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Foreword: A n international conference on the ‘Ther- 
modynamics of Aqueous Systems” sponsored by the American Institute of Chemical 
Engineers (AIChE), the National Science Foundation (NSF), and the National Bureau of 
Standards (NBS), was held in Warrenton, Virginia, on October 22-25,1979. The papers 
presented reflected a great deal of research on electrolyte solutions. However, it was 
apparent that there was no fundamental document to tie all of the different information 
together and so to form a framework for solving real problems. 

Therefore, AIChE’s Design Institute for Physical Property Data (DIPPR) decided to 
publish this book to meet such a need. Through a cooperative effort by participating 
corporations, different correlations have been compiled and objectively compared to 
experimental data, in regions of industrial interest. Effective methods of finding and using 
data are also described. The Handbook incorporates and extends previous work in a 
well-organized, easy to understand format, with a focus on applications to serious 
industrial problems. It will become a cornerstone in the study of aqueous electrolyte 
thermodynamics. 

Electrolyte mixtures come in various forms and add another dimension to the normal 
complexities of nonelectrolyte solutions: entirely new species can form in water, some of 
which are not obvious; components can precipitate; soluble components can affect the 
vapor pressure of the solution very significantly. In industrial applications, the solutions 
are often highly concentrated and encounter high pressures and temperatures. There- 
fore expertise in electrolyte systems has become increasingly critical in oil and gas 
exploration and production, as well as in the more traditional chemical industry opera- 
tions. A variety of correlations are available that can solve the problems that are 
encountered in industry, but which ones work best? This comprehensive handbook not 
only provides easy access to available data but also presents comparative studies of 
various correlations up to extreme conditions. 

As the Chairman of the Technical Committee of AIChE’s Design Institute for Physical 
Property Data, I conceived this cooperative research project and chose as its leader, Dr. 
Noel C. Scrivner of the E.I. duPont de Nemours Company, one of the leading practi- 
tioners of electrolyte thermodynamics. With his expertise and enthusiasm, Dr. Scrivner 
defined the work that needed to be accomplished, promoted the project until it was 
funded, and directed its completion. He was elected to head the steering committee of 
representatives from the supporting companies. 

The initial work was carried out in 1981 by the Electrolyte Data Center of the National 
Bureau of Standards, under the direction of Dr. B.R. Staples. That work continued 
throughout the project, generating the bibliographies for electrolyte systems. One of 
these bibliographies, developed by R.N. Goldberg, is included in this volume. 

A significant portion of the project funding came from the Office of Standard Refer- 
ence Data of the NBS (Dr. David R. Lide, Jr., Director). The NBS liaison to DIPPR was Dr. 
Howard J. White, Jr. DIPPR provided additional funding along with administrative and 
technical assistance. 

The task of creating the actual handbook was given to the late Dr. Joseph F. Zemaitis, 



Jr., owner of Chem Solve, Inc. His intellectual contribution to this project will remain as 
his legacy. He wrote the first few chapters and carefully outlined the remainder of the 
book. His principal colleague in this work, Ms. Diane M. Clark, dedicated several years 
of creative effort to take the outline and complete the project. Another colleague of Or. 
Zemaitis, Dr. Marshall Rafal, owner of OLI Systems, Inc., assumed the contractor’s 
responsibility for execution of the handbook and contributed some of the writing. Dr. 
Scrivner gave technical direction and technical contributions to assure that the work 
would meet the standards set by the steering committee. 

This book is dedicated to Dr. J.F.Zemaitis. Dr. David W.H. Roth, Jr., the administrative 
committee chairman of DIPPR, and I would like to express sincere appreciation to the 
other authors, the steering committee members, the corporate sponsors, and the 
National Bureau of Standards. 

David A. Palmer, Chairman 

DIPPR Technical Executive Committee and 
DIPPR Technical Committee 
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N O M E N C L A T U R E  
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- p a r t i a l  p r e s s u r e  

= - log K 

- Meissne r ' s  i n t e r a c t i o n  p a r a m e t e r ,  e q u a t i o n  (4.46)  

- g a s  law c o n s t a n t  

- r a d i u s  of t h e  f i e l d  a r o u n d  a n  ion ,  e q u a t i o n  ( 4 . l a )  

- e n t r o p y  
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- l i q u i d  mole f r a c t i o n  

- v a p o r  mole f r a c t i o n  

- a n y  e x t e n s i v e  the rmodynamic  p r o p e r t y ,  e q u a t i o n  ( 2 . 8 )  

- molar a c t i v i t y  c o e f f i c i e n t ,  equa t ion  (2.3313) 

- n u m b e r  of c h a r g e s  on ion i 

- Debye-Hucke l  c o n s t a n t ,  log b a s e  e 

- n o n r a n d o m n e s s  f a c t o r  in Chen ' s  e q u a t i o n  f o r  act  
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r - reduced activity coefficient, equation ( 4 . 4 5 )  

Y - molal activity coefficient, equation ( 2 . 2 2 )  

6 - Bromley parameter for the additive quality of ion interac- 
tion, equation ( 4 . 4 5 )  

€gas - Lennard-Jones energy interaction, equation ( 7 . 1 8 )  

O i j  - Pitzer's coefficient for like charged ion interactions, 

v i  - partial molar Gibbs free energy or chemical potential, 

equations ( 5 . 3 2 1 ,  ( 5 . 3 3 )  

equation ( 2 . 1 7 )  

u i O  - reference state chemical potential. equation ( 2 . 2 1 )  

V - sum of cation and anion stoichiometric numbers 
V - harmonic mean of v +  and v-, equation ( 4 . 3 8 )  - 
vi - stoichiometric number of ion i 

n - osmotic pressure, equation ( 4 . 5 1 )  

P - charge density, equation ( 4 . 1 )  

T - NWTL binary interaction parameter of Chen's activity 
coefficient equation. equations ( 4 . 7 0 ) .  ( 4 . 7 1 )  

,4 - osmotic coefficient, equation ( 2 . 3 0 )  

$a - ionic atmosphere potential, equation ( 4 . 1 4 )  

J'ijk - Pitzer triple ion interaction parameter, equation ( 5 . 3 2 )  

J l r  - ionic potential 
$t - total electric field potential, equation ( 4 . 1 )  

Q - apparent molal volume 

Subscripts : 

A - anion 
a - anion 

C - cation 
C - cation 
g - gas 



1 - any species 

j - any species 

L - liquid 

m - molecular species 

S - sal t 

U - molecular (undissociated species 

V - vapor 

W - water 

1,3,5... . - cations 
2 . 4 , 6 , . .  . - anions 
* - molecular species 

Superscripts : 

el - electrostatic 

ex - excess 

lc - local composition 

P - Pitzer long range contribution of Chen's equation, equation 
( 4 . 8 7 )  

tr - trace amount 

0 - indicates reference state of pure (single solute) solutions 

u - infinite dilution 
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INT RODU CT ION 

In the  past  several years,  interest in electrolyte phase equilibria has grown 
significantly. This growth in interest can be attributed to  a number of evolving 
application areas and factors among which are:  

o Recognition of the necessity to reduce pollutant levels in process waste 
The removal of sulfur by formation of gypsum is an example water streams. 

of such an application. 
o Development of new flue gas scruhbing systems using regenerative processes. 

Scrubbing of C1, from incinerator streams and SO2 from flue gases a re  
specific application examples. 

o Recent escalation of the prices of oil and gas leading to the study and 
development of synthetic fuel processes i n  which ammonia. carbon dioxide, 
and hydrogen sulfide a re  produced as by-products which usually condense to 
form aqueous solutions. Sour water strippers and amine scrubbers are  
specific processes developed in this area. 

Most of the application areas mentioned above concern the  vapor-liquid phase 
equilibria of weak electrolytes. However, in the past several years,  consider- 
able interest has also developed in the liquid-solid equilibria of both weak and 
strong electrolytes. Application areas and factors that have affected this 
growth in interest include: 

o Hydrometallurgical processes. which involve the treating of a raw ore or  
concentrate with an aqueous solution of a chemical reagent. 

o The need of corrosion engineers to  predict the scale formation capabilities 
of various brines associated with oil production or geothermal energy 
production. 

o The need of petroleum engineers to  predict the freezing or crystallization 
point of clear brines containing sodium, calcium, and zinc chlorides and 
bromides to high concentrations. 

o The need for waste water clean up customarily done by precipitation of heavy 
metals. 

o Sea water desalination. 
o Crystallization from solution in the manufacture of inorganic chemicals. 

3 
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o Specific ion electrolytes 
o Ion exchange 

Specific processes which typify these application areas are: 

o Treatment of gypsum which is formed in waste water cleanup. 
o Several processes involving formation of Cr(OH)3.  These processes include: 

- cooling tower blowdown 
- plating processes 
- manufacture of chrome pigment 
U s e  of a simple solubility product (e.g. Lange's Handbook) for  Cr(OH), is 
invalid since precipitation involves intermediate complexes which f a r m  to a 
significant degree. 

These are  just a few of the application areas of electrolyte phase equilibria 
which have generated an interest in developing a better understanding of aqueous 
chemistry. In contrast to other systems, in particular hydrocarbon systems, 
design-oriented calculation methods are  not generally available for electrolyte 
systems. In the undergraduate education of chemical engineers, little if any 
mention of electrolyte thermodynamics is made and most chemical engineering 
thermodynamic texts ignore the subject completely. If an engineer is exposed to  
electrolyte thermodynamics a t  all during undergraduate education, the subject is 
taught on a rudimentary level so that many misconceptions may arise. For 
example, in manufacturing chrome pigment, noted above, use of the solubility 
product in order to determine solubility leads to very large errors  since the 
solubility product approach totally ignores formation of complexes and their 
attendant effect on system state. Ry contrast. for hydrocarbon systems, most 
engineers are presented with a basic groundwork that includes design-oriented 
guidelines for the calculation of vapor-liquid equilibria of simple a s  well  a s  
complex mixtures of hydrocarbons. In addition, during the last decade, the 
education of a chemical engineer has usually included the introduction to various 
computer techniques and software packages for the calculation of phase equilibria 
of hydrocarbon systems. This has not been the case for electrolyte systems and 
even now it is generally not possible for the engineer to  predict phase 
equilibria of aqueous systems using available design tools. 



I .  .Introduction 

For processes involving electrolytes, the techniques used in the past and even 
some still in use today at  times rely heavily on correlations of limited data 
which a r e  imbedded into design calculation methods oriented towards hydrocarbon 
systems. Worse yet ,  until recently, limited use of the limited data available 
has occasionally led to  serious oversights. For example, in the  C1, scrubbing 
system noted earlier, the basic data published in Perry's Chemical Engineers' 
Handbook which has been used for years is actually in error.  Hampering the 
improvement of the design tools or calculative techniques have been several 
restrictions including : 

o A lack of understanding of electrolyte thermodynamics and aqueous chemistry. 
Without this understanding, the basic equations which describe such systems 
cannot be written. 

o The lack of a suitable thermodynamic framework for electrolytes over a wide 
range of concentrations and conditions. 

o The lack of good data for simple mixtures of strong andlor  weak electro- 
lytes with which to  test  or develop new frameworks. 

o The diversity in data gathering because of the lack of a suitable thermody- 
namic framework. A s  a result of different thermodynamic approaches, 
experimental measurements to develop fundamental parameters have often led 
to the results being specific to the system studied and not generally useful 
for applications where the species studied are present with other species. 

Fortunately, in the last decade, because of the renewed interest in electrolyte 
thermodynamics for the reasons described earlier, a considerable amount of work 
in the field of electrolyte thermodynamics has been undertaken. Techniques for 
the calculation of the  vapor-liquid equilibria of aqueous solutions of weak 
electrolytes a re  being published. New, improved thermodynamic frameworks for 
strong electrolyte systems are  being developed on a systematic basis. With these 
developments. DIPPR established, in 1980, Research Project No. 811. The 
objective of this project i s  to  produce a "data book" containing recommended 
calculation procedures and serving as  a source of thermodynamic data either 
through recommended tabulated values or through annotated bibliographies which 
point t o  suitable sources. 

5 
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In order to meet the objectives of this project, several phases were  established. 
The specific phases involved: 

1) Definition of the project scope. 

2) Gathering available data and literature references for the preparation of 
test  data sets and data tables contained in the report. 

3) Review of thermodynamics, techniques and recent developments in order to 
select those techniques to be evaluated in the final report. 

4)  Testing and comparison of the various techniques against selected tes t  data 
sets.  

5) Development of the handbook in order to present the results of the project 
in a useful and readable form. 

This book is  a result of DIPPR Research Project No.  811. In it, the reader and 
user will find a systematic presentation of electrolyte thermodynamics, from the 
basic definitions of equilibrium constants of ionic reactions. to the prediction 
of activity coefficients of various species in rnulticornponent aqueous solutions 
of strong andlor  weak electrolytes and the resulting phase equilibria calculative 
techniques. For several systems, data are presented and calculative techniques 
are  illustrated. The goal of this book is for the engineer, faced with the  need 
for solving industrially important problems involving aqueous solutions of 
electrolytes, to be able to understand t h e  possible alternatives available and 
apply them to the problem at hand, either with available data or through 
available data prediction and analysis techniques. Several examples will be used 
to illustrate the calculative techniques necessary for different types of 
problems. The examples chosen are of a size that can be solved with limited 
computer facilities. The techniques can be  expanded for more complex problems. 

In order  to better understand the basis for the chapters which follow. let us 
consider the  formulation of a predictive model for a particular aqueous based 
electrolyte system. The example chosen involves water-chlorine. The reactions 
to be considered are: 
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H,O(vap) = HzO(aq) 
Cl,(vap) = Cl,(aq) 
Cl,(aq) + H,O = H(ion) + Cl(ion) + HClO(aq1 
HClO(aq) = H(ion) + ClO(ion) 
H,O(aq) = H(ion) + OH(ion) 

The problem is to predict the resulting phase distribution and phase compositions. 
Or, in other words: 

Given: Temperature (T), Pressure (PI and inflow quantities H,O(in) and Cl,(in) 

Determine: 

1) Total vapor rate.  V 
2) Rate of HzO(aq) 
3) Vapor phase partial pressures,  pHzO and pClz 

Liquid phase concentrations, usually expressed in molality (gm moles solute 
per 1000 gms solvent-Hz O(aq)), mHCIO(aq), mC12 (aq) , "H(ion), mOH(ion), 
mCl(ion), mClO(ion) 

The problem, stated above for water-chlorine, is typical of all calculations 
involving electrolytes. 

For the  water-chlorine system above, a set of ten equations is required in order to 
solve for the ten unknowns just described. These equations are:  

Equilibrium Equations: Equations 1-5 

Equilibrium K equations a re  written, one for each reaction. 
equations a re  of the form: 

As we shall see. these 

'ip 

n " iR (mi,) 'i R 
(miP)  

n ( y  )v ' ip  
i P  iP  

i R  ( 

K =  

where. 

K = The thermodynamic equilibriun constant; a function of T and P. 
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yip, yiR = Activity coefficient or, for  vapors, fugacity coefficient of the 
i th product and reactant respectively; a function of T, P and 
canposi t ion 

vip,  viR = Stochianetric coefficient of the i th product and reactant 

mip, miR = Molality or, for vapors, par t ia l  pressure of ith product and 

respectively 

reactant respectively. 

For our  H20-Cl2 system (using y for activity coefficient, a for activity, f for 
fugacity coefficient and p for vapor partial pressure) w e  thus have five such 
equations : 

- - ‘H(ion) %( ion )  ‘Cl ( ion)  mCl( ion)  YHCIO(aq) %ClO<aq) 
K ~ 1 2  ( a s )  yC12 (aq )  m C12 (aq)  ‘H20(aq) 

m m 

KHCIO(aq) = YHCIO(aq) %ClO(aq) 

%,O(aq) aH 2 0 (  aq)  

ion)  H( i on )  ‘CIO( i o n )  C ~ O (  i o n )  

- - YH( ion) “‘HC ion)  ‘OH( ion)  “‘OH( ion) 

Electroneutrality Equation: Equation 6 

The electroneutrality equation states that the solution is. a t  equilibrium, 
electrically neutral. Generally stated, the equation is: 

total molality of cations = total molality of anions 

or, for our H20-C12 system: 
m m m % ( i o n )  = OH(ion) + C l ( i o n )  + CIO(ion)  



1. introduction 

Material Balances: Equations 7-10 

The requisite material balances. In this case, four such balances are needed to 
make the number of equations equal to the number of unknowns. The equations are: 

Vapor Phase 

= %,avap) + P c ~  (vap) 

These ten equations can, with a reasonable computer, be solved for the ten 
unknowns in question. Alternatively, by carefully organizing the calculations and 
making some simplifying assumptions, for a simple system such a s  CL,-H,O trial and 
error using a calculator is also feasible. What has been understated thus far  is 
that,  embedded in equations 1-5, the K equations, is the essential complexity of 
the electrolyte calculations. The variables, K(T,P) and y(T,P.m) are often highly 
nonlinear functions of the state variables shown. The purpose of this book is 
thus to describe: 

1) The underlying physical chemistry theory which governs determination of 

2)  Practical methods for calculation, estimation or extrapolation of these values. 
K and y. 

9 
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THERMODYNAMICS OF SOLUTIONS 

In order to calculate the equilibrium composition of a system consisting of one 
or more phases in equilibrium with an aqueous solution of electrolytes, a review 
of the basic thermodynamic functions and the conditions of equilibrium is impor- 
tant. This is particularly true inasmuch as the study of aqueous solutions 
requires consideration of chemical and/or ionic reactions in the aqueous phase 
as well as a thermodynamic framework which is, for the most part, quite different 
from those definitions associated with nonelectrolytes. Therefore, in this 
section we will review the definition of the basic thermodynamic functions. the 
partial molar quantities, chemical potentials, conditions of equilibrium, 
activities, activity coefficients, standard states, and composition scales 
encountered in describing aqueous solutions. 

Basic Thermodynamic Functions 

The thermodynamic properties of a system at equilibrium consists of two types of 
properties, intensive and extensive properties. The most common intensive 
properties encountered are the temperature, T. and pressure, P, which are 
independent of the size of a measurement sample and are constant throughout the 
system. In fact, our definition of true equilibrium, to be described later 
requires T and P to be uniform throughout the system and the constituent phases. 
The most common extensive properties are volume, V and mass. As one would 
suspect, these extensive properties are proportional to the size of a measurement 
sample. 

The thermodynamic properties most often encountered in describing phase equilibria 
of a system are functions of the state of the system. This is important since the 
calculation of these thermodynamic properties depends only on the existing state 
of the system and not the route by which this state has been reached. The 
following energy and energy related properties are extensive properties if they 
refer to the system as a whole: 

The intrinsic energy E 

The enthalpy H = E + P V  
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The entropy S 

The Gibbs free energy 
The heat capacity a t  constant pressure 

G = H - TS 
Cp = (g)p 

The above thermodynamic properties are  intensive properties when their values are  
expressed on a per mole basis. Other useful relationships which we will encounter 
are obtained through differentiation of these basic thermodynamic functions and 
include : 

dE = TdS - PdV (2.1) 

riH = TdS + VdP (2.2) 

dG = -SdT + VdP (2 .3 )  
These relationships express the first and second laws of thermodynamics for a 
closed system. Furthermore, from the last expression above we can also obtain 

Rewriting the 

T h i s  equation 
which wi l l  be 
constants and 

(%)* = 

(%)P = -s 
definition of the Gibbs free energy, 

can be arranged to give the Gibbs-Helmholtz equation, an expression 
very useful in calculating the effect of temperature on equilibrium 
is given by: 

-H 

- Solutions - Basic Definitions and Concepts 

The pure substances from which a solution can be made are called the components, 
or constituents of a solution. The extensive properties of a solution are  deter- 
mined by the pressure,  temperature, and the amount of each constituent. The 
intensive properties of a solution are determined by the pressure,  temperature and 
the relative amounts of each constituent. or in other words b y  the pressure,  
temperature and composition of the solution. For aqueous solutions. the most 
commonly used measurement of composition of the solution is the  molality, m. 
Molality is defined as  the number of moles of a solute i n  one kilogram of the 
solvent, and for aqueous solutions the solvent is water. One of the advantages of 
using the molality scale for concentration is that it i s  independent of temperature 
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and thus,  the density of the solution does not need to be known in order to 
determine the composition on a mole basis as  would be required with the unit of 
concentration, molarity. The molality of a solute i in water is given by 
1000gi/(M go) or 1000 n i /go  where gi and go are  the number of grams 
of solute and solvent, M is the solute mo!ecule weight and ni is the number of 
gm-moles of solute. 

The thermodynamic analysis of solutions is facilitated by the introduction of 
quantities that measure how the extensive thermodynamic quantities (V, E, HI) G ,  

...I of the system depend on the state variab!es T ,  P, and ni. This leads to 
the definition of partial molar quantities where, i f ,  w e  let Y be any extensive 
thermodynamic property, we can define the partial molar value of Y for the ith 
component as: 

‘i = ( e ) T , P , n j + j  (2.8) 

where nj stands for all the mole quantities except ni. I t  is important to 
note that the partial molar (or partial mold, which has the same meaning) 
quantities pertain to the individual components of the system and are  also 
properties of the system as a whole. Furthermore 

dY = (%)T.P,nj+l + ( e ) T , P , n  jS2 dn2 + ... 
- - - 

dY = Y1 dnl + Y2 dn2 + Y3 dn3 + ... 
- 

or dY = c Yi dni (2.9) 
i 

Partial molar quantities a re  intensive properties of the solution since they 
depend only on the composition of the solution, not upon the total amount of each 
component. If  w e  add the several components simultaneously, keeping their ratios 
constant, the partial molal quantities remain the same. W e  can thus integrate 
the above expression keeping “1, “2, ... in constant proportions and find, 
while holding temperature and pressure constant, that 

- - 
Y = Yl”l + Y2% + ... 

or Y = c Yini 
i 

Furthermore, w e  can differentiate this expression to obtain 

d Y =  Y1 dnl + r q d Y +  Y2 dn2 + npY2 + ... 

(2.10) 

15 
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Since - 
dY = c Yi dni 

i 
a s  has previously been shown, 
our  total differential, equation 

O = C n i  
i 

Since Y represents any 
G ,  for Y we obtain the 

O = C n i  
i 

- 
C ni dYi 
i 

(2.11) 

(2 -9 )  

we can then substitute this expression for dY into 
(2.111, and obtain 

extensive property, if we substitute the G i b b s  free energy, 
Gibbs-Duhem equation 

&i 
- 

which is very useful in the thermodynamics of aqueous solutions. 

The partial molar quantities of interest in aqueous solutions 
molar Gibbs free energy, enthalpy and volume which are  defined 

The partial molar G i b b s  free energy is also known or defined 

(2.13) 

a re  the partial 
respectively as: 

(2.14) 

(2.16) 

a s  the chemical 

<2.17) 

Equilibrium - Necessary Conditions 

With aqueous solutions of electrolytes w e  have two types of equilibrium to 
consider: phase equilibrium and chemical or ionic reaction equilibrium. Phase 
equilibrium of interest are primarily vapor-liquid and liquid-soEd , though vapor- 
liquid-solid is often of great importance as. for example, in carbonate systems. 
The necessary condition of phase equilibrium is that the chemical potential of any 
species i in phase a is equal to the chemical potential of that same species i in  
phase b or 

Visa = p i ,b  (2.18) 
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For chemical or ionic equilibria in a particular phase, the condition of 
equilibrium is of the same form as the chemical equation. Thus if the reaction at  
equilibrium is represented by 

a A + h B = c c + d D  (2.19a) 
the condition of chemical equilibrium in a particular phase would be denoted by 

aPA + = clJc + db 
which can be  represented in a generalized form as 

c v i  U i  = 0 

(2.19b) 

(2.20) 

where v i  is the stoichiometric coefficient of species i in the reaction of 
interest;  it is positive if the species is a product and negative if a reactant. 

The two conditions of equilibrium for phase and chemical equilibrium can be 
combined to represent the heterogeneous liquid-solid equilibrium of an aqueous 
solution of a salt B in equilibrium with the solid of salt B 

P B , s  = lJBB,aq 
The chemical potential of the solid crystal salt B is in phase equilibrium with 
the dissolved salt B in the liquid or aqueous phase. In aqueous systems w e  are  
primarily dealing with salts of strong electrolytes, which i n  water dissociate 
completely to the constituent cations and anions of the salt. The chemical 
potential of the dissolved salt is  then given by 

pB.aq = 'c pc + va Fa 
where vc and va represent t h e  stoichiornetric number of cations and anions 
while  p and pa  a re  the chemical potential of the cation and anion 
respectively. Thus t h e  condition of equilibrium for a strong electrolyte 
dissolved in water and in equilibrium with i ts  crystalline phase becomes 

P B , s  = vc  P c  + v a  pa  

Activities, Activity Coefficients and Standard States 

It i s  generally more convenient in aqueous solution thermodynamics to describe the 
chemical potential of a species i. in terms of i ts  activity. ai. The basic 
relationship between activity and chemical potential was developed by G. N.  Lewis 
who first established a relationship for the chemical potential for a pure ideal 
gas,  and then generalized his results to all Systems to define the chemical 
potential of species i in terms of i ts  activity ai as 

pi(T) =v;(T)+ RT In (a i )  (2.21) 
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H e r e  poi is a reference chemical potential or the standard chemical potential a t  
an arbitrarily chosen standard state. The activity is a measure of the difference 
between the component's chemical potential at  the state of interest and at its 
standard state. Thus as the chemical potential of component i approaches the 
chemical potential of component i at i ts  arbitarily chosen standard state, the 
component's activity approaches unity. 

For aqueous solutions in which the composition of the solution is expressed in 
terms of molality, the arbitrarily chosen standard state is the hypothetical ideal 
solution of unit molality at the system temperature and pressure. I t  is chosen so 

that a s  the molality approaches zero. the ratio of ailmi tends to unity. This 
ratio ailmi is called the molal activity coefficient, yi. 

and 
Yi = ailmi Yi-1 as  m i 4 0  

p i  = u: + RT In (vimi) (2.22) 

The standard state chosen must be such that these equations hold a t  all pressures 
and temperatures. I n  these equations there appears to be an inconsistency of 
units, since the activity coefficient, Y i ,  is dimensionless, whereas molality 
has the units moleslkilogram. To avoid this inconsistency the activity 
coefficient should be defined as  

Yi = ainP/mi (2.23) 

where mo is the unit molality. For convenience, particularly in writing expres- 
sions for equilibrium constants, the normal convention in aqueous chemistry is to 
omit the writing of m0 and use the form ai = Yimi  w i t h  the  understanding 
that the activity and the activity coefficient are  dimensionless. 

W e  have defined the activity and activity coefficient of a species i. Unfortu- 
nately, in solutions of electrolytes w e  find that w e  cannot make a solution 
containing only cations or only anions and need to introduce a mean or average 
activity coefficient. For example, when one mole of NaCl is dissolved in a 
kilogram of water, w e  have created a one mold solution of NaCl which fully 
dissociates to form one mole of sodium ions and one mole of chloride ions. The  
chemical potential of the dissolved sodium chloride is given by 
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or in the more general 

a 'a = vc P C  + v  'salt 
aq 

= ( V  p: + va pi) + v KC ln(ycmc) + vaKl? ln(yama) (2.24) 
C C 

aq 
'salt 

Rearranging and designating ( v c  P: + va as ugalt , we obtain 
aq 

From this expression comes the definition of the mean activity coefficient. Y,, in 
terms of the ionic activity coefficients yc and ya. The mean activity 
coefficient is the property which is determined or calculated from experimental 
measurements. A similar expression results for the mean rnolality m+. which is not 
generally used in  reporting experimental measurements : 

- 

v v  
c a ) l lv  

Y, - = 'Yc Ya 

m, - = (mc ma 
v v  

(2.26) 

(2.27) 

where v =  vc + va, the stoichiometric number of moles of ions in one mole of 
salt. The expression for the chemical potential of the dissolved salt could be 

(2.28) 

Since we are  concerned with solutions we need also to determine the activity of 
the solvent which, for our  particular interest in aqueous solutions, is the 
activity of water, aw. The activity of water is related to  the chemical 
potential of water by  

pw = p; + RT In aw (2.29) 

where the standard state is ,  by convention, pure water at the system temperature 
and pressure. Thus for the pure solvent, water, the activity aw = 1. 

In real solutions, the activity of water is quite close to one as the dilution 
ratio of the dissolved salts increases. In order to accurately represent the 
activity of water for dilute solutions. several significant digits would be 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

required. To avoid this problem, in many compilations of data it is common to 
tabulate data in terms of the osmotic coefficient, 9 .  The osmotic coefficient i s  
defined for any aqueous solution as: 

-1000 In aw ' = 18.0153 C vi m i  
i 

(2.30) 

,The osmotic coefficient tends to approach unity a s  the solution becomes infinitely 
dilute. The Gibbs-Duhem equation, equation (2.13). which was presented earlier a t  
a constant temperature and pressure, can be expressed as:  

C ni p i  = 0 (2.31) 
i 

This  relation can be applied to an aqueous solution of a single solute salt in  
water and, after suitable manipulation, the following expression representing the 
interrelationship, between the water activity. aw,  the mean activity coefficient 
of the dissolved salt, y*, and the osmotic coefficient. 4, can be  obtained: 

rn d(ln(m y, 1)  = -55.50837 d(ln aJ = vd(m 4) (2.32) - 

This expression can be used in different ways. I n  the treatment of experimental 
data one of the most common methods of determining activity coefficient data 
involves the measurement of the water vapor pressure of the aqueous solution a s  a 
function of concentration through various experimental techniques. Through proper 
manipulation of this equation and the acceptance of a theory of ionic solution 
behavior. the above expression can be used to calculate the mean activity coeffi- 
cient from the experimentally determined osmotic coefficient. This expression is 
also useful for calculating the water activity a s  a function of concentration if 
one has developed a model of the behavior of the activity coefficients w i t h  
concentration and the parameters of the mean activity coefficient model have been 
experimentally determined. 

The relationships expressed in this chapter, while discussed on a rnolality scale, 
hold t rue for calculations based on other scales. The basic definition of the 
activity coefficient is: 

a (rn) 
yi - -m i 

on a m l a l  scale: 

yi - m l a l  act ivi ty  coefficient 

(2.33a) 

20 
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m - m l a l i t y  

a . ( m )  - ac t iv i ty  on m l a l  basis 
i 

a i (c )  
yi = - 

'i 
on a molar scale:  

- m  'i 

i - m  C 

on a mle fraction scale:  

- ra f i  

a r  ac t iv i ty  coefficient 

a r i  ty 

a .  (x) f i  - - + 
i 

ional ac t iv i ty  coefficient 

(2.3313) 

(2 .353 

- rmle fraction i X 

a.(x) - ac t iv i ty  on a m l e  fraction basis 
1 

When necessary; activity coefficients may be converted from one scale to another 
via the following relationships presented by Robinson and Stokes (1) : 

f ,  = (1. + .001 Ms v m) y, (2.34a) 
- - 

d + .001 c (V Ms - MI 

f, = do 

d - -001 c M 
y? = ( d o  

(2.34b) 

(2.3412) 

(2.34d) 

where: v , - s to i ch ime t r i c  mmber = v+ + v- 

d - solution density 
do - solvent density 
M - mlecular  weight of the solute 
kls - mlecu la r  weight of the solvent 

Throughout this book the molecular weights used a r e  from the NBS Tech Note 270 

Series (11-16). 
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Occasionally, reference is made to the "reduced activity coefficient", as  in 
Meissner's work discussed beginning in Chapter IV. It is defined as: 

r E y l / z + z -  

where z+ and z, are the absolute value of the charges on the cation and anion. 

2 2  
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EQUILIBRIUM CONSTANTS 

In order to compute: 

o the solubility of a salt such as  NaCl in an aqueous solution, or. 
o the vapor-liquid equilibria of a system containing several volatile species 

such as  NH3, H , O  and C O z ,  or,  
o the concentrations of the various dissolved molecular and ionic species in a 

system such a s  H,SO, and H,O 

we need to satisfy the necessary conditions for equilibrium. 

In the previous chapter the necessary conditions for equilibrium were introduced 
in terms of the chemical potentials of the constituent species in the various 
phases. In this chapter w e  will relate these chemical potentials to a more 
convenient form, that of the equilibrium constant. Furthermore, we will discuss 
the application of equilibrium constants to the three types of equilibria which 
occur in our  overall vapor-liquid-solid m o d e l :  

o ionic and/or  chemical equilibria in aqueous solutions 
o solubility equilibria between crystals and saturated aqueous solutions 
o vapor-liquid equgibria between gas and aqueous solutions 

In addition w e  will review techniques for computing these equilibrium constants 
from tabulations of selected values of thermodynamic properties and from 
experimental data. W e  will  also examine the effects of temperature and pressure 
on these equilibrium constants. 

Ionic andlor  Reaction Equilibrium in Aqueous Solutions 

For a chemical or ionic equilibrium occurring in an aqueous solution w i t h  reaction 
equilibrium represented by: 

aA+bB=cc+m (2.19a) 
the condition of chemical or ionic equilibrium was shown to be: 

a P A +  B= pC+ d p D  (2.19b) 



Recalling that the chemical potential of an aqueous species can be represented by 
reference to a standard state or: 

IJi(T) = pg(T) + KC ln(yimi) (2.21) 

we can expand our  general. expression for the equilibrium expressed above to 
be: 

(3.1) 

By combining terms: 

a p i + b p ; - c p c - d  6 = W(c 

- a ln(yA mA) - b My, "s>) 
Further simplification results in: 

Recalling that pio is a reference chemical potential or the standard chemical 
potential at  an arbitrarily chosen standard state and that the partial molar G i b b s  
free energy is also known or defined as the chemical potential, we can substitute 
for pio(T) the quantity Gio(T). Tabulations of partial molar Gibbs free 
energy are  available. These are given in the form of tabulations of AGfo for a 
substance, which represents the free energy when one gram-formula weight of the 
substance is formed , isothermically at  the indicated temperature, from the 
elements. each in its appropriate reference state. By reviewing our definitions, 
we can see that AGfi is a valid form of Eio. Thus the left hand side of the 
equation above can be represented by: 

.- - - 
a %+ b - c PC - 4 (3.4) 

which is equivalent to: 

ti A B  + b A B  - C A B  -dAG" (3.5) 
fA fB fC fD 

The thermodynamic equilibrium constant for this reaction is defined as: 

5 = exp  AGO + b AGO - (c AGO + d AGO )I/RT) 
fA fB fC f D  

(3.6) 
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and thus the complete expression for the equilibrium is given by: 

Frequently, the standard free energy change for reaction is defined as: 

or generalizing : 

( 3 . 7 )  

(3.9) 

where i represents the products and j represents the reactants; then the 
equilibrium constant KT is given by: 

% = exp(- AG&,+T)  / €U') (3 .10 )  

Values of the standard free energy of formation of most inorganic species have 
been evaluated by thermodynamic experts and are given for a standard state of 2 5 O  

Celsius and one atmosphere pressure, with t h e  standard state of a solute in 
aqueous solution taken a s  the hypothetical ideal solution of unit molality. Two 
comprehensive series of thermochemical tables containing A GfO, the Gibbs free 
energy of formation of a substance, have been published. These are "Selected 
Values of Chemical Thermodynamic Properties" (Dl-D7) issued by the National Bureau 
of Standards and "Thermal Constants of Compounds" ( D 8 - D l 7 )  issued by the VINITI 
Academy of Sciences of the USSR. Both series use the same standard states,  
however values cannot be used interchangeably since the data analysis that went 
into the creation of these series reflects the expert opinion of the compilers and 
differences do occur for some species. The Russian compilation is more complete 
in that the primary and secondary references used for determining the thermody- 
namic properties have been published simultaneously with each volume in the 
series, whereas the NBS has yet to publish their primary and secondary references. 

A s  an example, let us calculate the thermodynamic equilibrium constant for the 
ionic equilibrium representing the dissociation of the bisulfate ion in aqueous 
solution given by:  

HSOC = H+ + SOT 

1 29 I 
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A 5  (kcal lmle)  - N3S species 

H+ 0 .o 
Hsoi -180.69 

so; -177.97 

AcT;(N(298.15) = AG; +(298.15) + AG; = (298.15) - AGO (298.15) 
H so4 fm, 

= 0.0 + (-177.970.) - (-180,690.) 
= 2720. c a l h l e  

E;r = exp(- AG&+298.15) I Rl?) 

= exp(-2720./(1.987*298.15)) 
= exp(-4.5913) 
= .01014 

This value, calculated with the standard free energies of formation compiled by 
the NBS. represents the dissociation constant of the bisulfate ion at  25O Celsius 
(298.15 Kelvins) which is the reference temperature for their compilation. The 
accepted value of this equilibrium constant a s  given in Robinson and Stokes (1) 
determined experimentally is .0104 2 .0003. The experimental result agrees quite 
well with that calculated from the standard free energies of formation and the 
difference between the results represents a difference in A G O R X N  of 
approximately 15 callmole. Since the tabulated values a re  only given to the nearest 
10 cal/mole in this case the difference is insignificant. 

Solubility Equilibria Between Crystals and Saturated Solutions 

We next consider the solubility of a pure salt, strong electrolyte, in an aqueous 
solution saturated with respect to  that salt. The simple dissociation reaction 
can be represented as: 

M = a A + b B  (3.11) 
where M is the pure salt and A and B are the constituent ions. 

From earlier developments w e  know that 
a b  

Ksp = aA % %I (3.12) 
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Assuming the  salt is pure and is of activity one, 
a b  

Ksp = aA % 

As in the  previous section w e  eventually arrive at  

(3.13) 

(3.14) 

(3.15) 

(3.16) 

The thermodynamic KSp can be evaluated from tabulated values of 
are  found in several sources. For example: 

AGf" which 

AGf": NaCl(s) = -91,790 ~al l s r rp l  
Na+ = -62.589 callgmol 
C1- = -31.372 ~ a l / e X  

So for  NaCl: 
A a  = -62589. - 31372. - (-91790.) = -2171. ca l /gml  

L J 

The thermodynamic solubility product of NaC1. assuming our  values of the free 
energy of formation are correct, is for the thermodynamic temperature of 25O 

Celsius. I f  w e  make the simplifying assumption of a solution where Y's =1, then 
the salt solubility is 6.248 gmolslkg H,O which is reasonably close to the value 
given in Linkelseidell (2)  of 6.146 gmoleslkg H,O. 

Vapor-Liquid Equilibria in Aqueous Solutions 

W e  next consider the equilibrium or solubility of a vapor in aqueous solution. 
The equilibrium can be represented as: 

V = L  (3.17) 

where V is the vapor species and L is the aqueous molecular form. 
A s  before, w e  get:  

aq K = a L / %  

or. 

(3.18) 

(3.19) 
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The activity of a vapor species can be expressed, analogous to aqueous species, by 
the form 

8 v = f V P V  
where: 

fv = fugacity coefficient of species V 
pv = partial. pressure of species V 

(3.20) 

Once again, we have a coefficient which captures the nonideality in terms of 
temperature, pressure and composition effects. Combining (3.19) and (3.20) w e  get 

K = v , m , I  fvpv aq 
As before. we eventually arrive at: 

where, 

Temperature Effects on the Equilibrium Constant 

We have seen earlier, that 
l . n K = - m  AW 

Differentiating, we get 
d In K - d(AGO(T)/T) R- a -- 

Since 
aG aG aG a + =  dP+-dni ani 

it can be seen that at constant pressure and composition 
n(T-)= a AGO g@) 

equation (3.24) can be restated using equation (2.7) 

d 1nK A H  Rm----= -Tr 

(3.21) 

(3.22) 

(3.23) 

(3.10) 

(3.24) 

(3.25) 

AH can be expressed as a function of temperature in terms of heat capacity, Cp: 

(3.26) AH = AHo +JACpo a 

and, assuming constant ACp, 
AH = AH' + A C p O  f,T -To) (3.27) 
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Combining (3.25) and (3.27) we get 

- &) d In K AHo 
R-aT--=-T- (3.28) 

Finally, integrating between the l i m i t s  of the reference temperature. To, and T w e  
get: 

(3.29) To In K - In KO = - AHo ( In  T - - 1nTO + 1) 

or. 

But, we saw earlier that 
AGO 

- R F  In KO = 

and thus, 

(3.30) 

(3.10) 

(3.31) 

provides us with the desired definition of a temperature dependent K. Note, of 

course, that our assumption of constant heat capacity could have been modified by 
substituting a Cp(T) into (3.26) and an improved version of (3.31) could have been 
evolved. 

The usefulness of (3.31) in predicting the temperature dependence of K is that 
AGO, AHo and ACpo are tabulated for a great many species in the same sources cited 
earlier in  this chapter. 

Estimating Temperature Effects on Heat Capacity and Other Thermodynamic Properties 

In the previous section, the heat capacity was treated as being independent of 
temperature during equilibrium constant calculations. Although most thermodynamic 
property data is measured at 25OC. industrial applications demand accurate data for 
higher temperatures. The desirability of a method for accurately predicting 
elevated temperature thermodynamic properties in order to avoid the need for 

experimental measurements is obvious. In 1964, C r i s s  and Cobble (9, 10) proposed 
the "correspondence principle" as such a method. They summarized it as follows (9): 
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"A standard state can be chosen at every temperature such that the  partial molal 
entropies of one class of ions at that temperature are  linearly releated to  the 
corresponding entropies at some reference temperature." 

Criss and Cobble noted that the entropies of ions can be expressed as  functions of 
mass, charge and ionic size, and that the functional dependences appear to be  the 
same at 25OC and higher temperatures. This suggested that i t  would not be 

necessary to know the complete functional dependences and the entropies at 
elevated temperatures could be determined from 25OC entropies. They suggested 
that the  following equation could be used to determine the standard state entropy 
at t 2  having an experimental standard state entropy a t  temperature t l :  

- - 
(3.32) Y 2  = a t2  + b t l  s;, 

In testing their theory they experienced the problem of the lack of reliable data 
a t  elevated temperatures. They noted that t h e  best thermodynamic function for 
calculating the partial molal entropies are the partial molal heat capacities, 
rpo, and that few systems had been studied at temperatures greater than 100OC. 
Acceptable estimates of Cpt2 could be obtained given the partial molal heat 
capacities over an extended temperature range. Average heat capacity can also be  
estimated given a value for free energy at  an elevated temperature t z :  

AG: = AT, + A C p O  1:: AT - ASo AT - T2 ACpo 

A c p o  It2 is the average value of A C p o  between temperatures t l  

2 tl 

tl 

Based on the experimental partial. molal entropies, Cr iss  and 

In (3.33) I:: T2 

a d  t 2  . 

Cobble presented 
values for the a and b parameters of equation (3.32). which a re  tabulated in 
Appendix 3.1. They note a surprising accuracy of f 0.5 cal. mole-I deg'l 
for simple ions up to 15OOC. 

The drawback to equation (3.33) is that, while c p o  varies greatly with temperature 
and many values are  available at  25OC. few studies of the temperature dependence 
of q0 have been made. Criss and Cobble (10) therefore extended their  correspon- 
dence principle to enable the prediction of elevated temperature heat capacities. 

3 4  
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Since the average value of the partial molal heat capacity between 25OC and tz can 
be described by : - I 

(3.34) 

and the correspondence principle defines the entropy a t  elevated temperature t 2  as: 

= a t 2  .I. b t z  s;5 (3.32) 

the average value of the partial mold heat capacity can be  expressed in terms of 
the correspondence principle by substituting equation (3.32) for the of 
equation (3.34) : 

- 

25 
(3.35) 

The appearance of this equation can be simplified by defining: 
a 

t 2 
a t ,  = -iii(T;m:zs) 

@ t 2  lnq2EiX.lf j )  
- -(1. - b t 2  - 1--- 

so that  equation (3.35) becomes: 
- - t ,  

cpo ] = a t ,+  Bt, sp5 
25 

Criss and Cobble define s25° as the "absolute" ionic entropy which is: 
-- - 
SZ5 = S;5 (conventional) - 5. z 

(3.36a) 

(3.36b) 

(3.37) 

(3.38) 

where z is the ionic charge. Values for a and B have been calculated for various 
temperatures and are  tabulated in Appendix 3.1. 

A s  an example of the usage of equation (3.37). the  average heat capacity of 
potassium between 25O and 60° is calculated: 
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The value for Sx (conventional) is from the NBS Tech Note 270-8 (D6). 

-1 60 

Cpo ] 25 = 35. + (-.41 x 19.5) = 27.005 cal. mole-' deg. 

Equilibrium Constants from Tabulated Data 

In cases where AGO, AHo and ACpo are not tabulated for all species comprising a 
reaction, it is still sometimes possible to obtain Ksp values. The require- 
ments are: 

1) actual solubility data, and, 
2) either, 

a) experimental activity coefficient data, or, 
b) estimated activity coefficient data. 

I t  is then possible to use numerical regression to curve fit an equation of 
suitable form. The form 

l n ~  = A + B / T + ~ + D T ~  (3.39) 
SP 

is suggested as a reasonable one. 

Pressure Effects on the Equilibrium Constant 

In recent years, researchers have attempted to use mold volume and compressibil- 
ity data to estimate the effect of pressure on ionic equilibria or nonideal 
solubility. The method of using V and k data to estimate the effect of pressure 
on ionic equilibria or the solubility of salts was first demonstrated by Owen and 
Brinkley (3): 

K(P,T) = K(T) exp ((- A.vO(P-1) + .5 Ako(P-1)' )/(XI?)) (3.40) 

where: 
K(P.T) 
K(T) 

- equilibrium constant at specified pressure and temperature 
- equilibrium constant at specified temperature and standard state 

pressure of 1 atmosphere 
A V O  - the algebraic difference between the partial mold volumes of the 

products and reactants in their standard state taking into account 
the stoichiometry of the reaction ( c m 3  /mole) 

P - the pressure of interest (atm) 
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Ako - the  algebraic difference between t h e  partial molal compressibilities 
of the  products and reactants in the i r  standard state taking into 
account the stoichiometry of the reaction (cm3 /(mole atm)) 

- the  gas law constant and is 82.054 cm3atm/mole K R 

T - Kelvins 

Over the years many things have been said about this equation because of the 
difficulty in getting data. The m o s t  common simplification is to avoid the m o l d  
compressibility term since ko for a mineral is small and remains relatively 
constant with temperature. Also the molal compressibilities of ions are  hard to 
find published in the  literature and are limited primarily to a range of 0 - 50° 
Celsius. A t  lower pressures ignoring this term is probably suitable, but for high 
pressure the t e r m  becomes more important. 

In 1968 Lown, Thirsk and Wynne-Jones (4) have shown that the effect of pressure on 
ionic or nonideal equilibrium to pressures below 1000 bars  can be estimated by: 

K(P,T) = K(T) exp ((- bVoP + .5 AkoP2)/(IW>) (3.41) 

To show the effect  of pressure on the simple reaction: 
NaC1 (s) = Na+ + C1- 

we w i l l  evaluate AVO. A k o  and K(P.T)/K(T) a t  25OC: 
- - - 

AVO = VNa + Vcl - sacI 
= -1.21 + 17.82 - 27.013 

= -10.405 an3 /mle  
- -  - 

AkO = k°Cl- koNaCl 

or 

= 3 . 9 4 ~ 1 0 - ~ +  . 7 4 ~ 1 0 - ~  - ( l . l ~ l O - ~ )  

= 4 . 5 7 ~ 1 0 - ~  an3 /mle  bar 

= 4.630~10-~ anlmole atm 

The resulting K<P.T)/K(T) a t  25OC is K(P,25°C)/K(250C) and is given. per  equation 
(3.40), b y  the following table. 
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TABLE 3.1 

Pressure 

( a t m )  

K(P,25OC)/K(25OC) 

ko = 0 

K(P.25°C)/K(250C) 

ko = 4.6306~10-~ 

100 

200 

300 

400 

500 

600 

7 00 

800 

9 00 

1000 

1.043 

1.088 

1.136 

1 185 

1.236 

1.298 

1.346 

1.405 

1.466 

1.52 

1.042 

1.0843 

1.126 

1.187 

1.208 

1.247 

1.285 

1.322 

1.358 

1.392 
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APPENDIX 3 . 1  

CRISS AND COBBLE PARAMETERS 

Table 1: a and b Parameters for Using Criss and Cobble's Entropy 
Equa t ion 

From: C.M. Criss and J.W. Cobble. "The Thermodynamic Properties of 
High Temperature Aqueous Solutions. IV. Entropies of the Ions 
up to 2 0 0 °  and the Correspondence Principle", J . A . C . S . ,  8 6 ,  5 3 8 5  
( 1 9 6 4 )  

t. oc 

2 5  

6 0  

1 0 0  

1 5 0  

2 0 0  

t, o c  

2 5  

6 0  

1 0 0  

1 5 0  

2 0 0  

simple cations 

t bt a 

0 1 . 0 0 0  

3 . 9  0 . 9 5 5  

1 0 . 3  0 . 8 7 6  

1 6 . 2  0 . 7 9 2  

( 2 3 . 3 )  ( 0 . 7 1 1 )  

acid oxy anions 

a t  bt 

0 .  1 . 0 0 0  

- 1 3 . 5  1 . 3 8 0  

- 3 0 . 3  1 . 8 9 4  

( - 5 0 . 0 )  ( 2 . 3 8 1 )  

( - 7 0 . 0 )  ( 2 . 9 6 0 )  

simple anions and OH- oxy anions 

t b t  a t  bt 
a 

0 1 . o o o  0 1 . 0 0 0  

- 5 . 1  0 . 9 6 9  -14  - 0  1 . 2 1 7  

- 1 3 . 0  1 . o o o  - 3 1 . 0  1 . 4 7 6  

-21.3 0 . 9 8 9  - 4 6 . 4  1 . 6 8 7  

( - 3 0 . 2 )  ( 0 . 9 8 1 )  ( 1 6 7 . 0 )  ( 2 . 0 2 0 )  

standard state 

(entropy of H+(aq) assigned) 

- 5 . 0  

- 2 . 5  

2 .0  

6 . 5  

(11.1) 

The constants in parentheses were estimated by extrapolation of 
corresponding values of at and bt from lower temperatures and are 
subject to greater error. 
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From: C.M. Criss and J.W.  Cobble. "The Thermodynamic Properties of High 
Temperature Aqueous Solutions. V. The Calculation of Ionic Heat 
Capacities up to 200O. Entropies and Heat Capacities above 2 0 0 ° " ,  
J.A.C.S.. 8 6 .  5 3 9 0  (1964)  

Table 2 :  Heat Capacity Parameters a and B 

t ,  o c  cat ions anions and OH- oxy anions acid oxy anions 

t 4 at Bt 4 c4 Bt - a 

6 0  35. -0 .41 -46.  -0.28 -127 1.96 - 1 2 2  3 .44  

100 46 -0.55 - 5 8 .  0 .oo - 1 3 8  2.24 -135 3.97 

1 5 0  46 -0.59 -61.  -0.03 - 1 3 3  2.27 ( - 1 4 3 )  (3 .95)  

2 0 0  ( 5 0 )  (-0.63) ( - 6 5 )  ( -0 .04)  ( - 1 4 5 )  (2 .53)  ( - 1 5 2 )  ( 4 . 2 4 )  

Values in parentheses are froin extrapolated values of the a and b entropy 
parameters and are subject to  greater error. 

Table 3:  Estimated Entropy Parameters- above 150° 

T. OC cat ions anions and OH- oxy anions acid oxy anions 

bt -- t a 
at bt at bt at bt- - 

200 23.3 0 .711 -30.2 0 . 9 8 1  - 6 7  2.020 - 7 0 .  2 .960 

2 5 0  29.9 0.630 -38.7 0.978 -86.5 2.320 -90.  3 .530 

300 36.6 0 .548 -49.2 0.972 - 1 0 6 .  2.618 - -  -- 
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ACTIVITY COEFFICIENTS OF SINGLE STRONG ELECTROLYTES 

This chapter traces the history of activity coefficient models for aqueous 
solutions of single strong electrolytes. Of great importance is the Debye-Huckel 
equation, which has been the  cornerstone of more recent models. In addition to 
Debye-Huckel, the following, more recent methods are outlined: 

1. Guggenheimls equation - a one parameter equation with published parameter 
values for calculations at Oo and 25O C 

2. Davies' equation - a suggested equation for the Guggenheim parameter 

3. Bromley's equation - a suggested equation for the Guggenheim parameter 

4. Meissner's equation and plot - a one parameter equation for reduced 
activity coefficients and a generalized family of curves from which it is 
proposed graphical predictions can be made 

5.  Pitzer's' equation - a three to four parameter model for mean molal activity 
coefficients 

6. Chen's equation - a model incorporating short and long range interactions 
between molecules and ions using t w o  parameters 

While these methods w e r e  based on activity coefficient calculations at  25OC, some 
of the authors suggested methods for adapting their models for any temperature. 
These methods are outlined. 

All of the models presented have been used for a number of strong electrolytes. 
The resultant activity coefficients are plotted with experimental data for 
comparison. 

Much of the material in this chapter is quite theoretical. For those interested 
in the application of these methods, more attention should be paid to the 
subsections beginning with the one entitled "Application". 
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HISTORY 

Early in this century process calculations were done with experimentally 
determined phase diagrams. While such graphical techniques are successful for 
simple systems, there are some major drawbacks. These include the  need for 
extensive experimentation and the difficulty in visualizing systems composed of 
more than four components. 

Presented in 1887, Svant6 Arrhenius'(1) theory of electrolytic dissociation, that 
partial dissociation of the solute into negatively and positively charged ions 
takes place, and his proposed method of calculating the degree of dissociation 
helped open the way for organized theoretical and experimental investigations of 
electrolyte solutions. This theory held that these ions in solution are  in a 
state of chaotic motion similar to that in an ideal gas and that the interaction 
of ions in a solution does not affect their distribution and motion. 

This was fine for dilute solutions of weak electrolytes but  the contradiction 
with experimental results for strong electrolytes led to the realization that the 
electrostatic force between ions must be taken into account. 

In 1923, Peter Debye and Erich Huckel presented their theory of interionic 
attraction which has been the foundation for the work done since then. Since 
strong electrolytes a re  highly dissociative in solution, the ion concentration is  
higher with the resulting distance between them smaller than for weak electro- 
lytes. This increase in  concentration results in the tendency towards an orderly 
distribution of ions as  the electrostatic forces cause mutual attraction between 
oppositely charged ions. The potentiaI energy of the ionic attraction must 
therefore be accounted for in considering electrolyte solutions. 

The dependence of the total electric potential on the charge distribution is 
shown by Poisson's equation : 

VYJt = -r 4 T P  (4.1) 
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where: Jlt - total e lec t r ic  f ie ld  potential 
P - charge density 
D - d ie l ec t r i c  constant 

The Laplacian operator v symbolizes differentiation, a s  in the f o r m :  

a 2 +  a 2 +  
a x 2  ay2 a 2' 

35%. --+- 

A s  the field being considered around an ion is spherical, the  x ,  y and z 

coordinates can be replaced by a single coordinate, r. representing the spherical 
radius. Equation (4.1) can thus be expressed as: 

(4.  l a )  

In accordance with Boltzmann's law, the numbers of positive and negative ions per 
unit volume of solution around the central ion at a distance r will be: 

NAn: = N A +  n + exp (2) and NAn; = NAn- e d 2 )  (4.2) 

where: n: - actual ion concentration in given volume - 
n+ - mean ion concentration 
NA - Avagadro's nunber = 6.0232 x 
e - electronic charge = 4.8029 x 10-1O e.8.u. or 

- 
mole-l 

= 1.60206 x coulcmb 
tJt - e lec t r ica l  potential 
k - Boltzmnn's constant = R/NA = 1.38045 x 

T - absolute temperature 
ergldeg 

The ionic charge is found by mlt ip ly ing  the Nlriber of ions by the charge, ze. 
For example, for cation of charge ze: 

ionic charge = ze NAn+exp (-2); 
The charge density p is the sum of all 

( 'ie$t) 
AT-- p = C zie  ni NA exp - 

i 

z = the charge nunber 

the ionic charges: 

(4.3) 
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Replacing the p in the equation (4.1) with equation (4.3) yields: 

4re 
1 i A  exp p$t = +  4 (r2 aF-)= at -T  c z .  n .  N 

i 
In order to simplify, the exponen.tia1 function can be expanded and approximated as: 

(4 .5)  

For dilute solutions, especially at  higher temperatures, where zie + t<<kT,  t h e  
third term can be dropped. Substituting this back into (4.4) results in: 

Since I:zinie = 0 in an electrically neutral system, the equation is: 

4ne DKT N~ c z 2  n i i  
w i t h  K2 = - 
Integration of equation 4.7 yields: 

(4.7) 

(4 7a) 

As t h e  value of JI approaches zero as  r increases, and the t e r m  exp(Kr) / r  becomes 
indefinitely large, constant c2 must equal 0. In order to determine c1 the 
assumption is made that in very dilute solutions the distances between ions are so 
great in comparison with 
Coulomb's law states that 
r,  the potential I J I~ .  is: 

r - 
Qr = -,I E dr  = 

where: 

is the field strength or 
has the potential 

ez & = m  

the ions' radii that the  ions may be considered a s  points. 
the energy needed to move a cation from infinity to point 

r e  e 
- J  W = d r =  lE (4.9) 

intensity. So in a dilute .solution an ion of charge ez 

(4.10) 

5 0  
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This means that as r approaches zero the total potential, $ t ,  becomes the ionic 
potential, $ J ~ :  

exp(-Kr) - e z  
-E 3, = c  t l r  (4.11) 

Since the r's in the denominators cancel out, and a s  r approaches 0 the term 
exp(-Kr) approaches 1. then cl  = ez/D. 

(4.12) 

When r>O the total potential is the sum of the ion potential and the potential of 
the surrounding ionic atmosphere, qa: 

3,t = + + O a  (4.13) 

Substituting (4.10) and (4.12) into this expression gives an expression for the 
ionic atmosphere potential: 

(4.14) 

As seen in Chapter 11. the activity of a species is related to  the chemical 
potential: 

= p? + In (a i )  (2.21) I-li 1 

The electrostatic chemical potential is part of the chemical potential or partial 
molar G i b b s  free energy: 

(2.17) 

The expression for the ionic atmosphere potential (4.14) can be used to get the 
electrostatic chemical potential pel .  Here again the exponential function is 
expanded and truncated, simplifying (4.14) to: 

11, = - e z  - K  (4.15) a D 
To find the change in the electrostatic energy of interaction of an ionic 
atmosphere, the charge of each ion, ez. is changed from 0 to ez by a variable 
charge. Using a factor, a. which varies from 0 to 1, the quantity K is shown to 
change with the charge: 
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The ionic atmosphere potential at this charge is: 

(4.17) e u z  e a 2 z  G = --ITK' = -TK 
So the change in the electrostatic energy for an ion as the charge changes is: 

(4.18) 

By integrating (4.18) the ionic atmosphere energy of formation for one ion is 
found : 

(4.19) 
' e2 z2 K a2da e2 z2 K 

-3I3 
EY1 = - C Y =  

Multiplying (4.19) by niNA will give Eel for all the ions i n  solution: 

e2 N~  el = c n i  N E ~ '  = - .- c n. z? K A i  1 1  
(4.20) 

A s  discussed in Chapter 11, as the molality of a species i approaches zero. the 
activity coefficient approaches unity so that, at  infinite dilutions, equation 
(2.22) becomes: 

a 
= ui + FU' In mi (4.21) 

For a more concentrated solution (but still very dilute), the activity coefficient 
does not equal unity so: 

m QJ 

V .  = U. + In a. = Vi + In mi + FU' In Yi 
1 1 1 

P.  = P + FU' In Yi 

lJi - P- = RT In Yi 
1 i , id  

i.id (4.22) 

The assumption is made that the dilute solution, having the same molality m i  as 
the infinitely dilute solution, deviates from equation (4.21) due to the electro- 
static interaction of the ions. The expression P i  - Pi , id  is then the 

electrostatic energy pel for one more of species i. A s  defined in Chapter 11, 

P is the derivative, with respect to mass ni, of the Gibbs free energy G: 

(2.17) 

so that ue1 can be obtained by differentiating equation (4.20) with respect to 
the number of moles of i: 

aK (4.23) 
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Differentiating (4 ."a) : 

(4.24) 

By putting (4.24) into (4.23): 

Up to this point the calculations have been done in terms of the moles of species 
i. In order to get the mold activity coefficient. Y ,  the expression for K2 , 
(4.7a) must be converted to  a molality basis: 

ci being the m l a r i t y  in  rmles per l i t e r  i C 
since: n - i -Tb(Ts 

mi 1 OOOd 
d - density of solution, glan' 

iMi 000 + m and ci = 

M.- mlecular weight 
1 

m. - m l a l i t y  
1 

for dilute solutions were m i M i  < <  1000 

ci = m i d  

mido ni = nmrr d ,  - solvent density 

The expression (4.7a) for K2 becomes: 

4 re2  NA d o  
K2 = 122. m 

1000 rn i i  (4.26) 
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This expression can now incorporate Lewis and Randall’s (3) expression for ionic 
strength : 

I = 112 c m.z? 
1 1  i 

8 re2 NA do 
K 2  = I 1000 DKT 

(4.27) 

(4.26a) 

By using this expression for K in (4.25), the molal activity coefficient. a s  
described by equation (4.22). is: 

e2 NA z: 8 n e  NA do 
- - - E F T  1 /--- --nmnm- J f  

(4.28) 

In accordance with the definition of the mean activity coefficient given in 
expression (2.26) : 

v C log Yc + v a  log Ya 
logy, = v + v  c a  

When inserted into (4.28) this yields: 

In order to simplify this expression, the coefficient A is created: 

(4.29) 

(4.31) 

This coefficient will appear in all of the more recent activity coefficient 
calculation methods discussed. It is referred to a s  the Debye-Hkkel constant 
and is temperature dependent. 
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13y using this  coefficient w e  are  left with a simple expression for the mean molal 
activity coefficient : 

log y +  = - A 1 Z+Z- 1 fi (4.32) - 

which is  called the Debye-Huckel limiting law. 

LIMITATIONS A N D  IMPROVEMENTS TO THE DEBYE-HUCKEL LIMITING LAW 

Due to the assumptions and simplifications made in deriving the ionic atmosphere 
potential equation, the Debye-Huckel limiting law is valid only for very dilute 
solutions of ionic strength .001 molal or less. Debye and Huckel, recognizing 
this,  added a correction t e r m  to the limiting law. In assuming the ions to he 
point, charges they ignored the fact that it is impossible for ions to infinitely 
approach one another. To compensate for this fact they introduced into the 
expression for the ionic atmosphere potential (4 .15)  a factor, a. to account for 
the distance of closest approach : 

(4.33) 

By using this equation for the ionic atmosphere potential in the derivation, the 
molal activity coefficient equation (4.32) becomes: 

(4.34) 

8 TI e2  NA do - h e r e :  6 = J (4.35) 

Calculations done with this equation can be satisfactory up to an ionic strength 
of .1 molal. I t  also works best for 1-1 electrolytes, decreasing in applicability 
for 1-2, 2-2 etc. electrolytes. The distance a is also assumed to be the same for 
all ions in the system, although this may not be the case. Problems also arise as 
this parameter is not a measurable quantity, but by choosing values close to the 
hydrated radius, often in the range of 3.5 to 6.2 8 (suggested by Robinson and 
Stokes (4 ) ) .  reasonable results may be obtained. 
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The numerator of equation (4.34) deals with the long range interaction effects 
and the denominator makes a correction for short range effects. Nonetheless, the 
short range effects are  not adequately compensated for due to the fact that  
possible ion-solvent molecule and possible ion-ion interactions a re  ignored. 
HUckel attempted to improve equation (4.34) by adding a term meant to account for 
the reduction of the dielectric constant D by increased concentration : 

A/z+z_l /i- 
log Y+ = - + CI 

- l + B a f f  
The general usage of this equation has usually had an empirically chosen 

(4.36) 

C.  

A comparison of the calculated activity coefficients using the  limiting law 
(4.32). the extended Debye-Huckel (4.34) and the HUckel equation (4.36) for 
sodium chloride at 2 5 O  Celsius can be found in figures 4.1 and 4.2. A l s o  plotted 
are experimental values of the molal activity coefficient as published by 
Robinson and Stokes ( 5 ) .  The value used for a is  4.0 8 and, a s  suggested by 
Robinson and Stokes, C = .055 1.mole-1. 

FURTHER REFINEMENTS 
The a factor makes usage of equations (4.34) and (4.36) difficult inasmuch as the 
'distance of closest approach' is not truly measurable. I t  also assumes, 
incorrectly, that all of the ions in the system have equal radii. By setting a 
standard value for = 3.04 2 so that the quantity Ba in the denominator becomes 
unity. equation (4.34) can be simplified, as  suggested by Guntelberg (6): 

7 
(4.37) 

This version of the Debye-Huckel equation holds quite well u p  to an ionic 
strength of .1 molal. 

In 1935. Guggenheim (7) proposed another version of this equation based on the 
mole fractions scale (rational coefficients) and published values for the 
interaction coefficient B. This interaction parameter B is unrelated t o  the B of 
equation (4.36). With the advent of improved data. Guggenheim published revised 
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Figure 4.1 

NaCl at 25 deg. C 
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f3's (81, based upon the more widely used ionic strength scale. The mean activity 
coefficient for an electrolyte with cation c and anion a is: 

For a single electrolyte solution this reduced to: 

al z + 4  fi 
In y, = - + 2 y $  rn 

l + f i  - 

where: a - log base e Debye-Hiickel constant 
v+ - nmnber of cations per molecule cf electrolyte  

v- - nwrher of anions per mlecule  of e lectrolyte  

(4.38) 

I - ionic strength in molality scale 
z+ - rimer of charges on the cation 
z- - nunher of charges on the anion 
t? - interact ion coefficient 
m - e lec t ro ly te  m l a l i t y  

Equation (4.38), converted to  log base 10, is: 

A lZ+Z-l Ji- 
+ Bm ' O g Y ,  = 1 +  JT 

where: A - Debye-Hkke1 constant, log 10 basis, equation (4.31) 
2 2  B 
n 10 B - interact ion parameter = - (4.39) 

In 1938. C.W. Davies  (9) suggested a value of B = -11 Z I Z ~ ]  for equation (4.39). 
H e  la ter  (10) amended this to  B = .I51 Q Z ~ )  . This method is relatively successful 
for solutions up to  .1 M ionic strength but ,  since it ignores possible ionic 
association, is  useful only for solutions in which the  ions are non-associative. 

In contrast ,  the 0's published by Guggenheim and Turgeon (8) are  meant to  provide 
for ionic associations. They state that ,  for 1-1, 1-2 and 2-1 electrolytes, 
calculations to  - 1  hl ionic strength should show good accuracy. In Appendix 4.1, 
their tables for B a re  reproduced, along with a brief description of how they were 
calculated. 
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Figures 4 .3  and 4.4 show the mean activity coefficients of NaCl at 25OC calculated 
with the equations of GUntelberg. Guggenheim and Davies plotted against Robinson 
and Stokes ( 5 )  data. The results for a 1-2 electrolyte. K,SO,, are shown in 
Figure 4.5. The experimental data is  smoothed data from Goldberg (13) .  
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Figure 4 . 4  

NaCl at 25 dea. C 
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BROMLEY'S METHOD 

In 1972, L.A.  Rromley had published a paper in which he demonstrated that the 
B or B interaction parameter of Guggenheim's extended deb ye-Huckel equation may 
be approximated by summing 6 values for the individual ions for uni-univalent 
solutions: 

B+ = B+ + 8- (4.40) - 

While the average error he found was .05 kg/rnole, the 6 ' s  he found with equation 
(4.401, for a few species, greatly differed with reported values. He concluded 
that , while the ion-solvent interaction is of greatest importance. specific 
ion-ion interactions need to be taken into account a s ,  particularly a t  high 
concentrations, they can be important (B1) . 
Bromley was led to believe that the interaction parameters are  linear in ionic 
strength,  particularly a t  low molalities, after viewing Figure 22-8 in the Pitzer 
and Brewer revision of Thermodynamics ( B 2 ) .  Consequently, he presented a method 
for calculating activity coefficients that takes this dependence into account 
(B3). H e  found that the best correlation to experimental data for strong 
electrolytes was : 

4 z+z-I fi (Bo - B ) I  

1 + p J I  (1 + a12) 
1% Y, = - + + BI + C12 

where: y - ac t iv i ty  coefficient 
A - Debye-€i&kel constant, equation (4.31) 
z 

I - ionic strength 
p - constant in Debye-rnckel's equation (4.34) related 

- n w e r  of charges on the c a t i m  or anion 

distance of closest approach 
BO - the value of the ionic strength dependent interact 

parameter a t  ionic strength = 0 

B - constant for ion interaction 
a - constant 
C - constant 

(4.41) 

to the 

on 

The constant P was set to 1.0 as  suggested by Guggenheim and others. The 
constant a is dependent upon the valence number: 

a = 1.5/ I z+z- 1 (4.42) 
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A s  the constant C seemed to bear no relation to the B interactions and Bromley 
found that the values of C formed a close to normal probability distribution 
around 0.0.  the C is set equal to zero. 

Bromley determined that ,  a t  25°C. the best relationship between B and B, is: 

B, - B 
(4.43) -- - 0.06 + 0.6 B 

I “ + “ - I  
Using equations (4.42) and (4.43) and the determined values of the constants, 
equation (4.41) becomes : 

(4.44) 

Bromley notes that equation (4.44) gives good results for strong electrolytes to 
ionic strengths of 6 molal. but due to the exponential quality of the expression. 
attempts to‘ extrapolate to  higher ionic strengths will show increasing error in 
the activity coefficient. Values for B can be found in Appendix 4.2. 

Rased on his work in 1972. Bromley introduced an improved version of equation 
(4.40) showing the additive quality of individual ion B‘s:  

B = B, + B- + 6, 6- (4.45) 

The B and 6 terms Bromley presented are also tabulated in Appendix 4.2. H e  
cautions, however, that these values are meant to  be used only for strong 
electrolytes which show complete dissociation since no allowance is made for the 
strong ion association seen in compounds such a s  sulfuric acid. bivalent metal 
sulfates, and zinc and cadmium halides. He also warns that,  because of 
incomplete dissociation, equation (4.45) does not do as well  with thalium and 
ammonium compounds, and displays some erratic behavior with nitrates. 

In 1973. Bromley (B3)  suggested a change to his equation (4.44) to compensate for 
some of these strong ion associations: 
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for 1-1 and 2-2 salts: 

A Iz+z-l fi (0.06 + 0.6B)I z+z-l I 
log Y, = - + + BI - E a Ji- CI - exp( -a J r ) l  

(1 + - 1.5 I)z (4.44a) 1 + J T  
I 2,z.J 

for 1-2, 2-1 and other unsymmetrical salts: 

4 "+"-I fi (0.06 + 0.6B) Jz+z-I I 
log Y*= - + + BI - E ln(1 + ci2 I )  (4.44b) 

1.5 Iy? 
(1 + 7 

1 +  4- 

where: 0 - an arbitrary constant; approximately equal to one for 1-1 salts,  
set  to 70 for 2-2 salts 

E - a new constant 
Bromley determined values for the E constant and resulting new B parameters for 
some bivalent metal sulfates. These are  tabulated in Appendix 4.2.  
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MEISSNER'S METHOD 

Meissner et al. (M1) showed that, in plotting the reduced activity coefficient, 
r , versus the ionic strength. a family of curves forms. They define the reduced 
activity coefficient as: 

(4.45) 

where: 
r - reduced ac t iv i ty  coefficient 

Y, - mean ionic ac t iv i ty  coefficient 
z+ - absolute mmber of charges on the cation 
z- - absolute nmhr of charges on the anion 

They proposed that, having one value of Y+ - above the Debye-Hcckel concentration 
range and using equation (4.45) to plot the r on the family of curves, the mean 
activity coefficient for any concentration. from low to saturated, codd be 
graphically predicted. A method of dealing with temperature effects was also 
proposed in 1972 (M3). 

After expansion and refinement of the original method (M4,M6,M8), including an 
expansion for  handling multicomponent systems which will be discussed in the next 
chapter ( M 2 . M 5 ,  M 9 ) .  a useful method for predicting the activity coefficients of 
strong electrolytes over a range of temperatures and ionic strengths was 
presented ( M 7 , M l O ) .  

The generalized isothermal curves of Meisaneis plot, Figure 4.6. a re  said to 
represent the activity coefficient of a particular pure electrolyte in aqueous 
solution. In  1978, Meissner and Kusik (M7) presented a set of equations, based 
on a parameter q,  for computer application of the method: 

ro = (1. + ~ ( 1 .  + 0.1 11q - ~j r +  (4.46) 

with: B = 0.75 - 0.065q (4.46a) 
-.5107 fi log y * =  
1 + c J i  

(4.46b) 

6 7  
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where: 
ro - reduced activity coefficient of pure solution at 25OC 

I - ionic strength = 112 C m i z i  or 112 m, Cviz\ 
i - i  

These equations describe the curves of Figure 4.6 for the q's as shown on the plot. 

While some suggested values for q are given in Appendix 4.3, the q value for a 
species can be found i f  one experimental value for the activity coefficient at 25OC 
is available, preferably at  an ionic strength greater than one. Given a value for 
the mean ionic activity coefficient y,, r o  is found using equation (4.45). and 
equations (4.46) are solved for q. 

- 

If  no experimental value for the activity coefficient is known, Meissner suggests 
that a prediction can be made using Bromley's method, or if vapor pressure data 
is available, the T o  may be estimated due to the following: 
The water activity. which is defined as: 

(4.47) - vapor pressure of HtO over the solution 
4 r f -  vapor pressure of pure H20 

was expressed by Meissner (M10) as a variation of the Gibbs-Duhem equation (2 .32 ) :  
,a 
1' - 

-55.51 log ao = I d(ln ro> 
W 

(4.48) 

The dotted lines on Figure 4.6 represent equation (4.48) solved for awo for 1-1 
electrolytes. Meissner c la ims  that the water activities for higher electrolytes 
can be estimated using these lines. If  a value for ro at a given I is known, a 
value for (awo)l-l can be graphically obtained from Figure 4.6. The higher 
electrolyte water activity, (awO)z+z-* is related as follows (M4) : 

log = 0.0156 I 
+ -  

(4.49) 

Therefore. having the solution vapor pressure at ionic strength I ,  the I'O and q can 
be graphically determined using (awo)l-l. The water activity can also be 
obtained from osmotic coefficient data: 

0 r: vimi 

.51 x 2.303 
i - _ -  4 1  

I"+ "-I 55.51 x 2.303 log (a? = - %  
z+=- (4.50) 
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When first setting up  the family of curves, Meissner and Tester  (M1) noted that not 
all the species they attempted to plot fit into the developing pattern. The 
following species' reduced activity coefficient plots crossed over other lines on 
the plot: sulfuric acid, sodium and potassium hydroxide, thorium nitrate, lithium 
chloride. magnesium iodide, uranyl fluoride, lithium nitrate,  beryllium sulfate, 
and most of the cadmium and zinc salts. In 1973. Meissner and Peppas (M6) 

determined that this method could be applied to strong polybasic acids, such as  
H3As01,  and H3P04, if they were properly classified w i t h  respect to their ion 
charges. For example, a solution of H ~ P O I ,  contains mainly H+ and H2PO1,- ions. 
Very few H P 0 4  * -  and PO4 3-  ions are present. H3 POs is therefore treated as  a 
1-1 electrolyte. Sulfuric acid, having large first and second dissociation 
constants, can be treated as a 1-2 electrolyte. Meissner and Peppas concluded 
that: 
a> strong polybasic acids are  best treated as  1-1 electrolytes when their second 

and third dissociation constants are  small 
b) dibasic acids with large first and second dissociation constants are best 

treated a s  1-2 electrolytes. 

They found similar behavior for the acid salts of most strong and weak polybasic 
acids. The primary alkali salts exhibited 1-1 electrolyte behavior, the secondary 
salts could be  treated as  1-2 electrolytes and the ternary salts as 1-3. The 
potassium, sodium and ammonium salts of H3PO4 and HJASOI therefore fit into the 
Meissner plot. They also claimed that monosodium salts of succinic and malonic 
acids were treatable as  1-1 electrolytes; the disodium salts of fumaric and maleic 
acid and the bisulfates could be treated as 1-2 electrolytes. 

While improvements in results w e r e  exhibited when applying the above generaliza- 
tions, Meissner and Kusik (M7) suggested, in 1978. using the method for zinc and 
cadmium chlorides, bromides and iodides, sulfuric acid, and thorium nitrate only 
when experimental datn is unavailable. The user should also be aware that 
estimating ro from vapor pressures and extrapolation over a wide ionic strength 
range can increase the calculation error. 
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PITZER'S METHOD 

In 1973, Pitzer el al. began presenting a series of papers (PI - P12) reporting their 
development of a system of equations for electrolyte thermodynamic properties. In 
expanding the Debye-HGckel method, terms were added to account for the ionic strength 
dependence of the short-range forces effect in binary interactions. 

While the Debye-Huckel derivation was based on a charging process which took into 
account the distance of closest approach, a ,  the kinetic effect of the hard core 
couId not adequately be dealt with. In order to include these effects. Pitzer 
proposed using the osmotic pressure equation (Pl)  : 

m a'ij 
II - C K r  = -; z c C . C .  1 ar g i j  4 ar 'dr  

i j  1 1 0  

where : 
c i ,  c 
C - concentration of a l l  solutes 
II - osmotic pressure 

'i j 
g i j  
r - distance 

- concentrations of species i and j j 

- intermolecular potential 
- radial  dis t r ibut ion function 

The potential energy between ions i and j is: 

(4 .51)  

where: 
z - charge number 
e - electronic charge 
D - dielectric constant 
a - distance of closest approach, or core size 

Pitzer found equations (4 .51 )  and (4 .52)  to yield: 

e 2  2 n - c k T =  C C c.c .2 .z  Jmg. . ( r )  4 a r  dr + 3 a a 3 T C  Cc.c.g. (a) (4.53) 
i j  l J l j a  11 i j l ~ l j  
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with the second term describing the kinetic effect of the hard core. The term g(a) 
is the radial distribution function at contact. Using the Debye-HUckel K defined 
earlier: 

and finding qij as the exponent in the Boltzmann function for the radial 
distribution function, gij(r) = exp {-qij(r)l : 

' ' e2 exp(-K(r-a)) 

the expression for charge density pi  (equation (4.3) becomes: 
(I+&) r 

(r)) 

q . . ( r )  = i l  
11 

pi = C cizie exp (-q i i j  

(4.54) 

(4.55) 

The charge distribution described by Debye-Huckel is found by expanding the 
exponential term as before. 

Pitzer then used the same kind of expansion for the gj,j(a) term for the hard 
core effect of equation (4.53). Here the second term of the expansion dropped out, 
but the third term was kept. He then found the osmotic coefficient to be: 

(4.56) 

The first term of equation (4.56) describes the electrostatic energy, and the 
second the hard core effects. This hard core effect term shows dependence on the  
ionic strength of the solution due to the K. This indicates the need for a series 
of virial coefficients that are functions of the ionic strength, and justifies 
Bromley and Guggenheim's additions to the Debye-HGckel equation. 

As described in Chapter I1 and earlier in this chapter, many thermodynamic proper- 
ties may be derived from the Gibb's excess free energy equation. For this reason, 
Pitzer began with it defined as: 

(4.57) Gex = nWf(I> + f c c A . . ( I )  n.n. + ilr 1 c c c 
w i j  '1 w i j k  ninj\ 

where: 
nw - kilograms of solvent 
n - m l e s  of solutes i ,  j and k 

f ( I )  - function describing the long-range electrostatic effects as a function of 
t gnpera t ure 
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A . . ( I )  - tern for describing the short-range inter-ionic effects as a function of 
ionic strength to display the type of behavior caused by the hard core 
effects 

11 

- tern for t r iple  ion interactions which ignores any ionic strength 
jk dependence 

The matrices of A and A are assumed to be symmetrical. 

Taking the derivative to get the mean ionic activity coefficient and converting to a 
molality basis : 

z2 (4.58) In y. = m - a = -  1 aGex '* i f '  + 2 C A . m .  + T  ,YE Atjkmj% + 3 ZC A i j k m j T  
jk jk 11 I j 

2 i n 

dAij 
For the electrolyte CA:  df with f t  = - and A' - 

dI i j  - 

For a single electrolyte this is reduced to: 

The term v = v+ + v- ;  the triple interaction terms between ions of the same sign 
were dropped. 

The appearance of this equation can 
to create: 

be simplified by factoring out the interactions 
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where: 

fY = 112 f '  
Y v+ 

R, = 2 
v -  

( 2  xu + I Ah) + I A& + 2v (2 x, + I 1 2  + - 
- 2 v+ 

It is noted that this equation is of the same form as that presented by  Guggenheim 
(equation (4.38)) with the addition of a third virial coefficient. The second 
viriai coefficient, B ,  is now dependent upon ionic strength. 

The following equations were chosen as  having the greatest success in duplicating 
experimental results: 

2 fy = -A4 ( JT + 
l + b n  

(4.62) 

A e s/- which is the Debye-Sckel constant for (4.64) 

C k - 2  Y - 3  c ,  9 (4.65) 

4 = 3 m  osnotic coefficients on a log e basis  

The parameter b, chosen as  equal to 1.2 for best f i t ,  is theoretically related to  
the distance a t  which strong ion-ion repulsive forces begin and is held constant 
for all solutes and temperatures as a matter of convenience. The a parameter was 
also chosen with regard to best fit for the classes of electrolytes. For 1-1, 2-1, 

1-2, 3-1, 4 - 1  and 5-1 electrolytes a = 2.0.  Pitzer and Mayorga <P3) found that  2-2 

electrolytes require the second virial coefficient to be expanded due to the 
electrostatic ion pairing tendencies of these species. For 2-2 electrolytes, they 
proposed the following equation for the best results: 

here the a1 = 1.4; a 2  = 12. 

(4.66) 

1 7 4  
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Values for the parameters of many species have been published by  Pitzer and other 
authors. It should be noted that they 
include the stoichiometric coefficients of the B and C terms; for 1-1 electrolytes 
these are unity, for 2-1  electrolytes 

Some of these can be found in Appendix 4.4 .  

2v+ v- 4 2( V+V-) l m 5  p 5  
- = -  - -  

V 3 and v 3 

In y+ = I z+z ]  fy + n ~ y  - + m C, 

etc. Hence. when using these published values, equation (4.61) becomes: 
(4.67) 2 Y  

The user should be aware of the maximum molality the parameters were fit to. In 
many cases experimental data to 6 M was available, but  due to significant e r ror ,  
the range may have been reduced. Considerable e r ro r  may occur when using the 
parameters a t  concentrations greater than this maximum. 
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CHEN'S METHOD 

Although Pitzer's method of calculating activity coefficients has been applied with 
some success to solutions containing weak electrolytes (OP1, OP14), it's form is 
best suited to strong electrolyte solutions. This is because, in solutions of weak 
electrolytes, significant concentrations of molecular solutes are present. While 
Pitzer considered the ion-ion interactions, ion-molecule and molecule-molecule 
interactions, which are important in solutions of weak electrolytes, are ignored. 
In 1979. Chen et al. (C1) presented an extension to Pitzefls method to allow for 
both molecular and ionic solutes. More recently they proposed the addition of a 
local composition expression to account for the short range interactions between 
all species (C2, C3. C4). 

The molecule-moIecule interactions, such as electrostatic forces between permanent 
dipoles or the dispersion interaction between molecules, and the ion-molecule 
interactions, such as ion-dipole eIectrostatic forces .. are only significant at 
close range and their effects drop rapidly as  the separation distance increases. 
The interionic electrostatic forces retain importance over a much greater distance. 
These long range forces therefore have the dominant effect in dilute solutions. but 
as concentrations Increase, so does the importance of the short range effects. 

Chen et al. proposed that the excess Gibbs  free energy and activity coefficients 
could then be expressed as the s u m  of the long range and short range contributions: 

(4.68) 

Short Range Interaction Model 

Chen based this contribution on the Nonrandom, Two Liquid (NRTL) model proposed by 
Renon and Prausnitz in 1968 (C5). He felt it is valid since the heat of mixing for 
electrolyte systems is very large and, in comparison, the nonideal entropy of 
mixing is negligible. The algebraic simplicity and the fact that no specific area 
or volume data are needed were further recommendations. He described his 
derivation in the following manner. 

76 



IV . Single Strong Electroly tee 

Two assumptions are  made to  define the local composition: 

1) The like-ion repulsion assumption - that i s ,  due to  large repulsive forces 
between ions of the  same charge. the area immediately surrounding a cation 
wil l  not contain other cations and the area immediately surrounding an anion 
will not contain other anions. 

2) The local electroneutrality assumption - which states that ,  around a central 
solvent molecule, the arrangement of cations and anions will be such that the  
net ionic charge is zero. 

These assumptions w e r e  displayed pictorially for a solution of one solvent with one 
completely dissociated electrolyte as:  

Qc 

central  cat ion cel l  

0 

0 

central mlecule  ce l l  

central anidn ce! 1 

7 7  
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In order  t o  define the local mole fractions, the following expressions are  given: 

where: 
i - central species 
j - species around central species i 
X i  exj - overall m l e  fractions 
x j i ,  x i i  - local mole fractions 
Fj  i - NRIl  parameter 
a - nonrandormess factor, fixed equal to 0.2 
‘i j - binary interaction energy paremeter 

Gji.Cii 
These are symnetric in nature. G j i  = G i j  

- energies of interactiofi between j - i  and i - i  

The following equations were proposed for representing other local mole fractions: 

x.. x.  - 11 = _1. Xki \ F j i , k i  (4.71a) 

‘ji,ki = exp(-a T j i , k i )  (4.71b) 

Due to t he  like-ion repulsion assumption, the local mole fractions xcc = 

xaa = 0. The local compositions are thus: 

around a central solvent mlecuIe: (4.72a) 

around a central cation: xm + x = 1 (4.72b) 

around a central  anion: xm + x = 1 ( 4 . 7 2 ~ )  

xcm + xm + xm = 1 

ac 

ca 
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Using equations (4.70a). (4.71a) and (4 .72) .  Chen derived the following equations 
to define the  local mole fractions in terms of the overall mole fractions: 

around central solvent molecule rn : 

x .  = XiFim - i = c , a o r m  irn xaFm + x,F, + xmFm 

around central cation c :  
X 

x =  a -  
a + XmFmc,ac 

ac 
X 

around central anion a :  

x- 
x = -  c. 

c + XmFm,ca ca x 

(4.73a) 

(4.73b) 

(4.73c) 

The  aim of this derivation is to find the local composition G i b b s  free energy, 

IRT. 
Gex*, lc 

as used in equation (4.68).  Therefore, Chen defined three quantities, G ( a ) ,  
G(c)  and G("'), for the  residual Gibbs energies per mole of central 
anion, central cation and central solvent molecule cells as  the sum of the local 
energies of interaction between pairs of species. Expressed in terms of the local 
mole fractions, they are:  

.(a) (4.74a) 

G(') = z (x G + x G )  (4.74b) 

= z-(xmGm + XcaGca) 

+ m mc ac ac 

Gem) = x G G (4.74C) 
am m + "mGm + xmn mn 

Cheri included the charge numbers z+ and z- in order to relate the number of 
ions and molecules, the coordination number, found around a central  ion. The ratio 
of the charge numbers is equal to the ratio of the coordination numbers. The 
coordination number of a central univalent ion i s  assumed to be five; a multivalent 
ion's coordination number is then the charge number multiplied by  the univalent 
coordination number. This allows for the use of the same nonrandomness factor, a ,  
€or all ions. 

7 3  
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Since the short  range contribution was developed as  a symmetric model. the 
reference states were pure solvent and completely ionized pure electrolyte, which 
may be hypothetical. The reference state Gibbs free energies per mole are  thus 
expressed as: 

= 
ref Z-Gca 

(4.75a) 

(4.75b) 

The molar excess Gibbs free energy is defined as: 

This expresses the change in residual Gibbs energy that results when x,, xc and 
xa moles of solvent, cation and anion are moved to their respective cells in 
solution from their reference states. A f t e r  substituting equations (4.70~) .  
(4 .71~) .  (4.74) and (4.75) into (4.761, the excess Gibbs free energy is 
expressed 

Gex, Ic 
-i@--- = XmXanTm + x x + x x  (4.77) c mz+ T m , a c  + " a h " -  Tm.ca rn am'm 

By applying the local electroneutrality assumption to a central solvent molecule 
cell : 

x 2 = x  (4.78) 
am - on"+ 

Therefore, it can be seen that: 
- (4.79a) 

(4.79b) 
Fam - 

= 

using equations (4.70) in (4.78). A s  stated earlier, the interaction energies are  
symmetrical. A new method of subscripting T may be used: 

T = T  = T  for central molecule cells (4.80a) am cm ca,m 
T - for central ion c e l I s  m . a c  - k , c a  = Tm,ca (4.80b) 

This leaves the  system with only two adjustable parameters for a single electrolyte 
in solution, T ~ ~ , , ,  and T ~ , ~ ~ ,  expression (4.77) is thus: 

Gex, 1 c 
- = x  (Xm + Xm) T + (XcXmZ+ + Xa&Z-) Tm,ca (4.81) m ca ,m 
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for symmetric local composition. This must be normalized to the infinite dilution 
states for the ions to obtain the unsymmetric local composition in order that it 
later may be combined with the unsymmetric Pitzer model. The unsymmetrical G i b b s  

expression is: 

Gex*, l c  Gex, lc m 
HT = '- - xc In fc  - xa In f: (4.82) 

m m 
Taking the partial derivatives of equation (4.81) to get In fc  and In fa, the 
mole fraction activities, equation (4.82) is:  

Gex*, l c  
-m- = X,'X,,+ x m )T ca,m + ' x c ~ z +  + Xaxmaz-)Tm,ca 

- Xc(Z+Tm,ca + FanTca,m) - Xa(z-Tm,ca + FamTca,m) (4.83) 

From this equation the mole fraction based activity coefficients of the cation, 
anion and solute are derived: 

x 2 T  F 2- X a T m,ca % Fme m ca,m an In fp = - 
'XCFClll + xaFm + xm)* (xc+ xmFm> 

F 
+ '+ XmTrn.ca m - 

X + m.ca - FanTca.m a + "mFm 

Z+ X T c m,ca Xm Fm F 2 
xm ha,m an 

z - x  T F 
+ m m.ca ma - 

xc + X , F ,  
'- Tm,ca - Fam Tca,m 

(4.84) 

(4.85) 

X '- "a FmTm,ca c - 
(xc + Fmx,J2 

z+ x F X 
a +  lc + c mc Tm,ca 

(xa + Fmx,,,)' 
In f, = x T an ca.m + xm ba,m 

xa xrn ca ,m 

(xcFm + xaFm + xm) 2 

- xc xm Fan 'ca.m 
(xcFm + xaFm + xm)' 

- -  (4.86) 
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Long Range Interaction Model 

In his thesis, Chen suggested using the Debye-Hickel model: 

8 n e  NAdo 
B2 = 

a = 4 R  

I = 112 ~ m z *  i i  

for t he  long range contribution, but he found that using the  Pitzer Debye-Huckel 
equation improved the results. Chen et al. stated in 1982 that they chose the  
Pitzer form because it gives some recognition to  the repulsive forces between ions. 
They 

where 

gave the following equations, normalized for  mole fractions: 

Ix = 1/2 c 2; xi 

ME - mlecu la r  weight of the solvent 

p - closest  approach parameter, se t  equal to 14.9 as suggested by 

ionic strength on a m l e  fract ion basis 
i 

P i tzer  

(4.87) I 
The activity coefficient is then: 

22 47- - 2 1 y  1 x  22 

1 + P C X  

82  
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U sa R e  

The mean activity coefficient is defined as: 

(2.26) 

(4.88) l c  1 lc Ic In f+ = - (vc In f c  + va In fa  ) - v  or 

for the short range salt activity coefficient from Chen's equations (4.84) and 
(4.85). 

4 . 6 .  

Tables of T values presented by Chen et al. (C4) can be found in Appendix 

Recalling equation (4.69) : 

(4.69) 
l c  In f, = In P, + In f, - - 

the  activity coefficient of a salt may be calculated using equations (4 .87) .  

and the results of (4.88).  

Chen's equations are  based on mole fractions: 
v .m 

i - vm + 1 O O O l M  
1 x -  

S 

where: 
m - molality 

Ms 
V 

- mlecu la r  w igh t  of the solvent 

- stoichiunetr ic  (va + vC) 

A s  shown b y  Robinson and Stokes (C6) .  the mole fraction based activity coeffi- 
cient, f ,  is related to the mean rnolal activity coefficient. Y , by the following 
relationship : 

In Y+ = In f, - - ln(1. + .001 MSvM (4.89) 

This relationship is presented for the sake of uniformity a s  the other methods 
outlined in this  chapter are  presented on a rnolality basis. 
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TEMPERATURE EFFECTS 

The methods for calculating activity coefficients have, up to this point, been 
presented for solutions at 25OC. This is due to the fact that most experimental 
data available, used for determining the various parameters of the acitivity 
coefficient models, was measured at  25OC. Recognizing that activity coefficients 
can be  strongly affected by temperature, Bromley, Meissner, Pitzer and Chen have 
suggested methods of adapting their models and parameters to any temperature 
solution. 

Rromley's method 

In 1973, Bromley (B3) presented two equations that he felt adequately correlated 
the effect of temperature on the B parameter of his equation (4.44). They are:  

T-243 B, B = B* In-- + + B, + B, In T 

W B  B = + $ + B, + B, In T 

(4 .go) 

(4.91) 

with T a s  the temperature in Kelvins. The major drawback to these equations is 
the need for sufficient experimental data in order to determine the constants B*, 
B , ,  B, and B, .  

Since such data is often unavailable, Rromley suggested using Meissner's technique 
when one good activity coefficient is known. 

Meissner's method 

While differing from the values at 25OC. isotherms at other temperatures also fall 
into the Meissner family of curves (Figure 4.6). Meissner originally indicated 
( M 3 .  M4, M5) that this held for temperatures between Oo and 1 5 0 O C ;  he later 
revised this range to 2 5 O  to 120° C (M10). 

The reduced activity coefficient appears to be independent of temperature when the 
Meissner q parameter equals 1.7 and Meissner states that  the closer a nonsulfate's 

8 4  
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isotherm lies to this line, the less the temperature effect is felt. The 
following equation was proposed to determine the temperature effect : 

(4.92) 

where: 
t - temperature in degrees Celsius 
a - equals -.005 for nonsulfates; -.0079 for sulfates 
b - equals 0.0 

This equation for finding the reduced activity coefficient at  temperature t may 
only be used a t  ionic strength equal to 10. The equation may p.lso be written: 

log (r",)I=lo = (1. - .oOs(t-25)) log (r0250c)I=10 (4.93) 

In 1973, Meissner (M6) suggested the following equations for finding the reduced 
activity a t  any ionic strength I ,  given the reduced activity coefficient a t  25OC 
for that ionic strength: 

log (r;) = (1.125 - .005t) log (r;50c) - (0.125 - .005t) log (r;ef) (4.94) 

.41K .92 log (rOref) = - ___ + 0.039 I 
1 +  a 

with: (4.94a) 

which is the  reduced activity at  25°C where q=1.7 
Meissner proposed (M7) that since log ( r 0 ) I = l o  is almost linear for values 
of q from -2 to 7, equation (4.92) may be expressed in t e r m s  of q: 

qt - '25 - - a q25 + b* t - 25 (4.95) 

with: 
a = -.0079 for sulfates: 

-.005 for other electrolytes 
b* = -.0029 for sulfates; 

.0085 for nonsulfates 
This equation is applicable for any ionic strength. 

More recently, Meissner (M10) suggested 
to equation (4.95): 

1 

the following equation as  an improvement 

(4.96) 
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The superscript ttat'  indicates a solution of one electrolyte resulting in one cation 
and one anion type. 

Pitzer's method 

Piker 's  most extensive investigation of temperature effects on the e 0 ,  and C ib 
parameters of his equations was done for NaCl ( P 8 ,  P17.  P19). This resulted in 
the following equations: 

with : 
T - absolute temperature 
T r  = 298.15 K 

and the following q's fitted with a least-squares algorithm: 
q1 = 0.0765 
92 = -777.03 
93 = -4.4706 
q4 = 0.008946 

45 = -3.3158 x 

9 6  = 0.2664 
q g  = 6.1608 x 10-5 
910 = 1.0715 x lov6 

411 = 0.00127 
412 = 33.317 
4 1 3  = 0.09421 
914 = -4.655 x 10-5 

Pitzer noted that there was very little change in these parameters over the range 
of temperatures from 25 to 30OOC. The Debye-Huckel paramter. A $ ,  was affected to 
a much greater degree; it approximately doubled over the given temperature range. 
H e  concluded that the decrease in the dielectric constant w a s  the dominant factor. 

86 



IV.  Single Strong Electrolytes 

H e  defined the dielectric constant as  (P8. P14, P17): 

C e i j  t i  dj 
4 4-i  

r) = C 
W i=O j = O  

where: 
& - densi ty  of pure water 
t - temperature in degrees Celsius 
e - parameters f i t  via a least-squares method, given b e l m  

(4 -98) 

Table 4.1 
Array of Fit  Coefficients for Equation (4.98) 

i j  e 
2---3--4- (T------L---- -____-- 

-- 
--- 

- 7 8 . 1 1 1 0 9 9 3  7 7 . 6 5 2 6 3 7 2  0 0 

- 0 . 6 7 0 3 3 9 2 7  0 . 4 4 3 4 6 5 5 1 2  - 0 . 1 3 5 4 7 4 2 2 8  - . 3 3 4 9 6 9 8 6 2  
1 . 9 9 9 5 4 9 1 3 ~ 1 0 - ~  - 8 . 7 1 1 4 0 4 3 4 ~ 1 0 - ~  1 . 1 0 8 4 9 6 9 7 ~ 1 0 - ~  

- 2 . 7 1 5 6 7 9 3 6 ~ 1 0 - ~  5 . 9 1 4 4 4 3 4 1 ~ 1 0 - ~  
4 1 . 4 0 5 9 8 4 6 3 ~ 1 0 - ~  

This resulted in the following values for A*: 

Table 4.2 
Debye-Huckel Parameters 

t ,oc - 6 t , * C  A - -- 
0 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 

0.3770 
0.3820 
0.3878 
0.3944 
0.4017 
0.4098 
0.4185 
0 -4279 
0.4380 
0.4488 
0.4603 
0.4725 
0.4855 
0.4992 

140 
150 
160 
170 
180 
190 
200 
220 
240 
260 
280 
300 
325 
350 

0 
A 

0.5137 
0.5291 
0.5454 
0.5627 
0.5810 
0.6005 
0.6212 
0 -6670 
0.7200 
0.7829 
0.8596 
0.9576 
1.1323 
1.4436 
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These values for the dielectric constant and resulting Debye-HUckel parameters 
were used by Pitzer in the work on NaC1. In 1979, Pitzer and Bradley (P12) 
suggested the following equations improved the calculation: 

(4.99) B + P  D = DIOOO + C In 
+ 

where : 
P - pressure in bars 

= U1 exp(U2T + U3T 2 
*loo0 

u5 c = u  + 4 -  

(4.99a) 

(4.99b) 

'8 (4.99c) = '7 + T + UgT 
T - temperature in Kelvins 

U 1  = 3.4279B2 
U 2  = -5.0866E-3 
U3 = 9.4690E-7 
U4 = -2.0525 
U5  = 3.1159B3 

u6 = -1.8289E2 

u8 = 4.2142E6 
U7 = -8.0324B3 

Ug = 2.1417 

They suggest using this method for future work; the previous method should 
continue being used for the values presented in Appendices 4.4 and 4.5. 

Appendix 4.5 contains the temperature derivatives of $ 0 ,  61, B2 and d for various 
species. Although developed for calculating molal enthalpies, Pitzer states (P14) 

9 that they can be  used to convert the 60, 61. 6 2  and C of Appendix 4.4, which a re  
for 25OC, to other temperatures. provided the temperature change is not too great. 
A s  noted by  Silvester and Pitzer (PlO), since for 1-1 electrolytes the  BO and 
B1 parameters are  small (having a magnitude of one to a few tenths).  the 
derivatives fall in the range Therefore a ten to twenty degree change 
i n  temperature causes little effect. Other authors working with Pitzer's method 
have determined the temperature dependence of the parameters for specific 
solutions and are  listed in the references at the  end of this chapter. 
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Chen's method 

Chen et  al. presented (C4) the following expression for calculating the Debye- 
Huckel parameter used in  the long range contribution based on the values tabulated 
by Pitzer and Silvester (P17): 

A9 = -61.44534 exp r-273*g5] 273,1 + 2.864468 

(4.100) 

Although they have not determined a method of readily adapting their tabulated 
parameters, T ,ca and T ca, , for temperature effects, they have 
shown (C2,  C3. C4) that ,  for NaC1, FeClZ, KC1 and KBr,  temperature affects these 
parameters very little. This suggests that, unless adequate data is available for 
regression, it may still be possible to get relatively good activity coefficients 
using the 25OC parameters and equation (4.100). This hypothesis will be tested 
later i n  this chapter. 
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APPLICATION 

In order to test Bromley, Meissner, Pitzer and Chen's methods for calculating 
activity coefficients, the models were coded on the  HP-85 and HP-87 desktop 
computers. The calculated values for various electrolytes were plotted against 
smoothed experimental data published by the National Bureau of Standards and 
others. In the first plot for each electrolyte, the maximum molality to which 
they were plotted is the maximum molality of the published parameters. For some 
of the electrolytes, when there was experimental data available, the maximum 
rnolality w a s  extended on a second plot. These plots illustrate the wide deviation 
from experimental data that may occur when using the published parameters for 
solutions with ionic strengths greater than the noted maximum molality. 

The equations used for each method are summarized on the following pages. 
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BROMLEY’S METHOD 

For a single electrolyte solution at 25OC: 

AJ z+z- ( f i  (0.06 + 0.6B)( z+zz-I I 
log Y, = - + + BI 

1 + J i  (1 + II2 I “+Z_l 

with: 
y+ - the mean m l a l  ac t iv i ty  coefficient 
A - the Debye-Hkke1 parameter 

I - ionic s t rength 

(4.44) 

(4.31) 

(4.27) 

z+ - number of charges on the cation 
z- - number of charges on the anion 
B - Bromley’s parameter 

To show temperature effects: 

- regress experimental data to fit the B to one of the following equations. T in 
Kelvins: 

(4.90) + + + B 2 + B 3  B 1 n T  B = B * l n  

B = m c + $ + B 2 + B 3 1 n T  B* B 
or 

(4.91) 

- use Meissner‘s technique for showing temperature effects : 
having one good experimental value at  25OC. 

r o  = y , l /z+z- (4.45) 

where: r - is the reduced activity coefficient 

calculate t he  reference reduced activity coefficient: 
. 4 1 a  .92 log ( r  ;ef) = - - + 0.039 I 
1 + J i  

which can then be used in the following equation for the  reduced activity 
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coefficient at a temperature of t degrees Celsius: 

log (r;) = (1.125 - .005t) log - (0.125-.005t) log (r ie f  1 (4.94) 

Using the results of this equation, the mean activity coefficient at temperature t 
and ionic strength I may be calculated: 

log yt = Z+ Z -  iog(r;) 
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MEISSNER'S METHOD 

For single electrolyte solutions at 25OC: 

ro = ( 1 .  + ~ ( 1 .  + 0.1 119 - B I  r *  
with: 

r o  - reduced ac t iv i ty  coefficient of pure solution 25OC 
B = 0.75 - 0.065 q 

.5107 fi iogr*  = - 
1 + c a  

C 

I 

Q - Meissner's paremeter 

= 1. + 0.055 q exp(-0.023 1') 

- ionic strength = 112 C mi zi 
i 

(4.46) 

(4.46a) 

(4.46b) 

( 4 . 4 6 ~ )  

The reduced activity coefficient is converted to a mean molal activity coefficient 
via the following relationship : 

(4.45) 1 Iz+z- 
ro = y+ - 

To show temperature effects: 
- the  reduced activity coefficient from one experimental value: 

log ( r;) = (1.125 - .005t) log (r;50c) - (.i25 - .005t) log (r"rf) (4.94) 
where: 

= the experimental value at 25OC 

t = temperature in degrees Celsius 
G50c  

- to get the temperature affected q parameter f r o m  the value of the q parameter 
at  25OC: 

with t = desired temperature in degrees Celsius 

(4.96) 

9 3  
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PITZER'S METHOD 

For single electrolyte solutions at 

m - stoichianetric mlal i ty  

z+ 
z- 

- m e r  of charges on the 

- nunber of charges on the 

b = 1.2 

I = 1 / 2  c miz; 
i 

25OC: 

+ m2Cr 
c 

cat ion 

anion 

+ b fi)] 

Bo , B1 , €32 - Pitzer parmeters 

a = 2.0 

01 = 1.4 

a2 = 12. 

+ C - Pitzer parameter 

(4.62) 

(4.63) 

(4.63) 



IV, Single Strong Electrolytes 

To show temperature effects: 

- for NaC1, use equations (4.97) with the parameters given earlier in this chapter 

- use the temperature dependent expression for the dielectric constant to 
calculate the Debye-Huckel parameter, A + : 

wh n using the Pitzer published parameters, with 

dw - density of pure water 
t 
e 

- temperature in degrees Celsius 
- parameters fit via a least-squares method, given in table 4.1 

(4.98) 

9 5  
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CHEN'S METHOD 

For single electrolyte solutions at  25OC: 

lc In f, = In { + In f, - - 
with: f - mole fraction activity coefficient 

short range : 
2- X T l c  4 Tca,m 'an a m , a  ~m Fm + In f+ = 

(xcFem + xaFm + xmI2 (xc + xmFm12 

'+ xm 'Im,ca F m~ - 
'+ 'Im,ca - 'ca.m xa + "m'm 

F XA Tca,m Fm 
(xcFan + xaFm + xms 

'+ xc ' m . a  Xm nr: + 

(xa + xmFmY 

F '- xm 'm,ca ma - '- 'Im,ca - xc + "mFm 

xm. x , xc - solvent, anion aMf cation mle fractions a 
vim 

8 
m + 1 0 0 ~  xi = 

m - m l a l i t y  
Ms- solvent mlecular weight 
v - stoichianetric (va + Vc) 

T T - Chen parameters ca ,m' m, ca 
- number of charges on the cation 
- nmber of charges on the anion 
= Fm = exp(-  a T~~ ,m) 

'+ 
2- 

Fan 

Fm 
- - Fm - - exp(-a'r,,,ca) 

a = .2 

(4.69) 

(4.84) 

(4.85) 

(4.70b) 
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The electrolyte activity coefficient is: 
v v  c a l /v  

f, = [ f +  f- 1 

or 
In f,'" = 1 (vC In f:' + va In f -  l c  

- 

(2.26) 

long range: (4.87) 

- 

I "+"I si- x - 2 1 y  

l + P K x  
ln(1 + P J ~ ,  I + 1 n f = -  

(4.64) 

P = 14.9 
The short  and long range activity coefficients are combined using equation (4.69). 
For the  sake of uniformity the result is converted to the molality based form using 
the following relationship: 

lnY+ - = In f +  - - ln(1. + . O D 1  Msv m) (4.89) 

To show temperature effects: 

- use the following equation to calculate the temperature dependent Debye-Huckel 
parameter for the temperature of interest, T in Kelvins: 

A+ = -61.44534 exp bZ:i:'] + 2.864468 [ exp r-m;.i"]1 273 15 

+ 183.5379 In - .6820223(T-273.15) 

+ .00078756956 
I' 1 

(4.100) 
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NBS SMOOTHED EXPERIMENTAL DATA 

From: Hamer, W.J .  and Y-C Wu, "Osmotic Coefficients and Mean Activity 
Coefficients of Uni-univalent Electrolytes in Water at  25OC", J. Phys. 
Chem. Ref. Data, 1, 1047 (1972) 

The National Bureau of Standards fit experimental data to the following equation: 

+ 8 I + c I *  + D 13 + ..... 4 z+z , I J r  log Y+ = - 
l + W V f i  

A = 0.5108 at 25OC 

From: Goldberg, R.N., "Evaluated Activity and Osmotic Coefficients for Aqueous 
Solutions: Thirty-Six Uni-Bivalent Electrolytes", J. Phys. Chem. Ref. 
Data, 10, 671 (1981) 

The data was fit to the same kind of equation, but in a log base e form: 

a I z+zJ 4. 
In Y .  = - + C m +  D m 2 +  E m 3 +  ..... 

a = 1.176252569 a t  25OC 
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HC1 PARAMETERS 

Branley B = 0.1433 

Meisaner q = 6.69 

Pitzer 50 = 0.1775 

B1 = 0.2945 

d = 0.0008 

Chen T = 10.089 

= a.212 

m, c8 

‘ca ,m 

ms EJI = 1.525 

B = .lo494 

C = 6.5360 x 10-3 

D = -4.2058 x 10-4 

E = -4;07 x 10-6 

F = 5.2580 x 

mximmmlality = 6.0 

rmximm mlality = 4.5 to 6 

maxinun mlality = 6.0 

mximmmlality = 6.0 

rmximm mlality = 16. 
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HC1 

mola 1 i ty -----_-- 
.002 
.004 
-006 
.008 
.Ol 
.02 
.03 
.04 
.05 
.06 
.07 
.08 
.09 
.1 
. 2  
- 3  
.4 
.5 
.6 
.7 

-9 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 

.a 

7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 

std. dev. 

NBS -------- 
.95241 
.93531 
.92309 
.91335 
.go517 
.a7635 
.a5737 
.a4319 
.a3193 
.a2267 
.a1486 
.80816 
.a0234 
.79723 
.76813 
.75791 
.75604 
.75904 
,76530 
.77399 
.78461 
.79685 
.a1050 
.a9646 

1.00872 
1.14752 
1.31559 
1.51695 
1.75658 
2.04033 
2.37481 
2.76740 
3.22616 
3.75979 
4.37751 
5.08890 
5.90384 
6.83225 
7.88402 
9.06886 

10.39624 
13.51565 
17.31825 
21.89599 
27.38900 
34.04291 
42.30536 

Bromley 

.95214 

.93488 

.92254 

.91271 

.go447 

.a7560 

.a5678 

.a4287 

.83195 

.a2305 

.a1562 

.a0930 
-80385 
.79910 
-77273 
.76380 
.76235 
.76528 
-77125 
.77956 
.78978 
.a0166 
.81500 
,90026 

1.01277 
1.15186 
1.31952 
1.51924 
1.75570 
2.03470 
2.36325 
2.74973 
3.20403 
3.73787 
4.36506 
5.10185 
5.96740 
6.98427 
8.17897 
9.58276 

11.23238 
15.44980 
21.27753 
29.33383 
40.47537 

-----___ 

55.88934 
77.22130 

Me i ssne r 

-95205 
.93463 
.92211 
.91208 
.go363 
.a7362 
.85359 
.a3848 
.a2636 
.a1631 
.a0775 
.BOO35 
.79386 
-78811 
.75381 
-73964 
.73457 
-73489 
.73890 
.74570 
.75474 
.76568 
,77830 
.a6242 
.97694 

1.12008 
1.29302 
1.50029 
1.75096 
2.05857 
2.43884 
2 .go666 
3.47510 
4.15665 
4.96521 
5.91734 
7.03237 
8.33219 
9.84122 

11.58637 
13.59724 
18.54897 
24.99373 
33.28420 
43.83554 
57.13308 
73.74053 

7.94388 

--_--_-- 

--------- 

Pitzer -------- 
.95232 
.93509 
.92275 
.91291 
.go464 
.a7547 
.a5625 
.a4191 
.a3054 
-82120 
.a1335 
-80661 
-80078 
.79567 
.76688 
.75714 
.75575 
-75918 
.76582 
.77485 
.78578 
.79829 
.a1219 
.a9913 

1.01203 
1.15125 
1.31967 
1.52170 
1.76305 
2.05084 
2.39372 
2 .a0221 
3.28897 
3.86930 
4.56166 
5.38827 
6.37596 
7.55714 
8.97089 

10.66450 
12.69513 
18.05876 
25.81006 
37.04977 
53.40173 
77.26812 

112.21240 

14.57291 
--------- 

Chen 

.95215 
-93473 
.92220 
.91215 
.go366 
-87342 
.a5314 
.a3777 
.a2541 
.a1511 
.a0632 
.79870 
.79200 
.78606 
-75052 
,73618 
.73175 
.73337 
.73923 
,74832 
-76004 
,77398 
.78988 
.a9329 

1.02961 
1.19439 
1.38536 
1.60081 
1.83901 
2.09810 
2.37603 
2.67060 
2.97950 
3.30034 
3.63078 
3.96848 
4.31124 
4.65694 
5.00364 
5.34954 
5.69302 
6.36710 
7.01630 
7.63360 
8.21417 
8.75502 
9.25467 

9.13957 

-------- 

--------- 
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- - 
1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 l 1  

3.50 

3.00 

2.50 

2.00 

1.50 

I. 00 

. so 

HC1 at 25 deg. C 

1 1 0 1 
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0 
cl 
c 
0 
cv 
E 

1 I 

I 

10 I 
L 
1 

5 /  

t 
I 

HC1 a t  25 deg. C 

NBS - smoothed experimental 
- Bromley - 

Me i ssner -.- 

NBS - smoothed experimental 
- Bromley - 

Me i ssner 

Pitzer 

Chen 

-.- 

I--- 

/---- 

/- 

0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 e i 4 4 G 
0 
0 

d r\i 4 cd ai 

molality 
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KC1 PARAMETERS 
_I 

Bran1 ey  

Meissner 

P i tzer  

Chen 

N3s 

J3 = 0.0240 

q = .92 

B o  = 0.04835 

B1 = 0.2122 

C4 = -0.00084 

T = 8.064 m, ca 

ca .m T = -4.107 

B+ = 1.295 

6 = 7.0 10-5 

c = 3.599 10-3 

D = -1.9540 x 

rmximm m l a l i t y  = l e s s  than 6 

rmximm m l a l i t y  = 4 .5  t o  6 

maxim mlality = 4.8 

mximm m l a l i t y  = 4 . 5  

mximm m l a l i t y  = 5.0 

The NBS maximum rnolality of 5.0 is a supersaturated solution. 
solution is saturated at  a molality of 4.803. 

A KCI 
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mol a 1 i ty -------- 
.OOl 
.002 
.003 
.004 
.005 
.006 
-007 
- 0 0 8  
-009 
.Ol 
.02 
.03 
.04 
.05 
.06 
-07 
.08 
-09 
.1 
.2 
. 3  
.4 
.5 
.6 
.7 
. 8  
.9 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 

s t d .  dev. 

NBS -------- 
.96490 
-95150 
-94162 
.93356 
.92664 
.92054 
.91504 
-91003 
.go541 
.go111 
.a6885 
.a4672 
.a2959 
.a1553 
.a0358 
-79317 
.78394 
.77566 
,76815 
.71696 
.68653 
.66526 
.64919 
.63646 
.62607 
.61741 
.61008 
-60381 
.58295 
,57259 
.56833 
.56822 
,57116 
.57649 
.58373 
.59253 

B romley 

.96479 

.95131 

.94136 

.93324 

.92627 

.92012 

.91459 
,90954 
-90488 
.go055 
.86810 
.a4591 
.a2879 
,81477 
.a0289 
.79256 
.78343 
.77524 
.76781 
.71729 
,68703 
.66566 
.64936 
.63638 
.62577 
.61693 
.60947 
.60312 
.58245 
,57275 
.56914 
.56940 
.57235 
.57731 
.58383 
.59164 

,00427 

-------- 

--------- 

Mei ssnet 

.96471 

.95113 

.94109 

.93287 
-92581 
.91957 
.91394 
-90879 
.go405 
.a9962 
.a6630 
,84331 
.a2546 
.a1078 
,79829 
.78740 
.77775 
.76910 
.76124 
.70809 
.67707 
.65587 
.64024 
.62817 
.61858 
-61080 
-60438 
.59903 
-58239 
-57490 
-57 177 
-57107 
.57201 
.57439 
.57813 
.58313 

.03789 

-------- 

--------- 

Pitzer -------- 
.96494 
.95153 
.94165 
-93357 
.92664 
.92052 
.91502 
.go999 
,90536 
.go105 
-86869 
-84649 
.82931 
-81522 
.80324 
.79281 
.78358 
-77529 
.76777 
.71663 
.68627 
.66505 
-64902 
.63634 
.62599 
.61738 
-61011 
.60389 
-58341 
.57347 
.56957 
.56962 
-57252 
-57757 
.58433 
.59249 

.00392 
--------- 

Chen 

.96506 

.95175 
-94194 
.93393 
.92707 
.92101 
.91556 
-91058 
.go599 
.go172 
.a6966 
-84762 
,83051 
,81645 
,80446 
,79400 
.78472 
.77637 
.76879 
,71685 
.68579 
.66410 
.64778 
,63495 
.62457 
-61602 
.60887 
.60283 
.58357 
.57480 
-57153 
.57145 
.57333 
.57640 
.58019 
.58436 

.01476 

-------- 

--------- 
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1.00 

.90 

.80 

.70 

.60 

-50 

KC1 at ‘25 deg. C 

3 --- NBS - smoothed experimental 
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Me i ssner --.- 

--- Pitzer 

Chen ---- 

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

0 0 0 8 0 0 0 
0 
0 

ni 0’ 4 vi 
8 
d 
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KOH PARAMETERS 

Branley B = 0.1131 

hkissner g = 4.77 

P i t z e r  Bo = 0.1298 

81 = 0.320 

d = 0.0041 

T = 9.868 m. ca 

ca ,m 

men 

r = -5.059 

NBS B* = 1.15 

B = .1 

C = 2.6270 x lou3 

D = -1.3 x 10-4 

E = 1.7 x 10-7 

mximun m l a l i t y  = 6 .  

maxim m l a l i t y  = 4 . 5  to 6 

mximm mlal i ty  = 5.5 

maximm mlality = 6 . 0  

rraximpn m l a l i t y  = 20. 



IV. Single Strong Electrolytes 

KOH 

mol a 1  i t y NBS -------_ -------- 
.OOl -96497 
.005 -92704 
.Ol -90196 
.03 .a4962 
.05 .a2064 
.07 -80056 
.09 .78539 
.1 .77906 
.2 .74003 
.3 -72207 
.4 -71348 
.5 .71029 
.6 .71065 
.7 .71357 
.8 .71845 
.9 .72491 

1.0 .73268 
1.5 .78654 
2.0 .a5984 
2.5 ,95022 
3.0 1.05787 
3.5 1.18413 
4.0 1.33101 
4.5 1.50101 
5.0 1.69717 
5.5 1.92293 
6.0 2.18227 
6.5 2.47962 
7.0 2.81994 
7.5 3.20874 
8.0 3.65204 
8.5 4.15644 
9.0 4.72904 
9.5 5.37745 

10.0 6.10974 
11.0 7.85990 
12.0 10 -04903 
13.0 12.74508 
14.0 16.00624 
15.0 19.87002 
16.0 24.33974 
17.0 29.36964 
18.0 34.85075 
19.0 40.60036 
20.0 46.35881 - 

std. dev. 

Bromley 

.96511 

.92779 

.go348 

.a5401 

.a2757 

.a0972 

.79651 

.79106 

.75830 

.74360 

.73662 

.73411 

.73462 

.73738 

.74191 
-74792 
.75519 
.a0630 
.a7669 
.96359 

1.06664 
1.18660 
1.32486 
1.48335 
1.66439 
1.87079 
2.10576 
2.37304 
2.67689 
3.02219 
3.41450 
3.86017 
4.36640 
4.94140 
5.59453 
7.17913 
9.22399 

11 .a6338 
15.27097 
19.67147 
25.35556 
32.69937 
42 .18961 
54.45615 
70.31422 

4.41307 

-------- 

.-------- 

Meissner 

.96508 

.92748 

.go275 

.a5144 

.a2322 

.a0376 
* 78911 
.78301 
.7 4 567 
,72882 

-------- 

.72111 

.71867 

.71971 

.72328 
-72878 
.73584 
.74421 
.80048 
.a7404 
.96044 

1.05823 
1.16836 
1.29420 
1.44059 
1.61215 
1.81199 
2.04160 
2.30186 
2.59391 
2.91954 
3.28107 
3.68114 
4.12259 
4.60844 
5.14183 
6.36451 
7.81870 
9.53484 

11.54585 
13.88715 
16.59681 
19 -71556 
23.28689 
27.35715 
31.97558 

4.83772 
--------- 

Pitzer -____--- 
.96530 
-92829 
.go417 
.a5479 
.a2806 
.a0982 
.79620 
.79056 
.75628 
.74082 
.73350 
-73080 
.73113 
.73364 
.73785 
.74343 
.75018 
.79769 
.a6402 
.94790 

1.05032 
1.17351 
1.32062 
1.49575 
1.70405 
1.95192 
2.24724 
2.59971 
3.02128 
3.52671 
4.13423 
4.86643 
5.75134 
6.82386 
8.12754 

11 -66009 
16.97455 
25.06643 
37.53722 
56.99130 
87.71053 

136.81239 
216.25927 
346.38041 
562.11082 

98.29301 
--------- 

Chen 

,96519 
.92766 
.go287 
.a5091 
.82181 
.a0139 
.78578 
.77920 
.73743 
.71693 
.70630 
.70159 
.70094 
.70330 
.70805 
.71477 
.72315 
.78420 
.a6906 
.97226 

1.09087 
1.22289 
1.36664 
1.52057 
1.69318 
1.85304 

2.20886 
2.39217 
2.57743 
2.76351 
2.94937 
3.13408 
3.31682 
3.49694 
3.84629 
4.17838 
4.49038 
4.78057 
5.04812 
5.29285 
5.51509 
5.71554 
5.89512 
6.05496 

12.50386 

-------- 

2.02872 

_-------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

2.50 
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I. 50 

1.00 
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KOH at 25 deg. C 

--_ - NBS - smoothed experimental 

Me i ssner -.- 
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IV. Single Strong Electrolytes 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

NaCl PARAMETERS 

Branley B = 0.0574 

Meissner q = 2.23. 

P i  t z e r  80 = 0.0765 

81 = 0.2664 

C' = 0.00127 

Chen 

NE?s 

T = 8.885 

'I = -4.549 

m, ca 

ca  ,m 

B* = 1.4495 

8 = 2.0442 x 

C = 5.7927 x 10-3 

D = -2.8860 x 

mximun mlality = 6 .  

m u r i m m m l a l i t y  = 3 to 4 

maxiinun m l a l i t y  = 6.0  

m x i m  m l a l i t y  = 6.0 

nnximun m l a l i t y  = 6.144 

T h e  maximum molality of 6.144 of the  NBS is t h e  saturation point f o r  a 
NaCl solution; therefore there  is only one plot for NaC1. 
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I V .  Single Strong Electrolytes 

NaCl 

mo 1 a1 i ty ------__ 
* 001 
.002 
.003 
.004 
.005 
.006 
.007 
. 0 0 8  
.009 
.Ol 
.02 
.03 
.04 
-05 
-06 
* 07 
.08  
-09 
.1 
.2 
.3 
.4 
.5 
.6 
- 7  
.8 
.9 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 

std. dev. 

NBS -------- 
.96511 
.95189 
.94220 
.93431 
.92756 
-92162 
.91628 
.91142 
.go695 
.go280 
.a7189 
,85094 
.a3489 
.a2182 
-81080 
.80126 
.79288 
.78539 
.77865 
.73405 
.70907 
.69269 
.68118 
.67282 
.66667 
.66217 
.65895 
.65677 
.65660 
.66818 
.68779 
-71392 
-74589 
-78337 
.a2618 
-87427 
-92757 
.98604 

B r om1 ey 

-96491 
.95154 
.94171 
.93370 
.92684 
,92080 
,91537 
-91042 
.go587 
.go165 
.a7019 
,84894 
.a3271 
.a1955 
.80848 
-79895 
.79059 
.78314 
.77645 
.73240 
.70771 
.69142 
.67992 
.67157 
-66548 
.66110 
.65808 
-65616 
.65796 
.67184 
.69333 
-72045 
,75224 
-78821 
.a2811 
.a7185 
.91945 
.97097 

-02454 

-------- 

------^-- 

Meissner 

.96486 
-95141 
.94151 
.93342 
.92648 
.92036 
.91485 
.go983 
.go519 
.goo89 
.86865 
-84665 
-82972 
.a1592 
-80427 
.79419 
.78533 
.77743 
.77032 
.72386 
,69876 
.68310 
.67276 
-66584 
.66129 
.65847 
.65698 
.65651 
-66405 
.68051 
.70114 
.72410 
.74905 
-77651 
-80723 
,84161 
.a7955 
.92056 

.lo214 

-------- 

--------- 

Pitzer -------- 
.96510 
-95183 
.94208 
.93414 
.92735 
.92136 
.91598 
.91108 
.go657 
-90238 
,87116 
.a5000 
.83378 
.a2060 
.80948 
.79988 
.79144 
.78392 
.77715 
.73252 
.70768 
.69145 
.68007 
.67181 
.66576 
.66134 
.65820 
-65609 
.65622 
.66804 
.68778 
.71391 
.74577 
.78310 
.a2590 
.a7433 
.92867 
-98932 

.a0681 
-------__ 

Chen 

.96512 

.95186 

.94210 

.93415 
-92733 
.92133 
.91592 
.91100 
-90646 
.go224 
.a7067 
.84909 
.a3245 
.El884 
-80730 
.79728 
.70844 
.78052 
.77337 
.72570 
.69891 
.68155 
.66964 
.66132 
-65556 
.65173 
,64940 
.64828 
.65501 
-67426 
-70067 
.73158 
,76543 
.80116 
-83801 
.a7541 
.91291 
.95016 

.07016 

-------- 

--------_ 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

NaCl at 25 deg. C 

---T---l 
1-0° - t -95 

-- NBS - smoothed experimental 
- - Bromley 

Me i ssner -.- 

.90 

.85 

-80 

I 7 5  

-70 

-65 

.60 
0 0 0 0 0 

0 0 0 0 0 
0 0 
0 0 

d 4 r\i m' 4 lri cd 

mo 1 a 1 i ty 
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IV. Single Strong Bleatrolytes  

Branley B = 0.0747 

Meissner q = 3.00 

P i  t z e r  60 = 0.0864 

B i  = 0.253 

C' =. 0.0044 

Chen T = 9.372 m, ca 

ca .m T = -4.771 

NaOH PARAMETERS 

B* = 1.21 

B = 6.1509 x 

C = -2.9784 x 10-3 

D = 1.3293 x 

E = -1.1134 x 

F = 3.5452 x 

0 = -3.9985 x 

rmximm mlal i ty  = 6.  

r m x i m m m l a l i t y  = 3 to 4 

rmximm mlal i ty  = 6 . 0  

nnximm mlal i ty  = 6.0 

nnximm mlality = 29 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

NaOH 

mol a1 i ty -__-__-_ 
.001 
-005 
.Ol 
.05 
.1 
.2 
.4 
.6 
- 8  

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 
20.0 
21.0 
22.0 
23.0 
24.0 
25.0 
26.0 
27.0 
28.0 
29.0 

std .  dev. 

NB S -___---- 
.96495 
.92691 
.go167 
,81879 
.77499 
.73108 
,69375 
.67900 
.67379 
.67394 
.68778 
.71388 
.74934 
.79367 
.a4736 
.91140 
.98712 

1.07618 
1.18051 
1.30231 
1.44409 
1.60862 
1.79895 
2.01838 
2.27039 
2.55863 
2.88676 
3.25839 
4.14538 
5.24123 
6.55596 
8.08298 
9.79643 

11.65252 
13.59545 
15.56699 
17.51732 
19.41404 
21.24689 
23.02646 
24.77666 
26.52101 
28.26255 
29.95652 
31.47585 
32.57401 
32.86172 

BKOmley -------- 
.96497 
.92713 
.go221 
.82203 
.78096 
.74035 
.70515 
.69055 
.68521 
.68544 
.70085 
.72974 
.76796 
.a1383 
.a6664 
.92617 
.99247 

1.06577 
1.14642 
1.23489 
1.33171 
1.43751 
1.55300 
1.67895 
1 .a1623 
1.96579 
2.12867 
2.30602 
2.70922 
3.18679 
3.75228 
4.42181 
5.21448 
6.15295 
7.26410 
8.57979 

10.13780 
11.98295 
14.16833 
16.75695 
19.82348 
23.45648 
27.76097 
32 .a6149 
38.90575 
46.06891 
54.55874 

7.00992 
- - - - - - - - - 

Me i ssne L- 

.96493 

.92683 

.go153 

.El851 

.77486 

.73173 

.69681 

.68510 

.68328 

.68698 

.70947 

.74214 
,78016 
.a2168 
.a6662 
.91606 
-97149 

1.03397 
1.10368 
1.18016 
1.26278 
1.35111 
1.44498 
1.54437 
1.64939 
1.76012 
1.87669 
1.99923 
2.26267 
2.55148 
2 -86669 
3.20935 
3.58054 
3.98132 
4.41276 
4.87596 
5.37198 
5.90192 
6.46686 
7.06788 
7.70607 
8.38252 
9.09830 
9.85452 

10.65224 
11.49256 
12.37656 

12.70134 

- - - - - - - - 

-- ------- 

Pitzer -------- 
-96509 
.92733 
-90236 
-82066 
-77748 
-73365 
.69473 
.67775 
.67031 
.66847 
.67880 
.70342 
-73905 
-78477 
-84065 
-90734 
-98593 

1.07791 
1.18518 
1.31007 
1.45543 
1.62471 
1.82209 
2.05260 
2.32233 
2.63865 
3.01049 
3.44870 
4.57995 
6.17734 
8.45907 

11.75719 
16.58238 
23.72866 
34.44429 
50.71362 
75.72683 

114.67106 
176.07733 
274.13851 
432 -74167 
692.56050 

1123.66786 
1848.21527 
3081.67280 
5208.66605 
8924.02046 --------- 

Chen 

.96512 

.92732 

..go221 

.a1874 
,77330 
.72596 
.68338 
.66574 
.6 59 57 
.66029 
.68030 
.71638 
,76274 
.a1641 
,87550 
.93869 

-------- 

1.00491 
1.07331 
1.14315 
1.21380 
1.28469 
1.35536 
1.42538 
1.49441 
1.56213 
1.62829 
1.69269 
1.75515 
1.87373 
1.98332 
2.08359 
2.17450 
2.25624 
2.32914 
2.39365 
2.45026 
2.49951 
2.54195 
2.57812 
2.60854 
2.63370 
2.65409 
2.67015 
2.68229 
2.69088 
2.69629 
2.69883 

16.70179 
--------- 
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IV. Single Strong Electrolytes 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 
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IV. Single Strong Electrolytelr 

CaC12 PARAMETERS 

Branley B = .0948 r m x i n m m l a l i t y  = 2.0 

hkissner  q = 2.40 m x i m m  m l a l i t y  = 5.0 

murimm m l a l i t y  = 2.5 4 P i t z e r  BO = 0.4212 

25/2 
C' = -0.00064 

mximm m l a l l t y  = 6.0  

mximm m l a l i t y  = 10. 

? = 11.396 m, c a  

ca ,m 

(%en 

? = -6.218 

ms B = 1.60002 

C = .256690 

D = .151052 

E = -3.77055 x 

F = 9.90578 x 

G = -1.69480 x 

H = 1,34960 x 

I = -3.94208 x 

From: Staples ,  B.R. and Nuttall, R.L.. "The Activity and 
Osmotic Coefficients of Aqueous Calcium Chloride at  
298.15 K", J .  Phys .  Chem. R e f .  Data, 6.  385. (1977) 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

mol a1 i ty -------- 
-001 
.002 
-003 
.004 
.005 
.006 
.007 
-008 
.009 
.Ol 
.02 
.03 
.04 
-05 
.06 
.07 
.08 
.09 
.1 
.2 
.3 
.4 
.5 
.6 
.7 
. 8  
.9 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 

std. dev. 

