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SEPARATION SCIENCE AND TECHNOLOGY, 25(13-15), p p .  1675-1688 (1990) 

SXLSQA, A COMPUTER PROGRAM FOR INCLUDING BOTH COMPLEX FORMATION AND 
A C T I V I T Y  EFFECTS I N  THE INTERPRETATION OF SOLVENT EXTRACTION DATA 

C.  F. Baes, Jr., Bruce A. Moyer, G .  N .  Case, and F a i t h  I .  Case 
Chemistry D i v i s i o n  
Oak Ridge N a t i o n a l  Laboratory,  
P.0.Box 2008 
Oak Ridge, TN 37831-6119 

ABSTRACT 

A p r e v i o u s l y  r e p o r t e d  computer program f o r  t h e  i n t e r -  
p r e t a t i o n  of  s o l v e n t  e x t r a c t i o n  d a t a  i n  sys tems t h a t  
can  i n c l u d e  two e x t r a c t a n t s ,  one a c i d i c  and one neu- 
t r a l ,  has  been ex tended  t o  t r e a t  t h e  e f f e c t s  o f :  (1) 
v a r i a t i o n  of  a c t i v i t y  c o e f f i c i e n t s  of  s o l u t e  s p e c i e s  
and of water  a c t i v i t y  i n  t h e  aqueous phase,  c a l c u l a t e d  
by t h e  P i t z e r  t r e a t m e n t ;  (2) v a r i a t i o n  of a c t i v i t y  co- 
e f f i c i e n t s  of  s o l u t e  s p e c i e s  i n  t h e  o r g a n i c  p h a s e ,  
c a l c u l a t e d  by t h e  Hi ldebrand-Scot t  t r e a t m e n t ;  and ( 3 )  
p r o d u c t  s p e c i e s  formed i n  t h e  aqueous p h a s e .  The 
i n t e r a c t i o n  parameters  of  t h e  P i t z e r  t r e a t m e n t  and t h e  
s o l u b i l i t y  parameters  of t h e  Hildebrand-Scot t  t r e a t m e n t  
c a n  be  r e f i n e d  a l o n g  w i t h  t h e  format ion  c o n s t a n t s  of 
v a r i o u s  assumed product  s p e c i e s  t o  f i t  t h e  d a t a .  L i k e  
i ts p r e d e c e s s o r ,  t h e  program is  c a p a b l e  of f i t t i n g  si- 
multaneously a v a r i e t y  o f  d a t a ,  i n c l u d i n g  t h e  d i s t r i b u -  
t i o n  of a n  e x t r a c t a b l e  c a t i o n ,  anion,  or water ,  a s  w e l l  
a s  s p e c t r a ,  vapor  p r e s s u r e ,  or h e a t s  o f  mixing f o r  t h e  
o r g a n i c  phase .  U s e  of  t h e  program i s  i l l u s t r a t e d  by 
modeling t h e  e x t r a c t i o n  of water  and HNO3 from aqueous 
n i t r i c  a c i d  by di(2-ethylhexy1)sulfoxide i n  dodecane. 

I" 

I n  a p r e v i o u s  p u b l i c a t i o n  ( l ) ,  a computer program (SXLSQ) was 
d e s c r i b e d  f o r  f i t t i n g  a v a r i e t y  of d a t a  from a s o l v e n t  e x t r a c t i o n  
system i n v o l v i n g  an a c i d i c  e x t r a c t a n t  (HA) a n d / o r  a n e u t r a l  e x t r a c -  
t a n t  (B) by assuming a set of product  s p e c i e s  i n  t h e  o r g a n i c  phase 
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1676 BAES, MOYER, CASE AND CASE 

and a d j u s t i n g  t h e i r  format ion  c o n s t a n t s  th rough an i t e r a t i v e  non- 
l i n e a r  l e a s t - s q u a r e s  procedure  t o  o b t a i n  t h e  b e s t  f i t  t o  t h e  d a t a .  
Such a model ing  p r o c e s s  i s  deemed e s s e n t i a l  f o r  i n t e r p r e t i n g  
observed behavior ,  f o r  smoothing d a t a ,  and f o r  p r e d i c t i n g  b e h a v i o r  
of many s o l v e n t  e x t r a c t i o n  systems.  

There was, however, no p r o v i s i o n  i n  SXLSQ f o r  t h e  v a r i a t i o n  of 
a c t i v i t y  c o e f f i c i e n t s  i n  e i t h e r  phase.  Since it i s  common i n  so l -  
vent  e x t r a c t i o n  e q u i l i b r a t i o n s  t o  employ reagent  c o n c e n t r a t i o n s  
g r e a t e r  t h a n  0 . 1  M i n  t h e  o r g a n i c  phase and a v a r i e t y  of aqueous 
composi t ions,  v a r i a t i o n  of a c t i v i t y  c o e f f i c i e n t s  i n  e i t h e r  phase 
can be a p p r e c i a b l e .  Furthermore, s p e c i e s  i n  t h e  o r g a n i c  phase a r e  
o f t e n  hydrated,  and s o  t h e  a c t i v i t y  of water  i n  t h e  aqueous phase 
can be an important  v a r i a b l e  i f  concent ra ted  aqueous s o l u t i o n s  a r e  
involved .  

I n  SXLSQA, aqueous a c t i v i t y  c o e f f i c i e n t s  and t h e  water  a c t i v i t y  
a r e  e s t i m a t e d  by t h e  P i t z e r  t rea tment  ( 2 ) ,  a s  has  been d e s c r i b e d  
p r e v i o u s l y  ( 3 ) ,  and a c t i v i t y  c o e f f i c i e n t s  i n  t h e  o r g a n i c  phase a r e  
e s t i m a t e d  by t h e  t rea tment  of Hildebrand and S c o t t  ( 4 ) .  The pur- 
pose of t h i s  paper  i s  t o  o u t l i n e  t h e  m o d i f i c a t i o n s  made i n  SXLSQ t o  
produce t h i s  more g e n e r a l  program, inc luding  t h e  e f f e c t  of a c t i v i t y  
c o e f f i c i e n t s  on v a r i o u s  observable  q u a n t i t i e s  t h a t  a r e  c a l c u l a t e d ,  
and t h e  formation of product  s p e c i e s  i n  t h e  aqueous phase.  U s e  of 
t h e  program w i l l  be i l l u s t r a t e d  by modeling t h e  e x t r a c t i o n  of water  
and HNO3 from aqueous n i t r i c  a c i d  by di(2-ethylhexy1)sulfoxide i n  
dodecane. In  o t h e r  p u b l i c a t i o n s  SXLSQA has been used t o  a i d  i n  t h e  
i n t e r p r e t a t i o n  of t h e  d a t a  on t h e  e x t r a c t i o n  of  water  a l o n e  ( 5 )  and 
of uranium ( V I )  ( 6 )  i n  t h i s  system. 

