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SOL-GEL PROCESS - ENGINEERING-SCALE DEMONSTRATION OF THE 
PREPARATION OF HIGH-DENSITY UO MTCROSPI-IERES 

2 

B. C. Finney 
P .  A. Haas 

ABSTRACT 

2 A so l -ge l  process  f o r  t h e  p repa ra t ion  of high-density UO 

The process  c o n s i s t s  of preparing a 1 I M 
microspheres i n  the  size range 125 t o  2 1 0  p w a s  demonstrated on 
an engineer ing scale. 
U02 so l  by t h e  CUSP process,  formiiiy t h e  s o l  i n t o  g e l l e d  spheres  
i n  a nonfluidized column usirig h o t  2-ethyl-1-hexanol as t h e  
dehydrating agent ,  and c a l c i n i n g  t h e  g e l l e d  spheres  t o  dense U02. 
Eight  hatches of sol containing approxi.mate1y 4 kg of UO2 each 
w e r e  prepared, arid microspheres w e r e  produced i n  a microsphere 
forming c o l i m  t h a t  w a s  operated continuously €or two one-week 
pe r iods ,  Drying w a s  c a r r i e d  o u t  i n  g l a s s  product ca t che r s ;  
f i r i n g  was done i n  alumina c r u c i b l e s  i n  a muffle furnace.  

Four batches of so l  w e r e  prepared _the week prior- t o  each 
microsphere forming run. 
t o  0.14, HCCO-/U mole r a t i o s  of  0 .38 t o  0 - 4 7 ,  and U ( I V )  con ten t s  
of  85 t o  87% w e r e  prepared following t h e  s tandard CUSP opera t ing  
path.  Overal l  uranium material balances f o r  t h e  two demonstra- 
t i o n  runs were 102 .2  and LO4%, and t h e  so l  y i e l d s  were 98 and 
96.S%, r e spec t ive ly .  No d i f f e r e n c e s  w e r e  noted i n  t h e  micro- 
sphere forming p r o p e r t i e s  of t h e  var ious hatches of so l .  

Sols with NO3 /U mole r a t i o s  of  0.09 

The performance OE t h e  nonfluidized microsphere forming 
column w a s  s a t i s f a c t o r y .  Xinor d i f f i c u l t y  w a s  encountered with 
plugging of  t h e  two-fluid nozzle c a p i l l a r i e s ;  however, t.h.is w a s  
minimized by i n s t a l l i n g  g l a s s  f r i t  f i l t e r s  i n  t h e  s o l  feed l i n e .  
A n  on-stream f a c t o r  of 96% w a s  a t t a i n e d  for  each run. The 
d e s i r e d  production capac i ty  of approximately 3 kg o f  UO2 p e r  day 
w a s  a t t a i n e d  during t h e  second run. Operating cond i t ions  were 
e s t a b l i s h e d  durinq t h e  f i r s t  run. 

R e s u l t s  of t h e  second run indicc,ted a i  86.8% y i e l d  of 
ca l c ined  microspheres i n  t h e  s i z e  range 125 t o  210 u .  The mean 
s i z e  va r i ed  from approximately 158 t o  167 1 - 1 ~  w i t h  a s tandard 
dev ia t ion  of approximately 10%. The O/U atom r a t i o  w a s  2.003 t o  
2.005, and t h e  carbon and i r o n  contents  were 24 t o  60 and 1 2  t o  
46 ppm, r e s p e c t i v e l y .  
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The f e a s i b i l i t y  of t h e  CUSP nonfluidized-column processing 
method for t h e  preparat ion of high-density IJ02 microspheres 
has been demonstrated, and t h e  process  can iie adapted t o  
commercial use. However, a d d i t i o n a l  development work i s  d e s i r -  
able i n  t h e  area of multinozzle f eede r s  i n  order  t o  inc rease  
t h e  capac i ty  of t h e  nonfluidi-zed microsphere-fon-ning column. 

1. INTKODlJCTION 

The purpose of t h i s  work w a s  t o  demonstrate tiie f e a s i b i l i - t y  of a 

sol-gel  process  f o r  preparing high-density U 0 2  microspheres i n  erigineering- 

s c a l e  equipment. Microspheres of ThO -UO and IJO a r e  t h e  proposed f e r t i l e  

and f i s s i l e  f u e l  part:Lcles, r e spec t ive ly ,  f o r  tiie I-Iigh Temperature G a s - .  

Cooled Reactors (HTGRs) developed by Gulf General Atomics (Sari Diego, 

C a l i f o r n i a ) .  Urania sols are a l s o  used t o  makz UO -PuO microspheres. 

I r r a d i a t i o n  t e s t s  have shown t h a t  UO -PuO microspheres may be potentia1J.y 

u s e f u l  as f u e l  i n  LMFERs. The engineerhg-sca le  demonstration of t h e  sol-- 

g e l  production of Tho -UO microspheres has been previously reported.  

2 2  2 

2 2 

2 2 

l 
2 2  

The processing s t e p s  f o r  t he  sol-yel  production of UO microspheres 
2 

are as follows: (1) prepa ra t ion  of a 1 - M U ( I V )  feed  by the hydrogen 

reduct ion of uranyl  n i t r a t e  s o l u t i o n  containing Eorrnic a c i d  , ( 2 )  prepara- 

t i o n  of 3. 1. M UO so l  from t h e  U ( 1 V )  feed by t.he Concentrated Sol Prepara- 

t i o n  (CUSP) process ,  (3)  forming t h e  s o l  i n t o  g e l l e d  microspheres i n  a 

nonfluidizetl column using hot 2-ethyl-1-hexanol (2EH)  as the dehydrating 

agen t ,  (4 )  drying t h e  y e l l e d  microspheres i n  an argon-steam atmosphere, 

and (5 )  f i r i n g  t h e  d r i e d  g e l  product i n  4 %  H ---argon t o  produce high- 

dens i ty  rJ02 microspheres" 

2 
2-5 

2 

The f e a s i b i l i t y  of the microsphe.re-folrning operat ion had been demon- 

s t r a t e d  e a r l - i e r  i n  5- t o  6-hr runs; however, w e  needed t o  es t -abl ish t h s  

c a p a b i l i t y  for  long-term, continuous operat ion and t o  i d e n t i f y  any opera-t:j.ng 

and equipment problems t h a t  might occur under sustained operat ion.  O f  

paramount importance was our a b i l i t y  to demonstrate r ecyc le  of t h e  2EH. 

I n  t h i s  s budy , n a t u r a l  uranium was used; however, ope ra t ion  with enriched 

uranium would pose no problems 
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Because of manpower l i m i t a t i o n s ,  s o l  p repa ra t ion  and microsphere 

forming could not  be c a r r i e d  o u t  simultaneously; consequently,  t h e  sol 

was prepared t h e  week p r i o r  t o  each microsphere forming run. Tn each 

r u n ,  OUT o b j e c t i v e  w a s  t o  ope ra t e  t h e  microsphere-forming column a t  a 

UO, product ion r a t e  of about 3 kg/day and produce acceptab le  ca l c ined  

microspheres i n  t h e  s i ze  range 1.25 t o  210 1~. 
2 

2 . 1  Process Descr ip t ion  

The l N urania  s o l s  used t o  form microspheres i n  the t w o  one-x 

demonstration runs  were prepared by the Concentrated Urania SOL Prcpara- 

t i o n  (CUSP) process ,  i n  which a 1 t o  1 . 4  PI c r y s t a l l i n e  urania so1 i s  

produced d i r e c t l y  by so lven t  e x t r a c t i o n ,  The 1ia.ndlixig caf  so1 ids which 

was requi red  i n  some e a r l i e r  uran ia  sol processes  i s  avoided, while the 

sol concent ra t ion  step i nhe ren t  i n  t h e  ear l ier  Sc:jI.verlt. extxact i tsn process  

f o r  the prepa ra t ion  of d i l u t e  so l s  i s  e l imina ted  r3r rninimn-ized. Fu r the r ,  

t h i s  process l e n d s  i t s e l f  t o  c loser  cont.ro1 than can be imposed e a s i l y  OD 

t h e  prc?v:i (six processes .  I n  gene ra l ,  sols p.t:epared by the CUSP process  

show g r e a t e r  r e p r o d u c i b i l i t y  and have longer  “ she l f  Lives“ than urania 

so l s  prepared by o t h e r  so lven t  e x t r a c t i o n  methods a 

- 

c 

6-9 

In t h e  CUSP ~ K O C ~ S S ,  a I M 00 s o l  is prepared by continuornsl.y 2 ._ 

extract i .ng n i t r a t e  at a con t ro l l ed  rate fsroi3 a U ( I V )  ni-t:rate-fomatc solu- 

t i o n  ir*to an organic so lven t  of 0,25 _I M Anber l i te  U i - 2 f  a secondary amine, 

i n  the mixed dilueizt 75 vol  % diethylbenzene--25 vol % n-C - -paraf f in .  

