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SOLVENT EXTRACTION CHEMISTRY AND KINETICS OF Z I R C O N I U M  

J. C. Mailen,  D.  E.  Horner,  S .  E. Dor r i s ,  N .  P ih ,  S .  M. Robinson, 
R .  G .  Yates  

Chemical Technology Div i s ion ,  Oak Ridge Na t iona l  Labora tory ,  Oak Ridge, 
TN 37830 

ABSTRACT 

The s o l v e n t  e x t r a c t i o n  behavior  of zirconium i n  t h e  HNO3- 
t r i b u t y l  phosphate (TBP) sys tem can  be exp la ined  based on t h e  
e x i s t e n c e  of fou r  p r i n c i p a l  aqueous s p e c i e s ,  zr4+, z ~ o H ~ + ,  
Zr3(OH)&+. and 0x0-polymers. The Z r 4 +  and ZrOH3+ s p e c i e s  a r e  
e x t r a c t a b l e  and a r e  i n  e q u i l i b r i u m  w i t h  i n e x t r a c t a b l e  Zr3(OH)&+. 
The 0x0-polymers are formed by h e a t ,  a r e  i n e x t r a c t a b l e ,  and are n o t  
i n  equ i l ib r ium wi th  t h e  o t h e r  s p e c i e s .  The aqueous e q u i l i b r i a  
and t h e i r  equ i l ib r ium q u o t i e n t s  have been p rev ious ly  de te rmined .  I n  
t h e  p re sen t  s tudy ,  t h e s e  e q u i l i b r i a  were used a long  w i t h  bo th  t r a c e r  
and macro zirconium c o n c e n t r a t i o n s  (0x0-polymers excluded by 
e x t r a c t i o n  and back scrubbing)  t o  de te rmine  t h e  d i s t r i b u t i o n  
equ i l ib r ium c o n s t a n t s  f o r  bo th  t h e  Z r 4 +  and ZrOH3+ i o n s .  
equ i l ib r ium c o n s t a n t s  g i v e  e x c e l l e n t  f i t s  t o  bo th  t r a c e r  and macro- 
zirconium d i s t r i b u t i o n  d a t a .  

The f o u r  

The concen t r a t ions  of t h e  e x t r a c t a b l e  zirconium s p e c i e s  which 
are c a l c u l a t e d  from t h e  e q u i l i b r i a  have been used t o  beg in  examining 
t h e  e x t r a c t i o n  k i n e t i c s  of zirconium i n  t h e  HN03-TBP system. I n  
r e l a t i v e l y  concen t r a t ed  n i t r i c  a c i d ,  approximate ly  3 and g r e a t e r ,  
Z r 4 +  i o n  predominates ,  and t h e  r a t e  o f  e x t r a c t i o n  of zirconium 
i n c r e a s e s  as approximate ly  t h e  second power of t h e  TBP c o n c e n t r a t i o n .  
I n  low a c i d  (1 g and l e s s )  ZrOH3+ i o n  predominates,  and t h e  ra te  
of e x t r a c t i o n  of zirconium i n c r e a s e s  a s  approximate ly  t h e  t h i r d  power 
of t h e  n i t r a t e  concen t r a t ion .  T h i s  is  i n  s i g n i f i c a n t  c o n t r a s t  w i th  
t h e  behavior  of uranium, which shows only  a smal l  dependence of t h e  
e x t r a c t i o n  r a t e  on TBP c o n c e n t r a t i o n ,  and no dependence on n i t r a t e  
c o n c e n t r a t i o n .  Th i s  sugges t s  t h a t  o p e r a t i o n  of a k i n e t i c  s e p a r a t i o n s  
sys tem a t  low TBP and n i t r a t e  concen t r a t ions  w i l l  s i g n i f i c a n t l y  
improve s e p a r a t i o n s  over t h o s e  achieved  a t  equ i l ib r ium.  
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The s o l v e n t  e x t r a c t i o n  chemis t ry  of zirconium has been s t u d i e d  

h y  numerous i n v e s t i g a t o r s  (1-10) u s i n g  both t r a c e r  and macro zirconium 

c .onc .en t ra t ions .  The t r a c e r  work showed t h a t  zirconium d i s t r i b u t i o n  

depend. ;  on t h e  t r i b u t y l  F'hosphate (TBP) c o n c e n t r a t i o n  t o  t h e  second 

power  ( l . ,  2 )  and tlie HNO- c o n c e n t r a t i o n  t o  about  t h e  t h i r d  power 

