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FOFEWORD 

Highly radioactive l i q u i d  waste i s  produced a t  the  Idaho Chemical 
Processing Plant  (ICPP) during the  recovery of spent aluminum-uranium 
t e s t  reactor  f ue l s  f o r  the  Atomic Energy Commission. A process has been 
developed and . a  demonstration p lan t  b u i l t  a t  the  ICPP f o r  the  conversion 
of t he  l i qu id  waste t o  a free-flowing so l i d  f o r  improved storage charac- 
t e r i s t i c s .  

I n  addi t ion t o  process s tudies  on calc inat ion a t  the  ICPP, P h i l l i p s  
Petroleum Company i n  1961 subcontracted a bas ic  chemical invest igat ion 
on the  phase transformations i n  alumina t o  the  Stanford Research 
I n s t i t u t e .  The contract  was granted i n  two pa r t s ;  the  r e s u l t s  of t he  
f i r s t  p a r t  were published February 1962 a s  ]DO-14580 by H. J. Eding, 
M.. L. Huggins, and A. G.  Brown. The second p a r t  of t he  contract  i s  
published herewith and completes t he  program, a t  l e a s t  a s  f a r  a s  it can 
be taken a t  t h i s  time. 

The second p a r t  of t he  study i s  devoted t o  an appl icat ion of the  
use of bor ic  ac id  t o  the  60-gallon-per-hour Demonstration Waste Calciner 
F a c i l i t y  (DWCF), and. t o  transformation s tudies  i n  the  calc inat ion of 
waste solutions containing n i t r a t e s  of iron,  chromium, and nickel .  
Small concentrations of agents, such a s  0.01M molar bor ic  acid ,  when 
added t o  t he  ca lc iner  feed, ha* produced a surpr is ingly  improved per-  
formance of the  f l u i d  bed by reducing t he  overhead f i ne s  and making 
those so l ids  read i ly  soluble f o r  recycle t h a t  d id  go overhead. The 
bor ic  ac id  keeps the  alumina i n  the  amorphous ra ther  than  c ry s t a l l i ne  
s t a t e .  The presence of non-radioactive f i s s i o n  products i n  laboratory 
calc inat ion experirnerl-Ls had no unusual e f f ec t s  on the  operation. The 
DWCF has been put through an intensive t e s t  program with non-radioactive 
mater ia l ,  and a flowsheet successful ly  demonstrated. The f i n a l  t e s t  was 
a 30-day continuous run i n  which 400 cur ies  of sodium-24 i n  two addi t ions  
of 50 and 350 cur ies  were used as  t r a ce r ;  t he  bed and product remained 
amorphous i n  alumina (below 0.5 per  cent  i n  alpha alumina) and the  
process was operable. 

The work on s ta inless ,  s teel-containing wastes was done with a view 
toward extending f l u i d  bed calc inat ion t o  wastes from the  E l ec t ro ly t i c  
o r  Darex processes. However, considerable work remains before a mean- 
ingfu l  f u l l - l eve l  run w i l l  be made i n  t h e  DWCF on aluminum wastes. 
Unt i l  then, t he  work on other wastes must remain of a preliminary nature.  

The development s tudies  by R. F. Murray and D .  W.  Rhodes on 
aluminum calc inat ion have been f u l l y  reported i n  DO-14581. This work 
was complementary t o  t he  Stanford program. Related s tudies  on s t a in l e s s  



s t e e l  a t  t he  ICPP by E.. M. Vander Wall a r e  reported i n  1730-14597, 
"Thermal Decomposition of Hydrated I ron,  Chromium, and Nickel Ni t ra tes  
and t h e i r  Mixtures." The da ta  i n  DO-14597 were re fe r red  t o  i n  t he  
current  repor t  i n  references 2 and 7. On page 39 the  chromium compound 
formed a t  2 6 0 - 3 9 0 ~ ~  has since been found ' to  be amorphous and have the  
empirical  formula C r O  

2.2' 

Samples of calcined product from runs F-9 through 14  from page 12 
of the  SRI s tudy were sen t  t o  the  ICPP f o r  analysis  and characterizatj.on. 
The r e s u l t s  were not avai lable  i n  t h  f o r  incorporation i n  the  terminal 
repor t ,  but  a r e  reported i n  t he  following tab les .  The a t t r i t i o n  index 
is  t he  weight per  cent of so l ids  remaining unchanged i n  s i ze  a f t e r  being 
f lu id ized  i n  a column f o r  30 minutes. A 25 gram sample i s  used f romthe  
s i z e  range -20+35 mesh. The control  sample was an amorphous product 
from the  ICPP p i l o t  p lan t .  

PAnTICrn FROF'ERTIES OF c A L c m  
STAINIESS STEEL OXIDES 

Run No. 
Bulk 

Pnr t i c le  Proper t ies  and Nit rgte  Content 

Absolute P a r t i c l e  In t ra -Par t i c le  NEE Median Nit ra te  

D D 
(Porosityl  Pa r t i c le  Diameter Content 
f rac t ion  ( mm) (rn=ig) 

. . 
AXPRITION INDEX FOR CALCINED METAL OXIDES 

Sample A t t r i t i o n  Index 

Control fium;ina - ICPP CaI.r.ineil 85.4 

F-9 Alumina - SRI Calcined 93.8 
F-10 I ron  oxide 75.2 
F-11 SS oxides 80.1 
F-12 SS oxides +B 81.5 
F-13 Nickel oxide ( insuf f ic ien t  sample) . 
F-14 Nickel oxide +B 13.8 
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PHASE TRANSFORMATIONS I N  CALCINATION O F  NITRATE SOLUTIONS 
OF ALUMINUM, STAINLESS STEEL, AND NICHROWE 

H. J.  Eding 
M. L: Huggins 
A .  G. Brown 

ABSTRACT 

E a r l i e r  s t u d i e s  (IDO-14580) had shown t h a t  low concen t r a t i ons  of 

b o r i c  ac id  would i n h i b i t  t h e  formation of a lpha  alllminn i n  t h e  f l u i d i z e d  

e a l c i n a t l o n  o f  aluminum n i t r a t e  was tes .  S t u d i e s  designed t o  determine 

t h e  optimum concen t r a t i on  of  b o r i c  ac id  and t h e  r e l a t i v e  e f f e c t i v c n c s s  

of  phosphoric a c i d  were performed by hea t ing  s y n t h e t i c  mix tures  a t  

moderate p r e s s u r e ,  and.showed t h a t  they were equa l ly  e f f e c t i v e  a t  t h e  

same molal concen t r a t i on .  D i f f e r e n t i a l  thermal a n a l y s i s  o f  mixtures  

showed t h a t  t h e  b o r i c  a c i d  r eac t ed  w.ith alumina be l0w.183~C.  Ex t r ac t i on  

of  b o r i c  ac id  from s e l e c t e d  samples i nd i ca t ed  t h a t  t h e  boron was bonded 

(probabry i n  a  random manner, a s  i n  g l a s s e s )  t o  t h e  alumina r a t h e r  than 

t o  sodium. Addi t ion  of f i s s i o n  products  was s t u d i e d ,  and no unusila.3 

e f f e c t s  were found. 

The t ransformat ion  s t u d i e s  on c a l c i n a t i o n  of  s t a i n l e s s  s t e e 1  

n i t r a t e s  i nd i ca t ed  t h a t  a lpha  i m n  oxide  would be formed even wi th  t h e  

a d d i t i o n  of moderate amounts of a d d i t i v e s  such a s  b o r i c  a c i d ,  phosphoric 

a c i d ,  o r  aluminum n i t r a t e ,  o r  combinations.  Rare e a r t h s  were t h e  most 

e f f e c t i v e  a d d i t i v e .  S imi l a r  s t u d i e s  on nichrome wastes  i n d i c a t e d  t h a t  

n i c k e l  oxide ( c r y s t a l l i n e )  would be formed even wi th  a d d i t i v e s .  .The  

s t u d i e s  included hea t ing  of  s y n t h e t i c  mixtures  a t  moderate p r e s s u r e ,  B 

d i f f e r e n t i a l  thermal  a n a l y s i s ,  and u s e  of  a  . l abg ra to rv  f l u i d i z e d  cn l -  

c i n e r  . 
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I INTRODUCTION . ' 

High-level  r a d i o a c t i v e  l i q u i d  w a s t e s  a r e  produced i n  t h e  p r o c e s s i n g  

o f  uranium r e a c t o r  f u e l  e lements .  The s o l u t i o n s  c o s t a i n ' w a s t e  f i s s i o n  

p r o d u c t s  and .the i n e r t  components o f  .the f u e l .  The-main'components o f  

t h e  s o l u $ i o n s  . s tud ied  h e r e  c o n s i s t e d  o f  n i t r i c ' a c i d . a n d  n P t r a t e s  from 

aluminum, s t a i n l e s s  stee'l, o,r nichyome. T h e . a c i d i c  wastes are c u r r e n t l y  

s t o r e d  i n  u n d e r g r o u n d . t a n k s ,  a n d . p r o c e s s e s  a r e  b e i n g  developed t o  c o n v e r t  

t h e s e  s o l u t i o n s  i n t o . s t a b l e  s o l i d s .  The f l u i d  bed c a l c i n a t i o n  o f  alumi- 

num n i t r a t e  to f ree-f low' ing powdered a lumina is  b e i n g  developed a t .  t h e  

Idaho Chemical..Process'ing Plant, u s i n g  a 2 - f t - s q u a r e  f l u i d i z e r  i n  a 

p i l o t  p l a n t 1  and a Demonstra t ion .waste C a l c i n i n g  F a c i l i t y 2 ( ~ ~ ~ F ) .  A 

change i n  p roduc t  p r o p e r t i e s  was observed which c o r r e l a t e d  w i t h  an '  

i n c r e a s e  i n  t h e  a l p h a . a l u m i n a  c o n t e n t  o f  t h e  product. '  The o p e r a t i o n s  

were s a t i s f a c t o r y  when t h e  p roduc t  was amorphous; b u t  when t h e  a l p h a  

a lumina c o n t e n t  i n c r e a s e d ,  t h e n  t h e  a v e r a g e  p a r t i c l e  s i z e  d e c r e a s e d ,  t h e  

o f f - g a s  l o a d i n g  i n c r e a s e d ,  and t h e  b u l k  d e n s i t y  i n c r e a s e d .  The f a c t o r s  

i n f l u e n c i n g  t h e  fo rmat ion  of a l p h a  a lumina needed . t o  be  known. The 

o b j e c t i v e  o f  the o r i g i n a l  c o n t r a c t  w a s . t o  conduct  a b a s i c  i n v e s t i g a t i o n  

o f  t h e  formati 'on o f  v a r i o u s  forms of  a l u h i n a . f r o m a q u e o u s  s o l u t i o n s  by 

c a l c i n a t i o n ,  i n c 1 u d i n g . a . s t u d . y  o f  t h e  e f f e c t s  o f  t e m p e r a t u r e ,  i r r a d i a t i o n ,  

minor components and i m p u r i t i e s ,  e t c . ,  upon t h e  phase  t r a n s f o r m a t i o n  and. 

upon t h e  e q u i l i b r i u m  phase  diagram.  The r e s u l t s  were p u b l i s h e d  i n  a 

Technica l  Report , , '  IDO-14580, "phase Trans format ions  i n  Alumina," 

c o v e r i n g  *be per iod,May t o  December 1961. 

The r e p o r t  (IDO-14580) showed t h a t  s y n t h e t i c  a luminas  ( p r e p a r e d  i n  

t h e  l a b o r a t o r y  and hea ted  i n  a micro r e a c t o r  a t  p r e s s u r e s  above 150 p s i )  

formed a l p h a  a lumina.  The e f f e c t  o f  i m p u r i t i e s  o r  a d d i t i v e s  seemed t o  

c o r r e l a t e  w i t h  t h e  fo rmat ion  o f  a lpha  a lumina i n  t h e  p i l o t  p l a n t  f l u i d i z e r .  

B o r i c  a c i d ,  phosphoric  a c i d ,  magnesium, and f i s s i o n  p r o d u c t s  ( a t  t e n  t imes  

t h e  expec ted  amount) appeared t o  p r e v e n t  t h e  fo rmat ion  o f  a l p h a  a lumina.  

O t h e r  a d d i t i v e s ,  such  a s  sodium; c a l c i u m ,  i r o n ,  and l i t h i u m  f a v o r e d  t h e  

f o r m a t i o n  o f  a l p h a  a lumina.  Potass ium,  z i n c ,  s u l f a t e ,  and s i l ica te  had no 

e f f e c t .  T e s t s  a s i n g  b o r i c  a c i d  i n  t h e  p i l o t  p l a n t s  a t  Idaho F a l l s  showed 



very favorable results, but additional laboratory data were desired to 

determine optimum concentrations of boric acid and phosphoric acid. 

Other. studies reporteds included.new intermediate phases.between 

aluminum nitrate and. aluminum oxide, electron. diffraction studies of. the 

cross -seetion of particles, differential thermal analysis of aluminum 

nitrate and alumina from the pilot plant,. structure of amorphous alumina 

using the radial distribution method, a discussion of factors influencing 

the formation of alpha alumina, and a theoretical discussion of the effect 

of additives . 

A recent seportQY Murray,.and Rhodes.also contains infbrmation on 

the effect of sodium and other factors which a i d  format inn sf the alphn 

alumina,,and on the inhibiting effect of boric acid. 

This report covers. research on an extension of the.origina1 contract. 

The objective of this research.was..to establish optimum conditions for 

calcination of aluminum'.nitrate.waste solutions.by use of suitable 

additives that would prevent the formation of alpha,alumina and an exces- 

sive amount of fines. Samples from pilot plant runs were to be examined 

by electron diffraction.and other.specialized instrumental techniques. 

Experiments were made to determine'the reactions, effects, and phase 

transformations which occur with certain additives, such as boric acid. 

Similar studies to those for aluminum were to be done for the waste 

solutions from processing of stainless steel and ntchrome. 



I1 SUMMARY AND CONCLUSIONS 

Trans format ion  s t u d i e s  were made on s y n t h e t i c  a l u m i n a s . p r e p a r e d  

. f r o m  aluminum n i t r a t e  w i t h  v a r i o u s . a d d i t i v e s .  S e v e r a l  t e s t s  i n d i c a t e d  

t h a t .  b o r i c  a c i d  and phosphoric  a c i d  a t  e q u a l  mole r a t i o s  t o  lrlumina were 

. , e q u a l l y  e f f e c t i v e - f o r  pr .event ion o f  fo rmat ion  o f  a l p h a  a lumina.  T e s t s  

on t h e . e f f e c t  of.  f i s s i o n  p r o d u c t s  i n d i c a t e d  t h a t  t h e  rare e a r t h s  and 

molybdenum tended t o . p r e v e n t  t h e  fo rmat ion  o f  a l p h a  a lumina ,  w h i l e  

bar ium,  ces ium,  and z i rconium e i t h e ' r  had no e f f e c t  on  a l p h a  fo rmat ion  

o r  a i d e d  i t .  The s t u d i e s  w i t h  f i s s i o n  p r o d u c t s  a t  t h e i r  expec ted  concen- 

t r a t i o n s  i n d i c a t e d  t h a t  t h e y  would n o t  s i g n i f i c a n t l y  a f f e c t  t h e  f o r m a t i o n  

o f  a l p h a  a lumina nor  i n t e r f e r e  w i t h  t h e  u s e  o f  b o r i c  a c i d  t o  c o n t r o l  

c r y s t a l l i n i t y .  The minimum tempera tu re  f o r  fo rmat ion  o f  a l p h a  a lumina 

a t  moderate  p r e s s u r e  was found t o . b e , b e l o w  325Oc. 

D i f f e r e n t i a l  thermal  a n a l y s i s  s t u d i e s  on t h e  r e a c t i o n  of.  b o r i c  a c i d  

and sodium n i t r a t e  wi th  amorphous alumina (sample IVA) i n d i c a t e d  a 

r . e a c t i o n . w i t h  b o r i c  a c i d  below 1 8 3 ~ ~  and a t  least a  p a r t i a l  r e a c t i o n - w i t h  

sodium n i t r a t e . b e l o w  3 2 0 ~ ~ .  

O b s e r v a t i o n s  on t h e  e f f e c t  o f  a d d i t i v e s  on  e v a p o r a t i o n  o f  aluminum 

n i t r a t e  s o l u t i o n s  i n d i c a t e d  t h a t  0 .6  mole o f  phosphoric  a c i d  p e r  mole o f  

a lumina might be u s e f u l  f o r  p o t  c a l c i n a t i o n .  

Trans format ion  s t u d i e s ' o n  samples from t h e  p i l o t  p l a n t . w i t h  v a r y i n g  

amounts o f  b o r i c  a c i d  i n d i c a t e d  t h a t  t h e  e q u i l i b r i u m  phase  d i a g r a m . f o r  

a lumina w i t h  sodium would have an  a-Al,O, r e g i o n  up t o  0 .06 mole of 

B20S p e r  mole o f  A1,0, ,  and a 2-phase r e g i o n  c o n t a i n i n g  a-Al,O, and 

9A120,'2B,0, from 0.06 t o  0.22 moles B,O, p e r  mole o f  A1,0,.  However, 

t h e  boron and aluminum atoms a r e  randomly d i s t r i b u t e d  i n  an  amorphous 

s t r u c t u r e  which i s  d i f f i c u l t  t o  c l - y s l a l l i z e ,  anel 0 . 0 1  t o  0.06 mole o f  

b o r i c  a c i d  p e r  mole o f  a lumina might a d e q u a t e l y  c o n t r o l  t h e  c r y s t a l l i z a t i o n  

o f  a l p h a  a lumina.  



E x t r a c t i o n . s . t u d i e s  t o  de te rmine  t h e  n a t u r e  o f .  the .bonding  of  boron 

i n  t h e  alumina 1 n d i c a t e d . t h a t . t h e  boron bonded t o  alumina r a t h e r  t h a n . t o  

sodium, and t h e r e f o r e . t h a t  boron prevents  c r y s t a l l i z a t i o n  by f 0 m i n g . a  

random. d i . s t r 1 b u t i o n .  w i th  aluminum atoms i n  a :ne.twork of oxygen .a tone.  

E l e c t r o n  d i f f r a c t i o n  s t u d i e s  o f .  a .  few p i l o t '  p l a n t  samples agreed 

wi th  e a r l i e r  r e s u l t s  . . that  a lpha  alumina forms uniformly i n  p o r t i o n s  of  

p a r t i c l e s . .  Microscopic s t u d i e s  ,gave a c o r r e l a t i o n  with t h e .  sharpness  

of c o n c e n t r i c  l ayers .  wi th  a lpha  alumina con ten t .  

X-ray and e l e c t m n  d i f f r a c t i o n .  s t u d i e s  on t h e  ac id - ln sn luk le  

TPac.Lion of. ~ample l l  of Bmorghous alumina gave a lpha  a l u m i n a . a s  t h e  on ly  

d c t c c t c d  phase,  The X-ray d l f f r a c t i n n  PWLyoiu fo r  alpha alumina. was, 

low owing t o  residual.amorpk5ous alumina o r  inadequate  c o r r e c t i o n  f o r  t h e  

d i f f e r e n c e  i n  c r y s t a l l i t e  s i z e  between. samples and'  s t anda rds .  

F l u i d i z a t i o n  s t u d i e s  wi th  a . l a b o r a t o r y  f l u i d i z e r  gave a  very  good 

amorphous alumina wi th  aluminum n i t r a t e  waste  s 'o lu t ione .  The o p e r a t i o n  

wi th  s t a i n l e s s  s teel  n i t r a t e s  was a  little more d i f f i c u l t  and t h e  p r o d i ~ c t  

conta ined  a-Fe,O,. The a d d i t i o n  of  b o r i c  a c i d  reduced c r y s t a l l i x ~ t l o n ,  

b u t  t h e  product  from p i i o t  p l a n t  o p e r a t i o n  is l i k e l y .  t o  be  c r y s t a l l i n e .  

The o p e r a t i o n  wi th  nichrome wastes  wae very d i f f i c u l t  and t h e  product  

was n i c k e l  ox ide ,  determined by X-ray a n a l y s i s .  The . add i t i on  of  b o r i c  

a c i d  d i d  n o t  change t h e  ope ra t i on .  

. Transformation s t u d i e s  on s t a i n l e s s  s t e e l  wastes showed. that  a-F?,O, 

wao formed i n  a l l  ~ t i s e ~ ,  even .wi th  adU9fions of  b o r i c  a c i d ,  phosphoric 

a c i d ,  aluminum, and combinatlnna s f  there. S imi l a r  Mbeulti were fuuud 

f o r  nichrome wastes  wi th  n i c k e l  ox ide  be ing  formed. Rare e a r t h s  were t h e  

most e f f e c t i v e  add1 t i v e s  f o r  8 t a i n l e s s  e tee1 wae t e e .  

. D i f f e r e n t i a l  thermal ana lys- i s  s t u d i e s  on n i t r a t e s  of s t a i n l e s s . s t e e 1  . . 

and nichrome s ~ 8 d  t h a t  s t a l n l e - s s  s t e e l  formed oxide* a t  a  lower temper- 

a t u r e  than aluminum n i t r a t e , .  whereas nichrome r equ i r ed  a  h ighe r  temper- 

a t u r e .  A mixture of  nichrome and s t a i n l e s s  s t e e l  wastes  ac t ed  l i k e  

s t a i n l e s s  s t e e l  wastes. 
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A .  Transformations i n  Alumina a t  Moderate P re s su re  

The optimum concen t r a t i ons  of b o r i c  a c i d  and phosphoric a c i d  t o  

c o n t r o l  t h e  formation of a lpha  alumina were t o  be determined by hea t ing  

s y n t h e t i c  ox ides  i n  a micro r e a c t o r  a t  p r e s su re s  above 150 p s i .  Other 

tests were made t o  determine t h e  e f f e c t s  of f i s s i o n  products  on formation 

of a lpha  alumina and t h e  minimum temperature  f o r  forming a lpha  alumina. 