Ey following a p re sc r ibed  cc?ntluet.i.vit;y-ternperatiive-tirn.-- r e l a t i o n s h i p ,  

stable Ql - M mania sol comprised of h ighly  c r y s c a l l i n e  colloi.dal. p a r t i c l e s  

x 

** 
- 1 2  

* 
Product of t h e  R o h m  and Waas Company. 

** 
Product of  t h e  South Hampton Company. The C r ep resen t s  an average 
moleciilar weight of a mixture.  12 
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with a ni.yh U ( 1 V )  cont.ent. i.s produced. The operati-ng curve o r  path that. 

is followed ii? preparing t h e  sol i s  shorcrr, i n  F i g .  I; a t y p i c a l  chemical 

flowsheet i s  presented j.n Fi.g. 2.  

:-, ihe  th ree  x i i  t i a t e  extract-i.ons are carri.ed o i i t  a t  d i f f e r e n t  t-emper- 

a t u r e s .  A n  exi;r:action i s  initiated by stdrtii-q the so lven t  flow and i.s 

terminated by Stoppiilg the  so lven t  : f l o w .  T h c  f i r s t  e x t r a c t i o n  i s  c a r r i e d  

nu t  a t  a temperature of 35 i o  40°C;  as  t h e  feed soluti-on i .s  heated from 

room temperature, t he re  i s  a s l i g h t  i n c r e s s c  i n  conduct ivi ty .  (Conduct-ivity 

v a r i e s  d i - r e c t l y  w i t h  temperature and free n i t r a t e .  , rhis extraction. i s  

contihued u n t i l  t he  conduct ivi ty  i s  reduced t o  about 25 , 000 micromhos/cm , 
a%. which p o i n t  t h e  solvent  flow i s  turned off. P r i o r  t o  the second 

e x t r a c t i o n ,  t h e  soIut.i.on i s  heated t o  .57-S80Cr where c i - y s t a l l i z a t i o n  of 

t h e  UO t o  form cvl . lodial ly  suspended c r y s t d l l i t s s  begins ,  A t  thi.s po i i l t ,  

-tihe solvent  flow i.s tuuned oil and heat ing i.s continued u n t i l  a temperak!it-e 

of 60 -i:o 62OC i s  a t t a i n e d ,  o h e  t l ~  niajor p a r t  of t h e  cxtractAon i s  

perfori\l::t?.. C r y s t a l l i z a t i o n  i s  accompaliied by a change i.n solut:i on co lo r  

. f r o m  dark green t o  black,  evolut ion of gas wh.i.ch i-s approximately 85 vol % 

N O ,  and an .increase i n  conduct ivi ty .  The qassiing aba te s  i n  15 to 30 m i i i ,  

i n d i c a t i n g  khat c r y s t a l l  i .zation i s  e s s e n t i a l l y  complete , and the e x t r a c t i o n  

i s  continued uni:il t h e  conduci:ivi.t:y decreases t o  approximately 20 ,000  

micromhos/cm. The flow of solvent  is  then ha l t ed .  The second e x t r a c t i o n  

r^qu-i.r:eS 4 5  t o  60 min i n  o rde r  t o  ensure t h a k  c r y s t a l l i ~ a t i o n  i s  complete. 

P r i o r  to -the t h i r d  e x t r a c t i o n  , the solut.i.on, which i s  a . s o l  a t  t h i s  poj-nt, 

i s  cooled t o  about 25OC; a decrmse i n  conduct ivi ty  t o  about. J . 0 , O O O  micro- 

mhos/cm accompanies . t h i s  cooJ.inq. F i n a l l y  , i n  t h e  t h i r d  extrac.i:i.on, addi- 

t i o n a l  n i t r a t e  i s  removed u n t i l  t h e  cond.uctivl.ty j.s i n  the range of 3000 

t o  4500 mj.cror t i ios/cm, which corresponds t o  t3 NO -/U mole ratio of 0 . 1 1  - + 

0 . 0 2  I 

2 

3 

Sol  preparati-on t i m e ,  which v a r i e s  E r o m  3 . 5  t o  4 hr, i s  i-ndependent 

of hatch s i z e  s i n c e  i i i t ra - te  must be ex t r ac t ed  f o r  prescr ibed pe r iods  of 

time. Various precautioris mus t  be taken during sol. p repa ra t ion .  For 

example, t h e  f i r s t  n i t r a t e  e x t r a c t i o n  should r e q u i r e  a minimum of 90 min, 

t o  allow t i m e  f o r  t h e  proper r e l e a s e  of n i t r a i x ;  o-therwisei t h e  NO -/U 

inole r a t i o  of t h e  sol. product w i l l  be too high,  even though t.he conduc- 
3 
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O R G A N I C  

(120 m i n )  
OFF \, 

O R G A N  I C  
Q FF 

I I I I I I -- _$ 
10 20 30 40 50 60 90 80 

TEMPERATURE OC 

Fig. 3.. Operating Curve f o r  the Production o€ CUSP U 0 2  So l s  (xi an 
E n g i n e e r i n g  Scale. 
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ORNL Dwg. 70-2d3'i R 4 

2 . 5  hi 

--+. H -59 l i te rs  S T P  2 
WATER - 5.6 l i ters 
1.57 M U02(N03)2 - 9.6 liters 
25 _M-HCOOH - 0.3 l i t e r  
HL -525  l i terr STP 

FEED 
15 l i te is  

78 l i terr 
0.25 M Amberlite LA-2 - - --, TO 

SOLVENT 
REGENERATION 73 liters 1.0 g,'liter U 

0.25 M Amberlite L4-2 
7 5 *I 7i-Diethylbznzene - 
2 5  vI'o n-paraffin (Avg. C = 12) - 

I M U  
0.7-M NO3- 
0 . 5 g  HCOO- 
25.03C p-nho,'cm 

I M U  ;?$ ;pgo- 
35,003 pmhos.'cm 

3 2  l i ters 
0.25 M Amberlite L4-2 

7 5 v ~ ~ D i e t h y l b e n z e , , e  - - 
25 v '0 n - p m f f i n  

32  l l t e i i  
0.25 M Amberlite LA-2 
0 . 2 5 M  NO3- 

0 . 4 5  y l i t e r  U 

- 
TO 

SOLVENT 
REGENERATION 

. _. .._ ._ - I 

I M U  

0.5 M-HCOh- 
o.ib M NO - 

- I 5  min 4 l i terr TO 
0.25 M Amberlite LA-2 -- -- -- - + SOLVENT 
0.25% NO3- REGENERATION NITRATE 4 l i ters 

0.25 M Amberl i te L4-2 
7 5  v,TDiethylbenzene - 
2 5 v , o  n-pJroff in 

NOTE - BATCH PROCESS: 
I EXlR4CTION COLUMN AND 
I HEAT EXCHANGER 

uo2 SOL 

I M U  
14 l i te-r 

85-58% U( IV)  
0. I 1  0 02 M NO3- 
0.5 M H C O F  
3 9 3 r  4503 pnhos, r m  

Fig. 2. Chemical Flowsheet for Preparing I J02  So l  by the CUSP Process.  
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t i v i t y  i s  i n  the  proper  range. However, (-are must be taken not  t.o 

p:r.nlony t h e  f i r s t  n i t r a t e  e x t r a c t i o n  excess ive ly  s ince  thickening or 

poss ib ly  g e l a t i o n  can resul t  from- overextractioxi. D u r i n g  t he  second 

e x t r a c t i o n ,  favorable  oxid iz ing  conditiisns a r e  p ~ e s ~ ~ t t  (e leva ted  temper- 

a t u r e  I and release of NO) i consequently,  this extracti.on I while suffi- 

c ien- t ly  long t o  exisuz'e compI.ete crystal . l izat ion,  should xiot: he ?mneces- 

s a r i l y  extended to minimir.:e the ox ida t ion  of tJ ( L V )  to Ts (VI) . 

I n  prepar ing  the feed, water-, concentratcd uranyl  n i t r a t e  so lu t ion  

3 
t h a t  i s  s to i ch iomet r i c  i n  n i t r a t e  (NO,-/IJ :tiole i a t i o  = 2 ) ,  and formic <3rid 

a r e  mixed i n  t h e  proper  propor t ions  t o  give a s o l u t i o n  that: i s  1 M i n  

UO , 2 M i n  NO I and 0.5 M i n  HCOOK (Fig. 2 )  . Approximately 1 3 t o  

1.4 moles of H, a r e  consumed pe r  mole of uranium reduced, m d  t h e  feed 

t o  the sol prepa ra t ion  equipment is 1 _hl i n  IJ (IV) 2 M i n  NO and 0 - 5  

M I i n  NCOOH. Approximately 65, 25,  and 51, of  the nitrat.<. i s  ex t r ac t ed  

dur ing  the first, second, and t h i r d  extractions respect:ively; t he  

e x t r a c t i o n  t imes arc? c o n t r o l l e d  by r equ la t ing  t h e  so lven t  f I  o w  rate. The 

sol product  i s  approximately 1 M i n  uranium [85 t o  88% r J ( 1 V )  1 I 0.11 t 0.02 

F4 i n  NO , approxirnately 0.5 M I i r i  COOH-, and Pias a conduct iv i ty  of 31300 

t . 1 ~  4500 rniccnmlms/crn. 

