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THE SOLVENT EXTRACTION OF HEPTAVALENT TECHNETIUM 
ANTI RHENIUM BY TRLBUTYL PHOSPHATE 

D. J. P r u e t t  

ABSTRACT 

The l i t e r a t u r e  p e r t a i n i n g  t o  t h e  so lven t  e x t r a c t i o n  of 
hep tava len t  technet ium and rhenium from aqueous s o l u t i o n  by 
t r i b u t y l  phosphate (TBP) has been compiled, c r i t i c a l l y  
e v a l u a t e d ,  and supplemented wi th  new d a t a  i n  some areas. 
The e f f e c t s  of adding mineral  a c i d s ,  a l k a l i  metal n i t r a t e s ,  
a l k a l i  metal chlorides, uranyl n i t r a t e ,  thorium n i t ra te ,  and 
pluronium(1V) n i t r a t e  t o  t h e s e  systems were a l s o  examined. 
Discussions of the  p o s s i b l e  na tu re  of t h e  organic-phase com- 
p lexes  are p resen ted ,  along with  values  of hG, AU, AS, and 
t h e  equ i l ib r ium cons tan t  f o r  t h e  e x t r a c t i o n  reaction i n  
s e v e r a l  systems. 

Mathematical  models c o r r e l a t i n g  t h e  d i s t r i b u t i o n  behavior 
over  a wide range of cond i t ions  were a l s o  developed. The 
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  t h e  e x t r a c t i o n  of Re(VI1) or 
Tc(VI1) from 0.2 t o  4 M HC1 by 0.339 t o  2.90 M TEP a t  298 to 
333 K may be ca1culate';r us ing  t h e  fo l lowing  equat ions :  

= -23.9 + 7462/T + 1.03 In  a:" + 3.26 I n  (SI , In DTc - 

= -22.1 + 6684/T + 1.04 In aHC1 + 3.28 I n  [ml * In DRe 2 

where T is t h e  a b s o l u t e  t e m E a t u r e ,  aHC1 is t he  mean molar 
aqueous H C l  a c t i v i t y ,  and [TBP] is t he rconcen t r a t ion  of TBP 
i n  t h e  o rgan ic  phase. Under the  same cond i t ions ,  but with 
HNO3 ( i n s t e a d  of H C 1 )  presen t  i n  t h e  aqueous phase,  the 
d i s t r i b u t i o n  coeff  i c i e n t s  may be c a l c u l a t e d  from: 

- 
= -2013 $. 6013/T + 0.865 In [HNO3] + 2.91 [TBPIf , In DTc 

- 
= -25.88 + 7534/T + 0.944 I n  [€IN031 + 3.19 In [TBPIf , In DRe 

where [ H N O 3 ]  is t he  s t o i c h i o m e t r i c ,  equ i l ib r ium H N O 3  concen- 
t r a t i o n  in t h e  aqueous phase and [TBP]f is t he  equilibrium 
c o n c e n t r a t i o n  of "free" (uncomplexed) TBP in the  organic  phase. 

- 
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For I n i t i a l  aqueous s o l u t i o n s  con ta in ing  0.01 t o  4.6 M 
HNO3 and 0.2 t o  1.0 M U02(N03)2 o r  0.05 t o  0.20 M Th(NO3)4; 
D T ~  or  %e a t  equiliKrium may be c a l c u l a t e d  u s i n g  t h e  
fo l lowing  equat ions  : 

= -0.548 - 54.4/T + 0.641 In  [E] - 0.879 In  [NO3-] , In DTc 

I n  DRe = -0.980 - 66.4/T + 0.523 In [TI - 0.907 In  [ N 0 3 - I  , 

= -0.560 f 1398/T + 0.921 I n  [Th] - 0.780 I n  [NO3-] , In DTc 

I n  DRe = -2.03 + 1408/T + 0.814 In  [Th] - 0.806 In  [NO3-]  , 

where [N03-] is  t h e  t o t a l ,  s t o i c h i o m e t r i c  a u e o u s  n i t r a t e  
concen t r a t ion  at equ i l ib r ium and [ U ]  and [Th] are t h e  
e q u i l i b r i u m  organic-phase  concen t r a t ions  of t he  heavy metals. 

Extensive t a b l e s  of t he  so lven t  e x t r a c t i o n  d a t a  used 
t o  d e r i v e  t h e s e  equat ions  a r e  inc luded  i n  t h e  appendix. 
Miscellaneous d a t a  obta ined  under more r e s t r i c t e d  cond i t ions  
from o t h e r  s o l v e n t  e x t r a c t i o n  systems a r e  a l s o  d i scussed  and 
c o r r e l a t e d .  

1. INTRODUCTION 

I n  the  nuc lea r  f u e l  r ep rocess ing  i n d u s t r y ,  t h e r e  is growing concern 

about i m p u r i t i e s  t h a t  are not completely removed from uranium and p lu to -  

nium by t r a d i t i o n a l  r ep rocess ing  technology. Technetium is one such 

impur i ty  t h a t ,  when s e n t  back through t h e  f u e l  c y c l e ,  can cause a v a r i e t y  

of problems. For example, when technetium e n t e r s  a gaseous d i f f u s i o n  

p l a n t  along wi th  reprocessed  uranium, it  can escape as a v o l a t i l e  f l u o r i d e  

and subsequent ly  be found i n  l o w  l e v e l s  i n  t h e  vege ta t ion  sur rounding  

t h e  p l a n t .  Incomplete technetium removal a l s o  l eads  t o  h ighe r  r a d i a t i o n  

l e v e l s  throughout t h e  f u e l  cyc le .  A s  p a r t  of t h e  o v e r a l l  e f f o r t  t o  

understand t h i s  behavior ,  t h e  chemistry of technetium (and a nonradio- 

a c t i v e  model element,  rhenium) i n  t h e  f u e l  cyc le  has been t h e  s u b j e c t  of 

s e v e r a l  s t u d i e s  in t h i s  l abo ra to ry .  1-4. 
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Historically, the study of the extraction of technetium and rhe- 

nium is almost 25 years old. The first major systematic investigation 

of the solvent extraction of heptavalent technetium was made by Boyd 

and LarsonP5 who used a wide variety of extractants, including TBP. 

At approximately the same time, Siddal16 was examining the behavior of 

heptavalent technetium in the Purex process, giving special attention 
to the coextraction of technetium with uranium by TBP. Cambel17 made 

a brief, laboratory-scale study of the extraction of pertechnetate 

under the conditions of a typical Purex flowsheet. A few years later, 

Spitsym, Zaitsev, ’ and their co-workers published studies of technetium 
extraction which included some data for TBP systems. Most recently, 

Macasek and Lieser and his co-workers have examined the solvent 

extraction behavior of technetium, both alone and in the presence of 

uranium. The range of conditions used in all  of these studies was 

limited, and no comprehensive mathematical models were developed t o  

correlate the distribution behavior as a function of acidity, TBP 

concentration, and temperature. 

Early investigations of the solvent extraction of perrhenate from 

acid solution by TBP were carried out by Kertes and Beck, l 2  Colton, 

and Whitney and Diamond. l 4  

conditions , reached somewhat different conclusions concerning the 
solvation number of rhenium in the organic phase. Again, the range of 

parameters studied was limited in these studies, and no correlations of 

the data were developed. 

These investigators, working under diverse 

It is the purpose of this report to tabulate and critically 

review the solvent extraction data on technetium and rhenium in TBP 

systems as found in the literature. Some new data are also included. 

A s  many of the actual experimental results as possible have been 

assembled as tables in the Appendix. Many of the results are also 

included in graphical form in the main body of the t e x t  in order t o  

facilitate visual comparison and analysis. Mathematical models and 

correlations are developed whenever possible, noting t h a t  improved 

models will be developed as m r e  activity coefficients become available 

and as new theories of solvent extraction behavior are proposed. The 
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o b j e c t i v e  of t h i s  r e p o r t  is t o  provide a convenient summary and compila- 

t i o n  of t he  a v a i l a b l e  d a t a  so t h a t  those i n  need of r a w  experimental  

r e s u l t s  can o b t a i n  them quickly .  

2 .  EXPERIMENTAL 

2.1 ORIGINAL DATA 

A l l  of t he  experimental  and a n a l y t i c a l  methods, procedures , and 

r e a g e n t s  used t o  s tudy  t h e  so lvent  e x t r a c t i o n  behavior of rhenium and 

technet ium i n  t h i s  l a b o r a t o r y  have been f u l l y  descr ibed  i n  previous 

p u b l i c a t i o n s .  1 - 4 9 1 5  

i s  presented here .  

Only a summary of some of t h e  more c r i t i c a l  p o i n t s  

Acid s o l u t i o n s  of Kx01, ( X  = Tc o r  Re) were prepared by d i l u t i n g  

an a l i q u o t  of a s t o c k  KXO4 s o l u t i o n ,  a long with an a l i q u o t  of 10.0 M 

H C 1  o r  HN03 s u f f i c i e n t  t o  produce t h e  d e s i r e d  f i n a l  KXOt, and a c i d  

c o n c e n t r a t i o n s ,  t o  e x a c t l y  25 mL with d i s t i l l e d  water. When HC1 was 

used t o  a c i d i f y  the  aqueous phase,  i t  w a s  d i l u t e d  t o  a concent ra t ion  

below 6 M t o  avoid reduct ion  of t h e  metal anions.  A 5-mL a l i q u o t  of 

each' aqueous s o l u t i o n  w a s  r e t a i n e d  f o r  a n a l y s i s ,  while t h e  remainder 

(20  mL) w a s  emuls i f ied  with an equal  volume of TBP-il-dodeeane (TBP--NDD) 

t h a t  had been p r e q u i l i b r a t e d  with a s o l u t i o n  of the same type and 

c o n c e n t r a t i o n  of a c i d  and contained no potassium per rhenate  or 

p e r t e c h n e t a t e .  

- 

- 

- 

E q u i l i b r a t i o n s  were c a r r i e d  ou t  a t  25 ,  4 0 ,  and 60 + 0.5OC f o r  20 - 
min t o  ensure thermal and chemical equi l ibr ium.  Pre l iminary  experiments 

had shown t h a t  i d e n t i c a l  r e s u l t s  were obtained f o r  samples withdrawn 

anytime a f t e r  10 min. I n  t h e  experiments conta in ing  a l k a l i  n i t r a t e  o r  
chloride sal ts ,  diquots  of a s tandard  s o l u t i o n  or weighed amounts of 

t h e  d r i e d  salts  were added t o  t h e  volumetr ic  f l a s k  before d i l u t i o n .  

I t  should be noted t h a t  s m a l l  changes i n  volume, and hence t h e  

molar TBP c o n c e n t r a t i o n ,  occur when t h e  organic  phase i s  p r e e q u i l i b r a t e d  

wi th  HNO3. This e f f e c t  can be s u b s t a n t i a l  at  high TBP and HNO3 concen- 

t r a t i o n s .  However, under t h e  c o n d i t i o n s  of t h e  experiments repor ted  
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here, the volume change, as calculated from the data in ref. 16 ,  was 
almost always less than 2%; a maximum of about 5% was reached only when 

the HNO3 concentration exceeded 2 M and the TBP concentration exceeded 

60 vol X .  These changes were neglected in the discussion that follows. 
For HC1 solutions, the effect is even smaller since essentially no acid 

is extracted under the conditions reported here. 

- 

2.2  LITERATURE DATA 

Unfortunately, the experimental conditions under which other inves- 
tigators have examined the solvent extraction of technetium and rhenium 

have not always been fully documented. These conditions are described 

as completely a8 possible in the tables, figures, and text in which the 

data appear, with special note being made when key parameters ( e . g . ,  

temperature) were not reported. When a comparison is made between sets 

of data that are not fully documented, the assumptions involved in making 

the comparison are stated explicitly in the text. 

3. RESULTS AND DISCUSSIONS 

3.1 GENERAL APPROACH TO THE ANALYSIS OF THE SOLVENT EXTRACTION DATA 

Traditionally, the stoichiometry of a solvent extraction reaction 
has often been determined in the following way. Consider a general 

reaction, 

where S is the extractant, M is the ion being extracted (frequently a 

metal cation or  anion) ,  and A is any counterion or other species that 

may be involved in the organic-phase complex. The equilibrium constant 

expression for Eq. (1) may be written as 
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where Q is t h e  q u o t i e n t  of t h e  a p p r o p r i a t e  a c t i v i t y  c o e f f i c i e n t s ,  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  (h = [M]org/[M]aq), and square b racke t s  

i n d i c a t e  molar concent ra t ion .  Rearranging and t ak ing  logar i thms y i e l d s  

l o g  DM = a l og  [ A ]  + s l og  [ S I  + l og  [ K / Q ]  . ( 3 )  

I f  a number of d i s t r i b u t i o n  measurements are made under cond i t ions  such 

t h a t  t he  a c t i v i t y  c o e f f i c i e n t s  a r e  c l o s e  t o  1 or  a r e  at least c o n s t a n t ,  

and i f  t h e  concen t r a t ions  of a l l  r eagen t s  except one a r e  he ld  c o n s t a n t ,  

a p l o t  of l og  D, vs for example, l o g  [ S I ,  w i l l  be l i n e a r  wi th  a s l o p e  

of s. I n  p r a c t i c e ,  a c t i v i t y  e f f e c t s  are o f t e n  ignored because t h e  

a c t i v i t y  c o e f f i c i e n t s  have not been measured. I n  a d d i t i o n ,  t he  method 

may break down i f  an e x t r a c t e d  s p e c i e s  forms complexes of mre than one 

s t o l  chiometry i n  t h e  o rgan ic  phase. Nonetheless,  when these  p l o t s  a r e  

l i n e a r ,  they have proved t o  be a r e l a t i v e l y  s imple ,  a c c u r a t e  way t o  

determine t h e  s t o i c h i o m e t r i e s  of e x t r a c t i n g  complexes. Indeed, t h i s  

method f r e q u e n t l y  provides i n s i g h t  i n t o  e x t r a c t i o n  r e a c t i o n s  even under 

cond i t ions  where the  assumptions used i n  t h e  method are c l e a r l y  i n c o r r e c t .  

The u t i l i t y  and weaknesses of t h i s  procedure w i l l  be i l l u s t r a t e d  through- 

o u t  t h e  fo l lowing  d i scuss ion .  

3 . 2  EXTRACTION FROM HYDROCHLORIC ACID 

3 . 2 . 1  Acid Dependence 

Tables A. 1-A. 3 ( t h e  "A" p r e f i x  r e f e r s  to t h e  Appendix) summarize 

t h e  d i s t r i b u t i o n  d a t a  obta ined  i n  t h i s  l a b o r a t o r y  f o r  rhenium and 

technetium between aqueous hydroch lo r i c  a c i d  and TBP-NDD at 25, 40 ,  

and 60°C. F igures  1-6 show log-log p l o t s  of t hese  d i s t r i b u t i o n  coef- 

f i c i e n t s  as a f u n c t i o n  of t h e  mean molar hydroch lo r i c  a c i d  a c t i v i t y  

( a +  = [HCl]y+). 
c a l c u l a t e d  from t h e  mean mla l  a c t i v i t y  c o e f f i c i e n t s ,  l 7  us ing  publ i shed  

d e n s i t y  d a t a l 8  and t h e  measured molar concen t r a t ions  of HC1. 

d i s t r i b u t i o n  c o e f f i c i e n t s  of both technetium and rhenium are seen  t o  

i n c r e a s e  l i n e a r l y  wi th  HC1 a c t i v i t y ,  with a s l o p e  of very c l o s e  t o  1 .  

Mean molar a c t i v i t y  c o e f f i c i e n t s  (Table A . 4 )  were 

The 
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Fig. 5. Distribution of perrhenate between aqueous HC1 and TBP-NDD 
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These d a t a ,  ob ta ined  over a ve ry  wide range of c o n d i t i o n s ,  confirmed t h e  

earlier conclus ion6’  

acid s o l u t i o n  as t h e i r  r e s p e c t i v e  p e r a c i d s ,  HRe04 and HTcOk. The same 
r e s u l t s  were ob ta ined ,  r e g a r d l e s s  of whether the anions  were added as an 

a c i d  o r  as a potassium salt. 

t h a t  pe r rhena te  and p e r t e c h n e t a t e  e x t r a c t  from 

Because TBP i s  mst o f t e n  used t o  extract metal values from HNO3 

s o l u t i o n ,  t h e r e  are r e l a t i v e l y  few a d d i t i o n a l  s t u d i e s  of pe r rhena te  and 

p e r t e c h n e t a t e  e x t r a c t i o n  from HCl.  Only Col tonl  r e p o r t s  d i s t r € b u t i o n  

d a t a  f o r  rhenium from HCL (Table A . 5 ) .  which are shown i n  F ig .  4.  
Although no temperature w a s  given f o r  t h e s e  d a t a ,  the  agreement with the  

o t h e r  d a t a  i n  Fig. 4 is good, i f  i f  i t  can be assumed t h a t  t he  work was 

done at a room t empera ture  of s l i g h t l y  less than  25OC. For technetium, 

on ly  b y d  and Larsons report d a t a  on e x t r a c t i o n  from aqueous ac id  phases 

o t h e r  than HNO3 (Tables  A.6-A.8). Their single d a t a  po in t  f o r  t h e  

e x t r a c t i o n  of p e r t e c h n e t a t e  from 1 I M H C l  w i t h  pure TBP a t  room ternpera- 

t u r e  is c o n s i s t e n t  w i t h  the  d a t a  i n  Tables A.l-A.3. 

3.2.2 T r i b u t y l  Phosphate Dependence 

Previous  r e p o r t s  on t h e  e x t r a c t i o n  of HReO4 and HTcO4 by TBP have 

presented  c o n f l i c t i n g  va lues  f o r  t h e  dependence of the  d i s t r i b u t i o n  

c o e f f i c i e n t  on TBP concen t r a t ion .  Most of t hese  s t u d i e s  were done 

i n  HNO3 sys tems,  and g e n e r a l l y  a thLrd-order648’9*10,13,14 o r  fou r th -  

o r d e r 1 1 * 1 2 * 1 9 , 2 0  dependence on t h e  TBP concen t r a t ion  was repor ted .  

This ambiguity is at least  p a r t i a l l y  a r e s u l t  of t he  d i € f i c u l t i e s  t h a t  

ar ise  in i n t e r p r e t i n g  t h e  v a r i a t i o n  of &e and bc as a func t ion  of TBP 

c o n c e n t r a t i o n  i n  t h e  presence of HNO3, which i t s e l f  competes s t r o n g l y  

f o r  coord ina t ion  by the  e x t r a c t a n t .  The e f f e c t  of t h i s  compet i t ion  on 

the amount of TBP a v a i l a b l e  t o  e x t r a c t  pe r rhen ic  o r  pe r t echn ic  acid must 

be p rope r ly  accounted f o r  i n  o rde r  to s u c c e s s f u l l y  apply t h e  method f o r  

de te rmining  s o l v a t i o n  numbers desc r ibed  i n  Sec t .  3.1. An accep tab le  

method of making t h i s  c o r r e c t i o n  i s  desc r ibed  i n  Sect. 3.3.1, There are 

s e v e r a l  cases in t h e  l i t e r a t u r e  where these c o r r e c t i o n s  have been made 

improperlyl1920 or not at  a 1 1 1 2 9 1 9 .  
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On the  o t h e r  hand, HC1 is very poorly e x t r a c t e d  by TBP, at  least  a t  

low (<4  - M )  c o n c e n t r a t i o n s ,  and o f f e r s  e s s e n t i a l l y  no competit ion t o  

HRe04 00 -+$)I, over a wide range of c o n d i t i o n s ,  Thus, i n t e r p r e t a t i o n  of 

t h e  so lven t  e x t r a c t i o n  data i s  g r e a t l y  s i m p l i f i e d .  F igures  7 and 8 show 

p l o t s  of log  bc and l o g  ke vs log  [TBP] from hydroch lo r i c  ac id  a t  25OC 
(Table A.l). The p l o t s  show good l i n e a r i t y ,  with s lopes  very c l o s e  t o  3. 

This f ind ing  suppor ts  the  work of previous i n v e s t i g a t o r s  who claimed 

t h a t  a t r i s o l v a t e d  p e r t e c h n e t a t e  or pe r rhena te  complex w a s  formed i n  t h e  

o rgan ic  phase. 

Unfo r tuna te ly ,  the  s i t u a t i o n  becomes less clear when the  40°C and 

60°C d a t a  (Tables A.2 and A . 3 )  are considered. Table 1 summarizes the  

s lopes  of t he  curves obta ined  from log  D-vs-log [TBP] p l o t s  of t h e s e  

d a t a .  All of the  s lopes  are s i g n i f i c a n t l y  greater than 3 ,  e s p e c i a l l y  

f o r  t he  rhenium d a t a ,  and approach 4 i n  some cases. The f a c t  t h a t  so 
many of the va lues  l i e  about halfway between 3 and 4 ,  along with the  

i n h e r e n t  l i m i t a t i o n s  of t h i s  method f o r  determining s o l v a t i o n  numbers, 

makes i t  d i f f i c u l t  t o  unequivocably s ta te  t h e  s o l v a t i o n  number of t hese  

complexes on the  basis of t h i s  a n a l y s i s .  