NB S -------- 
.a8851 
,85077 
-82449 
.a0393 
.78692 
.77237 
.75962 
-74827 
.73804 
.72872 
-66445 
.62561 
.59821 
.57734 
-56070 
.54700 
.53548 
.52562 
.51708 
.46924 
-45081 
.44419 
.44417 
.44860 
.45640 
.46702 
.48013 
-49557 
.60696 
.78421 

1.05288 
1.45497 
2.05174 
2.92555 
4.17627 
5.90737 
8.19884 

11.07177 
14.46054 
18.21535 
22.14839 
26.11131 
30.06689 
34.11316 
38.42963 
43.11587 

Bromley 

.a8698 

.a4818 
-82106 
.79982 
.78224 
.76720 
.75404 
.74233 
.73180 
.72222 
.65682 
.61823 
.59162 
-57179 
.55628 
.54373 
.53333 
* 52454 
.51701 
-47588 
.46001 
.45414 
.45418 
.45843 
.46602 
-47642 
-48932 
.SO451 
.61233 
,77525 

1.00533 
1.32351 
1.76027 
2.35824 
3.17646 
4.29629 
5.82984 
7.93145 
10.81372 
14.76952 
20.20245 
27.66885 
37.93588 
52.06168 
71.50611 
98.28386 

10.71533 

-------- 

--------- 

Mei Ssne r 

.a8653 

.a4723 

.a1962 
,79789 
.77982 
.76430 
.75066 
.73849 
.72750 
.71747 
-64796 
.60590 
,57636 
.55406 
.53646 
.52216 
.51030 
-50031 
.49180 
-44929 
.43998 
.44379 
.45466 
,46997 
-48831 
.50890 
.53129 
.55533 
.70810 
.94650 

1.28400 
1.73086 
2.30935 
3.04630 
3.97214 
5.12100 
6.53087 
8.24373 

10.30572 
12.76729 
15.68338 
19.11354 
23.12215 
27.77851 
33.15704 
39.33742 

3.43776 

-------- 

I-------- 

P i t z e r  -------- 
.a8835 
.a5043 
.a2402 
.a0337 
-78629 
.77168 
.75890 
.74754 
.73730 
.72798 
.66404 
.62573 
.59889 
.57856 
.56241 
.54917 
.53805 
.52855 
-52032 
.47414 
,45600 
.44927 
.44914 
.45357 
.46157 
.47259 
.48629 
.50251 
.62000 
.a0476 

1.07778 
1.47410 
2.04655 
2.87297 
4.06743 
5.79688 
8.30567 

11.95171 
17.25959 
24.99873 
36.29845 
52.81717 
76.99170 

112.40410 
164.32208 
240.49475 

40.10493 
--------- 

Chen 

,88706 
.84789 
.82029 
.79849 
.78030 
.76462 
.75080 
.73842 
.72720 
-71693 
.64451 
.59921 
.56639 
,54087 
.52014 
.SO282 
-48805 
-47525 
-46404 
.39916 
.37354 
.36514 
.36704 
.37624 
,39124 
.41123 
.43576 
.46460 
.67154 
.98736 

1.42017 
1.97300 
2.64140 
3.41397 
4.27431 
5.20313 
6 .la024 
7.18609 
8.20280 
9.21475 

10.20886 
11.17458 
12.10373 
12.99025 
13.82995 
14.62019 

9.12192 

-------- 

--------- 



IV.  Single Strong Electrolytes 
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- 
Pi t z e r  --- 

- Chen ---- - 

I I I I I I I  I I I I I I I  I 1 1 1 1 1 1  1 1 1 1 1 1 1  1 1 1 1 1 1 1 ,  

CaC12 at 25 deg. C 

50 

t 

.s  

.1 

molal ity 
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NazSOt, PARAMETERS 

Branley B = -0.0204 r m x i m m m l a l i t y  = 2.0 

Meissner q = -0.19 murimm mlal i ty  = 3.0 

m x i n u n  mlality = 4.0 4 P i t z e r  PO = 0.0261 

4 BI = 1.484 

25/2  
C9= 0.01075 3 

T = 8.389 

T = -4.539 

m,ca 

ca ,m 

Chen 

B = 1.215973148 

C = -.3557285519 

D = .08294655619 

E = -.4869541257 x 

amxinun mlality = 4.0 

r m x i m m m l a l i t y  = 4.445 

saturation m l a l i t y  = 1.957 

1 2 1  
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Na2S04 

molality -------- 
.OOl 
.002 
-003 
-004 
.005 
.006 
.007 
,008 
.009 
.Ol 
.02 
.03 
.04 
-05 
.06 
.07 
-08 
.09 
.1 
. 2  
. 3  
.4 
.5 
.6 
.7 
.8 
.9 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 

s t d .  dev. 

NBS ___----_ 
.a8589 
.84599 
.a1778 
-79546 
-77682 
-76072 
.74653 
.73380 
.72225 
.71168 
.63694 
.58995 
.55572 
.52888 
.50689 
-48832 
-47228 
-45820 
.44568 
.36559 
-32120 
.29101 
.26842 
.25056 
.23592 
.22363 
.21312 
.20403 
.17246 
.15458 
-14444 
.13938 
.13796 
,13933 
.14289 
.14816 

Bromley 

.88543 

.84523 

.81679 

.79429 

.77550 

.75930 

.74501 

.73221 

.72060 

.70998 

.63525 

.58866 
,55495 
.52869 
.50727 
.48924 
.47372 
-46011 
.44802 
.37062 
.32714 
.29716 
,27448 
.25637 
.24138 
.22866 
.21765 
.20797 
.17222 
.14819 
.13022 
.11592 
-10412 
.09410 
.08544 
.07785 

.29342 

-------- 

--------- 

Mei ssne r 

.a8490 

.a4419 
-81528 
.79232 
.77310 
.75648 
-74180 
.72861 
.71664 
.70566 
,62787 
* 57889 
.54325 
.51549 
,49266 
-47354 
.45710 
.44273 
.43001 
.35060 
.30862 
.28119 
.26132 
.24602 
.23374 
.22360 
,21502 
.20765 
.la150 
.16450 
.15216 
.14269 
.13510 
.12883 
.12352 
.11895 

-12742 

-------- 

--------- 

Pitzer -------- 
.a8657 
.84710 
.81926 
.79727 
.77893 
.76312 
.74918 
.73670 
.72539 
.71504 
.64204 
.59625 
.56288 
.53668 
.51517 
.49694 
,48116 
.46725 
.45483 
.37417 
.32831 
.29672 
,27300 
.25429 
.23905 
.22636 
.21562 
-20640 
.17513 
.15792 
.14821 
.14325 
-14172 
.14296 
.14667 
-15276 

.05200 
-----_--_ 

Chen 

.88681 

.84741 

.81958 

.79757 
-77917 
-76329 
.74927 
.73670 
,72529 
.71482 
.64059 
.59357 
.55907 
.53187 
.50948 
.49048 
-47402 
.45952 
.44659 
.36341 
.31745 
.28666 
.26407 
.24658 
.23256 
.22102 
.21135 
-20311 
,17525 
.15922 
-14875 
.14125 
-13546 
.13072 
.12665 
.12303 

.08698 

-----__- 

--------- 
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Na2S04 at 25 deg. C 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

MgS04 PARAMETERS 

Bran1 ey 

Meissner 

Pitzer 

Chen 

B = -0.0153 

q = .15 

Bo = .221 

61 = 3.343 

8 2  = -37.23 

C' = 0.0250 

= 11.346 m ,  ca 

'ca .m = -6.862 

maximm m l a l i t y  = 1 . 5  

maxinun m l a l i t y  = 2.25 

mximm m l a l i t y  = 3.  

rmximm m l a l i t y  = 3.5 

The experimental data points for MgSO, were taken from the following 
source : 

R . A .  Robinson and R.H. Stokes, Electrolyte Solutions, 2nd ed. .  
Butterworth and Co.,  London, 1970, p .  502 
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mol a1 i t y 

.1 

.2  

. 3  

. 4  

. 5  

.6  

. 7  

. 8  

. 9  
1 . 0  
1 . 2  
1 . 4  
1 . 6  
1 . 8  
2 . 0  
2 . 5  
3 . 0  

---- -___ 

s t d .  dev. 

R o b i n  & Stokes 

.15000 

. l o 7 0 0  

.08740 

.07560 
-06750  
.06160 
-05710  
.05360 
.05080 
-04850  
-04530  
-04340  
.04230 
.04170 
.04170 
.04390 
.04920 

-------- B rornley 

. l a 3 4 3  

.13150 

. l o 6 9 3  

.09142 

.08032 

.07182 

.06504 

.05948 

.05482 

.05084 
-04442 
.03944 
.03546 
.03219 
-02945 
.02422 
.02046 

.24476 

- - - - - - - - 

------ --- 

Me i s sne  r 

.16545 
,11326 
.09086 
.07809 
.06973 
.06379 
.05931 
.05582 
.05301 
-05072 
.04723 
.04474 
.04288 
.04145 
.04031 
.03832 
.03708 

.08109 

-_-_---- 

--------- 

P i t z e r  _------- 
.16646 
.12003  
- 0 9 8 4 6  
.08535  
.07634 
- 0 6 9 7 3  
.06467 
.06070  
.05753  
- 0 5 4 9 8  
.05126 
* 04887  
.04747 
.04683 
.04684 
.04929 
.05503  

.12927 
.-^------ 

Chen 

.17689 
- 1 1 8 6 8  
.09264 
.07760 
-06782  
.06101  
.05608 
.05239 
- 0 4 9 6 0  
.04746 
.04457  
,04296  
.04221  
.04209  
.04244 
.04479  
.04865  

.08140 

-------- 

--------- 

1 2 5  
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MgS04 at 25 deg. C 

.20 

.15 

4- 
(Y 
0 
0 

.10 

.05 

0.00 
0 0 0 0 

0 m 0 m 0 0 a 
0 m cl 
d 4 .-I Ai d m' 

rnolal i ty 
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IV. Single Strong Electrolytes 

BROMLEY'S EXTENDED EQUATION 

As shown earlier, Bromley (B3)  presented an extended form of his equation. 
designed to  help compensate for some of the strong ion associations that may 
occur,  and published corresponding parameters for some bivalent metal sulfates. 
The following pages compare the results of using the two equations for MgSOu. 

The extended equation for symmetrical salts, such a s  the  2-2 MgSO,, is: 

4 z+z-I (0.06 + .6B)I z+z-I I 
1% Y, = - + + B I  - 

(I+=, I>' 
1 + J I  

- ECXC C 1  - e x p ( - c r f i ) l  

with: a - an a rb i t ra ry  constant set equal to  70 for 2-2 s a l t s  

E - new parameter for the extension 

For the standard Bromley equation for MgSOs: 

B = -.0153 maximum molality = 1.25  

For the  extended Bromley equation for MgSOs: 

0 = 70. 

B = . lo42 
E = .00464 

maximum molality = 4 

The experimental points are  once again taken from Robinson and Stokes. 

(4.44a) 
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molal i ty 

.1 

.2 

.3 

.4 

.5 

.6 

.7 

. 8  

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.5 
3.0 

_------- 

s t d .  d e v .  

Robin & S t o k e s  

.15000 

.lo700 

.08740 
-07560 
.06750 
.06160 
.05710 
-05360 
.05080 
.04850 
.04530 
-04340 
-04230 
.04170 
-04170 
.04390 
.04920 

-------- B romle y 

.18343 

.13150 

.lo693 
-09142 
.08032 
.07182 
.06504 
.05948 
.05482 
-05084 
.04442 
.03944 
.03546 
.03219 
.02945 
,02422 
.02046 

.24476 

-------- 

--------- 

Extd. Bromley 

.15581 

.11476 

. 09559  
-08330 
.07443 
.06769 
-06243 
,05826 
.05493 
.05226 
.04844 
-04610 
.04483 
.04440 
.04465 
.04777 
.05414 

.08332 

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

--------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

COMPARISON OF TEMPERATURE EFFECT METHODS 

As mentioned earlier, most experimental data is measured at 25OC. This l imi t s  the 
applicability of the published parameters for the activity coefficient models 
discussed. The following pages compare available experimental data and the 
activity coefficients calculated using Bromley , Meissner, Pitzer and Chen's models 
at temperatures other that 25OC. 

I3romley 

As suggested by Bromley, Meissner's equation was used: 

log (r;> = (1.125 - .005t) log (r;50c) - (.125 - .005t) log (r.,,) (4.94) 

where: t - degrees Celsius 

log (r;ef) = - - .41 fi + .039 I - ' ~  
1 + J I  

(4.94a) 

This equation calculates the reduced activity coefficient for temperature t a t  a 

given ionic strength from the reduced activity coefficient at  25OC. The calcula- 
tions were done as follows: 

1) The Bromley B parameter for the species at 25OC was used to  calculate the 
activity coefficient y, for ionic strength I with Bromley's equation (4.44). 

2) I'O.250~ was calculated using this y, with equation (4.45) - 

3) Calculating log ( Tore f )  with equation (4.94a) and plugging it and the 
r0250c into equation (4.941, the reduced activity coefficient at  t 
and I was determined. 

4) The mean activity coefficient at  this temperature and ionic strength was 
then calculated : 

1% yt = z+ 2- log ( r;) 



1V. Single Strong Electrolytes 

This method of calculating temperature effects is dependent upon the validity of 
the 25OC activity coefficient. 

Meissner 

Meissner suggested the  following equation for adjusting his 25OC q parameter to 
another temperature: 

r -I 

0.0027 (t-25) 
q; = 9550c k -  I Z+Z- 1 (4.96) 

with t in degrees Celsius. The resulting qto is not restricted by ionic 
strength.  

Pitzer and Chen 

As suggested by Pitzer. the dielectric constant used in calculating the Debye- 
Huckd constant A+ is depended upon to reflect the  effect of temperature on the 
activity coefficients. Either of the following methods may be used: 

1) U s e  Pitzer's expression for the dielectric constant in  calculating A +  : 

(4.98) 

with: dw - densi ty  of p r e  water 
t - degrees Celsius 
e - parameters f i t  via least-squares method. given in table 4.1 

2) U s e  Chen's equation for calculating A+ , regressed to fit the A + 's 

calculated using Pitzer's dielectric constant : - 
A9 = -61.44534 exp ~ ~ ~ ~ ~ ~ ~ 5 )  + 2.864468 [ exp (T- 27:. 1 5)]' 

273 15 

- .6820223(T-273.15) 

+ .0007875695(T2 - (273.15)') + 58.95788 

T is in Kelvins 

(4.100) 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Experimental data 

For each species for which the comparison was done, a page describing the source 
of the experimental data and the parameters used for each model preceeds a listing 
of the calculated and experimental activity coefficients and a plot of these 
results. 



IV.  Single Strong Electrolytes 

HC1 AT 50° CELSIUS 

25OC parameters: 

Branley B = 0.1433 

Meissner q = 6.69 

P i t z e r  Bu = 0.1775 

61 = 0.2945 

C' = 0.0008 

Chen T = 10.089 m. ca 

.m = -5.212 

mxinnm m l a l i t y  = 6.0 

rmximm m l a l i t y  = 4.5 to 6 

mxinnm m l a l i t y  = 6.0 

mximm m l a l i t y  = 6.0 

Experimental data: 

From: H.S. Harned and R . B .  Owen, The  Physical Chemistry of Electrolytic 
Solutions. third edition, Reinhold Publishing Corporation, New York (1958) 
p. 716 

Harned and Owen presented tabulated values for t h e  mean activity coefficients of 
HC1 a t  temperatures from 0 to 6OoC for  maximum rnolalities from 2 to 4. The 
coefficients a r e  f r o m  observed electromotive forces for  rnolalities greater  than 
-001; t he  values for  molalities less than .002 were extrapolated f r o m  plots. 
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HC1 

mo 1 a1 i t y  

-0001 
.0002 
-0005 
-001 
* 002 
.005 
.01 
.02 
.05 
.1 
.2 
.5 

1.0 
1.5 
2.0 

-------- 

s t d .  dev. 

Harned & Owen -------- 
.98790 
.98310 
.97380 
.96390 
.95000 
.92500 
.90000 
-86900 
.a2110 
.78500 
-75080 
.73440 
.76970 
-84040 
.93270 

Bromley 

.98876 

.98424 

.97551 

.96602 

.95321 

.92978 

.go627 

.a7761 

.a3374 

.79992 
-77143 
,75804 
.79710 
.a6884 
.96388 

.07043 

-_-----_ 

- - - - - - - - - 

Mei ssner 

.98848 

.98385 

.97490 

.96517 
-95201 
.92787 
.go347 
,87333 
.a2581 
.78727 
.75258 
.73271 
.77351 
.a5262 
.95876 

.03191 

-------- 

--------- 

P i t z e r  -------- 
.98795 
.98311 
.97376 
.96361 
.94992 
.92490 
.a9977 
.a6900 
.a2136 
.78393 
.75203 
.73873 
.78478 
,86484 
.97014 

.05038 

Chen 

.98795 

.98311 

.97374 
,96356 
.94981 
.92456 
.a9900 
-86734 
.a1704 
.77569 
.73791 
-71696 
.76855 
.a6668 
-99691 

.07755 

-------- 

--------- 
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1.00 

-90  

0 
0 .70 
D 
S 
CJ 
aJ 
E 

-60  

-50 

HC1 at 50 deg. C 

0 
0 

d 

0 
Ln 

0 
0 

4 

molality 

0 
Lo 

0 
0 

ni 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

KC1 AT 80° CELSIUS 

25OC parameters: 

Branley B = 0.0240 

hleissner q = .92 

Pitzer 

men 

60 = 0.04835 

81 = 0.2122 

C9 = -0.00084 

= 8.064 'm, ca 

ca ,m T = - 4.107 

rmxinnm m l a l i t y  = less than 6 

mximm m l a l i t y  = 4.5 to 6 

mixinun m l a l i t y  = 4.8 

mxinnm m l a l i t y  = 4.5 

Experimental data: 

From: H.P. Snipes, C. Manly and D.D. Ensor, "Heats of Dilution of Aqueous 
Electrolytes: Temperature Dependence". J. Chem. Eng. Data, V20. no. 3, 
287 (1975) 

Snipes et al. measured the heats of dilution of KC1 over a concentration range of 
,005 to 2 molal for temperatures from 40 to 8 O O C .  They used the data to fit the 
relative apparent molal heat content to a polynomial equation; calculated the 
relative partial molal heat contents of the solvent and solute from the relative 
apparent molal heat content data. They then fit the partial molal heat contents 
of the solute to a polynomial equation of the form: 

T ; 2 = f + q r + t l r 2  ... (4.101) 

Relating the mean activity coefficient to zz: 
/ d  In y = / -E+JIW' (4.102) 

136 



IV. Single Strong Blectrolytee 

replacing the  Lz of equation (4.102) with (4.101) and integrating. using a s  a 
reference temperature 25OC, they obtained the following equation for calculating 
the  activity coefficients : 

(4.103) 

with T and Tr in Kelvins. Not taking into account any uncertainties in the 25OC 

activity coefficients, they estimate the uncertainty of their derived activity 
coefficients for KC1 to be 2 0.001. 
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molality Snipes et a1 -------- -------- 
.1 ,75200 
.2 .69900 
.3 .66900 
.4 .64800 
.5 .63200 
.6 .62000 
.7 .61000 
. 8  ,60400 
.9 .59600 

1.0 .59200 
1.2 .58300 
1.4 -57700 
1.6 .57300 
1.8 .57100 
2.0 .57000 
2.5 .56900 
3.0 .57200 
3.5 .57700 
4.0 .58200 

std. dev. 

Bromley 

.77806 

.72942 

.I0057 
,68044 
.66530 
.65341 
.64382 
,63595 
.62941 
.62394 
.61546 
.60946 
.60529 
.60251 
.60085 
.60032 
.60348 
.60924 
.61695 

.17966 

-------- 

--------- 

Mei ssner 

.76020 

.I0628 

.67458 

.65276 

.63655 

.62392 

.61379 

.60548 
,59855 
-59270 
.58343 
.57650 
.57122 
.56715 
.56399 
.55880 
.55615 
.55522 
.55571 

.05542 

-------- 

-------_- 

Pitzer ------_- 
.74071 
.68359 
.64957 
.62571 
-60161 
-59322 
.58141 
.57152 
.56310 
.55585 
.54403 
-53491 
.52778 
.52219 
.51782 
.51091 
.50814 
-50829 
.51063 

.24338 
--------- 

Chen 

-74457 
.68814 
.65452 
.63105 
.61338 
.59947 
.58818 
.57884 
,57099 
-56433 
.55370 
.54575 
.53974 
.53519 
.53177 
.52676 
.52511 
.52552 
-52722 

.la175 

--_----- 

--------- 
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.80 

I 7 5  

.70 

-65  

.60 

.55 

.50 

KC1 at 80 deg. C 

molality 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

KOH AT 80° CELSIUS 

25OC parameters: 

Bran1 ey B = 0.1131 

Me i ssner q = 4.77 

P i t z e r  Bo = 0.1298 

BI = 0.320 

4J C = 0.0041 

m a x i m  m l a l i t y  = 6. 

maxim m l a l i t y  = 4.5 to 6 

mximmmla l i ty  = 5.5 

(;hen T m, ca = 9.868 mucimm m l a l i t y  = 6 .  

T = -5.059 ca ,m 

Experimental data: 

From: H.S. Harned and B.B. Owen, The Physical Chemistry of Electrolytic 
Solutions, third edition, Reinhold Publishing Corporation, New York (1958) 

p. 730 

Harned and Owen presented tabulated values for the mean activity coefficients of 
KOH for temperatures of 0 to 8OoC from . 1  to 17 mold. 
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KOH 

mol a1 it y 

.1 

.2 

.4 
1.0 
1.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
17.0 

-------- 

std. dev. 

Harned & Owen -_-__--- 
.75900 
.71800 
.68300 
.68000 
.71000 
.75500 

1.04300 
1.53000 
1 .a2000 
3.42000 
5.11000 
7.20000 

11.40000 

B romley 

.79506 

.75942 

.73229 

.73442 

.76862 

.81810 
1.12669 
1.62242 
2.37692 
3.51297 
5.21881 
7 -77865 

14.21175 

.97452 

-------- 

--------- 

ne i s s n e  r 

.78014 
-74080 
.71266 
.72376 
.76689 
.a2375 

1.13403 
1.64700 
2.43460 
3.53165 
5.00519 
6 -93177 

10.85727 

.53132 

---_---- 

--------- 

P i t z e r  -------- 
.76269 
.72141 
.69011 
.69050 
-72621 
-78017 

1.16756 
1.96099 
3.57329 
6.97186 

14.47002 
31 -82804 

115.21747 

32.43989 

Chen 

.75465 

.70789 

.67115 

.67696 

.72906 

.a0401 
1.25003 
1.84442 
2.50274 
3.15892 
3.76629 
4.30244 
4.95490 

2.35567 

-------- 

--------- 
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KOH a t  80 deg. C 

100 

SO 

10 

5 

0 
a 

1 

.5  

x Harned 8 Owen experimental 

- Meissner 
-.- 
---- 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 

0 0 
0 0 0 0 

d c\i 4 cd C i i G G -  4 c d @  

rnolali ty 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

NaCl AT 100 AND 300° CELSIUS 

25OC parameters: 

Branley B = 0.0574 nrurimm m l a l i t y  = 6 

Meissner q = 2.23 maxim molality = 3 to 4 

Pitzer = 0.0765 mximm m l a l i t y  = 6. 

81 = 0.2664 

C4 = 0.00127 

Chen T , , , ~ ~  = 8.885 

= -4.459 %a ,m 

maxim m l a l i t y  = 6.  

Experimental data: 

From: L.F. Silvester and K.S. Pitzer. "Thermodynamics of Geothermal Brines I. 
Thermodynamic Properties of Vapor-Saturated NaCl (aq) Solutions From 0 - 
3OO0C", Lawrence Berkeley Laboratory Report LBL-4456, January 1976 

Using various types of experimental data, (i.e. freezing point depression, 
isopiestic. vapor pressure lowering, emf) Silvester and Pitzer regressed the data 
to fit into the Pitzer parameters: 

For the 1-1 salt NaC1, the stoichiometric coefficients for the B's and C are 
equal to unity. The temperature dependent equations for calculating these 
parameters are: 

B, = q 6  + q 9  Cr - Tr) + q l o  cT2- Tr2) 

1 4 4  



IV. Single Strong Electrolytes 

with:  T - d e s i r e d  temperature i n  Kelvins 
Tr - reference temperature of 25OC, in Ke lv ins  = 298.15 

T h e  fit c o e f f i c i e n t s  f o r  these equat ions  are :  

q, = 0.0765 
9, = -777.03 
q3 = -4.4706 
ql, = 0.008946 

q, = -3 .3158 x 

qs = 0.2664 
q,  = 6.1608 x 
ql0  = 1.0715 x 10-6 

q I 1  = 0.00127 
q , ,  = 33.317 
q 1 3  = 0.09421 
q l ,  = -4 .655 x 



mo 1 a 1 i ty -------- 
-001 
.002 
.003 
.004 
.005 
-006 
.007 
.008 
.009 
.Ol 
.02 
.03 
.04 
.05 
-06 
.07 
.08 
.09 
.1 
-2 
.3 
.4 
.5 
-6 
.7 
.8 
.9 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 

std. dev. 

LBL -------- 
.95908 
.94362 
.93230 
.92309 
-91523 
.go831 
.go211 
.a9647 
* 89128 
.00647 
.I35081 
.a2683 
.a0859 
.79383 
.78146 
.77081 
.76149 
.75322 
,74580 
.69763 
.67152 
.65486 
.64344 
.63535 
.62957 
.62548 
.62269 
-62093 
.62248 
.63454 
.65293 
.67574 
-70191 
.73079 
-76188 
-79481 
-82927 
.06497 

B r omley 

.96742 
-95496 
.94577 
.93826 
.93183 
-92615 
.92104 
.91630 
.91209 
.go810 
.a7823 

. '8 4 2 2 5 
,02950 
.a1873 
.00942 
80122 
.79390 
.78730 
.74350 
.71876 
.70237 
.69076 
-68220 
.67601 
.67141 
-66011 
-66586 
.66523 
.67554 
.69244 
-71402 
-73933 
.I6782 
.79922 
.a3335 
.a7016 
.go961 

.26577 

-------- 

.a5789 

--------- 

Mei ssner 

-96481 
.95132 
.94137 
.93324 
,92626 
.92010 
.91455 
.go949 
.go482 
.go048 
.06788 
.04556 
.82834 

.00233 

.79199 

.78287 

.77473 

.76738 

.71875 

.69173 

.67 424 

.66215 

.65351 

.64726 

.64276 

.63957 
-63741 
.63638 
.64404 
.65565 
.66937 
.68472 
.70195 
-72148 
-74347 
-76774 
.79387 

.16979 

-------- 

.a1425 

--------- 

P i t z e r  -------- 
.95900 
.94343 
.93198 
.92266 
.91468 
.go765 
-90134 
.89558 
-89028 
.Be536 
,84867 
.82376 
.a0464 
.78906 
.77591 
.76453 
.75451 
.74555 
.73748 
.60373 
-65310 
-63254 
.61764 
.60638 
.59767 
.59084 
-58547 
,58128 
.57216 
.57551 

,60423 
.62682 
.65418 
-68616 
,72281 
.76428 
.el081 

.27385 

-58683 

--------- 

Chen 

.95912 

.94363 

.93226 

.92300 

.91508 

.go810 

.go183 

.a9612 

.89086 

.08598 

.a4951 

.a2469 
,80559 
.78999 
-77680 
.76535 
-75525 
.74622 
.73806 
.68366 
.65287 
.63260 
.61837 
.60807 
.60056 
.59511 
.59128 
.58873 
.58887 
.60186 
.62201 
-64661 
-67406 
-70335 
-73375 
,76473 
-79586 
.82682 

.15370 

-------- 

--------- 
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NaCl  a t  100 deg. C 

1.00 

.90 

.80 

.70 

.60 

.50 

L_- LBL experimental 
- - Bromley 

Me issner 

Pi tzer 

Chen 

-.- 
--- - 
---- 

0 0 0 0 0 0 0 
0 0 0 0 0 0 0 

d .-4 c\i 6 4 vi cd 

molal ity 
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NaCl 

mol a1 i ty -------- 
.OOl 
.002 
.003 
.004 
.005 
-006 
.007 
,008 
.009 
* 01 
.02 
.03 
.04 
.05 
-06 
-07 
-08 
.09 
.1 
.2 
.3 
.4 
.5 
.6 
.7 
.8  
.9 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 

s t d .  dev. 

LBL _----_-- 
.91626 

-86292 
-84486 
-82953 
-81614 
-80418 
.79336 
.78345 
-77429 
,70750 
.66359 
.63065 
,60429 
-58235 
.56359 
.54724 
.53276 
.51980 
-43554 
-38841 
.35651 
.33282 
-31421 
.29905 
-28635 
.27552 
,26612 
.23275 
.21206 
,19788 
.18758 
-17978 
.17367 
.16874 
.16467 
.16119 
.15815 

.a8534 

Bromley 

.97416 

.96412 

.95667 

.95054 

.94526 

.94058 

.93634 

.93246 

.92887 

.92552 

.go004 

.88221 

,85663 
.a4671 
.a3801 
.a3028 
.a2331 

.77394 
-74905 
.73243 
.72054 
-71168 
.70492 
.69969 
.69561 
,69242 
.68501 
.68549 
.69007 
.69716 
.70595 
-71599 
.72700 
.73880 
-75126 
.76430 

4.66356 

_----___ 

.a6823 

.81698 

--------- 

Meissner 

-96467 
.95105 
.94097 
.93272 
.92562 
.91934 
.91367 
.go849 
.go371 
-89926 
.a6562 
.a4234 
.a2421 
.a0927 
.79653 
.78540 
.77553 
.76664 
.75857 
.70345 
-67070 
.64792 
.63080 
-61731 
.60635 
.59724 
.58952 
.58291 
.56031 
.54734 
.53914 

, .53369 
.53009 
.52794 
.52702 
.52716 
.52813 
.52973 

3 -20162 

-------- 

--------- 

Pitzer 

,91576 

-86160 
.a4317 
.a2749 
.a1376 
.80149 
.79035 
,78015 
.77071 
,70144 
.65554 
.62093 
.59314 
,56994 
.55006 
.53269 
,51731 
.50352 
,41383 
.36401 
.33070 
,30633 
.28749 
.27239 
.25997 
.24955 
.24067 
.21080 
.19429 
,18469 
.17930 
,17681 
,17648 
.17787 
.la074 
.la492 
.19033 

.19509 

.8844i 

--------- 

Chen 

.91655 

.a8587 
-86367 
-84579 
.a3065 
,81741 
.a0560 
,79492 
.78514 
.77611 
.71026 
.66698 
.63452 
.60854 
.58691 
.56842 
.55230 
,53805 
.52529 
.44283 
.39758 
.36178 
-34634 
.33009 
.31737 
.30716 
.29884 
.29199 
,27139 
.26331 
.26148 
.26326 
.26725 

-------- 

.27267 

.27901 

.28593 

.29317 

.30057 

.75892 
--------- 
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1. 

0. 

00 

90 

80 

70 

60 

50 

40 

30 

20 

10 

00 

NaCl  at 300 dea. C 
J 

0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 

d d ni cri 4 lri cd 

molality 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

NaOH AT 35O CELSIUS 

25OC parameters: 

Branley B = 0.0747 

Meissner q = 3.00 

P i  tzer B o  = 0.0864 

= 0.253 

C,+, = 0.0044 

Chen r = 9.372 m, c8 

ca .m T = -4.777 

nnximm m l a l l t y  = 6. 

mutinun m l a l i t y  = 3 to 4 

nnximm m l a l i t y  = 6. 

mxinun m l a l i t y  = 6. 

Experimental data: 

From: H.S. Harned and B.B. Owen, The Physical Chemistry of Electrolytic 
Solutions, third edition, Reinhold Publishing Corporation, N e w  York 

(1958) p. 729 

Harned and Owen presented tabulated values for  the mean activity coefficient of 
NaOH for temperatures from 0 to 35OC. molalities from 0.05 to 4. 
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mol a 1 i ty 
- -___ -__ 

.05 

.1 

.25 

.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 

s t d .  dev. 

Harned & Owen Bromley 

.a1600 .a2323 

.76400 .78218 
-71200 .72913 
-69400 .69695 
.67800 .68529 
.68300 .69966 
.69800 ,72726 
-72600 .76391 
.77200 .a0792 
.a2200 .a5854 
.88200 -91552 

-09583 

-----_-_ -------- 

--------- 

Meissne r 

.81825 

.77441 

.71817 

.68762 

.68391 

.70482 

.73572 

.77179 

.a1119 

.85380 

.go063 

.09771 

_--_-_-_ 

--_-_-_-- 

Pitzer ___----_ 
.a1722 
.77312 
.71448 
.67759 
.65985 
.66890 
-69227 
.72659 
.77087 
.a2514 
.I39001 

.03765 
--------- 

Chen 

.a1558 

.76941 

.70635 

.66689 
,65347 
.67253 
.70766 
.75301 
-80561 
-86358 
.92560 

,09513 

_--__-__ 

.-----_-- 
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NaOH at 35 deg. C 

1.00 

.90 

.80 

.70 

- x Harned 8 Owen experimental 

-60 - Bromley 

- Me i ssner - - 
-.- P i  tzer 

- 
Chen ---- 

- 
.50 I I I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1  

d d cu' rci 4 

0 0 0 0 0 
0 0 0 0 0 

rnolal ity 
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IV. Single Strong Electrolytee 

CeClz AT 108.85 AM) 201.85O CEISIUli 

25OC parameters: 

Branley B = .0948 rnaximm m l a l i t y  = 2. 

Me i ssner 9 = 2.40 maxim m l a l i t y  = 5.0 

Pi tzer 413 @ o  = 0.4212 maximun m l a l i t y  = 2.5 

413 B1 = 2.152 

Z 5 j 2  13 Cd = -0.00064 

‘I = 11.396 murimm m l a l i t y  = 6 .  m, ca men 

= -6.218 ‘ca,m 

Experimental data: 

From: H.F. Holmes. C.F. Bees. Jr . .  and R.E. Mesmer, “Isopiestic studies of 
aqueous solutions at  elevated temperatures I. KC1. CaC1, , and MgC1,”. 
J. Chem. Thermo., v 10, p. 983 (1978) 

Using their experimentally determined isopiestic molalities, Mesmer et al. 
calculated the osmotic coefficients, 6 , with the following relation: 

(4.104) 

where: m - m l a l i t y  
R - isopiestic ratio 
v - n-er of particles per molecule 

s - standard solution having knm properties; for this study, NaCl was 

- subscript denoting the electrolyte whose properties are being 
calculated 

used as the reference solution 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

With the results from equation (4.104). Mesmer et al. used a least-squares 
equation fitting program to regress the B0, el and C9 of the Pitzer method 
equation for osmotic Coefficients. These parameters may also be used in Pitzeis 
equation for calculating mean activity coefficients. They note that the validity 
of the calculated activity coefficients is dependent upon how well the equation 
for calculating the osmotic coefficients represents dilute solutions for which 
they had no experimental results. 

For CaClz they presented the following parameters: 

T 
Ke 1 v ins I 
Celsius 

Bo 
kglmole 

382 K 
108.85OC 

413.8 K 
140.65OC 

445.4 K 
172.25OC 

414 K 
201.85OC 

0.30353 

0.29054 

0.28151 

0.27035 

2.27800 

2.60450 

2.85450 

3.32150 

-0 -008680 

-0.010430 

-0.012690 

-0 e013670 
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CaC12 

molal i ty -------_ 
.OOl 
-005 
.Ol 
.02 
-04 
-06 
. 0 8  
.1 
.2 
- 3  
.4 
- 5  
.6 
.7 
. 8  
.9 

1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0. 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
3.0 
3.1 
3.2 
3.3 
3.4 
3.5 

Mesme r -__-____ 
.a6788 
.75097 
.68596 
.61617 
.54662 
.SO816 
.48251 
.46372 
.41262 
.38888 
.37 58 4 
-36873 
-36557 
.36533 
.36739 
.37138 
.37705 
.38422 
.39278 
.40263 
.41373 
,42603 
-43951 
.45416 
.46997 
.48696 
.SO513 
.52451 
,54512 
.56698 
.59012 
.61459 
.64041 
.66762 
.69628 
.72641 
.75808 
-79132 
.a2619 
.a6274 
.go102 
-94110 

B r om1 ey 

.89548 

.79659 

.73870 
-67422 
-60787 
.57072 
-54602 
-52815 
.48204 
.46394 
.45694 
.45621 
-45970 
.46637 
.47560 
.48703 
-50043 
.51563 
.53254 
.55110 
.57128 
,59309 
.61652 
.64161 
.66840 
.69692 
.72724 
.75942 
.79354 
.a2968 
.a6792 
.go836 
.95111 
.99627 

1.04395 
1.09430 
1.14743 
1.20349 
1.26263 
1.32500 
1.39078 
1.46014 

----- -__ 

std. dev. 1.93513 

Me i ssne r 

.88638 

.77921 

.71641 

.64616 
-57339 
.53249 
.so544 
.48611 
.4 397 4 
.42658 
.42631 
.43280 
-44338 
,45667 
.47185 
-48848 
,50638 
.52556 
.54620 
.56858 
-59301 
-61978 
.64911 
.68110 
.71579 
.75311 
.79301 
.a3540 
.a8024 
.92751 
.97722 

1.02943 
1.08419 
1.14156 
1.20163 
1.26448 
1.33019 
1.39884 
1.47052 
1.54533 
1.62334 
1.70466 

2.62573 

-------- 

--------- 

Pitzer __------ 
.a6650 
-74568 
.67711 
-60214 
-52572 
.48267 
.45364 
.43227 - 37420 
.34794 
.33416 
-32722 
-32474 
.32552 
.32888 
-33440 
-34183 
.35101 
-36186 
.37432 
.38838 
.40405 
.42136 
.44036 
.46111 
.48370 
,50821 
.53475 
.56345 
.59443 
.62784 
-66385 
.70261 
.74433 
.78920 
.a3746 
.a8935 
.94511 

1.00505 
1.06945 
1.13866 
1.21303 

-62856 
--------- 

Chen 

.86580 

.74208 

.67021 

.58961 

.50461 

.45525 

.42140 

.39626 
-32844 
.30028 
-28855 
.28617 
.29009 
-29882 
-31152 
.32773 
.34717 
.36969 
.39521 
,42371 
.45517 
,48962 
.52709 
.56761 
,61121 
.65794 
,70782 
.76088 
.81715 
.a7664 
.93935 

1.00529 
1.07444 
1.14680 
1.22234 
1.30102 
1.38280 
1.46764 
1.55548 
1.64626 
1.73991 
1 .a3635 

2.61780 

-------- 

_-------- 
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CaC12 at 108.85 deg. C (382 K> 

3 
t 
cu 
0 

4. 
4. 
01 
0 
0 

x 
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> 
c, 
0 
0 

t 
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cu 
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'4 

.r( 

.4 

*4 
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CaC12 

mo 1 a 1 i ty -------- - 
.OOl 
.005 
.Ol 
.02 
.04 
.06 
-08 
.1 
.2 
.3 
.4 
.5 
.6 
.7 
.8 
.9 

1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
3.0 
3.1 
3.2 
3.3 
3.4 
3.5 

s t d .  dev. 

Mesmer 
.------- 
.a2814 
.68352 
.60629 
.52595 
.44831 
.40614 
-37810 
.35745 
.29912 
.26867 
.24878 
.23461 
.22410 
,21616 
,21014 
.20561 
.20228 
.19993 
.19840 
.19756 
.19733 
.19762 
.19837 
-19953 
.20106 
,20292 
.20508 
.20752 
.21021 
.21313 
.21627 
.21961 
.22313 
-22682 
.23067 
.23467 
.23881 
-24307 
.24745 
-25193 
.25651 
.26118 

BrOmley 

.go500 

.a1281 

.75741 

.69405 

.62642 

.58717 

.56045 

.54078 

.48897 

.46835 

.46008 

.45847 

.46111 
-46675 
.47469 
.48452 
.49594 
.50878 
.52292 
.53828 
.55480 
.57246 
.59123 
.61111 
.63210 
.65421 
,67746 
.70187 

-_--_--- 

.I2747 
-75429 
.78236 
-81172 
.a4241 
.a7447 
- 90796 
-94291 
.97940 

1.01746 
1.05716 
1.09856 
1.14173 
1.18674 

6.48670 
_--_----- 

Meissne r 

.a8621 

.77851 

.71518 

.64407 

.56994 

.52791 

.49985 
,47956 
.42886 
.41150 
.40689 
.40881 
.41459 
.42281 
.43269 
.44377 
.45584 
.46887 
.48296 
.49829 
.51504 
.53340 
.El5348 
.57530 
* 59884 
.62402 
.65074 
.67893 
.70850 
.73942 
.77168 
.El0526 
.84019 
-87648 
.91416 
-95324 
.99377 

1.03576 
1. 07'924 
1.12424 
1.17079 
1.21893 

6.33856 

-------- 

-___-_--- 

Pitzer ___--_-- 
.a2480 
.67134 
.58660 
.49605 
.40613 
.35654 
.32353 
.29941 
.23415 
.20363 
-18592 
.17475 
-16755 
.16300 
.16039 
-15927 
.15935 
-16046 
.16245 
-16524 
.16878 
.17303 
-17796 
.la356 
.la985 
.19681 
.20448 
.21286 
.22199 
.23190 
.24263 . '2 5 42 2 
.26671 
.28016 
.29463 
-31018 
.32688 
-34481 
-36404 
-38466 
.40678 
-43048 

.a2341 
--------- 

Chen 

.82522 

.67187 

.58652 
,49435 
.40149 
,34971 
.31512 
.28990 
.22327 
.19492 
,18108 
.17485 
-17338 
-17529 
.17980 
-18646 
.19501 
.20528 
.21717 
-23060 
.24555 
.26198 
.27989 
-29927 
.32013 
.34246 
-36626 
-39154 
.41829 
.44651 
.47619 
-50732 
.53990 
-57389 
.60930 
.64609 
-68423 
-72371 
-76448 
.80652 
-84979 
-89424 

3.34864 

_------- 

____----- 
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0.00 
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25OC Xaramet ers : -__ I_-_--__ 

Bran1 ey B = -0.0204 

Mei ssner q = -0.19 

Pi tzer  413 BO = 0.0261 

413 81 = 1.484 

2 ’“13 C’ = 0.01075 

Chen T = 8.389 

T = -4.539 

m, ca 

ca ,m 

mxiinm m l a l i t y  = 2.0 

m a x i m  w l a l i t y  = 3.0 

rnaximm m l a l i t y  = 4. 

imximm m l a l i t y  = 4.0 

Experimental data: - --___---I_ 

From: H.P. Snipes, C. Manly and D.D. Ensor. “ H e a t s  of Dilution of Aqueous 
Electrolytes: 
287 (1975) 

Temperature Dependence”. J. Chem. Eng. Data, v 20, no. 3 .  

A s  for KCl. Snipes et  al. used the measured heats of dilution of Na2SOb over a 
concentration range of .005 to 2 molal and a temperature range of 40 to 8OoC to 
fit the  partial molal heat contents to a polynomiaI equation: 

‘c2 = f + fl + Hr2 ... (4.101) 

The  resulting parameters w e r e  then used in the following equation to calculate 
the mean activity coefficients which w e r e  presented in tabular form: 

1nYT = In Yn. - a [ f ( & - ~ ) + q ( l n ~ ) + h C I ’ - ” r )  3 (4. 

with the T and Tr in Kelvins (Tr = 298.15). They estimated the uncertainty 
their  results,  excluding any  uncertainty in the 25OC data, to be 20.002. 

03) 

of 
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Na2S04 

molal i t y  

.1 

.2 

.3 

. 4  

.5 

.6 

.7 
- 8  
.9 

1.0 
1.2 
1.4 
1.6 

-------- 

s t d .  dev .  

Snipes  e t  a1 -------- 
-41500 
-34100 
.30000 
,27300 
.25300 
.23700 
.22500 
.21400 
.20400 
.19700 
-18400 
.17500 
.16600 

B romley 

.47258 

.40036 

.36130 
,33528 
.31617 '. 30134 
.28939 
.27949 
.27113 
.26396 
.25222 
.24298 
:23548 

.49234 

_-__-___ 

-_------_ 

.35117 

.30933 
-28202 
-26225 
.24703 
.23483 
.22475 
-21624 
.20891 
.19685 
.la718 
.17910 

-08618 
--------- 

P i t z e r  -------- 
,40749 
.32518 
.27967 
.24896 
.22627 
.20860 
.19435 
.la258 
.17269 
.16425 
.15064 
.14020 
.13201 

.22262 
__--____- 

.32372 

.27889 
-24930 
.22782 
,21134 
.19821 
.18746 
.17849 
.17087 
.15863 
.14923 
-14178 

.la394 
--------- 
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Na2S04 at 80 deg. C 

.so 

molality 
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MgSCh, AT 8O0 CELSIUS 

25OC parameters: 

Branley B = -0.0153 

Meissner q = .15 

Pitzer  

men 

B o  = .221 

81 = 3.343 

$2 = -37.23 

C = .0250 10 

mximun m l a l i t y  = 1.5 

mximm m l a l i t y  = 2.25 

nnximm m l a l i t y  = 3. 

T = 11.346 mximun m l a l i t y  = 3.5 m. ca 

T = -6 -862 ca .m 

Experimental data: 

From: H.P. Snipes, C. Manly and D.D. Ensor, "Heats of Dilution of Aqueous 
Electrolytes: Temperature Dependence". J. Chem. Eng. Data, v 20, no. 3. 
287 (1975) 

Snipes et al. used the measured heats of dilution of MgSOb over a concentration 
range of .005 to  2 molal and a temperature range of 40 to 8OoC to fit t he  partial 
molal heat contents to a polynomial equation 

T;* = f + qr + tlr2 ... (4.101) 

The resulting parameters were then used in the following equation to calculate 
the mean activity coefficients which were presented in  tabular form: 

In y, = I n  yTr - & [f (a - i) + q (In &) + hCC - b)] (4.103) 

with the T and T r  in Kelvins (Tr = 298.15). They estimated the uncertainty of 
their results, excluding any uncertainty in the 25OC data,  to be f 0.0009. 
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no1 a 1 i ty 

.1 

.2 

.3 

. 4  

.5 

.6 

. 8  
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

-------- 

s t d .  dev. 

Snipes et 

.12900 

.08910 

.07030 

.06010 

.05350 

.04740 

.04020 

.03570 

.03280 
-03090 
.02940 
.02890 
.02850 

-------- a1 Bromley 

-20406 
.15249 
.12914 
-11508 
.lo543 
.09833 
.08855 
-08221 
.07789 
.07488 
.07277 
.07133 
,07039 

-------- 

.85125 

Mei ssner 

.16530 

.11308 

.09066 

.07787 

.06950 

.06354 

.05555 

.05043 

.04692 

.04441 

.04253 

.04108 

.03992 

.27857 

- - - - - - - - 

--------- 

Pitzer -------- 
,13043 
.08815 
.06932 
.05821 
.05075 
-04537 
-03814 
.03359 
.03060 
-02859 
-02729 
.02651 
.02614 

.03773 
--------- 

Chen 

.14404 
,09227 
,06996 
.05737 
.04931 
.04376 
.03675 
,03273 
.03031 
.02887 
.02809 
,02776 
.02777 

.05990 

-------- 

--------- 
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MgS04 at 80 deg. C 

.20 

-15 

3 
S 
a 

.10 

c, 
0 
CJ 

-05  

0.00 
0 
0 

d 

0 In 0 
0 
d 

molality 

0 
In 

1 6 4  
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APPENDIX 4.1 

VALUES FOR GUGGENHEIM'S f3 PARAMETER 

From: E.A. Guggenheim and J.C. Turgeon. "Specific Interaction of 
Ions", Trans. Faraday SOC.. v. 51, pp. 747-761 (1955) 

Columns (a) - O°C values from freezing point measurements 
Columns (b) - 25OC values from e.m.f. measurements 
Columns (c) - values from isopiestic measurements relative to NaCl 

- Table 1: fl Values for Uni-univalent Electrolytes 

electrolyte 

HC 1 
HB r 
HI 
HClOr  
HNO 3 
LiCl 
L iBr 
Li I 
LiCl0~ 
LiClOr 
LiNO3 
LiO2 CH 
L iOAc 
NaF 
NaC 1 

NaBr 
Na I 
NaC103 
NaCIOr 
NaBrO3 
Na lo3 
NaN03 

NaOAc 
NaCNS 
NaH2 POs 
KF 
KC 1 

NaOp CH 

(a) 

0 oc 
B 

kg / mo 1 e 

0 . 2 5  

0.16 
0.20 
0.30 

0 . 2 5  
0.35 
0.23 
0 . 1 1  
0.19 

0.11 
0.11 
0.20 

0 .  

- 0 . 4 1  
-0.04 

0 . 1 3  
0.26 

0 . 0 5  
0.04 
0 . oo  

ref. 

a1 

a2 
a3 
a3 

a4 
a4 
a5 
a6 
a6 

a3 
a7 
a3 

a4 

a8 
a5 
a6 
a6 

a9 
a3, a10 
a1 1 

0.15 

0.10 

b3 

b4 

(b) ( C )  

25OC 250c 
B B 

kg Imo 1 e ref. kg / mo 1 e 

0.27 bl 
0.33 b2 

0.36 
0.30 

0 .22  
0.26 
0.35 

0.34 
0.21 

0.18 
0.07 
(0.15) 

0.17 
0 . 2 1  
0.10 

0.01 

0.04 

0.23 
0 . 2 0  
-0.06 
0.13 
0.10 
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electrolyte 

KBr 
KI 
KC103 

KClO,, 

KBr03 
K I O ~  

KNo 3 

KOZcH 
KOAc 
KCNS 
mz POr 
RbC 1 
RbB r 
Rb I 
RbNO 3 
RbOAc 
CSCl 
C s B r  
cs I 
C sNO 3 
CsOAc 

(a) 

0% 
B 

kg Imol e r e f .  

0.06 a3 

-0.19 a4 
-0.30 a9 
-0.55 a4 
-0 -55 a9 

-0.43 a8 
-0.43 a9 
-0.26 a5 
-0.31 a10 

0 . 1 5  a6 
0.30 a6 

2 5OC 2 5OC 
B B 

kg Imo 1 e - ref. kglmole 

-0.14 b5 

0.11 
0.15 

-0.04 

- 0 . 0 7  
- 0 . 0 7  

-0.11 

0.26 
0.09 

-0.16 
0.06 
0.05 
0.04 

-0.14 
0.26 
0 
0 

-0.01 
-0.15 
0.28 

-0.14 
-0.17 
-0.36 
-0.04 

Table 2: 6 and B Values of Bi-univalent and Uni-bivalent 
Electrolytes f r o m  Freezing Points 

B 
electrolyte kglmole 

BaCl 0.7 
Ba(NO9 1 2  - 0  - 5  
COCl2 1.1 
K2 so4 -0.1 

B 
kg Imo 1 e r e f .  

0.8 
-0.6 
1.3 

-0.1 

a8 
a12 
a8 
a8 
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DATA SOURCES FGR TABLES 1 A= 

a l .  Randall and Vanselow, J. A m e r .  Chem. SOC., 46, 2418 (1924) 
82.  Hartmann and Rosenfeld, Z.  physik. Chem. A.  164, 377 (1933) 
a3. Scatchard and Prentiss,  J .  A m e r .  Chem. SOC., 55. 4355 (1933) 
a4. Scatchard, Prentiss and Jones, J. Amer .  Chem. SOC., 56, 805 (1934) 
a5. Scatchard. Prentiss and Jones, J. Amer .  Chem. SOC., 54, 2690 (1932) 
a6. Scatchard and Prentiss,  J. Amer. Chem. SOC.. 56, 807 (1934) 
a7. Harkins and Roberts, J. Amer.  Chem. Soc., 38, 2676 (1916) 
a8. Hall and Harkins, J. Amer. Chem. Soc., 38, 2658 (1916) 
a9. Lange and Herre, 2. physik. Chem. A., 181, 329 (1938) 
a10. Adams, J. A m e r .  Chem. Soc. .  37. 481 (1915) 
a l l .  Lange, Z. physik. Chem. A . ,  168, 147 (1934) 
a12. Randall and Scott, J .  Amer. Chem. SOC., 49, 647 (1927) 

b l .  Hills and Ives, J .  Chem. Soc., 305, 311, 318 (1951) 
b2. Harned. Keston and Donelson. J. Amer. Chem. Soc. .  58. 989 (1936) 
b3. Brown and MacInnes. J .  Amer. Chem. S o c . .  57, 1356 (1935) 
b4. Shedlovsky and MacInnes, J. Amer. Chem. Soc., 59. 503 (1937) 
b5. MacInnes and Brown, Chem. Rev., 18, 335 (1936) 

METHODS FOR CALCULATING f3 

From freezingpoint data: 

Using the freezing point depression 0 .  the osmotic coefficient 4 can be 
calculated : 

0(1 + be) = (v+ + v-) m X $I 

where: b - cryoscopic constant determined by Guggenheim and Turgeon = 4.8 x 
loe4 deg-l 

h - cryoscopic constant determined by Guggenheim and Turgeon = 1.860 
deg. mole-lkg 

v+ - nunher of cations per mlecule  of e lectrolyte  

U- - n m r  of anions per mlecule  of e lectrolyte  

m - e lec t ro ly te  m l a l i t y  

They then define a quantity cpst: 
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where: a - Debye-HLickel constant, log e basis  
- n h e r  of positive charges on cation 
- ninber of negative charges on anion 

=+ 
z- 
I - m l a l i t y  scale ionic strength 
do) - function defined as: 

3 1 
Y3 + Y  

a(y) E - { 1 + y - -- - 2 ln(1 + y)} 

A table of values for u at values for y from 0. to  4.5 is available in 
Herbert S. Harned and Benton B. Owen's The Physical Chemistry of Electrolyte 
Solutions, 3rd ed., Reinhold Publishing Co.,  New York, 1958. p176. 

They continue: 
0(1 + be) - Cv+ + v-) X m$st = (v+ + v-)X m (0 - 4") 

= (v+ + v-) B x m 2  = 2v+u- B x m 

By plotting 0(1 + be) - (v+ + v-) X m $st versus m z ,  they expect to get a 
straight line with slope 2v+v-BX from which they can calculate 8. 

From e . m . f .  measurements: 

Of cells without transference: 

Since the increase in free energy of the cell is 

Y m  
~ ~ = 2 m i n x  and E F = - A , G  

using the measured potential E ,  a quantity Eo' is defined: 

EO ' 
where :  E - 

R -  
T -  
F -  
m -  
a -  

Plotting Eo' 

: E + 2 m In m - 2 r- Kr a f i  

1 + f i  
e.m.f. measurements 
gas law constant 
temperature 
Faraday 
electrolyte molalit y 
Debye-HGckel constant. log e basis 

versus m results in a straight line of slope 2 R T l F  and y 
intercept of E from which 6 can be calculated. 
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Of cells with transference: 

Since the e.m.f. E is: 
+ 

E = -2 I $ ,  t d lnym 
then: - 

+ RT m r y r  
tr ln- E = -2 t 

m V "  

where: tT- the value of tt  averaged over the range of mrr to mr 
t+ - transport  number - 

Using e .m.f .  and t+ measurements, Guggenheim and Turgeon find t+ b using 
rough estimates or successive substitution for y r  and y " .  With this 5 they 
can calculate values for In (yr/y") and hence values of k + log y for each m. 
Then by  plotting: 

versus  m to get  a straight line of slope 2Blln 10 with  intercept k on the m=O 
axis. For the example they show in their paper, they have adjusted to ordinate 
scale so that the arbitrarily set unknown constant k = 0. 

From isopiestic measurements: 

Guggenheim and Turgeon estimate B for 1-1 electrolytes by using the relation: 

5 = l o g -  9.19 

where 9 is the osmotic coefficient value at  25OC, .1 molal ionic strength. As 
isopiestic measurements give relative values, they use the NaCl 4 as their  
standard substance to obtain absolute values. The need to use .1 molal values is 
dictated by  the fact that their  method is valid only to ionic strengths of .l. 
Unfortunately, the isopiestic measurements at this level carry possible experimen- 
tal e r rors  of up  to .001 for 4 ,  affecting the B at least .01 kglmole. Guggenheim 
and Turgeon also differed w i t h  Robinson and Stokes'$ for NaCl by .002. They 
obtained 4 ~ ~ ~ 1  = .934. 

A s  1-2 and 2-1 measurements go down to .1 molal, which is . 3  molal ionic strength,  
Guggenheim and Turgeon claim the 5 values estimated would have an uncertainty of 
2 .1 kglmole and so have not tabulated them. They state that 8 is obtainable 
through the following relationship: 

8 = 7.5(9 - .782) a t  molality .1 
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APPENDIX 4 .2  

BROMLEY INTERACXION PARAMETERS 

From: Leroy A. Bromley, "Thermodynamic Properties of Strong Electro- 
lytes in Aqueous Solutions", AIChE Journal, v. 1 9 .  # 2 ,  pp. 313-  
3 2 0  ( 1 9 7 3 )  

Table 1: B Values at 25OC Determined by the Method of Least Squares on 
Log Y to 1=6.0 (or less if limited data) 

a 

1-1 salts 

A I W ,  
CsAc 
CsBr 
CSCl 
CsF 

cs I 
C S N O ~  
CsOH 
HBr 
HC 1 

HClOq 
HI 
HNo 3 
KAC 
KBr 

KBrOs 
KC 1 
Kclo3 
KC104 
KCNS 

is the standard deviation in log y 

B 
kglmol e 

- 0 . 0 8 2 8  
0 . 1 2 7 2  

- 0 . 0 0 3 9  
0 . 0 0 2 5  
0 . 0 9 0 6  

- 0 . 0 1 8 8  
- 0 . 1 1 7 3  

0 . 1 2 9 9  
0 .1734 
0 . 1 4 3 3  

0 - 1 6 3 9  
0 .2054 

0 . 1 1 8 8  
0 . 0 2 9 6  

- 0 . 0 8 8 4  
0 . 0 2 4 0  

- 0 . 0 7 3 9  
- 0  1 6 3 7  

0 . 0 1 3 7  

0 . 0 7 7 6  

0 . 0 5 6 5  
-0 - 0 7 9 8  

0 . 0 2 8 6  
- 0 . 1 1 2 4  

KH Malbnate - 0 . 0 2 2 7  

KH Succinate - 0 . 0 0 3 5  
KI 0 . 0 4 2 8  
mo3 - 0 . 0 8 6 2  
KOH 0 . 1 1 3 1  
K T O  1 - 0 . 0 5 5 9  

U 

0 . 0 2 7  
0 . 0 1 0  
0 . 0 1 5  
0 .017 
0 . 0 0 4  

0.007 
0 . 0 0 4  

0 . 0 0 4  
0 .003 

0 . 0 1 9  
0 004 
0 . 0 1 9  
0 .009 
0 .003 

0 . 0 0 3  
0 . 0 0 0 5  
0 . 0 0 3  
0 .000 
0.007 

0 . 0 0 6  
0 .003 
0 . 0 0 8  
0.001 
0 006 

0 . 0 0 3  

0 . 0 0 7  
0 . 0 0 8  
0 .013 
0 . 0 1 1  
0 . 0 1 2  

1-1 salts B 
kg lmo 1 e 

L i Ac 0.0722 

LiCl 0 . 1 2 8 3  
LiC103 0 . 1 4 4 2  
LiClO,, 0.1702 

L i  I 0.1815 
LiN03 0 . 0 9 3 8  
LiOH - 0 . 0 0 9 7  
LiTol 0.0230 
NaAc 0 . 1 0 4 8  

NaBr 0.0749 

Na Butyrate 0 . 1 4 7 4  
Na Caprate - 0 . 4 7 8 6  
Na Caproate 0 . 0 4 8 0  

Na Caprylate - 0 . 1 4 1 9  

NaC103 0 . 0 1 2 7  

NaCNS 0 . 0 7 5 8  

L i B r  0 . 1 5 2 7  

NaBrO, - 0  - 0 2 7 8  

NaCl 0 - 0 5 7 4  

NaC10, 0 . 0 3 3 0  

NaF 0 . 0 0 4 1  
Na Formate 0 . 0 5 1 9  

NaH, PO, - 0 . 0 4 6 0  
NaH,AsO, - 0 . 0 2 9 1  

NaH Adipate 0 . 0 4 6 1  

NaH Malonate - 0 . 0 0 1 1  
NaH Succinate 0 . 0 1 3 1  
Na Heptylate - 0 . 0 4 6 7  

NaN0, - 0 . 0 1 2 8  
Na I 0 . 0 9 9 4  

a 

- 
0 . 0 0 5  
0 . 0 1 7  
0 . 0 0 9  
0.004 
0 . 0 0 6  

0 . 0 0 7  
0 . 0 1 4  
0 .022 
0 . 0 0 7  
0 .009 

0 .0009 
0 . 0 0 2  
U - 0 2 3  
0 . 0 7 4  
0 . 0 9 7  

0 . 0 6 0  
0 . 0 0 2  
0 . 0 0 5  
0 . 0 0 7  
0 . 0 1 1  

0 0 0 0 6  
0 . 0 0 8  
0 . 0 0 6  
0 . 0 3 3  
0 . 0 0 1  

0 . 0 0 2  
0 . 0 0 5  
0 . 0 8 6  
0 .002 
0 . 0 0 2  
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1 - 1  salts R 
kg/mol e 

NaOH 0.0747 
Na Pelargonate -0.3040 
Na Propionate 
NaTo 1 
Na Valerate 

NH, Br 
NH,Cl 
NH,ClO, 
NH, I 
NH,N03 

RbAc 
RbBr 
RbC 1 
RbF 
Rb 1 

RbNO, 
TlAc 
TlCl 
TlC10, 
TlNO, 

1-2 salts 
I =3m 

cs , so, 
H2 so4 
" 2  co3 
K, CrO, 
K, HAsO, 

K, HPO, 

Li2S0, 

Na, CrO, 

Na, Furnarate 
Na , HAsO, 
Na, HPO, 
Na, Maleate 
Na, SO, 

(NH, l2 SO, 
Rb, SO, 

K2 so, 
Na, -3 

Na2S203 

0.1325 
-0.0200 
0.1222 

-0.0066 
0.0200 

-0.0640 
0.0210 

-0.0358 

0.1239 
0.0111 
0.0157 
0.0650 

- 0  -0108 

-0.0869 
-0 -0224 
0.0372 

-0.1288 
-0.2340 

-0.0012 
0.0606 
0.0372 

-0.0003 
0.0296 

-0 -0096 
-0.0320 
0 -0207 
0.0089 
0.0096 

0 -0366 
0.0022 

-0.0265 
-0.0029 
-0.0204 

-0.0005 
-0.0287 
-0.0091 

a 

0.010 
0.080 
0.008 
0.011 
0.057 

0.013 
0.005 
0.011 
0.004 
0.011 

0.008 
0.004 
0.005 
0.006 
0.005 

0.023 
0.014 
0.002 
0.0005 
0.003 

0.004 
0.175 
0.015 
0.003 
0.015 

0.006 
0.005 
0.003 
0.006 
0.006 

0.013 
0.016 
0.011 
0.033 
0.008 

0 . 0 0 5  
0.024 
0.005 

1-3 salts 
I =6m 

K~AsO, 
K, Fe (CN) 
K3POIl 
Na, AsO, 
Na3P0, 

1-4 salts 
1=10m 

K,Fe(CN) 
K,Mo (CN) 

2-1 salts 
I = 3 m  

BaAc , 
BaBr 
BaCl , 
Ba(C10, I , 
BaI, 

Ba(N03) 
Ba(0H) , 
CaBr, 
CaCl 
Ca(C10, 1 

CaI, 
Ca(N031, 
CdBr, 
CdCl2 
CdI2 

Cd (No3 1 2  
CoBr, 
COCl 2 

COI 2 

CUCl 2 

Cu(N03 1 2  
FeCl , 
MgAc 2 
MgB r 

MgClz 
Mg(ClO4 1 2  

MgI2 
nigm03 1 2  

cO(N03 1 2  

MnCl2 

B 
kvlrnole 

0.0551 
0.0195 
0.0344 

0.0043 
0.0159 

0.0085 
0.0110 

0.0357 
0.0852 

0.0936 
0.1254 

-0.0545 
-0.0240 
0.1179 
0.0948 
0.1457 

0.1440 
0.0410 

-0.1701 
- 0 . 1 4 4 8  
-0.2497 

0.0719 
0.1361 
0.1016 
0.1683 
0.0912 

0.0654 
0 -0797 
0.0961 
0.0339 
0.1419 

0.1129 
0.1760 
0.1695 
0.1014 
0.0869 

0.0638 

0 

0.033 
0.003 
0.031 

0.037 
0.033 

0.009 
0.018 

0.015 
0.004 
0.007 
0.012 
0.012 

0.001 
0.003 
0.009 
0.005 
0.003 

0.007 
0.007 
0,237 
0.180 
0 -383 

0.017 
0.012 
0.004 
0.013 
0.002 

0.017 
0.005 
0.004 
0.015 
0.012 

0.010 
0.009 
0.014 
0.004 
0.005 
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2-2 salts 
I =4m 

BeSO,, 

cuso 4 
MgSOs 
NiS04 
Z nSO u 

CdSOu 

3-1 salts 
I =6m 

AlCl3 

Co(EN) 3c13 
CeCl3 

CrCl3 
Cr(NO3)3 

Ga ( C l 0 ~  1 3 
Lac1 3 
LaN03 

EuCl3 

NdCl 3 

B 
kglmole 

0.1039 
0.0987 

-0  0606 
0.1038 
0.0847 

0.1254 
0.1339 
0.0138 

0.2267 
0.1157 

0.1296 
0.0911 
0.0364 
0.1755 
0.1341 

0.1002 

-0.0301 
-0.0371 
-0.0364 
-0.0153 
-0.0296 
-0.0240 

0.1089 
0.0815 

-0.0251 
0.1026 
0.0919 

0.0867 
0.1607 
0.0818 
0.0868 
0.0815 

(J 

0.007 
0.003 
0.034 
0.005 
0.002 

0.008 
0.005 
0.012 
0.015 
0.022 

0.010 
0.057 
0.043 
0.019 
0.060 

0.006 

0.110 
0 064 
0.066 
0.051 
0.052 
0.046 

0.018 
0.010 
0.016 
0 015 
0.010 

0.009 
0.019 
0.011 
0.034 
0.011 

3-1 salts 
i=6m 

prc13 
5cc13 
SmCl 
YCl 

3-2 salts 
1=15m 

A1 2 (Sot, 1 3  

Cr (SO, 1 

4-1 salts 
I= lOrn  

thc14 
Th(NO3) 4 

B 
kg Imo 1 e 

0.0805 
0.0969 

0.0882 
0.0848 

-0.0044 
0.0122 

0.1132 
0.0894 

0 

0.009 
0.016 
0.010 
0.014 

0.041 
0.014 

0.056 
0.079 
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Table 2: Individual Ion Values of B and 6 in Aqueous Solutions at 25OC 

B = B+ + B- + 6, 6- the units of B are kglmle 

Anion. B+ 6+ Cat ion 

- 
H+ 0.0875 0.103 F 

N+8 
K +  

cs + 
NH$ 
T1+ , 
Ag++ 

Li: 0.0691 0.138 c1- 
0. o o o o *  0 . 0 2 8  Br- 

-0.0537 -0.100 c10; 

c10; 

-0.04 5 2  - 0 . 0 7 9  I 
Rb 

+ 
-0.0710 -0.138 
-0.042 - 0 . 0 2  BrO; 

- 0 . 0 5 8  ( 0 )  NO; 
(0.1) ( 0 . 2 )  H POI 

-0.135 -0.02 10; 

Be 

B - 
0 . 0 2 9 5  
0 . 0 6 4 3  
0 . 0 7 4 1  
0 . 0 8 9 0  
0 . 0 0 5  

0 . 0 0 2  
- 0 . 0 3 2  
(-0.04) 

- 0 . 0 2 5  
-0  0 5 2  

++ 
0 .0570  0 . 1 5 7  HzAsO; - 0 . 0 3 0  
0.0374 0.119 CNS- 0 . 0 7 1  
0.0245 0 .110  OH- 0 . 0 7 6  

Mg++ 

Sr++ 
Ba++ 

Fe++ 

Ni++ 
cu++ 

Ca ++ 
0,0022 0 . 0 9 8  Format e (C 1)  0.072 
0 . 0 3 7  ( 0 . 2 1 )  Acetate (CZ) 0.104 Mn 

++ 
0.046 (0.21) Propi ona t e (C I )  0.152 

0.054 (0.21) Va 1 era t e (C 1 0.142 
0.022 0 . 3 0  Ca proa t e (C 1 0.068 
0 . 1 0 1  0 .09  Hepty 1 ate (C 7 )  -0.0 27  

0 . 0 4 9 0  0 . 2 1 0  But yra t e ( C  1 0 . 1 6 7  co ++ 

Zn 

Cd:: 0.072 ( 0 . 0 9 )  Caprylat e(C a )  -0.122 
-0 .104  0.25 Pelargona t e(C,) - 0 . 2 8 4  

0 .079 0 . 1 9  Caprate(C, - 0 . 4 5 9  
Pb++ 
uo:++ 
Cr+++ 

%++ 

La+++ 
Ce+++ 

0 . 0 6 6  0 . 1 5  H Malonate(C,) 0 . 0 0 5  
0.052 0.12 H Succinate(C,) 0.021 A1 

+++ 
0.046 (0.2) H Adipate(C5) 0.053 
0.037 ( 0 . 2 )  To lua t e -0.022 
0.036 0.27 CrO 0.019 
0.035 ( 0 . 2 7 )  so 4 0 . 0 0 0  

Pr 0.034 ( 0 . 2 7 )  s 20;- 0.019 

-- +++ 
-- 

6 

-0.93 

- 

- 0 . 0 6 7  
0 . 0 6 4  
0 . 1 9 6  
0 . 4 5  

0 . 7 9  
0.14 

( 0 )  
0.27 
0.20 

0 . 0 5  
0.16 

- 1 . 0 0 5  

-0.73 
( - 0 . 7 )  

( - 0 . 7 )  
( - 0 . 7 )  
( - 0 . 7 )  
( - 0 . 7 )  
( - 0 . 7 )  

( - 0 . 7 )  
( - 0 . 7 )  
( - 0 . 7 )  
-0.22 
-0 .27  

- 0 . 2 6  
- 0 . 1 6  
- 0 . 3 3  
-0.40 

( - 0 . 7 )  
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Cat ion 

+++ 
+++ 
+++ 
+++ 

Nd 

sm 
Eu 

Ga 

&(en> t 
Th 

+++ 
++++ 

B + 

0.035 

0.039 

0.041 

0.000 

-0.089 

0.062 

+ 6 

(0.27) 

(0.27) 

(0.27) 

(0.2) 

(0.) 

0.19 

B - 

-0.010 

0.021 

0.028 

0.056 

0.017 

0.024 

0.038 

0.065 

0.054 

0.056 

~ 

6 - 

-0.57 

-0.67 

-0.67 

(-0.7) 

(-0.7) 

-0.70 

-0.78 

(0) 

(0) 

(0) 

* For convenience the value of %a+ was set equal to zero and the 
6 0 ~ -  set equal to -1.0. 

t Co(en)3+++ denotes tris-(ethylenediamine) cobalt I I I. 

Values in parentheses are estimated. 

Table 3: Bivalent &tal Sulfates at 25OC 

a = 70; (3 = standard deviation in logy;' rmximm mlality = 4 

salt B E (I 

&SO4 0.1385 0.00654 0.045 
-4 0.4463 0.01143 0.002 
OdSOr 0.0988 0.00526 0.014 
CaSOr 0.1244 0.00498 0.006 
-4 0.1285 0.00640 0.008 

0.1042 0.00464 0.009 
0.1226 0.00599 0.027 

w 4  
-4 
NiSOt, 0.1056 0.00524 0.008 
ZnSO4 0.1008 0.00483 0.009 

- 

174 



IV.  Single Strong Electrolytes 

APPENDIX 4 . 3  

mISSNER PARAMETERS 

From: C.L. Kusik and H . P .  Meissner, “Electrolyte Activity Coeffici- 
cients in Inorganic Processing”. AIChE Symposium Series 1 7 3 ,  7 4 .  
1 6  ( 1 9 7 8 )  

Table: Average Values of Parameter q in Equation ( 4 . 4 6 )  for Selected 
Electrolytes 

1-1 electrolyte 

&NO3 
Cs Acetate 
CsBr 
CSCl 
cs I 

CsOH 

HC 1 
HNo 3 
K Acetate 

C S N O ~  

KBr 
KBrO, 
KC 1 

KCNS 
KC103 

KF 
KH Maleate 
m2 Pos 
KH Succinate 
KI 

KNo3 
KOH 
K p-toluene eulphonate 
Li Acetate 
L i B r  

4 

- 2 . 5 5  
5 . 5 9  

- 0 . 0 6  
0 . 1 6  

- 0 . 4 1  

7 . 3 4  
- 2 . 6 2  

6 . 6 9  
3 . 6 6  
5 . 0 5  

1 . 1 5  
- 2 . 0 0  

0 . 9 2  
- 1 . 7 0  

0 . 6 1  

2 . 1 3  
- 0 . 7 2  
- 2 . 5 4  

0 . 0 2  
1 . 6 2  

- 2 . 3 3  
4 . 7 7  

- 1 . 7 5  
2 . 8 1  
7 . 2 7  

LiCl 5.62 
L iOH - 0 . 0 8  

Li p-toluene sulphonate 0.84 
Na Acetate 4 . 2 0  

LiNO3 3 . 8 0  

maximum I 

b 
a 
b 
b 
a 

b 
U 
b 
U 
b 

a 
b 
a 
b 
b 

a 
b 
a 
a 
b 

b 
a 
b 
b 
a 
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1-1 electrolyte 

NaBr 
NaBrOs 
NaC 1 
NaC 1 0 3  
NaC 1 0 4  

NaCNS 
NaF 
Na Formate 
NaH Maleate 
NaH Succinate 

NaH2 Po4 
Na I 
NaNOs 
NaOH 
Na Propionate 

Na p-toluene sulphonate 
N H s  ci 

Rb Acetate 
RbB r 

NH4No3 

RbC 1 
Rb I 
RbNO 3 
T1 Acetate 

1 - 2  electrolyte 

c s  2 SO,  
K,CrO, 

Li ,SO, 
Na,CrO, 

Na, Fumarate 
Na, Maleate 

Na,SO, 

K2S04 

Na 2 s  Z03 

( M i , )  ,so, 

Rb, SO, 

2-1 electrolyte 

BaBr 
BaCl 
Ba(C10,) 
BaI i 
Ba(N03) 

9 

2 . 9 8  
- 0 . 6 8  

2 . 2 3  

1 . 3 0  
0 - 4 1  

2 .94  
0 . 3 7  
1.83 
0 . 0 1  
0 . 6 0  

- 1 . 5 9  
4 .06  

- 0 . 3 9  
3 . 0 0  
5 . 5 4  

- 0 . 8 0  
0 . 8 2  

- 1 . 1 5  
5 . 3 9  
0 . 4 6  

0 . 6 2  
0 . 4 5  

- 2 . 4 9  
- 0 . 7 3  

9 

0 . 1 6  
0 . 1 6  

- 0 . 2 5  
0 . 5 7  
0.41 

0 . 8 8  
0 . 1 2  
0 . 1 8  

- 0 . 1 9  
- 0 . 2 5  

0 . 0 0 7  

A 
1 . 9 2  
1 . 4 8  
1 . 9 0  
2 . 8 4  

- 0 . 5 2  

maximum I 

a 

a 
a 
b 

U 

a 

a 
b 
b 

U 

a 
a 
b 
a 
a 

a 
b 
b 
a 
b 

b 
b 
b 
b 

maximum I 

b 
C 
U 
C 

C 

b 

maximum I 

b 
b 

b 
C 

C 
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2 - 1  electrolyte A 
2 . 4 0  
3 . 2 7  
0 . 9 3  
1 . 5 3  
3 . 0 8  

2 . 2 5  
3 . 8 7  
2 . 0 8  
1 . 4 0  
1 . 8 3  

2 . 1 6  
0 . 8 3  
3 . 5 0  
2 . 9 0  
4 . 1 5  

4 . 0 4  
2 . 3 2  

2 . 3 3  
2 . 2 5  

1 . 6 0  

- 0 . 9 7  
2 . 3 4  
1 . 9 5  
2 . 8 4  
3 . 0 3  

0 . 3 0  
2 . 4 0  
5 . 6 4  
2 . 9 0  
4 . 3 0  

2 . 2 8  

A 
0 . 0 1 6  
0 . 0 0  
0 . 1 5  
0 . 1 4  
0 . 0 2 5  

0 . 0 6 6  
0 . 0 5  

maximum I 

d 
b 
d 
b 
d 

b 
d 
d 
b 
d 

b 

d 
d 
b 

C 

C 
b 
d 
b 
a 

d 

maximum 1 

h 
C 
C 
b 
c 

b 
C 
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~ 1 ~ 1 ,  
CeC13 
CrCl3 
Cr(N03 1 3  
EuCl3 

Lac19 
NdCla 
PrCl3 
scc13 
SmCl3 

Yc13 

1 . 9 2  
1 . 4 1  
1 . 7 2  

1 . 4 9  

1 . 4 1  
1 . 4 2  
1 . 4 0  
1 . 6 8  

1 . 5 1  

1 . 4 7  

1 . 5 5  

maximum I 

d 

b 

3-1 electrolyte 9 

C 

C 

C 

C 
C 
C 
C 
C 

C 

lvimum I 

d 
d 

3 - 2  electro-gte 9 

0 . 3 6  
0 . 4 3  

Maximum I Key: 

a - 3 to 4 molal 
b - 4 . 5  to 6 molal 
c - 9 molal 
d - 1 5  molal 
u - limited data, q determined usually from r o  at highest reported 

concent rat i o n  
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APPENDIX 4.4  

PITZER PARAMETERS 

From: K.S. Pitzer, ”Theory: Ion Interaction Approach”. Activity 
Coefficients in Electrolyte Solutions, vol. 1, Ricardo M. 
Pytkowicz, ed., CRC Press, Boca Raton, Fla. ( 1 9 7 9 )  

U is the standard deviation of f i t  

key: a - high accuracy in cases where some or all of 
b - intermediate the experimental data are other than 
c - low isopiestic measurements 

Table 1: Inorganic Acids. Bases and Salts of 1-1 Type 

species 6 0  81 C+ Max m U 

AgNO 3 - 0 . 0 8 5 6  0 . 0 0 2 5  0 . 0 0 5 9 1  6 0 . 0 0 1  
CsBr 0 . 0 2 7 9  0 . 0 1 3 9  0 . 0 0 0 0 4  5 0 . 0 0 2  
CSCl 0 . 0 3 0 0  0 . 0 5 5 8  0 . 0 0 0 3 8  5 0 . 0 0 2  
CsF 0 . 1 3 0 6  0 .2570 - 0  0 0 4 3  3 . 2  0 . 0 0 2  
cs I 0 . 0 2 4 4  0 .0262 -0 .00365 3 0 . 0 0 1  

CSNO, 0 . 0 4 2 7  0 .060  - 0 . 0 0 5 1  6 0 . 0 0 4  
CsNO, - 0 . 0 7 5 8  -0 .0669 --- 1.4  0.00’1 
CsOH 0 . 1 5 0  0 . 3 0  
HJ3r 0 . 1 9 6 0  0 .3564 0 .00827 3 a 
HC 1 0 . 1 7 7 5  0 . 2 9 4 5  0 0 0 0 8 0  6 a 

--- - --- 

HC10, 
HI 
m03 
KBr 
mro3 

0 . 1 7 4 7  0 . 2 9 3 1  
0 . 2 3 6 2  0 .392  
0 . 1 1 1 9  0 . 3 2 0 6  
0 . 0 5 6 9  0 . 2 2 1 2  

. 0 . 1 2 9 0  0 .2565 
- 

0 . 0 0 8 1 9  5 . 5  0 . 0 0 2  
0 . 0 0 1 1  3 b 
0.0010 3 0 . 0 0 1  

.o  . 0 0 1 8 0  5 . 5  0 . 0 0 1  
--- 0.5  0 . 0 0 1  

KC 1 0 . 0 4 8 3 5  0 . 2 1 2 2  - 0 . 0 0 0 8 4  4 . 8  0 . 0 0 0 5  
KC103 - 0 . 0 9 6 0  0 . 2 4 8 1  --- 0.7  0 . 0 0 1  
KCNS 0 . 0 4 1 6  0 - 2302 - 0 . 0 0 2 5 2  5 0 . 0 0 1  
KF 0 . 0 8 0 8 9  0 . 2 0 2 1  0 . 0 0 0 9 3  2 0 .001  
KHzAsOc, - 0 . 0 5 0 4  0 .0626 1 .2  0 . 0 0 3  

1.8 0 . 0 0 3  mZm4 - 0 . 0 6 7 8  
K I  0 . 0 7 4 6  0 .2517 - 0 . 0 0 4 1 4  4.5 0 .001  
KNO 2 0 . 0 1 5 1  0 . 0 1 5  0 . 0 0 0 7  5 0 . 0 0 3  
KNo 3 - 0 . 0 8  1 6  0 .0494 0 . 0 0 6 6 0  3.8 0.001 
KOH 0 . 1 2 9 8  0 . 3 2 0  0 . 0 0 4 1  5 . 5  5 

--- 
-0 .1042 ..-- 
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species 

mF6 
LiBr 
LiCl 
LiClO, 
Li I 

L i NO2 
L i NO, 
L iOH 
NH, Br 
NH4Cl 

NH, c10, 
MI, NO, 
NaBF, 
NaB02 
NaBr 

NaBr03 
NaC 1 
NaC10, 
NaC10, 
NaCNS 

NaF 
NaH, AsO, 
NaH2 PO,, 
Na I 
NaNO, 

NaN03 
NaOH 
RbB r 
RbC 1 
RbF 

Rb I 
RbNO, 
RbNOs 
TlClOt, 
TlNOj 

B O  

-0.163 
0.1748 
0.1494 

0.2104 
0.1973 

0.1336 
0.1420 
0.015 
0.0624 
0.0522 

-0.0103 
-0.0154 
-0.0252 
-0.0526 
0.0973 

-0.0205 
0.0765 

0.0554 
0.1005 

0.0215 
-0.0442 
-0.0533 
0.1195 
0.0641 

0.0068 
0.0864 
0.0396 
0.0441 

0.0249 

0 1141 

0.0397 
0.0269 

-0.0789 
-0.087 
-0.105 

-0.282 
0.2547 
0.3074 
0.3996 
0.373 

0.325 
0.2780 
0.14 
0.1947 
0.1918 

-0.0194 
0.1120 
0.1824 
0.1104 
0.2791 

0.1910 
0.2664 
0.2455 
0.2755 
0 3582 

0.2107 
0.. 2895 
0 0396 
0.3439 
0.1015 

0.1783 
0.253 
0.1530 
0.1483 
0.2842 

0.1330 
-0.1553 
-0.0172 
-0.023 
-0.378 

--- 
0.0053 
0.00359 
0.0008 

-0.0053 
-0.00551 

-0.00436 
-0.00301 

--- 

--- 
-0,00003 
0.0021 
0.0154 
0.001 16 

0.0059 
0.00127 
0.0004 

-0.00118 
-0.00303 

- -- 
0.00795 
0.0018 

-0.0049 

-0.00072 
0.0044 

-0.00144 
-0.00101 
-0.0105 

-0.00108 
-0.00366 
0.00529 - -- 

Max m 

0.5 
2.5 
6 
3.5 
1.4 

6 
6 
4 
2.5 
6 

2 
6 
6 
4.5 
4 

2.5 
6 
3.5 
6 
4 

1 
1.2 
6 
3.5 
5 

6 
6 
5 
5 
3.5 

5 
5 
4.5 
0.5 
0.4 

U 

0.001 
0.002 
0.001 
0 * 002 
0.006 

0.003 
0.001 

0.001 
0.001 

0.004 
0.001 
0.006 
0.004 
0.001 

0.001 
0.001 
0.001 
0.001 
0.001 

0.001 
0.001 
0.003 
0.001 
0.005 

C 

0.001 
b 
0.001 
0.001 
0.002 

0.001 
0.002 
0.001 
0.001 
0.001 

180 



:IV. Single Strong Electrolytes 

Table 2 :  Salts of Carboxylic Acids (1-1 Type) 

species 

Cs Acetate 0 . 1 6 2 8  0.3605 - 0 . 0 0 5 5 5  
K Acetate 0 . 1 5 8 7  0 . 3 2 5 1  - 0 . 0 0 6 6 0  

KH Malonate - 0 . 0 0 9 5  0 . 1 4 2 3  0 . 0 0 1 6 7  
KH Succinate 0.0111 0 . 1 5 6 4  0 . 0 0 2 7 4  

Li Acetate 0 . 1 1 2 4  0 - 2 4 8 3  - 0 . 0 0 5 2 5  
Na Acetate 0 . 1 4 2 6  0 . 3 2 3 7  - 0 . 0 0 6 2 9  
Na Formate 0 - 0 8 2 0  0.2872 - 0 . 0 0 5 2 3  
Na Propionate 0 . 1 8 7 5  0 . 2 7 8 9  - 0 . 0 1  27 7 

KH Adipate 0 . 0 4 1 9  0 . 2 5 2 3  --- 

NaH Adipate 0 . 0 4 7 2  0 . 3 1 6 8  --- 

NaH Malonate 0 . 0 2 2 9  0 . 1 6 0 0  - 0 . 0 0 1 0 6  
NaH Succinate 0 . 0 3 5 4  0 . 1 6 0 6  0 . 0 0 0 4 0  
Rb Acetate 0 . 1 6 2 2  0 .3353  -0 .0055  1 
T1 Acetate 0 . 0 0 8 2  0 . 0 1 3 1  - 0 , 0 0 1 2 7  

Table 3 :  Tetraalkylammonium Halides 

species 

Bu 4NBr - 0 . 0 2 7 7  -0 .525  0 . 0 0 1 1  
BU 4NCl 0 . 2 3 3 9  -0 .410  -0 .0567  
Bu4NF 0 . 6 0 9 2  0 . 4 0 2  - 0 . 0 2 8 1  
E t 4NBr - 0 . 0 1 7 6  -0.394 0 . 0 1 5 6  
Et 4NCl 0 . 0 6 1 7  - 0 . 0 9 9  0 .0105  

Et 4NJ? 0 . 3 1 1 3  0 . 6 1 5 5  0 . 0 3 4 9  
Et rNI - 0 . 1 7 9  - 0 . 5 7 1  0 . 0 4 1 2  
Me4NBr - 0 . 0 0 8 2  - 0 . 1 4 7  0 . 0 1 0 5  
MecNCl 0 . 0 4 3 0  -0 .029  0 .0078  
MebNF 0 . 2 6 7 7  0.2265 0.0013 

Me4NI 0 . 0 3 4 5  -0.585 
PrkNBr 0 . 0 3 9 0  -0 .772  0 . 0 0 9 9  
PrkNC1 0 . 1 3 4 6  - 0 . 3 0 0  0 . 0 1 1 9  
Pr4NF 0 . 4 4 6 3  0 . 4 0 9 0  0 . 0 5 3 7  
Pr4NI - 0 . 2 8 3 9  -0.863 

--- 

--- 

Max m 

3.5 
3.5 
1 
5 
4.5 

4 
3.5 
3.5 
3 
0.7 

5 
5 
3 . 5  
6 

Max m 

4.5 
2.5 
1 .7  
4 
3 

2 
2 
3 . 5  
3 . 4  
3 

0 . 3  
3.5 
2.5 
2 
0.5 

U 

0 . 0 0 1  
0 . 0 0 1  
0 . 0 0 1  
0 .004  
0 .002  

0 .001  
0.001 
0 . 0 0 1  
0 . 0 0 1  
0 . 0 0 1  

0 . 0 0 2  
0 .001  
0 . 0 0 1  
0 . 0 0 1  

U 

0.007 
0 .001  
0 .005  
0 . 0 0 1  
0 .002  

0 . 0 0 2  
0 .007  
0.004 
0 .005  
0 .002  

0 . 0 0 3  
0 .003  
0 . 0 0 2  
0 .002  
0 .005  

1 8 1  
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Table 4: Sulfonic Acids and Salts (1-1 Type) SA = Sulfonic Acid; 
S = Sulfonate 

species B O  $ 1  C+ Max m 0 

Benzene SA 0.0526 0.445 0.0036 5 0.002 
BuvN ethane S 0.1827 0.445 -0.0374 4 
BuvN methane S 0.2145 0.235 -0.0392 4 
Ethane SA 0.1536 0.341 -0.0056 4 
Et4N ethane S 0.1805 0.075 -0.0040 4 

--- 
--- 
--- 
--- 
--- EtsN methane S 0.1548 0.090 -0.0034 4 

K ethane S 0.0965 0.250 -0.0074 4 
K methane S 0.0581 0.165 -0.0046 4 
K p-toluene S - 0  0985 0.453 0.0122 3.5 0.002 
Li benzene S 0.1134 0.466 -0.0075 4.5 0.002 

Li ethane S 0.1799 0.319 -0,0118 4 
Li2.5 Mezbenzene S -0.0098 0.361 0.0039 3.5 
Li Mesitylene S -0.1998 0.871 0.0456 2 0.004 
Li methane S 0.1320 0.271 -0.0030 4 
Li p-Et benzene S -0.1438 0.804 0.0317 5 0.01 

Li p-toluene S 0 e0189 0 399 0.0046 4.5 0 004 
2.5 Menbenzene SA -0.0965 0.141 0.0210 4.5 0.01 
MebN ethane S 0.1796 0.083 -0.0116 4 
Me4N methane S 0.1458 0.168 -0.0043 4 
Mesitylene SA -0.2209 0.248 0.0432 2 0.01 

--- 
--- 

--- 
-- - 
--- 

--- 
--- 

Methane SA 0.1298 
N H 4  ethane S 0.1142 
N H s  methane S 0.0661 
Na benzene S 0.0842 
Na ethane S 0.1316 

Na2,5 Me, benzene S -0.0277 
Na Mesitylene S -0.2018 
Na methane S 0.0787 
Na p-Et benzene S -0.2240 
Na p-toluene S -0,0344 

0 - 629 
0.179 
0.191 
0.351 
0.374 

0.228 
0.767 

0.895 
0.396 

0.274 

0.0052 
-0.01 14 
-0.0041 
-0.0181 
- 0 . 0 0 8 2  

--- 
-0.0024 
0.0355 
0.0043 

4 
4 
4 
2.5 
4 

1 
1 
4 
2.5 
4 

0.005 
0.003 

0.01 
0.003 

--- 

p-Et benzene SA -0.1736 0.435 0.0383 2 0.007 
p-toluene SA -0.0366 0.281 0.0137 5 0.002 
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T a b l e  5 :  Additional 1-1 Type Organic Salts 

C+ -- - Max m 

6 
6 
6 
6 
3 

spec i es I 3 0  A CJ 

0 . 0 1  
0 .01  
0 . 0 0 4  
0.004 
0 .002  

0 . 0 0 1  
0 . 0 1  
0.01 
0 . 0 1  
0 .01  

Bu , S B r  - 0 . 0 8 0 3  -0 .616  
BU ,SCl 0 . 0 7 2 6  - 0 . 2 4 5  
Chol ine Br - 0 . 0 0 6 6  -0 .227  
Chol ine C1 0 .0457  -0.196 

- 0  - 0 4 7 4  -0.259 

(HOC*H,)t,NF 0 . 0 9 3 8  0 . 1 2 8  

Me ,BzNCl - 0 . 0 8 2 1  -0.178 
M e  20E t BzNBr - 0 . 1 5 1 8  -0 .778  

( HOC 2H ,, 1 ,, NB r 

Me ,BzNBr - 0 . 1 5 1 7  -0.545 

Me20EtBzNC1 - 0 . 0 8 7 9  -0 .343  

0 . 0 0 5 3  
- 0 . 0 0 9 9  

0 . 0 0 3 6  
0 . 0 0 0 8  
0 . 0 1 0 6  

- 0 . 0 0 3 0  
0 . 0 1 8 7  
0 . 0 1 6 2  
0 . 0 1 7 7  
0 . 0 1 3 4  

4 
3 
3.5 
3 
4 

Me SBr 
Me,SC1 
Me,SI 

- 0 . 0 2 2 8  -0.245 
0 . 0 3 1 4  -0.184 

- 0 . 0 6 0 1  -0 .604  

0 . 0 0 4 4  
0 . 0 0 2 3  
0 .0006  

6 
6 
3 

0 - 0 0 4  
0 0 0 5  
0 . 0 1  

Table 6: Inorganic Compounds of 2 - 1  Type 

2=12/3 C4 

- 0 . 0 3 0 0 9  
- 0 . 0 3 6 5 4  
- 0 . 0 5 8 9 4  
- 0 . 0 3 2 8 6  

-- 

--- 

spec i es 

B a B r  2 
BaCl2 
Ba(C1Os 1 2  

Ba12 
Ba(NO3 1 2  

Ba (OH) 2 
CaBr 2 
CaCl2 
Ca ( ~ 1 0 4  1 2  
CaI 2 

Ca(NO3 1 2  
Cd (NO3 1 z 
CoBr 2 
CoCl2 
c012 

CO(NO3 1 2  
cS2 sob 
cuCl2 
Cu (NOS 1 2  
FeCl2 

4 1 3  0 ,  4 1 3  B e  Max m 

2 
1.8 
2 
1.8 
0.4 

0 . 1  
2 
2.5 
2 
2 

D 

0 .001  
0 .001  
0.003 
0.003 
0 . 0 0 1  

0 . 4 1 9 4  
0 . 3 5 0 4  
0 . 4 8 1 9  
0 .5625  

- 0 . 0 4 3  

2.093 
1 . 9 9 5  
2 . 1 0 1  
2 .249  
1 . 0 7  

0 .229  1.60 

0 . 4 2 1 2  2.152 
0.6015 2.342 

0 . 5 0 8 8  2 . 1 5 1  

0 . 5 8 3 9  2 .409  

0 . 2 8 1 1  1.879 

0 . 5 6 9 3  2.213 
0 . 4 8 5 7  1 .967  
0.695 2.23 

0 .4159  ' 2 .254 
0 . 1 1 8 4  1 . 4 8 1  
0 .3955  1 . 8 5 5  
0 . 4 2 2 4  1.907 
0 . 4 4 7 9  2 . 0 4 3  

0 . 3 8 2 0  2.224 

- 0 . 0 0 4 8 5  
- 0 . 0 0 0 6 4  
- 0 . 0 0 9 4 3  
- 0 . 0 0 1 5 8  

0.002 
0.003 
0.005 
0 . 0 0 1  

- 0 . 0 3 7 9 8  

- 0 . 0 0 1 2 7  
- 0 . 0 2 8 6 9  

- 0 . 0 4 8 3 6  

-0 0 0 8 8  

2 
2.5 
2 
3 
2 

0 .002  
0.002 
0.002 
0 .004  
0 . 0 1  

- 0 . 0 1 4 3 6  
- 0 . 0 1 1 3 1  
- 0 . 0 6 7 9 2  
- 0 . 0 4 1 3 6  
- 0 . 0 1 6 2 3  

5.5 
1.8 
2 
2 
2 

0.003 
0 . 0 0 1  
0.002 
0 .002  
0 .002  

0 . 1 0 1 1  1 .652  
0 . 1 7 2 8  2.198 

0 . 0 8 8 1  3 .164  
0 . 0 6 6 6  1.039 

0 . 0 3 3 0  1 6 9 9  

- 0  - 00 1 4 7  
- 0 . 0 3 3 6  

0 . 0 2 4 7  
0 . 0 3 0 9  

--- 

3.5 
1 
1 
1 
0.7 

0.003 
0 . 0 0 1  
0.002 
0.005 
0 . 0 0 2  
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0.1817 1 .694  
0.5769 2 .337  
0 .4698  2.242 
0 . 6 6 1 5  2.678 
0 .6536  2 .4055  

0.4895 2.113 
0 .4363  2 .067  
0.0545 0 .878  
0 . 2 5 3 0  1 .128  

1 . 8 2 6  0 . 1 2 5 0  

Naz H A 5  0, 0 . 0 4 0 7  2 . 1 7 3  
Na, HPO, -0 .0777  1.954 
NaZ s Z  O3 0 . 0 8 8 2  1 . 7 0 1  
Na, SO, 0 . 0 2 6 1  1.484 
N i C l ,  0 . 4 6 3 9  2.108 

Pb(C10, 1, 0 . 4 4 4 3  2.296 
Pb(NO3 1 2  -0 .0482  0.380 
Rb, SO, 0 .0772  1 . 4 8 1  
SrBr,  0 .4415  2.282 
SrC1, 0 . 3 8 1 0  2.223 

Sr (C10 ,  1, 
Sr I, 
Sr(NO31, 
uo, c1, 
uo, (ClO,), 

UO, (NO3 ) , 
ZnBr ,  
Z n C l  , 
Z n ( C l 0 ,  1, 
Z n l ,  

Z n ( N 0 3  ), 

0 . 5 6 9 2  2 .089  
0 .5350  2.480 
0 . 1 7 9 5  1 .840  
0.5698 2.192 
0 . 8 1 5 1  2.859 

0 . 6 1 4 3  2 . 1 5 1  
0 .6213  2.179 
0 .3469  2.190 
0 . 6 7 4 7  2 .396  
0.6428 2.594 

0 . 4 6 4 1  2 .255  

c i s [ C o ( e n ) , N H ,  NOz I (NO:), -0 .0928 0 . 2 7 1  
t r a n s [ C o ( e n ) , N H 3  NO2] (NO,), -0 .0901  0 .249  

t r a n s  [ C o (  en), NH,NO, 1 C1, 0.0 0 5 0  0 .695  
c is [Co(en) ,  NH3N0, IC1, -0 .0327  0 .684  

c i s  [Co(en) ,  NH3 NO, I B r  , -0.1152 0 . 1 2 8  

t r a n s [ C o ( e n ) ,  NH,NO, IBr ,  -0 .0912 0.424 
c i s [ C o ( e n ) 2  N03N0,1 I, -0 .1820 0 . 5 9 4  
t r ~ n s [ C o ( e n ) ~  N03N021 I, - 0 . 1 9 7 0  1 . 0 0 3  

Z5/,13 C9 

- 0 . 0 0 7 5 3  
0 - 0 0 5 8 9  
0 . 0 0 9 7 9  

0 . 0 1 4 9 6  

- 0 . 0 3 8 8 9  
- 0 . 0 3 8 6 5  
- 0 . 0 0 2 1 9  
- 0 . 0 9 0 5 7  
-0 - 0 0 4 0 7  

0 . 0 0 3 4  
0 . 0 5 5 4  
0 . 0 0 7 0 5  
0 . 0 1 0 7 5  

- 0 . 0 0 7 0 2  

- 0 . 0 1 6 6 7  
0 . 0 1 0 0 5  

- 0 . 0 0 0 1 9  
0 . 0 0 2 3 1  

-0.00 2 4 6  

- 0  - 0 2 4 7 2  
- 0 . 0 0 5 0 1  
- 0 . 0 3 7 5 7  
- 0 . 0 6 9 5 1  

0 . 0 4 0 8 9  

0 . 0 1 8 0 6  

- 0 . 0 5 9 4 8  
- 0 . 2 0 3 5  
- 0 . 1 6 5 9  

-0 .0269  

- 0 . 0 2 9 5 5  

0 . 0 2 1 3 4  

0 . 0 1 2 1  
0 . 0 0 6 6  
0 . 0 1 5 8  

0 .0223  --- 
- -- 

M a x  rn 

3 
5 
4.5 
2 
5 

2 
2.5 
5.5 
1.5 
2 

1 
1 
3.5 
4 
2.5 

6 
2 
1.8 
2 
4 

2.5 
2 
2 
2 
2.5 

2 
1 .6  
1.2 
2 
0.8 

2 

0.6 
0 -8 
2.8 
2.4 
1 

2.4 
0.6 
0.3 

U 

0 .002  
0 .004  
0 .003  
0 .002  
0 .003  

0 .003  
0 .003  
0 .004  
0 . 0 0 1  
0.002 

0 . 0 0 1  
0 .002  
0 .002  
0.003 
0 . 0 0 2  

0 .004  
0 .002  
0 . 0 0 1  
0 . 0 0 1  
0 .003  

0 .003  
0 .001 
0 . 0 0 2  
0 . 0 0 1  
0 .003  

0.002 
0 .007  
0.006 
0.003 
0.002 

0 . 0 0 1  

0.002 
0 . 0 0 2  
0.005 
0 . 0 0 5  
0.004 

0 .005  

0.003 
0.004 
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Table 7: Organic Electrolytes of 2-1 Type (SA = Sulfonic Acid: S = Sulfonate) 

spec i es 413 Po 413 81 Max m CJ 

m-Benzenedi SA 0.5611 2.637 -0.0463 1.6 0.004 
Lip m-Benzenedi S 0.5464 2.564 -0.0622 2.5 0.004 
Nap m-Benzenedi S 0.3411 2.698 -0.0419 3.0 0.004 

Lip 4.4-bibenzyldi S 0.1810 1.755 0.0462 1.2 0.007 
4.4'bibenzyldi SA 0.1136 2.432 0.0705 2.0 0.01 

Nan 4.4'bibenzyldi S 0.0251 1.969 --- 0.4 0.01 
Na2 fumarate 0.3082 1.203 -0.0370 2.0 0.003 
Nap maleate 0.1860 0.575 -0.0170 3.0 0.004 

Table 8: 3-1 Electrolytes 

spec i es 3J2 8 0  312 B i  35s1212 C' Max m 0 

AlCl 3 1.0490 8.767 0.0071 1.6 0.005 
CeCl 0.9072 8.40 -0.0746 1.8 0.007 
Co( en> C1 0.2603 3.563 -0.09 16 1 .o 0.003 
Co(enI3 (ClO, l 3  0.1619 5.395 --- 0.6 0.007 

-- 

Co(enI3 (NO3 l 3  0.1882 3.935 0.3 0.01 --- 

C0(pn)~(C10,), 0.2022 3.976 --- 0.3 0.003 
CrCl 1.1046 7.883 -0.1172 1.2 0.005 
Cr(N03 1 1.0560 1.777 -0.1533 1.4 0.004 
DYCl3 0.9290 8.40 -0.0456 3.6 0.005 
Dy(C10,)3 1.201 9.80 0.0142 2.0 0.006 

ErCl 
Er(C10,) 
Er (NO3 1 

Ga<ClO, 

Gd(C10,) 

HoCl 
Ho(C10, l 3  

InCl 

EUCl3 

GdCl3 

G d  (NO, 1 3  

K3 AsO, 
K3 CO(CN) 6 

K3 Fe(CN1 
K3 PO, 

0.9285 
1.202 
0.938 
0.9115 
1.2381 

0.9139 
1.173 
0.776 
0.9376 
1.198 

8.40 
9.80 
7.70 
8.40 
9.794 

8.40 
9.80 
7.70 
8.40 
9.80 

-0.0389 
0.0144 

-0,226 
-0 -0547 
0.0904 

-0.0494 
0.0140 

-0.170 
-0.0450 
0.0132 

3.7 
1.8 
1.5 
3.6 
2.0 

3.6 
2 . o  
1.4 
3.7 
2.0 

0.006 
0.004 
0.006 
0.006 
0.008 

0.006 
0.007 
0.005 
0.006 
0.004 

- - -  0.01 --- -1.68 -3.85 
0.7491 6.511 -0.3376 0.7 0.001 
0.5603 5.815 -0.1603 1.4 0 . 0 0 8  
0.5035 7.121 -0.1176 1.4 0.003 
0.5594 5.958 -0.2255 0.7 0.001 
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species 

K3P so9 
LaCl3 
La(ClOs1 3 
La(N031 3 
LuCl3 

Lu(ClOs1 3 
Na3As04 
Na3P04 
NdCl3 
Nd(C104 1 3  

PrCl 
Pr(C104 1 
Pr(NO3I3 
SmCl 
Sm(C104 1 3 

Srn(NO3 1 
SrCl3 
TbCl3 
Tb(C1Os) 3 
Tb(NO3 1 3  

TmCl3 
Tm(C1O4 1 
Tm(N03 1 
YCl3 
YbCl3 

Yb(C104 1 3 
Yb(NO3 1 3  

312 $ 0  

0.4867 
0.8834 
1.158 
0.740 
0.9228 

1.186 
0.3582 
0.2672 
0.8784 
1.131 

0.8838 
1.132 
0.737 
0 .goo0 
1.146 

0.701 
1.0500 
0.9229 
1.193 
0.838 

0.9262 
1.193 

0.9367 
0.9235 

1.206 
0.948 

0.952 

Table 9: 4-1 Electrolytes 

species 815 6 0  

Na4 P2 4 
ThCl4 
Th(NO3 1 4  

0.699 
1.622 
1.546 

312 8 1  

8.349 
8.40 
9.80 
7.70 
8.40 

9 .80 
5.895 
5.777 
8.40 
9.80 

8.40 
9.80 
7.70 
8.40 
9.80 

7.70 
7.978 
8.40 
9.80 
7.70 

8.40 
9.80 
7.70 
8.40 
8.40 

9.80 
7.70 

815 B 1  

16.23 
18.53 
17.88 
18.49 
15.91 

17.16 
21.33 
18.22 

33'2/2 C' 

-0.0886 
-0 -0619 

-0.199 
-0.0332 

0 -0016 

0.0290 
-0.1240 
-0.1339 
-0.0493 
0.0194 

-0,0549 
0.0163 

-0.188 
-0.0535 
0.0140 

-0.131 
-0.0840 
-0.0468 
0.0123 

-0.202 

-0 0362 
0.0245 

-0.222 
-0.0407 
-0.0335 

0.0137 
-0.208 

16/5 C4 

-0.5579 
-0,3499 
-0.2418 
-0.4937 
-0.3330 

--- 
-0.3309 
-0.5906 

Max m 

0.8 
3.9 
2.0 
1.3 
4 . 1  

2.0 
0.7 
0.7 
3.9 
2.0 

3.9 
2.0 
1.1 
3.6 
2.0 

1.5 
1.8 
3.6 
2 .o 
1.4 

3.7 
2.0 
1.5 
3.5 
3.7 

1.8 
1.5 

Max rn 

0.9 
0.8 
0.5 
1.0 
i.4 

0.2 
1 .o 
1.0 

(5 

0.004 
0.006 
0.009 
0.009 
0.005 

0.006 
0.001 
0.003 
0.006 
0.007 

0.006 
0.006 
0.006 
0.007 
0.005 

'0.007 
0.005 
0.004 
0.006 
0.005 

0.005 
0.005 

0.007 
0.005 

0.004 
0.006 

0.006 

CI 

0.008 
0.01 
0.01 
0.005 
0.01 

0.01 
0.006 
0.01 
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Table 10:  5-1 Electrolytes 

spec i es 513 8 0  513 81 5”*13 C@ Max M 

1.939 39.64 -1.055 Q.5 
1.869 36.10 -1.630 0.4 

Table 11: 2-2 Electrolytes (b = 1.2. a1 = 1.4. a2= 12.) 

BeSOr 0 . 3 1 7  2 . 9 1 4  ? 0 .0062  
CaSOs 0 .20  2.65 -55.7 -- 
CdSO 4 0 . 2 0 5 3  2.617 -48 .07  0 .0114  
coso Y 0.20 2.70 -30.7 -- 
cusos 0 . 2 3 4 0  2.527 - 4 8 . 3 3  0 . 0 0 4 4  

MgS05 0 . 2 2 1 0  3.343 -37.23 0 . 0 2 5 0  
MnSOY 0 . 2 0 1  2 .980  ? 0 .0182  
NiSOs 0 . 1 7 0 2  2.907 -40.06 0 . 0 3 6 6  
~ 2 s o 4  0 . 3 2 2  1 . 8 2 7  ? - 0 . 0 1 7 6  
ZnSOs 0 . 1 9 4 9  2.883 -32 .81  0 . 0 2 9 0  

0 

0.015 
0.01 

range U 

. l - 4 .  0 .004  
. 0 0 4  -. 0 1 1  0.003 
.005-3.5 0.002 
, 0 0 6 - 0 . 1  0 . 0 0 3  
.005-1.4 0 . 0 0 3  

.006 -3 .0  0.004 
0.1-4.0 0.003 

.005 -2 .5  0 .005  
0.1-5.0 0.003 

.005-3.5 0.004 
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APPENDIX 4.5 

PITZER PARAMETER DERIVATIVES 

From: K.S. Pitzer, "Theory: Ion Interaction Approach", Activity 
Coefficients i n  Electrolyte Solutions, vol. 1. Ricardo hl. 
Pytkowicz, ed., CRC Press, Boca Raton. Fla. (1979) 

Table 1: Temperature Derivatives of Parameters for 1-1 Electrolytes 
Evaluated from Calorimetric Data 

species (g) 
P 

o4  

Bu 5NBr -116.2 
Bu sNC 1 -122 - 8  
Bu 4NF -117.8 
CsBr 7.80 
CSCl 8.28 

CsF 
cs I 
E t  4NBr 
Et 4NCl 
Et 4NF 

Et s N I  
HBr 
HC 1 
HClOv 
H I  

KBr 
KC 1 
KClOa 
KClOc 
KCNS 

KF 
m2pou 
K I  
KNo 3 
L i B r  

0.95 
9.75 
3.81 
2.00 

-16.4 

-1.97 
-2 049 
-3.081 
4.905 

-0.230 

7.39 
5.794 

19.87 
0.60 
6.87 

2.14 
6.045 
9.914 
2.06 

-1.819 

LiCl 
LiCl01, 
MeH3NC1 
Me 2H 2NC1 
Ale 3HNCl 

.1.685 
0.386 
1.13 
0.023 
0.22 

hlax. m 

P P 
xi 0' 0' 

167.2 284.1 3.0 
163.6 258.5 2.5 
105.3 43.5 1.9 

1 .o  28 -44 
15 - 0  -12.25 3 . O  

--- 

--- 5.97 
34.77 
73.4 -11.37 
61.4 -13.1 
43.4 

--- 

-- - 

1.1 
0.7 
4.6 
5.3 
0.5 

92 . O  -36.3 2 .o 
4.467 -5.685 6.0 
1.419 6.213 4.5 

19.31 -11.77 6 . O  
8.86 -7 -32 6 . O  

17.40 
10.71 
31.8 

100.7 
37 . O  

5.44 
28.6 
11.86 
64.5 
6.636 

-7.004 
-5.095 --- 

0.43 

-5.95 
-10.11 
-9.44 
39.7 
-2.813 

5.2 
4.5 
0.1 

3.1 

5.9 
1.8 
7. 
2.4 
6 . O  

n . 1  

5.366 -4.520 6.4 
7.009 -7.7 12 4 . O  

0.5 
0.5 
0.5 

--- 10.8 
18 -2 
35.3 

--- 
-- - 
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species  

hle4NE3r 
Me ,,NC 1 
M e  4NF 
M e  4N I 
NHbc1 

(SIP 
xi 04 

6.91 
5.93 

-0.82 
-7.06 
0.779 

NH 4 H2 Po 4 1.51 
N a B r  7.692 
NaBrOa 5.59 
NaCl  7.159 
N a C 1 0 3  10.35 

NaCIOr 
NaCNS 
NaF 
Na  I 
N a I 0 3  

NaNO 3 
NaOH 
P r  4NBr 
P r  4NC1 
Pr 4NF 

P r  4NI 
RbBr 
RbC 1 
RbF 
Rb I 

12.96 
7.80 
5.361 
8.355 

20.66 

12.66 
7.00 

-31 - 0  
-32.2 
-39.1 

-23.4 
6.780 
5.522 

8.578 
-0 -76 

Max. m 

x10' o5 

60.2 -6.69 
49 . O  -7.66 
16 - 0  -9.27 

12.58 2.10 

22.8 -2.84 
10.79 -9.30 
34.37 --- 
7.005 -10.54 

19.07 -9.29 

22.97 -16.23 
20 .o 

--- 100.9 

--- 
--- 8.70 

8.28 -8.35 
60.57 

20.60 -23.16 
1.34 -18 -94 

--- 

109 .o 26.5 
85.1 11.3 
41.6 --- 

Table 2: T e m p e r a t u r e  D e r i v a t i v e s  of Parameters  for 2-1 and 1-2 Elec tro ly tes  
Eva luated  from Calorimetric Data 

BaBr 2 -0.451 
BaCl2 0.854 
Ba(ED3) 2 -3 -88 
W r 2  -0.697 
caCl2 -0.230 

h < C l o r )  2 1.106 
a(mS)2 0.706 
CO<c101+) 2 0.727 
c82so' -1.19 
cuc12  -3.62 

--- 9 -04 
4.31 -2.9 

8.05 
5.20 

6.77 -5.83 

7.15 -6.77 

--- 38.8 --- 
--- 

--- 12.25 

19.31 --- 
11.3 --- 

0.1 
1.8 
0.1 
0.6 
0.1 

4.0 
0.1 
4.0 
0.1 
0.6 

5.5 
8.1 
3 .O  
0.3 
4 - 0  

3.4 
9 .o 
0.1 
6 . O  
6.4 

6 . O  
0.1 
0 *7 
6 . O  
0.1 

2.2 
4.2 
3.0 
4.4 
0.8 

0.5 
1.0 
0.8 
1.0 
0.7 
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species  

KzS04 1.92 
L i  2 S O b  0.674 
MgBr 2 -0 -075 

M g ( C 1 0 4 )  z 0.697 

Mg(NO3) 2 0.687 
h % ~ ( C l o s )  2 0.529 
N a n S 0 4  3.156 
N i ( C 1 0 1 , ) z  0.888 
RbzSOs 1.25 

SrBrz -0 -437 
S r C l z  0.956 
S r ( C 1 O c  1 2  1.524 
S r ( N O 3 )  z 0.236 
Z n ( C l O 4 )  z 0.795 

MgClz  -0.572 

Max. m 
P 

xi03 x10' 

--- 8.93 

5.15 
4.87 
6.00 -6.65 

1.88 -4.40 --- 
--- 

- -- 5.99 
6.70 -6.29 
7.51 -9.20 
6.35 -7.21 --- 11.52 

--- 8.71 
3.79 
7.19 -5.86 

16.63 
6.79 -7 -27 

--- 
--- 

Table 3: Temperature Der ivat ives  of Parameters  f o r  3-1 a n d  2-2 E l e c t r o l y t e s  
Eva luated  from Calorimetric Data 

s p e c  i es  

x103 

CaSO,  --- 
CdSO 4 -2.79 
cuso 4 -4.4 

K r F e ( C N )  6 4.74 
K , F e ( C N )  6 -0.87 

L a C l 3  0.253 
L a ( C 1 0 ~ )  3 0.152 
La(NO3)  3 0.173 
MgSO 4 -0.69 
N a 3 F e ( C N ) ,  3.05 

a B 1  - 
aT 
x102 

5.46 
1.71 
2.38 

3.92 

0.798 
1.503 
1.095 
1.53 
1.52 

3.15 

a B z  - 
aT 

x10 

-5.16 
-5.22 
-4.73 --- 

a c +  - 
aT 
Xio3 

2.61 
4.80 --- 

-0 -371 
-0.672 
-0.451 
0.523 --- 

0.1 
3 . O  
0.1 
0.1 
3.2 

0.1 
4.0 
3 . O  
4.0 
0.1 

0.1 
0.1 
3.0 
0.2 
4.0 

Max. m 

0.02 
1 .o 
1 .o 
0.1 
0.2 

3.6 
2.1 
2.2 
2.0 
0.1 

ZnSOI, -3.66 2.33 -3.33 3.97 1.0 

P i t z e r  et a l .  give parameters  for other rare earths in P i t z e r  reference P9. 
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APPENDIX 4.6 

CHEN PARAMETERS 

From: C-C Chen; H.I. Britt; J.F. Boston and L.B. Evans, "Local Composi- 
tion Model for Excess Gibbs Energy of Electrolyte Systems Part I :  
Single Solvent, Single Completely Dissociated Electrolyte 
Systems", AIChE J . .  V. 2 8 ,  # 4 ,  p. 5 9 2  ( 1 9 8 2 )  

Table: Values Fit for Molality Mean Ionic Activity Coefficient Data of 
Aqueous Electrolytes at 298 .15  K 

?m, ca lca ,m 1-1 electrolyte 

AgNO s 
CsAc 
CsBr 
CSCl 
cs I 

CsNO 3 
HBr 
HC 1 
HClOs 
HI 

3 
K A C  
KBr 
KC 1 
KCNS 

7 a 4 2 0  - 3 . 2 8 5  
8 . 5 9 6  - 4  - 6 2 6  
8 .510  -4.188 
8.530 -4.210 
8 .337  - 4  . o w  

8.996 -4  - 1 5 3  
9 . 8 2 3  -5 .173  

1 0 . 0 8 9  -5 .212  
1 0 . 6 0 1  -5.422 

9 . 5 7 7  - 5 . 1 5 0  

8 .429  - 4  - 4 6 3  
8 . 5 9 0  -4  - 6 0 2  
8 . 0 9 3  - 4 . 1 4 3  
8 . 0 6 4  -4.107 
7 . 5 1 6  -3.846 

K F  8 .792  -4.500 
KH Adipate 5.538 -2 .986  
KH Malonate 7.489 - 3 . 6 6 1  
KH Succinate 8 .108  -4 .022  
KHiAsOr 8 .004  -3.735 

m z P O r  
KI 
KNo 3 
KOH 
LiAc 

8 - 9 3 2  -4 .116  
7.800 -4  - 0 6 9  
7 . 6 7 3  -3 .479  
9.868 -5 .059  
8 . 4 4 1  - 4  - 4 1 7  

U -- 
0 . 0 1 0  
0 . 0 1 0  
0 .006  
0 .006 
0 .007  

0 . 0 0 3  
0 . 0 1 5  
0 . 0 3 5  
0 . 0 6 3  
0 . 0 1 8  

0 . 0 0 8  
0 . 0 0 8  
0 . 0 0 4  
0 . 0 0 3  
0 . 0 0 2  

0 . 0 0 5  
0 . 0 0 2  
0 . 0 0 5  
0.003 
0 . 0 0 3  

0.004 
0 . 0 0 5  
0 .008  
0 . 0 2 3  
0 .005 

Max m 

6 . O  
3.5 
5 . O  
6.0 
3 -0 

1 .4  

6.0 
6 . O  
3.0 

3 -0 

3 . O  
3.5 
5.5 
4.5 
5 .O  

4.0 
1 .o 
5.0 
4.5 
1.2 

1.8 
4.5 
3.5 
6 . 0  
4 . O  
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1-1 electrolyte 

LiBr 
LiCl 
LiCIO1, 
Li I 
LiN03 

LiOH 
L iTo 1 
NaAc 
NaB r 
NaBrO 

Na Butyrate 
Na Caprate 
NaCl 
NaC103 
NaCIOc 

NaCNS 
NaF 
Na Forrnate 
NaH Malonate 
NaH Succinate 

NaH zPO 4 

Na I 
NaNO 3 
NaOH 
Na Pelargonate 

Na Propionate 

N H s N o 3  
RbAc 
RbB r 

RbC 1 
Rb I 
RbNO3 
TlAc 

N i i 4  c1 

1 - 2  electrolyte 

T rn, ca 

1 0 . 4 4 9  
1 0 . 0 3 1  

9.579 
9 . 2 5 7  
8.987 

9.008 
7 .567  
8.392 
8.793 
7 .593  

7 .526  
11 .729  

8 . 8 8 5  
7 .225  
8 .021  

7 . 9 4 1  
7 .540  
7.437 
7 .694  
8.226 

8.277 
8 .862  
7 .300  
9 .372  

1 0 . 9 3 1  

8 . 4 0 0  
7 .a42  
7 .359  
8.728 
8.078 

8 - 2 3 9  
8.203 
7.718 
7.862 

7.254 
8.155 
9.247 
8 .416  
8.857 

T 
ca ,m 

-5 .348  
-5 .154  
-5 .088  
-4 .987  
-4 .707  

- 4 . 4 0 0  
- 3 . 8 9 5  
- 4 . 4 8 9  
-4 .562  
-3 .709  

-4 .300  
-4 .836  
-4.549 
-3 .69  2 
- 4 . 1 3 1  

- 4 . 2 3 8  
-3 .800  
- 3 . 9 4 2  
-3 .850  
- 4 . 1 3 3  

-3 .892  
-4 .652  
- 3 . 6 2 0  
-4 .777  
- 4 . 6 5 7  

- 4 . 5 5 9  
- 4 . 0 0 5  
- 3  - 5 2 6  
- 4 . 6 6 6  
- 4 . 0 6 3  

-4 .148  
-4 .115  
-3 .464  
- 3 . 8 2 1  

- 4 . 1 1 3  
-4 .542  
-4 .964  
- 4 . 7 7 1  
- 4 . 9 1 2  

0.050 
0.040 
0 . 0 2 3  
0.024 
0 . 0 1 3  

0 . 0 2 6  
0 . 0 1 3  
0 .007  
0 . 0 0 9  
0 . 0 0 2  

0 . 0 0 7  
0.024 
0 . 0 1 8  
0 .005  
0 . 0 1 0  

0.010 
0 .ooo 
0 . 0 0 4  
0 . 0 0 2  
0 .002  

0 .003  
0.010 
0 . 0 0 2  
0 .029  
0 . 0 4 2  

0 . 0 0 6  
0 . 0 0 1  
0.012 
0 . 0 0 9  
0 . 0 0 2  

0 . 0 0 2  
0 . 0 0 3  
0 . 0 1 2  
0 . 0 1 2  

0 . 0 0 9  
0 . 0 2 2  
0 . 0 0 8  
0 . 0 2 3  
0 .057  

hlax rn 

6 . O  
6 .0  

3.0 
6.0 

4 -0 

4.0 
4.5 
3.5 
4 . O  
2.5 

3.5 
1.8 
6.0 
3.5 
6 -0 

4.0 
1 .o 
5.0 
5 .O  
5.0 

6.0 
3.5 
6 . O  
6 .0  
2.5 

3 . 0  
6 . O  
6.0 
3.5 
5.0 

5 . O  
5 .0  
4 .5  
6.0 

1.8 
3 .5  
0.7 
3.0 
4.0 
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1 - 2  electrolyte 

Naz Fumarate 
Na2 Maleate 
NazSOs 
Na2SzOe 
( M I 4 1  2 s 0 S  

RbzS05 

2 - 1  electrolyte 

L m. ca 

8 .834  
9 . 3 7 5  
8 .389  
8 .510  
8 .623  

7 .312  

8 . 2 9 2  
9 . 7 0 9  
9 . 3 4 0  

1 1 . 3 9 6  

12 .058  
9 . 8 6 1  
8 . 9 8 2  

1 1 . 6 5 6  
1 0 . 6 2 1  

1 2  1 7 5  

13 .510  
1 1 . 4 2 2  
1 0 . 1 1 1  
1 2 . 3 5 0  
1 0 . 4 6 0  

7 . 8 8 8  
10 .346  

9 . 1 1 8  
9 .148  

1 1 . 9 7 8  

1 1 . 5 7 9  
1 1 . 9 4 8  
1 2 . 4 6 7  
1 0 . 6 5 5  

9 .554  

1 0 . 7 5 1  
1 0 . 8 5 3  

9 . 1 4 3  
9 . 3 0 5  

1 0 . 2 8 5  

11 .415  
9 . 6 5 5  
6 .774  
8 . 9 2 3  

1 3 . 3 9 3  

T 
ca.m 

-5 .020  
-5.078 
-4 .539  
-4 .705  
-4 .602  

-4.086 

-5.02 2 
-5 .592  
-5.564 
-6.553 
-6.218 

- 6  579  
-5 .809  
-5 .098  
-5.498 
-5 .066  

-6 .179  
-6.339 
-5.77 1 
-6 .731  
-5 - 8 6 6  

- 4 . 7 7 1  
-5 - 7 8 2  
- 5 . 3 7 1  
- 5 . 1 4 1  
-6.547 

- 6 . 3 3 8  
-6.620 

-5 .969  
- 5  - 5 0 8  

-6.775 

-6.013 
-6.030 
-4.695 
-5.475 
-5 .784  

-6.305 
-5.704 
-4 .000  
-5.386 
-7 .184  

0 

0 . 0 0 3  
0 .020  
0 .024  
0.030 
0 . 0 1 7  

0 .009  

0 .026  
0 . 0 7 2  
0 . 0 3 4  
0 . 3 5 1  
0.205 

0 . 2 7 2  
0 .046  
0 .060  
0 .258  
0 .214  

0.374 
0 . 1 4 1  
0 . 0 5 5  

0.108 

0 . 0 3 8  
0 .113  
0 .029  
0 .013  
0 . 2 4 1  

0 .242  

0 . 2 0 2  
0 . 2 0 8  
0 . 3 1 6  
0 . 1 2 5  
0 .047  

0 . 0 9 2  
0 .147  
0 .022  
0 . 0 3 6  
0 .088  

0 .168  
0 - 0 4 6  
0 .029  
0 .040  
0 .447  

Max m 

2 .o 
3.0 
4 -0 
3.5 
4 .O  

1.8 

2.0 
5.0 
2.0 
6 .O 
6.0 

6 . O  
2.0 
6 . O  
4.0 
6 .O 

2.5 
5 . O  
4.0 
6 .O 
5.0 

6 .O  
6.0 
2 .o 
4.0 
5 . O  

5 . O  
4 . O  

5 .O  
6 -0 

5 . O  
6.0 
2 .o 
2.0 
4 . O  

6.0 
2 .o 
4.0 
3 .O  
5.5 

5 . 0  
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2-1 electrolyte 

U02 (Not 1 2  
ZnCl2 
Zn(CIOQ) 2 

Zn(NO3) 2 

2-2 electrolyte 

BeS04 
CdSO 4 
CUSOQ 
MgSO4 
MnSO,, 

NiSO,,  
uoz sos 
ZnSOk 

3-1 electrolyte 

AlCl3 
CeCl3 
Co(en)sCls 
CrCl3 
Cr(N03 1 3  

EuCl3 
Ga (CIOc > 3 
K3 Fe (CN) 6 

LaCl 
NdCl3 

PrCl 
ScCl3 
SmCl3 
YC19 

3-2 electrolyte 

A1 2 (sob ) 3 
Cr2 (SOU 1 3  

‘m, ca 

9.216 
7.997 

12.118 
10.750 

11.556 
11.228 
11.703 
11.346 
11.294 

11.378 
11.201 
11.476 

10.399 
9.398 
7.534 
6 -567 
6.276 

9.555 
11.302 
6.459 
9.290 
9.524 

9.420 
9.664 
9.533 
9.906 

10.646 
6.705 

ca .m -- 
-5.542 
-4.660 
-6 -675 
-5.995 

-6.984 
-6.755 
-6.993 
-6.862 
-6.805 

-6 -837 
-6 -764 
-6.888 

-6.255 
-5.775 
-4.278 
-4.9 16 
-4.777 

-5.856 
-6.740 
-3.806 
-5.737 
-5.822 

-5 -779 
-5.943 
-5.840 
-5.991 

-7.116 
-5.568 

0 

0.041 
0.119 
0.211 
0.148 

0.039 
0.037 
0.037 
0.036 
0.037 

0.031 
0.050 
0.038 

0.115 
0.084 
0.013 
0.069 
0.054 

0.091 
0.228 
0.019 
0.082 
0.083 

0.082 
0.078 
0.087 
0.093 

0.075 
0.129 

Max m 

5.5 
6.0 
4 . O  
6.0 

4.0 
3.5 
1.4 
3.5 
4.0 

2.5 
6.0 
3.5 

1.8 
2.0 
1.0 
1.2 
1.4 

2 . O  
2.0 
1.4 
2.0 
2 .o 

2.0 
1.8 
2.0 
2 . O  

1.0 
1.2 
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ACTIVITY COEFFICIENTS OF MULTICOMPONENT STRONG ELECTROLYTES 

This chapter considers five methods for calculating activity coefficients in 
multicomponent strong electrolyte mixtures. Generally, these methods are built 
upon the calculation of activity coefficients of single salt electrolyte solu- 
tions together with the application of certain "mixing rules". The methods 
considered in this chapter are: 

1. Guggenheim - an equation using one parameter per ion pair 
2.  Bromley - an equation using one parameter per ion pair 
3. Meissner - an equation using one parameter par ion pair 
4. Pitzer - an equation using three to four parameters par ion pair, one 

parameter for each like charged ion pair and one ternary parameter 
interaction pair 

5 .  Chen - a method using two parameters per water-salt pair and two parameters 
for each salt-salt pair 

The chapter is composed of three principal sections: 

1. Mathematical presentation - A development of the underlying equations. 

2 .  Application - A presentation of the specific predictive equations for 
activity coefficients which result from each of the five methods presented. 

3. Examples - A series of computer calculated runs and resultant comparative 
plots for specific multicomponent systems. Systems considered include: 

a. 
b. 

C. 

d. 
e. 
f .  

g. 
h. 
i. 

j .  

H, 0-NaC1-KC1 
H,O-NaC1-HC1 
H, 0-NaC1-NaOH 
H, 0-KC1-HC1 
H, 0-NaCI-CaC12 
H, 0-NaC1-MgC1, 
H, O-NaC1-NazSOr 
H ,O-KC1-CaCl 
H ,O-NaOH-Na,SO, 
H ,O-NaCl-CaSO., 
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k .  H2 0-HC1-CaSO 5 

1. HzO-CaClz-CaSOr 
m. H2 0-NazSOc-CaSOc 
n. Hzo-MgS0s-CaS01, 

In addition to the computer results and plots. tables of the parameters used for 
each activity coefficient method used for each electrolyte are presented. 
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GUGGENHEIM'S METHOD FOR MULTICOMPONENT SOLUTIONS 

Guggenheim's (1, 2) expression for the mean activity coefficient is applicable to 
multicomponent solutions. For the mean activity coefficient of an electrolyte of 
cation c and anion a, the equation is: 

where: a - log base e Debye-Hkkel constant 
v+ - n-r of cations per mlecule of electrolyte 08 

v-  - nunher of anions per mlecule of electrolyte ca 
I 
z+ - nunber of charges on cation c 
z- - nunber of charges on anion a 
a* - a l l  anions 
c' - a l l  cations 
m - ionic m l a l i t i e s  
B - interaction coefficient; tabulated in Appendix 4.1 

- ionic strength in m l a l i t y  scale; 1 = 4 C m.2: 1 1  

Converted to log base 10, this equation becomes: 

with: A - log base 10 Debye-Gckel constant, equaticxl (4.31) 

Z B  B=m 

Expressions for the mean activity coefficients of ions can be derived from 
equations (5.1) and (5.la). From (5.la), the activity coefficient of cation c 

and for the anion a: 
A z 1 . a  

log Ya = - 1 + 4 i  + c c, Beta mcl 

(5.2) 

(5.3) 
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A s  indicated in the previous chapter, Guggenheim's method for single electrolytes 
is accurate only to about an ionic strength of .1 rnolal; this limitation cannot 
be expected to improve for multicomponent solutions. 
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BROblLEFS METHOD FOR MULTICOMPONENT SOLUTIONS 

Bromley defined (B3)  the  mean molal activity coefficient for a single salt in 
solution : 

where: A - Debye-Hiickel constant, equation (4.31) 
I - ionic strength, m I a l i t y  basis 
z+ - nmber of charges on the cation 
z- - number of charges on the anion 
B - Branley interaction paraneter. tabulated in Appendix 4.2 

In the  same vein. he  defined the activity coefficient for a single ion 
A z! fl 
1 

log yi = - l + J i . + F i  

(4.44) 

(5.5) 

BromXey felt that  treating a multicomponent solution a s  a single complex salt 
solution would be the simplest approach towards calculating the activity 
coefficients of electrolytes in solution. The Fi terms would then be based on 
the  ionic interactions of this %omplex salt”. Using the convention that odd 
number subscripts denote cations and even number subscripts indicate anions. he 
proposed for a cation: 

~1 = 1512 z:, m2 + fiIb z$., mb + B l ,  23, m6 + ..,. (5 .6 )  

*ere: 2 1 2  = - 
i m = ionic m l a l i t y  

For an anion. the expression would 

= S,, zt2 ml + 8,, Z: F~ 

It  can be seen, i f  equations (4.44) and (5.4) are approximately equal, then: 

(0.06 + .6B) I e lzz l  
B,, = + B  (5.8) 
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Equations (5.6) and (5.7) ignore any possible cation-cation or anlon-anion 
interaction and any higher order interactions. The activity coefficient of an 
electrolyte in a multicomponent solution is, by combining equations (5.5). (5.6) 

and (5.7) and remembering the definition of a mean activity coefficient, equation 
(2.26) : 

4 z,z21 fi V,F, V2F2 
log Y12 = - 1 + 6  +-+- V V (5.9) 

v.22 
1 1  with: 

This equation can be expressed in a more general fashion: 

I 21z2 I = -: absolute value of the charge product for a ml t i - ion  sa l t  c v i  

n i z ;  
1 A - 6  

V 
- +; Z viFi 

i 1 + J i  log Y, = - (5 .lo) 

wifh: v = L: vi 
i 

i - representing the ions present in the solution due to the salt for 
which the act ivi ty  is being calculated 

These Ff terms may also be expressed as  functions of the activity coefficients of 
single salt solutions: 

(5.11) 

Activity Coefficients of Trace Components 

In describing the activity coefficient of a trace concentration, Bromley used 
reduced activity coefficients. This was in keeping w i t h  work done the previous 
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year by Meissner and Kusik (M2) which w i l l  be described in the next section. The 
equation Bromley presented was more complex, designed to allow for solutions 
containing ions with  different charges: 

(5.14) 

which reduces to  Meissner's equation: 
tr rJ; = r , 2  = ( r y 2  r;*)+ 

when z 1  = z s .  