I 

2+ .," - 3 I 2 

I - 
:3 - - 

I I 

I 

3 - 

An equipment flowshect for the preparaLion of UO s o l  by the CUSL' 
2 

process  i s  presented  i n  Fig.  3 .  Tlic o rder  i n  which t h e  equipment. i s  

discussed corresponds t o  the sequence of process  s t e p s .  

2 2 1 Feed Prepara t ion  
II 

T h e  U ( i 7 J )  feed i s  prepared i n  the  batch s l i i r r y  uraniinn reductor  shown 
2+ - 

i n  F i g .  4. The uranyl n i t r a t e  s o l u t i o n  (1 M i n  UO , 2 M i n  NO and 

0.5 M i n  HCOQH) i s  reduced w i t h  B 

c i s - i l l y  a v a i l a b l e  p l a t i  r i m  c a t a l y s t  ( P t O 2 ,  '"Adarns Ca ta lys t "  1 .) 

of rediietion is rnonitcxed by  t h e  TJ ( IV)/LJ ( V J  redox potentLi1,  using 

platinum vs  g l a s s  e l ec t rodes .  

completion, the s lope  of t h e  potcnt ia l -vs- t ime graph decreases  r ap id ly  

3 #  - 2 1 

a t  atmospheric pressure. uslncJ a comer- 2 - 
7'he extc?n? 

When the  uran i uin reduct ion  is nearing 
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VENT 
I 

Pt ELECTRODE 

GLASS ELECTROQE 

6" DIAM. x48"LONG 
GLASS PIPE 

3" DIAM. IMPELLER (4-SPACED 
AT 10 inch INTERVALS FROM 
THE BOTTOM 

FiLTER (1/8"" x 6" DIAM.1 

Fig. 4.  B a t c h  Slurry Uranium Reductor. 
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and ab rup t ly  apprvaches zero (F ig .  5 ) .  At t h i s  p o i n t ,  the hydrogen flow 

i s  turned o f f .  Vigorous a g i t a t i o n  i s  required to  ensure uni.fo.cm rcduc- 

t ioii  s i n c e  a continuing flow of H i n  t h e  absence of uranyl ioiis produces 2 
ammonia. More than about 0.01 mole of ammonia. per mole of lirdni-um 

promotes e a r l y  g e l a t i o n  and gi-ves an erroneous conduct ivi ty .  Conduc- 

t i v i . t y  i s  t h e  major process control. v a r i a b l e  i n  t-he e x t r a c t i o n  s t e p s  - 
A per iod of 2 to 2 . 5  h r  i s  requixed t o  reduce 15  l i t e r s  of 1. - M uranyl 

n i t r a t e  so lu t ions  (%4 kg of U O , ) .  
L 

When reduct ion i s  complete, t h e  U ( 1 V )  feed s o l u t i o n  is  drained from 

t h e  reductos;  and t h e  c a t a l y s t ,  which has been reduced t o  metal l ic  

platinum, i s  caught on t h e  l0-p-pore s t a i n l e s s  s tee l  f i l t e r .  The c a t a l y s t  

i s  subsequently washed with water and reoxidized with 5 - M HNO 
3' 

2 . 2  ~ 2 Preparat ion of So1.s by Solven-t Extract ion 
l..l--ll -. _̂.... - 

The s o l  p repa ra t ion  equipment (F ig .  6 )  has a 1.5-liter- aqueous-phase- 

capac i ty  (%4 kg of UO ) and consi.sIrs of a spray column n i t r a t e  e x t r a c t i o n  

con tac to r ,  a so lven t  r e s e r v o i r ,  an aqueous-phase surge tank,  a c e n t r i f u g a l  

pump, a conduct ivi ty  probe, a heat  exchanger, a d i f f e r e n t i a l  pressure 

c e l l ,  and a spray header t o  d i s p e r s e  t h e  aqueous phase i n t o  drops. The 

aqueous phase i s  c i r c u l a t e d  ( 3  t o  4 l i t c r s / m i n )  cocurlrent with the  sol- 

vent down t h e  contactnr .  During t.he e x t r a c t i o n  pe r iods ,  t h e  so lven t  

flows continuously t o  t h e  n i t r a t e  e x t r a c t i o n  contactor  and t h e  spent  sol- 

vent  i s  s e n t  t o  t h e  so lven t  cleanup and regenerat ion system. 

2 

Following s o l  p repa ra t ion ,  t.he sol and solvent  are drained sepa ra t e ly  

and t h e  equipment i s  washed o u t  successively with d i l u t e  HN03 (".3 M) and 

with water. Some accumulation of sol.ids occurs a t  t h e  solvent-sol  i n t e r -  

f ace ,  p r imar i ly  during t h e  c r y s t a l l i z a t i o n  phase. These solids tend to 

c l i n g  t o  t h e  equipment during d ra in ing ,  r e s u l t i n g  i n  a l o s s  of uranium t o  

t h e  equipment wash s o l u t i o n  ( see  S e c t .  2 . 3 )  equ iva len t  t o  approximately 

2 to  4% of t h e  uranium i n  t h e  feed s o l u t i o n ,  and a loss t o  t h e  so lven t  

wash (dj.l-ute HNO ) of approximately 0.5%. The uran.i.um can bn recovered 3 
from t hese  acidic-wash solut ioi is .  



ORNL-DWG-72-7875  

Fig. 5 .  P l o t  of Redox PotentAal vs T i m e  f o r  t:he Reduction of a I 
UO,(NO3 1 2  -- 0.5 M I-ICOOH Solution. - 
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1 3  

2 . 2 . 3  Solvent Cleanup a i d  Regerieratiori _IC-- ..- 

Somw urani.um is l o s t  to  t h e  so lven t ,  p r imar i ly  during t h e  first arid 

second n i t r a t e  e x t r a c t i o n s .  T h i s  uranium, which amounts t o  approxj.mate1y 

0.5% (see S e c t ,  2 . 3 )  of  t h e  uranium i n  t h e  f eed ,  .Fs in t h e  form of 

en t r a ined  so1 and i s  p r e s e n t  as a c o l l o i d a l  :uspens:i.on I The p a r t . i c l e s  

a r c  w e l l  d i spe r sed ,  c a r r y  a s l i g h t  negat ive charge,  canncjt be p.-rmoved by 

fi!-tratiun or atlsorption on silica g e l  o r  a c t i v a t e d  carbonI and a rc  n o t  

e f f e c t i v e l y  removed by t h e  s tandard so lven t  t r ea tmen t s .  A slight. loss 

of amine (approximately 0.06 t o  0,10 mole p e r  kiloyrarn of UO prepared 

as a 1 M - s o l )  also occur‘:; dur ing s o l  prepax-atian. 

t imn can be s a t i s f a c t o r i l y  maintained a t  an e s s e * i t i a I l y  constant  value 

2 
The  amine concentra- 

by p e r i o d i c  a d d i t i o n s  of Amberlrte LA-2 t o  the so1vcint s to rage  tank.  A 

t.ixee-staqe so lven t  t red tment  system cons i s t ing  c>k t w o  cleanup s t a g e s  

and a regenerat ion s t a y e  w a s  found t o  be s a t i s f a c t o r y  ( see  Fiq.  7 ) .  A 

l PI FiNO --0.4 i.1 IIC H 0 s c rub  and a w a t e r  wash a r e  ustd t~ c l e a n  up t h e  

s o l v e n t ;  il I M Na CO --1 M .. NaOH scrub is used f o r  regenerat ion,  f:ssen- 

t i a l l y  all the uranium i n  t h e  solvent: is rc.moved i n  t he  cleanup x i d i c  

e f f l u e n t ,  from which recovery can be r ead i ly  accomplished. 

3 - 2 3 2  I 

2 3  - 

The so lven t  e x t r a c t i o n  con tac to r s  used i n  t h e  sc> L v c t i t  trca”ment 

Each mixer- system dre m i x e r - s e t t l e r s  of the type shown i n  Fig, 8. 

se t t le r  i s  made of 3-in.-diam glass pipe t o  permit  observdt ion of t h e  

10 

p.rocess streams and the ope ra t ing  cbaracteri.sti.cs a It i s  dj:vided .i.nto 

s i x  compartments, each of which has a mix:i.ng impel ler ;  t h e  six impe l l e r s  

are mounted on a common s h a f t  with a variable-speed d r i v e .  The aqueous 

and oryanic  phases e n t e r  a t  t h e  t o p  and flow cocur ren t ly  down through 

the s i x  compartments t o  g ive  -t:he e f f e c t  o f  mixing vesseJ.s i n  series. 