I n  reviewing a l l  of t h e s e  a v a i l a b l e  d a t a  on HReO4/HTcO4 e x t r a c t i o n ,  

i t  becomes clear t h a t  t h e  work of Whitney and Diamond (Fig .  9 ) 1 4  w a s  

c a r r i e d  out  under cond i t ions  where t h i s  method of determining s o l v a t i o n  

numbers i s  most l i k e l y  t o  y i e l d  a r e l i a b l e  r e s u l t .  Using pure s o l u t i o n s  

of KRe04 (and H C 1 0 4 ,  which behaves s i m i l a r l y ) ,  low TBP c o n c e n t r a t i o n s ,  

and low organic-phase l o a d i n g s ,  they demonstrated t h a t  t h e  e x t r a c t i o n  of 

HReO4 (and HClO4) c lear ly  shows a th i rd-order  dependence on t h e  organic-  

phase TBP concen t r a t ion .  

a second- o r  four th-order  dependence but none w a s  found. Considering 

a l l  of the  a v a i l a b l e  d a t a ,  i t  seems most l i k e l y  t h a t  HReOl, and HTcO4 are 

e x t r a c t e d  by TBP as a t r i s o l v a t e d  complex. V a r i a t i o n  i n  t h i s  r e s u l t ,  

based on s i m p l e  s lope  a n a l y s i s ,  i s  probably due t o  the  inhe ren t  l i m i t a -  

t i o n s  of t he  technique and compl ica t ions  t h a t  arise when o t h e r  e x t r a c t i n g  

s p e c i e s  are p resen t .  

These au tho r s  s p e c i f i c a l l y  sought evidence of 
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Table 1. TBP dependence of & and bc under various 
conditions as determined by the slopes of 

plots of log D y s - l O g  [TBP] 

HC1 
concentration Temperature Slope 

(E) ("C) Tc Re 

0.2 

0.4 

0 . 6  

0 . 7 9  

0 . 9 9  

1 . 9 8  

2 . 9 6  

3 . 9 2  

0 . 2  

0 . 4  

0 . 6  

0 . 7 8  

0 . 9 8  

1 . 9 6  

2 . 9 3  

3 . 8 8  

40 

4 0  

40 

40 

40 

40 

40 

40 

60 

60 

60 

60 

60 

60 

60 

60 

3 . 3 8  

3.37 

3 . 3 9  

3 . 4 3  

3 .40  

3 . 4 0  

3 .38  

3 - 1 2  

3 .33  

3 . 3 0  

3 .22  

3 .22  

3 . 2 5  

3 .21  

3 . 2 0  

3 .13  

3 . 4 9  

3 . 6 4  

3 .86  

3 . 7 2  

3.60  
3.42 

3" 19 

3 . 3 0  

3.92 

3 , 5 1  

3 . 3 3  

3 .39  

3 .45  

3 . 5 3  

3 . 6 4  

3 . 7 3  

3 . 2 . 3  Effects of Chloride and Alkali Metal Ions 

Previous studies have shown that R e ( V I 1 )  is extracted from an acidic 

solution of its potassium salt only 86 perrhenic acid and that no potassium 
is found in the organic phase.l2 

added to an HCl-H20-HM04-TBP solvent extraction system, the distribution 

coefficients of' technetium and rhenium are essentially unchanged. 2' 

However, when univalent cations such as sodium or lithium, which them- 

selves form moderately extractable pertechnetate and perrhenate salts, 

Further, when KC1 (up to 3.0 - M) i s  



are added t o  an aqueous HC1 s o l u t i o n ,  hC is increased  (F ig .  10, Table 

A.9). The t o t a l  d i s t r i b u t i o n  c o e f f i c i e n t  is simply t h e  sum of 4 1 ~ ~ 0 ~  
and k c o 4 ,  measured a t  t h e  same a c t i v i t y .  On t h e  o t h e r  hand, mul t i -  

v a l e n t  c a t i o n s ,  such as U0z2+ and Th(IV),  have very d i f f e r e n t  e f f e c t s  

on DTC and be, as d i s c u s s e d  i n  Sects. 3.5 and 3 .6 .  

3 . 2 . 4  React ion Stoichiometry and Mathematical Modeling 

The a v a i l a b l e  d a t a  sugges t  t h a t  t h e  dominant r e a c t i o n  f o r  the 

e x t r a c t i o n  of TcO4' o r  Re04- from aqueous HC1 by TBP may be w r i t t e n  as 

H+ + XO4- + 3 F  HMO4'3TBP , ( 4 )  

where t h e  b a r s  are used t o  indicate  organic-phase s p e c i e s .  The e q u i l i b -  

r ium c a n s t a n t  f o r  Eq. ( 4 )  may be w r i t t e n  as 

[HXOI+~~TBP] 
K =  * Q s  

[ $1 [XOI+'] [TBP] 

where Q is t h e  q u o t i e n t  of t h e  a p p r o p r i a t e  molar a c t i v i t y  c o e f f i c i e n t s .  

S ince  both HReO4 and HTcO4 are very s t r o n g  a c i d s , 2 1  [XOt+-] is t h e  

s t o i c h i o m e t r i c  X ( V I 1 )  concent ra t ion .  If a l l  of t h e  organic-phase 

NXOI, is i n  t h e  form HXOt+*3TBP, then DM = [HXOL+*~TBP~/{XO+'] and Eq. ( 5 )  

can be. rearranged t o  y i e l d  

Given t h e  a p p r o p r i a t e  va lues  f o r  t h e  a c t i v i t y  c o e f f i c i e n t s  and t h e  equi-  

l i b r i u m  c o n s t a n t s ,  Eq.  ( 6 )  could be used t o  c a l c u l a t e  t he  d i s t r i b u t i o n  

behavior  of technetium o r  rhenium under any condi t ions .  Unfor tuna te ly ,  

a c t i v i t y  d a t a  f o r  t h e  v a r i o u s  s p e c i e s  i n  t h i s  two-phase system are not 

a v a i l a b l e  over t h e  wide range of condi t ions  s t u d i e d .  I n  order  t o  

circumvent t h i s  d i f f i c u l t y ,  Q is set equal  t o  1, and t he  r e l a t i o n s h i p  
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extraction with HC1 by 2.93 vol X (1.07 - M) TBP in NDD at 25, 40, and 
6OoC. 
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l n  K = -AG/RT = A S / R  - AH/RT is used t o  t ransform Eq. (6)  t o  Eq. (7) : 

- 
D X =  ( A S / R )  - (AH/RT)  + I n  [+I + 3 I n  [TBP] . (7) 

Values of AS and AH can be e s t ima ted  from the  temperature dependence 

of 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  of ReOt,' or Tc04'; Eq. ( 7 )  can then 

be used t o  c a l c u l a t e  va lues  of D under any cond i t ions .  However, t h e  X 
assumption t h a t  Q = 1 is c l e a r l y  an o v e r s i m p l i f i c a t i o n ,  and it has 

a l r e a d y  been shown t h a t  Ux does not show a s imple ,  t h i rd -o rde r  

dependence on t h e  TBP concen t r a t ion .  

from Eq. (7), while o f t e n  s u r p r i s i n g l y  a c c u r a t e ,  can d i f f e r  from the  

expe r imen ta l ly  determined values by f a c t o r s  of up t o  10. In order t o  

improve t h e  agreement between t h e  c a l c u l a t e d  and exper imenta l  va lues  

DX, t he  mean molar HC1 a c t i v i t y ,  ay', w a s  used i n s t e a d  of t he  

s t o i c h i o m e t r i c  hydrogen ion  concen t r a t ion .  Experimental d a t a  were 

f i t  t o  an equa t ion  of t h e  form of Eq. ( 7 )  by us ing  a mult iple  l i n e a r  

r e g r e s s i o n  a n a l y s i s  and a l lowing  t h e  va lues  of A S / R ,  M/R, and t h e  

c o e f f i c i e n t s  of t he  I n  aFcl, and I n  [TBP] terms t o  vary until ,  t he  

b e s t  f i t  w a s  achieved. Th i s  r e s u l t e d  i n  Eq. ( 8 ) ,  which can be used t o  

c a l c u l a t e  the  d i s t r i b u t i o n  c o e f f i c i e n t  of p e r t e c h n e t a t e ,  and Eq. ( 9 ) ,  

which can be used t o  c a l c u l a t e  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  of pe r rhena te  

i n  HC1-TBP-NDD systems : 

Thus, va lues  of Dx c a l c u l a t e d  

- 

- 
= -23.9 + 7462/T + 1.03 I n  a!c1 + 3.26 I n  [TBP] In DTc - 

- 
I n  DRe = -22.1 + 6 6 8 4 / T  + 1.04 I n  a!'' 4- 3.28 In  [TBP]  . - 

These equa t ions  are v a l i d  f o r  t empera tu res  between 25 and 60"C, acid 

c o n c e n t r a t i o n s  of 8.2 to  4 M ,  and TBP concen t r a t ions  of 0.339 to 2.90 M. 

The e x c e l l e n t  agreement &tween t h e  va lues  of DTc c a l c u l a t e d  using 

Eq.  (8) and t he  exper imenta l  va lues  i s  shown i n  F ig .  11. However, a 

l a r g e  amount of scatter occurs  when c a l c u l a t e d  and exper imenta l  va lues  

- - 
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are compared (Fig.  12). This  scatter i s  due t o  t h e  g r e a t e r  e r r o r  
Of DRe 
i n  DRe va lues  t h a t  results when very low l e v e l s  of rhenium are d e t e r -  

mined by x-ray f luo rescence ,  as opposed to t h e  very a c c u r a t e  DTc v a l u e s  

t h a t  can be obta ined  by l i q u i d  s c i n t i l l a t i o n  count ing  of very low 

c o n c e n t r a t i o n s  of technetium. 

Equat ions  (8) and (9) can t>e combined i n  o r d e r  t o  d e r i v e  a s i m p l e  

r e l a t i o n s h i p  between D and DRe. Since both d i s t r i b u t i o n  c o e f f i c i e n t s  

have e s s e n t i a l l y  t h e  same dependence on aHcl and [TBP] ,  t ak ing  t h e  

e x p o n e n t i a l s  of t h e s e  equa t ions  and d i v i d i n g  t h e  express ion  f o r  D by 

t h e  expres s ion  f o r  %e y i e l d s  

Tc 

Tc 

-1.8 -t 778/T 
DTc’DRe = e 

The s i m i l a r i t y  of Eqs. (8) and (9)  i n d i c a t e s  t h a t  rhenium is an 

, e x c e l l e n t  m d e l  compound f o r  technetium i n  these s o l v e n t  e x t r a c t i o n  

sys tems,  while Eq. (10) shows t h a t  DTc is about 2.2,  2.0, and 1 . 7  times 

DRe a t  25, 40,  and 60°C, r e s p e c t i v e l y .  

3.2.5 Thermodynamic Parameters 

Given the  d a t a  i n  Tables A.l-A.3 and va lues  f o r  t he  

c o e f f i c i e n t s  of each of t he  s p e c i e s  involved ,  a comple te  

d e s c r i p t i o n  of these  s o l v e n t  e x t r a c t i o n  systems could be 

form 

a c t i v i t y  

thermodynamic 

w r i t t e n  i n  the  

where X r e f e r s  t o  the  rhenium o r  technetium anion i n  t h e  system. 

Unfor tuna te ly ,  t he  d a t a  a v a i l a b l e  only allow Eqs. (8) and ( 9 ) ,  which 

are less r i g o r o u s ,  t o  be der ived  e x p l i c i t l y .  Nonethe less ,  t o  t he  degree 

t h a t  t h e  c o e f f i c i e n t s  of t h e  f i r s t  two terms of Eqs. (8) and ( 9 )  can be 

equated w i t h  the va lues  of B S I R  and AH/R i n  Eq. (111, they can be used  

t o  c a l c u l a t e  t he  approximate va lues  of AH and AS shown i n  Tab le  2. 
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Table  2. Thermodynamic parameters f o r  t h e  e x t r a c t i o n  of 
p e r r h e n a t e  and p e r t e c h n e t a r e  by t r i b u t y l  phosphate 

AS AH ~ 2 9 8 ~  
Metal s p e c i e s  (cal/mol* i~ j (kca l imol )  eq 

Technetium -47.5 k 1.4 -14.8 .(. 0.4 3.0 

Rhenium -43.9 k 2.4 -13.3 2 0.7b 1.4 

aValue of e q u i l i b r i u m  c o n s t a n t  at  298 K. 
bCoDapare wi th  va lue  measured v i a  c a l o r i m e t r y ,  -13.1 ?: 0.8. 

In orde r  t o  determine whether t h e  AH and AS va lues  c a l c u l a t e d  i n  

t h i s  way were close enough t o  t h e  t r u e  va lues  t o  be u s e f u l ,  a d i r e c t  

c a l o r i m e t r i c  de t e rmina t ion  of AH for t h e  r e a c t i o n  -04" + Kf 3TBP 
HRe04.3TBP was c a r r i e d  ou t  2 2  us ing  the  c a l o r i m e t e r  and techniques  

desc r ibed  e l sewhere .23  

measured va lue  of AH and t h e  value c a l c u l a t e d  from Eq. ( 9 )  is excellent. 
While t h e r e  is no s i m i l a r  way t o  check the  accuracy of t he  AS va lues  

t h e i r  s i g n  and magnitude are c o n s i s t e n t  with t h e  o rde r ing  t h a t  must 

occur  as two i ons  and t h r e e  n e u t r a l  molecules condense t o  form a single 

complex. The large, nega t ive  e n t r o p i e s  a l s o  probably r e f l e c t  t he  

advantages of re-forming t h e  p a r t i c u l a r l y  s t r o n g  t h r e e  -dime ns i o n a l  

s t r u c t u r e  oE water a f t e r  t h e  r e l a t i v e l y  l a r g e  and poorly so lva ted  R e O 4 -  

or  TcO4- an ions  are removed from t h e  aqueous phase. 2 4  

o t h e r  s o l v e n t  e x t r a c t i o n  systems, 2 5  t hese  va lues  may a l s o  i n d i c a t e  some 

involvement of water molecules i n  t h e  organic-phase complexes. 

As shown i n  Table 2 ,  t h e  agreement between the  

By analogy to  
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3 . 3  EXTRACTION FROM NITRIC ACID 

3.3.1 A c i d  and TBP Dependence 

Tables A.10-A.12 and Figs. 13-18 summarize the data obtained in 

this laboratory for the distribution of rhenium and technetium between 

aqueous HNO3 and TBP-NDD at 25 ,  40, and 6OOC. Distribution data 

reported by previous investigators for perrhenate are shown in Tables 

A.13 and A.14, while Tables A.15-A.19 and Fig. 19 present similar data 

f o r  pertechnetate. All of the data are in general agreement, but 

different and incompletely reported experimental conditions among the 

various reports make detailed, critical comparisons difficult. 

A comparison of Figs. 1-6 with Figs. 13-18 shows that substituting 

HNO3 for HC1 in these solvent extraction systems resulcs In large quali- 

tative and quantitative differences in the distribution behavior of 

rhenium and technetium. These differences arise because of the greater 

tendency of HNO3 to self-associate [Eq. (12>] and the subsequent 

extraction of molecular HNO3 by TBP [Eq. (1311: 

It is obvious that the amount of uncomplexed, or "free," TBP available 

to extract perrhenate or pertechnetate cannot be varied independently of 

the acid concentration in the aqueous phase. Thus, the simple graphical 

methods used to determine the acid and TBP dependences in the H C 1  system 

cannot be used in the HNO3 system, except over very small concentration 

ranges or at very l o w  HNO3 concentrations. For the data in Tables A.10-  

A.12, only the distribution coefficients measured for technetium from 

0.1 - M HNO3 can be used to estimate the TBP dependence of the extraction 
reaction without taking Eq. (13) into account. An order of about 3 is 

indicated by these data. 



27 

TBP- 

u 
c 

Q 

0.1 ? 10 
H N O 3  CONCENTRATION (MI - 

Fig. 1 
N D D  at 

.3 .  
25OC. 

Distribution of pertechnetate between aqueous HNO 3 and 



28 

ORNL DWG 80-328 

'OO1... 

u 
e 
n 

10 L 

I 

0.1 

80% TBP 

60% TBP 

40% TBP 

30% TSP 



c" 
n 

29 

ORNL OWG 80-669 

1 

0.1 

0.01 

TBP 

TBP 

T8P 
TBP 

T8P 

O.OO? 10% TBP 

0.0001 
0.1 I 70 

HNO-j CONCENTRATION ( M  1 - 
Fig. 15. Distribution of pertechnetate between aqueous H N O j  and 

TBP-NDD at 60" 6. 



30 

ORNL DWG 80-1324 
10 

HNO3 CONCENTRATION ( - M 1 
Fig. 16. Distribution of perrhenate between aqueous HNO3 and 

TBP-NDD at 25 O C . 



31 

ORNL OWG 80-1323 
10 f I 1 I I l l 1 1  I 1 1 I 1 1  

i 

0.1 1 .o 10 
HNO, CONCENTRATION ( M ) - 

Fig. 17. Distribution of perrhenate between aqueous H N O j  and 
TBP-NDD at 4OOC. 
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TBP-NI)D at 6OOC. 
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F i g .  19. Distr ibut ion of pertechnetate between aqueous K N O j  and 
TBP-NDD. Data derived from ref. 6. 
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Previous r e p o r t s  on t h e  e x t r a c t i o n  of per rhenate  and p e r t e c h n e t a t e  

from HN03 have presented  c o n f l i c t i n g  conclus ions  regard ing  t h e  dependence 

of t he  d i s t r i b u t i o n  c o e f f i c i e n t  on t h e  TBP concen t r a t ion .  Some of t h e  

ear l ies t  work on pe r rhena te  e x t r a c t i o n  was done by Kertes and Beck,12 

who used CCLI, as the  o rgan ic  d i l u e n t  and repor ted  a TBP dependence of 
"-4" between 1.5 and 3.65 - M (about 40 and 100 vo l  %) TBP (Table A.13). 

Thei r  conclusion w a s  based on a p l o t  of l og  D vs log [ T B P I i n i t i a l  at 

a cons t an t  i n i t i a l  n i t r i c  ac id  concen t r a t ion  i n  the  aqueous phase. No 

c o r r e c t i o n  was made f o r  t he  changes i n  e f f e c t i v e  TBP concen t r a t ion  and 

aqueous-phase HNO3 concen t r a t ion  due t o  Eq. (13). Thus, many of t he  

d a t a  po in t s  shown i n  t h e i r  p l o t  d e v i a t e  s i g n i f i c a n t l y  from l i n e a r i t y .  

Even i f  t hese  p o i n t s  are ignored ,  t he  s lopes  of t h e  l i n e s  vary from 3.9 

t o  5.0. A simple l i n e a r  a n a l y s i s  of t h e i r  d a t a  is not p o s s i b l e  s i n c e  

both the  equ i l ib r ium aqueous-phase XNO3 concen t r a t ion  and t h e  f r e e  TBP 

concen t r a t ion  are va r i ed  s imul taneous ly .  Mul t ip l e  l i n e a r  r eg res s ion  

Re 

(Sec t s .  3 . 2 . 4  and 3.3.2) can be used s u c c e s s f u l l y  f o r  t h i s  purpose,  

however, and it  i n d i c a t e s  a TBP dependence of s l i g h t l y  over 5. 

A s h o r t  t i m e  a f te r  t h e  work by Kertes and Beck appeared i n  t h e  

l i t e r a t u r e ,  l 2  Colton pubiished the  r e s u l t s  of an independent s tudy  of 

pe r rhena te  e x t r a c t i o n  i n  which he found a th i rd-order  dependence on t h e  

TBP concen t r a t ion  over t he  range 0.375 t o  1.88 M (10 t o  50 v o l  X )  TBP i n  

kerosene (Table A.14).13 

i t  is  not clear whether t h i s  w a s  an i n i t i a l  or equ i l ib r ium va lue .  No 

temperature was r e p o r t e d ,  and, no f r e e  TBP c o r r e c t i o n s  were made. 

Colton noted the  d i f f e r e n c e  between h i s  r e s u l t s  and those  of Kertes and 

Beck and c o r r e c t l y  pointed ou t  t h a t  h i s  r e s u l t s ,  which were obta ined  

us ing  lower TBP c o n c e n t r a t i o n s ,  should be more meaningful s i n c e  

d e v i a t i o n s  from i d e a l i t y  would be sma l l e r .  