THE SOLVENT 

As d e s c r i b e d  p r e v i o u s l y  (1) , t h e  o r g a n i c  e x t r a c t a n t s  and t h e  
e x t r a c t a b l e  aqueous i o n s  a r e  d e f i n e d  a s  r e a c t a n t  s p e c i e s  by t h e  
i n t e g e r s  y, u ,  z ,  v, i and j i n  t h e  fo l lowing  formulae; 

These s p e c i e s ,  a l o n g  w i t h  H +  o r  OH-,  may r e a c t  t o  form p r o d u c t  
s p e c i e s  i n  e i t h e r  phase.  

The g e n e r a l  formula f o r  product  s p e c i e s  i n  t h e  o r g a n i c  phase is 

&nAaBbXxH (a+xj-mi) (H20) w I 

o r ,  i f  t h e  number of H+ i o n s  i s  negat ive ,  t h e  form is  

P r o d u c t  s p e c i e s  i n  t h e  o r g a n i c  phase  a r e  t h u s  d e f i n e d  by t h e  
i n t e g e r s  m, a ,  b, x, and w, and, s i n c e  any of t h e s e  may be  z e r o ,  
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COMPUTER PROGRAM SXLSQA 1677 

i t  is  p o s s i b l e  t o  d e f i n e  a w i d e  v a r i e t y  of composi t ions .  

For t h e  aqueous phase,  t h e  g e n e r a l  formula f o r  product  s p e c i e s  
i s  

S i n c e  an aqueous s p e c i e s  may be charged,  t h e  number of H +  ( o r  OH- 
i o n s  i f  h i s  n e g a t i v e )  i t  c o n t a i n s  must be s p e c i f i e d  r a t h e r  t h a n  
c a l c u l a t e d  by charge  b a l a n c e .  N o  waters  of h y d r a t i o n  a r e  i n c l u d e d  
i n  t h e  aqueous s p e c i e s .  Thus each of  t h e  aqueous product  s p e c i e s  
i s  d e f i n e d  by a set of  i n t e g e r s  s i m i l a r  t o  t h o s e  d e f i n i n g  p r o d u c t  
s p e c i e s  i n  t h e  o r g a n i c  phase  e x c e p t  t h a t  h i s  s p e c i f i e d  r a t h e r  
t h a n  w. Since  any of t h e  i n t e g e r s  may b e  zero ,  aqueous p r o d u c t  
s p e c i e s  may i n c l u d e  complexes of  t h e  m e t a l  i o n  w i t h  t h e  aqueous 
an ion ,  complexed o r  uncomplexed e x t r a c t a n t  molecules ,  o r  u n i o n i z e d  
aqueous a c i d .  

AS d e s c r i b e d  p r e v i o u s l y  (l), a p r e l i m i n a r y  v a l u e  must b e  
s u p p l i e d  f o r  t h e  format ion  c o n s t a n t  d e f i n e d  by t h e  ba lanced  chem- 
i c a l  r e a c t i o n  producing  each product  s p e c i e s  from t h e  r e a c t a n t s .  
These c o n s t a n t s  a r e  among t h e  parameters  t h a t  may be  a d j u s t e d  t o  
f i t  t h e  exper imenta l  d a t a .  - 

I n  i t s  p r e s e n t  form, SXLSQA a c c e p t s  t h e  f o l l o w i n g  p a r a m e t e r s  
f o r  e s t i m a t i n g  aqueous a c t i v i t y  c o e f f i c i e n t s  by t h e  P i t z e r  t r e a t -  
ment (2 ,  3 ) :  ~ ( O ) C A ,  p ( I ) c A ,  and C ~ C A  f o r  a l l  p a i r w i s e  combina- 
t i o n s  of  c a t i o n s  wi th  a n i o n s ;  8 c c 1  and BAA’ f o r  a l l  pa i rwise??  
combina t ions  i n v o l v i n g  d i f f e r i n g  c a t i o n s  and a n i o n s ;  W c c v A  and 
ryCAA, f o r  a l l  t r i p l e  combinat ions i n v o l v i n g  d i f f e r i n g  c a t i o n s  and 
a n i o n s  w i t h  c o u n t e r  i o n s ;  DN f o r  each  n e u t r a l  s p e c i e s ;  pNc’ and 
PNA I f o r  p a i r w i s e  combinat ions of n e u t r a l  s p e c i e s  w i t h  i o n s  o t h e r  
t h a n  t h o s e  d e f i n i n g  D N ;  and ANN p a r a m e t e r s  fo-r e a c h  p a i r w i s e  
combinat ion of n e u t r a l  s p e c i e s .  Extens ive  t a b u l a t i o n s  o f  t h e  0, 
d, 8, and ryparameters  have been compiled f o r  many e l e c t r o l y t e s  
and t h e i r  m i x t u r e s  by P i t z e r  ( 2 )  and by Harvie  e t  a l .  ( 7 ) .  A l l  
t h e s e  parameters  can be a d j u s t e d  by t h e  program i f  d e s i r e d .  

S o l v e n t  e x t r a c t i o n  measurements u s u a l l y  employ t h e  m o l a r i t y  
(c) s c a l e  r a t h e r  t h a n  t h e  m o l a l i t y  (m)  s c a l e  used i n  t h e  P i t z e r  
t r e a t m e n t .  The p r e s e n t  program w i l l  a c c e p t  d a t a  on t h e  c, m, or 
t h e  mole/kg s o l u t i o n  scale, b u t  c o n c e n t r a t i o n s  o t h e r  t h a n  m o l a l i t y  
a r e  c o n v e r t e d  t o  t h e  m s c a l e  f o r  t h e  c a l c u l a t i o n  of a l l  aqueous 
a c t i v i t y  c o e f f i c i e n t s  and t h e  water  a c t i v i t y ;  t h e  a c t i v i t y  c o e f -  
f i c i e n t s  are t h e n  conver ted  back t o  t h e  g iven  c o n c e n t r a t i o n  s c a l e .  

