
LBL-26468 

I L U  LJ U 1305 m 

I Lawrence Berkeley Laboratory e UNIVERSITY OF CALIFORNIA 

EARTH SCIENCES DIVISION 

Presented at the ACS Annual Meeting on Chemical Modeling 
in Aqueous Systems 11, Anaheim, CA, September 25-30,1988, 
and to be published in the Proceedings 

Models for Aqueous Electrolyte Mixtures for Systems 
Extending from Dilute Range to the Fused Salt - Evaluation 
of Parameters to High Temperatures and Pressures 

R.T. Pabalan and K.S. Pitzer 

, I September 1988 

. I  , d 1. 
11 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098. 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



I DISCLAIMER 
~ 

' This document was prepared as an account of work sponsored 
1 by the United States Government. Neither the United States 
'Government nor any agency thereof, nor The Regents of the I University of California, nor any of their employees, makes any 
1 warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of 

~ any information, apparatus, product, or process disclosed, or 
I represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial products process, or ' service by its trade name, trademark, manufacturer, or other- 1 wise, does not necessarily constitute or imply its endorsement, 

I recommendation, or favoring by the United States Government ' or any agency thereof, or The Regents of the University of Cali- 
~ fornia. The views and opinions of authors expressed herein do  
I not necessarily state or reflect those of the United States ' Government or any agency thereof or The Regents of the 
I University of California and shall not he used for advertising or 
~ product endorsement purposes. 

Lawrence Berkeley Laboratory is an equal opportunity employer. 



LBL--26468 

DE89 006657 

Models for Aqueous Electrolyte Mixtures for Systems 
Extending from Dilute Range to the Fused Salt - Evaluation 

of Parameters to High Temperatures and Pressures 

Roberto T. Pabalan and Kenneth S. Pitzer 

Department of Chemistry 
University of California 

and 

Earth Sciences Division 
Lawrence Berkeley Laboratory 

1 Cyclotron Road 
Berkeley, California 94720 

September 1988 



Models f o r  Aqueous E l e c t r o l y t e  Mixtures  f o r  Systems Extending from 

DZlute Range t o  t h e  Fused S a l t  - Evalua t ion  of Parameters  

t o  High Temperatures and P res su res  

Roberto T. Pabalan and Kenneth S. P i t z e r  

ABSTRACT 

Models based on g e n e r a l  equa t ions  f o r  t h e  excess  Gibbs energy of t h e  

aqueous f l u i d  provide thermodynamically c o n s i s t e n t  s t r u c t u r e s  f o r  e v a l u a t i n g  

and p r e d i c t i n g  aqueous e l e c t r o l y t e  p rope r t i e s .  These equa t ions  y i e l d  o t h e r  

q u a n t i t i e s  upon appropr i a t e  d i f f e r e n t i a t i o n ,  i nc lud ing  osmotic  and a c t i v i t y  

c o e f f i c i e n t s ,  excess  e n t h a l p i e s ,  hea t  c a p a c i t i e s ,  and volumes. For t h i s  

reason a w i d e  array of experimental  d a t a  are ava i lab le  from which model 

parameters  and t h e i r  temperature  o r  p r e s s u r e  dependence can be evaluated.  For 

systems of moderate concen t r a t ion ,  t h e  most commonly used model a t  p re sen t  i s  

t h e  ion - in t e rac t ion  approach developed by P i t z e r  (1) and coworkers. For more 

concent ra ted  s o l u t i o n s ,  i nc lud ing  those  ex tending  t o  t h e  fused  s a l t ,  an  

a l t e r n a t e  model based on a Margules-expansion and commonly used f o r  

n o n e l e c t r o l y t e s  vas proposed by P i t z e r  and Simonson (40). We d i s c u s s  t h e s e  

t u 0  models and g ive  examples of parameter e v a l u a t i o n s  f o r  some g e o l o g i c a l l y  

r e l evan t  systems t o  high temperatures  and p res su res ;  a l s o  w e  show a p p l i c a t i o n s  

of the models to c a l c u l a t f o n s  of s o l u b i l i t y  e q u i l i b r i a .  

c 
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I thorough knowledge of t h e  thermodynamic p r o p e r t i e s  of aqueous e l e c t r o l y t e  

2 

INTRODUCTION 

Attempts t o  understand va r ious  geochemical p rocesses ,  i nc lud ing  those  

r e l a t e d  t o  hydrothermal b r i n e s ,  seawater systems, and e v a p o r i t e  format ion ,  as 

w e l l  as i n d u s t r i a l  problems, such as co r ros ion  and s c a l i n g  i n  geothermal 

systems, power p l a n t s ,  and coo l ing  systems of nuc lea r  r e a c t o r s ,  r e q u i r e  a 
* 

s o l u t i o n s .  E s s e n t i a l  t o  t h e s e  are chemical models t h a t  a c c u r a t e l y  d e s c r i b e  

t h e  excess  p r o p e r t i e s  of aqueous e l e c t r o l y t e s  over  wide ranges of temperature ,  

p r e s s u r e ,  and Concent ra t ion ,  and which a l low p r e d i c t i o n  of t h e s e  p r o p e r t i e s  

for complex mixtures  based on parameters eva lua ted  from simple systems. 

Chemical  models based on g e n e r a l  equa t ions  f o r  the  excess Gibbs energy of the 

aqueous s o l u t i o n  provide  thermodynamically c o n s i s t e n t  s t r u c t u r e s  f o r  t h e  

e v a l u a t i o n  and p r e d i c t i o n  of aqueous e l e c t r o l y t e  p r o p e r t i e s .  These equa t ions  

y i e l d  o t h e r  q u a n t i t i e s  upon a p p r o p r i a t e  d i f f e r e n t i a t i o n ,  i n c l u d i n g  osmotic  and 

a c t i v i t y  c o e f f i c i e n t s ,  excess e n t h a l p i e s ,  e n t r o p i e s ,  hea t  capacities, and 

volumes. 

d a t a  from which model parameters  and t h e i r  temperature  or pres su re  dependence 

can be evaluated.  

For t h i s  reason,  a wide a r r a y  of exper imenta l  t echniques  provide 

The purpose of t h i s  paper is t o  review two thermodynamic models f o r  

aqueous e l e c t r o l y t e  s o l u t i o n s  and t o  g ive  examples of parameter e v a l u a t i o n s  t o  

high temperatures and p res su res ,  as w e l l  as a p p l i c a t i o n s  t o  s o l u b i l i t y  

c a l c u l a t i o n s .  The f i r s t  model has  been d iscussed  ex tens ive ly  elsewhere (1-4) 

. 

and w i l l  be revieved only b r i e f l y  here, while  more d e t a i l  w i l l  be given for 

t h e  second model. 