The reduced activity coefficient can be converted to a mean molal activity 
coefficient via the following relationship: 

1 - 
- z+ 2- 

rca - yca (4.45) 

or: 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

MEISSNER'S METHOD FOR MULTICOMPONENT SOLUTIONS 

Meissner and Kusik (M2) presented, in 1972, a method of calculating the reduced 
activity coefficients of strong electrolytes in a multicomponent solution. They 
based their method on Br8nsted's proposal that ,  in multicomponent solutions, the 
activity coefficient of an electrolyte will be influenced most by the interaction of 
it's cation with all the anions in solution and the interaction of it's anion with 
all the  cations in solution. Ignoring the possible interactions between like 
charged ions was felt to be valid as  such interactions would be very small. 
Meissner and Kusik proposed that the activity coefficient could then be defined 
as  : 

icg r lz= F~ + F, (5.16) 

Once again using the notation that- odd number subscripts indicate cations and even 
number subscripts indicate anions, F1 and F2 are expressions for calculating the 
interaction of cation with anions and anion wi th  cations. They defined these as: 

(5.17) 

(5.18) 

where: r0 indicates the pure solution reduced ac t iv i ty  coefficient a t  the total  
ionic strength of the aolution 

m 21 
with i = odd nudxrs, expresses the ionic strength fraction i x. = 

1 Ic of cation i 

Ic = + C mi z? with  i = odd &rs to calculate the cationic ionic strength 

m - ionic m l a l i t y  

z - n-r of charges on the ion 

1 i 

i 

i 
m. z?  

Yi - 1 1  - ra- w i t h  i = even nmbers for the anion ionic strength fraction 

I = C m. z 2  with i = even m e r s  for the anionic ionic strength i i  ' i  
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For a three ion solution of two cations and one anion. the activity coefficients 
a re  : 

log r 1 2 =  + (x, log rp, + x, 1% r g ,  + Y, log rp, (5.19) 

and 

log I-,,= + (x, log ry2 + x, log rc;, + Y, log rg, ) (5.20) 

Since there is only one anion, the ionic strength fraction. Y, , for it equals one. 
The relationship between the ionic strength fractions of the cations is: 

Equations (5.19) and (5.20) a re  therefore: 
XI = 1 - x, (5.21) 

(5.22) 

(5.23) 

Meissner and Kusik noted that these equations fulfill the requirement that r = I'o 
in a pure solution due to the fact that the X, of equation (5.22) and the X, of 
equation (5.23) become zero for pure solutions of electrolytes 12 and 32. 

They also proposed tha t ,  for a solution of electrolyte 32 with a trace amount of 
12, the ionic strength fraction for cation 1 equals zero, and the cation and anion 
fractions Y2 and X, equal one. Therefore, the activity coefficient of the trace 
electrolyte is, from equation (5.19) : 

r:: = ( r p ,  . rg,) + (5.24) 

Accordingly, for a trace amount of electrolyte 32 in a solution of electrolyte 12, 
equation (5.20) becomes: 

r5t; = ( rp ,  . r? , )  f (5.25) 

Therefore, when the solutions are of equal ionic strength: 

r t f  = r,tT 
In 1973. Bromley (B3) disputed Meissner and Kusik's method for multicomponent 
solutions a s  follows: 

Meissner and Kusik defined the reduced activity coefficient of electrolyte 12 
as  : 

log ru  = F, + F, (5.16) 
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as  shown earlier. The mean activity coefficient is then: 
1% Y i z  = 21 2 2  Fi + 21 2 2  Fz 

due to  the definition of the reduced activity coefficient: 
(5.27a) 

1 
21 2 2  (4.45) 

r 1 2  = Yl, 

In Chapter 11, the mean activity coefficient is defined in  terms of the ionic 
activity coefficients : 

VI/V v2/v ) 1% y12= log (Y1 Y 2  

with: v = nmhr of ions per molecule i 
v = c v i  

i 
Assuming electrical neutrality: 

so that  equation (2.26) may be written: 

21 + z2 
2 2  21 

log Y12 = - log Yl +z1+z2 log Y2 

(2.26) 

(5.27b) 

Equations (5.27a) and (5.27b) must then be equal: 

z ~ z ~ F I  + z ~ z ~ F )  = - 22 21 1% Y2 (5 .27~)  
Z] + 2 2  y1 + z1+z2 

For a solution of four ions there will be equations for  t h e  activity coeffi- 
cients of electrolytes 12, 14, 32 and 34. By expanding equation (5.27~)  for the 
four ion solution and replacing the ionic activity coefficients with expressions 
in terms of F, the following relationship is found: 

(FI - F3) ( z ,  - 2 2 )  = (F, - Fz) ( ~ 3  - 2 , )  (5 -27d) 

Bromley notes that ,  since the F values are usually different, it follows that:  

zI, - z2 = 0 = zg - 21 

for Meissner's equation to be true. Therefore, Meissner's equation is valid for 
multicomponent solutions only if the cations have the same charge and the anions 
have the same charge: e, = zq and z1 = z g .  
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Meissner and Kusik (M7) revised their method for calculating the activity coeffi- 
cients of electrolytes in multicornponent solutions in 1978. They extended equation 
(5.16) in  order to aver t  the  problem pointed out by Bromley. For an electrolyte of 
cation i and anion j ,  the reduced activity coefficient is: 

i z 
1% r. = z i  + (Vi2 log r f 2  + Vi4 I4 log r f 4  + . . . I  I I 

j 1 j  

z 
+ j  z j  + (Vjl I1 log r;, + Vj3 I3 1% + . . . I  I (5.28) 

j 

where: z - n m h r  of charges on ion i i 
.5(Zi + 2 . 1 2  

'j 
V i j  = J 

a weighting factor 

I i  = .5 m ZT ionic strength of ion i i 1  

I = .5 x rn. z? total  ionic strength of the solution 

rPj - the reduced ac t iv i ty  coefficient of electrolyte i j  in a pure 

i l l  

solution 

In 1980, Meissner ( M 1 0 )  suggested a method for calculating the q parameter of his 
equation for calculating reduced activity coefficients : 

= ( I I  q i j  + I g  q i j  + ...I / I + (I2 qf2 + I 4  qP4 + ...I I I (5.29) q i  j ,mix 

where: I i  - ionic strength of ion i 
I - to ta l  ionic strength 

qPj 
- Meissner q p r a n e t e r  for electrolyte i j  in pure solution 

This qij,,,ix can then be  used to calculate the reduced activity coeffi- 
cient of electrolyte ij in  the multicomponent solution: 

r i j  = c i  + B(i + o.iI)qij*mix - BI r* 
B = 0.75 - 0.065 qij,mix 

(5.30) 

with: 

?- 
log r +  = - %": 
C = 1. + 0.055 qij ,mix em(-0.023 1' 1 
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Meissner and Kusik (M7) also suggested a similar method for calculating the water 
activity of a multicomponent solution from pure solution water activities : 

log (awlmix = C C W . .  log + r (5.31) 

(a;)ij - is the water act ivi ty  of a pure solution of electrolyte i j  

i j 11 

where: 

i 

j 

'ij 

'i 

j 
Y 

*C 

'a 

In 

I 

r 

For solutions 

- odd &rs denoting cat ions 

- even d e r s  denotirg anions 

= I i / I c  , cationic fraction 

= I . / I a  , anionic fraction 

= 4 C mi z; , cationic strength 

I 

i 

= # C m z ?  , anionic strength 
j J  j 

= 4 m z2 , individual ionic strengths 

= 4 C mn 
n 

n n  

, total  ionic strength 

residue tern 

of similarly charged electrolytes the residue term is zero; Meissner 
and Kusik found that. for solutions of electrolytes w i t h  dissimilar charge. the r 
term is small and they stated that it usually can be ignored. 
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PITZER'S METHOD FOR MULTICOMPONENT SOLUTIONS 

As shown in the  previous chapter, Pitzer began his derivation of thermodynamic 
properties w i t h  the following equation for Gibb's excess energy: 

1 C C ' "ijk "inj% c c A. ( I )  n.n. + - Gex 
= nwf(I> + - 

nw i j I I  n$ i l k  
(4.57) 

where: n - kilogram of solvent 
W 

n - mles of solutes i. j and k 
f ( I )  - function describing the long range e lec t ros ta t ic  effects  as a 

function of temperature 
? , . . ( I )  - tern for describing the short range inter-ionic effects  as a 

function of ionic strength to  display the type of behavior caused 
by the hard core effects 

- tern for t r i p l e  ion interactions which ignores any ionic strength 

11 

hi jk dependence 

By taking the  derivative of this expression and converting to a molality basis, t h e  
following expression was found for the mean activity coefficient of electrolyte CA: 

(4.59) 

df where: f '  = %  

dAi 

'ij = T 

The interaction. or virial, coefficients A and A are  not individually measurable but  
may be observable in certain combinations. For single electrolyte solutions these 
were  the By and Cy terms of equation (4.61). Using a similar method of combining 
these coefficients, the equation for the mean activity coefficient of electrolyte CA 
in a multicomponent solution is: 
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1 2 
+ 6 with: fy = % f l  = -A 4 [ a 

Z .  

In (1 + b f i  1 with b = 1.2 
1 + b f i  

for ions of different 
charge 

= B o  + 2 81 { I  - (1 + a J i )  exp(-aJT 3 

2 8  =& c-1 + (1 + a f i  + $  a' I ) exp(-a fi 1) for ions of different 
charge 

- 'ij for ions of different 
i j  2 5  charge 

4 
C 

3 [. *Iij + V- ~ i , j ]  c - *  11 - Jv+ v- 
0 -  

Q i j  = hij - - j - -  zi h 
Z 

2zi 'ii 2z j j  
j 

a oi j  
-gr 
- 0; 

for ions of the same 
charge 
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with two of the ions 
having the same charge 

These last three terms are  double and triple ion interactions possible in multi- 
component solutions. For a single electrolyte solution they would be zero. 

The a t e r m  of the  B and B' coefficient is set to 2.0 for : l - l ,  2 - 1 ,  1-2, 3-1, 4-1 and 
5-1 electrolytes as it was for  single electrolyte solutions. The 2-2 electrolytes 
require an expanded form of the second virial coefficient: 

Bij  = 6 0  + " 1  ( 1  - (1 + a l  JT) e x p ( - a l ~ ) )  + 

2 ' 2  

7 { -1 + (1 + a Z T +  + a : ~ )  exp(-a2 JI-) I 
with: a 1  = 1.4 and az = 12.0 
Although equation (5.32) appears rather formidable, actual usage is relatively 
straightforward. B o ,  fh and C' terms have the greatest 
effect on activity coefficient calculations. so that the J, and 0 terms may contribute 
little or nothing to the calculations. In 1975, Pitzer (P5) showed the coefficient 
0 to be defined as:  

Pitzer noted (P4) that the 

(5.33a) oij = e i j  + Ee. . ( I )  
11 

0' = E (5.33b) 
i j  q i (n  

with Bij being the only adjustable parameter for each pair of cations or each 
pair of anions. The E t e r m s ,  which are dependent only on the ion charges and total 
ionic s t rength,  account for the electrostatic effects of unsymmetrical mixing and 
equal zero when the ions are  of the same charge. Pitzer states (P14) that these 
electrostatic terms seem to be unneccesary for 2-1 systems and therefore the 0' 

term can be dropped. H e  fur ther  recommends omitting this t e r m  in all but the most 
extremely unsymmetrical mixes. A brief description of his method for calculating 
these electrostatic effects is in Appendix 5.1. 

221 1- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

The appearance of equation (5.32) can be simplified by  calculating the ionic 
activity coefficients separately: 

l n  yc = 2: f y  + E ma ( 2  B~ t ( 2  c mczc) C& I + c mc (2  + c ma + 
a C C a 

c c m m (2: B ; ~  + Iz+I cCa) + 4 c c ma mal  qaa1 
c a  (5.34a) a a’ c a  

The sums over c or over a are over all cations or all anions. The fy. B, B’ and C 
terms are  calculated a s  defined earlier. It must be noted that  the stoichiometric 
coefficients of the B and ,C  parameters (2u+u-/v and ~ ( V + U - ) ” ~ / V )  found in 
the pure solution equation (4.61) are absent from equations (5.34a) and (5.34b) 
since ionic activity coefficients are being calculated. The Bo, and C’ values 
tabulated in Appendix 4.4 include these coefficients. Therefore, when using the 
tabulated parameters in equations (5.34a) and (5.34b). the coefficient must be 
removed. For example, the 1-2 salt CaC1, has tabulated: 

4 3 $0  = -4212 

The value to  be used in calculating the B parameter for this  interaction is: 
BQ = -3159 

Some values for I$ and 0 were calculated and tabulated by  Pitzer and can be found in 
Appendix 5.1. 

Once the ionic activity Coefficients have been calculated, the activity coefficient 
for electrolyte ca may be calculated: 

or: 

(2.26) 
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CHEN'S METHOD FOR MULTICOMPONENT SOLUTIONS 

As discussed in  the previous chapter, Chen's method is based on expressing activity 
coefficients i n  terms of a long range interaction model, such a s  a Debye-Huckel or 

Pitzer. equation. and a local composition model. In his thesis (C3). Chen expanded 
the  local composition model so that it could be used for calculating the short 
range contributions in a multicomponent system using the parameters for single 
component solutions. Chen felt that these components need not be strong electro- 
lytes, a limitation of other models; t he  method should be applicable to multicom- 
ponent solutions containing strong or weak electrolytes, molecular solvents and 
solutes, and multi-solvent solutions. 

xi i 

F. .  = 
11 

Recalling the  equations for defining the local mole fractions X j i  and Xii 
with central species I: 

x . .  x 
- 1 1  - - -  j F.. (4.70a) 

xi 11 

- overall  mole fractions 

- local mle fractions 

- NRIL parameter 

- nonrandanness factor, fixed equal to 0.2 

- NRLI. binary interaction energy parameter 

- energies of interaction between j - i  and i-i 

For other local mole fractions, the following equations were presented: 
x . .  x .  
- ' l  = 2 Fji,ki 
x j i  

1 j i  .ki Fj i ,ki  = em(-a T 

(4.71a) 

(4.71b) 

( 4 . 7 1 ~ )  
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for species j and k around central species i. Once again, by assuming like-ion 
repulsion, the local mole fractions xaa = xcc = 0. The local compositions 
are then the sums of the local mole fractions: 

around central molecule m: 
c X c I m  + c xa,m + r: xm, = 1 
C' a' m' 

around central cation c: 

around central anion a: 

(5.35a) 

(5.35b) 

(5.35c) 

The local mole fractions may then be defined in terms of the overall mole fractions: 
'around central molecule m: 

around central cation c: 

around central anion a: 

A s  for single electrolyte solutions, the residual G i b b s  energies per mole of 
cation. anion and molecule were then expressed in terms of these local mole 
fractions : 
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with the  absolute values of the ionic charges, zc and za. to relate the number 
of molecules and ions around the central ion. 

The reference state for molecules was chosen to be the pure component; for electro- 
lytes  the chosen reference state was the hypothetical completely ionized pure 
solution. Therefore, the reference Gibbs energies per mole were expressed as: 

G(a) 
C" 

ref = za C (xcl GCla) l  C x 

(m) - 
C' C" 

Gref - Gmn 

The molar excess Gibbs free energy is then defined as: 

which expresses the change in residual Gibbs energy that results when X m t  xc and 
xa moles of molecules, cations and anions are moved from their reference states 
into their respective cells in the mixture. The residual G i b b s  energy can also be 
expressed in terms of Chen's T parameter by substituting equations (5.37) and (5.38) 
in (5.39) and recalling the definitions of T, ( 4 . 7 0 ~ )  and ( 4 . 7 1 ~ ) :  

As with single electrolyte solutions. this expression for the excess G i b b s  free 
energy must be normalized to the infinite dilution reference state to  get the unsym- 
metric expression for the  excess Gibbs free energy in order to combine the short 
range contribution with the Pitzer expression for the long range contribution. For 

a solution with water a s  the  only solvent, the unsyrnmetric Gibbs energy equation is: 

2 2 5  
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(5.41) 

The expressions for the activity coefficients of the cations, anions and molecular 
solutes, a t  infite dilution, with water as  the only solvent, are:  

', xal 'a' 'wc,a'c 

c XaIl Z*" 
(5.42a) m a In fc = z C 

+ *Cw TCw 
a " 

x c ~  ' c ~  'wa,cIa 
m C 

+ Faw Taw In fa = za 
I,, XcIl Zc1l 
C 

(5.42b) 

m 
(5.42~) 

+ Fm 'nw In f = ' c ~  m 

The mole fraction based activity coefficients can thus  be derived from the combined 
equations (5.401, (5.41) and (5.42). For the cation, anion and molecular solute 
they are: 
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As was shown in Chapter IV. Chen applied the local electroneutrality assumption to 
the single electrolyte solution resulting in the following relationship between the 
interaction parameters: 

for central molecule cells - 
'cm - 'ca.m T m  = 

for central ion cells - - - 
'mc,ac - 'm,ca 'rn,ca 
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so that ion-molecule interaction parameters are equal to salt-molecule binary 
parameters. This, he noted, does not generally hold true in multicomponent 
solutions. He presented the following for calculating ion-molecule interaction 
parameters from salt-molecule binary parameters. 

By applying a local electroneutrality constraint to central molecule cells: 

C x C z C F m =  C x  z F 
C a a a a n  (5.44) 

it can be seen that, for a multicomponent solution of salts &a, cna and solvent m: 

Xct zci Fcim + Xcn zcii Fcnm - - xa za Fan (5.45) 

Since like-ion repulsion is assumed, the local compositions around each cation 
should be the same as in a single electrolyte solution: 

(5.46a) 

- (5.46b) 

Fc*m = Fcta,m 

Fc'm - Fcna,m 

+ xCii Zen Fctta,m) I xa za Fm - (XCl Z C l  Fcla,m 

So by combining equations (5.45) and (5.46) : 

- 

or 

Similar results are obtained by considering a ternary system containing electro- 
lytes sharing the same anion or electrolytes of dissimilar ions. Therefore, 
equation (5.47) is generalized for any multicornponent system: 

Fan=  E x  z F I C Xa? Zat  (5.48a) 

- I c Xc1 ZCl (5.48b) - "c 'c Fca,m c, 

a a cam a ,  a 

C 

With these multicomponent system Fimts the ion molecule Ti,,, parameters can 
be calculated. 

The molecule-ion interaction parameters may also be 
molecule binary parameters: 

- Gm - E a  Gm - Gm Gmn - Gca 
'm.ca --=-re+- 

expressed in terms of the salt- 

(5.49a) 
= ^ c  - 

am 'ca ,m + 'm.ca 
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= T  - T  + ?  'm, ac CJn ca ,m m,ca 

Chen also showed the ion-ion interaction parameters to be related to salt-salt 
binary parameters, which only exist between salts sharing a common ion. Thus,  for 
a ternary system of two similar salts, c'a and d'a: 

since Gcla and Gcna a re  supposed to be pure electrolyte properties. 
Unsymmetrical mixing, such a s  mixing electrolytes of different coordination number, 
changes the lattice s t ructure  and may invalidate this relationship as  the 
Gcta and GCiia will then differ from the pure solution values. 

For a ternary aqueous solution of uni-univalent electrolytes c'a and c"a. there are 
then five necessary parameters : the four water-electrolyte parameters and, 
applying equation (5.50) , the electrolyte-electrolyte, or salt-salt , parameter. 
For a ternary solution of electrolytes not sharing a common ion. c'a' and c"a". 
there are  eight water-electrolyte parameters for the  pairs H z O-c'at. H 2 0-c'a". 
H 0-c"a' and H O-c"a", and for the salt-salt pairs c'a'-c'a", c'a'-cf'a', c"al-c"a" 
and cva"-c"a" there a re  eight more parameters, unless equation (5.50) could be 
applied, in which case there  would be a total of twelve parameters necessary. 

The solvent-salt parameters may be obtained from single salt solution parameters. 
The salt-salt parameters must be obtained from data regression of ternary solution 
data. 

For the long range contribution Chen used, in this  thesis. the Debye-Huckel 
equation which was seen in Chapter IV: 

Ji- 

l + B a J i -  
1 n t $ = -  a 'c 'a 
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2 where: I = .5 C mi zi 
i 

(4.35) 

z - ionic charge 

a 

NA - Avagadro's nnS>er = 6.0232 x laz3 mle" 

d o  - water density 

- distance of closest approach, set to 4 x by Chen 

D - dielectric constant 

e - electronic charge 

T - absolute temperature 

k - BoltmM'S constant = WNA = 1.38045 x ergldeg 

It is at this point that a problem appears in Chen's method as outlined in his 
thesis. In order to duplicate his results, the long range contribution was 
calculated on a molaJity basis. and the local composition m o d e l  w a s  calculated on a 
mole fraction basis. This discrepancy was corrected in the paper published in the 
AIChE Journal (C4) for single electrolyte solutions. As can be seen in Chapter IV. 
the Pitzer-Debye-Huckel expression used for the long range contribution was 
normalized to the mole fraction basis. Due to these differences, the interaction 
parameters presented in the paper for use with the Pitzer-Debye-Hickel version 
differ from those presented in the thesis. The AIChE Journal paper notes that a 
paper on rnulticomponent solutions was being prepared so this section will be 
updated later. The Chen method cannot be used in the multicomponent test systems 
until then. 
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APPLICATION 

A rigorous test of multicomponent solution activity coefficient prediction methods 
is the calculation of the mutual solubilities of salts and the  calculation of salt 
solubilities in aqueous electrolyte solutions. The salt solubilities are  affected 
b y  the solution composition. In order to  calculate the saturation molalities, the 
activity coefficients must be adequately predicted. 

This test of activity coefficient prediction methods is also recommended due to 
the wealth of good experimental solubility data available. 

In the  pages that follow. the predictive methods presented in this chapter are 
summarized. An outline of the program using these methods to calculate solubil- 
ities and the  parameters used a re  included. Finally. the program results and 
plots of these results with experimental data for a number of multicomponent 
solutions a r e  presented. 
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GUGGENHEIWS METHOD 

For a multicomponent electrolyte solution at 25OC : 

where: Yca - mean activity coefficient of the electrolyte of cation c and 

- nmber of cations per mlecule of electrolyte ca 

v- - nunber of anions per mlecule of electrolyte ca 
a - log base e Debye-Hkkel constant 

- ionic strength; I = .5 C m .  z2 I i i i  

- nunber of charges on cation c 
z- - n m b r  of charges on anion a 
a' - all anions 
C' - all cations 
m - ionic mlalities 
B - interaction coefficient; tabulated in Appendix 4.1 

anion a 

v+ 

z+ 

The log base 10 expression: 

where: A - log base 10 Debye-Hkkel constant 

2B i5-m B =  

For ionic activity Coefficients: 
A z: di 

log yc=-- + i, Bca* 1+a 

and 
A 2- 2 4 - i  

log ya=--+ + JI Bc'a *c~ 
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Due to  a lack of parameters and the low ionic strengths that this method is  
applicable for. Guggenheim's method was used only for the following solutions: 

1 .  H20-NaCl-KCl 
2 .  H20-NaCl-HCl 
3. H20-KCI-HCl 
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BROMLEYS METHOD 

For the ionic activity coefficient of ion i in a multicomponent solution at  25OC: 

A z; 
log y i  = - + Fi 1+R 

where: A - Debye-Iiuckel constant 
2 I - ionic strength; I = .5 C m. z 

i - odd -era indicate cations, even nmbrs indicate anions 

'i 

P i  

- d e r  of charges on ion i 

The Fi term is a summation of interaction parameters. 
ponen t solu tion : 

For cation i in a multicom- 

- 2  

Fi = c B i j  Z i j  m j  
j 

where: j - indicates a l l  anions in the solution 

- 'i 'j 
' i j  
m. - m l a l i t y  of ion j 

I 

- 
B i j  (5.8) 

For the activity coefficient of an anion. the subscript i indicates that anion and 
the subscript j then indicates the cations in the solution. 

The mean mold activity coefficient of electrolyte CA in the multicomponent solution 
can be calculated by combining the ionic activity coefficients: 

C Y* = tC V . Y A V y v  

or : 

1 
log y, = 3 ivc log Y C +  V A  log y*l  

(2.26) 
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MEISSNER'S METHOD 

The reduced activity coefficient of electrolyte CA in a multicomponent solution at 
25OC can be  calculated: 

= (1. + B (1. + 0.1 I >  %,mix - B) r * (5.30) 

where: B = 0.75 - 0.065 bmix . 
0.5107 ff 1% r * = -  
1 + c n  

exp(-O.O23 Is > (1CA.mix C = 1. + 0.055 

I = .5 Z mi 2; 

i 
total ionic strength of the solution 

The Meisener interaction parameter q for the solution containing cations i and 
anions j is: 

%,mix = (c I j  Gj)/1 + t c  I i  qL)/I 
j i 

mere:  q&, - Meissner q parameter for electrolyte nn in pare solution 
In = .5 m z 2  ionic strength of ion n n n  

The reduced activity coefficient is related to the mean mold activity coefficient 
as follows: 

2 3 5  
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PITZER'S METHOD 

The activity coefficients for cation C .and anion A in a multicomponent solution at 
25OC can be calculated with the following equations: 

In yc = 2: f y  + z ma 2 B~ + (2 c m z C ~ I  + c mc (2 occ + c ma 

c c mc ma (2: B ; ~  + I z+I cCa> + .5 c c ma ma, +aar c a  a a' 

a C C a c c  

+ (5.3413) 

where: fy = -A4[ ff +6 In (1 + b a)] 
l + b  0 

As - the Debye-Hickel constant for osnotic coefficients an a log e basis: 
equation (4.64) 

b = 1.2 

I = .5 C mi z; : ionic strength 

zi - ionic charge 

mi ' - ionic m l a l i t y  

a - subscript denoting anions 

c - subscript denotiw cations 

i 

+ " 1  

ii7-r { 1. - (1. + a l n )  e x p ( - a l c )  3 + Bij = BO 

2 8 2  { I .  - (1. - a2 JT 1 exp(-a2JI) 1 

B! - { -1. + (1. + sin+ .5 4 I exp(-u, fl 1) + i j  -v 
3 -1. + (1. + a , n +  .5 a: I exp(-u, TT ) I  
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a, = 2.0 

a2 = 0.0 for 1-1. 2-1, 1-2, 3-1, 4-1 and 5-1 electrolytes; therefore the 

for 1-1. 2-1, 1-2, 3-1. 4-1 and 5-1 electrolytes 

= 1.4 for 2-2 electrolytes 

last part of the B and B' equations drop cut 
= 12.0 for 2-2 electrolytes 

8 0  - Pitzer parmeter, tabulated in Appendices 4.4 and 5.1 

81 - Pitzer parameter, tabulated inAppendices 4.4 end 5.1 

8 2  

C' 

0 

+ - Pitzer ternary interaction parmeter; scme values tabulated in 

- Pitzer paremeter for 2-2 electrolytes; tabulated in Appendices 4.4 

- Pitzer parameter: tabulated in Appendices 4.4 and 5.1 

- Pitzer interaction parameter for like charged ions; sane values 

and 5.1 

tabulated in Appendix 5.1 

Appendix 5.1 

The mean molal activity coefficient can be calculated by combining the ionic 

activity coefficients : 

V C y A v A  ) 
or : 

1 In y, = ( vC In yC + vA In Y,) 

(2.26) 
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WATER ACTIVITIES 

Some of the electrolytes to be tested precipitate in hydrated forms at 25OC. It is 
therefore necessary to calculate the water activities in addition to the electrolyte 
activity coefficients in order to model the solutions. The water activity may be 
calculated using an equation presented specifically for it's calculation, or from 
the results of an osmotic coefficient equation. 

Bromley's Water Activity 

In 1973. Bromley (B3) presented the following equation for the calculation of the 
osmotic coefficient of a single electrolyte solution at 25OC: 

(5.51) I I Y ( 8 l )  - 2.303 B 2 2.303 (0.06 + 0.6 B) I Z+Z] 
where: p = 1.0 

a = 1.5 I I z+z] 

B - Branley's parameter, tabulated in Appendix 4.2 

I = .5 c mi 2; : ionic strength 

Ay - the Debye-lfiickel constant, log e basis 

4 - the osmotic coefficient 

i 

The resulting osmotic coefficient can then be used to calculate the water activity. 
aow, of the single electrolyte solution: 

Ms v m 
In a:= -- I$ (2.30) 
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where: Ms - the molecular Height of the solvent, 18.02 for water 
m - the m l a l i t y  of the electrolyte 
v - the mxnber of ions the electrolyte dissociates into 

In order to calculate the water activity of a multicomponent solution, it is 
suggested that the hypothetical pure solution water activities for the electrolytes 
in solution are calculated as above, The mixed solution water activity could then 
be calculated using a method suggested by Meissner and Kusik (h17): 

log (aJmix = z z Wil log + r (5.31) 
i j  

where: (a;)ij - is the hypothetical pure solution water activity for 

i 

j 

electrolyte i j  
- odd nmhr subscripts denoting cations 
- even nmber subscripts denoting; anions 

= I i / I c  : cationic fraction 

= [ . / I  ; anionic fraction 

= .5 C mi zf ; cationic etrength 

= .5 Z m 22 ; anionic strength 

= .5 mn 2: 

xi 

j l a  Y 

I0 i 

I 1  j 
'a 

In ; individual ionic strengths 

= .5 Z rn z2 ; total ionic strength n n  I 
n 

"he residue tern equals zero for solutions of like charged 
electrolytes. 
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Meissner's Water Activity 

Another method of calculating water activities was presented by Meissner ( M l O )  
1980 : 

in 

-55.51 log c = -E- 2 2  + 2(r0 I ; ~  d 1n r  i2 (5.52) 
1 2  

Here again the superscript * O "  denotes pure solution. and the odd numbered 
subscripts are  cations, the even are anions. The integral portion of the  equation 
is easily solvable with a computer program. 

ro = i i .  + ~ ( 1 .  + o.ix)q - BI r *  (4.46) 

B = 0.75 - 0.06!5q (4.46a) 

0.5107 fi log r e = -  
l . + C J I -  

(4.46b) 

C = 1. + 0.055 q exp(-0.O23I9) ( 4 . 4 6 ~ )  

The water activities calculated in this manner could then be combined using equation 
(5.31). 

The mixed solution water activity could also be calculated by  substituting the q in 
equations (4.46) with qij,,,ix: 

qij ,mix = ('1 q';j + I 3 q o  3j  + . . . I  / I  + ( I2  qPz + I4 qpq + ... ) / I  (5.29) 

where: X i  - ionic strength of ion i 

I - total  ionic strength 

qPj 
- Meissner q parameter for electrolyte i j  i n  pure solution 

Used in conjunction with equation (5.521, for each electrolyte ij in the  solution, a 
hypothetical water activity, Ai j ,  would be calculated. These would then be 

combined : 

R12 R2 3 R34 
*w,mix = %2 A23 ' A34 *.' 

where: R12 = 

N. = 
1 j  

*lZ 

'12 -t N23 + N34 + * * '  

gram m l e s  of electrolyte ij added to water to  mike the solution 

2 4 0  
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Pitzer's Water Activity 

Pitzer (P14) presented two equations for calculating osmotic coefficients. One is 
for single electrolyte solutions, the other is for multicomponent solutions. For 

pure solutions of electrolyte ca: 

4 - 1. = I z c z , I  f 4 + m  [ - "c 'a 1 B2a + m* [ 2' VC V 3/21 c:a (5.53) 

ST mere: f' 
= -A@ 1. .+ 1 . 2  Ti 

A 4  - the o m t i c  coefficient Debye-Nckel constant 
I - the ionic strength 

Bca 
a1 = 1.4 for 2-2 electrolytes, = 2.0 for  others 
a2, = 12. for 2-2 electrolytes, = 0.0 for others 
v. 

zi 
C@ 
f3 - Pitzer parameters, tabulated in Appendix 4.4 

m - m l a l i t y  

@ = 80 + 81 exp(- a1 1 + Bz exp(-a2ff  1 

- rpart>er of ions i in electrolyte ca; v = 1 1 ~  + 

- charge on ion i 

- Pitzer parameter, tabulated in Appendix 4.4 

va 1 

The equation for a multicomponent solution is of a similar form: 

(Zm) p 4 - I .  = (I mi)-' { 2  I f '  + 2 c Emc ma +- c 1 + 
i c a  Jzczo- ca 

C Z rn mcl ( Occ, + I 0kcl + C ma $ J ~ ~ , ~ )  + 
c c1 a 

(5.54) 

The summations are over all cations and anions in the solution. 

< c m >  = c ma /z,l = c mc zc a C 

The 0 and $J parameters for some interactions are tabulated in Appendix 5.1. The 

Q 1  t e r m  can be neglected for solutions of electrolytes of similar or not too 
different charges. 
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PHASE DIAGRAM CALCULATIONS 

A rigorous test  of the applicability of activity coefficient estimation techniques 
is to predict the solubility of a strong electrolyte in an aqueous solution of 

another strong electrolyte. Varying the solution concentration, a portion of the 
solid-liquid phase diagram can be  predicted by  calculating the saturation concen- 
tration for the electrolyte in question. This tes t  is recommended due to the fact 
that a wealth of experimental data is available. An excellent source of such data 
is the compilation Solubilities of Inorganic and Metal-Organic Compounds by W.F. 
Linke and A. Seidell (3) .  

In'order to facilitate such testing, a modular program was written to  allow for 

simple variation of activity coefficient methods and solution composition. There 
are two approaches to the calculation of solubility products and both have been 
used for the tes ts  in this chapter. As Been in Chapter 111, the  solubility 
product, KSp. can be defined in terms of the activities: 

'c 'a 
Ksp = ac 'a 

or the G i b b s  free energy of the reaction: 

SP 
- A %  K = exp( SP 

where, i representing 

A% = I: vi AGq 
sp i 

I R r )  

the products and j the reactants: 

- C vj AT 
j 

(3.13) 

(3.14) 

( 3 . 1 5 )  

(3.9) 

The calculation of an electrolyte's solubility product can therefore be based on 
the saturation molality of a pure solution of that electrolyte or on tabulated 
values of Gibbs free energies. Ideally, the solubility product should be the same 

no matter what the  method of calculation. In reality, this is rarely the  case. 

2 4 2  
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Basic flow of the testing program: 

1. Choose the electrolytes in solution and the activity coefficient method to  be 
used. 

2. Do the  calculations for single electrolyte solution saturation points. This 
is either calculating the Solubility product of the electrolyte based on an 
experimental saturation molality and the calculated activity coefficients as 
suggested by equation (3.14). or. calculating the solubility product with the 
Gibbs free energies via equation (3.15) and using the Newton method to solve 
for the saturation molality. 

3. For a system containing two or more possible precipitates. calculate the 
invariant point(s) , or mutual saturation point($) using the Newton-Raphson 
technique. 

4.  Calculate the solubility of one electrolyte while varying the solution concen- 
tration of the other. This entails using the Newton-Raphson technique to 
solve the  system model for the saturation concentrations a t  even increments of 
the solution concentration. For a solution of two or more possible precipi- 
tates,  the points are found between the pure solution saturation point and the 
invariant point. For a solution of one possible precipitate, the points are  
found f r o m  the pure solution saturation point to a set maximum molality of the 
other electrolyte. 

5 .  For solutions containing three possible precipitates, the saturation molality 
of the third salt is found between the two invariant points. 

6. A t  the  completion of these calculations, the program can either return to 
s tep  1. or end. 

For example, one of the solutions tested here is t h e  ternary system H20-NaCl-Na2S0,. 
A t  25OC there  a re  three possible precipitates. A t  the  saturation concentration of a 
pure solution of Na2SOr. the precipitate is Na2S04.10H20. which wi l l  be called point 
a. The  pure saturation point of NaC1, point b. has anhydrous NaCl as its 
precipitate. The  third possible precipitate is the anhydrous Na2S09.  There is a 
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Figure 5.1 

H20-NaCl-Na2S04 at 25 deg. C 
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point of mutual saturation between Na S0,.10H20 and NazSO,, point c. and one 
between NaCl and Na2S0,. point d. These invariant points indicate the solution 
composition at which the two salts will begin to precipitate. In reference to the 
program steps described above: 

2 .  The saturation point calculations for pure solutions of NaCl and Na,SO, , 
points b and a. are done. 

3. The NaCl + Na,SO, invariant point, point d,  and Na,SO, + NazSO,.lOH,O. point 
c ,  are calculated. 

4 .  The solubility of Na2S0, in an increasing solution concentration of NaCl is 
calculated. These are points along the line between points a and c where 
Na2S04.10H20 is the only precipitate. This is then done for points between 
the pure saturation concentration of NaC1, point b. and the other invariant 
point d. 

5 .  Values along the line between the two invariant points are now found. Na2S0, 
is the possible precipitate for this region. 

Program block descriptions : 

Single electrolyte saturation point calculations: 

1. Based upon experimental saturation molalities: 

a) The activity coefficient for the single electrolyte solution is calculated 
a t  the given saturation molality using the pure solution equation for the 
chosen method as  described in Chapter IV. If the precipitate is a 
hydrate, the water activity is also calculated. 

b) The solubility product for the precipitate is calculated based on the 
saturation molality , calculated activity coefficients and, if a hydrated 
precipitate. the water activity. The solubility product definition for 
precipitate ca.hHz0 is: 

K = a  vc a ua ah = (y m 1"' (ya ma a: SP c a w  c c  
(5.55) 
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Since the saturation molality of the electrolyte is related to the ionic 
molalities : 

m. = vi m 
1 

and the mean molal activity coefficient is: 

v ‘c ‘a 
Y, = ‘Ye Ya 

the solubility product may be defined: 

K = (Q y, m 1’ 4 SP 
V V 

where Q = ( v v a I”’ 
C a 

(2.26) 

(5.56) 

This Q term equals unity for 1-1 electrolytes and 2-2 electrolytes, and 
equals 41’3 for 1-2 and 2-1 electrolytes. 

The water activity term, aw, drops out for anhydrous precipitates. 

2. Based on Gibbs free energies: 

a) Using the tabulated values of AGfO in the NBS Tech Note 270 series, the 
G i b b s  free energy of reaction is calculated: 

(3.9) 

with the subscript i denoting the products and j the reactants. For 

example, the A G K ~ ~  of Na,SO,.lOH,O would be: 

A s  = 2 *  A%+ + A% + lo * - A%2SOI,.10H~0 
*P 

This value is then used to calculate the solubility product: 

K = exp( - A %  I RT) (3.15) 
sp SP 

b) The saturation molality is then solved for using Newton’s method. 
Newton’s method attempts to find a value of x such that: 

f(x) = 0.0 
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Beginning with a guess value of x,.  a new value for x is calculated: 

x, = x1 - f(x,) 
mq- 

This procedure is repeated until convergence is achieved : 

The attempt to find a solution is terminated if convergence has not been 
reached after one hundred iterations. 

The equation to be solved b y  Newton's method is: 

invariant point calculations : 

Some of the multiple electrolyte solutions tested here had two or more possible 
precipitates. For such solutions there is a concentration at which two of the 
possible precipitates will begin to form. A set of equations modeling the 
solution was solved using the Newton-Raphson technique for solving a set of 
simultaneous equations. The ionic molalities were the unknowns. The two 
equilibrium equations were: 

The solubility constants are those calculated for the pure solution saturation 
pdnts. A third equation was the electroneutrality equation: 

f ( 3 ) = z  m + z  m - z  m - z  m 
c1 cl cp c2  al a1 a2 a2  

where z is the absolute value of the ionic charge. These three equations were 
sufficient for the systems tested as invariant point calculations were necessary 
only for those solutions in which the electrolytes shared a common ion. 

For a solution which has a third possible precipitate. such as H20-Na2S0,-NaCI, 
the calculations must be done twice. A third solubility product was calculated 
for the anhydrous precipitate. Na2S04, using the Gibbs free energy. One set of 
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calculations was done using the pure solution solubility product, Ksp of 
Na2SOb.10H20. and the solubility product of the anhydrous salt. The second 
invariant point was found using the anhydrous solubility product and the 
solubility product of the other pure saturation point, NaCl. 

Solubility of one electrolyte in  a solution of another: 

The solubility of one electrolyte in varied solution concentrations of the other 
was done for all of the systems tested. The calculations were done at equi- 
distant steps between the pure saturation molality and a maximum molality of the 
other. For systems with one possible precipitate, the maximum molality was set 
with regard to available experimental data. The maximum molality of 
multiprecipitate solutions was set using the invariant point molalities. 

Here again, a Newton-Raphson technique was used for solving the system model. 
Since the molality of one of the electrolytes was set, there were only two 
unknowns and only two equations were necessary: 

V C  f(1)  = I. - {(mc yc ) 

f (2 )  = z m 

(ma ya 1”” ah W I /  K~~ 

+ zcs mcs - za ma - zas mas c c  
The subscripts c and a denote the cation and anion of the precipitate whose 
molality is being solved for; the cs and as subscripts indicate the cation and 
anion of the electrolyte of set molality. 

For a single precipitate solution. such as H20-HCl-CaSO, , the HC1 molality was 
set and the equations were solved for the molalities of Ca++ and SOT at 
the point where CaSO4.2H20 would begin to precipitate. The set molality of HC1 
was increased until it reached a maximum of ten. 

The system H20-NaC1-KCl, with two possible precipitates. used the above set of 
equations twice. The saturation molality of KC1 was solved for at increasing 
concentrations of NaC1. The maximum NeCl molality was set to the invariant 
point molality. The saturation molality of NaCl was then found at increasing 
KCl concentrations until the maximum molality of the invariant point was 
reached. 

2 4 0  



V . Multicomponent Strong Electrolytes 

Triple precipitate systems also found the saturation rnolalities between the pure 
solution and invariant point concentrations, but a third set of calculations was 
done for the precipitate between the two invariant points. So for the system 
HzO-NaC1-NazSOr. af ter  the saturation molality of NaCl was found between the 
pure solution concentration and the invariant point where NaCl and Naz SO, 

precipitate, and the saturation molality of Na SO ,, .10H 0 was found to the 
invariant point for Na2S0,.10H,0 and Na2S0 b, the saturation rnolality for Na2S04 
was found for concentrations between the two invariant points. 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H 2 0  - NaCl - KC1 EXPERIMENTAL WTA 

From: W.F. Linke. A .  Seidell, Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. 1 1 ,  American Chemical Society, 
Washington, D.C. ( 1 9 6 5 )  p. 1 4 7  

Results at 25OC: 

Sat. s o l .  weight percent 

KC 1 NaCl Solid Phase 

2 6 . 5 2  0 .o KC 1 
1 6 . 5 8  1 2 . 3  KC 1 
1 5 . 7 1  1 3 . 4 5  KC 1 
1 1 . 4 1  2 0 . 4 2  KC1 + NaCl 

8 . 1 6  2 2 . 1 1  NaCl 
3 . 3 4  2 4 . 5 8  NaCl 
0 . o  2 6 . 4 8  NaCl 



V. Multicomponent Strong Electrolytes 

H20 - NaCl - KCl PARAMETERS 

Guggenheim 

Bc a C a 

Na c1 .15 
K .1 

Broml ey 

Bc a C a 

N a  c1 . 0 5 7 4  
K . 0 2 4  

Mei ssner 

qc a C a 

Na c1 2.23 
K . 9 2  

Pitzer 

C a B O  B 1  CO 

N a  c1 . 0 7 6 5  . 2 6 6 4  . 0 0 1 2 7  
K . 0 4 8 3 5  .2122 - . 0 0 0 8 4  

Qi j 'i jk i j k 

Na K c1 -.012 -.0018 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Guggenheim 

PURE SALT SOLUBILITIES: 
I l e S P E I = P = P = I P P I I * P P I I I  

solid phase saturation activity 
mol a1 i t y coefficient _-_-_______ _ _ _ _ _ _ _ _ _ _ - _  _ _ _ - _ _ _ _ _ _ _ _  

NaCl 
KC1 

INVARIANT POINT: 

0.402509E+01 0.1527523+01 
0.3272523+01 0.9026743+00 

Solid phase: NaCl + KC1 

molalities weight percents _-_-__------- _-------------- 
NaCl 0.3267987E+01 14.935 
KC1 O.l177911E+Ol 6.867 
H20 78.198 

molality NaCl 

0.3104588E+Ol 
0.2941188E+Ol 
0.27777893+01 
0.2614390E+01 
0.2450990E+01 
0.2287591E+01 
0.2124192E+01 
O.l960792E+Ol 
O.l797393E+Ol 
O.l633994E+Ol 
0.1470594E+01 
O.l307195E+Ol 
0.11437963+01 
0.9803962E+OO 
0.8169968E+00 
0.6535974E+00 
0.4901981E+00 
0.3267987E+00 
0.1633994~+00 

--____-______-_- molality KC1 
O.l256486E+Ol 
0.1338226E+Ol 
0.1423084E+01 
0.1511007E+01 
O.l601933E+Ol 
0.1695792E+01 
0.1792512E+01 
0.1892014E+Ol 
0.19942173+61 
0.2099038E+01 
0.22063916+01 
0.2316191Ec01 
0.24283513+01 
0.2542786E+Ol 
0.265941OE+Ol 
0.2778140E+01 
0.2898895E+01 
0.3021594E+01 
0.3146161E+01 

-_--_-_----_-_-- 

solubility 
psoduc t _-_-________ 

0.376680E+02 
0.8704013+01 



V . Multicomponent Strong Electrolyte8 

molality NaCl 

0.33046683+01 
0.33414803+01 
0.3378422E+Ol 
0.3415494E+Ol 
0.3452693E+Ol 
0.34900183+01 
0.3527468E+Ol 
0.35650413+01 
0.36027363+01 
0.3640552E+Ol 
0.3678488E+01 
0.37165423+01 
0.37547123+01 
0.3792999E+Ol 
0.3831400E+01 
0.3869914E+Ol 
0.390854OE+Ol 
0.39472773+01 
0.39861243+01 

--------------- molality KC1 

0.1119015E+01 
0.1060120E+01 

0.94232863+01 
0.88343313+00 
0.8245376E+00 
0.7656420E+00 
0.7067465E+00 
0.6478509E+00 
0.58895543+00 
0.5300599E+00 
0.4711643E+OO 
0.41226883+00 
0.3533732E+00 
0.2944777E+00 
0.2355822E+00 
0.17668663+00 
0.1177911E+OO 

.- ---------------- 

0.1001224E+OI. 

0.5889554E-01 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
= P 3 1 1 1 3 = P I 1 P P D t P P I P P I I P  

Nacl 
KC1 

0.619136E+01 0.992017E+OO 
0.49902lE+Ol 0.5913773+00 

INVARIANT POINT: 
a = I P P I I P E I I P P I I I  

Solid phase: NaCl + KC1 

molalities weight percents _-__-___----- ----I-_-------_ 

NaCl 0.50905033+01 20.523 
KC1 0.2040451E+01 10.494 
H20 68.983 

molality NaCl 

0.4835977E+01 
0.4581452E+Ol 
0.4326927E+Ol 
0.40724023+01 
0.38178773+01 
0.35633523+01 
0.3308827E+Ol 
0.3054302E+01 
0.27997763+01 
0.2545251E+01 
0.22907263+01 
0.20362013+01 
0.1781676E+01 
0.1527151E+01 
0.12726263+01 
0.1018101E+01 
0.7635754E+00 
0.5090503E+OO 
0.2545251E+00 

-_----___------- - molality KC1 
0.21481763+01 
0.2260164E+Ol 
0.23764463+01 
0.24970393+01 
0.2621950E+01 
0.2751177E+Ol 
0.2884706E+Ol 
0.3022514~+01 
0.3164569~+01 
0.3310827E+01 
0.34612393+01 
0.3615746E+01 
0.37742833+01 
0.3936778~+01 
0.4103152E+01 
0.4273324E+01 
0.44472073+01 
0.46247103+01 
0.48057413+01 

.--------------- 

solubility 
pr oduc t 

0.3766803+02 
0.8704013+01 



V. Multicomponent Strong Electrolytes 

THE SOLUBILITY OF NaCl IN A SOLUTION OF KC1: 
IIIPlePIIPIP=PIP=PID==-=~~=-======-=-=====-= 

molality NaCl molality .KC1 

0.5143300E+01 0.1938428E+01 
0.5196342E+01 0.1836406E+01 
0.5249628E+01 0.17343833+01 
0.5303154E+01 0.16323603+01 
0.53569213+01 0.15303383+01 
0.5410927E+01 0.14283153+01 
0.54651703+01 0.13262933+01 
0.5519650E+01 0.12242703+01 
0.5574365E+Ol 0.11222483+01 
0.5629313E+01 O.l020225E+Ol 
0.5684493E+Ol 0.91820283+00 
0.57399043+01 0.8161802E+OO 
0.5795545E+01 0.71415773+00 
0.58514143+01 0.61213523+00 
0.5907511E+01 0.5101126E+00 
0.5963833E+01 0.40809013+00 
0.6020380E+01 0.3060676E+00 
0.607715OE+Ol 0.2040451E+00 
0.6134142E+01 0.10202253+00 

--------------_- ---------------- 



AQUEOUS ELECTROLYTE THERMODYNAMlCS 

SYSTEM: H20 - NaCl - KC1 
P E P I 3 1 1 1 1 P L 1 1 3 P e l r l l O P I P I  

Temperature: 25.0 degrees 

Method: Meissner 

solid phase saturat 

Celsius 

on ac -ivi ty solub 
mola 1 i ty coefficient 

i tY 
product 

NaCl 
KCI 

0.641588E+01 0.9585163+00 0.3766803+02 
0.505413E+01 0.583890E+00 0.8704013+01 

INVARIANT POINT: 
=OI==*PPEII=IIPI 

Solid phase: NaCl + KC1 

molalities weight percents ------------- ________--____- 
NaCl 0.5333751~+01 21.237 
KC1 0.20939833+01 10.636 
H20 68.127 

molality NaCl 

0.5067064E+Ol 
0.4800376E+01 
0.4533688E+Ol 
0.4267001E+01 
0.4000313E+01 
0.37336263+01 
0.3466938E+01 
0.3200251E+Ol 
0.2933563E+01 
0.26668763+01 
0.2400188E+01 
0.2133500E+01 
0.1866813E+01 
0.1600125E+01 
0.1333438E+01 
0.1066750E+01 
0.80006276+00 
0.5333751E+OO 
0.2666876E+00 

_----_-_________ molality KC1 
0.2198484E+01 
0.23075OOE+Ol 
0.2421093E+Ol 
0.25393133+01 
0.26621963+01 
0.27897673+01 
0.2922034E+01 
0.3058995EtOl 
0.3200633E+01 
0.3346923E+01 
0.3497826E+Ol 
0.36532993+01 
0.3813289E+Ol 
0.39777353+01 
0.4146573E+Ol 
0.4319735E+Ol 
0.44971473+01 
0.4678733E+01 
0.4864416E+Ol 

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



V .  Multicomponent Strong Electrolyte8 

molality NaCl 

0.5385157E+01 
0.5436852E+01 
0.54888363+01 
0.55411093+01 
0.55936693+01 
0.56465143+01 
0.56996463+01 
0.57530613+01 
0.580676OE+Ol 
0.58607413+01 
0.5915004E+01 
0.59695463+01 
0.6024367E+01 
0.60794663+01 
0.61348423+01 
0.61904923+01 
0.62464163+01 
0.6302612E+01 
0.63590793+01 

---------------- molality KC1 

0.19892843+01 
0.1884585E+01 
0.17798863+01 
0.16751863+01 
0.15704873+01 
0.1465788E+01 
0.13610893+01 
0.1256390E+01 
0.1151691E+01 
0.1046991E+01 
0.9422923E+OO 
0.83759323+00 
0.732894OE+OO 
0.62819493+00 
0.5234957E+00 
0.4187966E+OO 
0.3140974E+00 
0.2093983E+00 
0.1046991E+00 

-__-_---_------- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

NaCl 
KC1 

0.612742E+01 0.100493E+01 0.3766803+02 
0.499931E+01 0.5903193+00 0.8704013+01 

INVARIANT POINT: 
P P = I P = P I I P = P I I = P  

Solid phase: NaCl + KC1 

molalities weight percents ------------- ___________---_ 
NaCl 0.5017383E+01 20.037 
KC1 0.2283136E+01 11.631 
H20 68.332 

molality NaCl 

0.4766514E+01 
0.45156443+01 
0.42647753+01 
0.4013906E+Ol 
0.3763037E+Ol 
0.3512168E+01 
0.32612993+01 
0.301043OE+Ol 
0.275956OE+Ol 
0.2508691E+01 
0.2257822E+01 
0.2006953E+01 
0.1756084E+01 
O.l505215E+Ol 
0.1254346E+01 
O.l003477E+Ol 
0.7526074E+00 
0.5017383E+00 
0.2508691~+00 

__-___-_____-_-_ molality KC1 
0.23893763+01 
0.2498908E+01 
0.2611723E+01 
0.2727805E+01 
0.284?133E+01 
0.29696803+01 
0.3095415E+01 
0.3224304E+01 
0.3356306E+Ol 
0.34913783+01 
0.3629472E+Ol 
0.3770539E+01 
0.3914526E+01 
0.4061378E+01 
0.4211035E+01 
0.4363440E+01 
0.4518532E+01 
0.46762483+01 
0.48365253+01 

---------------- 
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V. Multicomponent Strong Electrolytes 

molality NaCl 

0.5070015E+Ol 
0.5122955E+Ol 
0.5176201E+Ol 
0.5229752E+Ol 
0.5283609E+Ol 
0.5337768E+Ol 
0.5392231E+01 
0.5446994E+01 
0.5502058E+Ol 
0.55574223+01 
0.5613084E+Ol 
0.5669043E+Ol 
0.5725298E+Ol 
0.5781849E+01 
0.5838693E+01 
0.5895831E+01 
0.59532613+01 
0.6010981~+01 
0.6068992E+01 

--------_------ molality KC1 

0.2168979E+01 
0.2054822E+01 
0.1940665E+01 
0.1826508E+Ol 
O.l712352E+Ol 
0.1598195E+01 
0.14840383+01 
0.1369881E+01 
0.12557253+01 
0.1141568E+01 
O.l027411E+Ol 
0.91325423+00 
0.7990975E+00 
0.6849407E+00 
0.5707839E+OO 
0.456627lE+OO 
0.34247033+00 
0.2283136E+OO 
O.l141568E+OO 

.- ---------------- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

1 1 1 ~ 1 1 1 ~ 1 1 1 ~ 1 1 1 ~ 1 1 l ( 1 1 1  I l l  

- - 
Solubility product set: 

- 
x Seidall experimental - 

- ---- Guggenhelm prediction - 

6.00 

5. 00 

4.00 

3.00 

2. 00 

I. 00 

0.00 

H20-NaC1-KC1 at 25 deg. C 

NaCl molality 



V. Multimmponent Strong Electrolyte6 

H20 - NaCl - HCl EXPERIhENTAL DATA 

From: W.F. Linke, A. Seidell. Solubilities of Inorganic and Metal- 
Organic Compounds. Vol. 1 1 .  American Chemical Society, 
Washington, D.C. (1965) p .  962 

Solubility of NaCl in hydrochloric acid solutions at 25OC: 

(Ingham. 1928) 

sol. 
dens i ty 

1.1981 
1.1867 
1.1781 
1.1511 
1.1352 
1.1319 
1.1282 
1.12 
1.116 
1.1158 
1.1213 
1.1302 
1.1458 
1.1970 

gm. moles per liter sat. sol. 
HC 1 NaC 1 

0 .o 5.4325 

.886 4.483 
2.265 3.149 
3.185 2.31 
3.487 2.079 
3.83 1.797 
4.5 1.333 
5.253 .907 
6.101 .5 44 
7.073 .293 
7.976 .158 
9.236 .091 

13.41 .017 

.503 4 .a80 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Guggenheim 

H20 - NaCl - HCl PARAMETERS 

B O R  C 8 

Na c 1  . 15  
H .21 

B r o m l  ey 

Bc a C a 

Na  c 1  .0574 
H .I433 

Mei ssner 

C 8 

N 8  c1 2.23 
H 6 . 6 9  

Pi tzer 

C 8 B O  €51 C 4  

Na c 1  .0765 .2664 .00127 
H . 1 7 7 5  .2945 . 0 0 0 8  

i j k oi . 'ijk 

Na H c1 .036 -. 004 



V. Multicomponent Strong Electrolytee 

Temperature: 25.0 degrees Celsius 

Method: Guggenheim 

NaCl 0.402509E+Ol 0.152752E+01 0.3766803+02 

molality NaCl 

0.3536934E+01 
0.3066138E+01 
0.26158653+01 
0.2190000E+01 
0.17931623+01 
O.l430623E+Ol 
0.1107956E+01 
0.83026353+00 
0.60095763+00 
0.4204101E+00 
0.2852107E+00 
0.18868413+00 
0.1225131E+00 

-______-_-_-_-_ 

0.78546293-01 
0.49965003-01 
0.3164590E-01 
0.20002763-01 
0.12636253-01 
0.7985143E-02 
0.5050094E-02 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
D = P I I P P I P l l l t l P D I - L E I P P  

NaCl 0.6191363+01 0.9920173+00 0.3766803+02 

molality NaCl molality HC1 

0.56641193+01 
0.5151923~+01 
0.4656309E+01 
0.4178982E+01 
0.37218243+01 
0.3286876E+01 
0.28762943+01 
0.24922713+01 
0.2136923E+01 
0.18121323+01 
0.15193553+01 
0.1259422E+01 
O.l032367E+Ol 
0.83733143+00 
0.6725718E+OO 
0.5355950E+00 
0.4233785E+OO 
0.3326363E+00 
0.2600703E+00 
0.20256993+00 



V . Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Neissner 

NaCl 0.641588E+Ol 0 .9 5 8 5 1 6 E.t  0 0 0.3766803+02 

molality NaCl 

0.58381303+01 
0.5280053E+Ol 
0.47432633+01 
0.42295423+01 
0.3740784E+01 
0.3278984E+01 
0.2846214E+01 
0.24445673+01 
0.2076065E+01 
0.1742498E+01 
O.l445194E+Ol 
0.1184750E+01 
0.9607803E+00 
0.7717713E+OO 
0.6151309E+OO 
0.4874267E+00 
0.38474943+00 
0.30309553+00 
0.23867903+00 
0.1881272E+00 

________--__---- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
IIDIIIIPP=llePPI~PLI==- 

NaCl 0.612742~+01 O.l00493E+Ol 

molality NaCl 

0.5575051E+01 
0.50365953+01 
0.45142263+01 
0.4010514E+01 
0.35283178+01 
0.3070744E+01 
0.. 2641078E+Ol 
0.22426193+01 
0.1878463E+01 
O.l551198E+Ol 
0.1262561E+01 
0.1013114E+01 
0.8020506E+00 
0.6271890E+00 
0.4851957E+00 
0.3719715E+OO 
0.28310063+00 
0.2142536E+00 
0.16147453+00 
0.1213386E+00 

0.3766803+02 



V .  Multicomponent Strong Electrolytes 

I l l  I l l  I 1 1 I I I I  I l l  I l l ] l l l  I l l  I l l  I 1 1  

- - 

NaCl  Solubility i n  H20-HC1 @ 25 deg 
7.00 

6.00 

5.00 

4.00 

3.00 

2-00 

1.00 

0.00 

HC1 rnolality 
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AQUEOUS ELECTBOLYTE THERMODYNAMICS 

H20 - NaCl - NaOH EXPERIMENTAL DATA 

From: W.F. Linke. A. Seidell. Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. 11. American Chemical Society, 
Washington, D.C. (1965) p. 966 

Solubility of NaCl in aqueous sodium hydroxide at 25OC: 

(Ackerlof end Short, 1937) 

grn. moles per 1000 gms. H,O 

NaOH NaCl 

.920 
1.858 
2.714 

3.812 

5.721 
6.688 
7.141 
8.031 
9.824 

11.437 

3.07 

4.798 

5.613 
5.048 
4.672 
4.486 
4 -048 
3.61 
3.206 
2.635 
2.442 
2.173 
1.558 
1.28 



V. Multfcomponent Strong Electrolytes 

H20 - NaCl - NaOH PARAMETERS 

Bromley 

C a Bca 

Na CI eO574 
OH . 0 7 4 7  

Me i s sner 

qc a C a 

Na c1 2.23 
OH 3 . 0  

Pitzer 

C a B O  

Na Cl . 0 7 6 5  . 2 6 6 4  . 0 0 1 2 7  
OH . 0 8 6 4  . 2 5 3 0  . 0 0 4 4 0  

i j k Qi. 'i jk 

c1 OH Na - . 05  - .006  



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
I I P l f - L I I P n P I I I P P I I I I E P  

NaCl 0.614618E+Ol 0.9863323+00 

molality NaCl 

0.5762196E+01 
0.53864953+01 
0.5019695E+Ol 
0.4662451E+01 
0.4315457E+01 
0.39794373+01 
0.36551443+01 
0.33433443+01 
0.30448063+01 
0.27602833+01 
0.24904913+01 
0.22360803+01 
0.19976083+01 
O.l775513E+Ol 
0.1570075E+Ol 
0.1381400~+01 
0.12093943+01 
0.1053759E+01 
0.91399033+00 
0.78939503+00 

---____----_--- 



V .  Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

PURE SALT SOLUBILITIES: 
I I I 1 P I 1 I D I - I P I I P I = I P p I p  

NaCl 0.614618E+01 0.9330453+00 0.328863E+02 

molality NaCl 

0.5768890E+01 
0.5400533E+01 
0.50414863+01 
0.46924416+01 
0.4354353E+01 
0.4027806E+01 
0.3713526E+01 
0.34122273+01 
0.31245973+01 
0.28512743+01 
0.25928193+01 
0.2349699E+01 
0.2122254E+01 
0.19106773+01 
O.l715016E+Ol 
0.1535090E+01 
0.13706013+01 
0.12210583+01 
0.10858203+01 
0.96411843+00 

--------------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
e l l a I P t l P P P O I l P l l P I P I I I  

NaCl 0.6146183+01 0.100413E+01 

molality NaCl 

0.5868961E+01 
0.55943243+01 
0.53224543+01 
0.5053633E+Ol 
0.47881303+01 
0.4526240E+01 
0.4268287E+01 
0.40146243+01 
0.37656323+01 
0.35217223+01 
0.3283329E+01 
0.3050915~+01 
0.2824900E+01 
0.2605913E+01 
0.2394399E+01 
0.21908733+01 
0.1995846~+01 
0.18098086+01 
0.1633222E+01 
0.1466505E+01 

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

0.3808803+02 
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V .  Multicomponent Strong Electrolytes 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
I D P I I I D P = P e l l l l l P * P I L I P  

NaCl 0.6191 36E+01 0.9920173+00 0.3766803+02 

molality NaCl 

0.5806681E+01 
0.5430179E+01 
0.5062522E+Ol 
0.4704339E+Ol 
0.4356316E+01 
0.40191733+01 
0.36936573+01 
0.338053OE+Ol 
0.3080559E+Ol 
0.2794498E+01 
0.2523065E+01 
0.2266916E+01 
0.20266223+01 
O.l802632E+Ol 
0.1595248E+01 
0.1404597E+01 
0.1230611E+01 
0.1073017E+01 
0.9313385E+00 
0.80490743+00 

---------------- 
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V. Multicomponent Strong Electrolytes 

SYSTEM: H20 - NaCl - NaOH 
I = I P I I I P - P I I P I P P I P P = = ~ = - = =  

Temperature: 25.0 degrees Celsius 

Method: Meissner 

NaCl 0.641588E+Ol 0.958516E+OO 

molality NaCl 

0.60345903+01 
0.5661943E+01 
0.5298219E+Ol 
0.4944191E+01 
0.46005203+01 
0.4267789E+01 
0.3946901E+Ol 
0.3638439E+01 
0.33430763+01 
0.3061454E+01 
0.27941543+01 
0.2541682E+Ol 
0.2304436E+01 
0.2082718E+01 
0.1876601E+01 
0.16860863+01 
0.1510977E+01 
0.1350909E+01 
0.1205364E+01 
0.10736843+01 

-_____---------- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
P P I P T I I L P P P l O l l l t l l - P I P  

NaCl 0.612742E+01 O.l00493E+Ol 

molality NaCl 

0.5850309E+Ol 
0.55757953+01 
0.5304141E+01 
0.5035562E+Ol 
0.4770328E+01 
0.4508733E+01 
0.4251103E+Ol 
0.3997793E+Ol 
0.3749184E+01 
0.3505686E+01 
0.3267738E+01 
0.30358OOE+Ol 
0.28102933+01 
0.25918473+01 
0.23809073+01 
0.21779853+01 
O.l983591E+Ol 
0.1798214E+01 
0.16223113+01 
O.l456296E+Ol 

----_-----_----- - 

0.3766803+02 



V. Multicornponent Strong Blectrolytee 
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AQUEOUS ELECTBOLYTE THERMODYNAMICS 

H2O - KC1 - HC1 EXF'ERIMENTAL DATA 

From: W.F. Linke, A. Seidell. Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. 11,  American Chemical Society, 
Washington. D.C. (1965) p. 116 

Solubility of KCl in hydrochloric acid solutions at 25OC:  

(Armstrong, Eyre, Hussey and Paddinson, 1 9 0 7 ;  Armstrong and Eyre, 
1 9 1 0 ;  Herz, 1 9 1 1 ;  Ingham, 1 9 2 8 ;  Malquori, 1 9 2 8 )  

gms. per 100 gms. sat. sol. 

HC 1 KC 1 

0.  2 6 . 4  
2 .  2 3 . 2  
4 .  2 0 .  
6. 16.6 
8. 1 3 . 7  

10. 11.4 
12. 9 . 3  
14 .  7 . 4  
1 6 .  5 . 8  
18. 4 - 6  
2 0 .  3 . 6  
2 2 .  2 -9 
2 4 .  2 . 4  
2 6  2 .o  
2 8 .  1 . 7  
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V. Yulticomponent Strong Electrolytes 

H20 - KCI - HCI PARAMETEE 

Guggenheim 

K c1 .1 
H . 27  

Broml ey 

Bc a C a 

K c1 . 0 2 4  
H .1433 

Me i ssner 

9, B 
C a 

K c1 . 9 2  
H 6 . 6 9  

Pi tzer 

K c1 . 0 4 8 3 5  - 2 1 2 2  - . 0 0 0 8 4  
H . 1 7 7 5  . 2 9 4 5  - . 0 0 0 8  

'i jk i I k oi . 

K H c1 . 0 0 5  - .007 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

SYSTEM: H20 - KC1 - HC1 
9 t l P l l l t 3 1 L P l P I I I P - P I l l l  

Temperature: 25.0 degrees Celsius 

Method: Guggenheim 

KC1 04811153+01 0.116604E+01 0.3147223+02 

molality KCI 

0.4234906E+01 
0.36813373+01 
0.3153891~+01 
0.26566773+01 
0.21944633+01 
0.1772528E+01 
O.l396257E+Ol 
0.1070365E+01 
0.7977987E+00 
0.5786220E+00 
0.4094442E+OO 
0.2838500E+00 
0.19371253+00 
0.1307366E+00 

_______-------_ 

0.8759551E-01 
0.58436493-01 
0.3889585E-01 
0.2586666E-01 
0.1720205E-01 
0.1144611E-01 



V.  Multtcomponent Strong Electrolyte8 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
P I I P t - l l - O P I P P I P = P I P - - I  

KC 1 0.481115E+01 0.588291E+00 

molality KC1 

0.4252994E+01 
0.3727492E+01 
0.3236968E+01 
0.27837473+01 
0.23699493+01 
0.19972133+01 
0.16664013+01 
0.13773493+01 
0.1128739E+01 
0.9181 380E+00 
0.7422087E+00 
0.597032OE+OO 
0.47845583+00 
0.38240213+00 
0.30508413+00 
0.24313943+00 
0.19367463+00 
0.1542615E+00 
0.12289843+00 

-----__---__---- 

0.9795719E-01 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

KC1 0.481115E+01 0.581101E+00 0.7816313+01 

molality KC1 

0.4191918E+01 
0.3619407E+Ol 
0.3096161E+Ol 
0.26236373+01 
0.2202064E+01 
0.1830498E+01 
O.l507033E+Ol 
0.1229052E+01 
0.99343963+00 
0.7966784E+00 
0.63485993+00 
0.50371063+00 
0.3987409E+OO 
0.31551243+00 
0.24992843+00 
0.19841733+00 
O.l580008E+OO 
O.l262683E+OO 
0.1013070E+00 

-_---------_-_-- 

0.8161789E-01 
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V .  Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: P i t z e r  

PURE SALT SOLUBILITIES: 
-DP119~=1PIPIPPrl=PoIpD 

KC1 0.481115~+01 0.586953E+00 0.797453E+Ol 

molality KC1 

0.4292985E+01 
0.37993833+01 
0.3333511E+Ol 
0.2898494E+01 
0.24972126+01 
0.2132032E+Ol 
0.1804520~+01 
0.1515210E+01 
0.12634723+01 
0.10475433+01 
0.8647159E+00 
0.71163283+00 
0.5846179E+00 
0.47996733+00 
0.3941798E+00 
0.3240887E+00 
0.26692773+00 
0.2203415E+OO 
0.18236193+00 
0.1513657E+00 

-___________--_ 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

KC1 Solubility in H20-HC1 at 25 deg 

5.00 l l ~ ~ l [ l ~ l l l ~ l l l ~ l l l ~ i l l ~ l i l ~ l l l ~ l l l ~ l l l ~  

Saturation molality Set: 
- 

x Soidell experimental - 

-a_- Cuggenheim prediction - 
Bromlay pradiction 

4-00 i 
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V. Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Guggenheim 

PURE SALT SOLUBILITIES: 
I I I I I P P I P I I I P P I I I P I P I I I  

KC 1 0.327.2523+01 0.902674~+00 0.8704013+01 

molality KC1 

0.27682753+01 
0.2295779E+01 
0.1860609E+01 
0.1468796E+01 
0.1126260E+01 
0.8375569E+00 
0.6043559E+OO 
0.4243371E+00 
0.29131213+00 
0.19665823+00 
O.l312613E+OO 

__-_--_--__---- 

0.8701009E-01 
0.5746857E-01 
0.3790334E-01 
0.2499873E-01 
0.16501123-01 
0.1090598E-01 
0.7218920E-02 
0.4786005E-02 
0.31781083-02 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
P = 1 1 1 3 P I = * = t P P P P P ~ D = - I I  

KC1 0.499021E+Ol 0.5913773+00 0.870401E+01 

molality KC1 

0.44218883+01 
0.3885880E+01 
0.3384433E+01 
0.2919838E+Ol 
0.2494231E+01 
0.2109344E+01 
0.17662143+01 
0.1464932E+01 
0.12044753+01 
0.9827098E+00 
0.79654703+00 
0.6422340E+DO 
0.5156921E+00 
0.4128335E+OO 
0.3297989E+OO 
0.26311623+00 
0.2097654E+00 
0.16719023+00 
0.13326933+00 
0.1062678E+00 

_ _ _ _ _ _ - _ _ _ _ _ _ _ _  
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V. Multicomponent S tmng Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

solid phase saturation activity solubility 
mol a 1 i ty coefficient product ----------- ------------ --------I--- ------------ 

KC1 0.5054133+01 0.58389OE+OO 0.8704013+01 

rnolality KC1 

0.44203223+01 
0.38320783+01 
0.32919663+01 
0.2801671E+01 
0.23617883+01 
0.19718243+01 
O.l630338E+Ol 
0.1335147E+01 
0.1083497E+Ol 
0.8721417E+00 
0.69734683+00 
0.5549194E+OO 
0.4403584E+00 
0.34913383+00 
0.2769891E+OO 
0.2201616~+00 
0.1754733~+00 
O.l403262E+OO 
O.l126426E+OO 

--__--_-__-__-_- 

0.90784503-01 

molality HC1 

0.5000000E+00 

0.1500000E+01 
0.2000000E+01 
0.2500000E+01 
0.30000003+01 
0.3500000E+01 
0.4000000E+01 
0.4500000E+01 
0.5000000E+01 

0.6000000E+01 
0.6500000E+01 
0.7000000E+01 
0.7SOOOOOE+01 
0.8000000E+01 
0.8500000E+Ol 
0.9000000E+01 
0.950 00 0 OE+01 
0.1000000E+02 

---------------- 
0.1000000E+01 

0.5500000E+01 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
l l l E l l l P P P O l E I I P I I P I I I I  

KC1 0.499931E+01 0.590319E+00 0.870401E+01 

molality KC1 

0.4473062E+01 
0.39706033+01 
0.3495039E+Ol 
0.30494903+01 
0.26368846+01 
0.22597163+01 
0.1919768E+01 
0.1617863E+01 
0.13537123+01 
0.1125889E+01 
0.93198OlE+OO 
0.7688359E+00 
0.63289413+00 
0.52047433+00 
0.42803113+00 
0.3523075E+OO 
0.2904236~+00 
0.2399029~+00 
O.l986598E+OO 
O.l649642E+OO 

--------------- molality HC1 

0.5000000E+00 
0.1000000E+01 
0.1500000E+01 
0.2000000€+01 
0.2500000E+01 
0.3000000E+01 
0.3500000E+01 
0.4000000E+Ol 
0.4500000E+01 
0.5000000E+01 
0.5500000E+01 
0.6000000E+01 
0.6500000E+01 
0.7000000E+01 
0.7500000~+01 
0.8000000E+01 
O.B500000E+01 
0.9000000E+01 
0.9500000E+01 
0.1000000Et02 

.- __________-__-_- 



V . Multicornponent Strong Electrolytes 

KC1 Solubility i n  H20-HC1 at 25 deg 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

H20 - NaCl - CaC12 EXF'ERlMENTU DATA 

From: W.F. Linke, A. Seidell: Solubilities of InorEanic and Metal- 
Organic Compounds. vol. 1. American Chemical Society, 
Washington. D.C. ( 1 9 5 8 )  p .  5 7 9  

Results at 25OC: 

(Cameron. Bell and Robinson, 1 9 0 7 )  

2 5  
d25 

Sat. Sol 

... 
1 . 4 4 4 1  

1 . 3 4 6 3  

1 . 2 6 5 3  
1 . 2 3 6 7  
1 . 2 0 8 0  
1 . 2 0 3 0  

1 . 3 6 5 1  

1 . 2 8 3 1  

gms. per 100 gms. of H 2 0  

CaCl z 

8 4 .  
1 8 . 4 9  
4 8 . 5 8  
5 3 . 4 7  
3 6 . 8 0  
3 0 . 0 8  
1 9 . 5 3  

3 . 9 2  
0 .o 

NaCl 

0 .o 
1 . 8 4 6  
1 . 6 3 7  
1 . 7 9 9  
7 . 7 7  

1 0 . 7 0  
1 8 . 8 5  
3 2  - 4 8  
3 5 . 8 0  

Solid Phase 

CaCl, .6H,O 
CaCl, .6H,O + NaCl 
NaCl 
NaCl 
NaCl 
NaCl 
NaC 1 
NaCl 
NaCl 

(Yanatieva. 1 9 4 6 )  
gms. per 100 gms. s a t .  sol. 

CaClz NaCl Solid Phase 

45 - 6 0  0 .o 
0 .o 2 6 . 8 0  

27 - 3 0  4 . 1 0  
3 2 . 4 0  2 . 8 0  
35 - 6 0  1 . 4 0  
4 3 . 5 0  1 .oo  

CaCl2 .6HzO 
NaCl 
NaCl 
NaC 1 
NaCl 
NaCl + CaC12.6H~0 
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V .  Multicomponent Strong Electrolytes 

Broml ey 

Me i ssner 

H , O  - NaCl  - CaC12 PARAMETERS 

C a BCR 

N a  c 1  . 0 5 7 4  
C a  . 0 9 4 8  

%a C a 

N a  c 1  2.23 
C a  2 . 4 0  

Pitzer  

C a B O  B1 

Na c 1  , 0 7 6 5  .2664  . 0 0 1 2 7  
Ca . 3 1 5 9  1 . 6 1 4 0  - . 0 0 0 3 4  

j k Q i  j ' ijk i 

Na Ca c1 .07 - . 0 1 4  
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
t C I P I I P I - l l l = l - l l - l e 0 = I  

solid phase saturation activity water solubility 
molality coefficient activity product ______-____ __________-_  --___-_----- ------------ ------------ 

0.367500E+02 
. cac12.6~20 0.746178E+Ol 0.197025~+02 0.2771773+00 0.5763593+04 
NaCl 0.614618E+01 0.9863323+00 

INVARIANT POINT: 

Solid phase: NaCl + CaC12.6H20 
molalities weight percents _____-------- -_______------- 

NaCl 0.3199004E-01 0.098 
CaC12 0.81705843+01 47.510 
H20 52.392 

Solid phase: CaC12.6H20 

molality NaCl _____-_____--_- 
0.3039054E-01 
0.28791043-01 
0.27191543-01 
0.2559203E-01 
0.2399253E-01 
0.2239303E-01 
0.2079353E-01 
0.19194023-01 
0.1759452E-01 
0.1599502E-01 
0.14395523-01 
0.12796023-01 
0.1119651E-01 
0.9597012E-02 
0.7997510E-02 
0.6398008E-02 
0.4798506E-02 
0.31990043-02 
0.15995023-02 

molality CaC12 

0.8171494E+Ol 
0.8172404E+01 
0.817 3 31 5E+O 1 
0.81742263+01 
0.8175137E+Ol 
0.81760493+01 
0.817696lE,+01 
0.8177873E+01 
0.8178785E+01 
0.8179697E+Ol 
0.818061OE+Ol 
0.8181523E+01 
0.8182437E+01 
0.8183350E+01 
0.8184264E+01 
0.8185179E+Ol 
0.81860933+01 
0.8187008E+01 
0.81879233+01 

- -_______-_------ 



V . Multicomponent Strong Electrolytes 

molality NaCl --___---_---_-- 
0.4520365E-01 
0.63886653-01 
0.9025637E-01 
0.12735323+00 
0.17925893+00 
0.2512844E+OO 
0.3500401~+00 
0.4832501E+00 
0.65918963+00 
0.88571893+00 
0.11691083+01 
0.15130403+01 
0.19181873+01 
0.23824743+01 
0.29018433+01 
0.34711663+01 
0.40850423+01 
0.4738362~+01 
0.54266393+01 

molality CaC12 

0.7762055E+01 
0.7353526EtOl 
0.69449963+01 
0.6536467E+Ol 
0.61279383+01 
0.57194093+01 
0.5310880E+01 
0.490235OE+Ol 
0.44938213+01 
0.40852923+01 
0.36767633+01 
0.32682343+01 
0.28597043+01 
0.2451175E+01 
0.20426463+01 
0.1634117E+01 
0.1225588~+01 
0.8170584E+00 
0.4085292E+00 

- _-_-------__---_ 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

PURE SALT SOLUBILITIES: 
l P I I * l l I P I l P O I P P l P E I = P 1  

NaCl 0.614618E+01 0.9330453+00 0.328863E+02 
CaC12.6H20 0.746178E+01 0.154431E+02 0.317055E+00 0.6217363+04 

INVARIANT POINT: 
l O I I l l l l l I l P e P P l  

Solid phase: NaCl + CaC12.6H20 

molal i ties weight percents _ _ _ _ _ _ _ _ _ _ _ _ -  --------------- 
NaCl 0.1473920E+00 0.466 
CaCl2 0.7570374E+Ol 45.446 
H20 54.089 

solid phase: CaC12.6H20 

molality NaCl 

O.l400224E+OO 
0.13265283+00 
0.12528323+00 
O.l179136E+OO 
0.11054403+00 
0.10317443+00 

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

0.9580479E-01 
0.8843519E-01 
0.81065593-01 
0.73695993-01 
0.6632639E-01 
0.58956793-01 
0.51587193-01 
0.44217593-01 
0.3684800E-01 
0.29478403-01 
0.22108803-01 
0.1473920E-01 
0.73695993-02 

molality CaC12 

0.7564788E+01 
0.75592563+01 
0.7553442E+01 
0.7547802E+Ol 
0.7542053E+Ol 
0.7536348E+01 
0.7530832E+Ol 
0.75254893+01 
0.75202823+01 
0.7514729E+Ol 
0.7509053E+01 
0.75038223+01 
0.7498210E+01 
0.74930523+01 
0.74877753+01 
0.74823923+01 
0.74774293+01 
0.7472364E+01 
0.74668193+01 

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

. 



V .  Multicomponent Strong Electrolytes 

molality NaCl 

0.1789701E+00 
0.21844943+00 
0.26799163+00 
0.3303328E+OO 
0.4088865E+00 
0.5078169E+OO 
0.63203783+00 
0.7870935E+OO 
0.97884023+00 
0.1212942E+01 
O.l494220E+Ol 
0.1826019E+01 
0.22097793+01 
0.26449433+01 
0.3129228E+01 
0.36590943+01 
0.42302873+01 
0.48382623+01 
OS5478429E+01 

-_-___--------- molality CaC12 

0.7191856E+01 
0.6813337E+Ol 
0.64348183+01 
0.6056300E+01 
0.5677781E+01 
0.52992623+01 
0.4920743E+01 
0.4542225E+01 
0.41637063+01 
0.37851873+01 
0.34066693+01 
0.30281503+01 
0.26496313+01 
0.2271112E+01 
0.18925943+01 
0.15140753+01 
0.1135556E+Ol 
0.75703743+00 
0.3785187E+00 

- ---------------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

NaCl 0.6146183+01 0.100413E+01 0.376680E+02 
CaC12.6H20 0.746178E+01 0.3488563+02 0.2386993+00 0.1305073+05 

Solid phase: NaCl + CaC12.6H20 

molalities weight percents ------------- ---_---_------- 
NaCl 0.50391OOE-01 0.162 
CaC12 0.7309413E+01 44.717 
H20 55.121 

Solid phase: CaC12.6H20 

molality NaCl _____-_--_--_-_- 
0.4787145E-01 
0.4535190E-01 
0.4283235E-01 
0.40312803-01 
0.3779325E-01 
0.3527370E-01 
0.3275415E-01 
0.30234603-01 
0.2771505E-01 
0.251955OE-01 
0.2267595E-01 
0.2015640E-01 
0.17636653-01 
0.1511730E-01 
0.1259775E-01 
0.100782OE-01 
0.75586503-02 
0.5039100E-02 
0.25195503-02 

molality CaC12 

0.7309419E+01 
0.7309427E+01 
0.7309435E+01 
0.73094443+01 
0.7309453E+01 
0.73094633+61 
0.7309474E+01 
0.7309466E+Ol 
0.7309498E+01 
0.7309511E+01 
0.73095253+01 
0.7309539~+01 
0.7309554E+Ol 
0.7309570E+01 
0.7309566E+Ol 
0.7309603E+01 
0.7309621E+01 
0.73096393+01 
0.7309658E+01 

.--------------- 
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V . Multicornponent Strong Electrolytes 

molality NaCl -___----------- 
0.67030783-01 
0.8967584E-01 
0.12058403+00 
0.16282783+00 
0.22051683+00 
0.29899753+00 
0.40494633+00 
0.54620863+00 
0.73123533+00 
0.9680466E+00 
0.1262886E+01 
O.l618996E+Ol 
0.20359993+01 
0.2510130E+01 
0.3035101E+01 
0.3603202E+01 
0.42062353+01 
0.48361293+01 
0.5485210E+01 

molality CaC12 

0.6943942E+01 
0.65784723+01 
0.62130013+01 
0.54875303+01 
0.54820603+01 
0.5116589E+Ol 
0.4751118E+01 
0.4385648E+01 
0.4020177E+01 
0.36547063+01 
0.32892363+01 
0.29237653+01 
0.2558294E+01 
0.2192824E+Ol 
0.1827353E+01 
0.1461883E+01 
0.1096412E+01 
0.7309413E+00 
0.36547063+00 

.- _-_-_--__------- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H20-NaCl-CaC12 a t  25 deg. C 

0 0 
0 0 

0 
0 

0 
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0 
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0 
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0 
0 

0 
0 

0 0 
0 0 
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V . Yulticomponent Strong Electrolyte8 - 

HzO - NaCl - &Clz EXPERIMENTAL DATA 

From: W.F. Linke. A.  Seidell, Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. 1 1 ,  American Chemical Society, 
Washington, D.C. (1965) p. 489- 

Resuits at 25OC: 

(Keitel, 1923) 

gms. per 100 gms. HzO 

MgC12 NaC 1 

35.6 0 .o 
35. .97 
30.87 1.39 
24.28 4.01 

9 . 6 8  16.38 
8 .Ol 17.74 

(Takegami, 1921) 

35.86 
35.73 
35.68 
31.65 
24.4 
18.79 
9.15 
6.24 

. 5  

0 .o 
.21 
.48 

1.12 
4.11 
7.80 

16.62 
19.77 
26.49 

Solid Phase 

MgCl2 6H 2 0  
MgC1, .6H20 + NaCl 
NaCl 
NaC 1 
NaCl 
NaCl 

MgCl, .6Hz0 

MgCl, .6Hz0 + NaCl 
NaCl 
NaCl 
NaCl 
NaC 1 
NaCl 
NaCl 

MgC12.6HZO 

2 9 9  



AQUEOUS ELECTROLYTE THERMODYNAMICS 

HzO - NaCl - MgClz PARAMETERS 

B r o m l  ey 

BC 8 
C a 

Na c1 . 0 5 7 4  
Mg . 1129  

Meissner 

%a C a 

Na c1 2 . 2 3  
Mg 2 .90  

Pitzer 

Na c1 .0765 .2664 . 0 0 1 2 7  
h1g - 3 5 2 3 5  1.6815 - 0 0 5 1 9  

i j  'i jk  I k 0 i. 

Na  Mg c1 .07 - . 0 1 2  



V . Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
PPIPIPPPIPPPIIPP=I=P~=- 

NaCl 0.614618E+Ol 0.986332E+00 0.367500E+02 
MgC12.6H20 0.578071E+Ol 0.143203E+02 0.394868E+00 0.860146E+04 

INVARIANT POINT: 
I I I I - P P I P P P P I P I I  

Solid phase: NaCl + MgC12.6H20 

molalities weight percents _-_--______-- - _--- - - - - - - .- - - - 
NaCl O.l168651E+OO 0.433 
MgCl2 0.5995714E+01 36.183 
H20 63.384 

Solid phase: MgC12.6H20 

molality NaCl 

0.1110218E+00 
O.l051786E+OO 

-_____-_---_---_ 

0.99335333-01 
0.9349207E-01 
0.8764882E-01 
0.81805573-01 
0.75962313-01 
0.7011906E-01 
0.6427580E-01 
0.5843255E-01 
0.5258929E-01 
0.4674604E-01 
0.4090278E-01 
0.35059533-01 
0.2921627E-01 
0.2337302E-01 
0.1752976E-01 
0.1168651E-01 
0.5843255E-02 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

molality NaCl 

O.l548537E+OO 
0.2046993E+00 
0.2696482E+00 
0.3535029EtOO 
0.4605052E+00 
0.59510133+00 
0.7615836E+OO 
0.96366303+00 
0.1204064E+01 
0.1484256E+01 
0.18043833+01 
0.2163405E+01 
0.25593803+01 
0.2989789&+01 
0.3451855E+01 
0.3942780E+01 
0.44599183+01 
0.5000876E+01 
0.5563557E+01 

---------------- molality MgCl2 

0.56959293+01 
0.5396143E+01 
0.5096357E+01 
0.47965723+01 
0.44967863+01 
0.4197000E+01 
0.3897214E+01 
0.3597429E+01 
0.3297643E+01 
0.29978573+01 
0.2698072E+Ol 
0.2398286E+01 
0.2098500E+01 
O.l798714E+Ol 
0.14989293+01 
0.1199143E+01 
0.89935723+00 
0.5995714E+00 
0.2997857E+00 

---------------- 
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V. Multicornponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

NaCl 0.6146183+01 0.933045E+00 0.3288633+02 
MgC12.6H20 0.5780713+01 0.175650E+02 0.396151E+00 0.161851E+05 

INVARIANT POINT: 
I - I I I I I I I - I P P I I P  

Solid phase: NaCl + MgC12.6H20 

molalities weight percents -_----------- --------------- 
NaCl 0.2243353E+00 0.838 
MgC12 0.5793927E+01 35.254 
H20 63.908 

Solid phase: MgC12.6H20 

molality NaCl 

0.2131165E+00 
0.2019018E+00 
0.1906850E+00 
0.1794682E+00 
0.1682515E+00 
0.15703473+00 
0.14581793+00 
0.13460123+00 
0.1233844E+00 
0.11216773+00 
0.1009509E+00 

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

0.8973412E-01 
0.7851736E-01 
0.67300593-01 
0.5608383E-01 
0.4486706E-01 
0.33650303-01 
0.22433533-01 
0.1121677E-01 

molality MgCl2 

O.S193477E+Ol 
0.5792828E+01 
0.5792162E+01 
0.5791538E+01 
0.57908293+01 
0.5790184E+Ol 
0.57895013+01 
0.57888573+01 
0.5788177E+Ol 
0.5787522E+Ol 
0.5786859E+Ol 
0.57861803+01 
0.5785493E+01 
0.5784841E+01 
0.57841463+01 
0.57834523+01 
0.5782786E+01 
0.5782107E+01 
0.57814183+01 

---------------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

molality NaCl 

0.27217953+00 
0.33130903+00 
0.40434883+00 
0.49439763+00 
0.60498033+00 
0.73992753+00 
0.9031769E+OO 
0.1098451~+01 
0.1328907E+01 
0.15968013+01 
0.1903257E+01 
0.2248209E+Ol 
0.2630512E+01 
0.30481863+01 
0.34987023+01 
0.39792553+01 
0.44869813+01 
0.5019093E+01 
0.5572967E+Ol 

___-_---------- molality MgC12 

0.5504231E+01 
0.5214535E+01 
0.49248383+01 
0.46351423+01 
0.4345445E+01 
0.4055749E+Ol 
0.3766053E+01 
0.34763563+01 
0.31866603+01 
0.2896964E+01 
0.2607267E+Ol 
0.23175713+01 
0.2027875E+01 
0.1738178E+01 
0.1448482E+01 
0.1158785E+01 
0.86908913+00 
0.57939273+00 
0.2896964E+00 

- ---__----------_ 



V. Multicomponent Strong Electrolyte8 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
l l P P I I P I P I E P l P I I l l l l P l t  

NaCl 0.614618E+Ol 0.100413E+01 0.380880E+02 
MgC12.6H20 0.578071E+01 0.302625E+02 0.334958E+00 0.302455Ei05 

INVARIANT POINT: 
III-D=PIPPIPPIIP 

Solid phase: NaCl + MgC12.6H20 
molalities weight percents -----_------- _______------__ 

NaCl 0.2574263E-01 0.093 
MgCl2 0.65146903+01 38.246 
H20 61.661 

Solid phase: MgC12.6H20 

molality NaCl -__-_-_-_-___-- 
0.24455503-01 
0.23168363-01 
0.21881233-01 
0.2059410E-01 
0.1930697E-01 
0.1801984E-01 
0.16732713-01 
0.15445583-01 
0.1415844E-01 
0.12871313-01 
0.11584183-01 
0.1029705E-01 
0.90099193-02 
0.77227883-02 
0.64356573-02 
0.51485253-02 
0.38613943-02 
0.25742633-02 
0.1287131E-02 

molality MgC12 

0.6514829E+Ol 
0.65149653+01 
0.6515101E+01 
0.6515236E+Ol 
0.6515371E+01 
0.6515508E+01 
0.65156433+01 
0.6515780E+01 
0.6515917E+01 
0.65160533+01 
0.651619OE+Ol 
0.65163263+01 
0.65164633+01 
0.65166003+01 
0.65167363+01 
0.6516875E+Ol 
0.65170103+01 
0.6517147E+01 
0.6517284E+01 

. -  -----_-__-_----- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

molality NaCl --------------- 
0.37411323-01 
0.54378853-01 
0.7899800E-01 
0.11457573+00 
O.l656486E+OO 
0.23822013+00 
0.339825OE+OO 
0.47923073+00 
0.66559763+00 
0.9071112E+OO 
0.12094423+01 
0.15746383+01 
0.2000921E+01 
0.2483371E+01 
0.3015076E+01 
0.35882553+01 
0.4195077E+01 
0.4828129E+01 
0.54805853+01 

molality MgC12 

0.61889553+01 
0.58632213+01 
0.55374863+01 
0.5211752E+Ol 
0.48860173+01 
0.4560283E+Ol 
0.4234548E+Ol 
0.3908814E+Ol 
0.3583079E+01 
0.3257345~+01 
0.2931610E+01 
0.2605876E+01 
0.2280141E+Ol 
0.19544073+01 
0.16286723+01 
0.1302938E+01 
0.9772035~+00 
0.65146903+00 
0.3257345E+00 

.- -_^_------------ 
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V. Multicomponent Strong Electrolytes 

H20-NaC1-MgC12 at 25 deg. C 

7.00 

6.00 

5.00 

4.00 

3.00 

2.00 

1.00 

0.00 
0 
0 

d 

0 
0 
4 

0 
0 

4 
0 0 0 
0 0 0 

rr j  4 

M g C E  molality 

0 
0 

cd 

0 
0 

r-: 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
==-==PPPIPI~=IPPIPIPpII 

NaCl 0.619136E+Ol 0.9920173+00 0.376680E+02 
MgC12.6H20 0.728632E+Ol 0.442990E+02 0.244109E+OO 0.284296E+05 

INVARIANT POINT: 
PPPIIPPP=DP==oPI 

Solid phase: NaCl + MgC12.6H20 
molalities weight percents --_---------- --------------- 

NaCl 0.2175919E-01 0.073 
MgC12 0.77965733+01 42.574 
H20 57.353 

Solid phase: MgC12.6H20 

molality NaCl ______-------_- 
0.2067123E-01 
0.1958327E-01 
0.1849531E-01 
0.17407353-01 
0.1631939E-01 
0.1523143E-01 
0.1414347E-01 
0.13055513-01 
0.11967553-01 
0.1087959E-01 
0.9791635E-02 
0.8703676E-02 
0.7615716E-02 
0.6527757E-02 
0.54397973-02 
0.4351838E-02 
0.3263878E-02 
0.21759193-02 
0.1087959E-02 

molality MgCl2 

0.77970753+01 
o.i79757a~+oi 
0.77980823+01 
0.77985853+01 
0.7799088E+Ol 
0.77995913+01 
0.78000943401 
0.78005983+01 
0.7801101E+Ol 
0.7801604E+01 
0.7802108E+01 
0.7802611E+Ol 
0.7803115E+01 
0.7803618E+01 
0.7804122E+01 
0.7804626E+01 
0.7805129E+01 
0.78056333+01 
0.7806137E+01 

.- _______-___-_--_ 
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V. Multicomponent Strong Electrolytes 

molality NaCl ---------------- 
0.31470023-01 
0.45538483-01 
0.6589949E-01 
0.95298303-01 
0.13756293+00 
O.l978909E+OO 
0.28306503+00 
0.4014391E+00 
0.5624897E+00 
0.7757927E+00 
O.l049546E+Ol 
O.l389111E+Ol 
0.1796195E+01 
0.2268998E+01 
0.2803128E+01 
0.3392801E+01 
0.4031874E+Ol 
0.47145573+01 
0.5435786E+01 

molality MgC12 

0.7406744E+01 
0.7016915E+01 
0.6627087E+Ol 
0.62372583+01 
0.58474293+01 
0.5457601E+01 
0.50677723+01 
0.4677944E+Ol 
0.4288115E+01 
0.3898286E+01 
0.35084583+01 
0.3118629E+01 
0.27288003+01 
0.23389723+01 
0.1949143E+01 
O.l559315E+Ol 
0.1169486E+01 
0.7796573E+00 
0.3898286E+00 

---------------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

method: Meissner 

NaCl 0.6415883+01 0.958516E+00 0.3766803+02 
MgC12.6H20 0.656091E+01 0.2728053+02 0.327809E+00 0.284296E+05 

INVARIANT POINT: 
IPPPPPII*PII=PIP 

Solid phase: NaCl + MgC12.6H20 

molalities weight percents ------------- --------------- 
NaCl 0.1531772E+00 0.547 
MgCl2 0.65924303+01 38.352 
H20 61.101 

Solid phase: MgCl2.6H20 

molality NaCl 

0.14551843+00 
0.1378595E+00 
O.l302007E+OO 
0.1225418E+00 
0.11488293+00 
0.10722413+00 

-_------------- 

0.9956521E-01 
0.9190635E-01 
0.84247483-01 
0.76588623-01 
0.68929763-01 
0.612709OE-01 
0.53612043-01 
0.45953173-01 
0.38294313-01 
0.30635453-01 
0.22976593-01 
0.15317723-01 
0.7658862E-02 

rnolality MgC12 

0.659084OE+Ol 
0.6589238E+01 
0.6587657E+01 
0.6586064E+Ol 
0.6584478E+Ol 
0.65829033+01 
0.6581306E+Ol 
0.6579712E+01 
0.6578149E+01 
0.65765713+01 
0.6574995E+01 
0.6573420E+01 
0.6571852E+01 
0.6570284E+01 
0.6568717E+Ol 
0.65671583+01 
0.6565591E+01 
0.65640323+01 
0.65624693+01 

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



V .  Multicomponent Strong Electrolytes 

molality NaCl 

0.18847263+00 
0.23302873+00 
0.28941503+00 
0.36084863+00 
0.45126773+00 
0.56533693+00 
0.70833663+00 
0.88586723+00 
0.1103370E+01 
O.l365509E+Ol 
0.16755653+01 
0.20350203+01 
0.2443486E+01 
0.2898946E+01 
0.33982193+01 
0.39374753+01 
0.4512671E+01 
0.51198573+01 
0.5755352E+01 

---__----------- ~ 

molality MgC12 

0.62628093+01 
0.5933187E+01 
0.56035663+01 
0.52739443+01 
0.4944323E+01 
0.4614701E+01 
0.42850803+01 
0.3955458E+01 
0.36258373+01 
0.32962153+01 
0.29665943+01 
0.26369723+01 
0.23073513+01 
0.19777293+01 
0.1648108E+01 
0.13184863+01 
0.98886453+00 
0.65924303+00 
0.3296215E+00 

._-------------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

TemPeKatUKt?: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
P P I I I * P I O P P P l e P l I P = I P I E  

NaCl 0.6127423+01 0.1004933+01 0.3766803+02 
MgC12.6H20 0.573435E+01 0.290883E+02 0.3398333+00 0.2842963+05 

INVARIANT POINT: 
I - - P I P * P I I = = I P = l  

Solid phase: NaCl + MgC12.6H20 
molalities weight percents ---_--------- ----------_---- 

NaCl 0.2831122E-01 0.103 
MgCl2 0.6422201E+01 37.906 
H20 61.992 

Solid phase: MgC12.6H20 

molality NaCl --------------- 
0.2689566E-01 
0.2548010E-01 
0.24064543-01 
0.2264898E-01 
0.2123341E-01 
0.1981785E-01 
0.1840229B-01 
0.1698673E-01 
0.1557117E-01 
0.14155613-01 
0.1274005E-01 
0.1132449E-01 
0.9908927E-02 
0.8493366E-02 
0.70778053-02 
0.5662244E-02 
0.42466833-02 
0.2831122E-02 
0.1415561E-02 

molality MgC12 

0.6422379E+ol 
0.6422556E+01 
0.64227333+01 
0.6422909E+01 
0.6423086E+01 
0.64232646+01 
0.64234413+01 
0.64236183+01 
0.6423795E+Ol 
0.6423973E+Ol 
0.64241513+01 
0.64243283+01 
0.6424506E+01 
0.6424684E+01 
0.64248623+01 
0.64250403+01 
0.6425219E+01 
0.6425397E+01 
0.642 557 5E+01 

- -_-_--_----__--_ 



V .  Multicomponent Strong Electrolytes 

molality NaCl --------------- 
0.40932713-01 
0.5918273E-01 
0.8550628E-01 
0.1233084E+00 
0.1772102E+00 
0.25325053+00 
0.3588969E+00 
0.50268813+00 
0.6933618E+OO 
0.93852453+00 
O.l243231E+Ol 
0.16090363+01 
0.2033907E+Ol 
0.2512921E+Ol 
0.30393583+01 
0.36057323+01 
0.42045403+01 
0.4828679E+Ol 
0.5471602E+Ol 

molality MgC12 

0.6101091E+01 
0.5779981E+01 
0.54588713+01 
0.5137761E+01 
0.4816650E+01 
0.44955403+01 
0.4174430E+01 
0.38533203+01 
0.3532210E+Ol 
0.3211100E+01 
0.28899903+01 
0.25688803+01 
0.22477703+01 
O.l926660E+Ol 
0.16055503+01 
0.128444OE+Ol 
0.96333013+00 
0.6422201E+00 
0.3211100E+00 

.- _____-___-_-_--- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

8.00 

7.00 

6.00 
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1.00 

0.00 

H20-NaCl-MgC12 at 25 deg. C 

NaCl molality 



V . Multicomponent Strong Electrolytes 

HzO - NaCl - NazSO, EXPERIMENTAL DATA 

From: W.F. Linke. A. Seidell, Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. 1 1 ,  American Chemical Society, 
Washington, D.C. ( 1 9 6 5 )  pp. 9 8 2 ,  9 8 3 ,  9 8 4  

(Chretien, 1 9 2 6 .  1 9 2 9 ;  Foote and Schairer. 1 9 3 0 ;  Takejami, 1 9 2 0 ,  1 9 2 1 ;  
Schreinemakers and deBaat, 1 9 0 9 ;  Bogoyaulenskii and Sukmanskaya. 1 9 5 5 )  

density 

1 . 2 0 7  

1 . 2 3 9  
1 . 2 4 9  

1 . 2 4 5 3  

1 . 2 1 6  

(Seidell, 1 9 0 2 )  

dens i ty 

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

1 . 2 4 5 1  
1 . 2 4 5 3  
1 . 2 3 0 9  
1 . 2 1 6 2  
1 . 2 0 0 2  

1 . 2 4 3 8  

gms. per 1 0 0  gms. sat. sol. 
NaC 1 Naz SO4 

7 . 6 6  16 . O  
1 4 . 5  1 4 . 5  
1 4 . 1 2  1 4 . 9 3  
1 4 . 0 2  1 5 . 2 2  
1 3 . 6 1  1 5 . 1 8  
1 8 . 4  
2 2 . 7  
2 2 . 7 7  
2 2 . 9 8  
2 3 . 1  
2 3 . 2 3  
2 4 . 6  

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

gms. per 1 0 0  gms. HzO 
NaCl Naz SO4 

2 . 9 6  2 6 . 6 0  
5 . 7 9  2 4 . 3 2  
9 . 9 0  2 1 . 4 1  

1 3 . 4 3  1 9 . 6 2  
1 5 . 8 2  1 9 . 6 4  
1 9 . 1 3  2 0 . 7 3  
2 3 . 2 2  1 6 . 2 8  
2 6 . 5 4  1 2 . 6 4  
3 1 . 0 6  9 . 9 8  
3 2 . 4 1  9 - 9 3  
3 3  .oo  9 . 8 4  
3 3 . 8 1  6 . 6 6  
3 4 . 6 0  3 . 3 8  
3 5 . 8 0  0 .o 

Solid Phase 

Naz SOr . 1 OH2 0 
NazSOt, .10H2O + Na2S0, 
Na2 SO4 . 1 0 H 2 0  + Na2 SO, 
NazSO, .10HzO + NazS04 
Na2S04 . lOHzO + NaCl 
Na 2 SO, 
NazSO, + NaCl 
NazSOc + NaCl 
NazSOr + NaCl 
NazSOr + NaCl 
NazSO, + NaCl 
NaCl 

Solid Phase 

Na,SO, . lOHzO 
Na,SO, .10H,O 
Na,SO, .10H,O 
Na,SO, .lOH,O 
Na,SO, .10H,O 
Na,SO, . lOHzO + Na, SO, 
Na,SO, 
Na,SO, 
Na,SO, 
Na, SO,  
Na,SO, + NaCl 
NaCl 
NaCl 
NaCl 

(Pel'sh, 1 9 4 9 )  
sat. sol. weight percent 
NaC 1 Na ,SOr Solid Phase 

2 2 . 8 5  6 . 8 9  NazSO, + NaCl 
1 4 . 0 8  1 4 . 9 2  NazSOr . l o H z 0  + Na2S01, 

3 1 5  



AQUEOUS ELECTROLYTE THBRHODYNAHICS 

Broml ey 

HzO - NaCl - NazSOt, PARAMETERS 

C a Bc R 

Na c1 .0574 
SO, -. 0204 

Mei 8sner 

%a C a 

N a  c1 2.23 
so4 -.19 

Pi tzer 

C a B O  B 1  C4 

Na c1 .0765 .2664 ,000127 
SO, .01058 1.113 . 0 0 4 9 7  

i j k o i  ' i j k  

c1 SOb Na .02 .0014 



V. Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

NaCl 0.614618E+01 0.986332E+00 0.367500E+02 
Na2S04.10H20 0.1956883+01 O.l49838E+OO 0.9405473+00 0.5462993-01 

Solid phase: NaCl + Na2S04 

molalities weight percents _-__-_-______ - - -- -- - - - - - -. -__ 
NaCl 0.5550143E+01 22.286 
Na2S04 0.92292463+00 9.007 
H20 68.707 

rnolality NaCl 

0.5579062E+Ol 
0.56080773+01 
0.5637189E+01 
0.56663963+01 
0.5695699E+01 
0.5725097E+Ol 
0.5754589E+Ol 
0.5784174E+01 
0.5813852E+01 
0.58436233+01 
0.5873484E+01 
0.5903437E+01 
0.5933478E+01 
0.5963609E+Ol 
0.5993826E+Ol 
0.6024130E+01 
0.6054519E+Ol 
0.60849923+01 
0.6115546E+01 

--------------- molality Na2S04 

0.8767783E+00 
0.83063213+00 
0.7844859E+OO 
0.73833973+00 
0.69219343+00 
0.64604723+00 
0.5999010E+00 
0.55375473+00 
0.5076085E+00 
0.46146233+00 
0.4153161E+00 
0.36916983+00 
0.3230236E+00 
0.2768774E+00 
0.2307311E+00 
0.18458493+00 
O.l384387E+OO 

.- ---------------- 

0.92292463-01 
0.4614623E-01 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Solid phase: Na2S04 

molality NaCl molality Na2S04 ------_--------- 
0.5272635~+01 
0.4995128E+01 
0.4717621E+01 
0.4440114E+Ol 
0.41626073+01 
0.38851003+01 
0.3607593E+01 
0.33300863+01 
0.3052578E+Ol 
0.2775071E+01 
0.24975643+01 

---------------- 
0.1030520E+01 
0.1153199E+01 
0.12934173+01 
0.145416OE+Ol 
0.1639198E+01 
0.18535433+01 
0.21043863+01 
0.24029683+01 
0.27695973+01 
0.32497153+01 
0.40129923+01 



V. Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

NaCl 0.614618E+01 0.9330453+00 0.328863E+02 
Na2S04.10H20 0.195688E+01 0.165749E+OO 0.9319643+00 0.6746823-01 

Solid phase: NaCl + Na2S04 
molalities --_----_----- 

NaCl 0.5977305E+01 
Na2S04 0.2482861E+00 
H20 

Solid phase: Na2S04 + Na2S04.10H20 

molalities ------------- 
NaCl 0.3004872E+01 
Na2S04 0.11732663+01 
H20 

weight percents 

25.230 
2.547 
72.223 

_-------------- 

weight percents 

6.267 
22.547 
70.834 

--------------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Solid phase: Na2S04.10H20 

molality NaCl 

O.l438135E+Ol 
O.l362443E+Ol 
0.1286752E+01 
0.1211061E+01 
0.11353703+01 
0.10596783+01 
0.98398693+00 
0.9082956E+OO 
0.8326043E+00 
0.756913OE+OO 
0.6812217E+OO 
0.6055304E+OO 
0.529839lE+OO 
0.45414783+00 
0.3784565E+OO 
0.30276523+00 
0.2270739E+00 
0.1513826E+00 

___------------_ 

0.75691303-01 

rnolality Na2S04 

0.2234159E+01 
0.2200927E+01 
0.21737353+01 
0.21509803+01 
0.2131581E+Ol 
0.21147633+01 
0.20999473+01 
0.2086684E+01 
0.2074616E+01 
0.2063451E+Ol 
0.20529373+01 
0.2042831E+Ol 
0.2033063Ec01 
0.2023281E+01 
0.2013406E+Ol 
0.20032803+01 
0.1992737E+01 
0.19816083+01 
0.19697203+01 

-_-_-_-_-_-__--- 

THE SOLUBILITY OF NaCl IN A SOLUTION OF Na2S04: 

molality NaCl 

0.59856073+01 
0.5993913E+01 
0.6002234E+01 
0.6010572E+Ol 
0.6018927E+Ol 
0.60272983+01 
0.60356863+01 
0.60440893+01 
0.6052510E+01 
0.6060946E+Ol 
0.60693993+01 
0.6077868E+Ol 
0.60863543+01 
0.6094855E+Ol 
0.6103382E+01 
0.6111906E+Ol 
0.6120455E+Ol 
0.6129020~+01 
0.61290203+01 

---------------- molality Na2S04 

0.2358718E+00 
0.22345753+00 
0.2110432E+OO 
0.19862893+00 
0.18621463+00 
0.1738003E+00 
0.16138603+00 
0.1489717E+00 
0.1365574E+00 
0.1241431E+00 
0.1117288B+00 

----------__---- 

0.99314453-01 
0.86900143-01 
0.7448584E-01 
0.62071533-01 
0.4965722E-01 
0.37242923-01 
0.24828613-01 
0.12414313-01 



V.  Multicomponent Strong Electrolvtes 

Solid phase: Na2S04 

molality NaCl 

0.5754131E+01 
0.5530957E+01 
0.5307783E+01 
0.5084609E+01 
0.48614353+01 
0.4638261E+01 
0.44150873+01 
0.41919133+01 
0.39687403+01 
0.37455663+01 
0.3522392E+01 
0.32992183+01 
0.3076044E+01 
0.28528793+01 
0.26296963+01 
0.24065223+01 
0.2183348E+01 
0.1960174E+01 
0.17370003+01 

-------------_- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
- _ P P P = P P I P P P = I I I D I I L I I P I  

solid phase saturation activity water solubility 
mol a1 i t y coefficient activity product _ _ _ _ _ _ _ - _ _ _  ___---___-__ _______--_-- _-__________  __--_--____- 

NaCl 0.614618E+01 0.100413E+01 0.3808803+02 
Na2S04.10H20 0.195688E+01 0.1565093+00 0.9362223+00 0.594509E-01 

INVARIANT POINTS: 
ELD=I-PPI=PPPLPII 

Solid phase: NaC1 + Na2S04 

molalities weight percents ------------- --------------_ 
NaCl 0.57864733+01 24.299 
Na2S04 0.37694843+00 3.847 
H20 71.854 

Solid phase: Na2S04 + Na2S04.10H20 

mol a1 i t ie s weight percents _-______-_-__ __-_____-______ 
NaCl 0.33384363+01 14.209 
Na2S04 0.12534493+01 12.966 
H20 72.026 



V.  Multicomponent Strong Electrolytes 

Solid phase: NaZS04.10H20 

molality NaCl 

0.3171515E+01 
0.3004593E+Ol 
0.28376713+01 
0.26707493+01 
0.2503827E+01 
0.2336905E+01 
0.21699843+01 
0.2003062E+Ol 
0.183614OE+Ol 
O.l669218E+Ol 
0.15022963+01 
0.13353753+01 
0.1168453E+01 
0.1001531E+01 
0.8346091E+00 
0.6676873E+00 
0.5007655~+00 
0.3338436~+00 
0.1669218E+00 

--------------- molality Na2S04 

0.1249830E+01 
0.1252478E+01 
0.1260693E+01 
O.l274002E+Ol 
O.l292076E+Ol 
0.1314674E+01 
0.1341612E+01 
0.1372744E+01 
0.1407939E+01 
0.1447074E+01 
0.14900253+01 
0.1536659~+01 
0.1586835E+01 
O.l640396E+Ol 
0.1697177E+Ol 
O.l757001E+Ol 
0.1819685E+Ol 
0.18850393+01 
0.19528763+01 

- --------------_- 

molality NaCl 

0.5804651E+01 
0.5822733E+01 
0.58408073+01 
0.58588723+01 
0.58769273+01 
0.5894972E+01 
0.59130073+01 
0.59310313+01 
0.59490433+01 
0.59670443+01 
0.5985032E+Ol 
0.6003007E+Ol 
0.6020968E+Ol 
0.60389153+01 
0.6056847E+01 
0.60747633+01 
0.60926643+01 
0.6110548E+01 
0.61284153+01 

------_--_--___- molality Na2S04 

0.3581010E+00 
0.33925353+00 
0.32040613+00 
0.30155873+00 
0.28271133+00 
0.26386393+00 
0.2450164E+OO 
0.2261690E+00 
0.2073216E+00 
0.18847423+00 
O.l696268E+OO 
O.l507793E+OO 
0.1319319E+00 
0.1130845E+00 

-___--____----_- 

0.9423709E-01 
0.75389676-01 
0.5654226E-01 
0.3769484E-01 
0.1884742E-01 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Solid phase: Na2S04 

molality NaCl 

0.5664071E+Ol 
0.5541669E+01 
0.5419267E+01 
0.52968663+01 
0.51744643+01 
0.5052062E+01 
0.49296603+01 
0.4807258E+Ol 
0.4684856E+Ol 
0.4562455E+01 
0.4440053E+Ol 
0.43176513+01 
0.41952493+01 
0.40728473+01 
0.3950446E+Ol 
0.38280443+01 
0.37056423+01 
0.35832403+01 
0.3460838E+01 

--_------------ molality Na2S04 

0.4022058E+00 

0.45748463+00 
0.4876631E+00 
0.51963833+00 
0.553486lE+OO 
0.5892801E+OO 
0.62708993+00 
0.6669803E+00 
0.70900983+00 
0.7532297E+OO 
0.79968263+00 
0.84840183+00 
0.89941043+00 
0.9527205E+OO 
O.l008333E+Ol 
0.1066239E+01 
O.l126416E+Ol 
0.11888333+01 

.- _--_--_-------__ 
0.4290249Ei.00 
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V. Multicomponent Strong Electrolytee 

- \ - 
/ 

Saturatfon molality soh P - 

- -Mefssner prediction \. 

I I I>:( I I 1  I - -  

- - 
- \. f 

x Sefdell experimental 

Bromley prediction - 
- 

- 
\. ' - 

-.- Pitzer predictfon - 
- 

1 1 1 1 l 1 1 1 1 1 1 1 1 1  

H20-NaCl-NaZS04 at 25 deg. C 

7.00 

c o o  

5.00 

4.00 

3.00 

Z O O  

1.00 

a 00 
0 8 w 8 In 

0 
In 0 

0 
d 4 + d c\i 

Na2S04 molality 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H20 - KC1 - CaC12 EXPERIMENTAL M T A  

From: W.F. Linke, A. Seidell, Solubilities of Inorpanic and Metal- 
Organic Compounds. Vol. I ,  American Chemical Society, 
Washington. D.C. (1958) p. 576 

Results at 25OC: 

( L e e  and Egerton, 1923) 

25 
d-i5 gms. per 100 gms. sat. sol. 

Sat. Sol 

1.47 ... 
1.485 
1.485 
1.402 
1.349 
1.273 
1.236 
1.204 
1.182 

CaC12 

45.06 
44.73 
44.72 
44.66 
37.82 

23.15 
16.55 
8.53 
0 .o 

32.34 

KC 1 

0.0 
3.28 
3.06 
3.05 
3.15 

7.52 

17.63 

3 . 7 2  

11.64 

26.74 

Solid Phase 

CaCl2.6H20 
CaCl 2. 6H 20 
CaCl2 .6H20 
CaCl .6H20 + KCl 
KC 1 
KC 1 
KC 1 
KC 1 
KC 1 
KC 1 



V .  Multicomponent Strong Electrolytes 

H20 - KC1 - CaC1z PARAMETERS 

Bromley 

Bc a C a 

K c1 . 0 2 4  
Ca . 0 9 4 8  

Meissner 

qc a C a 

K C l  . 9 2  
Ca 2 . 4 0  

Pitzer 

C a B 1  
- 

K c1 . 0 4 8 3 5  . 2 1 2 2  - .00084 
Ca . 3 1 5 9  1 . 6 1 4 0  - . 0 0 0 3 4  

K Ca c1 . 0 3 2  - . 0 2 5  
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

KC1 0.4811153+01 0.5882913+00 0.8010923+01 
CaC12.6H20 0.746178E+01 0.1970253+02 0.2771773+00 0.5763593+04 

INVARIANT POINT: 
PPIIPPIIP*IIPE=I 

Solid phase: KC1 + CaC12.6H20 

molalities weight percents ---_--_-_-__- --------------- 
KC 1 0.2441876E-01 0.095 
CaC12 0.8185093E+01 47.556 
H20 52.349 

rnolality KC1 --------------- 
0.23197823-01 
0.21976883-01 
0.20755943-01 
0.1953501E-01 
0.1831407E-01 
0.1709313E-01 
0.15872196-01 
0.14651253-01 
0.1343032E-01 
0.12209383-01 
0.1098844E-01 
0.9767503E-02 
0.85465653-02 
O.7325627E-02 
0.6104690E-02 
0.4883752E-02 
0.3662814E-02 
0-24418763-02 
0.12209383-02 

rnolality CaC12 

0.8185280E+01 
0.8185467E+01 
0.8185654E+01 
0.8185841E+01 
0.8186028E+01 
0.81862163+01 
0.81864033+01 
0.81865903+01 
0.8186777E+Ol 
0.8186965E+01 
0.81871523+01 
0.8187339E+01 
0.8187527E+01 
0.81877143+01 
0.81879013+01 
0.81880893+01 
0.81882763+01 
0.81884633+01 
0.8188651E+01 

.- ---------------- 



V. Multicomponent Strong Eleotrolytes 

molality KC1 -_----_--------- 
0.32512923-01 
0.4335557E-01 
0.5790267E-01 
0.77447413-01 
O.l037364E+OO 
0.13911973+00 
0.1867382E+00 
0.25074113+00 
0.33651093+00 
0.4508359~+00 
0.60193153+00 
0.79915083+00 
0.10522563+01 
0.1370239E+01 
O.l759949E+Ol 
0.22250253+01 
0.2765801E+Ol 
0.33797273+01 
0.40628903+01 

molality CaC12 

0.7775838E+01 
0.73665843+01 
0.6957329E+01 
0.65480743+01 
0.6138820E+01 
0.5729565E+01 
0.5320310E+01 
0.49110563+01 
0.4501801E+01 
0.40925463+01 
0.3683292~+01 
0.3274037E+01 
0.2864782E+01 
0.24555283+01 
0.2046273E+01 
0.1637019E+01 
0.1227764~+01 
0.8185093E+00 
0.4092546E+00 

----__---------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

SYSTEM: H20 - KC1 - CaC12 
- P I ~ ~ ~ ~ - - - ~ - = ~ ~ ~ ~ - P D - - - = I -  

Temperature: 25.0 degrees Celsius 

Method: Heissner 

KC 1 0.481115E+01 0.581101E+00 
CaC12.6H20 0.7461783+01 0.154431E+02 

INVARIANT POINT: 
IPIII*PPP=I=IPPD 

Solid phase: KC1 + CaC12.6H20 

molalities weight 

water solub ity 
activity product -----_------ ------------ 

0.7816313+01 
0.317055E+OO 0.621736E+04 

percents 

Solid phase: CaC12.6H20 

molality KC1 --------------- 
0.8565386E-01 
0.8114576E-01 
0.76637663-01 
0.72129563-01 
0.67621463-01 
0.6311337E-01 
0.58605273-01 
0.5409717E-01 
0.4958907E-01 
0.45080983-01 
0.4057288E-01 
0.36064783-01 
0.3155668E-01 
0.2704859E-01 
0.2254049E-01 
0.1803239E-01 
0.1352429E-01 
0.90161953-02 
0.45080983-02 

molality CaC12 

0.7517919E+Ol 
0.75148383+01 
0.7511976E+01 
0.75090333+01 
0.7505448E+Ol 
0.7502902E+01 
0.7499684E+01 
0.74968753+01 
0.7493668E+01 
0.74908843+01 
0.7488077~+01 
0.74850723+01 
0.74820603+01 
0.74791383+01 
0.7476141E+01 
0.74733063+01 
0.74705413+01 
0.74676493+01 
0.74646853+01 

.- ---------------- 



V. Multicomponent Strong Electrolytes 

molality KC1 

0.1065457E+00 
0.12661723+00 
0.1513640E+00 
0.18207263+00 
0.22042533+00 
0.26862543+00 
0.32955203+00 
0.40694403+00 
0.5055905E+OO 
0.6314846E+OO 
0.79184513+00 
0.99488533+00 
0.12491723+01 
0.15625733+01 
0.1941000E+01 
0.23873733+01 
0.29012283+01 
0.3479240E+01 
0.41169493+01 

___________-_ -__  - 
molality CaC12 

0.71445363+01 
0.67685083+01 
0.639248OE+Ol 
0.60164523+01 
0.56404243+01 
0.5264395E+01 
0.48883673+01 
0.4512339E+Ol 
0.4136311E+01 
0.37602823+01 
0.3384254E+01 
0.30082263+01 
0.26321983+01 
0.2256169E+01 
0.1880141E+01 
O.l504113E+Ol 
0.11280853+01 
0.7520565E+00 
0.37602823+00 

.__________----- 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

SYSTEM: H20 - KC1 - CaC12 
P I P P I I P L I = P P I E P P P I I P I I l l l P  

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

KC1 0.481115E+01 0.586953E+00 0.797453E+Ol 
CaC12.6H20 0.7461783+01 0.3488563+02 0.2386993+00 0.1305073+05 

INVARIANT POINT: 
=IPIIO-*I*PI-DLP 

Solid phase: KC1 + CaC12.6H20 
molalities weight percents ------------- --------------- 

KC1 0.22757423+00 0.926 
CaC12 0.7353829E+01 44.523 
H20 54.551 

Solid phase: CaC12.6H20 

molality KC1 

0.2161955E+00 
0.20481683+00 
0.19343813+00 
O.l820594E+OO 
0.1706807E+00 
0.1593019E+00 
0.1479232E+00 
0.13654453+00 
0.1251658E+00 
0.1137871E+00 
O.l024084E+OO 

--_-_----------- 

0.91029693-01 
0.7965097E-01 
0.6827226E-01 
0.56893553-01 
0.4551484E-01 
0.3413613E-01 
0.2275742E-01 
0.1137871E-01 

molality CaC12 

0.73514913+01 
0.7349169E+01 
0.7346857E+01 
0.7344565E+01 
0.7342283E+01 
0.7340013E+Ol 
0.7337762E+Ol 
0.7335519E+01 
0.73332593+01 
0.7331080E+01 
0.7328883E+01 
0.73266953+01 
0.73245213+01 
0.7322362~+01 
0.73202153+01 
0.7318082E+Ol 
0.73159643+01 
0.7313854E+01 
0.731176OE+Ol 

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



V. Multicomponent Strong Electrolytes 

molality KC1 

0.2411881E+00 
0.2596471E+00 
0.2838980E+00 
O,3152322E+OO 
0.35538113+00 
0.4066394E+00 
0.4720168~+00 
0.5554058E+00 
0.6617395E+00 
0.7970766E+OO 
0.9685089E+OO 
0.1183748E+01 
0.14502613+01 
0.1774006E+01 
0.2157988E+01 
0.2601206E+Ol 
0.309839OE+Ol 
0.36405773+01 
0.4216069E+01 

--__------------ molality CaC12 

0.69861373+01 
0.66184463+01 
0.62507543+01 
0.5883063E+01 
0.5515371E+Ol 
0.51476803+01 
0.4779989E+01 
0.44122973+01 
0.4044606E+Ol 
0.36769143+01 
0.33092233+01 
0.2941531E+01 
0.2573840E+01 
0.2206149E+01 
0.1838457E+01 
0.1470766E+01 
0.1103074E+01 
0.7353829E+00 
0.3676914E+00 

-----_-__------- 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

H20-KCl-CaC12 at 25 deg. C 

9.00 

0.00 

7.00 

6.00 

5.00 

0.00 
0 0 0 

0 
0 8 0 0 0 

d .-I Cj cri 4 uj 

0 
0 

K C 1  molality 

3 3 4  



V. ldUltkOmDOnent S tronp Electrolvtes 

HzO - NaOH - NazS04 EXPERIMENTAL DATA 

From: W.F. Linke. A. Seidell. Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. 1 1 ,  American Chemical Society, 
Washington, D.C. (1965) p. 1130 

(Windmaisser and Stockl. 1950) 

set. sol. weight percent 

Naz SOr NaOH 

21.48 0 .o 
20.42 1 . o  
18.61 3.68 
17.86 5.83 
17.86 7.79 
18.49 8.6 
18.61 8.92 
18.69 8.9 
18.4 9.03 
17.88 19.40 
15.22 11.42 
11.05 14.36 
7.9 27.23 
2.96 33.8 
.7 41.17 
.22 53.5 
.24 51.16 

0.0 1.95 

Solid Phase 

Na2S04 .10H20 
NazSOr .loHz0 
Naz SOb. 1 OH20 
NazSOu .loHz0 
Na2SOb .10H20 
NaZSO,, .10H20 
Na2SOb .10H20 
Na2SOb .lOHzO + NnzS04 
Naz SO4 
Na2 SO4 
Naz SO4 
Nap SOr 
Naz SO4 
Na2 SO4 
Naz SO4 
Naz SO4 
Na2S0, + NaOH.HzO 
NaOH.H,O 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Broml ey 

H20 - NaOH - NazS04 PARAMETERS 

C a 

Na  OH . 0 7 4 7  
so4 m.0204 

Meissner 

%a C a 

Na  OH 3 . 0  
SOr - . 1 9  

Pitzer 

C a 8 0  6 1  C+ 

Na OH . 0 8 6 4  . 2 5 3 0  . 0 0 4 4 0  
SO4 - 0 1 9 5 8  1 . 1 1 3  - 0 0 4 9 7  

OH sou Na 0 . 0  0 . 0  



V. MulticomDonent Strona Electrolvtes 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
PI3PIPPP=Pl=rPPPIIPP=~- 

NaOH, H20 0.285352E+02 
Na2S04.10H20 0.195688E+01 

INVARIANT POINTS: 
PIIIIPIPIIIPII-I1 

Solid phase: 

NaOH 
Na2S04 
H20 

Solid phase: 

NaOH 

H20 
Na2S04 

NaOH.H20 + Na2S04 

0.5040533+02 0.321016E-01 
0.1498383+00 0.9405473+00 

molalities 

0.2874966E+02 
__------_---- 

0.22872233-03 

weight percents 

53.486 
0.002 

46.513 

--_-______---__ 

Na2S04 + Na2S04.10H20 

molalities weight percents -___-_-_----- -----___------- 
0.2559265E+01 6.944 
0.2617461E+01 25.220 

67.836 

solubility 
product ------------ 

0.6641123+05 
0.546299E-01 
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Solid phase: Na2S04.10H20 

rnolality NaOH 

0.24313023+01 
0.23033393+01 
0.21753753+01 
0.20474123+01 
0.19194493+01 
0.17914863+01 
0.16635223+01 
0.15355593+01 
0.14075966+01 
0.12796333+01 
0.1151669E+01 
0.10237063+01 
0.89574283+00 
0.7677795E+OO 
0.6398163E+00 
0.51185303+00 
0.38388983+00 
0.25592653+00 
0.12796333+00 

-__------------- molality Na2S04 

0.25484843+01 
0.25139353+01 
0.25018213+01 
0.25072773+01 
0.25273233+01 
0.25606553+01 
0.2606719E+01 
0.26655053+01 
0.27375053+01 
0.28237463+01 
0.29259333+01 
0.3046762E+Ol 
0.3190583E+Ol 
0.33652663+01 
0.35855103+01 
0.38912153+01 
0.75040143+01 
0.74869033+01 
0.75037393+01 

-____-----_-__-- 

Solid phase: NaOH.H20 

molality NaOH 

0.28749673+02 
0.2874969E+02 
0.28749713+02 
0.2874972E+02 
0.2874974E+02 
0.2874975E+02 
0.28749773+02 
0.28749793+02 
0.28749803+02 
0.28749823+02 
0.28749.833+02 
0.28749853+02 
0.28749873+02 
0.2874988E+02 
0.28749903+02 
0.28749923+02 
0.28749933+02 
0.28749853+02 
0.28749863+02 

_-_-__-_----_-- molality Na2S04 - _____-_--_------ 
0.21728623-03 
0.20585013-03 
0.19441403-03 
0.18297783-03 
0,17154173-03 
0.16010563-03 
0.14866953-03 
0.13723343-03 
0.12579733-03 
0.11436123-03 
0.102925OE-03 
0.91488923-04 
0.80052813-04 
0.68616693-04 
0.57180583-04 
0.45744463-04 
0.34308353-04 
0.22872233-04 
0.1143612E-04 
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V. Multicomponent Strong Electrolytes 

Solid phase: Na2S04 

molality NaOH 

0.27440143+02 
0.26130623+02 
0.2482110E+02 
0.2351158~+02 
0.2220206E+02 
0.20892543+02 
0.19583023+02 
0.18273503+02 
0.16963983+02 
0.15654463+02 
0.14344943+02 
0.13035423+02 
0.1172590E+02 
0.10416383+02 
0.91068633+01 
0.7797344E+01 
0.64878243+01 
0.51783043+01 
0.38687853+01 

____-_-____-_-_ molality Na2S04 
.- ---------------- 

0.33507063-03 
0.4923339E-03 
0.7257757E-03 
0.1073761E-02 
0.15949353-02 
0.2379619E-02 
0.3568112E-02 
0.53805323-02 
0.61662783-02 
0.1248772E-01 
0.19265333-01 
0.30036993-01 
0.4743879E-01 
0.7613799E-01 

0.2100012E+00 
O.l247461E+OO 

0.36648683+00 
0.66957393+00 
0.1284125E+01 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Nethod: Meissner 

PURE SALT SOLUBILITIES: 
I P I P I I I I P I I I I I I I I I I I e l l  

NaOH . H20 0.2853523+02 0.119602E+02 
Na2S04.10H20 0.1956883+01 O.l65749E+OO 

0.860151E-C1 0.100187E+05 
0.9319643+00 0.674682E-01 

INVARIANT POINTS: 
I P P = P I I I P = . = = I I = I I  

Solid phase: NaOH.H20 + Na2S04 

molalities weight percents 
-___-_-----^- ____-_---_----- 

NaOH 0.2853522E+02 53.300 
Na2S04 0.2022725E-04 0.000 
H20 46.700 

Solid phase: Na2S04 + Na2S04.10H20 
molalities weight percents ----_-------- --------------- 

NaOH 0.1737149E+01 5.254 
Na2S04 0.1781355E+01 19.132 
H20 75.614 
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V. MulticomDonent Strona Electrolytes 

Solid phase: Na2S04.10H20 

rnolality NaOH 

O.l650291E+Ol 
0.1563434E+01 
0.14765763+01 
O.l389719E+Ol 
0.1302861E+01 
O.l216004E+Ol 
0.11291473+01 
O.l042289E+Ol 
0.95543183+00 
0.8685743~+00 
0.78171693+00 
0.69485953+00 
0.60800203+00 
0.5211446E+00 
0.4342872E+00 
0.3474297E+00 
0.2605723E+OO 
0.1737149E+00 

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

0.8685743E-01 

molality Na2S04 

0.18038553+01 
0.18244153+01 
0.1843242E+01 
O.l860507E+Ol 
0.18763273+01 
O.l890794E+Ol 
0.19039793+01 
0.1915927E+01 
0.1926666E+01 
0.1936118E+01 
0.19445263+01 
0.1951574E+01 
0.1957476E+01 
0.19620413+01 
0.1965212E+01 
0.19669373+01 
0.1967102E+01 
0.1965592E+01 
0.1962257E+01 

- ---------_------ 

Solid phase: NaOH.H20 

molality NaOH 

0.28535223+02 
0.28535223+02 
0.28535223+02 
0.28535223+02 
0.28534223+02 
0.2853521E+02 
0.2853521E+02 
0.28535213+02 
0.28535213+02 
0.28535213+02 
0.28535213+02 
0.2853520E+02 
0.2853520E+02 
0.2853520E+02 
0.28535203+02 
0.28535203+02 
0.2853519E+02 
0.28535193+02 
0.2853519E+02 

molality Na2S04 -----___-------- 
0.1921589E-04 
0.1820453E-04 
0.1719317E-04 
0.16181803-04 
0.1517044E-04 
0.1415908E-04 
0.13147723-04 
0.12136353-04 
0.11124993-04 
0.10113633-04 
0.91022643-05 
0.80909023-05 
0.70795393-05 
0.60681763-05 
0.5056814E-05 
0.40454513-05 
0.3034088E-05 
0.20227253-05 
0.10113633-05 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Solid phase: Na2S04 

m o l a l i t y  NaOH 

0.27195323+02 
0.25855423+02 
0.24515513+02 
0.2317561E+02 
0.21835713+02 
0.2049580E+02 
0.19155903+02 
0.17815993+02 
0.1647609E+02 
0.15136193+02 
0.1379628E+02 
0.12456383+02 
0.1111648E+02 
0.9776572E+Ol 
0 . 8 4 3 6 6 6 8 ~ + 0 1  
0.70967643+01 
0.5756860E+01 
0.44169563+01 
0.3077052E+Ol 

----_---------_ m o l a l i  ty Na2S04 
.- ---------------- 

0.2869668E-04 
0.41217433-04 
0.59995243-04 
0.8858427E-04 
0.1328363E-03 
0.20256643-03 
0.3146133E-03 
,0.49852763-03 
0.80758613-03 
0.13406463-02 
0.22872163-02 
0.4024209E-02 

0.13918973-01 
0.2771105E-01 
0.5839798E-01 

0 . 7 3 3 3 5 7 8 ~ - 0 2  

0.1314474E+00 
0.3161023E+00 
0.78978373+00 



V . Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
E I I I E P I ~ P I P ~ I P I I P P P I = ~ ~  

NaOH . H20 0.285352E+02 0.6896543+04 
Na2S04.10H20 0.195688E+01 0.156509E+00 

water solubility 
activity product _ _ _ _ _ _ _ _ _ _ _ _  --__-_--_-_- 

0.953259E-03 0.369177E+08 
0.936222E+00 0.594509E-01 

Solid phase: Na2S04 + Na2S04.10H20 
molalities weight percents ---_--_------ -_____-_------- 

NaOH 0.27798323+01 8.475 
Na2S04 0.1413735E+Ol 15.305 
H20 76.220 

Solid phase: Na2S04.10H20 

molality NaOH molality Na2S04 
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Solid phase: Na2S04 

molality NaOH 

0.40676OOE+Ol 
0.53553683+01 
0.66431363+01 
0.79309043+01 
0.9218671E+Ol 
0.1050644E+O2 
0.1179421E+02 
0.1308197E+02 
0.1436974E+02 
0.1565751E+02 
0.16945283+02 
0.18233053+02 
O.l952081E+O2 
0.2080858E+02 
0.2209635~+02 
0.23384123+02 
0.24671893+02 
0.2595965E+02 
0.2724742E+02 

---_--_--------- molality Na2S04 

0.73685503+00 
0.33993323+00 
0.14493553+00 

----------_----- 

0.5774811E-01 
0.21471OOE-01 
0.7447224E-02 
0.2411778E-02 
0.7297399E-03 
0.20633003-03 
0.5450807E-04 
0.1345097E-04 
0.3099756E-05 
0.6669336E-06 
0.1339479E-06 
0.2510844E-07 
0.4392159E-08 
0.7169101E-09 
0.1091794E-09 
0.1551221E-10 
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V. Multicomponent Strong Electrolytes 

H20-NaOH-Na2SO4 a t  25 deg. C 

x 
-0 

0 

0 
E 

w 
0 tn 
N 
U 
Z 

-4 
d 

r-i 

2.00 I I [ I "  1 1  I I I I I  l i ~ l ~ i ~ l l 1 ~ 1 1 1 ~ 1 1 1 ) 1 1 1 ~ 1 1 1 '  

>: y \  Saturation molality set: 
- 
- 

x Saidall experimental - 
1.80 Bromley prodiction 

-- -MMeissner pradiction 
X 

NaOH molality 

3 4 5  



AQUEOUS ELECTROLYTE THERMODYNAMICS 

2.00 

1.75 

I. 50 

0.00 

H20-NaOH-Na2S04 at 25 deg. C 

0 
0 

0 8 0 
0 0 

0 0 

d i4 Ei 9 2 cu 

0 0 
0 0 
d vi 

NaOH molality 



V. Multicomponent Strong Electrolytes 

H20 - NaCl - CaSOs EXPERIMENTAL IMTA 

From: W.L. Marshall and R. Slusher, "Thermodynamics of Calcium 
Sulfate Dihydrate in Aqueous Sodium Chloride Solutions, 0 - 
llOo". J. P h y s .  Chem.. v. 70, # 1 2  (1966) p 4017 

Solubility of CaSO, in aqueous solutions of NaCl tit 25OC: 

NaCl 
molal i ty 

0 .o 
0.0117 
0.0257 

0.1147 
0.1921 
0.2319 
0.548 
0.689 
0.834 
1.005 

2.024 
2.870 
4.125 
6.13 
6.22 

0.0513 

1.024 

CaSO, 
molai i ty 

0.0151 
0.0162 
0.0175 
0.0194 
0.0231 
0.0266 
0.0281 
0.0372 
0.0388 
0.0430 
0.0457 
0.0452 
0.0540 
0.0560 
0.0560 
0.0489 
0.0481* 

solution saturated with two solid phases, CaSOI, .2H20 and NaCl 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H20 - NaCl - CaSO,, PARAMETERS 

Broml ey 

C a Bca 

Na c1 . 0 5 7 4  
Ca . 0 9 4 8  
Na SO4 - . 0 2 0 4  
Ca - . 0 8 1 6  

Meissner 

%a C a 

Na c1 2 . 2 3  
Ca 2 - 4 0  
Na so4 -. 19 
Ca 0 . 0  

Pitzer 

C a 0 0  6 1  0 2  d 
Na c1 . 0 7 6 5  . 2 6 6 4  0 .0  . 0 0 0 1 2 7  
Ca . 3 1 5 9  1 . 6 1 4 2  0 . o  - . 0 0 0 3 4  
Na SO,, . 0 1 9 5 8  1 . 1 1 3  0 .0  . 0 0 4 9 7  
Ca .2 2 . 6 5  - 5 5 . 7  0 .o 

Na Ca c1 . 07  - . 0 1 4  
SOS - . 0 2 3  

c1 SO4 Na . 0 2  . 0 0 1 4  
Ca 0 . o  



V. MulticornDonent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
E E I I I O U I I P L I P I * P I I I I P P I  

Nacl 0.614618E+01 0.9863323+00 0.367500E+02 
CaS04.2H20 0.1499363-01 0.3936403+00 0.999610E+00 0.348435E-04 

Solid phase: CaS04.2~20 

molality NaCl 

0.3000000E+00 
0.6000000E+00 
0.9000000E+00 
0.1200000E+01 
0.1500000E+01 
0.180OOOOE+O1 
0.2100000E+01 
0.2400000E+01 
0.2700000E+01 
0.3000000E+01 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100000E+01 
0.5400000E+01 
0.5700000E+01 
0.6000000E+01 

---------------- molality CaS04 -_______---___-- 
0.3324969E-01 
0.4193581E-01 
0.48321433-01 
0.53397583-01 
0.5750696E-01 
0.6082855E-01 
0.6348347E-01 
0.65566233-01 
0.6715560E-01 
0.68319086-01 
0.6911528E-01 
0.6959529E-01 
0.6980397E-01 
0.69779733-01 
0.6955755E-01 
0.6916633E-01 
0.686328lE-01 
0.67 979 50E-0 1 
0.6722623E-01 
0.6639029E-01 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

NaCl 0.6146183+01 0.933045E+00 0.328863E+02 
CaS04.2H20 0.1499383-01 0.396404E+00 0.999602~+00 0,3529803-04 

Solid phase: CaS04.2H20 

molality NaCl 

0.3000000E+00 
0.6000000E+00 
0.9000000E+OO 
0.1200000E+01 
0.1500000E+01 
0.1800000E+01 
0.2100000E+01 
0.2400000E+01 
0.2700000E+01 
0.3000000E+01 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100000E+01 
0.5400000E+01 
0.5700000E+01 
0.6000000E+01 

_------_-------- molality CaSO4 ---------------- 
0.3477347E-01 
0.43952873-01 
0.4949033E-01 
0.52965733-01 
0.55161243-01 
0.5652912E-01 
0.57350503-01 
0.57801663-01 
0.5798856E-01 
0.5796781E-01 
0.5776524E-01 
0.5738798E-01 
0.5683878E-01 
0.56123693-01 
0.5525759E-01 
0.5426435E-01 
0.5317391E-01 
0.52017913-01 
0.5082557E-01 
0.4962100E-01 
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V . Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

NaCl 0.6146183+01 0.100413E+Ol 0.3808803+02 
CaS04.2H20 0.1499383-01 0.3320373+00 0.9996273+00 0.247669E-04 

Solid phase: CaS04.2H20 

molality NaCl 

0.3000000E+00 
0.6000000E+00 
0.9000000E+00 
0.1200000E+01 
0.1500000E+01 
0.1800000E+01 
0.2100000E+01 
0.2400000E+01 
0.2700000E+01 
0.3000000E+01 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100000E+01 
0.5400000E+01 
0.5700000E+01 
0.6000000E+01 

---_--_----_---- molality CaS04 ---------------- 
0.26496443-01 
0.30488233-01 
0.33051143-01 
0.3468505E-01 
0.3565569E-01 
0.3612488E-01 
0.3620453E-01 
0.35978193-01 
0.3551172E-01 
0.3485797E-01 
0.3406022E-01 
0.3315409E-01 
0.3216902E-01 
0.31129313-01 
0.3005499E-01 
0.2896249E-01 
0.27865183-01 
0.2677392E-01 
0.2569737E-01 
0.2464241E-01 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

CaS04 Solubility in H20-NaC1 @ 25 C 
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V. Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
I-I-IEIEIPPP*IIIIIPP=-~ 

NaCl 0.619136E+Ol 0.992017E+OO 0.3766803+02 
CaS04.2H20 0.1783163-01 0.3679963+00 0.9995473+00 0.430715E-04 

Solid phase: CaS04.2H20 

molality NaCl 

0.3000000E+00 
0.6000000E+00 
0.9000000E+00 
0.120OOOOE+O1 
0.1500000E+01 
0.180OOOOE+O1 
0.2100OOOE+O1 
0.2400000E+01 
0.2700000E+01 
0.3000000E+Ol 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100000E+01 
0.5400000E+01 
0.5700000E+01 
0.6000000E+01 

--------------- molality CaS04 
._ _--------------- 

0.38058743-01 
0.4779341E-01 
0.5495356E-01 
0.6063440E-01 
0.6522078E-01 
0.68915273-01 
0.7185604E-01 
0.74151133-01 
0.75690473-01 
0.7715103E-01 
0.77999473-01 
0.7849381E-01 
0.7868479E-01 
0.78616143-01 
0.7832713E-01 
0.77850233-01 
0.77215783-01 
0.7644898E-01 
0.7557210E-01 
0.7460451E-01 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

NaCl 0.641568E+Ol 0.956516E+OO 0.376680~+02 
CaS04.2H20 0.176093E-01 0.372611E+OO 0.9995433+00 0.430715E-04 

solid phase: CaS04.2H20 

molality CaSO4 
.- ---------------- 

0.39267053-01 
0.49392013-01 
0.55424613-01 
0.59186813-01 
0.61551693-01 
0.63011843-01 
0.63677443-01 
0.6434036E-01 
0.6451506E-01 
0.6446162E-01 
0.64207703-01 
0.637596OE-01 
0.63121763-01 
0.62301543-01 
0.613164OE-01 
0.6019360E-01 
0.5896669E-01 
0.5767062E-01 
0.5633730E-01 
0.5499291E-01 



.V. Multioomponent Strong Electrolytes 

355 
I 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
l P P I I P I l P l E l P P I I P O I l P 1 3  

solid phase saturation activity water solubility 
mol a1 i ty coefficient activity product 

_ _ _ _ _ _ _ A _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  ___--___--_- ---_-------- ------------ 
NaCl 0.6127423+01 O.l00493E+Ol 0.376680E+02 
CaS04.2H20 0.2362083-01 0.277887E+00 0.9994383+00 0.4307153-04 

Solid phase: CaS04.2H20 

molality NaCl 

0.3000000E+00 
0.6000000E+00 
0.9000000E+00 
0.1200000E+01 
0.1500000E+01 
0.1800000E+01 
0.2100000E+01 
0.2400000E+01 
0.2700000E+01 
0.3000000E+01 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100OOOE+01 
0.5400000E+01 
0.5700000E+01 
0.6000000E+01 

-----_------_--- molality CaS04 ______---------- 
0.39248353-01 
0.4349319E-01 
0.4635829E-01 
0.48139413-01 
0.4911187E-01 
0.4946541E-01 
0.49338033-01 
0.48834923-01 
0.4803977E-01 
0.4701969E-01 
0.4582945E-01 
0.44513923-01 
0.4310994E-01 
0.4164776E-01 
0.401S21OE-01 
0.38643093-01 
0.3713704E-01 
0.3564702E-01 
0.3418339E-01 
0.32754263-01 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

d 
0 
cn 
0 
0 

CaS04 S o l u b i l i t y  in H20-NaC1 @ 25 C 
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V. biulticomponent Strong Electrolytes 

HzO - HCl - CaSOy EXPERIMENI'AL DATA 

From: W.F. Linke, A. Seidell. Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. 1 .  American Chemical Society, 
Washington, D.C. (1958) p .  664 

Solubility of CaSO, in hydrochloric acid solutions at 25OC: 

(Ryss and Nilus, 1955) 

g m s .  per 100 gms. sat. sol. 

