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ABSTRACT 

The solubility behavior of U0,HP04.4HZ0 in perchloric 

acid solution has been determined as a function of the 

uranyl perchlorate, phosphoric acid, and hydrogen ion con- 

centrations. These results, as well as those in pure phos- 

phoric a c i d  solution (ORNL-1578), have been interpreted in 

terms of the formation of four complexes in solution: 

UO, H, PO4 
4- +f 

UOz H, PO4 , UO, ( H, PO4 ) , and U 0 2  ( H, PO4 ) (H, PO4 ) . 
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THE CHEMISTRY OF URANIUM(V1) ORTHOPHOSPHATE SOLUTIONS: 

PART 1 1 x 2  THE SOLUBlLITY BEHAVIOR OF UUZHPO, e4HZO I N  - 
PERCHLORIC ACID SOLUTIONS 

_L 

TNTRODUCTICON 

I n  t h e  first r e p o r t  of t h i s  series,( ') s p e c t r o p h o t o -  
metric e v i d e n c e  was p r e s e n t e d  i n d f c a t f n g  t h e  f o r m a t i o n  of  com- 
p l e x e s  of t h e  t y p e  UO,HxPO,."~X"l~ i n  u r a n y l  p h a s p h a t e ,  
p e r c h l o r i c  a c i d  s o l u t i o n ,  A t o t a l  f o r m a t i o n  q u o t i e n t  was 
dete;mined i n  1M p e r c h l o r i c  a c i d  (K1 = 38 f 12), The second 
r e p o r t (  2, was cznce rned  with t h e  s o l u b i l i t y  b e h a v i o r  of three 
u r a n y l  p h o s p h a t e s  - ( U 0 2  ( PO4 ) 6H2 0,  * UO, HPO, 4H, 0 and 
U 0 2  (H2P04 3 H , O  - in p u r e  p h o s p h o r i c  a c i d  s o l u t i o n  at 25OC. 
The c o n c e n t r a t i o n  ranges i n  which t h e s e  s o l i d s  were found t o  
be t h e  s t a b l e  p h a s e s  are:: 

(UO,),(PO,), . 6 H 2 0  (0,014M xP04"3 - 

I n  t h e  p r e s e n t  r e p o r t p  t h e  s o l u b i l i t y  measurements are 
e x t e n d e d  t o  p e r c h l o r i c  a c i d  s o l u t i o n s ,  t h e  s o l u b i l i t y  b e h a v i o r  
of U0,HP04.4H,0 being de te rmined  as a f u n c t i o n  of t h e  phos- 
p h o r i c  a c i d  c o n c e n t r a t i o n ,  the u r a n y l  ion c o n c e n t r a t i o n  a n d  
t h e  hydrogen i o n  eon@en%rat%sn, I n  a d d i t i o n ,  a l l  t h e  
s o l u b i l i t y  results p r e s e n t e d  i n  t h i s  and t h e  p r e v i o u s  r e p o r t  
are d i s c u s s e d  i n  terms of  cornpiex i o n  f o r m a t i o n ,  

A similar b u t  less comprehensive series of s o l u b i l i t y  
measurements i n  n i t r i c  a c i d  s o l u t i o n  h a s  been r e p o r t e d  by 
G o  R, Leader ;  3 )  however,  t h e  c o m p l i c a t i o n  of n i t r a t e  

*The state o f  h y d r a t i o n  of t h e  normal p h o s p h a t e ,  which is t h e  
s t a b l e  s o l i d  phase  in d i l u t e  p h o s p h o r i c  a c i d  s o l u t i o n ,  i s  i n  
some d o u b t ,  The h e x a h y d r a t e  a p p e a r s  to resealx when t h e  solid 
is s e p a r a t e d  from the mother l i q u o r  and d r i e d  i n  t h e  air. 
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complexing effects limits the. fulness of his results in 
any detailed examinatio% o& WngTJphate complex 
formation. 

Due to limitations imposed by t h e  solubility behavior 
of UO2HPO4.4H2O and the stabilities of the complexes involved, 
the present solubility studies were confined to fairly 
concentrated perchloric or phosphoric acid solutions. Since 
the control of ionic strength is of doubtful value in such 
solutions, these studies were not limited to constant ionic 
strength. However, many of the equilibria involved appear 
to produce no change in the ionic charge type; e.g,, 

++ UO,++ + H , P O ~  = UO~H,PO~ 

U02HP04 + H,P04 = U 0 2  (HzPQ4)2 

therefore, the assumption of constancy of the concentration 
equilibrium quotients, which will be made in discussing the 
results, is probably justified in these cases. 

It is desirable to point out here the system of notation 
which will be used in referring to equilibrium quotients for 
reactions involving uranyl phosphates, uranyl ion, and phos- 
phoric acid. The K values appear usually in the form K, or 

ICE9 wherein the subscript - n refers to the number of phosphate 
radicals per uranyl ion in the complex and the superscript s, 
when it appears? denotes that the equilibrium involves a 
solid phase ( U O z H P 0 4  = UQ2HP04  .4H20, unless otherwise 
indicated) a Th u's for the two equilibria 

-t ( 2-3n+x) 
UOZ ++ + ~ H , P o ,  = U O , H ~ (   PO^ n + (3n-x)~+ 

and 

+( 2-3n+x) + UOz H P 0 4  i- ( n-1) H, PO4 = UOz H,( PO4 ) + (3n-2-x)H 

the concentration equilibrium quotients are denoted 
respectively by Kn and KE. When it is desirable to 
distinguish between two complexes of the same n value, but 
with different x values (x referring to the number of H 
atoms), then x Ts included as a second subscript in the ex- - 

*r*lV""..* v ~ *lp 'm" 
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p r e s s i o n ;  i n e o p  Knsx o r  Kn,x. F i n a l l y ,  Ks and KPs r e s p e c t i v e l y ,  
have been used  t o  d e n o t e  t h e  c o n c e n t r a t i o n  e q u i l i b r i u m  q u o t i e n t s  
for t h e  e q u i l i b r i a  

190, mod 2H" 3-k uoz -t- 

EXPERIMENTAL 

The s o l u b i l i t y  of U02HI?04 . 4 H , O  w a s  measured i n  two series 
of 1 M  perchloric ac id  s o l u t i o n s  a t  25OC; t h e  f i r s t  series con- 
t a i n z d  0 - 0,5M t o t a l  uranium a n d  t h e  second9 0 - 3 . 1 M  t o t a l  
phospha teo  ThZ s o l u b i l i t y  measurements were carr ied o u t  by 
s h a k i n g  U0,HP04.4H,0 w i t h  a s o l u t i o n  of known i n i t i a l  corn- 
p o s i t i o n  ( c o n t a i n i n g  e i ther  UO, ( ClO, ) or p h o s p h o r i c  acid)  
The p r e p a r a t i o n  of t h i s  s a l t  and  t h e  s o l u b i l i t y  a p p a r a t u s  e m -  
p loyed  have a l r e a d y  been d e s c r i b e d  ( 2 )  

B a t e  of d i s s o l u t i o n  s t u d i e s  of UOeHPO4 .4H20 i n  lM per- 
chlor ic  acid i n d i c a t e d  t h a t  w i t h  s u f f i c i e n t  a g i t a t i o n ,  
s a t u r a t i o n  was reached i n  15  minu tes  or less:.* Var ious  c h e c k s  
througbout t h e  r a n g e  of s o l u t i o n  c o m p o s i t i o n  s t u d i e d  i n d i c a t e d  
t h a t  w i t h  t h e  u s u a l  s h a k i n g  p r o c e d u r e  e q u i l i b r i u m  was 
establ ished i n  less t h a n  three d a y s ,  To i n s u r e  e q u i l i b r i u m  
i n  a l l  t he  measurements ,  t h e  sanples w e r e  shaken  from 11 to 
2 1  dayso 

The s a t u r a t e d  mother l i q u o r s  w e r e  removed from t h e  shaker  
f l a s k  by means of t h e  p r e s s u r e  ffBter a p p a r a t u s  described 
p r e v i o u s l y , ( 2 )  arid were samplegcB by means of cal ibrated 
p i p e t t e s  or pycnometers depending  on t h e  v i s c o s i t y  of t h e  
s o l u t i o n s ,  A f t e r  t h e  d e t e r m i n a t i o n  of t h e  d e n s i t y  of t h e  
mother  l i q u o r s ,  t h e y  w e r e  a n a l y z e d  for uran iump phosphate  and 

to the methods described i n  t h e  p r e v i o u s  

I n  m o s t  eases, f i l t r a t i o n  w a s  n o t  carried t o  c o m p l e t i o n ,  
and the r e s i d u a l  s l u r r i e s  w e r e  removed f o r  a n a l y s i s ,  T h e s e  
s l u r r i e s  were weighed ,  d i s s o l v e d  i n  a minimum amount of con- 
c e n t r a t e d  sen l fur fe  acid ( a b o u t  3 ml) $ made up t o  100  m l  
volume w i t h  705% sulfuric a c i d ,  and a n a l y z e d  for  uranium,  
phosphate and  perchlorateo Due t o  l i m i t a t i o n s  i n  a n a l y t i c a l  

- -~ ~ ~- 

*In these e x p e r i m e n t s  v i g o r o u s  s t i r r i n g  was employed, 
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accuracy and t h e  low p e r c e n t a g e  of h y d r a t e  water i n  t h e  
s o l i d ,  s l u r r y  a n a l y s i s  were mainly usefael i n  c o n f i r m i n g  t h e  
1:l r a t i o  of uranyl  t o  phosphate  i n  t h e  compound. 