I I n  both models t he  Gibbs energy of t h e  s o l u t f o n  is w r i t t e n  as t h e  sum of 

? 

an i d e a l  term and an excess  term 

G = GFd + Gex,  
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I 

but  t h e  measure of conpos i t i on  and t h e  forms of t h e  i d e a l  as well as t h e  

excess  terms are d i f f e r e n t .  I n  one case t h e  measure of composition is 

mola l i t y ,  1.e. moles of s o l u t e  species per kg. of s o l v e n t ,  and t h e  i d e a l  
I 
1 -  
I a c t i v i t y  is taken  t o  be p ropor t iona l  t o  t h e  mola l i ty .  This  l e a d s  t o  t h e  

fo l lowing  expres s ion  for t h e  i d e a l  Gibbs energy: 

A 

uhere t h e  s u p e r s c r i p t  m i n d i c a t e s  t h e  mola l i t y  basis, 4 and u i m  are t h e  

s t anda rd  s t a t e  chemical p o t e n t i a l s  of water and s o l u t e  s p e c i e s  i., 

r e s p e c t i v e l y ,  and n+ and q are t h e  number of moles and t h e  mola l i t y  of 

species i, respec t ive ly .  

' 

Then a c t i v i t i e s ,  a c t i v i t y  c o e f f i c i e n t s  (GI, and t h e  

osmotic  c o e f f i c i e n t  are r e l a t e d  by 

a i  = qr: (3 

(O - - ( n / l q ) l n  % (4 
i 

wi th  il t h e  number of moles of s o l v e n t  p e r  kg. (55.51 f o r  water) and t h e  sum 

covers  a l l  s o l u t e  species. Also, 

Cex*m/wwRT = I q ( 1  - 4 + ln Y?) ( 5  1 
i 

where ww is t he  number of kg. of so lvent .  The mola l i t y  sys t em is  i n  gene ra l  

u s e  for  aqueous solutions of moderate concentration, but i t  becomes 

u n s a t i s f a c t o r y  a t  very h igh  s o l u t e  concent ra t ions .  Indeed t h e  mola l i t y  

I becomes i n f i n i t e  f o r  a pure fused  salt. 
I 
I 

The a l t e r n a t e  system uses  mole f r a c t i o n  as a measure of composition; i t  is  . 
I used General ly  f o r  nonionic  s o l u t i o n s  and can be symmetrical wi th  regard  t o  

t h e  va r ious  components. I n  t h i s  system t h e  i d e a l  Gibbs energy is 

i 
w i t h  xi t h e  mole f r a c t i o n  of species i and t h e  s u p e r s c r i p t  x i n d i c a t e s  t he  

mole f r a c t i o n  sys tem.  Now ufX is e i ther  the  chemical p o t e n t i a l  of t he  pure 

l i q u i d  f ,  or an e x t r a p o l a t e d  v a l u e  a t  i n f i n i t e  d i l u t i o n :  



4 

a 
.For t h e  i n f i n i t e  d i l u t i o n  case, however, p i x  d i f f e r s  from p l m  because of t h e  

d i f f e r e n c e  between In xi and In 9;  s p e c i f i c a l l y ,  p l m  - pfX - RTlnZZ. 

The excess  Gibbs energy I n  t h e  mole f r a c t i o n  system i s  

G e x p x  = RTlniln yf (8 1 
i 

where y t  is  t h e  a c t i v i t y  c o e f f i c i e n t  i n  t h i s  system. 

ION-INTERACTION OR VIRIAL COEFFICIENT APPROACH 

For systems ranging from d i l u t e  t o  moderate concen t r a t ions ,  the  most 

commonly used model a t  p re sen t  'is based on a v i r f a l  expansion developed by 

P i t z e r  (1). For a system wi th  one s o l u t e ,  MX, having % c a t i o n s  of charge zM 

and wx anions  of charge zx, t h e  excess Gibbs energy can be w r i t t e n  as 

where is  t h e  number of ki lograms of s o l v e n t ,  f ( I )  is a Debye-Hbckel 

func t ion ,  m is t h e  mola l i t y  and I is t h e  i o n i c  s t r eng th .  

r e s p e c t i v e l y ,  second and t h i r d  v i r i a l  c o e f f i c i e n t s  r ep resen t ing  short-range 

Bm and Cm are ,  
I 

i n t e r a c t i o n s  between i o n s  t aken  two and t h r e e  a t  a time, and which can be 

determined from exper imenta l  d a t a  on s i n g l e  e l e c t r o l y t e  s o l u t i o n s .  Two 

a d d i t i o n a l  v i r i a l  c o e f f i c i e n t s ,  (0 and 9, arise f o r  t e r n a r y  and more complex 

systems, but  t h e s e  can be eva lua ted  from d a t a  on s i m p l e  mixtures  (2-5). The 

i o n i c  s t r e n g t h  of B = ( I )  is  g iven  by 

where 

From b a s i c  thermodynamics, t h e  excess  Gibbs energy can be r e l a t e d  t o  o t h e r  

s o l u t i o n  p rope r t i e s .  Equation (9) f o r  t h e  excess  Gibbs energy then y i e l d s ,  

upon appropr i a t e  d i f f e r e n t i a t i o n ,  Eqns. (10)-(15) given i n  Tab le  1 f o r  osmotic 

3nd a c t i v l t y  c o e f f l c i e n t s ,  apparent  molal en tha lpy ,  heat capac i ty ,  and 

c 
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(0) (1) (2) volume. The Ion - In t e rac t ion  parameters , S, , S, , and Cm i n  Eqns. 

(9), ( l o ) ,  and (11) f o r  t h e  Glbbs energy,  osmotic  c o e f f i c i e n t  and a c t i v i t y  

c o e f f i c i e n t ,  r e s p e c t i v e l y ,  are s p e c i f i c  t o  each s o l u t e ,  MX, and are f u n c t i o n s  

of temperature  and pressure.  Because geochemical and i n d u s t r i a l  p rocesses  

occur over  wide ranges of temperature  and p res su re ,  a knowledge of t h e  T and P 

dependence of t h e s e  parameters is p a r t i c u l a r l y  important.  It is e s s e n t i a l  t o  

understand,  t he re f  o re ,  t h a t  t h e  temperature  dependence of &) and Cm are 

r e l a t e d  t o  the  parameters f o r  t h e  excess  e n t h a l p i e s  (&IL, 

c a p a c i t i e s  (&IJ, C,) a8 given  i n  Eqns. (12) and (13). 

dependence, on t h e  o t h e r  hand, are r e l a t e d  t o  t h e  parameters f o r  t h e  volume as 

g iven  i n  Eqa. (14). 

and hea t  

J Their p r e s s u r e  

Thus t h e  model parameters and t h e i r  temperature  and p res su re  f u n c t i o n s  can 

be eva lua ted  from a wide a r r a y  of exper imenta l  d a t a  ex tending  upward in 

temperature  and pressure.  

as i s o p i e s t i c  measurements have provided t h e  bulk of a v a i l a b l e  d a t a  on 

a c t i v i t y  and osmotic  c o e f f i c i e n t s ,  r ecen t  developments in f low-calor lmetry 

have enabled precise measurements of excess  e n t h a l p i e s  and hea t  capacit ies of 

aqueous e l e c t r o l y t e s  t o  300°C o r  h ighe r  (613). Flow measurements have a l s o  

r e c e n t l y  been s u c c e s s f u l  in provid ing  precise volumetr ic  d a t a  on e l e c t r o l y t e  

s o l u t i o n s  t o  high temperatures  and p r e s s u r e s  (14). Evalua t ion  of t h e s e  new 

d a t a  us ing  t h e  ion - in t e rac t ion  model and t h e  r e l a t i o n s h i p s  between t h e  va r ious  

parameters  as shown by Eqns. (12) t o  ( 1 4 )  t hen  y i e l d  va lues  of osmotic  and 

a c t i v i t y  c o e f f i c i e n t s ,  as well as o t h e r  q u a n t i t i e s  of i n t e r e s t ,  a t  va r ious  

tempera tures  and pressures .  