’This arrangement ensures good s t a g e  e f f i c i e n c y .  The mixer is des.iyried 

i n  such a manner t h a t  t h e  aqueous phase i s  d i spe r sed  i n t o  t h e  organic  

phase ~ (Thc organic  plidstii is  maintained cont.inuous t o  minirnizt? emulsi- 

f i - ca t ion . )  A t  shutdown, t he  aqueous phase d r a i n s  out of t h e  v e s s e l ;  

consequently, o n l y  t h e  organic  phase i s  present a t  startup, dnd thc aque- 

ous stream is  e a s i l y  d i spe r sed  as it e n t e r s .  Each mixer i s  equipped with 

t w o  U-shaped s e c t i o n s  of: s t a i n l e s s  steel. tubing throuyh which hot water 

can be c i r cu la t ed . .  
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Phase sepa ra t ion  occurs  i n  t he  s e c t i o n  loca ted  below t h e  mixer. 

The p o s i t i o n  of t he  i n t e r f a c e  i s  con t ro l l ed  by ad jus t ab le  weirs on both 

the  aqueous and the organic  overflow l ims .  The nominal volumetric capa- 

c i t y  of t h e  mixing s e c t i o n  i s  2 .0  l i t e r s ;  t h a t  o f  tile s e t t l e r  i s  2 .8  

l i t e rs  of organic  phase and 1 . 5  l i  t-crs of aqueous phase. 

2 . 3  Resul t s  and Mater ia l  Balances 

E i g h t  batches of s o l  (Q4 ky of UO pe r  ba tch ,  four  batches pe r  run)  2 
were prepared f o r  t h e  two demonstration runs. Some of the  chemical and 

phys ica l  p r o p e r t i e s  of t he  batches of s o l  a r e  presented i n  Table 1. AS 

seen, the  reproducibil.i .ty of these  p r o p e r t i e s  i s  e x c e l l e n t .  A 1 5 - l i t e r  

batch of s o l  (Q4 kg of UO ) was prepared on each oE four  days during t h e  

week preceding each demonstration run.  The sols were Zed t o  t h e  micro- 

sphere forming s t e p  i n  t he  order  of t h e i r  p repara t ion .  There was no 

d i s c e r n i b l e  d i f f e r e n c e  i n  t he  microsphere forming c h a r a c t e r i s t i c s  of the 

vari.ous sols. 

2 

The uranium mate r i a l  balances for the  U ( 1 V )  feed  and so l  p repa ra t ion  

runs are presented i n  Table 2 .  The loss of 0.5 t o  0.6% of t h e  uranium 

during feed p repa ra t ion  is due t o  washing t h e  c a t a l y s t  a f t e r  t h e  feed has  

been drained from tilie reductor .  Although it was not done i.n these runs ,  

t h e  wash water could be added t o  t h e  U ( I V )  feed ,  which would r e s u l t  i n  6 

t o  7 v o l  % d i l u t i o n  of t he  feed and e s s e n t i a l l y  a zero uranium loss from 

t h i s  s t ep .  The o v e r a l l  uranium recover ies  of 1 0 2 . 2 %  fo r  run 1. and 104% 

for  run 2 a r e  ca l cu la t ed  from many weights  and analyses .  

experience and a number of m a t e r i a l  balances,  it would appear t h a t  t he  

s o l  y i e l d s  of 98 and 36.5% a r e  proimbly a l i t t l e  high,  perhaps by 2 t o  4 % .  

I t  i s  est imated that. recover ies  of 92 t o  96% would be obtained fo r  a l a r g e  

number of r epe t i . t i ve  batches,  As mentioned previous ly ,  t h e  l a r g e s t  uranium 

losses a r e  t o  the  so lven t  ac id  and water scrubs and t o  the  e x t r a c t i o n  equip- 

ment and so lven t  ac id  washes. These a r e  a c i d i c  s o l u t i o n s  from which the 

uranium can be recovered e a s i l y .  

Rased on previous 



T'able 1. PropertLes of CUST' U02 Sols P r fpa reC  for Dcmonstratiun RUIS 1 and 2 

2992 .- 3 . 4 4  0. G C 2 3  0. a023 

L.36 0. OOlE 3 .  GO17 3591 -4 

0 . 3 6  0. GUlo 0.0012 333:  -- 
3465 -- 2-39 0.11313 0. G O 2 6  
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Table 2.  Uranium Material Balances f o r  Feed and Sol  
Prepara t ion  for Denionstration Runs 1 and 2 

Reduction 

I n  : 
Cane. U02 (N03)2 S o h .  

O u t  : 
u (IV) feed 
W a  E t e  

S o l  Prepara t ion  and Solvent 
Regeneration 

I n  : 
U ( I V )  feed 

out: 
So 1. 
Acid scrub 
H20 sc rub  
Carbonate scrub 
Extractor acid wash 
Solvent acid wash 

14,280 

14,199 
81 

14,199 

13,927 
101 
91 
34 

317 
71 

100.0 

99.4 
0 . 6  

100.0 

98.0 
0 . 7  
0.6 
0.2 
2.2 
0.5 

14,280 

14 I 209 
7 1  

14,209 

13,712 
235 
141 

70 
543 
75 

100.0 

99.5 
0 . 5  

100,O 

96.5 
1 . 7  
1 . 0  
0.5 
3 .8  
0.5 

Total  14,547. 102.2 14 I 776 104" 0 
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?'he i31W.L sol-gel processes f o r  prepar.i.ng mi.crospheres from a , c t i r i de  

oxide s o l s ,  including t h e  desiyn a.nd operat ion of t he  equipment have been 

plrevVo0us.ly described In  generil, rgorivc:rs.iori of s. sol t.o dense 

microspheres requi.res the following six process operat ions 2 

J. #LO, 11 

(1) Dispersion of the so2 ir1t.o drops containing the? siiime ;mount 

of oxide as t he  f i r e d  sphere. 

( 2 )  Suspension Qf t he  s o l  drop i.n an orgimj-c l i q u i d ,  usuall:? 2EH, 

w h i P c  water i s  ext rac ted  to calise y e l a t i  cJn. 

( 3 )  Separation of gcl microspheres from the organic  L i q i i i  d .  

( 4 )  Recycle of the oryanic  l i q u i d  for reuse.  

(5) Drying of t h e  g e l  rrucro:;phcrc?s, 

16) F i r i n g  the dried microspheres a t  controlled ctsr idi t ionr;  t o  

rcmovc v o L i t i l C : : ,  t o  slxiter t o  a high densicy,  and t o  reduce 

0% make chemical conversions (e .g .  from oxide to carb ide)  

The first  four operat ions were c a r r i e d  out i n  a cont:.i.nuous cml-urmi syst.ern 

(Fig. 9 )  i n  t h i s  demonslxation. The l a s t  two W(X-E? done batchwise (. 

The major d i f f e rences  i n  t h i s  demonstration of UO mierosphe:t:e 
2 

prepara t ion  I compared w i t h  earlie:rr demonstration runs I were the  m e  of sol. 

prepared by the CUSP process and the fbxmation of microspheres i n  a nori- 

fluidized column. In a d d i t i o n ,  the  column 'height: was 28 ft TTS the  10-ft 

col.uinn previo-us3.y descr ibed  I and the  ternpera-t:u.re o f  tile 2EH was 50 to iiC1"C 

in the nonfluidized column (vs 25 to 35°C f ~ r  t k e  1:luidized colurilrls) 0 ~ r  

experience w i t h  CUSP sols has S ~ C W E  t h a t  both recyc1e of trhe ~ E H  and 

dry ing  and f i r i n g  of t:he 110 microspheres Eo-rmed .in 1:he rec:ycli?d 2EH have 

beeti very txouhlesome. T'herefore I r e c y c l e  of the 2311 was a p:f-.ixic::i.pa.I po in t  

t o  be demonstrated. 

12 

2 
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ORNL PHOTO 0578-71A 

28-ft-high Nonfluidized Column for the 
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3.1.1 Nonfluidized Microsphere Forming Column 

The 28-ft column was assembled from two 10-ft and two 4-ft lengths 

of 4-in.-ID Pyrex pipe. The 2EH sol or gel microspheres flow cocurrently 

downward and then through a 3/8-in.-OD tubing line to a 6-in.-ID by about 

48-in.-long Pyrex pipe settler (Fig. 11). This is either vertical or 

slanted downward in the direction of flow throughout to avoid accumulation 

of gel microspheres. Valves in the overflow from the settler are adjusted 

to control the 2EH level in the column. The 2EH is circulated by a canned 

rotor pump, with rotameters and manually adjusted valves for flow control. 

