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FOREWORD 
The ACS S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishin
format of the Series parallels that of the continuing A D V A N C E S 

EST C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

This volume contains most of the papers presented at a conference on 
The Thermodynamics of Aqueous Systems with Industrial Applica

tions, held October 22-25, 1979 at Airlie House, Warrenton, Virginia. 
The conference, cosponsored by the American Institute of Chemical Engi
neers, the National Bureau of Standards, and the National Science Founda
tion, was organized by the following members of the AIChE Subcommittee 
on Thermodynamics (Research Committee) : Stephen A. Newman, Herbert 
E . Barner, Stanley S. Grossel
Sandler. 

The conference was subdivided into four sessions, and chapters within 
this text are arranged according to these categories. Papers included in 
the first section (Thermodynamics of Electrolytes for Pollution Control) 
provide the reader with insights into the practical aspects of pollution 
control, as well as an overall appreciation of applied electrolyte phase 
equilibria. Other chapters include detailed descriptions of thermodynamic 
models that recently have been developed to describe important industrial 
pollution control processes with emphasis on acid gas absorption/sour 
water stripping and flue gas desulfurization. 

The increasing importance of coal gasification, liquefaction, and shale 
oil processing has focused attention on a new class of thermodynamic 
problems. In the second section (Thermodynamics of Synthesis Gas and 
Related Systems) new data and calculation methods appropriate to water-
containing synthesis gas systems are emphasized. As background to this 
work, chapters describing industrially important processes and cooperative 
research organizations dealing with emerging synthesis gas technology have 
been included. 

Essentially all of the engineering thermodynamic correlations used in 
pollution control models and synthesis gas phase equilibria, chemical equi
libria, and enthalpy calculation schemes have their foundations in funda
mental theory. Experimental data, in addition to being directly useful to 
designers, allows the correlation developer to assess the validity and suita
bility of his model. Included within the third section (Properties of Aqueous 
Solutions—Theory, Experiment, and Prediction) are chapters providing 
both comprehensive reviews and detailed descriptions of specific areas of 
concern in the theory and properties of aqueous solutions. 

The increasing interest in hydrometallurgical processing stems from 
an increased awareness of the necessity of environmental protection and 
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pollution. The final section (Hydrometallurgy, Oceanography, and Geol
ogy) includes chapters highlighting theory and applications of electrolyte 
thermodynamics to hydrometallurgy and related concepts important in 
oceanography and geology. 

Each session was initiated by state-of-the-art reviews, summarizing 
both the theoretical and applied aspects of the subject; these were followed 
by invited technical papers. A panel discussion among speakers/coauthors, 
including audience participation, concluded each session. This volume 
contains only the technical papers of the conference; the questions and 
answers for the papers will be printed as a separate publication. 

One of the major goals of our conference was to bring together out
standing investigators in diverse areas to discuss topics of mutual interest. 
Elaboration on this point is made in the Conference Overview. The con
stituency of our audience
ernment) was indeed varie
workers. Our speakers spoke on topics ranging from the most recent 
concepts of electrolyte phase equilibria theory to the principles and appli
cations of coal processing. Throughout the presentations it was apparent 
that a common thread linked each theme and that both the practical and 
theoretical aspects of the subject were important, each providing the other 
with sustenance. 

We are confident that in addition to fostering the presentation of 
many superb technical papers, which we anticipate will be used as refer
ence material for many years to come, the conference provided a means 
for many investigators to become acquainted with colleagues working in 
related fields. Hopefully, these contacts will be maintained and flourish. 

We were fortunate in having several guest speakers and we acknowl
edge their important contributions to our conference. Specifically, we 
thank Larry Resen (AIChE), Emanuel Horowitz (NBS), Davis Hubbard 
(NSF), Donald Ehreth (EPA), and Bernard Lee (IGT). Additionally, we 
are grateful to J. Charles Forman and Joel Henry of AIChE and Marshall 
Lih of NSF for their part in allowing the conference to grow from a concept 
into a reality. A special thanks goes to Marie Kennedy of AIChE who 
played an important part in cheerfully executing many of the day-to-day 
chores associated with planning a large meeting, including handling the 
registration duties at Airlie House. 

We enjoyed planning the meeting and participating in its evolution 
and look forward to developing other such rewarding activities. 

Foster Wheeler Energy Corporation 
110 South Orange Avenue 
Livingston, NJ 07039 
February 14, 1980 

S T E P H E N A. N E W M A N 

xii 
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1 
Conference Overview 

STEPHEN A. NEWMAN 

Foster Wheeler Energy Corporation, Livingston, NJ 07039 

The theme of the symposium has relevance to workers engaged 
in a wide variety of activities
cepts described in the specifi  paper
superficially different from each other, yet in a fundamental 
manner, indeed very similar. The invited conference papers have 
been organized into reasonably related subject matter, yet run 
the gamut from the very practical to the very theoretical with 
the intent of providing the theorist an appreciation of the prac
tical problems facing the technologist,and the technologist, an 
awareness of the theoretical tools he can use to solve his pro
blems. 

Several applied areas of concern, all involved with water, 
served as focal points for the meeting. Two of these, pollution 
control and coal processing, have current social significance 
and are subjects that everyone can readily appreciate. Practi
cal insights into the fields were given in the industrially ori
ented review papers, and the role of thermodynamics in contri
buting to the solution of the many specific problems encountered 
in carrying out an engineering design were brought out in other 
papers. As support to the applied thermodynamic techniques de
scribed in the application-oriented sessions, one session was 
devoted to theory. It is this fundamental work that enables the 
thermodynamic practitioner, be he either academic or industrial, 
to develop in a rational matter his correlations which are ab
sorbed into the design techniques applied by process engineers. 
A very fine example was provided by the extensive use of Profes
sor Pitzer's electrolyte activity coefficient theory within se
veral acid gas phase equilibrium models. 

Another important group of papers provided i n s i g h t i n t o 
several very successful cooperative i n d u s t r i a l programs, those 
sponsored by the Gas Research I n s t i t u t e , the American Petroleum 
I n s t i t u t e , the Gas Processors Association and the American I n s t i 
tute of Chemical Engineers. The designation infratechnology has 
been applied to those aspects of te c h n i c a l i n v e s t i g a t i o n and 
knowledge that permeate a given industry, yet are not s p e c i f i c 

0-8412-0569-8/ 80/47-133-001 $05.00/0 
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2 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

enough to i n d i v i d u a l constituents to j u s t i f y extensive i n v e s t i 
gation on t h e i r own. Frequently, the problems are so complex 
and d i f f u s e that i t would be e s s e n t i a l l y useless for a s i n g l e 
company to embark on an i n v e s t i g a t i o n that would take many man-
years of investment with very l i t t l e monetary rate-of-return. 
Certain segments of the chemical engineering industry have found 
a s o l u t i o n to such problems by consolidating i n t e r e s t s i n co
operative research organizations such as those sponsored by API, 
GPA, GRI and AIChE. The growth of these i n d u s t r i a l cooperative 
groups i s encouraging; besides conserving resources and elimina
t i n g d u p l i c a t i o n of e f f o r t , these groups provide a forum for ex
change of ideas and non-proprietary technology. The involvement 
of academia i n these organizations, usually as research con
t r a c t o r s , allows u n i v e r s i t y researchers an intimate i n s i g h t i n t o 
real-world problems and helps close the breach between academia 
and industry that has becom  i
of these factors s u b s t a n t i a l l
and by i t s very d e f i n i t i o  promot  p r o d u c t i v i t y
One very important element missing from the scene u n t i l recently 
has been government. Government's involvement has obviously been 
increasing and w i l l become a welcome addition by providing addi
t i o n a l cohesiveness as w e l l as f i n a n c i a l backing and technical 
expertise to f l e d g l i n g groups. 

As an introduction to the technical aspects of the con
ference, the r e s u l t s of some studies conducted by the wr i t e r on 
two relevant subjects are presented below. The f i r s t commentary 
i s concerned with the design of sour-water s t r i p p e r s and the ef
fects of thermodynamic data on these designs; the second com
mentary i s concerned with the c a l c u l a t i o n of enthalpies of 
steam-containing mixtures, e s s e n t i a l to the design of coal pro
cessing and related plants · 

Sour-water Thermodynamic Data 

For the past several years there has been considerable i n 
t e r e s t i n the phase e q u i l i b r i a of sour-water systems. This i n 
t e r e s t l a r g e l y stems from the need to design sour-water s t r i p 
pers so that t h e i r l i q u i d e f f l u e n t s a t t a i n the very low l e v e l s 
mandated by current environmental regulations. The EPA l i q u i d 
emission l e v e l goals, based on e c o l o g i c a l e f f e c t s , are ten PPM 
(mass) for ammonia and two PPM (mass) for hydrogen s u l f i d e . The 
guidelines for tower design established many years ago (for 
example, Û.06 kgs s t r i p p i n g steam per l i t e r of hot feed) are out
moded and are not exact enough i n an era when sophisticated data 
and c a l c u l a t i o n methods can be applied to the problem once con
sidered so complicated that only empirical rules were accepted 
p r a c t i c e , for lack of anything better. 

A number of models have been developed to describe the 
chemistry occurring i n sour-water s t r i p p i n g and absorption. 

The many simultaneous chemical reactions whose so l u t i o n re
s u l t s i n the establishment of the phase e q u i l i b r i a of the com-
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1. N E W M A N Conference Overview 3 

ponents are l i s t e d i n Figure 1. This system i s i n several re
spects considerably more complicated than many hydrocarbon and 
chemical systems i n that i t i s necessary to contend with both 
chemical and phase e q u i l i b r i a i n e s t a b l i s h i n g the design. Each 
of the c i t e d reactions and Henry's law constants, besides being 
temperature dependent, are also functions of the type and concen
t r a t i o n of acid-gas components i n s o l u t i o n and, i n some cases, 
the i o n i c strength of the s o l u t i o n . In a p r a c t i c a l sense, the 
most important reason for considering these e l e c t r o l y t e reactions 
i s that only those portions of ammonia, hydrogen s u l f i d e , and 
carbon dioxide that remain i n molecular, rather than i o n i c form, 
can be stripped from s o l u t i o n . The object of the c a l c u l a t i o n s , 
therefore, i s the determination of the i o n i c and molecular d i s 
t r i b u t i o n of species as a function of temperature,pressure,and 
composition. 

The designer can emplo
ca l c u l a t i o n s to carry ou
as those shown i n Figure 2 as a basis for h i s s t r i p p i n g or ab
sorption c a l c u l a t i o n s . The two charts shown can be used either 
to c a l c u l a t e the ammonia and hydrogen s u l f i d e concentrations i n 
the liquid-phase from a knowledge of t h e i r p a r t i a l pressures i n 
the gas phase; or, a l t e r n a t e l y , the p a r t i a l pressures can be 
d i r e c t l y read from the charts given the s o l u t i o n concentration 
of the dissolved gases. Calculating the liquid-phase composition 
from that of the gas requires a t r i a l - a n d - e r r o r procedure. A 
liquid-phase molar r a t i o of the acid gases i s assumed, and from 
the known p a r t i a l pressures, a liquid-phase composition i s read 
from the graphs and a calculated liquid-phase molar r a t i o i s 
obtained. This c a l c u l a t i o n i s repeated two or three times u n t i l 
the calculated liquid-phase molar r a t i o equals the assumed value, 
and at t h i s point the equilibrium liquid-phase composition has 
been determined. 

For most sour water s t r i p p e r design work, a computer i s used 
to perform the c a l c u l a t i o n s . Several of the proposed sour-
water modules were incorporated into a tower program and a s e r i e s 
of designs on a t y p i c a l sour-water s t r i p p e r have been undertaken. 

Comparisons of data methods with each other such as those 
shown i n Figure 3 for the Wilson (1) and Mason-Kao (2) methods 
demonstrate that the Wilson method generates the smaller ammonia 
and hydrogen s u l f i d e p a r t i a l pressures. In p r a c t i c a l terms, 
Wilson's predictions imply a greater amount of s t r i p p i n g steam 
to achieve a desired l e v e l of acid gas removal when compared to 
the Mason-Kac p r e d i c t i o n s . Unfortunately, such comparisons are 
only semi-quantitative from a designer's viewpoint and i t i s ne-
nessary to employ the f u l l strength of a rigorous tower compu
ter simulation to demonstrate the s i g n i f i c a n c e that the data d i f 
ferences imply i n terms of equipment s p e c i f i c a t i o n and u t i l i t y 
comsumption. Some ins i g h t i s provided i n the comparisons de
picted i n Figures 4 and 5. 
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4 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

SOUR-WATER,—c 
FEED -

Qc 

QR 
PPM NH3, H2S, C02 = ? 

SUMMARY OF CHEMICAL EQUILIBRIA INVOLVED 
IN CALCULATING NH3-H2S-C02-H20 VLE 

C02 + H20 K l HC07+H+ 

HCOT*2 COT + H+ 
κ 

NH3 + H+ 3 NH+ 
-K 4 NH3+HCO3 

H

HS-  S= 

H20 K ? H+ + OH-

H 2 NC0 2 +H 2 0 

S  +H+ 

I OF ALL ELECTRONIC CHARGES = Ο 
PNH 3 = HNH3 NH3 ; PH2S = HH2S H2S 

Ρco2 = Hco2 C02 

IPC Science and Technology 

Figure 1. Sour-water absorber/stripper VLE (4) 

Figure 2. Typical design data charts for NH3-H2S-H20 VLE 
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1. N E W M A N Conference Overview 5 

The PPM ammonia remaining i n the bottoms product stream of 
the s t r i p p e r tower are shown i n Figure 4 as a function of the 
kilograms of steam injected i n t o the tower. The number of the
o r e t i c a l stages used i s shown as a cross-parameter. What i s 
observed i s that i n a p r a c t i c a l sense, the Wilson and Mason-Kao 
methods y i e l d e s s e n t i a l l y the same ammonia p u r i t y i n the 
stripped water product, whereas very s u b s t a n t i a l differences are 
obtained when the c l a s s i c a l van Krevelen c o r r e l a t i o n i s applied 
to design the wastewater s t r i p p e r . 

Using the amount of hydrogen s u l f i d e remaining i n the tower 
bottoms as the c r i t e r i o n , Figure 5 shows s i m i l a r design compari
sons. Large differences between the methods are observed; how
ever, the Mason-Kao predictions and van Krevelen r e s u l t s are 
very s i m i l a r . The Wilson method generates a more conservative 
design i n that to achieve a designated l e v e l of hydrogen s u l f i d e 
p u r i t y a designer woul
a l t e r n a t e l y , provide fo

Enthalpies of Steam-containing Mixtures 

For those engaged i n designing plants for processing syngas 
streams, consisting of mixtures of hydrogen, carbon monoxide, 
carbon dioxide, nitrogen and methane, there i s a constant need 
to c a l c u l a t e the enthalpies of mixtures of these gases with 
steam. These data are required i n the design of reactors, heat 
exchangers and separation equipment. Unfortunately, despite 
the prevalence of such systems i n design work, u n t i l very re
ce n t l y , there have been no experimental c a l o r i m e t r i c data with 
which to assess the v a l i d i t y of proposed design c o r r e l a t i o n s . 
With the increased i n t e r e s t i n substitute gas processes i n which 
enthalpies for mixtures containing as much as 50 percent water, 
at high pressures, are required, e f f o r t s to obtain experimental 
enthalpy data for these systems have been i n i t i a t e d , and several 
measurement programs are underway. 

Some data comparisons were made of several p r e d i c t i v e 
methods with steam mixture enthalpy data obtained by Professor 
Wormald (3). To provide a basis of comparison, Figure 6 il
l u s t r a t e s how three methods curren t l y i n vogue i n the thermo
dynamics world perform i n p r e d i c t i n g the enthalpy departures 
from i d e a l i t y of methane. The predictions of the Lee-Kesler 
equation-of-state seem to best r e p l i c a t e the data, with a maxi
mum error of 1.2 kJ/kg. 

A portion of the enthalpy-temperature diagram for steam i s 
presented i n Figure 7. Frequently, i n performing heat balance 
c a l c u l a t i o n s for syngas processing, i t i s necessary to develop 
enthalpies for steam i n mixtures at conditions that do not con
form to pure component conditions. Design engineers frequently 
develop t h e i r steam enthalpies from the pure component data by 
either using saturation values or by extrapolating i n t o the 
pure component dome region from the l i n e a r portion of the 
s u p e r c r i t i c a l isobars. Some advocates of t h i s l a t t e r procedure 
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IPC Science and Technology 

Figure 4. Predicted PPM NH3 in tower bottoms (( ) Wilson; ( ) Mason-
Kao; ( ) van Krevelen) (4) 
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Figure 5. Predicted PPM H2S in tower bottoms (( ) Wilson; ( ) Mason-
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Figure 6. Comparisons of predicted and experimental enthalpy departures for pure 
methane at 598 Κ 
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8 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

500 550 600 650 700 750 800 
TEMPERATURE/K 

Figure 7. Enthalpy diagram for steam 

Figure 8. Comparisons of predicted and experimental enthalpy departures for pure 
steam at 598 Κ 
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1. N E W M A N Conference Overview 9 

use enthalpy values at the p a r t i a l pressure of steam, others, 
at the t o t a l system pressure. In the enthalpy diagram, the 
temperature at which the only published steam mixture c a l o r i -
metric data were obtained i s indicated. The pressure range of 
the data spans from i d e a l gas to saturation pressure, about 
12,000 kPa. 

Figure 8 depicts how the three popular equation-of-state 
methods c i t e d previously perform on pure steam. From a theore
t i c a l viewpoint, none of the methods has the foundation to 
handle mixtures of polar/non-polar components. Although the 
agreement with experimental data i s not very s a t i s f a c t o r y for 
any of the methods, the Lee-Kesler equation-of-state does best. 
I t was also found that by s l i g h t l y adjusting the acentric factor of 
water, improvement i n the representation of the enthalpy of 
steam can be obtained by t h i s method at 598 K, the conditions 
of the experimental mixtur
w e l l . 

Figure 9 provides a comparison of the predictions of em
p i r i c a l methods with Wormald's data for a 50/50 mole percent 
mixture of steam and methane. As can be seen, the frequently 
used a r t i f i c e s of c a l c u l a t i n g mixture enthalpies by blending the 
pure component enthalpies at either t o t a l or p a r t i a l pressures 
are very inaccurate. Likewise, the assumption of i d e a l gas en
thalpy for the r e a l gas mixture, equivalent to a zero enthalpy 
departure on the diagram, i s an equally poor method. 

In Figure 10 are shown comparisons of the equation of state 
methods with the experimental data. The Lee-Kesler methods re
present the data the best. Again, i f the water acentric factor 
determined to best represent the pure steam enthalpy data i s 
applied to the mixtures, further improvement i s noted for the 
predictions by the Lee-Kesler method. Use of i n t e r a c t i o n con
stants within the Lee-Kesler, or other models, would undoubtedly 
provide even better representation of the data. 

Although comparisons for the steam-methane system have been 
presented, s i m i l a r trends were noted for the other binary sys
tems previously published by Wormald, namely mixtures of steam 
with nitrogen, carbon dioxide, n-hexane, and benzene. 

Professor Wormald, i n a paper presented at t h i s conference, 
has provided a d d i t i o n a l steam mixture enthalpy data and some 
c o r r e l a t i o n work he has done on the data using an association 
model. 
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Figure 9. Comparisons of predicted and experimental enthalpy departures for an 
equimolar steam-methane mixture at 598 Κ (equation-of-state methods) 
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2 
A Survey of Some Industrial Waste Treatment 
Processes 

W. T. ATKINS, W. H. SEWARD, and H. J. T A K A C H 

Mittelhauser Corporation, Downers Grove, IL 60515 

This paper was prepared to give a brief overview of some of 
the technologies used fo
the many areas of possibl
this paper focuses on sulfur control technologies due to the 
potentially major cost impact of these technologies on the indus
trial processes with which they are associated. The process 
areas covered are acid gas removal, sulfur recovery, sulfur 
dioxide removal, and wastewater treating. In the first three 
process areas, alternative process types are described and guide
lines for process selection are briefly reviewed. Because of the 
operating difficulties encountered with utility sulfur dioxide 
removal processes, information on industrial installation of 
these processes is given. For wastewater treating, a state-of
-the-art industrial wastewater treatment system is discussed along 
with some major items to consider in process selection. 

Acid Gas Removal 
Acid gas removal is the removal of sulfur compounds and CO2 

(acid gas) from process gas streams. The following sections 
describe available process alternatives, design options, and 
guidelines for selection among alternatives. 

Process A l t e r n a t i v e s . Acid gas removal processes have been 
extensively surveyed i n the published l i t e r a t u r e (1,8.,3) . 
Figure 1 shows how acid-gas-bearing process gases can be gener
a l l y treated i n i n d u s t r i a l processes. The s u l f u r compounds and 
CO2 may be absorbed i n a l i q u i d medium, such as amines, a l k a l i 
s a l t s (NaOH, K 2 C 0 3 ) , physical solvents (methanol, propylene 
carbonate), or water (3). The absorbed acid gases are released 
by reduction of pressure and/or by a p p l i c a t i o n of heat. A l t e r n a 
t i v e l y , the H 2 S and CO2 may chemically combine with the absorbent 
(as i n NaOH scrubbing) to form s a l t s which are removed i n a 
l i q u i d treatment u n i t . This requires continual and expensive 
makeup of sodium to the system. 

0-8412-0569-8/80/47-133-015$08.25/0 
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2. ATKINS E T A L . Industrial Waste Treatment Processes 17 

Released acid gases i n the same form as captured, i . e . , H 2S, 
COS, C0 2, etc. are converted i n the s u l f u r recovery u n i t to forms 
i n which they may be exported from the i n d u s t r i a l f a c i l i t y . 
Sulfur recovery i s discussed l a t e r i n the paper. Some l i q u i d 
absorption processes produce two separate acid gas streams (selec
t i v e AGR). One stream, containing the majority of s u l f u r com
pounds, i s sent to the s u l f u r recovery u n i t , while the other i s 
vented to atmosphere, environmental regulations permitting. 

Alkanolamines, generally referred to as amines, are organic 
compounds of the form Hn-N-(ROH) 3- n (3) '> t n e hydroxyl group 
generally provides for the compounds1 s o l u b i l i t y i n water, while 
the HN group provides the a l k a l i n i t y i n water solutions to cause 
the absorption of acid gases. Amine processes used commercially 
are shown i n Table I. These compounds are chemical solvents; 
they combine chemically with H 2S, C0 2, and other s u l f u r compounds. 
They are customarily regenerate

A l k a l i s a l t solution
potassium s a l t s . They, too, are chemical solvents, reacting with 
H2S and C0 2 as follows (e.g., f o r K 2C0 3): 

K 2C0 3 + C0 2 + H 20 + 2KHC03 

K 2C0 3 + H2S -> KHS + KHC03 

This s o l u t i o n i s regenerated by pressure letdown and steam s t r i p 
ping of the s o l u t i o n (2_) . 

The physical solvents shown i n Table I operate by d i s s o l v i n g 
the acid gases i n the absorbing medium at elevated pressures and 
low temperatures. Regeneration of the solvent i s p r i n c i p a l l y by 
reduction of pressure, although heating i s often necessary i n 
hig h - e f f i c i e n c y a p p l i c a t i o n s , where H2S i s to be removed to a few 
ppmv (3). 

Mixed solvents are combinations of physical and chemical 
solvents which increase the f l e x i b i l i t y of tr e a t i n g (1). The 
chemical solvent allows for treatment of lower-pressure streams 
while the physical solvent allows for bulk removal of the acid 
gas. 

Absorption-oxidation processes oxidize absorbed H2S d i r e c t l y 
to elemental s u l f u r i n s o l u t i o n (1). The p r i n c i p a l example i n 
current i n d u s t r i a l use i s the Str e t f o r d process (3)· The chemis
tr y of the process can be represented by the following i d e a l i z e d 
equations (ADA represents anthraquinone d i s u l f o n i c a c i d ) : 

Na 2C0 3 + H2S + NaHS + NaHC03 

4 NaV03 + 2 NaHS + H 20 + Na2Vi,09 + 2S + 4 NaOH 

Na 2Vi t0 9 + 2 NaOH + H 20 + 2 ADA + 4 NaV03 + 2 ADA (reduced) 

2 ADA (reduced) + 0 2 + 2 ADA + H 20 
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18 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Table I. Acid Gas Removal Processes 

Typical Ab-
Principal sorber Temp-
Absorbent^ Process Name erature, °F 
AMINE PROCESSES 

Monoethanolamine 

Diethanolamine 

Absorber 
Pressure, 

psi 

Atm-1000; 
not highly 
sensitive 
Atm-1000; 
not highly 
sensitive 

Components Removed 

Yes, down 
to 1 ppm 
level 
Yes, down 
to 4 ppm 

Organic Sulfur 

COS , CS 2 , some 
mercaptan 

COS, CS2 absorbed 
reversibly (some 
mercaptans) 

to ppm 
level 
Yes. down 
to jipm 
level 

Société National 
des Petrols 
d'Aquitaine 
SNPA-DEA 

Methyldiethanol- 80-12
amine 

Fluor Econamine 
diglycolamine 

ALKALI SALT PROCESSES 

K 2C0 3 

(activated) 

Hot Pot, Potassium 
Carbonate 

Benfield and 
HiPure 

Amb-280; 
nominally 
230 

500-1100; 
high acid-
gas pressure 

pressure 
sensitive 

Not highly 
sensitive 

Not highly 
sensitive 

Yes, down 
to 4 ppm 

Some COS removed 

to 4 ppmv 
(but not 
selectively) 
Yes, 
ppmv 

:10 

removed 

Partial removal 
of COS (some 
mercaptans) 

Yes, <4 COS, CS2 degrades 
ppmv solution 

Yes, to 4 
ppmv (CO2 
must be 
present 
a l s o ) 

Yes, to 4 
ppmv Ben-
f i e l d , <1 
ppm HiPure 

COS p a r t i a l l y 
h y d r o l y s e ' 4 

C02 + H 2 S 
a n d r e m o v e d 

Can remove 100% 
COS, 75% CS 2, 
70-80% mercaptans 

normally 
25-75% 
removal 
Yes. 
normally 
30-90% 
removal 
Yes, below 
that normally 
provided by 
MEA 

Yes, to 
1.52 -
single 
stage 
<0.8% -
two stage 
Yes, to 
500 ppmv 
Benfield, 
<50 ppm 
HiPure 

K2CO3 
(activated) 

Amb-280; 
nominal 
bulk temp 
230 

Nominally 
100-1000 

Yes, <4 
ppmv 

COS, CS2 Yes, 
<0.05% 

K 2C0 3 + As0 3 Giammarco 
Vetrocoke C0 2 

120-220 200-1000 Removed in 
Vetrocoke 
H2S process 

Minor amounts 
only 

Yes, to 
0.05% 

K+weak 
organic 
acid 
K+weak 
organic 
acid 

Alkazid DIK 

70-100 Atm-1000 

70-100 Atm-1000 

Caustic Scrub Ing 60-100 100-250 

Yes, to Unknown 
5 ppmv 

Yes, to No 
5 ppmv 
(but non
selective) 
Yes, to ? 
<1 ppm 
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2. ATKINS E T A L . Industrial Waste Treatment Processes 19 

H2S/CO2 

Selectivity 

Relative Solvent 
Cost and 

Process Complexity Commercial Status 

Not selective Low-cost solvent 
medium complexity 

Not selective Slightly higher 
solvent cost than 
than MEA but less 
complex 

Not selective High-pressure ab
sorption may require 
intermediate flashing 

Commercial - used on 2,3,5 
N.G. and refinery 
gases (excluding COS) 
Commercial - used on 1,2,3,5 
gases which contain COS 

Commercial - developed 1,2,3,5 
for high-pressure 
natural gas treatment 

Partially 
selective 

Muc
cost than MEA application to date 

Partially 
selective 

Much higher solvent 
cost than MEA 

Commercial - used for 
refinery gases which 
include COS 

Not selective Higher solvent 
cost than DIPA, as 
complex as MEA 

1,2,3,5 

Can be 
select ive 

Low-cost solvent; 
simple operation 
for bulk C0 2 

Commercial for CO2 

Selectivity 
increases 
complexity 
and/or 
residual 
impurities 
Selectivity 
increases 
complexity 
and/or 
residual 
impurities 
Designed for 
CO2 removal 
after H2S is 
removed 
Not selective 

Staged operation 
and cooling for 
high purity 

Staged operation 
and cooling for 
high purity 

Simple operation 

As complex as 
amine systems 

Commercial high acid-gas 1,2,3,4,5 
pressure; bulk removal 
favored 

Commercial high acid-gas 1,2,3,5 
pressure; bulk removal 
favored 

C o m m e r c i a l o v e r s e a s -
u s e d t o r e m o v e C02 a f t e r 
s e p a r a t e H 2 S r e m o v a l 

C o m m e r c i a l o v e r s e a s 

Less selective As complex as 
than K3PO1, amine systems 
(tripotassium 
phosphate) 
Can be 
selective 

Simple operation, 
very high solvent 
cost 

Commercial overseas 

Commercial - used for 
fuel cleanup 

2,5 
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20 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Table I. Continued 

Principal 
Absorbent Process Name 

Typical Ab
sorber Temp
erature, ° F 

Absorber 
Pressure, 

PHYSICAL SOLVENTS 
Lurgi Rectisol Down to -100, 

normally -40 

N-methyl Lurgi Purisol 
2-pyrrolidone 

to -70 

80-105 

dimethyle- All i e d Chemical 20-100 
ther poly- Selexol 
ethylene 
glycol 
propylene Fluor Solvent 20-8
carbonate 

H2S 
Components Removed 

to 0.02 
ppmv 

Yes, <4 
ppmv at
tainable 
Yes, <1 
ppmv 

Yes, COS <0.1 
ppmv 

Yes, but process 
not designed for 
such 
Yes, <1 ppmv 

" Z J Organic Sulfur 0 0 2 

to 1 ppmv, 
normally 
to 0.1% 
Yes, 
<0.1% 

Yes, 
normally 
to 1% 

MIXED SOLVENTS 
Sulfolane 
plus d i -
isopropanola-
mine 

Shell Sulfinol 

MEOH 
+ MEA 
or DEA 

Lurgi Amisol 

ABSORPTION-OXIDATION PROCESS 
Na2C03 + Stretford 
anthraquinone 
disulfonic 
acid and 
sodium meta 
vanadate 
Na 2C0 3 + Takahax 
plus naptho-
quinone 
sulfonic 
acid 
Na2C03 

As0 3 

Giammarco-
Vetrocoke H2S 

SOLID-BED PROCESSES 

Molecular 
Sieves 

Appleby-Frodinghai 
Hot Ferric Oxide 

Appleby-Frodingham 600-850 
Hot Ferric Oxide 

Appleby-Frodinghai 
Hot Ferric Oxide 

Atm-1000; 
higher 
pressures 
favored 

Higher 
pressures 
favored 
(440 psia 
operation 
reported) 

Normally 
low 

Yes, <4 
ppmv 

Yes, 0.1 
ppmv 

Yes, <10 
ppmv 

Atmospheric Yes 

Atmospheric Yes, <0.5 
ppmv 

COS, mercaptans, 
total sulfur 
<16 ppmv 

Yes, COS to 
0.1 ppmv 

Light mercaptan 
removed but COS/ 
CS2 not affected 

Yes, 98% 
removal by 
two stages, 
>99% in 
four stages 
Yes, to 
below 
measurement 
threshold 

Yes, 
50 ppmv 
possible 
normal 
0.3% 
Yes, 
below 
5 ppmv 
possible 

HCN-essen-
t i a l l y 
complete 
removal 

Yes Produced in 
sieves 

Activated 
Carbon 

Appleby-Frodingham <140 
Hot Ferric Oxide Yes Yes, in two-

stage unit 
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H2S/CO2 

S e l e c t i v i t y 

R e l a t i v e S o l v e n t 
C o s t a n d 

P r o c e s s C o m p l e x i t y C o m m e r c i a l S t a t u s 

C a n be s e l e c - Low s o l v e n t c o s t 
t i v e i n s t a g e d b u t e x t r e m e l y 
o p e r a t i o n c o m p l e x p r o c e s s 

M o r e s e l e c 
t i v e t h a n 
MeOH 

C a n be s e l e c 
t i v e , w i t h 
s t a g e s a n d 
r e c y c l e 

C a n be s e l e c 
t i v e ( m u l t i 
s t a g e ) 

S e l e c t i v i t y o r 
h i g h p u r i t y r e q u i r e 
h i g h c o m p l e x i t y 

H i g h s o l v e n t c o s t , 
m o d e r a t e c o m p l e x i t y 
f o r b u l k r e m o v a l 

F l a s
whe
r e m o v a

C o m m e r c i a l - o n 
c o a l a n d o i l 
g a s i f i c a t i o n 
p r o c e s s e s 

C o m m e r c i a l - h i g h 
a c i d - g a s p r e s s u r e , 
b u l k r e m o v a l f a v o r e d 

C o m m e r c i a l - d e 
s i g n e d f o r h i g h 
a c i d - g a s p r e s s u r e s , 
b u l k r e m o v a l 

b u l k r e m o v a l 

1,3,4,5 

1,2,3,4,5 

N o t v e r y 
s e l e c t i v e 

H i g h s o l v e n t c o s t , 
h i g h c o m p l e x i t y 

C o m m e r c i a l - h i g h 
a c i d - g a s p r e s s u r e 
f a v o r e d 

N o t o p e r a t e d Low s o l v e n t c o s t , 
s e l e c t i v e l y l e s s c o m p l e x thi.n 

R e c t i s o l 

C o m m e r c i a l - f o r 
g a s f r o m p a r t i a l 
o x i d a t i o n o f o i l 

C o m p l e t e l y 
s e l e c t i v e b u t 
CO2 d e c r e a s e s 
a b s o r b e r 
e f f i c i e n c y 

C o m m e r c i a l - d e 
s i g n e d f o r H?S 
r e m o v a l f r o m 

C o m m e r c i a l - d e 
s i g n e d f o r H2S 
r e m o v a l f r o m 
c o k e - o v e n g a s 

Commerc i a l 
o v e r s e a s 

C o m m e r c i a l i z e d f o r 
c o k e o v e n g a s 
( o b s o l e t e ) 

C a n b e 
s e l e c t i v e 

C o m m e r c i a l f o r d e h y 
d r a t i o n , H 2 S , C02 

r e m o v a l f r o m n a t u r a l 
g a s 

C o m m e r c i a l 
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Water i s often used as a medium for removing p a r t i c u l a t e s 
from process gas streams (3). In the process, s i g n i f i c a n t quanti
t i e s of CO2 and H 2 S may be removed p a r t i c u l a r l y i f NH3 i s present 
i n the process gas. Because water i s not generally used commer
c i a l l y f or the express purpose of acid gas removal, i t w i l l not 
be discussed further. 

L i q u i d membrane processes f o r removing H 2 S from process gases 
are p o t e n t i a l l y a t t r a c t i v e because they may require less energy 
than conventional techniques. Research i s now going on to develop 
these technologies, but they have not yet achieved commercial 
a p p l i c a t i o n . 

Molecular sieves are c r y s t a l l i n e metal aluminosilicates (1). 
Openings i n t h e i r c r y s t a l structure permit passage of many gas 
constituents while p r e f e r e n t i a l l y adsorbing large, polar, or 
unsaturated compounds. Acid gas compounds may be adsorbed by 
c e r t a i n types of molecula
the sieve i s regenerate
heated to release the H 2 S for downstream s u l f u r recovery. 

Iron oxide i s one of the oldest media used f o r H2S removal 
from process gas. I t s use i s l i m i t e d by the necessity of 
p e r i o d i c a l l y replacing the s o l i d adsorbent (3), as the adsorbent 
cannot be regenerated completely and gradually loses i t s e f f e c 
tiveness. Hot-gas p u r i f i c a t i o n processes using i r o n oxide include 
the Appleby-Frodingham Process and the METC Fixed-Bed Process (1). 
In these processes the i r o n oxide removes the H2S at elevated 
temperatures (700-1000°F) and i s also regenerated at these temp
eratures. None of these or other hot-gas p u r i f i c a t i o n processes 
i s commercial today. 

Activated carbon, used commercially to remove small quanti
t i e s of H2S from synthesis gas (3), i s useful as a follow-on unit 
to a bulk-removal process. Operation i s c y c l i c , with periodic 
regeneration of the carbon by steam or i n e r t gas. 

Process Selection. Table I presents general performance 
data to guide process s e l e c t i o n of acid gas removal f a c i l i t i e s . 
Several surveys have recently appeared i n the l i t e r a t u r e (4,5). 
The information i n Table I and these surveys should be used only 
as a rough screening t o o l f o r very preliminary studies. S p e c i f i c 
applications should be discussed with the l i c e n s o r s or builders 
of such systems. 

The s e l e c t i o n of an AGR removal process should be guided by 
the following guidelines: 

Solvent type should be compatible with the processing 
pressure, s e l e c t i v i t y desired, and p o t e n t i a l contaminants (organic 
s u l f u r , NH3, HCN, hydrocarbons) expected i n the feed gas. 

S e l e c t i v i t y - solvents generally have d i f f e r e n t a f f i n i t i e s 
for H 2 S and C O 2 . Some processes can remove e s s e n t i a l l y a l l of the 
H2S and many of the other s u l f u r compounds while leaving most of 
the CO2 i n the treated gas, p o t e n t i a l l y reducing the cost of the 
downstream s u l f u r recovery f a c i l i t i e s (40 . However, such 
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2. ATKINS E T A L . Industrial Waste Treatment Processes 23 

s e l e c t i v e removal processes may be more co s t l y than nonselective 
processes. In petroleum r e f i n e r i e s , the CO2 content of the gases 
to be treated i s usually low enough that nonselective amines may 
be used without unduly d i l u t i n g the Claus plant feed with C O 2 ; 
t h i s approach would not work i n a high-BTU coal g a s i f i c a t i o n plant 
where the r a t i o of CO2 to H 2 S i s much higher. 

Extent of removal required by downstream processing w i l l also 
d i c t a t e the choice of process. Complete removal of H 2 S to prevent 
poisoning of downstream c a t a l y s t s may require both a l i q u i d 
absorption step and a solid-bed trace s u l f u r removal step, such 
as zinc oxide. 

Processing pressure - generally, the carrying capacity of 
physical solvents increases with absorption pressure much more 
ra p i d l y than that of chemical solvents (4). Therefore, AGR at 
high-pressures may make physical solvents look a t t r a c t i v e , while 
low-pressure operation favor

Economics i s the dominan
i n d u s t r i a l users. In weighing these economics, c a p i t a l i n v e s t 
ments for a l t e r n a t i v e processes must be obtained on a consistent 
basis, and operating costs must be calculated using r e a l i s t i c u nit 
costs for such items as e l e c t r i c i t y and process steam. Perhaps 
most importantly, the p o t e n t i a l markets f o r the ultimate products 
from the plant must be accurately assessed. 

Commercial status i s another major c r i t e r i o n . Industry 
generally tends to be suspicious of processes which have not been 
proved i n commercial a p p l i c a t i o n . Therefore, processes with 
multiple i n s t a l l a t i o n s i n the same service as the currently pro
posed a p p l i c a t i o n , of the same scale or l a r g e r , w i l l generally be 
preferred, even i f at a somewhat higher projected cost, than 
processes which do not meet these c r i t e r i a . 

Sulfur Recovery 

Sulfur recovery processes convert acid gases containing H 2 S 
and other s u l f u r compounds to elemental s u l f u r and s u l f u r i c acicl. 
Table I I i s a summary of many of the a v a i l a b l e s u l f u r recovery 
processes. 

Process A l t e r n a t i v e s . Process a l t e r n a t i v e s for s u l f u r 
recovery are shown schematically i n Figure 2. The choice of 
either elemental s u l f u r or s u l f u r i c acid w i l l depend on economics 
and markets related to each plant l o c a t i o n . Elemental s u l f u r may 
be produced by gas-phase oxidation (the Claus process) or l i q u i d -
phase oxidation (e.g., the S t r e t f o r d process). S t r e t f o r d units 
were described i n Section 1 and are w e l l discussed i n the l i t e r a 
ture (.1 j.2 ,j>) · Claus s u l f u r recovery e f f i c i e n c y i s usually l e s s 
than required by current a i r emission standards. Therefore, some 
form of t a i l - g a s t r e a t i n g i s required. S u l f u r i c acid may be pro
duced by the well-known contact process (6). This process i s 
licensed by a number of firms, each of which has i t s own 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Table II. Sulfur Recovery Processes 

Claus 
Process 

U.S. Licensors 
Required Feed 
Sulfur Content 

Parsons, Shell, Amoco Normally 15-20% H2S 
Production Co., through or more, with product 
i t s licensees such as sulfur-burning, can 
Ford, Bacon & Davis, handle H2S contents 
Ortloff, Olsen, and down to 5% 
many others 

Process Performance 
92-97% removal with 
3 catalytic stages. 
COS CS 2 not converted 
without provisions in 
design 

Tail-Gas Treating Processes 
Low-Efficiency Processes 
Sulfreen American Lurgi 

SNPA/Haldor- Haldor-Topsoe 
Topsoe 

Claus t a i l gas. Sulfur 
compounds 1-3% 

Claus t a i l gas 

Raises overall sulfur re
covery to 99%. 2000-3000 
ppmv sulfur in treated 
gas. No C0S/CS2 conversion 
About 500 ppmv sulfur in 
tre.ied gas. A l l culfur 
cor.; ounds are bundled 

Cold-Bed 
Adsorption 

Amoco Productio
Company 

Claus t a i l gas or 
other H 2S-containing 
feeds, up to 20% 

covery to 99-99.3%, <1500 
ppmv sulfur in treated 
gas. No C0S/CS2 conversion 
<1500 ppmv sulfur in 
treated gas. No C0S/CS2 

conversion 

Beavon Parsons H2S content of <5% Up to 99% overall sulfur 
Mark II or Claus t a i l gas recovery. Some COS and 

CS 2 conversion 

High-Efficiency Processes 
Beavon Parsons 
Mark I 

Claus t a i l gas 99.8% overall sulfur re
covery, <300 ppmv sulfur 
compounds in treated gas, 
generally <10 ppmv H2S. 
Some C0S/CS2 conversion 

Shell Development Co. Claus t a i l gas 99.8% overall sulfur re
covery i f C0S/CS2 content 
is not excessive. <300 
ppmv sulfur compounds in 
treated gas. H2S is 
about 150-200 ppmv 

Trentham Corp. Claus t a i l gas Same as SCOT 

Wellman-
Lord 

Davy Powergas Claus t a i l gas <200 ppmv sulfur compounds 
in treated gas. A l l sulfur 
compounds are handled 

Contact 
Sulfuric 
Acid 
Process 

Monsanto, Parsons, 
Davy Powergas, 
others 

Can accept elemental 
sulfur, or H2S and 
SO2-bearing streams 
down to about 5% 
sulfur content 

A double contact/double 
absorption plant can re
cover up to 99.8% of the 
sulfur fed to i t . A l l 
sulfur compounds handled 
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Sulfur Removal 
Mechanism 

Claus reaction: 
2H2S+SO2-KJS+2H2O 
one thermal stage, 
multiple catalytic 
stages. Several com
mercial catalysts are 
available 

Commercial Status 
Fully commercial in 
natural gas and re
finery applications. 
Feed impurities in 
gases from synfuel 
plants can create 
problems 

Extended Claus reaction 11 commercial units 
below sulfur dewpoint now operating 
over alumina catalyst 

3,9,10 

Independent conversion 
by catalytic oxidation 
of sulfur compounds to 
SOa, followed by absorp 
t ion to producH„S0); 

1 commercial unit at 
Lacq, France 

ul far dewpoint East Crossfield, 
ajs catalyst at Alberta, Canada 

Extended 
below 
o v e r C 
2GCeF 
Extended Claus reaction Over 20 commercial 
in liquid phase, with units now in operation 
po' -ethylene glycol as 
1 ' .".id carrier for 
c·.*: lyst 
I n d e p e n d e n t catalytic 
c o n v e r s i o n of sulfur 
co... ounds to H2S, f o l 
ic-. •-. 1 by s u c c e s s i v e 
o> ation and Claus 
reaction o v e r proprie-
t. .-·;> -ΊΓοΟΠο/Union O i l 
c t. : vf»t 

1 commercial unit 
operating in Germany 
on Claus t a i l gas 

I. : vendent catalytic 19 commercial units 3,8,10,13 
c... version of sulfur now operating or under 
C 1 - ounds to H2S, f o l - construction 
lc-jel by direct oxidation 
o r ,S to sulfur in 
Stretford unit 
Recelé process with Several commercial 
c c - . . l y t i c conversion of units now in operation 
sui.:ur compounds to H2S 
followed by absorption 
v i i ) di-isopropanol amine. 
H2^ and CO2 from amine 
re;,-- ierator recycled to 
Cl^-is plant 
Sa.e as SCOT, except 1 commercial unit has 
amine used i s MDEA been constructed; 99.8% 

recovery not yet demon
strated 

Recycle process with 18 commercial i n s t a l - 8,10,12 
oxidation of a l l sulfur lations on boiler flue 
speciec to S0 2, f o l - gas; 7 on Claus t a i l 
lowed l y absorption in gas 
sodium s u l f i t e solution. 
Evaporation of solution 
releases Su 2 which i s 
recycled to Claus plant. 
Up to 10% of entering 
sulfur may be purged as 
sulfate solution 

Thermal oxidation of 
sulfur compounds to 
S0 2, followed by 
catalytic oxidation 
to SOs. Absorption of 
SO 3 by concentrated 
sulfuric acid creates 
net preduct acid 

3,8,10 

Many commercial units 6,14,15 
in operation on sulfur 
feed, or smelter gases 
containing S0 2. Process 
not yet commercially 
demonstrated for 5% 
H2S feed 
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v a r i a t i o n s on the basic process. The remaining paragraphs 
describe some of the currently a v a i l a b l e s u l f u r recovery 
processes. 

The main processing steps i n the Claus process are thermal 
conversion, s u l f u r condensation, reheat, and c a t a l y t i c conversion. 
In the thermal conversion step, one-third of the feed H2S i s 
oxidized by a i r : 

3 
H2S + — 0 2 + S0 2 + H 20 (exothermic) 

The desired reaction temperature i s i n the 2000-2400° range. 
At t h i s temperature, the d i r e c t formation of s u l f u r vapor occurs: 

3 
2H2S + S0 2 + γ S  (vapor) + 2H 0 (endothermic)

This thermal conversio  generally
t o t a l reactant s u l f u r , being lower f o r feeds more d i l u t e i n H2S. 
Many other side reactions occur, as discussed i n the l i t e r a t u r e . 

The s u l f u r vapor produced i n the thermal conversion step i s 
p a r t i a l l y condensed at about 350°F by r a i s i n g steam. Af t e r con
densation of l i q u i d s u l f u r , the vapor i s reheated to approxi
mately 400-450°F (7) before entering the c a t a l y t i c reactors. 
There are several methods of reheating the vapor, including hot 
gas exchange, i n - l i n e burners, hot gas bypass, or i n d i r e c t steam 
reheat. Each has advantages and disadvantages; generally i n d i r e c t 
steam reheat i s most expensive but y i e l d s higher recoveries. 

The reheated vapor i s passed through a f i x e d bed of c a t a l y s t 
where the Claus reaction takes place: 

3 
2H2S + S0 2 + ± S + 2H20 (exothermic) 

Α. X 
After each c a t a l y t i c conversion, the condensation/reheat/ 

conversion sequence i s repeated. The number of cycles i s dictated 
by the tradeoff between desired recovery and economics. Usually, 
a fourth c a t a l y t i c stage i s not j u s t i f i e d . 

T a i l gas cleanup i s required because a well-designed Claus 
plant with three c a t a l y t i c stages and fresh c a t a l y s t w i l l recover 
only 95-97% of i t s feed s u l f u r (8), which i s not generally suf
f i c i e n t to meet current emission standards. In addi t i o n , feed 
impurities and c a t a l y s t aging w i l l reduce o v e r a l l recovery i n some 
plants to about 92% j u s t before c a t a l y s t changeout. Therefore, 
t a i l - g a s cleanup i s required. Tail-gas tre a t i n g processes are 
generally c l a s s i f i e d as follows: 

1. Extensions of the Claus reaction 
2. Recycle processes 
3. Independent conversion 
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Extended Claus processes maintain the 2:1 r a t i o of HS to S0 2 

i n the t a i l gas. The reaction i s extended at low temperatures, 
below the dewpoint of s u l f u r . Some processes of t h i s type are the 
Sulfreen, IFP Clauspol, and CBA processes (9). 

Recycle processes convert the s u l f u r species i n the t a i l gas 
to a s i n g l e compound which i s captured, concentrated, and returned 
to the Claus plant. Examples are the SCOT (10), Trencor (11), and 
Wellman-Lord (8,12) processes. The f i r s t two recover and recycle 
H2S while the Wellman-Lord process recovers and recycles S0 2. 

Independent conversion processes may not employ the Claus 
reaction for s u l f u r production and do not recycle the captured 
s u l f u r compounds to the Claus plant. Examples are the Beavon 
Mark I Process (Hydrogénation + Stretford) (13), the Beavon Mark 
I I Process (Hydrogénation + Claus) (13), and the SNPA/Haldor-
Topsoe Process ( C a t a l y t i c Oxidation to H2SOO (9,10) . 

S u l f u r i c acid productio
ture of elemental s u l f u
the product acid can be found, s u l f u r i c acid may be economically 
a t t r a c t i v e r e l a t i v e to elemental s u l f u r (14,15). 

The feed stream containing H2S i s incinerated with a i r to 
oxidize a l l s u l f u r compounds to S0 2. The heat of combustion i s 
p a r t i a l l y recovered by r a i d i n g medium-pressure steam (400-600 
psig) i n a waste heat b o i l e r . The gas i s washed and demisted, 
then dried with concentrated H2S0i+. The gas i s then compressed, 
preheated, and enters a fixed-bed c a t a l y t i c reactor. In the 
reactor S0 2 i s converted to S0 3: 

l v 2 o 5 

so 2 + - o 2 = = so 3 

In successive steps, the reactor o u t l e t gas i s cooled, enters the 
next c a t a l y t i c stage, i s again cooled, and flows through an 
absorber where the SO3 i s absorbed by concentrated H2S0i+. The 
absorber overhead i s reheated and goes through another 2-stage 
reaction sequence to f i n a l absorption. The absorbed S0 3 i s 
d i l u t e d with water to make product strength acid (usually 93 or 
98% by weight) which i s then exported. 

Generally, one of two main types of mist eliminator i s used 
for removal of S0 3 and acid mist (6). The Brink "HV" type, or 
equivalent i s used to remove p a r t i c l e s of three microns and 
larger i n s i z e , while for removal of f i n e r p a r t i c l e s , the Brink 
"HE" type, or equal, i s used. 

Process Selection. Rough guidelines for s u l f u r recovery 
process s e l e c t i o n are given i n Table I I I . These guidelines are 
intended only as a rough screening t o o l for preliminary studies. 
Indi v i d u a l process l i c e n s o r s may be able to " t a i l o r " these pro
cesses to applications outside the range of these guidelines. 

Process s e l e c t i o n should be made through a " s u l f u r -
management" approach. Sulfur management i s the determination of 
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Table III. Guidelines for Selection—Sulfur Recovery Processes 

H2S Content i n Acid Gas, Vol % 
>60% 25-60 10-25 5-10 <5 

Claus Process 
Straight-through χ 
S p l i t - f l o w χ x 
Preconcentration x 
Preheat χ 
Sulfur burning x 

Stretfo r d χ x 
T a i l Gas Processes 
Extended Claus Processes χ χ χ χ χ 
Recycle Processes χ χ χ χ χ 
Independent Conversion 

Processes χ
Su l f u r i c Acid χ
Integrated Processing χ χ χ χ χ 

sul f u r processing steps i n an i n d u s t r i a l plant, such that a l l 
plant product and eff l u e n t streams are environmentally and 
economically acceptable (18). Such an approach involves many 
sequential decisions, and development of a decision-tree w i l l a i d 
i n making these decisions. The decision-tree approach i d e n t i f i e s 
major studies which must be performed to provide input for the 
process decisions, and provides for the proper sequencing of 
these studies (17). 

The s e l e c t i o n of a su l f u r recovery process should mainly be 
guided by economics and commercial status. Here are some other 
possible guidelines: 

Claus Processing of Low-H2S Gases - I f the H2S content of 
the acid gas i s below about 60%, either s p l i t - f l o w , preheat, 
preconcentration or su l f u r burning must be used for Claus proces
sing. In a t y p i c a l s p l i t - f l o w Claus plant (16), two-thirds of 
the feed i s bypassed around the reaction furnace while the re
maining one-third i s burned with nearly stoichiometric a i r , thus 
r a i s i n g the flame temperature. This method can be used i n con
junction with preheat to treat acid gases of down to about 10 
volume percent H2S. A l t e r n a t i v e l y , the flame temperature i n the 
furnace may be increased by preheat (7,16) of either the acid gas 
or the a i r to the furnace or both. Either steam or i n d i r e c t f u e l 
f i r i n g i s often used. Preconcentration of the H2S through 
scrubbing with a s e l e c t i v e amine could be used to permit use of 
a straight-through Claus plant instead of a s p l i t - f l o w process, 
with possible r e j e c t i o n of hydrocarbons and impurities picked up 
by a physical solvent process i n the acid-gas removal step, an 
added benefit. With H2S contents of between 5 and 10% i n the 
acid gas, s u l f u r burning has been used (7,16). Some of the 
product s u l f u r i s recycled and burned i n the reaction furnace, 
r a i s i n g the flame temperature to desired l e v e l s . Another option 
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i s a v a i l a b l e i n plants having an oxygen plant (7). Pure oxygen 
can be used instead of a i r for the combustion step, avoiding 
d i l u t i o n of the combustion products with nitrogen. 

Impure Feeds - Impure feeds cause Claus and Stretford plant 
problems (3,16). The most troublesome impurities are NH3, HCN, 
and hydrocarbons. These can cause c a t a l y s t f o u l i n g , plugging, 
chemical losses, and unstable operations. Remedies include 
c a t a l y t i c conversion of i m p u r i t i e s , use of s p e c i a l burners (16), 
and the use of d i f f e r e n t AGR processes to reduce the amounts of 
these compounds i n acid gases. 

T a i l Gas Cleanup Process E f f i c i e n c y - Required process 
e f f i c i e n c y depends on applicable emission regulations. Low-
e f f i c i e n c y processes r e s u l t i n up to 99.0-99.5% o v e r a l l s u l f u r 
recovery when combined with the Claus plant and include the 
Sulfreen, SNPA/Haldor-Topsoe, CBA, IFP, and Beavon Mark I I 
processes. High-efficienc
achieve o v e r a l l s u l f u r recoverie
conditions. These include the Beavon Mark I, SCOT, Trencor, and 
Wellman-Lord processes. 

S u l f u r i c Acid Options - To meet current standards, s u l f u r i c 
acid plants must generally be designed as double-contact, double-
absorption plants (6), or they must use a t a i l - g a s scrubbing 
step to generate an alternate product, e.g., ammonium s u l f a t e . 
Firm markets for a l t e r n a t i v e products should be c a r e f u l l y i n v e s t i 
gated and established before a commitment i s made to implement 
such an a l t e r n a t i v e . 

Integrated Processing - In a large i n d u s t r i a l complex, a 
number of separate s u l f u r removal and conversion a c t i v i t i e s w i l l 
be performed. These w i l l include acid-gas removal, flue-gas 
cleanup, sourwater s t r i p p i n g , and s u l f u r recovery. I t may be 
economically a t t r a c t i v e to integrate two or more of these proces
sing a c t i v i t i e s . For example, i n t e g r a t i o n of f l u e gas cleanup 
with s u l f u r recovery involves combining the t r e a t i n g of S O 2 -
containing b o i l e r f l u e gas and H 2 S-containing acid gas i n a si n g l e 
u n i t . This concept has been applied to r e f i n e r y processing, and 
coal g a s i f i c a t i o n systems as w e l l (17). The o v e r a l l performance 
of an integrated system should be excellent. The treated f l u e 
gas should contain no more than 150-200 ppmv of s u l f u r , while the 
o v e r a l l recovery of SO2 and H2S i n the s u l f u r recovery or acid 
plant should be about 99.7%. 

Sulfur Dioxide Removal 

Sulfur dioxide removal processes can be used to treat f l u e 
gas from i n d u s t r i a l b o i l e r s , heaters, or other process gases 
where s u l f u r compounds are oxidized. These processes have gener
a l l y been proven i n u t i l i t y a p p l i c a t i o n s . More recently, several 
i n d u s t r i a l SO2 removal i n s t a l l a t i o n s have been completed. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



2. ATKINS E T A L . Industrial Waste Treatment Processes 31 

Process A l t e r n a t i v e s . Sulfur dioxide removal processes can 
be categorized as throwaway or recovery. Throwaway processes 
produce a l i q u i d or s o l i d waste that requires di s p o s a l . Recovery 
processes convert the s u l f u r dioxide to elemental s u l f u r or 
s u l f u r i c acid. Throwaway processes have been used i n most u t i l i t y 
a p p l i c a t i o n s , but there could be greater incentives f or using the 
recovery processes i n industry. 

Throwaway processes generally remove s u l f u r dioxide by 
absorption i n t o a lime or limestone s l u r r y or a clear s o l u t i o n . 
Figures 3-5 show general diagrams f o r these processes (22,23,24, 
25). 

The lime and limestone processes, as indicated i n Figure 3, 
produce a sludge consisting mainly of calcium s u l f i t e and calcium 
s u l f a t e by the following reactions (limestone): 

S0 2 + CaC03 +

S0 2 + CaC03 + 2 H 20 + γ 0 2 + CaS(V2H 20 + C0 2 

The poor physical and s t r u c t u r a l properties of t h i s sludge 
make u t i l i z a t i o n i m p r a c t i c a l and disposal c o s t l y (26). 

Clear s o l u t i o n processes used are either once through or 
regeneration (double a l k a l i ) . Once-through processes, as shown 
i n Figure 4, generally use caustic or soda ash i n the following 
reactions. Ammonia could also be used under s p e c i a l circum
stances where there i s a ready market for ammonium s u l f a t e . 

NaOH + SO 2 -> NaHS03 

NaOH + S0 2 + ~ 0 2 Na^Oi* + H 20 

Na 2C0 3 + S0 2 + Na 2S0 3 + C0 2 

Na 2S0 3 + -j 0 2 + Na 2S0i + 

Sometimes the s o l u t i o n used i s spent byproducts, l i k e 
c a u s t i c , from nearby process u n i t s . Generally, the absorbent i s 
purchased and the s o l u t i o n i s made up on s i t e . Once-through 
processes are used when there i s a large process wastewater 
stream a v a i l a b l e to d i l u t e the dissolved s o l i d s concentration 
to an acceptable l e v e l . 

Regenerable processes, as shown i n Figure 5, u t i l i z e s o l u 
tions of sodium s u l f i t e or d i l u t e s u l f u r i c acid (Chiyoda Process) 
to absorb the s u l f u r dioxide by the following reactions: 

Na 2S0 3 + S0 2 + H 20 -> 2NaHS03 
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TO STACK 

M.30°F 

SOLIDS TO 
. DISPOSAL 

Figure 3. Lime/limestone process 

WASH WATER 

ABSORBENT LIQUOR 

HOLDING TANK 

SPENT LIQUOR 

Figure 4. Clear solution once-through process 
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H20 + S0 2 -> H2SO3 

H2SO3 + | θ 2 H 2 S 0 , , 

The spent s o l u t i o n i s regenerated by mixing i t with lime or 
limestone where the following reactions occur: 

NaHS03 + Ca(OH) 2 + Na 2S0 3 + CaS03-|- H 20 + -| H 20 

Na 2S0 3 + Ca(OH) 2 + \ H 20 + 2NaOH + 2CaS0 3-| H 20 

H2S04 + CaC03 -> CaSOi, + H 20 + C0 2 

The calcium s u l f i t
from the so l u t i o n . Th  regenerate
absorber. The s o l i d s are concentrated to around 70%. Because 
these s o l i d s are not a mixture of the s u l f i t e and s u l f a t e , t h e i r 
properties are f a r superior to lime or limestone process sludge 
(unless oxidation i s used) and disposal should be easier. 

Recovery processes generally involve one of the following 
three concepts: 

ο Solution absorption followed by release of the absorbed 
SO2 (by heat). An example i s the Wellman-Lord process 
shown i n Figure 6. The concentrated SO2 stream i s 
sent to a separate unit for conversion to s u l f u r i c 
acid or elemental s u l f u r . 

ο Solution absorption followed by conversion i n s o l u t i o n 
to elemental s u l f u r , as i n the C i t r a t e process shown 
i n Figure 7. 

ο Reaction with a s o l i d acceptor followed by regeneration 
to produce a concentrated stream of S O 2 . This i s done 
i n the UOP/SFGD process shown i n Figure 8. Here the 
regeneration step i s done chemically using a hydrogen-
containing reducing gas. The concentrated SO2 stream 
can be sent to a separate unit for conversion in t o 
s u l f u r i c acid or elemental s u l f u r . 

I f s u l f u r i c acid i s produced, the S0 2 containing gas does 
not require f u e l gas or reducing gas, except for providing process 
heat. I f elemental s u l f u r i s to be produced, i t i s generally done 
by the Claus reaction previously discussed. In that case, two-
third s of the S0 2 i s c a t a l y t i c a l l y hydrogenated to S0 2: 

S0 2 + 3H 2 + H2S + 2H20 

Hydrogen s u l f i d e could be produced by reacting steam, 
methane, and elemental s u l f u r . 
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The generation of the required reducing gas i s very expensive 
because natural gas or low s u l f u r o i l are used. Both of these 
f u e l s are i n short supply and do not o f f e r long-term solutions to 
the problem. However, i n c e r t a i n i n d u s t r i a l processes, l i k e 
petroleum r e f i n e r i e s , a reducing gas could be r e a d i l y a v a i l a b l e . 
Also, i f a Claus s u l f u r recovery plant existed on-site, the con
centrated S0 2 stream could be sent to the Claus plant where i t 
would mix with the H 2 S containing gas streams. F i n a l adjustment 
of the H2S:S02 r a t i o would be necessary. If the o v e r a l l s u l f u r 
balance were favorable, the need f o r a reducing gas could be 
avoided. Either of these options could make the use of a 
recovery process economically a t t r a c t i v e for i n d u s t r i a l 
a p p l i c a t i o n s . 

Process Selection. The following guidelines are appropriate 
to the s e l e c t i o n of an

Absorbent a v a i l a b i l i t
process costs. Most spent a l k a l i streams could be used depending 
on the other impurities present. Corrosion or p r e c i p i t a t i o n 
tests should be considered f o r these cases. Any other r e a d i l y 
a v a i l a b l e a l k a l i , l i k e sodium carbonate or sodium hychloride, 
should be considered. Slurry solutions of lime or limestone 
should be avoided because of past operating problems. 

Land a v a i l a b i l i t y could d i c t a t e the choice between throw
away and recovery processes. A considerable quantity of land i s 
required for disposal of waste s o l i d s . 

Other process wastewater streams would provide the needed 
d i l u t i o n for a once-through clear s o l u t i o n process. The t o t a l 
dissolved s o l i d s content of the combined waste should be deter
mined to ensure that a l l discharge requirements can be met. 

The a v a i l a b i l i t y of a reducing gas (or l i g h t hydrocarbons 
for i t s production) could make the recovery processes that produce 
elemental s u l f u r economically a t t r a c t i v e . The impacts of u t i l i 
zing t h i s gas on the o v e r a l l plant energy balance should be con
sidered i n the economic evaluation. 

The presence of other s u l f u r recovery f a c i l i t i e s that could 
be integrated with the SO2 removal pro'cess should be considered. 
I f there i s an e x i s t i n g Claus process nearby, the SO2 r i c h gas 
could be combined with the H2S feed. I f the r a t i o of H 2 S to SO2 
i s about 2:1, a minor adjustment could be made and the gas sent 
to the c a t a l y t i c reactor. 

The reheat of the clean f l u e gas can consume a s i g n i f i c a n t 
quantity of energy. This energy must be supplied by steam or a 
low s u l f u r f u e l (28). The wet scrubbing processes cool the f l u e 
gas to around 120°F when treat i n g i t . However, some processes 
l i k e the UOP/SFGD can remove the S0 2 at elevated temperatures. 
These processes not only save reheat energy, but allow for 
a d d i t i o n a l cooling below the dewpoint without fear of s u l f u r i c 
acid corrosion. 
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Process I n s t a l l a t i o n s . Because of past operating problems 
with u t i l i t y S0 2 removal processes, information on the type and 
number of i n d u s t r i a l S0 2 removal process i n s t a l l a t i o n s i s of 
in t e r e s t here. As of A p r i l 1979, 36 i n d u s t r i a l S0 2 removal 
processes were i n operation and an a d d i t i o n a l 21 i n s t a l l a t i o n s 
were i n some stage of planning, design, or construction. These 
57 i n s t a l l a t i o n s represent a t o t a l of around 8.5 m i l l i o n SCFM 
capacity with 163 systems operating on 305 d i f f e r e n t b o i l e r s . 
Table IV summarizes the parameters of i n t e r e s t f o r the operating 
S0 2 removal processes (23). 

Where most u t i l i t y i n s t a l l a t i o n s are the lime or limestone 
processes, i t can be seen from Table IV that a very small 
percentage of i n d u s t r i a l i n s t a l l a t i o n s are of t h i s type. Most 
of these i n s t a l l a t i o n s are the once-through sodium carbonate, 
sodium hydroxide, and double a l k a l i processes  Where the u t i l i t y 
i n s t a l l a t i o n s have bee
and f o u l i n g problems, th
performed much better. A number of systems showed a process 
r e l i a b i l i t y of greater than 85%. 

Wastewater Treatment 

The successful design of an i n d u s t r i a l wastewater treatment 
system i s a complex decision and often integrated in t o s i t e and 
process s p e c i f i c considerations. The quantity of wastewater can 
be established from an o v e r a l l water balance. The q u a l i t y i s 
determined from the process design. The wastewater treatment 
unit operations w i l l vary as a function of discharge requirements, 
reuse considerations, and economic reviews. 

Typical Processing Steps. The range of treatment processes 
i s also quite v a r i a b l e . A generalized flowsheet of the unit 
operations that represents the state-of-the-art i n the treatment 
of i n d u s t r i a l wastewater from the petroleum/petrochemical industry 
i s shown i n Figure 9 (29,32). The u n i t operations included i n 
t h i s system are as follows: 

ο Immiscible Liquids and Solids Separation (33,35) 
ο Wastewater Stripping (32,29) 
ο Equalization and N e u t r a l i z a t i o n (29,35) 
ο B i o l o g i c a l Treatment (29,30,35) 
ο Powdered Activated Carbon Treatment (29,31,33,34) 
The separation of immiscible l i q u i d s and s o l i d s i s performed 

by gr a v i t y separation i n API Separators (or equivalent) or even 
the wastewater st r i p p e r feed drum. The purpose i s to remove as 
much of the nondissolved organics from the wastewater as possible 
p r i o r to b i o l o g i c a l treatment. Settleable s o l i d s are also 
removed by a i r f l o t a t i o n a f t e r s t r i p p i n g to further reduce the 
load on the b i o l o g i c a l treatment u n i t . 

The wastewater i s stripped to remove dissolved gases, l i k e 
H 2S, NH3, and C0 2. Over 90% of the H2S and NH3 present must be 
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Table IV. Sulfur Dioxide Process Installations 

Ammonia 
Scrubbing 

Caustic 
Scrubbing 

Caustic 
Waste 
Stream 

Citrate 
Process 

Double 
Al k a l i 

Double 
Alka l i 

Inland Container Corp. 
New Johnsville, TN 
Minn-Dak Farmer's Co-op 
Wahpeton, N.D. 

Nekaasa Papers, Inc. 
Ashdown, AR 

Canton Textiles 
Canton, GA 
Georgia-Pacific Paper Co. 
Crossett, AR 
Great Southern Paper Co. 
Cedar Springs, GA 

St. Joe Zinc Co. 
Monaca, PA 

C.A.M.(Carbide-Amoco-
Monsant
Houston

Dupont,
Athens, GA 

Process Vendor 

Neptune Airpol, Inc. 

Koch Engineering 

Neptune Airpol, Inc. 

FMC Environmental 
Equipment 

Neptune Airpol,Inc. 

Neptune Airpol, Inc. 

Bureau of Mines 

Not yet selected 

Fuel Type/ 
w %/Sulfur 

Wood/Spent Liquor 
<3.0% Sulfur 
Lignite 
1.% Sulfur 

Coal 

1%-1.5% Sulfur 

Coal 
0.8% Sulfur 
Bark/Coal/Oil 
1.5%-2.0% Sulfur 
Bark/Coal/Oil 
1.0%-2.0% Sulfur 

Coal 

2.5%-4.5% Sulfur 

1.5% Sulfur 

Double 
Alkali 
(Concen
trated) 

Arco/Polymers, Inc. 
Monaca, PA 

Caterpillar Tractor Co. 
E. Peoria, IL 

Caterpillar Tractor Co. 
Mapleton, IL 

Caterpillar Tractor Co. 
Massville, IL 

FMC Environmental 
Equipment 

FMC Environmental 
Equipment 

FMC Environmental 
Equipment 

FMC Environmental 
Equ ipment 

Coal 
3.0% Sulfur 

Coal 
3.2% Sulfur 

Coal 
3.2% Sulfur 

Coal 
3.2% Sulfur 

Firestone l i r e & Rubber 
Pottstown, PA 

Gressom AFB 
Bunder " i l l , IN 

FMC Lnviroriental 
Equipment 

Neptune Airpol, Inc. 

C o a l 
2.5-3.0% Sulfur 

Coal 
3.0%-3.5Z Sulfur 

Double 
Alkali 
(Dilute) 

Dry Lime 
Scrubbing 

Santa Fe Energy Corp. 
Bakersfield, CA 

Caterpillar Tractor Co. 
J o l i e t , IL 
Caterpillar Tractor Co. 
Morton, IL 
General Motors Corp. 
Parma, OH 

Celanese Corp. 
Cumberland, MD 
Stratmore Paper Co. 
Waronoco, MA 

FMC Environmental 
Equipment 

Zurn Industries 

Zurn Industries 

G.M. Environmental 

Wheelabator Ferge 
Rockwell Industries 
Mikropech Corp. 

Oil 

1.5% Sulfur 

Coal 
3.2% Sulfur 
Coal 
3.2% Sulfur 
Coal 

1.2% Sulfur 

Coal 
1.0-2.0% Sulfur 
Coal/Oil 
0.75-3.0% Sulfur 

Lime 
Scrubbing 

Carborendum Abrasives 
Buffalo, N.Y. 

Pfizer, Inc. 
E. St. Louis, IL 

Carborundum Envir. Sys. 
LTD 

In-House Design 

Coal 
2.2% Sulfur 

Coal 
3.5% Sulfur 

Limestone 
Scrubbing 

Process 
Not Yet 
Selected 

Richenbacker AFB 
Columbus, OH 

Shell O i l Co. 
Bakersfield, CA 

Research-Cottrell/ 
Bakco 

Not Yet Selected 

Coal 
3.6% Sulfur 

O i l 
1.1% Sulfur 

Shell O i l Co. 
Taft, CA 

Not Yet Selected O i l 
1.1% Sulfur 

Sodium Chevron U.S.A., Inc. Koch Eng. Oil 
Carbonate Bakersfield, CA 1.1% Sulfur 
Scrubbing 

Chevron U.S.A., Inc. Koch Eng. O i l 
Bakersfield, CA 1.1% Sulfur 
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Fluegas Startup Cost 
Rate,SCFM Date Status Capital Operating 

154,000 5/79 Construction $350,000 

164,000 6/77 Operational $300,000 

211,000 2/76 Operational $250,000 $207,000 

25,000 6/74 Operational $138,000 $34,000 

220,000 7/75 Operational $275,000 
420,000 6/75 Operational $1,800,000 

142,000 4/79 Construction $12,700,000 

1,200,000 6/84 Planned -

280,000 12/8
Considering 
S02 Control 

305,000 6/80 Construction $11,600,000 $2,400,000 

210,000 4/78 Operational 

131,000 3/79 Operational 

140,000 10/75 Operational 

3,070 1/75 Operational $163,000 ν 60,000 
(13,000) 

32,000 11/79 Construction $1,610,000 

70,000 5/79 Construction $1,500,000 

67,000 9/74 Operational 

38,000 1/78 Operational 

92,000 6/75 Operational $3,200,000 $644,000 

50,700 12/79 Planned - -
Contract Awarded 

22,000 5/79 Construction $1,400,000 $162,000 

30,000 6/80 Planned 
Contract Award 

40,000 9/78 Operational $1,800,000 $500,000 

55,000 3/76 Operational $2,200,000 $207,000 

99,000 N/A Planned 
Consideration 
S02 Control 

25,000 N/A Planned 
Consideration 
SO2 Control 

248,000 7/78 Operational $2,800,000 $920,000 

146,000 7/79 Construction 
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Table IV. Continued 

Process 

Sodium 
Carbonate 
Scrubbing 
(Contd.) 

FMC (Soda Ash Plant) 
Green River, WY 

Getty O i l Co. 
Bakersfield, CA 

Getty O i l Co. 
Bakersfield, CA 

Kerr-McGee Chem. Corp. 
Trona, CA 

Mead Paperboard Co. 
Stevenson, AL 

Mobil Oil Col 
Buttonwillow, CA 

Ph i l l i p Morris, Inc. 
Chesterfield, VA 

Reichhol
Pensacola

Tenneco
Green River, WY 

Process Vendor 

FMC Environmental 
Equipment 

FMC Environmental 
Equipment 

In-House Design 

Combustion Equip. 
Assoc. 

Neptune Airpol, Inc. 

Heater Technology 

Flaht, Inc. 

Vendor Not Selected 

Fuel Type/ 
w %/Sulfur 

Coal 
1% Sulfur 

Oil 
1.1% Sulfur 

Coke/Coal/Oil 
0.5-5. ' Sulfur 
Oil 

1.5-3% Sulfur 

Oil 

1.1% Sulfur 

Coal 

Coal 
1.5% Sulfur (maximum) 

Sodium 
Hydroxide 
Scrubbing 

Texaco, Inc. 
San Ardo, CA 

TexasGulf 
Granger, WY 

Alyeska Pipeline So.Co. 
Valdez, AK 

Belridge Oil Co. 
McKittrick, CA 

Belridge Oil Co. 
McKittrick, CA 

Double Barrel Oil Co. 
Bakersfield, CA 

General Motors Corp 
St. Louis, MO 

FMC Environmental 
Equipment 

Thermatics, Inc. 

A. D. L i t t l 

Oil 
1.7% Sulfur 

Coal 
0.75% Sulfur 

Oil 
0.03-0.1% Sulfur 

1.1% Sulfur 

Crude Oil 
1.1% Su'.fur 

Oil 
1.1% Su.fur 

C.Oil i 
3.27 Sulfur 

General Motors Corp. 
Dayton, OH 

General Motors Corp. 
Tonowande, NY 

En te le ter, Inc 

FMC Environmental 
Equipment 

Coal 
0.7-2.0/, Sulfur 

Coal 
1.2% Sulfur 

General Motors Corp. 
Pontiac, MI 

Getty Oil Co. 
Orcutt, CA 

ITT Rayonier, Inc. 
Fernandina Beach, FL 

Mobil Oil Co. 
San Ardo, CA 

Northern Ohio Sugar Co. 
Fremont, OH 

G.M. Environmental 

In-House Design 

Neptune Airpol, Inc. 

In-House Design 

Great Western Sugar 

Coal 
0.84% Sulfur 

Oil 
4.0% Sulfur 

Bark, Oil 
2.0-2.5% Sulfur 

Oil 
2.0-2.25% Sulfur 

Coal 
1% Sulfur 

Sun Production Co. 
Fellows, CA 

Sun Production Co. 
Oildak, CA 

C-E Natco Oil 
1.4% Sulfur 

Oil 
1.2% Sulfur 

Texaco, Inc. 
San Ardo, CA 

Oil 
1.7% Sulfur 

Sulf-X 
Score 
Process 

Western Correctional 
Inst. 
Pittsburgh, PA 

Pittsburgh Env. & 
Engrg. Systems 

Coal 
3.5% Sulfur 
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F l u e g a s S t a r t u p C o s t 
Rate, SCFM Date S t a t u s C a p i t a l O p e r a t i n g 

446,000 5/76 O p e r a t i o n a l $10,000,000 

72,000 6/77 O p e r a t i o n a l $400,000 

891,000 12/78 O p e r a t i o n a l $5,400,000 $5,220,000 

490,000 6/78 O p e r a t i o n a l $6,000,000 

100,000 6/75 O p e r a t i o n a l $173,000 $840,000 

80,500 4/79 C o n s t r u c t i o n $500,000 

39,000 6/79 C o n s t r u c t i o n 

80,000 6/7

140,000 1/82 P l a n n e d -
R e q u e s t i n g / 
E v a l u a t i n g B i d s 

99,000 3/79 C o n s t r u c t i o n 

140,000 9/76 O p e r a t i o n a l $250,000 

50,000 6/77 

12,000 1/79 O p e r a t i o n a l $106,00C $79,000 

12,000 7/78 O p e r a t i o n a l $172,000 $60,500 

12,000 6/78 O p e r a t i o n a l 

ft4,000 ft/72 O p e r a t i o n a l $773,000 $172,000 

3ft,000 9/74 O p e r a t i o n a l Î668.000 

92,000 6/75 O p e r a t i o n a l $2,200,000 

107,300 4/76 O p e r a t i o n a l $600,000 

5,000 6/77 O p e r a t i o n a l 

176,000 6/75 O p e r a t i o n a l $500,000 

175,000 6/74 O p e r a t i o n a l $2,900,000 $1,290,000 

40,000 10/75 O p e r a t i o n a l 

6,000 5/79 C o n s t r u c t i o n $100,000 $35,000 

6,000 4/79 C o n s t r u c t i o n $100,000 $35,000 

347,000 11/73 O p e r a t i o n a l 

1/80 P l a n n e d -
C o n t r a c t 
Awarded 
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removed i n order to produce an acceptable e f f l u e n t without the 
need for added process units for b i o l o g i c a l n i t r i f i c a t i o n and 
d e n i t r i f i c a t i o n . With increasingly s t r i c t wastewater discharge 
standards, much more att e n t i o n i s required i n sour water s t r i p 
ping. In the past the feed was heated to a st r i p p e r bottom 
temperature of around 200-250°F and around 1.0 to 2.0 pounds of 
steam were added per g a l l o n of feed. Around 99% of the H 2 S and 
90 to 95% of the ammonia was removed. These removals, and 
better, can be achieved i f there are few e l e c t r o l y t e s other than 
NH3 and H2S present i n the water. I f other e l e c t r o l y t e s are 
present, l i k e C0 2, HCN, organic acids, they can chemically f i x 
more of the NH3 and greatly reduce s t r i p p i n g e f f i c i e n c y . This 
requires adding caustic to allow release of the NH3. Also, acid 
could be added to displace any H 2 S that i s s i m i l a r l y f i x e d . 

Wastewater equalization i s necessary to reduce b i o l o g i c a l 
system upsets from larg
other physical parameter
accomplished by providing s u f f i c i e n t residence time and often 
mixing energy. N e u t r a l i z a t i o n i s often necessary to protect both 
the treatment system b i o l o g i c a l a c t i v i t y as w e l l as the materials 
of construction. Accidental s p i l l s of s i g n i f i c a n t impact upon 
wastewater pH occur r e l a t i v e l y frequently i n the hydrocarbon 
industry. 

B i o l o g i c a l treatment of i n d u s t r i a l wastewater i s a proven 
means of removing soluble, biodegradable organic contaminants 
from the process e f f l u e n t . Depending upon the type of components 
and concentration, physical-chemical treatment processes may 
also be considered. The design d e t a i l s of these systems are 
beyond the survey scope of t h i s document but include such steps 
as adsorption, e x t r a c t i o n , evaporation, ion exchange or membranes 
unit operations i n order to recover or concentrate the organic 
constituents for further processing. 

For t h i s review, the complete mix activated sludge (CMAS) 
process i s presented as the representative b i o l o g i c a l treatment 
process. To design a CMAS system, the wastewater i n f l u e n t charac
t e r i s t i c s , the b i o l o g i c a l reactor k i n e t i c s , and desired e f f l u e n t 
q u a l i t y need to be determined. The i n f l u e n t composition and flow 
are a function of the i n d u s t r i a l process and can be determined 
from the designer's energy and material balances f o r a new plant 
or stream sampling f o r an e x i s t i n g f a c i l i t y . The b i o l o g i c a l 
reactor growth k i n e t i c s are determined from bench-scale tests 
which can be conducted by trained engineers. E f f l u e n t q u a l i t y 
i s set by regulatory requirements on the s p e c i f i c i n d u s t r i a l 
process and possibly amended by s i t e s p e c i f i c permit l i m i t a t i o n s 
as mandated by the Federal Clean Water Act and state or regional 
discharge p r o h i b i t i o n s . 

An o v e r a l l treatment concept using the above unit operations 
i s shown i n Figure 9. This flow sketch presents some of the 
process considerations which may be required i n i n d u s t r i a l waste
water treatment design. The b i o l o g i c a l reactor i s the key to 
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e f f e c t i v e organic removals. This f i g u r e depicts a one-stage 
process to treat the wastewater. The concept of staged b i o l o g i c a l 
systems using e i t h e r t r i c k l i n g f i l t e r s , anaerobic and/or aerobic 
treatment or combinations of the above f o r high strength indus
t r i a l wastes can both enhance organic removals and prove cost 
e f f e c t i v e . 

I f a s i g n i f i c a n t portion of the organics present are found 
to be not b i o l o g i c a l l y degradable, then further treatment with 
activated carbon may be required. Treatment with powdered 
activated carbon (PAC) has recently been shown to be an accepted 
means of removing refract o r y organic constituents from r e f i n e r y 
wastewater. PAC i s introduced in t o the activated sludge basin 
with the b i o l o g i c a l f l o e where intimate contact with the waste
water r e s u l t s and organics are adsorbed by the carbon. The 
carbon, along with the b i o l o g i c a l s o l i d s , i s separated from the 
wastewater i n the c l a r i f i e
basin. 

The waste from t h i s treatment scheme should be s u i t a b l e f o r 
discharge or reuse with a possible need for removal of inorganic 
dissolved s o l i d s i f a "zero discharge" system i s used. 

Process Selection. The s e l e c t i o n of the f i n a l wastewater 
treatment system depends on a number of v a r i a b l e s . Some of the 
more s i g n i f i c a n t items are summarized as follows. 

The discharge or reuse of the treated water w i l l d i c t a t e the 
f i n a l treatment scheme. I f the water i s to be reused, treatment 
requirements could be more s t r i c t than discharge standards. This 
i s e s p e c i a l l y true for re f r a c t o r y organics and p o t e n t i a l l y cor
rosive dissolved inorganics. 

The type and concentration of dissolved compounds can a f f e c t 
the performance of the wastewater s t r i p p e r and, as previously 
discussed, could necessitate the need for caustic or acid 
i n j e c t i o n . 

The biodegradability of the organics i s important i n that i t 
determines i f activated carbon i s required for removal of r e f r a c 
tory organics. Also, materials could be present that would 
reduce the a c t i v i t y of the b i o l o g i c a l f l o e . 

Land a v a i l a b i l i t y f or the wastewater treatment system should 
be determined. There are a number of tradeoffs that can be made 
i n the b i o l o g i c a l processing step and b i o l o g i c a l s o l i d s disposal 
to reduce land requirements. 
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3 
Phase Equilibria in Aqueous Electrolyte 
Solutions 

A. E. M A T H E R 1 and R. D. DESHMUKH 

University of Alberta, Edmonton, Alberta, Canada 

Many of the undesirable substances present in 
gaseous or liquid stream  for  volatil k electro
lytes in aqueous solution
ammonia, hydrogen sulfide, carbon dioxide and sulfur 
dioxide. The design and analysis of separation 
processes involving aqueous solutions of these materials 
require accurate representation of the phase equilibria 
between the solution and the vapor phase. Relatively 
few studies of these types of systems have been 
published concerning solutions of weak electrolytes. 
This paper will review the methods that have been 
used for such solutions and, as an example, consider 
the alkanolamine solutions used for the removal of 
the acid gases (H2S and CO2) from gas streams. 

In general, the formulation of the problem of 
vapor-liquid equilibria in these systems is not 
difficult. One has the mass balances, dissociation 
equilibria in the solution, the equation of electro-
neutrality and the expressions for the vapor-liquid 
equilibrium of each molecular species (equality of 
activities). The result is a system of non-linear 
equations which must be solved. The main thermodynamic 
problem is the relation of the activities of the 
species to be measurable properties, such as pressure 
and composition. In order to do this a model is needed 
and the parameters in the model are usually obtained 
from experimental data on the mixtures involved. Cal
culations of this type are well-known in geological 
systems (1) where the vapor-liquid equilibria are 
usually neglected. 

S o l u t i o n s o f Weak E l e c t r o l y t e s V a n K r e v e l e n e t 
a l . (2) m e a s u r e d t h e v a p o r p r e s s u r e s o f aqueous 
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s o l u t i o n s of NH3+co2/ NH3+h2s and the ternary mixture 
NH3+co2+H2S, at temperatures between 20 0 and 60 °C. 
The experimental data were obtained i n NH3-rich s o l u 
tions and d i d not extend to the d i l u t e region of 
i n t e r e s t i n p o l l u t i o n c o n t r o l . In t h e i r t h e o r e t i c a l 
work, Van Krevelen et a l . used pseudo-equilibrium 
constants, defined as follows: 

Κ 1 = Κ 
γ Η 2 8 % H 3 

Ύ - Ύ + HS ΝΗ„ 

mhs" "nhJ 
(1) 

From t h e i r experimental data, values of K1 f o r the 
various e q u i l i b r i a were obtained. In some cases the 
values were almost constan
while i n other case
function of the i o n i c strength: 

i 
In t h e i r model Van Krevelen et a l . neglected the second 
i o n i z a t i o n of H 2S and the concentration of OH" and H + 

ions. While t h i s method was able to reproduce the ex
perimental data, the model does not lend i t s e l f to ex
t r a p o l a t i o n to regions where data were not obtained and 
i t i s not u s e f u l f o r d i l u t e s o l u t i o n s as the accuracy 
of the pr e d i c t i o n s i s poor. 

Van Krevelen et a l . used molarity instead of 
m o l a l i t y as the measure of t h e i r concentrations. The 
use of m o l a l i t y here does not a l t e r the e s s e n t i a l 
features of the method. 

Dankwerts and McNeil (30 have employed the method 
of Van Krevelen et a l . to p r e d i c t the p a r t i a l pressure 
of carbon dioxide over carbonated alkanolamine s o l u 
t i o n s . The c e n t r a l feature of t h i s model i s the use of 
pseudo-equilibrium constants and t h e i r dependence on 
i o n i c strength. The r a t i o of the pseudo-equilibrium 
constant at a c e r t a i n i o n i c strength to that at zero 
i o n i c strength has been termed the " i o n i c c h a r a c t e r i 
zation f a c t o r " . However, i o n i c strength alone i s i n 
s u f f i c i e n t to determine the i o n i c c h a r a c t e r i z a t i o n 
f a c t o r s . As w e l l the i o n i c c h a r a c t e r i z a t i o n f a c t o r s 
are sometimes not a simple l i n e a r function of i o n i c 
strength. 

Lemkowitz et a l . (4) used a s i m i l a r model to that 
proposed by Van Krevelen et a l . They c o r r e l a t e d the 
e q u i l i b r i a i n the C02+NH3+Urea+H20 system. The pseudo-
eq u i l i b r i u m constant f o r urea formation, as w e l l as 
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the vapor pressure of ΝΗ3 and the Henry's constant f o r 
CO2 were treated as parameters and were determined by 
using the model to p r e d i c t bubble point pressures, 

Kent and Eisenberg (_5) a l s o c o r r e l a t e d s o l u b i l i t y 
data i n the system H2S+C02+alkanolamines+H20 using 
pseudo-equilibrium constants based on molarity. In
stead of using i o n i c c h a r a c t e r i z a t i o n f a c t o r s , they 
accepted published values of a l l but two pseudo-
eq u i l i b r i u m constants and found these by f i t t i n g data 
f o r MEA and DEA s o l u t i o n s . They were able to obtain 
e x c e l l e n t f i t s by t h i s approach and also discovered 
that the f i t t e d pseudo-equilibrium constants showed 
an Arrhenius dependence on temperature. 

This procedure of lumping a l l n o n - i d e a l i t i e s i n t o 
a few adjustable parameters i s u n s a t i s f a c t o r y for 
many reasons. Thermodynami
mentally determined
pressures are disregarded. Also the parameters 
determined i n t h i s way are accurate only over the 
range of v a r i a b l e s f i t t e d and u s u a l l y the model cannot 
be used f o r e x t r a p o l a t i o n to other conditions. The 
a t t r a c t i v e feature of these models i n the past was 
t h e i r need f o r l i t t l e input information and the simple 
equations could often be solved a l g e b r a i c a l l y . 

The f i r s t rigorous method f o r weak e l e c t r o l y t e 
s o l u t i o n s was that of Edwards et a l . (5) . Because 
comparisons with the models of other workers w i l l be 
made, the thermodynamic framework w i l l be o u t l i n e d 
and the assumptions that were made stated. For a 
s i n g l e solute which d i s s o c i a t e s only i n the aqueous 
s o l u t i o n , the model i s based on four p r i n c i p l e s : 

1. Mass balance on the e l e c t r o l y t e i n the 
l i q u i d phase. 

2. The r a t i o of the molecular to the i o n i c 
concentrations of the e l e c t r o l y t e i s deter
mined by the d i s s o c i a t i o n constant K. The 
a c t i v i t y i s r e l a t e d to the m o l a l i t y through 
the a c t i v i t y c o e f f i c i e n t γ^: 

a. = γ.πι. (3) 

where γ. -> 1 as ^m- -> 0. The s u b s c r i p t j 
r e f e r s to a l l solute species. 

3. Bulk e l e c t r o n e u t r a l i t y of the l i q u i d phase. 
4. For the molecular solute, e q u i l i b r i u m between 

the vapor phase and the l i q u i d phase i s given 
by: 

φ y Ρ = γ m Η Ya-*a 'a a a (4) 
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For the solvent, water, the v a p o r - l i q u i d 
by: eq u i l i b r i u m i s given^by 

φ y Ρ = a P % s exp V w w wYw ^ 

( P - P S ) 

L RT (5) 

Edwards et a l . (6) made the assumption that was 
equal to <f>pure a at the same pressure and temperatâre. 
Further they used the v i r i a l equation, truncated a f t e r 
the second term to estimate Ρpure a* These assumptions 
are s a t i s f a c t o r y when the t o t a l pressure i s low or 
when the mole f r a c t i o n of the solute i n the vapor 
phase i s near unity. For the water, the assumption was 
made that φ ν , φ^, and the exponential term were 
unity. These assumptions are v a l i d when the s o l u t i o n 
c o n s i s t s mostly of water and the t o t a l pressure i s 
low. The a c t i v i t y c o e f f i c i e n
c a l c u l a t e d using th

-A, ζ 
In γ . = IF 

1 
+ 2 L> 6 i k ^ 

kPw 

(6) 

In applying t h i s equation to mu l t i - s o l u t e systems, 
the i o n i c concentrations are of s u f f i c i e n t magnitude 
that molecule-ion and ion- i o n i n t e r a c t i o n s must be 
considered. Edwards et a l . (β) used a method proposed 
by Bromley Ç7) f o r the estimation of the β parameters. 
The model was found to be us e f u l f o r the c a l c u l a t i o n 
of m u l t i - s o l u t e e q u i l i b r i a i n the NH3+H9S+H2O and 
NH3+CO2+H2O systems. However, because of the 
assumptions regarding the a c t i v i t y of the water and 
the use of only two-body i n t e r a c t i o n parameters, the 
model i s s u i t a b l e only up to molecular concentrations 
of about 2 molal. As w e l l the temperature was 
r e s t r i c t e d to the range 0° to 100 oc because of the 
equations used f o r the Henry's constants and the 
d i s s o c i a t i o n constants. In a l a t e r study, Edwards e t 
a l . (8) extended the c o r r e l a t i o n to higher concen
t r a t i o n s (up to 10 - 20 molal) and higher tempera
tures (0° to 170 °C). In t h i s work the a c t i v i t y 
c o e f f i c i e n t s of the e l e c t r o l y t e s were c a l c u l a t e d from 
an expression due to P i t z e r (9): 

In γ. 1 1 Φ 1 

+ 2 

/Γ 
[1+1.2 /τ 

3) 13 - J F 

+ — ln(1+1.2 Γϊ) 
1.2 ' 
(1) 

L 1-Π+2 >/ï)exp(-2/l)j 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



3. M A T H E R A N D D E S H M U K H Phase Equilibria 53 

" 7 ? ζ S "ϋ * <$!["»ιΡ*>~#ΐΡ] (7) 

The a c t i v i t y of the water i s derived from t h i s ex
pression by use of the Gibbs-Duhem equation. To u t i l i z e 
t h i s equation, the i n t e r a c t i o n parameters and 
B^I'must be estimated f o r moleculemolecule, molecule-
ion and io n - i o n i n t e r a c t i o n s . Again the method of 
Bromley was used f o r t h i s purpose. Fugacity c o e f f i c i e n t 
f o r the vapor phase were determined by the method of 
Nakamura e t a l . (10). 

About the same time Beutier and Renon (V\) a l s o 
proposed a s i m i l a r model f o r the representation of the 
e q u i l i b r i a i n aqueou
The vapor was assume
set equal to uni t y . P i t z e r ' s method was used f o r the 
estimation of the a c t i v i t y c o e f f i c i e n t s , but, i n 
contrast to Edwards et a l . (S), two ternary parameters 
i n the a c t i v i t y c o e f f i c i e n t expression were employed. 
These were obtained from data on the two-solute systems 
I t was found that the e q u i l i b r i a i n the systems NH3+ 
H2S+H20, NH3+C02+H20 and NH3+S02+H20 could be r e 
presented very w e l l up to high concentrations of the 
i o n i c species. However, the model was u n r e l i a b l e at 
high concentrations of undissociated ammonia. Edwards 
et a l . (J_2) have r e c e n t l y proposed a new expression 
fo r the representation of the a c t i v i t y c o e f f i c i e n t s 
i n the NH3+H20 system, over the complete concentration 
range from pure water to pure NH3. I t appears that 
t h i s area w i l l assume inc r e a s i n g importance and that 
one must be able to represent a c t i v i t y c o e f f i c i e n t s 
i n the region of high concentrations of molecular 
species as w e l l as i n d i l u t e s o l u t i o n s . Cruz and 
Renon (J^) have proposed an expression which combines 
the equations f o r e l e c t r o l y t e s with the non-random 
two-liquid (NRTL) model f o r non- e l e c t r o l y t e s i n order 
to represent the complete composition range. In a 
l a t e r p u b l i c a t i o n , Cruz and Renon (J_4) , t h i s model was 
applie d to the a c e t i c acid-water system. 

A p p l i c a t i o n to Alkanolamine Solutions Aqueous 
alkanolamine s o l u t i o n s are widely used f o r the removal 
of H 2S and C0 2 from gaseous streams, because they can 
reduce the concentration of H 2S and C0 2 to low l e v e l s , 
even i f the gas stream i s at a low t o t a l pressure. The 
most commonly used alkanolamines are monethanolamine 
(MEA) and diethanolamine. However, diisopropanolamine 
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(DIPA) and methyldiethanolamine (MDEA) have also been 
employed. E a r l i e r , Atwood et a l . (J^) proposed a 
thermodynamic model f o r the e q u i l i b r i a i n ^ S + a l k a n o l -
amine+H20 systems. The c e n t r a l feature of t h i s model 
i s the use of mean i o n i c a c t i v i t y c o e f f i c i e n t . The 
a c t i v i t y c o e f f i c i e n t s of a l l i o n i c species are assumed 
to be equal and to be a function only of i o n i c 
strengths. Klyamer and Kolesnikova (J_6) u t i l i z e d t h i s 
model f o r c o r r e l a t i o n of e q u i l i b r i a i n C02+alkanol-
amine+H2U systems and Klyamer et a l . (V7) extended 
i t to the H2S+C02+alkanolamine+H20 system. The model 
i s r e s t r i c t e d to low pressures as the fu g a c i t y co
e f f i c i e n t s are assumed unity and i t has been found 
that the p r e d i c t i o n s are inaccurate i n the four-
component system since the a c t i v i t y c o e f f i c i e n t s 
are not equal when a
anions are present

Deshmukh and Mather have r e c e n t l y presented 
a model f o r the e q u i l i b r i a i n alkanolamine solut i o n s 
using the ideas of Edwards et a l . (6) f o r c a l c u l a t i o n 
of the a c t i v i t y c o e f f i c i e n t s . Here only the s a l i e n t 
features of t h i s model w i l l be presented. The main 
reactions occuring i n the C02+H2S+alkanolamine+H20 
system are as follows: 
I o n i z a t i o n of water 

H 20 = H + + OH" (8) 

D i s s o c i a t i o n of hydrogen s u l f i d e 

H 2S = H + + HS~ (9) 

D i s s o c i a t i o n of carbon dioxide 

H 2 ° + C 0 2 = H + + HC03 Π ο ) 

D i s s o c i a t i o n of alkanolamine 

H 20 + RR'NH = RR'NH* + 0H~ (11) 

Formation of carbamate 

RRfNH+C02 = RR'NC00~+H+ (12) 

D i s s o c i a t i o n of b i s u l f i d e ion 

HS" = H + + S = (13) 
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D i s s o c i a t i o n of bicarbonate ion 

HC0 3 = Η + C0 3 
(14) 

In these equations R R ' N H i s the chemical formular 
of the alkanolamine. T e r t i a r y amines, such as t r i -
ethanolamine, lack the extra hydrogen atom and do not 
form carbamates. The chemical reactions are accompanied 
by the v a p o r - l i q u i d e q u i l i b r i a of the v o l a t i l e species: 
C0 2, H 2 S and H 2 0 . Under the conditions of i n t e r e s t , 
the vapor pressures of the amines are very small and i t 
can be assumed that the amine i s present only i n the 
l i q u i d phase. 

The e q u i l i b r i u  r e l a t i o n  b  writte
follows : 

Κ w 

Ί ο 

= γ Η + γ 0 Η - m H + m 0 H- / a w 

Γ Η + Y H S - " H S " 1 Y H 2 S M H 2 S 

(15) 

(16) 

Κ Ύ Η + YHC0 3
 M H + M H C O " / yC02 *"C02 w (17) 

K. ι = γ + Ύ0Η- M R R 1 N H Î m0H" 1 R R 1 N H ~ 

Y R R ' N H M R R ' N H * W 
(18) 

K, 

Κ 2c 

Κ 2y 

Y H + Y R R ' N C O O ~ M H + " W n C O O - / 

Y R R ' N H Y C 0 2 " W ' N H m C 0 2 

Y H + Y S = " Ή * M S = 7 Y H S ~ "hS" 

Y H + YC0= mH+ mC0= ' YHCO" "HiCO-

(19) 

(20) 

(21) 

>co2
 y co 2

 p = H co 2
 Y co 2

 m co 2 

Yu q ? = H H γ m K H 2 S J I H 2 S '2" 

b y Ρ = a P s Φ,8, exp Kw w w w w r 

ν ( P - p S ) 
w w 

R T 

(22) 

(23) 

(24) 
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Values of the d i s s o c i a t i o n constants and Henry's 
constants were determined from the l i t e r a t u r e . The 
fug a c i t y c o e f f i c i e n t s , <f>̂ , were c a l c u l a t e d using the 
Peng-Robinson (J_9) equation of st a t e . The a c t i v i t y of 
the solvent, water, was set equal to i t s mole f r a c t i o n . 
Also the fuga c i t y c o e f f i c i e n t of water at i t s vapor 
pressure, φ** and the Poynting c o r r e c t i o n were assumed 
to be unity. The model i s hence r e s t r i c t e d to r e l a t i v e 
l y d i l u t e s o l u t i o n s , but t h i s r e s t r i c t i o n can be r e 
moved by determining the expression f o r a w using the 
Gibbs-Duhem equation, as shown by Edwards et a l . (8). 
The a c t i v i t y c o e f f i c i e n t s of the solute species have 
been determined from the extended Debye-Huckel ex
pression given by Guggenheim (20), Equation (6). This 
equation was used by Edwards et a l . (6). The major 
problem i n applying
the estimation of th
Bromley cannot be used as the input parameters - the 
i o n i c entropies or s a l t i n g - o u t parameters have not 
been determined f o r ethanolammonium or carbamate ions. 

The following balance equations f o r the re a c t i n g 
species can be formed 

E l e c t r o n e u t r a l i t y 

' V + " r r ' N H J = m0H~ + mHS- + ^ 0 3 

+ " r r ' N C O O " + 2 mS= 

+ 2 mco= ( 2 5 ) 

Mass balances 

mA = " r r ' N H + ItlRR'NH+ + " W n C O O " ( 2 6 ) 

mA °C0 2
 = m C 0 2

 + "ΉΟΟ- + mC0= + mRR'NC00- ( 2 7 ) 

mA aH 2S » "^S + "HS" + mS= ( 2 8 ) 

Here OLQQ and CXHOS are the mole r a t i o s i n the 
l i q u i d phase xcarbon to nitrogen and s u l f u r to nitrogen) 
and are the experimentally measured concentrations. 

The mathematical problem i s to solve Equations 
(15) to (28). Twelve species e x i s t : H 2S, C0 2, RR'NH, 
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HS~, S , HCO3, C 0 3 ' R R , N H 9 ' RR'NCOO , Η , OH and 
H 20. Hence there are twenty-three unknowns (n^ and 
Yi f o r a l l species except water plus x ~ ) . To solve f o r 
the unknowns there are twenty-three independent 
equations: Seven chemical e q u i l i b r i a , three mass balan
ces, e l e c t r o n e u t r a l i t y , the use of Equation (6) f o r the 
eleven a c t i v i t y c o e f f i c i e n t s and the phase e q u i l i b r i u m 
f o r x w. The problem i s one of so l v i n g a system of non
l i n e a r a l g e b r a i c equations. Brown's method (2J_, 22) was 
used f o r t h i s purpose. I t i s an e f f i c i e n t procedure, 
based on a p a r t i a l p i v o t i n g technique, and i s analo
gous to Gaussian e l i m i n a t i o n i n l i n e a r systems of 
equations. 

The a p p l i c a t i o n of t h i s model to alkanolamine 
so l u t i o n s i s not po s s i b l e d i r e c t l y since the s p e c i f i c 
i n t e r a c t i o n parameter
and carbamate ions ar
c i a t i o n constant f o r the simplest amines (MEA, DEA, 
TEA) i s known only over the range of temperatures 
between 0° and 50 °C and the e q u i l i b r i u m constant f o r 
carbamate formation i s known only at 18 °C f o r MEA 
and DEA. 

In monoethanolamine sol u t i o n s the unknown i n t e r 
a c t i o n parameters and e q u i l i b r i u m constants were 
determined by f i t t i n g the model to data f o r the three 
component systems C02+MEA+H20 and HjS+MEAH^O. The 
agreement of the f i t t e d model with the data was found 
to be good. The parameters obtained i n t h i s way were 
then used to p r e d i c t the p a r t i a l pressures of mixtures 
of H^S and C0 2 over aqueous MEA s o l u t i o n s . The pre
d i c t i o n s were i n good agreement with experimental data, 
except at the higher p a r t i a l pressures. 