HC 1 CaSOI, 

3.56 
6.48 
9.15 

12.08 
15.09 
18.33 
21.15 
24.26 
26.73 

1.50 
1.80 
1.85 
1.73 
1.56 
1.27 
1.04 
0.88 
0.73 

Solid Phase 

CaSOs .2H20 
CaSOr .2H20 
CaSOs .2H20 
CaSOr .2H20 
CaSOs .2H20 
CaSOs .2H20 
CaSOc .2H20 
CaSOr .2H20 
CaSOr .2H20 

3 57 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H20 - HC1 - CaS04 PARAMETERS 

Bromley 

a Bca C 

H c1 . 1 4 3 3  

H SOY . 0 6 0 6  
Ca - . 0 8 1 6  

Ca 0 9 4 8  

Meissner 

qc a 
C a 

H c1 6 - 6 9  
Ca 2 - 4 0  
H SOr 0 . 0  
Ca 0 .o 

P i  tzer 

C a B O  8 1  8 2  d 
H c1 , 1 7 7 5  . 2 9 4 5  0.0 . 0 0 0 8  
Ca , 3 1 5 9  1 . 6 1 4  0.0 - . 0 0 0 3 4  
H SO4 0 . 0  0.0 0.0 0.0 
Ca . 2  2 . 6 5  - 5 5 . 7  0 .0  

H Ca c1 0.0 0.0 
sob 0 . o  

C l  SO+ H . 0 2  0.0 
Ca 0 .o  



V. Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
P I P I I P I I P I I I P I I I - P I I P f r  

CaS04.2H20 0.178316E-01 0.3679963+00 0.9995473+00 0.430715E-04 

Solid phase: CaS04.2H20 

molality HC1 molality CaSO4 _-___----------- 
0.36828983-01 
0.40941363-01 
0.41879263-01 
0.4109280E-01 
0.39279263-01 
0.3688341E-01 
0.3420185E-01 
0.31430713-01 
0.28696363-01 
0.2607692E-01 
0.23617493-01 
0.21340863-01 
0.1925503E-01 
0.1735848E-01 
0.15643543-01 
0.1409969E-01 
0.12714013-01 
0.1147312E-01 
0.1036378E-01 
0.9372898E-02 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: Meissner 

CaS04.2H20 0.176093E-01 0.372611E+00 0.999543E+00 0.4307153-04 

Solid phase: CaS04.2H20 

molality HC1 

0.5000000E+00 
0.10000003+01 
0.1500000E+01 
0.20000003+01 
0.2500000E+01 
0.30000003+01 
0.3500000E+01 
0.40000003+01 
0.45000003+01 
0.5000000E+01 
0.5500000E+01 
0.6000000E+01 
0.65000003+01 
0.7000000E+01 
0.7500000E+01 
0.80000003+01 
0.8500000E+01 
0.9000000E+01 
0.9500000E+01 
0.10000003+02 

---------------- - 
rnolality CaS04 
.--__----------- 
0.45826853-01 
0.55336963-01 
0.59490753-01 
0.61331803-01 
0.6214664E-01 
0.62473823-01 
0.6246304E-01 
0.62099353-01 
0.61370403-01 
0.60346lOE-01 
0.59160663-01 
0.57950623-01 
0.56811413-01 
0.5579228E-01 
0.5441168E-01 
0.5417342E-01 
0.53575843-01 
0.53115583-01 

0.5259255E-01 
0.5278897~-ai 
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V . Multicomponent Strong Electrolytes 

SYSTEM: H20 - HC1 - CaS04 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

CaS04.2H20 0.236208E-01 0.277887E+00 0.999438E+OO 0.4307153-04 

Solid phase: CaS04.2H20 

molality HC1 

0.5000000E+00 
0.1000000E+01 
0.1500000E+01 
0.2000000E+01 
0.2500000E+01 
0.3000000E+01 
0.3500000E+01 
0.4000000E+01 
0.4500000E+01 
0.5000000E+01 
0.5500000E+01 
0.6000000E+01 
0.6500000E+01 
0.7000000E+01 
0.7500000E+01 
0.8000000E+01 
0.8500000E+01 
0.9000000E+01 
0.9500000E+01 
0.1000000E+02 

_ _ _ _ - _ _ - _ _ _ _ _ _ _ _  molality CaS04 _-__-_---------- 
0.5752802E-01 
0.7411045E-01 
0.8585106E-01 
0.9394974E-01 
0.992348013-01 
0.1023369~+00 
O.l037531E+OO 
0.1038802E+00 
0.1030354E+00 
O.l014724E+OO 
0.9939318E-01 
0.9695840E-01 
0.9429513E-01 
0.9150332E-01 
0.8866114E-01 
0.85829153-01 
0.83053873-01 
0.8037058E-01 
0.77805643-01 
0.75378393-01 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

CaS04 Solubility i n  H20-HC1 at 25 C 
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V. Multicomponent Strong Electrolytes 

H2O - CaC12 - CaSOz EXPERIMENTAL DATA 

From: W.F. Linke, A. Seidell, Solubilities of Inorganic and Metal- 
Organic Compounds, Vol. I. American Chemical Society, 
Washington, D.C. ( 1 9 5 8 )  p .  6 6 9  

Solubility of CaSO, in aqueous solutions of calcium chloride at 25OC: 

(Sveshnikova, 1 9 4 9 ;  d'Ans, 1 9 3 3 * )  

gms. per 1 0 0  gms. sat. sol. 

CaC12 

0 . 1 6 *  
0 . 2 7 *  
0 e44' 
2 . 9 9  
4 .98 ,  
9 . 2 4 *  

1 0 . 3 6 *  
2 0 . 3 0  
2 6 . 5 1  
2 7 . 5 3  
3 3 . 8 7  
3 8  e 9 1  

CaSO, 

0 . 1 6  
0 . 1 4  
0 . 1 3 2  
0 . 1 1 2  
0 . 1 0 3  
0 .086 
0 . 0 9 1  
0 . 0 3 1  
0 . 0 1 8  
0 . 0 2 1  
0 . 0 1 1  
0 .008 

Solid Phase 

CaSO I, . 2H2 0 
CaSOr .2Hz0 
CaSO4.2HzO 
CaSO, .2H20 
CaSO, .2H20 
CeSO,, .2H20 
CaSO, .2H20 
CaSOo . 2 H 2 0  
CaSO, .2Hz0 
CaSO, . 2H2 0 
CaSO, . 2H2 0 
CaSO, .2H20 



AQUEOUS ELECTROLYTE THERYODYNAYICS 

HzO - CaClz - CaSOr PARAMETERS 

Broml ey 

a Bca C 

Ca c1 . 0 9 4 8  
SO4 - . 0 8 1 6  

Meissner 

9, e C a 

Ca  c1 2 . 4 0  
soll 0.0  

P i  t z e r  

C a B O  8 1  8 2  C+ 

Ca  c 1  . 3 1 5 9  1 . 6 1 4  0 . 0  - . 0 0 0 3 4  
SOr . 2  2 . 6 5  - 5 5 . 7  0 . 0  

i j k o i .  'i jk 

C1 sob Ca . 0 2  0 . 0  



V . Multicomponent Strong Electrolyte8 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

solid phase saturation activity water solubility 
molali ty coefficient activity product _________-_  _ _ _ _ _ _ _ _ _ _ _ _  ___-______-_  ___--__----- ------------ 

CaC12.6H21) 0.746178~+01 0.1970253+02 0.2771773+00 0.5763593+04 
CaS04.2H20 0.149938E-01 0.393840E+OO 0.9996lOE+OO 0.3484353-04 

Solid phase: CaS04.2H20 

molality CaC12 

0.3000000E+00 
0.6000000E+00 
0.9000000E+00 
0.1200000E+00 
0.1500000E+00 
0.1800000E+00 
0.2100000E+01 
0.2400000E+01 
0.2700000E+01 
0.3000000E+01 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100000E+01 
0.5400000~+01 
0.5700000E+01 
0.6000000E+01 

-______-________  - 
molality CaS04 
._-_____-------- 
0.8858302E-02 
0.9330257E-02 
0.9715796E-02 
0.9969717E-02 
0.10135923-01 
0.1025656E-01 
0,1036311E-01 
0.1047819E-01 
0.1061833E-01 
0.1079623E-01 
0.11022363-01 
0.1130615E-01 
0.1165687E-01 
0.1208424E-01 
0.1259912E-01 
0.1321398E-01 
0.1394351E-01 
0.1480528E-01 
0.15820473-01 
0.1701484E-01 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Temperature: 25.0 degrees Celsius 

Method: meissner 

PURE SALT SOLUBILITIES: 

activity water solubility solid phase saturation 
molali ty coefficient activity product 

-------___- _____-----_- _________--- _ _ _ _ _ _ _ _ _ _ _ _  ________-_-_ 
CaC12.6H20 0.7461783+01 0.154431E+O2 0.317055E+OO 0.621736E+04 
CaS04.2H20 0.149938E-01 0.396404E+OO 0.999602E+OO 0.3529803-04 

Solid phase: CaS04.2H20 

molality CaC12 

0.3000000E+00 
0.6000000E+00 
0.9000000E+00 
0.1200000E+00 
0.1500000E+00 
0.1800000E+00 
0.2100000E+01 
0.2400000E+01 
0.2700000E+01 
0.3000000E+01 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100000E+01 
0.5400000E+01 
0.5700000E+01 
0.6000000E+01 

_ _ _ _ _ _ _ _ _ - _ _ _ _ _ _  molality CaS04 
------_------I-- 

0.7394397E-02 
0.5809538E-02 
0.46083853-02 
0.37427263-02 
0.3057656E-02 
0.24824203-02 
0.20166813-02 
0.1655903E-02 
0.1378357E-02 
0.1163159E-02 
0.99442473-03 
0.8606737E-03 
0.75357003-03 
0.66699913-03 
0.5964302E-03 
0.53847023-03 
0.49055213-03 
0.4507154E-03 
0.4174480E-03 
0.3895741E-03 
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V. Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

CaC12.6H20 0.746178E+01 0.348856E+02 0.2386993+00 0.130507E+05 
CaS04.2H20 0.1499383-01 0.3320373+00 0.9996273+00 0.247669E-04 

Solid phase: CaS04.2H20 

rnolality CaC12 

0.3000000E+00 
0.6000000E+00 
0.9000000E+00 
0.1200000E+00 
0.1500000E+00 
0.1800000E+00 

0.2400000E+01 
0.27000003+01 
0.3000000E+01 
0.3300000E+01 
0.3600000E+01 
0.3900000E+01 
0.4200000E+01 
0.4500000E+01 
0.4800000E+01 
0.5100600E+01 
0.5400000E+01 
0.5700000E+01 
0.6000000E+01 

__-------------- 

0.21OOOOOE+O1 

molality CaS04 ---------------- 
0.78705733-02 
0.66937883-02 
0.54939343-02 
0.4351194E-02 
0.33573243-02 
0.2543428E-02 
0.19027053-02 
0.14114473-02 
0.10.41461E-02 
0.76615973-03 
0.56294863-03 
0.41370963-03 
0.30442293-03 
0.22448973-03 
0.16602103-03 
0.12320593-03 
0.91793633-04 
0.6868825E-04 
0.5164041E-04 
0.39017573-04 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

CaS04 Solubility i n  H2D-CaC12 @ 25C 
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V. Multicomponent Strong Elec t ro ly tes  

From: W.F. L i n k e .  A.  S e i d e l l ,  S o l u b i l i t i e s  of I n o r g a n i c  a n d  M e t a l -  
O r g a n i c  Compounds .  V o l .  I ,  A m e r i c a n  C h e m i c a l  S o c i e t y ,  
Washington, D.C. ( 1 9 5 8 )  p. 676  

( H i l l  and W i l l s ,  1 9 3 8 )  

gms. per  1 0 0  gms. s a t .  s o l .  

N a z  SO, CaSO, 

0 . o  0.209 
0 . 5 9 5  0 .148  
1 . 6 0 1  0.139 
3 . 2 0 0  0 - 1 4 4  
6 . 2 5 1  0 e l 6 1  

1 0 . 9 3  0 .181  
1 5 . 2 3  0.194 

20 .15  0 .198  
21 .75  0 .197  
21 .70  0 .o  
21.72  0 .120  

1 8 . 0 9  0.197 

0 .o 
0 . 5 2 1  
0 . 9 8 9  

1 . 9 8 1  
3 .908  
7 .496  

1 .521  

1 4 . 0 5  
1 8 . 2 8  

24 .40  
26 .93  
29 .75  

31 .73  

20 - 0 7  

3 1  - 7 7  

0.210 
0.154 
0 e l 4 9  
0,. 1 4 8  

0 .164  

0 .214  

0 149  

0 - 1 8 5  

0 .224  
0 - 2 2 8  
0 .230  
0 .230  
0 -224  
0 .216  
0 .o 

S o l i d  P h a s e  

CaS04.2H20 
CaSOt, . 2H20  
CaSO ,. 2 H 2 0  
CaSO4.2H20 
CaS04.2H,0  
CaSO, . 2H20  
CaSO ,. 2H 20 
CaSOli . 2H20  
CaSO 4.  2 H 2 0  
CaSO, . 2 H 2 0  + Na2S04 .10H,0  
Na2S04  .10H,O 
Na2S0,  .10H,O 

C a S 0 ~ . 2 H , 0  
CaSO, .2H2 0 
CaSO 4. 2H2 0 
CaS04  .2H,O 
C a S 0 4 .  2 H 2 0  
CaSO, . 2 H 2 0  
CaSO I, . 2H2 0 
CaSOr . 2H2 0 
CaSO4 .2H2 0 
CaS04 .2H20  
CaSOr . 2H2 0 
CaSO4 .2H20  
CaSO4 .2H2 0 
CaSOr . 2 H z 0  + Na2S0,  
NazSO, 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H 2 0  - NanSOr - CaSOb PARAMETERS 

Broml ey 

a Bca C 

Na SO4 - .0204 
Ca - . 0 8 1 6  

Me i s sner 

%a C a 

Na so 4 - . 1 9  
Ca 0 . 0  

Pitzer 

C a 8 0  81 8 2  C4 

Na SO& -01958 1 . 1 1 3  0 . 0  - . 0 0 4 9 7  
Ca . 2  2 . 6 5  - 5 5 . 7  0 .0  



V . Multicomponent Strong Electrolytes 

Temperature: 25.0 degrees Celsius 

Method: Bromley 

PURE SALT SOLUBILITIES: 
P P I = = m I P e l P I P I I = = I I P t P I  

solid phase saturation activity water solubility 
mol a 1 i ty coefficient act iv i ty product -----______ ____--______ ______-_____ -___-______- -------_-__- 

Na2S04.10H20 0.195105E+01 O.l49757E+OO 0.940502E+00 0.544867E-01 
CaS04.2H20 0.178316E-01 0.367996E+OO 0.999547E+00 0.430715E-04 

Solid phase: CaS04.2H20 

molality Na2S04 

0.1000000E+00 
0.2000000E+00 
0.3000000E+00 
0.4000000E+00 
0.5000000E+00 
0.6000000E+00 
0.7000000E+00 
0.8000000E+00 
0.9000000E+OO 
0.1000000E+01 
0.1100000E+01 
0.1200000E+01 
0.1300000E+01 
0.1400000E+01 
0.1500000E+01 
0.1600000~+01 
0.1700000E+01 

0.1900000E+01 
0.2000000E+01 

--_-__---____--- 

0.1800000E+01 

molality CaS04 ---------------- 
0.14063933-01 
0.1609469E-01 
0.1862927E-01 
0.214946OE-01 
0.2469213E-01 
0.28253413-01 
0.32222203-01 
0,3665140E-01 
0.4160325E-01 
0.4715071E-01 
0.53379553-01 
0.6039133E-01 
0,68307383-01 
0.7727414E-01 
0.8747071E-01 
0.99119343-01 
O.l125009E+OO 
0.1279780E+00 
O.l460317E+OO 
0.16732173+00 
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Temperature: 25.0 degrees Celsius 

Method: Meissner 

PURE SALT SOLUBILITIES: 
PPIPP=-=PPIP I I I IPPP==- -  

Na2S04.10H20 0.166697E+01 0.1752983+00 0.941675E+00 0.5448673-01 
CaS04.2H20 0.176093E-01 0.372611E+00 0.9995433+00 0.4307153-04 

INVARIANT POINT: 
=1131=DPI=PIIPPI 

Solid phase: Na2S04.10H20 + CaS04.2H20 

molalities weight percents __--____----- ----_---------- 
Na2S04 0.1675595E+01 19.175 
CaS04 0.22798593-01 0.256 
H20 80.569 

Solid phase: CaS04.2H20 

molality Na2S04 

0.15918153+01 
0.1508036E+01 
0.14242563+01 
0.1340476E+01 
0.12566963+01 
0.1172917E+01 
0.1089137E+01 
0.1005357E+01 
0.92157733+00 
0.83779753+00 
0.7540178E+00 
0.6702380~+00 
0.5864583E+00 
0.5026785E+00 
0.4188988E+00 
0.3351190~+00 
0.2513393~+00 
O.l675595E+OO 

-----______----_ - 

0.8377975E-01 

molality CaS04 
.--------------- 
0.225266713-01 
0.22246643-01 
0.21 957 3 1 E-01 
0.21656983-01 
0.2134338E-01 
0.21013663-01 
0.2066431E-01 
0.2029129E-01 
0.19889963-01 
0.1945508E-01 
0.18980693-01 
0.16459903-01 
0.17884503-01 
0.1724442E-01 
0.16527103-01 
0.15717213-01 
0.14798953-01 
0.13774553-01 
0.1282606E-01 
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Solid phase: Na2S04.10H20 

rnolality Na2S04 

0.1675166E+01 
O.l674734E+Ol 
0.1674306E+01 
0.16738763+01 
0.1673446E+01 
0.1673016E+01 
0.16725833+01 
0.1672154E+01 
0.1671723E+01 
0.1671292E+01 
O.l670863E+Ol 
0.16704323+01 
0.1670000E+01 
0.16695683+01 
0.16691363+01 
0.16687033+01 
0.1668271~+01 
0.1667838E+01 
0.16674053+01 

-__-------_----- molality CaSO4 -----_-_-__---__ 
0.2165866E-01 
0.2051873E-01 
0.19378813-01 
0.18238883-01 
0.1709895E-01 
0.1595902E-01 
0.14819093-01 
0.1367916E-01 
0.12539233-01 
0.113993OE-01 
0.1025937E-01 
0.91194383-02 
0.79795083-02 
0.6839578E-02 
0.5699649E-02 
0.4559719E-02 
0.34197893-02 
0.2279859E-02 
0.11399303-02 
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SYSTEM: H20 - Na2S04 - CaS04 
-=IIII1DIIE=PII=I--I-=------- 

Temperature: 25.0 degrees Celsius 

Method: Pitzer 

Na2S04.10H20 0.182718E+01 0.160313E+00 
CaS04.2H20 0.2362083-01 0.277887E+00 

~~ ~ ~ 

water SOlL- ty 
activity product ------------ ------------ 

0.9403753+00 0.544867E-01 
0.999438EiOO 0.430715E-04 

INVARIANT POINT: 
IEIP=IPIP==C==PI 

Solid phase: Na2S04.10H20 + CaS04.2H20 

molalities weight percents ------------- --------------- 
Na2S04 0.18970053+01 21.172 
CaS04 0.2293324E-01 0.251 
H20 78.577 

Solid phase: CaS04.2H20 

molality Na2S04 

0.18021553+01 
0.17073053+01 
0.16124543+01 
0.15176043+01 
0.1422754E+01 
0.13279043+01 
0.12330533+01 
O.l138203E+Ol 
0.10433533+01 
0.9485025E+00 
0.8536523~+00 
0.758802OE+OO 
0.6639518E+00 
0.56910153+00 
0.47425133+00 
0.37940103+00 
0.28455083+00 
0.18970053+00 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _  

0.9485025E-01 

molality CaS04 _--------------- 
0.2314265E-01 
0.2332771E-01 
0.23484633-01 
0.23609333-01 
0.23697423-01 
0.23744223-01 
0.2374478E-01 
0.23693953-01 
0.2358649E-01 
0.23417253-01 
0.23181373-01 
0.22874953-01 
0.22495883-01 
0.22045833-01 
0.2153441E-01 
0.20989823-01 
0.20491493-01 
0.2030571E-01 
0.2185690E-01 
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Solid phase: Na2S04.10H20 

molality Na2S04 

0.18959633+01 
0.18949183+01 
0.18938713+01 
0.18928213+01 
0.18917693+01 
0.18907153+01 
0.18896593+01 
0.18885993+01 
O.l887538E+Ol 
0.1886474E+01 
0.18854073+01 
0.18843383+01 
0.18832673+01 
0.1882193E+01 
0.18811163+01 
0.18800373+01 
0.18789563+01 
0.1877871E+01 
0.18767853+01 

-__----_--_--___ molality C a S 0 4  -_--------__---- 
0.21786583-01 
0.20639923-01 
0.1949326E-01 
0.18346593-01 
0.17199933-01 
0.16053273-01 
0.14906613-01 
0.13759953-01 
0.1261328E-01 
0.1146662E-01 
0.1031996E-01 
0.91732973-02 
0.8026635E-02 
0.68799733-02 
0.57333113-02 
0.45866493-02 
0.34399863-02 
0.22933243-02 
0.1146662E-02 
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H20-Na2S04-CaS04 a t  25 deg. C 
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H20 - hlgSOr - CaS04 EXPERIMENTAL DATA 

From: W.F. Linke, A. S e i d e l l ,  S o l u b i l i t i e s  of Inorganic  and Metal- 
Organic  Compounds, Vol. I .  American Chemical Soc ie ty ,  
Washington, D.C. (1958) p. 673 

S o l u b i l i t y  of CaSOu i n  aqueous s o l u t i o n  of magnesium s u l f a t e  a t  25OC: 

(Cameron and B e l l ,  1906) 

sp.  gr. of 
s o l .  a t  

25O 
25 

1.0032 
1.0055 
1.0090 
1.0118 
1.0226 
1.0419 
1.0626 
1.0833 
1.1190 
1.1377 
1.1479 
1.1537 
1.1813 
1.2095 
1.2382 
1.2624 
1.2877 
1.3023 

grns. p e r  l i t e r  of sol. 
MgSOs CaSO , 

0 .o  2.046 
3.20 1.620 

10.64 1.471 
21.36 1.478 
42.68 1.558 
64.14 1.608 
85.67 1.617 

128.28 1.627 
149.67 1.597 
165.7 1.549 
171.2 1.474 

6.39 1.507 

198.9 1.422 
232.1 1.254 
265.6 1.070 
298 .O 0.860 
330.6 0.647 
355 .o  0.501 

S o l i d  Phase 

CaSO, .2H,O 
CaSO, .2H,O 
CaSO, .2H,O 
CaSO, .2H20 
CaSO, .2H 2O 
CaSO, .2H20 
CaSO, .2H ,O 
CaSO, .2H20 
CaSO, .2H20 
CaSO, .2H20 
CaSO, .2H20 
CaSO, .2H20 
CaS0,.2H20 
CaSO4 .2H20 
CaSOr .2H20 
CaS04 .2H20 
CaS04 .2H20 
CaSO, .2H20 

(Harkins  and Pa ine .  1919) 

25 
gms. p e r  100 gms. s a t .  s o l .  d r  of 

sat .  sol. MPSO 4 CaSOs S o l i d  Phase 

0.99911 
0.99960 
1.0001 
1.00067 

0.0 0.20854 CaSO, .2H20 
CaSO , . 2H20 0 -060294 0.19565 

0.12167 0.1848 CaSO, .2H20 
0.18339 0.1777 CaS0,.2H20 
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H20 - M~SOI, - CaSOs PARAMETERS 

Broml ey 

Bc a C 8 

Mg SOU - 0 1 5 3 
Ca - .0816 

Mei ssner 

%a C a 

Mg sob 0.15 
Ca 0.0 

Pitzer 

C a B O  81 B 2  c4 

Mg SO4 .221 3.434 -37.25 - 0 2 5  
Ca . 2  2 . 6 5  - 5 5 . 7  0 .0  

i j k o i .  'ijk 

Mg Ca SO+ .007 0.5 
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Temperature: 25.0 degrees Celsius 

Method: Bromley 

MgS04.7H20 0.168665E+02 0.145558E-02 0.142639E+01 0.7225653-02 
CaS04.2H20 0.178316E-01 0.367996~+00 0.9995473+00 0.430715E-04 

Solid phase: CaS04.2HZO 

molality MgS04 

0.3000000E+00 
0.4500000~+00 
0.6000000E+00 
0.7500000E+00 
0.9000000E+00 
0.1050000~+01 

0.1350000E+01 
0.1500000E+01 
0.1650000E+01 
0.1800000E+01 
0.1950000E+01 
0.2100000E+01 
0.2250000E+01 
0.2400000E+01 
0.2550000E+01 
0.2700000E+01 

_-------________ 
O.1~oooOOE+Oo 

0.1200000E+01 

molality CaSO4 ____-____-_----- 
0.18159753-01 
0.21492333-01 
0.2552271E-01 
0.3031177E-01 
0.35946803-01 
0.4254791E-01 
0.5027423E-01 
0.5933150E-01 
0.6998446E-01 
0.8257644E-01 
0.9756032E-01 
0.11554893+00 
0.13740213+00 
O.l643797E+OO 
0.19846123+00 
0.2430678E+00 
0.30512903+00 
0.4039055E+00 
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Temperature: 25.0 degrees Celsius 

Method: Meissner 

MgS04.7H20 0.291189E+01 0-3725943-01 0.9325593+00 0,7225653-02 
CaS04.2H20 0.176093E-01 0.372611~+00 0.9995433+00 0.4307153-04 

Solid phase: CaS04.2H20 

molality MgSO4 

0.1500000E+00 
0.3000000E+00 
0.4500000E+00 
0.60000003+00 
0.7500000E+00 
0.9000000E+00 
0.1050000E+01 
0.1200000E+01 
0.1350000E+01 
0.1500000E+01 
0.1650000E+01 
0.1800000E+01 
0.1950000E+01 

0.22500OOE+Ol 
0.2400000E+01 
0.2550000E+01 
0.2700000E+01 
0.28500OOE+Ol 
0.3000000E+01 

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

0.2100000E+01 

molality CaS04 ---------------- 
0.17272953-01 
0.1888455E-01 
0.1972418E-01 
0.2014703E-01 
0.2033373E-01 
0.20371493-01 
0.2030290E-01 
0.20154333-01 
0.1994963E-01 
0.1971061E-01 
0.1945391E-01 
0.1919003E-01 
0.1892508E-01 
0.1866271E-01 
0.1840528E-01 
0.18154343-01 
0.179109OE-01 
0.1767562E-01 
0.1744883E-01 
0.17230713-01 
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Temperature: 25.0 degrees Celsius 

Method: Pitzer 

PURE SALT SOLUBILITIES: 
IPs-I~IP-PPIDIII1IIP111 

MgS04.7H20 0.215986E+01 0.475779E-01 0.947195E+00 0.7225653-02 
CaS04.2H20 0.2362083-01 0.2778873+00 0.999438E+OO 0.430715E-04 

Solid phase: CaS04.2H20 

molality MgS04 

0.1500000E+00 
0.3000000E+00 
0.4500000E+00 
0.6000000E+00 
0.7500000E+00 
0.9000000E+00 
0.1050000E+01 
0.1200000E+01 
0.1350000E+01 
0.1500000E+01 
0.165000OE+Ol 
0.1800000E+01 
0.1950000E+01 

0.2250000E+01 
0.2400000E+01 
0.25500OOE+Ol 
0.2700000E+01 
0.28500OOE+Ol 
0.3000000E+01 

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

0.21000OOE+O1 

molality CaS04 _ _ _ _ _ _ _ _ - _ _ _ _ - _ _  
0.3516163E-01 
0.3592368E-01 
0.3712192E-01 
0.3809403E-01 
0.38654983-01 
0.38745203-01 
0.3836376E-01 
0.3754318E-01 
0.36335623-01 
0 -3480375E-01 
0.33014373-01 
0.3103387E-01 
0.28925123-01 
0.26745353-01 
0.24544963-01 
0.2236688E-01 
0.20246483-01 
0.1821176E-01 
0.16283903-01 
0.1447783E-01 
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CaS04 Solubility in H20-MgS04 @ 25C 
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CaS04 Solubility i n  H20-MgS04 @ 25C 
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APPENDIX 5 . 1  

VALUES FOR PITZER'S 0 AND $ PARAMETERS 

From: K . S .  Pitzer. "Thermodynamics of Aqueous Electrolytes at Various 
Temperatures, Pressuies, and Composi lions", Thermodynamics of 
Aqueous Systems with Industrial Applications. Stephen A. 
Newman. ed., ACS Symposium Series 133 (1980) 

Table 1: Parameters for mixed electrolytes with the virial coefficient 
equations (at 25OC) 

Na K c1 - .012 - . 0 0 1 8  
so 4 -.010 

. 0 7  -.012 
-.015 

.07  -. 014 
-.023 

. o  -.022 -. 048 

. 0 3 2  - . 0 2 5  
0 

.007 -.012 
. 0 5  

.02 .0014 
0 -. 0 0 4  
0 
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Table 2: Parameters for the virial coefficient equations at 25OC 

C 

Ca 

Ca 

K 

K 

Mg 

Mg 

Na 

Na 

8 0  

. 3 1 5 9 0  

. 2 0 0 0 0  

. 0 4 8 3 5  

. 0 4 9 9 5  

. 3 5 2 3 5  

. 2 2 1 0 0  

- 0 7 6 5 0  

. 0 1 9 5 8  

81 

1 . 6 1 4 0  

2 . 6 5 0  

. 2 1 2 2  

. 7 7 9 3  

1 . 6 8 1 5  

3 . 3 4 3 0  

. 2 2 6 4  

1 . 1 1 3 0  

8 2  c9 

- . 0 0 0 3 4  

0 

- . 0 0 0 8 4  

0 

. 0 0 5 1 9  

. 0 2 5  

. 0 0 1 2 7  

. 0 0 4 9 1  
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EFFECTS OF HIGHER-ORDER ELECTROSTATIC TERMS 

A s  shown in Chapter V. Pitzer included terms to account for the electrostatic 
effects of unsymmetrical mixing in his method. He stated (P5) that, while the 
effect on 1-2 mixing is small and may be safely omitted, it should be included 
when doing calculations for 3-1 and greater unsymmetrical types of mixing. 

H.L. Friedman (12). in 1962, proposed that there is a higher-order electrostatic 
effect, or limiting law, even when mixing ions of the same charge. Pitzer 
presented Friedmans' equations for Gibbs excess free energy in a molality basis 
and omitted terms occurring due to differences in concentration, molality. ctc. as 
these are dealt with by Pitzer's virial coefficients: 

z z  
S = - 4 A +  I 3'2 + c Zmimj + jil  

i j  

where: A+ - Debye-Scke1 coefficient for the o m t i c  coefficient 

2 .2 .1  
= - 11 exp(-fi) q i j  r 

ez e - electronic charge 
D -dielectr ic  constant 
k - Boltmmn's constant 
T - temperature 

1 = -  

8 r e 2  NAdo 
K 2  = =- I 

r - interionic distance 

u i j  - short range potential 
2 . 2 . 1  

potential v i j  - - U i j  + 1) r 
Pitzer used the following expression to define the excess free energy: 

41 f ( I )  = - A O  ln(1 + b fl ) 

(A.5.1) 

(4.26a) 

(4.57) 
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The first terms on the right of equations (A.5.1) and (4.57) are expressions based 
on the Debye-Huckel limiting law. and Pitzer notes that the coefficients ).ij 
correspond to the Jij terms. 

The 0 parameter of Pitzer's equation was defined in terms of : 

z i  Z - - j  e i j  - x i j  221 'ii -2zi ' jj 
(A.5.2) 

for ions i and j of the same charge. Since they are of the same charge the ions 
are assumed to seldom approach one another due to electrostatic repulsion; thus 
the short range potential, Uiji is negligible. 

Pitzer also defined the 0 parameters: 

O i j  = e i j  + E e i j ( I )  

The E term is then: 
2 .  2 .  

This Jij, with uij = 0.  is then: 

K2 m 

J i j  =~-1' J- {l  + q i j  + +q?.  - exp(qij)) r z  dr ' iZ j  0 11 

The appearance of this expression for J was simplified to: 
JW = x-' 70 - q + Q$ - exp(q)) yz dy 

by substituting: 
y = K r  

q = - ( x / y >  e x p c - y )  
x = ZiZjl 

By integrating the second and third terms of (A.5.4): 
J(x) = k x  - 1 + J 2 (XI 

J 2(x) = x-l r(1 - exp(q)) y2 d y  with: 

(A.5.3) 

(A.5.4) 

(A.5.5) 

(A.5.5a) 
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Defining: 

x i j  = 6 zi z A fl 
j 4  

Ee and E 8i are then: 
z 2 .  

B e  = *  {J<xij) - %J(xii) - %J(xjl)l (A.5 -68) 
i j  

'iZj (A.5.6b) 
= - (EO.. /I) + - (Xij J'(x..) - +Xii J'(Xii) - "jj J'(Xjj)I 

e!  11 1j 11 

where: J'(x) = dJ = L -  r +  52 53 

- 1  - 
J3 = x ZeXp(-y) acP(q) Y 6, 

0 

for any ionic strength. 

For discussion in greater depth about these higher-order electrostatic terms, refer 
to the following source: 

K.S. Pitzer, Thermodynamics of Electrolytes, V. Effects of Higher-Order 
Electrostatic Terms", J .  Solution Chem.. 4,  249 (1975) 
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From: K . S .  Pitzer, "Theory: Ion Interaction Approach". Activity 
Coefficients in Electrolyte Solutions, Ricardo M. Pytkowicz, 
ed., CRC Press, Boca Raton. Fla. ( 1 9 7 9 )  pp. 191. 1 9 2  

Table 3 :  Parameters for binary mixtures with a common ion at 25OC 

Max. I 'i jk 9 i j  k - i j - z_ 

Ca co c1 - .055 , 0 1 3  7.5 

cs Ba c1 - . 1 5 0  0 .o 4 .  

H Ba c1 -.036 0 . 0 2 4  3 .  

1. --- H B u ~ N  Br - . 2 2  

H cs c1 - . 0 4 4  

H Et4N c1 0 .o 
H K Br 

c1 
, 005  

H Li Br . 0 1 5  
c1 
c104 

H Me4N c1 0 .o 

H Mn c1 0 .o 

H Na Br . 0 3 6  
c1 
C lo, 

H NH, Br - . 0 1 9  
c1 

H Pr,N Br -. 1 7 0  

H Sr c1 -.02 

- . 0 1 9  

- - -  

-.021 
- . 0 0 7  

3 .  

.1 

3 .  
3 . 5  

0 .o 2 . 5  
0 .o 5 .  
- . 0 0 1 7  4 . 5  

- - -  

0 . o  
- . 0 1 2  
- . 0 0 4  
- . 0 1 6  

0 .o 
0 . O  

- . 1 5  

. 0 1 8  

.1 

3 .  

3 .  
3 .  
5. 

3 .  
2 .  

2. 

8 .  

K Ba c1 -.072 0 .o 5 .  

K Ca c1 - . 0 4 0  - . 0 1 5  5 

K CS c1 0 .o - . 0 0 1 3  5 

Li Ba c1 - a 0 7 0  0 . 0 1 9  4 . 3  

Li c s  c1 -.095 - . 0 0 9 4  5 

Li K c1 - . 0 2 2  - . 0 1 0  4 . 8  
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i - 
Li 

Mg 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Br 

c1 

c1 

c1 

c1 

c1 

j 
z_ 

Na 

Ca 

Ba 

Ca 

co 

CB 

cu 

K 

Mg 

Mn 

Zn 

OH 

B r  

F 

H ~ P O I ,  

N o 3  

OH 

k 
2_ 

c1 
C104 

OAc 

c1 

c1 

c1 

c1 

c1 

c1 
sob 
Br 
c1 
NO3 
so 4 

c1 
so4 

c1 

Br 

K 
Na 

K 
Na 

Na 

K 
Na 

Ca 
K 
Li 
Mg 
Na 

K 
Na 

NO3 

"i jk 3- 
.012 

.01 

- . 0 0 3  

0 .o 
-.016 

- . 0 3 3  

0 . o  

-.012 

0 .0  

0 . 0  

0 . 0  

- . 0 6 5  

0 . 0  

.016 

- a 0 5 0  

- . 0 0 3  
-.008 
-.0072 
- ,0043 

0 .o 
0 . o  
0 . o  
-.OOl 

- . 0 0 3  

-.014 
-.011 

-.0022 
-.0018 
- . 0 0 1 2  
- .010 

0 . 0  
0 .o 
- - 0 0 3  
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ACTIVITY COEFFICIENTS OF STRONGLY COMPLEXING COMPOUNDS 

The subject of this chapter is ions which form complexes. AS contrasted with 
strong electrolytes. discussed in Chapters IV and V, complexing species form ionic 
and/or  molecular intermediates. A classic example is orthophosphoric acid which 

dissociates in water to form, among others: 
1) H3POk(aq) 

3)  HPOC- 
2 )  HLPOI 

4 )  Po:- 
This phenomena of complexing has a profound effect upon the solution behavior of 
these electrolytes in that: 

1) The ionic s t rength,  I = .5 C mi zi, has been seen to be the key variable in 
electrolyte calculations and is greatly affected by the distribution among the 
various ionic charge levels. For example, a 2 molal H,POb - H 2 0  solution, if  
fully dissociated to three hydrogen ions and the PO:- ion, would have an 
ionic strength of .5(12 (6) + 3 * ( 2 ) )  = 12.0. but  i f  dissociated to H+ and 
H2PO; would have I = .5 (1' (2) + l2 (2)) = 2. 

2) The activity coefficient of each ion is determined by interactions with each 
oppositely charged ion a s  well as each molecule. Thus the formulations for  
activity coefficients of the ions, molecules and the activity of water are  all 
affected by the proliferation of different ionic forms. 

3)  The concentration of the free ion can be significantly reduced by forming 
complexes. The free ion concentration may be so low that certain of its 
chemical reactions do not occur. For example, N i Z +  can be complexed with NH, 
to form N i ( N H , ) Z + .  The nickel can be maintained in solution, as  the complex, 
even a t  pH 10 where the formation of Ni(OH), precipitate lowers the free N i ^ +  
concentration to 10-8molal. The nature of the ion being complexed is often 
totally changed a s  if  the complexing specie masks the ion. For example, the 
F- ion is very corrosive in acidic solutions. 
to form A1F2+ which is not corrosive. 

I t  can be complexed with A I 3 +  
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It is thus clear that identification of salts which complex and techniques for 
proper formulation of electrolyte models and activity coefficients is a very 
important task particularly since many systems of commercial interest exhibit this 
behavior. The high concentrations found in many industrial applications tend to 
promote significant formation of complexes. 

In this chapter we will present the following subsections: 

1. Identification of complexing species: 
A methodology. in the form of a set of tests andlor checks. which enable 
identification of complexing species. 

2. Evaluation of certain common electrolytes: 
An application. using one or more of the tests for complexing electrolyte 
identification, to certain familiar compounds, including: 

- H3POI 
- HZSO, 
- ZnC1, 
- FeCIJ 
- CUCl 
- CaSO, 
- Na2SOk 
- other uni-bivalent chlorides 

3. Activity coefficient formulations which accomodate complexors: 
A review of some of the methods discussed in Chapter V in terms of their 
applicability in representing activity coefficients in complexing systems. 
The multicomponent formulations of Chapter V are needed. inasmuch as they 
accomodate the presence of more than one principal anion and cation. 

In order to simplify the calculation of activity coefficients, it has been common 
practice to assume that electrolytes dissolved in water completely dissociate into 
ions. With the advent of the high speed digital computer and the coinciding 
development of more sophisticated activity coefficient model equations in the last 
decade, the mathematical modeling of solutions has become more precise. I t  is now 
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becoming apparent that this assumption of complete dissociation may be the Catme 
of some of the modeling problems previously encountered. 

Some compounds a re  well known complexors with many studies having been done on 
them. These a re  often treated as  completely dissociated, having the equilibrium 
constant adjusted to compensate for this. For example a solution of zinc 
chloride, ZnC1,. is known to result in multiple complexes. Among those suggested 
a re  ZnCl+, ZnC12 (aq) ,  ZnC1; and ZnCl -. Yet zinc chloride is often 
modeled : 

2 +  Znc1, = Zn + 2 ~ 1 -  

This is the case with the evaluated mean activity coefficients tabulated by 
Goldberg (25). The activity coefficients were listed to 23.193 molal and values 
w e r e  given for the parameters of the equation to which the activity coefficients 
were fi t :  

(6.1) (i+1)/2 In y, = - A ~  Ji- + c B~ mi 
i 

The solubility product of ZnC12, assuming complete dissociation, is the product of 
the activities : 

K~~ = (aZn2+) (ac1-I2 

K s p  = (v Zn 2+ %n2+) (ycl- “cl-I2 
or : 

(6 -2) 

Recalling the definitions of the mean activity coefficient and mean molality from 
Chapter 11: 

v v  
C a 

Y: = Y c  ’a (2.26) 

V 
m, v = m v c  m a  (2.27) 

C a 
equation (6.2) can be restated: 

Ksp = y: m ;  (6.3) 

The saturation molality a t  25OC is 31.7 molal ( 9 ) .  Continuing the assumption of 
complete dissociation, the ionic strength is: 

I = .5 c Z T  m. 
i l l  

= .5 [ Z 2 r n + +  1’ ( 2  m ,  ) I  - - 
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= 3 m +  = 3 (31.7) 

= 95.1 molal 
The activity coefficient at the saturation point, 
and the parameters given by Goldberg (25) is: 

The solubility product may therefore be calculated 
Y+ = 0.0448171 

K = Yi mf = (.0448171)' (31.713 
SP 

= 2.86754 

calculated with equation (6.1) 

using equation (6.3) : 

The solubility product may also be calculated using the Gibbs  free energies. 
Assuming complete dissociation and using the AG's tabulated by the National Bureau 
of Standards (1). a t  25OC: 

1 [-35140. + 2. (-31372.) - (-88296.11 
= exp [- 1.98719 (298.15) 

= 1.0668496 x lo7 

This differs considerably from the solubility product calculated with the activity 
coefficient and saturation molality. Rearranging equation (6.3) using this value 
for the solubility product and the saturation molality of 31.7, the activity 
coefficient needed for use with the Ksp can be calculated: 

= 6.9445 

This problem is no doubt created by using the activity coefficient .equation past 
its maximum molality range. 

A large difference can also be seen if the following reaction is considered: 
ZnC1, = ZnCl+ + ~ 1 -  

Once again using values tabulated by the National Bureau of Standards (1) the 
solubility product at  25OC is: 

1 -(-65800. - 31372. + 88296.) 
= k 7 . 9 8 7  19 (298 .15) 

= 3.2077449 x lo6 
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The solubility product calculated by the product of the activities would be for 

The activity coefficient needed 

?nCl+) 'YCI- " ~ 1 - l  

for this equation to hold t rue would be: 

Y, = JK I mf (6.4b) 
SP 

= 56.49889 

This should point out how crucial it is to be consistent in the use of 
thermodynamic data and tabulated activity coefficient values. 

Compensating for these differences by adjusting the KSp values or activity 
coefficients can result in a good prediction of the saturation point of the salt 
in binary solution. Difficulties are apt to arise though in multicomponent 
solutions, particularly i f  the ions in solution are  present as the result of 
dissolving two different salts or if  more than one salt contributes to a 
particular ion. In the case of dissolving two different salts, M Y  and NX: 

MY = M2+ + Y 2 -  

NX = N+ + X- 

failing to account for the possible association of these two ions: 
M2+ + X- = MX+ 

could result in an incorrect prediction of the solution behavior. 

Successful prediction of the system, ignoring possible ion association, could be 

made by regressing ternary experimental data for the activity coefficients andlor 
equilibrium constants. However, these regression results would be applicable only 
to that ternary system due to the compensating effects. Regression results are 
m o s t  "portable" when based on binary solution data. 

One special form of the MX' complex results from the phenomena of cation 
hydrolysis. This phenomena is generally ignored when modeling solutions. 
Hydrolysis, in inorganic solutions, is often described as  the creation of new 
ionic species. such as  oxide and hydroxide complexes, or precipitates. The 
hydroxide complexing reaction can be expressed in general terms: 

4 0 5  
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or : 

A narrow 1 to 2 pH units is often the range in which cation hydrolysis begins and 
reaches the precipitation point; knowledge of the range can help avoid unwanted 
precipitation. The hydroxide ion concentration, particularly when the result of 
the dissociation of water, can be very low. Cation hydrolysis apparently 
increases w i t h  the cation charge and decreases with cation size. I t  is also found 
to occur more with post-transition metals than with pre-transition metals. 

Cation hydrolysis can be of particular importance in modeling natural water 
systems with trace metal content and when attempting to avoid or cause hydrolytic 
precipitation of metals. Problems arise in that the t rue nature of many of the 
complexes resulting from cation hydrolysis are  not known due to the tendency 
towards polynuclear species, that is complexes containing multiple metal ions, and 
the difficulty in their experimental determination. For example, Baes and Mesmer 
(5 )  note that chromic ion, C r 3 + .  reacts in water to form CrOH". Cr(OI1): and 
Cr(OHIi7 ions. The aqueous molecule Cr(OH)3 is also likely to be present. Other 
complexes forming may be Cr2(OH):+ and C r J ( O H )  7. 

In comparison with other areas of chemical knowledge, cation hydrolysis is a topic 
which could be said to be still in its infancy. The amount of research has 
increased greatly over the last thirty years. a good deal of which was tabulated 
by Sill& (4 ) .  I t  is impossible for us to discuss this topic in  great depth here. 
Instead. for more detailed information we would suggest, in addition to Sill6n's 
work, the excellent book on cation hydrolysis b y  Rae8 and Mesmer (5 )  and their 
more recent article (6 ) .  

Identification of Complexing Electrolytes 

Given the crucial roles complexes play in modeling solution behavior, it is quite 
necessary to determine whether or not a given species will form complexes and what 
those complexes will be. There is, a t  this point, no certain or best method. Of 
the methods suggested here at  least one should be applicable to  any given species. 
Applications of these methods will be seen later in this chapter when discussing 
specific compounds. 

, 

The three methods are: 
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- Literature Review 
Complexing behavior can be checked for via a thorough literature review. 
Consulting the extensive compilations by the National Bureau of Standards (1)  and 
the Russian Academy of Science (2) is a good first step. Other sources to check 
are  the Smith and Martell (3) and Sill& (4)  compilations. These references 
provide values for the Gibbs free energies and heats of formation for 

precipitate, ionic, vapor, aqueous molecule and complex species which can be used 
to calculate the various equilibrium constants needed for modeling aqueous 
solutions. There are also values for some of the cation hydrolysis complexes. 

This review should cover more than one of these sources as  they do not always 
present the same complexes. In those cases where there are differences, a choice 
of values will have to  be made. This decision can be aided by a literature 
search which often will yield articles detailing work done to identify the ionic 
and molecular species in solution. Articles may be found describing modeling 
efforts similar to the one desired. Such articles a re  becoming increasingly 
common and they often use one of the activity coefficient modeling equations 
presented in Chapters 1V and V. The Pitzer formalism. in particular. is 
frequently used. 

- U s e  of Meissner's Curves 
Use of the Meissner family of curves as  presented in Chapter IV, Figure (4.61, 

in order to correlate the reduced activity coefficients of strong electrolytes. 
Meissner found that the reduced activity coefficients of strong electrolytes fell 
into a pattern which he formalized. If  it can be assumed that the reduced 
activity coefficients of strong electrolytes follow this pattern,  then deviation 
from these curves may be said to indicate that the species in question does not 
completely dissociate or may be forming complexes. I f  activity coefficients from 
experimental data a re  available they may be plotted on the Meissner chart. 
Severe deviation from the curves, such as  the  crossing of lines. may be taken to 
indicate complex formation. However, there would be no indication of what the  
complexes might be. 

- Comparison of Osmotic Coefficients 
A technique based upon comparison of osmotic coefficients in order to predict 
the likelihood of complexing was presented in 1945 by Stokes and Stokes ( 7 ) .  



AQUEOUS ELECTROLYTE THERMODYNAMICS 

They note that the Debye-Huckel theory relates osmotic behavior to the effective 
ionic diameter. It would be expected then that species containing the same 
anions and having cations of similar diameter would have nearly equal osmotic 
coefficients unless there was a "chemical" difference between the two. This 
difference could be interpreted as incomplete dissociation or complex formation. 

There are drawbacks to this method. One is the need for osmotic coefficients 
for the species of interest as well as for the species of similar diameter. It 
is also advisable to compare species that would not be expected to form 
complexes, such as perchlorates or nitrates. And of course, while it may 
suggest the occurrence of complexes. it gives no clue as to what they may be. 

These methods will now be used to examine specific compounds for complexing 
behavior. Not all methods will be applicable to each compound. Some will, in 
fact, yield contradictory results. 
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Phosphoric Acid  

Orthophosphoric acid, H 3 P 0 , ,  is a polyprotic acid, that is it contains more than 
one acid hydrogen per molecule. Its stepwise dissocia?ion is usually expressed: 

H 3 P 0 ,  = H+ + H,PO; 
H,PO; = H+ + HPOa- 
HPOt-  = H+ + PO:- 

More recently however it has been suggested that there are other complexes forming 
in an H 3 P 0 , - H z 0  solution. 

The first dissociation constant at 25OC is given similar values by most 
investigators: 

K i  

Robinson and Stokes ( 8 )  -0071 12135 

Barta and Bradley (P1) .0071425 

Elmore et  al. (P3) .007107 

Pitzer and Silvester (P7) .0071425 

Farr (P4) .007156 

NBS thermodynamic data (1) .0071167 

The second dissociation constant is also fairly close: 

Kz 

Robinson and Stokes ( 8 )  6.3387E-8 

Farr (P4) 6.3393-8 

NBS thermodynamic data (1) 6.23033-8 

The third dissociation : 
HPO$- = H+ + PO:- 

is given a dissociation constant K3 = 4.73E-13 by Farr (P4) and K 3  = 4.53013-13 

from NBS thermodynamic data. 

Some of the additional suggested equilibria in the solution are: 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H,PO, + H,PO, H,(PO,):- 
H,PO, + HPOt' H, (PO,) 2-  
H,PO, + H I P O ,  = H6(POUI2 
H,P,O; + H,O = H,PO, + H,PO, 
H,P,O:- + H,O = 2H,PO; 

The equilibrium constants for these reactions are varied; indeed. investigators 
disagree as  to which reactions actually occur. 

In 1965, Elmore et al. (P3) presented the results of their study of the degree of 
dissociation of phosphoric acid based on vapor pressure,  conductance and pH data 
a t  25OC. They concluded that,  over a concentration range of .1 to 10 molal, the 
equilibria that best describe the system are: 

H,FO, = H' + H,POt K1 = .007107 

= .3 %+ %4P20i H,P,O, = H' + H,P,O; K, = 
BH6p208 

They assumed that the activity coefficients of the H ,  PO, and H, P 20i were 
equal; this assumption was also made for the H,PO, and H,P,O, molecules. 

When the hydrogen ion concentration is set  as: 
[H+] = a m  

where: a = degree of dissociation 
m =  H3P0,  input molality 

and the activity of the undissociated H 3 P 0  ,, a,, is calculated from vapor 
pressure data. the final equations for solving for the system concentrations 
are: 

[H+l 
+KO au [H,pO;l = 
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C.W. Childs (Pa) presented the results of a study of dilute solutions of 

orthophosphoric acid a t  37OC. In addition to the standard first three 
dissociation constants, it was proposed that the complexes H ,  (PO -, 
H+ (POI, :- and H ,(PO,); would be present. For the first three dissociation 
constants, the following values were chosen: 

= 2.7 i 2.5 l / w l e  

= 5.6 ?r 2. 1/mle 

< 100 l h l e  

The experimental data used was pH titrations. 

Mesmer and Baes (P6) studied the dissociation equilibria potentiometrically over 
a wide temperature range. Using a hydrogen-electrode concentration cell 
measurements were made to 300OC. The equilibria w e r e  expressed as 
neutralization reactions: 

4 1 1  
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The neutralization quotient, Qx, was expressed: 

1 - n + x - 3  
(4 - x - ii 1 [ a - I  

where: fi is the average number of protons neutralizated 

[H+l  is the hydrogen ion concentration 
[OH'] is the hydroxyl ion concentration 
mOH- is the stoichiometric concentration of the base 
mp is the stoichiometric concentration of phosphoric acid 

They found values only for the first two neutralization constants. 

In a study of the NaH~POk-NaC104-H20 system. Wood and Platford (P10) found large 
free energies of mixing. They theorized that the association: 

HzPO; + H2POC = ( H ~ P O U ) ~ '  
may be the cause and the association constant would be Ks = .25 i . 1  kgJmole at 

25OC. They note that when a correction to the excess free energies of NaH2POb 
solution is made for the dimer formation, the behavior is then more like that of 
strong electrolytes such a8 KCl. They felt that this lent etrong credence to 
this association. 
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Figure 6.2 
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Sulfuric Acid 

In its pure liquid state, sulfuric acid has a high electrical conductivity and 
high viscosity. Self-dissociation occurs in the pure liquid; the reaction: 

2HzSOt, H j S O t  + HSOG 
has been proposed as the cause of the high conductivity. 
been suggested as occurring simultaneously: 

I t  has been estimated that the total amount of self-dissociation products is 

.043 mold .  in comparison with the Z.xlO"molal concentration of H+ and 
OH' ions in water. 

A second reaction has 

ZHzSOt, H,O+ + H z S 2 0 ;  

In solution with water this polyprotic acid dissociates: 
H2SOI, = H+ + HSOG 
HSO; = H) + SO$- 

The first dissociation is usually treated as being complete; however, a t  high 
concentrations of sulfuric acid. the acid may be said to be the solvent and the 
water the solute. The second dissociation prevails only in very low sulfuric 
acid concentrations. In 1949, Young and Blatz (H15)  presented the following 
diagram to describe the concentrations of the SO:- and HSO; ions and 
undissociated acid ( 'HHSO, ) based on Raman spectrum measurements: 

Figure 6.3 Fractions of sulfuric acid present as undissociated acid. as  
bisulfate, and as sulfate ion, represented by vertical distances 
between adjacent lines. (Reprinted w i t h  permission from T.F. Young C 
L.A. B l a t z ,  Chem. R e v . ,  v44, 102 (1949) Copyright American Chemical 
society). 
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The second dissociation constant has been the subject of much study. H a m e r  (H5) 
estimated a value of ,0120 at 2 5 O  in 1934 based on his e.m.f. measurements of a 
cell containing NaHSO4. NazS04 and NaC1. The data was recalculated to take into 
considerstion the NaSO; complex in 1952 by Davies et al. (H1) which resulted 
in K, = .0102. Robinson and Stokes (8) presented a temperature fit for the 
second ionization constant based on values presented by Singleterry (H13) : 

475 14 log K, = 5.0435 - *, - e018222 T 

T - Kelvina 
The resulting thermodynamic properties at 25O of the second dissociation are: 

A H 0  = -5237. callmole 

A C ?  = -49.7 calldeg mole 

A So = -26.6 calldeg m l e  
P 

In Helgeson's (H6) investigation' of the effect of temperature on complex 
dissociations. a value of log K Z  = -1.99. or K 2  = .010233, a t  25OC was 

presented. Wirth (H14) calculated values for the mean ionic activity 
coefficients for H+, H', SO2, - and H+, HSOI from experimental activity 
coefficients. After examining the literature, he decided on a value of K, = 
.0102. Pitzer et al. (H8) chose KZ = .0105 in their study of sulfuric acid. 

Using the NBS (1) tabulated values of the free energies of the constituent 
ions : 

m; = H' + Sot- 
A % = A % +  + A(&,:- - A%; 

= 0. -177970. + 180690. 
= 2720 callmole 

K, = .010144 

Tabulated values for the mean mold activity coefficient of H z S Q  presented by 
Rard et al. (H9) and Parker et al. (H7) are based on a stoichiometric 
coefficient, v , of three. That means they assume complete dissociation: 

HzSOs  = 2H' + SO$-  

Figure 6.4 shows the activity coefficients presented by Parker et 81. (H7) 
plotted on the Meissner chart. 
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Figure 6.4 
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In 1977. Pitzer et al. (H8) published values for the interaction parameters of 
Pitzer's activity coefficient equation fit to  a concentration of 6 molal. The 
interaction parameters are for a solution containing H', HSO; and SO: - 
ions. 
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Zinc Chloride 

Zinc chloride has long been known to form complexes in solution. In 1940, 

Robinson and Stokes (214) presented e.m.f. measurements for various concentrations 
at five degree temperature intervals f r o m  10 to 4OoC which they fit to the 
equation: 

They then encountered difficulty in extrapolating back to infinite dilution which 
led t h e m  to reject as  inaccurate a number of points below .008 m. They 
hypothesized that the deviation of these points from their linear extrapolation 
might point to incomplete dissociation: 

but they felt that this was unlikely at such low concentrations. 

E = E ~ s  + act-25) + b(t-25)' 

ZnC1+ = Zn2+ + ~ 1 '  

In a similar study of zinc bromide in 1945, Stokes and Stokes (7) noted similar 
behavior. They suggested the osmotic coefficient ratio plots described earlier as 
a method of testing for complexing behavior. With ionic radii of .65 8 and .74 % 
for the Mg and Zn ions, they felt that the osmotic coefficients should be similar. 
A plot of the osmotic coefficient ratios: 

+Zr3(2 

GE- 
versus molality was presented. The maximum molality was 1. m and the X anions 
were nitrates, iodides, bromides and chlorides. The nitrate ratio held close to 
one over the molality range; the iodides began deviating at  about .7 m. The 
bromides and chlorides dropped away from unity rapidly. This can be seen in 
Figure 6.5 which has the maximum molality increased to 5 and includes perchlorates 
as well. The osmotic coefficients were taken from Robinson and Stokes ( 8 ) .  

Stokes and Stokes interpreted their plot as indicating that ZnBr, may not be 
treated as  completely dissociated at as low as .1 m ;  this is also true for ZnCL 
which shows a greater departure from unity. 

The activity coefficients for ZnC1, presented by Goldberg in 1981 (25)  allow for 
the Meissner plot test. As can be seen in Figure 6.6. when plotted as the reduced 
activity coefficient. r = y llz+z-, versus ionic strength. the activity 
coefficients show severe deviation from the expected strong electrolyte behavior. 
The activity coefficients of zinc perchlorate (Z5) show much better behavior in 
Figure 6.7. although some deviation can be seen at the higher concentrations. 
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Figure 6 . 5  
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Figure 6.6 
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A literature review reveals attempts to determine the complexes present in a zinc 
chloride solution. In 1956. Shchukarev et al. (Z16) presented values for the AG, 
AH and T A S  of formation of the ZnCl', ZnClz , ZnCl? and ZnC1;- complexes. 
Morris et al. (213) used a solvent extraction method and found stability constants 
for ZnC1'. ZnC1, and ZnC13. While aware of the possibility of the ZnC1:- 
complex, they were unable to find it. Spivakovskii and Moisa (217) used a 
potsntiometric method to determine stability constants for complex formation of 
zinc ions in CaC12 solutions. They found values for ZnC1'. ZnClp , ZnC13 and 
ZnC1;- and found evidence of ZnCl2(H zO),, , ZnCl3 (H 20)-, and ZnCls (H 2 0 )  3.- 
complexes. Aksel'rud and Spivakovskii ( Z 1 )  in 1958, found the complexes Zn(0H)Z 
and Zn(0H) Cle5  or Zn,(OH) ,C1. In 1975, Belousov and Alovyainikov (Z2)  and 
Federov et al. (23) presented values for the stability constants of ZnCl', 
ZnClZ, ZnC1; and ZnClZ-. That same year, Lutfullah et 81. ( Z l l )  presented 
e.m.f. measurements and eonsidered only the first complex, ZnCl+. Lib& and 
Tialowska (210) used potentiometric and spectrophometric methods to study the 
ZnC1' complex. Latysheva and Andreeva (Z9) concluded that the highest complex 
formed would be ZnCl k. 

The NBS (1) and Russian (2) thermodynamic tables present data for the ZnCl', 
ZnClz(aq) and ZnCll complexes. The NBS also includes the ZnClt-. There 
appears to be sufficient evidence of its existence that it should be included in 
attempts to model the zinc chloride system. It can be expected that this complex 
will increase in importance with an increase in concentration. 
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Ferric Chloride 

The highly charged transition metals have a marked tendency to form complexes. 
The ferric ion, Fe3+, is one for which numerous studies have been done in an 
attempt to define its complexing behavior with anions such as  hydroxyl, cyanide, 
bromide and chloride. The complexes occurring between ferric and chloride ions 
will be discussed here. 

Early estimates of the first association constant were made in the 1930% by Bray 
and Hershey (F2) and Moller (F8) using potentiornetric measurements. In 1942, 

Rabinowitch and S tockmayer (F9) presented the results of their spectroscopic study 
under controlled acidity, temperature and ionic strengths. From their results 
they calculated estimates of the first three association constants: 

Fe3+ + Cl- = FeC12+ 

K, = [FeC12+1 
[Fe3+l [Cl-I 

+ FeC12+ + Cl- = FeC12 

Whlle they note that there is evidence of at least one more complex in concen- 
trated chloride solutions, FeCl;, they chose not to consider it. Their 
calculations included a term to compensate for the association of ferric and 
hydroxyl ions. even though this term is small due to the low hydroxyl concentra- 
tion. The results, i n  which they felt only K l  could be considered as close to 
exact are: 

at  26.7OC, ionic strength = 1 

K1 = 4.2 f 0.2 

Kz = 1.3 *Om4 

K3 = 0.04 k.02 
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Extrapolated back to zero ionic strength and 25OC: 

K; = 30. ? 5 

K; = 4.5 ? 2 

K: = 0 . 1  f .05 

K 1  was also presented as a function of ionic strength: 

The constant 1.51 i s  the log of the association constant at  26.7OC extrapolated 
back to infinite dilution (KP = 32.). Using this equation, they calculated values 
for  log K at  temperatures from 20 to 5OoC which were then plotted versus 1 / T .  
From its slope. a value for  the heat of association waa determined. Values for 
AGO and A S o  of the reaction were derived using the value of 30 for K P  at  25OC. 

The results presented are:  
A H  = 8.5 f . 2  kcal/mole 
A G O  = -2.0 f .2 

AS0 = 35. ? 2 

Gamlen and Jordan (F6) used spectrophometric measurements to  determine K 3  and the 
next association constant: 

They concluded that this was the highest chloro-complex possible after reviewing 
the  spectrophometric measurements and conduotometric titration results of other 
authors (F3,  F4. F5). Gamlen and Jordan define the association constants in terms 
of activities : 

% e l 3  = IFeC13 1 fF&ls K, = 
aFeC1: acl-  [FeCl:] IC1-1 fFeC1: fC1- 

aFeC1; - - [FeClil fFeC1; 

%ecl 3 acl - [FeC13] [Cl-] fF&13 fC1- 
KI, = 
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or. in general terms: 

I FeCl :-"I 
K, = 

[Fec1t:yJ [Cl-I 

S ince these activity coefficient s 
lumped into one term, F: 

are unknown. the activity coefficients are 

- =  1 fFeC12+ - - 'FeCl; - fFeCla = fFeCl 
f ~ e 3 +  f ~ l -  FeCl 2+ fC1' fFeCl: fCl- FeCls fCl- 

from which it can be assumed that the complex activity coefficient ratios remain 
constant: 

They assume that C = 1 and fHCl = fC1-: 

Noting that B jerrum (F1) expressed the lumped activity coefficient as: 
log F = A + B[Cl-I 

they express the HC1 activity coefficient as 
log fHC1 = -.42 + .18[C1-1 

Their final results presented for an ionic 
2OoC are: 

K\ = .73 
K!, = .0105 

strength of zero and temperature of 

In 1960, Marcus (F7) presented the formation constants: 
log K, -.7 

log & = -1.40 f .06 

log Kh = -1.92 f .08 

This value for log K4 is close to that presented by Gamlen and Jordan, and 
Rabinowitch and Stockmeyer's Ks is similar to Marcus'. 
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The thermodynamic tables of the National Bureau of Standards (1) and Russian 
Academy of Science (2) present values for the Gibbs free energies for  the 
FeC12+, FeClt and FeCl 3(aq) complexes. The Russian tables also include a 
value for the FeCl; ion: 

AGO, kcalhole  

Fe3+ c1- FeC12+ FeC1: FeCl, FeC1; 

NBS -1.1 -31.372 -34.4 -66.7 -96.7 

Russian -1.108 -31.373 -34.35 -66.91 -96.74 -125.5 

The formation constants a t  25OC can be calculated: 

- for Fe3+ + Cl- = FeCl" 
K I  (NBS) = 25.8967 

K1 (Russian) = 23.4421 

- for  FeCl*+ + Cl- = FeCI; 
KZ (NBS) 4.1889 

K2(Russian) = 7.4145 

- for  FeC1: + Cl' = FeC13 
K 3 ( N B S )  = -098698 

K 3(Russlan) = .073955 

- for FeC13 + Cl' = FeCl; 
K,(Russian) = .012152 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Cuprous Chloride 

Characterizing and modeling cuprous chloride presents a challenge to investigators 
in two ways. Experimental data is quite difficult to obtain due to the rapid 
oxidation of the cuprous to cupric ion in air. For the investigator attempting to 
model this species in csolution, there Is disagreement in the experimental data and 
uncertainty in thermodynamic data primarily because of the possibility of numerous 
complex forms of CU+. 

The NBS (1) and Russian (2) thermodynamic data compilations present values for the 
solid CuC1, and the aqueous complexes CuCl; and CuCl:-. Sukhova et al. (C8) 
report the possibility of nineteen complexes up to CusC1:-. Hakita et al. (C6) 
suggested CuCl;, CuC1:- and CuC1:' and gave approximate equilibrium constants 
for these complexes. Ahrland and Rawsthorne ((21) suggested values for the CuCl 
solubility product and CuCl;, CuC1:- and Cu2 Clt- formation constants based on 
solubility and potentiometric data of the NaCl-CuCl-H20 system at 25OC. These 
values f i t  their data to above 1 M  chloride. Smith and Martell (3) present values 
for CuCl(aq). CuCl;, CuC1:' and the dirner Cu2Clt-. 

J.J. Fritz (C2-C-5) has proposed that the species present in a cuprous chloride 
solution are CuCl(aq), CuCl;, CuCl i - ,  Cu 2 Cl: - and triply charged ions 
represented by Cu 3Cl: -. Fritz used Pitzer's activity coefficient equations to 
model cuprous chloride solubility in HC1-HClOb. NaC1. KC1, NHuC1. CuClz and FeC12 
solutions. H i s  general expression for complex formation was: 

ncucl(s) + nc1- = cumcl;n 

with the resulting equilibrium constants K s,m+n and equilibrium quotients 
K's,m+n. For complexes arising from the addition of chlorine ions to a 
complex, the notation K,,,+, was used. The formation of the CuCl? was 
therefore defined: 

cuCl(s) + c1- = cUc1; 

KS 2 

YZ 

- Kk2 2 
B;Icuclz - cuc1; y k 1 2  - 
&l c1- Yk1 yHCl 

mxlcl2 - - _---_I_ 

In K' = In Ks2 = In Y, 
8 2  

The term Y, is used to denote the activity coefficient ratio. 
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For cuprous chloride in HCI-HC104 solutions, the solubility data of Hikita et al. 
( C 6 )  met the requirement for data taken a t  multiple ionic strengths and chlorine 
concentrations that Fritz needed in order to solve for the stability constants and 
activity coefficient equation parameters. Unfortunately, this data, like many sets  
of solubility data,  was presented a s  molarities without the solution densities 
needed to convert them to the molalities required by Pitzer's equations. 
Consequently Fritz replaced the molality terms of the equations with molarities. 
H e  presented the following justifications (C2) : 

"1. Each solubility point represents a combination of a set of thermodynamic 
equilibrium constants and the corresponding activity coefficients. Correla- 
tion of a set of measurements requires only that the expressions for  the 
activity coefficients be adequate to represent them within the accuracy of 
the data. Provided that the expressions have a reasonable functional form, 
selection of suitable parameters will accomplish this purpose. 

2. For the data used. the ratio of solubility to (total) chloride concentration 
vaned only slowly with concentration. Thus, conversion from one concentra- 
tion scale to another left the functional form virtually unchanged. I t  
should be observed that  the change of concentration units has only a trivial 
effect on the thermodynamic equilibrium constants. Their determination 
requires only that the expressions provide suitable functions for extrapola- 
tion to  infinite dilution." 

Fritz emphasizes that the activity coefficient parameters regressed are  good only 
for predictions done on a molarity basis. Using Pitzer's values for the HCl and 
HC1Ob parameters, Fritz regressed this data to get the equilibrium constants at  15 ,  

25 and 35OC and the activity coefficient parameters for the ion pairs. With the 
cuprous ion concentration being negligible a t  al l  solution concentrations, the only 
cation present would be the hydrogen ion. As a result, the B, ,Bo and C parameters 

H+-Cu,C12- and H+-Cu 3C1%-. 
regressed w e r e  for  the following ion pairs: H+-CuCl;, H+-CuCl -, 

A similar procedure was followed for the other multicomponent solutions. The  

resultant parameters and equilibrium constants are tabulated in Appendix 6.1. 
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Calcium Sulfate 

Gypsum, CaSO, .2H, 0, solubility in pure water and multicomponent solutions has been 
the topic of many studies. The reference list at  the end of this chapter bears 
witness to this even though it does not list all the work reported. This body of 
work includes experimental measurements and attempts to predict gypsum and 
anhydrite precipitation. 

Despite the large body of experimental data for calcium sulfate, there is still 
disagreement about its behavior in solution and how to best model this behavior- 
One major area of confusion is the transition temperature of gypsum to anhydrite. 
with values ranging from 38OC (G68) to 97OC (G50).  The disparity in mathematical 
models of the compound is based upon whether or not the aqueous molecule C~SOI, has 
been considered. 

The  transition temperature is most often stated to be about 42OC ((352). This 
value has been calculated from the intersections of solubility curves,  thermody- 
namic calculations and vapor pressure measurements. Part  of the difficulty lies 
in the extremely slow transformation rate between the gypsum and anhydrite phases. 
Power et al. (G53) note that in their studies of gypsum solubility between 25 and 
100°C, the characteristic solubility of gypsum was reached in less than a minute 
and the solid phase was found to be the dihydrate at  all temperatures. When they 
dissolved insoluble anhydrite they found that, after an initial rapid rate of 
solubility, the solute concentration continued increasing over a period of days. 
particularly a t  temperatures up to 65OC. Checking the solid af ter  160 hours of 
contact with water at  85OC with X-ray diffraction indicated only the presence of 
the insoluble anhydrite. Any hydrated form of calcium sulfate would be less than 
1%. but  the method was insensitive to amounts this small. This seeming stability 
of the two forms in this temperature range no doubt lead to the difficulty in 
determining the transition temperature. 

In 1967, Hardie (G24) reported on this extremely slow rate of reaction. The first  
experimental. technique he tried involved the additions of anhydrite or gypsum to 
sodium sulfate solutions in tubes that were sealed and placed in a water bath for 
temperature maintenance. After test periods of several days to several months, 
the tubes were opened and the solids present were examined under the microscope 
and by X-ray diffraction. Although the solution volumes were too small for 

431 
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analysis, an even greater drawback of the method was that, even after many months, 
equilibrium had not been attained in many of the tubes. Hardie then chose to use 
a method incorporating constant agitation. Even with agitation the reaction rates 
were very slow. In one run at 70OC. a solution of 95% gypsum and 5% anhydrite 
remained unchanged after 359 days. I t  is noted that this does not indicate the 
stability of the phase as it is common in studies of mineral equilibria for 
metastable starting phases to remain. In runs begun with equal amounts of gypsum 
and anhydrite it would be expected that any phase changes would be in the 
direction of the more stable phase. Combining the results of his test between 20 

and 7OoC, begun with varying gypsum and anhydrite concentrations in pure water or 
Na2S04 or H2S04 solutions, Hardie determined a transition temperature of 58O 

k 2OC. While most of his  test results were consistent, Hardie did have some 
results at 50° that differed with the main body of data. In a 15% solution of 
Na,SO, and a starting phase of gypsum, after 94 days anhydrite had formed so that 
the solid phase composition was 95% gypsum and 5% anhydrite. The change stopped 
at this point and no further change was found after 10 months. At the same sodium 
sulfate concentration and temperature, a starting phase of anhydrite remained 
unchanged after 155 days. A few other differences from the main body of data were 
noted around this temperature. 

The insoluble anhydrite mentioned in the report by Power and m-workers' is one of 
three possible anhydrites. Kelley et at. ((328) found the only unique and 
reproducible forms of calcium sulfate to be CaSOt,.PHnO, a-CaSO, .+H20, a-CaS04, 
PCaSO 1 , . % H 2 0 .  8-CaSO,, and insoluble anhydrite. The dehydration of gypsum 
saturated steam at one atmosphere results in the a-hemihydrate. Dehydration at a 
lower water vapor pressure forms the more soluble 8-hemihydrate. Further 
dehydration of the CL- and B-hemihydrates results in the formation of the a- and 
9-anhydrite. These anhydrites readily rehydrate to gypsum a8 opposed to the 
insoluble anhydrite which seems to avoid hydration above 4OoC. In their studies 
of the transient solubilities of calcium sulfate, Power et al. (G53) conclude that 
Panhydrite hydrates to 8-hemihydrate at a much more rapid rate than the further 
hydration to gypsum due to the identical, within experimental error, behavior of 
both. They also note that the difference in crystalline size between the a- and 
E-hemihydrates ( . 3  micron and .09 micron respectively, determined by X-ray 
diffraction), does not account for the greater instability of the B-hemihydrate, 
but is more likely the result of a higher energy content. Some of the 
discrepancies in the solubility data no doubt arise from confusion over which of 
the hemihydrates or anhydrites was used or was precipitated. 

4 3 2  
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Blount and Dickson (G9) have also suggested possible reasons for mme of the 
disparities in the data. They note that very fine grained or poorly crystalline 
forms of gypsum may have resulted in higher apparent solubilities in some 
experiments. Anhydrite solubility results may also vary due to poorly 
crystallized anhydrite or hemihydrate contamination. Most reported saturation 
curves were the result of approaching saturation from undersaturated solutions. 
Few experimenters have presented results from both undersaturated and 
supersaturated solutions. 

Other than the disagreements between the various sets of data just discussed, the 
person attempting to predict the behavior of calcium sulfate in aqueous solution 
and in solution with other compounds is faced with further problems. One is that, 
no matter which of the forms of calcium sulfate being considered. the saturation 
molality of the pure salt in water is very low. For example, Marshall and Slusher 
( 0 3 8 )  reported the solubility of CaS04.2HzO to be -0151 mold CaSOb at 25OC. Due 
to such low saturation molalities, if calcium sulfate behavior is to be modeled in 
solutions containing any other compounds , parameters developed using binary 
solution data may be expected to be invalid at  multicomponent solution 
concentrations. This is very likely the cause of the bad results seen in Chapter 
V when attempting to predict the phase diagrams of multicomponent solutions 
containing calcium sulfate. 

Another problem is deciding how to model the system. In checking the two most 
complete sources of thermodynamic data, the National Bureau of Standards (1)  and 
Russian Academy of Sciences (2) compilations, two different pictures of the 
solution behavior emerge. The NBS gives the following data for a gypsum solution: 

A G O  A € P  SO c? 
kcal /mole cal/dep mole 

ca2 + -132.30 -129.74 -12.7 -- 

Sd' -177.97 -217.32 4.8 -70.0 

aqueous ion 

aqueous ion 

CaSO4. 2H20 
sol id 

H2O 
1 iquid 

-429.60 -483.42 46.4 44.46 

-56.687 -68.315 16.71 17.995 

4 3 3  
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This leads to modeling the solution as: 

The solubility product at 25OC would be solved for as follows: 
CaSOb.2H20 = Ca2+ + SO:- + 2 H 2 0  

A& = AGCe2+ + A S : -  + '(%no - AG08S04.2H20 

= -132300. - 177970. + 2.(-56687.) + 429600. 

= 5956 cal/mole 

= 4.3071543-5 

It has been known for years though that calcium and sulfate ions h solution 
associate to form the aqueous molecule CaSOc. Many studies have been done in an 

attempt to determine the effect of this association on the system (G2, G6, G13, 
G16, G17, G20. G23, G30, G32. G33, G44, G45, G46. G47, G55. G67, G72, G73). The 

Russian thermodynamic data compilation reflects this: 

A@ AW S O  CF 
kcal h o l e  calldeu mole 

ca*+ -132.112 -129.80 -13.5 
aqueous ion 

aqueous ion 

aqueous mlecule 

sol id 

1 iquid 

sot - -178.215 -217.73 4.3 

c&& -3 13.48 -345.7 7.514 

c&o 4.2H20 -430.102 -483.94 46.4 

H z 0  -56.703 -68.3149 16.75 

This results in the descriptive equations: 
CaSOc.2Hz0 = Ca2+ + SO',- + 2H20 
CaSO,(aq) = Ca2+ + SO:- 

The gypsum solubility product at 25OC is: 
A h  = AGcB2+ + A%;- + 2 A(%2o - AGaBS04.2H20 

= -132112. - 178215. + 2.(-56703.) + 430102. 
= 6369. callmole 

KC!aS0,.2H20 = exp (- 7 *%} = 
-6369.0 

= 2.1451534 

I 4 3 4  I 
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This is about half the value of the solubility product calculated using the NBS 
data that assumes complete dissociation. Since the amount of calcium and sulfate 
ions in solution are so low and the association of the two to form an aqueous 
molecule would have little effect on the ionic strength, it may be decided to 
disregard the interaction. The large difference in the solubility products points 
out that care must be taken in matching the thermodynamic data to the modeling 
method chosen. 

4 3 5  
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Sodium Sulfate 

Although there iS ample evidence of its existence, the NaSO; ion k generally 
ignored when calculating activity coefficients in solutions containing sodium and 
sulfate ions. Sodium sulfate is treated as  a completely dissociating electrolyte. 
A s  early as 1930, Righellato and Davies (S34) stated that, even in dilute 
solutions, most uni-bivalent salts are incompletely dissociated. Based on 
conductance measurements at 18OC, they presented dissociation constants for a 
number of intermediate ions. For the salt M2X the dissociations were defined: 

M,X = M+ t MX' 
MX' = M+ t X2' 

and the dissociation constant of the intermediate ion MX-: 

%I% y M y X  K=- - 
clwc Y h K  

where: q - gram moles of ion i per liter 

This activity coefficient was given as: 

with the Debye-Huckel value A equal to .5 at 18OC. 
equation: 

y i  - activity coefficient of ion i 

log y = -A z2 f i +  BI 
When fit back into the K 

The term CB is set as 1.30. For the NaSOG ion they found a value of K = .198 
at 18OC. 

Jenkins and Monk (S19) similarly calculated a value for this dissociation constant 
in 1950. Based on conductance measurements at 25OC. they arrived at  a value of K = 
.19. 

More recent work includes that of Izatt et al. (S16) who presented a calorime- 
trically determined value of K = .2239 at 25OC in 1969. The AHo value for the 
reaction did not compare well with that determined by Austin and Mair (Sl): 

Izatt et al. Austin and Mair 
A HO -.49 f .05 kcallmole 1.12 f .8 kcallmole 

I I 
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Martynova et al. ($21) used a calcium-selective electrode to study the behavior of 
a CaSO+-NaCl-H20 solution at  five temperatures. They concluded that the NaSO; 
complex must be considered as  well as the aqueous molecule CaSO, in order to 
adequately describe the system. The resulting dissociation constants for NaSO; 
are: 

to c 
- 
20 
40 

60 
80 

98 

KNaSO, 

206 
.164 
el26 
,103 
-078 

In 1975. Santos et al. (S41) determined the assocktion constant of NaSO; at 
25OC to be B1= 2.5 -I .2 at .5M ionic strength using a sodium-selective electrode. 
That same year, Reardon (S33) presented a value of pK = .82 f .05 (K = .1514) at 
25OC, .1 mold from stoichiometric activity coefficients. 

The pressure effects on NaSO; were the subject of papers by Fisher (S10) and 
Fisher and Fox (S9. S11). The following equation for the dissociation constant 
resulted: 

log K N ~ o ;  = (-1.02 + 9 . 6 ~ 1 0 - ~ P  - 4 . 3 ~ 1 0 ”  P2 1 t .03 
where P is the pressure in atmospheres. The dissociation constant at 1 atm. is 

.094 using this equation and is considerably smaller than those presented by the 
other authors. 

The NBS (1) and Russian (2 )  thermodynamic data compilations both present values of 
A G O  for the NaSOt  complex. The resulting dissociation constants for the 
reaction NaSOC = Na+ + SO:-  are: 

-ms 
= A%,+ +A%:- -A%-; 

= -62593. - 177970. + 241560. 
= 997 callmole 

K = exp = .18586 

4 3 7  
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- Russian 
AGEDCN=AC&a+ +Aw+- -A%m; 

= -62647. - 178215. + 241820. 

= 958 callmole 

K = exp - = .19851 
. (-9 

Using the Meissner plot test gives an indication of possible complexing. The 
activity coefficients tabulated by Goldberg (S13) were plotted as reduced activity 
coefficients versus ionic strength in Figure 6.9. The activity coefficients 
presented were fit past the saturation molality of 1.957. The upward curve at the 
end of the plotted values points towards ion assockition of some sort. 

. 
I t 
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Figure 6.9 
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Other Chloride Complexes 

Righellato and Davies (S34) postulated in 1930 that most uni-bivalent salts must 
be considered as incompletely dissociated even in dilute solutions. I t  may be 
expected then that ion aesociation w i l l  occur for many bi-univalent salts. This 
would seem to be particularly true of the doubly charged transition metals. 
Zinc chloride is one such ealt which has been shown to form many complexes. The 
"complexing tests" described earlier in this chapter are applied to manganous 
chloride, cobalt chloride, nickel chloride, and cupric chloride. 

Manganous chloride 

When plotted on the Meissner chart, Figure 6.10, the activity coefficients 
presented by Goldberg (06)  can be seen to deviate from the q line pattern. The 
activity coefficient of manganous perchlorate, which would not be expected to 
complex, can be seen in Figure 6.11 to follow the q lines quite well. MnC1, may 
therefore be suspected of complex formation. Lib& and Tialowska (010) studied 
a MnCl, solution potentiometrically and spectrophotometricaly in order to 
determine the nature of the complex and its stability constant at 25OC. The 
stability constants: 

B1 

calculated from 
as the reaction 

potentiometric measurements of a cell using a Mn(C10r)Z 
medium. were found to be: 

solution 

molality of Mn(ClO,)* 
1.0 1.5 2.0 2.5 3 .O 0.0 

81 0.14 0.19 0.28 0.38 0.50 0.72 

According to the thermodynamic data tables, MnC1' is not the only complex 
occurring in a manganous chloride solution. Both the NBS (1) and Russians (2) 

report an undissociated aqueous molecule, MnC12, and the ion MnCl; as  well as 
the first complex MnCl++. The Gibbs free energies given and the resulting 
stepwise formation constants at 25OC are: 

4 4 0  
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Figure 6.11 
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A G O ,  kcal/ mole 
NB S Russian 

Mn ,+ -54.5 -55.2'  

c1- -31.372 -31.373 

MnC1+ -86.7 -88.4 

MnCl ,(aq) -117 - 6  -119.82 

MnCl; -148.2 -150.36 

- for Mn2+ + C1- = MnC1' 
K, ( N B S )  = 4.045 

K, (Russia.,) = 21.838 

- for MnCl+ + C1- = MnClZ(aq1 
K, (NBS) = .45084 

K, (Russian) = 1.08256 

- for  MnCl,(aq) + Cl- = MnC1; 
K,  ( N B S )  = -27172 

K3 (Russian) = .24513 

Cobalt Chloride 

The  osmotic coefficient ratio test, seen in Figure 6.12. shows the increased 
deviation from unity for  the chloride anion indicating possible complexing. The 
activity coefficients for CoC12 and Co(ClOb)2. tabulated by Goldberg et al. ( 0 5 1 ,  

have been plotted on the Meissner chart ,  Figures 6.13 and 6.1'4. The f i t  to the q 
line pattern is quite good and does not appear to indicate cornplexing behavior. 

Lib& and Tialowska (010) presented the following stability constants at  25OC: 

b l -  
%o2+ 921- 

81 = 

molality of Co(C10,)~ 
1.0 1.5 2.0 2.5 3.0 0.0 

3,  0.10 0.10 0.14 0.18 0.22 0.45 

4 4 3  
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Figure  6.14 
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They found that  the activity coefficient quotient dependence on the perchlorate 
molality differed for the  CoC1' complex from the dependence shown by the 
CuCl+. MnC1+ and ZnC1+ complexes. A s  a careful spectrophotometric study 
they did indicated that the CuCl' complex existed primarily a s  the inner-sphere 
complex [ CuC1(OH2 ) I + ,  they speculated that the difference was that the CoC1' 
complex was an outer-sphere complex ([ Co(OH, l6 I "C1- 1 '. 
An examination of the thermodynamic data tables of the National Bureau of 
Standards (I) and Russian Academy of Science (2) present different pictures of 
the solution composition. The NBS table does not point to any ion pairing while 
the Russian table indicates the existence of the CoCl' complex. The free 
energy values and resulting formation constant for 25OC from the Russian table 
are: 

A Go , kcall mole 
co*+ -12.82 

c1- -31.373 

COC1' -44.74 

co2+ + c1- = coc1+ 
K, = 2.5174 

Nickel Chloride 

No clear picture of complexing behavior in aqueous nickel chloride solutions has 
yet been presented. A s  with cobalt chloride, Lib& and Tialowska (010) suggest 
the NiC1' complex exists as  an outer-sphere ion pair "i(OH2 16 1 *+C1- +. 
They presented the following values for the stability constant at  25OC: 

molality of Ni(ClOb )2 
1.0 1.5 2.0 2.5 3 . 0  0.0 

81 0.08 0.08 0.10 0.12 0.16 0.37 

In 1980, Lagarde et  al. (08) presented the results of their EXAFS 
absorption fine structure) study of NiCl2 solutions. Previous s 

Raman experiments (03, 04, 0121, x-ray diffraction (01, 0 9  

diffraction (07, 013, 014) and inelastic neutron scattering 
conflicting reports of ion pairing behavior. Lagarde et al. 
conclude whether there  was complex formation or not. 

(extended x-ray 
udies, including 
0111, neutron 

( 0 2 )  presented 
were unable to 

447 
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The activity coefficients tabulated by Goldberg et al. ( 0 5 )  behave well when 
plotted on a Meissner chart, Figure 6.15. The thermodynamic compilations of the 
National Bureau of Standards (1) and Russian Academy of Science (2) also disagree 
as to possible ion pairing. While the NBS presents no data for any complexes of 
the nickel and chlorine ions. the Russian table has data for not only the 
intermediate NiC1+ ion, but also for the NiCl,(eq) undissociated molecule: 

A Go, kcall mole 
Ni2+ -10.89 

c1- -31.373 

NiC1' -42.71 

NiClz(aq) -74.69 

For the intermediate NiCl': 
Ni2+ + C1- = NiC1' 
K, = 2.1265 

The formation constant for the aqueous molecule is: 
Ni2+ + 2C1- = NiCl,(aq) 
K, = 5.9237 

Cupric Chloride 

A more definite picture is presented in the literature for cupric chloride 
solutions. Lagarde et al. ( 0 8 )  found evidence of Cu-Cl pairing in their EXAFS 
study, as  did Lib& ( 0 9 )  in spectrophotornetric measurements which resulted in the 
following stability constants at 25OC: 

molality of Cu(Cl0~)z 
1.0 1.5 2.0 2.5 3 -0 0.0 

B i  0.34 0.43 0.56 0.76 1.13 1.63 

The activity coefficients tabulated by Goldberg (06) cut across the q lines of 
Meissner's chart. Figure 6.16, as opposed to the perchlorate activity coeffi- 
cients which hold to the pattern, Figure 6.17. 
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Figure 6.16 
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A uniform view of complexes in a cupric chloride solution is found in the NBS (1) 

and Russian (2)  thermodynamic data tables. Both present data for not only the 
CuC1+ complex, but also the aqueous molecule CuC12 : 

A Go, kcallmole 
NBS Russian 

c u  *+ 15.66 15.67 

c1- -31.372 -31.373 

CUCl+ -16 -3  -16 - 7 1  

CuCI,(aq) -47.3 -47 -62 

At 25OC, the following formation constants result: 

- for C U ~  + CI- = CuC1+ 
K1 (NBS) = 2.6978 

K1 (Russian) = 5.4719 

452 
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Activity Coefficient Methods 

Due to the fact that complexing results in multiple anions andlor cations, 
activity coefficients for such species must be calculated using multicomponent 
methods even for simple binary solutions. The methods presented in Chapter V 
are suitable for use. 

Gugggenheim's method is applicable for use with these complexes. The ionic 
activity equation: 

-A z; f i  
+ Bis "8 log Y i  = 

l + J i  s 
(5.2) 

where: 

Y i  - 
A -  

zi  - 
I -  

Bis  - 
m s  - 

is applicable 

activity coefficient of ion i 
log base 10 Debye-Huckel constant 
ionic charge 
solution ionic strength 
coefficient for the interaction between ion i and species s 
molality of species s 
due the summation term. The species may be any of the complexes 

in the solution, including molecular species. However, since Guggenheim's 
method is accurate at low ionic strengths only, it would be advisable to choose 
one of the other methods for general use. 

Bromley's expression for the ionic activity coefficient of ion i is: 

where: 
A -  
I -  
zi - 
Fi  - 

F =  i 

A zi fi 
l ogy i  = - + Fi 

1 + J i  

Debye-Huckel constant 
ionic strength 
ionic charge 
interaction terms 

m. - m l a l i t y  of ion j 
1 

(5.5) 
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Due to the mixing rule's dependence on the ionic charges, this method is really 
only applicable for species which have no molecular complexes. 

The same holds true for Meissneis method since the mixing terms are ionic 
strength fractions and are dependent on the ionic charge. The equation for the 
reduced activity coefficient of species CA is: 

(5.30) 

where: 
B = 0.75 - 0.065 s,, . ix 

0.5107 ff log r+ = - 
1 + c G  

C 

I = ionic strength 

= 1. + 0.055 b,mix exp(-O.O23 1 3 >  

= ( z I 1  q&j)/l + ( c I i  q O f i ) / I  
%,mix 1 i 
with: qzn 

In n n  

- Meissner q parameter for electrolyte mn in pure solution 

= .5 m 2 2  ionic strength of ion n 

To date, Pitzeis method is the one most often used for complexing species. 
expression for the ionic activity coefficient is: 

The 

3 2 + T;z In(1 + 1.2 JT JT 
1 + 1.2 4 

where: f Y  = -A+ [ 
A9 - Debye-Huckel constant for osmotic coefficients, log e 

basis: equation (4.64) 

(5.34) 

4 5 4  
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I - ionic strength 
m - molality 
Oik - interaction parameter for like-charged ions 
J I  - ternary interaction term 

The most often used interaction parameters are  the 80 , @ I  and C', many of which 
can be found in the appendices of Chapter IV. Values for the interaction 
parameters 0 and $ are  tabulated in the Chapter V appendices. This method can 
be used for systems containing aqueous molecular species; ion-ion. ion-molecule. 
ion-ion-ion, molecule-ion-ion and molecule-molecule-ion interaction parameters 
can be found for calculating ionic activity coefficients. The equation has been 
modified for calculating undissociated aqueous molecule activity coefficients. 
This wi l l  be discussed in greater depth in the next chapter. 

Summary 

The most important message of this chapter is that nearly all electrolytes form 
one or more complexes over some range of their phase space w i t h  water and/or  
other compounds in water. For many species the conditions over which this 
occurs and the attendant quantities make it unreasonable to  ignore the 

phenomena. Trying to bend strong electrolyte models to handle species which 
form complexes is often a s  invalid as  using conventional VLE formulations to 
handle electrolyte solutions, ie. ignoring ion formation. 
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A s  w e  have seen in this chapter, there are several techniques for identifying 
complexors as well  as the actual species propagated. In addition there are 
several models available for activity coefficients with one, in particular, 
Pitzeis ,  able to handle both ionic and molecular ‘Jltermediates. 
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APPENDIX 6.1 
C u p r o u s  Chlor ide  

The following p a r a m e t e r s  for t h e  P i t z e r  a c t i v i t y  coef f ic ien t  equation were 
p r e s e n t e d  by Fritz.  The p a r a m e t e r s  are f o r  use only when t h e  solution c o n c e n t r a -  
tions are expressed in t e r m s  of molarities: 

Table l a  - I n t e r a c t i o n  P a r a m e t e r s  

i on  p a i r  $ 0  8 1  

H -CuCl , 2 0 7 2  . 3 2 1 5  

H+-CuCl ; -  , 2 7 4 6  1 . 5 8 7 0  

H -cu,c1:-  . 3 6 6 6  1 . 7 7 4 0  

H+-Cu3C1z - . 4 4 9 8  4 . 5 6 7 0  

. 0 8 3 7  .1595 N a  -CuCl; 

Na+-CuCl ; -  , 0 8 9 6  1 . 1 7 8 0  

Na+-Cu ,C12- - . 0 1 6 9  . 6 3 7 2  

N a  -Cu3C1:- . 1 5 7 7  3 . 4 0 1 4  

+ 

+ 

+ 

+ 

K+-CuCI . 2 8 3 7  .4180 

K+-Cu,Cl:- - . 1 7 1 9  - .7000 

K+-CuCl;-  . 0 4 8 0  .9540 

K+-Cu 3C1 - - .1123 2 . 1 3 3 0  

8 2  C 

. 0 1 0 7  

- 0 2 5 4  

, 0 0 7 6  

. 0 2 1 8  

, 0 0 9 8  

. 0 3 2 9  

. 0 1 5 4  

, 0 2 0 9  

. 0 0 9 8  

.0114 

. 0 0 7 6  

- 0 2 1 9  

r e f .  

c 2  

c 2  

c 2  

c2 

c 3  

c3 

c 3  

c 3  

c 3  

c 3  

c 3  

c 3  

Table l b  - Three P a r a m e t e r  Set 

N H t - c u c 1 ;  - . 1 4 2 2  .0545 . 0 1 0 7  c3 

NH: -cuci $ - - . 0 6 7 7  . 2 6 1 0  . 0 2 5 4  c 3  

NH:-Cu3Clt?- - . 1 1 7 5  1 . 8 9 3 0  - 0 2 1 5  c3 

c u 2 + - c u c 1 ;  . 4 5 8 9  1 . 7 5 7 0  - . 0 3 7 2  c 4  

c u 2 + - c u c 1 ;  - - 0 1 9 2  7 . 6 9 9 0  - 2 0 . 7 9  - .0396 c 4  

cu2+-Cu ac1: . 9 5 1 5  9 . 2 5 2 0  - 1 0 . 5 7  - . 1 7 0 8  c 4  
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ion  p a i r  B O  8 1  6 2  C r e f .  

c4 2+ 
Fe -CuC1; .5489 1.6713 -.00071 

Fe 2+-CuCl - .3880 4.2740 -4 .R2 .03230 c4 

Fe2'-Cu,C1 :- .9329 7.4660 -3.20 -.01229 c4 

The parameters listed a s  being from the three parameter set  were the result of 
regression done on data sets with an insufficient number of points to regress for 
the full twelve parameters. As a result, Fritz treated the two doubly charged 
complexes together. 

Table 2: Equilibrium Constants and Heats of Heaction - Ref. C4 

complex formed K(298.15K) 

cuc1; 0.0604 

cuc1:- 0.0128 

cu2c1:- 8 .24x10q4 

CU aC11- 3 . 4 1 ~ 1 0 - ~  

AH. c a l l m o l e  

6669. 

3450. 

6700. 

0 . 0  

combined2- * 0.0144 4010. 

* combined should be used when using the 8's and C's of the three parameter set. 

T a b l e  3a - E q u i l i b r i u m  Cons tan t s  and Changes i n  Thermodynamic 
P r o p e r t i e s  f o r  Formation of CuC1; and CuC1:- from 

c u C l ( s )  + nC1- = Cucl:;, - R e f .  C5 

ASo 
c a l / m o l e  K AGO AHoca l  /mole complex OC K 

- -  
cklc1; 15 .0409 6350. 1830. 15.6 

25 .0604 6530. 1660. 16.3 

35 .0869 6720. 1500. 16.9 

CUCli - 15 .0105 3000. 2610. 1.4 

25 ,0128 3430. 2580. 2.9 

35 .0150 3530. 2570. 3.1 
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Table 3b - Equi librium Constan'ts and Changes in Thermodynamic 
Properties for  Formation of CuC1; and CuC1:- from 

CU+ + nC1- = CuCln (n-l)- - R e f .  C5 

complex 

cuc1; 

cuc1;- 

OC K A Go AHocal  /mole 
AS O 

cal/mole K 

15 3. 1x105 -2860. -7240. 15.2 

25 2.6~10 -2680. -7390. 15.8 

35 2.3~10 -2500. -7560. 16.4 

15 7.9~10 -6300. -6460. 0.6 

25 5.6~10 -5880. -6480. 2.0 

35 4 . 0 ~ 1 0  - 5 7 8 0 .  -6490. 2.3 

5 

6 

4 

4 

4 

4 59 
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ACTIVITY COEFFICIENTS OF WEAK ELECTROLYTES AND MOLECULAR SPECIES 

In Chapters IV and V considerable effort was spent describing strong electrolytes 
and alternative formulations for their corresponding mean andlor ionic activity 
coefficients. A strict definition of a strong electrolyte is a species which 
completely dissociates in water. In reality, very few species fit this definition 
of strong electrolytes. The following definitions are offered in order to provide 
a practical classification of electrolytes: 

Strong electrolyte - A compound which nearly completely dissociates to its 
maximally charged constituent ions when placed in aqueous 
solution. 

Complexing electrolyte - A compound which forms non-trival quantities of non- 
maximally charged complexes when placed in aqueous 
solution. These intermediates may be molecular or 

ionic. 

Weak electrolyte - A compound which forms a non-trivial quantity of a molecular 
species when placed in aqueous solution. By this definition, 
weak electrolytes form a subset of complexing electrolytes. 

The terms "nearly" and "non-trivial" are qualitative and are used intentionally. 
This is because there are  probably no totally ionized electrolytes. Indeed, 
Helgeson (3) shows dissociation constants for molecular NaCl. KCl. HC1 and NaOH. 
In his 1967 paper on complex dissociation in the temperature range 0 to 37OoC, 
Helgeson presented estimates for the reactions: 

HCl(aq) 7 H+ + C1- 
over the temperature range 0 to 370°C the values of 
loglo K varied from 7.25 to -4.75 

over the temperature range 0 to 225OC the approximate 
values of loglo K varied from .5 to -.1 

over the temperature range 275 to 325OC the approximate 
value5 Of log10 K varied from 0.1 to -1. 

NaOH(aq) w N a +  + OH- 

KCl(aq) d K +  + C1- 
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A NaCl(sq) - Ns' + C1- 
over the temperature range 275 to 37OOC the approximate 
values of loglo K varied from -.5 to -2.75 

In 1981, Helgeson et al. (7) presented an approximate dissociation constant of 
NaCl(aq) over the full 0 to 37OoC temperature range. A t  O°C the approximate value 
for loglo K was .65. 

Arbitrarily ignoring a molecular species over a wide range of conditions can be 
dangerous because: 

- The dissociation constant may vary greatly with temperature and ignoring the 
molecular species formation a priori may be quite dangerous. 

- Even a tiny amount of a molecular species can greatly influence a 
corresponding vapor pressure which in turn can be a pivotal element in 
controlling a process. 

- Even if a molecular species has a large dissociation constant, significant 
amounts of the molecular species may form if the solubility of the species is 
high. 

- In multicomponent solutions. a common ion from another electrolyte may force 
formation of an aqueous specie. For example, adding HC1 to an acetic acid 
solution promotes the formation of the aqueous acetic acid molecule, but 
adding NaOH promotes the formation of acetate ions. 

One good general test for a weak electrolyte ie to see if a corresponding 
molecular vapor species exists. Thus, although aqueous molecular HCl is rarely 
mentioned, (in fact neither the National Bureau of Standards (1) nor the Russian 
Academy of Sciences (2) consider it in their data compilations). i ts  presence is 
presaged by the obvious existence of the vapor HCl. A situation where a trace 
amount of a molecular aqueous species is in equilibrium with a vapor having a high 
vapor pressure implies a large Henry's law constant: 



VII. Weak Electrolytes and Molecular Species 

where: p i -  vapor pressure of species i 
yi - vapor mole fraction 
P - total vapor pressure 
H i  - Henry's law constant for species i 
xi - liquid mole fraction of species i 

A s  with the strong electrolytes and complexors, the key to the effective modeling 
of these systems is accurate prediction of: 

- Equilibrium constants as a function of, primarily, temperature, and to a 
lesser extent, pressure. In particular, vapor-liquid equilibria , vapor 
species = aqueous species, and liquid phase molecular dissociation 
equilibria, aqueous species = ion + ion for example, must be dealt with. 

- Activity coefficients as a function of the temperature and ionic strength. 

- Fugacity coefficients for the vapor species. These values. functions of 
temperature, pressure and vapor phase composition, are usually unimportant 
until pressures reach several atmospheres. 

The equilibrium constants for vapor-liquid equilibria (VLE) , aqueous dissociation 
equilibria and solid-liquid equilibria (SLE) can be obtained either by the 
thermodynamic relationship involving the A G O ,  AHo and ACp of the reaction or via 
the numerous articles in the literature providing functions, tables or graphs of 
the temperature dependent constants for various species. Prominent among these 
are the articles by Wilhelm. Battino and Wilcock (8) for VLE and Edwards, Newman 
and Prausnitz (P5) for liquid phase dissociation andlor hydrolysis. 

The issue of the role played by a molecular species in determining ionic and 
molecular activity coefficients as well as water activities has received much less 
attention than the role played by ionic species, particularly for strong 
electrolytes. In this chapter, attention will be focused on: 

- the Setschdnow equation 
- the Pitzer based equations 

The material in this chapter is divided into two principal sections, namely: 
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- Theoretical relationships for activity coefficients. The Setschgnow equation 
is used to  calculate the activity coefficients of aqueous molecular species 
in salt solutions. The Pitzer based methods may be used for binary or 
multicomponent solution activity coefficient calculations for all species in 
the soh tion. 

- Comparison of predictions based upon the theoretical equations with 
The specific systems considered are: experimental data. 

a) NH,-H,O 
b) CO ,-H,O 
C) N H , - C 0 2 - H 2 0  
d)  SOZ-HZO 
e) 0 2-NaC1-H 2 0  

No attempt is made in this chapter to depict the actual equations or the attendant 
calculation procedure which requires the digital computer. Rather, the underlying 
detail is deferred until Chapter IX on worked examples where all of the systems of 
this chapter are covered. 
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Setachhow Equation 

I t  has long been known that the solubility of a gas in a salt solution is less 
than that in pure water. The solubility decrease is called salting out. This 
behavior has been attributed to the greater attraction between ions and water 
molecules than between nonpolar or slightly polar gas molecules and water. The 
ions show increasing salting out influence with increasing ionic charge: the 
influence also increases with the decrease in ionic radius. In an attempt to 
empirically define this behavior, J .  Setschhnow (S33) proposed the following 
relationship : 

l n ( F )  = kc (7.1) 

where: So - is the solubility of the gas in pure water 
S - is the solubility of the gas in a salt solution 
k - is the salt coefficient, constant for a given salt 
c - is the salt concentration 

The equation has been used with the concentrations in molalities. molarities and 
mole fractions. S and So must be in the same units bu t  a re  reported in 
cm3/liter. gmlliter. moleslliter. molality, etc. The salting out coefficient, 
k, also changes with the different units. 

The chemical potential of a species is the same a t  equilibrium, whether in a 
binary or multicomponent solution: 

(7.2) 

with the subscript u denoting an undissociated species and the superscript O 

indicating binary solution. This relationship may also be expressed in terms of 
the activities, 

a = a; 
U 

(7.3) 

The activity of a species is a function of i t s  activity coefficients, y , and 
molalities. m, as seen in earlier chapters: 

y l l  mu 
By rearrangement: 

= y p ;  

TI - 
m 

U 

(7.4) 

(7.5) 

I 4 a 5  I 
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As noted in Chapter 11, the activity coefficient of a species approaches unity as 
its molality approaches zero due to the chosen standard state: 

y i  = ailmi yi + 1 as mi + 0 

Since the solubility of a gas in pure water is low, the activity coefficient 
YuO is assumed equal to one. As a result, the activity coefficient in a 
multicomponent solution must therefore deviate from unity if equation (7.5) is to 
hold true: 

“PU Yu=m 
U 

The right hand side of equation (7.6) is now of the same form as the Setschihow 
equation (7.1) : 

In y u  = In($)= k ms (7.7) 

where: y, 

flu 
m - is the solubility of the gas in the rmlticanponent solution, m l a l  

k - is the salting out parameter 
m - is the m l a l i t y  of the salt  in the solution 

- is the activity coefficient of the mdissociated gas mlecule in 

- is the solubility of the gas in pure water. m l a l  units 
the rmlticanponent system 

units U 

S 

This is the equation that has been used to calculate the activity coefficient of 
an undissociated molecule in a salt solution. 

Salting Out Parameter Determination by Rnndall and Failey 
In 1927 a series of papers by M. Randall and C.F. Failey were published, present- 
ing activity coefficients based on the Setschbow equation. The salt rnolaUty was 
expressed as ionic strength. The first paper (S28) concentrated on the activity 
coefficients of gases in salt solutions. The gases considered were oxygen, 
hydrogen, nitrogen, nitrous oxide, carbon dioxide, hydrogen sulfide, ammonia and 
acetylene. The tabulated results were the ionic strengths of the salts. the 
activity coefficients of the dissolved gases and the quotients log YII  for each 
gas in different salt solutions of varying concentrations and temperatures. They 
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plotted the quotients versus the square roots of the ionic strengths to a maximum 
4 mold. The maximum ionic strength tabulated varied, with the highest being 21.9 
for a solution of Fe,(SO,), at 25OC into which w a s  dissolved nitrous oxide. The 
quotient, which is essentially the salting coefficient k. did show some variation 
in their plots with the change in ionic strength. Randall and Failey felt however 
that it was within the range of experimental error and decided that the arithmetic 
mean of the term could be used as a constant k for most of the salts. Some of the 
quotient versus fi plots can be seen in Figure 7.1. Here the plots were extended 
to the maximum ionic strengths tabulated for each of the solutions. 

In the second paper of their series (S29). Randall and Failey found similar 
results for the nonelectrolytes iodine, phenylthiourea and o-nitrobenzaldehyde. 

The last paper (S30) presented activity coefficients for the undissociated part of 
the following weak electrolyte acids: benzoic, ortho-toluylic, salicylic. ortho- 
nitrobenzoic, acetic, monochloracetic and dichloracetic acids. In a study of 
binary solutions of sodium and potassium acetate, Randall, McBain and White (526) 

found the ionic activity coefficients to be very close in value to the ionic 
activity coefficients for binary sodium and potassium chloride solutions. 
Consequently, in Randall and Failey's paper on the activity coefficients of the 
undissociated part of weak electrolytes, the activity coefficients of the 
monobasic acids in salt solutions of varying concentrations were assumed to be 
equal to the activity coefficient of hydrochloric acid in the same or similar salt 
solution at the same concentration. This meant that: 

- the activity coefficient of the dissociated portion of a weak electrolyte 
dissolved in any sodium salt solution was set equal to the activity 
coefficient of .01 M HC1 in a NaCl solution of the same concentration. The 
values used were those presented by Harned (S10). 

- the activity coefficients for .01 M HC1 in KC1 solutions presented by Harned 
(S10) were used for the activity coefficients of the dissociated portion of 
the weak electrolyte in any potassium salt solution of the same concentra- 
tion. 

- the activity coefficient of the dissociated portion of a weak electrolyte in 
any barium salt solution was equivilenced to the activity coefficient of HC1 
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in barium chloride solution of the same concentration. The values used were 
those presented by Randall and Breckenridge (S27). 

Randall and Failey felt that ,  while not completely accurate, such assumptions 
could be safely made for such dilute solutions and would not have much effect on 
the calculations for  the activity coefficients of the undissociated portion of the 

weak electrolyte acid. 

The  activity coefficients of the undissociated portions of the weak acids were 
calculated in the following manner using data presented by numerous authors of the 
solubility of the weak acid in salt solutions of varying concentrations: 

1. Since the activity of the weak acid in a solution saturated with that weak 
acid is constant: 

2 
a 2  = m+ m- Y, = constant 

and the molalities of the hydrogen and acid ions a re  equal 

m+ = m- 

then m ? ,  Y, - is also constant. This Y+ is the activity coefficient of the 
dissociated portion of the weak acid and is set  to  the activity coefficient 
of HC1 a s  detailed above. 

2. The following calculations were done using data for a binary solution of the 
w e a k  electrolyte acid: 
- Given: mo - the solubility of the weak acid in water 

K - the  dissociation constant of the acid 

’’ O - the activity coefficients of HC1 in a binary solution from 
a plot of Y, versus ionic strength 

the equilibrium equation is: 

(“p, YZ) 

“p, 
K =  

where muo and yuo are  the molality and activity coefficient of the 
undissociated portion of the weak electrolyte acid in the binary solution. 
Making the  simplifying assumption that the activity coefficient of the 
undissociated w e a k  acid is unity in binary solution, and noting that 

flu’= nP - “p+ (7.8) 
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the equilibrium was rewritten 

(“p, yt)’ = K (mO - nf+> - 
This equation was solved via successive substitution for the hydrogen ion 
molality. m+, using values for the activity coefficients, Yf, read f r o m  the 
plot for each m+ chosen. Once m+ was found, the molfdity of the 
undissociated part of the weak acid was calculated using equation (7.8) and 
the term m + O  y,” was set. - 

3. The following calculations were then done using ternary weak acid - salt - 
water solubility data in which the solution is saturated with the weak 
electrolyte to get the activity coefficient of the undissociated portion of 
the weak acid: 

- Since the activity of the weak acid in any solution saturated with that 
weak acid is constant, the following is true: 

a; = a2 

That is. the activity of the weak acid in binary solution is equal to the 
activity of the weak acid in the ternary solution. This relationship may 
also be expressed in terms of the molalities and activity coefficients: 

“p+ Y f  = m +  y?: (7.9) 

The left hand side of the equation is the term that was found using the 
binary solution data. The activity coefficient Y5 was set equal to the 
activity coefficient for HCI in a salt solution of equal ionic strength 
using the assumptions detailed earlier. Therefore the only unknown in 
equation (7.9) is the molality of the hydrogen ion in the multicomponent 
solution: 

nf+ us’_ m+ = - 
Yf 

- Having the hydrogen ion molality in the ternary solution, m+. and having 
the saturation molality of the weak acid in the solution, rn, the molality 
of the undissociated portion of the weak acid, mu, is merely the 
difference between the two: 

m+ m = m -  
U 
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- Equation (7.9) equating the activities in binary and ternary solutions 
applies to the undissociated weak acid also; the molalities of the 

undissociated par t  of the weak acid are  known for the binary and ternary 
solutions and since the activity coefficient in the binary solution was 
assumed to be unity,  equation (7.9) may be rearranged in order to calculate 
the activity coefficient of the undissociated portion of the weak 
electrolyte in the ternary solution: 

- “p, 
yu - iii- 

U 

Randall and Failey found that these activity coefficients behaved very much like 
those found for the nonelectrolytes in the previous papers. That is: 

1% yu 
.I = constant 

Salting Out Parameter Determination by Long and McDevit 
In 1952, F.A. Long and W.F. McDevit (S15)  presented the results of their extensive 
study of the activity coefficients of nonelectrolytes in aqueous salt solutions. 
Their results for the  molar activity coefficients of undissociated nonelectrolytes 
in salt solutions were based mainly on solubility. distribution and vapor pressure 
measurements. They noted that since the activity coefficient for any species i 
could be expressed a s  a power series to show the effects of the concentrations of 
all solutes j in the solution: 

0) 

log yi = 1 . knm 
n.mo 

then in their  study of nonelectrolytes dissolved in salt solutions. since the 
concentrations are low, only the linear terms involving the nonelectrolyte and the 
salt would remain to calculate the activity coefficient of the nonelectrolyte: 

log yU = ks Cs + kU Cu (7 . l o )  
where: y u  -is the molar activity coefficient of the nonelectrolyte u 

ks - is the salting out parameter for  salt s; also called the 
ion-molecule interaction term 

Cs - molar concentration of salt s in the solution 
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ku - the nonelectrolyte self interaction term 
Cu - molar concentration of the nonelectrolyte u in the solution 

Due to the low concentrations, interactions between the solutes would not be 
expected. 

The ion-molecule interaction term, k,, is the one that is m o s t  often calculated. 
Long and McDevit felt that the nonelectrolyte self interaction term could safely 
be ignored only when the nonelectrolyte solubility was very low' as in the case of 
the nonpolar electrolytes hydrogen, oxygen and benzene. For the more soluble 
polar nonelectrolytes, such as ammonia, carbon dioxide and phenol, the self 
interaction term is of much greater importance and should be determined where data 
is available. 

Long and McDevit outlined the following methods for calculating the activity 
coefficient of a nonelectrolyte as a function of the salt concentration of the 
solution : 

1 .  From solubility data 
The data used by Long and McDevit was presented by many authors. It 
consisted of the saturation concentrations of nonelectrolytes in binary 
aqueous solutions and in salt solutions of varying concentrations. Both 
types of measurements can be found at  different temperatures in the 
literature. 
a) Since at equilibrium the chemical potential of a species is the same in 

binary and multicomponent solutions saturated with that species, the 
activity coefficients and concentrations may be equivilenced as seen 
earlier in this chapter: 

Y u  cu = Y; @u (7.4) 

Here equation (7.4) is based on molar units: 
y u  - molar activity coefficient of nonelectrolyte u in the salt  

Cu - solubility in mles  per l i t e r  of the nonelectrolyte in  the 

yi - molar activity coefficient of mnelectrolyte u in binary 

c", - solubility i n  mles  per l i t e r  of the nonelectrolyte in binary 

solu t ion 

sa l t  solution 

solution 

solution 
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Rearranging equation (7.4) and taking the log results in the following 
equation for the log of the activity coefficient of the nonelectrolyte in 
the salt solution: 

b) Recalling the earlier equation for log y u :  

log yu = ks Cs + kU Cu 

combining equations (7.10) and (7.11) results in: 

(7.10) 

Equation (7.10) may also be used to express the activity coefficient of 
the nonelectrolyte in a binary solution: 

log 9; = ks Pu (7.13) 

The self interaction term is independent of solution concentration and 
relates only to the nonelectrolyte; therefore it is considered equal in 
binary and multicomponent solutions, kUo = k,. The log y u o  term in 
equation (7.12) is replaced by the right hand side of equation (7.13) and 
subtracted from both sides of the equation: 

c) The left hand side of equation (7.14) recalls the SetschGnow equation: 

(7.7) 

2. From distribution data 
The distribution data used by Long and McDevit was by other authors found in 
the literature. The applicable data were measurements of the solubilities of 
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the nonelectrolyte in water, in  a nonaqueous solvent that is immiscible with 
water and in an aqueous salt solution. The first measurements taken were the 
solubilities of the nonelectrolyte in the two solvents, water and di-butyl 
ether for example. The second system contained the two solvents to which a 
salt was added. The addition of salt must not create an atmosphere in which 
the solvents lose their immiscibility or cause one of them to begin to 
dissolve into the other. The salt also must dissolve only into the aqueous 
phase. The addition of the nonelectrolyte to the system resulted in the 
solubility in the aqueous phase differing from that in the system without 
salt, while the reference nonaqueous phase solubility remained the same. The 
following equation defines the relationship between the nonelectrolyte 
solubilities in the pure water, salt solution and the nonaqueous reference 
phase: 

(7.16) 

where: 

y G  

c"" 

b - is a constant 

L J ~  - is the activity coefficient of the nonelectrolyte in the reference 

8 

- is the m l a r  activity coefficient of the nonelectrolyte in the 
pure water @ase 

m l e s  per l i t e r  
- i s  the solubility of the nonelectrolyte in the p r e  water @ase in  

plase 

- is the solubility of the nmelectrolyte in the nonaqueous reference 
phase 

sal t  phase 
- is the activity coefficient of the nonelectrolyte in the water - 

YU 

Cu - is the solubility of the nmelectrolyte in the water - sa l t  @ase 

3. From vapor pressure data 
The vapor pressure data presented in the Literature it? often the partial 
pressure of the nonelectrolyte in binary solution and the partial pressures 
in salt solutions of varying concentrations. The relationship between the 
partial vapor pressures of a nonelectrolyte in binary solution and in 
multicomponent solutions is described: 
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(7 17) 

where: 
y u  - is the m l a r  ac t iv i ty  coefficient of the nonelectrolyte in the sa l t  

solution 

Cu - is the so lubi l i ty  in m l e s  per l i t e r  of the nonelectrolyte in the 

y: - is the molar ac t iv i ty  coefficient of the nonelectrolyte in binary 

s a l t  solution 

solution; a s  usual this is treated as  being the standard s ta te  and 
Y; = 1 

CU - is the so lubi l i ty  in m l e s  per liter of the nonelectrolyte in the 

pu - is the par t ia l  vapor pressure of the nonelectrolyte in the sa l t  

p: - is the par t ia l  vapor pressure of the nonelectrolyte in  binary 

binary solution 

solution 

solution 

Equation (7.17) assumes ideal vapor phase behavior. By keeping the 
nonelectrolyte concentration the same in the binary and salt solutions, the 
concentration t e r m s  of equation (7.17) cancel, and since the activity 
coefficient in  the binary solution is set to unity, equation (7.17) 

simplifies to: 

The  following advantages and drawbacks to these methods of calculation were noted: 

Advantages: 
- Solubility data a re  easy to take with good precision. 
- Distribution data is particularly good where the nonelectrolyte is miscible 

in  water. The  experimental method is quite simple and the nonelectrolyte 
concentration in the aqueous phase can be kept low in order to avoid the 
self interaction t e r m  of equation (7.15). 
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- Vapor pressure measurements allow for easy calculations when the 
nonelectrolyte concentrations are kept the same in the binary and salt 
solutions, a process that is not difficult. 

Drawbacks: 
- Solubility data presents difficulty if the solubility is high; the self 

interaction term must then be determined based on separate experiments. 
Measurement errors are possible when the nonelectrolyte is a liquid; the 
salt or water may dissolve in it. 

- Care must be taken during distribution experiments to avoid reference 
solvents which are miscible with water; the calculation of the activity 
coefficients can be distorted by any mutual solution of water and the 
nonaqueous reference solvent. The difference in distribution must also be 
sufficient to accurately measure. 

- Vapor pressure measurements are applicable only to volatile species. In 
order to get accurate measurements, the nonelectrolyte concentration must 
also be quite high. 

In addition to presenting values of k,, and ku for phenol, Long and McDevit 
presented, in the appendices, lists of studies done on the salting effects for 
many polar and nonpolar nonelectrolytes. Values for the salting parameters given 
in the paper can be found at the end of this chapter in Appendix 7.1. 