Syn the t i c  aluminas were prepared f o r  t h e s e  t e s t s . f r o m  s o l u t i o n s  of 

aluminum n i t r a t e  p l u s  va r ious  a d d i t i v e s .  The composi t ions of t h e  so lu-  

t i o n s  a r e  given i n  Appendix.A. These s o l u t i o n s  were evaporated nea r ly  

t o  dryness  i n  Pyrex beakers  on a hot  p l a t e  and then  hea ted  i n  a muff le  
0 

furnace  f o r  16 hours  a t  t empera tures  of 200 o r  300 C. Th i s  method of 

prepar ing  t h e  s y n t h e t i c  aluminas i s  r e f e r r e d  t o  a s  t h e  boil-down method. 

The s y n t h e t i c  aluminas were ground t o  -100 mesh. The composi t ions of 

t h e  s y n t h e t i c  aluminas a r e  given i n  Appendix B. Two samples from t h e  

o r i g i n a l  p r o j e c t 3  were prepared by the d r i p  method, i n  which t h e  solu-  

t i o n  was allowed t o  d r i p  i n t o  a hea ted  s t a i n l e s s  steel beaker.  

These s y n t h e t i c  aluminas were placed i n  Pyrex c o n t a i n e r s  and hea ted  
0 i n  an Aminco micro r e a c t o r  a t  t empera tures  t o  430 C and p re s su re s  t o  

370 p s i  and pe r iods .o f  t i m e  t o  a week. Usually f i v e  samples were run a t  

a t i m e ,  and Sample I V  A from t h e  p i l o t  p l an t  .was inc luded  ag .a c o n t r o l .  

The pres su re  was b u i l t  up from dehydra t ion  and ,decomposi.tion of t h e  

n i t r a t e s  and exces s  p re s su re  was r e l e a s e d  f o r  many of t h e  runs .  The 

r e s u l t s  a r e  g iven  i n  Appendix C and a r e  summarized i n  Table  ' I .  Samples 

EP, DD, and D I  conta ined  sodium and formed some a lpha  alumina, sodium 

n i t r a t e ,  and A-phase. (Note: A-phase i s  t h e  same as:Form KI r epo r t ed  by 

Torkar") .  These r e s u l t s  agreed with t h e  r e s u l t s  r epo r t ed  e a r l i e r .  

Samples CD-CG and. CR, wi th  an 0.06 mole r a t i o  of  sodium t o  aluminum 

and a b o r i c  oxide mole r a t i o  from 0.02 t o  0 .46,  d id  no t  form any a lpha  

alumina. Aluminum b o r a t e ,  9A1,03 *2B203, appeared' a t  a . B / A ~  mole r a t i o  
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ALUMINAS HISA!I%D UNDgR PRESSURE AT 4 3 0 ~ ~  

'see Appendixes A, B ,  and C for further details. 
,?dole ratios to, Al,O, for fission products .(F .P. ) in samples EN and. EO 
were RuO, 0.0004, ZrO, 0.0014, BaO 0.0004, Ce20, 0.0003, La,O, 0.0004, 
MOO, 0.0012, Cs,O 0..0008. Samples EQ  and‘^^ had twice these concentra- 
tions. 
,Alpha alumina contents are reported irpercent. Other phases are 
followed by the intensity in 'arbi t.rary scale divisions (enclnsed in 
parentheses). A = A phase, NaN = NaNO,, Alp = AlP0,*2H20, 
A1B = 9A120,.2B20,. 
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Alumina1 ., 

EP 
DD 
DI 

DN 
CG 
CF 
CE 
CR 
CIS 

DL 
DJ 
DB 
CZ 
CX 

CQ 
CH 
CP 
CO 
CN 

DM 
DK 
TT. 
DA 
CY 

CX 

CJ 
CK 
CL 
CM 

EO 
EQ 
EN 

. SR 

cw 

X-Ray Dat a s  

a(l2k) ,NaN(19) ,~(15) 
a(26k) ,~aN(75) ,A(8) 
~ ~ ( 3 6 s )  ,NaN(47) ,y(5) 

- 
y(6),A(4),NaN(2) 
y(6),~(4),NaN(6) 
~(4),A(6),A1~(4),NaN(4) 
A~D(so),N~N(~~') 
~lJ3(16~),~aN(ll) 

a(l$) ,NaN(32), y(5) 
OL(~$) ,NaN(32), y(4) 
A(14) ,NaN(46), y(3) 
A(4),NaN(27),~(6) 
~ ( 9 )  ,NaN(50), y ( 6 )  

A(15) ,~aN(48) , ~ 1 ~ ( 3 )  
A(4),NaN(5),~(5) 
A(8),NaN(45),~1~(22) 
A(4),NaN)38),~1~(80) 
NaN(40) ,A1~(230) 

A(l4),NaN(36),y(3) 
CX(4$), N ~ N  (27), y (5) 
NaN(56),A1~(~),~~,0(105) 
A(ll),NaN(25),~1~(4),y(4) 
A(Ci),Na~(aa),y(4) 

Ck'(l$) , A  (10) ,~wN(43) 

CZ(25~),~(14),Na~(33) 
~ ( 2 1 )  ,~0I(35) 
CX(6$) ,A(~o) ,NaN(36) 
A(32),Na~(31) 

a(81$) ,Na~(18) 
CX(17$) ,~aN(27) ,~(41) 
(r(38$) ,NaN(29) ,~-(15) 
NaN(11) ,A(15) 

1a20(21 1 1 ~ ~ 2 0 3  (8) , 
NaN (7 ) 

- 
Mole Ratios to 

Additive 

~ 2 2  B,O, 
.02 B203 
.05 B,O, 
.09 B,O, 
.34 Bz03 
-46 B20, 

-007 B20, 
.013 B203 
.025 B 0 
.05 B203 
.10 Bz03 

.03 P205 

.05 P305 

.12 P20, 

.24 P205 

.60 P,O, 

.007 P105 
,013 P20, 
.015 P,05 
.05 P205 
, ln P,O, 

"02 Bo03+.02 P,O, 

,004 Ba0+.009 Cs,O 
,012 MQQ, 
.014 ZrO, 
.003 Ce20,+.004 La,O, 

.003 F.P. 
,003 F.P.+.006 B,O, 
.005,F.P. 
.003 F.P.+.006 B,O, 

.18 Fe20,+.03 N ~ O  
+.035 cr203 

Al,O, 

Na,O 

-06 
.15 
.15 

. 00 

.06 

.06 
-06 
.08 
.06 

.15 

.15 

.15 

.15 

.15 

.08 

.06 

.08 

.08 

.08 

.15 

.15 

.I5 

.15 

.I5 

.06 

.06 

.06 
-06 
.06 

.06 

.06 

.06 

.06 

.06 

H,O 

-31 
.44 

. .33 
.53 
.38 
.32 
.27 
.Sa 
.2b 

.46 

.45 

.54 

.44 

.44 

.58 
..50 
.63 
.52 
.43 

.54 

.48 
1.07 
.37 
.36 

.Rn 

.48 

.46 

.57 

.61 

.18 

.30 

.28 

.32 

- 

NO; 

.12 

.35 

.32 

.03 

.09 

.07 

.05 

.a8 

.U7 

.31 

.27 

.32 

.29 

.28 

.28 

.09 

.26 

.25 

.27 

.32 

.28 

.33 

.28 

.2l 

.2!3 

.23 
-18 
.a2 
.24 

.13 

.13 

.13 

.17 

- 



of 0.09. Samples DL,. RJ,  .DB, CZ, and CX, w i th  a  h igher  'amount of sodium,did 

form a small  amount of a tpha  alumina wi th  a  b o r i c  ox ide .  mole r a t i o  of 0.013. 

The r e s u l t s  i n d i c a t e d  t h a t  b o r i c  ox ide  a t  very low concen t r a t i ons  i s  
. . 

e f f e c t i v e  i n  prevent ing a lpha  alumina formation.  However, i t  should be 

noted t h a t  samples f r o m , t h e  p i l o t  p l a n t  conta ined  h igher  concen t r a t i ons  

of a lpha  alumina than  were formed i n  t h e s e  experiments .  

Samples.CH, CN-CQ, CY, DA, E, DK, and DM wi th  phosphoric a c i d  i n  

p l ace  of b o r i c  a c i d  gave s i m i l a r  r e s u l t s  except  t h a t  A1P04.2H,0 appeared 

a t  a B / A ~  mole r a t i o  of 0.03. A comparison of t h e  r e s u l t s  a t  equa l  mole 

r a t i o s  of phosphoric o r  b o r i c  a c i d  gave t h e  same percentages of a lpha  

alumina wi th in  t h e  normal v a r i a t i o n  of d u p l i c a t e  runs .  The conc lus ion  

was t h a t  phosphoric a c i d  appeared a s  e f f e c t i v e  a s  bo r i c  a c i d  i n  prevent- 

i n g  t h e  formation of a lpha  alumina. 

Samples CJ-CM were designed t o  determine t h e  e f f e c t  of t h e  i n d i v i d u a l  

f i s s i o n  products  a t  10 t imes t h e i r  expected concentrat ion, .  . The samples 

wi th  molybdenum and t h e  r a r e  e a r t h s  d i d  n o t  form a lpha  alumina, s o  t h e s e  

elements  may h e l p  prevent t h e  formation of a lpha  alumina. The sample 

con ta in ing  barium p lus  c e s i  um and t h e  one con ta in ing  zirconium d i d  form 

a lpha  alumina, which i n d i c a t e s  t h a t  t he se  e i t h e r  promoted t h e  formation 

of a lpha  alumina o r  d i d  no t  a f f e c t  t h e  formation of a lpha  alumina which 

i s  normal when sodi  urn i s  p re sen t .  

The. p o s s i b l e  e f f e c t s  of f i s s i o n  products  on both t h e  c r ~ s t a l l i n i  ty 

of alumina and t h e  e f f e c t i v e n e s s  of b o r i c  a c i d  .were t e s t e d  i n  samples 

ER t o  EV. The aluminas conta ined  s imulated f i s s i o n  products  ' a t  z e r o ,  

one, o r  two t imes  t h e  normal concen t r a t i on ,  @nd two of t h e  f i v e . a l u m i n a s  

a l s o  conta ined  bo r i c  a c i d  a t  a  low concen t r a t i on .  . T h e  a d d i t i o n  of f i s s i o n  

products  d i d  n o t  prevent formation of a lpha  alumina; i n  f a c t ,  sample ' 

60 with  f i s s i o n  products  had a  h igher  .alpha con ten t  t han  t h e  c o n t r o l  

sample,  EP. Each of t h e  t w o  Lamples '(EN and.. ER)  . wlii ch conta i  ned boron 

i n  a d d i t i o n  t o  f i s s i o n  produc'ts. had a  lower a lpha  conten t .  than  t h e  ad ja -  

cen t  sample without b o r i c  ac id . (EO and EQ) .  These r e s u l t s  a r e  c o n s i s t e n t  

wi th  t h e  suppos i t i on  t h a t  f i s s i o n  products  a t  normal concen t r a t i ons  w i l l  

no t  s i g n i f i c a n t l y  a f f e c t  t h e  formation of a lpha  alumina nor  i n t e r f e r e  wi th  

t h e  use  of b o r i c  a c i d  t o  c o n t r o l  c r y s t a l l i n i t y .  
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Sample CW was a test of t h e  e f f e c t  of  adding..a s t a i n l e s s  steel 

was te  s o l u t i o n  t o  an  aluminum n i t ' r a t e  s o l u t i o n ,  and t h e  formation 0 4  

a l p h a  alumina i n d i c a t e d  t h a t  mixing t h e  two wastks t oge the r  would no t  

reduce t h i s  formation.  

The minimum tempera ture  f o r  format ion ,  of a l p h a  alumina was s t u d i e d  

by h e a t i n g  samples H ,  K ,  BB, and .BC i n  t h e  micro r e a c t o r .  Samples. K ,  
0 

22PP,. and IVA, formed a lpha  alumina a t  350 C and a lesser amount a t  3 2 5 0 ~ .  
0 The li t e r a t u r e 6  on hydrothermal t r ans fo rma t ions  of alumina i n d i c a t e s  375. C 

a s  a minimum temperature  f o r  formation of a lpha  alumina, s o  t h e  formation 
0 

of a lpha  alumina a t  325. C i s  a unique r e s u l t .  I f  a usef.ul minimum 'tem- 
8 

p e r a t u r e  (e .g . ,  375 C )  had e x i s t e d  f o r  forming a lpha  alumina, then: 

f l u i d i z a t i o n  tests could  be run  i n  t h e  p i l o t  p l an t  t o  determine whether 

such. a minimum tempera ture  a p p l i e d  t o  f l u i d i z a t i o n  a s  w e l l .  a s  hvdrothermal 

exper iments .  These r e s u l t s  a r e  given i n  Appendices A ,  B, and C, The 

minimum tempera ture  i s  probably t o o  low t o  be u s e f u l  i n  c o n t r o l l i n g  al.pha 

format ion .  

Aluminas BX t o  CC were prepared a t  a f a i r l y  low temperature  as p a r t  
I 

of a s tudy  t o  look f o r  new phases.  The C-phase repnrted  e a r l i e r 3  w a s  

a l s o  found i n  t h e  s y n t h e t i c  aluminas (BX t o  BZ i n  Appendix B )  prepared 

from a c i d i c  s o l u t i o n s .  Samples BX t o  CC were heated a t  2 5 0 ~ ~  and 3 5 0 ~ ~  

i n  t h e  micro r e a c t o r  t o  s tudy  the ~ossible farmiatinn nf new p h ~ s e a .  Tho 

r e s u l t s  were not  e s p e c i a l l y  i f l umina t ing .  The C-phase may he s t n h l ~  to  
0 

250 C, and no new phases were found. 

B. F l u l d l z e d  C a l c i n a t i o n  of Aluminum. N i t r a t e .  Wastes 

Owing t o  t h e  l a c k  of  p i l o t  p l an t  d a t a  on f l u i d i z a t i o n  of n i t r a t e s  

of s t a i n l e s s  steel o r  Nichrome, tests w e r e  made us ing  a two-inch-diameter 

f l u i d i z e r  t o  determine t h e  c r y s t a l l i n i ' t y  .&f': t h e  product from a l abo ra to ry  

f l u i d i z e r .  So lu t ions  of aluminum n i t r a t e  .were a l s o  run t o  o b t a i n  a 

r e f e r e n c e  sample and t o  g a i n  exper ience  i n  ope ra t i ng  t h e  f l u i d i z e r .  The 

appa ra tu s  and d e s c r i p t i o n  of t h e  runs  on aluminum n i t r a t e  a r e  r epo r t ed  

h e r e ,  and t h e  runs  on s . t a i .n less  steel 'and nichrome a r e  descr ibed  i n  t h e  

a p p r o p r i a t e  s e c t i o n s  below. 



The compositions of t h e  s o l u t i o n s  a r e  g iven  i n  Table  11, the , . ope ra t -  

i n g  c o n d i t i o n s  i n  Taljle 111, t h e  ana lyses  .of t h e  i n  Table I V ,  

and t h e  s i z e  d i s t r i b u t i o n s  of the  products  i n  Table. V. 

Table  I 1  

'A1 = A ~ ( M o , ) , . ~ H ~ o ,  Fe = ( N 0 , ) , . 9 ~ ~ 0 ,  Cr  = c ~ ( N O , ) , . ~ H ~ O ,  

N i  = N i  (NO,), .6H20. For  .0.005 M F .P . ,  t h e  concen t r a t i ons  of 

f i s s i o n  products  were CsNO, 0.0013, z~o(No,) ,  0.0012, 

Na2Mo0,*2H20 0.0010, La(N0;) ,.6H20 0.0006, &(NO,), . 6H20 0.0005, 

B ~ ( N o , ) ,  0.0003, RuC1, 0.0003. . . 

2 ~ o r i c  a c i d  was added a t  0 .4  molar ,  but  was incompletely d i s so lved .  

r 

Run 
No. 

P7 

F8 

F9 

F10 

F11 

F  12 

F13a 

F13c 

F14 

C r  

0.26 

0.26 

0.27 

0.36 

0.36 

A 1  

1.29 

1.70 

Molar 
. .  . 
Other  

0 .2  NaNO, 

0 . 1  NaNO,, 0.027 ' H ~ ( N O , ) ,  

. 

0.15 H3B03 

( 0 . 3 )  H,BO; 

Conposi t ion 

. N i  

0.12 

0.12 

1.23 

1.64 

1.64 

Fe 

1 .O 

1 . 5  

1.12 

1.12 

of 

HNO, 

2.8 

1.0 

1.3 

1 .O 

1 . 0  . 

1.0  

1 .0  

1.,0 

1.0 

So lu t ion , '  

F .P.  

0.005 

0.005 

0.005 

0.005 

0.005 

0.005 



Table I11 

OPERATING CONDI TI ONS FOR. FEU I DI ZATI ON EXPERIMENTS 

'The small l e t t e r s  a ,  b ,  c ,  e t c . ,  r e f e r  t o  success ive  days 
of o p e r a t i o n  wi th  t h e  same f eed  s o l u t i o n .  

2 ~ e e  Table  I1 f o r  composition. 

. S ~ l u l d l ' z i n g  a i r  v e l o c i t y  c a l c u l a t e d  f o r  a column temperature  
of 400°c and atmospheric  pressure .  

~ u n '  

P7a 
F7b 
F7c 
Fad 

F 8 

t N a  

F9b 
F9c 

FlOa 
F lob  
FlOc 

F l l a  
P l l b  
F l l c  

P12a 
F12b 
F12c 
F12d 
F12e 

F13a 
F13b 
F13c 
FlYd 
F13e 

F14a 
F14b 
F 14c 
F14d 
F14e 

0 4 ~ o z z l e  a i r  c a l c u l a t e d  a t  nozzle  p re s su re  and 25 C .  L iquid  
r a t e  c a l c u l a t e d  from volumet r ic  measurement. 

10 

F l u i d i z a t i o n  
Air ~ e l o c i t y '  

( f t / s e c  ) 

1.0 
1.0-1.3 

0.95 
0.76 

0.74 

U. 59 
0.63 
il, 66 

0.58 
4.76 
0.82 

0.62 
0.52 
0.76 

0.62 
0.41 
0.60 
0.62 
0.62 

0.48 
0.52 
0.48 
0.47 
0.48 

0.48 
0.48 
0.48 
0.55 
0.62 

Peed 
s o l u t i o n 2  

A 1 
A 1 
A 1  
A 1  

Fe 

A 1 

A 1 
A 1  

P e 
F e 
F e 

S S 
S S 
S S 

SS+B 
SS+B 
S S -1-B 
SS+B 
SS+B 

N i  c 
N i  c 
N i  c 
N i  c 
N i  c 

Nic+B 
Nic+B 
N i  c+B 
Nic+B 
N i  c+B 

Bed 
m p .  

400 
4 10 
410 
400 

380 

3 ~ f )  
350 
3511 

300 
300 
300 

350 
350 
400 

350 
350 
350 
350 
350 

300 
350 
400 
400 
400 

400 
400 
400 
400 
400 

Nozzle A i r  
t o  Liquid 

Ra t io  

1500 
1600 
2100 
2300 

1 finn 

1600 
2000 
:4UUU 

1300 
1300 
1250 

2000 
1800 
2400 

2300 
1500 
1 GOO 
2000 
2100 

1100 
1300 
1700 
1800 
1800 

1900 
2000 
1600 
1800 
2100 

Liquid 
Feed Rate4 

(ml/min ) 

0.77 
0.82 
0.72 
0.69 

1 .no 
l , 2 6  
0.88 
1.33 

1.7  
1 .3  
2 .1  

1 .3  
1 .5  
1.1 

1.1 
1 .3  
1 .6  
1.3 
1 .2  

2 .1  
1 . 8  
1.1 
1.1 
1 .3  

1.1 
1 . 0  
1 . 2  
0.9 
0.8 



Table I V  

SAMPLES FROM FLUID1 ZATI ON EXPERIMENTS 

0 'LOI = Loss on i g n i t i o n  a t  1000 C .  

Run 

F7c 
F7d 
F7d 

F 8 
F8 

F9c 
F9c 

FlOc 
FlOc 
FlOc 

F l l b  
F l l c  
F l l c  

F13d 
F12d 
F12e 
F12e 

F13c.de 
. Fl8e  

F14cde 
F14c 
F14e 

,phases o r  u n i d e n t i f i e d  l i n e s  a r e  followed by i n t e n s i t y  i n  
r eco rde r  d i v i s i o n s  (enclosed i n  pa ren theses ) .  

Descr ip t ion  

Bed . 
Bed 
Overhead 

Bed 
Overhead 

Bed 
Overhead 

Bed(-10 mesh) 
Bed(+lO mesh) 
Overhead 

Bed 
Bed 
Overhead 

Bed 
Overhead 
Bed 
overhead 

Bed 
Overhead 

Bed 
Overhead 
Overhead 

Grams 

-- 
-- 
- - 
-- 

7 9 
25 

' 8 1  
25 
2 2 

-- 
110 

16 

117 
19  

104 
5 

60 
46 

103 
2 3 
19 

LO1 ' ( 5 )  
11.9 
11.9 
32.6 

1 . 3  
4..3 

13.4 
48.3 

1.1 
0.6 
-7.5 

1 .0  
' 1.0  

9 . 1  

2.0 
11.0 
2.0 
8 . 3  

2.4 
19.2 

3.4 
15.9 
17.9 

X-ray ~ a t a ,  

-- 
. -- 

NaN0,(67) 

a-Fe2O3 (.136) 
a-Fe20,(103) 

- - 
A 1 ( ~ 0 ~ ) , . 9 ~ , 0  ? (23 )  

a-Fe20, (23 ) 
a-Fe20,(156) 
a-~e,O,( '90) 

a - ~ e , 0 , ( 4 8 )  
a-Fe,O,(55) , 2 .94 (3 )  
a-Fe20,(26) 

a - ~ e , 0 , ( 2 1 )  
a-Fe,O,(ll)  
a -~e ,0 , ( . 21 ) ,2 .94 (2 )  
a-~e,0,(13) ,2 .94 (2 )  

N i0 (59 ) ,2 .50 (4 ) ,2 .93 (2 )  . 