This procedure could not be employed f o r d i i s o p r o -
panolamine (DIPA) sol u t i o n s since data were a v a i l a b l e 
only f o r one amine concentration at two temperatures. 
In t h i s case data f o r mixtures of H2S+C02+DIPA+H90 
were used together with the data f o r H2S+DIPA+H20 and 
C02+DIPA+H20 to obtain the i n t e r a c t i o n parameters and 
equ i l i b r i u m constants. The r e s u l t s are shown i n 
Figures 1 and 2 to be i n good agreement with the ex
perimental data (23). In t h i s case, however, i n con
t r a s t to the case of MEA, the p r e d i c t i o n s use para
meters evaluated from data f o r the four component 
system. 

Conclusions The c o r r e l a t i o n of v a p o r - l i q u i d 
e q u i l i b r i a i n aqueous so l u t i o n s of weak e l e c t r o l y t e s 
i s important f o r the separation of undesirable 
components from gases and l i q u i d s . The major problem 
i n such c o r r e l a t i o n s i s the estimation of the a c t i v i t y 
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Figure 2. Effect of H2S on the solubility of C02 in 2.5N DIPA solutions at 100°C 
(( ) experimental (23); ( ) predicted 
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c o e f f i c i e n t s of the i o n i c species and although a 
number of models have been proposed, the determination 
of the parameters i n a new case i s not a simple matter 
As w e l l d i s s o c i a t i o n constants and Henry's constants 
f o r a species must be a v a i l a b l e over the temperature 
range of i n t e r e s t . Both these problems occur i n the 
a p p l i c a t i o n of the fundamental thermodynamics to 
alkanolamine s o l u t i o n s containing H 2S and C0 2. However, 
by using l i m i t e d experimental data, the parameters i n 
the model may be obtained and the representation of 
the e q u i l i b r i a i s good over the range of importance 
i n i n d u s t r i a l processes. 

Nomenclature 
a = a c t i v i t y 
Αψ = Debye-Huckel paramete
Η = Henry's constan
I = i o n i c strength = o.5 /Hiti^z^ 
Κ = e q u i l i b r i u m constant 
m = m o l a l i t y , mole kg" 1 

Ρ = pressure, Pa _^ 
R = gas constant, J mol Κ 
Τ = temperature, Κ 3 „1 
ν = p a r t i a l molar volume, cm mol 
y = vapor phase mole f r a c t i o n 

= i o n i c charge on species i 

Greek l e t t e r s 
α = mole r a t i o i n the l i q u i d phase, 

mole/mole amine 
β, β'°', β Π ) = i n t e r a c t i o n parameters, kg mol 
φ = vapor phase fug a c i t y c o e f f i c i e n t 

Superscripts 
s = s a t u r a t i o n 
' = pseudo-equilibrium constant 

Subscripts a = molecular species 
A = carbamate e q u i l i b r i a , amine 
i , j , k = species or component, amine 

e q u i l i b r i a 
w = water 
1c, 2c = carbonic a c i d e q u i l i b r i a 
1y, 2y = hydrogen s u l f i d e e q u i l i b r i a 
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4 
Two New Activity Coefficient Models for the 
Vapor-Liquid Equilibrium of Electrolyte Systems 
CHAU-CHYUN CHEN, HERBERT I. BRITT, JOSEPH F. BOSTON, 
and LAWRENCE B. EVANS 

Department of Chemical Engineering and Energy Laboratory, 
Massachusetts Institute of Technology, Cambridge, MA 02139 

The use of modern process simulators for the analysis and 
design of processes involvin
limited by the lack of
thermodynamics. For most systems of industrial importance, 
empirical correlations are applicable only to one particular 
system, over a limited range of conditions. The empirical 
correlations do not provide a framework for treating new 
systems or for extending the range of existing data, because 
the nonidealities have not been accounted for in a general and 
consistent manner. 

As in the nonelectrolyte case, the problem of representing 
the thermodynamic properties of electrolyte solutions is best 
regarded as that of finding a suitable expression for the 
non-ideal part of the chemical potential, or the excess Gibbs 
energy, as a function of composition, temperature, dielectric 
constant and any other relevant variables. 

Recently, there have been a number of significant 
developments in the modeling of electrolyte systems. Bromley 
(1), Meissner and Tester (2), Meissner and Kusik (3), Pitzer 
and co-workers (4,5,6), and Cruz and Renon (7), presented 
models for calculating the mean ionic activity coefficients of 
many types of aqueous electrolytes. In addition, Edwards, et 
al. (8) proposed a thermodynamic framework to calculate 
equilibrium vapor-liquid compositions for aqueous solutions of 
one or more volatile weak electrolytes which involved activity 
coefficients of ionic species. Most recently, Beutier and 
Renon (9) and Edwards, et al.(10) used simplified forms of the 
Pitzer equation to represent ionic activity coefficients. 

In t h i s p a p e r , two new models f o r the a c t i v i t y 
c o e f f i c i e n t s o f i o n i c and m o l e c u l a r s p e c i e s i n e l e c t r o l y t e 
systems are p r e s e n t e d . The f i r s t i s an e x t e n s i o n o f the P i t z e r 
e q u a t i o n and i s covered i n more d e t a i l i n Chen, e t a l . ( 1 1 ) . 
The second i s based on the l o c a l c o m p o s i t i o n concept and 
r e p r e s e n t s work i n p r o g r e s s . 

0-8412-0569-8/80/47-133-061$07.25/0 
© 1980 American Chemical Society 
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Nature o f E l e c t r o l y t e Systems 

The thermodynamic p r o p e r t i e s o f a m i x t u r e depend on the 
f o r c e s which ope r a t e between the s p e c i e s o f t he m i x t u r e . 
E l e c t r o l y t e systems are c h a r a c t e r i z e d by the p resence o f both 
m o l e c u l a r s p e c i e s and i o n i c s p e c i e s , r e s u l t i n g i n t h r e e 
d i f f e r e n t t ypes o f i n t e r a c t i o n . They are i o n - i o n i n t e r a c t i o n , 
m o l e c u l e - m o l e c u l e i n t e r a c t i o n , and i o n - m o l e c u l e i n t e r a c t i o n . 
The f o r c e s i n v o l v e d i n each i n t e r a c t i o n are b r i e f l y d i s c u s s e d 
i n the f o l l o w i n g p a r a g r a p h s . 

The i o n - i o n i n t e r a c t i o n i s c h a r a c t e r i z e d by e l e c t r o s t a t i c 
f o r c e s between i o n s . These e l e c t r o s t a t i c f o r c e s are i n v e r s e l y 
p r o p o r t i o n a l t o the square o f the s e p a r a t i o n d i s t a n c e and 
t h e r e f o r e have a much g r e a t e r range than i n t e r m o l e c u l a r f o r c e s 
which depend on h i g h e r powers o f the r e c i p r o c a l d i s t a n c e . 
Except at s h o r t - r a n g e ,
cant compared t o the i n t e r i o n i

Many d i f f e r e n t t ypes o f f o r c e s a r i s e f rom m o l e c u l e
m o l e c u l e i n t e r a c t i o n . They may be e l e c t r o s t a t i c f o r c e s between 
permanent d i p o l e s , i n d u c t i o n f o r c e s between a permanent d i p o l e 
and induced d i p o l e s , o r d i s p e r s i o n f o r c e s between non-po l a r 
m o l e c u l e s , e t c . ( P r a u s n i t z , U 2 ) ) . Fo r ces i n v o l v e d i n m o l e c u l e -
m o l e c u l e i n t e r a c t i o n are known to be s h o r t - r a n g e i n n a t u r e . 

The f o r c e s i n v o l v e d i n i o n - m o l e c u l e i n t e r a c t i o n are a l s o 
s h o r t - r a n g e i n n a t u r e . The dominant f o r c e s a re e l e c t r o s t a t i c 
f o r c e s between i ons and permanent d i p o l e s . As d i s c u s s e d by 
Rob inson and S tokes (11) r e g a r d i n g aqueous e l e c t r o l y t e s y s t ems , 
i t seems l i k e l y t h a t t he i o n - m o l e c u l e i n t e r a c t i o n e n e r g i e s o f 
the water m o l e c u l e s i n the f i r s t l a y e r about a monatomic i on 
would be l a r g e compared w i t h the the rma l energy (RT ) , and t he 
second l a y e r o f water m o l e c u l e s w i l l be much l e s s s t r o n g l y 
bound to the i on than the f i r s t . I t i s p r o b a b l y o n l y w i t h 
p o l y v a l e n t monatomic i ons o f sma l l s i z e t h a t the i n t e r a c t i o n 
e n e r g i e s o f the water m o l e c u l e s i n the second l a y e r would be 
comparable t o the the rma l energy . 

The excess G ibbs energy o f e l e c t r o l y t e systems can be 
c o n s i d e r e d as the sum o f two t e r m s , one r e l a t e d t o long-range 
f o r c e s between i ons and the o t h e r t o s h o r t - r a n g e f o r c e s between 
a l l the s p e c i e s . As d i s c u s s e d by Rob inson and S tokes ( 1 3 ) , 
l ong-range f o r c e s dominate i n the r e g i o n o f d i l u t e e l e c t r o l y t e 
c o n c e n t r a t i o n and s h o r t - r a n g e f o r c e s dominate i n the r e g i o n o f 
h i g h e l e c t r o l y t e c o n c e n t r a t i o n . I t i s the long-range na tu re o f 
the e l e c t r o s t a t i c f o r c e s between ions t h a t have no c o u n t e r p a r t 
i n n o n e l e c t r o l y t e s ys t ems . 

The P i t z e r Equa t i on 

In a s e r i e s o f papers. , P i t z e r and h i s co-workers (4,5,6.) 
proposed a ve r y u s e f u l s e m i e m p i r i c a l e q u a t i o n f o r t he 
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unsyrcne t r i c excess G ibbs f r e e energy o f aqueous e l e c t r o l y t e 
s ys tems . The b a s i c e q u a t i o n i s 

G e x * 
— ^ ( Π + Σ Σ λ , ^ ΐ ^ ^ + Σ Σ Σ μ ^ ^ ^ (1) 
n wRT i j i j k 

The f u n c t i o n f ( I ) exp resses the e f f e c t o f long-range 
e l e c t r o s t a t i c f o r c e s between i o n s . I t i s a f u n c t i o n o f i o n i c 
s t r e n g t h , t empera tu re and s o l v e n t p r o p e r t i e s . The e m p i r i c a l 
form chosen by P i t z e r f o r f ( I ) i s 

41 
f ( I ) = - Α φ — 1 η ( 1 + 1 .2/Γ ) (2) 

1.2 

The parameters λ^
the e f f e c t o f s h o r t - r a n g e f o r c e s between s o l u t e s i and j ; t he 
parameters y-jjk are c o r r e s p o n d i n g t h i r d v i r i a l c o e f f i c i e n t s 
f o r t he i n t e r a c t i o n o f t h r e e s o l u t e s i , j , and k. The second 
v i r i a l c o e f f i c i e n t s are a f u n c t i o n o f i o n i c s t r e n g t h . 
Dependence o f t he t h i r d v i r i a l c o e f f i c i e n t s on i o n i c s t r e n g t h 
i s n e g l e c t e d . The λ and y m a t r i c e s are taken t o be symmet r i c . 

To make t he b a s i c P i t z e r e q u a t i o n more u s e f u l f o r da t a 
c o r r e l a t i o n o f aqueous s t r o n g e l e c t r o l y t e s y s t ems , P i t z e r 
m o d i f i e d i t by d e f i n i n g a new se t o f more d i r e c t l y o b s e r v a b l e 
parameters r e p r e s e n t i n g c e r t a i n comb ina t i ons o f the second and 
t h i r d v i r i a l c o e f f i c i e n t s . The m o d i f i e d P i t z e r e q u a t i o n i s 

G e x * 
= f ( I ) + ^ m c m c , ( 0 c c , + Z m ^ c c . a ) + E E m a m a , ( 6 a a , + E m ^ a a . c ) 

n w RT ce ' a a a 1 c (3) 
+ 2 E ^ c m a [ B c a ( l ) + ( E m c Z c C c a ) / / Z c Z a ] 

ca c 

E s s e n t i a l l y , the new parameters Β and θ are b i n a r y i o n - i o n 
parameters and C and Ψ t e r n a r y i o n - i o n pa rame te r s . The i o n - i o n 
i n t e r a c t i o n pa r ame te r s , Β and C, are c h a r a c t e r i s t i c o f each 
aqueous s i n g l e - e l e c t r o l y t e s y s t em. The i o n - i o n d i f f e r e n c e 
pa r ame te r s , θ and Ψ , are c h a r a c t e r i s t i c o f each aqueous 
m i x e d - e l e c t r o l y t e sys tem. 

R e c o g n i z i n g the i o n i c s t r e n g t h dependence o f the e f f e c t o f 
s h o r t range f o r c e s i n b i n a r y i n t e r a c t i o n s , P i t z e r was ab l e t o 
deve lop an e m p i r i c a l r e l a t i o n f o r B ç a ( I ) . The e x p r e s s i o n f o r 
systems c o n t a i n i n g s t r o n g e l e c t r o l y t e s w i t h one o r both i o n s 
u n i v a l e n t i s 

B c a ( I ) = B j ^ + B ^ t l - d + a / T J e x p i - a / T ) ] ^ ! (4) 
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P i t z e r e q u a t i o n are β Ι ϋ ) , β ΐ 1 ) , C, θ , and Ψ. The m o d i f i e d 
P i t z e r e q u a t i o n has been s u c c e s s f u l l y a p p l i e d t o the a v a i l a b l e 
da t a f o r many pure e l e c t r o l y t e s ( P i t z e r and Mayorga , (!5)) and 
mixed aqueous e l e c t r o l y t e s ( P i t z e r and K im , ( 6 J ) . The"~f i t t o 
the e x p e r i m e n t a l da ta i s w i t h i n the p r o b a b l e e x p e r i m e n t a l e r r o r 
up t o m o l a l i t i e s o f 6 . 

However, i n most aqueous e l e c t r o l y t e systems o f i n d u s t r i a l 
i n t e r e s t , not o n l y s t r o n g e l e c t r o l y t e s but a l s o weak e l e c t r o 
l y t e s and m o l e c u l a r n o n e l e c t r o l y t e s are p r e s e n t . Wh i l e the 
m o d i f i e d P i t z e r e q u a t i o n appears t o be a u s e f u l t o o l f o r t he 
r e p r e s e n t a t i o n o f aqueous s t r o n g e l e c t r o l y t e s i n c l u d i n g mixed 
e l e c t r o l y t e s , i t cannot be used i n the form j u s t p r e s e n t e d t o 
r e p r e s e n t the impor t an t case o f systems c o n t a i n i n g m o l e c u l a r 
s o l u t e s . A u n i f i e d thermodynamic model f o r both i o n i c s o l u t e s 
and m o l e c u l a r s o l u t e s i
s y s t ems . 

P r e v i o u s A p p l i c a t i o n s o f the P i t z e r Equa t i on t o Weak 
E l e c t r o l y t e s 

R e c e n t l y , the P i t z e r e q u a t i o n has been a p p l i e d t o model 
weak e l e c t r o l y t e systems by B e u t i e r and Renon (9.) and Edwards, 
et a l . ( 1 0 ) . B e u t i e r and Renon used a s i m p l i f i e d P i t z e r 
e q u a t i o n f o r t he i o n - i o n i n t e r a c t i o n c o n t r i b u t i o n , a p p l i e d 
Debye-McAulay ' s e l e c t r o s t a t i c t h e o r y (Harned and Owen, (14) ) 
f o r t he i o n - m o l e c u l e i n t e r a c t i o n c o n t r i b u t i o n , and adopted" 
Margu les t ype terms f o r m o l e c u l e - m o l e c u l e i n t e r a c t i o n s between 
the same m o l e c u l a r s o l u t e s . Edwards, et a l . a p p l i e d the P i t z e r 
e q u a t i o n d i r e c t l y , w i t h o u t d e f i n i n g any new t e r m s , f o r a l l 
i n t e r a c t i o n s ( i o n - i o n , i o n - m o l e c u l e , and m o l e c u l e - m o l e c u l e ) 
w h i l e n e g l e c t i n g a l l t e r n a r y pa rame te r s . B r o m l e y ' s {I) i deas 
on a d d i t i v i t y o f i n t e r a c t i o n parameters o f i n d i v i d u a l i ons and 
c o r r e l a t i o n between i n d i v i d u a l i on and p a r t i a l mo la r e n t r o p y o f 
i ons at i n f i n i t e d i l u t i o n were adopted i n both s t u d i e s . In 
a d d i t i o n , t hey both n e g l e c t e d c o n t r i b u t i o n s f rom i n t e r a c t i o n s 
among i ons o f t he same s i g n . 

There are drawbacks w i t h the approaches taken by both 
B e u t i e r and Renon, and Edwards , e t a l . F i r s t , t he P i t z e r 
e q u a t i o n i s a v i r i a l - e x p a n s i o n t ype e q u a t i o n and s e m i - e m p i r i c a l 
i n n a t u r e . E s t i m a t i n g i n t e r a c t i o n parameters u s i n g B r o m l e y ' s 
approach i s based on an i n t e r p r e t a t i o n o f the parameters t h a t 
i s u n c e r t a i n at bes t and i n any case i s not v a l i d at h i g h i o n i c 
s t r e n g t h . Second , t e r n a r y parameters i n the P i t z e r e q u a t i o n 
can be s i g n i f i c a n t f o r systems o f h i g h i o n i c s t r e n g t h . These 
parameters s h o u l d not be n e g l e c t e d i n a model c o v e r i n g h igh 
i o n i c s t r e n g t h e l e c t r o l y t e s ys t ems . T h i r d , B r o n s t e d ' s 
p r i n c i p l e o f s p e c i f i c i on i n t e r a c t i o n i s the b a s i s f o r assuming 
t h a t i n t e r a c t i o n s between i o n s o f t he same s i g n can be 
n e g l e c t e d . However, B r o n s t e d ' s p r i n c i p l e o f s p e c i f i c i on 

parameters i n the m o d i f i e d 
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i n t e r a c t i o n i s not always v a l i d , as d i s c u s s e d i n P i t z e r * s paper 
( £ ) . F o u r t h , t h e o r e t i c a l a spec t s o f the p h y s i c a l c h e m i s t r y o f 
s a l t i n g - o u t e f f e c t s on n o n - e l e c t r o l y t e s a re s t i l l i n a 
development s t a g e . Wh i l e many t h e o r i e s have been proposed i n 
the l i t e r a t u r e , none i s q u a n t i t a t i v e l y s a t i s f a c t o r y , i n c l u d i n g 
Debye-McAulay ' s e l e c t r o s t a t i c t h e o r y . 

E x t e n s i o n o f t h e P i t z e r E q u a t i o n 

In t h i s s t u d y the P i t z e r e q u a t i o n i s a l s o u s e d , but a 
d i f f e r e n t , more s t r a i g h t f o r w a r d approach i s adopted i n which 
the drawbacks j u s t d i s c u s s e d do not a r i s e . F i r s t , terms a re 
added to the b a s i c v i r i a l fo rm o f t he P i t z e r e q u a t i o n t o account 
f o r m o l e c u l e - i o n and m o l e c u l e - m o l e c u l e i n t e r a c t i o n s . Then, 
f o l l o w i n g P i t z e r , a s e t o f new, more o b s e r v a b l e parameters a re 
d e f i n e d t h a t are f u n c t i o n
the P i t z e r e q u a t i o n i s
account f o r the presence o f m o l e c u l a r s o l u t e s . The i n t e r p r e t a 
t i o n o f the terms and parameters o f t he o r i g i n a l P i t z e r e q u a t i o n 
i s unchanged. The r e s u l t i n g extended P i t z e r e q u a t i o n i s 

G e x * 
= f ( I ) * Z m c m c . ( e c c . + Z m ^ c c . a ) + Z Z m a m a . ( e a a . + E m ^ a a . c ) 

n w RT c e ' a a a ' c 
+2EDn cm a[B c a( I )+(zm cZ cC c a)//Z^7] 

ca c (5) 
+ Σ Σ % " \ η ' x m m ' + Σ ( E & c a , n ¥ a - ^ c c ' , m ¥ c ' ) 

mm1 m a c ' 

The parameters D c a m a re b i n a r y parameters r e p r e s e n t i n g 
t he i n t e r a c t i o n s between s a l t ca and m o l e c u l a r s o l u t e m i n an 
aqueous s i n g l e s a l t , s i n g l e m o l e c u l a r s o l u t e s y s t em. B i n a r y 
parameters ω ςο' ,Γη a n ( * ^ a ' m r e p r e s e n t the d i f f e r e n c e s 
between the i n t e r a c t i o n s o f a s p e c i f i c m o l e c u l a r s o l u t e w i t h 
two u n l i k e s a l t s s h a r i n g one common an ion o r c a t i o n . Te rna r y 
m o l e c u l e - i o n v i r i a l c o e f f i c i e n t s are n e g l e c t e d i n t h i s s tudy t o 
s i m p l i f y the e x t e n s i o n . 

I t i s i n t e r e s t i n g t o note t h a t the m o l e c u l e - i o n 
i n t e r a c t i o n c o n t r i b u t i o n i n e q u a t i o n (5 ) i s c o n s i s t e n t w i t h t h e 
wel l-known Setschenow e q u a t i o n . The Setschenow e q u a t i o n i s 
used to r e p r e s e n t t he s a l t i n g - o u t e f f e c t o f s a l t s on m o l e c u l a r 
n o n e l e c t r o l y t e s o l u t e s , when the s o l u b i l i t i e s o f the l a t t e r are 
sma l l (Gordon , ( 1 5 ) ) . The Setschenow e q u a t i o n i s 

l n Y * m = k s , m m s (6) 

where k s ^ m i s the Setschenow c o n s t a n t (a s a l t - m o l e c u l e 
i n t e r a c t i o n parameter ) and m s i s the m o l a l i t y o f the s a l t . 
The D's are e q u i v a l e n t t o t h e Setschenow c o n s t a n t s and t h e ω 1s 
are e q u i v a l e n t t o d i f f e r e n c e s between Setschenow c o n s t a n t s . 
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The t h i r d v i r i a l c o e f f i c i e n t s f o r m o l e c u l e - m o l e c u l e 
i n t e r a c t i o n s can be taken as ze ro f o r aqueous systems 
c o n t a i n i n g m o l e c u l a r s o l u t e s at low c o n c e n t r a t i o n . The 
r e m a i n i n g term f o r the m o l e c u l e - m o l e c u l e i n t e r a c t i o n 
c o n t r i b u t i o n i s e q u i v a l e n t to the unsymmetr ic t w o - s u f f i x 
Margu les mode l . 

Summar iz ing the r e s u l t s o f t h i s s e c t i o n , an excess G ibbs 
f r e e energy model f o r both i o n i c and m o l e c u l a r s o l u t e s i n 
aqueous e l e c t r o l y t e systems i s o b t a i n e d by e x t e n d i n g the P i t z e r 
e q u a t i o n i n o rde r t o account f o r the p resence o f m o l e c u l a r 
s o l u t e s . Model parameters i n c l u d e b i n a r y i o n - i o n i n t e r a c t i o n 
and d i f f e r e n c e pa r ame te r s , t e r n a r y i o n - i o n i n t e r a c t i o n and 
d i f f e r e n c e pa r ame te r s , s a l t - m o l e c u l e i n t e r a c t i o n parameters o r 
Setschenow c o n s t a n t s , s a l t - s a l t d i f f e r e n c e parameters f o r 
m o l e c u l a r s o l u t e s a l t i n g , and unsymmetr ic Margu les parameters 
f o r m o l e c u l e - m o l e c u l e i n t e r a c t i o n s
the model i s des igned f o
t i o n o f aqueous e l e c t r o l y t e s y s t ems , i n c l u d i n g m i x t u r e s w i t h 
any number o f m o l e c u l a r and i o n i c s o l u t e s . 

A p p l i c a t i o n o f the Extended P i t z e r Equa t i on 

To t e s t the v a l i d i t y o f the extended P i t z e r e q u a t i o n , 
c o r r e l a t i o n s o f v a p o r - l i q u i d e q u i l i b r i u m da ta were c a r r i e d out 
f o r t h r e e sys tems . S i n ce the extended P i t z e r e q u a t i o n reduces 
to t he P i t z e r e q u a t i o n f o r aqueous s t r o n g e l e c t r o l y t e s y s t ems , 
and i s c o n s i s t e n t w i t h the Setschenow e q u a t i o n f o r m o l e c u l a r 
n o n - e l e c t r o l y t e s i n aqueous e l e c t r o l y t e s y s t ems , the main 
i n t e r e s t here i s aqueous systems w i t h weak e l e c t r o l y t e s or 
p a r t i a l l y d i s s o c i a t e d e l e c t r o l y t e s . The t h r e e systems 
c o n s i d e r e d a r e : the h y d r o c h l o r i c a c i d aqueous s o l u t i o n at 
298.15°K and c o n c e n t r a t i o n s up to 18 m o l a l ; the N H 3 - C O 2 
aqueous s o l u t i o n at 293.15°K; and the K 2 C O 3 - C O 2 aqueous 
s o l u t i o n o f t he Hot Carbonate P r o c e s s . In each c a s e , the 
chemica l e q u i l i b r i u m between a l l s p e c i e s has been taken i n t o 
account d i r e c t l y as l i q u i d phase c o n s t r a i n t s . S i g n i f i c a n t 
parameters i n the model f o r each system were i d e n t i f i e d by a 
p r e l i m i n a r y o r d e r o f magni tude a n a l y s i s and a d j u s t e d i n the 
v a p o r - l i q u i d e q u i l i b r i u m da ta c o r r e l a t i o n . D e t a i l e d d i s c u s i o n s 
and va lues o f p h y s i c a l c o n s t a n t s , such as H e n r y ' s c o n s t a n t s and 
chemica l e q u i l i b r i u m c o n s t a n t s , are g i v en i n Chen et a l . ( 1 1 ) . 

T-P-x-y da ta f o r h y d r o c h l o r i c a c i d c o n c e n t r a t i o n up t o 18 
m o l a l were o b t a i n e d f rom Vega and Vera (16 J . The f o l l o w i n g 
r e a c t i o n s o c cu r i n the l i q u i d phase . 

H C 1 % H + + C T 
H 2 0 * H + + 0 H -

The l e a s t squares da ta c o r r e l a t i o n was c a r r i e d out on H C 1 vapor 
mole f r a c t i o n and t o t a l 
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DHCl,HC"h λ Η Π HC1» a n c * H e n r y ' s cons t an t f o r hydrogen 
c h l o r i d e as a d j u s t a b l e pa r ame te r s . F i g u r e 1 shows e x p e r i m e n t a l 
da ta and c o r r e l a t i o n r e s u l t s . The average pe rcen tage d e v i a t i o n 
f o r t o t a l p r e s s u r e i s 0 . 4 4 , and t h a t f o r HC1 vapor f r a c t i o n i s 
0 . 3 5 . The same da ta was p r e v i o u s l y c o r r e l a t e d w i t h t he same 
o b j e c t i v e f u n c t i o n by Cruz and Renon ( 7 J . T h e i r r e s u l t s were 
0.99 pe r cen t d e v i a t i o n f o r t o t a l p r e s s u r e and 0.34 pe r cen t 
d e v i a t i o n f o r HC1 vapor f r a c t i o n . 

The da ta r e p o r t e d by van K r e v e l e n , e t a l . ( J7) at 
2 9 3 . 1 5 ° K were used f o r da ta c o r r e l a t i o n o f the N H 3 - C O 2 
aqueous s o l u t i o n s ys t em. The f o l l o w i n g r e a c t i o n s o c cu r i n the 
l i q u i d phase . 

NH 3 + H 2 0 * N H 4 + 0H" 
C 0 2 + H 2 0 = * H + + H C O 3 
H C 0 5 * C O 3 + H + 

N H 3 + H C O 3 * N H 9 C O O - +
H 2 0 * H + + 0H-

The l e a s t squares da ta c o r r e l a t i o n was c a r r i e d out on p a r t i a l 
p r e s s u r e s o f N H 3 and C 0 2 w i t h e l 0 ) N H 4 H C 0 3 , 3 ( 0 ) ( N H 4 ) 2 C 0 3 , 
B ( 0 ) N H 4 N H 2 C 0 0 , D N H 4 H C 0 3 , N H 3 a

 D ( N H 4 ) 2 C 0 3 , N H 3 , a n d DNHdNH?C00,NH<5 
as a d j u s t a b l e pa r ame te r s . Expe r imen ta l da t a and c a l c u l a t e d 
r e s u l t s are shown i n F i g u r e 2. The average pe r cen t d e v i a t i o n 
o f c a l c u l a t e d ve r sus measured p a r t i a l p r e s s u r e i s 1 1 % f o r C 0 2 

and 3.9% f o r N H 3 . The same system and the same l e a s t squares 
o b j e c t i v e f u n c t i o n have been s t u d i e d by B e u t i e r and Renon ( 9 J . 
T h e i r r e s u l t s , on the same b a s i s , were 1 6 % f o r C 0 2 and 5% f o r 
N H 3 . Edwards, e t a l . ( 1 0 ) a l s o s t u d i e d v a p o r - l i q u i d 
e q u i l i b r i u m o f a N H 3 - C 0 2 aqueous system at 3 7 3 . 1 5 ° K . 
However, the accu racy o f the f i t was not r e p o r t e d 
q u a n t i t a t i v e l y . 

The e q u i l i b r i u m data o b t a i n e d by Tosh and coworkers ( 1 8 ) 
were used f o r da ta c o r r e l a t i o n o f the K 2 C 0 3 - C 0 2 aqueous 
s o l u t i o n s ys t em. The da ta have a tempera tu re range f rom 
3 4 3 . 1 5 ° K t o 4 1 3 . 1 5 ° K and a range f rom 20 t o 40 pe r cen t 
e q u i v a l e n t c o n c e n t r a t i o n o f po tass ium c a r b o n a t e . The f o l l o w i n g 
r e a c t i o n s occu r i n the l i q u i d phase . 

C 0 2 + H 2 0 * H C O 3 + H + 

H C O 3 s C0§ + H + 

H 2 0 * OH- + H + 

The l e a s t squares da ta c o r r e l a t i o n was c a r r i e d out on p a r t i a l 
p r e s s u r e s o f C 0 2 and H 2 0 w i t h a p p r o p r i a t e we ight and w i t h 
6 ( ° ) K H C 0 3 B ( 0 * K 2 C 0 3 , e H C 0 3 C 0 3 = , C K H C 0 3 , C K 2 C 0 3 > and 
* K +

? H C 0 3 ~ ^ C 0 3 ~ a s a d j u s t a b l e ' p a r a m e t e r s . The average pe r cen t 
d e v i a t i o n o f c a l c u l a t e d ve r sus measured p a r t i a l p r e s s u r e o f 
C 0 2 at 3 8 3 . 1 5 0 K i s 1 1 . 5 % and f o r H 2 0 i s 1 0 . 5 % . 
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HCI Concentration ( M o l a l i t y ) 

Figure 1. Total vapor pressure and vapor phase HCI mole fraction of the HCI 
aqueous solution at 298.15 Κ (( ) calculated; (O, A) data from Ref. 16) 
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Figure 2. Partial pressures of NH3 and C02 of the NH3-C02 aqueous solution at 
293.15 K (experimental data ( Ί 7 Λ Ό N H s (2N NH3); f | J NH3 (IN NH3); (O) 

CO, (2N NH3); (Φ) C02 (IN NH3); ( ) calculated) 
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L i m i t a t i o n s o f the P i t z e r Equa t i on 

The P i t z e r e q u a t i o n j u s t p r e sen ted i s s u b j e c t t o a l l o f 
the l i m i t a t i o n s o f a v i r i a l - e x p a n s i o n t ype e q u a t i o n . The 
e q u a t i o n p a r a m e t e r s , d e n o t i n g the s h o r t - r a n g e i n t e r a c t i o n s 
between and among s o l u t e s p e c i e s , are a r b i t r a r y , h i g h l y 
tempera ture-dependent and a r e c h a r a c t e r i s t i c o f t he s o l v e n t . 
B i n a r y parameters are e x p r e s s e d as e m p i r i c a l f u n c t i o n s o f i o n i c 
s t r e n g t h . D i f f e r e n t e m p i r i c a l f u n c t i o n s a re proposed f o r 
d i f f e r e n t t ypes o f e l e c t r o l y t e s . Te rna r y parameters are 
r e q u i r e d f o r e l e c t r o l y t e systems a t h i g h e r i o n i c s t r e n g t h . 
Fu r the rmore , f o r the i n d u s t r i a l l y impor t an t c l a s s o f mixed 
s o l v e n t e l e c t r o l y t e s y s t ems , the P i t z e r e q u a t i o n i s not 
a p p l i c a b l e because i t s parameters are unknown f u n c t i o n s o f 
s o l v e n t c o m p o s i t i o n and because the e m p i r i c a l e x p r e s s i o n s 
r e q u i r e d are a v a i l a b l e o n l
P i t z e r e q u a t i o n has bee
r e p r e s e n t a t i o n o f aqueous e l e c t r o l y t e s y s t ems , a more v e r s a t i l e 
model i s needed t o c o v e r a w i d e r v a r i e t y o f e l e c t r o l y t e s ys t ems . 

The L o c a l Compos i t i on Model 

N o n e l e c t r o l y t e s y s t ems , which are c h a r a c t e r i z e d by 
s h o r t - r a n g e f o r c e s between m o l e c u l e s , have f r e q u e n t l y been 
s t u d i e d u s i n g the l o c a l c o m p o s i t i o n c o n c e p t . Models such as 
W i l s o n ( 1 9 ) , NRTL (Renon and P r a u s n i t z , ( 2 0 ) ) , and UNIQUAC 
(Abrams and P r a u s n i t z , (21 ) ) have r e s u l t e d . Such models have 
proven t o be a g r e a t advancement ove r o l d e r models based on 
a l g e b r a i c e x p a n s i o n s o f mole f r a c t i o n , such as the Margu les 
mode l . In t h i s s t u d y the l o c a l c o m p o s i t i o n concep t i s a p p l i e d 
to the s h o r t range i n t e r a c t i o n f o r c e s o c c u r r i n g i n e l e c t r o l y t e 
systems w i t h the hope t h a t a s i m i l a r advance ove r the P i t z e r 
model w i l l r e s u l t . However, i t must be emphasized t h a t the 
l o c a l c o m p o s i t i o n concep t i s i n no sense r i g o r o u s . I t i s used 
t o deve lop c o r r e l a t i n g e x p r e s s i o n s , w i t h a d j u s t a b l e pa r ame te r s , 
f o r e x p e r i m e n t a l d a t a . The purpose i n a d o p t i n g a q u a s i -
t h e o r e t i c a l approach i s t o deve lop e x p r e s s i o n s w i t h a s m a l l 
number o f p a r a m e t e r s , t h a t a p p l y o ve r w ide c o n c e n t r a t i o n 
r anges , may be e x p r e s s e d as s i m p l e f u n c t i o n s o f t e m p e r a t u r e , 
and may be used t o p r e d i c t the b e h a v i o r o f mu l t i component 
sys tems . The v a l i d i t y o f t h i s approach may be de te rmined o n l y 
by i t s e m p i r i c a l s u c c e s s o r f a i l u r e . We b e l i e v e t h a t t he model 
t o be p r e s e n t e d i n t h i s s t u d y i s q u i t e s u c c e s s f u l by t he se 
c r i t e r i a , as demonst ra ted by the examples shown i n t h i s paper 
and a d d i t i o n a l work we have done w i t h mul t i component systems 
i n v o l v i n g weak e l e c t r o l y t e s . 

A fundamenta l d i f f e r e n c e between e l e c t r o l y t e systems and 
n o n e l e c t r o l y t e systems i s t he presence o f l ong range i o n - i o n 
e l e c t r o s t a t i c f o r c e s i n e l e c t r o l y t e s ys t ems . No a t tempt was 
made t o deve lop a long-range c o n t r i b u t i o n model based on the 
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l o c a l compost ion c o n c e p t . I n s t e a d , the Debye-Huckel f o r m u l a as 
proposed by Fowle r and Guggenheim (22) was used w i t h o u t 
m o d i f i c a t i o n t o r e p r e s e n t the unsymmetr ic excess G ibbs energy 
c o n t r i b u t i o n a r i s i n g f rom the long-range i o n - i o n e l e c t r o s t a t i c 
f o r c e s . N e v e r t h e l e s s , the l o c a l c o m p o s i t i o n concept i s 
c o n s i s t e n t w i t h the Debye-Huckel f o r m u l a i n the sense t h a t t he 
Bo l tzmann d i s t r i b u t i o n law i s assumed i n both mode l s . The 
Debye-Huckel f o r m u l a i s a f u n c t i o n o f s o l v e n t d e n s i t y , 
d i e l e c t r i c c o n s t a n t , and i o n i c s t r e n g t h . I t i s known t o 
c o r r e c t l y account f o r the i o n - i o n e l e c t r o s t a t i c c o n t r i b u t i o n i n 
the l i m i t o f i n f i n i t e d i l u t i o n . When e l e c t r o l y t e c o n c e n t r a t i o n 
i n c r e a s e s , s h o r t - r a n g e f o r c e s s t a r t t o p l a y a r o l e and f i n a l l y 
dominate i n the r e g i o n o f h i g h e l e c t r o l y t e c o n c e n t r a t i o n 
(Rob inson and S t o k e s , ( 1 3 ) ) . 

The gene ra l approach taken i n the p re sen t s t u d y i s as 
f o l l o w s . The Debeye-Hucke
long-range i o n - i o n i n t e r a c t i o n
concep t i s used t o r e p r e s e n t s h o r t range i n t e r a c t i o n s o f a l l 
k i n d s . The l o c a l c o m p o s i t i o n model i s based on two fundamenta l 
a s s u m p t i o n s ; 1) t h a t the l o c a l c o m p o s i t i o n o f an ions around 
an ions i s z e r o , and s i m i l a r l y f o r c a t i o n s , which i s e q u i v a l e n t 
t o assuming t h a t r e p u l s i v e f o r c e s between i ons o f l i k e charge 
are l a r g e , 2) t h a t the d i s t r i b u t i o n o f an ions and c a t i o n s 
around s o l v e n t m o l e c u l e s i s such t h a t the ne t i o n i c charge i s 
z e r o . The l a t t e r assumpt ion we r e f e r t o as l o c a l 
e l e c t r o n e u t r a l i t y . 

The l o c a l compost ion model i s deve loped as a symmetr ic 
m o d e l , based on pure s o l v e n t and h y p o t h e t i c a l pure c o m p l e t e l y -
d i s s o c i a t e d l i q u i d e l e c t r o l y t e . T h i s model i s then n o r m a l i z e d 
by i n f i n i t e d i l u t i o n a c t i v i t y c o e f f i c i e n t s i n o r d e r t o o b t a i n 
an unsymmetr ic l o c a l c o m p o s i t i o n mode l . F i n a l l y the unsymmetr ic 
Debye-Huckel and l o c a l c o m p o s i t i o n e x p r e s s i o n s a r e added t o 
y i e l d the excess G ibbs energy e x p r e s s i o n proposed i n t h i s s t u d y . 

Development o f t he L o c a l Compos i t i on Model 

Among the v a r i o u s models i n c o r p o r a t i n g the l o c a l 
c o m p o s i t i o n concep t f o r s h o r t - r a n g e i n t e r a c t i o n s , t he NRTL 
e q u a t i o n i s adopted i n t h i s s t u d y . E l e c t r o l y t e systems are 
c h a r a c t e r i z e d by e x t r a o r d i n a r i l y l a r g e hea ts o f m i x i n g . 
Compared t o the heat o f m i x i n g , the n o n i d e a l e n t r o p y o f m i x i n g 
i s n e g l i g i b l e , wh ich i s c o n s i s t e n t w i t h the b a s i c assumpt ion 
beh ind the NRTL e q u a t i o n . In a d d i t i o n , the NRTL e q u a t i o n i s 
a l g e b r a i c a l l y s i m p l e w h i l e a p p l i c a b l e t o m i x t u r e s wh ich e x h i b i t 
phase s p l i t t i n g . No s p e c i f i c volume o r a r ea da t a a re r e q u i r e d . 

In the NRTL mode l , the l o c a l mole f r a c t i o n s XJ-J and 
x-ji o f s p e c i e s j and i , r e s p e c t i v e l y , i n the immediate 
ne ighborhood o f a c e n t r a l m o l e c u l e o f s p e c i e s i a r e r e l a t e d 
by 
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x j i / x i i = ( x j / x i ) G j i (7) 

where 

G j i =exp(-otTji) 
T j i = ( g j i - 9 i i ) / R T 

The q u a n t i t i e s gj-j and g-j-j a r e , r e s p e c t i v e l y , e n e r g i e s o f 
i n t e r a c t i o n between j - i and i - i p a i r s o f s p e c i e s , and a r e 
i n h e r e n t l y symmetr i c ( g j i = g i j ) . The nonrandomness f a c t o r , a, 
was f i x e d a t a v a l u e o f 0 . 2 i n t h i s s t u d y . 

For conven ience i n r e p r e s e n t i n g o t h e r l o c a l mole f r a c t i o n 
r a t i o s , we i n t r o d u c e a d d i t i o n a l n o t a t i o n as f o l l o w s : 

x j i / * k i = ( x j / x k ) G j i , k i (8) 

where 

G j i , k i =exp(-cxTji 
T j i , k i = ( g j i - 9 k i ) / R T 

Whi l e the d e r i v a t i o n t h a t f o l l o w s may be g e n e r a l i z e d t o 
hand l e a l l t ypes o f e l e c t r o l y t e s y s t ems , f o r t he sake o f 
s i m p l i c i t y , the d e r i v a t i o n w i l l be based on a s i n g l e 
c o m p l e t e l y - d i s s o c i a t e d e l e c t r o l y t e , s i n g l e s o l v e n t s y s t em. In 
a b i n a r y m i x t u r e o f s i n g l e c o m p l e t e l y - d i s s o c i a t e d e l e c t r o l y t e 
and s i n g l e s o l v e n t , we assume t h a t t h e r e a r e t h r e e t ypes o f 
c e l l s . One t y p e c o n s i s t s o f a c e n t r a l s o l v e n t mo l e cu l e w i t h 
s o l v e n t m o l e c u l e s , an ions and c a t i o n s i n the immediate 
n e i g h b o r h o o d . The o t h e r two t ypes have e i t h e r an an ion o r 
c a t i o n as the c e n t r a l s p e c i e s , and an immediate ne ighborhood 
c o n s i s t i n g o f s o l v e n t mo l e cu l e s and o p p o s i t e l y - c h a r g e d i o n s , 
bu t no i o n s o f l i k e charge ( i . e . , X c c = x aa = ^ )- T h e l ° c a l 
mole f r a c t i o n s a r e r e l a t e d by : 

x c m + x a m + x m m - 1 

x m c + x a c 
x m a + x c a 

= 1 
= 1 

( c e n t r a l s o l v e n t c e l l s ) 
( c e n t r a l c a t i o n c e l l s ) 
( c e n t r a l a n i o n c e l l s ) 

(9) 

A m o n g t h e t h r e e t y p e s o f c e l l s t h e r e a r e f o u r d i s t i n c t 
l o c a l m o l e f r a c t i o n r a t i o s : Xcm/ Xmm> xam/ xmm> 
x m c / x a c , a n d x m a / x c a - I * i s n o t a b l e t h a t t h e 
a s s u m p t i o n t h a t X c c = x a a = 0 1 S e q u i v a l e n t t o t h e a s s u m p t i o n 
t h a t g c c a n d g a a a r e m u c h g r e a t e r t h a n t h e o t h e r 
i n t e r a c t i o n e n e r g i e s . 

B y c o m b i n i n g e q u a t i o n s ( 7 ) , (8) a n d ( 9 ) , t h e f o l l o w i n g 
e x p r e s s i o n s f o r t h e l o c a l m o l e f r a c t i o n s i n t e r m s o f o v e r a l l 
m o l e f r a c t i o n s m a y b e d e r i v e d : 
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xim = x i ^ i m / ( x a ^ a m + x c W x m G n m ) Π = c > a > m ) , 1 Λ λ 

x a c = x a/ x a + x m G m c , a c 0 0 ) 
x c a ~ x c ' ( x c + x m G m a , c a ' 

In o r d e r t o o b t a i n an e x p r e s s i o n f o r t he excess G ibbs 
e n e r g y , we f i r s t d e f i n e g ( a ) , g ^ c ' , and g ( m ) as t h e r e s i d u a l 
G ibbs e n e r g i e s per mole o f c e l l s of c e n t r a l a n i o n , c e n t r a l 
c a t i o n and c e n t r a l s o l v e n t m o l e c u l e , r e s p e c t i v e l y . These G ibbs 
e n e r g i e s a re r e l a t e d t o the l o c a l mole f r a c t i o n s as f o l l o w s : 

9i?i =
 ^ aS xma9ma+ xca9ca) m , 

9 ^ = Z c ( x m C g m c + x a c g a c ) 
9 ' = xamgam+ xcmgcm+ xiTmgnfni 

We then adopt t he pure s o l v e n t as t he r e f e r e n c e s t a t e f o r t h e 
s o l v e n t , and a h y p o t h e t i c a
e l e c t r o l y t e as t he r e f e r e n c
r e f e r e n c e G ibbs e n e r g i e s per mole a re t h e n : 

^ r e f " Z c ^ a c 

9 r e f = Z a 9 c a (12) 

g ( m ] = 9 
a r e f n̂fîïi 
In both equa t i ons (11) and (12) the charge number Z ç and Z a a re 
i n t r o d u c e d t o account f o r the f a c t t h a t the r a t i o of the c o o r d i n a 
t i o n number o f c e n t r a l an ion c e l l s t o t h a t o f c e n t r a l c a t i o n c e l l s 
must be equa l t o the c o r r e s p o n d i n g r a t i o o f charge numbers. 

The mo l a r exces s G ibbs energy may now be d e r i v e d by sumning 
t h e changes i n r e s i d u a l G ibbs energy r e s u l t i n g when x m moles o f 
s o l v e n t a re t r a n s f e r e d f rom the s o l v e n t r e f e r e n c e s t a t e t o t h e i r 
c e l l s i n the m i x t u r e , and when x a moles o f an ions and x c moles 
o f c a t i o n s a r e t r a n s f e r e d f rom the e l e c t r o l y t e r e f e r e n c e s t a t e t o 
t h e i r r e s p e c t i v e c e l l s i n the m i x t u r e . The e x p r e s s i o n i s : 

S u b s t i t u t i n g e q u a t i o n s (11) and (12) i n t o e q u a t i o n (13) we o b t a i n 

g e x / R T =Xm xcm^cm + xm xam i :am 
+ x c x m c z c T m c , a c + x a x m a z a T m a , c a 

The assumpt ion of l o c a l e l e c t r o n e u t r a l i t y a p p l i e d t o the 
c e l l s o f c e n t r a l s o l v e n t mo l e cu l e s may be s t a t e d as 

x a m z a = x c m z c 
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S u b s t i t u t i n g e q u a t i o n (7) i n t o t h i s r e l a t i o n s h i p l eads to the 
f o l l o w i n g e q u a l i t y : 

9am ~9cm 

S i n c e the i n t e r a c t i o n e n e r g i e s are s ymmet r i c , i t may be 
i n f e r r e d f rom t h i s r e s u l t t h a t : 

(16) 

(17) T am = T c m ~ T c a , m 
T mc ,ac " T m a , c a = T m , c a (18) 

The b i n a r y parameters T C A J M and T M c a then become the o n l y 
two independent a d j u s t a b l e parameters f o r a s i n g l e c o m p l e t e l y -
d i s s o c i a t e d e l e c t r o l y t e , s i n g l e s o l v e n t s y s t em. 

In o r d e r t o combine e q u a t i o n (14) w i t h the Debye-Huckel 
f o r m u l a , which accoun t
i t i s n e c e s s a r y t o n o r m a l i z
s t a t e f o r the i o n s : 

g e x * / R T =g e x /RT-x c l nYg> -xa1nY§> (19) 

A f t e r employ ing e q u a t i o n (14) t o o b t a i n I n l a n d l n y f a n d 
s u b s t i t u t i n g back i n t o e q u a t i o n ( 1 9 ) , t he f i n a l r e s u l t i s : 

g e x /RT =Xm( x cm + x am) T ca ,m 
+ x c x m c z c T m , c a + x a x m a z a T m , c a (20) 
~ x c ( z c T m , c a + G c m T c a , m ) 
~ x a( z a T m,ca + ^am' i : ca ,m) 

The e q u a t i o n s f o r b i n a r y systems j u s t p r e s e n t e d can be 
g e n e r a l i z e d t o mu l t i component systems c o n s i s t i n g o f any 
comb ina t i on o f weak and s t r o n g e l e c t r o l y t e s , m o l e c u l a r 
s o l v e n t s , and m o l e c u l a r s o l u t e s . 

D i s c u s s i o n o f the L o c a l Compos i t i on Model 

The l o c a l c o m p o s i t i o n model makes i t p o s s i b l e t o s t u d y 
e l e c t r o l y t e thermodynamics ove r a w ide range o f c o m p o s i t i o n s . 
I t assumes t h a t the Debye-Huckel f o r m u l a i s adequate t o 
r e p r e s e n t the long-range i o n - i o n e l e c t r o s t a t i c c o n t r i b u t i o n and 
the l o c a l c o m p o s i t i o n model can account f o r the s h o r t - r a n g e 
i n t e r a c t i o n s among a l l s p e c i e s . Wh i l e the v a l i d i t y o f the 
Debye-Huckel f o r m u l a a t h i g h i o n i c s t r e n g t h i s q u e s t i o n a b l e , i t 
i s hoped t h a t the s h o r t - r a n g e c o n t r i b u t i o n w i l l dominate a t 
h i gh i o n i c s t r e n g t h , so t h a t a c c o u n t i n g f o r the long-range 
i o n - i o n e l e c t r o s t a t i c c o n t r i b u t i o n a c c u r a t e l y i s not c r i t i c a l . 

Systems w i t h weak e l e c t r o l y t e s , o r p a r t i a l l y d i s s o c i a t e d 
e l e c t r o l y t e s , can be s t u d i e d i f chemica l e q u i l i b r i u m among 
i o n i c s p e c i e s and m o l e c u l a r s p e c i e s i s c o n s i d e r e d . M u l t i -
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s o l v e n t systems can be i n v e s t i g a t e d w i t h the knowledge o f 
m i x e d - s o l v e n t d i e l e c t r i c c o n s t a n t and d e n s i t y wh ich a r e 
r e q u i r e d f o r the Debye-Huckel f o r m u l a . The h y p o t h e t i c a l pure 
c o m p l e t e l y - d i s s o c i a t e d l i q u i d e l e c t r o l y t e model has n o t h i n g t o 
do w i t h s o l i d s a l t c r y s t a l s . However, s a l t p r e c i p i t a t i o n can 
a l s o be s t u d i e d i f s o l u b i l i t y p roduc t c o n s t a n t s a r e known. 

I t s h o u l d be noted t h a t the l o c a l c o m p o s i t i o n model i s no t 
c o n s i s t e n t w i t h the commonly a ccep ted s o l v a t i o n t h e o r y . 
A c c o r d i n g t o the s o l v a t i o n t h e o r y , i o n i c s p e c i e s a re c o m p l e t e l y 
s o l v a t e d by s o l v e n t m o l e c u l e s . In o t h e r wo rds , t he l o c a l mole 
f r a c t i o n o f s o l v e n t m o l e c u l e s around a c e n t r a l i on i s u n i t y . 
Th i s becomes u n r e a l i s t i c when a p p l i e d t o h igh c o n c e n t r a t i o n 
e l e c t r o l y t e systems s i n c e the number o f s o l v e n t mo l e cu l e s w i l l 
be i n s u f f i c i e n t t o c o m p l e t e l y s o l v a t e i o n s . W i th the l o c a l 
c o m p o s i t i o n mode l , a l l i o n s a r e , e f f e c t i v e l y , c o m p l e t e l y 
su r rounded by s o l v e n t m o l e c u l e
and o n l y p a r t i a l l y su r rounde
c o n c e n t r a t i o n e l e c t r o l y t e s y s t ems . T h e r e f o r e , t he l o c a l 
c o m p o s i t i o n model i s b e l i e v e d t o be c l o s e r t o the p h y s i c a l 
r e a l i t y than the s o l v a t i o n t h e o r y . 

A p p l i c a t i o n o f the L o c a l Compos i t i on Model 

A wide v a r i e t y o f d a t a f o r mean i o n i c a c t i v i t y 
c o e f f i c i e n t s , o s m o t i c c o e f f i c i e n t s , vapor p r e s s u r e d e p r e s s i o n , 
and v a p o r - l i q u i d e q u i l i b r i u m o f b i n a r y and t e r n a r y e l e c t r o l y t e 
systems have been c o r r e l a t e d s u c c e s s f u l l y by the l o c a l 
c o m p o s i t i o n m o d e l . Some r e s u l t s a r e shown i n T a b l e 1 t o Tab l e 
10 and F i g u r e 3 t o F i g u r e 7. In each c a s e , the chemica l 
e q u i l i b r i u m between the s p e c i e s has been i g n o r e d . That i s , 
comple te d i s s o c i a t i o n o f s t r o n g e l e c t r o l y t e s has been assumed. 
Th i s assumpt ion i s not r e q u i r e d by the l o c a l c o m p o s i t i o n model 
bu t has been made here i n o r d e r t o s i m p l i f y the systems t r e a t e d . 

In g e n e r a l , d a t a a r e f i t q u i t e w e l l w i t h the mode l . F o r 
example , w i t h o n l y two b i n a r y pa rame te r s , the average s t anda rd 
d e v i a t i o n o f c a l c u l a t e d Ιηγ* ve rsus measured ΙηΎ* o f t he 50 
u n i - u n i v a l e n t aqueous s i n g l e e l e c t r o l y t e systems l i s t e d i n 
Tab l e 1 i s o n l y 0 . 0 0 9 . A l t h o u g h the f i t i s no t as good as t he 
P i t z e r e q u a t i o n , which a p p l i e s o n l y t o aqueous e l e c t r o l y t e 
s y s t ems , w i t h two b i n a r y parameters and one t e r n a r y parameter 
( P i t z e r , ( 5 ) ) , i t i s q u i t e s a t i s f a c t o r y and b e t t e r than t h a t o f 
B rom ley ' s e q u a t i o n ( J J . 

Data c o r r e l a t i o n r e s u l t s f o r s i n g l e - s a l t , s i n g l e - s o l v e n t 
b i n a r y systems a r e shown i n Tab l e 1 t o Tab l e 6 and F i g u r e 3 t o 
F i g u r e 6. There i s an obv i ous t r e n d between T

m , c a a n c l 

s t a n d a r d d e v i a t i o n o f c a l c u l a t e d Ιηγ* ve r sus measured Ιηγ* . 
When the a b s o l u t e v a l u e o f xm c a i n c r e a s e s , s t a n d a r d 
d e v i a t i o n a l s o i n c r e a s e s . Th i s i s c o n s i s t e n t w i t h t he p h y s i c a l 
meaning o f T M c a . The l a r g e r the a b s o l u t e v a l u e o f T

m c a , 
the s t r o n g e r t he i n t e r a c t i o n between c a t i o n and a n i o n . ' In 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Tab l e 1. Data and R e s u l t s o f F i t f o r Aqueous S o l u t i o n s 
o f u n i - u n i v a l e n t e l e c t r o l y t e a t 298.15°K 
- Mean I o n i c A c t i v i t y C o e f f i c i e n t Data 

E l e c t r o l y t e No. o f d a t a * m o l a l i t y T m , c a T c a , m σ 1ηγ* 
P o i n t s 

AgNQ3 23 0.1· - 6 . 0 7.295 -3 .059 0 .012 
CsAc 18 0 . Ι -3.5 8.462 -4 .500 0.009 
CsBr 21 Ο. Ι -5.0 8.381 -4 .034 0 .008 
CsCl 23 Ο. 1· -6.0 8 .368 -4 .043 0 .009 
C s l 17 0.1--3.0 8 .280 -3 .963 0 .007 
C S N O 3 12 0.1· -1.4 8 .988 -4 .057 0 .003 
KAc 18 0.1· -3.5 8.459 -4.476 0.007 
Κ Br 22 0.1· -5.5 7.901 -3 .962 0 .002 
KC1 20 
KCNS 21 
KF 19 0.1 -4.0 8.679 -4 .373 0 .004 
KH maIonate 21 0.1· -5.0 7 .338 -3 .462 0 .006 
KH s u c c i n a t e 20 0.1 -4.5 7.982 -3.861 0 .002 
K H 2 P O 4 14 0.1· -1.8 8 .924 -4 .017 0 .003 
KI 20 0.1 -4.5 7.620 -3.892 0 .004 
K N O 3 18 0.1· -3.5 7.642 -3 .327 0 .008 
Κ OH 23 0.1 -6.0 9.733 -4.945 0 .019 
L i A c 19 0.1· -4.0 8 .304 -4 .278 0 .004 
L i Br 23 0.1 -6.0 10.331 -5.251 0.046 
L i CI 23 0.1· -6.0 9 .900 -5 .046 0 .036 
L iC104 19 0.1· -4.0 9 .464 -4 .986 0 .022 
L i l 17 0.1 -3.0 9.157 -4.889 0.024 
LÏN03 23 0.1· -6.0 8 .804 -4 .562 0 .010 
LiOH 19 0.1 -4 .0 8.920 -4.275 0.027 
L i T o l 20 0.1· -4.5 7.396 -3 .710 0 .012 
NaAc 18 0.1 -3.5 8.257 -4.356 0.006 
NaBr 19 0.1--4.0 8.672 -4 .435 0 .008 
NaBr03 16 0.1· -2.5 7.587 -3 .589 0.001 
Na b u t y r a t e 18 0.1 -3.5 7.230 -4.104 0 .008 
NaCI 23 0.1· -6.0 8 .715 -4 .400 0.01,4 
NaC103 18 0.1· -3.5 7 .128 -3 .527 0 .004 
NaC104 23 0.1 -6 .0 7.799 -3 .937 0 .007 
NaCNS 19 0.1 -4 .0 7.770 -4 .078 0.009 
NaF 10 0.1 -1 .0 7.517 -3 .677 0.001 
Na fo rma te 18 0.1 -3.5 7.295 -3.776 0 .003 
NaH2P04 23 0.1 -6 .0 8 .138 -3.711 0 .002 
Nal 18 0.1 -3.5 8.752 -4.535 0 .009 
Na ma lonate 21 0.1 -5 .0 7.527 -3 .659 0 .003 
NaN03 23 0.1 -6 .0 7.071 -3.381 0 .003 
NaOH 23 0.1 -6 .0 9.225 -4.647 0 .026 
Na p r o p i o n a t e 17 0.1 -3 .0 8 .277 -4 .435 0 .006 
Na s u c c i n a t e 21 0.1 -5 .0 8.075 -3 .968 0 .002 
N H 4 C I 23 0.1 -6 .0 7.614 -3 .800 0 .002 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Table 1. Continued 
N H 4 N 0 3 23 0 . 1 - 6 . 0 7.170 -3 .295 0 .014 
RbAc 18 0 . 1 - 3 . 5 8.602 -4.545 0.008 
RbBr 21 0 . 1 - 5 . 0 7.920 -3.891 0 .004 
RbCl 21 0 . 1 - 5 . 0 8.086 -3.983 0 .003 
Rb l 21 0 . 1 - 5 . 0 8 .052 -3 .949 0 .004 
RbNQ3 20 0 . 1 - 4 . 5 7 .648 -3 .287 0 .013 
TIAc 23 0 . 1 - 6 . 0 7.683 -3 .618 0 .014 

* ( Rob inson and S t o k e s , ( 13 ) ) 

T a b l e 2 . Data and R e s u l t s o f F i t f o r A c i d s a t 298.15°K 
Assumin
- Mean I o n i

A c i d 

HBr 
HCI 
H C I O 4 
HI 
H N O 3 

No. o f Da ta * 
P o i n t s 

17 
23 
23 
17 
17 

H i g h e s t 
M o l a l i t y 

3.0 
6.0 
6 .0 
3.0 
3.0 

m,ca 

9 .742 
9.957 

10.488 
9.483 
8 .327 

ca,m 

- 5 . 
-5. 
-5 . 

087 
106 
328 

-5 .059 
-4.341 

σ1ηγ* 

0 .014 
0.031 
0 .058 
0.017 
0 .008 

* ( R o b i n s o n and S t o k e s , (13) ) 

Tab l e 3 . Data and R e s u l t s o f F i t f o r Aqueous S o l u t i o n s 
o f B i - b i v a l e n t E l e c t r o l y t e s a t 298.15°K 
- Mean I o n i c A c t i v i t y C o e f f i c i e n t Data 

E l e c t r o l y t e 

BeS04 
MgSC4 
MnS04 
N 1 S O 4 
C U S O 4 
ZnS04 
CdS04 
U O 2 S O 4 

No. o f Da ta* M o l a l i t y T m , c a T c a , m σ 1ηγ* 
P o i n t s 

18 0 . 2 - 4 . 0 11 .728 -6 .905 0 .049 
16 0 . 2 - 3 . 5 11 .623 -6 .827 0 .047 
18 0 . 2 - 4 . 0 11.499 -6 .732 0 .046 
15 0 . 2 - 2 . 5 11.704 -6 .826 0 .042 
11 0 . 2 - 1 . 4 12 .128 -7 .043 0 .043 
17 0 . 2 - 3 . 5 11.693 -6 .827 0 .046 
17 0 . 2 - 3 . 5 11.481 -6 .704 0 .053 
22 0 . 2 - 6 . 0 11.316 -6 .646 0 .078 

* ( R o b i n s o n and S t o k e s , (13 ) ) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Tab l e 4 Data and R e s u l t s o f F i t f o r U n i - u n i v a l e n t 
E l e c t r o l y t e E f f e c t on the Vapor P r e s s u r e o f 
Methanol a t 298.05°K 

E l e c t r o l y t e No. o f Da ta* H i g h e s t 
P o i n t s M o l a l i t y 

L i C l 9 5.3554 11.783 -5 .562 0 .034 
NaBr 9 1.556 10.717 -5.176 0 .002 
NaOH 9 5.9413 10.372 -5 .633 0 .019 
Nal 16 4 .5200 9.716 -5.186 0.011 
KI 9 1.1219 10.765 -5 .138 0 .002 

* ( B i x o n e t a l . , (25 ) ) 

Tab l e 5 Temperature E f f e c t on Data and R e s u l t s o f F i t 
f o r Aqueous NaCl S o l u t i o n s 
- Mean I o n i c A c t i v i t y C o e f f i c i e n t Data 

T°K No. o f Da t a * M o l a l i t y ^ m > c a σ 1 η γ * 
P o i n t s 

273.15 28 0 . 0 5 - 6 . 0 8.831 -4 .406 0 .018 
298 .15 28 0 . 0 5 - 6 . 0 8.744 -4.409 0 .014 
323.15 28 0 . 0 5 - 6 . 0 8 .629 -4 .380 0.011 
348 .15 28 0 . 0 5 - 6 . 0 8.510 -4.334 0 .008 
373.15 28 0 . 0 5 - 6 . 0 8 .420 -4 .288 0 .005 

*smoothed d a t a ( S i l v e s t e r and P i t z e r , (23 ) ) 

Tab l e 6 Temperature E f f e c t on Data and R e s u l t s o f F i t 
f o r Aqueous KBr S o l u t i o n s 
- Mean I o n i c A c t i v i t y C o e f f i c i e n t Data 

T°K No. o f Da t a * M o l a l i t y 
P o i n t s 

333.15 14 0 . 1 - 4 . 0 
343 .15 14 0 . 1 - 4 . 0 
353.15 14 0 . 1 - 4 . 0 
363 .15 14 0 . 1 - 4 . 0 
373 .15 14 0 . 1 - 4 . 0 

* ( R o b i n s o n and S t o k e s , (13 ) ) 

T m , c a T c a , m σ 1ηγ* 

7.860 -3 .994 0.001 
7.831 -3.989 0.001 
7.773 -3 .970 0.001 
7.769 -3.971 0 .002 
7.760 -3 .969 0 .002 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Tab l e 7. Data and R e s u l t s o f F i t f o r the Mean I o n i c 
A c t i v i t y C o e f f i c i e n t s o f HCL and HBr i n H a l i d e 
S o l u t i o n s a t 298.15°K A c i d C o n c e n t r a t i o n = 0.01M 
(approx imated as 0.01m) 

A c i d S a l t No. o f Da ta* H ighes t S a l t T MX,HX(= 
P o i n t M o l a l i t y 

T MX,HX(= 

HCI KC1 13 3.5 -1 .633 
HCI NaCl 9 3.0 -1 .129 
HCI L i CI 11 
HBr KBr 12 
HBr NaBr 11 3.0 -1 .113 
HBr L i Br 15 3.0 -0 .307 

•ΤΗΧ,ΜΧ) σ 1 η γ * 

0 .020 
0 .008 

0.007 
0.027 

* (Harned and Owen, (24) ) 

Tab l e 8. Data and R e s u l t s o f F i t on S o l u b i l i t y o f Carbon 
D i o x i d e i n Aqueous S o l u t i o n s a t 298.15°K 

S a l t No. o f Da ta* H ighes t τ τ σ ] * 
P o i n t s M o l a l i t y T 1 

NaCl 9 5.732 5.733 -4 .115 0 .014 
KC1 5 3.942 10.414 -6.109 0.008 

m 

X C 0 9 HoO = -1.644917+(0.320488D-1)* (T-273.15) 
T H 2 0 , C 0 9 = T C 0 2 , H 2 0 * ( 2 . 4 4 2 1 7 2 ) 
( C O 2 - H 2 6 b i n a r y d a t a o b t a i n e d f r o m Houghton, G . , A . M. 
McLean, and P. D. R i t c h i e , (26 ) ) 

+ ( Y a s u n i s h i , A . and F. Y o s h i d a , (24 ) ) 
+ o r i g i n a l d a t a were exp re s sed i n terms o f m o l a r i t y and t he 
Ostwa ld c o e f f i c i e n t 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Tab le 9 . V a p o r - L i q u i d E q u i l i b r i u m Data C o r r e l a t i o n f o r 
Methanol-Water-NaBr sys tem a t 298.15°K 

x 2 ' S a l t E x p t . Da t a * C a l c . Va lue d i f f Ρ c l i f f y 
M o l a l i t y p** y i p** y i 

0 .148 0.852 1 4 9 . 8 0 .603 5 0 . 4 0 .622 +0.6 +0.019 
0 .148 0 .852 2 50.1 0 .627 52 .7 0 .655 +2.6 +0.028 
0 .148 0.852 4 51.1 0 .675 5 3 . 2 0.686 +2.1 +0.011 
0 .148 0 .852 7. 1 50.4 0 .756 4 7 . 7 0 .693 - 2 . 7 -0 .063 
0 .292 0 .708 1 6 8 . 0 0 .742 6 8 . 7 0 .766 +0.7 +0.024 
0 .292 0 .708 2 6 8 . 9 0 .762 7 0 . 9 0 .783 +2.0 +0.021 
0 .292 0 .708 4 
0 .292 0 .708 5. 7 
0 .500 0 .500 1 85 .1 0 .850 8 6 . 9 0 .859 + 1.8 +0.009 
0 .500 0 .500 2 84 .35 0 .860 8 6 . 7 0 .862 +2.35 +0.002 
0 .500 0 .500 4 8 0 . 4 0.884 7 9 . 9 0 .853 -0 .5 -0.031 
0 .700 0 .300 1 99 .5 0 .920 100.4 0 .916 +0.9 -0.-004 
0 .700 0 .300 2 9 5 . 7 0 .926 9 7 . 2 0.911 +1.5 -0 .015 
0 .700 0 .300 2 . 8 91 .4 0 .932 9 2 . 7 0 .906 +1.3 -0 .026 
0 .900 0 .100 1 114.2 0 .977 113.6 0 .969 -0 .6 -0 .008 
0 .900 0 .100 1. 9 107.3 0 .979 107.1 0 .966 -0 .2 -0 .013 

mean dev~ 1.35 0.0195 

τ Η?0 NaBr =8 .672+0 .244* (78 .48-D )/ (78 .48-32 .66 ) 
T NaBr H?0 = " 4 . 4 3 5 + 0 . 2 4 4 * ( 7 8 . 4 8 - D ) / ( 7 8 . 4 8 - 3 2 . 6 6 ) 
T CH?0H,NaBr =10 .717-3 .493* (32 .66-D ) / (78 .48-32 .66 ) 
T NaBr ,CH i0H =-5 .176-3 .493* (32 .66-0 ) / (78 .48-32 .66 ) 
T H 2 0 , C H 3 0 H =0.2944 
T C H 3 0 H , H 2 0 =0.1936 
(methanol-water b i n a r y da t a o b t a i n e d f r om G m e h l i n g , J . and U. 
Onken, (27 ) ) 

d = 0 . 9 9 7 1 + ( - 0 . 1 6 3 9 3 9 D - 2 ) * ( x 1 ' ) + ( 0 . 1 7 0 1 5 6 3 D - 5 ) * ( x i ' ) 2 

- ( 0 . 6 2 8 5 0 7 3 D - 7 ) * ( X ! ' ) 3 

D = 7 8 . 4 8 - ( 0 . 4 2 3 3 6 0 8 ) * ( x i ' ) - ( 0 . 3 3 0 7 0 4 7 0 - 3 ) * ( x i ' ) 2 
- ( 0 . 3 4 3 4 4 2 9 D - 7 ) * ( x ! ' ) 3 

χ ΐ ' = x CH 3 OH/( x CH 3 OH + x H 2 O ) 
x 2 = X H 2 0 / ( X C H 3 0 H + X H 2 0 7 

* ( C i p a r i s , (28 ) ) 
* * ( u n i t : mirtigT 
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Tab l e 10. V a p o r - L i q u i d E q u i l i b r i u m Data C o r r e l a t i o n f o r 
Me thano l-Wa te r-L iC l sys tem a t 298.15°K 

X 1 " M o l a l i t y E X P t " ° a t a * C a l c - ν * Ί " 6 d i f f P d i f f y 

0 .152 0 .848 1 
0 .298 0 .702 1 
0 .470 0 .530 1 
0 .700 0 .300 1 
0 .958 0 .042 1 

ρ** y i ρ** y i 

65 .3 0 .765 65 .2 0.751 -0.1 -0 .014 
8 0 . 0 0 .860 8 1 . 0 0 .840 +1.0 -0 .020 
96 .3 0 .930 9 8 . 6 0 .917 +2.3 -0 .013 

115.3 0 .993 117 .4 0 .988 +2.1 -0 .005 
mean dev . 1.2 0.012 

τΗ?0 L i C l =9 .900-0 .2239* (78 .48-D ) / (78 .48-32 .66 ) 
l i d ' HoO =-5 .046-0 .2239* (78 .48-D )/ (78 .48-32 .66 ) 
XH-JOH L i C l - Π . 7 8 3 - 1 . 8 5 3 * ( 3 2 . 6 6 - D ) / ( 7 8 . 4 8 - 3 2 . 6 6 ) 
\ i C l , C H 3 0 H =-5 .562-1 .853* (32 .66-D )/ (78 .48-32 .66 ) 
T C H 3 0 H , H ? 0 =0.1936 
T H 2 0 , C H 3 6 H =0-2944 
(methanol-water b i n a r y d a t a o b t a i n e d f r o m G m e h l i n g , J . and U. 
Onken, (27 ) ) 

d = 0 . 9 9 7 1 + ( - 0 . 1 6 3 9 3 9 D - 2 ) * ( x 1 ' ) + ( 0 . 1 7 0 1 5 6 3 D - 5 ) * ( x 1 ' ) 2 

- ( 0 . 6 2 8 5 0 7 3 D - 7 ) * ( x i ' ) 3 

D =78.48-(0.4233608)* (χι ' )- (0.3307047ϋ-3)* (χ Ί ' )2 
- ( 0 . 3 4 3 4 4 2 9 D - 7 ) * ( x i ' ) 3 

χ ι ' = X C H 3 O H / ( X C H 3 O H + X H 2 O ) 
χ 2 ' = X H 2 0 / ( x C H 3 0 H + X H 2 0 7 

* ( C i p a r i s , (28 ) ) 
* * ( u n i t : mmHgT 
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Figure 3. Comparison of the calculated and experimental mean ionic activity co
efficients of three uni-univalent electrolytes at 298.15 K: ( ) calculated; (A, O, 

Q ) data from Ref. 13 
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Figure 4. Comparison of the calculated and experimental mean ionic activity co
efficients of three bi-bivalent electrolytes at 298.15 K: ( ) calculated; (+,[J,0) 

data from Ref. 13 
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Figure 5. Salt effect on the vapor pressure of methanol at 298.05 Κ (experimental 
data (25): Ο NaOH-methanol; (+) Νal-methanol) 
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Figure 6. Dimensionless interaction parameters as determined from isothermal fits 
at various temperatures ((+) KBr-water; (\Z\) NaCl-water) 
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Figure 7. Comparison of the calculated and experimental mean ionic activity co
efficient of HCI in the KCl aqueous solution at 298.15 K: ( ) calculated; (O, Q ) 

data from Ref. 14 
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othe r words , t he i o n s tend t o a s s o c i a t e and l a c k o f f i t on da t a 
c o r r e l a t i o n can be r e l a t e d t o t h i s i o n a s s o c i a t i o n . When t h i s 
o c c u r s , chem i ca l e q u i l i b r i u m o f ion a s s o c i a t i o n s h o u l d be taken 
i n t o c o n s i d e r a t i o n . L a rge r s t a n d a r d d e v i a t i o n s were found f o r 
s e v e r a l h i g h e r v a l e n t e l e c t r o l y t e s . I t a l s o s h o u l d be noted 
t h a t t he e l e c t r o l y t e c o n c e n t r a t i o n i n these systems i s ve r y 
h igh and i t seems r e s a o n a b l e t h a t a s s o c i a t i o n s h o u l d o c c u r t o 
some e x t e n t . 

The i n t e r a c t i o n parameters are weak, l i n e a r f u n c t i o n s o f 
t e m p e r a t u r e , as shown i n T a b l e 5, Tab l e 6 and F i g u r e 6. These 
t a b l e s and f i g u r e show the r e s u l t s o f i s o t h e r m a l f i t s f o r 
a c t i v i t y c o e f f i c i e n t d a t a o f aqueous NaCl and KBr a t v a r i o u s 
t e m p e r a t u r e s . The P i t z e r e q u a t i o n parameters a r e , however , 
s t r o n g l y dependent on tempera tu re ( S i l v e s t e r and P i t z e r , ( 2 3 ) ) . 

There can be many d i f f e r e n t t ypes o f t e r n a r y e l e c t r o l y t e 
sys tems . The HC I-KC I -H2
e l e c t r o l y t e , o n e - s o l v e n
d a t a c o r r e l a t i o n r e s u l t s f o r the a c t i v i t y c o e f f i c i e n t s o f s a l t s 
i n t e r n a r y e l e c t r o l y t e systems o f t h i s t ype a re shown i n Tab l e 
7 and F i g u r e 7. W a t e r - e l e c t r o l y t e b i n a r y parameters were 
o b t a i n e d f rom Tab l e 1 . 

A second t ype o f t e r n a r y e l e c t r o l y t e systems i s s o l v e n t -
s u p e r c r i t i c a l m o l e c u l a r s o l u t e - s a l t s y s t ems . The c o n c e n t r a 
t i o n o f s u p e r c r i t i c a l m o l e c u l a r s o l u t e s i n these systems i s 
g e n e r a l l y v e r y l ow . T h e r e f o r e , the s a l t i n g out e f f e c t s a re 
e s s e n t i a l l y e f f e c t s o f the presence o f s a l t s on the unsymmetr ic 
a c t i v i t y c o e f f i c i e n t o f m o l e c u l a r s o l u t e s a t i n f i n i t e d i l u t i o n . 
The i n t e r a c t i o n parameters f o r N a C l - C 0 2 b i n a r y p a i r and 
K C I - C O 2 b i n a r y p a i r are shown i n Tab l e 8. W a t e r - e l e c t r o l y t e 
b i n a r y parameters were o b t a i n e d f rom Tab l e 1 . Water-carbon 
d i o x i d e b i n a r y parameters were c o r r e l a t e d assuming d i s s o c i a t i o n 
o f ca rbon d i o x i d e i n wate r i s n e g l i g i b l e . I t i s i n t e r e s t i n g t o 
note t h a t the Setschenow e q u a t i o n f i t s o n l y a p p r o x i m a t e l y t h e s e 
two systems ( Y a s u n i s h i and Y o s h i d a , ( 2 4 ) ) . 

Another t ype o f t e r n a r y e l e c t r o l y t e sys tem c o n s i s t s o f two 
s o l v e n t s and one s a l t , such as methano l-water-NaBr . Vapor-
l i q u i d e q u i l i b r i u m o f such mixed s o l v e n t e l e c t r o l y t e systems 
has neve r been s t u d i e d w i t h a thermodynamic model t h a t t akes 
i n t o account the presence o f s a l t s e x p l i c i t l y . However, i t 
s h o u l d be r e c o g n i z e d t h a t the i n t e r a c t i o n parameters o f 
s o l v e n t - s a l t b i n a r y systems are f u n c t i o n s o f the mixed s o l v e n t 
d i e l e c t r i c c o n s t a n t s i n c e the i o n - m o l e c u l a r e l e c t r o s t a t i c 
i n t e r a c t i o n e n e r g i e s , g m a and g m c , depend on the r e c i p r o c a l 
o f t he d i e l e c t r i c c o n s t a n t o f the s o l v e n t (Rob inson and S t o k e s , 
(13) ) . Pure component pa r ame te r s , such as g m m and g c a , a re 
not f u n c t i o n s o f d i e l e c t r i c c o n s t a n t . R e s u l t s o f d a t a c o r r e l a 
t i o n on v a p o r - l i q u i d e q u i l i b r i u m o f methanol-water-NaBr and 
methano l -wa te r-L iC l a t 298.15°K are shown i n Tab l e s 9 and 1 0 . 
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C o n c l u s i o n s 
Two a c t i v i t y c o e f f i c i e n t models have been deve loped f o r 

v a p o r - l i q u i d e q u i l i b r i u m o f e l e c t r o l y t e s y s t ems . The f i r s t 
model i s an e x t e n s i o n o f the P i t z e r e q u a t i o n and i s a p p l i c a b l e 
t o aqueous e l e c t r o l y t e systems c o n t a i n i n g any number o f 
m o l e c u l a r and i o n i c s o l u t e s . The v a l i d i t y o f the model has 
been shown by d a t a c o r r e l a t i o n s t u d i e s on t h r e e aqueous 
e l e c t r o l y t e systems o f i n d u s t r i a l i n t e r e s t . The second model 
i s based on the l o c a l c o m p o s i t i o n concep t and i s des i gned t o be 
a p p l i c a b l e t o a l l k i n d s o f e l e c t r o l y t e s y s t ems . P r e l i m i n a r y 
d a t a c o r r e l a t i o n r e s u l t s on many b i n a r y and t e r n a r y e l e c t r o l y t e 
systems sugges t the v a l i d i t y o f the l o c a l c o m p o s i t i o n mode l . 

Abstract 
The semi-empirical Pitzer equation for modeling equilibrium 

in aqueous electrolyte
-dynamically consistent manner to allow for molecular as well as 
ionic solutes. Under limiting conditions, the extended model 
reduces to the well-known Setschenow equation for the salting 
out effect of molecular solutes. To test the validity of the 
model, correlations of vapor-liquid equilibrium data were 
carried out for three systems: the hydrochloric acid aqueous 
solution at 298.15°K and concentrations up to 18 molal; the 
NH3-CO2 aqueous solution studied by van Krevelen, et al. 
(17) at 293.15°K; and the K2CO3-CO2 aqueous solution of 
the Hot Carbonate Process with temperatures from 343.15°K to 
413.15°K and concentrations up to 40 weight percent equivalent 
potassium carbonate. The success of the correlations suggests 
the validity of the model for aqueous electrolyte systems of 
industrial interest. 

For the industrially important class of mixed solvent, 
electrolyte systems, the Pitzer equation is not useful because 
its parameters are unknown functions of solvent composition. A 
local composition model is developed for these systems which 
assumes that the excess Gibbs free energy is the sum of two 
contributions, one resulting from long-range forces between 
ions and the other from short-range forces between all species. 
The long-range term has been satisfactorily described by the 
Debye-Huckel formula and is retained. The short-range 
contribution is modeled by utilizing the concept of local 
compositions in a manner similar to Renon and Prausnitz (20) 
but with additional assumptions appropriate for electrolyte 
systems. Preliminary results suggest the validity of the model 
since good fits to experimental data have been obtained for a 
wide range of binary and ternary systems with only binary 
parameters. 
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N o t a t i o n 

Αφ = Debye-Huckel c o n s t a n t f o r the o s m o t i c c o e f f i c i e n t 
B c a = b i n a r y i o n - i o n i n t e r a c t i o n parameter 
C c a = t e r n a r y i o n - i o n i n t e r a c t i o n parameter 
D c a m = b i n a r y s a l t - m o l e c u l e i n t e r a c t i o n parameter o r 

Setschenow c o n s t a n t 
D = d i e l e c t r i c c o n s t a n t 
G e x = excess G ibbs f r e e energy 
I = i o n i c s t r e n g t h (-l/21.Em1-Z^) 
Ρ = p r e s s u r e 
R = gas c o n s t a n t 
Τ = tempera tu re ( ° K ) 
Ζ = a b s o l u t e v a l u e o f i o n i c cha rge 
d = d e n s i t y 
g e x = mo la r excess G ibb
m = m o l a l i t y (g-mole/k
n w = number o f kg o f the s o l v e n t , wa te r 
χ = l i q u i d phase mole f r a c t i o n 
y = vapor phase mole f r a c t i o n 

Greek L e t t e r s 

β(0), β Π ) = parameters o f the e m p i r i c a l e x p r e s s i o n o f B ( I ) 
γ = a c t i v i t y c o e f f i c i e n t 
θ = b i n a r y i o n - i o n d i f f e r e n c e parameter 
λ = second v i r i a l c o e f f i c i e n t o f t he b a s i c P i t z e r e q u a t i o n 
y = t h i r d v i r i a l c o e f f i c i e n t o f the b a s i c P i t z e r e q u a t i o n 
υ = s t o i c h i o m e t r i c c o e f f i c i e n t 
σ = s tanda rd d e v i a t i o n 
τ = b i n a r y i n t e r a c t i o n energy parameter 
ψ = t e r n a r y i o n - i o n d i f f e r e n c e parameter 
ω = b i n a r y s a l t - m o l e c u l e d i f f e r e n c e parameter 

S u p e r s c r i p t s 

* = unsymmetr ic c o n v e n t i o n 
0 0 = i n f i n i t e d i l u t i o n 

S u b s c r i p t s 

a , a ' = an ion 
c , c ' = c a t i o n 
c a = s a l t c a 
i , j , k = any s o l u t e i n the P i t z e r e q u a t i o n 

any s p e c i e s i n the l o c a l c o m p o s i t i o n model 
m = m o l e c u l a r s o l u t e i n the P i t z e r e q u a t i o n 

any m o l e c u l a r s p e c i e s i n the l o c a l c o m p o s i t i o n model 
r e f = r e f e r e n c e 
s = s a l t 
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5 
Chemical Equilibria in Flue Gas Scrubbing 
Slurries 

CLAYTON P. KERR 

Tennessee Technological University, Cookeville, TN 38501 

There are several ways for controlling emissions of sulfur 
dioxide from coal-fire
tion is the most highl
watts of generating capacity equipped with flue gas desulfuriza-
tion equipment and another 20,000 megawatts being constructed or 
designed. Within 10-15 years, the total electrical generating 
capacity so equipped will exceed 100,000 megawatts. The subject 
of this paper is the chemical equilibria of the more prevalent 
aqueous scrubbing processes for flue gas desulfurization. 
Because the equilibria of the liquids are highly dependent upon 
the alkali used and certain design and operating conditions, a 
few words of discussion about some of the more prevalent pro
cesses make the subsequent discussion more easily understood. 

Flue gas desulfurization processes can be divided into two 
broad categories: 1. throw-away processes where the removal 
reagent is not regenerated and a waste product containing sulfur 
is created, and 2. regenerative processes where the removal 
reagent is regenerated and a salable product containing sulfur 
is created. Both categories of processes can be further sub
divided into wet and dry processes. 

The throw-away processes with aqueous s l u r r i e s of lime or 
limestone as the scrubbing media are the most extensively 
i n s t a l l e d processes. These processes create a waste sludge 
containing calcium s u l f i t e , calcium s u l f a t e , f l y ash, unreacted 
a l k a l i , and other minor dissolved species i n the free water 
contained i n the sludge. Since f l u e gas contains oxygen, some 
of the dissolved s u l f u r dioxide i s ox i d i z e d , and calcium s u l f a t e 
i s formed. 

Several power plants have been equipped with dual a l k a l i 
processes. These are throw-away processes with two l i q u i d 
loops. In one common process, the scrubbing l i q u i d i s a clear 
s o l u t i o n of sodium s u l f i t e . The absorption of s u l f u r dioxide 
converts the sodium s u l f i t e to sodium b i s u l f i t e . In the 
regeneration loop, an a l k a l i such as lime s l u r r y i s added; the 
sodium s u l f i t e s o l u t i o n i s regenerated; and a mixture of calcium 
s u l f i t e and calcium s u l f a t e i s p r e c i p i t a t e d . The s l u r r y i s 
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f i l t e r e d , and the clear l i q u i d i s returned to the scrubbing loop. 
This process has the advantages of excellent s u l f u r dioxide 
removal and a reduced s c a l i n g and plugging tendency because the 
scrubbing i s performed with a clear l i q u i d s o l u t i o n . 

Sodium s u l f i t e scrubbing can be configured as a regenerative 
process i f the regeneration i s performed thermally i n an evapora
tor system. Thermal regeneration removes gaseous s u l f u r dioxide 
with the sodium b i s u l f i t e being converted back to sodium s u l f i t e . 
The s u l f u r dioxide i s then reduced to elemental s u l f u r or con
verted to s u l f u r i c a c i d . 

Several plants have been equipped with processes that use 
an aqueous s l u r r y of magnesium s u l f i t e and magnesium oxide as 
the scrubbing material. Sulfur dioxide i s absorbed, and a mix
ture of magnesium s u l f i t e and magnesium s u l f a t e i s p r e c i p i t a t e d . 
A bleed stream from the absorption part of the process i s 
dewatered and dried. Th
magnesium s u l f a t e are the
returned to the scrubbing process, and s u l f u r dioxide which i s 
released with the c a l c i n a t i o n i s then converted i n t o a salable 
product such as s u l f u r i c a cid. 

Coals contain chloride i n varying amounts, and the burning 
of coal releases the chloride as gaseous hydrogen chloride. 
Unless the hydrogen chloride i s removed separately, the alka
l i n e l i q u i d of the scrubber w i l l convert the hydrogen chloride 
i n t o very soluble chloride s a l t s . Depending upon the chloride 
content of the coal and the amount of water purged from the 
process, the chloride content of the l i q u i d can be as high as 
20,000 parts per m i l l i o n by weight. The chloride content of 
the c i r c u l a t i o n l i q u i d has considerable e f f e c t on the e q u i l i 
b r i a i n the l i q u i d . I t also i s an important fa c t o r i n the 
choice of materials of construction. Some processes such as 
magnesium oxide scrubbing require separate removal of chlo r i d e . 

For various reasons, i t i s often desirable to perform 
equilibrium or quasi-equilibrium c a l c u l a t i o n s i n the design or 
operation of a f l u e gas d e s u l f u r i z a t i o n f a c i l i t y . In t h i s 
paper, equilibrium reactions, formulas f o r the c a l c u l a t i o n of 
temperature dependent equilibrium constants, and methods of 
c a l c u l a t i o n of a c t i v i t y c o e f f i c i e n t s of ions and ion-pairs are 
presented. Ca l c u l a t i o n of charged species i s based on modified 
Debye-Hiickel theory. The equilibrium c a l c u l a t i o n s are almost 
always i t e r a t i v e . A way of d i r e c t i n g these ca l c u l a t i o n s by 
using an optimum seeking method i s presented. The method i s 
e a s i l y computer programmed, and i f the problem i s properly 
formulated, machine running time i s modest. The method 
developed i s very general and can be used i n a wide v a r i e t y 
of applications. Two examples of equilibrium c a l c u l a t i o n s f o r 
lime or limestone processes are outlined: c a l c u l a t i o n of 
calcium s u l f i t e and calcium s u l f a t e supersaturation r a t i o s 
and c a l c u l a t i o n of dissolved a l k a l i n i t y . 
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Solution E q u i l i b r i a i n Aqueous Flue Gas Des u l f u r i z a t i o n Processes 

Lowell et a l . (JL) have prepared a general l i s t of the equi
l i b r i a present i n aqueous f l u e gas d e s u l f u r i z a t i o n processes. 
The r e l a t i v e importance of the dissolved species w i l l be depen
dent upon the type of process under consideration. For example, 
i n the magnesium oxide process, magnesium i s one of the dominant 
species while sodium i s one of the dominant species i n the 
regenerative sodium process. A general l i s t of e q u i l i b r i a i s 
presented i n Table 1. Expressions of the following form have 
been developed f o r the temperature dependent equilibrium 
constants ( 1). 

log Κ = - -γ- - C log Τ - DT + Ε (1) 

Κ i s the temperature dependen
absolute temperature i
constants. Numerical values of these constants are presented 
i n Table 2. 

Values of the equilibrium constants at 298°K can also be 
calculated from tabulated thermodynamic properties. The 
standard Gibbs f free energy of the reaction at 298°K i s f i r s t 
c a l c u l a t e d , and the equilibrium constant at 298°K i s then 
determined from the equation 

AG° = -RTlnK (2) 

AG° i s the standard Gibbs 1 free energy f o r the reaction at 
298°K; R i s the i d e a l gas constant; and Τ i s 298°K. Since the 
actual temperature of most s l u r r i e s or solutions i n f l u e gas 
scrubbing applications usually does not exceed 50°C, the value 
of the equilibrium constant can be determined at some tempera
ture other than 298°K by using the van Tt Hoff equation 

ΔΗ° i s the standard heat of reaction at 298°K. 

Calcu l a t i o n of Ion and Ion-Pair A c t i v i t y C o e f f i c i e n t s 

For the concentrations of dissolved species encountered i n 
flu e gas scrubbing a p p l i c a t i o n s , the e q u i l i b r i a must be formu
lated i n terms of a c t i v i t i e s rather than m o l a l i t i e s . The 
a c t i v i t i e s , m o l a l i t i e s , and a c t i v i t y c o e f f i c i e n t s are re l a t e d 
by 

a. = Y.m. (4) 
1 1 1 

where a., γ., and m. are res p e c t i v e l y the a c t i v i t y , a c t i v i t y 
c o e f f i c i e n t ^ and mo l a l i t y of component i . 
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Table I. E q u i l i b r i a Present i n Flue Gas Scrubbing 
S l u r r i e s f o r the Lime or Limestone Processes 

H20 ̂  H + + 0H- (1) HSO: ^ H+ + S O " 
ο Ο 

(2) 

H 2 S ° 3 ^ H + + H S°3 (3) HSO" ^ H + + S0-- (Ό 

HCO- ^ H+ + C0--

CaOH+ ^ C a + + + OH" (7) CaSO° ̂  C a + + + SO" ο ο 
(8) 

CaSO° ̂  C a + + + SO"" (9) CaCO° ̂  C a + + + CO" ο ο 
(10) 

CaHCO+ ̂  C a + + + HCO; 
Ο ο 

(11) MgOH +^ Mg + + + 0H- (12) 

MgSO|^ Mg + + + SO"" (13) MgS0° Mg + + + SO^- (14) 

MgCO 0^ Mg + + + CO" 
3 0 

(15) MgHC0+ ̂  Mg + + + HCO" (16) 

N a O H ° ^ Na + + 0H~ (17) NaSO^ ̂  Na + + S0^ _ (18) 

NaCOT ̂  Na + + CO" 
ο ο (19) NaHCO° ̂  Na + + HCO" (20) 

CaSO^ · 2H20 ^ C a + + + so;" + 2H20 (21) 

CaSO · 3gH 0 ̂  C a + + + so-- + %H20 (22) 

C0 2(g) + H 2 0 ^ H 2C0 3 (23) S0 2(g) + H20 ^ H 2S0 3 (24) 
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Table I I . Expressions f o r Equilibrium 
Constants from Lowell et a l . (1) 

log Κ = -B/T -C log T -DT + Ε 

taction Β 

1 4.Η710Ε 03 0. 0000 1. .7060E-•02 6. -0875E 00 
2 -6.3384Ε 02 0. 0000 0. ,0000 -9. ,3320E 00 
3 -8.4367Ε 02 0. 0000 0. 0000 -4. ,7171E 00 

4.7514Ε 02 0. 0000 1. ,8222E-•02 5. ,0435E 00 
5 2.9024Ε 03 0. 0000 2. .3790E-•02 6. Λ980Ε 00 
6 3.4047Ε 03 0. 0000 3. 2786E-02 1. Λ843Ε 01 
7 -2.7300Ε 02 0. 0000 0. ,0000 -2. «2900E 00 
8 -5.0480Ε 02 0. 0000 0. ,0000 -5. •0910E 00 
9 2.5721Ε 03 2. 3150Ε 01 0. ,0000 6. .3600E 01 

10 -4.7548Ε 02 0. 0000 0. ,0000 -4. •7954E 00 
11 -3.0185Ε 02 0. 0000 0. ,0000 -2. «2720E 00 
12 -5.1799Ε 02 0. 0000 0. ,0000 -H. .3223E 00 
13 -4.3250Ε 02 0. 0000 0. ,0000 -4. «3715E 00 
14 -1.0579Ε 03 0. 0000 0. ,0000 -5. .7950E 00 
15 -5.0480Ε 02 0. 0000 0. ,0000 -5. «0910E 00 
16 -2.3508Ε 02 0. 0000 0. ,0000 -1. .7470E 00 
17 0.0000 0. 0000 0. ,0000 5. .7000E--01 
18 -2.4100Ε 02 0. 0000 0. ,0000 -1. .5290E 00 
19 -3.0341Ε 02 0. 0000 0. ,0000 -2, •2852E 00 
20 0.0000 0. 0000 0. ,0000 2, .5000E--01 
21 Η.9440Ε 03 3. 7745Ε 01 0. ,0000 1. •0536E 02 
22 0.0000 0. 0000 0. ,0000 -7, •0757E 00 
23 -1.0150Ε 03 0. 0000 0. ,0000 -4, «8700E 00 
24 -1.3700Ε 03 0. 0000 0. ,0000 -4. .5100E 00 
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Semi-empirical methods based upon Debye-Huckel theory can 
be used to calculate the a c t i v i t y c o e f f i c i e n t s . The a c t i v i t y 
c o e f f i c i e n t s are dependent upon several variables and among 
them i s the i o n i c strength of the l i q u i d . The i o n i c strength 
of the f l u e gas scrubbing process i s highly dependent upon 
the type of process and c e r t a i n parameters such as the chloride 
content of the c o a l , the amount of free water purged from the 
process and the addition of soluble additives to the scrubbing 
l i q u i d . Some fl u e gas d e s u l f u r i z a t i o n processes such as dual 
a l k a l i processes or regenerative sodium scrubbing have inherently 
higher i o n i c strengths because of the soluble nature of the 
dissolved species. Processes operating with lime or limestone 
s l u r r i e s have lower i o n i c strengths because the dissolved 
species are less soluble. Lime or limestone processes t y p i 
c a l l y operate with i o n i c strengths i n the range of 0.1 to 0.2 M. 
I f the chloride conten
has extensive dewaterin
be as high as 1 M. The addition of magnesium oxide to lime or 
limestone s l u r r i e s to promote the removal of s u l f u r dioxide w i l l 
also increase i o n i c strength. 

The o r i g i n a l Debye-Hiickel expression f o r the c a l c u l a t i o n 
of the a c t i v i t y c o e f f i c i e n t s of ions i s 

log yi = -Az? I* (5) 

γ. i s the a c t i v i t y c o e f f i c i e n t of the i t h i o n ; A i s a constant 
dependent upon the solvent and the temperature; ζ i s the charge 
of the i t h i o n ; and I i s the i o n i c strength. 

I = 0.5 Σ m.z? (6) 
ι ι 

A derivation of t h i s expression i s presented by Daniels and 
Alberty (2). Equation 5 i s l i m i t e d to very d i l u t e s o l u t i o n s , 
I less than 0.01 M. Equation 5 can be extended to more con
centrated solutions by incorporating a term 1 + 3εΙ 2 i n the 
denominator of equation 5. 

Az? Ih 

log γ. = ±—^ (7) 
1 + 3εΙ 2 

3 i s a constant that i s dependent upon temperature and the type 
of solvent, and ε i s the mean distance of closest approach of 
the ion i n s o l u t i o n . Values of ε, expressed i n angstroms, have 
been tabulated by Lowell et a l . (1). A somewhat simpler r e s u l t 
i s obtained i f a t y p i c a l value i s chosen for ε, so that 3ε i s a 
constant, and a deviation parameter b i s incorporated into 
equation 7. Choosing unity f o r 3ε, equation 7 becomes 
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log γ. = Az. {-
& ι ι 1 + I 

τ- + b.I} 
ι 

(8) 

Values of the parameters ε and b. are l i s t e d f or several ions 
i n Table 3. I t has been observeà that b. for many ions i s 
about 0.3 (3). With t h i s s i m p l i f i c a t i o n , equation 8 can be 
written as 

2 , 1* log γ. - AzT {- — 1 + 0.31} (9) 
1 1 1 + I s 

Equations 8 and 9 can be used f o r values of I up to 1. M. The 
second term i n these equations accounts f o r the r e v e r s a l of 
slope of a c t i v i t y c o e f f i c i e n t versus i o n i c strength from nega
t i v e to p o s i t i v e as i o n i
have been widely used i
lime or limestone processes. With coals of moderate chloride 
content and fo r systems without extensive sludge dewatering, 
the i o n i c strength i s w e l l below 1.0 M, and equations 8 and 9 
reasonable. 

For applications where the i o n i c strength i s as high as 
6 M, the ion a c t i v i t y c o e f f i c i e n t s can be calculated using 
expressions developed by Bromley These expressions r e t a i n 
the f i r s t term of equation 9 and a d d i t i o n a l terms are added, to 
improve the f i t . The expressions are much more complex than 
equation 9 and require the m o l a l i t i e s of the dissolved species 
to calculate the ion a c t i v i t y c o e f f i c i e n t s . I f a l l of the 
m o l a l i t i e s of dissolved species are used to calcula t e the ion 
a c t i v i t y c o e f f i c i e n t s , then the expressions are quite unwieldy. 
However, f o r the applications discussed i n t h i s paper many of 
the dissolved species are of low concentration and only the major 
dissolved species need be considered i n the c a l c u l a t i o n of ion 
a c t i v i t y c o e f f i c i e n t s . For lime or limestone applications with 
a high chloride coal and a t i g h t water balance, calcium chloride 
i s the dominant dissolved specie. For t h i s s i t u a t i o n Kerr (_5) 
has presented these expressions f o r the c a l c u l a t i o n of ion 
a c t i v i t y c o e f f i c i e n t s . 

For dual a l k a l i scrubbing, the major dissolved species 
are sodium c h l o r i d e , sodium b i s u l f i t e , sodium s u l f i t e , and 
sodium s u l f a t e . I f a separate prescrubber i s provided f o r the 
removal of f l y ash and hydrogen chloride before the removal of 
su l f u r dioxide, then sodium chloride w i l l not be present i n 
the s u l f u r dioxide scrubber. 

For the regenerative magnesium oxide scrubbing process, 
the dominant dissolved species are magnesium s u l f i t e , b i s u l 
f i t e , and s u l f a t e . For t h i s process, chloride and f l y ash 
are removed separately to avoid t h e i r accumulation i n the main 
scrubbing loop. For t h i s reason, chloride i s not a s i g n i f i c a n t 
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Table I I I . A c t i v i t

Species ε b. 
1 

H+ 6.0 0.4 
Na + 5.0 0.1 
Ca++ 4.5 0.1 

3.0 0.0 
c i - 4.0 0.0 

4.5 0.0 
HSO- 4.5 0.0 

4.5 0.0 
HCO- 4.5 0.0 

A l l other charged species: ε = 3.0 
b. = 0.3 
ι 
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specie i n the main scrubbing loop. 
For the regenerative sodium s u l f i t e scrubbing process, the 

dominant dissolved species are sodium s u l f i t e , b i s u l f i t e , and 
s u l f a t e . This process i s usually configured so that chloride 
and f l y ash are removed separately. 

The a c t i v i t y c o e f f i c i e n t s of uncharged species can be 
calculated using the expression (6_). 

log γ = 0.0761 (10) 

For most a p p l i c a t i o n s , the a c t i v i t y of water may be taken 
as unity. A better approximation f o r the a c t i v i t y of water i s 
i t s mole f r a c t i o n (7_). 

Computational Methods 

Although one can probabl
cal c u l a t i o n s i n v o l v i n g f l u e gas s l u r r i e s are performed with 
temperature as a known v a r i a b l e . With temperature known, the 
numerical values of the appropriate equilibrium constants can 
be immediately calculated. The remaining unknown variables 
to be determined are the a c t i v i t i e s , a c t i v i t y c o e f f i c i e n t s , 
m o l a l i t i e s , and the gas phase p a r t i a l pressures. The equations 
used to determine these variables are formulated from among 
the equilibrium expressions presented i n Table 1, the expressions 
for the a c t i v i t y c o e f f i c i e n t s , i o n i c strength, material balance 
expressions, and the e l e c t r o n e u t r a l i t y balance. Although 
there are occasionally exceptions, the s o l u t i o n sequence general
l y i s an i t e r a t i v e or c y c l i c sequence. 

Successive s u b s t i t u t i o n i s the simplest although generally 
the l e a s t e f f e c t i v e method f o r performing these c a l c u l a t i o n s . 
Values are assumed f o r one or more of the unknown v a r i a b l e s ; 
other variables are then determined from some of the equations ; 
new values of the assumed variables are determined from the 
remaining equations. The process i s repeated u n t i l convergence 
i s obtained. For f l u e gas d e s u l f u r i z a t i o n examples, many of 
the variables are highly constrained, and the c a l c u l a t i o n 
sequence can e a s i l y move i n t o i n f e a s i b l e regions. The so l u t i o n 
sequence frequently o s c i l l a t e s . 

L i n e a r i z a t i o n methods such as the Newton-Raphson algorithm 
might be used. The equations are l i n e a r i z e d using a f i r s t order 
Taylor ser i e s expansion. Values of the f i r s t d e r ivatives are 
calculated using assumed values of the va r i a b l e s . The r e s u l t i n g 
system of l i n e a r i z e d equations i s solved using a matrix inver
sion technique. The process i s then repeated u n t i l convergence 
i s obtained. This method i s quite tedious to implement. The 
calc u l a t i o n s can also move i n t o the i n f e a s i b l e region. The 
solu t i o n sequence often o s c i l l a t e s . 