( 1 , 2 , 6 ) .  S t u d i e s  t h a t  used macro z i rconium c o n c e n t r a t i o n s  demonstrated 

t h a t  c e r t a i n  "not iequi l ibra t ing"  s p e c i e s  could  b e  sepa ra t ed  by 

e x t r a c t i n g  chi. zirconium wi th  TBP s o l u t i o n s  and then  back-scrubbing 

wi th  n i t r i c  a c i d  ( 4 ) .  The  aqueous  s p e c i e s  remaining a f t e r  t h i s  

L reatnient hoh,ived a s  a n  equ i l ib r ium mix tu re .  

;is :I s p e c i e s  i n  n i t r a t e  s o l u t i o n s  (11); however, more r e c e n t  s t u d i e s  

( 9 ,  LO)  i n d i c a t e  t h a t  t h i s  s p e c i e s  i s  n o t  p r e s e n t  in s i g n i f i c a n t  

c o ~ i c e i i t r a t i ~ i i s .  For t h i s  reason  i t  will n o t  be  cons idered  i n  

suhsequcnt d i s c u s s i o n s .  

ZrNO:' has been r epor t ed  

The  aqueous h y d r o l y t i c  behavior  of  z i rconium has been summarized 

( 1  1 ) ,  and h y d r o l y s i s  and polymer iza t ion  c o n s t a n t s  f o r  zirconium have 

l > ~ , c n  cs t im. i ted .  Based on  t h e s e  d a t a  and t h e  expec ted  d i s t r i b u t i o n  behavior  

o f  z i rconium,  t h e  r e a c t i o n s  of zirconium a r e  a s  follows: 

(1 )  
K %r4+ + H,O - 21 ZrOH3+ + H+ 

8+ Heat 
%r3(OH)4 f oxo-polymers [proposed r e a c t i o n ]  ( 3 )  

K 
%r4+ + 4NO- 3 + 2TBP z 3  7r(N03)&.2TBP 

Z r O H 3 +  + 3NO- 3 i- 2TBP z4 7,r(OH)(N03)3.2TBP. 

(4) 

(5) 
K 

These r e a r t i o n s  assume t h a t  on ly  t h e  monomeric s p e c i e s  o f  

zirconium , i re  ex t rac- tah l? .  Obviously,  o t h e r  r e a c t i o n s  a r e  

p o s s i h l e ;  i hese  a r e  t h e  minimum number t h a t  adequa te ly  r e p r e s e n t  

t h c  experiniental  d a t a .  

EXPERIMENTAL 

- \ k ~ a & p 2 t l l  s 

' l 'he t c ~ l l  owing is a typ ica l  p r e p a r a t i o n  technique  [or  zirconium 

s r r c k  so lu t . i o r i s .  "Zirconium d i n i t r a r e  oxide" was obta ined  from A l f a  
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CHEMISTRY AND KINETICS OF ZIRCONIUM 961 

Div i s ion ,  Ventron Corpora t ion ,  Danvers, Mass. About 140 g of t h i s  

m a t e r i a l  w a s  d i s so lved  i n  500 m l  of 7 _M HN03. 

s o l u t i o n  w a s  con tac t ed  wi th  30% t r i b u t y l  phosphate (TBP) i n  normal 

p a r a f f i n  hydrocarbon (NPH). The e x t r a c t e d  zirconium w a s  then 

s t r i p p e d  us ing  500 m l  of 0 .5  

c o n c e n t r a t i o n  of zirconium i n  t h e  s t r i p  a c i d ,  t h e  o rgan ic  was 

r econ tac t ed  wi th  t h e  o r i g i n a l  zirconium s o l u t i o n  and s t r i p p e d  wi th  t h e  

same 0.5 HNO s o l u t i o n  t h r e e  more t imes .  A t  t h e  end of t h i s  t r ea tmen t ,  3 
t h e  s t r i p  a c i d  was about  2.5 g i n  HN03 and conta ined  about 35 g of  Z r  

pe r  R .  This and s imilar  s o l u t i o n s  were used i n  a l l  zirconium tests. 

