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METHOD FOR FORMING MICROSPHERES FOR 
ENCAPSULATION OF NUCLEAR WASTE 

Background of t h e  I n v e n t i o n  

. T h i s  i n v e n t i o n  was made under a  c o n t r a c t  w i t h  the  Un i t ed  S ta tes  

5 Department of Energy and r e l a t e s  t o  a  process f o r  making p a r t i c l e s  i n  

which nuc lea r  waste i s  immobi l ized.  

To f a c i l i t a t e  i t s  hand l ing  and storage, nuc lear  waste has been 

i n c o r p o r a t e d  i n  small spher ica l  p a r t i c l  es ( r e f e r r e d  t o  h e r e i n a f t e r  as 

microspheres)  which a re  made by var ious  we1 1 -known sol  -ge l  processes. 

10- I n  t h e  usual  manufactur ing procedure such microspheres a re  gel  1  ed w h i l e  

d ropp ing  through a l i q u i d  and then washed w i t h  an aqueous s o l u t i o n  

b e f o r e  be ing  d r i e d  and hardened by c a l c i n a t i o n ,  the washing s tep  be ing  

r e q u i r e d  t o  remove from the  microspheres m a t e r i a l s  such as n i t r a t e s  and 

o rgan i c  compounds t h a t  cause them t o  develop de fec t s  (e.g., c racks  and 

15 b l  i s t e r s  t h a t  reduce s t r u c t u r a l  s t a b i l  i t y )  , o r  even t o  d i s i n t e g r a t e ,  

d u r i n g  c a l c i n a t i o n .  However, a  so lub le  nuc lear  waste such as cesium i s  

d i s s o l v e d  from microspheres by the  convent ional  wash step, thus  

d e f e a t i n g  t he  purpose o f  encapsul a t i n g  such waste i n  the  microspheres 

and producing a r a d i o a c t i v e  l i q u i d  t h a t  i s  d i f f i c u l t  t o  d ispose o f .  

20 Sumnary o f  t h e  I n v e n t i o n  

The o b j e c t  o f .  t h i s  i n v e n t i o n  i s  t o  p rov ide  a process f o r  fo rming  

n u c l e a r  waste immob i l i z i ng  microspheres which a re  f r e e  o f  d e f e c t s  even 

though they a re  n o t  washed hefore c a l c i n a t i o n  as requ i red  'he re to fo re .  



Because t h e  microspheres are not washed i n  t h e  process o f  t he .  

i nven t i on ,  they  r e t a i n  even so lub le  species such as cesium. 

Th i s  ob jec t  i s  achieved by d r y i n g  and c a l c i n i n g  unwashed micro- 

spheres o f  t h e  described type under cond i t i ons  such t h a t  vol a t i l e  

5 ma te r i a l  i s  removed therefrom a t  a s u b s t a n t i a l l y  l i n e a r  mass l oss  r a t e  

throughout  t h e  per iod  of d ry ing  and c a l c i n a t i o n .  The temperature o r  

humid i ty  t h a t  i s  requ i red  t o  remove v o l a t i l e  components from 

microspheres a t  a un i fo rm r a t e  can be ascer ta ined by p rov id ing  a f u r -  

nace w i t h  (1) a balance on which a sample o f  microspheres i s  held, a.nd 

10 (2)  means associated w i t h  the  balance f o r .  con t ro l  1 i n g  temperature o r  

humid i ty  i n  t he  furnace i n  a manner which main ta ins  the  necessary un i -  

form r a t e  o f  removal of t h e  v o l a t i l e  components. More p a r t i c u l a r l y ,  

temperature i n  t he  furnace i s  decreased when the balance senses a non- 

un i fo rm r i s e  i n  t he  mass l oss  r a t e  o f  v o l a t i l e  ma te r i a l  f rom a sample. 

15 o f  microspheres, and furnace temperature i s  increased when the  balance 

senses a non-uniform drop i n  mass l o s s  ra te .  I n  a furnace operated 

w i t h  'humidi ty  con t ro l  o f  mass l o s s  ra te ,  humid i ty  i s  increased when the  

ba l  ance senses a non-uniform r i s e  i n  mass l oss  r a t e  and decreased when 

t h e  balance senses a non-uniform drop i n  mass l o s s  ra te .  The 

20 temperature- t  ime schedul e o r  humidi ty- t ime schedule recorded when a 

s u b s t a n t i a l l y  l i n e a r  mass l oss  r a t e  has been achieved i n  the  balance- 

equipped furnace i s  t hen  programmed i n t o  the  ope ra t i on  o f  l a r g e  scale 

furnaces .used f o r  d r y i  ng and cal c i  n i  ng microspheres. 