I f  t h e  c s c a l e  i s  used, t h e  d e n s i t y  of t h e  aqueous s o l u t i o n  is 
r e q u i r e d  and i s  e s t i m a t e d  by t h e  program. T h i s  is  done u s i n g  a 
method d e s c r i b e d  by Harned and Owen (8) f o r  e l e c t r o l y t e  m i x t u r e s .  
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1678 BAES, MOYER, CASE AND CASE 

It i n v o l v e s  t h e  a p p a r e n t  molar  volumes v i  f o r  e a c h  e l e c t r o l y t e ,  
e s t i m a t e d  from t h e  Masson Equation, 

1/2 v, = v; t S,C,,,  

Here V i 0  and S i  a r e  u s e r - s u p p l i e d  c o n s t a n t s  c h a r a c t e r i s t i c  o f  t h e  
e l e c t r o l y t e ;  c i l 1  d e n o t e s  t h e  m o l a r i t y  i t  would have i f  it were 
t h e  o n l y  s o l u t e  p r e s e n t  a t  t h e  i o n i c  s t r e n g t h  of  t h e  aqueous s o l -  
u t i o n .  For any n o e l e c t r o l y t e s  ( n e u t r a l  s p e c i e s )  p r e s e n t  i n  t h e  
aqueous phase,  S i  i s  assumed to be  z e r o .  I n  c a l c u l a t i n g  t h e  den- 
s i t y  of t h e  s o l u t i o n  from t h e s e  V i  v a l u e s ,  it is assumed t h a t  
t h e r e  i s  zero  volume change on mixing s o l u t i o n s  of  e q u a l  i o n i c  
s t r e n g t h  . 

I n  a d d i t i o n  t o  t h e  e x t r a c t a b l e  i o n s  Mi+,  H+,  Xj-, and OH-, 
SXLSQA a l s o  assumes t h e  p r e s e n c e  of  a n o n e x t r a c t a b l e  u n i v a l e n t  
c a t i o n  N+. The components needed f o r  t h e  d e f i n i t i o n  of  V i 0  and Si 
a r e  d e f i n e d  a s  fol lows:  

M X i /  j NjX H jX NOH , 

and t h e  p a r a m e t e r s  i n  t h e  Masson Equat ion  ( V o  and S )  f o r  t h e s e  
components must be s u p p l i e d .  A good source  of v a l u e s  i s  Miller0 
(91, or  t h e y  may b e  r e a d i l y  c a l c u l a t e d  from d e n s i t y  d a t a  f o r  s o l -  
u t i o n s  of t h e  s e p a r a t e  components. I f  t h e  c o n t r i b u t i o n  of aqueous 
product  species t o  t h e  d e n s i t y  of t h e  aqueous phase i s  l i k e l y  t o  b e  
a p p r e c i a b l e ,  t h e n  and S parameters  may b e  e s t i m a t e d  f o r  compo- 
n e n t s  d e f i n e d  by them. I f  t h e  product  s p e c i e s  i s ,  a c a t i o n ,  t h e  
component i s  formed by combination with t h e  an ion  X I - ;  i f  i t  is  a n  
anion,  t h e  component i s  formed by combination with t h e  c a t i o n  N+. 

For e a c h  d a t a  p o i n t  i n v o l v i n g  an aqueous phase ,  t h e  u s e r  
s u p p l i e s  t h e  c o n c e n t r a t i o n s  of  Mi+,  XI-, and u s u a l l y  H+ o r  OH-, 
e i t h e r  b e f o r e  c o n t a c t  w i t h  t h e  o r g a n i c  phase  o r  a t  e q u i l i b r i u m .  
S i n c e ,  even  i n  b a s i c  s o l u t i o n s ,  H+ i s  employed a s  a r e a c t i n g  
s p e c i e s ,  i t s  aqueous c o n c e n t r a t i o n  is  e s t a b l i s h e d  e i t h e r  by  i n p u t  
o r  by c a l c u l a t i o n .  The OH- i o n  c o n c e n t r a t i o n  i s  i n c l u d e d  i n  t h e  
aqueous phase a t  pH v a l u e s  above 4,  and t h e  i o n  product  of  water  i s  
of c o u r s e  s a t i s f i e d .  The c o n c e n t r a t i o n  of  t h e  remaining aqueous 
c a t i o n  ti' is  determined by charge  b a l a n c e .  Data f o r  which OH- i s  
t h e  o n l y  aqueous a n i o n  may be  i n c l u d e d  by d e f i n i n g  t h e  concen- 
t r a t i o n  of  XI- a s  zero,  o r  d a t a  f o r  which t h e r e  i s  no i n e r t  c a t i o n  
ti+ may b e  inc luded  by e g u a t i n g  t h e  e q u i v a l e n t s  of M1+ with  t h e  s u m  
of  t h e  e q u i v a l e n t s  of XI- and OH-. 

For t h e  o r g a n i c  phase,  r e g u l a r  s o l u t i o n s  ( 4 )  a r e  assumed w i t h  
t h e  a c t i v i t y  c o e f f i c i e n t  of t h e  s o l v e n t  and e a c h  n e u t r a l  s o l u t e  
species g iven  on t h e  mole f r a c t i o n  s c a l e  by 
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AHi vi - 2  
l n y ,  = - = - (6 ,  - 6 )  

RT RT 

Here A H i  i s  t h e  p a r t i a l  mola l  h e a t  of  mixing,  Vi i s  t h e  molar  
volume, and 8i i s  t h e  s o l u b i l i t y  parameter  of a component i. The 
q u a n t i t y  i s  t h e  average  s o l u b i l i t y  parameter  f o r  t h e  mixture ,  
weighted by t h e  volume f r a c t i o n s  q; 

i 

The s o l u b i l i t y  parameters  of t h e  s o l v e n t  ( n o t  a d j u s t a b l e )  and 
a l l  s o l u t e  s p e c i e s  ( a d j u s t a b l e ) ,  a l o n g  w i t h  t h e i r  molar  volumes 
must be  s u p p l i e d  by t h e  u s e r .  A good s o u r c e  of  s o l u b i l i t y  param- 
eters is  t h e  handbook by Barton ( 1 0 ) .  The molar  volumes of  t h e  
product  s p e c i e s  formed i n  t h e  o r g a n i c  phase  a r e  c a l c u l a t e d  from 
t h e i r  formulae,  assuming a d d i t i v i t y  of  t h e  volumes of  t h e  r e a c t a n t s  
involved .  I n  c o n v e r t i n g  from one c o n c e n t r a t i o n  scale t o  a n o t h e r ,  
volume a d d i t i v i t y  i s  assumed f o r  a l l  components of t h e  s o l u t i o n .  