Nio(38) 

NiO(24) 
NiO(23) 

. Nio(19) ,2 .53(2)  



Table V 

S I ZE . DISTRIBUTION OF PRODUCTS 
FROM FLU1 DI ZATI O N  RUNS . . .. 

Run F7 wi th  aluminum n i t r a t e  and run F8 wi th  f e r r i c '  n i t r a t e  were 

Run 

F9 . 

F10 

F11 

F12 

F13 

F14, 

made us ing  t h e  two-inch f l u i d i z e r  used e a r l i e r . 3  A new nozz le .was  b u i l t  

which could  use a i r  a t  p r e s s u r e s  of 30 p s i g .  The nozz le  c o n s i s t e d  of 

2l:gauge hypodermic t ub ing  f o r  t h e  l i q u i d ,  wi th  a concen t r i c  16-gauge 
. . 

Feed 
S o l u t i o n  

A 1  

Fe  

S S 

SS+B 

N i c  

N ~ C + B  

hypodermic tube f o r  . a i r .  

Run F7 extended over  a per iod of 4 days.  The f i r s t  day (F7a) d i d  

no t  produce much p roduc t ,  bu t  showed no s i g n s  of cak ing .  The second 

day s t a r t e d  with 44 g of charge (-10 + 40 mesh) 'and had some caking 

r . . 
. Percent  Retained on Screen 

a u r i n g  t h e  run a s  shown by e v o l u t i o n  of  fumes when t h e  ,bed was s t i r , r e d .  

The t h i r d  day (F7c) s t a r t e d  wi th  25 g of bed bu t  t h i s  was l o s t  dur ing  

t h e  morning. Ex t r a  bed m a t e r i a l  was added, v ~ ~ d  Lhen ,the f l u i d i z e r  

ope ra t ed  s a t i s f a c t o r i l y .  The ' f o u r t h  day (F7d) was s a t i s f a c t o r y  . 

+20 

43 

18  

47 

31 

6 

15. 

+lo0  

2 

6 

2 

6 

5 

9 

+40 

4 3 

55 

4 1  

47.  

, 6 6  

47 ' 

-100 

1 

1 

1 

1 

I 

+60 

11 

20 

10 

14  

2 2 

27 



A f t e r  run .  F8 wi th  f e r r i c  n i t r a t e ,  t h e  Vycor- tube  of t h e  f l u i d i z e r  . 

.was r e b u i l t ,  us ing  '2.25-inch-ID tub ing  r a t h e r  t h a n .  t h e .  1.75-inch. A 

porous s t a i n l e s s  s t e e l  f r i t  'was used f o r  t h e  f l u i d i z e r  and t h e  nozz le  was 

placed about one-half i nch  above t h e  f r i t .  The nozz le  was t h e  same type  

a s  before  except  t h a t  a  s l i g h t l y  l a r g e r  annular  s p a c e . i o r  t h e  n o z z l e . a i r  

was ob ta ined  by us ing  tub ing  w i t h . a n  i n s i d e  diameter  of 0.0425-inch i n  

p lace  of 0.041-inch. 

Run F9 was made us ing  an aluminum n i t r a t e  s o l u t i o n  con ta in ing  

s imulated f i s s i o n  products ,  mercuric n i t r a t e ,  and sodium n i t r a t e .  The 

appara tus  was opera ted  f o r  t h r e e  days,  s t a r t i n g  wi th  40 c c  (39 g )  of 

-20 + 60 mesh m a t e r i a l  from t h e  p i l o t  p l a n t  a t  Idaho F a l l s  (Sample 

22PP-04-0430). The f i r s t  day (F9a) produced cons ide rab l e  cak ing .  The 

second day (l?9b) was s t a r t e d  with f r e s h  bed m a t e r i a l  and opera ted  

s a t i s f a c t o r i l y .  The t h i r d  day ( ~ 7 c )  was s t a r t e d  wi th  t h e  bed m a t e r i a l  

from t h e  previous day,  and t h e  ope ra t i on  was good. The p a r t i c l e s  had 

grown cons iderab ly  i n  s i z e  and w e r e  s p h e r i c a l ;  t h e i r  appearance was 

much b e t t e r  thdn  anything produced prev ious ly  i n  our  l a b o r a t o r y .  

C .  D i f f e r e n t i a l  Thermal Analys i s  of Aluminum N i t r a t e  

D i f f e r e n t i a l  thermal a n a l y s i s  (DTA) i s  u s e f u l  f o r  s tudying  chemical 

r e a c t i o n s  o r  phase 'changes i n  a  sample while  i t  i s  heated cont inuous ly  

t o  a  high temperature .  The same appa ra tu s  was used a s  be fo re . "  For  most 
0 

of t h e  runs ,  t h e  samples were hea ted  from room temperature  t o  800 c i n  

ail-, whi lc  a fow runs  were made with  an atmosphere of n i t rogen  d iox ide .  

The puYpose of  t h e  DTA was t o  s tudy  t h e  r e a c t i o n  of b o r i c  a c i d  and 

sodium n i t r a t e  wi th  alumina and aluminum n i t r a t e  . Aluminum n i t r a t e  must 

be  mixed wi th  a t  l e a s t  50% of aluminum oxide s o  t h e  sample w i l l  . no t  s i nk  
0 

below t h e  thermocouple when t h e  aluminum n i t r a t e  m e l t s  a t  70 C .  The 

resul t s  a r e  g iven  i n  Table .VI and a few DTA cu rves  a r e  shown i n  F igure  1. 

A l l  of t h e  curves  i n  F igure  1 were f o r  runs  wi th  an atmosphere of a i r ,  but  

a  few of t h e  samples '(see Table  V I )  were run wi th  n i t rogen  d ioxide  flow- 

i n g  through t h e  tube.  



Table VI 

DIFFERENTIAL THERMAL ANALYSIS OF ALUMINUM COMPOUNDS 
WITH BORIC ACID AND SODIUM NITRATE 

'AlN = A ~ ( N o , ) ~ * ~ H ~ o ,  B = H3B03, NaN = NaNO,, ~ 1 0 '  = acA1203- (inert) 
IV A = amorphous alumina from pilot plant. 

?peak temperature is followed by the differential temperature (At enclosed 
in parentheses). .An "S" before the temperature denotes a shoulder on the 
slde of a larger peak. 

Sample1 

~(18$)+~10(82$) ' 
~(18$)+1~~(82$)' 

NaN(12$)+~10(88$) 

NaN(12$)+1V A(88$) 

~(15$)+NaN(10$)+ 
81° (83$) ' 

B(~o$J)+N~N(~o$)+ 
A10(50$) 

AiN(45%)+~10(55$) 

Al~(50$)+~10(50$) 

AlN(41$)+B (9$)+ 
A10(50$) 

AlN(43$)+NaN(5$)+ 
A1°(52$)'" 

AlN(46$)+NaN(2$)+ 
A10(52$) 

~1~(40$)+~(8$)+ 
N;N(5$)+~10(47$) 

B (18$)+~10(82$) 

D(~~$)+Iv A (82%) 

~1~(50$)+~10(50$) 

AlN(41$)+B (9$)+ 
h i  n(5c?$) 

~1~(48$)+Na~(2$)+ 
~10(50$) 

~1~(47$)+~(1.6$)+ 
N ~ N  (1.1$)+~10(50$) - A "".. 

'DTA curve also given in Figure 1. 

Gas 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

NO, 

NO, 

NO2 

NO, 

NO, 

NO2 

4 

Peak Temperatures and ~agnitudes' 

168O(-8.5) ,183O(-3.2) ,204O(-1.7) 

~135O(-2.8),168°(-6.2),6760(+2.0)17390(-1.0) 

32l0(-3) ,~714O(-3) ,756O(-3.4) 

28z0(-0.2) ,306O(-1.8) ,613O(-1 .3) 

183O(-8.5), 330°(-1 .8) , 593O(+0.7) ,700°(-5 .o) 
I! 

187~(-11.5) ,320*(0.2) ,358O(-3 - 8 )  ,647'(+1.5) 

0 
92"(-9.0) ,S116 (-6.2), 180°(-22) ,s25l0(-2.7) 

94O(-8.6) ,~116~(-4.5) , 183O(-20) ,S242O(-6? ) 
92O(-10.5) ,~148~?(-13~?) , 187O(-32) ,s230°(-4.2) 

s9o0(-6.8),96°(-8.3)l1660(-l~.2) ,312°(-0.7)17010(-1.4) 

96O(-14.5)~ 13z0(-5 .2), s16o0(-7.0), 170°(-8 .4) ,24f(-0.2) 

8g0(-10.5) ,~107~(-7.5), 163O(-8.8) ,31l0(-0.4) 

0 
80 (-0.2),163°(-7,~),1770(-3.0),1090(-113) 

5zn(-1 . 3 ) ,  160°(-10) 

?43O(-0.8) ,go0(-7 .0), 188O(-18.5) lS254°(-2. 5O) ,386O(-0.3) 

67°(-2.5),1700(-5.4),2190(-0.3) 

go0(-7 .0), 11l0(-5O) , 17g0(-14) , ~ 2 7 2 ~ ( - 1 ~ )  

0 
57 (-1.5)1910(-12.5),~1190(-8),1590(-~0),2780(-0.4) 



I I 1 - 
( 18O/o) + 'Al, O3 ( 8 2  O/o) 

- 

H, BO, ( 18 '10 ) + AMORPHOUS 

ALUMINA (IE A - 8 2 % )  

' 1 6 8 ~  

. 9 H 2 0  ( 4 5 % )  

+ Al, 0, ( 5 5 % )  

Al (NO,), 9 H 2 0  (43O/') 

+ No NO, ( 5  O/O)+ AI, 0 3 ( 5 2 0 / ~ )  

AI (NO,), ' 9 H 2 0  (40°/o)+ 

H 3 B 0 3 ( 8 0 / t ) +  NO NO, ( 5 % )  

TEMPERATURE - OC 
RA-3662-7 

FIG. 1 .  DTA OF ALUMINUM COMPOUNDS WITH BORIC ACID 
AND SODIUM NITRATE 



Bor i c  a c i d  d i l u t e d  w i th  aluminum, ox ide  had t h r e e  peaks., a t  168, 
0 

183, and 204 C, wh i l e  t h e  same concen t r a t i on  &f b o r i c  a c i d  i n  amorphous 

alumina ( p i l o ' t  p l a n t  sampleIV'A) had only  o n e  peak, a t  1 6 8 ~ ~ .  The : 
0 

absence of t h e  b o r i c  a c i d  peaks a t  183 and 204 C i n d i c a t e s  t h a t  amorphous 
0 

alumina r e a c t s  w i th  b o r i c  a c i d  below 183 C. 

0 
Sodium n i t r a t e  had i t s  main peak a t  321 C, whi le  sodium n i t r a t e  

0 
mixed wi th  amorphous alumina had a sma l l e r  peak a t ,  306 C. T h i s  may 

i n d i c a t e  a p a r t i a l  r e a c t i o n  of sodi um n i t r a t e  w i  t h  amorphous alumina 

below 3 2 0 ~ ~ .  

A mixture of b o r i c  a c i d  and sodium n i t r a t e  d i l u t e d  with aluminum 

oxide  had i t s  f i r s t  peak a t  1 8 3 O ~ ,  and t h e  absence of t h e  b o r i c  a c i d  

peak a t  1 6 8 O ~  i n d i c a t e s  t h a t  sodium n i t r a t e  ynd b o r i c  a c i d  r e a c t  below 

168Oc . 

The. DTA of aluminum n i t  r a t e  i s  q u i t e  complex. Theref o r e ,  t h e  

d i f f e r e n c e s  between the .  DTA of aluminum n i t r a t e  a lone  End wi th  a d d i t i o n s  

of b o r i c  a c i d  o r  sodium n i t r a t e  a r e  d i f f i c u l t  t o  i n t e r p r e t .  The f i r s t  
0 main peak of aluminum n i t r a t e  was observed a t  90 t o  96 C and d i f f e r e n c e s  

appear  i n  t h e  shape of t h e  peak. The second main peak which normally 
0 appeared a t  180 was found a t  163 t o  1 7 0 ~ ~  i f  sodium n i t r a t e  was p re sen t ,  

whi le  a d d i t i o n  of b o r i c  a c i d  had no obvious e f f e c t s  on  the IYTA sf 

aluminum n i t r a t e .  

The l a s t  s i x  r u n s  i n  Table  V I  were made i n  t h e  presence of  n i t r o g e n  

d iox ide .  Bor i c ,  a c i d  a lone  and added t o  amorphous alumina (IV A )  ac t ed  

s i m i l a r l y  t o  t h e ,  runs with  a i r ,  indi.c.a.t.ing tha t  amorphous alumina can 
0 r e a c t  wi th  b o r i c  a c i d  below 180 C. . The a d d i t i o n  of b o r i c  a c i d  o r  sodium 

n i t r a t e  lowered t h e  temperature  of t h e  second main peak of aluminum 

n i t r a t e .  

Thermograv'imetric s t u d i e s  were made a t  . Idaho  ~ a l l s '  wi th  mixtures  

of b o r i c  acid and sodium i i i t r a t e .  Sodium n i t r a t e  a lone  had no l o s s ' u p  

t o  650°C whi le  b o r i c  a c i d  l o s t  water  i n  t h e  reg ion  from 90 t o  3 0 0 ~ ~  t o  

form b o r i c  oxide.  The mix tures  showed a p l a t eau  corresponding t o . t h e  



f o r n a t i o n  of b o r i c  oxide i n  t h e  r eg ion  from 250 to ,  4 0 0 % ' ~  while.  X-ray 

d i f f r a c t i o n  i n d i c a t e d '  some. metabor$c a c i d  and sodium n i t r a t e .  A second 

p l a t eau  a t  475 t o  5 7 5 O ~  gave X-ray d i f f r a c t i o n  p a t t e r n s  showing sodium 

n i t r a t e  and small amounts of  metaboric  a c i d  and sodium pe rbo ra t e  

[Na,~~0,*2Ii ,O).  The weibht ' l o s s e s  cofrespbnded t d  t h e  formation of 
0 

sodiuq polybora tes .  F i n a l l y ,  above 575 C ,  t h e  curves  became complex and 

inc luded  t h e  decomposition of sodium n i t r a t e .  The d a t a  i n d i c a t e d  i n t e r -  
0 

a c t i o n  of sodium n i t r a t e  and b o r i c  a c i d  bel.ow 400 C. 

D. Pot C a l c i n a t i o n  of Aluminum Wastes 

During t h e  evapora t ion  of some of t h e  aluminum n i t r a t e  s o l u t i o n s  i n  

Appendix. A ,  i t  appeared t h a t  c e r t a i n  a d d i t i v e s  had s i g n i f i c a n t  e f f e c t s  

on t h e  evapora t ion  and t h e  b.ulk d e n s i t y  of the  product .  Add i t i ve s  seemed 

worth t e s t i n g  t o  determine t h e i r  u se fu lnes s  f o r  a i d i n g  pot c a l c i n a t i o n ,  

and tests were made wi th  s o l u t i o n s  i n  beakers. '  The m61e r a t i o s  of t h e  

a d d i t i v e s  t o  aluminum n i t r a t e  were 0.24 , t o  0.72 H3P04, 0 .4  t o  0 .8  H3B03, 

0 .5  Ha3P04.12 H 2 0 ,  0.5.NaN03, '0.5 t o  1 .0  Na2S04, 0 . 5  Na2C03, 0 .5  NaOH, 

.0.25 Na2Si03-9'H20, and 8 .5  t o  1 . 5  H2S04. The s o l u t i o n s  were hea ted  on 

a ho t  p l a t e  u n t i l  s o l i d s  began t o  appear ,  . a n d ' t h e  volume was measure.d. 
0 

Then t h e  mixtures  were heated i n  a  muff le  fu rnace  a t  300 C and a  f i n a l  

volume was determined. Phosphoric a c i d  was t h e  b e s t  a d d i t i v e s  i n  g iv ing  

t h e  h ighes t  bulk d e n s i t y  of t h e  f i n a l  s o l i d s ,  bu t  i n  one series i t  appeared 

poorer t han  t h e  c o n t r o l .  The optimum concen t r a t i on  was a t  0 .6  mole of 

phosphoric a c i d  per  mole of aluminum n i t r a t e ,  which may correspond t o  

a  " eu t ec t i c "  between t h e  aluminum phosphate .and alumina. These lesls 

were e s s e n t i a l l y  q u a l i t a t i v e  i n  na tu re ,  and i n d i c a t e  t h a t  f u r t h e r  l abora-  

to.ry s t u d i e s  should be made, us ing  phosphoric a c i d  a s  an a d d i t i v e  f o r  

pot c a l c i n a t i o n .  ~ l l  of t h e  o t h e r  a d d i t i v e s  were poorer.  t han  t h e  c o n t r o l .  

E .  Tkansformation.Studies  on P i l o t  P l a n t  Samples 

Samples from t h e  2-foot-square u n i t  and t h e  DWCF were used t o  study 

phase t r ans fo rma t ions ,  t h e  a c i d  i n s o l u b l e  m a t e r i a l  from amorphous alumina, 

t h e  n a t u r e  of boron i n  alumina by e x t r a c t i o n  experiments ,  and l o c a t i o n  of 

c r y s t a l l i n e  phases  i n  p a r t i c l e s  by e l e c t r o n  d i f f r a c t i o n  and photomicrographs 

of p a r t i c l e s .  A list. of t h e  samples used f o r  t h e s e  purposes i s  g iven  i n  

Table  VP I. 
17  



Table VII 

ALUMINAS RECEIVED FROM IDAHO FALLS 

'P = product ; JP, JPP, or XJP .= overhead fines . 
'Normal composition of feed was 1.29 M.aluminum nitrate, 2.34 M nitric 

acid, 0.078 sodium nitrate, and 0.015 M mercuric nitrate. 

'~alculated from feed concentrations. 

'~lpha contents are reported in percent. Other phases or unidentified 
lines are followed by the intensity in arbitrary scale divisions (en- 
closed in parentheses). C = C phase,, Iota = Iota A1203. 

X-Ray ~ a t a ~  

.a(7$),NaNo3(3) 
- - 

a(l0$) - - 
a(28$)NaNo3 (38), 

3.36(ll)y(8) 
CX(12$)NaN0,(54), 

~ ( 8 )  

a(39$) lNaNo3 (33) 1 

Iota (27) 

~ ( 3 % )  1NaN03(48) 1 

Iota (107) 

a(3$),NaNo3(6), 
2.51(11) 

NaN03(4), 2.51(4) 

a(1$) - - 
a(35$),2.80(19),3.36(10) 
a(17$),3.36(4) 

a(10$) 

a(85$),3.36(8),~a~0~(5) 
@(86$) ,3.36(93) ,NaNo3(5) 

a(9$),~(2) ,3.24(2) 
a(l$) , ~ a ~ 0 3 ( 5 )  

sample1 9 

23B-P-26-1230 
23B-XJP-26-1230 

24-P-08-0830 
24-XJP-08-0930 

27-P-26-0830 

27-JP-26-0830 

27-PX-28-1030 

27-JPP-28-1430 

27B-P-30-1630 

27B-JP-30-1630 

28B-P-13-1230 
28B-JP-13-1230 

DWCF005-1105 
DWCF005-1110 
DWCF005-1115 

DWCF009-0703 
DWCFOO9-0712 

I VA 
22PP-09-0430 

b 

Bed 
Temp. 

(OC) 

400 
400 

400 
400 

400 

400 

550 

550 

400 

400 

400 
400 

Mole 

Na203 

0.060 
0.060 

0.060 
6.060 

0.155 

0.155 

0.155 

0.155 

0.060 

0.060 

0.060 
0.060 

0.020 
0.020 
0.020 

0.020 
0.020 

0.060 
0.060 

Ratios 

H20 

0.49 
0.80 

0.48 
0.70 

0.61 

0.32 

0.12 

0.11 

0.13 

0.17 

0.19 
0.24 

0.27 
0.31 
0.20 

0.10 
0.13 

0.55 
0.43 

to 

NO, 

0.14 
0.19 

0.17 
0.21 

0.22 

0.36 

0.14 

0.17 

0.09 

0.12 

0.17 
0.18 

0.06 
0.07 
0.07 

0.03 
0.03 

0.16 
0.22 

A1203 

~ 2 0 3 ~  

0.16 
0.16 

0.04 
0.04 

0.08 

0;08 

0.01 
0.01 

0.16 
0.16 
0,.16 

0.01? 
0.01? 



The samples from runs. '33 t o  28, from . the  2-foot-square . ca lc ine r ,  

were heated i n  a .  tube furnace a t  5 0 6 ~ ~  i n  aa atmosphere conta in ing n i t r i c  

ac id  and water vapor. . Very l i t t l e  change i n  t h e  X-ray d i f f r a c t i o n  pa t t e rne  

resu l t ed  from the  heating; the  alpha .contents  d id  .not inc rease  s i g n i f i c a n t l y .  

The peaks due t o  sodium n i t r a t e  'decreased, .and t h e  X-ray peaks due t o  

i o t a  alumina ( 2 7 P ~  and 27 .JPP eamples) inoreared,  The r e s u l t s  . a r e  given 

i n  Appendix. D. 

