i n t e r n a l  g e l a t i o n  s t u d i e s  f o r  (Th,U)02 were made us ing  t h e  equip- 

ment and procedures  a v a i l a b l e  from p r e p a r a t i o n  of U03 g e l  spheres .*  

schematic  equipment f lowsheet  is shown as Ffg. 2. Batch mixing of t h e  

f e e d s  w a s  used f o r  s m a l l  tests, and cont inuous mixing w a s  used f o r  dernon- 

s t r a t i o n  runs. For batch n ix ing ,  t h e  two s o l u t i o n s  were s t o r e d  a t  t h e  

The 

t Keuring van E lec t ro t echn i sche  Mate r i a l en  at  Arnhem i n  t h e  Netherlands.  
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Fig. 1. Microsphere preparation by internal gelation. 
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Fig. 2. Internal  ge l a t ion  procedures f o r  (Th,U)02 spheres. 
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d e s i r e d  mixing tempera ture  (a r e f r i g e r a t o r  f o r  mixing a t  < 2 O C )  overn igh t  
and then  mixed i n  a v e s s e l  designed f o r  a i r - p r e s s u r i z a t i o n .  The b ro th  feed  

rate t o  t h e  drop format ion  w a s  c o n t r o l l e d  by r e g u l a t i o n  of t h e  a i r  p r e s s u r e  

t o  t h i s  ves se l .  The cont inuous mixing system uses  c a p i l l a r y  flow elements  

t o  meter each s o l u t i o n  through p r e c o o l e r s  ( i f  needed) t o  a c losed  jacke ted  

mixer.3 The b r o t h  flow rate is t h e  

sum of t h e  two metered s o l u t i o n  flow rates. S m a l l  ba t ch  g e l a t i o n s  (up to  
0.8 L of f e e d )  were made i n  4-L Pyrex beakers  o r  g radua te s  f i l l e d  wi th  t h e  

o rgan ic  l i q u i d  medium wi th  h e a t  i npu t  through the v e s s e l  walls. Larger  

ba tches  were prepared wi th  cont inuous  feed  and wi th  g e l a t i o n  i n  a 15-cm- 

diam by 120-cm-high column us ing  cocur ren t  f low of hot  o rgan ic  l i q u i d  down 
through t h e  column t o  a product  c o l l e c t o r .  Drop format ion  was by use of 

s ing le- f  l u i d  nozz les  wi th  v i b r a t i o n  t o  g ive  a c o n t r o l l e d  and uniform break- 

Mixing is by a magnetic stirrer bar. 

up o f  t h e  jet i n t o  drops.  3 

For a practical i n t e r n a l  g e l a t i o n  p rocess ,  t h e  b r o t h  should have (1)  a 

long g e l a t i o n  t i m e  a t  a low tempera ture ,  so premature g e l a t i o n  does not 
occur  i n  t h e  f eed  system; and (2)  a s h o r t  g e l a t i o n  t i m e  at a h ighe r  t e m -  
p e r a t u r e  so t h a t  long f l u i d i z a t i o n  t i m e s  in t h e  ho t  o rgan ic  l i q u i d  are not 

requi red .  

Both Th and U e a s i l y  form complexes, and NH4+, NOg-, urea ,  HMTA, and 
HMTA decomposition products  may react wi th  t h e s e  metals and each o ther .  

Theref ore, t h e  number of chemical r e a c t i o n s  p o s s i b l e  du r ing  i n t e r n a l  ge la -  

t i o n  is very l a r g e .  Never the less ,  t h e  observed e f f e c t s  for  our i n t e r n a l  

g e l a t i o n  cond i t ions  can be exp la ined  by f o u r  primary r e a c t i o n s ,  where 

Mf" i s  t h e  metal species: 

H20 OH- + e; 
(CH2)bNq + 6H2O 4- 4H+ Z4NH.4' + 6HCHO; 

3 
@ + n OH- Z M(OH), M ( o H ) ~ ( ~ ) ;  

-+ e + x urea  + M(urea),*. 

Complexing of t h e  metal anion by urea  makes it  unava i l ab le  f o r  o t h e r  reac- 
t i o n s  and p reven t s  premature p r e c i p i t a t i o n .  

and reacts wi th  HNO3 t o  form a n i t r a t e  salt.  

Th-U urea s o l u t i o n s ,  the i n d i c a t e d  pH v a l u e s  exceed 4.0 i n  (6 s even at OOC, 

The HMTA is a very weak base 

A f t e r  mixing of t h e  HMTA and 

where t h e  b r o t h s  remain f l u i d .  The rates of r e a c t i o n s  and t h e  equ i l ib r ium 
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c o n s t a n t s  are both tempera ture  dependent. For both U and Th, t h e  s o l u b i l -  
l i t y  f o r  a c i d - d e f i c i e n t  c o n d i t i o n s  dec reases  as t h e  tempera ture  i n c r e a s e s  

above 40'C. The r e a c t i o n  f o r  decomposition of HMTA is r e v e r s i b l e ,  and 

accumulation of NH4' and HCHO decomposition products  r e s u l t s  i n  a h ighe r  

Hf c o n c e n t r a t i o n  ( i .e . ,  a lower pH) a t  equ i l ib r ium.  

t h e s e  e f f e c t s  is complex and d i f f i c u l t  t o  p r e d i c t .  

The i n t e r a c t i o n  of 

Some a c i d  d e f i c i e n c y  of an i n t e r n a l  g e l a t i o n  f eed  b r o t h  seems h i g h l y  

d e s i r a b l e  f o r  p r a c t i c a l  ope ra t ion .  For Th/U = 3, t h e  s t o i c h i o m e t r i c  

n i t r a t e l m e t a l  r a t i o  is 3.5 mal/mol. A s  a f i r s t  approximation, t h e  HMTA 

r e q u i r e d  f o r  gelat-lon is s p e c i f i e d  by a n  HMTA/N03* mole r a t i o ,  where t h e  

NO3* is de f ined  as t h e  t o t a l  NO3- c o n c e n t r a t i o n  minus the  NH4+ concen- 

t r a t i o n .  

g i v e s  premature th i cken ing  a t  O"C, and (2)  a lower l i m t t  t h a t  does not  

g i v e  a f i r m  g e l  i n  t h e  ho t  o rgan ic  forming media. 

e i t h e r  by removing t h e  NO3- from t h e  s o l u t i o n  o r  by adding NH3 o r  NH40H t o  

form NH4N03, less HMTA is needed €or g e l a t i o n .  With less d i l u t i o n  by HMTA 

s o l u t i o n ,  the  b r o t h  metal c o n c e n t r a t i o n  can be higher .  The g e l s  u s u a l l y  

show b e t t e r  p r o p e r t i e s  w i th  less sh r inkage  and c rack ing  du r ing  washing and 

d ry ing  as t h e  metal c o n c e n t r a t i o n  is increased.  S t u d i e s  wi th  s t o i c h i o -  

metric n i t r a t e  s o l u t i o n s  were t h e r e f o r e  very  l i m i t e d ,  

The HMTA/N03* has  an a l lowab le  range wi th  ( 1 )  a n  upper  l i m i t  t h a t  

If t h e  NO3* i s  reduced 

2. PROCESS DEVELOPMENT FOR FEED PREPARED BY PARTIAL 
NEUTRALIZATION WITH AMMONIUM HYDROXIDE 

The chemical f lowshee t  s t u d i e s  t h a t  r e s u l t e d  i n  t h i s  ammonia n e u t r a l i -  

z a t i o n  p rocess  were s t a r t e d  wi th  t h e  i n t e n t i o n  of us ing  c o n d i t i o n s  f o r  

(Th,U)O2 t h a t  were s imilar  t o  those w e  had developed f o r  U02.2 

f lowshee t  has  a feed t h a t  is 25% a c i d  d e f i c i e n t ;  t h a t  is, NO3*/U i s  -1.5, 

o r  -75% of the  s t o i c h i o m e t r i c  r a t i o  of 2.0. This  s o l u t i o n  is e q u i v a l e n t  t o  

an average composition of UO2(0H>o.5(NO3)1,5. 

s t a b l e  as an a c i d  d e f i c i e n t  s o l u t i o n ,  and a 25% a c i d  d e f i c i e n t  s o l u t i o n  

would correspond t o  an average  composition of Th(OH)(NO3)3. 

d e f i c i e n c y  i n c r e a s e s  above 25%, U w i l l  p r e c i p i t a t e  as hydra ted  UO3 whi l e  Th 

can form clear, s t a b l e  t h o r i a  s o l s  € o r  up t o  90% a c i d  de f i c i ency .  For Th-U 

mixtures ,  s o l  format ion  becomes more d i f f i c u l t  as t h e  U con ten t  i n c r e a s e s ,  

but c l ea r - r ed  s o l s  are e a s i l y  prepared  f o r  T h / U  = 3 ( s e e  r e f .  12). A 25% 

The U02 

Thorium n i t r a t e  can a l s o  be 

A s  t h e  a c i d  



9 

acid deficiency would correspond to a N03*/(Th + U) ratio of (O.75)(3.5) or 

2.63. The program requirements and scouting experimental studies reduced 

the feed compositions variables to: 

1. T h / U  = 3.0 atom/atom, 

2. 

3. 

4. 

Urea/U = 2.0 mol/mol or urea/(Th + U) = 0.5, 

N03*/(Th + V) of 3.1 mol/mol, 

Adjustment of N03*/(Th 4- U) ratio by addition of NH40H or NH3 to 
Th(N03)4-U02(N03)2-HN03 solutions. 

The reasons for these selections will be stated briefly. The T h / U  ratio of 

3 is typical of that required for the final fuel composition. 

The presence of urea is necessary to prevent the precipitation and 

separation of U-rich solids when the Th-U solutions are mixed with HMTA. 

The urea/U ratio of 2 [urea/Th + U) = 0.51 eliminated or delayed the pre- 

cipitation so it was not troublesome, while a ratio of 1 was sometimes 

inadequate. Since the ratio of 2 did not seem to have any detectable 

disadvantages, it was used thereafter without further testing of other 

values. Additional tests of urea as a process variable were the basis of  

the alternate flowsheet reported in Sect. 3. 

For a practical internal gelation process, the broth should have a long 

gelation time at a l o w  temperature, so premature gelation does not occur i n  

the feed system, and a short gelation time at a higher temperature, so that 

long fluidization times are not required. If all other compositions are 

fixed, the practical HMTA concentrations will be limited to a range. The 

higher concentration limit is that which gives premature thickening or 

gelation at the feed system temperature (OOC with refrigeration). The 

lower concentration limit is that at which gelation is incomplete or inade- 

quate in the hot organic liquid. The scouting experimental studies showed 

that this range became smaller or narrowed as the Th-U feeds were made more 

acid deficient. For urea/U = 2 mol/mol, there was no useable HMTA con- 

centration for N03*/(Th + U) = 2.5 mol/mol and 2.8 was very sensitive or  

difficult to use. 

deficiencies were discussed in section 1.3. 

-3.1 was selected as a compromise and fixed for the study of washing, 

drying, and sintering behavior. 

The advantages of low N03*/(Th + U) ratios or  high acid 
The N03*/(Th f U) ratio of 
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During scou t ing  exper imenta l  tests, some acid-def i c i e n t  f eeds  w i t h  no 
For t h e  same NH4+ were prepared by d i s s o l v i n g  U03 i n  Th(NO314 s o l u t i o n s .  

N03*/(Th + U) r a t i o s ,  t he  gel-sphere p r o p e r t i e s  w e r e  s l i g h t l y  b e t t e r  f o r  

NHq+/(Th + U) r a t i o s  of 0.5 t o  1.0 than f o r  NH4+ = 0. 

t r a t i o n s  d id  not  g ive  any f u r t h e r  improvement. This  r e s u l t  is f o r t u n a t e  

f o r  convenience of feed  makeup. The Th and U n i t r a t e  s o l u t i o n s  from pur i -  

f i c a t i o n  processes  can be e a s i l y  concent ra ted  by evapora t ion  t o  c o n t a i n  

s m a l l  excesses of HNO3. 

of NH4OH o r  NH3 i s  very s imple and g ives  t h e  p r e f e r r e d  amount of N H 4 N 0 3  € o r  

N03*/(Th + U) = 3.1. 

necessary  t o  good g e l  p r o p e r t i e s ,  t he  easy  adjustment  of a c i d  d e f i c i e n c y  by 

ammonia a d d i t i o n  is a very important  process  advantage.  Therefore ,  b ro th  

p r e p a r a t i o n  without  ammonia a d d i t i o n  was not t e s t e d  f u r t h e r ,  

Higher NH4+ concen- 

The adjustment  of a c i d  de f i c i ency  by t h e  a d d i t i o n  

While t h e  presence of t h i s  amount of NHq" i s  not  

2.1 Peed P repa ra t ion  

Adjustment of a c i d  de f i c i ency  by n e u t r a l i z a t i o n  w a s  done by mixing 

Th(N03)4 and U02(N03)2 s o l u t i o n s  and then adding concen t r a t ed  NH4OH solu-  

t i o n  with good a g i t a t i o n  a t  60 t o  !IOo@. 

r e q u i r e s  s p e c i a l  mixing apparatus .12 A prec ip i ta te  forms at t h e  po in t  o f  

ammonia a d d i t i o n  and then d i sappea r s  as it is mixed w i t h  the bulk l i q u i d .  

For <50% ac id  de f i c i ency ,  t h e  ammonia a d d i t i o n  can be made a t  room tem- 

pe ra tu re .  FOP h igher  a c i d  d e f i c i e n c i e s  and p a r t i c u l a r l y  f o r  Th-U mixtures ,  

hea t ing  is necessary  t o  accomplish t h e  converston of p r e c i p i t a t e s  i n t o  

s t a b l e  c o l l o i d a l  p a r t i c l e s .  

moP/mol ( see  Sect .  2.) is  only 11% a c i d  d e f i c i e n t ,  and room tempera tu re  

mixing is adequate.  Urea (urea/U = 2 mol/mol) is added a f t e r  adjustment  of 

t h e  a c i d  de f i c i ency .  The rnaximum s t a b l e  Th + U concen t r a t ions  f o r  these 

feeds  a t  30°C are -2.6 M. 

remain s t a b l e  f o r  days as a r e s u l t  of supe r - sa tu ra t ion  e f f e c t s  but w i l l  

even tua l ly  form d e p o s i t s  of l a r g e  c r y s t a l s .  The a c i d  de f i c i ency  can be 

checked by pH measurements; t h e  pH va lues  a f t e r  urea additLon wi th  2.4 t o  

2.6 - M Th + U, but before  mixing wi th  HMTA, should be 0.8 t o  1.2 a t  25°C. 

The pH values  he fo re  urea a d d i t i o n  are 0.6 t o  1.0 f o r  t he  p r e f e r r e d  a c i d  

d e f i c i e n c i e s .  

Use of NH3 gas avoPds d i l u t i o n  but  

The p r e f e r r e d  NQ3*/(Th I- U )  r a t i o  of 3 . 1  

Higher concen t r a t ions  cx o t h e r  temperatures  may 
I 

The s o l u b i l i t y  of HMTA is -3.8 I M a t  10°C and decreases  as t h e  tem- 

p e r a t u r e  inc reases .  Since t h e r e  is a h e a t  of s o l u t i o n ,  ea sy  p r e p a r a t i o n  of 
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3.4 o r  3.5 - M HMTA r e q u i r e s  coo l ing  t o  -10°C. 

be used at 10 t o  30°C wi th  no d i f f i c u l t y .  A s o l i d  hydra t e  is s t a b l e  a t  

tempera tures  below 10°C, but  s o l u t i o n s  can u s u a l l y  be super-cooled t o  O°C 

be fo re  hydra t e  s o l i d s  are formed. 