The s t a n d a r d  s t a t e  f o r  each a c t i v i t y  c o e f f i c i e n t  g iven  by Eq. 2 
i s  t h e  ( o f t e n  h y p o t h e t i c a l )  p u r e  l i q u i d .  The a c t i v i t y  c o e f f i c i e n t  
of a s o l u t e  component on t h e  c o n c e n t r a t i o n  s c a l e  of  t h e  d a t a ,  gi, 
i s  t h e n  c a l c u l a t e d ;  e . g . ,  f o r  t h e  m o l a r i t y  s c a l e  

1 O 0 O X i  v, 2 
I n  gi = I n  y, + I n  (-) - ( 6 ,  - as) . ( 3 )  

civs 

H e r e  x and c d e n o t e  mole f r a c t i o n  and m o l a r i t y ,  r e s p e c t i v e l y ,  and 
t h e  s u b s c r i p t  s r e f e r s  t o  t h e  s o l v e n t .  I f  t h e  s c a l e  i s  m o l a l i t y  
or moles/kg s o l n . ,  c i n  t h i s  e q u a t i o n  i s  r e p l a c e d  by t h e  appro-  
p r i a t e  c o n c e n t r a t i o n  v a l u e  and Vs i s  r e p l a c e d  by t h e  m o l e c u l a r  
weight  o f  t h e  s o l v e n t .  As t h e  c o n c e n t r a t i o n  of  a l l  s o l u t e  s p e c i e s  
approaches zero,  pi f o r  each approaches u n i t y .  

2xLmQau 
SXLSQA h a s  much t h e  same s t r u c t u r e  a s  SXLSQ (l), t h e  main 

program b e i n g  a s l i g h t l y  modi f ied  v e r s i o n  of t h e  g e n e r a l  l e a s t  
s q u a r e s  program ORGLS (11). The major changes a r i s e  from t h e  need 
t o  c a l c u l a t e  a c t i v i t i e s  and a c t i v i t y  c o e f f i c i e n t s .  

P r o w  

I n  o r d e r  t o  c a l c u l a t e  t h e  c o n c e n t r a t i o n s  of a l l  s p e c i e s  i n  both  
p h a s e s  f o r  each d a t a  p o i n t ,  n n o n - l i n e a r  e q u a t i o n s  i n  n unknowns 
must be  s o l v e d .  With u n i t  a c t i v i t y  c o e f f i c i e n t s  assumed i n  SXLSQ 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1680 BAES, MOYER, CASE AND CASE 

(1) , j u s t  one m a t e r i a l  b a l a n c e  e q u a t i o n  and an unknown concen- 
t r a t i o n  was needed f o r  e a c h  r e a c t a n t  r e q u i r e d  by  t h e  p r o d u c t  
s p e c i e s  assumed, hence n was no g r e a t e r  t h a n  f i v e ,  t h e  number o f  
r e a c t a n t s  d e f i n e d  by t h e  program - Mi+(aq) ,  ( H A ) y ( o r g ) ,  
B , ( o r g ) ,  and  H t ( a q ) .  I n  t h e  p r e s e n t  c a s e ,  w i t h  a c t i v i t y  
c o e f f i c i e n t s  t h a t  depend upon t h e  c o n c e n t r a t i o n s  o f  a l l  s p e c i e s  
p r e s e n t  i n  each phase,  it i s  n e c e s s a r y  t o  i n c l u d e  i n  t h e  set o f  
s imultaneous non-l inear  equat ions  an a d d i t i o n a l  r e l a t i o n s h i p  of t h e  
form 

XJ-(aq)  , 

Q = K / G  , ( 4 )  

f o r  each product  s p e c i e s  assumed; Q i s  t h e  e q u i l i b r i u m  q u o t i e n t  o f  
c o n c e n t r a t i o n s ,  r e p l a c i n g  t h e  e q u i l i b r i u m  c o n s t a n t  K i n  Eq. 2 o f  
r e f .  (l), and G i s  t h e  cor responding  q u o t i e n t  of a c t i v i t y  c o e f -  
f i c i e n t s .  The number n of s imul taneous  e q u a t i o n s  now e q u a l s  t h e  
number of  r e a c t a n t s  needed plus t h e  number of  product  s p e c i e s .  I n  
o t h e r  r e s p e c t s ,  t h e  c a l c u l a t i o n  p r o c e d u r e  i s  s i m i l a r  t o  t h a t  
d e s c r i b e d  p r e v i o u s l y  f o r  SXLSQ (1) .  

I n  t h e  m a t e r i a l  b a l a n c e  c o n d i t i o n  t h a t  must be  s a t i s f i e d  f o r  
e a c h  r e a c t a n t  [Eqs.  12a-c i n  r e f  (l)], a t r a n s f e r  of  m a t e r i a l  
between t h e  two l i q u i d  p h a s e s  i n v o l v e s  a r a t i o  R r e l a t e d  t o  t h e  
amounts of  t h e  o r g a n i c  and t h e  aqueous phase .  Depending on t h e  
c o n c e n t r a t i o n  s c a l e  b e i n g  used,  c, rn, o r  mol/kg s o h . ,  R i s  t h e  
r a t i o  of t h e  volumes, t h e  s o l v e n t  weights ,  o r  t h e  g r o s s  weights  o f  
t h e  two p h a s e s .  S i n c e  t h e  t r a n s f e r  of m a t e r i a l  can  produce  a 
change i n  t h e  volume and t h e  g r o s s  weight  of b o t h  p h a s e s ,  t h e  
e f f e c t  on R when t h e  c o r  mol/kg s o h .  c o n c e n t r a t i o n  s c a l e s  a r e  
used  h a s  been i n c l u d e d  i n  t h e  p r e s e n t  program. The r e s u l t i n g  
c o r r e c t i o n  i s  t r i v i a l  u n l e s s  a l a r g e  amount of m a t e r i a l  i s  t r a n s -  
f e r r e d  between phases .  