A t  h igh  tempera tures ,  whi le  vapor p r e s s u r e s  as well 

I n  t h e  case  of systems f o r  which a v a r i e t y  of experimental  methods have 

been used, i t  is advantageous t o  develop gene ra l  equat ions  based on a l l  

c c < t i c a l l y  eva lua ted  data .  Examples are t h e  equat ions  for t h e  thermodynamic 
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p r o p e r t i e s  of N a C l  (as) t o  3OOOC and 1 kb (15, l a ) ,  of KC1 (aq) t o  325OC and 500 

b a r s  (12), of t h e  a l k a l i  c h l o r i d e s  t o  25OOC a t  s a t u r a t i o n  p r e s s u r e  (171, and 

of t h e  a l k a l i  s u l f a t e s  t o  225OC a t  s a t u r a t i o n  p r e s s u r e  (18). In some cases 

exper imenta l  d a t a  on e l e c t r o l y t e  a c t i v i t y  a t  h igh  tempera tures  are l i m i t e d  and 

parameter  e v a l u a t i o n s  have t o  r e l y  on o t h e r  t ypes  of measurements. A good 

example is  Na2S04(aq) f o r  which a chemical model was developed by Holmes and 

Yesmer (18) from t h e i r  i s o p i e s t i c  measurements t o  225°C and o t h e r  l i t e r a t u r e  

data. Our s o l u b i l i t y  c a l c u l a t i o n s  (191, however, i n d i c a t e d  t h a t  t h e i r  model 

can  be improved by a d d i t i o n a l  experiments  a t  tempera tures  above 1 8 O O C .  These 

were provided by ou r  h e a t  c a p a c i t y  measurements (13) from 140 - 300°C a t  a 

p r e s s u r e  of 200 bars.  

Cm, as w e l l  as s t a n d a r d  s ta te  h e a t  c a p a c i t y ,  Ci,,, a t  v a r i o u s  

temperatures .  There are no t heo re t i ca l ly -based  f u n c t i o n s  t o  e x p r e s s  t h e  

i s o b a r i c  tempera ture  dependence of each  parameter ,  bu t  a u s e f u l  form f o r  

tempera tures  0-350°C is g iven  by 

We f i t  our  d a t a  t o  Eqn. (13) t o  g f e l d  & (0)J , &IJ, and 

J 

f (TI = q 1  + q2lnT + q3/T + q4T + qgT2 + qg/(T-227) + q7/(647-T) (16) 

where 227 K is a tempera ture  in t h e  v i c i n i t y  of which supercooled  water 

e x h i b i t s  a s i n g u l a r i t y  (201, and 647 K approximates  t h e  c r i t i c a l  tempera ture  

of pure water. The las t  t w o  terms in Eqn. (16) have been found u s e f u l  t o  

r e p r e s e n t  t h e  extreme behaviour  of apparent  molal p r o p e r t i e s  a s  t h e s e  

tempera tures  are approached (12~13~15~16,21)0  Because of covar iances  between 

node1 parameters, and a l s o  due t o  t h e  vary ing  q u a l i t y  of exper imenta l  data i n  

d i f f e r e n t  P and T r eg ions ,  no t  a l l  terms in Eqn. (16) f o r  each  ion - in t e rac t ion  

parameter a r e  u s u a l l y  needed t o  represent t h e  d a t a  v i t h i n  exper imenta l  

u n c e r t a i n t y ,  but e l i m i n a t i o n  of unnecessary parameters  Is by t r i a l  and 

e r r o r .  

based on o t h e r  t y p e s  of da ta ,  but above ZOO'C, va lues  f o r  osmotic  and a c t i v i t y  

Our de r ived  model f o r  Na2SOb(aq) p r o p e r t i e s  from 25-3OO'C was a l s o  
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I -  
I 

c o e f f i c i e n t s  are determined mostly by t h e  second i n t e g r a l s  of t h e  temperature  

f u n c t i o n s  f o r  

measurements. Also, in t h i s  p a r t i c u l a r  case, t h e  p re s su re  dependence of t h e  

thermodynamic p r o p e r t i e s  of Na2S04 (as) were es t ima ted  from those  of N a C l  (aq) 

determined by Rogers and P i t z e r  (15). Details of t h e  parameter  e v a l u a t i o n s  

f o r  Na2S04(aq) are desc r ibed  I n  Pabalan and P i t z e r  (131, and a p p l i c a t i o n s  of 

t h e  der ived  model t o  s o l u b i l i t y  c a l c u l a t i o n s  are g iven  below. 

(0)J , &IJ ,  and C& eva lua ted  from our  hea t  c a p a c i t y  

An impor tan t  use  of chemical models f o r  e l e c t r o l y t e  s o l u t i o n s ,  as v e l l  as 

a s t r i n g e n t  t e s t  of equa t ions  f o r  a c t i v i t y  and osmotic  c o e f f i c i e n t s ,  is  t h e  

p r e d i c t i o n  of minera l  s o l u b i l i t i e s  in e l e c t r o l y t e  mixtures.  Recent s t u d i e s  

have shown t h a t  t h e  ion - in t e rac t ion  model can be used s u c c e s s f u l l y  t o  p r e d i c t  

s o l u b i l i t y  e q u i l i b r i a  t o  high tempera tures  (13,19,22). I n  t h e  examples g iven  

below, s o l u b i l i t i e s  of sodiym s u l f a t e  minera ls ,  which have f o u r  s t a b l e  forms 

from O°C t o  t h e  mel t ing  p o i n t ,  are c a l c u l a t e d  and compared wi th  exper imenta l  

values .  

s t a t e  Gibbs  e n e r g i e s ,  were c a l c u l a t e d  from our  model (131, w h i l e  G i b b s  

e n e r g i e s  of t h e  s o l i d s  were taken  from t h e  l i t e r a t u r e  (23,241. In Fig. 1, 

pred ic ted  s o l u b i l i t i e s  of sodium s u l f a t e  s o l i d s  in water t o  35OoC are compared 

t o  exper imenta l  va lues  t abu la t ed  by Linke (251. While t h e  c a l c u l a t e d  va lues  

a r e  h igher  than t h e  expe r fnen ta l  d a t a  below 241'C, t he  d i f f e r e n c e s  a r e  not  

l a r g e ,  averaging 0.08 m Na2SO4. 