The 3.4 - M HMTA s o l u t i o n  can 

The c o n c e n t r a t i o n s  can  be checked by d e n s i t y  measurements. For concen- 

t r a t i o n s ,  (HMTA) o r  (Th + U), i n  moles pe r  l i ter ,  and s o l u t i o n  d e n s i t i e s ,  

p ,  i n  grams p e r  cm : 3 

(HMTA) = 31.4 [p(HNTA) - p(H2O)], 

(Th + U) 2.83 [p(Th + V) - p(H2O)I. 
The p(H20) is t h e  d e n s i t y  of w a t ,  r a t  the same tempera ture ,  and (Th + U) 

r e f e r s  t o  t h e  p r e f e r r e d  a c i d - d e f i c i e n t  s o l u t i o n  of Th and U, i n c l u d i n g  

urea  

2.2 Gela t ion  a t  60 t o  75°C ( i n  T r i c h l o r o e t h y l e n e )  

The g e l a t i o n  procedures  and equipment developed f o r  UOz2* were used 

wi th  minor mod i f i ca t ions  f o r  (Th,U)O, s p h e r e s  (Fig.  2). The f eed  HMTA and 

Th-U s o l u t i o n s  ( s e e  Sect .  2.1) were cooled t o  -O°C and mixed. The maximum 

tempera ture  of t h e  t r i c h l o r o e t h y l e n e  (TCE) is l i m i t e d  t o  (78°C by t h e  
b o i l i n g  p o i n t  of t h e  TCE-820 azeot rope .  For t h e  g e l a t i o n  of Th-U b r o t h s  i n  

TCE, t h e  e f f e c t s  of inc reased  TCE tempera tures  were always e i t h e r  f a v o r a b l e  

o r  inde termina te .  Therefore ,  t h e r e  were no reasons  t o  l i m i t  t h e  TCE temper- 

a t u r e s  t o  improve t h e  g e l  p r o p e r t i e s  as p r e f e r r e d  f o r  some s i z e s  of uran ia-  

g e l  spheres .  

For drop format ion ,  t h e  s i n g l e - f l u i d  nozz le s  wi th  v i b r a t i o n  o p e r a t e  

better wi th  the Th-U b r o t h  than  wi th  U b r o t h s  f o r  i n t e r n a l  g e l a t i o n .  The 

m u l t i p l e - o r i f i c e  nozz le s  f o r  small-coarse  s i z e s  were opera ted  a t  27,000 t o  

250,000 cyc les /min  w i t h  good drop format ion  and no s i g n i f i c a n t  d i f f i c u l t y  

from unequal flows. The s i n g l e  nozz le s  f o r  la rge-coarse  s i z e s  were 
ope ra t ed  wi th  b ro th  feed  rates of 53 t o  65 cm3/min. 

Ge la t ion  tests were made wi th  about  0.03 volX Span 80 i n  t h e  s t a r t i n g  

TCE f o r  t h e  la rge-coarse  s i z e  and 0.1 volX Span 80 f o r  t h e  small-coarse  

s i z e .  The d e p l e t i o n  of Span 80 f o r  continuous-column o p e r a t i o n  w a s  slow; 

however, the l o n g e s t  test f o r  220-um small-coarse  s i z e  showed a need f o r  

Span a d d i t i o n  (some c l u s t e r i n g  and s t i c k i n g )  near  t h e  end of t h e  test. 
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2.2.1 IDfTA concen t r a t ions  

The I% + U broLhs are much more s e n s i t i v e  t o  HMTA concen t r a t ions  than 

are pure U b ro ths ,  and this s e n s i t i v i t y  i n c r e a s e s  as t h e  a c i d  de f i c i ency  

inc reases .  FOP 10 t o  15% acid def i c i ency  and urea/U of 2 mol/moP, t h e  

a l lowable  r a t i o  of ZIMTA/N03* has  an adequate  range (-0.70 I I- 0.04 mol/rnol) t o  

a l low p r a c t i c a l  ope ra t ion ,  

For these  3% -t- U f eeds ,  the volume r a t i o s  of MTA s o l u t i o n  t o  (Th + U )  

s o l u t i o n  f o r  test ope ra t ion  w e r e  determined empi r i ca l ly .  Small samples  

were mixed with s e v e r a l  volume r a t i o s  covering t h e  range of expected va lues  

( 1 . 3 $  1.45, 1.6 as a t y p i c a l  set) .  The pH values  were determined 2 t o  5 
min a f t e r  mixing. By g r a p h i c a l  i n t e r p o l a t i o n ,  t h e  volume r a t i o  w a s  

s e l e c t e d  t o  g ive  a pH of -4.2, or  s l i g h t l y  lower i f  t h i s  va lue  r e s u l t e d  i n  

th ickening  i n  (10 fain a t  room temperature.  For t h e  p r e f e r r e d  feed  con- 

c e n t r a t i o n s  * the  empi r i ca l  tests c o n s i s t e n t l y  gave HMTA/NO~* r a t i o s  c l o s e  

t o  0.70 mol/mol, and t h i s  i s  an adequate  cri teria without  t h e  e m p i r i c a l  

test .  

2.2.2 Broth d e n s i t y  requirements  

For p repa ra t ion  uf la rge-coarse  s i z e s ,  d i s t o r t i o n  of t h e  drop t o  g ive  a 
nonspher ica l  p a r t i c l e  is an important  problem. For K E  o r  o t h e r  o rgan ic  

l i q u i d s  of l o w  v i s c o s t t y ,  t he  drop d e n s i t y  should be 0.01 t o  0.1 g/cra3 more 

than the  d e n s i t y  of t he  organic. medium. Fur  t h e s e  Th-U bro ths ,  t h e  dens i -  

t ies  OE same compositions were so  low t h a t  t h e  drops f l o a t e d  i n  pure K E .  

Therefore ,  some tests were made. i n  mixtures  of TCE and 2-ethyl-1-hexanol 

(2EH). A t  g e l a t i o n  temperatures  of -7O"C, t h e  d e n s i t i e s  of mixtures  can 
3 be es t imated  from a d d i t i v e  voluones at  1.38 g / m 3  f o r  TCE and 0.80 

f o r  2EH. For cont inuous column ope ra t ion ,  a mixed o rgan ic  composition of 

7 / 8  TCE -1/8 2EH w a s  maintained without  d i f f i c u l t y  and had a good d e n s i t y  

f o r  the  l a r g e  drops of 0.98 P I  Th 4- U. This organic  l i q u i d  dra ined  from 

600- t o  4QOO-um g e l  spheres  completely enough t h a t  an organic  removal wash 

was not requi red .  L e s s  uniform sphe res  of <500 pm (av diam) r equ i r ed  an 

i sop ropy l  a l coho l  wash mixture.  

g/cm 

For the  most. common composi t ions and a d d i t i v e  volumes of t h e  HMTA and 

Th + U feeds ,  t he  bro th  d e n s i t y ,  p ( b r o t h )  is 



In t h i s  equa t ion ,  (Th + TJ) i n d i c a t e s  t h e  t o t a l  metal c o n c e n t r a t i o n  i n  males 

p e r  Liter (mol/L). For ho t  TCE, t h e  a l lowab le  b ro th  c o n c e n t r a t i o n s  f o r  

d e n s i t i e s  of 1-40 t o  1.48 g/cm. are 0.05 t o  1.15 M (Th + U>. Since  t h e  TGE 

densLty €s h ighe r  a t  room tempera ture ,  b r o t h  drops of 1.04 - M (Tk + U) o r  

less would f l o a t  a t  room tempera ture .  Some water is l o s t  du r ing  g e l a t i o n ,  

and t h e  g e l  sphe res  have a s l i g h t l y  h i g h e r  d e n s i t y  than t h e  bro th  feed. 

The practical c o n c e n t r a t i o n s  wi thou t  s o l u b i l i t y  problems a re  2,f3 - M (Th + U) 
and 3.4 I M HMTA t o  give:  

- 3 

N O ~ J C  I-IMTA 
NO3* -1C3.1 -I__ Th + U 

3.4 --11 

] [0 .69 ---] mol. Th + U 

L HMTA 
f2.6 

1 .64  -- mol HMTA L T h 3 - U  
-l__.ll_--- = 

T, 
2 ' 6  

L + 1.64 = 0.98 - PI (Th + U) i n  b r o t h .  

The re fo re ,  t h e  b r o t h  drops w i l l  s e t t l e  in ho t  TCE, but not i n  cold TCE. 

2 . 3  Aging and Washing 

The p r e f e r r e d  f eed  c o n c e n t r a t i o n s  and the g e l a t i o n  c o n d i t i o n s  gave g e l  

sphe res  of e x c e l l e n t  appearance i n  t h e  h o t  TCE, but t h e  ag ing  and washing 

c o n d i t i o n s  were c r i t i c a l  t o  p r e s e r v i n g  t h i s  good appearance.  Aging i n  hot  

TCE appeared t o  r e s u l t  i n  less c rack ing  du r ing  washing and drying.  Gradual 

c o o l i n g  i n  TCE be fo re  d r a i n i n g  and washing seemed to  reduce t h e  amount of 

s u r f a c e  s p a l l i n g  and dus t ing .  Therefore ,  t h e  best o v e r a l l  c o n d i t i o n s  were 

t o  l eave  t h e  4.0-L ba tches  of g e l  sphe res  in the  product c o l l e c t o r s  f i l l e d  

w i t h  TCE and covered wi th  a l i d  f o r  -91) min. During t h i s  t i m e ,  the  product 

c o l l e c t o r  cooled  t o  about h a l f  way between t h e  g e l a t i o n  tempera ture  and 

room temperature.  Some c o n t r o l l e d  program of ag ing  tempera tures  m-t gh t  be 

s u p e r i o r ,  but  t h e  above c o n d i t i o n s  seemed b e t t e r  t han  e i t h e r  a longer  cool- 

down time o r  a flow of hot TCE a t  t h e  g e l a t i o n  tempera ture ,  

The g e l  sphe res  ooze or  occlude c l e a r  s o l u t i o n  as they age i n  w a r m  or- 

gan ic  l i q u i d  wi th  up t o  20% dec rease  i n  sphe re  volume. This clear s o l u t i o n  

m y  be a source  of s u r f a c e  d u s t  on t h e  d r i e d  spheres .  

I n  g e n e r a l ,  washing produced on ly  minor problems fo r  the  s m a l l  gel. 

sphe res  (200- t o  300-um diam a t  t h e o r e t i a l  d e n s i t y ) ,  but became inc reas€ng-  

l y  more troublesome as t h e  sphe re  s i z e  inc reased .  The washing procedures 
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developed f o r  lJO3 g e l  spheres  proved t-o be u n s a t i s f a r t o r y  f o r  t h e  l a r g e  

(800- t o  12OO-~im. diam a t  t h e o r e t i c a l  d e n s i t y )  ThU2-UO3 gel. spheres  e 

Cracking o r  c raz ing  of a s i g n i f i c a n t  f r a c t i o n  of g e l  spheres  w a s  u s u a l l y  

t h e  r e s u l t .  

Damage to the g e l  w a s  e l in i ina ted  f o r  spheres  made from the ammonia- 

n e u t r a l i z e d  b ro th  with a low iirea content  by c a r e f u l  c o n t r o l  of t h e  i o n i c  

s t r e n g t h  of t h e  wash s o l u t i o n .  F i r s t :  t h e  g e l  spheres  were immersed i n  a 

s a l t  s o l u t i o n  wi th  approximately t h e  same i o n i c  s t r e n g t h  as t h e  g e l  spheres  

t o  minimize osmotic stresses. This  s a l t  s o l u t i o n  (1.06 M ._ NHqN03--0.167 - M 

NH4OH) w a s  r e c i r c u l a t e d  through t h e  f i x e d  bed of ge t  spheres  (see Fig. 3 ) .  

The s o l u b l e  sa l t s  were s lowly leached out  of the  g e l  spheres  by g r a d u a l l y  

d i l i i t i n g  t h i s  r e c i r c u l a t i n g  wash s o l u t i o n  wi th  a flow of d i l u t e  NH40B. T h e  

volume of wash i n  the  r e c i r c u l a t i n g  system was maintained cons t an t  by means 

of an overf low of excess  s o l u t i o n .  A f t e r  -2 h of washing i n  t h i s  manner, 

the  i o n i c  s t r e n g t h  is c l o s e  enough t o  t h a t  of fresh d i l u t e  NH4OH t o  a l low a 

f i n a l  pe r iod  with once-throiigh flow of t h e  wash so l i i t ion  t o  reraove t h e  

remaining s m a l l  amount of l eachab le  s o l i d s ,  A f t e r  2 h of once-thruugh flow, 

t h e  c o n d u c t i v i t y  l e v e l s  out  t o  a cons t an t  va lue ,  i n d i c a t i n g  l each ing  has 

ceased. T h i s  washing procedure was developed a f t e r  s e v e r a l  t r ials and 

r e s u l t e d  i n  a s a t i s f a c t o r y  s i n t e r e d  product  f o r  t h i s  f lawshee t ,  

This  wash procedure r equ i r ed  -10 L of f r e s h  d i l u t e  NH4OH f o r  every 

l i t e r  of bulk g e l  spheres .  This  r a t i o  gene ra t e s  a lot of waste e f f l u e n t ,  

but  t h e  washing has  not  been optimized. The e f f l u e n t  from s e v e r a l  o f  t h e  

batch washes has  been noted t o  c o n t a i n  p r e c i p i t a t e  u s u a l l y  f lu shed  from t h e  

system i n  t h e  f i r s t  few d n u t e s .  Most 1.ikel-y this p r e c i p i t a t e  w a s  material 

on t h e  s u r f a c e  of t h e  g e l  spheres  t h a t  weeped or oozed du r ing  aging. 

2.4 Drying 

The dry ing  procedures  t e s t e d  were those  found u s e f u l  f o r  U03 g e l  

spheres .2  The water i n  the w e t  g e l  i s  vapor ized  at a rate determined by 

t h e  rate a t  which h e a t  is supp l i ed  f o r  t h i s  ope ra t ion .  For steam-drying, 

t h e  bulk of t h e  water i s  evaporated at 100°C, wi th  heat t r a n s f e r r e d  from an  

oven a t  a h ighe r  temperature  ( u s u a l l y  175 t o  250°C) t o  t h e  g e l  i n  an 

atmosphere of i ts  own vapor. 'The i n d i v i d u a l  spheres  remain a t  100°C f o r  
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PUMP 

ORNL-DWG 79-4895R 

CAPILL IARY FLOW 
RESTRICTION 

MULTI-ORIFICE 
FLOW Dl STRIBUTOR 

PRODUCT COLLECTOR 

WASTE 

FOR RECIRCULATION, VALVE @ OPEN AND PUMP ON; 
FOR STRAIGHT- THROUGH WASH, VALVE @ CLOSED 
AND PUMP OFF W I T H  GRAVITY FLOW.  

Fig. 3. Gel wash station w i t h  recirculation, 
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va ry ing  times (from a few minutes f o r  a s m a l l  sample such as a monolayer t o  
>24 h a t  t h e  c e n t e r  of 4-L batches). For a i r -d ry ing ,  t h e  water is evap- 

o r a t e d  a t  t h e  w e t  bu lb  temperati-ire of a l a r g e  flow of dry a i r .  This  teui- 

p e r a t u r e  c a n  be as low as 14°C for a i r  supp l i ed  a t  rooin temperature  and as 

h igh  as 20°C f o r  warm o r  hot  a i r  a t  60 t o  80°C when the  a i r  is hea ted  by 

low-pressure steam i n  a h e a t  exchanger.. I n t e r m e d i a t e  temperatures  could be 

used wi th  steam-drying i n  a vacuum oven o r  w i t h  h i g h e r  h o t - a i r  temperaizures 

f o r  a i r -d ry ing ,  but n e i t h e r  of t h e s e  has been t e s t e d .  