During t h e  f i r s t  two ac id-organic  e x t r a c t i o n s ,  two o rgan ic  phases 

were observed;  t h e s e  w e r e  s t r i p p e d  s imul taneous ly .  

Af t e r  f i l t r a t i o n ,  t h e  

HN03. In o r d e r  t o  ach ieve  a h igh  

The TBP--NPH organ ic  phase w a s  p repared  by d i l u t i n g  TBP wi th  

NPH (bo th  obta ined  from t h e  Savannah River  P l a n t ,  Aiken, S . C . )  and 

then  p u r i f y i n g  t h e  s o l u t i o n  from p o s s i b l e  TBP degrada t ion  p roduc t s  

by scrubbing  twice  wi th  sodium ca rbona te  s o l u t i o n ,  followed by m u l t i p l e  

water washes. 

Apparatus and Procedure  

Aqueous-organic e q u i l i b r a t i o n s  were performed by c o n t a c t i n g  t h e  

aqueous phase w i t h  t h e  o rgan ic  phase (p re -equ i l ib ra t ed  wi th  t h e  proper  

a c i d  except  i n  t h e  thermal s t a b i l i t y  t e s c s )  i n  an erlenmeyer f l a s k  

v igo rous ly  s t i r r ed  by a magnetic s t i r re r  f o r  1 5  min. T e s t s  a t  s h o r t e r  

mixing t imes  showed t h a t  equ i l ib r ium was a t t a i n e d  i n  Less than 5 niin 

under these  cond i t ions .  

I n  t h e  tests examining t h e  thernial s t a b i l i t y  of t h e  prcparcd  

zirconium s t o c k ,  t h e  fo l lowing  f o u r  s o l u t i o n s  of vary ing  zirconium 

c o n c e n t r a t i o n  were made by d i l u t i o n  wi th  a c i d :  

(1) 0.518 

(2) 0.433 

( 3 )  0.096 M Z r  i n  3.3  kl tihT03, and 

( 4 )  0 .085 

Z r  i n  3.9 M HN03, 

Zr i n  2 . 1  g HN03, 

Z r  in 1 . 3  i! MN03.  

These s o l u t i o n s  were p laced  i n  t h r e e  neck round-bottom f l a s k s  

equipped wi th  r e f l u x i n g  condensers ,  thermometers,  and a sampling p o r t .  

Samples were taken  p e r i o d i c a l l y ,  quenched, and t h e  zirconium 

d i s t r i b u t i o n  measured us ing  30% TBP-NPH prp -equ i l ib ra t ed  w i t h  e i t h e r  

3 g H N 0 3  (two h ighes t  a c i d  s o l u t i o n s )  o r  1 g HN03 (two lower a c i d  

s o l u t i o n s ) .  
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962 MAILEN ET AL. 

A l l  k i n e t i c  s t u d i e s  used  a s i m p l e  two-phase a p p a r a t u s  (Lewis  

c e l l )  i n  which  e a c h  p h a s e  i s  mixed by a p a d d l e ,  b u t  w i t h  a minimal  

d i s t u r b a n c e  of t h e  i n t e r f a c e .  A t y p i c a l  L e w i s  c e l l  i s  shown i n  F i g .  1. 

T h e  c e l l  i s  e s s e n t i a l l y  a c y l i n d r i c a l  g l a s s  vessel ( t h i s  may be  

j a c k e t e d  f o r  t e m p e r a t u r e  c o n t r o l )  h a v i n g  a d o u b l e - b l a d e d  p a d d l e  ( o n e  

p a d d l e  i n  e a c h  p h a s e )  t o  mix t h e  i n d i v i d u a l  p h a s e s  w i t h o u t  d i s p e r s i n g  

o n e  p h a s e  i n  t h e  o t h e r .  Where i t  i s  a p p l i c a b l e ,  t h e  Lewis  c e l l  g i v e s  

e x c e l l e n t  r e s u l t s  w i t h  R minimal  i n v e s t m e n t  of equipment  and  