Salting Out Parameter Determinetion by Other Authors 
More recently other authors have presented results of their studies of the salting 
out effects on gases. Some of these are listed in the references at the end of 
this chapter (Sl. S2, S5. S7. S8, ,913. S16. 517. S19. S22. S23, 532. S34. S37). 

One of the most recent papers is that of E.M. Pawlikowski and J.M. Prausnitz 
(S24). They presented a simple method of estimating salting out constants for 
nonpolar gas solutions and included a temperature fit for some. In reviewing the 
perturbation theory method of calculating the salting out constants presented by 
Tiepel and Gubbins (S35) they decided that the results were not good enough to 
justify using the method. The calculations required a large number of parameters 
(salt solution density, Lennard-Jones s h e  and energy parameters for water, for 

both salt ions and for the gas, the dipole moment of water and the polarizability 
of the gas). A computer was also required to do numerical integrations. 
Pawlikowski and Prausnitz proposed that for the activity coefficient of a nonpolar 
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gas in a salt solution calculated using the Setsch6now equation: 
In Yg = ks,g ms 

where: 
y g  - is the activity coefficient of the gas 
m, - is the  molality of the salt 

the following equation w a s  suggested by the perturbation theory for calculating 
the  salting out parameter or salt-gas interaction parameter ks, g: 

(7.18) 
ks,g 

where: , 
as and bs are tenperature dependent paremeters for  the s a l t  and are 

tabulated in  Appendix 7.2 

is the Lennard-Jones energy interaction for the gas. They used 
Liabastre 's  (S14) reported values for E which were calculated based 
an pure water gas solubi l i ty  data. 
Appendix 7.2. 

k is B o l t m ' s  constant 

€gas 
These values are  tabulated in 

k is the sa l t ing  out parameter for a solution of s a l t  s and gas g. 
Values of k 8.g in  kglmle are tabulated in  Appendix 7.2. 

s.g 

They found the salting out constant increasing w i t h  E l k  for all salts other than 
NaN03. which agreed with behavior noted by other authors for nitrate salts. 

In addition to  presenting values for as and bs for  various salts, they also 
presented values for the following temperature f i t  equation 

ks,g - - + + 9 s  + b28 TI (*) (7.19) 

with T in  Kelvins for temperatures from 0 to 60° Celsius. The parameters are 
tabulated in Appendix 7.2. 

Based on Bromley's (S3) assumption that activity coefficient interaction 
parameters for individual ions could be added to estimate the value for a salt: 

B Z B  + B  
09 c+ A- 
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Pawlikowski and Prausnitz presented salting out parameters for individual ions 
that could be added to estimate a sslrs k,: 

ks(c4) = ks(C+) + ks(A-) 

Using the as(i) and bs(i) values they presented for individual ions 
and the Liabastre value for a gas's Lennard-Jones parameter, the salt-gas 
interaction term can be estimated: 

ks(C+),g = ascc+> + bs(C+) (*) (7.20a) 

Pawlikowski and Prausnitz note that although the parameters presented are intended 
primarily for 1-1 electrolytes, they may be used to estimate the salting out 
parameter for 1-2 electrolytes if the additive equation is used a8 follows: 

A similar change may also be made for estimating the salting out parameter for a 
2-1 electrolyte. Temperature dependent parameters were also presented for the 
ions; the values for the temperature dependent and independent ion parameters are 
given in Appendix 7.2. 

Although the Setsch6now equation can be used with success in predicting the 
solubility of a nonelectrolyte in dilute salt solutions, it has some major 
drawbacks. One is the restriction of use to salt solutions. Also, due to the 
linearity of the equation, published values of the salting out parameter can not be 
expected to extrapolate well past the solution concentration at which the parameter 
was determined. In 1977, Yasunishi (S37) suggested an expanded version of the 
Setsch6now equation in an attempt to avoid the linear behavior. In a study of the 
solubilities of nitrogen and oxygen in aqueous sodium sulfite and sulfate 
solutions, Yesunishi presented the solubilities in terms of the Ostwald 
coefficient : 
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where: 
L - Ostwald coeff 

V - volune of gas 

VL - volune of the 
g 

cient 

absorbed 

absorbing liquid 

The Setsch6now equation for the activity coefficient of the gas was then 
expressed: 

(7.21) 

where : 
Lo - is the Ostwald coefficient for the binary gas-water systan 
k - is the salting out parameter 
C8 - is the sa l t  concentration i n  mles l l i t e r  

Yasunishi found that a plot of log (Lo/L) versus C s  showed the linear behavior 
required for using the SetschGnow equation for the nitrogen in both the sodium 
sulfite and sodium sulfate solutions at 25OC. This can be seen in Figure 7.2, 

plotted to the maximum salt concentrations of approximately 1.1 moleslliter. A 
similar plot of log (Lo/L) versus the Na,SO, concentration at 25°C however, began 
to deviate from the linear line resulting from equation (7.21) at approximately .5 

moleslllter Na,SO,. The broken line was calculated 
using equation (7.21). As a result, Yasunishi proposed the following equation be 
used: 

This is shown in Figure 7.3. 

(7.22) 

W i t h  this equation, and the parameters k, and k, given in Table 7.1, the data was 
successfully fit to 1.5 moleslliter Na,SO,. The solid line in Figure 7.3 w a s  the 
result of using equation (7.22). 

Another disadvantage of the Setsch6now equation is that the salting out parameter 
affects only the molecular activity coefficient; no effect is shown on the other 
species in the solution. These problems are addressed in the next section 
covering the adaptation of the Pitzer equation to solutions containing molecular 
solutes. 
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Figure 7.2 
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Figure 7.3 

n 
-I 
\ 
0 
3 
m 
0 

.60 

.SO 

.40 

.30 

.20 

.10 

o. oo 

Oxygen i n  Na2S04 Solution @ 25 C 

Na2S04 concentration Cmole/ll 



AQUEOUS BLECTROLYTE THERMODYNAMICS 

Table 7 . 1  - Constants of equation (7.22) for oxygen-sodium sulfate systems (S37) 

temp (OC) k, (llmole) k, (llmole) 

15 

25. 

35. 

0.420 

0.398 

0.421 

0 .251  

0.183 

0.231 
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Pitzer Based Equations 

Due to the need to model the equilibria of solutions containing multiple weak 
electrolytes, such as  the H20 - NH3- COz system, it became necessary to go beyond 
the Setsche'now equation for activity coefficient calculations. For such solutions 
to be modeled well, the ion-molecule interactions must affect not only the 
molecular activity coefficients, but also the ionic activity coefficients and 
water activities. An early attempt by Edwards, Newman and Prausnitz (P5) used the 
Guggenheim equation for activity coefficients and assumed the water activity to be 
unity. This application was felt to be good for low weak electrolyte concentra- 
tions at temperatures no higher than 8 O O C .  

Edqards, Maurer. Newman and Prausnitz Pitzer Based Method 
In 1978, Edwards, Maurer. Newman and Prausnitz (P6) used the Pitzer formalism for 
such solutions. They felt the resulting equations and parameters to be applicable 
for solutions of concentrations as high as 10 to 20 mold for 0 to 17OoC. 

As seen in Chapter V, the equation for the activity coefficient of a species i in 
a multicomponent solution can be expressed using the Pitzer equation: 

(7 -23) 2 
l n Y . = z  f Y + z .  c m~ + z ;  c C "j% B;k 

j#H20 i j  j#HzO kZHzO 1 i  

1 
where: 

+ 2 *  In (1. + 1.2 6 )  

Bij = 130 + $  1. - (1. + 2. Jf-) exp (-2. a)] 

fi f y  = 
[l. + 1.2 fi T;z 

1 [ 
B i j  = 
A9 = the natural log based Debye-&ckel constant for o m t i c  coefficients; 

I 
z - ionic charge 
m - species molality 
B o  - interaction parameter 
P i  - interaction parameter 

[ -1- + (1. + 2.  fi+ 2.  I )  exp ( -2 . J i - l  

equation (4.64) 

= - 5  c z2 m; ionic strength, eurmation over a l l  ions in the solution 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

This equation, used by Edwards et al., ignores interaction parameters other than 
the binary B 0  and 81 . Like charge ionic interactions are ignored. Unlike Pitzeis 
definition of the interaction parameters being between ions of different charges. 
Edwards et al. used the terms for ion-ion, ion-molecule and molecule-molecule 
interactions. They ignored the 81 term for interactions involving molecules as 

they felt the experimental data was inadequate. Equation (7.23) reduces to: 

lny ,=  2. Z m B 
j#H20 m’ 

(7 -24) 

for aqueous molecular species. The first and last terms of equation (7.23) drop 
out because the charge on a molecule is zero. For the molecular activity 
coefficient, the t e r m  Bmj is the Bo interaction due to ignoring the Biterm.  

The water activity is expressed: 

(7.25) 

where the molecular weight of water is denoted by Mw. 

Edwards et al. note that for a weak electrolyte in solution. equations (7.24) and 
(7.25) reduce to molecule-molecule interactions: 

In ym = 2. B o ( , ~  mm (7.26) 

(7.27) 

when the dissociation constant ie small and the resulting ionic concentrations are 
very low. Equation (7.26) is very similar in form to the Setach6now equation seen 
earlier in this chapter: 

In Ym = k ms (7.7) 

However, equation (7.7) is based on the salt molality in a mixed  solution; 
equation (7.26) has the advantage of being dependent on the aqueous molecule 
molality and therefore may be used for binary solutions. 

Equations (7.23) and (7.25) have other improvements over the Setschinow formalism. 
In addition to their usefulness in solutions not containing salts, the presence of 
undissociated molecules in a solution is reflected in the water activity equation 
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and in the ionic activity coefficient equations as well  as the molecular activity 
coefficient equations. Another advantage is the ability to set up many of the 
ion-ion, ion-molecule and molecule-molecule interactions using binary solution 
data. These may then be used in different multicomponent solutions, unlike the 
Setschihow salting out parameters which are good only for the one mixed solution. 

A s  in PawUkowsM and Prausnitz's (S24) paper on Setsch6now constants, Edwards et 
al. (€3, P6) used Brornleyb theory of the additivity of single ion interactions to 
estimate ion-ion and ion-molecule interactions: 

8- = Bc + Sa 

hi= b+ 81 

, The molecule-molecule interaction parameters between different molecules were 
estimated from the molecular self interaction parameters: 

Beutter and Renonb P h e r  Based Method 
Also in 1978, Beutier and Renon (P1) presented a slightly different interpretation 
of the Pitzer equation for use with solutions containing molecular solutes. 
Noting the additive form of the equation given by Piteer for the excess Gibbs free 
energy : 

where: 

I v -  
m -  

f ( I )  - 
= 

'kl - 
'klh - 

kilogram of water 

mlal i t ies 

long range electrostatic effects 

short range interaction effects 

t r i p l e  body interaction between k, 1. and h 

Beutier and Renon defined the Gibbs excess free energy as a summation: 
G a = G F  + G E  + G z  
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in t e r m s  of the ion-ion , ion-molecule and molecule-molecule interactions. This 
differs from Pitzer's definition (4.57) in that he considered k. 1 and h to be 
ions only, whereas Beutier and Renon felt that molecules should also be included. 

The activity coefficient is the derivative of the Gibbs excess free energy: 

which resulted in the following for the molecular and ionic activity coefficients: 

In ym = (In ymIm + (In ymIim (7.28) 

In y i  = (In Y i I i j  + (In YiIh 

with the subcripts denoting: 
mm- molecule-molecule interactions 
i m  - ion-molecule interactions 
i j  - ion-ion interactions 

(7.29) 

The derivatives of equation (4.57) for the terms of equations (7.28) and (7.29) 
are : 

In (ymlrn = 2. A,,,,, mm + 2. urn m i  (7.30) 

where: 
- is the self interaction tern, equal to the 

p- - is the pseudo ternary self interaction tern. set: 

of equation (7.26) Ll 

1. u r n =  - 
and: 

where: 

A - is the Debye-Hiickel conatant 
- Pitzer ion-ion interaction 

I i j  
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I x i j  = B o +  1 1. - (1. + 2 .  Jr ) exp ( - 2 . 4 i  
2 B  2 2 1  [ 

vi,jk - ternary ion interactions. The follcwing a s s q t i o n s  were wde: 

Pw = .5 (k + lJm) 

%nJx=%m 

and are related to Pitzer's C 9 parameter as follows: 

for the 1-1 electrolyte CA: 

for the 1-2 electrolyte C2A: 

The ion-molecule interaction terms were estimated based on the Debye-McAulay 
electrostatic theory which gives an equation for the electric work needed to 
transfer ions from a solution of dielectric constant D i  to one of dielectric 
constant Df: 

where: 
NA - is Avagadro's nrober 
e - is the electron charge in em 
z1 - is the ionic charge 
rj - is the ionic cavity radius inAngstrms. 8 
Di - is  the dielectric constant of the solution with ionic solutes and m 

Df - is the dielectric constant of the solution with ionic and mlecular 

nj  - nunber of mles of ion j 

mlecular solutes 

solutes 

This expression of electric work was used to determine the ion-molecule portions 
of the activity coefficients: 
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AQUEOUS ELECTROLYTE THBBYODYNAMI CS 

GE = Wel (7.33) 

Using Pottel's (PSI explanation of Onsagex's theory, the dielectric constants of 
equation (7.32) are defined: 

1. - Yi 
Di = %[I. + .5 q] 

1. - Yf 
Df = Ds [I. + .5 

where: 
Dw - is the dielectric constant of water 

Ds - 

yi - 

Yf - 

vi - 

Vf - 

(7 .34)  

(7 .35)  

D, = 305.7 exp (-exp (-12.741 + .Ole75 TI - T/219.) 
T - Kelvins 

dielectric constant of solution containing molecular but no ionic 
solutes; with the partial mold volumes assumed to be concentration 
independent: 

(7.36) 

assuming that every ion in solution is the center of a dielectrically 
saturated cavity which includes hydration molecules. this term is the 
volume fraction of the ionic cavities in an ionic solution: 

volume fraction of the ionic cavities wi th  all species, ions and 
molecules. in the solution: 

volume of solution with only ionic solutes, dm3lkg HzO: 
1 

V i = K  + : m i T  i 

volume of the real solution containing both molecular and ionic 
solutes, dm3/kg Hz0: 

(7 .37)  

(7.38) 

(7.39) 

(7.40) 
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VII. Weak Bleatmlytetr and Molecular Spedee 

V m  - volume of solution with only molecular solutes. dm3/kg HzO: 

water density 
partial  m l a l  volune of k, ctn'lmle 
dielectric coefficient of neutral solute m, Cm3 Imle: 

(7.42) 

By substituting equations (7.34) and (7.35) for Di and Df in equation (7.32) 

and defining a term: 

e2 z2  & x 108 
'1 W 

(7.43) 

where k is Boltzmann's constant, 1.38045 x ergIK, equation (7.32) 

becomes : 

1 1. + .5 Yf 1. + .5 Yi 
1. - Yi 

- 
f 1. - Y 

'e 1 
3 .18  n H T  m W 

Using equations (7.36) and (7.37) and summing over all ions, j 
molecules. m. Beutier and Renon arrived at the following equation: 

and k. and 

DIN c c  
j k 's (' - yi) - yf)' 

-27 
n NA x 10 Lj ri " 5 ~  mj w i  

(7.44) 

el . 
Since Gim = Wel and the Gibbs excess free energy Gex was defined as a 
summation of terms. equation (7.44) is then related to the Pitzer expression. 
equation (4.57). seen earlier. The following definitions were made by 
equivalencing the terms of equation (7.44) to the interaction terms, X : 

= 0 since the z tenn in L equals zero 
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The ion-molecule interaction parts of the activity coefficients (7.28) and (7.29) 

can now be determined by taking the appropriate derivatives: 

(7 -46) 

where: 

,, NA r? - Ti Yi 
1 

1.5 a Di 

a mi 
- -  - - Dw 

(1. + .5 Yi)2 

- -  a Df - -Ds 1.5 
f~ NA r; - Vi Yf] (1. + .5 Yf)2 v; a mi 

By defining two new terms: 
Vc - volune of a l l  the ionic cavities. dn3/kg H20: 

v; - vo~une of ionic cavities for ion i ,  &'/rno~e: 

and using previous definitions to express equations (7.45) and (7.46) in terms of 
the volumes, the various equations may be combined: 

- for the activity coefficient of a molecular solute: 
In ym = (In yJmn + (In vpdh (7.28) 
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VII. Weak Electrolytes and M a l e c u z v  Species 

- for the activity coefficient of an ionic solute: 

(7.47) 

(7 .29)  

1.5 y m V c  Dw Vf V: - Vc Ti - - ,]. 1.5 (; L j  mj) [ - 
zvi 'c) "f vc cvf - vc> 

(7.48) 

activity was also derived from this expression of the An equation far the water 
Gibbs free energy: 

r 

(7.49) 
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Chen'e Pitzer Based Method 
Chen et al. (PZ, P3, P4) also presented an extended form of the Pitzer equation 
for use with aqueous molecular solutes. As first seen in Chapter IV, the equation 
for the Gibbs excess free energy from which activity coefficient equations may be 
derived was suggested by Pitzer: 

"ex 
= f ( I )  + C Z h . .  m in 

i j  + C C X pijk mi mj 7~ 
i j k  

(4.57) 

By combining terms and choosing an empirical formulation, Pitzer arrived at the 
following equation for the Gibbs excess free energy of a multicomponent solution 
of cations, c, and anions, a: 

= f(1) + 2. X X mc ma kca + (X mz) ccaI + T 7  c a  

1 C mc mcl [ Occ1 + * 5  C ma $ccla] + 

C C ma mal [ Qaal + - 5  C mc 

c cf a 

a a' C 

where: 

f ( I )  = -A+ T;z I 

~ c a  = ~ c a  + (+) hcc + (+) xaa 

= $+-  [l. - (1. + 2.n exp (-Z.Ji I] 

In (1. + 1 . z ~ )  

2 B1 

z2 I 

(7 a501 

with triple interactions between ions all having the same sign ignored 
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Chen et al. proposed that a similar process be followed to get interactions 
involving molecular solutes. If the i, j and k's of equation (4.57) can be any 
solute, ionic or molecular, the Gibbs excess free energy contribution of the terms 
involving molecules is: 

Ignoring the ternary interactions, Chen defined the following terms: 

These terms describe the interaction between salt ca and a molecular 
solute m in an aqueous solution of one salt and one molecular solute 
which Chen says is equivalent to the Setsch6now salt-molecule 
interaction term. 

- .  
For describing the difference in the interactions between a molecular 
solute and two salts with *the same anion; equivalent to the 
difference between two Setschenow constants. 

Xam Aa'm 
a 

To describe the difference in the interactions of a molecular solute 
with two salts having the same cation. 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

The final version of the extended equation for the excess Gibbs free energy was 
proposed by Chen to be: 

Z C mc mcl ( OccI + .5 C m J, 1 + 
c c' a a cc'a 

C C mm mml Am' + c ( c Dca,m mm ma - 
m m1 m a  

0cc1.m mc*) (7.51) 
C 

Chen took the ternary molecule-molecule interaction term to be zero under the 
assumption that i ts  effect would be minimal in solutions of low molecular solute 
concentration. The disregard of the ternary ion-molecule interactions was based 
on the approximate additivity of the contributions made by ions from inorganic 
salts; Chen notes that organic ion contributions do not show this additivity so 
that the ternary ion-molecule interactions in organic salt solutions should not be 
ignored. 

The appropriate derivatives of equation (7.51) were taken to arrive at  the 
following equations: 

- for the activity of water. aw: 

In a, = In xw + lnYw 

55.55 
= In [35.55 + i" + 
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- for the osmotic coefficient, 9 : 

( 4  - 1.) C mi = - A4 
i 

2. C mC zc 
C 2. c c mc ma Bo + BI exp (-2. Ji-1 + 

c a  c A - q q i  

C c mc mcl ( OCC' + c ma !4Jccla) + 
c c' a 

z c ma ma, ( OaaI + c mc 1 ~ ~ ~ ~ ~ : )  + c c mm mmI Am, a a' C m m' 
+ 

' (' Dca,m "rn ma - wee* .m m m m c , I  (7.53) 
m a  C' 

- for the activity coefficient of an anion, Y a: 

Z 2  

2. C ma' Oaa, -- a c c  mc mat B~ [1. - (1. + 2.  JT + 21) 
a' 21' c a' 

2 c mc zc 
m m  c a' 'cal C 

E m  'ca + 'a tl + % Dca.m (7.54) m m  = "m 
A cation activity coefficient nay be calculated by reversing the 
cation and anion subscripts. 
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- for the activity coefficient of a molecular solute, y,: 

In Ym - -&(G) 
(7.55) 
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Prediutione Based Upon Theoretical Equations 

The theoretical equations given by Setschenow and Pitzer can be evaluated based 
upon an extensive body of published data on a large number of binary and ternary 
systems involving weak electrolytes. The systems chosen for evaluation and 
illustration are: 

1) NHs-H20  
2) COz-HzO 
3) NH3-CO2-HzO 
4) SOz-H20 
5) 02-NaCl-HzO 

In the case of the first four systems, the Pitzer equation used is based upon the 
formulation of Edwards, Maurer. Newrnan and Prausnitz and of Beutier and Renon. 
Comparisons of predicted and experimentally measured total pressure and partial 
pressure(s) a r e  presented in both tabular and graphical form. 

In the case of the last example wherein NaCl is present, the emphasis will be on 
prediction using the S etsch6now equation and comparison to resonable published 
data. 

The tabular and graphical output will, in every case, reference both: 

1) The method used 
2) The source of the data 

Ammonia - Water 
Figures 7.4 - 1.9 show the tabular and graphical results of Pitzer predictions 
measured against the data of Macriss. et al ( D l )  and Clifford and Hunter (02). The 
species considered in the predictive model are NH3 (aq). NH;. OH-, H+ and 
HpO(aq). 
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Figure 7.4 
SYSTEM: AMMONIA - WATER 
= ~ = = ~ = = = = = = = = = = = = = = = = = = ~ = = = = = E = I = P I = = = = = = ~ = = = = ~ = ~ - - - = = = = = ~ = * = = ~ ~ ~ = = ~ ~ ~ - - ~ = - -  

Method: Edwards, Maurer, Newman & Prausnitz, AIChE J (1978) 

Experimental Data Source: 
Macriss, et al, IGT34 (1964); Clifford & Hunter, JPC 37 (1933) 

Temperature: 60.0 degrees Celsius 

Experimental data: 

point 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

Pressure 

0.24000 
0.28600 
0.35500 
0.35500 
0.36600 
0.41600 
0.43000 
0.48700 
0.58400 
0.63000 
0.71443 
0.84200 
1.10400 
1.45100 
1.61257 
3.08907 
5.57937 
9.18555 

(atm) 
NH3 Partial 

Pressure (atm) 
0.04324 
0.08570 
0.14968 
0.14358 
0.16281 
0.23540 
0.24503 
0.29969 
0.41333 
0.46249 
0.53700 
0.67535 
0.93767 
1.31308 
1.45929 
2.96467 
5.46848 
9.09954 

Moles NH3 ( a q )  

0.05637 
0.11567 
0.19964 
0.19964 
0.21491 
0.27539 
0.29007 
0.35466 
0.46387 
0.50850 
0.58718 
0.70403 
0.90308 
1.11035 
1.17436 
1.76154 
2.34871 
2.93589 

Calculation results: 

Error function = ([pNH3(calc) - pNH3(exp)] / pNH3(exp)] + 
([P(calc) - P(exp)l / P(exp)l 

point 
1 
2 
3 
4 
5 
G 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

P(exp) 
0.24000 
0.28600 
0.35500 
0.35500 
0.36600 
0.41600 
0.43000 
0.48700 
0.58400 
0.63000 
0.71443 
0.84200 
I. 10400 
1.45100 
1.61257 
3.08907 
5.57937 
9.18555 

P(ca1c) 
0.23482 
0.27719 
0.34090 
0.34090 
0.35297 
0.40238 
0.41476 
0.47115 
0.57404 
0.61904 
0.70294 
0.83931 
1.10951 
1.45387 
1.57601 
3.22316 
6.77150 

16.30672 

Sum [ error 2 ] = 2.695161 

pNH3(exp) 
0.04324 
0.08570 
0.14968 
0.14358 
0.16281 
0.23540 
0 -24503 
0.29969 
0.41333 
0.46249 
0.53700 
0.67535 
0.93767 
1.31308 
1.45929 
2.96467 
5.46848 
9.09954 

pNH3(calc) 
0.04024 
0.08472 
0.15150 
0.15150 
0.16414 
0.21583 
0.22877 
0.28767 
0.39494 
0.44178 
0.52900 
0.67047 
0.94987 
1.30446 
1.42991 
3.11033 
6.69593 

16.26729 

moles H20 

5: 49755 
5.44149 
5.36211 
5.36211 
5.34768 
5.29050 
5.27663 
5.21557 
5.11232 
5.07013 
4.99575 
4.88529 
4.69712 
4.50117 
4.44067 
3.88559 
3.33050 
2.77542 

error  
-0.09102 
-0.04233 
-0.02762 

-0.02743 
-0.11585 
-0.10176 
-0.07267 
-0.06155 
-0.06217 
-0.03098 
-0.01041 

-0.00459 
-0.04281 

0.01537 

0.01801 

0.09254 
0.43813 
1.56296 
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Figure 7.6 
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VII. Weak Electrolytes and Molecular Species 

Figure 7.7 
SYSTEM: AMNONIA - WATER 
PIPE==D=IPIPP~==~===~=EPIIIP=IIP=III========~======~~====~=-~~-~~= 

Method: Beutier & Renon, IECPDD (1978) 

Experimental Data Source: 

Temperature: 60.0 degrees Celsius 

Experimental data: 

Macriss, et al, IGT34 (1964); Clifford ti Hunter, JPC 37 (1933) 

point 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Pressure 

0.24000 
0.28600 
0.35500 
0.35500 
0.36600 
0.41600 
0.43000 
0.48700 
0.58400 
0.63000 
0.71443 
0.84200 
1 .lo400 
1.45100 
1.61257 
3.08907 
5.57937 
9.18555 

(atm) 
NH3 Partial 

Pressure (atrn) 
0.04324 
0.08570 
0.14968 
0.14358 
0.16281 
0.23540 
0.24503 
0.29969 
0.41333 
0.46249 
0.53700 
0.67535 
0.93767 
1.31308 
1.45929 
2.96467 
5.46848 
9.09954 

Moles NH3(aq) 

0.05637 
0 I 11567 
0.19964 
0.19964 
0.21491 
0.27539 
Q. 29007 
0.35466 
0.46387 
0.50850 
0.58718 
0.70403 
0.90308 
1.11035 
1.17436 
1.76154 
2.34871 
2.93589 

Calculation results: 

EKrOK function = ([pNH3(calc) - pNH3(exp)] / pNH3(exp)] + 
{[P(calc) - P(exp)l / P(exp)l 

point P(exp) 
1 0.24000 
2 0.28600 
3 0.35500 
4 0.35500 
5 0.36600 
6 0.41600 
7 0.43000 
8 0.48700 
9 0.58400 

10 0.63000 
11 0.71443 
12 0.84200 
13 1.10400 
14 1.45100 
15 1.61257 
16 3.08907 
17 5.57937 
18 9.18555 

P( calc) 
0.23487 
0.27715 
0.34040 
0.34040 
0.35233 
0.40087 
0.41297 
0.46762 
0.56534 
0.60713 
0.68337 
0.80221 
1.01752 
1.25169 
1.32412 
1.86435 
1.74584 
0,95995 

Sum [ error - 2 J = 6.285167 

Moles H20 

5.49755 
5.44149 
5.36211 
5.36211 
5.34768 
5.29050 
5.27663 
5.21557 
5.11232 
5.07013 
5.99575 
4.88529 
4.69712 
4.50117 
4.44067 
3.88559 
3.33050 
2.77542 

pNH3 ( exp 1 
0.04324 
0.08570 
0.14968 
0.14358 
0.16281 
0.23540 
0.24503 
0.29969 
0.41333 
0.46249 
0.53700 
0.67535 
0.93767 
1.31308 
1.45929 
2.96467 
5.46048 
9.09954 

pNH3(calc) error 
0.04023 -0.09102 
0.08462 -0.04364 
0.15092 -0.03286 

0.16341 -0.03365 
0.21422 -0.12634 
0.22687 -0.11373 
0.28399 -0.09220 
0.38594 -0.09822 
0.42950 -0.10763 

0.15092 0.00996 

0.50880 -0.09584 
0.63242 -0.11082 
0.85580 -0.16564 
1.09821 -0.30100 
1.17311 -0.37499 
1.73132 -0,81248 
1.60543 -1.39351 
0.63824 -1.82535 
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Figure 7.8 

AMMONIA-WATER SYSTEM AT 60 DEG. C 
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Figure 7.9 

AMMONIA-WATER SYSTEM AT 60 DEG. C 
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Carbon Dioxide - Water 
Figures 7.10 - 7.13 show the tabular and graphical results of Pitzer predictions 
measured against the data of Houghton, McLean and Ritchie (D3). The species 
considered in the predictive model are C 0 2  (aq), CO: -, H C 0 3 ,  H+, OH' and 
H 20(aq). 

Ammonia - Carbon Dioxide - Water 
Figures 7.14 - 7.15 show the tabular and graphical results of Pitzer predictions 
measured against the data of Otsuku (D4). The species considered in the predictive 
model are N H 3  (as), NH?. H t ,  OH', H20(aq) ,  CO2 (aq). Cog -, HCO; and 
NH 2CO5. 

Sulfur Dioxide - Water 
Figures 7.16 - 7.19 show the tabular and graphical results of Piteer predictions 
measured against the data of Sherwood (D6) and Johnstone and Leppla (D5). The 
species considered in the predictive model are S02(aq) ,  SO:-, HSO;, H', OH- 
and HzO(aq1. 

Oxygen - Sodium Chloride - Water 
Figures 7.20 - 7.21 show the tabular and graphical results of Setschenow measured 
against the data of Cramer (D7). The species considered in the predictive model 
are: 

0 

Oi(aq), Na', Cl'. and HzO(aq). 

Conclusions 
Using the published Pitzer coefficients and applying them to the binary systems 
NH3-H20, C02-H20 and S02-H20, resulted in 

1) An excellent match between the predicted points and the experimental data 
over the entire range for the C02-H20 system. An excellent match for NH,-H20 
and SO2-H20 at low concentrations of NH, and SOZ,  but a methodical worsening 
of the fi t  at higher concentrations. 

2) Very strong agreement between the two different Pitzer formulations. 

One likely reason for the poor fit at high concentrations is found in the material 
discussed in Chapter VI. In the case of N H I - H ~ O ,  Helgeson (3) indicated that the 
molecular species NH I, OH(aq), with a dissociation constant of about 
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Method: Edwards, Maurer, Newman ti Prausnitz, AIChE J (1978) 

Experimental Data Source: 
Houghton, McLean & Ritchie, Chem E Sci, 6 (1957) 

Temperature: 50.0 degrees Celsius 

Experimental data: 

point 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

C02 Partial 
Pressure (atm) 

1.000 
2.000 
4.000 
6.000 
8.000 

10.000 
12 . o o o  
14.000 
16.000 
18.000 
20.000 
22.000 
24.000 
26.000 
28.000 
30.000 
32.000 
34.000 
36.000 

Calculation results: 

Error function = [ pC02(calc) 

point 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

pCO2 ( exp 1 
1 . ooo  
2.000 
4.000 
6.000 
8.000 

10.000 
12.000 
14.000 
16.000 
18.000 
20.000 
22.000 
24.000 
26.000 
28.000 
30.000 
32.000 
34.000 
36.000 

Sum [ error 2 ] = 0.014538 

C02 Liquid 
Mole Fraction 

0.00034 
0.00068 
0.00135 
0.00202 
0.00266 
0.00330 
0.00393 
0.00455 
0.00515 
0.00575 
0.00634 
0.00691 
0.00747 
0.00803 
0.00857 
0.00910 
0.00962 
0.01013 
0.01063 

H20 Mole 
Fraction 
0.99966 
0.99932 
0.99865 
0.99798 
0.99734 
0.99670 
0.99607 
0.99545 
0.99485 
0.99425 
0.99366 
0.99309 
0.99253 
0.99197 
0.99143 
0.99090 
0.99038 
0.98987 
0.98937 

pC02(calc) 
0.96913 
1.94599 
3.89218 
5.85561 
7.77332 
9.72273 
11.67413 
13.62758 
15.55081 
17.50802 
19.46753 
21.39534 
23.32441 
25.29027 
27.22282 
29.15693 
31.09272 
33.03032 
34.96989 

error 
-0.03087 
-0.02701 
-0.02695 
-0.02406 
-0.02833 
-0.02773 
-0.02716 
-0.02660 
-0.02807 
-0.021 33 
-0.02662 
-0.02748 
-0.02815 
-0.02730 
-0.02776 
-0.02810 
-0.02835 
-0.02852 
-0.02861 
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Figure 7.11 

CARBON DIOXIDE-WATER AT 50 DEG. C 
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Figure 7.12 
SYSTEM: CARBON DIOXIDE - WATER 

Method: Beutier & Renon, IECPDD (1978) 

Experimental Data Source: 
Houghton, McLean 6, Ritchie, Chem E Sci, 6 (1957) 

Temperature: 50.0 degrees Celsius 

Experimental data: 

point 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

C02 Partial 

1.000 
2.000 
4.000 
6.000 
8.000 

10.000 
12.000 
14.000 
16.000 
18.000 
20.000 
22.000 
24.000 
26.000 
28.000 
30.000 
32.000 
34.000 
36.000 

Pressure (atm) 
C02 Liquid 

Mole Fraction 
0.00034 
0.00068 
0.00135 
0.00202 
0.00266 
0.00330 
0.00393 
0.00455 
0.00515 
0.00575 
0.00634 
0.00691 
0.00747 
0.00803 
0.00857 
0.00910 
0.00962 
0.01013 
0.01063 

H20 Mole 
Fraction 
0.99966 
0.99932 
0.99865 
0.99798 
0.99734 
0.99670 
0.99607 
0.99545 
0.99485 
0.99425 
0 -99366 
0.99309 
0.99253 
0.99197 
0.99143 
0.99090 
0.99038 
0.98987 
0.98937 

Calculation results: 

Error function = [ pCO2(calc) - pC02(exp) ] / pC02(exp) 

point 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

pC02(exp) 
1.000 
2.000 
4.000 
6.000 
8.000 

10.000 
12.000 
14.000 
16.000 
18.000 
20.000 
22.000 
24.000 
26.000 
28.000 
30.000 
32.000 
34.000 
36.000 

Sum I error 2 ] = 0.014323 

pC02(calc) 
0.96913 
1.94600 
3.89223 
5.85574 
7.77361 
9.72325 
11.67500 
13.62894 
15.55279 
17.51080 
19.47131 
21.40029 
23.33077 
25.29831 
27,23277 
29.16908 
31.107 36 
33.04778 
34.99050 

error 
-0.03087 
-0.02700 
-0.02694 
-0,02404 
-0.02830 
-0.02767 
-0.02708 
-0.02650 
-0.02795 
-0.02718 
-0.02643 
-0,02726 
-0.02788 
-0.02699 
-0.02740 
-0.02770 
-0.02789 
-0.02801 
-0.02804 
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Figure 7.13 

CARBON DIOXIDE-WATER AT 50 DEG. C 

Method: Bautier 8 Renon t 
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VII. Weak Electrolytee and Molecular Speclee 

Figure 7.14 

Method: Edwards, Maurer, Newman & Prausnitz, AIChE J (1978) 

Experimental Data Source: 

Temperature: 60.0 degrees Celsius 

Experimental data: 

Otsuku, Kog. Kag. Zas., v63 pp126-130 (1960) 

point Liquid 

1 1.9866212 
2 5.4475198 
3 9.3666811 
4 9.3227092 
5 6.2184708 
6 2.5361150 

NH 3 
molality Partial pressure (atm) 

c02 NH 3 c02 
1.3882554 0.0300000 0.5815789 
3.4276729 0.0788158 0.5144737 
4.9811323 0.1332895 0.3575000 
4.6902155 0.1842105 0.2526316 
3.1152872 0.1368421 0.2144737 
1.2685824 0.0671053 0.1552632 

Pressure 
(atm) 

0.8065789 
0.7798684 
0.6861842 
0.6263158 
0.5394737 
0.4164474 

Calculation results: 

Error function = {[pNH3(calc) - pNH3(exp)l / pNH3(exP)l + 
{[pc02(calc) - pC02(exp)l / pC02(exp)I 

point pNH3(exp) pNH3(calc) pC02(exp) pC02(calc) error 
1 0.03000 0.02165 0.58158 0.43575 -0.52900 
2 0.07882 0.05475 0.51447 0.37517 -0.57610 
3 0.13329 0.14159 0.35750 0.09676 -0.66704 
4 0.18421 0.17138 0.25263 0.07773 ,-0.76193 

0.21447 0.12277 -0.58685 
6 0.06711 0.05469 0.15526 0.11788 -0.42578 
5 0.13684 0.11505 

Error function = ([P(calc) - P(exp)] / P(ca1c)) 

point P(exp) P(ca1c) error 
1 0 .a0658 0.64636 -0.19864 
2 0.77987 0.60970 -0.21820 
3 0.68618 0.41411 -0.39651 
4 0.62632 0.42262 -0.32523 
5 0.53947 0.41514 -0.23047 
6 0.41645 0.36000 -0.13555 

Sum [ error A 2 I = 2.584434 
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Ficrure 7.13 

Method, Edwards et al. 
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Method: Edwards, Maurer, Newman & Prausnitz, AIChE J (1978) 

Experimental Data Source: 
Sherwood, I&EC, 17 (1925); Johnstone & Leppla, JACS, 56 (1934) 

Temperature: 50.0 degrees Celsius 

Experimental data: 

point 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

SO2 Partial 
Pressure (atm) 

0.00171 
0.00230 
0.00383 
0.00538 
0.00618 
0.00879 
0.01579 
0.02632 
0.04079 
0.10789 
0.15263 
0.22632 
0.35000 
0.60263 

SO2 Liquid 
Molal i ty 
0.00312 
0.00467 
0.00637 
0.00838 
0.00780 
0.01057 
0.01561 
0.02341 
0.03122 
0.04683 
0.07805 
0.10927 
0.15610 
0.23415 

Moles H20 

55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 

Calculation results: 

Error function = [ pSO2(calc) - pS02(exp) 1 / pS02(exp) 

point 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

pS02 ( exp) 
0.00171 
0.00230 
0.00383 
0.00538 
0.00618 
0.00879 
0.01579 
0.02632 
0.04079 
0.10789 
0.15263 
0.22632 
0.35000 
0.60263 

pSO2(calc) 
0.00118 
0.00222 
0.00354 
0.00529 
0.00477 
0.00734 
0.01251 
0.02128 
0.03065 
0.05049 
0.09271 
0.13692 
0.20554 
0.32397 

error 
-0.31138 
-0.03530 
-0.07471 
-0.01764 
-0.22857 
-0.16489 
-0.20787 
-0.19130 
-0.24858 
-0.53208 
-0.39260 
-0.39501 
-0.41274 
-0.46240 

Sum [ error A 2 ] = 1.302569 
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Figure 7.17 

SULFUR DIOXIDE-WATER AT 50 DEG. C 
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VII. Weak Electrolytes and Molecular Species 

Figure 7.18 

Method: Beutier & Renon, IECPDD (1978) 

Experimental Data Source: 
Sherwood, I&EC, 17 (1925); Johnstone & Leppla, JACS, 56 (1934) 

Temperature: 50.0 degrees Celsius 

Experimental data: 

point 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

SO2 Partial 

0.00171 
0.00230 
0.00383 
0.00538 
0.00618 
0.00879 
0.01579 
0.02632 
0,04079 
0.10789 
0.15263 
0.22632 
0.35000 
0.60263 

Pressure (atm) 
SO2 Liquid 
Molal i ty 
0.00312 
0.00467 
0.00637 
0.00838 
0.00780 
0.01057 
0.01561 
0.02341 
0.03122 
0.04683 
0.07805 
0.10927 
0.15610 
0.23415 

Moles H20 

55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 
55.51 

Calculation results: 

Error function = [ pSo2(calc) - pS02(exp) 1 / pS02(exp) 

point 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

pS02 ( exp) 
0.00171 
0.00230 
0.00383 
0.00538 
0.00618 
0.00879 
0.01579 
0.02632 
0.04079 
0.10789 
0.15263 
0.22632 
0.35000 
0.60263 

Sum error 2 ] = 1.353709 

pSO2(calc) 
0.00111 
0.00211 
0.00340 
0.00512 
0.00461 
0.00715 
0.01231 
0.02113 
0.03059 
0.05071 
0.09360 
0.13841 
0.20761 
0.32570 

error 
-0.35262 
-0.08214 
-0.11146 
-0.04916 
-0.25482 
-0.16649 
-0.22066 
-0.19715 
-0.24993 
-0.52999 
-0.38678 
-0.38840 
-0.40684 
-0.45954 
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Figure 7.19 

SULFUR DIOXIDE-WATER AT 50 DEG. C 
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Figure 7.20 

Method: Setschenow for 02; Pitzer for NaCl 

Experimental data source: 
S . D .  Cramer, I E C P D D ,  v19 (1980) 

Total vapor pressure = 1. atm. 

Error = sum [[(calc - exp)/expIA2] 

temp Oxygen solubility (in ppm) in sodium chloride 
concentrations of: 

deg. C 0.87 molal 2.97 molal 5.69 molal 

0.0 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 

exp calc 

9.27 7.0251 
7.34 5.7212 
6.12 4.9108 
5.29 4.3596 
4.66 3.9414 
4.12 3.5757 
3.59 3.1985 
3.01 2.7475 
2.30 2.1514 
1.37 1.3201 
0.12 0.1349 

exp calc 

3.74 1.4167 
3.20 1.3391 
2.85 1.3173 
2.61 1.3278 
2.41 1.3536 
2.23 1.3779 
2.03 1.3793 
1.78 1.3267 
1.43 1.1737 
0.95 0.8495 
0.27 0.2474 

exp calc 

1.61 0.2440 
1.53 0.2822 
1.44 0.3206 
1.35 0.3617 
1.26 0.4068 
1.17 0.4550 
1.07 0.5016 
0.96 0.5355 
0.81 0.5333 
0.60 0.4511 
0.29 0.2083 

error 

-0.8484409 
-0.8155306 
-0.777 3472 
-0.7320628 
-0,6771500 
-0.6111464 
-0.5312114 
-0.4422354 
-0.3415736 
-0.2482303 
-0.2816433 
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Figure 7.21 

WATER-02-NaC1 

TEMPERATURE 
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10’4-74 at 25OC.  is likely to form to a significant degree so long as the 
product of aNHt x aOH- is greater than Since there were no 
published Pitzer coefficients for the interactions between this species and others 
in solution. it was ignored. Once again we see that at high concentrations 
intermediates (complexes) are the key to accurate simulation. 

Using the published Pitzer coefficients and applying them to the ternary NH, -CO,  - 
H20 yielded similar results. This is not surprising since NHsOH(aq) was not 
considered. In addition to the scatter, several published points could not even be 
simulated. I t  appears that from a numerical point of view, the activity coeffi- 
cient formulations, based upon the published interaction coefficients, were 
ill-behaved. This could be due to a number of factors such as  a typographical 
error in one of the published interaction values. Since the numerical problems did 

not occur for either of the constituent binary systems, it would have to be an 
error in one of the crossover terms such as any NHzCOZ interaction. 

Using the Setschihow equation on the oxygen-sodium chloride-water system resulted 
in a fairly poor fit. Nonetheless, the trend of solubility of oxygen with 
increasing salt molality is consistent with the published data. The problem seems 
to be that the Setsche‘now predictions for the activity coefficient of oxygen 
worsens as the salt concentration increases. 
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APPENDIX 7.1 

Salmg Out Parameters for Phenol Aqueous sdt Solutions 8t 25O Celsius 

From: Long, F.A.; M.W. McDevit, "Activity coefficients of nonelectrolyte solutes 
in aqueous salt solutions", Chem. Rev., v51, pp139 (1952) 

For calculating the molar activity coefficient: 

where: 
1% Yu = ks cs + kU cu 

y u  - molar activity coefficient of phenol 

ks - is the salting out parameter for salt s 

Cs - is the molar concentration of salt s in the solution 

k, - is the phenol self interaction term 

C, - is the molar concentration of phenol in the solution 

(7.10) 

k 
( so l  . I  ks kU 

s a l t  s a l t  concentrat ion 
(mol ee l  1 i t e r )  

NaC 1 

KC 1 

NaNO 

KNO s 

0.94 
1.88 
2.80 

0.93 
1.84 

0.93 
1.82 
3.49 

0.91 
1.78 
3.38 

0.172 -0.15 0.229 
0.172 -0.13 0.210 

-0.13 0.203 

0.191 
0.133 -0.16 0.174 
0.133 -0.18 

0.113 - 0  14 0.148 
0.113 -0.12 0.139 

-0.14 0.137 

0.080 -0 14 0.107 
0 080 -0.14 0.1045 

-0.16 0.1035 

average -0.14 

The ks term was calculated using distribution data where CUo for phenol ranged from 
-05 to .15. The k, term was then calculated: 

ku=- [ (@) - kS %] 
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The k term is the standard salting parameter from solubility data which does not 
give a self interaction term: 

1% Yu = k c* 

and: 

Cuo for phenol, the solubility in water, was .90 molelliter at 25OC. 
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APPENDIX 7.2 

Salting Out Parameters from Pawlikowski and Prausnitz for Nonpolar 

Gases in Common Salt Solutions at Moderate Temperatures 

From: Pawlikowski, E.M.; J.M. Prausnitz, "Estimation of Setchenow Constants for 
Nonpolar Gases in Common Salts a t  Moderate Temperatures". Ind. Eng. Chem. 
Fundam., v22. #I,  pp87, 88 (1983) 
and 
"Correction", Ind. Eng. Chem. Fundam., ~ 2 3 ,  12 ,  p270 (1984) 

Table 1 - Lennard-Jones Parameters for Nonpolar Gases as Reported by Liabastre 
(514) 

6.03 

29.2 

9 5 .  

114. 

118. 

125. 

137. 

217. 

230. 

Table 2 - Salting Out Parameters for Strong Electrolytes in Equation (7.18) a t  
25OC ( c lk  in Kelvins) 

s a l t  as ,  kglmole 10' be, kg/(mole K) 

NH.Br 0.0345 1.31 

KI 0.075 1.31 

L i C l  0.0658 3.31 

NaCl 0.0805 3.56 

KC 1 0.0652 6 .OO 

NaBr 0.0855 2.98 
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T a b l e  2 c o n t i n u e d  

NaNO 3 0.0864 

NHVCl 0.0255 

CaC 12 0.162 

BaC12 0.0895 

(NHr)2 SOr 0 . 1 0 1  

Na2S0, 0.142 

HC 1 0.193 

H ,so 4 0 .0908 

KOH 0.114 

-1 .40  

4 .60  

6 .95  

8 . 4 2  

11.45 

1 3 . 6  

0 .115 

0 .199  

5 . 0 1  

Table 3 - Temperature Dependence of the Salting Out Parameters for Equation 
(7.19) (Temperature range: 0 - 6OoC) 

a 1s lo2 b l S  b 2  8 
s a l t  

kglmole  k g / ( m o l e  K)  k g / ( m o l e  K) k g / ( m o l e  K z )  

NH,Br 0 .249  - 0 . 0 7 2 1  3 .123x10- '  - 6 . 0 8 ~ 1 0 - ~  

KI 0.228 -0 .0512 9 .120x10- '  - 2.6 2 x 1  0 -' 
L i C l  0 134  -0  0229 1 . 8 0 0 ~ 1 0 - ~  - 4 . 9 3 ~ 1 0 - ~  

NaC 1 0.516 -0 .146 3 .740x10- '  -6.3OxlO-* 

KOH 0 .0679  0 . 0 1 5 5  1 .950x10- '  - 4 . 8 6 ~ 1 0 - ~  

K C l  0 . 0 8 6 1  - 0 . 0 0 7  3 . 4 6 4 ~ 1 0 - ~  - 9 . 6 1 ~ 1 0 - ~  
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Table 4 - Salting Out Parameters for Individual Ions for Equation (7.20) (Elk 
in Kelvins) 

i o n  i a s i ,  kglmole 10' bsi, k g / ( m o l e  K )  

OH- 0 0 

c1- -0.049 0.99 

K+ 0.114 5.01 

N a+ 0.129 2.57 

L i +  0.115 2.32 

NH+U 0.074 3.61 

H+ 0.068 -0.875 

B r- -0.042 -0.95 

NO; - 0 . 0 4 3  -3.97 

Ca 2+ 0.260 4.97 

Ba 2+ 0.187 6.44 

so z -  - 0 . 0 7 0  4.88 

I- -0.039 -3.70 

Table 5 - Temperature Dependence of the Saltinp Out Constants for Indivldual 
Ions - 

i o n  i a i i  10' 8 2 1  b l i  bz i 
kglmole kg/ (mole  K) k g / ( m o l e  K) kgl(mo1e K2> 

OH- 0 .  0 .  0 .  0 .  

K+ 0.0679 0.0155 1.95~10- -4.86~10-~ 

c1- 0.0182 -0.0225 1.514~10-~ -4.75~10-~ 

L i +  0.116 -0.0004 2 . 8 6 ~ 1 0 ~ ~  -1.8OxlO-' 

I -  0.160 -0  -0667 -1.038~10-' 2.24~10-~ 

N a+ 0.497 -0.123 -1.14x10-' 4.68~10-~ 
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THERMODYNAMIC FUNCTIONS DERIVED FROM ACTIVITY COEFFICIENTS 

This chapter deals with techniques for calculating certain properties of ionic 
solutions. In general, this is an area which has received very little attention 
in the literature. Specifically, the properties to be considered are density and 
enthalpy. The treatment of these two distinct properties herein should serve to 
suggest the manner in which such properties can be approached. 

In the case of density the approach is similar to that taken wi th  respect to the 
calculation of activity coefficients in a multicomponent solution. Specifically. 
the approach is: 

1) If possible, obtain good binary (water + electrolyte) data and f i t  this data 
to a reasonable function of ionic strength. 

2) Invoke a reasonable mixing rule in order to predict the same property in 
multicomponent solutions. 

The approach for enthalpy in.volves a more classical thermodynamic treatment. The 
enthalpy of a solution is composed of contributions from each constituent species 
in the solution. Each species contributes a pure component enthalpy term and an 
"excess enthalpy" term. This latter term is based upon the derivative of the 
species' activity coefficient with respect to temperature. 

Each of these properties will now be considered in more detail. 
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DENSITY 

This section describes a procedure for predicting densities in multicomponent 
electrolyte solutions comprised of strong electrolytes. The treatment is based 
upon a mixing rule which requires fitting binary (water + electrolyte) density 
data of the constituent electrolyte. To begin with we will consider a general 
solution made up of water plus one or more salts in solution. 

The definition of the density of a multicomponent solution is 

where, 
‘V = solution volume. cm3 

ni = moles of species i. gm-mole 
M i  = molecular weight of species i, gmlgm-mole 
V i  = partial mold volume of species i. cm3lgm-mole 
d = density of the mixture, gmlcm’ 

- 

The definition of is. 
- 
vi = (”,> an T, P, nj 

where, 
T = temperature 
P = pressure 

Binary Density 

(8.2) 

Our first objective is to derive the partial mold volumes of both constituents of 
a binary mixture as a function of ionic strength. Once this b accomplished, a 
reasonable mixing rule for multicomponent systems can be proposed. 

The definition for the apparent mold volume, 92, of an electrolyte in a binary 
system is: - 

v - v1 v - y v ;  - 
”2 @ 2 =  - - “2 
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with the subscript 1 denoting water and the subscript 2 indicating the electrolyte. 

By this definition, we can see that the apparent molal volume of an electrolyte in 
a binary system is the difference between the total solution volume and the volume 
of water in the solution divided by the number of moles of the electrolyte present. 

- 
The total solution volume can now be expressed in molality units as follows. Vi0 

is defined as  the partial molal volume of pure water at  the solution temperature. 
This can be expressed as: 

M1 18.016 - - Y. - - do = - do (8.4) 

where, 

d o  = density of pure water at the solution temperature. 

To convert to the molal scale, it is necessary to consider 1000 grams of water, or, 
n1 = 1000 gm/Ml gm-moles and, thus, V1 = n1Vlo = (1000IM1) (Ml/do = 

1000/do .  Thus, given this and the fact that in 1000 grams of water the number of 
moles of a species equals its molality, n2 = m2, it follows that: 

1000 + m2 M2 
d (8.5) V =  

Substituting equations (8.4) and (8.5) into equation (8.3) we get 

With this expression we can directly compute the apparent molal volume of the 
electrolyte if we have data on d,  m2 and do. 

Density variations are often small and thus must be measured with considerable 
accuracy. When using such 
data, conversion based upon temperature can be crucial to reasonable results. 
Reference to K e l l  (18) will facilitate these conversions. 

Much old data is measured in gmlml and not gm/cm . 

- 
Since our objective is to ultimately express V1 and v, in terms of ionic 
strength, the next step is to relate ?2 and to 82. From equation (8.3) 
w e  have. by rearrangement: 
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Applying the definition of the partial mold volume given in equation (8.21, 

(8.8) - ‘ ” z O , + n , V p  = 0 2 + 9 ” ” 2  a02 = u 2 + m 2 a m z  a O2 
- a - 

v2 -a”2 
- 

gives us the desired relationship between V2 and 02. The 7 1  and 02 
relation comes by equating (8.7) with the definition of V: 

Substituting the definition of 0 2 ,  equation (8.8). into equation (8.9) and 
solving for 8, yields: 

( 8 . 1 0 )  

Thus, equations (8.8) and (8.10) are the desired relationships for v1 and ’ii2 

expressed in terms of molality. 

In order to introduce ionic strength, 1, it is useful to note that for a solution 
involving a single strong electrolyte: 

I = Wm (8.11) 
where, 

W = 1 for 1 : l  salts 
W = 3 for 2:l salts 
W = 6 for 3 : l  salts 
W = 4 for 2:2 salts 

This simple expression can be seen to be valid by noting the general definition 
for ionic strength: 

c mi 25 I = .5 

where, 
mi = the molality of ion i 
q = the charge of ion i 

end aince 

m = v  m i i 
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where, 
rn = the molality of the electrolyte 
V i  = the stoichiometric number of ion i 

the ionic s t rength of a single strong electrolyte in solution is: 

I = .5 ( z 2 v  rn + z 2  c c  a v a m )  

= . 5 ( z 2 v  + z i  v a ) m  c c  

The  factor W of equation (8.11) is therefore: 

w =  .5 ( 2 ;  v c + z *  v ) a a  

Substituting this expression for the ionic strength into equations (8 .8)  and (8.10) 
yields: 

(8 .13)  

The remaining step in the process of deriving 7 1  and v2 in terms of I is to 
propose a functional form for: 

0, = 02(1) (8.14) 

and thereby complete equations (8.12) and (8 .13) .  The unknown coefficients of 
equation (8.14) can then be fi t  based upon published binary density data, 
utilizing equation (8.6) to calculate 02. 

The function considered herein is 

e2 = 0; + A I ~ ' ~  + BI + C I ~ / ~  + D I ~  + ... (8.15) 

where 0; is the apparent molal volume at infinite dilution and at zero ionic 
strength. Vo. 

- 

Differentiating and substituting into equations (8.12) and (8.131, we get: 
- 
v2 = a;+ 1 . 5  A1112 + 2 BI + 2 .5  C13'2 + 3 D12 + ... (8.16) 
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Multicomponent Density 

The definition of density given in equation (8.11, recast in molality units, is: 

1000 + C mi Mi 
i 

18.016 Vw + c mi Vi 
- d =  - 

i 
The mixing rule proposed here is to be based upon defining Ti and yw as 
follows: 

v. = vZ,i 
1 

(8.18) 

(8.19) 

where, 
V 

2 p i  evaluated at  the ionic strength of the rmlticanponent solution 

Vl , i  = equation (8.17) for the partial m l a l  volune of water in the "binary" 
solution of electrolyte i evaluated at the ionic strength of the 
nulticaqmnent solution 

- 
= equation (8.16) for the partial m l a l  volune of electrolyte i 

- 

I i  = the contribution of the i th electrolyte to the ionic strength, .5 2; mi 
I 
- i 
Vw 

- ionic strength of the solution; .5 C 2 ;  mi 

= the partial m l a l  volune of water in the nulticanponent mixture 
as the weighted average of the constituent binary partial m l a l  
The weighting factor is taken to be I i .  

estimated 
volunes . 

Strong Electrolytes Which Complex 

The above treatment applies directly to strong electrolytes which completely 
dissociate to their constituent ions. The factor W in equation (8.17) accounts 
for the type of salt involved. In Chapter VI. we saw that certain salts complex. 
For example, the strong electrolyte reaction, (Case 1) 
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(8.20) 

may not occur, but rather the reaction (Case 2): 

CAZ(S) = CA+ + A- 

or, the sequence (Case 3): 

c A 2 ( ~ )  = CA+ + A- 

a+ = C2+ + A- 

may occur. The resulting ionic strengths are: 

(8.21) 

(8.22) 

(8.23) 

Case 1: I = 3m 
Case 2: I = m 
Case 3: m 5 I 3 m  

Thus, a different ionic strength results in each case and the W factor would have 
to be adjusted accordingly. 

Weak Electrolytes 

The problem highlighted in Case 3 above becomes even more significant in the case 
of weak electrolytes. This can be seen, in the case of COz. where: 

co2 (as) + H 2 0  = HCO; + H' (8.24) 

(8.25) 

The distribution among COp(aq), HCOT and C O $  - is strictly determined by the 
simultaneous solution of the constituent equilibrium electroneutrality and material 
balance equations for the system. The total ionic strength is thus obtained only 
by solving this set. In order to handle weak electrolytes and still utilize the 
above framework, i t  would be necessary to: 

1) Obtain good density data for the binary (e.g. H , O  - C O , )  
2) Define the apparent m o l d  volumes for all species (e.g. CO,(aq), CO:-, HCO;) 
3) Regress the required coefficients based upon simultaneously solving a full 

electrolyte model with the density equation imbedded. 
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Temperature Effects 

The material presented above is based upon binary density data fits and multi- 
component density prediction at a single temperature. In order to handle a broad 
spectrum of temperatures, fits should be done across several isotherms and then, 
ultimately, the fit coefficients (e.g. A ,  B.  C and I) in equation (8.15)) can 
themselves be fit to functions of temperature. 

Illustrative Example 

Fortunately, there is an appreciable body of good density data available on a 
broad spectrum of HZO-salt binary systems. Furthermore, the availability of high 
quality density measurements in a number of ternary and quarternary systems means 
that the mixing rules can be adequately tested. The references given at the end 
of this chapter include a number of important sources for these data. 

The specific system chosen for illustration in this chapter is H,O-La(NO, - 
Mg(NO3)z 

The following represents published (11) density data on the H20-La(NOs)3 binary at  
25O C : 

Molality 

0.03255 
0.05918 
0.07429 

0.22173 

0.91842 

0.12520 

0.45720 

1.54544 
2.04584 
3.34710 

Density 

1.00587 
1.01299 
1.01699 
1.03040 
1 e05500 
1.11417 
1.22134 
1.35203 
1.44516 
1.60000 
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Molali ty 

0.13760 
0.28093 
0.43036 
0.58629 
0.74915 
0.91942 
1.09790 
1.28426 
1.48004 
1.68560 
1 .go170 
2.12918 

For the H2O-Mg(NO3I2 binary at the same temperature the data is:  
Density 

1.01190 
1.02710 
1.04260 
1.05840 
1.07450 
1.09100 
1 .lo790 
1.12510 
1.14270 
1.16070 
1.17900 
1.19770 

Using the following W and To values: 

- 
La(N03) 3 :  W = 6 Vo = 50.75 - 
&(NO3 1 2  : W = 3 Vo = 39.9312 (12) 

and fitting the binary systems separately, we get: 

La(N03 1 3  : A = 6.31109 B = +0.0455 C = -0.01689 

Mg(NO3 1 2  : A = -1.65176 B = +2.32808 C = -0.35539 

Now, based upon the mixing rules presented earlier. the comparison between 
predicted and published (4) densities is: 

I Predicted Published t a ( N 0 3  1 3  n h l g ( N 0 3  12 

3.04439 
2.42719 
1.89845 
1.49539 

0.85553 
0.60830 
0.38660 
0.27376 
1.86865 

1 el6426 

1.02472 
0.83453 
0.65023 
0.51188 
0.39950 
0.29462 
0.20840 
0.13446 
0.08939 
1.94577 

21.341 
17.067 
13.341 
10.508 
8.184 
6.017 
4.275 
2.723 
1.911 

17.049 

1.65667 
1.55681 
1.45973 
1.37804 
1.30520 
1.23200 
1.16915 
1 .lo977 
1.07752 
1.53033 

1.65200 
1.55600 
1.46500 
1.38000 

1.23700 
1.17100 

1.07300 
1.52600 

1.31000 

1.11400 
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1.31632 
1.00138 
0.10032 
0.45142 
0 n24080 
0.69526 
0.48941 
0.35659 
0.24462 
0.11228 

1.43464 

0.72879 
0.46835 

3.22078 

1.65069 
1.13780 

1.04167 

0.25200 

2 e26646 

0.52212 

12.562 
9.133 
6.388 
4.114 
2.201 
13.834 
9.736 
1.092 
4.881 
2.240 

1.41693 
1.31994 
1.23397 
1.15615 
1 08531 
1.41018 
1.30797 
1.23489 
1.16807 
1.08005 

1.41900 
1.32000 
1.23600 
1 el5800 
1.08700 
1.41200 
1.31300 
1.24100 
1.11100 
1.08300 

Thus the resulting fit is seen to be excellent. 
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ENTHALPY 

In this section, we consider the problem of calculating the species partial molal 
enthalpies, Hi  in cal/gm-mole. for an electrolyte solution. The total enthlapy 
is related to the partial molal enthalpy by: 

- 

I$ = c ni Hi 
i 

(8.26) 

- 
What is needed is a formulation for Hi. This can be done by starting with the 
definition of excess free energy: 

(8.27) -1 G F  = Gi - Gi 
- - 

where, 

GF 
Gi 
-1 
Gi 

- 
- excess partial  m l a r  Gibbs free energy of species i ,  c a l / p - m l e  

- actual partial  m l a r  Gibbs free energy of species i ,  ca l lp -mle  

- partial  m l a r  Gibbs free energy of species i in an ideal solution, 
cal/gm-nmle. The standard state of species i is chosen such that the 
relationship between the Gibbs free energy of the ideal solution, in- 
an infinitely dilute solution and at the standard state is GI= F"= 8 

- 

From earlier developments we saw that: 

(2.14) 

(2.17) 

pi - - p: + R T  In (y i  mi) (2.22) 

Also, Y i  + 1 as m i  3 0 (infinite dilution). Using this fact we can combine 
(8.271, (2.14). (2.17) and (2.22) and obtain: 
- GF = R T  [ l n  yi mi - In mil (8.28) 

or 
- ~7 = R T  in  yi 

In order to introduce Hi we refer back to the Gibbs-Helmholtz equation: 
- 

(*)p,n = - -  H 
T 2  

(8.29) 

(2.7) 
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Equations (8.27). (8.29) and (2.7) when properly combined, become: 

(8.30) 

where , 

= excess partial molar enthalpy of species i ,  callgm-mole 

= actual partial molar enthalpy of species i. callgm-mole 
- 
5 
-OD 

= infinite dilution partial molar enthalpy of species i, callgm-mole ? 
Rearranging (8.30) we finally get: 

-00 (-)Pen (8.31) H. = H i  - R T  
- 
1 

What equations (8.30) and (8.31) really tell us is that the total enthalpy can be 
determined if we know the component heat of formation at infinite dilution and the 
temperature functionality of the activity coefficient for each constituent species 
i. Let us now consider each of these in more detail. 

HEAT OF FORMATION A T  INFINITE DILUTION 

Every enthalpy calculation requires a basis. For purposes of this development, we 
will take, for aqueous species, the pure component heat of formation at 25OC and 
infinite dilution as the basis. Electrolyte solutions, as  we have seen. contain 
either molecular or ionic species. Thus, in order to compute K(T) we will need 
formulations for both molecular and ionic species. 

Molecular Species 

For molecular species (e.g. C 0 2 ,  NH3. H 2 S ,  HzO. etc.) we normally can develop 
Ei by using component vapor-liquid equilibrium data in the following manner. The 
partial molar heat capacity at  zero pressure has been correlated for many gases and 
the coefficients are given in the Uterature in terms of the Kobe equation 
(15) : 
- 
Cpi= a + b T + C T2 + d T3 (8.32) 
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This then leads to the equation: 

- 
= %,i(To) + 1.8 [ a (T -TO) + (T2 - T o 2 )  + (T3 -TO3) 

+ a  d (T' - TO')] 

where: - 
H V , i  = partial molar enthalpy of the vapor species i, callgrn-mole 
Cp = partial molar heat capacity, callgm-mole°C 
To = basis temperature, 298.15 K 

- 

Further, for vapor-liquid 
- 

A-h = q,i -i& = 

equilibrium we saw in Chapter 111 that 

R T 2  d InK 
T (3.25) 

where: 
-OD 

H L , ~  = partial molar enthalpy at  infinite dilution for the aqueous 
molecular species i, call grn-mole 

For vapor-liquid equilibria, we saw back in Chapter 111 that 
K = Y L ~ I  f v p v  (3.21) 

For many VLE the equilibrium constant K has been fit as a function of temperature 
to the form: 

1nK = A + BIT + C In T + (8.34) 

Combining equations (3.25) and (8.34) above yields 

A - h  = R(- B + C T  + DT')  

as  noted above: 

- 5J.i 
- 

(8.35) 

(8.36) 
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So, by combining equations (8.33). (8.35) and (3.25) 

[ R (-B + C T  + D T 2 ) 1  + € $  .('I?) + 1.8 b - 
= a fl - T o )  +2(T2 -TO2) -as 

)t, i D 1  

(8.37) + i ( T ' - T O ' )  +,(T'-'I?') d I 

For many species of interest, B. C. D ,  Ev,i(To). a. b,  c and d are readily 
available (13, 14, 15, 16). 

Equation (8.37) is a practical working relationship for the infinite dilution 
aqueous molecular component partial molar enthalpy as a function of temperature. 
There is, however, an underlying assumption made. The relationship derived above 
assumes equilibrium between liquid and vapor, or. in other words a saturated 
liquid-vapor situation. In a subcooled liquid the enthalpy predicted by equation 
(8.37) should be corrected for the enthalpy difference between the pure component 
at the prevailing pressure and the saturation pressure. 

Inasmuch as  pressure effects on liquids are often minimal, except at quite 
elevated pressures (above 100 atmospheres), this factor can usually be ignored. 

Ionic Species 

In Chapter 111 w e  reviewed the work  of Crias and Cobble (3-9). Applying a 

technique known as the correspondence principal. a relationship between the 
"absolute" entropy a t  temperature t and the "absolute" entropy a t  25OC was 
developed. The relationship is: 

T2 = a t2  + bt2 Y5 
where, - 

St: = absolute molar entropy of 
at,,bt2 = coefficients which are 

Since, 

(3.32) 

the species at temperature t z .  call°C-gm mole 
functions of temperature 

(8.38) 
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w e  can eventually obtain: 

Equation (8.39) can be rewritten as: 

with a and f3 defined as in Chapter 111: 

- at2 - 
a t 2  ln(T2/298.15) 

-(1. - b t z  1 
B t z  = ln(T,/298.15) 

(8.39) 

(8.40) 

(3.36a) 

(3.36b) 

Criss  and Cobble further observed that all ions could be separated into four 
distinct categories, namely, 

1) ordinary cations 
2) ordinary anions 
3) oxy-anions 
4)  acid oxy-anions 

In Appendix 3.1, a and 
classes of ions. 

B for various temperatures are tabulated for all four 

(8.41) 

the partial mold enthalpy a t  infinite dilution can be estimated for many ionic 
species. 

Range of Applicability 

The use of equation (8.40) involves the assumption that there will be good data 
available for ci and B for all ionic species over broad ranges of temperature. As 

a matter of fact, data on ionic heat capacities for temperatures above 2 O O O C  have 
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only recently become available. Such data has shown (5) that extrapolation above 
200OC is often quite inaccurate. Furthermore, there are ionic species, such as 
occur in amine systems, for which entropy data either does not exist or which do 
not necessarily prove particularly amenable to the estimation techniques outlined 
above. 

The usual procedure for handling systems which do not respond to the 
-MEAN approach is to rely on experimentally determined: 

1) heat of solution 
2) heat capacity 

data. The treatment here is much more conventional. As an example, if carbon 
dioxide is dissolved in an amine solution we simply have 

heat of solution = change in sensible heat of the solution 

EXCESS ENTHALPY 

Equations (8.37) and (8.41) thus give the means to calculate the partial mold 
enthalpies at infinite dilution for ionic and molecular species. The calculation 
of the partial mold enthalpy of species i is complete but for the cofitribution due 
to the "excess enthalpy" term of equation ( 8 . 3 1 ) :  

In practice. this t e r m  is often small, but where the functionality between the 
activity coefficient and temperature is known (see discussion in Chapter IV), it is 
then a matter of straightforward differentiation. As an additional note of caution 
it should be observed that having a fairly good function to f i t  y i  with respect 
to temperature is no guarantee that the partial derivative will be nearly as  
accurate. 

EXAMPLE 

As an example of the detailed calculation of the enthalpy of an electrolyte 
solution containing both molecules and ions, consider a eolution of 100 moles of 
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H,O, 1 mole of CO,, and 2 moles of NaCl at 5OoC at 1 atm pressure. 
assume that the calculation of the electrolyte equilibrium yields : 

Let's further 

Species n = gm-moles 

HzO(aq) 
H+ 
OH- 
CO,(aq) 
co ;- 
H C 0 3  
Na+ 
c1- 

100.98 
1.9x10-:1 
0.02 
1 .ox10- 
0.98 
0.02 
2 .o 
2 .o 

The objective is to use equation (8.31) with equation (8.26) to calculate HT, the 
total enthalpy. Thus,  

The techniques to be  used to determine i$ for the various species can be 
summarized a s  follows 

Species Enthalpy Calculation Technique 

H zO(aq) 
CO 2 ( aq) 
H+ 

c03- 
OH- 

HC03 
Na' 
c1- 

Steam tables 
Equation (8.37) 
Equation (8.41) 
Equation (8.41) 

11 

It 

II 

II 

In order that  the calculations be consistent, all constituent enthalpies will be 
adjusted to the heat of formation at  25OC. Taking each species individually we 
have : 

The steam tables (13) provide the enthalpy of saturated aqueous water at  5OOC. 
Adjusting these tables to reflect a change of reference state to equal the heat of 
formation a t  25OC, ?iooH20(250c) = -68315. callgm-mole. w e  get: 

-m 
yIzo(5O0C) = -67866. callgm m l e  
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In order to use equation (8.37) to calculate pco2 (5OOC) the following values are 
required: 

Parameter Value 

17371.2 callmole 
43.0607 callK mole 
-0.002191 cal/K* mole 

94501 .O callgm-mole 
-94.5 5 call mole 
8.979 callmole K2 
1.28502~10-~ cal/mole K2 
-9.4284~10-5 callmole K3 
1.987 

Source 

14 

14 

14 

17 

15 

15 

15 

15 

The calculation then yields 
- 
H- (5OOC) = -106276. cal/gmm>le 

co2 

Ions - 
In order to calculate the ionic ET we will need for each ion the quantities 
s0250, H0250 and the at and b t  term of the correspondence principle for 
5OoC. 

- - 

Using references (3)  and (17) we get: 

ion 

H+ 

c0:- 

Na+ 
OH' 

HCO; 
c1- 

Y50 c 
callgm-mole 

0 .o 
-57278.9 
-54970 .O 
-161840 .O 
-165390 .O 
-39952 .O 

- 
szo50c '50° 

callgm-mole 

0 .o 2.8 
14.4 2.8 
-2.57 -13.6 
-13.6 10 .o 
21.8 -9.64 
13.5 -3.6 

ion type b500 

0.968 simple cation 
0.968 simple cation 
0.978 simple anion 
1.155 oxy-anion 
1.27 1 acid oxy-anion 
0.978 simple anion 
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Plugging into equation (8.41). we obtain: 

ion 

H+ 
Na+ 
OH- 

HCO; 
c1- 

co ;- 

70. 
-56861. 
-55122. 
-161983. 
-164938. 
-39712. 

The overall enthalpy based upon the infinite dilution term only is thus obtained by 
applying equation (8.42) ignoring the excess enthalpy term. This yields a value of 
.7209333+07 cal. 

As mentioned earlier, the "excess enthalpy" term is small and difficult to obtain. 
For purposes of illustration only, we can estimate the y i ( T )  for the Na+ and 
C1- ions based upon binary correlation parameters published by Rastogi and 
Taesioe (14) . The Bromley formulation for calculating activity coefficients. 
simplified for a 1 : l  salt, is: 

in yi A f i  (0.06 + 0.6B)I + BI  log y * = m  = -  -+ 
1 +Ji (1 + 1.5II2 

(8.43) 

The Debye-Huckel constant and the Bromley t'B1l are both functions of temperature. 
Regressing data available in Pitzer and Brewer (15) the Debye-Huckel constant may 
be expressed in terms of the Celsius temperature: 

A = -49192 + -71445E-3 t + .210633-5 t2 + .11776E-7 t3  (8.44) 

The Bromley "B" is given by Rastogi as a function of the absolute temperature: 

(8.45) B 243 
B = +  + B* In (1. - T )  

where, for NaC1, B = 42.97 and B* = 0.05127. 

Differentiating equation (8.43) to obtain the required -RT2 a In Yi/ a T we get: 

a ln  y 
-R T2 4 = -2.303 R T2 [ "  - !&+(I+ (8.46) 

1 + J T  (1 + 1.511' 
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The required derivatives are: 
dA = -714453-3 + .42126E-5 t + -35328E-7 t2  

dB 42.97 .05127 * 243IT' 
= - 7 + (1 - 2 4 3 E  1 

(8.47) 

(8.48) 

Evaluating this term for the sodium or chloride ion at  5OoC = 323.15K at the 
approximate k2.. we get 

aln Y 
-R "'(43 = 214.731 calIgm-mle (8.49) 

Even if w e  multiply by four moles of total Na+ and C1' we can see that this 
term is very small compared to the infinite dilution term of .7209333+07. 
Nevertheless, since most of the solution is H,O this value is somewhat comparable 
to the gr for the ions and should not be dismissed a priori. 
. 

In actual practice, the calculation of a Yi(T)/ aT in a multicomponent system is 
done on a digital computer and is synthesized from binary ion-ion, ion-molecule and 
molecule-molecule interactions. Because of the complexity of the function involved 
i t  is normally impractical to carry analytical derivatives through such a calcula- 
tion. Because of this, these derivatives are normally developed by perturbing the 
temperature and recalculating the Yi(T). 
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WORKED EXAMPLES 

The ultimate objective of this handbook is to enable the practicing engineer to 
effectively formulate and solve mathematical models for aqueous electrolyte 
systems. In this chapter, several electrolyte systems of practical interest are 
examined and the formulation and solution of the attendant simulation models are 
reviewed. 

Figure 9.1 shows a schematic of the basic electrolyte simulation problem. Given 
the temperature, pressure and a series of inflow rates, the goal is to predict the 
distribution between phases (vapor, liquid and solid) and the compositions within 
each phase. 

In order to mathematically predict the state of electrolyte systems, there are 
three essential steps involved. These are: 

1) Formulating a proper set of nonlinear algebraic equations in order to 
represent the system. 

2) Obtaining, via published material andlor nodinear regression, the required 
coefficients for the equilibrium constants and species interaction parameters 
for activity coefficient calculations. 

3) Solving. by hand if possible. the equations formulated. Hand solutions 
unfortunately will apply to only simple strong electrolyte systems. In 
almost any practical case, the power of the digital computer will have to be 
brought to bear. 

M o d e l  Formulation 

Formulating a model for an isothermal electrolyte flash requires stating. in 
equation form, the requisite 

1) Material balances 
2) Electroneutrality 
3) Phase equilibria 
4) Reaction equilibria 
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Inflows 
(H2Oin, etc.) 
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Fiqure 9.1 _I 

- Basic Electrolyte Simulation Problem 
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T 5 temperature Liquid phase (moles of H20aq, molalities 
! > 

= pressure of I-?, O H ,  etc.) 

1 
Solid phases (moles of each solid) 
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This can be  done by systematically carrying out the following sequence: 

1) Identify, one phase a t  a time, the unknown species compositions that will 
have to be solved for. In carrying out t h i s  s tep it is often very useful to 
write out the chemical mass action equations which a re  expected to occur. In 
Chapter VI of this Handbook we saw that several references (12. 24, 25, 26) 
a re  particularly helpful in deciding which reactions andlor species to 
include. If a vapor phase is present either the total pressure or the total 
moles of vapor must be specified for the isothermal system to be determined. 
If the pressure is fixed, then V.  the total moles of vapor, and the mole 
fractions of the vapor species are the unknown variables. I f  the total vapor 
moles are  fixed then the total pressure and vapor species mole fractions are 
the unknown variables. For example, the system C o t  -H 2 0 vapor-liquid 
equilibria would yield the following unknown species compositions in the 
liquid phase: ( v l )  moles H20(aq) and molality of (v2) H+,  (v3) OH-, (v4) 
COi-, (v5) HCO;, and (v6) CO,(aq). The vapor phase would contain either 
the vapor ra te  and vapor mole fractions. (v7a) V ,  (v8a) yHzO and (v9a) yC02, 
or the total vapor pressure and partial vapor pressures,  (v7b) P. (v8b) pHzO 
and (v9b) pC02. Whichever method of classifying the vapor phase is used, the 
system contains nine variables (unknowns). 

2) Write the required equilibrium equations in order  to characterize the 
interphase equilibria (vapor-liquid o r  solid-liquid equilibria) as well as 
the intraphase equilibria. The intraphase equilibria are single step 
dissociation or hydrolysis reactions. The equations should be written in the 
thermodynamic form : 

Liquid phase equilibria: 

For example, the dissociation HCN(aq1 = H+ + CN- would yield: 

For phosphoric acid dissociation, H,PO,(aq) = H+ + H,PO;: 
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VapoF~qu id  equfflbria: 

When the vapor phase is described using vapor mole fractions: 
EP Nt 

K(P,T) = II Y i  mi I TI f i  yi P 
i=l i=1 

If the vapor phase is described with vapor partial pressures, the generalized 
description of the VLE is: 

NP NR 
K(P,T) = n y i  mi I TI f i  pi 

i=l i= 1 

(9 lb) 

where: 
P -  
T -  

yi - 
m i  - 
NP - 
N R -  
f i  - 
Y i  - 
Pi- 
K -  

total pressure 
temperature 
activity coefficient 
species molality 
number of product species for the reaction 
number of reactant species for the reaction 
fugacity coefficient 
vapor phase mole fraction 
vapor partial pressure 
equilibrium constants 

For the H 2 0 - C 0 z  system there are five equilibrium equations: 

- the carbon dioxide vapor-liquid equilibrium, equation (9.1) shown above 
- the water vapor-liquid equilibrium, HzO(vap) = HzO: 

Yl,O(vap) = aw ’ “H,o YH,O (9.2) 
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(9.4) 

3)  Write the 
Nc 
c 
i=l  

where : 
NC- 

N A  - 
zi - 

electroneutrality balance. The general form is: 

zi mi = c z. rn 
i i  

M 

i=l 

number of cations 
number of anions 
absolute value of the ionic species charge 

For the carbon dioxide-water system this equation is 
(9.6) H C G  % + = m -  + 2 m 2 - +  m 

OH co 3 

4) W r i t e  a number of material balances equal to the number of unknowns (see step 
1) less the number of equations written in steps 2 and 3. For C 0 2 - H 2 0  there 
are nine unknowns; five K equations were written by step 2 and one 
electroneutrality equation resulted from step 3. This leaves three material 
balances to be written. The rules to follow are: 

a) If a vapor phase is present, always include an equation for the sum of 
the vapor mole fractions to equal unity, Cyi=l.O. or the s u m  of the 
partial pressures to equal the total pressure, 1 pi=€'. 

Thus for C0, -H,O the vapor phase balance would be: 
= 1.0 (9.7a) YH,O(vap) + co2(vap) 
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if the total pressure, P ,  is fixed, or: 

= P  PH,avap) + Pcoz(vap) 
if the total moles of vapor, V, is fixed. 

(9 .?b) 

b) The remaining balances are elemental balances of the form equating the 
amount of an element in the input species with the amount in the products: 

NIC NPC 

i=l i=l 
C Ni* ni = C Ni ni 

where, 

NIC - number of inflow components containing the particular element 

NPC- number of product components containing the particular element 

being balanced 

being balanced 

ni 

N i  

- total moles of species i 

- number of atoms of element present in species i 

If all elemental balances, including hydrogen and oxygen balances, are 
written, an overall balance would be redundant and should not be written. 
Conversely. the oxygen balance can be left out in favor of an overall 
balance. For the carbon dioxide-water system the following material 
balances may be written: 
a carbon balance 

and a hydrogen balance 

The factor [HzO(aq)/55.511 is used to convert the moldties to moles. 
This factor arises since molality is defined as  moles per 1000 grams 
solvent H,O. Since H20 has a molecular weight of 18.02. molality is moles 
per 55.51 moles H,O. 
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5) Write specific definitions (equations) for each equilibrium constant and 
activity coefficient in the system. These K's and y's then plug directly 
into the basic equilibrium equations written earlier. Applicable 
formulations for these thermodynamic parameters were discussed in Chapters 
I-VII.  In the examples below w e  will use  various formulations for 
illustrative purposes. One example occuring in the system COz-HzO would be 

+ @H+-COz(aq)) (mco2(aq) ) 

where : 
f y  - Debye-Huckel term 

B - various interaction coefficients involving H+ with molecules 
as  wel l  a s  oppositely charged ions 

In order to w r i t e  a deterministic model i t  is necessary to have the number of 

equations equal to the number of unknowns. If after writing the equilibrium K 
equations, electroneutrality and elemental balances there a re  still not enough 
equations to match the number of unknowns, one or both of the following two 
considerations should be brought to bear: 

1) The equilibrium equations should be reviewed to see if any further 
independent equilibria, involving the species being considered, can be 
written. 

2) The possibility of writing independent elemental balances for species subsets 
of a particular chemical element should be considered. For example, in a 

model involving CO(vap1, CO(aq), CO,(vap), CO,(aq), HCN(vap), HCN(aq) and 
CN-, separate carbon balances can be written for S O ,  GO2 and CN. This is 
t rue so long as there  is no equilibrium reaction which involves conversion 
from one form of carbon to another. Thus,  instead of writing: 
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the correct approach would be to write: 

Obtafning Coefficients 

Once a model has been developed, it is necessary to provide specific equilibrium 
constants (K values) as well as specific coefficients for species interactions 
required to accurately compute activity coefficients. 

K values are usually straightforward. In Chapter 111 it was shown that these can 
be determined by : 

1) published fits for K(T,P), or. 
2) estimates based upon AG'RxN, A H O R X N  and A C P O R X N  

Species interactions are considerably more difficult. The specific coefficients 
which characterize the interaction of two species as a function of ionic strength 
and temperature are quite dependent upon both model formulation and regression 
(fitting) of experimental data. 

1) Published values for the interaction Coefficients are applicable over limited 
ranges of ionic strength and temperature. 

2) Published interaction coefficients were f i t  based upon a supposition as to 
the chemical reactions occurring and the species present. If a significant 
intermediate is left out in formulating the model, t he  resulting interactions 
calculated may have very limited validity. particularly if one tries to 
utilize them as part of calculations involving additional components. These 
then are model dependent Coefficients and may reproduce the experimental 
data, but do not apply to other systems. 
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3) In the absence of reasonable published interaction coefficients. it is 
necessary to utilize one of several possible approaches : 

a) For strong electrolytes, the ion-ion interactions can be fit based upon 
binary system data estimation techniques outlined by Bromley andlor 
Meissner. 

b) For general electrolyte systems the species interactions can be fit based 
upon binary and ternary systems data and, a s  species are  added, only the 
new "crossover" interactions need be fit. For example for HzO-NI13-C0, the 
approach would be to: 

i) Take data for HzO-NH3 and, using a mode l  based upon H z 0 ,  H+. OH-, 
N H t  and N H  (aq) fit the various significant species interactions. 
The significant interactions are  NH:-OH-, N H  (aq)-NH 3 (aq) and 
N H  3 (aq)-OH-. The H+-OH- interaction is always ignored because 
the concentration of either H+ or OH- will always be quite small 

and the resulting interaction imposes very little effect on the 
model. In this case. H-OH and NH,(aq)-H+ interactions are ignored 
because the hydrogen ion concentration will be very small. These 
calculations can be done by using a combination of nonlinear 
regression and numerical equation solving. 

ii) Do the same for H Z O - C 0 2 .  The significant interactions here are  H+- 

HCO;. H+-CO :-, C O z  (aq>-H+, CO 2 (aq)-CO :-, COz (aq)-HCO;, 
CO, (aq) -CO 2 (aq) . 

iii) U s e  ternary data to handle the "crossover" interactions: N H ,  C0;- 

CO,(aq), NH,CO;-NH,(aq), H+-NH,CO;, NH+-NHzCOF. 

This part of the work, while tractable so long a s  adequate data is 

available, is tedious, t i m e  consuming and demands good numerical tools. 
It is. currently without question. the pivotal step in t h e  entire process 
of working out an electrolyte simulation. 
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Model Solution 

Solving the general set of nonlinear equations which result from formulating an 
electrolyte simulation model will usually require a digital computer along with an 
appropriate numerical technique for solving the equations. For certain simple 
problems a solution by hand is feasible. Reasonable assumptions can allow hand 
solutions to be carried out, but the trial and error evaluation, the checking of 
assumptions and the tedious calculation of activity coefficients can all be avoided 
by using general computer equation solving. 

Two methods for numerical solution which have been used effectively are free energy 
minimization and the Newton-Raphson Method. The free energy minimization technique 
has the virtue of directly deciding questions of phase existence, while the 
Newton-Raphson Method has the virtue of dealing directly and clearly with the 
equation set formulated. The examples in this chapter will ,  whenever the wmputer 
is required. be treated by the Newton-Raphson technique. 

One of the greatest problems in solving electrolyte systems numerically etems from 
the fact that solution of the resulting nonlinear algebraic equations is an 
iterative process which only converges if a starting guess is provided which falls 
within the "circle of convergence" for the problem. Since the hydrogen molality 
may vary from to 10-20=o for different problems it is a 
formidable challenge to provide a guess good to within one or two orders of 
magnitude. 

Our  recommended approach is to examine the model and the specific inflows and to 
try to estimate pH. Given this estimate. the actual K values and an initial 
estimation of all activity coefficients of 1.0, one can usually estimate the other 
species concentrations. A general application of this approach can be seen in 
Butler (6) where the concept of "predominance plots" is discussed. In 
"predominance plots" various species concentrations are plotted versus pH. 
Normally, these plots are developed based upon actual K values along with a very 
simple estimate of activity coefficients. Figure 9.2 illustrates a typical 
predominance plot for phosphoric acid. 
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Figure 3.2 
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Specific Example8 

This chapter focuses mainly on specific Ulustrative problems. The systems 
considered are: 

1) Sodium Chloride Solubility 
2) Water - Chlorine 
3) Water - Ammonia - Carbon Dioxide 
4) Water - Sulfur Dioxide 
5) Chrome Hydroxides 
6)  Gypsum Solubility 
7) Phosphoric Acid Titrations 

In each case the following steps were taken: 

1) a straightforward deterministic model based upon the techniques outlined 
above was written 

2) a specific activity coefficient formulation was chosen and, where applicable. 
the published interaction parameter values are presented 

3) a numerical or hand developed solution for one specific condition is provided 
for each illustrative system. 

4) the results of a series of solutions for various conditions is plotted 
against actual published data in order to assess the accuracy of the mode l s .  
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Sodium Chloride Solubility 

The binary sodium chloride-water system has been the object of many studies. A s  a 
result there is a wealth of published data for a wide range of temperatures. This 
data includes solubility, density, vapor pressure lowering and heat of solution 
measurements. Because of this availability of data and the straightforward strong 
electrolyte behavior of the system, sodium chloride has almost always been included 
as  an example when illustrating activity coefficient modeling techniques. For this 

application, Meissner's method of activity coefficient calculation will be used. 

The equation describing the sodium chloride dissociationlprecipitation is: 

NaClCc) = Na' + C1- 
A s  this is a binary solution of a 1-1 electrolyte, the following relationships may 
be noted: 

I = %a+ = mcl- = m, - 

where: 

mi  
m, 
I - ionic strength 

- molality of ion i in solution 
- mean molality in solution 

Also, 
Y+ - = YNa+ = Ycl- 

That is, the mean molal activity coefficient, Y, , equals the individual ionic 
activity coefficients. This results in the following equilibrium equation for 
sodium chloride solubility: 

(N.1) 
2 2  

%acl = Y? m ,  

The solubility product of NaCl at  25OC may be calculated using values of G i b b s  free 
energies which were presented by the National Bureau of Standards (26) and are  
tabulated in Appendix B: 
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= exp 3.629 1 *% -(-2150) 
%aCl = '-[ 4 ]= e.p[ a . 9 8 7 ) < 2 9 8 . m  

= 37 e668 (N.2) 

Meissneis (14) method for calculating the reduced activity coefficient. r , is 
detailed in Chapter IV. For 1-1 electrolytes in binary solution: 

y,= r o  
The activity coefficient of NaCl is calculated using Meissneis method: 

The saturation molality of sodium chloride can be solved for using equations (N.1) 
and (N.3) with the solubility product (N.2).  As an initkl guess for the molality, 
the activity coefficient can be assumed to equal one, and the guess calculated by 
rearranging equation (N.1) : 

rn? = I Y, = JKiEil 1 1 . 0  

= 6.13743 
Using this value of rn? , the activity coefficient of NaCl can be calculated using 
equations (N .3 )  : 

B = .60505 
C = 1.000601746 
r* = -4328318361 
ro = .932291251 

The solubility product for this rnolality is: 

which is lower 

v: 
.9322912512 6.137432 
32.739823 

than the K value of 37.668 calculated using G i b b s  free energies. 
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Setting a new guess for the sodium chloride molality of 6.5 results in the 
following values for the activity coefficient and K value: 

m + =  6.5 

B = -60505 

C = 1.000221565 

= .4297712822 

ro = .9640990565 

K = 39.27083 

This K value is larger than the target value of 37.668 so the NaCl molality guess 
is reduced to 6.4: 

m + =  6.4 

B = .60505 

C = 1.00029537 

r* = -4305850461 

r o  = .9552083968 

K = 37.37284941 

Therefore, the saturation molality of sodium chloride using Meissner's method of 
calculating activity coefficients is slightly greater than 6.4 molal. The actual 
saturation rnolality at  25OC is tabulated in Seidell (23) as 6.14618 molal. In 
order to calculate this molality using the Meissner activity coefficient 
calculation method, the solubility product should equal 32.8863. 

Meissner also presented an equation for adjusting the 25OC q parameter for use at 
other temDeratures : 

with t indicating degrees Celsius. Using this equation to get new q values, 
similar hand calculations were done from loo to 100OC. The deviation between the 
thermodynamic K value and the solubility product calculated with the saturation 
molality and activity coefficient ranged from -.002 to .009. Figure 9.3 is a plot 
comparing the results with experimental data. The poor agreement between the 
calculated and experimental saturation molalities iS the result of two factors. 
The first is that the 25OC q presented by Meissner for NaCl was given for a maximum 
concentration of 3 to 4 molal. At 25OC the saturation point of sodium chloride 
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exceeds the upper limit by more than 2 molal. I t  should also be noted that the 
solubility of sodium chloride increases with temperature and consequently moves 
fur ther  beyond the valid concentration range. The second factor contributing to 
the difference between the calculated and experimental points is that the method of 
calculating q t  from 425 only provides an approximate value of qt. I t  
should also be expected that for the equation to be most successful, the value of q 
a t  25OC must be very good. 

Another way of using Meissner's method is to use the plot he presented of ionic 
strength versus the reduced activity coefficients for different values of q. B y  
using the plot to  get the value of the activity coefficient for  a given guess for 
the molality, the activity coefficient calculations may be avoided. For example, 
by assuming the activity coefficient to be equal to unity, the starting molality 
guess for the NaCl  saturation point is 6.13743 as seen earlier. From the Meissner 
plot given in Figure 9.4, the activity coefficient for q = 2.23 and ionic strength 
= 6.13743 is approximately -9. A new guess for  the molality can then be 
calculated : 

m t  = I .9 = 6.8194 

This rnolality has an activity coefficient of approximately .95, resulting in a new 
molality iteration of 6.46: 

= I .95 = 6.13743 I .95 = 6.46 

The activity coefficient value for 6.46 molal is approximately 0.925, which results 
in : 

m +  = / -925 = 6.635 

This molality gives an activity coefficient of about 0.94. which results in a 
molality of 6.5. 
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Water - Chlorine 

The solubility of chlorine in water at low partial pressures is greater than would 
be predicted by Henrys law. This deviation is attributed to the chemical reaction 
of chlorine with water. In order to model this system, the first step is to write 
out the mass action equations for the interphase and intraphase equilibria. The 
chlorine hydrolysis reaction is written: 

Cl,(aq) + H,O = H+ + Cl- + HClO(aq) 

The hypochlorous acid, HClO(aq1, created by this reaction, has a dissociation 
equation: 

HClO(aq) = H+ + C10- 

In addition. the water dissociation equation: 
H,O = H+ + OH‘ 

and vapor-liquid equilibria: 
H,O(vap) = H,O 

Cl,(vap) = C12(aq) 

would be expected to occur as well. Thus, there are five equilibria to consider. 
By examining these five equations. it is clear that, for a given temperature, 
pressure and input amounts of water and chlorine, the system would be completely 
determined in terms of the following nine concentrations (model unknowns) : 

vapor phase: 
H 2 0  and Clz  vapor mole fractions, total moles of vapor 

The particular choice of units, moles of H,O, molalities of liquid phase species 
and mole fractions of vapor species is a standard which we suggest for convenience. 
As noted in the introduction to this chapter, V, the total moles of vapor must be 
added a s  a tenth unknown. A complete deterministic model for describing this 
system must contain ten equations in order to determine the ten unknowns. The 
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starting point is to write K equations for each equilibria: 

where: K i  - equilibrium constant 
Yi - activity coefficient of species i 
m i  - molality of species i 
a, - water activity 

The vaporliquid equilibria may be expressed: 

%iZqvap) = aw ' ( YH,O HzO 

- 
KCl,(vap) - YCl,(aq) %l,(eq) ' ( ycl,p fa2) 

where: yi - vapor mole fraction of species i 
P - total pressure 
fi - fugacity coefficient of species i 

The remaining five equations are elemental balances, electroneutrality and the 
vapor balance: 

hydrogen balance: 
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chlorine balance: 

H O  
2 Cl ,(in) = &eJ ( 2  mcl,(aq) 

yc1,v 
oxygen balance : 

H 2 0  H,O(in) = H 2 0  + ( %- + 

electroneutrality : 

%+ =+- +%lo-  +%l-  

vapor phase balance: 

yH,O + yC1, = 

where: H,O(in) - moles of water input 
C12(in) - moles of chlorine input 

H,O 
V - moles of vapor 

- moles of water in solution 

The species molalities are multiplied by the factor H 0 / 5 5 . 5 1  in the elemental 
balances to put them on a moles basis in order to be consistent with the other 
terms in the equations. This factor, discussed earlier, accounts for the fact that 
molality is moles per 1000 grams = 55.51 moles of solvent H,O. 

The equilibrium constants for equations ((2.1). (C.21, (C.31, (C.4) and (C.5) may be 
calculated using thermodynamic property data and equation (3.31) : 

(3 .31)  

where: A C g ,  - Gibbs free energy of reaction, callmole at 298.15 K 

- enthalpy of the reaction, callmole at  298.15 K 

- heat capacity of the reaction, calm mole at 298.15 K A- 
R - gas constant. 1.98719 cal/K m l e  

T - s y s t w  temperature, Kelvins 

To - reference temperature. 298.15 K 

- 
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K - equilibrium constant at temperature T 
For the species in the water-chlorine system, the National Bureau of Standards 
(26) has tabulated the following values for the thermodynamic properties: 

A Go A Ho SO CPO 

spec I e s  c a l  /mole ca l /K  mole 

H 2 0  -56687.  -68315. 16.71 1 7 . 9 9 5  
H20(vap) -54634 -5’7796. 45.104 0 .025  
H+ 0 .  0 .  0 .  0 .  
OH- -37594.  -54970.  - 2 . 5 7  -35.5 
C1, ( aq )  1 6 5 0 .  -5600. 2 9 .  
C1, (vap) 0 .  0 .  53.288 8.104 
HC10( aq) -19100. -28900. 3 4 .  

c1- - 
c10- 

, 3 1 3 7 2 .  -39952. 13.5 
-8800. - 2 5 6 0 0 .  1 0 .  

-32.6 

These values are also found in Appendix B. 

A number of simplifying assumptions will be made for this system due to a lack of 
published parameters. The first is the frequently made assumption that at low 
pressures the vapor phase behaves as an ideal gas. The fugacity coefficients which 
account for deviations from ideality in the vapor phase are therefore equal to 
unity and equations (C.4) and (C.5) may be rewritten: 

%,avap) = aw ’ ( YH,O’ (C.11) 

%l,(vap) - - Yclz(aq) “t=l,(aq) ’ ( YC12 p (C.12) 

A similar assumption is made for the behavior of the molecular species Cl,(aq) and 
HClO(aq) in the liquid phase with the result that the activity coefficients for the 
molecules equal unity. This is not a bad assumption for dilute solutions wherein 
the ionic strength is less than 1.0. 

YCl,(aq) = 1.0 

YHClO(aq) = 1.0 

Bromley’s (5) method of calculating the activity coefficients of ionic species in 
multicomponent solutions, detailed in Chapter V. leads to the following equations: 
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Yc10- = 1 o . A  [- 1. +Ji- + ;kclo%+ 

where: A 
I 

i m 

zi 

‘ij 

- Debye-Hiickel constant 
- ionic strength = .5 C mi .; 
= .5 (“k+ + %- + mC1- + “clo-> 
- m l a l i t y  of species i 
- charge of species i 

(0.06 + .6 B . . )  I zi  z j l  

+ B i j  
- - 11 

= Branley interaction parameter f r c tion i nd ani 
i l  

B n j  

The table of Bromley interaction parameters in Appendix 4.2 gives a value of: 
B H C ~  = -1433 

but no value for the B H C ~ O  interaction. which must be estimated. 

In 1972. Bromley (4) suggested that the ion interaction parameter BMX of the 
extended Deb ye-H uckel equation : 

log Y+ = - * I  z+ 2-1 JT + 2 ( 7 ) %  m + ... 
1. + JT 

could be estimated by summing values for the individual ions: 

B ,  B, + B- (4.40) 

He also showed that the values of the single ion B’s could be related to the ionic 
entropies. 
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The similar behavior of the Bromley equation B parameters &ow8 for the estimation 
of the parameter for untabulated species. When Bromley presented his equations in 
1973, along with the B values for many species, he presented tabulated values based 
upon an expanded estimation equation: 

B, = 0+ + B- + 6, 6 -  (4.45) 

However, B- and 6-  values were not presented for the C10' ion. Using 
Bromley's assumption that B N ~ +  = 0.0. values of B- for many anions can be 
found using the values of BNaX tabulated by Bromley in equation (4.40): 

This assumes the 6 terms to be zero. These B, values, plotted versus ziSio. 
the anion's entropy times the anion charge in Figure 9.5 affect the relatively 
linear behavior seen by Bromley in 1972. The B- values were then used to get 
average values for the cation B+ from the tabulated BMX. The B+ terms are 
also plotted in Figure 9.5 along with the lines fit to the B+, and the anion 
and oxy-anion Be's. The fit resulted in the following values for the ions of 
interest: 

The estimated ion interaction term for HClO is therefore: 

The water activity for a single electrolyte ij in solution is calculated from 
Bromley's equation for the osmotic coefficient: 

2. In (1. + A  1 ) -  l .+  4 T  - - - 1. # i j  = 1. - 2.303 
1. +Ji 
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F i g u r e  9 . 5  

Bromley B v s  Entropy Fit 

n 
I 

L 
0 

t 
W 

rn 
x 
QI 

+. 40 

+. 30 

+. 20 

+. 10 

0.00 

-. 10 

-. 20 

-. 30 

-. 40 

ZiSi;  charge x entropy 
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where: 

+i 1 

A 
I 

B i j  

a 
Z 

* m  
V 

is the osmotic coefficient for ion pair i j .  For the chlorine-water 
system. the two ion pairs in the solution are  H-Cl and H C l O  . 
the Debye-Hhel constant 

ionic strength 
Branley interaction p a m e t e r  for ion pair i j  
ionic charge 
1.5 I I z i  z j  I 
solvent mlecular  weight, 18.02 fo r  water 
nv la l i ty  of ion pair i j  
nunber of ions that ion pair i j  dissociates into 

After calculating the hypothetical binary solution water activities the mixed 
solution water activity can be calculated using the mixing rule suggested by 
Meissner (14) : 

In (aJmix = z E W In + r (5.31) i j  is 

For this solution: 
r - the residue term = 0. 

I, 
1, - anionic strength = .5 (mOH- + mC10- + mC1- 

- cationic etrength = - 5  mH+ 

- individual ionic strengths = . 5  m. z? I i  1 1  

zi - absolute value of the ionic charge 

In (a?HCIO 



IX. Worked Examples 

W i t h  these definitions of the system activity coefficients and the equilibrium 
constants calculated using the tabulated thermodynamic data and equations (3.31). 
the ten equations, (C.1) - (C.3)  and (C.6)  - (C.12).  may be solved for  the ten 
unknowns with the Newton-Raphson method. 

Note that the concentration of Cl,(aq) is 0.0474 mold. This is the amount of 
chlorine that is presented by physical solubility only. i.e. Henry's law 
solubility. The  inclusion of the hydrolysis reaction to form H', C1' and , 

HClO(aq) (.0307 mold) has increased the calculated apparent solubility by about 
65% (.0307/ .0474). This hydrolysis "sink" for chlorine becomes more important a t  
lower C1, pressures. Perry's Handbook, in the third and fourth editions (17). 
gives the following equation for calculating chlorine solubility in water: 

c = H' p + (K HI lb-moles ci,/w. f t .  e 
where: p - chlorine partial pressure, atm 

H' - tabulated Henry's law coefficient, lb-moles Clz/(cu. ft.) (atm) 
Ke - tabulated equilibrium constant, (lb-moles/cu. ft.)* , representing 

the hydrolysis equation: C1, + H,O = HClO + H+ + C1- 

This equation, from Whitney and Vivian (27).  was recommended for use when the Clz 

pressure w a s  less than 1 a t m .  This is a good approximation when the dissociation of 
HClO(aq1 is unimportant. Unfortunately the values for the equilibrium constant K e  
w e r e  incorrectly converted from the Whitney and Vivian units to the Perry's Handbook 
units. The  Henry's law coefficients and the correct values of K e  are: 

temp 
Celsius 

10 

15 
20 
25 

H' K e  
Ib-moles C1, /(cu. ft.) (atm) (lb-moleslcu. ft.) 

0.00707 

.00584 

.00469 

.00390 

4.99E-7 

8.84E-7 

9.51E-7 

13.6E-7 

This equation was dropped in the fifth and sixth editions of Perry's Handbook. 
possibly due the the  e r ror  in the conversion which could result in an error  of 40 

to 100 t i m e s  the  expected chlorine solubility. 
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Figure 9.6 

SYSTEM: CHLORINE - WATER 
METHOD: L.A. Bromley, AIChE J, v19, # 2  (1973) 

Temperature: 25.00 degrees Celsius 
Pressure: 0.80 atm 
H20in: 55.51 moles 
C12in: 0.90 moles 

Liquid Phase Equilibrium Constants: 
K(H20) = 0.101073E-13 mole/kg 

K(HCl0) = 0.281834E-07 mole/kg 
K(C12) - 0.4506173-03 mole/kg 

Vapor-Liquid Equilibrium Constants: 
K(H20) .= 0.3197943+02 mole/kg 
K(C12) = 0.6173523-01 mole/kg 

Calculation Results: 

Liquid Phase: 

Ionic strength = 0.3078923-01 

moles 

H20 0.5544593+02 
Hion 0.3075363-01 
OHion 0.4563653-12 
Cl2aq 0.474049E-01 
HClO(aq) 0.307536E-01 
Cloion 0.3909083-07 
Clion 0.307536E-01 

activity coefficient 

0.9989403+00 
0.8555373+00 
0.838919E+00 
O.lOOOOOE+o1 
0.10OOOOE+O1 
0.8417373+00 
0.8555373+00 

Vapor phase: 

mole fraction moles 

yH20 0.3904623-01 
yc12 0.960954E+OO 

Total vapor 0.85524 moles 

0.3339373-01 
0.8218413+00 
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Water - Ammonk - Carbon Dioxide 

The binary water-ammonia system contains the following single step equilibria: 

vapor-liquid equilibria 
NHa(vap) = NH3(aq) 
H,O(vap) = H,O(aq) 

H 2 0  = H+ + OH- 
water dissociation 

ammonia hydrolysis and dissociation 
NH,(aq) + H,O = NH: + OH’ 

(T.3) 

In addition to the water dissociation (T.3) and vapor-liquid equilibrium (T.2).  the 
binary water-carbon dioxide system contains: 

vapor-liquid equilibrium 
CO,(vap) = CO,(aq) 

carbon dioxide dissociation 
CO,(aq) + H,O = H+ + HCO; 

bicarbonate dissociation 
HCO; = H+ + C0:- 

For the ternary H,0-NH3-C0,  system, all seven of the above equilibria are included. 
The formation of the carbamate ion must also be described: 

NH,  + HCO; = NH,CO; + H,O (T -8)  

The need to include the carbamate equilibria points up the fact that in order to 
model electrolyte systems one must identify all relevant species. Ignoring the 
possibility of solids formation (e.g. ammonium bicarbonate, ammonium carbamate. 
ammonium carbonate, ammonium sesquicarbonate) these eight equilibria define the 
water-ammonia-carbon dioxide system in terms of the twelve species concentrations: 



1X. Worked Examples 

These species concentrations and the total moles of vapor, V. are the  system 
unknowns. Since there  a re  thirteen unknowns i n  the system and only eight equiliblia 
equations, (T.l) to (T.81, five more equations must be developed ( 1 3  - 8 = 5 ) :  

material balances: 
nitrogen balance 

H O(aq) 
NH,(in) = +r (nhpi,(aq) + %; + %2c@-) + v * Ym3 Cr.9) 

carbon balance 

c0:- + %,co;) + 
co,(in) = -55;51 HzO(aq) * (mCo2(aq) + mHco; + m  

(T.10) * YCOn 

electroneutrality equation: 

+ ?I+ = %I- + %co; + mCO:- + %H*co; 

vapor mole fraction balance: 

Values for the equilibrium 
(T.8)  w e r e  calculated with 

In K = A / T  + B In 
The Henry's constants for 
calculated using a similar 

cr.12) 

cT.13) = 1. 

constants for reactions (T .3 ) .  ( T . 4 ) .  (T.61, (T.7)  and 
a temperature fit equation by Edwards et al. (11): 

T + C T + D  
the vapor-liquid equilibria ('r.1). (T.2)  and (T.5)  were 
equation. The parameters for  these equations and the 

activity coefficient interaction parameters used by Edwards et  al. a re  tabulated 
and plotted in Appendix 9.2.  

On the following pages are program listings for the ammonia-carbon dioxide-water 
system using the Edwards et al. modified Pitzer equation to calculate activity 
coefficients, and the Nakamura et  al. (16) method of calculating fugacity 



AQUEOUS BLECTROLYTE THERMODYNAMICS 

coefficients as outlined in Appendix 9.3. The liquid phase unknowns are  molalities, 
except for water which a s  always, remains in moles. The vapor phase unknowns are  
the vapor mole fractions and total moles of vapor. The system mode l  equations in 
subroutine FUNC reflect these units. 

The code is heavily commented with frequent references to equations found within 
the text of this book. For example, the hydrogen balance just discussed is noted to 
be equation (T.11). 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 
C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PROGRAM SOUR 
==l=sP=l i=== 

FOR THE AMMONIA-CARBON DIOXIDE-WATER SYSTEM USING THE EDWARDS, 
MAURER, NEWMAN AND PRAUSNITZ PITZER ACTIVITY COEFFICIENT 
CALCULATION METHOD AND THE NAKAMURA ET AL. METHOD TO CALCULATE 
FUGACITY COEFFICIENTS. THE SYSTEM HAS THIRTEEN UNKNOWNS: 
MOLES OF WATER, SIX IONIC MOLALITIES, TWO AQUEOUS MOLECULE 
MOLALITIES, THREE VAPOR MOLE FRACTIONS AND TOTAL MOLES OF VAPOR. 

VAX VMS OPERATING SYSTEM 

SUBROUTINES: ------------ 
ACTCOF - 
BETA - 

FUNC - 

HENRY - 
KCAL - 

NAKA - 
PMOLV - 

SETNAK - 

VSOLVE - 

CALCULATES THE ACTIVITY COEFFICIENTS 

CREATES THE ARRAYS CONTAINING THE INTERACTION 
PARAMETERS NEEDED FOR ACTIVITY COEFFICIENT 
CALCULATIONS 

CONTAINS THE SYSTEM MODEL EQUATIONS. 

CALCULATES THE HENRY'S CONSTANTS 

CALCULATES THE EQUILIBRIUM CONSTANTS AND THE 
WATER SATURATION PRESSURE 

CALCULATES THE FUGACITY COEFFICIENTS 

CALCULATES PARTIAL MOLAL VOLUMES 

CREATES THE PARAMETER ARRAYS FOR FUGACITY 
COEFFICIENT CALCULATIONS 

SOLVES FOR THE MOLAR VOLUME FOR FUGACITY 
COEFFICIENT CALCULATIONS 

SET DATA TYPES: --------------- 

IMPLICIT REAL*8 (A-H,O-2) 

REAL*8 MNH3,MNH4,MC02,MHC03,MCO3,NH2CO2,MH,MOH 

CHARACTER*12 DAT 

EXTERNAL FUNC 
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AQUEOUS ELECTROLYTE THERMODYNAMICS 

C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

THE ACTIVITY COEFFICIENTS AND IONIC STRENGTH 

COMMON /ACTIV/AW,AHrAOHrANH3,ANH4,AC02,AHC03,ACOZrAHCO3~ACO3~ANH2CO~SI 

PARAMETERS FOR CALCULATING THE NAKAMURA FUGACITY COEFFICIENTS 

COMMON /CASAP/ANA(3,3),CNA(3),ALNA(3),BENA(3)?G~A(3),DENA(3), 
ALPHA0(3),ALPHA1(3),BETA0(3),BETAl(3) 

DEBYE-HUCKEL CONSTANT, 5 EQUILIBRIUM CONSTANTS, SATURATION 
PRESSURE OF WATER AND 3 PARTIAL MOLAR VOLUMES 

COMMON /EQCONS/DHCONrEKH~0,EKNH3rEKCO~rEKHCO~lEKCARB~PWSrVM~~Ol 
VMNH3,VMCOZ 

FUGACITY COEFFICIENTS 

COMMON /FUGS/FH2OrFNH3,FC02,FPH20 

HENRY'S CONSTANTS 

COMMON /HENCO/HNH3,HCOZ 

CELSIUS TEMPERATURE, PRESSURE IN ATM., AND INPUT MOLES OF 
EACH SPECIES 

COMMON /INPUT/TEMPlPT,TNH3,TH20,TCO2 

THE UNKNOWNS TO BE SOLVED FOR: MOLES OF H20, 8 LIQUID'PHASE 
MOLALITIES, 3 VAPOR PHASE HOLE FRACTIONS AND TOTAL MOLES OF 
VAPOR 

COMMON /NEWRAP/H20,MH,MOH,MNH3,MNH4,MCO2,MHCO3,MCO3,N~2CO2, 
YH20,YNH3,YC02,V 

PARAMETERS FOR ACTIVITY COEFFICIENT CALCULATIONS 

COMMON /PARAMS/B0(2O),B1(20) 
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C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

CALL DATE(DAT) 
WRITE(6,3) DAT 

3 FORMAT('l'//' SYSTEM: AMWONIA - CARBON DIOXIDE - WATER'// 
+ SX,*METHOD: Edwards, MaUKer, Newman & Prausnitz, AIChE', 
+ ' J (1978)'//5X,70('-')//' DATE: ',A//) 

TEMPERATURE, 

TEMP=60. 

DEBYE-HUCKEL 

DEGREES CELSIUS 

CONSTANT FROM LEWIS & RANDALL, CONVERTED FROM 
ACTVITY COEFFICIENT LOG 10 BASIS TO THE OSMOTIC COEFFICIENT 
NATURAL LOG BASED ONE USED BY PITZER'S EQUATIONS 

DHx.545 
DHCON=2,303*DH/3. 

MOLES OF WATER INPUT 

TH20=55.51 

MOLES OF AMMONIA INPUT 

TNH3-9. 

MOLES OF CARBON DIOXIDE INPUT 

TC02=7. 

TOTAL SYSTEfl PRESSURE, ATMOSPHERES 

P T = l .  

OUTPUT 

WRITE(6,8) TEMP,PT,TH20,TNH3,TC02 
8 FORMAT( ' Temperature: ',F5.2,' degrees Celsius'/ 

+ , Pressure: I ,  F5.2, ' atm'/ 
+ I H2Oin: ',F5.2,' moles'/ 
+ I NH3in: ',F5.2,' moles'/ 
+ # CO2in: ',F5.2,' moles'//) 

. 
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C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

- CALCULATE THE TEMPERATURE DEPENDENT EQUILIBRIUM CONSTANTS AND 
THE SATURATION PRESSURE OF WATER 

CALL KCAL(TEMP) 
WRITE(6,20) E K H 2 0 , E K N H 3 , E K C 0 2 , E K H C 0 3 r E K C A R B , P W S  

20 FORMAT(' Equilibrium Constants:'/ 
+ 10X,'K(H20) = ''E13.6,' mole/kgr/ 
+ 10X,'K(NH3) = ',E13.6,' mole/kg'/ 
+ 10Xr'K(C02) = "E13.6,' mole/kgr/ 
+ 10XrrK(HC03) - ',E13.6,' mole/kg'/ 
+ 10XrrK(NH2C02) - ''E13.6,' mole/kg'// 
+ 5XrrSaturation Pressure of Water: ',E13.6,' atm'/) 

- CALCULATE 

CALL HENRY 
WRITE(6'22 

+ 1 ox 
i 1 ox 

22 FORMAT(' 

- SET UP THE 

HE HENRY'S CONSTANTS FOR THIS TEMPERATURE 

TEMP) 
HNH3 HC02 
H e n r y r l s  Constants:'/ 

'H(NH3) = "E13.6,' atm kg/mole'/ 
'H(C02) - ',E13.6,' atm kg/moler/) 
ARRAYS CONTAINING THE BETA0 AND BETA1 ION-ION, 

ION-MOLECULE AND MOLECULE-MOLECULE SELF INTERACTION PARAMETERS 
FOR ACTIVITY COEFFICIENT CALCULATIONS 

CALL BETA(TEMP) 

- SET UP THE ARRAYS CONTAINING THE PARANETERS FOR THE NAKAMURA 
FUGACITY COEFFICIENT CALCULATIONS 

CALL SETNAK 

- CALCULATE THE PARTIAL MOLAR VOLUNES: 

- OF WATER 

CALL PMOLV(3,TEMP,VMH20) 

- OF AMMONIA 

CALL PMOLV(1,TEMPrVMNH3) 

- OF CARBON DIOXIDE 

CALL PMOLV(2,TEMPrVMC02) 
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WRITE(6'30) VMH20,VMNH3,VMC02 
30 FORMAT(SX,*Partial Molar Volumes:'/ 

+ 10X,'v(H20) = ',E13.6,' cm^3/mole'/ 
+ 10X,'v(NH3) = ''E13.6,' cmA3/mole'/ 
+ 1OX,'v(CO2) = ',E13.6,' cm^3/mole'// 
+ 5X,'Calculation Results:'/) 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 
C 
C 

C 

INITIALIZE THE ACTIVITY COEFFICIENTS 

AH20=1. 
AH=1. 
ANH4=1. 
AOH=l. 
ANH3=1. 
AC03-1. 
AHC03-1. 
AC02=1. 
ANH2CO=1.0 

SET INITIAL GUESSES FOR THE VAPOR MOLE FRACTIONS. 

PH20=.2*PT 
PNH3=.1*PT 
YH20=PH20/PT 
YNH3=PNH3/PT 
YC02=1.-YNH3-YH20 

SET AN INITIAL GUESS FOR THE VAPOR RATE 

v=3. 

SET INTIAL GUESSES FOR THE LIQUID COMPOSITIONS 

H20=TH20 
MNH4=.95*TC02 
MHC03==.5*TC02 
NH2C02=.2*TC02 
MNH3=DABS(.4*(TNH3-TCO2)) 
MH-. 8E-8 
MOH=EKH20/MH 
MC02=MH*MHC03/EKC02 
HCO3=(MNH4+MH-MOH-MHCO3-NH2CO2)/2 

CALL THE NEWTON-RAPHSON METHOD TO SOLVE FOR THE 13 UNKNOWNS. 
THE SYSTEM MODEL EQUATIONS ARE IN SUBROUTINE FUNC. THE 
SUBROUTINE NEWRAP IS NOT INCLUDED IN THIS LISTING. THE 
METHOD IS WELL DOCUMENTED IN TEXTBOOKS AND OTHER EQUATION 
SOLVERS MAY BE USED 

M-13 
CALL NEWRAP(M,FUNC) 
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C 
C 
c 
C OUTPUT THE RESULTS 
C 
C 

------_---___--__- 
WRITE(6,llO) SI,H20,AW,MH,AH,MOH,AOHfMNH3rANH3rMNH4rANH4r 

+ MC02,AC02,MC03,AC03,PlHCO~rAHCO~rNH2CO~rANH~C0 

+ 10XrfIonic strength = ''E13.6,' molalr/ 
+ 12X, 'H20 ',E13.6,12Xr'AW ' ,E13.6/ 
+ 12X, 'Hion ',E13.6,12Xr'AH ,E13.6/ 
+ 12XrfOHion ',E13.6,12Xf'AOH ' ,E13.6/ 
+ 12XrrNH3aq ',E13.6,12Xr'ANH3 ' ,E13.6/ 
+ 12Xr'NH4ion ',E13.6,12Xr'ANH4 ,E13.6/ 
+ 12XrrC02aq ',E13.6,12Xr'AC02 ' ,El3.6/ 
+ 12XfrC03ion ',E13.6,12Xr'AC03 ,E13.6/ 
+ 12XIrHCO3ion f,E13.6,12X,rAHC03 ' ,E13.6/ 
+ 12XrrNH2C02ion ',E13.6,12Xr'ANH2C02 ',E13.6/) 

110 FORMAT(7Xr'Liquid Phase Molalities and Activity Coefficients:'// 

C 
C 

WRITE(6,llS) YH20,FH20,YNH3,FNH3,YC02rFC02rV 
115 FORMAT(7XrrVapor Phase Mole Fractions and Fugacity Coefficients:'/ 

+ 12X, 'yH20 ',E13.6,12X,'fH20 ' E13.6/ 
+ 12X, 'yNH3 ',E13.6,12Xr'fNH3 ' E13.6/ 
+ 12X' 'YC02 ',E13.6,12X,'fC02 E13.6// 
+ 12X,'Total vapor ',F13.5,' molesr/'lr) 

C 
C 
C 

STOP 
END 

C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

614 



IX.  Worked Examples 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 

C 

C 

C 

C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SUBROUTINE ACTCOF 
IIDPPIIEP=I=PPE=P 

THIS SUBROUTINE CALCULATES THE ACTIVITY COEFFICIENTS USING THE 
ADAPTATION OF PITZER'S EQUATIONS GIVEN BY EDWARDS ET AL. THE 
METHOD IS DESCRIBED IN CHAPTER VII, 

CALLED BY: FUNC 

IMPLICIT REAL*8 (A-HrO-2) 

REAL*8 MNH3,MNH4,MC02,MHC03rMC03rNH2C02rMHlMOH 

COMMON /ACTIV/AW,AH,AOH,ANH3,ANH~,ACO~rAHCO~lACO3rANH~COrSI 

COMMON /EQCONS/DHCON,EK(5),PWSrVMOL(3) 

COMMON /NEWRAP/H20,MH,MOH,MNH3,MNH4rMCO~rMHCO3,HCO3rNH2CO~r 
+ Y(3)rV 

COMMON /PARAMS/BO(20),B1(20) 

DIMENSION BAW(20),BGAM(20),BPGAM(20) 

SI-.5*(MH+MOH+MNH4+MHCO3+4.*MCO3+NH2CO2) 
DSI=DSQRT(SI) 

DEBYE-HUCKEL EXPRESSION 

1 2 

1.2 
+ -  In (1. + 1.2 JT) 
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C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

20 

+ 
+ 
+ 
+ 
+ 
+ 

BPSUM=~. 0 
DO 20 I=1,20 

THE FOLLOWING TERM IS DEFINED FOR WATER ACTIVITY CALCULATIONS 

BAW(I)-BO(I)+Bl(I)*DEXP(-2.*DSI) 
CONTINUE 

BPSUM - & & mj mk Bik 
j #H 2O k #H,O 

BPSUM=2.*(MH*(MOH*BPGAM(l)+MHCO3*BPGAM(2)+HCO3*BPGAM(3)~ 
NH2C02*BPGAM(4))+MNH4*(MOH*BPGAM(S)+fiHCO3*BPGAM(6)+ 
MCO3*BPGAM(7)+NH2CO2*BPGAM(B))+nNH3*(MH*BPGAM(~)+ 
MOH*BPGAM(lO)+MNH4*BPGAM(11)+MHCO3*BPGAM(12)+ 
MCO3*BPGAM(13)+MNH3*BPGAM(l8))+MCO2*(MH*BPGAM(l4)+ 
MOH*BPGAM(15)+MNH4*BPGAM(16)+NH2CO2*BPGAM(17)+ 
MC02*BPGAM(l9)+MNH3*BPGAM(20))) 

THE GENERAL EXPRESSION OF AN IONIC ACTIVITY COEFFICIENT IN A 
MULTICOMPONENT SOLUTION IS SEEN IN EQUATION (7.23): 

k Bik mj Bij + z? I: C m. m 
1 j # H , O  k#H,O 

ln y i  - z ?  f Y  + 2 c 
j#H,O 1 

CALCULATE THE IONIC ACTIVITY 

- H ion 

COEFFICIENTS FOR: 

+ BPSUM B~ -j 

AH-DEXP(FAC+2.*(MOH*BGAM(1)+MHCO3*BGAM(2)+HCO3*BGAM(3~+ 
+ NH2COZ*BGAM(4)+MNH3*BGAM(9)+MCO2*BGAH(l4))+BPSUM) 
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- OH i o n  

AOHPDEXP(FAC+~.*(MH*BGAM(~)+MNH~*BGAM(~)+MNH~*BGAM(~~)+ 
+ MCO2*BGAM(l5))+BPSUN) 

- NH4 ion 

I n  YNH+ = fY + 2 .  L m  j BNH:-j + BPSUM 
4 j#H,O 

ANH4=DEXP(FAC+2.*(MOH*BGAM(5)+MHCO3*BGAM(6)+MCO3*BGAM(7)+ 
+ NH2C02*BGAM(8)+MNH3*BGAM(ll)+MCO2*BGAM(16))+BPSUM) 

- HC03 ion 

= fY + 2. In 'HCO, + BPSUM L m  j Bj-HCO; 
j#H,O 

AHC03=DEXP(FAC+2.*(MH*BGAM(2)+MNH4*BGAM(6)+MNH3*BGAM(l2))+ 
+ BPSUM) 

- C03 i o n  

ACO3=DEXP(4.*FAC+2.*(MH*BGAM(3)+NNH4*BGAM(7)+MNH3*BGAM(l3))+ 
+ 4 .  *BPSUM) 

- NH2C02 i o n  

= f Y  + 2. c mj B ~ - ~ ~ , ~ ~ ;  + BPSUM 
In YNH,CO; j #H,O 

ANH2CO-DEXP(FAC+2.*(MH*BGAM(4)+MNH4*BGAM(8)+MCO2*BGAM(l7))+ 
+ BPSUM) 

CALCULATION OF AQUEOUS MOLECULE ACTIVITY COEFFICIENTS: ____________________-----_---------------------------- 

THE GENERAL EQUATION FOR THE ACTIVITY COEFFICIENT OF AN AQUEOUS 
MOLECULE IN A MULTICOMPONENT SOLUTION IS EQUATION (7.24): 

I n  y, = 2. L m B  
j#H,O 1 mj 
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- NH3 

= 2. C 
j #H,O In ‘NH,(aq) 

ANH3=DEXP(2.*!MH*BGAM( 

m B  
j NH,(aq)-j 

)+MOH*BGAM(1O)+MNH4*B I *  
+ BGAM( 12 ) +MC03*BGAM( 13 ) +MNH3 *BGAM ( 18 ) +MC02 *BGAh ( 20 ) ) ) 

- co2 

AC02~DEXP(2.*(MH*BGAM(14)+MOH*BGAM(1S)+MNH4*BGAN(l6)+ 
+ NH2C02*5GAN(17)+NC02*BGAM(19)+MNH3*BGAM(20))) 

c m. m .  B!. - 1 
C mi 

ifH,O Mw 

WM=. 01802 
AW-DEXP(WM*(2.*DHCON*SI**l.5/(1.+~.2*DSI)-2.*(NH*(MOH*BAW(l)+ 

+ MHC03*BAW(2)+MC03*BAW(3)+NH2CO2*BAW(4))+MNH4*(MOH*BAW(5)+ 
+ NHC03*BAW(6)+MC03*BAW(7)+NH2CO2*BAW(8))+MNH3*(MH*BAW(g)+ 
+ MOH*BAW(1O)+MNH4*BAW(ll)+MHCO3*BAW(l2)+MCO3*BAW(l3))+ 
+ MC02*(NH*BAW(14)+MOH*BA~(15)+MNH4*BAW(16)+NH2C02*BAW(17)) 1- 
+ 2.*(BAW(18)*MNH3**2+BAW(19)*MC02”*2+BAW(20)*MC02*MNH3))- 
+ WM*(MH+MOH+MHC03+MCO3+MCO2+MNH3+NNH4+NH2CO2)) 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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TO SET UP THE ARRAYS CONTAINING THE INTERACTION TERMS FOR THE 
ACTIVITY COEFFICIENT CALCULATIONS. VALUES FOR THE SYSTEM, AND 
OTHER SPECIES, ARE TABULATED IN APPENDIX 9.2, TABLES 3 ,  4 AND 5. 

INPUT : 
TEMP - TEMPERATURE IN DEGREES CELSIUS 

OUTPUT : 
B O ,  B1 - PITZER 80 AND 81 INTERACTION PARAMETER ARRAYS; 

VALUES FROM EDWARDS ET AL 

IMPLICIT REAL*8 (A-H,O-Z) 

- THE ION-ION 80 INTERACTIONS ........................... 
(1) H-OH 
( 2 )  H-HC03 
( 3 )  H-C03 
(4) H-NH2C02 
( 5 )  NH4-OH 
(6) NH4-HC03 
(7) NH4-CO3 
(8) NH4-NH2C02 

B0(1)-.208 
B0(2)-.071 
B0(3)=.086 
B0(4)=.198 
BO( 5)=.06 
B0(6)=-.0435 
B0(7)=-.062 
B0(8)=.0505 
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DO 5 I=1,8 
Bl(I)=.018+3.06*BO(I) 
CONTINUE 
B1( 7 )=0 .O 

THE AMMONIA MOLECULE-ION INTERACTIONS 
--___-----___-------__________^______ 

(9) NH3-H 
(10) NH3-OH 
(11) NH3-NH4 
( 12 ) NH3-HC03 
(13) NH3-CO3 

B0(9)=.015 
B0(10)~.227-1.47D-3*TK+2.6D-6*TK**2 
BO(ll)=.0117 
BO(12)=-.0816 
BO ( 13 ) = .068 

THE CARBON DIOXIDE MOLECULE-ION INTERACTIONS _-_-_______-________---_-____-------_------- 
(14) C02-H 
(15) C02-OH 
(16) C02-NH4 
( 1 7 )  C02-NH2C02 

B0(14)=.033 
B0(15)=.26-1.62D-3*TK+2.89D-6*TK**2 
B0(16)=.037-2.38D-4*TK+3.83D-7*TK**2 
B0(17)-.017 

THE MOLECULE-MOLECULE INTERACTIONS _________________-------_______--- 
(18) NH3-NH3 

( 2 0 )  NH3-CO2 
(19) co2-co2 

BO(I8)=-.026+12.29/TK 
BO(l9)--.4922+149.2/TK 
B0(20)=.5*(BO(l8)+BO(l9)) 

FOR THE ION-MOLECULE AND MOLECULE-MOLECULE 01 's  

DO 10 I=9,20 
81 ( I )-0.0 
CONTINUE 
B1(11)=-.02 
~1(12)-.4829 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

620 



IX.  Worked Examples 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 

C 

C 

C 

C 

C 

C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SYSTEM EQUATION MODEL FOR SOLVING FOR THE UNKNOWNS VIA THE 

OR FUNCTION, VALUES EQUAL ZERO. 
NEWTON-RAPHSON METHOD. THE METHOD STRIVES TO MAKE THE EQUATIONl 

OUTPUT : 
F - FUNCTION VALUES FOR THE CURRENT VALUES OF THE UNKNOWNS. 

THESE VALUES ARE PASSED TO THIS SUBROUTINE IN THE 
NEWRAP COMMON BLOCK. 

CALLS: ACTCOF, NAKA 

CALLED BY: NEWRAP 

IMPLICIT REAL*8 (A-H,O-Z! 

REAL*8 MNH3,MNH4,MC02,MHC03,MC0~,NH?,C02,MH,MOH,NH31N 

COMMON /ACTIV/AW,AH,AOH,ANH3,ANH4rACO2rAHCO3rACO~rANH2COrSI 

COMMON /EQC0NS/ALPHA,EKH~0,EKNH3,EKC0~,EKHC0~,EKCARB1PWS, 
+ VMH20rVMNH3,VMC02 

COMMON /FUGS/FH20,FNH3,FC02,FPH20 

COMMON /HENCO/HNH3,HCO2 

COMMON /INPUT/T,PT,NH31N,H201NrC021N 

COMMON /NEWRAP/H20,MH,MOH,MNH3lMNH4rMCO2,MHCO3lMCO3rNH2CO2, 
+ YH20,YNH3,YC02,V 

CALCULATE THE ACTIVITY COEFFICIENTS ___________--_______---____-------- 
CALL ACTCOF 

CONVERT THE CELSIUS TEMPERATURE TO KELVINS 

TK-T+273.15 
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SET GAS CONSTANT 

Rs82.06 

- FOR PURE WATER 

NVFUG-1 
Y( 11-1.0 
Y( 2 1-0 .o 
Y( 3)-0.0 
CALL NAKA(TK,PWS,Y,NVFUG,FPH2O,FDUM,FDUM) 

- FOR THE MIXED SOLUTION 
NVFUG=3 
Y( 1)=YH20 
Y( 2)=YNH3 

CALL NAKA(TK,PT,Y,NVFUG,FH20,FNH3,FCOZ) 
Y(3)==YCO2 

FUNCTION CALCULATIONS _-_---_--------_-__-- 
CALCULATE THE FUNCTION VALUES FOR THE CURRENT VALUES OF THE 
UNKNOWNS. THE EQUATION NUMBERS REFER TO THE GENERAL MODEL 
EQUATIONS FOR THE SYSTEM GIVEN IN CHAPTER IX. 