Description o f  the Drawi ngs 

25 Fig. 1 i s  a graph dep ic t i ng  mass l oss  r a t e  o f  unwashed ge l -der ived 

microspheres ca l c ined  i n  accordance w i t h  the' .process o f  t h e  invent ion.  



F i g .  2 i s  a graph d e p i c t i n g  mass l o s s  r a t e  of unwashed ge l -der ived  

microspheres ca l c i ned  i n  a furnace wherein temperature i s  increased i n  

a convent ional  manner. 

Detailed Description of the Invention 

Microspheres con ta in ing  nuc lear  waste can be made by the  i n t e r n a l  

g e l a t i o n  process wherein d r o p l e t s  o f  a  c h i l l e d  feed b r o t h  con ta in ing  

t h e  waste, m a t r i x  components, urea and hexamethylenetetramine ( r e f e r r e d  

t o  h e r e i n a f t e r  as HMTA) are fed t o  a heated immisc ib le  g e l a t i o n  1 i q u i d ,  

t h e  d r o p l e t s  being g e l l e d  as they s ink i n  t he  l i q u i d  by ammonia pro- 

10 duced from the decomposit ion o f  the  HMTA. 

Waste sludges are  p a r t i a l l y  d isso lved  i n  n i t r i c  ac id  and a solu- 

t i o n  o f  m a t r i x  elements i s  added t o  t h i s  m i x t u r e  t o  p rov ide  the' feed 

so.1ution. Most feed s o l u t i o n s  o f  t h i s  type con ta in  some suspended s o l i d s  

b u t  these' can be t o l e r a t e d  by the  g e l a t i o n  system. Urea i s  d isso lved  

15 i n  t h e  feed s o l u t i o n  t o  complex metal ions  and prevent premature gela- 

t i o n  w i t h  HMTA. The adjusted feed i s  cooled t o  O°C o r  a s l i g h t l y  lower 

temperature and then mixed w i t h  an HMTA s o l u t i o n  precooled t o  O°C. The 

c h i l l e d  feed b r o t h  i s  fed through a v i b r a t i n g  nozz le  i n t o  a column o f  

immisc ib le  g e l a t i o n  l i q u i d  mainta ined a t  a  temperature o f  55PC, which 

20 g e l a t i o n  l i q u i d  may c o n s i s t  o f  var ious  hydrocarbons such as a m i x t u r e  

con ta in ing  45 vo l  .=-ethyl hexanol and 55 vo l  .% t r i c h l  o roe thy l  ene. I n  

one s o l u t i o n  tes ted  i n  the  process o f  the  i n v e n t i o n  a small concentra- 

t i o n  (dO.05 vo l  .%) o f  a  s u r f a c t a n t  (Span-80) was d isso lved  i n  t h e  gela- 

t i o n  1 i q u i d  t o  prevent coalescence of microspheres and attachment of 

25 microspheres t o  the column ho ld ing  the g e l a t i o n  l i q u i d .  Ammonium 



hydrox ide  i s  . released by decomposit ion o f  HMTA, which i s  a c t i v a t e d  by 

t h e  e leva ted  temperature o f  the  g e l a t i o n  1 i q u i d  and acce le ra ted  by the  

a c i d i t y  o f  t he  feed s o l u t i o n ,  causing d r o p l e t s  o f  the  feed b r o t h  t o  gel 

w i t h i n  5 t o  15 seconds as they f a l l  through the  l i q u i d .  A t  t h i s  po in t ,  

5 t h e  c o l l e c t e d  microspheres are ready f o r  f u r t h e r  processing i n  accor- 

dance w i t h  the  invent ion ,  and t h e  aging and washing steps used i n  con- 

ven t i ona l  microsphere produc t ion  processes are  no t  requ i red  o r  

performed. 

Simul ated nuc lear  waste composit ions o f  two d i f f e r e n t  types were 

10 prepared and tes ted  i n  the  process o f  t he  invent ion ,  namely, a  com- 

p o s i t i o n  rep resen ta t i ve  o f  the  type o f  waste associated w i t h  defense 

systems and a composit ion rep resen ta t i ve  o f  the  type o f  waste associated 

w i t h  t he  produc t ion  of power f o r  commercial purposes. The composi t ion 

o f  t h e  s imulated defense waste used as feed m a t e r i a l  f o r  product  micro- 

15 spheres a re  shown i n  the  f o l l o w i n g  tab le ,  wherein concent ra t ions  l i s t e d  

under "Product  Microspheres" represent  the  weight percent  o f  t h e  named 

m a t e r i a l s  i n  m4crospheres obta ined by means of the  d isc losed process 

w i t h  ZrO2 as a m a t r i x  m a t e r i a l .  