I n  a f e w  cases, s o l i d  samples  were o b t a i n e d  by re-  
moving a11 t h e  mother l i q u o r ,  washing t h e  s o l i d  w i t h  water 
and a c e t o n e ?  and d r y i n g  i n  air for 1 2  hours ,  Microscspic 
examina t ion  of t h e s e  samples  proved v e r y  u s e f u l  in d e t e c t i n g  
t h e  t e t r a g o n a l  c r y s t a l s  c h a r a c t e r i s t i c  of U 0 2 H P 0 4  . 4 H , O  and 
t h u s  c o n f i r m i n g  t h a t  the initial s o l i d  phase  had remained 
unchanged,  A few s o l i d  samples  w e r e  s u b j e c t e d  t o  X-ray 
d i f f r a c t i o n  a n a l y s i s  w i t h  t h e  same r e s u l t .  

Measurements t o  de t e rmine  t h e  a c i d i t y  dependence of 
t h e  s o l u b i l i t y  of U 0 2 H P 0 ,  .4H20 were carried out i n  t h e  
r a n g e  0.1M t o  1 M  HC104 at a n  approx ima te ly  uni form i o n i c  
s t r e n g t h  Ef l o l ? ? M 9  ma in ta ined  by t h e  a d d i t i o n  of sodium 
p e r c h l o r a t e ,  Eazh sample w a s  shaken f o r  a p e r i o d  of one 
t o  two days  b e f o r e  t h e  mother l i q u o r  w a s  a n a l y z e d .  The 
s o l i d  phase  r e s u l t i n g  from t h e  r u n  a t  t h e  lowes t  a c i d i t y  
w a s  s u b j e c t e d  t o  chemica l  a n a l y s i s  and found t o  be t h e  
unchanged UQ2 HPQ4 4H, 0 

RESULTS AND DISCUSSI[OW 

a .  S o l u b i l i t y  Behavior i n  lg P e r c h l o r i c  Ac id  

The r e s u l t s  of t h e  s o l u b i l i t y  measurements i n  l M  
p e r c h l o r i c  acid are sarmma~-ized i n  Table I ,  The 8ubsEript 
f d e n o t e s  f i n a l  e q u i l i b r i u m  c o n c e n t r a t i o n s  and  t h e  s u p e r -  
s c r i p t  o d e n o t e s  c o n c e n t r a t i o n s  corrected to a n  a c i d i t y  of 
one m o l a f f .  
which appea r  i n  t h e  table a l o n g  w i t h  t h e  a n a l y t i c a l l y  
de te rmined  v a l u e s  were o b t a i n e d  from t h e  s t a r t i n g  com- 
p o s i t i o n  of the so laa t ions  used, t h e  initial and f i n a l  
s o l u t i o n  d e n s i t i e s  
The d e t a i l s  of t h i s  c a l c u l a t i o n  are descr ibed  i n  t h e  
appendix  

- - -= -- 

- 
The c a l c u l a t e d  [ZPO,! -33 f and [Clot --If v a l u e s  

and the  a n a l y t i c a l  [XUO, "-+I f v a l u e s  

In performing  t h e  condPol led  a c i d i t y  s o l u b i l i t y  
measurements ,  i t  w a s  neces ,sary LO estimate the acidity 
e f f e c t  of the d i s s o l u t i o n  p r o c e s s  Xn a d d i t i o n ,  where 
t h e  r e s u l t i n g  f i n a l  aeidita.es d i f f e r e d  a p p r e c i a b l y  from 
one mola r ,  a n  a t t e m p t  was m d e  to correct t h e  s o l u b i l i t y  
r e s u l t s  a c c o r d i n g l y ,  Both these steps r e q u i r e  a d e t a i l e d  
knowledge of t h e  coxnplexirng e~uflibria i n v o l v e d ,  and s i n c e  
t h e  p r e s e n t  i n v e s t i g a t i o n  has t h u s  far n o t  r e s u l t e d  i n  a 
comple te  scheme of such  equilibria, the c a l c u l a t i o n  of 



Table P 

THE SOLUBILITY BEHAVIOR OF UO,HPO, .4H2O IN 1M HC10, 

All concentrations expressed in moles/l. 

Run No. Found Calc'd. Found Calc'd. Found Calc'd. KUUd J 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1% 
18 
19 

0.498 
0.400 
0.247 
0.221 
0.1890 
0.1564 
0,1431 
0,1262 
0.0839 
0,0804 
0.0918 
0 , 0 7 2 7  
0.0708 
0.0785 
0 0992 
0,1358 
0.273 
0.666 
0 , 7 5 7  

0.0551 0.0635 
0.0558 0,0623 
0,0518 0.0545 
0.0522 0.0548 

0 0544 
0.0553 0.0574 

0.0630 
0.0660 

0.0839 
0,1101 0.1137 
0,1233 0.1252 
0,1420 0,1426 
0.1975 0,200 
0,296 0.294 
0,484 0.486 
0,677 0 .675  
1.412 1.411 
2,87 2.70 
3.11 

1,948 2.011 
1,805 1.860 
1.445 1.478 
1*389 1,428 
- 0  1 348 1.367 
1.254 1.297 
1.263 1,289 
10235 1,227 
1.128 
1,169 1,176 
1.145 1,156 
1.150 1,146 
1,132 1.156 
1.147 1,196 
1.094 1.156 
1,132 1.244 
1.284 1.558 
1.466 1,930 
1.267 

0.95 
1.01 
0 , 9 5  
0,95 
0.94 
0-94 
0 . 9 8  
0.98 
0,961 
1.01 
1,oo 
1.00 
0.99 
1.07 
1.02 
1,05 
1 . 1 9  
1.35 
1.17 

0.498 
0.400 
0.247 
0.221 
0.1890 
0.1564 
0.1431 
0.1262 
0.0883 
0.0791 
0 e 0712 
0,0721 
0.0722 
0.0734 
0.0978 
0.1317 
0.258 
0.638 
0.744 

0.0606 
0.0552 
0.0572 
0.0581 
0.058 
0.0624 
0 , 0 6 6  
0.068 
0,0883 
0,1101 
0 * 1233 
0.1420 
0,1975 
0.296 
0.484 
0.677 
1.142 
2.87 
3.11 

The notation is explained on page 4. 



[H*]f 
i n v o l v e s  several  approx ima t ions  wh ich ,  however, are probab ly  

[xP04 -3]Q , and L U O ,  '"1" descr ibed  in the appendix  

a d e q u a t e  i n  v iew of-  the fairly sm11 c o r r e c t i o n s  i n v o l v e d ,  

The corrected so%ubflity data are p l o t t e d  i n  Figure 1 
(curve I ) p  along w i t h  similar data of G .  R. Leader  f o r  1 M  - 
n i t r i c  acid, which have been carrected here f o r  a c i d i t y  
ef fects  i n  a fashion similar to t h a t  a p p l i e d  t o  the p r e s e n t  
data., The @ o r m e t i o n s  i n  this case, however, i n v o l v e  more 
u n c e r t a i n t y  mainly because the  estimated final a c i d i t i e s  
f o r  L e a d e r ' s  r e s u l t s  are farther from owe molar, The 
c o o r d i n a t e s  of the poin8.s on s u c h  a p l o t  r e p r e s e n t  the t o t a l  
concentrations of u r a n y l  and phospha9,e i n  %he c o r r e s p o n d i n g  

chlorate or in excess phosphor i c  ac id ,  the s o l u b i l i t i e s  of 
t h e  s a l t  are e q u a l  r e s p e c t i v e l y  t o  the t o t a l  phosphate  or  

s$lusated solutions, 

t o t a l  uranyl  concentrations, 

I n  t h e  r e g i o n  of excess u r a n y l  per- 

The d i s s o l u t i o n  reac0.ion f o r  U 0 2  HP04  4H, 0 i n  a c i d  
s o l u t i o n  t o  form uncornplexed uranyl i o n  may be w r i t t e n  

a n d ,  a t  equilibrium, the s o l u b i l i t y  product, K, may be 
d e f i n e d  as 

The d i s s o l u t i o n  of the salt to f o r m  a 1.1 complex, may 
be w r i t t e n  
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Thus,  a t  c o n s t a n t  a c i d i t y ,  t h e  t o t a l  conce  t r a t i o n  of a l l  
C 1 ,  w i l l  be independent  o f  T U O z f f ]  and 

complexes are t h e  on ly  ones  which are 
i n  e x c e s s  u r a n y l  p e r c h l o r a t e ,  t h e n  

( n e g l e c t i n g  t h e  small a c i d  d i s s o c i a t i o n  of H 3 P 0 4 )  t h e  s a l t  
s o l u b i l i t y  S is  g i v e n  by 

and  s i n c e ,  a c c o r d i n g  t o  E q .  1, [H3P04] must decrease a s  t h e  
u r a n y l  c o n c e n t r a t i o n  is i n c r e a s e d ,  S e v i d e n t l y  s h o u l d  
decrease t o  a c o n s t a n t  l i m i t i n g  v a l u e  ( e q u a l  t o  x C 1 , ~ )  as  
t h e  u r a n y l  p e r c h l o r a t e  c o n c e n t r a t i o n  is i n c r e a s e d .  I t  is 
e v i d e n t  from c u r v e  I i n  F i g u r e  1 t h a t  t h i s  is a t  least  
approx ima te ly  t h e  case. The p o s i t i o n  d e v i a t i o n  of t h e  l a s t  
p o i n t  (0.5M c U O z + + )  is n o t  s e r i o u s  i n  view of t h e  r a p i d l y  
inc reas ing - ion ic  s t r e n g t h .  