THE LIQUID PHASE EQUILIBRIA: _____________________--_---- 
- THE WATER DISSOCIATION EQUATION, EQUATION (T.3) 

F(1)=1.-AH*MH*AOH*MOH/(EKH2O*AW) 

- THE AMMONIA DISSOCIATION, EQUATION (T.4) 

F(2)=1.-AOH*MOH*ANH4*MNH4/(EKNH3*ANH3*MNH3*AW) 

- THE CARBON DIOXIDE HYDROLYSIS, EQUATION (T.6) 

F(3)~1.-AH*MH*AHC03*MHCO3/(EKCO2*ACO2*KCO2*AW) 

- THE BICARBONATE DISSOCIATION, EQUATION (T.7) 

F(4)-1.-AH*MH*AC03*MC03/(EKHC03*AHC03*MHC03) 
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- THE CARBAMATE FORMATION, EQUATION (T.8) 

F(5)=l.-ANH2CO*NH2CO2*AW/(EKCARB*ANH3*MNH3*AHC03*MHC03) 

VAPOR-LIQUID EQUILIBRIA: _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _  
- FOR WATER, EQUATION (T.2) 

F(6)=YH20*FH20*PT-AW*FPH20*PWS*DEXP(VMH20* PT-PWS 

- FOR AMMONIA, EQUATION (T.1) 

F(7)-YNH3*FNH3*PT-MNH3*ANH3*HNH3*DEXP(VMNH3*(PT-PWS)/(R*TK)) 

- FOR CARBON DIOXIDE, EQUATION (T.5) 

F(8)~YC02*FC02*PT-MCO2*ACO2*HCO2*DEXP(VMCO2*(PT-PWS)/(R*TK)) 

ELEMENTAL BALANCES: ------------------- 

- NITROGEN BALANCE, EQUATION ( T . 9 )  

F ( ~ ) Q ( N N H ~ + M N H ~ + N H ~ C O ~ ) * H ~ O / ~ ~ . ~ ~ + Y N H ~ * V - N H ~ I N  

- CARBON BALANCE, EQUATION (T.10) 

F ( 1 0 ) ~ ( N C 0 2 + M H C 0 3 + M C O 3 + N H 2 C O ~ ) * H ~ O / ~ ~ . ~ ~ + Y C O ~ * V - C O ~ I N  

- HYDROGEN BALANCE, EQUATION (T.11) 
F(11)=2.*H20+(MH+MOH+4.*MNH4+3.*MNH3+MHC03+2.*NH2C02)*H20/55.51+ 

+ 3 . * Y N H 3 * V + 2 . * Y H 2 0 * V - 2 . * H 2 0 I " H 3 I N  

ELECTRONEUTRALITY, EQUATION (T.12) ____-_______________-------------- 
F(12)~MNH4+MH-(MOH+MHCO3+2.*MCO3+NH2CO2) 

VAPOR BALANCE, EQUATION (T.13) ____--______________---------- 

F(13)-YH20+YNH3+YC02-1. 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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CALCULATE THE HENRY'S CONSTANTS FOR AMMONIA AND CARBON DIOXIDE 
USING THE TEMPERATURE FITS GIVEN BY EDWARDS ET AL.: 

1 n H  -A/T + B l n T  + C T  + D 

THE PARAMETERS A, B ,  C AND D USED HERE, AS WELL AS ONES FOR 
SPECIES NOT INCLUDED IN THIS SYSTEM, ARE TABULATED IN APPENDIX 
9.2, TABLE 2 

INPUT: 
TEMP - TEMPERATURE IN DEGREES CELSIUS 

IMPLICIT REAL*8 (A-H,O-2) 

COMMON /HENCO/HNH3,HCO2 

- FOR NH3 

HNH3~DEXP(-157.552/TK+28.1001*DL0G(TK)-.049227*TK-149.006~ 

- FOR C02 

HC02~DEXP(-6789,04/TK-11.4519*DL0G(TK)-.010454*TK+94.4914) 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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SUBROUTINE KCAL(TEMP) 
IIPPIPIII=IIIIIIIIIPo 

THIS SUBROUTINE CALCULATES THE EQUILIBRIUM CONSTANTS USING THE 
TEMPERATURE FITS GIVEN BY EDWARDS ET AL.: 

1 n K  = A/T + B l n T  + C T  + D 

THE PARAMETERS FOR THE SPECIES INVOLVED IN THIS SYSTEM AND FOR 
SOME NOT IN THIS SYSTEM ARE TABULATED IN APPENDIX 9.2, TABLE 1. 
THE T OF THE EQUATION IS IN KELVINS. THE TEMPERATURE PASSED INTO 
THIS SUBROUTINE IS IN DEGREES CELSIUS. 

THE SATURATION PRESSURE OF WATER IS ALSO CALCULATED IN THIS 
SUBROUTINE. 

THE EQUILIBRIUM CONSTANTS ARE RETURNED IN COMMON EQCONS IN THIS 
ORDER : 

EKVAL(1) = K(H20) 
EKVAL(2) = K(NH3) 
EKVAL(3) - K(C02) 
EKVAL(4) - K(HC03ion) 
KKVAL(5) 9 K(NH2CO2ion) 

CALLED BY: MAIN 

IMPLICIT REAL*8 ( A-H I 0-2 ) 

DIMENSION A(5),B(5),C(5),D(5) 

COMMON /EQCONS/DHCON,EKVAL(5),PWSlVMOL(3) 

DATA A /-13445.9, -3335.71, -12092.1, -12431.7, 2895.65/ 

DATA B /-22.4773, 1.4971, -36.7816, -35.4819, O.O/ 

DATA C / O . O ,  -.0370566, 3*0.0/ 

DATA D /140.932, 2.7608,235.482, 220.067, -8.5994/ 
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DO 10 1-1,s 

CONTINUE 
EKVAL(I)-DEXP(A(I)/TK+B(I)*DLOG(TK)+C(I)*TK+D(I)) 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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THIS SUBROUTINE CALCULATED THE FUGACITY COEFFICIENTS USING 
NAKAMURA ET AL'S METHOD AS OUTLINED IN APPENDIX 9.3. 

INPUT : 
NVFUG - NUMBER OF SPECIES TO CALCULATE FUGACITY COEFFICIENTS FOR 
PRESS - PRESSURE IN ATMOSPHERES 
TEMP - TEMPERATURE IN KELVINS 
Y1 - VAPOR MOLE FRACTIONS OF THE SPECIES 

OUTPUT : 
FUNA - FUGACITY COEFFICIENTS 

CALLS: VSOLVE 

IMPLICIT REAL*8 (A-H,O-Z) 

TOTY=Yl(l)+Y1(2)+Y1(3) 
DO 5 I=1,3 
Y(I)=Yl(I)/TOTY 

5 CONTINUE 

AM=O. 
BM=O . 
CMPO. 
TEMPA-TEMP 
PRESSAmPRESS 
v=o. 
ETA=O . 
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CALCULATIONS: ------------- 

EQUATION (A9.3~): 

bi - exp l2.30259 ( - y i  

DO 10 I=l,NVFUG 
B(I)=EXP(2.30259*(-GANA 

10 CONTINUE 
I)-DENA(I)*TEMPA)) 

DO 15 IE1,NVFUG 
IP=I 
DO 15 J=IP,NVFUG 
IF(BETAO(I).EQ.O.O) BETAO(I)=BENA(I) 
IF(BETAO(J).EQ.O.O) BETAO(J)=BENA(J) 

EQUATION (A9.3m): 

. 5  (6; + I3j) 
' P j  = 

BIJ0(IrJ)=.5*(BETAO(I)+BETAO(J)) 

IF(BETA1(I).NE.O.o.AND.BETAl(J).NE.O.o) THEN 

EQUATION (A9.31): 

O f j  = J 6; B j  

BIJ~(I,J)-(BETA~(I)*BETA~(J))**.~ 
ELSE 

END IF 
BIJl(I,J)=O.O 

EQUATION (A9.31) 

B i j  = f 3 f j  + q j  

B I J ( I , J ) = B I J O ( I , J ) + B I J 1 ( I , J )  

IF(ALPHAl(I).NE.O.O.AND.ALPHA1(J).NE.O.O) THEN 

EQUATION (A9.3k) 

a; a! 3 
a1 - J ij - 

A I J 1 ( I f J ) = ( A L P H A 1 ( I ) * A L P H A 1 0 ) " * . 5  

AIJ1(IrJ)=O.O 
ELSE 

END IF 
AIJO=ANA(I,J) 
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C 
C 
C EQUATION (A9.3i) 
C 
C 
C 
C 

a .p a? + aij 
ij l j  

ALIJ(I,J)=AIJ~+AIJ~(I,J) 
IF(AIJO.EQ.0.O.AND.I.EQ.J) ALIJ(I,J)=ALNA(I) 

C 
C 
C EQUATION (A9.3h) 
C 

C 
C 

C ij B 

a i j  a T 
+ 

c 
A ( I, J ) =ALI J ( I , J ) +BI J ( I r J /TEMP 
IF(I.NE.J) A(J,I)=A(I,J) 

15 CONTINUE 
C 
C 
C EQUATION (A9.39) 
C 
C n n 

C 
DO 1 7  I=l,NVFUG 
DO 1 7  Ju1,NVFUG 
AM-AM+Y(I)*Y(J)*A(I,J) 

17 CONTINUE 
C 
C 

C 
C 
C EQUATION (A9.3d) 
C 
C n 

DO 20 I=l,NVFUG 

C b~ ?, Y i  bi C 
C 

C 
C 
C EQUATION (A9.3e) 
C 
C n 

C i-1 
C 

BM-BM+Y(I)*B(I) 

C CM = c y i  ci 

CM=CM+Y(I)*CNA(I) 
2 0  CONTINUE 

C 
C 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

C 
C 
C 

28 

C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C '  

C 
c 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 

C 
C 
C 
C 
C 

GET THE MOLAR VOLUME V 

CALL VSOLVE(V,IER) 
IF(IER.NE.0) THEN 

WRITE( 6 , 2 8 )  
FORPIAT(' NO CONVERGENCE FOR V AFTER 25 ITERATION STEPS') 
RETURN 

END IF 

CALCULATE THE COMPRESSIBILITY FACTOR, EQUATION (A9.3f) 

CALCULATE THE REDUCED DENSITY: 

bN & = ---- 
4. v 

ETA=BM/(4.*V) 

NOW CALCULATE THE FUGACITY COEFFICIENTS. THE TERMS FACn 
ARE PORTIONS OF EQUATION (A9.3b): 

4. -5 - 3. t z  

(1. - E l 2  
FACl I ------------ 

FAC1=(4.*ETA-3.*ETA**2)/(1.-ETA)**2 

DO 50 I-1,NVFUG 
FAC4-0. 
FAC5=O. 
FAC7-0. 

1 4 .  E - 2. -52  

(1. - & I 3  
PAC2 p [ ii ] [ ____------- - 

FAC2-B(I)/BM*(4.*ETA-2.*ETA**2)/(1.-ETA)**3 
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35 
C 
C 
C 
C 
C 

40 

n 
FAC4 = C yi aij 

i-1 

DO 35 J-1,NVFUG 
FAC4=FAC4+Y(J)*A(I,J) 
CONTINUE 

5 (-1. )j 
FAC5 - C [ 31 + 1. j-1 ( j  + 1.) 

DO 40 J=1,5 

CONTINUE 
FACS=FAC5+1. 

FAC5=FAC5+((-1)**J/(J+l)*(CN/V)**J) 

a~ ‘i FAC6 - - 
R T v 2  

45 

C 
C 
C 

50 
C 

C 
C 

4 (-l.)j (j + 1.) 
FAC7 - L [y + . 5  

j-1 ( j  + 2.) 

DO 45 J=1,4 

CONTINUE 
FAC7=FAC7+.5 

FAC7=FAC7+(-1)**J*(J+I)/(J+2)*(CN/V)**J 

EQUATION (A9.3b) FOR FUGACITY COEFFICIENT f OF SPECIES i: 

In f ( i )  = FACl + FAC2 + FAC3 x FAC4 x FAC5 + FAC6 X FAC7 - In Z 

FUNA(I)=EXP(FACl+FAC2+FAC3*FAC4*FAC5+FAC6*FAC7-DLOG(Z)) 
CONTINUE 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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C 
C 
C 
C 
C 
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C 
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C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 

............................................................... 

THIS SUBROUTINE CALCULATES PARTIAL MOLAL VOLUME OF SOLUTE IN 
WATER BY THE METHOD OF BRELVI AND O'CONNELL, AIChE J, V 1 8 ,  #6, 
pp1239-1243 (1972). SEE APPENDIX 9 . 4 .  

INPUT PARAMETERS: 
ICODE - ICODE FOR INDICATING SOLUTE: 

1 - NH3 
2 - c02 
3 - H20 

TC - TEMPERATURE IN DEGREES CELSIUS 

OUTPUT PARAMETERS: 
VMOL - PARTIAL MOLAL VOLUME 

CALLED BY: MAIN 

IMPLICIT REAL*8 (A-H,O-Z) 

DIMENSION VSTAR(3) 

DATA VSTAR/65.2, 80., O . /  

IF(ICODE.EQ.3) THEN 
VMOL-18.02*(1.001508+3.976412D-6*TC**2) 
RETURN 

END IF 

T-TC+273.15 
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C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 

C 

C 
C 

IF(TC.LE.50.) THEN 

ELSE 

END IF 

DS=1.0-4.8D-6*TC**2 

DS=1.0064-2.5D-4*TC-2.3D-6*TC**2 

RHO=DS*46.4/18.02 
FAC-RHO-1.0 

C O M S ~ ~ . O ~ / ( D S * R * T * ( D E X P ( - . ~ ~ ~ O ~ * F A C + ~ . O ~ ~ * F A C * * ~ - . ~ ~ ~ ~ ~ * F A C * * ~ )  
+ -1.0)) 

IF(RHO.GE.2.O.AND.RHO.LE.2.785) THEN 
SERIES=-2.4467+2.12074*RHO 

ELSE IF(RHO.GE.2.785.AND.RHO.LE.3.2) THEN 

ELSE 

END IF 

SERIES~3.02214-1.87085*RHO+O.71955*RHO**2 

RETURN 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SUBROUTINE SETNAR 
llPIIlPPIII=lllPI 

SET VALUES FOR THE ARRAYS IN NAKAMURA FUGACITY COEFFICIENT 
ROUTINE FOR THE AMMONIA - CARBON DIOXIDE - WATER SYSTEM. 
ORDER: 1 - WATER 

2 - AMMONIA 
3 - CARBON DIOXIDE 

THE METHOD IS DESCRIBED AND PARAMETERS FOR ADDITIONAL SPECIES 
ARE TABULATED IN APPENDIX 9.3. 

INTERACTION PARAMETERS FOR POLAR-POLAR AND POLAR-NONPOLAR 
MIXTURES, TABULATED IN APPENDIX 9.3, TABLES 3 AND 5 

ANA(1,J) = a? 

ANA(1,1)=O.O 
ANA(2,2)=0.0 
ANA( 3 , 3 ) -0.0 
ANA(1,2)=1.4 
ANA(2,1)=1.4 
ANA(1,3)-4.36 
ANA(3,1)-4.36 

lj 

ANA(2,3)=3.1 
ANA(3,2)=3.1 

PURE COMPONENT 

CNA(1) - ci 
CNA(1)=.01 
CNA(2)=.01 
CNA(3)nO.O 

ALNA(1) = ai 

PARAMETERS TABULATED IN APPENDIX 9.3, TABLE 1 

ALNA(1)=3.1307 
ALNA(2lt2.6435 
ALNA(3)=3.1693 

BENA(1) - Bi 
BENA(l)=1161.7 
BENA(2)=561.63 
BENA(3)=253.17 
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C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

C 
C 

GANA(1) = yi 

GANA(1)-1.5589 
GANA(2)-1.3884 
GANA(3)=1.234 

DENA(1) - 6i 
DENA(1)-.593D-4 
DENA(2)-1.47D-4 
DENA(3)=.467D-4 

NONPOLAR AND POLAR CONTRIBUTIONS FROM APPENDIX 9.3, TABLE 2 

ALPHAO( I) - af 
ALPHA0(1)=1.06 
ALPHA0(2)=1.83 
ALPHAO(3)oO.O 

ALPHAl(1) - af 
ALPHA1(1)=2.07 
ALPHA1(2)=.81 
ALPHA1(3)=O.O 

BETAO(1) - Sf 

BETA0(1)=8.4 
BETAO( 2)==13'.3 
BETAO(3)nO.O 

BETAl(1) = f3: 

BETA1(1)=1153.3 
BETA1(2)=548.3 
BETA1(3)=0.0 

RETURN 
END 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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C 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SUBROUTINE TO SOLVE FOR THE MOLAR VOLUME FOR THE NAKAMURA 
FUGACITY COEFFICIENTS VIA EQUATION (A9.3a): 

R T  a 
p I --- BOX - ----- ---- 

V v ( v  + c )  

WHERE : 
V - MOLAR VOLUME, L/MOLE 
a - AM SUMMATION TERM PASSED IN COMMON BLOCK 
C - CM SUMMATION TERM PASSED IN COMMON BLOCK 

1. + L + 5’ - El 

(1. - Ell 

BOX I ---------------- 

b 

4 v  
I --- ; REDUCED DENSITY 

b - BM SUMMATION TERM PASSED IN COMMON BLOCK 

ROUTINE ATTEMPTS TO MAKE LEFT AND RIGHT HAND SIDES OF EQUATION 
(A9.3a) EQUAL BY SOLVING FOR V .  TEST ON P1 IS CONVERGENCE TEST. 

INPUT COMMONS: 
AN - 
BM - 
CM - 
P -  
T -  

OUTPUT 
w -  

CALLED 

SUMHATION FROM SUBROUTINE NAKA, SIGNIFIES ATTRACTIVE 
FORCE STRENGTH IN L‘ ATM/MOLE’ 
SUMMATION FROM SUBROUTINE NAKA; SIGNIFIES HARDCORE 
SIZES OF MOLECULES 
CONSTANT, L/MOLE; FROM SUM IN SUBROUTINE NAKA 
PRESSURE IN ATM 
TEMPERATURE IN KELVINS 

PARAMETER : 
MOLAR VOLUME 

BY: NAKA 

IMPLICIT REAL*8 (A-H,O-2) 

COMMON /SUM/AM,BM,CM 

COMNON /TEMPRES/T,P 
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C 

C 
C 
C 

C 

C 
C 
C 

C 
10 

C 
C 
C 

C 
C 
C 

20 

I ER-0 

GAS CONSTANT, 1 atrn/K mole 

RE. 082054 

IF(V.GT.O.O.AND.V.LT.200.) THEN 
ETA=DM/(I.*V) 
BOX=(l.+ETA+ETA**2-ETA**3)/(l.-ETA)**3 
P~=P-((R*T*BoX/V)-AM/(V*(V+CM))) 
W = = V  
IF(DABS(Pl).LT.I.D-5) RETURN 

END IF 

SET INITIAL GUESS FROM RELATION Pv = RT 

V-R*T/P 
VLO=BM/4.*1.0000001DO 
VHI=V*100. 
V=VLO+(VHI-VL0)/2. 
VINC=(VHI-VL0)/2. 

ETA=BM/(4.*V) 
BOXP(~.+ETA+ETA**~-ETA**~)/(~.-ETA)**~ 
P~=P-((R*T*Box/v)-AM/(v*(v+cM))) 
VINC=VINC/2. 
IF(DASS(Pl).GT.l.D-6) THEN 

IF(P1.GT.O.) V=V-VINC 
IF(P1.LE.O.) V-V+VINC 
IF(VINC.GT.1.D-15) GO TO 10 

END IF 
W = V  
IF(DABS(Pl).LT.l.D-O4) RETURN 

SET NEW GUESS FOR V AND INCREMENT WHEN UNCONVERGED 

VLO=l.D-09 
VHI=BM/4.*.99999999 
V=VLO+(VHI-VLO)/Z. 
VINC=[VHI-VLO)/Z. 

TRY AGAIN WITH NEW GUESS 

ETA=BM/(4.*V) 
BOXI(~.+ETA+ETA**~-ETA**~)/(~.-ETA)**~ 
P~=P-((R*T*BOX/V)-AM/(V*(V+CN))) 
v2=v*1.001 
ETA=BM/(4.*V2) 
BOXP(~.+ETA+ETA**~-ETA**~)/(~.-ETA)**~ 
P2*P-((R*T*BOX/V2)-AM/(V2*(V2+CM)))) 
DP=(P2-Pl)/(V2-V) 
VINC=-VINC/2. 
IF(DP.GE.0.) VPV-VINC 
IF(DP.LT.0.) V=V+VINC 
IF(VINC.GT..0001) GO TO 20 

. 
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IF(P1.GT.O.) GO TO 9 0 0  
VLO-v 
VHI=BM/4*.9999999 
V-VLO+(VHI-VLO)/Z. 
VINC=(VHI-VLO)/2. 

BOX-(l.+ETA+ETA**2-ETA**3)/(1,-ETA)**3 
Pl-P-((R*T*BOX/V)-AM/(V*(V+CM) 1 )  
VINC==VINC/Z. 
IF(DASS(Pl).GT.l.D-6) THEN 

30 ETA=BM/(d.*V) 

IF(P1.GT.O.) V-V-VINC 
IF(P1.LE.O.) V=V+VINC 
IF(VINC.GT.1.D-8) GO TO 30 

END IF 
W='V 
IF(DABS(Pl).LT.l.D-O4) RETURN 

C 
C UNABLE TO CONVERGE 
C 

I ER= 3. 
WRITE(6,70) V,Pl,VINC 
WRITE(6,70) T,P,AM,BM,CM 

RETURN 
70 FORMAT(lX,5G16.6) 

C 
C SET ERROR FLAG IF UNCONVERGED 
C 

900 WRITE(6,966) V,P 
966 FORNAT(, GAS PHASE CONDENSED. V= ',E12.6,' FOR PRESSURE=',F7.3/) 

WRITE(6,70) T,P,AM,BM,CM 
W = V  
RETURN 
END 

C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

638 



IX.  Worked Examples 

Figure 9.8 

SYSTEM: AMMONIA - CARBON DIOXIDE - WATER 
METHOD: Edwards, Maurer, Newman & Prausnitz, AIChE J (1978) 

Temperature; 60.00 degrees Celsius 
Pressure: 1.00 atm 
H2Oin: 55.51 moles 
NH3in: 9.00 moles 
C02in: 7.00 moles 

Equilibrium Constants: 
K(H20) .C 0.9457513-13 mole/kg 
K(NH3) = 0.184361E-04 mole/kg 
K( C02 ) - 0.5230433-06 mole/kg 
K(HC03) 0.7242033-10 mole/kg 
K(NH2C02) - 0.109673E+Ol mole/kg 

Saturation Pressure of Water: 0.196546E+00 atm 

Henry's Constants: 
H(NH3) - 0.7016883-01 atm kg/mole 
H(C02) - 0.610014E+02 atm kg/mole 

Partial Nolar Volumes: 
v(H20) - 0.183051E+O2 cmA3/mole 
v(NH3) = O,308184E+02 cmA3/mole 
v(C02) = 0.348117E+02 cmA3/raole 

Calculation Results: 

Liquid Phase Molalities and Activity Coefficients: 

Ionic strength = 0.112365E+02 molal 
H20 0.492487E+02 
Hion 0.134369E-07 
OH i on 0.723010E-05 
NH3aq 0.514194E+OO 
NH4ion 0.9252733+01 

C03ion 0.198375E+Ol 
HC03ion 0.493293E+01 
NH2CO2ion 0.352293E+00 

CO2aq 0.1286073-01 

AW 0.918976E+00 
AH 0.9775383+00 
AOH 0.915178E+OO 
ANH 3 0.8919913+00 
ANH 4 0.1269243+00 
AC02 0.997687E+OO 
ACO 3 0.1305OOE-02 
AHCO 3 0.951841E-01 
ANH2C02 0.7295383+00 

Vapor Phase Mole Fractions and Fugacity Coefficients: 
yH20 0.181711E+00 f H20 0.992995E+OO 
yNH 3 0.3231613-01 fNH3 0.996795E+00 
yc02 0.785973E+00 f c02 0.996863E+00 

Total vapor 0.68644 moles 
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Figure 9 .3  

C02-NH3-WATER SYSTEM @ 60. dea. C 
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Water - Sulfur Dioxide 

The water-sulfur dioxide binary solution can be characterized by the following 
equilibria : 

vapor-liquid equilibria 
H20(vap) = H,O 
SO,(vap) = SOz (as) 

H,O = H+ + OH' 

S02(aq) + H 2 0  = H+ + HSO; 

HSO; = H+ + SO:- 

water dissociation 

sulfur dioxide dissociation 

second dissociation 

Assuming the original amounts of H 2 0  and SO, mixed together are known, the nine 
unknowns in this system are: 

liquid phase: 
moles H z O ,  mH+. moH-. mSO,(aq)e ~ H s o ; ,  m s 0 ; -  

H 2 0  and SO,  vapor mole fractions, and V ,  the total vapor rate 
vapor phase: 

The liquid phase reactions are expressed as K equations: 

where: 
mi  - species molality 
Y i  - species activity coefficient 
aw - water activity 
K i  - equilibrium constant 

For this system, the activity coefficients are calculated using the modified Pitzer 
equations presented by Beutier and Renon (2).  



AQUEOUS ELECTROLYTE THERMODYNAMICS 

They used a temperature f i t  equation for the equilibrium constants: 
Ki = exp (Aim + Bi 1nT + Ci T + Di) (S.4) 

The appropriate parameters for this equation are tabulated and plotted in Appendix 
9.1. 

The vapor-liquid equilibria are expressed: 

where: 

yi - vapor m l e  fraction of i 

f i  

P - total pressure, atmspheres 

- fugacity coefficient of vapor 1; calculated using the method of Nakannrra 
e t  al. (16). see Appendix 9.3 

- activity coefficient of SO, in  solution 
YSOZ 

~50, - m l a l i t y  of SO, in solution 

aw - water activity 

P: - vapor pressure of pure water, calculated using the correlation in 
Lange'a Handbook (10) 

P: = 110. A (7.96681 - Tn5 ) I  / 760. atmspheres 1668 - 2 1  

f: 
v - partial  m l a l  volune of i i n  water at infinite dilution ch3/mle; f r m  i 

%, - Henry's constant for S O 2 ;  atm kglmle 

R - gas constant; 82.06 cm3.atm/(mole.K) 

T - temperature. Kelvins 

- fugacity coefficient of pure water; see Appendix 9.3 
- 

correlation of Brelvi and O'Connell (3) .  see Appendix 9.4 

The exponential terms in equations (S.5) and (S.6) are from Krichevsky and 
Kasarnovsky (13) for pressure correction to the Henry's constant. The constant was 
presented in a temperature fit equation of the same form as  the equilibrium 
constant: 

6 4 2  
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H .  = exp ( P . . / T  + B 1 n T  + Ci T + Di ) (S.7) 
1 1 i 

Parameters for the  Henry's constants are tabulated and plotted in Appendix 9.1. 

With equations ( S . 1 ) .  (S.21, (S .3) .  (S.5) and ( S . 6 )  defining the phase equilibria, 
four more equations a re  required in order to solve for the nine unknowns in the 
system, These a re  material balances and the electroneutrality balance: 

vapor phase balance: 

YH,O + YS02  = 

sulfur balance: 

hydrogen balance: 

electroneutrality : 

"k+ = %- +%; + 2 % ; -  (S.11) 

The general expression for Beutier and Renon's modification of Pitzer's activity 
coefficient equation is detailed in Chapter VII .  The specific activity coefficient 
equations can be expressed based upon a sequence of definitions as  follows: 

- ionic strength: 
I = .5 (mH' + %- + "tso; + 4 .  ",-I 

- Debye-Huckel t e r m :  

The Debye-Hkkel constant, A. is calculated a s  follows: 
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where: 

NA - 
do - 
e -  
D -  

k -  
T -  

Avagadrds number, 6 . 0 2 3 2 ~ 1 0 ~ ~  /mole 
density of water, kgldms, at temperature T 
electron charge, 4.8029~10-'~ esu 
dielectric constant of water 
D = 305.7 exp 1-exp (-12.741 + .01875 T1 - T1219.1 
Boltzmann's constant, 1.38045~10-'~ erg/K 
temperature, Kelvins 

- ion-ion interactions using standard Pitzer terms 

The  species specific coefficient values for the water-sulfur dioxide system 
are  shown along with other species interaction values in Appendix 9.1. 

- ion-molecule interaction coefficients from dielectric effects: 
a. volume of neutral solution excluding ions. dm3/kg H,O 

b. volume of ionic solution excluding neutral solutes, dm3/kg H20 
- - 

Vi = & +  "k+ VH+ + %- Ym- + *; Yw; + &&- vm;- 

c. volume of ionic cavities for ion i. dm /mole 
c 4  - 27 

vi = 'R NA ri x 10 

d. volume of all ionic cavities. dma/kg H20 

e. volume of real solution, dm3/kg H 2 0  
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f .  dielectric constant of solution without ions 

1 "so, 530, 

g. dimensionless constant of dielectric contribution of ion i in  activity 
coefficient 

e 2  z: 
x l o 8  L * =  1 2 r k T D  

zi - ionic charge 
Values for the following terms. used above, are tabulated in Appendix 9.1: 

- vi - partial  m l a l  volune, ctn3/mole 

ri - ionic cavity radius, 8 
ai - dielectr ic  coefficient of neutral solute i ,  &/mole 

- definition of terms used often to simplify the activity coefficient equations: 

V f C  = Vf - vc 

vic = vi - vc 

CL ="k+ $+ +%- b- + %; &; "50;- &;- 

- am, vi + .5 vc 
vi c 

B R A C = D N *  

- molecule-molecule interactions : 
),so,-so, value tabulated in Appendix 9.1 with other self interactions; 

ternary self interaction term is calculated: 

1 - I ~ z - s o 2 - s o 2  = -&[hsoz-soz+&] 

Having established the above sequence of definitions, the actual 
coefficients are as follows: 

- hydrogen ion activity coefficient: 
B s m  FAC + 2.  (%- B1 +%; BZ +w- B , )  - -41r + 

Vf v 2  -vc  TH+ vi v> - vc ">] 
- 

'zc VfC 

activity 

BRAC $+ 

6 4 5  
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- hydroxide ion activity coefficient 
BSun FAC+ 2. B1 %+ - 'hTr + BRAC Lm- + 

V) 

Vf v&- - VcTm- vi v&- - V,Ym- 
1.5 EL (." - 

C 

- bisulfite ion activity coefficient 
ym; = e x p [  FAC+ 2 . B 2  %+ - B s m  

+BRAc h0; + 

1.5 EL (DIV - 

- sulfite ion activity coefficient 

y,&- = exp [4 .  FAC+ 2 .  B3 %+ 

v vc a- - v c Y s o 3  2- - V. i vc SO3 2- - vCijm2-)] 
1.5 C L  (DN f s o 3  3 

vfc 

- sulfur dioxide activity coefficient 

+ 

-1.5 ?r V Vf + .5 v D N  ( Vm,+ a m  1 
E L  DN( "r' + 

C "f c 

- water activity 
M, - molecular weight of water, .01802 kg/mole 

11.5 - 2. "k' r By1 *- + B y 2  %o; + 
1. + 1.2 Ji 

- Vf + .5 Vc 1.5 Vc DIV 1.5 Vc ] )] 
vfc + r - m  



1X. Worked Examples 

With these expressions for the activity coefficients, the equilibrium constants and 
Henry's constant calculated with the f i t  equations (S.4) and (S .7) .  and the 
fugacity coefficients calculated using Nakarnura's method as outlined in Appendix 
9.3,  the nine unknown concentrations may be determined for set  input amounts of H,O 
and SO2 with the Newton-Raphson method using equations ( S  .1), (S .2) ,  (S . 3 ) ,  (S .5 ) ,  

(S.6). (S.8) .  (S.9). (S.10) and (S.11) as the s y s t e m  model. An example of such a 
calculation is shown in Figure 9.10. 

6 4 7  
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Figure 9.10 

SYSTEM: SULFUR DIOXIDE - WATER 
METHOD: Beutier & Renon, IECPDD (1978) 

Temperature: 50.00 degrees Celsius 
Pressure : 1.00 atm 
H2Oin : 55.51 moles 
SO2in: 10.00 moles 

Equilibrium Constants: 
K( H20) = 0.538103E-13 mole/kg 
K(S02) - 0.916327E-02 mole/kg 
K(HS03) = 0.357133E-07 mole/kg 

Saturation pressure of water: O.l21686E+OO atm 

Henry's Law Constant: 
H(S02) = 0.181753E+Ol atm kg/mole 

V(H20) - 0.1822633+02 cm^3/mole 
v(S02) = 0.424448E+02 cmA3/mole 

Partial Molar Volumes: 

Calculation Results: 

Liquid Phase: 

Ionic strength - 0.947195E-01 

moles activity coefficient 

H20 0.541220E+02 
Hion 0.923510E-01 
OHion 0.102733E-11 

S03ion 0.920291E-07 
SO2aq 0.486806E+OO 

HS03ion 0.923508E-01 

Vapor phase: 

mole fraction 

yH20 0.120903E+00 
ys02 0.879097E+00 

Total vapor 10.71650 moles 

fugacity coefficient 

0.994216E+OO 
0.990397E+00 
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F i g u r e  3.11 

S02-WATER @ 50. deg. C 

1x10+00 

5x10-01 

I xi 0-01 

5xI0-02 

Ix10-02 

Sx10-03 

1x10-03 

0 

0 

0 

0 

pp SO2 (exp) 
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Chrome Hydroxides 

The Russian thermodynamic data compilation (12) contains values for the crystal 
Cr(OH),  and C r 3 + ,  C r O H 2 +  and Cr(0H); ions. In their book on cation 
hydrolysis. Baes and M e s m e r  (1) presented equilibrium constants for those species 
and for the ionic Cr(OH)t ,  Cr2(OH):+ and Cr,(OH)S,+ species and the aqueous 
molecule Cr(OH)3 (aq) . These equilibrium constants can be used to determine values 
for the G i b b s  free energies of the species not included in the Russian data 
compilation. As a first step, the equilibrium constants presented by Baes and 
Mesmer should be checked against values calculated using the tabulated AG's. For 

example, for the reaction: 

Crp+ + 2 H 2 0  = C r ( W :  + 2 H' 

Baes and Mesmer give a value of log K = -9.7 for the equilibrium constant at  25OC. 
Using the Russian thermodynamic data, the equilibrium constant is calculated as: 

+ 2 A%+ - (AGCr3+ + 2 A s , o >  *%= %real>: 
= - 153500. + 2 (0) - (-53312. + 2 (-56703.) 1 

= 13218. cal/g mole 

13218. 
1.98719 298.15 ) K = exp (- -) *% = exp (- 

= 2.0467713-10 

1 w K  = -9.68893 

This value compares favorably with that presented by Baes and Mesmer as do the 
equilibrium constants for CrOH2+ and Cr(OH), (c). I t  is therefore 'safe' to get 
the AG's  from the Baes and Mesmer equilibrium constants and use them with the 
Russian thermodynamic data. For example, a value of log K = -18. at 25OC is given 
by Baes and Mesmer for the reaction: 

cr3+ + 3 H ~ O  = Cr(m)3(aq) + 3 H+ 
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By converting the equilibrium constant to a natural logarithm base: 

log K = -18. 

In K = -41.4465317 

and using this value in the rearranged equilibrium constant equation: 

l n K = - -  

A h  = - ( In  K) R T 

the excess G i b b s  free energy of the reaction can be calculated: 

A(& = - (-41.4465317) (1.98719) (298.15) 

= 24556.27003 

Since AGRXN is defined a s  the sum of AG's of the products minus the sum of 
the AG's of the reactants: 

= (AGcr((li),(aq) + 3 A %  ) - ( AGcr3+ + 3 % , ~  ) 

and values are  known for water and the Cr3+ and H+ ions, the Gibbs free energy 
of the Cr(OH13 aqueous molecule may be calculated: 

= A % +  AGcr3+ + 3 A c k z O  - 3 A % +  

= 24556.27003 + (-53312.) + 3(-56703.1 - 3.(0.) 

A G~<(l i )  (aq) 

= -198864.73 callg m l e  

Values for the G i b b s  f ree  energies of the Cr(OH);, 

ions were calculated in the same manner. 
found in Table 9.1. 

C r , ( O H ) a +  and Cr ,  (OH): + 

The thermodynamic data for the system is 
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Table 9.1 - Thermodynamic Property Data 

AG AH S CP 
kcallg m l e  kcallg rmle callK m l e  ca lm rmle 

Fran Russian canpilat ion (12) : 

H+ 0.0 0.0 0.0 0.0 

OH- -37.6 -54.98 -2.595 

H 2 0  -56.703 -68.3149 16 -75 17.997 

c1(3H2+ -104.4 

cr 3+ -53.312 -56.4 -51.5 

crm: -153.5 

Cr(0H) 3 (c) -207.3 -242.2 

From Baes and Mesmer (1): 

Cr(CH) ,(aq) -198.865 

crew; -242 -984 

c r 2 ( c H )  :+ -213.127 

R 3  (all :+ -375.6295 

In addition to the water dissociation equation: 

H,O = H' + C H -  

%,o = %+ aai- I aw 

the reactions and corresponding equilibrium equations in a solution containing 
chrome hydroxides may be described: 

2+ c r 3 +  + a- = crui 

c1<3H2+ +a- =cr(Cd 

K-z+ =acr3+ 433' I %I&+ 

Kcr(ao; =a-z+ %I- acr<aot 

(cr.2) 

(cr.3) 



IX. Worked Example8 

In the equilibrium equations the term ai denotes the activity of species i and 
has been defined as  the product of the activity coefficient and molality. ai = 

Vi mi. 

In their 1956 paper, Chamberlin and Day (8) note that, while soluble in both acid 
and alkaline solutions. chrome hydroxide is virtually insoluble in the 8.5 to 9. pH 
range. Our desire in this illustrative problem is to study chrome hydroxide 
solubilities and species distribution over a range of pH. This can be done by 
adding an acid or a base to the H,O-Cr(OH), system. The addition of an acid, such 
as HC1, or base. such as  NaOH. to the model would allow study of the solubility of 
chrome hydroxide over a range of pH's and would require the addition of only one 
equation to the model since the hydrogen and hydroxide ions are already present in 
the model. 

For the binary HzO-Cr(OH)3 system the conventional unknowns of the model are: 

1) H,O, moles of water 
2) Cr(0H)  3(c), moles of solid 
3) molalities. mi, of the species H+, OH', Cr3'. CrOHZ+, Cr(OH):, 

C r ( 0 H )  3(aq), Cr(OH)y. CrZ(OH):+ and Cr,(OH):+ 

I I 
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In order to assure a final result based upon 55.51 moles of water, the H 2 0  will be 
made a known set to 55.51 and HzO(in) will be made a free (unknown) variable. In 
performing the actual calculations w e  are really interested in the distribution of 
species, at saturation, with changing pH. Thus, Cr(OH)3(in) and NaOH(in) will be 
made unknowns while fixing mOH- at a target value and Cr(OH) 3 (c) a t  1.OE-06, 
or, effectively zero. The water-chrome binary therefore results in eleven 
unknowns. The inclusion of a small amount of caustic in the solution, NaOH(in). 
assuming complete dissociation, will add the sodium ion, mNa+, to the list of 
unknowns. The addition of hydrochloric acid to the solution, HCl(in1, will add the 
need for the chlorine ion molality, mcl-.  The total number of unknowns in a 

chrome hydroxide solution with the acid or the base included is then twelve. 
Recalling the requirement for a model to have the same number of equations as 
unknowns, four equations need to be added to the equilibrium equations (Cr.1) to 
(Cr.8) shown earlier. These equations are: 

- hydrogen balance 

for the solution with hydrochloric acid added: 

for  the solution with caustic added: 

2 H20(in) + 3 Cr(nl) 3(in> + NaCli(in) = 2 H 2 0  + H,O + 

- the chrome balance: 

6 54  
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- electroneutrality 

for the solution with hydrochloric acid added: 

for the solution with caustic added: 

- an elemental balance: 

for the solution with hydrochloric acid, a chlorine balance: 

HCl(in) = H 2 0  ( mcl- 1 / 55.51 

for the solution with caustic, a sodium balance: 

NaoH(in) = H,O ( %a+ ) I 55.51 

(Cr .12. a) 

Since a set of interaction parameters for the activity coefficient calculations for 
chrome hydroxide solutions have not been published, a number of assumptions were 
made. The first was that the activity coefficient of the aqueous molecule 
Cr(OH13 (aq) was unity: 

= 1. 
y cr (CHI ( as) 

This is a fairly safe assumption due to the low solubility of chrome hydroxide; the 
molality of the aqueous molecule would be expected to be very low and it's activity 
coefficient would not deviate far from unity. 

The second assumption was also made by relying on the low solubility. Recalling 
from Chapter V Bromley's (5) equations for the activity coefficient of a single ion 
in a multicomponent solution: 
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where. 

A 

=i 
I 

Fi 

m. 
3 

Z i l  

1 log Y i  = - + Fi 
1. + Jr 

- is the Debye-Gckel constant 

- 
- is the ionic strength 

is the absolute value of the ionic charge 

= c B i j  z i j  mj 
j 

- is the ionic mla l i t y  

= .5 i Z i  + 2.1 I 

- - 
i j  

(5.5) 

(5.8) 

Bij is the Bromley interaction parameter. 
and hydrochloric acid: 

Values are tabulated for the caustic 

%* = .I3747 

kl = el433 

A value is also tabulated for the chrome ion - chloride ion interaction: 

BW1, = -1026 

which may be used in calculat(ons involving the hydrochloric acid. 
are tabulated for the following ion-ion interactions: 

No parameters 
\ 

- the anion Cr(0H); with the following cations: 
H+, Na+, Cr3+, CrOH2+. Cr(0H):. Cr,(OH)$+. Cr,(OH):+ 

- the anion OH' with the following cations: 
Cr3+,  C S H " .  Cr(OH)f, Cr,(OH),+, Cr, (OH):' 

- the anion C1- with the following cations: 
CrOH2+. C r ( 0 H ) f .  Cr,(OH):+. Cr,(OH):+ 
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Because of this, the assumption is made that each of the Bij’s listed above is 
equal to zero. ( 5 . 8 )  for the 6ij calculation therefore reduced to: Equation 

This reduces the Bromley formulation to one quite similar to that of Davies (9). 

described in Chapter IV. Davies suggested that the B interaction term of the 
equation: 

+ B m  
A l z + z - I  J-i 

log Y, = - 
1. + Ji- 

could be set for any species in solutions of low ionic strength: 

B = .15 1 z+ z- I  

(4.39) 

By setting Bij to zero, the expression of the interaction effects becomes 
dependent on the ionic charges and solution concentration. 

Using equation (5.5) and the above parameters and assumptions. the activity 
coefficients for the ionic species were calculated: 
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The FAC term, used for simplification of the equations, is  the Debye-Huckel portion: 

A n  

1. + 4-i 
FAC= - 
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Figure 9.12 

SYSTEM: CHROME HYDROXIDE - WATER 

METHOD: L.A. Bromley, AIChE J, v19, #2 (1973) 

Temperature: 25.00 degrees Celsius 

Equilibrium Constants: 
K[ H20] = 0.9938103-14 mole/kg 
K[CrOH] - 0.1297653-09 mole/kg 
K[Cr(OH)2] - 0.371861E-08 mole/kg 
K[Cr(OH)3(aq)l = 0.2033173-05 mole/kg 
K[Cr(OH)3(c)] - 0.6438283-30 mole/kg 
K[Cr(OH)4] = 0.1665353-04 mole/kg 
K[Cr2(OH)2] = 0.234985E-04 mole/kg 
K[Cr3(OH)4] = 0.2518113-06 mole/kg 

H20in : 0.5550003+02 moles 
Cr(OH)3in: 0.5624043-05 moles 

HClin: 0.100000E-01 moles 

NaOHin: 0.101039E-01 moles 

Liquid Phase: 

Ionic strength = 0.1010403-01 
PH - 0.995781E+Ol 

moles 

H20 
Hi on 
OHion 
Crion 
C rOHi on 
Cr(OH)2ion 
Cr(OH)3(aq) 
Cr(0H)lion 
Cr2(0H)2ion 
Cr3(0H)4ion 

0.5551003+02 
0.1219043-09 
0.1OOOOOE-03 
0.221396E-17 
0.9319693-12 
0.1645163-07 
0.656232E-06 
0.395136E-05 
0.2980293-20 
0.4480163-21 

Cr ( OH ) 3 ( C ) 0.1000 00E-05 

Clion 0.1OOOOOE-01 
Naion 0.101039E-01 

activity coefficient 

0.999998E+OO 
0.9040173+00 
0.9017983+00 
0.396527E+00 
0.6546273+00 
0.8993213+00 
0.1QOQO0~+01 
0.899321E+OO 
0.185467E+00 
0.724906E-01 

0.898104E+OO 
0.8981413+00 
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1 xl0-04 

Figure 3.13a 

Chrome Hydroxide at 25 deg. C 

c 

lx10-05 I!- 
1x10-06 

lx10-07 !5 c 
1x10-08 k 

c 
L 

1 1x10-10 

x 1x10-11 
3 

yj 1x10-12 
v-4 

0 
1x10-13 

lx10-14 k- 
1x10-15 k 

i 
1 xl0- 16 

1x10-17 

1x10-18 

\\ \ 

\\ -4 

1x10-20 
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Figure  3.13b 

Chrome Hydroxide at 25 deg. C - 1x10-04 

1 xl0-05 

1x10-06 

1x10-07 

x 
3 

CJ 1x10-08 

0 
E 

*rl 
d 

d 

1 xl0-09 

1x1 0-10 
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Gypsum Solubility 

A s  discussed in Chapter V I ,  the gypsum-water system has been a source of 
disagreement between many investigators. Attempts to mathematically model the 
system have been hampered by the very small saturation concentration of gypsum. 
about .a151 mold CaSO, at  25OC. Interaction parameters based on the binary 
solution data are not very successful when used in modeling multicomponent 
solutions as evidenced by the multicomponent solution tests involving gypsum in 
Chapter V. Additionally, there is disagreement among the investigators as to 
whether or not the formation of the aqueous molecule CaSO,(aq) should be considered 
in the model: 

gypsum solubility 

aqueous molecule formation 
CaS0~.2H20 = Ca2+ + SO:- + 2 H,O 

CaSO,(aq) = Ca2+ + SO:-  

The decision as to whether to include CaSO,(aq) in the model is all the more 
crucial in the light of Chapter VII where we discussed just how important the 
consideration of all species and species interactions could be. In her 1981 

doctoral dissertation, P.S.Z. Rogers (22) concluded that the gypsum could be 
considered to be completely dissociated and that in multicomponent solutions it was 
more important to consider Pitzex's higher order mixing terms. Pitzer considered 
these terms to be unimportant in mixtures of doubly and singly charged ions; Rogers 
success may well have been due simply to the addition of parameters to her 
regression. 

For purposes of illustration we will assume complete dissociation of the gypsum. 
The system may then be described: 

water dissociation 
H 2 0  = H+ + OH- 

gypsum solubility 
CaS0,.2H20 = Ca2+ + SO:- + 2 H,O 

To determine the solubility of gypsum in a sodium chloride solution, the NaCl 
solubility equation is also necessary: 

NaCl(c) = Na' + C1- 
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These three equilibria result in the following equilibrium K equations in a 

water-gypsum-sodium chloride system model: 

szo = yH+ %+ ~ m -  %- I aw ((3.1) 

Since complete dissociation is being assumed for the gypsum and eodium chloride, 
the possible formation of complexes such a s  NaSO; and HSO; is disregarded. 
Given the initial moles of water, HzO(in1. gypsum as moles of CaS04, CaSOr(in), and 
sodium chloride, NaCl(in), in the solution. the model must determine nine unknowns: 

liquid phase: 
moles of HzO and the ionic m l a l i t i e s  %+ , +- , s z + ,  %:-, %a+, mcl- 

solid phase: 
moles of (sSO4.2H20 and NaCl(c1 

Of course, depending on the input concentrations the amount of CaSOr.2HzO andlor 
NaCl(c) precipitation may equal zero. It is also possible to find the saturation 
molality of one in a solution of the other by setting the precipitation amount to a 
s m a l l  number and using the input amount as an unknown. For example, to find the 
saturation point of gypsum in a 4 m o l d  solution of sodium chloride, CaS04.2H,0 may 
be set as 1 . ~ 1 0 ' ~  and the input amount of gypsum, CaS04<in). used a s  an unknown 
by the model. 

Either way, the model still needs six more equations in order for the Newton- 
Raphson method to be able to solve the eyetem. These would be elemental and 
electroneutrality balances: 

calcium balance 

~ 0 4 ( i n )  = ~ ~ 0 4 . 2 ~ 2 0  + & (%z+> ('3.4) 

hydrogen balance 

(G.5) H O  2 HZWin) = 2 H 2 0  + -& (%+ + %-) + 4 CaS04.2Hz0 
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sodium balance 

NaCl(in) = NaCl(c) + 55.51 H2O (%a+) 

sulfur balance 

CeS01,(in) = CaS01,.2H20 + &k& (%;-) 
chlorine balance 

NaCl(in) = NaCl(c) + H*O (v1-) 
electroneutralit y 

"k' + 5ra' + 2m($+ = %- + mC1- + %:- (G.9) 

The complete Pitzer equation for the mesn activity coefficient of electrolyte CA in 
a multicomponent solution is: 
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= 1.4 for bivalent metal sulfates, otherwise = 2.0 

= 12. for bivalent metal sulfates, othemise = 0.0 
,9 

- - "ij ; C 9  values tabulated in Appendix 9.5 
2- 

- values tabulated in Appendix 9.5 

= e i j  + EBij(l) (5.33a) 

I t  was the E terms, which are dependent only on the ion charges and total ionic 
strength. that Pitzer felt could be ignored and Rogers said should not. The 
calculation of these E terms is described in Appendix 5.1. The Oij and 
Qijk terms are tabulated in Appendix 9.5. 

The inclusion of the electrostatic effects of unsymmetrical mixing, the E terms, 
changes the general form of the ionic activity coefficients given as equations 
(5.34a) and (5.34b). The ionic activity coefficients of cation C and anion A in a 
multicomponent solution are now written: 
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The water activity is calculated from the osmotic coefficient calculated by the 
following equation: 

(5.54) 

Using the parameters tabulated in Appendix 9.5 and the electrostatic effect 
parameters calculated with Pitzeis method as outlined in Appendix 5.1, the 
ionic activity coefficients for the gypsum - sodium chloride - water system 
are calculated as  follows: 

for the hydrogen ion: 
In Y + = f Y  + B W +  c a m  H 

for the hydroxide ion: 
In yew- = fy  + Bsun + Csun 
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for the calcium ion: 
1n y&z+ = 4 f Y +  (%,-) + (%$-) BRAc3 + (%a+) BMCS + 4 Bsun + 

2 csun+ mc7 + 4 BRACB + 4 m a  
for the sodium ion: 

In yNa+ = f Y  

In urn;- =4fY+(mCe2+) " " + ( ~ a + )  m a  + (%-) 

+ ( '502 ,-) m a  +(%2+) m a  + 

Bsun + Csun + BRAcl+ BR4C3 + BRAC9 
for the sulfate ion: 

+ 

4 Bsun + 2 Csun + BRAclO + 4 BRACll + 4 BRACl2 
for the chloride ion: 

In ycl- 5: f Y  + ( m , 2 + )  BRMX + ( % a ) -  + +(%:-)ma+ 
Bsun + Csun + BRAclO + BRACl1 + BRCl2 

The following terms were defined to ebpllfy the equations: 

c&2+cl- 

BRACl = 2 BCa2+c1- + 2 
2. E. 
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BR4CS = %2+ (%a+) 0&2+ -Na + 

BRAclo = %2+ (%a+) $&‘++a+- SO:- 

m 1 2  = 5 ( ) 2 -  4 (vl-) 0 ’  s o 4  2 -  421- 

The water activity of the solution is calculated f r o m  the osmotic coefficient 

Ms mi 
In aw = - - i . b  1000. 

The  system model ,  equations (G.1 )  to (G.9). may be solved for the nine species 
concentrations using the above equations for the  osmotic and activity coefficients 
with a nonlinear equation solving method such as the Newton-Raphson. The results 
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of such a calculation for the solubility of gypsum in a 4 mold sodium chloride 
solution may be seen in Figure 9.14. Figure 9.15 is a plot of the experimental 
data versus the solubilities calculated using the Rogers/Pitzer method. The 
results using Pitzer's method, detailed in Chapter V. are also included in Figure 
9 .15 .  It can be seen that Rogers' inclusion of the electrostatic effects terms has 
resulted in an improvement of the fit. 

Pitzer (19) has noted that there are systems in which the association equilibria 
are so strong that they must not be ignored. He felt that it was much simpler 
however to incorporate the effect8 into the interaction coefficients in 
multicomponent solutions. In their 1985 paper, Rafal, Clark, Rastogi and Scrivner 
(20) developed a model including CaSO,(aq) and based upon extremely close fits to 
published data, inferred that the inclusion of the CaS04<aq) waa quite significant. 
As with the Rogers/Pitzer method, the gypsum-sodium chlorfde-water system activity 
coefficients were calculated using binary solution parameters for NaC1, CaCl, , etc. 
The parameters for the sodium sulfate binary differed in that the intermediate 
NaSO; ion was considered with the result that the ion-ion interactions 
Na+-SO;- and Na+-NaSO; were used. A major difference between the Rogers 
and Rafal et  al. models is in the number of parameters added in order to account 
for interactions in the multicomponent solution. For the 25OC NaCl-CaSO, .2H20-H20 
solution, Rogers added the following terms: 

Na-Ce 

h - c n - C l  

E 
%a-a 

E 
%-aB 

E 
8S01,C1 

E 
% ~ 1  

Of these ten additional terms, Pitzer chose to ignore the E terms which must be 
recalculated for each new ionic strength. 

By including the CaSOr(aq) and NaSO; complexes in their model. Rafal et al. tound 
it  necessary to add only the 30 and terms for the interaction of the CaS04(aq) 
molecule with the sodium or chlorine ion: 
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fil (Na-CaSO,) = s1 (Cl-CaSO,) 

In fact by fitting the BO and 81 terms to a simple expression in temperature: 

f3 = a + bt + Ct2 

a total of only six parameters were needed in order to model the system at any 
temperature between 0 and 80°C. Figure 9.16 givee a plot of their results versue 
experimental data at 4 O O C .  
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Figure 9.14 

SYSTEM: GYPSUK - SODILJK CHLORIDE - WATER 
METHOD: Rogers Thesis using Pitzer Equations 

Temperature: 25.00 degrees Celsius 

H2Oin: 55.51 moles 
NaClin: 1.50 moles 
CaSOlin : 1.00 moles 

Equilibrium Constants: 
K(H20) - 0.101073E-13 moles/kg 
K(CaS04.2H20) - 0.2615003-04 moles/kg 

Calculation Results: 

Liquid Phase: 
Ionic strength = 0.170102E+01 

moles of water and water activity 

ionic molalities and activity coefficients 

H20 0.536071E+02 AH20 0.948308E+00 

H 0.236171E-06 AH 0.414539E+00 
OH 0.236171E-06 AOH 0.414539E+OO 
ca 0.502557E-01 ACa 0.206296E+OO 

Na 0.150000E+01 ANa 0.6368973+00 
c1 0.150000E+01 AC1 0.658859E+OO 

CaS04.2H20: 0.9514673+00 moles 

SO4 0.502557E-01 AS04 0.558101E-01 

Solid Phase: 

I 6 7 2  
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- x Experimental - Marshall 8 Slusher - 
- Calculated - RogerdPitzer 

Calculated - Pitzer 

- 
- - - - -  - - 
c - 
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Fiqure 9.15 

Gypsum Solubility i n  NaCl at 40 C 
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Water - Phosphoric Acid 

A s  discussed in Chapter VI, the equilibria in a water-phosphoric acid solution have 
been studied by numerous authors resulting in nine suggested reactions to explain 
the system behavior: 

H,PO,(aq) = H+ + H,PO; 
H,PO, = H+ + HPOZ- 
HPO:-.= H+ + PO:- 

H,PO; + H,PO,(aq) = H,(P04);  
H,PO; + H,PO; = H,(P04)$- 
H,PO; + HPOZ- = H3(POb);-  
H3 PO4 (aq) + H ~ P 0 4  (aq) = H6 (PO4 1 2  (aq) 
H3P20; + H2 0 = H3 PO4 (aq) + HzPOC 
H z P z 0 ; -  + H,O = 2 H,PO, 

Although there has been much study of this system and a large body of good experi- 
mental data has been published. the inclusion of all nine equilibria in a mathemat- 
ical model would be unwarranted since it is tinlikely that all species are actually 
present at  the same time. There is as yet insufficient knowledge of the species 
present in the solution. The investigator must choose a subset of the equilibria. 

In 1976, Pitzer and Silvester (18) published the result of their study of modeling 
the phosphoric acid-water system using the Pitzer equations for activity and 
osmotic coefficients. A s  discussed in Chapter IV, Pitzer found the following 
equation for the activity coefficient of ion i by taking the approprhte derivative 
of his definition of the excess Gibbs free energy: 

(4.58) 

where: 
f '  

' i j  

- 
- aI 
- 

a f ( l )  , f (1)  describes the long-range electrostatic effects as a 

term for describing the short-range effects between species i and j 
as a function of ionic strength 

function of ionic strength and temperature 

6 7 5  
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a x i  j x i j  = 

pijk 

, equals zero i f  i and j are not both ions 

- tr iple body interaction tern 

An expression for the osmotic coefficient was also determined: 

aGex I an, 

+ - l o =  -In f " '  

For the long-range electrostatic effects, the following correlations were chosen: 

(4.62) 

8 . 2 )  

The virial coefficients for a binary strong electrolyte solution were lumped 
together and assigned an empirical equation to show the ionic strength dependence: 

The B o ,  B~ and C+ terms are the familiar Pitzer interaction parameters tabulated 
in Appendix 4.4 .  

Pitzer and Silvester used only the first dissociation to model the phosphoric acid- 
water system: 

67 6 
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Excluding the water dissociation , the phosphoric acid solution would contain the 
following species: H+, H,PO; and H ,  PO, (aq). Unlike the treatment given 
similar Bolutions containing ions and molecules presented by other authors, Pitzer 
and Silvester chose to disregard ion-ion interaction terms and modeled the system 
using only ion-molecule and molecule self interaction terms. Their justification 
for this was that they felt that by including the association equilibrium in the 
model the interaction term became redundant. They hypothesized that using a small 
value for BH+-H PO; in the calculation would be reflected as a small 
change to the dissociation constant: 

* GI = %++I,PO; 
and were able to prove this to themselves. 

For the ion-molecule interactions and molecule self interactions, Pitzer and ' 
Silvester were able to determine the A and terms. The following equations 
resulted for the activity and osmotic coefficients for the binary phosphoric acid 
solution: 

- H+ activity coefficient 

- H,PO; activity coefficient 

- H3POs(aq) activity coefficient 
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- the osmotic coefficient 

The following values were presented for the parameters of phosphoric acid solutions 
at 25OC: 

= -0.400 
'%~;-H3Po, 

xH+-H3P04 = 0.290 

= 0.01095 
'HsPOr - H 3 P O 4 - H 3 K h  

= 0.05031 AH ,Po,-H3~, 

= 7.1425~10-~ pK = 2.14615 %,Po, 

The parameters were determined by fitting osmotic coefficients from solvent vapor 
pressure measurements with a least-squares method. The maximum concentration was 
about 6 molal and the standard deviation of f i t  was ,005. They were surprised to 
find a minimum in the degree of dissociation at about 2 mold and an increase in 
dissociation as the concentration increased. This behavior w a s  attributed to the 
strong negative value of the H,PO;-H,PO, interaction. Additional parameters were 
presented based on a study of the KC1-KH2P0,-H,0 system: 

'C1-*,m4 = O o O  ' K + - H ~ ~  = -0.070 

ocl--H,W, = O*l0 ~ K + - C l - - H , € X ) ~  = -0.0105 

where the parameters used for the binary HC1, KCl  and KH2POy solutions were those 
tabulated in Appendix 4.4. The mixture parameters were defined: 

oCI--H2POI - xCI--H,PO~ - AH,WI-Hi,Pg~ - .5 'Cl--Cl- 

&K+-c~--H~FO~ = *K+C~--H,PO; - ~K+-H,PO~+I,PO~ - 'K+-Cl--Cl- 

- 

in their conclusions, Pitzer and Silvester note that the strong H ,  PO;-H,PO, 
interaction term gives credence to the suggested association equilibria: 

They also suggest, based upon the interaction parameters of NaH,PO, and KH2P0, 
salts and the C1'-H2PO; interaction parameter found in their study, that the 
tendency of H,PO; to dimerize 

is about half as great as the H,(PO,); formation. However, they felt these 

H2PO; + H3POb(aq) = H5(PQ); 

H2PO; + HZPO; = H,(PO,):- 
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reactions to be weak enough to be ignored in the concentration range of their study 
which was maximum six molal. 

To model a phosphoric acid solution using Pitzer and Silvester's method there would 
be five unknowns in the liquid phase: 

H20* %+ ' %-I-* %,PO,(aq) and 

The equilibria equations are: 
- water dissociation 

%,o = YH+ %+ YCH- %- 1 aw (P.9) 

%,Po, = 'H+ %+ 'H,PO; %Po; ' (YH,PO,(aq) %,Po,) (P.10) 
- phosphoric acid dissociation 

The activity coefficient equations for the system are ( P . 5 ) .  (P.6)  and (P.7)  with 
the addition of: 

In ym- = f Y  

The water activity would be caloulated using the osmotic coefficient from equation 
(P.8) in the following: 

A deterministic model requires three more equations in order to solve for the five 
unknowns. These equations would be: 

- hydrogen balance 

(%+ + "M- + 
H O  2 %O(in> + 3 H,PO,(in) = 2 HzO + 

%@; + %,Po,) 

- phosphorous balance 

- electroneutrality 

%+ = "hr- + %zPO; 
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The results using Pitzer and Silvesteis model can be seen in Figures 9.17 and 
9.18. While they successfully fit the experimental osmotic coefficient it can be 
seen in Figure 9.18 that as the concentration of phosphoric acid increases, the 
model begins to deviate from the measured pH values. This supports the idea that 
it is necessary to account for the cornplexing behavior that occurs in many 
solutions. 

680 
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Figure 9.17 

SYSTEM: H3P04-H20 

METHOD: Pitzer, J. Sol. Chem., v5, #4, p269 (1976) 

Temperature: 25. degrees Celsius 

H2Oin: 55.51 moles 
H3P04 in : 2.50 moles 

Equilibrium Constants: 
K(H20) - 0.101073E-13 moles/kg 
K(H3P04) I. 0.7142503-02 moles/kg 

Calculation Results: 

Ionic strength = 0.295530E+OO 

moles of water and water activity: 
H20 0.555100E+02 AH20 0.9553283+00 

molalities and activity coefficients: 
Hion 0.295530E+00 AHion 0.227654E+Ol 
OHion 0.2264113-13 AOHion 0.633855E+OO 
H3P04 0.220447E+01 AH3P04 0.1372123+01 
H2P04 0 . 2 9 5 5 3 0 3 + 0 0  AH2P04 0.1086623+00 

pH = 0.172123E+OO 

681 
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Figure 9.18 

Phosphoric Acid at 25 deg C 

6 8 2  
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APPBNDIX 9.1 

Parameters for Beutier and Renon's Method 

From: H.  Renon, "Representation of NH3-H2S-H20, NH3-S02-H20. and NH3 -C02-Hz0 
Vapor-Liquid Equilibria" , Thermodynamics of Aqueous Systems with 
Industrial Applications, S.A. Newman ed., ACS Symposium Series 133, 
Washington D . C . ,  pp173-186 (1980) 

Table 1 : Temperature fit parameters for equilibrium constants 

A B C 

-12092.1 

-12431.7 

-13455.9 

-2048.99 

-12995.40 

1333.4 

-3335.71 

2900. 

-3768. 

-36.7816 

-35.4819 

-22.4773 

15.65 

-33.5471 

0.0 

1.4971 

0.0 

- 2 0 .  

0 . 0  

0 . 0  

0 . 0  

0 . 0  

0 . 0  

0 . 0  

-.0370566 

0.0 

0 . 0  

Table 2: Temperature fit parameters for Henry's constants 

A B C 

-6789.04 -11.4519 -.010454 

-13236.8 -55.0551 -0595651 % 2s 

%3 

HSO, -5160.4 -7.61 0 . 0  

-157.552 28.1001 -.049227 

D 

235.482 

2 2 0 . 0 6 7  

140.932 

-114.45 

218.5989 

-21 -274 

2.76080 

-8.6 

122.53 

D 

94 - 49 14 
342 -595 

-149.006 

60.538 
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Table 3 : Pitzer ion-ion interaction parameters 

H+ - a:- 
- HCO; 

- Hs- 

- Hso; 
- NH,co; 
- OH- 

- s 2- 

- so:- 

30 B1 

0 . 0  

, 1 2 6  

. 1 8  

- . 0 6  

. 0 8 5  

- 0 4  

0 . 0  

. 1 2  

0 .0  

2 9 4  

3 2  

- .54  

. 2 5 5  

. 1 2  

0 .0  

1 . 0 8  

- 6 5 8 7  

.594  

, 1 9 3 4 4  

. 4 5  

.5  

. 3 4 5  

- 6 5 8 7  

. 6 5 8 7  

0 . 0  

0 . 0  

0 . 0  

0.0 

0.0 

0 .0  

0 . 0  

0 .0  

0 .0  

- .08 

. 0 0 2  

.0014 

- . 0 0 6  

0 . 0  

a 0 2 5 5  

. 0 0 4 5  



IX.  Worked Examplee 

Table 4 : Temperature fit molecule self interaction parameters 

A,, = A + B/T ; T i n  Kelv ins  

A B 

- . 4 9 2 2  1 4 9  - 2 0  Amz - 0 2  

x 
HZS-HZS 

x~~ -NH 

- . 2 1 0 6  

- . 0 2 6  

6 1  - 5 6  

12.29 

- . 0 5  0 . 0  As0 2 -so2 

Table 5:  Dielectric effect parameters 

s p e c i e s  

0 2  

H z S  
NH3 

SO2 
a:- 
H+ 

HCO; 

HS0; 
N H ~  

HS - 

NH, 00; 

OH- 

S 2 -  

so: - 

- 
V a 

- 0 3 5  - . 0 3 5  

. 0 3 4 9  - . 0 3 2  

- 0 2 4 5  - . 0 1 9  

. 0 3 6  e.030 

- 0 0 6 5  

- . 0 0 4 7  

- 0 2 8 8  

. 0 1 8  

. 0 3 5  

. 0 1 3 4  

. 0 4 5 9  

. 0 0 0 5  

- . 0 0 3 7  

.0197 

4 . 0  

3 .8  

2 . 7  

2 . 3  

2 . 7  

2 .5  

2 . 7  

3 . 5  

3 . 3  

2 . 8  

68 5 
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Equilibrium Constants 

-16.00 

-I7=Oo t 
-18.00 

i 

I 
-19.00 

Y 
-20.00 

4 

-21.00 

t 
-22m I- 

I 

I- 
K(HC03): HCO3ion = Hton + C03ion 

0 
0 

Q 0 Q a 0 0 
0 0 0 a Q 

Celsius temperature 
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-3.00 

-4.00 

Equilibrium Constants 

- - 
- I 

- - 

0 0 3 8 0 0 0 

Ld d d Iri d If5 
2 N N 

0 0 0 0 0 8 0 0 0 0 0 

0 N cu m 
d 

Celsius temperature 
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Y 

-3.00 

-4.00 

-5.00 

-6.00 

-7. GO 

-a oa 

-9.00 

-10.00 

-1 1.00 

-12 00 

-13.00 

-14.00 

-15.00 

-16.00 

-17.00 

-18.00 

-1% 00 

Equilibrium Constants 

Celsius temperature 
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Equilibrium Constant 

Y 

t 
4 

-23.00 

-24.00 

-25, au 

-26.00 

-27.00 

-28. ou 

-29.00 

-30.00 

-31.00 

-32 00 

-33.00 

-34.00 

-3s. 00 

-36.00 

Celsius temperature 
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I 

S 
4 

+6.W 

+5. i10 

+4 00 

+3. 00 

+z 00 

+l. a0 

(100 

-1. 00 

-2 00 

-3.00 

-4.00 

-5 00 

-6.00 

Henry's Constants 

Celsius temperature 
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APPENDIX 9.2 

Parameters for Edwards, MBurer, Newman and Prausnitz' Method 

From: G .  Maurer, "On the Solubility of Volatile Weak Electrolytes in A q u e o u s  
Solutions", Thermodynamics of Aqueous Systems with Industrial 
Applications, S .A .  Newman ed., ACS Symposium Series 133. Washington D . C . ,  
pp139-172 (1980) 

Table 1 : Temperature fit parameters for equilibrium constants 

A 

-12092.1 

-12431.7 

-13445.9 

-7211.2 

-12995.40 

1333.4 

-3335.7 

2895.65 

637.396 

B C 

-36.78 16 

-35.4819 

-22.4773 

0.0 

-33.5471 

0.0 

1.4971 

0.0 

0.0 

0.0 

0 . 0  

0.0 

0 . 0  

0.0 

0.0 

-0.0370566 

0.0 

-0.0151337 

D 

235 -482 

220.067 

140.932 

-7 -489 

218.5989 

-21 274 

2.76 

-8  5994 

-1.96211 

T range 

0-225 

0-225 

0-225 

20-100 

0-150 

0-50 

0-225 

20-60 

0-50 

Table' 2: Temperature fit parameters for Henrps constants 

A B C D T range 

-6789 -04 -11.4519 -.010454 94.4914 0-250 

-13236.8 -55.0551 0.0595651 342 595 0-150 

-157.552 28.1001 -a049227 -149.006 0-150 

-5578.8 -8.76152 0.0 68.418 0-100 

0 2  
H 

% 2 s  

h 3  

*SO 2 
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T a b l e  3 :  P i t z e r  i o n - i o n  i n t e r a c t i o n  parameters 

H+ - 00:' 
- HCO; 
-' Hs - 
- Hso; 
- NH,co; 
- OH- 
- s 2 -  

- so:- 

NHt - m:- 
- HCO; 
- Hs- 
- Hso; 
- N H , o ;  
- OH- 
- sz- 
- so:- 

0 . 0 8 6  

0 . 0 7 1  

0 . 1 9 4  

0 . 0 8 5  

0 . 1 9 8  

0 . 2 0 8  

0 . 1 2 7  

0 . 1 0 3  

- 0 . 0 6 2  

- 0 . 0 4 3 5  

0 . 0 6 3 8  

- 0 . 0 4 6 6  

0 . 0 5 0 5  

0 . 0 6  

- 0 . 0 2 1  

- 0 . 0 4 5  

0 .0  
* 

. o a 7 6  
* 

* 

* 01 = 0.018 + 3.06 B O  

Table 4 : Temperature fit molecule self interaction parameters 

E F 

-0.4922 149.2 

-0.2106 61.56 

-0.0260 12-29 

0.0275 0.0 
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Table 5 : Molecule-ion interaction parameters 

3 n  

CO, - H+ 0.033 

- Hso; -0.03 

- NH: 
- NH,co; 0.017 

0.037 - 2.38E-4 T t 3.833-7 T2 

- OH- 0.26 - 1.62E-3 T + 2.89E-6 T2 

- s 2 -  0.053 

- so:- 0.068 

H , S  - COi -  

- H' 
- HCO; 
- Hso- 
- NH; 
- NH,oo; 
- OH- 

- so:- 

0.077 

0.017 

-0.037 

-0.045 

0.120 - 2.463-4 T + 3.993-7 T Z  

-0.032 

0.26 - 1.72E-3 T + 3.073-6 T 2  
0.051 

N H 3  - a',- 0.068 

- H' 0.015 

- HCO; -0.0816 

- Hs- -0.0449 

- Hso; -0.038 

- NH: 0.0117 

- OH- 0.227 - 1.47E-3 T + 2.6E-6 T2 

0.032 - s2- 

- so;- -0.044 

81 

N H 3  - HCO; 

- Hs- 
- NH: 

0.4829 

0.406 

- 0 . 2 0  
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Equilibrium Constants 

+zoo 

+I. m 

a m  

-1. m 

-2 00 

-3.00 

-4.00 

-5. I30 

-6.00 

-7.00 

-6.00 

Y 

d 

-9. m 

-la 00 

-11. Do 

-12 00 

-13, m 

-14.00 

Celsius temperature 
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-14 00 

-15.00 

-16.00 

-17.00 

-18.00 

-19,oo 

Y 
-20.00 

.--4 

-21.00 

-22.00 

-23.00 

-24.00 

-25.00 

-26.00 

Equilibrium Constants 

- 
- 

KCC02): C02 + H20 = Hion + HC03ion 

I 

- 
Edwards et. 01 - - 

I 1 1 I I I I I l I I I l  I I I I I I I I 1 1 I I I 1 I 1 1 1 I I I I I I l l I  

0 
O O  O 8 8 0 0  8 0 8 0 0 0 

d d d I r i  d v i  d d d  
" 2 2 2 2  cu N 

0 0 

l6 
N 0 N v) 

Celsius temperat.ure 
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-3.00 

-4 00 

-5 00 

-a 00 

-7.00 

-a 00 

-9.00 

-la oa 
Y 

-11.00 

-12 00 

A 

-13,oo 

-14.00 

-15.00 

-18.00 

-17.00 

-18.130 

-19.00 

Equilibrium Constants 

Celsius temperature 
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Equilibrium Constant 

-23.00 

-24.00 

-25.00 

-26.00 

-27.00 

-20.00 

-29.00 

-30.00 

-31.00 

-32 00 

-33.00 

-34.00 
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-36.00 

Celsius temperature 
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+R 00 
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+4. (30 
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I 

t 
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-3.00 
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APPENDIX 9.3 

Fugacity Coefficient Calculation 

From: R. Nakamura, G.J.F. Breedveld, J .M. Prausnitz. "Thermodynamic Properties 
of Gas Mixtures Containing Common Polar and Nonpolar Components". Ind. 
Eng. Chern. Process Des. Dev., ~ 1 5 .  #4. pp557-564 (1976) 

Nakamura et al. proposed the following perturbed-hard-sphere equation of state 
for gas mixtures: 

where: P -  
R -  
T -  
v -  
E -  
b -  
a -  
c -  

In addition 
difference, 
coefficient 

p = F  [ E +  E 2 - E 3  - a 
(1. - € 1 3  (A9.3a) ] v (v + c) 

pressure,  atmospheres 
gas constant, .Of32056 1. atm./K mole 
temperature, Kelvins 
molar volume, I/  mole 
reduced density, b/4v 
parameter signifying the hard-core size of the molecule, Urnole 
parameter signifying the attractive force strength,  1 atmlmole 
constant, Urnole 

to equations for the reduced enthalpy difference and entropy 
the following equation was presented for calculating the fugacity 

of a species k in the gas mixture: 

(1. - E  

4. E - 3.€* ] + ; [ " * €  In f = k 

(m + 2.) 
(A9.3b) Wl 

With the P ,  R .  T. v and E terms defined earlier, the following definitions and 
calculations apply: 

n - number of species 

bk - exp l2.30259 (- Y - 8T) I  

Y - constant tabulated below 

6 - constant tabulated below 

( A 9 . 3 ~ )  
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- vapor mole fraction of i Y i  
% - tabulated belm 

n 
= Yi ci 

i=l 

Pv 
2 = filp , conpressibility factor 

n n 

Values of a and f3 are tabulated below. 

Table 1: Pure component parameters 

C a B Rea - 

A r  0.0 1.3931 21.17 
CH, 0 .o 2.4328 17.09 
C2H4 0 .0  4.7617 129.99 
C 2 H 6  0 .o 4.9758 326.02 
C3H6 0.0 7.2010 762.25 
c 3H8 0.0  7.6434 1023.4 
co 0.0 1.3276 34.82 

v 

1.3169 
1.2146 
1 e0774 
1.0208 
0.9294 
0 A829 
1 2709 

(As .3e) 

6 x 10” 

2.201 
1.089 
0.696 
1.307 
0 -792 
0.923 
0.808 

7 0 0  
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Ras C 

0.0 

0.0 

0.01 

0.0 

0.0 

0 . 0 1  

0 . 0 1 7  

a 

3 1 6 9 3  

0 .2107  

3 .1307  

3 .6194  

1 . 5 3 2 4  

2 - 6 4 3 5  

2 .8730  

8 Y 

253.17 1 . 2 3 4 0  

5.57 1 . 5 8 5 3  

1 1 6 1 . 7  1 . 5 5 8 9  

4 5 4 . 3 2  1 . 1 8 2 3  

8.56 1 . 2 4 5 8  

5 6 1  - 6 3  1 . 3 8 8 4  

1 8 1 5  - 4  1 . 1 0 4 3  

6 1 0 4  

0.467 

1 . 3 3 5  

0 5 9 3  

1 . 6 9 9  

1 . 1 9 9  

1 .470  

2 . 7 2 1  

Units: c - 1Imole 
a - atm 12/mole2 
B - atm 12/mole2 K 
y - dimensionless 
& - K-’ 

Table 2: Nonpolar and polar contribution to parameters a and B 
for four polar gases 

- g a s  .9 - 4 - Bp Bli 

H2 0 1 . 0 6  2.07 8.4 1 1 5 3 . 3  

H z S  2.52 1 . 1 0  16.6 4 3 7  - 7  

N H 3  1 .83  0 .81  13.3 5 4 8  - 3  

so2 2.86 0 . 0 1  2 1  a9 1 7 9 3 . 5  

Table 3 : Interaction parameter d z  for polar-nonpolar mixtures 
Numbers in parentheses are estimates. 

polar 

nonpolar N H3 

A r  1 .86  ( 1 . 9 )  

C Hr 2.89 2.76 

C,H, 4 . 5 7  ( 3 . 4 )  

c2 H 6  3.54 (3 .7 )  

c 3  H 6  6.00 (4.4)  

C3 H R  3.75 ( 4 . 5 )  

~~ ~~~ 

HZ s s 02 
(2 .1)  (2 .0)  

3 .09  ( 2 . 6 )  

(3 .9)  (3 .8)  

3.9 (3 .9)  

(4.6) (4 .6 )  

4.6 (4 .7 )  
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Table 3 continued 

nonpolar NH3 H 2 S  s 0 2  

co (2.2)  ( 2 . 0 )  ( 3 - 1 )  (2.1) 

c 0 2  4.36 (3.1) 2.8 (3 .8)  

H 2  ( 0 . 8 )  ( 0 . 8 0 )  ( 0 . 9 )  ( 0 . 8 )  

N2 2.19 (1 .18 )  2.02 (2 .0 )  

Table 4 :  Parameter a12 for binary mixtures of nonpolar g a s e s  
Numbers in  parentheses  are es t imates .  

a 12 

(1 .90 )  
( 2 . 2 5 )  
(2 .35 )  

(2 .95 )  
(1 .42 )  

(1 .55)  

3.08 
3.43 

(3.75)  
3.84 

(4 .75 )  
(5 .70 )  
(5 .80 )  

5.86 
(6 .05 )  

7 . 4 1  

(1 .85 )  
(2 .20 )  
(2 .40 )  
( 2 . 8 0 )  
(2 .75 )  
(1.85) 

(2 .92 )  

1.72 

a12 

2 - 4 5  
3.85 
3.62 

(4 .15 )  
4.28 

0 .529  
0 .732  

(0.94)  
0.972 

(1.15)  

0 .617  
(1 .18 )  

0 . 7 3 1  
0.685 

1.60 
2.46 
2.47 

(3 .00 )  
3.05 

(1 - 4 2 )  
2.00 
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Table 5: Interact ion parameter for polar-polar mixtures 
Numbera in parentheses are e8 t ima t es . 

mixture a& 

H 2 0 - W  3 ( 1 . 4 )  

HZ O-HZ S 2 . 2  

H, O-SOZ (1-7) 

NH3 -H 2 S (2.1) 

N H  3 -SO2 (2.3) 

H 2  S - S O z  ( 2 . 7 )  
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APPENDIX 9.4 

Brelvf and OConnell Correhtion for Partial MOM Volumee 

From: S .W. Brelvi L J .P .  O'Connell. "Corresponding States Correlations for 
Liquid Compressibility and Partial Mold Volumes of Gases at Infinite 
Dilution in Liquids", AIChE J ,  v18, 16 ,  pp1239-1243 (1972) 

The partial mold volume of solute 1 at infinite dilution in solvent 2 can be 
calculated using the equation presented by Brelvi and O'Connell: 

i3 = l .  - q 2  (As .4a) v 
- 

where: vo - partial molar volume at infinite dilution, c m 3  I g  mole 

R - gas constant, 82.06 atm cma/g mole K 

T - temperature, Kelvins 

C; - reduced volume integral of the molecular direct correlation 

K: - isothermal compressibility at infinite dilution. atm-' 

The following terms were also defined and used to calculate the C:2 and K: terms: 

function qj at infinite dilution 

vi* - characteristic volume of i, cm3/g mole. For nonpolar species 
the critical volume, vC. may be used; experimental 
compressibility data may be used to determine v* for polar 
compounds. Some values are tabulated below. 

p 

6 

- pure solvent deneity, g molelcm3 

- reduced density = PV? 

The reduced volume integral may be calculated using one of the following 
equations : 

when 2. 5 65 2.785 

ln - e2[$]*62 = -2.4467 + 2.12074 

In - 4, [+ = 3.02214 - 1.87085 + .71955 6' (As . 4 d  
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The isothermal compressibility may be calculated from the following equation: 

1 n [ 1 . +  P K  'k = - .42704 ( 6  - 1.) + 2.089 ( 6  - 1.1' - 

.42367 (6- l . I 3  (A9.4d) 

Table 1: Characteristic volumes* 

species v*, cm3/g mole 

H 2 0  46.4 

H 2s 90.0 

NH, 65.2 

so2 115.0 

CO, 80.0 

* These values. along with characteristic volumes for an additional 84 compounds, 
are tabulated in: 

J. Prausnitz. T. Anderson. E. Grens. C. Eckert. R.  Hsieh, J .  O'Connell, Computer 
Calculations for Multicomponent Vapor-Liquid and Liquid-Liquid Equilibria, 
Prentice-Hall Inc., Englewood Cliffs, N J  (1980) Appendix C-1, pp145-149 

1 0 5  
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APPENDIX 9 .5  

Gypsum Solubility Study Parameters  at 25OC 

From: Rogers. P.S .Z . ,  "Thermodynamics of Geothermal Fluids". Doctoral Dissertation, 
University of California. Berkeley (1981) 

Table 1 :  Binary solution parameters for the Pitzer equations 

salt 6 0  B 1  6 2  C+ 

CaC1, .31590 1.6140 -.00034 

CaSq -2  3.1973 -54.24 0 .0  

NaCl 07650 -2664 .00127 

Na,SO, 019575 1.113 .00570 

Table 2 :  Mixed electrolyte solution parameters for the Pitzer equations 

'i j 

Na+ Ca '+ c1- . 0 7  

i j k 

so :- 
so; - c1- Ca2+ 

Na+ 
. 0 3  

Table 3:  Gypsum solubility product at 25OC 

ijk 

- . 0 0 7  
- a 0 6 7  

- . 0 2 7  
0 . 0  
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APPENDIX A 

COMPUTER PROGRAMS FOR SOLVING EQUILIBRIA PROBLEMS 

With the parallel evolution of electrolyte formulations and the digital computer 
there have been several significant developments in terms of general purpose 
computer programs which calculate electrolyte equilibria. In this Appendix we 
wi l l  give a brief synopsis of six such programs. I t  should be emphasized that 
this list is a sampling and is not intended to be comprehensive. Given the 
rapid growth in electrolyte applications, new programs wi l l  undoubtedly be 
released after this Handbook goes to press. 

The particular programs to be reviewed in this section are: 

1) WATEQ 
2) REDEQL .EPA 
3 )  MINEQL 
4)  ENIVEL 
5) ASPEN Plus 
6 )  ECES 

In each case w e  will organize the 
characteristics : 

1) general description 
2) source language 
3) hardware limitations (if known) 
4 )  basis for activity coefficients 
5) species supported 
6 )  conditions supported 
7 )  availability 

description to cover the following 
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WATEQ 

The WATEQ program was developed by the U.S. Geological Survey in order to 
predict both trace and major element speciation and mineral equilibria in 
natural waters. The program, along with several evolutionary versions, WATEQF 
and WATEQZ. is limited to low temperature (25OC) and moderate ionic strength 
(0-3 molal). The package contains an extensive databank which, in the WATEQZ 
extension, includes Ag, As, Cd. Cs, Cu. Mn, N i ,  Pb, R b  and Zn. The limitation 
of 3.0 molal ionic strength arises primarily due to  the activity coefficient 
formulation which is based upon an extended Debye-Huckel which incorporates a 
term linear in ionic strength. 

Source language: FORTRAN (WATEQF, WATEQZ) , P L / l  (WATEQ) 

Hardware: IBM (WATEQ). IBM + others (WATEQZ. WATEQF) 

I 
Activity Coefficients: Debye-Huckel with two parameter extension term linear 

in ionic strength. 

Conditions supported : Temperature limited to  25OC. Ionic strength limited to 
3.0 molal. 

Species supported: Species limited to an available public databank which is 

quite extensive. 

Availability: Available from the U.S. Geological Survey, 

REDEQL 

This program was developed by the Environmental Protection Agency. I t  is based 
upon the Davies equation and is intended for water quality use. The program 
includes an extensive databank for metal-ligand complexes. Based upon the 
Newton-Raphson technique it allows prediction of solid formation. The  program 
is limited in that  all equilibrium constant values are based upon 25OC and the 
activity coefficients on Davies equation which, as  w e  have seen, is limited to 
moderate ionic strength of less than 1.0 molal. 

Source Language: FORTRAN 

. 
1 7 1 4  I 
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Hardware: Several 

Activity coefficients: Davies extension to Debye-Huckel 

Species supported : Wide range of metal-ligand complexes 

Conditions supported: 25OC and up to 1.0 molal ionic strength 

Availability: Available from the EPA,  

MINEQL 

MINEQL is a second generation version of REDEQL. The primary difference over 
and above REDEQL seems to  be with respect to clarity and flexibility, otherwise. 
the description given above for REDEQL should suffice. 

Source Language: FORTRAN 

Hardware: Several 

Activity coefficients : Davies extension to Debye-Huckel 

Species supported : Wide range of metal-ligand complexes 

Conditions supported: 25OC and up to 1.0 molal ionic strength 

Availability : Available through the Department of Civil Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

ENIVEL 

The ENIVEL Program i s  a general purpose vapor-liquid-solid aqueous electrolyte 
simulation program in which the model is specified as a set of chemical 
equations in standard form. All necessary equations for equilibrium, 
electroneutrality and material balance are  automatically generated and solved. 
The program can also perform nonaqueous thermodynamic calculations. 
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Source Language: FORTRAN 

Hardware: Several 

Activity coefficients : Based upon the Pitzer formulation 

Species supported : Extensive public databank 

Conditions supported: Broad range based upon Pitzer fi ts  

Availabiltiy : Proprietary program available from Jaycor. Inc., 

ASPEN Plus 

ASPEN Plus is a general purpose simulator which contains. among many other 
facilities, an aqueous electrolyte vapor-liquid-solid simulation capability. 
The package has a number of special features, including: 

1) A facility for the prediction of multistage (tower) systems 

2) A facility for flowsheet simulations based upon the ASPEN Plus Simulator 

3) A nonlinear regression option to allow users  to develop their own 
interaction coefficients 

Source Language: FORTRAN 

Hardware: IBM/MVS or CMS, VAXIVMS, CDC/NOS 

Activity coefficients: Based upon either Chen's formulation or Pitzer'e 
formulation 

Species supported : Limited public databank with respect to species 
interactions. Relies more on regression facilities for 

fitting specific systems. 
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Conditions supported : Limited primarily by data regressed since formulations 
are  applicable over wide ranges of conditions. 

Availability : Proprietary package available, a s  a consequence of licensing 
ASPEN Plus, from Aspen Technology Inc., 251 Vassar Street ,  
Cambridge, Massachusetts, 02139 

ECES 

The Equilibrium Compositions of Electrolyte Solutions (ECES) Program is an 
extensive general purpose vapor-liquid-solid prediction program for aqueous 
electrolyte systems. The package has a number of special features, including: 

1) Model specification is done by user writing standard mass action chemical 
equations along with chemical species to be considered. 

2) A facility for the prediction of multistage (tower) systems 

3) A facility for easy integration with most Flowsheet Simulator systems 

4)  An extensive public databank containing the information necessary to 
calculate equilibrium constants and activity coefficients 

5)  A nonlinear regression option to allow users to generate their own Bromley 
and/or  Pitzer andlor  NRTL interaction parameter values in order to develop 
private databanks. 

6)  The ability to "switch the roles" of variables in order to solve design 
variations (eg. fixed pH, fixed enthalpy. etc.) of the conventional vapor- 
liquid-solid simulation. 

7)  The ability to routinely obtain the sensitivity of the calculated unknowns 
with respect to the input variables. 

Source Language: FORTRAN 

Hardware: VAXNMS, IBM/MVS or CMS, CDCINOS, UNIVAC/EXEC, PRIME 
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Activity coefficients : Ion-ion interactions by extended Bromley or Pitzer 
B~ , 6 formulations. Ion-molecule by  modified 
Setschenow or Pitzer formulation. Molecule-molecule 
by Pitzer or, in the case of water-molecule by NRTL. 

Species supported: Public databank of almost 300 species. Private databank 
concept together w i t h  nonlinear regression allows for open 
ended extensions. 

Conditions supported: Depends on range of fits as  well as  extrapolation 
capability, but generally useful for: 

- Temperature O°C - 25OOC 
- Pressure 
- Ionic strength 0 - 30.0 

0 - 200 atmospheres 

Availability: Proprietary program available from OLI Systems Inc., 52 South 
Street ,  Morristown, N J  07960 

This completes the survey of six prominent examples of computer programs for 
solving electrolyte equilibrium problems. There are. as noted earlier, a number 
of others which may have specific or general mer i t .  A partial list of such 
programs along with appropriate references are: 

1. EQ3/EQ6 (A .2 )  
2) SOLMNEQ (A.3 )  
3) GEOCHEM ( A . 4 )  
4 )  PATHI ( A . 5 )  
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SELECTED THERMODYNAMIC DATA 

Conventions : 

AWf - enthalpy of formation a t  the standard s ta te  

AT - Gibbs energy of fonnation at the standard s ta te  
So - e n t r o k  at  the standard state 
C&O - heat capacity at  the standard state 

State: 
g - gaseous 

C - crystalline solid 
amorp- glassy or amorphous 
aq - in water solution. The "aqtt entry denotes the hypothetical ideal 

aqu - an aqueous solution as above. However, here the concentration is 

liq - liquid 

solution of unit molality . 
not unit molality but is assumed to be dilute. 

The aqueous species conform to the following conventions: 

molecules: An "undissociated" or "unionized" notation of a neutral molecule 
indicates that the values given are for the undissociated molecule 
as opposed to the sum of the ionic values. Those denoted as ionized 
or having no further notation are the s u m  of the values for the ions. 
For example, aqueous H,PO, has sets of values: 

H,PO, ionized values which are equal to the sum of the H+ ion and 
PO:- ion values 

A H H , ~ ~ ,  = 3 A HH+ + AHpo:- 

-305.3 = 3'0. + (-305.3) 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

H3P04 undissociated values which are not summed values of the ions: 

ions : The values given for the aqueous ions are for the undissociated ion 
and are not derived from the sum of the constituent species. For 

example, the zinc and chloride ions have the followiiig values for 
the energy of formation: 
AGzn2+ = -35.14 

AGc1- =-31.372 

The ZnC1' aqueous ion value is not the sum of the values: 
AGZnC1+ # AGZnZ+ + CGC1- 

-65.8 # -35.14 - 31.372 

-65.8 # -66.512 

The tables are arranged according to the Standard Order of Arrangement of the 
periodic table as given b y  the National Bureau of Standards. 



X. Appendix B 

Substance 298.15K; 25OC 

SO cPO 
calldeg mole *G"f F o m l a  & Description State Fomula AWf 

Weiat kca 1 /mole 

1 - OXYGEN 

2 - HYDROGEN 

H+ 

HZ 

OH- 

9 - FLOURINE 

- 
F 

F2 

g 31.9988 0 0 49.003 7.016 
aq -2.8 3.0 26.5 

g 1.0080 367.161 
aq 0 0 0 0 

g 2.0159 0 0 31.208 6.889 

g 17.0074 -33.67 
aq -1.0 4.2 13.8 

aq -54.970 -37 -594 -2.57 -35.5 

liq 18.0153 -68.315 -56.687 16.71 17.995 
g -57.796 -54.634 45.104 8.025 

g 18.9984 -64.7 
aq -79.50 -6 6.64 -3 3 -25.5 

g 37.9968 0 0 48 -44 7.48 

HF liq 20.0064 -71.65 1 8 . 0 2 + ~  12.35 
g -64 -8 -65.3 41 -508 6.963 

undissoc. aq -76.50 -70.95 21.2 
ionized 89 -79 -50 -66 -64 -3.3 -25.5 

HF; aq 39.0048 -155.34 -138.18 22.1 

+x undetermined 
residual enthalpy 

10 - CHLORINE 

c1- 

c12 

c1; 

g 35.453 
aq 

g 70.906 
aq 

aq 106.359 

-58 -8  
-39.952 -31.372 13.5 -32.6 

0 0 53.288 8.104 
-5.6 1.65 29. 

-28.8 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Substance 298.1%; 25OC 

S O  cP' 
calldeg mle Ao"f Forrmla & Description State Fomula AWf 

Weight kcallmole 

c10- - 
c10 2 

c10; 

c10 j 

aq 51.4524 -25.6 -8.8 10. 

aq 17 -9  28 -7  39.4 
g 67.4518 24.5 28.8 61.36 10 -03 

aq -15.9 4 .1  24.2 

g 83.4512 37. 

c10; aq -24 -85 -1.92 38.8 

c10; 

HC1 

HClO 2 

undi ssoc. 

HC!02 mdissoc. 

HClO 3 

HClO 4 

HC 1 0  ,, .H 2O 

HClO r.2Hz0 

14 - SULFUR 

S2- 

s o 2  

undissoc. 

aq 99 -4506 

36.4610 

52.4604 

68.4598 

84.4592 

100.4586 

118.4739 

136 -4892 

-30.91 

-22.062 
-39 -952 

-28.9 

-12.4 

-24.85 

-9 -70 
-30.91 

-91.35 

-162.04 

-2.06 43.5 

- 2 2 . ~ 7  44.646 6.96 
-31.372 13.5 -32.6 

56 -54 8 -88 
-19.1 34. 

1 .4  45.0 

-1.92 38.8 

-2.06 43.5 

aq 32.064 7.9 20.5 -3.5 

l i q  64.0628 -76.6 
g -70.944 -71.748 59.30 9.53 

-77.194 -71.871 38.7 aq 
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Substance 298.15K; 25OC 

SO Q0 
cal/deu mole *? Fomula & Description State Fomula 

Weight kca 1 /mole 

so; - 
sot- 
Hs- 

Imdissoc. 
HZS 

H,SO,.lH,O 

H2 90 4. 2H20 

H2S04.3H,0 

Hz90 ,.4H20 

H,SO ,.6.5H20 

18 - NITROGEN 

NZ 

No; nitrate 

NI3 
undissoc. 

d 

80.0622 -151.9 
96.0616 -217.32 
33.0720 -4.2 

34.0799 -4.93 
-9.5 

81.0702 
97.0696 

82.0781 

98.0775 

116.0929 

134.1082 

152.1236 

170.1389 

215.1772 

-149.67 
-212.08 

-145.51 

-194.548 
-217.32 

-26 9.5 oa 

-341.085 

-41 1.186 

-480.688 

-65 3.264 

62.0049 -49.56 

17.0306 -11 -02 
-19.19 

18.0386 -31.67 

-116.3 -7. 
-177.97 4.8 

2.88 15.0 

-8.02 49 .16 
-6.66 29. 

-126.15 33.4 
-180.69 31.5 

-128.56 55.5 

-164.938 37.501 
-177.97 4.8 

-227.182 50.56 

-286 -770 66.06 

-345 -178 82.55 

-403.001 99.09 

-546.403 140.51 

0 45.77 

-26.61 35.0 

-3.94 45.97 
-6.35 26.6 

-18.97 27.1 

-70. 

8.18 

-20. 

33.20 
-70. 

51.35 

62.34 

76.23 

91.35 

136.30 

6.961 

-20.7 

8.38 

19.1 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Subs t ance 298.1%; 25OC 

SO cPo 
calldeg m l e  Aq Fornula a Description State Fornula A P f  kcallmole 

Weipht 

19 - PHOSPHORUS 

ionized 
undissoc. 

63.0129 

81.0282 

117.0589 

35.0460 

94.9714 
173 e9434 

95.9794 
96.9873 

97.9953 

107.0030 

116.0106 
174 -9514 
175.9593 
176.9673 

-41.61 
-32.28 
-49.56 

-113.16 

-252.40 

-86.33 
-87.505 
-86 -64 

-305.3 
-542.8 
-308.83 
-309 -82 

-305.7 
-302.8 

-307 -92 

-342.1 

-305 a 3  

-374.96 
-543.7 
-544 -6  
-544.1 

-19.31 
-17.87 
-26.61 

-78.61 

-193.91 

-60.74 

-56.56 
6 3 . 0 4  

37.19 26.26 
63.64 12 -75 
35.0 -20.7 

5 1  -84 43.61 

82 -93 77 -71 

39.57 37.02 
43.3 
24.5 -16.4 

-243.5 -53. 
-458.7 -28. 

-260.34 -8.0 

-270.17 21.6 

-267.5 26.41 25.35 

-243.5 -53. 
-273.10 37.8 

-296.9 30.87 30 -12 

-471.4 11. 
-480.5 39. 
-483.6 51- 
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Substance 298.15K; 25°C 

Formula & Description State Fomula AH"f L q  SO Q0 
Weight kcal /mole calldeg mle 

20 - CARBON 
c02 g 44.0100 -94.051 -94.254 51.06 8.87 

undissoc. aq -98.90 -92.26 28.1 
2- 

co 3 

H CO; 
aq 60.0094 -161.84 -126.17 -13.6 

aq 61.0174 -165.39 -140.26 21.8 

H 2co3 undissoc. aq 62.0253 -167.22 -148.94 44.8 

NH ,,HC3, C 79.0559 -203.0 -159.2 28.9 

bH2C0ONH, m n i u n  carbarnate c 78.0712 -154.17 -107.09 31.9 

29 - ALUMINUM 
Al * 

A~F'+ 

g 26.9815 1310.70 
aq -127 -116. -76.9 

aq 45.9799 -192. 

Alp: aq 64.9783 -266. 

AlF 3 C 83.9767 -359.5 -340.6 15.88 17 -95 
g -287.9 -284.0 66.2 14.97 

un-ionized aq -363. -338 -6. 
ionized aq -366. -316. -86.8 

33 - ZINC 

Zn2+ 

znc1+ 

Z n c l ,  

undissoc. 

g 65.37 665 -09 
aq -36.78 -35.14 -26.8 11. 

aq 100.823 -65.8 

c 136.276 -99 -20 -88.296 26.64 17.05 
g -63.6 
aq -116.68 -97.88 0.2 -54. 
aq -96.5 
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Substance 298.1%; 25OC 

SO Q0 
calldtv m l e  A0"r Formula & Description State F o m l a  AWf 

Weight kcallmle 

36 - COPPER 

a: 
cu* 

Wl 
W1+ 

171.729 
207 - 182 
164.821 

264.271 

372 -363 

63.54 

98 a993 

134.446 

170.477 
134.446 
169 -899 

262 -441 

370.533 

-98.60 

-509.89 

260.513 

729.93 

-32.8 

17.13 

-52.6 

-196.3 

-46.34 

-460.9 

-129.2 
-159.2 

-39.0 

-39 26 

-371.8 

11.95 

-28 -65 
-16.3 

-42.0 
-41.3 

-156.8 
-57.4 
-90. 

11.54 

60.2 

130.4 

9.7 

20 -6 11.6 

25.83 17.18 

40.  

63.2 
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Substance 298.15K; 25OC 

Fomula h Description State F o m l a  AWf A G; SO Q0 
Weight kca 1 /mole calldeg mle 

39 - NICKEL 

Ni ( 0 1  

NiCl 

NiCl z -2H20 

NiCl2 -4 H 2 0  C 

NiCl2.6H2O C 

40 - COBALT 

co2 + fi! 
aq 

Co(CH)2 blue, precipitated c 
pink, precipitated c 
pink, precip., aged c 

58.71 

75.717 

92.725 

129.616 

165.647 

201.677 

237.708 

257.611 

365.703 

92.771 

126.832 

160.894 

58.9332 

92.9479 

700.32 
-12.9 

-68 - 8  

-126.6 
-122.8 

-72.976 

-220.4 

-362.5 

-502.67 

-74.7 

-486.6 

-58.9 

-104.9 

-150.6 

679.17 
-13.9 

-129 - 0  

-123.8 
-100.8 

-10.9 

-54.4 

-106.9 
-86.1 

-61.918 

-181.7 

-295.2 

-409.54 

-15.0 

-30.8 

-17. 

21. 
-35.9 

23.34 17.13 

42. 

58. 

82.3 

56.2 

-30.6 20.4 

61.8 

-61.2 94.3 

-13 -0  -27. 

-107.6 
-108.6 19. 
-109.5 

-88.2 -32. 
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Substance 298.1SK; 25OC 

SO 9?" 
calldeg nnle *Ci"f  Fornula & Description State Fomula AH: 

Weight kcal /mole 

4 1  - IRON 
Fe '+ 

3+ Fe 

F a +  

F a 2 +  

Fe((H)z precipi tat& 

Fe(W: 

Fe(CH), precipi tat& 

Fe (a) 
Fe(CH) t- 
Fe i+ 
FeCl * 

undissoc. 

FeCl z 

129 -8392 

147 .a545 

165.8699 

237.9312 

257 -8344 

365.9264 

55.847 

72 -8544 

89.8617 

106.8691 

123.8765 
145.7087 
91.300 

126.753 

-74.7 
-93.8 

-147. 

-220.6 

-505.6 

-75.7 

-487.2 

657.8 
-21.3 

1365.9 
-11.6 
-77.6 
-69 - 5  

-136.0 

-196.7 

-146.3 
-43.1 

-81.69 
-35.5 

-101.2 

-64.5 26.09 18 -76 
-75.7 0. 

-182.8 45. 

-412.4 82. 

-17.1 60. 

-18.85 -32.9 

-1.1 -75.5 
-66.3 -7. 
-54.83 -34. 

-116.3 21. 
-104.7 

-166.5 25.5 
-157.6 
-147 -0  

-184.0 
-111.68 -85. 

-34.4 -27. 

-72.26 28.19 18.32 

-81.59 -5.9 
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Substance 298.15K; 25OC 

S O  Q0 
cal/deg m l e  aG"f Fomula a Description State Fomula Wf 

Weight kcal /mole 

FeCl ,.2€I,O C 162.7837 -227.8 

FeCl .W,O 
FeCl: 

C 198.8143 -370.3 
aq -66.7 

FeCl3 C 162.206 -95.48 -79.84 34.0 
f3 -60.7 

-131.5 -95.2 -35.0 aq 
undi ssoc . aq -96.7 

C 151.9086 -221.9 -196.2 25 .7 
aq -238.6 -196 -82 -28.1 

aq -222.7 -184.7 -31. 

C 169.9239 -297 -25 

C 223.9700 -508.9 

48 - MANGANESE 

C 278.0160 -720.50 -599.97 97.8 
aq 247.9702 -364.4 

C 399 -8788 -617 .O 
aq -675.2 -536.1 -136.6 

g 54.9380 602.1 
aq -52.76 -54.5 -17.6 
aq 71 -9454 -107.7 -96.8 -4. 

&(a)* precipitated mrp 88.9527 -166.2 -147.0 23 -7  

m<aD; aq 105.9601 -177.9 
h C l +  aqu 90.3910 -86.7 

23 -10 

24.04 

94.28 

12. 



AQUEOUS BLBCTROLYTE THERMODYNAMICS 

Substance 298.lW; 25OC 
- 

SO Q0 
calldeg mle *G"f Forrmla a Description Sta te  Fomula AH: 

Weight kcal /role 

w 1 2  

undi ssoc . 
h.tnc12 .H,O 

hanCl,.2H,O 

w 1  2.4H20 
-1; 

51 - CHROMIUM 

76 - LANTHANUM 

La '+ 

125.8440 

143.8593 

161.8747 

197.9054 

161.2970 

51 -996 

103.0181 

158.0721 

159.0801 

175.0795 

160.0880 

193.0948 

138.91 

324.925 

378.971 

396.986 

433.017 

-115.03 
-63.0 
-132.66 

-188.8 

-261.0 

-403.3 

634.2 
-34.3 

1350. 

-254 -3 

-455.8 

-463 6 

-514.4 

-477.8 

-586.7 

933.2 
-169.0 

-299.8 

-520.0 

-592.3 

-732.23 

-105.29 28.26 17 -43 

-117.3 9.3 -53. 
-117.6 

-166 4 41.6 

-225.2 52.3 

-340 3 72-5 

-148.2 

-163.4 -52.0 -3. 

732 
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Substance 298.15K; 25OC 

F o m l a  b Description State F o m l a  AH"f n GT SO cpo 
Weight kcal /mole cal/deg mle 

93 - MAGNESIUM 

g 24.312 561.299 
aq -111.58 -108.7 -33.0 

w+ aq 41.3194 -149.8 

Wm), C 58.3267 -220 -97 -199.23 15  .LO 18.41 
precipitated m r p  -220 .o 

g -134. 
aq -221.52 -183.9 -38.1 

w 1 2  C 95.218 -153.28 -141.45 21.42 1 7  $06 

W l 2  4 0  C 113.2333 -231.03 -205.98 32.8 27.55 

w 1 2  .m,o C 131.2487 -305.86 -267.24 43.0 38.05 

W 1 2 . 4 H z O  C 167.2793 -453.87 -388.03 63.1 57.70 

h $ c 1 2  -6HZO C 203.3100 -597.28 -505.49 87.5 75.30 

Mg(C10,) C 223.2132 -135.97 
aq -173.40 -112.8 54.0 

W(Cl0,) .2H,O C 259.2439 -291.3 

N(clo,), . 4 & 0  C 295.2746 -439.1 

Mg(C10, 1, .6H,O C 331.3052 -584.5 -445.3 124.5 

w=4 C 120.3736 -307.1 -279.8 21.9 23.06 
und i ssoc . aq -324.1 -289.74 -1.7 

aq -328.90 -286.7 -28.2 

C 138.3889 -382.9 -341.5 30.2 
m r p  -376.4 -335.8 33.0 

w b - 2%0 C 156.4043 -453.2 

%%so 4.4Hz0 C 192.4350 -596.7 

%SU , .6H,O C 228.4656 -737.8 -629.1 83.2 83.20 

4.30 ,.7H,O C 246.4810 -809.92 -686.4 89. 
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Substance 298.15K; 25oc 

SO cPo 
ca1Ideg rmle *G" f  Fomula & Description State Fomula AH; 

Weight kcal/mle 

94 - CALCIUM 

ceC12 

CeClZ.H20 C 

CeCl2 -2H20 C 

CaCl2.4H20 C 

CeCl .6H20 C 

CB(C1Ob) 2 C 

aq 

Ca(C10,) 2.4H,o C 

-4 insol., anhydrite c 
sol.. a C 
sol., 5 C 

aq 

Cesos 1 I2Hz0 micro; a c 

148.3218 

184.3525 

256.4138 

40.08 

57 -087 

74.095 

110.986 

129.001 

147.017 

183 -047 

219.078 

238.981 

311.043 

136 - 142 

145.149 

-188.97 
-2 10.70 

-336 -8  

-624.59 

460.29 
-129.74 

-235.68 
-130. 
-239.68 

-190.2 
-112.7 
-209.64 

-265.1 

-335.3 

-480.3 

-623.3 

-176.09 
-19 1.56 

-465.8 

-342.76 
-340.64 
-339.58 
-347.06 

-376.85 

-140.9 39.2 33.92 
-161.9 37.0 

-497.3 108. 

-132.30 -12.7 

-171.7 

-214.76 19.93 20.91 

-207 -49 -17 -8 

-178.8 25.0 17 -35 
-114.54 69.35 14.18 
-195.04 14.3 

-136.42 74.3 

-352.97 103.6 

-315.93 25.5 
-313.93 25.9 
-512.87 25.9 
-310.27 -7.9 

-343.41 31.2 

23.82 
23.95 
23.67 

28.54 

734 
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Substance 298.15K; 25OC 

SO Q0 
cal/deP m l e  *G"f Fomla L Description State Fomla AWf 

Weight kcallmole 

99 - SODIUM 

Na' 

NaCH 

Na(N.H,O 

NaCH .2H,O 

NaCH.3.5Hzo 

Nam. 4H20 

NaCH.5H20 

NaM.7H20 

NaCl 

micro; B c -376.35 -343.18 32.1 29.69 

selenite C 172.172 -483 -42 -429 -60 46 a4 44 a46 

aq 22.9898 

C 39.9972 
I3 
aq 

C 58.0126 

1 iq 76.0280 

liq 103.0511 

liq 112.0588 

liq 130.0742 

liq 166.1050 

C 58.4428 
I3 
aq 

aq 206.2996 

-57.39 

-101.723 
-49.5 
-112.360 

-175.560 

-243.565 

-348.900 

-383.64 

-452.75 

-590.11 

-98.268 
-42.22 
-97.34 

-109.7 

-62.593 14.1 

-90.709 15.405 
-50.2 54.57 
-100.187 11.5 

-150.435 23.780 

-208.705 46.840 

-295.545 68.377 

-324.30 76.17 

-381.60 92 -27 

-495 -74 125 -79 

-91.815 17.24 
-47.00 54.90 
-93.965 27.6 

-109.5 61.8 

11.1 

14.23 
11.56 
-24.4 

21.55 

57.22 

84.71 

12.07 
a .55 

-21.5 

Na,SO, (v. orthorhanbic) c 142 -0412 -331 -52 -303 -59 35 -75 30.64 
(111, mtastable) c2 37.030 30 $90 

Na,SO ,, .10H,O C 322.1952 -1034.24 -871.75 141.5 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

Substance 298.1%; 25OC 

Fonnula a Description State  Formula *o"f S O  cPo 
ca!/deg m l e  Weight * ' kca 1 /m 1 e 

100 - POTASSIUM 

K+ 

m 

KCH.H,O 

KW.2H20 

KC1 

aq 39.1020 -60.32 -67.70 24.5 5.2 

C 56.1094 -101.521 -90.61 18.85 15.51 
g -55.2 -55.6 56.92 11.76 
ag -115.29 -105.29 21.9 -30.3 

c 74.1248 -179.0 -154.2 28. 

c 92.1402 -251.2 -212.1 36. 

C 74.5550 -104.385 -97.79 19.74 12.26 
g -51.18 -55.69 57.12 8.72 
aq -100.27 -99.07 38.0 -27.4 

1. (a) Wagman. D.D.; W.H. Evans; V.B. Parker;  I. Halow; S.M. Bailey; R.H. 
Schurnm; Selected Values of Chemica! Thermodynamic Properties - Tables for 
the First Thirty-Four Elements in the  Standard Order of Arrangement, 
National Bureau of Standards Technical Note 270-3, 1968 

(b) Wagman, D.D.; W.H. Evans; V.B. Parker;  I. Halow; S.M. Bailey; R.H. Schumm; 
Selected Values of Chemical Thermodynamic Properties - Tables for Elements 
35 through 53 in the Standard Order of Arrangement. NBS Tech Note 270-4, 
1969 

( C )  Wagman, D.D.; W.H. Evans; V.B. Parker;  1. Halow;  S .M.  Bailey; R.H. Schumm; 
K .L. Churney; Selected Values of Chemical Thermodynamic Properties - Tables 
for Elements 54 through 61 in the Standard Order of Arrangement, NBS Tech 
Note 270-5, 1971 

(d)  Parker,  V.B.; D.D. Wagman and W.H. Evans; Selected Values of Chemical 
Thermodynamic Properties - Tables for the Alkaline Earth Elements (Elements 
92 through 97 in the Standard Order of Arrangement), NBS Tech Note 270-6. 
197 1 

(e l  Schumm, R.H.; D.D. Wagman; S. Bailey; W.H. Evans; V.B. Parker,  Selected 
Values of Chemical Thermodynamic Properties - Tables for the  Lanthanide 
(Rare Earth) Elements (Elements 62 through 76 in the  Standard Order of 
Arrangement), NBS Tech Note 270-7. 1973 

( f )  Wagman, D.D.; W.H. Evans; V.B. Parker;  R.H. Schumm; R.L. Nuttall; 
Selected Values of Chemical Thermodynamic Properties - Compounds of 
Uranium, Protactinium, Thorium, Actinium, and the Alkali Metals, NBS Tech 
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ABSTRACT 

T h i s  Is a selected and cnnotated bibliography o f  sources of compiled and 
evaluated chemical thermodynamic data relevant to biochemical and aqueous 
systems. The principal thermodynamic properties considered herein are Gibbs 
energy and equilibrium data, enthalpies of formation and reaction, heat 
capacities and entropies, and the corresponding partial molar and excess 
properties. 
Included. Transport and mechanical data have also been identified to a lesser 
degree. 
o f  the types o f  properties tabulated, the classes of materials dealt with, and 
the degree o f  completeness of the compilations. 

Derived quantities used in calculating the above are also 

Included i n  the annotations to the data sources are brief descriptions 

Keywords: Aqueous systems; bibliography; biochemical systems; enthalpy data; 
entropy data; equilibrium data; excess prcperties; Gibbs energy data; heat 
capacity data; partial molar properties; review articles; thermochemistry ; 
thenodynami cs . 
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INTRODUCTION 

"There f s  a growing need f o r  r e l i a b l e  thermodynamic d a t a  for b o t h  
s c i e n t i f i c  and p r a c t i c a l  purposes. 
o f  data i n  the pr imary  l i t e r a t u r e  does n o t  guarantee i t s  recovery by an 
I n t e r e s t e d  user. Indeed the  recovery process may be a dec ided ly  n o n - t r i v i a l  
as w e l l  as a t i m e  consuming matter. A t  one t i m e  t h i s  problem was, i n  l a r g e  
part, managed by  p e r i o d i c  review a r t i c l e s ,  monographs, and the I n t e r n a t i o n a l  
C r i t i c a l  Tables. The Nat ional  Standard Reference Data System, CODATA, and 
o ther  coo rd ina t i ng  organ iza t ions  are  he lp ing  t o  p rov ide  c u r r e n t  compi lat ions.  
However, t h e  p repara t i on  of new reviews i s  s u f f l c i e n t l y  complex t h a t  t he re  are  
a t  any g i v e  t ime many sub jec t  areas t h a t  do n o t  have c u r r e n t  compi la t ions  
ava i l ab le .  I n  t h i s  circumstance e a r l i e r  reviews a re  an impor tan t  resource f o r  
t h e  techno log is t  or s c i e n t i s t .  Unfortunately.  t h e  p r o l i f e r a t i o n  o f  such works 
and t h e  enormity o f  t h e  a v a i l a b l e  l i t e r a t u r e  have made even the  recovery o f  
rev iew and comp i la t i on  a r t i c l e s  a mat te r  o f  some d i f f i c u l t y .  It i s  t o  he lp  
so lve  t h i s  problem f o r  one small  p a r t  o f  our science t h a t  we have prepared 
t h i s  annotated b ib l i og raphy  of thennodynamic data sources r e l e v a n t  t o  
biochemical and aqueous systems. These t w o  areas are mu tua l l y  complementary. 
I n  environmental problems such as water q u a l i t y  c o n t r o l ,  and i n  the  
u t i l i z a t i o n  o f  aqueous systems w i t h  respect t o  energy resources and t h e  
processing o f  m a t e r i a l  resources, the  aqueous systems o f  i n t e r e s t  very  o f t e n  
i nc lude  t h e  same substances and requ i re  the  same i n f o r m a t i o n  as i n  t h e  study 
o f  biochemical systems. I n  a d d i t i o n  t o  i n fo rma t ion  on t h e  aqueous so lu t i ons ,  
the  p r o p e r t i e s  o f  t h e  pure substances a r e  o f t e n  requ i red  i n  order  t o  e s t a b l i s h  
re fe rence p o i n t s  f o r  i n t e r r e l a t i n g  var ious systems. Thus, t h i s  b ib l i og raphy  
i s  a s e l e c t i v e  l i s t i n g  of sources o f  thermodynamic i n fo rma t ion  for pure 
substances and aqueous so lu t ions ,  se lec ted  f o r  t h e i r  p a r t i c u l a r  relevance t o  
these k inds  o f  problems. " 

However, t h e  ex is tence o f  a des i red  p iece  

The above quo ta t i on  i s  from NBS Special P u b l i c a t i o n  454 and i t  conta ins  
the  p r i n c i p l e  upon which bo th  t h a t  p u b l i c a t i o n  and t h i s  one, t he  successor t o  
it, are based. The i d e n t i f i c a t i o n  and c o l l e c t i o n  o f  sources o f  compiled therm- 
odynamic da ta  was begun by the  l a t e  George Armstrong a t  the  Nat iona l  Bureau o f  
Standards a t  l e a s t  t e n  years ago. 
years ago and w i t h  h i m  co-authored NBS Special  Pub l i ca t i on  454 on t h i s  sub jec t  
I n  1976. Many o f  t h e  descr ip t ions  o f  o lde r  works i n  t h i s  B ib l i og raphy  are  
taken d i r e c t l y  from Special  Pub l i ca t i on  454. The i n t e r v e n i n g  years  have seen 
a remarkable growth i n  the  sub jec t  matter o f  t h i s  B ib l i og raphy  and a r e v i s i o n  
of i t  was suggested by the  Design I n s t i t u t e  for Phys ica l  Proper ty  Data o f  t h e  
American I n s t i t u t e  .of Chemical Engineers which a l s o  helped i n  p r o v i d i n g  the  
necessary funding for  the  p r o j e c t .  
might a l s o  wish t o  consu l t  i s  t h e  chapter by E. F. G. He r r i ng ton  i n  "Chemical 
Thermodynamics: Volume 1" (see i tem [SO]). 

The author j o i n e d  him i n  t h i s  t a s k  severa l  

A "review o f  reviews" which t h e  reader 

Thk scope o f  t h e  present  work remains e s s e n t i a l l y  t h a t  o f  Special  
P u b l i c a t i o n  454. 
p u b l i c a t i o n s  which con ta in  thermochemical data which can b e s t  serve h i s  needs. 
E q u i l i b r i u m  data i s  taken i n  i t s  most general sense and inc ludes  e q u i l i b r i u m  
constants,  en tha lp ies ,  en t rop ies ,  heat capac i t i es ,  volumes, and p a r t i a l  molar 
and excess p roper t y  data. 
p r o p e r t i e s  have been included. Unfortunately,  much of t h e  da ta  on biochemical  
systems i s  sca t te red  throughout much o f  the l i t e r a t u r e  and t h e r e  i s  a need f o r  

The general aim i s  t o  a s s i s t  the  reader i n  l o c a t i n g  those 

To a much lesser ex ten t ,  t r a n s p o r t  and o t h e r  
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d e f i n i t i v e  reviews and compi lat ions i n  several areas such a s  enzyme-catalyzed 
reac t ions  and on the denatura t ion  o f  enzymes and nuc le i c  acids.  This need i s  
a l l  the  more p ress ing  due t o  the growing importance o f  b io-engineer ing and i t s  
i n d u s t r i a l  importance. Because o f  t h i s ,  various chapters and sho r t  reviews i n  
books on b iochemis t ry  have been included i n  t h i s  b ib l i og raphy .  

The e n t r i e s  a re  l i s t e d  i n  alphabet ical  order by f i r s t  author or by the 
e d i t o r .  There are  a few cases i n  which the work o f  a research group, o r  the 
volumes o f  a mult i -volume work are kept together and entered under the name o f  
the  p r i n c i p a l  researcher,  t he  e d i t o r ,  or the i n s t i t u t i o n .  A l l  authors have 
been c i t e d  i n  t h e  au thor  index and i t  should be consu l ted  i f  an a r t i c l e  i s  no t  
found where expected. 

Each annota t ion  conta ins  a b r i e f  summary o f  the  contents o f  the  book or 
a r t i c l e  c i t e d .  S p e c i f i c a l l y ,  the nature and s ta te  o f  the  substances d e a l t  
w i th .  the  ex ten t  of coverage, and.whether the g iven p roper t y  values have been 
compiled, selected, or c r i t i c a l l y  evaluated i s  stated. Also, whenever a 
meaningful statement on temperature range can be made, i t  has been included. 
For some la rge  compi la t ions  the  ranges are too  d j f f e r e n t  f o r  i n d i v i d u a l  
systems t o  make any statement p r a c t i c a l ,  and f o r  them, the  authors have 
u s u a l l y  attempted t o  cover t h e  f u l l  range o f  the  data. It is hoped t h a t  t h e  
contents o f  t he  annota t ion  i s  s u f f i c i e n t  t o  permi t  the  reader t o  se lec t  those 
references which most d i r e c t l y  apply t o  h i s  own needs. 

t o  consul t .  Unfor tunate ly ,  many o f  the books c i t e d  a re  o u t - o f - p r i n t ,  n o t  i n  
Engl ish,  or  i n  r e p o r t  form (many o f  the U . S .  government sponsored repo r t s  are 
a v a i l a b l e  from t h e  Na t iona l  Technical In fo rmat ion  Service,  S p r i n g f i e l d ,  
V i r g i n i a  22161). The reader i s  urged t o  exercise care and judgment when 
combining format ion p r o p e r t i e s  from d i f f e r e n t  sources when c a l c u l a t i n g  equi- 
l i b r i u m  constants and en tha lp ies  o f  react ion.  There a re  several  reasons for  
t h i s  precaut ion:  (1) d i f f e r e n t  reference states may be used f o r  t he  elements, 
(2) t he re  a re  d i f f e r e n t  conventions regarding standard s ta tes ,  ( 3 )  equ i l i b r i um 
"constants" may be concent ra t ion  dependent, and (4) d i f f e r e n t  thermodynamic 
pathways may have been used t o  ca lcu la te  tabulated fo rmat ion  proper t ies .  
sa fes t  approach here i s  t o  ca l cu la te  equ i l i b r i um constants (or  enthalpy and 
entropy changes) f rom t h e  formation proper t ies  given i n  one reference and then 
t o  combine them w i t h  s i m i l a r  data ca lcu la ted  or found i n  o the r  references. 

The a lphabe t i ca l  sub jec t  index t h a t  fo l lows the  main s e c t i o n  o f ' t h i s  
b ib l i og raphy  g ives  an i n d i c a t i o n  o f  thermodynamic p r o p e r t i e s ,  phys ica l  o r  
chemical processes, c lasses  o f  substances, and, i n  a few cases, i n d i v i d u a l  
substances f o r  which in fo rmat ion  i s  t o  be found herein.  I t  i s  n o t  p r a c t i c a l  
t o  g i v e  an exhaust ive index t o  t h e  contents o f  t h e  i n d i v i d u a l  references. 
Hence t h e  absence of a p iece  o f  informat ion i n  the  index does n o t  necessar i l y  
mean i t s  absence i n  t h e  references. T h i s  i s  p a r t i c u l a r l y  t r u e  w i t h  respect t o  
p a r t i c u l a r  substances, which the  reader should assume are  n o t  l i s t e d  except by 
chance o f  t i t l e  o r  abs t rac t .  

It i s  n o t  poss ib le  t o  c la im  completeness f o r  t h i s  b ib l i og raphy  and 
somewhat a r b i t r a r y  dec is ions  have been made as t o  whether or n o t  t o  inc lude a 
s p e c i f i c  i tem. 
concerning data sources omi t ted  from t h i s  b ib l iography .  

The present b i b l i o g r a p h y  i d e n t i f i e s  162 d i f f e r e n t  sources f o r  the  reader 

The 

The au thor  would appreciate comments f rom i n t e r e s t e d  readers 
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l i t e r a t u r e  p e r t i n e n t  t o  the  t o p i c  o f  the  i n d i v i d u a l  chapter. 

While t h e r e  are  few tab les  o f  thermodynamic da ta  i n  t h i s  book, 

* * * * * * * * * *  

[lo] Benson, S. W. 
Thermochemical K i  net4 cs: 
Methods f o r  t h e  Es t imat ion  o f  Thermochemical Data and Rate Parameters 
(Second E d i t i o n )  
(John Wi ley  and Sons, New York and London 1976) 

Th is  monograph g ives  t a b l e s  o f  necessary data and desc r ip t i ons  o f  methods of 
t h e i r  use f o r  c a l c u l a t i n g  AH 
r a d i c a l s  and f o r  ex t rapo la t i8 ;  ER;m t o  higher temperatures. The procedures 
can be app l i ed  t o  hydrocarbons, oxygen-containing compounds, n i t rogen-  
con ta in ing  compounds, p o l y c y c l i c  s t ruc tu res ,  haloalkanes, organo-sul fur  
compounds, o rgano-meta l l i c  compounds, p o l y c y c l i c  substances, and deal  p r i n -  
c i p a l l y  w i t h  o rgan ic  compounds. 

and S a t  25 O C  for gas phase molecules and 

[ll] Benson, S. W., Cruickshank, F. R., Golden, D. H., Haugen, G. R., 
O'Neal, ti. E., Rogers, A. S . ,  Shaw, R.  and Walsh, R. 
A d d i t i v i t y  Rules f o r  t h e  Est imat ion o f  Thennochemical Proper t ies  
Chemical Reviews 69, 279 (1969) 
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This lengthy technical  a r t i c l e  gives procedures f o r  ca l cu la t i ng  the propert ies 
AfCo, So, C o ,  f o r  organic compounds i n  the gas phase. 
cu la t i ng  C 'are given f o r  the temperature range from 300 t o  1500 K. 
a v a i l a b i l j t y  o f  C 
So .a t  the same teRperatures. 
t i ons  are given f o r  ind iv idual  chemical groupings i n  some 38 tables. Many 
classes o f  funct ional  groups and molecular conformations are included. 
Examples are given comparing calculated and observed values. 
kcal-mol'l (4.184 kJ.mol-l) o r  bet ter  i n  A Go and 1 cal-mol-l*K'l or  b e t t e r  i n  
Co and So are general ly found. 
aPt ic1 t. 

Parameters f o r  cal-  
The 

as a funct ion o f  temperature allows calculat4on o f  A Go and. 
The necessary constants f o r  making the cafcula- 

Agreements o f  1 

Also see i fem [lo] which supersedes t h i s  

* * * * * * * * * *  

[12] Bichowsky, F. R. and Rossini, F. 0. 
The Thermochemistry o f  the Chemical Substances 
(Reinhold Publ ishing Corporation, New York, 1936) 

Although outdated, t h i s  book s t i l l  provides useful  references t o  the o lde r  
thermochemical l i t e r a t u r e .  
values f o r  t h e  elements and t h e i r  compounds, w i t h  t h e  data f o r  carbon- 
containing compounds being terminated a t  two carbon atoms. 
t h a t  t h e  data p e r t a i n  t o  a temperature o f  18 OC and t o  diamond, r a t h e r  than 
graphite, as the standard s ta te  for carbon; the ye l low form i s  t h e  reference 
s tate f o r  phosphorus. The y e l l o w  f o r m  i s  thermochemically i d e n t i c a l  t o  t he  
white form which t s  t he  reference state used i n  the  NBS Thermochemical Tables 
[149]. 
Ci rcu la r  500, .see i tem 11311. 

Tabulated are AfHo and enthalpy o f  t r a n s i t i o n  

It should be noted 

The data upon which t h i s  book was based were used i n  prepar ing NBS 

* * * * * * * * * *  

113) Bondi, A. 
Physical Properties o f  Molecular Crystals, L iquids,  and Glasses 
(John Wiley and Sons, New York and London, 1968) 

This monograph i s  designed f o r  use by chemical engineers i n  est imat ing 
physical  proper t ies needed i n  design ca lcu lat ions,  as w e l l  as by physical  
chemists and synthet ic  chemists who need t o  understand the  re la t i onsh ip  
between s t ruc tu re  and physical properties. Correlat ions o f  several k jnds are 
described i n  the  t e x t .  These are then restated as methods f o r  est imat ion o f  
the p roper t i  es. 

Substances considered include non-polar and polar  gases, non-polar and po la r  
l i qu ids ,  associated l i qu ids ,  c r y s t a l l i n e  so l ids,  glasses, polymers, and 
polymer m e l t s ,  as w e l l  as others. 
depending upon the propert ies given as i n i t i a l  information. 
proper t ies f o r  which procedures are given are: density, heat capacity, 
enthalpy, entropy, enthalpy and entropy o f  fusion, enthalpy o f  vapor izat ion,  
vapor pressure, cubica l  thermal expansion coe f f i c i en t ,  b u l k  modulus, Young's 
modulus compress ib i l i ty ,  thermal conduct iv i ty,  r o t a t i o n a l  d i f f u s i o n  constant, 
re laxat$on times, mass d i f fus ion,  v lscos i ty ,  and others. 

Procedures given include many var iants ,  
Among the  

* * * * * * * * * *  
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1143 Boubl ik,  T., F r i ed ,  V. and Hala, E. 
The Vapour Pressures o f  Pure Substances 
(E lsev ie r ,  New York, 1973) 

Data are presented i n  t h e  form o f  constants f o r  the Antoine equat ion fo r  the 
temperature dependence o f  t h e  vapor pressures o f  806 substances i n  the  normal 
and low pressure region. Almost a l l  o f  the substances con ta in  carbon. Experi- 
mental data from se lec ted  o r i g i n a l  sources are given, together  w i t h  smoothed 
values obtained from t h e  Antoine equations a t  the same temperature, and the  
absolute and percentage dev ia t i ons .  Standard dev ia t i ons  are ca lcu la ted .  A 
standard b o i l i n g  p o i n t  is ca lcu la ted  f o r  each substance. 

* * * * * * * * * *  

[lSJ Brown, H. D. ( e d i t o r )  
Biochemical M ic roca lo r ime t ry  
(Academic Press, New York and London, 1969) 

Th is  book conta ins  seventeen chapters on subjects concerning heat measurements 
and t h e i r  r e l a t i o n s h i p  t o  b i o l o g y  and biochemistry. 
o f  t h i s  same se r ies ,  i t e m  [63]. Several o f  t he  a r t i c l e s  con ta in  tabu la t i ons  
o f  data: 

Also see the  1980 volume 

Author( s 1 T i t l e  o f  Chapter 

R. C. W i l h o i t  Thermodynamic Proper t ies  o f  Biochemical 
Substances 

Th is  chapter (no. 11) inc ludes  several tables: (1) Selected values o f  thermo- 
dynamic p r o p e r t i e s  (AfGo, A Ho, So, and C") f o r  about 120 impor tan t  biochemical 
species o r  compounds; (2) E i tha lp ies  and eibbs energies o f  fo rmat ion  o f  
adenosine phosphor ic a c i d  species r e l a t i v e  t o  H2ADP" a t  25 O C ;  (3) AHo and 
AGO f o r  s i x  impor tan t  biochemical processes; and (4) P a r t i a l  molar p roper t i es  
(L2, L1, C,) o f  aqueous glucose, g lycero l ,  g l yc ine ,  and urea a t  25 O C .  

S. Ono and K. Takahashi Chemical S t ruc ture  and Reactions o f  Carbohydrates 

Th is  chapter  (no. I V )  has a t a b l e  of en tha lp ies  o f  i somer i za t i on  o f  e leven 
carbohydrates and a t a b l e  g iven enthalpies o f  h y d r o l y s i s  o f  aqueous a - 1 , 4  and 
a-1.6 g l u c o s i d i c  l i nkages  i n  several glucosides a t  25 O C .  

T. Ackermann Physical  States o f  Biomolecules: Ca lo r ime t r i c  
Study o f  Helix-Random C o i l  T rans i t i ons  i n  So lu t i on  

Th is  chapter  (no. V I )  con ta ins  a tabu la t i on  o f  c a l o r i m e t r i c a l l y  determined 
en tha lpy  values accompanying conformational changes of macromolecules i n  s o l u t i o n  
(26 references) and t h e i r  t r a n s i t i o n  temperatures. 
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H. D. Brown Calorimetry of Enzyme-Catalyzed Reactions 

This chapter (no. VII) contains a sununary of calorimetric cnthalpy values for 
enzyme catalyzed systems (21 references) at or near 25 OC. 

* * * * * * * * * *  

[16] Chapman, T. W. and Newman, 3. 
A Compilation o f  Selected Thermodynamic and Transport Properties of 
Binary Electrolytes in Aqueous Solution 
(U. S. Atomic Energy Commisslon Report UCRL-17767 (1968)) 

Data from the literature on the properties of sixty-one c m o n  binary Inorganic 
electrolytes at various temperatures are tabulated with appropriate references. 
The properties include the density, viscosity, transference number, diffusion 
coefficient. and the activity coefficient. 