e x p e r i m e n t a l  t i m e .  I n  a l l  cases, t h e  o r g a n i c  p h a s e s  were  p r e -  

c q u i l i b r a t e d  w i t h  n i t r i c  a c i d  s o l u t i o n s  t o  p r e v e n t  e x t r a c t i o n  of n i t r i c  

a c i d  d u r i n g  t h e  t e s t .  A Lewis  c e l l  tes t  i s  begun by p l a c i n g  t h e  

aqueous  p h a s e  and  p r e - e q u i l i b r a t e d  o r g a n i c  p h a s e  i n  t h e  c e l l  and  t h e n  

s t a r t i n g  t h e  m i x i n g .  A t  t h i s  p o i n t  no  z i r c o n i u m  is p r e s e n t  i n  e i t h e r  

p h a s e .  The u p p e r  p a d d l e  is p o s i t i o n e d  a b o u t  3 t o  4 mm a b o v e  t h e  

i n t e r f a c e  t o  g i v e  t h e  b e s t  p o s s i b l e  s t i r r i n g  of  t h e  o r g a n i c  p h a s e ;  

t h i s  p o s s i b l y  m i n i m i z e s  t h e  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  r e l a t i v e l y  

v i s c o u s  o r g a n i c  p h a s e .  A c o n c e n t r a t e d  s o l u t i o n  o f  t h e  e l e m e n t  u n d e r  

s t u d y  i s  t h e n  i n t r o d u c e d  ( s p i k e d )  i n t o  one o r  t h e  o t h e r  p h a s e s .  When 

t h e  aqueous  p h a s e  i s  t o  b e  s p i k e d ,  t h e  s o l u t i o n  i s  i n t r o d u c e d  by means 

STIRRER 

BAFFLE 

JACKETED 
CELL 

FIGURE 1. Lewis  c e l l .  
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CHEMISTRY AND KINETICS OF ZIRCONIUM 963 

of a hypodermic need le  through a hollow l e g  i n  t h e  s t a i n l e s s  s t e e l  

b a f f l e  shown i n  F ig .  1. Th i s  method of i n t roduc ing  t h e  element be ing  

s t u d i e d  does no t  d i s t u r b  t h e  i n t e r f a c e ,  and t h e  added m a t e r i a l  i s  

observed t o  mix comple te ly  w i t h i n  a few seconds wi th  t h e  b a r r e n  

s o l u t i o n .  Samples of t h e  phase i n t o  which t r a n s f e r  i s  occur r ing  a r e  

t aken  a s  a f u n c t i o n  of t ime us ing  vacuum-containing tubes  (Vacuta iner  

brand) wi th  a punctur ing  need le  and a t e f l o n  c a p i l l a r y  pos i t i oned  i n  

t h e  proper  phase of t h e  Lewis c e l l .  Samples a r e  taken over  a s h o r t  

t i m e  pe r iod  t o  minimize d i f f u s i o n  and mixing Droblems i n  t h e  o rgan ic  

phase .  I f  t h e  d a t a  a r e  then p l o t t e d  a s  a f u n c t i o n  o f  t ime (F ig .  2). 

a d i s t i n c t  c u r v a t u r e  i s  seen  i n  some c a s e s .  When t h i s  i s  observed ,  

i t  i s  an  i n d i c a t i o n  of e i t h e r  a change of mechanism o r  a nea r  

approach t o  equ i l ib r ium;  i n  t h i s  ca se  (F ig .  2 )  t h e  d i s t r i b u t i o n  a t  

t h e  l a s t  sampling i s  on ly  about 7% of t h e  equ i l ib r ium d i s t r i b u t i o n  

l e a d i n g  t o  t h e  conc lus ion  t h a t  t h e  system is becoming d i f f u s i o n  

c o n t r o l l e d .  A t  i n i t i a l  t i m e ,  when a d i f f u s i o n  g r a d i e n t  has  no t  been 

developed, t he  r a t e  ( s lope  of l i n e  i n  F ig .  2 )  i s  determined by r e a c t i o n  

0 
a 
a 
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0 
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FIGURE 2 .  Experimental  t r a n s f e r  k i n e t i c s  d a t a .  
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MAILEN ET AL. 9 6 4  

k i n e t i c s .  The i n i t i a l  s l o p e  has been determined by c a l c u l a t i n g  t h e  

apparent  r a t e  cons t an t  between t h e  i n i t i a l  p o i n t  ( 0 , O )  and each  

subsequent d a t a  p o i n t  and g r a p h i c a l l y  e x t r a p o l a t i n g  back t o  zero  t i m e .  