I t  w i l l  be u s e f u l  t o  p o i n t  o u t  i n  p a s s i n g  t h a t  

where in  K 1 (  = r K i P x )  is t h e  sum of t h e  e q u i l i b r i u m  
q u o t i e n t s  f o r  a l l  e q u i l i b r i a  of  t h e  t y p e  

+( x-1) + UOz++ + H 3 P 0 4  = UOzHxP04 i- ( 3 - x ) H  

From Eq. 4 ,  when [H'] = 1, 

c1 = KT 

where in  C 1  is t h e  t o t a l  c o n c e n t r a t i o n  of t h e  1:l complexes.  
If t h e  1;l complexes are t h e  on ly  ones  i n  a p p r e c i a b l e  
abundance i n  t h e  r e g i o n  of e x c e s s  u r a n y l  p e r c h l o r a t e ,  t h e n  
from E q .  2 one o b t a i n s  
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or 

R e a r r a n g i n g  terms, 

1 1 - ( m02++)( c P 0 4 - 3 )  + KY - - 
K? K 1  

( 7 )  ~;uo,++ + C P O ~ - ~  = 

where in ,  K l  h a s  been s u b s t i t u t e d  for KT/Ks. 
t h i s  l as t  e q u a t i o n ,  a p l o t  of ( r U O z + +  + P 0 4 - 3 )  v s .  
( ~ U O , * ~ ) (  xPO,:3) s h o u l d  r e s u l t  i n  a s t r a i g h t  l i n e  of s l o p e  

According t o  

I_ 1 and i n t e r c e p t  Rf - -a 1 
KB K 1  

T h i s  g r a p h i c a l  method has been 

a p p l i e d  t o  t h e  d a t a  i n  t h e  r a n g e  0 - 0.344M e x c e s s  u r a n y l  
i n  T a b l e  I1 and F i g u r e  2 .  
has a slope of 1 /0 ,051  and  i n t e r c e p t  0.024, g i v i n g  K 1  = 
0 . 0 5 1  ( w h i c h  c o r r e s p a n d s  t o  t h e  l i m i t i n g  s o l u b i l i t y ) ,  K1 = 
3 7 ,  and K, = 0.0014. O f  t h e s e  v a l u e s ,  t h e  M o s t  a c c u r a t e  
is KY s i n c e  t h e  s l o p e  of t h e  p l o t  is w e l l  d e f i n e d  by t h e  
p o i n t s ,  The K 1  and K, v a l u e s  are c o n s i d e r a b l y  more i n  doubt  
because  of the u n c e r t a i n t y  of t h e  i n t e r c e p t  a t  
( z P 0 4 - 3 ) ( z U 0 2 + + )  = 0. The v a l u e  of K 1  = 37, however, 
is i n  comple te  agreement  w i t h  t h e  r e s u l t s , d f  t h e  c o n t i n u o u s  
v a r i a t i o n  s t u d i e s  i n  1 M  p e r c h l o r i c  a c i d .  ( 1) 

The r e s u l t i n g  eTraight l i ge  p l o t  

- 
The i n c r e a s i n g  s o l u b i l i t y  of U 0 2 H P 0 4  .4H20 i n  1M 

p e r c h l o r i c  acid c o n t a i n i n g  excess p h o s p h o r i c  acid iiidicates 
t h e  f o r m a t i o n  i n  s o l u t i o n  of complexes i n  which the  phos- 
p h a t e  t o  u r a n y l  r a t io  is g r e a t e r  t h a n  u n i t y .  These data 
w i l l  n o t  be used  d i r e c t l y  i n  the c a l c u l a t i o a  of concen- 
t r a t i o n  e q u i l i b r i u m  q u o t i e n t s  f o r ' s u c b  compl&des, however, 
s i n c e  t h e  c o n t r i b u t i o n  of these complexes t o  t h e  s a l t  
s o l u b i l i t y  i n  one molar  acid does n o t  become appreciable 
compared t o  t h e  1:l complexes u n t i l  t he  t o t a l  phospha te  
c o n c e n t r a t i o n  is r e l a t i v e l y  large (>0.5M). The more 
d i l u t e  p u r e  p h o s p h o r i c  ac id  s o l u t i o n s ,  ?n which t h e  
a s sumpt ion  of c o n s t a n t  e q u i l i b r i u m  q u o t i e n t s  is p robab ly  
more j u s t i f i e d  and  for which c o n c e n t r a t i o n  e q u i l i b r i u m  
q u o t i e n t s  are c a l c u l a t e d ,  w i l l  be d i s c u s s e d  la ter .  
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Table I 1  

THE DETERMINATION OF KY ANI) Kg FROM THE 
--* --li P_ 

SOLUBILITY DATA IN 1g HC104 

3 0,247 0,0572 0.304 0,01412 

4 0,221 0,0581 0.279 

6 0.1564 0 ,0624  0 . 2 1 9  

9 0,0883 0,0883 0 1766 

0 01283 

0 . 0 0 9 7 6  

0,00780 

*Run Nos. 5 ,  7 ,  and 8 have not  been included in t h i s  table, 
since t h e  uranium analyses w e r e  in some doubt,  w i t h  t h e  
result t h a t  [xP04 -3If could not; be calculated with s u f f i c i e n t .  
certainty (see Appendix) ., 
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b. Acidity Dependence of UOZ HPO, 4 H 2  0 Solubility 

U O z H P 0 4  . 4 H 2 0  in nitric acid solution is approximately pro- 
portional to the acidity. Neglecting acidity effects which 
accompany the dissolution of the salt and neglecting the 
effect of the changes in ionic strength which were involved, 
his results are consistent with the following equilibria, 

G. R. Leader(3) has reported that the solubility of 

U O z H P 0 4  + 2H+ = UO,++ + H 3 P 0 4  ( 1) 

UO,HPO, + H+ = U 0 2 H , P 0 , ' ;  

Thus, according to this scheme, the solubility S is given - 
bY 9 

and noting that [uo2++] e [H~PO~] 

wherein Ks and K S , 2  are defined id the usual way,  

Since the acidity dependence of solubility could be 
crucial evidence in establishing the formulas of the 1:l 
complexes which have been shown to exist in the acid 
solutions, these solubility measurements were repeated in 
perchloric acid at an approximately constant ionic strength 
of 1.15M. The results are summarized in Table I11 and 
plotted-in Figure 3 ,  along with the results of G. R. Leader 
for nitric acid. The correction for the acidity effect of 



THE ACIDITY DEPENDENCE OF - UO, HPO, 4 H z  0 SOLUBILITY 

IN HClO, SOLUTIONS: /u- = 1.15 

Run NoL 

2 0  

21 

2 2  

2 3  

24 

2 5  

9* 

CH'I f 
0 - (50414 
0 2 00667  

0 . 2 2 3 2  o,, 00955 

0 . 5 3 4 0  0 0 01554 

0 5588 0 , 0 3 1 5  

0 , 7 8 1 2  0 "  0495 

31,128 0 ,0839 

0,1033 

0 a 1541 

0 .  2041  

0 . 3 0 2 9  

0 , 4 4 5 0  

0 , 6 8 2 3  

0 , 9 5 5 6  
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a. I 0.2 0.4 0.7 
FINAL A C I D I T Y ,  rnolcs/l 

FIGURE 3. THE ACIDITY DEPENDENCE OF 
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t h e  d i s s o l u t i o n  r e a c t i o n  was a p p l i e d  i n  t h e  same f a s h i o n  as i n  
t h e  PM HC104 measurements;  * i. e. 

It is e v i d e n t  t h a t  i n  t h e  s o l u t i o n s  of c o n s t a n t  i o n i c  
s t r e n g t h ,  t h e  d e v i a t i o n  of t h e  p e r c h l o r i c  ac id  data  from 
a p r o p o r t i o n a l i t y  r e l a t i o n s h i p  ( t h e  d e v i a t i o n  from t h e  u n i t  
s lopes  which  is i n d i c a t e d  by t h e  dashed l i n e ,  i n  t h e  log - log  
plot) is even  l a r g e r  t h a n  t h a t  e x h i b i t e d  by L e a d e r s s  r e s u l t s ,  
However, s i n c e ,  even  a t  c o n s t a n t  ionic s t r e n g t h ,  the a c t i v i t y  
c o e f f i c i e n t s  of the v a r i o u s  i o n i c  s p e c i e s  i n  s o l u t i o n  w i l l  
p robab ly  n o t  remain  c o n s t a n t  o v e r  s u c h  a w i d e  r a n g e  of 
s o l u t i o n  c o m p o s i t i o n ,  t h e  p r e s e n t  r e s u l t s  c a n  be i n t e r p r e t e d  
o n l y  i n  a q u a l i t a t i v e  fashion,, 

An a c i d i t y  dependence higher t h a n  f irs t  power s u g g e s t s  
t h a t  i n  a d d i t i o n  t o  e q u i l i b r i a  1 and % g  one s h o u l d  also 
c o n s i d e r  t h e  e q u i l i b r i u m ,  

U 0 2 H P 0 4  c 2H’ = .UO2H,PO4 ++ * , 

Indeed ,  if e q u i l i b r i u m  8 is n e g l e c t e d ,  t h e  a c i d i t y  
dependent  data are a d e q u a t e l y  accoun ted  for b y  Ks = 0 . 0 0 1 2  
and K f 9 ,  = 0 . 0 5 5 ,  a r e s u l t  i n  harmony w i t h  t h e  K 1  and K, 
v a l u e s  a l r e a d y  o b t a i n e d  from t h e  s o l u b i l i t y  data i n  1 M  
p e r c h l o r i c  acid,  More g e n e r a l l y ,  t h e  data are i n  rtgrzernent 
w i t h  

Howeverp a s  yet unpub l i shed  p o t * e n t i o m e t r i c  results suggest 

schemes **  ! 