Steam d ry ing  wi th  t h e  sphe res  a t  100°C f o r  illest of t h e  water removal i s  

p r e f e r r e d  over a i r -drying.  Some batches were s u c c e s s f u l l y  stearn d r i e d ,  but 

t h e  same material showed exccssi-ve c rack ing  f o r  a i r -d ry ing .  This  c rack ing  

sometimes occurred du r ing  d ry ing  and soinetimes occurred when t h e  d r i e d  

sphe res  were cooled i n  a i r .  For crackiilg du r ing  and a f t e r  cooldown, t h e  

sphe res  would break e x p l o s i v e l y  o r  "popcorn. " This  "popcorn*' c r ack ing  

cou1.d be prevented by h e a t i n g  the  sphe res  t o  -25OoC without  any coo l ing  or 

exposure t o  a i r .  The a i r -d ry ing  tended t o  g i v e  h i g h e r  g e l  d e n s i t i e s  but 

d i d  not  show any s i g n i f i c a n t  e f f e c t  on t h e  s i n t e r e d  dens i ty .  S ince  the  

c rack ing  i s  a major process  problem, t h e  100°C or steam-drying c o n d i t i o n  i s  

c l e a r l y  s u p e r i o r .  
Kerr igan and Leel3 pyrolyzed our gel. and determined Lhe Compositions of 

gases  evolved by use of a mass spectrometer .  Peaks €o r  water e v o l u t i o n  

d i f f e r  from those  p rev ious ly  observed f o r  U03 g e l s .  

t i o n  were a t  h i g h e r  temperatures  f o r  (Th,U)O,. The a b s t r a c t  f o r  t h i s  

r e p o r t  reads as fol lows:  

Peaks f o r  CO;! e-VOLU- 

T'ne p y r o l y s i s  of t ho r i a -u ran ia  ge l  inicrospheres a t  programmed 
h e a t i n g  rates has been s t u d i e d  by t ime-of-f l ight  mss spectrorae- 
t r y .  The gaseous decomposiCion products  w e r e  m n i t o r e d ,  and 
react i o n  mechani-sms €or  t he  p y r o l y s i s  r e a c t i o n s  were proposed 
from t h e  data. A nonisotheriiial k i n e t i c  method was used f o r  
determining a c t i v a t i o n  e n e r g i e s  of components r e l e a s e d  from t h e  
pyrolyzed ge ls  I The approxhnate a c t i v a t i o n  e n e r g i e s  f o r  t h e  
release of NHyj, hydrated H 2 0 ,  CO, and COz were 70.7, 73 .2 ,  103, 
and 134 J/mol. r e s p e c t i v e l y .  D i f f e rences  i n  p y r o l y s i s  r e a c t i o n s  
were noted between (Th-lJ>Oz g e l s  and U02 g e l s . l 3  

2.5 S i n t e r i n g  arid Product P r o p e r t i e s  

Because of the l a r g e  number of batches of (Tb,U)02 i n  t h i s  s tudy,  each 

ba tch  was s i n t e r e d  us ing  only one schedule .  A very conse rva t ive  schedule  
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us ing  slow h e a t i n g  rates w a s  used t o  prevent  as much p a r t i c l e  breakage as 

p o s s i b l e .  This  schedule  c o n s i s t e d  of h e a t i n g  from room tempera ture  through 

t h e  low tempera tures  t o  g e n t l y  remove v o l a t i l e s  and prevent  c r ack ing  (a rate 

of 100°/h up t o  600°C). A f t e r  600°C was reached,  t h e  h e a t i n g  rate was in-  

c r eased  t o  300"C/h up t o  145O"C,  where t h e  s a m p l e  w a s  he ld  f o r  4 h. The 

atmosphere used du r ing  t h e  e n t i r e  schedule  w a s  Ar-4% H2. This  t r ea tmen t  

w a s  always s u f f i c i e n t  t o  s i n t e r  p a r t i c l e s  t o  very near  t h e o r e t i c a l  d e n s i t y  

(>99%).  However, t h e  ma jo r i ty  of t h e  ba tches  cracked q u i t e  s e v e r e l y  d a r i n g  

one of t h e  washing, dry ing ,  o r  s i n t e r i n g  ope ra t ions .  

Each ba tch  w a s  c h a r a c t e r i z e d  t o  compare a l l  v a r i a t i o n s  of t h e  d i f f e r e n t  

f lowshee ts .  Besides  d e n s i t y  by porosimetry wi th  mercury, each ba tch  w a s  

a l so  c h a r a c t e r i z e d  f o r  c r ack ing  both be fo re  and a f t e r  s i n t e r i n g .  Cracking 

was determined us ing  shape s e p a r a t i o n  and a careEul  ceramographic examina- 

t i o n  a f t e r  s i n t e r i n g .  The c rack ing  behavior  could be d iv ided  i n t o  t h r e e  

c a t e g o r i e s ,  which are i n t e r n a l  c r acks ,  major c racks ,  and s u r f a c e  s p a l l i n g .  

I n t e r n a l  c r acks  in s e v e r a l  par t ic les  are shown i n  F ig .  4 ( a )  and are thought  

t o  occur  du r ing  either washing or  dry ing .  Major c racks  are shown i n  Fig .  

4 ( b ) ,  and t h e s e  c r a c k s  ex tend  from t h e  p a r t i c l e  Lurface  toward t h e  c e n t e r  

of t h e  sphere.  These p a r t i c l e s  normally remain intact  and are no t  removed 

by shape s e p a r a t i o n .  F i g u r e  4(c)  shows s u r f a c e  s p a l l i n g  where a t h i n  l a y e r  

around t h e  o u t s i d e  s u r f a c e  is pee led  away from the rest of t h e  par t ic le . .  

Var i ab le s  involved  i n  t h e  washing and d ry ing  procedures  were examined t o  

de te rmine  t h e  cause  of c rack ing  which occur red  du r ing  p rocess ing  of l a r g e  

(>8OO urn) microspheres  [smaller microspheres  ((300 urn) showed l i t t l e  

c rack ing] .  The degree of c rack ing  appeared t o  be dependent on t h e  type of 

washing procedure used; t h e  t h r e e  major procedures  t e s t e d  were ( 1 )  a recir- 
c u l a t i n g  wash, ( 2 )  a once-through w a s h ,  and (3) a r e c i r c u l a t i n g  wash f o l -  

lowed by a once-through wash. The once-through wash changed c o n c e n t r a t i o n s  

a t  a r ap id  rate,  and a l a r g e  percentage  of t h e  microspheres  cracked du r ing  

washing. The r e c i r c u l a t i n g  wash was more g e n t l e ,  and sphe res  su rv ived  t h e  

washing s t ep .  However, when t h e  uncracked microspheres  from t h e  recir- 

c u l a t i n g  wash were d r i e d  and s i n t e r e d ,  a l a r g e  percentage  of the ba tches  

cracked. Data from t h e  spec t romete r  i n d i c a t e d  t h a t  l a r g e  amounts of water 

and carbon d iox ide  w e r e  be ing  released and p o s s i b l y  c rack ing  the spheres .  
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The t h i r d  type  o€ wash procedure us ing  t h e  r e c i r c i i l a t i n g  wash €ol.lowed by 

t h e  once-through wash produced a c c e p t a b l e  y i e l d s  of >9OX a f t e r  s i n t e r i n g  

f o r  a l i m i t e d  number of ba tches .  N o  n o t i c e a b l e  c racking  occurred  du r ing  

s i n t e r i n g  of t h e s e  p a r t i c l e s .  

During t h e  s e a r c h  f o r  an  a c c e p t a b l e  (Th,U)Oz f lowshee t ,  only a small 

number of ba tches  su rv ived  the p rocess ing  o p e r a t i o n s  without  cracking.  

S e v e r a l  ba tches  produced us ing  t h e  ammonia n e u t r a l i z a t i o n  f lowshee t  were 

s i n t e r e d  wi th  very  few o f  t h e  p a r t i c l e s  c racking .  F igure  5 shows cera- 

mographic c r o s s  s e c t i o n s  of two such batches.  C a r e f u l  examinat ion of t h e  

e n t i r e  ceramographic sample showed t h a t  only 5 t o  10% of tile p a r t i c l e s  have 

c racks .  The p a r t i c l e s  t h a t  f a i l e d  had r a d i a l  cracks extending  from t h e  

s u r f a c e  toward t h e  c e n t e r  of t h e  sphere.  The g r a i n  s i z e  of t hese  ba tches  

was cons ide rab ly  sma l l e r  t han  t y p i c a l  U02 ba tches  (Fig.  6 ) .  These ba tches  

were of very h igh  q u a l i t y  be fo re  s i n t e r i n g  because <5% of t h e  p a r t i c l e s  

w e r e  r e j e c t e d  du r ing  a s e p a r a t i o n  of nonsphe r i ca l  shapes.  The overal l  

y i e l d  from t h i s  f lowshee t  was over  90% A more d e t a i l e d  d e s c r i p t i o n  o f  t h e  

s p e c i f i c  runs t h a t  were rnade appears  i n  T a b l e  7.3 of t h e  Appendix. 

2.6 Demonstration Run Condi t ions  and Resu l t s  

The f i n a l  exper imenta l  tests made were in tended  t o  demonstrate  the 

r ep roduc ib le  p r e p a r a t i o n  of good, l a r g e  (Th,U)O;! spheres .  The l a r g e s t  

p a r t  oE t h e  exper imenta l  tests were wi th  one f eed  composi t ion and one 

s i n t e r i n g  procedure wi th  v a r i a t i o n s  i n  aging,  washing, and d ry ing  con- 

d i t i o n s  t o  reduce c racking .  The best c o n d i t i o n s  du r ing  t h e s e  tests 

were f o r  ba tches  X21-2 and X21-3, and t h e  c o n d i t i o n s  were reproduced 

f o r  bacches X22-2 and X23-2 (Table 1). The f i r s t  batches i n  n e w  TCE 

(X2i-1, X22-1) and v a r i a t i o n s  i n  aging,  washing, and dry ing  c o n d i t i o n s  

(X21-4, X21-5, X22-4, X22-5) gave more cracking.  

Condi t ions  f o r  run X22 t o  p repa re  la rge-coarse  sphe res  were as 

f oLlows : 

HM‘IA s o l u t i o n :  3 . 4 2  M HTITA - 
Th + U s o l u t i o n :  Th/U = 3.0 

(Th 4- U) = 2.5 PI 

N03”/(Th -t- U) = 3.6  mol/rnol 
- 
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Fig. 6. (Th,U)O2 microsphere produced by amonium hydroxide neutral- 
i z a t i o n  shows very f i n e  gra in  size. 



Table 1. Demonstration Test Xesul ts  w i th  Ammonia X e u t r a l i z a t i o n  

Drop Diameter: 3‘200 pm 

S i n t e r e d  Diameter: 950 PITI 

Organic Medium: TCE con ta in ing  0.03 v o l  % Span 80 a t  7 2 O C  

H M T A / N O ~ ~ ”  = 0.69 or  0.70 mol/mol 

Prodclc t 
batch 

No. 

x2 1- 1 
x21-2 
X21-3A 
X21-3B 
X2 1-4A 
x2 1-43 

x22-1 
x2 2- 2 
X22-3A 
X22-3B 
X2 2-4A 
x22-43 
X22-5A 
X22-5Is 

T o t a l  
shape Observat ions 

Appearance reject from 
Other v a r i a b l e s  (%> ceramo rayhp 

N 
?Q >10% cracked -- - F i r s t  product i n  KSW TCE 

Accidental  s p i l l ,  s h o r t  aging Some junk 23 5-10% major c racks  
None Acceptable  3 5 1 0 %  major c racks  
A i r  d r y  t o  125OC - >30% cracked 7 80% h a i r l i n e  c racks  

Aged wi th  hot  TCE f low More s u r f a c e  dus t ing  15 10% m j o r  c racks  
Aged with hot TCE flow More s u r f a c e  dust ing - 

First product i n  new TCE 
W O W  

None 
None 
Aged overnight i n  TCE 
Aged overn ight  i n  TCE 
Aged w i t h  hot  TCE flow 
Aged wi th  hot TCE flow 

More s u r f a c e  d e f e c t s  
Acceptable  
Acceptable  
Acceptable  
Acceptable  
Acceptable  
More s u r f a c e  d e f e c t s  
More s u r f a c e  d e f e c t s  

14 25% mjor cracks  
4 15% mjor cracks  
4 20% n a j o r  c racks  
4 20% major c racks  

16 20% major c racks  - 
3 75% surface spalllng 
s 
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p q + / ( T h  f U) = 0.5 mol/mol 
NO3*/('l"h 4- U) = 3.1 

11% a c i d  d e f i c i e n t  

Urea/U = 2.0 noL/mol 

d e n s i t y  = 1.909 g/cm3 

pH = 0.8 

CPC.ITA/(Th f U) s o l u t i o n  volume r a t i o :  1.58 

€MTA/NO3* u n n e u t r a l i z e d  = 0.70 mol/mol 

Organic  medium: TCE con ta in ing  0,03 vol% Span 80 

TCE t empera tures :  75°C a t  column i n l e t  

69°C at  column middle 

62°C i n  product  coLLector 

Broth f eed  rate: 43.5 cm3/nin 

Nozzle v i b r a t i o n  frequency:  2500 cyc les /min  

Observed drop r e s i d e n c e  time i n  column: 28 s 

C a k i i l a t e d  drop diameter :  3220 urn 
Ca lcu la t ed  dense-sphere diameter :  950 un 

Observed gel-sphere d iameter :  3200 un 

For c h i s  ctieraical flowsheet, the g e l  sphe res  l eav ing  t h e  g e l a t i o n  

column are o f  e x c e l l e n t  appearance,  s p h e r i c i t y ,  and uni formi ty  of texture .  

This  ts t r u e  f o r  t h e  ranges of both t h e  small-coarse (500-to 1000-pm drops) 

and Large-coarse (3000-to 4000-urn drops )  s i z e s .  Microphotographs of large- 

sphe re  c r o s s  s e c t i o n s  and g r a i n  s i z e s  are shown i n  Figs .  5 and 6. 

The mechanical  o p e r a t i o n  of t h e  equipnent  , i n c l u d i n g  drop forinat ion  

and t r a n s f e r s  and handl ing  of g e l  sphe res ,  d i d  not  cause  aciy p r o b l e m .  

Overall, t h e  equipment performed as w e l l ,  and perhaps s l i g h t l y  bet ter ,  f o r  

this mixed oxide than  f o r  QUI: s t a n d a r d  U 0 3  gel .  

I n  summary, t h e  process  v a r i a b l e s  t h a t  appeared t o  c o n t r i b u t e  t o  the 

b e s t  r e s u l t s  were: 

1. A s l i g h t l y  p r e n e u t r a l i z e d  b r o t h  wi th  t o t a l  NO3'/(Th $. U) of 

about  (3.1 4- n) inol/mol and NH4+/(Th + U) of n rnol/mol, where 

n is  0.3 t o  0.7. The pH va lues  a f t e r  u rea  a d d i t i o n ,  but before  

mixing wi th  E l T A ,  are 0.8 t o  1.2. 
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2. An EXElTA c o n c e n t r a t i o n  thal: g ives  a b r o t h  pH of 4.1 -t- 0.1 a t  10 t o  - 
1 5 ° C  f o r  2 t o  5 min a f t e r  mixing. 

3. Gela t ion  i n  a t r i c h l o r o e t h y l e n e  a t  -7OOC.  

4 ,  I n i t i a l  washing wi th  a h igh  r e c i r c u l a t i o n  of wash s o l u t i o n  so t h e  

wash pB changes s lowly from an  i n i t i a l  va lue  of 5.2 t o  8 over  a 1 h 

o r  loriges per iod.  