I o t a  alumina i s  an i n t e r e s t i n g  form of a lue ina  wi th in  an X-ray 

pa t t e rn  s i m i l a r  t o  t h a t  of mul l i t e ,  SA180s*a8i08. Iota alumina ha8 been 

reported8 t o  be formed by rapid  quenching of .oryolite-alumina . . m e l t s  and 

t o  transform thmugh e t a  alumina t o  alpha alumina on heat ing.  The p i l o t  

plant  samples containing i o t a  alumina, had 8 high rodium content  (0.2M 

sodium n i t r a t e  . i n ,  the  feed compared with tho urual  0 , 0 7 8 ~ )  a n d ' s  high 

bed temperature ( 5 5 0 ~ ~ ) .  Poa8ibly t h e  io ta  81~81itm formed i n  t h e  p i l o t  

p lant  contain '  sodiums o r  d i f f e r s  i n  comporifion from the  i o t a  alumina 

reported by: Foster; 

The p i l o t  p lan t  samples from Idaho F a l l 8  were a l s o  heated i n  the  

micro reac to r  under moderate pressure, and the r g r u l t s  are given i n  , 

Table VIII .  .Aluminum b o r a t e - . ( ~ ~ l o 0 a ' a B ~ O 8 )  W.0 found i n  t h e  samples 

containing 0.08 mole (or  more) B,Oa -I.: molo oi AllOS; i t  was absent 

from t h e  samples oontaining 0.04 mole o r  lerr.  A l l  ormplee containing 

Or-AlsoS showed an increase  i n  the  *Alsoa ,  and a decrease i n  the  i o t a  

alumina ( i n  the  alumina. formed a t  550'~). I f  one w r e  t o  pos tu la te  a 

phase diagram f o r  t h e  system a t  equil ibrium, then t h e  t%AlaOS region 

would extend t o  about 0.06 mole B80S per mole A 1 8 0 a ,  and a two-phase 

region containing CC-AlpO, and 9Al80,.~,Oa might oxtend t o  0.22 mole 

B,OS per mole of A l p O S .  However,. i n  the  ordinary product from f l u i d i z a -  

t i o n ,  t h e  boron and aluminum atoms are raadomly d i r t r i b u t e d  throughout a 

network of oxygen atomm~, and t h e ' o v e r - r l l  r t r u c t u r o  i r  mainly amorphous. 

The optimum concentrat ion of boron might be b t w s o n  0.01 and 0.06 mole 

B,O, per mole of Al,O,.to con t ro l  the  fo raa t ion  o i  alpha alumina. 



Table. VIII 

ALUMINAS FROM IDAHO FALLS HEATED IN MICRO REACTOR 

'see Table VII for origin8.l composition. 

2~ompositions of o$her element3 are tho uame Bs in Table V 1 1 .  

X-Ray ~ a t a ~  

~ ( 9 % )  , ~ a N 0 ~ ( 1 6 )  ,A1~(70) 
~(5),~a~0,(23),~1~(74) 

Q(35$),~aN0,(34),~(7) 
Z ( ~ ] , N R N O , ( ~ : ~ )  ,~(17) 

a(4~$),~a~n,(~in),~(7) 
3.36(24) 

a(27%) ,-Nu3(56) ,Y (7) 

0(53$) ,~aN0,(53) ,Xota(9) 
~ ( 1 6 8 )  ,~a~0,(56) ,iota (49) 

Q(4~),y(7),~a~03(11),Al~(42) 
y(l0) ,~aN0,(13) , ~ 1 ~ ( 2 8 )  

a(83$),NaN0,(30) 

CX(96%),~aN0,(55) 

3~lpha contents are reported in percent. Other phases or unidentified lines are 
followed by the intensity in arbitrary scale divisions (enclosed in parentheses). 
C = C phase, Iota = Iota alumina, A1B = 9A120,.2B,0,, y =' gamma alumina. 

sample1 

23B-P-26 
23B-XJP-26 

24-P-08 
24-XJP-08 

27-P-26 

27-JP-26 

27-PX-28 
27-JPP-28 

27B-P-30 
27B-JP-30 

28B-P-13 
28B-JP-13 

Product-Mole Ratios 
to Also3 

H20 

0.19 
0.23 

0.18 
0.33 

0.22 

0.52 

0.17 
0.33 

0.19 
0.18 

0.08 
0.06 

Heating Conditions 

Temp, 
("c) 

430 
430 

430 
430 

430 

430 

430 
430 

430 
430 

430 
430 

NO, 

0.076 
0-092 

0.111 
0.118 

0.253 

0.388 

0.219 
0.223 

0.052 
0.067 

0.117 
0.130 

otherz 

Na,B 
Na,B 

Na,B 
Na,D 

Na 

Na 

Na 
Na 

Na,B 
Na,B 

Na,B 
Na,B 

Pressure 
(psig) 

90 
90 

120 
120 

120 

120 

90 
90 

90 . 
90 

120 
120 

Ti me 

(hr) 

165 
165 

160 
160 

160 

160 

165 
165 

165 
165 

160 
160 



F.  Bonding of Boron i n  Alumina 

The r o l e  of boron i n  r e t a r d i n g ' f o r m a t i o n  of a lpha  alumina and t h e  

p o s s i b l e  v o l a t i l i z a t i o n  of boron'f rom alumina 'may depend on t h e  bonding 

of borcin i n  t h e  alumina. One p o s s i b i l i t y  i s  t h a t  boron combines wi th  

sodium and prevents  t h e  sodium from promoting t h e  formation of a lpha  

alumina. Another p o s s i b i l i t y  i s  t h a t  the boron i s  bonded t o  oxygen atoms 

which a r e  randomly bonded t o  o t h e r  boron o r  aluminum atoms, and t h a t  t h e  

i r regul la r  network s t r u c t u r e  h inde r s  t h e  formation of a r e g u l a r  c r y s t a l  

s t r u c t u r e .  I f  t h e  boron were combined wi th  sodium, a water  e x t r a c t i o n  

might remove a s i g n i f i c a n t  f r a c t i o n  of t h e  boron wit>hout a l t e r i n g  t h e  

alumina; w h i l e  boron i n  a network of oxygen and aluminum'atoms should 

no t  be s o  e a s i l y  e x t r a c t e d .  

Four samples from t h e  p i l o t  p l a n t ,  one from t h e  Demonstration Waste 

Calc in ing  , F a c i l i t y  (DwCF.) , and f i v e  samples of s y n t h e t i c  alumina were 

used. . A f t e r  p re l iminary  tests,  2-gram samples (-1.00 mesh) were e x t r a c t e d  

wi th  25-ml po r t i ons  of water  by b o i l i n g  f o r  1/2-hour. The mixture  was 

f i l t e r e d  i n t o  100-ml v o l u m e t r i c ~ f l ' a s k s ,  and a l i q u o t s  were used f o r  t h e  

ana lyses  . 
Boron was determined by the  mannitol method a f t e r  n e u t r a l i z i n g  wi th  

s tandard  0,lN'NaOH t o  t h e  methyl r e d  endpoint .  I f  aluminum was .p re sen t  

t h e  sample was heated t o  b o i l i n g  dur ing  t h e  n e u t r a l i z a t i o n .  The mannitol 

was added and t h e  sample t i t r a t e d  t o  t h e  phenolphthalein endpoint .  The 

boron was c o r r e c t e d  ' fo r  a s l i g h t  i n t e r f e r e n c e  from aluminum. Alumi.num was 

determined by p r e c i p i t a t i n g  aluminum hydroxide on a s e p a r a t e  a l i q u o t .  

N i t r a t e  was determined by t h e  dichromate method. Sodium was determined 

by flame photometry. 

The amount of boron a d  aluminum e x t r a c t e d  was c a l c u l a t e d  a s  a per- 

oentage of t h e  amount o r i g i n a l l y  p r e s e n t ,  and t h e  r e s u l t s  a r e  g iven  i n  

Table  I X .  From t h e s e  r e s u l t s ,  water  seemed t o  e x t r a c t  about h a l f  of t h e  

boron. However, t h e  boron could be "ex t rac ted"  by hydro lys i s  of t h e  

sample according t o  t h e  h y p o t h e t i a a l  equa t ions :  



Table I X  

EXTRACTION OF BORON FROM ALUMINAS 

' 2  g were b o i l e d  wi th  25 m l  o f ,H20  f o r  l/2-hour o r  w i th  e thano l  f o r  5 
minutes.  

a ~ a l c u l a t e d  from composition of f eed  s o l u t i o n .  

Sample 

23BP-26-1230 

23BWSP-26-1330 

24P-08-0830 

27BP-30-1630 

DWCF-005-1105 

AX 

F-114 

CD 

CE 

. CX 

3 ~ y n t h e t i c  aluminas prepared by t h e  boil-down method a t  SRI. 

~ x t  ract 

H 2 0  
C2H,0H 

H 2 0  
C2HsOH, 

H 2 0  
C2HkOH 

H 2 0  
C2HsOH 

H 2 0  
C2HsOH 

H,O 
C2H50H 

1120 
C2HgOH 

H2O 
C2H,0H 

H,O 
C2HiOH 

H2O 
C2HsOH 

4 ~ y n t h e t i c  aluminas prepared by t h e  2-inch f l u i d i z e r  a t  SRI. 

O r i g i n a l  Composition ( 5 )  

A 1 2 0 3  

77.1 

7 2 .  G 

81.4 

86.5 

81.5 

69.8 

81.9 

46.6 

56.6 

63.2 

E x t r a c t i o n  
M o l e R a t i o ,  

N ~ / B  

0.7 
1.3 

0.6 

11 
5 

1.1 

1 .o 

-- 
- - 
1.3 

8.2 

2.1  

3 .5  
20 

b 

- 
N o 3  

6.36 

8.41 

8.21 

4.48 

3.24 

20.. 1 

8.78 

29.5 

21.8 

21.9 

($ 

A l a O s  

-- 
- - 
-- -- 
-- 
- - 
-- 

-- 
-- 
40 - - 
-- 
-- 
64 -- 
21 - - 

2 - - 

. 

Boos2 

8;44 

7.95 

'2.22 

4.73 

8.92 

4,$8 

, 2.07 

1 4 . 7 .  

. 3.48 

8.98 

o f . O r i g i n a 1 )  

B a 0 3  

38 
1 

58 
1 .  

11 
4 

48 
. 3  

35  
2 

48 
2 

3 5 
1 

76 
4 

31 
2 

35  
6 

Na 

69 
5 

93 

8 3  
'5 

74 

68 
5 

- v3 

-- 
7 6 

91 

100 

86 
98 



Thus the  "ex t r ac t i on"  of boron by water d o e s n ' t  n e c e s s a r i l y  i n d i c a t e  t h e  

form of boron i n  t h e  alumina. 

To avoid  t h e  d i f f i c u l t y  from h y d r o l y s i s ,  t e s t s  were then made wi th  

methanol a t  room temperature  and wi th  e thano l  hea ted  t o  b o i l i n g .  About 

1$ of t h e  boron was e x t r a c t e d  by e thano l  on sample F-11. On sample CD, 

water  e x t r a c t e d  about 20% of t h e  boron, methanol e x t r a c t e d  2$, and 

e thano l  ( h o t )  e x t r a c t e d  4 s .  The s o l u b i l i t y  of b o r i c  a c i d  i n  e thano l  i s  

more t han  twice  t h a t  i n  water ,  so  t h e  h igh  "ex t r ac t i ons"  wi th  water  were 

probably due t o  hyd ro lys i s .  A l l  of t h e  samples were t hen  e x t r a c t e d  with 

e thano l  by b o i l i n g  2-g po r t i ons  with 25 m l  of e thano l  f o r  5 minutes ,  

l e t t i n g  s t and  while  hot f o r  10 minutes,  and then  f i l t e r i n g .  

The percentage of t h e  o r i g i n a l  boron e x t r a c t e d  by e thano l  v a r i e d  

from 1 t o  6 $ ,  with no p a r t i c u l a r  c o r r e l a t i o n  between t h e  amount of 

o r i g i n a l  boron and t h e  amount e x t r a c t e d .  These r e s u l t s  i n d i c a t e d  t h a t  

t h e  bulk of t h e  boron was probably randomly d i s t r i b u t e d  wi th  aluminum 

atoms i n  a network of oxygen atoms ( e .g . ,  4-B-0-A1-0-), s i m i l a r  t o  

t h e  s t r u c t u r e  of g l a s s e s ,  r a t h e r  than  being presen t  a s  f r e e  b o r i c  a c i d  

o r  a sodium b o r a t e .  The experiments i n  which phosphoric a c i d  was found 

t o  be a s  e f f e c t i v e  a s  b o r i c  a c i d  would be expla ined  by t h i s  same type  of 

bonding, while  t h e  formation of sodium compounds might r e q u i r e  d i f f e r i n g  

r a t i o s  of b o r i c  a c i d  and phosphoric a c i d  f o r  t h e  same e f f e c t i v e n e s s .  

An average of 84 percent  of t h e  sodium was "ex t rac ted"  by water .  

About 5$ of t h e  sodium was e x t r a c t e d  by e t h a n o l ,  except  f o r  sample C X ,  

which h a d . a  very l a r g e  e x t r a c t i o n  and a much h ighe r  sodium con ten t .  The 

mole r a t i o s  of sodium t o  boron ( s e e  Table I )  va r i ed  cons iderab ly  and 

d i d n ' t  i n d i c a t e  a d e f i n i t e  sodium b o r a t e .  Prohahly t h e  sodium. and boron 

a r e  e x t r a c t e d  independent ly  of each o t h e r .  The r e s u l t s  f o r  sodium could 

support  t h e  i d e a  t h a t  most of t h e  sodium 2 s  bonded t o  alumina r a t h e r .  

than  t o  n i t r a t e  i o n .  



G. E l e c t r o n  D i f f r a c t i o n  and Microscopic Examination of 
P i  l o t  P l a n t  Samples 

E l e c t r o n  d i f f r a c t i o n  s t u d i e s  were made on two DWCF samples and two 

p i l o t  p l a n t  samples from r u n s  containing boron i n  t h e  f eed .  The purpose 

was t o  determine i f  t h e  p a r t i c l e s  were d i s t i n c t l y  d i f f e r e n t  from those  . 

examined earlier.' The p a r t i c l e s  were mounted and c u t  t o ' o b t a i n  wedge- 

shaped samples s o  t h e  p a r t i c l e s  could  be examined a long  a  l i n e  through 

t h e i r  c e n t e r s .  Photographs of t h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s . w e r e  

t aken  a t  f i v e  l o c a t i o n s ;  a t  t h e  o u t e r  edges ( r ) ,  a t  t h e  c e n t e r ,  and a t  

t h e  midpoints  ( r / 2 ) .  

The r e s u l t s  a r e  g iven  i n  T a b l e  X ,  wi th  each l i n e '  r ep re sen t ing  a  

s i n g l e  p a r t i c l e .  The p a r t i c l e s  f r o m ' t h e  two DWCF samples were mainly 

amorphous. A minor amount of alpha, alumina was found i n  two of t h e  

p a r t i c l e s  of DWCF-005-1110, and an  u n i d e n t i f i a b l e  s i n g l e  c r y s t a l  p a t t e r n  

was found i n  one p a r t i c l e .  Sample 27P-26 had a  random d i s t r i b u t i o n  of 

a lpha  alumina wi th  t h e  most i n t e n s e  p a t t e r n s  occur r ing  a t  t h e  o u t e r  

edge of some p a r t i c l e s  and a t  t h e  c e n t e r  of o t h e r  p a r t i c l e s .  Sample 

27PX-28 a l s o  had a  random d i s t r i b u t i o n  of a lpha  alumina, and two p a r t i c l e s  

were amorphous. The r e s u l t s  do no t  a l t e r  t h e  conc lus ion  from t h e  e a r l i e r  

tests3 t h a t  a lpha  alumina forms uniformly i n  a  po r t i on  of t h e  p a r t i c l e s  

(no t  noceooar i ly  a t  the center o r  edge) and no t  izaiidun~ly 111 v e r y  small  

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

ABicroscopic examinat ion was made on many of t h e  p i l o t  p l a n t  samples ' 

i n  Table  V I I .  The p a r t i c l e s  were mounted i n  t r a n s p a r e n t  p l a s t i c  and 

pol i shed  a s  i n  p repa ra t i on  of meta l lographic  samples. The c ross -sec t ioned  

p a r t i c l e s  were examined wi th  a  b inocu la r  microscope and photomicrographs 

were taken  of t h e  samples a t  18  x  and 90 x magni f ica t ion .  Two samples 

a r e  shown i n  F igu re  2 ,  mCF 005-1110 and DWCF 009-0703. The 005-1110 

sample shows a  normal p a r t i c l e  and an agglomerate of s e v e r a l  p a r t i c l e s ,  

which occur red  i n f r e q u e n t l y .  The normal p a r t i c l e  has  a  f a i r l y  s o l i d  

appearance and c o n c e n t r i c  r i n g s  a r e  n o t i c e a b l e  mainly by shading. The 

agglomerate  type  of p a r t i c l e  was d i s cus sed  i n  t h e  e a r l i e r  t e c h n i c a l  



Table X 

ELBCTRON DIFFRACTION ALONG DIAMETERS OF PARTICUS 

l ~ l e c t r o n  d i f f rac t ion  reported on 5 locations for  
single par t ic les .  The ident i f ica t ion  i s  followed by 
a rough indlotrlloa of the i n t ens i ty  of the pattern: 
s = strong, m = medium, w = weak, and vw = very weak 
and uncertain. a = amorphous o r  no pattern.  a = 
alpha alumina, S = s ingle  c rys ta l  pattern. 
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( a )  DWCF 005 - l l I0 AT 99 X 

FIG. 2 PHOTOMICROGRAPHS OF FLUIDIZED ALUMINA 



r e p o r t .  The p a r t i c l e s  i n  DWCF san~ple  009-0703 had a  h igh  a lpha  alumina 

conten t  and t h e  concen t r i c  r i n g s  a r e  more e a s i l y  seen;  t hey  may r ep re sen t  

a  phys ica l  s e p a r a t i o n  of t h e  concen t r i c  l a y e r s .  Severa l  p i l o t  p l a n t  

samples were arranged i n  c r d e r  of i n c r e a s i n g  e a s e  of d i s ce rn ing  t h e  

concen t r i c  l a y e r s .  Some cons ide ra t i on  was a l s o  g iven  t o  t h e  f r a c t i o n  

of p a r t i c l e s  which had l o s t  t h e i r  c e n t r a l  p o r t i o n s  dur ing  t h e  prepara-  

t i o n  of t h e  mounted samples. The arrangement of t h e  samples,  w i t h  t h e  

percent  of a lpha  alumina i n  paren theses ,  was as fo l lows:  ..KYWCF 005-1115 

(10% Q ) ,  24-P-08 (10% Q) ,  27B-P-30 (3% Q) ,  23B-P-26 (7% a ) ,  .LlRlCF 005-1110 

(17% Q ) ,  28B-P-13 (1% Q) ,  DWCF 005-1105 (35% a), 27-P-26 (28% Q) ,  

27-PX-28 (39% Q),  DWCF 009-0703 (85% Q),  DWCF. 009r0712 (86% a).. The 

o r d e r  of arrangement on t h e  b a s i s  of phys ica l  appearance i s  good b u t  no t  i n  

p e r f e c t  agreement wi th  t h e  alpha a lumina , con ten t .  I nc reased  s e p a r a t i o n  

of l a y e r s  wi th  incpease  i n  percentage of  a lpha ,a lumina  i.s i n  t h e  d i r e c t i o n  

t h a t  one would expect  i f  amorphous alumina of d e n s i t y  less than  3 .0  should 

s h r i n k  t o  a lpha  alumina wi th  a  d e n s i t y  of  4 .0 .  

The bnly o t h e r  noteworthy obse rva t ions  were t h a t  samples 27-P and 

27-PX conta ined  many p a r t i c l e s  wi th  t r a n s p a r e n t  t o  r edd i sh  glas 'sy m a t e r i a l  

a t  t h e i r  Centers ,  poss ib ly  due t o  use of sand a s  a  bed m a t e r i a l .  Sample 

27B-P had a d i s t i n c t  reddish  band nea r  t h e  c e n t e r  of a l l  of the-. p a r t i c l e s  

and a l s o  conta ined  a  few agglomerates.  

H.  Acid In so lub le  F r a c t i o n  from Amorphous. Alumina 

T e s t s  a t  Idaho ~ a l l s ~  have shown t h a t  a lpha alumina i s  i n s o l u b l e  

i n  ho t  4  N n i t r i c  a c i d ,  while  anorphous alumina i s  s o l u b l e .  I n  apply ing  

this method t o  t h e  PV A sample of amorphous alumina a t  Idaho F a l l s ,  t h e  

r e s i d u e  had an  ana1ysi.s of 82% a lpha  alumina by X-ray d i f f r a c t i o n .  The 

r e s idue  amounted t o  about 8% of t h e  s t a r t i n g  m a t e r i a l .  E l ec t ron  d i f f r a c -  

t i o n  was t o  b e ' a p p l i e d  a t  S t an fo rd  R e s e @ r c h . I n s t i t u t e  t o  t h i s  r e s i d u e  t o  

determine t h e  na tu re  of' t h e  pn r t i nn  nf t h e  s ~ n l p l e  uhich  was not alpha 

alumina (i .e . , t h e  remaining 1 8%) .' 
The r e s idue  from Idaho F a l l s  was separa ted  i n t o  l i g h t  and heavy 

f r a c t i o n s ,  u s ing  a  s o l u t i o n  of t h a l l i u m  malonate and tha l l i um succ ina t e .  



Residues of t h e  a c i d  i n s o l u b l e  f r a c t i o n  of samples I V  A and 22 PP were 

a l s o  prepared a t  S t an fo rd  Research I n s t i t u t e .  The l i q u i d  was ad jus t ed  

t o  a  s p e c i f i c  g r a v i t y  of 3 .8 ,  which was s e l e c t e d  t o  a l low a lpha  alumina 

( s p .  g r .  3 .98)  t o  s i n k ,  whi le  gamma alumina ( s p ,  g r .  < 3 .6 )  and o t h e r  

a luminas would f l o a t .  A sample of t h e  r e s idue  was placed i n  a  50-ml 

g radua t e ,  mixed, and al lowed t o  s tand  ove rn igh t .  The t o p  p o r t i o n  of t h e  

suspens ion  was removed, f i l t e r e d  on a Mi l l i po re  f i l t e r ,  and washed. I t  

appeared t h a t  some p a r t i c l e s  f l o a t e d  which were f a i r l y  l a r g e  and may 

have c o n s i s t e d  of agglomerates  con ta in ing  vo ids .  The r e s idue  prepared 

a t  Idaho F a l l s  was ground t o  -100 mesh and t h e  t h a l l i u m  s o l u t i o n  was 

a d j u s t e d  t o  a s p e c i f i c  g r a v i t y  of 3.6 f o r  one s e p a r a t i o n  and t o  3 .7  f o r  

a  second s e p a r a t i o n .  