2 ~ 0 ~ 0 3 ~  which is n o t  c o n s i s t e n t  w i t h  e i t he r  of these 

*This c o r r e c t i o n  i g n o r e s  t h e  c o n t r i b u t i o n  of UO, HPQ,’ 
f o r m a t i o n :  t h e  r e s u l t i n g  e r r o r  i n  a c i d i t y  is p robab ly  less 
t h a n  5% (cf Appendix) 

t h i s  i n t e r p r e t a t i o n  of t h e  a c i d i t y  dependent  data r e q u i r e s  
t h a t  both v a l u e s  be changed c o n s i d e r a b l y  from t h o s e  
a s s i g n e d  ( K f p z + 0 . 0 3 ;  & = 0 , 0 0 1 4 ) .  

**In p a r t i c u l a r ,  t h e  i n c o r p o r a t i o n  of b o t h  K?,Z, and Ks i n t o  
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U n t i l  a d d i t i o n a l  d a t a  are  a v a i l a b l e ,  i t  can be s a i d  
o n l y  t h a t  two forms of t h e  one-to-one complex, UOzH2P04+ 
and U02H3P04++, probably  e x i s t  i n  acid s o l u t i o n  and  t h a t  
t h e  sum of t h e  f o r m a t i o n  c o n s t a n t s  for a l l  s u c h  complexes,  
K 1 ,  is 38  f 1 2  i n  1 M  p e r c h l o r i c  a c i d ,  - 

c. S o l u b i l i t y  Behavior  i n  Phosphor i c  Acid 

in p u r e  phosphor i c  a c i d ( 2 )  have a l s o  been p l o t t e d  i n  F i g u r e  1 
( c u r v e  11) p e r m i t t i n g  a comparison w i t h  t h e  l M  p e r c h l o r i c  
a c i d  data .  I t  is e v i d e n t  f r o m  t h e  p l o t  t h a t  B e  t w o  
s o l u b i l i t y  c u r v e s  converge  i n  excess phosphor i c  a c i d ,  
s u g g e s t i n g  t h a t  i n  s u c h  s o l u t i o n s  t h e  p r i n c i p l e  d i s s o l u t i o n  
e q u i l i b r i u m  is independent  of a c i d i t y ;  i a e . ,  t h a t  no 
hydrogen i o n s  are l i b e r a t e d  o r  consumed when UOzHP04 .4H20 
f eac t s  w i t h  H3P04 molecu le s  t o  produce  complex s p e c i e s  i n  
s o l u t i o n .  Thus one is l e d  t o  conc lude  t h a t  t h e  p r i n c i p l e  
complex s p e c i e s  i n  e x c e s s  phosphopic  a c i d  are  n e u t r a l :  

The r e s u l t s  of t h e  UOzHPOQ . 4 H z 0  s o l u b i l i t y  measurements 

UO, HP04 + (n-1)  H, PO4 

I n  o r d e r  t o  conf i rm t h i s  c o n c l u s i o n ,  p o t e n t i a l  measure- 
ments  w e r e  c a r r i e d  o u t  on a series of s a t u r a t e d  s o l u t i o n s  
from t h e  phosphor i c  ac id  s o l u b i l i t y  r u n s ,  u s i n g  a Beckman 
Model OGff pH meter. The r e s u l t s  are  p l o t t e d  i n  F i g u r e  4 
a l o n g  wTth t h e  r e s u l t s  of s i m i l a r  measurements on a ser ies  
of p u r e  phosphor i c  acid s o l u t i o n s .  The agreement  between 
t h e  two sets of "measured pHvP v a l u e s  is such  that a l l  t h e  
p o i n t s  may be f i t t e d  s u f f i c i e n t l y  w e l l  by a s i n g l e  c u r v e ,  

From t h e  measurements on p u r e  phosphor i c  acid s o l u t i o n s ,  
t h e  f o l l o w i n g  v a l u e s  for t h e  f i r s t  d i s s o c i a t i o n  c o n s t a n t  of 
phosphor i c  acid were c a l c u l a t e d . *  

k3P04],; 0.0179 0 . 0 2 9 8  0,0596 0 ,0994 0.149 0 ,298  0.497 0.994 
Kp; 00009 0,009 0.010 0 ,011  0 ,012  0.015 0 .019  0.032 

/ 
These K v a l u e s  are, of c o u r s e ,  s t r i c t l y  e m p i r i c a l  and 
c e r t a i n f y  do n o t  a c c u r a t e l y  r e p r e s e n t  t h e  change of  KP w i t h  
i n c r e a s i n g  phosphor i c  ac id  c o n c e n t r a t i o n .  Thus ,  i n  y i e l d i n g  
t h e  "measured pH" v a l u e s ,  t h e  Kp/ v a l u e s  must i n c l u d e  t h e  
p o t e n t i a l  e f f e c t  of t h e  l i q u i d  j u n c t i o n ,  

_ _  - - ~ 

/ 
*The Kp v a l u e s  w e r e  c a l c u l a t e d  from t h e  e q u a t i o n  



H3P04(c) // K C l ( S a t ' d . )  

a s  well a s  t h e  medium effect  r e s u l t i n g  from t h e  i n c r e a s i n g  
p h o s p h o r i c  acid c o n c e n t r a t i o n .  These v a l u e s  are  u s e f u l 3  
howeverg i n  t h a t  they permit t h e  c a l c u l a t i o n  of t h e  two 
dashed c u r v e s  i n  F i g u r e  4, which r e p r e s e n t  t h e  Pvmeasured 
pH97 v a l u e s  which would resuf% if a m o l e  of hydrogen i o n  
w e r e  consumed ( c u r v e  I )  or l i b e r a t e d  ( c u r v e  11) p e r  mole 
of s a l t  d i s s o l v e d ,  By u s i n g  these e m p i r i c a l  Kp v a l u e s p  
one corrects a t  least  approximately, the t w o  c a l c u l a t e d  
c u r v e s  for t h e  same e f f e c t s  which  i n f l u e n c e  t h e  %easured  
pM"' v a l u e s  a 

and random d e v i a t i o n s  of the saturated s o l u t i o n  data t h a t  
there is no a p p r e c i a b l e  a c i d i t y  e f f e c t  upon d i s s o l u t i o n  of 
UO;, HP04 .LfH,O i n  phosphoric acid o v e r  %,he c o n c e n t r a t i o n  
range 0 ,  O Q l M  t o  1 M  H,PQ, Of course, below abou t  0.07M 
the sa l t  soTubiliT'y is so  low that no a p p r e c i a b l e  a c i d y t y  
effects  c o u l d  r e a s o n a b l y  be e x p e c t e d  i n  any  case, as  
i n d i c a t e d  by t h e  convergence  of the c u r v e s  i n  F i g u r e  4; 
h ~ ~ e ~ e r ,  t he  l a c k  of an a c i d i t y  effect of d i s s o l u t i o n  above 
0,07M p r o v i d e s  a d d i t i o n a l  e v i d e n c e  for the v a l i d i t y  of  
Eqo TO as the  p r i n c i p l e  t y p e  of d i s s o l u t i o n  r e a c t i o n  i n  
t h e  uppe r  c o n c e n t r a t i o n  range 

I n  g e n e r a l 9  one may conc lude  from t h e  r e l a t i v e l y  s m a l l  

It is, of c o u r s e s  p o s s i b l e  to conceive of a series of 
complexes 

--e- UOZ: 1 E H,P% ) A - l ;  uo2 [Hr.PO, B 2 (H3 PO4 1 n-2; 

uoz ( H ,  PO4 B ,? ( H, PO4 ) ' i -3- - - -  

i n  which t h e  d i s t r i b u t i o n  is s u c h  t h a t ,  on t h e  a v e r a g e ,  t h e  
u ~ a n i u m  is i n v o l v e d  i n  a neutral species, Such a d i s t r i b u t i o n  
would r e s u l t  i n  a zero change in a c i d i t y  U ~ O I - I  d i s s o l u t i o n  of 
a uranium phospha te  s a l t ;  bowever,  s i n c e  t h e  c o n c e n t r a t i o n  of 
each species has a d i f f e r e n t  hydrogen i ~ n  dependence t h i s  
spec i f ic  d i s t r i b u t i o n  would occur at o n l y  one a c i d i t y  and  t h e  

... ~ ' ...............,. 
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Substituting Eqs, 12 and 13 i n t o  iihe expressions, for the 
@am@era~rat %oil equalibrium - quotxen$ for  equilibrium 11 ? 