Table I 
~ e f e n s e - ~ i p m e a r  Waste 

Component Concentrat ion (Weight %)  
Dry  Metal Oxide Basis  Waste M a t r i x  Product  Microspheres 

Fez03 
2 5 A1 203 

Mn02 
"3O8 
CaO 
NiO 



Table I 
Defense-Type Nuclear Waste 

Continued 

5 Component 
Dry  Metal  Oxide Ras is  

Concent ra t ion  (Weight %)  
Waste M a t r i x  Produc t  M i c r o s ~ h e r e s  

15 The compos i t ion  o f  s imu la ted  commercial waste t e s t e d  i n  t he  pro- 

cess of the  i n v e n t i o n  i s  shown i n  the  f o l l o w i n g  t ab le .  

Table I 1  
Comnercial -Type Nuclear Waste 

20 Component 
Dry  Metal  Oxide Bas i s  

S r O  
Nd203 

2 5 
Mo2@3 
Ru203 
Cs202 
T i  02 
A1 203 
Zr02 

3 0 RaO 
CaO 

Concent ra t ion  (Weight X )  
Waste M a t r i x  Product  Microspheres 

C e l a t i o n  c o n d i t i o n s  used i n  t he  p repa ra t i on  o f  t he  s imu la ted  

wastes o f  Tables I and I 1  a r e  presented i n  t h e  f o l l o w i n g  tab le .  



Table I11 

Waste Form Concentrat ion i n  Feed S o l u t i o n  
Waste Load i ng Metal Metal Free Amount used f o r  

5  (Weight 'Yo) Oxides (moles/ml) Acid Gel a t i o n  (moles/ 
(g/ml) (meq/ml ) mole metal ) 

UREA HMT A 

90 Defense Type 0.22 3  .O 1.5 2.3 2  .O 

Not 
10 Commercial Type 2  0.16 - 2.1 Measured 9.9 2.2 

Nucl ear  fuel p a r t i c l  es were a1 so prepared and tested.  Uraniurll 
P > 

ox ide  spheres were prepared by the  i n t e r n a l  g e l a t i o n  process i n  a  

s i m i l a r  manner as prev ious ly  described. The uranium feed s o l u t i o n  was 

15 a t  a  concen t ra t i on  near 0.4 g U308/ml. The f i n a l  s o l u t i o n  was par- 

t i a l l y  d e n i t r a t e d  ( a c i d  d e f i c i e n t ) .  The urea and HMTA requirements 

were somewhat l e s s  than the values f o r  nuclear  waste mater ia ls .  

Unwashed spheres were tested.  The second type o f  nuc lear  f u e l  p a r t i c l e  

which was tes ted  was UCxOy. I n  t h i s  case, the  spheres were washed and 

20 d r i e d  and were produced by the  ex terna l  g e l a t i o n  process. The objec- 

t i v e  i n  t h i s  case was t o  prevent c rack ing  .due t o  chemical reac t i ons  

occu r r i ng  i n  narrow temperature regions du r ing  the ca l  c i n a t i o n  and s in -  

t e r i n g  process. 

Tes t  Example I  

2 5 Unwashed gel -der ived microspheres con ta in ing  the  simulated 

defense-type nuclear  waste composit ion tabu1 ated i n  Table I  were suc- 

c e s s f u l l y  d r i e d  and ca lc ined by means o f  the f o l l o w i n g  equipment: ( 1 )  



a DuPont Inst ruments 951 Thermogravimetric Analyzer; (2 )  a DuPont 

Inst ruments 990 Thermal Analyzer; and (3)  an Analog Ser ies Macsym 2 

Computer. The system was operated i n  the f o l l o w i n g  manner. A sample 

of g e l l e d  microspheres was placed i n  the thermogravimetr ic analyzer,  

5  and an output  s ignal  represent ing  the  d e r i v a t i v e  o f  the mass o f  the  

sample w i t h  respect  t o  t ime was cont inuous ly  monitored as a f u n c t i o n  o f  

t ime by the computer. The computer compared the  actual  mass l o s s  d e r i -  

v a t i v e  w i t h  a prescr ibed value and a d i f f e r e n c e  was ca lcu la ted .  A 

s igna l  p ropo r t i ona l  t o  t h i s  d i f f e r e n c e  was used by the  computer t o  

10 c o n t r o l  the  heater  power supply o f  the thermogravimetr ic analyzer.  

