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C. J. Hardjr, S. R. Buxton, and 14. H. Lloyd 

Lanthanide oxide microspheres have been produced with a cont ro l led  
s i z e  i n  the  diameter range 50 t o  500 p, a dens i ty  of v.p to 9% of the  
t h e o r e t i c a l  c r y s t a l  densi ty ,  a low surface xrea (0.01 t o  0.1 rn2/g), and 
a high r e s i s t ance  t o  crushing (up t o  3 kg f o r  500-p-diam spheres) .  liy- 
droxi.de s o l s  and ge l s  were used a s  interrriediates, and t h e  r e su l t i ng  sphere:: 
were calcined a t  a r e l a t i v e l y  low fina.1 temperature (1000 t o  l50OoC), 
wbicli depended on the  crystal form required.  

lanthanide n i t r a t e  solut ions with armoniwn. hydroxide, washing the pre- 
c i p i t a t e s  thorou.@iLy, and heat ing them for 1 hr a t  80°C. These sols 
were concentrated by evaporzltion u n t i l  they were 2 t o  3 M in t he  metsl  
ion and contained 0.06 t o  0.25 mole of r e s idua l  n i t r a t e  cer mole of 
metal ion; then they were formed i n t o  ge l  microsphcres of control led s i z e  
by  partial dehydration with a long-chain alcohol  i n  a tapered colurnn. 
The  g e l  spheres were d r i ed  fur ther  i n  va~uum a t  120°C, heated t o  500°C 
i n  vacuum t o  dscompose the  r e s idua l  n i t r a t e ,  and SinalLj, caLcined t o  
oxide microspheres a t  1000 t o  1500°C i n  air. 

and metal ion  concentrations in the sols, -to study t n e  f o m  of bonding 
of the  components (e.g., n i t r a t e )  of t h e  s o l s  and ge ls ,  arid t o  estimate 
t h e  sizes of the  aggregates of c o l l o i d a l  p a r t i c l e s .  
and.. e lec t ron  d i f f r a c t i o n  measurement:; showed t h a t  the i n i t i a l  pprecipita-Le r, 
o€ lanthanide hydroxides consis ted of amorphous p a r t i c l e s  of 30 t o  60 A 
i n  aiameter. 
i n t o  crysta , l l ine sheets  up t o  severa l  hundred angstroms in width; when 
thoroughly washed. and aged i n  water, they  chaaged i n t o  rods, tube.;, 02 
rolled sheets  up t o  severa l  thousand angstroms i n  length.  
arranged bundles of these rod-shaped c r y s t a l s  were present  i n  rdcrosplieres 
of the lanthanide hydroxide ge ls .  
etched polished surfaces of t h e  dense oxides obtained by heat ing t h e  g e l s  
t o  1450'C showed 5- t o  lr3-y-wide gra ins  that contained or iented crystal- 
l i n e  u n i t s  t h a t  were 0.2 t o  0.5 p wide. These u n i t s  were probably poly- 
c r y s t a l l i n e  because x-ray line-brGadening measurements indicated a c r y s t a l -  
l i t e  s i z e  of 500 t o  700 A. 

Lanthanide oxides i n  this f om1 have p o t e ~ t i a l -  i n d u s t r i d  value; for 
example, europium oxide i n  cemets  could be incoxyra t ed  i n  reac tor  con- 
t r o l  rods, and europium, prornetlnium, and tliulium oxides ri&gh.t be used i n  
rad ioac t ive  hea% sources e The method of preparat ion i s  a l s o  agql ieable  
t o  the production of sols, gels, and oxides of t l r ~  kransplutoniwn e le -  
merits, of which aniericium and curium are of i n t e r e s t  for incorporation 
i n  t a r g e t s  for the High Flux Isotope Reactor a t  O a k  Ridge t o  produce 
t rmscurium isotopes.  

Sols were prepared by p rec ip i t a t ing  the  lanthanide hydroxides from 

Spectroscopic methods were used t o  rap id ly  determine the  n i t r a t e  

Electron mricroscopjr 

When aged i n  the mother l iquor ,  these p a r t i c l e s  changed 

Randomly 

Electron rnicrographs o€ r ep l i cas  of 

1 
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Methods for -tine produckion and charac te r izs t ion  of s o l s  and gels o f  
compound.s of Lhe lanthanide elements hav-e been developed -bo obtain lan- 
Lhanlde 0xid.e microspheres with d e n s i t i e  s near1.y equal 'Go the t h e o r e t i c a l  
c r y s t a l  densi ty  and with high resis tances  t o  crusihing. 
gained w~.l.l- be applied t o  $he prepa;rati.on of 3ncricri.um a d .  euriuii oxid.es 
tiiat a r e  s u i t a h k  f o r  incorporation i n  t a r g e t s  Tor t h e  High Flux Isotope 
Reactor (l3FI.R). 
t i o n s  i n  industry,  pax-titularly i n  the  nixl-ear field. For example, 
oxides of ssrrmrium, gadolinium, and europium might be used i n  co i i t ro l  
rods and as burnable poisoils i n  fuel.. elements. 

The bulk of the  woyk i:n this repoi-l w a s  concerned with the  13boratory- 
scale  prepas8tion of sols and ge ls  of I..a.nYkmi-de hydroxid-es tha:t vere 
prec ip i ta ted  from lanthanide nitrate soluti-ons , The s o l s  w w e  subsequently 
formed i n t o  gel microspheres, which were calcined Lo dense oxide micro- 
spheres under cond.i.tions which depended on the  c r y s t a l  foim rcqiirired. 
metinods described a r e  being extended t o  t h e  preparation of s o l s  and. gels  
of a vide range of I.an-thanide hydroxides. '!They are a l so  be ins  scaled up 
t o  give up t o  50-g hatches of selected oxides (e.g. ,  iXonoclinLc eiipopiwn 
oxide) t o  provide material for study by- other investiga;i;ors 

Spectroscopic methods were used (1) t o  rap id ly  deterndne t h e  con- 
cen'zrations of n i t r a t e  and metal ion i n  the sols;  ( 2 )  .Lo detec t  d i f f e r -  
ences between prepsrations of s o l s  and ge ls  that, Inad. d i f f e r e n t  appearances 
uilder the microscope; (3)  t o  study tine form of bonding of the components 
of t h e  sols and ge ls  ( e  .g. 
groups and. the metal ions before and during ca lc ina t ion  t o  ox.i.de); and 
( 4 )  t o  estimate t'ne s i z e s  o f  the  aggregates of' collori.dal p a y t i c k s  i n  'che 
s o l s .  

sta-nding of the  various stages i n  t h e  process. Results on ag-ing oP Lan- 
thanide hydroxides are In agreement wi.i;h published data of Mrilligan m d  
Dwight. I. 

The kiiowledge 

Lanthanide oxides i n  t h i s  form have p o t e n t i a l  applica- 

The 

tine bonding between the  residua.1 n i t rx t e  

Electron microscopy of tine s o l s  and ge ls  has provided a 'aetber under- 

%o prl imipal  metnods were used t o  prepa,i-e the s0l.s: (I) ad.dd.tion 
of a a  excess o-i" J!XH,.J+OI-I or tetramethylamioniwn iiydroxi.de (TNIH) -Lo a solu- 
t i o n  of a lanthanide iiitrate ( S e c t ,  2.1), and ( 2 )  ad.di'cli.on of a solu'iion 
of a lan.i;;.ia.ni.de n i t r a t e  t o  an excess of N H ~ + O B  (Szc ' i .  2.2) .  
method i s  now preferred.  We a l s o  t r i e d  a few other rriethods such as l;he 
removal of n i t r a t e  froiii solut ion with a. long-chain organic amine and 
slow hydrolysis i n  homogcn-ous sol-ution; these a.re descri'ned b r i e f l y  j-n 
Sect.  2.3. Ybe propert ies  of t h e  sols, w L t h  p a r t i c u l a r  reference t o  
spectra,  are discussed 3.n Sec-L. 2.Lie 

Yne minimum p u r i t y  of t'ne lai?thanide n i t r a t e s  o r  oxides used was 
99.@ except fo r  the europium and sawiwn nri-trates, which had. a, mjniimm 
pur i ty  of 99.9$. All t'nesc compounds were obtained :'?corn the Amcrj-can 
Potash and Chemical Corporation ( Lindsay Divis.?'.on), except f o r  holmii-n 
oxide (99.9$), cerous nitraLe, and erbium oxide (99.9$), which were 

The second 
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obtained from Semi-Elements, Inc , Saxonbu-rg, Pennsylvania, Cne G. I?. 
Smith Chemical Company, and Kleber Laboratories, Iiic *, respectiveLy. 

2.1. F i r s t  Met'nod - Additiom of TJI140E or TMAH t o  
Lanthanide Nitrate Solution 

2.1.1, Method of Preparation 

Sols of lanthanide hydroxides were prepared by t h e  fo l lov ing  ste:ps : 
Tlne hydroxide w a s  p rec ip i t a t ed  from a 0.1 t o  0.2 PI lanthanide n i t r a t e  
so lu t ion  by t h e  addi t ion  of a lo(?$ excess  over th; stoichiometric 
amount of 1 t o  2 M NH40H o r  L M TMAH ( t h e  lat ter w a s  pu r i f i ed  from 
carbonate with barium hydroxid; solut ion)* a t  e i t h e r  0 or 25OC.  
Tlne p r e c i p i t a t e  was thoroughly washed si% t o  ci(@t t h e s  with COz- 
f r e e  d i s t i l l e d  w a t e r .  
fuged Prom so lu t ion  (sometirmes base was added t o  the  f i r s t  two 
washes t o  decrease the  mount  of' r e s idua l  n t t r a t e  ion i n  t he  product. 
The p r e c i p i t a t e  w a s  suspended i n  C02-free d i s t i l l e d  water contarin- 
ing about 0.05 -to 0.2 mole of n i t r i c  ac id  per  mole of meta.1 added 
and w a s  evaporated, with s t i r r i n g ,  a t  50 to 60°C for severa l  hours 
u n t i l  a metal concentration of about 2 - M was reached. 

After each wash, t h e  p rec ip i t a t e  was c e n t r i -  

Microspheres of g e l  were formed both i n  beakers and i n  a tapered 
cc3Lunm by dehydrating tine s o l s  w i t h  a Long-chain alcohoL (see Sect. 4 ) .  
The following conditions were necessary f o r  t h e  formation of microspheres 
t h a t  w e r e  character ized by good spher ic i ty  and a smooth sur face and t h a t  
could 'De calcined t o  strong microspheres of dense oxide: 

(1) 

(2) 
( 3 )  

( 4 )  

( 5 )  addi t ion  of enough n i t r a t e ,  i n  the case o€ P r  and 'Eu, t o  provide 

operat ion In an argon-f i l led glove box t o  minirnrze the absorption 

use of TMAli r a the r  than W I ~ O H  (see Sect ,  2.1.2); 
washing of t h e  p rec ip i t a t e  with TNAE p r i o r  t o  t h e  water washes to  
obta5.n a low re s idua l  n i t r a t e  content; 
p rec ip i t a t ion  and washing a t  O'C, rather than a t  25"C, -to decrease 
t h e  e f f e c t s  of aging o€ the  prec ip i ta te ;  

ni t ra tc :mctal  r a t i o s  of 0.05 t o  0.1 a d  0.1 t o  0.2, respectively, 
$0 s t a b i l i z e  $he sol a f t e r  washing steps;  and 
evapomtiun t o  dehydrate m d  eonccrdxate the i n i t i aL ly  bulky hydrox- 
ide  p r e c i p i t a t e  t o  a metal  concentration of abaut 2 - M. 

of C 0 2 ;  

(6) 

- 
*Great d i f f i c u l t y  was experienced i n  obtaining C02-free TMAIT; t h e  

material, which was obtai.ned from Eastman Kod& C o .  i n  sealed bo t t l e s ,  
contained about 20$~ as T M A  carbonate. 
by R. G. IIaire) included p rec ip i t a t ion  of t h e  carbonate as Sjariun carbonate 
by addi t ion  of a stoichiometric amount of barium hydroxide solut ion,  and 
t he  rernoval of the s o l i d  by f i l t r a t i o n  i n  vacuium. 

?i%e pur i f i ca t ion  method (suggested 



2. l.. 3 .  S t;abilitN and Particl-e S i z e  of Yraseodymim4droxid.e Sols as 
Furictions of f i y i m n t e n i ;  and- Temmrature 
~. -_--....__I_____ ..II_ _ll_____l _... II__ 

PrasecrQmiim hydrox:i.de w a s  prec ~-ptt-a,'ced f r ~ n i ,  a s ohrt  ion oP pmseodynt- 
iim r!itrate wiLh 'INAH, and the thom1xghl.y- washed p:recipitate was (3 i.s- 
perscrl in VXLCY' t o  give a Pr concentration oE about 0.2- M, The sol- war, 
stirreil Cor 30 min at 25°C and then di.vid.ed i n t o  two poi%i~ons. N i t r i c  
acid w a s  added t o  each t o  give NOj-:Pr  ratios of  0.05 anJ 0.10, respec- 
t i v e l y ,  m d  the two s o l s  were reztirred. f o r  1- h.:r at 25°C. Samples oi" 
each sol. were removed .Lo al-l-ow meacuremeni; ol" tile zbsoi:pGLon spectra  f rom 
7000 t o  3000 A, the r c fmc t ive  indexes (wr i th  a ,?,ei.as dipptiig refmctorne'~er), 
and -the concentrations of metal_ and n i t r a t e  in 6 I M HC1O4 sol-ation ( see  
Sect .  2 . 4 ) .  
samples were rwnoved :.Yor mei.suriiag tile spectl-a a i d  detemiining {;he eon- 
c en-Lrati.ons of rnekaIa and. n i t r a t e .  S p e c j ~ a  were also masu.st?d f o r  sxttipI.es 
d.l.luted (with wa,ter) t o  R concentration tba-t w a s  one-fift;h that  of the 
0i-igimL r 

The t 7 m  sols w e ~ e  then heated a.t 70°C For 1- ha=, and again 

Sampl-es of the sol before aiid aftxr heaiing a t  70°C were azed Z! hi" 
~ ' f ;  25°C. 
determined by spec-trul,,hotornc.t;ric ana1.ysi.s of the supern 

'The p!ercttnt,age of 1;he Pr tha'c Ir-ad sedimented by g r a v i t y  was 
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residues,  which were dissolved i n  perchlorlc acid.  
shows t h e  r e s u l t s :  

The following t a b l e  

NOJPr  S e t t l i n g  Time Temperature Percentage of 
Mole Ratio ( h r )  ( "e )  Pr Sedimented 

42 
14 

0.10 
0.10 

24 25 
24 25 
1 25 
1 '7 0 

8 
12 

24 25 

The apparent molecular weights and diameters of the  sol p a r t i c l e s ,  
which were calculated from the  absorption spectra  of t h e  sols a t  4000 A 
by the  method described i n  Sect.  2.4, are:  

Diameter of Aging 
Dilu-tion Moleculm Assumed M03-/pr Time Temperature Ratio Weight Sphere 

(A) 
(hd ("C) 

Mole Ratio 

25 F 1.85 x io7 230 

5 7.5 x 10'7 364 

25 - 1.61 x io7 218 

5 6.4 x io7 346 

0.05 2 

0.05 2 25 

0.05 25 
0.05 25 25 

0.05 25 25 
1 70 

0.10 2 25 

5 1.11 x lo8 416 

- 1.91 x la7 23 0 
5 4.3 x l o7  304 

5 5.7 x lo7 332 

0.10 40 25 

0.10 1 70 
40 25 

The overa l l  conclusions are: 

The s o l  with an N03-/Pr r a t i o  of 0.1 was more s t a b l e  toward sedimenta- 
t i o n  than t h a t  w i t h  a x  NO,-/Pr r a t i o  of 0.05. 
Dilut ion of t h e  0.1 t o  0.2 M Pr s o l s  (with water) to a concentration 
that w a s  one- f i f th  t h a t  of &e o r i g i n a l  l e d  t o  aggregation of the 
p a r t i c l e s  by f a c t o r s  of 4 t o  7 ami 2.3 for No3-/Pr r a t i o s  of 0.05 - 
and 0.1 respect ively.  
I{eatj.ng the  sols f o r  1 hr a t  '/O"C did  not have a marked e f f e c t  On 
t h e  molecular weight. 
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2.2. See ond Metnod. - Addition of i,ani;i-lanide N i  t c a t e  
Sol-ution t o  2dX40H 

2.2.1 Me'iPiod of Preparat ion __.._. ._-.- 

The steps i n  t h i s  method were: 

The hydroxide w a s  precipitated- by adding a 9.2 M I-anthanide nitra-Le 
solut ion t o  a 20-fold (occasionally a 40-fold) ~ x c e s s  of 8 M l!ii140H 
t h a t  was constant ly  being s t i . r red i n  a beak.er aL 2'2OC. 
The precipita,b? w a s  centxifuged m d  washed wi t in  CCJ, -free distil.l.ed 
water f ive  or s i x  times, with i n t e r m d i a t e  centr i fugat ion and decan'ca- 
Lion of t h e  wash l iquors;  a volume of &out 200 m l  of  water per  gram 
of metal. w a s  used, and the pH of t h e  wash I.iquor dzcreased from 11 
to about 9 (Table 1); 
'The preciprihate w a s  then a damp p&:;'it', and f o r  T X L ~  Ce, Pr, and- Nd, 
t h i s  paste  I.rj.qii.e%ied spontazieousLy t o  form a transI.iiceiit sol af te r  
aging 25°C f o r  a period of 20 to 60 min. 
Sm, hk, G d ,  Eo, and Er d i d  iiot l iquef j -  spontaneously, and required 
shaking or agi ta t ron i n  a vortex mixer f o r  sevcral mrinu-tes. 