Thus9 in t h e  e v e n t  that t h e  ss$aab) l i? ty  of U 0 2 H P 8 *  in 

pod, - -3 ,  or QLT a lag-log 

phosphoric a c i d  w c ~ e  due  enT,,%rely to t h e  f o ~ ~ t i o n  of 8 

2: 1 complex, t h e  S Q P U ~ I ~ ~ T ~  should &e proportional to 
since 

one mag wyite 

w h e r e i n  e2 and c 3  deno te  rhe concentration s i  the  2:l and 
3 : P  somplexes, Tespecl ively, Sance K g  $8 g i v e n  by 
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and  r e c a l l i n g  t h a t  K$ = 62/[H,PO,] Eq. 1 7  may be w r i t t e n ,  

Rea r rang ing  terms, 

UOZ ++ 

p 3  PO4 J 
This e q u a t i o n  i n d i c a t e s  t h a t  a p l o t  of vs. [H3P04] 

s h o u l d  r e s u l t  i n  a s t r a i g h t  l i n e  of slope K? and i n t e r q k p t  
at [H,P04] = 0 .  

I t  r ema ins  t o  e v a l u a t e  [H,PO,]: If it  i s  assumed t h a t  
only t h e  2 : l  and 3 : l  complexes are p r e s e n t ,  t h e n  i n q l u d i n g  
t h e  primary d i s s o c i a t i o n  of phosphor i c  a c i d ,  

where in  Kp is t h e  f l r s t  d i s s o c i a t i o n  c o n s t a n t  of p h o s p h o r i c  
ac id .  The t e r m  ( K  [H3P0 ) is equal  t o  [H,P04 -3 s i n c e ,  
in this scheme pf and fH2PQ4-] would be e s s e n t i a l l y  e q u a l .  
Upon combining g s .  19 a d 1 6 ,  

The s o l u t i o n  of this e q u a t i o n  fo r  [H3PQ,] 
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w h e r e i n  A = 1 - K$ ; 
c u l a t e d  [H,P04] v a l u e s  ( T a b l e  I V )  w e r e  o b t a i n e d  from Ey. 2 0  
u s i n g  t h e  v a l u e s ,  Kf = 0 . 0 3  and  K = OaO075,* The p l o t  of 

r e s u l t i n g  v a l u e  of KY is 0 . 2 8  f 0.04.  
%c v a l u e  f o r  K5 of 0,02 f 0 - 0 1  which is i n  good agreement  
with t h a t  used i n  c a l c u l a t i n g  lM,PO41 a A more a c c u r a t e  
e v a l u a t i o n  of Kf c a n n o t  be o b t a i n e d  by e x t r a p o l a t i o n  of 
t h e  d a t a  t o  [H,PO,) = O 9  because  the lower p o i n t s  are un- 
d o u b t e d l y  i n c r e a s e d  by t h e  c o n t r i b u t i o n  of t h e  1:l complexes 
t o  t h e  s a l t  s o l u b i l i t y .  In drawing  t h e  l i n e  a s  shown9 a 
s a t i s f a c t o r y  f i t  is o b t a i n e d  o v e r  t h e  maximum r a n g e  (ea, 
0,lM - 1 . 5 M  zP0 , -3 )  e The e x p e r i m e n t a l  data above  P04-3 
= 1,5M wouTd show large p o s i t i v e  d e v i a t i o n s  on  s u c h  a p l o t ,  
cause3 p e r h a p s  by h i g h e r  complex f o r m a t i o n  o r  by medium 
effects r e s u l t i n g  from t h e  i n c r e a s i n g l y  non-aqueous 
character of the s o l v e n t .  

D = zP0,-3 - 3 zUO,+" The cal- 

t h e  d a t a  a c c o r d i n g  t o  Eq, 33 is 8 R own i n  F i g u r e  6 ,  The 
The i n t e r c e p t  g i v e s  

d .  C a l c u l a t e d  S o l u b i l i t y  Curves - 

A complete s o l u b i l i t y  c u r v e  was c a l c u l a t e d  for 
U 0 , H P 0 4  * 4 H z 0  i n  t h e  r a n g e  0,014M - 6M H,P04 as follows: 
From E q s ,  2 ,  8 ,  9 ,  14,  and 1 7 ,  The c z n e e n t r a t i o n s  of t h e  
f o l l o w i n g  s p e c i e s  i n  s o l u t i o n  are g i v e n  a s  f u n c t i o n s  of 
[H, PO4] and [ H+] by: 

Ks [HHCl2 
[uo,++] = - 

*Thi s  v a l u e  of KZ has been  e s t ima ted  from a s  y e t  ubpub l i shed  
data. A r e c a l c u l a t i o n  of [&PO4] v a l u e s  using t h e  KZ v a l u e  
o b t a i n e d  from F i g u r e  6 ( 0 . 0 2 )  r e s u l t e d  in e s s e n t i a l l y  no 
change ,  I n  fac t  i t  c a n  be shown t h a t  i f  IC? is v a r i e d  from 0 
t o  0 . 0 5 ,  o n l y  a b o u t  f 2% change i n  t h e  [HH,P04] 
The K p  v a l u e  is t h a t  for i n f i n i t e  d i l u t i o n  and w a s  u sed  here 
as a n  a d e q u a t e  a p p r o x i m a t i o n ,  

v a l u e s  r e s u l t ,  
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Table IV 

THE DETERMINATION OF Kz FROM THE - UOZHP04 . 4 H 2 0  

_9_1 _ -  

SOLUBILITY DATA IN H , P 0 4  SOLUTIONS ---, ------- ~ . _--c . 

A l l .  concentrations expressed i n  moPes/l 

0 ,000528  0,0205 0 .0189 0.0104 0 0 0 5 0 9  A - 1 3  

A-12 0,001443 0, 0497 0, 0459 0 , 0 3 1 0  0.0466 

A-10 0 , 0 0 3 3 0  0 , 1 0 3  o0o9331 o , o a 1 6  0 ,0460  

0 ,0742 0 .0550  A-2 5 0 , 0 0 4 0 7  0 ,108  0,0958 

A - 9  0,01035 0 , 2 2 0  0.1890 O,l586 0.0653 

A -8 0.01237 0 , 2 4 9  0 . 2 1 2  0 , 1 3 9 9  0.0688 

A - 6  0.01860 0 ,328  0 . 2 7 2  0 , 2 3 6 1  0 , O ' B S t  

A-5 9.0352 0,495 0 , 3 8 9  0,347 0.1015 

A - l  0 ,1099 0 ,987  0.657 0.605 0.1815 

A -4 " 2 0 %  1,477 0, 1356 0,800 0.25138 

A -2 . 3 3 9  1" 9 7 8  0 . 9 5 3  0.895 0 . 3 7 9  
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I n  t h e  c a l c u l a t i o n s ,  a l l  K values  w e r e  assumed Po be 
c o n s t a n t .  I n  view of t h e  f o r m a l  independence of i o n i c  
s t r e n g t h  of t h e  co r re spond ing  e q u i l i b r i a ,  t h i s  is probably 
n o t  8 bad assumpt ion  for- K7,2 

s a l t  s o l u b i l i t y  i s  a p p r e c i a b l e  o n l y  i n  t h e  more d i l u t e  

and Kg 

S i n c e  t h e  c o n t r i b u t i o n  of t h e  1:1 complexes t o  t h e  

phosphate s o l u t i o n s  ( F i g u r e  7 )  where in  he a c i d i t y  is 
a l s o  l o w  ( e , g ,  a t  P O t - 3  =+ 0,02M6, [B+' -r 0.01M) t h e  
c o n t r i b u t i o n  of U O z H , ~ 0 4 + +  i n  t u 6  is n e g l i g i b l Z  s i n c e  t 

S and K 1 , 3 / K Y , 2  i s  probably  in t h e  r e g i o n  of u n i t y . *  
c o n c e n t r a t i o n  in s o l u t i o n  of t h e  n e u t r a l  1:l complex, 
U02HPOa i n  t h e  r e g i o n  of s t a b i l i t y  of UO,HPO* 4W28 is 
c o n s t a n t  since 

The 

Even a t  t h e  lower l i m i t  o f  s t a b i l i t y  of t h i s  sa l t  ( t h e  
t r a n s i t i o n  p o i n t  a t  0 014MZPG4-3 i n  F i g u r e  5 )  t h e r e  is no 
ev idence  of a l e v e l l i n g  Cff of t h e  s o l u b i l i t y  t o  a c o n s t a n t  
v a l u e ,  which suggests t h a t  KS,1 is c o n s i d e r a b l y  less t h a n  
~ X ~ O - = - ~ E / ~ .  Accord ingly  i t  has been asburned in c o n s t r u c t i n g  
t h e  prZsen.2 s o l u b f P i t y  Curve f o r  U02HPO% ,4Ef20 that t h e  
c o n t r i b u t i o n  of t h e  n e u t r a l  P : l  complex a l s o  is n e g l i g i b l e ,  
l e a v i n g  on ly  UOa€Y2P0,+ t o  be c o n s i d e r e d  i n  t h e  c a l c u l a t i o n ,  
The ques t ion?  of the n e u t r a l  complex w i l l  be consideTed 
f u r t h e r  i n  t h e  c a l c u l a t i o n  of t h e  curve f o r  the n o r m a l  
phosphate  (be low 0.014M - z PO4 - 3 )  t o  be discussed p r e s e n t l y  

J~ S u t t o n (  4 )  s u g g e s t s  t h e  primary h y d r o l y s i s  
e q u i l i b r i u m  for uranyl i o n  to be 