The aqueous phase w a s  l i s t e d  as 1 - M H N Q 3 ,  but 

For p e r t e c h n e t a t e  e x t r a c t i o n ,  S i d d a l l  r epor t ed  a th i rd-order  depend- 

ence on TBP concen t r a t ion  under cond i t ions  s i m i l a r  t o  those  used i n  t h e  

Purex process  but wlth no uranium p resen t .6  Both Spitsyn'  and Za i t sev9  

(Table A.15), and t h e i r  co-workers, repor ted  r e s u l t s  similar t o  those  

obta ined  by Siddal16  and P r u e t t '  i n  work done at  room temperature (assumed 
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t o  be about 20°C). 

dependence i n  one paper (Table A.16)" and a complicated a n a l y s i s  

i nvo lv ing  f i r s t -  t o  four th-order  dependences i n  a later paper .20  

aqueous phase con ta in ing  4 I M NH4NO3 o r  NH4Cl and, i n  some exper iments ,  

d i l u t e  (0.1 - M) HNO3 was used in each of the s t u d i e s ;  v a r i o u s  d i l u e n t s  

and TBP concen t r a t ions  were employed as t h e  o rgan ic  phase. The unique 

c o n d i t i o n s  used i n  these  experiments make i t  d i f f i c u l t  t o  i n t e g r a t e  

Macasek's r e s u l t s  with those  of o t h e r  i n v e s t i g a t o r s .  

Several years la ter ,  Macasek sugges ted  a th i rd -o rde r  

An 

Most r e c e n t l y ,  Ueser and his co-workers r epor t ed  a four th-order  

dependence for t echnet ium e x t r a c t i o n  by TBP. Thei r  t rea tment  and 

i n t e r p r e t a t i o n  of t h e i r  s o l v e n t  e x t r a c t i o n  d a t a  are unusual,  and some 

of t h e i r  assumptions are er roneous .  For example, they make use of an 

o l d  va lue  f o r  t h e  d i s s o c i a t i o n  cons t an t  of HTc04 ( K  = 0 . 5 ) ,  which w a s  

later shown t o  be inco r rec t .21  

i n  t h e  aqueous phase as a f u n c t i o n  of HNO3 c o n c e n t r a t i o n  from. p rev ious ly  

publ i shed  d a t a ,  and used t h e  r e s u l t i n g  va lues  t o  c a l c u l a t e  a fou r th -  

o r d e r  TBP dependence. This  approach t o  determining s o l v a t i o n  numbers i s  

unique i n  t h e  technetium s o l v e n t  e x t r a c t i o n  l i t e r a t u r e .  It is the  con- 

c e n t r a t i o n  of f r e e  TBP at t h e  i n t e r f a c e  and Fn t h e  bulk organ ic  phase 

t h a t  determines DTc r a t h e r  than t h e  amount of TBP d i s so lved  i n  t h e  

aqueous phase. 

to t he  aqueous phase i s  due t o  the s h i f t i n g  o f  t h e  e q u i l i b r i u m  t o  the  

l e f t  i n  Eq. (121, or  t h e  analogous r e a c t i o n  wi th  HN02, thus  lowering t h e  

c o n c e n t r a t i o n  of f r e e  TBP a v a i l a b l e  t o  complex o t h e r  spec ie s .  If DTc o r  

d 
They c a l c u l a t e d  t h e  s o l u b i l i t y  of TBP 

The dec rease  i n  DTc as NaNO3, NaNO2, or NH4NO3 is added 

i s  c a l c u l a t e d  a t  a cons t an t  f r e e  TBP c o n c e n t r a t i o n ,  it is a c o n s t a n t ,  %e 
r e g a r d l e s s  of t he  aqueous-phase concen t r a t ion  of TBP o r  N a N 0 3  (Sec t .  

3 . 2 . 3 ) .  Despite t h e  unusual a n a l y s i s  given i n  t h i s  r epor t ,  the  r a w  

d a t a  appear t o  be in good agreement wi th  those  of o t h e r  workers, when 

d i f f e r e n c e s  i n  t h e  tempera ture  and o t h e r  parameters are cons idered .  

I n  summary, while t h e  d i s t r i b u t i o n  behavior of pe r rhena te  a p p e a r s  

t o  d i f f e r  cons iderably  from t h a t  of p e r t e c h n e t a t e  when log Dys-log [e] 
p l o t s  of HNO3 systems are compared with those of HC1 systems, t hese  

d i f f e r e n c e s  arise from t h e  competing e x t r a c t i o n  of HNO3 and not Erom 
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changes in the HXOQ*3TBP complex. Previous analyses of extraction data 

in these systems have been inconsistent, but most of the published data 

are in general agreement when the varying experimental conditions are 

taken into account. 

3 .3 .2  Reaction Stoichiometrv and Mathematical Modelinrr 

A s  mentioned in Sect. 3 . 3 . 1 ,  the extraction reaction for perrhenate 

or pertechnetate is expected to be the same from aqueous NNO3 solution 

as it would from HC1 solution because only the proton (and not the anion) 

of the acid is involved. However, the stoichiometric concentrations of 

HN03 and TBP cannot be used for [ e ]  and [TBP] in E q .  (5)  as a basis for 
modeling the data since these species are involved in reactions (12)  and 

( 13) as well. Rather, these stoichiometric concentrations must be 

corrected to reflect the amount of TBP complexed by HNO3 in the organic 

phase and the amount of undissociated HNO3 in the aqueous phase, The 

concentration of uncomplexed, or "free," TBP can be calculated from Eq. 

( 1 4 )  , 

- 
where [TBP] is the initial, stoichiometric TBP concentration and [XI 
i s  the concentration of rhenium or technetium in the organic phase. 

Under the conditions of the experiments reviewed here, the third term 

of Eq. ( 1 4 )  is negligible; only the HNO3 term is ever large enough to 

affect [TBP] f .  

0 

The data obtained by Davis in his study of the distribution of HNO3 

between T R P 4 m s c o  125-82 and water at 2 5 ° C 2 6  were used t o  derive a corre- 

lation between [ H N O ~ ]  and the [TBPIf .  It is assumed that 

substituting TBP-NDD for TBP--Amsco makes a negligible change in the HNQ3 

distribution. Although these data can be analyzed in a variety of 

theoretical and semiempirical ways, the simple expression of Eq. (15) 

was found to provide reasonable agreement between calculated and experi- 

mental values of ["BPIf over the range of conditions for which technetium 

and rhenium extraction data are available : 

aq 

- 
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- - 
(15) 

e q u i l i b r i u m  - [TIIPlf = 1.0026 [TBPIO - 0.2054 [mo3] aq [TBPlo  . 

Values of the  s t o i c h i o m e t r i c  a c t i v i t y  of HNO3, as I: [ H N O ~ ] ~ ,  = 

[HNO3Jy+a, were c a l c u l a t e d  us ing  Eq. (16),  

which w a s  ob ta ined  by f i t t i n g  l i t e r a t u r e  va lues  of y, t o  a four th-order  

polynomial i n  [HN03]1/2 from 0.001 t o  21.0 M KNO3, 

Eq, (16) and t h e  l i t e r a t u r e  va lues  was e x c e l l e n t ,  wi th  a c o r r e l a t i o n  

c o e f f i c i e n t  (R2) of 0.9997 and d i f f e r e n c e s  of less than 23% between 

c a l c u l a t e d  and measured va lues  of ys. 

Agreement between - 

Although d a t a  for  t h e  a c t i v i t y  of HNO3 and i t s  d i s t r i b u t i o n  between 

TBP--M)D and water a t  tempera tures  o t h e r  than 25°C are not r e a d i l y  

a v a i l a b l e ,  Adamskii et al. have r epor t ed  t h a t  t he  d i s t r i b u t i o n  does not 

change significantly between 25 and 70°C.27 While t h i s  would i n d i c a t e  

t h a t  Eq. (15) is probably v a l i d  for c a l c u l a t i n g  [TBPIf  a t  40 and 6 O o C ,  

i t  i s  l i k e l y  t h a t  ys w i l l  change s u b s t a n t i a l l y  over t h i s  temperature 

range. The re fo re ,  Eqs .  (15) and (16) were used t o  c a l c u l a t e  [TBPIf and 

y, a t  25OC on ly ,  and t h e  exper imenta l  d a t a  obta ined  a t  t h a t  temperature 

were f i t  to  an equa t ion  similar t o  Eq. ( 6 )  t o  y i e l d  Eqs. (17)  and (18): 

I_ 

- 

- 
In DTc = 0.0933 + 0.634 I n  as m03 + 2.94 In [TBPIf , ( 1 7 )  

- 
In DRe = -0.519 + 0.642 In aWo3 s + 3.19 In [TBPlf . (18) 

The agreement between t h e  DTc and DRe va lues  c a l c u l a t e d  us ing  these 

e q u a t i o n s  is reasonably  good, e s p e c i a l l y  when t he  e r r o r s  and assumptions 

i n  de te rmining  t h e  va lues  of D,  a H N 0 3 ,  and [TBPlf are: cons idered .  
- 

S 
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While a c t i v i t y  d a t a  f o r  HNO3 a t  40 and 60°C are not  a v a i l a b l e ,  i t  

is p o s s i b l e  t o  f i t  a l l  of t h e  experimental  r e s u l t s  i n  Tables A. lO-A.12  

t o  an express ion  of t h e  form of Eq.  ( 7 ) ,  using [TBP] and the  

s t o i c h i o m e t r i c  HNO3 c o n c e n t r a t i o n  f o r  [ & I .  The r e s u l t i n g  c o r r e l a t i o n s ,  

E q s .  (19) and (201, 

- 
f 

- 
= -20.13 + 6013/T + 0.865 I n  [@I + 2.91 I n  [TBPIf , (19) In DTc 

_I 

In DRe = -25.88 + 7 5 3 4 / T  + 0.944 I n  [ @ I  + 3.19 In  [TBPIf , (20)  

p r e d i c t  DTc and DRe va lues  t h a t  are u s u a l l y  w i t h i n  about 30% of t h e  

measured v a l u e s ,  and always w i t h i n  a f a c t o r  of 2. By comparison, 

d i s t r i b u t i o n  c o e f f i c i e n t s  measured by d i f f e r e n t  workers,  and o f t e n  even 

by the  same worker at d i f f e r e n t  times, f r e q u e n t l y  vary by f a c t o r s  a t  

least  as l a r g e  as these.  It should a l s o  be noted t h a t  t h e  c o r r e l a t i o n s  

show an approximately f i r s t - o r d e r  dependence on a c i d i t y  and an approxi- 

mately th i rd-order  dependence on [TBPIf, as expected from Eq. ( 4 ) .  

F u r t h e r ,  t h e  va lues  of " ( A H / R ) "  and " (ASIR)"  are comparable t o  those  i n  

E q s .  (8) and (91, which would be expected i f  t h e  same e x t r a c t i o n  reac- 

t i o n s  are involved. 

- 

3 .4  EXTRACTION FXOM OTHER MEDIA 

3.4 .1  E x t r a c t i o n  from Other Acids 

Table A. 5 inc ludes  e s s e n t i a l l y  a l l  of t he  publ ished informat ion  on 

per rhenate  e x t r a c t i o n  from a c i d s  o t h e r  than HC1 and HNO3, whi le  Tables  

A.6, A . 7 ,  and A . 2 0  show similar informat ion  f o r  p e r t e c h n e t a t e  ex t rac-  

t i o n .  These l i m i t e d  d a t a  show no unusual behavior f o r  t h e  e x t r a c t i o n  of 
e i t h e r  anion. A s  i n  t h e  HC1 and HNO3 systems, t h e  e f f e c t  of t h e  a c i d  

c o n c e n t r a t i o n  i n  t h e  aqueous phase on he and bC appears  t o  be s o l e l y  a 

f u n c t i o n  of t he  s t r e n g t h  of t h e  a c i d  (i.e., t h e  a c t i v i t y  of t h e  hydrogen 

i o n )  and t h e  tendency of t h e  mineral  a c i d  t o  compete wi th  per rhenate  and 

p e r t e c h n e t a t e  f o r  e x t r a c t i o n  by TBP. Acids t h a t  drive Eq. ( 4 )  t o  t h e  
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r i g h t  i n c r e a s e  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 ,  while those  t h a t  react 

w i t h  TBP as HNO3 does i n  Eq. (13)  decrease 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  

a t  h ighe r  a c i d i t i e s .  For example, HCIOk is a very s t r o n g  a c i d ,  but it 

i s  r e a d i l y  e x t r a c t e d  and competes very s t r o n g l y  f o r  TBP; t hus ,  DRe and 

from t h i s  medium are very l o w .  On the o t h e r  hand, H2SO4 i s  a s t r o n g  

a c i d  t h a t  is very  poorly e x t r a c t e d  by TBP; t h e r e f o r e ,  d i s t r i b u t i o n  coef- 

f i c i e n t s  from t h i s  medium are q u i t e  high. 

DTC 

One other e f f e c t  m u s t  be. cons idered  when i n t e r p r e t i n g  t h e s e  da t a .  

Some a c i d s ,  such as concen t r a t ed  s o l u t i o n s  of HC1 (about 6 - M and above) 

w i l l  qu i ck ly  reduce TcO4' o r  ReO4' and thereby  change the  chemistry of 

t h e  s y s t e m  e n t i r e l y .  Even re la t ive ly  d i l u t e  s o l u t i o n s  of H I  produce the  

same e f f e c t .  

3 . 4 . 2  E x t r a c t i o n  as Neut ra l  S a l t s  

Boyd and Larson' were t h e  f i r s t  t o  r e p o r t  d a t a  on t he  e x t r a c t i o n  

of p e r t e c h n e t a t e  as a n e u t r a l  a l k a l i  metal or ammonium salt  (Table A.8 

and Fig. 20) .  s t u d i e d  the e x t r a c t i o n  of pe r rhena te  

sa l t s  from sodium ca rbona te ,  sodium nitrate, and each of the  a l k a l i  

metal hydroxides (Tables A . 2 1  and A.22, Fig. 21) .  There are f e w  o t h e r  

r e f e r e n c e s  t o  t h e  e x t r a c t i o n  of MXOb (X = T c  or Re, M = Li, Na, K,  Rb, 

C s ,  o r  NHI,) ,  except f o r  those  no t ing  t h a t  t h e  anions e x t r a c t  from a c i d i c  

~ o l u t i o n s  of t h e i r  potassium salts  only as a c i d s  and not as potassium 

salts. 1-4 9 l 2  These d a t a  show t h a 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  of 

e i t h e r  anion dec reases  as M is va r i ed  i n  the fo l lowing  o rde r :  L i  > 
NH4 > Na > K > Rb > Cs. F u r t h e r ,  under o therwise  i d e n t i c a l  c o n d i t i o n s ,  

D p l ~ c ~ , ,  > k c 0 4  and 

Dakar et a1.19 

> k 0 4 *  

Table A.23 and Fig.  22 and 23 show t h e  r e s u l t s  of a new s t u d y  of 

t h e  e x t r a c t i o n  of p e r t e c h n e t a t e  from var ious  ammonium and a l k a l i  metal  

c h l o r i d e  s o l u t i o n s .  A s  a f i r s t  approximation, p e r t e c h n e t a t e  might be 

expected t o  extract from t h e s e  systems as MTcOl,*3TBP, by analogy to  the  

a c i d  systems. 

a c t l v i t y  shown i n  F ig .  22 should be l i n e a r  with s lopes  near 1. The 

slope is  almost e x a c t l y  1.0 fo r  HTc04 and L i T c 0 4  e x t r a c t i o n ,  and i t  is 

I f  so, t he  p l o t s  of DTc as a func t ion  of metal c h l o r i d e  
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n e a r l y  so for NaTc04. 

s l o p e  as the  c a t i o n  i s  v a r i e d  i n  t h e  o rde r  Li > Na >NH4 > K > Rb, which 

i s  the  same orde r  i n  which the  i o n i c  r a d i i  and c a l c u l a t e d  s i n g l e  ion  

a c t i v i t i e s  i n c r e a s e .  Furthermore,  while t h e  s l o p e s  of t hese  p l o t s  are 

cons t an t  between 25 and 60°C for M = H, L i ,  o r  Na, they i n c r e a s e  wi th  

temperature fo r  M = NH4,  K, and Rb. For example, t he  s lope  of a p l o t  of 

log DTc vs l og  ayl i s  0.61 at 2 5 ° C  but i n c r e a s e s  t o  0.74 at 60°C. 

However, t h e r e  Is a sys t ema t i c  dec rease  i n  t h e  

- 
On the  o t h e r  hand, a l l  of t h e  p l o t s  of l og  DTc vs TBP concen t r a t ion  

show the  expected th i rd -o rde r  dependence (F ig .  23). The re fo re ,  i t  is  
l i k e l y  t h a t  each of the  organic-phase s p e c i e s  ha6 the  s to i ch iomet ry  

MTc04*3TBP. The apparent d e v i a t i o n  from t h i s  behavior i s  probably due 

t o  a temperature-dependent phenomenon (such as ion  p a i r i n g )  t h a t  is not 

co r rec t ed  for  i n  t h i s  s imple ,  i n d i r e c t  method of determining the  

s to i ch iomet ry  of the  organic-phase spec ie s .  

These d a t a  may be m d e l e d  us ing  the  same techniques  t h a t  were 

desc r ibed  earlier for t he  ac id  sys tems ( s e e  Sec ts .  3 . 2 . 4  and 3.3.2). 

The equ i l ib r ium cons tan t  expres s ion  for t h e  e x t r a c t i o n  r e a c t i o n  can be 

w r i t t e n  as 

S u b s t i t u t i n g  DTc = [WCOI+*~TBP]/[TCO,-] and t ak ing  logar i thms results 

i n  t h e  s i m p l e  1 i n e a r . e q u a t i o n  

I n  DTc = In  K + I n  yTc04- 
YMTe04 * 3TBP 

+ In  [M+]y+ + 3 I n  [TBP]ymp . (22) 

F i n a l l y ,  the  temperature dependence of D can be expressed e x p l i c i t l y  

by s u b s t i t u t i n g  I n  K = AS/R - AH/RT t o  o b t a i n  
TC 
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I n  DTc = AS/R - AH/RT f I n  yTc04- 
'MTcO, 3TBP 

f I n  [+]ye f 3 I n  [TBP]yTnp . (23)  

Given a l l  of t h e  a c t i v i t y  c o e f f i c i e n t s  i n  Eq. ( 2 3 ) ,  AS and AH could be 

c a l c u l a t e d  from t h e  d a t a  i n  Table A.23 and D could be c a l c u l a t e d  under 

any cond i t ions .  Unfo r tuna te ly ,  the  salts  are the only s p e c i e s  i n  these  

s y s t e m s  f o r  which apprec iab le  a c t i v i t y  d a t a  are a v a i l a b l e .  Thus, s i n c e  

E q .  ( 2 3 )  cannot be so lved  r i g o r o u s l y ,  we make use  of the  f u n c t i o n a l  form 

of the  equa t ion  and the  a v a i l a b l e  mean molar a c t i v i t i e s  of the c h l o r i d e  

salts  t o  d e r i v e  t h e  mre empir ica l  equa t ion  

Tc 

( 2 4 )  
MC 1 I n  DTc = a - b/T f c In a +  , - 

where a = AS/R + 3 l n  [TBP], b = A H ,  and t h e  remaining a c t i v i t y  coef-  

f i c i e n t s  are ignored.  A simple l ea s t - squa res  f i t  of the  d i s t r i b u t i o n  

d a t a  t o  t h i s  equat ion  y i e l d s  the  va lues  of a ,  b ,  and c f o r  each c a t i o n ,  

as shown i n  Table 3 .  The v a r i a t i o n  i n  t h e  va lue  of c i s  c o n s i s t e n t  

w i t h  the slopes observed i n  F i g .  2 2 .  It is  tempting t o  t r y  t o  de r ive  

estimates of QS and AH from the  va lues  of a and b. However, the 

v a r i a t i o n  i n  the  va lue  of c from i t s  " t h e o r e t i c a l "  va lue  of 1 and the  

l a c k  of an obvious p a t t e r n  i n  t he  v a r i a t i o n  of a and b (except when c 

i s  v e r y  c l o s e  t o  1 ,  such as f o r  the  H ,  L i ,  and Na systems)  sugges t  t h a t  

any a t tempt  t o  relate the  s t a t i s t i c a l  parameters t o  the  thermodynamic 

parameters f o r  t h e s e  systems would be of ques t ionab le  value.  

Dakar e t  a1.19 have r epor t ed  the most complete s tudy  o f  perrhenate  

e x t r a c t i o n  from an a l k a l i  metal hydroxide s o l u t i o n  (Table A . 2 1 ,  F i g .  2 1 ) .  