The use of optimum seeking methods to d i r e c t the i t e r a t i v e 
c a l c u l a t i o n s has been found to be an excellent method of per-
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forming equilibrium c a l c u l a t i o n s described i n t h i s paper. Con
vergence i s r a p i d ; computer time i s minimal; and the computer 
programming i s simple. Variables are divided i n t o two cate
gories : search variables and state v a r i a b l e s . Variables mani
pulated by the optimum seeking method to zero or minimize an 
a r t i f i c i a l objective function are search v a r i a b l e s . Variables 
that are solved e x p l i c i t l y from an equation are c a l l e d state 
v a r i a b l e s . There are two types of state v a r i a b l e s . I t e r a t i v e 
state variables are those calculated from c e r t a i n equations 
each time the optimum seeking method supplies a new set of 
search v a r i a b l e s . Noniterative state variables are those c a l 
culated from c e r t a i n equations only once: before, a f t e r , or i n 
between searches i f more than one search i s required. Equations 
have two uses. They are used to solve for state variables and 
to formulate a r t i f i c i a l objective functions. There i s a separ
ate objective function f o h search  Most f th  application
of the type described i
Each term i n the a r t i f i c i a  objectiv  correspond
s p e c i f i c equation i n the statement of the problem. The search 
dimensionality equals the number of terms i n the objective 
function. 

An optimum seeking method i s a systematic way of manipu
l a t i n g a set of variables to f i n d the values of the variables 
to maximize or minimize some c r i t e r i a l . Their most popular 
uses have been economic ones such as p r o f i t a b i l i t y or costs or 
tec h n i c a l c r i t e r i a l such as conversion of raw materials or 
product recovery. For the applications described i n t h i s paper, 
the optimization c r i t e r i a l are the minimization of the squared 
deviations from zero of the equations chosen to constitute 
the objective function. The equations chosen to formulate the 
objective function can be writ t e n as 

f ( χ ) = 0 (11) 

The minimization c r i t e r i a y can then be expressed as 

y = Z f 2 (12) 

I f the equations used i n formulating equation 12 are dimensional-
l y d i s s i m i l a r , then the equations should be writ t e n as f r a c t i o n a l 
deviations from zero, f*. This requires that equation 12 be 
rewritten as 

y = Z ( f * ) 2 (13) 

The optimum seeking methods which have been found to be 
p a r t i c u l a r l y useful are the modified Fibonacci search (search 
by golden section) for one-dimensional searches and the Hooke-
Jeeves search f o r multi-dimensional searches. Beveridge and 
Schechter ( 8) give a complete description of these searches. 
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Kuester and Mize (9_) have l i s t e d computer programs wri t t e n i n 
Fortran IV f o r both of these searches. 

I f a l l of the variables appeared i n a l l of the equations, 
then the use of optimum seeking methods f o r the d i r e c t i o n of 
the c a l c u l a t i o n s would be imp r a c t i c a l because the search dimen
s i o n a l i t y would become excessive. However, the opposite i s true 
f o r these ap p l i c a t i o n s . The system of equations i s sparse; only 
a few variables are present i n each equation. This requires 
that only a few variables need to be search variables with the 
r e s t being state v a r i a b l e s . Search variables must be chosen 
c a r e f u l l y . Generally, the most constrained variables should 
be chosen as search v a r i a b l e s , and the l e a s t constrained v a r i 
ables chosen as state v a r i a b l e s . The opposite choice w i l l often 
drive the highly constrained variables i n t o the i n f e a s i b l e 
region causing computational d i f f i c u l t i e s . Also f o r the a p p l i 
cations i l l u s t r a t e d i n
should not be chosen a

With regard to computer programming, the optimum seeking 
methods should be written separately and stored as a l i b r a r y 
program f o r r e p e t i t i v e use. The main program reads the input 
data, c a l l s the search r o u t i n e , performs any noniterative 
c a l c u l a t i o n s , and handles the output. The c a l c u l a t i o n of 
i t e r a t i v e state variables and the c a l c u l a t i o n of the objective 
function should be performed within function subprograms. 

Calculation of Supersaturation Ratios of Flue Gas Scrubbing 
S l u r r i e s 

The s c a l i n g tendency of the lime or limestone processes 
for f l u e gas d e s u l f u r i z a t i o n i s highly dependent upon the 
supersaturation r a t i o s of calcium s u l f a t e and calcium s u l f i t e , 
p a r t i c u l a r l y calcium s u l f a t e . The supersaturation r a t i o s 
cannot be measured d i r e c t l y . They are determined by measuring 
experimentally the m o l a l i t i e s of dissolved s u l f u r dioxide, 
s u l f a t e , carbon dioxide, c h l o r i d e , sodium and potassium, 
calcium, magnesium, and pH. Then by c a l c u l a t i o n , the appro
p r i a t e a c t i v i t i e s are determined, and the supersaturâtion 
r a t i o i s determined. Using the method outlined i n Section IV, 
the concentrations of a l l ions and ion-pairs can be r e a d i l y 
determined. The search variables are the m o l a l i t i e s of 
b i s u l f i t e , bicarbonate, calcium, magnesium, and s u l f a t e ions. 
The objective function i s defined from the mass balance 
expressions f o r dissolved s u l f u r dioxide, s u l f a t e , carbon 
dioxide, calcium, and magnesium. This equation i s 
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y = (m,, - m3 - - m5 - - m i g ) 2 

+ ( mS0, " m6 " m7 " m i 4 " m20 " m 2 5 ) 2 

+ ( m C 0 2 " m8 " m 9 " m!0 " m!5 • m i 6 " m21 

- m 2 2 - m 2 6 - m 2 7 ) 2 

+ ( mCa • " l l " m!2 " m!3 " m i 4 " m l 5 " m i 6 ) 2 

+ ( mMg " m!

With the search variables l i s t e d above, the c a l c u l a t i o n of the 
remaining m o l a l i t i e s ( i t e r a t i v e state v a r i a b l e s ) can be e a s i l y 
performed sequentially by using the equilibrium expressions f o r 
the reaction shown i n Table 1 and the calculated a c t i v i t y 
c o e f f i c i e n t s . The equations are used i n the order i n which 
they appear i n Table 1. The sequence of c a l c u l a t i o n of mola
l i t i e s i s 0H~, S0~~, H 2S0 3, HS0", C0~~, H 2C0 3, CaOH+, CaS0°, 
CaS0°, CaC0°, CaHC0+, Mg0H+, MgS0°, MgS0°, MgC0°, MgHC0+, NaOH°, 
NaS0~, NaCO", and NaHC0°. For the f i r s t function evaluation, 
the i o n i c strength i s calculated using only the known mola
l i t i e s . As the search progresses past the f i r s t p oint, i o n i c 
strength i s calculated more p r e c i s e l y by using known m o l a l i t i e s 
and the remaining m o l a l i t i e s from the previous point. Like
wise, on the f i r s t cycle of the search, sodium i s assumed to be 
completely ionized. As the search progresses, a more precise 
value of the m o l a l i t y of sodium ion i s obtained by subtracting 
the sodium ion-pair m o l a l i t i e s obtained from the previous point. 
When y becomes s u i t a b l y s m a l l , the search i s terminated and the 
supersaturation r a t i o s are calculated using two remaining 
equations of Table 1. The i o n i c imbalance can also be c a l 
culated and used as a guide f o r assessing the r e l i a b i l i t y of 
the measured compositions. A complete numerical example has 
been outlined by Kerr ( 5_). 

Calculation of Dissolved A l k a l i n i t y 

The absorption of s u l f u r dioxide i n t o f l u e gas scrubbing 
s l u r r i e s i s enhanced considerably because of the reactions of 
dissolved s u l f u r dioxide with various dissolved a l k a l i n e 
species. The a l k a l i n e species of i n t e r e s t are the following 
ions and ion- p a i r s : OH", SOI", HCO" C0~", MgSO?, MgC0°, 

Ο ο ο ο ο 
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Mg0H+, MgHC0+, CaOH+, CaS0°, CaC0°, and CaHCO^. I t i s often 
desired to cal c u l a t e the sum of the above m o l a l i t i e s f o r a 
sp e c i f i e d temperature, carbon dioxide p a r t i a l pressure, pH, 
chloride m o l a l i t y , t o t a l m o l a l i t y of dissolved magnesium, and 
supersaturation r a t i o of calcium s u l f i t e and calcium s u l f a t e . 

An examination of Table 1 shows that i f the m o l a l i t i e s 
of Mg + + and S0^~ are used as search v a r i a b l e s , then the a c t i v i t y 
c o e f f i c i e n t s and the remaining m o l a l i t i e s can be calculated 
sequentially as i t e r a t i v e state v a r i a b l e s . The sequence of 
mo l a l i t i e s i s OH", C a + + , SO"-, HSO", H 2S0 3, HS0", HCO", C0"~, 
CaOH+, CaS0°, CaS0°, CaS0°, CaHC0+, Mg0H+, MgS0° , MgS0°, MgC0°, 
and MgHCO*. The sequence i n which the equilibrium expressions 
of Table I are used i s 1, 21, 22, and 2 through 16. In t h i s 
problem formulation sodium was not considered

The a r t i f i c i a l objectiv
e l e c t r o n e u t r a l i t y balanc
dissolved magnesium. This r e s u l t i s 

y = (Σζ^πκ)2 

+ ( mMg " m i 7 " m i 8 " m!9 " m20 " m 2 1 ' m 2 2 ) 2 ( 1 5 ) 

The s t a r t i n g values of the search variables were the t o t a l 
dissolved magnesium m o l a l i t y f o r m++ and m.. - 0.5m_- for m0_ 

J Mg Mg CI SO^ 
The a c t i v i t y c o e f f i c i e n t s were calculated using equation 8. 
At the end of the search, the dissolved a l k a l i n i t y i s calcu
lated by summing the appropriate m o l a l i t i e s . 

The computed r e s u l t s are l i s t e d i n Table 4. Inspection 
of t h i s table shows that dissolved a l k a l i n i t y increases with 
increasing concentration of dissolved magnesium and decreases 
with increasing concentration of chloride. 

Table IV. Calculated Values of Dissolved A l k a l i n i t y 

Chloride 
M o l a l i t y 

Magnesium 
M o l a l i t y 

Dissolved 
A l k a l i n i t y M o l a l i t y 

0.0857 0.1250 0.001544 
0.1142 0.1250 0.001494 
0.1427 0.1250 0.001448 
0.0857 0.1666 0.001835 
0.1142 0.1666 0.001778 
0.1427 0.1666 0.001721 
0.0857 0.2082 0.002137 
0.1142 0.2082 0.002076 
0.1427 0.2082 0.002015 

These values are based upon a pH of 5.5, temperature 
of 50°C, carbon dioxide p a r t i a l pressure of 0.12 atm, 
calcium s u l f i t e supersaturation r a t i o of 1.0, and 
calcium s u l f a t e supersaturation r a t i o of 1.25. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



104 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Abstract 

The most significant chemical equilibria present in flue 
gas scrubbing slurries are outlined. Expressions for tempera
ture dependent equilibrium constants are presented that are 
suitable for the temperature ranges encountered in scrubbing 
applications. Expressions for activity coefficients of ions 
and ion-pairs are presented that are suitable for the ranges 
of ionic strengths encountered for this type of applications. 

A novel method of performing equilibrium calculations 
based on optimum seeking methods is developed. The method is 
easily computer programmed, has good convergence properties, 
and requires only modest amounts of machine time. All of the 
above points are illustrated with two examples: calculation 
of gypsum supersaturation ratio and calculation of dissolved 
alkalinity. Gypsum supersaturatio  rati  i  important operat
ing parameter for scal
how the presence of magnesium increases dissolved alkalinity in 
a calcium system and how the presence of chloride decreases 
dissolved alkalinity. 

N o m e n c l a t u r e 

Symbol D e f i n i t i o n 

A D e b y e - H i i c k e l c o n s t a n t 
B , C , D , E C o n s t a n t s i n e x p r e s s i o n s f o r e q u i l i b r i u m 

c o n s t a n t s 
AG° S t a n d a r d G i b b s T energy o f r e a c t i o n 
AH° S t a n d a r d heat o f r e a c t i o n 
I I o n i c s t r e n g t h 
Κ E q u i l i b r i u m c o n s t a n t 
R I d e a l gas c o n s t a n t 
Τ A b s o l u t e t e m p e r a t u r e 
a A c t i v i t y 
b P a r a m e t e r f o r c a l c u l 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 
f A l g e b r a i c e x p r e s s i o n o r d e v i a t i o n from z e r o 
f * A l g e b r a i c e x p r e s s i o n o r d e v i a t i o n f rom z e r o 

( d i m e n s i o n l e s s ) 
m M o l a l i t y 
χ V a r i a b l e 

y V a l u e o f an a r t i f i c i a l o b j e c t i v e f u n c t i o n 
ζ I o n c h a r g e 
3 , ε P a r a m e t e r s f o r c a l c u l 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 
Ύ I o n a c t i v i t y c o e f f i c i e n t 
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Component Subscripts Definition 

Ca Total calcium 

co2 Total dissolved ear bon dioxide 
Mg Total magnesium 

so2 
Total dissolved sulfur dioxide 
Total dissolved sulfate 

1 H+ 
2 0H-
3 HS0-3 

so--
5 
6 HS0-
7 
8 

so--
HCO-

9 C0~3~ 
10 H 2 C ° 3 
11 CaOH+ 

12 C a + + 

13 CaS0° 
14 CaS0° 
15 CaC0° 
16 CaHCO* 
17 MgOH+ 

18 Mg + + 

19 MgS0° 
20 MgS0° 
21 MgC0° 
22 MgHC0+ 
23 NaOH° 
24 Na + 

25 NaSO" 
26 NaCO" 
27 NaHC0° 
28 Cl
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6 
Correlation of Vapor-Liquid Equilibria of 
Aqueous Condensates from Coal Processing 

D. M. MASON and R. KAO 

Institute of Gas Technology, 3424 South State St., ITT Center, Chicago, IL 60616 

Ammonia is produced along with carbon dioxide and hydrogen 
sulfide in many coal conversio
cation for the productio  ga  (HYGAS®, 
Synthane, etc.), medium- and low-Btu gasification, and lique
faction. When reactor product gases are cooled, an aqueous 
solution is obtained that may contain substantial amounts of 
ammonium bicarbonate and hydrosulfide. For example, after letting 
the solution down to atmospheric pressure, condensates from the 
HYGAS Process Development Unit ranged up to about 2 molar ammonia 
concentration accompanied by lesser amounts of bicarbonate and 
sulfide.(1) Small amounts of hydrogen cyanide and hydrogen chlo
ride are also produced in such processes. In auxiliary processing 
under more oxidizing conditions, sulfur dioxide may be produced 
together with ammonia. This is true for the HYGAS Process when 
the feed is bituminous coal, which must be pretreated by reaction 
with air under relatively mild conditions to reduce its agglomer
ating tendency. 

Successive steps of hydrogasification processes in which the 
equilibria with bicarbonate and hydrosulfide are involved include 
cooling of the raw product gas either indirectly or by quenching 
with water, de-pressuring of the condensate or quench water with 
evolution of gases, processing of the condensate or quench water 
to recover ammonia and hydrogen s u l f i d e , and cleanup of waste 
water for disposal. Vapor-liquid e q u i l i b r i a of nonelectrolyte 
gases including hydrogen, methane, carbon monoxide, and carbonyl 
s u l f i d e are also involved i n some of these process steps. Pres
sures range up to about 90 atmospheres i n hydrogasification and 
perhaps up to 200 atmospheres i n l i q u e f a c t i o n . Temperatures of 
inter e s t range up to about 230°C i n g a s i f i c a t i o n ; the maximum i s 
lower i n l i q u e f a c t i o n . 

Of the problems presented, c o r r e l a t i o n of the NH3 - C O 2 - H 2 S - H 2 O 
system i s most important. Data that might be used for d i r e c t 
empirical c o r r e l a t i o n of p a r t i a l pressures or f u g a c i t i e s with 
t o t a l concentrations of ammonia, carbon dioxide, and hydrogen 
s u l f i d e i n the l i q u i d are avai l a b l e for r e l a t i v e l y l i m i t e d ranges 

0-8412-0569-8/80/47-133-107$08.00/0 
© 1980 American Chemical Society 
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of temperature, composition, and pressure. Thus, analysis i n 
terms of a model i s necessary for extension to areas where data 
are not av a i l a b l e or are of poor accuracy. In the approach taken 
by Prausnitz and co-workers (2, 3), reliance i s placed on ion
i z a t i o n constants, Henry Ts law correlations based on binary mix
tures of each gas with water, and i o n i c a c t i v i t y c o e f f i c i e n t s 
based on correlations of Bromley (_4) and Pitzer(5) . They used 
ternary v a p o r - l i q u i d e q u i l i b r i a data for v e r i f i c a t i o n only. 
Beutier and Renon(6) have used a s i m i l a r model but adjusted t h e i r 
i o n i c a c t i v i t y c o e f f i c i e n t parameters to f i t selected ternary 
data. Our own approach, i n i t i a t e d before we became aware of the 
Prausnitz work, was to analyze the ternary data by modification 
of the method of van Krevelen, H o f t i j z e r , and HuntjensÇ7) and to 
extend i t s range by use of i o n i z a t i o n constants, Henry's law 
c o r r e l a t i o n s , and correlations of a c t i v i t y c o e f f i c i e n t s as needed. 
Thus, i n many areas we neede
Prausnitz or Renon approach

S o l u b i l i t y of Gases i n Water 

The s o l u b i l i t i e s of ammonia, carbon dioxide, and hydrogen 
s u l f i d e were obtained from binary data and expressed i n terms of 
a Henry's constant for i n f i n i t e d i l u t i o n and an i n t e r a c t i o n 
parameter: 

log γ = bm 

Va r i a t i o n of the Henry's constants with temperature are presented 
i n Figures 1, 3, and 5 for the respective gases, and t h e i r i n t e r 
action parameters are presented i n Figures 2, 4, and 6. For 
carbon dioxide, the i n t e r a c t i o n parameter i n Figure 4 i s expressed 
on the mole f r a c t i o n basis, as i n the Krichevsky-Ilenskaya equa
t i o n . Details of the data reduction and r e s u l t s have been pre
sented elsewhere(8^), except for the recent data of Wells (9) on 
ammonia-water and the data of Mather and Lee(10) and Mather(11) 
on hydrogen sulfide-water. Wells reduced his data according 
to the methods of Edwards, Maurer, Newman, and Prausnitz (EMNP)(3) . 
Mather's data were correlated by Neuburg et. aj.. (11) , according to 
the Krichevsky-Ilenskaya equation. They calculated apparent molar 
volumes of hydrogen s u l f i d e (invariant with concentration and 
thus considered equal to p a r t i a l molar volumes), from density data 
of Murphy and Gaines(12). The molar volumes are presented i n 
Table I together with data on carbon dioxide and ammonia from 
other sources. 

The Henry's constant for ammonia at temperatures from 20 to 
150 C i s admirably represented by the equation of EMNP(3). Haas 
and Fisher(13) obtained constants from 150 to 300 C from the data 
of Jones (14) on low concentrations of ammonia. 
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10 

20 40 60 80 100 120 140 160 
TEMPERATURE, °C 

Figure 1. Henry's constant for solubility of ammonia in water: (O) Clifford and 
Hunter; (A) Macriss; Ο Van Krevelen; (V) Frohlich; ( 0 ) Wells (9); also see 

Ref. 8 

0.014 

160 
TEMPERATURE, °C 

Figure 2. Effect of temperature on the activity coefficient of ammonia in water: 
(O) Clifford and Hunter; (A) Macriss et al.; (U) Wells (9); also see Ref. 8 
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7000 

0 

1000 I — ι I I I I I I I I I I I I I 
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 

Figure 3. Henry's constant
crit. table; (A) calc. from Takenouchi and Kennedy, and Malinin; (Q) calc. from 

Wiebe and Gaddy, Houghton et al.; ( V) Malinin, low pressure; see Ref. 8 

80 120 160 200 240 
T E M P E R A T U R E , °C 

280 320 

Figure 4. Effect of temperature on Margules constant for carbon dioxide in water: 
(O) Gibbs and Van Ness; calculated by Malinin: (A) Houghton et al.; Wiebe 

and Gaddy; (\7) Takenouchi and Kennedy; see Ref. 8 
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3000 

Figure 5. Henry's constant for solubility of hydrogen sulfide in water: (O) intl. 
crit. table; (A) Clark and Glew; Kosintseva; (V) Miles and Wilson; ( 0 ) Selleck 

et al; (<]) Froning et al.; (t>) Mather (11); also see Ref. 8 

Ό 20 40 60 80 100 120 140 160 180 200 
TEMPERATURE, °C 

Figure 6. Effect of temperature on the activity coefficients of hydrogen sulfide 
and carbon dioxide in water: ( ) carbon dioxide; ( ) Mather; hydrogen 
sulfide: (O) Miles and Wilson; (A) Selleck et al.; (Ο Wright and Maass; 

see Refs. 8 and 11 
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For carbon dioxide, we expressed the Henry's constant i n 
atm-kg H20/mole as: 

log H = 3.822 - 7.8665_x ΙΟ"* exp (T/100) - 0.04145 (T/100) 2 

- 17.457 (T/100) 2 

f o r the temperature range of 20° to 300°C. Values from the 
equation of EMNP agree w i t h i n 7%. 

We adopted the equation of Clarke and Glew(15), shown i n 
Figure 5, for the Henry's constant of hydrogen s u l f i d e i n atm-
kg H20/mole: 

log H g = 102.325 - 4423.11 T"1 - 36.6296 log Τ + 0.013870 Τ 

I t f i t s the data w e l l from 20° to about 260°C. At temperatures 
up to 150 C, the equatio

We f i t t e d the i n t e r a c t i o
represented i n the graphs(8) and given i n Table I I . Values do 
not d i f f e r s i g n i f i c a n t l y from those of the equations of EMNP(3). 

Table I I . EFFECT OF TEMPERATURE ON THE ACTIVITY 
COEFFICIENT OF THE GAS IN BINARY MIXTURE WITH WATER 

Gas Equation log γ = bm Temperature Range 
NH3 b a = 0.0356 - 0.00008 Τ 20 υ - 150UC 
CO2 b c = -0.767 + 226.7/T 10° - 35°C 
C0 2 b c = -0.143 + 34.56/T 35° - 325°C 
H2S b s = -0.143 + 34.56/T 20° - 180°C 

Ion i z a t i o n Constants 

Equations f o r the i o n i z a t i o n of water(16) and ammonia(17), 
each incorporating new data extending to 300 C, have appeared 
recently (Table I I I ) . At temperatures up to 150 C e a r l i e r 
data selected by Barnes e_t al.(18) and represented by the equation 
of EMNP(3) agree w i t h i n 2.5% f o r water and 6% for ammonia. The 
f i r s t apparent i o n i z a t i o n constant of carbon dioxide (CO2 + H2C03) 
was represented by EMNP i n an equation based on values selected 
by Barnes et a l . ( 1 8 ) ; l a t e r experimental data by Kryukov agree 
with the equation w i t h i n 2% (19). Data on the f i r s t i o n i z a t i o n 
constant of hydrogen s u l f i d e vary more widely, as shown i n 
Figure 7. Professor H. L. Barnes(20) has recommended the equation 
of Naumov(21), applying to the range of 0° to 350°C (Table I I I ) . 

S a l t i n g Out of Gases 

Salting-out C o e f f i c i e n t s at 25°C. The e f f e c t of an elec
t r o l y t e on the s o l u b i l i t y or a c t i v i t y of a gas dissolved i n an 
aqueous s o l u t i o n i s commonly expressed as a s a l t i n g out c o e f f i 
cient : 
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- 6 . 0 

20 5 0 100 150 2 0 0 

TEMPERATURE, °C 

Figure 7. First ionization constant of hydrogen sulfide: (O) Barnes et al; (A) 
Ellis and Milestone; Ο Ellis and Giggenbach; (V) Ellis; ( 0 ) Helgeson; (<\) 

Tsonoupolos et ai; (\>) Sretenskaya; see Ref. 8 
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S 
log -~ = log γ = kC 

Sucii c o e f f i c i e n t s are needed for the eff e c t of ammonium b i c a r 
bonate, carbamate, and hydrosulfide s a l t s on the l i q u i d phase 
a c t i v i t i e s of ammonia, carbon dioxide, and hydrogen s u l f i d e . 
They cannot be d i r e c t l y measured because of the chemical reactions 
of the dissolved molecular components, but must be calculated 
t h e o r e t i c a l l y or estimated by c o r r e l a t i o n . E l e c t r o s t a t i c theory 
does not predict negative c o e f f i c i e n t s , which are c h a r a c t e r i s t i c 
of ammonia with some s a l t s . To us, i t appears that scaled par
t i c l e theory(22) i s probably the best method of c a l c u l a t i o n , 
but the required parameters ( p o l a r i z a b i l i t y and ion size) are not 
available for the s a l t s of i n t e r e s t . 

Long and McDevit(23) obtained an expression for prediction 
of s a l t i n g out of nonpola
work required to creat
molecules : 

k = v°(V -V°)/2.3 RT £ 
1 s s ο 

—ο 
where k i s the salting-out c o e f f i c i e n t on a molar basis, i s 
the p a r t i a l molar volume of the molecular specie at i n f i n i t e 
d i l u t i o g , V s i s the molar volume of the hypothetical l i q u e f i e d 
s a l t , V s i s the p a r t i a l molar volume of the s a l t i n water at 
i n f i n i t e d i l u t i o n , and Ê i s the compressibility of pure water. 

This expression i s a l i m i t i n g law for i n f i n i t e d i l u t i o n . 
I t s physical i n t e r p r e t a t i o n i s that the contraction i n t o t a l 
volume that occurs on mixing s a l t and water can be thought of 
as a compression of the solvent; t h i s compression makes i t more 
d i f f i c u l t to i n s e r t the molecule of nonelectrolyte. This theory 
has been more successful than those based on e l e c t r o s t a t i c 
e f f e c t s i n explaining the v a r i a t i o n i n salting-out c o e f f i c i e n t 
from s a l t to s a l t , including the occurrence of negative values. 
However, c o e f f i c i e n t s calculated from t h i s equation or from i t s 
a l t e r n a t i v e expression using experimental c o m p r e s s i b i l i t y data, 
do not always agree well with experiment (22). Instead, we use 
the r e l a t i o n s h i p as the basis of an empirical c o r r e l a t i o n of 
the e f f e c t of temperature on the salting-out c o e f f i c i e n t , as 
described l a t e r . 

Van Krevelen and H o f t i j z e r developed an empirical corre
l a t i o n i n which the c o e f f i c i e n t , on an i o n i c strength basis, 
i s considered to be the sum of contributions from the cation, 
the anion, and the gas(24): 

S 
log = (x + x + * )! 6 s g ca an 

where χ , χ , and χ are salting-out contributions from gas, g ca' an 
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c a t i o n , and anion, r e s p e c t i v e l y , and I i s i o n i c strength on the 
molar basis. Once a contribution has been determined from one 
or more combinations, c o e f f i c i e n t s for unmeasured combinations 
can be calculated. However, no data were then a v a i l a b l e f o r 
bicarbonate or hydrosulfide s a l t s . More recently, Onda and co
workers (25 9 26)published a c o r r e l a t i o n using the same scheme. 
They measured the s a l t i n g out of ethylene by mixed KHC0 3-K 2C0 3 

and NaHC03-Na2C03 solutions and obtained the contribution of the 
bicarbonate ion by difference from t h e i r correlated values for 
ethylene i n K2CO3 and Na2C03. They give a contribution value for 
the hydrosulfide ion al s o , but do not reference i t s source. For 
a s i m i l a r c o r r e l a t i o n , H i k i t a and co-workers measured the s a l t i n g 
out of nitrous oxide by mixtures of sodium carbonate and sodium 
bicarbonate.(27) 

Onda found a standard deviation of 0.0525,/mol for his com
plete set of data, includin
thus provide a c o e f f i c i e n
may be i n error by more than 0.05 £/mol: Onda s c o e f f i c i e n t s for 
gases i n ammonium hydrosulfide are of unknown o r i g i n and accuracy, 
and c o e f f i c i e n t s for ammonium carbamate are not provided. In 
short, t h i s type of c o r r e l a t i o n does not provide the needed i n f o r 
mation. 

To e s t a b l i s h a data base for c o r r e l a t i o n and p r e d i c t i o n of 
salting-out c o e f f i c i e n t s , we have gathered a l l the data we could 
f i n d i n the l i t e r a t u r e on s a l t i n g out of ammonia, carbon dioxide, 
hydrogen s u l f i d e , and nitrous oxide by ammonium, potassium, and 
sodium s a l t s of s i n g l e - and double-charged anions. Because 
m o l a l i t i e s are commonly used for expressing concentrations i n 
vapor-liquid e q u i l i b r i a c o r r e l a t i o n s , we have calculated the 
c o e f f i c i e n t s with s a l t concentration i n gram equivalents per 
kilogram of water and gas s o l u b i l i t y i n amount per kilogram of 
water. Except for s a l t s of low s o l u b i l i t y such as potassium 
s u l f a t e , bromate, and iodate, measurements were usually a v a i l a b l e 
over a range of concentration. When calculated on the molal basis, 
the salting-out c o e f f i c i e n t for many s a l t s was constant to a few 
units i n the t h i r d decimal, but for others i t varied by a maximum 
of about 0.02 over a 2 molal concentration range. For t h i s 
compilation, we have chosen mostly c o e f f i c i e n t s obtained at 1 gram 
equivalent per kilogram of water. Values obtained are presented 
i n Table IV. 

Table IV shows that potassium and sodium s a l t s have been 
studied much more extensively than ammonium s a l t s . However, we 
found that, for any one gas, differences i n the c o e f f i c i e n t between 
potassium and ammonium s a l t s of the same anion and between sodium 
and ammonium s a l t s of the same anion are nearly constant. For 
gases other than carbon dioxide, we have used data on bromides, 
chlorides, n i t r a t e s , and s u l f a t e s from a sin g l e i n v e s t i g a t o r to 
obtain average differences (Table V). For carbon dioxide, such 
data were not a v a i l a b l e , and we used averages of re s u l t s on 
chlorides, n i t r a t e s , and s u l f a t e s from d i f f e r e n t i n v e s t i g a t o r s . 
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These y i e l d e d poorer agreement than was o b t a i n e d on the o t h e r 
gases. 

T a b l e V. EFFECT OF CATION ON SALTING-OUT COEFFICIENT 

Ammonia 
Carbon D i o x i d e 
Hydrogen S u l f i d e 
N i t r o u s Oxide 

Κ 
Average D i f f e r e n c e 
+ ΝΗΪ 

0.055 
0.045 
0.036 
0.042 

N a + - N H Î 
Average A b s o l u t e 

D e v i a t i o n 
kg H 20/mol 
0.041 
0.082 
0.052 
0.072 

0.006 
0.017 
0.009 
0.004 

We have used these average d i f f e r e n c e s between potassium and 
ammonium s a l t s o l u t i o n s and between sodium and ammonium s a l t 
s o l u t i o n s to c a l c u l a t e averag
f o r the f o u r gases i n ammoniu
wi t h the same an i o n but d i f f e r e n t c a t i o n s . A sample c a l c u l a t i o n 
from data on ammonia i n bromide s o l u t i o n s i s shown i n Ta b l e VI. 

Table VI. SAMPLE CALCULATION 

C o e f f i c i e n t , kg H20/mol 

Observed 
C a t i o n 

D i f f e r e n c e NHi+ Value 
S a l t I n v e s t i g a t o r (Table IV) (Table V) 
NH^Br Dawson and McCrea -0.052 0.000 -0 .052 
KBr Abegg and R i e s e n f e l d 0.026 0.055 -0 .029 
KBr Dawson and McCrea 0.002 0.055 -0 .053 
NaBr Abegg and R i e s e n f e l d 0.020 0.041 -0 .021 
NaBr Dawson and McCrea -0.007 0.041 -0 .048 
Average -0 .041 

R e s u l t s thus o b t a i n e d on s i n g l e - c h a r g e d anions and on s u l f a t e 
are presented i n T a b l e V I I . Other s a l t s w i t h double-charged 
anions c o u l d have been added, but we have not been a b l e to use 
the r e s u l t i n g v a l u e s i n c o r r e l a t i o n s f o r p r e d i c t i o n of s a l t i n g 
out by b i c a r b o n a t e , h y d r o s u l f i d e , and carbamate s a l t s . Note t h a t 
the r e s u l t f o r h y d r o x y l i o n i s f o r a h y p o t h e t i c a l ammonium 
hydroxide t h a t behaves as a s t r o n g e l e c t r o l y t e . A l s o , r e s u l t s 
o b t a i n e d from potassium and/or sodium s a l t s may d i f f e r from a c t u a l 
b e h a v i o r of ammonium s a l t s because of p a i r i n g of ammonium i o n w i t h 
the a n i o n . For l a t e r d i s c u s s i o n we have a l s o c a l c u l a t e d an average 
d i f f e r e n c e i n s a l t i n g - o u t c o e f f i c i e n t between ammonia and each 
ot h e r gas. 

For c o r r e l a t i o n of the c o e f f i c i e n t s we have found two parame
t e r s f o r which v a l u e s a re known f o r a l l o r most o f the s i n g l e -
charged anions i n the d a t a base and a l s o f o r b i c a r b o n a t e and 
h y d r o s u l f i d e . These are the entropy of the i o n and the thermo-
che m i c a l r a d i u s of the i o n as c a l c u l a t e d by Y a t s i m i r s k i i ( 3 7 , 3 8 ) . 
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Salting-out c o e f f i c i e n t s for ammonia i n ammonium s a l t s a r e ^ 
plotted i n Figure 8 against entropy of the anion based on S of 
hydrogen equal to —5.3 entropy units (cal/mol K). This basis 
i s adopted from Friedman and Krishnan(39), but the entropy 
values are taken from a more recent compilation(40). With some 
exceptions, values f a l l into two groups: one consisting of 
chloride, bromide, and iodide, and the other consisting mostly 
of oxygenated anions. Fluoride, hydroxide, and cyanide appear 
to be intermediate. A s i m i l a r e f f e c t , also showing a difference 
between the halides and oxygenated anions of about 20 entropy 
u n i t s , was found by Bromley on a plot of a c t i v i t y c o e f f i c i e n t s 
of anions(4). 

Y a t s i m i r s k i i ' s thermochemical r a d i i are obtained from 
Kapustinskii*s empirical formula for the l a t t i c e energy of 
c r y s t a l l i n e s a l t s . The l a t t i c e energy i s the heat evolved when 
the gaseous cation and

U O = AH F anion (g) + AH F cation (g) - AH F s a l t (c) 

where U 0 i s the l a t t i c e energy i n kcal/mol and AH F anion (g), 
AHf cation (g), and AHf s a l t (c) are the respective heats of 
formation of gaseous cation, gaseous anion, and c r y s t a l l i n e 
s a l t . K a p u s t i n s k i i 1 s formula f o r univalent s a l t s i s — 

\ an ca/ \ an ca/ 

where r a n and r c a are the respective thermochemical r a d i i of 
anion and cation i n X. Kap u s t i n s k i i established his formula 
with the use of Goldschmidt r a d i i of monatomic ions. To extend 
the scheme to multiatomic anions of unknown radius and heat of 
formation of the gaseous anion, the formula i s applied to two 
s a l t s of the same anion with cations of d i f f e r i n g r a d i i . The 
two simultaneous equations can then be solved for the radius 
and heat of formation of the anion. 

The c o r r e l a t i o n of salting-out c o e f f i c i e n t s with thermo
chemical r a d i i of anions from Y a t s i m i r s k i i i s presented i n 
Figure 9. The bromate ion again shows a higher than expected 
salting-out c o e f f i c i e n t , which indicates that the c o e f f i c i e n t 
i s erroneous. The c o e f f i c i e n t for n i t r i t e l i e s beneath the 
curve. We have recalculated i t s radius from K a p u s t i n s k i i f s 
formula with current thermochemical data on barium, calcium, 
potassium, and sodium nitrites(41,42) to obtain values ranging 
from 1.60 to 1.68 8. An average of these values reduces the 
disagreement with our c o r r e l a t i o n , but not s u f f i c i e n t l y to 
bring the deviation into the range, about ±0.02 kg H20/mol, 
found for other s a l t s . 

In the entropy c o r r e l a t i o n , the bicarbonate ion should f a l l 
on the oxygenated anion l i n e , and we assume that the hydrosulfide 
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Figure 8. Correlation of salting-out coefficients for ammonia in ammonium salts 
with entropy of the anion 

ION THERMOCHEMICAL RADIUS, A 

Figure 9. Correlation of salting-out coefficients for ammonia in ammonium salts 
with radius of the anion 
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ion f a l l s on the halide l i n e . We then obtain the following 
c o e f f i c i e n t s f o r the s a l t i n g out of ammonia by ammonium b i c a r 
bonate and ammonium hydrosulfide at 25 C: 

Ion Radius 
Entropy Correlation Correlation 

HC03 0.038 0.034 
HS" -0.022 -0.022 

The two cor r e l a t i o n s thus agree very w e l l . 
The c o r r e l a t i o n parameters are not w e l l established for the 

carbamate ion. The determination of entropy of the aqueous s a l t 
i s uncertain because of i t s tendency to decompose to ammonia and 
bicarbonate ions. Entropy of the anion has been estimated by 
Wagman and Goldberg of NBS at 22 cal/mol Κ (S° of Η = 0.0). (43) 
This y i e l d s a salting-ou
carbamate of 0.036 kg H

£rom thermochemical data of Bernard and Borel(44) we obtain 
1.69 A ag the thermochemical radius of the carbamate ion (instead 
of 1.93 A as apparently miscalculated by Bernard and Borel). Our 
value gives a salting-out c o e f f i c i e n t of 0.024 kg H2O/1ÏÎ0I, i n 
good agreement with the c o e f f i c i e n t obtained from the entropy 
of the anion. 

Thus, averages from the two corr e l a t i o n s y i e l d tentative 
values of 0.036, -0.022, and 0.033 kg H20/mol for the s a l t i n g 
out of ammonia by ammonium bicarbonate, hydrosulfide, and 
carbamate so l u t i o n s , respectively, at 25 C. However, for ammonia 
i n ammonium hydrosulfide we prefer to use a value from our cor
r e l a t i o n of the ternary data of Miles and Wilson(45^,46) , as 
discussed l a t e r . 

The c o e f f i c i e n t s for the other gases i n ammonia s a l t s at 
25°C (Table V I I ) , show patterns s i m i l a r to that of ammonia, but 
there are i n s u f f i c i e n t data to obtain independent c o r r e l a t i o n s . 
Instead, we have averaged the differences between each gas and 
ammonia i n ammonium s a l t s , as shown i n Table VII, to obtain 
for any given s a l t s o l u t i o n : 

k = k + 0.028 
c a 

k = k + 0.016 
s a 

Effect of Temperature on Salting-Out C o e f f i c i e n t s . Long and 
McDevit (23) point out that on d i f f e r e n t i a t i o n of t h e i r equation 
with respect to temperature, several terms are obtained of which 
the dVs/dT one i s dominant, and the predicted temperature c o e f f i 
cient i s approximated by the equation: 
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The p a r t i a l molar volume of carbon dioxide and the product 
3 QT are e s s e n t i a l l y constant from 0 to about 60°C; t h i s suggests 
use of the p a r t i a l molar volume of the s a l t as the only corre
l a t i o n parameter. The c o r r e l a t i o n was tested i n the form: 

where k t 2 ~ k t l are salting-out c o e f f i c i e n t s on the molal basis 
for a given s a l t at the res_gective_temperatures t 2 and t\; c i s a 
co r r e l a t i o n constant; and V^2 and are p a r t i a l molar volumes 
of the s a l t at i n f i n i t e d i l u t i o n at these temperatures. We 
tested the r e l a t i o n s h i p with data on carbon dioxide i n the tem
perature range of 0 to 40 C. Markham and Kobe(33) report precise 
data at 0.2 , 25 and 40 C for s a l t i n g out by a number of s a l t s . 
Two a d d i t i o n a l data points with 15 to 35 C temperature i n t e r v a l s 
were obtained from data
molar volumes of s a l t s o
compilation by Millero.(47) Results are presented i n Figure 10. 
(Note that the s a l t s are l i s t e d there i n the order of increasing 
difference i n p a r t i a l molar volume.) The c o r r e l a t i o n i s sur
p r i s i n g l y good, with the constant c equal to —0 .0056 kg H20/cm3. 

E l l i s and Golding(48) and Malinin and coworkers (49,50) have 
obtained data on the s a l t i n g out of carbon dioxide by aqueous 
sodium chloride solutions at s t i l l higher temperatures, as shown 
in Table V I I I . According to these data, the salting-out coef
f i c i e n t has a minimum at about 140 C, whereas the maximum i n the 
p a r t i a l molar volume of aqueous sodium chloride occurs at about 
65 C. Malinin*s salting-out c o e f f i c i e n t s for carbon dioxide i n 
calcium chloride solutions, also reported i n Table V I I I , show a 
minimum at about 60 C, whereas the maximum i n the p a r t i a l molar 
volume of calcium chloride occurs at about 35 C. The s a l t i n g out 
of methane by sodium chloride s o l u t i o n s , on the other hand, does 
show a minimum at about 70 C(51), close to the temperature pre
dicted by the Long-McDevit equation. Probably the behavior of 
carbon dioxide can be r a t i o n a l i z e d on the basis of the formation 
of carbonic acid or of other i n t e r a c t i o n with water as shown, for 
example, by equations of state of water-carbon dioxide mixtures (52) . 
In any case, i t appears that uncertainty i n the v a r i a t i o n of the 
c o e f f i c i e n t for carbon dioxide i n sodium chloride s o l u t i o n i s not 
more than about 0.01 kg H20/mol i n the temperature range from 25 
to 150°C. 

To apply the c o r r e l a t i o n of Figure 10 for pre d i c t i o n of the 
s a l t i n g out of carbon dioxide by ammonium hydrosulfide and b i 
carbonate solutions we need to correct for the differences of 
the i r p a r t i a l molar volumes from that of sodium chloride. P a r t i a l 
molar volumes were obtained from E l l i s and McFadden(53) . Volume changes 
of the hydrosulfide and bicarbonate are equal within 0.2 cm3/mol 
at temperatures up to 100 C and d i f f e r very l i t t l e at s t i l l higher 
temperatures: thus, we assume that the changes with temperature 
of the salting-out c o e f f i c i e n t s of the two s a l t s are equal up to 
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Gas Sal t 
C0 2 NHt+HS 
C0 2 ΝΗ 4Η00 3 

C0 2 ΝΗ^ΝΗ 200 2 

NH3 NH4HS 
NH3 ΝΗ^Η003 

NH3 ΝΗ 4ΝΗ 200 2 

H2S NHi+HS 
H2S NH4HC03 

H2S NHi+NH2C02 

about 150°C. We have smoothed the temperature-change data for 
s a l t i n g out of carbon dioxide by sodium chloride and have 
adjusted them to account for the difference i n p a r t i a l molar 
volume of the ammonium s a l t s to y i e l d changes i n the s a l t i n g -
out c o e f f i c i e n t f or carbon dioxide i n ammonium hydrosulfide 
and bicarbonate solutions. Temperature effects with ammonium 
carbamate are t e n t a t i v e l y assumed to be equal to those of 
ammonium bicarbonate. The equations for carbon dioxide i n 
Table IX represent these changes and the values at 25 C adopted 
as described i n the previous section. 

Table IX. CORRELATION EQUATIONS FOR SALTING-OUT 
OF AMMONIA, CARBON DIOXIDE, AND HYDROGEN SULFIDE 

C o e f f i c i e n t , kg Η O/mol 
6 2 

0.1919-6.370 Χ 10"  Τ + 0.8318 X 10 Τ
0.0802-4.559 X 10_k Τ + 0.552 Χ 10_ 6 Τ 2 

0.1229-4.559 Χ 10 4 Τ + 0.552 Χ 10_ 6 Τ 2 

0.1199-4.559 Χ 10_** Τ + 0.552 Χ 10 6 Τ 2 

0.1399-6.370 Χ 1 0 ^ Τ + 0.8318 Χ 10_ 6 Τ 2 

0.1829-6.370 Χ 10 4 Τ + 0.8318 Χ 10_ 6 Τ 2 

0.1799-6.870 Χ 10 h Τ + 0.8318 Χ 10 6 Τ 2 

Data on the eff e c t of temperature on s a l t i n g out of ammonia 
are even less s a t i s f a c t o r y than those for carbon dioxide. Perman 
obtained some data on a potassium s u l f a t e s o l u t i o n at temperatures 
of 40° to 59°C and on two ammonium chloride solutions at tempera
tures from 19° to 58°C.(54). His ammonia concentrations were i n 
the range of 5 to 13 molal. His data indi c a t e only small changes 
i n the s a l ting-out c o e f f i c i e n t , but the c o e f f i c i e n t f or ammonium 
chloride increases with temperature, which i s contrary to the 
effe c t found with carbon dioxide. 

Riesenfeld(55) reported data on ammonia obtained by 
Konovalov(56) at 60°C for comparison with h i s own data at 35°C 
and that of Abegg and Riesenfeld(28) at 25°C. Results from the 
Abegg and Riedenfeld data at 25°C and the Konovalov data at 60°C 
are shown i n Figure 11, plotted against change i n p a r t i a l molar 
volume of the s a l t . The data show much scatter even aside from 
the points f o r l i t h i u m chloride and the hydroxides. Ignoring t h i s 
e r r a t i c data, we have t e n t a t i v e l y adopted the c o r r e l a t i o n de
veloped for carbon dioxide, modified to take account of the 
difference i n the p a r t i a l molar volumes of the two gases(Table I ) : 
that i s , the slope of the c o r r e l a t i o n l i n e found for carbon 
dioxide was m u l t i p l i e d by the factor 25/37.6. The r e s u l t i n g 
c o r r e l a t i o n i s shown as the l i n e on Figure 11. 

The p a r t i a l molar volume data of Table I on ammonia was 
calculated from density data i n Landolt-Bornstein(57). The 
values of p a r t i a l molal volume at i n f i n i t e d i l u t i o n can be ex
pressed as: 
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- 1 0 1 2 3 4 5 6 

INCREAS

Figure 10. Effect of temperature on salting out of carbon dioxide (coefficient 
source: (O) (32); salts: KCl, NaCl, KN03, NaNo3; t, = 0.2°C; t2 = 25°C; (A) 
(32); KCl, NaCl, KN03; t, = 25°C; t2 = 40° C; O (33»; Ν H fil, NaN03; t, = 

15°C; t2 = 35°C) 

0 1 2 3 4 5 6 

INCREASE OF PARTIAL MOLAR VOLUME OF SALT 
WITH TEMPERATURE, cm3/mol 

Figure 11. Effect of temperature on salting out of ammonia (coefficient source: 
(O) at 25°C (28λ at 60°C, (55,56j; salts: LiCl, KOH, NaOH, KCl, NaCl, KNOs; 
t, = 25°C; t, = 60°C; (A) (58J; KOH; t, = 25°C; i2 = 60°C; ( ) modified 

carbon dioxide correlation) 
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= 15.8 + 0.030 Τ 

The p a r t i a l molar volume of hydrogen s u l f i d e i s nearly equal 
to that of carbon dioxide (Table I ) , and we t e n t a t i v e l y assume 
that changes i n i t s salting-out c o e f f i c i e n t s with temperature are 
the same as those of carbon dioxide. 

We believe that the most accurate salting-out c o e f f i c i e n t 
for ammonia i n ammonium hydrosulfide s o l u t i o n i s the value, 
—0.012 kg H 20/mol, that we calculated from Miles and Wilson 
vapor-liquid equilibrium data at 80°C(45). With the temperature 
change c o r r e l a t i o n that we have adopted as discussed above, t h i s 
y i e l d s the value -0.0067 kg H20/mol at 25°C. This i s i n reason
able agreement with the value —0.022 kg H20/mol obtained from 
our c o r r e l a t i o n s . For ammonia i n bicarbonate and carbamate at 
25°C, we adopt the values from the c o r r e l a t i o n s  namely 0.036 and 
0.033 kg H20/mol. As
and hydrogen s u l f i d e a
higher, respectively, than those for ammonia. Equations incor
porating these values and the changes with temperature discussed 
above are presented i n Table IX. 

Salting-Out of Other Gases. Gases other than ammonia, carbon 
dioxide, and hydrogen s u l f i d e are also commonly present i n streams 
from the processing of c o a l , and, thus, t h e i r s o l u b i l i t i e s i n 
aqueous condensates of the NH3-C02-H2S-H20 system are of concern. 
In hydrogasification processes such gases include hydrogen, carbon 
monoxide, methane, carbonyl s u l f i d e , and hydrogen cyanide. 
Nitrogen and argon are, of course, present i n low-Btu gases from 
g a s i f i c a t i o n with a i r . 

As a data base f o r c o r r e l a t i o n of salting-out c o e f f i c i e n t s 
of such gases, we have c o l l e c t e d data on salting-out by sodium 
chloride solutions at 25 C; more data are av a i l a b l e on th i s s a l t 
for a wide v a r i e t y of gases than on any other. We found that the 
salting-out c o e f f i c i e n t can be correlated against Henry's con
stants for s o l u b i l i t y i n water at i n f i n i t e d i l u t i o n and the 
Lennard-Jones force constant σ (a c o l l i s i o n diameter), as shown 
i n Figure 12. The gases, i n the order of increasing Henry's 
constant, are ammonia, hydrogen cyanide, s u l f u r dioxide, hydrogen 
s u l f i d e , c h l o r i n e , acetylene, carbon dioxide, nitrous oxide, 
phosphine, ethylene, xenon, krypton, ethane, argon, methane, 
oxygen, hydrogen, neon, helium, and s u l f u r hexafluoride. Details 
of the parameters are discussed elsewhere(59). 

The data for the polar gases, ammonia, hydrogen cyanide, and 
su l f u r dioxide, show that the c o r r e l a t i o n does not apply to such 
gases but only to non-polar gases. The c o r r e l a t i o n does allow us 
to predict salting-out c o e f f i c i e n t s for carbon monoxide and 
carbonyl s u l f i d e i n sodium chloride solutions. Further, by 
app l i c a t i o n of the p r i n c i p l e s of the cor r e l a t i o n s we have devel
oped for the e f f e c t s of cations and anions, we should be able to 
predict salting-out c o e f f i c i e n t s for methane, oxygen, nitrogen, 
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Figure 12. Correlation of salting-out coefficients of various gases in sodium 
chloride solution at 25°C: force constant σ (A): (O) 2.6; (A) 2.8-3.2; Ο 3.4-3.9; 

(V) 4.1^.6; (0)5.5;(<) unknown 
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carbon monoxide, and carbonyl s u l f i d e i n solutions of the 
NH3-CO2-H2S-H2O system. 

Analysis of Ternary and Quaternary Data 

Equilibrium data for the NH3-H2S-H20 subsystem have been 
reported by van Krevelen et. a l . at 20°, 40°, and 60°C(7_), by 
Miles and Wilson at 80° and 120°C(46), and by Ginzburg et a l . 
at temperatures from 57° to 87°C (obtained at constant t o t a l 
pressure rather than at constant temperature) (60,61) We cor
related data having i o n i c strengths above 0.2 molal i n terms 
of an equilibrium c o e f f i c i e n t K 4: 

( N H Î ) ( H S ~ ) 

KÎ, = — 4  f 

The effect of concentration of free (molecular) ammonia on the 
ο 

a c t i v i t y of the e l e c t r o l y t e was derived mainly from two 80 C 
data points of Miles and Wilson having 16 to 17 molal free 
ammonia concentration. Data points below 0.2 io n i c strength 
were f i t t e d by ap p l i c a t i o n of Kielland's estimation of ioni c 
a c t i v i t y c o e f f i c i e n t s (6̂ 2) . Details are presented elsewhere(45), 
together with graphs giving p a r t i a l pressures of ammonia and 
hydrogen s u l f i d e for temperatures from 80 to 260 F over a range 
of l i q u i d concentration. 

Data reported by van Krevelen et al.(7) on the NH3-CO2-H2O 
subsystem (including data of Pexton and Badger) and data 
of Frohlich(63) were analyzed during an early period of our 
i n v e s t i g a t i o n . ^ ) We plan to revise our c o r r e l a t i o n with 
use of Meissner 1 s(64) treatment of io n i c a c t i v i t y c o e f f i c i e n t s , 
which i s better suited than van Krevelen 1s for a p p l i c a t i o n to 
mixtures of three or more e l e c t r o l y t e components. 
Conclusions 

Vapor-liquid e q u i l i b r i a i n the NH3-CO2-H2S-H2O system i s of 
importance i n the processing of coal for production of gaseous 
and l i q u i d f u e l s . Direct vapor-liquid equilibrium data are 
a v a i l a b l e for only l i m i t e d ranges of temperature and composi
t i o n and must be supplemented by c o r r e l a t i o n with models 
u t i l i z i n g other data. Data on the s o l u b i l i t y of each of the 
component gases i n water and data on t h e i r i o n i z a t i o n con
stants have been reviewed. Correlations for the s a l t i n g out 
of these and other gases by the dissolved e l e c t r o l y t e s have 
been developed. Work on the NH3-C02-H20 ternary and on the 
quaternary system i s s t i l l i n progress. 

Notation 

A = Co e f f i c i e n t expressing the e f f e c t of concentration 
of gas on i t s a c t i v i t y c o e f f i c i e n t i n binary 
s o l u t i o n ; In γ = A (l-x 2)/RT. 
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b = C o e f f i c i e n t expressing the ef f e c t of concentration 
of gas on i t s a c t i v i t y c o e f f i c i e n t , kg H20/mole 

c = C o e f f i c i e n t expressing the eff e c t of change of 
p a r t i a l molal volume of e l e c t r o l y t e (with temper
ature) on the salting-out c o e f f i c i e n t , kg H20/cm3. 

C = Salt concentration, mol/£ 
f = Fugacity, atm 
H = Henry's constant, atm or atm kg H20/mol 
I = Ionic strength, mol/£. 
k = Salting-out c o e f f i c i e n t , i/mol or kg H20/mol 
Κ = Ionization constant, molal 
= Equilibrium c o e f f i c i e n t , mol/kg H20-atm 

+ _ra = Concentration, mol/kg H 20 
(NHi+),(HS ) = Concentration of indicated ion, mol/kg H20 

r , r c a = Thermochemica
R = Gas constan

S,S0 = S o l u b i l i t y of gas i n s a l t solution and water, 
respectively. 

Τ = Temperature, Κ 
U 0 = L a t t i c e energy of c r y s t a l l i n e s a l t , k cal/mol 

= P a r t i a l molar volume of molecular specie at 
1 i n f i n i t e d i l u t i o n , cm3/mol 
V s = Molar volume of hypothetical molten s a l t , cm3/mol 

xg> xca> xan = Contribution of gas, cation, and anion, respect
i v e l y , to a salting-out c o e f f i c i e n t 

Greek 

So = Compressibility of water 
γ = A c t i v i t y c o e f f i c i e n t 

Subscripts 

a = Ammonia 
an = Anion 
c = Carbon dioxide 

ca = Cation 
g = Gas 
s = Hydrogen s u l f i d e 
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7 
On the Solubility of Volatile Weak Electrolytes 
in Aqueous Solutions 

G. MAURER 

Institut für Technische Thermodynamik und Kältetechnik, Universität Karlsruhe (TH), 
D-7500 Karlsruhe, Fed. Rep. of Germany 

The solubility  gaseou  electrolyte
aqueous solutions is encountered in many chemical and 
petrochemical processes. In comparison to vapor-liquid 
equilibria in non reacting systems the solubility of 
gaseous weak electrolytes like ammonia, carbondioxide, 
hydrogen sulfide and sulfur dioxide in water results 
not only from physical (vapor-liquid) equilibrium but 
also from chemical equilibrium in the liquid phase. 
This interaction between physical and chemical equili
bria complicates considerably the description of vapor-
liquid equilibria in multicomponent aqueous solutions. 
The development of thermodynamic correlations for those 
equilibria is also hindered by the limited experimental 
material available on that subject. 

This contribution describes and compares three pro
cedures for representing vapor-liquid equilibria in mul
ticomponent aqueous solutions of volatile weak electro
lytes. Starting from the basic thermodynamic relations, 
the approximations and simplifications applied by van 
Krevelen, Hoftijzer and Huntjens (1) , Beutier and Renon 
(2) and Edwards, Maurer, Newman and Prausnitz (3) are 
discussed; the necessary information for using these 
correlations is compiled. Results calculated with these 
procedures are discussed and compared with literature 
data. 
Thermodynamic s 

As shown i n f i g u r e 1, a v o l a t i l e weak e l e c t r o l y t e 
i n w a t e r a t a g i v e n t e m p e r a t u r e and p r e s s u r e d i s t r i 
b u t e s i t s e l f between v a p o r and l i q u i d p h a s e . Phase e -
q u i l i b r i u m d e t e r m i n e s t h e c o n c e n t r a t i o n o f t h e weak 
e l e c t r o l y t e i n t h e g a s e o u s phase a t a known c o n c e n t r a 
t i o n o f m o l e c u l a r e l e c t r o l y t e i n w a t e r . B u t due t o 
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Vapor Phase 

molecular 
electrolytes 

— n 
molecular 

electrolytes^—- ions 

Liquid Phase 

Figure 1. Vapor-liquid equilibrium in an aqueous system of volatile weak 
electrolytes 
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c h e m i c a l r e a c t i o n s t h i s c o n c e n t r a t i o n o f m o l e c u l a r e l e c 
t r o l y t e i n l i q u i d w a t e r may be c o n s i d e r a b l y d i f f e r e n t 
f r o m i t s t o t a l c o n c e n t r a t i o n . ( T o t a l c o n c e n t r a t i o n i s t h e 
amount o f weak e l e c t r o l y t e i n l i q u i d p h a s e , i f t h e r e 
w o u l d n o t be d i s s o c i a t i o n ) . 

I n a m u l t i c o m p o n e n t aqueous s y s t e m e n c o u n t e r i n g am
m o n i a , c a r b o n d i o x i d e , h y d r o g e n s u l f i d e and s u l f u r d i 
o x i d e , t h e v a p o r p h a s e c o n t a i n s m o l e c u l e s o f o n l y f i v e 
d i f f e r e n t s p e c i e s , e . g . NH3, C02/ H2S, S0 2 and H 20, 
w h i l e i n t h e l i q u i d p h a s e 15 d i f f e r e n t s p e c i e s a r e p r e 
s e n t : b e s i d e s t h e m o l e c u l a r s p e c i e s a l s o 10 i o n i c s p e 
c i e s , e^_g. N H j , HCO3, H S " , HSO3, O H " , H + , NH2COO", S~ , 
003/ SO3. F o r g i v e n t e m p e r a t u r e and t o t a l m o l a l i t i e s 
o f t h e weak e l e c t r o l y t e s i n t h e l i q u i d p h a s e a s y s t e m o f 
20 m o s t l y n o n l i n e a r e q u a t i o n s has t o be s o l v e d , i n o r d e r 
t o f i n d t h e t o t a l p r e s s u r
p o s i t i o n o f t h e v a p o

T h e s e e q u a t i o n s i n c l u d e e q u i l i b r i u m - c o n s t a n t s K i (T) 
f o r n i n e c h e m i c a l r e a c t i o n s , e x p r e s s e d by a c t i v i t i e s a±z 

F i r s t d i s s o c i a t i o n s o f ammonia ( r e a c t i o n 1), c a r b o n d i 
o x i d e ( r e a c t i o n 2) , h y d r o g e n s u l f i d e ( r e a c t i o n 3) , s u l 
f u r d i o x i d e ( r e a c t i o n 4): 

N H 3 + H 2 0 ^ NHj + O H ' K 1 ( T ) 

CO2+H2O ^ HCO3 + H + K 2 ( T ) 

H 2 S ^ HS" + H + K 3 ( T ) 

S0 2 +H 20 ̂  HSO3 + H + K 4 ( T ) 

S e c o n d d i s s o c i a t i o n s o f c a r b o n d i o x i d e ( r e a c t i o n 5 ) , h y 
d r o g e n s u l f i d e ( r e a c t i o n 6 ) , s u l f u r d i o x i d e ( r e a c t i o n 7) 

aC0f a H + 

HCO3 ^ CO3 + H+ K 5 ( T ) = (V) 
aHC05 

a S = a H + 

Κ β ( Τ ) =· — (VI) 
b a H S " 

aS0f a H + 

K 7 ( T ) = — (VII ) 
aHS0^ 

= a N H ^ a 0 H " 
a N H 3

 a w 

a H C 0 3 a H + 

co2 

l HS" 

w 

a T T r , - a R + 

H 2 S 

*HS0 

a S 0 9

 a w 

(I) 

( I D 

[HI) 

(IV) 

HS" ^ S" + H+ 

HS0~ ^ SO^ + H + 
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C a r b a m a t e r e a c t i o n ( r e a c t i o n 8) 

NHo+HC0~ = ^ NH oC00"+H o0 K Q ( T ) = ( V I I I ) 
3 3 2 2 8 a a H C 0 -

a N H 2 C O O ~ a w 

1 3

 a H C O ~ 

D i s s o c i a t i o n o f w a t e r ( r e a c t i o n 9) 

a H + A 0 H " 
H 20 ^ H + + OH* K 9 ( T ) = (IX) 

w 

F u r t h e r m o r e , 5 v a p o r - l i q u i d phase e q u i l i b r i a a r e 
i n v o l v e d , e . g . f o r m o l e c u l a r NH3, C0 2 , H 2 S and S0 2 and 
f o r w a t e r . A p p l y i n g t h e c o n c e p t o f H e n r y ' s c o n s t a n t H i 
f o r t h e s o l u t i o n o f a gas i i n p u r e w a t e r and f u g a c i t y
c o e f f i c i e n t f o
m o l e c u l a r f o r c e s i
e q u a t i o n s a r e : 

a i H ± = Ρ y ± φ ι ( X ) - ( X I I I ) 

i = NH3, C0 2, H 2 S , S0 2 

and a f = P y ψ (XIV) 
W W J W 

(P , y^ and f w d e s i g n a t e t h e t o t a l p r e s s u r e , t h e mole 
f r a c t i o n o f component i i n v a p o r phase and t h e f u g a c i t y 
o f p u r e w a t e r ) . The mass b a l a n c e i n t h e l i q u i d p h a s e 
r e s u l t s i n f o u r a d d i t i o n a l e q u a t i o n s : 

m t o t , N H 3

 = M N H 3

+ " W J + " " N B ^ C O O - (XV) 

m t o t,C0 2
 = m C 0 2

+ m H C O - + ^ H s C O O " + mC0= (XVI) 

t o t , H 2 S = m H 2 S + m H S " + m S (XVII ) m 

m t o t,S0 2 " m s o 2
+ m H S O - + ^03 ( X V I I I ) 

(m^ d e s i g n a t e s t h e m o l a l i t y o f s p e c i e s i i n l i q u i d 
p h a s e ) . The r e m a i n i n g two e q u a t i o n s r e s u l t f r o m t h e 
c o n d i t i o n o f b u l k e l e c t r o n e u t r a l i t y i n t h e l i q u i d p h a s e 
and t h e mole b a l a n c e i n t h e g a s e o u s p h a s e : 

+ " N H J = M 0 H " + M H C 0 3 + M H S Û 3 + M H S - + ^ C O O " 

+ 2 ( m s = + m c o = + m s o = ) ( χ ι χ ) 

% H 3

 + Y C 0 2

 + y H 2 S + Y S 0 2

 + *w = 1 ( X X ) 
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In p r i n c i p l e , t h i s system of 20 equations can be 
solved provided the eq u i l i b r i u m constants, a c t i v i t i e s , 
Henry-constants and f u g a c i t i e s are a v a i l a b l e . While 
some r e s u l t s f o r most of these properties are available, 
there e x i s t s no approved method f or c a l c u l a t i n g a c t i v 
i t i e s i n concentrated aqueous solut i o n s of weak e l e c 
t r o l y t e s ; therefore, several approximations were de
veloped. 

Method by van Krevelen, H o f t i j z e r and Huntjens (1) (KHH) 

This method applie s very r e s t r i c t i v e approxima
t i o n s , r e s u l t i n g i n a l i m i t e d a p p l i c a b i l i t y . The me
thod cannot be applied to the complete multicomponent 
system described above; i t i s s u i t a b l e only for am
monia r i c h subsystem

NH 3-C0 2-H 20 
NH 3-H 2S-H 20 

and NH 3-C0 2-H 2S-H 20 

to t , N H 3 t o t , C 0 2 

t o t , N H 3 ^ " l t o t , H 2 S 
m t o t , N H 3 > ( m t o t , C 0 2

+ m t o t , H 2 S ) . 
As the model i s rather s i m p l i f i e d , i t was based on ex
perimental r e s u l t s which cover the temperature range 
from 20 to 60 oc at the following m o l a l i t i e s : 

NH^-C0 9-H 90: 0.5 < m. ^ Λ Τ υ <C 2.0; 0.2^ t Q t ' C Q 2 < 0.67 
3 2 2 tot,NH 3 - mtot,NH 3 

N H ^ - H . S - H . O : 0.3 < m, . ^ 3.5; 0.17< t o t , H 2 S _ ^ 0.65 3 2 2 t o t , N H 3
 m t o t , N H 3 

N H 3 - C 0 2 - H 2 S - H 2 0 : 

0 . 7 ^ m, , ,,TT ^2.3 m, , _ _ +m, . T T ~ tot,NH3 to t , C 0 2 t o t , H 2 S 
0.44^ <0.84. 

0.1 < m, , ^ 1.4 m t o t , N H o 
" C O " C , U U 2

 J 

The s i m p l i f i e d equations are discussed here only f o r 
NH 3-C0 2 -H 20; f o r NH3"H 2S-H 20 and N H 3 - C 0 2 - H 2 S - H 2 0 they 
are given i n Appendix I. Van Krevelen et a l . neglect 
the d i s s o c i a t i o n of water (eq. IX), thereby reducing 
the_number of i o n i c species i n l i q u i d phase to N H j , 
HC03, CO3, NH 2C00". For given temperature and t o t a l mo
l a l i t i e s of NHo and C0 2 there remain 10 equations to 
determine a l l l i q u i d concentrations, the t o t a l pressure 
and the composition of the vapor. Two purely chemical 
e q u i l i b r i a : The carbamate r e a c t i o n (reaction 8) and 
the following combination of reactions 1,5 and 9 
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a N H j a C 0 5 
NHo+HCO^ ^ NH+ + CO" (reaction 10) Κ = -

J 4 3 1 0 aNH 3
 aHC0" 

The e q u i l i b r i u m constant for the carbamate r e a c t i o n 
(eq.VIII) was s i m p l i f i e d by assuming 3L^20

 = 1 a n c ^ r e ~ 
pla c i n g a l l other a c t i v i t i e s by m o l a l i t i e s . Numbers 
f o r Κβ(Τ) at 20, 40 and 60 oc were determined from ex
perimental r e s u l t s , (Van Krevelen et a l . only report 
d i s c r e t e numbers or diagrams f o r some constants. For 
i n t e r - and ext r a p o l a t i o n these numbers were replaced by 
equations, wherein the dimensions of mi and Τ are moles/ 
kg Η 2 0 and K e l v i n , r e s p e c t i v e l y . ) : 

"NHaCOO- r 2 0 0 0 ^ 1 
K G T ) = ™ ™ =

8 ^ 3 " H C O

In the eq u i l i b r i u m constant K^ Q a c t i v i t i e s were r e 
placed by m o l a l i t i e s . Numbers for K-j 0 were taken from 
l i t e r a t u r e : 

"W mcoT M ^ u3 Γ K 1 n ( T ) = = exp -18.26 + 4780/T . (K 2) 
1 0 "ΊϊΗ, mHC0- L J 3 

The combination of a chemical e q u i l i b r i u m with the phase 
eq u i l i b r i u m for CO2: Reactions 1,2 and 9 were combined 
to 
NH3 + C0 2 + H 20 5 = ^ NHj + HC0~ (reaction 11) 

The appropriate e q u i l i b r i u m constant, combined with eq. 
(XI) depends on temperature and i o n i c strength: 

"^Hj mHC0 3 

l n Κ Ί 1 ( Τ ) = l n mT p-y ( K 3 ) 

™ΝΗ 3
 Y C 0 2 

= -26.112 + 7040/T + I (-0.564 + 326/T)- 1.05 
exp(-3.7 I) 

(P i n mm Hg, I = ~ζ m i Z i = i o n i c strength, 
i 

Z i = charge number of ion i ) . 

Phase e q u i l i b r i a : For NH 3 and H 20 eqs.(X) and (XIV) 
were s i m p l i f i e d : 

"NHa - HNH 3 % H 3
 P ( K 4 ) 
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P* « (1 + 0 . 0 1 8 Σ » ι ) ? y „ (K 5) 
W *T 1 w 

w h e r e , when i n (K 4) Ρ i s i n mm H g , 

H N H 3

 = [ ~ 1 7 · 1 3 + 4 3 5 0 ( T / K ) " 1 1 e x p ( - 0 . 0 5 7 6 

and P s i s t h e v a p o r p r e s s u r e o f p u r e w a t e r . The r e 
m a i n i n g e q u a t i o n s a r e t h e mass b a l a n c e s f o r NH3 and CO2 
( e q . XV and X V I ) , t h e c o n d i t i o n o f b u l k e l e c t r o n e u t r a -
l i t y ( e q . X I X ) , t h e mole b a l a n c e i n t h e v a p o r p h a s e 
( e q . XX) and t h e a s s u m p t i o n t h a t - as t h e mode l s h o u l d 
be a p p l i e d t o a m m o n i a - r i c h s o l u t i o n s - i n t h e mass b a 
l a n c e m o l e c u l a r c a r b o n d i o x i d e c a n be n e g l e c t e d . A 
v e r y s i m p l e n u m e r i c a l i t e r a t i o n p r o c e d u r e t o s o l v e 
t h e s e e q u a t i o n s i s d i s c u s s e d by v a n K r e v e l e n e t a l . ( J O

P r o c e d u r e o f B e u t i e

The p r o c e d u r e o f B e u t i e r and Renon as w e l l a s t h e 
l a t e r on d e s c r i b e d method o f E d w a r d s , M a u r e r , Newman 
and P r a u s n i t z (3) i s an e x t e n s i o n o f an e a r l i e r work by 
E d w a r d s , Newman and P r a u s n i t z ( £ ) . B e u t i e r and Renon 
r e s t r i c t t h e i r p r o c e d u r e t o t e r n a r y sys tems NH3-CO2-H2O, 
NH3-H2S-H2O and NH3-SO2-H2O; b u t i t may be e x p e c t e d 
t h a t i t i s a l s o u s e f u l f o r t h e c o m p l e t e m u l t i s o l u t e 
s y s t e m b u i l t up w i t h t h e s e s u b s t a n c e s . The c o n c e n t r a 
t i o n r a n g e s h o u l d be l i m i t e d t o mole f r a c t i o n s o f w a t e r 
x w ^ 0 . 7 ; a t e m p e r a t u r e r a n g e f r o m Ο t o 100 ° C i s r e 
commended. E q u i l i b r i u m c o n s t a n t s f o r c h e m i c a l r e a c t 
i o n s 1 t o 9 a r e t a k e n f r o m l i t e r a t u r e ( c f . A p p e n d i x I I ) . 
H e n r y ' s c o n s t a n t s a r e assumed t o be i n d e p e n d e n t o f 
p r e s s u r e ; n u m e r i c a l v a l u e s were d e t e r m i n e d f r o m s o l u 
b i l i t y d a t a o f p u r e g a s e o u s e l e c t r o l y t e s i n w a t e r ( c f . 
A p p e n d i x I I ) . The v a p o r phase i s c o n s i d e r e d t o behave 
l i k e an i d e a l g a s . The f u g a c i t y o f p u r e w a t e r i s r e 
p l a c e d by t h e v a p o r p r e s s u r e . F o r any m o l e c u l a r o r 
i o n i c s p e c i e s i , e x c e p t f o r w a t e r , t h e a c t i v i t y i s e x 
p r e s s e d on t h e s c a l e o f m o l a l i t y m^ 

a i = m i Y i ' ( B 1 ) 

A c t i v i t y c o e f f i c i e n t s a r e n o r m a l i z e d : 

l i m y± = 1 .0 . (B 2) 
a l l s o l u t e s —> 0 

The a c t i v i t y o f w a t e r i s e x p r e s s e d on t h e s c a l e o f mole 
f r a c t i o n x w : 

a = χ γ (Β 3) w w T w 
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w i t h t h e n o r m a l i z a t i o n l i m ν = 1 . 0 . (Β 4) 
χ - 1 w 

W 

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

l n γ . = 9 ( G E / R T ) 
θ η ± 

Ρ , T , rij = i 
(Β 5) 

where η-^ s t a n d s f o r t h e mole number o f s p e c i e s i and G E 

f o r t h e G i b b s e x c e s s e n e r g y o f t h e l i q u i d m i x t u r e . The 
G i b b s e n e r g y G o f t h e i o n i c s o l u t i o n i s 

G ( T / P / n i ) = G l d ( T / P / n i ) + G E ( T , p , n . . ) (Β 6) 

w i t h t h e G i b b s e n e r g y o f an i d e a l s o l u t i o n 

G ( Τ , ρ , η . ) = η

+ Σ η ± [ μ ° ( Τ , ρ ) + RT l n m.] (Β 7) 
i 1 1 

where μ £ r e p r e s e n t s t h e c h e m i c a l p o t e n t i a l o f k i n t h e 
r e f e r e n c e s t a t e . The e x c e s s G i b b s e n e r g y i s assumed t o 
r e s u l t f r o m t h r e e d i f f e r e n t p a r t s : 

G E = G J j + G ^ a + G ^ (B 8) 
Ε 

r e p r e s e n t i n g i o n - i o n i n t e r a c t i o n s - G ^ - - , i o n - m o l e 
c u l e i n t e r a c t i o n s - G ? a - and m o l e c u l e - m o l e c u l e i n t e r 
a c t i o n s - G ^ a - . P i t z e r 1 s p r o p o s a l (_5) was u s e d f o r 
G ? J : 

0.018^ R T =
 ΐ{τ}+1 ζ \ymi+\ Σ I ^ k i h m i m k m h 

w k 1 k l k l h 
(B 9) 

( k , l , h r e p r e s e n t i o n i c s p e c i e s o n l y ) . 

f ( I ) = - § T § l n ( 1 + 1 . 2 V T ) F (B 10) 

A i s a D e b y e - H u c k e l p a r a m e t e r ( c f . A p p e n d i x I I ) and I 
i s t h e i o n i c s t r e n g t h . P i t z e r f o u n d t h a t b i n a r y i n t e r 
a c t i o n p a r a m e t e r A k l depends on i o n i c s t r e n g t h and may 
c o n v e n i e n t l y be e x p r e s s e d a s : 

X k l = P k l ) + ^kl - 2 T M - d + 2 V T ) e x p ( - 2 V 7 )] (B 11) 

w h i l e f o r g i v e n k l h μ^τκ i s a c o n s t a n t , r e p r e s e n t i n g 
t e r n a r y i o n - i o n i n t e r a c t i o n s . As c o u l o m b i c f o r c e s b e t 
ween i o n s o f l i k e c h a r g e do n o t a l l o w t h o s e i o n s t o 
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a p p r o a c h one a n o t h e r , b i n a r y and t e r n a r y i n t e r a c t i o n s 
between t h o s e i o n s a r e n e g l e c t e d : 

ô ( k i = * ( J i - h c l h = 0 ( B 1 2 ) 

whenever k , l , h r e p r e s e n t i o n s o f l i k e c h a r g e . 

#^kl a n d β ^ { - n u m b e r s f o r u n l i k e c h a r g e d i o n i c s p e c i e s 
k and 1 were d e t e r m i n e d f r o m c o r r e l a t i o n s f o r s t r o n g 
e l e c t r o l y t e s . E 

C o n t r i b u t i o n s t o G-^j f r o m t e r n a r y i n t e r a c t i o n s a r e 
o n l y i m p o r t a n t when c o n c e n t r a t i o n s o f b o t h a c i d 
and b a s e a r e l a r g e , t h e n t h e _ p r e d o m i n a n t i o n s a r e 
NH4, HCO3, NH2COO", H S " , HSO", S~ and SO3. μ ^ ι ^ - η ι ι π ύ ^ ^ ε 
a r e assumed t o d i f f e r f r o m z e r o o n l y i f a l l t h r e e s p e 
c i e s k , 1 and h a r e
i o n s . F o u r o f t h o s
e x p e r i m e n t a l r e s u l t s , one was e s t i m a t e d f r o m r e s u l t s f o r 
s t r o n g e l e c t r o l y t e s ; t h e r e m a i n i n g p a r a m e t e r s were d e 
t e r m i n e d u s i n g e m p i r i c a l m i x i n g r u l e s ( c f . A p p e n d i x I I ) . 

M o l e c u l e - i o n i n t e r a c t i o n c o n t r i b u t i o n G ^ a i s e s t i 
mated f r o m t h e work n e c e s s a r y t o t r a n s f e r i o n s f r o m a 
s o l u t i o n w h i c h does n o t c o n t a i n any n e u t r a l s o l u t e mo
l e c u l e t o t h e r e a l i o n i c s o l u t i o n . The e x p r e s s i o n f o r 
G i a b a s e d on t h e D e b y e - M c A u l a y e l e c t r o s t a t i c t h e o r y i s 
g i v e n i n A p p e n d i x I I . 

M o l e c u l e - m o l e c u l e i n t e r a c t i o n c o n t r i b u t i o n G E

a i s 
c o n s i d e r e d t o r e s u l t o n l y f r o m i n t e r a c t i o n s between l i k e 
n e u t r a l s o l u t e s . A M a r g u l e s - t y p e e x p r e s s i o n i s u s e d f o r 
G E · 

GIa 2 
w a l l n e u t r a l 

s o l u t e s p e c i e s 

where j u a a a i s a p s e u d o t e r n a r y p a r a m e t e r , d e t e r m i n e d 
f r o m b i n a r y p a r a m e t e r X a a : 

» a a a = " 5575 ( X a a + T 6 6 T 5 ) " ( B 1 4 ) 

B i n a r y i n t e r a c t i o n p a r a m e t e r s X a a a r e assumed t o be 
c o n s t a n t s and were d e t e r m i n e d f r o m s o l u b i l i t y d a t a f o r 
g a s e o u s s p e c i e s a i n w a t e r . 

U s i n g t h e s e e q u a t i o n s f o r t h e e x c e s s G i b b s e n e r g y 
and t h e w e l l k n o w n r e l a t i o n 

n w R T " " a l l s o l u t e 
= l n a - l n χ + 0 . 0 1 8 T nu l n γ . (Β 15) 

s p e c i e s 
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t h e a c t i v i t y o f w a t e r , a w , i s c a l c u l a t e d . ( F o r more d e 
t a i l e d i n f o r m a t i o n on t h e p r o c e d u r e o f B e u t i e r and Renon 
c f . A p p e n d i x I I ) . 

P r o c e d u r e o f E d w a r d s , M a u r e r , Newman a n d P r a u s n i t z (3) 
(EMNP) 

T h i s method i s a p p l i c a b l e t o t h e c o m p l e t e m u l t i -
s o l u t e aqueous s o l u t i o n d e s c r i b e d b e f o r e . I t i s e s t i 
mated t h a t t o t a l s o l u t e c o n c e n t r a t i o n s up t o 10 o r 20 
m o l a l may be h a n d l e d . The l i m i t a t i o n on t e m p e r a t u r e 
r e s u l t s m a i n l y f r o m t h e l i m i t e d t e m p e r a t u r e r a n g e f o r 
w h i c h e x p e r i m e n t a l r e s u l t s f o r e q u i l i b r i u m c o n s t a n t s 
and H e n r y ' s c o n s t a n t s a r e a v a i l a b l e ( c f . A p p e n d i x I I 
and t a b l e s I and I I ) . A l t h o u g h f o r some c o n s t a n t s t h i s 
r a n g e o n l y e x t e n d s up t o 60 ° C , i t i s e x p e c t e d t h a t by 
an a p p r o p r i a t e e x t r a p o l a t i o
a l s o a t t e m p e r a t u r e

To c a l c u l a t e t h e m u l t i c o m p o n e n t v a p o r - l i q u i d e q u i 
l i b r i u m , e q u i l i b r i u m c o n s t a n t s f o r c h e m i c a l r e a c t i o n s 
1-9 a r e t a k e n f r o m l i t e r a t u r e ; i n c o m p a r i s o n t o t h e 
o r i g i n a l p u b l i c a t i o n , i n t h e p r e s e n t work d i f f e r e n t 
n u m e r i c a l v a l u e s f o r t h e s e c o n d d i s s o c i a t i o n s o f h y d r o 
gen s u l f i d e and s u l f u r d i o x i d e were c h o s e n ( c f . A p p e n 
d i x I I I ) . H e n r y ' s c o n s t a n t s a r e e v a l u a t e d f r o m s i n g l e 
s o l u t e s o l u b i l i t y d a t a w i t h o u t n e g l e c t i n g P o y n t i n g c o r 
r e c t i o n s : 

v . ( P - P S ) 
Η. = H . ( T , p ) = H . ( T , p = p j ) e x p 1

 R T

 W , (E 1) 

where v^ s t a n d s f o r t h e p a r t i a l m o l a l vo lume o f compo
n e n t i i n w a t e r a t i n f i n i t e d i l u t i o n ( c f . A p p e n d i x I I I ) . 
F u g a c i t y c o e f f i c i e n t s a r e c a l c u l a t e d f r o m t h e e q u a t i o n 
o f s t a t e by N a k a m u r a , B r e e d v e l d and P r a u s n i t z (6) . F o r 
p u r e w a t e r t h e f u g a c i t y i s r e p l a c e d by 

V P - P w > (E 2) 
f w = Pw e X P RT < 

where v w s t a n d s f o r t h e s p e c i f i c vo lume o f p u r e l i q u i d 
w a t e r . A c t i v i t i e s o f a l l l i q u i d components a r e e x 
p r e s s e d by P i t z e r ' s e q u a t i o n ( e q . Β 9 ) . T h i s e q u a 
t i o n was a d o p t e d t o d e s c r i b e n o t o n l y t h e i n f l u e n c e o f 
i o n - i o n i n t e r a c t i o n s , b u t o f i n t e r m o l e c u l a r f o r c e s b e t 
ween a l l s o l u t e s p e c i e s . F u r t h e r m o r e , t e r n a r y i n t e r 
a c t i o n s a r e n e g l e c t e d . The r e s u l t i n g e q u a t i o n 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 any s o l u t e s p e c i e s i i s : 
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l n y . = -
1 1 

m. 
D 

Z? 

Z?A πρ 1 

- i - Γ 3L± + - J — i n ( 1 + 1 . 2 V l )] (E 3) 
0 L 1+1 .2 0 . 6 J 

r β ( ΐ ) 
2 Σ j / 3 ( ? J + — i î . h - ( 1 + 2 V F ) e x p ( - 2 )] 

j [ 1 3 21 L J 

2 

- [ 1-(1+2 V T + 21) e x p ( - 2 V T )] Σ Σ fl^m-jiih. 
41 J j k D K J 

where j and k d e s i g n a t e a l l s p e c i e s i n l i q u i d p h a s e e x 
c e p t w a t e r . The a c i t i v i t y o f w a t e r i s c a l c u l a t e d a n a 
l o g o u s l y t o e q . Β 1 5 . 

P a r a m e t e r s f o
m o l e c u l e s were e v a l u a t e
d a t a i n w a t e r . T h e s e p a r a m e t e r s p r o v e d t o depend on 
t e m p e r a t u r e ( c f . A p p e n d i x I I I ) . P a r a m e t e r s β^Ι f o r 
i n t e r a c t i o n s between d i f f e r e n t n e u t r a l s o l u t e s p e c i e s i 
and j were e s t i m a t e d b y : 

= i [*iV + <E 4> 
I o n - i o n i n t e r a c t i o n p a r a m e t e r s were s e t e q u a l t o z e r o 
whenever i and j a r e i o n s w i t h c h a r g e s o f t h e same 
s i g n : 

β j » ) = fljj' = 0 . (Ε 5) 

F o r i o n i c s p e c i e s i and j w i t h c h a r g e s o f d i f f e r e n t 
s i g n s β-numbers were e s t i m a t e d f r o m P i t z e r ' s r e 
s u l t s f o r s t r o n g e l e c t r o l y t e s u s i n g a method p r o p o s e d 
by B r o m l e y (2); -numbers were d e t e r m i n e d f r o m an 
e m p i r i c a l c o r r e l a t i o n s u g g e s t e d by P i t z e r and M a y o r g a 
( 8 ) : 

Q^V = 0 .018 + 3 .06 β[°]· (Ε 6) 

Due t o v e r y l i m i t e d e x p e r i m e n t a l d a t a , i o n - i o n i n t e r 
a c t i o n - p a r a m e t e r s had t o be assumed t o be i n d e p e n d e n t 
o f t t e m p e r a t u r e . I o n - m o l e c u l e i n t e r a c t i o n p a r a m e t e r s 

j Λ - s a l t 
i n g - o u t e f f e c t s , w h i l e β [y 

I n t h e p r e s e n t work most o f t h e o r i g i n a l β-num-

o t y t e m p e r a t u r e . I o n - m o l e c u l e i n t e r a c t i o n paramete 
β were e s t i m a t e d f r o m e x p e r i m e n t a l r e s u l t s on 
i n g - o u t e f f e c t s , w h i l e β w e r e s e t e q u a l z e r o . 

I n t h e p r e s e n t work most o f t h e o r i g i n a l β-r 
b e r s were a c c e p t e d , o n l y a few were c h a n g e d : β ^ ι π " 
numbers f o r N H J - H S " , N H J - N H 2 C 0 0 " , N H J - H C 0 " and NH3-
N H j , N H 3 - H C 0 5 , N H 3 - H S " as w e l l as j3 ^ ) - numbe numbers f o r 
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N H 3 - N H j , NH3-HCO5 and NH3-HS- were f i t t e d t o 68 s e l e c t 
ed t e r n a r y d a t a p o i n t s ( p a r t i a l p r e s s u r e s o f weak e l e c 
t r o l y t e s ) m e a s u r e d by O t s u k a e t a l . f o r NH3-CO2-H2O a t 
40 , 60 , 80 and 100 ° C (9) and G i n z b u r g e t a l . f o r NH3-
H2S-H2O a t t e m p e r a t u r e s between a b o u t 40 and 90 ° C (^0) . 
W h i l e w i t h t h e o r i g i n a l β -numbers t h e mean d e v i a t i o n s 

i n t h e p a r t i a l p r e s s u r e amount t o 26 p e r c e n t f o r ammo
n i a , 42 p e r c e n t f o r c a r b o n d i o x i d e and 15 p e r c e n t f o r 
h y d r o g e n s u l f i d e , t h e c o r r e s p o n d i n g numbers u s i n g t h e 
f i t t e d β - v a l u e s a r e 19, 36 and 13 p e r c e n t ; t h u s i n 
d i c a t i n g a s m a l l i m p r o v e m e n t . S i m i l a r l y , 14 s e l e c t e d 
d a t a p o i n t s by B o u b l i k e t a l . (11) f o r NH3-SO2-H2O a t 
50 and 90 oc were u s e
HSO3, r e s u l t i n g i n a
f u r d i o x i d e (75 t o 28 p e r c e n t ) and a s l i g h t change f o r 
t h e p a r t i a l p r e s s u r e o f ammonia . A l l β-numbers - f i t 
t e d as w e l l as a c c e p t e d ones - a r e c o m p i l e d i n A p p e n d i x 
I I I . 

C o m p a r i s o n w i t h E x p e r i m e n t a l R e s u l t s 

S y s t e m NH3-CO2-H2O: E x p e r i m e n t a l V L E d a t a f o r 
NH3-CO2-H2O a r e compared w i t h c a l c u l a t e d r e s u l t s i n f i 
g u r e s 2 and 3 and i n t a b l e s I t o I V . A t t e m p e r a t u r e s 
between 20 and 60 OC p a r t i a l p r e s s u r e s o f ammonia c a l 
c u l a t e d f r o m d i f f e r e n t methods a g r e e w e l l w i t h e a c h 
o t h e r ; t h e r e i s a l s o a good agreement w i t h e x p e r i m e n 
t a l r e s u l t s by v a n K r e v e l e n e t a l . (Y) ( c f . t a b l e I) and 
P e x t o n and B a d g e r (J_2) ( c f . t a b l e I I ) . F o r m o l a l i t i e s 
mtot,NH3 ^ ^ a n c ^ m t o t ,C02^ ^ " ^ t ^ i e d e v i a t i o n s amount t o 
between 5 and 15 p e r c e n t . W i t h i n c r e a s i n g c o n c e n t r a 
t i o n s t h e d e v i a t i o n s between c a l c u l a t e d and m e a s u r e d 
p a r t i a l p r e s s u r e s o f ammonia i n c r e a s e , as c a n be seen 
f r o m t h e c o m p a r i s o n w i t h e x p e r i m e n t a l r e s u l t s by O t s u k a 
e t a l . (9) ( c f . t a b l e I I I ) . A t t e m p e r a t u r e s between 20 
and 60 o c i n a m m o n i a - r i c h s o l u t i o n s w i t h t o t a l s o l u t e 
m o l a l i t i e s up t o a b o u t 15 m o l a l , p a r t i a l p r e s s u r e s o f 
ammonia c a l c u l a t e d w i t h d i f f e r e n t p r o c e d u r e s a g r e e w i t h 
i n a b o u t 10 t o 20 p e r c e n t , b u t d e v i a t e f r o m t h e e x p e 
r i m e n t a l r e s u l t s by O t s u k a e t a l . by up t o a b o u t 50 p e r 
c e n t . Some d a t a p o i n t s a r e r e p r o d u c e d w e l l , some r a t h e r 
b a d l y , i n d i c a t i n g a s c a t t e r i n g o f t h e e x p e r i m e n t a l r e 
s u l t s . A t h i g h e r t e m p e r a t u r e s t h e KHH-method t e n d s t o 
o v e r e s t i m a t e t h e p a r t i a l p r e s s u r e o f ammonia; t h e d e 
v i a t i o n s a r e s t i l l r a t h e r s m a l l a t low c o n c e n t r a t i o n s 
( c f . t a b l e I V ) , b u t i n c r e a s e r a p i d l y w i t h i n c r e a s i n g 
s o l u t e c o n c e n t r a t i o n ( c f . t a b l e I I I ) . I n t h a t r e g i o n 

(= 100 
1 , exp 

(N-1 ) )] 
1/2 
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Τ 

mtot,C02 / m t o t , N H 3 

Figure 2. Comparison of calculated and experimental partial pressures of NHS 

at 20°C; (O) Pexton and Badger exp.; (U) van Krevelen et al. exp.; ( ) KHH 
calc; ( j BR calc; (----) EMNP calc 

0.11 I I I 1 
0.2 0.4 0.6 0.8 1.0 

mtot,co2 / RHot.NHa 

Figure 3. Comparison of calculated and experimental partial pressures of C08 

at 20°C; (O) Pexton and Badger exp.; (|) van Krevelen et al. exp.; ( ; KHH 
calc; ( ) BR calc; (-·--) EMNP calc 
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t h e B R - and E M N P - p r o c e d u r e s y i e l d r e m a r k a b l e i m p r o v e 
ments o v e r t h e c o r r e l a t i o n o f v a n K r e v e l e n e t a l . . 

I n c o m p a r i s o n t o ammonia, f o r c a r b o n d i o x i d e c a l 
c u l a t e d p a r t i a l p r e s s u r e s d e v i a t e more f r o m t h e e x p e 
r i m e n t a l r e s u l t s . A t t e m p e r a t u r e s up t o a b o u t 60 ôc 
and t o t a l s o l u t e m o l a l i t i e s up t o a b o u t 3 . 5 m o l a l t h e 
mean d e v i a t i o n t o t h e e x p e r i m e n t a l r e s u l t s by v a n K r e 
v e l e n e t a l . and P e x t o n and B a d g e r i s a b o u t 30 p e r c e n t 
f o r t h e K H H - m e t h o d , 15 p e r c e n t f o r t h e E M N P - p r o c e d u r e 
and r i s e s t o more t h a n 80 p e r c e n t f o r t h e p r o c e d u r e o f 
B e u t i e r and R e n o n . A g a i n a t h i g h e r t e m p e r a t u r e s and 
h i g h e r c o n c e n t r a t i o n s t h e d e v i a t i o n s a r e s t i l l l a r g e r . 
As i s shown i n t a b l e I I I , i n t h a t r e g i o n t h e E M N P - p r o 
c e d u r e y i e l d s t h e b e s t agreement w i t h t h e e x p e r i m e n t a l 
r e s u l t s . 

S y s t e m N H ^ - H o S - H ^ O
p a r t i a l p r e s s u r e s o f h y d r o g e n s u l f i d e o v e r aqueous s o l 
u t i o n s c o n t a i n i n g up t o 3 . 5 m o l e s NH3 and up t o 2 m o l e s 
H 2 S p e r kg H 2 0 a t t e m p e r a t u r e s between 20 t o 60 ° C . As 
i s shown i n t a b l e V , t h e KHH-method g i v e s t h e b e s t a -
greement w i t h t h e s e e x p e r i m e n t a l r e s u l t s ; t h e d e v i a 
t i o n s a r e a b o u t 2 .5 t i m e s l e s s t h a n t h o s e f r o m t h e B R -
and E M N P - p r o c e d u r e s . G i n z b u r g e t a l . (^0) i n v e s t i g a t e d 
a m m o n i a - r i c h NH3 -H 2 S-H 2 0 s o l u t i o n s a t 600 and 760 mm Hg 
i n t h e t e m p e r a t u r e r a n g e between a b o u t 60 and 90 ° C a t 

m t o t , N H 3 < 7 .3 and m t o t ^ H 2 S < 3 . 3 . F o r 40 d a t a p o i n t s 

t h e mean d e v i a t i o n s between m e a s u r e d and c a l c u l a t e d 
p a r t i a l p r e s s u r e s a r e g i v e n i n t a b l e V I . (Some d a t a 
p o i n t s were n e g l e c t e d , b e c a u s e t h e m e a s u r e d h y d r o g e n 
s u l f i d e v a p o r p r e s s u r e s a r e o b v i o u s l y w r o n g . ) Van K r e 
v e l e n 1 s p r o c e d u r e y i e l d s t h e b e s t agreement f o r NH3, 
w h i l e t h e EMNP-method i s b e s t f o r H2S. O r a t o v s k i i e t 
a l . (1_£) r e p o r t e d c o m p o s i t i o n s o f s a t u r a t e d v a p o r o v e r 
ammonium s u l f i d e s o l u t i o n s a t t e m p e r a t u r e s between 70 
and 90 ° C and l i q u i d m o l a l i t i e s m t o t N H < 7 and 
m t o t H S 3 . 6 . I n t a b l e V I t h e ' 3 mean d e v i a -

' 2 t i o n s between t h e s e r e s u l t s and c a l c u l a t e d d a t a 
a r e c o m p i l e d . W h i l e f o r t h e B R - and EMNP-mode l s t h e 
mean d e v i a t i o n s a r e n e a r l y i n d e p e n d e n t o f t e m p e r a t u r e , 
f o r t h e v a n K r e v e l e n p r o c e d u r e t h e y i n c r e a s e w i t h t e m 
p e r a t u r e , i n d i c a t i n g t h e d i f f i c u l t i e s i n e x t r a p o l a t i n g 
t h e KHH-method t o h i g h e r t e m p e r a t u r e s . 

T a b l e V I I shows a c o m p a r i s o n w i t h e x p e r i m e n t a l 
d a t a by L e y k o and P i a t k i e w i c z (1_5) a t 80 t o 110 ° C . A t 
h i g h t e m p e r a t u r e s p a r t i a l p r e s s u r e s c a l c u l a t e d f r o m t h e 
B R - and EMNP-methods d e v i a t e by up t o 20 p e r c e n t f r o m 
t h e e x p e r i m e n t a l r e s u l t s , whereas v a n K r e v e l e n 1 s method 
- e x t r a p o l a t e d t o 110 OC - y i e l d s p a r t i a l p r e s s u r e s o f 
h y d r o g e n s u l f i d e w h i c h a r e o n l y a b o u t 1/4 t o 1/5 o f t h e 
m e a s u r e d v a l u e s . 
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Table IV. Comparison of c a l c u l a t e d p a r t i a l pressure of 
NH3 with experimental r e s u l t s by Badger and 
Wilson f o r NH3-C02~H20 at 90 OC 

yNH 3 
P/mm Hg 

m co 2 
exp. KHH BR EMNP 

1 .090 0.0050 193 200 157 157 
0.635 0.0349 103 105 84 86 
1 .260 0.1147 192 201 159 162 
0.380 0.0509 51 56 45 47 
1 .700 0.3298 205 223 177 185 
1 .430 0.3647 152 165 132 142 
1 .200 0.3204 128 136 109 118 
mean deviation/pe

Table V. Mean deviations between c a l c u l a t e d p a r t i a l 
pressures of H 2S and experimental r e s u l t s by 
van Krevelen et a l . f o r NH 3-H 2S-H 20 

t/°c KHH 
f r e l / H 2 0 / ? e r 

BR 
cent 

EMNP 
20 11 36 32 
40 7 17 15 
60 12 24 15 

Table VI. Mean deviations between c a l c u l a t e d and ex
perimental r e s u l t s f o r NH 3-H 2S-H 20 

NH3 

H2S 

mean d e v i a t i o n to p a r t i a l pressures measured 
by Ginzburg et a l . 

f r e l / p e r c e n t 

KHH BR EMNP 
NH3 

H2S 
12 18 20 
27 93 21 

NH 3 

H 2S 

mean d e v i a t i o n to mole f r a c t i o n s i s vapor 
phase measured by O r a t o v s k i i et a l . 

f r e l / p e r cent 
KHH BR EMNP 

NH 3 

H 2S 
20 27 10 
39 23 28 
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T a b l e V I I I comprehends a c o m p a r i s o n w i t h e x p e r i 
m e n t a l d a t a by W i l s o n and M i l e s as c i t e d i n (2) f o r 
8 0 ° C . T h e s e r e s u l t s a r e r e p r e s e n t e d b e s t by t h e EMNP-
p r o c e d u r e . 

Sys t em N H j - C 0 ^ - H Q S - H 9 0 : The p a r t i a l p r e s s u r e o f 
h y d r o g e n s u l f i d e o v e r t h i s q u a t e r n a r y s o l u t i o n was mea
s u r e d by v a n K r e v e l e n e t a l . a t 2 0 , 4 0 and 6 0 ° C a t t o 
t a l s o l u t e c o n c e n t r a t i o n s up t o 4 m o l a l . The mean d e 
v i a t i o n s between m e a s u r e d and c a l c u l a t e d r e s u l t s a r e 
9 p e r c e n t f o r KHH, 10 p e r c e n t f o r EMNP and 59 p e r c e n t 
f o r BR. C a l c u l a t e d numbers u s i n g EMNP a r e m o s t l y t o o 
s m a l l , w h i l e r e s u l t s f r o m t h e method o f B e u t i e r a n d 
Renon a r e a l w a y s t o o l a r g e and r e s u l t s u s i n g v a n K r e v e 
l e n 1 s p r o c e d u r e s c a t t e r a r o u n d t h e e x p e r i m e n t a l r e s u l t s . 

Sys t em NH3-SO2-H2O
ed d a t a o n l y t h e e x p e r i m e n t a l r e s u l t s o f J o h n s t o n e (16 ) 
and B o u b l i k e t a l . (1J_) were u s e d . ( B o u b l i k e t a l . i n 
v e s t i g a t e d t h e s y s t e m NH3-SO2-SO3-H2O; o n l y some o f 
t h e i r r e s u l t s w i t h v e r y low SO3/SO2 r a t i o s were u s e d f o r 
c o m p a r i s o n w i t h c a l c u l a t e d d a t a ) . E x p e r i m e n t a l r e s u l t s 
by o t h e r a u t h o r s m o s t l y c o v e r v e r y h i g h s o l u t e c o n c e n 
t r a t i o n s i n t h e l i q u i d phase ( 2 0 m o l a l and more) and 
a r e , t h e r e f o r e , n o t s u i t a b l e f o r c o m p a r i s o n w i t h t h e 
mode l s d i s c u s s e d h e r e . As v a n K r e v e l e n 1 s method c a n n o t 
be u s e d f o r t h i s s y s t e m , t h e c o m p a r i s o n i s l i m i t e d t o 
t h e o t h e r p r o c e d u r e s . P a r t i a l p r e s s u r e s o f ammonia 
c a l c u l a t e d f r o m t h e B R - m o d e l a r e g e n e r a l l y t o o l a r g e ; 
t h e c a l c u l a t e d v a l u e s e x c e e d t h e e x p e r i m e n t a l r e s u l t s 
m o s t l y by a f a c t o r l a r g e r t h a n 5 . The EMNP method g e n 
e r a l l y y i e l d s p a r t i a l p r e s s u r e s w h i c h a r e o n l y a b o u t 
h a l f as l a r g e as t h e measured o n e s . The c a l c u l a t e d 
p a r t i a l p r e s s u r e s o f SO2 a r e a l w a y s t o o s m a l l , f o r t e m 
p e r a t u r e s between 50 and 9 0 ° C t h e mean d e v i a t i o n s a -
mount f r o m 2 0 t o 4 0 p e r c e n t f o r t h e EMNP-model and 
f r o m 4 0 t o 7 0 p e r c e n t f o r t h e B R - m o d e l . 

C o n c l u s i o n 

The c o m p a r i s o n between m easure d and c a l c u l a t e d r e 
s u l t s f o r v a p o r - l i q u i d e q u i l i b r i a i n aqueous sy s t ems o f 
weak e l e c t r o l y t e s c o n f i r m s t h e a p p l i c a b i l i t y o f v a n K r e 
v e l e n 1 s method f o r m o d e r a t e t e m p e r a t u r e s and c o n c e n 
t r a t i o n s . The c o m p a r i s o n a l s o i n d i c a t e s t h a t t h e p r o 
c e d u r e o f E d w a r d s , M a u r e r , Newman and P r a u s n i t z y i e l d s 
r e l i a b l e r e s u l t s a l s o a t t e m p e r a t u r e s a r o u n d 1 0 0 ° C ; 
t h e r e f o r e , i t may be e x p e c t e d t h a t i t i s a l s o u s e f u l a t 
h i g h e r t e m p e r a t u r e s where e x p e r i m e n t a l m a t e r i a l , n e 
c e s s a r y f o r c h e c k i n g t h a t p r o c e d u r e , i s n o t a v a i l a b l e 
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i n t h e l i t e r a t u r e . The e x c e l l e n t agreement between 
m eas ured and c a l c u l a t e d v a p o r - l i q u i d e q u i l i b r i u m r e 
p o r t e d i n a p u b l i c a t i o n by B e u t i e r and Renon c o u l d n o t 
be r e p r o d u c e d i n a l l c a s e s ; whereas f o r example f o r 
t h e s y s t e m NH3-CO2-H2O r e s u l t s f o r t h e method o f B e u 
t i e r and Renon c a l c u l a t e d i n t h i s work were c o n f i r m e d 
by i n d e p e n d e n t c a l c u l a t i o n s (J_7) . F u r t h e r improvements 
o f t h e p r o c e d u r e s d e s c r i b e d h e r e seem p o s s i b l e , b u t 
t h e y o b v i o u s l · y r e q u i r e more and b e t t e r e x p e r i m e n t a l d a t a 
f o r h i g h t e m p e r a t u r e e q u i l i b r i a c o n s t a n t s , H e n r y ' s c o n 
s t a n t s and m u l t i c o m p o n e n t v a p o r l i q u i d e q u i l i b r i a i n 
aqueous s o l u t i o n s o f weak e l e c t r o l y t e s . 