* * * * * * * * * *  

[17] Charlot, G. 
Selected Constants - Oxidation-Reduction Potentials o f  Inorganic Substances 
in Aqueous Solution 
(Butterworths, London, 1971) 

This reference work, prepared under the auspices of the IUPAC, contains 
selected values o f  electrochemical potentials relative to the assigned zero 
value of the standard hydrogen electrode at or near 25 OC. 
for about 350 inorganic systems. 

Entries are given 
The literature coverage is through 1967. 

* * * * * * * * * *  

[la] Christensen, J. J., Eatough, D. 3. and Izatt, R. M. 
Handbook of Metal Ligand Heats and Related Thermodynamic Quantities 
(Second edition) 
(Marcel Dekker, New York, 1975) 

This handbook gives tabulated values of thermodynamic functions in aqueous 
solution. Enthalpies are given for equilibria involving metal Ions and 
ligands, together with the related thermodynamic quantities log K, ASa and 
AC , where available. 
whvch are summarized the published literature values up to 1974, classified 
according to ligand. 
conditions of measurement of AH arc given. 
and are in the vicinity o f  25 'C. 
complexes of about seventy metallic elements are given. 
the use of the.table and indexes is given. 
llgand formula, and by metal. 
references are also given. 

The body of the book consists of a table (414 pp.) in 

In addition. the appropriate reaction, the method, and 
The temperatures are also specified 

A seven page guide to 
The table is lndexed by author, by 

Both inorganic and organic ligands, and 

An index of synonyms and 8 chronological list of 

* * * * * * * * * *  

[19] Christensen, J. J., Eatough, 0. 3. and Izatt. R. M. 
The .Synthesis and Ion Binding of Synthetic Multidentate Macrocyclic 
Compounds 
Chemical Reviews 74, 351 (1974) 
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This  rev iew  a r t i c l e  contains,  i n  a d d i t i o n  t o  a d iscuss ion  on the  synthesis, 
k i n e t i c ,  and s t r u c t u r a l  parameters, a referenced comp i la t i on  o f  l o g  K, AH, AS, 
and AC da ta  a t  or near 25 O C  f o r  t h e  i n t e r a c t i o n  o f  i no rgan ic  ca t i ons  w i t h  
s y n t h e t i c  mu l t i den ta te  macrocycl i c  compounds. 
thennodynamic data inc ludes  t h e  I o n i c  s t rength ,  so l ven t  system, and method o f  
measurement used i n  o b t a i n i n g  the  data. 

Each e n t r y  i n  the  t a b l e  o f  

* * * * * * * * *  

[20] Christensen, J. J . ,  Hansen, L. D. and I z a t t ,  R. M. 
Handbook o f  Pro ton  I o n i z a t i o n  Heats and Related Thermodynamic Quan t i t i es  
(John Wi ley  and Sons, New York, 1976) 

Th is  book i s  a comp i la t i on  o f  enthalpies,  entropies,  and pK values f o r  t h e  
p r o t o n  i o n i z a t i o n  o f  (mostly) organic compounds i n  water. For each o f  
t h e  approximately 600 compounds covered i n  t h i s  handbook i s  g i ven  the  
AH, AS, and pK f o r  t h e  p r o t o n  i o n i z a t i o n ,  the  method and cond i t i ons  o f  
measurement, and some b r i e f  remarks. The temperatures are a l s o  s p e c i f i e d  
and a re  a t  or near 25 OC. 

compound. 
L i t e r a t u r e  references a re  a l s o  g i ven  f o r  each 

* * * * * * * * * *  

1217 Cla rk ,  W. H. 
Oxidat ion-Reduct ion P o t e n t i a l s  o f  Organic Systems 
(The Wi l l iams and W i l k i n s  Company, Balt imore, 1960) 

Th is  584 page monograph conta ins  a comprehensive d iscuss ion  on t h e  determinat ion 
o f  t h e  e lec t rochemica l  p o t e n t i a l s  o f  organic systems w i t h  emphasis bo th  on 
theo ry  and exper imental  p r a c t i c e .  Included are approximately 100 tab les  o f  
c r i t i c a l l y  evaluated o x i d a t i o n  and reduc t ion  p o t e n t i a l s  f o r  o rgan ic  and 
biochemical  systems through about 1960. Included a re  t h e  quinones, phenols, 
an i  1 ines,  porphyr ins ,  n i c o t i  namide-adenine d inuc leo t ide ,  and nicot inamide- 
adenlne d i n u c l e o t i d e  phosphate systems, and several others. The author has, 
i n  most cases, s p e c i f i e d  t h e  cond i t i ons  t o  which the  da ta  r e f e r .  

* * * * * * * * * *  

[22] Clarke, E. C. W. and Glew, 0. N. 
Journa l  o f  t h e  Chemical Soc ie ty  Faraday Transactions I 76, 1911 (1980) 

Debye-Hiickel l i m i t i n g  s lopes f o r  t h e  osmotic c o e f f i c i e n t  i n  water a re  
presented as a f u n c t i o n  o f  temperature (0  t o  150 "C). The recommended values 
were d e r i v e d  f rom l i t e r a t u r e  measurements of the s t a t i c  d i e l e c t r i c  constant 
and d e n s i t y  o f  water. 

* * * * * * * a t * *  

[23] CODATA Recommended Key Values f o r  Thermodynamics 1977 
(CODATA B u l l e t i n  No. 28 (1978) and Tentat ive S e t  o f  Key Values for 
Thermodynamics: Par ts  V I ,  V I J .  and VIII,  CODATA Special  Reports: 
No. 4 (March 1977). No. 7 ( A p r i l  19781, and No. 8 ( A p r i l  1980)) 
(CODATA Sec re ta r ia t .  Pa r i s )  

7 4 9  
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These a r e  r e p o r t s  by the  CODATA (Committee on Data f o r  Science and Technology 
o f  t he  I n t e r n a t i o n a l  Council o f  S c i e n t i f i c  Unions) Task Group on Key Values 
for  Thermodynamics i n  which are  presented recommended values f o r  t he  
q u a n t i t i e s  AfGo (298.15 K), So (298.15 K), A Ho (298.15 K), and Ho 
(298.15 K) - Ho (0 K) f o r  el80 o f  t h e  thermdchemical ly more impor tan t  
elements and compounds, i nc lud ing  some aqueous species. most ly  e l e c t r o l y t e s .  
These b u l l e t i n s  supersede e a r l i e r  CODATA repor t s  o f  t h i s  group. 
recommended values are  based on a completely new eva lua t i on  o f  a l l  p e r t i n e n t  
data a v a i l a b l e  a t  t h e  t ime o f  pub l i ca t i on .  Consequently, t hey  should n o t  be 
used i n d i s c r i m i n a t e l y  w i t h  data from e a r l i e r  se l f - cons i s ten t  t ab les ,  such as 
Wagman e t  a l .  or Hedvedev c t  al. ,  i tems 1933 and [149]. The e a r l i e r  pub l i ca-  
t i o n s  i n  t h i s  se r ies  inc lude CODATA B u l l e t i n s  5, 10. 17, and 22 publ ished, 
respec t i ve l y ,  i n  1971, 1973, 1976, and 1977. They are use fu l  f o r  t h e  r e f e r -  
ences wh ich  they  con ta in  t o  the  source l i t e r a t u r e  from which t h e  recomended 
key values were obtained. 

The 

* * * * * * I S * * *  

C241 Coetzee, J. F. and R i t ch ie ,  C. D. ( ed i to rs )  ( i n  two volumes) 
Solute-Solvent I n te rac t i ons  
(Marcel-Dekker, New York and London, 1969 and 1976). 

Relevant chapters are: 

Author(s) T i t l e  o f  Chapter 

3.  W. Larson and L. G. Hepler Heats and Entropies o f  I o n i z a t i o n  (Vol 1, 

Th is  i s  a d e t a i l e d  review and eva lua t i on  o f  t h e  en tha lp ies ,  Gibbs energies, 
en t rop ies ,  and heat capaci ty changes accompanying i o n i z a t i o n  o f  o rgan ic  acids.  
I nc luded  a re  eleven tab les  of data on var ious  types o f  ac ids ,  i n c l u d i n g  t h e  
c a r b o x y l i c  acids,  phenols, a n i l i n i u m  ions, ammonium ions, t h e  amino ac ids ,  
b a r b i t u r i c  acids, and several  inorgan ic  acids. The authors also discuss t h e  
i n t e r p r e t a t i o n  o f  t he  data i n  terms o f  molecular considerat ions.  
da ta  r e f e r  t o  25 OC and standard s t a t e  cond i t ions .  There are  224 references. 

Chapter 1) 

The tabu la ted  

E. M. A r n e t t  and D. R. McKelvey Solvent Iso tope E f f e c t  on Thermo- 
dynamics o f  Non-reacting Solutes 
(Vol. 1, Chapter 6) 

Th i s  i s  a general and extensive rev iew dea l i ng  w i t h  d i f f e rences  i n  thermo- 
dynamic p r o p e r t i e s  between l i g h t  and heavy water systems. 
d e a l t  w i t h  i nc lude  Gibbs energies and en tha lp ies  of t r a n s f e r  and s o l u b i l i t i e s ;  
systems f o r  which data are tabu la ted  inc lude t h e  more common ino rgan ic  
e l e c t r o l y t e s  and ions,  a lcohols,  amides, amino acids,  and several  non- 
e l e c t r o l y t e s .  

P. M. Laughton and R. E.Robertson Solvent Iso tope E f fec ts  f o r  

The p r o p e r t i e s  

E q u i l i b r i a  and Reactions (Vol. 1, 
Chapter 7) 

-- 
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I n c l u d e d  i n  t h i s  rev iew are  tabu la ted  values g i v i n g  d i f f e rences  i n  pK 
values f o r  weak ac ids  i n  l i g h t  and heavy w a t e r .  

C. V. Kr ishnan and H. L. Friedrnan Enthalpies o f  Trans fer  f o r  Solutes 

The chapter  reviews the e x i s t i n g  experimental data f o r  standard enthalpies 
and en t rop ies  o f  s o l u t i o n  o f  pure substances i n  var ious  so lvents  and gives 
de r i ved  en t rop ies  o f  t r a n s f e r  o f  molecules, ions, and groups from one so lvent  
t o  another and from t h e  gas phase t o  water. The data a re  summarized I n  22 
t a b l e s  and cover b o t h  inorgan ic  and organic substances, e l e c t r o l y t e s  and non- 
e l e c t r o l y t e s .  There a re  146 references t o  t he  l i t e r a t u r e .  

i n  Po la r  Solvents (Vol. 2, Chapter 3 )  

* n * * * * * * n *  

[25]  Cohn, E. J. and Edsa l l ,  J. 1. ( i nc lud ing  chapters by J. G .  .Kirkwood, 
H. Hue l l e r ,  3. L. Oncley, and G. Scatchard) 
P ro te ins ,  Amino Acids, and Peptides: As Ions and D ipo la r  Ions 
(Hafner Pub l i sh ing  Co., New York and London, 1965) 

Th is  book conta ins  a general  d iscuss ion  o f  t he  phys ica l  chemlstry o f  p ro te ins ,  
amino acids,  and pept ides.  Most o f  the chapters con ta in  references t o  t h e  
source l i t e r a t u r e  where one can f i n d  s p e c i f i c  p ieces  o f  thermodynamic data. 
Tables i n  t h i s  book o f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  b ib l i og raphy  are: 
(1) a c t i v i t y  c o e f f i c i e n t s  o f  amino acids and pept ides,  (2) s o l u b i l i t i e s  o f  
amino ac ids  i n  water and o the r  solvents,  (3)  t h e  i n f l uence  o f  CH, groups upon 
t h e  i n t e r a c t i o n s  between d i p o l a r  ions,  (4) en tha lp ies  o f  i o n i z a t i o n  o f  amino 
acids and pept ides ,  and (5) thermodynamic func t ions  ( A G O ,  AHo, ASo. and ACo> 
f o r  t h e  i o n i z a t i o n  o f  amino acids.  P Also see e n t r y  1241. 

1261 Conway, B. E. 
E lec t rochemica l  Data 
(E lsev ie r ,  New York, 1952) 

This  monograph i s  a comprehensive (359 pp.) c o l l e c t i o n  o f  data on var jous  
aspects o f  pure  and a p p l i e d  electrochemistry,  r e l a t i n g  t o  o rgan ic  and' inorganic 
substances, b o t h  s o l i d  and i n  so lu t i on .  Data are presented i n  t a b u l a r  form, 
i n  t e n  chapters,  in t roduced w i t h  references t o  data sources and explanat ions 
o f  approach. Phys ica l  p r o p e r t i e s  i nc lude  dens1 t i e s  and vapor pressures o f  
var ious  aqueous so lu t i ons ,  d i e l e c t r i c  constants, d i p o l e  moments, and o ther  
p roper t i es .  
c o e f f i c i e n t s .  conductance values, i o n i c  m o b i l i t i e s ,  t rans ference numbers and 
d i f f u s i o n  c o e f f i c i e n t s  a re  tabulated. There i s  a chapter on d i s s o c i a t i o n  
constants,  s o l u b i l i t i e s ,  and b u f f e r  so lu t ions .  The chapter on p r o p e r t i e s  o f  
e l e c t r i c  double l a y e r s  conta ins  tab les  o f  e l e c t r o k i n e t i c  p o t e n t i a l s  and 
p r o p e r t i e s  o f  va r ious  i n t e r f a c e s  i nc lud ing  ones of such b i o l o g i c a l  i n t e r e s t  as 
the  mammalfan r e d  b lood  c e l l .  
sec t i on  on t r a n s p o r t  and general p roper t i es  o f  c o l l o i d s  and macromolecular 
e l e c t r o l y t e s ,  i n c l u d i n g  ex tens ive  tab les  o f  m o b i l i t i e s  f o r  such compounds as 

R e l a t i v e  p a r t i a l  molar en tha lp ies  and a c t i v i t y  and osmotic 

The b i o l o g i s t  would a l so  f i n d  r e l e v a n t  t he  
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hemoglobins, serum albumins, and red  b lood c e l l s ,  among others.  E lec t rode 
chemistry t a b l e s  i nc lude  a compi la t ion  o f  data on r e v e r s i b l e  e lec t rode 
processes: 
l i q u i d  j u n c t i o n  po ten t i a l s ,  h a l f - c e l l  p o t e n t i a l s ,  and electrochemical  equi-  
va len ts  f o r  c e r t a i n  elements. A chapter on e lec t rode  k i n e t i c s  gives a c r i t i c a l  
s e l e c t i o n  o f  t he  ava i l ab le  determinations o f  the  parameters o f  a number o f  
e lec t rode react4 ons. 

[27) Covington, A. K. 
E l e c t r o l y t e  So lu t ions  B u l l e t i n  
(Un ive rs i t y  o f  Newcastle-Upon-Tyne, 1971 t o  p resent )  

This i s  a c u r r e n t  awareness b u l l e t i n  t h a t  p rov ides  t i t l e s  and references o f  
"recent papers cover ing  a l l  aspects o f  t he  phys i ca l  chemis t ry  and s t r u c t u r e  o f  
e l e c t r o l y t e  so lu t ions ,  t he  methods used i n  these s tud ies  i n c l u d i n g  spectro- 
scopy, e q u i l i b r i u m  (but n o t  k i n e t i c  processes), e lec t rode  systems, pH, i o n  
s e l e c t i v e  and reference electrodes." 

* * * * * a * * * *  

[28) Cox, 3. 0. and P i l che r ,  G. 
Thennochemistry o f  Organic and Organometal l ic Compounds 
(Academic Press, London and New York. 1970) 

This monograph i s  a c r i t i c a l  compi lat fon o f  thermochemical da ta  f o r  t he  t i t l e  
f i e l d  pub l i shed  s ince  1930. The entha lp ies  o f  f o r n a t i o n  a t  298.15 K o f  some 
3000 substances are  l i s t e d ,  w i t h  est imates o f  e r r o r .  
vapor i za t i on  a re  known or can be r e l i a b l y  es t imated  these are  l i s t e d  and i n  
these cases t h e  en tha lp ies  o f  format ion o f  bo th  gaseous and condensed phases 
are given. Extensive i n t roduc to ry  ma te r ia l  presents experimental procedures 
for reduc t fon  o f  experimental data o f  t he  type  found I n  t h e  book. 
o f  thernochemical data a re  given. and the re  i s  a s e c t i o n  on methods o f  e s t i -  
mat ing cn tha lp ies  o f  fo rmat ion  o f  organic compounds. A lso  see i tems 1291 and 
[ 116). 

Where en tha lp ies  o f  

App l i ca t i ons  

* * * * * * * a * *  

1291 Domalski, E. S. 
Selec ted  Values o f  Heats o f  Combustion and Heats of Formation o f  Organic 
Compounds Contalning t h e  Elements C,  H. N, 0 .  P, and S 
Journa l  o f  Physical  and Chemical Reference Data 2. 221 (1972) 

Selected values o f  t he  en tha lp ies  o f  combustion and en tha lp ies  o f  fo rmat ion  o f  
719 organ ic  compounds a t  298.15 K are  reported. 
by conmentary and o r i g i n a l  source references. 
a l so  g iven f o r  each compound. 
described. 

The se lec ted  values are  augmented 
The Wiswesser L ine  No ta t i on  i s  

The methods used i n  updat ing  o l d e r  work a re  

I * * * * * * * * *  

[30] Domalski, E. 5 . .  Evans, Id. H. and Hearing, E. 0 .  
Heat Capacity, Entropies,  and Some Phase T r a n s i t i o n  P roper t i es  o f  
Organic Compounds i n  the L iqu id  and S o l i d  Phases 
Journa l  o f  Physical and Chemical Reference Data, Volume 13. 
Supplement No. 1, 1984. (286 pp.) 
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f h l s  e x t e n s l v e  rev iew  g ives  heat  capac i t i es  and en t rop ies  f o r  approximately 
1400 o r g a n i c  compounds i n  t h e  l i q u i d  and s o l i d  phases a t  or near 25 O C .  Values 
for c n t h a l p i e s  and en t rop ies  o f  phsse t r a n s i t i o n s  are a l s o  Included. 
l i t e r a t u r e  coverage i s  f rom 1881 through most o f  1982 and the re  are  d e t a i l e d  
re fe rences  g i v e n  t o  t h e  source l i t e r a t u r e .  

The 

* * a * * * * * * *  

1311 Domalski,  E. S. , W. H. Evans and T. L. Jobe, Jr., ( p r i n c i p a l  
c o n t r i b u t o r s )  
Thermodynamic Data for Waste I n c i n e r a t i o n  
(The American Soc ie ty  o f  Mechanical Englneers, New York, 1979) 

f h l s  160 page monograph presents thermodynamic data f o r  ma te r ia l s  which are 
chemical m ix tu res ,  polymers, composite mater ia ls ,  s o l i d  wastes, and substances 
n o t  e a s i l y  i d e n t i f i a b l e  by a s i n g l e  s to i ch iomet r i c  formula. The thermodynamic 
p r o p e r t i e s  g i v e n  a r e  heats o f  r e a c t i o n  and t r a n s i t j o n s ,  heat capac i t i es  and 
heat  con ten ts ,  and vapor and sub l imat ion  pressures. I nc luded  i s  a ma te r ia l  
name and p r o p e r t y  index  which covers approximately 600 mater ia ls ,  many o f  
which a r e  o f  b i o l o g i c a l  i n t e r e s t ,  and i n c l u d i n g  data on animals. 

* * * * * * * * * *  

[32] Dorsey, N. E. 
P r o p e r t i e s  o f  Ord inary  Water-Substance 
(Reinhold Pub l i sh ing  Corporat ion,  New York, 1940) 

Th is  c l a s s i c  book i s  an exhaust ive  and c r i t i c a l  compi la t ion  o f  t h e  phys i ca l  
p r o p e r t i e s  o f  water  as repo r ted  i n  t h e  l i t e r a t u r e  through t h e  year  1938. 
E s s e n t i a l l y  every  phys i ca l  p roper t y  o f  pure water i s  covered. 
i s  l i t t l e  emphasis on aqueous so lu t i ons ,  t he  s o l u b i l i t i e s  and d i f f u s i o n  
cons tan ts  o f  se lec ted  gases i n  water a r e  t rea ted .  

Although the re  

A l s o  see [134]. 

* * * * * * * * * *  

1331 Dymond, J .  H. and Smith, E. B. 
The V i r i a l  C o e f f i c i e n t s  o f  Gases 
(Clarendon Press, Oxford, 1980) 

T h i s  book i s  a c r i t i c a l  comp j la t i on  o f  t h e  v i r i a l  c o e f f i c j e n t s  o f  about 300 
gases a t  v a r i o u s  temperatures. 
sources as w e l l  as, i n  some cases, standard dev ia t ions  and es t imated inaccu- 
r a c i e s  for t h e  data.  Th is  r e v i s e d  e d i t i o n  a l so  inc ludes  data on gaseous 
n l x t u r e s .  

Inc luded are references t o  t h e  o r i g i n a i  

* * * * * * * * * *  

[34] Fasman, C. D. ( e d i t o r )  
Handbook o f  B iochemis t ry  acd Holecu la r  B io logy  
(CRC Press, Cleveland, Ohio, 1976) 

T h i s  co rnp i l a t i on  i s  a r e v i s i o n  and an expansion Of t he  1968 e d i t i o n  (see i tem 
[140]). Many o f  t h e  e a r l i e r  c o n t r i b u t i o n s  have been rev ised.  
sec t i ons  on t h e  s o l u b i l l t i e s  o f  f a t t y  ac ids  by  K. S. Hark ley  are i n  the  

The th ree  
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volume "Lipids, Carbohydrates, and Steroids'' on pages 496 and 497. All of the 
other articles cited In item [140] appear in the volume "Physical and Chemical 
Reference Data" between pages 107 and 366. 
appear in the earlier edition are as follows: 

Items of interest which did not 

Item - Author(s) or Source 

E.D. Mooz Data on the Naturally Occurring Amino Acids 
(Proteins, p. 111-174) 

These tables include pK values for the amfno acids at or near 25 OC. 

D. 8. Dunn and R. H Hall Purines, Pyrimidines, Nucleosides, and 
Nucl eoti des: 
Spectral Properties 
(Nucleic Acids, p. 65-215) 

Physical Constants and 

These tables include pK values for these materials at 25 OC. 

Interunion Commisslon on Recommendations for Measurement 
Biothermodynamics and Presentation of Biochemical 

Equil i bri um Data. 
(Physical and Chemical Reference 
Data, p. 93-103) 

This important report gives a set of recommendations pertinent to the 
necsurement and treatment of biochemical equilibrium data. 

N. Langerman Enthalpy, Entropy, and Free Energy Values 
f o r  Biochemical Redox Reactions. 
(Physical and Chemical Reference 
Data, p. 121) 

This table summarizes AG, AH, and AS values for 14 biochemical redox reactions 
at 25 V. 

~ * n m * * * * n *  

[35] Florkin, M. and Mason, H. (edftors) 
Comparative Biochemistry. Volume 11. Free Energy and Biological Function 
(Academic Press, New York and London, 1960) 

This book contains several chapters dealing with the use of Cibbs energy data 
fn blochemistry. 
lations of thermochemical data: 

The following chapters contain references to and/or tabu- 

Authors Title of Chapter 

H. R. htkinson and R. K. Morton, F r e t  Energy and 8iosynthes:s of 
Phosphates (Vol. 1, Chapter 1) 
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T h i s  chap te r  con ta ins  a t a b u l a t i o n  o f  Gibbs energies and e q u i l i b r i u m  
cons tan ts  for v a r i o u s  metabo l ic  processes i n v o l v i n g  phosphates. The 
temperature, pH, magnesium i o n  concentrat ion,  and approp r ia te  l i t e r a t u r e  
re fe rences  a r e  g iven.  

L. F. L e l o f r ,  C. E. C a r d i n i  and U t l l i z a t i o n  o f  Free Energy f o r  t he  
E. Cabib . B iosyn thes is  o f  Saccharides 

Inc luded  i n  t h e  d i scuss ion  a re  some references t o  e q u i l i b r i u m  data r e l e v a n t  
t o  t h e  b i o s y n t h e s i s  of saccharides. 

(Volume 1, Chapter 2) 

P. P. Cohen and G. W. Brown, Jr. Ammonia Metabolism and Urea B iosynthes is  

I n  t h e l r  d i s c u s s i o n  o f  ammonia metabolism, t h e  au thors  have used other com- 
p i l a t i o n s  o f  thermodynamic data t o  compute Gibbs energy changes f o r  these 
processes. 

(Volume 1, Chapter 4) 

a * * * * * * * * *  

[36] Fox, D., tabes, M. M. and Weissberger, A. ( e d i t o r s )  
Physics and Chemistry o f  the  Organic S o l i d  S t a t e  
(John Wi ley  and Sons, I n te rsc ience  Pub l ishers ,  New York 1963) 

E. F. Westrum. Jr. and J .  P. McCullough Chapter 1. Thermodynamics o f  C r y s t a l s  

I n  a d d i t i o n  t o  d i s c u s s i o n  o f  thermodynamic p r o p e r t i e s  o f  o rgan ic  substances 
and the i r  measurement, t h i s  chapter (178 pp.) g ives  t a b l e s  o f  entropy o f  
f us ion ,  and vapor p ressures  and a t a b l e  o f  thermodynamic data sources for  
about 800 o rgan ic  compounds (798 references). 

* * * * * * * * * *  

C371 Franks, F. ( e d i t o r )  
Water-A Comprehensive T r e a t i s e  ( i n  f i v e  volumes) 
(Plenum Press, New York and London, 1972 t o  1975) 

T h i s  t r e a t i s e  c o n s i s t s  o f  f o r t y - s i x  chapters d e a l i n g  w i t h  water and aqueous 
s o l u t i o n s .  A l though concerned w i t h  a l l  aspects o f  water,  several  chapters 
c o n t a i n  ex t remely  u s e f u l  summaries o f  thermodynamic data.  Among these are: 

Author ( s 1 

F. Franks The Proper t i es  o f  I c e  (Vol. 1, Chapter 4) 

Tabu la ted  a r e  t h e  i o n i c  e q u i l i b r i u m  cons tan t  and t r a n s p o r t  p roper t i es  o f  i c e  
a t  -10 OC. 

T i t l e  o f  Chapter 

I 7 5 5  I-. 
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G. 5 .  K e l l  Thermodynamic and Transpor t  Proper t ies  
o f  F lu id  Water (Vol. 1, Chapter 10) 

Inc luded i s  t he  d e n s i t y  o f  water as a func t ion  of temperature, t he  vapor 
pressure, s p e c i f i c  heat, p a r t i a l  molar volume, c r i t i c a l  p roper t i es ,  and 
v i s c o s i t y  o f  water f rom 0 t o  500 O C  and t o  8 kbar. Also see Stems 1433 
and [134]. 

K. T8dheide Water a t  High Temperatures and Pressures 
( V o l .  1, Chapter 13) 

This  chapter i s  an extensive t a b u l a t i o n  o f  t h e  h igh  temperature p roper t i es  of 
water. I nc luded  are  t h e  s p e c i f i c  volume, fugac i t y ,  Gibbs energy and enthalpy 
o f  fo rmat ion ,  entropy, v i s c o s i t y ,  thermal conduc t i v i t y ,  d i e l e c t r i c  constant, 
and i o n  product o f  water. 
1000 O C  and up t o  250 kbar. 

The temperature and pressure ranges are 0 t o  
A l s o  see Items I431 and [134]. 

F. Franks and D. 5 .  Reid Thennodynami c P roper t i es  

Given a r e  AGO, AHo, ASo, and ACo f o r  the s o l u t i o n  o f  hydrocarbons, a lcoho ls ,  
and r a r e  gases - in  water a t  25 " C p  

( V o l .  2, Chapter 5) 

H. L. Friedman and C. V. Krishnan Thermodynamics o f  I o n i c  Hydra t ion  

Tabulated a re  s i n g l e - i o n  en t rop ies  o f  about 210 diatomic and po lya tomic  i ons  
i n  water; Gibbs energies, cn tha lp ies ,  and en t rop ies  o f  h y d r a t i o n  o f  monatomic 
i o n s  a t  25 OC; p a r t i a l  molar volumes o f  about 120 common ions  a t  25 "C;  i o n i c  
p a r t i a l  molar heat  capac i t i es  o f  ions; Gibbs energies o f  t r a n s f e r  o f  inorgan ic  
e l e c t r o l y t e s  f rom H,O t o  D20; and c a l o r i m e t r i c a l l y  determined en tha lp ies  o f  
s o l u t i o n  o f  s a l t s  in H,O and DzO. 

(Vol. 3 ,  Chapter 1) 

D. Eagland Nucleic Acids. Peptides, and Pro te ins  
(Vol. 4, Chapter 5) 

Thermodynamic parameters for c o i l  + h e l i x  and homopolymer + c o i l  h e l i x  
t r a n s i t i o n s  o f  amino acids i n  aqueous s o l u t i o n  are tabu la ted .  

H. L. Anderson and R. H. Wood Thermodynamics o f  Aqueous Mixed E l e c t r o l y t e s  
(Vo l .  3,  Chapter 2) 

7 5 6  
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Inc luded a r e  data on t h e  cn tha lp ies  and excess Gibbs energies o f  mix ing  o f  
about 24 n t x e d  e l e c t r o l y t e  systems i n  water a t  25 'C. 

* * * * * * * * * *  

[38] Fredenslund. A., Gmehling, J.  and Rasmussen, P. 
Vapor - l i qu id  E q u i l i b r i a  Using UNIFAC 
( E l s e v i e r  S c i e n t i f i c  Pub l i sh ing  Company, Amsterdam, 1977) 

Th is  book descr ibes  t h e  UNIFAC (an acronym formed from Un iversa l  Quasi- 
Chemical Func t i ona l  Group A c t i v i t y  C o e f f i c i e n t )  procedure f o r  es t ima t ing  
a c t i v i t y  c o e f f i c i e n t s  o f  non -e lec t ro l y tes  i n  f l u i d  mix tu res  and t h e  use of 
these a c t i v i t y  c o e f f i c i e n t s  for t he  p r e d i c t i o n  o f  v a p o r l i q u i d  e q u i l i b r i a .  The 
es t ima t ion  scheme i s  based upon a group-cont r ibu t ion  method. The methodology 
i s  c l e a r l y  descr ibed w i . t h  examples o f  i t s  use and w i t h  computer programs 
l i s t e d  i n  t h e  Appendix t o  t h e  volume. There i s  a l s o  a chapter which describes 
a procedure f o r  es t ima t ing  t h e  second v i r i a l  c o e f f i c i e n t s  o f  gases. The 
coverage o f  m a t e r i a l s  and func t i ona l  groups includes a lcoho ls ,  alkanes, 
e thers ,  o rgan ic  acids,  ketones, aldehydes, m i n e s ,  hydrocarbons, and n i t rogen  
compounds. 

* * * * * * * * * *  

[39] Freeman, R. 0 .  ( e d i t o r )  
B u l l e t i n  o f  Chemical Thermodynamics 
(Thermochemistry, I n c . .  Oklahoma S ta te  Un ive rs i t y ,  S t i l l w a t e r ,  OK 
74078) 

Each annual i ssues  (volume 25 appeared i n  1982) o f  the  B u l l e t i n  i s  a cu r ren t  
awareness index  to ,  and a comprehensive b ib l i og raphy  o f ,  a r t i c l e s  t h a t  p e r t a i n  
t o  chemical thermodynamics (b road ly  i n te rp re ted )  and t h a t  were publ ished i n  
t h e  prev ious  ca lender  year.  The index I s  arranged by chemical substance and 
i d e n t i f i e s  t h e  thermodynamic p roper t y  repo r ted  for t a c h  substance; numerical 
data a r e  n o t  given. 
substances. o rgan ic  substances, organic mixtures,  and biochemical  and 
nacromolecular systems. 
Reports, on "work completed but n o t  y e t  publ ished", f rom a l a r g e  number of 
l a b o r a t o r i e s  l o c a t e d  worldwide. a b ib l fography  o f  r e c e n t l y  pub l i shed  books 
r e l a t e d  t o  thermodynamics. and a sec t i on  o f  n lsce l laneous i tems o f  i n t e r e s t  t o  
t h e  thermodynamic c o m u n i t y .  
Phys ica l  Chemistry", pub l i shed  since 1950 by Annual Reviews, Inc . .  contained 
b i b l i o g r a p h i c  i n fo rma t ion  f o r  general themochemistry and t h e  thermodynamics 
o f  e l e c t r o l y t e  so lu t i ons ;  these a r t i c l e s  were, I n  p a r t .  t h e  forerunners o f  t h e  
B u l l e t i n .  From 1965 t o  1976 the  B u l l e t i n  had the  t i t l e  " B u l l e t i n  o f  
Thermodynamics and Thermochemistry" and was pub1 ished by  the  U n i v e r s i t y  o f  
Michigan under t h e  e d i t o r s h i p  o f  E.F. Westrum, J r .  

Four subd iv is ions  o f  t he  Index cover i no rgan ic  

A lso  inc luded i n  each B u l l e t l n  i s  a s e c t i o n  of 

The e a r l y  volwnes o f  t he  "Annual Review o f  

* * * * * * * * * *  

[SO] F r e i r ,  R. K. 
Aqueous So lu t ions :  Data f o r  Inorgan ic  Compounds ( i n  two volumes) 
(Walter de Gruyter,  B e r l i n  and New York, 1976 and 1977) 

Th is  very  w e l l  organized and easy-to-use handbook conta ins  a wea l th  o f  thermo- 
dynamic da ta  on aqueous so lu t i ons .  There are 1300 s o l u t i o n s  f o r  which data 
i s  g iven. 
btochcmical  substances when ava i l ab le .  Proper t ies  g i ven  a re  dens i t i es ,  

The so lu tes  a re  b o t h  Inorgan ic  and organic. and inc lude  data on 
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s o l u b i l i t i e s ,  e q u i l i b r i u m  constants, Gibbs energies o f  format ion,  e l e c t r o -  
chemical p o t e n t i a l s ,  conduc t i v i t i es ,  pH values, species-composit ion diagrams, 
and vapor pressures. The most ser ious shortcoming o f  t h i s  handbook i s  t h e  
absence o f  s p e c i f i c  references t o  the  l i t e r a t u r e  sources o f  t he  data. The 
b u l k  o f  t h e  t e x t  i s  i n  German. 

* * * * * * * * * *  

[41] Goldberg, R. N., Staples, B. R., N u t t a l l ,  R. L. and Arbuckle, R. 
A B ib l i og raphy  o f  Sources o f  Experimental Data Leading t o  A c t i v i t y  or 
Osmotic Coe f f i c j en ts  for Polyva len t  E l e c t r o l y t e s  i n  Aqueous S o l u t i o n  
(NBS Special  Pub l i ca t i on  485, U. S. Government P r i n t i n g  O f f i c e ,  Washington, 
D.C. ,  1977) 

Th is  i s  a b ib l i og raphy  o f  sources o f  experimental data t h a t  can be used t o  
c a l c u l a t e  e i t h e r  a c t i v i t y  or osmotic c o e f f i c i e n t s  o f  p o l y v a l e n t  e l e c t r o l y e s  
i n  water a t  t h e  temperatures (0 t o  100 "C) for which t h e  da ta  e x i s t .  
compounds are  arranged according t o  t h e  standard thermochemical o rde r  o f  
arrangement. 

The 

There a re  approximately 400 references t o  the  source l i t e r a t u r e .  

* * * * * * * * * *  

[423 Gurvich,  L. V., Ve i ts ,  I. V., Hedvedev, V. A., Khachkuruzov, G.A., 
Yungman, V.S. , Bergman, G.A. e t  a l .  "Termodinamicheskie Svo is tva  
I n d i v i d u a l  I nykh Veschestv" (Thermodynamic Proper t ies  o f  I n d i v i d u a l  
Substances)V.P. Glushko, general e d i t o r  Volume I, p a r t s  1 and 2 (1978); 
Volume 11, p a r t s  1 and 2 (1979); Volume 111, p a r t s  1 and 2 (1981); 
Volume I V ,  i n  press. ( I z d a t e l l s t v o  "Nauka", MOSCOW, 1979). 

Th i s  ex tens ive  work i s  a c r i t i c a l  eva lua t ion  and c o l l e c t i o n  o f  t h e  thermo- 
dynamic p roper t i es  o f  the elements and t h e i r  compounds. 
t a b u l a t e d  are  C", (G"-H"(O))/T, So, and Ho-H"(0) and loglOK where K f o r  gases 
i s  t h e  equ i l i b rvum constant f o r  t he  r e a c t i o n  o f  forming t h e  g i ven  compound 
from I t s  atoms; for so l i ds  K r e f e r s  e i t h e r  t o  vapor i za t i on  o r  t o  atomizat ion.  
The temperature range f o r  which t h e  data are g iven i s  100 K t o  t h e  h i g h e s t  
temperature f o r  which data txSs t ,  t h e  temperature i n t e r v a l s  be ing  i n  
steps o f  100 K. There are extensive discussions o f  t h e  sources f rom which the  
data have been taken, t h e  computational procedures, and a lso ,  re fe rences  t o  
the  source l i t e r a t u r e .  Also see i t em 11443. The contents o f  t h e  f o u r  volumes 
are: 

The p r o p e r t i e s  

Volume Contents 

I 0, H(D,TI, F, C1, Br,  I, He, Ne, A r ,  
K r ,  Xe. Rn, S, N, and P 

I1 C, S i ,  Ge, Sn, and Pb 

111 

I V  

8, H, Ga, I n ,  T1, Be, Mg, Ca, and Ba 

C r ,  Mo, W, V, Nb, Ta, T i ,  Zr, Hf, 
Sc, Y, La, Th, U, Pu, L i ,  Na, K, Rb, and Cs. 

I * * * * * * * * *  
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[43] Haar, L., Gal lagher,  J. S. and K e l l ,  G. 5 .  
A Thermodynamic Surface f o r  Water: The Formulation and Computer Programs 
(NBSIR 81-2253, Nat iona l  Bureau o f  Standards, Washington. D.C. ,  1981) 

Haar, L., Gallagher, J. S. and Ke l l ,  G. S. 
The Anatomy o f  t he  Thermodynamic Surface o f  Water: 
Comparisons w i t h  Data 
(The American Soc ie ty  o f  Hechanciaf Engineers, New York, 1982) 

Haar, L., Gal lagher,  J. S. , and K e l l ,  G. S. 
NBS-NRC Steam Tables 
(Hemisphere Press, Washington, DC, 1984) 

The Formulation and 

The 1981 a r t i c l e  summarizes the  development of a thermodynamic surface f o r  
water w i t h  which a l l  thermodynamic proper t ies  f o r  the f l u i d  s ta tes  can be 
ca l cu la ted  from the  f r e e z i n g  l i n e  t o  1000 K and up t o  1 GPa i n  pressure. The 
d iscuss ion  i s  very b r i e f ,  b u t  g ives references t o  e a r l i e r  work and ind ica tes  
t h a t  a more d e t a i l e d  p u b l i c a t i o n  i s  forthcoming. 
t he  Helmholtz f u n c t i o n  which de f i ne  the surface. 
enthalpy, and speed o f  sound are included. 

The 1982 r e p o r t  contains a computer program which can be used t o  ca l cu la te  
twelve thermodynamic p roper t i es  o f  water and steam over the  range 0' C 5 t 5 
1000 O C  and 0 5 p 5 1000 HPa. The proper t ies  inc lude t h e  Helmoltz funct ion,  
t he  pressure, entropy, i sochor i c  and i sobar i c  heat capac i ty ,  the  2nd v i r i a l  
c o e f f i c i e n t ,  and the  speed o f  sound. Also see i tem [134]. 

The book i n  press conta ins  tab les ,  w i t h  documentation, f o r  a l l  o f  the  
e q u i l i b r i u m  p r o p e r t i e s  o f  water and steam for which r e l i a b l e  data ex i s t .  
Also inc luded i n  the  book a re  tab les  o f  t ranspor t  and mechanical property data 
such as the  sur face  tens ion ,  the v i scos i t y ,  and the  thermal conduct iv i t y .  The 
temperature range which t h e  data tab les  extend i s  0 OC 5 t 5 2500 'C and the 
pressure range i s  0 5 p 5 3000 MPa. 

Given are c o e f f i c i e n t s  o f  
P l o t s  o f  heat capaci ty,  

* * * * * * * * * *  

[44] Hala, E . ,  Wichter le,  I . ,  Polak, J. and Boublik, T. 
Vapour-Liquid Equ i l i b r i um Data a t  Normal Pressures 
(Pergamon Press, Oxford, 1968) 

Th is  book conta ins  c o r r e l a t e d  vapor - l iqu id -equ i l ib r ium data on mixtures 
(most ly b i n a r y  b u t  w i t h  some multicomponent systems). 
done us ing  any one o f  severa l  approaches: The Antoine equat ion for a pure 
component, van Laar and Hargules equations f o r  mixtures. I n  a l l  cases the  
source(s) o f  t h e  experimental data i s  given. The coverage o f  systems ( 400) 
i s  very broad and i t  inc ludes  aqueous, nonaqueous, and organic- inorganic 
mf xtures.  

The c o r r e l a t i o n s  are  

* a * * * * * * * *  

[45] Hamer. W. J .  ( e d i t o r )  
The S t r u c t u r e  o f  E l e c t r o l y t i c  Solut ions 
(John Wi ley  and Sons, New York, 1959) 
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This book conta ins  several chapters re levan t  t o  t h i s  b ib l iography .  They are: 

Author(s1 

-C. W. Davies 

T i t l e  o f  Chapter 

Incomplete D issoc ia t i on  i n  Aqueous S a l t  
So lu t ions  (Chapter 3) 

Tabulated a re  values of -logl0K a t  25 OC f o r  t he  p a i r i n g  i n  aqueous s o l u t i o n  
o f  e igh teen common inorgan ic  ca t ions  w i t h  t h i r t y - e i g h t  o f  t he  more common 
ino rgan ic  and organ ic  anions. 

E. Lange Heats o f  D i l u t i o n  o f  D i l u t e  So lu t i ons  
o f  S t rong and Weak E l e c t r o l y t e s  
(Chapter 9) 

Th is  chapter  conta ins  I discussion o f  t he  t h e o r e t i c a l  i n t e r p r e t a t i o n  and 
c a l c u l a t i o n s  o f  heats o f  d i l u t i o n  o f  e l e c t r o l y t e s  o f  var ious  charge types  w i t h  
some i n f o r m a t i o n  on non-electrolytes and weak e l e c t r o l y t e s .  
l i t e r a t u r e  a re  presented i n  g raph ica l  form. 
i no rgan ic  e l e c t r o l y t e s  and seven inorgan ic  non -e lec t ro l y tes  a t  25 OC. 

Data f rom t h e  
Inc luded are  data f o r  eighteen 

H. S. Harned D i f f u s i o n  and A c t i v i t y  C o e f f i c i e n t s  o f  
Strong and Weak E l e c t r o l y t e s  
(Chapter 10) 

Tabulated are  t h e  a c t i v i t y  c o e f f i c i e n t s ,  ob ta ined from d i f f u s i o n  data,  for 
twenty common aqueous e l e c t r o l y t e  systems a t  25 O C .  

F. H. Spedding and C. Atklnson Proper t ies  of Rare Ear th  S a l t s  i n  
E l e c t r o l y t i c  So lu t i ons  
(Chapter 22) 

Tabulated are  t h e  equ iva len t  conductances, t rans ference numbers, a r t i v i t y  
c o e f f i c i e n t s ,  dens i t i es  and p a r t i a l  molar volumes, apparent molar Com- 
p r e s s i b i l i t i e s ,  heats o f  s o l u t i o n  and d i l u t i o n  f o r  t h e  r a r e  e a r t h  s a l t s  i n  
aqueous s o l u t f o n  a t  25 OC. 

* * * * * * * * * *  

1461 Hamer, W. J., and DeWane, H. 3. 
E l e c t r o l y t i c  Conductance and the  Conductances o f  t h e  Halogen Acids in 
Water 
(NSRDS-NBS 33, U. S. Government P r i n t i n g  O f f i ce ,  Washington, D.C., 1970) 

This monograph contains a d e t a i l e d  eva lua t ion  o f  equ iva len t  conductance data 
f o r  h y d r o f l u o r i c ,  hydroch lo r ic ,  hydrobromic. and hydro iod ic  ac ids  i n  water a t  
var ious concent ra t ions  from -20 t o  +65 OC. 

* * * * * * * * * *  
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1471 Hamer, W. J. and Wu, Y. C. 
The A c t i v i t y  C o e f f i c i e n t s  o f  Hyd ro f l uo r i c  Ac id  i n  Water from 0 t o  
35 OC 
Journa l  o f  Research o f  t he  Nat iona l  Bureau o f  Standards E,  761 (1970) 

Th is  very  d e t a i l e d  rev iew on h y d r o f l u o r i c  a c i d  contains c r i t i c a l l y  evaluated 
da ta  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  o f  HF as a f u n c t i o n  o f  m o l a l i t y  and tem- 
pe ra tu re  (0 t o  35 OC), e q u i l i b r i u m  constants f o r  t h e  i o n i c  assoc ia t i on  
reac t i ons  c h a r a c t e r i s t i c  o f  HF, ca lcu la ted  pH values, and ca l cu la ted  concen- 
t r a t i o n s  o f  t h e  p e r t i n e n t  ions. 

1481 Hamer, W. J. and Wu. Y. C. 
Osmotic C o e f f i c i e n t s  and Mean A c t i v i t y  C o e f f i c i e n t s  o f  Uni-Univalent 
E l e c t r o l y t e s  i n  Water a t  25 OC 

Journa l  o f  Phys ica l  and Chemical Reference Data 2, 1047 (1972) 

T h i s  e v a l u a t i o n  g i ves  values f o r  the  osmotic c o e f f i c i e n t s  and mean a c t i v i t y  
c o e f f i c i e n t s  o f  seventy-nine un i -un tva len t  e l e c t r o l y t e s  i n  aqueous s o l u t i o n  a t  
25 OC, w i t h  values expressed on the  m o l a l i t y  scale. The da ta  f rom t h e  l i t e r -  
a t u r e  were f i t t e d ,  by s t a t i s t i c a l  procedures, t o  equations which express the 
q u a n t i t i e s  as func t i ons  o f  e l e c t r o l y t e  concent ra t ion .  L i t e r a t u r e  references 
are g iven t o  f i f t y - o n e  a d d i t i o n a l  un i -un i va len t  e l e c t r o l y t e s .  Also see i t em 
Cl59). 

* * * * * * * * * *  

[49] Harned, H. 5 .  and Owen, B. 6. 
The Phys ica l  Chemistry o f  E l e c t r o l y t i c  So lu t ions  (3 rd  E d i t i o n )  
(Reinhold Pub l i sh lng  Corporation, New York, 1958) 

Th is  book (about 800 pp.) i s  a t r e a t i s e  on the  phys i ca l  chemistry o f  e l e c t r o -  
l y t i c  s o l u t i o n s  w i t h  coverage o f  bo th  e q u i l i b r i u m  and non-equ i l ib r ium p roper t i es .  
The book i nc ludes  t a b l e s  o f  values o f  t h e  equ iva len t  conductance, d i s s o c i a t i o n  
constants,  t rans fe rence  numbers, d i f f u s i o n  c o e f f i c i e n t s ,  r e l a t i v e  apparent molar 
heat  conten ts ,  a c t i v i t y  c o e f f i c i e n t ,  pH values, dens i t i es ,  and a c t i v i t y  c o e f f i -  
c i e n t s  f o r  many o f  t h e  more common inorgan ic  and organ ic  e l e c t r o l y t e  so lu t i ons .  

* * * * * * * * * *  

[50] Harned, H. S. and Robinson, R. A. 
Mult icomponent E l e c t r o l y t e  So lu t ions  
(Pergamon Press, Oxford, 1968) 

This  monograph dea ls  w f t h  t h e  t h e o r e t i c a l  and experimental aspects o f  m u l t i -  - component and l a r g e l y  i no rgan ic  e l e c t r o l y t e  so lu t ions ,  w i t h  emphasis upon the  
measurement and i n t e r p r e t a t i o n  o f  a c t i v i t y  c o e f f i c i e n t s ,  heats o f  mixing, and 
volume changes accompanying mixing. 
c o e f f i c i e n t  da ta  f o r  mixed e l e c t r o l y t e  Systems. We note, f o r  the  reader 's  
i n fo rma t ion ,  t h e  f o l l o w i n g  monographs pub l ished i n  t h e  same se r ies  o f  books 
(The I n t e r n a t f o n a l  Encyclopedia o f  Physical  Chemistry and Chemical Physics) 
and which dea l  p r i n c i p a l l y  w i t h  theory  or  methods o f  measurement p e r t i n e n t  t o  
e l e c t r o l y t e  so lu t i ons :  

There i s  a useful  b ib l i og raphy  of a c t i v i t y  
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Author T i t l e  o f  Volume 

E. A. Guggenheim and R. H. Stokes E q u i l i b r i u m  Proper t i es  o f  Aqueous 
So lu t ions  o f  S ing le  Strong E l e c t r o l y t e s  

R. H. Stokes and R. H i l l s  V i s c o s i t y  o f  E l e c t r o l y t e s  and 
Related P roper t i es  

E. J. King  Acid-Base E q u i l i b r i a  

* * * * * * * * * *  

[ 5 l ]  Hawkins, D. T. 
Phys ica l  and Chemical Proper t ies  o f  Water: 
A B ib l iography :  1957-1974 
(Plenum Press, New York, 1976) 

Th is  b i b l l o g r a p h y  cons is t s  o f  3600 references t o  t h e  l i t e r a t u r e  t h a t  dea l  w i t h  
phys ica l  p r o p e r t i e s  o f  pure water or d i l u t e  aqueous so lu t ions .  The papers a re  
arranged by category o f  p roper t ies .  
t r a n s p o r t  data,  dens i t i es ,  acous t ica l ,  e l e c t r i c a l ,  magnetic, and r a d i a t i o n  
p roper t i es .  
author and keyword index. 
1974 appeared i n  the  Journal o f  So lu t i on  Chemistry, 4, 621 (1976). 

Categories i nc lude  thermodynamic p roper t i es ,  

The b ib l i og raphy  covers t h e  years 1957 t o  1974. There i s  an 
A b i b l i o g r a p h i c  l i s t i n g  cover i r ig t h e  years  1969 t o  

* * * * * * * * * *  

1521 Helgeson, H. C., Kirkham, D. H. and Flowers, G. C. 
Theore t i ca l  P red ic t i on  o f  t h e  Thermodynamic Behavior o f  Aqueous 
E l e c t r o l y t e s  a t  High Pressures and Temperatures: I V .  C a l c u l a t i o n  
o f  A c t i v i t y  Coe f f i c i en ts ,  Osmotic C o e f f i c i e n t s ,  and Apparent 
H o l a l  and Standard Re la t i ve  P a r t i a l  Mo la l  Proper t ies  t o  600 OC 

and 5 kb 
American Journa l  o f  Science 281, 1249 (1981) 

This 268 page a r t i c l e  i s  concerned w i t h  t h e  p r e d i c t i o n  o f  t h e  thermodynamic 
p roper t i es  o f  aqueous e l e c t r o l y t e  so lu t i ons  a t  h i g h  temperatures and pressures. 
There i s  an ex tens ive  discussion o f  t h e  fundamental thermodynamics o f . s o l u t i o n s  
and a d i scuss ion  o f  t h e o r e t i c a l  concepts and models which have been uGed t o  
descr ibe e l e c t r o l y t e  so lu t ions .  There i s  a ve ry  ex tens ive  b i b l i o g r a p h y  ( 600 
c i t a t i o n s )  which conta ins  valuable references t o  s p e c i f i c  systems o f  i n t e r e s t .  
Some s p e c i f i c  t a b l e s  of i n t e r e s t  t o  t h i s  b ib l i og raphy  c o n t a i n  Debye-Huckel 
parameters a t  25 O C ,  standard s t a t e  p a r t i a l  mo lar  en t rop ies  and heat capac i t i es  
a t  25 O C ,  and parameters for c a l c u l a t i n g  a c t i v i t y  c o e f f i c i e n t s ,  osmotic 
c o e f f i c i e n t s ,  r e l a t i v e  apparent and p a r t i a l  molar en tha lp ies .  heat  capac i t ies ,  
and volumes a t  25 OC. 

* * * * * * * * * *  

1531 Hepler,  L. G. and Hopkins, H. P., Jr. 
Thermodynamics of I o n i z a t i o n  o f  Inorgan ic  Acids and Bases i n  
Aqueous So lu t i on .  
Reviews i n  Inorgan ic  Chemistry 1, 303 (1979) 

7 6 2  
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The review con ta ins  a general  d iscussion o f  the  thermodynamics o f  aqueous 
acid-base chemistry.  The systems which are discussed are pure water, CO, + 
H20, NH, + H20, h y d r o f l u o r i c  ac id ,  .phosphoric ac id ,  hydrogen s u l f i d e ,  SO2 + 

H20, s u l f u r i c  ac id ,  H,CrO,, HZCr207, i o d i c  acid,  and aqueous metal cat ions.  
Th is  a r t i c l e  c i t e s  values AGO, AHo, and ACo for t he  i o n i z a t i o n s  of these 
var ious  acids.  P 

* * * * * * * * * *  

1541 Hepler,  L. G. and o the rs  

Th is  se r ies  o f  papers c o n t a i n  c r i t i c a l  reviews and se lec t i ons  o f  thennochemical 
data f o r  t h e  t r a n s i t i o n  meta l  elements and t h e i r  compounds. 
se lec ted  values o f  A Go, b Ho, S o ,  and e lec t rode p o t e n t i a l s  a t  25 OC. 

a r t i c l e  conta ins  a d fscuss fon  o f  t h e  data upon which t h e  se lec t i ons  have been 
made and t h e  re fe rences  t o  the  source l i t e r a t u r e .  

Thermochemistry o f  t h e  T r a n s i t j o n  Metal Elements and The i r  Compounds 

Tabulated are  
Each 

The papers i n  t h e  ser ies  are: 

Authors T i t l e  o f  Paper 

R. N. Goldberg and L. G. Helper Thermochemistry and Ox ida t ion  Po ten t i a l s  
o f  the Plat inum Group Metals and The i r  
Compounds 

Chemical Review 68, 229 (1968) 

L. M. Gedansky and L. G. Hepler Thermochemistry o f  S i l v e r  and I t s  

Engelhard I n d u s t r i e s  Technical  B u l l e t i n  I X ,  No. 4, 117 (1969) 

Compounds 

L. M. Gedansky and L. G. Hepler Thermochemistry o f  Gold and Its Compounds 

Englehard I n d u s t r i e s  Technical  B u l l e t i n  X,  No. 1, 5 (1969) 

L. M. Gedansky, E. H. Woolley and Thermochemistry o f  Compounds and Aqueous 
L. G. Hep ler  Ions o f  Copper 

Journal of Chemical Thermodynamics 2. 5 6 1  (1970) 

J. 0. H i l l ,  I .  G. Worsley and Thermochemistry and Ox ida t ion  Po ten t i a l s  
L. G. Hep ler  o f  Vanadium, Niobium, and Tantalum 

Chemical Reviews 7l, 127 (1971) 

763 
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L. G. Hepler and G. Olofsson Mercury: Thermodynamic Properties, 
Chemical Equ i l i b r i a ,  and Standard 
Potent ia ls  

Chemical Revfews 75, 585 (1975) 

J.  G .  Travers, I .  De l l l en  and Scandium: Thermodynamic Propert ies,  
L. G. Hepler Chemical E q u i l i b r i a ,  and Standard 

Potent ia ls  

Thermochimica Acta l.5, 89 (1976) 

L. G. Hepler and P. P. Singh Lanthanum: Thermodynamic Properties, 
Chemical E q u i l i b r i a ,  and Standard 
Potent ia ls  

Thermochemica Acta l6, 95 (1976) 

I .  De l l i en ,  F. M. Hal l  and Chromium, Molybdenum and Tungsten: 
L. G. Hepler Thermodynamic Properties, Chemical 

Chemical Reviews 76, 283 (1976). 

Equ i l i b r i a ,  and Standard Potent ia ls  

T. A. Zordan and L. G .  Hepler Thermochemistry and Oxidat ion 
Potent la ls  o f  Manganese and I t s  
Compounds 

Chemical Reviews 68, 737 (1968) 

* * * * * * * * * *  

[55] Hirata,  M., Ohe, S. and Nagakama, K. 
Computer Aided Data Books o f  Vapor-Liquid E q u i l i b r i a  
(Kodanshr Limited and Elsev lcr  S c i e n t i f i c ,  Tokyo and New York, 1975) 

VLE data for E 1000 b inary systems have 

References t o  the primary l i t e r a t u r e  are included along w i t h  a 

Thfs l a r g e  volume (933 pages) contalns tables,  p lo t s ,  and parameters pe r t i nen t  
t o  vapor- l iquid-equi l ibr ia (VLE). 
been co l l ec ted  and treated by computer t o  obtaSn the tables and system graphs 
presented. 
detei  led compound index. 
a wide v a r i e t y  of organic mixtures and 30 organic-water mixtures. 

The coverage o f  compounds i s  very broad and includes 

a * * * * * * * * *  
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I561 Horsley,  L. H. 
Azeot rop ic  Data ( i n  th ree  volumes) 
Advance i n  Chemistry Ser ies No. 6, 35 and 116 
(American Chemical Society,  Washington, D.C. , 1952, 1962 and 1973) 

Th is  s e r i e s  . i s  concerned w i th  t h e  p roper t i es  o f  azeot rop ic  mixtures,  specl f -  
i c a l l y  b o i l i n g  temperatures, pressures, vapor - l i qu id  e q u i l i b r i u m  data, and 
composit ions. Each o f  t h e  volumes conta ins  references t o  t h e  source 
l i t e r a t u r e  for each o f  t h e  system catalogued. 
mix tu res ,  t h e  s e r i e s  i s  comprehensive for both  b ina ry  and t e r n a r y  mixtures and 
covers bo th  i no rgan ic  and organic mater ia ls .  The most recen t  volume contains 
a s e c t i o n  d e a l i n g  w i t h  t h e  p r e d i c t i o n  and c a l c u l a t i o n  o f  azeotropic mixtures.  

I n  terms o f  coverage o f  

* * * * * * * * * *  

1571 Horvath, A. L. 
Reference L i t e r a t u r e  t o  the  C r i t i c a l  Proper t ies  o f  Aqueous E l e c t r o l y t e  
So lu t i ons  
Journal  o f  Chemical I n fo rma t ion  and Computer Sciences l5, 245 (1975) 

This  b i b l i o g r a p h y  g i ves  references t o  t h e  c r i t i c a l  p roper t i es  o f  aqueous 
e l e c t r o l y t e  so lu t i ons .  
references. 

The b ib l i og raphy  covers = 75 s o l u t i o n s  and has 85 

* * * * * * * * * *  

[58] Horvath, A. L. 
Reference L i t e r a t u r e  t o  S o l u b i l i t y  Data between Halogenated Hydrocarbons 
and Water 
Journa l  o f  Chemical Documentation 12, 163 (1972) 

Th is  i s  a b i b l i o g r a p h y  g i v i n g  103 references t o  s o l u b i l i t y  data f o r  halogenated 
hydrocarbons (C, t o  C,) i n  water. 
compounds. 

References are g iven f o r  approximately 100 

* * * * * * * * * *  

C591 Ingraham, L. L. and Pardee. A. B. 
Free Energy and Entropy i n  Metabolism 
i n  Metabo l i c  Pathways, Volume I 
(D. H. Greenberg, e d i t o r )  
(Academic Press, New York, 1967) 

Th is  chapter  con ta ins  a general d iscuss ion  o f  t he  thermodynamics o f  metabol ic 
processes, w i t h  t h e  (uneva’luated) data i t s e l f  be ing  presented i n  the  course o f  
t he  d iscuss ion .  
measured under p h y s i o l o g i c a l  or near phys io log i ca l  cond i t ions .  There a re  143 
re fe rences  t o  t h e  pr imary  l i t e r a t u r e .  

The emphasis i s  almost e n t i r e l y  upon Gibbs  energy changes 

* * * * * * * * * *  
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[60] I z a t t ,  R. M. , Christensen, J. J. and Ryt t ing ,  J. H. 
S i t e s  and Thermodynamic Q u a n t i t i e s  Associated w i t h  Proton and Metal 
I o n  I n t e r a c t i o n  w i t h  Ribonucleic Acid, Deoxyr ibonucleic Acid, and The i r  
Const i tuent  Bases, Nucleosides, and Hucleot ides 
Chemical Reviews 2, 439 (1971) 

This rev iew conta ins  twenty-three pages o f  t a b l e s  o f  thermodynamic data ( l o g  
K, AH, AS, and AC ) p e r t i n e n t  t o  the  i n t e r a c t i o n  of protons and metal i ons  
w i t h  t he  n u c l e i c  k i d s  and t h e i r  molecular components together  w i t h  t h e  
methods and experimental cond i t ions  (pH, temperature, i o n i c  s t rength)  used i n  
t h e i r  determinat ion.  There are  229 references. 

* * * * * * * * * a  

1611 Janz, G. 3. 
Thermodynamic Proper t ies  of Organic Compounds 
Es t ima t ion  Methods, Pr inc ip les ,  and Prac t i ce  ( rev ised e d i t i o n )  
(Academic Press, New York and London, 1967) 

This we l l -es tab l i shed  monograph discusses computation o f  thermodynamic p r o p e r t i e s  
such as heat  capac i t i es ,  entropies,  en tha lp ies  and Gibbs energies by s t a t i s t i c a l -  
mechanical methods, by methods o f  s t r u c t u r a l  s i m i l a r i t y ,  by methods o f  group 
con t r i bu t i ons ,  by methods of.group equations, and by methods o f  genera l i zed  
v i b r a t i o n a l  assignments. The chemical p roper t i es :  enthalpy o f  format ion.  and 
enthalpy o f  combustion are t rea ted  i n  terms o f  bond energies and group increments, 
Some 78 t ab les  are g iven o f  increments, group con t r i bu t i ons ,  and bond con t r i bu -  
t i o n s  as s p e c i f i c a l l y  nceded for est imat ion  o f  p a r t i c u l a r  p roper t i es .  

* * * * * * * * * *  

[62] Janz, G. J. and Tornkins, R. P. 1. 
Non-Aqueous E l e c t r o l y t e s  Handbook ( i n  two volumes) 
(Academic Press, New York, 1972) 

These volumes con ta in  extensive tabu la t l ons  o f  phys ica l  data p e r t i n e n t  t o  
non-aqueous solvents,  bo th  s i n g l e  so lvent  and mixed so l ven t  systems. The 
p roper t i es  t h a t  a re  tabu la ted  inc lude m e l t i n g  point, b o i l i n g  p o i n t ,  d i e l e c t r i c  
constant,  v i s c o s i t y ,  s p e c i f l c  conductance, dens i t y ,  t rans ference number, 
s o l u b i l i t y ,  en tha lpy  o f  s o l u t i o n  and d i l u t i o n ,  ED values f o r  electrochemical  c e l l s ,  
vapor pressure,  polarographic data, l i g a n d  exchange r a t e ,  and spec t ro fcop ic  data. 
The vas t  m a j o r i t y  o f  t h e  approximately 300 so l ven t  systems d e a l t  w i t h  a re  
organic.  There i s  a substance-property index, and sources o f  da ta  a re  referenced. 

* * * * * * * * * *  

[631 Jones, M. N. (ed i to r )  
Biochemical Thermodynamics 
(E lsev ie r  S c i e n t i f i c  Publ ishing Co., Amsterdam, 1979) 

Th is  book i s  d i v i d e d  i n t o  eleven chapters, each on a t o p i c  p e r t i n e n t  t o  
biochemical thermodynamics and w r i t t e n  by an exper t  on t h a t  t o p i c .  
chapter conta ins  use fu l  references t o  papers i n  the  l i t e r a t u r e  which 
con ta in  t a b u l a r  summaries o f  thermodynamic da ta  p e r t i n e n t  t o  the  theme o f  
t h a t  chapter.  

Each 

The chapters and authors are: 
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Author (s1  

M. N. Jones 

.F. Franks 

W. P f e i l  and P. L. P r i v a l o v  

H. J .  Hinz 

0. S. Reid  

M. N. Jones 

S. J. G i l l  

M. Hon t i  and I. Wads5 

G. C. Krescheck 

A. G. Lowe 

0. Crabt ree  and D. J .  T a y l o r  

T i t l e  o f  Chapter 

The Scope o f  Thermodynamics i n  Biochemistry 

Aqueous So lu t ion  I n t e r a c t i o n s  o f  Low Molecular 
Weight Species - The A p p l i c a b i l i t y  o f  Model 
Studies i n  Biochemical Thermodynamics 

Conformational Changes i n  P ro te ins  

Conformation Changes i n  Nuc le ic  Acids 

Thermodynamics o f  Aqueous Polysacharide So lu t ions  

The Thermal Behavior o f  L i p i d  Systems and 
B i o l o g i c a l  Membranes 

Ligand B ind ing  of Gases o f  Hemoglobin 

Ca lor imet r i c  Studies i n  Blood C e l l s  

Thermochemical Studies on B a c t e r i a l  and 
Mammalian Ce l l s  

Energetics o f  Muscular Cont rac t ion  

Thermodynamics and Metabolism 

* * * * * * * * * *  

1643 Jordan, T'. E. 
Vapor Pressure of Organic Compounds 
(John Wi ley  and Sons, I n te rsc ience  Publ ishers,  New York, 1954) 

Th is  i s  a comprehensive comp i la t i on  (266 pages) o f  vapor pressure data f o r  
o rgan ic  compounds. I nc luded  a re  tab les  on t h e  hydrocarbons, a lcoho ls ,  
aldehydes, es te rs ,  ketones, acids,  phenols, and metal o rgan ic  compounds. Data 
for each compound are shown i n  g raph ica l  form, i . e .  vapor pressure as a 
f u n c t i o n  o f  temperature. References t o  the  data sources i n  the  l i t e r q t u r e  a re  
given. 

* * * * * * * * * *  

1653 Josh i ,  R. M. and Zwol insk i ,  B. J. 
Heats o f  Po lymer iza t ion  and The i r  S t ruc tu ra l  and Mechanist ic 
Imp1 i c a t i o n s  
i n  V i n y l  Po lymer iza t ion ,  Volume 1, Par t  1 ,  e d i t e d  by G. E. Ham 
(Marcel Dekker, New York, 1967) 

The authors d iscuss  exper imental  methods used t o  measure and de r i ve  en tha lp ies  
of po lymer iza t ion .  
t i o n  i s  p rov ided  for 81 organ ic  po lymer iza t ion  reac t ions .  
en tha lp ies .o f  fo rmat ion ,  en tha lp ies  o f  vapor iza t ion ,  en t rop ies ,  Gibbs 

A l i s t i n g  o f  experimental data on en tha lp ies  of polymeriza- 
Other tab les  g ive  

767 
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energies, equ i l i b r i um constants, r a t e  constants and a c t i v a t i o n  energies a t  
25 OC f o r  a v a r i e t y  o f  polymerization processes. 
s t r u c t u r a l  in f luence upon the enthalpy o f  po lymer l ra t ion i s  also QfVen. 
the end o f  t he  chapter, 164 references are c i t ed .  

A d iscussion o f  the 
A t  

* * * * * * * * * *  

[ 6 6 ]  Kaimakov, E. A. and Varshavskaya, N. L. 
Measurement o f  Transport Numbers i n  Aqueous Solut ions o f  E lec t ro l y tes  
Russian Chemical Reviews (Uspekhi K h i m i i )  35, 89 (1966) 

This review a r t i c l e  summarizes the various methods avai lab le f o r  the measure- 
ment o f  t ransference numbers. The authors have included a t a b l e  which 
summarizes ava i l ab le  ( th ru  1966) t ranspor t  number data f o r  aqueous e l e c t r o l y t e  
so lut ions,  i nc lud ing  references t o  the source l i t e r a t u r e .  

* * * * * * * * * *  

[67] Karapet'yants, H. Kh. and Karapet'yants, H. L. 
Thermodynamic Constants o f  Inorganic and Organic Compounds 
(Ann Arbor Humphrey Science Publishers, Ann Arbor and London, 1970) 
Translated from the Russian: 
"Osnovnye Termodi namicheskie Konstanty Neorganicheski kh i Organicheski kh 
Veshc hestv" 
( I t d a t e l l s t v o  "Khimiya", MOSCOW, 1968) 

This book i s  a compi lat ion o f  A Go, AH;, So, and C values a t  298.15 K f o r  
about 4000 substances i n  the coxdensed and gaseous'phases, and i n  aqueous 
so lut ion.  Covered are not only the inorganic elements and t h e i r  compounds, 
but  a l so  data f o r  t he  organic compounds through 34 carbon atoms. 
p o i n t  o u t  t h a t  t h e i r  tabulated values do not  always form a se l f - cons i s ten t  
system o f  thermodynamic data. 

The authors 

There are 2733 references. 

* * * * * * * * * *  

168) Kaufmann, D. W. (ed i tor )  
Sodium Chlor ide 
(Reinhold Publ ishing Corporation, New York, 1960) 

This monograph, publ ished under the auspices o f  t h e  American Chemical Society, 
has i n  i t s  Appendix a useful compilation o f  the phys lca l  proper t ies o f  aqueous 
sodium c h l o r i d e  solut ions.  Included are e s s e n t i a l l y  a l l  o f  t he  measured 
equ f l i b r i um and t ranspor t  propert ies o f  t h i s  system a t  var ious temperatures 
and pressures. The data are w e l l  referenced. 

* * * * * * * * * *  

169) Kazavchinski i .  Ya. Z . ,  Kessel'man, P. H., K i r i l l i n ,  V. A., 
Riukin,  S., Sheindlin, A. E., Shp i l ' r a in ,  E. E., Sychev, V. V. and 
Timrot,  D. 1. (edi ted by V. A. K i r i l l i n )  
Heavy Water-Thernophysical Properties 
(U. S. Department o f  Commerce, National Technical In format ion Service, 
S p r i n g f i e l d  VA 1971) 
Trans lated from the Russian: 
"Tyaz he lays voda. f e p l  o f  i z i  ches k i  e Svoi stva" 
(Gosudarstvennoe cnergeticheskoe i r d a t e l ' s t v o ,  Hoskva-Leningrad, 1963) 
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This  t r e a t i s e  i s  an exhaust ive compi la t ion  o f  phys i ca l  data on heavy water 
(deuterium oxide). 
i nc lude  dens i t i es ,  c r i t i c a l  constants, vapor pressures, en tha lp ies  o f  t r a n s i -  
t i o n ,  v i s c o s i t y ,  and thermal conduc t i v i t y ,  equat ion o f  s ta te ,  and tab les  of 
thermodynamic p r o p e r t i e s  as func t ions  o f  temperature and pressure. 

Some o f  t h e  more re levant  p r o p e r t i e s  t h a t  are covered 

* * * * * * * * * *  

1701 Keenan, H. J., Keyes, 6. F., H i l l ,  P. G .  and Moore, J .  G. 
Steam Tables - Thermodynamic Propert ies o f  Water, I nc lud ing  Vapor, L iqu id ,  
and Sol i d  Phases ( I n t e r n a t i o n a l  Ed i t ion ,  M e t r i c  Un i ts )  
(John Wiley and Sons, New York, 1969) 

Th is  book presents  the  r e s u l t s  o f  a reassessment and c o r r e l a t i o n  o f  t he  
thermodynamic da ta  f o r  water. 
1936. Values a re  t a b u l a t e d  f o r  the s p e c i f i c  volume, i n t e r n a l  energy, and 
enthalpy,  as f u n c t i o n s  o f  temperature and pressure. 
vapor - l i qu id  and vapor -so l i d  equ i l ib r ium,  superheated vapor, and the  com- 
pressed l i q u i d .  H o l l i e r  and temperature-entropy cha r t s  are inc luded along 
w i t h  cha r t s  o f  heat  capac i t y  o f  l i q u i d  and vapor, Prandt l  number. and 
i s e n t r o p i c  expansion c o e f f i c i e n t .  The data and tab les  are discussed i n  an 
appendix o f  25 pages and a l i s t  o f  37 references i s  given. Also see i tems 
C431 and C1341 f o r  o t h e r  co r re la t i ons .  

I t  supersedes the  Keenan and Keyes Tables o f  

A lso  g iven are  data for  

1711 Kertes,  A. 5 .  ( e d i t o r i n - c h i e f )  
S o l u b i l i t y  Data Ser ies  
(Pergamon Press, New York, 1979 t o  1981) 

T h i s  e igh teen volume s e r i e s ,  prepared under the  auspices o f  t h e  IUPAC, i s  a 
p a r t  o f  a con t inu ing  p r o j e c t  concerned w i t h  the  p repara t i on  o f  a compre- 
hensive, c r i t i c a l  comp i la t i on  o f  data on s o l u b i l i t i e s  i n  a l l  phys ica l  systems 
i n c l u d i n g  gases, s o l i d s ,  and l i q u i d s .  The volumes which have been issued t o  
date, w i t h  t h e i r  t i t l e s  and ed i to rs ,  are: 

T i t l e  Volume Numbers E d i t o r ( s 1  - 
H. L. Clever 
H. 1. Clever 

M. Salomon 

H. L. Cleve r  
C. L. Young 
R. B a t t i n o  
C. L. Young 
W. Hayduk 
R. B a t t i n o  
B. Sc ros ta i  

and C. A. V incent  

0. Popovych 

Helium and Neon - Gas S o l u b i l i t i e s  
Krypton, Xenon, and Radon - 
S i l v e r  Azide, Cyanide, Cyanamides, 

Argon 
Hydrogen and Deuterium 
Oxygen and Ozone 
Oxides o f  N i t rogen 
Ethane 
N i t rogen and A i r  
A1  k a l i  Metal and A1 kal ine-Earth 

Metal and Ammoni um Hal ides.  
Amide Solvents 

Tctraphenylborates 

Gas S o l u b i l i t i e s  

Cyanate Selenocyanate and Thiocyanate 

i 
2 

3 

4 
5/6 
7 
8 
9 
10 
11 

18 
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The f o l l o w i n g  volumes are planned f o r  f u t u r e  p u b l i c a t i o n :  

2. Galus and Metals i n  Mercury 1 2  
C. Guminski 

.C ,  L. Young Oxides o f  Hitrogen, S u l f u r  and Chorine 1 3  
R. B a t t i n o  N i t rogen 14 
H. L. Clever and Hydrogen Halides i n  Non-Aqueous Solvents 15  

A. L. Horvath Halogenated Benzenes 1 6  
E. Wilhelm and Hydrogen, Deterium, F l u o r i n e  and 17 

W. Gerrard 

C. L. Young Ch lor ine  

I n  general ,  f o r  each system covered i n  t h i s  ser ies ,  t he  preparer,  who i s  
i d e n t i f i e d ,  g ives  t h e  f o l l o w i n g  informat ion:  
t h e  i n t e n s i v e  var iab les ,  t he  experimental values o f  t h e  s o l u b i l i t y ,  t h e  
exper imental  methodology and source and p u r i t y  o f  ma te r ia l s ,  a d iscuss ion  o f  
t he  eva lua t i on  procedure, est imates o f  e r r o r ,  and l i t e r a t u r e  c i t a t i o n s .  

t h e  components i n  t h e  system, 

* * * R * * * * * *  

1721 Ki rg in t sev ,  A. N., Trushnikova, L. N. , and Lavrenteva, V. F. 
S o l u b i l i t i e s  o f  Inorgan ic  Substances i n  Water 
( i n  Russian) 
( I z d a t e l s t v o  Khimiya, Leningrad, 1972) 

This book cons is t s  o f  aqueous phase diagrams o f  pure s a l t s  i n  water. 
phase diagrams cover t h e  composit ion and temperature ranges for  which the  data 
e x i s t .  
s t a b i l i t y  o f  t h e  var ious  inorgan ic  hydrates and i n  o b t a i n i n g  s o l u b i l i t i e s .  The 
authors have inc luded references t o  the source l i t e r a t u r e  f rom whfch t h e  data 
have been obtained. The coverage o f  inorgan ic  s a l t s  spans t h e  p e r i o d i c  char t .  
There are  da ta  f o r  ~ 1 2 0 0  i norgan ic  s a l t s  which are  indexed i n  the  Appendix t o  
the  book. 

The 

The diagrams a re  p a r t i c u l a r l y  use fu l  i n  assessing t h e  reg ions  of 

* * * * * a * * * *  

[73] Kortum, G., Vogel, W. and Andrussow, K. 
D i s s o c i a t i o n  Constants o f  Organic Acids i n  Aqueous S o l u t i o n  
(Butterworths,  London, 1961) 

Th is  book i s  a comp-ilation o f  1056 d i s s o c i a t i o n  constants o f  organic ac ids  i n  
aqueous so lu t i on ,  presented i n  t abu la r  form. 
remarks a re  i n  bo th  German and English. 
Pa r t  I i s  a c r i t i c a l  d iscuss ion  o f  techniques f o r  measurements o f  d i s s o c i a t i o n  
constants by conductance, e lec t romet r ic .  c a t a l y t i c  and o p t i c a l  methods. 
method i s  c l a s s i f i e d  and assigned a code i n  P a r t  21, which deals w i t h  use of 
the  tab les ,  and methods o f  ca l cu la t l on .  
a c i d  c l a s s  i nc lud ing :  a l i p h a t i c  and a l i c y c l i c  ca rboxy l i c  acids.  aromatic 
ca rboxy l i c  acids, pheno l ic  acids,  and other ac ids  and s p e c i a l  classes. 
Tables con ta in  the  name, chemical formula, and thermodynamic d i s s o c i a t i o n  
cons tan t  K o f  each ac id ,  t h e  temperature ("C) o f  measurement, t h e  range of 
concen t ra t i on  over which t h e  measurements were made, code f o r  t h e  method o f  
measurement, c a l c u l a t i o n  procedure and any co r rec t i ons  made, a c r i t i c a l  
eva lua t i on  o f  t h e  q u a l i t y  o f  t he  measurement, and t h e  source reference. 

I n t r o d u c t o r y  and explanatory 
Remarks i n  t h e  Tab le  a re  i n  German. 

Each 

The Tables themselves are  arranged by  

The 

All  
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data were drawn from t h e  l i t e r a t u r e ,  cover ing the p e r i o d  between 1927 and 
1956, and a r e  referenced i n  a c l a s s i f i e d  reference l i s t .  
provided. 

A compound index i s  

* * * * * * * * * *  

[74] Kragten, 3. 
A t l a s  o f  Metal-Ligand E q u i l i b r i a  i n  Aqueous So lu t i on  
( .E l l i s  Homood, Chichester,  England, 1978) 

Th is  book conta ins  ~ 7 5 0  pages o f  predominance, o r  species-composit ion diagrams, 
f o r  aqueous s o l u t i o n s  i n v o l v i n g  45 metals and 25 common l igands. Most o f  the 
thermodynamic data was taken f r o m  S i l l e n  and M a r t e l l  and from Smith and 
M a r t e l l  (see i tems C89J and C137J). 

1753 Krebs, H. A. and Kornberg, H. L., w i t h  appendix by K. Burton 
Energy Transformat ions i n  L i v i n g  Matter 
(Springer-Verlag, B e r l i n ,  1957) 

The main p a r t  o f  t h i s  monograph surveys the var ious biochemical pathways by 
which l i v i n g  systems u t i l i z e  energy. I n  the Appendix a re  (1) Tables o f  Gibbs 
energies o f  fo rmat ion  o f  n ine ty -e igh t  compounds o f  b i o l o g i c a l  mportance, (2 )  
Gibbs energies and electrochemical  p o t e n t i a l s  o f  important b i o  og i ca l  ox ida t i on -  
reduc t i on  react ior ts,  and (3)  Gibbs energy changes accompanying t h e  processes 
o f  g l y c o l y s i s  and a l c o h o l i c  fermentat ion,  the  t r i c a r b o x y l i c  ac d cyc le ,  and 
hyd ro l ys i s .  The source o f  da ta  i s  g iven  f o r  each en t r y .  

* * * * * * * * * *  

[76] Lando l t -Borns te in  
Numerical Data and func t i ona l  Relat ionships i n  Science and Technology 

Several volumes i n  the  Landol t -Bornstein ser ies  con ta in  data r e l e v a n t  t o  t h i s  
b ib l i og raphy .  They are: 

Author(s) T i t l e  o f  Volume 

G. Beggerow Heats o f  M ix ing  and So 

Th is  ve ry  ex tens ive  volume (695 pages) contains 
s o l u t i o n ,  and d i l u t i o n  f o r  bo th  organic and i n o  
coverage o f  substances spans the  p e r i o d i c  cha r t  
and multi-component mix tu res .  
o f  t h e  mix tu re ,  t he  temperature, t he  composition, t he  en tha lp ies ,  and the  
approp r ia te  l i t e r a t u r e  c i t a t i o n s .  

The data on each system i n c l u d e  the  components 

Locat ion  

u t i o n  New Ser ies,  'Group I V ,  
Volume 2 

data on heats o f  mixing, 
ganic substances. The 
and i nc l  udes bo th  b ina ry  

(K.-H.  Hellwege, e d i t o r ,  Spr inger-Ver lag, B e r l i n ,  1976) 
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3. D'Ans, H. Surawskt Dens i t ies  o f  Binary,  Aqueous New Series,  Group I V ,  
and C. Synowietz Systems and Heat Capaci t ies Volume 1 

Th is  1.23 page sec t i on  contains extensive tab les  o f  t h e  s p e c i f i c  heats o f  
b ina ry ,  and a few te rnary ,  aqueous systems a t  the temperatures and m o l a l i t i e s  
for which data e x i s t .  
t h e  source l i t e r a t u r e .  

(K.-H. Hellwege, e d i t o r ,  Springer-Verlag, B e r l i n ,  1977) 

o f  L i q u i d  Systems 

The authors inc lude p l o t s  o f  the  data and references t o  

W. Auer, H. D. Baer, Kalor ische Zustandsgr6ssen 6 t h  Ed i t f on ,  Volume 2, 
K. B r a t z l e r .  F. Burhorn, P a r t  4 
H. K ien tz ,  0. Kubachevski, 
F r .  Losch, A. Neckel, H. 
Nelkanski ,  K1. SchLffer,  
and R. Wienecke 

Th is  volume contains thermal p roper t ies :  molar heat capac i ty ,  entropy, 
en tha lpy ,  enthalpy o f  formation, Gibbs energy o f  format ion,  i n  the  standard 
s ta te ,  and en tha lp ies  o f  phase changes f o r  many organic and ino rgan ic  
substances in SI un i t s .  The dependence o f  thermal f unc t i ons  and heat capac i ty  
upon temperature i s  given f o r  many substances. 
q u a n t i t i e s  are'given. 
en tha lp ies  o f  fo rmat ion  and the  Gibbs energies o f  fo rmat ion  o f  o rgan ic  
substances (gases) i n  kcal.mo1-l and kJ-mol- l .  
data a r e  presented i n  diagrams. 
p o i n t  depressions, conduc t i v i t i es ,  t ransference numbers, and d e n s i t i e s  f o r  
aqueous systems. 

(K. SchHfer and E. Lax, ed i to rs ,  Springer-Verlag, B e r l i n ,  1961) 

Some o the r  thermodynamic 

Many o f  t h e  heat capac i t y  

Extensive tab les  are  given o f  group c o n t r i b u t i o n s  t o  

Th is  ser ies  a l s o  inc ludes  tab les  o f  f reez ing  

J .  Weishaupt Thermodynamic E q u i l i b r i a  o f  New Series,  Group I V ,  

Th is  volume deals w i t h  the  thermodynamic vapor - l i qu id  e q u i l i b r i u m  o f  b i n a r y  
and multicomponent mixtures.  
p e r i o d i c  char t .  
t he  p r imary  l i t e r a t u r e  given. 
i nc ludes  tab les  o f  equ i l i b r i um temperatures as a func t i on  o f  the  mole 
f r a c t i o n s  o f  t h e  components a t  a given pressure w i t h  accompanying f i gu res .  

(H. Hausen, e d i t o r ,  Springer-Verlag, B e r l i n ,  1976) 

B o i l i n g  Mixtures Volume 3 

The coverage of systems extends across t h e  

The in fo rma t ion  given on a t y p i c a l  system 
The mixtures are adequately indexed and the  re fe rence t o  

* * * * * * * * * *  

[77] J. A. La rk in  (ed i to r )  
I n t e r n a t i o n a l  Data Series 8. Thermodynamic Proper t ies  o f  Aqueous Organic 
Systems 
(Engineer ing Sciences Data Un i t ,  London, 1978 and 1979) 
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This  p a r t  o f  t h e  I n t e r n a t i o n a l  Data Ser ies deals w i t h  the  thermodynamic 
p roper t i es  of approximately 100 aqueous organic systems. 
p r o p e r t i e s  (G, H, C, and V), vapor - l i qu id  equ i l i b r i um data, and vapor pressures 
as a f u n c t i o n  o f  composit ion. Each t a b l e  i s  prepared by an i n d i v i d u a l  con- 
t r i b u t o r  and inc ludes ,  i n  a very neat t abu la r  f o r m ,  t he  tab les  o f  p roper t y  
values, t h e  c o r r e l a t i n g  equations and t h e i r  c o e f f i c i e n t s ,  t he  methods o f  
measurement, a b r i e f  d iscussion, and t h e  appropr iate references t o  the  
15 te ra tu re .  

Tabulated are excess 

* * * * * * * * * *  

[78] Lat imer,  W. M. 
The Ox ida t i on  Sta tes  o f  t he  Elements and The i r  P o t e n t i a l s  i n  Aqueous So lu t i on  
(second e d i t i o n )  
(Prent ice-Hal l ,  Englewood C l i f f s ,  New Jersey, 1959) 

T h i s  book conta ins  ex tens ive  tab les  o f  AfGo, A H', So values f o r  t h e  elements 
and t h e i r  compounds as w e l l  as e lec t rode p o t e n t i a l  diagrams ca7culated from t h e  
tabu la ted  AfGo values, f rom o the r  measurements, and est imates when appropr iate.  
Many o f  t h e  tabu la ted  data were taken from Nat ional  Bureau o f  Standards 
C i r c u l a r  500 (see i t e m  [131]). 
data  f o r  77 s t rong  e l e c t r o l y t e s  and a discussion o f  methods whereby entropies 
may be estimated. 

The appendices inc lude a c t i v i t y  c o e f f i c i e n t  

* * * * * * * * * %  

1791 Lewis, G. N. and Randall ,  M. 
( rev i sed  by K. S. P i t z e r  and L. Brewer) 
Themodynami cs 
(McGraw-Hill, New York, 1961) 

This  standard tex tbook  on chemical thermodynamics contains an Appendix (no. 4) 
o f  se lec ted  da ta  f o r  aqueous e l e c t r o l y t e  so lu t ions .  
c o e f f i c i e n t s ,  Debye-Huckel parameters, r e l a t i v e  p a r t i a l  molar en tha lp ies ,  and 
r e l a t i v e  p a r t i a l  molar heat  capac i t i es  f o r  about 70 o f  t he  most common 
e l e c t r o l y t e s  i n  aqueous s o l u t i o n  a t  25 OC.  

parameters a r e  t o  be found i n  the  pages o f  P i tzer ,  Peiper, and Busey and o f  
Bradley and P i t z e r  (see i t e m  [121]) and the  paper o f  Clarke and G l e w ,  i t em 

Compiled are  a c t i v i t y  

More recen t  Debye-Hiickel 

[=I. 

180) Leyendekkers. 3. V. 
Thermodynamics o f  Seawater 
(Marcel Dekker, New York and Basel, 7976) 

Th is  book dea ls  w i t h  t h e  thermodynamic p roper t i es  o f  seawater as a multicom- 
ponent e l e c t r o l y t e  so lu t i on .  
seawater and i t s  cons t i t uen ts .  There are  chapters on the  fundamentals o f  
thermodynamics, t h e  entropy, t he  volume, the  e x p a n s i b i l i t y ,  and t h e  compress ib i l i t y .  
Inc luded t n  each chapter i s  a d iscuss ion  o f  the  methods f o r  c a l c u l a t i n g  or 
es t ima t ing  t h e  des i red  p roper t y  w i t h  tab les  of values of experimental and 
c a l c u l a t e d  p roper t i es .  

Each chapter covers a thermodynamic proper ty  o f  

There are extensive references t o  t h e  pr imary  
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l l t e r a t u r e .  
b u t  i t  has n o t  y e t  appeared i n  p r i n t .  

The au thor  has i nd i ca ted  t h a t  a second volume was t o  be published, 
Also see [126]. 

* * * * * * * * % R  

[Sl] L lnke ,  W. F. 
S o l u b i l i t i e s :  
S o l u b i l i t y  Data from the  Per iod ica l  L i t e r a t u r e .  Volume I: A-Ir, 
Volume 11: K-2 
(Volume I: 0. Van Nostrand C q . ,  Pr inceton, New 3ersey, 1958 ) 
(Volume 11: American Chemical Society, Washington, D. C., 1965) 

Inorgan ic  and Metal-Organic Compounds--A Compi lat ion o f  

These two volumes ( t o t a l  o f  3401 pages) are comprehensive compi la t ions  o f  
mos t l y  unevaluated s o l u b i l i t y  data f o r  i no rgan ic  and meta l - inorgan ic  compounds. 
Both  aqueous and non-aqueous so lvent  systems a r e  inc luded.  
composi t ions g i ven  cover t h e  ranges f o r  which exper imental  da ta  e x i s t .  
a re  g i v e n  t o  t h e  da ta  sources. 
s o l u b i l i t y  comp i la t i ons  begun by A. S e i d e l l  i n  1907. 

The temperatures and 
References 

These two volumes had t h e i r  o r i g i n s  i n  t h e  

* * * * * * * * * *  

I821 Lobo, V. H. H. 
E l e c t r o l y t e  So lu t ions :  
P r o p e r t i e s  
(Coimbra Ed i to ra .  Coimbra. Portugal, 1975) 

L i t e r a t u r e  Data on Thermodynamic and 'Transport  

Th is  monograph i s  a comp i la t i on  o f  phys ica l  p r o p e r t y  da ta  on aqueous s a l t  
so lu t i ons .  The p r o p e r t i e s  tabu la ted  are  the  dens i t y ,  t h e  ccnductance, 
t rans fe rence  number, v i s c o s i t y ,  d i f f u s i o n  c o e f f i c i e n t  and t h e  a c t i v i t y  
c o e f f i c i e n t .  
a t  temperatures and composit ions f o r  which exper imental  da ta  e x i s t  and 
inc ludes  an index and references t o  the  sources o f  t h e  data. 

The monograph contains data cn approximately 70 b i n a r y  systems 

* * * * * * * * * *  

[63] Long, C. ( e d i t o r )  
Biochemists Handbook 
(0. Van Nostrand Co., Princeton, New Jerssy,  1961) 

Th is  re fe rence  book conta ins  several t ab les  of thermochemical dati?: 

Author( s 2 T i t l e  o f  Sec t ion  

5. P. D a t t a  and A. K. Grzybowski pH and Acid-Base E q u i l i b r i a  

Th is  s e c t i o n  con ta ins  a discussion o f  pH sca les  and the  e l e c t r o m e t r i c  
measurement of pH, t a b l e s  o f  assigned pH va lues  f o r  var ious  bu f fe red  
s o l u t i o n s ,  and t a b l e s  (about 600 en t r i es )  o f  thermodynamic a c i d  d i s s o c i a t i o n  
cons tan ts  o f  weak organ ic  acids (some as a f u n c t i o n  o f  t emper t tu re j .  

(paaes 19 t o  58) 
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K. Bu r ton  Free Energy Data and Oxldat ion- 
Reduction P o t e n t i a l s  
(pages 93 t o  95) 

T h i s  s e c t i o n  con ta ins  some rev i s ions  and add i t i ons  t o  Bur ton ' s  e a r l i e r  tab les  
(see, i n  t h i s  b ib l i og raphy ,  the book by Krebs and Kornberg. i t e m  [75]). 

* * * I * * * * * *  

1841 Long, F. A. and McDevit, W. F. 
A c t i v i t y  C o e f f i c i e n t s  o f  Non-e lec t ro ly te  Solutes i n  Aqueous S a l t  So lu t ions  
Chemical Reviews 51, 119 (1952) 

Th is  rev iew  a r t i c l e  i s  concerned w i t h  the  e f f e c t  o f  s a l t s  on the  a c t f v i t y  
c o e f f i c i e n t s  o f  non -e lec t ro l y tes .  
t he  t h e o r e t i c a l  and exper imental  procedures used i n  t h e  s tudy  o f  t h i s  
phenomena. There i s  an ex tens i ve  appendix t o  t he  a r t i c l e  which l i s t s  s a l t  
e f f e c t s  on non-polar e l e c t r o l y t e s  ( ~ 1 0 0  systems). 
references. 

There i s  an ex tens ive  d i scuss ion  o f  bo th  

The a r t i c l e  has 180 

* * * * * * * * * *  

IS51 MacKay, 0. and Shiu, W. Y. 
A C r i t i c a l  Review o f  Henry's Law Constants f o r  Chemicals o f  Environmental 
I n t e r e s t  
Journa l  o f  Phys i ca l  and Chemical Reference Data lo, 1175 (1981) 

Th is  i s  a c r i t i c a l  rev iew and t a b u l a t i o n  o f  Henry's Law constants, vapor 
pressures, and s o l u b i l i t i e s  i n  water o f  150 organic substances o f  environ- 
mental importance. The compounds inc lude  gaseous, l i q u i d ,  and s o l i d  alkanes, 
cycloalkanes, alkenes, a lkynes ,  monoaromatics, po lynuc lear  aromat ics,  
halogenated alkanes, alkenes and aromatics, and se lec ted  pes t i c ides .  
a l l  o f  t h e  da ta  r e f e r  t o  25 *C. 

Near l y  

* * * * I * * * * *  

[86] Maczynski, A., Haczynska, Z., Rogalski,  M., Skrzecz, A,, and 
Dunajska, K. 
V e r i f i e d  Vapor-Liquid E q u i l i b r i u m  Data ( i n  f o u r  volumes) 
(PWN - P o l i s h  S c i e n t i f i c  Publ ishers,  Warsaw, 1976 t o  1979) 

This f o u r  volumes s e r i e s  conta ins  vapor - l i qu id  e q u i l i b r i u m  da ta  ( i .e. ,  
composi t ions o f  vapor and l i q u i d  phases as func t ions  o f  temperature and 
pressure) cove r ing  t h e  r i g i o n s  f o r  which experimental measurements e x k t .  'The 
systems a r e  almost e n t i r e l y  organic.  The data have been r e c a l c u l a t e d  i n t o  51 
u n i t s  and have been smoothed i n  many cases, o f t e n  us ing  t h e  Red l i ch -K is te r  
equat ion.  There a r e  d e t a i l e d  references t o  t h e  source l i t e r a t u r e  and t h e r e  i s  
an  a l p h a b e t i c  index  o f  t h e  systems covered. The f o u r  volumes are: 
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T i t l e  Author(s1 - 
A. Maczynski B inary  Hydrocarbon Systems 

A. Maczynski, 2. Haczynska, and 

A. Maczynski , 2. Maczynska, and 

H. Rogalski  

A. Skrzecz 

B inary  Systems o f  Hydrocarbons 
and Related Non-Oxygen Compounds 

B inary  Systems o f  Organic Compounds 
Containing Halogen, N i t rogen and 
Sulfur 

A. Maczynskl, 2. Haczynska, 1. Bina ry  Systems o f  Hydrocarbons and 
Treszczanowicz, and K. Dunajska Oxygen Compounds Without A lcoho ls  

and Acids 

* * * * * * * * * *  

[87] Marcus, Y., Kertes, A. and Yanir,  E. 
E q u i l i b r i u m  Constants o f  L iqu id -L iqu id  D i s t r i b u t i o n  Reactions ( i n  t h r e e  
volumes) 
( B u t t e w o r t h s ,  London, 1974 and 1977) 

This t h r e e  volume se r ies  contains equ i l i b r i um data on l i q u i d - l i q u i d  d i s t r i b u t i o n  
reac t ions .  The e q u i l i b r i a  o f  concern include: d i s t r i b u t i o n ,  d i s s o c i a t i o n  
and aggregat ion o f  the  ex t rac tan t .  reac t ions  o f  t h e  e x t r a c t a n t  w i t h  d i l u e n t s  
and w i t h  o the r  so lvents ,  e x t r a c t i o n  o f  t he  water, e q u i l i b r i a  o f  t h e  e x t r a c t i o n  
metal ions,  and e x t r a c t i o n  o f  metal ions w i t h  the ex t rac tan t  as t h e  l i gand .  
Volumes 1 and 2 cover organophosphorous ex t rac t i ons  and a lky lamon ium s a l t  
ex t rac tan ts ,  respec t ive ly .  Volume 3 deals wi th  d i s t r i b u t i o n  reac t i ons  o f  
ca rboxy l i c  and s u l f o n l c  ac id  ex t rac tan ts ,  and t h e  d i s t r i b u t i o n  o f  l no rgan ic  
acids,  s a l t s ,  and complexes between aqueous so lu t i ons  and bo th  i n e r t  so lvents  
and so lvents  which have oxygen donor atoms. Each r e a c t i o n  e n t r y  inc ludes  t h e  
e q u i l i b r i u m  constant,  the  temperature f o r  which t h e  data e x i s t s ,  t h e  cond i t i ons ,  
and a reference(s) t o  the source l f t e r a t u r e .  

* * * * * * * * * *  

[88 )  Marsha l l ,  W. L. and Franck, E. U. 
I o n  Product o f  Water Substance, 0-1000 O C ,  1-10.000 bars 
New I n t e r n a t i o n a l  Formulation and i t s  Background 
Journa l  of Physical  and Chemical Reference Data lo, 295 (1981) 

The ion-produc t  o f  water i s  represented as a f u n c t i o n  o f  temperature (0 t o  
1000 "C) and pressure (1 t o  10,000 bars) by an equat ion wi th  ad jus tab le  
parameters which have been determined by least-squares procedures us ing  data 
from t h e  l i t e r a t u r e .  
na t i ona l  f o rmu la t i on  f o r  the ion-product o f  water as issued by t h e  I n t e r -  
na t iona l  Assoc ia t ion  for t he  Proper t ies  o f  Steam i n  May 1980. 

The paper a l so  contains t h e  background f o r  t he  i n t e r -  

A lso  see [lo83 

* * * * * * * * * *  

116 
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CS91 M a r t e l l ,  A. E. and Smith, R. M. 
C r i t i c a l  S t a b i l i t y  Constants. Volume 1: Amino Acids 
(Plenum Press, New York,  1974) 

S m i t h ,  R. M. and M a r t e l l ,  A. E. 
C r i t i c a l  S t a b i l i t y  Constants. Volume 2: Amines 
(Plenum Press, New York,  1975) 

M a r t e l l ,  A. E. and Smith, R. H. 
C r i t i c a l  S t a b i l i t y  Constants. Volume 3: Other Organic Ligands 
(Plenum Press, New York,  1977) 

S m i t h ,  R. H. and H a r t e l l ,  A. E. 
C r l t i c a l  S t a b i l i t y  Constants. Volume 4: Inorgan ic  Complexes 
(Plenum Press, New York,  1976) 

and 

H a r t e l l ,  A. E. and Smith, R. M. 
C r i t i c a l  S t a b i l i t y  Constants. Volume 5: F i r s t  Supplement 
(Plenum Press, New York,  1982) 

Volume 1 conta ins  s e l e c t e d  values o f  l o g  K, AH, and AS a t  25 OC for the i n t e r a c t i o n  
o f  inorgan ic  metal and hydrogen ions w i t h  several c lasses  o f  organic l igands. 
The organic l i gands  d e a l t  w i t h  a re  the aminocarboxyl ic ac ids ,  im inod iace t ic  a c i d  
and i t s  de r i va t i ves ,  pept ides,  a n i l i n e  carobyx l i c  ac ids ,  p y r i d i n e  ca rboxy l i c  
acids, pept ides,  and severa l  o the r  miscellaneous l igands .  
c r i t i c a l l y  se lec ted  from t h e  l i t e r a t u r e  ra the r  than be ing  simply compiled. 
Each se lec ted  datum con ta ins  a reference t o  the  pr imary  l i t e r a t u r e .  
page volume conta ins  a l i g a n d  formula and name index. 

Volume 2 i s  s i m i l a r  i n  arrangement t o  Volume 1. The organ ic  l igands  d e a l t  
w i t h  a re  t h e  a l i p h a t i c .  secondary, and t e r t i a r y  amines. azoles, azines, and 
the  amino phosphorous acids.  

Volume 3 conta ins  t h e  organ ic  l igands  which are n o t  con ta ined i n  Volumes 1 
and 2. These l igands  i nc lude  carboxy l i c  and phosphorous acids,  phenols, 
a lcohbls,  amides. amines, ha l ides ,  and many others. 

Volume 4 i s  s i m i l a r  I n  arrangement t o  the  e a r l i e r  volumes. The l igands  d e a l t  
w i t h  are t h e  hydroxide ion,  some o f  t h e  t r a n s i t i o n  metal  l igands  (vanadium, 
chromium, molybdenum, tungsten, and others) and l igands  o f  t h e  Groups I11 
through V I I  elements. 

Volume 5 i s  a supplement t o  t he  f i r s t  f ou r  volumes and serves t o  make the  
coverage o f  t h e  l i t e r a t u r e  more cur ren t .  

The data are 

This 469 

Also see (tern 11373. 

* * * * * * * * * *  

[go] McGlashan, M. 1. ( e d i t o r )  
Chemical Thermodynamics ( i n  two volumes) 
(The Chemical Soc ie ty ,  London, 1971 and 1978) 

7 7 7  
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This  two volume se r ies  contains reviews o f  t h e  c u r r e n t  l i t e r a t u r e  p e r t i n e n t  
t o  several  spec ia l i zed  areas o f  chemical thermodynamics. Each chapter i s  
w r i t t e n  by a s p e c i a l i s t  i n  t h a t  area and inc ludes  many use fu l  references t o  
the  pr imary  l i t e r a t u r e .  The chapters and t h e i r  authors are: 

Volume 1 

M. L. McGlashan 

E.F.G. Her r i ng ton  

A. J. Head 

J. F. M a r t i n  

J.D. Cox and I. W. Lawrenson 

3. F. Counsel1 

D. Ambrose 

S. G. Frank iss  and 
3. H. S. Green 

T i t l e  o f  Chapter 

The Scope of Chemical Thermodynamics 

Thermodynamic Q u a n t i t i e s ,  Thermodynamic Data, 

Combustion and React ion Ca lor imet ry  

The Heat Capaci t ies o f  Organic Compounds 

The p ,  V, T Behavior o f  S ing le  Gases 

Modern Vapourflow Ca lor imet ry  

Vapour Pressures 

S t a t i s t i c a l  Methods for  Ca lcu la t i ng  Thermodynamic 

and t h e i r  Uses 

Functions 

0. Kubaschewski, P. J. Spencer 
and W. A. Oench Me ta l l u rg i ca l  Thermochemistry a t  High Temperatures 

Volume 2 

K. N. Marsh The Measurment o f  Thermodynamic Excess Functions 
o f  B inary  L i q u i d  Mix tu res  

T. H. Letcher 

C. L. Young 

G. M. Schneider 

F. L. Swinton 

A. G. Wi l l iamson 

C. M. Knobler 

R. L. S c o t t  

C. P. Hicks 

A c t i v i t y  C o e f f i c i e n t s  a t  I n f i n i t e  D i l u t i o n  from 
Gas-Liquid Chromatography 

Experimental Methods for Studying Phase Behavior 
o f  M ix tu res  a t  H igh  Temperatures and Pressures 

High-pressure Phase Diagrams and C r i t i c d l  
Proper t ies  o f  F l u i d  Mix tu res  

Mixtures Containing a Fluorocarbon 

Spec i f i c  I n t e r a c t i o n s  i n  None lec t ro l y te  Mix tu res  

Volumetric Proper t ies  o f  Gaseous Mix tu res  

C r f t f c a l  Exponents f o r  B inary  F l u i d  Mix tu res  

A Bibl iography o f  Thermodynamic Q u a n t i t i e s  for  
Binary F l u i d  Mix tu res  

* * * * * * n * * *  
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1911 HcMeekin, T. L. 
The S o l u b i l i t y  o f  B i o l o g i c a l  Compounds 
i n  "So lu t ions  and S o l u b i l i t i e s , "  Pa r t  1. (M. R. J .  Dack, e d i t o r )  
(John Wiley and Sons, New York, 1975) 

Th is  chapter  con ta ins  a d iscuss jon  on systematic s tud ies  on the  s o l u b i l i t i e s  
of p r o t e i n s  and l i p i d s .  
s t r u c t u r e  and has i nc luded  several  tab les  and p l o t s  g i v i n g  s o l u b i l i t i e s  o f  
amino ac ids ,  p ro te ins ,  l i p i d s  and f a t t y  acids. There a re  62 references t o  the 
1 i t e r a t u r e .  

The author has attempted t o  r e l a t e  s o l u b i l i t y  t o  

* * * * * * * * * *  

1921 HcHi l len ,  0 .  F. and Golden, D. H. 
Hydrocarbon Bond D issoc ia t i on  Energies 
Annual Reviews o f  Physical  Chemistry 33, 493 ( 

Th is  rev iew a r t i c l e  conta ins  "best" values o f  bond-d 
298.15 K of hydrocarbons and t h e i r  n i t rogen, oxygen, 

982) 

s s o c i a t i o n  energies a t  
s u l f u r ,  halogen, and 

on inorgan ic  molecules. s i l i c o n  de r i va t i ves .  
The t a b l e s  i nc lude  da ta  on A,Ho o f  the  r e l a t e d  rad i ca l s .  The-authors oravide 

There i s  a l so  some-l imited-dat 
~- . . ~- - - . _  _ _  

references t o  a dozen e a r l i e r  reviews o n - t h i s  sub jec t  and t h e r e  are  245 
r n f n r n n r o c  t n  t h o  c n i i r r o  l i t o r a t i i r o  A l c n  c o n  i t o m  r1&;31 

* * * * * * a * * *  

[93] Medvedev. V. A., Bergman, G. A., Gurvich, L. V., Yungman, V. S . ,  Vorob'ev, 
A. F., Kolesov, V. P. and others (V. P. Glushko, general e d i t o r )  
Thermal Constants o f  Substances (Volumes 1 t o  10) 
( i n  Russian) 
( V i n i t i ,  Moscow, 1965 t o  1982) 

This  ex tens i ve  s e r i e s  represents many years o f  e f f o r t  by numerous Russian 
thermodynamicists engaged i n  t h e  c r i t i c a l  eva lua t ion  o f  thermodynamic data. 
Inc luded i n  t h e  t a b l e s  a re  c a r e f u l l y  selected values of A Go, A Ho, So, HT-HO, 
and C a t  298.15 K f o r  t he  elements and t h e i r  compounds i 6 c l u d i 6 g  many aqueous 
s p e c i k .  
phase changes. 
which t h e  tabu la ted  values were obtained. Carbon and i t s  compounds a r e  covered 
up t o  two carbon atoms. The coverage and arrangements o f  substances i s  s i m i l a r  
t o  t h a t  used i n  t h e  NBS Tables o f  Chemical Thermodynamic Proper t ies  (see i tem 

Also g i ven  a re  d i s s o c i a t i o n  energies o f  gases and en tha lp ies  o f  
There are  ex tens ive  references t o  the pr imary  l i t e r a t u r e  from 

C149l 1. 
* * * * * * * * * *  

[94] He i tes ,  L. ( e d i t o r )  
Handbook o f  A n a l y t i c a l  Chemistry 
(McGraw-Hill Book Co., New York, 1963) 

Th is  t r e a t i s e  on a n a l y t i c a l  chemistry contains several  u s e f u l  t abu la t i ons  of 
thermochemical data. 
sources c l t e d  i n  t h i s  b ib l i og raphy  and are n o t  inc luded below: 

Some o f  these tabu la t ions  are  taken d i r e c t l y  from other 
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Author( s 1 
V. E. Bowers and 

Tabulated are  pK 
ino rgan ic  acids; 

T i t l e  o f  Sec t ion  

R. G. Bates Equ i l i b r i um Constants o f  Pro ton- t rans fer  
Reactions i n  Water 
(Sect ion 1, Table 1-10) 

values a t  15 ,  25, and 35 O C  f o r  about 200 organ ic  and 
no l i t e r a t u r e  references a re  given. 

L. Meites Formal Equi 1 i b r i  um Constants o f  Proton- 
t r a n s f e r  Reactions a t  F i n i t e  I o n i c  Strength 
(Sect ion 1, Table 1-11) 

This  s e c t i o n  contains a t a b u l a t i o n  o f  pK values a t  25 OC for a se lec ted  se r ies  
o f  about 150 acids, and bases. These data were taken from Bjerrum, Schwarzenbach. 
and S i l l e n ,  " S t a b i l i t y  Constants o f  Metal Complexes," P a r t  I, The Chemical Society, 
London, 1957 which was l a t e r  rev ised by S i l l e n  and M a r t e l l  (see i t em [137]). Also 
g iven a re  tab les  o f  a c i d  d i ssoc ia t i on  data p e r t i n e n t  t o  ethanol-water and 
methanol-water mixtures. 

D. A. Aikens and C. N. R e i l l e y  Formation Constants o f  Metal  Complexes 
(Sect ion 1, Table 1-17) 

Tabulated are  l o g  K values for the  b ind ing  o f  t he  more common ino rgan ic  metal 
ions  t o  55 l igands. 
a t u r e  references are given. 

AH and AS values are a l so  g iven for  four l igands. L i t e r -  

n n * * * * * * * *  

[95] M e r r i l l  , A. L. and Watt, B. K. 
Energy Value o f  Foods: Basis and Der i va t i on  
A g r i c u l t u r e  Handbook No. 74 
(U.S. Government P r i n t i n g  Of f i ce ,  Washington, D.C. , 1955) 

Watt, B. K. and H e r r i l l ,  A. L. 
Composition o f  Foods: Raw, Processed, Prepared 
A g r i c u l t u r e  Handbook No. 8 (revised) 
(U. 5 .  Government P r i n t i n g  O f f i ce ,  Washington, D.C., 1963) 

This  p a i r  o f  monographs provides numerous composit ion and energy values f o r  
food and f o o d s t u f f  ingred ien ts .  
Ca lo r ie  used i n  food energy values i s  one k i l o c a l o r i e  (4.184 kJ) as used i n  
thermochemistry. I n  Ag r i cu l tu re  Handbook No. 74, Pa r t  I g ives  a d iscuss ion  of 
the  sources o f  food energy i n  t e r m s  o f  organic compound c lass ,  and o f  the  
exper imental  de termina t ion  o f  enthalpies o f  combustion. Pa r t s  11, 111, and I V  
apply t h e  data t o  phys io log i ca l  processes. 
en tha lpy  o f  combustion o f  foods. 
o f  combustion o f  s p e c i f i c  food ftems o r  component substances. 
used i n  t a k i n g  values from the  numerous tab les ,  as c o r r e c t i o n  f a c t o r s  have 

I t  should be noted, o f  course, t h a t  t he  

An appendix g ives  composi t ion and 

Care should be 
Tables 1 t o  5 and t a b l e  24 g i v e  en tha lp ies  
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sometimes bren applied to adjust for physiological processes. These 
adjustments are indicated by footnotes. In Agriculture Handbook No. 8, 
Appendix A is o f  particular interest as it gives notes on energy values and 
nutrients. lncluding (adjusted) enthalpies of combustion o f  many foods and 
food ingredients. 

I * * * * * * * * *  

1963 Hilazzo, G. and Caroli, S. 
Tables of Standard Electrode Potentials 
(John Wiley and Sons, New York, 1978) 

This book contains extensive tables of standard electrode potentials covering 
the periodic chart. 
potential, the temperature and the pressure, the solvent, and a literature 
reference. 
potential is given together with an estimate of uncertainty. 
the tabulated data is taken from secondary sources (such as item [149]). 

For each electrode reaction is given the standard 

Occasionally the temperature coefficient of the electrode 
Much of 

* * * * * * * * * a  

[97] Miller, 0. G. 
Application of Irreversible Thenodynamics to Electrolyte Solutions. 
I. Determination o f  Ionic Transport Coefficients 8.. for Isothermal 
Vector Transport Processes in Binary Electrolyte Sy&€ems. 
Journal of Physical Chemistry 70, 2639 (1966) 
11. Ionic Coefficients P for  Isothermal Vector Transport Processes in 
Ternary Systems. i d  

These papers derive equations relating fundamental isotherma 
coefficients ( a .  I s )  to experimentally measurable quantities 
in a neutral sollent. P . . ' s  for the most common aqueous ion 
calculated from criticall$ reviewed data. 

* * a * * * * * * *  

transport 
for electrolytes 
c solutions are 

1 utions. 
1981 Hillero, F. J. 

The Partial Holal Volumes of Electrolytes in Aqueous S 
Compilation o f  the Partial Holal Volumes of Electrolytes at Inffnite 
Dilution, Vo and the Apparent Molal Volume Concentration Dependence 
Constants, S* and b , at Various Temperatures, in 

Water and Aqueoxs Solutions, R. A. H o m e  (editor) 
(John Wiley and Sons, Interscience Publishers, New York, 1972) 

This chapter (no. 13 in this book) is concerned with the measurement and 
interpretation of partial molar volumes and their concentration and tem- 
perature dependence. Included are tables of the partial molar volumes of the 
common inorganic and organic electrolytes (about 200 systems) as well as 
values o f  the partial molar volumes o f  the more common inorganic and organic 
ions (about 100 species). 
Also see items [99] and [123]. 

The data refer to temperatures from 0 to 200 'C. 

* * * * * * * * * *  

[99] Hillero, F. J. 
The Holal Volumes of Electrolytes 
Chemical Reviews 71. 147 (1971) 
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This i s  a d e t a i l e d  and thorough review a r t i c l e  dea l i ng  w i t h  molar volumes o f  
e l e c t r o l y t e s  i n  water. 
developments associated w i t h  molar volumes. Tabulated are  t h e  p a r t i a l  molar 
volumes o f  t h e  common (about 50) inorgan ic  and organic ions i n  water a t  
temperatures rang ing  from zero t o  200 OC. Also i s  g iven  p a r t i a l  molar volume 
data f o r  non-aqueous systems. There are 366 references t o  t h e  l i t e r a t u r e .  
A l s o  see i t e m  1983 and 11233. 

Included i s  a h i s t o r y  and d iscuss ion  o f  t h e o r e t i c a l  

* * * * * * * * * *  

11003 Mishchenko, K. P. and P o l t o r a t t k i i ,  C. M. 
Aspects of t h e  Thermodynamics and S t ruc tu re  o f  Aqueous and Non-Aqueous 
E l e c t r o l y t e  So lu t ions  
( i n  Russian) 
( I z d a t e l s t v o  Khimia, Leningrad, 1968) 

Th is  350 page monograph contains extensive discussions and c o r r e l a t i o n s  
( t h e o r e t i c a l  and empi r i ca l )  o f  e x i s t i n g  experimental da ta  on en tha lp ies .  Gibbs 
energies,  and en t rop ies ,  o f  s o l u t i o n  and i o n i z a t i o n  o f  inorgan ic  acids,  bases, 
and s a l t s  i n  water and selected organic solvents.  
Gibbs energies,  and entropies o f  the  substances and t h e i r  i ons  I n  s o l u t i o n  are  
a l so  discussed. 
t o  p e r i o d i c  groupings o f  t he  elements. 
t ab les  o f  p r o p e r t i e s  o f  l i m i t e d  groups o f  substances. A summary comp i la t i on  
o f  se lec ted  values o f  thermodynamic p roper t i es  occupies 43 pages, g i v i n g  A f C o ,  
A Ho, So and Co o f  pure and d isso lved inorgan ic  substances i n  t h e i r  standard 
s f a t e  a t  25 OC? se lec ted  en tha lp ies  o f  s o l u t i o n  a t  25 O C ,  en tha lp ies  o f  
d i l u t i o n  o f  common ac ids ,  bases, and s a l t s  a t  25 O C ,  and heat, contents and 
p a r t i a l  molar heat capac i t ies  f o r  selected s a l t s  vs. concent ra t ion  and tem- 
pera ture  i n  water, methanol, ethanol, and a few o ther  o rgan ic  solvents.  

Heat capac i t ies ,  en tha lp ies ,  

Extensive use i s  made o f  diagrams r e l a t i n g  observed p roper t i es  
The monograph conta ins  numerous small  

* * * * * * * * * *  

(1011 Morss, L. R.  Thermochemical Proper t ies  o f  Y t t r i u m ,  Lanthanum, 
and t h e  Lanthanide Elements and Ions  
Chemical Reviews 76, 827 (1976) 

Th is  rev iew presents tab les  o f  values o f  A Ho, and so a t  25 O C  for the aqueous 
ions o f  yttr ium, lanthanum, and the  lan thax ide  elements based upon bo th  
exper imental  measurement data and a group c o r r e l a t i o n  scheme. 

* * * * * * * * * n  

11023 Nancol las,  George H. 
I n t e r a c t i o n s  i n  E l e c t r o l y t e  Solut ions 
(E lsev ie r ,  Amsterdam, 1966) 

Th is  monograph contains a general d iscuss ion  o f  t h e  methodology, k i n e t i c s ,  
mechanisms, s t r u c t u r a l  features, and general thermodynamic t rends  o f  i o n i c  
a s s o c i a t i o n  reac t i ons  i n  so lu t ion .  
o f  thermodynamic funct ions f o r  ion-assoc ia t ion  reac t ions  wi th  references t o  
the  source 1 i te ra tu re .  

I n  the  Appendix t h e r e  a re  severa l  t ab les  

* * * * * * * * * *  
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11033 Naumov, G. B . ,  Rhyrhenko. B.  N. and Khodakovsky, I .  L .  
Handbook o f  Thermodynamic Q u a n t i t i e s  
( i n  Russian) 
(Atomizadat, Hoscow, 1971) 

T h i s  r e f e r e n c e  book c o n t a i n s  a c o m p i l a t i o n  o f  thermodynamic data f o r  about 2000 
chemical compounds and aqueous i o n s  (most ly  i no rgan ic ) .  The thermodynamic 
p r o p e r t i e s  t a b u l a t e d  a r e  A Go,  A H o ,  So,  and C" a t  298.15 K, e l e c t r o d e  poten- 
t i a l s ,  e n t h a l p i e s  and e n t r g p i e s  f o r  phase t r a n E i t i o n s ,  A Go o f  i n o r g a n i c  aqueous 
i o n s  from 25 t o  350 OC, p a r t i a l  molar  h e a t  c a p a c i t i e s  f r 6 m  10  t o  130 "C, and t h e  
p a r t i a l  mo la r  volumes o f  aqueous e l e c t r o l y t e s  a t  h i g h  temperatures and p r e s -  
sures. There a r e  1550 re fe rences  g iven t o  t h e  pr imary l i t e r a t u r e  and t o  the  
l i t e r a t u r e  e v a l u a t i o n s  o f  o the rs .  

* * * * * * i * * n  

[lo43 N a t i o n a l  Bureau o f  Standards E l e c t r o l y t e  Data Center 
A s e r i e s  o f  papers, p u b l i s h e d  i n  t h e  Journal  o f  Phys i ca l  and Chemical 
Reference Data f rom 1977 t o  1981. 

T h i s  s e r i e s  o f  papers c o n t a i n s  e v a l u a t i o n s  l e a d i n g  t o  recommended va lues  o f  
a c t i v i t y  and osmot ic  c o e f f i c i e n t s  and excess Gibbs energ ies o f  aqueous 
e l e c t r o l y t e  s o l u t i o n s  a t  298.15 K. 
form as a f u n c t i o n  o f  n o l a l i t y  and as c o e f f i c i e n t s  o f  severa l  c o r r e l a t i n g  
equat ions.  The c o r r e l a t i o n s  a r e  d e t a i l e d  and inc lude  a c a r e f u l  s t a t i s t i c a l  
a n a l y s i s  o f  t h e  d a t a  and re fe rences  t o  t h e  source l i t e r a t u r e .  The d a t a  cover 
t h e  e n t i r e  compos i t i on  range f o r  which d a t a  e x i s t  and i n c l u d e  most o f  t h e  
e l e c t r o l y t e s  o f  charge t y p e  12 and 21 ( a l s o  see i tems [48], [121]. 11241, and 
C1283). 

The da ta  a r e  presented b o t h  i n  t a b u l a r  

The papers j n  t h e  s e r i e s  are: 

Author(  s 1 T i t l e  o f  Paper 

B. R. S t a p l e s  and R. L. N u t t a l l  The A c t i v i t y  and Osmotic C o e f f i c i e n t s  o f  

Journal  P h y s i c a l  and Chemical Reference Data 6 ,  385 (1977) 

Aqueous Calcium Ch lo r ide  a t  298.15 K 

R. N. Goldberg and R. L. N u t t a l l  Evaluated A c t i v i t y  and Osmotic C o e f f i c i e n t s  f o r  
Aqueous So lu t i ons :  The A l k a l i n e  E a r t h  Mete1 
Hal i des  

Journal  o f  P h y s i c a l  and Chemical Reference Data 2,  263 (1978) 

R. N. Goldberg,  B. R. Stap les  and Evaluated A c t i v i t y  and Osmotic C o e f f i c i e n t s  f o r  
R. L. N u t t a l l  Aqueous Solut ions:  I r o n  C h l o r i d e  and t h e  

B i - u n i v a l e n t  Compounds o f  N i c k e l  and Cobal t  
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Journal o f  Physical and Chemical Reference Data g, 923 (1979) 

R. N. Goldberg Evaluated A c t i v i t y  and Osmotic Coef f i c ien ts  f o r  
Aqueous Solutions: Bi-univalent Compounds of 
Lead, Copper, Manganese, and Uranium 

Journal o f  Physical and Chemical Reference Data 4, 1005 (1979) 

R. N. Goldberg Evaluated A c t i v i t y  and Osmotic Coef f i c jen ts  f o r  
Aqueous Solutions: B i -un iva len t  Compounds o f  
Zinc, Cadmium, and Ethylene B is  
(Trimethylammounium) Chlor ide and Iod jde  

Journal o f  Physical and Chemical Reference Data 2, 1 (1981). 

R. N. Goldberg Evaluated A c t i v i t y  and Osmotic Coef f i c ien ts  f o r  
Aqueous Solut ions: Th i r ty -S ix  Uni-Bivalent 
E lec t ro ly tes  

Journal o f  Physicdl and Chemical Reference Data lo, 761 (1981) 

8. R. Staples A c t i v i t y  and Osmotic Coe f f i c i en ts  o f  Aqueous 
Metal N i t r i t e s  

Journal o f  Physical and Chemical Reference Data l0, 765 (1981) 

B. R. Staples A c t i v i t y  and Osmotic Coe f f i c i en ts  o f  Aqueous 
S u l f u r i c  Acid 

Journal o f  Physical and Chemical Reference Data lo. 779 (1981) 

* * * * * * * * * *  

[lo51 N i v l t ,  J .  Sol id -L iqu id  Phase E q u i l i b r i a  (Elsevier.  Amsterdam, 1977) 

This 246 page monograph contains tables o f  s o l u b i l i t i e s  as a func t i on  of 
temperature o f  approximately 350 compounds t o  form b inary  and te rnary  
mixtures. The substances are mostly inorganic and include on ly  22 organic 
compounds. Also included are enthalpies o f  so lu t i on  o f  the substances i n t o  
pure water. The author does no t  give references t o  the primary l i t e r a t u r e .  

* * * * * * * * * *  
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[lo61 Oet t ing ,  F.L. , Plod-ra4~v. V., Rand, M.H. and Westrum, E . F . ,  Jr. (ed i to rs )  
The Chemical Thermodynamics o f  Ac t in ide  Elements and Compounds 
( I n t e r n a t i o n a l  Atomic Energy Agency, Vienna, 1976 t o  present)  

Th is  se r ies  o f  books con ta ins  thermodynamic data (heat capac i t i es ,  formation 
p roper t i es  , thermal func t ions ,  vapor pressures , and many o the r  p roper t i es )  
f o r  the a c t i n i d e  elements and t h e i r  compounds. 
tab les  o f  da ta  t h e r e  i s  a l s o  a discussion o f  the  sources from which the 
da ta  have been taken and t h e  ca l cu la t i ons  performed. 
data on the  aqueous ions  o f  t h e  a c t i n i d e  elements. To date, the  p a r t s  
which have been pub l i shed  are: 

In a d d i t i o n  t o  extensive 

Par t s  2 and 3 conta in  

T i t l e  Pa r t  No. - Author( s 1 

F.L. Oet t ing ,  M . H .  Rand and The Ac t in ide  Elements 
R. 3. Ackermann 

1 

J.. Fuger and F. L. O e t t i n g  The Ac t i n ide  Aqueous Ions  2 

E. H. P. Cordfunke and Miscel laneous Ac t i n ide  Compounds 3 
P. A. G. O'Hare 

P. Ch io t i ,  V. V. Akhach insk i j ,  
1. Ansara. and M .  H .  Rand The Ac t i n ide  Binary A l l oys  

Par ts  4 (Chalcogenides), 6 (Carbides), 7 (Pn ic t ides) ,  and 
8(Halides) a re  scheduled for p u b l i c a t i o n  i n  1983. 

* * * * * * * * n *  

5 

11073 Ohe, S. ( e d i t o r )  
Computer Aided Data Book o f  Vapor Pressure 
(Data Book Pub l i sh ing  Co., Tokyo, 1976) 

This l eng thy  book (2000 pages) contains extensive p l o t s  o f  vapor pressures f o r  
var ious pure substances, b o t h  organic and inorganic,  as a f u n c t i o n  o f  tem- 
pera ture  as w e l l  as t h e  constants o f  t he  Antoine equation. 
substance index  and references t o  the l i t e r a t u r e .  

Included i s  a 

[lo83 Olofsson, G. snd Hepler. L. G. 
Thermodynamics o f  I o n i z a t i o n  o f  Water Over Wide Ranges o f  Temperature 
and Pressure 
Journa l  o f  S o l u t i o n  Chemistry 4, 127 (1975) 

Th is  rev iew t i e s  toge the r  e q u i l i b r i u m  and thermal data t o  o b t a i n  "best" values 
f o r  A G O ,  AHo, ACo, AVO, and AKO ( the  isothermal compress ib i l i t y  change) for 
t he  i o n i z a t i o n  o? water over  t h e  temperature range 0 t o  300 O C  and the  pressure 
range 1 t o  8000 atmospheres. Also see i t em [ 8 8 ] .  

* e n * * * * * * *  
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[ l o g ]  Parker, V. B., Staples, 8. R., Jobe, T. L., Jr. and Neumann, 0. B. A 
Report  on Some Thermodynamic Data f o r  D e s u l f u r i z a t i o n  Processes 
(NBSIR 81-2345, National Bureau o f  Standards, Washington, D.C., 1981) 

Th is  r e p o r t  con ta ins  values of thermochemical p roper t i es  and processes p e r t i n e n t  
t o  coal  gas desu l fu r i za t i on .  
the  aquequs ions: OH , S O $ - ,  HSO;, SO$-, CO3- , HCO;, H , Mn2+, Fez+, Mg2+, 
Ca2+, Na , and K and include so l i d ,  l i q u i d ,  aqueous and gaseous compounds or 
species formed from these ions. 
(H -ti 1, L , y+, and + a t  298.15 K. Pred ic ted  values o f  AGO, hio, ASo, i n d  
AC' f8r ImBortLnt desu l fu r i za t i on  processes were ca l cu la ted  from the  fo rmat ion  
p r8per t i es .  

Substances covered inc lude+so lu t ions  formed from 

Proper t ies  g i ven  are AfGo, A H O ,  S o ,  Co 

These data are cons is ten t  w i t h  the  data i n  i t em [149]. 

* * * * * * * * * *  

[I101 Parker,  V. B. 
The Thermochemical Propert ies o f  the  Uranium-Halogen Conta in ing  Compounds 
(NBSIR 80-2029, Nat ional  Bureau o f  Standards, Washington, D.C., 1980) 

This r e p o r t  con ta ins  a de ta i l ed  eva lua t ion  o f  t h e  thermochemistry o f  142 uranium- 
halogen con ta in ing  compounds. 
(HT-HO), a l l  a t  298.15 K, and A Ho a t  0 K. The ana lys is  i f  mucf; o f  t h e  d h a  
invo lves  t h e  cons idera t ion  o f  t f ;e  aqueous chemistry o f  uranium con ta in ing  
compounds (a l so  see i tem [149]) .  The recommended values are cons is ten t  w i t h  
the  CODATA sca le  ( i tem C231). 

The p roper t i es  g iven are A Ho, A Go. So ,  C o ,  and 

* A * * * * * * * *  

[111] Parker,  V. B. 
Thermal Proper t ies  of Aqueous Un i -un iva len t  E l e c t r o l y t e s  
(NSRDS NBS 2, U.S. Government P r i n t i n g  O f f i ce ,  Washington, D.C., 1965) 

This monograph i s  a review o f  the heat-capacity, en tha lpy-o f -so lu t ion ,  end 
e n t h a l p y - o f - d i l u t i o n  data on simple 1-1 e l e c t r o l y t e s ,  o rgan ic  and inorgan ic ,  
i n  aqueous so lu t i ons .  From t h e  c r i t i c a l  ana lys i s  o f  t h i s  data, t a b l e s  o f  
se lec ted  "best" values o f  apparent heat capac i t i es ,  and en tha lp ies  o f  d i l u t i o n  
are given, as w e l l  as selected values o f  t he  en tha lp ies  o f  s o l u t i o n  to t h e  
i n f i n i t e l y  d i l u t e  so lu t i on .  Also inc luded i s  a review o f  da ta  on t h e  en tha lp ies  
of n e u t r a l i z a t i o n  o f  monobasic acids which has l e d  t o  a se lec ted  "best"  value 
f o r  the  en tha lpy  o f  i o n i z a t i o n  o f  water. 
w i t h  a d i scuss ion  o f  methods employed i n  reducing the  data t o  a standard form 
and are  l i s t e d  by compound, i n  the  order: 
s i l v e r  s a l t s ,  and s a l t s  o f  t he  a l k a l i  metals. 
var ious i n v e s t i g a t i o n s ,  w i t h  the  temperature and range o f  concent ra t ions  measured. 
Graphs o f  molar hea t  capaci ty and molar enthalpy as func t i ons  o f  concent ra t ion  
are a l s o  inc luded, f o r  aqueous so lu t i ons  of many o f  t he  compounds discussed. 
add i t i on ,  t h e r e  i s  an abbreviated l i s t i n g ,  by compound, o f  rev iew and comp i la t i on  
papers on t h e  thermal p roper t ies  o f  the  aqueous un i -un i va len t  e l e c t r o l y t e s .  
These and o the r  references are a l so  l i s t e d  a l p h a b e t i c a l l y  i n  a separate re fe rence 
sec t i on  w i t h  652 en t r i es .  
and compound are  arranged i n  a ser ies  o f  2 1 t a b l e s .  

Data on each p roper t y  a re  in t roduced 

acids,  ammonium and amine s a l t s ,  
For each compound a re  l i s t e d  t h e  

I n  

The chosen "best" values a t  25 OC f o r  each parameter 

* * * * * * * * * *  
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[112] Parker,  V.B. , Wagman, D. D. and Garvin, D. 
Selec ted  Thermochemical Data Compatible w i t h  the  CODATA Recommendations 
(NBSIR 75-968, Nat iona l  Bureau o f  Standards, Washington, D.C., 1976) 

Selected thennochemical p roper t i es ,  A Go, A Ho, So ,  ( a l l  a t  298.15 K), AfHo 
(0 K), and H (298.15 K) - H (0 K),  a r l  g i v e i  f o r  384 substances (almost 
e n t i r e l y  i no rgan ic )  i n c l u d i n g  many o f  the  more commonly encountered aqueous 
species. 
CODATA recommendations on key values f o r  thermodynamics (see i t em [23)) .  

The se lec ted  values are intended t o  be compat ib le w i t h  the  cu r ren t  

* * * * * * * * * *  

11131 Parsons, R. 
Handbook o f  Electrochemical  Constants 
(Academic Press, New York, 1959) 

Th is  handbook con ta ins  ex tens ive  tab les  o f  data f o r  t h e  more common inorgan ic  
and organic aqueous e l e c t r o l y t e  so lu t ions .  Proper t ies  covered inc lude d ie lec -  
t r i c  constants,  a c t i v i t y  c o e f f i c i e n t s ,  r e l a t i v e  p a r t i a l  molar enthalpies,  
e q u i l i b r i u m  constants,  s o l u b i l i t y  products, c o n d u c t i v i t i e s ,  e lectrochemical  
p o t e n t i a l s ,  Gibbs energ ies  and en tha lp ies  o f  format ion,  en t rop ies ,  heat 
capac i t i es ,  v i s c o s i t i e s ,  and d i f f u s i o n  c o e f f i c i e n t s ,  Unfor tunate ly ,  on ly  a 
few o f  t h e  t a b l e s  c o n t a i n  references t o  the  sources o f  t he  data. 