_I 

The b.yilroxide pastes  of 

After s tep  ( 3 ) ,  t h e  sols had a. me-tal conce:mtilation or' 0.5 to 0.6 M when 
the  centr i fugat ion was done i n  a ma1.1~ hrigh-speed (6000-rpm) cenzri.fuge, 
o r  0.4 -to 0.5 - M vhen a l u g e  preparative ( l . l O O - r p i ~ i )  centr i fuge w a s  used.. 
The mole r s t i a  of res idua l  ni-trate t o  me'ial w a s  i n  t k  range 0.06 t o  
0.25; and the  apparent pB (measured with a staid-ard pH meter) was abowt 
7.1. -Lo '1.3 foi- s o l s  t h a t  Liquefied spontaneously, ami  9.6 t o  1.0.2 for 
those which did not. 
0n.l.y about I hr .  
a range of s o l s  i s  given i n  Tabl..es 2 and 3. 

i n  d e t a i l  Tor a Pr sol. (No. 123) (Fig.  I ) .  %le pH of both t h e  wash 
1j"qwr and. the  s o l  deereased sharply with time until .  about 2 hr a f t e r  
t h e  precipi ta t ion;  a t  the  same time, t h e  vi-scosity of the sol a l s o  de-- 
creased marked-ly. For example, tne  v iscos i ty  of a 0.5 M Nd. s o l  ( N o .  122)  
decreased from grea te r  than 100 cenkipoises ( 'ch2xotropic) to 1.7 cent i -  
poises (not  t i i ixotropic) over a time in te rva l  from 3 hr 10 min t o  3 hi. 
40 m h  after prec ip i ta t ion ,  while the pH decreased from 1.0.1 t o  7.2. 
apparent pH of europium hydroxide s o l s  remined  i n  the  region OS 9.6 t o  
10.1 for many- days a t  25°C. 

Wnen a viscous ELI s o l  (No. L24) was heated for L hr at 8O"C, the 
p€I decreased frum 9.8 t o  6,6 and the  v iscos i ty  decreased from grea ter  
than 1-00 to about 1..5 cent ipoises ,  
t o  2.5 M I in euzopium hyd-roxide without an apprecia'ule increase i n  viscosl-by,  
whereas withou-t -tliis heat  treatment a d i l u t e ,  viscous sol such as No- 1.24 
cannot be evaporated conveniently because i:t s e t s  s o l i d ,  The hea t - t rea t -  
ment s tep  was, therefore,  e s s e n t i a l  .to obtain a low-viscosity s o l  with 
a metal. coneenti-ation of 2 t o  2.5 M, which vas most su i tab le  f o r  forming 
microspheres characterized by good. spher ic i ty  and surface gloss (for de- 
taj.1.s of  Nd, Sm, and lib so ls ,  see Table 4 ) .  However; the  s t ruc ture  of 
the partricles 3.n t h e  sols of eur0p.i.m hydroxide (and the Tel-nted viscosi ty)  
had a n  e f f e c t  on the st rength of the f i n a l  calcined oxide spheres ( s e e  
Sect.  6 . l ) .  

The tkae required t o  prepare 10 g of the s o l  w a s  
A sum~r21")- of t h e  preparative detai1.s arid analyses f o r  

The v a r i a t i o n  of t h e  apparent pB of the sol. wi3h .Lime was studied 

The 

'i7ne sol. could theii be concentrated. 

- 



Table 1. Variation of pE of Wash Liquor with Number of Washes fo r  Lanthanide Hydroxides 

Apparent pH Final 
~ S o l  Type of a Initial Wash No. JXI 3'/Me t a1 

No. Ideta' Centrifuge 1 2 3 4 5 6 Mole Ratio 

95 Pr 
96 Eu 
1% Md 
105 Fr 
1% m 
107 Eu 
108 Eu 

109 La 
111 Ho 
112 Gd 
113 Ce 
115 Eu 
118 EU 
119 m 

HS 10.70 10.20 9.75 9.50 0.19 

0.29 
Hs 
Ls 10 80 10.50 10.40 10.22 9.82 9.65 9.16 - 

0.24 
0.18 

Ls 

0.098 
0.062 

Ls 
LS 11.0 12.lb 11.44 11.04 10.73 10.40 10.06 

LS LO. 95 10.25 9.80 9.22 (very badly peptized) 
LS 11.1 10.80 10.50 10.16 9.70 9.25 - 
Lrs 11.0 10.72 10.42 10.06 9.60 9.10 LS 10 95 10.62 10.15 9.40 (badly peptized) 

10.60 10.30 10.10 9.62 9.43 8.92 
10.95 10.78 10.43 10.15 9.72 9.35 9.06 LS 

Ls 10.90 10.60 10.35 9.93 9.67 9.28 8.88 

- - - 
- 10.80 10.35 9.90 9.55 - - 
-. 10.70 10.45 10.15 9.90 9.40 - 

10.65 10.44 10.02 9.80 9.36 Ls 10.95 - 10.72 10.34 10.07 9.68 9.21 

( sixtln water wash 9.63) - 
I 0.086 

0.115 

- 
0.109 
0.120 

Ls 10.90 

%S = high speed (6000 rpm); LS = lov speed (1100 rpm) . 
b F i r s t  wash with 200 r;ll of concentrated NHz+OH per grmn of metal. 



Table 2. Smmary of I n f o m a t i o n  on Sols Prepared by %ne Second Ke-thod with 
a Bigh-Speed Ceubrifuge i n  8, Glove Box 

Arriount of No. of F i n a l  So l  Detafls of 
50, ,%eta1 Wasiles" 

( g )  TiX9es (;.I) Mole Ratio 
PI': M e t a L  Metal Ce~trifuge M&al 

so1 
3J9. 

3 
2 

2 

3 

1 

I 

- 
1 

2 

2 

2 

2 

2 

2 
2 

2 

4 
4 
4 
4 

4 
8 

4 

4 

4 

I 

10 x 320 
1 x &X&OIi 
6 x €120 

5 x 9 2 0  

- 
- 

- 

0.59 

0.57 

- 
- 

0.485 
0.57 

- 

- 

0.66 

0.725 

0.21 
0.14 

0. C'7 

0.20 

0.19 
- 
- 

0.17 

0.06 

0.075 

c .08G 

0.25 

c.21 

a 5Twen%y-foLd excess of %Hk,OH use5 fo-r pec ip i - t aAL~m except where s t a t e d .  

%'or pE of wash liquors, see Table 1. 

I\sH4' analysis i nd ica t ed  a;? TaPT~t/2r ratio of 3.006. 
Series sf eiec-trm micrograghs obtained. C 



Table 3 .  Summary of I r f o m t i o n  Gn Sols  Prepared by the Secoad Nethod with 
a Low-Speed Frepparative Cectrifuge i n  the Laboratory 

- 
b lor; Nd 

105 Pr 

106 rn 
107 Eu 
108 Eu 

110 Ia 

111 Ho 

112 G d  

113 Ge 

115 Eu 

118 Eu 

li 9 Eu 

120 E r  
121 Ita 
122 Nd 

123 pr 

14.5 

10 

LO 

7 
10 
c. L 

3 
h 

2 

- 3 

8 

8 
10 

4 
4 
8 
10 

4 
4 
4 

4 

1 

1 

1 

l 

4 
4 

4, 
2 

2 

4 

4 

2.6 

7.2 
6.5 

5.7 

ET. 8 
- 
3.5 

6.0 
- 

8.5 
- 

0.435 

0.426 

0.A1 

0.33 

0.47 
I 

0.53 

0.53 

- 
0.40 

0.50 

O.L,l 

0.35 

0.29 7 .4 

0.24 

0.18 

0.098 

0. &2 

9.6 

9.5 

10.2 

9.6 

10. I 

10.0 
- - 
- 9.8 

0. LO3 9.7 
'3 * 129 - 
(3.093 10.3 

0.24 7.45 
- ? .2 
- (see  Fig. 1) 

%enty-fold exces8 of ~h'401i used f o r  precipitation except %here s ta ted.  
bCarbonate analysis after concentration of s o l  i n  ro ta ry  evaporat-tor t o  0.61 

'Mter aging 2 t o  3 hr  a t  25'C. 

gave C932-/Xd m l e  r a t i o  of 3.004. c Final  wash badly peptized. 
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TIME FROM START OF PRECIPITATION (hr) 

Fig. 1. V8riation of pH with Time f o r  Pr S o l  123. 



2.2.2. Iiemoval of Nitratte from T;ar?ti.mlide Eydxoxides w i t h  Successive 
Water Washes 

...... -_..I_ --.+ --. .. . . ... 

The extent, of reinoval of ni.Lratc from a pr:aseodymri.um hydroxide pre- 
cripitaJGe was exaroLned (Table 5 )  8:: a fiinc.tion o f  the orde~ of  ti?e ad.di-  
t i o n  of 'she reactants -7.11- .the prec ip i ta t ion  stage, the  metbod of aging 
the prectpitate, the  n~'c1er of watex- wash.es , and tne  .I;eriperatuse E 

Tihe lowest NO~- /PC mole ~ g a t i o  (0 .033)  t n .  tilc final. p rec ip i ta te ,  
coupled wtitli. a ?ow l o s s  of Pr by peptizai;ion (2.5'$), was round i n  experi- 
ment V, b3,tXh P ( s e e  Table 5 ) ,  j.n which the hydroxide Was pret:ipj:l;ai;ed 
by add3.ng a 0 .2  M pra,seodymium ni-krate sol.ixtion t o  a, 20-fold excess of 
8 M NH4.OB st 25OC. 
PL!iOFi and .  t hen  s3.x times w i t h  water - 
methanol- Tnstead of wa-tier was less  ef f ' i c ien t  in reino-ving t h e  n i i x a t e  
(Ekperhent  V, b&ch a ) .  
i n  f resh NE408 at 0 or 60°C, gave high. losses  by peptizatiaii. 

Rydrox.j.d-e precipi.tai;2on by t,he adki t ion of 1.0% excess TMAZ t o  t j e  
nri.-t-rate solut ion at, 0 ° C  , fol.l.owed by fou r  water washes, removed. ni-trate 
mom ~ ' X i c i e n t l y  t h i n  Yle adaitri on of Vie i1i$T~~i<::  solution .LO a 20-fol-d. 
excess of NHAOB, followed by four w a t e r  washes (experTmnts Vi an.d IIi, 
i r a - b l r  5 ) .  
spiieres (rnil..ky w i t h  rough su.rfa,ce) than did t h e  procl.uct, from t h e  Nli~tOi.l: 
experriji:eil-t 111 ( sphere:; translucent with smooth surf ace) . 
ps.:;i;;es from expei5ment I, batch A and. experimeni; 1, batch r); and cY.ys.tal- 
1.l.te s i z e s  were calculatied f r ~ r r l  the w i d t h  o f  ?;he 1-ines ( these  spectra 
T,qe 1.13. poor and. showed h t e r f  erence from l ines  rzsul.tii*~g -from t h e  Sa:ra;r~, 
pl.as.Llc f i l m  used t o  pro tec t  t h e  szmpl.es from C02 i n  the atmosphere). 

The p r e c i p i t a t e  w a s  washed onc? with concen-Lrated 
Washiiig the  prer:i.pitate w i t l l .  

Ag:i.ng the hydroxide i n  t l c  mother l iquor ,  or 

Ilowever, the product of the YWd experiment formed poorer gel. 

X-ray powder pat- tcms were obtained Tor samples of t h e  damp hy-droxide 

Sample 
NO. 

Aging Time 

Al 40 mi.n a f t e r  centi-il'ugation 160 and 300 ca!!cuLat,ed 
of liniti.al p~ecipita.l;e (no -washes) f o r  'wo c1.vailabl.e 

l ines  
A7 140 ~ n i n  a f t e r  preci-pitation 

(6 washes with w a t e r )  

D4 1.. ?IT i n  f r e s h  MIAOH a t  60°C; 
2 washes wibh water a t  25°C; 
t o t a l  time, 220 min 

14.5 and 1-90 calcul-ated. 
f o r  tw-o l i n e s  

The two, avaiJ-ahle strong I.ines i n  the spectra  imtched. -t'nose expec-l;ed3 
for hexagonal Pr( OH) 3, but a, broad background s igna l  w a s  a l s o  preacn:; 
whicb. decreased i n  i n t e n s i t y  from samllles AJ- t o  A7 t o  D4. and ?+?as prol)a,bly 
t h e  result o f  ij, l a rge  proportion of small. crystall..ites (<20 A) or poorly 
crystal.lrine material-. 

a:na.l.ysis after the t l ~ i i ~ a d -  artd four th  water washe:; spont;a,nen1~sl~y becaJfic 
translucent green SOLS a f t e r  about 1 hr. 
of this behavior w:i.th respect I:o la;n'r,ha.n.ri.de hydroxides, 

I n  experiment 111 (li'ab1.e 5), the  sampies of solid pas.Lea taken f o r  

This was 0u.r firsl; observation 
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Table 5. Removal of Nitrate from Praseodymium Hydroxide by Successive Water Washes 

NO,-/Pr Mole Ratio Lanthanide 

All  Washes 
Successive Water Washes Loss on Expt. Amount of Pr Temp' Method of Batch Method of Initial 

(%I Supernate 1 2 3 4 5 No. id Of pptn* Addition &Wg 
("C) 

A None 1.64 0.785 0.529 0.493 0.460 0.462 4.8 I 4 5 50% excess 
NH,OH (6th wash, 0.330) 

PI 

(divided into 
four I-g batches) added to 

B 5 hr  in mother 1.23 0.673 0.498 0.475 16.6 

} 17.6 
C 3 hr in fresh 0.745 0.528 0.439 0.421 0.415 

liquor at O'C 

NH,OH at (6th wash, 0.414) 
0" c (7th wash, 0.378) 

D 1 hr in  fresh 0.740 0.334 0.11 0.05 66.7 
NH,OH at 
6OoC 

None 1.10 0.591 0.515 (0.505 with HNO, wash, pH 4) 26.1 

None 0.67 0.366 0.226 0.191 0.173 

I1 1 

111 1 

60 NH, OH 
added to 
PI 

25 Pr added to 
20-fold 
excess of 
8 M NH,OH 

] 2.5 
25 Same as  111 P None 0.65 0.233 0.092 0.063 0.058 0.055 \' 2 

(6th wash, 0.033) 
First wash with NH, OH 

First wash with NH,OH; 
next 4 washes with methanol 

(divided into 
~ W O  1-g batches) 

0.65 
Q None 0.65 0.233 0.189 0.173 0.226 0.18 

0 100% excess None 0.66 0.161 0.114 0.087 0.084 0.090 VI 1 
TMAH added 
to Pr 

All water washes at 0°C 

- 
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2.2.3.  ALte.t.native Methods f o~ Washing the Prec ip i ta te  - I- .-I_ -- 
The use of a standard centr i fuge f o r  se-paraking the p r e c i p i t a t e  Tr'om 

the  wash solut ions involved considerable h.ma3-ing of khe centr i fuge tubes /" 
which i s  undesi.rable i f  Yne method i s  Lo be ex'iended t o  the prepara'xian 
of  sols of highly radioact ive materials. Therefore, w e  exmined ( T a b l e  
6)  'LWO a l t e r n a t i v e  methods : 
Fi-fth botb s o l i d  and perfmatied s t a h l e s s  steel bowls, and ( 2 )  PiJ.,t;erlng 
the solut ion Yfirough a, sin'wred g lass  f i l t e r .  

(I) using a basket-type cont;iiiirous centrl.fuge 

n lhe c onclusi.ons from these explor-a.tory experiments were : 

( I - )  A perforatetJ. bowl cou-ld not he used sat isfac: tor i ly  in the contiiiuoixs 
centr i fuge,  u.sing f i l t e r - p a p e r  stiri.ps as t h e  f i l t e r ,  because the 
water did not  wash t h e  p r e c i p i t a t e  effici.ent1y ( i . e . ,  t o  a 1.ow 
resfdual f lOg"/meta l  mole rati.0 of less than  0.2) excepi; .i.n the 
v i c in i ty  of the holes. Only a,bout half of the preei.pri.t;a-Le formed 
a f l u i d  sol. spontaneously, whe-reas, writh the  usual. method. of cen- 
t r i fuga t ion ,  1.0% of  t2le p r e c i p i t a t e  formed a f l u i d  s o l ,  

( 3 )  

To obtain eff ic ien- t  washing of t;?e p r e c i p i t a t e  i n  t h e  s o l i d  bowl, 
it w a s  necessary t o  slurry the precipi.Lsl;e w i t h  water each time, 
remove it from the  boprl, and add it again when the  bovJ_ had at- 
ta ined speed. I n  experhenlis with EU: extensive pept izat ion w a s  
observed in the washes a f t e r  the fou:rt;h wash, ?'he washed- p r e c i p i t a t e  
w a s  e a s i l y  conwrted  into f l u i d  s o l  by heating the  bowl f o r  1 hr at; 
80°C in a water bath.  The co11ceni;i~ation i n  resultsing sols vas 
increased frorn 0.4 t o  2.5 M by placing -the s o l  in a r o t q  vacuiun 
evaporator f o r  about 45 mi; a t  60°C. 
(0,108, sol. 128; 0.24, SOL 116) w a s  of the same order as t h a t  ob- 
ta ined by t h e  st,a,nd-ard. method. 