* A s  a l r e a d y  mentioned on page 159 KY9& a p p e a r s  to be @a.  
0.03$ which v a l u e  is used in the p r e s e n t  c a l c u l a t i o n  of 
s o l u b i l i t i e s  w i t h  s a t i s f a c t o r y  r e s u l t s ,  S i n c e  K1 = 0 . 0 5 ,  
t h e n  KT93 - ' 0 . 0 2  and t h e  r a t i o  KTy3/K:p2~ O a 7 ,  
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2 8  

2 uoz ++ + H 2 0  = UO,UOz++ + 2H' 

+ 2  

= 1 . 2 4  x l o w 6  
[u03 uoz ++ J [H 3 

K = '-" 
[uoz ++ J 

I n  t h e  most d i l u t e  r e g i o n  of t h e  p r e s e n t  s o l u b i l i t y  d a t a ,  
where in  [H+]w10-3M and 
c a l c u l a t e d  a c c o r d i n g l y  t h a t  t h e  hydro lysTs  of free u r a n y l  
i o n  is c a .  0.001%. Thus t h e  s o l u b i l i t y  e f f e c t  of h y d r o l y s i s ,  

I 

z U O z + +  ~ l x l O - ~ M ~  i t  may be 

would be u t t e r l y  n e g l i g i b l e .  2 

I n  view of t h e s e  c o n s i d e r a t i o n s ,  

zuoz++ = [ U O Z + + l  + C 1 , J  + c2 + c3, 

o r ,  s u b s t i t u t i n g  Eqs. 2 1  - 2 5 ,  

or 

where in  o n l y  t h e  pr imary  d i s s o c i a t i o n  of phosphor i c  a c i d  
is c o n s i d e r e d .  I t  r ema ins  t o  re la te  F"'$ t o  [H3P04]:  
e q u a t i n g  t h e  c a t i o n  and a n i o n  concen r a  ions i n  t h e s e  
s o l u t i o n s  

Upon 



Kp H3PQ4-j 

rH+ I 
---L---, and r e a r r a n g i n g  terms, p e p l a c i n g  [H2P04 -1 by 

I n  g e n e r a l ,  t h e  c a l c u l a t e d  s o l u b i l i t i e s  were o b t a i n e d  b 
first s o l v i n g  Eq, 28 by s u c c e s s i v e  approx ima t ion  for [H'] 
OT [H,PO~J ; i . e o  one or t h e  o t h e r  being chosen asbftrarrly 
and t h e  r ema in ing  q u a n t i t y  a d o u s t e d  t o  satisfy t h e  e q u a t i o n .  
The r e s u l t i n g  [H*] and [ H 3 P 0 4 i  values ( T a b l e  V) w e r e  t h e n  
s u b s t i t u t e d  i n  E q s ,  26  and 2 7  t o  y i e l d  Z U O , "  and z P 0 4 " 3 0  

The s o l i d  l i n e  i n  Figure 5 ( a n d  c u r v e  II, F i g u r e  1) 
is  t h e  c a l c u l a t e d  s o l u b i l i t y  c u r v e  which r e s u l t s  when: 

s 
= 0 ,0075  KP K1,2 0.03 

s 
The i n d i c a t e d  v a l u e  of K1,2 was found Lo g i v e  t h e  best 
f i t t i n g  c u r v e .  The c a l c u l a t i o n s  are  summarized i n  Tpb le  V 
and  t h e  r e s u l t i n g  d i s t r i b u t i o n  of complexes as  a f u n c t i o n  
of t h e  t o t a l  phosphate c o n c e n t r a t i o n  is shown An F i g u r e  7 ,  

Below t h e  s o l i d  phase  t r a n s i t i o n  p o i n t  at 0.014M 
PO4 -3 where ( U 0 2  ) (PO, E 6H, 0 becomes t h e  s t a b l e  g o l i d  

p h a s e ,  t h e  t h e o r e t i c a l  solubility curve fn F i g u r e  5 w a s  
c a l c u l a t e d  by means of t h e  f o l l o w i n g  e q u i l i b r i a :  

[H'J 
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3 1  

( U 0 2 ) 3 ( P 0 4 ) 2  + 3H” + H , P 0 4  = 3 U 0 2 H 2 P 0 4 + ;  

( ~ 1 ~ 2 ) ~  
= 0.0042 s’ 

K 1 , 2  = [ H, PO4) [H+7’ -I 

= 3 U 0 2 ( H 2 P 0 4 ) 2 ;  

0.00125 

These e q u i l i b r i a  r e p r e s e n t  t h e  d i s s o l u t i o n  of ( U 0 2  ) ( PO4 ) 6 H 2  0 
t o  form t h e  same complex i o n s  as  i n  t h e  case of U 0 2 H P 0 4 . 4 H 2 0 .  
I n  gene ra l ,  i t  may be  shown t h a t  

where in  [H~  PO^ JT is t h e  c o n c e n t r a t i o n  of f r e e  p h o s p h o r i c  
a c i d  a t  t h e  t r a n s i t i o n  p o i n t .  The v a l u e  of t h i s  q u a n t i t y  
( o b t a i n e d  by i n t e r p o l a t i o n  of t h e  d a t a  i n  Table V )  is 
(T,00642M ( t a k i n g  z P 0 4  -3 = 0.914M - as t h e  t r a n s i t i o n  p o i n t )  

summarized i n  T a b l e  V I .  T h i s  c a l c u l a t i o n  h a s  i n v o l v e d  no  
new as sumpt ions  and  o n l y  one  a d d i t i o n a l  p a r a m e t e r ;  i . e . ,  
t h e  t o t a l  phospha te  c o n c e n t r a t i o n  a t  t h e  t r a n s i t i o n  p o i n t ,  
which h a s  been  e v a l u a t e d  e x p e r i m e n t a l l y .  

- 
The c a l c u l a t i o n  of t h e  t h e o r e t i c a l  s o l u b i l i t y  curve  is 

I t  seems e v i d e n t  from t h e  s a t i s f a c t o r y  f i t  of t h e  
c u r v e  t o  t h e  d a t a  t h a t  t h e  n e u t r a l  complex U 0 , H P 0 4  does  n o t  
c o n t r i b u t e  a p p r e c i a b l y  t o  t h e  s o l u b i l i t y  of t h e  normal  
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3 3  

, 

ghosp/hate ,  I n  order t o  p l a c e  a n  uppe r  l i m i t  on t h e  v a l u e s  
of KY2l and KT 1 
s o l u b i l i t y  in b0Q01M p h o s p h o r i c  acid is 2xl0’5M i n s t e a d  of  
t h e  c a l c u l a t e d  1 0 4 ~ T ~ - ~ ~ o *  Then [ U 0 , H P 0 4 1  = k T e D  - 1 . 4 ) x l 0 - 5  = 
OO6x1Q-~M,  and  s u b s t i t u t i n g  t h i s  v a l u e  in o R p where in  

l e t  i t  be assumed t h a t  t h e  t r u e  s a l t  

- 

(UO,),(PO,), 4- H,PO4 = 3UO,HPO, 

/ 

t h e n  KT 1 /c, 2x10-130 
l r T 2  1 r, ex10-50 
of t h e  c o n s t a n t  m o l a r i t y  sf UO,HPOy i n  e q u i l i b r i u m  w i t h  t h e  
s o l i d  U0,HP04.4H,0 above t h e  t r a n s i t i o n  p o i n t ,  

S u b s t i t u t i n g  t h i s  v a l u e  i n t o  Eq. 2 9 ,  
T h i s  l a t t e r  v a l u e  r e p r e s e n t s  t h e  upper  l i m i t  

The f i t  of t h e  c a l c u l a t e d  s o l u b i l i t y  c u r v e  t o  t h e  da ta ,  
i n  g e n e r a l ,  is s a t i s f a c t o r y  up t o  2M x P 0 4 - %  A s  ment ioned 
ear l ie r ,  the  h i g h e r  obse rved  solubiTities i n  more concen- 
t ra ted  s o l u t i o n  may i n d i c a t e  t h e  appea rance  of h i g h e r  
complexes,  however,  because  of  t h e  i n c r e a s i n g l y  non-aqueous 
c h a r a c t e r  of  t h e  s o l v e n t g  s u c h  a conclusion is quite t e n t a t i v e  

A similar  c a l c u l a t e d  s o l u b i l i t y  c u r v e  has beerr p r e p a r e d  
for t h e  1M p e r c h l o r i c  acid d a t a  and  is r e p r e s e n t e d  by t h e  
s o l i d  c u r v e  ( I )  i n  F i g u r e  1, Since  t h e  e q u i l i b r i a  i n v o l v i n g  
t h e  f o r m a t i o n  of t h e  2 : l  and t h e  3:l complexes9  

s h o u l d  be r e l a t i v e l y  i de e n d e a t  of i o n i c  s t r e n g t h s  e f fec ts ,  
e s p e n t i a l l y  t h e  same Kn v a l u e s  have  been used  i n  t h i s  a s  i n  
t h e  p r e c e d i n g  c a l c u l a t a o n , * *  C o n s i d e r i n g  t h e  f o r m a t i o n  of 
1x1, 2 : 1 ,  and 3 : l  complexes i n  t h e  s a t u r a t e d  1 M  p e r c h l o r i c  
acid s o l u t i o n s  t h e n  