Th is  feedback c o n t r o l  l o o p .  resu l  t ed  i n  a temperature schedule i n  the  

furnace t h a t  assured d ry ing  and c a l c i n a t i o n  o f  the  microspheres i n  the  

des i red  uni form microsphere mass l o s s  r a t e  shown i n  F ig.  1. The l e f t  

o r d i n a t e  i n  t h i s  graph represents the  mass l o s s  r a t e  expressed as per- 

15 centage o f  t he  i n i t i a l  mass o f  the  sample, the r i g h t  o r d i n a t e  repre-  

sents the temperature o f  the  sample dur ing  the d ry ing  and c a l c i n i n g  

per iod ,  and the abscissa represents t ime. The sample consis ted o f  

19.43 mg o f  unwashed gel spheres. I t  w i l l  be noted t h a t  t he  mass l o s s  

r a t e  o f  the  sample was s u b s t a n t i a l l y  l i n e a r  throughout the  d r y i n g  and 

20 c a l c i n i n g  per iod,  t h i s  l i n e a r i t y  being achieved by c o n t r o l l i n g  tem- 

pera ture  i n  the furnace as shown on the  graph. The v o l a t i l e  ma te r i a l  

removed from the microspheres inc luded water, HMTA, urea, ammonia, and 

n i t r a t e  and c h l o r i d e  compounds. The microspheres obtained by the  

descr ibed process cond i t i ons  were o f  good qua1 i ty. 

25 Fig.  2 i l l u s t r a t e s  data obtained ,when a 12.71 mg sample o f  the  

same type o f  gel spheres con ta in ing  simulated defense waste was d r i e d  



and c a l c i n e d  hy t he  convent iona l  method. I n  t h i s  t e s t ,  furnace tem- 

pe ra tu re  was increased a t  a  r a t e  o f  S°C/minute throughout  t he  d r y i n g  

and c a l c i n i n g  per iod .  Inc luded  i n  F ig .  2 i s  a  curve i l l u s t r a t i n g  t he  

d e r i v a t i v e  of mass w i t h  r espec t  t o  t ime  d u r i n g  the  convent ional  fu rnace  

5 hea t i ng  t e s t .  Th i s  mass d e r i v a t i v e  curve  shows t h e  ext remely  r a p i d  

decomposi t ion of  t h e  t e s t  sample which occurred a t  a  temperature of 

about 200°C and which comple te ly  r u i n e d  t h e  microspheres. 

Test Example I1 

Unwashed ge l -de r i ved  microspheres c o n t a i n i n g  t he  s imulated commer- 

l n  c i a 1  nuc lea r  waste compos i t ion  t a b u l a t e d  i n  Table I1 were s u c c e s s f u l l y  

processed us ing  t he  equipment descr ibed  i n  Test  Example I. The r e s u l t i n g  

,microspheres had good s t r u c t u r a l  p r o p e r t i e s  and were complete ly  s u i t a b l e  

f o r  f u r t h e r  process ing.  However, t o  process a l a r g e r  sample o f  t he  

commercial waste microspheres (30 gm) , t h e  temperature versus t ime  

15 schedule f o l l owed  d u r i n g  t h e  use o f  t he  a fo resa id  equipment and d r y i n g  

and c a l c i n i n g  procedure was recorded and an As t ro  Model No. 725-S f u r -  

nace was then programmed by means o f  a  computer t o  f o l l o w  the  same tem- 

pe ra tu re  versus t ime  schedule d u r i n g  the  d r y i n g  and c a l c i n i n g  o f  t he  

l a r g e r  sample i n  t h e  furnace. The microspheres thus  ob ta ined  aga in  

20 possessed e x c e l l e n t  c h a r a c t e r i s t i c s  which made them w e l l - s u i t e d  f o r  

f u r t h e r  processing. 