The N03-/metaL mole rat3.o 

F i l t r a t i o n  through a sintered-glass  f i l t e r  w a s  the simplest met,hod 
and required. a r e l a t i v e l y  s m a l l  mount o f  water t o  reduce t'ne pH of 
the  f i l t r a t e  t o  less than 9. HoweverJ the method was slow because 
o€ the  p a r t i a l  block.age of 'the f i l t e r  with f i n e  pm*txi.cJ-es; i n  fu ture  
work, it may be necessary t o  use a f i l t e r  a,id such a s  C e l i t e  (Johns 
Manville Co.) t o  increase the r a t e  of -Cil.tza't,ion. 
was readiiily converted i n t o  a f lu id  sol in .  s i t u  by heating -the f i l t e r  
f o r  1 h r  at  80°C. 

71he precipi tahe 
-- 

2.2.4. Charge on the Sol P a r t i c l e s  

Measurements i n  a Tisel.ius electxophoresis a,npa?Tatus shoved t h e  
pa,rt icles of a Yr s o l  (No. 105) to be positi.vely charged, Ti?e apparent 
pH of bile s o l  (0.43 M i n  P r ) ,  as w e l l  as the  pH of t'ne dialyzed i n t e r -  
particle f h i d ,  w a s  7 . 2 ,  

hydroxide sols were pos i t ive ly  charged coll.oid-s probal,l.-y with n i t r a t e  
counterions. It i s  possible tha t  both ni-Lrate and hydroxide ions con- 
t r i b u t e  t o  the e lec t r ica , l  double-layer aromd the pos i t ive ly  charged 
hydroxide pa'r;-i.cl_e. 

This resu1.-t lends support t o  the ear ly  assumption Ynat these lanthanide 



Table 6 .  Summary of Information on Sols Prepared by Using a Continuous Centrifuge and by Filtration 

Amount Tota l  Volume 

Comments of Wash pH of Wash Liquor After Successive Washes 
Method of '01 bletal 

No. Metal 1 2 3 4 5 6 7 Water 
(9 )  (liters) 

116 

117 

125 

126 

128 

132 

Pr 10 Perforated bowl; 
centrifuge at 
4000 rpm 

PI 10 Perforated bowl; 
centrifuge a t  
4000 rpm 

Pr 10 Solid bowl; 
centrifuge a t  
4000 rpm 

Eu 10 So 1 id bow l ; 
centrifuge a t  
4000 rpm 

Eu 10 Solid bowl; 
centrifuge at  
4000 rpm 

Eu 5 Medium g la s s  
filter with 
lab. vacuum 

10.6 

10 , l  

10.6 

10.8 

10.7 

10.5 

9.7 

10.4 

10.5 

10.5 

10.4 

9.2 

10.1 

10.4 

10.4 

Fina l  pH = 5.6 

10.3 

8.1 

9.6 

10.1 

10.1 

10.2 

8.1 

9.2 

9.8 

9.8 

9.2 8.9 3.5 in seven NO,-/Pr  ratio = 0.24; 
0.5-g batches only part of ppt. 

changed to s o l  
(0.43 M) spontane- 
ous ly 

5 in five 
1 -g batches 

P 
Ul 

4 in five Fina l  pH of sol was 
0.8-g batches 7.6 

9.4 8.9 5.6 in seven  Ppt. scraped out and 
heated 1 hr a t  8OoC 0.8-g batches 

9.3 4.8 in s ix  0.8- Heated bowl 1 hr at 
g batches 80°C. Sol concen- 

trated to  2.5 M in 
rotary evaporator, 
pH 6.3 

Fi l te r  heated 1 hr at  
80OC to  liquefy so l  

2 



2.3 e 1. Theiml. Denitration of Praseodym5um Nit ra te  Iiydrate 

Praseoclymim n i t r a t e  hydra-be ( 5  g) w a s  heated slowl-y i n  a porcelain 
dish over a Meker burner. The s o l i d  mel.ted in i t s  water of crystal-l iza- 
t ion ,  s o l i d i f i e d ,  remelted a.1; ahout 3OO0C, evolved brown fmes, and then 
r e s o l i d i f i e d .  The resu l t ing  chocolate-broxn so l id ,  which w a s  subsequently 
ground t o  a poTwder, gave an infrmed. spec t ru i  t h a t  j.:odicated t ine preseiiee 
of  a substa&ial amount of n i t r a t e .  The powder was heated f o r  30 min at  
about 500"C, during which .time it evolved brown fumes  and became darker 

f o r  Pr6011, but a small a:rmuxt of n i t r a t e  sti.l-l remained. Tlne s o l i d  was 
suspended i n  C02-free wa:t:;er containing 0.C6 mole of n. i t r ic  acid. per m l e  
of Pr and w a s  heated. with s t i r r i n g  f o r  several  hours, but lit cou1.d not 
be peptized t o  form a sol. 

Ai-other s m p l e  of 5 g of praseodymium n i t r a t e  was heated i n  a in&- 
f l e  furnace f o r  2 kz" a t  300"C, and then f o r  an additional 1.5 hr at  
500°C. The resul.tiing chocolate-brown oxri.de w a s  suspended i n  wa.i;er con- 
t a in ing  0.0.'. mole of ni-tzic acid per  mole o f  p"r and. heated, with s t i r r i n g ,  
a t  60°C f o r  several  hours; however, it could not be peptized t o  form a 
sol. Denitration i n  steam m y  give more satisfactory products than were 
obtained by the  methods described above. 

i..olor. I t s  weight at t h i s  stage corresponded c lose ly  t o  tha.1; expected 

2.3.2. - M n e  Extraction of Ni t ra te  from a Solution of Praseodymium 
Ni t ra te  -- 

&trac t ion  of n i t r a e e  from a 0.1 M solxt ion of praseodyxliun nitrate 
i n  water wi-th a. solut ion of 20 vol $ &imeiie JM!F i n  benzene gave 8 hydrox- 
ide  p r e c i p i t a t e  tlnat w a s  d i f f i c u l t  t o  centr i fuge down because of the 
foxmation of a foam, 
(to remove amine), and, secondly, with w a t e r ;  it w a s  then sti.rred in 
water a t  about 60°C for 1 hr t o  produce a s o l  t h a t  w a s  about 1 M i n  Pr. 
Microspheres were formed by Lnjecting t 'n is  s o l  i n t o  a s t i r r e d  myxture of 
80 vol  $ 2-eYny~hexaiio1-20 vol. $ 2-octanol. 
were f i l t e r e d  o f f ,  washed w i t h  methanol, and dr ied a t  100°C for 15 min; 
a large proportion of them were broken and had a foamlike i n t e r n a l  
s t ruc ture  e The i n t a c t  spheres were whitish-green and had a low resis . ta ice  
t o  crushing; t h e  N03-/Pr  mole r a t i o  wa,s 0.32. 
some organic matter ( e .  g., benzene or amine) , which probabl-y prevented. 
t h e  formation of good spheres. This method of  s o l  preparmtion does not 
appear t o  be promising because of the d.iffi.culty of removing en-t,ra.ined. 
amine from -LIE prod-irct. 

The p r e c i p i t a t e  was washed, first, w i - t l  benzene 

After 15 min, t'ne spheres 

The spheres contained 

2.3.3. Method:; of Preparing Hydroxide So l s  by Slow Prec ip i ta t ion  

The slow, homogeneous prec ip i ta t ion  of praseodymium hydroxide with 
amonia t h a t  i s  l ibera ted  from tne  decomposition 0.C urea i n  solut ion a t  
the  boi l ing  point was exarr.ned. A solut ion of LO millimoles of praseodym- 
ium n i t r a t e  i n  55 ml of water was boiled. under r e f l u x  for 9 h r  w i t h  1.08 
g of urea (2% excess over Yne stoichiometric amount). A pale, greenish- 
whi-%e prec ip i ta te  formed a t  a co>nstaiit pX of 4.5, and 'chis  w a s  centrifuged 
down and washed. -t;wice with d i s t i l l e d  water. The r e s u l t i n g  s o l i d  was sus- 
pended i n  20 ml of watcer and heated f o r  35 min, bu t  it readily sedimented 
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and showed no s igns of peptizing; a sample w a s  removed arid dr ied  at  120°C 
f o r  1 hr. An i n f r a red  spectrum of the  dr ied  s o l i d  i n  a K8r d i sk  showed 
it t o  cons i s t  subs t an t i a l ly  of psaseodym5.m carbonate (with no t r a c e  of 
n i t r a t e  p re sen t ) .  
decomposition of the  urea.  

another method w a s  t e s t ed .  
(over a period of 1.5 h r )  by bubbling nitrogen f i r s t  t w o ~ i g h  a so lu t ion  
of 10 M ammonium hydroxide and then through the  so lu t ion  of praseodyniiuuz 
n i t r a t e  (15 millimoles i n  150 ul) . 
mained a t  '7.5 u n t i l  about 9 9  of the  praseodymium had been prec ip i ta ted ,  
and then increased to 9.5. 
f i v e  times with water; t h e  l as t  wash w a s  l e f t  i n  contact  with t h e  so l id  
overnight. The pH of the  wash so lu t ions  decreased as follows: 4.3, 9.1, 
8.7, 7.5, 6.0 (heavi ly  pept ized) .  
water <and mixed, using a v ibra tory  mixer, f o r  10 inin. The pH of the  sus- 
pension was 7.5; 0.5 millimole of n i t r i c  acid w a s  added, wid t h e  :;us- 
pension w a s  heated at  60 t o  70°C f o r  l hr .  Before n i t r i c  ac id  was added, 
a small volume of idle suspension was removed and d r i ed  a t  130OC €or 30 
min. The in f r a red  spectrum of t n i s  s o l i d  was si..~ni.lxr t o  t h e  spec t ra  
obtained previously on so l id s  p rec ip i t a t ed  r ap id ly  with m-oniuni hydroxide. 
R 1-id. sample of t h e  suspension w a s  analyzed spectrophotometrically f o r  
n i t r a t e  md was Tound t o  hav-e an N03-/Pr mole r a t i o  of 0.33. 
were formed by t h e  beaker method when the  s o l  had a creamy connistency 
(Pr concentration, -0.8 M ) ,  washed with methanol, and d r i ed  for 2.5 h r  
at  120°C. The spheres had an i r r e g u l a r  shape and rough surface, arid t h e  
i n t e r i o r  had a "p las t ic  foam" appearance, sirrLiLar t o  t h a t  found previously 
with other  so l s  having a high N03-/Pr r a t i o .  f l i t r a t e  i s ,  therefore ,  re-  
moved less e f f i c i e n t l y  from p r e c i p i t a t e s  formed by t h i s  very slow method 
of p rec ip i t a t ion  than from p r e c i p i t a t e s  formed by rapid p rec ip i t a t ion  
w i t i ?  a so lu t ion  of e i t h e r  NHGOH or TMAH. 

Apparently, carbon dioxide had been absorbed from the  

To obtain sl-ot~ p rec ip i t a t ion  without t he  absorption of cLarbon dioxide, 
Praseodymium hTydroxide w a s  p rec ip i t a t ed  slowly 

The pH of t h e  l a t t e r  st2lution r e -  

%he p r e c i p i t a t e  w a s  centr i fuged arid washed 

The solid was resuspeiid.cd i n  20 mL of 

Iticrospheres 

2.4. Spectra of Sols and Solutions Derived from Sols  

2.4.1. Uetermination of t h e  Concentrations of Lanthanide Metal and 
N i t  r a t e  

The concentrations of metal ion  and n i t r a t e  i n  sols, gels ,  and 
microspheres of lanthanide hydroxide were measured simply aad rap id ly  by 
dissolving 50 t o  100 iiig of so l id  sample, o r  1 t o  2 r r i l  of sol, i n  3 t o  5 
ml. of d i l u t e  perchlor ic  acid,  ad jus t ing  Yne perchlor ic  acid concentra- 
t i o n  t o  about 1 M, and measzwing the  spec t ra  i n  a 1-cm c e l l  vs water i n  
the  region 2800 to 6500 A. 

ured f o r  so lu t ions  prepaxed by dissolving weighed mounts  of f r e sh ly  
calcined. oxides i n  perchlor ic  ac id)  a r e  giver1 rin Table 7. 

c a l  dens i ty  (O.D.) for n i t r a t e  a t  3000 A for t h e  contr ibut ion of the Eu3' 
uv band, w a s  developed f r o n  the  spectrum of a so lu t ion  of Eh3* i n  1 - M 
perchlor ic  acid: 

3935 A ) ,  i n  which t h e  observed O.D. 's are corrected for backgrourid ab- 
sorption. 

The wavelengths and molar abso rp t iv i t i e s  of t h e  various bands (meas- 

The following formula, which w a s  used t o  co r rec t  t h e  observed opt i -  

Corrected O.D. (NO,-) = observed O.D. ( a t  3000 A) - 0.157.O.D. (a€ 



Table ‘1. Wavelengths and Molw Absorptivit ies of the  Bands 
Charactcr is t ic  of’ Lantna.nid_e Ioiis and Ni t ra te  i n  Perchloric Acid 

Inter%‘ ereiic t3 with Band Shape Band Maximum Mol= 
Ab sor-pti v i t y -  Ni t ra te  

..- .-~-~ .._ 111 --____._......._.._ 
(A) 

Ion 

4-4-40 1-0 * I Singlet ,  None &,3+ 

sharp 

sharp superimposed on NO, 

2740 0.6 Si.i&et, Superimposed on NO3 ; 
s h . q  very poor s e n s i t i v i t y  

3935 2.42 Singlet ,  Needs correction ( s e e  
sha,rp t e x t  below) 

sharp by peaks <3000 A 

si1wp 

- Nd3+ 5 740 7.2 Multiplet ,  %Wo v-e-9- weak peaks 

M 3 +  

L 34- 
i l l  

Ho3” 5360 3.44 Si.ngle-t, Sl.ight interference 

s m 3  -I- 401.5 3.30 Singlet ,  None 

NO3 3000 7.3 Single t ,  I - ... 
brad 

.-._a -.-- _.. 

The presence of drop2.e-Ls o f  m organic drying solvent or of an 
mine iised f o r  deni t ra t ion  gave a cloudy solution; thus these impurit ies 
had t o  be removed by washkg the solut ion twice with an equal volume of 
benzene and. +;hen blowing air  th-ough the  solut ion f o r  15 min t o  remove 
the t r a c e s  of benzene. 

2.4 a 2. .I_- Reflectance Spec bra of Microspheres - of Neodymium-,O-pancodyuiiun _.._ I - 
Oxides 

The measurement o f  ref lectance spectra  i n  the visible region was 
evaluated as a p o t e n t i a l  d i r e c t  meethod. for tlie determination of t h e  
N Q 3 - / m e t a l  rfio1-F: ratio and of the r e l a t i v e  mounts of rnel;aJ_s i n  micro- 
spheres. 
cause o f  the  numerous intense,  sharp absorption peaks of these metal ions 
i n  the 3000- t o  1-0,000-A region. 
200-p-diam microspheres of mixed Nd-Pr oxides-hydroxid es both before and 
after f i r i n g  at  ll0OoC were examined- i n  a Cary model 14 spectrophotometer 
that was fitted with a ref]-ectance stta,cIunen”i,. %he absomtion spectrum of 
a sample o f  t h e  unfired microspheres dissolved i n  1 M perchloric acid was 
m e a s u r e c I  i n  tlie same region, using a 1-ern s i l i c a  ceiT i n  a similar cwy 
model 14 spec trophobometer, The f i r e d  microspheres, which w e r e  black, 
gave only a continuous r e f l e c t i o n  spectrum over the avai lable  raJ2ge o f  
2500 to 7500 A; . this w i l l  not be discussed. DxWier.  