T h i s  t echnique  has  been shown p r e v i o u s l y  (13) t o  g ive  good agreement 

between Lewis c e l l ,  d rop ,  and Kenics mixer d a t a .  

Analyses of z i rconium were by x-ray f l u o r e s c e n c e .  

@themat i ca l  Equat ions  

I n  t h e  t r a n s f e r  k i n e t i c s  s t u d i e s ,  t h e  c o n c e n t r a t i o n s  of t h e  

v a r i o u s  s p e c i e s  were f i r s t  c a l c u l a t e d  from t h e  va r ious  e q u i l i b r i a  

( E q s .  1-5). The Lrans fe r  i s  then  desc r ibed  by t h e  pseudo- f i r s t -o rde r  

r J t e  e q u a t i o n s '  

k ' c ' a  kca  d !  ~ - ___. v 1  + 7 (change i n  aqueous phase concen t r a t ion )  ( 6 )  d t  

(change i n  o rgan ic  phase c o n c e n t r a t i o n )  ( 7 )  kca k ' c ' a  
- - f -  

dc 
d t  V 
_- - 

A t  equ i l ib r ium,  

117 t hese  equa t ions  c is t h e  mol.ar concen t r a t ion  of t h e  zirconium 

s p e c i e s ,  a is  t h e  i n t e r f a c i a l  a r e a ,  v is  t h e  phase volume, k is a 

r a t e  c o n s t a n t ,  D i s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t ,  and t i s  t ime ;  

t h e  primed symbols r c f e r  t o  t h e  aqueous phase ,  and t h e  unprimed symho1.s 

rer1.r to  the  orRanic  phase .  

As a guide  t o  i n s p e c t i n g  t h e  ra te  d a t a ,  i t  i s  observed t h a t  

s i n c e  t h e  r a t i o  of t h e  forward t o  t h e  r e v e r s e  r a t e  c o n s t a n t s  should  

be equal  t o  the  equ i l ib r ium cons tan t  ( t h e  d i s t r i b u t i o n  c o e f f i c i e n t ,  D ,  

i n  t h i s  c a s e ) ,  i t  f o l l o w s  t h a t  t h e  power e f f e c t  of  a v a r i a b l e  on the  

forward r a t e  cons t an t  minus t h e  power e f f e c t  on t h e  r e v e r s e  cons t an t  

must be equal  t o  t h e  power e f f e c t  on t h e  equ i l ib r ium c o n s t a n t .  

For aqueous t o  o rgan ic  t r a n s f e r  i n  the L e w i s  c e l l ,  n e a r  t i m e  = 0 

wliere c '  'x c; ( t h e  "o" s u b s c r i p t  i n d i c a t e s  i n i t i a l  c o n c e n t r a t i o n ) ,  t h e  

equa t ion  i s :  

( 9 )  
VI) 

a t  c ' D  
k '  = - - In [l - '--I. 
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CHEMISTRY AND KINETICS OF ZIRCONIUM 965 

Equi l ibr ium Studies- 

Cons iderable  d i s t r i b u t i o n  d a t a  f o r  t r a c e r - l e v e l  zirconium e x i s t  

i n  t h e  l i t e r a t u r e ;  f o r  f i t t i n g  t h e  d i s t r i b u t i o n  equa t ions  we have 

chosen t h e  d a t a  o f  Alcock (2)  because t h e s e  d a t a  cover tht) l a r g e s t  

range of  n i t r i c  a c i d  concen t r a t ions .  Other l i t e r a t u r e  da t , i  (1 ,3 ,5 ,6 ,8 )  

a r e  i n  good agreement above 2 o r  3 g HN03 b u t ,  i n  g e n e r a l ,  show g r e a t e r  

e x t r a c t a b i l i t y  a t  t h e  lower a c i d  concen t r a t ions .  The equ i l ib r ium 

equa t ions  f o r  r e a c t i o n s  ( 1 ) .  ( 2 ) ,  ( 4 ) ,  and (5)  a r e ,  r e s p e c t i v e l y :  