This equipment was troublefree throughout the demonstration run. 

The principal limitation with regard to the nonfluidized preparation 

of microspheres is that the sol drops introduced into a nonfluidized column 

must be small enough to gel before they settle to the bottom. The required 

column heights are dependent on mass transfer and on the settling velocity. 

Clinton has investigated and correlated mass transfer as a function of sol 

drop size and organic liquid variables. l3 

calculated using stokes' equation or a drag coefficient. Both the sol- 

drop size and the density vary with time. Thus, mass transfer and the 

settling velocity also vary with time, and analytical solutions are not 

possible. However, the time and free-fall distance as a function of sol 

drop variables and alcohol variables can be conveniently calculated using 

a computer program. 

The settling velocities may be 

Calculations were made, using a computer program for mass transfer, 

to determine the effects of varying the 2EH temperature. The conditions 

were selected to apply to the 28-ft-high nonfluidized column with our 

usual UO or Tho sols. The calculated values are for a water concen- 

tration driving force, AC, of 0.010 g/ml or 1.0 vol % (i.e., the water 

concentration in the 2EH was approximately 1 vol % less than saturation). 

The gelation times (Fig. 121, or the free-fall distances (Fig. 13), are 

inversely proportional to AC; therefore, the values for other water 

concentrations can be easily calculated. For example, the times (or 

distances) for 1.8 vol % H 0 in the 2EH at 28OC (AC = 0.005) would be 

twice those shown for 1.3 vol % H 0 in the 2EH at 28OC (AC = 0.010). For 

2 2 

2 

2 
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Fig. 11. S t i l l  and Product S e t t l e r  f o r  t h e  Nonfluidized Column f o r  t he  
Formation of Sol-Gel Microspheres. 
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Fig. 12. Calculatd Gelation Times for Various Sol Molarities and Fired 
Sphere Diameters as a Function of 2EH Temperature in Nonfluidized 
Columns. 



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

___ .............. 

F 

~~ 

........ 

__I_- 

.......... 

_I . 

... L .... ..A ......................... L i_ I-.--.-.-- ..... 

20 30 40 50 60 70 80 
ZEH TEMPERATURE ("C) 

. . ~~ .~  

...... 

...... 

P 

...... 

...... 

...... 

..... 

.... 1 
F i g .  1.3. Calculated Fired Sphere S izes  At ta inable  f o r  Variou!; Column 

Lengths and Sol N o k r i k i e s  as a Funct ion of Ternpeiature in 
Nonfiu idized Columns Contajm  rig 2EI.1. 



26 

the 28-ft (850-cm) coluimI Lhe s i z e s  of t h e  f i r e d  spheres  increased  from 

180 p t o  280 1-1 f o r  2-5 M ThO sol, and from 1 4 5  p t o  210 11 f o r  1.0 M UO 
2 

s o l ,  as t h e  2E'fI temperature increased  from 25OC t o  80°C, LJhile t h e  rate 

of w a - t e r  e x t r a c t i o n  increased  by a f a c t o r  of 7 o r  8 ,  t.he al lowable sphere 

s i z e  only  increased  by about 50% as t h e  2EH temperature increased  from 

25OC t o  80OC. This can be explained by t h e  inc rease  in .  : x t t l i n g  .ve loc i ty  

as t h e  temperature inc reases .  Under t h e  same co1.imu. cond i t ions ,  the 

a1.l.owable i n i t i a l  S Q l  drop s i z e s  arc gene ra l ly  about. 5% l a r g e r  f o r  1 M 

UO so l  than  for 2 - 5  M ThO so l ;  however, t h e  drops of t-he more dilu-Le sol  

shr ink  t o  a smaller f i n a l  s i z e .  While the  t h o r i a  sol i.s more concent ra ted  

h i t i a b l y  and i s ,  the re fo re ,  c l o s e r  t o  g e l a t i o n ,  the higher  d e n s i t y  and the  

h igher  s e t t l i n g  v e l o c i t y  for a Tho sol  drop,  as compared with.  t h o s e  f o r  

a Uo s o l  drop of  t h e  same i n i t i a l  s i z e ,  requ?-.re a largcx f r e e - f a l l  dis- 

Lance before  g e l a t i o n  i s  complete. 

..._ 2 ... ̂ 

I 

2 - 2 

2 

2 

Heated 2EII i s  suppl ied  t o  t h e  top  of the  column, and the temperature 

d o w n  t h e  column decreases  as h e a t  i s  10s-t: t:o t h e  surroundings.  This 

temperature g rad ien t  i s  favorable  since it g ives  r ap id  e x t r a c t i o n  of wat.er 

a t  t h e  t o p ,  where the  s o l  i s  f l u i d ,  and slower e x t r a c t i o n  a t  t he  imttom, 

where g e l a t i o n  occurs .  I t  may be seen from Fig.  1 3  t h a t  the 28-f t  column 

requ i r e s  a 2EtI temperature of 8OoC for AC = 0.010 g/ml i n  o rde r  t o  prepare  

21.0-p f i r e d  spheres  from a I M UO sol. Use of a lower temperature would 

be adequate i f  t h e  AC were l a r g e r ,  b u t  t h i s  is impossible s i n c e  heated 2EH 
2 - 

2 i s  requi red  t o  produce 1.50- to 210-1-1 UO 

the UO i n  t h e  nonf lu id ized  column (2 t o  

than  t h a t  of  t h e  2EH (more than 30 m i n ) ;  

a small e f f e c t .  

2 

spheres .  'The res idence  time of 

S i n i h  i n  h o t  2EI-I) i s  much less 

t:hus, t h e  2EI-I flow r a t e  has only 

3.1.2 Sol Feed System 

The s o l  w a s  fed by displacement from a feed  tank by a metered s t r e a n  

of 2EH and w a s  then d ispersed  i n t o  drops by using a g l a s s  two-fl.uid nozzle .  

These i t e m s  of equipment have been descr ibed  previous ly .  The only  

mechanical d i f f i c u l t y  with t'nis arrangement involved t h e  low-speed oper- 

a t i o n  of a var iable-sp=ed motor for the  2EH metering pump. This  d i f f i c u l t y  

w a s  e l imina ted  by r ep lac ing  t h e  motor and qcar reducer  with one having a m o r e  

s u i t a b l e  range. 
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 he two-fluid nozzle  was intended t o  be operated with lmrtiar 1l.I.o~ 
1 1  of t h e  2EH dr ive  fl-uid S.n o rde r  t o  g ive  varicose 1,rcaki.q~ of t h e  sol - 

,171 desired capac i ty  of 3 ky of vc)2 per 24-hr day required relat.:ix~cr!.l.y 

hiqh d r i v e  fluid f l o w s ,  which -tend to r e s u l t  i f i  s m a l l  s a - b e l l i t s  drops or 

i n  t u r b u l e n t  ope ra t ion  (wiiich produces nonuniform drcp sizes) /I The d i a m -  

e te r  of a 1 U02 s o l  drop is  3 - 4  t i m e s  t h e  diameter  of t h e  fired UO% 

sphere.  E'or example, a 1 7 0 - ~ 1  f i r e d  sphere r e q u i r e s  an i n i t i a l .  575-1~ sol.. 

drop I which shou3.d resu1.t. from va r i cose  breakup of a 275-11- or 0 I C l 3 . - i n .  - 
diarn SOJ- stream. Dernonst:rat:i.on run l. w a s  .made using xiozzles  w i t t i .  0 0.1.8- 

ri 11. -ilia.m cap i l la r ies  e W12.i. ].e t h e  ~ E H  tlr:i.ve f l ~ l i d  ,iiccel.era~t:es the s o l  

s t ream t o  g ive  -the des i red  average Si21 d.rop o r  sphere s i z e ,  there were many 

s m a 1 . 1  drops w i t h  poor ow?ral.l. uniformity a Tkie uriiforxii-t:y was g r e a t l y  

improved i n  demonstration run 2 ,  which was made using nozzles  wit-h.  0.0.1.3- 

i n  ~ -diam c a p i l l a r i e s .  i-iowever, use of the  0. 0~3-.in.-diarrr capillal-.ies caused 

.sane d i f f i c u l t i e s  wi th  plugging and s l o w  increases in prc?ssl.iri- drop. T h e  

frequency of nozzl.e plugqing was great1.y diminished by simply instia. l l iny a 

glass f r i t  f i l t e r  i n  t h e  sol l i n e  t o  the nozzle .  