Na2S04(aq1 a c t i v i t y  and osmotic  c o e f f i c i e n t s ,  as  v e l l  as s t anda rd  

For s o l u b i l i t y  c a l c u l a t i o n s  i n  t e r n a r y  and more complex systems, t h e  ion- 

i n t e r a c t i o n  model r e q u i r e s  two a d d i t i o n a l  terms, @ and J, (Si). While both 

these parameters  undoubtedly vary wi th  temperature ,  f o r  s o l u b i l i t y  

c a l c u l a t i o n s  ve have found it  adequate  t o  keep @ a t  i t s  25'C value  and t o  

a s s i d n  s i m p l e  temperature  func t ions  t o  JI (13,191. For t h e  t e r n a r y  systems 

Na2S0,+-NaC1-H20 and Na2S04-NaOH-H20, c a l c u l a t e d  s o l u b t l i t i e s  up  t o  300 O C  a r e  
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compared wi th  experimental  va lues  (25,261 i n  Figs. 2 and 3, r e spec t ive ly .  

More s t r i n g e n t  tests of t h e  model are s o l u b i l i t y  c a l c u l a t i o n s  i n  t h e  

qua te rna ry  s y s t e m  Na2S04-NaC1-NaOH-H20, f o r  which p r e d i c t e d  and exper imenta l  

s o l u b i l i t i e s  a t  200' and 300°C are compared i n  Fig. 4. 

s o l u b i l i t y  c a l c u l a t i o n s  us ing  t h e  ion - in t e rac t ion  approach are given i n  4 ,  19, 

22, and 27-35. 

MARCULES-EXPANSION MODEL 

Other examples of . 

We now t u r n  our  a t t e n t i o n  t o  systems which may range i n  concen t r a t ion  from 

d i l u t e  s o l u t i o n s  t o  t h e  fused  salt. While aqueous s o l u t i o n s  misc ib l e  over  t h e  

whole concen t r a t ion  range a t  moderate tempera tures  are r e l a t i v e l y  uncommon, 

. there are e l e c t r o l y t e s  of geochemfcal and i n d u s t r i a l  i n t e r e s t  which become 

extremely s o l u b l e  i n  water a t  h igh  tempera tures  and pressures .  

i on - in t e rac t ion  model can r ep resen t  e l e c t r o l y t e  p r o p e t t i e s  t o  very h igh  i o n i c  

s t r e n g t h s  by us ing  a d d i t i o n a l  v i r ia l  term (361, t h i s  t rea tment  becomes more 

complex and u n s a t i s f a c t o r y  a t  s u f f i c i e n t l y  h igh  concent ra t ion .  In a d d i t i o n ,  

f o r  a pure fused  s a l t  t h e  m o l a l i t y  is i n f i n i t e .  

r equ i r ed  f o r  systems ex tending  t o  t h e  fused  sal t  and f o r  o t h e r  systems of very 

high but  l i m i t e d  s o l u b i l f t y .  

Although the  

Thus an  a l t e r n a t e  model is 

The model d i scussed  below is analogous t o  those  used f o r  n o n e l e c t r o l y t e  

s o l u t i o n s .  Various expres s ions  have been used t o  d e s c r i b e  t h e  excess  Gibbs 

energy of n o n e l e c t r o l y t e s  (371, and t h e  Margules expansion has  been used 

s u c c e s s f u l l y  by Adler e t  al. (38) on s e v e r a l  n o n e l e c t r o l y t e  systems. The 

t h e o r e t i c a l  basis f o r  us ing  t h i s  approach on e l e c t r o l y t e  s o l u t i o n s  was 

d iscussed  by P i t z e r  (39). B r i e f l y ,  i n  concent ra ted  e l e c t r o l y t e  s o l u t i o n s  t h e  

s u b s t a n t i a l  t o n i c  concen t r a t ion  e f f e c t i v e l y  sc reens  t h e  long-range i n t e r i o n i c  

fo rces  t o  short-range. Thus a l l  of t h e  i n t e r p a r t i c l e  f o r c e s  are e f f e c t i v e l y  

short-range and t h e  p r o p e r t i e s  of t h e  system can be c a l c u l a t e d  by methods 
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similar t o  those  f o r  none lec t ro ly t e s .  In t h e  d i l u t e  range,  however, where 

i o n i c  concen t r a t ions  are very low, t h e  sc reen ing  e f f e c t  is l o s t  and t h e  long- 

range n a t u r e  of e l e c t r o s t a t i c  f o r c e s  must be considered. As wi th  t h e  ion-  

i n t e r a c t i o n  model, t h i s  e f f e c t  is desc r ibed  by an extended Debye-Hiickel 

t reatment .  

The G i b b s  energy p e r  mole is given  by t h e  sum of terms f o r  short-range and 

e l e c t r i c a l  e f f e c t s :  

Gexpx/1ni = gex = gs + gDH. (1 7) 
i 

A choice must be made f o r  t h e  r e fe rence  s t a t e  f o r  t h e  s o l u t e :  e i t h e r  t h e  pure 

l i q u i d  (poss ib ly  supercooled) ,  or t h e  s o l u t e  a t  i n f i n i t e  d i l u t i o n  i n  t h e  

so lven t .  

in t h e  use of mole f r a c t i o n  i n s t e a d  of m o l a l i t y  uni te .  For t h e  a c t i v i t y  

c o e f f i c i e n t  of a symmetrical  s a l t  MX, one has e i t h e r  

The l a t t e r  d i f f e r s  from t h e  convent iona l  s o l u t e  s t anda rd  s ta te  only  

la ( Y G Y ; ~ ) ~  as  x1+0 (18) 
* *  

In ( y M y X ) 4  as xl+l, (19) 

uhere  the  symbol * denotes  the  i n f i n i t e l y  d i l u t e  r e fe rence  s t a t e  on a mole 

f r a c t i o n  b a s i s ,  and XI fs t he  mole f r a c t i o n  of t h e  s o l v e n t  on an ion ized  

b a s i s ,  i . e . ,  

x 1  = nl/(n1+2n2) (20 1 

with  n1 and n2 the  numbers of moles of s o l v e n t  and s o l u t e ,  r e spec t ive ly .  

de f  % n e ,  also, t he  mole f r a c t i o n s  

We 

xFl - xx = 1 9 1  (n1+2n2) = (l-x1)/2 (21 1 

x 2  - XM+XX = 1-1 (22) 

and t h e  i o n i c  s t r e n g t h  on a mle  f r a c t i o n  b a s i s  

(23 1 I, - (1/2)1XiZi 2 

i 
wi th  zi t h e  charge on t he  ifh ion. For the  p re sen t  case  wi th  z = 1, I, = 

x2 /2 .  
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This s y s t e m  of equa t ions  f o r  e l e c t r o l y t e s  was developed in d e t a i l  f o r  

singly-charged ions by P i t z e r  and Sfmonson (40). While they cons idered  both 

types  of r e fe rence  s ta te  f o r  t h e  s o l u t e ,  most of t h e i r  working equa t ions  are 

f o r  t h e  pure l i q u i d  r e fe rence  state. 

P l t z e r  and L i  (41) f o r  a s tudy  ex tending  t o  550'C. 