[Zr(N03)4'2TBP] 
K3 = __ - = 0.002, 

[ Zr4+] [NO;] [ TBP] 

[ Z r  (OH)  (NO3) 3 .  2TBP] 
K =- -2 = 0.38, 

[ZrOR 3+ ] [NO;l3[TBP] 

where terms i n  b r a c k e t s  a r e  molar c o n c e n t r a t i o n s .  I t  i s  recognized  

t h a t ,  i f  known, a c t i v i t i e s  should  be used i n  t h e  q u o t i e n t s .  In t h e  

s t u d i e s  wi th  n i t r i c  a c i d  s o l u t i o n s  t h e  hydrogen and n i t r a t e  i on  

a c t i v i t i e s  of Davis (14) gave b e t t e r  agreement wi th  exper imenta l  

r e s u l t s  and were used;  i n  a l l  o t h e r  c a s e s  molar c o n c e n t r a t i o n s  w e r e  

used. TBP concen t r a t ions  i n  t h e  o r g a n i c  phase were taken  a s  t h e  

i n i t i a l  TBP concen t r a t ion  minus t h e  HNO e x t r a c t e d  i n t o  t h e  o rgan ic  

phase (assumed as t he  1:l TBP:HN03 complex). 

equ i l ib r ium q u o t i e n t s  K1 and t h e  f i r s t  va lue  of  K 

t h e  second v a l u e  of K is from f i t t i n g  of zirconium d i s t r i b u t i o n  

d a t a  shown la ter  i n  t h i s  r e p o r t .  

t r i a l - a n d - e r r o r  f i t t i n g  of d i s t r i b u t i o n  d a t a  u s i n g  bo th  t r a c e r - l e v c l  

d a t a  (2) and d a t a  obta ined  us ing  macro c o n c e n t r a t i o n s  of  zirconium. 

The d a t a  of Alcoclc and ou r  low concen t r a t ion  d a t a  a r e  shown i n  

3 
The v a l u e s  of t h e  

a r e  from Ref.  11; 2 

2 
The v a l u e s  of K3 and K4 a r e  from 

F j g .  3 ,  w i t h  a l l  d a t a  c o r r e c t e d  t o  a hypo the t i ca l  30% t o t a l  TBP 

s o l u t i o n  by assuming a second-power dependence ( 2 )  on TBP concen t r a t ion .  

The l i n e  i s  c a l c u l a t e d  from t h e  e q u i l i b r i a  of E q s .  ( l o ) ,  (12), and 
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FIGURE 3. Zirconiuni distribution vs HNO concentration for low 3 zirconium concentrations. 

( 1 3 ) ;  no polymeric species are possible at these l ow zirconium 

concentrations. The agreement is excellent. 

In our studies of the behavior of macro concentrations of 

zirconium. we found that the zirconium solutions prepared by 

extraction and back-scrubbing were much more extractable than solutions 

prepared using the as-supplied zirconium. This enhanced extractability 
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d i d  no t  change i n  30 days a t  room tempera ture ,  s o  t h e  r e f l u x i n g  

exper iments  desc r ibed  i n  t h e  "Apparatus and Procedures" s e c t i o n  w e r e  

performed. The r e s u l t s  of t h e s e  tests a r e  p l o t t e d  i n  F ig .  4 .  No 

change i n  e x t r a c t a b i l i t y  occurred  i n  up t o  5 h r  a t  t h e  r e f l u x i n g  

tempera tures .  Examination o f  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  shows t h a t  

e x t r a c t a b i l i t y  of zirconium i n c r e a s e s  w i t h  i n c r e a s i n g  n i t r i c  a c i d  

concen t r a t ion  and dec reas ing  zirconium concen t r a t ion .  Th i s  is  i n  

agreement wi th  Eqs. (1) t o  ( 5 ) .  The e x t r a c t i o n  behavior  of zirconium 

i n  2.5 g HNO as a f u n c t i o n  o f  t h e  aqueous zirconium c o n c e n t r a t i o n  is  

shown i n  F ig .  5. The agreement between t h e  exper imenta l  and 

c a l c u l a t e d  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  zirconium i s  s i g n i f i c a n t l y  

improved by i n c r e a s i n g  t h e  va lue  of K2  t o  5 x 10  . 
used i n  subsequent c a l c u l a t i o n s .  