E'or nozzles  of t h i s  t y ~ ~ e  arid 1 M 1102 :;o1, .the varicose breaktip 
I 

equation1 1 can be expressed i n  t h e  follow.i.ng  oms : 

s = ](.(ID) 

where S is t'ne mean diamt:it:r of t-he sol drop;  ID i s  t.11.e i n s i d e  diameter  of 

the nozzle;  F m c 3  f are so1 and 2EH flow r a t e s ,  r e spec t ive ly ;  and k i s  a 

dimension.!.ess cons t an t ,  which should be equal t o  3bou.t 1. II 5 ,  I 

Using t he  mean diameter!; o f  t h e  f i . r e c 3  !;pkier@S descr ibed  i n  Sec t ,  3 .2  

arid !Table 5,  and a s o l  drop diameter  3 ~ 4 .times t h e  fiiretl di-ameter, c;ub:;t.i.- 

t u t i o n  gives : 

k = ( 3 . 4 j  (0.0.1.58/0.343 = 1 - 4 0 ,  

k = ( 3 . 4 )  (0.0167/0,34) = 1.53, 

Thtb o t h e r  r ~ ~ ~ u l .  ts would a l s o  g ive  reasonable  agreement w i t h  t h ~  variaose 

breakup cqucttiori. 
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3 .1 .3  Recycle of 2-Ethyl-1-hexanol. 
lll..-__l_ll__-I 

The compos i L i o n  of t he  organic  l i q u i d  i.s the p r i n c i p a l  operat  j.lig 

v a r i a b l e  during t l i e  conversion of a specj.find. s o l  i n t o  g e l  microsphercs 

by an O R N L  so l -ge l  process .  Problems such as s t i c k i n g  , c l u s t e r i n g ,  

coal.escence cracking,  o r  d i s t o r t i o n s  can he eFZec Lively con t ro l l ed  by 

varying this compositioi?. 

must  conta in  p rov i s ions  f o r  maintaining proper con t ro l  of t h e  orcjailic 

composition throughout t h e  r u n .  A s a t i s f a c t o r y  s t eady-s ta te  composit;i.i)n 

i s  the u l t ima te  ob jec t ive .  

I n  a demonstrat.i.on r u n  r. tzhe ovexall procedure 
11 

The selection of t h e  organic  . l iquid composition and t h e  recyc le  
I _ _  ~ ~ e a t r i l e n t s  was based oil tests wi th  CUSP sols i.n both f luidized-bad and 

nonf lu id izzd  columns, The primary organic  1.i.yuj.d for a l l  tests i n  t h e  

28-f t  column was 2EII. While isoamyl a lcohol  e x t r a c t s  wat.er r a p i d l y  and 

l e a d s  1x1 y e l d t i o i l  i n  s h o r t e r  col.i.imns than 2E11, all of t h e  product  UO 

parLic1e.s g r e a t e r  than  100 i.n s i z e  e x h i b i t  severe  dis tor . -Li .ons.  I I e x y l  

a1 coho 1 s ( 2 -me t h y  lpen kana l and mixtures  ) show i n.torinedia ttl p o p e  r t ;. e s , 
bu t  our  l i m i t e d  r e s u l t s  with t h e s e  alcohols d i d  not  appear prorni-siny- f o r  

forming 200-p-diain UO spheres .  

2 

2 

The w a t e r  ext-ract2-d by t h e  2EH is removed by a s ing le - s t age  dise:LJ-- 

l a t i o n  using smal.1. shell-and-tube h e a t  exchangcrs (F igs .  9 and 11) and 

steam a t  about 100 psi.?. With steam a t  t h i s  p re s su re ,  the 2EI1 r e tu rned  

t o  t h e  system con ta ins  about 0 .4  vo l  % water .  For t h c  demolistration run 

flow ra tes ,  the s t eady- s t a t e  water  conten ts  w o i i l d  be about  0 .6  v o l  % a t  

the  top  of  t h e  column and 0 .9  v o l  8 a t  t h e  bottom. 

l’wo v a r i a b l e s  tha.t  can be i n i t i a l l y  ac-fjustxd t o  and maintained a t  

acceptab le  values a r e  t h e  s u r f a c t a n t  composition and the  pH. Foimic acid. 

e x t r a c t e d  from t h e  CUSP so ls  and any degrada t ion  products o f  s u r f a c t a n t s  

o r  2EH c o n t r i b u t e  t o  coalescence,  c l u s t e r i n g ,  or crackiiig of the U 0 2  

spheres;  therefo.ci: these must be l i m i t e d  to  ].ow conccnt rd t ions .  An over- 

all objective was t o  demonstrate t h e  simplest. acceptab le  alcohol r ecyc le  

procedure c o n s i s t e n t  w i t h  t h e  c o n t r o l  of t h e s e  v a r i a b l e s ,  

Removal of f o r m i c  a c i d  i s  requi.red when CUSP sols a r e  used because 

i-ts presence causes  unacceptable  amounts of c;.lilsteriilg, coalescence , o r  

s t i c k i n g  of UO spheres. We: used a weak-base ion exchange r e s i n  (Amber- 2 
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l y s t  A - 2 1 )  t o  remove t h e  formic acid from t h e  2EH, follotriinq the proce- 

dures r epor t ed  previous ly .  l4 

any n i t r a t e  t h a t  has  been e x t r a c t e d  from t h e  so l  and maintains  a p H  of 5 

t o  7 for  the 2EH (as measured wi th  a g l a s s  e l e c t r o d e  -- calomel e l e c t r o d e  

system) i f  o t h e r  t r ea tmen t s ,  such as I-ING add i t ion ,  are n o t  used. 

U s e  of t k i i s  ion  exchange r e s i n  a l s o  removes 

3 

Clus te r ing ,  s t i c k i n g ,  and coalescence of s o l  drops o r  ge l  sphercs 

a r e  much lcss troublesome i n  nonf l u i d i z e d  colu1iln.r; than i n  f luidized-bed 

columns, Therefore ,  many s u r f a c t a n t  concentrAtrons g i v e  good r e s u l t s  

i n i t i a l l y ,  W e  wanted t o  s e l e c t  a concent ra t ion  t h a t  minimized long-term 

problems stemming from t h e  accumulation of degrada t ion  protliicts (. The 

rcmoval of n i t r a t e  by  t h e  ion  exchange t rea tment  i s  favorable  s i n c e  it 

prevents  d e l e t e r i o u s  s u r f a c t a n t  r e a c t i o n s  i n  t h e  sti.U.. Pure 2EH o r  2EB 

conta in ing  0 . 1  t o  0.5 vo l  % Ethomeen S / l 5  o r  P luronic  L-32 was usua l ly  

s d t i s f a c t o r y  f o r  t h e  CUSP UO s o l s  i n  t h e  nonf lu id ized  column. ITowesler , 
i t  occas iona l ly  gave undes i rab le  double t  QP^ p a r t i a l l y  coalesced d r o p s .  

Low concent ra t ions  of Spdn 80 were more c o n s i s t e n t l y  e f f e c t i v e  i n  

preventimy double ts  a l though they tended to cause surface roughness o r  

dimples. The ion  exchange s t e p  has beeti shown previous ly  to hydrolyze 

or otherwise  change Sp,m 8 0 ;  surprisingly I howpver I t h e  modiEi ed Span 80 

rand< n s  cf f e c t i v e  i n  preventing double ts  i n  t h e  r ionfluidized col umri and, 

i l l  a d d i t i o n ,  does not  cause t h e  su r face  roughness o r  dimples observotl 

when f r e s h  Span 80 i s  used. Therefore ,  t h e  demonstration run was made 

wi th  0,1 t o  0 . 3  vol S Span 80 t h a t  tiad been m0dific.d by flowing throuqh 

t h e  ion  exciiangv r e s i n  system, 

2 

* 

The 2kX w a s  used f o r  more than  250 k l r  o€ UO microsphere p repa ra t ion  
2 

, m d  stl.ll appears  s u i t a b l e  for  continued u s c .  Regeneration of t h e  ion  

exchange r e s i n  column i n d i c a t e s  accumulation of about 18% of  t h e  forrnic 

a c i d  and 3% of  t h e  n i t r a t e  i n  the  s o l  f eed*  (Roth absorbed and "free" 

formate and n i t r a t e  a r e  p r e s e n t  i n  t h e  sol, bu t  only t h e  Erec ions are 

t r a n s f e r r e d  with t h e  water t o  t h e  2ER dur ing  dehydrat ion of t h c  s o l . )  

These a c i d s  are  subsequent ly  removed i n  the  i o n  exchange column. T h e  pH 

of t h e  2 E H  dur ing  s t eady- s t a t e  ope ra t ion  was about 6.0. The opera t ion  of 

* 
k. s o r b i t a n  monoaleate es ter  d i s t r i b u t e d  by A t l a s  Chemical Indus t ry .  
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t h e  s t i l l  t o  remove water and the ion exchange t rea tment  t o  remove 

formate and n i t r a t e  requi red  li.-i:tle a t t e n t i o n  and caused no d i f f  l c u l t i  es 