P r o c e d u r e o f v a n K r e v e l e n e t a l . f o r c a l c u l a t i n g V L E 

A . Sys t em NH3-H0S-H2O. The d i s s o c i a t i o n o f w a t e r ( r e 
a c t i o n 9) and t h e s e c o n d d i s s o c i a t i o n o f H2S ( r e a c t i o n 
6) a r e n e g l e c t e d ; a t g i v e n t e m p e r a t u r e and t o t a l m o l a 
l i t i e s o f NH3 and H2S t h e r e r e m a i n f o u r unknown m o l a l i 
t i e s i n t h e l i q u i d phase ( e . g . NH3, NH4 + , H2S and HS"") , 
t h e c o m p o s i t i o n o f t h e v a p o r phase and t h e t o t a l p r e s 
s u r e , w h i c h a r e c a l c u l a t e d f r o m 8 e q u a t i o n s : The d i s 
s o c i a t i o n c o n s t a n t s o f ammonia and h y d r o g e n s u l f i d e 
( e q s . I and I I I ) t o g e t h e r w i t h t h e phase e q u i l i b r i u m f o r 
h y d r o g e n s u l f i d e ( e q . X I I ) a r e c o m b i n e d r e s u l t i n g i n a 
e q u i l i b r i u m c o n s t a n t K * 2 

APPENDIX I : 

Κ 12 " ( m N H j m, Ή S - ) / ( m N H 3

 Y H 2 S P) (A 1 .1) 

Numbers f o r K * 2 were d e r i v e d by v a n K r e v e l e n e t a l . f r o m 
e x p e r i m e n t a l V L E d a t a and c a n be summarized by t h e f o l 
l o w i n g e q u a t i o n s (when ρ i s i n mm H g ) : 
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l o g 1 o K ; 2 = - k x + 0 . 0 8 9 m t o t f H 2 S + \ <A ^ 

l n k x = - 1 1 . 0 9 + 8920 /T - 1 .653 * 10 / Τ 2 (A 1.1b) 

and ky = 0 · (A L i e ) 

The r e m a i n i n g e q u a t i o n s a r e : p h a s e e q u i l i b r i a f o r am
monia ( e q . K4) and w a t e r ( e q . K 5 ) , mass b a l a n c e s f o r 
ammonia ( e q . XV) and h y d r o g e n s u l f i d e ( e q . X V I I ) , t h e 
c o n d i t i o n o f b u l k e l e c t r o n e u t r a l i t y ( e q . X I X ) , t h e mole 
b a l a n c e i n t h e v a p o r p h a s e ( e q . X X ) , and t h e a s s u m p t i o n 
t h a t , f o r t h e a m m o n i a - r i c h sys tems c o n s i d e r e d e x c l u s i v e 
l y , i n t h e mass b a l a n c e f o r t h e l i q u i d h y d r o g e n s u l f i d e 
may be n e g l e c t e d . The s y s t e m o f e i g h t e q u a t i o n s c a n 
e a s i l y be s o l v e d : 

Y N H 3

 P = ( m t o t , N H 3 " m t o t , H 2 S ) / H N H 3 < A J ' 2 > 

' H 2 S P = m t O t , H 2 S / ( ( m t o t , N H 3 - " t o t ^ S * 1 ^ ( A τ ' 3 ) 

f„ Ρ - P * / d + 0 . 0 1 8 ( m t o t f N H 3 + m t o t f H 2 S ) (A 1 . 4 ) 

Β . Sys tem NH^-C02 -H 9 S-HoO: T h i s q u a t e r n a r y s y s t e m i s 
d e a l t c o m b i n i n g t h e e q u a t i o n s and a s s u m p t i o n s u s e d t o 
d e s c r i b e t h e t e r n a r y sys tems NH3-C02-H20 and NH3-H9.S-
H 20. I n t h e mass b a l a n c e s f o r t h e l i q u i d phase m o l e 
c u l a r C0 2 and H 2 S a r e n e g l e c t e d . A t g i v e n t e m p e r a t u r e 
and t o t a l l i q u i d m o l a l i t i e s t h e r e a r e e l e v e n unknown 
p r o p e r t i e s , e . g . m ^ , 1 ^ + , ^ ^ . , m c o = , m ^ . , the 

t o t a l p r e s s u r e and t h e c o m p o s i t i o n o f t h e v a p o r . The 
c o r r e s p o n d i n g e l e v e n e q u a t i o n s a r e K 1 , K2 , K 3 , K 4 , K 5 , 
A 1 . 1 , t h e mass b a l a n c e s ( e q s . XV t o X V I I ) , t h e c o n 
d i t i o n o f b u l k e l e c t r o n e u t r a l i t y ( e q . XIX) and t h e mole 
b a l a n c e f o r t h e v a p o r ( e q . X X ) . O n l y e q u a t i o n A I . 1 c 
i s c h a n g e d by s e t t i n g 

k y = (1 .932 - 540 /T) m t o t > C 0 2 . 
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APPENDIX II 
On the method of Beutier and Renon used for the c a l c u l -
ations of the present work 

The temperature dependency of eq u i l i b r i u m constants 
and of Henry's constants are compiled i n tables A I I . I 
and A I I . I I . 

For the c a l c u l a t i o n s described here the vapor pres
sure of pure water was approximated by 
ln(pS/atm) = 70.435 - 7 3

T
6
/
2
R' 7 + 0.006952 | - 9.0 ln(T/K) 

(A II.1) 
The ion-molecule c o n t r i b u t i o n to G E i s : 

0.018n RT 
w 

D 1+Y./2 1+Y./2 
W f
D c 1-Y

D = 4 τι ε ε = absolute d i e l e c t r i c constant of pure w o w . water ; 
ε ο = d i e l e c t r i c constant of water; 
ε = r e l a t i v e d i e l e c t r i c constant of water, w 
The following equations f o r e w were used: 
t/°C < 100.0 
ε = 78.54(1-4.579 t* + 11.9 t* 2+ 28 t* 3 ) ; 

w
 t*= (t/oc-25)/1000 (A II.3a) 

t/°C > 100.0 _ 3 

ε = 5321/(T/K) + 233.76-0.92951 T/K +1.417*10 (T/K)^ 
W -8.292*10~ 7(T/K) 3 (A II.3b) 

m ^ " j _ absolute d i e l e c t r i c 
n e u t r a l v a 

1 + L a a — J = c o n s t a n t o f t h e r e a l 

. λ s o l u t i o n without 
SOlUteS . /TV -r-r yi χ 

ions (A II.4 ) 
a a = d i e l e c t r i c c o e f f i c i e n t of neu t r a l 

solute a 

= ν + J m a ^ a = volume of the s o l u t i o n 
w n e u t r a l containing 1 kg H 20 (A II.5 ) 

solutes and neut r a l solutes 
v^ = volume of 1 kg l i q u i d water 
v a = p a r t i a l molar volume of solute a 

4 NA-10-27 
Y^ = 3^ ψ- Σ r j m-î = volume f r a c t i o n of 

i i o n i c i o n i c c a v i t i e s (A II.6 ) 
species 
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N A = A v o g a d r o ' s number 

V . = ν + Σ m . v . = v o l u m e °f * h e s ° l u i -ι w ι ι i o n w i t h o u t n e u t r a l 
i o n i c s o l u t e m o l e c u l e s (A I I . 7 ) 

s p e c i e s 

Y

f = Y i ( A I I e 8 ) 

, n „ λ Ί , χ. u t i o n w i t h n e u t r a l 
a l l s o l u t e -, . . . τ _ Λ Χ „ . and i o n i c s p e c i e s (A I I . 9 ) s p e c i e s c 

F o r t h e p r e s e n t c a l c u l a t i o n s t h e s p e c i f i c d e n s i t y 
9 w = V v w o f l i q u i d w a t e r was a p p r o x i m a t e d b y : 

9 w / k g dm-3 = 0 .1236
(A 11 .10) 

L j i n c l u d e s p r o p e r t i e s o f i o n i c s p e c i e s j : 

e 2 Z i 2 8 
L J =

 2 r j kT D W * 1 0 ( A 

e = t h e c h a r g e o f an e l e c t r o n 
k = B o l t z m a n n f s c o n s t a n t 
Z j = number o f c h a r g e o f i o n j . 

Numbers f o r a a , a n d r j g i v e n by B e u t i e r and Renon a r e 
c o m p i l e d i n t a b l e A I I . I I I . 

T a b l e A I I . I I I . P h y s i c a l d a t a f o r d i e l e c t r i c e f f e c t s 

V k / d m 3 m o l 1 a a / d m 3 mo l 1 I j / A 

N H 3 0 . 0 3 0 - 0 . 0 2 3 5 

co2 
0 .037 - 0 . 0 3 7 

H 2 S 0 .034 - 0 . 0 3 1 
S 0 2 0 . 0 4 5 - 0 . 0 3 7 
N H 4 + 0 .0134 2 . 5 
H C 0 3 0 .0288 2 . 7 
HS" 0 .0232 2 .3 
CO3 0 .0065 4 . 0 
S = - 0 . 0 0 3 7 3 .3 
H+ - 0 . 0 0 4 7 3 .8 
OH" 0 .0005 3 .5 
N H 2 C 0 0 " 0 .0459 2 . 7 
HSO3 0 .0375 2 . 7 
SO3 0 .0197 2 .8 
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F o r t h e D e b y e - H u c k e l p a r a m e t e r A i n t h i s work t h e 
f o l l o w i n g e q u a t i o n was u s e d : 

t / ° C < 1 0 0 . 0 : 

A = 3 .7323 - 1 3 5 4 . 2 1 / ( T / K ) + 1 7 6 3 4 9 / ( T / K ) 2 (A 11 . 1 2 ) 

t / ° C > 1 0 0 . 0 : 

A = 4 . 2 0 5 1 * 1 0 6 x 0

1 / 2 [ ε τ τ ( Τ / Κ ) ] " ~ 3 / 2 (A 11 . 1 3 ) 

(A 11 . 1 4 ) 
w 

x o = 0 .5771 + 1 4 2 . 8 1 / ( T / K ) 

P a r a m e t e r s f o r b i n a r y m o l e c u l e - m o l e c u l e ( X a a ) and 

i o n - i o n i n t e r a c t i o n s ( and Ô ) a r e g i v e n i n t a b 
l e s A I I . I V and A I I . V . J 

T e r n a r y p a r a m e t e r  u ^ i h  g i v e  i  t a b l  A I I . V I
^ k l h ^ s s e t e q u a l z e r o
and h i s n o t an i o
t h e r m o r e , t h e f o l l o w i n g a s s u m p t i o n s a r e made: 

^ k l h = \ [ ^ k l l + ^ k h h ] a n d ^ k l l = ^ k k l ( A I I * 1 5 ) 

C o m p l e t e e x p r e s s i o n s f o r a c t i v i t y c o e f f i c i e n t s : 
M o l e c u l a r s p e c i e s a 

l n Y a = ( l n y a ) a a + ( l n y a ) i a ^ 
Y a ) 

( l n ^ a ) i a 

a ' a a = 2 X a a m a + 3 u a a a m a 

w 
D α +v w a a 

V_ 

D ν 1 . 5 Y . 
s a f 

V 

i o n i c L j m J 
[ s p e c i e s 

w i t h D f = D ( 1 - Y f ) / ( 1 + 0 . 5 Y f ) 

I o n i c s p e c i e s i 

I n γ ± = ( l n y ± ) ± d L + ( In y±) ±j 

D D 
f -È x T , w w x , w 
< l n Y i > i a = i Ό~2 ~ D~ + 

f S 

(A 11.16) 

(A 11.17) 

9 di Di2 ι 
w 

D f 2 d f . ι . m J L j i o n i c 
s p e c i e s 

(A 11.18) 

D ± = D w ( 1 - Y i ) / ( 1 + 0 . 5 Y ± ) (A 11.19) 
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d . = - D — 1 r « 
ι w Y_ 

<1+-f> 

f s Y f 

ν Ζ 1 

20) 

(1+-2-) 2 f 
_ L f i π Ν Α * 1 0 2 7 r ^ - v ± Y f J (A 11 .21 ) 

( l n γ . ) 
-Ζ 2A 

1 + - J - ln(1+1.2VT) 
1 + 1 .2 VT 0 . 6 

Ζ .2 
- - i j [l-(1+2 Vl+2I)exp(-2 Vl)]

j k J 

(j and k d e s i g n a t e i o n i c s p e c i e s o n l y ) . 
(A 11 .22 ) 

T a b l e A I I . I V . B i n a r y m o l e c u l e - m o l e c u l e i n t e r a c t i o n 
p a r a m e t e r s λ aa 

a N H 3 co2 H 2 S so2 

X a a 0 .017 0 . 0 1 0 0 .005 - 0 . 0 5 
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T a b l e A I I . V . B i n a r y i o n - i o n i n t e r a c t i o n p a r a m e t e r s 

and β{] } 

HS HCO^ NH 2 COO H S 0 3 

H + β ( θ ) 

β ( 1 ) 
0 . 1 8 0 .126 0 . 0 8 5 - 0 . 0 6 

0 .3

NHÎ 
0 . 0 5 5 - 0 . 0 5 4 0 . 0 0 . 0 

0 .193 0 .594 0 . 5 0 . 4 5 

j 

i 
OH" S" C 0 3 S 0 3 

+ a < ° > 0 .04 0 . 0 0 . 0 0 .12 

0 .12 0 . 0 0 . 0 1.08 

0 .115 0 .041 0.041 0 .041 

0 .345 0 .659 0 . 6 5 9 0 .659 

T a b l e A I I . V I . T e r n a r y i n t e r a c t i o n p a r a m e t e r s P k k i * 1 ° 

\ 1 
Je N 

HS" HCO3 N H 2 C O O _ HSO3 S= S0~ 
N H 4 - 1 / 6 - 1 0 / 6 -1 1 . 6 / 6 25 V? / 9 2 . 2 / 7 / 9 
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APPENDIX I I I 

On t h e method o f Edwards e t a l . 

The t e m p e r a t u r e d e p e n d e n c y o f e q u i l i b r i u m as w e l l 
as o f H e n r y ' s c o n s t a n t s i s g i v e n i n t a b l e s A I I . I and 
A I I . I I ( c f . A p p e n d i x I I ) . I n c o m p a r i s o n w i t h t h e o r i 
g i n a l p u b l i c a t i o n f o r t h e e q u i l i b r i u m c o n s t a n t s o f t h e 
s e c o n d d i s s o c i a t i o n s o f h y d r o g e n s u l f i d e and s u l f u r d i 
o x i d e ( r e a c t i o n s 6 and 7) numbers d e r i v e d f r o m C o b b l e 
(18) and A r k h i p o v a e t a l . (V9) were u s e d . 

P a r t i a l m o l a r vo lumes a t i n f i n i t e d i l u t i o n were 
a d o p t e d f r o m t h e c o r r e l a t i o n o f B r e l v i and O ' C o n n e l l 
( 2 0 ) . ( In t h e p r e s s u r e r a n g e r e g a r d e d h e r e (p « 1 0 0 atm) 
P o y n t i n g c o r r e c t i o n s a r e v e r y s m a l l and c a n be n e g l e c t 
ed f o r a l l e l e c t r o l y t e s as w e l l as f o r w a t e r ( e q s . E1 , 
E2) ) . 

Most a v a i l a b l e e x p e r i m e n t a
q u i d e q u i l i b r i a o f aqueou  p r e s s u r
d a t a . As i n t h a t r e g i o n t h e f u g a c i t y c o e f f i c i e n t s do 
n o t d e v i a t e r e m a r k a b l y f r o m u n i t y , one may s e t φ ^ = 1.0 
w i t h o u t c a u s i n g an i m p o r t a n t e r r o r . 

The v a p o r p r e s s u r e o f p u r e w a t e r and t h e D e b y e -
H u c k e l p a r a m e t e r A a r e e x p r e s s e d by e q s . A I I . 1 , A 11 . 1 2 
and A 11 . 1 3 ( c f . A p p e n d i x I I ) . 

C o e f f i c i e n t s β f o r i n t e r a c t i o n s between m o l e 
c u l a r s o l u t e s p e c i e s were e x p r e s s e d by 

β ί ? ) = E . + F . / T (T i n K e l v i n ) 
1 1 1 l ' 

Numbers o f E-^ and Fj_ a r e g i v e n i n t a b l e A I I I . I . 

T a b l e A I I I . I . P a r a m e t e r s and 

E ± / ( k g H 2 0 ) mol -1 F ± / ( k g H 2 0 ) K m o l " 1 

N H 3 - 0 . 0 2 6 0 12 .29 
co2 

- 0 . 4 9 2 2 149.2 
H 2 S - 0 . 2 1 0 6 61 .56 
so2 

+0.0275 0 

Numbers f o r i o n - i o n - i n t e r a c t i o n p a r a m e t e r s β . . 
a r e g i v e n i n t a b l e A I I I . I I . 1 3 
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T a b l e A I I I . I I . B i n a r y i o n - i o n p a r a m e t e r s *<»> 

i 
HC03 NH 2C00" HS" HSO3 

-0 .0435* 0 .0505* 0 .0638* -0 .0466* 

H + 0 .071 

J 
0 H - co3 S~ so3 

i Ν. 

NH4 0 . 0 6 - 0 . 0 6 2 - 0 . 0 2 1 - 0 . 0 4 5 
H + 0 .208 0 .086 0 .127 0 .103 

= f i t t e d t o e x p e r i m e n t a l r e s u l t s 

β φ f o r NH+-C0= was s e t e q u a l z e r o : j3 ί 1 * = 0 . 0 
l j 4 «3 IT 

β φ f o r NH+-HS0~ was f i t t e d : βΦ = 0 . 0 8 7 6 ; 

( 1 ) 
a l l o t h e r β ^ ' - v a l u e s were c a l c u l a t e d f r o m 

β{] )
 = 0 . 018 + 3 .06 β^°]. 

A l l i o n - m o l e c u l e i n t e r a c t i o n p a r a m e t e r s β f?^ w h i c h a r e 
n o t z e r o a r e g i v e n i n t a b l e A I I I . I I I . 1 3 
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T a b l e A I I I . I I I . β. . - p a r a m e t e r s f o r i n t e r a c t i o n s b e t -
1 - ' ween m o l e c u l a r and i o n i c s p e c i e s 

M o l e c u l e - i o n 

N H 3 - N H } 0 . 0 1 1 7 * 
NH3-HCO5 - 0 . 0 8 1 6 * 
NH3-C0f 0 .068 
NH3-HS- - 0 . 0 4 4 9 * 
NH 3-S = 0 .032 
NH3-HSO5 - 0 . 0 3 8 
NH3-SO3 - 0 . 0 4 4 
NH 3-H + 

ΝΗ3-ΟΗ- 0 .22

C O 2 - N H J 0 .037 - 2 .38 * 10-4 T + 3 .83 * 10- 7 τ 2 

co 2-s= 0 .053 
CO9.-HSO3 - 0 . 0 3 
CO2-SO3 0 .068 
C02-NH2C00- 0 .017 
C02-0H" 0 . 2 6 - 1 . 62 * 10-3 τ + 2 . 89 * 10-6 Τ 2 
C02-H+ 0 .033 

H2S-NH4 0 . 1 2 0 - 2 .46 * 10-4 τ + 3 .99 * 10- 7 Τ 2 
H2S-HC03 - 0 . 0 3 7 
H2S-CO^ 0 .077 
H9.S-HSO3 - 0 . 0 4 5 
H 2S-SOf 0.051 
H2S-NH2C00- - 0 . 0 3 2 
H2S-H+ 0 . 0 1 7 
H2S-OH- 0 . 2 6 - 1 . 72 * 10-3 τ + 3 .07 * 10-6 ιρ2 

S O 2 - N H J - 0 . 0 5 
S02-HC03 - 0 . 8 6 
S02-CU3 0 .94 
S02-HS- - 0 . 5 8 
so 2-s= 0 . 2 8 
S02-NH2C00~ - 0 . 7 9 
S02-OH" 0 . 0 8 

NH3-NH4 ** 
NH3-HCO3 ** 
NH3-HS" ** 

- 0 . 0 2 0 
0 .4829 
0 .406 

* = f i t t e d , * * = β ) ! 
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Representation of NH 3 -H 2 S-H 2 O, NH 3 -SO 2 -
H 2 O, and NH 3 -CO 2 -H 2 O Vapor-Liquid Equilibria 

H. RENON 

Group Commun Reacteurs et Processus, ENSTA-Ecole Des Mines, 
60, Boulevard St. Michel, 75006 Paris, France 

A renewed interest in the behavior of volatile electrolyte 
solutions appeared aroun
ter design of industria
processes, elimination of acid gases from natural gas, removal of 
sulfur from liquid and solid fuels and more recently coal conver
sion processes. 

VAN AKEN et al. (1) and EDWARDS et al. (2) made clear that 
two sets of fundamental parameters are useful in describing vapor-
liquid equilibria of volatile weak electrolytes, (1) the dissocia
tion constant(s) Κ of acids, bases and water, and (2) the Henry's 
constants Η of undissociated volatile molecules. A thermodynamic 
model can be built incorporating the definitions of these parame
ters and appropriate equations for mass balance and electric neu
trality. It is complete if deviations to ideality are taken into 
account. The basic framework developped by EDWARDS, NEWMAN and 
PRAUSNITZ (2) (table 1) was used by authors who worked on volatile 
electrolyte systems : the difference among their models are in the 
choice of parameters and in the representation of deviations to 
ideality. 

Table 1. Thermodynamic Framework of Representation 
of Vapor-Liquid E q u i l i b r i a of Weak E l e c t r o l y t e s 

Vapor-Liquid Equilibrium 
D i s s o c i a t i o n Balances 
Mass Balances 
E l e c t r o n e u t r a l i t y 
Deviations to I d e a l i t y 

An a p p l i c a t i o n to one binary mixture of a v o l a t i l e e l e c t r o l y 
te and water w i l l i l l u s t r a t e the choice of parameters Η and K, an 
approach i s proposed to represent the vapor-liquid equilibrium i n 
the whole range of concentration. Ternary mixtures with one acid 
and one base lead to the formation of s a l t s and high i o n i c strengths 
can be reached. There, i t was found useful to take into account 

0-8412-0569-8/80/47-133-173$05.00/0 
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ternary parameters i n PITZER 1S (3) development and improved results 
using o r i g i n a l BEUTIER1 S ideas are presented. 

Acetic Acid-Water Mixture. CRUZ (4) chose t h i s example to 
i l l u s t r a t e h i s method of representation of vapor-liquid e q u i l i b r i a 
of v o l a t i l e weak e l e c t r o l y t e and to show how to obtain simply from 
experimental vapor-liquid equilibrium data the s i g n i f i c a n t parame
ters . 

He uses the d i s s o c i a t i o n constant given i n the littérature to 
represent the d i s t r i b u t i o n of acetic acid i n d i l u t e s o l u t i o n from 
his own measurements (mole f r a c t i o n of acetic acid between 10"^ 
and 10~7). Equation (1) where x^ i s the measured apparent mole 
f r a c t i o n of acid i n the l i q u i d phase gives H by p l o t t i n g P y A vs.ax^ 

P?A " <axA>2 Ι Ϊ Γ ^ " < » 

the d i s s o c i a t i o n c o e f f i c i e n

(1 - α) (αχΑ + 1) M w
 U ; 

φ Α , the fugacity c o e f f i c i e n t of acetic i n the vapor phase i s t a 
ken from NOTHNAGEL et a l . (5) c o r r e l a t i o n and the a c t i v i t y coef
f i c i e n t s of true species i n the mole f r a c t i o n scale are taken e-
qual to unity. 

Another way to obtain HENRY'S constant H of undissociated 
acid i s from high concentration vapor-liquid e q u i l i b r i a where d i s 
s o c i a t i o n i s n e g l i g i b l e . Using NRTL equation f o r the representa
t i o n of the data of BROWN and EWALD (6) at high concentration i n 
acetic acid (10~ 2 < x A< 1), he finds the l i m i t i n g a c t i v i t y c o e f f i 
cient of undissociated acid at 100°C 
oo H γ = -ρ = 2.29 

ο 
where f i s the reference fugacity (pure acetic a c i d ) . Both value 
of HENRY'S constant are i n agreement w i t h i n one per cent (455.2 
or 457.7 t o r r r e s p e c t i v e l y ) . Therefore i t would be possible to ob
t a i n Κ and Η from the analysis of d i l u t e and concentrated vapor-
l i q u i d data. The lower l i m i t of concentration f o r the a p p l i c a t i o n 
of the d i l u t e s o l u t i o n treatment i s related to the d i s s o c i a t i o n 
of water. Below t h i s l i m i t the i o n i z a t i o n constant of water Ky 
should be taken into account to obtain α from x^. 

CRUZ (7) equation f o r gE of binary e l e c t r o l y t e s o l u t i o n which 
incorporates a DEBYE - HUCKEL term, a BORN - DEBYE - MAC. AULAY 
contribution f o r e l e c t r i c work, and NRTL equation, can be used to 
represent the vapor-liquid e q u i l i b r i a of v o l a t i l e e l e c t r o l y t e i n 
the whole range of concentration. 

N H 3 - Acid gases - Water Systems. The same type of treatment 
could be applied to other v o l a t i l e acids or base l i k e N H 3 - S0 2 -
C0^ and SH^ but l i m i t a t i o n s i n the determination of constants can 
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a r i s e because on un s u f f i c i e n t data base. 
BEUTIER (8) did not use CRUZ model because he started his 

work e a r l i e r and that an extension of PITZER 1S semi-empirical des
c r i p t i o n of deviations to i d e a l i t y as proposed by EDWARDS (2) see
med s u f f i c i e n t to represent NH^ - C0 2 - t^O, NH^ - ? 2S - 1^0 and 
NH^ - S0^ - Ĥ O vapor-liquid e q u i l i b r i a . 

The ion-ion e l e c t r o s t a t i c i n t e r a c t i o n contribution i s kept as 
proposed by PITZER. BEUTIER estimates the ion - undissociated mo
lecules interactions from BORN - DEBYE - MAC. AULAY e l e c t r i c work 
contribution, he correlates B ^ a n d B ( ' parameters i n PITZER1 S 
treatment with i o n i c standard entropies following BROMLEY'S (9) 
approach and f i n a l l y he f i t s a very l i m i t e d (one or two) number 
of ternary parameters on ternary vapor-liquid equilibrium data. 

Because a few errors were found i n the o r i g i n a l a r t i c l e com
plete expressions for a c t i v i t y c o e f f i c i e n t s are given i n the ap
pendix. BEUTIER took H
et a l . (2) work. A new
sing H, K, X a a parameters from the newer EDWARDS et a l . (10) work. 
A l l parameters necessary i n the c a l c u l a t i o n are l i s t e d i n tables 
2. a, b, c. Numerical r e s u l t s and comparison of calculated and ex
perimental p a r t i a l pressures are given i n tables 3. a, b for a 
few t y p i c a l data sets. In t h i s work deviations to i d e a l i t y i n the 
vapor phase are calculated according to NOTHNAGEL et a l . (_5) . 
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Table 2. a. Temperature Sensitive Parameters, 
HENRY'S Constants H, Equilibrium Constants Κ 

and EDWARDS Constants X f l Q 

C 2 C 3 C4 
Η (NH 3) -149 .006 - 157.552 28.1001 -0.049227 

H (SH 2 ) 342.595 -13236.8 -55.0551 0.0595651 

H (C0 2 ) 94.4914 - 6789.04 -11 .4519 -0.010454 

H ( S0 2 ) 

Κ (NH 3 ) ( I ) 2.76080 - 3335.71 1.4971 -0.0370566 

Κ (H 2 S) ( I D 218.5989 -12995.40 -33.5471 0 . 

Κ (HS~) ( I I I ) -114 .45 - 2048.99 15.65 0 . 

κ ( c o 2 ) ( I D 235.482 -12092.1 -36 .7816 0 . 

Κ (HC0 3 -) ( I I I ) 220.067 -12431.7 -35 .4819 0 . 

κ ( s o 2 ) ( I D 122.53 - 3768. - 2 0 . 0 . 

Κ (S0 3H~) ( I I I ) - 21.274 1333.4 0 . 0 . 

Κ (NH C00~ ") ( IV) - 8 .6 2900. 0 . 0 . 

Κ (H 2 0) (V) 140.932 13455.9 22.4773 0 . 

λ 
aa 

- 0 .0260 12.29 

λ 
aa 

- 0.2106 61 .56 

λ 
aa 

- 0.4922 149.20 

λ 
aa 

- 0 .05 0 . 
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Table 2. b. Parameters for D i e l e c t r i c Effects 

177 

Species ν or v\ a J α 
a 

r. 
J 

NH 3 0.0245 -0.019 

H2S 0.0349 -0.032 

c o 2 0.035 -0.035 

s o 2 0.036 -0.030 

NH.+ 

4 0.0134 2.5 

HS~ 

S = -0.0037 3.3 

HC0 3" 0.0288 2.7 

C ° 3 = 0.0065 4.0 

HS0 3 0.035 2.7 

so 3= 0.0197 2.8 

NH 2 COO" 0.0459 2.7 
+ 

H -0.0047 3.8 

OH" 0.0005 3.5 

Table 2. c. PITZER Ionic Interaction Parameters 
_ _ 

HS S HC0 3 c o 3 HS0 3 s o 3 NH 2C00 OH 

+ s 0.248 0.70 0.54 0.7 0.45 0.7 0.5 0.46 
0.22 0.059 -0.1 0.059 0. 0.059 0. 0.25 
0.002 0.0255* -0.08 0. 0.0014 0.0045* -0.006 0. 

. s 0.50 0. 0.42 0. -0.6 1.2 0.34 0.16 
H 0 0.36 0. 0.3 0. 0.1 0.1 0.25 0.25 

à 0. 0. 0. 0. 0. 0. 0. 0. 

LNH 4
+,S , S =0.004 P N H 4

+ , S 0 3 ,S0 3 = 0.0007 
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Appendix. Formalism of BEUTIER'S Model of V o l a t i l e Weak 
Electrolytes Vapor-Liquid E q u i l i b r i a 

It i s shown with the example of a ternary mixture of one Base 
(Β), one Acid (A) with two ionizing steps (A" and A ) and water 
(W). See nomenclature at end of Appendix for symbols and additio
nal equations. 

Vapor-Liquid Equilibrium (2 equations) 

y ( ( > P = m Y H P (3) Ja T a a a a a 
y φ Ρ = a π φ (S) Ρ (4) W W w w Tw w 

Dissociation Equilibriu

(I) Β + Η 20 Χ Β + + 0Η  type of dissociation (I), (II) or 
+ (III) i s reported i n table 2. a. 

(II) A X A + Η for acids and base. 

(III) A" X A = + H + 

(IV) Β + A Χ ΒΑ + H 20 , for example, formation of carbamate 

(V) H20 X H + + OH" 
7 Ύ ΐ m i . . . . Κ = —^~γ" m ι* components on the l e f t side of dissociation 
j j j equilibrium, j , components on the right side of 

the same. (5) 

Mass Balance (2 equations) 

B - «Έ + V +
 " B A " ( 6 ) 

A = mA + mA- +m A= + V (7) 

Elec troneutrali ty 

V + V - V + 2 M A =
 + "OH" ( 8 ) 

Given (Ρ, Τ, Α, Β), the 10 equations (3) to (8) y i e l d the ten 
unknown ( n y m A - , mA= , m B + , m^- , m H + , m^- , y A , γ β) 
i f the expressions of φ. , Y. , a are known. 

ι ι w 
Deviations to Ideality 

Vapor Phase. The fugacity coefficients are taken for NOTHNAGEL 
et a l . (5) correlation. 
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Liquid Phase. Ύ and a are derived from the following expres
sion of the excess Gibbs energy. 
G E = G E (PITZER) + G E (BORN) + G E (EDWARDS) 

Interactions Between Ions. 

M n P I R T E R ) ° & \ l \ m l + h L \ k l % "k " l ̂  i o n s ) ( 9 ) 

W W *"L 

E l e c t r i c Work of Charge. 

Μ η RT w w 

/ ,/V f + 0,5 V D V. +0,5 V \ 
J J J \ f c η ι c ' 

G (BORN), 
RT = 

Interaction Betwee

G (EDWARDS) 
M n RT w w 

2 2 Σ λ m + Σ μ m (a neutral solute) a aa a a aaa a 

ions) (10) 

(11) 

A c t i v i t y C o e f f i c i e n t s of Ions (molality scale) 

l n γ. = 

l n Ύ. = 

\ 3ni RT / η , η, , η 

_ J _ M + 2 Σ λ. _ + _ J _ Σ _ k l 
2 d l k jk m k 2 k l d l \ ™ 1 

3 k i V "k rai 
+ L. w - ν. + ν il 

a ι c 
V V i - V c 

£w 
D, 

1.5 ν V 
a c (Vi - V C) (V, 

7** V c
 v j 

n (v f - vcr 
A c t i v i t y C o e f f i c i e n t s of Neutral Solutes 

8 

(Vi - v c ) : J 
l n Y a = ' 8 n a * T ' v n k , n a' 
l n \ - (k L k Ό lr 

V' "k' "a_ ~ 1.5 v, V 

L (Vf - V c) 
V V V n D / η n 

A c t i v i t y of Water 

+ 2λ n + 3 y m aa a aaa a 

c n 
2 

-» 
l n a = w M w 

_ Σ 
j m. -J 

(12) 

(13) 

+ _ L f J _ É_\ ]=-M φ (? m. +Σ m ) M V3n RT/ n n w \j j a a/ 
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In a = M w w 

1 1 d w ( v f - v c ) 2 

5 V c 1 2 3Ί — I - Σ λ m - 2 Σ μ m (14) __Ν ^ 2 J a aa a a aaa a J 

w 'n 
D 1.5 V 
w 

D n d w (V 

L i s t of Symbols 

a a c t i v i t y i n s o l u t i o n 
A apparent m o l a l i t y of acid (mole/kg of water) 
A DEBYE - HUCKEL constan

/ 2ττ N d J/
= V looo / ( D ~ T T ) ( 1 5 ) 

w 
b = 1.2 
Β apparent m o l a l i t y of base (mole/ kg water) 
Cj to c o e f f i c i e n t s i n equations (20) (22) (29) 
C M V p T - T Z E R ternary i n t e r a c t i o n parameter for s a l t MX MX 

3 
d^ density of water (kg/dm ) 
D d i e l e c t r i c constant of neutral s o l u t i o n (without ions) 

1 1 D = D i l + Σ 5 Ç a _ ) ( 1 6 ) n w \ a V n / 
D d i e l e c t r i c constant of water w 

D w = 305.7 exp (-exp (-12.741 + 0.01875 T) - T/219) (17) 

e charge of electron (4,8029 . 1 0 ~ 1 0 esu) 
f° reference fugacity 
f ( I ) = 4I_ l n ( 1 + b I l / 2 ) ( 1 8 ) 

3 b 
2 A 

df = DH 
d l 3 

I 1 / 2 2 1/2 ±—r-pr + I l n (1 + b I 1 / Z ) (19) 
L l + b l 1 / 2 b J 

E 
G excess GIBBS energy i n the d e f i n i t i o n of electrochemists by 

reference to the " i d e a l " s o l u t i o n i n m o l a l i t y scale. _ j 
H Henry's constant of undissociated acid or base (atm. kg/mole ) l n H = C, + C 0/T + C l n Τ + C, Τ (20) a 1 2 3 4 
I ionic strengh 

I = \ Σ m. z? (21) 

k BOLTZMANN'S constant k = 1.38045 . 1θ" 1 6 erg κ"1 
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Κ equilibrium constant i n m o l a l i t y scale 
l n Κ = Cj + C2/T + C 3 In Τ + C 4 Τ (22) 

L. dimensionless constant ( r . en A) 
J 2 ο J e ζ · ζ 

L 6 Z j _ . 10 8 (23) 
- j 2 r . kTD J w 

M molecular weight of water 0.018 kg/mole 
m m o l a l i t y mol/kg 
η number of mole oo _ i 
N AV0GADR01 S number Ν = 6.0232 . 10 mol 
Ρ pressure (atm) 
Q Combination of PITZER binary i o n i c i n t e r a c t i o n parameter 

Q = β(0)/(β(0)+ β ( 1 ) ) 
Ρ POYNTING correction 
r, i o n i c cavity radiu
R gas constant ^
S sum of PITZER binary i o n i c interaction parameters Q=B +β 
Τ temperature (Κ) 
ν p a r t i a l molar volume, dm^/mol 3 

v^ volume 0of i o n i c c a v i t i e s f o r ion j per equivalent(dm /mol) 
r. en A J 
v? = 4 π Ν r . 3 . 10" 2 7 (24) 

3 3 j 
3 V volume of a l l i o n i c c a v i t i e s (dm /kg of water) c 

V = ? v? m. (25) 
c J J J 

ο 
volume of r e a l s o l u t i o n (dm /kg water) 
V = -i- + ? m. v. + Σ m γ (26) f d w j j j a a a 

V\ volume of i o n i c s o l u t i o n excluding neutral solutes (dnP /kg water) 

V. = -1 + ? m. v. (27) 
w J J J 

V volume of neutral s o l u t i o n excluding ions (dm3/kg of water) η 
V = -L + Σ m γ (28) n d a a a 

w 
y mole f r a c t i o n i n vapor phase 
z. number of charges of ion j 
a J = 2 . 3 - 1 α d i e l e c t r i c c o e f f i c i e n t (dm /mol ) a 
ÉS'k̂ iS'k̂  parameters i n PITZER binary term for i n t e r a c t i o n bet-
^ ^ ween ions of opposite sign j and k obtained from S and Q. 

γ a c t i v i t y c o e f f i c i e n t (molality scale) 
λ EDWARDS extended PITZER binary c o e f f i c i e n t for i n t e r a c t i o n aa _ ι of neutral spec ies (B i n EDWARDS(IO) (kg/mol - 1) 
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X a a " C l + C 2 / T 

PITZER binary i n t e r a c t i o n c o e f f i c i e n t f o r ions j.k. of d i f 
ferent signs (kg/mol |) 

- ? ? - [ - , * · ' β Λ ( , * " Λ + ί ψ » 
a l l other X j ^ are zero, 

^aaa e x t e n d e d PITZER ternary c o e f f i c i e n t 

^aaa = " 55TT <Xaa + ï ë b > ( 3 2 ) 

PITZER ternary i n t e r a c t i o

M̂MX = ^MXX = 3 Γ F ° R " S A L T S « < 3 3 > 
C /2 

μΜΜχ - »mx * ψ - f o r ]~2 s a l t s *« ( 3 4 ) 

PMXY = T % X X + W ( 3 5 ) 

a l l other μ are zero 

π vapor pressure of water 
w 

l o g I 0 π, - 7.96681 - (36) 

Φ 3 fugacity c o e f f i c i e n t φ osmotic c o e f f i c i e n t 

Subscripts 

a neutral solute 
h i j k l i o n i c species 
w water 

Superscript 
0 0 i n f i n i t e d i l u t i o n 
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9 
Sour Water Equilibria 
Ammonia Volatility down to PPM Levels; pH vs. Composition; 
and Effect of Electrolytes on Ammonia Volatility 

GRANT M. WILSON, RICHARD S. OWENS, and MARSHALL W. ROE 

Wilco Research Company, 488 South 500 West, Provo, Utah 84601 

Undesirable sulfur  nitrogen  and oxygen compounds are often 
encountered in commercia
ties relating either to  syntheti  processes
Water also occurs as condensate in these gas streams or water is 
brought in contact with gas streams in various processing steps. 
As a result aqueous waste streams are produced in which undesir
able sulfur, nitrogen, and oxygen compounds are present. Their 
concentrations in the aqueous waste streams depend on their equi
librium concentrations in gas streams from which the aqueous 
streams are derived. Present and future environmental control 
restrictions dictate that the concentrations of these undesirable 
compounds be maintained at very low levels before the streams can 
be released to the environment. Thus, methods must be developed 
for controlling these concentrations. One method used in refin
eries for controlling the concentrations of undesirable compounds 
in aqueous waste streams is by means of a steam stripper called 
a sour water stripper where these trace compounds are steam dis
t i l led and then condensed as a concentrated product in the con
denser of the stripping column. The principal components in 
these strippers are hydrogen sulfide, carbon dioxide, and ammonia. 
This concentrated product stream is then further processed for 
removal of these undesirable compounds. Similar processes un
doubtedly will be necessary in existing and new gas production or 
gas treating faci l i t ies . The design of these processes requires 
data regarding the equilibrium concentrations of undesirable com
pounds absorbed into various aqueous waste streams, and then 
equilibrium data are required relating to the removal of these 
compounds from aqueous waste streams. 

T h i s paper r e p o r t s on measurements made i n t h r e e a reas p e r 
t a i n i n g t o the p r o c e s s i n g o f aqueous waste streams as f o l l o w s . 

A . V a p o r - l i q u i d e q u i l i b r i u m measurements on N H 3 - H 2 O m i x t u r e s 
a t 80 and 120°C 

B. pH o f NH3-H 2S-C0 2-HoO m i x t u r e s a t 25 and 80°C 
C. E f f e c t - o f sodium hyd rox ide and sodium a c e t a t e on N H 3 

v o l a t i l i t y a t 80°C 
0-8412-0569-8/80/47-133-187$10.00/0 

© 1980 American Chemical Society 
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Measurement Appara tus 

A f l ow- t ype v a p o r - l i q u i d e q u i l i b r i u m appa ra tus shown schema
t i c a l l y i n F i g u r e 1 was used f o r the v a p o r - l i q u i d e q u i l i b r i u m 
measurements on N H 3 - H 2 O . The method i n v o l v e s the a n a l y s i s o f an 
e q u i l i b r i u m n i t r o g e n st ream f o r NHU a f t e r e q u i l i b r a t i o n w i t h a 
N H 3 - H 2 O m i x t u r e c o n t a i n e d i n c y l i n d e r s 1 and 2 o f F i g u r e 1. The 
p a r t i a l p r e s s u r e o f N H 3 i s then c a l c u l a t e d from the vapor mole 
f r a c t i o n o f N H 3 t imes the t o t a l p r e s s u r e o f the s y s t em. Two 
c y l i n d e r s were used to s a t u r a t e the n i t r o g e n s t ream i n o r d e r to 
m i n i m i z e l i q u i d d e p l e t i o n e f f e c t s and to i n s u r e e q u i l i b r i u m be 
tween the gas and l i q u i d phases . Vapor phase a n a l y s e s were made 
by a b s o r b i n g the N H 3 i n t o an aqueous HCI s o l u t i o n which was s u b 
s e q u e n t l y t i t r a t e d and by measur ing the amount o f n i t r o g e n i n the 
sample by use o f a c a l i b r a t e d wet t e s t meter a c c u r a t e to + 1 % . 
P r e s s u r e s were measured b f c a l i b r a t e d
a c c u r a t e t o + 0 . 1 % , an
c a l i b r a t e d the rmocoup les a c c u r a t e t o + 0.05°C. The c o m p o s i t i o n 
o f both the vapor and the l i q u i d samples were de te rmined by 
p o t e n t i o m e t r i c t i t r a t i o n by a d d i t i o n o f s t a n d a r d i z e d NaOH s o l u 
t i o n t o samples which i n i t i a l l y c o n t a i n e d a s l i g h t excess o f HC I . 
T h i s method worked v e r y w e l l even a t t he ppm l e v e l s s t u d i e d i n 
some o f t he r u n s . The same t i t r a t i n g s o l u t i o n was used f o r a n a l y 
z i n g both the vapor and the l i q u i d samples o f each run thus m i n i 
m i z i n g e r r o r s produced i n s t a n d a r d i z i n g the NaOH s o l u t i o n . 

F i gu r e 2 g i v e s a s chemat i c o f the appa ra tus used f o r pH 
measurements a t 25 and 80°C. I t c o n s i s t e d o f a s t oppe red E r l e n -
meyer f l a s k submerged i n a t empera tu re bath r e g u l a t e d a t e i t h e r 
25 o r 80°C. The c o n t e n t s o f the f l a s k were s t i r r e d by means o f 
a magnet i c s t i r r e r coup l ed t o a motor beneath the b a t h . A pH 
probe and thermometer were i n s e r t e d th rough the s t o p p e r a t the 
t op o f the f l a s k and a n o t h e r ho l e was s toppe red f o r use i n p i -
p e t i n g s o l u t i o n i n t o o r out o f t he f l a s k . 

Measurements were made by f i r s t c a l i b r a t i n g the pH probe 
u s i n g two b u f f e r s o l u t i o n s a t pH 's o f 7 and 10 s u p p l i e d by Van 
Labs o f Van Waters and Rogers Equipment Company . These s o l u t i o n s 
have been c e r t i f i e d by t h e N a t i o n a l Bureau o f S tandards t o be 
a c c u r a t e t o + 0.01 pH u n i t a t 25°C. T h i s pH c a l i b r a t i o n was made 
w i t h the probe i n s e r t e d i n b u f f e r s o l u t i o n a t the same t empe ra 
t u r e as the pH measurements were made. 

A f t e r c a l i b r a t i o n t he probe was i n s e r t e d i n t o the f l a s k 
shown i n F i g u r e 2 . A c o n c e n t r a t e d s o l u t i o n o f N H 3 - H 2 S - C O 0 - H 2 O 
o f measured d e n s i t y was then p i p e t e d i n t o the f l a s k and a f t e r 
t empera tu re and pH e q u i l i b r a t i o n the pH was r e a d . T h i s n o r m a l l y 
t ook a p e r i o d o f f i v e m inu tes f o r t he e q u i l i b r a t i o n p r o c e s s . 
A f t e r r e a d i n g the pH, the s o l u t i o n was d i l u t e d w i t h water by 
f i r s t removing by p i p e t a p o r t i o n o f the s o l u t i o n i n the f l a s k 
and by subsequent a d d i t i o n o f water to r e p l a c e the s o l u t i o n 
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removed. B o i l e d d i s t i l l e d water was used f o r both the s o l u t i o n 
p r e p a r a t i o n and d i l u t i o n s tages o f the e x p e r i m e n t . A f t e r each 
d i l u t i o n , the pH was aga i n r e a d . 

The c o n c e n t r a t e d s o l u t i o n s were p repared by b u b b l i n g a c i d 
gas i n t o a s o l u t i o n o f ammonia and w a t e r . No gas was a l l o w e d to 
escape so t h a t the i n c r e a s e i n the we ight o f the s o l u t i o n r e p r e 
sen ted the amount o f HoS o r C 0 2 added. No problems were encoun 
t e r e d when add ing H^S by t h i s method, but C 0 2 i s absorbed v e r y 
s l o w l y and l o n g p e r i o d s o f a g i t a t i o n o f the s o l u t i o n i n c o n t a c t 
w i t h gaseous C 0 2 were necessa r y to a ch i e ve the d e s i r e d l e v e l s . 
At the h i g h e r l o a d i n g s o f a c i d gas to ammonia, problems were e n 
coun te red when these s o l u t i o n s were heated to 80°C because the 
absorbed gases tended to be d r i v e n o f f . T h i s problem was s o l v e d 
by c o n n e c t i n g the a b s o r p t i o n t r a i n composed o f d i g l y c o l a m i n e 
(DGA) on sand shown i n F i g u r e 2. By t h i s method, any components 
d i s c h a r g e d from the c e l
The tubes were then weighe
p o s i t i o n o f the s o l u t i o n i n the Er lenmeyer f l a s k . 

Some problems were encountered w i t h the pH probes used i n 
the pH measurements because the r e f e r e n c e e l e c t r o d e i s s a t u r a t e d 
w i t h A g C l . Hydrogen s u l f i d e can r e a c t w i t h the AgCl i n s o l u t i o n , 
thus p r e c i p i t a t i n g AgS a t the KCl j u n c t i o n between the r e f e r e n c e 
e l e c t r o d e and the s o l u t i o n . In t h i s r e g a r d i t was found t h a t 
c e r t a i n probes work b e t t e r than o t h e r s . Our o b s e r v a t i o n s a re as 
f o l l o w s . 

1. Some r e f e r e n c e e l e c t r o d e s have an exposed f i l l i n g ho l e 
f o r add ing A g C l - s a t u r a t e d K C l . The ho le i s l o c a t e d on 
the s i d e o f the probe where H 2S can r e a d i l y en te r and 
contamina te the s o l u t i o n . These e l e c t r o d e s proved 
e n t i r e l y u n s a t i s f a c t o r y . 

2 . Some e l e c t r o d e s have the KCl s o l u t i o n i n a ge l f o r m . 
These e l e c t r o d e s work f a i r l y w e l l but e v e n t u a l l y the gel 
becomes con tamina ted w i t h s i l v e r s u l f i d e and the probe 
must be r e p l a c e d . T h i s type o f probe was used f o r the 
measurements g i ven i n t h i s r e p o r t . Two probes were 
a c t u a l l y used f o r the e n t i r e s e t o f measurements . 

3. There a re a l s o e l e c t r o d e s a v a i l a b l e which have a ground 
g l a s s j u n c t i o n between the r e f e r e n c e e l e c t r o d e and t he 
s o l u t i o n be ing measured. These probes would p r o b a b l y 
be most s u i t a b l e because they can be d i s m a n t l e d and 
c l e a n e d . A probe a r r i v e d as our measurements were be ing 
completed so t h i s t ype o f probe has not y e t been t e s t e d 
i n our l a b o r a t o r y . 

The e f f e c t s o f sodium a c e t a t e and sodium hyd rox ide on NH3 
v o l a t i l i t y a t 80°C were s t u d i e d by two methods . Data on the 
e f f e c t o f sodium a c e t a t e were measured i n the same appa ra tus used 
to measure the NH3-H0O da ta shown i n F i g u r e 1. In t h i s c a s e , 
sodium a c e t a t e was a l s o added to the l i q u i d phase w i t h subsequent 
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N H 3 p a r t i a l p r e s s u r e measurements made i n t he same manner used 
f o r the N H 3 - H 2 O measurements . 

Data on the e f f e c t o f sodium h y d r o x i d e were measured by 
means o f an N H 3 probe s u p p l i e d by O r i on Research Company which 
o p e r a t e s i n a manner ana logous to a pH probe except t h a t a mem
brane i s used th rough which o n l y the N H 3 pe rmeates . Thus the 
response o f the probe i s p r o p o r t i o n a l t o the a c t i v i t y (o r p a r t i a l 
p r e s s u r e ) o f ammonia. 

E .m. f . data on t h e e f f e c t o f sodium h y d r o x i d e were conve r t ed 
to ammonia p a r t i a l p r e s s u r e da ta u s i n g the f o l l o w i n g e q u a t i o n . 

mv - m v r e f · 

% 3 = f NH 3
f - 1 0 5 1 ( 1 ) 

where f N H 3 = f u g a c i t y o f NH 3 

r e f 
F N H 3 * = f u 9 a c i t y °

mv e . m . f . ou tpu t o f NFL e l e c t r o d e i n m i l l i v o l t s 
^ . .4 - » . . 4 - ~ -Γ M i l _ 1 X. . — I « *_ Λ- U ~ -C~w.~ ~ "I . 

m v
r e f . = ou tpu t o f N H 3 e l e c t r o d e i n the r e f e r e n c e s o l u t i o n 

βΤ = m i l l i v o l t s per decade , a t 80°C Τ = 70.1 mv/decade 

At low p r e s s u r e s the f u g a c i t y o f a component can be r e p l a c e d by 
i t s p a r t i a l p r e s su r e so t h a t Equa t i on 1 can be approx imated as 
f o l l o w s . 

r e f . 
mv - mv 

P N H 3 - P NH3- 1 0 f*T (2) 
One problem encounte red w i t h the NH 3 probe was t h a t i t s c a l i 

b r a t i o n d r i f t e d w i t h t i m e , thus r e q u i r i n g f r e q u e n t r e c a l i b r a t i o n 
o f t he p robe . For t h i s reason the probe was abandoned when the 
measurements w i t h sodium a c e t a t e were made. 

Measurement R e s u l t s 

V a p o r - L i q u i d E q u i l i b r i u m Da ta . V a p o r - l i q u i d e q u i l i b r i u m 
measurements on NH 3 -H 2 0 m i x t u r e s a t 80 and 120°C are summarized 
i n Tab les 1 and 2 , r e s p e c t i v e l y . At each c o n d i t i o n , s e v e r a l 
vapor and l i q u i d samples were removed f o r a n a l y s i s be fo r e p r o 
ceed ing to the next c o n d i t i o n . These t a b l e s summarize the a n a l y 
ses o f t hese samples a t each c o n d i t i o n and then g i v e an average 
v a l u e f o r each run c o n d i t i o n . The charge a n a l y s e s a re based on 
a n a l y s e s o f the s o l u t i o n charged to the measurement appa ra tus a t 
t he b e g i n n i n g o f each run and l i q u i d a n a l y s e s a re based on sam
p l e s removed from the appara tus d u r i n g the r u n . A c o m p a r i s o n o f 
t h e s e a n a l y s e s shows t h a t t he l i q u i d a n a l y s e s a re a l l s l i g h t l y 
l ower than the charge a n a l y s i s and t h a t the l i q u i d a n a l y s e s d e 
c r e a s e s l i g h t l y w i t h each sample . T h i s e f f e c t i s due to l o s s o f 
ammonia t o the vapor phase i n samp l ing the vapor and thus 
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TABLE 1. Ammonia-Water Vapor-Liquid Equilibrium 
Measurements at 80°C by Flow Cell Method 

wt % NH, 
in 

charge 
4.97 

in 
l i q u i d 
4.94 
4.90 
4.8
4.9

Pa r t i a l 
Pressure, psia 
— 3 

6.88 
6.86 

6.51 
6.51 

Total V o l a t i l i t y Ratio 
Pressure, PNH3/wt % . 

Uncorr. Corr. b > psi a 
13.39 
13.37 

1.39 
1.40 

1.24 
1.25 
1.22 

1.000 

average 

.994 

.974 

.950 

.973 

1.240 
1.250 
1.247 
1.246 

6.80 
6.80 
6.80 
6.80 

8.04 
8.05 
8.05 
8.05 

1.25 
1.28 
1.31 
1.28 

1.23 
1.26 
1.29 
1.26 

.0993 

average 

.0991 

.0983 

.0965 

.0980 

.122 

.119 

.119 

.120 

6.86 
6.86 
6.86 
6.86 

6.98 
6.98 
6.98 
6.98 

1.23 
1.21 
1.23 
1.23 

1.25 
1.23 
1.25 
1.25 

average 

average 

100.0 ppm 

10.09 ppm 

99.2 ppm 
97.7 
96.0 
94.3 
96.8 

10.08 ppm 
10.04 
9.93 
10.02 

.0111 

.0113 

.0112 

.0110 

.0112 

.00108 

.00108 

.00107 

.00108 

6.87 
6.87 
6.87 
6.87 
6.87 

6.87 
6.87 
6.87 
6.87 

6.88 
6.88 
6.88 
6.88 
6.88 

6.87 
6.87 
6.87 
6.87 

1.12 
1.16 
1.17 
1.17 
1.16 

1.07 
1.08 
1.08 
1.08 

1.18 
1.22 
1.23 
1.23 
1.22 

1.26 
1.27 
1.27 
1.27 

^Actual measurements were made under nitrogen pressure according to 
conditions summarized in Table 4. The p a r t i a l pressure of water as 
given here i s based on Raoult's Law which applies at the low NHo con
centrations given here. By this method the p a r t i a l pressure of 
water i s given as follows. 

PH 20 " PH 20 XH 20' P° Q = vapor pressure of pure water 

x u n = water mole fraction in l i q u i d 

b) 

The vapor pressure of water was taken from the CRC Handbook, 52nd Ed., 
page D-147. 

See text f o r corrections applied. 
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TABLE 2. Ammonia-Water Vapor-Liquid Equilibrium 
Measurements at 120°C by Flow Cell Method 

wt % NH3 P a r t i a l Total V o l a t i l i t y Ratio 
in in Pressure  p s i a % Pressure  ^NHo/wt % 

charge l i q u i

4.83 4.75 
4.68 4.60 18.5 27.39 45.9 4. .02 3.83 

4.45 18.2 27.44 45.6 4. .09 3.89 
average 4.60 18.6 27.39 46.0 4, .04 3.85 

.905 .900 3.59 28.52 32.1 3, .99 3.97 

.889 .880 3.55 28.53 32.1 4, .03 4.01 

.867 .850 3.48 28.54 32.1 4, .09 4.07 
average , .877 3.54 28.53 32.1 4. .04 4.02 

.0955 .0940 .342 28.77 29.1 3, .64 3.69 
.0914 .341 28.77 29.1 3. .73 3.78 

.0898 .0878 .329 28.77 29.1 3, .75 3.80 

.0856 .0840 .315 28.77 29.1 3. .75 3.80 
average .0893 .332 28.77 29.1 3. .72 3.77 

93.4 ppm 92.2 ppm .0332 28.79 28.8 3. ,60 3.77 
90.0 .0332 28.79 28.8 3. .69 3.86 
87.8 .0326 28.79 28.8 3. ,71 3.88 
84.8 .0317 28.79 28.8 3. .74 3.91 

average 88.7 .0327 28.79 28.8 3. .69 3.86 

9.83 ppm 9.72 ppm .00358 28.80 28.8 3. ,68 4.24) 
9.44 .00368 28.80 28.8 3. 90 4.49(appear 
9.12 .00367 28.80 28.8 4. ,02 4.63( high 

average . . 9.43 .00364 28.80 28.8 3. ,86 4.45) 

See footnote'a" at the bottom of Table 2. 

See text for corrections applied. 
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r e p r e s e n t s s l i g h t d e p l e t i o n o f the l i q u i d w i t h each vapor samp le . 
The l i q u i d a n a l y s e s i n these t a b l e s a re averages o f a n a l y s e s made 
be fo re and a f t e r samp l ing the vapor so the c o n c e n t r a t i o n s g i v e n 
r e p r e s e n t the average l i q u i d c o m p o s i t i o n d u r i n g the vapor sam
p l i n g p r o c e s s . 

The ammonia p a r t i a l p r e s s u r e s g i ven i n Tab les 1 and 2 a re 
based on t he c o n c e n t r a t i o n o f ammonia found i n the vapor s t ream 
t imes the t o t a l p r e s s u r e . The a c t u a l p r e s s u r e s a p p l i e d a t each 
run c o n d i t i o n a re summarized i n Tab le 3 where the p r e s s u r e s 
v a r i e d from 15 p s i a a t 80°C t o 90 p s i a a t 120°C. Because n i t r o 
gen was used as a p r e s s u r i z i n g f l u i d , the p a r t i a l p r e s s u r e o f 
water and the t o t a l p r e s s u r e e x c l u d i n g n i t r o g e n have been compu
t e d i n Tab l e s 1 and 2 based on R a o u l f s law f o r water as noted a t 
the bottom o f Tab le 1. R a o u l t ' s law a p p l i e s f o r the p a r t i a l p r e s 
sure o f water because the a c t i v i t y c o e f f i c i e n t o f water i s v i r 
t u a l l y u n i t y a t the low
phase . M inor e f f e c t s du
a p p l i e d . 

The l a s t two columns o f Tab l e s 1 and 2 g i v e e q u i l i b r i u m 
v o l a t i l i t y r a t i o s o f ammonia p a r t i a l p r e s s u r e d i v i d e d by the 
we igh t pe r cen t o f ammonia i n the l i q u i d phase . The column l a 
be l ed " U n c o r r . " g i v e s the v o l a t i l i t y r a t i o computed s i m p l y as 
the p a r t i a l p r e s s u r e o f ammonia d i v i d e d by the t o t a l we ight p e r 
cent o f ammonia i n s o l u t i o n . The second column g i v e s a c o r r e c t e d 
v o l a t i l i t y r a t i o based on the d i s s o c i a t i o n o f ammonia a t low c o n 
c e n t r a t i o n s and e x t r a p o l a t i o n to z e ro c o n c e n t r a t i o n o f ammonia. 
The d i s s o c i a t i o n c o r r e c t i o n was a p p l i e d by d i v i d i n g t he u n c o r r e c 
t ed v o l a t i l i t y r a t i o by the computed r a t i o o f f r e e ammonia ove r 
t o t a l ammonia i n s o l u t i o n . The r a t i o o f f r e e ammonia over t o t a l 
ammonia was computed from the d i s s o c i a t i o n c o n s t a n t o f ammonia 
g i ven by Edwards and P r a u s n i t z (]_) as f o l l o w s . 

N H 4 0 H - ^ N H 4
+ + OFT 

Temperature °C D i s s o c i a t i o n Constant 

25 1.78 χ 1 0 ~ 5 

80 1 .66 χ Ι Ο " 5 

120 1 .19 χ 1 0 " 5 

With no o t h e r i o n s p r e sen t the c o n c e n t r a t i o n o f f r e e ammonia 
over t o t a l ammonia p resen t i s g i v e n by the f o l l o w i n g e q u a t i o n : 

(NH*)- 0 1 

( N H 3 ) t o t a l 4 C 

where k = d i s s o c i a t i o n c o n s t a n t o f NFL 
C = t o t a l c o n c e n t r a t i o n o f NHg moles/Kg water 

In a d d i t i o n t o t h i s c o r r e c t i o n the v o l a t i l i t y r a t i o o f ammonia 
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TABLE 3. Measurement Pressures for Ammonia-Water 
Vapor-Liquid Equilibrium Runs 

Temp. NH
°C w

80 5 0 30 

1 0 20 

.1 0 15 

100 ppm 0 15 

10 ppm 0 15 

1 wt % 25 20 

1 15 20 

1 5 20 

120 5 0 90 

1 0 60 

.1 0 60 

100 ppm 0 60 

10 ppm 0 60 
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v a r i e s due t o t he s o l v e n t e f f e c t o f f r e e ammonia a c c o r d i n g t o the 
f o l l o w i n g e q u a t i o n g i v e n i n Tab l e 1 o f r e f e r e n c e 2 . 

1 n ( H N H 3 ) - l n ( H ^ H 3 ) + f i C N H 3 (4) 

where H ° = v o l a t i l i t y r a t i o a t z e r o c o n c e n t r a t i o n o f f r e e ammonia 
CJŜ HO = e f f e c t o f f r e e ammonia on the v o l a t i l i t y 

3 = tempera tu re dependent c o n s t a n t ; β = 131.4/T°R - .1682 
C N H 3 = c o n c e n t r a t l o n ° ^ f r e e a m m o n l " a » moles/Kg water 

S o l v i n g f o r l n ( H N H 3 ) g i v e s the f o l l o w i n g e q u a t i o n . 

1 Π ( Η Ν Η 3 ) = l n ( H N H 3 ) - 3 C N H 3 (5) 

O R H N H 3
 = H N H 3

E X P ( ^ C N H ) ( 6 ) 

Equa t i ons 2 and 5 can b
f o l l o w s . 

/ P N u \ ° ( P M U /wt % N F L ) e x p ( - B C M U ) 
N H 3 j = N H 3

 3 U n c o r r . N H 3 (7) 
Iwt % N H 3 I C o r r . p ^ j r JT lNfT Π 

' J f r e e 3 t o t a l 
Thus the l a s t column i n Tab l es 1 and 2 co r r esponds t o t he v o l a 
t i l i t y r a t i o o f ammonia based on f r e e ammonia and e x t r a p o l a t e d to 
ze ro c o n c e n t r a t i o n o f f r e e ammonia. T h i s number s h o u l d be i n d e 
pendent o f the c o n c e n t r a t i o n s s t u d i e d a t a g i v en t e m p e r a t u r e , and 
any v a r i a t i o n r e p r e s e n t s e r r o r s i n e i t h e r t he measured data o r i n 
the a p p l i e d c o r r e c t i o n s . The f o l l o w i n g i s a compar i son o f the 
averages from each r u n . 

( P N u /wt % ) ° 
N H 3

 m 3 C o r r . 
C o n c e n t r a t i o n 80°C 120°C 

5 wt % 1.24 3.85 
1 wt % 1 .26 4 .02 

.1 wt % 1.25 3.77 
100 ppm 1 .22 3.86 

10 ppm 1.27 4 .45 (appears h igh ) 
Average ( E x c l u d i n g 10 

ppm p o i n t a t 120°C) 1 .25 + 2% 3 .88 + 4% 

T h i s agreement i s c o n s i d e r e d to be q u i t e good when a l l o w a n c e i s 
made f o r the f a c t t h a t t he se a re i n d e p e n d e n t l y measured runs a t 
c o n c e n t r a t i o n s v a r y i n g by a r a t i o o f 5000 to 1! The 10 ppm run 
a t 120°C i s p r o b a b l y i n e r r o r due to a t r a c e contaminant i n the 
vapor samples obse rved i n the p o t e n t i o m e t r i c t i t r a t i o n c u r v e . 
T h i s problem was not observed a t 80°C. 

The f a v o r a b l e compar ison g i ven above shows t h a t the ammonia 
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v o l a t i l i t y r a t i o can be r e l i a b l y e x t r a p o l a t e d t o low c o n c e n t r a 
t i o n s w i t h o u t l o s s o f a c c u r a c y . T h i s i s impor t an t because the 
b u l k o f p u b l i s h e d l i t e r a t u r e da ta on the v o l a t i l i t y o f ammonia 
a re a t c o n c e n t r a t i o n s o f λ% NhL o r h i g h e r . 

A compar ison o f t h i s new v o l a t i l i t y r a t i o w i t h measured l i 
t e r a t u r e da ta i s g i ven i n F i g u r e 3 where d e v i a t i o n r a t i o s o f 
PNH3 (meas)/ P N H3 ( ca lc ) a re p l o t t e d ve r sus t empera tu re where com
p a r i s o n i s made w i t h the SWEQ c a l c u l a t i o n model o f r e f e r e n c e 2. 
T h i s p l o t shows t h a t t he se new data a re i n f a i r agreement w i t h 
the c a l c u l a t e d v a l u e s w i t h r a t i o s o f about 1.05 a t both 80 and 
1 2 0 ° C . F o r t u n a t e l y f o r the au tho r s t he se da ta a l s o agree q u i t e 
w e l l w i t h p r e v i o u s l y measured data r e p o r t e d by M i l e s and W i l s o n 

In summary the f o l l o w i n g can be conc luded from the da ta 
g i v en i n Tab l es 1 and 2. 

1. The v o l a t i l i t
t e d from the i o n i z a t i o n c o n s t a n t o f ammonia combined 
w i t h v o l a t i l i t y data measured a t h i g h e r c o n c e n t r a t i o n s 
o f ammonia. 

2. The v o l a t i l i t y o f ammonia a t 80 and 120 °C i s about 5% 
h i g h e r than i s now p r e d i c t e d by the SWEQ m o d e l . T h i s 
means t h a t the SWEQ model w i l l p r e d i c t s l i g h t l y more 
steam f o r a g i v en s e p a r a t i o n , a l l o t h e r e f f e c t s be ing 
e q u a l , than w i l l a c t u a l l y be r e q u i r e d . 

pH o f NH3-H2S-CO2-H2O M i x t u r e s . pH measurements on NHo- H 2S-
CO2-H0O m i x t u r e s have been made a t 25 °C and 80 °C as o u t l i n e d i n 
P a r t Β o f the Measurement P rogram. The r e s u l t s o f these measure 
ments a r e g i v en i n Tab les 4 to 22 . Each t a b l e g i v e s the c o m p o s i 
t i o n o f each s o l u t i o n a t v a r i o u s d i l u t i o n s and measured and c o r 
r e l a t e d pH data a t each c o m p o s i t i o n . The SWEQ computer program 
(2j does not a c c u r a t e l y p r e d i c t these pH d a t a , so an e m p i r i c a l 
c o r r e l a t i o n o f the da ta was made i n o r d e r to g i v e compar i sons 
between the data and a smoothing f u n c t i o n . T h i s smoothing f u n c 
t i o n i s based on the f o l l o w i n g e q u i l i b r i u m which i s assumed to 
be a f u n c t i o n o f the c o n c e n t r a t i o n o f the components i n s o l u t i o n . 

In Equa t i on 9, the hydrogen i on c o n c e n t r a t i o n i s g i v en by the pH 
measurements ; and the r a t i o o f N r ^ / N H ^ can be approx imated from 
the moles o f a c i d gas per mole o f NH3 assuming a l l o f the a c i d 
gas r e a c t s as f o l l o w s . 

(3). 

NH3 + H + ~ > N H 4
+ (8) 

(9) 

NH 3 + HA — > N H 4
+ + A " , A ' = HCO3 o r H S ~ (10) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. Ammonia mean ratio of measured over calculated partial pressures 
based on SWEQ correlation (®) new data; see Figure 2 of Réf. 1 for the following: 
(O) Miles & Wilson; Ο Clifford; (A) Van Krevelen NH3-C02; (V) Cardon & 

Wilson; Badger & Silver; ( 0 ) Breitenback & Perman) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 4. Measured and Correlated pH of Water-Ammonia 
Mixtures with no Acid Gas Present, 25°C 

Ammonia3^ 
Rati

N H 3 / N H
wt % (SWEQ) Meas. Correl. D i f f . 

.00103 2.82 9.491 9.606 -.115 

.00308 5.19 9.807 9.875 -.068 

.00925 9.34 10.123 10.137 -.014 

.0277 16.5 10.369 10.397 -.028 

.111 33.4 10.726 10.733 -.007 

.335 58.6 11.014 11.021 -.007 

1.01 102 11.283 11.337 -.054 

3.05 177 11.597 11.709 -.112 

6.17 254 11.883 11.997 -.114 

8.30 293 12.066 12.130 -.064 

11.21 339 12.272 12.276 -.004 

15.20 391 12.588 12.436 .152 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 5. Measured and Correlated pH of Water-Ammonia 
Mixtures with 0.253 Mole of H9S/Mole of NhU 
25°C ù 0 

Ammonia3^ H2Sa> 
(SWEQ) wt % wt % (SWEQ) Meas. Correl. Diff. 

.00135 .00068 1.69 9.303 9.385 -.082 

.00404 .00205 2.26 9.414 9.517 -.103 

.0121 .00612 2.66 9.495 9.604 -.109 

.0364 .0184 2.85 9.567 9.643 -.076 

.109 .0552 2.91 9.669 9.680 -.011 

.328 .166 2.94 9.772 9.732 .040 

.985 .499 2.95 9.896 9.818 .078 

2.96 1.50 2.95 9.996 9.963 .033 

5.97 3.02 2.96 10.083 10.108 -.025 

8.90 4.50 2.96 10.155 10.216 -.061 

10.50 5.31 2.96 10.196 10.267 -.071 

14.11 7.14 2.96 10.230 10.370 -.140 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 6. Measured and Correlated pH of Water-Ammonia 
Mixtures with 0.491 Mole of H-S/Mole of NH? 

25°C 

Ammonia3^ 
wt % 

H 2S a ) 

wt % 
N H 3 / N H 4 
(SWEQ) 

.00407 .00400 .952 

.0122 .0120 1.01 

.0366 .0359 1.03 

.110 .108 1.04 

.330 .324 1.04 

.990 .971 1.04 

2.97 2.91 1.05 

5.94 5.83 1.04 

9.92 9.73 1.04 

13.23 12.98 1.04 

PH 
Meas. Correl. D i f f . 

9.040 9.143 -.103 

9.080 9.178 -.098 

9.174 9.204 -.030 

9.290 9.239 .051 

9.405 9.292 .113 

9.497 9.383 .114 

9.599 9.546 .053 

9.649 9.697 -.048 

9.758 9.852 -.094 

9.734 9.958 -.224 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 7. Measured and Correlated pH of Water-
Ammonia Mixtures with 0.251 Mole of C0 ?/ 
Mole of NH3, 25°C 

aï a) Ratio 
Ammoniaa; C 0 2

a ; N H 3 / N H
wt % wt % (SWEQ

.00180 .00117 1.66 

.00457 .00296 1.93 

.0116 .00750 2.18 

.0295 .0191 2.27 

.0748 .0485 2.29 

.190 .123 2.29 

.481 .312 2.25 

1.22 .791 2.19 

1.75 1.13 2.17 

5.72 3.71 2.07 

7.60 4.92 2.06 

10.1 6.53 2.04 

13.4 8.65 2.03 

9.343 9.379 -.036 

9.438 9.461 -.023 

9.463 9.512 -.049 

9.509 9.543 -.034 

9.573 9.569 .004 

9.606 9.605 .001 

9.644 9.653 -.009 

9.735 9.731 .004 

9.768 9.775 -.007 

10.005 9.988 .017 

10.095 10.065 .030 

10.210 10.153 .057 

10.379 10.256 .123 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 8. Measured and Correlated pH of Water-
Ammonia Mixtures with 0.520 Mole of C0 ?/ 
Mole of NH3, 25°C 

Ammonia3^ C 0 2
a ) 

Ratio 
NH3/NH4

+ PH 
wt % wt % (SWEQ) Meas. Correl. D i f f . 

.000297 .00040

.000754 .0010

.00191 .00257 .695 8.951 9.003 -.052 

.00486 .00654 .746 9.028 9.040 -.012 

.0123 .0166 .761 9.074 9.060 .014 

.0313 .0421 .768 9.096 9.080 .016 

.0794 .107 .748 9.105 9.096 .009 

.201 .271 .704 9.127 9.112 .015 

.661 .890 .597 9.138 9.133 .005 

1.31 1.77 .507 9.162 9.146 .016 

1.74 2.35 .466 9.163 9.154 .009 

2.31 3.11 .428 9.176 9.168 .008 

3.06 4.12 .388 9.189 9.184 .005 

4.04 5.44 .349 9.210 9.204 .006 

5.32 7.16 .314 9.240 9.233 .007 

6.97 9.38 .280 9.277 9.268 .009 

9.10 12.25 .248 9.329 9.311 .018 

11.81 15.89 .220 9.430 9.366 .064 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 9. Measured and Correlated pH of Water-
Ammonia Mixtures with .755 Mole of C0«/ 
Mole of NH3, 25°C 

a) *)
Ammonia*; C0 2

 ; ΝΗο/ΝΗλ 
wt % wt % (SWEQ) 

.00238 .00463 .278 

.00579 .0113 .283 

.0141 .0274 .289 

.0342 .0664 .285 

.0828 .161 .271 

.201 .391 .244 

.486 .944 .201 

1. .17 2. .27 .145 

2. .31 4. .49 .0990 

4. .50 8. .74 .0632 

5. .90 11. .46 .0513 

PH 
Meas. Correl. D i f f . 

8.629 8.608 .021 

8.679 8.623 .056 

8.709 8.644 .065 

8.716 8.657 .059 

8.725 8.664 .061 

8.718 8.664 .054 

8.698 8.650 .048 

8.641 8.616 .025 

8.577 8.574 .003 

8.500 8.549 -.049 

8.472 8.545 -.073 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 10. Measured and Correlated pH of Water-
Ammonia Mixtures with 0.886 Mole of C0 ?/ 
Mole of NH3, 25°C 

Ammonia3^ C 0 2
a NH3/NH4

(SWEQ) 
PH 

wt % wt % 
NH3/NH4

(SWEQ) Meas. Correl. D i f f . 

.000902 .00207 .110 8.265 8.200 .065 

.00219 .00501 .119 8.345 8.239 .106 

.00532 .0122 .119 8.393 8.247 .146 

.0129 .0295 .122 8.400 8.270 .130 

.0314 .0719 .118 8.391 8.274 .117 

.0761 .174 .113 8.400 8.285 .115 

.185 .423 .0996 8.382 8.276 .106 

.446 1.02 .0789 8.335 8.245 .090 

1.07 2.46 .0521 8.233 8.174 .059 

2.11 4.83 .0346 8.131 8.120 .011 

2.78 6.37 .0281 8.084 8.093 -.009 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 11. Measured and Correlated pH of Water-
Ammonia Mixtures with .124 Mole of C0 2 

and .124 Mole of H ? S per Mole of NhL, 
25°C ά 

Ammonia3^ c o 2
a ) 

Rati

wt % wt % 

0.00298 0. .000954 0.000737 2.003 9, .248 9.463 -0.215 
0.00724 0, .00232 0.00179 2.311 9, .435 9.531 -0.096 
0.0176 0. ,00563 0.0435 2.494 9, .489 9.574 -0.085 
0.0427 0. ,0137 0.0106 2.568 9. .476 9.601 -0.125 
0.104 0. ,0332 0.0256 2.623 9. ,546 9.634 -0.088 
0.252 0. ,0806 0.0623 2.622 9. ,631 9.670 -0.039 
0.612 0. ,196 0.151 2.613 9. ,733 9.724 0.009 
1.49 0. 476 0.367 2.603 9. ,845 9.811 0.034 
3.61 1. 16 0.893 2.562 9. 975 9.941 0.034 
7.24 2. 32 1.79 2.556 10. 116 10.100 0.016 
9.67 3. 09 2.39 2.560 10. 194 10.185 0.009 

12.91 4. 13 3.19 2.554 10. 298 10.281 0.017 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 12. Measured and Correlated pH of Water-
Ammonia Mixtures with .277 Mole of CO. 
and .277 Mole of H?S per Mole of NH V' 
25°C 

Ammonia3^ c o 2
a ) 

2

wt % wt % wt % 

0.00136 0.000964 0.000753 

0.00363 0.00257 0.00201 

0.00967 0.00686 0.00535 

0.0258 0.0183 0.0143 

0.0687 0.0488 0.0382 

0.183 0.130 0.102 

0.408 0.346 0.271 

1.296 0.919 0.720 

3.422 2.428 1.900 

6.443 4.571 3.577 

8.380 6.013 4.653 

10.87 7.800 6.035 

(SWEQ) Meas. Correl. D i f f . 

0. .635 8. .576 8. 961 -0. 385 

0. .704 8. ,745 9. ,011 -0. ,266 

0. .732 8. ,877 9. ,036 -0. ,159 

0. ,740 8. ,934 9. ,055 -0. ,121 

0. ,730 9. ,002 9. ,072 -0. 070 

0. 706 9. ,085 9. ,095 -0. ,010 

0. ,682 9. ,150 9. 127 -0. 023 

0. ,587 9. ,209 9. 177 0. ,032 

0. ,499 9. ,293 9. 273 0. 020 

0. ,447 9. 376 9. 388 -0. 012 

0. ,417 9. ,416 9. 443 -0. ,027 

0. ,399 9. 479 9. 519 -0. 040 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 13 . Measured and Correlated pH of Water-
Ammonia Mixtures with 0.375 Mole of H?S 
and 0.372 Mole of CO? per Mole of NhL, 
25°C 0 

Ammonia3^ C0o a ) 

wt % wt % wt % (SWEQ) Meas. Correl. D i f f . 

0.00280 0. ,00269 0.00210 0.3074 8.542 8.650 -0.108 

0.00680 0. .00653 0.00509 0.3176 8.598 8.671 -0.073 

0.0165 0. ,0159 0.0124 0.3155 8.643 8.679 -0.036 

0.0401 0. ,0385 0.0300 0.3183 8.686 8.700 -0.014 

0.0973 0. .0934 0.0729 0.3091 8.732 8.714 0.018 

0.0236 0. .227 0.177 0.2886 8.768 8.647 0.121 

0.0572 0. .549 0.428 0.2573 8.774 8.617 0.157 

1.38 1. .33 1.034 0.2055 8.764 8.746 0.018 

3.30 3. .17 2.47 0.1514 8.740 8.772 -0.032 

5.92 5, .69 4.44 0.1145 8.719 8.805 -0.086 

7.56 7, .27 5.67 0.1003 8.715 8.827 -0.112 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 14. Measured and Correlated pH of Water-
Ammonia Mixtures with No Acid-Gas 
Present, 80°C 

Ammonia3^ 
Ratio 

N H 3 / N H 4 PH 
wt % (SWE0) Meas. Correl. D i f f . 

0.00202 4.4484 8.077 8.138 -.061 

0.0121 11.565 8.432 8.636 -.204 

0.0273 17.572 8.636 8.881 -.245 

0.0614 26.638 8.826 9.143 -.317 

0.221 51.020 9.156 9.597 -.441 

0.887 102.43 9.526 10.127 -.601 

1.79 145.48 9.717 10.396 -.679 

3.61 208.46 9.865 10.662 -.797 

b) 

Balance i s water 

These differences indicate that the NH3/NH4
+ 

r a t i o from the SWEQ computer program are 
too high. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 15. Measured and Correlated pH of Water-
Ammonia Mixtures with 0.258 Mole of H?S/ 

Ammonia3^ H 2S a ) 
Ratio 

N H 3 / N H 4 PH 
wt % wt % (SWEQ) Meas. Correl. D i f f . 

0.00292 0.00151 2.150 7.805 7.840 -.035 

0.00709 0.00366 2.504 7.966 7.950 .016 

0.0172 0.00889 2.709 8.057 8.045 .012 

0.0418 0.0216 2.818 8.208 8.147 .061 

0.102 0.0524 2.869 8.323 8.265 .058 

0.246 0.127 2.891 8.470 8.400 .070 

0.600 0.309 2.898 8.575 8.550 .025 

1.46 0.756 2.894 8.675 8.699 -.024 

3.58 1.85 2.891 8.777 8.836 -.059 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 16 . Measured and Correlated pH of Water-
Ammonia Mixtures with 0.480 Mole of H?S/ 
Mole of N H 3 , 80°C 

Ammonia3^ H 2S a ) 
Ratio 

N H 3 / N H / PH 
wt % wt % (SWEQ) Meas. Correl. D i f f . 

0.00185 0.00178 .948 7.511 7.472 .039 

0.00468 0.00451 1.041 7.618 7.553 .065 

0.0119 0.0114 1.085 7.724 7.631 .093 

0.0302 0.0291 1.105 7.863 7.722 .141 

0.0767 0.0738 1.113 7.952 7.836 .116 

0.195 0.187 1.115 8.062 7.975 .087 

0.494 0.477 1.111 8.152 8.128 .024 

1.26 1.22 1.107 8.235 8.283 -.048 

3.21 3.12 1.096 8.324 8.422 -.098 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 17.

Mole of NH3, 80°C 

a) a) Ratio 
Ammoniad; H 2S a ; N H 0 / N H 4 
wt % wt % (SWEQ) 

.0935 .104 0.8439 

.187 .208 0.8453 

.375 .416 0.8453 

.752 .834 0.8453 

1.55 1.70 0.8628 

3.07 3.89 0.6293 

Eb 
Meas. Correl. D i f f . 

7.809 7.750 .059 

7.853 7.855 -.002 

7.874 7.970 -.096 

7.916 8.088 -.172 

7.985 8.215 -.230 

8.094 8.187 -.093 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 18. Measured and Correlated pH of Water-
Ammonia Mixtures with .315 Mole of CO?/ 
Mole of NH3, 80°C 

Ammonia3^ C 0 2
3 ) 

Ratio 
N H 3 / N H 4 PH 

wt % wt % (SWEQ) Meas. Correl. D i f f . 

0.00175 0. ,00142 1, .572 7. ,830 7.687 .143 

0.00425 0. ,00346 1, .845 7. ,927 7.792 .135 

0.0103 0. .00840 2. .011 8. .048 7.880 .168 

0.0878 0, ,0714 2. .108 8. ,272 8.118 .154 

0.213 0. .173 2, .075 8. ,405 8.242 .163 

0.515 0. .420 1, .989 8. .496 8.371 .125 

1.25 1. .02 1, .853 8. ,591 8.491 .100 

3.01 2. .46 1. .665 8. .692 8.584 .108 

5.98 4. .95 1, .487 8. .830 8.630 .200 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 19. Measured and Correlated pH of Water-
Ammonia Mixture with .429 Mole of CO?/ 
Mole of NH V 80°C 

Ammonia3^ c o 2
a ) 

Ratio 
N H 0 / N H 4 PH 

wt % wt % (SWEQ? Meas. Correl. D i f f . 

0.00244 0.00269 1.164 7.557 7.571 -.013 

0.00548 0.00605 1.260 7.601 7.643 -.042 

0.0123 0.0136 1.309 7.654 7.712 -.058 

0.0278 0.0306 1.327 7.742 7.789 -.047 

0.166 0.183 1.297 7.950 8.011 -.061 

0.373 0.412 1.243 8.039 8.125 -.086 

1.33 1.46 1.079 8.141 8.282 -.141 

2.63 2.96 .908 8.210 8.316 -.106 

5.13 6.08 .690 8.308 8.293 .015 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 20. Measured and Correlated pH of Water-
Ammonia Mixtures with .121 Mole of H?S 
and .126 Mole of C0 ? per Mole of NFU, 
80°C ù 0 

Ammonia3^ 
wt % 

C 0 2
a ) 

wt % 
H 2S a ) 

wt % 

0.00178 0. 000581 0.000430 

0.00401 0. ,00131 0.000968 

0.00902 0. ,00294 0.00218 

0.0542 0. 0176 0.0131 

0.122 0. 0397 0.0295 

0.275 0. ,0895 0.0664 

0.765 0. ,252 0.185 

2.78 0. 925 0.670 

5.70 1. ,90 1.39 

Ratio 
NH3/NH4 E±L 
(SWEQ) Meas. Correl. D i f f . 

1.962 7.737 7.783 -.046 

2.051 7.794 7.834 -.041 

2.675 7.816 7.992 -.176 

2.954 8.124 8.196 -.072 

2.977 8.264 8.306 -.042 

2.967 8.416 8.429 -.013 

2.889 8.609 8.589 .020 

2.740 8.787 8.777 .010 

2.622 8.901 8.858 .043 

Balance i s water 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE 21 . Measured and Correlated pH of Water-
Ammonia Mixtures with .188 Mole of H?S 
and .225 Mole of CO? per Mole of NH,7 

Ammonia3^ c o 2
a ) H2Sa> 

Ratio. 
N H 3 / N H 4 PH 

wt % wt % wt % (SWEQ) Meas. Correl. D i f f . 

0.00439 0.00236 0.00165 1.481 7.579 7.700 -.120 

0.00988 0.00530 0.00372 1.573 7.607 7.773 -.166 

0.0593 0.0318 0.0223 1.635 7.833 7.962 -.129 

0.133 0.0716 0.0502 1.643 8.020 8.074 -.054 

0.300 0.161 0.113 1.608 8.158 8.193 -.035 

1.08 0.581 0.406 1.522 8.336 8.387 -.051 

2.16 1.26 0.813 1.214 8.408 8.406 .002 

4.33 2.56 1.65 1.097 8.465 8.463 .002 

8.68 5.28 3.50 0.933 8.596 8.480 .116 

Balance i s water 
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TABLE 22
Ammonia Mixtures with .363 Mole of H ? S 
and .328 Mole of C0 o per Mole of N H L , 
80°C 

Ammonia3^ c o 2
a ) 

wt % 
H 2 S A ) 

Ratio 
N H O / N H / PH 

wt % 
c o 2

a ) 

wt % wt % (SWEQ) Meas. Correl. D i f f 

0.988 0.838 0.717 .4244 7.903 7.851 .052 

1.97 1.71 1.45 .3584 7.926 7.889 .037 

3.92 3.45 2.93 .2903 7.970 7.897 .073 

Balance i s water 
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f r e e N H 3 " n N H 3 

NHt 
4 

= α 

f r e e NH 3 = n N H 3 

N H 4
+ 

α 

NH 3 = τ . 
R ' P 

N H 4
+ « R 

- α 

±™1 (11 ) 

N NH3 

N N H 3 

= moles a c i d gas per mole N H 3 (12) 

T h i s e s t i m a t e d r a t i o can be improved by u s i n g the SWEQ computer 
program which t a k e s the i o n i z a t i o n o f NH 3 i n t o account a t low c o n 
c e n t r a t i o n s . For example i n Tab le 5, Equa t i on 12 g i v e s a N H 3 / N H J 
r a t i o o f 2 . 9 5 . T h i s agree
t r a t i o n s , but a t low c o n c e n t r a t i o n
the i o n i z a t i o n o f ammonia. In o r d e r to t a k e t h i s i o n i z a t i o n 
e f f e c t i n t o a c c o u n t , the SWEQ computer program has been used to 
c a l c u l a t e the N h L / N H ^ r a t i o s i n each t a b l e f o r use i n the 
smoothing f u n c t i o n . These c a l c u l a t e d r a t i o s a re t h e r e f o r e g i v e n 
i n each t a b l e , and the smoothing f u n c t i o n now i n v o l v e s a c o r r e l a 
t i o n o f the e q u i l i b r i u m c o n s t a n t g i v en by Equa t i on 9 as a f u n c 
t i o n o f t he c o n c e n t r a t i o n s o f the components . The r e s u l t i n g 
e q u a t i o n s a re the f o l l o w i n g . 

B\/(1 + R)( wt % NH 3 ) 
l o g 1 0 ( k ) = A + C + D>/(1 + R)(wt % NH 3 ) U 3 ) 

where A , B, C, and D = c o n s t a n t s 

R = ΝΤΓ+Η+ NH F R O M S W E Q P R ° 9 R A M 

4 3 
R = moles a c i d gas/mole NH 3 

wt % NH 3 = t o t a l we igh t p e r c e n t o f ammonia i n s o i n . 
Va lues o f t he parameters were found t o be as f o l l o w s . 

Temp. Parameter 
°C A Β C D 

25 9 .15 .178 1 0 
80 7.42 1.36 .9 1 

The f i r s t pa r ame te r , A , i s the pK a o f NH 3 wh ich can be compared 
w i t h l i t e r a t u r e d a t a ; the compar i son i s as f o l l o w s . 

Temp. pJC 
°C Meas. L U . ( 2 , 4 ) D i f f e r e n c e 

25 9 .15 9.25 - . 1 0 
80 7.42 7.84 - .42 
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From t h i s compar ison the agreement i s q u i t e good a t 25°C. At 
80°C the agreement i s not as good , but the l a r g e r d i f f e r e n c e i s 
not s u r p r i s i n g because both the measurements r e p o r t e d here and 
measurements i n the l i t e r a t u r e s u f f e r from measurement problems 
a t h i g h e r t e m p e r a t u r e s . However, i t would be s u r p r i s i n g i f the 
data r e p o r t e d here a re o f f by 0.4 u n i t because NBS recommended 
b u f f e r s o l u t i o n s a c c u r a t e t o + 0.01 pH u n i t ove r the t empera tu re 
range to 80°C were used . I f the data g i ven here a re r i g h t , i t 
p r o b a b l y means t h a t the d i s s o c i a t i o n c o n s t a n t o f ammonia a t 80°C 
i s about 0.65 χ 1 0 ~ 5 r a t h e r than 1.66 χ 1 0 " 5 computed from the 
e q u a t i o n o f Edwards and P r a u s n i t z (1_). 

D i f f e r e n c e s between measured and c o r r e l a t e d pH data a re 
g i v en i n each o f Tab les 4 t o 22 . No a t tempt was made to do a 
l e a s t - s q u a r e f i t o f the data so i n some cases d e v i a t i o n s between 
the c o r r e l a t i o n and the data can be r a t h e r l a r g e w i t h o u t any 
s i g n i f i c a n t e r r o r i n th d d a t a  N e v e r t h e l e s s f 
the d e v i a t i o n s a re l e s
data i n Tab le 14 on the pH o f NH3-H0O a t 80°C w i t h no a c i d gas 
p r e s e n t ; i n t h i s case the c a l c u l a t e d pH data depend h e a v i l y on 
the NH3/NH44" r a t i o g i ven by the SWEQ m o d e l . D i f f e r e n c e s up to 
0.797 pH u n i t i n d i c a t e the magni tude o f e r r o r i n the SWEQ model 
a t 80°C. S i m i l a r data a t 25°C i n Tab l e 3 a re b e t t e r p r e d i c t e d . 

The data i n Tab les 4 to 13 a t 25°C p l o t n e a r l y as v e r t i c a l 
l i n e s independent o f the wt % NH3 i n s o l u t i o n except f o r pure 
ammonia. At low c o n c e n t r a t i o n s the cu rves tend t o d e v i a t e b e 
cause o f the i o n i z a t i o n o f NH3 and w a t e r . I f the amount o f am
monia i n s o l u t i o n i s a p p r o x i m a t e l y known, these cu rves can be 
used to e s t i m a t e the moles o f a c i d gas per mole o f NH3 w i t h 
f a i r l y good a c c u r a c y . At 80°C the cu rves tend t o s l a n t more so 
the amount o f ammonia i n s o l u t i o n would have to be known more 
a c c u r a t e l y be fo re an e s t i m a t e o f the r a t i o o f a c i d gas t o ammonia 
c o u l d be made. A l s o we do not recommend the use o f a pH probe a t 
80°C as a c o n t r o l i n d i c a t o r because the response o f the probe i s 
more e r r a t i c , and p r e c i s e data a re d i f f i c u l t t o o b t a i n . The use 
o f an i n d i c a t o r probe a t 25°C seems more l o g i c a l because the o u t 
put i s more s t a b l e . 

One o b s e r v a t i o n t h a t can be made from the pH data i n Tab les 
4 to 22 i s t h a t the pH appears t o be a f f e c t e d about e q u a l l y by 
e i t h e r H2S o r CO2. T h i s r e s u l t can be seen from an exam ina t i on 
o f the p l o t s g i ven i n F i g u r e s 4 and 5. In these f i g u r e s the pH 
i s p l o t t e d ve r sus the moles o f a c i d gas per mole o f NH3 a t a 
f i x e d c o n c e n t r a t i o n o f 1.0 wt % NH3. The cu rves i n F i gu r e 4 
co r r e spond to r e s u l t s a t 25°C, and t he p l o t i n F i gu r e 5 c o r r e s 
ponds to r e s u l t s a t 80°C. The p o i n t s p l o t t e d i n these two f i g 
ures r e p r e s e n t smoothed v a l u e s o b t a i n e d from Tab l es 4 t o 2 2 . 
Data a t 25°C i n F i gu r e 4 c l e a r l y s e p a r a t e i n t o t h r e e d i s t i n c t 
cu rves a l t h o u g h the cu rves a re c l o s e t o g e t h e r . T h i s shows t h a t 
t h e r e i s some d i f f e r e n c e between the a c i d g a s e s , but not a l a r g e 
d i f f e r e n c e . The p o i n t s i n F i gu re 5 a t 80°C do not r e s o l v e i n t o 
s e p a r a t e cu r ves because t h e r e i s some s c a t t e r i n the p o i n t s . 
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Figure 5. The pH of LO wt % H2S-C02-NH^-H20 mixtures vs. acid gas loading 
at 80°C ((A) 100% CO,; Ο 100% H2S; (0)50:50 H2S/C02) 
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W i t h i n t h i s s c a t t e r , the t h r e e t ypes o f data appear to be c o r r e 
l a t e d by a s i n g l e c u r v e ; thus showing t h a t t h e r e i s not a g r ea t 
d i f f e r e n c e i n the e f f e c t o f the a c i d gases a t 80°C. 

In summary the f o l l o w i n g can be conc luded r e g a r d i n g the pH 
data i n Tab les 4 to 2 2 . 

1. The data can be c o r r e l a t e d u s i n g an e q u i l i b r i u m c o n s t a n t 
approach w i t h most d e v i a t i o n s be ing l e s s than + 0.1 pH 
u n i t . 

2 . The pK a o f ammonia d e r i v e d from these data agrees w i t h 
l i t e r a t u r e da ta w i t h i n 0.1 pH u n i t a t 25°C and 0.42 pH 
u n i t a t 80°C. 

3. The mo la r r a t i o s o f H 2 S/NrL o r C 0 2 / N H 3 have about equal 
e f f e c t s on the pH. At 25°C, CO^ appears to have a 
s l i g h t l y g r e a t e r e f f e c t . A s i m i l a r c o n c l u s i o n a t 80°C 
can be made excep
gases i s v i s i b l

4 . The pH probe i s more s t a b l e a t 25°C than a t 80°C. For 
t h i s reason i t i s recommended t h a t i f a pH probe i s used 
as a c o n t r o l senso r i n a p rocess t h a t i t be used a t 25°C 
so t h a t the response w i l l t end to be more a c c u r a t e . 

5. pH data a t 25°C i n Tab l es 4 to 13 can be used to e s t i 
mate the moles o f a c i d gas per moles o f NH 3 i n s o l u t i o n 
w i t h o n l y an approx imate knowledge o f the t o t a l amount 
o f NH 3 i n s o l u t i o n . 

Sodium Hydrox ide and Sodium A c e t a t e E f f e c t on NHg V o l a t i l i t y . 
Ammonia v o l a t i l i t y measurements a t v a r i o u s c o n c e n t r a t i o n s o f s o 
dium h y d r o x i d e and sodium a c e t a t e a t 80°C a re g i v en i n Tab les 23 
and 24 r e s p e c t i v e l y . Data on the e f f e c t o f sodium h y d r o x i d e were 
measured u s i n g an ammonia probe from Or ion Research Company. 
These measurements were reduced to NHo p a r t i a l p r e s s u r e measure 
ments u s i n g Equa t i on 2 g i v en above . In t h i s c a s e , the r e f e r e n c e 
s o l u t i o n i s the c o m p o s i t i o n reached at z e ro s a l t c o n c e n t r a t i o n a t 
t he bottom o f Tab le 2 3 . The ammonia p a r t i a l p r e s s u r e above t h i s 
s o l u t i o n can be i n f e r r e d from Tab le 1 where P N H 3 / w t % N H 3 a t 0.1 
wt % N H 3 has a v a l u e o f 1 . 2 3 . T h i s i n f o r m a t i o n g i v e s the f o l 
l o w i n g v a l ues f o r PjJ[jf- and m v r e f -

Pj^f- = 0.1005 χ 1.23 = 0.124 p s i a 
r e f . _ mv = -57 .3 mv 

These v a l u e s and the probe ou tpu t data i n Tab le 23 were s u b s t i t u 
t e d i n t o Equa t i on 1 to g i v e the p a r t i a l p r e s s u r e data g i v en i n 
Tab le 2 3 . 

The data i n Tab le 24 on the e f f e c t o f sodium a c e t a t e were 
measured i n the same manner as data i n Tab les 1 and 2 , so no a s 
sumpt ions about the ammonia probe behav io r were n e c e s s a r y . Th i s 
was done because r e a d i n g s from the NH 3 probe became e r r a t i c a f t e r 
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TABLE 23. Effect of Sodium Hydroxide Electrolyte 
on Ammonia V o l a t i l i t y at 80°C from Ammonia 
Probe Data 3) 

wt 
NH3 

% in Liquid 
NaOH 

3

Output 
mv 

PNH 3 

psia 
pNH3/wt 

psia 

0800 22.5 -57.1 .123 1.54 

0891 12.7 -57.5 .125 1.40 

0944 6.82 -57.3 .124 1.31 

0974 3.60 -57.2 .124 1.27 

0995 1.27 -57.3 .124 1.25 

1005 0 mv r e f=-57.3 b) 1.23 

a ^ 0 r i o n Research Company 

^This value of -57.3 mv was not d i r e c t l y measured, but i s a 
value obtained by extrapolating mv vs wt % NaOH to zero wt 
NaOH. 

r) 
'This p a r t i a l pressure for NFU was obtained from the NH3 

p a r t i a l pressure data in Table 2 at 0.1 wt % ίΙΗ3. The 
same r a t i o of P N H 3 / w ^ % NH3, uncorr. was used at .1005 wt % 
NH3 to give P j ^ as follows. 

P N H = 1.23 χ .1005 = .124 psia 
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TABLE 24. Effect of Sodium Acetate Electrolyte 
on Ammonia V o l a t i l i t y at 80°C from 
Flow Cell Data 

3  η *\ 
charge, wt % Liquid pNH 3

a ; 

NH3 NaAc wt % psia F N H ? M % 

.802 25 .781 1.838 2.35 
.734 1.778 2.42 
.684 1.712 2.50 
.644 1.620 2.51 

average .711 1.737 2.45 

.931 15 .992 1.812 1.83 
.975 1.817 1.86 
.959 1.796 1.87 
.942 1.756 1.86 

average .967 1.795 1.86 

.931 5 .995 1.381 1.39 
.985 1.411 1.43 
.974 1.405 1.44 
.964 1.380 1.43 

averaqe .980 1.394 1.42 

1.00 0 .973 1.246 1.28 average from 
Table 2 

^Sampled at 20 psia 
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the measurements a t 80°C on the e f f e c t o f sodium h y d r o x i d e . 
These da ta were measured a t about 1 wt % NH 3 i n the l i q u i d phase 
i n s t e a d o f 0.1 wt % NH 3 used f o r the NaOH measurements . For t h i s 
reason they do not e x t r a p o l a t e to the same v o l a t i l i t y r a t i o a t 
ze ro c o n c e n t r a t i o n o f e l e c t r o l y t e . When c o r r e c t i o n i s made f o r 
i o n i z a t i o n and s o l v e n t e f f e c t s o f ammonia, then the two i n t e r 
c ep t s a g r e e . 

From the data i n Tab les 23 and 2 4 , the f o l l o w i n g can be con-
c l u d e d . 

1. The v o l a t i l i t y o f ammonia can be s i g n i f i c a n t e l y a f f e c t e d 
by h igh c o n c e n t r a t i o n s o f d i s s o l v e d i ons i n the l i q u i d 
phase . In sodium a c e t a t e the v o l a t i l i t y i n c r e a s e s by a 
f a c t o r o f 1.9 a t 25 wt % o f s a l t . In sodium h y d r o x i d e 
the v o l a t i l i t y i s enhanced to a l e s s e r degree w i t h an 
i n c r e a s e o f 1.2
produce i ons w i t
e f f e c t s on the v o l a t i l i t y o f ammonia a re s i g n i f i c a n t l y 
d i f f e r e n t . Thus the e f f e c t s o f v a r i o u s i o n i c components 
must be s t u d i e d i n d i v i d u a l l y i n o r d e r to de te rmine t h e i r 
e f f e c t on the v o l a t i l i t y o f N H 3 . 

2 . At the low i o n i c c o n c e n t r a t i o n s encounte red i n sour wa
t e r s t r i p p e r s , the e f f e c t o f d i s s o l v e d i o n s i s p r o b a b l y 
s m a l l . Thus a t a 1% c o n c e n t r a t i o n o f sodium a c e t a t e the 
v o l a t i l i t y o f ammonia o n l y i n c r e a s e s about 2 .5% due to 
the s a l t . T h i s i s w i t h i n the p r e d i c t i o n a c c u r a c y o f the 
ammonia v o l a t i l i t y data and no c o r r e c t i o n i s t h e r e f o r e 
r e q u i r e d . However s i g n i f i c a n t i o n i c e f f e c t s c o u l d e x i s t 
i n the condenser where h igh c o n c e n t r a t i o n s o f the i o n i c 
components c o u l d e x i s t . 

Summary and C o n c l u s i o n s 

Ammonia p a r t i a l p r e s s u r e data have been de te rmined a t c o n 
c e n t r a t i o n s from 10 ppm up to 5 wt % i n water a t t empera tu res o f 
80 and 120°C. The pH o f NHo-H 2 S-C0 2 -H 2 0 m i x t u r e s have a l s o been 
measured a t 25 and 80°C. A l s o the e f f e c t s o f sodium h y d r o x i d e 
and sodium a c e t a t e on ammonia v o l a t i l i t y da ta have been measured 
a t 80°C. V a r i o u s c o n c l u s i o n s made from the data a re as f o l l o w s . 

1. The v o l a t i l i t y o f N H 3 a t ppm l e v e l s can be c a l c u l a t e d 
from the i o n i z a t i o n cons t an t o f ammonia combined w i t h 
v o l a t i l i t y data measured at h i g h e r c o n c e n t r a t i o n s o f 
ammonia. 

2 . The v o l a t i l i t y o f ammonia a t 80 and 120°C i s about 5% 
h ighe r than i s now p r e d i c t e d by the SWEQ m o d e l . 

3. The v o l a t i l i t y o f ammonia can be s i g n i f i c a n t l y a f f e c t e d 
by h i g h c o n c e n t r a t i o n s o f d i s s o l v e d i o n s i n the l i q u i d 
phase . U n f o r t u n a t e l y the e f f e c t v a r i e s depending on the 
t ypes o f i ons i n s o l u t i o n . Sodium a c e t a t e produces a 
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much l a r g e r enhancement i n the v o l a t i l i t y than i s p r o 
duced by sodium h y d r o x i d e . 