5. Completion of washing by downflow of d i l u t e  (0.3 M )  NH/+OlrI s o l u t i o n .  

6. Drying i n  a steam atmosphere i n  an oven a[: -170°C. 

Cracking during washi.ng and dt:yi.ng is the major problem, and this: 

I 

c rack ing  i n c r e a s e s  g r e a t l y  as the  sphere  diameter. i n c r e a s e s  The con- 

t r o l l e d  wash c o n c e n t r a t i o n s ,  i t e m s  4 and 5 above, were r equ i r ed  t o  a l low 

p r e p a r a t i o n  of t h e  l a rge -coa r se  s i z e s  (>27i~O-~rm drop o r  >$OO-jnm-dense 

spheres). V a r i a t i o n s  i n  t h e  o t h e r  f o u r  c o n d i t i o n s  l i s t e d  can a l s o  r e s u l t  

i n  i nc reased  cracking .  Cond i t ions  1 and 2 g i v e  R combinat ion of good b r o t h  

s t a b i l i t y  a t  I E ~ Q W  10°C and good g e l a t i o n  behavior acid p r o p e r t i e s .  Most 

o t h e r  b r o t h  composi t ions d t h e r  g i v e  prernamre th i cken ing  of the b r o t h  or 

g i v e  slow g e l a t i o n  o r  s o f t  g e l s .  'The dry ing  co i ld i t ions ,  i t e m  6, g i v e  

b e t t e r  s u r f a c e  appearance and  less cracking ellan ai.r atmosphere or 250°C. 

3. PROCESS DEVELOPMENT FOR FEEDS PREPARED BY SOLVENT EXTKAC'L'ION 
OF N I T R A T E  AND A D D I T I O N  OF HT.GlI UREA C O N C E N T R A T I O N S  

These chemical  f lowshee t  corndi t ions evolved f roin small-scale s t u d i e s  

of a wide range oE f eed  composi t ions.  

U O ~ ( N O ~ ) ~ - l l N O ~  s o l u t i o n s  as mixed o r  wi th  varying amomts of a c i d  d e f i -  

c iency  by e x t r a c t i o n  of H N 0 3 ,  as descri-bed i n  Sect. 3.1 below. The a c i d  

d e f i c i e n c i e s  w e r e  ad jus%ed further by a d d i t i o n s  of NH4OH or  HNO?. 

r a t i o s  of urea to  (Th .f LJ> and H[MTA CLO NO3 i n  the b ro th  were a l s o  v a r i e d  

over  wide ranges.  The g e l a t i o n  behavior  and g e l  p r o p e r t i e s  were observed 

f o r  small samples i n  t e s t  tubes  o r  b o t t l e s  wit11 temperature  as a v a r i a b l e  

(Appendix, Table 7 . 4 ) .  

The Th-U f eeds  were T h ( N O 3 ) 4 -  

The mole 
* 

These smal.l-scale t e s t s  g r e a t l y  narrowed t h e  ranges of p o s s i b l e  process  

v a r i a b l e s .  Condi t ions  which r e s u l t e d  no g e l a t i o n ,  i n  sofl:-ra:ishy ge l s ,  

o r  i n  i m r n e c l i a t r  g e l a t i o n  du r ing  mixing of  the €WM with  t h e  Th-U were e l i -  

minated from fur ther  testi.ng. 
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Some g e l s  of good appearance were ob ta ined  f o r  t h r e e  d i f f e r e n t  7%-U 

f eeds :  ( 1 )  Th(NO3)4-U02(N03)2 s o l u t i o n s ,  (2)  Th(NO3)4-U02(N03)2 s o l u t i o n s  

p a r t i a l l y  n e u t r a l i z e d  by a d d i t i o n  of NH4OW t o  g i v e  a c i d  d e f i c i e n c y ,  and 

( 3 )  a c i d - d e f i c i e n t  s o l u t i o n s  prepared  by s o l v e n t  e x t r a c t i o n  of n i t r a t e .  

Some of t h e  ( 2 )  c o n d i t i o n s  cor respond t o  t h e  f lowshee t  c o n d i t i o n s  a l r e a d y  

desc r ibed  i n  Sect. 2 of t h i s  r e p o r t .  Gel-sphere p r e p a r a t i o n  w a s  t e s t e d  

f o r  c o n d i t i o n s  (1) and ( 3 )  and f o r  t hose  c o n d i t i o n  ( 2 )  v a r i a b l e s  not 

a l r e a d y  t e s t e d  du r ing  t h e  Sect .  2 s t u d i e s  of t h i s  r e p o r t  (Appendix, Table  

7.5). Most of t h e  c o n d i t i o n s  r e s u l t e d  in s e v e r e  crackLng of the g e l  

sphe res  du r ing  ag ing ,  washing, and  d r y i n g  (Appendix, Table  7.6). Limited 

tests of v a r i a t i o n s  i n  ag ing ,  washing, and d ry ing  c o n d i t i o n s  d i d  not  

reveal any easy  answers f o r  t h e  c rack ing  problems. Some r e s u l t s  f o r  a c i d -  

d e f i c i e n t  f e e d  prepared  by s o l v e n t  e x t r a c t i o n  of n i t r a t e  showed the least  

c rack ing ,  and the most d e t a i l e d  ag ing ,  washing, and dry ing  tests were made 

u s i n g  the c o n d i t i o n s  f o r  these best r e s u l t s .  The d e s c r i p t i o n s  i n  t h e  

remainder of t h i s  s e c t i o n  are p r i n c i p a l l y  f o r  t h i s  f eed  wi th  in fo rma t ion  

from the s c o u t i n g  tests i n  t h e  Appendix. 

3 . 1  Acid-Deficient  Metal Nitrate S o l u t i o n  P r e p a r a t i o n  

Both thorium n i t r a t e  and u rany l  n i t r a t e  can be d e n i t r a t e d  by s o l v e n t  

e x t r a c t i o n  (SOLEX) of n i t r i c  a c i d  i n t o  u s i n g  an  o rgan ic  amine. The equip-  

ment and procedures  of SOLEX are desc r ibed  i n  d e t a i l  e lsewhere.  1 4 9 1 5  

same equipment used f o r  making t h e  SOLEX s o l s  w a s  used i n  t h e  p re sen t  

s tudy.  A slower,  more c o n t r o l l e d  d e n i t r a t i o n  procedure was used wi th  

cont inuous  r e c y c l e  of a ba tch  of f eed  u n t i l  t h e  t a r g e t  a c i d  d e f i c i e n c y  w a s  

achieved.  Both t h o r i a  s o l s  and tho r i a -u ran ia  s o l s  were produced and 

t e s t e d  i n  t h i s  manner. The t h o r i a  s o l s  were mixed wi th  a c i d - d e f i c i e n t  

u rany l  n i t r a t e  (ADUN) t o  ach ieve  t h e  d e s i r e d  Th/U mole r a t i o  of 3 ,  Most 

of t h e  SOLEX f e e d s  were prepared  i n  t h i s  manner, though t h e  tho r i a -u ran ia  

sols gave similar r e s u l t s .  The g e n e r a l  o b s e r v a t i o n s  on a c i d  d e f i c i e n c y  i n  

S e c t .  1.3 a l s o  apply  t o  t h e s e  SOLEX p r e p a r a t i o n s .  

The 

The s o l s  are u s u a l l y  s t a b l e  at h i g h e r  heavy-metal c o n c e n t r a t i o n s  than  

c h e i r  cor responding  n i t r a t e  s o l u t i o n s .  However, t h e  maximum concen t r a t ion  

is  a f u n c t i o n  of t h e  r e l a t i v e  amount of uranium p r e s e n t  and t h e  ex ten t :  of 

a c i d  de f i c i ency .  The t h o r i a  s o l  used i n  most o f  t h e  tes ts  (NB.j-/Th = 2.07) 
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w a s  only 1.6 I_ M Th, but remained f1ui.d when evaporated t o  5 E Th ( t h e  s ta -  

b i l i t y  over long pe r iods  of t i m e  a t  t h i s  c o n c e n t r a t i o n  is q u e s t i o n a b l e ) ,  

whereas t h e  s o l u b i l i t y  of Th(iV03)!, a 6  25°C is 2.7 - M. 

The Th-U b ro ths  are q u i t e  s e n s i t i v e  t o  the '&ITA con ten t .  In  f a c t ,  f o r  

t h e  level. of ac id -de f i c i ency  [N03-/(Th -4- U )  = 21 being d i scussed  f o r  the 

SOLEX s o l  f eed ,  t h e  s t a b i l . i t y  is  p r a c t i c a l l y  n o n e x i s t e n t ,  even a t  low tern- 

p e r a t u r e s  ( < O ° C ) .  .- Adding HNO3 [N03-/(Th f U )  = 31 enhanced the s t a b i l i t y  

such t h a t  g e l a t i o n  w a s  delayed 30 t o  40 min a t  <O"C. Howe-aer, u rea  i s  an 

e f f e c t i v e  s t a b i l i z i n g  agent  wi.th u rea / (Th  C U) mole r a t i o s  of 2.0 t o  3.75 
g i v i n g  s t a b i l i t y  f o r  s e v e r a l  hours a t  room tempeKLItUre and a r a t i o  of 5.4 

g i v i n g  s t a b i l i t y  f o r  s e v e r a l  days a t  room temperature.  A urea / (Th  -k U) 

mole r a t i o  of 2.0 proved to  be only marg ina l ly  s u c c e s s f u l  i n  m k i n g  good 

product.  Better resu l . t s  were ob ta ined  with a u rea  t o  (Th -t- U )  mole r a t i o  of 

3,75. An optimum ra t i -o  probably ex is t s  between these two. These l a r g e  

amounts of u rea  cause a small amount of p r e c i p i t a t i o n  o r  c - r y s t a l l i z a t i o n  

i n  t h e  SOLEX s o l s  u rea  i n  a few days. 

i n  summary, t h e  f e e d  p r e p a r a t i o n  procedure f o r  SOLEX is t o  d e n i t r a t e  
d i l u t e  Th(NO,)4 s o l u t i o n s  and UO2(N03)2 s o l u t i o n s  e i ther  t o g e t h e r  o r  

separa te ly  by s o l v e n t  e x t r a c t i o n  of EN03 wi th  an o rgan ic  amine. The d i -  

l u t e ,  a c i d - d e f i c i e n t  s o l u t i o n s  are concen t r a t ed  by evaporati-on. I f  t h e  

s o l u t i o n s  are d e n i t r a t e d  s e p a r a t e l y ,  they are then mixed t o  make up t h e  

r e q u i r e d  Th/U mole r a t i o .  Subsequent addie: Loris of che r e q u i r e d  amount of 

u rea  r e s u l t s  i n  'i'h4-U c o n c e n t r a t i o n s  of 1.4 t o  1.6 - M (us ing  the most t y p i -  

tal s o l  c o n c e n t r a t i o n ) .  

3 .2  Effect: of Urea 

T h e  e f f e c t  of t h e  u rea  is t o  complex the heavy-metal c.omponents, 

thus s t a b i l i z i n g  the broth.  Urea in small amounts is r equ i r ed  even 

f o r  s t o i c h i o m e t r i c  n i t r a t e  c o n t e n t s  or b ro ths  con ta in ing  excess a c i d  

t o  prevent  p rena tu re  OK p r e f e r e n t i a l  p r e c i p i t a t i o n  of uranium. FOP 

t h e  p r e f e r r e d  a c i d - d e f i c i c n t  b r o t h s ,  a urea/(Th -k U) mole ra t io  of 0.5 

is  s u f f i c i e n t  f o r  only 10 t o  15% a c i d  d e f i c i e n c i e s .  However, f o r  

g r e a t e r  a c i d  d e f i c i e n c i e s ,  the s t a b l e  range of HNTA c o n c e n t r a t i o n s  

becomes van i sh ing ly  small. Add i t ion  of HNO3 L O  t h e  SOLEX s o l s  t o  pro- 

duce a f i n a l  N03-/(Th + U )  mole r a t i o  of 3 iiiiProved t h e i r  s t a b i l i t i e s  
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only  s l i g h t l y  ( g e l a t i o n  i n  30 min r a t h e r  than 1 min at  OOC), 

i n c r e a s i n g  t h e  urea content  t o  a urea / (Th -t U) mole r a t i o  of 

proved t h e  b r o t h  s t a b i l i t y  d rama t i ca l ly .  Not only could the 

However, 

3.756 in- 

b r o t h s  be 

&xed a t  room temperature ,  but t h e  HMTA could  he added as a s o l i d .  These 

b r o t h s  remain f l u i d  s e v e r a l  hours at  room temperature.  

Acid d e f i c i e n c i e s  are l i m i t e d  t o  70% o r  less, even wi th  t h e  h igh  

u rea  con ten t s .  Higher a c i d  d e f i c i e n t  b r o t h s  g i v e  only weak, mushy g e l s .  

3.3  G e l a t i o n  i n  Perchloroethylene-  Minera l  O i l  Mixtures a t  
Temperatures Above 8OoC 

The g e l a t i o n  procedures and equipment used f o r  t h e s e  tests were not 

very d i f f e r e n t :  from those f o r  TCE: (see Sect.  2.2). E i t h e r  HMTA c r y s t a l s  

or  s o l u t i o n  were mixed at room tempera ture  wi th  t h e  acid-def i c i e n t  Th-U 

s o l u t i o n  c o n t a i n i n g  l a r g e  amounts of urea.  The added s t a b i l i t y  of t h e s e  

high-urea b r o t h s  e i t h e r  r equ i r ed  h ighe r  tempera tures  or  l onge r  suspens ion  

times i n  t h e  forming medium f o r  s a t i s f a c t o r y  g e l a t i o n .  Since t h e  suspen- 

s i o n  t i m e  w a s  l i m i t e d  by t h e  a v a i l a b l e  equipment, h ighe r  tempera tures  were 
used. Even us ing  t h e  maximum tempera tures  of -95'C ( t o  prevent bubble 

format ion  by water v a p o r i z a t i o n  from t h e  l i q u i d  d rops ) ,  suspens ion  times 

as long as 1 o r  2 min were requ i r ed  f o r  some b ro ths .  Because t h e s e  t e m -  

p e r a t u r e s  are g r e a t e r  than the  b o i l i n g  p o i n t  of t r i c h o l o r o e t h y l e n e ,  an 

a l t e r n a t i v e  medium w a s  required.  Pe rch lo roe thy lene  (PEKC), wi th  i t s  bo i l -  

i n g  p o i n t  of 121°C was s e l e c t e d .  S ince  t h e  d e n s i t y  of PERC is s i g n i f i -  

c a n t l y  h ighe r  than most of t h e  b ro ths  used, PERC-Mineral o i l  mix tures  were 
used t o  g ive  t h e  optimum forming-medium d e n s i t i e s .  Span 80 w a s  used as 
desc r ibed  i n  Sec t .  2. An o rgan ic  wash of TCE w a s  r e q u i r e d  to remove t h e  

PERC-Mineral o i l  from t h e  spheres  p r i o r  t o  t h e  aqueous wash. 

As exp la ined  i n  Sect. 2.2.2, t h e  b r o t h  d e n s i t y  should be 0.01 t o  

0.1 g/cm3 g r e a t e r  than t h e  forming-aedium d e n s i t y ,  

t o  t h e  PERC t o  match t h e  b ro th  d e n s i t y  f o r  each  test. The d e n s i t i e s  of 

t h e  PERC-mineral o i l  mixtures can be e s t i m a t e d  from t h e  a d d i t i v e  volumes. 
The d e n s i t y  of minera l  oil a t  room tempera tu re  is 0.872 g/cm3 and of PEKC 

i s  1.623 g/cm3. Assuming a 

0.001 g/cm3 change f o r  every 2.5OC g ives  a mineral oil d e n s i t y  of 0.842 

g/cm3 a t  10O0C.  The minera l  o i l  c o n t e n t s  never exceeded 25 voL X. The 

Mineral  oil was added 

The d e n s i t y  of PERC a t  100°C is 1.484 g/cm3. 
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d e n s i t y  of t he  mixed b ro th  f o r  t h e  most common urea and HMI'A concentra-  

t i o n  ranges are adequate ly  e s t ima ted  by: 

p(Broth)  = 0.41 (Th -t- U) -6. p(H20). 