This  b a s i s  was used f o r  NaC1-H20 by 

For t h e  p re sen t  r e sea rch  

l i m i t e d  t o  35OoC, however, i t  seemed b e t t e r  t o  use t h e  i n f i n i t e l y  d i l u t e  

r e fe rence  s ta te ,  and t h e  fo l lowing  equa t ions  are de r ived  on t h a t  bas i s :  

where W1 M~ and U1,m are s p e c i f i c  t o  each s o l u t e  MX and are f u n c t i o n s  of 

temperature  and pressure .  For t h e  Debye-Hiickel term rep resen t ing  t h e  long- 

range e l e c t r o s t a t i c  contribution,  one has 

The Debye-HQckel parameter pk i s  re l aced  t o  t h e  usua l  parameter A 

osmotic c o e f f i c i e n t  on a m o l a l i t y  b a s i s )  by 

( fo r  t h e  4 

Approprfate  d i f f e r e n t i a t i o n s  of t h e  Gibbs energy wi th  r e spec t  t o  t h e  

numbers of moles of 1 and Hx (at cons t an t  T and PI y i e l d  t h e  equa t ions  f o r  t h e  

1n a1 a l n ( x l y l ) ,  

In axx = In(xYxXY ? i ~  

(29 1 

(30 
* *  

The parameter p in Eqns. (241, (251, (271, and (28) is r e l a t e d  t o  t h e  

d i s t a n c e  of c l o s e s t  approach of ions. To keep the  equa t ions  f o r  t h e  

thetaodynamlc p r o p e r t i e s  of e l e c t r o l y t e  mixtures  s i m p l e ,  it is d e s i r a b l e  t o  
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have t h e  same value  of p f o r  a wide v a r i e t y  of sa l ts  and f o r  a wide range of 

temperature  and pressure.  For t h e  systems cons idered  i n  t h i s  s tudy ,  a 

cons t an t  va lue  of 15.0 was found t o  be s a t i s f a c t o r y .  

The above model has been t e s t e d  on some i o n i c  systems over  very wide 

ranges of composition, but  over  l i m i t e d  ranges of temperature  and p r e s s u r e  

(42 .43) .  I n  t h i s  s tudy ,  t h e  model is  a p p l i e d  over  a wider  range of 

temperature  and p res su re ,  from 25-350°C and from 1 b a r  o r  s a t u r a t i o n  p res su re  

t o  1 kb. NaCl  and KC1 are major s o l u t e  components in na tu ra l  f l u i d s  and t h e r e  

a r e  abundant exper imenta l  d a t a  from which t h e i r  parameters can be evalua ted .  

While models based on t h e  i o n l n t e r a c t i o n  approach are a v a i l a b l e  f o r  NaCl(aq) 

and K C 1  (aq) (12,16>, t h e s e  are v a l i d  only  t o  about  6 molal. S o l u b i l i t i e s  of 

NaCl  and K C 1  i n  u a t e r ,  houever, reach  12  and 20 m, r e s p e c t i v e l y ,  a t  35OoC, and 

i o n i c  s t r e n g t h s  of NaC1-KC1 s o l u t i o n s  reach more than  30 m a t  t h i s  temperature  

(64). Our o b j e c t i v e  is t o  d e s c r i b e  t h e  thermodynamic p r o p e r t i e s ,  p a r t i c u l a r l y  

t h e  osmotic  and a c t i v f t y  c o e f f i c i e n t s ,  of NaCl(aq) and KCl(aq) t o  s a t u r a t i o n  

concen t r a t ion  in binary  salt-H20 mixtures  and i n  t e r n a r y  NaC1-KC1-H20 systems,  

and t o  apply t h e  Margules-expansion model t o  s o l u b i l i t y  c a l c u l a t i o n s  t o  350OC. 

For purposes of developing gene ra l  equa t ions  f o r  the  thermodynamic 

p r o p e r t i e s  of e l e c t r o l y t e  s o l u t i o n s ,  it is u s e f u l  t o  r e c a l c u l a t e  exper imenta l  

v a l u e s  t o  a s i n g l e  r e fe rence  pressure .  This a l lows  exper imenta l  d a t a  on 

d i f f e r e n t  s o l u t i o n  p r o p e r t i e s ,  i nc lud ing  a c t i v i t i e s ,  e n t h a l p i e s ,  and hea t  

c a p a c l t i e s ,  whose r e l a t i o n s h i p s  v i t h  each o t h e r  are de f ined  on an i s o b a r i c  

bdsis, t o  be considered in t h e  o v e r a l l  . eg res s ion  of t h e  model equat ions.  

T h i s  procedure has been u s e f u l  f o r  NaCl  (aq) (16). KC1 (aq) (121, and Na2S04 (dq) 

(13). The parameters r equ i r ed  t o  r e c a l c u l a t e  thermodynamic d a t a  from t h e  

experimental  t o  t h e  re ference  p res su re  can be determined from a regression of 

volumetric data. For the  Yargules-expansion model, t h e  p re s su re  dependence of 



t h e  excess  Gibbs energy,  osmotic  c o e f f i c i e n t  and a c t i v i t y  c o e f f i c i e n t  can be 

de r ived  from volumetr ic  d a t a  as shown below. 

The t o t a l  volume, V, of t h e  s o l u t i o n  is  g iven  by 

where Vi is  the  molal volume of t h e  s o l v e n t ,  and v i  i s  t h e  pa r t i a l  molal 

volume of t h e  s a l t  a t  i n f i n i t e  4 f l u t i o n .  

g iven  by 

The apparent  molal volume, 'h, i s  

so t h a t  

Equat ions (24) and (25) f o r  t h e  excess Gibbs energy, and Eqn. (33) then  y i e l d  

h! (AV, , /p ) ln ( l+pI1~*)  + 0; - 2RTx2[Wy,m - xlUy,Mx] (34a) 

where 

AV,X a ~1/2% (34b) 

uY,Mx (au l ,M/ap)T (34c 1 

uY,Mx a (au,,,/ ap)T (34d 1 

and A, is def ined  fa Eqn. (15d). 

Equat tons ( 3 4 ~ )  and (34d) re la te  t h e  volumetr ic  parameters W y , M  and UY,,% 

t o  t h e  p re s su re  dependence of t h e  parameters W l , m  and U1,m f o r  t he  excess  

G i b b s  energy and o s m o t l c / a c t i v f t y  c o e f f i c i e n t s .  In t h i s  s tudy  w e  have 

f o r  N a C l  (aq) a t  tempera tures  25350°C and p res su res  eva lua ted  W1,m V and U1,MX 

from 1 bar o r  s a t u r a t i o n  p res su re  t o  1 kb, based on apparent  -la1 volumes 

c a l c u l a t e d  from t h e  equa t ions  of Rogers and P i t ze r  (151, p lus  a d d i t i o n a l  

exper imenta l  d a t a  not  cons idered  i n  t h e i r  s tudy  (45-47). I n i t i a l  r eg res s ions  

of Eqn. (34) t o  i so thermal  and i s o b a r i c  se ts  of experimental  va lues  i n d i c a t e d  I 
' t h e  P and T dependence of v:, and UT,-. Exce l l en t  f i t s  are normally 

obtafned t o  i sobar ic - i so thermal  sets of data. Examples a r e  shown i n  Fig. 5 



Apparent molal volumes of N a C l  s o l u t i o n s  from 25-350°C were used t o  f i t  

Eqn. (3.5) and t h e  fo l lowing  P and T f u n c t i o n  f o r  V2 0 , f S  , W'f,,%, and U'f lXx:  

f (T ,P )  - A + BP + CP2 (3 7a) 

where 
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for apparent  molal volumes a t  35OOC and p res su res  t o  1 kb. The curves are 

c a l c u l a t e d  va lues  a t  t h e  i n d i c a t e d  p res su res  us ing  parameters l i s ted  i n  T a b l e  

2. 