A s  was t h e  c a s e  f o r  SXLSQ, s u b r o u t i n e s  a r e  inc luded  i n  SXLSQA 
f o r  s i x  d i f f e r e n t  k i n d s  of d a t a ;  1) t h e  e x t r a c t i o n  c o e f f i c i e n t  of 
t h e  m e t a l  i o n  Mi', 2 )  t h e  c o n c e n t r a t i o n  of  e x t r a c t e d  aqueous a n i o n  
X I -  (p rev ious ly ,  t h e  c o n c e n t r a t i o n  of  e x t r a c t e d  a c i d ) ,  3 )  t h e  t o t a l  
c o n c e n t r a t i o n  of  s p e c i e s  i n  t h e  o r g a n i c  phase, 4 )  t h e  water  c o n t e n t  
of  t h e  o r g a n i c  phase,  5 )  t h e  h e a t  of  mixing of  two o r g a n i c  s o l u -  
t i o n s ,  and 6 )  t h e  s p e c t r a l  absorbance of t h e  o r g a n i c  p h a s e .  The 
i n t r o d u c t i o n  of  a c t i v i t y  e f f e c t s  produces changes i n  t h e  way two of  
t h e s e  q u a n t i t i e s  a r e  c a l c u l a t e d .  

t i o n  of S o l u t e  Soecies 

Determined with t h e  vapor p r e s s u r e  osmometer, t h i s  q u a n t i t y  now 
must i n c l u d e  t h e  e f f e c t  of t h e  non-ideal  behavior  of t h e  r e f e r e n c e  
s o l u t e  used i n  such measurements. The q u a n t i t y  d e r i v e d  from meas- 
urements  wi th  t h i s  d e v i c e  i s  t h e  c o n c e n t r a t i o n  of t h e  r e f e r e n c e  
s o l u t i o n  t h a t  produces  t h e  same s o l v e n t  a c t i v i t y  a s  t h e  sample 
s o l u t i o n ,  and t h i s  is  u s u a l l y  t a k e n  t o  be  t h e  t o t a l  c o n c e n t r a t i o n  
of s o l u t e  s p e c i e s  i n  t h e  sample s o l u t i o n .  The a c t i v i t y  of  s o l v e n t  
i n  t h e  r e f e r e n c e  s o l u t i o n  i s  given by 
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v 2  2 

as = xs e x p  [L 'P, (6s- 6~ ] 
RT 

( 5 )  

( t h e  s u b s c r i p t  r d e n o t e s  t h e  r e f e r e n c e  s o l u t e )  and i s  assumed t o  
e q u a l  t h e  a c t i v i t y  of s o l v e n t  c a l c u l a t e d  by Eq. 2 f o r  t h e  sample 
s o l u t i o n .  The mole f r a c t i o n  of  s o l v e n t  g i v i n g  t h e  r e q u i r e d  
a c t i v i t y  i n  t h e  r e f e r e n c e  s o l u t i o n  ( x s  i n  Eq. 5 )  i s  de termined  by  
i t e r a t i o n .  This  i n  t u r n  g i v e s  t h e  c a l c u l a t e d  c o n c e n t r a t i o n  of r e f -  
e r e n c e  s o l u t e  t o  be compared with t h e  "observed" v a l u e .  

& a t  of b i u w a  of Two O r g g n i c  S o L a n S  
. .  

This  q u a n t i t y  i s  c a l c u l a t e d  by an express ion  

AH = Y ,  - Yo - Yt I 

i n  which t h e  s u b s c r i p t s  m, 0, and t r e f e r  t o  t h e  m i x t u r e ,  t h e  
i n i t i a l ,  and t h e  t i t r a n t  s o l u t i o n s ,  r e s p e c t i v e l y ,  and e a c h  of  t h e  
t h r e e  t e r m s  Y are  of  t h e  same form.  For  t h e  m o l a r i t y  concen- 
t r a t i o n  s c a l e ,  t h i s  i s  

As i n  SXLSQ (l), Hi i s  an a d j u s t a b l e  parameter  r e p r e s e n t i n g  t h e  
h e a t  of t h e  r e a c t i o n  forming a product  s p e c i e s .  The s u b s c r i p t  i 
i n d i c a t e s  t h a t  t h e  summation i s  o v e r  a l l  t h e  p r o d u c t  s p e c i e s  
assumed i n  t h e  o r g a n i c  s o l u t i o n s .  T h i s  f i r s t  t e r m  i n  t h e  b r a c k e t s  
i n  t h e  e x p r e s s i o n  f o r  Y i s  t h e  only  one i n c l u d e d  p r e v i o u s l y ;  t h e  
remaining t h r e e  terms a r i s e  from a c t i v i t y  e f f e c t s .  The f i r s t  of 
t h e s e  r e f l e c t s  t h e  e f f e c t  of  s o l u t e  s p e c i e  a c t i v i t y  c o e f f i c i e n t s ,  
w i t h  t h e  index  j i n d i c a t i n g  t h a t  a l l  s o l u t e  s p e c i e s  ( r e a c t a n t s  a s  
w e l l  a s  p r o d u c t s )  a r e  i n c l u d e d .  The next  t e r m  i s  t h e  n o n - i d e a l  
c o n t r i b u t i o n  of t h e  s o l v e n t ,  and t h e  l a s t  i s  t h e  e f f e c t  of  t h e  con- 
c e n t r a t i o n  s c a l e  used .  I f  t h e  m o l a l i t y  ( o r  moles/kg s o l n . )  s c a l e  
i s  chosen t o  e x p r e s s  each  s o l u t e  c o n c e n t r a t i o n  c i n  Eq. 6a, t h e  
volume of  s o l u t i o n  V i s  r e p l a c e d  by t h e  grams of  s o l v e n t  ( o r  o f  
s o l u t i o n ) ,  and t h e  molar  volume of  t h e  s o l v e n t  (V,) i n  t h e  l a s t  
t e r m  i s  r e p l a c e d  by t h e  molecular  weight of t h e  s o l v e n t .  