They observed t h a t ,  as the  hydroxide concen t r a t ion  is inc reased ,  

passes through a "maximum" t h a t  occurs  a t  lower concen t r a t ions  f o r  the  

h e a v i e r  a l k a l i  metals. The L i O H  curve never reaches t h i s  maximum 

because of the  r e l a t i v e l y  low s o l u b i l i t y  l i m i t  f o r  L i O H .  They a l s o  

noted t h a t  the  DRe from Na2CO3 w a s  approximately equal  t o  t h a t  from NaOH 

DRe 
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Table 3. Values of t he  parameters a,  b ,  and c from 
E q .  (24)a f o r  t he  va r ious  M C 1  systems 

M 
Value of parameter 

a b C 

H 

Li 

Na 

K 

Rb 

-24.7 

- 2 2 . 9  

-20.5 

-21.7 

-25 .2  

7798 

6645 

5279 

1.02 

1.00 

0.93 

5374 0.66 

6313 0.65 

NH4 -22.5 6153 0.83 

MC1 a l n  DTc = a - b/T + c In  a+ - 

of the  same normal i ty  but was much h igher  than t h a t  from NaN03. They 

a t t r i b u t e  t h i s  behavior t o  i o n i z a t i o n  of t h e  sa l t s  i n  t h e  o rgan ic  phase 

and the  suppress ion  of t h a t  i o n i z a t i o n  by e x t r a c t a b l e  salts such as 

N a N 0 3 .  However, t he  maximum i n  t h e  NaOH curve a t  10 - M NaOH more c l o s e l y  

resembles an erroneous d a t a  po in t  (Fig. 21). The suppress ion  of D by 

NaN03 is due t o  a decrease  in t h e  f r e e  TBP c o n c e n t r a t i o n ,  analogous t o  

t h e  one t h a t  occurs when RNO3 i s  e x t r a c t e d  by TBP (Sec t .  3.3). The same 

e f f e c t  i s  undoubtedly r e spons ib l e  f o r  t h e  observed maximum i n  D f o r  

each a l k a l i  hydroxide as we l l .  Even though D i s  g e n e r a l l y  q u i t e  

small, the  concen t r a t ion  of a l k a l i  i n  t he  system (about 10 - M) is con- 

s i d e r a b l y  l a r g e r  than t h a t  of rhenium (about 

s m a l l  amounts of t h e  bases need t o  be e x t r a c t e d  i n  order  t o  have a 
s i g n i f i c a n t  effect  on DRe, because of i ts  th i rd-order  dependence on the 

f r e e  TBP concen t r a t ion .  

R e  

R e  

MOH 

- M). Only r e l a t i v e l y  

I n  summary, t he  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  per rhenate  and 

p e r t e c h n e t a t e  from n e u t r a l  or  b a s i c  s o l u t i o n  as a l k a l i  metal o r  ammonium 

s a l t s  a r e  s u b s t a n t i a l l y  lower than those f r o m  a c i d i c  s o l u t i o n s .  S a l t s  
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t h a t  are e a s i l y  e x t r a c t e d  by TBP, such as N a C 1 0 4 ,  compete e f f e c t i v e l y  

f o r  t h e  s o l v e n t  and suppress  t h e  d i s t r i b u t i o n  of Tc(VI1) o r  Re(VI1) t o  

t h e  o r g a n i c  phase. S a l t s  t h a t  are very poorly e x t r a c t e d ,  such as 

NazS04 i n c r e a s e  t h e  d i s t r i b u t i o n  of Tc(VI1) o r  Re(VI1) t o  t h e  o r g a n i c  

phase by i n c r e a s i n g  t h e  a c t i v i t y  of t h e  c a t i o n  i n  t h e  aqueous phase [Eq.  

(21) ] .  
produce t h e  most e x t r a c t a b l e  XO4’ compounds, while l a r g e ,  poorly 

s o l v a t e d  c a t i o n s  produce t h e  less e x t r a c t a b l e  compounds. F i n a l l y ,  a 

poorly e x t r a c t a b l e  salt  wi th  a c a t i o n  t h a t  can be f a i r l y  w e l l  s o l v a t e d  

by TBP (e.g. ,  NaOH, Na2SP4) acts as a much more e f f e c t i v e  s a l t i n g - o u t  

agent  than one t h a t  is mre e x t r a c t a b l e .  

Smal l  c a t i o n s  t h a t  are s t r o n g l y  s o l v a t e d  by TBP (e .g . ,  &, Li*) 

3 . 5  EXTRACTION FROM URANYL NITRATE-NITRIC ACID SOLUTION 

S i d d a l l  was t h e  f i r s t  t o  r e p o r t  t h a t  t h e  a d d i t i o n  of uranyl  n i t r a t e  

t o  t h e s e  systems g r e a t l y  enhances t h e  d i s t r i b u t i o n  of technetium i n t o  

t h e  o r g a n i c  phase.6 S h o r t l y  t h e r e a f t e r ,  t h i s  work was extended by 

Campbell (Table A. l S ) . ’  
e f f e c t  us ing  d i l u t e  s o l u t i o n s  of uranium and technetium i n  4.0 M ammonium 

n i t r a t e .  (Table A . 2 4 ) .  Very r e c e n t l y ,  Lieser and co-workers 

publ ished a s tudy  o f  t h i s  e f f e c t  using s o l u t i o n s  conta in ing  uranium, 

technet ium, H N 0 3 ,  and TBP concent ra t ions  comparable t o  those found i n  

some s t a g e s  o f  t he  Purex process.‘‘  

A.25-A.27) was undertaken t o  supplement t h e  l i m i t e d  data a v a i l a b l e  on 

t h e  c o e x t r a c t i o n  of technetium i n  t h e  Purex process and t o  develop 

e q u a t i o n s  t o  c o r r e l a t e  i t s  d i s t r i b u t i o n  c o e f f i c i e n t  with o t h e r ,  nmre 

r e a d i l y  measurable process  parameters over a wide range of condi t ions .  

The behavior of rhenium under t h e s e  condi t ions  was a l s o  examined i n  

o r d e r  t o  e v a l u a t e  i t s  utility as a nonradioac t ive  model f o r  technetium 

i n  Purex-like s o l v e n t  e x t r a c t i o n  systems (Table A.28-A.30). 

Several years later,  Macasek observed a similar 

- 

The new work repor ted  here  (Tables 

When s o l u t i o n s  o f  TBP i n  an i n e r t  d i l u e n t  are contac ted  with aqueous 

s o l u t i o n s  conta in ing  uranyl  n i t r a t e ,  HNO3, and potassium p e r t e c h n e t a t e ,  

technet ium can be e x t r a c t e d  i n  a t  least  two d i f f e r e n t  ways: 1 7 6  
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- +  
F? + TcO4' + 3TBP + [KTcO4.3TBP] , 

- 
U022+ + NO3' + TcO4' + 2TBP [UO~(NO~>(TCOI+)*~TBP] . (26) 

In principle, a uranyl dipertechnetate complex might a l so  extract; how- 

ever, since the concentration of technetium in these experiments and in 

systems of practical interest is much smaller than the uranium concen- 

tration, this reaction is not significant. This also means that the 

bulk of the uranium will extract as the familiar dinitrate-bis(tributy1 

phosphate) complex according to the following equation: 

+ - 
U0z2+ + 2NO3- + 2TBP c [U02(N03)2*2TBP] 

Further, the distribution coefficient of pertechnetic acid declines 

rapidly as the concentration of uncomplexed or "free" TBP in the 

organic phase decreases (Sect. 3.3.1). Hence, under conditions where 

the uranium/technetium ratio is very large and much of the TBP in the 

organic phase has been complexed by reaction (27), reaction (25) is 

negligible and reaction (26) becomes the dominant one for extraction 

of technetium . 
Historically, the coextraction of technetium by uranium has been 

viewed in two conceptually different, but thermodynamically equivalent, 

ways. Siddall analyzed his data by considering the effect of reactions 

( 2 5 )  and (26) occurring simultaneously. 

as having already attained equilibrium (27), after which technetium 

extracts via an interphase anion exchange reaction such as 

MasaceklO viewed the system 
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I n  t h e  fo l lowing  d i s c u s s i o n ,  Macasek's formalism w i l l  be followed and 

t h e  e x t r a c t i o n  of technet ium w i l l  be considered on t h e  b a s i s  of Eq. 

(28) .  It should be noted t h a t  no d a t a  are' a v a i l a b l e  t o  determine t h e  

a c t u a l  mechanism by which technet ium e x t r a c t s  i n  t h e  presence of uranium 

and t h a t  t h i s  formalism is  chosen merely for convenience. The therao-  

dynamic r e l a t i o n s h i p  between t h e  t w o  t rea tments  becomes obvious when i t  

i s  recognized t h a t  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  Eq. (28 )  is the  q u o t i e n t  

of t h e  e q u i l i b r i u m  c o n s t a n t s  f o r  Eqs. ( 2 6 )  and ( 2 7 ) :  

where Q is the  q u o t i e n t  of the a p p r o p r i a t e  mlar a c t i v i t y  c o e f f i c i e n t s .  

Each of t h e  Concentrat ion terms i n  Eq. (28)  can be r e a d i l y  determined o r  

c a l c u l a t e d  from c o n c e n t r a t i o n s  t h a t  are r o u t i n e l y  measurable. For the  

reasons d iscussed  above, t h e  c o n c e n t r a t i o n  of t h e  organic-phase uranyl  

p e r t e c h n e t a t e  complex can be equated with t h e  measured t o t a l  organic-  

phase technetium concent ra t ion .  I n  a l l  of t h e  r e s u l t s  repor ted  below, 

t h e  amount of technet ium i n  t h e  o r g a n i c  phase is almost n e g l i g i b l e  i n  

comparison with t h e  amount of uranium present  i n  t h a t  phase; t h u s ,  t h e  

c o n c e n t r a t i o n  of t h e  organic-phase uranyl  d i n i t r a t e  complex is  essen- 

t i a l l y  equal  t o  t h e  measured t o t a l  organic-phase uranium concent ra t ion .  

The aqueous nitrate c o n c e n t r a t i o n  is t h e  sum of t h e  e q u i l i b r l u m  HNO3 

c o n c e n t r a t i o n  and twice t h e  measured aqueous-phase uranium concent ra t ion .  

Because HTcO4 i s  a very s t r o n g  a c i d ,  t he  measured aqueous c o n c e n t r a t i o n  

of technetium can be equated with [TcOt+-] i n  Eq.  ( 2 9 ) .  

These approximations may be summarized as Eollows: 

Combining E q s .  (25) and (26 )  and tak ing  logari thms y i e l d s :  

In hc = ln(K/Q) + I n  [q] - In [NO3-1 . (31)  
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where [N03-] i s  t h e  t o t a l ,  s t o i c h i o m e t r i c  concent ra t ion  of n i t r a t e  i n  

t h e  aqueous phase a t  equi l ibr ium ( i . e - ,  [ N O g - 1  = [ H N O 3 ]  + 2[U02(N03)2]). 

Equation (30) might be used t o  c a l c u l a t e  va lues  f o r  DTc under condi t ions  

similar t o  those used i n  t h e  h r e x  process ,  i n  terms of two process  

v a r i a b l e s  t h a t  are r o u t i n e l y  monitored and c o n t r o l l e d .  However, t h i s  

would r e q u i r e  knowledge of how K and Q vary as f u n c t i o n s  of temperature  

and c o n c e n t r a t i o n  and, as i n  t h e  s impler  HC1 and HNO3 systems, use of a 

less r igorous  method. Hence, t h e  same s t a t i s t i c a l  methods descr ibed  i n  

Sect. 3.2.4 and 3.3.2 were used t o  f i t  t h e  d i s t r i b u t i o n  d a t a  from t h r e e  

d i f f e r e n t  temperatures  t o  an equat ion  of t he  form of Eq.  ( 3 1 )  and t o  

o b t a i n  f u n c t i o n s  t o  p r e d i c t  va lues  of DTc at 25, 40, and 60°C. 

f u n c t i o n s  a r e  shown as E q s .  (31)-(33), r e s p e c t i v e l y :  

These 

I n  DTc = 0.147 + 0.370 I n  [VI - 0.897 I n  [N03-] at  25°C , (32) 

I n  DTc = 0.341 + 0.573 I n  [E] - 0.832 I n  [N03-] a t  40°C , (33) 

= 0.394 + 0.656 I n  [ t ]  - 0.750 I n  [NOg-1  at 60°C . (34) In DTc 

Unfor tuna te ly ,  t h i s  t reatment  completely i g n o r e s  t h e  changes i n  Q t h a t  

occur  as t h e  concent ra t ions  of t h e  v a r i o u s  reagents  change, making i t  

impossible  t o  a s s i g n  any p h y s i c a l  meaning t o  t h e  c o e f f i c i e n t s  i n  Eqs. 

(32)-(34). Nonetheless ,  Figs .  24-26 show t h e  success  of t h i s  approach 

by comparing t h e  va lues  of D c a l c u l a t e d  us ing  Eqs. (32)-(34) with  t h e  

a c t u a l  experimental  va lues  l i s t e d  i n  Tables A.24-A.26. Only one calcu-  

l a t e d  value of DTc i n  each of t h e  40 and 60°C d a t a  sets d i f f e r  from t h e  

measured value by more than lo%,  while t h e r e  are f o u r  such va lues  f o r  

t h e  25OC d a t a  set .  The d i f f e r e n c e  between t h e  measured and experimental  

va lues  of DTc never exceeds 21%. 

Tc 

One f u r t h e r  modi f ica t ion  of Eq.  (31) can be made. As i n  t h e  

d e r i v a t i o n  of Eq. ( 7 ) ,  t h e  r e l a t i o n s h i p  AG = -RT In  K = AH - TAS is  used 

t o  in t roduce  a temperature-dependent term i n  Eq. ( 3 1 )  and allow a l l  of 

t h e  d a t a  i n  Tables  A.25-A.27 t o  be f i t  to  a s i n g l e  equat ion.  The r e s u l t  

of t h i s  procedure i s  E q .  (35): 
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F i g .  24.  Comparison of hc i n  t h e  p re sence  of uranium a t  25°C as 
calculated from Eq. (31) w i t h  e x p e r i m e n t a l  v a l u e s  of bC. 
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Fig. 25. Comparison of in the presence of uranium at 4 O o C  as 

calculated from Eq. (32) with experimental values of be. 
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Fig. 26.  Comparison of hC i n  t h e  presence of uranium a t  60°C as 

calculated from Eq. (33) with experimental values of kc. 
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I n  DTc = -0.548 - 54.4/T + 0.641 I n  [E] - 0.879 I n  [NO3-] . ( 3 5 )  

Figure 27 shows t h a t ,  wt th the  except ion of t he  s i x  p o i n t s  connected 

wi th  a dashed l i n e ,  Eq. ( 2 4 )  c o r r e l a t e s  a broad range of d a t a  q u i t e  

s u c c e s s f u l l y .  The s i x  o u t l y i n g  p o i n t s  i n d i c a t e d  i n  t h e  f i g u r e  are t h e  

f i r s t  s i x  p o i n t s  l i s t e d  in Table A.25. These p o i n t s  could probably be 

ignored s i n c e  they were obtained under c o n d i t i o n s  where the  assumptions 

used t o  j u s t i f y  exc lus ion  of t he  e f f e c t s  of equi l ibr ium (25)  are t h e  

poores t  [i.e., t h e  [U]org i s  low and t h e  [HTc04lOrg i s  r e l a t i v e l y  h igh] .  

The f a c t  t h a t  t hese  six c a l c u l a t e d  va lues  of D are a l l  Lower than t h e  

measu red  values  sugges ts  t h a t  some technet ium i s  being e x t r a c t e d  as 

HTc04.  However, a t t e m p t s  t o  c o r r e c t  t h e s e  va lues  using t h e  known 

behavior of HTc04 r e s u l t e d  i n  only a modest improvement, probably 

because of t he  u n c e r t a i n t y  i n  c a l c u l a t i n g  t h e  f r e e  TBP c o n c e n t r a t i o n s  

i n  t h e s e  s o l u t i o n s .  

Tc 

These equat ions  (and t h e  d a t a  from which they are d e r i v e d )  i n d i -  

cate t h a t  only a r e l a t i v e l y  small amount, c e r t a i n l y  less than 5%, of 

t h e  technetium t h a t  e n t e r s  t h e  s o l v e n t  e x t r a c t i o n  p o r t i o n  of a f u e l  

reprocess ing  p l a n t  w i l l  remain with t h e  product uranium stream i f  a 

high-acid Purex f lowsheet is used. Using s i m i l a r  d a t a ,  S i d d a l l  

c a l c u l a t e d  t h a t  b e t w e e n  4 and 40% of t h i s  technetium would be recovered 

with the uranium product ,  depending on t h e  flowsheet considered.  Using 

a low-acid f lowsheet  and a l abora tory-sca le  , mult iple-batch,  counter-  

c u r r e n t  mockup of a Purex s o l v e n t  e x t r a c t i o n  process ,  Campbell’ found 

t h a t  almost 80% of t h e  technetium t h a t  en tered  t h e  process  followed t h e  

uranium stream. The author  w a s  unable t o  o b t a i n  d a t a  on t h e  amount of 

technetium t h a t  has  a c t u a l l y  been found i n  t h e  product of o p e r a t i n g  f u e l  

reprocess ing  p l a n t s .  While i t  is w e l l  e s t a b l i s h e d  t h a t  s u f f i c i e n t  tech- 

netium i s  present  i n  reprocessed uranium t o  cause o p e r a t i o n a l  problems 

i n  gaseous d i f f u s i o n  p l a n s ,  2 B  t h e  f r a c t i o n  of technetium c a r r i e d  wi th  

t h e  product uranium has apparent ly  not been repor ted .  I n  order  t o  v a l i d a t e  

t h e  r e s u l t s  of c a l c u l a t i o n s  based on Eqs. (32) - (35)  and t h e  resul ts  of 

both  S i d d a l l  and Campbell ( a l l  of which are i n  good agreement),  i t  w i l l  

be necessary t o  o b t a i n  d a t a  from an o p e r a t i n g  Purex p l a n t .  Other f a c t o r s ,  
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such as the presence of the other actinide ions (discussed below), may 

have significant effects on technetium decontamination. 

A s  expected from earlier work showing the similarity of pertech- 

netate and perrhenate in solvent extraction systems, it was found 

that the addition of uranyl nitrate to HNOrTBP-NDD solvent extraction 

systems greatly enhances the distribution of perrhenate into the organic 

phase (Table A.28-A.30). Analysis of these data using the methods 

described above for the technetium data shows that the distribution 

coefficient for rhenium can be calculated from the following equations: 

In DRe = 1.58 + 0.216 In [?I - 0.938 In [ N O j - ]  at 25°C (36) 

In DRe = -1.12 + 0.593 In [TI - 0.940 In i N 0 3 - 1  at 40°C , ( 3 7 )  

In DRe = -0.963 + 0.678 In [t] - 0.907 In INO3-1  at 60°C , (38) 

= -0.980 - 66.4/T + 0.523 In [E] - 0.907 In [ N O 3 - ]  at all T . (39) In DRe 

3.6 EXTRACTION FROM THORIUM NITRATENITKIC ACID SOLUTION 

A survey of the literature reveals that the only published data 

for the mixed thorium-technetium system are those reported by Macasek 

and Kadrabova.20 

technetium could be extracted as Th(Tc04)(N03)3*2TBP from 4 M m4NO3, 

and that a given concentration of thorium in the organic phase extracted 

on the order of ten times more technetium than did the same concentration 

of uranium. 

In a brief study at 25"C, they demonstrated that 

- 

Tables A.31-A.36 summarize the results of a series of experiments 

performed by the author to determine the effect of thorium on the 

extraction of technetium and rhenium by 30.1 vol X (1.10 M) from H N O 3  

at 25, 40, and 60°C. These data were analyzed by the same method used 

for the uranium nitrat-itric acid system (Sect. 3.5), except that 

Eq. ( 4 0 )  was assumed t o  be the extraction reaction for pertechnetate and 

perrhenate, 

- 
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Th(N03)4*2TBP + MO4 Th(M04)(N03)3*2TBP + N O j -  . ( 4 0 )  

F i t t i n g  the d a t a  t o  an equat ion  of t h e  form of Eq. ( 3 1 ) ,  but using [TI 
i n s t e a d  of [TI, y i e l d s  Eqs. (41) and (42) f o r  technet ium and rhenium, 

r e s p e c t i v e l y  : 

= -0.560 + 1398/T + 0.921 I n  [Th] -0.780 In [NOj'l * ( 4 0 )  In. DTc 

In. DRe = -2.03 + 1408/T + 0.814 In  [=I -0.806 I n  [NO j - ]  . ( 4 1 )  

and DRe show roughly a f i r s t - o r d e r  dependence on [Th] 
DTC 

A s  expected,  

and an i n v e r s e  f i r s t - o r d e r  dependence on [ N O j - 1 .  The g r e a t e s t  

d i f f e r e n c e  between the  uranium and thorium systems i s  expressed i n  t h e  

"AH/R" term, which i n d i c a t e s  a AH value  of about 0.03 kcal/mol f o r  t h e  

uranium n i t r a t e - X O 4 '  exchange r e a c t i o n  ( i . e . ,  t h e  r e a c t i o n  i s  only 

weakly temperature  dependent) and a value of -2.8 kcal/mol f o r  t h e  

thorium nitrate-XO4- exchange r e a c t i o n .  Apparent ly ,  t h e  r e l a t i v e l y  

"hard" TcO4- and KeQ4- i o n s  are mOre s t r o n g l y  bonded t o  t h e  hard Th(IV) 

c a t i o n  than  t o  t h e  r e l a t i v e l y  s o f t e r  U 0 z 2 +  c a t i o n .  

important  consequences i n  t h e  LMFBR f u e l  c y c l e ,  where Pu(1V) can be 

expected t o  show an a f f i n i t y  f o r  Tc04' very s i m i l a r  t o  t h a t  observed f o r  

Th(lV),  This  e x p e c t a t i o n  is confirmed by the  d a t a  d iscussed  i n  t h e  

fo l lowing  s e c t i o n .  