4 . At the low i o n i c c o n c e n t r a t i o n s encounte red i n sour wa
t e r s t r i p p e r s , the e f f e c t o f d i s s o l v e d i ons i s p r o b a b l y 
s m a l l . A 1% c o n c e n t r a t i o n o f sodium a c e t a t e o n l y e n 
hances the v o l a t i l i t y o f ammonia by about 2 . 5 % . H igh 
i o n i c c o n c e n t r a t i o n s i n the condenser may produce b i g g e r 
e f f e c t s . 

5. Measured pH data on NH3-H2S-CO2- H 2 0 m i x t u r e s can be c o r 
r e l a t e d u s i n g an e q u i l i b r i u m c o n s t a n t approach w i t h most 
d e v i a t i o n s be ing l e s s than + 0.1 ρ H u n i t . 

6 . The pK a o f ammonia d e r i v e d from the pH data agrees w i t h 
l i t e r a t u r e data w i t h i n 0.1 pH u n i t a t 25°C. At 80°C the 
agreement i s not as good w i t h a d i f f e r e n c e o f 0.42 pH 
u n i t . 

7. HoS and CO? hav
COo-NHo-H^O m i x t u r e
e f f e c t a t 25°C. 

8. pH measurements a t 25°C tend t o be more r e l i a b l e than 
data a t h i g h e r t empera tu res because the ou tpu t from the 
probe i s more s t a b l e a t 25°C. For t h i s reason i t i s 
recommended t h a t i f a pH probe i s used as a c o n t r o l s e n 
so r i n a p rocess t h a t i t be used a t 25°C. 

9. Measured pH data on H0S-CO0-NH3- H 2 0 m i x t u r e s a t 25°C can 
be used to e s t i m a t e the moles o f a c i d gas per mole o f 
ammonia i n s o l u t i o n w i t h o n l y an approx imate knowledge 
o f the t o t a l amount o f ammonia i n s o l u t i o n . 

1 0 . C e r t a i n t ypes o f r e f e r e n c e e l e c t r o d e s a re found to be 
more s u i t a b l e than o t h e r s when d e t e r m i n i n g the pH o f 
s o l u t i o n s c o n t a i n i n g H2S. Recommendations r e g a r d i n g 
v a r i o u s e l e c t r o d e s a re g i v e n i n the t e x t o f the pape r . 
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Predicting Vapor-Liquid-Solid Equilibria in 
Multicomponent Aqueous Solutions of 
Electrolytes 

JOSEPH F. ZEMAITIS, JR. 

OLI Systems, Inc., 15 James Street, Morristown, NJ 07960 

It is evident from
result of recent requirement
process wastewater streams, improved techniques for predicting 
the vapor-liquid-solid equilibria of multicomponent aqueous 
solutions of strong and/or weak electrolytes are needed. In 
addition to the thermodynamic models necessary for such 
predictions, tools have to be developed so that the engineer or 
scientist can use these thermodynamic models correctly and with 
relative ease. 

Within the past few years the advances made in hydrocarbon 
thermodynamics combined wtih increased sophistication in computer 
software and hardware have made it quite simple for engineers to 
predict phase equilibria or simulate complex fractionation towers 
to a high degree of accuracy through software systems such as 
SSI's PROCESS, Monsanto's FLOWTRAN, and Chemshare's DISTILL among 
others. This has not beem the case for electrolyte systems. 

For processes involving electrolytes either directly or 
indirectly, the techniques used have relied heavily on 
correlations of limited data which are often embedded into design 
techniques where inexact extrapolations are the rule rather than 
the exception. Hampering the improvement of design tools to a 
level comparable to that for hydrocarbons have been several 
restrictions such as: 

ο The lack of good simple data for strong and/or weak 
e l e c t r o l y t e s . 

ο U n t i l recently, there was no need to reduce pollutant 
levels to the ppm range. 

ο A lack of understanding of e l e c t r o l y t e thermodynamics 
with regards to the need to s a t i s f y the ionic e q u i l i 
b r i a and e l e c t r o n e u t r a l i t y expressions for the p a r t i c u 
l a r set of species of in t e r e s t . This one point has 
negated many design approaches proposed i n the past. 

0-8412-0569-8/80/47-133-227$05.00/0 
© 1980 American Chemical Society 
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o The lack of a suitable thermodynamic framework for 
el e c t r o l y t e s over a wide range of concentrations and 
temperatures. 

ο Mistaken approaches to data gathering, leading to the 
c o l l e c t i o n of considerable data in doped solutions to 
hold ionic strength constant. 

Recognizing these problems while forseeing the need for a 
new tool useful for aqueous systems by users in a wide va r i e t y of 
applications we began i n 1974 to forge the proper tools. We were 
fortunate to sta r t at that time and not fi v e years sooner since 
i t was during the early 1970's when a resurgence in work in the 
area of e l e c t r o l y t e thermodynamics started being published by 
several of our symposium's distinguished p a r t i c i p a n t s . 

In t h i s paper I w i l
are continuing to develo
describe the basic thermodynamic framework which we have 
synthesized *nd how this framework is implemented into a computer 
software system that: 

ο Predicts the v a p o r - l i q u i d - s o l i d equilibrium of m u l t i -
component aqueous systems. 

ο Allows the user to expand the system's data bank through 
a series of programs to reduce raw data and regress to 
f i t the thermodynamic framework of the system. 

ο Allows the user to further exnand the da*-a ava i l a b l e 
through a series of estimating and/or extrapolating 
programs when l i t t l e or no data are av a i l a b l e . 

ο Solves complex systems and predicts r e s u l t s as a function 
of temperature or concentrations in order to develop 
phase diagrams or study the effects of various levels of 
certa i n constituents. 

ο Incorporates the thermodynamic framework and associated 
data estimation techniques into multistage multicomponent 
f r a c t i o n a t i o n tower software for the design and/or 
simulation of sour water s t r i p p e r s , n i t r i c acid towers, 
amine scrubbers or any other tower where ionic e q u i l i b r i a 
and/or reactions occur. 

To i l l u s t r a t e the power of the general purpose tools we have 
developed, I w i l l describe the applica t i o n of our software to two 
systems. F i r s t , since most of the participants in this session 
are using i t as an example, and because i t is important, I w i l l 
give some of our results for the N H 3 - C O 2 - H 2 O system. Secondly, 
to i l l u s t r a t e the prediction of combined v a p o r - l i q u i d - s o l i d 
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e q u i l i b r i a and the effect of high ionic strengths, I w i l l present 
some of our resu l t s for an int e r e s t i n g system, that of 
FeCl 2-HCl-H 20. 

In r e f e r r i n g to the computer software system which I 
developed, the acronym ECES w i l l be used. ECES s i g n i f i e s the 
Equilibrium Composition of E l e c t r o l y t e Systems. 

Thermodynamic Framework 

In developing the thermodynamic framework for ECES, we 
attempted to synthesize computer software that would c o r r e c t l y 
predict the v a p o r - l i q u i d - s o l i d e q u i l i b r i a over a wide range of 
conditions for multicomponent systems. To do thi s we needed a 
good basis which would make evident to the user the chemical and 
ionic e q u i l i b r i a present in aqueous systems. We chose as our 
cornerstone the law of
product of the a c t i v i t i e
to the power indicated by i t s numerical c o e f f i c i e n t , divided by 
the product of the a c t i v i t i e s of the reactants, each raised to a 
corresponding power, is a constant at a given temperature." 

If the user writes a simple mass balance for the s o l u b i l i t y 
e q uilibrium or ionic equilibrium such as - the reaction of b 
moles of Β with c moles of C has come to equi l i b r i u m with the 
product of d moles of D and e moles of E, then the mass balance 
is given by 

bB + cC = dD + eE (1) 

and the law of mass action states at equilibrium 
d e , b c T r / 0 x 

where Κ i s the thermodynamic equilibrium constant for the 
temperature of in t e r e s t . The thermodynamic equilibrium constant 
can be rea d i l y calculated at any temperature i f we can evaluate 
the standard free energy of formation for the reaction expressed 
by equation (1) at the temperature desired. 

Such computations can be done rather e a s i l y i f we have 
avai l a b l e information on the standard free energy of formation, 
the heat of formation, and standard heat capacities for each of 
the constituents of our equilibrium equation. A considerable 
amount of this type of data is available in compilations 
published by the National Bureau of Standards (I) and others. 
Such information has been stored within a database in the ECES 
system. Then, using user input in the form of equation (1), ECES 
writes the expression for computing the thermodynamic equilibrium 
constant as a function of temperature to a f i l e where i t w i l l 
eventually become part of a program to solve the many e q u i l i b r i a 
that might describe a complex system. 

In order to describe f u l l y the system, methods for 
evaluating the a c t i v i t i e s of the various species in equation (2) 
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must be used. For an e l e c t r o l y t e solution the a c t i v i t y of an 
i n d i v i d u a l ionic species i s given by 

a. = γ . m. / 0 n i T i i (3) 
where the a c t i v i t y of the species i s based on the hypothetical 
i d e a l s o l u t i o n of unit m o l a l i t y . The mo l a l i t y of the ion i is 
defined by m£ equal to the number of gram-moles of ion in 1000 
grams of water. 

For a pure s a l t dissolved in water i t is not feasible to 
determine the a c t i v i t y c o e f f i c i e n t , , for the cation and 
anion separately so that the mean a c t i v i t y c o e f f i c i e n t concept 
has been defined for a s a l t 1 s cation-anion pair as 

γ ! = ( γ + + + γ _ / " ) 7 ^ Γ 7 - (4) 
The mean a c t i v i t y

expressing e l e c t r o l y t e dat  compilation
experimental data such as Hamer and Wu (2̂ ) or in predictions 
based on extensions to the Debye-Huckel model of e l e c t r o l y t e 
behavior. Receni-ly several advances i n the prediction and 
co r r e l a t i o n of mean a c t i v i t y c o e f f i c i e n t s have been presented i n 
a series of papers s t a r t i n g in 1972 by P i t z e r C3), Meissner (4), 
and Bromley (_5 ) among others. 

As the basis for predicting ionic a c t i v i t y c o e f f i c i e n t s we 
chose to adoptait empirical modification of Bromley's (_5) 
extension of the Debye-Huckel model. The mean a c t i v i t y 
c o e f f i c i e n t of a pure s a l t in water is given by 

logV + = - A ^ V Ι χ 1 / 2

 + (0-06+0-6B) | z V | + B I + C I 2 + M 3 ( 5 ) 

1 + I 1 / 2 ( l + A l 2 L ) 2 

k V ι 
where A is the Debye-Huckel parameter, a function of temperature, 
and B, C, D are empirical c o e f f i c i e n t s which are functions of 
temperature and of the s a l t in question. We chose the Bromley 
form due to the fact that Bromley's version of equation (5) which 
neglected the polynomial terms established a basis for predicting 
the c o e f f i c i e n t Β for s a l t s where no data was available that 
would give reasonable results to ionic strengths, I, of about 6 
mo 1*1. 

The t y p i c a l system for which the equilibrium composition is 
desired however does not contain a single s a l t i n solution but 
more usually the equivalent of several s a l t s i n solut i o n . In 
addition, the a c t i v i t i e s required i n equilibrium expressions 
a r i s i n g from the law of mass action are single ion a c t i v i t i e s or 
in general, single ion a c t i v i t y c o e f f i c i e n t s . And, we are 
interested i n the ionic a c t i v i t y c o e f f i c e i n t of each species in a 
multicomponent system. 
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As our basis we chose the Bronsted-Guggenheim (6) equation 
for the mean a c t i v i t y c o e f f i c i e n t χ of the e l e c t r o l y t e 
in a solution of several e l e c t r o l y t e s having cation R and anion 
X. The mean a c t i v i t y c o e f f i c i e n t Y ̂  i s given by 

^ R , X = + ^ P R j x l V 

! + I l / 2 
(6) 

+ Σ 3 m 
• ++•- R1 R 1,x 1 R 1 

I f we take the logarithm of equation (4) and apply the rules of 
logs we obtain 

(/+ +/-) logy

Which i f we combine with equation (6) we can develop a d e f i n i t i o n 
of the a c t i v i t y c o e f f i c i e n t of a single ion in a multi-ion 
s o l u t i o n as , . 

1 0 8 „ = +Σι β„ ι m ι (8) 
Κ . χ Κ,χ χ 

ι + ι Α / ζ 

A common f a i l i n g of e a r l i e r work on multicomponent solutions was 
to consider the 3 R,x to be a constant for each s a l t . As Bromley 
(_5) pointed out, the equations developed from the 
Bronsted-Guggenheim approach to multicomponent equations are only 
exact i f PR,χ is constant, the basic equations are reasonable 
exact i f 3R,x is a slowly varying function of concentration and 
Harned's Rule (1) for mixed e l e c t r o l y t e s through an empirical 
c o r r e l a t i o n does show such of an e f f e c t . 

For ECES as our basis of developing a concentration dependence 
for the i n t e r a c t i o n c o e f f i c i e n t we equated equation (5) to the 
alternate expression ^ 2 

1 + I 
and developed the following expression for the i n t e r a c t i o n 
c o e f f i c i e n t of a cation-anion pair: 

G R X . ( 0 . 0 6 * 0.6B)| « V | + B p 2 (10) 
Rx Kx Kx 

(1 + 1.5 I j2 
I z + z I 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



232 T H E R M O D Y N A M I C S O F A Q U E O U S S Y S T E M S W I T H I N D U S T R I A L A P P L I C A T I O N S 

which i s used in Bromley's form of the Bronsted-Guggenheim 
equation 

1/2 
= -AjzV|l 1 / Z ^ /R l o g v D = " " ' * + _ J L ^ Σ , 6 ! „ x

2 m i 
6 1 Rx . ,„ x 1 Tt.x 1 R.x 1 x 1 

1 + I /R /x 

/ r V x V R \ X R \ X 2 "V (11) 

Z R + zx 
where Z R X

 = 2 This is our basic expression 
for the a c t i v i t y c o e f f i c i e n t of an ion i n a multicomponent 
s o l u t i o n , the result for the a c t i v i t y c o e f f i c i e n t of a cation is 
g i v e n b y >z ι 1/2 

- A I V

L 0 G Y R 1 + R 1/2 Σ χ 1 ^ R . x 1 ' R . X 1 V (12) 

where the?R,x^ are given by equation (10) and are functions 
of concentration and temperature. 

The a c t i v i t y of the solvent (water) i n a solution of pure 
e l e c t r o l y t e dissolved in water can be computed by application of 
the Gibbs-Duhem equation: 

-55.51 d ( l n a w ) = (/+ + /_)m d(ln (γη)) (13) 

which can be integrated upon s u b s t i t u t i o n of equation (5) to 
give: 

2 I + 4.606 -A| Z + Z |[(1+I 1 / 2) 
ζ z + I I z + z I 

-2 ln (1 + I 1 / 2 ) - 1/(1 + I 1 / 2 ) ] + (0.06 + .6B) l| z + z | 
0775 

1 + 3 I/(| z V j) _ In (1 + 1,5I/| z V | ) 
(1 + 1.5I/<| z V | ) ) 2 1.5I/| z V f 

+ Β I 2/2 + 2C I 3/3 + 3D I 4/4 (14) 

For multicomponent s a l t solutions, the integration of 
equation (13) can be quite horrendous and Meissner and Kusik (8^) 
proposed a simplication which is exact for solutions containing 
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ions of the same charge magnitude and is a f i r s t order 
approximation for solutions of ions of various charge magnitude. 
This formulation was adopted into the ECES framework p a r t i c u l a r l y 
a f t e r evaluations of various expressions by Sangster and Lenzi 
(9) showed the s u i t a b i l i t y of this approach. Meissner and 
Kusik's (_8) expression for the computation of the a c t i v i t y of 
water as adopted for use in our thermodynamic framework becomes 

1 
ln(a ) . = x v Σ Rx1 ln(a )_ ι + Σ τ Rl

x l n ( a ) R !x w mix T/I x w Rx R w 
where j ν 2 / i p \ 

X I " R 1 Z R 1 V a n d * I = χ 1 Z x 1 V ( 1 5 ) 

For non-electrolytes in solutions of e l e c t r o l y t e s the 
prediction of a c t i v i t y c o e f f i c i e n t s for these species is not 
nearly as advanced. Mos
well-known Setschenow equation

ο 1 
log IT = log S i = K SC S (16) 

where Si° i s the s o l u b i l i t y of the non e l e c t r o l y t e in pure water, 
S i the s o l u b i l i t y in the s a l t s o l u t i o n , K s i s a parameter which 
i s dependent on the p a r t i c u l a r s a l t and C g i s the s a l t solution 
concentration. Since l i t t l e information is available for the 
pre d i c t i o n of K s, except for recent attempts using scaled 
p a r t i c l e theory or empirical data as summarized in the review 
a r t i c l e by Long and McDevit (10), or for multicomponent e f f e c t s , 
attempts to develop correlations or predictions of the a c t i v i t y 
c o e f f i c i e n t of a non-electrolyte in a multicomponent system 
follow approaches s i m i l a r to those outlined by Edwards, Newman 
and Prausnitz (11). 

Within the ECES framework the a c t i v i t y c o e f f i c i e n t of a 
non-electrolyte is given by the following expression: 

In (Yi) 2 ^ β χ mx 

where è j_ i s an empirical molecule i n t e r a c t i o n parameter and 
g x i s an empirical ion int e r a c t i o n parameter. These parameters 
are found by either data evaluation or proprietary c o r r e l a t i o n s . 
At present no temperature or concentration dependencies are 
incorporated into these inter a c t i o n parameters as they are into 
s i m i l a r ion-ion i n t e r a c t i o n parameters. 

I have outlined the basic thermodynamic framework we adopted 
and in many cases where we have extended the work of several of 
the researchers present at thi s svmposium. The p a r t i c u l a r 
structure was chosen for several reasons including the 
following: 

ο In most cases, state of the art techniques are used. 

ο The p a r t i c u l a r structure is wel l - s u i t e d for imbedding 
into a sophisticated tool which w i l l be easy to use. 
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o Using the a c t i v i t y c o e f f i c i e n t concept makes the 
r e s u l t i n g model for a p a r t i c u l a r system easy for an 
engineer or s c i e n t i s t to understand. 

ο P a r t i c u l a r formulations were chosen since data regression 
where required w i l l be r e l a t i v e l y s t r a i g h t forward. 

ο The formulations chosen also enabled the development of 
parameter estimating techniques for the usual case of 
i n s u f f i c i e n t pure s a l t data. 

Certain weaknesses are obvious, these include: 

ο For ion int e r a c t i o n s , a p p l i c a t i o n of the Bronsted 
assumption, that is only interactions between oppositely 
charged ions. 

ο For ion a c t i v i t y c o e f f i c i e n t s , currently o effects o
non e l e c t r o l y t e s on the ion a c t i v i t y c o e f f i c i e n t s . 

ο For ion a c t i v i t y c o e f f i c i e n t s , no high order 
in t e r a c t i o n s . 

ο For water a c t i v i t y predictions in multicomponent 
solutions, the same objections as applied to ions as w e l l 
as a f i r s t order approximation to unsymmetrical 
e l e c t r o l y t e s . 

ο For non e l e c t r o l y t e s , a simple temperature independent 
f i r s t order effect with respect to ion-molecule 
interactions only. 

Despite these apparent weaknesses, within the context of a 
general purpose system for predicting the v a p o r - l i q u i d - s o l i d 
e q u i l i b r i a of multicomponent aqueous solutions, ECES as a tool 
succeeds remarkably w e l l as w i l l be seen in a few i l l u s t r a t i o n s 
a f t e r the following description of the software structure and 
use. 

Overall Structure of the ECES System 

In developing a tool for describing e l e c t r o l y t e e q u i l i b r i a 
we defined as our objectives those given in the introduction to 
thi s paper and summarized as: 

ο The a b i l i t y to expand the databank through experimental 
data analysis and regression 

ο The a b i l i t y to estimate data and b u i l d a suitable 
databank when l i t t l e or no experimental data i s 
available 
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ο The a b i l i t y to solve complex systems for s p e c i f i c 
parameter studies (phase diagrams) 

ο The a b i l i t y to predict v a p o r - l i q u i d - s o l i d e q u i l i b r i a in 
multistage multicomponent systems ( i e., s t r i p p e r s , 
etc. ) 

A l l of these objectives are to be met in a computer software 
system that i s user oriented. 

To do t h i s , we developed a computer software system composed 
of several major program blocks. These programs and t h e i r 
functions are: 

Program Builder - This block of programs takes the user 
description of the multicomponent system including a l l 
chemical and ionic

a) writes a complete model description suitable for 
solving a single stage flash where the user species 
i n l e t concentrations of species and temperature and 
pressure. 

b) writes a complete set of subroutines for l i n k i n g to a 
fractionator program designed to handle e l e c t r o l y t e 
systems. 

Which ever path is followed, the thermodynamic framework 
which I e a r l i e r described is used as the basis along with 
data obtained from a large data-base created by using the 
Data Regression Program Block or Data Estimation Block, to 
f i n a l l y describe the system. 

Program Generator (ASAP) - This block of programs u t i l i z e s 
the complete model description created by the program 
generator to automatically write and compile a FORTRAN 
program to solve various forms of single stage f l a s h 
problems or parameter study problems. 

Case Run Block - This program group is used to solve the 
r e s u l t i n g program for the Program Generator. Imbedded i n i t 
are h e u r i s t i c s to take user input data and solve the complex 
models by a sophisticated Newton-Raphson technique. 

FRACHEM Block - This block of programs is linked to the 
subroutine created by the Program Generator to solve 
multistage e l e c t r o l y t e towers which are not lim i t e d to being 
i n complete chemical e q u i l i b r i a . The FRACHEM Block and 
applications are described separately i n a recent paper ( 1 2 ) . 
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Data Entry Block - This group of programs is used to 
evaluate and regress experimental data into the form 
suit a b l e for use by the Program Builder Block. 

Data Estimation Block - This group of programs allows the 
user to create species entries for e l e c t r o l y t e species where 
l i t t l e or no data is av a i l a b l e . Unfortunately, for many 
experimental systems of interest there i s often l i t t l e or no 
suitable data on the pure s a l t and i t s behavior in aqueous 
so l u t i o n . Within this block we have incorporated several 
proprietary correlations that draw on and extend parameter 
estimating procedures as proposed by Bromley (_5), Edwards, 
Newman and Prausnitz ( 11), Meissner and Kusik ( 8 ) , Criss and 
Cobble (13). These programs range from estimate procedures 
for Bromley Β in t e r a c t i o n parameters, through temperature 
dependence estimations and extrapolation techniques 
incorporating the

In the next section of this paper, I have looked at the 
ap p l i c a t i o n of ECES system to two problems and b r i e f l y describe 
the user input and ECES r e s u l t s . 

Using the ECES System to Predict Vapor Liquid E q u i l i b r i a 
(NH^-C0 7-H 90) 

An important system in i n d u s t r i a l p o l l u t i o n control is the 
N H 3 - C O 2 - H 2 O system. This e q u i l i b r i a represents a good test 
for the ECES system because data is available on the vapor 
pressures of NH3 and C O 2 over various compositions for a 
range of temperatures. Furthermore, there is a lack of data on 
some of the pure s a l t s that are inherent in this system and data 
estimates are necessary. To complete thi s t e s t , t h i s system 
involves both weak and strong e l e c t r o l y t e s . 

To use the ECES Program Builder, the user creates 
computer input as shown in Figure 1. The input consists of 
three parts: The names of the components in the i n l e t 
stream to the flash u n i t , the names of the species present 
in a l l the outlet streams - vapor, aqueous, or s o l i d s , and 
the chemical and/or ionic e q u i l i b r i a of in t e r e s t . From this 
input the Program Builder Block using the imbedded 
thermodynamic framework described e a r l i e r writes the model 
description as given i n Figure 2. 

Upon examining this model which is written i n 
e s s e n t i a l l y textbook notation, the following equations may 
be found : 
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Model Eq. 1 - Expression for B j ^ referred to i n 
a c t i v i t y c o e f f i c i e n t equations as SE(l,x) 
where χ is a code number for a p a r t i c u l a r 
cation-anion p a i r . 

2 - Expression for l n i a w ) ^ , referred to in 
eq. 8 as SE(z,x) 

3 - Expression for X j , referred to in eq. 8 as 
SE(3) 

4 - Expression for Y-j-

5 - Expression for Debye-Huckel term 

6 - Summatio f βΐ^ΐ fo  i  a c t i v i t
c o e f f i c i e n

7,9,10,11,15,19, and 21 - Equili b r i u m expressions 
developed from user input of mass law balance 
expressions 

8 - Expression to calculate a c t i v i t y of water 

12,13,16,17,20, and 22 - Expressions for 
predicting the a c t i v i t y c o e f f i c i e n t s of 
ind i v i d u a l ions. 

14 and 18 - Expressions for predicting the a c t i v i t y 
c o e f f i c i e n t s of the molecules in s o l u t i o n 

24 - D e f i n i t i o n of ionic strength 

25 - D e f i n i t i o n of E l e c t r o n e u t r a l i t y 

26 and 27 - Elemental balances written automatically 
u n t i l phase rule s a t i s f i e d 

28 -Balance on gas phase - low pressure version 
ideal gas behavior assumed 

These expressions were developed automatically from the 
user input and the embedded thermodynamic framework. In addition 
a separate routine was written to compute the equilibrium 
constants as a function of temperature and the B,C, and D 
co e f f i c i e n t s for each s a l t pair. I f in the associated ECES 
database, c e r t a i n species were not already present, a message 
such as 
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NH4NH2C02PPT NOT IN DATABASE 
HNH2C02PPT NOT IN DATABASE 

would be printed as indeed was the case during the f i r s t attempt 
to create t h i s model. This message indicates that there is no 
pred i c t i o n of the a c t i v i t y c o e f f i c i e n t of pure NH4NH2C02 i n 
water, for example. The user has two options - either to 
continue i n which case the ^ for these s a l t pairs w i l l be 
computed by the expression 

0.06 
(1+1.51)" 

or to either obtain data or use the Estimation Block to obtain 
parameter estimates to be stored i n the data bank. The l a t t e r 
was adopted here. 

A f t e r the model i
compiled. At executio
f l e x i b i l i t y and we chose to predict the bubble point pressure for 
a fixed temperature and sp e c i f i e d t o t a l svstem composition i n 
order to compare some of our results with the data of Otsuku 
(14). Figure 3 presents the results for a system composed of 
10.14 wt% C0 2 and NH3 at a temperature of 80° where the 
%C0 2 i n the C0 2 and NH3 was varied. 

Of considerable interest would be the ECES results at the 
35% C0 2 point i n which we can see the predicted a c t i v i t y 
c o e f f i c i e n t s of the species and the concentrations of the species 
on s o l u t i o n . 

calculated. , , , . x oncentrat10ns ( m o l a l i t y ; 
NH 4

+ 0.9269 
H + 3.514 x 10" 9 

OH" 1.560 x 10" 4 

HCO3" · 2 0 7 2 

C 0 3
2 .01923 

NH3aq 2.672 
C0 2aq 4.672 χ 10" 4 

A c t i v i t y C o e f f i c i e n t s 

NH3aq 1.094 
C0 2aq 1.116 
NH 4

+ .4986 
OH" .6521 
H + .6764 
H C O 3 - · 5 0 0 5 

NH 2C0 2" .4874 
C0 3" 2 .1460 

A c t i v i t y 

H 20 0.9738 
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INPUT 
H 2 0 I N 
NH3IN 
C 0 2 I N 
S P E C I E
H20VA
NH3VAP 
C02VAP 
NH3AQ 
C02AQ 
NH4I0N 
OHION 
HION 
HC03ION 
C 0 3 I 0 N 
NH2C02I0N 
E Q U I L I B R I U M 
H20VAP = H20 
NH3VAP = NH3AQ 
C02VAP = C02AQ 
NH3AQ + H20 = NH4I0N + OHION 
C02AQ + H20 = HION + HV03ION 
HC03ION = HION + C03ION 
NH2C02ION + H20 = NH3AQ + HC03ION 
H20 = HION + OHION 

Figure 1. Input to ECES to describe NH3-C02-H20 problem 
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1 (.06+0.6*B(I1))*Z(II)/(1+1.5/Z(ll)*l)**2+B(ll)+C(ll)*I+D(11*1* 
*2 

2 -1/55.51*(2*I/Z>(ll)+4.606/Z(ll)*(-CON1*Z(I1)*(( 1+1**0.5)-2*ALOG 
(1+1**0.5)-./(1+1**0.5))+(0.06+0.6*B(I1))*I*Z(ll)*((1+3*I/Z(l 
l ) ) / ( ( 1+1.5*I/Z(I1))**2)-(AL0G(1.5*I/Z(I1)+1))/(1.5*I/Z(I1))) 
/0.75+ B ( l l ) * ( l * * 2 ) / 2 + 2 * C ( l l ) * ( l l ) * ( l * * 3 ) / 3 + 3 * D ( l l ) * ( l * * 4 ) / 4 ) ) 

3 1*NH4I0N+1*HI0N 
4 1*0HI0N+1*HC03ION+4*C03I0N+1*NH2C02ION 
5 -CON1*I**0.5/(1+1**0.5) 
6 0.01132*NH4ION-0.0388*HION+0.09425*OHION+0.02616*HCO3ION+0.1252 

8*00 3ION+0.04492*NH2C02ION 
7 KH2OVAP-AH2O/PH2O=0 
8 ALOG(AH 20)-1/(SE(3)*SE(4))*(NH410N*0HI0N*SE(2,1)+NH410N*HC03ION 

*SE(2,2)+NH4ION*4*C03ION*SE(2,3)+NH410N*NH 2C02ION*SE(2,4)+HION 
*HC0 3ION*SE(2,5))-l/(SE(3)*SE(4))*(HION*4*C03ION*SE(2,6)+HION 
*NH2C 02ION *SE(2 ,7))=

9 KNH3VAP-ANH3AQ*NH3AQ/PNH3=
10 KCO2VAP-ACO2AQ*CO2AQ/PCO2=0 
11 KNH3AQ-1/(AH20(*ANH4I0N*NH4ION*AOHION*OHION/(ANH3AQ*NH3AQ)=0 
12 ALOG10(ANH4ION)-(1)**2*SE(5)-(SE(1,1)*OHION+SE(1,2)*HC03ION N+S 

E(A+SE( 1,3) *CO3ION*3**2/4+SE(l,4)*NH2CO2ION)=0 
13 ALOG10(AOHION)-(1)**2*SE(5)-(SE(1,1)*NH4ION)=0 
14 ALOG(ANH3AQ)+.0084*I-2*SE(6)=0 
15 KCO2AQ-l/(AH2O)*AHION*HION*AHCO3lON*HCO3lON/(ACO2AQ*CO2AQ)=0 
16 ALOG10(AHION)-(1)**2*SE(5)-(SE(1,5)*HC03ION+SE(1,6)*C03ION*3**2 

/4+S E(l,7)*NH2CO2ION)=0 
17 ALOG10(AHC03ION)-(1)**2*SE(5)-(SE(1,2)*NH4ION+SE(1,5)*HION)+0 
18 ALOG(AC02AQ)-0.01300*I-2*SE(6)=0 
19 KHCO3ION-ACO3ION*AHION/AHCO3ION*CO3lON*HION/HCO3ION=0 
20 ALOG10(AC03ION)-(2)**2*SE(5)-(SE(1,3)*NH4ION*3**2/4+SE(1,6)* 

HION*3**2/4)=0 
21 KNH2002ION-1/(AH20)*ANH3AQ*NH3AQ*AHC03ION*HC03ION/(ANH2C02ION*N 

H2CO2ION)=0 
22 ALOG10(ANH2C02ION)-(1)**2*SE(5)-(SE(1,4)*NH4ION+SE(1,7)*HION)=0 
23 KH2O-AOHION*AHI0N*OHION*HION/AH20=0 
24 I-0.5*(SE(3)+SE(4))=0 N*HION/AH20=0 
25 NH4lON+HION-OHION-HCO3ION-2*CO3ION-NH2CO2ION=0 
26 3*H20IN+4*NH3IN+3*C02IN-H2)/55.5*(4*NH3AQ+3*C02AQ+5*NH4ION+2*OH 

ION+H ON+5*HCO3lON+4*CO3ION+6*NH20O2ION)-V/PT*(3*PH2O+4*PNH3+3 
*PC02 )-3* H2O=0 

27 2*H2OIN-2*H20+3*NH3lN-H2O/55.5*(3*NH3AQ+4*NH4lON+OHION+HION+HCO 
3ION +2*NH2CO2ION)-V/PT*(2*PH2O+3*PNH3)=0 

28 PT-PH2O-PNH3-PCO2=0 
29 (HCO3lON+CO2AQ+0O3ION+NH2ION)*H2O/55.5V/PT*PCO2-CO2IN=0 

Figure 2. Model summary for single stage flash of NH3-C02-H20 system (low 
pressure) 
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Figure 3. Comparison of ECES prediction (X) vs. data of Otsuku 
(O) (NH3-C02-H20 equilibrium at 80°C, 10.14 wt % (C02 + 

NH,)) 
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This i l l u s t r a t e s that the C0 2 in solution i s predominately 
i n the form of carbamate ion and as C0 2 concentration is 
increased we f i n a l l y reach a point where s u f f i c i e n t aqueous C0 2 

i s present for the C0 2 vapor pressure to increase markedly with 
f r a c t i o n of t o t a l C0 2 i n solut i o n . Similar input can be used 
to create subroutines for a fractionator program and th i s system 
i s described for such a case in a recent paper (12). 

Using the ECES System for Vapor-Liquid-Solid E q u i l i b r i a 
(FeCl ?-HCl-H 7Q) 

As an example of a di f f e r e n t form of problem more common to 
the ba~ic chemical industry, l e t us consider the case where 
concentrated solutions of ferrous chloride are the by-products of 
an i n d u s t r i a l process. In this p a r t i c u l a r example at di f f e r e n t 
points of the process cycle  tw  question  th  f i r s t 
being a need to know th
mixtures of FeCl 2-HCl-H 2 , y
F e C l 2 as a function of HCI concentration. 

To use the ECES system, a c t i v i t y c o e f f i c i e n t data for 
F e C l 2 had to be developed. A recent paper by Susarev et a l 
(15) presented experimental results of the vapor pressure of 
water over ferrous chloride solutions for temperatures from 25 to 
100°C and concentrations of 1 to 4.84 molal. This data was 
entered into the ECES system in the Data Preparation Block with a 
routine VAPOR designed to regress such data and develop the 
in t e r a c t i o n c o e f f i c i e n t s B, C, D of our model. These results 
replaced an e a r l i e r entry which was based on more limi t e d data. 
A l l other data for studying the e q u i l i b r i a i n the 
FeCl 2-HCl-H 20 system was already contained within the ECES 
system. 

To develop the ECES model the following input was entered 
by the user: 

INPUT 
H20IN 
FEIICL2 
HCLIN 
SPECIES 
H20VAP 
HCLVAP 
FEIICL2.4H20 
HION 
CLION 
FEIIION 
EQILIBRIUM 
H20VAP = H20 
HCLVAP = HION + CLION 
FEIICL2.4H20 = FEIIION + 2CLI0N + 4H20 
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Since the basic model generated by the Program Builder Block 
looks s i m i l a r in many ways to the previously i l l u s t r a t e d model, 
we have not shown i t here. One difference in th i s case is that 
we have an expression for s o l i d - l i q u i d e q u i l i b r i a which is 
written from the last mass balance expression entered by the user 
and is then written by the Program Builder as: 

KFEIICL2.4H20 - AFEIIION*FEIIION*ACLION**2*CLION**2AH20**4 = 0 

For convenience within ECES the ferrous species is designated 
FEII while the f e r r i c species is designated FEIII, which at times 
r e s u l t s in having up to four i's in a row. In t e s t i n g the ECES 
model, s o l u b i l i t y data of FeCl2.2H20 as a function of HCL 
concentration were available in a paper by Sc^emmel (16). 
Typical r e s u l t s of the ECES pred i c t i o n compared to the 
experimentally determine  40°

F e C l 2 - HCL-H20 @ 40°C s o l i d nhase FeCl 2.4H 20 

HCI m o l a l i t y Measured FeC12 m o l a l t i t y ECES predicted FeC12 
m o l a l i t y 

0.0 5.415 5.420 
2.328 4.197 4.088 
4.522 2.966 2.921 

As can be seen less than 2% error i n t h i s multicomponent 
system occurred when using ECES. This system is quite d i f f e r e n t 
than the NH3-C02-H20 system since we are dealing only with 
strong e l e c t r o l y t e s . For example, the second datum point 
predicted by ECES give the following r e s u l t s for the 
concentrations, a c t i v i t y c o e f f i c i e n t s and water a c t i v i t y in the 
aqueous phase. 

Concentrât ions 

Ionic Strength 14.59 molal 
FEIIION 4.088 
HION 2.328 
CLION 10.504 

A c t i v i t y C o e f f i c i e n t s 

H + 7.739 
CI- 3.693 
F E + + 1.319 

A c t i v i t y 
aH20 0.549 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



244 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Within the Parameter Study Block, the algorithm is designed to 
test whether s o l u b i l i t y has been exceeded or not. As a re s u l t 
the same model generated by ECES can be used to predict HCI vapor 
pressures over unsaturated solutions of FeC12-HCl-H20 without 
modifying the basic program created by ECES. In a paper by Chen 
(17) some limi t e d experimental data was presented on the vapor 
pressure of HCI over ferrous chloride system. 

HCI Cone FeC12 Cone Temp PHC1 (EXP) PHC1 (ECES) 
M o l e s / l i t e r M o l e s / l i t e r °C mm Hg mm Hg 

A large discrepancy
this appears to be an erro  publishe
recent experimental work (unpublished) to resolve this difference 
measured a vapor pressure of approximately 47 mm Hg which i s 
close to the ECES prediction. These results for the 
FeC12-HCl-H20 system were just a subset of a more complex model 
involving several additional species. Because of the proprietary 
nature of the work, we cannot disclose the results at this time, 
but needless to say, the performance of the ECES thermodynamic 
framework was excellent in predicting multicomponent phase 
e q u i l i b r i a over a wide range of operating temperatures with ionic 
strengths up to approximately 30 molal for the extensions of the 
FeC12-HCl-H20 system. 

Conclusions and Significance 

With the current advances made in our understanding of 
e l e c t r o l y t e systems, as i l l u s t r a t e d by the papers and discussions 
of this symposium, a complete design tool can be synthesized with 
a consistent thermodynamic framework which gives to the engineer 
or s c i e n t i s t c a p a b i l i t i e s s i m i l a r to those that have been 
available for many years in the hydrocarbon processing industry. 
There are tremendous data gaps however when working with 
e l e c t r o l y t e solutions and as a result many estimation techniques 
need to be developed to temporarily f i l l i n the holes. 
A d d i t i o n a l l y , our thermodynamic framework does not have the t o t a l 
strength i t needs yet. This symposium hopefully w i l l show 
directions to be pursued to strengthen that framework. 

Besides the difference in the expressions for a c t i v i t y 
c o e f f i c i e n t s and other thermodynamic properties from those 
published and used by the hydrocarbon processing ind u s t r i e s , i t 
is more important to r e a l i z e the need to describe the ionic and 
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chemical e q u i l i b r i a that are to be s a t i s f i e d i n aqueous systems. 
Most of our partic i p a n t s i n t h i s symposium have presented r e s u l t s 
as good as i f not better than those predicted by ECES, however in 
order to obtain such pr e d i c t i o n s , detailed models have to be 
wri t t e n and coded. 

Our fundamental contribution i s the marrying of several 
d i f f e r e n t technologies to develop a general purpose software 
system capable of predicting v a p o r - l i q u i d - s o l i d equilibrium in 
both single and multistaged systems over a wide range of 
conditions. We have combined concepts of automatic program 
generation, advanced numerical techniques, a generalized 
thermodynamic framework, data analysis and estimation routines 
into a software system that can be used to answer many of the 
i n d u s t r i a l problems a r i s i n g concerning e l e c t r o l y t e s . Currently 
the ECES system is being used i n such diverse areas as food 
processing, petroleum production  p o l l u t i o
course i n the design an
processes. Furthermore the system is evolving towards a more 
comprehensive and easier to use to o l as a res u l t of the feedback 
from i t s users as more and more applications are t r i e d . 
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11 
Effects of Aqueous Chemical Equilibria on Wet 
Scrubbing of Sulfur Dioxide With Magnesia-
Enhanced Limestone 
CLYDE H. ROWLAND, ABDUL H. ABDULSATTAR, and 
DEWEY A. BURBANK 

Bechtel National, Inc., P.O. Box 3965, San Francisco, CA 94119 

In wet scrubbing of S02 from boiler flue gas by limestone 
slurry, the concentration of dissolved species in the scrubbing 
liquor that can react wit
one to two m-mole/1. Thi 2 make-per-pas
in the scrubber, typically about 10 m-mole of S02 absorbed per 
liter of liquor for one pass through the scrubber. Therefore, 
the S02 absorption rate is largely dependent upon the slow rate 
of limestone dissolution into the liquor passing through the 
scrubber. 

Addition of magnesia to the scrubbing liquor increases the 
concentration of two dissolved sulfite species, SO=3 and MgSOo3, with CaSOo3 remaining constant. This increase in dissolved sul
fite concentration makes'the SO2 absorption rate more dependent 
on the very fast liquid phase reactions of the basic sulfite 
species with the strong dibasic acid SO2(aq): 

base + dibasic acid --> monobasic acid 
SO=3 + SO2(aq) + H2O --> 2 HSO-3 

MgSOo3 + SO2(aq) + H2O --> 2 HSO-3 + Mg++ 

CaSOo3 + SO2(aq) + H2O --> 2 HSO-3 + Ca++ 

Conversion of SO2(aq) to HSO-3 by the above reactions in 
the scrubber facilitates the absorption of more S02(g) into 
the liquor as S02(aq), thus increasing S02 removal. 

A chemical model for magnesia wet scrubbing of S02 was 
previously verified with experimental data for aqueous solu
tions of magnesium, S02, and sulfate over the temperature range 
15-60°C for dissolved magnesium concentrations as high as 1200 
m-mole/1 (JJ. The present chemical model for limestone wet 
scrubbing with magnesia enhancement is applicable for liquors 
containing dissolved magnesium, calcium, S02, sulfate, and 
chloride, where the molality of chloride is less than twice 
that of magnesium. The limestone/magnesia scrubbing model 
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c o n s i s t s o f t he thermodynamic e q u i l i b r i a among the impor t an t 
chemica l s p e c i e s , t he mass b a l a n c e s f o r t o t a l magnesium and 
c h l o r i d e s p e c i e s , t he e l e c t r o n e u t r a l i t y r e l a t i o n s h i p , and 
e q u a t i o n s f o r c a l c u l a t i n g s i g n i f i c a n t a c t i v i t y c o e f f i c i e n t s . 

F o r m u l a t i o n and V e r i f i c a t i o n o f Chemica l Model 

S p e c i f i e d and C a l c u l a t e d V a r i a b l e s . The v a r i a b l e s t h a t 
a re s p e c i f i e d * a s i n p u t t o the l imes tone/magnes i a chemica l 
model a re the s c r u b b e r t e m p e r a t u r e , t he l i q u o r pH, the t o t a l 
d i s s o l v e d magnesium c o n c e n t r a t i o n , t he t o t a l d i s s o l v e d c h l o r i d e 
c o n c e n t r a t i o n , and the f r a c t i o n a l degree o f s a t u r a t i o n o f the 
l i q u o r w i t h c a l c i u m s u l f i t e (CaSu3»l/2 H 20) and gypsum ( C a S O ^ 
2H 20) s o l i d s . An e q u i l i b r i u m computer program c o n t a i n i n g t he 
e q u a t i o n s i n the model c a l c u l a t e
p r e s s u r e ; t he t o t a l d i s s o l v e
s u l f i t e , S0 2 s p e c i e s ( s u l f i t e p l u s b i s u l f i t e ) , and s u l f a t e ; 
and t he c o n c e n t r a t i o n s o f t he i n d i v i d u a l s p e c i e s . 

The 12 i n d i v i d u a l s p e c i e s t h a t a re c a l c u l a t e d = b y use o f 
the chemica l model a r e : S0 2 ( g ) , S0 2 ( aq ) , HSOÔ, SOÔ, SO4, 
M g + + , C a + + , CaSOS, MgSO^, MgS0$, CaSO^, and C T " . The l i q u o r 
pH i s used t o de te rmine t he r a t i o s o f t he a c t i v i t i e s o f S0 2 ( aq ) , 
HSO2 and SO3, but the hydronium i on (H + ) and h y d r o x i d e i o n 
(OH ) c o n c e n t r a t i o n s a re n e g l i g i b l y s m a l l , and can be e x c l u d e d 
f rom t he i o n i c b a l a n c e . As i n p r e v i o u s work {2_93), c h l o r i d e i s 
assumed not t o form c o m p l e x e s , so t h a t a l l c h l o r i d e i s p resen t 
as c h l o r i d e i o n , C I " . Other s p e c i e s , such as b i c a r b o n a t e i o n , 
b i s u l f a t e i o n , and the c a l c i u m and magnesium complexes o f 
b i c a r b o n a t e and h y d r o x i d e , have n e g l i g i b l y sma l l c o n c e n t r a t i o n s 
i n l imes tone/magnes i a s c r u b b i n g l i q u o r s . 

E q u i l i b r i a , Mass B a l a n c e s , and A c t i v i t y C o e f f i c i e n t s . N ine 
aqueous thermodynamic e q u i l i b r i a a p p l y , one each f o r t he f o r m a 
t i o n o f S0 2 ( g ) , S0 2 ( aq ) , HSOÔ, MgS0§, MgSOfl, CaS0§, CaS09, 
CaS0 3*l/2 H 20 ( s ) , and CaS0 4 *2H 20 (s) . These e q u i l i b r i a a re 
shown be low. The c o n s t a n t s f o r t h e s e e q u i l i b r i a a t 25°C and 1 
atmosphere t o t a l p r e s s u r e a re g i v e n i n Tab l e I. The tempera tu re 
dependence o f t hese c o n s t a n t s was p resen ted p r e v i o u s l y (_3)· 
L imestone wet s c r u b b e r s ope r a t e at e s s e n t i a l l y ambient p r e s s u r e , 
so t h a t no p r e s s u r e c o r r e c t i o n o f the c o n s t a n t s i s r e q u i r e d . 
The v a l ue o f 3.5 χ 10"' f o r t he s o l u b i l i t y p roduc t o f CaS0j*l/2 
H 20 ( s ) was d e r i v e d f rom l imes tone/magnes i a s c r u b b e r i n l e t l i q u o r 
a n a l y s e s o b t a i n e d a t t he Env i ronmenta l P r o t e c t i o n Agency (EPA) 
Shawnee t e s t f a c i l i t y ( 9 ) , and may i n c l u d e k i n e t i c , as w e l l as 
thermodynamic , i n t e r a c t i o n between s l u r r y s o l i d s and l i q u o r . 
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Tab l e I 

E q u i l i b r i u m Cons t an t s a t 2 5 °C and 1 Atmosphere 

Spec i e s Formed E q u i l i b r i u m Cons t an t Re f e rence 

S0 2 (g) 1 . 2 3 * (£ ) 

S0 2 (aq) 0 . 0 1 3 0 (1) 

HSO3 

MgS0§ 1.2 χ 1 0 " 3 (1) 

MgSO0. 5.6 χ 1 0 " 3 (6) 

CaS0°j 4.0 χ 1 0 " 4 (1) 

CaSO0. 4 . 9 x 1 0 " 3 (Z) 

CaS03»l/2 H 20 ( s ) 3.5 χ 10 - 7 *• 

CaS04«2H20(s) 2 .4 χ 1 0 " 5 (8) 

* H e n r y ' s c o n s t a n t f o r S 0 2 i s t he i n v e r s e o f t h i s v a l u e , o r 
0 .813 atm/ (g-mole/1 ) . 

** D e r i v e d f rom l imes tone/magnes i a s c r u b b e r i n l e t l i q u o r a n a l y s e s 
o b t a i n e d d u r i n g 1976 a t t he EPA Shawnee A l k a l i S c r u b b i n g Tes t 
F a c i l i t y . 
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S0 2 (aq) — * - S0 2 (g) 

HSO^ + H + 

·*- —*» S0 2 (aq) + H 20 

SO3 + H + — H S O 3 
M g + + + SO3 •<- *·. MgS0§ 
M g + + + S O 4 ·*-— M g S O 0 ; 

C a + + + SO3 ·<-— · " CaS0§ 
C a + + + SO4 — * · CaSO 0. 

C a + + + SO3 + 1/2 H 20 — CaS03*l/2 H 20 ( s ) 

C a + + + S 0 | + 2 H 20 -—*
E x c l u d i n g a c t i v i t y c o e f f i c i e n t s , t h r e e r e l a t i o n s h i p s a re 

r e q u i r e d i n a d d i t i o n t o the n i ne thermodynamic e q u i l i b r i a i n 
o r d e r t o c a l c u l a t e c o n c e n t r a t i o n s o f t he 12 unknown s p e c i e s . 
These r e l a t i o n s h i p s a re t h e mass b a l a n c e s f o r magnesium and 
c h l o r i d e , and the e l e c t r o n e u t r a l i t y e q u a t i o n . 

The a c t i v i t y c o e f f i c i e n t s t h a t a re s i g n i f i c a n t i n d e t e r m i n 
i n g the c o n c e n t r a t i o n s o f t he unknown s p e c i e s a re the a c t i v i t y 
c o e f f i c i e n t s o f M q + + , C a + + , SO3, SO4, and HSO3. The a c t i v i t y 
c o e f f i c i e n t o f Ca + i s assumed t o be equal t o t h a t o f M g + + , and 
t h a t o f S0Ô equal t o t h a t o f SO4. The method f o r c a l c u l a t i n g 
t h e a c t i v i t y c o e f f i c i e n t s o f Mg , SO4, and HSO3 was p r e 
sen ted p r e v i o u s l y (J[). The a c t i v i t y c o e f f i c i e n t s o f t he n e u t r a l 
d i s s o l v e d s p e c i e s and t he f u g a c i t y c o e f f i c i e n t o f S02(g) a re 
assumed equa l t o u n i t y , as i n (V). 

V e r i f i c a t i o n o f Model f o r S o l u t i o n s C o n t a i n i n g C a l c i u m and 
C h l o r i d e . The a b i l i t y o f t he chemica l model t o p r e d i c t e q u i l i -
b r ium S0 2 p a r t i a l p r e s s u r e and t he r e l a t i o n s h i p o f l i q u o r pH 
t o l i q u o r c o m p o s i t i o n was p r e v i o u s l y v e r i f i e d f o r s o l u t i o n s 
c o n t a i n i n g magnesium, S0 2, and s u l f a t e (Vj. In o r d e r t o t e s t 
t h e model f o r l i q u o r s a l s o c o n t a i n i n g c a l c i u m and c h l o r i d e , 
measured and p r e d i c t e d v a l u e s o f d i s s o l v e d c a l c i u m c o n c e n t r a 
t i o n have been compared f o r 39 e x p e r i m e n t a l da t a p o i n t s , as 
shown i n F i g u r e 1. Of t h e s e d a t a , 26 a re f o r Shawnee (9) l i m e 
s tone/magnes ia s c r u b b e r i n l e t l i q u o r s i n c o n t a c t w i t h c a l c i u m 
s u l f i t e and gypsum s l u r r y s o l i d s a t 50°C, and t he r e m a i n i n g 
13 a re l a b o r a t o r y Q O ) d a t a f o r aqueous magnesium s u l f a t e and 
c h l o r i d e s o l u t i o n s s a t u r a t e d w i t h gypsum a t 25°C i n t he absence 
o f s u l f i t e . The da ta c o v e r a magnesium c o n c e n t r a t i o n range 
o f 6-650 m-mole/1, a c h l o r i d e range o f 0-470 m-mole/1, and a 
ch l o r i de- to-magnes i um range o f 0-1.4 mo le/mole . The chemica l 
model e x p l a i n s 72 pe rcen t o f t he v a r i a t i o n i n t he c a l c i u m da t a 
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5 10 15 20 25 30 35 
MEASURED CALCIUM CONCENTRATION, m-mole/liter 

Figure 1. Predicted vs. measured calcium concentration f fOJ Shawnee (9) proto
type scrubber data, 50°C; ( 0 ) laboratory (10) MgSO Jgypsum data, 25°C) 
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( c o r r e l a t i o n c o e f f i c i e n t o f 0 .85) w i t h a s t a n d a r d e r r o r o f 
e s t i m a t e o f 3.1 m-mole/1 o f c a l c i u m . 

C o r r e l a t i o n s f o r E q u i l i b r i u m S 0 2 P a r t i a l P r e s s u r e and L i q u o r 
C o m p o s i t i o n 

In o r d e r t o f a c i l i t a t e c a l c u l a t i o n s and i n c r e a s e t h e u s e 
f u l n e s s o f t he chemica l m o d e l , t he c o m p u t e r i z e d model has been 
used t o o b t a i n s i m p l i f i e d c o r r e l a t i o n s s u i t a b l e f o r hand c a l c u 
l a t i o n s . These c o r r e l a t i o n s p r e d i c t e q u i l i b r i u m S 0 2 p a r t i a l 
p r e s s u r e and l i q u o r c o m p o s i t i o n as f u n c t i o n s o f l i q u o r pH and 
the t o t a l d i s s o l v e d c o n c e n t r a t i o n s o f magnesium and c h l o r i d e . 
The c o r r e l a t i o n s a p p l y f o r : 

t T y p i c a l s c r u b b i n g t empe ra tu r e o f 50 °C 
• L i q u o r s a t u r a t e
• L i q u o r pH rang
t D i s s o l v e d magnesium c o n c e n t r a t i o n range o f 80-1200 

m-mole/1 
• D i s s o l v e d c h l o r i d e range o f 0-400 m-mole/1 
• D i s s o l v e d c h l o r i d e m o l a r i t y l e s s than 1.4 t imes t h a t o f 

magnesium 

The c o r r e l a t i o n s , E q u a t i o n s 1-4, a r e used w i t h the mass 
b a l a n c e s , E q u a t i o n s 5-6, t o c a l c u l a t e the S 0 2 p a r t i a l p r e s s u r e 
and t he t o t a l d i s s o l v e d c o n c e n t r a t i o n s o f s u l f i t e , b i s u l f i t e , 
c a l c i u m , S 0 2 ( s u l f i t e p l u s b i s u l f i t e ) , and s u l f a t e . 

C o r r e l a t i o n s : 

l o g p S 0 2 = 10.44 - 2 pH + 0 .33 l o g Mg - 0 .39 C l/Mg + 0 .76 C 
S u l f i t e = 1.22 + 0.0349 C (Mg - 0.44 C I ) 
l o g ( b i s u l f i t e ) = 4 .96 -pH +0.47 l o g Mg -0 .37 C l/Mg +0.75 C 
Ca = 4 .3 + 9.1 

C (1 - C l / 2 Mg) 

where C = 1 - ( 6-pH ) 2 (0.242 -0.062 l o g Mg) 

Mass B a l a n c e s : 

5 0 2 = s u l f i t e + b i s u l f i t e (5) 
5 0 3 = Mg + Ca - s u l f i t e - (1/2) ( b i s u l f i t e + CI ) (6) 

where Mg, C a , S 0 2 , S0o , and CI a r e t h e t o t a l d i s s o l v e d c o n c e n 
t r a t i o n s (m-mole/1) o f magnesium, c a l c i u m , s u l f u r d i o x i d e 
( i n c l u d i n g s u l f i t e and b i s u l f i t e ) , s u l f a t e , and c h l o r i d e s p e c i e s , 
r e s p e c t i v e l y ; and p S 0 2 i s t h e e q u i l i b r i u m p a r t i a l p r e s s u r e o f 
S 0 2 i n ppm ( 1 0 " b a tm ) . 

D i s s o l v e d s u l f i t e c o n c e n t r a t i o n s p r e d i c t e d f rom E q u a t i o n 2 
agree w i t h the c o m p u t e r i z e d chemica l model t o w i t h i n a r e l a t i v e 

(1) 
(2) 
(3) 
(4) 
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s t a n d a r d e r r o r o f 0 .5 p e r c e n t . Equa t i ons 1, 3, and 4 have 
r e l a t i v e s t a n d a r d e r r o r s o f l e s s than t h r e e pe r cen t f o r p r e d i c 
t i o n o f S 0 2 p a r t i a l p r e s s u r e , b i s u l f i t e (HSO3) c o n c e n t r a t i o n , 
and t o t a l c a l c i u m c o n c e n t r a t i o n , r e s p e c t i v e l y . 

F i g u r e 2 i s a p l o t o f t he c o r r e c t i o n parameter C as a 
f u n c t i o n o f magnesium c o n c e n t r a t i o n and pH. Note t h a t f o r t h e 
t y p i c a l range o f l i m e s t o n e s c r u b b e r i n l e t l i q u o r pH, 5.2 t o 
6 . 0 , C has a narrow range o f 0 . 9 2 - 1 . 0 0 . T h i s narrow range f o r 
C j u s t i f i e s t he use o f a c o n s t a n t v a l u e , C = 0 . 9 7 , i n E q u a t i o n s 
1-4 f o r pH v a l u e s between 5.2 and 6 . 0 . 

E q u i l i b r i u m S 0 2 P a r t i a l P r e s s u r e . F i g u r e 3 i s a p l o t o f 
Equa t i on 1 f o r z e r o c h l o r i d e c o n c e n t r a t i o n , showing t he ve r y 
s t r o n g e f f e c t o f pH and t he r e l a t i v e l y weak e f f e c t o f magnesium 
c o n c e n t r a t i o n on t he e q u i l i b r i u m S 0 2 p a r t i a l p r e s s u r e , p S 0 2 . 
To a f i r s t a p p r o x i m a t i o n  pSOo
t he hydronium i o n (H +

a f a c t o r o f n e a r l y 100 ( a c t u a l l y about 80) as the pH dec reases 
by one u n i t . 

An i n c r e a s e i n magnesium c o n c e n t r a t i o n f rom 100 t o 1000 
m-mole/1 i n c r e a s e s p $ 0 2 by about a f a c t o r o f two. Most l i m e 
s tone s c r u b b i n g systems w i t h magnesium enhancement would o p e r a t e 
midway between t h e s e magnesium c o n c e n t r a t i o n s , about 200-400 
m-mole/1. 

The main purpose o f magnesia a d d i t i o n t o a l i m e s t o n e wet 
s c r u b b i n g system i s t o f a c i l i t a t e h i g h S 0 2 r e m o v a l . Fo r a wet 
s c r u b b e r t h a t c l e a n s f l u e gas f rom a u t i l i t y c o a l - f i r e d b o i l e r , 
t he s c r u b b e r i n l e t gas S 0 2 c o n c e n t r a t i o n i s t y p i c a l l y about 700 
ppm by volume per one we igh t pe r cen t s u l f u r i n t he f i r e d c o a l . 
For sub-b i tuminous c o a l h a v i n g o n l y 0 .7 we igh t pe r cen t s u l f u r 
c o n t e n t , t h e i n l e t S0o c o n c e n t r a t i o n i s about 500 ppm, a n d , f o r 
examp le , t he o u t l e t S 0 2 has t o be l e s s than 50 ppm t o a c h i e v e 
90 pe r cen t r e m o v a l . In o r d e r t o a v o i d s e r i o u s i n h i b i t i o n o f 
mass t r a n s f e r because o f S 0 2 b a c k - p r e s s u r e , t he e q u i l i b r i u m 
S 0 2 p a r t i a l p r e s s u r e s h o u l d be about f o u r o r more t imes lower 
t han t he a c t u a l S 0 2 p a r t i a l p r e s s u r e i n t h e g a s . Thus , F i g u r e 
3 i n d i c a t e s t h a t f o r t h i s l o w - s u l f u r c o a l s y s t e m , t he s c r u b b e r 
i n l e t pH s h o u l d be at l e a s t 5 . 5 , and t he o u t l e t pH a t l e a s t 
5.0· These c o n d i t i o n s r e q u i r e a modera te- to-h igh l i m e s t o n e 
s t o i c h i o m e t r y , about 1.3 mole o f l i m e s t o n e added t o t he s c r u b b e r 
system per mole o f S 0 2 a b s o r b e d , f o r a w e l l - d e s i g n e d s c r u b b e r 
system (9). 

Fo r h i g h - s u l f u r b i t u m i n o u s c o a l c o n t a i n i n g 4 .0 we igh t 
pe rcen t s u l f u r , t h e s c r u b b e r i n l e t S 0 2 c o n c e n t r a t i o n i s about 
2800 ppm, and t he r e q u i r e d o u t l e t S 0 2 f o r 90 pe r cen t removal 
i s 280 ppm. S 0 2 b a c k - p r e s s u r e s h o u l d not be a l i m i t i n g f a c t o r 
f o r a s c r u b b e r i n l e t pH o f a t l e a s t 5.0 w i t h an o u t l e t pH o f a t 
l e a s t 4 . 6 . Thus , l i m e s t o n e s t o i c h i o m e t r i e s as low as 1.1 a re 
f e a s i b l e w i t h h i g h - s u l f u r c o a l and a w e l l - d e s i g n e d s c r u b b e r 
s y s t em. 
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4.5 5.0 5.5 6.0 
LIQUOR pH 

Figure 3. Equilibrium SOz partial pressure as a function of pH and magnesium 
concentration for liquors saturated with calcium sulfite and gypsum at 50°C with 

no chloride 
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D i s s o l v e d S u l f i t e C o n c e n t r a t i o n . F i g u r e 4 i s a p l o t o f 
E q u a t i o n 2 f o r a pH o f 5.5 p r e s e n t i n g t he e f f e c t s o f d i s s o l v e d 
magnesium and c h l o r i d e c o n c e n t r a t i o n s on t he d i s s o l v e d s u l f i t e 
(SO3, MgS0§, CaS0§) c o n c e n t r a t i o n . D i s s o l v e d s u l f i t e i s 
impor t an t because i t i s t he base t h a t c o n v e r t s t he s t r o n g 
d i b a s i c a c i d S0 2 (aq) t o t h e weaker monobasic a c i d HSO3, 
t h u s f a c i l i t a t i n g S0 2 a b s o r p t i o n . 

In t h e absence o f c h l o r i d e , t h e d i s s o l v e d s u l f i t e i n c r e a s e s 
l i n e a r l y w i t h magnesium c o n c e n t r a t i o n f rom 1.2 m-mole/1 o f s u l 
f i t e w i t h o u t magnesium a d d i t i v e t o 15 m-mole/1 a t 400 m-mole/1 
d i s s o l v e d magnesium, and t o more than 40 m-mole/1 o f s u l f i t e at 
1200 m-mole/1 magnesium c o n c e n t r a t i o n . For a l i m e s t o n e wet 
s c r u b b e r , each l i t e r o f l i q u o r absorbs about 10 m-mole o f S0 2 

i n one pass th rough t he s c r u b b e r . Fo r a t y p i c a l magnesium 
c o n c e n t r a t i o n o f 200-400 m-mole/1, t he c o r r e s p o n d i n g s u l f i t e 
c o n c e n t r a t i o n i s 8-15 m-mole
i ome t r y i s about one mol
e n t e r i n g the s c r u b b e r per mole o f S0 2 a b s o r b e d . 

The n e g a t i v e l i n e a r e f f e c t o f c h l o r i d e on s u l f i t e c o n c e n 
t r a t i o n causes magnesium c h l o r i d e , M g C l 2 , t o be l a r g e l y i n e f 
f e c t i v e i n s c r u b b i n g S0o. A n e g a t i v e c o e f f i c i e n t o f 0 .50 , 
r a t h e r than 0 .44, f o r t he c h l o r i d e - t o - m a g n e s i u m r a t i o i n 
E q u a t i o n 2 would c o r r e s p o n d t o no e f f e c t o f MgClo c o n c e n t r a t i o n 
on d i s s o l v e d s u l f i t e and hence no e f f e c t on s c r u b b e r l i q u o r 
r e a c t i v i t y w i t h S 0 2 . Th i s a p p r o x i m a t i o n i s s u f f i c i e n t l y 
a c c u r a t e t h a t e f f e c t i v e magnesium, d e f i n e d as magnesium 
c o n c e n t r a t i o n minus h a l f t he c h l o r i d e c o n c e n t r a t i o n , has been 
s u c c e s s f u l l y used as a dependent v a r i a b l e f o r c o r r e l a t i o n o f 
S 0 2 removal by l i m e s t o n e wet s c r u b b i n g ( 9 , 1 1 ) . 

D i s s o l v e d C o n c e n t r a t i o n s o f C a l c i u m and S0 2 S p e c i e s . The 
e q u i l i b r i u m d i s s o l v e d c o n c e n t r a t i o n s o f t o t a l c a l c i u m and S0 2 

( s u l f i t e p l u s b i s u l f i t e ) s p e c i e s a re impor t an t because compa
r i s o n o f t h e s e e q u i l i b r i u m c o n c e n t r a t i o n s w i t h a c t u a l measured 
va lues de te rm ines t he degree o f gypsum s a t u r a t i o n , and hence the 
p o t e n t i a l f o r gypsum s c a l e f o r m a t i o n i n the s c r u b b e r . As a 
f i r s t a p p r o x i m a t i o n , t he f r a c t i o n gypsum s a t u r a t i o n o f a s c r u b 
ber l i q u o r , hav ing s p e c i f i e d pH and s p e c i f i e d c o n c e n t r a t i o n s 
o f magnesium and c h l o r i d e , i s p r o p o r t i o n a l t o t h e measured c a l 
c ium c o n c e n t r a t i o n , and i n v e r s e l y p r o p o r t i o n a l t o the measured 
S0 2 c o n c e n t r a t i o n . 

F i g u r e 5 i s a p l o t o f E q u a t i o n 4 f o r a pH o f 5.5 showing 
the i n c r e a s e i n e q u i l i b r i u m c a l c i u m c o n c e n t r a t i o n w i t h i n c r e a s 
i n g ch l o r i de- to-magnes i um r a t i o . For a l i q u o r s a t u r a t e d w i t h 
gypsum and c a l c i u m s u l f i t e , t he d i s s o l v e d c a l c i u m c o n c e n t r a t i o n 
i n c r e a s e s f rom 12 m-mole/1 w i t h o u t c h l o r i d e t o 17 m-mole/1 f o r 
a mo la r c h l o r i d e - t o - m a g n e s i u m r a t i o o f 0 .5 , and t o 35 m-mole/1 
of c a l c i u m f o r a c h l o r i d e - t o - m a g n e s i u m r a t i o o f 1 .4. For a g i v e n 
magnesium c o n c e n t r a t i o n , an i n c r e a s e i n c h l o r i d e dec reases t he 
o t h e r major a n i o n s , t h e S0 2 and s u l f a t e s p e c i e s , t hus i n c r e a s i n g 
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Figure 4. Dissolved sulfite concentration as a function of magnesium concentra
tion and chloride-to-magnesium ratio for liquors saturated with calcium sulfite and 

gypsum at pH 5.5 and 50°C 
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Figure 5. Dissolved calcium concentration as a function of chloride-to-magnesium 
ratio for liquors saturated with calcium sulfite and gypsum at pH 5.5 and 50°C 
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c a l c i u m c o n c e n t r a t i o n a c c o r d i n g t o t he s o l u b i l i t y p roduc t s f o r 
c a l c i u m s u l f i t e and gypsum. 

F i g u r e 6 p r e s e n t s t he s t r o n g e f f e c t s o f both pH and magne
s ium c o n c e n t r a t i o n on the e q u i l i b r i u m c o n c e n t r a t i o n o f d i s s o l v e d 
S 0 2 s p e c i e s , where c h l o r i d e i s a b s e n t . The f i g u r e i s d e r i v e d 
f rom Equa t i ons 2 , 3 , and 5. 

The d i s s o l v e d S O 2 c o n c e n t r a t i o n dec reases by a f a c t o r o f 
about two f o r a pH i n c r e a s e o f 0 . 5 . Th i s r e s u l t s f rom a s t r o n g 
dec rease i n b i s u l f i t e c o n c e n t r a t i o n w i t h i n c r e a s i n g pH; the 
s u l f i t e s p e c i e s i n c r e a s e s l i g h t l y as pH r i s e s . 

D i s s o l v e d S 0 2 i n c r e a s e s by about a f a c t o r o f two as magne
s ium i n c r e a s e s f rom 100 t o 300 m-mole/1, and by a f a c t o r o f 
f o u r as magnesium i n c r e a s e s from 100 t o 1000 m-mole/1. 

Equa t i ons f o r C a l c u l a t i n g t h e Degree o f Gypsum S a t u r a t i o n 

For a l i q u o r o f know
t r a t i o n s , t he degree o f gypsum s a t u r a t i o n can be de te rmined by 
measurement o f e i t h e r the t o t a l d i s s o l v e d c a l c i u m o r the t o t a l 
d i s s o l v e d S 0 2 ( s u l f i t e p l u s b i s u l f i t e ) . The chemica l model has 
been used t o o b t a i n c o r r e l a t i o n s f o r gypsum s a t u r a t i o n , p r e s e n t e d 
be low. The c o r r e l a t i o n s , E q u a t i o n s 7 and 9 , a r e v a l i d f o r a 
t y p i c a l s c r u b b i n g t empe ra tu r e o f 50 ° C , and f o r t he same ranges 
o f pH, magnesium, and c h l o r i d e as f o r E q u a t i o n s 1-4. 

Gypsum S a t u r a t i o n From Measurements o f D i s s o l v e d C a l c i u m . 
E q u a t i o n 7 below can be used w i t h E q u a t i o n 4 t o c a l c u l a t e gypsum 
s a t u r a t i o n f rom measurements o f t o t a l d i s s o l v e d c a l c i u m . 

F r a c t i o n gypsum = 1 + (1 .12/C) [ ( C a ) M / C a - 1] (7) 
s a t u r a t i o n 

where ( C a ) M i s t h e measured t o t a l c o n c e n t r a t i o n o f d i s s o l v e d 
c a l c i u m s p e c i e s (m-mole/1) , and Ca i s t h e t o t a l d i s s o l v e d c a l 
c ium c o n c e n t r a t i o n f o r a l i q u o r s a t u r a t e d w i t h gypsum, o b t a i n e d 
f rom Equa t i on 4 . C a l c u l a t i o n o f f r a c t i o n gypsum s a t u r a t i o n by 
use o f Equa t i ons 4 and 7 g i v e s r e s u l t s t h a t agree w i t h the 
chemica l model t o w i t h i n a s t a n d a r d e r r o r o f e s t i m a t e o f 0 .05 
f r a c t i o n s a t u r a t i o n f o r s a t u r a t i o n s between 0 .5 and 2 . 0 . 

Fo r a t y p i c a l l i m e s t o n e s c r u b b e r i n l e t l i q u o r pH range o f 
5 . 2 - 6 . 0 , and f o r l i q u o r s h a v i n g a c h l o r i d e - t o - m a g n e s i u m r a t i o 
o f 0 .2 mole/mole o r l e s s , t h e f o l l o w i n g s i m p l i f i e d e q u a t i o n can 
be used t o de te rm ine gypsum s a t u r a t i o n f rom c a l c i u m measurements: 

F r a c t i o n gypsum = ( C a ) M _ 9.13 (8) 
s a t u r a t i o n 12 .4 

E q u a t i o n 8 has a s t a n d a r d e r r o r o f e s t i m a t e o f 0 .07 f r a c t i o n 
gypsum s a t u r a t i o n ove r t h e s a t u r a t i o n range o f 0 . 5 - 2 . 0 . The 
e q u a t i o n i s u s e f u l f o r m o n i t o r i n g t h e a c t u a l gypsum s a t u r a t i o n 
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Figure 6. Dissolved S02 concentration as a function of pH and magnesium con
centration for liquors saturated with calcium sulfite and gypsum at 50° C with no 

chloride 
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f o r an o p e r a t i n g u n i t where c o m p u t a t i o n a l r e s o u r c e s a re l i m i t e d . 

Gypsum S a t u r a t i o n f rom Measurements o f D i s s o l v e d S 0 2 . Use 
o f measurements o f d i s s o l v e d c a l c i u m t o de te rm ine gypsum s a t u 
r a t i o n i s r e l a t i v e l y easy f rom a c o m p u t a t i o n a l s t a n d p o i n t ; use 
o f measurements o f d i s s o l v e d S 0 2 i s more d i f f i c u l t . However, 
wet chemica l a n a l y s e s f o r c a l c i u m a re f r e q u e n t l y s u b j e c t t o 
i n t e r f e r e n c e by h igh c o n c e n t r a t i o n s o f magnesium. For i n s t a l 
l a t i o n s where a q u i c k and r e l i a b l e a n a l y s i s f o r c a l c i u m i s not 
a v a i l a b l e , t he use o f d i s s o l v e d S 0 2 i s p r e f e r r e d , and the 
f o l l o w i n g c o r r e l a t i o n a p p l i e s : 

F r a c t i o n gypsum = R (1 + D l o g R) (9) 
s a t u r a t i o n 

where D = 5.92 - 3 .9

and R = r a t i o o f c a l c u l a t e d ( Equa t i ons 2, 3 , and 5) t o t a l d i s 
s o l v e d S 0 2 f o r a s a t u r a t e d l i q u o r t o measured t o t a l d i s s o l v e d 
S 0 2 i n the a c t u a l l i q u o r . 

Use o f Equa t i ons 2 , 3 , 5, and 9 t o de te rm ine gypsum s a t u 
r a t i o n g i v e s r e s u l t s t h a t agree w i t h the chemica l model t o 
w i t h i n a s t a n d a r d e r r o r o f e s t i m a t e o f 0 .04 f r a c t i o n gypsum 
s a t u r a t i o n f o r s a t u r a t i o n s o f 0 . 5 - 2 . 0 . 

Enhancement E f f e c t o f Magnes ia- Induced D i s s o l v e d S u l f i t e on S 0 2 

Removal 

The chemica l model has been used t o c o r r e l a t e the enhance 
ment e f f e c t o f magnes ia- induced d i s s o l v e d s u l f i t e on S 0 2 removal 
by l i m e s t o n e wet s c r u b b i n g . The c o r r e l a t e d d a t a were o b t a i n e d 
a t t he 10-MW e q u i v a l e n t EPA A l k a l i S c r u b b i n g Tes t F a c i l i t y 
d u r i n g 1976 (_9), u s i n g a T u r b u l e n t Con tac t A b s o r b e r , o r TCA 
( 1 2 ) . The TCA c o n t a i n e d t h r e e beds o f 1 .5- inch d i ame te r n i t r i l e 
foam s p h e r e s , h e l d i n p l a c e by f o u r r e t a i n i n g g r i d s hav i ng 
about 70 pe r cen t open a r e a . S l u r r y was d i s t r i b u t e d ove r t h e 
b e d s , c o u n t e r c u r r e n t t o t he gas f l o w , by l ow-p re s su r e (about 3 
p s i g ) n o z z l e s l o c a t e d above t h e t o p bed . The a c t i o n o f gas and 
l i q u i d p a r t i a l l y f l u i d i z e d t he sphere b e d s , t hus i m p r o v i n g 
g a s - l i q u i d c o n t a c t i n g and enhanc ing mass t r a n s f e r . 

A t o t a l o f 81 t e s t s were c o n d u c t e d , 44 w i t h o u t magnesia 
a d d i t i o n , and 37 w i t h magnes i a . The t e s t s were des igned t o 
e v a l u a t e t he e f f e c t s o f magnesia a d d i t i o n , s l u r r y f l o w r a t e t o 
t h e s c r u b b e r , s c r u b b e r i n l e t l i q u o r pH, and t o t a l h e i g h t o f 
spheres on S 0 2 r e m o v a l . Gas v e l o c i t y has no s i g n i f i c a n t e f f e c t 
on S 0 2 removal f o r t he range t e s t e d . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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The o p e r a t i n g c o n d i t i o n s were : 

D i s s o l v e d s u l f i t e c o n c e n t r a t i o n = 1.2 (no magnes ium) , 7-9, 
o r 12-16 m-mole/1 

Magnesium c o n c e n t r a t i o n = 0-600 m-mole/1 
C h l o r i d e c o n c e n t r a t i o n = 50-500 m-mole/1 
Ch lo r ide- to-magnes ium r a t i o 

w i t h magnesia a d d i t i v e = 0 . 1 - 1 . 2 mole/mole 
S l u r r y f l o w r a t e = 2 0 , 3 0 , o r 40 gpm/ft^ 

Gas v e l o c i t y t h rough s c r u b b e r = 8-12 f t / s e c 
S c rubbe r i n l e t l i q u o r pH = 5.0-6.1 
T o t a l h e i g h t o f spheres = z e r o o r 15 i n c h e s 
S c rubbe r i n l e t gas S 0 2 c o n c e n t r a t i o n = 2200-3600 ppm 

The f o l l o w i n g c o r r e l a t i o
f i t s t h e e x p e r i m e n t a l d a t a

F r a c t i o n SOo = 1 - exp [- 7.4 χ 1 0 " 4 L 0 - 8 0 

Removal exp (0 .035 Η + 0.76 pH + 0.053 S ) ] (10) 

where S i s t he d i s s o l v e d s u l f i t e c o n c e n t r a t i o n (SO?, MgS0§, 
CaS0§) i n m-mole/1 c a l c u l a t e d by E q u a t i o n 2 , L i s t he s l u r r y 
f l o w r a t e t o t he s c r u b b e r i n gpm/ft , H i s t he t o t a l h e i g h t o f 
spheres i n i n c h e s and t h e pH i s t h a t o f t h e s c r u b b e r i n l e t 
l i q u o r . 

E q u a t i o n 10 e x p l a i n s 95 pe r cen t o f t h e v a r i a t i o n i n t he 
da ta f o r S 0 2 removal w i t h a s t a n d a r d e r r o r o f e s t i m a t e o f 3.2 
pe r cen t SOo r e m o v a l . Va lues o f S 0 2 removal p r e d i c t e d by 
E q u a t i o n 10 a re p l o t t e d a g a i n s t t h e c o r r e s p o n d i n g measured 
va lues i n F i g u r e 7. 

The e f f e c t o f t he c o n c e n t r a t i o n o f d i s s o l v e d s u l f i t e , t h e 
r e a c t i v e b a s e , on S 0 2 removal i n E q u a t i o n 10 can be r e p r e s e n t e d 
a s : 

Ν α exp (0 .053 S) (11) 

The c o e f f i c i e n t o f 0 .053 on d i s s o l v e d s u l f i t e c o n c e n t r a t i o n 
has a s t a n d a r d e r r o r o f 0 . 0 0 2 5 ; i . e . , t he t - t e s t v a l u e f o r the 
c o e f f i c i e n t i s 0 .053/0 .0025 = 2 1 . 

F i g u r e 8 shows t he e f f e c t s o f d i s s o l v e d s u l f i t e c o n c e n 
t r a t i o n and s l u r r y f l o w r a t e on S 0 2 removal as p r e d i c t e d by 
E q u a t i o n 10 f o r t he TCA w i t h 15 i n ches o f spheres and a s c r u b b e r 

where 

Ν = number o f mass t r a n s f e r u n i t s 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Figure 7. Predicted (Equation 10) vs. measured S02 removal for the Shawnee (9) 
10-MW turbulent contact absorber 
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Figure 8. S02 removal as a function of dissolved sulfite concentration and slurry 
flow rate for the Shawnee (9) TCA with 15 in. of spheres at an inlet liquor pH of 5.5 
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i n l e t l i q u o r pH o f 5 . 5 . For a s l u r r y f l o w r a t e o f 30 gpm/ f t^ , 
an i n c r e a s e i n d i s s o l v e d s u l f i t e c o n c e n t r a t i o n f rom 1.2 m-mole/1 
t o 10 m-mole/1 i n c r e a s e s SOo removal f rom 73 t o 87 p e r c e n t , t hus 
r e d u c i n g S 0 2 e m i s s i o n by a f a c t o r o f two . A f u r t h e r s u l f i t e 
i n c r e a s e t o 16 m-mole/1 i n c r e a s e s S 0 2 removal t o 94 p e r c e n t , 
d e c r e a s i n g SOo e m i s s i o n by an a d d i t i o n a l f a c t o r o f two . 

In t h e aosence o f c h l o r i d e , t h e s e s u l f i t e c o n c e n t r a t i o n s 
o f 1 . 2 , 1 0 , and 16 m-mole/1 a re a c h i e v e d f o r d i s s o l v e d magnesium 
c o n c e n t r a t i o n s o f z e r o , 250 , and 450 m-mole/1, r e s p e c t i v e l y (see 
F i g u r e 4 ) . 

F i g u r e 8 i n d i c a t e s t h a t t he a d d i t i o n o f 10-12 m-mole/1 o f 
d i s s o l v e d s u l f i t e t o t he l i q u o r has an enhancement e f f e c t e q u i 
v a l e n t t o a d o u b l i n g o f t h e s l u r r y f l o w r a t e . A c c o r d i n g t o 
E q u a t i o n 1 0 , such an i n c r e a s e i n d i s s o l v e d s u l f i t e i s a l s o e q u i 
v a l e n t t o the a d d i t i o n o f 15 i n c h e s o f s p h e r e s , o r t o a s c r u b b e r 
i n l e t l i q u o r pH i n c r e a s
a b l e pH r ange . 

An advantage o f e x p r e s s i n g t h e magnesia enhancement e f f e c t 
on SO? removal i n terms o f d i s s o l v e d s u l f i t e c o n c e n t r a t i o n i s 
t h a t t he s u l f i t e s p e c i e s a re the b a s i c s p e c i e s t h a t r e a c t w i t h 
i ncoming SOo gas . T h i s a l l o w s a compar i son o f t he s c r u b b i n g 
a b i l i t i e s o f s u l f i t e / s u l f a t e l i q u o r s c o n t a i n i n g d i f f e r e n t d i s 
s o l v e d c a t i o n s , such as c a l c i u m , magnesium, and sod ium, i n terms 
o f t he s u l f i t e c o n c e n t r a t i o n o b t a i n a b l e w i t h each c a t i o n . A 
l i m e s t o n e wet s c r u b b i n g system w i t h c a l c i um-based l i q u o r has 
o n l y about 1.2 m-mole/1 o f d i s s o l v e d s u l f i t e . Th i s c a l c i u m 
system r e q u i r e s a l i q u i d - t o - g a s r a t i o (L/G) o f about 50 g a l l o n s 
per thousand a c t u a l c u b i c f e e t at 50 ° C , e q u i v a l e n t t o 30 gpm/ 
f t ^ o f s l u r r y f l o w r a t e at a gas v e l o c i t y o f 10 f t / s e c , t o 
a c h i e v e 70-75 pe r cen t S 0 2 removal a t 2000-3000 ppm i n l e t S 0 2 

( see F i g u r e 8 ) . A magnesia-enhanced l i m e s t o n e system h a v i n g 
about 15 m-mole/1 o f d i s s o l v e d s u l f i t e a c h i e v e s 90-95 pe r cen t 
S 0 2 removal a t t h e same L/G o f 50 g a l / m c f . A c o n c e n t r a t e d 
dua l a l k a l i system u s i n g sodium s u l f i t e / s u l f a t e s c r u b b i n g l i q u o r 
c o n t a i n i n g about 150 m-mole/1 o f d i s s o l v e d s u l f i t e o b t a i n s 
90-95 pe r cen t S 0 2 removal a t a much l owe r L/G o f 10 ga l /mc f 
( J_3,J4). The a c t u a l s e l e c t i o n o f s c r u b b e r system c h e m i s t r y and 
mechan ica l d e s i g n i s , however , ve ry s i t e s p e c i f i c and dependent 
upon complex economic c o n s i d e r a t i o n s . 

Summary and C o n c l u s i o n s 

t A chemica l model has been deve loped t h a t p r e d i c t s e q u i l i b r i a 
f o r wet s c r u b b i n g o f S 0 2 by l i m e s t o n e s l u r r y , w i t h magnesia 
a d d i t i v e t o enhance S 0 2 r e m o v a l . The model i s implemented 
by an e q u i l i b r i u m computer program. 

• S i m p l i f i e d c o r r e l a t i o n s , d e r i v e d f rom the c o m p u t e r i z e d model 
and a p p l i c a b l e f o r a t y p i c a l s c r u b b e r t empera tu re o f 50 ° C , 
can be used t o f a c i l i t a t e c a l c u l a t i o n s . For s p e c i f i e d pH, 
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magnesium c o n c e n t r a t i o n , and c h l o r i d e c o n c e n t r a t i o n , t he 
c o r r e l a t i o n s de te rm ine e q u i l i b r i u m S0 2 p a r t i a l p r e s s u r e 
and e q u i l i b r i u m c o n c e n t r a t i o n s o f c a l c i u m , s u l f i t e , b i s u l f i t e , 
and s u l f a t e . For a c t u a l s c r u b b i n g l i q u o r s , t he c o r r e l a t i o n s 
a l s o de te rmine t he degree o f gypsum s a t u r a t i o n . The c o r r e 
l a t i o n s agree w i t h the chemica l model t o w i t h i n a r e l a t i v e 
s t a n d a r d e r r o r o f e s t i m a t e o f l e s s than t h r e e p e r c e n t . 

t The enhancement e f f e c t o f magnesia on S0 2 removal i s caused 
by i n c r e a s e d c o n c e n t r a t i o n s o f b a s i c s u l f i t e s p e c i e s , SO3 
and MgS0§, t h a t r e a c t w i t h t he s t r o n g a c i d S0 2 (aq) t o form 
b i s u l f i t e i o n , HSO3. 

t The c o n c e n t r a t i o n o f b a s i c s u l f i t e s p e c i e s i n c r e a s e s l i n e a r l y 
w i t h magnesium and dec reases l i n e a r l y w i t h c h l o r i d e . Magne
s ium c h l o r i d e , M g C l
i n c r e a s i n g t he s u l f i t

• S0 2 removal i s s t r o n g l y c o r r e l a t e d w i t h t he c o n c e n t r a t i o n o f 
d i s s o l v e d b a s i c s u l f i t e s p e c i e s i n the s c r u b b i n g l i q u o r . The 
enhancement e f f e c t o f s u l f i t e on the number o f mass t r a n s f e r 
u n i t s i n a s c r u b b e r i s e x p r e s s e d by a s i m p l e e x p o n e n t i a l 
r e l a t i o n s h i p . 

• D i s s o l v e d s u l f i t e c o n c e n t r a t i o n i s a conven i en t b a s i s f o r 
compar ing l imes tone/magnes i a s c r u b b i n g t o o t h e r t y p e s o f f l u e 
gas wet s c r u b b i n g s y s t ems . 

t S0 2 p a r t i a l p r e s s u r e has a s t r o n g n e g a t i v e r e l a t i o n s h i p t o pH, 
i n c r e a s i n g by about a f a c t o r o f 80 dS the pH dec reases by one 
u n i t . T h i s r e l a t i o n s h i p o f S0 2 p a r t i a l p r e s s u r e t o pH s h o u l d 
be c o n s i d e r e d i n the d e s i g n o f i n s t a l l a t i o n s where l o w - s u l f u r 
c o a l i s bu rned . 

• The degree o f gypsum s a t u r a t i o n o f a l imes tone/magnes i a 
s c r u b b i n g l i q u o r can be c a l c u l a t e d f rom e i t h e r d i s s o l v e d 
c a l c i u m o r d i s s o l v e d S0 2 ( s u l f i t e p l u s b i s u l f i t e ) a n a l y s e s . 
Use o f d i s s o l v e d c a l c i u m pe rm i t s t he use o f s i m p l e r c o r r e 
l a t i o n s , but t he a c c u r a c y o f c a l c i u m measurements i n the 
presence o f magnesium i s dependent upon t he a n a l y t i c a l method 
used . 

Abstract 

A chemical model previously developed for magnesia wet 
scrubbing of SO2 has been extended to magnesia-enhanced lime
stone scrubbing of SO2. These magnesia-enhanced limestone 
systems use scrubbing slurry containing magnesium-based liquor 
and calcium solids. For such systems at 50°C having dissolved 
magnesium concentrations of up to 1.2 M, the chemical model has 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



266 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

been used to develop correlations for prediction of equilibrium 
SO2 partial pressure, equilibrium concentration of dissolved 
sulfite species that react with SO2, and the degree of gypsum 
saturation of actual scrubbing liquors. 

Data for magnesia-enhanced limestone scrubbing of SO2 by 
a Turbulent Contact Absorber were obtained from the 10-MW 
equivalent EPA Alkali Scrubbing Test Facility. These data and 
the chemical model have been used to predict the enhancement 
effect of magnesia-induced dissolved sulfite concentration on 
SO2 removal. 

For liquors saturated with both calcium sulfite and gypsum, 
the concentration of dissolved sulfite species increases linearly 
with dissolved magnesium concentration, decreases linearly with 
dissolved chloride concentration, and is only weakly affected 
by pH. 

Scrubber inlet liquo H should b  maintained t 5.5
higher for low-sulfur coa
pressure. 
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12 
Sulfur Dioxide Vapor Pressure and pH 
of Sodium Citrate Buffer Solutions with 
Dissolved Sulfur Dioxide 
GARY T. ROCHELLE 

Department of Chemical Engineering, University of Texas at Austin, Austin, TX 78712 

Aqueous scrubbing followed by steam stripping is a 
potentially attractive
production of concentrate
stack gas containing 500 to 5000 ppm SO2 by an aqueous solution 
at 30° to 60°C. The solution is regenerated by stripping with 
steam at 80° to 150°C. Liquid water is easily condensed from the 
stripper overhead vapor, leaving concentrated SO2. This process 
has not received commercial acceptance because it generally re
quires an excessive amount of steam for stripping. 

Sodium citrate was recognized as a potential aqueous absor
bent for absorption/stripping as early as 1934 (3, 4). It has 
recently reappeared in work by the U. S. Bureau of Mines (5), in 
process development sponsored by Peabody, Inc., and in a process 
offered by Flakt, Inc. (6). This paper reports on work which is 
part of a development program on absorption/stripping sponsored 
by the Electric Power Research Institute. 

Buffers i n the pH range of 3.5 to 5.5 provide f o r r e v e r s i b l e 
SO2 absorption as b i s u l f i t e ( H S O 3 ) by the acid/base reaction: 

S 0 2 ( g ) + H 20 ̂  H + + H S 0 ~ 

In a perfectly-buffered s o l u t i o n the SO2 vapor pressure w i l l be 
d i r e c t l y proportional to the t o t a l concentration of SO2 and b i 
s u l f i t e , giving a l i n e a r equilibrium r e l a t i o n s h i p . In simple 
a l k a l i s u l f i t e s o l u t i o n without added buffer, the equilibrium 
r e l a t i o n s h i p i s highly nonlinear, because IT*" accumulates as S O 2 
i s absorbed. Under these conditions i s i t not possible to carry 
out r e v e r s i b l e SO2 absorption/stripping i n a simple system, re
s u l t i n g i n greater steam requirements than expected with a l i n e a r 
equilibrium r e l a t i o n s h i p . Weak acid buffers such as sodium c i 
t r a t e have been proposed to "straighten" the equilibrium r e l a t i o n 
ship and thereby reduce ultimate steam requirements ÇL, _2, 7) · 
C i t r a t e buffer i s a t t r a c t i v e because i t i s e f f e c t i v e over a wide 
range, from pH 2.5 to pH 5.5 i n concentrated solutions. 

Johnstone, et a l , (2) found that the r a t i o of S 0 2 vapor 

0-8412-0569-8/80/47-133-269$05.75/0 
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pressure to H 2 O vapor pressure (PSO2 / P H 0 O ) over weak acid buffer 
solutions was generally independent of temperature. The reaction 
of H S O 3 with IT to give gaseous SO2 has an enthalpy change of 
about 10.8 kcal/g-mole (8). The ext r a c t i o n of H + from a weak acid 
usually requires n e g l i g i b l e enthalpy change. Therefore the net 
enthalpy change for desorption of gaseous SO2 from a weak acid i s 
about 10.8 kcal/g-mole, almost equal to the enthalpy of water 
vaporization: 

HS0~ + H + + S0 2(g) + H 20(1) ΔΗ = 10.8 kcal/g-mole 

HA + H + + Α" ΔΗ = 0 

HS0~ + HA -> S0 2(g) + H 20(1) + A~ ΔΗ = 10.8 kcal/g-mole 

I t i s expected that sodiu
t y p i c a l weak acid buffer
be independent of temperature. Under these conditions, the steam 
requirements w i l l generally be independent of the s t r i p p e r oper
ating pressure and temperature (J., _2) . 

This work was c a r r i e d out to confirm minimal temperature de
pendence of Ps02^PH20 over sodium c i t r a t e solutions and to deter
mine the dependence of PgQ 2/Pjj 2o °n s o l u t i o n composition. Mea
surements of pH as a function of temperature and s o l u t i o n compo
s i t i o n have been performed i n order to separate the e f f e c t s of 
the s p e c i f i c buffer on i >S02/ pH20' Design c a l c u l a t i o n s are pre
sented to estimate the steam requirements on t y p i c a l a p p l i c a t i o n s . 

Experimental Methods 

Solution Preparation. Solutions were prepared from reagent 
grade c i t r i c acid monohydrate, sodium c i t r a t e dihydrate, N a H S 0 3 , 
Na2S04, NaCl, and standardized NaOH s o l u t i o n . Hydroquinone (0.1 
wt %) was added to i n h i b i t oxidation of solutions with NaHS03. 

The NaHSÛ3 was analyzed by iodine t i t r a t i o n and was t y p i c a l l y 
97-98% of the expected SO2 content. Several of the solutions used 
for v apor/liquid equilibrium experiments were analyzed f o r t o t a l 
SO2 and found to contain 5 to 10% le s s than the nominal concen
t r a t i o n . Nominal concentrations were used i n presenting and 
analyzing the data, unless noted otherwise. Therefore, correlated 
values of P S O 2 m a v be 5 to 10% low f o r a given s o l u t i o n compo
s i t i o n . 

pH Measurements. A Ag/AgCl combination electrode was used 
for a l l measurements at 25°C. A thalamid combination electrode 
was used at 55° and 95°C. I t was conditioned i n pH 4.00 buffer 
at 55° or 95°C fo r at leas t 24 hours before use. The electrodes 
were standardized at the measurement temperature by phthalate 
buffer at pH 4.00 and phosphate buffer at pH 7.00. Response of 
the electrodes to c i t r a t e buffers required 15 to 30 minutes f o r 
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a stable reading. In l a t e r experiments secondary c i t r a t e buffers 
were used to standardize the electrodes and thereby reduce e q u i l i 
brium time. 

Dynamic Saturation. Dynamic saturation was the primary 
method used f o r vapor-liquid equilibrium (VLE) determinations. 
Typical apparatus i s shown i n figu r e 1. N2 gas was sparged 
through a s o l u t i o n of known, r e l a t i v e l y constant composition, 
then analyzed f o r S O 2 . T y p i c a l l y 1 to 5 l i t e r s of N2 or N 2 / S O 2 
was sparged through a coarse, f r i t t e d - g l a s s dispersion tube sub
merged 7 to 15 cm i n 125 to 300 ml of so l u t i o n i n a single-stage 
glass or s t a i n l e s s s t e e l saturator. Gas leaving the saturator 
was assumed to be i n equilibrium with the s o l u t i o n . Comparable 
r e s u l t s were obtained i n experiments using three saturators i n 
series and i n experiments using SO2 absorption rather than de-
sorption. The saturato  maintained ± 1°C  Most dat t 25° 
to 55°C were taken at atmospheri
were taken at 4.4 to 1

SO2 content of the gas was determined by sparging into a 
125 ml gas washing b o t t l e containing a known amount of I 2 i n 
acetate buffer at pH 4-5.5 with a starch i n d i c a t o r . N2 flow 
was measured by a wet test meter. 

Water content of the gas leaving the saturator was estimated 
using a modified Raoult's law. Constants f o r vapor pressure 
lowering were obtained from Weast (8). Constants for NaH2Citrate, 
Na2HCitrate, Na3Citrate, and NaHS03 were assumed to be equal to 
those f o r NaH2P04, N a 2 H P 0 4 , Na3P04, and NaCl, respectively. The 
a c t i v i t y of water was assumed to be independent of temperature 
and i s given by: ^ 

(1 - a u n)760 = 30.0 [Na 0Cit] + 23.5 [Na 0HCit] + 21.0 [NaH 0Cit] 

+25.2 ([NaHS0 3] + [NaCl]) 

+ 25.0 ([Na 2S0 4] + [ N a
2
S2°3 ] ) 

The lowest water a c t i v i t y encountered i n these experiments 
was about 0.88 (2 M C i t r a t e ) . The vapor pressure of water over 
the s o l u t i o n i s given by: 

PH 20 = *Η 20 ΡΗ 20 

where Pj^O * s t n e vapor pressure of pure water at the saturator 
temperature. 

Assuming that the vapor leaving the saturator i s an i d e a l 
gas the SO2 vapor pressure i s given by: 
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ri 
SO 

ρ = ± (ρ _ ρ ) 
S 0 2 n S 0 2

 + \ T H 2 ° 

where ngo 2
 a n d n N 2 a r e t h e m ° l e s o f s o 2 a n d N 2 a n d PT i s the total-

pressure. Under most conditions Pr^O w a s less than 1 0 % of P-p. 
Therefore, P S O 2 i s r e l a t i v e l y i n s e n s i t i v e to errors i n Ρ Η 2 0 · 

SO? Electrode. A gas-sensing SO2 electrode marketed by 
Ionics, Inc. was used to provide ad d i t i o n a l VLE data at 25°C as a 
function of composition. Aqueous S 0 2 e q u i l i b r a t e s across a poly
meric membrane with a f i l l i n g s o l u t i o n containing about 0 . 1 M 
NaHSO^. Ionic species do not di f f u s e across the membrane. A 
small combination glass electrode measures the pH of the f i l l i n g 
s o l u t i o n . The SO2 a c t i v i t y (PsOo) i s proportional to the a c t i v i t y 
of Η"*" (10~P^) , because

H S 0 3 " + H " W s 0 2 ( g ) + H 20 

P S 0 2
 = K a H + a H S 0 ~ 

The SO2 electrode has a l i n e a r response to P g 0 2 a s ^ o w a s ^ ^ 
atm. 

Water also dif f u s e s across the polymer membrane to a l i m i t e d 
extent. Therefore the electrode response i s unstable and u n r e l i 
able i f there i s a s i g n i f i c a n t difference between the osmotic 
pressure of the f i l l i n g s o l u t i o n and the unknown s o l u t i o n . To 
p a r t i a l l y a l l e v i a t e t h i s problem, data were taken with f i l l i n g 
solutions containing 0, 1 . 0 , and 2.0 M a d d i t i o n a l KCl. 

The response of the SO2 electrode i s a c t u a l l y read as v o l 
tage, (mV). Two constants are needed to convert t h i s to Ρ : 

s o 2 

l o g p s o 2
 = C + d 

We have used the t h e o r e t i c a l value of d at 25°C which i s 59.16 mV. 
The constant c must be determined by measurement of a known 
so l u t i o n each day the electrode i s used. A l t e r n a t i v e l y , the 
electrode can be used to provide r e l a t i v e P^Q for a series of 
measurements. 2 

pH Behavior 

A semiempirical c o r r e l a t i o n of pH measurements with 156 
solutions gave the following r e l a t i o n s h i p : 
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a l + a 2 f + a
3 [ A n i ° n ] T ° * 5 (1) 

2.77 ± 0.05 

3.60 ± 0.05 

-0.53 ± 0.03 

The t o t a l concentration of anions i s given by: 

[Anion] T = [Citrat e ] + [Na 2S0 4] + [NaCl] + [NaHSO^ 

Neglecting H + and assumin  that S0  i t  b i s u l f i t e  th
f r a c t i o n n e u t r a l i z a t i o

[Na +] - [S0 2] - [Cl~] - 2[S0 4
=] 

f = 3[Citrate] 

This c o r r e l a t i o n includes solutions over the following range of 
conditions : 

f = 0.20 - 0.833 

[Cit r a t e ] = 0.05 - 2.0 M 

[Na 2S0 4] = 0 - 1.5 M 

[NaHS03] = 0 - 1.0 M 

[NaCl] = 0 - 1.9 M 

The standard deviation of pH pred i c t i o n i s 0.12 pH u n i t s . 
In these solutions pH i s more strongly correlated with t o t a l 

anion concentration than with i o n i c strength. Thus 1 M Na2S04 
and 1 M NaCl have about the same ef f e c t on the pH of a sol u t i o n 
at a given f r a c t i o n n e u t r a l i z a t i o n . Figure 2 shows pH at 50% 
n e u t r a l i z a t i o n as a function of anion concentration i n the solu
tions which are p r i m a r i l y c i t r a t e , N a 2 S 0 4 , or NaCl, as w e l l as i n 
mixed soluti o n s . 

The e f f e c t of s o l u t i o n anionic concentration i s probably 
related to ef f e c t s on a c t i v i t y c o e f f i c i e n t s and ion p a i r form
ation of more highly charged buffer species. In more concentrated 
sol u t i o n s , the a c t i v i t y of the highly charged species i s reduced 
by both i o n i c strength and ion p a i r formation. The e f f e c t on 
less charged, a c i d i c species i s l e s s . Therefore, as solutions 
become more concentrated, the a c t i v i t y of basic species i s re
duced r e l a t i v e to that of a c i d i c species, and at a given f r a c t i o n 
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Regulator Thermometer ^Pressure Gauge Graduated Cylinder 
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Figure 1. A pparatus for dynamic saturation 

Figure 2. Dependence of pH on total anion concentration ((%) infinite dilution; 
(O) NaCl; (Q) Na2S04; (A) sodium citrate; (V) mixed solution) 
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n e u t r a l i z a t i o n the pH decreases. In concentrated solutions poly
valent anions such as S O 4 " and c i t r a t e " probably form ion p a i r s 
such as NaS04~ and N a 2 c i t r a t e + . Therefore the e f f e c t i v e i o n i c 
strength and Na + concentration a v a i l a b l e for ion pair formation 
vari e s with t o t a l anion concentration rather than i o n i c strength. 

The e f f e c t of f r a c t i o n n e u t r a l i z a t i o n on pH i s i l l u s t r a t e d 
i n f igure 3 for a so l u t i o n of constant anionic concentration. 
This corresponds to t i t r a t i n g c i t r i c acid with NaOH. The t i t r a 
t i o n curve i s very nearly l i n e a r from pH 2.2 to about pH 5.5 with 
a slope of 3.60. The ef f e c t s of the three fun c t i o n a l buffer 
groups of c i t r i c acid are smeared so that no S-shape or i n f l e c 
t i o n points are apparent. 

As shown i n figure 4, t i t r a t i o n with HCI or absorption 
of S O 2 as b i s u l f i t e r e s u l t s i n a d i f f e r e n t dependence of pH on 
fr a c t i o n n e u t r a l i z a t i o n because the t o t a l anion concentration i s 
increased. The slope o
4.0 and i s modeled by equatio

As shown i n Table I, the ΔΗ values of the buffer reactions 
corresponding roughly to K a i , K a2, and K a3 (16.7, 50.0, and 83.3% 
n e u t r a l i z a t i o n , respectively) a l l have absolute values l e s s than 
2.0 kcal/g-mole. The reactions corresponding to K a2 and K a3, 
which are most relevant for SO2 absorption/stripping, had ΔΗ 
values of -0.7 and +0.1 kcal/g-mole, respectively. The c a r e f u l 
data of Bates and Pinching ( 9 ) i n d i l u t e c i t r a t e solutions give ΔΗ 
values between 25° and 50°C of -0.01, -0.002, and +0.03 kcal/g-
mole, respectively f o r K a i , K a2, and Ka3» Because o v e r a l l tem
perature e f f e c t s i n S O 2 absorption/stripping are on the order of 
10 kcal/g-mole, we can neglect the enthalpy change of the buffer 
reaction. 