Normal makeup of t h e  2EH t h a t  is  removed with t h e  gel. protluc-l; i n  t h e  

s t i l l  condensate,  o r  during reyeneraLion of t h e  ion  exchange r e s i n ,  might 

provide enough d i l u t i o n  t o  maintain any long-term accumulation of impiiri- 

c i e s  a t  an acceptab le  s t eady- s t a t e  l eve l .  I' 

3.1 .4  Drying and -_ Firi-ng 

Dryihg and f i r i n g  of t h e  g e l  [JO microspheres involve some s i g n i f i -  
2 

c a n t  and comp1.e~ s t r u c t u r a l  changes. The gel- microspheres have a dens i ty  

less than 40% of that; o f  t he  f i n a l  p roduct ,  ant3 musk lose up t o  15% of 

t h e i r  o r i g i n a l  weight - 
c a t e  some of t h e  changes t h a t  t ake  p l ace  during dry ing  and f i - r ing .  The 

vo1ati.l.e c o n s t i t u e n t s  inc lude  wa.ter , n i t r a t e  , formate I 2EH, and sur fac-  

t a n t s .  

aild f i r i n g .  F i n a l l y ,  the uranium oxide must be reduced. from about  UO 

t o  uo 
through t h e  g e l  spheres  t o  remove adherent  2EH. 

Results of d i f f e r e n t i a l  thermal analyses15 ind i -  

The U02 must be p ro tec t ed  from excess ive  oxida t ion  dur ing  dry ing  

2 . 2  
AS a pre l iminary  t o  . the drying ope ra t ion ,  argon is  blown down 2 . 0 1 '  

The o v e r a l l  drying-f i r i n g  program, s t a r t i n g  with gel. microspheres 

t h a t  are  wet with 2Efl was a s  €allows: 

DryFng: Argon f lows,  a t  25  t o  l l O ° C ,  f o r  1 t o  2 h r  

Argon + steam flow, a t  110  t o  18OoC, f o r  about; 4 h r  

Argon - t -  s t e a m  flow, a t  180OC overn ight  

Fi.ri.ng: To 500°C a t  100°C/l-ir in argon 

Over the range 500 to 1100°C a t  300°C/hr in argon 

A t  1.150"C f o r  4 h r  i n  Ar--4% H 

Over the range 1150°C t o  < l O O ° C  f o r  >36  h r  i n  argon 
2 

The purpose of the s t e a m  was to p r o m o t e  removal of o r g a n i c s  and thus avoid 

leaving  excessive carbon i n  t h e  f i r e d  spheres. W e  used 0.5 t o  1 g of 

steam p e r  gram of UO Although t h e  higher  temperatures with steam are 

more Ef fec t ive  f o r  carbon removal., they  tend t o  make t h e  UO g e l  become 

more r e a c t i v e  and more s e n s i t i v e  t o  oxida t ion ,  Therefore ,  w e  chose 180°C 

as t h e  maximum temperature,  so t h a t  w e  would have less d i f f i c u l t y  with 

2'  

2 
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ox ida t ion  during t h e  t r a n s f e r  from the  dryi.ny equipment t o  the f i r i n g  

furnace.  

down is  c h a r a c t e r i s t i c  of our furnace; however, f a s t e r  cooling, ds high 

as 20°C/min, would not a f f e c t  the  spheres.  Use of an argon atmosphere 

i s  necessary during cooling because any 0 

and a l s o  because H i s  absorbed a t  intermediate  temperatures.  The d e n s e  

UO 

T h e  A r - - 4 %  H2 reduces uranium oxides t o  UO The long cool- 2 "  

2* 
present  would oxidize the  UG 2 

2 
spheres a r c '  no t  r eac t ive  wlth a i r  below 100°C.  

2 

The drying and f i r i n g  equipment cons is ted  of small  I l abora tory-sca le  

batch u n i t s  that had been used f o r  other so l -ge l  development s tudi-es .  

The product c o l l e c t o r s  and dryers  (Fig. 11) were Pyrex vesse l s  f ab r i ca t ed  

from 600-ml f i l t e r  funnels  with coarse-porosity f i l t e r  f r i t s .  These 

dryers  were placed i n  a labora tory  oven and connected both with an argon 

supply and with steam from a d i s t i l l a t i o n  f l a sk .  The f i r i n g s  were made 

in alumina c ruc ib l e s  i n  a commercial muffle furnace t h a t  had been modi- 

f i e d  t o  improve cont ro l  of the  atmosphere. 

3 . 2  Resul ts  and MaLerial Balances 

The s i z e  d i s t r i b u t i o n s  (weight percent )  of t he  calcined mi-crospheres 

produced during the two demonstration runs a r?  shown i n  Tables 3 and 4. 

The nonf lu id i zed  microsphere-forming column was operated continuously.  The 

first run (duration, 136 h r )  , w a s  made i n  three par t s .  T'cw f i r s t  part v a s  

made using two g l a s s  two-fluid riozzlcs (0.018-in. --ID s o l  feed c a p i l l a r i e s )  

with independent s v l  feed systems and a sol. flow r a t e  of approxmately 

3 cc per  minute pe r  nozzle. The s i z e  d i s t r i b u t i o n  of t he  composite of 

s i x  batches of calcined microspheres (a t o t a l  of 5834 g) was: <125 

1 6 . 7  w t  %; 125-210 p ,  7 3 . 6  w t  9 . ;  and > 2 1 0  p r  9 - 8  w t  %. Tho >210-1-1 f rac-  

t i o n  r e su l t ed  from l a r g e r  microspheres t h a t  had riot becn suffi.ci.ently 

d r i ed  a f t e r  f a l l i n g  through the  column and subsequently s tuck together ;  

t h e  <125-p f r a c t i o n  was formed as the  r e s u l t  of s a t e l l i t e  formation, which 

i s  inherent  i n  t h e  operat ion of  t h e  two-fluid nozzle when microspheres i n  

the 150- to 200-11 size range are produced. The production ra te  for 

p t x t  l. was apprgximately 2.5 kg of UO pe r  day, 
2 



Table 3. Size Distribution (wt % )  of UO2 Microspheres Produced 

During Nonfluidized Column Demonstration Run 1 

.- .......... .. .- ..... ............. 

Size ( P )  
............ ....... Batch ___ 

No . -125 125-149 149-177 177-210 210-250 +250 

Part la 

1 
2 
3 
4 
5 
6 
'Total weight, g 

% of grand total 

13.9 
17.1 
16.4 
15.2 
20.7 
16.6 
972.1 
16.7 

Part 2a 

1 20.0 
2 18.1 
3 22.5 
Total weight, cj 494.2 
% of grand t-otal 19.3 

Part 3a 

1 18.8 
2 28.7 
Total weiqnt, q 296.4 
5, of grand total 23.2 

5.1 
5.1 
6.6 
5.0 
7.1 
4.8 

325.4 
5.6 

35.3 
34.0 
36.1 
36.0 
42.6 
34.2 

2119.8 
3 6 . 3  

36.5 
32.5 
26.1 
32.8 
24.0 
36.8 

31.7 
1846.6 

3.7 
0.7 
0.7 
0.6 
1.2 
0.7 
73.0 
1.3 

5.4 
10.5 
14.1 
10.4 
4.4 
6.9 

496.9 
8.5 

6.6 42.5 28.5 0.3 1.5 
5.9 40.7 35.0 0.3 0.1 

12.6 48.0 15.0 0.5 1.4 
23.9 

7.9 43.2 27.5 0.5 1.0 
681.1 13.3 194.9 1072 1 

\.. 4 

78.6 
Y 

9.3 37.3 18.5 4. E 11.6 
9.3 31.2 15.2 4.7 10.3 

119.0 443.2 218.5 58.0 144.9 
9.3 34.6 17.1 4.5 li.3 

1 
W 

61.0 

 at^^^^: P a r t  1 -- 

Part 2 -- 

Part 3 - 

Two g l a s s  two-fluid nozzles (%0.018-in.-ID sol feed capillaries) w i t i i  
indzpendent feed systems were used; sol flow rate, Q3 cc per nlin per 
nozzle. 

One glass two-fluid 1-1ozzJ.e (SO. 018-in.-ID sol feed capillaries) was 
used;  sol flow rate, Q 3  cc/min. 

One glass two-fluid nozzle (\0.018-in.-ID sol feed capillaries); 2EH 
flow in turbulent reqj.0,; sol flow rate, ".6 cc/min. 