The l i g h t  f r a c t f o n s  va r i ed  from 15  t o  23 percent  of t h e  sample, 

u s ing  a  s p e c i f i c  g r a v i t y  of 3.8.  The l i g h t  f r a c t i o n ,  us ing  t h e  3 .6  sp.  g r .  

l i q u i d ,  was on ly  1.6% of t h e  sample, and t h e  f r a c t i o n  us ing  t h e  3.7 sp .  g r .  

l i q u i d  was 7$. X-ray d i f f r a c t i o n  p a t t e r n s  w e r e  ob ta ined  on a l l  of t h e  

f r a c t i o n s  w i t h a c a m e r a ,  bu t  a l l  of t h e  p a t t e r n s  appeared t h e  same with 

s t r o n g  l i n e s  of a lpha  alumina and no o t h e r  d i f f r a c t i o n  l i n e s .  The l i g h t  

f r a c t i o n  from t h e  I V  A sample (3.6 sp.  g r . ) ,  and t h e  l i g h t  f r a c t i o n  

from t h e  22 PP sample (3.8 sp.  g r . )  and t h e  heavy f r a c t i o n  from t h e  IV A 

sample were a l s ~  ruq  us ing  e l e c t r o n  d i f f r a c t i o n .  Severa l  f i l m s  were 

made of each of t h e s e  samples. A l l  f i l m s  showed only  a lpha  alumina 

and no o t h e r  d i f f r a c t i o n  l i n e s .  The conc lus ion  i s  t h a t  a lpha  alumina 

i s  t h e  on ly  i d e n t i f i a b l e  phase i n  t h e  ac id- inso luble  samples from amorphous 

a lumi na . 

A secondary problem i s  t h e  accuracy of a n a l y s i s  of a lpha  alumina i n  

an  amorphous alumina. Our X-ray a n a l y s i s  of t h e  I V  A sample gave a  

r e s u l t  of about 9 5 ,  and t h e  product of  t h e  percent  r e s idue  (8.4)  times 

t h e  percent  a lpha  i n  t h e  r e s idue  (75) was 7.5%. For sample 22 PP, t h e  

percent  a lpha  i n  t h e  o r i g i n a l  sample was b a r e l y  d e t e c t a b l e  and a f i g u r e  

of 1$ was repor ted .  The product of t h e  percent  r e s idue  (2 .5 )  t imes  t he  

percent  a lpha  i n  t h e  r e s idue  (75) was 1 .9  pe rcen t .  Thus, t h e  X-ray a n a l y s i s  

of low amounts of a lpha  i n  alumina i s  w i t h i n  1 t o  2$. 



For  high percentages of a lpha  alumina, t h e  accuracy of t h e  a n a l y s i s  

based on t h e  product of t h e  peak he igh t  t i m e s  t h e  ha l f  width can be poor 

when l a r g e  d i f f e r e n c e s  e x i s t  i n  c r y s t a l l i t e  s i z e  between t h e  s t anda rd  and 

t h e  sample. The c r y s t a l l i t e  s i z e  a s  determined from l i n e  broadening was 

> 0 .5  microns diameter  f o r  t h e  Alcoa sample 5610, while  t h e  90% a lpha  

sample (from t h e  P i l o t  p l a n t )  had a  c r y s t a l l i t e  s i z e  of 0.09 microns.  

The a c i d  i n s o l u b l e  r e s i d u e s  had c r y s t a l l i t e  s i z e s  of 0 .05 microns f o r  t h e  

I V  A r e s i d u e  and 0.04 microns f o r  t h e  22 PP r e s idue .  These c r y s t a l l i t e  s i z e s  

a r e  s u f f i c i e n t l y  d i f f e r e n t  t h a t  a  c o r r e c t i o n  ( i f  pe rmis s ib l e )  f o r  t h e  use 

of mixed Cu r a d i a t i o n e  ( i . e . ,  t h e  Ka, Ka, doub le t )  would i n c r e a s e  t h e  

percent  a lpha  i n  t h e  a c i d  i n s o l u b l e  r e s i d u e s  from 75 t o  93%. The two 

p o s s i b l e  conc lus ions  a r e  t h a t  t h e  a c i d  i n s o l u b l e  r e s idue  e i t h e r  c o n t a i n s  

amorphous m a t e r i a l  which i s  not  e x t r a c t e d  by t h e  4 N n i t r i c  a c i d  o r  

c o n t a i n s  only a lpha  alumina wi th  a  low a n a l y s i s  owing t o  t h e  e f f e c t  of 

c r y s t a l l i  te s i z e .  



- 
I V PHASE TRANSFOIUBATIONS I N  CALCINATION 

Ok' NITRATES OB' STAINLSSS STEEL 

I n  a d d i t i o n  t o  process ing  wastes  con ta in ing  aluminum n i t r a t e ,  

f l u i d i z e d  c a l c i n a t i o n  i s  u s e f u l  t o  process  s t a i n l e s s  steel ( t ype  304) 

o r  nichrome (80 ~ i j 2 0  C r )  wastes. A s h o r t  test was .made a t  Idaho F ' a l l ~ ~ ~  

on f l u i d i z e d  bed c a l c i n a t i o n  of s t a i n l e s s  steel wastes ,  us ing  a  6-inch 

c a l c i n e r .  No s p e c i a l  problems a w a r e d ,  and a  bulk d e n s i t y  of 98 lb/cu f t  

was achieved . 
The p r o p e r t i e s  of hyd ra t e s  and oxides  of i ron"  can 'be  compared w i t h  

t hose  of aluminum t o  r e l a t e  t h e  background obta ined  on alumina t o  ca l c ina -  

t i o n  of s t a i n l e s s  steel was tes .  The i r o n  hydra te  g o e t h i t e  ( C Y l i ' e ~  o r  

F~,O,.H,O) has  t h e  same c r y s t a l  s t r u c t u r e  . a s  d i a spo re ,  bu t  g o e t h i t e  i s  

formed by slow h y d r o l y s i s  of i r o n  s a l t s  whi le  d i a spo re  r e q u i r e s  hydro- 

thermal  c o n d i t i o n s  of 2000 p s i  between 275 and 4 2 5 O ~ . ~  Goe th i t e  can 

t ransform d i r e c t l y  t o  We20 ,  (hema t i t e )  and can a l s o  be formed by r a p i d  

h y d r o l y s i s  of i r o n  s a l t s  ( e . g . ,  b o i l i n g  du r ing  h y d r o l y s i s ] ,  whi le  
0 

a-A1,0, r e q u i r e s  hydrothermal c o n d i t i o n s  a t  450 o r  above. a-Fe203 
0 

i s  a l s o  formed by a  t r a n s i t i o n  of y-Fe20, a t  400 , , w h i l e  t h e  correspond- 
0 

. i n g  t r ans fo rma t ion  of alumina i s  a t  1050 C. 

The p r o p e r t i e s  of hyd ra t e s  and oxides  of chromium a r e  less w e l l  

d e f i n e d ,  and a-CrO, i s  less e a s i l y  formed than  a-Fe,O,. The temperature  

f o r  hydrothermal formation12 of a-Cr203 i s  450°c, about t h e  same a s  f o r  

a-Also,. Chromium does no t  form a hyd ra t e  wi th  t h e  same c r y s t a l  s t r u c -  

t u r e  as d iaspore12  o r  a  gamma type  of ox ide ,  but  t h e  a-Cr203 has  t h e  

same c r y s t a l  s t r u c t u r e  a s  a-Fe,03 and a-Also,, and i t  can form s o l i d  

 solution^'^ wi th  i r o n  oxide  o r  aluminum oxide .  

M i l l i g a n  and o t h e r s  have r epo r t ed  t h a t  canpos i t i on  ranges e x i s t  i n  

which o r y s t a l l i z a t i o n  i s  hindered and which a r e  d e s i g ~ a t e d  a s  zones of 

mutual p r o t e c t i o n  a g a i n s t  c r y s t a l l i z a t i o n .  T h i s  was repor ted14  t o  occur  

f o r  t h e  Cr20,-Fe,O, system a t  20-70 mole percent  of Cr,O, up t o  3 5 0 ~ ~ .  

A s i m i l a r  e f f e c t  was reported1 '  i n  which t h e  temperature  f o r  c r y s t a l l i z a t i o n  



0 .  0 
of a-Fe203 inc reased  from about 140 C f o r  pure i r o n  hydroxi,de t o  100 C 

a t  24 mole $ A1,,03. Various subs tances  were reporteda"o h inde r  t h e  

t r ans fo rma t ion  of amorphous ' f e r r i c  hydrdxide t o  g o e t h i t e  ( ~ - F ' & , o ~ * H ~ o ) ,  

t h e  most e f f e c t i v e  ones b e i n g  ASO,, g lyc&ro19 si0i2, and ~ 1 + ~ .  About 

1% of s i l i c a  s o l  re ta ' id&d t h e  c r y s t a l l i z a t i o n  of pure chromic ox ide .  

A .  Transformations i n  S t a i n l e s s  S t e e l  Wastes , 

The t r ans fo rma t ions  occur r ing  with s t a i n l e s s  steel wastes  were . 

s tud i ed  i n  t h e  same manner a s  f o r  t h e  alumina s t u d i e s .  Syn the t i c  ox ides  

were prepared from s o l u t i o n s  of t h e  n i t r a t e s ,  and t h e s e  s y n t h e t i c  ox ides  

were hea ted  under p re s su re .  The s t u d i e s  inc luded  t h e  e f f e c t  of a d d i t i v e s ,  

such a s  b o r i c  a c i d ,  phosphoric a c i d ,  alumina, r a r e  e a r t h s ,  and f i s s i o n  

product s . 
The composi t ions of the  s o l u t i o n s  a r e  g iven  i n  c able X I .  These 

s o l u t i o n s  were evaporated n e a r l y  t o  dryness  and hea ted  i n  a  muff le  a t  

230 t o  2 9 0 ~ ~ .  A t  t h a t  temperature ,  t h e  X-ray d i f f r a c t i o n  p a t t e r n s  of 

most of t h e  ox ides  were amorphous.or conta ined  u n i d e n t i f i e d  components 

w i th  t h e i r  most i n t e n s e  l i n e s  a t  d-values of 3 .31 o r  3.20. The only  

two sarnples w i th  a lpha  i r o n  oxi,de were t h e  pure i ron .  sample and t h e  

i ron-nickel  sample. 

Each of t h e  s y n t h e t i c  ox ides  was then  placed i n  t h e  Aminco micro 

r e a c t o r  f o r  t rea tment  a t  4 0 0 ~ ~  under t h e  moderate p re s su re  of n i t r i c  

ao id  and water  vapor frnm t h e  d e c o m g ~ s i t i o n  o f  t h e  ssmples.  The 

composi t ions o f . t h e  products  a r e  g iven  i n  Table  X I I .  Sample CS had 

a  composition equ iva l en t  t o  s t a i n l e s s  steel waste and forrned a-Fe203. 

Other  s t a i n l e s s  steel oxides  a l s o  formed a-Fe203 i n  moderate amount. 

Sample DQ, con ta in ing  i r o n  and n i c k e l ,  formed a-Pe203 and MiFe,O~. The 

sample CV, con ta in ing  chromium, formed a-Cr,03, but  t h e  i n t e n s i t y  was 

much less t han  f o r  CX-FenOD. The 28 va lues  va r i ed  from 38.94' t o  
0 

39.01 f o r  t h e  most i n t e n s e  a-Fe203 l i n e  f o r  ox ides  from s t a i n l e s s  s t e e l  

was tes ,  compared wi th  38.81° f o r  pure i r o n  oxide and 39.35" f o r  pure 

chromium oxide.  This showed t h a t  t h e  chromium was presen t  as a  s o l i d  



 able XI % -  .- 

SYNTHETIC METAL OXIDES FOR STAINLESS STEEL 

' ~ l f  solutions contained 1 M HNO, . Fe = F~(NO, ), - 9 ~ ~ 0 ;  Cr = ~r(N0,)~ 
9M20; A1 = A ~ ( N O ~  ), - 9 ~ ~ 0 ;  Ni = NI(NO, ), - 6 ~ ~ 0 ;  B = HoBOa ; Ce s c ~ ( N o ~ ) ~  * 
6H20; La = La(~0, ), .6H20. For 0 .O1 M F.P., the molar concentrations 
were twice the normal concentration or CsNQ3 0.0826, ~rn(?Vn,), 0.0924, 
Na2u004.iHa0 0.0020, L ~ ( N O ~ ) ~ . ~ H ~ O  0.0012, C ~ ( N O , ) ~ . ~ H ~ O  0.0010, B~(NO~), 
0.0006, RuC13 0.0008. 

2~emperature for preparing oxides by heating in muffle 16 hours after 
evaporating solutions. 

t 

Oxide 

CS 
CT 
CV 

DO 
DP 
DQ 
DR 
DT 

DU 
DV 
DW 
DX 

ED 

EE 

EF 

EG 

EH 
ES 

ET 

,LOI = Loss on ignition at 1000°C. 

~ e m p ~  

(Oc) 

290 
290 
290 

250 
250 
250 
250 
250 

250 
250 
250 
250 

250 

250 

250 

250 

250 
230 

230 

4~hases or unidentified lines are followed by intensity in divisions 
(enclosed in parentheses). 

Composition of ~olutionl Analysis of Oxide 

LOIJ ' 
(Q 1 
12.4 
4.8 
15.2 

12.2 
15.3 
12 .s 
21.9 
13.0 

12.0 
14.6 
15.0 
16.4 

25.0 

14.5 

22.6 

19.3 

31.2 
2 3 . 4  

19.0 

A 

Other 

0.14Al 

0.05B 

0.05 P 
0.20R 
0.20 P 

0.50A1, 
0.20 B 
0.50 Al, 
0.20 P 
0.50 Al, 
0.05 B 
0.50 Al, 
0.05 P 
0.50 A1 
0.05 La, 
0.05 Ce 
0.01F.P.' 

Fe 

0.75 
1.0 

0.75 
0.75 
0.75 

0.75 

0.75 
0.75 
0.75 
0.75 

0.38 

-0.38 

0.38 

0.38 

0.38 
0.75 

0.75 

X-Ray ~ a t a ~  

7-Fe203(3) 
a-Fe203 (72) - - 

y-Fe20, (3) 
7-Fe,Oa (4), 3.92 (3) 
dl-Ye,U, (38) 
2.53(3) 
3.32(16),2.50(4),2.68(3) 

3.32(7) 
3.32(13) 
3.32(27),3.20(14),1.61(4) 
3.32(10),3.66(5),2,53(4) 

- - 
- - 
- - 
- - 
.. - 

3.32(9),2.53(5) 

3.32(9),2.53(5) 

(molar 

Cr 

0.17 

1 .O 

0.17 
0.17 

0.68 
0.17 

0.17 
0.17 
0.17 
0.17 

0.08 

0.08 

0.08 

0.08 

0.08 
0.17 

0.17 

) 

Ni 

0.08 

0.08 

0.08 
0.32 
0.08 

0.08 
0.08 
0.08 
0.08 

0.04 

0.04 

0.04 

O.U4 

0.04 
0,08 

0.08 



'Fable XII 

STAImESS STEEL METAL OXIDES HEATED IN MICRO 
.REACTOR UNDER PRESSURE . , 

Heating eondit ions 

------ 

Elements 
present2 

a-Fe203 (13), 5.28 (11) 
a-Fe203 ( 9 )  ,4.11(16),4.34 

(10) 
a-Fez03 (11 ) 
a-Fe203 (16 ) 
a-Fe203 (16 ) 
a-Fe203 (30), 3 .lo (a) 
a-Fe,03 (53),2.92(2) 

'see Table X I  for original composition of solutions and oxides. 

2~~ = Elements in proportion for 18-8 stainless steel. . 

3~~~ = Loss on ignition at 1 0 0 0 ~ ~ .  

4~hases or unidentified lines are followed by intensity in divisions 
(enclosed in parentheses). Ignited oxides of stainless steel gave 83 
divisions of a-Fea03, which is actually a solid solution of iron and 
chromium. 



s o l u t i o n  i n  t h e  (2-Fe,03. (Note: I n  t h i s  r e p o r t ,  t h e  term (2-Fe203 . 

i n c l u d e s  t h e  s o l i d  s o l u t i o n  of chromium and i r o n  ox ides . )  The s t a i n l e s s  

steel ox ides  w i th  a d d i t i o n s  of b o r i c  a c i d  o r  phosphoric a c i d  had only  

a s l i g h t  r educ t ion  i n  t h e  i n t e n s i t y '  of t h e  X-ray l i n e  of a-Fe,03, 

compared .with samples wi thout  ' a d d i t i v e s .  The r e s u l t s  i n d i c a t e d  t h a t  

b o r i c  a c i d  and phosphoric a c i d  might not  be e f f e c t i v e  i n  h inde r ing  

c r y s t a l l i z a t i o n  of a-Fe203. 

Samples ED t o  EH conta ined  aluminum a s  an a d d i t i v e  t o  determine i f  

aluminum would prevent  c r y s t a l l i z a t i o n  due t o  a  "zone of mutual p ro tec-  

t i o n  a g a i n s t  c r y s t a l l i z a t i o n . "  The a d d i t i o n  of aluminum t o  s t a i n l e s s  

steel (Sample ED)  d i d  no t  prevent  t h e  formation of  c r y s t a l l i n e  i r o n  

ox ide ,  and t h e  r educ f ion  , i n  i n t e n s i t y  may have been due mainly t o  

d i l u t i o n  of t h e  i r o n  by t h e  alumina. Even .the combination of aluminum 

wi th  b o r i c  a c i d  o r  phosphoric a c i d  r e s u l t e d  i n  products  wi th  some 

c r y s t a l l i n e  a-Fe203. 

Sample. ES,  w i t h  r a r e  e a r t h s ,  had a  lower Fe20, con ten t  than  samples 

w i th  b o r i c  a c i d  o r  phosphoric a c i d  as' a a d i t i v e .  Sample ET, w i t h  a.rlded 

f i s s i o n  products ,  was . t h e  same a s  previous samples without  f i ssi  nn 

product  a .  

'l'he conclus ion  i s  t h a t  the rare ear lhs  a, t  6.1 molar produced t h e  

g r e a t e s t  r educ t ion  of c r y s t a l l i n i t y  of t h e  a d d i t i v e s  which were t e s t e d .  

Some reducrlon i n  c r y s t a l l i n i t y  could be ob ta ined  by blending aluminum 

and s t a i n l e s s  s teel  s o l u t i o n s .  However, a t  p r e s e n t ,  t h e  e f f e c t  ~f 

c r y s t a l l i n i t y  on t h e  f l u i d i z a t i o n  i s  no t  known, and i t  i s  e n t i r e l y  

p o s s i b l e  t h a t  s o l u t i o n s  of s t a i n l e s s  s t e e l  w i l l  c a l c i n e  s a t i s f a c t o r i l y  

without  a d d i t i v e s .  These s t u d i e s  w i l l  be h e l p f u l  i n  i n t e r p r e t i n g  t h e  

r e s u l t s  from p i l o t  p l a n t  s t u d i e s ,  and i n  use  af e.drlCtives, 1 4  t h e y  appcay 

t o  be.  d e s i r a b l e .  

The u n i d e n t i f i e d  phases i n  t h e  s y n t h e t i c  ox ides  (see.  Table  X I  ) were 

no t  p r e sen t  a f t e r  hea Ling under  p r e s su re  ( s e e  Table XII . )  which i n d i c a t e s  

t h a t  t h e s e  phases may have been b a s i c  n i t r a t e s .  A v a r i e t y  of u n i d e n t i f i e d  

phases  were found i n  t h e  samples a f t e r  hea t ing  under  p re s su re .  One phase 



with a  d-value of 3.32 was p re sen t  i n  samples con ta in ing  b o r i c  a c i d ,  

and may have conta ined  boron. The s t a i n l e s s  steel samples d i d n ' t  

c o n t a i n  a  s p i n e l  ( e .g . ,  N I F ~ , ~ , ) ,  and t h e  n i c k e l  could  be presen t  i n  an 

amorphous phase o r  an  u n i d e n t i f i e d  phase.  

F lu id i zed  C a l c i n a t i o n '  of ~ t a l n l e s s  S t e e l  Wastes 

A l abo ra to ry  f l u i d i z e r  was opera ted  t o ;  o b t a i n  products .  from f  l u l d i z e d  

c a l c i n a t i o n  of a c i d i c  n i t r a t e s  of s t a i n l e s s  steel. The appa ra tu s  was 

t h e  same a s  t h a t  descr ibed  f o r  u s e  wi th  aluminum n i t r a t e .  The'composi- 

t i o n s  .of t h e  s o l u t i o n s  a r e  g iven  i n  Table  11, t h e  ope ra t i ng  condi t i o n e  

i n  Table. I V ,  t h e  ana lyses  of  t h e  samples i n  Table  I V ,  and t h e  s i e v e  

ana lyses  i n  Table V. 

Run F8 was made with a  s o l u t i o n  of f e r r i c  n i t r a t e ,  us ing  t h e  

f l u i d i z e r  wi th  a  1.75-inch-ID Vycor t u b e .  S o l i d s  f o r  t h e  bed were made 

by evapora t ing  a  s o l u t i o n  of f e r r i c  n i t r a t e  t o  dryness  and h e a t i n g  a t  

2 5 0 ~ ~ .  The. -10 +60-mesh f r a c t i o n  was used.  The run  was operated.  f o r  

one day, and some caking  was observed,  . . 