This  observa t ion  has 

3.7 EXTRACTION FROM PLUTONIUM NITRATE-NITRIC A C I D  SOLUTION 

The l i m i t e d  amount of d a t a  obta ined  on t h e  s imultaneous e x t r a c t i o n  

of Tc(VI1) and Pu(IV) i s  included i n  Table A . 3 7 .  These d a t a  a r e  somewhat 

less r e l i a b l e  than those  f o r  t h e  uranium-technetium and thorium- 

technet ium systems,  f o r  s e v e r a l  reasons.  Only the  aqueous phase was 

analyzed f o r  plutonium and technetium. The i n i t i a l  aqueous phases were 

made up from s t o c k  s o l u t i o n s  of known pU(IV), Tc(YZI), and PJO, 

concent ra t ions .  Aliquots of these  i n i t i a l  s o l u t i o n s  were kept  f o r  

a n a l y s i s ,  while  t h e  bulk of t h e  s o l u t i o n  w a s  e q u i l i b r a t e d  with an equal  

volume of 30.1% TBP. However, t h e r e  w a s  no constant- temperature  bath 



available in the plutonium glove box, and the ambient temperature may 

have varied by as much as +2"C from the nominal value of 2 5 O C .  After 

equilibration, only the aqueous phase was analyzed for plutonium, tech- 

netium, and HNO3; the organic-phase concentrations were determined by 

material balance. 

Nonetheless, even with these limitations in mind, the data clearly 

It is Tc * show the very strong effect of the presence of plutonium on D 

clear that the interaction between pertechnetate and Pu(1V) in the organic 

phase has a substantial influence on the overall decontamination of 

uranium and plutonium from technetium in Purex systems, especially when 

fuels containing a large amount of plutonium (i.e., breeder fuels) are 

reprocessed. 

4.  CONCLUSIONS 

The following conclusions can be drawn from the results of the 

study presented here : 

1. The fate of technetium entering a nuclear fuel reprocessing 

plant has not been determined quantitatively in the past. 

2 .  Previous studies of the solvent extraction behavior of 

technetium in the Purex process, while in some cases well 

done for a limited range of conditions, were generally 

too limited in scope to allow reliable calculation of the 

flow of technetium through a reprocessing plant, especially 

in cases where fuels with high plutonium contents were 

involved. 

3 .  The results presented here, along with the data obtained 

by other workers on the behavior of technetium during 

t h e  dissolution of a variety of nuclear fuels, make i t  

possible to calculate, for the first time, reasonable 

estimates for the amount of technetium that w i l l  flow 

through each portion of a given reprocessing flowsheet. 
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However, actual data from an operating reprocessing plant 

must be obtained i n  order to validate the calculated 
estimates, 

4. Because of the limited quantity and relatively poor quality 

of the mixed plutonium-technetium extraction data, addi- 

tional studies will be required bfore these systems can be 

accurately modeled. Specifically, laboratory-scale or 

pilot-plant-scale studies of solvent extraction systems 

containing Z ( V I ) ,  Pu(IV or III), and Tc(VII), similar to 

those for the U(V1)-Tc(VII) system,' are needed. 

5. Perrhenate can serve as an excellent, nonradioactive model 

for technetium in any Purex-like solvent extraction system 

under nonreducing conditions. 
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Table A.2. D i s t r i b u t i o n  of perrhenate OT per techneta te  between 
aqueous hydroch lor lc  a c i d  and t r l b u t y l  

phosphate In  E-dodecane a t  40°C 

[TBPI = 0.339 E (9.28 Val $1 
0.20 -- - 
0.40 
0.60 
0.79 
0.99 
1.98 0.070 2.82 
2.96 0.171 2.70 
3.92 0.295 2.68 

ITBPI = 0.738 M (20.0 vol $1 

0.40 0.064 2.70 
0.60 0.102 2.70 
0.79 0.183 2.63 
0.99 0.274 2.55 
1.98 0.569 2.21 
2.96 1.01 1.74 
3.92 1.41 1.31 

[TBPI = 1.11 M (30.5 MI $1 
0.20 0.T99 2.37 
0.40 0.483 2.36 
0.60 0.553 2.22 
0.79 0.59 1 2.14 
0.99 0.74 I 2.00 
1.98 1.47 1.28 
2.96 1.88 0.89 1 
3.92 2.14 0.580 

[TBPI = 1.45 M (39.6 vol $1 
0.20 0.33 2.36 
0.40 0.875 1.99 
0.60 1.12 1.72 
0.79 1.45 I .40 
0.99 1.51 1.29 
1.98 2.22 0.650 
2.96 2.42 0.365 
3.92 2.67 0.166 

[TBPl = 2.18 M (59.7 vol b) 
0.20 1 .Ti 1.61 
0.40 1.40 1.28 
0.60 2.01 0.789 
0.79 2.19 0.585 
0.99 2.22 0.478 
1.98 2.55 0.188 
2.96 2.67 0.113 
3.92 2.68 0.0483 

[TBPI = 2.90 M (79.3 MI $1 
0.20 2.To 0.762 
0.40 2.39 0.462 
0.60 2.73 0.322 
0.79 2.64 0.242 
0.99 2.74 0.193 
1.98 2.90 0.0859 
2.96 2.79 0.0537 
3.92 2.73 0.0268 

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

0.20 0.036 2.80 

- *  - 
I - - 

0.025 
0.063 
0.110 

0.020 
0.024 
0.0378 
0.0696 
0.107 
0.258 
0.581 
1.08 

0.0840 
0.205 
0.249 
0.276 
0.37 1 
1.15 
2.11 
3.69 

0.234 
0.440 
0.651 
1.04 
1.17 
3.42 
6.63 

16.1 

0.689 
1.09 
2.55 
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4.64 

13.6 
23.6 
55.5 

2.76 
5.17 
8.48 

10.9 
14.2 
33.8 
52.0 

102 

0.0126 
0.0257 
0.0389 
0.0558 
0.0718 
0.203 
0.4 13 
0.804 

0.156 
0.297 
0.423 
0.579 
0.716 
1.40 
2.42 
3.26 

0.495 
0.83 1 
1.10 
1.45 
1.58 
2.12 
2.88 
2.19 

0.973 
1.57 
1.91 
2.07 
2.35 
2.86 
3.22 
3.35 

2.35 
2.86 
3. IO 
3.28 
3.44 
3.66 
3.73 
3.79 

3.21 
3.49 
3.71 
3.32 
3.84 
3.82 
3.81 
3.74 

3.91 
3.96 
3.93 
3.94 
3.94 
3.86 
3.56 
3.19 

3.73 
3.67 
3.61 
3.34 
3.21 
2.06 
1.56 
1.03 

3.06 
2.59 
2.34 
2.09 
1.90 
1.01 
0.56 1 
0.299 

2.56 
2.01 
1.67 
1.40 
1.10 
0.560 
0.228 
0.142 

1.47 
0.972 
0.693 
0.519 
0.407 
0.148 
0.0728 
0.0452 

0.676 
0.36 1 
0.236 
0.125 
0.131 
0.0428 
0.0201 
0.0179 

0.00322 
0.00649 
0.00990 
0.0 I4  1 
0.0182 
0.0526 
0.116 
0.252 

0.0418 
0.0809 
0.1 I 7  
0.173 
0.223 
0.680 
1.55 
3.17 

0.162 
0.32 1 
0.470 
0.694 
0.832 
2.10 
5.13 
7.32 

0.380 
0.781 
1.14 
I .48 
2.14 
5.11 

14.1 
23.6 

1.60 
2.94 
4.47 
6.32 
8.45 

24.7 
51.2 
83.8 

4.75 
9.67 

15.7 
25.6 
29.3 
89.3 

190 
209 

-- -- -- - - 
2. I 
1 .8 
2.3 

2.1 
3.4 
3.1 
2.5 
2.1 
2.6 
2.7 
2.9 

I .9 
1.6 
I .9 
2.5 
2.2 
1.8 
2.4 
2.0 

1.6 
1.8 
1 .8 
1.4 
1.8 
1.5 
2.1 
1.5 

2.3 
2.7 
1 .8 

1.8 
1.8 
2.2 
1.5 

1.7 
1.9 
1.9 
2.4 
2.1 
2.6 
3.6 
2.0 

1.7 
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Table A.3. Distribution of perrhenate CY pertechnetate between 
aqueous hydrochloric acid and tri butyl 

phosphate In c-dodecane a t  60°C 

ITBPI = 0.339 (9.28 vol %) 
0.20 - ..e 

0.40 I I 

0.60 - -- 
0.78 - -- 
0.98 e -- 
I .96 ..- -- 
2.93 - - 
3.80 - I 

ITBPI = 0.738 fi (20.2 vol $1 
0.20 - -- 
0.40 0.037 2.83 
0.60 0.070 2.76 
0.78 0.107 2.8 1 
0.98 0.135 2.75 
1.96 0.276 2.65 
2.93 0.472 2.37 
3.88 0.805 2.08 

ITBPI = 1.11 H (30.5 vol %) 
0.20 0.6537 2.73 
0.40 0. I18 2.79 
0.60 0.204 2.63 
0.78 0.328 2.56 
0.98 0.376 2.46 
1.96 0.719 2. I7 
2.93 1.27 1.50 
3.88 1.56 1.20 

[TBPI = 1.45 M (39.6 vol %) 
0.20 0.f23 2.72 
0.40 0.225 2.58 
0.60 0.478 2.35 
0.78 0.644 2.22 
0.98 0.660 2. I4 
1.96 1.43 1.39 
2.93 1.92 0.907 
3-88 2.24 0.558 

ITW1 = 2.18 M (59.7 vol %I 
0.20 0.526 2-36 
0.40 0.929 1.96 
0.60 1.11 1.68 
0.70 1.55 1.35 
0.98 1.60 1.24 
1.96 1.15 0.403 
2.93 2.58 0.242 
3.88 2.76 0.124 

[TWI = 2.90 M (79.3 v o l  $1 
0.20 1 -33 1.57 
0.40 1.73 1.11 
0.60 2.08 0.81 1 
0.78 2.38 0.569 
0.98 2.52 0.408 
1.96 2.79 0.183 
2.931 3.04 0.113 
3.88 2.85 0.054 

- 0.0035 
I 0.0066 

0.01 I5 -- 0.0155 - 0.0215 
0.06 18 

I 0.139 -- 0.293 

- 0.0370 
0.013 0.0685 
0.025 0.0994 
0,0381 0.132 
0.0491 0.185 
0.104 0.473 
0.199 0.093 
0.387 1.46 

0.0197 0.144 
0.0423 0.255 
0.0776 0.370 
0.128 0.489 
0.153 0.605 
0.351 1.29 
0.804 2.03 
1.30 2.55 

0.0452 0.318 
0.0872 0.549 
0.203 0.761 
0.290 0.959 

1.03 2.04 
2.12 2.67 
4.01 3-04 

0.308 1.24 

0.223 1.08 
0.474 1.56 
0.661 1.93 
1. I5 2. I4 
1.29 2.44 
2-65 3.12 
10.7 3.4 1 
22.3 3.56 

0.847 2.14 
1.56 2.47 
2.56 2.75 
4.18 2.71 
6. I8 2.99 
15.2 3.33 
26.9 3.29 
52.8 3.53 

3.44 
3.47 
3.45 
3.49 
3.51 
3.41 
3.34 
3. I8 

3.33 
3.47 
3.37 
3.3 1 
3.29 
3.07 
2.64 
2.12 

3.34 
3.29 
3. I4 
3.04 
2.96 
2.20 
1.39 
0.907 

3.28 
3.06 
2.85 
2.56 
2.38 
I .32 
0.763 
0.457 

2.4 1 
1.99 
1.71 
1.36 
1.21 
0.540 
0.251 
0.148 

1.64 
1.06 
0.8 15 
0.630 
0.431 
0.190 
0.0859 
0.0465 

0.0010 - 
0.0019 - 
0.0033 -- 
0.0044 - 
0.0061 -- 
0.0181 - 
0.0416 -- 
0.0921 -- 

0.0111 - 
0.0197 1.5 
0.0295 1.2 
0.0399 1.0 
0.0562 1 . 1  
0.154 1.5 
0.338 1.7 
0.689 I .8 

0.0431 2.2 
0.0775 1.8 
0.120 1.5 
0,161 1.3 
0.204 1.3 
0.586 1.8 
1.46 1.8 
2.81 2.2 

0.0970 2.1 
0.179 2.1 
0,267 1.3 
0.375 1.3 

1.55 1.5 
3.50 1.7 
6.65 1.7 

0.521 1.7 

0.448 2.0 
0.784 1.7 

2.02 1.6 
5.78 2.0 
13,6 1.3 
24.1 1 . 1  

1.13 1.7 
1.57 I .4 

1.30 1.5 
2.33 1.5 
3.37 I .3 
4.30 I .o 
6.94 1 . 1  
17.5 t .2 
33.3 1.4 
75.9 1.4 
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Table A.4. Mean m l a r  activity coefficients 
for hydrochloric acid 

0.20 0.768 0.154 0.20 0.754 0.151 0.20 0.735 0.147 

0.40 0.758 0.303 0.40 0.739 0.296 0.40 0.714 0.286 

0.60 0.779 0.467 0.60 0.7% 0.454 0.60 0.713 0.428 

0.80 0.795 0.636 0.79 0.767 0.606 0.70 0.723 0.564 

1.00 0.827 0.827 0.99 0.795 0.787 0.90 0.7% 0.741 

1.98 1.02 2-02 1.96 0.953 1.87 2.00 1.07 2.14 

3.00 1.48 4.44 2.96 - - 2.93 - -- 
4.00 2.15 8.60 3.92 - I 3.88 - 1 

Table A.5. Olstrlbutlon of perrhenatsa between ueou5 
acld solutions and 20 vol tributyl phosphatsrC 

Norm I I ty HN03 IC104 HCI H2=, 

0 0.015 0.015 0.015 0.015 

1 0.14 0.031 0.54 0.39 

2 0.087 0.007 1.27 0.91 

3 0.032 0.00 1 2.77 1.42 

4 0.015 - 5.99 -- 
5.6 -- I -.. 5.65 

6 0.0018 

7.2 I -- - 11.5 

9 ~0.0001 - -- 18.44 

I - P- 

- - -- 12 <0.0001 

a l n i t l a l  l H R e 0  I 14.2 IM In the aqueous phase. 
bData adapted !#ri ref. fT. 
CNo temperature reported for th i s  study. 
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Table A.6. D i s t r i b u t i o n  c o e f f i c i e n t  o f  per technetate 
between various 1 Nsqueous  s o l u t i o n s  and t r l b u t y l  

phosphate i n  cyclohexatm a t  25°C' 

(nea t  1 44 8.3 7.5 

0.1 0.27 0.002 0.00 1 

aData adapted from r e f .  5. 

T a b l e  A.7. D i s t r i b u t i o n  c o e f f l c i e n t  of pe r techne ta te  
between 13 s o l u t i o n s  of  var ious s t r o n  

pu re  T0P a t  room temperature 2 acids and 

H2S04 %I HBr HNO 3 HI  *lot+ 

44 120 91 29 79 5.6 

aOata adapted from r e f .  5. 
bThe authors note t h a t  Tc(Vi  1 )  i s  thermodynamical l y  unstable 

toward r e d u c t i o n  I n  1 1 HI  and t h a t  t he  valence s t a t e  ex t rac ted  may 
have been Tc(V). 

Table A.8. D i s t r i b u t i o n  c o e f f i c i e n t  of per technetate 

pure TBP at-rmm temperaturea 
between var ious 1 M n i t r a t e  s o l u t i o n s  and 

HNO3 LiNO3 NHI+PJ03 NaN03 KNO3 C a ( N 0 3 ) ~  Cu(NO3)z A I ( N O j 1 2  

28.3 14.7 4.6 2.2 1 . 1  14.6 5.4 4.4 

aOata adapted from ret.  5. 
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Table A.9. Ef fect  of adding L IC I ,  NaCI, cr KCI 
t o  1 M HCI on the extract ion of 0.002 M KTcO4 
by 3O-voI % t r i b u t y l  phosphate In L-doTecane 

lMCl I Temperature %C 

(E) (*C) L l C l  Nai I KC I 

0.1 25 3.86 3.54 
0.2 25 4.25 3.40 

25 4.48 -- 0.3 
0.4 25 4.69 3.68 

25 5.05 -I 0.5 
0.6 25 5.29 
0.78 25 5.90 -- 
0.8 25 - 3.62 

25 _- 3.98 - 5.4 1 
1 .o 

25 
I 5.74 

2.0 
25 

4.0 25 - 9.28 
3.0 

0.1 40 1.11 0.825 
0.2 40 - 0.830 
0.3 40 1.22 -- 

40 1.25 0.918 0.4 
0.5 40 1.34 
0.6 40 1.51 
0.78 40 1.61 -- 

40 I 0.966 
1 .o 40 I 1.05 
0.8 

40 -- 1.42 
3.0 40 - 1.77 
2.0 

4.0 40 -- 2.52 

0.1 60 0.259 0.219 
0.2 60 I 0.223 
0.3 60 0.299 - 
0.4 60 0.3 12 0.241 
0.5 60 0.347 -- 

60 0.375 I 0.6 
0.78 60 0.406 - 
0.8 60 - 0.265 
1.0 60 - 0.272 
2.0 60 - 0.395 
3.0 60 - 0.513 
4.0 60 -- 0.687 

-- 

- 
D- 

2.43 
2.35 

2.46 
__ 
-- -- -- 

2.34 
2.43 
2.15 
2.33 

0.820 
0.79 1 -- 
0.847 -- 
-- 

0.730 
0.740 
0.734 
0.786 - 
0.202 
0.205 

0.214 
-- 
..." -- -- 

0.210 
0.191 
0.214 
0,225 
1 
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Table A.10. Distribution of p e r r h e n a t e  and p e r t e c h n e t a t e  between 
a q u e o u s  n l t r l c  acid and t r l b u t y l  p h o s p h a t e  

I n  plodecane at 25’C 

ITBPI  
0.10 
0.20 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1 .oo 
2.00 
3.00 
4.00 

lTWi 
0.10 
0.20 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1 .oo 
2.00 
3.00 
4.00 

= 0.732 (19.8 VOI 5) - I 

0.11 2,67 
0.20 2.54 

0.25 2.6 1 

0.26 2-49 

0.23 2.58 
0.13 2,72 
0.032 2.90 

I I 

- - 
- - 

I I 

ITBPI = 1.10 fi (30.0 vol $1 
0. i a  I 

0.20 0.48 2-31 
0.40 0.72 2.08 
0.60 0.74 2.03 
0.80 0.79 2.1 1 
1.00 0.70 2.08 
1.50 
2.00 0.44 2.35 
2.50 I - 
3.m 0.21 2.70 
3.5c 
4.00 0.048 2-97 
5.00 -- I 

6.00 

- I 

- - 
- -- 

ITBPI = 1.46 (40.1 
0.10 I 

0.20 1.12 
0.40 1.27 
0.50 I 

0.60 1.44 
0.70 - 
0.80 1.49 
0.90 - 
1.00 1.47 
2.00 0.913 
3.00 0.467 
4.00 0.209 

vol I, 
1.86 
1.65 

1.50 

1.54 

1.45 
1.87 
2.27 
2.68 

- 
- 
- 

- - 
0,010 

0.012 

0.01 1 

-- 
- 
- - 
-- 

0.041 
0.079 

0.096 

0.10 

0,089 
0.048 
0.01 1 

- 
I 

- 

- 
I 

0.21 
0.35 
0.36 
0.37 
0.34 

0.19 

0.078 

0.016 

- 
- 
-- 
-- 
I 

-- 
0.602 
0.770 

0.960 

0.968 

1.01 
0.488 
0,206 
0.0700 

-- 
- 
-- 

0.03 1 1 
0,0554 
0,0913 
0.104 
0.116 
0.121 
0.125 
0.126 
0.126 
0.079 1 
0,0348 
0.0145 