3 

5 Th i s  va lue  i s  

The e q u i l i b r i a  can be  used t o  c a l c u l a t e  t h e  c o n c e n t r a t i o n s  of 

t h e  v a r i o u s  zirconium s p e c i e s  a t  s p e c i f i e d  c o n d i t i o n s  ( e . g . ,  

F ig .  6 shows t h e  concen t r a t ions  i n  3 HNO as a f u n c t i o n  of i n c r e a s i n g  

t o t a l  zirconium c o n c e n t r a t i o n ) .  

is  always s m a l l ,  and a s  t h e  t o t a l  z i rconium i n c r e a s e s ,  t h e  Z r  

concen t r a t ion  f a l l s  and t h e  Zr3(OH)y concen t r a t ion  r ises.  

3 
In  t h i s  a c i d  t h e  ZrOH3+ concen t r a t ion  

4+ 

100 

90 

80 

c 

0 
L l . 3 0  

$ 20 

10 

0 
0 1 2 3 4 5 6 7 8 9 10 

TOTAL ZIRCONIUM ( g / l i t e r )  

FIGURE 4 .  Zirconium d i s t r i b u t i o n  v s  t i m e  of r e f l u x i n g .  
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FIGURE 5.  E f f e c t  of aqueous z i rconium c o n c e n t r a t i o n  on z i rconium 
d i s t r i b u t i o n ;  2 .5  pZ HN03--30% TBP i n  normal p a r a f f i n  
d i l u e n t .  L ines  are c a l c u l a t e d  from E q s .  (10)-(13).  

T rans fe r  K i n e t i c s  Stud* 

Since  t h e  concen t r a t ion  of t h e  e x t r a c t a b l e  Z r 4 +  and ZrOH3+ i o n s  

c a n  be c a l c u l a t e d  f o r  s o l u t i o n s  f r e e  of 0x0-polymers, i t  i s  p o s s i b l e  t o  

s tudy  t h e  e x t r a c t i o n  k i n e t i c s  of t h e s e  i o n s .  However, s i n c e  two 

e x t r a c t a b l e  s p e c i e s  e x i s t  i n  t h e  aqueous phase  (Zr4+ and ZrOH 

i n t e r p r e t a t i o n  of t h e  k i n e t i c  r e s u l t s  can be  d i f f i c u l t .  I n  t h e  two 

cases  t o  be p re sen ted ,  t h e  exper imenta l  c o n d i t i o n s  w e r e  chosen such 

t h a t  a s i n g l e  s p e c i e s  should dominate t h e  e x t r a c t i o n  behavior  of 

zirconium. F igure  7 shows t h e  e f f e c t  of TBP c o n c e n t r a t i o n  on t h e  

aqueous-to-organic ra te  cons t an t  f o r  2r4+ a t  3 .5  8 H N O ~  ( z r  
predomindtes over  Z r O H 3 +  u n d e r  t h e s e  c o n d i t i o n s ) .  

is shown a s  2 t o  be c o n s i s t e n t  w i t h  t h e  combining r a t i o  wi th  TBP 

a l though the  d a t a  are c o n s i s t e n t  w i th  e i t h e r  a second o r  t h i r d  power 

3+ 
), 

4 f  

The power e f f e c t  
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FIGURE 6 .  F r a c t i o n  of zirconium as v a r i o u s  s p e c i e s  as a f u n c t i o n  

3'  of t o t a l  zirconium i n  3 g HNO 

e f f e c t .  F igure  8 shows t h e  e f f e c t  of n e u t r a l  n i t r a t e  on t h e  aqueous- 

to -organic  r a t e  cons t an t  f o r  ZrOH3+ from mix tu res  con ta in ing  0.5 

HN03 and added N a N 0 3  (ZrOH3+ predominates over  Z r 4 +  under t h e s e  

c o n d i t i o n s ) .  The s l o p e  o f  about t h r e e  i s  c o n s i s t e n t  w i th  t h e  pickup 

o f  t h r e e  n i t r a t e s  r equ i r ed  f o r  t r a n s f e r  of ZrOH3+ i n t o  t h e  o rgan ic  

phase.  