Run F10 was made wi th  a  s o l u t i o n  of f e r r i c  n i t r a t e ,  us ing  t h e  

modified f l u i d i z e r  wi th  a  2.25-inch-ID tube .  The run du r ing  t h e  f i r s t  

two,days  was poor,  and lumps formed i n  po r t i ons  of t h e  bed which cou ldn ' t  

be broken up e a s i l y  wi th  a  Vycor rod. The product from t h e  f i r s t  two 

days of ope ra t i on  was s ieved  and.ground t o  produce bed m a t e r i a l  

(-20 +GO-mesh) f o r  t h e  f i n a l  day of ope ra t i on .  The o p e r a t i o n  du r ing  

t h e  t h i r d  day was good dur ing  most of t h e  day, wi th  some caking occur r ing  

toward t h e  l a s t .  The +lo-mesh ma te r i a l  c o n s i s t e d  of 'a few l a rge -  lumps 

and was separa ted  from -10-mesh product .  

Rqn F11 was made wi th  a s o l u t i o n  of s t a i n l e s s  s t e e l .  Seven hundred 

m l  of a s o l u t i o n  of t h e  s amecompos i t i~nwas  evaporated t o  dryness  and 

heated a t  3 8 0 ~ ~ .  Th i s  was ground t o  o b t a i n  a  -20 +60-mesh f r a c t i o n  f o r  

a  s t a r t i n g  bed m a t e r i a l .  The a t t r i t i o n  of this bed m a t e r i a l  was very 

high ,  and some caking  occur red  dur ing  t h e  f i r s t  two days of o p e r a t i o n  

due t o  i n a b i l i t y  t o  maintain an adequate bed i n  t h e  f l u i d i z e r .  The 



t h i r d ,  f i n a l ,  day of o p e r a t i o n  was s a t i s f a c t o r y .  Only a s l i g h t  amount 

of cak ing  occur red ,  and no l a r g e  lumps were p re sen t  i n  t h e  product .  

Run F12 was made w i t h  a  s t a i n l e s s  steel s o l u t i o n  wi th  b o r i c  a c i d  

added i n  t h e  same manner a s  f o r  run .F11 .  D i f f i c u l t y  was experienced 

du r ing  t h e  f i r s t  two days because of a n . i n a d e q u a t e  amount. of bed' m a t e r i a l .  

The t h i r d  and f o u r t h  days gave some caking due t o  d i f f i c u l t i e s  wi th  t h e  

nozz le .  The f i f t h  day w a s  s a t i s f a c t o r y .  

The products  from t h e s e  runs  were p a r t l y  c r y s t a l l i n e ,  whereas 

aluminum n i t r a t e  ( run  F 9 )  gave an amorphous alumina. The i n t e n s i t y  of 

t h e  X-ray d i f f r a c t i o n  l i n e  was compared between the bed m a t e r i a l  and 
0 

a  similar sample i g n i t e d  a t  1000 C. Assuming t h a t  t h e  i n t e n s i t i e s  are 

p ropor t i ona l  t o  t h e  amount of c r y s t a l l i n e  ox ides ,  t hen  t h e  i r o n  oxide  

from run  F10 w a s  about h a l f  c r y s t a l l i n e  a-Fe203. S i m i l a r l y ,  t h e  s t a i n l e s s  

steel product ( r u n  ~ 1 1 )  was about 60% a-Fe203, (Fe20, and C r 2 0 3  i n  s o l i d  

s o l u t i o n ) .  The s t a i n l e s s  steel wi th  added b o r i c  a c i d  ( run  F12) conta ined  

about 25% OI-Fe203. A minor amount of un iden t i f  l e d  phase wi th  a  d-value 

a t  2.94 p re sen t  i n  a  couple  of samples ( s e e  Table  Iv ) .  This  phase was 

no t  p r e sen t  i n  t h e  t ransformat ion  s t u d i e s .  I t  was p re sen t  i n  g r e a t e r  
0 amount i n  t h e  samples i g n i t e d  a t  1000 C and a l s o  conta ined  X-ray l i n e s  

a t  d-values  of 4 .81 and 2.40. The small  amount of n i c k e l  i n  t h e  s t a i n -  

less steel may be p re sen t  i n  this phase. 

C. D i f f e r e n t i a l  Thqrmal Analys i s  of N i t r a t e s  of S t a i n l e s s  S t e e l  

D i f f e r e n t i a l  thermal  a n a l y s i s  (M'A) was used t o  s tudy  t h e  r e a c t i o n s  

which occur  dur ing  t h e  , c a l c i n a t i o n  of f e r r i c  n i t r a t e  and mix tures  of 

f e r r i c  n i t r a t e  w i th  chromium n i t r a t e .  The appa ra tu s  was t h e  same a s  t h a t  

used f o r  t h e  DTA s t u d i e s  on aluminum n i t r a t e .  The h e a t i n g  r a t e  was 1 0 ' ~  
iiil iiir , and t h e  n i t r a t e s  were . d i l u t e d  wi th  f e r r i c  oxide s o  t h e  sample 

would no t  s i nk  below t h e  thermocouple when t h e  n i t r a t e s  mel ted.  The 

r e s u l t s  a r e  given i n  Table  Xm, and a  few of t h e  JYI'A curves  a r e  shown i n  

F igu re  3 ,  



Table XI11 

DIFFEReNTIAL THERMAL ANALYSIS OF NITRATES OF IRON, CHRaIUM, AND NICKEL 

'F~N = Fe(N0,) ,.sH~o, CrN = Cr(N0,) ,. 9H20, NiN =' Ni (NO,) ,. 6H20 

Sample1 

FeN(25$)+Fe20, , 

(75% I S  
c~N(z~$J)+c~,o, 

(75$) 

crN(35$)+Fe20, 

(65$IS 

FeN(23$)+CrN(5'$) 

FeN(23$)+CrN(5$) 
+NiN (2$)+~e,0, (70$) 

~iN(40$)+~1,0~ (60$) 

N ~ N ( ~ o $ ) + N ~ o ( ~ o $ ) ~  

NiN(25$)+CrN(5%) 
+Ni0 (70%) 

NiN(15$)+crN(20$) 
+c.r20, (65%) 

,peak temperature is followed by the differential temperature (At enclosed 
in parentheses). An "s" before the temperature denotes a shoulder on the 
side of a larger peak. 

,DTA curve given in Figure 3. 

Gas 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Peak Temperatures and ~ a ~ n i  tides2 

64O(-4.8) ,~133~(-3.5), 161°(-8.8) ,~188~(-0.8) ,297'(-0.8) 
611°(-0.5) 

84O(-5.6), 163O(-12) , ~ 1 8 2 ~  (-5) 

84O(-10.8) ,S118O? (-4..7), 174O(-18) ,S196"(-7) 

65°(-4.6)11720(-24),6410(-0.8) ,674O(-0.5) 

74°(-6.0),~1070(-5,9)11750(-22),6560(-0.3) 

6EJ0(-8 .0,163~(-7 -5) ,232O(-6.0) ,331°(-8:.1) 

6.70(-4.7),1590(-6.2),2330(-6.0),3250(-6.4)l~34~0(-2.4) 

68°(-7.0),1680(-4.8),2230(-5.5),3430(-10.4) 

0 0 
60 (-1.8),83O(-5.2) ,187 (-18.0) ,568(-0.7) 



b 

I I 
v 

Fe ( NO,), 9 H 2 0  t3O0/0) 

Cr ( NO,), - 9 H20  ( 3 5 %  ) 

Fe ( NO,), 9H,O ( 2 2 . 5 % ) +  

Cr (NO,), 9 H 2 0  ( 5 . 1 ° / ~ )  + 
Ni (NO,), ' 6 H 2 0  ( 2 . 4 % )  

( STAINLESS STEEL RATIO ) 

N i  ( NO,), 6 H 2 0  ( 3 0 % )  

Ni ( NO, 1, 6 H 2 0  ( 2 5 % )  + 
Cr(NO,), ' 9 H 2 0  ( 5  % )  

( NICHROME RATIO.) 

0 2 00 4 0 0  6 0  0 8 0 0  
TEMPERATURE - OC 

RA-3662-8 

FIG. 3 DTA OF NITRATES OF IRON,CHROMIUM,AND NICKEL 



F e r r i c  n i t r a t e  d i l u t e d  wi th  f e r r i c  oxide had a  peak a t  , 6 4 q ~  d u e , t o  

mel t ing and a  peak a t -  161°C due t o  decomposition. Chromium nitrate had 
0 .  0 

a  peak due t o  mel t ing  a t  84 C ,  and a  peak due t o  decomposition a t  174 C. 

A mixture of f e r r i c  n i t r a t e  and chromium n i t r a t e  i n  t h e  r a t i o  f o r  
0 

s t a i n l e s s  s t e e l  wastes  had a  r e l a t i v e l y  broad second peak a t  172 , which 

i s  c l o s e r  t o  t h a t  of chromium n i t r a t e  than t h a t  of f e r r i c  n i t r a t e .  A 

mixture of i r o n ,  chromium, and n i c k e l  n i t r a t e s  i n  t h e  r a t i o  f o r  s t a i p l e s s  

s t e e l  was about t h e  same. The r e s u l t s  i n d i c a t e  t h a t  s t a i n l e s s  s teel  

w i l l  be conver ted  t o  t h e  ox ides  a t  a  temperature  between t h a t  of f e r r i c  

n i t r a t e  and chromium n i t r a t e .  

0 
Thermogravimetric s t u d i e s 2  a t  a  hea t ing  r a t e  of 2 .6  C  pe r  minute 

0 
i n d i c a t e d  t h a t  f e r r i c  n i t r a t e  reached a  cons t an t  weight a t  300 C, whi le  

0 
chromic n i t r a t e  r equ i r ed  500 C. A mixture:  of i r o n  and chromium n i t r a t e s  

. '> 
0 

reached cons t an t  weight a t  445 C ,  wh i l e  iron, chromium, and n i c k e l  
0 

n i t r a t e s  r equ i r ed  385 C .  A hydrated chromic ox ide  o r  b a s i c  n i t r a t e  was 

r epo r t ed  i n  t h e  range of 260 t o  3 9 0 ~ ~  .with chromium n i t r a t e ,  but  wasn ' t  

found wi th  mixtures  of chromium and o t h e r  n i t r a t e s .  

0 
~ a r a v a e v "  r epo r t ed  t h a t  n i t r i c  a c i d  vapor appeared a t  84 C du r ing  

t h e  decomposition of f e r r i c  n i t r a t e  and reached a  maximum concen t r a t i on  

(11.5%) a t  1 6 3 . 5 ~ ~ .  With chromium n i t r a t e ,  n i t r i c  a c i d  vapor appeared 

a t  96OC and reached a  maximum concen t r a t i on  (4.76%) a t  1 3 0 ~ ~ .  These 

r e s u l t s  i n d i c a t e  t h a t  i r o n  n i t r a t e  would decompose a t  a  h ighe r  tempera- 

t u r e  than chromium nlLraLe, wldcll  i s  t h e  apposite of t h c  conolus ions  

from t h e  IYTA and TGA r e s u l t s .  Perhaps t h e  hea t ing  r a t e  caused t h e  

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

The conc lus ion  from t h e s e  s t u d i e s  i s  t h a t  t he  n i t r a t e s  of s t a i n l e s s  

s t e e l  w i l l  form oxides  by c a l c i n a t i o n  a t  a  lower temperature  t han  chromium 

n i t r a t e  or  aluminum n i t r a t e ,  bu t  no t  a s  low a s  f e r r i c  n i t r a t e  a lone .  



D. Discuss ion  of C a l c i n a t i o n  of S t a i n l e s s  S t e e l  Wastes 

The l a b o r a t o r y  s t u d i e s  on c a l c i n a t i o n  of n i t r a t e s  of s t a i n l e s s  

s t e e l  can  be compared wi th  t h e  s t u d i e s  dn aluminum n i t r a t e  t o  e s t i m a t e  

t h e  r e s u l t s  on f l u i d i z e d  c a l c i n a t i o n  of t h e  former.  The t ransformat ion  

s t u d i e s  on s t a i n l e s s  s teel ,  u s ing  moderate p re s su re ,  produced cX-Fea03 

i n  a l l  c a s e s ,  even wi th  f a i r l y  l a r g e  concen t r a t i ons  of a d d i t i v e s  ( b o r i c  

a c i d ,  phosphoric a c i d ,  r a r e  e a r t h s ,  aluminum n i t r ' a t e  , and. comb1 n a t i o n s ) .  

T h i s  c o n t r a s t s  wi th  aluminum n i t r a t e ,  which r e q u i r e s  sodi  um t o  produce 

a-A1,0 ,  and produces amorphous alumina with r e l a t i v e l y  minor a d d i t i o n s  

of b o r i c  a c i d ,  phosphoric a c i d ,  o r  magnesium n i t r a t e .  

The d i f f e r e n t i a l  thermal  a n a l y s i s  i n d i c a t e d  t h a t  aluminum n i t r a t e  
0 

r e q u i r e d  a  temperature  g r e a t e r  t han  300  C t o  complete t h e  endothermic 

decomposition, while  a  corresponding temperature  f o r  s t a i n l e s s  steel 
0 was 2 2 0 ~ ~ .  The thermogravimetr ic  r e s u l t s  a t  a  hea t ing  r a t e  of 2.6 C 

pe r  minute i n d i c a t e d  t h a t  cons t an t  weight was reached wi th  aluminum 
0 .  0 n i t r a t e  a t  440 C, while  s t a i n l e s s  steel n i t r a t e s  r equ i r ed  on ly  385 C. 

These r e s u l t s  showed t h a t  s t a i n l e s s  s t e e l  n i t r a t e s  formed t h e  ox ides  

more r e a d i l y  t han  aluminum n i t r a t e ,  i n  ngrcement with t h e  o a o i c r  forma- 

t i o n  of c r y s t a l l i n e  ox ides  from s t a i n l e s s  s t e e l  t han  f.rom aluminum. 

The f l u i d i z e d  c a l c i n a t i o n  of s t a i n l e s s  s t e e l  wastes  i n  t h e  l abo ra to ry  

c a l c i n e r  produced a  product wi th  50% a-Fe,OS, whi le  aluminum wastes  gave 

an  amorphous product .  The g r e a t e r  res idence  t ime i n  t h e  p i l o t  p l an t  i s  

l i k e l y  t o  produce a  completely c r y s t a l l i z e d  a-Fea03. An u n c e r t a i n t y  

e x i s t s  w i t h  r e spec t  t o  t h e  form of t h e  n i c k e l  i n  t h e  product ,  bu t  i t  

may be p re sen t  i n  u n i d e n t i f i e d  phases o r  i t  may form a  s m a ' l l  amount of 

a  s p i n e l .  

The f a c t  t h a t  t h e  ope ra t i on  with s t a i n l e s s  steel n i t r a t e s  was more 

d i f f i c u l t  than wi th  aluminum n i t r a t e s  should no t  be a  mat te r  f o r  concern 

a t  t h i s  t ime ,  because t h e  l abo ra to ry  f l u i d i z e r  d i d  no t  have a s  adequate  

o p e r a t i n g  c o n t r o l s  a s  t h e  p i l o t  p l an t  u n i t s .  When p i l o t  p l an t  s t u d i e s  

a r e  made on s t a i n l e s s  steel n i t r a t e s ,  t h e  fo l lowing  should be c o n s i d e r e d .  . 

I f  t h e  normal range of temperature  produces a  c r y s t a l l i n e  product which 



i s  not  s a t i s f a c t o r y  a s  r ega rds  p a r t i c l e  s i z e  o r  a t t r i t i o n ,  then  t r i a l s  
0 can be made a t  lower temperatures  (e . .g . ,  t o  325 c ) ,  o r  w i th  a d d i t i v e s .  

such a s  t h e  r a r e  e a r t h s ,  o r  bo th .  

A study of t h e  phase t ransformat ions  i n  t h e  c a l c i n a t i o n  of s t a i n l e s s  

s t e e l  wastes  could i nc lude  a  s tudy  of t h e  many hydra t e s  and b a s i c  n i t r a t e s  

of i r o n  and s t a i n l e s s  s t e e l ,  but  t he se  have li t t l e  s i g n i f i c a n c e  because 

f l u i d i z e d  c a l c i n a t i o n  g i v e s  a  very r a p i d  conversion t o  t h e  ox ides .  The 

i n i t i a l  ox ides  which a r e  formed may c o n t a i n  a  mixture  of amorphous ox ides ,  

a-Fe,O, and minor amounts of u n i d e n t i f i e d  phases .  F u r t h e r  in format ion  

would be d e s i r a b l e  on t h e  r a t e  and f a c t o r s  a f f e c t i n g  t h e  formation of 

c r y s t a l l i n e  i r o n  oxide and t h e  form of t h e  n i c k e l  i n  the product .  The 

p re sen t  s t u d i e s  were designed t o  provide an adequate  background f o r  p i l o t  

p l a n t  s t u d i e s ,  and f u r t h e r  s t u d i e s  of  phase t ransformat ions  w i l l  probably 

be requi red  when p i l o t  p l a n t  s t u d i e s  a r e  made on s t a i n l e s s  s t e e l  wastes .  



V PHASE TRANSFORMATI ONS I N  CALC I  NATI ON 
OF NITRATES OF NICHROME 

The f l u i d i z e d  c a l c i n a t i o n  of a c i d i c  n i t r a t e s  of nichrome f u e l s  h a s  

n o t  been s t u d i e d ,  s o  t h e  p re sen t  l abo ra to ry  tests were p a r t i c u l a r . 1 ~  

needed t o  o b t a i n  background f o r  f u t u r e  work wi th  t h e s e  wastes .  

Nickel  ox ide ,  N i O ,  i s  formed by i g n i t i o n  of n i c k e l  n i t r a t e ,  a l though 

a  product  con ta in ing  a  h ighe r  amount of oxygen can be formed by h e a t i n g  
0 

n i c k e l  n i t r a t e  o r  carbonate  c a u t i o u s l y  t o  about 300 i.n a i r . 1 8  Nickelouo 

hydroxide i s  formed bv wrec ip i t a t i nn  rind trnnsformu t o  nioltol oxide la  

0 
under hydrothermal c o n d i t i o n s  a t  1000 ps i  a t  280 C .  Higher n i c k e l  ox ides  

a r e  known, i nc lud ing  p NiOOH and y N ~ O O H . ~ ~  Nickel oxide forms s p i n e l s  

( e . g . ,  NiFe20,) wi th  t r i v a l e n t  metal ox ides ,  such a s  i r o n ,  aluminum, o r  

chromi um . 
Mil l igan  and o t h e r s  have r epo r t ed  t h a t  a  composition range e x i s t s  

f o r  NiO-A120,  i n  which c r y s t a l l i z a t i o n  i s  hindered and which i s  des igna ted  

a s  a  zone of mutual p r o t e c t i o n  aga ins t  ~ r y s t a l l i z a t i o n . ~ '  For  example, 

N10 and A 1 2 0 ,  w e r e  p r e c i p i t a t e d  a s  a mixed g e l  and hea t - t r ea t ed  a t  
0 

tempera ture  l e v e l s  of 300 t o  700 C. I n  t h e  r eg ion  from 60 t o  80  mole 

$ N i O ,  t h e  samples Mere essent i . a l1 .y  amorphous t o  X-raye. [ J tud ies  on . the 

N~o-c~ ,o , - z~o ,  system2 showed an ex t ens ive  amorphous zone of composition 

a t  500°c, i nc lud ing  a  r eg ion  a t  70 mole $ of N i O  i n  t h e  system Ni0-Cr203. 

A .  'Transformat ions  i n  Nichrome. Wastes 
-..7- >*- 

The phase t r ans fo rma t ions  wi th  nichrome (80 ~ i / 2 0  ~ r . )  wastes  were 

s t u d i e d  i n  t he  same manner a s  f o r  alumina. s y n t h e t i c  oxides  were prepared 

from a c i d i c  s o l u t i o n s  of t h e  n i t r a t e s ,  and t h e s e  woro. heated a t  moderal;e 

pres su re .  The s t u d i e s  inc luded  t h e  e f f e c t  of a d d i t i v e s  such a s  b o r i c  

a c i d ,  phosphoric a c i d ,  aluminum n i t r a t e ,  r a r e  e a r t h s ,  and f i s s i o n  

products  . 



The compos i t ions  o f  t h e  s o l u t i o n s  a r e  g i v e n  i n  Table  XIV. These 
.. . 

s o l u t i o n s  were evapora ted  n e a r l y  t o  d r y n e s s  and h e a t e d  i n  a m u f f l e  a t  
. .  . . 

230 t o  300°C. The compos i t ions  o f  t h e  s y n t h e t i c  'metal o x i d e s  a r e  a l s o  

g i v e n  i n  Tab le  XIV.  . A t  t h a t  temperatu ' re ,  n i c k e l  o x i d e  w a s  f o i n d  . o n l y  
. . 

from n i c k e l  n i t r a t e  and i n , s a m p l e s  EI t o  EL, which c o n t a i n e d  aluminum 

n i t r a t e  i n  t h e  r a t i o  sugges ted  f o r  p r e v e n t i o n  o f  c r y s t a l l i z a t i o n .  

y-NiOOH was p r e s e n t  i n  . t h e  samples p repared  from s t a i n l e s s  s t e e 1  ' n i t r a t e s  . 
An u n i d e n t i f i e d  Phase  was p r e s e n t  i n  t h e  samples EU to EW, which con- 

t a i n e d  a  blend o f  s t a i n l e s s  s t e e l  and nichrome wastes w i t h  e x c e s s  n i c k e l  

o v e r  t h e  r a t i o  t o  produce a  s p i n e l  ( e . g . ,  NiFe20,). 

Each o f  t h e  s y n t h e t i c  o x i d e s  was then  p laced  i n  t h e  Aminco micro 

r e a c t o r  f o r  t r e a t m e n t  a t  4 0 0 ' ~  under  t h e  moderate p r e s s u r e  o f  n i t r i c  

a c i d  and w a t e r  vapor  from t h e  decomposi t ion o f  t h e  samples .  The compo- 

s i t i o n s  o f  t h e  p r o d u c t s  a r e  g i v e n  i n  Table  XV. 