In t h i s  equat ion ,  (Th + U )  i n d i c a t e s  t h e  t o t a l  m e t a l  concen t r a t ion  i o  

moles per  l i t e r  (mol/L), T h e  c o e f f i c i e n t  of 0.41 i s  s l i g h t l y  lower than  

that f o r  ammonia n e u t r a l i z a t i o n  b ro ths  because s o l s  prepared by so lven t  

e x t r a c t i o n  have I.osaer amoniurn and n i t r a t e  concen t r a t ions .  

The b ro ths  l o s e  t h e i r  s e n s i t i v i t y  t o  HNl"l' a t  t h e  high u rea  conten ts .  

The HPlTA t o  NO3* mole r a t i o s  as h igh  as 1.0 were used a t  t i m e s  t o  speed 

up g e l a t i o n  i n  t h e  hot  0rgani.c forming medium ( s i n c e  suspension t i m e s  oE 

1 or 2 min were requi red) .  To minimize washing and waste problems, lower 

HMTA/(NO3-)  r a t i o s  down t o  0.8 rnol/mol were coininonly used. 

3.4 Aging and Washing 

Cracking dur ing  washing, dry ing ,  and s i n t e r i n g  w a s  a problem f o r  a l l  

feed  concen t r a t ions  and g e l a t i o n  cond i t ions  t e s t e d .  The amounts of 

c r ack ing  were dependent on t h e  washing and dry ing  cond i t ions .  Wet g e l  

spheres  made € K O ~  SOLEX-sol, high-urea b ro ths  were damaged less by the  

e s t a b l i s h e d  wash procedure f o r  U 0 3  spheres  than were the spheres  made 

from the  o t h e r  Th-U broths .  Never the less ,  d e s p i t e  an e x t e n s i v e  sea rch ,  

a s a l t  s o l u t i o n  could not  be found t h a t  e l imina ted  damage dur ing  washing 

f o r  t hese  high-urea g e l  spheres  (Appendix, Table 7.3). So lu t ions  of 

N H 4 N O 3 ,  u rea ,  and N H 4 0 H  were i n v e s t i g a t e d .  Rased on an a s s e r t i o n  t h a t  

70% Pu02-30% U02 g e l  spheres  must be washed i n  a Soxblet  appa ra tus ,  
Ssxh le t  e x t r a c t i o n  was t r i e d .  Washing i n  t h i s  manner proved q u i t e  suc- 

ce s s fu l ,  e l i m i n a t i n g  v i r t u a l l y  any s i g n  of damage i n  t h e  washed g e l  

spheres .  Fu r the r  i n v e s t i g a t i o n  demonstrated t h a t  t h e  mechanics of the 

Soxhlet  appa ra tus  were r e spons ib l e  fo r  i t s  success .  Dup l i ca t ion  of i t s  

r e s u l t s  could be achieved by very slog washing i n  t h e  appa ra tus  i l l u s -  

t r a t e d  i n  Fig. 3. F i r s t ,  t h e  PEl~C--Mineral o i l  mixture  must be r i n s e d  

from t h e  g e l  spheres  us ing  TCE. A f t e r  p u l l i n g  a i r  through the  bed f o r  

15 inin t o  evapora te  t h e  TCE, the washing is s t a r t e d .  The bed of g e l  

spheres  i s  lefa:  d ra ined  of l i q u i d s ,  and t h e  d i l u t e  W40H i s  s lowly 

(40  L / 8  h )  dr ipped on to  t h e  g e l  spheres .  The l i q u i d  1.eveI i r n  t h e  bed 

s lowly bu i lds  up u n t i l  t h e  spheres  are covered and the wash s o l u t i o n  i s  

16 
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overf lowing.  A f t e r  t h i s  t h e  wash proceeds i n  a once-through manner u n t i l  

t h e  e f f l u e n t  c o n d u c t i v i t y  i n d i c a t e s  washing is complete. The r e s u l t s  f o r  

e i g h t  wash c o n d i t i o n s  and f o u r  ge l s  are compared (Apendix, Table  7.6). 

3.5 Drying 

The d ry ing  c o n d i t i o n s  and r e s u l t s  were t h e  same as those  desc r ibed  i n  

S e c t .  2.4, In g e n e r a l ,  t h e  d r i e d  spheres  from SOLEX s o l s  wi th  h igh  urea  

c o n t e n t s  had g l a s s y  s u r f a c e s ,  f r e e  of s u r f a c e  d u s t  o r  powder. The aumo- 

nia n e u t r a l i z e d  f e e d s  f r e q u e n t l y  g i v e  a s u r f a c e  d u s t ,  as r epor t ed  i n  

Sect .  2.4. 

3 .6  S i n t e r i n g  and Product  P r o p e r t i e s  

A few ba tches  produced us ing  t h e  e x t r a c t i o n  of n i t r i c  a c i d  f lowshee t  

a l s o  produced uncracked microspheres  a f t e r  s i n t e r i n g  (Fig.  7). These 

ba tches  were of h igh  q u a l i t y  a f t e r  d ry ing ,  w i th  (5% of t h e  p a r t i c l e s  re- 

j e c t e d  because of shape sepa ra t ion .  A cerauographic  examinat ion of t h e  

ba tch  a f te r  s i n t e r i n g  r evea led  t h a t  -5% of t h e  p a r t i c l e s  had r a d i a l  

c r acks  running from t h e  o u t s i d e  s u r f a c e  toward t h e  c e n t e r  o€ t h e  sphere.  

These c racks  were not s e v e r e  enough t o  cause  the particles t o  be r e j e c t e d  

by shape s e p a r a t i o n ;  t h e r e f o r e ,  t h e  c rack ing  couLd have occurred  du r ing  

any  of t he  washing, d ry ing ,  o r  s i n t e r i n g  ope ra t ions .  The f i n a l  y i e l d  

f o r  t h e s e  ba tches  w a s  -90% (see Table  7.7 of t h e  Appendix f o r  complete 

c h a r a c t e r i z a t i o n ) .  The g r a i n  s i z e  of all t h e s e  mixed-oxide ba tches  w a s  

ex t remely  small. 

It is  impor tan t  t o  n o t e  t h a t  most ba tches  produced cracked particles,  

Only a s p e c i f i c  set of forming c o n d i t i o n s ,  washing procedures  aud d ry ing  

c o n d i t i o n s  produced ba tches  t h a t  su rv ived  all process ing  s t e p s  i n c l u d i n g  

s i n t e r i n g  wi thout  c rack ing ,  More d e t a i l s  on t h e  c h a r a c t e r i z a t i o n  of a l l  

par t ic le  ba tches  produced us ing  t h e s e  f lowshee t s ,  i nc lud ing  t h e  forming 

c o n d i t i o n s ,  are shown i n  t h e  Appendix (Table  7.7). 

3.7 Demonstration Run Condi t ions  and R e s u l t s  

The f i n a l  exper imenta l  tests were in tended  t o  provide  a comparison 

of t h e  r e p r o d u c i b i l i t y  and q u a l i t y  of l a r g e  (Th,U)O;! sphe res  from t h i s  
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f lowshee t  as compared t o  those  f o r  t h e  f lowshee t  of Sec t .  2. The feed  

c o n c e n t r a t i o n s  and t h e  o t h e r  c o n d i t i o n s  were as fo l lows:  

1000 mL Th SOLEX sol.: Th = 1.55 M I 

NO3-/Th = 2.07 mol/mol  
(48% a c i d  d e f i c i e n t )  

d e n s i t y  = 1.510 g/cm 3 

pH -- 2.69 

177 mL AnUN: U = 2.9 M - 
NO3-/U = 1.65 mol/mol 

(17.5Z a c i d  d e f i c i e n t  ) 

478 g urea :  urea / (Th +- U> = 3.8 mol/tnol 

545 g HllTA: 

PEKC c o n t a i n i n g  14 v o l  % mineral o i l  and 0.03 v o l  % Span 80 

Column tempera tures :  99°C at column t o p  

EQITA/NO3- = 0.96 nol/mol 

93OC a t  column middle 

24.4 cm3/min f o r  small coa r se  

29.0 crn3/min f o r  l a r g e  coaqse 

Broth f eed  rate: 

Nozzle v i b r a t i o n  frequency:  22,800 cyc les /min  f o r  small coa r se ,  
f o u r  h o l e s  

865 cycles/min f o r  l a r g e  coa r se  

Observed r e s idence  t i m e  i n  column and t r a n s p o r t  l i n e :  90 s 

C a l c u l a t e d  drop diameter :  800 pm; 4000 p m  

Ca lcu la t ed  dense sphe re  diameter :  240 pm; 1215 vrn 
Observed g e l  sphe re  diameter :  800 pm; 4000 pin 

For  t h i s  r e c i p e ,  the w e t  g e l  sphe res  are smooth and s p h e r i c a l ,  and 

t h e  g e l  i s  tough and r e s i l i e n t .  

based on obse rva t ions  f o r  u r a n i a  g e l  spheres  and Th-U gel spheres  from 

NH4OH-neutralized bro ths .  Such ag ing  d i d  not  appear  t o  change t h e  r e s u l t s  

on t h e  d ry  g e l  sphe res  a l though  some w e t  g e l  sphe res  were observed t o  t u r n  

s l i g h t l y  cloudy o r  opaque wi th  aging. Hicrophotographs of a product  batch 

are shown as F ig .  7. R e s u l t s  are t a b u l a t e d  i n  Table  2. 

The g e l  sphe res  were aged at least  20 min 
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4 ,  COMPARISONS OF THE Two FLOWSHEETS 

The most important  comparison is with r e s p e c t  t o  t h e  a b i l i t y  t o  meet 

product  s p e c i f i c a t i o n s .  D i f f e rences  €n y i e l d s ,  wastes, process  complexity,  

o r  any o t h e r  f a c t o r s  cannot j u s t i f y  t h e  s e l e c t i o n  of a process  t h a t  does 

n o t  g ive  s p e c i f i c a t i o n  products .  

s t u d i e s  does not  a l low a f i n a l  s e l e c t i o n  w i t h  r e s p e c t  t o  product s p e c i f i c a -  

t i o n s .  

demonst ra t ion  run r e s u l t ,  bu t  all products  showed a worrisome amount of 

i n t e r n a l  c racks .  While t h e  s t r e n g t h  and d e n s i t i e s  of t h e  b e s t  ba tches  are 

be l i eved  adequate  f o r  product  s p e c i f i c a t i o n s ,  any d iscovery  t h a t  would 

completely e l i m i n a t e  t h e  c racks  would be a major and perhaps c o n t r o l l i n g  

advantage f o r  t h a t  f lowshee t .  

The informat ion  from t h e  development 

The process  wi th  ammonia n e u t r a l i z a t i o n  gave a s l i g h t l y  b e t t e r  

4.1 Feed P r e p a r a t i o n  

The feed  p r e p a r a t i o n  o p e r a t i o n s  f o r  t h e  two f lowshee ts  are g iven  i n  

t a b u l a r  form (Table 3 ) .  Both are shown t o  s tar t  with d i l u t e  metal n i t r a t e  

s o l u t i o n s .  The s o l v e n t  e x t r a c t i o n  of n i t r a t e  r e q u i r e s  d i l u t e  s o l u t i o n s .  

Therefore ,  a v a i l a b i l i t y  of concen t r a t ed  s o l u t i o n s  ( s o l i d  n i t r a t e  salts  o r  

ox ides  which could be d i s so lved  i n  HN03) would e l i m i n a t e  t h e  c o n c e n t r a t i o n  

s t e p  f o r  ammonia n e u t r a l i z a t i o n ,  bu t  no t  f o r  s o l v e n t  e x t r a c t i o n  of n i t r a t e .  

The s o l v e n t  e x t r a c t i o n  of n i t r a t e  r e q u i r e s  a complex system wi th  m u l t i p l e  

process  ope ra t ions .  14915 

NaN03 s o l u t i o n .  

mixing, d i l u t i o n s ,  o r  evapora t ion  s t e p s  with water, n i t r i c  ac id ,  and hea t  

as t h e  waste products .  

me waste from the s o l v e n t  e x t r a c t i o n  is a 

Otherwise,  t h e  feed  p r e p a r a t i o n  s t e p s  are a l l  very s imple 

4.2 Ge la t ion ,  Washing, and Drying 

Both f lowshee ts  r e q u i r e  the  same b a s i c  o p e r a t i o n s ,  and t h e  d i f f e r e n c e s  

i n  complexi ty  are not  l a rge .  The use  of K E  as t h e  o rgan ic  medium f o r  

ammonia-neutralized f eed  i s  somewhat s i m p l e r .  The use of a PERC--mineral 

o i l  mix ture  is a s m a l l  compl ica t ion  because as t h e  composi t ion must be 

measured and c o n t r o l l e d .  The need f o r  a wash by a more v o l a t i l e  o rgan ic  

(TCE) t o  remove t h e  PERC--mineral o i l  from t h e  g e l  sphe res  is an added pro- 

cess s t e p .  The wash procedures  t e s t e d  f o r  both f lowshee ts  w e r e  ba tch  

ope ra t ions .  Continuous washing would be p r e f e r r e d  f o r  a l a r g e - s c a l e  op- 

e r a t i o n ,  bu t  t h e  a c c e p t a b i l i t y  of continuous-wash procedures  is completed 

u n t e s t e d ,  
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4 . 3  Product  P r o p e r t i e s  

Product  s p e c i f i c a t i o n s  are g iven  i n  Sec t .  1.1. Ui th  t h e  except ion  of 

i nc reased  c rack ing  as t h e  sphe re  s i z e  i n c r e a s e s  both f lowshee t s  appear  t o  

m e e t  a l l  product  s p e c i f i c a t i o n s  very  w e l l .  The t o t a l  shape reject ( a f t e r  

d ry ing  p l u s  a f t e r  s i n t e r i n g )  was -5% f o r  t h e  a m n o n i a - n e u t r a l ~ z a t i o n  demon- 

s t r a t i o n  runs and 5 t o  10% f o r  t h e  runs f o r  t h e  a l t e r n a t i v e  f lowshee t  wi th  

e x t r a c t i o n  of HNO3. The l i m i t e d  r e s u l t s  l e a v e  an  u n c e r t a i n t y  as t o  whether 

t h i s  is a real  d i f f e r e n c e .  

4.4 Remaining Development Requirements 

This  development of gel-sphere p rocesses  f o r  a Th-U f u e l  c y c l e  for LWK 

a p p l i c a t i o n  w a s  ended as a r e s u l t  of program changes. The informat ion  now 

a v a i l a b l e  does not  j u s t i f y  a f i n a l  s e l e c t i o n  betllreen the  two process  flow- 

shee t s .  Add i t iona l  chemical  f lowsheet  s t u d i e s  would be needed f o r  selec- 

t i o n  of a f i n a l  f lowsheet .  Then equipment development s t u d i e s  would be 

necessary  to a l low des ign  and e v a l u a t i o n  f o r  p i l o t  p l a n t  o r  product ion  

a p p l i c a t i o n s .  