of DaQ 

With t h e  model and i t s  a s s o c i a t e d  parameters  d e f i n e d ,  SXLSQA 
c a l c u l a t e s  f o r  any s p e c i f i e d  composi t ion of t h e  p h a s e s  involved ,  
t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  a l l  s p e c i e s  i n  each  phase,  t h e i r  
a c t i v i t y  c o e f f i c i e n t s ,  and t h e  a c t i v i t y  of t h e  water  and of t h e  or -  
g a n i c  d i l u e n t .  These a r e  a v a i l a b l e  through common s t a t e m e n t s  t o  
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1682 BAES, MOYER, CASE AND CASE 

user -def ined  s u b r o u t i n e s  t h a t  can r e t u r n  c a l c u l a t e d  v a l u e s  o f  what- 
e v e r  observed q u a n t i t y  i s  conta ined  i n  each d a t a  p o i n t .  

f o r  t h e  Use 

I n  view of t h e  freedom gained  i n  modeling e q u i l i b r i u m  d a t a  w i t h  
a d j u s t a b l e  a c t i v i t y  parameters ,  w e  sugges t  t h e  fo l lowing  s t r a t e g i e s  
and p r e c a u t i o n s .  The d a t a  set should  i n c l u d e  more t h a n  one d a t a  
t y p e  ( e . g .  , d i s t r i b u t i o n  and s p e c t r a l )  r e f l e c t i n g  b o t h  phase  com- 
p o s i t i o n  and s p e c i a t i o n .  A p r e l i m i n a r y  a n a l y s i s  can be  performed, 
wi th  u n i t  a c t i v i t y  c o e f f i c i e n t s  assumed i n  t h e  o r g a n i c  phase ,  t o  
select  t h e  major  product  s p e c i e s  and t o  e s t i m a t e  t h e i r  f o r m a t i o n  
c o n s t a n t s ,  e i t h e r  with SXLSQA o r  by g r a p h i c a l  methods. 

The d a t a  may t h e n  be  modeled i n  more d e t a i l ,  wi th  a c t i v i t y  
parameters  e s t i m a t e d  from p u b l i s h e d  s o u r c e s  f o r  e a c h  r e a c t a n t  and 
p o s t u l a t e d  product  s p e c i e s .  S o l u b i l i t y  parameters  should  b e  viewed 
wi th  s u s p i c i o n  i f  t h e y  a r e  a s s i g n e d  v a l u e s  h i g h  enough t o  produce 
a c t i v i t i e s  on t h e  mole f r a c t i o n  s c a l e  g r e a t e r  t h a n  u n i t y  s i n c e  t h i s  
would imply t h a t  a new phase should  appear  wi th  t h e  composi t ion o f  
t h e  cor responding  s p e c i e s .  Minor s p e c i e s  i d e n t i f i e d  i n  t h e  pre l im-  
i n a r y  a n a l y s i s  b u t  e l i m i n a t e d  by t h e  i n c l u s i o n  of a c t i v i t y  e f f e c t s  
should  b e  c o n s i d e r e d  i n d e t e r m i n a t e  from t h e  g i v e n  d a t a .  I f  more 
t h a n  one set of  s p e c i e s  remain t h a t  can  account  for t h e  d a t a ,  t h e n  
c l e a r l y  more d a t a  a r e  needed. Care should  be  taken  t o  minimize t h e  
number o f  s p e c i e s  i n c l u d e d  i n  models be ing  t e s t e d .  Otherwise,  a t  
wors t ,  t h e  c a l c u l a t i o n  may f a i l  because of c o v a r i a n c e  of t h e  many 
parameters  be ing  a d j u s t e d ,  o r ,  a t  b e s t ,  t h e  c o n c l u s i o n s  drawn w i l l  
be  q u e s t i o n a b l e .  

F a i l u r e  c a n  o c c u r  d u r i n g  t h e  c a l c u l a t i o n  of e q u i l i b r i u m  
c o n c e n t r a t i o n s  f o r  a d a t a  p o i n t  because  one o r  more of  t h e  p a r -  
ameters  be ing  a d j u s t e d  is ass igned  a va lue  beyond p l a u s i b l e  l i m i t s .  
T h i s  can be  avoided by a d j u s t i n g  parameters  a few a t  a t i m e  i n  t h e  
e a r l y  s t a g e s  of  model t e s t i n g ,  a n d / o r  by damping t h e  a d j u s t m e n t s  
made by t h e  program i n  each  re f inement  c y c l e .  I n  g e n e r a l ,  t h e  
b e t t e r  t h e  f i t  t o  t h e  d a t a  and t h e  lower t h e  c o v a r i a n c e  of  t h e  
p a r a m e t e r s  b e i n g  a d j u s t e d ,  t h e  greater t h e  number of p a r a m e t e r s  
t h a t  may be  r e f i n e d  s imul taneous ly .  

Some of t h e s e  p o i n t s  w i l l  now be i l l u s t r a t e d  by model ing t h e  
e x t r a c t i o n  of HNO3 and water  from aqueous s o l u t i o n  by d i  (2-e thyl -  
h e x y 1 ) s u l f o x i d e  (DEHSO, B) i n  dodecane a t  25OC ( F i g s .  1 and 2 ) .  
P r e v i o u s  a p p l i c a t i o n  of t h e  program t o  s p e c t r a l  d a t a  on t h e  
e x t r a c t i o n  of water  (W) a l o n e  by DEHSO i n  dodecane ( 5 )  conf i rmed 
t h e  format ion  of  t h e  two s p e c i e s  BW and B2W. These were i n c l u d e d  
i n  a l l  schemes used  t o  tes t  t h e  p r e s e n t  n i t r i c  a c i d  and w a t e r  
e x t r a c t i o n  d a t a .  The s o l u b i l i t y  parameter  o r i g i n a l l y  r e p o r t e d  ( 5 )  
f o r  t h e  BW s p e c i e s  ( 1 1 . 0  cm3I2) produced a c t i v i t i e s  of  BW 
t h a t  e x c e e d e d  u n i t y .  T h i s  was a v o i d e d  w i t h o u t  a p p r e c i a b l y  
a f f e c t i n g  t h e  goodness of f i t  t o  t h e  water -ex t rac t ion  d a t a  ( 5 )  by 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



COMPUTER PROGRAM SXLSQA 1683 

P 

DEHSO Molarity 

0 " " ~ " " " " " . ' " ' . " " ~ ~ '  ' ' . ' ' " ' ~ " " " " ~ " ' ~ ' ~ ' 1 "  