Nickel  o x i d e  was formed i n  a l l  o f  t h e  samples c o n t a i n i n g  a  l a r g e  

f r a c t i o n  o f  n i c k e l ,  and most o f  t h e  samples a l s o  c o n t a i n e d  u n i d e n t i f i e d  

X-ray d i f f r a c t i o n  l i n e s .  Samples EB and EC, w i t h  b o r i c  a c i d  a n d , p h o s p h o r i c  

a c i d  a s  a d d i t i v e s ,  had s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  amount o f  NiO compared 

w i t h  t h e  c o n t r o l .  

Sample EI  c o n t a i n e d  aluminum and n i c k e l  i n  t h e  'mole r a t i o  sugges ted  

f o r  p r e v e n t i o n . o f  c r y s t a l l i z a t i o n ,  b u t  n i c k e l  o x i d e  was formed. Addi t ion  

o f  aluminum t o  nichrome, a s  i n  samples EJ t o  EL, gave  p r o d u c t s  which 

c o n t a i n e d  n i c k e l  o x i d e .  
. , 

Nickel  o x i d e  was formed i n  samples EU and EV, which c o n t a i n e d  a 

mix ture  o f  s t a i n l e s s  s t e e l  and nichrome w a s t e s .  Sample EW, w i t h  added 

b o r i c  a c i d  and added f i s s i o n  p r o d u c t s ,  a c t e d  t h e  same a s  earl ier  samples 

w i t h o u t  added f i s s i o n  p r o d u c t s .  

F i s s i o n  p roduc t s  w i l l  p robab ly  n o t  a f f e c t  t h e  c r y s t a l l i n i t y  o f  

s t a i n l e s s  s t e e l  o r  nichrome w a s t e s .  Mixing s t a i n l e s s  steel and nichrome 

was tes  does  n o t  appear  u s e f u l  t o  p r e v e n t  fo rmat ion  o f  c r y s t a l l i n e  o x i d e s .  



Table XIV 

SYNTHETIC METAL OXIDES FOR NICHROME 

'see Table XI for original composition of solutions and oxides 

2~emperature for prepara ing oxides By heating in muffle 16 ' hours after 
evaporating solutions. 

3~~~ = Loss on ignition at 1000°C. 

Oxide . 

CU 

D S 

DY' 
DZ 

E A 
EB 
EC 
E I 

EJ 
EK 

EL 

EM 

EU 
EV 
Eibj 

"hases or unidentified lines are followed by intensity in divisions 
(enclosed in parentheses). 

~ e m p ~  
(OC) 

290 

250 

250 
250 

250 
250 
250 
300 

300 
300 

300 

30'0 

230 
230 
230 

Composition of solution1 
(molar) 

L O I ~  
.($I 
29.5 

34.1 

37 .3 
5.01 

41.3 
37.2 
38.6 
27.2 

16.5 
18.8 

28.6 

28.8 

42.0 
45 .li 
51.4 

Fe 

0.38 
0.30 
0.38 

Analysis of Oxides 

X-Ray ~ a t a ~  

y-~iOOH(148), Ni0(21), 2.72 
(28) ,2.47 (20) 

r-~i00~(28),2.54(6),2.45 
(6 

7-Ni00~(41) 
7-NiOOII(20) ,4.85(14), , 

4.37(8),2.88(6) 

7-NiOOH(23) 
~-Ni00~(22) 
7-NiOOEi(27) 
~10(54),6.8(4) 

Ni0(24),2'.54(6) 
Ni0(27),3.24(4) 

~i0(17),2.54(7) 
. . 

NaN0,(27) 

4.85(11),4.37(8) ,2.88(7) 
4.85(19) , R  -31 (14),4.37(15) ' 
4.85(28), 4.37(27),3.31(26) 

Cr 

0.22 

0.18 
0.18 

0.18 
0.18 
0.18 

0.13 
0.13 

0.13 

0.02 

0..18 
0.10 
0.18 

Ni 

1 .O 

0.78 

0.82 
0.82 

0.82 
'0.82 
0.70 

0.60 
0.60 

0.60 

0.08 

0.45 
0.45 
0.45 

r 

Other 

0.05 B 

0.82"0.05P 
0.20B 
0.20P 
0.30Al 

0.27 A1 
0.27A1, 
0.10 B 
0.27 Al, 
0.10 P 
0.90 Al, 
0.14 Na 

0.01 F.P. 
0 0 FP. b . t n ~ '  



Table XV"' 

NICHROME METAL OXIDES HEATED IN MICRO REACTOR UNDER PRESSURE 

'see Table IV for original compositions of solutions and oxides. 
' .  

,SS = Elements in proportions for stainless steel. 
Nic = ~lements in proportions for nichrome (80 Ni/20 Cr) . 

0xi de ' 

CU 

DS 

DY 

DZ 

E A 
EB 
EC 

E I 
EJ 
EK 

EL 
EM 

E U 

EV 

EW 

,LOI = Loss on ignition at ~ O O O ~ C ,  

~ l e m e n t s ~  

Ni 

Ni+Cr 

Nic 

Nic+B 

Nic+P 
Nic+B 
Nic+P 

Ni,A1 
Nic,Al 
Nic,Al,B 

Nic,Al,P 
Nic,Al,Na 

SS+Nic 

SS+Nic,F.P. 

SS+Nic,F.P. ,B 

4~hases 'or unidentified lines are followed by intensity in divisions 
(enclosed in parentheses). 

Heati 

Temp. 

(Oc) 

400 

400 

400 

400 

400 
400 
400 

400 
400 
400 

400 
400 

400 

400 

400 

LOI, 

0.4 

20.3 

6.0 

6.2 

7.5 
6.9 
9.2 

11.6 
24.3 
15.4 

19.0 
25.4 

6.2 

6.6 

6.0 

X-Ray Dat a4 

~i0(151),2.30(6),2.65(5) . . . . 

y-~i00~(20) ,~i0(28) 
~i (OH),?(7) ,2.61(26) 

Ni0(119),2.54(15) 
3.65,(10),3.41(8) 

~10(69),2.54(11),3.65(8), 
3.41 (7) 

~i0(82) ,2.54(8) ,3.13(6) 
Ni0(11),2.61(10),2.48(6) 
Ni0(21),3.13(20),2.35(9), 

4.50(8) 

Ni0(96),2.01(6) 
~10(22),2.54(13),3.65(8) 
Ni0(22),2.54(15), 

3.65(15) 

Ni0(22),2.54(9),3.65(6) 
~a~0,(58), y~l,0,(7), 

3.40(5) 
~io(19) ,~iFe~0,(18), 

3.65(6) 
Nio(l0) ,~i~e,0,(18), 

3.65(5) 
~ i 0 ( 1 3 ) , ~ i ~ e ~ 0 ~ ( 2 0 )  

ng Condi 

Pressure 
(psig) 

160 

. 335 

leak 

leak 

leak 
leak 
leak 

320 
320 
320 

320 
320 

300 

300 

300 

tions 

Time 

(hr) 

140 

163 

67 

67 

67 
67 
67 

160 
160 
160 

160 
160 

30 . 

30 

30 



The u n i d e n t i f i e d  p h a s e s ,  which were p r e s e n t  i n  many of ' t he  samples ,  

may c o n t a i n  t h e  chromium. F u r t h e r  s t u d i e s  .would be  needed t o  d e t e ~ m i n e  

t h e  compos i t ion  o f  t h e s e  phases .  

B. F l u i d i z e d  c a l c i n a t i o n  of  Nichrome Wastes 

A l a b o r a t o r y  f l u i d i z e r  was o p e r a t e d  t o  o b t a i n  p r o d u c t s  from f l u i d i z e d  

c a l c i n a t i o n  of nichrome w a s t e s .  The a p p a r a t u s  was t h e  same a s  t h a t  

d e s c r i b e d  f o r  u s e  wi th  aluminum n i t r a t e .  The compos i t ions  of t h e  f e e d  

s o l u t i o n s  a r e  g i v e n  i n  T a b l e  11, t h e  o p e r a t i n g  c o n d i t i o n s  i n  Tab le  111, 

t h e  a n a l y s e s  of t h e  samples  i n  Tah le  TV,  and ths o i e v e  anelyooo of t h e  

f r ~ d u c t  i n  T s h l e  V .  

Kun Y 1 Y  was made wi th  a  nichrome w a s t e ,  t h e  sum of  n i c k e l  p l u s  

chromium b e i n g  e q u a l  t o  1 . 5  molar .  A l i t e r  of s o l u t i o n  was e v a p o r a t e d  
0 . t o  d r y n e s s  and d r i e d  a t  400 C t o  o b t a i n  m a t e r i a l  (-20 +60 mesh) f o r  

t h e  bed .  However, t h i s  m a t e r i a l  was e x t r e m e l y  f r a g i l e  and n e a r l y  a l l  

of i t  blew o u t  o f  t h e  f l u i d i z e r .  On t h e  t h i r d  day t h e  c o n c e n t r a t i o n  of 

t h e  n i c k e l  p l u s  chromium i n  t h e  f e e d  s o l u t i o n  was i n c r e a s e d  from 1 . 5  t o  

2 . 0  molar .  The f l u i d i z e r  o p e r a t e d  p o o r l y ,  wi th  some c a k i n g  and w i t h  h i g h  
0 0 a t t r i t i o n .  O p e r a t i n g  a t  400 C seemed b e t t e r  t h a n  a t  350 C ;  t h c  d e s i g n  

o f  t h e  a p p a r a t u s  p reven ted  t r i a l s  a t  h i g h e r  bed t e m p e r a t ~ l r ~ a .  The 

a p p a r a t u s  w a s  much more d i f f i c u l t  t o  o p e r a t e  w i t h  nichrome t h a n  w i t h  

t h e  s t a i n l e s s  s t e e l  o r  aluminum was te  s o l u t i o n s ,  

Run F14 was made w i t h  nichrome w a s t e ,  s i m i l a r l y  t o  r u n  F13 e x c e p t  

t h a t  b o r i c  a c i d  was added t o  t h e  f e e d  snlut!.on. The'aame d i f f i c u l t i e s  

were e x p e r i e n c e d  a s  i n  F13: t h e  bed m a t e r i a l  was f r a g i l e ,  c a k i n g  occu, r red ,  

and t h e  o p e r a t i o n  was poor.  

The o x i d e s  from nichrome wastes (rtiii ~ 1 3 )  had abou t ,40$  of c r y s t a l l i n e  

NiO. With added b o r i c  a c i d ,  t h e  i g n i t e d  sample had abou t  40% t h e .  i n t e n s i t y  

o f  t h e  sample w i t h o u t  b o r i c . a c i d ,  and t h e  product  from t h e  f . l u i d i z e r  

( r u n  ~ 1 4 )  had abou t  35% of : t h e  i n t e n r i  t y  of  t h e  i g n i t e d  sample.  With tlra 

i n c r e a s e d  r e s i d e n c e  t i m e  i n  t h e  p i l o t  p l a n t ,  compared w i t h  t h e  l a b o r a t o r y  

c a l c i n e r ,  t h e  p roduc t  from f l u i d  bed c a l c i n a t i o n  of n ichrome w a s t e s  w i l l  

46 



probably  b e  mainly  c r y s t a l l i n e  NiO w i t h  t h e  chromium p r e s e n t .  i n  a  s p i n e l ,  

e . g . ,  NiCr,O,, o r  a n  u n i d e n t i f i e d  phase .  

C. D i f f e r e n t i a l  Thermal A n a l y s i s  of N i t r a t e s  of Nichrome 

D i f f e r e n t i a l  the rmal  a n a l y s i s  w a s  used t o  s t u d y  t h e  r e a c t i o n s  which.  

occur  d u r i n g  t h e  c a l c i n a t i o n  of  nichrome (80 ~ i / 2 0  ~ r ) .    he a p p a r a t u s  

was t h e  s a m e , a s  t h a t  used f o r  t h e  DTA s t u d i e s  on aluminum n i t r a t e .  The 

r e s u l t s  a r e  g i v e n  i n  Tab le  XI11 and F i g u r e  3 i n  t h e  s e c t i o n  on DTA of  

n i t r a t e s  of s t a i n l e s s  s t e e l .  

Nicke l  n i t r a t e  d i l u t e d  w i t h  n i c k e l  o x i d e  had f o u r  peaks  a t  67, 159,  

233, and 3 2 5 O ~ .  The f i r s t  c o r r e s p o n d s  t o  t h e  m e l t i n g  of n i c k e l  n i t r a t e ,  

and t h e  o t h e r  peaks t o  s u c c e s s i v e  s t e p s  i n  t h e  decomposi t ion of n i c k e l  

n i t r a t e .  

The the rmal  decomposi t ion of  n i c k e l  , n i t r a t e  h a s  been repor ted1 '  t o  
0 

g i v e  n i t r i c  a c i d  vapor  a t  138 C, w i t h  a  maximum c o n c e n t r a t i o n  (3.22%) 

a t  2 3 5 O ~ .  The the rmograv imet r i c  s t u d i e s 2  a t  Idaho  F a i l s  i n d i c a t e d  t h e  
0 f o r m a t i o n  of a  compound a t  250 C  wi th  a  d e f i n i t e  x-ray p a t t e r n  and a n  

approximate  e m p i r i c a l  formula  N~(OH)NO', .&H,O. . ' . , 

A m i x t u r e  of n i c k e l  n i t r a t e  and chromium n i t r a t e  i n  t h e  r a t i o  f o r  

nichrome w a s t e s  had f o u r  main peaks c l o s e  t o  t h o s e  f o r  n i c k e l  n i t r a t e  

a l o n e .  However, a  v e r y  marked change i n  t h e  DTA o c c u r r e d  when t h e  

chromium n i t r a t e  was i n c r e a s e d  t o  a n  amount e q u i v a l e n t  t o  t h e  f o r m a t i o n  

of  s p i n e l ,  and t h e  DTA resembled t h a t ,  f o r  n i t r a t e s  of s t a i n l e s s  s t e e l .  

A b l e n d  of  ,n ichrome and s t a i n l e s s  s t e e l  w a s t e s  might a c t  s i m i l a r l y  t o  

s t a i n l e s s  s t e e l  w a s t e s  i n .  f l u i d i z e d  c a l c i n a t i o n .  

D. D i s c u s s i o n  of  C a l c i n a t i o n  of  Nic.hrome Wastes 

The l a b o r a t o r y  s t u d i e s  on c a l c i n a t i o n  o f  nichrome w a s t e s  showed 

t h a t  c r y s t a l l i n e  n i c k e l  o x i d e  was formed i n  t r a n s f o r m a t i o n  s t u d i e s  a s  

r e a d i l y  a s  s t a i n l e s s  s t e e l  w a s t e s  and much more r e a d i l y  t h a n  aluminum 

w a s t e s .  



The d i f f e r e n t i a l  thermal  a n a l y s i s  of nichrome wastes  showed a  peak . 

0 
extending  t o  360 C, compared with a  temperature  of 3 0 0 ' ~  f o r  aluminum 

0 
n i t r a t e .  The thermogravimetr ic  d a t a  gave a  temperature  of 510 C f o r  

' 0 
cons t an t  weight ,  compared wi th  440 C f o r  aluminum n i t r a t e .  The d a t a  

i n d i c a t e  t h a t  nichrome was tes  r e q u i r e  h ighe r  temperatures  f o r  forming 
. . 

ox ides  t han  aluminum was tes .  

The f l u i d i z e d  c a l c i n a t i o n  of nichrome wastes  i n  t h e  l abo ra to ry  

produced a  product con ta in ing  40% of c r y s t a l l i n e  n i c k e l  ox ide .  The 

conc lus ion  i s  t h a t  nichrome wastes  w i  11 produce a  c r y s t a l l i n e  product 

i n  t he  p i l o t  p l a n t ,  w i th  t h e  chromium presen t  i n  i n  as y e t  unident i  f t a d  

phase or  as a s p i n e l .  

The o p e r a t i o n  of t h e  l abo ra to ry  ' f l u i d i z e r  was much more d i f f i c u l t  

wi th  nichrome t h a n  !ith aluminum o r  s t a i n l e s s  s t e e l  wastes .  I f  t h e  

f l u i d i z e d  c a l c i n a t i o n  of nichrome wastes  was u n s a t i s f a c t o r y  bu t  s t a i n l e s s  

s t e e l  was tes  were s a t i s f a c t o r y ,  t hen  t h e  DTA r e s u l t s  i n d i c a t e  t h a t  a  

mixture  of s t a i n l e s s  steel and nichrome wastes  i n  t h e  s p i n e l  r a t i o  would. 

be  worth t r y i n g .  Poss ib ly  t h e  ope ra t i ng  temperature  should be h ighe r  

f o r  nichrome wastes  than  f o r  a1,uminum was tes .  

A complete s tudy of 'tb phase t ransformat ions '  i n  t h e  c a l c i n a t i o n  

of nichromo w a ~ t c o  wouid i ne lude  t h e  many hydra t e s  and b a s i c  n i t r a t e s  

of n i c k e l  and nichrome. Such s t u d i e s  were beyond t h e  scope o'f t h e  p re sen t  

cont.ract, and may be r equ i r ed  a t . a  i a t e r  d a t e  when p i l o t  p l an t  s t u d i e s  ' 

a r e  made. ' 



CONTRIBUTORS . . 

Many i n d i v i d u a l s  have c o n t r i b u t e d  t o  this p r o j e c t .  Three  who c o n t r i -  

b u t e d  g e n e r a l l y  t o  t h e  o v e r - a l l  d i r e c t i o n  'of the  r e s e a r c h  a d  i n t e r p r e t a -  

t i o n  of r e s u l t s  were A r t h u r  G .  Brown and Maurice Huggins a t  S t a n f o r d  

Research I n s t i t u t e  and C y r i l - . S l a n s k y  . a t  Idaho'  F a l l s .  The t r a n s f o r m a t i o n  

s t u d i e s  were c a r r i e d  o u t  by Ed C a r r  and Haro ld  Eding.  The chemical  a n a l y s e s  

were done by O l i v e r  Smith ,  and t h e  X-ray d i f f r a c t i o n  by H a r r i e t t  Johnson.  

The e l e c t r o n  d i f f r a c t i o n  s t u d i e s  were done ,by John  Saunders  and Don S t e l l m a n .  

Maurice Huggins c o n t r i b u t e d  t o  t h e  s t r u c t u r a l  t h e o r y .  C h a r l e s  Lapp le  was 

c o n s u l t e d  on c y c l o n e  d e s i g n  and o p e r a t i o n .  

: The p e r s o n n e l  a t  Idaho F a l l s ,  p a r t i c u l a r l y ' B o b ' M u r r a y  and J h n ' ~ h o d e s ,  

have been h e l p f u l  i n  p r o v i d i n g  background and u n d e r s t a n d i n g  of  tk problems 

as  w e l l  a s  i n  g i v i n g  s u g g e s t i o n s .  

Haro ld  Eding 4 
S e n i o r  P h y s i c a l  Chemist 

S e n i o r  ~ e s e a r u h c i e n t i  st 

Head P h y s i c a l  Chemist  
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. Appendix A 

COMPOSITION OF ALUMINUM NITRATE SOLUTIONS 

Solut ion 

H 
K 
BB 
BC 
BX 

BY 
BZ 
C A 
OD 
CC 

CD 
CE 
CF 
CG 
CH 

C I 
C J  
CK 
CL 
CM 

CN 
CO 
CP 
CQ 
CR 

CW 

CX 
CY 
CZ 

D A 
DB 
DC 
DD 

of Solution,  Molar 

Other 

0.162M H3BO3 

0.162M H3B03 

0.85MH,B03 
0.170M H3B03 
0.085M H3B03 
0.034MH3B03 
0.085MH3P04 

0,034M H3B03 + 0.034M H3P04 
0 . 0 0 7 M ~ a ( ~ 0 ~ ) ~  + 0,027MCoNO3 
0.020MNa2Mo04.2H20 
0.024MZirconyl n i t r a t e  
0.0'iOM C ~ ( N O ~  .6H20 + 

0.014M La ( ~ 0 ~  ) .6H20 

1.02MHoP0, 
0.41MH3P04 
0.206M H3P04 
0.041M H3P04 
0.41MH3B03 

0.31M F ~ ( N O ~ ) , - ~ H ~ O ,  0.06M 
~r (NO, ), .9H00, Oi03M NI  NO^ 
6H20 

U.17M H3BO3 
0.17MH3P04 
0.085M H3BO3 

0.085M u3P04 
0.043MH3B03 
0.043MH3P04 

A ~ ( N O ,  ), 

1.70 
0.60 
1 .70 
1.70 
1 .70 

1.70 
1.70 
0.57 
0 .61 
0.57 

1 .70  
1.70 
,1.70 
1 .70 
1.70 

1.70 
1.70 
1.70 
1.70 
1 . 7 0  

1.70 
1.70 
1.70 
1.70 
1.70 

1.70 

1.70 
1 .70 
1.70 

1 .70  
1.70 
1 .70  
1.70 

~ 1 '  

1 .10 

1.14 
1 .14  
1.14 

. 

Composition 

HNO, 

1.26 

1.26 

NaNO, 

1.00 
1 .70 
0.50 
0.50 

0.10 
0 . 0  

1 0.10 

1.26 
1.26 
1.26 
1.26 
1.26 

1.26 
1.26 
1.26 
1.26 
1 .26 

1,26 
1.26 
1.26 
1.26 
1.26 

1.26 

1.26 
1.26 
1.26 

1.26 
1.26 
1.26 
1.26 

I 0.10 

0.10 
0.10 
0.10 
0.10 
0.10 

0.10 
n.10 
0.06 
0.10 
0.10 

0.13 
0.13 
0.13. 
0.13 
0.13 

0.10 

0.25 
0.25 
0.25 

0 .25 '  
0.25 
0.25 
0.25 



Appendix A (concluded)  

'Aluminum metal d i s so lved  by e l e c t r o l y s i s .  