The i n v e s t i g a t i o n  of promising chemical  f lowshee t  v a r i a b l e s  is be l ieved  

t o  be reasonably  complete  f o r  bo th  f lowshee ts .  The r e p r o d u c i b i l i t y  of t h e  

product  q u a l i t y  should be determined f o r  cont inuous g e l a t i o n  and srnal 1. ad- 

jus tments  of t h e  washing c o n d i t i o n s .  Continuous washing cond i t ions ,  perhaps 

wi th  r e c y c l e  f l o w s  t o  slow down c o n c e n t r a t i o n  changes,  might g ive  optimum 

c o n t r o l  of wash c o n c e n t r a t i o n s  and a l s o  minimize waste volumes. A s  men- 

t i o n e d  ear l ie r ,  any s i g n i f i c a n t  d i f f e r e n c e  i n  the a b i l i t y  t o  meet product  

s p e c i f i c a t i o n s  would be c o n t r o l l i n g  f o r  process  s e l e c t i o n .  I f  p roducts  

from both f lowshee t s  meet s p e c i f i c a t i o n s ,  t hen  the  s e l e c t i o n  would probably 

be on the  b a s i s  of p rocess  complexi ty ,  i n c l u d i n g  waste handl ing.  The corn- 

pl.ex s o l v e n t  e x t r a c t i o n  system t o  remove IIN03, t h e  o rgan ic  wash t o  remove 

PERC-mineral o i l ,  and l a r g e r  amounts o r  more complex composi t ions of waste 

are s i g n i f i c a n t  d i f f e r e n c e s .  

For t h e  s e l e c t e d  process ,  eng inee r ing  development s t u d i e s  would be re- 

q u i r e d  t o  develop p i l o t - p l a n t  and product ion-sca le  equipment € o r  a l l  process  

o p e r a t i o n s ,  i nc lud ing  waste handl ing.  Continuous ag ing ,  washing and d ry ing  

o p e r a t i o n s  would be p r e f e r r e d ,  but  batch o p e r a t i o n s  may be requ i r ed  f o r  con- 

t r o l  of t h e  sequence of chemical  cond i t ions .  Such eng inee r ing  s t u d i e s  are 
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now i n  progress  f o r  U02 gel-sphere processes ,  and inany of t h e  development 

r e s u l t s  f o r  U02 w i l l  be a p p l i c a b l e  t o  (Th,U)O2. S ince  khe completeness and 

t h e  a p p l i c a b i l i i y  of t h e  U02 process  resu l t s  cannot be p r e d i c t e d ,  a d e t a i l e d  

s p e c i f i c a t i o n  of (Th,U)02 development requirements  is not  j u s t i f i e d .  Waste 

hand l ing  w i l l  be a major process  devel-opment problem. Recycle of waste o r  

re ject  (Th,U)02 i s  l i k e l y  t o  be nore d i f f i c u l t  than  r e c y c l e  01 U03 o r  U02 

because (Th,U)O, i s  more d i f f i c u l t  t o  d i s s o l v e .  

5. C O N C I J J S I O N S  AND RECOMMENDATIONS 

I n t e r n a l  g e l a t i o n  f 1 owsheet cond i l ions  were determined t o  prepare  good, 

high-dens i ty  (Th,U)O;! spi-re*res (Th/U = 31, 800 t o  1200 UIX i n  d iameter ,  as 

r equ i r ed  f o r  Sphere- Pac f a b r i c a t i o n  of nuc lea r  f u e l s .  The s t a r t i n g  condi- 

t i o n s  t e s t e d  were t hosc  p rev ious ly  developed f o r  U02 sphe res ,  but modif ica- 

t i o n s  and c l o s e  d u p l i c a t i o n  of process  cond i t ions  or "recipes" .=ire necessary  

t o  prevent  s e v e r e  cracking.  Slow changes of c o n r e n t r a t i o n  dur ing  washing 

wirh  ammonia s o l u t i o n s  are important  t o  minimize cracking.  The i n t e r m e d i a t e  

s i z e ,  200 t o  300 pm i n  d iameter ,  is e a s i l y  prepared  us ing  t h c  same chemical 

f lowshee t  cond i t ions ,  but  t h e  p r e p a r a t i o n  of (Th,U)OZ f i n e s  (<45 urn i n  

d i ame te r )  remains t o  be demonstrated.  

The gelaLion cond i t ions  and t h e  r equ i r ed  fecd  composi t ions are c l o s e l y  

r e l a t e d .  For Th/U = 3 ,  t h e  s t o i c h i o m e t r i c  n i t r a t e / r n e t a l  r a t i o  is 3 . 5  

mol/mol and some a c i d  d e f i c i e n c y  is h igh ly  d e s i r a b l e  f o r  p r a c t i c a l  opera- 

Lion, Two d i f f e r e n t  fecd  composi t ions and g e l a t i o n  cond i t ions  gave u s e f u l  

products  For both,  concen t r a t ed  2HTA (hexamethyl ene te t ra rn ine)  s o l u t i o n s  

were mixed wi th  acid-def i c i e n t  T h ( N 0 3 ) 4 - U ( 9 ~ ( N 0 3 ) 2 - N I i 4 N O . j - u ~ e a  s o l u t i o n s  t o  

p repa re  t h e  feed  b ro ths ,  For one feed  composi t ion,  Th(NO3)4-U02(N03)2 

s o l u t i o n s  c o n t a i n i n g  2 t o  10% excess ni t r ic  a c i d  were rnade 10 t o  15% ac id-  

d e f i c i e n t  hy t h e  a d d i t i o n  of ammonia. Urea concen t r a t ions  of 0.5 m o l / m o l  

(Th 4- U )  were used t o  prevent  premature p r e c i p i t a t i o n  when t h i s  feed  was 

mixed wi th  HM'L'A s o l u t i o n s  a t  0 t o  5°C .  G e l a t i o n  of t h e  drops was i n  t r i -  

ch lo roe thy lene  a t  60 t o  75OC. For the  o t h e r  feed  composi t ions,  so lven t  

extracCiori  of EN03 was used t o  prepare  acid-def i c i e n t  thorium o r  thorium- 

uranium n i t r a t e  s o l u t i o n s .  Higher urea  concen t r a t ions  were used [2 t o  

3.75 mol/mol (Th f [ J ) ] ,  and t h e  nixed b ro ths  with HNTA added were s t a b l e  a t  
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room temperature .  

were done i n  perchloroethylene-mineral o i l  mixtures .  

Ge la t ion  r equ i r ed  h ighe r  tempera tures  of 80 t o  95°C and 

Slow changes of c o n c e n t r a t i o n  du r ing  washing w e r e  necessary  t o  minimlze 

c rack ing  of 800- t o  1200-pm product  spheres .  A r e c i r c u l a t i n g  wash procedure 

and a s low a d d i t i o n  wash procedure w e r e  developed. Steam atmosphere dry ing  

wi th  t h e  sphe res  a t  100°C f o r  most of t h e  water removal gave less c rack ing  

than  a i r -d ry ing  wi th  t h e  sphe res  a t  t h e  w e t  bulb tempera tures  f o r  l a r g e  a i r  

f low r a t e s .  

A conse rva t ive  c a l c i n i n g  and s i n t e r i n g  schedu le  was used without  optimi- 

z a t i o n  of cond i t ions .  Heat ing  was a t  100°C/h up t o  600°C, 300'C/h f o r  SO0 

up t o  1450°C, and 4 h a t  1450OC. The atmosphere w a s  Ar-4X H 2  throughout.  

A l l  p roducts  were s i n t e r e d  t o  near t h e o r e t i c a l  ( > 9 9 X )  d e n s i t y  f o r  (Th,U)02. 

The p r e f e r r e d  gelation-washing-drying c o n d i t i o n s  w e r e  necessary  t o  avoid  

s e v e r e  c rack ing ,  and -5% c rack ing  of t h e  l a r g e s t  s i z e s  r e s u l t e d  a t  t h e  best 

cond i t ions .  

Process  devetopment i s  incomplete  f o r  both p rocesses ,  and t h e  informa- 

t i o n  now a v a i l a b l e  does no t  j u s t i f y  a f i n a l  s e l e c t i o n  of processes .  For any 

immediate a p p l i c a t i o n  wi thout  f u r t h e r  development, t h e  ammonia n e u t r a l i z a -  

z a t i o n  f lowshee t  should be used, p r i n c i p a l l y  because of some s impler  opera- 

t i o n s .  If t h e  development program is resumed, both f lowshee t s  should be 

t e s t e d  f u r t h e r  u s ing  cont inuous  sphe re  p r e p a r a t i o n  and small v a r i a t i o n s  in  

feed  composi t ions and washing cond i t ions .  Some remaining development re- 

quirements  are d i scussed  as Sect .  4.3. 
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7. APPENDIX: 'TABULATE0 DATA 

The body of t h i s  r e p o r t  d e f i n e s  and d e s c r i b e s  c o n d i t i o n s  which g ive  

u s e f u l  r e s u l t s  f o r  p r e p a r a t i o n  of l a rge -coa r se  (Th, LJ)O2 spheres .  More 

d e t a i l e d  t a b u l a t i o n s  of experimental  d a t a ,  p a r t i c u l a r l y  f o r  c o n d i t i o n s  

which di.d no t  g ive  useful. products ,  are i n  t h i s  Appendix. 

Twenty--two column g e l a t i o n  runs ('Table 7 .  I )  were rnade t o  prepare 

3.5-1.. batches of mixed-oxi.de (Th/U = 3 )  g e l  sphe res  us ing  f eeds  prepared 

by ammonia n e u t r a l i z a t i o n .  S i x  runs were small-coarse  s i z e s  (400- to  1000- 

prn d rops )  t o  t es t  several .  washing and d ry ing  c o n d i t i o n s  and t o  supply pro- 

d u c t s  f o r  cal-cining and s i n t e r i n g  tests. Fourteen runs were f o r  t h e  

l a rge -coa r se  s i z e  (2700-to 3600-pm drops) .  Two w e r e  f o r  f i n e s  s i z e s .  

A l l  runs gave good g e l  sphe res  i n  t h e  organic-forming iiledium. S i x  of t h e  

large-coarse-s ize  products  were found t:o be excess  i w l y  cracked i l i i~ ing  t h e  

i n v e s c i g a t i o n  of the washing and d ry ing  requirements.  I n i t i a l  improve- 

ments gave good d r i e d  g e l  sphe res  that cracked e x c e s s i v e l y  during s in-  

t e r i n g .  Addit ions of o rgan ic  polyiuers t o  t h e  b ro th  (po lyv iny l  a l c o h o l ,  

Plethocel K100) gave s o f t e r  g e l s  and more c rack ing  du r ing  washing and 

d ry ing  as compared t o  sphe res  c o n t a i n i n g  no polymer. Two batches of 

l a rge -coa r se  sphe res  (3200 pm), p repa red  with t h e  use of a l l  t h e  improved 

c o n d i t i o n s ,  gave good dense sphe res  wi thou t  excess ive  cracking.  These 

resul ts  are t a b u l a t e d  i n  Tables 7.2 and 7.3.  

The l a r g e  batch of 'Th-IJ feed soli.~".i.on used f o r  most column riins 

had the  fo l lowing  c o n c e n t r a t i o n s :  

The E4TA s o l u t i o n s  used ~ e ~ e  made t o  3.5 - M BfTA by mixing a t  10°C.  

The opti.mnr;i volume rati io of t h e s e  two s o l u t i o n s  ( t o  g i v e  pH = 4.2 i n  

2 min a t  1 5 ° C )  was 1 .47  volume fQ4TA/volume Th -k U. The mixed b r o t h  i s  
7 then 0.98 I N (Th f U) and has  a d e n s i t y  of 1.41 g/cm. 
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Table 7.1 Ge la t fon  c o n d i t i o n s  f o r  (ThU>02 w i t h  ammonia 
n e u t r a l i z a t i o n  of feed  

Feed c o n c e n t r a t i o n s :  Th -t- U: 0.98 + 0.03 M 
HMTA/N03”: 0.69-0.7 1mol /mol  
Acid d e f i c i e n c y :  10 t o  14% 

Forming Typ ica l  
c b n d i t  i ons  w e t  g e l  

Run Temp diam 

557 

xo 1 
xo 2 

x0 3 
x04 
X0 5 

X06 
xo 7 
X08 
xo 9 
x10 

x11 
x12 
X 1 3  
X14 
X 1 5  

X 1 6  
X17 
X 1 8  
X19 
x2 0 

X 2  1 
x2 2 

2EH 

TCE-13% 2EH 
TCE-13% 2EH 

TCE-13% 2EH 
TCE-13% 2EH 
TCE-13% 2EH 

TCE-13% 2EH 
TCE-13% 2EH 
TCE-13% 2EH 
%CE-13% 2EH 
TCE-13% 2EH 

TCE-13% 2EH 
TCE-13% 2EH 
TCE-13% 2EH 
TCE-13% 2EH 
TCE-13% 2flH 

TCE-13% 2EH 
TCE-13% 2EH 

TC E 
TCE 
T C E  

TCE 
TC E 

a2 200 

71 2600 
72 500 

700 
72 1000 
7 1  3600 
63 3500 

67 3400 
67 3200 
6a 3400 
68 3500 
70 3200 

68 660 
68 3200 
68 430 
68 960 
71 3700 

72 300 
72 400 
72 3100 
72 750 
72 3100 

72 3100 
72 3100 

Fines  s i z e ,  c l u s t e r e d .  

Small-coarse s i z e .  

Small-coarse s i z e .  

Po lyv iny l  a l c o h o l  in feed; sa l t ed  ou t ,  

No NHq* i n  feed;  cracked. 

F i r s t  test of r e c i r c u l a t i n g  wash, 
Methyl c e l l u l o s e  a d d i t i v e  i n  feed.  

Small-coarse s l ze .  

S m a l l e s t  uniform s i z e  p r a c t i c a l .  
Small-coarse s i z e .  

F ines  s i z e ,  c l u s t e r e d .  
F ines  s i z e .  
No 2Et-I and cont inuous  b r o t h  mixing. 
Small-coarse s i z e .  
R e c i r c u l a t i n g  wash, t hen  once-through. 

R e c i r c u l a t i n g  wash, t hen  once-through. 
Dupl ica te  of run X 2 1 .  