S0 ? Vapor Pressure 

SO2 vapor pressure was determined i n eight series of experi
ments (Tables I I and I I I ) with a t o t a l of about 80 solutions 
over the following range of conditions: 

f = 0.40 - 0.80 

[Citrate] = 0.2 - 2.0 M 

[NaHS03] = 0.025 - 1.0 M 

[Na 2S0 4] = 0 - 1 M 

[Na 2S 20 3] = 0 - 0.6 M 

Τ = 25 - 168°C 

A semiempirical c o r r e l a t i o n of the data gives: 
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Figure 4. Dependence of pH on fraction neutralization—titration with HCI (A) 
orS02(0) 
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Table I: Heat of Reaction of H + with Concentrated 
Sodium C i t r a t e Buffers 

Solution , a . Q Fraction composition ΔΗ 
ne u t r a l i z a t i o n ^—) (kcal/g-mole) 

0.167 0.30 NaCl - 1.6 
1.50 + 0.2 
0.60 C i t r a t e - 2.8 
3.00 - 3.8C 

Mean - 2.0 ± 1.7 

0.500 0.30 NaCl  0.9 

0.15 C i t r a t e - 0.7 
0.50 - 1.5 C 

0.75 - 0.1 
1.00 - 1.0C 

2.00 - 0.9 C 

Mean - 0.7 ± 0.5 

0.833 0.30 NaCl + 0.7 
1.50 + 0.3 
0.50 Na2S0 4 + 0.4 
0.0667 C i t r a t e + 0.7 
0.333 - 0.1 
0.50 - 0.2 C 

1.00 - 0.4 C 

2.00 - 0.9C 

Mean + 0.1 ± 0.6 

a [Na +] - [Cl~] - 2[S0 4
=] 

f r a c t i o n n e u t r a l i z a t i o n = 

b 
3 [ C i t r a t e l 

Chloride and s u l f a t e solutions contain 0.00667 M C i t r a t e . 
A l l solutions contain NaOH as indicated by f r a c t i o n n e u t r a l i z a 
t i o n 

ςΔΗ calculated from pH values at 25° and 95°C 

^ΔΗ calculated from pH values at 25° and 55°C unless noted 
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Table I I : SO2 Vapor Pressure Obtained by 
Dynamic Saturation at 25° to 158°C, Series 1 

Solution Composition 
(M) Ρ /Ρ rS0 2

/ rH 20 Calc Ρ 

C i t r a t e so2 f 1 
<°C) 

χ 10 J 

0.5 0.20 0.533 27 14.8 
55 12.1 
55 14.7 
75 14.2 
95 14.0 
95 12.4 

115 14.3 

mean 13.7 1.0 

1.0 0.25 0.583 24 14.6 
55 18.8 
75 16.3 
95 16.5 

115 17.1 
135 15.7 

mean 16.5 ± 1.4 

2.0 0.80 0.700 55 31.7 
75 34.8 
95 36.6 

115 33.6 
135 35.9 

mean 34.5 ± 1.9 

0.5 a 0.20 0.533 25 22.2 
168 19.0 

mean 20.6 ± 2.3 

1.0 0.164b 0.612 24 8.7 
51 10.6 
92 10.8 

117 11.4 
148 10.6 

mean 10.4 ± 1.0 

so_ 
Meas Ρ S0o 

1.26 

1.06 

0.93 

0.85 

0.86 

0.05 M Na 2S 20 3 was also added to the s o l u t i o n 
As analyzed by iodine t i t r a t i o n , nominal S0 ? concentration was 
0.2 M 
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Table I I I : S0 2 Vapor Pressure at 25°C Obtained by Dynamic 
Saturation or the SO^ Electrode 

Solution Composition p , p 

QO *S0 2
7 H 20 Calc P S Q 

C i t r a t e S0 2 f pH ^ 0 χ 10 Meas P S Q 

2 

Series 2, Dynamic Saturation 

0.5 0.20 a 0.533 4.60 0.970 14.5 1.27 
2.0 1.00 0.667 4.38 0.910 77.6 0.69 
1.0 0.50 0.66
2.0 0.60 0.56
1.0 0.30 0.567 4.04 0.961 26.6 0.90 
0.5 0.15 0.567 4.22 0.980 8.9 1.10 
2.0 0.20 0.467 3.85 0.938 38.7 1.07 
1.0 0.10 0.467 3.90 0.968 17.7 0.91 
0.5 0.05 0.467 3.94 0.984 7.0 0.96 
2.0 0.20 0.800 5.12 0.922 3.2 1.07 
1.0 0.10 0.800 5.11 0.961 1.1 1.18 
2.0 0.30 0.617 4.39 0.930 22.9 0.90 
1.0 0.15 0.617 4.37 0.965 7.8 1.02 
0.5 0.075 0.617 4.45 0.982 4.3 0.76 

mean 0.97 ± 0.16 

Series 3, Dynamic Saturation 

2.0 0.2 0.52 4.24 20.7 1.35 
1.0 0.1 0.52 4.22 7.3 1.48 
0.5 0.05 0.52 4.33 3.01 1.49 
1.0 0.9 0.52 4.17 83.8 1.41 
1.0 0.1 f 0.52 4.22 9.88 1.39 
1.0 0.1 b 0.52 4.15 9.06 1.38 
2.0 0.2 0.74 4.99 3.15 1.68 
1.0 0.1 0.74 4.96 1.31 1.56 
0.5 0.05 0.74 4.99 0.76 1.10 
1.0 0.90 0.74 4.83 14.9 1.51 
1.0 0.10 f 0.74 4.90 2.42 1.07 
1.0 0.10 b 0.74 4.89 1.53 1.56 

1.42 ± 0.18 
continued 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



280 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Table I I I : Continued 

Solution Composition 
(M) 

C i t r a t e S0 o pH 

Ρ /Ρ 
S 0 2 H2° 

3 
χ 10 

Calc Ρ S0 o 

Meas Ρ S0 r 

Series 4, S0 2 Electrode with 1 M KCl 

0.50 0.40 0.400 3.81 97.1 1.03 
0.50 0.20 0.533 4.33 16.1 1.07 
0.50 0.10 0.600 4.60 4.7 1.06 
0.50 0.05 0.633 4.73 1.93 0.99 
0.50 0.025 0.650 4.83 0.95 0.87 
1.00 0.40 0.53 3 
1.00 0.20 0.60
1.00 0.10 0.633 4.47 4.5 1.03 
1.00 0.05 0.650 4.53 2.0 0.98 
1.00 0.025 0.658 4.57 1.0 0.91 

Series 5, S0 2 Electrode with 2 M KCl 

1.02 ± 0.08 

2.0 1.0 0.667 4.38 55.2 0.97 
1.0 0.5 0.667 4.32 22.4 0.88 
2.0 0.6 0.567 4.01 60.5 1.05 
1.0 0.3 0.567 4.04 24.4 0.98 
2.0 0.20 0.467 3.85 35.4 1.18 
1.0 0.10 0.467 3.90 15.8 1.02 
1.0 0.10 0.800 5.11 1.3 1.00 
2.0 0.30 0.617 4.39 21.0 0.98 
1.0 0.15 0.617 4.37 8.4 0.94 

mean 1.00 
Series 6, s o 2 : Electrode with 2 M KCl 

1.0 0.02 0.493 4.00 2.72 0.95 
1.0 0.065 0.478 3.94 10.2 0.93 
1,0 0.11 0.463 3.85 16.3 1.14 
1.0 0.155 0.448 3.80 27.9 1.04 
1.0 0.20 0.438 3.71 43.9 0.97 
1.0 0.05 0.650 4.47 2.14 0.93 
1.0 0.1625 0.613 4.37 10.0 0.88 
1.0 0.275 0.575 4.16 22.0 0.93 
1.0 0.3875 0.538 4.08 39.3 1.00 
1.0 0.500 0.500 3.90 65.9 1.05 
1.0 0.05 0.650 4.35 2.47 1.03 

0.08 

continued 
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Table III: Continued 

281 

Solution Composition 
(M) 

C i t r a t e S0 o pH H2° 

P /P r S 0 2
7 H 20 
3 

x 10 

Calc P SO. 
Meas P S0 n 

Series 6, continued 

1.0 0.05 0.650 4.40 2.34 0.97 
1.0 0.275 0.575 4.12 22.0 0.93 
1.0 0.08 0.807 4.99 1.03 0.96 
1.0 0.26 0.747 4.75 5.38 0.98 
1.0 0.44 0.687 4.51 14.5 1.02 
1.0 0.62 0.627 4.27 33.0 1.03 
1.0 0.80 0.56

mean 0.99 0.07 

Series 7, Dynamic Saturation, 17 experiments 

1.0 0.45 c 0.483 58.0 ± 4. 1 1.22 + 0.09 

Series 8, Dynamic Saturation, SO analyzer 2 
1.6 0.17 i 0.506 3.92 36.3 0.67 
1.0 0.17 0.510 3.84 30.1 0.67 
0.4 0.17 0.525 3.81 25.4 0.60 
0.2 0.17 0.550 3.82 22.7 0.50 
1.0 0.17 f 0.510 3.82 39.3 0.65 
1.0 0.17 d 0.510 3.81 33.9 0.68 
1.0 0.17 0.510 3.72 40.3 0.63 
0.2 0.17 0.550 3.83 36.2 0.49 

mean 0.61 + 0.08 

a +0.2 M Na 2S 20 3 e +0.6 M Na 2S0 4 

b +0 .6 M Na 2S 20 3 f +1.0 M Na 2S0 4 

c +0 .05 M Na oS0, — 2 4 g +1.5 M Na 2S0 4 

d +0.5 M Na.SO. h +1.0 M NaCl 
— Z i\ 
Determined by iodine t i t r a t i o n , 
was 0.2 M S0 o. 

Nominal concentration 
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log Κ = a, + a c f + a . [ A n i o n ] . 0 , 5 (2) 
C 4 D O 1 

0.46 ± 0.075 

-3.27 ± 0.12 

0.26 ± 0.04 

P H 2 0 [ S ° 2 ] T 

The c o r r e l a t i o n include
value of water vapor pressure over the solution (PJJ 9Q^· 

For the e n t i r e set of data, the standard deviation for pre
d i c t i o n of log K c i s 0.011 or about 27% of K c. However, there 
i s evidence of systematic error i n ser i e s 3 and series 8, and from 
run to run i n series 1. This error does not appear to be asso
ciated with variables such as s o l u t i o n composition or temperature. 
I t may have resulted from errors i n standardization of iodine 
s o l u t i o n or i n c a l i b r a t i o n of the SO2 analyzer ( f o r series 8). 
This systematic error a f f e c t s the usefulness of these series i n 
determining the constant a 4 , but they s t i l l provide valuable data 
for use i n determining dependence of the equilibrium on tempera
ture, f r a c t i o n n e u t r a l i z a t i o n , and t o t a l anion concentration. 

The f i r s t series o f data includes f i v e solutions with mea
surements by dynamic saturation at 25° to 168°C. As shown i n 
Table I I the r a t i o ^sOo^HoO i s e s s e n t i a l l y independent of temp
erature. Yet from 25° to I50°C, P S 0 2 increases a factor of 150. 
For any given s o l u t i o n the standard deviation of PsOo^^O o v e r 

the temperature range was generally l e s s than 10%. However, the 
error of estimate of K c by equation (2) i s as high as 26%, sug
gesting systematic errors from one experiment to the next. 

Series 2 by dynamic saturation and series 3, 4, and 5 by the 
S 0 2 electrode were intended p r i m a r i l y to show the e f f e c t of f r a c 
t i o n n e u t r a l i z a t i o n . Data c o l l e c t e d by the S 0 2 electrode have 
been c a l i b r a t e d by the c o r r e l a t i o n (equation (2)) so that they 
contribute to a 5 and ag, the slope terms, but not to a 4 , the 
intercept. Figure 5 shows the r a t i o of calculated and measured 
values of PgQ2 a s a function of the f r a c t i o n n e u t r a l i z a t i o n . 
There i s no consistent trend with f r a c t i o n n e u t r a l i z a t i o n , so the 
c o r r e l a t i n g equation i s adequate. However, series 3 i s high and 
series 8 i s low, suggesting systematic errors. Each of series 2 
through 8 are i n t e r n a l l y consistent, with standard deviations 
around a mean error l e s s than 17%. 

where 

Κ = 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



12. ROCHELLE Sulfur Dioxide Vapor Pressure 283 
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Figure 5. Relative error of Ρ80χ prediction vs. fraction neutralization (series: 
1 O ; 2 ( 0 ) ; 3 (A); 4,5,6 (O); 7(*); 8 (V)) 
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Series 7 included 17 experiments with a s i n g l e s o l u t i o n 
composition but with a v a r i a b l e number of saturators and absorbers 
i n the dynamic saturation apparatus. The r e s u l t s had a standard 
deviation of about 8%. 

Series 8 i n combination with e a r l i e r series was intended to 
provide data on the e f f e c t s of t o t a l anion concentration. The 
r e s u l t s are i n t e r n a l l y consistant with the c o r r e l a t i o n , having 
a standard deviation of about 15% around the mean error. However 
the measured values of Pso 2

 w e r e about 40% lower than the general 
c o r r e l a t i o n . An S0 2 analyzer, rather than iodine t i t r a t i o n , was 
used to determine S0 2 gas concentration from the saturator. The 
analyzer was c a l i b r a t e d with dry S0 2/N 2 span gas. In l a t e r ex
periments i t was shown that humid gas gives a lower analyzer re
sponse. With constant f r a c t i o n n e u t r a l i z a t i o n increased anionic 
concentration increases ?S02 because pH decreases f a s t e r than 
e f f e c t i v e b i s u l f i t e a c t i v i t y

Equations (1) and
pred i c t i o n of Pso 2

 a s a function of pH: 

log K c = (a± + a4) + ( a 2 + a 5 ) f + (a 3 + [ A n i o n ] 0 , 5 - pH 

a- + a, = 3.23 1 4 

a 2 + a 5 = 0.33 

a 3 + a 6 = -0.27 

The dependence on f r a c t i o n n e u t r a l i z a t i o n and t o t a l anion concen
t r a t i o n should r e f l e c t the extent to which the b i s u l f i t e a c t i v i t y 
i s not proportional to t o t a l dissolved S0 2. As expected, the 
dependence on f i s quite small, since dissolved S0 2 i s present 
p r i m a r i l y as b i s u l f i t e at pH 3.5 to 5.0. The e f f e c t of anion 
concentration i s i n the d i r e c t i o n expected since b i s u l f i t e ac
t i v i t y would be reduced by ion p a i r i n g i n more concentrated 
solutions. 

Design Calculations f o r Absorption/Stripping 

The primary c h a r a c t e r i s t i c of an acid/base buffer a f f e c t i n g 
steam requirements i s the temperature dependence of PS0 2/PH 20* 
Since Ps02/PH20 of the c i t r a t e system i s independent of tempera
ture, the i d e a l minimum steam requirement (moles H20/moles S0 2) 
of a simple s t r i p p e r i s equal to the r a t i o , Ps02/pH20> o f the 
humidified i n l e t stack gas (1). This steam requirement i s i n 
dependent of the s t r i p p e r temperature, but assumes that the s t r i p 
per feed i s preheated to i t s b o i l i n g point, that there are an 
i n f i n i t e number of stages i n the absorber and s t r i p p e r , and that 
the equilibrium curve i s l i n e a r . 
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The second c h a r a c t e r i s t i c of equilibrium data a f f e c t i n g 
steam requirements i s the n o n l i n e a r i t y of PsOo/pHoO versus [SO2]. 
That n o n l i n e a r i t y i s quantified p r i m a r i l y by the dependence of 
K c on f. Figure 6 shows predicted and measured values of Ps0 2^ 
pHoO v e r s u s [δ02] for 1 M c i t r a t e solutions with 1.5,2.0,and 2.5 
M Na +. 

Performance of a simple absorption/stripping system can be 
determined by use of a McCabe-Thiele diagram. Equilibrium for 
both s t r i p p e r and absorber can be represented as a singl e l i n e 
when p l o t t i n g Ps02/pH?0 versus [SO2]. Material balance gives 
operating l i n e s for the absorber and s t r i p p e r . The slope of the 
absorber operating l i n e i s the r a t i o of l i t e r s of c i r c u l a t i n g 
s o l u t i o n to moles of H2O i n the saturated stack gas. The slope 
of the s t r i p p e r operating l i n e i s the r a t i o of l i t e r s of c i r c u 
l a t i n g s o lution to moles of steam. The steam requirement i n 
moles per mole of SO2 absorbe
r a t i o , Ps02/pH20> a t t n

Figure 7 i l l u s t r a t e s how minimum steam requirements can be 
estimated for 1 M c i t r a t e with 2.0 molar Na + i n a simple absorp
t i o n / s t r i p p i n g system to remove 90% of the S 0 2 from stack 
gas at 55°C containing 3000 ppm SO2. The operating l i n e s for 
the absorber and s t r i p p e r are s t r a i g h t , assuming that the H 20 
vapor rate i s constant throughout the absorber and throughout 
the s t r i p p e r . With an i n f i n i t e number of stages the absorber i s 
pinched at the top and bottom. Using l i v e steam, the s t r i p p e r 
pinches i n the middle because of the n o n l i n e a r i t y of the e q u i l i b 
rium curve. The gas leaving the stripper would have Pso2/*>H20 
equal to 0.0173, giving a minimum steam requirement of 57.8 moles 
H20/mole SO2 (16.3 kg/kg). I f the equilibrium were l i n e a r the 
minimum steam requirement would be 50 moles H20/mole SO2. Thus, 
no n l i n e a r i t y increases the steam requirement by a factor of 1.16. 

Figure 8 i l l u s t r a t e s the performance of a system with three 
equilibrium stages i n the absorber and s i x i n the s t r i p p e r . The 
actual steam requirement i s 147 moles/mole SO2 (41.3 kg/kg). The 
use of a f i n i t e number of stages increases the steam requirement 
a factor of 2.5 from the case of i n f i n i t e stages with a non
l i n e a r equilibrium. 

Table IV gives minimum steam requirement ( i n f i n i t e stages) 
at several d i f f e r e n t s o l u t i o n c a p a c i t i e s . The factor a t t r i b u -
able to equilibrium n o n l i n e a r i t y increases as more SO2 i s 
absorbed, because the buffer capacity i s consumed to a greater 
extent. Any capacity for S0 2 absorption can be achieved by 
varying Na concentration (pH) i n the s o l u t i o n . At low pH 
([Na] = 1.5 M) the s o l u t i o n capacity f o r SO2 absorption i s small, 
but the n o n l i n e a r i t y factor i s also small (1.05). Solution 
capacity can be increased by operating at higher pH ([Na] = 2.5 
Μ), but n o n l i n e a r i t y i s more severe (1.32). 

As shown by case 3 i n Table IV, the minimum steam require
ment i n an optimized system i s not s e n s i t i v e to the magnitude of 
PS0 9 over the s o l u t i o n , but only to i t s dependence on temperature 
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\S02J (g-moles/liter) 

Figure 6. Dependence of P802 on solution composition—1.0M citrate, 25°C 
((O) SO2 electrode; fQ) dynamic saturation) 
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Figure 7. Minimum steam requirement, simple absorption/stripping with live 
steam, 3000 ppm SOg in at 55°C, 90% removal, l.OM citrate, 2.0M Na 
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and SO2 s o l u t i o n concentration. I f the constant a 4 i n the 
equation f o r K c i s 0.30 rather than 0.46, the minimum steam re
quirement increases by only 3%. 

[Na] (M) 

1.5 
2.0 
2.0 a 

2.5 

Table IV 
Ρ 

Minimum steam requirement, i n l e t 
s o / P H ο = 0.02, 90% S0 2 removal, 
i n f i n i t e stages, 1.0 M C i t r a t e 

Steam Requirement 
Moles H20/Mole S0 2 

52.4 
57.8 
59.5 
65.8 

Nonlinearity 
Factor 

1.05 
1.16 
1.19 
1.32 

Capacity 
Moles S 0 2 / l i t e r 

0.103 
0.173 
0.262 
0.368 

Value of a 4 taken to be 0.30 rather than 0.46. 

Conclusions 

1. 

4. 

5. 

Temperature dependence of pH and Pso 2/^H 20 over sodium 
c i t r a t e buffer solutions i s i n s i g n i f i c a n t . 
Composition dependence of pH and Pso 2/ pH 20 c a n D e rep
resented as a function of f r a c t i o n n e u t r a l i z a t i o n and 
t o t a l anion concentration. 
Actual steam requirement with t y p i c a l stack gas should 
be about 41 kg/kg S 0 2 . 
Optimized steam requirement i s r e l a t i v e l y i n s e n s i t i v e 
to s o l u t i o n pH. Solution capacity for SO2 absorption 
can reasonably vary from 0.1 to 0.4 g-moles S 0 2 / l i t e r . 
The S 0 2 gas sensing electrode i s an e f f e c t i v e t o o l f or 
vapor/liquid equilibrium at room temperature. 

Nomenclature 

a 
a l , 
a3> 

a 2 , a 4 , a 5 

a6 

[Citrate] 

d 
f 
Κ 

K a l > Ka2> Ka3 

A c t i v i t y 
Constants i n c o r r e l a t i o n of pH and p S 0 2 

Constants with anionic 
r e l a t i o n of pH and Pgo^ 

j t r a t i o n i n cor-concent 
MO-5 

Intercept for c a l i b r a t i o n of S0 2 electrode. 
Total concentration of c i t r i c acid and i t s 
anions, M 
Slope f o r c a l i b r a t i o n of S0 2 electrode, mV 
Fraction n e u t r a l i z a t i o n 
Equilibrium constant for S0 2 absorption as 
b i s u l f i t e , atm M"2 

Equilibrium constants for d i s s o c i a t i o n of 
c i t r i c a c i d , M 
Dependent variable i n c o r r e l a t i o n of S0 2 

vapor pressure, M~̂  
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M M o l a r i t y , g m o l / l i t e r 
η Number of g-moles 
Ρ Pressure or p a r t i a l pressure, atm 

Vapor or p a r t i a l pressure of SO2, atm 
Pfi 2 0 Vapor pressure of pure water, atm 
PHoO Vapor or p a r t i a l pressure of H2O, atm 

Total concentration of species (mostly 
b i s u l f i t e ) , M 

[s62] 
Vapor or p a r t i a l pressure of H2O, atm 
Total concentration of species (mostly 
b i s u l f i t e ) , M 

[] Concentration, M 

Abstract 

SO2 vapor pressure (PSO2) was measured by dynamic saturation 
and by a gas-sensing SO2 electrode over solutions containing 0.5 
to 2.0 M sodium citrate at pH 3.5 to 5 with up to 1 M NaHSO3, Na2SO4, and NaCl, PSO  was measured at 25° to 168°C; pH at 25° 
to 95°C. Both pH and th
independent of temperature  compositio  temperatur
pendence of the data are correlated by the semiempirical expres
sions: 

where f is the fraction neutralization of the citrate buffer. 
The steam requirement for simple absorption/stripping with 90% 
removal of SO2 from stack gas containing 3000 ppm SO2 at 55°C 
was estimated to be about 40 kg/kg SO2. 
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13 
Principles of Coal Conversion 

JOSEPH F. McMAHON 
Foster Wheeler Energy Corporation, Livingston, NJ 07039 

Direct use of coal a  primar  fuel i  ofte  th t effi
cient and economic metho
source. In many cases, however, certain undesirable properties 
of coal make direct utilization difficult. Coal is a solid and 
requires more effort to handle, measure and control than gases or 
liquids. Coal is usually contaminated with ash and other unde
sirable components and has widely variable chemical and physical 
properties. As a result, there is often a need to convert coal 
into more convenient and cleaner forms of energy and products. 
Before considering the basic principles of coal conversion, some 
important characteristics of fossil fuels will be reviewed. 
Fossil Fuel Characteristics 

Carbon and hydrogen are the two elements in fossil fuels of 
primary importance with respect to energy and chemical products. 
The hydrogen to carbon ratios (H/C) of light hydrocarbon gases, 
petroleum liquids and coal are compared in Figure 1. Methane, the 
principal component of natural gas, has the highest H/C ratio of 
the hydrocarbon series. Petroleum fractions have H/C ratios 
ranging from about 2.3 for naphtha through 1.5 for distillate 
oils. Coal has the lowest H/C ratio, ranging from about 0.8 for 
bituminous coal to about 0.4 or lower for anthracite coal and 
cokes. 

The chemical energy content of f o s s i l fuels generally p a r a l 
l e l s the H/C r a t i o as shown i n Table 1. Methane has the highest 
heating value of the hydrocarbon s e r i e s , corresponding to i t s 
high H/C r a t i o while coal has the lowest heating value. The 
normal physical state of f o s s i l fuels also p a r a l l e l s the H/C 
r a t i o . Methane i s a gas at ambient temperature and pressure 
conditions. Petroleum f r a c t i o n s are mobile l i q u i d s except for 
the heaviest f r a c t i o n which can be s o l i d at ambient temperature. 
Coal i s a s o l i d material. 

0-8412-0569-8/80/47-133-295$05.00/0 
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Table 1 
Heating Values Of Selected F o s s i l Fuels 

Fuel kJ/kg 

Methane 53,800 

Naphtha 46,500-48,800 

Crude O i l 44,200-46,500 

Resid 39,500-41,900 

Coal* 27,900-32,600 

*maf 

Methane (natural gas) and petroleum are cl e a r l y more conveni
ent to handle and use than coal. This situation led to widespread 
i n d u s t r i a l use of these fuels for e l e c t r i c power production, i n 
du s t r i a l and resi d e n t i a l fuel requirements and chemicals produc
tion. Recently, however, i t has become apparent that more use 
must be made of coal to conserve supplies of natural gas and 
petroleum despite the d i f f i c u l t i e s i n handling and use. There 
are large reserves of coal i n many parts of the world, many near 
centers of population and in d u s t r i a l a c t i v i t y . 

Basic Methods of Coal Conversion 

Conversion of coal to more desirable forms of energy such as: 

pipeline gas 
synthesis gas 
fuel gas 
l i q u i d hydrocarbons 
chemicals 

generally requires considerable technical e f f o r t . There are many 
variations in technical processes that have been developed for 
converting coal to secondary fuels. These processes, however, 
a l l have the common objective of either removing carbon from or 
adding hydrogen to coal to improve i t s o r i g i n a l H/C r a t i o . The 
choice of method and the extent of improvement i n H/C ratio de
pends on the type of product required and considerations of cost. 
Removal of carbon can be accomplished by 

pyrolysis 
g a s i f i c a t i o n 
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while processes for hydrogen addition include 

l i q u e f a c t i o n 
hydrogasification 

Carbon Removal Processes 

P y r o l y s i s . Conversion of coal by pyro l y s i s involves heating 
coal to a temperature of 500 to 700°C. Gases and l i q u i d s are 
evolved from the coal at these temperatures, leaving char which 
has a lower H/C r a t i o than the o r i g i n a l coal: 

Pyrolysis processes d i f f e r p r i m a r i l y i n the means used to supply 
the required heat to th
by burning a portion o
In some cases, a c i r c u l a t i n g stream of char i s used to carry the 
heat to the fresh coal. A l t e r n a t e l y , an in e r t s o l i d i s used as 
heat c a r r i e r although, i n t h i s case, means must be provided to 
separate heat c a r r i e r from product char. 

G a s i f i c a t i o n . The extent of carbon removal from coal by py
r o l y s i s i s r e l a t i v e l y l i m i t e d . As a r e s u l t , the y i e l d s of second
ary fuels having increased H/C r a t i o are not large. E s s e n t i a l l y 
complete control of the amount of carbon removed can be achieved, 
however, by complete g a s i f i c a t i o n of coal with an oxygen-contain
ing gas and steam: 

Major components of the gaseous product are hydrogen, carbon 
monoxide and variable amounts of methane and l i g h t hydrocarbons, 
as w e l l as carbon dioxide. Carbon i s removed from the system by 
separating carbon dioxide from the gas by well known gas scrub
bing processes. Some a d d i t i o n a l hydrogen over that contained i n 
the o r i g i n a l coal i s introduced by reaction of steam with the 
coal. The re s u l t i s a hydrogen-carbon monoxide gas mixture hav
ing an e f f e c t i v e H/C r a t i o of two or higher. This gas mixture, 
often referred to as snythesis gas, can be further processed to 
pipeli n e gas, l i q u i d hydrocarbons, or chemicals such as methanol 
and ammonia. 

The common feature of coal g a s i f i c a t i o n processes i s that coal 
i s contacted i n a g a s i f i e r with an oxygen-containing gas and 
steam at a temperature of at least 700 C. The main types of 
g a s i f i e r s are: 

coal heat gas + l i q u i d + char 

coal + 0 o + 

moving bed 
f l u i d i z e d bed 
entrained flow 

(Figure 2) 
(Figure 3) 
(Figure 4) 
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Figure 1. H/C ratios for various fossil 
fuels 
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Figure 2. Schematic of moving-bed coal gasifier with typical reaction temperature 
profiles 
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Figure 3. Schematic of fiuidized-bed coal gasifier with typical reactor temperature 
profiles 
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In the moving bed g a s i f i e r , lump s i z e coal flows downward 
through the g a s i f i e r , countercurrent to ascending hot gases. 
Coal flows successively through drying, d e v o l a t i l i z a t i o n , g a s i f i 
cation and combustion zones, each zone operating at increasingly 
higher temperatures up to and beyond the melting point of the ash. 
Ash i s withdrawn from the bottom of the g a s i f i e r . Oxygen or a i r , 
together with steam, are introduced i n t o the g a s i f i c a t i o n zone 
and flow upward through the g a s i f i e r . 

In the f l u i d i z e d bed g a s i f i e r , crushed coal i s introduced i n t o 
a f l u i d i z e d bed of char together with oxygen or a i r and steam. 
Coal undergoes drying, d e v o l a t i l i z a t i o n , g a s i f i c a t i o n and combus
ti o n at e s s e n t i a l l y constant temperature of about 1000 C because 
of the rapid mixing c h a r a c t e r i s t i c s of f l u i d i z e d beds. 

In the entrained flow g a s i f i e r , pulverized coal flows cocur-
re n t l y with oxygen and steam through a reaction zone at tempera
tures up to 1800°C. Th
i n the flowing gases. Coa
t i o n and combustion occur very r a p i d l y i n the high temperature 
reaction zone. Entrained flow g a s i f i e r s may be singl e stage or 
two stage, the l a t t e r i nvolving introduction of coal into a f i r s t 
stage where i t i s r a p i d l y d e v o l a t i l i z e d by hot gases from a second 
stage. Char i s recovered from the f i r s t stage and g a s i f i e d with 
steam and oxygen or a i r i n the second stage. 

The o v e r a l l process of coal g a s i f i c a t i o n i s endothermic and 
heat must be supplied to the system. Up to H0% of the heating 
value of the coal may be used for t h i s purpose, depending on the 
s p e c i f i c g a s i f i c a t i o n process and coal used. Countercurrent 
processes usually produce the highest r a t i o of chemical to sen s i 
ble heat i n the product gas because of r e l a t i v e l y low gas out l e t 
temperature. Cocurrent si n g l e stage entrained flow processes 
produce the lowest r a t i o of chemical to sensible heat i n the 
product gas; f l u i d i z e d bed processes are intermediate i n t h i s 
respect. Heat i s usually supplied by p a r t i a l combustion of char 
i n the g a s i f i e r with oxygen or a i r . 

The properties of coal ash, p a r t i c u l a r l y softening tempera
ture, have an important e f f e c t on g a s i f i c a t i o n processes. Ash 
can be discharged i n "dry" form, i n which case the maximum temper
ature i n the g a s i f i e r cannot exceed the ash softening point. In 
moving bed processes, the maximum temperature occurs i n the com
bustion zone and steam i s added for temperature c o n t r o l . Higher 
temperatures can be allowed i f the ash i s removed as sintered 
agglomerates or as a l i q u i d . In these cases, increased gas pro
duction and a greater extent of g a s i f i c a t i o n can be achieved 
compared to dry ash operation. 

Hydrogen Addition Processes 

Liquefaction. (Figure 5) Coal l i q u e f a c t i o n involves addition 
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Figure 4. Schematic of entrained flow coal gasifier with typical reactor temperature 
profiles 
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Figure 5. Generalized flowchart for coal liquefaction processes 
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of hydrogen to coal to produce secondary fuels of increased H/C 
r a t i o . I t has been known for many years that heating a mixture of 
coal and hydrogen donor solvent to temperatures of 400 to 500 C 
res u l t s i n the production of l i q u i d s of increased H/C r a t i o com
pared to the o r i g i n a l c o a l . Hydrogen donor solvents are com
pounds such as t e t r a l i n or mixtures of s i m i l a r compounds contain
ing l a b i l e hydrogen atoms. At elevated temperatures, these hy
drogen atoms of the solvent react with c o a l , breaking down the 
three dimensional coal structure into fragments which dissolve i n 
the solvent. The molecular weight of these fragments decreases 
as the amount of hydrogen reacted increases. Contaminants such 
as s u l f u r , nitrogen and oxygen are eliminated as hydrogen s u l 
f i d e , ammonia and water. 

The p r i n c i p l e of donor hydrogen reaction with coal has been 
applied i n various ways i n processes for coal l i q u e f a c t i o n . In 
one a p p l i c a t i o n , hydroge
coal i t s e l f . The solvent
coal l i q u i d product, i s hydrogenated and recycled to the coal 
l i q u e f a c t i o n reaction. 

In a v a r i a t i o n of t h i s technique, molecular hydrogen i s added 
to the l i q u e f a c t i o n reactor together with the solvent. Hydrogen 
uptake i s usually l i m i t e d to about two weight percent of the coal 
and the l i q u e f i e d coal product has a melting point of about 150 to 
200°C. In a further v a r i a t i o n , a portion of the high b o i l i n g 
l i q u i d product i s recycled to the reactor. The ash contained i n 
t h i s stream exerts a c a t a l y t i c e f f e c t on the hydrogen donor reac
t i o n . Hydrogen uptake i s increased and a f u l l b o i l i n g range 
l i q u i d product i s produced containing naphtha, gas o i l and heavy 
f u e l o i l f r a c t i o n s . 

C a t a l y t i c coal l i q u e f a c t i o n processes do not s p e c i f i c a l l y use 
hydrogen donor solvents although coal i s introduced i n t o the 
li q u e f a c t i o n reactor as a s l u r r y i n a recycle l i q u i d stream. 
Catalyst i s used as a powder or as granules such as p e l l e t s or 
extrudates. I f powdered ca t a l y s t i s used, i t i s mixed with the 
c o a l / l i q u i d stream entering the reactor. Pelleted c a t a l y s t can 
be used i n fixed bed reactors i f precautions are taken to avoid 
plugging with s o l i d s or i n f l u i d i z e d bed reactors. In the l a t t e r 
case, the reacting system i s a c t u a l l y a three phase f l u i d i z e d 
bed, that i s , c a t a l y s t p a r t i c l e s and coal s o l i d s , as wel l as 
l i q u i d , are f l u i d i z e d by gas. 

Hydrogénation of coal i s a highly exothermic reaction corres
ponding to a heat evolution of about 15 k i l o joules per cubic metre 
of hydrogen reacted. Means must be provided to remove t h i s heat 
from the reaction zone so that the reaction temperature can be 
maintained i n the optimum range. This i s usually accomplished by 
i n j e c t i n g coal l i q u i d as quench int o various sections of the 
reactor. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



302 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Hydrogasification. Hydrogasification of coal involves reac
t i o n of hydrogen with coal carried out at elevated temperatures 
under high p a r t i a l pressure of hydrogen. The objective i s to add 
s u f f i c i e n t hydrogen to coal to produce methane as the major prod
uct. I t has been found that many types of coal can be hydrogasi-
f i e d i f the coal i s heated r a p i d l y to reaction temperatures. Even 
under favorable conditions, however, conversion to methane i s not 
complete and aromatics such as benzene are made as by-products. 

Hydrogasification of coal i s also a very exothermic reaction. 
One means of absorbing the heat of reaction i s to use a f l u i d i z e d 
bed reactor and i n j e c t hydrogen and coal reactants at s u f f i c i e n t 
l y low temperature so that the sensible heat required to heat coal 
and hydrogen to reaction temperature i s equivalent to the heat of 
reaction. 

E f f i c i e n c y Consideration

Heat recovery e f f i c i e n c y i s a consideration of major impor
tance i n the conversion of coal to secondary f u e l s . This param
eter i s defined as the percent of the heating value of the coal 
used which i s recovered as heating value i n the desired secondary 
f u e l . Heat recovery e f f i c i e n c y which can be attained i n a coal 
conversion process depends f i r s t l y on the t h e o r e t i c a l chemical 
and thermodynamic requirements of the process, and secondly on 
the p r a c t i c a l r e a l i z a t i o n of the process. The f i r s t f actor de
termines the t h e o r e t i c a l maximum heat recovery e f f i c i e n c y that 
can be obtained under i d e a l circumstances. The second factor 
determines the extent to which the p r a c t i c a l process approaches 
the t h e o r e t i c a l i d e a l . 

Several aspects of the concept of t h e o r e t i c a l heat recovery 
e f f i c i e n c y can be understood by considering an i d e a l i z e d conver
sion of coal to a secondary f u e l having a high H/C r a t i o , such as 
methane. In the following discussion, i t i s assumed that the 
conversion reactions proceed to completion at a temperature of 
15 C and a pressure of 1 atmosphere although, of course, t h i s 
cannot be r e a l i z e d i n pr a c t i c e . Coal i s assumed to have the 
id e a l i z e d chemical formula of C 1 Q Hg. 

Several important chemical reactions for the conversion of 
coal to methane are shown i n Table 2. Steam conversion involves 
the reaction of coal with steam to produce hydrogen and carbon 
monoxide. Hydrogen conversion i s a reaction i n which coal and 
hydrogen react to form methane. Oxygen conversion produces hy
drogen and carbon monoxide by p a r t i a l oxidation of c o a l . Methan-
ation involves a reaction i n which methane and water are produced 
from carbon monoxide and hydrogen. The water gas s h i f t reaction 
between carbon monoxide and steam produces carbon dioxide and 
hydrogen. 

Several of these reactions can occur simultaneously or can be 
used consecutively to produce methane from c o a l . Methanation and 
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water gas s h i f t reactions occur simultaneously i n varying degrees 
with steam and oxygen conversion reactions. Hydrogen required 
for hydrogen conversion can be produced by steam or oxygen g a s i 
f i c a t i o n . 

Table 2 
Coal Conversion Chemical Reaction 

Steam Conversion 
C 1 Q Hg + 10 H 20 > 10 CO + 14 H 2 

C 1 Q Hg

Oxygen Conversion 
C10 H8 + 5 °2 C 0 + 4 H2 

Methanation 
CO + 3 H 2 > CH^ + H 20 

Water Gas S h i f t 
CO + H 20 > C0 2 + H 2 

The p o t e n t i a l of these reactions for methane production can be 
compared i n terms of t h e o r e t i c a l y i e l d s and heat recovery e f f i 
c i e n c i e s . Theoretical methane y i e l d i s defined by the chemical 
equations. Theoretical heat recovery e f f i c i e n c y i s defined as 
the percent of the higher heating value of the coal which i s 
recovered i n the form of methane product. These i d e a l i z e d param
eters provide a measure of the ultimate c a p a b i l i t y of conversion 
systems and are useful for evaluating actual conversion proces
ses. 

Table 3 shows the t h e o r e t i c a l methane y i e l d s and heat recovery 
e f f i c i e n c i e s f o r 

steam conversion-methanation 
hydrogen conversion 
oxygen conversion-methanation 
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Table 3 
Theoretical Methane Yield and Heat Recovery Efficiency 

Feedstock 
H:C 

Wt. Ratio 
Yield 
nT/kg 

Heat 
Recovery 

Efficiency % 

C i n Hft (coal) 
Steam Conversion - Methanation 

0.067 1.11 100 
Hydrogen Conversion 
0.067 1.84 92 

Hydrogen Conversion - H Supply by Oxygen Conversion 
a 0.067 0.86 81 

Oxygen Conversion - Methanation 
0.067 0.65 61 

Steam conversion/methanation has a theoretical heat recovery 
efficiency of 100?. Hydrogen conversion has a theoretical e f f i 
ciency of about 90%; i f the production of hydrogen by steam con
version i s taken into account, however, the theoretical e f f i 
ciency drops to 81%· Oxygen conversion/methanation has a theo
r e t i c a l efficiency of only 61% which i s the lowest of the conver
sion systems. 

Prac t i c a l conversion processes can only approach the theoreti
cal e f f i c i e n c i e s shown i n Table 3· The coal conversion reactions 
do not proceed to completion at ambient temperatures within prac
t i c a l time limitations. As a result, a portion of the coal 
feedstock must be burned to supply heat so that the reactions can 
be carried out at elevated temperatures and pressure where the 
rates of conversion are rapid. In practical systems, this addi
tio n a l heat can only be p a r t i a l l y recovered. Consequently, prac
t i c a l conversion processes have actual heat recovery e f f i c i e n c i e s 
of about 60-70% for production of high H/C ratio products. Pro
duction of secondary fuels having somewhat lower H/C r a t i o , i . e . 
about 2.0, permits attainment of heat recovery e f f i c i e n c i e s of 70 
to 80%. 

Although conversion processes result in the loss of a s i g n i f i 
cant part of the chemical heat energy of the o r i g i n a l coal, sec
ondary fuels are produced which are clean and are more convenient 
to handle. The favorable characteristics of these clean second
ary fuels j u s t i f y i n many cases the cost of plant and energy 
required for conversion. 

RECEIVED February 14, 1980. 
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The problems associated with new synthesis gas processes are 
far greater than problem
or refineries because o , , sludge, ,
sols present in the process streams. These problems need to be 
resolved rapidly if we are to meet our energy needs of the next 
decade. For this reason we cannot wait for data on one plant to 
be used in designing another one as has been done in refinery 
development. Therefore we must use available basic data, pilot 
plant data, and our capabilities involving mathematical tools and 
computers to develop reliable processes without having to learn 
from the failures of prior processes. When basic mathematical 
models predict pilot plant results, then one has considerable 
faith in using the model to predict full-scale plant operation. 
The advantages of the mathematical models are that the effects of 
varying stream rates, temperatures, and pressures can be predicted 
with considerable reliability by simply establishing that existing 
pilot plant data agree with the models. This means that when dif
ferences between pilot plant data and the models exist that they 
have to be reconciled. In general, the cost of developing the 
necessary basic data and models is considerably less than the cost 
of operation of pilot plants or the cost associated with ineffi
ciency of operation of full-scale plants. Unfortunately the de
velopment of basic data and mathematical models takes time, so 
full scale plants have to be built in situations where the neces
sary basic data are not adequate. When this occurs, enough inef
ficient over-design has to be built into the process to compensate 
for uncertainties in the basic data. In these situations, the 
process of development of new basic data should continue because 
the results will be useful when operating problems occur in the 
new plant or when designing additional plants. Thus our immediate 
and long range needs are for basic data which can be used in 
mathematical model developments. If this information is developed 
rapidly, the overall cost to our economy will be considerably less 
than if the data are developed slowly. Subsequent sections of 
this paper discuss the magnitude of work that needs to be done, 
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how t h i s i s to be a c c o m p l i s h e d , and i d e n t i f i e s some o f the a r eas 
r e q u i r i n g deve lopment . 

The Magni tude o f Work t o be Done 

E x i s t i n g p rocesses f o r p roduc ing o i l and gas p roduc t s have 
r e q u i r e d the development o f phase behav i o r and o t h e r thermodynamic 
data on l i g h t h y d r o c a r b o n s , heavy h y d r o c a r b o n s , and the a c i d gases 
C O 2 and HoS. For t h i s reason a l o t o f b a s i c da ta a re a v a i l a b l e on 
these s y s t e m s ; but t h e r e i s s t i l l a l o t we d o n ' t know such as how 
t o c h a r a c t e r i z e the behav i o r o f hydrocarbon f r a c t i o n s c o n t a i n i n g 
numerous p a r a f f i n , naphthene , and a r o m a t i c components . A d d i t i o n a l 
b a s i c data on these systems would he lp to improve the e f f i c i e n c y 
o f t hese e x i s t i n g p r o c e s s e s . 

The p i c t u r e becomes c o n s i d e r a b l y more c o m p l i c a t e d when the 
a d d i t i o n a l components o
v a r i o u s t ypes o f component
where each t ype o f component i s i n d i c a t e d by a c i r c l e . The com
ponents o f e x i s t i n g o i l and gas p r o c e s s e s , shown on the r i g h t - h a n d 
p o r t i o n o f t he f i g u r e , p r i m a r i l y i n v o l v e the l i g h t hydrocarbons 
C-j, C 2 , C 3 , C 4 , and C 5 ; t h e o i l f r a c t i o n s : C g + ; and the a c i d gas 
components : composed p r i m a r i l y o f H 2S and C O 2 . 

The development o f b a s i c mode l i ng data i n v o l v e s t he d e v e l o p 
ment o f i n t e r a c t i o n data between components i n each t ype and i n 
t e r a c t i o n data between t y p e s . In the case o f o i l and gas compo
nents t hese i n v o l v e i n t e r a c t i o n s between t h r e e d i f f e r e n t t ypes o f 
compounds o r t h r e e i n t e r a c t i o n s between t ypes o f g r o u p s . The work 
r e q u i r e d t o deve lop data on these systems has been v e r y l a r g e and 
has i n v o l v e d a t ime span o f many y e a r s . But the work has been 
n e c e s s a r y , and much c o u l d have been saved i n p l a n t c o s t s and 
o p e r a t i n g e f f i c i e n c y i f t he da ta had been deve loped f a s t e r . 
Three a d d i t i o n a l c i r c l e s have been added a t t he l e f t o f F i g u r e 1 
to r e p r e s e n t the a d d i t i o n a l components i n v o l v e d i n the p r o d u c t i o n 
o f s y n t h e s i s g a s . These i n v o l v e the l i g h t g a s e s : H 2 and CO, 
w i t h N 2 , 0 2 , and Ar as m inor components ; water and ammonia w i t h 
amines as m inor components ; and c r e s o l s and o t h e r o r g a n i c compo
n e n t s . These t h r e e a d d i t i o n a l t ypes o f components produce a t o 
t a l o f 15 comb ina t i ons o f i n t e r a c t i o n s between the v a r i o u s t ypes 
o f components o r 12 a d d i t i o n a l i n t e r a c t i o n s . Thus the a d d i t i o n a l 
work to be done c o u l d be as much as f o u r to f i v e t imes the amount 
a l r e a d y done on o i l and gas components . 

Some examples o f new problems encounte red i n s y n t h e s i s gas 
p r o d u c t i o n a re t he f o l l o w i n g . 

1. Ammonia. Ammonia i n t e r f e r e s w i t h e x i s t i n g a c i d gas 
removal p rocesses because i t can pass on th rough the 
s c r u b b e r s and then s o l i d i f y on c y r o g e n i c s u r f a c e s o r 
i t can go w i t h t he a c i d gases and po i son the s u l f u r 
c o n v e r s i o n c a t a l y s t s . I f ammonia i s absorbed i n t o 
an aqueous s t r e a m , then t h i s aqueous s t ream must be 
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f u r t h e r p rocessed t o remove the ammonia i n o r d e r t o 
a v o i d i t s r e l e a s e as an aqueous waste-s t ream p o l l u t a n t . 

2 . C reso l-Type Components. Large amounts o f c r e s o l - t y p e 
components a r e produced i n s y n t h e s i s gas p r o c e s s e s . 
These components c o n c e n t r a t e i n aqueous s t reams and 
r e p r e s e n t a s e r i o u s p o l l u t i o n t h r e a t because o f t h e i r 
t o x i c i t y . For t h i s reason t hey must be r e c o v e r e d 
from any aqueous waste s t ream be fo r e l e a v i n g a p l a n t . 

3. Water . Water i s a major component i n s y n t h e s i s gas 
processes as i t i s the main sou rce o f hydrogen . Thus 
the phase behav i o r o f water w i t h π^,ΟΟ, l i g h t h y d r o 
c a r b o n s , heavy h y d r o c a r b o n s , e t c . needs t o be known 
i n o r d e r t o des i gn p rocesses wh ich w i l l hand le st reams 
c o n t a i n i n g s i g n i f i c a n t amounts o f w a t e r . S i n c e water 
i s an e x t r e m e l y p o l a r component t h i s p r e s e n t s new 
problems i n p r e d i c t i n
o f m i x t u r e s . E x i s t i n
adequate so new methods t o hand le t h e s e m i x t u r e s 
must be d e v e l o p e d . 

The s o l u t i o n o f t hese problems w i l l i n v o l v e a d d i t i o n a l p r o 
c e s s i n g wh i ch would not be encounte red i n e x i s t i n g o i l and gas 
p r o c e s s e s ; thus da ta f o r a l l t h r e e c l a s s e s o f components men
t i o n e d above a re e s s e n t i a l t o t he s u c c e s s f u l development o f s y n 
t h e s i s gas and o t h e r coa l c o n v e r s i o n p r o c e s s e s . A d d i t i o n a l p r o b 
lems which a re e q u a l l y as s e r i o u s may appear as these p rocesses 
a r e f u r t h e r d e v e l o p e d , thus c o n s i d e r a b l e thought must be g i v en to 
t h e o r d e r l y development o f data r e l a t i n g to these new p r o c e s s e s . 

Methods o f Data Development 

The o r d e r l y development o f b a s i c da ta i n v o l v e s a r e s e a r c h 
c y c l e shown s c h e m a t i c a l l y i n F i g u r e 2 . T h i s c y c l e i n v o l v e s f o u r 
s t ages as f o l l o w s . 

1. P l an new measurements ; p r e d i c t o r guess o r d e r o f 
magni tude o f expe r imen ta l r e s u l t . 

2 . Make measurements 
3. E v a l u a t e da ta 
4 . C o r r e l a t e data 

T h i s c y c l e w i l l be most s u c c e s s f u l when each o f the s t ages a r e 
c a r e f u l l y c a r r i e d o u t . F a i l u r e i n any one s tage can negate t he 
r e s u l t s o f subsequent s t a g e s , thus c a u s i n g e r r o r s and i n e f f i 
c i e n c y . The f i n a l p r o d u c t , u s e f u l f o r p rocess d e s i g n , a r e the 
c o r r e l a t i o n s produced as a r e u l t o f t he r e s e a r c h c y c l e . The 
r a p i d development o f t hese c o r r e l a t i o n s thus r e q u i r e s t h a t a t t e n 
t i o n be g i v en t o each o f the s t ages o f the r e s e a r c h c y c l e . In 
some s i t u a t i o n s i t has appeared t h a t much work has been spent on 
o n l y one o r two s t ages w i t h o u t much a t t e n t i o n to the o t h e r s t a g e s . 
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New Components Natural Gas Components 
3 Combinations 

21 Total Combinations 

Figure 1. Synthesis gas components 

Figure 2. Re-search cycle 
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For examp le , much e f f o r t can be spent c o r r e l a t i n g e x i s t i n g da ta 
when i n r e a l i t y more b a s i c da ta measurements a r e needed. T h i s 
l a c k o f emphasis on c e r t a i n s t ages produces i n e f f i c i e n c y i n the 
r e s e a r c h p rocess wh ich impedes the development o f improved c o r r e 
l a t i o n s ; thus a t t e n t i o n must be g i v en t o each s t a g e . 

The f i r s t s tage o f the r e s e a r c h c y c l e i s the p l a n n i n g and 
p r e d i c t i n g s t a g e . P lanned measurements must be c o o r d i n a t e d w i t h 
i n d u s t r y needs so t h a t c o r r e l a t i o n s can be produced i n a reas o f 
need . A f t e r the measurements a re p l a n n e d , and the b e t t e r one can 
p r e d i c t r e s u l t s ? the more s u c c e s s f u l t he measurements w i l l be . 
T h i s o c c u r s because p r e d i c t e d data he lp t o i d e n t i f y p o s s i b l e 
a reas o f measurement p rob l ems . For examp le , a d i f f e r e n t a n a l y t i 
c a l p rocedure m igh t be used to de te rmine t he c o n c e n t r a t i o n o f a 
t r a c e component than f o r a major component. Predicated data he lp 
t o i d e n t i f y when t h i s w i l l o c c u r . G e n e r a l l y s p e a k i n g , the more 
t h a t i s known--the mor
mat ion u s e f u l i n p r e d i c t i n
p r o p e r t y c o m p i l a t i o n s , data b o o k s , e q u a t i o n s o f s t a t e , group c o n 
t r i b u t i o n methods , c o r r e l a t i o n s , e t c . In many c a s e s , i n t e r a c t i o n s 
between t he components have t o be "guessed ' 1 i n o r d e r to make a 
p r e d i c t i o n ; but t h i s i s b e t t e r than no e s t i m a t e a t a l l . 

The second s tage o f the r e s e a r c h c y c l e i s the measurement 
s t a g e . T h i s i s p r o b a b l y the most d i f f i c u l t s t age because a s u c 
c e s s f u l exper iment i n v o l v e s t he s i m u l t a n e o u s o p e r a t i o n o f many 
d i f f e r e n t t ypes o f measurement and c o n t r o l equ ipment . The f a i l 
ure o f j u s t one p a r t negates the r e s u l t s o f the e n t i r e e x p e r i m e n t . 
The p r o b a b i l i t y o f t h i s happening i s q u i t e h igh because a m a l 
f u n c t i o n i n the appa ra tus can r e - o c c u r o r new m a l f u n c t i o n s can 
appea r . In some c a s e s , t hese m a l f u n c t i o n s can go unde tec t ed 
u n t i l an e x a m i n a t i o n o f the r e s u l t s shows t h a t t hey a r e e n t i r e l y 
i n c o n s i s t e n t w i t h p r e d i c t e d d a t a . 

The t h i r d s tage o f the r e s e a r c h c y c l e i s the e v a l u a t i o n 
s t a g e . I t i s impo r t an t t h a t t h i s s tage be done by the same 
group do ing the measurements so t h a t any d i f f e r e n c e s between mea
su red and p r e d i c t e d da ta can be r e c o n c i l e d . Too o f t e n da ta a r e 
measured and r e p o r t e d w i t h o u t be ing e v a l u a t e d . When t h i s o c c u r s , 
t he e f f o r t o f an e n t i r e r e s e a r c h c y c l e can be l o s t . But when i m 
media te e v a l u a t i o n i s made, i t i s easy t o go back and mod i f y the 
exper iment i n o r d e r t o c o n f i r m o r remedy the d a t a ; thus s i g n i f i 
c a n t l y i m p r o v i n g the e f f i c i e n c y o f the r e s e a r c h c y c l e . 

The f o u r t h and most u s e f u l s t age o f t he r e s e a r c h c y c l e i s 
the c o r r e l a t i o n s tage because t h i s i s where r e s u l t s appear t h a t 
can be used i n p rocess des i gn c a l c u l a t i o n s . Because o f t h e i r i m 
media te u t i l i t y , t h e r e i s a tendency on the p a r t o f i n d i v i d u a l 
companies to over-emphas ize the c o r r e l a t i o n s tage w i t h o u t enough 
emphasis on the o t h e r s t ages o f the r e s e a r c h c y c l e . Thus da ta 
t end t o be over c o r r e l a t e d w i t h the same b a s i c problems i n a l l o f 
the c o r r e l a t i o n s due t o l a c k o f i n p u t d a t a . N e v e r t h e l e s s , c o r r e 
l a t i o n s a r e a n e c e s s a r y and impo r t an t s t age o f the r e s e a r c h 
c y c l e . 
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When p o s s i b l e , new data shou ld be i n t e g r a t e d i n t o e x i s t i n g 
c o r r e l a t i o n s ; thus making i t p o s s i b l e to immed i a t e l y use the r e 
s u l t s i n p rocess c a l c u l a t i o n s . New c o r r e l a t i o n methods p resen t 
problems even though they may be more a c c u r a t e because the new 
c o r r e l a t i o n must be added to the d e s i g n c a l c u l a t i o n p rocedure b e 
f o r e i t can be used . T h i s u s u a l l y causes a t ime l a g which o f t e n 
p reven t s the new c o r r e l a t i o n from be ing used f o r l ong t ime 
p e r i o d s . Thus new methods shou ld o n l y be used when o l d methods 
s i m p l y a re not s u i t a b l e . When t h i s o c c u r s , i t i s h e l p f u l t o t r y 
t o a n t i c i p a t e the needs o f i n d u s t r y so t h a t u s e f u l c o r r e l a t i o n 
methods c a p a b l e o f a wide range o f problems can be a d o p t e d . 

M i x t u r e s w i t h P o l a r Components 

Rather than a t tempt t o d i s c u s s a l l a reas where data a re 
needed , o n l y t he proble
t i e s o f m i x t u r e s c o n t a i n i n
h e r e . E x i s t i n g methods based on e q u a t i o n s o f s t a t e appear t o be 
adequate f o r e n g i n e e r i n g purposes when o n l y non-po l a r and 
s l i g h t l y p o l a r components a re p r e s e n t . V a r i o u s v e r s i o n s o f the 
Redl ich-Kwong e q u a t i o n , BWR e q u a t i o n , and v a r i a t i o n s o f t hese 
e q u a t i o n s such as the Peng-Robinson e q u a t i o n o f s t a t e a r e now i n 
u s e . These e q u a t i o n s o f s t a t e have proved t o be ve r y u s e f u l f o r 
p r e d i c t i n g phase behav i o r and thermodynamic da ta on hydrocarbon 
s y s t ems . U n f o r t u n a t e l y t he se equa t i ons o f s t a t e appear i n c a p a b l e 
o f c o r r e l a t i n g the behav i o r o f wa te r-hydroca rbon systems w i t h o u t 
u s i n g s epa ra t e i n t e r a c t i o n c o e f f i c i e n t s f o r t he aqueous and h y d r o 
carbon phases . The use o f s epa ra t e i n t e r a c t i o n c o e f f i c i e n t s r e 
p r e s e n t s an immediate s o l u t i o n t o the problem f o r c u r r e n t p rocess 
c a l c u l a t i o n s when o n l y water i s p r e s e n t , but i t does not r e p r e 
sen t a l ong-range s o l u t i o n t o handle s i t u a t i o n s where s i g n i f i c a n t 
c o n c e n t r a t i o n s o f w a t e r - s o l u b l e components a re a l s o p resen t i n 
c l u d i n g r e g i o n s near the upper c o n s o l u t e t empera tu re o f wate r-
hydrocarbon s y s t ems . When t h i s o c c u r s , the same i n t e r a c t i o n 
c o e f f i c i e n t s must a p p l y over the e n t i r e c o m p o s i t i o n r a n g e . 

The b a s i c f e a t u r e s o f e q u a t i o n s o f s t a t e a re not c o m p l i c a t e d 
when they a re exp ressed as PV/RT ve r sus d e n s i t y . F i g u r e 3 i s a 
sample p l o t f o r m e t h a n o l . These cu r ves a re c h a r a c t e r i s t i c o f a l l 
f l u i d s , and e q u a t i o n s o f s t a t e o n l y d i f f e r i n t h e i r a b i l i t y t o 
a c c u r a t e l y p r e d i c t t hese c u r v e s . The a c t u a l cu rves a re r e l a t i v e l y 
s i m p l e and t hey change o n l y s l i g h t l y from one m a t e r i a l t o a n o t h e r ; 
f o r t h i s r e a s o n , s i m p l e equa t i ons o f s t a t e such as the R e d l i c h -
Kwong e q u a t i o n have been about as s u c c e s s f u l as the BWR e q u a t i o n . 
The s i m p l i c i t y o f the a c t u a l cu rves i s o f t e n h idden because the 
data a re not u s u a l l y p l o t t e d as PV/RT ve r sus d e n s i t y . More o f t e n 
the da ta a r e p l o t t e d as PV/RT ve r sus p r e s s u r e shown i n F i g u r e 4 , 
o r p r e s s u r e ve r sus volume shown i n F i g u r e 5. Both o f t hese p l o t s 
obscu re the r e a l s i m p l i c i t y shown i n F i gu r e 3. 

The r e a l problem w i t h e q u a t i o n s o f s t a t e i s i n the a c c u r a t e 
p r e d i c t i o n o f m i x t u r e b e h a v i o r . T h i s i s somewhat ana logous to 
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Density, g/cc 

Figure 3. Compressibility factor of methanol 
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Figure 4. Compressibility factor of methanol at 302 °F 
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Figure 5. P-V isotherm of methanol at 302°F 

Figure 6. Redlich-Kwong correlation of nonpolar-nonpolar benzene-η heptane 
at 60°C (data of I. Brown and A. H. Ewald, Austral. J. Sci. Res., (A), 4,198 (1951)) 
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t he problem o f p r e d i c t i n g a c t i v i t y c o e f f i c i e n t s o f n o n - i d e a l 
m i x t u r e s . I f t h i s problem were s o l v e d , t he r e s t would be r e l a 
t i v e l y e a s y . 

To i l l u s t r a t e t he problem w i t h m i x t u r e s , t he Redl ich-Kwong 
e q u a t i o n has been used t o c o r r e l a t e l i t e r a t u r e da ta on t h r e e 
t ypes o f m i x t u r e s as f o l l o w s . 

In each case pure component parameters were chosen t o f i t the 
pure component vapor p r e s s u r e and l i q u i d d e n s i t y , and a b i n a r y 
i n t e r a c t i o n parameter wa
a t the 50 :50 mole pe r cen
the e q u a t i o n o f s t a t e i s adequate f o r r e p r e s e n t i n g these m i x 
t u r e s , then t h i s s h o u l d be s u f f i c i e n t i n f o r m a t i o n f o r p r e d i c t i n g 
data a t o t h e r c o m p o s i t i o n s . The r e s u l t s a r e g i v e n i n F i g u r e s 6 
to 8. F i g u r e 6 shows t h a t data on n o n p o l a r - n o n p o l a r benzene/n-
heptane a re f a i r l y w e l l r e p r e s e n t e d by the Redl ich-Kwong equa 
t i o n . T h i s i s n ' t s u r p r i s i n g because the Redl ich-Kwong e q u a t i o n 
i s w i d e l y used f o r m i x t u r e s o f t h i s t y p e . F i g u r e 7 shows t h a t 
da ta on p o l a r - p o l a r e t h a n o l - w a t e r a r e p r e d i c t e d w i t h some degree 
o f a c c u r a c y . T h i s r e s u l t i s a b i t s u r p r i s i n g and sugges ts t h a t 
t he e q u a t i o n may be s u i t a b l e f o r c o r r e l a t i n g m i x t u r e da ta when 
the components o n l y d i f f e r s l i g h t l y i n p o l a r i t y ; r e g a r d l e s s o f 
whether the components a re p o l a r o r n o n p o l a r . F i g u r e 8 shows 
t h a t da ta on n o n p o l a r - p o l a r n-hexane/methanol a r e not p r e d i c t e d 
v e r y w e l l a t a l l . Thus the most s e r i o u s problems o c c u r w i t h 
m i x t u r e s o f nonpo l a r and p o l a r components . One g e n e r a l i t y can 
be drawn from examin ing F i g u r e s 7 and 8 ; namely t h a t the a c t i v i t y 
c o e f f i c i e n t o f t he p o l a r component a t low c o n c e n t r a t i o n s i s 
h i g h e r than p r e d i c t e d and t he a c t i v i t y c o e f f i c i e n t o f the nonpo
l a r component i s lower than p r e d i c t e d . One can show by e x a m i n 
i n g o t h e r m i x t u r e s t h a t t h i s t r e n d c o n s i s t e n t l y o c c u r s ; thus t h i s 
g i v e s a c l u e t h a t adequate e q u a t i o n s can be deve loped wh i ch w i l l 
compensate f o r t he s y s t e m a t i c p r e d i c t i o n e r r o r o f the R e d l i c h -
Kwong e q u a t i o n . T h i s s y s t e m a t i c na tu re o f the main e r r o r t ends 
t o i n d i c a t e t h a t o n l y minor changes i n the Redl ich-Kwong e q u a t i o n 
might be n e c e s s a r y t o y i e l d a c c u r a t e p r e d i c t i o n s f o r these s y s 
tems. In a d d i t i o n , i t may be p o s s i b l e to deve lop o t h e r r e l a 
t i v e l y s i m p l e e q u a t i o n s o f s t a t e wh ich w i l l p r e d i c t t h i s beha 
v i o r . T h i s d i s c u s s i o n shows t h a t t h e r e a r e t e s t s wh ich can be 
a p p l i e d i n o r d e r to de te rmine t he adequacy o r inadequacy o f 
e q u a t i o n s o f s t a t e when components o f d i f f e r i n g p o l a r i t y a r e p r e 
sent i n a m i x t u r e . However no a t tempt i s made here t o sugges t 
what changes may be neces sa r y i n o r d e r t o a d e q u a t e l y mod i f y t he 
e q u a t i o n s o f s t a t e o r t o deve lop new e q u a t i o n s o f s t a t e . 

Type o f M i x t u r e s Components 

Nonpo la r-Nonpo la r 
P o l a r - P o l a r 
N o n p o l a r - P o l a r 

benzene/n-heptane 
e t h a n o l / w a t e r 
n-hexane/methanol 
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Figure 7. Redlich-Kwong correlation of polar-polar ethanol-water mixture at 
150°C (data of F. Barr-David and B. F. Dodge, J. Chem. Eng. Data, 4, 107 (1959)) 

Figure 8. Redlich-Kwong correlation of nonpolar—polar n-hexane-methanol mix
ture at 45°C (data of J. B. Ferguson, Z. Phys. Chem., 36, 1123 (1932)) 
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One a rea not d i s c u s s e d so f a r i s t he problem o f the rmodyna 
mic p r o p e r t i e s o f m i x t u r e s c o n t a i n i n g both e l e c t r o l y t e and n o n 
e l e c t r o l y t e components . I t i s the b e l i e f o f the a u t h o r t h a t t h i s 
problem w i l l not be c o m p l e t e l y r e s o l v e d u n t i l e q u a t i o n s o f s t a t e 
a re deve loped to handle t hese s y s t ems . We w i l l o n l y make p r o 
g ress i n t h i s d i r e c t i o n when we r e c o g n i z e t h i s as a problem and 
work toward s o l v i n g the p rob l em . A n y t h i n g s h o r t o f t h i s a l s o 
f a l l s s h o r t i n s o l v i n g the u l t i m a t e problems o f t hese m i x t u r e s . 

Summary 

T h i s d i s c u s s i o n can p r o b a b l y be bes t summarized by s a y i n g 
t h a t the magni tude o f work neces sa r y f o r t he deve lopment o f 
thermodynamic data on s y n t h e s i s gas p rocesses i s v e r y l a r g e b e 
cause s i x d i f f e r e n t t ypes o f compounds a r e i n v o l v e d r a t h e r than 
t h r e e t ypes i n v o l v e d i
t ypes i n t r o d u c e twe l v e
o f compounds compared w i t h t h r e e f o r o i l and gas s y s t ems . Thus 
the amount o f work c o u l d be as much as f i v e t imes as much as work 
a l r e a d y done on o i l and gas s y s t ems . 

In o r d e r to deve lop t he n e c e s s a r y data r a p i d l y i t w i l l be 
n e c e s s a r y f o r a l l r e s e a r c h groups to c o o p e r a t e . 

Abstract 
The problems associated with new synthesis gas processes 

are far greater than problems associated with gas processing 
plants or refineries because of water, salt, sludge, ammonia, and 
cresols present in the process streams. This paper attempts to 
identify the magnitude of the problems and methods for solving 
these problems. The problem of predicting the thermodynamic 
properties of nonpolar-polar mixtures by means of equations of 
state is also identified as an area needing study. 

RECEIVED February 26, 1980. 
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D. A. FORBES—Continental Oil Company, P.O. Box 1267, Ponca City, OK 74601 

L. D. WIENER—Mobil Research and Development Corporation, Box 900, 
Dallas, T X 75221 

Since 1974, The Gas Processors Association (GPA) has been 
sponsoring research on
water containing systems
tion with 156 corporate members. All of the members either pro
cess natural gas or are studying and/or producing substitute gas 
or both. GPA's thermodynamics research budget averages about 
$250,000 per year. About one third of that is presently directed 
towards systems involving water. Research areas involving water 
include substitute gas, sour water stripping, sour gas treating, 
and gas-solid hydrate equilibria. 

Processes Involved 
A. In the substitute gas area, there are three processing 

steps involving water. They are the reaction step, the quench 
step, and the water treating step. The system involved and the 
data needed for process design in each step are: 

1. Reaction Step 
Temperature: 640-1925 Κ (700-3000 F) 
Pressure: 100-17,250 kPa (1-170 Atm) 
Needed Properties: Enthalpies, P-V-T relationships, 

free energies of formation 
Compounds of Concern: H 2 O , H 2 , CO, C O 2 , C H 4 , N 2 

2. Quench Step 
Tempera tu re : 310-640 Κ (100-700 F) 
P r e s s u r e : 100-17,250 kPa (1-170 Atm) 
Needed P r o p e r t i e s : E n t h a l p i e s , P-V-T r e l a t i o n s h i p s , 

L-L-V phase e q u i l i b r i a (water-
h y d r o c a r b o n - g a s ) , and dew p o i n t s 

Compounds o f C o n c e r n : H 2 O , H 2 , CO, C O 2 , N 2 , C H 4 , 
H 2 S , t r a c e ( N H 3 , HCN, COS, C S 2 , 
p h e n o l s , a r o m a t i c s , f a t t y a c i d s , 
t a r s , o x i d e s o f n i t r o g e n and 
s u l f u r ) 

0-8412-0569-8/80/47-133-317$05.00/0 
© 1980 American Chemical Society 
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3. Water T r e a t i n g Step 
Tempera ture : 280-590 Κ (60-600 F) 
P r e s s u r e : 100-7,100 kPa (1-70 Atm) 
Needed P r o p e r t i e s : S o l u b i l i t i e s , L-V phase e q u i l i b r i a , 

e n t h a l p i e s , heats o f a d s o r p t i o n 
Compounds o f Conce rn : H20, NH3, C02> CO, a r o m a t i c s , 

p h e n o l , f a t t y a c i d s , H2S, COS, 
CS2, HCN, o x i d e s o f n i t r o g e n 
and s u l f u r 

B. Sour gas t r e a t i n g i n v o l v e s the removal o f the a c i d gas 
components CO2 and H2S f rom n a t u r a l g a s . Most ways o f d o i n g t h i s 
i n v o l v e wa te r s o l u t i o n s . T r e a t i n g i s n o r m a l l y a t near ambient t em
p e r a t u r e s and a t p r e s s u r e s t o 7100 kPa (70 A tm) . The t r e a t i n g o f 
h i g h a c i d gas c o n t e n t n a t u r a l gas i s becoming more i m p o r t a n t as 
the v a l ue o f n a t u r a l ga

C. Sour wate r t r e a t i n g i s found i n n a t u r a l gas p r o c e s s i n g , 
r e f i n i n g , and the s u b s t i t u t e f u e l p r o c e s s e s . Cmmpounds p r e s e n t 
n o r m a l l y i n c l u d e a few to a l l those l i s t e d i n A. 3. above . In 
a d d i t i o n , the water pH i s n o r m a l l y c o n t r o l l e d w i t h c a u s t i c soda 
o r o t h e r s a l t . In the p a s t , p r o c e s s i n g has been near ambient 
t empera tu res and p r e s s u r e s . Fu tu re o p e r a t i o n s may, however , be a t 
e l e v a t e d t empera tu res and p r e s s u r e s . 

D. G a s - s o l i d hyd ra t e may o c c u r i n h i gh p r e s s u r e gas p i p e 
l i n e s and p r o c e s s i n g f a c i l i t i e s . They o c c u r a t t empera tu res below 
285 Κ (55 F) and phase boundary p r e s s u r e s near 4100 kPa (40 Atm) . 

GPA P r o j e c t s I n v o l v i n g Water 

GPA r e s e a r c h i s p r o p o s e d , f i n a n c e d , and conduc ted on an i n 
d i v i d u a l p r o j e c t b a s i s . The GPA r e s e a r c h s t r a t e g y i s n o r m a l l y t o 
measure o n l y s u f f i c i e n t d a t a t o a l l o w parameter d e t e r m i n a t i o n i n 
mode l s . GPA seldom a t t empts d e f i n i t i v e system s t u d i e s . GPA r e 
s e a r c h i s d i r e c t e d by an E n t h a l p y S t e e r i n g Committee and a Phase 
E q u i l i b r i u m Commit tee . D r . L. D. Wiener c h a i r s the E n t h a l p y Com
m i t t e e . Dr . Κ. H. K i l g r e n c h a i r s the E q u i l i b r i u m Commit tee . Both 
commit tees a re d i v i s i o n s o f T e c h n i c a l S e c t i o n F c h a i r e d by M. A. 
A l b r i g h t . 

Completed and c u r r e n t GPA r e s e a r c h a reas i n c l u d e : 

A. E n t h a l p y P r o j e c t s 

P r o j e c t 742 
" C a l o r i m e t r i c D e t e r m i n a t i o n o f E n t h a l p i e s o f B i n a r y and 
Mu l t i component M i x t u r e s o f Components Encountered i n SNG 
P r o c e s s e s " 
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1 . Sys tems: H 2 - C H 4 ; H2-CO (1) 
Tempera tu re : 2 8 3 - 4 7 7 Κ (50-400 F) 
P r e s s u r e : 1 0 0 - 1 7 , 3 0 0 kPa ( 1 - 1 7 0 Atm) 
I n v e s t i g a t o r : J . M. Berryman (P-V-T, I n c . ) 

2 . Sys tem: N H 3 , H 2 O , H 2 S , C O 2 
Tempera ture : 2 8 3 - 4 7 7 Κ (50-400 F) 
P r e s s u r e : 1 0 0 - 1 7 , 3 0 0 kPa ( 1 - 1 7 0 Atm) 
I n v e s t i g a t o r : John Cunningham (BYU) 

P r o j e c t 772 

" E x p e r i m e n t a l D e t e r m i n a t i o n o f E n t h a l p y Depar tu res o f 
Wel l De f i ned S i m u l a t e d N a t u r a l Gas/Water M i x t u r e s . " In 
a d d i t i o n , d e n s i t i e s and dew p o i n t s a re be ing measured. 

1 . Sys tems: Na tu r a
Sou

Gas phase measurements o n l y 
Tempera tu res : 2 8 3 - 4 7 7 Κ (50-400 F) 
P r e s s u r e s : 1 0 0 - 3 4 , 5 0 0 kPa ( 1 - 3 4 0 Atm) 
I n v e s t i g a t o r : Toby Eubank (Texas A&M) 

P r o j e c t 7 7 3 

" C a l o r i m e t r i c En tha lpy Data f o r B i n a r y Syngas M i x t u r e s " 

1 . Sys tems: C H 4 , CO, H 2 , C 0 2 , N 2 b i n a r i e s w i t h HoO 
Tempera ture : 310-1090 Κ ( 1 0 0 - 1 5 0 0 F) 
P r e s s u r e : 1 0 0 - 2 0 , 7 0 0 kPa ( 1 - 2 0 5 Atm) 
I n v e s t i g a t o r : John Cunningham (BYU) 

P r o j e c t 791 

" E x t e n s i o n o f the Pe tu rbed Hard Cha in C o r r e l a t i o n ( S t a t i s 
t i c a l Mechan i ca l Theory o f F l u i d s ) " [29 J5). Extend the 
PHC program under deve lopment to i n c l u d e a d d i t i o n a l com
pounds i n c l u d i n g w a t e r . T h i s work i s an a t t empt to com
b ine good c o r r e l a t i o n s f o r phase e q u i l i b r i u m , e n t h a l p y , 
e n t r o p y , and d e n s i t y i n t o a s i n g l e mode l . 

B. Phase E q u i l i b r i a 

P r o j e c t 758 
"Phase E q u i l i b r i a and Mode l i ng f o r Gaseous Components 
W i th Water " 

1 . B i b l i o g r a p h y and Data C o m p i l a t i o n (4) 
I n v e s t i g a t o r : John E rba r (Oklahoma S t a t e ) 
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2. Sys tem: H 2 - H 2 0 (3) 
Tempera ture : 365 590 Κ (200-600 F) 
P r e s s u r e : 1378-11,035 kPa ( 13 .6-108 .9 Atm) 
I n v e s t i g a t o r : W i l l Devaney (P-V-T, I n c . ) 

3. System: NH3-C02-H 2S-H20 w i t h and w i t h o u t s a l t s (6) 
Tempera ture : 298-393 Κ (77-248 F) 
P r e s s u r e : S a t u r a t i o n 
I n v e s t i g a t o r : Grant W i l s o n (W i l co Co . ) 

4. Sys tems: C 0 - H 2 0 ; N 2 - H 2 0 ; H 2 S-H 2 0 
I n c l udes phase d e n s i t i e s 
Work i n P r o g r e s s 
I n v e s t i g a t o r : D i ck H a l l (Texas A&M) 

5. System: C H
Work i n P rog re s
I n v e s t i g a t o r : Don Rob inson ( A l b e r t a ) 

6. Sys tem: H 2 -C0-H 2 0 
Work i n P rog re s s 

I n v e s t i g a t o r : Grant W i l son (W i l co Co . ) 

P r o j e c t 775 
" A l l o w a b l e Water Content o f Low Temperature Gas Streams 
and NGL" 

1. Sys tems: N a t u r a l gas and i t s c o n s t i t u e n t s w i t h water 
hyd ra t e 

Tempera ture : Below 273 Κ (32 F) 
P r e s s u r e s : Phase Boundar i e s (psuedo) 
I n v e s t i g a t o r : R i k i Kobayashi ( R i c e ) 

When a l l o f the above m u l t i - y e a r p r o j e c t s a r e c o m p l e t e d , the 
e s t i m a t e d c o s t i s $752 ,000 . 

Fu tu re P l ans 

P l anned e x p e r i m e n t a l work i n v o l v i n g water systems i n c l u d e phase 
e q u i l i b r i a on sour water s t reams a t h i g h e r t empera tu res and p r e s 
s u r e s . T h i s work w i l l be a p p l i c a b l e t o gas-water s e p a r a t i o n s i n 
n a t u r a l g a s , s u b s t i t u t e g a s , and r e f i n e r y p r o c e s s e s . 

A l s o p l anned a re e n t h a l p y measurements on s e l e c t e d m u l t i c o m 
ponent systems which w i l l i n c l u d e water i n some c a s e s . 

Other Work 

In a d d i t i o n t o the p r o j e c t s i n v o l v i n g water ment ioned above , 
GPA has s e v e r a l p r o j e c t s i n v o l v i n g phase e q u i l i b r i a and e n t h a l p i e s 
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o f the o t h e r s u b s t i t u t e gas c o n s t i t u e n t s w i t h the n a t u r a l gas com
p o n e n t s . 

The API Subcommittee f o r T e c h n i c a l Data i s s p o n s o r i n g phase 
e q u i l i b r i a work by Gran t W i l s o n (W i l co Co . ) on water non-hydroca rbon/ 
hydrocarbon sys tems . The f i r s t system w i l l be η-octane, e t h y l b e n 
z e n e , and e t h y l c y c l o h e x a n e as b i n a r i e s w i t h water and as t e r n a r i e s 
w i t h hydrogen s u l f i d e as the t h i r d component. 

ABSTRACT 

Since 1974, The Gas Processors Association (GPA) has been 
sponsoring research on substitute gas thermodynamics. Enthalpy 
and vapor-liquid-equilibrium data required for the process design 
of all types of substitute gas are being measured. Known proper
ties must be extended to much higher pressures and temperatures 
than previously found in commercial processes  Technically  the 
problem has been the additio
compounds whose pure an
new compounds include water, hydrogen, carbon monoxide, polycyclic 
aromatics, undefined heavy mixtures, and trace compounds. Among 
the trace compounds are ammonia, hydrogen cyanide, the gaseous 
oxides of sulfur and nitrogen, hydrogen sulfide, and many others. 
The GPA program is carefully integrated with other programs (Amer
ican Petroleum Institute, Electric Power Research Institute, etc.) 
to avoid duplication of effort. 
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The paper deals briefly with the Gas Research Institute and 
its research in alternativ
organization, the Gas Researc
manages applied and basic research and technological development 
programs associated with gaseous fuels. These programs are in 
the general areas of production, transportation, storage, uti l i
zation and conservation of natural and manufactured gases and 
related products. Research results, whether experimental or 
analytical, are evaluated and publicly disseminated. 

Since the proved reserves of conventional natural gas have 
declined in recent years, the need for new supply options was 
of primary importance in the 1979 research program. Forty-four 
projects are being undertaken this year to further the develop
ment of four new sources of gas supply. They are: 

ο Unconventional Natural Gas 
ο Substitute Natural Gas from Fossil Fuels 
ο Substitute Natural Gas from Biomass 
ο Nonfossil Hydrogen 

GRI'S HISTORY 
Until the organization of the Gas Research Institute, 

almost all cooperative research in the gas industry was carried 
out under the auspices of the American Gas Association (A.G.A.), 
the trade association of a wide cross section of the regulated 
gas distribution and transmission companies. 

With the 1973-74 o i l embargo, the gas industry r e a l i z e d 
that a major n a t i o n a l e f f o r t would be needed to assure adequate, 
secure, and environmentally acceptable supplies of a l l forms of 
energy. 

The concept of GRI was based on the recommendation of an 
ad hoc committee of the Boards of A.G.A. and the Interstate 
Natural Gas Association of America (INGAA), the trade associa
t i o n of the i n t e r s t a t e p i p e l i n e companies. GRI was incorporated 
i n I l l i n o i s as a n o t - f o r - p r o f i t s c i e n t i f i c research corporation 
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on July 8, 1976, following the approval of these recommendations 
by the A.G.A. and INGAA Boards. At the beginning of 1977, GRI 
began r e c r u i t i n g charter members. Charter membership dues and 
contributions by A.G.A. and INGAA provided i n i t i a l funds, and 
committees composed of gas industry executives and consultants 
from outside the gas industry assisted i n organizing GRI. 

GRI 1s progress was given great impetus when the former 
Federal Power Commission (FPC) proposed a r u l e change that would 
allow advance approval of R&D programs developed under a set of 
c a r e f u l l y drawn guidelines by organizations which derive f i n a n 
c i a l support from companies under FPC j u r i s d i c t i o n . The proposed 
regulations were adopted by the FPC i n June 1977, and GRI has 
since been operating under them, as promulgated by FPC's 
successor, the Federal Energy Regulatory Commission (FERC). 

To provide an objective basis f or i t s program, GRI estab
l i s h e d an e f f e c t i v e plannin
benefit and state-of-the-ar
with the expert judgment of four advisory bodies appointed by and 
reporting to the Board of Directors. Members of these advisory 
bodies p a r t i c i p a t e d i r e c t l y i n the planning process, and are 
esp e c i a l l y s e n s i t i v e to the broad national i n t e r e s t . The culmin
at i o n of the planning process i s the five-year plan and annual 
program that i s submitted yearly to the FERC fo r approval. Most 
simply stated, GRI's program i s designed to i d e n t i f y and pursue 
those s c i e n t i f i c and technological opportunities that best meet 
the needs of the gas consumers served by the nation's regulated 
p i p e l i n e and d i s t r i b u t i o n companies. 

THE OVERALL GRI R&D PROGRAM 

In 1978, GRI administered about 60 contracts comprising 
most of the former research programs of the A.G.A. These were 
the u t i l i t y research program, funded at $9.7 m i l l i o n , and the 
coal g a s i f i c a t i o n program, funded i n the past at an annual rate 
of $10 m i l l i o n by the gas industry and $20 m i l l i o n by the DOE. 
A.G.A. continued to r a i s e funds from i t s members during a l l of 
1978 f o r u t i l i t y research and for the f i r s t h a l f of 1978 for 
coal g a s i f i c a t i o n research. GRI raised or obtained commitments 
from the former coal g a s i f i c a t i o n subscribers to cover the 
approximately $5 m i l l i o n gas industry share for the second h a l f 
of 1978. 

With approval by the FERC of the 1978 R&D program, GRI began 
to negotiate and l e t contracts for a supplemental program, 
l a r g e l y i n the areas of unconventional natural gas supply and 
gas conservation. Since the FERC funding mechanism did not 
become e f f e c t i v e u n t i l June 1 and cash flow from i n t e r s t a t e sales 
and transportation services did not s t a r t u n t i l l a t e summer, 
GRI received only approximately $6 m i l l i o n for the FERC approved 
1978 R&D program and was not able to place contracts for a l l of 
i t s intended program during the 1978 calendar year. 
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In 1979, GRI w i l l administer over approximately 150 con
t r a c t s , a l l of which are being funded by the FERC funding 
mechanism. The t o t a l GRI R&D budget i s about $36 m i l l i o n and can 
be broken down by percentage among the 5 operating d i v i s i o n s as 
shown i n Table I. 

TABLE I - PERCENTAGES OF GRI R&D BUDGET BY DIVISION 

GRI sumbitted i t
This plan i s i n the approval process at the time t h i s paper was 
wr i t t e n . The t o t a l R&D budget request was about $50 m i l l i o n and 
can be broken down amongst the operating d i v i s i o n s as shown i n 
Table I. 

THE GAS SUPPLY PROGRAM 

The proven reserves of so c a l l e d "conventional 1 1 natural gas 
have declined i n recent years and the need f o r a d d i t i o n a l 
supplies and new supply options have been i d e n t i f i e d as a high 
p r i o r i t y requirement to benefit the gas consumers. Therefore, 
the GRI Gas Supply Program has been established to i d e n t i f y , 
evaluate, and develop new gas supplies that w i l l guarantee 
abundant quantities of gaseous fuels for gas consumers i n the 
future. To f u l f i l l t h i s objective the GRI Gas Supply Program 
has been divided into the following subprograms: 

ο Unconventional Natural Gas 
ο SNG from Coal 
ο SNG from O i l Shale 
ο SNG from Biomass 
ο Hydrogen 
These subprograms have been developed to provide for near, 

mid- and long-term gas options. I t i s e s s e n t i a l that a w e l l -
conceived, properly managed, gas supply program having a high 
p r i o r i t y and a high funding l e v e l , be maintained such that 
multiple gas options can be adequately investigated. P r i o r i t i z a 
t i o n to a "single gas supply option" at t h i s time w i l l not y i e l d 
a cost e f f e c t i v e research program and w i l l not be i n the best 
i n t e r e s t of the gas consumer. 

Near term options include p r i m a r i l y the unconventional 
natural gas resources (Western t i g h t gas sands, Eastern Devonian 
gas shales, geopressured aquif e r s , and methane from coal de^ 
p o s i t s ) . Mid-term options include coal g a s i f i c a t i o n (peat 

Gas Supply 56% 
E f f i c i e n t U t i l i z a t i o n 27% 
Planning (Economic & Systems Analysis) 6% 
Environment and Safety 6% 
Basic Research 5% 

100% 

1979 1980 
45% 
32% 
6% 
9% 
8% 

100% 
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included), i n - s i t u coal g a s i f i c a t i o n and biomass. Long-term 
options include hydrogen. In evaluating and p r i o r i t i z i n g these 
programs, options that do not make tech n i c a l or economic sense 
are eliminated. For example, SNG from O i l Shale w i l l not 
receive funding i n 1980 because no r e a l advantages have been 
i d e n t i f i e d i n o i l shale g a s i f i c a t i o n over coal. In a s i m i l a r 
manner, budget a l l o c a t i o n s have been determined by not only im
pacts on gas supplies but also on the funding requirements for 
developing these options i n a cost e f f e c t i v e manner. 

To maximize the output from our program and to f u l f u l l our 
stated objectives i n the most timely and cost e f f e c t i v e manner, 
i t i s e s s e n t i a l to be informed with respect to the DOE and indus
tr y programs, coordinate with these programs where possible, and 
co-fund and co-manage projects that w i l l s a t i s f y the needs of the 
GRI program. GRI has attempted to coordinate a l l subprograms 
wi t h i n the Gas Supply D i v i s i o
DOE personnel. GRI believe
has produced a w e l l conceived coordinated e f f o r t from both the 
GRI and DOE standpoint. 

1.1 UNCONVENTIONAL NATURAL GAS 

Research to date has shown that a s i g n i f i c a n t resource base 
ex i s t s i n what i s commonly c a l l e d Unconventional Natural Gas 
Resources. These resources d i f f e r i n geological formation and 
geographical l o c a t i o n and are t y p i c a l l y categorized as follows : 

ο Western Tight Gas Sands 
ο Eastern Devonian Gas Shales 
ο Methane from Coal Deposits 
ο Geopressured Aquifers 
ο Gas Hydrates. 
P o t e n t i a l resource bases and the economic benefits of using 

the resource are being determined for unconventional natural gas 
sources. Numerous assessments have been performed by DOE, the 
gas industry, and other groups. The ranges of resource estimates 
from these assessments are summarized below. 

UNCONVENTIONAL GAS RESOURCE ESTIMATES 

RESOURCE ESTIMATED TOTAL RECOVERABLE 
RESOURCE IN-PLACE RESOURCE 

TCF* TCF* 

Western Gas Sands 50 - 600 23 - 313 
Eastern Gas Shales 75 - 700 10 - 504 
Methane from Coal Deposits 72 - 860 15 - 487 
Geopressured Methane 3,000 - 50,000 150 - 2,000 
Gas Hydrates 450 - 30 X 106** 
* T r i l l i o n Cubic Feet 
**Represents possible t o t a l world supply 
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There i s considerable disagreement oyer both the amount of 
the resources i n place and the economics of t h e i r recovery. 
However, there i s general agreement that; 

ο There are considerable quantities of gas to be recovered 
even at conservative estimates. 

ο The differences i n resource estimates and the uncertain
t i e s i n the economics of recovery show the need for R&D. 

We have i n i t i a t e d projects i n 1979 that are coordinated with 
DOE. In 1979, GRI w i l l complete the development of det a i l e d 
subprogram plans including s p e c i f i c a t i o n of those tasks that w i l l 
be co-funded with DOE. Core samples, st i m u l a t i o n , and production 
data w i l l be c o l l e c t e d from wells i n western t i g h t sand formations 
and geopressured zones. Laboratory data on the e f f e c t s of gas 
f r a c t u r i n g on s p e c i f i c Devonian shale formations w i l l be c o l 
l e cted. These data c o l l e c t i o n a c t i v i t i e s w i l l better characterize 
the geologic structure
define the extent to whic
sary. S p e c i f i c technology developments i n i t i a t e d i n 1979 include 
t e s t i n g of diagnostic techniques to determine stimulation e f f e c t s , 
determination of flow and corrosion properties of geopressured 
brines, and evaluation of t u r b o d r i l l hardware for use i n coal 
seams. 

1.2 SNG FROM COAL 

The production of synthetic natural gas (SNG) from coal i s 
considered one of the major a l t e r n a t i v e s for augmenting the 
tightening supplies of natural gas i n the United States. Coal 
(bituminous, sub-bituminous, l i g n i t e and peat) represents 70% to 
80% of the remaining f o s s i l f u e l reserves i n the United States 
and i s , therefore, the most l o g i c a l material for conversion to 
SNG. Of course, i t has long been possible to manufacture SNG 
from coal by a proven commercial process ( L u r g i ) , but s i g n i f i c a n t 
improvements are possible. This subprogram aims to develop 
modern coal g a s i f i c a t i o n processes with dramatic improvements i n 
either technical s i m p l i c i t y , higher e f f i c i e n c y , or lower cost. 

The SNG from coal subprogram i s broken down in t o three 
project areas: 

ο G a s i f i c a t i o n Processes 
ο Associated Technologies 
ο In-Situ G a s i f i c a t i o n 
A large p i l o t - p l a n t research program was started i n 1971 to 

develop several coal g a s i f i c a t i o n concepts which u t i l i z e modern 
engineering techniques. This e f f o r t was funded by DOE (ERDA, OCR) 
and GRI (A.G.A.) on a 2/3 to 1/3 b a s i s , re s p e c t i v e l y . I t i n 
cluded several coal g a s i f i c a t i o n processes that were ready for 
p i l o t plant scale t e s t i n g at that time. This j o i n t program has 
completed i t s eighth year of operations, and a l l the g a s i f i c a t i o n 
processes i n the o r i g i n a l J o i n t Program s t a r t i n g i n 1971, except 
two, have been terminated or successfully completed. The two 
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remaining processes are BI-GAS and HYGAS. BI-GAS, because of 
tec h n i c a l problems and lack of good economic p o t e n t i a l , was 
dropped at the end of 1978 from the Joint Program at the request 
of GRI. HYGAS Steam/Oxygen has been the most successful of the 
processes i n the Joint Program. The HYGAS P i l o t Plant w i l l be 
operated through 1980 to support a demonstration plant design 
e f f o r t funded by DOE. 

The continuing search for t e c h n i c a l and economic improvements 
i n the coal g a s i f i c a t i o n areas has provided incentives to develop 
newer process concepts s t a r t i n g i n 1979. The Joint Program for 
1979 includes processes i n the Process Development Unit (PDU) 
stage of development which promise te c h n i c a l and/or economic 
improvements. G a s i f i c a t i o n processes included i n the 1979 
program are : 

a. HYGAS Steam/Oxygen 
b. PEATGAS Proces
c. Exxon C a t a l y t i
d. Westinghouse F l u i d Bed Process 
e. Rockwell Hydrogasification Process 
f. B e l l Aerospace High Mass Flux Process 
The HYGAS project was dropped from the J o i n t Program on 

June 30, 1979. The remaining processes received several indepen
dent c r i t i c a l evaluations during 1979. These evaluations pointed 
out that the Rockwell process cannot claim d i s t i n c t advantages 
over e a r l i e r technology. Therefore, i t w i l l not be included i n 
our 1980 program. 

In c r i t i c a l review of the SNG from Coal subprogram, i t 
became evident that research e f f o r t s directed to the operations 
upstream and downstream of the g a s i f i e r must be s u b s t a n t i a l l y 
increased to achieve optimization of the o v e r a l l coal g a s i f i c a t i o n 
plant and to achieve maximum cost reductions. 

The present state-of-the-art technology for the conversion 
of raw gas e x i t i n g the g a s i f i e r i n t o p i p e l i n e q u a l i t y SNG i s not 
very s a t i s f a c t o r y . Enormous volumes of gas are cooled, reheated, 
cooled again, reheated again, and cooled for a t h i r d time. Steam 
i s added to the gas, and condensate i s subtracted twice ( e a r l i e r 
and l a t e r ) . This series of operations i s complex and c o s t l y . 
This area o f f e r s l o t s of opportunity f o r spectacular process 
improvement with the p o t e n t i a l of high economic payoff. 

Materials of construction are becoming more c r i t i c a l with 
development of the newer processes and unit operations. There
fore, an expanded materials research program i s e s s e n t i a l to the 
successful development of a coal g a s i f i c a t i o n industry. 

Engineering evaluation has become extremely important to the 
SNG from Coal subprogram because of the need to c r i t i c a l l y assess 
the technical and/or economic impacts of the research projects 
being funded. In order to select processes having a greater 
p o t e n t i a l f o r t e c h n i c a l and/or economic advantages over other 
processes at the e a r l i e s t possible time and to maximize p r i o r i t i 
zation w i t h i n the SNG from Coal subprogram, increased e f f o r t s i n 
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engineering evaluations was deemed e s s e n t i a l . 
I n - s i t u coal g a s i f i c a t i o n appears to have the p o t e n t i a l of 

producing SNG at a lower cost than above-the-ground processing. 
For the f i r s t time, a process i s being developed that has shown 
some p o t e n t i a l of being developed into a workable process. 
Therefore, t h i s process deserves further development to determine 
i f large-scale underground coal g a s i f i c a t i o n i s t e c h n i c a l l y 
f e a s i b l e and to develop s u f f i c i e n t data for a good economic 
evaluation. 

The Lawrence Livermore Laboratory i n - s i t u coal g a s i f i c a t i o n 
project has the objective of producing synthesis gas that can be 
upgraded to SNG. An i n i t i a l two-day oxygen burn during 1978 
indicated that oxygen g a s i f i c a t i o n appeared f e a s i b l e . The work 
plan for 1979 w i l l develop a d d i t i o n a l data with a longer duration 
oxygen burn i n a shallow coal bed using d i r e c t i o n a l d r i l l i n g to 
assure a p o s i t i v e connectio
w e l l s . I f the 1979 e f f o r
development i s to v e r i f y the 1979 r e s u l t s i n a deep coal bed. 

1.3 SNG FROM OIL SHALE 

O i l Shale i s second to coal as the most abundant p o t e n t i a l 
source of raw material for supplemental gas supplies. The DOE 
development program on o i l shale i s focused on the production 
of l i q u i d s by thermal r e t o r t i n g , either by above-ground or 
i n - s i t u processing. GRI has been funding the development of a 
hydrogasification process that can handle both Eastern and 
Western shales to produce a range of gaseous or high-grade l i q u i d 
fuels depending on the operating conditions selected. The PDU 
program i s now nearing completion and the next step would be the 
p i l o t plant t e s t i n g where a s u b s t a n t i a l amount of funding i s 
required. 

GRI considers SNG from O i l Shale to have lower p r i o r i t y then 
coal since coal i s f a r advanced i n the development cycle. In 
reviewing developments to date, no r e a l advantages have been 
determined i n o i l shale g a s i f i c a t i o n over coal. Therefore, GRI 
decided that SNG from O i l Shale w i l l be held at the PDU l e v e l 
u n t i l the coal program i s f u l l y developed or whenever the resump
t i o n of development of the shale program i s warranted. 

1.4 SNG FROM BIOMASS 

A very promising long-range s o l u t i o n to the problem of 
f o s s i l - f u e l depletion i s to convert a major source of continuously 
renewable carbon to SNG. The greatest p o t e n t i a l sources of t h i s 
carbon are water- and land-based biomass produced from ambient 
carbon dioxide and so l a r energy by photosynthesis. Biomass i s 
defined as a l l growing organic matter (such as pl a n t s , trees, 
algae, and organic wastes) and, i t i s perpetually renewable. 
The production of SNG from low-cash-value, high-fuel-value biomass 
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would o f f e r a major, c o n t r o l l a b l e , nonpolluting, storable resource 
of f o s s i l - f u e l s u bstitutes. 

The SNG from Biomass subprogram i s broken down into three 
project areas: 

ο Land-Based Biomass 
ο Water-Based Biomass 
ο Wastes. 
Land-based biomass has a p o t e n t i a l of providing from 7 to 11 

quads/year of SNG i f a l l a v a i l a b l e marginal land s u i t a b l e for the 
growing of crops could be u t i l i z e d . However, the doubtful 
a v a i l a b i l i t y of land and water for growing land-based biomass 
s p e c i f i c a l l y f or SNG production gives t h i s supply option a lower 
p r i o r i t y than water-based biomass. The i n i t i a l stage of the pro
j e c t concentrates on i d e n t i f y i n g n atural species that w i l l pro
duce a maximum quantity of gas. 

The Marine Biomas
developing an integrate
gas from marine biomass on a commercial scale that w i l l provide 
a major contribution to the nation's gas supply. Giant brown 
kelp grows n a t u r a l l y along the coast of C a l i f o r n i a . I t i s 
commercially harvested by two chemical companies f o r use as a 
food addi t i v e and animal feed supplement. In the Marine Biomass 
Program, sponsored by the Gas Research I n s t i t u t e , Department of 
Energy, and New York State ERDA, the kelp w i l l be grown and 
cu l t i v a t e d i n the open ocean on an a r t i f i c i a l structure with 
f e r t i l i z e r being supplied by mechanically upwelled, n u t r i e n t - r i c h , 
deep ocean water. The kelp i s then mechanically harvested and 
converted to methane by the anaerobic digestion process. 

A test farm has been deployed about 5 miles o f f the coast of 
C a l i f o r n i a and has been i n operation for about 9 months. Labora
tory experiments are also underway inv o l v i n g kelp pretreatment, 
post-treatment and conversion to methane u t i l i z i n g both sewage 
based and marine based inocula. 

The upper l i m i t of energy p o t e n t i a l l y capable of being 
produced from a marine or ocean based biomass has not yet been 
determined, but i t i s estimated that the p o t e n t i a l contribution 
to the long-term U.S. energy supply could be at l e a s t equal to 
today's natural gas consumption or 20 quads per year. 

Our enthusiasm for the program i s based on the following 
assessments : 

1. A v i r t u a l l y unlimited p o t e n t i a l e x i s t s for growing a 
huge biomass resource i n the ocean. 

2. No s c i e n t i f i c breakthroughs are required to commercial
i z e t h i s concept. 

3. Preliminary studies indicate gas costs could be competi
t i v e with other SNG sources. 

4. The biomass i s a renewable resource with no apparent 
negative environmental impacts. 

Another source of n o n - f o s s i l carbon that can be used to pro
duce SNG i s organic wastes. The growing environmental and 
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p o l l u t i o n problems caused by the generation of organic wastes i n 
the United States provide an opportunity to combine waste recovery 
with the production of SNG. Considering the amount of organic 
s o l i d s economically a v a i l a b l e for conversion, a p o t e n t i a l of about 
1 to 1 .5 quads of SNG per year could be produced. Industry and 
government have been funding R&D e f f o r t s i n t h i s area for several 
years. GRI has given t h i s supply option a low p r i o r i t y . 

1.5 HYDROGEN 

Hydrogen i s of i n t e r e s t as a means to d e l i v e r gaseous f u e l 
from n o n - f o s s i l primary energy resources such as nuclear reactors, 
or high temperature solar c o l l e c t o r s . I t i s believed that hydro
gen may phase int o the energy market at such a time when f o s s i l -
based fuels e i t h e r become too expensive or environmentally 
unsatisfactory. Hydroge d biomas  th  onl  tw  p o t e n t i a l l
v i s i b l e options at the
does take place. 

Hydrogen i s used today as a unique i n d u s t r i a l chemical i n 
petroleum processing and i n the synthesis of ammonia and methanol, 
and other organic chemicals. The world wide production of 
hydrogen has increased by three orders of magnitude i n the l a s t 
four decades. At present, the amount of U.S. energy consumed to 
produce i n d u s t r i a l hydrogen i s about 1 .4 quads/year which i s 
more than 1% of the t o t a l n a t i o n a l energy use and i s expected to 
increase to about 5 quads/year by the year 2 0 0 0 . Most of t h i s 
hydrogen i s produced by steam reforming natural gas or l i g h t o i l s . 

Hydrogen can be considered an insurance p o l i c y for the gas 
industry. The time frame f o r which hydrogen becomes economically 
v i a b l e , i s , at t h i s stage, unknown. Long range research programs, 
at low funding l e v e l s can i d e n t i f y the v i a b i l i t y of hydrogen 
producing schemes. At t h i s stage of research, GRI i s only i n t e r 
ested i n the production of hydrogen. The uncertainty of the 
economics of producing hydrogen from water i s the key problem to 
the implementation of u t i l i z i n g hydrogen as a gaseous f u e l . 
Other areas such as transportation, storage, d i s t r i b u t i o n and 
u t i l i z a t i o n are not being investigated by GRI. Research i n 
these areas should be delayed u n t i l large-scale, economical, 
production techniques appear f e a s i b l e . 

The Hydrogen subprogram has been divided i n two project 
areas : 

ο Thermochemical Hydrogen 
ο E l e c t r o l y t i c Hydrogen 
Thermochemical Hydrogen i s concerned with the production of 

hydrogen as a gaseous f u e l through a closed loop thermochemical 
process for w a t e r - s p l i t t i n g . There are two ongoing projects i n 
t h i s area. 

The second project area involves the optimization of water 
e l e c t r o l y s i s technology. 