DISCUSSION 

The s o l u t i o n  e q u i l i b r i a  and t h e  p l a u s i b l e  e x t r a c t i o n  e q u i l i b r i a  

f o r  zirconium f i t  exper imenta l  d a t a  w e l l .  Nonequ i l ib ra t ing  zirconium 

s p e c i e s  were p r e s e n t  i n  t h e  as - rece ived  zirconium o x y - n i t r a t e ,  bu t  

a f t e r  t h e s e  were removed no n o n e q u i l i b r a t i n g  s p e c i e s  w e r e  produced by 

r e f l u x i n g  i n  n i t r i c  a c i d  f o r  up t o  5 h r .  Th i s  sugges t s  t h a t  t h e s e  
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A = TRACER ZIRCONIUM; 3.5 M HNO3 
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FIGURE 7 .  zr4+ aqueous-to-organic rate cons t an t  v s  TBP concen t r a t ion ;  
3.5 H N 0 3 .  

s p e c i e s  may be formed when t h e  m a t e r i a l  i s  t aken  t o  d ryness  and sub jec t ed  

t o  s u b s t a n t i a l  h e a t i n g .  

T rans fe r  1c ine t i . c~  s t u d i e s  of zirconium i n d i c a t e  s u b s t a n t i a l  

e f f e c t s  of TBP and n i t r a t e  on t h e  aqueous-to-organic t r a n s f e r  rate.  

T h i s  i s  i n  s i g n i r i c a n t  c o n t r a s t  t o  t h e  behavior  o f  uranium where 

t h e  e f f e c t  of TBP i s  small (about  0 .5  power) and no e f f e c t  of n i t r a t e  

w a s  observed (13 ) .  S t u d i e s  a t  Argonne Na t iona l  Labora tory  (15) have 

shown t h a t  a modest (about 2 0 % )  improvement i n  t h e  U - Z r  s e p a r a t i o n  

f a c t o r  is  a t t a i n e d  by nonequi l ibr ium e x t r a c t i o n  from 3 

TBP s o l u t i o n s ;  based on t h e  d i f f e r e n c e s  i n  t h e  k i n e t i c  behavior  of 

HN03 u s ing  30X 
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SQUARES 
SLOPE * 3. I 

loe4, I 5 10 

NO3- CONCENTRATION (M) 

FIGURE 8. ZrOH3+ aqueous-to-organic r a t e  cons t an t  v s  n i t r a t e  
c o n c e n t r a t i o n  a t  1 M  f r e e  TBP (co r rec t ed  f o r  HNO 
complexing of TBP). 3 

uranium and zirconium seen  i n  t h e  p re sen t  s t u d i e s ,  t h e  o p e r a t i o n  of a 

k i n e t i c  s e p a r a t i o n  sys tem a t  l o w  TBP and n i t r a t e  c o n c e n t r a t i o n s  should 

ach ieve  a s ing le - s t age  s e p a r a t i o n  s u b s t a n t i a l l y  b e t t e r  than  t h a t  which 

would be found a t  equ i l ib r ium.  

S u b s t a n t i a l l y  more s tudy  of t h e  t r a n s f e r  k i n e t i c s  of z i rconium i s  

p o s s i b l e  us ing  t h e  e q u i l i b r i a  p re sen ted  h e r e  t o  c a l c u l a t e  t h e  

c o n c e n t r a t i o n s  of e x t r a c t a b l e  s p e c i e s  and choosing c o n d i t i o n s  which 

f avor  on ly  one e x t r a c t a b l e  s p e c i e s .  P a r t i c u l a r  s t u d i e s  o f  i n t e r e s t  

i nc lude  t h e  e f f e c t  of TBP on t h e  e x t r a c t i o n  k i n e t i c s  o f  Z r O H 3 +  and 

t h e  e f f e c t s  of t h e  v a r i a b l e s  (HN03, NO;, and TBP) on t h e  organic- to-  

t r a n s f e r  r a t e s  of bo th  Z r 4 +  and ZrOH 3+ . 
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