Table 7.2.  Gashing-drying r e s u l t s  f o r  (ThU)O, wi th  ai-rmoniri n e u t r a l i z a t i o n  of feed 

T y p i c a l  
dry g e l  

Product d i  an 
KO. (wn) Washing-drying c o n d i t i o n s ,  resul ts  Conclusion 

55 7 

xo I 
xo 2 
x0 3 
XO 4 
x0 5 
X0 6 
XO 7 

X08 
X09k 
X09B 
X10 
x11 
x12 
X! 3 
XI 4 
X i  5 
X14 
X17 
X18- 1 
X18-2 
X18-3 
X18-4 

80 

100.3 
280 
37 5 

1400 
1400 
1300 
1200 

1300 
1300 
1250 
1300 

250 
1333 

220 
400 

1500 
150 
150 

1200 
1200 
1200 
1200 

Isopropyl  a l o c h o l ,  steam dry t o  240°C 

- >30% cracked 
Good appearance 
G i m 3  appearance 
-90% cracked 
Excessive c rack ing  
- >20% cracked 
I n i t i a l  wash was NH4NO3 - very d i l u t e  

F i r s t  wash g i t h  r e c i r c a l a t i o n  (20 n i n j  
Steam atm dry  t o  160°C 
Steam a t m  dry t o  250°C 
Off -shape, l o t s  of cracking 
R e c i r c u l a t i n g  wash now s t anda rd  

NK4OB; cracked du r ing  c o a l i n g  

Isopropyl  a l c o h o l ;  no r e c i r c u l a t i o n  

Isopropyl  a l c o h o l ;  no r e c i r c u l a t i o n  
Isopropyl  a l c o h o l ;  no r e c i r c u l a t i o n  
>IO% cracked 
Standard cond i t ions ,  e x c e l l e n t  
Aged i n  Dot TCE; -2% cracked 
Aged i n  hot TCE; - >30% cracked 

- 

(ThL‘)O, c l u s t e r s  much worse than U03 

New organic  m y  g ive  poor r e s u l t  
Looks good f o r  t h i s  s i z e  
Looks good f o r  t h i s  s ize  
Gel c raccs  during washing 

No NWq+ i n  feed nac h e l p f u l  
Change i n  i n i t i a l  wash concen t r a t ion  prevents  

Better tha; no r e c i r c u l a c i o n  
Exce l l en t  d r i e d  ge l  appearsnce 
-2% cracked. 
l l e thy l  ce l -u lose  a d d i t i v e  not u s e f u l  
Exce l l en t  d r i e d  g e l  
Some s u r f a c e  ch ips  o r  roughness 
Poor appearance coapared t o  X i  i 
E x c e l l e n t  d r i e d  g e l  
Stea.a dry,  >3% cracked;  a i r  dry ,  >30 

Polyvinyl  a l coho l  add i  Live not u s e f u l  -b 
R) 

c rack ing  i n  wash 

(ThU)Ox ciLsters nuch worse than-IJ03 
A i r - d r y i ~ g  g ives  less cldsters than steam 

New o rgan ic  m y  g i v e  poor resul ts  
Betzer i n  used o r g a n i c  
Exzra agLng not h e l p f u l  
Hot g e l  i n t o  cold wash caused cracklng 



Table 7.2 (cont inued)  

Typic a 1 
dry g e l  

Product diam 
No. (r\m> Washing-drying cond i t ions ,  r e s u l t s  Conclusion 

x19- 1 
x19-2 
X i  9-3 
X19-3B 
X20-A 
X20-B 
x20-c 

x2 I- 1 
x21-2 
X2 1-3A 
X21-3B 
X2 1-4A 
X2 1-43 

x22-1 
x22-2 
X2 2-3A 
X22-313 
X22-4A 
X22-4B 
X22-5A 
X22-5B 

300 
300 
300 
300 

1200 
1200 
1200 

1200 
1200 
1200 
1200 
1200 
1200 

1200 
1200 
1 200 
I200 
1200 
1200 
1200 
1200 

Exce l l en t  
Exce 1 l e n t  
Exce l l en t  
Dried as t h i n  l a y e r s ,  open t r a y  
Dried i n  open t r a y ,  oven a t  120°C 
Dried i n  open t r a y ,  oven a t  150°C 
Dried i n  covered t r a y ,  oven a t  150°C 

Kec i r cu la t ing  once-through now s tandard  
Acceptable  
Acceptable  
A i r  atm d ry  t o  125OC, >30% cracked 
Aged i n  hot  TCE, s u r f a c e  dus t ing  
Aged i n  hot  TCE, s u r f a c e  dus t ing  

Standard i s  1-1/2 h r  cooldown i n  TCE 
2 h r  r ec i r cu la t ing -2  h r  once-through 
f o r  wash, steam a t m  dry oven a t  175°C 
2 ,  3A, and 3B better than 1. 

Overnight in TCE 
Overnight i n  TCE 
Aged i n  ho t  TCE, some s u r f a c e  d e f e c t s  
Aged i n  hot  TCE, some s u r f a c e  d e f e c t s  

Air-drying g ives  h igher  d e n s i t y ,  t r anspa ren t  
Drying not  complete 

Much more c racking  i n  open 
t ray ( i . e . ,  a i r  a t m  dry ing)  

New organic  may g ive  poor r e s u l t s  
Short  aging poor ( s p i l l  dur ing change) 

Long hot  aging may be poor 
Long hot  aging may be poor 

New organic  may g ive  poor r e s u l t s  

L i t t l e  e f f e c t  from aging i n  cold TCE 
L i t t l e  e f f e c t  fron aging  in cold  TCE 
Hot TCE t o  wash, may be poor 
Hot TCE t o  wash, may be poor 

.P 
w 



Table  1.3 C h a r a c t e r i z a t l o n  of (Th.U)02 Produced ay -nia Heutra1:aation 

Peed c o n c e n t r a t i o n e :  
Th + U: 
' J reafc :  2.0 u l l m o l  
SH,+/(Th + U): 

0.98 * 0.03 5 

0.5 LO 0.54 m l f m o l  

Chem. Forming Drying Ae-Dried Shape reject An-Drled Hg d e n s l t y  Shape r e J e c t  

ba tch  ba tch  run ( " C )  c o n d i t l o r i s b  :'C) (a lcm ) ( % I  ( U r n )  (zfcm 3 ) ( X )  O b s e r v a t i o n s  from CeramoRraPhy 
Tech. USC S i n t e r l n g  c o n d I t i o n s a  Washins c o n d l t l o n s  d e n s i f y  a f te r  d r y i n g  s i z e  a f t e r  si t p r l n g  a f t e r  s i n t e r l n &  

X-03  5-935 
X-04 5-936 
CT-557 3-937 
x-09 5-938 
X-098 j-959 
X-I1 3-940 
x-12 3-941 
X-13 J-942 

X-14 5-944 
X-I5 5-945 
x1s-1 3-954 
X18-2 5-955 

X19- I 5-957 
X19-L J-958 
X19-3 i-959 
Xl9-38 5-960 

X21-2 J-966 
X2 I - 3 A  5-967 
XZI-PB 5-968 

X2i-3C 3-969 
X2;-46 .I-970 
X22-! J-1063 
X22-2 5-1064 
X22-30 J-1065 
X22-3A 2-1066 
X22-4A J-1067 
222-54 J-1069 

xia-3 5-956 

S-426 
s-417 
s-393 
S-413 
5-419 
5-427 
S-420 
S-424 

S-425 
5-42 1 
s-433 
5-434 
5-4;5 
s-433 
s-439 
5-440 
5-441 

S-456 
s-457 
s-458 

s-459 
5-463 
5-666 
s-7 10 
5-702 
S-b67 
S-668 
5-670 

TCE + 13: 2EH 74' 
XICZ + 13% ?EH 73. 
ZEH a2* 
X.rd + 132 2EH 68' 
TCE + 132 2EH 68' 
'Kg + 132 2EH 68' 
TCE + 13I  2EH 68. 
'RE + 13% 2EH 6 8 .  

'KE + 132 2EH 68' 
TCE + 13X 2EH 71' 
TCS 72' 
TC2 72- 
'CS 72" 
X E  72' 
?CE 72. 
TCE 72' 
EICE 72' 

TCE 71' 
TCE 71' 
TCE 71' 

X I  71' 
TCE 7 1 "  
TCE 70' 
TCE 70' 
Tcr: 70' 
E a  70. 
TCE 70' 
Tci 70' 

OT 210. s:eam 
3T 240' s team 
JT 240. sceam 
R 173' steam 
R 240' steam 
R 170' steam 
R 170' Bteam 
OT Warm alr  

t h e n  165. 
R 170' s team 
R 170' steam 
R 170' mteam 
R 170' steam 
R 110' s team 
R 170' -:earn 
R 110' steam 
R 175' sieam 
R 170' open 

t r a y  
R + OT 160. steam 
k + OT 160' steam 
R -5 OT 125. open 

R + @T 125' s team 
Y. -5 OT 125. steam 
R + aT 180' steam 

R + ;IT 195' sceam 
K -+ OT lao' steam 
R + OT 185' steam 
R + OT 180' steam 

cray 

R + OT 180' steam 

2 .9 :  
2.64 
3.01 
2.40 
3.20 
2.54 
2.73 
3. >4 

2.93 
2.80 
2 . b )  
2.61 
2.51 
2.45 
2.56 
2.54 
3.15 

2.34 
2.43 
2 . 7 9  

2.41 
2.18 
2.50 
2.53 
2.67 
2.47 
2.52 
2.62 

1 
47 

15 
2 
I 

52 
I 

1 
9 

10 
2 

il 
1 
1 
2 
1 

22 
2 
6 

5 
14 
i2 .5  
3.0 
2.7 
2.4 

14.6 
2.2 

375 
1200 

75 
i350 
i i 5 0  

250 
1200 
220 

350 
1400 
1225 
1160 
1190 
280 
280 
280 
280 

1250 
1250 
1200 

1260 
1250 
1250 
1250 
1250 
1250 
1250 
I250 

10.20 
i3.23 
10.21 
IO. 20 
10.16 
10.17 
10.22 
10.14 

10.20 
10.16 

10.22 
io.21 
i0 .21 
10.20 

10.21 
10.19 
10.2u 

10.20 
io. 19 

10.20 
10.21 
10.22 

5 
47 
75 

31 
2 

74 
1 

90 
35 
90 
90 
90 

1 
1 
I 
1 

I 
1 
1 

L 
1 

1 
1 
1 
1 
1 

58 

50:: major c r a c k s  

C l u s t e r e d  i n  groups of 5-:O p a r t i c l e s  
502 s u r f a c e  s p a l l i n g ,  10% major s r a c k s  
100% s u r t a c e  s p a l l i n g  
50% s u r f a c e  SQalling p l u s  c r a c k s  
80% :OOY s u r f a c e  major cracks s p a l l i n g  

804 s u r f a c e  s p a l l i n g  
80% s u r f a c e  s p a l l i n g  p l u s  c r a c k s  
100% major c r a c k s  
l3OI ma jor c r a c k s  
l0OZ major c r a c k s  
3.Z i n t e r n a l  v o i d s ,  no c r a c k i n g  
3 i  i n t e r n a l  v o i d s ,  no c r a c k i n g  
34: l n t e r n a i  voids, no c r a c k i n g  
32 i n t e r n v a l  v o i d s .  20% major cracks 

5-102 Dajor c r a c k s  
5-105. IM Jor c r a c k s  
ROX ? m l r l I n e  c r a c k s  

23X major c r a c k s  
102 major c r a c k s  
25% major c r a c k s  
152 major c r a c k s  
20% major c r a c k s  
20% major c r a c k s  
201 ma5or c r a c k s  
75% s u r f a c e  spelling 

957, major C r a C X 8  

' T r i c h l o r e t h y l e n e  (TCE) 2-ethyl hexanol  (Zen). 

bOnce-through (OT),  r e c i r c u l a t i n g  (R) .  
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The g e l a t i o n  of s m a l l  samples  i n  test tubes o r  b o t t l e s  w a s  observed 

v i s u a l l y  f o r  over  80 b r o t h  compositions (Table 7.4). 

t h o r i a  or  t h o r i a - u r a n i a  s o l s  determined t h e  c o n d i t i o n s  t e s t e d  f o r  ge l -  

sphe re  p r e p a r a t i o n  as r e p o r t e d  i n  Sect. 3. The tests wi th  ammonia- 

n e u t r a l i z e d  f eeds  showed t h a t  urea/(Th + U) mole r a t i o s  of - >2 gave b r o t h  

compositions t h a t  remained f l u i d  f o r  long t i m e s  a t  room temperature.  

tests wi th  n i t r a t e  s o l u t i o n s  gave some good g e l a t i o n  r e s u l t s .  

n e  tests wi th  SOLEX 

The 

The s c o u t i n g  tests of gel-sphere format ion  gave f i rm ,  smooth sphe res  
i n  t h e  o rgan ic  forming medium f o r  a l l  t h r e e  t y p e s  of f eed  b r o t h s  (Table 

7.5). However, t h e  g e l  sphe res  from nitrate s o l u t i o n  f e e d s  a l l  cracked 

e x c e s s i v e l y  du r ing  washing (Table 7.6). The ge l -spheres  from some SOLEX 

f e e d s  and some NH4OH n e u t r a l i z e d  f e e d s  were washed wi th  no or a few c r a c k s  

a f t e r  washing (Table 7.6 and 7.7). R e s u l t s  f o r  s i n t e r e d  products  u s ing  

SOLEX f e e d s  are i n  Table 7.8. 

7.1 Behavior a f t e r  Mixing of t h e  Th + U and HMTA S o l u t i o n s  

Measurements of pH and f l u i d  p r o p e r t i e s  vs t i m e  a f t e r  mixing were made 

f o r  some of t h e  b r o t h  compositions.  The experiments were r e l a t i v e l y  c rude  

wi th  respect t o  good tempera ture  c o n t r o l  and good mixing. 

t h e  v i s c o s i t y ,  pH, c o n d u c t i v i t y ,  s u r f a c e  t e n s i o n ,  and tempera ture  as a 

f u n c t i o n  of t i m e  f o r  t h e  SOLEX s o l  feed. The p r o p e r t i e s  of t h e  s o l u t i o n s  

p r i o r  t o  HMTA a d d i t i o n  were a l s o  measured and are g iven  i n  Table 7.9. 

u rea  a d d i t i o n  was endothermic,  caus ing  t h e  tempera ture  t o  drop t o  14OC. 

However, t h e  HMTA d i s s o l u t i o n  w a s  exothermic,  as i n d i c a t e d  i n  Fig. 7.1. 

The s u r f a c e  t e n s i o n  p r o f i l e  i s  q u i t e  f l a t ,  but  as t h e  feed th ickened  and 

g e l l e d  t h e  s u r f a c e  t e n s i o n  became imposs ib le  t o  measure because of t h e  

r a p i d l y  i n c r e a s i n g  v i s c o s i t y .  The pH and c o n d u c t i v i t y  demonst ra te  similar 

behavior ,  wi th  an i n i t i a l  r a p i d  change followed by a long per iod  of no 

change o r  slow change, The v i s c o s i t y  expe r i ences  a small jump as t h e  HMTA 

is  d i s s o l v e d ,  followed by a long q u i e s c e n t  pe r iod  and then  a pe r iod  of 

r a p i d l y  i n c r e a s i n g  v i s c o s i t y .  Based on t h e s e  obse rva t ions ,  only t h e  

v i s c o s i t y  and pH w e r e  monitored i n  t h e  remaining tests. 

Figure  7.1 g i v e s  

The 

S e v e r a l  a t t e m p t s  t o  monitor the  p r o p e r t i e s  of the NH40H-neutralized 

f e e d  f a i l e d  because of l o c a l  g e l a t i o n .  I n  c o n t r a s t  t o  t h e  SOLEX s o l  f eed ,  



Table 7.4. Test tube s t u d i e s  of g e l a t i o n  behavior vs bro th  composition 

NO3* (Th + U) Urea (Th + U) HMTA/N03* 
Type of feed (mo 1 /mol ) (mol/mol) (mol/mol) Resu l t s  or comments 

Number of 
tests 

SOLEX 0.3-1.7 0.4-1.7 
1.9-2.1 0.3-0.5 

1.1-1.3 
1.4-2.1 

N H ~ O H  0.5 
neu t ra l i zed  2.0 

3.0 before 
n e u t r a l i z a t i o n )  

 NO^*/'^ + u - 1.-2 

m4OH 3.1 
n e u t r a l i z e d  

3.9 before 
n e u t r a l i z a t i o n )  

(N03*/Th + U 

3.9.5.5 

2.0 
1.7 
2.0 

2.0 
3.7 

4.9,24 

1.0-5. Weak, mush ge l s .  4 
0.8-1.1 Gelled below room temperature  2 

0.6 Gel led s lowly a t  75OC 2 
0.71-1.0 Gelled s lowly a t  0 o r  25OC. 4 

0.9,2.6 Gelled s lowly at  room temperature  2 

0.7 Weak, mush g e l  1 
0.9 Gelled in 4 min a t  25OC. 1 

0.47-0.70 Gelled s lowly a t  25°C 5 

Gelled r a p i d l y  a t  75OC. 