.tI.nr:tion coef f ic ien ts  of the peaks at  5220 and 5’756 A (Nd) and ai; 44-42 and 
k + % l 8  A (e), the  Nd3”/Pr3” mole ratio was 1..77, which i s  eqixLva,J..ent to 
64 mole % Nd, and t h e  l!J03-/(Nd + Pr )  mo1.e r a t i o  w a s  0.020. All the  peaks 

Microsphzres containing Nd3+, Pr3’, and NO,’ were selected be- 

Sampl-es of about 100 mg of 100- to 

Based on t h e  a,’o:sorption spectrum of the  solut ion.  xiid published ex- 



i n  t h e  r e f l e c t i o n  spectrum were sh i f t ed  t o  t h e  red with respect  t o  t h e  
absorption spectrum 03 t h e  solut ion,  t h e  mean s h i f t s  being 56 1L '1 A for Pr 
and 36 i. L 2  A f o r  Rd. 
t h e  r e f l e c t i o n  spectrum; f o r  example, f i v e  peaks p lus  a shoulder were 
observed i n  t h e  region 5000 t o  5400 A €or the  absorption spectrum of the  
solut ion,  corresponding t o  e ight  peaks plus  a shoulder i n  t h e  r e f l e c t i o n  
spectrum. S h i f t s  of t h i s  order,  and s p l i t t i n g  of bands, have been r e -  
ported previously4 f o r  p7: complexes [ e .  g.,  k.( OH) ], compared with the  
ayuo-ion. 

t h e  r e f l e c t i o n  peak divided by the  o p t i c a l  dens i ty  for the absorption 
peak (l-csn c e l l ) ,  var ied from O.'I f o r  t h e  I&+ ped< a t  7454 A to 3.0 f o r  
t he  Pr3" peak a t  5943 A, and no co r re l a t ion  with wavelength o r  element 
was apparent. This unexpectedly large var i a t ion  of r e l a t i v e  i r i t ens i ty  
at d i f f e r e n t  wavelengths irmdc the  measurement of re f lec tance  spec t ra  
unsui table  €or the  d i r e c t  ana lys i s  of t h e  N03-/me.l;al mole ra t ios ,  o r  of 
t h e  mole r a t i o s  of d i f f e r e n t  metals, wi-tnout more extensive measure- 
ments and c a r e f u l  ca l ib ra t ion .  
t h e  d i f f e r e n t  degrees of re:;olution of' t he  multiple bands i n  absorption 
and r e f l ec t ion .  

P4ultiple baads were resolved t o  a hfp&er degree i n  

The r e l a t i v e  i n t e n s i t y  of each peak, expressed as op t i ca l  dens i ty  f o r  

The va r i a t ion  was probably t h e  r e s u l t  of 

2.4.5. Ult rav io le t  and Vis ib le  Spectra of: Sols of Praseodymium Hydroxide, 
and Measllrement of Paxt ic le  Size 

Sols 0.005 t o  0.5 M i n  praseodymium hydroxide, and having an PJO3-/?r 
mole r a t i o  of  0.06 to OT25, gave sharp absorption bands a t  &87, 4'740J A872, 
5534, and 6042 R superimposed on a smooth curve (Fig.  2 ) .  The absorbance 
w a s  inverse ly  proport ional  t o  approximately the  fourth power of  Yne wave- 
length.  The absorption peaks were in t ens i f i ed  by a f a c t o r  of 1.4 t o  2.3, 
and t h e  wavelengths of t h e  peaks were sh i f t ed  by an average of +62 A 
r e l a t i v e  t o  t h e  values f o r  t h e  aquo-ion i n  1 M perchlor ic  acid.  
t r a n s i t i o n  of t h e  ion  a t  5t390 R w a s  s p l i t  i n t o  two d i s t i n c t  peaks. 
red s h i f t s  agreed c lose ly  with those found i n  the r e f l e c t i o n  q e e t r a  of 
t h e  s o l i d  g e l  microspheres (Sect .  2.4.2.) .  

measurements of t h e  sca t t e r ing  o€ l i g h t  by it The two p r inc ipa l  
methods itre based on the  measurement of (1) Light sca t te red  zit 90" ( o r  
some ot'ner angle)  t o  t h e  incident  beam, using a l igh t - sca t t e r ing  photometer, 
and ( 2 )  t h e  decrease i n  t h e  i n t e n s i t y  t raxsmit ted along t h e  a i s  of t h e  
beam, i n  a conventional spectrophotometer. The l a t t e r  method i s  more 
simple, experimentally, and has been evaluated f o r  t h e  rare -ear th  hydrox- 
i d e  sols ,  as wel l  as f o r  t h o r i a  s o l s  and p1utonLm polyraer. 

mathematical expressions t o  the  ca l cu la t ion  of molecular weight are: 
t h e  s o l  p a r t i c l e s  should have a diameter less than A/20, where A i s  t h e  
wavelength of the  inc ident  l i g h t ;  ( 2 )  t h e  p a r t i c l e s  should be isotropic;  
(3) t h e  decrease i n  l i g h t  i n t e n s i t y  should be t h e  r e s u l t  of s ca t t e r ing  
a d  not of absorption; (4) t he  t u r b i d i t y  (7) , which i s  proportional t o  
t h e  o p t i c a l  densi ty ,  should be r e l a t e d  l i n e a r l y  t o  t h e  concentration o€ 
t h e  s o l  pa r t i c l e s ;  (5) t h e  term TA' should be constant  with A ( v a r i a t i o n  
of t h i s  tern may indica te  absorption);  add ( 6 )  a log-log p l o t  OS -r vs A 
should be l i n e a  with a slope of 4 ( s lopes  of l e s s  Vnan -4 requi re  a 
more complicated mathematical treatment) . 

The I D z  
These 

The molecular shape and s i z e  of s o l  p a r t i c l e s  can be calculated from 

The condi t ions t h a t  must be s a t i s f i e d  f o r  t h e  appl ica t ion  of simple 
(1) 
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CURVE A: 00225RA Pr(OH), Sol NO. 105 
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Fig,  2. Spectra of Praseodymium liydi-oxi.de S o l  and Pra.seodpiiwn 
Perchlorate Solution. 

The following basic  equa,t,ions5 9' were used to calcul-ate the wzigllt- 
average molecular weigllt ( M )  and racli.us (r) o f  a s o l  parLi-cle: 

where 

7 = 2.303 t ims the optics!.. density f.il a ]..-ern cel.1, 
A = wavelength in cmp 
c = concentration of the sol io. g / c c ,  
N = Avogadro's number, 

no and. n = re f rac t ive  indexes of the  sol-vent a n d  the sol xi; wave- 
length A; 



2 1  

and 

The  var ia t ion  of -r (corrected for absorption) w i t h  A axid c for sols 
0.09, 0.02, and 0.005 M i n  P r  showed t h a t :  
c only up to about a c&centration of 0.02 M, abcve which it decreased with 
c (13% l o w  a t  0.09 M);  ( 2 )  -rA4 w a s  constant-( 2.21 k 0.14:) x SO-1 * froni 6500 
t o  2500 A f o r  the  OT02 M sol ;  (3) t h e  exponent of t h e  p l o t  of Log I- vs l o g  
A was -3.83 k 0.18. Ilezce, -t;lne condi t iom f o r  -the ca lcu la t ion  of M and- 
r from the  r e s u l t s  were sa , t isf ied approximately, provid-ed t h a t  it11 ex- 
t rapola t ion  to zero concentrati.on was used. t o  co r rec t  for Yne nonlinear 
var ia t ion  of T with c.  The ca lcu la t ion  of  r required e i t h e r  t h e  mneas- 
urement of the r e f r a c t i v e  index of t h e  s o l  p a r t i c l e s  or t h e  asswrption 
of some model of t h e  dimensions and molecular weight of the "monomer. " 

per u n i t  change i n  concentration) of 0.034 nio~e-' l i t e r  was obtained with 
a Zeiss dipping refractometer using white l i g h t .  Tnis val-ue, together  
with a value of 1.75 f o r  t h e  r e f r a c t i v e  index ( n  ) of t h e  s o l  par- 

t i c l e s ,  which was obtained by armlogy with other  rare-ear th  inydrc;x?ldes, 2,7 
w a s  used i n  the  ca lcu la t ion  of molecular weights and r a d i i  i>f p a r t i c l e s  
f o r  t h e  so ls  r e f e r r e d  t o  i n  Sect.  2.1.3. 

No estimate of the shape of t h e  p a r t i c l e s  could be obtained from Ylze 
simple t u r b i d i t y  meastremeiits; however, more lengthy experiments w i t h  a 
l i g h t - s c a t t e r i n g  photoffleter would enable t h e  shape t o  be determined. The 
e lzc t ron  micrographs (Sect .  3 )  showed t h a t  the  assumption t h a t  sca t te r ing  
p a r t i c l e s  were sphericall-y symmetrical was not Sust i f ied  (unless large 
aggregates of randomly or iented needle-shaped c r y s t a l s  were present) ; 
likewise, the assumption t h a t  a l l  p a r t i c l e s  were about t h e  SUE s i z e  ( t h e  
e f fec t  of a small proportion of la rge  diameter sca t te r ing  p a r t i c l e s  is 
very grea t )  was found t o  be incorrect .  
t h e  calculated molecular weights and p a r t i c l e  diameters are probably only 
cor rec t  t o  an order of magnitude with t h i s  p a r t i c u l a r  system, and t h a t  
d i r e c t  e lec t ron  microscopy o f f e r s  more promise f o r  fu ture  work .than does 
a light - sca t te r ing  methr;d, 

(I) 'r was  l i n e a r l y  r e l a t e d  t o  

A -value of t h e  r e f r a c t i v e  index increment (change i n  r e f r a c t i v e  index 

so lu te  

It seems l ikely,  therefore ,  t h a t  

2.4.4,. Infrased Spectra of Various Sol-Gel P h t e r i a l s  

We used a Perlrin-Elmer Infracord spectrometer t o  m a s u r e  the  5rxfrczred 
spectra,  i n  tne  range 2.5 t o  15 p, of tvo types of sample:;: (I) so l ids  
that had been pressed i n t o  p e l l e t s  with pohssium bromide and ground up as 
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m i i l l s  w i t h  Nujol, a i d  ( 2 )  s o l s  and ge ls  t ha t  were he1.d as thin. f<.I.ms be- 
tween s i l v e r  chloride p l a t e s .  Organic matter ( e . g . ,  res idua l  tetramethyl- 
ammi ium tons, or loag-ch.aj.:n a lcohols  used t o  d r y  the so ls )  w a s  dekected 
i n  some batches of  microspheres by the C-H s t re tch ing  vibrat ions i n  the  3- 
and 7-p regions. The t3;bsoqyf;ion of CO;! by a. sol- or ge l  w a s  81.~0 detec-bed 
by the C-0 s t re tch ing  vf'ouations a t  6.7,  7.1 ,  and U.3 p, except .t;inak 

there  was interference i n  the 7-1-1 region when a laxge mount o f  n i t r a t e  
was present.  

The res idua l  n i t r a t e  showed up clearly i n  the gel- microspheres as 
strong bands at 6.7 and 7.3 p and as a weaker b8a.d at 9.4 p ( t h e  7..3-p 
hand- i n  K13r disks arrises from n i t r a t e  ions produced by rea,ction of .t;i?e 
sample v i t h  the KBr t o  give KN03). 
in s o l i d  praseodyrlfium nlil;s.-a.'ce hydra& and a r i s e  from n i t r a t e  groups co- 
ordinated t o  the  m e t a l ,  not; from n i t r a t e  ioiis, I n  sols, the  ni.Lra.tr bands 
were brosder and subjec'c t o  intei-ference from Yne strong 'oaiid of water at 
6.1 p. 
servat ion a t  higher wavelengths may be useful  i n  that, it may reveal  the 
metal-oxygen s t re tch ing  bands. 

up t h e  sample i n  t h e  beam to 50 -Lo 70°C, depending on Lhe alosor.-p~ivi'cy of 
t h e  sanpl.e, and ( 2 )  it i s  not s u f f i c i e n t l y  sens i t ive  t o  de tec t  t r a c e s  of 
impurit ies ( e  .g., carbonat;e or o r g m i c  ma.i;-ter) t1ia.i; m y  ai"fect the p ~ o p e r -  
t i e s  of the sols. 

Eu were measured as a fu.nction of  the  temperature t o  which t h e  samples 
were heated ( s e e  Sect. 5). 

The bands were s i m i l a r  t o  those found 

Calcined oxides had a fea ture less  spectrum Prom 2.5 t o  15 $1; ob- 

Disa,dvanta,ges of  the IrSracord spectrometer are t h a t  (I) it heats 

- infrared spectra of hydrezted n i t r a t e s  and carbonatxs of P ry  Nd, and 

Samples of hydroxide s o l s  of Pry Nd, and E'cl were examined by e lec t ron  
microscopy to d.e-termine the shape and s i z e  of t'*?e col.l.ari.da1 parcticles a t  
various stages i n  t h e  second method of preparation (Sect.  2.2).  
d-iffraction measurements were made on sei-ected 1 1-l X 1. p areas of the 
s o l s  to asceYtarin tile m.o-qJhous o r  crystal-l ine form o-f the p a r t i c l e s .  

Electron 

3 .l. Prepa,mi;ic:)n of Samples and Genei-al. Resii.Lts 

%ciZ sample, containing a f r a c t i o n  of a m i l l i l i t e r  o f  sol., was di lu ted  
about 100-fo1.d wr i th  C02-free d i s t i l l e d  water. 
was placed on a Fomar-covered- copper gr id  and insei--ked i n  t h e  el.ec-troil- 
microscope (PhiLlips type .E.M2) a 

ahoui; 10 mS.n a f te r  sampling, m d  nega-Lrives were prepared on p la tes .  The 
d e t a i l s  of the  samples t h a t  were exajfin.in.ed. a r e  given i n  Tables 8 and 9; the 
shapes and s izes  of the  pa . r t ic les  were measured f rom 1.0 x 8 i n .  photographic 
p r i n t s  a t  a f inal  magnification of 165 , 000 X . 

One drop  O S  this d i l u t e  sol 

The image was observed on t h e  screen 



Table  8. S o l s a  Examined by Electron Microscopy 

Time of Aging a t  25OC from 
Metal Sol Sample Fig.  Preparation and Treatment Procedure Precipitation to Electron Size,  Shape, and Crystall inity 

of Part ic les  N O .  N O .  Microscopy 

P r  

P r  

Pr 

P r  

ELI 

Eu 

E U  

EU 

95-1 

95-2 

95-3 

90 

96-1 

96-2 

96-4 

99-1 

3A 

3B 

3 c  

3D 

4A 

48 

4D 

4 c  

Freshly precipitated hydroxide centrifuged 
from mother liquor; 20 times e x c e s s  
NH,OH used for ppn. 

Ppt.  washed 5 times with H,O, with inter- 
mediate st irring and centrifuging; NO,-/ 
Pr = 0.19 

Similar to that for 95-2; aged additional 
60 min until liquefied to translucent 
sol; Pr = 0.57 M 

Prepn. similar to t.hat for sol 95; except  
40 times e x c e s s  NH,OH used for pptn. 
and ppt. washed ten times with H,O; 
NO,-/Pr - 0.21 

Freshly precipitated hydroxide cen- 
trifuged from mother liquor 

Ppt. washed 4 t i m e s  with H,O; solid 

Same a s  that for 96-2; kept over week- 

pas te  

end 

Similar t o  that for s o l  96, but aged 25 
hr a t  25'C. Very thixotropic, trans- 
lucent liquid sol; NO,-/Eu = 0.06 

18 min 

80 min 

140 min 

6 days  

20 min 

SO min 

67 hr 

25 hr 

30-60 A; spherical ,  amorphous; a few 
isolated rods 480 to  580 A long 
and about 60 A wide 

Amorphous par t ic les  and i n  so l  95-1; 
a l s o  crystal l ine rods 300 to  700 A 
long and 30  to 90 A wide 

All  crystal l ine rods,  s ingle  or as 
bundles, 400 t o  1000 A long and 
20 to  200 A wide 

same size ranges w 
All  rods or bundles ,  as in so l  95-3; 

R) 

30  to  60 A; Spherical, amorphous 

30 to 200 A; spherical;  probably 
agglomerates of smaller par t ic les  

Many smal l  amorphous particles;  
many bundles of crystall ine rods 
f r o m  1500 to  7500 A long and 
100 t o  600 A wide 

Amorphous particles;  bundles of rods 
700 t o  4000 A long and 60 to  300 A 
wide 

"Sols are shown in Figs .  3 and 4. 
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Table 9.  Sols" Examined by Electron Microscopy 

Sol 
Sample 

Preparation and Treatment 
Procedure 

Pr 

P r  

Pr 

Pr 

Ell 

Nd 

93 

97-1 

97-2 

97-3 

99-2 

104 

Similar to that for s o l s  90 and 
95, but 40 times e x c e s s  am- 
indnia used for pptn.; NO,- /  
P r  = 0.20 after 5 washes with 
I I , Q  

pptn. and a l l  washes at  0°C; 
solid paste 

Similar to that for sol  95, but 

Similar to that for s o l  97-1, 
but HNO, added to give a n  
HNO,/Pr  ratio of 0.1 after 
2 hr a t  0°C; liquefied so l  
aged additional 3 hr a t  0°C 

Similar to that foe so l  97-1, 
but liquefied 

(Table 8); HNO, added to 
give an NO,-/Eu ratio of 
0.16; milky-white color 

Standard method, 14-g s c a l e  

Compare with so l  99-1 

(see Table 3); ultrasonically 
dispersed 

Aging Conditions 
r *  of Part ic les  I iim Temperature 

Size, Shape and Crystallinity 
. . . . . . . . ......... . . . 