* 

[114] Paul ing ,  L. 
The Nature o f  t h e  Chemica 
(Corne l l  U n i v e r s i t y  Press 

* * * * * * * * *  

Bond ( t h i r d  e d i t i o n )  
I thaca,  New York, 1960) 

Th is  w e l l  es tab l i shed  monograph provides general i n fo rma t ion  about the  na ture  
o f  chemical bonding i n  ( p r i n c i p a l l y )  inorgan ic  compounds which i s  fundamental ly 
very impor tan t  f o r  t h e  es t ima t ion  of en tha lp ies  o f  format ion.  b u t  no t  always 
e a s i l y  appl ied.  

* * * * * * * * * *  

[115] Pedley, 3. B. ( e d i t o r )  
Computer Ana lys i s  o f  Thermochemical Data (CATCH Tables) 
( U n i v e r s i t y  o f  Sussex, Br igh ton ,  England, 1972 t o  1974) 

These thennochemical t a b l e s  c o n s i s t  o f  en tha lp ies  o f  f o rma t ion  a t  298.15 K 
c a l c u l a t e d  f rom thermochemical data networks. I nc luded  a re  appropr iate 
references t o  t h e  l i t e r a t u r e  and estimated e r r o r s  i n  t h e  en tha lp ies  o f  f o r -  
mation. 
t ab les  can be r e a d i l y  updated by computer. 
amount of da ta  for aqueous species. 

An i n t e r e s t i n g  and important feature o f  t h i s  scheme i s  t h a t  the  
These t a b l e s  con ta in  a subs tan t i a l  

The f o l l o w i n g  t a b l e s  have been published: 

Year - Author (s1  E l  ement ( s 1 

J. D. Cox Halogen Compounds (F luor ine ,  1972 
Chlor ine,  Bromine, I od ine )  
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G. P i l c h e r  Ni t rogen 1972 

A. J. Head Phosphorus 1972 

J. B. Pedley and S i l i c o n  
8. S. I s e a r d  

1972 

D. 5 .  Barnes Chromium, Molybdenum and 1974 
Tungsten 

* * * * * * * * * *  

C1163 Pedley, 3. B. and Rylance, J. 
Sussex - N. P. L. Computer Analysed Thermochemical Data: 
Organic and Organometal l ic Compounds 
(Sussex Un ive rs i t y ,  Br jghton, England, 1977) 

Th is  book conta ins  enthalpy data on ~ 4 0 0 0  compounds and SODO chemical 
processes i n v o l v i n g  organic and organometal l ic compounds. Much o f  t h e  
processing o f  t h e  data was done by computer (see i t e m  [lSO]). 
which are  presented i nc lude  enthalpies o f  combustion, format ion,  subl imat ion,  
vapor lza t ion ,  and reac t ion .  I t  is a lso  a r e v i s i o n  o f  t h e  values pub l ished by 
Cox and P i l c h e r  ( i t em C281). There are ~ ~ 4 4 5 0  re fe rences  t o  t h e  sources f r o m  
which t h e  data were taken. 

P roper t i es  

* * * * * * * * * *  

[117] Pe r r i n ,  D. D. 
D i s s o c i a t i o n  Constants o f  Inorgan ic  Acids and Bases i n  Aqueous So lu t i on  
(Bu t temor ths ,  London, 1969) 

Th is  s h o r t  (163 pp.) monograph i s  a compi la t ion  o f  d i s s o c i a t i o n  constants o f  
217 ino rgan ic  ac ids  and bases. The classes o f  compounds inc lude  n o t  o n l y  con- 
vent iona l  ac ids  and bases. b u t  a l so  hydrated metal ions  and f r e e  rad i ca l s ,  
such as hydroxyl ,  t h e  on ly  c r i t e r i o n  being g a i n  o r  l o s s  o f  a p r o t o n  o r  
hydroxyl  ion.  The data are organized i n t o  a s i n g l e  t a b l e  l i s t i n g  the  com- 
pounds, preceded by a b r i e f  i n t r o d u c t i o n  t o  t h e  use o f  t a b l e ,  and a s e c t i o n  on 
methods o f  measurement and ca lcu la t ion .  The methods a r e  c l a s s i f i e d  as con- 
ductometr ic,  e lec t romet r ic .  op t i ca l ,  o r  other.  Elements and comp0und.s a r e  
l i s t e d  i n  decreasing ex ten t  o f  protonat ion.  pK values are,  wherever pbss ib le ,  
obtained by e x t r a p o l a t i o n  t o  zero i o n i c  strength.  The t a b l e  a l s o  gives t h e  
temperature o f  each measurement, remarks as t o  i o n i c  s t rength ,  concentrat ion,  
and any o the r  f a c t o r s  r e l a t i n g  t o  pK, coded references t o  method o f  measure- 
ment, the procedure used i n  eva lua t ing  the  constants and any c o r r e c t i o n s  taken 
i n t o  cons idera t ion ,  and the l i t e r a t u r e  references. There are  approximately 
1100 references l i s t e d  a lphabe t i ca l l y  by author. 

* * * * * * * * * *  

[lla] Per r in .  D. D. 
D i s s o c i a t i o n  Constants o f  Organic Bases i n  Aqueous S o l u t i o n  
( B u t t e w o r t h s ,  London, 1965) 
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This  book conta ins  values o f  d i s s o c i a t i o n  constants f o r  organic bases i n  
aqueous s o l u t i o n .  The bases a re  arranged under t h e  headings a l i p h a t i c ,  
a l i c y c l i c ,  aromat ic,  h e t e r o c y c l i c ,  na tu ra l  products, dyes and ind i ca to rs ,  
substances l a c k i n g  a bas i c  n i t r o g e n  atom, and miscel laneous. Accompanying the 
da ta  e n t r y  f o r  each base I s  t h e  temperature, method o f  measurement, formula, 
assessment o f  t he  measurement, and t h e  appropr iate reference. There are 3790 
data e n t r i e s  i n  t h i s  book. A lso  see i t em [73]. 

* * * * * * * * R L I  

C1191 P h i l l i p s ,  R. 
Adenosine and t h e  Adenine Nucleotides. I o n i z a t i o n ,  Metal  Complex 
Formation, and Conformation i n  So lu t i on  
Chemical Reviews 66, 501 (1966) 

Th is  a r t i c l e  i s  a d e t a i l e d  rev iew o f  the  thermodynamics, k i n e t i c s ,  and s t r u c t u r a l  
c h a r a c t e r i s t i c s  o f  adenosine and the  adenine nuc leo t ides  i n  so lu t i on .  Both l o g  K 
and en tha lpy  data a re  t a b u l a t e d  f o r  p ro tona t ion  and me ta l - i on  b ind ing  reac t ions  
t o  adenosine and t h e  adenine nucleot ides.  The cond i t i ons  a r e  g i ven  under which 
t h e  tabu la ted  da ta  a re  app l i cab le ,  namely, i o n i c  s t rength ,  temperature, support ing 
e l e c t r o l y t e ,  pH, method o f  measurement, as w e l l  as references t o  t h e  o r i g i n a l  
da ta  source. 

* * * * * * * * * *  

[120] P h i l l i p s ,  R. C . ,  George, P., and Rutman, R. J. 
Thermodynamic Data for t h e  Hydro lys is  o f  Adenosine Tr iphosphate as a 
Func t ion  o f  pH, Mg2 
Journa l  o f  B i o l o g i c a l  Chemistry 244, 3330 (1969) 

I o n  Concentrat ion, and I o n i c  S t rength  

Th is  a r t i c l e  deals w i t h  t h e  computation o f  the Gibbs energy change f o r  t h e  
h y d r o l y s i s  o f  adenosine-5'-triphosphate t o  adenosine-5'-diphosphate as a 
f u n c t i o n  o f  magnesium i o n  concent ra t ion ,  pH, and i o n i c  s t r e n g t h  a t  25 'C. 
A c r i t i c a l  eva lua t i on  o f  t h e  e x i s t i n g  data p e r t i n e n t  t o  t h i s  computation i s  
included. References t o  24 papers are given. A l s o  see i t em [l]. 

* * * * * * * * * *  

[121) P i t z e r ,  K. S. and o the rs  
Thermodynamics o f  E l e c t r o l y t e s  
(A se r ies  o f  papers pub l i shed  i n  several Journals)  

T h i s  s e r i e s  o f  papers con ta ins  an extensive a r ray  o f  c o r r e l a t e d  da ta  on aqueous 
e l e c t r o l y t e  so lu t i ons ,  much o f  i t  having been ca l cu la ted  us ing  t h e  system o f  
equat ions g i ven  i n  paper I i n  t h i s  ser ies .  
have been summarized by  P i t z e r  i n  a chapter i n  the  book e d i t e d  by  Pytkowicz 
(see i t e m  [123]). 
apparent molar en tha lp ies  and heat capac i t ies ,  excess Gibbs energies,  
en t rop ies ,  heat capac i t i es ,  volumes, and some e q u i l i b r i u m  constants and 
en tha lp ies .  
component mixtures.  
sodium c h l o r i d e ,  ca lc ium c h l o r i d e ,  and sodium carbonate cover the  data a t  the 
temperatures f o r  which experiments have been performed. A lso  see i tems [48),  
I1043, and C1243. 

The contents o f  these papers 

The da ta  i nc lude  a c t i v i t y  and osmotic c o e f f i c i e n t s ,  r e l a t i v e  

Systems'of i n t e r e s t  inc lude both b ina ry  s o l u t i o n s  and m u l t i -  
Whi le  most o f  the data p e r t a i n  t o  25 O C ,  t he  papers on 
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The pspsrs I n  t h i s  ser ies which conta in  data re levan t  t o  t h i s  b ib l i og raphy  
are: 

P i t z e r ,  K.S. 
Thermodynamic Propert ies o f  Aqueous So lu t ions  o f  B i va len t  Sulphates 
Journal  ' o f  t he  Chemical Society, Faraday Transactions I 1  68, 101 (1972). 

P i t z e r ,  K.S. and Hayorga, G. 
Thermodynamics o f  E lec t ro ly tes .  11. A c t i v i t y  and Osmotic C o e f f i c i e n t s  for 
Strong E l e c t r o l y t e s  w i t h  One or Both Ions Un iva len t  
Journal  o f  Physical  Chemistry 77, 2300 (1973). 

P i t z e r ,  K.S. and Hayorga, C. 
Thermodynamics o f  E lec t ro ly tes .  111. A c t i v i t y  and Osmotic C o e f f i c i e n t s  
for 22 E l e c t r o l y t e s  
Journal  o f  So lu t i on  Chemistry 3, 539 (1974): 

P i t z e r ,  K.S. and K i m ,  J.J. 
Thermodynamics o f  E lec t ro l y tes  IV. A c t i v i f y  and Osmotic C o e f f i c i e n t s  for 
Mixed E l e c t r o l y t e s  
Journal  o f  the  American Chemical Society 96, 5701 (1974). 

P l t ze r .  K.S. and S i l ves te r ,  L.F. 
Thermodynamics o f  E lec t ro l y tes .  V I .  Weak E l e c t r o l y t e s  Inc lud ing  H,PO, 
Journal  o f  So lu t i on  Chemistry 5 ,  269 (1976). 

P i t ze r .  K . S . ,  Roy, R.N. and S i l ves te r ,  L.F. 
Thermodynamics o f  E lec t ro l y tes  VII. 
Journal  o f  t h e  American Chemical Society 99, 4930 (1977). 

S u l f u r i c  Ac id  

S i l v e s t e r ,  L.F. and P i tzer .  K.S. 
Thermodynamics of Elec t ro l y tes .  8 .  High-Temperature Proper t ies ,  
I n c l d u i n g  Enthalpy and Heat Capaclty, w i th  App l i ca t i on  t o  Sodium Ch lor ide  
Journal  o f  Physical  Chemistry 8l, 1822 (1977). 

P i t z e r ,  K.S. , Peterson, J.R. and S i l ves te r ,  L.F. 
Thermodynamics o f  E lec t ro l y tes .  I X .  Rare Ear th  Chlor ides,  N i t r a t e s  and 
Perchlorates.  
Journal  o f  So lu t i on  Chemistry 1, 45 (1978). 
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Silvester, L.F. and Pitzer, K.S.  
Thermodynamics of Electrolytes. X .  Enthalpy and the Effect of Temperature 
on the Activity Coefficients. 
Journal of Solution Chemistry 2, 327 (1978). 

Pitzer, K.S.  and Silvester, L.F. 
Thermodynamics of Electrolytes. 11. Properties of 3:2, 4:2, and Other 
High-Valence Types 
Journal of Physical Chemistry 82, 1239 (1978). 

Bradley, D.J. and Pitzer, K.S. 
.Thermodynamics o f  Electrolytes 12. 
H k k e l  Parameters to 350 OC and 1 b a r  
Journal of Physical Chemistry 83, 1599 (1979). 

Dielectric Properties of Water and Debye- 

Pitzer, K.S. and Peiper, 3.C. 
Activity Coefficients of Aqueous NaHC03. 
Journal of Physical Chemistry 84, 2396 (1980). 

Peiper, J.C. and Pitzer, K.S. 
Thermodynamics of Aqueous Carbonate Solutions Including Mixtures of 
Sodium Carbonate, Bicarbonate, and Chloride 
Journal of Chemical Thermodynamics E, 613 (1982). 

Rogers, P.S.Z. and Pitzer, K.S. 
Volumetric Properties o f  Aqueous Sodium Chloride Solutions 
Journal of Physical and Chemical Reference Data 11. 15 (1982). 

Pitzer, K.S.  
Theory: Ion Interaction Approach in "Activity Coefficients in Electrolyte 
Solutions ,I' R.M. Pytokowicz (editor) 
(CRC press, Boca Raton, Florida, 1979). 

See item [123] 

Roy, R.N. , Gibbons. J. J. , Peiper, J.C. and Pitzer, K.S.  
Thermodynamics o f  the Unsymmetrical Mixed Electrolyte HC1-LaC1, 
Journal of Physical Chemistry, 87, 2365 (1983). 
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delima, H.C.P and P i t ze r ,  K.S. 
Thermodynamics o f  Saturated Aqueous So lu t ions  I n c l u d i n g  Mix tu res  o f  
NaC1. KCI, and C s C l  
Journal o f  S o l u t i o n  Chemistry, l2, 171 (1983). 

delima, M.C.P. and P i t z e r ,  K.S. 
Thermodynamics of Saturated E l e c t r o l y t e  Mix tu res  o f  NaCl w i t h  Na2S0, 
and w i t h  MgC1, 
Journal  o f  S o l u t i o n  Chemistry, l2, 187 (1983). 

Phutela, R.C. and P i t ze r ,  K.S. 
Thermodynamics o f  Aqueous Calcium Chlor ide 
Journal  o f  S o l u t i o n  Chemistry, l2, 201 (1983). 

Pi t ze r ,  K.S., Peiper.  J.C. and Busey, R.H. 
Thermodynamic Proper t ies  o f  Aqueous Sodium Ch lo r ide  So lu t i ons  
Journal o f  Physical  and Chemical Reference Data, i n  rev iew 

* * * * * * * * * *  

[122] Pourbaix, H. (and others) 
A t l a s  o f  Electrochemical  Equ i l i b r i um i n  Aqueous S o l u t i o n  
(Pergamon Press, Oxford, 1966) 

This book conta ins  tabu la t i ons  o f  Gibbs energy o f  f o rma t ion  data for many o f  
the p r i n c i p a l  compounds o f  t he  inorganic elements. Electrochemical  p o t e n t i a l s  
and t h e i r  dependence on pH, a r e  ca l cu la ted  f o r  many impor tan t  couples. Much 
of t he  Gibbs energy data i s  taken from t he  eva lua t i ons  and compi la t ions  of 
others. O f  p a r t i c u l a r  u t i l i t y  are the  species-composi t ion or predominance 
diagrams which appear i n  t h i s  book. 

* * * * * * * * * *  

[123] Pytkowicz, R. M. (editor) A c t i v i t y  C o e f f i c i e n t s  i n  E l e c t r o l y t e  So lu t i ons  

This two volume se r ies  has several chapters dea l i ng  w i t h  var ious  aspects 
of e l e c t r o l y t e  so lu t i ons .  The chapters which con ta in  t a b l e s  o f  thermodynamic 
data and/or a p a r t i c u l a r l y  use fu l  c o l l e c t i o n  o f  re fe rences  t o  such l i t e r a t u r e  
are: 

( i n  two volumes) (CRC Press, Boca Raton. F l o r i d a ,  1979) 

Author T i t l e  o f  Chapter 

K.  S. P i t z e r  Theory: I o n  I n t e r a c t i o n  Approach 

Th is  chapter (no. 7 i n  Volume I )  conta ins  a summary o f  much o f  t he  
research done by K. 5 .  P i t z e r  and h i s  c o l l a b o r a t o r s  on t he  development 
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o f  models f o r  e l e c t r o l y t e  so lu t i ons  and on t h e  representa t ion  o f  thermo- 
dynamic p r o p e r t i e s  o f  e l e c t r o l y t e  so lu t i ons  i n  terms o f  these models. 
The t a b l e s  i n  t h i s  chapter Include: Debye-Hilckel parameters f o r  t he  
osmotic c o e f f i c i e n t ,  enthalpy,  and heat capacl ty as a func t i on  o f  
temperature; parameters f o r  the  a c t i v i t y  and osmotic C o e f f i c i e n t s  o f  
approximately 270 aqueous s t rong e l e c t r o l y t e s  a t  25 OC; parameters f o r  
the  r e l a t i v e  apparent molar and excess enthalpy o f  z 9 0  s t rong e l e c t r o l y t e s  
a t  25 O C ;  a t a b l e  o f  parameters f o r  the a c t i v i t y  and osmotic c o e f f i c i e n t s  
o f  ~ 7 5  b i n a r y  mix tu res  w i t h  and w i thou t  common ions  and w i t h  up t o  three 
so lu tes  present;  and parameters f o r  the thermodynamic' p roper t i es  o f  
aqueous NaCl and H,SO, as a func t i on  o f  temperature. 
i nc luded  re fe rences  t o  h i s  e a r l I e r  papers which a l so  con ta in  valuable 
data on e l e c t r o l y t e  s o l u t i o n s  (a lso  see i tem [121]). 

The au thor  has 

F. J. H i l l e r 0  E f fec ts  o f  Pressure and Temperature on 
A c t i v i t y  Coe f f i c i en ts  

T h i s  very  ex tens ive  (99 pages) chapter (no. 2 I n  Volume 11) conta ins  a 
general  d iscuss ion  o f  t h e  e f f e c t s  o f  temperature and pressure on a c t i v i t y  
c o e f f i c i e n t s  f o r  bo th  b i n a r y  and mixed e l e c t r o l y t e  so lu t ions .  Proper t ies  
o f  i n t e r e s t  a r e  t h e  p a r t i a l  molar volume, e x p a n s i b i l i t y ,  compress ib i l i t y ,  
heat capac i ty ,  and enthalpy.  
methods o f  e s t i m a t i n g  p a r t i a l  molar p roper t ies  i n  mixed e l e c t r o l y t e  
so lu t ions .  'There a r e  226 references t o  the  l i t e r a t u r e .  Tables o f  data 
a re  presented f o r :  
molar volume, enthalpy,  heat capaci ty,  e x p a n s i b i l i t y ,  and compress ib i l i t y  
as a f u n c t i o n  o f  temperature; parameters f o r  the  p a r t i a l  molar volumes 
of 30 aqueous e l e c t r o l y e s  a t  25 OC;  parameters f o r  the  p a r t i a l  molar 
e x p a n s i b i l i t y  o f  t e n  e l e c t r o l y t e s  a t  25 O C ;  parameters f o r  the  p a r t i a l  
molar c o m p r e s s i b i l i t i e s  o f  33 e l e c t r o l y t e s  a t  25 OC;  values o f  t he  
a c t i v i t y  c o e f f i c i e n t s  o f  aqueous NaCl so lu t ions  a t  25 OC as a f u n c t i o n  
o f  pressure (up t o  1000 bars); parameters f o r  t h e  p a r t i a l  molar en tha lp ies  
o f  59 e l e c t r o l y t e s  a t  25 OC; parameters f o r  the p a r t i a l  molar heat 
capac i t i es  o f  140 e l e c t r o l y t e s  a t  25 OC; and tab les  g i v i n g  composit ions 
and t h e  p a r t i a l  molar p r o p e r t i e s  o f  average seawater. 

There i s  a l so  an e x c e l l e n t  d iscuss ion  o f  

Debye-Huckel l i m i t i n g  law slopes f o r  t he  asparent 

M. W h i t f i e l d  A c t i v i t y  Coe f f i c i en ts  i n  Natura l  Waters 

Th is  l o n g  (147 pages and 266 references) and very d e t a i l e d  chapter (no. 
3 i n  Volume XI) conta ins  a very extended discussion o f  the  thermodynamics 
o f  m ix tu res  o f  aqueous e l e c t r o l y t e  so lu t i ons  w i t h  emphasis upon t h e  
p r o p e r t i e s  o f  n a t u r a l  waters. There i s  a very ex tens ive  c o l l e c t i o n  o f  
t ab les  i n  t h i s  a r t i c l e  (116 i n  t o t a l )  and the  contents o f  t h i s  many 
t a b l e s  i s  n o t  e a s i l y  summarized i n  our survey. 
assoc ia t i on  cons tan ts  f o r  t h e  fo rmat ion  o f  i o n  p a i r s  and weak ac ids ;  
a c t i v i t y  c o e f f i c i e n t s  for bo th  the  ions and major components o f  sea 
water; f o rma t ion  cons tan ts  for t he  b ind ing  o f  heavy metals t o  several 
anions found i n  sea water; gas s o l u b i l i t i e s  i n c l u d i n g  carbon d iox ide  i n  
sea water; s o l u b i l i t i e s  o f  po l ych lo r i na ted  biphenyls i n  sea water; 

Inc luded a re  t h e  fo l low ing :  
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Setchenow c o e f f i c i e n t s  f o r  hydrocarbons and f o r  v o l a t i l e  so lu tes  i n  sea 
water; t he  osmotic c o e f f i c i e n t  and dens i t y  o f  sea water  as a f u n c t i o n  of 
temperature and s a l i n i t y .  Thermodynamic s o l u b i l i t y  products o f  minerals 
I n  br ines ;  t h e  a c t i v i t y  C o e f f i c i e n t  of carbon d iox ide  i n  sea water; 
s p e c i a t i o n  ca l cu la t i ons  on copper, z inc ,  cadmium, and lead  i n  sea water; 
excess Gibbs energies o f  mixing o f  e l e c t r o l y t e  s o l u t i o n s  a t  25 O C ;  and 
pa i rw ise  and t r i p l e t  i n t e r a c t i o n  terms f o r  e l e c t r o l y t e  So lu t ions  i n  
terms o f  var ious  models. 

* * * * * * * * * *  

El241 Rard, J. A., Habenschuss, A. and Spedding, F. ti. 
A Review o f  t h e  Osmotic Coe f f i c i en ts  o f  Aqueous H2S0, a t  25 OC 

Journal o f  Chemical and Engineering Data 21, 374 (1976) 
and 
A Review o f  t h e  Osmotic Coe f f i c i en ts  o f  Aqueous CaC1, a t  25 OC 

Journa l  o f  Chemical and Engineering Data 22, 180 (1977) 

These two a r t i c l e s  a re  c r i t i c a l  evaluat ions o f  experimental data l e a d i n g  t o  
values o f  t h e  osmotic c o e f f i c i e n t s  a t  25 O C  o f  the  two re fe rence e l e c t r o l y t e s  
ca lc ium c h l o r i d e  and s u l f u r i c  acid.  Also see i tems 11043 and [1211. 

* * * * * * * * * *  

[125] Reid, R. C. , Prausni tz,  3. M . ,  and Sherwood, T. K. 
The Proper t tes  o f  Gases and Liquids,  T h e i r  Es t imat ion  and C o r r e l a t i o n  
( t h i r d  e d i t i o n )  
(McGrarHi11, New York, 1977) 

Th is  l eng thy  monograph discusses var ious methods a v a i l a b l e  f o r  c a l c u l a t i o n  o f  
es t ima t ing  p r o p e r t i e s  o f  mater ia ls ,  and then prov ides  recommendations for 
a c t i o n  w i t h  respec t  t o  each k i n d  o f  property.  Inc luded in the book a re  pro- 
cedures f o r  making est imates o f  c r i t i c a l  constants, normal b o i l i n g  temperatures, 
Lennard-Jones p o t e n t i a l  parameters, compress ib i l i t y  f a c t o r s  and equat ions o f  
s ta te ,  l i q u i d  molar volumes and dens i t ies ,  and vapor pressures. Estimates o f  
cn tha lp ies  o f  vapor iza t ion ,  o f  ideal-gas heat  capac i t i es .  and o f  en tha lp ies  
and Gibbs energies o f  fo rmat ion  are  t rea ted .  For r e a l  f l u i d s  v a r i a t i o n s  o f  
enthalpy,  entropy, i n t e r n a l  energy, and heat capac i ty  w i t h  pressure a re  t rea ted .  
Some methods are  g iven f o r  es t imat ing  the  p roper t i es  o f  f l u i d  mixtures.  Surface 
tens ion  and the  t r a n s p o r t  p roper t i es -v i scos i t y ,  d i f f u s i o n  c o e f f i c i e n t ' a n d  
thermal conduc t i v i t y -a re  discussed. Numerous tab les  present  comparisons o f  
observed and c a l c u l a t e d  proper t ies .  
thermodynamic p r o p e r t i e s  o f  many organic compounds. 

The Appendix conta ins  t a b l e s  o f  

* * * * * * * * * *  

11261 Ri ley ,  3. P. and Skjrrow, G. (ed i to rs )  
Chemical Oceanography ( i n  s i x  volumes) 
(Academic Press, New York and London, 1975 and 1976) 

Th is  s i x  volume se r ies  contains 34 chapters on var ious  t o p i c s  r e l a t e d  t o  
chemical oceanography. 
and phys i ca l  i n fo rma t ion  on t h e  p roper t i es  o f  sea water and i t s  cons t i t uen ts  

Contained i n  these chapters i s  a wea l th  o f  chemical 



X. Appendix C 

measurement and interpretation of chemical potentials; the theory of diffusion 
(emphasizing conductance and viscosity in concentrated solutions), and methods 
o f  measurement of diffusion coefficients. The final third of the text deals 
primarily with characteristics of specific electrolyte SOlUtiOnS, including 
weak and mixed electrolytes, and strong acids, and includes an extensive (98 
pp.) appendix with approximately 75 tables of osmotic and activity coefficients, 
standard cell potentials (EO) in various organic solvents, ionic radji, and 
ionization constants o f  organic acids i n  aqueous solution, and other informa- 
tion. The narrative is supplemented with graphs, tables, equations. and 
references. 

* * * * * * * * * *  

11293 Rosenblatt, David H. (editor) 
Research and Development of Methods f o r  Estimating Physicochemical 
Properties of Organic Compounds of Environmental Concern (in two volumes) 
(Arthur 0. Little, Cambridge, Massachusetts, 1981) 

These two volumes contain twenty-six chapters, each one dealing with a method 
f o r  estimating a physico-chemical property of environmentally important 
organic compounds. For the most part, each chapter provides: "(1) a general 
discussion of the property and its importance in environmental considerations , 
(2) an overview of available estimation methods, (3) a description plus step-- 
by-step instructions for each selected method, (4) worked-out examples for 
each method, (5) a listing o f  sources o f  available data on the property, (6) a 
list o f  symbols used, and (7) the cited references." The chapters in the 
book are: 

Author( s) 

W. 3. Lyman 

W.J. Lyman 

W.J. Lyman 

W.J. Lyman 

S.E .  Bysshe 

J.C. Harris and M.J. Hayes 

J.C. Harris 

J.C. Harris 

K.M. Scow 

W.J. Lyman 

C. F Grain 

C.E. Rechsteiner, Jr. 

Title of Chapter 

OctanolDater Partition Coefficient 

Solubility in Water 

Solubility in Various Solvents 

Adsorption Coefficient for Soils and Sediments 

Bio-concentration Factor in Aquatic Organlsms 

Acid Dissociatjon Constant 

Rate of Hydrolysis 

Rate of Aqueous Photolysis 

Rate of Biodegradation 

Atmospherlc Residence Time 

Activity Coefficient 

Boi 1 i ng Poi nt 

7 9 5  
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as well as useful references-to the primary literature. Several topics of 
thermodynamic interest are the solubilities of gases and salts, chemical 
speciation of the major and minor constituents of sea water, densities, 
activity and osmotic coefficients, expansibilities, isothermal compressibilities, 
velocity o f  sound, heat capacities, and transport and optical properties of 
sea water. The Appendix contains a useful series o f  tables of many of these 
properties. Also see [SO]. * * * * * * * * * *  

[127) Geological Survey Bulletins 

Robie, R. A . ,  Hemingway, B .  S. and Fisher, J. R. 
Thermodynamic Properties of Minerals and Related Substances at 298.15 K 
and 1 Bar (10' Pascals) Pressure and at Higher Temperatures 
Geological Survey Bulletin 1452 
(U.S. Government Printing Office, Washington, D.C. , 1978) 

and 

Hemingway, B. S. , Haas, J. L. , Jr. ,  and Robinson, G. R., Jr. 
Thermodynamic Properties of Selected Minerals in the System 
A1,0,-Ca0-Si02-H,0 at 298.15 K and 1 Bar (lo5 Pascals) 
Pressure and at Higher Temperature 
Geological Survey Bulletin 1544 
(U.S. Government Printing Office, Washington, D.C., 1982) 

The 1978 publication i s  a 456 page monograph containing selected values for 
the entropy, molar volume, and for the enthalpy and Gibbs energy of formation 
for the elements, 133 oxides, and 212 other minerals and related substances at 
298.15 K. Thermal functions are also given for those substances for which 
heat-capacity or heat-content data are available. The thermal functions are 
tabulated at 100 K intervals for temperatures up to 1800 K .  The monograph 
includes detailed references to the source literature and a compound index. 
Also see items [42] and 11441. 

The 1982 publication is a supplement to Geological Survey Bulletin 1452. It 
contains a survey of thermodynamic data for minerals in the system 
Al,O,-CaO-SiO,-H,O and tabulated values for Co, ( H o - H o  (298.15 K))/T, (Go-Ho 
(298.15 K))/T. A Ho. and AfGo from 298.15 to b 0 0  K. 
well documented 60th as to computational procedures and the sources o f  data. 

The calculations are 

* * * * * * * * n *  

11281 Robinson, R. A. and Stokes, R. H. 
Electrolyte Solutions. 
Conductance, 
Chemical Potential and Diffusion in Solution of Simple Electrolytes 
(Second edition) 
(Butterworths, London, 1965) 

The Measurement and Interpretation of 

I n  this, the revised second edition of a monograph first published in 1955, 
the first part presents a fundamental discussion of aqueous organic and 
inorganic electrolyte solutions. 
solvents (i.e. water), electrolytic conductivities and transport numbers, the 

Included is a discussion of ionizing 
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C.E. Rechsteiner,  Jr. 

C.F. G r a i n  

R.G. Thomas 

R.G. Thomas 

W.A. Tucker and L.H. Nelken 

3. H. Hagopian 

L.H. Nelken 

C.F. Gra in  

C.F, Grain 

C.F. Gra in  

J.D. B i r k e t t  

J.D. B i r k e t t  

L.H. Nelken and J.D. B i r k e t t  

L.H. Nelken 

r1301 Ross in i .  F. D.. P i t z e r .  

Heat o f  Vapor izat ion 

Vapor Pressure 

V o l a t i l i z a t i o n  from Water 

V o l a t i l i z a t i o n  from S o i l  

D i f f u s i o n  Coe f f i c i en ts  i n  A i r  and Water 

F1 as h Po in ts  o f  Pure Substances 

Dens i t i es  o f  Vapors, L iqu ids  and So l ids  

Surface Tension 

I n t e r f a c i a l  Tension w i t h  Water 

L i q u i d  V iscos i t y  

Heat Capacity 

Thermal Conduct iv i t y  

D ipo le  Moment 

Index o f  Ref rac t ion  

* * * * * * * * * *  

K. S.. Taylor.  W. J., Ebert .  J. P. - -  - -  
K i l p a t r i c k ,  J. .E., Becket t ,  C. W., Wii l iams,-M. D. and Werner, H. C. 
Se lec ted  Values o f  P rope t t i es  o f  Hydrocarbons 
Na t iona l  Bureau o f  Standards C i r c u l a r  C461 
(U. S. Government P r i n t i n g  O f f i c e ,  Washington, D.C. 1947) 

and 

Ross in i ,  F. D., P i t z e r ,  K. 5 . .  Arnet t ,  R. L., Brown, R. M. and 
Pimentel .  G. C. 
Se lec ted  Values o f  Phys ica l  and Thermodynamic Proper t ies  o f  Hydrocarbons 
and Re1 a ted  Compounds 
(Catnegie Press, P i t t sbu rgh ,  Pennsylvania, 1953) 

T h i s  monograph r e s u l t e d  f r o m  t h e  work o f  American Petroleum I n s t i t u t e  ( A P I )  
Research P r o j e c t  44. I n  t h e  1953 rev i s ion ,  values are g iven f o r  40-odd 
phys i ca l  and thermodynamic p r o p e r t i e s  o f  several hundred hydrocarbons i n  
m e t r i c  and U. S. Customary u n i t s .  The data i n  most ins tances  represent 
se lec ted  va lues  f rom c a r e f u l  studies,  many o f  which were done i n  connection 
w i t h  t h e  same A P I  Research P ro jec t .  
t h e o r e t i c a l  c a l c u l a t i o n s  or empi r ica l  co r re la t i ons .  References t o  the source 
data and a b i b l l o g r a p h y  a re  given. 

Experimental data are supplemented by 

* * * * * * * * * *  
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[131] Ross in i ,  F. 0. .  Wagman, D. D., Evans, W. H., Levine, S., and Ja f fe ,  I .  
Selected Values o f  Chemical Thermodynamic Proper t ies  
Na t iona l  Bureau o f  Standards C i r c u l a r  500 
(U. S. Government P r i n t i n g  O f f i c e ,  Washington, D .C . ,  1952) 

Th is  was f o r  many years the  most comprehensive a u t h o r i t a t i v e  compi la t ion  o f  
thermochemical data a t  298.15 K f o r  inorganic substances. A11 inorgan ic  
substances and organic substances conta in ing  two carbon atoms or fewer p e r  
molecule a re  inc luded i f  thermodynamic data e x i s t  f o r  c a l c u l a t i n g  one o f  t he  
p r o p e r t i e s  tabu la ted .  Propert ies tabu la ted  i n  P a r t  I are  A Go (O) ,  A Ho ( O ) ,  
A Ho (298.15 K),  A Go (298.15 K), log K , So (298.15 K), and Co (298.15 K). 
Pfoper t i es  tabu le tgd  i n  Par t  I 1  are temderature, pressure, entRa1py change, 
entropy change and heat  capac i ty  change f o r  t r a n s i t i o n ,  f us ion ,  and vaporiza- 
t i o n  processes. The data f r o m  o r i g i n a l  sources were c r i t i c a l l y  eva lua ted  and 
func t ions  tabu la ted ,  ma in ta in ing  i n t e r n a l  consistency by t h e  r e l a t i o n s h i p :  
A Go (298.15 K) = A Ho (298.15 K) - TA So (298.15K). The sources o f  da ta  f o r  
e i c h  da ta  i t e m  are f i s t e d  and a b i b l i o i r a p h y  i s  included. P a r t  I has been 
superseded by t h e  NBS Tables o f  Chemical Thermodynamic P roper t i es  (see [149]). 
Much o f  t h e  data i n  P a r t  I 1  cannot be found r e a d i l y  elsewhere. 

* * * * * * * * * *  

[132] Sa l i ne  Water Conversion Engineering Data Book - 1975 

Th is  ve ry  l a r g e  (707 pages) book was produced by the  M. W. Ke l logg Company f o r  
the  O f f i c e  o f  Sa l i ne  Water o f  t he  U. S .  Department o f  t h e  I n t e r i o r .  The book 
conta ins  a l a r g e  amount o f  miscellaneous engineer ing i n fo rma t ion  p e r t i n e n t  t o  
examples o f  eng ineer ing  and cos t  ca lcu la t ions ,  ma te r ia l s  o f  cons t ruc t i on ,  
and process f l o w  diagrams f o r  d i s t i l l a t i o n ,  f reez ing ,  reverse  osmosis, and 
e l e c t r o d i a l y s i s .  Included i n  the  tab les  o f  phys i ca l  p roper t y  da ta  a re  heat  
capac i t i es ,  en tha lp ies ,  vapor pressures, s o l u b i l i t i e s ,  e q u i l i b r i u m  constants,  
c r i t i c a l  p roper t i es ,  and mechanical and t ranspor t  p roper t i es .  M a t e r i a l s  o f  
i n t e r e s t  Inc lude sea water and aqueous so lu t i ons  formed from sodium ch lo r i de .  
magnesium ch lo r i de ,  calc ium su l fa te ,  calc ium carbonate, magnesium s u l f a t e ,  and 
hydrocarbons. Much o f  t he  data i s  presented i n  graph ica l  form w i t h  references 
t o  t h e  source from which it was taken. 

(Nat iona l  Technical In fo rmat ion  Service, S p r i n g f i e l d ,  V i r g i n i a ,  1975) 

* * a * * * * * * *  

11331 Sanderson, R. T. 
Chemical Bonds and Bond Energy 
(Academic Press, New York and London, 1971) 

Th is  book conta ins  a general d iscussion o f  t he  c a l c u l a t i o n  o f  bond energies 
and g ives  d e t a i l s  o f  ca l cu la t i ons  performed on 850 d i f f e r e n t  k inds  o f  bonds 
i n  more than 500 compounds. 
s ta te ,  they  are s t i l l  use fu l  i n  app l ica t ions  t o  aqueous systems. The Appendix 
conta ins  a t a b l e  of bond energies end en tha lp ies  o f  format ion.  The chemical 
bonds a re  b o t h  Inorgan ic  and organic i n  nature.  Also see i tems [ll] and [92]. 

Although the  bond energies r e f e r  t o  t h e  gaseous 

* * * * * * * * * *  
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11341 Schmidt, E. 
Proper t i es  o f  Water and Steam i n  SI Uni ts  
(Spr inger-Ver lag, B e r l i n ,  1982) 

T h i s  book conta ins  t a b l e s  o f  the proper t ies  o f  water and steam from D t o  
800 OC and from 0 t o  1000 bar  which have been ca l cu la ted  us ing  a s e t  o f  
equat ions accepted by t h e  members o f  the S ix th  I n t e r n a t i o n a l  Conference on 
t h e  P roper t i es  o f  Steam i n  1967. 
pressure,  s p e c i f i c  volume, dens i t y ,  spec i f i c  enthalpy,  s p e c i f i c  heat o f  
evaporat ion,  s p e c i f i c  entropy, s p e c i f i c  i sobar i c  heat capac i t y ,  dynamic 
v i s c o s i t y ,  thermal c o n d u c t i v i t y ,  t he  Prandt l  number, t h e  ion-produc t  o f  water, 
t h e  d i e l e c t r i c  cons tan t ,  t h e  i s e n t r o p i c  exponent, t h e  sur face  tens ion  and Laplace 
c o e f f i c i e n t .  Also see i tems [43] and [70]. 

Propert ies which are  tabu la ted  inc lude the 

* * * * * * * * * *  

(1351 Ser jeant ,  E. P. and Dempsey, 8. 
I o n i z a t i o n  Constants o f  Organic Acids i n  Aqueous S o l u t i o n  
(Pergamon Press, New York, 1979) 

Th is  c r i t i c a l  comp i la t i on  o f  pK values i s  a supplement t o  an e a r l i e r  
monograph by Kortum, Vogel, and Andrussow (see i t em [73]). Th i s  volume 
extends t h e  l i t e r a t u r e  coverage t o  the  end o f  1970 and summarizes data f o r  
some 4500 acids. I n  con junc t i on  w i t h  the  Kortum compi la t ion ,  the t o t a l  
number o f  acids covered i s  = 5500. Each en t r y  inc ludes  the  name o f  the 
substance, i t s  mo lecu la r  formula, pK value; t he  temperature, method o f  measure- 
ment, an assessment o f  r e l i a b i l i t y ,  and references t o  t h e  l i t e r a t u r e .  

* * * * * * * * * *  

[136] S i l cock ,  H. ( e d i t o r )  S o l u b i l i t i e s  o f  Inorgan ic  and Organic Compounds ( i n  
t h r e e  volumes) (Pergamon Press, Oxford. 1979) 
Trans la ted  from t h e  Russian: 
( I t d a t e l ' s t v o  Nauka, Moscow, 1969) 

"Spravochnik PO ras tvo r imos t i '  

Th is  t h r e e  volume s e r i e s  is an extension o f  t he  work o f  Stephen and Stephen 
(see i t e m  [142]). These volumes cover te rnary  and multicomponent systems o f  
i no rgan ic  substances. 

* * * * * * * * * *  

C1373 S i l l e n ,  L. G. and M a r t e l l ,  A. E. 
S t a b i l i t y  Constants o f  Metal  I o n  Complexes, Sec t ion  I: Inorgan ic  Ligands, 
Sec t ion  11: 
(Spec ia l  P u b l i c a t i o n  No. 17, The Chemical Society,  London, 1964 
and Supplement No. 1, Special  Pub l i ca t i on  No. 25, 1971) 

Organic Ligands (Second e d i t i o n )  

W i th  t h e  p u b l i c a t i o n  o f  t h i s  second e d i t i o n  o f  S t a b i l i t y  Constants, t he  
Chemical Soc ie ty  combined two p rev ious l y  separate volumes i n t o  one, two-part  
volume (745 pp.), t h e  f i r s t  cover ing  constants o f  i no rgan ic  l igands ,  t he  
second, o rgan ic  l igands .  Both  sect ions i nc lude  a l l  data pub l i shed up t o  the  
end o f  1960 and some from 1961 t o  1963; the  scope o f  t h e  i no rgan ic  sec t i on  has 
been-extended t o  cover redox e q u i l i b r i a  and t h e  e x t r a c t i o n  o f  inorgan ic  
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l i gands  i n t o  nonaqueous solvents. 
tab les ,  each t a b l e  summarizing the data f o r  t h e  assoc ia t i on  o f  one p a r t i c u l a r  
l i g a n d  w i t h  a l l  t h e  m e t a l l i c  ions which have been s tud ied  i n  con junc t ion  w i t h  
it. 
the  data r e f e r ,  are given f o r  each l igand-metal p a i r .  Acid d i s s o c i a t i o n  
constants o f  t h e  l igands  are recorded by i n c l u d i n g  t h e  hydrogen i o n  as one o f  
t he  ca t i ons  w i t h  which the  l igands associate. 
by i n c l u d i n g  t h e  e l e c t r o n  as a l igand, and hyd ro l ys fs  o f  m e t a l l i c  i ons  i s  
descr ibed by regard ing  the  hydroxyl i o n  as one o f  t he  l igands. 

The arrangement o f  ma te r ia l  i s  now more un i fo rm than  i n  the two p a r t s  o f  t h e  
f i r s t  e d i t i o n ,  but the re  remain minor d i f f e rences  o f  p resen ta t i on  between the  
i no rgan ic  and t h e  organ ic  section. I n  t h e  inorgan ic  tab le ,  80 l igands  a re  
ordered accord ing  t o  group I n  the  p e r i o d i c  system; metal  i ons  a r e  arranged 
w i t h i n  each ino rgan ic  l i g a n d  tab le ,  i n  the  same o r d e r .  
t he  l i g a n d s  (1028) a re  i n  order o f  t h e i r  emp i r i ca l  formulae, and the  m e t a l l i c  
ions  i n  t h e  a lphabe t i ca l  o rder  o f  t he i r  i n t e r n a t i o n a l  symbols. Methods o f  
measurement a re  given, w i t h  42 separate methods alphabet ized and coded i n  the  
i n t r o d u c t i o n ;  t h e  medium i s  usua l l y  aqueous. E q u i l i b r i u m  constants a re  g i ven  
i n  bo th  tab les .  The organic sec t ion  includes consecut ive or  stepwise constants,  
K, whenever poss ib le ,  and cumulative or  gross constants,  $, i f  they  are  t h e  
on ly  q u a n t i t i e s  determined, o r  i f  t h e  sequence o f  stepwise constants i s  
incomplete. The inorgan ic  tab le  includes e q u i l i b r i u m  constants f o r  consecut ive 
and cumulat ive reac t ions ,  s o l u b i l i t y  constants,  a c i d  constants and base 
constants.  C e r t a i n  spec ia l  constants a re  a l so  given; e.g. K - e q u i l i b r i a  
i n v o l v i n g  a gas. 
r e l a t i n g  t o  the  references which are  l i s t e d  a t  t h e  end o f  each tab le .  
the  metals,  i no rgan ic  l igands  and organic l igands  are  indexed a l p h a b e t i c a l l y ,  
w i t h  app rop r ia te  t a b l e  number, a t  t he  end o f  t he  book. 

The f i r s t  e d i t i o n  was authored by 3. Bjerrurn, G.Schwarzenbach, and L. G. 
S i l l e n  and was pub l ished i n  two pa r t s  by the  Chemical Soc ie ty  o f  London: (1) 
"Organic Ligands," Special  Pub l i ca t i on  No. 6 (1957) and " Inorgan ic  Ligands," 
Special  P u b l i c a t i o n  No. 7 (1958). 

The supplement t o  t h e  second e d i t i o n  o f  " S t a b i l i t y  Constants o f  Meta l - Ion  
Complexes" i s  a rev iew o f  p e r t i n e n t  l i t e r a t u r e  pub l i shed  between t h e  
complet ion o f  t h e  1964 Tables and the  end o f  1968, i n c l u d i n g  a l s o  some data  
pub l i shed b e f o r e  t h e  completion o f  the  1964 Tables, b u t  omi t ted  f rom them. I n  
the  organ ic  p a r t ,  a change o f  p o l i c y  has been i n i t i a t e d ;  r a t h e r  than be ing  
omftted, r e s u l t s  seeming incomplete o r  o f  dubious v a l i d i t y  a re  now inc luded  i n  
the  tab les ,  w i t h  c r i t i c a l  comments. The s e c t i o n  "How t o  Use t h e  Tables" has 
been brought  up-to-date; a few methods have been added. L i m i t s  o f  e r r o r  a re  
new sometimes given. 
Group Index, cover ing  a l so  the  1964 Tables, and a t a b l e  o f  34 macromolecular 
organic l i gands ,  i n c l u d i n g  albumin, DNA, RNA. and I n s u l i n .  
f o r  t he  c o n t i n u a t i o n  of these compi lat ions by M a r t e l l  and Smith. 

The data a r e  organized i n t o  separate 

Method o f  measurement, composition, and temperature o f  t h e  media t o  which 

Redox e q u i l i b r i a  a re  represented 

I n  t h e  organic sec t i on ,  

'Both tab les  g ive  enthalpy and entropy changes, and symbols 
Each o f  

A new fea ture  i n  the  organ ic  sec t i on  i s  a Funct ional  

A lso  see i t e m  1893 

* * * * * * * * * *  

11381 Skinner,  H. A. (ed i to r )  
HTP I n t e r n a t i o n a l  Review o f  Science - Volume 10 
Thermochemistry and Thermodynamics 
(But te rwor ths ,  London, 1972) 
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Although t h i s  book conta ins  few tab les  o f  thermodynamic data,  i t  does con ta in  
several  chapters o f  i n t e r e s t .  These chapters are: 

Author(s) Chapter 

I. Wads6 Biochemical Thermochemistry 

R. F. Jameson Thermodynamics o f  Metal-Complex Formation 

G. P i l c h e r  Thermochemistry o f  Chemical Compounds 

K. P. Hishchenko Thermodynamics o f  E l e c t r o l y t e  So1 u t i  ons 

B. 3. Zwo l insk i  and J. Chao C r i t i c a l l y  Evaluated Tables o f  
Thermodynamic Data 

The l a s t  a r t i c l e  p rov ides  a very use fu l  guide t o  much o f  t h e  evaluated 
thermodynamic da ta  t h a t  a re  n o t  covered i n  t h i s  b ib l iography .  

* * * * * * * * * *  

[139) Smith-Magowan, 0 .  and Goldberg, R. N. A B ib l iography  o f  Sources o f  
Experimental Data Leading t o  Thermal Proper t ies  o f  E inary  Aqueous 
E l e c t r o l y t e  So lu t i ons  (NBS Special  Pub l i ca t i on  537, U . S .  Government 
P r i n t i n g  O f f i c e ,  Washington, D . C . ,  1979) 

Th is  i s  a b i b l i o g r a p h y  o f  sources o f  experimental data t h a t  can be used to 
c a l c u l a t e  e i t h e r  r e l a t i v e  apparent molar en tha lp ies  or apparent molar heat 
capac i t i es  o f  aqueous e l e c t r o l y t e  so lu t ions .  The compounds are  arranged 
according t o  t h e  standard thermochemical order o f  arrangement. There a re  
approximately 300 re fe rences  t o  t he  source l i t e r a t u r e .  

* * * * * * * * * *  

[140) Sober, H. A. ( e d i t o r )  
Handbook o f  Biochemistry-Selected Data for Molecular B io logy  
(The Chemical Rubber Co., Cleveland, Ohio, 1968) 

Th is  compendium con ta ins  t h e  f o l l o w i n g  twenty-three tab les  o f  thermochernical 
data. Th is  Handbook appeared I n  rev ised f o r m  i n  1976 (see i t e m  [34]): 

Tab1 e Author(s) or Source - 
From,"The Chemistry o f  t h e  Amino Acids C o e f f i c i e n t s  o f  S o l u b i l i t y  Equations 

and Proteins,"  C.L.A. Schmidt ( e d i t o r )  o f  Cer ta in  Amino Acids i n  Water 
Charles C. Thomas Co., S p r i n g f i e l d ,  I L  (Sec t ion  B,  page 6-3) 

S o l u b i l i t y  da ta  f o r  34 amino acids are  f i t t e d  t o  equations g i v i n g  the 
s o l u b i l i t y  as a f u n c t i o n  o f  temperature. 
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J. 0. Hutchens Heat Capacit ies,  Absolute Entropies 
and Entropies of Formation of Amino 
Acids and Related Compounds 
(Section B ,  page 8-5) 

Co, So, and A So a t  25 OC a r e  tabulated f o r  28 amino acids ,  3 peptfdes,  
4Pprotei  ns , a i d  3 re1 ated substances. 

3. 0 .  H u t c h e n s  and E. P. K. Hade, Jr. Solub l l i t e s  of Amino Acids i n  Water 
a t  Various Temperatures 
(Section B, page B-10) 

The s o l u b i l i t i e s  of 18 amino acids a re  tabulated a t  four d i f f e r e n t  temperatures 
from 1 t o  40 OC.  

J. 0. Hutchens Heats of Combustlon, Enthalpy and 
Free Energy of Formation of Amino 
Acids and Related Compounds 
(Section B ,  page 8-71 

Enthalpies of combustion and formation and Gibbs energies o f  formation 
a t  25 O C  a r e  tabulated for  45 amino acids and r e l a t e d  compounds. 

J .  0. Hutchens Heats o f  Solution o f  Amino Acids i n  
Aqueous Solution a t  25 O C  

(Section B ,  page B-11)  

The heats of solut ion f o r  37 amino acids a t  25 *C are tabulated.  

J. 0. Hutchens Free Energies of Soluflon and Standard 
Free Energies of Formation of Amino 
Acids i n  Aqueous Solut ion a t  25 OC 
(Section 6, page B - 1 3 )  

Gibbs energies  of solut ion and formation a t  25 O C  are given f o r  18 amino acids.  

J. 0. Hutchens Ac t iv i t i e s  of Amino Acids rnd 
Peptldes a t  25 OC 

(Section B,  page 6-14) 

Molar a c t i v i t y  coe f f i c i en t s  a t  25 *C a re  tabulated a s  a funct ion o f  molali ty 
fo r  14 amino acids.  

8 0 2  
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From !<. S. Markley, " F a t t y  Acids. S o l u b i l i t y  o f  F a t t y  Acids i n  Water 
Pa r t  I , 'I  second e d i t i o n ,  (Sect ion E, page E-13) 
I n te rsc ience ,  New York (1960) 

The s o l u b i l i t i e s  o f  13 f a t t y  acids i n  water a t  f i v e  temperatures from 0 t o  
60 OC are  tabu la ted .  

From K. S. Markley, "Fa t t y  Acids. Approximate S o l u b i l i t i e s  o f  Water 
P a r t  I," second e d i t i o n ,  i n  Saturated F a t t y  Acids a t  Various 
In te rsc ience.  New York (1960) Temperatures 

(Sect ion E, page E-13) 

The approximate s o l u b i l i t i e s  o f  water i n  t h i r t e e n  sa tura ted  f a t t y  acids a t  
var ious temperatures i s  g iven. 

From K. S. Markley, " F a t t y  Acids. 
Pa r t  I ,'I second e d i t i o n ,  
In te rsc ience,  New York (1960) 

S o l u b i l i t y  o f  Simple Saturated 
T r ig l yce r ides  
(Sect ion E ,  page E-14) 

Tabulated are  s o l u b i l i t i e s  o f  f i v e  saturated t r i g l y c e r i d e s  i n  var ious non- 
aqueous so lvents  and a t  a v a r i e t y  o f  temperatures. 

From K. S. Markley, " F a t t y  Acids. S o l u b i l i t i e s  o f  Mixed T r i a c i d  
P a r t  I , "  second e d i t i o n ,  T r i g l y c e r i d e s  a t  25 OC 

In te rsc ience.  New York (1960) (Sect ion E, page E-15) 

S o l u b i l i t i e s  o f  f o u r  mixed t r i a c i d  t r i g l y c e r i d e s  i n  f o u r  non-aqueous 
so lvents  a re  tabu la ted .  

P. 

ox 
an 

A. Loach 

d a t i  on-reduct 
assortment o f  

w i t h  app rop r ia te  

Oxidation-Reduction Po ten t i a l s ,  
Absorbance Bands and Ho lar  
Absorbance o f  Compounds i n  
Biochemical Studies 
(Sec t ion  J, page J-27) 

on p o t e n t i a l s  a t  ambient temperatures a r e  tabu la ted  f o r  
253 couples f requen t l y  encountered i n  biochemical  s tud ies  
re fe rences .  

R. W. Henderson and T. C. Morton Oxldation-Reduction Po ten t i a l s  o f  
Hemoproteins and Metal loporphyr ins 
(Sect ion J, page 5-35) 

803 
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Oxidat ion- reduc t ion  p o t e n t i a l s  are tabu la ted  
metal 1 oporphyr i  ns a t  var ious temperatures. 

f o r  241 hemoproteins and 

R. M. I z a t t  and 3. J. Christensen Heats o f  Proton I o n i z a t i o n  and 
Related Thermodynamic Q u a n t i t i e s  
(Sec t ion  J, page J-49) 

Th is  s e c t i o n  i s  an extensive tabu la t i on  o f  enthalpy and entropy changes and 
p K  values f o r  o rgan ic  and biochemical systems w i t h  323 references t o  t h e  
l i t e r a t u r e .  

G. C. Krescheck Ca lo r ime t r i c  AH Values Accompanying 
Conformational Changes o f  Macro- 
molecules i n  So lu t i on  
(Sec t ion  3 ,  page 5-140) 

Tabulated a re  AH values accompanying the conformat ion changes o f  25 
macromolecular systems. 

W. P. Jencks Free Energies o f  Hydro lys is  and 
Decarboxylat ion 
(Sec t ion  J, page 5-144) 

A d iscuss ion  i s  given o f  standard s ta tes  approp r ia te  t o  biochemical  thermo- 
dynamics. 
a c i d  and r e l a t e d  compounds, o f  t h i o l  esters,  amides, phosphates, and o f  
g l y c o l y s i s  (and o f  decarboxylat ion). 

Tabulated are  Gibbs energies o f  hyd ro l ys i s  o f  es te rs  o f  a c e t i c  

W. P. Jencks and J. Regenstein I o n i z a t i o n  Constants o f  Acids 
and Bases 
(Sec t ion  J, page 5-153) 

Given i s  an ex tens ive  t a b u l a t i o n  o f  pK values f o r  i o n i z a t i o n  o f  several  
hundred ac ids  and bases w i t h  116 references t o  the  l i t e r a t u r e .  

R.  G. Bates Measurement o f  pH 
(Sec t ion  J, page J-190) 
and 
B u f f e r  So lu t ions  
(Sec t ion  J, page 5-195) 

pH values have been assigned t o  several impor tan t  b u f f e r  syStW'nS. 

8 0 4  
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N. F. Good. G. 0 .  Winget, W. Winter, Proper t ies  o f  Some New 
T. N. Connol ly,  S. Izawa, and R. H. M. Singh, Bu f fe rs  f o r  Biochemistry - 5, 472 (1966) B i o l o g j c a l  Research 

Tabulated a re  pK values w i t h  temperature c o e f f i c i e n t s  and meta l -bu f fe r  
b l n d i n g  cons tan ts  f o r  several  b u f f e r s  use fu l  f o r  b i o l o g i c a l  research. 

(Sec t ion  3,  page J-195) 

* * * a * * * * * *  

[141) Stary,  J. and F re i se r ,  H. 
E q u i l i b r i u m  Constants o f  L iqu id -L iqu id  D i s t r i b u t i o n  Reactions. 
Pa r t  I V :  Che la t i ng  Ex t rac tan ts  
(Pergamon Press, Oxford and New York, 1978) 

T h i s  228 page volume summarizes equ i l i b r i um constants f o r  l i q u i d - l i q u i d  
d i s t r i b u t i o n  e q u i l i b r i u m  constants up t o  the  end o f  1972. Each t a b l e  includes: 
t h e  e x t r a c t a n t  and i t s  ex t rac tab le  metal complexes, and.the d i s t r i b u t i o n  
e q u i l i b r i u m  constants and e x t r a c t i o n  constants. The aqueous phase metal 
complex fo rmat ion  constants a re  n o t  included and t h e  reader i s  r e f e r r e d  t o  
i tems and i n  t h i s  b ib l i og raphy  f o r  sources o f  t h i s  type o f  data. 
t o  t h e  pr imary  l i t e r a t u r e  a re  included. 

References 

* a * * * * * * * *  

I1421 Stephen, H. and Stephen, T. (ed i to rs )  
S o l u b i l i t i e s  o f  I no rgan ic  and Organic Compounds ( i n  f i v e  volumes) 
(Pergamon Press, Oxford, 1963 and 1964) 

Th is  se r ies ,  which has been t r a n s l a t e d  from the Russian, cons i s t s  o f  f i v e  
volumes (about 5500 pages) and i s  a se lec t i on  f r o m  t h e  l i t e r a t u r e  o f  data on 
t h e  s o l u b i l i t i e s  o f  elements, inorgan ic  compounds, and organic compounds i n  
b ina ry ,  t e rna ry ,  and multi-component systems. References are  g i ven  t o  sources 
o f  da ta  i n  t h e  l i t e r a t u r e .  The data a re  unevaluated and r e f e r  t o  temperatures 
f o r  which exper imental  data e x i s t .  A l s o  see the  t h r e e  volume extension e d i t e d  
by S i l c o c k  11361. 

* * * a * * * * * *  

[143] S t u l l ,  D. R. 
Vapor Pressure o f  Pure Substances. 
I n d u s t r i a l  and Engineer ing Chemistry 39, 517 (1947) 

and 
Vapor Pressure o f  Pure Substances. 
I n d u s t r i a l  and Engineer ing Chemistry 2, 540 (1947) 

Organic Compounds 

Inorgan ic  Compounds 

These a r t i c l e s  c o n t a i n  evaluated vapor pressure data on over 1200 organic and 
300 ino rgan ic  compounds. 
which t h e  compounds has a g iven vapor pressure. 

Given for  each compound a re  those temperatures a t  

* * * * * * * I * * *  
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[144] S t u l l ,  D.R. and Prophet, H. (p ro jec t  d i r e c t o r s )  JANAF Thennochemical 
Tables (second e d i t i o n )  NSRDS-NBS 37 
(U.S .  Government P r i n t i n g  Of f i ce ,  Washington, D.C., 1971) 

T h l s  ex tens ive  volume contains values o f  C", So,  (Go-Ho (298.15 K))/T, tio-Ho 
(298.15 K).  A HD A GO, and log,,K, where R i s  the  e q u i l i b r i u m  constant f o r  
t he  r e a c t i o n  6f i o r i i n g  the given compound from i t s  elements. The temperature 
range f o r  which the  data are g iven i s  0 K t o  t h e  h ighes t  temperature f o r  which 
t h e  da ta  e x i s t ,  t h e  temperature i n t e r v a l s  be ing  i n  steps o f  100 K. For each 
compound g i ven  the re  i s  a concise and d e t a i l e d  d iscuss ion  o f  t h e  data upon 
which t h e  accompany'ing t a b l e  i s  based and references t o  the  source l i t e r a t u r e .  
The volume contains data for k 1 2 0 0  elements and compounds i n  t h e  c r y s t a l l i n e ,  
l i q u i d  and gaseous states.  
phosphorus i s  t h e  r e d  form. While most o f  t he  substarices a r e  inorgan ic ,  t he re  
i s  a l s o  some coverage o f  organic ma te r ia l s  up t o  f i v e  carbon atoms. 
supplements t o  the  JANAF tab les  have appeared i n  the Journa l  o f  Physical  and 
Chemical Reference Data for a t o t a l  o f  1322 t a b u l a t i o n s  i n v o l v i n g  35 elements 
and t h e i r  compounds. A l s o  see [42]. The supplements are:  

It should be noted t h a t  t h e  re fe rence s t a t e  f o r  

Three 

Author( s] Reference 

H.W. Chase,Jr., 3. L. Curnutt ,  A.T. Hu Journal  o f  Phys ica l  and Chemical 
H. Prophet, A. N. Syverud and 1. C. Walker Reference Data 3, 311 (1974). 

R.A. McDonald add A.N. Syverud 
H.W.Chase, Jr. ,J. L. Curnutt,  H. Prophet I b i d  4, 1 (1975) 

H.W. Chase, Jr., J.L. Curnutt ,  
R.A. McDonald and A.N. Syverud 

I b i d  z, 793 (1978) 

H.W. Chase, Jr., J.L. Curnutt,  I b i d  ll, 695 (1982) 
J. R. Downey, Jr. , R.A. McDonald, 
A.N. Syverud, and E.A. Valenzuela 

& * * * * * * * * *  

(1453 Stu1 l .  D. R . .  Westrum, E. F. and Sinke, G. C. 
The Chemical Thermodynamics o f  Organic Compounds 
(John Wiley and Sons, New York, 19693 

Th is  monograph i s  d i v ided  i n t o  th ree  par ts .  The f i r s t  p a r t  g ives  t h e  
t h e o r e t i c a l  bas is  and p r i n c i p l e s  o f  thermodynamics and themochemis t ry ,  some 
exper imental  and computational methods used, and some a p p l i c a t i o n s  t o  
i n d u s t r i a l  problems. The second p a r t  g ives  thermal and thermochemical 
p r o p e r t i e s  i n  t h e  i d e a l  gas s t a t e  from 298.15 t o  1000 K. I n  t h i s  sec t ion ,  the  
sources o f  da ta  a re  l i s t e d  and discussed and standardized t a b l e s  a re  presented 
f o r  918 organ ic  compounds. Values o f  Co,  So, - (G - H"(298.15 K))/T, Ho-H'(298.15 
K),  A Ho, A ~ G O ,  and l o g  K a re  glven eRthalpy of format ion,  entropy, and 
c o n s i f t e n t  values of A GoPand l o g  K o f  organic compounds a t  298.15 K. 
excess o f  4000 compounJs are  l i s ted !  i n c l u d i n g  a few Snorganic compounds. 
one chapter t he re  i s  a b r i e f  d iscussion o f  methods of e s t i m a t i n g  thermodynamic 
q u a n t i t i e s .  

I n  
I n  

* * * * * * * * * *  
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[146] T a t e v s k i i ,  V. M . .  Bendersk i i ,  V. A. and Yarovoi, S. S. 
Rules and Methods f o r  Ca lcu la t ing  the  Physico-Chemical Proper t ies  o f  
P a r a f f i n i c  Hydrocarbons 
(Pergamon Press, New York and Oxford, 1961) 
T rans la ted  from t h e  Russian: 
nZakonomernosti i metody rascheta f i z i  kokhimicheskikh s v o i s t y  
p a r a f  ionvykh ug l  evodorodov” 
(Gostoptekhizdat,  Moscow, 1960) 

T h i s  monograph i s  a summary and a conso l ida t ion  o f  t h e  r e s u l t s  o f  some years 
o f  work by T a t e v s k i i  and others,  extending and e labo ra t i ng  some procedures 
in t roduced by Ross in i  and others.  Propert ies ca l cu la ted  inc lude:  molar 
volume, molar r e f r a c t i o n ,  vapor pressure, enthalpy o f  fo rmat ion  f rom atoms or 
elements, Gibbs energy o f  format ion,  and entha’lpy o f  combustion. Three 
d i f f e r e n t  methods are  used. Tables o f  constants and i l l u s t r a t i o n s  of the  
accuracy o f  t h e  methods a r e  given. 

* * * * * * * * * *  

[1471 Timmermans, J. 
Physico-Chemical Constants o f  Pure Organic Compounds ( i n ‘ t w o  volumes) 
(E l sev ie r ,  Amsterdam, 1950 and 1965) 

These two volumes con ta in  t a b l e s  o f  phys ica l  data f o r  pure organ ic  compounds. 
The arrangement o f  t he  da ta  i s  by compound. Proper t ies  tabu la ted  i nc lude  vapor 
pressure,  b o i l i n g  p o i n t ,  t r i p l e  p o i n t ,  v i s c o s i t y ,  s p e c i f i c  heat, c r i t i c a l  
constants,  dens i ty .  compress ib i l i t y ,  r e f r a c t i v e  index, enthalpy o f  vapor iza t ion ,  
and d i e l e c t r i c  constant.  

[148] Timmermans, J. 
The Physico-Chemical Constants o f  Binary Sys tems i n  Concentrated So lu t ions  
( i n  four volumes) 

‘(John Wiley and Sons, In te rsc ience Publ ishers,  New York, 1959)  

These volumes con ta in  ex tens ive  tabu la t i ons  o f  phys ica l  data r e l e v a n t  t o  
concent ra ted  s o l u t i o n s  of b ina ry  systems, both organic and inorgan ic .  The 
p r o p e r t i e s  t h a t  a re  tabu la ted  inc lude d i e l e c t r i c  constant,  v i scos i t y , .  
equ iva len t  c o n d u c t i v i t y ,  surface tension, d i f f u s i o n  and thermal d i f f u s i o n  
c o e f f i c i e n t s ,  vapor pressure, s p e c i f i c  heat,  e lectrochemical  data,  en tha lpy  o f  
combustion, en tha lpy  o f  d i l u t i o n  and so lu t ion ,  t r a n s i t i o n  en tha lp ies ,  and 
o t h e r  p roper t i es .  These books con ta in  extensive tabu la t i ons  o f  data p e r t i n e n t  
t o  water and e l e c t r o l y t e  so lu t i ons .  The data are w e l l  organized and the re  i s  
a general  compound index 8s w e l l  as references t o  the  o r i g i n a l  data sources. 
The 1 i t e r a t u r e  coverage i s  through the year  1957. 

* * * * * * * * * *  

[149] Wagman, D. D. , Evans, W. H. , Parker, V. B., Schumm, R. H., 
Halow, I . ,  Bai ley ,  5 .  M., Churney, K. L. , and N u t t a l l .  R. L. 
The NBS Tables o f  Chemical Thermodynamic Proper t ies  
Journa l  o f  Physical  and Chemical Reference Data -11, Supplement No. 2 
(1982) 
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This  392 page volume 1s the most recent comprehensive compi la t ion  i n  Eng l ish  
o f  c r i t i c a l l y  eva lua ted  thermochemical data a t  298.15 K f o r  inorgan ic  
substances and for organic substances con ta in ing  one or two carbon atoms. 
values a r e  i n  j o u l e s  and r e f e r  t o  a standard s t a t e  o f  0.1 HPa. The coverage 
i s  approx imate ly  14,000 substances. 
A Go (298.15 K), A Ho (298.15 K), H" (298.15 K) - H" (0), So (298.15 K). and 
C' (298.15 K). T h i  data from o r i g i n a l  sources have been c r i t i c a l l y  evaluated 
aRd "best1' values se lec ted  for the  p roper t i es  tabu la ted ,  ma in ta in ing  i n t e r n a l  
cons is tency  by t h e  re la t i onsh ips  A Go (298.15 K) = A Ho (298.15 K) - TA~SO 
(298.15 K). and A Ho (298.15 K) - d Ho (0) = 2 (HO (598.15 K) - Ho (0)). 
volume con ta ins  a8 exce l l en t  d i r c u s f i o n  d e a l i n g  w i t h  t h e  cons t ruc t ion ,  use, 
and h i s t o r y  o f  themochemical tables.  
( i t em 11311). 

The NBS Tables o f  Chemical Thermodynamic Proper t ies  i s  a new e d i t i o n  o f  NBS 
Technical  Note 270, "Selected Valued o f  Chemical Thermodynamic Propert ies."  
The values i n  t h e  Technical Notes were f n  c a l o r i e s  and r e f e r  t o  a standard 
s t a t e  o f  one atmosphere. 
add i t i ons ,  and co r rec t i ons  t o  the Technical Note. Although superseded by t h e  
1982 NBS Tables, t h e  NBS Technical Note 270 i s  s t i l l  r e l e v a n t  t o  
thermochemists s ince  many papers i n  t h e  l i t e r a t u r e  from the  years 1965 t o  1982 
made use o f  t h e  values tabu la ted  i n  t h e  Technical Note. The Technical  Note 
was issued i n  e i g h t  pa r t s  from 1965 t o  1981 and was pub l ished by t h e  U.S.  
Government P r i n t i n g  Of f i ce ,  Washington, D.C. The p a r t s  o f  t he  Technical  Note, 
the years  o f  p u b l i c a t i o n  and t h e i r  contents are:  

Technical Note Authors Year o f  P u b l i c a t i o n  

The 

The p roper t i es  tabu la ted  are  A H" (0). 

This  

Th is  volume supersedes NBS C i r c u l a r  500 
A lso  see j tem f93J. 

The 1982 NBS Tables a l s o  con ta in  some changes, 

270-1 Wagman, 0. D . ,  Evans, W. H., 1965 
Parker, V. B.. Halow, I., Bai ley ,  5 .  H . ,  
and Schumm, R. H. 

Tables for t he  elements 0, H, He. Ne, A r ,  K r ,  Xe, Rn, F, C1, Br, I, A t ,  S, 
Se, Te, Po, N, P,  As, Sb, B i ,  and C. 

270-2 Wagman, D. D. , Evans, W. H., Halow, I., 
Parker, V. B., Ba i ley ,  5 .  H., and 
Schumn, R. H. 

Tables for t h e  elements S i ,  Ge, Sn, Pb, B, A l ,  Ga, I n ,  and T I .  

1966 

270-3 Wagman, D. D., Evans, W. H., Parker, V. B., 1968 
Halow, I . ,  Bai ley,  S. M., and Schumm, R. H. 

Th is  p a r t  combined p a r t s  1 and 2 i n t o  one volume and superseded them. 
for  Zn and Cd were a l so  added. 

Tables 
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270-4 Wagman, D. D., Evans, W. H., Parker, V. B. 1969 
Halow, I . ,  Bai ley ,  5 .  H., and Schum, R. H. 

Tables fo r  t h e  elements Hg, Cu, Ag, Au, N i ,  Co, Fe, Pd, Rh, Ru, P t ,  I r ,  O s ,  
Hn, Te, Re, C r ,  Ho, and W. 

270-5 Wagman, D. D. , Evans, W. H., Parker, V. B. 1971 
Halow, I., Bai ley ,  5 .  M., Schumm, R. H., and 
Churney, K. L. 

Tables f o r  t h e  elements V, Nb. Ta, T i ,  Zr, H f ,  Sc, and Y 

270-6 Parker, V. B., Wagman, 0 .  D., and Evans, W. H. 1971 

Tables f o r  t h e  elements Be, Hg, Ca, Sr ,  Ba, and Ra. 

270-7 Schumm, R. H . ,  Wagman. D. D . ,  Bai ley ,  S. H., 1973 
Evans, W. H., and Parker, V. 6 .  

Tables for t h e  elements Lu, Yb, Tm, E r ,  Ho, Dy, Tb, Gd, Eu, Sm, Pm, Nd, 
Pr, Ce, and La. 

270-8 Wagman, D. D., Evans, W. H., Parker, V. B., 1981 
Schumm. R. H., and N u t t a l l ,  R. L. 

Tables fo r  t h e  elements U, Pa, Th, Ac, L i ,  Na, K, Rb, Cs, and F r .  Add i t ions  
and c o r r e c t i o n s  t o  the  se r ies  are given i n  an appendix. 

* * * * * * * n * *  

[lSO] Wagman, 0 .  D., Schumm, R. H. and Parker, V. B. 
A Computer-Asslsted Evaluat ion o f  t he  Thermochemical Data o f  t he  
Compounds o f  Thorium 
(NBSIR 77-1300, Na t iona l  Bureau of Standards, Washington, D.C., 1977) 

Th is  r e p o r t  p resents  a computer-asslsted eva lua t ion  o f  t h e  thermochemical 
p r o p e r t i e s  o f  compounds o f  thorium. Values of A Ho, A Go, So are  tabu la ted  a t  
298.15 K f o r  the compounds and aqueous species o f  thorfum. 
" reac t i on  ca ta log "  which g ives  values o f  AGO, AHo, and So for i n d i v i d u a l  
processes or substances and upon which t h e  tabu la ted  fo rmat ion  p roper t i es  are 
based. 
the  p r imary  l i t e r a t u r e .  

There is a l s o  a 

T h i s  r e p o r t  a l s o  contains thermal func t ions  and inc ludes  references t o  

* * * * * * * * * *  
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[151] Washburn, E. W. ( ed i to r - i n -ch ie f )  
I n t e r n a t i o n a l  C r i t i c a l  Tables o f  Numerical Data, Physics, Chemistry, 
and Technology 
(HcGraw-Hill Book Company, New York, 1930) 

A t  t h e  t ime o f  p u b l i c a t i o n  t h i s  seven volume se r ies  was the  most comprehensive 
source o f  thermochemical and other data i n  existence. 
e q u i l i b r i u m  and t ranspor t  p roper t i es  and classes o f  ma te r ia l s  were covered. 
The C r i t i c a l  Tables, although now superseded by modern compi la t ions  and 
eva lua t ions  o f  data, s t j l l  remain useful  f o r  references t o  t h e  o l d e r  
l i t e r a t u r e .  
t ab les  be ing  arranged according t o  d i s c i p l i n e .  
an index o f  the  mater ia ls  whose p roper t i es  a re  d e a l t  w i th .  

E s s e n t i a l l y  a l l  

The tab les  are  arranged according t o  p roper t y  w i t h  groups o f  
One volume o f  t h i s  se r ies  i s  

* * * * * * * * * n  

11521 Wichter le ,  I., Linek. J .  and Hala, E. 
Vapor-Liquid Equi li brium Data B ib l iography  (and two Supplements) 
(E l sev ie r ,  Amsterdam, 1973, 1976, and 1979) 

These t h r e e  books conta in  references t o  the  source l i t e r a t u r e  on vapor- 
l i q u i d  e q u i l i b r i u m  data f o r  Inorganic and organic mixtures.  
volume covers t h e  l i t e r a t u r e  through 1972, t h e  second through 1975, and the  
t h i r d  through 1978. 
the carbon con ta in ing  compounds. The prepara t ion  o f  t h e  two Supplements has 
been computerized t o  make updat ing more e f f i c i e n t .  The se r ies  conta ins  6700 
references t o  the  source l i t e r a t u r e .  

The f i r s t  

The compounds are arranged a l p h a b e t i c a l l y  except f o r  

* * * * * * * * * *  

11533 Wilhelm, .E. Bat t i no ,  R.  and Wilcock, R. J. 

This  paper i s  a c r i t i c a l  review o f  t he  l owpressu re  s o l u b i l i t y  o f  57 gases i n  
l i q u i d  water  and i n  heavy water. 
o f  t h e  C o e f f i c i e n t s  o f  an equat ion which can be used t o  c a l c u l a t e  t h e  
s o l u b i l i t y  a t  a g iven  temperature. 
values for t h e  s o l u t i o n  process a t  var ious temperatures and a t  one atmosBhere 
p a r t i a l  p ressure  o f  t he  gas. 
t h e i r  c o r r e l a t i o n s  and inc lude references t o  t h e  l i t e r a t u r e .  

Chemical Reviews 77, 219 (1977) 

The s o l u b i l i t y  o f  each gas I s  g i ven  i n  terms 

Also g iven are AGO, AH", ASo, and ACo 

The authors g i v e  ex tens ive  d e t a i l s  concerning 

* * * * * * * * * *  

11543 Wilhelm, E. and Batt ino,  R. 
Thermodynamic Functions of t he  S o l u b i l i t i e s  o f  Gases i n  L iqu ids  a t  25 O C  

Chemical Reviews 2, 1 (1973) 

Th is  rev iew  a r t i c l e  contains selected values for  t h e  s o l u b i l i t y ,  entropy, and 
enthalpy changes i n  s o l u t i o n  for  1 6  gases i n  39 non-aqueous solvents.  
g iven  a r e  the  c o e f f i c i e n t s  of polynomial expressions f o r  t h e  Gibbs energy o f  
s o l u t i o n  f o r  a gas i n  a g iven so lvent  as a f u n c t i o n  o f  temperature. 
i t e m  [a]. 

A l s o  

See a l so  

* * n * ~ * * * * *  -- 810 
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[155] W i l h o i t ,  R. C. and Zwol inski ,  B. J .  
Handbook on Vapor Pressures and Heats o f  Vapor iza t ion  o f  Hydrocarbons 
and Re la ted  Compounds ( A P I  44 - TRC) 
(Thermodynamics Research Center, Texas A and M Research Foundation, 
Col lege S ta t i on ,  Texas, 1971) 

This  handbook g ives  da ta  f o r  680 hydrocarbons, 95 carbon-su l fu r  compounds, and 
water f rom 0 t o  150 OC. It i s  indexed by compound name, and by b o i l i n g  po in t .  

* * * * * * * * * *  

[156] W i l h o i t .  R. C. and Zwol insk i ,  B. J. 
Physical  and Thermodynamic Propert ies o f  A l i p h a t i c  Alcohols 
Journa l  o f  Phys ica l  and Chemical Reference Data, Volume 2, 
Supplement No. 1, 1973 

This  review con ta ins  c r i t i c a l l y  evaluated values o f  the  vapor pressure, heat 
capac i ty ,  en tha lp ies  o f  t r a n s i t i o n ,  entropies,  thermodynamic func t ions  f o r  the  
r e a l  and i d e a l  gases, dens i t i es ,  r e f r a c t i v e  indexes, and c r i t i c a l  p roper t i es  
f o r  722 a lcoho ls  I n  t h e  carbon range C, t o  Cso. 
420 pages long  and l i s t s  2036 references. 

Th is  comprehensive review i s  

* * * * * * * * * *  

1157) Wisniak, J. 
Phase Diagrams, A L i t e r a t u r e  Source Book (Parts A and 8) 
(E lsev ie r ,  New York. 1981) 

These t w o  volumes c o n t a i n  extensive references ( c i r c a  16,000) t o  phase 
diagrams i n  the  l i t e r a t u r e .  
ma te r ia l s  and aqueous systems. 
char t .  The systems a re  arranged i n  order of i nc reas ing  carbon and hydrogen 
w i t h  the  remaining elements i n  a lphabet ica l  order. 

The systems covered inc lude  organic and inorgan ic  
The coverage extends over t h e  e n t i r e  p e r i o d i c  

* * * * * * * * * *  

[l58] Wisniak, J. and Tamir, A. 
M ix ing  and Excess Thermodynamic Propert ies:  
(E lsev ie r ,  Amsterdam, 1978) 

A L i t e r a t u r e  Source Book 

This  book conta ins  approximately 6000 references t o  excess m ix ing  p roper t y  
data f o r  m ix tu res  o f  a l l  types, i nc lud ing  e l e c t r o l y t e ,  non-e lec t ro ly te ,  and 
m e t a l l u r g i c a l  systems. The appropr iate references t o  the  l i t e r a t u r e  are given 
f o r  each mix tu re .  
c h a r t  and a l s o  i nc ludes  te rnary ,  quaternary, and multi-component mixtures.  

The coverage o f  mater ia ls  encompasses t h e  e n t i r e  p e r i o d i c  

* * * * * * * * * *  

[l59] Wu, Y. C. and Hamer, W. 3. 
Elec t rochemica l  Data. Pa r t  X I V .  Osmotic C o e f f i c i e n t s  and Mean A c t i v i t y  
C o e f f i c i e n t  o f  a Ser ies  o f  Uni-Bivalent and B i -Un iva len t  E l e c t r o l y t e s  i n  
Aqueous So lu t i ons  a t  25 OC. 

A c t i v i t y  C o e f f i c i e n t s  o f  a Number o f  Un i -T r i va len t  and Tr i -Un iva len t  
E l e c t r o l y t e s  i n  Aqueous So lu t i on  a t  25 O C  

(NBSIR No. 10052 and 10088, Nat iona l  Bureau o f  Standards, 1969) 

Par t  X V I .  Osmotic C o e f f i c i e n t s  and Mean 
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These reports give values for the osmotic and mean ionic actjvlty coefficients 
of uni-bivalent, bi-valent, uni-trivalent, and tri-univalent electrolytes in 
aqueous solution at 25 OC. 
lated by fitting the literature data to the equation f o r  the excess Gibbs energy, 
and represents a good fit to the experfmental data. 
included. Also see item [SS]. 

In each case, the values tabulated are those calcu- 

Literature references are 

* * * * * * * * * *  

11601 Yatsimirskii (or dazimirski), K. B. 
Thermochemie von Komplexverbidungen 
(Akademie-Verlag, Berlin, 1956) 
translated by Ceorg Crull from the Russian 
"Thermochimia Complexni k Coedinenie" 
(Akad. "auk. CCCP, Moscow, 1951) 

This monograph contains correlations of thermochemical data o f  complex com- 
pounds in terms o f  gas, crystal, and solution models emphasizing ionic radii. 
Hore than 1400 substances are considered. 
cations, 33 neutral ligands, and 25 anions have enthalpies o f  fornation 
listed, usually f o r  gaseous and aqueous state. 
these ions and ligands are listed usually with the enthalpy of formation of 
the crystal, and for many of them enthalpies of solution at infinite dilution 
are given. The chapters discuss and give tables and correlations of hydration 
enthalpies of cations, anions and some amine salts, ion entropies fn solution, 
enthalpies of fordation and solution, energies o f  gas and crystal ions, 
binding energies of H,O, NH, and other molecules to central metal ions fn 
gaseous complex ions and similar binding energies. 

In summary tables, 52 metal 

The compounds formed from 

* * * * * * * * * *  

[161] Yatsimirskii, K. 6.. and Vasil'ev, V. P. 
Instability Constants of Complex Compounds 
(Consultants Bureau, New York, 1966 and Pergamon Press, New York, 1960) 

This volume contains an extensive tabulation o f  equilibrium data (K and -log K) 
and enthalpies of formation for processes involving the more comnon ions and 
ligands in aqueous solution. Specified are the temperature, ionic strength, 
and method of  measurement with reference(s) to the appropriate literature. 
The tables contain instability constants for 138 predominantly fnorgariic 
complexes. 

* * * * * * * * * I .  

[162] Kerr, J. A. 
Strengths of Chemical Bonds 
in CRC Handbook of Chemistry and Physics, 64th Edition, 1983-1984 
(CRC Press, Inc.. Boca Raton, Florida, 1983) 

This 20 page compilation (pages F-176 to F-195 In the '*Handbook of Chemistry 
and Physics") contains values of bond strength in diatomic and polyatomic 
molecules, enthalpies of totmation of gaseous atoms from the elements fn their 
standard states, and enthalpies o f  formation o f  free radicals. The data refer 
to 298.15 K. The coverage of bond types i s  extensive and there are references 
to the source literature. Also see item [92]. 

812 



X .  Appendix C Index 

AUTHOR INDEX 

Ackermann, R. J. 
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Clark, W. M. 
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Clever, H. L. 
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Conway, B. E. 
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Cox, J. D. 
Crabtree, B. 
Cr iss,  C. M. 
Cruickshank, F. R. 
Curnutt,  J. L. 

D'Ans ,  J. 
D a t t a ,  S. P. 
Davies, C. W. 
Dek'ane, H. J .  
Delirna, M. C. P. 
De l l i en ,  I .  
Dempsey, 8. 
Dench, W. A .  
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SUBJECT INDEX 

This  index  g ives  an i n d i c a t i o n  of thennodynamic proper t ies ,  phys ica l  or 
chemical processes, classes of substances, and, I n  a few cases, I n d i v i d u a l  
substances f o r  which informat ion i s  t o  be found herein.  
t o  g i v e  an exhaust ive index t o  the  contents o f  t h e  i n d i v l d u a l  references. 
Hence t h e  absence of b piece of informat ion i n  the  Index does not necessar i l y  
mean i t s  absence i n  t h e  references. Th is  i s  p a r t i c u l a r l y  t r u e  w i t h  respec t  t o  
p a r t i c u l a r  substances, which t h e  reader should assume are  n o t  l l s t e d  except by 
chance o f  t i t l e  or abstract .  

It i s  n o t  p r a c t i c a l  

a c e t i c  a c i d  e s t e r s  

a c i d  cons tan ts  

acids,  i no rgan ic  

hy d ro1 y s i s 

see a l s o  e q u i l i b r i u m  constants 

d i s s o c i a t i o n  constants 
thermodynamics i n  water (and 
nonaqueous so lvents )  

deca rboxy l  a t i o n  
d i s s o c i a t i a n  constants 
h y d r o l y s i s  o f  es te rs  
vapor pressures 

acids,  o rgan ic  

acids, s t rong  

ac t i n ides  
thermodynamic data 

a c t j v a t i o n  energies 
p o l  ymer i za t i on 

a c t i v i t y  c o e f f i c i e n t s  
amino ac ids  
b i b l i o g r a p b  
from chroma tograph ic  measurements 
from d i f f u s i o n  data 
Ino rgan ic  e l e c t r o l y t e s  
mu1 ticomponent e l e c t r o l y t e  so lu t i ons  
non-el e c t r o l y t e s  
o rgan ic  e l e c t r o l y t e s  
pep t f  des 
r a r e  ea r ths  
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s t r o n g  e l  ec t r o l  y t es 
unl -po lyva l  e n t  e l e c t r o l y t e s  
uni -uni Val en t  e l e c t r o l y t e s  
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48 

119 
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adenosine-5'-triphosphate 1.15.120 

adsorption coefficients 

a1 bumi n 

a1 coho1 s 
application of UNIFAC 
Gibbs energy changes 
thermodynamic properties 
vapor pressures 

application o f  UNIFAC 
vapor pressures 

dissociation constants 

a? dehydes 

alicyclic organic bases 

aliphatic organic bases 

alkali metal salts 

dissociation constants 

thermodynamics of solutions 

129 
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75 
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64 
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64 

118 

118 
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alkaline earth metal halides 
activity and osmotic coefficients 104 

a1 kanes 
application of UNIFAC 
solubilities 

alkenes and alkynes 

alumina-lime-silica water 
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ami nes 

solubilities 

thennodynamic properties 

hydro 1 y s i s 

application o f  UNIFAC 

38 
85 

85 

127 

140 

38 

amino acids 
activities 140 
enthalpies of combustion 140 
enthalpies of solution 140 
entropies and enthalpies of formation 140 
Gibbs energy of formation 140 
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Gibbs energy of formatfon in solution 
Gibbs energy o f  solution 
heat capaci tfes , entropies 
ionization thermodynaml c s  
solubilities 
thermodynamics in aqueous solution 

amnoni a 
metabolism 

amnonium ions 
acid ionization thermodynamics 

anillnes 
redox potentials 

anilinium ions 
acid ionization thermodynamics 

animals 
cal or i me t ry 

Antoine equation 
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aromatic organic bases 

azeotropic data 

bacteria 
calorimetry 

barbituric acids 
i oni zat ion thennodynamics 

see also equilibrium constants 

see also acids 
inorganic 
organic 
thermodynamics In water (and 
non-aqueous solvents 

thermodynamic data 
water 

inorganic 
organic 
physical data 
solubilities I n  

dissociation constants 

base constants 

bases 

bibliography 

binary (two component) systems 
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35 
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94 ,100,111 ,117.140 
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138 
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148 
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binding constants 
see also equilibrium constants 
metal-buffer complexes 
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Gibbs energy changes 

es t ima t i on 
organic compounds 

bond energies 

buffer sol ut ions 

calcium chloride 

carbohydrates 

carboxyl ic acids 
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cell s 

chelating agents 

C, H ,  N, 0, P, S compounds 

chromium compounds 
thermochemistry 
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cobalt chloride 
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CODATA (key values f o r  thermodynamics) 

colloids 

combustion energy 

complexes, meta 1 - 1 i ga nd 

activity and osmotic coefficients 

i some ri za ti on and hyd rol y s i s 

see acids, .organic 

thermodynamics o f  hydrolysis 

transport properties 

inorganic 1 i gands 
organic 1 igands 

composite materials 
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35 
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c o m p r e s s i b i l i t y  
aqueous e l e c t r o l y t e s  
o f  seawater  
organic  compounds 

aqueous e l e c t r o l y t e s  
binary systems 
non-aqueous e l e c t r o l y t e s  

conformational changes 
p r o t e i n s  
n u c l e i c  a c i d s  

conductance 

copper conpounds 
t hermoc hemi s t r y  

45,123 
80,126 

147 

26,40,45,46,49,82.128 
148 
6 2  

63 
63 

54,9?,149 

crea t i ne 
en tha lpy  of  combustion and formation 140 
Gibbs energy o f  formation 140 
h e a t  c a p a c i t y ,  entropy,  entropy of formation 140 

entha lpy  of combustion and formation 140 
en t ropy  of formation 140 
Gibbs energy o f  formation 140 
hea t  c a p a c i t y ,  entropy 140 

crea t i n i  ne 

c r i t i c a l  p r o p e r t i e s  
b i b 1  iography 
est i rnat i  on 
organic  compounds 
water  

cycl oal kanes 
sol ubi 1 i t e s  

57 
120,125 
147  

37 

85 

Debye-Hbckel parameters 22.52.79,121,123 

dens i ty  
a lcohols  
aqueous e l e c t r o l y t e s  
es t imat ion  
inorganic  e l e c t r o l y t e s  
non-aqueous e l e c t r o l y t e s  
organic  compounds 
organic  e l e c t r o l y t e s  
water  

156 
40.45 

129.  
16.26.49.52.76 
62 

147 
49.76 
37 

deoxyribonucleic  a c i d  60,137 

d e s a l i n a t i o n  132 

deuterium oxide 
physical  p r o p e r t i e s  62 
thermodynamic p r o p e r t i e s  o f  e l e c t r o l y t e s  37 
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dielectric constants 
aqueous electrolyte solutions 
binary systems 
non-aqueous electrolytes 
organic compounds 
sol vents 
water 

diffusion constants 
binary systems 
estimation 
inorganic electrolytes 
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dilution, enthalpy o f  

dipole moments 
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1 i gands 
organic acids, aqueous 
organic bases 

distillation 

distribution reactions 

drugs 
calorimetry 
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electrochemical data 
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electrochemical potentials 
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in organic solvents 
inorganic substances 
lanthanum compounds 
manganese compounds 
mercury compounds 
molybdenum compounds 
platinum metal compounds 
scandium compounds 
silver compounds 
vanadium, niobium, and tantalum compounds 
tungsten compounds 

26 
148 
62 

147 
26 
37,134 

148 
129 . ~ .  

16,26,45,49,82,97,128 
26,49,128 

93,100,111 ,149 

26,129 

26,45,49 
117 
137 

118 

132 

73,83 

87,141 

9 

118 

26 
148 

75 
55 
54 
54 
62 

17.39.96.122 
54 
54 
54 
54 
54 
54 
54 
54 
54 

128 
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e lec t rode  processes 26 

e l  e c t  rodi a 1 y s i  s 132 

e l e c t r o l y t e s  

aqueous a n d  non-aqueous 
c r i t i c a l  p roper t ies  
cu r ren t aqa rene s s bu 1 1 e t i n 
d a t a  handbook 
d i l u t i o n  of 
equi l ibr ium constants of 

Gibbs energ ies ,  en tha lp ies ,  heat 
c a p a c i t i e s ,  a n d  entropies 

hea t  capac i ty  
i n  seawater 
i r r eve r s i  b l  e thennodynami cs 
m o l  ar vol umes 
mu1 t i  component systems 
non-aqueous 
osmotic coe f f i c i en t s  
oxidation-reduction poten t ia l s  
sodium chlor ide  
so lub i l  i t i e s  
thermodynami cs of mi Xing  
uni-polyvalent 
uni-univalent 
v i s c o s i t y  

16,26,40,49,52.82,104,121, 
128,138 
79,100 
57 
27 
130 
93,45.111,149,162 
3,18,24,60,73,75,83,94,117, 

118,137,140 
3,18.24,37,60,75,76,53,131, 

l37,139,14Y,162 
76,111 
80 
66.97 
98.99 , 

37 $50 
62 
48,128,159 
2 1,75.78,137 
62, 
81,140,142 
37 
159 
48,111 
50 

energy transformations i n  l i v i n g  matter 75 

energy values of foods 95 

apparent mol a r  49 
combusti on 28,29,116 
en tha lp i e s  o f  s a l t s ,  ac ids  and 

bases vs temperature and concentration i n  
water a n d  organic solvents 

en t h a l  py 

52,100,121,111,139 

es t imat ion  13,61 
inorganic compounds 42 
organic compounds 41 
p a r t i a l  molar 26,79 
water 42,134 

enthalpy change 
binding of metal ions t o  organic l i g a n d s  89 
complex formation 18,60,100 
conformational change of macromolecules 140 
di  1 u t  i on 2,45,62,76.100,111 ,131,139, 

148,149 

8 2 4  
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formation 

f orma ti on, estimation 
hydration o f  ions in water 
hydrolysis 
i oni za t i on 
mixing electrolyes 
multidentate macrocvclic ComDound 

2,3,4,10.11.12,15.23.28,29, 
37,41,4a,54,61,67 ,76 ,7a ,93,  

~00,10~,103,106,109,110,~~2, 
115,116,127,130,131,133,140, 
144,145,149,150,160,161 
10,11,125,76,146 
37,160 

20.24.25.53,100,108,111,140,147 
37 -76 

4 

19- 
polymerization 65 
protonation o f  adenosine and 119 

protonation of nucleic acids, 60 

92 

adenine nucl eotides 

nucleotides and nucleosides 
protonation o f  organic ligands of radicals 

2,24,45,76,93,100,105,111 , 
131,140,148.149,153,160.162 
37 

solution 

solution o f  hydrocarbons, 

solution for non-aqueous 

transfer 

alcohols, and rare gases in water 

electrolytes 

entropy 
actinide compounds 
a1 coho1 s 
amino acids and related compounds 
aqueous species 
chromium compounds 
copper compounds 
dissolved acids. salts, bases in 

water and non-aqueous solvents 
estimation 
go1 d compounds 
hydrocarbons 
hydrolysis 
inorganic compounds 
key values 
lanthanide compounds 
manganese compounds 
mercury compounds 
molybdenum compounds 
organic compounds 
platinum metal compounds 
scandium compounds 
seawater 
silver compounds 
single ion 
thor ium compounds 
tungsten compounds 
vanadaium, niobium, and tantalum compound 
water 

62 

24 

2,10.11,15,41,67,144 
106 
156 
140 
93 
54 
54 
52,100 

10.11,13,61,78 
54 
130 
4 
5,76,93.109,110,112,131,149,162 
23 
101 
54 
54 
54 
67,76,93,131,145,149,162 
54 
54 
80 
54 
37 
150 
54 
54 
37 



AQUEOUS ELECTROLYTE THERMODYNAMICS 

entropy change 
binding of metal ions to 

organic ligands 
complex formation 
dilution 
format i on 
hydration of ions in water 
ionization 
multidentate macrocyclic 

compounds 
polymerization 
protonation of nucleic acids 

nucleotides, and nucleosides 
protonation o f  organic ligands 
solution 
solution o f  hydrocarbons, alcohols 

transfer 
and rare gases in water 

enzyme-catalyzed reactions 

equilibrium constants 
actinide compounds 
aci d-base 
for  amines 
for amino acids 
for distribution reactions 
for inorganic complexes 
f orrnati on 
hy d ro 1 y s i s 
in seawater 
ion-pairing 
metal ion-ligand 
multidentate macrocyclic compounds 
o f  polymerization 
proton transfer reactions 
protonation of adenosine and adenine 

protonation o f  nucleic acids, 
nucleotides 

nucleotides, and nucleosides 

esters 
Gibbs energies of hydrolysis 

estimation, properties (various kinds) 

ethanol as solvent 
thermodynamic properties o f  acids, 

bases, salts in 

ethanol-water mixtures 
acid dissociation in 

excess properties 

89 

3.18.60 
2 
54 , 140 
37 
24,100,140 
19 

65 
60 

89 

37 
2,24,100 

24 

9,15,75,140 

106 
50.53.83 
0.9 
89 
87,141 
5,39,74,101,137,161 

43,44,131,145,149 
4 
80 
45,102 
18,60,94,137 
19 
65 
94 
119 

60 

140 

5,10,11,13,28,38,56,61, 
78 , 125 , 129,145,146,160 

100 

94 

77,90,104.121,123,158 
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e x p a n s i b i l i t y  

e x t r a c t a n t s  

f a t t y  a c i d s  
s o l u b i l i t i e s  

f ermen t a  t i on 
Gibbs energy change 

food and foods tu f f  i n g r e d i e n t s  
composi t ion and energy values 

fugac i  t y  
wa te r  

o f  seawater 

gases 
d i f f u s i o n  cons tan ts  i n  wa te r  
non-pol a r  , p r o p e r t i e s  e s t i m a t i o n  
p o l a r  , p r o p e r t i e s  e s t i m a t i o n  
s o l u b i l i t y  i n  wa te r  

b i o l o g i c a l  .systems 
e s t i m a t i o n  
seawater 

Gibbs energy change 
ammonia metabol ism 
b i o l o g i c a l  o x i d a t i o n - r e d u c t i o n  

b i o s y n t h e s i s  of sacchar ides 
decarboxy la t i  on 
d i  1 u t i  on 
f e rrnent a t i on 
fo rma t ion  

Gibbs energy 

r e a c t i o n s  

fo rma t ion  ( e s t  tma t i on) 
g l y c o l y s i s  
h y d r a t i o n  of i o n s  i n  wa te r  
h y d r o l y s i s  
i o n i z a t i o n  
me tabo l i c  processes 
m i x i n g  e l e c t r o l y t e s  
phosphates h y d r o l y s i s  
p o l  yrneri za t i on 
s o l u t i o n  
s o l u t i o n  of gases 
s o l u t i o n  of hydrocarbons, 

t r a n s f e r  
t r i c a r b o x y l i c  a c i d  c y c l e  
u rea b i osyn t hes i s 

a lcoho ls ,  and r a r e  gases i n  water  

80,123,126 

87,141 

91,140 

7 5  

95 

37 

32 
13.125 
13,125 
32,153 

8 3  
61 
80 

2,3,15,74 
35  
7 5  ,a3 

35 
1 4 0  

7 5  

78,93,100,101,103,106,109,110, 
112,122,127,130,131,76,140.144, 
145,149,150,162 

10.11,125,76,146 
75 
3 7  

4,140 
24,53,108,135 
35.75.83 
37 

65 

153 
37 

2.100 

2,3,15,37.43,54,67,75, 

1,35,120 

2,24,100,140 

24 
75  
35 
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g1 a s s e s  

g lucose  

gl uos i de s 

glycero l  

g l y c i n e  

g l y c o l y s i  s 

g l y c o s i d e s  

gold compounds 

group c o n t r i b u t i o n s  

h a l f - c e l l  p o t e n t i a l s  

ha lcgenated  hydrocarbons 
s o l u b i l i t y  i n  water  

hea t  c a p a c i t y  
a c t i n i d e s  
a1 coho1 s 
amino ac ids  and related compounds 
b i n a r y  systems 
C,H,N,O,P,S compounds 
d i s s o l v e d  a c i d s ,  s a l t s ,  bases  i n  

water and non-aqueous s o l v e n t s  
es ti  mat i on 
m i n e r a l s  
o r g a n i c  compounds 
p a r t i a l  molar 
seawater  
s o l i d  was tes  and composite m a t e r i a l s  
uni - u n i v a l e n t  e l e c t r o l y t e s  
uranium-halogen conpounds 
water 

see s o l i d s  

p a r t i a l  molar p r o p e r t i e s  

h y d r o l y s i s  

p a r t i a l  molar p r o p e r t i e s  

p a r t i a l  molar p r o p e r t i e s  

h y d r o l y s i s  

thermochemi s t r y  

h e a t  c a p a c i t y  change 
complex formation 
h y d r a t i o n  o f  i o n s  i n  water  
i o n i z a t i o n  
mu1 t i den ta t e  macrocycl i c  

compounds 

15 

15 

15 

15 

75 

140 

54,93,149 

10.11,61,76 

26,78 

58 

15,43,144 
106 
156 
140 
148 

2 
24.52,76,100.109,139 

10 ,11 , 13.6 1 , 125 , 1.2 9 
127 
30 
79.103 
126 
29 

111 
110 
37,43,134 

18.60 
37 
24,53,308 
19 
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protonation of nuc le ic  acfds  60 

so lu t ion  of hydrocarbons, 37.153 
nuc leo t ides ,  and nucleosides 

a lcohols ,  and r a r e  gases i n  water 

heat content 
see  enthalpy 

heat of formation 
see  enthalpy changes of formation 

heavy water 
see  deuterium oxide 

helix-random co i l  t r a n s i t i o n  

Helmholtz func t ion  
f o r  water 

hemogl obi n 

hemoproteins 

Henry's L a w  cons tan t  

he te rocycl ic  organic bases 

hydrobromic acid 

hydrocarbons 

oxidation-reduction po ten t i a l s  

( a l s o  see  equi l ibr ium cons tan ts )  

d i s soc ia t ion  cons tan ts  

conductance da ta  

appl ica t ion  of UNIFAC 
bond energ ies  
s o l u b i l i t i e s  i n  water 

conductance da ta  

conductance da ta  

conductance da ta  

hydrochloric ac id  

hydrofluoric ac id  

hydroiodic ac id  

hydrogen ion concent ra t ion  

hydrolysis 
me ta l  ion hydra tes  
of ATP and ADP 
thermodynamics 

15 

43  

26.63 

140 

85 

118 

46 

38 
92 
58 

46 

46  

46 

1.35 

1.15.75 
137 
120 

4 

829 
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hydroxyl ion 

ice 

as a ligand 

ionic equilibrium constant 
transport properties 

index, substance-property 

indicator bases 
dissociation constants 

bond energies 
electrolytes 
ligands (also see ligarrds) 

chemical bonding 
current awareness bib1 i ography 
solubilities 
thermodynamic properties 

inorganic 

inorganic compounds 

117,137 

37 
37 

39 

118 

133 

131.149 
16,26,93,78,98,10O,lll,128, 

18 
39 
71.81,136,142 
12.17,39,40.76,93,105,~06, 
127,131,149 

inorganic ligands 
see ligands 

instability constants 
see equilibrium constants 

tnsul in 137 

interface potentials 26 

i nterrnol ecul ar  forces 
estimation 125 

International Critical Tab1 es 151 

i o n i c  strength, effects 60,94,120 

ionic transport coefficients 97 

ionization constants (also see acid dissociation 
constants and equil ibtium constants) 
acids and bases 20,94,135,140 
o f  water 88,108,134 
organic acids 128 

activity and osmotic coefficients 104 
i r o n  chloride 

irreversible thermodynamics 82,97,126 

830 
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isoentropic exponent 
o f  water 

i s  omeri z a t i on 

isotope effects 

ketones 
application of U N I F A C  

lanthanide compounds 
thermochemistry 

Laplace coefficient 
of water 

Lennard-Jones potential 
see intermolecular forces 

1 igands 

lipids 

liquids 
properties estimation 

liquid-junction potentials 

macromolecules 

carbohydrates 

solubilities 

as ligands 
current awareness bibliography 
helix-random coil transitions 
transport properties 

magnesium ion (effects) 

manganese compounds 

Margul es equation 

melting point 

memb ranes 

thermochemi s try 

correlated data f o r  mixtures 

non-aqueous electrolytes 

mercury compounds 

metabolic processes 

thermochemistry 

134 

15 

24 

38 

54,93,101,149 

134 

3.18.89.94.137 

91 

13,125 

26 

137 
39 
15 
26 

1.35.120 

54.67.93.149 

44 

62 

9.63 

54.67.93.149 

59,63,75 
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metal complexes 
equilibrium data 
hydrated ions 
with buffers 
with nucleic acids, nucleotides 

and nucleosides 

metal loporphyrfns 

metal 1 urgy 

metal-organic compounds 
sol ubi 1 i ties 
thermodynamic properties 

.thermodynamic properties of salts, 

oxidation-reduction potentials 

methanol as solvent 

acids and bases in 

acid dissociation in 
methanol-water mixtures 

mi c roorgan i ms 

mineral s 

mixed electrolytes 

mixed sol vent systems 

mixtures, fluid 
correlated data 
current awareness bib1 iography 
estimation of properties 

mobi 1 i ties 
ionic 
pro te i ns 

molar volume 
see volume 

molybdenum compounds 
thermochemistry 

multi-component systems 
solbbilities in 

mltidentate macrocyclic compounds 

muscular contraction 

74.89.137 
3,10.18,94,137,138,161 

117 
60 

140 

158 

8 1  
10,28,64,116 

100 

94 

9 

127 

121,128 

2.62,94 

44,55,76,86,90 
39.90 
90 ;125 

26 
26 

54,93,149 

142,158 

19 

63 

8 32 
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NAD (nicotinamide adenine dinucleotide) 

NADP (nicoti namide adenine dinucleotide phosphate) 

redox potentials 21 

redox potentials 21 

natural product bases 
dissociation constants 118 

nlckel chloride 
activity and osmotic coefficients 104 

niobium compounds 
thermochemi stry 

nitrites 
activity coefficients 

nitrogen compounds 
enthalpy of formation 

non-aqueous solvents 
electrolytes in 
metal -1 igand complexes in 
solubilities in 

act i v i ty coef f i ci en t s 
heat capacities 

non-el ectrol ytes 

54,67,94,149 

104 

28,67,93,145,149 

100 
137 
81 

84 
76 

non-polar gases 

nucleic acids 137 

nucleosides 34,60 

nucleotides 34.60 

nutrients 

see gases 

see foods 

oce a nog ra p hy 126 

organic bases 

organic compounds 

dissociation constants 

application of UNIFAC 
Cl or C2 
current awareness bib1 iography 
solubilities 

118 

3.7,20,26.28,29,30,36,61,67, 
67,73,76,85,86,90,116,133,143, 
147 
38 
93,131,149 
39 
71,136,140 
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organic electrolytes 
mol ar volumes 
properties 
the rrnody nami c qua nt i t i es 

organic 1 igands 
see ligands 

organo-metal1 ic compounds 
see metal organic compounds 

osmosis, reverse 

osmotic coefficients 
bibliography 
calcium chloride 
inorganic electrolyte 
organic electrolytes 
sulfuric acid 
theoretical 
uni-polyvalent electrolytes 
;ni-univalent electrolytes 

oxidation-reduction potentials 
biochemical systems 
hemoproteins and metal loporphyrins 
organic systems 
selected 

partial molar volumes 
see volume 

partition coefficients 

pepti des 
activities in aqueous solution 
enthalpy of combustlon and formation 
Gibbs energy of formatlon 
heat capacities, entropies 
thermodynamics in aqueous solutjons 

partition coefficients 

pesticides 
solubilities 

PH 
acid-base equilibria 
aqueous solutions 
ATP hydrolysis 
buffers 
determination o f  
effect on oxidation reduction 

effects on reactions 
potentials 

98 

111 
1 ze 

132 

41 
104,124 
26,40,48,52,104,121,123 
26,128 
104 * 1 21 * 124 
22.79,121 
159 
48 

34.75 ,a3 
140 
21 
140 

129 

140 
140 
140 
140 
25 

129 

85 

83 
39 
120 
6,140 
6 

78 
1,35,60 

0 3 4  
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phase diagrams 
aqueous systems 
bib1 iography 

phase trans itions 
organic compounds 

phenols 
acid dissociation constants, aqueous 
ionization thermodynamics 
redox potentials 

Gibbs energy and biosynthesis 
hydrolysis 

phosphorus compounds 
thermochemi s t r y  

phosphoric acid 
activity and osmotic coefficients 

photolysis 
estimation of 

phosphates 

:hysiological energy use 

yK values ( a l s o  see equilibrium constants and 
dissociation constants) 
acids end bases 
buffers 
isotope effects 

platinum metal compounds 
thermochenistry 

polar gases 
see gases 

pcl a rosraphi c data 
for non-aqugous electrolyte 

solutions 

po 1 y me r s 
polymerization processes 
properties 
properties estimation 

polysaccharides 

porphyri ns 

potenti a1 diagrams (emf) 

redox potentials 

elements and compounds 

71,72,81,127,136,142 
157 

30 

73 
24 
21 

35 
140 

67,93,115,149 

121 

i29 

95 

20,34,94,117,140 
140 
24 

93,54,67,149 

62 

65 
29 
13 

63 

21 

7a 
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Prandtl number 
of water 

pressure,  e f f e c t  o f  
on enthalpy, e n t r o p y ,  internal energy, 

heat capac i ty ,  estimation 

pro te ins  
heat capac i t i e s ,  entropies 
thermodynamics i n  solution 

equilibriumconstants,  aqueous 

ion i t a t  ion thermodynamics 

ion iza t ion  themdynamics 

redox po ten t i a l s  

en tha lp ies  of formation 

pol yme ri za t i on 

mobi l i t i es  

proton t r a n s f e r  reactions 

purines 

pyr i rn i d i nes 

quinones 

r ad ica l s  

r a t e  constants 

red c e l l s  

Redlich-Kister equation 

redox po ten t i a l s  

r e f r ac t ive  index 

see  oxi  d a  t ion-reduct i on potent i a1 s 

a1 coho1 s 
estimation o f  
organic compounds 

r e s i  dence ti me 

ribonucleic acid 

saccharides 
biosynthesis and Gibbs energy 

s a l t s  ( a l s o  see e l ec t ro ly t e s )  
thermodynamic properties i n  water, 

methanol, enthanol and o ther  
organic solvents 

thermal properties of 
uni-univalent i n  so lu t ion  

134 

125 

140 
25 

94 

34 

34 

21 

10,92,162 

65 

26 

8 6  

156 
129 
147 

129 

60,137 

35  

100 

111 
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scandium compounds 
thennochemistry 

seawater 
thermodynamic p rope r t i e s  

serum a1 bumi n 
mobili ty 

54 

80,123,126,132 

26 

Setchenow c o e f f i c i e n t s  123 

s i l i c o n  compounds 
enthalpy of formation 

s i  1 ver compounds 
t h e n o c  hemi s t ry 

sodium carbonate a n d  bicarbonate 
so lu t ion  thermodynamics 

35,67,93,115,149 

52 

121 

sodium chlor ide  (also see  seawater) 68,121,132 

s o i l s  a n d  sediments 
discussion of p rope r t i e s  129 

so l id  wastes 29 

sol ids  
c rys t a l  1 i ne, prope r t i e s  estimation 13 
g l a s s e s ,  p rope r t i e s  estimation 13 

s o l u b i l i t i e s  

amino ac ids  
biochemical substances 
elements , inorganic  compounds, 

organic compounds 
f a t t y  ac ids  i n  water 
gases i n  l i q u i d s  
halogenated hydrocarbons i n  water 
i n  non-aqueous e l e c t r o l y t e s  
i n  seawater 
t r i  g lycer ides  
water i n  f a t t y  a c i d s  

( a l s o  see equi l ibr ium cons tan ts )  
s o l u b i l i t y  cons tan ts  

26,39,71,72,81,85,105,129, 
136.157 
25 i91.140 
91 

142 

140 

58 
62 

126 
140 
140 

7,153 

89,137 

spec ia t ion  ca l cu la t ions  1,39,74,122,123,126 

speed of sound 43,126 

spectroscopic d a t a  
f o r  non-aqueous e l e c t r o l y t e  solutions 62 
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s t a b i l i t y  constants 
see equil  i b r i u m  constants,  b i n d i n g  constants.  

metal complexes 

steam - see water 

s t ruc tu re  , r e l a t ion  t o  physical properties 

sub1 imation pressures 

sulfur compounds, organic 

s u l f u r i c  ac id  
a c t i v i t y  and  osmotic coef f ic ien ts  

surface tension 
b i n a r y  systems 
estimation of 
water 

tantalum compounds 
t h e m c  hemi s t r y  

ternary systems 
s o l u b i l i t i e s  i n  

thermal conductivity 
estimation o f  
water 

so l id  wastes and composite materials 

thermal functions 

th io l  e s t e r s  

thorium 

transference number 

hydro1 ys i s 

thermoc hemi s t r y  

4n non-aqueous e l ec t ro ly t e s  
inorganic e l ec t ro ly t e s  
organic e l e c t r o l y t e s  

co i l  and h e l i x  
homopolymer t o  co i l  he l ix  
inorganic 

t r a n s i t i o n  metal complexes 
see metal  complexes 

t ranspor t  coe f f i c i en t s ,  ion ic  

t r ans i t i ons  

10,13,61,129 

31 

155 

104,121,123,124 

148 
125 
134 

54,67,93,149 

142 

129 
37 , 134 

41,90,106,127,144 

140 

150 

62 
16,26,49,76.82.97 
26,49,76 

37 
37 
5,12,131,144 

66,95,97,126,128,132 

838 
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tricarboxyl ic acid cycle 

triglycerides 

tungsten compounds 

UNI FAC 

uranium halogen compounds 

urea 

Gibbs energy changes 

solubilities 

the rmochem i s t ry 

thermodynamic data 

biosynthesis 
enthalpy of formation and 
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vandadium compounds 

van Laar equatian 

vapor-liquid equilibria 

vapor pressure 
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estimation 
multi-component systems 
non-aqueous electrolyte solutions 
organic compounds 

solid wastes and composite materlals 
water 

virial coefficients 

viscosity 
binary systems 
es t ima t i on 
inorganic electrolytes 
non-aqueous electrolytes 
organic compounds 
water 

75 

140 
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38 
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44 
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INDEX 

Acetic acid 482, 487 
Activity 18, 20-21. 32. 51. 485 
Activity coefficient 6-8, 17-22, 401-405, 426, 483-484 

calculating 615-618 (also see Bromley, Chen, Davies, Debye-Huckel, 
Guggenheim, Guntelberg. Meissner, Pitzer. 
Setsch6now) 

mean mold 20, 53-55, 403 

reduced 22. 67. 407 
scale 

definition of 18-19 

molal 18,  20, 83 
molar 2 1  
mole fraction 21, 96-97, 83 
converting from one scale to another 21, 83, 97. 213 

Alkali salts 69 
Ammonia 3, 27, 486, 492, 517-523. 524, 529-530, 537, 585 

Arrhenius 48 
worked example: H2 O-NH3-CO2 606-640 

Balances 9, 581-583. 596-597, 623, 643, 654-655, 664-665, 679 

Beryllium sulfate (BeSO,) 69 
Boltzmann 49,  72, 497, 509, 644 
Brelvi (L O'Connell 632-633. 642, 704-705 
Bromley 68 ,  497. 505, 571  

(also see Electroneutrality. Material balances) 

activity coefficient equation 
binary (single) solution 47, 64-66, 91-92, 127, 571 
multicomponent solution 211-213, 234, 453-454, 598-599, 655-659 

osmotic coefficient equation 238, 600 
parameters 

estimation of 65, 173-174, 599-601 
tabulated 170-174 
temperature effects on 84, 91-92, 130-131 

water activity equation 238-239, 602 

CaC1, see Calcium chloride 
Cadmium salts 65, 69 
Calcium chloride 117-120, 153-158, 423. 670 

phase diagrams; H20-CaC12 and 
CaS04 363-368 
KC1 326-334 
NaCl 290-298 

Calcium sulfate 3. 4, 248. 402, 431-435, 663-674, 706 

CaC12 363-368 
phase diagrams; H20-CaSOk and 

HC1 357-362 
MgSO4 377-383 
NaCl 347-356. 673-674 
Na2S01, 369-376 
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Carbon dioxide 3, 27. 486, 492, 524-530. 537. 559, 568-572. 580-585 

Cat304 see Calcium sulfate 
CaS04.2H20 see Calcium sulfate 
Caustic see Sodium hydroxide 
Chen 512-516 

worked example: H20-NH3-C02 606-640 

activity coefficient equation 
binary solution 47. 76-83. 96-97, 131  
multicomponen t soh  tion 

parameters, tabulated 191-194 
Chlorine 3. 5, 6-9, 595-605 
Chrome hydroxide 4, 406, 650-662 
C12 see Chlorine 
CO, see Carbon dioxide 
Cobalt chloride 443-447 
Cobalt perchlorate 443, 446 
CoC12 see Cobalt chloride 
Co(CIO4)2 see Cobalt perchlorate 
Complex formation 4. 401-408, 481, 650-653, 664, 670. 675. 678 
Concentration 7 1  

2 23 - 23 0 

molality 7 ,  8, 14-15, 18, 19. 21, 53, 83, 556 
molarity 15, 21, 53 
mole fraction 21, 78-79, 83 

Correspondence principle 33-36 , 39-40 , 566-567, 570-571 
Coulomb's l aw 50 
C r i s s  b Cobble 33-36, 39-40, 566-567. 570-571 
Cr(OH13 see Chrome hydroxide 
CuCl see Cuprous chloride 
CuC12 see Cupric chloride 
Cu(C101,) 2 see Cupric perchlorate 
Cupric chloride 428, 449-452 
Cupric perchlorate 449, 451 
Cuprous chloride 402, 428-430. 457-459 

Uavies 416. 657 

Debye-Huckel 48, 71-72. 408 
equation 47. 59-63 

constant 54. 59, 74. 91, 94-95, 97, 643 

equation 47. 55. 57-58. 82 
temperature effect on 86-89. 97, 131, 571 

limitations of 55-56 
extended 55-58 

limiting law 55-58, 387 

charge 49, 72 
predicting multicomponent solution 554-562 
solution 15,  2 1 ,  53 

Density 

binary 554-558 
multicomponent 554, 558 

solvent 21, 53, 95,  509, 555, 633, 644 
Dibasic acids 69 
Dielectric constant 49, 56, 71, 507-509, 644-645 

Dissociation constant 29-30, 69, 409-411, 416, 436-438. 481-482. 676-677 
temperature effect on 87-88, 95. 131  

1 8 4 6  i 



Electrolytes 3-6, 13, 455 

complexing 401-408, 481 
strong 481 
weak 481 

definition of 

Electroneutrality 8, 247, 577, 581, 597, 623, 643, 655, 665, 679 
Electrostatic force 48, 76, 221. 387-388. 505 
E.m.f. measurements 168-169, 416, 419 
Energy 13, 50 
Enthalpy 13, 32-33, 416, 433-434, 436, 597-598. 652 

estimating temperature effects on 563-572 
partial molar 16 
sources of 29, 42-43. 721 -840 

estimating temperature effects on 33-36, 39, 40, 566 
partial molal 34 
sources of 29, 42-43, 721-840 

Equilibria 13. 27-28 
chemical 16-17, 27-30 
equations 7-8. 409-411. 415. 579-581, 606, 622-623, 641, 652-653, 663. 675, 679 
ionic 16-17, 27-30, 36. 409-410, 412 
phase 3-4, 6, 16-17, 577 
reaction 27-30, 577 
solid-liquid (SLE) 3. 16-17, 27. 30-31, 483, 579 
vapor-liquid (VLE) 3-5, 16, 27. 31-32. 482-483, 579-580, 595-596. 606, 623, 

Entropy 14. 416, 433-434 

Equilibrium constants 

calculated from 
tabulated data 
thermodynamic 

calcium sulfate 
for: 

64 1-642 
7-9, 27-38, 245-246, 403-405, 407, 483. 584, 586. 606, 641, 
664. 677, 686-689, 694-697 

36, 625-626, 642, 683. 691 
data 28-33, 246. 404, 597-598 

complexes 433-435 
chrome hydroxide complexes 650-651 
cobalt chloride complexes 443. 447 
cupric chloride complexes 449, 452 
cuprous chloride complexes 428, 458-459 
ferric chloride complexes 424-427 
manganous chloride complexes 440, 443 
nickel chloride complexes 447, 449 
phosphoric acid complexes 409-412 
sodium sulfate complexes 436-438 
sulfuric acid complexes 415-416 

pressure effects on 36-38 
temperature effects on 32-33. 36. 565, 597-598 

Extensive properties 13-16 

Ferric chloride (FeC13) 402. 424-427 
Ferrous chloride (FeC12) 89, 428 
Free energy 
Freezing point 3, 167-168 
Fugacity coefficient 8, 32, 483, 508. 596, 607, 627-631, 642, 699-703 

Fumaric acid 69 

see Gibbs free energy 

(also see Nakamura) 



Gibbs-Duhem 16, 20, 68 
Gibbs free energy 14, 16,  28-34, 72. 76. 246-247, 386, 404, 407. 412, 416, 

427, 433-434, 437-438, 440, 443. 447, 449, 452, 505, 509. 
512-514. 563-564, 589-590, 597-598, 650-652 

partial molal 16. 51-52, 563 
sources of 29, 42-43, 721-840 

Gibbs-Helmholtz 14, 563 
Guggenheim 

equation 
binary solutions 47. 56, 59-63, 64 
multicomponent solutions 209-210 , 232-233, 453 

calculating 167 -169 
estimation of 64 
tabulated 165-166 

Guntelberg equation 56, 60-63 
Gypsum see Calcium sulfate 

H, see Hydrogen 
HC1 see Hydrochloric acid 
Heat capacity 

parameters 

14, 416, 433-434, 597-598. 652 
estimation of temperature effects on 33-36, 40, 564-567 
partial molal 34-36 
sources of 29, 42-43, 721-840 

sources of 29, 42-43, 721-840 
(also see Enthalpy) 

Heat of formation 32-33. 407, 416. 433-434. 436, 564-568, 597-598, 652 

Henry's law constants 482-483. 603, 607, 624, 642-643. 683, 690, 691, 698 
H , P 0 4  see Phosphoric acid 
H 2 S 0 ,  see Sulfuric acid 
Huckel equation 56-58 
Hydrochloric acid 99-102, 133-135, 248, 428-430, 481-482, 653-656 
phase diagrams; H2 0-HC1 and 

CaS04 357-362 
KC1 278-289 
NaCl 261-267 

Hydrogen 486, 492 
Hydrolysis 405-406, 581, 595, 603, 650 

Intensive properties 13-15 
Interactions 

ion-ion 59. 64. 74-75. 76, 504-506. 572, 585, 619-620, 644, 656. 676-677. 

ion-molecule 76, 492, 504-506, 510, 572, 585, 620. 644-645, 670-671, 

molecule-molecule 76. 504-506, 514, 572. 585, 620. 645. 677-678. 685, 692 

684. 692 

677-678, 693 

Invarient point 243-245, 247-249 
Ionic charge 35, 49, 59, 64, 67,  71, 79. 91, 94, 401, 454. 507 
Ionic radius (radii) 50, 56, 419. 507 
Ionic strength 

Isopiestic measurements 169 

K B r  see Potassium bromide 
KC1 see Potassium chloride 

64,  401, 486-489, 559, 643 
calculating 54, 82, 91, 403-404, 556-557. 615 



Kobe equation 564 
KOH see Potassium hydroxide 
K2S04 see Potassium Sulfate 
K value see Equilibrium constants, Solubility product, Dissociation constant 

Lanthanum nitrate (La(N03 1 3 )  560-562 
Lennard-Jones 496-498, 540 
Lewis 17 
Lewis h Randall 54 
Lithium chloride (LiCl) 69 
Lithium nitrate ( L i N 0 3 )  69 
Long h McDevit salting out parameters 491-496, 538-539 

Magnesium chloride 

Magnesium iodide 69 
Magnesium nitrate 560-562 
Magnesium sulfate 124-129, 162-164 

Maleic acid 69 
Malonic acid 69 
Manganous chloride 440-443 
Manganous perchlorate 440, 442 
Material balances 9, 577, 581-584, 596-597, 607, 623, 643. 654-655. 664-665. 679 
Meissner 

phase diagram; H20-MgCk and NaCl 299-314 

phase diagram; H20-MgS04 and CaSOb 377-383 

activity coefficient equation 
binary (single) solution 47, 67-69, 93, 589-594 
multicomponent solution 214-218, 235. 454 

tabulated 175-178 
temperature effects on 84-86, 93,  131, 591-593 

parameters 

plot curves 67, 70. 407. 417, 421-422, 438-439, 440-443. 445-446, 

water activity equation 218, 240 
448, 450-451, 594 

MgC12 see Magnesium chloride 
MgI2 see Magnesium iodide 
Mg(N03)2 see Magnesium nitrate 
MgSO I ,  see Magnesium sulfate 
MnCl2 see Manganous chloride 
Mn(C104)2 see Manganous perchlorate 
Molecules. aqueous 27. 31-32, 406-407, 415, 423. 424, 427, 428, 434, 440, 443. 

449, 481-537. 641. 650-651, 653, 655, 663, 670. 675, 677-679 

N 2  see Nitrogen 
NaCl see Sodium chloride 
Nakamura 607, 627-631, 642. 699-703 
NaOH see Sodium hydroxide 
Na2SO3 see Sodium Sulfite 
NazS04 see Sodium sulfate 
NH3 see Ammonia 
Nickel chloride 447-449 
Nickel hydroxide 4 0 1  
Nickel perchlorate 447 
NiC12 see Nickel chloride 
Ni( C104 1 2  see Nickel perchlorate 
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Ni(OH12 see Nickel hydroxide 
Nitrogen 486, 498-500 
Nitrous oxide (NO) 486-488 
Nonelectrolyte 13, 485-502 

0, (oxygen) 486, 492, 498-499, 501-502, 524, 535-537 
Onsager 508 
Osmotic coefficient 20, 68, 72, 167, 238, 241, 407-408, 419-420, 443-444. 515, 

Osmotic pressure 7 1  
Ostwald coefficient 498-499 

600, 667, 66Y. 676, 678-680 

pH 410-411, 586. 653-654, 680 
Phase diagram 242-249 

H2 0-NaC1-K C1 250-260 
H20-NaCl-HCl 261-267 
H20-NaC1-NaOH 268-277 

H20-NaCl-CaC12 290-298 
H2 0-NaC1-Mg C12 299 -314 
H20-NaCl-Na2S01, 315-325 
H20-KCl-CaC12 326-334 
H 2 0 -NaOH -NazS 0 4  33 5 -346 
H20-NaCl-CaS04 347-356. 673-674 
H2O-HCl-CaS04 357-362 
H20-CaC12 -CaSOh 363-368 
H20-Na2S04-CaSO~ 369-376 
H20-MgS04-CaS04 377-383 

H20-KCl-HCl 278-289 

Phenol 492. 496, 538-539 
Phosphoric acid 69. 401-402. 409-414, 579. 675-682 

Pitzer 
predominance plot 414, 586-587 

activity coefficient equation 456, 483, 535-536 
binary (single) solution 47, 71-75, 94-95 
multicomponent solution 219-222, 236-237, 454-455, 665-670, 675-680 
Beutier and Renon application of 505-511. 517, 521-523, 527-528, 533- 

Chen's extension 512-516 
Edwards' et al. application of 

Fritz's application of 428-430, 457-458 

534, 643-646 

503-505, 517, 518-520, 525-526. 529-532. 
607, 615-618 

osmotic coefficient equation 241, 667, 667, 676 
parameters 418 

higher-order electrostatic terms 220-221, 386-388, 663, 666-670 
tabulated 179-187. 384-385, 389-391 
temperature derivatives of 88. 188-190 
temperature effect on 86-88 

water activity equation 241 
Poisson 48-49 
Polybasic acids 69 
Pdtassium bromide 89 

850 



Potassium chloride 89, 103-105, 136-139, 248, 481 
phase diagrams; H,O-KC1 and 

CaC12 326-334 
HC1 278-289 
NaCl 250-260 

Potassium hydroxide 69, 106-109, 140-143 
Potassium sulfate 60, 63 
Potential 48-52 

chemical 13. 16-19, 27. 28, 51, 485 
energy 48. 50, 71 
intermolecular 7 1  

Pottel 508 
Predominance plot 414, 586-587, 661-662 
Pressure 7 ,  9,  13,  596 

effects 15, 27, 32, 36-38, 88, 437 
partial vapor 7-9. 32, 495, 517, 579, 581-582 
vapor 68, 69, 410. 482-483, 494-496, 579, 581-582. 642 

Orogram SOUR 609-638 

Randall b Failey salting out parameters 486-491 
Renon b Prausnitz NKTL model 76 

Salting out 485-502. 538-539, 540-542 
Setsch6now 483-486, 493, 497-499, 504, 517, 535-537 
SO2 see Sulfur dioxide 
Scliurn chloride 18, 27. 31. 56-58. 60-62, 86, 88, 89, 95, 110-112, 144-149, 

243-249, 482. 524. 535-537, 568-572, 589-594, 663-674 
2hase diagrams; H20-NaC1 and 

CaC12 290-298 
CaS04 347-356, 673-674 
HC1 261-267 
KC1 250-260 
MgC12 299-314 
NaOH 268-277 
Na2Sq 315-325 

Sodium hydroxide 69, 113-116, 150-152, 481-482. 653-656 
phase diagrams; H,O-NaOH and 

NaCl 268-277 
Na2S0 4 335-346 

Sodium sulfate 121-123, 159-161, 243-249, 402. 436-439. 498-502, 670 
phase diagrams; H20-Na 2 S O 4  

CaS04 369-376 
NaCl 315-325 
NaOH 335-346 

and 

Sodium sulfite 498-500 
Solid-liquid equilibria (SLE) see Equilibria 
Solubility 4. 27, 31. 242-249. 403-405, 431. 485. 492-496. 589-594, 653-655, 

Solubility product 4,  403-405, 433-435 

Stoichiometric coefficient 8 ,  1 7 ,  19. 21, 75, 144, 222. 412 
Stokes 407, 419 
Succinic acid 69 
Sulfates 85 

Sulfur dioxide 3, 524. 531-534, 641-649 

663-674 

calculation of 30-31, 242, 245-247, 589-590 

bivalent metal 65, 66 



Sulfuric acid 27. 65, 69. 402. 415-418 

Temperature 7 ,  13 
effects 14-15, 27. 497, 502, 541-542 

on activity coefficients 
Bromley 84,  91-92, 130-131 
Chen 89, 97, 131 
comparison of methods 130-164 
Debye-Hiickel 86-89, 131, 571 
dielectric constant 87-88, 95, 131, 508 
Meissner 84-86, 93 ,  131. 591-593 
Pitzer 86-88, 95, 131 

on density calculations 560 
on enthalpy 563-572 
on entropy 33-36, 39, 40 
on equilibrium constants 14, 32-33, 36 
on heat capacity 33-36, 40 

Thorium nitrate (Th(N03)(0 69 
Trace components 212-213, 215, 482 

Undissociated see Molecules 
Uranyl fluoride 69 

Vapor-liquid equilibria (VLE) see Equilibria 
Vapor pressure see Pressure 
Volume 13.  499. 644-645 

apparent molal 554-557 
ionic cavity 510, 644 
partial mola l  16. 36-37, 509. 554-558, 632-633, 642, 645, 704-705 
solution 508-509, 554-558, 644 

Water activity 19-20, 68, 218, 238-241, 245-246, 504. 511, 514, 596, 602, 618, 

Zinc bromide 3.  419-420 
Zinc chloride 3. 402-405. 419-423, 440 
Zinc iodide 419-420 
Zinc nitrate 419-420 
Zinc perchlorate 419-420, 422 
Zinc salts 3 ,  6 5 ,  69 
ZnBr2 see Zinc bromide 
ZnC12 see Zinc chloride 
Zn(C10& see Zinc perchlorate 
Zn12 see Zinc iodide 
Zn(NO312 see Zinc nitrate 

642, 646, 667. 669, 679 
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