RECEIVED January 31, 1980. 
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Application of the PFGC-MES Equation of State 
to Synthetic and Natural Gas Systems 

M. MOSHFEGHIAN, A. SHARIAT, and J. H. ERBAR 

School of Chemical Engineering, Oklahoma State University, Stillwater, OK 74078 

The need for method
dynamic behavior of natural and synthetic gas systems has been 
well established. Of the numerous equations of state available, 
three--the Soave-Redlich-Kwong (SRK) (19), the Peng-Robinson 
(PR) (18) and the Starling version of the Benedict-Webb-Rubin 
(BWRS) (13, 20) - -have satisfied this need for many hydrocarbon 
systems. These equations can be readily extended to describe 
the behavior of synthetic gas systems. At least two of the 
equations (SRK and PR) have been further extended to describe 
the thermodynamic properties of water-light hydrocarbon systems. 

All of these equations suffer from at least one common de
ficiency- -they require that the critical properties of all com
ponents in the system be defined. This requirement extends to 
any undefined component (C6+, crude oil, heavy tar fractions, 
etc.) which may be present in the system. Prediction of the 
critical properties of these compounds is at best an art. 
Changing the critical temperature of an undefined fraction pre
sent in quantities less than one mol percent by 10°C can change 
the predicted dew point of a natural gas system by 35 bar. 
Would anyone pretend that our current (or future methods) of 
estimating the critical properties of an undefined component are 
accurate to ±10°C? 

Since most synthetic and natural gas systems w i l l contain 
some amount (however small) of heavy undefined components, we 
have been searching for improved methods of pred ic t ing c r i t i c a l 
properties and an equation of state which does not use c r i t i c a l 
constants (or quasi c r i t i c a l constants) to determine the param
eters for the equation. Development of improved c r i t i c a l prop
erty pred ic t ion methods appears to be a waste of time. Wilson 
and Cunningham (6) have presented an equation--the Parameters 
From Group Contributions (PFGC) equation of state which sa t i s 
f ies our needs. As the name impl ies , the parameters i n th i s 
equation of state are estimated by group contr ibut ion rather 

0-8412-0569-8/80/47-133-333$06.75/0 
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than re ly ing on the c r i t i c a l propert ies . This a b i l i t y offers a 
r e a l advantage when dealing with undefined compounds. The 
groups (fragments) i n these compounds can be determined by ad
vanced a n a l y t i c a l methods such as C 1 3 M4R spectroscopy. Reduced 
re l iance on the less ref ined but standard a n a l y t i c a l procedures, 
i . e . , spec i f i c grav i ty , average b o i l i n g point , UOPK, e t c . , w i l l 
surely resu l t i n improved predict ions of the thermodynamic prop
er t ies of synthetic and natural gas systems. 

Our recent research ef forts have been d irected to develop
ing an improved and extended set of parameters for the various 
groups used i n the PFGC equation of state (16). We have dubbed 
our vers ion of th i s equation the PFGC-MES. A thorough evalua
t ion of the a b i l i t y of th i s equation to predic t the thermodynam
i c properties of hydrocarbon systems has been a part of th i s 
development process. A companion project has been the extension 
of the equation to describ
alcohol-nonhydrocarbon
resul ts of our work on hydrocarbon-water-methanol systems. We 
also report some of our work on extending the SRK equation of 
state to hydrocarbon water systems. 

Theory 

The bas ic equations used to predic t the thermodynamic prop
er t ies of systems for the SRK and PFGC-MES are given i n Tables 
I and I I , respect ive ly . As can be seen, the PFGC-MES equation 
of state r e l i e s only on group c o n t r i b u t i o n s - - c r i t i c a l propert ies 
e t c . , are not required. Conversely, the SRK, as a l l Redl ich-
Kwong based equations of s tates , r e l i e s on using the c r i t i c a l 
properties to estimate the parameters required for so lut ion . 

Wilson and Cunningham developed the PFGC equation of state 
on the basis of the fol lowing d e f i n i t i o n of the Helmholtz free 
energy 

j L
p r a c . ^ _ H I

 + j L w 

RT RT RT 

Using the modified hole theory and the appropriate mathematical 
manipulations, the set of equations shown i n Table II resul ted . 

Appl i ca t ion of e i ther equation of state to the pred ic t ion 
of the thermodynamic properties of hydrocarbon systems i s 
straightforward once the appropriate parameters are ava i lab le . 
The a b i l i t y of the SRK to describe the phase behavior of l i g h t 
hydrocarbons i s wel l known. Moshfeghian, et a l . (16) have 
reported that the PFGC-MES equation of state gives s imi lar 
resul ts for these systems except i n the c r i t i c a l region. 

While not immediately apparent, the PFGC-MES equation of 
state for the compress ibi l i ty fac tor , z , cubic i n behavior. 
Because of the complexity of the formulation an i t e r a t i v e so lu
t i on procedure i s used to determine the appropriate root for the 
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TABLE I 

SOAVE REDLICH KWONG EQUATIONS 

^ i = ^ ( Z - l ) . l n ( Z - B ) ^ [ ^ ^ ] l , ( l ^ ) 
AH 
RT B Rb-] , n( 1 +-r) + 1 - z 

Z 3 - Z 2 i - (A-B-B 2 )Z-AB = 0.0 

A = - ^ T - . B = b-f , 5=ΣχΛ 
2 2 

b. = 0 . 0 8 6 6 7 ^ - ; Q c i = 0 . 4 2 7 4 7 - ^ k - . ao.?s j . m . ( i - T ° 5 ) 
•ci 

(aca) = ΣΣχ;Χ;α?·5 a°fa°-5a°-5(l-k,.) 
ι J i Ci ~Cj ι J U 
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TABLE Π 
PFGC EQUATIONS 

r k n = e - W T E k n= K k n [ E k + E„]/2.0 

E k = E ' ^ E r ( - ^ - l ) + E f [ ( - ^ 2 . ) 2 - , ] 
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equation of state. Once the proper root (liquid or vapor) has 
been determined, solution of the remaining equations for chemi
cal potential and isothermal effect of pressure on enthalpy is 
straight forward. 

The parameters b, s, and τ appearing in the equations are 
group dependent parameters. Standard linear mixing rules are 
used to calculate the b and s terms. The τ term is also a func
tion of temperature; a group interaction parameter is used to 
account for non-ideal group interactions. Parameters for the 
various groups are not reported here since these parameters are 
not yet finalized. Checking and adjustment of the parameters is 
being continued to assure that the best possible results are 
achieved over the broadest possible temperature-pressure-compo-
sition ranges. Values of the group parameters will be published 
when the final "polishing" of the parameters is completed. 

The mixing rules of both equation f  had  b  modi
fied to predict the phas
This modification consisted mainly of defining different binary 
interaction parameters for the various phases present--i.e., one 
interaction parameter per binary pair for the vapor phase and 
hydrocarbon rich liquid; another binary interaction parameter 
was defined for the water rich liquid phase. In addition, water 
phase binary interaction parameter usually had to be temperature 
dependent to achieve good agreement between predicted and exper
imental hydrocarbon solubilities in the water rich phase. The 
temperature dependence of the water phase binary interaction 
parameter k?2> appears to be nearly linear with temperature for 
most systems. A typical set of SRK based k|j Ts of the methane-
water system are shown in Figure 1. This kind of temperature 
dependence was observed for al l binary pairs when using the SRK 
equation of state. The PFGC-MES equation of state required tem
perature dependent kij ! s for only a few groups (molecules). The 
PFGC-MES kjj ?s were also linear in temperature. 

For ternary and higher order mixtures, we have usually as
sumed that the interaction parameters for the non-water binary 
pairs in the water rich phase are identical to the vapor (hydro
carbon rich liquid phase) interaction parameters. Some work has 
been done on changing all water phase interaction parameters; we 
concluded that predicted results were not improved enough to 
warrant the expenditure of time required to develop the addi
tional parameters. A third interaction parameter for the hydro
carbon rich liquid could also be determined. Again, our work 
indicated that l i tt le improvement resulted from using this third 
parameter. Additional work is being done on both points. 

The experimental data for water hydrocarbon systems are 
relatively limited. Consequently, a generalized correlation was 
developed to estimate the equation for the temperature dependent 
kij term for those compounds for which no data are available. 
This generalized correlation was developed only for the SRK 
equation of state. The variation in the slopes of the kij 
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equation for the various homologous hydrocarbon series and se
lected specific properties are considered. The quality of this 
correlation is unknown--no data are available to evaluate it . 

Note that a similar correlation did not have to be devel
oped for the PFGC-MES equation of state. Adequate data were 
available to develop (or estimate) group parameters for al l the 
molecules considered in this work. The predicted water solubil
ities of the higher molecular weight components appear to be 
reasonable, but no data are available to check the quality of 
the predictions. 

A similar strategy was used to develop the PFGC-MES equa
tion of state parameters for describing the behavior of methanol 
hydrocarbon acid gas water systems. Multiple phase binary in
teraction parameters were used as required. Again, these second 
phase binary interaction parameters were usually not temperature 
dependent. 

Model Validation 

The parameters for both equations of state were developed 
using the available binary water data. The quality of agreement 
between predicted and experimental results should be good to ex
cellent for these systems. Results for the methane-water system 
are shown in Figure 2; these results are typical of the results 
for the hydrocarbon systems. For pressures up to 350 bars both 
the SRK and PFGC-MES give excellent predictions of the concen
trations of the various phases including the water rich and 
hydrocarbon rich liquid phase. In fact, the predictions from 
both equations of state are coincident for al l temperatures 
except 38 and 71°C. At pressures above 350 bars, the SRK con
tinues to perform well, while the quality of PFGC-MES predic
tions are not very good. Similar results were noted for all 
systems except the C02-water and H2S-water systems. At temper
atures below about 100°C and pressures greater than 70 bars sig
nificant errors in the predicted values were observed for these 
systems. At other conditions, excluding this region, agreement 
commensurate with the hydrocarbon results was found. 

After the available binary data had been used to determine 
the various parameters, the available multicomponent (ternary 
and higher order systems) were used to validate both equations 
of state. Some of the results of the validation are given in 
Tables III through V and Figure 3. The hydrocarbon compositions 
are summarized in Table IV. Again, the available data are 
skimpy and some are of doubtful quality. As a general rule, 
both equations of state give excellent agreement with the exper
imental values up to 350 bars. Above this pressure limit, the 
SRK is superior to the PFGC-MES equation. 

Validation of the PFGC-MES on methanol-water-hydrocarbon-
acid gas systems was practically impossible. Many investigators 
have reported data for the C 5 - C 8 paraffin aromatic naphthenic 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



340 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

i.o. 

< 

2 .01Ι
ο 
< 
OL. 

ο 
.001 

CO 

< X û_ 
cr 

2 .00011 
2 

I I I I I 

6.895 68.95 
PRESSURE, 

< χ 
LU 
2 

3 
cr 

.001 co < χ 
CL 

.oooi : 

3 
σ 

689.5 
BARS 

6895 

Figure 2. Comparison of predicted and experimental phase solubilities for meth
ane-water systems (phase: liquid—(%) (XT); vapor—(O) (A) f 21,22;,* ( ; 

SRK; ( ; PFGC-MES) 

.003i 

.002h 

101325 1013 05 

PRESSURE, BARS 

Figure 3. Comparison of predicted and experimental N2-H> mixture vapor phase 
water concentrations (system composition: 75% HJ25% N2 (molar); from Ref. 
3—(0) 50°C; (A) 37.5°C; (S7) 25°C; predicted—( ; SRK; ( ; PFGC-

MES) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



MOSHFEGHIAN ET AL. PFGC-MES Equation of State 

s a 
(Λ ι ι 
τ! s ; c/) 

E-« CD 
' C O O 

g en S 

Î E 

H3 
CD 

+-> 
b û U 
> Ή 

CD 
0 U 

O -H 

4-> -K 
CD U 
4-> Ph 
C P-i 
O 
U 
μ 
03 P 

: CO 

if) 
U 

CO CD 
CD bJC 
in g 

Ο 

Ο 

Κ ) ο Ln o vO 
to (NI rH o rH 

Ln CNI ^ - to 

(NI (NI Ln O 00 00 
CNI Ln Ln vO 00 

LO tO r-1 

σι O o LO 
00 00 L

O 
CT> CN] to 00 

σ> cr> (NI LO o 
vO CNl 

rH rH rH SO oo oo rH to to LO 

L O 
O 

L n o 

LO 
to o m 

(NJ 

8 

U 

CNJ 
O 

to 

CO 
( Ν 

Ο σ> to 
LO ο 

vO rH 
LO 
CNI 

Ο CNJ 

C0 r—I f—I 
CO LO 
U U U U 

δ δ S 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



342 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

TABLE IV 

EXPERIMENTAL MULT I COMPONENT 
MIXTURE COMPOSITIONS 

(From Reference 2) 

1 

N 2 - .0100 .148 -

Ci .8851 .9436 .7379 .8690 

C0 2 - .0060 .003 .0210 

C 2 .0602 .0264 .066 .0740 

c 3 
.0318 .0096 .039 .0220 

.0046 - .0035 .0051 

nC^ - .0044 .0048 .0043 

i C 5 
.0098 - - -

n C 5 .0085 - - .0025 

n C 6 - - - .0018 

n C 7 
- - - .0013 
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TABLE V 

COMPARISON OF PREDICTED AND 
EXPERIMENTA

MULTICOMPONEN
(From Reference 2) 

System 
No. 

Temperature 
Range, °C 

Pressure 
Range Bars 

Absolute Avg Error 
in Predicted Water 

Content of Vapor Phase 
SRK PFGC-MES* 

1 37.8/65,6 68.95/137.90 4.25 4.03 

2 37.8 68.95/137.90 7.32 4.18 

3 104.6 71.71/680.17 2.01 5.70 

4 104.6 70.88/689.13 1.18 2.22 

* pressure limited to 350 bars 
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range hydrocarbon-methanol systems; the data available for light
er hydrocarbons is sparse. The binary data for MeOH-other com
ponent systems is generally well represented; some of these re
sults have been reported earlier (161. The results for two 
binary systems are reported here--C H3O H" c o2 a n d CH3OH-H2s(Figures 
4 and 5) . The predicted bubble pressures agree with the ex
perimental values within about 5%. Unfortunately, only one set 
of experimental vapor phase compositions was available (Katayama). 
The absolute average error in the predicted vapor phase composi
tion for carbon dioxide was less than 1%. Predicted and experi
mental bubble point pressures for a four component system--
nitrogen, carbon dioxide, hydrogen sulfide and methanol--are 
reported in Table VI. The average error in the predicted bubble 
point pressures is about 5%. Though not shown, the absolute 
average error in the nitrogen vapor phase concentration is about 
8%. Similar evaluation
when possible. Most o
tary data--results very similar to the values shown here have 
been obtained. 

Predictions of the vapor volume and enthalpy departure for 
a water containing natural gases were compared with data being 
generated by Hall and coworkers at Texas A§M under GPA sponsor
ship (10). Both equations of state performed well; the average 
error in the predicted volume was less than one percent (abs) 
and the absolute average error in the predicted enthalpy depar
ture was about four KJ/kg. 

Based on our evaluations, we believe that the SRK equation 
of state gives reasonable predictions of water hydrocarbon be
havior at any pressure up to about 700 bars and over the temper
ature range 0°C to 300°C. The upper pressure limit of the 
PFGC-MES appears to be about 350 bars while the valid tempera
ture range is about the same as the SRK. 

Sample Problems 

A sample calculation has been made to illustrate the prac
tical application of the PFGC-MES equation of state. 

The problem is a typical pipeline transporting a water 
saturated natural gas. The pipeline conditions are such that 
hydrates could form in the pipeline. Methanol will be used to 
depress the hydrate foimation temperature to an acceptable level 
(a 15°C hydrate depression was used). 

Three different approaches to this problem can be developed 
These are: 

1. Conventional pipeline calculations in which "dry" 
hydrocarbon flashes are performed to determine the 
hydrocarbon liquid formation; the liquid water con
densed is estimated using one of the available natural 
gas water content charts (1, _15), and the Hammerschmidt 
equation (11) and a graphical correlation are used to 
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Figure 5. Comparison of predicted and experimental bubble point pressures for 
methanol-hydrogen sulfide system ((Ο, A, V) (24); ( ) predicted) 
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TABLE VI 

COMPARISO
BUBBLE POINT PRESSURE FOR THE NITROGEN-CARBON DIOXIDE, 

HYDROGEN SULFIDE, METHANOL SYSTEM AT -15°C 
(From Reference 9) 

Experimental Experimental Values Predicted Bubble 
Bubble Point Liquid Phase Mol Fraction Point Pressure 

Pressure, bars N 2 C02 H2S MeOH bars 

9.49 .003 .069 .001 .927 10.28 

9.88 .003 .067 .001 .929 10.17 

20.16 .007 .083 .001 .909 20.31 

28.27 .010 .070 .001 .919 26.71 

35.06 .013 .065 .002 .920 33.95 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



17. MOSHFEGHIAN E T A L . PFGC-MES Equation of State 347 

estimate the methanol requirements (4). 
2. Perform ffwetM hydrocarbon flashes to estimate the hydro

carbon and water liquid formation and estimate the 
methanol requirements using the above approach. 

3. Perform MwetM-methanol-hydrocarbon flashes to estimate 
the liquid water plus methanol and hydrocarbon phases; 
the methanol concentration is adjusted to satisfy the 
Hammerschmidt equation prediction for the desired hy
drate formation temperature depression. 

Calculations for all three cases have been performed for 
the system described in Tables VII and VIII and Figure 6. In 
this case the raw feed gas was flashed at 66°C and 138 bars with 
sufficient water to assure that the gas leaving the separator 
was water saturated. Each of the calculational philosophies 
described above was used to predict the phase behavior of the 
systems at each pressur
results of these calculation
XI and Figures 7 through 10. 

Several factors become immediately apparent after analysis 
of these results: 

1. The type of flash calculation--MdryM, MwetM or "wet" 
plus methanol--has no practical effect on the predicted 
hydrocarbon liquid formation. 

2. The conventional technology of pipeline calculations 
does not normally predict the carbon dioxide or hydro
carbon content of the water rich phase. These can be 
estimated by other graphical correlations. 

3. Both 'Vet11 flash calculations predict a higher concen
tration of water in the vapor phase than the graphical 
correlations. The presence of methanol reduces the 
predicted water content of the vapor phase. 

4. The presence of methanol in the liquid water phase 
substantially increases the predicted carbon dioxide 
solubility in that phase. 

5. Methanol has l i tt le effect on the predicted solubility 
of hydrocarbons in the liquid water phase. 

6. Al l three approaches predict about the same methanol 
requirements to give the specific hydrate formation 
temperature depression. 

Most of these effects were expected; three deserve further 
comment. 

Most of the available water content charts are applicable 
only to sweet lean natural gases, Moore, et al, (15) have de
veloped a set of charts which are based on the Heidemann (8, 12) 
version of the SRK water prediction. The system used in tfïis 
study contains nearly 6.0% carbon dioxide. The acid gases cause 
increased water solubility in the vapor phase. Our calculations 
simply verify these observations. 

The MwetM-methanol-hydrocarbon flash predicts the complete 
phase distribution of methanol at each point in the system. 

American Chemical 
Society Library 
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TABLE VII 

FEED COMPOSITION 

Component Mol Percent 

N 2 2.76 

0% 76.95 

C02 5.30 

C 2H 6 4.06 

C3H8 1.94 

iCi+Hio 0.43 

nCi+Hi 0 0.76 

i C 5 H 1 2 0.39 

nC 5 H 1 2 0.33 

Lt. Aromatics (C6H6) 0.42 

C 7 + (nC 1 0H 2 2) 3.75 

H20 2.91 
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TABLE VIII 

PROCESS/PIPELINE CONDITIONS 

Primary Separato

Pipeline Pressure Temperature Profile 

P, Bars T, C 

Inlet from separator 138.00 66 

124.00 38 

110.00 27 

96.50 21 

82.70 16 

Discharge from pipeline 68.95 16 
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METHANOL 
INJECTION 

FEED 

-TO PIPELINE-

• LIQUID HYDROCARBON 
•LIQUID WATER 

Figure 6. Diagram of process 

Figure 7. Vapor phase water concentration profile ((O) conventional technology; 
(A) wet hydrocarbon flash; (S7) wet methanol hydrocarbon flash) 
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I6OO1 1 1 Γ 

Ο 

PIPELINE PRESSURE, BARS 

Figure 8. Vapor phase methanol concentration profile ((O) dry hydrocarbon 
flash; (A) wet hydrocarbon flash; (V) wet methanol hydrocarbon flash) 

PIPELINE PRESSURE, BARS 

Figure 9. Effect of methanol on predicted hydrocarbon solubility in water phase 
((A) wet hydrocarbon flash; (V) wet methanol hydrocarbon flash) 
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Figure 10. Effect of methanol on predicted C02 solubility in water phase ((A) 
wet hydrocarbon flash; (V) wet methanol hydrocarbon flash) 
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Anomolous pressure-temperature profiles in a pipeline can cause 
unusual behavior of the water condensation profile in the line. 
If this happens, the methanol requirements predicted on the 
basis of terminal pipeline conditions could be low. 

Probably the most important feature of the "wet" methanol 
hydrocarbon flash results in the enhanced carbon dioxide solu
bility in the liquid water phase. This would probably mean 
potentially more severe corrosion problems in the pipeline and 
associated equipment. The design and operation of the corrosion 
prevention system and program can be substantially improved. 

Current and Future Work 

We believe that the SRK equation of state has been pushed 
to its limits. Some improvements in its ability to describe the 
behavior of hydrocarbo
ably be made. Some of
liquid behavior of selected organic water systems could be rea
sonably well described Ç7, 23 ) . Unfortunately, the results of 
this work could not be extended beyond the range of data used in 
the fitting process. 

Our major efforts are being devoted to extension of the 
capabilities of the PFGC-MES equation of state. We are or soon 
will be developing parameters for: 

1. The glycols used in natural/synthetic gas dehydration 
processes. 

2. The physical absorbents for acid gas removal from natu
ral and synthetic gases. 

3. The aromatic molecules which contain nitrogen, sulfur 
and oxygen that commonly occur in coal liquefaction 
processes. 

4. The sulfur containing components which occur in coal 
gasification/liquefaction systems such as, carbonyl 
sulfide, methyl and ethyl mercaptans, etc. 

5. The halogenated refrigerants. 
6. Other organic chemicals. 

In addition, we are evaluating the ability of the equation of 
state to predict the vapor liquid equilibria for systems appro
priate to each group of compounds. We recognize that these 
objectives represent a very ambitious project; we hesitate to 
speculate about the completion date or quality of the final 
results. 

Summary 

The ability of the SRK equation of state to reliably pre
dict the vapor phase water content of natural and synthetic gas 
systems has been demonstrated. In addition, the ability of the 
PFGC-MES equation to describe the phase behavior of hydrocarbon, 
acid gas, methanol, water systems has been described. Both 
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17. MOSHFEGHIAN E T A L . PFGC-MES Equation of State 357 

equations of state appear to give predict ions of the phase be
havior of the subject systems that are completely adequate for 
routine engineering design/evaluation work provided the l i m i t s 
of the corre la t ion are not exceeded. 

We bel ieve that the PFGC equation of state approach w i l l be 
the most f r u i t f u l new route to predic t ing phase behavior of the 
diverse systems encountered i n the natural gas/petroleum/coal 
l iquefac t ion g a s i f i c a t i o n process industry. We commend i t to 
your attent ion. 
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Nomenclature L i s t 

A - parameter i n SRK equation of state 
a c - parameter i n SRK equation of state 
aca - mixture parameter i n SRK equation of state 
a parameter i n SRK equation of state 
Β - parameter i n SRK equation of state 
3 - term i n SRK equation of state based enthalpy departure 

equation 
b - parameter i n SRK or PFGC-MES equation of state 
c / b H - a r b i t r a r y constant i n PFGC equation of state 
ΔΗ - isothermal effect of pressure on enthalpy 
AS - isothermal effect of pressure on entropy 
Ε - parameter i n PFGC-MES equation of state 
k - binary in teract ion parameter for SRK or PFGC-MES equation 

of state 
Κ - vapor l i q u i d Κ value = y /x 
m component charac ter i s t i c parameter for SRK equation of 

state or number of groups i n molecule i 
Ρ - pressure, absolute uni ts 
P° - reference pressure for entropy ca lcu la t ions , absolute units 
Pc - c r i t i c a l pressure, absolute units 
Φ - volume f r a c t i o n of group 
R - gas law constant 
Τ - temperature, absolute uni ts 
τ parameter i n PFGC-MES equation of state 
Te - c r i t i c a l temperature, absolute units 
ν molar volume 
χ l i q u i d phase (or phase) mol f r a c t i o n 
y - vapor mol f r a c t i o n 
ζ compress ib i l i ty factor 
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subscripts 

i - any component 
k - any group 
η - any group 

superscripts 

2 - second phâ e binary interation parameter 
(0) - coefficient of T° 
(1) - coefficient of T 1 

(2) - coefficient of T 2 

Summation counters 

k - number of groups i
c - number of component
η - number of components in SRK equation of state 
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18 
Considerations Affecting Observation of 
Interaction Second Virial Coefficients by 
Chromatography 
Κ. N. ROGERS, S. H. TEDDER1, J. C. HOLSTE, P. T. EUBANK, and 
K. R. HALL 
Chemical Engineering Department, Texas A&M University, College Station, TX 77843 

Its precise basis in statistical mechanics makes the virial 
equation of state a powerfu
of thermodynamic propertie
Within the study of mixtures, the interaction second virial coef
ficient occupies an important position because of its relation
ship to the interaction potential between unlike molecules. On 
a more practical basis, this coefficient is useful in developing 
predictive correlations for mixture properties. 

Several techniques are available for measuring values of 
interaction second virial coefficients. The primary methods are: 
reduction of mixture virial coefficients determined from PoT 
data; reduction of vapor-liquid equilibrium data; the differen
tial pressure technique of Knobler et al.(1959); the Burnett-
isochoric method of Hall and Eubank (1973); and reduction of gas 
chromatography data as originally proposed by Desty et al.(1962). 
The latter procedure is by far the most rapid, although it is 
probably the least accurate. 

Besides speed, the chromatography experiment has the advan
tage that relatively "nasty" systems present minimal problems. 
Coal chemicals i n l i g h t c a r r i e r gases or Ĥ S systems are good 
examples. Such considerations led us to develop a chromatography 
apparatus with the s p e c i f i c goal of obtaining i n t e r a c t i o n second 
v i r i a l c o e f f i c i e n t s . A vast l i t e r a t u r e was ava i l a b l e to guide 
us i n t h i s e f f o r t . The more noteable references include the 
book by Littlewood (1970) and review a r t i c l e s by Conder (1968), 
Locke (1976) and Kobayashi elt a l . (1967) . Papers which s p e c i f i 
c a l l y address determination of the i n t e r a c t i o n v i r i a l c o e f f i 
c i e n t , among other properties, include those by Everett (1965), 
Laub and Pecsok (1974), Young and coworkers (1966, 1967, 1968, 
1968, 1969). Conder and Purn e l l (1968, 1968, 1969, 1969) provide 
an excellent overview of the t o t a l experiment. 

We have chosen the water - carbon dioxide system f o r t h i s 
study f o r several reasons. R e l a t i v e l y l i t t l e l i t e r a t u r e e x i s t s 
f o r t h i s important system. This mixture i s important i n combus-

1 Current address: AMOCO Production Company, Tulsa, OK 

0-8412-0569-8/80/47-133-361$05.00/0 
© 1980 American Chemical Society 
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t i o n studies, ordinance design, and t e r t i a r y o i l recovery. F i 
n a l l y , i t i s a d i f f i c u l t system to study and we reasoned that i t 
would demonstrate equipment c a p a b i l i t y and inadequacy. 

Analysis of Experiment 

The analysis providing i n t e r a c t i o n second v i r i a l c o e f f i 
cients from chromatography rests upon three p r i n c i p a l assump
ti o n s : 1) vapor-liquid e q u i l i b r i u m e x i s t s i n the column; 2) the 
solute (component 1) i s soluble i n both the c a r r i e r gas (compo
nent 2) and the stationary l i q u i d phase (component 3); 3) the 
c a r r i e r gas and stationary l i q u i d are i n s o l u b l e . Under assump
t i o n #1, we can write 

f i = f i (1) 

where f^ i s the fugacit
superscripts indicate vapor and .liquid. Taking the vapor side 
of the equation, we write 

Λν Λ . ν f l = Υ 1ΡΦ 1 (2) 

where y. i s the vapor-phase composition, Ρ i s the pressure, and 
$ i i s tne vapor-phase fugacity c o e f f i c i e n t of component i . This 
equation also serves to define $Y. Standard thermodynamic d e r i 
vations, such as those of Smith and Van Ness (1975), provide 
the relati o n s h i f t 

λ η Φ ; = | 1 | ϋ ΰ £ 2 | - i ^ ^ l - A n Z 
' (3) 

where nV i s the t o t a l volume, n^ i s number of moles of component 
i and Ζ i s the comp r e s s i b i l i t y f a c t o r . Note that assumption #3 
forces the vapor (and the l i q u i d ) to be binary mixtures. From 
the v i r i a l equation, we obtain 

Z = 1 + ( y j B n + y 2
2B 2 2 + ly^B^/V + (yjcm + 

3 y 2 y 2 C 1 1 2 + 3 y i y 2 C l 2 2 + y ^ C ^ ^ / V 2 + ... <4) 

where B. . and C_, are the second and t h i r d v i r i a l c o e f f i c i e n t s . 
Using Equation 4 m u l t i p l i e d by n, we obtain by d i f f e r e n t i a t i o n 

nV,n 2 

Substituting Equation 5 i n t o 3 and i n t e g r a t i n g provides 

p K n Z ) 1 

L 3 n l JT, 
" ( 2 W + y 2 B 1 2 ) / V + 3 ( ^ C l l l + 

2 y l y 2 C 1 1 2 + y 2 C 1 2 2 ) / v 2 + ··· ( 5 ) 
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£ η Φ ι = 2 ( 7 Λ ι + y 2 B 1 2 ) / V + 1.5 ( y ^ + U f f a + 

y 2 C 1 2 2 ) / y 2 + £nZ (6) 

which, i n turn, we substitute i n t o Equation 2. 

Next, we examine the l i q u i d side of Equation 1 and write 
as a d e f i n i t i o n „ 

f l - V ^ Jp r 

( 7 ) 

where i s the a c t i v i t y c o e f f i c i e n t of component i and subscript 
r denotes a reference state. In t h i s case, we take the reference 
pressure, Ρ , to be the vapor pressure of the stationary l i q u i d 
at the column temperature ( i n most cases, i n c l u d i n g t h i s one, 
P r - 0 ). Now, we furthe

>f τ ι , ^vap 
"1 - f l r 7 X 1 P 1 ( 8 ) 

where x^ i s the l i q u i d phase composition and P^a^ i s the vapor 
pressure of the solute. Therefore, s u b s t i t u t i n g Equation 8 
into 7 we obtain 

Γ Ρ „ I (9) fA = x pvap φ exp f IL 
\ RT 

L r 

and, upon s u b s t i t u t i o n of Equations 2 and 9 into 1, we have 

p v aP 2f 

κ ι Ξ V x i 
exp - r RT dP 

Ρ Φ ; 

For the experiment we propose to use, we may further assume 
that the solute i s present at i n f i n i t e d i l u t i o n i n both the 
l i q u i d and vapor phase. As a r e s u l t , Equation 9 becomes 

P ™ P ( ^ f exp 
K l = 

* r RT 
dP 

p tip 
(10) 

Using Equation 6, we obtain at i n f i n i t e d i l u t i o n 
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A V œ l i m /\. 
(φ > Ξ J = exp (2B 1 2/V 2 + 1.5 C ^ / V 2 + 

which, i n combination with Equation 10, becomes 

rP 

&n ! 
K 1 P 

,vap 
(V*)°° 

1 dP -
2 * 1 

ρ RT 
r 

- 1.5C, 

(11) 

Now, r e c a l l i n g that P^ = P^ a p - 0, we can approximate the 
p a r t i a l molar volume by 

<vjr - (ft- + 

3 ( V p r 

~ 5 T (13) 

or for Equation 12 

fp
 (v £ ) 

£ ) C 

dP = _ 
RT RT Ρ + 1/2 

3P J T 
P 2

 + (14) 

F i n a l l y , we obtain 

Jin K l p 

vap 
7 Ρ 

y\ f oo 
λη(φχ) + + 1/2 
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f x -A p l o t of An(K~P/Z2P v a p ) vs (P/RT) w i l l produce £η(φχ) 

as the intercep t , (V*)* - 2 B
1 2 ^ Z 2 a S t h e s l o p e a n d s o f o r t h -

In p r a c t i c e , experimental p r e c i s i o n w i l l mask any curvature 
and the e f f e c t of Z 9 on the slope, and our working equation i s 

( v p ^ - slope 
J12 (16) 

Also, at i n f i n i t e d i l u t i o n , the Henry's law constant f or 
solute i i n solvent j i s 

/ V , voo ^  Ρ 
H 1 2 = ( f 1 / y 1 ) =

2B 12 

1 3 < £ } ν - ' Γ Ρ ( ^ ) % χ ρ |<ν;(ΐτ)+···1 <i8> 
To u t i l i z e the analysis we must resolve three d i f f i c u l t i e s : 

1) defining Ρ (we assume constant pressure but ther^ i s a 
pressure drop acjpss the column), 2) e s t a b l i s h i n g K-, and 3) 
determining (V^) . We can use an average pressure f o r the 
experiment, but we must choose between distance and time aver
ages. Current wisdom favors a time average based upon 

ρ t J™ out η (19) 

where Ρ i s the o u t l e t pressure for the column and out r 

m _ η 
^n m (P. /P ) - 1 i n out (20) 

where P. i s the column i n l e t pressure. For our experiment 
we woulànobtain the following corrections for P Q u t 

distance average = 1.121 
J 2 = 1.125 

= 1.129 

or 1.125 + 0.004 which i s w i t h i n our experimental error so we 
T3 

use J 0 . 
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To obtain K^, inspect Figure 1 which p l o t s the flowing 
phase concentration against the stationary phase concentration 
of component 1. In the i n f i n i t e d i l u t i o n l i m i t , we have 

00 oo 

C l f = S C l s (21) 

and using the o v e r a l l phase concentrations 

< C I f / C f > C f = « C I . / C e ) C e ( 2 2 ) 

which i s by d e f i n i t i o n 

y~ C f = βχ~ C s (23) 

and the d i s t r i b u t i o n c o e f f i c i e n t i s 
oo OO 

\ = ( y ^ ) = B c s / c f (24) 

Analysis of chromatography experiments reveals that 

(BC / C j ( n . / n ) = t . / (t ι ~ t , J 
s f f s i n e r t solute i n e r t (25) 

where t. _ i s the time required to detect an a i r peak i n i n e r t n r 

the column and t - t. i s the retention time, oo solute i n e r t 
then becomes 

ZaRTa(m/MW). 
oo Z 3 

Κ. = 1 a · a 
P V ( t s o l u t e " t i n e r t ) (26) 

where m i s the mass and MW the molecular weight of the 
stationary phase, v a i s the observed volumetric flowrate 
(from a bubble column, for example), and superscript a. 
denotes ambient conditions. We should note that usually 
MŴ  i s unknown so a l l the d e f i n i t i o n s change s l i g h t l y to 
r e f l e c t a mass rather than a mole basis. 

F i n a l l y , we come to the " A c h i l l e s heel" of the experiment, 
(V^)^. The common assumption f o r t h i s v a r i a b l e i s to use 
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the volume of saturated l i q u i d solute (assume an i d e a l s o l u 
t i o n ) . This assumption can be r i d i c u l o u s when MW^»MW^ as i s 
the usual case. Figure 2 i l l u s t r a t e s t h i s assertion. A more 
r e a l i s t i c approach i s to use s t a t i s t i c a l mechanics to provide 
an approximator as suggested by Flory et al.(1964), Flory (1965) 
and Abe and Flory (1965). 

We suggest a t h i r d a l t e r n a t i v e . This procedure requires 
f i d u c i a r y data f o r B-j_u» t n e i n t e r a c t i o n second v i r i a l c o e f f i 
cient for solute 1 and an unspecified c a r r i e r gas (a good choice 
would be helium). The should come from a precise e x p e r i 
ment such as the Burnett-mixin
tioned i n the introduction. Running the 1-u system through 
the chromatograph would allow use of Equation 16 i n rearranged 
form 

(vj>* - 2 B l u + slope (27) 
—£ 0 0 

The value of ( v ^ ) r I s independent of c a r r i e r gas so i t can 
be used i n Equation 16 with component 2 or any other c a r r i e r 
gas. This should provide the most accurate value of (V ^ ) r 

for use i n t h i s experiment. 
Experimental Procedure. Figure 3 presents a schematic 

diagram of the apparatus. The chromatograph i s a Varian 
Aerograph Series 1400 with a thermal conductivity detector 
and an associated Varian CDS 111 Chromatography Data System 
(int e g r a t o r ) . We modified the chromatograph i n two ways: 
1) we i n s t a l l e d a fine-adjust f o r temperature, and 2) we 
replaced the 2% flow c o n t r o l l e r supplied with the instrument 
with an Analabs HGS-187 Flow Controller which has 0.3% 
pre c i s i o n . The temperature adjustment was necessary to permit 
s a t i s f a c t o r y r e p r o d u c i b i l i t y , + 0.02°C. An error analysis of 
the experiment indicated that accuracy was e s p e c i a l l y s e n s i t i v e 
to flow control so we obtained the better c o n t r o l l e r to bring 
t h i s measurement i n l i n e with our other observables. 
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Figure 2. Relationship between saturated liquid volume and partial molar volume 
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We measured flow rate with a Varian P/N 29-000086-00 Soap 
Bubble Meter. The pressure gauges were Heise bourdon-tube 
type with 0.1 psi a d i v i s i o n s . The column was 16 feet of 1/4 
inch copper tubing packed with Carbowax 20M loaded to 20% on 
Fluoropak 90. 

The experimental procedure i s approximately standard 
chromatography. F i r s t , we set the desired column temperature 
and adjust the detector and i n j e c t o r temperatures to values 
about 30°C higher. Next we adjust the i n l e t and outlet pres
sure and measure the flow r a t e . Then, we set the detector 
current and attenuation to give maximum s e n s i t i v i t y with an 
acceptable baseline ( t y p i c a l l y the current i s 50 mA with an 
attenuation of 1). For i n j e c t i o n s , we draw 1/2 the desired 
a i r i n t o the syringe followed by the sample followed by the 
remaining 1/2 of the desired a i r . We e s t a b l i s h the desired 
amount of a i r by t r i a l an
We also vary the sampl
a given Ρ and T. This allows extrapolation of peak areas to 
zero sample si z e as shown i n Figure 4. The flow rate w i t h i n 
the column must be constant f o r an isotherm. We record the 
following parameters: ambient pressure and temperature, i n l e t 
pressure, o u t l e t pressure, column temperature, retention time 
for both a i r and water, water peak area, ambient flow r a t e , 
regulator pressure, sample s i z e s , detector current and temper
ature, i n j e c t o r temperature, and attenuation. 

We c o l l e c t e d data for at l e a s t f i v e o u t l e t pressures along 
each isotherm to improve the s t a t i s t i c a l analysis of the data. 
The o u t l e t pressures ranged from 0 to 32 p s i g , but a wider range 
would have reduced scatter considerably. We varied the i n l e t 
pressure to achieve an approximately constant flowrate (20 cc/ 
min) i n the column. This flowrate resulted from a compromise 
between speed and accuracy. The higher the flowrate, the 
faster the experiment, but too f a s t a flowrate and the system 
did not approach equilibrium. We selected 20 cc/min by te s t i n g 
flowrates varying from 10 cc/min to 50 cc/min; rates from 10 cc/ 
min to 20 cc/min gave e s s e n t i a l l y i d e n t i c a l r e s u l t s while rates 
above 25 cc/min showed s i g n i f i c a n t deviations. 

F i n a l l y , we must be c e r t a i n we are observing vapor-liquid 
eq u i l i b r i u m i n the column not vapor-solid equilibrium. Braun 
and G u i l l e t (1976) reported that a d i s c o n t i n u i t y i n a p l o t of 
in (V°) vs 1/T (where V° i s the retention volume at 273.15 K) 
indicated a phase t r a n s i t i o n . We calculated V° from the follow
ing r e l a t i o n s h i p 

solute - t . i n e r t Ρ Ζ.Τ 

2 out 
(28) 

m. '3 
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ACCESSORY 
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Figure 3. Schematic of modified GLC apparatus 
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Figure 4. Extrapolation to zero peak area (operating conditions: Τ ~ 150°C; 
Pout ~ 30 psig) 
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where superscript ο indicates 273.15K values. Figure 5 i n d i 
cates that a phase t r a n s i t i o n occured i n our experiment between 
75°C and 125°C. 

Results. Our experimental observations appear i n Table I 
and Figure 6. We have defined Ψ as K ^ ^ P i ^ P . The slopes 
from Figure 6 inserted into Equation 16 provide values f o r Β^· 
Unfortunately, we were not^able to f i n d the f i d u c i a r y data 
necessary to evaluate ( V ^ ) r

 a n d m u s t leave the c a l c u l a t i o n un
fi n i s h e d . The i d e a l s o l u t i o n assumption i s t o t a l l y inadequate 
i n t h i s p a r t i c u l a r experiment. 

We were able to determine a surface f i t f o r the data using 
the expression. 

in Ψ = (A + BT 2) + C exp(DT 2) [P/RT] (29) 

Figures 7 and 8 i l l u s t r a t
slopes from Figure 6 corresponding to the fun c t i o n a l forms of 
Equation 29. The error bars on Figures 7 and 8 represent one 
standard deviation as determined from isothermal f i t s . The 
intercepts have deviations on the order of 0.5% which i s con
s i s t e n t with an apparatus analysis. The slopes, however, have 
much larger uncertainties ranging up to 15%. Increasing the 
pressure range would greatly reduce t h i s large and important 
error. 

Table I I presents our f i n a l r e s u l t s . We only report the 
four isotherms which were d e f i n i t e l y v a p o r - l i q u i d and we present 
both isothermal analysis and surface analysis values. 

Conclusions. Our work indicates that i t may be possible 
to obtain good values of B ^ by chromatography, but only with 
painstaking attention to every d e t a i l . I t i s clear from our 
experience why values measured by t h i s technique are generally 
regarded as not top q u a l i t y . 

I t i s e s s e n t i a l to v e r i f y experimentally each assumption. 
In t h i s experiment, we used f i v e d i f f e r e n t flowrates to assure 
ourselves that the column did approach equilibrium: 20 cc/min 
was s a t i s f a c t o r y , 25 cc/min was already questionable. The 
solute was soluble i n both phases as evidenced by peak separa
t i o n on the chromatogram. The stationary l i q u i d was not so l u 
ble i n the c a r r i e r gas as evidenced by no long time peak on 
the chromatogram. The c a r r i e r gas was s l i g h t l y soluble i n the 
stationary l i q u i d . We checked t h i s by i n j e c t i n g C0 2 i n t o the 
c a r r i e r and we did obtain a peak-however, analysis showed that 
KC0 ~ 70,000 therefore the C0 2 concentration i n the s t a t i o n 
ary l i q u i d was i n s i g n i f i c a n t . We assure i n f i n i t e d i l u t i o n 
values by performing multiple i n j e c t i o n s and extrapolating to 
zero peak area. This procedure i s also e s s e n t i a l i n the ex
periment . 
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Figure 5. Phase transition indicator 
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Table I. Calculated Values of 1η(Ψ) and P/RT 

Avg. Avg. I n f i n i t e Avg. 
P/RT x 10 , 
g-mole/cc 

Avg. T, 
K cc/min 

P 
out' psig 

D i l u t i o n 
1η(Ψ) Weighting 

Factor 

Avg. 
P/RT x 10 , 
g-mole/cc 

398.16 10.61 0.00 6.2587 172.45 3.2640 
14.99 0.00 6.2535 951.25 3.3678 
20.09 0.00 6.2475 1303.32 3.4842 
20.11 10.32 6.2898 3106.94 5.6470 
20.26 14.00 6.3114 164.60 6.4115 
19.97 19.80 6.321 1012.60 7.6162 
20.67 29.3

423.40 17.04 0.00 6.1578 458.94 
19.86 7.20 6.1958 88.57 4.7240 
19.33 15.21 6.2030 64.58 6.2567 
20.53 21.33 6.2344 527.72 7.5164 
21.12 28.22 6.2350 1483.59 8.8571 

448.24 17.21 0.00 6.0759 253.84 3.1032 
20.10 7.10 6.1096 115.01 4.4916 
19.36 15.10 6.1249 46.87 5.9501 
20.94 21.75 6.1169 62.79 7.2335 
20.82 29.50 6.1380 52.20 8.6619 

473.21 20.53 0.00 5.9826 103.46 3.0627 
21.41 7.55 6.0266 11.76 4.0112 
25.92 15.90 6.0388 70.37 5.9837 
20.51 23.56 6.0184 61.58 7.2002 
20.90 31.24 6.0295 31.23 8.5602 

Table I I . Values of the Slope and Intercept 
Predicted for each Isotherm 

Slope, cmVg-mole Intercept 
Average 
Temperature, Isotherm Surface Isotherm Surface 

Κ F i t F i t F i t F i t 
398.16 1607 1611 6.198 6.197 
423.43 1342 1300 6.120 6.124 
448.24 1115 1040 6.046 6.048 
473.21 928 820 5.962 5.967 
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6.4 

Figure 6. Experimental data for determining slopes (( ) isotherm fit; ( ) 
surface fit; surface fit indistinguishable αίΎ ~ 125°C) 
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1 i 1 1 1 1 1 1 H 
1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 

T 2 x 1 C T 5 , K 2 

Figure 7. Predicted intercept as a function of temperature ((— · —) isotherm 
fit; ( • ) surface fit) 
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Figure 8. Predicted slope as a function of temperature ((— · —) isotherm fit; 
(— | —) surface fit) 
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A preliminary experimental error analysis indicated that 
the flowrate control and, to a lesser degree, the temperature 
control would be c r i t i c a l . I t i s necessary to change the o f f -
the-shelf flow c o n t r o l l e r s f o r commercial chromatographs and 
desirable to change the temperature c o n t r o l l e r . 

_£ OO 
The value used for (V^) i s c r u c i a l f o r f i n a l r e s u l t 

accuracy. The i d e a l s o l u t i o n assumption w i l l range from bad to 
ri d i c u l o u s . For polar systems, such as the present one, the 
major e f f e c t comes from (V^) i n the slope and, unless a very 

precise value i s a v a i l a b l e , the experiment js^worthless! We 
have proposed a new method for obtaining ( V ^ ) r using f i d u c i a l 

data which should produc
Using t h i s procedure coul
systems by one order-of-magnitude and i n complex systems by 

many orders-of-magnitude. Ce r t a i n l y (V^) can be determined to 

about 1 % using the new technique. 
I t i s e s s e n t i a l to use at lea s t f i v e i n j e c t i o n s spaced over 

as wide a range as possible to obtain each value of Ψ. I t i s 
also e s s e n t i a l to observe the values of Ψ over as wide a 
pressure range as possible. These precautions w i l l greatly r e 
duce scatter i n the slope required by Equation 16. 

F i n a l l y , we have presented a new analysis which i s not 
found i n the l i t e r a t u r e . This analysis i s more s e n s i t i v e to 
the various e f f e c t s discussed above and therefore should produce 
better values i n the long run. 
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19 
Critical Points In Reacting Mixtures 

ROBERT A. HEIDEMANN 

University of Calgary, Calgary, Alberta, Canada T2N 1N4 

Processes in which chemical reaction and phase equilibria 
are simultaneously of significanc  considerabl  chal
lenge to the thermodynamicist
models which are suitable to describe the mixtures and to find 
computational procedures which permit analysis of equilibrium 
behavior. 

The presence of water in synthesis gas mixtures along with 
light components, such as carbon monoxide or hydrogen, has the 
effect that phase separations may persist even under extreme 
conditions of temperature and pressure. The need exists to demon
strate that these phase separations, perhaps with simultaneous 
reaction equilibrium, can be described by models capable of some 
accuracy. 

The present paper deals with one aspect of this problem; the 
calculation of phase separation critical points in reacting mix
tures. The model employed is the Soave-Redlich-Kwong equation of 
state (1), which is typical of several equations of state (2, 3) 
which have relatively recently come into wide use as phase equi
librium models for light gas mixtures, sometimes including water 
and the acid gases as components (4, 5, 6). If the critical point 
contained in the equation of state (perhaps even for the mixture 
at reaction equilibrium) can be found directly, the result will 
aid in other equilibrium computations. 

Other workers have reported computations of reaction e q u i l i b 
r i a i n mixtures described by equations of state (7, 8). Only 
occasionally have non-ideal mixtures with phase separations been 
tackled (9^ lfJ ) , and no previous computations of c r i t i c a l points 
i n reacting mixtures appear i n the l i t e r a t u r e . 

Stoichiometry 

The algebra required to express the stoichiometry of chemi
c a l l y reacting systems i s well established. The species present 
i n the reacting mixture are A^, i = 1, N. The reactions are 
denoted by 

0-8412-0569-8/80/47-133-379$05.00/0 
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Ν 
Σν..Α = 0 ; j = 1, R. (1) 

i=l ± J 1 

The V j j are stoichiometric c o e f f i c i e n t s i n the R independent reac
t i o n s . The progress of each of the independent reactions i s i n d i 
cated by a reaction extent ε-j, j = l , R. The mole number of species 
A^ i n a reacting mixture i s given by 

R 
η. = η. + η τ V v. .ε. (2) ι ι Τ L I J j ο ο. Ί

 J J 

J = l 
where ηή i s the mole number i n a reference mixture (with ε^=0, ο j j = l , R) and n T i s the t o t a l number of moles i n the reference 
mixture, 

n T = Σ η (3) 
i=l 0 

The reaction extents, ε-j, are dimensionless numbers i n t h i s 
formulation. They are r e s t r i c t e d to values such that a l l the n^ 
are non-negative. 

When a l l the species remain i n a single homogeneous phase, 
the mole f r a c t i o n s i n the phase are given by 

R R 
yi = ( y i + £ v i j V / ( 1 + I e j A V ( 4 ) 

° j=l j=l 

where 

Ν 
Av. = V v.. (5) 

i=l 
C r i t i c a l Points 

In c l a s s i c a l thermodynamics, there are many ways to express 
the c r i t e r i a of a c r i t i c a l phase. (Reid and Beegle (11) have 
discussed the re l a t i o n s h i p s between many of the various equations 
which can be used.) There have been three recent studies i n which 
the c r i t i c a l points of multicomponent mixtures described by 
pre s s u r e - e x p l i c i t equations of state have been calculated. (Peng 
and Robinson (12), Baker and Luks (13), Heidemann and K h a l i l (14)) 
In each study, a d i f f e r e n t statement of the c r i t i c a l c r i t e r i a and 
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a d i f f e r e n t computational algorithm has been employed. In each 
case, however, the c r i t i c a l point i s required to s a t i s y two alge
braic equations. 

The formulation of Heidemann and K h a l i l (14) i s used here, 
with some modifications proposed by Michelsen (15, 16) which 
improve computational speed. Reference (14) contains adequate 
d e t a i l to permit the computations to be reproduced. The elements 
of the method are given here. 

Heidemann and K h a l i l (14) f i n d the c r i t i c a l point of a mix
ture of given composition by solving for the c r i t i c a l temperature 
and volume; the c r i t i c a l pressure i s found from the equation of 
state. 

A c r i t i c a l point must s a t i s f y two conditions. The f i r s t 
defines the l i m i t of s t a b i l i t y . In the procedure of Heidemann 
and K h a l i l , t h i s condition takes the form that the determinant of 
matrix Q i s zero, wher

q.. = nT(T/100)O£Klf./9n.)TiV (6) 

For the Soave-Redlich Kwong equation, the fugacity deriva
t i v e s are 

η τ0£η£./8η.) Τ ) ν = +
 2 b i j + 

y\ ν - b (v - b)2 

RTb (v + b)2 RTb 2 (v + b) 

B 2 

RTb 3 In 1 ^ 1 (7) 

Coef f i c i e n t s a and b are both evaluated as quadratics i n the mole 
f r a c t i o n s ; 

b = h ΣΣ y.y.(b.. + b . . ) ( l - c . ) (8) ... 7 i V i i 33 i r 

a = ΣΣ y.y./a..a..(1-k..). .±

 J i J j i l J J V \y (9) 

This introduces two " i n t e r a c t i o n parameters" per binary p a i r . The 
pure component c o e f f i c i e n t s , a ^ and b ^ , are evaluated from c r i t 
i c a l data and the a c e n t r i c i t y , as proposed by Soave i n his o r i g i 
nal paper (1). The pure component a u varies with reduced temper
ature so as to match vapor pressure. (Soave fs recently revised 
expression for (17) has not been used.) 

Other symbols i n equation (7) are defined as follows: 
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α. = 2Σ y.a.. (10) ι j 3 13 
βί = 2Σ y.b.. - b (11) 

j 3 1 3 

6 ={°> 1 *i (12) 
U, i = 3 

γ.. = 2b.. - β. - β. (13) 

Bi = 2a3.3. - b(a . 3 . + a.3. + ay..) (14) 1 ι J ^ ι J J ι 'IR 

and B2 = -Βχ - 2a i j.b 2 (15) 

The f i r s t of the two c r i t i c a l c r i t e r i a i s that 

Q Ξ det(Q) = 0 (16) 

When t h i s equation i s s a t i s f i e d , there i s a vector Δη 

Δη Ξ (Δητ, Δη 2, . . . ) Τ (17) 

which s a t i s f i e s 

Q-Δη = 0 (18) 

Heidemann and K h a l i l (14) use as the second c r i t i c a l c r i t e 
r i o n that the cubic form C i s zero where, 

C = £(v-b)/2bj2 ΣΣΣητ
2(32£ηίί/8ηκ3η^)ΔηίΔη^.Δηκ (19) 

(In (14) the second derivatives of £nfi are given i n d e t a i l for 
the SRK equation.) The Δη i n t h i s equation i s the normalized vec
tor which s a t i s f i e s (18). 

Michelsen (15, 16) has pointed out that the evaluation of the 
cubic form i n (19) can be performed very economically. Typical 
terms i n (19) can be reduced as follows: 

ΣΣΣΔη.Δη.Δη. = (ΣΔη.)3 (20) ι j k ι 

ΣΣΣβ.Δη.Δη.Δη = (Σβ.Δη.) (ΣΔη.)2 (21) ι ι 3 k ν ι ι ι 

ΣΣΣa..Δη.Δη.Δη. = (ZZa..Δη.Δη.)(ΣΔη.) (22) 
IJ ι 3 k 13 ι 3 ι 

Because of these and s i m i l a r i d e n t i t i e s the t r i p l e sum i n (19) can 
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be replaced by terms i n v o l v i n g , at most, double sums. 
The two equations, (16) and 

C = 0, (23) 

together define the c r i t i c a l point. 

Evaluating C r i t i c a l Points 

It was found most convenient, as the f i r s t stage i n f i n d i n g 
a c r i t i c a l point for a given mixture, to solve for the temperature 
which makes Q equal to zero at a given volume. The temperature -
volume p a i r gives one point on the s t a b i l i t y l i m i t . 

Corresponding to t h i s point, there i s a vector Δη which sat
i s f i e s equation (18). The second stage i n the c r i t i c a l point c a l 
c u l a t i o n i s to solve fo
Δη i s then employed to

The cubic form evaluated i n t h i s way i s a function of volume 
alone (since the temperature and Δη are f i x e d by the volume). To 
fi n d the c r i t i c a l point requires to f i n d a volume at which the 
cubic form i s zero. 

In Heidemann and K h a l i l (14) a d d i t i o n a l d e t a i l i s given about 
numerical procedures which were found e f f e c t i v e i n solving these 
equations. The o v e r a l l s o l u t i o n strategy, as described above, 
requires nested one-dimensional searches; the c r i t i c a l volume i s 
found by solving (23), but at each volume (16) must be solved for 
the temperature. The m u l t i p l i e r (T/100) i n each term of the 
matrix Q and the m u l t i p l i e r [(v-b)/2b] 2 i n the cubic form were 
introduced to improve the behavior of the numerical methods. 

Water-Gas S h i f t Mixtures 

The s p e c i f i c reaction examined i n t h i s paper i s the water-gas 
s h i f t reaction 

H 20 + CO -> H 2 + C0 2 (24) 

As t h i s reaction proceeds, beginning with some i n i t i a l mixture, 
each of the four mole frac t i o n s can be represented as a function 
of a single reaction extent, ε. 

At every ε the mixture c r i t i c a l point ( i f indeed, the mixture 
has a c r i t i c a l point) can be found using the procedure described 
above. 

Binary C r i t i c a l Points 

Before describing v a r i a t i o n s i n the c r i t i c a l points i n the 
four-component water-gas s h i f t mixture i t i s i n s t r u c t i v e to exam
ine the c r i t i c a l points i n the various binary mixtures. There are 
s i x binary p a i r s to consider. 
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The calculated c r i t i c a l points of the binary p a i r s , p a r t i c u 
l a r l y the c r i t i c a l pressures, are quite s e n s i t i v e to the values 
used for the i n t e r a c t i o n parameters i n the mixing rules for a 
and b i n the equation of state. One problem i n undertaking t h i s 
study i s that no data are av a i l a b l e on the c r i t i c a l l i n e s of any 
of the binary pai r s except for CO2 - H20. Even for C 0 2 - H 20, two 
sets of c r i t i c a l data a v a i l a b l e (18, 19) are i n poor quantitative 
agreement, though they present the same q u a l i t a t i v e p i cture of 
the c r i t i c a l phenomena. 

Because of the uncertainty as to the data and because of the 
s e n s i t i v i t y to the parameters i t should be understood that calcu
lated c r i t i c a l points reported i n t h i s paper need not represent 
actual behavior, even of the binary p a i r s . 

Most of the i n t e r a c t i o n parameters employed were taken from 
other studies (20, 21), and are reportedly obtained by minimizing 
errors i n the match of phas  equilibriu  data  i  (21)
the SRK equation employe
here. The parameters for C 0 2 - H 20 were chosen because they had 
been shown to give a c r i t i c a l l i n e which i s q u a l i t a t i v e l y correct. 
The H 20 - CO i n t e r a c t i o n parameter i s the value given i n (20) for 
H2S - CO. For H 20 - H 2, k j j was taken to be -0.25 i n the absence 
of any l i t e r a t u r e studies. 

Table I. INTERACTION PARAMETERS 

System k i j C i j Reference 

H 20 - C 0 2 0.0 -0.03 

H 20 - CO 0.0603 0 -

H 20 - H 2 -0.25 0 -

C 0 2 - CO -0.064 0 21_ 

C 0 2 - H 2 -0.3570 0 20 

CO - H 2 0.1000 0 20 

The calculated c r i t i c a l l i n e s f or the binary pai r s are shown 
i n Figure 1. A l l these l i n e s are discontinuous, i n d i c a t i n g high 
density phase separations. For each binary p a i r the p r i n c i p a l 
part of the c r i t i c a l l i n e begins at the c r i t i c a l point for the 
component with the higher c r i t i c a l temperature. There i s a 
second branch of each of the c r i t i c a l l i n e s , beginning at the 
c r i t i c a l point of the component with the lower c r i t i c a l tempera
ture, which terminates on i n t e r s e c t i n g a l i q u i d - l i q u i d - v a p o r 
three-phase l i n e . 
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TEMPERATURE , KELVINS 

Figure 1. Critical lines in water-gas shift binary pairs 
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In Figure 1 the low temperature branches of the c r i t i c a l 
l i n e s have been omitted, except for the CO2 - H2O binary. The 
reason for the omission i s that these l i n e s are extremely short 
and are not of much i n t e r e s t . 

The mole f r a c t i o n of the component whose c r i t i c a l point i s 
the o r i g i n of the c r i t i c a l l i n e has been indicated as a parameter 
along each of the l i n e s . I t should be noted from these numbers 
that there are compositions i n each of the binary pai r s f o r which 
there i s no c r i t i c a l point. I t should also be noted that some 
CO2 - CO mixtures have two c r i t i c a l points. 

It i s most s i g n i f i c a n t that c e r t a i n binary mixtures have no 
c r i t i c a l point. With t h i s i n mind i t i s not s u r p r i s i n g that 
c e r t a i n four-component mixtures have no c r i t i c a l point. 

The general shape of the binary c r i t i c a l l i n e s dictates the 
shape of c r i t i c a l l i n e s i n the reacting mixtures. 

Water-Gas S h i f t C r i t i c a

Mixtures r i c h i n the three l i g h t e r components have no c r i t i 
c a l point unless the water content i s less than a few percent. 
The more i n t e r e s t i n g behavior i s i n mixtures r i c h i n water. 

The mixture mole fr a c t i o n s reached during the reaction 
depends on the i n i t i a l composition. The sorts of mixtures 
studied here are generated by beginning with water and carbon 
monoxide, the water i n excess. 

C r i t i c a l points have been calculated for such mixtures with 
various i n i t i a l H2O/CO r a t i o s . The r e s u l t s are shown i n Figure 
2. In t h i s f i g u r e , the l i n e of zero conversion i s the c r i t i c a l 
l i n e f or H 20 - CO binary. For mixtures with i n i t i a l H20/C0 
r a t i o s greater than about 4, i t i s possible to f i n d c r i t i c a l 
points for a l l conversions. When the i n i t i a l r a t i o i s l e s s , t h i s 
i s no longer possible. Lines of 25%, 50% and 75% conversion are 
also shown i n Figure 2. 

The c r i t i c a l points i n these mixtures are a l l at pressures 
higher than the c r i t i c a l pressure of water; many are at tempera
tures higher than the water c r i t i c a l temperature. The mixture 
c r i t i c a l points indicate that high density phase separations per
s i s t to extreme conditions of temperature and pressure. 

Reaction Equilibrium 

The necessary condition for equilibrium i n the chemical 
reactions of equation (1) i s that 

In Κ. = Σ v..Inf.; j = 1, R. (25) 
3 ^ i J 1 

The equilibrium constants, K j , may be evaluated as functions of 
temperature using r e a d i l y a v a i l a b le thermochemical data. 

A procedure was developed that permitted location of points 
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TEMPERATURE, KELVINS 

Figure 2. Critical lines in reacting mixtures of CO with excess HzO 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



388 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

which are c r i t i c a l points and which obey equation (25) for the 
water gas s h i f t reaction. The necessary thermochemical data were 
taken from Reid, Prausnitz and Sherwood (22). The f u g a c i t i e s of 
the four reacting species were evaluated using the SRK equation 
of state. 

For every i n i t i a l H20/C0 r a t i o , the mixture mole f r a c t i o n s , 
hence the c r i t i c a l temperature and volume, are determined by the 
reaction extent ε. The equilibrium constant i s calculated at the 
c r i t i c a l temperature. The f u g a c i t i e s are calculated also at the 
c r i t i c a l condition for the given ε. The function F, defined as 

hence varies with ε alone. 
Although i t has been shown that thermodynamic models which 

imply phase separation
i n solving the reactio
proved to be only one solution to equation (26) under the condi
tions studied. It i s conceivable that more than one c r i t i c a l 
point could be found for some reacting mixtures at c e r t a i n reac
t i o n extents (two c r i t i c a l points are indeed indicated i n Figure 
1 for some C0 2 - CO mixtures), i n which case F(e) w i l l not be a 
single-valued function. This p o s s i b i l i t y was not explored. 

In the mixtures with i n i t i a l H20/C0 r a t i o s greater than 4, 
unique c r i t i c a l points were found for a l l ε covering the range 
from zero to 100% conversion of CO. In t h i s range F(ε) varies 
from -°° to +°°, hence must cross zero at some ε. There was only 
one such zero crossing, however, i n d i c a t i n g that non-uniqueness, 
i f i t occurs, w i l l a r i s e only because of the branching of F(e). 

Calculated C r i t i c a l and Equilibrium Points 

The Newton-Raphson procedure was used to f i n d ε s a t i s f y i n g 
F(ε) = 0. Iterations began at high conversion and the d e r i v a t i v e 
dF>^ was found by numerical d i f f e r e n t i a t i o n . Convergence was 
obtained i n 5 i t e r a t i o n s , with 10 c r i t i c a l point evaluations, i n 
about 10 seconds. The computer used was the U n i v e r s i t y of 
Calgary Honeywell HIS-Multics system. 

Results of these c a l c u l a t i o n s are given i n Table 2 and i n 
Figure 3. Also shown are r e s u l t s of c a l c u l a t i o n s made assuming 
the mixture to be a perfect gas at the calculated c r i t i c a l temp
erature. (The pressure has no e f f e c t on the calculated i d e a l gas 
conversion i n t h i s reaction.) 

Also calculated and presented i n Table 2 i s the quantity Κ , 
defined by 

Ρ(ε) = -lnK+ £n(f C 0 2f H 2)/(f C 0f H 2 0) (26) 

= ^ ( P C O 2 P H 2

/ P C O P H 2 O ) (27) 

which provides an i n d i c a t i o n of the e f f e c t due to non-ideal gas 
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4 6 8 10 
MOL Η,Ο/MOL CO 

Figure 3. Critical and reaction equilibrium points: (a) critical pressure; (b) critical 
temperature; (c) conversion of CO 
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behavior. In the case of the water-gas s h i f t reaction at the 
c r i t i c a l point, Κφ i s greater than 1.0 i n d i c a t i n g that e q u i l i b r i 
um conversions w i l l be less than would be calculated assuming 
perfect gases. I t i s the no n - i d e a l i t y of water which most a f f e c t s 
Κψ but none of the other species could be regarded as i d e a l gases 
at the temperatures and pressures of the c r i t i c a l points. 

The equilibrium conversions of CO achieved at the c r i t i c a l 
point are shown i n Figure 3.c. The conversions attainable are 
well below the values corresponding to id e a l gas behavior at the 
c r i t i c a l temperature. 

Conclusions 

The study described above for the water-gas s h i f t reaction 
employed computational methods that could be used f o r other syn
thesis gas operations
of Heidemann and K h a l i
tures involved. In the case of one reaction, i t was possible to 
f i n d conditions under which a c r i t i c a l mixture was at chemical 
reaction equilibrium by using a one dimensional Newton-Raphson 
procedures along the c r i t i c a l l i n e defined by varying reaction 
extents. In the case of more than one independent chemical 
reaction, a Newton-Raphson procedure i n the several reaction 
extents would be a candidate as an approach to s a t i s f y i n g the 
several equilibrium constant equations, (25). 

Since synthesis gas mixtures are capable of showing more 
than one c r i t i c a l point, there i s a p o s s i b i l i t y of fi n d i n g more 
than one solution to the simultaneous equations defining reaction 
e q u i l i b r i a and the c r i t i c a l point. This p o s s i b i l i t y was not 
encountered i n the present study. 
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Two- and Three-Phase Equilibrium Calculations 
for Coal Gasification and Related Processes 

D.-Y. PENG and D. B. ROBINSON 

Department of Chemical Engineering, University of Alberta, 
Edmonton, Alberta, Canada T6G 2G6 

The gasificiation o
hydrocarbon base stocks inevitably leads to the production of 
process streams which contain a very wide range of paraffinie, 
naphthenic, aromatic and olefinic hydrocarbons in the presence 
of associated non-hydrocarbons such as hydrogen, nitrogen, 
carbon dioxide, hydrogen sulfide and ammonia. These streams are 
often contacted with water at process conditions which normally 
lead to either gas - water - rich liquid equilibrium or gas -
water - rich liquid - hydrocarbon rich liquid equilibrium. The 
processing conditions and stream compositions which may lead to 
the formation of these different phases and the distribution of 
the components between phases are of great importance to the 
design engineer. For this reason the establishment of reliable 
procedures for predicting the behavior of these mixtures in the 
one-, two-, and three-phase regions is a matter of considerable 
importance. 

In an earlier paper (1), the authors presented an efficient 
procedure for predicting the phase behavior of systems exhibiting 
a water - rich liquid phase, a hydrocarbon - rich liquid phase, 
and a vapor phase . The Peng-Robinson e q u a t i o n o f s t a t e (2) was 
used t o r e p r e s e n t the b e h a v i o r o f a l l t h r e e phases . I t has the 
f o l l o w i n g f o r m : 

v v-b " v(v+bj + b(v-b) 
where a(T) = a α 

= KL . a (T) ( 1 ) 

a c = 0 . 4 5 7 2 4 - j ± 

= 1 + K ( 1 - T R ^ 2 ) ( 2 ) 

0-8412-0569-8/80/47-133-393$05.50/0 
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κ = 0.37464 + 1.54226ω - 0.26992ω2 (3) 

R T c 
b = 0.07780 ψ-± 

c 
For m i x t u r e s 

b = I x. b. ( 5 ) 

A l t h o u g h the c a l c u l a t e d phase c o m p o s i t i o n s f o r the h y d r o 
carbon - r i c h l i q u i d phase and the vapor phase showed e x c e l l e n t 
agreement w i t h the e x p e r i m e n t a l d a t a , the c a l c u l a t e d hydrocarbon 
c o n t e n t s o f the aqueous l i q u i d phase was c o n s i s t e n t l y s e v e r a l 
o r d e r s o f magnitude lowe
I t was s p e c u l a t e d t h a
a c t i o n parameters would be r e q u i r e d to b r i n g the p r e d i c t e d va lues 
and the e x p e r i m e n t a l r e s u l t s i n t o q u a n t i t a t i v e agreement ; n e v e r 
t h e l e s s , no a t t empt was made a t t h a t t ime t o t r y to a c c o m p l i s h 
t h i s . 

In t h i s s t u d y , i t has been p o s s i b l e t o d e v i s e a p rocedure 
wh ich can be used t o gene ra te r e l i a b l e phase c o m p o s i t i o n s f o r 
both the hydrocarbon - r i c h phase and the aqueous phase ove r a 
wide range o f t empera tu re and p r e s s u r e . Moreove r , the c a l c u l a t i o n 
p rocedure has been s u c c e s s f u l l y a p p l i e d t o non-hydrocarbon -
wate r systems w i t h q u a n t i t a t i v e r e s u l t s . 

C a l c u l a t i o n P r o c e d u r e . Wi th the e x c e p t i o n o f two s i g n i f i c a n t 
m o d i f i c a t i o n s , the c a l c u l a t i o n p rocedure used i n t h i s s tudy was 
b a s i c a l l y the same as t h a t used p r e v i o u s l y . 

The f i r s t m o d i f i c a t i o n concerns the use o f Eqn. ( 2 ) f o r 
w a t e r . When d e v e l o p i n g the o r i g i n a l c o r r e l a t i o n f o r oh and κ as 
e x p r e s s e d by Eqn . ( 2 ) and ( 3 ) , wa te r was no t i n c l u d e d as one o f 
the components , and c o n s e q u e n t l y the p r e d i c t e d vapor p r e s s u r e s 
f o r wa te r were no t as good as e x p e c t e d . Thus i n o r d e r to 
c o r r e l a t e the vapor p r e s s u r e o f wa te r more a c c u r a t e l y o ve r the 
e n t i r e t empera tu re range^ Eqn. ( 2 ) was m o d i f i e d f o r t h i s compound 
a t t empera tures where T R ^ < 0 . 8 5 as f o l l o w s : 

ah = 1 . 0 0 8 5 6 7 7 + 0 . 8 2 1 5 4 ( I - T J * ) ( 6 ) 
ν K 

A t t empera tu res where T R
2 >_ 0 . 8 5 , Eqn. ( 2 ) s t i l l a p p l i e s . 

The second m o d i f i c a t i o n concerns the c o r r e l a t i o n o f the 
c o m p o s i t i o n o f the aqueous l i q u i d phase . In o r d e r to a c c o m p l i s h 
t h i s , a tempera ture - dependent i n t e r a c t i o n parameter was used 
f o r the aqueous l i q u i d phase and the p r e v i o u s tempera ture -
independent parameter was used f o r the non-aqueous l i q u i d phase 
and the vapor phase . Thus f o r the aqueous - l i q u i d phase Eqn . 
( 4 ) becomes 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20. PENG AND ROBINSON Coal Gasification and Related Processes 395 

where τ-jj i s a tempera tu re - dependent i n t e r a c t i o n pa ramete r . 
The i n t r o d u c t i o n o f t h i s parameter f o r each aqueous b i n a r y 

p a i r means t h a t the i n t e r a c t i o n between the water m o l e c u l e and 
the gas m o l e c u l e i n the aqueous l i q u i d phase i s much d i f f e r e n t 
from t h a t i n the nonaqueous phases . For a l l the aqueous b i n a r i e s 
wh ich have been examined i n t h i s s t u d y , the tempera tu re -
dependent i n t e r a c t i o n parameters take on n e g a t i v e v a l u e s a t 
ambient tempera ture and m o n o t o n i c a l l y i n c r e a s e as tempera tu re 
i n c r e a s e s . T h i s i n d i c a t e s t h a t the a t t r a c t i o n energy between the 
water m o l e c u l a r and the o t h e r m o l e c u l e s dec reases as the 
tempera ture i n c r e a s e s . 

Non-Hydrocarbon - Wate

Of the many p o s s i b l
wh ich a re r e l a t e d to s u b s t i t u t e gas p r o c e s s e s , the d a t a on o n l y 
the wa te r b i n a r i e s c o n t a i n i n g H 2 S , C 0 2 , N 2 , and NH 3 were used i n 
t h i s s t u d y . The t r ea tmen t o f hyd rogen , a quantum g a s , i s 
d i f f e r e n t from t h a t o f the o t h e r g a s e s . A sepa ra t e paper w i l l 
dea l w i t h the c o r r e l a t i o n o f the da ta on hydrogen m i x t u r e s . 

Hydrogen S u l f i d e - Water Sys tem. The da ta o f S e l l e c k e t a l . 
(J3) were used to e v a l u a t e the i n t e r a c t i o n parameters f o r the 
hydrogen s u l f i d e - wate r s y s t e m . The d a t a i n c l u d e the c o m p o s i t i o n 
o f both phases a t tempera tures f rom 100°F to 340°F and p r e s s u r e s 
from 100 t o 5000 p s i a i n the c o e x i s t i n g vapor and aqueous l i q u i d -
hydrogen s u l f i d e - r i c h l i q u i d - vapor e q u i l i b r i u m l o c u s . 

A s i n g l e , c o n s t a n t i n t e r a c t i o n parameter has been de te rmined 
f o r the hydrogen s u l f i d e - r i c h phases . T h i s d e t e r m i n a t i o n was 
based on the three-phase p r e s s u r e - tempera tu re l o c u s . Wh i l e 
i n v e s t i g a t i n g the three-phase r e g i o n , i t was noted t h a t the t h r e e -
phase l o c u s and the c o m p o s i t i o n o f the hydrogen s u l f i d e - r i c h 
phase were r a t h e r i n s e n s i t i v e to the tempera tu re - dependent 
aqueous phase i n t e r a c t i o n pa ramete r . F u r t h e r m o r e , the c o m p o s i t i o n 
o f the aqueous phase was r e l a t i v e l y independent o f the c o n s t a n t 
i n t e r a c t i o n pa ramete r . For these r e a s o n s , the s o l u b i l i t y o f 
hydrogen s u l f i d e i n the aqueous l i q u i d was c o r r e l a t e d a t the same 
t ime as the parameter was be i ng de te rmined f o r the hydrogen 
s u l f i d e - r i c h phases . 

The c a l c u l a t e d and e x p e r i m e n t a l gaseous and l i q u i d phase 
c o m p o s i t i o n s a re shown i n F i g u r e s 1 and 2 r e s p e c t i v e l y . 

Carbon D i o x i d e - Water Sys tem. The da ta o f Wiebe and Gaddy 
(1? §) w e r e u s e d e x c l u s i v e l y i n t h i s s t u d y to de te rm ine the 
i n t e r a c t i o n parameters f o r the carbon d i o x i d e - wa te r b i n a r y 
s ys t em. These d a t a cove r the tempera tu re and p r e s s u r e range 
from 12°C to 100°C and from 25 atm to 700 atm r e s p e c t i v e l y . As w i t h 
the H2S - H2O s y s t e m , a c o n s t a n t i n t e r a c t i o n parameter has been 
o b t a i n e d f o r the gaseous phase and the carbon d i o x i d e - r i c h 
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Figure 1. Experimental and predicted vapor phase compositions for the hydrogen 
sulfide-water system (( ) P-R prediction; data from Ref. 3: (Φ) 340°F; (O) 

280°F;(0) 220° F ; (A) 160°F) 
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MOLE FRACTION HYDROGEN SULFIDE 

Figure 2. Experimental and predicted aqueous liquid phase compositions for the 
hydrogen sulfide-water system (( ) P-R prediction; data from Ref. 3: (Φ) 

160°F; (A) 220°F; (U> 280 T; Cf) 340°F) 
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l i q u i d phase . A t each t e m p e r a t u r e , the s o l u b i l i t y o f carbon 
d i o x i d e i n wa te r can be c o r r e l a t e d a c c u r a t e l y th rough the whole 
p r e s s u r e range u s i n g one i n t e r a c t i o n parameter f o r the aqueous 
phase . The e q u i l i b r i u m aqueous l i q u i d and vapor c o m p o s i t i o n s 
f o r t h i s b i n a r y a t two tempera tu res a r e shown i n F i g . 3. 

M a l i n i n ( 7 ) , Todhe ide and Franck (8) and Takenouchi and 
Kennedy (9) r e p o r t e d e q u i l i b r i u m d a t a f o r t h i s system a t 
t empera tu res up to 350°C and p r e s s u r e s t o 3500 b a r s . However, 
the vapor phase d a t a o f these au tho r s do no t a lways agree w i t h 
each o t h e r . The aqueous phase d a t a have been used to ex tend the 
tempera tu re - dependent i n t e r a c t i o n parameter to 300°C. 

N i t r o g e n - Water Sys tem. The i n t e r a c t i o n parameters f o r the 
n i t r o g e n - wa te r sys tem have been e v a l u a t e d u s i n g the da t a o f 
Wiebe and Gaddy ( 1 0 ) , P a r a t e l l a and Sagramora (21), R igby and 
P r a u s n i t z (12)and 0 ' S u l l i v a n and Smith ( 1 3 )  As w i t h the two 
p r e v i o u s s y s t e m s , o n l y
n e c e s s a r y to c o r r e l a t e
i n t e r a c t i o n parameter f o r the aqueous l i q u i d phase i n c r e a s e d 
m o n o t o n i c a l l y w i t h t e m p e r a t u r e . A compar i son o f the c a l c u l a t e d 
and e x p e r i m e n t a l vapor phase and aqueous l i q u i d phase c o m p o s i t i o n s 
i s g i v e n i n Tab le I. 

Ammonia - Water Sys tem. I n t e r a c t i o n parameter f o r the 
ammonia - wa te r system was o b t a i n e d u s i n g the da ta o f C l i f f o r d 
and Hunter (14) and o f M a c r i s s e t a l . ( 1 5 ) . A s i n g l e - v a l u e d 
parameter was capab l e o f r e p r e s e n t i n g the c o m p o s i t i o n o f the 
l i q u i d phase r e a s o n a b l y w e l l a t a l l t e m p e r a t u r e s , however , the 
c a l c u l a t e d amount o f wa te r i n the vapor phase i n the ve r y h i gh 
ammonia c o n c e n t r a t i o n r e g i o n was somewhat l ower than the da t a o f 
C l i f f o r d and Hunter and M a c r i s s e t a l . Edwards e t a l . (16) have 
a p p l i e d a new thermodynamic c o n s i s t e n c y t e s t t o the d a t a o f 
M a c r i s s e t a l and have conc luded t h a t the da t a appear t o be 
i n c o n s i s t e n t and t h a t the r e p o r t e d wate r c o n t e n t o f the vapor 
phase i s too h i g h . 

The e x p e r i m e n t a l d a t a and the c a l c u l a t e d r e s u l t s a r e g i v e n i n 
F i g . 4 . 
Hydrocarbon - Water B i n a r i e s 

The i n t e r a c t i o n parameters f o r b i n a r y systems c o n t a i n i n g 
wa te r w i t h methane, e t h a n e , p ropane , η-butane, n-pentane, 
n-hexane, η-octane, and benzene have been de te rm ined u s i n g da t a 
f rom the l i t e r a t u r e . The phase b e h a v i o r o f the p a r a f f i n - wa te r 
systems can be r e p r e s e n t e d ve r y w e l l u s i n g the m o d i f i e d p r o c e d u r e . 
However, the a r o m a t i c - wa t e r sys tem can no t be c o r r e l a t e d 
s a t i s f a c t o r i l y . P o s s i b l y a d i f f e r e t n type o f m i x i n g r u l e w i l l 
be r e q u i r e d f o r the a r o m a t i c - wa te r s y s t e m s , a l t h o u g h t h i s has 
not as y e t been e x p l o r e d . 

Methane - Water Sys tem. I n t e r a c t i o n parameters were gene ra ted 
f o r the vapor phase and the aqueous l i q u i d phase f o r the methane -
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TABLE I. Expe r imen ta l and C a l c u l a t e d Aqueous L i q u i d and Vapor 
Phase Compos i t i ons f o r the N i t r o g e n - Water Sys tem. 

* 3 * 3 P r e s s u r e , a tm. x N χ 10 y Χ 10 
E x p t . C a l c . E x p t . C a l c . 

Τ = 25°C 

22 .20 1.529 1.502 
25 0 .280 0 .278 
30 .50 1.149 1.123 
38 .19 0.941 0 .919 
50 0 .54

100 1.01
200 1.812 1.795 
300 2.455 2.458 
500 3.558 3.555 
800 4 .909 4 .869 

1000 5.720 5.604 

Τ = 50°C 

20.81 6 .260 6 .190 
25 0.219 0 .220 
36 .93 3 .680 3.640 
50 0.436 0 .428 
59 .04 2.420 2 .410 
75 .99 1.956 1.952 

100 0 .812 0 .810 
200 1.470 1.470 
300 2.034 2.032 
500 2.982 2 .968 
800 4.181 4 .084 

1000 4 .900 4.701 
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Tab le I - c o n t i n u e d . 
* 3 * 3 

P r e s s u r e , a tm. χ N χ 10 y Χ 10 

E x p t . C a l c . E x p t . C a l c . 

Τ = 75°C 

25 0 .204 0 .203 

41 .66 10 .09 10.12 

50 0.397 0 .398 

6 0 . 3 5 7.21 7.25 

88 .55 5.23 5.23 

100 0 .76

200 1.390 1.395 

300 1.936 1.942 

500 2.872 2.859 

800 4 .052 3.948 

1000 4 .747 4.544 

Τ = 100°C 

25 0 .214 0.206 

50 0 .415 0 .410 

56 .42 19 .94 19 .94 

78 .44 15 .03 14.89 

100 0 .792 0 .792 

100.o9 12.19 12 .09 

200 1.462 1.470 

300 2.042 2 .060 

500 3.044 3.052 

800 4 .294 4 .223 

1000 5.003 4 .857 

* 
Mole F r a c t i o n 
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MOLE FRACTION AMMONIA 

Figure 4. Experimental and predicted vapor and liquid phase compositions for 
the ammonia-water system (( ) P-R prediction; data from Ref. 15: liquid— 
(A) 300°F; (f) 200°F; (*) 100°F; vapor—(A) 300°F; (V) 200°F; (O) 100°F) 
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wate r b i n a r y system u s i n g e x p e r i m e n t a l da t a r e p o r t e d by 
S u l t a n o v e t a l . (17_, 1 8 ) , O lds e t a l . ( 1 9 ) , and C u l b e r s o n and 
McKet ta ( 2 0 ) . 

The vapor-phase mole f r a c t i o n s o f wa te r o f O lds e t a l . (19) 
can be r e p r e s e n t e d ve r y w e l l u s i n g the Peng-Robinson e q u a t i o n o f 
s t a t e i n c o n j u n c t i o n w i t h a c o n s t a n t i n t e r a c t i o n parameter o ve r 
the tempera tu re range from 100°F to 460°F. The same i n t e r a c t i o n 
parameter can be used to rep roduce the da ta o f S u l t a n o v e t a l . 
(18) up to 300°C w i t h good r e s u l t s . However, a t h i g h e r 
tempera tures the c a l c u l a t e d wa te r c o n t e n t i n the vapor phase 
d e v i a t e d somewhat f rom t h e i r d a t a . 

The tempera tu re - dependent i n t e r a c t i o n parameters were 
de te rmined f rom 77°F to 680°F u s i n g the da t a o f C u l b e r s o n and 
McKet ta (20) and o f S u l t a n o v e t a l . (1_8). T h i s parameter 
i n c r e a s e s w i t h tempera ture and appears t o converge to the v a l u e 
o f the c o n s t a n t paramete
c r i t i c a l t empera tu re o

The e x p e r i m e n t a l and c a l c u l a t e d r e s u l t s f o r t h i s b i n a r y system 
a t 250°C a re p resen ted i n F i g u r e 5. 

Ethane - Water Sys tem. The da ta used f o r the d e t e r m i n a t i o n 
o f the i n t e r a c t i o n parameters f o r the ethane - wa te r b i n a r y a r e 
those o f C u l b e r s o n and McKet ta ( 2 1 ) , C u l b e r s o n e t a l . (22) 
and Reamer e t a l . (230 · 

A c o n s t a n t i n t e r a c t i o n parameter was capab l e o f r e p r e s e n t i n g 
the mole f r a c t i o n o f wate r i n the vapor phase w i t h i n e x p e r i m e n t a l 
u n c e r t a i n t y ove r the tempera ture range f rom 100°F to 460°F. As 
w i t h the methane - wa te r s y s t e m , the tempera tu re - dependent 
i n t e r a c t i o n parameter i s a l s o a m o n o t o n i c a l l y i n c r e a s i n g f u n c t i o n 
o f t e m p e r a t u r e . However, a t each s p e c i f i e d t e m p e r a t u r e , the 
i n t e r a c t i o n parameter f o r t h i s system i s n u m e r i c a l l y g r e a t e r than 
t h a t f o r the methane - wa te r s y s t em. A l t h o u g h i t i s p o s s i b l e 
f o r t h i s b i n a r y to form a three-phase e q u i l i b r i u m l o c u s , no 
e x p e r i m e n t a l da t a on t h i s e f f e c t have been r e p o r t e d . 

F i g u r e 6 i l l u s t r a t e s the c a l c u l a t e d and e x p e r i m e n t a l e q u i l 
i b r i u m phase c o m p o s i t i o n s a t 220°F f o r t h i s b i n a r y s y s t em. 

Propane - Water Sys tem. The i n t e r a c t i o n parameters f o r the 
propane - wa te r system were o b t a i n e d ove r a t empera tu re range 
f rom 42°F t o 310°F u s i n g e x c l u s i v e l y the da t a o f Kobayashi and 
Ka tz ( 2^ ) . T h i s i s because among the a v a i l a b l e l i t e r a t u r e on 
the phase b e h a v i o r o f t h i s b i n a r y s y s t e m , t h e i r d a t a appear to 
g i v e the most e x t e n s i v e i n f o r m a t i o n . A c o n s t a n t i n t e r a c t i o n 
parameter was o b t a i n e d f o r the p r o p a n e - r i c h phases a t a l l 
t e m p e r a t u r e s . The magni tude o f the tempera tu re - dependent 
i n t e r a c t i o n parameter f o r t h i s b i n a r y was l e s s than t h a t f o r the 
ethane - wate r b i n a r y a t the same t e m p e r a t u r e . Aza rnoosh and 
McKet ta (25) a l s o p r e sen t ed e x p e r i m e n t a l da t a f o r the s o l u b i l i t y 
o f propane i n wa te r ove r about the same tempera tu re range as t h a t 
o f Kobayashi and Ka tz bu t a t p r e s s u r e s up to 500 p s i a o n l y . 
However, a d i f f e r e n t s e t o f tempera ture - dependent parameters 
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Figure 5. Experimental and predicted vapor and liquid phase compositions for 
methane-water system at 250°C (( ) P-R prediction; (A) (17); (A) (IS)) 
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MOLE FRACTION 

Figure 6. Experimental and predicted vapor and liquid phase compositions for 
the ethane-water system at 220°F (( ; P-R prediction; (A) (21); (O) (23)) 
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would be r e q u i r e d to a c c u r a t e l y c o r r e l a t e t h e i r r e s u l t s . 
The wate r c o n t e n t o f the propane - r i c h phases i n the 

aqueous l i q u i d - propane l i q u i d - vapor r e g i o n a re i l l u s t r a t e d 
i n F i g u r e 7. 

η-Butane - Water Sys tem. Reamer e t a l . (26) have de te rmined 
the c o n c e n t r a t i o n o f wa te r i n the n-butane - wa te r system i n the 
vapor and the η-butane l i q u i d phases i n the th ree-phase r e g i o n . 
Reamer e t a l . (27) have p u b l i s h e d e x p e r i m e n t a l da ta f o r the 
s o l u b i l i t y o f η-butane i n wa te r and o f wa te r i n η-butane i n the 
two-phase r e g i o n c o v e r i n g a tempera ture range f rom 100°F to 460°F 
and a t p r e s s u r e s up to 10 ,000 p s i a . LeB re ton and McKet ta (28) 
have p r e sen t ed the r e s u l t s o f an e x p e r i m e n t a l s t udy on the 
s o l u b i l i t y o f η-butane i n wa te r a t f o u r t empera tu res bu t a t 
p r e s s u r e s up t o o n l y 1000 p s i a . Wh i l e the r e p o r t e d th ree-phase 
p r e s s u r e s f rom these two sources agree v e r y w e l l , the da t a on the 
s o l u b i l i t y o f η-butane
s o l u b i l i t y v a l u e s p r e sen t e
e n t l y lower than those r e p o r t e d by Reamer e t a l . In v iew o f the 
f a c t t h a t the da t a o f Reamer e t a l . cove red a much b roade r range 
o f both tempera tu re and p r e s s u r e , t h e i r da t a were used f o r 
d e t e r m i n i n g the i n t e r a c t i o n parameters f o r t h i s s ys tem. 

As w i t h the f i r s t t h r e e p a r a f f i n - wa te r s y s t e m s , o n l y a 
c o n s t a n t parameter was r e q u i r e d to c o r r e l a t e the hydroca rbon -
r i c h phases a l t h o u g h a t empera tu re - dependent parameter was 
n e c e s s a r y to f i t the aqueous - l i q u i d phase d a t a . 

The e q u i l i b r i u m c o m p o s i t i o n o f the n-butane - wa te r b i n a r y 
i n the th ree-phase r e g i o n a r e i l l u s t r a t e d i n F i g u r e 8. 

n-Pentane - Water Sys tem. S c h e f f e r (29) has p r e s e n t e d the 
th ree-phase l o c u s f o r a m i x t u r e o f i-pentane and n-pentane o ve r 
a t empera tu re range f rom 150°C to 187.1°C. However, no 
c o m p o s i t i o n a l measurements were r e p o r t e d . Namiot and B e i d e r 
(30) r e p o r t e d the s o l u b i l i t y o f n-pentane i n wa te r a t t h r e e 
t empera tu res a l o n g the th ree-phase l o c u s . I n t e r a c t i o n parameters 
f o r the n-pentane - wa te r system were de te rm ined u s i n g these d a t a . 

n-Hexane - Water Sys tem. The n-hexane - wa te r system i s the 
l i g h t e s t p a r a f f i n - wa te r b i n a r y where the vapor p r e s s u r e l o c u s 
o f the hydroca rbon i n t e r s e c t s t h a t f o r pure w a t e r . The e x p e r i 
menta l phase b e h a v i o r da ta a v a i l a b l e i n the l i t e r a t u r e f o r t h i s 
sys tem cove r a wide range o f t empera tu re and p r e s s u r e . U n f o r t 
u n a t e l y these d a t a do not c o r r o b o r a t e each o t h e r and n o t i c e a b l e 
d i s c r e p a n c i e s e x i s t . The da t a o f S c h e f f e r ( 3 1 ) , Reber t and 
Hayworth ( 3 2 ) , and S u l t a n o v and S k r i p k a ( 3 3 j were employed i n 
d e t e r m i n i n g the i n t e r a c t i o n parameter f o r the hydrocarbon - r i c h 
phases . A un ique va l ue f o r t h i s i n t e r a c t i o n parameter c o u l d not 
be o b t a i n e d because o f the d i s c r e p a n c i e s among the d a t a . However, 
a t e n t a t i v e v a l u e , based on the e x t r a p o l a t i o n o f the v a l ue s f o r 
o t h e r p a r a f f i n - wa te r i n t e r a c t i o n p a r a m e t e r s , has been a s s i g n e d 
to the c o n s t a n t i n t e r a c t i o n pa ramete r . The i n t e r a c t i o n parameters 
f o r the aqueous l i q u i d phase were de te rmined u s i n g the d a t a o f 
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Figure 7. Experimental and predicted water content of propane liquid and vapor 
phases for the propane-water system along the three-phase locus (( ) P-R 

prediction; data from Ref. 24: (O) vapor; (Φ) liquid) 
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Figure 8. Experimental and predicted water content of n-butane and vapor phases 
for the n-butane-water system along the three-phase locus (( ) P-R prediction; 

(·) (2D) 
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Kudchadker and McKet ta ( 3 4 ) . T h e i r s o l u b i l i t y da ta i n the 
vapor - l i q u i d r e g i o n are b e l i e v e d to be i n e r r o r p r o b a b l y due to 
t h e i r i n c o r r e c t p rocedure o f smooth ing the raw d a t a . However, 
t h e i r da t a i n the l i q u i d - l i q u i d r e g i o n seem to be a c c e p t a b l e . 
The da t a o f Rebe r t and Hayworth (32) were used t o ex tend the 
tempera tu re - dependent i n t e r a c t i o n parameters t o tempera tu res 
above the c r i t i c a l p o i n t o f n-hexane. 

O the r Hydrocarbon - Water Sys tems. I n t e r a c t i o n parameters 
were gene ra ted f o r the benzene - wa te r s y s t em. The da t a used 
were those o f S c h e f f e r (3]_), Reber t and Kay (35)> and C o n n o l l y 
( 3 6 ) . As w i t h the a l k a n e - wate r s y s t e m s , the i n t e r a c t i o n 
parameters f o r the aqueous l i q u i d phase were found to be 
tempera ture - dependent . However, the c o m p o s i t i o n s f o r the 
benzene - r i c h phases c o u l d no t be a c c u r a t e l y r e p r e s e n t e d u s i n g 
any s i n g l e v a l u e f o r th  c o n s t a n t i n t e r a c t i o  pa ramete r  Th
c a l c u l a t e d wa te r mole f r a c t i o n
were a lways g r e a t e r tha  e x p e r i m e n t a  r e p o r t e y 
Reber t and Kay ( 3 5 ) . The f i n a l v a l ue f o r the c o n s t a n t i n t e r 
a c t i o n parameter was chosen t o f i t the t h r e e phase l o c u s o f t h i s 
s y s t em . N e v e r t h e l e s s , the c a l c u l a t e d th ree-phase c r i t i c a l p o i n t 
was about 9°C lower than the e x p e r i m e n t a l v a l u e . 

I n t e r a c t i o n parameter was a l s o gene ra ted f o r the hydroca rbon -
r i c h phases o f the n-octane - wa te r s y s t em. The d a t a o f K a l a f a t i 
and P i i r (37) were u s e d . There were no da ta a v a i l a b l e f o r the 
wate r - r i c h l i q u i d phase f o r t h i s b i n a r y . 

Expe r imen ta l s o l u b i l i t y da t a a re a v a i l a b l e f o r some h i g h e r 
a l k ane - wate r systems ( s e e , f o r example , S k r i p k a e t a l . , ( 3 8 ) ) . 
However, these da ta e i t h e r cove r o n l y a ve ry l i m i t e d tempera tu re 
range o r c o n t a i n r e s u l t s f o r one phase o n l y . No a t t empt has been 
made to de te rmine the i n t e r a c t i o n parameters f o r wa te r - h y d r o 
carbon systems where the hydroca rbon i s l a r g e r than n-oc tane . 

The tempera tu re - dependent i n t e r a c t i o n parameters de te rm ined 
f o r s e v e r a l a l k ane - wate r systems a r e p l o t t e d i n F i g u r e 9 . The 
v a l u e s f o r the hydrogen s u l f i d e - carbon d i o x i d e - , and n i t r o g e n -
wate r b i n a r i e s a r e g i v e n i n F i g u r e 10 . I t can be seen t h a t a 
s y s t e m a t i c t r e n d e x i s t s f o r these pa r ame te r s . The i n t e r a c t i o n 
parameter i n c r e a s e s w i t h t he s i z e o f the m o l e c u l e and f u r t h e r m o r e 
i t appears t o converge r a p i d l y as the carbon number i n c r e a s e s . A t 
a g i v e n tempera tu re and p r e s s u r e , the s o l u b i l i t y o f a l k a n e s i n 
wa te r g e n e r a l l y dec reases as the m o l e c u l a r we igh t o f the h y d r o 
carbon i n c r e a s e s . The amount o f n-octane and h e a v i e r hydrocarbons 
d i s s o l v e d i n wa te r streams r e s u l t i n g f rom s y n t h e t i c gas p r o c e s s e s 
i s b e l i e v e d t o be i n s i g n i f i c a n t . The c a l c u l a t i o n o f the 
s o l u b i l i t y o f these compounds i n wa te r under these c o n d i t i o n s by 
u s i n g e x t r a p o l a t e d v a l ues f rom i n t e r a c t i o n parameters o f l i g h t e r 
p a r a f f i n - wate r b i n a r i e s p r o b a b l y w i l l no t cause l a r g e e r r o r s . 

Three-Phase L o c i . F i g u r e 11 shows the th ree-phase l o c i f o r 
the a l k a n e - wa te r s y s t ems . No e x p e r i m e n t a l th ree-phase da ta were 
a v a i l a b l e i n the l i t e r a t u r e f o r the ethane - wa te r b i n a r y . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



410 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

-0.4 \-

0 I 1 ι ι I 
0 0.2 0.4 0.6 0.8 

T R ( P C H C / P C H 2 O ) 

Figure 9. Temperature-dependent interaction parameters for selected paraffin-
water binary systems 
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Reduced Temperature 

Figure 10. Temperature-dependent interaction parameters for nitrogen, carbon 
dioxide, and hydrogen sulfide with water 
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Figure 11. Experimental and predicted three-phase loci for selected paraffin-water 
binary systems (( ) P-R prediction; (V) (24); (·) (21); ( 0 ) (39); (O) (29); 

(k) (3l);(A)PV;W(3V) 
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N e v e r t h e l e s s , a c a l c u l a t e d l o c u s i s i n c l u d e d f o r comple teness 
and t o i n d i c a t e the p o s s i b l e r e g i o n o f th ree-phase e q u i l i b r i u m . 

As was ment ioned e a r l i e r , the th ree-phase da t a r e p o r t e d by 
S c h e f f e r (29) f o r pentane - wa te r were f o r a " b i n a r y " composed 
o f wa te r ancf a m i x t u r e o f i-pentane and n-pentane. As shown i n 
the f i g u r e , these da t a a re bounded by the c a l c u l a t e d l o c i o f the 
i-pentane - wa te r and n-pentane - wa te r s y s t ems . 

C o n c l u s i o n . The m i x i n g r u l e f o r use w i t h the Peng-Robinson 
e q u a t i o n o f s t a t e has been m o d i f i e d to i n c l u d e tempera tu re -
dependent i n t e r a c t i o n pa rame te r s . Both the c o n s t a n t and the 
tempera tu re - dependent i n t e r a c t i o n parameters c o v e r i n g a wide 
range o f tempera tures have been de te rmined f o r hydrocarbon -
wate r systems i n c l u d i n g methane - w a t e r , e thane - w a t e r , propane -
w a t e r , n-butane - w a t e r , and n-hexane - wa te r and non-hydrocarbon -
wate r systems i n c l u d i n g hydrogen s u l f i d e  w a t e r  carbon d i o x i d e
w a t e r , n i t r o g e n - w a t e r
these tempera tu re - dependen
the a c c u r a c y o f p r e d i c t i o n s o f th ree-phase and two-phase e q u i l i 
b r ium f o r systems i n v o l v i n g w a t e r . 

Acknowledgement. The f i n a n c i a l s u p p o r t r e c e i v e d f rom the 
N a t i o n a l S c i e n c e and E n g i n e e r i n g Research C o u n c i l o f Canada i s 
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Abstract 

Two-constant equation of state phase behavior calculations 
for aqueous mixtures often require the use of temperature 
dependent binary interaction parameters. The methods used for 
evaluating these parameters for some of the typical aqueous binary 
pairs found in coal gasification and related process streams are 
described. Experimental and predicted phase compositions based 
on these methods are illustrated for aqueous pairs containing 
CO2, H2S, NH3, and other gases. 
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Phase Equilibrium Calculations by Equation of 
State for Aqueous Systems with Low Mutual 
Solubility 
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Lehrstuhl fuer Technische Chemie, Universitaet Erlangen-Nuernberg, 
Egerlandstrasse 3, D-8520 Erlangen, Fed. Rep. of Germany 

At present there ar y  approache
available for calculating phase equilibria, one utilising activity 
coefficients and the other an equation of state. In the case of 
vapour-liquid equilibrium (VLE), the first method is an extension 
of Raoult's Law. For binary systems it requires typically three 
Antoine parameters for each component and two parameters for the 
activity coefficients to describe the pure-component vapour 
pressure and the phase equilibrium. Further parameters are needed 
to represent the temperature dependence of the activity coeffi
cients, therebly allowing the heat of mixing to be calculated. 
The equation-of-state method, on the other hand, uses typically 
three parameters pc , Τc and ω for each pure component and one 
binary interaction parameter k12, which can often be taken as 
constant over a relatively wide temperature range. It represents 
the pure-component vapour pressure curve over a wider temperature 
range, includes the critical data pc and Τc , and besides predic
ting the phase equilibrium also describes volume, enthalpy and 
entropy, thus enabling the heat of mixing, Joule-Thompson effect, 
adiabatic compressibility in the two-phase region etc. to be 
calculated. 

In v i ew o f the o b v i o u s advantages o f u s i n g an e q u a t i o n o f 
s t a t e , i t i s perhaps s u r p r i s i n g t h a t the a c t i v i t y - c o e f f i c i e n t 
approach i s s t i l l i n w idespread use and the o b j e c t o f c u r r e n t 
r e s e a r c h . T h i s i s because e q u a t i o n s o f s t a t e connot be g e n e r a l l y 
a p p l i e d t o systems i n which hydrogen bonding o c c u r s . Such systems 
r e p r e s e n t a l a r g e p r o p o r t i o n o f those o f i n d u s t r i a l i n t e r e s t and 
a l s o i n c l u d e most systems e x h i b i t i n g l i q u i d - l i q u i d e q u i l i b r i u m 
( L L E ) . 

There a r e , however, some p u b l i s h e d examples o f e q u a t i o n s o f 
s t a t e be ing a p p l i e d to a s s o c i a t i n g s u b s t a n c e s . Heidemann (1) used 
the Redl ich-Kwong e q u a t i o n as m o d i f i e d by W i l s o n (2) t o c a l c u l a t e 
aqueous hydrocarbon s ys t ems . S i m i l a r c a l c u l a t i o n s were done by 
Peng and Rob inson (3) u s i n g t h e i r own e q u a t i o n o f s t a t e . In both 
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cases the r e p r e s e n t a t i o n o f the o r g a n i c phase was good but the 
aqueous phase was i n c o r r e c t by some o r d e r s o f magn i tude . E v e l e i n , 
Moore and Heidemann (4) i n 1976 used Soave*s m o d i f i c a t i o n o f the 
RK e q u a t i o n t o c a l c u l a t e t he systems H^O-H^S and H^O-CCL ove r a 
wide t empera tu re and p r e s s u r e r a n g e ; tney were a b l e to r e p r e s e n t 
VLE ,LLE and gas-gas e q u i l i b r i u m but had to use two a d j u s t a b l e 
b i n a r y pa r ame te r s . 