4 Heated. 60 

2 0 

5 0 

6 0 

25 25 

24 25 

All crystalline r o d s b  300 to 1200 A 
long and 30  to 200 A wide 

Some amorphous par t ic lesc;  some 
crystalline rods' 400 to 700 A 
long and 30 t o  90 A wide 

,411 crystalline rods, s ingle  or a s  
bundles, 400 to 2000 A long and 
20 to 200 A wide 

All crystalline rodsb 400 to 1000 A 
long and 20 to 200 A wide 

Less amorphous material than that  
f r o m  s o l  99-1, but larger bundles 
of crystalline rods up to  4500 A 
long and 700 A wide 

crystal l ine rods from 300 to 1800 A 
long and 20 to 160 A wide 

"Sols a ie  not illustrated. 
bSiinilar to those in so l  95-3 (see Table 8). 
'Similar to those in s o l  95-2 (see Table  8). 

ELecbron micrographs of the  praseodymium hydroxLde and europium hydrox- 
ide  s o l a  (Figs. 3 and 4 respect ively)  show .the e f f e c t  of aging time. 
Electron d i f f r a c t i o n  pa t te rns  from selected areas of -the g-rid are shown 
in Figs.  5 and 6.  

and Eu (sols 95, 104, and 96 respect ively)  obtained from Yne el.ectron 
d i f f r a c t i o n  p l a t e s  a re  presented i n  Table LO. The spacings of - the dif- 
f r a c t i o n  l i n e s  agree very cl-osely with the  x-ray data  reporbed for  Nd(  OH) , 
and EU(OK)~~ (and differ s ippi f icant ly  from those expected for Eu*O*OH). 
m e  i n t e n s i t i e s  a re  d i f fe ren t  from those reported for -tile x-ray measire- 
ments, bui; th3.s i s  not u iusua l  since t'ne rods in our  preparations appear 
60 have preferre6 or ientat ion.  

Elec-Lron d-iffraction data f o r  t h e  ciystal.l-ine hydroxides of Fr, Nd,  
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SCALE H =60d 
A - FRESHLY PRECIPITATED, AGED 18 min. 
B - PRECIPITATE WASHED, AGED 80 min. 
C - PRECIPITATE WASHED, AGED 140 rnin. 
D - PRECIPITATE WASHED, AGED 6 days 

Fig. 3 .  Elec t ron  Micrographs of PrascodFnim I-Iyd.roxide Sols .  
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D - PRECIPITATE WASHED AGED 67 hrs ,  
Fj g. 4. Elec-tron Micrographs of Europium Hydroxi de Sols. 
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PHOTO 83062 

A -  FRESHLY PRECIPITATED , AGED 18 min. 
B - PRECIPITATE WASHED AGED 80 rnin.  
C - PRECIPITATE WASHED, AGED 140 min. 
D - PRECIPITATE WASHED , AGED 6 days 

Fig. 5. Elec t ron  Diffraction Patterns of' Praseodymium Hydr0xid.e 
Sols.  
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PHOTO 83063 

A -  FRESHLY PRECIPITATED, AGED 2 0  min. 
B-PRECIPITATE WASHED AGED 80 min. 
C -  PRECIPITATE WASHEU AGED 25 k r s .  
D-PRECIPITATE WASHED I AGED 67 hrs.  

Fig. 6. ElecLroi? Diffraction Patterns of Europium Rydroxide Sols .  
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Table 10. Electron Diffraction Data for Hydroxides of Pr, Nd, and Eu 

Nd(OHj, Eu(C)Hj, ----__ ___ -.-1_1 II_____ -̂-. 
Pr(OW),, '' Data 

f t o m  Data from Data from Data from Ddta from 

100 5.559 
110 3.193 
101 3.077 
200 2.765 
111 2 .34 '7 
201. 2.216 
210 2.086 
300 1 I844 
no2 1.832 
211 c3 

102 1.767 
220 1.661 
112 e 
310 1.536 
202 e 
31 1 1.413 
21% e 

302 1.307 
320 e 
410, 222 1.209 
321 
9 c13 e 
312 e 
2 03 1.132 

M 
M-1- 
vs 
w 4- 

w t 
S- 
Q w 
.E; 
M-l 

?VI 
M 

W 

LV + 

W-i- 

w ?- 

w 

5.57 
3.20 
3.08 
2.768 
2.1 5 
2.217 
2.092 
1.848 
1.842 

1 60.5 

1.540 

1.41 7 
1.392 

80 
65 
85 
10 
5 

I00 
10 
5 0 

100 

30 

10 

20 
1 I) 
15 
10 

3.57 
3.20 
3.08 
2,765 
2.45 
2.217 
2.09'2 
%,E48 
1.842 

1.763 
1 .605 

1 54 

1.417 

1.29 

1.201 

e 

1 .I 25 

e 

C 

e 

e 

c 

e 

5 2 2  
3.184 
3.047 
2.7.57 
2.399 
2.202 
2.083 
1.837 
1.828 
1.810 
1.732 
1.589 
1.585 
1.527 
1.524 
1.410 
1 .374 
I .20§ 
1.262 
1.201 
1.904 
1.189 
1.171 
1.113 

70 5.52 
SS 3.18 

180 3.05 
20 2,758 
s 2.40 

50 2.204 
6 2.08 

1s 1 8 4  
20 1.822 
35 e 
(5 1.740 
2 1.388 

3 4 e 
4 1.52 
4 3  
x 1..41 
5 1.374 
7 1.292 
1 e 

10 13 

1.0 1.192 
2 B 

2 1.168 
4 1.114 

"Parameters for hexagonal s t ructure3:  a =- 6.48 A, c = 3.77 A, 
"Parameters for hexagonal s t ruc ture7:  a -1 5.421 A, c 7 3.74 A. 
"Parameters for hexagonal s t ruc ture2:  a =: 6.421 A, c .: 3.645 A, 

"Missing 01' unresolved lines. 
vi s ua 1. 
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3.2. Detailed S t m c  tu re  of C o l l o i d a l  Crystals of 
Lanthanide Hydroxides 

The rod-shaped c rys t a l s  observed on the  e lectron micrographs showed 
many s imi l a r i t i e s  t o  those of E-FeO'OR, which were studied i n  d e t a i l  
recent ly  by Watson and co-workers.8 
on the  grids,  and no information could be obtained concerning the dimen- 
sions of the  pa r t i c l e s  5.n the  d i rec t ion  of t h e  beam. Thus other methods 
were used; i n  addition, several  gr ids  were exa r~ned  a t  magnifications UQ 
t o  658,000 X i n  an attempt t o  resolve the s%i?uctu.%'e of t he  individual 
rods. 

The par t i c l e s  appeared t o  l i e  f l a t  

3.2.1. Stereoscopic Electron Micrography 

Two negatives of the same f i e l d  of view [ L L I ( O H ) ~  sol] were exposed 
with the  angle of the electron beam shifted- by 6". The f i n a l  p r i n t s  were 
aligned by t r i a l  and errox- to g i v e  t h e  rnaximm stercoscopic effec-t i n  a 
hand viewer. (The fj-eld is not i den t i ca l  i n  each because of sm,ll shifts 
caused by a l t m i n g  the  h e m  angle.) The stereo f i e l d s  showed tha t ,  on a 
normal pr in t ,  an apparently f l a t  f i e ld  of  rods consi-sted of rods aligned 
a t  angles up t o  about 30" t o  -the f i e l d  and that the  bundles o r  rods d id  
not appear t o  have a def in i te  reproducible c ross  sect ion (e.g., square 
o r  round). 

3.2.2, 

a standard methacrylate embedding medium, and- u1l;ratilin sections about 
200 A th ick  were cu t  57i'ih a microtome. 
and- examined a t  a ma,gnification of 375,000 X (Fig.  7). 
of rod-shaped ci-ysta1.s o r  t h i n  sheets and. bundler, ~ 1 "  rods o r  sheets was 
obsei-ed,  w i t h  occasional square cross sections b e h g  noted where the  
or ien ta t ion  of the bundl-es allowed them t o  be cut  a'i approximately 30" t o  
t h e  long a x - s .  %ne width o f  Yiie bimdles varied f-rom 30 t o  150 A, and the 
m%Ximum length w a s  about 1000 A. flie sha,rply defined buidle w i i i h  an a p -  
proximte ly  square cross section near the bottom of Fig. 7 has a 1 4 0 - A  
s ide and a mottled appeara,nce, which suggests t h a t  there  are several  holes 
thyougn the  section. 
and dark l ines ,  each aboul; 20 A wide, Ynat are sirfli,1w t o  the  30-A-wid2 
l i n e s  observed on micrographs of B-E'eO*OH.8 'Tie fea tures  i n  the  micro- 
graphs may represent s o l i d  rods,  o r  tubes, arranged p a r a l l e l  -Lo each other, 
aad/or t h i n  sheets with one o r  moree edges rolled. up. 

We have also obtained a t h i n  section of a europium hyd.roxid.e ge l  sphere 
(No. 124), which showed (Fig. 8; ma,gni.fication: 228,000 X )  a random dis-  
t r i bu t ion  of bundles of rods o r  -tubes similar to those shown in Fig .  7'. 
However, the  bundles were larger, alooi-vi; 240 t o  380 A wLde and up t o  3000 A 
long. Cross sections of bimdles c u t  approximately a t  righ'i angles t o  t he  
long ax is  were i r regular ,  the  majority having a "ca,stellated" edge w i e h  a 
repeat distance of 75 t o  80 A. 
or 3 X 3 un i t s  (rods o r  tubes) .  Several of t h e  units or bundles o f  u n i t s  
showed curvature along .tne long a x i s ,  as w a s  observed with P-FcO-OH 
crys ta l s .% MicrogPaphs of t he  sol. N o .  124 have been examined a,t, imgnifri- 
cat ions of up t o  658,000 X on the  f i n a l  p r in t s .  
501,000 X) ( see  Fig. 9) showed pat terns  ( G r o w s  marked A) t h a t  can be 

G e l ,  Microsphere Cross Sections ~- Prepared by a Microtome Technique 

A praseodymium hydroxide ge l  idcrosphere (sol No. 95) was mounted i n  

The sections were mounted on gr ids  
A random d i s t r ibu t ion  

Mmy of the  bundles m e  composed. of p a r a l l e l  l i g h t  

These probably represent arrays of 4 X 4 

'me p r i n t s  (magnification: 
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Fig. 7. Microtorncd Cross Sectlon:: of Pr Soi-Gel Beads. 
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Fig. 8. Micro-tomed Cross Sections of Eu Sol-Gel Beads. 
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interpreted as t h i n  sheets (15 t o  20 A th ick)  with a t  l e a s t  one r o l l e d  
edge, as wel l  as pa t te rns  (arrows marked B) t h a t  appear to a r i s e  from tubes 
(outs ide diameter, 60 -to 70 A; ins ide  diameter, 20 t o  25 A ) .  
of overlapping l i g h t  and dark l i n e s  i n  other m e a s  are more d i f f i c u l t  t o  
i n t e r p r e t ,  but they  my a r i s e  from bundles of tubes and rol.1.e.d sheets.  

The pa t te rns  

3.2.3. Cross Section of P a r t i c l e s  That X a d  Sedimentcd from a SOL 

A eu.ropiim hydroxide s o l  (No. 108) w a s  allowed t o  stand in a tube a t  
2 5 O C  f o r  several  weeks, during which time a large proportion 09 t h e  par-  
t i c l e s  sedimented. The r e s u l t i n g  la,yer of p a r t i c l e s  was dehydrated and 
embedded. i n  p l a s t i c  i n  a manner similar t o  thab descrilxd. 'Qy A 
d i r e c t  transmission e lec t ron  nlicropaph of a sect ion through a layer  cub 
with a microtome i s  shown i n  Fig.  10. Bundles of rods cu t  both p a r a l l e l  
and at  r i g h t  angles t o  t h e  long axis can be seen. 
i s  about 4000 t o  5000 A, and the  width or diameter of t h e  b u d l e s  i s  330 f 
50 A. 
but  near ly  a l l  have tine c a s t e l l a t e d  edges observed i n  the  micrograph (Fig.  
8) of the sect ion through a europium hydroxide g e l .  
bund.l.es i s  l e s s  unifo-rm t'nan t h a t  o f  t h e  crysLal:; i n  '$-FeO=OH layers ,  i n  
which a s t r i k i n g  checker'ooard pa t te rn  i s  seen (Fig.  2 of r e f .  8) .  

Tlne length o f  the bundLes 

Some of the  bundles have a cross sect ion '2ia-L i s  approximately square, 

Tne packing of the  

3.2.4.. Effect  of Agkg t h e  Payt ic les  i n  the  Mother Liquor 

prec ip i ta te  of eu-opium hydroxide ( s o l  Bo. 1.38) ( I - )  aged i n  t h e  mother 
l iquor  ( 8  M NIE4OH, 0.1. M n i t r a t e )  for 24 hr ,  and ( 2 )  washed. with water 
as i n  the  normal s o l  pr;para.t;ion (Sect .  2 .2 )  and aged i n  water a t  an 
appxcent pH of 9.6 f o r  24 'm. Electron micrographs (Frlg. 11.) at a magni- 
f i c a t i o n  of 165,000 X showed t h a t  (I..) the  p a r t i c k s  i n  the  motlier l iquor  
formed. small p l a t e s  about 300 A wide and thai; some of tiiese were hexagonal 
with well-defined corners, ( 2 )  t h e  particles aged i n  water were similar 
t o  those i n  Fig,  4C (bundles of rods o r  tubes 700 -to 4000 A long and 60 
-Lo 300 A wide). 
mother I.-iqixor f o r  24 hr ,  was then d i l u t e d  by a f a c t o r  of about 50 with 
water, and aged. an a,dd.i-tional hour; it showed soffle rod-shaped p a r t i c l e s  
or  r o l l e d  sheets,  together with t h e  small p l a t e s  o r  sheets.  

A coniparison w a s  made of the  s izes  and shapes of  the parbicles  i n  a 

R sample o f  the  prec ip i ta te ,  which had been aged i n  the  

3.2.5.  Conclusions About tne Struc-Lure 

The v i s u a l  a p p e u a m e  of the micrographs of the washed and aged europium 
hydroxide sols and gels at  high magarific:atA.on w a s  t h a t  of bundles o r  tubes 
and/or scrolls, each tube o r  r o l l e d  edge o f  a sheet having an outside 
diameter of about 60 t o  70 A and a,n ins ide  diameter of 20 t o  25 A. Bow- 
ever, i n  addition t o  groups of p a r a l l e l  l i n e s ,  we observed simgle, dark 
l i n e s  about 20 A wlide on the  micrographs o f  the  praseodynium hydroxide 
sols; hence sol id ,  20-A-diax r o d s  ( o r  smll tubes) may coexis t  with l a r g e ,  
60-A-dian tubes. On agi.ng, t h e  rods or tubes grew longer, w i t b  those of 
praseodymium hydroxide (Fig.  3) and. europium hydroxide (Fl.g, 4.) reaching 
maximum lengths of 1000 8nd 7500 respective1.y; they d id  n o t  appear t o  
grow, f i r s t ,  as long sheets and then t o  r o l l  up along the  edges. The 
hydroxid-es of praseod.pili.wn and europi.um exhibited widely d i f f e r e n t  r a t e s  
of c r y s t a l l i z a t i o n  at 25'C, and. the  form of the crrystals w a s  influenced, 
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t o  a la rge  degree, by the  nature of t he  solut ion i n  which the pa r t i c l e s  
were aged [e.g., Fig. 4C (water) and Fig. 11 (8 - M NH40W)I. 

It i s  possible t h a t  the  c r y s t a l  form i n  the  so l s  could- be control led 
by preparing g e l  spheres with sheets or rcds of such s i ze  t h a t  optimum 
propert ies  (densi ty ,  s t rength)  would be produced i n  the  f h a l  calcined 
oxide. 
’oelow. 
inricrodensi-torneter may allow 11s t o  dis t inguish c l ea r ly  between (1) par- 
a l l e l  rods, (2 )  tubes, m d  (3) t h i n  sheets with pa ra l l e l ,  curled edges 
since a d i f f e ren t  density d i s t r ibu t ion  with distance would be expected 
€or each forrfl. 

Our e f for t s  t o  modify the  c r y s t a l  form with addi t ives  are  described 
I n  fu ture  work, scanning the  electron microgmaphs with a recording 

3.3. Attempts t o  Change the  Sizes an.d Shapes of the  Pa r t i c l e s  

The random, loose packing of Long bundles of rod-shaped pa r t i c l e s  i n  
t h e  ge l  microspheres (Fig.  ‘7) leads t o  a degree of microporosity i n  the  
calcined oxide ( see  Sect.  6 ) .  
packed, an oxide with a higher densi ty  md less porosi ty  could probably 
be prepared. Therefore, we have made several  attempts, a l l  unsinccessful 
thus far, t o  change the  s izes  and shapes of t he  pa r t i c l e s  by (1) a l t e r i n g  
the  tmpera tu re  both during and a€ter prec ip i ta t ion  of Lhe hydroxide, and 
( 2 )  by adding formic acid as a complexing agent t o  prevent aggregation. 