The next  s t e p  is t o  perform a s imultaneous r e g r e s s i o n  of NaCl(aq) apparent  

molal volumes from 25-35OOC. Over t h i s  wide range of temperature ,  however, 

and p a r t i c u l a r l y  above 300°C, s t anda rd - s t a t e  p r o p e r t i e s  based on the  

i n f t n i t e l y  d i l u t e  r e fe rence  state e x h i b i t  a very complex behavior  (15, 16) 

which is r e l a t e d  t o  t h e  va r ious  p e c u l i a r i t i e s  of t h e  so lven t .  Thus i n  t h e i r  

r e p r e s e n t a t i o n  of NaCl(aq) volumetr ic  p r o p e r t i e s ,  Rogers and P i t z e r  (15) 

adopted a r e fe rence  composition of a "hydrated fused  salt", NaC1*10H20, i n  

o r d e r  t o  minimize t h e  P and T dependence of t h e  s t anda rd  s t a t e  volume and t o  

be a b l e  t o  adequate ly  f i t  vo lumetr ic  d a t a  t o  30OOC and 1 kb. I n  t h i s  s tudy  w e  

use  t h e  (supercooled)  fused  s a l t  as t h e  r e fe rence  state. The equat ion  f o r  t h e  

apparent  molal volume ou t h i s  b a s i s  can be e a s i l y  de r ived  from t h a t  for t h e  

excess  Gfbbs energy of P i t z e t  and Simonson (401, and is g iven  by 

(35) * - a V , , / p ) l n [  ( l + p ~ , ' / ~ ) /  o + P ( I ~ )  0 'D)] + v p s  

+ ~ R T X ~ O J Y , , ~  + ~ 2 U y , m ) r  

where I; r e p r e s e n t s  I, f o r  a pure fused  sal t  and fs 1 /2  f o r  sa l ts  of s fngly-  

charged ions ,  w h i l e  V i , f s  is  t h e  molal volume f o r  a (supercooled)  fused  

sa l t .  Values f o r  t h e  i n f i n i t e l y  d i l u t e  r e fe rence  s ta te  can be c a l c u l a t e d  from 

V i  * f s  us ing  t h e  r e l a t i o n  

q1 + q2/T + q3T + qqT2 + q5/(647-T)' (3  7 b )  
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B = 46 + q,/T + qaT + q9T2 + q10/ (647-T)~  (3 7c) 

(3 7d) C = q l l  + q12/T + q13T + q14T2 + q15/(647-TI2. 

Up t o  3OO0C, t h e  o v e r a l l  r e g r e s s i o n  inc luded  va lues  a t  p re s su res  to 1 kb. 

35C)"C, however, only volumetr ic  d a t a  a t  p r e s s u r e s  less than of equal  t o  200 

bars were inc luded  because t h e  s imple p r e s s u r e  f u n c t i o n  g iven  by Eqn. (36a) is 

inadequate  t o  f i t  t h e  35OOC d a t a  over  t h e  whole p re s su re  range. 

parameters  f o r  Eqn. (37) f o r  V 5 B f s ,  W y , ~ ,  and UySMx eva lua ted  from t h e  

volumetr ic  d a t a  are g iven  i n  Table  3. 

p o s s i b l e  t o  r e c a l c u l a t e  v a r i o u s  thermodynamic p r o p e r t i e s  of NaCl(aq) s o l u t i o n s  

t o  a r e fe rence  p res su re ,  he re  chosen t o  be 200 bars .  Because t h e  volumetr ic  

d a t a  f o r  KC1 solutions are more l i m i t e d  i n  c o n c e n t r a t i o n  range and are less  

A t  

The 

With t h i s  set of parameters  it i s  now 

p r e c i s e  than  those  f o r  NaCl s o l u t i o n s  (121, a s e p a r a t e  e v a l u a t i o n  of KCl(aq) 

volumetr ic  d a t a  was not done. 

p r o p e r t i e s  was approximated us ing  t h e  va lues  f o r  NaCl(aq). 

been s u c c e s s f u l  f o r  Na2S04(aq) (13). 

Ins t ead ,  t h e  p r e s s u r e  dependence of KCl(aq) 

.*I ..+ This  procedure has  

Our p r i n c i p a l  i n t e r e s t s  i n  t h i s  s tudy  are osmotic  and a c t i v i t y  

c o e f f i c i e n t s  of NaCl(aq) and KCl(aq) s o l u t i o n s  a t  tempera tures  t o  350°C and up 

t o  s a t u r a t i o n  concent ra t ioa .  

p re s su re ,  NaCl(aq) osmotic  c o e f f i c i e n t s  up t o  4 m were taken  from a 

comprehensive thermodynamic t rea tment  of P i t z e r  e t  al. (16). Above 4 m, t h e  

va lues  were taken  from Liu and Lindsay (68). 

osmotic c o e f f i c i e n t s  were c a l c u l a t e d  from vapor p re s su re  d a t a  of Wood e t  a l .  

(48). Addi t iona l  vapor p re s su re  d a t a  are g iven  i n  58-56, but  these a r e  less 

p r e c i s e  measurements and were g iven  smaller weights  i n  the regress ion .  For 

KCl(aq), osmotic c o e f f i c i e n t s  t o  6 m a t  tempera tures  from 25-325'C a t  1 ba r  o r  

s a t u r a t i o n  p res su re  were taken  from t h e  ion - in t e rac t ion  model of Pabalan and 

P i t z e r  (12). Addi t iona l  va lues  u p  t o  350°C and s a t u r a t i o n  concen t r a t ion  were 

In t h e  range 25-300°C and a t  1 ba r  o r  s a t u r a t i o n  

A t  temperatures  above 3OO0C, 
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der ived  from 49, 50, 53, and 57. 

Osmotic c o e f f i c i e n t s  of N a C l  and K C 1  s o l u t i o n s  from t h e s e  va r ious  sources  

were r e c a l c u l a t e d  t o  t h e  r e fe rence  p res su re  of 200 bars ,  An o v e r a l l  

r eg res s ion  t o  each i s o b a r i c  set of d a t a  was done t o  determine va lues  of W 1 , m  

and U1,MX a s  f u n c t i o n s  of temperature  us ing  Eqno (16). 

NaCl(aq) and KCl(aq) eva lua ted  from t h e  osmotic  c o e f f i c i e n t s  are g iven  i n  

Table 4. These parameters ,  t o g e t h e r  wi th  those of T a b l e  3, p e r m i t  t h e  

c a l c u l a t i o n  of osmotic  and a c t i v i t y  c o e f f i c i e n t s  of N a C l  and KC1 s o l u t i o n s  t o  

s a t u r a t i o n  concen t r a t ion  a t  p re s su res  t o  1 kb from 25-350°C, and a t  pressures 

t o  200 b a r s  above 300'C. 