T. 10'' Id 
Equil ibrium N i t r i c  Acid Ho lor iLy  

F i g .  1. E q u i l i b r i u m  O r g a n i c  P h a s e  HNO3 M o l a r i t y  vs. 
E q u i l i b r i u m  Aqueous HNO3 M o l a r i t y  f o r  V a r i o u s  DEHSO 
C o n c e n t r a t i o n s .  The d a t a  w e r e  c o l l e c t e d  by  non-aqueous 
ac id-base  t i t r i m i t r y .  

reducing t h i s  parameter  a b i t  ( t o  10.8 cal1I2,  cm-3/2) and r e a d j u s -  
t i n g  t h e  o t h e r  p a r a m e t e r s  i n  t h e  o r g a n i c  phase (Table  I ) .  The 
p a r a m e t e r s  used  t o  c a l c u l a t e  water  a c t i v i t i e s  and i o n  a c t i v i t y  
c o e f f i c i e n t s  i n  t h e  aqueous HNO3 s o l u t i o n s  (Table  I) have been  
r e p o r t e d  p r e v i o u s l y  ( 3 ) .  I n  t e s t i n g  t h e  p r e s e n t  d a t a ,  t h e  
parameters  i n  Table  1 were not  v a r i e d .  

The amount of  HNO3 ( H X )  e x t r a c t e d  a t  a g iven  low aqueous con- 
c e n t r a t i o n  of  HX i s  roughly p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  of B 
( F i g .  l), and it  i s  p o s s i b l e  t o  account  f o r  t h e  a c i d  e x t r a c t i o n  
d a t a  w i t h i n  2 0 %  assuming t h e  s i n g l e  p r o d u c t  s p e c i e s  B H X .  But 
f u r t h e r  i n s p e c t i o n  of t h e  d a t a  i n d i c a t e s  one o r  more a d d i t i o n a l  
s p e c i e s  must a l s o  be  formed. A t  t h e  h i g h e s t  a c i d  c o n c e n t r a t i o n s ,  
t h e  r a t i o  of e x t r a c t e d  HX t o  DEHSO is somewhat g r e a t e r  t h a n  u n i t y  
s u g g e s t i n g  a s p e c i e s  c o n t a i n i n g  more HX t h a n  8. A t  lower a c i d  con- 
c e n t r a t i o n s ,  t h e  dependence of HNO3 e x t r a c t i o n  on t h e  DEHSO concen- 
t r a t i o n  i s  i n  e x c e s s  of f i r s t  power, s u g g e s t i n g  a s p e c i e s  of HX 
c o n t a i n i n g  more t h a n  one B .  F i n a l l y ,  w h i l e  t h e  amount o f  water  
e x t r a c t e d  f a l l s  a t  f i r s t ,  i t  t h e n  rises w i t h  f u r t h e r  i n c r e a s e s  i n  
t h e  HX c o n c e n t r a t i o n s  ( F i g .  21,  s u g g e s t i n g  a s p e c i e s  c o n t a i n i n g  
B,HX and W 

I n  t h e  f o l l o w i n g  summary of t h e  numerous schemes of  s p e c i e s  
t e s t e d  a g a i n s t  t h e  d a t a ,  w e  w i l l  d e s i g n a t e  each  s p e c i e s  B b ( H X ) x W w  
by a set of conca tena ted  i n t e g e r s  bxw; t h u s  t h e  t h r e e  s p e c i e s  
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F i g .  2. Equi l ibr ium Organic  Phase Excess Water M o l a r i t y  v s .  
I n i t i a l  Aqueous H N O 3  M o l a r i t y  f o r  f o r  V a r i o u s  DEHSO 
Concent ra t ions .  Data were c o l l e c t e d  by Kar l -F ischer  tit- 
r a t i o n s .  The water  c o n t e n t  of p u r e  dodecane e q u i l i b r a t e d  
a t  t h e  same HNO3 m o l a r i t y  was s u b t r a c t e d  from each d a t a  
p o i n t .  T h i s  b l a n k  v a r i e d  i n  p r o p o r t i o n  t o  t h e  w a t e r  
a c t i v i t y  i n  accordance  wi th  Henry 's  Law ( o r g a n i c  water  
conc.  = 0 . 0 0 2 6 4  M a t  u n i t  water  a c t i v i t y ) .  

p r e s e n t  i n  a l l  schemes t e s t e d ,  BW, B2W, and BHX, a r e  denoted  101, 
201, and 110, r e s p e c t i v e l y .  A s  usua l ,  t h e  s t a n d a r d  e r r o r  of f i t  Q 
i s  e x p r e s s e d  i n  t e r m s  of  t h e  e s t i m a t e d  u n c e r t a i n t y  i n  t h e  meas- 
urements; i . e . ,  an i d e a l  f i t  would correspond t o  0 = 1. 

The b e s t  schemes of t h i s  t y p e  i n c l u d e d  t h e  f o l l o w i n g  as t h e  
f o u r t h  species ( w i t h  (T i n  p a r e n t h e s e s ) :  111 (5.97); 112 (6.12); 
221 (6.69); 222 (6.62); 223 (6.96). B u t  t h e  b e s t  f i t  o b t a i n a b l e  
(a= 5.91 f o r  111) was not  very  good. This  i s  not  s u r p r i s i n g  s i n c e  
none of  t h e s e  c a n d i d a t e s  c o n t a i n s  more HX t h e n  B.  A l i k e l y  ex-  
t r a c t i o n  p r o d u c t ,  B(HX)2WW ( 1 2 ~ 1 ,  t h a t  could  account  f o r  b o t h  t h e  
i n c r e a s i n g  water  c o n t e n t  and t h e  e x c e s s  of HX over  B i n  t h e  o r g a n i c  
phase  w i t h  i n c r e a s i n g  HX c o n t e n t ,  gave an even p o o r e r  f i t ;  t h e  
va lue  of Q decreased  from 1 0 . 5  t o  7.6 a s  w was i n c r e a s e d  from 1 t o  
8 .  The parameters  g i v e n  by t h e  b e s t  f o u r - s p e c i e  scheme a r e  l i s t e d  
i n  Table  2. These tests were s u f f i c i e n t  t o  show t h a t  s p e c i e s  
c o n t a i n i n g  more t h a n  two B o r  two HX groups were not  l i k e l y  t o  be 
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Table 1. Parameters Not Varied in Modeling the Extraction of 
Water and HNO3 by DEHSO in Dodecanea 