Praseodymium hydroxide was prec ip i ta ted  a t  0°C and than aged at the  
same temperature f o r  several  hours ( s o l  No. 97), while a sample of mother  
sol- (No. 93) w a s  heated a t  6OoC for 4 hr. I n  both experinients, the  electron 
mLcrographs showed t h a t  the  s izes  of t he  rods and bliiidles of rods were 
about t he  same (Table 9) as those obtained when the p rec ip i t a t e  w a s  formed 
and aged a t  25°C (Table 8 and Fig. 3 ) .  

Formic acid w a s  added a t  various stages i n  t h e  preparation of the  
europium hydroxide s o l s  Nos. 129, 130, arid 131 (Table 4 ) .  After Yne pre- 
c i p i t a t e s  f o r  so l s  129 and 130 had been thoroughly washed, formic acid w a s  
added t o  give formic acid/Eu mole ratios of 0.1 and 0.4 respectively; 
suf f ic ien t  formic acid w a s  added t o  sol 131 t o  give a formic acid/Eu mole 
r a t i o  of 0.4 a t  the  prec ip i ta t ion  stage. Electron rnicrographs o€ the  
samples of the  so l s  showed bundles of  rods of about t he  s.me s i ze  as those 
observed f o r  s o l s  without formic acid.  ‘I”I1us it i s  probable t h a t  t he  for -  
mate ion forms only a weak complex w i t h  t he  europium ion, and t h a t  a reduc- 
t i o n  i n  the  extent  of aggregation w i l l  only be achieved with a very strong 
c omplexing ligand. 

If these pa r t i c l e s  w e r e  more c lose ly  

4.1. Formation of G e l  Mcrospheres by Deh-@ration !3f Sols 

Microspheres of ge l  were formed by in jec t ing  droplets  of a s o l  i n to  
a long-chain alcohol or  nixture  of alcohols i n  (I) a baffled- beaker whose 
contents w a s  s t i r r e d  a t  a r a t e  j u s t  su f f i c i en t  t o  keep the droplets  sus- 
pended, and ( 2 )  a tapered c o l m g  i n  which an upflow of %he alcohol f lu id -  
ized t h e  droplets .  The alcohol p a r t i a l l y  dehyflrated t h e  sol spheres and 
allowed glossy spheres 20 t o  200 IJ. i n  diameter t o  be formed i n  about 15 
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min i n  a beaker, or spheres 500 t o  900 ~r i n  diameter t o  be formed i n  30 
t o  45 min i n  the colv_nm. These spheres were f i l t e r e d  from the  solvent, 
washed with methanol-, and dried; they were free-flowing a t  t h i s  s tage,  
Altllough the  tapered-colui i  method required a longer period of dehydration 
(because of l e s s  turbulence),  it had two advantages: 
spheres tinat were more imiform md of a more reproducible s i z e  than those 
obtained by tlne beaker method, and ( 2 )  the  system could be operated con- 
tinuousl.y, One disadvantage noted w a s  t h e  tendency f o r  t h e  microspheres 
t o  agglomerate a f t e r  a f e w  minutes. This could be prevented only by add- 
ing a sinall amount (0.05 to 0.5 vol  $) of a surface-active agent* (e.g. ,  
,rlmine-O, Spar1 80, Etbomeen S-15). I n  some instances,  such addi t ives  
caused t h e  surfaces of .{;he microspheres t o  be s l i g h t l y  irregular, and 
sols of d i f f e r e n t  elements sometimes requ5red d.i.fferent addi t ives  e For 
example, excel lent  glossy microspheres of praseodymium and neodymium 
hydroxide gels  were formed i n  a column v i t h  0.276 Amine-0 i n  8% 2-ethyl- 
l-hexanol-2C$ 2-octanol-, but  europium hydroxide gels required a sma1.l- 
am0un.l; (0.05 t o  0.1%) of Span 80 i n  addition t o  Amine-0 t o  prevent 
agglomeration. 

(1) it produced 

in 
The s ize  of the  tapered column and the  typicaL operating conditions 

much of t h i s  work were: 

Inside diameter a t  bottom, 1.0 mm 
Inside diameter a t  top, 20 mm 
Height of tapered sec%ion, 38 ern 
Inside diameter of top s e t t l i n g  seclion, 55 mm 
So l  i n j e c t i o n  r a t e ,  0.2 ml of 0.5 M s o l  per minute 
Fluidizing r a t e ,  100 ml/;rain ( t a n g e h . a l  input i n t o  25-mm-dim sect ion 

S o l  cut-off r a t e ,  100 ml/min ( p a s t  20 ga,e;e hypodemic needle s e t  at 

Residence time of spheres i n  ~01.~1111, 30 to 4.5 mii1 
Average s ize  of g e l  spheres under t h e s e  conditions, 200 p 
Average output i n  an 8-hr day, 2,5 g o f  ra re-ear th  oxide from 30 11. 

A larger-diameter column ( f o u r  t h e s  The cross-sect ional  area and four  

leading i n t o  a 3-0-mm narrow sect ion)  

right angles t o  f3-ow) 

o f  0.5 M sol - 
- 

times :;he i n t e r n a l  czpacity) was a l so  operated. wit'n batches of about 30 nnl 
of 0.5 -- M s o l s  and 20 ml. of 2 M sols, each batch requiring about a 2-hr 
operation. The production of-400- t o  900-p-diam spheres required the use 
of a r e l a t i v e l y  concentrated ( e .g;. , 2 M) s o l .  

cerium, praseodymium, and europium, togetner  with the  calcined oxide 
microspheres t h a t  a r e  discussed i n  d e t a i l  i n  Sect .  5, a re  shown i n  the 
co lor  p r i n t  (Fig.  1 2 ) .  

Photomicrographs of -4OO-p-dim- n&rospheres of the  hydroxide gels of 

4 . 2 .  Formation of Gel Microspheres Direct ly  
from Ni t ra te  Solution 

' f i e  bulk of t h e  n i t r a t e  and some of t h e  wa-tcr could be coextracted 
---? r ~ o m  droplets  of a concentrated ( 2  t o  3 M) solut ion of praseodymium - 
*Amino-0 ( G e i g y ) ,  cationic;  Span 80 ( A t l a s ) ,  nonionic; Ekhomeen S-15 
( h o u r )  , cat ionic .  



C 
. j  Europium Hydroxide Gel, 
' ; I  top Praseodymium Hydroxide Gel, 6, top 195-215 p Diam. 

Pr601  1 ,  1000°C, 135-155 p Diam. 
170-200 p D iam. 
Eu203, 1450°C, 100-125 p Diam. 

180-190 p Diam. 
Ce02, 1000°C, 100-135 p Diam. 

bottom bottom 
C, Sm203, 1200°C, 380-460 p Diam. D, top Cerium Hydroxide Gel, 

bottom 

Fig. 12. Photomicrographs of Microspheres of Lanthanide Hydroxide 
Gels and Lanthanide Oxides. 
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n i t r a t e  i n  water by combinations of a primizry amine (Prirriene JMT), an 
alcohol (2-ethyl-l-hexanol), and an i n e r t  di luent  (pa,raPfin o i l  and 
diethylbenzene). 
n i t r a t e  solut ion from a hypodermic syringe i n t o  a be&er containing the  
solvent, which was stirred with a paddle s t i r r e r .  After the  coextraction 
of n i t r a t e  and water for 15 t o  30 min, t he  spheres were removed by f i l tra- 
t i o n  or  centr i fugat ion,  washed with methanol, air-dried, and sized w i t h  
standard s ieves ,  

The e f f ec t s  of varying t h e  r e l a t i v e  amomts of anine, alcohol, and 
d i luent  on the  extent  of n i t r a t e  removal and on the  s i z e  and appearance 
of the  microspheres were studied. The preferred method, i n  terms of a 
low-nitrate content and good shape of t he  spheres, w a s  t o  deni t ra te  and 
dehydrate with 20 t o  25 vol  $ amine (no alcoliol) i n  a d i luent  having a 
v i scos i ty  and a densi ty  t h a t  serve t o  keep the  droplets  suspended and t o  
maintain the  required s i z e .  Combinations of' a viscous paraf f in  o i l  a d  
diethylbenzene were used i n  order t h a t  a range of v i scos i t i e s  could be 
studied. A highly viscous mixture gave very sinall, perfect ,  glassy 
spheres, whereas a low-viscosity mixture gave spheres that  were Lwger 
but  with a l e s s  per fec t  shape and with more surface i r r e g i i l a i t i e s .  
Batches that had good spherical  p m t i e l e s  with a glassy o r  t ranslucent  
appearance were dr ied  at  100°C a id  calcined a t  1000 t o  1300°C. 

prepared; however, it w a s  not possible t o  measure t h e i r  res i s tance  t o  
crushing forces  because they were too small t o  be mounted i n  the ins t ru-  
ment t h a t  w a s  avai lable .  
1200°C €or 3 h r  (5  h r  required t o  reach 120O0C), x-ray line-broadening 
measurements on batch 21 indicated t h a t  t he  c r y s t a l l i t e  s izes  ranged f r o m  
580 t o  610 A, and t h a t  the  cubic phase of PrO1,89 w a s  present (a  = 5.4'7 A ) .  

t i o n  of droplets  of praseodymium n i t r a t e  solut ion (-2 M) w i t j n  5% Primene 
 IT i n  2@ etllylbenzene/'~$ paraf f in  oil di luent  a t  EOto  90"~ gave N O ~ - / P ~  
mole r a t i o s  of  about 1, compared witin r a t i o s  of 0.3 t o  0.4 a t  25°C; hence 
t'iie higher temperature did not give lower nitrate contents as it did w i b l i  
thorium n i t r a t e  .lo Several small batches of europium hydroxide e e l  micro- 
spheres were made a t  50 t o  90°C; the  higher terriperatures gave microspheres 
of a l a rge r  s i ze  (up t o  100 p i n  diameter), but  probably w i t j n  higher 
n i t r a t e  contents (by analogy with the  r e s u l t s  for praseodymium). 
proportion of t he  microspheres had a good shape, high surface gloss,  and 
a bluish,  t ranslucent  appearance, but  t he  bulk of t he  product consisted 
of broken o r  whole she l l s .  

(1) 

Microspheres were formed by in jec t ing  the  praseodymium 

Praseodymiwn oxide-hydroxide microspheres 5 t o  10 1-1 i n  diameter were 

After these microspheres were calcined i n  a i r  at 

The e f f e c t  of temperature on th i s  system w a s  a l so  examined. Denitra- 

A mall 

I n  summary, t h e  main d i f f i c u l t i e s  t h a t  were experienced were: 
Removal of the  n i t r a t e .  The lowest RO,-/Pr mole r a t i o  achieved w a s  
0.3, which m y  be too  high t o  obtain strong, dense spheres, accord- 
ing  t o  our previous experience with products Srom the prec ip i ta t ion  
method of producing sols of praseodpiixn hydroxide. 
Control of t he  sphere s i ze .  
as a few batches of a larger s i ze  were produced, but 100- t o  200-p- 
d i m  spheres of good shape and appearance were diff- icul t  t o  obtain.  
Control of drying r a t e .  If the  droplets were dr ied too rapidly,  t he  
prcduct spheres were broken and consisted of' sinall c rys t a l s  (rather 
than a glass); t he  spheres crushed e a s i l y  both before mid a f t e r  ca l -  
cination. Further experiments a re  planned t o  optimize t h e  conditions 
and t o  obtain a lower n i t r a t e  content. 

( 2 )  Spheres 10 t o  30 1-1 i n  diameter, &s well. 

( 3 )  



42 

5 .  C A L C I I " I O N  OF GEL MICROSPXEFES TO OXIDE MIClKEPmS 

5.1 Method- of Calcination 

Gel microspheres were converted to oxide microspheres by: 

drying them at 100 to 1-20°C for several  hours; 
heating them t o  500°(1 at a r a t e  of 50 . to lOO"C/hr, and holding them 
at, t h a t  temperature f o r  several  hours t o  decompose res idua l  n i t r a t e ;  
and 
heating -tinem from.500 t o  between 1000 and 1500°C a t  a rate of 50 t o  
100°C/hr, m d  holding t h e m  a t  tlne desired maximum temperature f o r  2 
t o  5 h r  t o  achieve a high-density oxide. 

PhotomxLcrographs of calcined microspheres of . b e  oxiaes of Ce, Pr, 

(1.) 
(2) 

( 3 )  

Eu, and Sm are  shown i n  the  co lor  p r i n t  (Fjg.  12 ) ;  the  physical propert ies  
of these and other  sjmilar products m e  discussed i n  Sect. 6 .  
of shrinkage t h a t  occurred in t h e  various stages f o r  t'ne g e l  sphere t o  

The amount 

Table 11. Shrinkage of Microspheres in Calcination of Gel t o  F ina l  Oxide 

a 
Conditions - Mean Diameter Shrinkage 

Pact orb 
Time Temperature of Spheres 

( 1 1 )  
Atmosphere 

(hr) ("C) 
Stage 

-- 
C 

Crystal l ine Ehropiun Hydroxide G e l  

A I- 6 25 Vncuim 55 8 1 

B 2 125 Vacuun 558 1 

C 3 5 00 Vacuum 5 26 1.06 

D 3 900 Va,c uum 490 1.14 
d E 3 1400- 1-45 0 Air 330d- 1. .69 

e 
Amorphous Europium Hydroxide G e l  

A '  25 1.. 9 8 1 

C '  3 1.45 0 93d- 2.13 

d 

d 
B' 1000 106d 1.87 

a Diane ters  of 30 spheres forTi1ed from the  c r y s t a l l i n e  g e l  and 50 
spheres formed from the amorphous g e l  were measured v i t h  a binocular 
microscope with ca l ibra ted  eyepiece scale  

Based on diameter iiieasurements. 

Froin 3 M s o l  No. 138. 

b 

C 
P 

%rush resis tance arid c r y s t a l  form f o r  s o l  No. 1-47 and f o r  prepa- 
ra t ions s i m i l a r  t o  sol No. 138 are  given in Table 1 A .  

Froin 0,5 M s o l  No. lcl- e 
I 
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t h e  f i n a l  oxide sphere i s  shown in Table l.1 f o r  ge l  sphcrcs prepared from: 

(1) 

( 2 )  a d i l u t e  (0.5 M) s o l  (No.  14'7) of amorphous europium hydroxide 

Electron snicrographs and x-ray da ta  Tor the spheres ai; t he  various stages 
are presented i n  Sect. 6.2. 

aksorption of carbon dioxide from the  air and a l s o  t o  assist i n  the  re- 
moval of t r aces  o€ orga,nic mater ia l  (e .gT. ,  2-ethyl-1-hexanol and surface- 
ac t ive  agents) t h a t  w a s  not very vo la t i l e .  Since it was thought t h a t  t he  
presence OS smaJ-1 amounts of n i t r a t e  and carbonate a t  r e l a t i v e l y  high tem- 
peratures might lead t o  a lower res i s tance  t o  crushing and a lower densi ty  
i n  the  f i n a l  oxide spheres, t h e  thermal decomposition of lanthanide n i t r a t e s  
and carbonates was examined by infrared spectroscopy (See.  5.3) e 

a concentrated ( 3  M) c o l  (No. 138) of c rys t a l l i ne  europium hydroxide 
(most of t he  s h r i s a g e  occurred i n  the  range 900 t o  1450°C); 

(most of t he  sk inkage  occurred i n  i;he range 25 t o  1000°C). 

The ge l  spheres were heated up t o  3-OOO°C, usual ly  i n  vxuum, t o  prevent 

5.2. Decomposition of Nitrates  and Carbonates 
of Lanthanide Elements 

The g e l  microspheres produced from hydroxide sols contain n i t r a t e  
remaining from, or added during, tize sol-gel  procedure, and sometimes 
contain carbonate as an impurity. Infrared specbra of ge ls  and of hydrated 
n i t r a t e s  and caYbonaLes of Pr ,  Nd, md Eu, and of sasnples of these materials 
heated t o  various temperatures up t o  1500"C, were measured t o  assist i n  the 
in t e rp re t a t ion  of t he  mode of t h e i r  decomposition. The spectra  shoved t h a t  
t he  n i t r a t e  w a s  decomposed during the  presodcing s tep  a t  500°C ( p r i o r  t o  
heating t o  1500°C i n  t h e  normal calcinat ion method) but t h a t  cwbonate was 
decomposed only i f  the  sample wa:; heated f o r  several  hours a t  900°C. 