The parameters f o r  

For s o l u b i l i t y  c a l c u l a t i o n s  w e  need t h e  Gibbs energy va lues  f o r  t h e  s o l i d  

(58)  and f o r  t h e  aqueous species. The la t te r  can be de r ived  from equa t ions  

f o r  s t anda rd  s ta te  hea t  capacities g iven  by P i t z e r  e t  al. (16) and Pabalan and 

P i t z e r  (12) f o r  NaCl  (aq) and KC1 ( a s ) ,  r e s p e c t i v e l y ,  or from t h e  equat ion  of 

s t a t e  f o r  s t anda rd  s t a t e  p r o p e r t i e s  of e l e c t r o l y t e s  g iven  by Tanger and 

Helgeson ( 5 9 ) .  In our  c a l c u l a t i o n s ,  w e  have used t h e  former equa t ions  t o  

3OO0C, and t h e  l a t te r  above 30O0C. Pred ic t ed  s o l u b i l i t i e s  f o r  N a C l  and KC1 i n  

w a t e r  t o  350°C are compared w i t h  experimental  v a l u e s  from varfous  sources  i n  

Figs. 6 and 7, r e spec t ive ly .  The agreement is very good, a l though t h e r e  are 

s u b s t a n t i a l  d i f f e r e n c e s  between va r ious  measurements f o r  K C l .  

O f  more i n t e r e s t  are s o l u b i l i t y  c a l c u l a t i o n s  i n  t h e  t e r n a r y  s y s t e m  NaC1- 
m . 

KC1-H20.  

i n  a mixture of a so lven t  and two salts  wi th  a common ion ,  MX and NX, and wi th  

c a t i o n  f r a c t i o n  F of M are given by P i t z e r  and Simonson (40). 

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  of t h e  s o l u t e  MX in t h e  t e r n a r y  mixture L U - N X - H ~ O  

based on a p u r e  fused sa l t  s tandard  s t a t e  can be  converted t o  one based on t h e  

i n f i n i t e l y  d i l u t e  r e fe rence  s t a t e .  This  is given by 

The equa t ions  f o r  t h e  excess  G i b b e  energy and a c t i v i t y  c o e f f i c i e n t s  

The i r  equa t ion  
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(38 1 I n  (yiy:) = -%{ (2 /p ) ln  (l+p1;/2) + 1112 X ( ~ - z I ~ ) /  (l+p1;/2) I 

+ 2[X1 ( ~ - X I F ) - ~  lw1 ,~x  + ~ x ~ x I {  (l-F+ZFxi > U 1  ,m 

- (1-F) [Wl,NX + ( X I - X l I U 1  N X I )  + X I ( ~ - F ) I ( ~ - ~ I F ) W ~ , N X  

+ x I [ ~ F - ~ + ~ x I F ( ~ - ~ F ) U M  N ]  + 2x1 ( ~ - ~ x I F ) Q ~ , ~ , N x ) ~  

where t h e  t o t a l  mole f r a c t i o n  of i o n s  x I = ( l - X l ) ,  whereupon XM = FxI/Z, xN 

(1-F)xI/2, and xx p xl/2.  

ob ta ined  from Eqn. (38) by in t e rchang ing  s u b s c r i p t s  and r ep lac ing  F with  (1- 

F). It should be noted t h a t  f o r  t h e  g e n e r a l  case of a t e r n a r y  system MX-NX- 

H20, a l l  but  one of t h e  parameters, namely Q 1 , ~ , N ~ ,  can be determined from 

t h e  b inary  systems. 

* *  
The cot responding  equa t ion  for (yNyX) can be 

In t h e  p a r t i c u l a r  case of NaC1-KC1-H2OB however, t h e  

tempera tures  of interest  are below t h e  mel t ing  p o i n t  of NaCl  and KC1. 

'NaCl , K C l  

a c t i v i t y  d a t a  i n  t h e  t e r n a r y  sys tem;  

" 1 , K C l  have been p rev ious ly  determined from binary  NaCl  and KC1 s o l u t i o n s .  

Robinson (60) provides  p r e c i s e  i s o p i e s t i c  d a t a  f o r  t h e  NaCl-KC1-H20 a t  

Thus 

. and UNa,KB t o g e t h e r  Q1 , N a C l , K C l  have t o  be eva lua ted  from 

Values of W 1 , N a C l #  Wl,Kc1# U l , N a C 1 '  and 

25"C, whi le  Holmes and Mesmer (61) provide  d a t a  a t  110, 140, 172, and 201°C. 

These measurements, houever,  extend only t o  i o n i c  s t r e n g t h s  of about 7.5 m, 

whereas t h e  maximum s o l u b i l i t y  i n  t h e  s y s t e m  a l r e a d y  exceeds t h i s  va lue  a t  

50°C, and reaches more than  30 m a t  350°C. It is apparent  t h a t  va lues  of 

WNaC1,Kcls UNa,K,  and Q ~ , N ~ c ~ , K C ~  could be b e s t  determined from s o l u b i l i t y  

data i n  mixtures of NaCl  and K C l  so lu t ions .  These are a v a i l a b l e  from t h e  

t a b u l a t t o n  of Lfnke (25) and t h e  e x t e n s i v e  e v a l u a t i o n  of S t e r n e r  e t  a l .  

(44). 

Q l , N a C l , K C 1  equa l  t o  0.9547, and a temperature  dependent equa t ion  f o r  

'NaC1,KCl 8 

1.7789988+03, -3.19436€+02, -4.64165EM4, 7.33463E-01, and -2.80959E¶4, 

I t  was found s u f f i c i e n t  t o  assume a ze ro  value f o r  U N a B K ,  a cons t an t  

i ven  by Eqn. (16) f o r  which q l ,  q2,  q3, q 4  and y 5  have va lues  of 

r e s p e c t i v e l y ,  and zero f o r  46 and q7. S o l u b i l i t i e s  c a l c u l a t e d  from t h e s e  
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parameters and those  g iven  in Tables  3 and 4 are compared t.0 exper imenta l  d a t a  

i n  Fig. 8 .  Our c a l c u l a t e d  va lues  ag ree  very w e l l  wi th  those  of S t e r n e r  e t  al. 