3 3  

Batch 
No D 

--.---.- Size ( i l l  
-125 125-149 149-177 177-210 21.0-2: 5 0 4-250 

11.8 
14 I '7 
14.4 
15.3  
17.9 
10*1 
10-3 
1 3 . 3  
ll .7 

9.7 
12.4, 
L4*7 
9.7 
loa8 

Tota:I. w e i g h t  
g 1542.4  

6 , 7  
7.1 
7.4 
9-0 
8.6 
5.4 
7 . 2  
7.6 
6;. 6 
7.1 
6.6 

13.5 
7.1 

19.1 

1020.2  

75 .8  
7 3 - 4  
68.5 
67-5 
65.6 
74.2 
71.6 
67*7 
7 1 I 3 
64*6 
70.7 
67.1 
79.1 
55.9 

8356.2 

5 - 7  
4 , 5  
9.3 
8 I 1 
7 * 6  

I. 0 * 2 
10. 6 
10 .3  
9 a 9 
16.. 3 
9. 8 
4.4 
4.0 

.1.3 I 3 

1066.5 35.8 25.2  

a One glass two-fluid nozzle (O~0 ,013- in . - ID  sol feed capillaries) was used; 
sol flow ratel %'7,3 cc/m:i.n. 
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Some d i f f i c u l t y  was encountered i n  c o n t r o l l i n g  t h e  sphere s i z e  from 

O i l e  of  t h e  nozzles  during p a r t  1. Thus the  f a u l t y  nozzle  was removed f r o m  

the  system, and p a r t  2 w a s  made using oiily one two-fluid nozzle  and a s o l  

flow r a t e  of approximately 3 cc/min. The s i z e  d i s t r i b u t i o n  o f  iiie com- 

p o s i t e  of tIire6 batches of ca l c ined  microspheres (a total. of 1280 4)  w a s :  

<I25 p ,  19.9 wt- %;  125-210 v ,  78.6 w t  %; and >210 p, 1 . 5  wt %. Tho amount 

o:E t h e  <125-1.1 f r a c t i o n  was about t h e  same as i.n part. I; however, t h e r e  

was a marked decrease i.n t:h~ amount o f  material i n  -the >210-p f r a c t i o n  

(1.5 w t  % as compared with 9.8 w t  % ) .  The product ion r a t e  f o r  p a r t  2 

w a s  approximately 1 . 4  kg of UO p e r  day. 
2 

P a r t  3 w a s  made using one two-fluid nozzle  and a so l  flow rat.(:> of 

approximately 6 cc/min. The s i z e  d l s t r i b u t i o n  of  t he  composite of two 

batches of ca lc ined  microspheres (a t o t a l  of 1280 g) w a s  : <125 p, 

23.2 w t  %; 3.25-210 6 1  wl; % ;  and >210 p I  15.8 w t  %. Because of an 

ope ra t iona l  e r r o r l  t h i s  p a r t  of t h e  run was m a d e  w i t h  -{:he i iozzle alcohol 

f l o w  i n  the  t u r b u l e n t  range. The result w a s  a l o s s  of c o n t r o l  of sphere 

s i z e  as ind ica t ed  by t h e  ,size distrihu.t:.i.oxi. 

The second r u n  (dura t ion ,  104  h r )  , w a s  made iisi-ng one two-fl.uid 

nozzle (0.013-in.-ID so l  feed  c a p i l l a r i e s )  and a sol flow r a t e  ot approx- 

imately 7 cc/min. The s i z e  d i s t r i b u t i o n  of t h e  composite of 14 ba-t:ches 

of ca lc ined  microspheres (a t o t a l  a€ 12,330 9) was: <125 p #  12 .8  wt %; 

125-210 p ,  86.8 w t  %; and >210 u, 0.5 wt 8 .  The product ion r a t e  :tior the  

run was approximately 2 . 9  kg of UO per day. 
2 

Some of t h e  chemical and phys ica l  p r o p e r t i e s  of the ca lc ined  micro- 

spheres  (see Table 5 )  a r e  as follows: dens i ty ,  97 t o  100% of t h e o r e t i c a l ;  

O/rJ atom r a t i o ,  2.003 t o  2 .005;  roundness r a t i o  (D 1, 1.02 to 1,03; 

carbon con ten t ,  24 t o  60 ppm, and i r o n  con ten t ,  1 2  t o  46 ppm. The s i z e  

c o n t r o l  w a s  q u i t e  good, e s p e c i a l l y  for run 2 ,  i n  which t h e  s tandard  devi- 

a t i o n  w a s  approximately 10%. There was very l i t t l e  su r f ace  p o r o s i t y ,  as 

max/’rnin 

2 i nd ica t ed  by the  s m a l l  surEace  a rea  (0.008 t o  0.4 m / g )  and t h e  l o w  gas  

r e l e a s e  (sO.004 c c / g ) ,  Photomicrographs of t h e  d r i e d  and calcined micro- 

spheres  (see Fig. 1 4 )  i n d i c a t e s  t h a t  the spheres  a m  round, and t h a t  

cracking and surface imperfect ions d i d  n o t  r ep resen t  a problem. 
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Because of t h e  na tu re  of t h e  ope ra t ion  of the nonflnidi-zed micro- 

spherz-forming column, e s s e n t i a l  Ly no uranium l o s s  occurs; howc.verI some 

waste, 2.7 and 2.2 w t  < k r  w a s  gznera ted  dur ing  t h e  demonstration runs. 

T h i s  w d s t c  r e s u l t e d  from sphere samples t h a t  wexe d r i e d  i n  a i r  f o r  s i z e  

and shape examinations.  

4. CONCLUSIONS 

B a s e d  on  thc result:: of the two one-week demonstrat ion YUKE described 

i n  this r epor t  and 

f r j l l o w i n q  canclus.! or i s  wi th  regard t o  t h e  p repa ra t lun  o f  higl-1-density UG, 

microspheres from :VSP s o l s  i n  a nonf lu id ized  for-mj.ny c02lrn when h o t  2EH 

i., used ds t h e  dehyt l ra t ing agent .  

on previous developmental. experience, wc have drawn t h e  

L 

1. T h e  U ( W )  feed  can be r o u t i n e l y  prepared .in a batch s l u r r y  

uranium reductor .  Vigororis a g i t a t i o n  i s  r equ i r ed  for  a uniform 

reduct ion I and the  completion of -the reduct ion  can be determined 

by monit.orj.ng t h e  redox p o t e n t i a l  - Sols  prepared from feed  t h a t  

had been aged folc a t  l ea s t  24 hr p r i o r  t o  s o l  prt3parat:ioxi had 

r J ( 1 V )  concent ra t ions  2 t o  3% higher  t h a n  : ;OlS  prepared. from 

f r e s h  feed:; II 

2. CUSP i s  an instrumented ba tch  process for prepa.ri.ng I t.o 1.4 M - 
UO s o l s  t h a t  are f u l l y  c r y s t a l l i n e  and have E (TV) concent.ra- 

t i o n s  of 85 t o  8 7 % -  Reproducible sols can be pcep3.red in reba- 

t i v e l y  simple equipment by fol lowing the  s tandard  ope ra t ing  pa th .  

Some uranium i s  lost t o  t h e  orqalilic :;o:l.venS-; a l o s s  also occurs 

as: t h e  result of equipment cleanout between batches I Uranium 

i.n the ~ a s t ~ ?  m L u  f:i.ons can be recovered e,m i l y  . The s o l  y i e l d  

v a r i e s  from 92 t:o 98%- 

2 

3 .  !?he opera t ion  o ii the rmrif l u id i zed  microsphere forming c o l u m n  was 

q u i t e  s a t i s  factory at t h e  capac i ty  attai..cied duriiicj the sec~rid 

v7eek's run (i .e. I n43 3rq of UO per day) Although t h e  producti.oxl 

ca.p.?ci.ty of t.he 4-in..-ID column has not. been e s t a b l i s h e d ,  it is 

greater than  3 kg of UG per  day. Sorne d i f f i c u l t y  was encoui- 

tered w i t h  plugging of t h e  g l a s s  two-fluid nozzle  capillaries; 

2 

2 



however, t h i s  was g r e a t l y  minimized by i n s t a l l i n g  a glass f r i t  

f i l t e r  i n  t he  so l  line. The 2EH was recycled,  and good-quality,  

round spheres were prepared by small per iodic  addi t ions  (QO.1 

vol  % )  of Span 8 0 -  It w a s  necessary t o  make two addi t ions  

during the  demonstration xiins. An on-s-tream f a c t o r  of 96% was 

a t t a i n e d  €or each run. 

4. Additional development work i s  required,  p r imar i ly  i n  the area 

of multinozzle feeders ;  however I we be l ieve  t h a t  the  f e a s i b i l i t y  

of the  CUSP--nonfluidized columr? process for the  prepara t ion  of 

high-density IT0 microspheres ha:; been demonstrated and t h a t  

t he  process can be adapted to corrlrnercial use.  
2 
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