0.230 
0.402 
0.636 
0.743 
0.824 
0.906 
0.876 
0,881 
0.826 
0.443 
0.202 
0.0858 

0.616 

1.10 
0.896 

1.17 
1.18 
1.05 
0.841 
0.6 19 
0.428 
0.281 
0.187 
0.122 
0.0640 
0.0318 

4.71 
4.6 1 
4.61 
4.58 
4.61 
4.60 
4.56 
4.-55 
4.63 
4.63 

4.60 
4.68 

4.63 
4.57 
4.14 
4.00 
3.92 
3.97 
3-89 
3.99 

4.29 
4.69 
4.72 

3.87 

2.02 
1.61 
1.35 
1.33 
1.30 
1.33 
1.47 
1.00 
1.87 
1.96 
2.02 
2.11 
2.40 
2.3 1 

0.00660 
0.0120 
0.0198 
0.0227 
0.0252 
0.0263 
0.0274 
0.0277 
0.3272 
0.0171 
0.007 44 
0.00315 

0.0497 
0.0880 
0.154 
0.186 
0.210 
0.220 
0.225 
0.221 
0.213 
0.103 
0.043 1 
0.0182 

0.305 
0.557 
0.815 
0.880 
0.908 
0.789 
0.572 
0,344 
0.229 
0.143 
0.0926 
0.0578 
0.0267 
0.0138 

2.1 
1.9 

2.7 
2.3 
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Table A.10 (continued) 

lTWl * 2.18 (59.8 vol $1 
0.10 - - I 3.28 1.43 2.29 - 
0.20 1.86 0.907 2.05 3.61 0.965 3.74 1.8 
0.40 2. I4 0.736 2.91 3.72 0.714 5.21 1.8 
0.50 L 

0.60 2.18 0.660 3.30 4.05 0.704 5.75 1.7 
0.70 - I - 3.76 0.639 5.88 - 
0.80 2.23 0.639 3.49 3.63 0.648 5.60 1.6 
0.90 I - 3.65 0.702 5.20 1 

1 .oo 2.10 0.016 2.57 3.82 0.802 4.76 1.9 
2.00 1.78 1.19 1.50 2.99 1.51 1.98 1.3 
3.00 1.16 1.76 0.659 2.06 2.53 0.814 1.2 
4.00 0.687 2.39 0.287 1.19 3.46 0.344 1.2 

ITBPI = 2.93 p_?. (80.2 vol 2) 
0.10 - 1 4.12 0.676 6.10 1 

0.20 2.40 0.408 6.08 4.69 0.355 13.2 2.2 
0.40 2.46 0.301 0.17 4.77 0.263 18.1 2.2 
0.50 L - - 4.70 0.259 18.1 - 
0.60 2.40 0.258 9.30 4.68 0.259 18.1 1.9 
0.70 I - - 4.66 0.274 17.0 1 

0 -89 2.57 0.263 9.77 4.30 0.261 16.5 1.7 
0.90 - - 4.46 0.297 15.0 -- 
1 .oo 2.47 0.306 8.07 4.32 0.323 13.4 1.7 
2.00 2.37 0.483 4.91 3.92 0.776 5.05 1.0 
3.00 2.12 0.795 2.67 2.94 1.53 1.92 0.72 
4.00 1.37 1.33 1.03 2.08 2.47 0.842 0.82 

- - - 3.87 0.696 5.56 
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Table A.11. Distribution of perrhenate and pertechnetate between 
a q u a s  nitric a c l d  and t t i b u t y l  phosphate 

I n  E-dodecane a t  40.C 

ITBPI  * 0.365 M (9.99 MI $1 
0. IO - 
0.20 I - 
0.40 -- Y 

0.50 I -- 
0.60 I - 
0.70 - - 
0.00 I - 
0.90 -- ..- 
1 .OO 
2.00 - - 
3.00 
4.00 

tT8Pl = 0.732 E (19.8 vol 
0.10 
0.20 0.032 2.89 
0.40 0.038 2.79 
0.50 - I 

0.60 0.054 2.74 
0.70 
0.80 0.064 2.86 
0.90 -- I 

1 .oo 0.059 2.82 
2.00 0.048 3.07 
3 .QO 0.032 2.98 
4.00 

ITBPI = 1.10 E (30-0 vol I) 
0.10 - - 
0.20 0.140 2.74 
0.40 0,188 2.60 
0.50 I 

0.60 0.204 2.49 
0.70 -- -- 
0.80 0.242 2.54 
0.90 - I 

I .oo 0.23 1 2.53 
2.00 0. I34 2.60 
3-00 0.0752 2.79 

- - 

- I 

I I 

I - 
- -- 

- - 

u I 

4.00 0,0483 2.83 

ITBPI  = 1.46 E (40.1 vol $1 
0.10 
0.20 0.290 2.39 
0.40 0.440 2.19 
0.50 - -- 
0.60 0.505 2.10 
0.70 -- I 

0.80 0.553 2.07 
0.90 - - 
1 .00 0.531 2.12 
2.00 0,322 2.34 
3.00 0.172 2.59 
4,00 0.0913 2.68 

- I 

-- 
0.01 I 
0.014 

0.020 

0.022 

0,021 
0.016 
0.01 1 

- 
_- 
-- 

I 

-- 
0.05 1 I 
0.07 23 

0.0819 

0.0953 

0.09 I3 
0.0515 
0.0270 
0.0171 

- 
-- 
- 

I 

0.121 
0.20 1 

0.240 

0.267 

0.250 
0.138 
0.0664 
0.034 1 

-- 
- 
-- 

0.009 1 
0.0168 
0-03 14 
0.0352 
0.0390 
0.04 I6 
0.0456 
0.0478 
0.0469 
0.0339 
0.0102 
0.0077 

0.114 
0.209 
0.307 
0.377 
0.375 
0.378 
0.382 
0.382 
0.388 
0,226 
0.103 
0.046 5 

0.448 
0.742 
1.01 
1.14 
1.12 
1.15 
1.15 
1.12 
1 . 1 1  
0.732 
0.315 
0.159 

0.912 
1.34 
1.76 
1.86 
I .90 
1.94 
1.87 
1.85 
1.90 
1.11 
0.577 
0.282 

4.85 
4.70 
4.76 
4.86 
4.75 
4.83 
4.77 
4.82 
4.78 
4.80 
4.86 
4.86 

4.78 
4.66 
4.48 
4.38 
4.45 
4.4 1 
4.51 
4.43 
4.48 
4.62 
4.69 
4.82 

4.43 
4.21 
3.83 
3.86 
3.72 
3.74 
3.66 
3.64 
3.83 
3.94 
5.04 
4.78 

4.11 
3.54 
3.14 
3.07 
3.07 
3.08 
3.06 
3.03 
3.64 
3.97 
4.08 
4.93 

0.0019 
0.0035 
0.0066 
0.0072 
0.0082 
0.0086 
0.0096 
0.0099 

0,007 1 
0.0037 
0.0016 

0. 0098 

0.0238 
0.0448 
0.0685 
0.086 1 
0.0843 
0.0857 
0,0847 
0.0862 
0.0866 
0.0409 
0.0220 
0.0096 

0.101 
0.176 
0.264 
0.295 
0.301 
0.307 
0.314 
0.308 
0.290 
0. I86 
0.0625 
0.0333 

0.222 
0.379 
0.56 I 
0.606 
‘3.519 
0.630 
0.61 1 
0.61 1 
0.522 
0.280 
0.14 I 
0.0572 

-- 
4.1 
4.9 

4.2 

3.8 

4.1 
3.1 
2.0 

I 

-- 

I 

2.1 
2.0 
21 1 
1.7 
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Table A . I I  (continued) 

ITBPI * 2.18 E (59.8 vot $) - - I 2.21 2.55 0.867 - 0.10 
0.20 1.02 1.77 0.576 2.85 1.94 1.47 2.6 
0.40 1.52 1.40 I .09 3.28 1.54 2.13 2.0 
0.50 - - - 3.46 1.43 2.42 
0.60 1.55 -1 .30 1.19 3.29 1.39 2.37 2.0 
0.70 - - - 3.43 1.41 2.43 
0.80 1-61 1.25 1.29 3.45 1.42 2.43 1.9 
0.90 - I - 3.39 1.43 2.37 
1 .00 1.52 I .29 1.18 3.37 1.47 2.29 1.9 
2.00 1.19 7.63 0.730 2.52 2.24 1.13 1.5 
3.00 0.768 2.12 0.362 1.52 3.27 0.465 1.3 

- 
1 

- 

4.00 0.403 2.43 0.166 0.838 3.99 0.210 1.3 

ITWI = 2.93 E (80.2 vol I) - - - 3.47 1.40 2.48 - 0. IO 
0.20 1.90 0.832 2.28 4.07 1.01 4.03 1 .8 

0.633 3.16 4.27 0.625 6.83 2.2 - - 4.33 0.632 6.85 - 0.40 2.00 
0.50 - 
0.60 4.64 1.22 3.80 4.26 0.614 6.94 1 .8 - - - 4.05 0.579 7.00 - 0.70 

3.83 4.37 0.645 6.78 1.8 - 4.22 0.629 6.71 - 0.80 2.16 0.564 
0.90 - - 
1 .00 2.15 0.564 3.01 4 -04 0.625 6.46 1.7 
2.00 1.99 0.816 2.44 3.50 1.27 2.76 1.1 
3.00 1.44 1.20 1-20 2.56 2.17 1.18 1.0 
4.00 1.08 1.63 0.663 1 .a0 3.03 0.594 0.9 
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Table A.12, Distribution of perfhenate and pertechnetate bstween 
squsous n i t r i c  acld and t t IbutyJ phosphab 

In n=dudecane a t  60.C 

ITBPI 
0.10 
0.20 
0.40 
0.50 
0.60 
0.70 
0.80 
0,W 
1 .OO 
2.00 
3,OO 
4.00 

1w1 
0.10 
0.20 
0.40 
0.50 
0-60 
0.70 
0.80 
0.90 
1.001 
2.00 
3.001 
4.00 

ITBPI = 1-10 (50.0 vol $1 
0.10 - - 
0.20 0,027 2.69 
0.40 0.043 2,86 
0,50 - 
0.60 0.043 2.69 
0.70 - - 
0.80 0.047 2.75 
0.90 - 
1 ,oo 0.043 2.80 
2.00 0.028 2.82 
3.00 - - 
4,OO - 
t y w i  = 1.46 M (40.1 - 0.10 - 
0.20 0,070 
0.40 0.102 
0.50 - 
0.60 0,118 
0.70 
0.80 0.118 
0.90 - 
1 .oo 0.1 18 
2.00 0.08 1 
3.00 0.043 
4.00 I 

vol $1 - 
2.79 
2.80 
I 

2.74 

2.40 

2,63 
2.82 
2.80 

I 

- 
I 

- 
0.010 
0.015 

0.016 

0.017 

0.01 5 
0.010 

- 
I 

- 
I 

- 
0.025 
0.0364 

0.043 1 

0,049 1 

0.0449 
0.029 
0.0 15 

- 

- 

0.0024 
0.0042 
0.0082 
0,0093 
0.0105 
0,0157 
0.01 18 
0.0134 
0.0139 
0.0121 
0.0086 
0.004 1 

0,0246 
0.0429 
0.0734 
0.0860 
0.0954 
0.100 
0.104 
0. IO8  
0.111 
0,0800 
0.0419 
0.0229 

0.104 
0.167 
0.278 
0.312 
0,337 
0.344 
0.362 
0.366 
0.355 
0,259 
0. I78 
0.090 

0.224 
0.357 
0.54 1 
0.608 
0.652 
0.640 
0.66 1 
0.667 
0.678 
0.457 
0.237 
0.131 

4.99 
4.97 
4 .m 
5.00 
4.93 
4.93 
4.89 
4.98 
5.19 
4.90 
4.97 
4.91 

4.69 
4,70 
4.82 
4.78 
4.74 
4.71 
4.72 
4 , a  
4.28 
4.73 
4,81 
4-80 

4.81 
4.70 
4.71 
4.58 
4.48 
4.40 
4.44 
4.52 
4.34 
4.67 
4.67 
4.05 

4.61 
4.34 
4.23 
4.26 
4.16 
4.02 
4.02 
4.04 
4.05 
4.32 
4.39 
4.73 

0.0004a 

0.0017 
0.00084 

0.0019 
0.00213 
0.00318 
0 .OO 24 2 
0.00269 
0.00269 
0.00268 

O.OOO84 
0.0017 

0.005 25 
0.00913 
0.0152 
0.0180 
0.0201 
0.0212 
0.0220 
0.023 1 
0.0259 
0,0169 
0,00871 
0.00477 

0.0216 
0.0355 
0.0590 

0.0752 
0.0782 
0.08 15 
0.08 10 
0.08 18 
0.0555 
0.038 1 
0.0186 

0.068 I 

0.0486 

0.128 
0.143 

0.159 
0.164 
0.165 
0.167 
0.106 
0.054 
0.028 

0.0823 

0.157 

- 
3.6 
3.9 

4.7 
- 
I 

4.8 
I 

5.5 
5.5 - 

- 
3.3 
3.5 

3.6 

3.3 

3.7 
3.7 
3.6 

L- 

a- 

-- 
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Table A.12 (continued) 

ITBPI = 2.18 E (59.8 vol $1 
0.10 - I - 0.740 3.45 0.214 -- 
0.20 0.242 2.37 0.102 1.17 3.42 0.342 3.3 
0.40 0.440 2.04 0.216 1.57 3.06 0.513 2.4 
0.50 - - - 1.69 2.83 0.597 

0.70 - - - 1.76 2.70 0.652 -- 
0.80 0.633 2.05 0.309 1.78 2.71 0.657 2.1 
0.90 - - c 1.74 2.70 0.644 -- 
1 .oo 0.687 2.02 0,340 1.88 2.74 0.636 2.0 
2.00 0,489 2.09 0.234 1.35 3.19 0.423 1.8 
3.00 0.290 2.33 0. I24 1.09 3.84 0.284 2.3 
4.00 0. I50 2.71 0.055 0.455 4.32 0.105 1.9 

I T B P I  = 2.93M (80.2 voI $1 
0.10 - - - 2.13 2.71 0.706 - 
0.40 1.19 1.50 0.793 3.24 1.73 1.87 2.4 - - - 3.35 1.67 2.0 1 - 0.50 
0.60 1.39 1.27 1.09 5-35 1.48 2.26 2.1 
0.70 I I - 3.39 1-38 2.46 
0.80 1.42 1.24 1.15 3.47 1.51 2-30 2.0 - - - 3.45 1.48 2.33 1 0.90 
1 .oo 1.42 1.18 1 .m 3.51 1.49 2.36 2.0 
2.00 1.34 1.41 0.950 2.75 2.18 1.26 1.3 
3.00 0.982 1.78 0.552 1.75 2.78 0.629 1.1 
4.00 0.607 2.17 0.280 1.17 3.65 0.321 1.1 

- 
0.60 0.580 2.07 0.280 1.85 2.78 0.665 2.4 

0.20 0.929 1.78 0.522 2.72 2.19 1.24 2.4 

- 
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Table A.15. Dlstrlbutlan of nitric acid and perrhenate 
between 4uscws nitric acid and t r i h t y l  phosphate 

i n  mrtxm tetrachloride at W C a  

0.085 
0.143 
0,308 
0.570 
0.726 
1.035 
2.245 
3.290 
5.225 

0.024 
0.066 
0.209 
0.464 
0.623 
0,901 
1.620 
1.905 
2.718 

ITWI, = 3.00 (82.2 vol $1 

0.088 0.018 
0.162 0.048 
0,347 0,170 
0.646 0.398 
0 e 838 0.521 
1.170 0.730 
2,476 1.402 
3.487 1.750 
5.630 2.52 1 

ITWI, - 2.00 5 (54.8 MI I, 
0.097 0.009 
0.185 0.025 
0*426 0.092 
0.778 0.261 
1 m o o 8  0.378 
1.415 0.498 
2.780 1.118 

ITWI, = 1.50 (41.1 vol  $1 

3.63 905 
3.58 926 
3.44 925 
3.19 932 
3.03 922 
2.74 85 1 
2.03 748 
1.74 535 
0.92 236 

2.98 
2.95 
2.83 
2.60 
2.48 
2.27 
1.60 
1.25 
0.68 

1.94 
1.98 
1.91 
1.74 
1.62 
1.50 
0.882 

613 
666 
790 
875 
866 
802 
552 
338 
126 

206 
366 
460 
652 
599 
425 
186 

61.7 14.7 
37.6 24.6 
20.2 25.8 
12.8 73.0 
18.8 49.0 
70.3 12.1 
20.7 3.60 

44 2 1.21 
820 0.290 

378 
320 
187 

103 
166 
44 2 
682 
936 

93.0 

807 
63 5 
543 
343 
39 3 
572 
844 

1.62 
2.08 
4.23 
9.40 
8.40 
4.83 
1.25 
0.495 
0.135 

0.260 
0.576 
9,848 
1.90 
1.52 
0.74 1 
0.220 

0.101 10.004 1.50 63.1 906 0.071 
0.198 0.009 1.49 I14 89 1 0.127 
0.461 0.058 1.44 193 819 0,236 
0.866 0.171 I .33 201 81 1 0.248 
1,099 0.281 1.22 24 3 767 0.317 
1.535 0.377 1.12 116 884 0.131 

%ata adapted from ref. 12. 
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Table A.14. Distr tbut lon of perrhenlc a c l d  between n i t r i c  a c l d  
and tr i buty I phosphate In odor less kerosene'p 

OR* ITWI rwi I HNO3 1 I *eo4 1 
(M) (vol T I  (M, (3, - 

20 
20 
20 
20 

10 
20 
30 
40 
50 

20 
20 
20 
20 
20 
20 
20 
20 

0.75 
0.750 
0.75 

0.375 
0.150 
4.13 
1.50 
1.88 

0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 

12.75 

1 .o 
1.0 
1 .o 
1.0 

0 
1 
2 
3 
4 
6 
9 
12 

0.0377 
0.0269 
0.0142 
0.0054 

O.Gl07 
0.0107 
0,0107 
0.0107 
0.0107 

0.0142 
0.0142 
0.0142 
0.0142 
0.0142 
0.0142 
0.0142 
0.0142 

0.14 
0.14 
0.13 
0.14 

0.023 
0.14 
0.50 
1.02 
2. t o  

0.015 
0.14 
0.087 
0.032 
0.015 
0.0018 
40-4 
<lo-'+ 

%ata adapted from ref. 13. 
bF(0 temperature reported for t h i s  study. 

Table A.15. Dlstr lbut ion of pertechnetate between aq 8ous 
nlttIc acid and t r l b u t y l  phosphate i n  synthlnea* !I 

I HN03 1 DTC - 
(E) 100s w 20s TBp 

0.01 1 .a 0.00045 
0.1 26 0.052 
0.5 46 0.16 
1 .o 65 0.16 

4.0 13 0.0024 
6.0 1.3 0.0055 
8.0 0.32 0.0026 

12.0 0.13 0.0046 
16.4 0.30 C 

2.0 22 0,087 

aData adapted from ref.  9. 
bNo temperature reported for t h i s  study. 
CThlrd phase formed. 
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Table A.16. DIstrIbution of pertechnetate between 4 M NH4NO3 
In  aqueous nltric acid and trIbutyI phosphate- 

In carbon tetrachloride st 25'Ca 

ITW 1 
PH (fil h C  

1.95 

1-96 

1.98(5) 

1.99 

I.*( 5) 

2.01(5) 

2.04 

2-08 

2.14(51 

2.23( SI 

2-33 

2.51(5) 

0.00 

0.075 

0. I50 

0.225 

0.301 

0.451 

0.753 

0.930 

1.13 

1.50 

1.88 

2-63 

5-72 x 10-5 

9.42 10-5 

0.000 1 50 

0.000 257 

0.000455 

0.00140 

0.0036 7 

0.00938 

0.0167 

0.0365 

0.0687 

0.177 

'Jbta adapted from ret. 10. 

Table A-17. Dfstrlbutlon of pertechnetate b*ween 
aqueous n i t r t c  a c l d  and 30 MI $ trlbutyl phosphate 

i n  n-dodecsne at B'C? 

0 

0.1 

0.3 

0.5 

0.7 

I .o 
2.0 

3.0 

0,00162 

0.437 

0.908 

1. I38 

1.168 

0.890 

0.370 

0.141 

aData der1 ved from ref. 11 ~ 
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Table A.18. D i s t r i bu t l on  of pertechnetate between 0.75 M 
n l t r l c  acld and M vol 2 t r i b u t y l  phosphate i n  kerosene 

as a function of temperature and organic-phase 
uranyl n i t r a t e  oDncentratic-na 

Temperature 
( * C )  

I U Iorxgan I c 

0.0 0.441 

11 

18 

24 

50 

40 

50 

60 

2.28 

1.37 

0.75 

0.36 

0.22 

0.17 

0.13 

- 
1.33 

1.35 

1.34 

1.35 

aData derived from ref .  7. 