Parameter Interaction or Species Value 

6 
6 

6 

6 

Log K 

Log K 

v 
H+ - ~ 0 3 -  
H+ -  NO^- 

H N O ~  - H , HNO3 - NO3- 
HNO3 - HNO3 
HNO3 (Assoc. Const. ) 

H+ - No$- 

Dodecane 
B 
BW 
BW 
B2W 
BZW 

0.1119 
0 . 3 6 8 6  
0 .00247 
0 . 1 7 9 6  
0 . 0 8 7 1  

-1.3 

7.04  
8 . 7  

-0.8805 
1 0 . 8  
- 0 . 6 8 0 6  
10.0 

a The Pitzer parameters (p(O), p('), C@, 8,  andh) and the 
parameters D and Log K for undissociated HNO3 in the aqueous 
phase are from The Log K and solubility parameter 
values (6, ca1155Em-STbi for the organic phase are slightly 
changed from ref. (5), as described in the text. 

important and that at least one more species was needed to account 
for the data. 

All possible species containing one o r  two molecules of B and 
HX were systematically tested as fourth and fifth members of these 
schemes. Fits with U values less than 4 were obtained only when 
one of these was 211 (B2HXW) and the other was 111, 12w, or 221. 
The best fit (U = 2 . 2 5 ,  Table 2 ) ,  was found with 2 1 1  and 125 as 
the final two species. 

Even with the restriction that b and x be 1 or 2, a thorough 
search for all possible combinations of three species to be inclu- 
ded with 101, 201, and 110 is not practical. Instead, the 2 1 1  
species found in the best five-specie schemes was included in all 
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Table 2. Models of Water (W) and HNO3 (HX) Extraction by 
DEHSO (B) in Dodecanea 

Four S@xka 
BHX -0.404 (0.032) 
BHXW -1.638 (0.059) 

Five S@xka 
BHX -0.472 (0.013) 
B(HX)2Ws -3.911 (0.033) 
B2HXW 0.161 (0.039) 

BHX -0.481 (0.010) 
B(HX)2W5 -3.913 (0.027) 
B2HX -0.258 (0.054) 
B2HXW 0.128 (0.034) 

10.80 (0.39) 
12.19 (0.38) 5.97 

10.82 (0.14) 
11.39 (0.17) 
9.59 (0.23) 2.25 

(10.1) 

(10.0) 
11.08 (0.17) 

9.43 (0.20) 1.79 

aAll schemes include the species BW and B2W. Solubility 
parameter values in parentheses were not refined. The 
parameters of the six-specie scheme in this table and those 
in Table 1 were used to calculate the curves shown in Figs. 
1 and 2. 

six-specie schemes tested. Fits with U values less than 2 were 
obtained when the final three species were 210, 211, and 12w ( w  = 
4 - 6); i.e., when the species 210 (B2HX) was added to one of the 
best five-specie schemes. Again the best fit (a= 1.64) was found 
with w = 5. In both schemes, the freely adjusted solubility param- 
eters of BHX and B(HX)2W5 were a bit too large and were constrained 
for the six-member scheme in Table 2 to prevent the corresponding 
activities on the mole fraction scale from exceeding unity. This 
increased the value of u in this case from 1.64 to 1.79. The 
curves shown in Figs. 1 and 2 were calculated from this scheme with 
the parameters summarized in Tables 1 and 2. 

Considering the schemes in Table 11, the species BHX is best 
established by the data. Though BHXW gives the best four-specie 
scheme, it yields a poor fit with a solubility parameter so large 
that the activity of a hypothetical pure phase of this composition 
would be exceeded over much of the range of the data. The two 
species B2HXW and B(HX)2WgI both members of the best five- and six- 
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s p e c i e  schemes and c o n s i s t e n t  w i t h  our  p r e l i m i n a r y  i n s p e c t i o n  of  
t h e  d a t a ,  seem much more l i k e l y  as  t h e  most impor tan t  e x t r a c t i o n  
products  a f t e r  BHX. The l a r g e  number of  water  molecules  a s s o c i a t e d  
with B(HX)2Ws i s  s u r p r i s i n g ,  however, and t h e  a c t u a l  number should  
be c o n s i d e r e d  u n c e r t a i n .  The f i v e -  and six-member schemes d i f f e r  
o n l y  i n  t h e  s p e c i e s  B z H X ,  whose r e l a t i v e l y  u n c e r t a i n  f o r m a t i o n  
c o n s t a n t  s u g g e s t s  it t o  be t h e  most d o u b t f u l .  

CONCLUSIONS 

The FORTRAN program SXLSQA e x t e n d s  t h e  e a r l i e r  model ing pro-  
gram SXLSQ f o r  t h e  i n t e r p r e t a t i o n  of  s o l v e n t  e x t r a c t i o n  e q u i l i b r i u m  
d a t a  by a l lowing  t h e  e s t i m a t i o n  of a c t i v i t y  e f f e c t s  i n  b o t h  p h a s e s  
and by i n c l u d i n g  complexat ion i n  t h e  aqueous phase.  A c t i v i t y  c o e f -  
f i c i e n t s  i n  t h e  aqueous phase a r e  e s t i m a t e d  by t h e  P i t z e r  t r e a t m e n t  
( Z ) ,  and a c t i v i t y  c o e f f i c i e n t s  i n  t h e  o r g a n i c  phase  a r e  e s t i m a t e d  
by use  of  t h e  r e g u l a r  s o l u t i o n  model of  Hi ldebrand  and S c o t t  ( 4 ) .  
This  program p r o v i d e s  f o r  t h e  f i r s t  t i m e  a t o o l  b o t h  f o r  ( a )  a n a l -  
yz ing  e x t r a c t i o n  d a t a  over  a broad range of  c o n d i t i o n s  n o t  normally 
s u b j e c t  t o  d e t a i l e d  i n t e r p r e t a t i o n  and ( b )  d i s e n t a n g l i n g  t h e  e f f e c t  
of s p e c i e  formation from t h a t  of a c t i v i t y  c o e f f i c i e n t  v a r i a t i o n .  
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