(44), mostly w i t h i n  2% and not  exceeding 5%. Standard d e v i a t i o n s  between 

osmotic c o e f f i c i e n t s  c a l c u l a t e d  us ing  t h e s e  parameters and exper imenta l ly  

determined va lues  are  0.004, 0.004, 0.005, 0.007, and 0.008 f o r  temperatures 

of 25, 110, 140, 172, and 201"C, r e spec t ive ly .  
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Table 1. Equat ions f o r  t h e  osmotic c o e f f i c i e n t ,  a c t i v i t y  c o e f f i c i e n t ,  
apparent  molal en tha lpy ,  hea t  c a p a c i t y  and volume of a b inary  e l e c t r o l y t e  
s o l u t i o n  based on t h e  ion - in t e rac t ion  modelea 
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-1 /2 .  aDef in i t i on  of symbols: 

t h e  6's and C4 are ion - in t e rac t ion  parameters s p e c i f i c  t o  each s o l u t e  MX; S, 
is ze ro  un le s s  b o t h ' i o n s  have charge 2 o r  greater;  a1 = 2.0 kg1/2*mol'1/2 

u n l e s s  both ions have charge 2 o r  g r e a t e r  whereupon al = 1.4 kg1/2*!nol-1/2 and 

a2 = 12 kg1'2*mo1'1/2; I = i o n i c  s t r e n g t h  (1/2&izf); 

ions  formed from t h e  salt  (v  0 %+vx); 
ions; 

t n f i n i t e  d i l u t i o n ;  vi  
i n f i n i t e  d i l u t i o n ;  

u a t e r ;  e = e l e c t r o n i c  charge;  k = Boltzmann constant .  

b = a g e n e r a l  cons t an t  wi th  va lue  1.2 kgl/'*mol 
(2 1 

2 u = t o t a l  number of 

zH and zx are t h e  charges on t h e  

Ci.2 = apparent  o r  p a r t f a l  molal hea t  c a p a c i t y  of t h e  s o l u t e  a t  

apparent  o r  pa r t i a l  molal volume of t h e  s o l u t e  a t  

D = d i e l e c r r i c  cons t an t  of u a t e r ;  d, = d e n s i t y  of pure 
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Table 2. Parameters for Eqn. (34) evaluated fran 
isothermal-isobaric apparent molal volumes of NaCl 
solutions at 35OoC and various pressures. 

P(bars) 

Psat 
200 . 
300 . 
400 . 
500. 
600 . 
800 . 
1000. 

io 2 
-4.46598E+02 
-3.86510E+02 
-2 . 29832E+O 2 
-l057793E+O2 

-8.92339E+Ol 
-5.90148E+01 
-4.071663+01 

-1 .15825E+02 

WV 
1 ?Mx 

3.14714E-03 
2.15334E-03 
1,578043-04 

-1.147388-04 
-4.49861E-04 
-5.792363-04 
-2 . 777943-04 
-2.54388E-04 

UV 
1 ?Mx 

2.62327E-03 
1.2935I.E-03 
-9.31161E-04 
-5.35688E-04 
-5 . 68718E-04 
-5.00818E-04 
1.79049E-04 
2.81882E-04 



Table 3. Parameters for Eqns. (351 and (371 evaluated 
from apparent mlal volumes of Naci solutiobs up to 
3SOoC and 1 kb. 

p, f s  WV UV 
2 1 ,Mx 1 ,Mx 

91 -60434497EM2 -1.724835E-02 -2.9789818E-02 
0.0 3.347333E+00 S.78721lOE+OO 

1.996689E-OS 3.5321836E-05 93 3 554S44E+00 
q4 -4.612823E-03 3.861388E-09 6.75918363-09 
95 -3 2S4781EM5 4.273295E+00 4 . 463960l~MO 
~6 4 . 496614~-01 3.3187043-06 1.2359971E-OS 
97 -2.83040SE+01 -6.1835513-04 -2.0125079E-03 
q8 -2.0479063-03 0.0 -1.7757055E-08 

1*948423E+03 -2.048634E-02 -2.9326904E-02 

92 

99 2,6277963006 -9.914615E-12 0.0 

911 

915 1.263778E-01 0.0 0.0 

'lo -1.201087E-04 0.0 0.0 
0.0 0.0 

3.539774E-07 0.0 0.0 
0.0 0.0 

912 1 . 327249E-02 
914 -3.5468SlE-10 913 

24 
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Table 4. 
KC1 solutions evaluated from osmotic coefficients up to 35OoC at a 
reference pressure of 200 bars. 

Parameters for Eqn. (16) for Wlfm and Ul,Mx for NaCl and 

'1 ,NaCl 

91 1.0620140E+03 
92 -2.32637763+04 
93 -2.0149086E+02 
94 6 1763652~-01 
95 -2.9491559E-04 

0.0 
0.0 96 

97 

"1 ,NaCl 

2.27834313.1.03 
-5.5141510E.1.04 
-4.2036595EM2 
1.1574638E3.00 
-5.3640257E-04 

0.0 
2.544191lEMl 

'1, KC1 

1.870602E+03 - 5.0 7175 OEM 4 
-3.326169EM2 
7 . 1594UE-01 

0.0 
-2.45a959~-04 

-1.6346113+01 

"1 KC1 

3.999606E+03 
-1.063245E+05 
-7.1454623+02 
1.610570E+00 
-6.0698453;-04 

0.0 
0.0 
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FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 
> 

Fig. 8. 

Solubilities of mirabilite (Na2S0 ‘10H20) and thenardite 

are experimental data tabulated by Linke (25), and the curves 
are predicted values. 

(Na2S04) in water as a function 0 e temperature. The symbols 

Calculated solubilities in the NaC1-Na9SO4-H 0 systen 
canpared with experimental data from Linke ( 3 5 )  to 100°C and 
fran Schroeder et al. (26) at 150°C and above. The 
intersections of isothermal curves represent calculated triple 
pints. 

Calculated solubilities in the Na2S04-NaOH-H 0 system 
canpared with experimental data fran Linke (35) to 100°C and 
from Schroeder et al. (26) above 100°C. 

Calculated and experimental solubilities of thenardite 
(Na SO4) at fixed molalities of NaOH in the pternary systen 
NaC~-NazSO,-NaOH-EizO at: a) 2OO0C, and b)300 C. The 
symbols are experimental data fran Schroder et al. (26) . 
Apparent molal volumes of NaCl(aq) solutions at 35OoC and 
pressures to 1 kb. The curves are calculated from Eqn. (34) and 
the parameters given in Table 2. 

Solubilities of halite (NaC1) in water to 35OoC. The curve 
represents values calculated using the Margules-expansion model 
for activity coefficients (infinite dilution reference state), 
and standard state Gibbs energies for NaCl aq) derived from the 

and Helgeson (59) above 3OO0C, 

Solubilities of sylvite ( K C l )  in water to 35OoC. The curve 
represents values calculated using the Margules-expansion d e l  
for activity coefficients (infinite dilution reference state), 
and standard state Gibbs energies for KC1( ) derived from the 

Tanger and Helgeson (59) above 30OoC. 

the equations of Pitzer et al. (16) to 300 6 C, and of Tanger 

equations of Pabalan and Pitzer (12) to 300 73 C, and of 

Solubilities of halite and/or sylvite in the NaC1-KC1-H 0 
system. 
Sterner et al. (44) and Linke (251, respectively (open 
symbols for halite, closed symbols for sylvite). The open 
triangles are triple pint (halite+sylvite+saturated solution) 
data fran Linke, and the closed triangles are triple point data 
from Sterner et al. The curves are calculated as in Figs. 6 and 
7. 

The squares and circles are experimental data &ken from 
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1 3 .O 

t -  Form V 

. 

Thenardite (Na2S04) ' 

\Mirabili te (Na,SO,* 10 H,O) / 
\ 
\ 
\ 
dr 

\ 

\ 
\ 

I l l l l l l l  I l l  I I I I I I  

300 
0 
0 I O 0  200 

T ("C) 

Figure 1. 
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