Table A.19. D i s t r i bu t l on  of pertechnetate btween 
n l t r l c  acid and trlkrtyl phosphate as a function 

o f  n l t r l c  acld concentration a t  mri us trl buty I phosphate concentrat i o n s a ~  g 

0 (pH 6.7) 0.0 0.0 0.0 

0.2 0.045 0.305 1.19 

0.4 0.060 0.68 1.34 

0.75 0.065 0.75 1.42 

1 .o 0.065 0.65 1.16 

2.0 0.04 0.22 0.65 

3.0 0.03 0.145 0.30 

4.0 0.01 0.045 0.09 
I 

aData der1 ved from ref. 7. 
kond l t l ons :  d i  iuent, kerosene; pnperature,  24 2 TC; i n i t i a l  

aqueous technetium concentration, -10' fi. 
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Table A.M. Distribution of technetium between aqueous 
sulfuric OT phosphoric acid and 30 MI % 
t r i b u t y l  phosphate  In &-&decane a t  25'C 

*TC 
Acld 

concentration 
(5) *so4 H P 4  

0.1 
0.5 
1 .o 
2.0 
3.0 

5.0 
6 .O 

4 .o 

0.322 
1.50 
3.18 
12.0 
31.4 
71.2 - - 

2.21 
3.28 
5.90 
9.17 
13.5 

Table A.21. Dlstrlbutlon coeff lc lent  of perrhenatea 
between aquewr at k a l 1  metal hy roxldes 

and pure tr i buty I phosphateg*c 

l n i t  
I0H'laq L i o n  KOH RbOH CsOH 

0.40 
1 
2 
3 
4 
6 

90 
12 

a 

t5.9 
34 
58 
80 
95 
I 

3.03 
4.30 
5.4 1 
7,91 
8.10 
11.0 
14.0 
21 .a 
18.1 

2.07 
2.8 1 
3.04 

2.52 
2.37 
2.35 
2.50 
2.80 

- 
2.27 
2.17 - 
1.74 
1.40 
1.15 
1 .oo - 

-- 
1.41 
1.25 - 
0.97 
0.70 
0.56 -- 
*- 

a # n i t i a l  rhenium concentration, 6 x lo's 5. 
b a t s  adapted from ret. 19. 
=No temperature  reported for t h i s  study. 

Table A.22, 015trIbutlon coefficient of perrhenatea 
between squeous NaW, Na2C03, ?NO3 

and pure tr1butyI phosphatzr 

I 4.30 5.00 1.16 
2 5.4 I 7.03 1.60 
4 8.10 9.43 1.80 

a l n l t l a l  rhenium concentration, 6 ~ 1 0 ' ~  M. 
bOata adapted fran ref. 17, 
cNo temperature repwted f w  thls study. 

- 
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Table A.23. Distribution ooef f ic ient  of technetium from various 
s a l t  solutions contalning an i n i t i a l  KTcO4 concentration 
of 2.0 in to  30 vol 5 t r l b u t y i  phosphate i n  ;-dodecane 

1c1-1 T DTc 
(5) ( K )  IC1 L I C l  Nac I KC I RbC I NH 4C I 

0.100 
0.200 
0.400 
0.600 
0.800 
0.900 
1 .oo 
2.00 
3.00 

0.0995 
0.199 
0.398 
0.597 
0.796 
0.896 
0.993 
1.99 
2.98 

0.0985 
0.197 
0.394 
0.591 
0.789 
0.888 
0.984 
1.97 
2.96 

298 
298 
298 
298 
298 
298 
298 
298 
298 

313 
313 
313 
313 
313 
313 
313 
313 
313 

333 
333 
333 
333 
333 
333 
333 
333 
333 

0.693 
1.30 
2.0 I 
2.63 

3.36 
9.64 

.... 

19.5 

- 
0.162 
0.321 
0.470 
0.694 

0.832 
2. IO 
5.13 

- 

- 
0.0431 
0.0775 
0.120 
0.161 

0,204 
0,586 
1.46 

c 

0.0574 
0.106 
0.201 
0.310 
0.44 1 
0.507 - -- 
I 

0.0181 
0.0356 
0.0655 
0.102 
0. I46 
0.178 - -- - 
0.00536 
0.009 78 
0.0182 
0.0312 
0.0398 
0.0509 - - - 

0.00545 
0.0106 
0.0185 
0.026 1 
0.0333 

0.041 1 
0.0818 
0.134 

- 

0.00203 
0.00420 
0.00739 
0.0100 
0.01 16 

0.0146 
0.0342 
0.0506 

- 

0.0008 10 
0.00144 
0.00263 
0.00375 
0.00476 

0.00576 
0.0127 
0.0218 

- 

0.00518 
0.00729 
0.01 1 1  
0.0130 
0.0171 

0.0190 
0.0264 
0.0309 

- 

0.00 186 
0.00301 
0.00458 
0.00533 
0.00644 

0.00706 
0.0106 
0.0140 

- 

0.000542 
0.000993 
0.00173 
0.00214 
0.00225 

0.0029 5 
0.00402 
0.00582 

- 

0.00387 
0.00601 
0.00805 
0.0103 
0.01 17 

0.0131 
0.0185 
0.0228 

- 

0.00 123 
0.00 168 
0.00261 
0.00349 
0.00387 

0.004 50 
0.00649 
0.00806 

0.00034 5 
0.000538 
0.000860 
0.00108 
0.00125 

0.00152 
0,0024 0 
0.00279 

-- 

0.0171 
0.0329 
0.0554 
0.0729 
0.0872 

0.103 
0.166 
0.213 

1 

0.00632 
0.01 12 
0.0189 
0.0246 
0.0310 

0.0364 
0.0627 
0.0852 

.... 

0.00194 
0.00340 
0.00589 
0.00759 
0.009 50 

0.01 IO 
0,0188 
0.0278 

-- 

Table A.24. D i s t r i b u t i o n  of uranium and technetium 

t r I buty I phosphate I n  c a r E n  tetrach I or  1 d a a t  25"Ca 
between aqueous 4 M N - I H ~ N O ~  and 1.0 M 

2.10 0.17 6.36 
2.08 0.32 16.7 
2.02 0.53 33.5 
2.00 1.7 49.5 
1.96 -- 62.7 
1.91 5.8 96.8 

139 1.89 -" 
1.87 10 16 1 
1.86 14 192 
1.81 29 24 3 

aData adapted from ref. 10. 

0.027 
0.019 
0.016 
0.034 

0.060 

0.062 
0.073 
0.119 

- 
- 

0.987 
0.967 
0.933 
0.901 

0.806 
0.874 

0.738 
0.678 
0.616 
0.507 

0.0147 
0.020 1 
0.0278 
0.0343 
0.0430 
0.0557 
0.0696 
0.0836 
0.0916 
0.111 
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Table A.25. Distr lbut ion of uranium and technetium 
between aqueous n i t r i c  acid and 30 wl 5 

trl buty  1 phosphate in n-dodecane 

l n l t l a l  aqueous uranium concentration = 0.2 E (nominal) 

0.01 
0.21 
0.43 
0.56 
0.88 
1.02 
2. I 1  
3.16 
4.30 

0.0819 
0.121 
0.139 
0.160 
0.171 
0.184 
3,200 
0.198 
0.216 

0.114 
0.0298 
0.0618 
0,om 
0.0361 
0.0290 
0.0143 
0,00966 
0.007% 

0.718 
1.52 
2.25 
3.20 
4.74 
6.35 

14 .O 
20.5 
28.6 

2.47 1.60 
2.32 1.76 
2.10 1.99 
1.91 2.23 
1.71 2.34 
1.53 2.49 
0.993 3.07 
0.620 3-43 
0.49 1 3.54 

l n l t l s l  aqueous uranlum concentration = 0.50 E (nominal) 

0.01 0.234 
0.10 0.251 
0.21 0,271 
0.45 0,292 
0.67 0.303 
0.90 0,318 
1-12 0,328 
2.27 0,371 
3.43 0.396 
4.58 0,397 

0 .259 
0.249 
0.234 
0.210 
0.190 
0.175 
0.157 
0.1 14 
0.101 
0.0906 

0.904 
1.01 
1.16 
1.39 
1.59 
1.82 
2.09 
3.25 
3-92 
4,38 

2.25 1.83 
2.20 1.94 
2.14 2.10 
1.91 2.24 
1.75 2.43 
1.62 2.59 
1.45 2.73 
1.07 3.16 
0.889 3.38 
0.707 3.44 

I n i t i a l  aqueous ursnium concentration = 0.75 5 (nominal 1 

0,01 
0, IO 
0.21 
0.43 
0.66 
0.88 
1-11 
2.29 
3.43 
4.57 

0.339 
0.350 
0.362 
0.382 
0.394 
0.421 
0.4 I6 
0.451 
0.458 
0.465 

0.407 
0.397 
0.393 
0,372 
0.362 
0.348 
0.332 
0.302 
0.294 
0.296 

0.833 
0.882 
0,921 
1.03 
1.09 
1.21 
1.25 
1.49 
1.56 
1.57 

1-94 
1.91 
1.81 
1.68 
1.56 
1-45 
1.36 
1.03 
0.873 
0.797 

I n i t i a l  aqueous; uranium concentration = 1.0 E (nomlnai) 

0.01 
0. IO 
0.21 
0.45 
0.69 
0.93 
1,16 
2.31 
3.46 
4.60 

0 . 406 
0.412 
0.427 
0.426 
0.440 
0.440 
0.445 
0.464 
0.466 
0.467 

0.594 
0,595 
0.578 
0.568 
0,567 
0.552 
0.54 I 
0.527 
0.526 
0.527 

0.684 
0.692 
0.739 
0.750 
0.776 
0,797 
0.823 
0.880 
0.886 
0.886 

1.67 
1.65 
I .57 
1-47 
1.37 
1.28 
1.21 
0.956 
0.825 
0.774 

2.15 
2.23 
2.29 
2.47 
2.65 
2.74 
2-84 
3.18 
3.38 
3.41 

2-48 
2.56 
2.61 
2.72 
2.89 
2.98 
3.05 
3.31 
3.47 
3.44 

1.54 
1.32 
1.06 
0.857 
0.73 1 
0.614 
0.324 
0.181 
0.139 

1.23 
1.13 
1.02 
0.853 
0.720 
0.626 
0.53 1 
0.339 
0.263 
0.229 

0.912 
0.857 
0.790 
0.680 
6.589 
0.529 
0.479 
0.324 
0.258 
0.234 

0.673 
0.644 
0.602 
0.540 
0.474 
0.430 
0.397 
0.289 
0.238 
0.225 
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Table A.26. D i s t r i b u t i o n  of uranium and technetium 
between aqueous n i t r i c  acid and 30 vol $ 
tr 1 buty I phosphate in  z-dodecane a t  40.C 

i n i t i a l  aqueous uranium concentration = 0.2 (nominal) 

0.01 
0.10 
0.21 
0.43 
0.66 
0.88 
1.02 
2.11 
3.16 
4.30 

0.0672 
0.0791 
0.0950 
0.117 
0.132 
0.139 
0.147 
0.169 
0.174 
0.179 

0.129 
0.116 
0.104 
0.081 1 
0.0639 
0.0528 
0.04 1 1  
0.0232 
0.0161 
0.0136 

0.521 
0.682 
0.913 
1.44 
2.97 
2.63 
3.58 
7.28 

10.8 
13.2 

1.87 
1.85 
1.80 
1.66 
1.53 
1.38 
1.26 
0.854 
0.64 1 
0.529 

i n i t i a l  aqueous uranium concentration = 0.50 fi (nominal) 

0.01 
0.10 
0.21 
0.45 
0.67 
0.90 
1.12 
2.27 
3.43 
4.58 

0.209 
0.229 
0.238 
0.264 
0.283 
0.297 
0.294 
0.352 
0.365 
0.373 

I n i t i a l  aqueous uranium 

0.01 
0.10 
0.21 
0.45 
0.69 
0.93 
1.16 
2.31 
3.46 
4.60 

0.370 
0.376 
0.386 
0.398 
0.407 
0.4 1 1 
0.4 10 
0.424 
0.438 
0.436 

0.28 1 
0.268 
0.25 1 
0.232 
0.209 
0.192 
0.176 
0.135 
0.117 
0.114 

0.744 
0.854 
0.948 
1.13 
1.35 
1.55 
1.67 
2.61 
3.12 
3.27 

1.99 
1.95 
1.07 
1.75 
1.63 
1.50 
1.41 
1.09 
0.91 1 
0.816 

concentration = 1.0 (nominal) 

0.604 
0.603 
0.590 
0.574 
0.563 
0.560 
0.566 
0.540 
0.554 
0.534 

0.613 
0.624 
0.654 
0.693 
0.723 
0.734 
0.724 
0.785 
0.791 
0.816 

1.56 
1.52 
1.47 
1.39 
1.30 
1.18 
1.17 
0.946 
0.838 
0.781 

2.24 
2.28 
2.36 
2.50 
2.56 
2.77 
2.90 
3.35 
3.60 
3.70 

2.09 
2.18 
2.24 
2.40 
2.54 
2.65 
2.76 
3.13 
3.35 
3.38 

2.35 
2.42 
2.50 
2.58 
2.70 
2.80 
2.86 
3.1 1 
3.25 
3.25 

0.835 
0.81 1 
0.763 
0.664 
0.575 
0.498 
0.4 34 
0.255 
0.178 
0.143 

0.952 
0.984 
0.835 
0.729 . 
0.642 
0.566 
0.51 1 
0.348 
0.272 
0.24 1 

0.664 
0.628 
0.588 
0.529 
0.48 1 
0.421 
0.409 
0.304 
0.258 
0.240 



Table A.27. Dlstrlbutfon of uranium and technetium 
between aqueous nitrlc  acid and 30 v o l  % 
tribulyl phosphate In  c-dodecane at 60°C 

l n l t f a l  aqueous uranium concentration = 0.2 E tnominal) 
0.01 
0.10 
0.21 
0.43 
0.66 

1 .02 
2.11 
3.16 
4.30 

0.88 

0.0583 
0.07 14 
0.0852 
0. I05 
0.119 
0.131 
0.140 
0.165 
0.174 
0.175 

0. I40 
0. I27 
0.115 
0.0922 
0.0758 
0.0639 
0.0555 
0.0319 
0.0232 
0,0209 

0.4 I6 
0.562 
0.74 1 
1.14 
1.57 
2.05 
2.52 
5.17 
7.50 
8.37 

1.43 
1.46 
1.41 
1.34 
1.27 
1.17 
1.09 
0.797 
0.644 
0.551 

lnitlsl aqullous wanJum concentratton = 0.50 2 (nominal) 
0.01 
0. IO 
0.21 
0.45 
0.67 
0.90 
1.12 
2.27 
3-45 
4.58 

0.197 
0.204 
0.223 
0.249 
0.27 1 
0.285 
0.294 
0.335 
0.349 
0.3% 

0.3Ql 
0.287 
0.276 
0.253 
0.229 
0.214 
0.195 
0.157 
0. I40 
0.142 

0.654 
0.71 1 
0.808 
0.904 

1.33 
1.51 
2. I3 
2.49 
2.51 

i,ia 

1.77 
1,77 
1.69 
1.61 
1.52 
1.44 
1.36 
1.10 
0.940 
0.844 

2.69 
2.72 
2.71 
2.80 
2.90 
3.04 
3.10 
3.38 
3.60 
3.63 

2.27 
2.36 
2.38 
2.50 
2,6 1 
2.71 

3.09 
3.22 
3.55 

2-80 

l n l t l s l  aqueous uranium concentration = 1.0 M (nominal) - 
0.01 0.372 0.610 0.610 1.58 2.47 
0, IO 0.375 0.603 0.622 1.56 2.50 
0.21 0.377 0,600 0.628 1.53 2.58 
0.45 0.400 0.590 0.678 1-45 2.69 
0.69 0.405 0.573 0.707 1.37 2.75 
0.93 0.4 12 0.573 0.719 1.31 2.83 
1.16 0.4 19 0.566 0.740 1.24 2. 89 
2.31 0.459 0.548 o.aoi 1.03 3.12 
3.46 0.442 0.552 0.801 0.921 5.25 
4.50 0.4 35 0.5% 0.782 0.857 3.3 1 

0.532 
0.537 
0.520 
0.479 
0.438 
0.38 5 
0.352 
0.236 
0.179 
0,152 

0.780 
0.750 
0.710 
0.644 

0.531 
0.486 
0.356 
0.292 
0.252 

0.582 

0.640 
0.624 
0.593 
0.539 

0.463 
0.429 
0.330 
0.283 
0.259 

0,498 
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Table A.28. Distr ibut ion of uranium and rhenium 
between aqueous n l t r l c  acid and 30.7 vol $ 

( 1.2 M, tr I butyl phosphats in E-dodecane a t  25'C 

l n i t l a i  aqueous uranium concentration = 0.20 E (nominal 1 

0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

0.0909 
0.0965 
0.120 
0.138 
0.151 
0.163 
0. I70 
0,176 
0.186 
0.192 

0.117 
0.0984 

0.0634 
0.0438 
0.0383 
0,0305 
0.0142 
0.0089 
0.0066 

0.01354 

0.777 
0.981 
1.41 
2.18 
3.45 
4.26 
5.57 
12.4 
20.9 
26.9 

0.70 
0.75 
0.70 
0.64 
0.59 
0.54 
0.48 
0.21 
0.16 
0.08 

i n i t i a l  aqueous uranium concentration = 0.50M (nominal) 

0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

0.251 
0,267 
0.281 
0.309 
0.324 
0.349 
0.358 
0.400 
0.421 
0.439 

0.248 
0.233 
0.226 
0.195 
0.174 
0.157 
0.140 
0.0983 
0.0826 
0.0794 

1.01 
1.15 
1.24 
1.58 
1.87 
2.22 
2.55 
4.07 
5.10 
5.53 

1.40 
1.40 
1.29 
1.02 
0.70 
0.64 
0.54 
0.32 
0.21 
0.26 

i n i t i a l  aqueous uranium concentration = 1.0M (nominal) 

0.01 
0. IO 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

0.458 
0.4 12 
0.424 
0,438 
0.447 
0.447 
0.471 
0.477 
0.479 
0.478 

0.74 1 
0,536 
0.546 
0.530 
0.522 
0.516 
0.515 
0.484 
0.497 
0.486 

2.42 
2.36 
2.36 
2.42 
2.42 
2.47 
2.58 
2.79 
2.90 
2-95 

4.67 
4.14 
5,37 
5.48 
5.69 
5.32 
5.53 
5.32 
6.07 
6.12 

0.6 18" 
0.769 
0.717 
0.826 
0,856 
0.866 
0.915 
0.986 
0.964 
0.984 

0.43 
0.70 
0.59 
0.54 
0.48 
0.51 
0.43 
0.27 
0.21 
0.16 

4.62 
4.30 
4.14 
4.30 
4.35 
4.67 
4.24 
4-78 
4.62 
4.62 

0.29 
0.32 
0.30 
0.26 
0.24 
0.22 
0. I9 
0.075 
0.055 
0.027 

0.30 
0.34 
0.24 
0.19 
0.12 
0.12 
0.098 
0.060 
0.035 
0.042 

0.093a 
0.16 
0.14 
0.13 
0.11 
0.11 
0.10 
0,056 
0.045 
0.035 

a l n i t i a l  aqueous uranium concentration = 1.22 2. 
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Table A.29. Distribution of uranium and rhenium 
between aqueous n f t r l c  a c l d  and 30.7 MI 5 

(1.2 M, trlbutyl phosphate in E-dodecans at 4OoC 

Initial aqueous uranium ooncentration = 0.20 fi (nominal 1 

0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
1 .OO 
2.00 
3.00 
4.00 

0.0720 
0.09 16 
0.104 
0.128 
0.137 
0.146 
0.164 
0,173 
0, I78 
0.189 

0.130 
0.111 
0.0978 
0,0747 
0.0579 
0,0477 
0.0384 
0.0189 
0.0126 
0.0103 

0.554 
0.82s 
1.06 
1.71 
2.37 
3-06 
4.27 
9.15 
14.1 
18.3 

0.48 
0.48 
0.48 
0.48 
0.43 
0.43 
0.27 
0.21 
0.11 
0.059 

Initial aqueous uranium ooncentration = 0.50 E (nominal) 
0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

0.220 
0.253 
0.253 
0.289 
0.3 IO 
0.531 
0.340 
0.405 
0.407 
0.4 15 

0.272 
0.258 
0.236 
0.216 
0.192 
0,175 
0.157 
0.1 I7 
0.0994 
0.100 

0.808 
0,981 
1.07 
1.34 
1.61 
1.89 
2.16 
3.47 
4.09 
4.15 

1.29 
1.18 
1.02 
0.8 1 
0.70 
0.81 
0.59 
0.32 
0.32 
0.22 

initla1 aqueous uranium concentration = 1.0 (nominal) 