0.85 Gelled i n  <5 min at 25OC 
0.75 Gelled in 4.5 h a t  2SoC 
0.75 S t a b l e  >8 h at 25OC 

2 
1 
2 

Nitrate 
s o l u t i o n s  

3.0 

3.6-3.9 

4.1-4.3 

0 0.55-0.66 Weak, mushy g e l s  a t  95OC 3 
0 0.75-1.97 Gelled i n  7 t o  60 min a t  0 o r  25OC 8 
2.1 0.82-1.02 Gelled in 1 t o  14 min at 25OC 3 
3.6 0.63,0.72 S t a b l e  a t  O°C 2 
0 0.77-1.62 Gelled i n  6-90 min a t  0 t o  25°C 6 
3.5 0.77-0.87 Gelled i n  3-46 rain a t  25OC 3 
1.0 0.70-0.87 Gelled s lowly a t  25OC 4 
2.0 0.77-0.90 Gelled s lowly a t  25% 4 

3.7-3.8 0.77-0.90 S t a b l e  >8 h at 25OC 4 

0 0.20-0.60 No g e l  o r  weak g e l  a t  75-98OC 4 
0 0.82-1.03 Gelled i n  <30 min a t  25OC 12 

2.1-2.2 0.75-0.87 Gelled in 2-90 min a t  25OC 3 
2.8 0.70 Gelled i n  4 min a t  75OC 1 

3.6-3.9 0.77-0.9 S t a b l e  >8 h a t  25OC 5 

5.4,7.4 0.85.0.87 Gelled at 90°C 

Gelled q u i c k l y  a t  >75OC 

Gelled (6  min a t  75OC 



Table 7.5. Scouting experiments for gel-sphere formation 

-- 
Sphere formation 

Type of fue l*  Urea/Th + U NO3*/Th + U Results; sphere 
and HMTA/NOq (mo l/mo 1) (mol/mol) Broth stability Mediuma Temperature properties 

~ ~~ ~~ 

SOLEX 0 
0.3 
0.5 
0.5 

0.5 
2.0 
2.0 

3.8 
4.0 

m4 neutralized 0.5 
0.6-0.9 mol/mol 

2.0 

3.5,3.6 

0.6 
0.3 
2.5 
2 . 9  

Preci pi t a t i on 
Good 
Good 
Gelled i n  4 min 
at 25OC 
Gelled at 0-3OC 
cbod 
Good 
Thickened at 25OC 
Good 
Good 

Gelled i n  20 min 
at 25OC 
Good 
Good 
Thickened in 2-5 
hr at 25°C 
Good 

Good at 0°C 
Good at 0°C 
Good 

- 
TCE,MX 
Mx 
Mx 

- 
75,95 O C  

66 
75 

Weak, semi-gel 
Weak, semi -gel 
Firm, smooth 
Firm, smooth 

Firm, smooth 
Finn ,  smooth 
Firm, smooth 
Firm, smooth 
Firm, smooth 
Gelled too slowly 
Firm, smooth 
Soft 

3eO 
2,O 
3 . 0  

2.0 
3.0 

2,2,2.0 

TCE 
Mx 
MX 
Mx 
Mx 
TCE 
Mx 
Mx 

68,70 
93-98 
98 
98 
98,95 
77 
98 
98 3 . 2  

1.0 
1.5 
2.0 

Mx 
M x  
Mx 

98 
98 
95-94 

F i r m ,  smooth 
Firm,  smooth 
Firm, smooth 
Seven tests 
Firm, smooth 3 . 7  3.1 Mx 95 

90-95 
50,75,95 
70 
90,98 
55 
95 
95 
90 
95 

NFtrate solution 0 
0.7-1.0 0.3 

0.5 

3-4 .1  
3.6-3.8 
3.9 

Mx 
Mx 
Mx 

Soft 
Firm, smooth 
Poor gelation 
Firm, smooth 
Firm, smooth 
Soft 
Firm, smooth 
Firm, smooth 
Firm, smooth 

Stable at 0°C 
Stable at O°C 
Stable at 25% 
Stable at 25°C 
Stable 6 hr at 
25OC 
Stable >8 hr at 
25°C 

0.7 3.0 
4.1 
3.9 
3.9 
3.7 

Mx 
Mx 
Mx 
Mx 
Mx 

1.0 
2.0 
3.0 

3 . 6 - 3 . 7  3.9 Mx 98-98 Finn,  smooth 
Eight tests 

indicates perchloroethylenmineral o i l  mixtures. 
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Table 7.6. Washing s tud ie s  (immersing ge l  spheres 
i n  spec ia l  sa l t  so lu t ions)  

- _I_.-- - 
Wash so lu t ion  

T e s t  
No . N H ~ O H  (MI - NH4N03 (E) Urea (MI - Results 

13 
46 
43 
48 
45 
47 
8 

17 
5 

25 
4 

16 
18 
6 

19 
20 
24 

2 
21 
22 
23 
3 

14 
15 

7 
12 
1 
9 

44 
42 
40 
37 
29 
41 
39 
31 
34 
33 
10 
11 
35 
36 
26 
27 

0 
0 
0 
0 
0 
0 
0.05 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.2 
0.2 
0.3 
0.3 
3.1 
3.3 
4.5 
5.0 
5.0 

7.0 
7.2 
7.3 
7.3 
7.4 
7.4 
7.4 
7.4 
7.4 
8.0 

5.1 

0 
3.8 
6.6 
6.7 
7.0 
8.3 
0 
0.1 
0.55 
1.1 
1.64 
3.28 
3.5 
0 
0.44 
0.88 
0.94 
1.09 
1.09 
1.09 
1.09 
2.2 
2.2 
4.4 
0.55 
2.9 
0 
4.4 
8.3 
4.8 
6.1 
4.0 

7.0 
7.0 

6.7 
9.8 
6.9 
6.9 
0.88 
4.4 
4.4 
4.4 
7.0 

Saturatedb 

0 
9.8 
8.8 

10.5 
9.0 
9.0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
5.1 
10.0 
8.1 
3.0 
0 
5.7 
5.0 
0 
1.0 
3.0 
0 
0 
3.0 
6.0 
0 
0 

Many cracks within a few min 
Few cracks within a few min 
Few cracks within 10 min 
Few cracks within 20 min 
Few cracks within 20 min 
Few cracks within 38 min 
Many cracks within a few min 
Many cracks within a few min 
Few cracks within a few raina 
Many cracks within a few min 
Many cracks within a few min 
Many cracks within a few min 
Many cracks within a few min 
Few cracks within a few mina 
Many cracks within a few min 
Many cracks within a few min 
Many cracks within a few min 
Few cracks within a few min 
Few cracks within a few min 
Many cracks within a few min 
Few cracks within a few min 
Few cracks within a few mina 
Many cracks within a few min 
Many cracks within a few min 
Few cracks within a few mina 
Many cracks within a few min 
Many cracks within a few min 
Many cracks within a few min 
Few cracks within a few min 

Few cracks within 10 min 
Few cracks within 20 min 
Many cracks within a few min 
Many cracks within 10 min 
Few cracks within 10 d n  
Few cracks within 6 rain 
Few cracks within a few min 
Few cracks within a few min 
Few cracks within a few min 
Many cracks within a few min 
Many cracks with-ln a few min 
Few cracks within a few min 
Few cracks within 8 min 
Few cracks within a few min 
No cracks a f t e r  9 min 
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Table 7.6 (continued) 

Wash so lu t ion  

Re su 1 t s 

32 9.0 4.4 0 
30 9.0 7.0 0 
38 9.8 4.0 3.0 
28 10.4 5.6 0 

MGT-211 NH4OH neut ra l ized  ge l  spheresc 

4 0 6.6 7.2 
1 0.3 0 0 
2 1.7 1.1 0 
3 7.2 9.8 0 

MGT 213 Solex sol gel spheresd 

5 0 0 0 
2 0 7.6 8.2 
3 0.17 1.1 0 
9 0.3 0 0 
12 0.5 0 0 
13 0.5 1.0 0 
15 0.5 1.0 0 

1 7.2 9.8 0 

Many cracks within a few min 
Few cracks within a few Illin 
Many cracks within a few min 
Many cracks within a few min 

No cracks v i s i b l e  a f t e r  30 min 
No cracks v i s i b l e  a f t e r  25 min 
Few cracks a f t e r  10 min 
No cracks v i s i b l e  a f t e r  21 min 

Few cracks i n  1 h 
No cracks a f t e r  20 h 
Few cracks within 15 min 
Few cracks i n  1 h 
Few crhcks i n  1.5 h 
No cracks a f t e r  21 min 
Gel weakened, gaping cracks 
a f t e r  heating a t  50-6OoC 
No cracks a f t e r  21 h 

aObservational techniques masked i n t e r n a l  cracks. 
bCounting undissolved NH4N03, 10 €4 m4N03. 
CThese spheres were opaque, so inTerna1 cracks could not be observed. 
dSome of these  were also opaque, making some observations d i f f i c u l t .  
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Table 7.7. Qua l i t a t ive  eva lua t ion  of damage for d i f f e r e n t  washing methods 
I 

Gel-sphere batch No. 

Wash method 202 21 1 212 213 

0.3 M EJH40H s t r a i g h t -  Medium Bad Bad Very l i g h t  
throligh 

Reci rcu la t ing  

1.06 N NH NO - 
0.16711 NkqOa F a i  r Fair  Bad F a i r  - 

9 M urea-8.2 - M 
NHzNo3 

Fair  Bad Bad Bad 

Light Medium Baa F a i r  

Soxhlet  e x t r a c t i o n  with 3% NH40Ha 

Recycle F a i r  Light F a i r  Light 

Once-through F a i r  Fair Light  Very l i g h t  

Soxhlet  e x t r a c t i o n  approximationsa 

0.5 M NM40H r e c i r c u l a t i o n  

Slow straight- through - F a i r  Light Very l i g h t  

- - - Medium p l u s T 2 0  

aGel spheres  washed by 
were d r i ed  a t  170'C. 

Sexhlet  techniques we re dr i ed  a t  110OC; o the r s  



Table 7.8. Washing,' drying, and s i n t e r i n g  r e s u l t s  f o r  SOLEX feeds 
Sintered product dens i t ies :  99 or 100% of theo re t i ca l  dens i ty  

~~ ~ ~ ~~ -~ __ ~ 

Dry product S in te red  product 
Drying Bulk 

Batch Wash temp. dens i ty  Subjective Diameter X shape Subjective % shape 
No. method ("C) (g /mL) evalua t ton (urn) reject I o n  evalua t ion  reject Ion 

Solex Sol 

213, Wash 7 
Wash 8 
Wash 10 
Wash 14 
Wash 17 

219, P.C.2 
P.C.3 

222 

22 1 

201 A 

B 

218 

A 
B 
G 
D 
E 

F 
F 

E 

E 

C 

G 

E 

110 
110 
170 
170 
110 

170 
170 

170 

170 

170 

170 

170 

2.46 
1.29 
2.13 

2.25 

2.25 
2.31 

2.51 

2.54 

2.29 

2.16 

2.29 

2.33 

Few cracked 
Few cracked 
Host cracked 
Many cracked 
Some broken 

5X cracked 
3% cracked 

5% cracked 

5% cracked 

5% cracked 

5X cracked 

10% cracked 

1400 23 
2000 + 600 28 
2000 300 39 
2200 - 41 
1800 18 

1700 5 
1400 3 

1400 4 

1400 5 
350 3 

1100 3 

1700 -k 100 2 
1100 3 
1600 1 
1800 2 

1400 11 

- 

100% broken 
60% cracked - 

- 
30% cracked 
20% cracked 

5% cracked 

5% cracked 
5% cracked 
5% cracked 

70% cracked 
5% cracked 

10% cracked 
30% cracked 

60% cracked 



Table 7.8 (continued) 
~ ~~~ 

Dry product Sintered product 

Drying Bulk 
Batch Wash temp density Subjective Oiameter X shape Subjective % shape 
No. method ( " C )  (g / m t  ) evaluation ( U r n )  rejection evaluation rejection 

Solex Sol + HNO3 

189 G 

184 G 

183 G 

193 G 

196 G 

212, Wash 1 A 
Wash 2 G 
Wash 3 3 

197 G 

150 

I50 

245 

170 

170 

110 
170 
110 

170 

- 
3.40 

2.82 

2.74 

2.36 
2.34 
2.32 

2.02 
2.17 
1.11 

2.34 

Some cracks 

Some cracks 
in larger 

10% broken 
and split 

<5% cracked 

None cracked 
Soae cracked 
Some cracked 

Some broken 
Most cracked 
Few cracked 

5% cracked 

1800 2 1200 

1300 

900 

500 

800 2 300 
1400 9 300 
2000 5 300 

1800 
2000 
1900 

600 

- 
- 

- 

<i% 

13 
19 
59 

63 
20 
53 

< 3 %  

- 
- 

- 

- 
- 
- 

100% cracked 

100% broken 
40% cracked 
7 5 X  cracked 

- 

%ash methods: 
A - Soxhlet extraction, recycle, starting with 3% %&OH. 
8 - Soxhlet extraction, once-through, starting with 3% NH4OB; followed by straight-through 

wash at 40 L/4h with 0.3 5 NH4OH. 
C - Recirculating wash starting with 1.06 N&!,NO3 + 0.167 E NH4OH and adding 0.3 E bM4OH, 

followed by straight-through wash of 0.3 NH4OH. 
.3 - Same as C y  except started with 7.2 E + 9.8 5 'rIh'4NO3. 
2 - Straight-chrough wash a t  40 L/8h starring with a drained bed using 0.3 2 NH40H. 
F - Wash as in E for 2 h, but finish wash at 10 L/h €or 2 h using 0.3 E NH4OH. 
G - Straight-through wash at 40 L/4h using 0.3 E M14OH or 0.5 E NH4O8. 
H - Same as C, except started with 9 5 urea + 8.2 2 NH4N03. 
I - Soxhlet extraction, once-through with continuous feed of 3% NH4OH. 
3 - Soxhlet extraction, once-through with one batch of 3% NQOH. 
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Fig8 7.1. Time record of f l u i d  p rope r t i e s  f o r  t e s t  No. 1 ( S O ~ K  s o l  feed) .  
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the  HMTA not only must be added as a so lu t ion  a t  low temperatures ,  but 

vigorous mixing i s  required at: the moment of addi t ion  or  l o c a l  regions of 

ge l a t ion  w i l l  OCCUP. Once the  HMTA is w e l l  mixed, the  feed is f a i r l y  

s t ab le ,  even a t  room temperature (though not as s t a b l e  as the  high urea  
feeds) .  Thus f o r  these tests, the  so lu t ions  were c h i l l e d  (<5*C) ,  mixed 

vigorously,  and then placed i n  the  bath (25'C). 

quickly tha t  non-Newtonian behavior was observed by the  t i m e  (10 min) t h e  

The feed thickened so 

f i r s t  v i scos i ty  measurements were taken and the  v i s c o s i t i e s  were in the  

tens  of thousands CP and increasfng. The v i scos i ty  remained measurable at 

IO4 t o  lo6 CP f o r  a t  least 2 h. (when rneasurements were ceased), depending 

on the  sp indle  and r o t a t i o n  rate used on the Brookfield viscometer. 

Figure 7.2 i l l u s t r a t e s  the  v i scos i ty  behavior f o r  the  SQLEX s o l  feed 

( t e s t s  No. 1 and 8 )  and f o r  the NH40H-neutralized feed (test No. 6). 
Although the  v i scos i ty  behavior w a s  similar f o r  the  two tests shown f o r  

t he  SOLEX sol feed, the  vfscosity-time curve was not reproduced exactly.  

Figure 7.3 i s  a sho r t  t i m e  p lo t  of the  pH behavior of the two feeds. 

The delay of almost 1 min i n  the  response seen i n  test No. 6 I s  indica- 

t i v e  of the poor mixing i n  these experiments. Once the  HMTA solution is 

w e l l  mixed i n  t h i s  test, the  pH s t a b i l i z e s  i n  a matter of seconds. The 

t o t a l  s t a b i l i z a t i o n  t i m e  for test No. 1 is about the  same as test No. 6 ,  

but the  d i f fe rence  i n  the  shapes of the two curves can be a t t r i b u t e d  t o  

the  f a c t  t h a t  HNTA w a s  added as a s o l i d  i n  test No. 1. 
Figure 7.4 i s  a long t i m e  p lo t  of the  pH behavior f o r  the SBLEX s o l  

feed. Note t h a t  the  pH gradual ly  increases  t o  as high as 7 a f t e r  the  in i -  

t i a l  la rge  jump. The change i n  the  curve a t  -4Q0 min is probably a 
problem with the  pH meter and not real. 
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ORNL-DWG 80-1120 

0 100 300 
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Pig. 7.2, Viscosity behavior af ter  H4TA addition 
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