The changes i n  t h e  spectra  of the n i t r a t e s  of Pr  md Eu with tempera- 
t u r e  suggested t h a t  a considerable change had occurred i n  the  bonding of 
t he  res idua l  n i t r a t e  groups t o  the  m e t a l  atoms at temperatures above about 
300°C. Tliermogravimetric a.nalysesZ1~' indicated t h a t  ex-t;ensive decomposi- 
t i o n  of t h e  lanthanide n i t r a t e s  had taken place above t h i s  temperature; 
t h e  weight chm-ges were interpreted as evidence of t he  presence of s tab le  
cornpounds of the  anhydrous t r i n i t r a t e  of l>y. from 300 t o  4.25°C,'1 and a 
basic n i t r a t e  of Eu from 450 t o  500°C.12 

Spectra of europium n i t r a t e  (I) crys ta l l ized  from solut ion at  50"C, 
( 2 )  heated for 2 h r  a t  3OOoC,  and (3) heated f o r  2 hr at 400°C are  shown 
i n  Fig.  13. The absorption bands a t  1486, 1283, 1040, 1024, 810, and '749 
em-' were typical13 of t he  n i t r a t o  group coordinated t o  a metal atom; 
there  w a s  no evidence for t he  presence of t h e  n i t r a t e  ion. 

New bands w e r e  obtained a t  temperatures greater  than 3OO0C, a t  1602, 
1197, 820, and '713 em-' ( t h e  band a t  1602 cm-l arises from n i t r a t e  instead 
of water because there i s  no associated water band a t  about 3400 cm"'). 
These bands do not correspond t o  those recent ly  reported"4 for Yhe anhydrous 
n i t r a t e  of Eu. 
about these frequencies i n  the  decomposition of praseodymium n i t r a t e  a r i s e  
from n i t r i t e ,  and i n  par t icu lar ,  from n i t r i te  i n  a bridging c o n f i p a t i o n .  

It has been suggested by Vratny15 that bznds observed a t  
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cm-' 
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+ I  
I 1  
I #  
I 1  
I t  

I /  v* 
... 1 I CRYSTALLIZED- 5O0C 

300°C: - 2 hr --- 
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Fig. 13. Infrared Spectra of Europiim Nitrate .  

Therefore, we prepared sanples of praseodymium n i t r i t e  and europima n i t r i t e  
by two methods m.d measured theii- infrared spectra.  
s i s t ed  i n  adding a solut ion of sil-ver n i t r i t e  .to a solut ion of lanthanide 
chloride,  f i l t e r i n g  t h e  precipi ta ted s i l v e r  chloride,  and evaporating the  
f i l t r a t e  t o  dryness. The second method involved frac%ional  c rys t a l l i za -  
t i o n  from mixed solutions of l an thmide  n i t r a t e  and s i l v e r  n i t r i t e .  The 
spectra of the  lanthanide n i t r i t e s  showed no contaminating n ibra te  o r  
s i l v e r  n i - t r i t e  and were diffei-en% from the  spec.trwfl t h a t  was reported. by 
Vra'cny f o r  praseodymlum n i t r i t e .  

quencies similar t o  'cinose vhich were observed f o r  anhydrous n i t r a t o  com- 
plexes of various metals and which were postulated. as being a t t r i bu tab le  
t o  bridging or bidentate bonding of the n i t r a t e  groups t o  the  metal.'13 
Thus, we suggest t h a t  these lanthanide n i t r a t e s  decompose through an i n t e r -  
mediate bidenate ( or  bridging) n i t r a t e  struc time, ra ther  than through a 
bridging n i t r i t e  s t ruc ture ,  

the  sample was heated t o  terflperatures above about 300°C. The bands i n  
the  spectra of  a sample t h a t  w a s  dr ied f o r  18 h r  at 75" (Fig.  14) were 
a t  1500, 1380, 1040, and 856 ern-', and were typ ica l  of carbonate groups 
coordinated t o  metal ;~ . l ;o rns .~~ A number of sharp bands ( e . g . ,  at 3050, 
2800, 2440, 1760, 1720, 878, 702 cm-l) appeared. when the  sanple was 

T'ne f i rs t  method con- 

The nev bands i n  t h e  spectra a t  400°C (Fig.  13) were located a t  fre- 

The bands i n  the europium cai-bonate spectra changed considerably when 
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Fig. lit.. Infrared Spectra of Europlim Carbonate 11eu.ted -bo 75" and 
500°C. 

ORNL- DWG 66-3287 

cm- 4 
1500 4000 800 700 3000 

.... 

WAVELENGTH (microns) 

Fig, 15. Inf ra red  Spectra of Europium Carbonate Heated t o  500, 
650, 750°C. 

finrther heated to 500°C for 2 h r  (Fig.  14) .  The bands at  high frequencies 
w e r e  probably overtone and combination 'bands, but  t h e  lower ones were 
fundamentals of the  carbonate group and were shifted wit'n respect  t o  those 
i n  the sample dl-ied a t  75OC. When the sample w a s  heated t o  750°C for 
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2 h r  (Fig.  15), the  two strong bands at about 1500 and 1400 em"' de- 
creased considerabl-y i n  i n t e n s i t y  ( p r i n c i p a l l y  because o f  decomposition) 
arnd merged .into one broad b m d  centered. ofi 1390 em-'. %ne band assigned 
t o  the syrmetrical  C - 0  s t re tch ing  v ibra t ion  at  l % O  ern-' (F ig ,  14.) d i s -  
appeared i n  the  sa.mp1-e~ heated t o  temperatures higher than 65OoC, and the 
bands r e m i n i n g  were more l i k e  those of the  carbonate ion than of the  co- 
ordinated c a b o n a t e  group. " 

by heating the sample t o  900°C f o r  several  hours. Thus, i n  t h e  calcina- 
t i o n  of metal hydroxide ge l  ndcrospheres, carbonate, when present, i n  a 
s igni f icant  amount, w i l l  be decoinposed only iii t h e  f i n a l  s in te r ing  stage 
( a t  900 t o  1400°C). The presence of carbonate i n  t h i s  f i n a l  stage can 
a f f e c t  the  densi ty  and t h e  crush res i s tance  of t h e  product, 

Decomposition of t h e  last  t r a c e  of carboaake w a s  accomplished only 

6 .l. Physical Propert ies  

The density,  surface area, c r y s t a l  form, c r y s t a l l i t e  s i z e  (by x-ray 
line-broadening), and c m s h  resis tance were determined f o r  saaples of 
microspheres of lan'chmide oxides t h a t  were prepared by the ca lc ina t ion  
of g e l  microspheres (Tables 12  and 13). 

The crush res i s tance  of the  microspheres was measured i i i  an. apparatus 
.that consisted of a f la t  tungsten carbide p l a t e  f ixed  t o  a screw supported 
r i g i d l y  a'oove a f l a t  tungsben carbide p l a t e  on t h e  pan of a laboratory 
rough balance. Each. sphere was placed between. the p a r a l l e l  f l a t  p la tes ,  
and t h e  weight vas increased gradu.ally by adding water t o  a 1- l i te r  meas- 
iiriiig cylinder on t'ne opposite pan of the balance. A microphone w a s  at-  
tached t o  the top tungsten carbide p l a t e  a id  was coupled t o  an amplif ier  
and loudspeaker; a loua "pop" indicated t h a t  t h e  sphere had been crushed, 
This method gives a useful  comparison between batches of spheres prepared. 
under d i f f e r e n t  condj.tions, but m y  not be useful.. as a11 absolute me-tlod, 

The crush resistance:; of microspheres of I-fr6011 aid Eu20, we%e measured 
5s a, function of the  p a r t i c l e  diameters (Fig.  16)$ Groups of t e n  p a r t i c l e s  
having diameters ranging from 90 t o  360 p were selected by using a binocular 
microseope f i t t e d  with an eyepiece scale ( t h e  diameter values used a r e  
averages of t e n  determinations, tile rmximum deviat ion from the mean being 
about I 4%). 
Sect. 2 . 1  and w a s  formed i n t o  microspheres of ZeL i n  a beaker. 'The eu- 
ropium hydroxide s o l s  were prepared as described i n  Sect. 2.2 and fol-ined. 
in$o microspheres i n  a. column, Since sol- No .  14.7 w a s  not, heatetl, the  
colloidal.  p a r t i c l e s  were a.rnorphous and t h e  Eu concentration w a s  0.45 M. 
On t h e  other hand, s o l  Nos. 140, 144, and 2-45 were heated f o r  1. h r  at-80"C 
t o  form c r y s t a l l i n e  c o l l o i d a l  p a r t i c l e s  a,nd- were concentrated. to 2.5 $0 
3 M i n  Eu before tile gel- spheres were Soriiled. The stxueEgt,h of  t h e  mono- 
c1Yrxi.c Eu20, spheres (Fig.  3-6) Ynat were heated .to 14.50"C increased with 
the  1.5 power of the  dianleter over t h e  range 90 t o  200 p J  whereas t h e  
s t rength 0% both t h e  cubic ELi203 spheres t h a t  were heated t o  1000°C and 
Z;he Pr6O1, spheres increased as the ~ : q u a ~ e  o f  Yne diLmeter. 

The praseodymium hydroxid-e s o l  was prepared.. as described i n  
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Table 12. Physical Doto for Lanthanide Oxide Microspheres Prepared by the First Method” 
l_l____ 

_II- I___ __I I_._. 

Conditions of 
Surface (;rys,ai Crystallite Crush 

Sized ~ e s i s t a n c e ~  
Oxide Precipitant Calciriationb Density‘ 

Aktal 
of Sol Nn. - Area Form 

Used Temperature Tiiue g / c c  % of Theoretical c m ~ / g j  (A) (9) 
(“C) (hr 1 

~ - . -  ..__--__I 

375 Pr 52 TMAH 120-180 1 R 3  
1050 22.5 cubic 

Eu 73-1 TWl-1 250 60 8.11 100 0.033 Monoclinic 500 330 

ELI 73-2 TMAH 120-175 2 7.65 95.7 0.016 Monoclinic 600 ,322 

Fas t  to 1200 
1480 2.5 

Slow to 500 0.5 
Fas t  to 1500 3 

I S  

Fas t  to 1500 3 
Slow to 500 0.5 7.62 95.2 n.009 llonoclinic 600 22 0 

94.2 0.011 Monncliiiic 216 
97.2 0.014 Manoclinic 600 

c 25 
Eu 75 NH,OH 

Eu 76 NH,OH Same a s  for sol No. 75 7.51 
Eu 78 ‘TMNI Same as for sol No. 75 7.79 

Eu 79 
E u  80 

TMAH Same a s  for sol No. 75 7.62 95.2 0.008 Monoclinic 550 2R6 

NH,+OH Same as  for sol  No. 75 7.75  97.2 0.010 Monoclinic 600 252 
Eu 81 ‘IMAH Same u s  for sol  No. 7.5 7.81 97.7 0.153 Monocliiiic 750 i l 0 U  

.___ ____-. _.__I_ _l_--__l_--- 

“See Sect. 2.1. 
“ ~ n  air. 
‘ B y  toluene method. 
“By x-ray h e  broadening. 
“Average of t en  spheres 150 p i n  diaiiieter 

Ihropium oxide microspheres were usually calcined a t  a S ina l  tempera- 
t u r e  of 1400 t o  1500°C to obtain t h e  monoclinic form, which w a s  ‘clnought 
t o  be more sa t i s f ac to ry  than t h e  cubic fom f o r  fabr ica t ion  in to  c e m e t s  
with s t a in l e s s  s t e e l  o r  alwninwn.17 The monoclinic form has a t l ieoreti-  
c a l  c r y s t a l  densi ty  of 7.99 g/cc  and the  folLowing l a t t i c e  diniensions:2 
a, 14.082 A; b, 3.6% A; c ,  8.778 A; p, 100° 00.l The bcc form t h a t  i s  
obtained a t  1000°C has a theo re t i ca l  c r y s t a l  densi ty  of 7.28 g/cc  and a 
l a t t i c e  dimension o€ 10.87 A.2 
monoclinic forni slowly a t  1050OC o r  i n  2 hr at 1400°C; t h i s  change is 
not e a s i l y  reversible .  

of cubic EU,O, t h a t  bad been formed at; 1000°C f rom amorphous ge l  spheres 
and microspheres of monoclinic Eu20, t h a t  had been formed a t  145(3°C f rom 
c rys t a l l i ne  gel spheres led t o  a more de-bailed examination of crush re- 
c i s t w c e  as a function of the  c r y s t a l l i n i t y  of t h e  gel. spheres and the  
temperature of calcinat ion.  
which the  general eonclixions are:  

(density,  9/,$ of theore t ica l ;  strength,  600 g for 150-p-diaru spheres) 
by heattng ,amorphous ge l  spheres t o  1000°C; Ynese spheres usually had 
a glassy iiiteern,d. appearance and a rough external surface.. 

spheres d i r e c t l y  t o  l450”C were appreciably weaker (229 g ) ;  those obtained 
by heating t h e  gel spheres t o  1000°C followed by cooling and reheating t o  
1450°C were weaker s t i l l  (120 g) e 

The cubic f o m  can be converted in to  the  

18 

The observation of a large difference in st rength between iilicrospheres 

The r e s u l t s  are surmmized i n  Table 14, from 

1, The strongest oxide spheres were obtained as the cubic form 

2. Monoclinic oxide spheres obtained by heating the  amorphous g e l  
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T a b l e  13. Phys ica l  Data  for Lanthanide Oxide Microspheres P r e p r e d  by the Second Method" 
............. ~ .. ...... ............. ~ . . . -  

Conditionsb of 
Surface Crystall i te Resistanceg to  Calcination Density" 

Oxide 

Area F o r m  Size' Crushing Metal remperature Time g/cc % of Theoretical (m~ ,g )  
......... of Sol NO. ---- - .- 

(A) (d ("C) (hr) 
.......... -. ..... ......... ...............I_. 

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

268 120 4 Monoclinic 400 
Eu lOlR 

E%O, 500 1 
1450 3 

Nd 104 Slow to  900' 
1200 3 

Pr 105 50' 3 
500' 4 
1 oooc 4.5 

Eu 106 50-1OOc 4 
lO0OC 2 
1450 3 

Eu 107 Slow to 500' 1 
1450 3 

Eu 108 (?)Slow to 950' 2 

(2)As above; then 
1450 

Ho 111 (1)Slow to 500' 
1475 

(2)Fast to 1450 
Eu 115 (a)Slow to 500' 

(b)Fast to 1475 
1475 

Eu 118 Slow to 500 
750C 
1475 

7.35 
3 

3 

3 

3 

3 

0.5 7.43 
1.5 
3.5 

2aoh Hexagonal 600 

9 0 3  

Cubic 200 (220 plane) 613 
Pro, 8 3  350 (111 plane) 

Monoclinic 600 
Eu,O, 

Eu,O, 
Monoclinic 630 

252 

310' 

Cubic 630-750 -.. 70 
E u z  0, 

El503  
€lo,O, 

92 0.071 Monoclinic 

€ioz 0, 

%O, 

EuzO, 

Monoclinic 

Morloc linic 

93 0.024 Monoclinic 625 
Eu,i), 

125c 72 7.50 94 Eu 119 
Slow to 900' 4 
1475 3 

Monoclinic 
EU,O, 

1 7.62 95 Monoclinic 650 Eu 124 Fas t  to 500C 

Eu 127 { :!;; to 500' 1 7.82 98.2 

E u 2 0 3  
1475 3 

60 Monoclinic 

3 Eu, 0, 

97.5 Hexagonal 

1 7.34 95 Monoclinic 

134B AS 134A; then Monoclinic 

Nd 133 Slow to 500' 1 7.20e 

Sm 134A Slow to 500' 
1100 2 NdZO, 

1200 3 SmzO, 

1600 2 SmzO, ............ ........... . __- __ ......... 

aSee Sect. 2.2. 
'Calcination was done in air except where s ta ted.  
'Calcination done in vacuum. 
dBy toluene method 
eDensiiy by helium method. 
'By x-ray line broadening. 
gValurs are averages of measurements made on ten 150-p-diam spheres.  
hBased on 120-p-diam spheres converted to 150-pdiam spheres by 1.5 power law. 
'Based on 105-pdiam spheres converted to 150-p-diam spheres by 1.5 power law. 
'hkasuiements made on 450-p-diam spheres .  
kMeasoremcnts made on 390-pdiam spheres.  

192 

21Sh 

142 
156h 

172h 

1400' 

1600-2500' 

650k 
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i 

il 
A PrbO, ,, cubic, IOOO'C, crystulline gel 52. 

Eu203, cubic, 1000°C, amorphous gel 147. 

i 
- 

EuZOg, monoclinic, 1450"C, rrystull;ne gels  140/4/5. 

DIAMETER OF SPHERE (microns) 

Fig. 16. 
M.fcrosphere D i a l .  

Crushing Strengths of Eu203 and Pr,O,, as c?. Function of 

3 .  Oxide spheres prepared i n  the  cubic form a t  1000°C from c r y s t a l -  
l i n e  ge l  spheres had no appreciable s t rength ( G O  g) ,  and many samples 
showed p l a s t i c  deformation compared with t h e  b r i t t l e  Prac t u r e  observed 
for spheres t h a t  were heated t o  a higher temperature or were m a d e  from 
amorphous gel spheres. 