0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
'f .oo 
2.00 
3.00 
4.00 

0.44 1 
0.401 
0.4 10 
0.424 
0.426 
0,444 
0.4% 
0.465 
0.468 
0.476 

0.763 
0.552 
0.558 
0.546 
0.538 
0.536 
0.533 
0.494 
0.517 
0.508 

0 . 5 7 ~ ~ ~  
0.726 
0.735 
0.777 
0.792 
0.828 
0.856 
0.941 
0.905 
0.937 

0.64 
0.75 
0.64 
0.59 
0.59 
0.48 
0.43 
0.27 
0.27 
0.21 

2.63 
2.58 
2.74 
2.74 
2-63 
2.79 
2.85 
2.90 
2.95 
3.0 1 

4.67 
4.73 
5.05 
5.58 
5.05 

5.48 
5.74 
5.85 
5.91 

5.48 

4.35 
4.30 
4-30 
4.40 
4.30 
4.67 
4.40 
4.83 
4.83 
4.78 

0. ia 
0.19 
0. I8 
0.18 
0.16 
0.15 
0.095 
0.072 
0.037 
0.030 

0.276 
0.249 
0.202 
0.15 
0.14 
0.15 
0.11 
0.055 
0.055 
0.037 

0. 15a 
0.17 
0.15 
0.13 
0.14 
0. IO 
0. IO 
0.0% 
0.056 
0,044 

ainitial aqueous uranium concentration = 1.22 fi. 
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Table A.m. Oistr ibut ion of uranium and rhenium 
between aqueous n i t r i c  acid and 30.7 vol $ 

( 1.2 5) trl buty I phosphate i n  p lodecnne a t  60.C 

i n i t i a l  aqueous uranlum concentration = 0.20 fl. Cnomlnal) 

0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

0.0b4 t 
0.0763 

0.112 
0.125 
0.155 
0.143 
0,165 
0.169 
0.172 

0.0887 

0.14 1 
0.123 
0.112 
0.0676 
0.0703 
0.0575 
0.0478 
0.0259 
0.0188 
0.0167 

0.455 
0.620 
0.792 
1.28 
1.78 
2.35 
2.99 
6.37 
8.99 
10.3 

0.55 
0.51 
0.44 
0.39 
0.32 
0.27 
0.27 
0. I6 
0.11 
0.1 1 

I n i t i a l  aqueous uranium mncentrat1on = 0.50 5 (nominal) 

0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4 .OO 

0.217 
0.233 
0.254 
0.274 
0.296 
0.310 
0.325 
0.370 
0.391 
0.392 

0.29 I 
0.277 
0.267 
0.242 
0.217 
0.198 
0.179 
0.139 
0.120 
0.125 

0.746 
0.84 1 
0.951 
1.13 
1.36 
1.57 
1.82 
2.66 
3.26 
3.14 

1.02 
0.97 
0.91 
0.91 
0.70 
0.64 
0.59 
0.59 
0.22 
0.22 

I n i t i a l  aqueous uranium concentration = 1.0 (nominal) 

0.01 
0.10 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

0.428 
0.386 
0.392 
0.408 
0.417 
0.424 
0.436 
0.444 
0.453 
0.449 

0.766 
0.570 
0.574 
0.561 
0.553 
0.549 
0.55 1 
0.518 
0.533 
0.529 

0. 55ga 
0.677 
0.683 
0.727 
0,754 
0.172 
0.791 
0.857 
0.850 
0.849 

0.70 
0.8 1 
0.75 
0.70 
0.10 
0.54 
0.59 
0.38 
0.32 
0.20 

2,74 
2.69 
2.58 
2.79 
2.85 
2.90 
2.95 
2.90 
3,O 1 
2.90 

5.10 
5.21 
5.90 
5.57 
5.80 
5.64 
5.80 
5.69 
5.26 
6.01 

4.51 
4.19 
4.46 
4.19 
4.46 
4.40 
4.62 
4.73 
4.46 
4.99 

0.20 
0.19 
0.17 
0.14 
0.1 1 
0.093 
0.092 
0.055 
0.037 
0.038 

0.200 
0.19 
0.15 
0.17 
0.12 
0.11 
0.10 
0.10 
0.042 
0.037 

0. 16a 
0.19 
0. I7 
0.17 
0.16 
0.12 
0.13 
0.080 
0.072 
0.041 

a i n i t i a l  aqueous uranium concentration = 1.22;. 
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Table A.31. Distribution of thorium and technetlum 
between aqueous n i t r i c  ac id  and 30.1 MI S 

( 1.10 ", t r ibutyt  phosphate i n  E-dodetane a t  25°C 

*,, ITclWg fTcl 
5Tc 

ITh 1 ("j r u y  (Mp4 ( m M )  
IHNO lap IThi 

I n i t i a l  aqueous thorium concentratton = 0.05 5 (nominal) 

0.15 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3-00 
4.00 

3.m 
4.74 
9.0 1 

14.3 
18.3 
21.8 
33.3 
38.3 
40.3 

44.1 
43. I 
38.7 
54.9 
30.8 
27.5 
17.1 
12.3 
9.83 

0,0871 
0.1 10 
0,233 
0.410 
0.594 
0,793 
1-95 
3.11 
4.10 

2.10 
2.24 
2.53 
2.71 
2.67 
2.72 
2.4 1 
2.14 
1.95 

I n i t i a l  aqueous Ihorium concentration = 0.10 E (nominal) 

12.2 82.9 0,147 
14.2 81.1 0.175 
22.7 72.6 0.313 
30.6 65.5 0.467 
37.4 59.7 0.626 

62.7 36.2 1.73 
74.0 27.5 2.69 
76.6 25.5 3.40 

43.4 54.0 0.804 

2.65 
2.76 
2.94 
2.99 
3.00 
2.97 
2.81 
2.62 
2.50 

I n l t l a l  aqueous t h o c l u m  concentration J 0.20 5 (nominal 1 

0. I5 
0.20 
Q.40 
0.60 
0.80 
1.09 
2.00 
5.00 
4.00 

40.5 I58 
42.4 161 
W.9 136 
65.0 133 
77.1 124 
83.3 115 

tOQ 87.1 
132 73.1 
130 64.3 

0.256 
0,264 
0.403 
0.488 
0.622 
0.723 
i.25 
I .81 
2.03 

3.08 
3.08 
3.08 
3.14 
3.14 
3.17 
3.00 
2.95 
2.83 

I .95 
1.81 
1.44 
1.32 
1.31 
1.38 
1.68 
1.95 
2.14 

1.41 
1.32 
1.10 
1.03 
1.02 
1.03 
1.23 
1.40 
1.53 

0.814 
0.780 
0.726 
0.704 
0.716 
0.74 I 
0.848 
0.951 
1.04 

1.08 
I .24 
1.76 
2.05 
2.04 
1.97 
1.43 
1.10 
0.91 1 

1.80 
2.09 
2.63 
2.90 
2.94 
2.88 
2.28 
1.87 
1.63 

3.78 
3.95 
4.24 
4.46 
4.39 
4.28 
3.54 
3.10 
2.72 
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Table A.32. Distrlbutlon of thorium and technetium 
between aqueous nitric acid and 30.1 vol x 

(1.10 H, tr lbuty l  phosphate In L-dodecane at 40’C 

lnltlal aqueous thwlum concentration = 0.05 pI. (nominal) 

0.15 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

3. IO 45.1 
3.88 44.3 
7.93 40.0 

12.7 36.9 
16.5 32.1 
20.4 30.3 
31.5 19.2 
36.7 14.5 
39 .O 12.3 

0.0687 
0.0876 
0.198 
0.344 
0.5 14 
0.673 
1.64 
2.53 
3.17 

1.36 
1.51 
1.97 
2.19 
2.24 
2.27 
2.15 
1.97 
1.81 

lnltlal aqueous thorium concentration = 0.10 5 (nominal) 

0.15 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

9.6 1 
11.1 
18.7 
x .6  
34.3 
39.4 
60.3 
67.7 
70.5 

85.0 
83.9 
75.7 
68.1 
63.5 
62.7 
39.3 
31.3 
27.1 

0.1 13 
0.132 
0.247 
0.391 
0.540 
0.628 
1.53 
2.16 
2.60 

2.13 
2.20 
2.48 
2.68 
2.73 
2.71 
2.65 
2.52 
2.38 

lnitlal aqueous thorium concentrst1on = 0.20 fi (nominal 1 .  

0.15 
0.20 
0.40 
0.60 
0.80 
1 .00 
2.00 
3.00 
4.00 

34.9 
35.7 
47.3 
60.1 
73.0 
77 .O 

104 
1 24 
128 

164 0.213 
162 0.220 
150 0.316 
138 0.435 
128 0.570 
122 0.631 
92.7 1.13 
79.4 1.56 
73.8 1.73 

2.86 
2.85 
2.93 
2.96 
3.01 
3.01 
2.93 
2.83 
2.73 

2.77 
2.56 
2.13 
1.89 
1.82 
1.80 
1.94 
2.14 
2.28 

2.00 
1.88 
1.56 
1.43 
1.35 
1.32 
1.41 
1.55 
1.67 

1.11 
1.07 
0.973 
0.912 
0.678 
0.890 
0.954 
1.05 
1.16 

0.49 1 
0.590 
0.925 
1.16 
1.23 
1.26 
1.75 
0.921 
0.794 

1.07 
1.17 
1.59 
1.87 
2.02 
2.05 
1.88 
1.63 
1.43 

2.58 
2.66 
3.01 
3.25 
3.43 
3.38 
3.07 
2.70 
2.35 
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Table A.33. Distribution of thorium and technetium 
b e t w e e n  aqueous n l t r i c  acid and 30.1 vol $ 

( 1.10 p?, t r ibuty l  phosphate In n=dodecsw a t  60.C 

l n l t i a l  aqueouo mthwfum concentration = 0.05 E (nominal) 

0.15 
0.20 
0-40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

2. m 
3.15 
6.64 

11.0 
14 .7 
18.4 
29.2 
33.5 
34.9 

48.7 0.0513 
47 .o 0.0670 
43.6 0.152 
39.9 0.276 
35.6 0.4 13 
31.5 0.584 
21.2 1.38 
16.5 2.03 
15.0 2.33 

0.854 
0.976 
1.41 
1.70 
1.78 
1.86 
1.89 
1.72 
1.57 

l n l t l s l  aqueous thorium concentration = 0.10 5 (nominal 1 

0.15 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

7.80 
9.22 

16.2 
24.5 
Jo .6 
36.8 
56.8 
63.8 
65.7 

86.5 
84.3 
78.1 
73.0 
65.7 
60.9 
43.0 
35.4 
33.1 

0.0902 
0.109 
0.207 
0.336 
0.466 
0.604 
1.32 
1.80 
1.98 

1.55 
1.66 
2.04 
2.3 1 
2-43 
2.45 
2.49 
2.34 
2.14 

l n l f l a l  apueour mhwlum concentration = 0.20 (nominal 1 

3.27 0.26 1 
3.11 0.314 
2.63 0,536 
2-43 0.700 
2.28 0.781 
2.25 0.827 
2.20 0.859 
2.37 0.726 
2.22 0.707 

2.51 
2.40 
2.01 
1.80 
I .66 
1.59 
1.60 
1.75 
1-90 

0.15 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

28.3 
29.2 
43.4 
57.8 
66.8 
71.9 
98-5 

110 
111 

170 
168 
155 
145 
134 
125 
99.8 
88.8 
84.9 

0.161 
0.174 
0.28 1 
0.399 
0.499 
0.573 
0,985 
1.24 
1.31 

2.47 I .46 
2.50 1.42 
2.63 1.25 
2.76 1.16 
2.79 1.10 
2.80 1.08 
2.70 1.10 
2.66 1.23 
2.51 1.37 

0.618 
0.692 
1.01 
1.28 
I .46 
1.54 
1.56 
1.34 
1.13 

1.69 
1.76 
2.10 
2.38 
2.54 
2.59 
2.45 
2.16 
1.83 
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Table A.34. Distr ibut ion of thorium and rhenlum 
between agueous n l t r i c  acid and 30.1 vol $ 

(1.10 E) t r i b u t y l  phosphate in c-dodecane a t  25°C 

ITh 1 hh I R e l w g  [Re1 (gq (e) 
I n i t i a l  aqueous thorium concentration = 0.05 E (nominal )  

0.15 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4 .oo 

3.49 
4.48 
9.44 

14.7 
18.5 
22.3 
33.6 
37.5 
39.4 

47.3 
45.6 
41.1 
36.4 
31 .E 
27.9 
16.5 
11.2 
8.58 

0.0738 
0.0982 
0.230 
0.404 
0.582 
0.799 
2.04 
3.35 
4.59 

1 .e 
1.9 

2.4 
2.5 

1.9 
1.4 
1.4 

2.4 

2.4 

I n i t i a l  aqueous thorium concentration = 0.1OE (nominal) 

3.5 
3.3 
3.0 
2.9 
2.8 
2.9 
3.4 
3.7 
3.9 

0.15 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4.00 

12.2 
f4.3 
22.9 
31.4 
30.7 
44.7 
63.5 
71.4 
78.5 

91.3 
88.3 
79.0 
70.3 
64.3 
57.7 
37.4 
27.5 
22.5 

0.134 
0.162 
0.290 
0.44 7 
0.602 
0.775 
1.70 
2.60 
3.49 

2.1 3.2 
2.4 2.9 
2.5 2.6 
2.6 2,4 
2.4 2.6 
2.5 2.7 
2.3 3.0 
2.0 3.4 
1.9 3.5 

l n i t l a l  spueous thorium concentration = 0.20 fl (nominal) 

0.15 
0.20 
0.40 
0.60 
0.80 
1 .oo 
2.00 
3.00 
4 .OO 

41.8 
45.1 
57.3 
69.5 
81.6 
89.3 

120 
139 
140 

164 0.255 
160 0.282 
147 0.390 
133 0.523 
127 0.643 
1 I6 0.770 
86.0 1.40 
70.2 1.98 
61.8 2.27 

2.9 2.4 
3. I 2.4 
2.9 2.3 
3.1 2.2 
3.5 2.2 
3.7 2.3 
2.7 2.7 

2.5 3.0 
2-5 2.9 

0.51 
0.58 
0.80 
0.83 
0.89 
0.83 
0.56 
0.38 
0.36 

0.66 
0.83 
0.96 
1.1 
0.92 
0.93 
0.77 
0.59 
0.54 

1.2 
1.3 
1.3 
1.4 
1.5 
1 e6 
I .o 
0.86 
0.83 
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Table A.35. Distribution of thorium and rhenium 
between spueous nitric acid and 30.1 vol g 

(1.10 E) tfibutyi phosphate In L-dodecane at 40’C 

I R e I w g  I R e l  
9 h  ( ”,, (,MY ITh I $F 

lnifial aqueous thcrium amcentration - 0.05 5 (nomlnaI) 

0,15 
O m 2 0  
0,40 
0.60 
0.80 
1 .00 
2-00 
3.00 
4.00 

2.72 48.0 
3. ’is 46.9 
7.76 42.8 

12.6 37.7 
17.1 35.1 
20.4 29.7 
32.1 17.9 
35-9 12.8 
38. 1 10.7 

0.0567 
0.0763 
0.181 
0.334 
0.517 
0.687 
1.79 
2.80 
3-56 

0.86 
0.97 
1.2 
1.6 
1.6 
1 e4 
1.2 
1 .o 
1 .o 

i n i t i a l  aqueous morlum concentration = 0.10 (nominal) 

4.4 
4.2 
3.9 
3.5 
3.4 
3.5 
3.8 
3.9 
4.0 

0.15 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

9.61 
11.3 
19.3 
Z - 8  
35.3 
41.6 
59.9 
68.4 
71.1 

93.3 0.103 
91 .o 0.124 
83.7 0.23 1 
74,l 0.362 
67.1 0.526 
61.5 0.676 
40.9 1.46 
32.1 2.13 
28.1 2.53 

1.6 3.8 
1.6 3.7 
1.9 3.4 
2.0 3.2 
2.3 3.1 
2.3 3.0 
1.9 3.3 
1-9 3.5 
1.7 3.6 

initial aqueous thorium doncentration = 0.20 5 (nominal) 

0.15 
0.20 
0.40 
0.60 
0.80 
8.00 
1.00 
3.00 
4 .00 

0.20 
0.23 
0.31 
0.46 
0.47 
0.40 
0.32 
0.26 
0.25 

0.42 
0.43 
0.56 
0.63 
0.74 
0.77 
0.58 
0.54 
0.47 

50.0 f 70 
37.7 167 
49.2 153 
61.9 142 
73.6 13 1 
81.5 121 

112 91.7 
130 77.4 
131 73.1 

0.200 2.6 3.0 0.87 
0.226 2.8 2.9 0.97 
0.322 2.7 2.9 0.93 
0.436 2.6 3.1 0.84 
0.562 3.0 2.6 1.2 
0.674 2.8 2.6 1.1 
I .22 2.4 3.0 0.80 
1.68 2.4 3.2 0.75 
1.79 2.3 3.1 0.74 
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Tsbis A.36. Distribu ion c. thorium and rhenium 
between aqueous n i t r i c  acid and 30.1 vol $ 

(1-10 E! t r ibuty l  phosphate In E-dodecane a t  60°C 

l n i t l a l  aqueous thorlum concentration = 0.05 (nominal) 

0.15 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

2.1 1 98.8 
2.80 47.8 
6.68 43.9 

11.3 39.5 
14.0 35.8 
18.9 32. I 
29.7 20.0 
33.3 15.4 
35.3 14.2 

0.0432 
0.0586 
0.152 
0.286 
0.4 13 
0.589 
1.49 
2.16 
2.49 

0.34 
0.59 
0-86 
0.97 
1.1 
1.2 
1.1 
1.0 
0.8 1 

4.8 
4.6 
4.1 
4.1 
4.0 
3.9 
3.9 
4.0 
4.1 

l n l t l a l  aquecus thorium concentration = 0.10 (nuninel) 

0.15 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

7.46 
9.01 

16.4 
23.5 
30.1 
58.1 
55.7 
63.0 
65.1 

94.6 
93.6 
84.6 
77.2 
71.0 
55.6 
44.3 
37.6 
35.1 

0.0789 
0.0961 
0.194 

0.424 
0.685 
1.26 
1.68 
1.85 

0.308 

1.3 4.5 
I .3 4.3 
1.4 4.0 
1.6 3.6 
1.7 3.3 
1.8 3.2 
1.9 3.5 
1.9 3.7 
1.4 3.8 

i n i t i a l  aqueous thorlum concentration = 0 .205  (nominal) 

0.15 
0.20 
0.40 
0.60 
0.80 
1.00 
2.00 
3.00 
4.00 

28.1 
31 ' 8  
42.8 
56.2 
67.7 
75.1 

106 
115 
119 

173 
171 
156 
147 
I 3 6  
127 
101 
83.4 
86.7 

0.162 
0.186 
0.309 
0.582 
0.496 
0.59 1 
1.05 
1-30 
1.37 

2.0 3.5 
2.1 3.5 
2.3 3.1 
2.4 3.0 
3.0 2.7 
2.5 3.0 
2.3 3.1 
2.4 3. 1 
2.2 3.3 

0.11 
0. I3 
0.18 
0.24 

0.31 
0.28 
0.25 
0.20 

0.28 

0.29 
0.30 
0.35 
0.44 
0.52 
0.56 
0.54 
0.51 
0.37 

0.57 
0.60 
0.74 
0.80 
I .  1 
0.83 
0.74 
0.77 
0.67 
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Table A.37. Distribution of plutonium and technetium 
between aqueous nitric acid and 50.1 voi $ 

{ 1.10 ", tr I buty 1 phosphate in E-dodecane at 25°C 

initial 4usous plutonium concentration = 0.lOM ( n m i n a l )  

0.39 48.7 52.5 0.928 9.91 1.39 7.13 
0.40 54.7 47.0 1.14 10.4 1.36 7.65 
0.65 61 .O 38.5 1.58 10.4 1.43 7.27 
0.83 69. I 33.6 2.06 10.2 1.39 7.34 
1.62 82.2 19.4 4.24 9.92 2.18 4.55 
2.40 88.0 1s. 1 5.83 8.36 3.44 2.43 
3.36 90.3 11.7 7.72 6.35 5.15 1.23 

Initlal aqueous plutonium concentration = 0 .255  (nominal)  

0.40 125 125 1.00 8.84 1.66 5.33 
0.46 132 118 1.12 9.10 1.90 4.79 
0.65 142 103 1.38 9.14 1.76 5.19 
0.83 151 94.5 1.60 9.28 1.72 5.40 
1.71 180 62.1 2.90 8.36 1.94 4.31 
2.44 200 45.3 4.42 7.51 2.79 2.69 
3.56 210 37.2 5.65 5.77 3.91 1.48 
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