! 3 p  

- 
+This is t h e  e s t i m a t e d  maximum u n c e r t a i n t y  i n v o l v e d  i n  t h e  

p o l a r o g r a p h i c a l l y  de t e rmined  value ( 1 lxlO-5M) i n  t h i s  t h e  
lowes t  c o n c e n t r a t i o n  measured,  

**IC? is here t a k e n  as 0,03, a v a l u e  based  on a s  y e t  unpub- 
l i s h e d  p o t e n t i o m e t r i c  r e s u l t s  ( a t p  sr/ lM> This v a l u e  is 
w i t h i n  t h e  r a n g e  of  u n c e r t a i n t y  of the T a l u e  o b t a i n e d  from 
t h e  p h o s p h o r i c  acid s o l u b i l i t y  data and  i s  probab ly  more 
r e l i a b l e .  Kp is t a k e n  as  0 , 0 2 1  on t h e  b a s i s  of t h e  same 
r e s u l t s .  E t  is e v i d e n t  from t h e  t e r m  (1+2Kz+Kp) i n  
T a b l e  VI1 t h a t  %he c a l c u l a t e d  s o l u b i l i t y  is n o t  s e n s i t i v e  
t o  t h e  c h o i c e  of t h e s e  K v a l u e s ,  

- 



3 4  

cuo,++ - - [uo,++] + c1 4- c2 + 63  

and 

xP04”3 = [ H 3 P 0 4 ]  + [ H 2 P 0 4 - ]  + C 1  + 2C2 + 3C3. 

S u b s t i t u t i n g  E q s .  6 ,  2 1 ,  2 4 ,  and 2 5  i n t o  t h e  above ,  and 
n o t i n g  t h a t  [H’] = 1, one o b t a i n s :  

0.0014 
- - + 0 , 0 5 1  + 0 .03  [H3P04] 

+ 0.28[H3P04]2 , 

= KS + ( 1+2KS + KP) [H3P04) + 3 K y  [H3P04) 

2 
= 0 , 0 5 1  + 1 . 0 8  [H3P04] + O.84[H3PO4] ( 3 1 )  

The c a l c u l a t e d  c u r v e  was c o n s t r u c t e d  u s i n g  E q s .  30 and 31. 
The c a l c u l a t i o n s  are summarized t o  T a b l e  V I I ,  and t h e  
d i s t r i b u t i o n  of t h e  various complexes is i n d i c a t e d  as a 
f i n c t i o n  of t h e  t o t a l  phosphate  c o n c e n t r a t i o n  i n  F i g u r e  8 .  

I n  g e n e r a l ,  t h e  f i t  o f  t h e  d a t a  t o  t h e  c a l c u l a t e d  c u r v e  
is s a t i s f a c t o r y .  The p o s i t i v e  d e v i a t i o n  shown by t h e  d a t a  
In e x c e s s  p h o s p h o r i c  a c i d  are s imi l a r  to t h a t  shown by t h e  
p u r e  phosphor i c  ac id  d a t a  a n d ,  a s  a l r e a d y  p o i n t e d  o u t ,  may 
a r i se  e i t h e r  from a d d i t i o n a l  complex f o r m a t i o n  or s imply  
medium e f f e c t s .  

The g e n e r a l l y  h i g h e r  r e s u l t s  r e p o r t e d  by 6. R. L e a d e r ( 3 )  
for 1 M  n i t r i c  a c i d ,  which have also been plotted i n  F i g u r e  1, 
are  n 5 t  unexpec ted ,  s i n c e  n i t r a t e  i o n  is known t o  form 
complexes w i t h  u r a n y l  i o n , ( 5 )  though t h e  d i f f e r e n c e  is 
l a r g e r  t h a n  t h e  a v a i l a b l e  f o r m a t i o n  c o n s t a n t  would in f l i ca t e .  

c 



... . 

Table V I 1  

q I L I S O L U B I L I T Y  IN lg HCIIO,i SOLUTIONS 

All concentrations expressed in moles/l, 

Kf = 0.051, KZ = 0,03*, Kg = 0.28, K, = 0.0014, Kp = 0.021* 

0,002 
0,0035 
0.005 
0.007 
0,Ol 
0.015 
0 - 0 2  
0.03 
0,037 
0.04 
0,055 
0,075 
0.1 
0.15 
0.2 
0,3 
0,4 
0.6 
0.8 
1 
1.5 
2 

0,00215 
0.00376 
0,00538 
0.00752 
0 0 01075 
0,01613 
0,0215 
0,0323 
0.0398 
0,0430 
0,0591 
0,0805 
0,1075 
0.1613 
0,215 
0.323 
0,430 
0.645 
0,859 
075 

1.613 
2,15 

3~10‘~ 

2x10-5 
4x10-5 
8x10-5 
0,00019 
0,00034 
0.00076 
0.00115 
0 a 08134 
0,00254 
0,00473 
0.00840 
0.0189 
0,0336 
0,0756 
0.134 
0.302 
0.538 
0.840 
L 8 9  
3 . 3 6  

1x10-5 
0.0529 0.683 
0.0545 0,391 
0.0561 0.274 
0,0583 0,196 
0,0615 0.1370 
0.0670 0,0913 
0.0725 0,0685 
0,0838 0,0457 
0.0917 0.0370 
0.0950 0,0343 
0.1123 0,0249 
0.1359 0,0183 
0.1666 0,0137 
0.2309 0,00913 
0,2993 O,O0685 
0.449 0.00457 
0.615 0.00343 
0,998 0,00228 

1,966 0,00137 
3.55 0,00091 
5,56 0 00069 

1.448 0.00171 

3x10”s 
0,00010 
0.00014 
0,00019 
0.00027 
0.00041 
Q. 00054 
0.00081 
0 n 0 0 ~ 0 0  
0.00108 
0.00149 
0,00203 
0.00270 
0 a 00405 
0.00540 
0.00810 
0 0108 
0 0 0162 
0.0216 
0,0270 
0.0405 
0.0540 

K: [H3 PO,] ‘- 
1x10-6 
3x10-6 
7 ~ 1 0 - ~  
1x10-5 
3x10-5 
6x10-5 
0,00011 
0,00025 
0.00038 
0,00045 
0,00085 
0.00158 
0 .00280  
0.00630 
0.02120 
0,0252 
0.0448 
0.1008 
0.1792 
0.280 
0.630 
1,120 

ZUO2 *+ 
0 , 7 3 6  
0 442 
0.325 
0,247 
0.188 
0,1425 
0,1199 
0 , 0 9 7 5  
0 , 0 8 9 1  

0 e 07’79 
0,0726 
0,0699 
0.0702 
0.0742 
0.0886 
0.1097 
0.1470 
0,2532 
0.359 
0.722 
1.225 

0.0865 

-~ ~~ _ _  ~~ 

*See footnote on page 33, 
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CONCLUSIONS 

The solubility data presented in this and the pre- 
ceding report (ORNL-1578) may be interpreted in terms of 
the formation of four complex species in solutian: 

Tfie corresponding equilibria, involving UOZHPO, . 4 H , O  and 
(UO,), ( P O , )  .$H,O as the solid phases, are listed in 

quotients of formation. Using these K valuesp solubility 
curves have been calculated for lM perchloric acid and 
for phosphoric acid solutions. Iz the latter case9 
adequate agreement between the calculated solubilities 
znd the measured values in obtained over a two-thousandfold 
change in total phosphate ( 0. OOlM - 2M) and a twenty- 
thousandfold change in total  uraYiium concentration 
(I05x1O-5W - 0.3M). 

- Table VI11 along with their concentration equilibrium 

- - 
From these K values, the following additional 

equilibrium quotients may be evaluated in 1M perchloric 
acid: 

- 

U02*+ + H , P 0 4  = UO2H,PO4+'  
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3 9  

UOz++ + 3M,PO4 = U O z ( H z P 0 4 ) 2 ( H 3 P 0 4 )  + 2H' 

O f  t h e  f o u r  complexes which  have been proposed  t o  
e x i s t  i n  the  s o l u t i o n s  t h u s  far s t u d i e d ,  the  least w e l l  
e s t a b l i s h e d  is UO, ( H ,  PO4 ) While i t  seems r e a s o n a b l e  
t o  suppose  t h a t  2:l complexes are formed,  t h e i r  s t a b i l i t y  
3 s  s u c h  t h a t  t h e  number of hydrogen i o n s  c a n n o t  be a s s i g n e d  
w i t h  c e r t a i n t y .  S i m i l a r l y ,  f o r  t h e  1:l complexes ,  wh i l e  i t  
s e e m s  e v i d e n t  from t h e  s o l u b i l i t y  b e h a v i o r  of UOtHPO . 4 H , O  
i n  0 . 1  t o  1 M  perchloric acid t h a t  a t  least  TJ0,B,FQ4+$ and 
U O Z H , P 0 4 +  aFe both formed i n  1M p e r c h l o r i c  a c i d ,  t h e i r  
s e p a r a t e  f o r m a t i o n  q u o t i e n t s  cxnno t  be de te rmined  w i t h  
any a c c u r a c y .  