Test Example 111 

The removal o f  v o l a t i l e  m a t e r i a l  from ge l -de r i ved  microspheres a t  

a  s u b s t a n t i a l l y  l i n e a r  mass l o s s  r a t e  i n  accordance w i t h  t h e  process of 

25 t h e  i n v e n t i o n  p rov ides  t h e  a d d i t i o n a l  advantage o f  shor ten ing  t h e  



d r y i n g  t ime of washed ge l -de r i ved  microspheres. I n  a  t e s t  us i ng  a BMA 

Envr ionmenta l  Chamber w i t h  a  volume o f  8 f t . 3 ,  an Arbor ba lance i n  t he  

a fo resa id  chamber f o r  ho ld i ng  a sample and d e t e c t i n g  i t s  mass l o s s ,  and 

an Analog Dev ices  Macsym 2 Computer f o r  c o n t r o l l i n g  temperature i n  t he  

5 chamber t o  p rov ide  a l i n e a r  mass l o s s  r a t e ,  400 gm o f  t h e  p r e v i o u s l y  

desc r i bed  s imu la ted  commercial nuc lea r  waste microspheres were p r o p e r l y  

d r i e d  and c a l c i n e d  i n  2 hours whereas t h e  normal d r y i n g  and c a l c i n i n g  

procedure r e q u i r e s  24 hours. 

T e s t  Example I V  

10 The equipment descr ibed  i n  Test  Example I 1 1  was used t o  c o n t r o l  

t h e  d r y i n g  and c a l c i n a t i o n  o f  t h e  p r e v i o u s l y  descr ibed  simul a ted  corn- 

m e r i c a l  nuc lea r  waste microspheres, w i t h  the  m o d i f i c a t i o n  t h a t  humidi ty  

i n  t h e  RMA Environmental  Chamber was used t o  c o n t r o l  t h e  r a t e  o f  remo- 

v a l  o f  v o l a t i l e  components from the  microspheres. That i s ,  the  mass 

15 l o s s  r a t e  o f  t h e  microspheres was ma in ta ined  s u b s t a n t i a l l y  l i n e a r  over  

t h e  d r y i n g  and ca l  c i n i n g  p e r i o d  by an arrangement which au tomat ica l  l y  

inc reased  hum id i t y  i n  the  chamber when t he  mass l o s s  r a t e  tended t o  

v a r y  f rom t h e  d e s i r e d  l i n e a r i t y  by i nc reas ing  i n  a  non-uni form manner, 

and v i c e  versa. The sample o f  rnicrospheres i n  t h i s  t e s t  weighed 

20 approx iamte ly  300 grams, and t he  r e s u l t i n g  product  had good s t r u c t u r a l  

c h a r a c t e r i s t i c s .  

Test Example V 

Unwashed ge l -de r i ved  microspheres o f  uranium ox ide  were success- 

f u l l y  processed i n  accordance w i t h  t he  p r i n c i p l e s  o f  t h e  i n v e n t i o n  us ing  

25 t h e  equipment descr ibed  i n  Test  Example I. The r e s u l t i n g  microspheres 



had good s t r u c t u r a l  p rope r t i es .  The sample inc luded 27.15 mg o f  

unwashed qel spheres. An argon f l o w  o f  50 cc lm in  was passed over t h e  

spheres and the temperature was permi t ted  t o  go t o  600°C maximum. The 

spheres l o s t  57% o f  t h e i r  mass i n  a  170 minute run. A l i n e a r  mass l o s s  

5 r a t e  o f  0.3%/min was mainta ined du r i ng  t h e ' r u n .  Another experiment 

us ing  24.02 mg sample o f  t he  same gel -der ived  microspheres was pro- 

cessed i n  a  convent ional  manner w i t h  an inc rease i n  oven temperature of 

2°C per minute up t o  650°C and produced cracked, unusable spheres. 

Test Example V I  

10 Washed and predr ied  samples o f  UCxOy ( x  + y  being equal t o  2 )  

nuc lea r  f u e l  were processed i n  accordance w i t h  the  p r i n c i p l e s  o f  the  

i nven t i on .  A 51.64 mg sample was run  i n  an argon atmosphere. The 

spheres had good mechanical and phys ica l  p r o p e r t i e s  w i t h  very few par- 

t i c l e s  broken. The sample was d r i e d  and ca l c i ned  so t h a t  i t  e x h i b i t e d  

15  n e a r l y  l i n e a r  weight l o s s  du r i ng  a  run  t ime o f  approximately 2 hours. 



METHOD FOR FORMING MICROSPHERES FOR 
ENCAPSULATION OF NUCLEAR WASTE 

Abstract o f  the Disclosure 

Microspheres for  nuclear waste storage are formed by gel'ling 

5 droplets containing the waste in a gelation f lu id ,  transferring the 

gelled droplets to a furnace without the washing step previously used, 

and heating the unwashed gel led droplets in the furnace under tem- 

p e r s t ~ ~ r e  nr h11midit.y conditions that resul t  in a substantially l inear  

r a t e  of removal of vol a t i l  e components therefrom. 
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