So lu t ion  

DE 
DF 
DG 
DH 

D I 
D J  
DK 
DL 
DM 
DN 

EN 
EO 
EP 
EQ 
ER 

2 ~ o r m a l  concen t r a t i ons  of f i s s i o n  products  were t aken  a s  CsN03 0.0013; 
Z ~ O ( N O ,  ), 0.0012 ; NaiMoO, .2H20 0.0010; ~a (NO, ), .6H20 0.0006 ; ~e (NO, ), . 
6H20 0.0005; B ~ ( N o , ) ,  0.0003; RuC1, 0.0003. T o t a l  molar concen t r a t i on  
= 0.0052.  

Composition of So lu t ion ,  Molar 

A ~ ( N O ,  ), 

1 . 7 0  
1 .70  
1 . 7 0  
1 .70  

1 .70  
1 .70  
1 .70  
1 . 7 0  
1 . 7 0  
1 . 7 0  

1 .70  
1 . 7 0  
1 .70  
1 .70  
1 . 7 0  

HNO, 

1 .26  
1 .26  
1 .26 
1 .26  

1 .26  
1 .26  
1 .26  
1 .26  
1 .26  

1 .26  
1.26 
1 .26  
1.26 
1.26 

~ l '  NaNO, 

0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.25 
0.25 
0.25 

0 .10  
0.10 
0.10 
0 .10  
0 .10  

Other 

0.085MH3B03 
0.085MH3P04 
0.043M H3B03 
0.043MH3P04 

- - 
0.022H3B03 
0.022H3P04 
0.011H3B03 
0.011H3P04 
0  .38 H3B03 

0.0052 ~ . ~ . ? + 0 . 0 1  H3B03 
0.0052 F.P.  

- - 
0.0104 F.P. 
0.0104 F.P.  + 0 . 0 1  H3B03 



Appendix B 

COMPOSITION OF SYNTHETIC ALUMIMAS 

~ lumina '  

H 
K 
BB 
BC 
BX 

- 
H Y 

BZ 
CA 
CB 
CC 

CD 
CE 
CF 
CG 
CH 

e r 

CJ 

CK 
CL 
CM 

CN 
CO 
CP 
CQ 
CR 

CW 
CX 
CY 
CZ 

Method and 
Temp. 

( O c )  

Boil-300 
Boil-300 
Drip-450 
Drip-450 
Boil-200 

H n i  I-21.11~ 

Boil-200 
Boil-200 
Boil-200 
Boil-200 

Boil-300 
Boil-300 
Boil-300 
Boil-300 
Boil-300 

~ o i i - 2 9 0  

Boil-290 

.Boil-200 
Boil-290 
Boll-2YU 

Boil.290 
Boil-290 
Boil-290 
Boil-290 
Boil-290 

Boil -290 
Boil-290 
Boil-290 
Boil-290 

X-Ray ~ a t a ~  

NaN0, (143) 
NaN03 (81 ) 
NaNO, (71 ) 
NaN0, (85 ) 
~ ( 1 5 0 )  ,3.87(20, 

5.80(19) 

C (125 ) , N ~ N O ,  (31 ) , 
3.87(11) 

~ ( 1 5 0 )  , N ~ N O ,  (20) - - 
- - 
- - 

3.34(8) ,5.60(4) -- 
-- 
- - 

- - 
- - 
P w  

3.02(5) 

- - 
AlP0, (194) - - -- 

-- - - 
-- 

NaNO, (11 ) 
NaNO, (11 ) 
NaNO3 (26 ) 

Na20 

0.59 
1.00 
0.29 
0.29 

U.Uh 

0.06 

0.06 
0.06 

0.06 
0.06 
0.06 
0.06 
0.06 

0.06 

0.06 

0.06 
0.06 
0.06 

0.08 
0.08 
0.08 
0.08 
0.08 

0.06 
0.15 
0.15 
0.15 

~1umina~- ole 

H20 , 

0.76 
0.62 
0.76 
0.90 
4.72 

4.10 

4.38 
2.31 
2.41 
2.39 

1.51 
1.82 
1.08 
1.00 
1.07 

0.90 

0.88 

0.88 
0.87 
1.27 

0.43 
0.68 
0.98 
0.76 
5.05 

0.81 
0.83 
0.86 

NO; 

1.32 
2.22 
0.86 
0.95 
1.97 

1.83 

1.98 
0.89 
1 . O 1  
1.04 

1.04 
0.64 
0.40 
0.35 
0.34 

0.38 

0.35 

0.36 
0.41 
0.53 

0.31 
0.40 
0.42 
0.42 
0.61 

0.57 
0.60 
0.57 

Ratios t o  A 1 2 0 3  

Other 

0.10B203 

0.10 B203 

0.46 B203 
0.09B203 
0.05B203 
0.02B203 
0.05 P20, 

o . o ~ B , o , ,  
0.02 P20, 

0.004Ba0, 
0.009 Cs2O 

0 .012Md3 
0.014Zr02 
0.003 Ce203 
0.004 La203 

0 .60k20,  
0.24 P20, 
0.12P205 
0.03 P20, 
0.24B203 

s . s . ~  
0.10 B,O, 
0.10 P20, 
0.05Bz03 



Appendix B (concluded ) 

'Aluminas prepared Prom solutions i n  appendix A .  

~ lumina '  

D A 
DB 
DC 
DD 

DE 
DF 
DG 
DH 

D I 
D J  
DK 
DL 
DM 
DN 

EN 

EO 
EP 
EQ 
ER 

; 

' ~ e m ~ e r a t u r e  for  boil-down method i s  f o r  the  muffle fo r  16 hours. Tem- 
. perature fo r  d r ip  method i s  tha t  of the  Glas-col heating mantle. 

4 ~ l p h a  alumina contents a re  reported i n  percent. Other phases o r  un- 
ident i f ied  l ines  are  followed by the  in tens i ty  i n  a rb i t r a ty  scale  . 
divisions '(enclosed parentheses). C = C phase, Iota = Iota Al,03 . ' 

Method and 
Temp., 

( O c  

Boil-290 
Boil-290 
Boil-290 
Boil-290 

Boil-290 
Boil-,290 
Boil-290 
Boil-290 

Boil-300 
Boil -300 
Boil-300 
Boil -300 
Boil-300 
~ o i i - 3 0 0  

Boil-300 

Boil-300 
Boil-300 
Boil-300 
Boil-300 

's.s. = 0.182 Fe203, 0.035 Cr,O, ,  0.032 N i O .  

6 ~ o l e  r a t i o s  t o  A1,03 for  f i s s i on  products i n  EN and EO were RuO, 
0.004; ZrO, 0,0004; BaO 0.0004; Ce203 0.0003; La,O, 0.0004; MOO, 
0.0012; Cs,O 0.0008. Samples EQ and ER had twice t h i s  concentration. 

X-Ray Data4 

NaNO, (34) 
N ~ N O ,  (38) 

NaN0,(45) , . 

NaNO, (40 ) 

NaN0, (27 ) 
NaN0, (32) 
~ a ~ 0 , ( 3 8 )  
NaN0,(37) 

N a N 0 3  (30) 
N ~ N O ,  (33) 
N ~ N O ,  (30). 
N ~ N O ,  (51 ) ,. 
NaN0, (46) -- 
N ~ N O ,  (4)  

NaNO3 (1 
NaN0, (8 ) 
N ~ N O , ( S )  
NaN0,(2) 

~1urnina~- ole Ratios t o  AlzO ,  

Na,O 

0.15 
0.15 
0.15 
0.15 

0.15 
0.15 
0.15 
0.15 

0.15 
0.15 
0.15 
0.15 
0.15 

0.06 

0.06 
0.06 
0.06 
0.06 

H,O 

0.88 
1.26 

. 1 . 1 7 , 0 . 7 2  
0.87 

0.86 
1.17 
1.12 
0.92 

0.93 
0.97 
1.05 
1 . 4 9  
1.42 
1.72 

1.53 

1.57 
1.61 
1.65 
1.86 

NO; 

0.57 
0.77 

0.59 

0.60 
0.61 
0.69 
0.55 

0.53 
0.61 
0.58 
0.77 
0.65 
0.64 

0.59 

0.65 
0.54 
0.54 
0.60 

. . 

Other 

0.05P205 
0.025 B203 
0.Q25P,0s 

0 .05~ . , 0 ,  
0.05 P20, 
0.025B,03 
0.025P,OS 

0.013 Bz03 
0.013 P,Os 
0.007 Ba03 
0.007 P,Os 
0.22 B,O, 

0.006 B 2 0 3 ,  
0:003 F.P.' 

0.003F.P. 

0 .005F.P.  
0.006 B,O,, 
0.005 F.P. 



Appendix C 

ALUMINAS HEATED IN MICRO REACTOR UNDER. PRESSURE 

. 

X-Ray ~ a t a ~  

aH20(17 ) , NaNO, (270) ,A (.20) 
aH20(61),NaNO3(230);A(6) 

a(.i3$) ,cYH~o(~) ,N~NO, ( 4 W A ( 1 5 )  
~ ~ ( 2 4 )  ,n~~0(43), NaNn3 (330) 

aH20(23) ,N~NO, (56),~(13) 
CxH20(19) ,N~NO, (148) ,A(14) 

QIH,o(~~~) 
m2o(145) 

aH20('36 ) , NaNO, (24) 
aH20 (154, N~NO, (29) 

aH20(15) ,N~NO, (18),4;44(8) 
aH,0(67), N ~ N O ~  (25) ,5.:30 (16 ) 

m20(6 
azo(95 

c (15 ) , NaN0, ( f  3 ) , + extra 
aH,0(34) ,N~NO, (26) ,4.76'(5) 

~(150) ,aH20(8) ,N~NO, (45), 
+ extra 

~a~0,(24),4.81(11),4.00(10) 

9A1203 -2B203 (160)NaNo3 (11) 
9A1203 .2B203 (158) ,N~NO, (14) 

y(4) ,A(6) , ~ 1 ~ ( 4 )  ,N~NO, (4) 
Y ( ~ ) , A ( ~ ) P A ~ B ( ~ > , N ~ N O ~ ( ~ )  

Y ( ~ ) , A ( ~ ) I N ~ N o ~ ( ~ )  
7(6),~(5),NaN03(9) 

~(6),~(4),~a~03(2> 
~ ( 5 )  A 7 1  , ~ a ~ 0 3  (10) 

Initial 
~lumina' 

and 
Run No. 

H-633 
-649 

K-634 
-650 

BB-651 
BC-635 

BX-444 
-450 

' BY-445 
-451 

BZ-446 
-452 

CA-447 
-453 

(33-448 
-454 

CC-449 

-455 

0-506 
-550 

CE-507 
-C P ad1 

CF-508 
-552 

CG-509 
-553 

H ~ O  

0.89 

1.45 
1.06 

0.70 
0.93 

1.26 
1.06 

1.72 
1.13 

2.12 
1.04 

2;71 
1.07 

4.78 
1.79 

5.97 

2.48 

0.25 
0.21 

0.27 
0.22 

0.32 
0.23 

0.38 
0.26 

Product-Mole 
to A120, 

NO3 . 

1.22::1.23 
1.19 

2.02 
2.05 

0.54 
0.65 

0.104 
0.031 

0.55 
0.160 

0.77 
0.174 

0.90 
0 .I17 

1.43 
0.520 

2.27 

0.80 

0.065 
0.080 

0.054 
U.082 

0.065 
0.100 

0.091 
0.139 

Time 
(hr 

163 
140 

163 
140 

140 
163 

140 
140 

140 
140 

140 
140 

140 
140 

140 
140 

140 ' 

140 

144 
72 

144 
72 

144 
72 

144 
72 

Heating 

. 
Temp. 

(OC)  

350 
325 

350 
325 

325 
350 

250 
350 

250 
350 

250 
350 

250 
350 

250 
350 

250 

350 

430 
430 

430 
430 

430 
430 

430 
430 

Ratios 

,Others2 

:Na 
..Na 

Na 
N@ 

Na 
Na 

Na 
Na 

Na,B 
Na,B 

Na 
Na 

Na,B' 

Na,B 

Na,B 
Na,B 

Na,B. 
Na,B 

Na,B 
Na,B 

Na,B 
Na,B 

Conditions 

Pres- 
sure 

230 
200 

230 
- 200 

200 
230 

5 0 
110 

5 0 
110 

50 
110 

5 0 
110 

5 0 
110 

50 

110 

50 - 

leak 

50 
leak 

50 
leak 

50 
leak 



Appendix C (continued) 

-. 

X-Ray ~ a t a ~  

7(5),~(4),~a~03(5) 
Y(~),A(~),N~No~ (6) ,a20(3) 

y(5) ,~?(2) 
~ ~ ( 4 4 )  ,~(10) ,NaNo3 (42) 

y(4) 
a(25$) ,A(14), NaNo3 (33) 

y(5) 
A(21),NaNo3(35) 

y(5) 
CY ( ~ $ ) , A ( ~ O ) , N ~ N O ~ ( ~ ~ )  

y (5 ) ,3.12 (9) 
~ ( 3 2 )  ,NaN03 (31) 

AlP0, (230), NaN03 (40 ) 
AIPO, (80) ,N~NO, (38 ) ,A (4 ) 

AlPO, (22) ,N~NO, (45) ,A(8) 
AlP0, (3) ,N~NO, (48) ,A(15) 

9A1203 .2B2O3 (90) ,NaN03 (52) 

CY@$),C%H~O(~~),N~NO~ (7),@eo3@) 
A ( ~ ) , Y ( ~ ) , N ~ N o ~ ( ~ o )  

~ ( 6 )  ,Y(4) , ~ a ~ 0 3  (33) 
A(4),~(6),~a~03(27> 

~( l l ) , ~ ( 4 > , ~ a ~ o 3 ( 2 5 ) , ~ 1 ~ ( 4 )  
~(14),~(3),~a~03(46) 

cs1~0@05) ,N~NO~@),A~P(~ ) 
~~(26%) ,N~NO, (75 1 A 8 1  

NaNO, (71) ,A(11) 
NaN0, (49) ,A(s )  

NaN0, (67) ,A (16 ) 
aH20(21) ,N~NO, (44) ,~(19) 

Initial 
~lumina' 
and 

Run No. . 

CH-510 
-554 

(21-516 
-533 

CJ-517 
-534 

CK-518 
-535 

CL-519 
-536 

CM-520 
-537 

CN-527 
C0.-528 

CP-529 
CQ-530 

CR-531 

CW-548 
CX-662 

CY-623 
CZ-624 

DA-625 
DB-626 

DC-627 
DD-643 

DE-644 
DF-645 

DG-646 
DH-647 

H20 

0.50 
0.45 

0.33 
0.80 

0.29 
0.48 

0.24 
0.46 

0.27 
0.57 

0.36 
0.61 

0.43 
0.52 

0.63 
0.58 

0.53 

- - 
0.44 

0.36 
0.44 

0.37 
0.54 

1.07 
0.44 

0.53 
0.61 

0,50 
0.31 

Heating 

Temp. 
(OC) 

430 
430 

430 
430 

430 
430 

430 
430 ^ 

430 
430 

430 
430 

430 
430 

430 
430 

430 

430 
430 

430 
430 

430 
430 

430 
430 

430 
430 

430 
430 

Product-Mole 
to A1203 

NO3 

0.094 
0.146 

0.051 
0.29 

0.065 
0.234 

0.040 
0.178 

0.069 
0.222 

0.104 
0.237 

0.27 
0.25 

0.26 
0.28 

0.28 

- - 
0.28 

0.21 
0.29 

0.28 
0.32 

0.33 
0.35 

0.35 
0.34 

0.34 
0.34 

Conditions 

Pres- 
sure 
(psig) 

50 
leak 

10 
305 

10 
305 

10 
305 

10 
305 

10 
305 

370 
370 

370 
370 

370 

160 
130 

130 
130 

130 
130 

130 
300 

300 
300 

300 
300 

Ratios 

others2 

Na,P 
Nap 

Na,B,P 
N~,@,P 

Na,Ba,& 
Na,Ba,Cs 

Na,Mo 
Na,Mo 

Na,Zr 
Na,Zr 

Na,Ce,La 
Na,Ce,La 

Na,P 
Na,P 

Na,P 
Na,P 

Na,B 

s.s., 
Na,B 

Na,P 
Na,B 

Na,P 
Na,B 

Na,P 
Na 

Na,B 
Na,P 

Na,B 
Na,P 

Time 

(hr 

144 
72 

168 
92 

168 
92 

168 
92 

168 
92 

168 
92 

120 
120 

120 
120 

120 

142 
164 

164 
164 

164 
164 

164 
290 

290 
290 

290 
290 



' ~ c c  Appendix B for original compoeition. 

'~ampoaition in rnolcn of othcr olcmcnts Rrc thc .same nn in Appcndix;B. 

,~lpha alumina contcnts arc rcportcd in porccnt. Othvr phnscs or unidentified 
lints arc followcd by thc intcneity.in nrbitrnry 9cnlc divtsion~ (encl.oscd 
in pnrcnthcaca), A = A phasc, .y = gnmmn. elurninn, C = C phnsc, AIPOQ = AlPO, sZH,O 

' ~ s . s .  - 0.182 Fc,O,; 0.038 Cr,03; 0.032 NiO. 

X-Ray ~atn, 

a(36$>,~n~0,(47l,~(5> 
a(4$),~~~0,(32),~(s) 

a(4$),~a~0~(27),~(5) 
a(l$),NaN0,(32) ,r(5) 

A(14),Na~O~(36),7(3! -- 
a(38$),~aN0,(29),~(15) 
a(81$) , N ~ N O ~  (18) 

a(l2%) ,N~NO, (1s) ,A(15) 
a(17$) ,N~NO, (27) ,~(41) 

NaNO,(ll),~(l3) 

a(l3$),ar~ao(9> ,~a~o,(s) 
a(2~$\ ,ana0(8) ,NONO, (37) 
a(24$) ,art1~0(93) ,NnN03 ( 4 4 )  
ar(l5'p) ,arH,0(45) ,NRNO, (16) 

a 14$ , NaN0, (27 ) ,a~,o(tio j 
a 18% , NnNO (10) ,aH10(45) I I 
a(9$), NeN03118) ,aHaO(94) 

a(38$), NaNO, (36) ,aH,0(5 ) 
a(28$) ,N~NO, (23) ,aI&,0(16) - 

. 
Init in1 
Aluminn' 

tr nd 
RunNo. 

DI-660 
DJ-681 

DK-662 
Dl1-663 

DM-664 
DN-869 

EN-734 
EO-739 

EP-736 
EQ-737 

ER-738 

IVA-521 
-532 
-838 
-555 

IVA-837 
, -848 

-653 

Z2PP-626 
-692 

Producnt-Molc Ratios Hentinu Conditions 

I 

Othcre 

Na 
Na,B 

Nn,P 
Na,B - 
Na,P 
L! 

NqJ3,F.P. 
Na,F.P. 

Na 
Na,F.P. 

Na,QF.P. 

Nn 
Nn 
Ne 
Nn 

Nn 
Na 
Nn 

Na 

to 

H,0 

0.33 
0.45 

0.48 
0.46 

0.54 
0.53 

0.28 
0.18 

0.31 
0.30 

0.32 

0.74 
0.66 
0.01 
0.89 

1.02 
0.84 
1.02 

0.32 

A1,03 

NO, 

0.32 
0.27 

0.28 
0.31 

0.32 
0.03 

0.13 
0.13 

0.12 
0.13 

0.17 

0.16 
0.26 
8.237 
0.20 

o,le 
0.lQ 
0.15 

0.17 

Timc 

(hr 

162 
162 

162 
162 

102 
162 

160 
160 

160 
160 

160 

168 
120 
92 
72 

163 
290 
140 

163 
140 

Tcmp . 
(OC) 

430 
430 

430 
430 

430 
430 

430 
430 

430 
430 

430 

430 
430 
430 
430 

350 
430 
325 

390 
325 

Prcn- 
sure 
(pniy) 

95 
95 

95 
95 

95 
99 

290 
290 

290 
290 

290 

10 
370 
303 
lcak 

230 
388 
200 

230 
200 



Appendix D 

ALUMINAS FROM IDAHO FALLS HEATED IN AIR 
CONTA INING ' HNO, AND H20 

'see Table VII for original composition. 

Initial 

23B-P-26 
23B-XJP-26 

24-P-08 
24-XJP-08' . 

27P-26 

27JP-26 

27-PX-28 
27-JPP-28 . 

27~-P-30 
27B-JP-30 

28B-P-13 
28B-JP-13 

'~ominal composition of gas passing through the tubes was 16s HNOs, 
16$ H20, 68% air. 

3~ompowtl.inns of other elements are the same as in Table VII 

4~lpha alumina contents. are reported in percent. Other phases or un- 
identified lines are followed by the intensity in arbitrary ecale 
..divisions (enclosed parentheses). C = C phase, iota'= Iota alumina, 
A1B = 9A1203 *2B20,, y = gamma alumina. 

Heating 
Condit ions2 

' Temp. 

( 3 ~ )  

500 
500 

500. 
500 

500 

500 

500 
500 

500 
500 

500 
500 

. 

X-Ray ~ a t a ~  

CY(74) - - 
a(ll4) -- 
a(28$), Y (11 ).,~a~o3 (91, 

3.36(23) 
dl*) ,Y(lo),~a~o3 (28) 

a(43 ) , RaN03 (25 ) ,iota (35 ) 
a(5$) ,NaN03 (sl), Iota (128) 

a(3$) - - 
a(l$) - - 

Time 
(hr) 

150 
150 

150 
150 ' 

150 

150 

150 
150 

150 
150 

150 
150 

Product-Mole Ratios 
to A1,03 

H20 

0.31 
0.37 

0.27 
0.33 

0..03 

0.10 

0.048 
0.041 

0.10 
0.10 

0.07 
0.09 

NO; 

0..064 
0.095 

0.089 
0 .I29 

0.114 

0.219 

0.130 
0.139 

0.078 
0.085 

0.135 
0.143 

other3 

.Na,B 
Na,B 

Na,B 
Na,B 

Na 

Na 

Na 
Na 

N ~ , B  
Na,B 

Na,B 
Na,B 