I_ 

4.  The average s t rength of monoclinic EUzO, spheres prepared at 
l450OC from c r y s t a l l i n e  g e l  spheres w a s  190 g, t h a t  is, of t h e  same order 
as -that observed i n  monoclinic Eu,03 spheres prepared f rom amorphous gel  
spheres; hence the transformation of the  cubic t o  the  mxmelinic s t ruc ture  
i s  probabl?J t h e  nmin  f a c t o r  i n  t h e  decreased s t rength above about 1000°C. 

f r e s h l y  prepared amorphous g e l  spheres w a s  about t h e  same as t h a t  f o r  
spheres m&e from g e l  spheres t h a t  had been aged for f o u r  months at  2 5 ° C .  

5 .  The s t rength of cubic EuzO, spheres calcined at 1000°C from 



Ts,ble 14. B f e c t s  of t h e  Stru.ctme of t'ne G e l  Spheres and t h e  Tem2erat-ure 
of Calcination on the  Crush Resistance of Eu203 f ieraspheres  

Crush Res i s.t am e 
Structure  of 150-y-diam 

Structure of Temperature of 
Colloidal Age of Gel Code No. Calc inatiori 

of Oxide Spheres 
(Ed 

Part ic les  i n  ("Zj 
Gel 

Cubic 608 14.7 lGO0 
147 1000; reheated Monoc Linic 

Amorphous 1-2  days 

1-2 days Amorphous 1.75 
1450" f o r  3 h r  

Amorphous 4 nonths 

Amrphous 4 Izonths 

Amorphous 4 months 119 

1000 Cubic 
Heated d i r e c t l y  Monoc link 
to 1450 for 3 

5 90 
229 

u? 
0 

hr 

t o  1453 for 3 
Monoclinic 120 1000; reheated 

nr 
Cubic <5 0 Crystall ine Several  1000 1-2 days . .  

(heated 1 
hr a t  80") 

(bested 1 p e p E a t i o n s  t o  1450 for 3 
'LY a t  80") br 

p r  e par &ti on s 

1-2 days Several  1000; reheated Monoclinic 190b 
Crystall ine 

%ensity,  6.84 g/cc; 94% of t h e o r e t i c a l  value. 
'Density, 7.58 g/cc; 95% of t h e o r e t i c a l  value. 
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Electron microscopy and electron d i f f r ac t ion  pat terns  of  t he  aged ge l  
spheres (batch No. 119, Table 14) shoved t h a t  the colloid-a1 p a r t i c l e s  were 
e i t h e r  amorphous or  o n l y  poorly c rys t a l l i ne  and about 300 A i n  diameter, 
compared with the  large rod-shaped c rys t a l s  (up -to 7000 A long) i n  typ ica l  
c rys t a l l i ne  gel spheres. The ge l  state therefore,  appeared t o  hinder 
c q s t a l l i z a t i o n  of' t he  pa_rticles over a period of four months a t  25"C, 
whereas Large c rys t a l l i ne  p a r t i c l e s  a re  formed i n  less than 24 h r  a t  25°C 
i n  l i qu id  sols  of europium hyikoxide. 

spheres i n  control  rods i n  reactors ,  o r  i n  other applications,  there  i s  
a choice of two products: 

(1) 

- 

I_ 

From t h e  standpoint of t he  p rac t i ca l  use of europium oxide micro- 

Cubic 13h20g microspheres tlrla-t w e  calcined a t  1000°C and have a 
densi ty  of about 95% of theore t ica l ,  a crush resis tance of about 600 
g for 150-p-diam spheres, m d  a range of diameters from 50 Lo LOO p. 
Monoclinic Eu203 microspheres t h a t  are calcined a t  about 1400°C and 
have a density of about 95$ of theoretical+, a crush resis tance of 
about 200 Q for 150-p-d im spheres, and a range of diameters from 
50 t o  500 p ( the  range is greater because the r-lystall.ine so ls  can 
be concentrated t o  2 t o  3 M i n  Eu, thus allowing l a rge r  spheres t o  
be formed; i n  contrast ,  t hz  more viscous, amoryhous so ls  cannot be 
concentrated eas i ly ) .  The s i ze  d i s t r ibu t ion  of 8 batch of 35 g of 
monoclinic Eu203 spheres from three  combined batches, which were 
desiLned. t o  have diameters ranging from 90 t o  1-50 p, is given i n  
Table 15; 77 and 88'5 of t he  'batch had diameters i n  the  ranges 88 
t o  149 p and 88 t o  177 1-1 respectively,  
Samples of Nd203 and S11@3 were heated t o  1200 and 1600°C, and the  

c r y s t a l  structuzres (and r e s i s t m c c s  t o  crushing) were examined t o  determine 
whether t h e  hi.@-teiriperature hexagonal form was pro&x ea. Results showed 
t h a t  the  Ndz03 w a s  i n  the  hexagonal fomn a t  both 1200 arid 1600°C but t h a t  
Sm,O:, was i n  the nlvnoclinic form. 
were uristczble toward upLake of water vapor and dis integrated i n  a Sew hours 
if exposed t o  the  laboratory air; they were s tab le  i f  kept i n  a, sealed tube. 
Microspheres of cubic Pr,Oll, monoclinic SmzO, , and monoclinic Eu2O3 were 

We observed t h a t  t h e  Nd,03 ir6crospheres 

a Table 15. Size Distr ibut ion of Eh~203 Microspheres i n  a 35-g Batch 
Prepaxed from Sols Nos. 1402 14.4, and 14.5 

Sieve Size 
b.4 

Weight Percentage of 
(t9) Total  Bakh  Weight 

>210 
210-L77 
177-149 
149-125 
125 - 105 
105 -88 

<Is8 

0.204 
0.943 
4.244 
7.460 

12.573 
6.723 
3.1'75 

0.58 
2.6'7 
12.02 
21.13 
36.60 
19.04 

8.99 

a Crush resis'cmce i s  shown as a h n c t i o n  of diameter i n  Fig.  16. 
Density is  95% of t heo re t i ca l  c r y s t a l  density. 
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s tab le  i n  air. 
s i s t a n t  t o  crushing than those calcined a t  5200°C ( T a b l e  1.3). The in -  
s tabi l i . ty  of the  hexagonal form of these oxides has been reported pre- 
v i o u ~ l y ~ ~  and i s  one reason why t h i s  form i s  not used i n  t h e  ceramj-c 
industry. 

0.0@4 w t  
wi; $ i n  Eu2O, microspheres prepared from sol No. 128. 

The Sm203 spheres calcined at X 0 O o C  were much less re-  

The carbon content of the  f i n a l  calcined oxides was I-ow, f o r  example, 
i n  Ek.120, microspheres prepared from sol No. 118, and 0.002 

6.2 S t ruc  tux 

The external  and i n t e r n a l  struc.tures of the  oxide microspheres were 
examined (1) by opLical microscopy of Yne as-received spheres and of 
spheres polished by standard metallographic techniques (using alumilia and 
diamond abrasjves 2.n s i l i c o n  o i l  ins tead of wa%er t o  prevent hydration) and 
( 2 )  by electron microscopy of r e p l i c a s  of as-received surfaces, etched 
pol.ished sui-faces, and f r a c t u r e  surfaces.  

pT6011 (sol No. 105) and monoclinic Eu203 ( s o l  N o ,  106) are shmii in Fig. 
17. I n  sample 106 we observed a lmge number of small, closed. pores, 
which were probably the  r e s u l t  of Loo low a concentration of me-tal ( e . g . ,  
0.5 M) a t  tine time of ge l  sphere formation. Sols  of Pr (No. 123) and. 
Eir (io. 124) were concentrated i n  a r o t a r y  f i l m  evaporator to about 2 M 
i n  metal and were subsequently fomed i n t o  gel. microspheres 'c'nat show& 
less porosi ty  a f t e r  calcinat ion.  
microspheres of Nd2O, (hexagonal, 1200°C, sol No. 133) and Sn2O3 (mono- 
el-lnic, l.2OO0C, s o l  No. 134) a re  shown i h  Fig. 18. These bad no s i g n i f i -  
cant  porosi ty  and had densibies t h a t  were 97.5 and 95% of the t h e o r e t i c a l  
c r y s t a l  d e n s i t i e s  respect ively.  

el-inic J3r203 sphere ( s o l  No. 138 heated t o  145OOC) showed ( s e e  Fig.  1.9) 
grains about 2 t o  7 p wide and i r r e @ . a r  boundaries. 
surface w a s  observed on rmny of the grains,  the srm1les.l; s tep  heights be- 
ing ahout 200 A. 
pared with an i n j t i a l  plast3.c flilrn (Faxfilm) .t'nat, was shadowed with Pt-C, 
coated with carbon, and the p l a s t i c  f i lm removed. 

Electron micrographs of rep l icas  of t,he polished i n t e r n a l  surface of 
metallographic specimens (e.g. ,  similar t o  those i n  Figs.  1'1 a id  18) r e -  
vealed no de ta i led  s t ruc ture  * 
etxhed f o r  a few seconds i n  8 - M HNO,, repI.ri.cas showed considerabl..e strut- 
tural  d . e t a i l  as follows: 

Polished cross sections o f  80- t o  120-p-dia11 microspheres of cu'nic 

Cross sections of about 400-p-diam 

E1.ectron inicrographs of rep l icas  of the  ex terna l  surlCace of a mono- 

A pronounced stepped 

This carbon rep l ica ,  and. the  follow-img ones, were pre- 

However, when -Yne polished surface w a s  

Oriented arrays of c r y s t a l s  wiklnin each grain.  One such ar ray  i s  
sho>/n i n  Fig.  20 f o r  an Eu20, sphere (monoclinic, I45Oo, from sol 
No. 124) .  Adjacent grains  (e .g. ,  Fig. 21) showed d i f f e r e n t  appear- 
ances as a r e s u l t  of d i f f e r e n t  c r y s t a l  faces  being exposed and being 
d..i.ssolved a t  diff 'erent r a t e s .  The end Paces of the c r y s t a l s  i n  the  
grain i n  Fig.  20 were 1000 .Lo 3000 A wide, and t h e  f l a t  c r y s t a l  faces 
i n  adjacent grains ( e . g . ,  Fig. 21) were 2000 t o  8000 A wide. 
Circular  or el . l ipt ica1 closed pores about 2000 A wide. 
probably pores i n  the  o r i g i n a l  %m-beY*ia,L, r a t h e r  than gas bubbles 
formed on t,he surface during t'ne etching procedure. 

These were 
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ORNL DWG 67-3619 

FTg a 1-13, External. Surface of E i ~ 0 3  Microsphere Calr::irled at 1-460- 
l k50°C  for 3 Ir. 
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ORNL DWG 67-3620 

Fig. 20. Polished and Etched Cross Section of Eu203 Microspheres 
Calcjned a t  14O0-1A5O0C f o r  3 hr Showiqg> t'ne Elid Faces or C r y s t a l s .  
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An electron micrograph of a r e p l i c a  of a fra,ctuj-e s ixface of an. Eu203 
sphere (monoclinic, l45O0, from sol. Mo. 124) i s  shown i n  FQ. 22. This 
(and many other fractographs) shows the presence of grains x i t h  irre@I..w 
boundaries but doen :not show the deta i led  s t ruc ture  vith.3-n the grains; it 
also shom pores on the  f r a c t u r e  siirTa,ce hsVri.iTg apparent, d i m e t $ e r s  of up 
to 5000 A. One fractograph shoved a gra.in i.11 which tlnere was a la rge  
degree of twinning 

t h e  various stages i n  the  cal.cination pi.ocecl.ui:e a r e  shown i n  Figs. 23 t o  
26 ( see  also Table 1.1. f a r  d.ata  on shrinkage of t ne  spheres).  
hydroxide g e l  spheres ( s o 1  No. 138) dried. at 25 and- 125°C 3x1. vacuum were 
sectioned w i t h  a iLii:rotome, but -Lhose t h a t  were cal-cined a t  higher tern-. 
peratures were too b1-5ttl-e t o  c u t  with a microtome; hence Y t - C  -shadowed. 
rep l icas  of f ractured surfaces were obtained. The main fea tures  of the 
f igures  and. r e l a t e d  x-ray da ta  are sv;rinmrized i n  Tab1.e 16. 

Elec.I;ron micrographs of the  i n t e m a l  s t ruc ture  of nllicrospheres ai; 

The eu-ropiim 

By using the methods outlined i n  this  repox-i, w e  can prepare lanthanide 
oxides i n  t h e  form of dense oxide mLcrospheres of control led s i z e  ( o r  ir- 
regolar1.y shaped aggregate i f  required) wi’c;hoUi; k h e  use o f  R blgh-tempera- 
t u r e  furnace o r  an arc-fusioii mel;h.od-, a i d  without excessive wastage o r  siev- 
ing operat5-ons. 
preparatiori of sols gels,  and oxides of the  transpluton-.ium el.ernents ~ of 
which americiuia and curium ( a s  dense oxides) a r e  of i n t e z e s t  f o r  incorpor‘a- 
t i o n  h t o  t a r g e t s  foi: i r r a d i a t i o n  i n  t h e  High E’Li.ur Iso-tope Reactor a t  Oak 
Ridge ( t o  produce -brm-scmiurn iso-1;opes). 

dustry; however, they \.rill un.d.oub~;edly become more Ln-portant i n  t h e  
future .  2 o  

:In pr incipal ,  these methods 3 . x  d s o  appI-icab1.e t o  t h e  

Ciirrently, 1-anthanide oxides a r e  used only Lo a s~nalJ_  extent i n  in-  

some potentia.]. appl icat ions of individual oxides axe: 

incorporation of samium, gadolinium7 or e~ixopiim oxides i n  cermets 
i n  reac toy  eon’wol rods, o r  as  bumable poisons i n  f u e l  elenmits; 
use of europium o r  thulium oxides (containing highly md.ri.oac.t.ive Eu 
o r  Tu1 isotopes, e.g. ,  152Eu, ‘ ~ ~ 1 2  := 13 years; xrliTm, k1i2 1,9 
years) as a radioactive heat source f o r  an a r t i f i c i a l  hea-t  pimp 

that, i s  now be3 ng stildi.ed. b)- t h e  U. S. Depa~tro.eil-t, of Heal-th; a 
use of oxides of promethium isotopcs IA7Pm, (t1i2 := 2.5 years)  as 
hit, ens e beta- m y  s oi1:rc e s ; 
production of lizeta,l oxide c a t a l y s t s  containing I.aLat;’nan?i.de oxides2 
5.n a very f ine  s t a t e  of di.vj-sTiort by mixing a sol of  a lankhanide hy- 
droxi.de with a su i tab le  sol o f  a cornpound of another element a.nd cal- 
cining tile nitx%ii-re ( t h i s  method may &so be appli.ca,bl-e t o  making 1mblia-- 
nide oxide with a mi fo rm d i s t r i b u t i o n  of the ac-tiva-i;i.ng 
ions i n  the iiost l a t t i c e ) .  
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ORNL DWG 67.-3623 

Fig. 23. E u ( O H ) ~  SOL Washed md Aged a t  25OC For 16 hr. 
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E’i.g. 25. Fractured Surface of Eu;?03 (cubic) Calkiiled a-1; 900°C for 
3 Izr. 
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Fig. 26. Fractured. Surface of Euz03 Microsphei,e Calcixled. at; 1.400- 
145OoC for 3 hr. 



Table 16. i n t e r n a l  Stxucturs of Nicrospberes a t  Various Stages i n  Yne Calcination of Europicm 
Hydroxide Gel (No. 138) t o  Monoclrinic Eusopiw~ 9xide -- 

--- St r uctural  Feature s Conditions of Calcination - 
Fig. No. Time Temperature Atmosphere from -3Ecrograpk-s 

Stage ( ky j ( " C )  

X-Ray Data 
, I  - 

23 A 16 25 Vacuum Rafidom ar ray  of buxdles 
of c r y s t a l l i n e  rods 
of Eu(OH)~; l a rge  void 
space probably filled 
with water 

Not 3 

24 C 

i l l u s t r a t e d  

25 

26b 

B 

2 

3 

3 

3 

125 

500 

900 

145 0 

Vxuum 

Vacuum 

Vacum 

A i r  

S i a i l a r  t o  A 

Generally f e a t u r e l e s s  Cubic m20, 
background with a and hexagonal 
s q  er i r ~ p  o s ea 'black 
areas  2JO-A -b 

Ed( OH) 3 ; 
cn 

c r y s t a l l i t e s  

Closely packed smll Cubic Eh203; 
grains with super- 360 -A 
imposed 'black areas c r y s t a l l i t e  s 
wk,ich zze probably 
a hydroxide r e l i c  
s % n c  t u r e  

E Large, flat graias  Xonoc i i n i c  
(1-5 p) with pro- Eu~O,; 503-A 
nouced  s tep s t ruc-  c r y s t a l l i t e s  
ture;  a1s0, dorne- 
sl-iaped c r y s t a l s  wi-th 
simll f l a t  f a c e t s  -- 

%he dense black areas are  the  r e s u l t  of small c r y s t a l s  adhering t o  the  f i rs t  p l a s t i c  r e p l i c a  ami 
then ;to the  car'bon r e p l i c a  when t h e  p l a s t i c  was st r ipped from Vie carbon. 

3 See also Fig. 19 f o r  t y p i c a l  external  s u r f a x  of these spheres. 
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