F u r t h e r  d i s c u s s i o n  of these c o n s i d e r a t i o n s  w i l l  be 
pos tponed  u n t i l  t h e  p r e s e n t a t i o n  of p o t e n t i o m e t r i c  measure- 
ments  i n  a subsequen t  report .  
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APPENDIX . >  1 

CALCULATION OF THE SOLUBILITY DATA IN 1M He104  - 
. The f o l l o w i n g  d i s c u s s i o n  summarizes  t h e  c a l c u l a t i o n  of 

t h e  v a r i o u s  d a t a  i n  Table I. 

a ,  C a l c u l a t i o n  of [C104-]f and [-P04-3]f 

While i n  a l l  b u t  t w o  r u n s ,  p e r c h l o r a t e  a n a l y s e s  w e r e  
a v a i l a b l e  f o r  e a c h  s a t u r a t e d  mother  l i q u o r ,  more a c c u r a t e  

w e r e  o b t a i n e d  by c a l c u l a t i o n ,  Thus,  if 
w and d refer,  r e  If p e c t i v e l y ,  t o  t h e  t o t a l  weight  and  t h e  
v a l u e s  f o r  [c~o, 

T e n s i t y  of t h e  l i q u i d  phase ,  t h e n  f r o m  t h e  material b a l a n c e  

d s  

and  

t h e  s u b s c r i p t s  s and  f r e f e r r i n g  t o  i n i t i a l  and  f i n a l  v a l u e s .  
The b r a c k e t e d  qGant i t?es  refer t o  c o n c e n t r a t i o n  i n  moles / l .  
Also, from t h e  material b a l a n c e  

P 
Wf - w ws - - 

Wherein wp is t h e  t o t a l  weight  of s a l t  t h a t  h a s  d i s s o l v e d  
d u r i n g  tfie r u n .  
uranium atom, t h e n ,  

If h& is t h e  e q u i v a l e n t  we igh t  of sa l t  p e r  
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or 

S u b s t i t u t i n g  i n t o  E q .  1, 

The agreement  between t h e  c a l c u l a t e d  and measured [C104 -3 
v a l u e s  is i n  g e n e r a l  s a t i s f a c t o r y  (Tab le  I )  a I n  t h e  cal- 
c u l a t i o n  of t h e  f i n a l  a c i d i t y ,  t o  be  descr ibed p r e s e n t l y ,  
t h e  c a l c u l a t e d  [ClO, -]f v a l u e s  w e r e  u sed  th roughou t  s i n c e  
the term A ( E q .  3 )  w a s  known more a c c u r a t e l y  t h a n  t h e  pe r -  
chlorate a n a l y s e s .  

The f i n a l  phosphate  c o n c e n t r a t i o n  w a s  a l s o  c a l c u l a t e d  
and Compared w i t h  t h e  a n a l y z e d  v a l u e s .  S i n c e  t h e  u r a n y l  t o  
phosphate  r a t i o  i n  t h e  s a l t  is 1, t h e n  

and 

From Eq. 1, 

= A  
PO, -q f - [r: YO2 ++If 

b o 4  -33 - [DJO, ++I 
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The agreement  between t h e  c a l c u l a t e d  and obberved v a l u e s  
is s a t i s f a c t o r y  e x c e p t  i n  t h e  r u n s  gnvolving excess u r a n y l  
perchlorate Although the c a l c u l a k e d  [ZPO, -3]f v a l u e s  
for these r u n s  i n v o l v e  d i f f e r e n c e s  between two r e l a t i v e l y  
large numbers, t h e y  w e r e  s t i l l  p r e f e r r e d  t o  t h e  a n a l y t i c a l  
[xP04 -"f r e s u l t s  because  of r e l a t i v e l y  better a c c u r a c y  
of t h e  u r a n y l  a n a l y s e s . *  E x c e p t i o n s  t o  t h i s  p rocedure  are 
r u n s  5 3  7 ,  and 8 ,  i n  which  t h e  u r a n y l  a n a l y s e s  were i n  some 
doubt  ., 

b. C a l c u l a t i o n  of [H*]f 

I n  the c a l c u l a t f o n  of t h e  f i n a l  a c i d i t y  v a l u e s  l i s t e d  
i n  column s e v e n  of 'Table I ,  two cases were c o n s i d e r e d ,  

(Case 1- ) I n  t h e  absence of a large e x c e s s  of phos- 
p h o r i c  ac id  ( z P04-3 <0,2M, run Rose 1-12] i t  was assumed 
that t h e  f i n a l  a c i d i t y  wag a p p r o x i m a t e l y  t h e  same as  t h a t  
c o r r e s p o n d i n g  to no complex f o r m a t i o n .  The b a s i s  for  t h i s  
a s sumpt ion  is t h e  e v i d e n c e g  p r e s e n t e d  i n  t h i s  r e p o r t ?  t h a t  
t h e  o n l y  complexes p r e s e n t  in t h i s  s o l u b i l i t y  r e g i o n  i n  
a p p r e c i a b l e  stmoun+ts are U 0 2  H, PO4 * and UOz H, PO, *+ 
o n l y  t h e  form&? will produce a change i n  a c i d i t y  from that 
c o r r e s p o n d i n g  t o  no  complex f o r m a t i o n ,  

Of these 

i- H" UO,"' + H3PQ4 = U0,H,P045 3- 

a n d ,  i n  g e n e r a l o  t h i s  effect (amount ing  t o  a maximum of 5% 
change i n  a c i d i t y ) m a g  be n e g l e c t e d  w i t h o u t  c a u s i n g  s e r i o u s  
error, Def ined  i n  t h i s  way, t h e  final a c i d i t y  i s  g i v e n  by 

s i n c e ,  i n  the 
s m a l l  a c i d i t y  
be p r e s e n t  i n  

absence of complexing ,  and n e g l e c t i n g  t h e  
effect  o f  H,P04. the o n l y  i o n s  which would 
solution are H + >  ClO,-  and  U 0 2 * + .  

( C a s e  2 , )  I n  t h e  ip'.egi~n of h i g h  H 3 P 0 4  ( r u n  N o s .  13-19) I 
t h e  final a c i d i t y  was g i v e n  by 

*In  the p r e s e n c e  of e x c e s s  u r a n y l  p e r c h l o r a t e ,  t h e  a c c u r a c y  
of t h e  phosphate a n a l y s i s  appeased t o  be c o n s i d e r a b l y  below 
that  norma l ly  expected of t h e  method used here (cf. ORNL-1578). 
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in which the concentration of free uranyl ion is assumed 
to be negligibly low, and the higher phosphate complexes 
of uranyl are assumed to be neutral (on the basis of 
measurements) . Introducing the stability constants K f f 3  
and KT,2 in the usual way, 

or, rearranging 

2K:,,3 + ( l+K?,z) b+]f - [C104-]f = 0 .  

This equation was solved for [H+Ip using the K values, 

These values are derived from as yet unpublished results 
and are subject to considerable uncertainty; howeverS 
the resjllting errors which may be involved in [H']f are 
not serious in view of the low acidity dependence of salt 
solubility in the region of excess phosphoric acid (Figure 1). 

- 3 1  O and [ZPO,  c. Calculation of [~uo, + + I O  

The corrected uranyl and phosphate concentrations 
listed in the last two columns of Table I correspond to a 
final acidity of one molar. The values were obtained as 
follows: 

(Case 1. ) In run 9 (  PO* -3 = z U O t f + )  assuming the 
only complexes present in appreciable concentration in the 
solutions to be U O z H 2 P 0 4 +  and U O z H 3 P 0 4 + + ,  then 

Epo4 -'If = ~ u o ,  ++lf = [uo, ++ J + [UO, H~ po4 +I + [uoZ H, PO* ""3 

Introducing K ' s  and noting that [UO,'f3 e [H3P04] 
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I n  t h e  case where [i3+Jf = 1, 

combining 9 and 1 0  

I n  c a l c u l a t i n g  t h e  c o r r e c t i o n ,  KY,3 w a s  a g a i n  t aken  as 0 . 0 2 3 .  

corrected for t h e  a c i d i t y  e f f e c t .  S i m i l a r l y ,  i n  e x c e s s  H 3 P 0 4 ,  
x U O z + +  on ly  w a s  corrected. 

(case 2 . )  I n  e x c e s s  U O , ( C ~ O ,  l Z ,  Xpo4-3 o n l y  w a s  

I n  the first e i g h t  r u n s ,  

and i n  r u n s  10-13, i.eo, up t o  moderate excess of H3FQa 

w e r e  t h e  c o r r e c t i o n s  used .  T h i s  may be shown as f o l l o w s :  
I n  t h e  case of e x c e s s  u r a n y l  
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and, a s  an appsoximatxon,  rhe r e g h t  hand numberb of E q s ,  13  
and 14 may be taken as equal, 
w a s  d e r i v e d .  A more rxgorous cDorre@&ion of t h e  d a t a  is not 
Justified s i n c e  t h e  v a r i o ~ i s  @qui libs ium c o n s t a n t s  and their 
v a r i a t i o n  with S Q ~ U ~ I O ~  c olmpos~.x ion  ai=&1: not, sufficiently 
w e  11 known 

I n  8 bsfmilar f a s h i o n  E q .  1 2  

(Case 3 , )  The last case t o  be cons idered  i s  that i n  
h i g h  excess M,P04 ( t h e  las'h- SIX r u n s ) ,  Sinces as shown by 
pK measurementsr t h e  only  a s i d  dependant e q u i l i b r i a  which 
contribute appreciably 8 0  the  solubility here a r e  those 
i n v o l v i n g  U O , H , P Q ~ +  and U O ~ H ~ P O ~ + + ~  then one may w r i t e  
d i r e c t l y  