In 1977 De S a n t i s e t a l . (5J as w e l l as Heidemann e t a l . (6) 
c a l c u l a t e d the gas-phase f u g a c i t i e s i n the systems H^O-air and 
HpO-^-COp by e q u a t i o n o f s t a t e ; i n these c a l c u l a t i o n s t he l i q u i d 
pnase was not i n c l u d e d . One o f the a u t h o r s (7) showed i n 1978 
t h a t aqueous systems w i t h some i n e r t gases and a l k a n e s as w e l l as 
H 2 S and COp c o u l d be r e p r e s e n t e d by an e q u a t i o n o f s t a t e i f the 
m o l e c u l a r we igh t o f water was a r t i f i c i a l l y i n c r e a s e d . An e x t e n s i o n 
o f t h i s method a p p l i e d t o a l c o h o l s was found to be o n l y p a r t i a l l y 
s u c c e s s f u l . Gmehl ing e  a l  (8) d p o l a  f l u i d h
a l c o h o l s , ketones and wate
Donohue's e q u a t i o n o f s t a t  (9);  system g
methanol and wa te r-e thano l were s u c c u s s f u l l y r e p r e s e n t e d . 

The presence o f hydrogen bonding i n water i s shown by i t s 
anomalous t h e r m o p h y s i c a l p r o p e r t i e s and has been c o n f i r m e d by 
more r e c e n t methods o f i n v e s t i g a t i n g i t s s t r u c t u r e such as NMR, 
neu t ron s c a t t e r i n g , d i e l e c t r i c r e l a x a t i o n , u l t r a s o n i c a b s o r p t i o n , 
IR and Raman s p e c t r o s c o p y e t c . 

Many models f o r the s t r u c t u r e o f water have been proposed but 
l i t t l e concensus e x i s t s as t o t h e i r v a l i d i t y . Fo r examp le , 
V inogradov (14) r e p o r t s t h a t i n a compar i son o f twenty p u b l i s h e d 
models i t was found t h a t the p r e d i c t e d c o n c e n t r a t i o n s o f broken 
hydrogen bonds a t 0 C v a r i e d between 2.5 % and 70 %. The models 
m a i n l y f a l l i n t o two c a t e g o r i e s : a s s o c i a t i o n models which assume 
t h a t wa te r i s a m i x t u r e o f s p e c i f i e d po lymer t ypes ( e . g . Eucken ' s 
monomer-d ive r- te t ramer-oc tamer model (11)) and cont inuum models 
wh ich assume t h a t wate r i s a c o n t i n u o u s but m o b i l e network o f 
m o l e c u l e s l i n k e d by hydrogen bonds , i n wh ich i t i s mean ing l e s s t o 
c o n s i d e r i n d i v i d u a l water po lymers ( e . g . the models o f Berna i (12) 
and Pop l e (13)). The v a r i o u s e x p e r i m e n t a l methods o f i n v e s t i g a t i n g 
wate r g i v e c o n t r a d i c t o r y r e s u l t s : V inogradov conc luded t h a t 
I.R. s p e c t r o s c o p y tends t o s u p p o r t the cont inuum model w h i l e 
Raman s p e c t r o s c o p y i n d i c a t e s the presence o f i n d i v i d u a l p o l y m e r s ; 
NMR measurements sugges t t h a t water po lymers o f h i g h m o l e c u l a r 
we igh t do not o c c u r . Thus t he s t r u c t u r e o f water remains u n c e r t a i n . 
Fo r a s s o c i a t i o n m o d e l s , however , most a u t h o r s assume low c o n c e n 
t r a t i o n s o f monomers i n l i q u i d water a t 0 C. There a r e no f i r m 
i n d i c a t i o n s as t o the na tu r e and c o n c e n t r a t i o n s o f the h i g h e r 
po lymers p r e s e n t i n the l i q u i d phase ; v i r i a l - c o e f f i c i e n t measu re 
ments s u g g e s t , however, t h a t the vapour phase i s p r e d o m i n a n t l y 
monomer ic . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Scope 

The o b j e c t o f t h i s work was to extend the f i e l d o f a p p l i 
c a t i o n o f the e q u a t i o n - o f - s t a t e method. The method was a p p l i e d t o 
aqueous systems i n c o n j u n c t i o n w i t h a model t h a t t r e a t s water as 
a m i x t u r e o f a l i m i t e d number o f p o l y m e r s , an approach s i m i l a r to 
t h a t p r e v i o u s l y adopted f o r the c a r b o x y l i c a c i d s ( 2 ) . A s s o c i a t i o n 
i s c a l c u l a t e d by the law o f mass a c t i o n ; c o r r e c t i o n s f o r non- idea l 
behav iou r a re made by means the e q u a t i o n o f s t a t e . A major problem 
of the method i s t he l a r g e number o f parameters needed t o d e s c r i b e 
the p r o p e r t i e s and c o n c e n t r a t i o n s o f the po lymers t o g e t h e r w i t h 
t h e i r i n t e r a c t i o n w i t h m o l e c u l e s o f o t h e r s u b s t a n c e s . The 
Mecke-Kemptner model (1_5) ( a l s o known as the Kretschmer-Wiebe 
model (16) and e x p e r i m e n t a l v a l u e s f o r hydrogen-bond e n e r g i e s 
were usëcT f o r gu idance i n f i x i n g these pa r ame te r s . 

Method o f C a l c u l a t i o n 

The e q u a t i o n o f s t a t e . A r e c e n t l y p u b l i s h e d e q u a t i o n o f 
s t a t e (17) was u s e d : 

P = !I m 
V - b V 2 + (1 +3ω) bV -3*>b 2 

where W i s P i t z e r ' s a c e n t r i c f a c t o r and a and b a t the c r i t i c a l 
p o i n t a r e f u n c t i o n s o f the c r i t i c a l p r o p e r t i e s Ρ and Τ . The 
tempera tu re dependence o f the parameter a i s s i m i l a r t o t h a t 
g i v e n by Soave ' s e x p r e s s i o n ( 1 8 ) , and b i s c o n s t a n t . Thus a pure 
component i s c h a r a c t e r i s e d by the t h r e e q u a n t i t i e s Ρ , Τ and uO. 

The f o l l o w i n g m i x i n g r u l e s were u s e d : 

a 
= f f V j a i j w i t h a i j = ( X · k i j ) V ^ i ^ J 1 j 

b = é y . b . (2) 

6 V = £ y . ^ 
^~ ^1 1 

where y . a re the vapour-phase mole f r a c t i o n s . Ana logous e x p r e s r 
s i o n s f o r the l i q u i d phase were used w i t h x . s u b s t i t u t e d f o r y . . 

k . . i s an i n t e r a c t i o n parameter t o be f i t t e d t o the e q u i l i b 
r ium C o m p o s i t i o n s o f a b i n a r y s ys t em. 

Eqn. (1) has the advantage ove r o t h e r commonly used e q u a t i o n s 
o f the van de r Waa l ' s t ype o f g i v i n g an improved r e p r e s e n t a t i o n 
o f the vapour p r e s s u r e and mo la r l i q u i d vo lume. 

A l s o , l i k e a l l c u b i c e q u a t i o n s o f s t a t e , E q n . (1) r e q u i r e s 
r e l a t i v e l y l i t t l e comput ing t ime f o r c a l c u l a t i n g t h e r m o p h y s i c a l 
p r o p e r t i e s . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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P h y s i c a l e q u i l i b r i u m . When two phases a r e i n e q u i l i b r i u m , 
the chemica l p o t e n t i a l s A . f o r each component i must be equal i n 
each phase . The K - f a c t o r s Κ. = yj/x.- can be o b t a i n e d from t h i s 
c o n d i t i o n , u s i n g the r e l a t i o n s h i p : 

V i (3) 

where V. i s t he p a r t i a l m o l a r volume o f component i , wh ich can be 
c a l c u l a t e d by the e q u a t i o n o f s t a t e . S eve ra l papers ( e . g . 1 9 , 2 0 ) 
show f o r s i m i l a r e q u a t i o n s o f s t a t e how the e x p r e s s i o n f o r K. 
can be d e r i v e d . 

Chemica l e q u i l i b r i u m . The polymer c o n c e n t r a t i o n s i n the 
i d e a l gas phase o f wa te r a re r e l a t e d t o the a s s o c i a t i o n e q u i l i b 
r ium c o n s t a n t s a c c o r d i n g t o the e x p r e s s i o n : 

k o = ! i r (4) 
k p i -^-Tyr 

Y l P 

where ρ i s the p r e s s u r e and y . the mole f r a c t i o n o f component i , 
w i t h y , r e f e r r i n g t o the monomer. Component i i s d e f i n e d as be ing 
formed by the a s s o c i a t i o n o f n. monomers. The tempera tu re d e p e n 
dence o f the e q u i l i b r i u m constant k . i s g i v e n by 

p i " R T 

where the a s s o c i a t i o n e n t h a l p y 4 H and e n t r o p y 4 S a r e r e 
garded as independent o f température. C ros s-d ime r s may a l s o 
o c c u r between the wate r m o l e c u l e s and those o f the non-aqueous 
component f o r wh ich the e x p r e s s i o n c o r r e s p o n d i n g t o Eqn. (4) i s 

yO =
 y c r o s s (6) 

p c r o s s y ! y i n e r t Ρ 

The c o m p o s i t i o n s i n the gas phase f o l l o w f rom the c o n t r a i n t 

f 1̂ + ^ i n e r t + ^ c r o s s = 1 <7> 

where o n l y one i n e r t component and one c r o s s - d i m e r a r e c o n s i d e r e d . 
I f the e q u i l i b r i u m c o n s t a n t s and y , - n e r t a r e s p e c i f i e d , a l l the 
c o n c e n t r a t i o n s i n Eqn. (7) may be exp ressed i n terms o f y , u s i n g 
Eqns . (4) and ( 6 ) . Eqn. (7) i s then s o l v e d f o r y 1 u s i n g Newton 's 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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method. Once y^ i s f o u n d , a l l o t h e r c o m p o s i t i o n s f o l l o w f rom 
Eqn. (4) and Eqn. ( 6 ) . C o n c e n t r a t i o n s under non- idea l c o n d i t i o n s 
such as i n the l i q u i d phase o r i n a compressed gas phase a r e 
c a l c u l a t e d u s i n g e x p r e s s i o n s o f the t ype / V . d p w h i c h , as i s 
d e s c r i b e d e l sewhere ( 2 0 ) , can be e v a l u a t e d by means o f the e q u a 
t i o n o f s t a t e . 

Combined p h y s i c a l and chemica l e q u i l i b r i u m . V a p o u r - l i q u i d 
e q u i l i b r i a were de te rm ined i n t h i s work by p e r f o r m i n g dew-po in t 
c a l c u l a t i o n s . The p rocedure i s : 

(1) Choose an a r b i t r a r y v a l u e o f t empera tu re Τ and i n e r t 
c o n c e n t r a t i o n 

(2) E s t i m a t e a dew-po in t p r e s s u r e Ρ 
(3) C a l c u l a t e the a s s o c i a t i o n e q u i l i b r i u m i n the vapour 

phase a t Τ and P, as p r e v i o u s l y o u t l i n e d . 
(4) From the c o n d i t i o n s o f p h y s i c a l e q u i l i b r i u m , c a l c u l a t e 

the K - f a c t o r s
(5) C a l c u l a t e the

y ι κ. 
sum S = r χ . . M o d i f y Ρ u s i n g a Newton r o u t i n e and 
r e p e a t s t e p s 1 ( 3 ) to (5) u n t i l S = 1. 

Because o f the p h y s i c a l e q u i l i b r i u m , the a s s o c i a t i o n i n the 
l i q u i d phase i s de te rminded by t h a t i n the vapour phase . T h e r e f o r e 
no a d d i t i o n a l a s s o c i a t i o n c o n s t a n t s a r e r e q u i r e d f o r the l i q u i d 
phase . In the case o f l i q u i d - l i q u i d e q u i l i b r i u m c a l c u l a t i o n s , 
an ana logous p rocedure was adopted u s i n g convergence t e s t ( 5 ) , 
w i t h y . r e f e r r i n g t o the second l i q u i d phase . 

D e t e r m i n a t i o n o f the Parameters o f Pure Water 

The models t e s t e d i n more d e t a i l i n t h i s work were the 
1-2-3, 1-2-3-4, 1-2-4-8 and 1-2-4-8-12 m o d e l s , where the numbers 
r e f e r t o the t ypes o f po lymers p r o p o s e d . The 1-2-4-8-12 model 
gave the bes t r e s u l t s , the parameters o f wh ich a r e shown i n 
Tab l e 1. The i n t e r a c t i o n parameters k . . o f Eqn . (2 ) between the 
d i f f e r e n t water po lymers were a l l s e t ^ o z e r o . 

The parameters were o p t i m i s e d t o r e p r e s e n t the c r i t i c a l 
da t a ρ and Τ , the vapour p r e s s u r e f rom room tempera tu re up to 
the c r i t i c a l p o i n t and the s a t u r a t e d vapour and l i q u i d m o l a r 
vo lumes . Account was a l s o t aken o f the r e p r e s e n t a t i o n o f the 
b i n a r y systems rLO-CH. t o C . H . Q . I n i t i a l l y the method o f Powel l 
(22) was used but l a t e r the ' S imp l ex Method ' o f Ne lde r and Mead 
(Z5) was found t o be more r e l i a b l e f o r t h i s p rob l em . 

A compar i son o f c a l c u l a t e d and expe r imen ta l v a l u e s o f vapour 
p r e s s u r e and s a t u r a t e d l i q u i d and vapour volumes a t v a r i o u s t em
p e r a t u r e s i s shown i n Tab l e 2. The water c o m p o s i t i o n i n the 
l i q u i d phase and the c o r r e s p o n d i n g degree o f a s s o c i a t i o n , 
DA = x , + 2 x 2 + 4x^ + 8 x . + 12χ ς , a re g i v e n a t v a r i o u s t e m p e r a 
t u r e s Tn Tab fe 3 . Excep t i n the c r i t i c a l r e g i o n , the vapour compo
s i t i o n i s v i r t u a l l y c o m p l e t e l y monomer. Fo r examp le , a t room t em
p e r a t u r e , the monomer and d imer c o n c e n t r a t i o n s a r e y , = 0.9988 
and y 2 = 0.0012 r e s p e c t i v e l y . A t 200 C the v a l u e s a r e y1 = 0.9814 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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T a b l e 1 

Parameters f o r the Assumed S p e c i e s i n Water 

Spec i e s o f Τ P LU ΔΗ 4 S 
u/atpv c c ass ° s s 
w a t e r Ί< S i r kca l /mo l TMT 

Monomer 618 .5 271, .4 0.1617 
Dimer 743.1 146, .3 0 .2715 5.86 25. .9 
Te t ramer 939 .8 85, .4 0 .4188 19.33 71, .9 
Octamer 1216 .9 51, .5 0 .6104 48 .83 176, .5 
Dodecamer 1492.3 43, .7 0 .7536 74 .86 281. .4 

Tab l e 2 

Compar ison o f C a l c u l a t e
P s and S a t u r a t e d L i q u i d and Gas Vo lumes , V L and V^ 

Expe r imen ta l Data by Can j a r (37) 

Τ Δρ/ρ ρ ν, V, vG vG 

- χ 100 exp c a l c exp c a l c 
Κ bar ΊτΠ ΊτΠ Γ ~ I 

273.2 4. .3 0.0061 18 .017 17 .72 3718 . 3720 . 
294.3 1. .2 0 .0250 18 .06 17 .88 976.1 976 .0 
3 2 2 . 0 - 0 . .56 0.1167 18 .22 18 .05 228 .6 228.7 
344 .3 -0 .92 0 .3269 18 .43 18 .24 86 .93 87 .06 
366 .5 - 0 . .69 0.7947 18 .70 18 .45 37 .83 37 .97 
373 .2 - 0 . .54 1.013 18 .80 18 .52 30 .14 30 .28 
399 .8 0. .25 2.443 19 .22 18 .85 13.23 13 .34 
455 .4 2. .1 10 .55 20.37 19 .78 3.326 3.402 
499 .8 3. .0 26.31 21 .66 20 .88 1.369 1.427 
555.4 3. .1 66 .36 24 .18 23.07 0 .5229 0 .5698 
599 .8 2. .6 123 .2 27 .78 26 .06 0 .2475 0.2916 
633 .2 1. .7 186 .7 3 4 . 3 0 30 .06 0.1254 0.1744 

Tab l e 3 

C a l c u l a t e d Compos i t i ons and Degree o f A s s o c i a t i o n o f L i q u i d Water 
a t some Temperatures 

degree J monomer d imer t e t r a m e r octamer dodecamer 
o f ass Κ τ * - • . 

mole f r a c t i o n 

5, .3 273 .2 0 .362 0.031 0.127 0 .349 
4, .1 373 .2 0 .395 0.057 0.245 0 .254 
2, .7 477 .6 0 .508 0 .088 0.303 0.094 
1. .9 577 .6 0.663 0.106 0 .216 0.014 7 

1. .6 622 .0 0 .736 0.105 0.155 0 . 4 5 . 1 0 " , 
1, .2 647=T 

c 
0 .866 0.082 0.052 0 . 2 5 . 1 0 " " 3 

0.132 
0 .050 
0 . 6 5 . 1 0 
0 . 2 0 . 1 0 
0 . 2 4 . 1 0 
0 . 1 1 . 1 0 

-3 
-4 
-6 
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and y , = 0.9814 and y 9 = 0 . 0 1 7 9 . A l l o t h e r c o n c e n t r a t i o n s a r e 
l e s s than 1 0 " J ά 

M i x t u r e s o f Water and I n e r t Components 

The c r i t i c a l d a t a and w v a l u e s used f o r i n e r t components were 
those g i v e n by Ambrose ( 2 4 ) . The i n t e r a c t i o n parameters between 
the wa te r and the i n e r t component were found by p e r f o r m i n g a 
dew-point c a l c u l a t i o n as d e s c r i b e d above but w i t h the i n t e r a c t i o n 
parameter k . . r a t h e r than Ρ taken as the i t e r a t i o n v a r i a b l e . 
As the wa te r J mode l i n c l u d e d f i v e components ( i ndexed 1 t o 5 ) , 
t h e r e were f i v e v a l u e s o f k. β = kg . , i = 1 , 5 , where index 6 
r e f e r s the i n e r t . Fo r s i m p l i c i t y tnê f o l l o w i n g a s s u p t i o n s were 
made: 

k 2 , 6 " 7 k l , 6 ; k 3 ,

so t h a t k. 6 was the o n l y independent parameter t o be f i t t e d . 
The system^ c a l c u l a t e d and the c o r r e s p o n d i n g v a l u e s o f k. g a r e 
shown i n Tab l e 4 , wh ich a l s o g i v e s r e f e r e n c e s t o the t a b l e s and 
f i g u r e s i n which the e x p e r i m e n t a l and computed r e s u l t s a r e 
compared. The c o n c e n t r a t i o n s g i v e n a r e a n a l y t i c a l c o n c e n t r a t i o n s , 
i . e . the c o n c e n t r a t i o n s t h a t subs tances would appear t o have , i f 
they a r e c o n s i d e r e d to e x i s t o n l y as monomers (Figures 1 - 6 ) . 

C e r t a i n f i g u r e s f o r VLE a re not g i v e n ; i n most cases the 
r e s u l t s were s i m i l a r t o those g i v e n a t o t h e r t e m p e r a t u r e s . . 
In the case o f the systems H 2 0 - C H 4 and H 2 0 - C 2 H 6 a t Τ = 344 .4 Κ 
and Τ = 377 .6 Κ agreement was l e s ? good : f o r examp le , i n the 
H 2 0 - C H 4 system a t Τ = 344 .3 Κ and Ρ = 100 bar the c a l c u l a t e d 
a n a l y t i c a l c o n c e n t r a t i o n i s y H Q = 0-0025 compared w i t h an e x 
p e r i m e n t a l v a l u e o f 0 .0044 . T h l c o r r e s p o n d i n g v a l u e s f o r t he 
H 2 0 - C 2 H 6 system a r e 0.0012 and 0.0043 r e s p e c t i v e l y . In the 

H 2 ° " C 3 H 8 a n d H 2 ° " C 4 H 1 0 s y s t ems , however, agreement i s e x c e l l e n t 
i n a l l cases i n c l u d i n g the l i q u i d - l i q u i d e q u i l i b r i a a t lower 
t e m p e r a t u r e s . With bu tane , d e v i a t i o n s o c c u r a t 477 K, but the 
r a t h e r unusua l behav i ou r o f the l i q u i d s o l u b i l i t y l i n e i s w e l l 
r e p r e s e n t e d . 

V a r i o u s l i q u i d - l i q u i d e q u i l i b r i a were c a l c u l a t e d and the 
r e s u l t s a r e g i v e n i n Tab l e 5. The c a l c u l a t i o n s were per formed 
w i t h k̂  g s e t a t 0 .5 (method 1) and a l t e r n a t i v e l y w i t h k̂  g 

f i t t e d to c o r r e c t l y p r e d i c t the wate r s o l u b i l i t y i n the o r g a n i c 
phase a t v a r i o u s t empera tu res (method 2 ) . The t a b l e shows t h a t 
i n some cases d i v e r g e n c e s between e x p e r i m e n t a l and c a l c u l a t e d 
r e s u l t s a re c o n s i d e r a b l e . However, as M c A u l i f f e (34) has demon
s t r a t e d , d i v e r g e n c e s between e x p e r i m e n t a l r e s u l t s o f d i f f e r e n t 
workers a r e a l s o l a r g e . Diagrams f o r the aqueous systems w i t h 
gases H 2 , CO and 0 2 a r e not g i v e n as d a t a f o r the s o l u b i l i t y o f 
water i n these gases were not a v a i l a b l e t o u s . A l s o , the 
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T a b l e 4 

I n t e r a c t i o n Parameters g a t V a r i o u s Temperatures 

Systems 

H 2 0 - C H 4 

H 2 0 - C 2 H 6 

H o 0 - C , H c 

H 2 ° " C 4 H 1 0 

H20-C^H^2 
H 2 0 - C g H 1 4 

H o 0 - C c H n 0 

2 7 16 

H 2 0-C0 

H 2 0 - 0 2 

H 2 0 - N 2 

H 2 0 - a i r 

Type Τ 

τ 
k l , 6 F i g . / Ta 

VLE 344 .3 1.13 _ 
377 .6 1.01 - -
444 .3 0.57 1 -

VLE 344 .3 0 .93 - -
377 .6 0 .89 - -
444 .3 0.67 - -

VLE , LLE 344 .3 0 .70 2 -
VLE 377 .6 0.67 
VLE 
LLE 293 . 0 .50 - 5 
LLE 3 1 0 . 9 0 .50 - 5 
VLE , LLE 344 .3 0 .50 4 5 
VLE , LLE 377 .6 0 .50 5 5 
VLE , LLE 4 1 0 . 9 0 .48 - 5 
VLE 477 .6 0.37 6 -
LLE 293 .2 0 .50 - 5 
LLE 293 .2 0 .44 - 5 

338 .7 0 .44 - 5 
394 .3 0.23 - 5 

LLE 293 .2 0 .54 - 5 
LLE 283.2 0 .39 - 5 

293 .2 0.41 - 5 
303 .2 0 .42 - 5 
3 1 3 . 2 0 .43 - 5 
323 .2 0.43 - 5 
3 3 3 . 2 0.43 - 5 

LLE 293.2 0 .42 - 5 
LLE 293 .2 0 .40 - 5 
VLE 313 .2 -0 .014 - -

3 7 3 . 2 -0 .026 - -
423 .2 -0 .027 - -

VLE 3 2 3 . 2 0 .099 - -
373 .2 -0 .002 - -
423 .2 -0.011 - -

VLE 373 .2 1.57 - -
3 9 8 . 2 1.40 - -
436 .0 1.08 - -

VLE 3 2 3 . 2 0.52 7 -
373 .2 0.47 - -
513.2 -0 .030 - -

VLE 323 .2 - 8 -

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Figure 1. VLE in the system H20-methane at 444.3°K, kj,G = 0.57; experimental 
data: (%) (25); (O) (26); (O) fitting point; ( j calculated 

Figure 2. VLE and LLE in the system H20-propane at 344.3°K, kî>6 = 0.70; 
experimental data: (%) (25); (O) (21); (O) fitting point; ( ) calculated 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. VLE in the system H20-propane at 427.6°K, k, 6 = 0.55; experimental 
data: (%) (25); (O) (21); (O) fitting point; ( '-) calculated 

Figure 4. VLE and LLE in the system H20-n-butane at 344.3°K, k1>6 = 0.50; 
experimental data from Ref. 26; (Ο) fitting point; ( ) calculated 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 5. VLE and LLE in the system H20-n-butane at 377.6°K, k1>6 = 0.50; 
experimental data from Ref. 26; (O) fitting point; ( ) calculated; (---) calcu

lated with water taken as monomer 

Figure 6. VLE in the system H20-n-butane at 477.6°K, k 1 < 6 = 0.37; experimental 
data from Ref. 26; (O) fitting point; ( ) calculated 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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s o l u b i l i t y o f these gases i n water f o l l o w s H e n r y ' s law c l o s e l y , 
behav i ou r which the e q u a t i o n o f s t a t e has no d i f f i c u l t y i n r e p r e 
s e n t i n g . On the o t h e r hand, d a t a do e x i s t f o r the s o l u b i l i t i e s o f 
water i n compressed n i t r o g e n . C a l c u l a t e d v a l u e s agree w e l l w i t h 
e x p e r i m e n t a l v a l u e s as shown i n F i g . 7 a t 323 K. Agreement i s 
a l s o good a t Τ = 373 Κ but l e s s so a t 513 K, a r e s u l t p r e v i o u s l y 
found when a d i f f e r e n t method o f c a l c u l a t i o n was used ( 7 ) . 
F i g . 8 shows the s o l u b i l i t y o f H^O i n compressed a i r a t 
Τ = 323 .2 Κ. The agreement i s good c o n s i d e r i n g t h a t k. . -va lues 
used were t hose f o r the systems H 9 0 - N 9 and H 9 0 - 0 9

Ί w i t h o u t 
f u r t h e r f i t t i n g . ά ά ά ά 

M i x t u r e s w i t h a c t i v e Compounds 

The subs tances H^S, C 0 2 and (C^HJpO ( d i e t h y l e t h e r ) were 
t r e a t e d as s l i g h t l y a c t i v
these compounds c r o s s - a s s o c i a t i o
case o f d i e t h y l e t h e r t h i s c o n c l u s i o n i s suppor ted by the c o n 
s i d e r a b l y h i g h e r mutual s o l u b i l i t y f o r the H 2 0 - ( C 2 H 5 ) 2 0 system 
compared w i t h wa te r-a l kane systems as shown τη T a o l e D . TO keep 
the number o f parameters l o w , the f o l l o w i n g p rocedure was adopted 
i n a c c o u n t i n g f o r c r o s s - a s s o c i a t i o n : 

(1) On ly c r o s s - d i m e r s ( i ndexed 7) between monomers and those 
o f the a c t i v e component were c o n s i d e r e d 

(2) Ρ and tu o f the c r o s s - d i m e r were e s t i m a t e d u s i n g a p p r o x 
imate r u l e s found by ana logy w i t h the h y d r o c a r b o n s . 

(3) Τ and k c r o s s were f i t t e d by t r i a l and e r r o r t o the 
b i n a r y systems c o n s i d e r e d 

(4) The i n t e r a c t i o n parameters k. 7 , i = 1,5 between the 
c r o s s - d i m e r and a l l the w a t e r ' p o l y m e r s were t aken as 
ze ro and those between water and the a c t i v e component, 
k, 6 , i = 1 , 5 , were e s t i m a t e d by ana logy w i t h the 
i n t e r a c t i o n parameters found f o r p r e v i o u s l y i n v e s t i g a t e d 
s ys t ems . 

The parameters used f o r the a c t i v e and c r o s s components a r e 
shown i n Tab l e 6 . ΔΗ and &S were found by d e t e r m i n i n g 
k c r o s s a t two t e m p e r a t u r e s . The r e s u l t i n g mole c o n c e n t r a t i o n s 
O T ' c r o s s - d i m e r s have maximum v a l u e s o f around 0.1 a t the l owe r 
t empera tu res c o n s i d e r e d . The H 2 0 - H 2S system a t 444 .3 Κ i s shown 
i n F i g . 9 ; a s i m i l a r r e s u l t was o b t a i n e d a t Τ = 411 Κ. The 
c u r v a t u r e o f the e q u i l i b r i u m l i n e s a t h i g h e r p r e s s u r e s i s not 
c o r r e c t l y r e p r e s e n t e d but the r e s u l t s a r e g r e a t l y improved 
compared w i t h models t h a t d e s r e g a r d a s s o c i a t i o n . A l i q u i d - l i q u i d 
e q u i l i b r i u m i s found a t Τ = 311 Κ i n agreement w i t h e x p e r i m e n t , 
the th ree-phase p r e s s u r e be ing Ρ = 25.3 bar compared w i t h 2 6 . 9 
bar e x p e r i m e n t a l l y . 

F i g s . 10 and 11 show r e s u l t s f o r the H ? 0 - C 0 ? s y s t em. Com
p a r a b l e r e s u l t s were o b t a i n e d a t Τ = 373 Κ; 423 r a n d 473 Κ. A t 
298 Κ a l i q u i d - l i q u i d e q u i l i b r i u m was found a t ρ = 6 4 . 0 b a r , f o r 
which no e x p e r i m e n t a l da t a a re a v a i l a b l e . Heidemann's (4) c a l c u -

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 8. Solubility of water in air at 323.2°K; experimental data from Ref. 36; 
( ) calculated 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



Figure 10. VLE in the system H20-CO, at 323.2°K, k, 6 = 0.50; experimental 
data: (Φ) (30); (O) (32); (Α) (33); ( ) calculated with cross dimer; (---) 
calculated without cross dimer and water taken as a monomer; (\Z\) fitting point 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



430 T H E R M O D Y N A M I C S O F A Q U E O U S S Y S T E M S W I T H I N D U S T R I A L A P P L I C A T I O N S 

Tab l e 6 

Parameters o f Assumed Cross-D imers f o r V a r i o u s Systems 

Systems 
4 H a s s A S a s s 

κ bar kca l /mo l e . u . 

486 .0 
540. 
708.7 

74 .77 
82 .26 
44 .75 

0 .25 
0 .18 
0 .338 

1.17 
3 .90 
6 .14 

14 .6 
19 .6 
2 5 . 9 

H ? 0 - C 0 9 

H ' O - H J 
H^0 - (6 2H 5)0 

700 . 
α; < 

C 0 2 

0 . Η ι 1 1 1 
0. 0 .2 0 .4 0 . 6 0 .B 1.0 

Figure 11. VLE in the system H20-CO, at 523.2°K, k, 6 = 0.50; experimental 
data: (%) (29); (O) (31); (A) (30); Ο fitting point; ( calculated with cross 
dimers; ( ) calculated without cross dimers and water taken as a monomer 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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l a t i o n s a l s o gave a s i m i l a r e q u i l i b r i u m a t t h i s t e m p e r a t u r e . A t 
573 Κ l a r g e r d e v i a t i o n s were f o u n d , the c a l c u l a t e d c r i t i c a l 
p r e s s u r e o f the system be ing too h i g h . 

Tab l e 5 i n c l u d e s the r e s u l t o f c a l c u l a t i o n s on the 
H 2 0 - ( C 2 H 5 ) 2 0 sys t em. The s o l u b i l i t y o f wate r i n the o r g a n i c phase 
as w e l f as i t s t empera tu re dependence i s w e l l r e p r e s e n t e d . T h i s 
system e x h i b i t s the unusual p r o p e r t y o f hav ing o p p o s i t e s i g n s f o r 
the t empera tu re depence o f the s o l u b i l i t i e s i n the two phases . 

C o n c l u s i o n s 

I t has been shown t h a t the s e l e c t e d water model i n c o n j u n c 
t i o n w i t h the e q u a t i o n o f s t a t e p r o v i d e s a u n i f o r m method t o 
c a l c u l a t e VLE and LLE o f aqueous systems over a wide t empera tu re 
and p r e s s u r e r a n g e . The r ema in i ng d i s c r e p a n c i e s c o u l d p o s s i b l y be 
e l i m i n a t e d w i t h m o d i f i e
The system H 2 0 - C 0 2 , HL
s c r i b e d by assuming c r o s s - a s s o c i a t i o n . The p a r t i c u l a r t empera tu re 
dependence o f the s o l u b i l i t y f o r d i e t h y l e t h e r was rep roduced by 
the c a l c u l a t i o n w i t h o u t making i t the o b j e c t o f a f i t t i n g p r o c e s s . 
T h i s sugges t s t h a t the method m igh t be a b l e t o d e s c r i b e systems 
w i t h both an upper and lower c r i t i c a l s o l u t i o n p o i n t . 

F u r t h e r work i s needed t o be a b l e t o p r e d i c t the p r o p e r t i e s 
o f the c r o s s - d i m e r s and thus reduce the number o f a d j u s t a b l e 
parameters i n cases where c r o s s - a s s o c i a t i o n must be c o n s i d e r e d . 
More complex a s s o c i a t e d s p e c i e s may have t o be p o s t u l a t e d t o 
improve the r e s u l t s . 

The proposed model f o r wate r would appear t o be a r e a s o n a b l e 
a p p r o x i m a t i o n i n the l i g h t o f some o f the p r e s e n t e x p e r i m e n t a l 
e v i d e n c e . D e s p i t e the l a r g e number o f parameters i n v o l v e d , i t 
was found t h a t the degree o f a s s o c i a t i o n i n l i q u i d water c o u l d 
o n l y be s e l e c t e d w i t h i n a l i m i t e d r a n g e . I f i t was l e s s than 4 
a t 20 C , s e r i o u s d e v i a t i o n s appeared i n the p h a s e - e q u i l i b r i u m 
c a l c u l a t i o n s , e s p e c i a l l y f o r L L E ; i f i t was g r e a t e r than 6 , i t 
was found t o be d i f f i c u l t t o rep roduce the vapour p r e s s u r e c u r v e 
o f w a t e r . Some r e s u l t s (H 2 0 - C A 1 0 l n a t 477 Κ and H 2 0 - ChL a t 
344 Κ and 377 K) sugges t t h a t the aegree o f a s s o c i a t i o n shou ld 
be somewhat s m a l l e r a t lower t empera tu res and g r e a t e r a t h i g h e r 
t empera tu res than i n the sugges ted m o d e l . So f a r t h i s c o u l d not 
be a ch i e ved w i t h o u t worsen ing the r e p r e s e n t a t i o n o f the vapour 
p r e s s u r e cu r ve f o r w a t e r . There a l s o appears to be l i m i t e d f r e e 
dom i n d e c i d i n g a t what p o i n t the proposed sequence o f po lymers 
shou ld t e r m i n a t e . A p a r t f rom the 1-2-4-8 m o d e l , wh ich came 
c l o s e s t t o the proposed model i n the a c c u r a c y o f i t s p r e d i c t i o n s , 
a l l the o t h e r i n v e s t i g a t e d models gave i n f e r i o r r e s u l t s f o r a l l 
wa te r-a l kane systems t e s t e d . T h e r e f o r e , i t appears t h a t , the 
method i s a b l e t o p r o v i d e a new way o f o b t a i n i n g i n f o r m a t i o n on 
the e x t e n t o f a s s o c i a t i o n i n w a t e r . 
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Symbol s 

Ρ 
Τ 
V 
R 

Pc 
T c 

a , b 

a) 
k i j 

i n e r t 

y 
^ c r o s s 
k. S 
k p i 

p c r o s s 

" i 

AS 
ass 
ass 

p r e s s u r e 
a b s o l u t e t empera tu re 
mo l a r volume 
mo la r i d e a l gas c o n s t a n t 
c r i t i c a l p r e s s u r e 
c r i t i c a l t empera tu re 
parameters i n the e q u a t i o n o f s t a t e t h a t 
c h a r a c t e r i s e each component 
P i t z e r f a c t o r 
b i n a r y i n t e r a c t i o
mole f r a c t i o
the l i q u i d phase (VLE) o r the aqueous phase (LLE) 
mole f r a c t i o n ( c o n c e n t r a t i o n ) o f component i n 
the vapour phase (VLE) o r the non-aqueous phase (LLE) 
mole f r a c t i o n ( c o n c e n t r a t i o n ) o f the non-aqueous 
component 
mole f r a c t i o n ( c o n c e n t r a t i o n ) o f the c r o s s - d i m e r 
K - f a c t o r o f component i 
p a r t i a l mo l a r volume o f component i 
a s s o c i a t i o n f a c t o r o f component i under i d e a l - g a s 
c o n d i t i o n s 
a s s o c i a t i o n f a c t o r o f the c r o s s - d i m e r under 
i d e a l - g a s c o n d i t i o n s 
number o f water monomers t h a t must a s s o c i a t e t o 
form a polymer o f component i 
s t anda rd e n t h a l p y o f f o r m a t i o n o f a component 
s t anda rd e n t r o p y o f f o r m a t i o n o f a component 

Acknow!edgement 

T h i s work was suppor ted by the " B u n d e s m i n i s t e r i u m f u e r 
Forschung and T e c h n o l o g i e " and the "Deutsche Forschungsgemein-
s c h a f t " o f the Fede ra l R e p u b l i c o f Germany. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



21. BAUMGAERTNER ET AL. Systems with Low Mutual Solubility 433 

Abstract 

Using a recent equation of state of the van der Waals 
type developed to describe non-polar components, a model is 
presented which considers water as a mixture of monomers and 
a limited number of polymers formed by association. The para
meters of the model are determined so as to describe the pure-
component properties (vapour pressure, saturated volumes of 
both phases) of water and the phase equilibria (vapour-liquid 
and/or liquid-liquid) for binary systems with water including 
selected hydrocarbons and inorganic gases. The results obtained 
are satisfactory for a considerable variety of different types 
of system over a wide range of pressure and temperature. 
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Excess Enthalpies of Some Binary Steam 
Mixtures 

C. J. W O R M A L D and C. N. C O L L I N G 

School of Chemistry, The University, Bristol BS8 1TS, U K 

Despite the importance of mixtures containing steam as a 
component there is a shortage of thermodynamic data for such 
systems. At low densities the solubility of water in compressed 
gases has been used (1,2) to obtain cross term second virial 
coefficients Β12. At high densities the phase boundaries of 
several water + hydrocarbon systems have been determined (3,4). 
Data which would be of greatest value, pVT measurements, do not 
exist. Adsorption on the walls of a pVT apparatus causes such 
large errors that it has been a difficult task to determine the 
equation of state of pure steam, particularly at low densities. 
Flow calorimetric measurements, which are free from adsorption 
errors, offer an alternative route to thermodynamic information. 
Flow calorimetric measurements of the isothermal enthalpy
-pressure coefficient φp (5) extrapolated to zero pressure yield 
the quantity φo = Β - TdB/dT where Β is the second virial 
coefficient. From values of φo it is possible to obtain values 
of Β without recourse to pVT measurements. 

As with pure steam the properties of binary steam mixtures 
can be obtained from flow c a l o r i m e t r i c measurements of the 
enthalpy of the mixture. With steam + n-alkane b i n a r i e s , for 
which the enthalpies of both components are known, i t i s more 
sensible to measure the excess enthalpy d i r e c t l y rather than 
measure the large t o t a l enthalpy of the mixture to determine a^ 
small excess quantity. Extrapolation of the excess enthalpy Hp 
at pressure ρ to zero pressure y i e l d s = χ^ Χ £ ρ ( 2 φ ^ ~ Φ\\ ~ $22^ 

and from t h i s quantity B ^ for a steam + n-alkane i n t e r a c t i o n can 
be obtained. 

0-8412-0569-8/80/47-133-435$05.00/0 
© 1980 American Chemical Society 
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Outline of the Flow Calorimetric Apparatus 

A mixing calorimeter suitable for measurements at low 
densities i s described i n the l i t e r a t u r e (6), and t h i s calorimeter 
has been used to make measurements on steam mixtures at 
temperatures around 373 K. Although high pressure calorimeters 
have been described (]_,&>9) n o n e °f these designs i s suitable for 
work at high temperature. D e t a i l s of the calorimeter used i n t h i s 
work w i l l be published shortly (10). The flow system i s shown i n 
outl i n e i n figure 1. The system i s pressurized with nitrogen 
which enters at 1. Pumps 2 and 3 supply l i q u i d components to 
f l a s h b o i l e r s 4 where the l i q u i d s are vaporized. The vapours mix 
i n calorimeter 5 which i s contained i n a pressurized vessel 
immersed i n a f l u i d i z e d bed thermostat. The f a l l i n temperature 
produced on mixing i s sensed by four platinum resistance 
thermometers and a heate  i  th f th  calorimete  i d 
to obtain isothermal conditions
a t o t a l enthalpy b o i l - o f  enthalpy chang
of the f l u i d vaporizes some n-pentane. The n-pentane vapour i s 
condensed at 7 and the rate of b o i l - o f f i s measured using 
c a l i b r a t e d bulbs 8. The l i q u i d condensate i s c o l l e c t e d i n 
vessel 9. The apparatus has been used to make measurements at 
pressures up to 16 MPa and at temperatures up to 698 K. With any 
flow mixing calorimeter i t i s important to test for the presence 
of heat leaks. This can be done by measuring the enthalpy of 
mixing at constant composition, temperature and pressure over a 
wide range of flow rate. Tests on our calorimeter were done on 
steam + nitrogen at χ = 0.5. The r e s u l t s of measurements at 698 Κ 
and 12.3 MPa are shown i n figure 2, and demonstrate that even 
under these extreme conditions heat leaks are n e g l i g i b l e . The 
r e s u l t s also show the good r e p r o d u c i b i l i t y (one percent) of which 
the apparatus i s capable. 

Measurements have so f a r been made on mixtures of steam + 
hydrogen, nitrogen, argon, methane, carbon-dioxide, n-hexane, 
η-heptane, benzene and cyclohexane. The measurements cover the 
range 373 to 698 Κ at pressures from 0.1 MPa to saturation or 
12.5 MPa. The only exception to t h i s i s steam + carbon dioxide 
for which the measurements extend up to 5.5 MPa. The accuracy of 
the measurements i s around ±2 percent. 

Results for the Mixture Steam + n-Heptane 

Some r e s u l t s f or the mixture steam + η-heptane at χ = 0.5 are 
shown i n figure 3. The r e s u l t s f or steam + n-hexane, + cyc l o 
hexane, and + benzene are s i m i l a r . The measurements at 548 and 
598 Κ are above the c r i t i c a l temperature of n-heptane (540 K) and 
below that of steam (647 K). The measurements at 648 and 698 Κ 
are above the c r i t i c a l temperature of both components. A l l the 
re s u l t s which are below the c r i t i c a l temperature of one of the 
components show a maximum and terminate at the saturation pressure 
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Figure 2. Test of the flow mixing calorimeter on steam + nitrogen at χ = 0.5 
(measurements were made at 698 Κ and 12.3 MPa) 
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8 h 

Figure 3. Enthalpy of mixing H n > for steam + η-heptane at\ = 0.5 
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of the s u b c r i t i c a l component. Analysis of the r e s u l t s at low 
pressures can be done using the v i r i a l equation of state. 
Following Lambert (11) we separate the second v i r i a l c o e f f i c i e n t 
Β into a physical B° and a chemical contribution 

Β = B° - RTK (1) 

where Κ i s the equilibrium constant for dimer formation. The 
excess enthalpy H E of a steam (1) and n-heptane (2) mixture can be 
writ t e n (12) 

H E = p[ct>m - x ^ ° + ΚΔΗ) - χ 2φ 2] 

- ( p 2 / R T ) [ B ^ m - X l(B° - RTK)^° + ΚΔΗ) - ^2Φ2] 

where 

Φπι = (Φ° + ΚΔΗ) + 2 Χ ]χ 2 Φ 1 2 + χ2Φ2 

Bm = Χ ? ( Β ° " R T K ) + 2 χ 1 Χ 2 Β 1 2 + Χ 2 Β 2 ( 2 ) 

and ΔΗ i s the enthalpy of dimer formation. B° can be taken as the 
second v i r i a l c o e f f i c i e n t of methyl f l u o r i d e which has the same 
dipole moment as steam (1.85D). B j 2 and φ|2 can be calculated 
from B° and B2 using a Kihara-Stockmayer p o t e n t i a l . With 
ΔΗ = -16.426 kJ mol" 1 and Κ = 0.385 MPa"1 (at 298 K) equation (2) 
f i t s H E for steam + n-alkane mixtures at low d e n s i t i e s to w i t h i n 
experimental error. Figure 4 shows the f i t to the r e s u l t s at 
standard atmospheric pressure. To f i t the r e s u l t s at higher 
pressures requires further v i r i a l c o e f f i c i e n t s , and the method 
runs into d i f f i c u l t i e s . 

Analysis of the Results at High Pressures 

The enthalpy of mixing H m i s given by the equation 
m * * * , ^ ν Η = - XjHj - x 2 H 2 (3) 

where^Hj and H 2 are the r e s i d u a l enthalpies of components 1 and 2 
and H M i s the r e s i d u a l enthalpy of the mixture. For f l u i d s 
which are s l i g h t l y polar we might expect the Peng-Robinson (P-R) 
equation of state (13) to give a reasonable estimate of H m. While 
we would not expect i t to work w e l l for mixtures containing steam 
i t i s i n s t r u c t i v e to see what i t gives. The r e s i d u a l enthalpy Η 
i s given by 

H*(V,T) - H Z R T - a ( l + K ) 2 l n 
V-b V(V + b) + b(V - b) 

V + (l-2^)b 
V + (l+2 5)b 

(4) 
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3 7 3 4 7 3 5 7 3 6 7 3 T / K 

Figure 4. Excess enthalpy Hi: of steam + η-heptane at χ = 0.5 and standard 
atmospheric pressure (( ) calculated using Equation 2) 
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To calculate H M we use the mixing rules 

a», = Σ Σ x.x.a.. ; b w = Σ x.b. 
M . . ι j I J ' M . 1 1 

1 J 1 

a.. = k..(a.a.)^ ; κ = Σ χ.κ. (5) i j i J ι J Μ £ ι ι 

Putting k^j = 1, and using c r i t i c a l i t y conditions to calcul a t e a 
and b for steam + η-heptane, the enthalpies of mixing are found to 
be only about h a l f as b i g as the experimental r e s u l t s and show 
only the r i g h t q u a l i t a t i v e behaviour. I t i s i n t e r e s t i n g to see i f 
a value of k ^ which brings the calculated enthalpies into agree
ment with experiment can be found. The best k ^ turns out to be 
-0.3, and curves calculate
To obtain a f i t to the

i j 
to f i t the r e s u l t s at 698 Κ requires k.. = 0.0. Now the P-R 

iJ 
equation i s not a good f i t to the r e s i d u a l enthalpies of ei t h e r 
steam or η-heptane. At temperatures up to 623 Κ values of the 
enthalpy of η-heptane are a v a i l a b l e . I f P-R parameters are chosen 
to f i t the re s i d u a l enthalpies of steam and η-heptane, i t i s found 
that the best value of k ^ i s -0.2. A temperature dependent value 
of k^j i s s t i l l required, although the change of k^. with 
temperature i s less than was required when pure component 
enthalpies were obtained from c r i t i c a l i t y conditions. The large 
negative values of k ^ c l e a r l y indicate that a d i f f e r e n t approach 
to the c a l c u l a t i o n of mixture properties i s needed. 

The Separated Associated F l u i d Interaction Model for Polar + 
Nonpolar Mixtures 

Woolley (14) has developed the equation of state for an 
associated f l u i d i n terms of the formation of dimer, trimer, 
tetramer, etc. characterised by equilibrium constants K^, K^, K^, 
etc. The molecules i n the model have no s i z e , and are simply 
points between which in t e r a c t i o n s occur. Lambert (11) developed 
a s i m i l a r approach for low density gases, and regarded the 
observed second v i r i a l c o e f f i c i e n t as the sum of a "physical term" 
which he obtained from the Berthelot equation of state and which 
implies that the molecules have f i n i t e s i z e and a t t r a c t i v e forces, 
and a "chemical" term characterised by a dimerisation constant K^. 
The i n c l u s i o n of the physical term ensures that Β can be p o s i t i v e 
at high temperatures without having to change sign. A 
disadvantage of the Woolley treatment i s that extension to mixtures 
of associated f l u i d s i s impossible, as cross term v i r i a l 
c o e f f i c i e n t s cannot be calculated. The i n c l u s i o n of a "physical 
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Figure 5. Comparison of the Peng-Robinson equation using kjj = — 0.3 with the 
results for steam + τι-heptane (( ) calculated using Equations 3 and 4) 
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term" i n the v i r i a l s overcomes t h i s problem. With steam i n mind 
Vukalovitch (15) developed a model s i m i l a r to that of Woolley, i n 
which he regarded each c l u s t e r as obeying the van der Waals 
equation of state. As there i s no easy way of assigning van der 
Waals parameters a and b to the c l u s t e r s , the Vukalovitch 
equations are almost unusable. 

The model presented here develops these ideas and introduces 
features which make the c a l c u l a t i o n of mixture properties simple. 
For a polar f l u i d with approximately c e n t r a l dispersion forces 
together with a strong angle dependent e l e c t r o s t a t i c force we may 
separate the intermolecular p o t e n t i a l into two parts so that the 
v i r i a l c o e f f i c i e n t s , B, C, D, etc. of the f l u i d can be wr i t t e n as 
the sum of two terms. The f i r s t terms B°, C°, D°, etc, a r i s e from 
dispersion forces and may include a contribution a r i s i n g from the 
permanent dipole of the molecule. The second terms contain 
equilibrium constants K^
of dimer, trimer, etc. b
v i r i a l c o e f f i c i e n t s for the polar f l u i d can be wr i t t e n 

Β = B° - K 2(RT) 

C = C° - (2K 3 - 4K 2)(RT) 2 

D = D° - (3K 4 - 18K 2K 3 + 20K 2)(RT) 3 (6) 

We can i n p r i n c i p l e calculate B°, C°, D°, etc. from a suitable 
p a i r p o t e n t i a l , and so obtain K 2, and K^. For gas mixtures at 
low densities where Β and C terms are s u f f i c i e n t t h i s approach can 
be used successfully. However, the c a l c u l a t i o n of D° and higher 
c o e f f i c i e n t s becomes p r o h i b i t i v e l y d i f f i c u l t , and for mixtures the 
c a l c u l a t i o n of cross c o e f f i c i e n t s i s an add i t i o n a l problem. 

An a l t e r n a t i v e approach i s possible. Just at the c o e f f i c i e n t s 
B, C, D, etc. define the thermodynamic properties of the r e a l 
f l u i d so c o e f f i c i e n t s B°, C°, D°, etc. define thermodynamic 
properties for a hypothetical f l u i d which we w i l l c a l l the primary 
f l u i d . The primary f l u i d can be regarded as having the properties 
which the r e a l f l u i d might have i n the absence of association. I t 
i s assumed that when secondary i n t e r a c t i o n s such as hydrogen 
bonding are imposed on the primary f l u i d the r e a l f l u i d w i l l be 
simulated. This assumption i s an acceptable approximation at low 
de n s i t i e s , but i s u n l i k e l y to hold at high densities where the 
addition of hydrogen bonds may produce new s t r u c t u r a l features. 
At moderate densit i e s we can make the not unreasonable 
approximation that any property which i s a function f of the 
v i r i a l c o e f f i c i e n t s can be separated into two contributions 

f(B, C, D ...) = f(B°, C°, D° ...) + f ( K 2 , K 3, K 4 ...) (7) 
re a l f l u i d primary f l u i d secondary e q u i l i b r i a 
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Our present concern i s to f i n d a model for steam which can be used 
to calculate mixture properties. An estimate of B°, the second 
v i r i a l c o e f f i c i e n t which steam might have i n the absence of 
association, could be obtained by se l e c t i n g a molecule which has 
about the same dispersion force as steam, such as argon, taking 
the Lennard-Jones 12-6 parameters which f i t Β for argon together 
with the dipole moment of steam 1.85 D, and using the Stockmayer 
p o t e n t i a l to calculate values of B°. I f we do t h i s i t i s found 
that the calculated values of B° l i e close to the second v i r i a l 
c o e f f i c i e n t of methyl f l u o r i d e which also has a dipole moment of 
1.85 D, and which would also be a reasonable model for unassociated 
steam. The following four steps are now taken. 
1. The primary f l u i d i s replaced by the r e a l f l u i d methyl 

f l u o r i d e . This removes the need to evaluate f(B°,C°,D°,etc.), 
as the thermodynamic function X required i s simply that f o r 
methyl f l u o r i d e . 

2. The contribution o
i s obtained by subtracting the thermodynamic property of the 
primary f l u i d from that of the r e a l f l u i d . 

X(association) = X(real f l u i d ) - X(primary f l u i d ) (8) 

3. An equation of state which w i l l represent the thermodynamic 
property X 2 of the non polar component of the mixture i s 
chosen. This same equation of state i s used to f i t the 
property of the primary f l u i d , component 1. 

4. Using combining rules appropriate to the equation of state 
the thermodynamic property X M of the non polar component + 
primary f l u i d mixture i s calculated. The change i n property 
Χ on forming the mixture X m i s given by an equation s i m i l a r 
to 3 

X m = - XjX(primary f l u i d ) - XjX(association) - x^X 2 . (9) 

Equation 9 was used to calcula t e for steam + η-heptane as 
follows. The Peng-Robinson equation with parameters obtained 
from c r i t i c a l i t y conditions was used to calcula t e the re s i d u a l 
enthalpy Hj of methyl f l u o r i d e . Peng-Robinson parameters f o r 
η-heptane were obtained by f i t t i n g to the res i d u a l enthalpy of 
the f l u i d at temperatures below the c r i t i c a l , and by using 
c r i t i c a l i t y conditions at higher temperatures. The mixing rules 
given i n equation 4 with k.. = 1 were used to calculate H^. As 
hydrogen bonding occurs only for Ĥ O + ^ 0 interactions and not 
for H ?0 + η-heptane interactions H (ass) makes no contribution to 
H^. At the temperatures at which mixing experiments had been done, 
the resid u a l enthalpy of steam calculated from steam tables was 
f i t t e d to polynomial equations i n powers of the pressure, and Η 
(association) was obtained by subtracting Hj. 
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Figure 6. Comparison of the Separated Associated Fluid Interaction Model using 
no adjustable parameters with the results for steam + n-heptane (( ) calculated 

from the model) 
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H m for steam + η-heptane calculated by the above method i s shown 
by the dashed l i n e s i n figu r e 6. Considering the s i m p l i c i t y of 
the model and the fact that no adjustable parameters have been 
used, agreement with experiment i s remarkable. For mixtures of 
steam + n-hexane, benzene and cyclohexane agreement with experiment 
i s much the same. At low densities the model reproduces the 
curvature of the l i n e s through the r e s u l t s better than the v i r i a l 
equation of state. The method f a i l s to f u l l y reproduce the down
ward turn of the experimental curves at pressures near saturation, 
but does marginally better i n t h i s region than the P-R equation 
with k^j = -0.3. At s u p e r c r i t i c a l temperatures the model seems to 
work w e l l . For steam + methane, + nitrogen, + argon, the model 
gives values of H m which are too large, and does no better than 
the v i r i a l equation of state. 

The choice of methyl f l u o r i d e as the primary f l u i d f o r steam 
i s evidently reasonabl
no reason why T c, P c an
treated as adjustable parameters so that a hypothetical primary 
f l u i d which gives best agreement with r e s u l t s on a l l the above 
steam + hydrocarbon mixtures can be defined. There are c l e a r l y 
many ways i n which the model can be modified. 

As i t i s formulated above, the model can be used without 
further modification f or the estimation of the thermodynamic 
properties of mixtures of steam with hydrocarbons i n the C^ to Cg 
range. Below the c r i t i c a l temperature of steam the model can be 
used at pressures up to 10 MPa with reasonable confidence. At 
temperatures above the c r i t i c a l point of steam the model can be 
used at higher pressures. 
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Abstract 

Flow calorimetric measurements of the excess enthalpy of a 
steam + n-heptane mixture over the temperature range 373 to 698 Κ 
and at pressures up to 12.3 MPa are reported. The low pressure 
measurements are analysed in terms of the virial equation of state 
using an association model. An extension of this approach, the 
Separated Associated Fluid Interaction Model, fits the measure
ments at high pressures reasonably well. 
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Thermodynamics of Aqueous Electrolytes at 
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KENNETH S. PITZER 
Department of Chemistry and Lawrence Berkeley Laboratory, 
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Early in this century there was great interest in the ap
parently anomalous propertie
anomaly concerned the limiting
While several investigators contributed substantially to the re
solution of this problem, it was the classic work of Debye and 
Hückel (1) which provided a simple yet adequate explanation of the 
effect on thermodynamic properties of the long-range electrostatic 
forces between ions in solution. The experimental work of that 
era tended to emphasize dilute solutions at room temperature. 
While Debye and Hückel recognized the short-range repulsive forces 
between ions by assuming a hard-core model, the statistical me
chanical methods then available did not allow a full treatment of 
the effects of this hard core. Only the effect on the electro
static energy was included--not the direct effect of the hard core 
on thermodynamic properties. 

As is often the case, after the intense activity of the 
1920's, the investigation of aqueous electrolytes proceeded at a 
more relaxed pace. But careful and systematic experimental re
search continued in this area and was summarized by Harned and 
Owen (2) and by Robinson and Stokes (3) in their excellent mono
graphs. The latter volume contains in the appendix a comprehen
sive set of tables of the osmotic and activity coefficients of the 
common inorganic solutes at 25°C and at concentrations up to 6 M 
in most cases. 

Subsequently major t h e o r e t i c a l advances were made, p r i n c i 
p a l l y by Mayer, i n creating an adequate s t a t i s t i c a l mechanical 
theory i n which both long-range e l e c t r o s t a t i c forces and short-
range forces of whatever o r i g i n were properly considered. 
Friedman has contributed greatly to further t h e o r e t i c a l advances 
and w i l l discuss recent work i n t h i s symposium. Also important 
are the Monte Carlo c a l c u l a t i o n s of Card and Valleau (4). The 
wr i t e r has published (5) an elementary review of these t h e o r e t i c a l 
advances; more advanced reviews are a v a i l a b l e by Friedman (6) and 
by Andersen (7). The r e s u l t i s that the properties of univalent 
aqueous e l e c t r o l y t e s based on the hard core and other simple 
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models (8) are now known from r e l i a b l e theory up to a concentra
t i o n of 1 or 2 M. While the actual i n t e r i o n i c potentials of mean 
force doubtless d i f f e r somewhat from the models treated, the re
s u l t i n g thermodynamic properties w i l l be s i m i l a r . Thus we have 
good t h e o r e t i c a l guidance i n s e l e c t i n g forms of equations for 
semi-empirical use. For more highly charged ions or a solvent 
with s u b s t a n t i a l l y lower d i e l e c t r i c constant the s i t u a t i o n i s 
somewhat more complex, but the theory i s reasonably s a t i s f a c t o r y 
and i s being further improved. 

From the thermodynamic viewpoint, the basic s t a t i s t i c a l 
theory i s s t i l l too complex to provide useful working equations, 
but i t does suggest forms of equations with some purely t h e o r e t i 
c a l terms, and other terms including parameters to be evaluated 
e m p i r i c a l l y . In general, the t h e o r e t i c a l terms a r i s e from the 
e l e c t r o s t a t i c i n t e r a c t i o n s which are simple and well-known while 
the empirical, terms r e l a t
c h a r a c t e r i s t i c s are q u a l i t a t i v e l
from independent sources. But, as we s h a l l see, t h i s d i v i s i o n i s 
not complete - there are i n t e r a c t i o n s between the two categories. 

In recent years there has been a resurgence of experimental 
research on aqueous inorganic e l e c t r o l y t e s emphasizing the broader 
domain of high temperatures or high pressures or both. Also many 
organic solutes have been investigated at room temperature. Thus 
most of the pure aqueous e l e c t r o l y t e s l i k e l y to be of engineering 
i n t e r e s t have been investigated at room temperature, a s u b s t a n t i a l 
number have been studied over the 0 - 50°C range, and a smaller 
but increasing number at high pressures and at temperatures to 
300°C or occasionally higher. 

Most p r a c t i c a l systems, however, are mixtures rather than 
pure e l e c t r o l y t e s . The experimental measurement of a wide v a r i e t y 
of mixtures over c l o s e l y spaced grids of composition would be very 
burdensome. I t i s here, f o r mixed e l e c t r o l y t e s , that theory, con
firmed by a l i m i t e d number of experiments, i s p a r t i c u l a r l y v a l u 
able. The e l e c t r o s t a t i c i n t e r a c t i o n s are a l l simply defined; also 
the short-range forces between a p a i r of ions of d i f f e r e n t sign 
are the same i n a mixed e l e c t r o l y t e as i n the pure e l e c t r o l y t e 
comprising that p a i r of ions. Thus a proper d e f i n i t i o n of terms 
w i l l allow the evaluation of a l l of these e f f e c t s i n mixtures from 
information on the various pure e l e c t r o l y t e s . I t i s for the ef
fect of short-range forces between ions of the same sign that new 
terms a r i s e for mixtures. But ions of the same sign repel one 
another and are u n l i k e l y to be so close together that t h e i r short-
range forces have a large e f f e c t . Indeed Bronsted (9) postulated 
that these differences among short-range i n t e r a c t i o n s among ions 
of the same sign could be ignored and Guggenheim (10) developed 
d e t a i l e d equations on that basis. Kim and the w r i t e r (11) found 
that such differences were not completely n e g l i g i b l e for mixtures 
of s i n g l y charged ions or f o r 2-1 charged mixtures but that they 
were very small. Also these difference terms can be evaluated 
from e x i s t i n g measurements on simple mixtures of the most 
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important ions. Thereafter, for complex mixtures of p r a c t i c a l 
importance, a l l of the important terms are known and only very 
small terms must be neglected from lack of information. 

From the preceding paragraphs i t i s c l e a r that the capacity 
to c a l c u l a t e the properties of a va r i e t y of mixed e l e c t r o l y t e s 
depends on an adequate t h e o r e t i c a l structure w i t h i n which the 
a v a i l a b l e experimental data can be organized. Thus the primary 
emphasis f o r the remainder of t h i s paper w i l l be the d e s c r i p t i o n 
of t h i s structure of semi-empirical equations. The array of sub
stances for which experimental data are a v a i l a b l e w i l l be describ
ed i n general terms but there i s not s u f f i c i e n t space to l i s t 
r e s u l t s i n d e t a i l . Also a severe test of predictions f o r mixed 
e l e c t r o l y t e s w i l l be reported. 

But before turning to the det a i l e d consideration of e l e c t r o 
l y t e s of moderate concentration, i t i s i n t e r e s t i n g to note the 
properties of a few system  which e x i s  l i q u i d  fro  fused 
s a l t s to d i l u t e aqueou

Mi s c i b l e E l e c t r o l y t e s 

There are two systems for which the vapor pressure and there
by the a c t i v i t y of water has been measured over the f u l l range of 
composition from fused s a l t to d i l u t e s o l u t i o n i n water. In each 
case the s a l t i s a simple mixture of approximately equal molal 
proportions. The system (Ag,T£)N03 was measured at 98 C by 
Trudelle, Abraham, and Sangster (12) while (Li,K)N03 was measured 
i n the most concentrated range at 119°C by Tripp and Braunstein 
(13) and over the remainder of the range at 100°C by Braunstein 
and Braunstein (14). These r e s u l t s are shown on Figure 1 which 
also includes s i m i l a r data for several systems of large but 
l i m i t e d s o l u b i l i t y . The composition v a r i a b l e i s the mole f r a c t i o n 
on an ionized b a s i s , i . e . , x^ = n^/(n-^ + v ^ ) where n^ and Ώ.2 are 
moles of water and s a l t , r e s p e c t i v e l y , and ν i s the number of ions 
i n the s a l t . On t h i s basis Raoult's law applies i n the very 
d i l u t e range, with the Debye-Huckel correction applicable as the 
concentration increases. 

The s i m i l a r i t y of the curves on Figure 1 to those for non
e l e c t r o l y t e solutions i s s t r i k i n g . The dashed l i n e representing 
a i = X«L can be c a l l e d " i d e a l - s o l u t i o n behavior" for these systems, 
as i t i s for nonelectrolytes, but i t i s r e a l i z e d that a s t a t i s t i 
c a l model y i e l d i n g that r e s u l t would be more complex for the 
i o n i c case. Also the Debye-Huckel e f f e c t i s a departure from 
t h i s i d e a l behavior. Nevertheless, i t seems worthwhile to explore 
the use for these systems of the simple equations for nonelectro
l y t e s . One of the simplest and most successful had i t s o r i g i n i n 
the work of van Laar (15) and has been widely used since. 
Prausnitz (16) discusses t h i s and related equations as w e l l as 
the contributions of Margules, Hildebrand, Scatchard, Guggenheim, 
and others to t h i s t opic. For the a c t i v i t y of e i t h e r component, 
referenced to the pure l i q u i d , one has 
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2 
In a 1 = In x 1 + w^ 2 (la) 

2 

l n a 2 = l n x 2 + w,^ (lb) 

Z l = n i ^ n i + v n 2 ( b 2 / b 1 ) ] ( l c ) 

z 2 = v n 2 / [ n 1 ( b 1 / b 2 ) + vn 2] (Id) 
W 2 = wi^h2^hi^' (le) 

Note f i r s t that i f (b^/b^ i s uni t y , z. and z 2 reduce to the mole 
fr a c t i o n s x^ and X2« Then one has the even simpler equations 

l n a 2 (2a) 
2 

l n a 2 = l n x 2 + wx^ . (2b) 
In ei t h e r equations (1) or (2) the non-ideality parameter w (some
times w r i t t e n w/RT) ar i s e s from the difference between the i n t e r -
molecular a t t r a c t i o n of unlike species as compared to the mean of 
the intermolecular a t t r a c t i o n for pai r s of l i k e species. The 
second parameter i n equation (1), (b^/b^, i s sometimes ascribed 
to the r a t i o of the volumes of the molecules or to the r a t i o of 
molal volumes i n the l i q u i d , although i n some systems, e s p e c i a l l y 
m e t a l l i c s o l u t i o n s , equation (1) i s s t i l l quite s a t i s f a c t o r y but 
(b^/b 2) departs greatly from the r a t i o of molal or atomic volumes. 
For fused salt-water mixtures i t seems best to regard (b^/b2) as a 
f r e e l y adjustable parameter and subsequently to compare the values 
with r a t i o s of molal volumes. 

Equation (1) was f i t t e d to the two systems remaining l i q u i d 
over the f u l l range of composition with the r e s u l t s ŵ  = 1.02, 
0>i/b2) = 0.50 for (Ag,T£)N03-H20 and wx = -0.89, Q>i/b2) = 1-2 
for (Li,K)N03~H20. Water i s component 1 and the s a l t component 2. 
For the l a t t e r system the simpler equation (2) serves almost as 
w e l l with w = -0.80 ( t h i s implies b 1/b2 = 1.0). The calculated 
curves based on equation (1) are compared with the experimental 
data i n Figure 2. 

These r e s u l t s shown i n Figures 1 and 2 demonstrate the s i m i 
l a r i t y of the ef f e c t s of short-range forces on the properties of 
nonelectrolytes and concentrated e l e c t r o l y t e s . One finds both 
p o s i t i v e and negative deviations from i d e a l i t y and these e f f e c t s 
may be ascribed to the difference between the intermolecular po
t e n t i a l energy of a t t r a c t i o n of unlike species to the mean of the 
corresponding potentials f o r pairs of l i k e molecules. Previous 
discussion of these systems has focused on the hydration of the 
p o s i t i v e ion as the dominant e f f e c t , but we see i n Figure 1 that 
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Figure 1. Activity of water for water-salt solutions over a very wide range of 
composition 

(Ae,TI)NOs-HtO| 

_ Vl,K)N0 3-H 20 
©Π9·ς 
·ιοο·ο 

1 I I I 
0 0.2 0.4 0 ;6 0.8 1.0 
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Figure 2. Comparison of the calculated and experimental activity of water for 
water-salt solutions over the full range of composition 
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the s h i f t from n i t r a t e to chloride i s comparably important. Just 
as for nonelectrolytes, one must consider a l l intermolecular 
forces i n e l e c t r o l y t e s . 

With experimental data for the a c t i v i t y of water, one can, of 
course, integrate the Gibbs-Duhem equation to obtain the a c t i v i t y 
of the s a l t , over the same range i n composition, without the use 
of any model or semi-empirical equation. But equation (1) appears 
to f i t so w e l l that i t s use i s very convenient. As presented, the 
constant of inte g r a t i o n i s evaluated for the p u r e - l i q u i d reference 
state for each component. Thus equation (lb) gives the a c t i v i t y 
of the s a l t i n r e l a t i o n to the pure fused s a l t . Since t h i s form 
i s obtained by int e g r a t i n g the Gibbs-Duhem equation over composi
t i o n to the fused s a l t , x^ = 0, x2 = 1, the Debye-Huckel range i s 
avoided and no error from that source i s introduced. 

I f the fused s a l t does not e x i s t at the temperature of i n t e r 
est, one normally uses
state. While these equation
basis, the r e s u l t s are not immediately useful for two reasons: 
(1) Debye-Hiickel e f f e c t s are s i g n i f i c a n t i n the d i l u t e range and 
are not considered, and (2) the usual composition scale for the 
solute standard state i s m o l a l i t y rather than mole f r a c t i o n . Both 
of these problems have been overcome, and the more complex r e l a 
tionships are being presented elsewhere (17). However, for most 
purposes, the v i r i a l c o e f f i c i e n t equations for e l e c t r o l y t e s are 
more convenient and have been widely used. Hence our primary pre
sentation w i l l be i n those terms. 

V i r i a l C o e f f i c i e n t Equations for E l e c t r o l y t e s 

A very e f f e c t i v e method of representing the properties of 
non-ideal gases i s by use of a series i n increasing powers of 
density or concentrations. The c o e f f i c i e n t s , c a l l e d v i r i a l co
e f f i c i e n t s , are unambiguously related to a p a r t i c u l a r number of 
molecules. Thus the f i r s t term relates to i n d i v i d u a l molecules 
and i s the i d e a l gas law. The second v i r i a l c o e f f i c i e n t a r i s e s 
from binary intermolecular forces and may be either p o s i t i v e or 
negative as repulsive or a t t r a c t i v e forces predominate. The t h i r d 
v i r i a l c o e f f i c i e n t arises from t r i p l e i n t e r a c t i o n s , etc. The 
MacMillan-Mayer (18) s o l u t i o n theory established that a formally 
s i m i l a r treatment applied to solutes i n a solvent provided the 
intermolecular p o t e n t i a l s are replaced by pot e n t i a l s of mean force 
i n that solvent. For e l e c t r o l y t e s one must recognize the long-
range character of coulombic forces which prevents t h e i r i n c l u s i o n 
i n the v i r i a l s e r i e s . But as Mayer (19) and others have shown, 
one may combine a Debye-Hiickel term for e l e c t r o s t a t i c e f f e c t s with 
a v i r i a l series for the effects of short range forces. In t h i s 
case, however, the v i r i a l c o e f f i c i e n t s depend on the i o n i c 
strength as w e l l as the temperature and other properties. These 
t h e o r e t i c a l p r i n c i p l e s were used by the w r i t e r (20) to e s t a b l i s h 
the form of an equation for e l e c t r o l y t e properties i n which the 
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v i r i a l c o e f f i c i e n t s are evaluated e m p i r i c a l l y . V i r i a l type equa
tions were used e a r l i e r for e l e c t r o l y t e s (10, 21, 22) but without 
recognition of the i o n i c strength dependence of the second v i r i a l 
c o e f f i c i e n t . The basic equation i s postulated for the excess 
Gibbs energy from which other functions can be obtained from 
appropriate d e r i v a t i v e s . 

G e X/n wRT = f (I) + W λ (I) m m + \ H μ m m m ^ (3) 
i j J J i j k J J 

Here G e X/n i s the excess Gibbs energy per kilogram of solvent and 
m̂ , mj, etc., are the m o l a l i t i e s of the various ions or neutral 
solutes present. The long-range e l e c t r o s t a t i c forces lead to the 
Debye-Hiickel term f ( I ) where I i s the i o n i c strength. Short-range 
i n t e r p a r t i c l e - p o t e n t i a l e f f e c t  take  i n t  b  th
v i r i a l c o e f f i c i e n t s f o
etc. As noted above, e l e c t r o s t a t i
strength dependence on λ for i o n i c i n t e r a c t i o n s . For μ t h i s i s 
neglected; also μ i s omitted i f a l l ions are of the same sign. 
While fourth v i r i a l c o e f f i c i e n t s could be added, they do not ap
pear to be needed for most applications. Indeed the t h i r d v i r i a l 
c o e f f i c i e n t s are so small that they can often be omitted at moder
ate concentration (I up to about 2). 

The de r i v a t i v e equations for osmotic and a c t i v i t y c o e f f i 
c i e n t s , which are presented below, were applied to the experimen
t a l data for wide v a r i e t y of pure aqueous e l e c t r o l y t e s at 25 C by 
Pi t z e r and Mayorga (23) and to mixtures by P i t z e r and Kim (11). 
Later work (24-28) considered s p e c i a l groups of solutes and cases 
where an association equilibrium was present (H^PO^ and H^SO^). 
While there was no attempt i n these papers to include a l l solutes 
for which experimental data e x i s t , nearly 300 pure e l e c t r o l y t e s 
and 70 mixed systems were considered and the r e s u l t i n g parameters 
reported. This represents the most extensive survey of aqueous 
e l e c t r o l y t e thermodynamics, although i t was not as thorough i n 
some respects as the e a r l i e r evaluation of Robinson and Stokes 
(3). In some cases where data from several sources are of compar
able accuracy, a new c r i t i c a l evaluation was made, but i n other 
cases the tables of Robinson and Stokes were accepted. 

In a ddition to the a c t i v i t y and osmotic c o e f f i c i e n t s at room 
temperature, the f i r s t temperature derivatives and the related 
enthalpy of d i l u t i o n data were considered for over 100 e l e c t r o 
l y t e s (26, 29). The data for e l e c t r o l y t e s at higher temperatures 
become "progressively more sparse. Quite a few solutes have been 
measured up to about 50°C (and down to 0°C). Also, over t h i s 
range, the equations using j u s t f i r s t temperature derivatives have 
some v a l i d i t y f or rough estimates i n other cases. But the eff e c t s 
of the second d e r i v a t i v e (or the heat capacity) on a c t i v i t y co
e f f i c i e n t s at higher temperatures i s very s u b s t a n t i a l . 
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Sodium chloride has been studied much more thoroughly at high 
temperature than any other e l e c t r o l y t e . The osmotic c o e f f i c i e n t 
measurements of L i u and Lindsay (30) and various types of measure
ments of Federov and associates (31) are p a r t i c u l a r l y noteworthy. 
A preliminary e f f o r t to represent a l l of the data on sodium 
chloride by v i r i a l c o e f f i c i e n t equations has been published (32) 
and a r e v i s i o n i s being completed (33). 

Over the wide range of temperature to 300°C and concentration 
to 10 M, sodium chloride shows only very moderate and slow changes 
i n i t s properties ; the p r i n c i p a l change i s the increase i n the 
Debye-Huckel parameter (34) which lowers both a c t i v i t y and osmotic 
c o e f f i c i e n t s . The osmotic c o e f f i c i e n t for NaCl at high tempera
ture i s shown on Figure 3; the curves were calculated by the 
v i r i a l c o e f f i c i e n t equation (33). The behavior of a t y p i c a l 2-1 
e l e c t r o l y t e , MgCl^, i s shown on Figure 4, which gives both the 
experimental values of Holmes d  (35) d t h e i
curves from a v i r i a l c o e f f i c i e n
s a l t s have been studie y  hig  temperatures, althoug
s o l u b i l i t y information y i e l d s less a complete picture f o r several 
others (36). However, the general patterns of behavior are simple 
enough that one can make estimates under some circumstances based 
on d e t a i l e d data at room temperature for the solute of i n t e r e s t 
and high temperature data for other solutes of the same valence 
type. 

The importance of the v i r i a l - c o e f f i c i e n t equations i s 
e s p e c i a l l y great for mixed e l e c t r o l y t e s . Of the needed v i r i a l co
e f f i c i e n t s f or a complex mixture such as sea water, most are 
determined by the pure e l e c t r o l y t e measurements and a l l the others 
of any s i g n i f i c a n c e are determined from data on simple mixtures 
such as NaCl-KCl, NaCl-MgCl 2, NaCl-Na^O^, etc., which have been 
measured. The e f f e c t of the terms obtained from mixtures i s very 
small i n any case and these terms can be ignored f o r a l l but the 
most abundant species. 

A very severe test of these v i r i a l - c o e f f i c i e n t equations for 
the sea-water-related Na-K-Mg-Ca-Cl-SO,-H?0 system has been made 
by Harvie and Weare (37) who calculated the s o l u b i l i t y r e l a t i o n 
ships for most of the s o l i d s which can a r i s e from t h i s complex 
system. There are 13 invariant points with four s o l i d s present i n 
the system Na-K-Mg-Cl-SO^-^O and the predicted s o l u t i o n composi
tions i n a l l 13 cases agree with the experimental values of 
Braitsch (38) s u b s t a n t i a l l y w i t h i n the estimated error of measure
ment. In p a r t i c u l a r , Harvie and Weare found that fourth v i r i a l 
c o e f f i c i e n t s were not required even i n the most concentrated 
solut i o n s . They did make a few small adjustments i n t h i r d v i r i a l 
c o e f f i c i e n t s which had not previously been measured accurately, 
but otherwise they used the previously published parameters. 

There are also many less severe tests (11) of predictions for 
mixed e l e c t r o l y t e s which i l l u s t r a t e the accuracy to be expected i n 
various cases. Thus i t i s well-established that the v i r i a l co
e f f i c i e n t equations for e l e c t r o l y t e s y i e l d r e l i a b l e predictions of 
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Figure 3. Osmotic coefficient for sodium chloride solutions at various temperatures 
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Figure 4. Osmotic coefficient for magnesium chloride solution at various tem
peratures (35) 
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mixed-electrolyte properties provided the c o e f f i c i e n t s measurable 
for the pure e l e c t r o l y t e components are known. The predictions 
are more accurate i f the a d d i t i o n a l c o e f f i c i e n t s measurable from 
simple mixtures are also known but t h e i r e f f e c t i s usually very 
small. 

The working equations for osmotic and a c t i v i t y c o e f f i c i e n t s , 
derived from equation ( 3 ) are given as equations ( 4 ) and (5), 
respectively. The various secondary r e l a t i o n s h i p s are defined i n 
several a d d i t i o n a l equations stated and b r i e f l y described there
a f t e r . A d d i t i o n a l d e t a i l s and derivations of equations f o r the 
entropy, the heat capacity, and other related functions can be 
found i n various published papers ( 1 1 , 2 0 , 2 3 - 2 9 , 3 2 - 3 4 ) . 

(Φ-1) -

3/2 A I 
-2  ( Β
T l lI+b

+ i y y m m f ( Θ Φ , + £ m ψ , ) + 4 J" I m m , (Θ* , 2 £ c c f ce 1 L a ycc'a 2 o o » a a a a 

+ I m ψ , ) L c aa fc I (4) 

Although one wishes a c t i v i t y c o e f f i c i e n t s for neutral combin
ations of ions, i t i s convenient to use equations for s i n g l e - i o n 
a c t i v i t y c o e f f i c i e n t s which can then be combined appropriately. 

l n γ - z F + Y m ( 2 Β ^ + ZC ) + 1 m (2Θ.. + ï m ψ Μ ) M M L a Ma Ma L c Me L a Mca a c a 

+ \ I I « η Λ , Ψ ω , Μ + | z M | l l m cm aC c a (5a) 
a a c a 

l n γχ = 4 F + l m c ( 2 B c X + ZC c X) + i ^ 2 0 ^ + I 

+ k I I » Λ . * ^ . γ + l z v l 11 v » a
c 

c a c a ca 
(5b) 

Here m i s the m o l a l i t y of cation c with charge z and correspon
dingly for anion a. Sums over c or a cover a l l cations or anions, 
respectively. B fs and 0 fs are measurable combinations of λ 1s 
whereas C Ts and ψ 1s are combinations of the y's i n Equation ( 3 ) . 
Note that the 0 fs and φ 1s are zero and these terms disappear for 
pure e l e c t r o l y t e s . 
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The e l e c t r o s t a t i c function f must contain the Debye-Hiickel 
l i m i t i n g law with the parameter 

A, = (1/3)(2πΝ d / 1 0 0 0 ) 1 / 2 ( e 2 / D k T ) 3 / 2 

φ o w 

but i t proves e m p i r i c a l l y advantageous to take an extended form. 
Among a l t e r n a t i v e s , the form found best was 

f (I) = ̂ I b " 1 l n ( l - b l 1 / 2 ) (6) 
Φ 

with b = 1.2 chosen for a l l e l e c t r o l y t e s i n water. At 25°C the 
value of Αφ i s 0.391. The appropriate d e r i v a t i v e gives the term 
i n Equation (4) for φ. For the a c t i v i t y c o e f f i c i e n t i t i s conven
ient to define 

F = - A T l 1 / 2 / ( l + b Iφ £ c a ca b a 

c e a a 

which includes both the Debye-Hiickel term with A and c e r t a i n de
r i v a t i v e s of the second v i r i a l terms. 

The second v i r i a l c o e f f i c i e n t s , Β^χ» are functions of i o n i c 
strength. Again an empirical choice was made among t h e o r e t i c a l l y 
p l a u s i b l e forms for Β^χ and the following was chosen with β'°' and 
Ê ' 1 ' parameters f i t t e d to the data for each solute. 

·* • «£' • C> *<°'1/2> <« 
« Μ ' 8 ' < « l " 2 ) / I , (8c) 

where the functions g and g ? are given by 

g(x) = 2C1 - (l + x ) e " X ] / x 2 (9a) 

g f (x) = -2[1 - (l+x+ \ x 2 ) e " X ] / x 2 (9b) 

1/2 
with χ = αϊ . I n Equations (8) the form given i s for 1-1 and 
1-2 e l e c t r o l y t e s f or which the value α = 2 was chosen emperically. 
For higher valence types, such as 2-2 e l e c t r o l y t e s , where there i s 
a tendency toward i o n - p a i r i n g , an a d d i t i o n a l term i s added and 
Equations (8) become 
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T l / 2 T l / 2 

• «S* * s'",'"2)+ ·£> * V 2> «« 
B M • «m* 8 ' ( « , I " 2 ) / I * B " ' g'(« 2 i 1 / 2 ) / i . «oo 

In t h i s case the values of = 1.4 and = 12.0 are assigned. 
The parameters, C^, are rela t e d to the tabulated parameters 

of P i t z e r and Mayorga (23) , C^, as follows, 

CMX  CSx/2IVx|1/2 <"> 
also the quantity Ζ i s defined to be 

Ζ = Y m. |z. Ι = 2 Y m ζ . (12) 
h ι 1 ι 1 L c c 
1 c 

The mixed e l e c t r o l y t e terms i n Θ and ψ account for d i f f e r 
ences among int e r a c t i o n s between ions of l i k e sign. The defining 
equations for the second v i r i a l c o e f f i c i e n t s , Θ.., are given by 
Equations (13), 1 J 

°ij = e i j + + l E e i j ( I ) ( 1 3 a ) 

0 i 3 = e i J + E 0 i 3 ( I ) ( 1 3 b ) 

θ!. = % ( ! ) (13c) 

θ.., a si n g l e parameter for each p a i r of anions or each p a i r of 
ca i i o n s , i s the only adjustable parameter i n Equations (13). 

The terms E 6 i j ( I ) and Εθ^(I) account for the e l e c t r o s t a t i c 
e f f e c t s of unsymmetrical mixing. Equations for c a l c u l a t i n g these 
terms were derived by P i t z e r (39); t h i s e f f e c t was discovered by 
Friedman (6) . The important features of ΕΘ_(Ι) and Ε θ ^ (I) are 
that they depend only on the charges of the 1*'ions i and j and the 
t o t a l i o n i c strength. They do not constitute a d d i t i o n a l para
meterization. E0£j(I) and Εθ^(I) are zero when the ions i and j 
are of the same charge. Although these terms are important f o r 
1-3 mixtures, such as HCl-AlClg, they did not appear to be r e a l l y 
needed for simple 1-2 mixtures. However, Harvie and Weare (37) 
have found these s p e c i a l e l e c t r o s t a t i c terms to be important f or 
the CaSO^-NaCl system and some more complex mixtures i n v o l v i n g 
s i n g l y and doubly charged ions. 
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Table I 

Parameters f or v i r i a l c o e f f i c i e n t equations at 25°C 

M X R ( 0 ) 
3MX MX β ( 2 ) 

3MX C* LMX 

Na Cl .07650 .2264 — .00127 

Na SO. 4 .01958 1.1130 — .00497 

K C l .04835 .2122 — -.00084 

K SO, 4 .04995 .7793 — 0 

Mg C l .3523 — 

Mg SO, 4 .22100 3.3430 -37.25 .025 

Ca Cl .31590 1.6140 — -.00034 

Ca S 0 4 .20000 2.650 -57.70 0 

Table I I 

Parameters f or mixed e l e c t r o l y t e s with the 
v i r i a l c o e f f i c i e n t equations (at 25°C) 

θ. . φ... 

Na K C l -.012 -.0018 
SO, -.010 
4 

Na Mg CI .07 -.012 
SO, -.015 
4 

Na Ca CI .07 -.014 
SO, -.023 4 

Κ Mg CI .0 -.022 
SO, -.048 4 

Κ Ca CI .032 -.025 
SO, 0 4 

Mg Ca CI .007 -.012 
SO, .05 4 

CI SO Na .02 .0014 
Κ 0 
Mg -.004 
Ca 0 
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I t would burden t h i s paper excessively to l i s t the parameters 
for a l l known e l e c t r o l y t e s , even at room temperature. As examples 
givin g the pattern of magnitudes as w e l l as values for widely 
appearing s a l t s , the values for the Na-K-Mg-Ca-Cl-SO^-^O system 
are l i s t e d i n Tables I and I I . Most of these are taken from 
P i t z e r and Mayorga (23) or P i t z e r and Kim (11) but a few were re
vised i n l a t e r work including that of Harvie and Weare (37). I t 
i s apparent that the pure-electrolyte parameters i n Table I are 
much larger than those for mixing of ions of the same sign i n 
Table I I . Also the second v i r i a l c o e f f i c i e n t s are much larger than 
the t h i r d v i r i a l c o e f f i c i e n t s i n Table I. 

Conclusions 

I t i s shown that the properties of f u l l y ionized aqueous 
e l e c t r o l y t e systems ca
tions over wide ranges
tems for which data are a v a i l a b l e over the f u l l range to fused 
s a l t . A simple equation commonly used for nonelectrolytes f i t s 
the measured vapor pressure of water reasonably w e l l and further 
refinements are c l e a r l y possible. Over the somewhat more l i m i t e d 
composition range up to saturation of t y p i c a l s a l t s such as NaCl, 
the equations representing thermodynamic properties with a Debye-
Hiickel term plus second and t h i r d v i r i a l c o e f f i c i e n t s are very 
successful and these c o e f f i c i e n t s are known for nearly 300 elec
t r o l y t e s at room temperature. These same equations e f f e c t i v e l y 
predict the properties of mixed e l e c t r o l y t e s . A stringent test 
i s offered by the c a l c u l a t i o n of the s o l u b i l i t y r e l a t i o n s h i p s of 
the system Na-K-Mg-Ca-Cl-SO^-^O and the calculated r e s u l t s of 
Harvie and Weare show excellent agreement with experiment. 
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24 
Current Status of Experimental Knowledge of 
Thermodynamic Properties of Aqueous Solutions 

RANDOLPH C. WILHOIT 
Thermodynamics Research Center, Texas A&M University, College Station, TX 77843 

The current state f knowledg f  solution  i  th
result of all that has
have formed a major part of modern science since its beginning. 
Theories of aqueous electrolytes have played a major role in the 
history of chemistry. 

We can recognize four main periods in the history of the 
study of aqueous solutions. Each period starts with one or 
more basic discoveries or advances in theoretical understanding. 
The first period, from about 1800 to 1890, was triggered by the 
discovery of the electrolysis of water followed by the investi
gation of other electrolysis reactions and electrochemical cells. 
Developments during this period are associated with names such 
as Davy, Faraday, Gay-Lussac, Hittorf, Ostwald, and Kohlrausch. 
The distinction between electrolytes and nonelectrolytes was 
made, the laws of electrolysis were quantitatively formulated, 
the electrical conductivity of electrolyte solutions was 
studied, and the concept of independent ions in solutions was 
proposed. 

The second period, from 1890 to around 1920, was charac
t e r i z e d by the idea of i o n i c d i s s o c i a t i o n and the equilibrium 
between neutral and i o n i c species. This model was used by 
Arrhenius to account for the concentration dependence of elec
t r i c a l conductivity and c e r t a i n other properties of aqueous 
e l e c t r o l y t e s . I t was reinforced by the research of Van ft Hoff 
on the c o l l i g a t i v e properties of solutions. However, the i n 
a b i l i t y of i o n i c d i s s o c i a t i o n to explain q u a n t i t a t i v e l y the 
properties of e l e c t r o l y t e solutions was soon recognized. 

The theory proposed by Debye and Huckel dominated the study 
of aqueous e l e c t r o l y t e s from around 1920 to near the end of the 
1950's. The Debye-Huckel theory was based on a model of e l e c t r o 
l y t e solutions i n which the ions were treated as point charges 
( l a t e r as charged spheres), and the solvent was considered to be 
a homogeneous d i e l e c t r i c . Deviations from ideal behaviors were 
assumed to be due only to the long range e l e c t r o s t a t i c forces 
between ions. Refinements to include ion-ion p a i r i n g and ion 
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hydration were eventually added. Most of the experimental work 
by physical chemists during t h i s period was done to discover the 
l i m i t i n g concentration dependence of various thermodynamic and 
transport properties at i n f i n i t e d i l u t i o n s and to compare such 
r e s u l t s to the predictions of the Debye-Huckel theory. It was 
found that the Debye-Huckel theory does predict the correct 
l i m i t i n g laws for a l l properties which have been s u f f i c i e n t l y 
studied. However, for some properties; i . e . , p a r t i a l molal 
enthalpy, the concentration must be very low. The f a i l u r e of 
the Debye-Huckel theory and i t s various modifications to account 
for properties of solutions more concentrated than a few tenths 
molal led to a stalemate i n further understanding of such solu
tions during the 1940 fs and the 1950 fs. 

The prevalence of water i n many i n d u s t r i a l processes has 
led to the accumulation of a large body of experimental data on 
aqueous solutions of bot
It i s commonly recognize
highly non-ideal, but u n t i l recent years, no t h e o r e t i c a l ex
planation was av a i l a b l e f or aqueous solutions of nonelectrolytes. 

The past f i f t e e n years or so have seen a decided resurgence 
i n theories of aqueous solutions. Although these theories are 
not the r e s u l t of any single event, the main components of t h i s 
f i n a l and fourth period can be recognized. 

The newer ideas incorporate s p e c i f i c i n teractions between 
water molecules and between water and solute molecules. They 
also make extensive use of the accumulated knowledge on the 
intermolecular structure and order of l i q u i d water and of the 
geometrical constraints which they imply. The new developments 
have been p a r t l y i n s p i r e d by the i n v e s t i g a t i o n of biochemists 
and b i o p h y s i c i s t s on the e f f e c t of water and aqueous solutes 
on the t e r t i a r y structure of b i o l o g i c a l macromolecules. Terms 
such as "hydrophobic bonding" and "structure making" and 
"structure breaking" solutes o r i g i n a t e from these studies. The 
spectacular r i s e i n the study of molten s a l t s during the past 
twenty years has also had an e f f e c t . F i n a l l y , the prevalence 
of computers i n recent years has made the use of more r e a l i s t i c , 
and thus more complicated, models possible. Computer simu
l a t i o n s of a l l kinds of f l u i d s have given important clues f or 
the behavior of solutes i n water. I t i s now apparent that the 
new theories not only are beginning to provide an understanding 
of moderately concentrated aqueous solutions of e l e c t r o l y t e s 
but also of nonelectrolytes and el e c t r o l y t e - n o n e l e c t r o l y t e s o l 
utions as w e l l . 

Figure 1 l i s t s the major i n d u s t r i a l processes that use 
thermodynamic data and the kind of data that are relevant. The 
design and use of d i s t i l l a t i o n columns are the largest consumers 
of thermodynamic data. The feed stream to most i n d u s t r i a l c o l 
umns contains at least several components. The predication of 
the operating c h a r a c t e r i s t i c s of such columns requires compli
cated c a l c u l a t i o n s , and much computer software has been written 
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I. Separation Processes 
A. Distillation 

Vapor-liquid equilibrium compositions, Κ-values, activity coeff., etc., 
azeotrope temperature and composition, enthalpy and heat capacity, 
heats of vaporization 

B. Solvent extraction 
Activity coefficients, distribution coefficients, equilibrium constants for 
reactions 

C. Ion-exchange 
Activity ceofficients, surface and absorption effects, equilibrium constants 
of reactions 

D. Crystallization from
Phase diagrams, solubilit

E. Osmosis 
Activity of solvent, volumetric data, properties at high pressure 

II. Heat and Mass Transport 
Enthalpy and heat capacity, volumetric properties, surface tension, transport 
properties 

III. Water Treatment 
Equilibrium constants for many reactions among electrolytes and non-electro
lytes, and solubility data under a wide range of conditions 
A. Boiler feed 
B. Waste water 
C. Sea water 

IV. Electrochemical Processes 
Thermochemical data, oxidation-reduction potentials, activity coefficients, 
surface properties 
A. Electrolysis 
B. Electroplating 
C. Storage cells and fuel cells 
D. Corrosion 

V. Chemical Manufacturing 
Thermochemical data 

VI. Metallurgy 
A. Hydrometallurgy 

Solubility, vapor pressure, distribution coefficient, reaction equilibria 
B. Electrometallurgy 

Electrode potentials, equilibrium constants 

Figure 1. Industrial processes that use thermodynamic data 
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f o r t h i s purpose. To separate components which have s i m i l a r 
b o i l i n g points or which form azeotropes, i t i s becoming increas
i n g l y common to feed additi o n a l components to the column. I f 
the a d d i t i o n a l substance i s v o l a t i l e and migrates p r i m a r i l y to 
the vapor stream, the process i s c a l l e d azeotropic d i s t i l l a t i o n . 
I f the a d d i t i o n a l substance stays i n the residue, the process i s 
c a l l e d extractive d i s t i l l a t i o n of aqueous solutions. The sep
arations of various alcohols, ethylene g l y c o l , a c e t i c acid, 
acetone, and n i t r i c a c id from water i s an example i n which ex
t r a c t i v e d i s t i l l a t i o n has been used or proposed. References 
(108) and (126) describe processes. 

Solvent extraction i s a major i n d u s t r i a l technique. The 
usual objective i s to s e l e c t i v e l y remove one or more solutes 
from a complex mixture. S e l e c t i v i t y usually depends on strong 
s p e c i f i c solvent-solute interactions or on the formation of 
complexes between ions  ligands  extractio
systems are l i k e l y to
to e x h i b i t large deviations from i d e a l i t y . The design of l i q u i d 
e x traction processes may require many kinds of data. References 
(31, 32, 55, 61, 81, and 118) are concerned s p e c i f i c a l l y with 
solvent ex t r a c t i o n . 

The treatment of b o i l e r feed water i s a s p e c i a l i z e d topic 
which depends strongly on empirical and proprietary methods. 
The problem of removing objectionable material from waste water 
streams has become acute i n recent years. Petroleum r e f i n e r i e s , 
coal processing plants, and many chemical manufacturing opera
tions produce large volumes of waste water. Because of govern
ment regulations and the increased need f o r energy e f f i c i e n c y , 
practices used i n the past may no longer be acceptable. Several 
aspects of t h i s problem have already been discussed i n t h i s 
symposium. The Thermodynamic properties of sea water have been 
extensively studied during the past decade. This has occurred 
because of t h e i r applications to oceanography and because sea 
water i s used i n some i n d u s t r i a l operations. References (21, 
37, 42, 48, 49, and 100) describe sea water. References (37, 
45, 48, 64, 108, 117, 118, 126, and 133) emphasize various i n 
d u s t r i a l applications f o r the thermodynamics of aqueous solutions. 
References (19^, 45_, 48, 64, 58, 99̂ , 119, 120, 121, 12̂ , 141, and 
142) report data at temperatures above the normal b o i l i n g point. 

Theoretical aspects of aqueous solutions are being d i s 
cussed by other speakers at t h i s session. Kruss (112) has w r i t 
ten a useful introduction to both t h e o r e t i c a l and experimental 
studies of soluti o n s . Additional reviews of modern theory may 
be found i n references (76, 813, S2_, 87_, 90-101, 111, 114, 116, 
119, 120, and 121) . By an extension of the Debye-Huckel equa
t i o n , P i t z e r and hi s co-workers (129, 130, 131, 134, 135, 141, 
143, and 144) have developed a popular mathematical model of the 
thermodynamic properties of aqueous e l e c t r o l y t e solutions. How
ever, i t i s my in t e n t i o n to provide a guide f o r the rapid l o c a 
t i o n of numerical values of thermodynamic properties of aqueous 
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solutions of importance to industry. 
For data on aqueous solu t i o n s , the engineer must s t i l l r e l y 

p r i m a r i l y , e i t h e r d i r e c t l y or i n d i r e c t l y , on experimental mea
surements. Figure 2 summarizes the p r i n c i p a l techniques f o r 
measuring thermodynamic properties. I t i s important to note that 
none of these are new. As most of these techniques have been 
used r e g u l a r l y for nearly eighty years and some fo r nearly one 
hundred years, each one i d e n t i f i e d i n Figure 2 has a long h i s t o r y 
of development and refinement. A l l have p a r t i c i p a t e d i n the 
general improvement i n accuracy and s o p h i s t i c a t i o n i n laboratory 
instruments over the years. S h i f t s i n the r e l a t i v e amounts of 
usage of d i f f e r e n t techniques have occurred during t h i s period. 
Many of these procedures are described i n reference (136). 

The measurement of the composition of phases i n mutual 
equilibrium has many d i r e c t a p p l i c a t i o n s . However, i t i s common 
to reduce such data t
include excess Gibbs energ
r e l a t i v e to some standard state, a c t i v i t i e s , a c t i v i t y c o e f f i 
c i e n t s , or Gibbs energy of tran s f e r from one solvent to another. 
These c a l c u l a t i o n s depend on the fact that the chemical p o t e n t i a l 
of any component i s the same i n a l l phases i n mutual equilibrium. 
Phase equilibrium measurements at d i f f e r e n t temperatures allow 
the c a l c u l a t i o n of the corresponding enthalpy, entropy, and heat 
capacity. 

Most data on vapor - l i q u i d e q u i l i b r i a i n which at least two 
components are v o l a t i l e , have been obtained by the use of some 
kind of r e c i r c u l a t i n g ebulliometer. The l i q u i d mixture i s b o i l e d 
i n a closed system u n t i l a steady state i s reached. Then the 
temperature i s noted and samples of the l i q u i d and vapor phases 
are withdrawn f o r analysis. The constraints of mass balance and 
of the Gibbs-Duhem equation impose functional dependence among 
the chemical p o t e n t i a l s of the components of the system. Thus 
much e f f o r t has been devoted to devising methods of t e s t i n g data 
obtained by ebulliometers f o r thermodynamic consistency. I t i s 
possible to cal c u l a t e the chemical p o t e n t i a l s of the components 
i n a system consisting of l i q u i d and vapor phases at equilibrium 
from observations on only the t o t a l vapor pressure as a function 
of composition. This technique avoids the thermodynamic consis
tency problem, as well as many other d i f f i c u l t i e s , with the use 
of ebulliometers. Vapor pressures of mixtures are usu a l l y mea
sured by a s t a t i c technique i n a sealed system. The c a l c u l a t i o n 
of chemical p o t e n t i a l s from t o t a l vapor pressure data i s much 
more d i f f i c u l t than i t i s from ebulliometric data, but the ready 
a v a i l a b i l i t y of computer algorithms for t h i s c a l c u l a t i o n has 
eliminated t h i s disadvantage f o r binary solutions. 

The i s o p i e s t i c method has been used frequently to measure 
the vapor pressure of aqueous solutions of nonvolatile solutes. 
In t h i s technique, two or more solutions are placed i n separate 
cups and stored i n a sealed container. A l l the cups are open 
to a common vapor space. A i r i s removed from the container and 
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I. Phase Equilibria - Gibbs Energy and Related Properties as Functions of 
Composition 
A. Vapor-liquid 

1. Ebulliometry 
2. Total vapor pressure (direct and isopiestic) 

B. Freezing point 
C. Solubility 
D. Osmotic pressure 

II. Calorimetry — Enthalpy and Heat Capacity 
A. Thermochemistry (heats of reaction) 
B. Solution, mixing, dilution 
C. Heat capacity 

III. Volumetric Measurements 
A. Density and volume 
B. Sound velocity (adiabatic compressibility) 

IV. Electrochemical Measurements - Gibbs Energy and Related Quantities for 
Chemical Reactions 
A. Reversible cell potentials 
B. Polarography 
C. Electrical conductivity 

V. Equilibrium Constants of Chemical Reactions - Gibbs Energy, Enthalpy, 
Entropy for Reactions 
A. Potentiometric 
B. Spectrophotometric 
C. Thermometric 

Figure 2. Techniques for measuring thermodynamic properties 
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i t i s shaken gently for a period of time i n a c a r e f u l l y thermo-
statted environment. Water d i s t i l l s back and f o r t h between the 
d i f f e r e n t solutions u n t i l they a l l a t t a i n the same vapor pres
sure. Generally several days are required to reach equilibrium. 
The solutions are then removed and t h e i r concentrations are mea
sured. One of the solutions i s a standard whose vapor pressure 
as a function of temperature has been established by other 
methods. Thus the vapor pressures of a l l the other solutions 
are also determined at the equilibrium concentration. 

Roughly h a l f of the data on the a c t i v i t i e s of e l e c t r o l y t e s 
i n aqueous solutions and most of the data f o r nonelectrolytes, 
have been obtained by i s o p i e s t i c technique. I t has two main 
disadvantages. A great deal of s k i l l and time i s needed to ob
t a i n r e l i a b l e data i n t h i s way. It i s impractical to measure 
vapor pressures of solutions much below one molal by the i s o 
p i e s t i c technique becaus
reach equilibrium. Thi
c a l c u l a t i o n of a c t i v i t y c o e f f i c i e n t s of nonelectrolytes, but the 
c a l c u l a t i o n for e l e c t r o l y t e s requires data at lower concentra
t i o n s , which must be obtained by other means. 

From a thermodynamic standpoint, freezing point measure
ments and i s o p i e s t i c measurements are s i m i l a r since both y i e l d 
d i r e c t l y the a c t i v i t y of the solvent. When done c a r e f u l l y , 
freezing point data can generate a c t i v i t y c o e f f i c i e n t values at 
concentrations down to 0.001 molal. During the f i r s t h a l f of 
t h i s century, much a c t i v i t y c o e f f i c i e n t data was obtained from 
freezing point measurements. However, the popularity of t h i s 
technique has decreased and i s seldom used for aqueous solutions 
at the present time. 

The design and operation of solution calorimeters i s an 
extensive t o p i c . Reference (125) reviews modem calorimetry and 
i d e n t i f i e s e a r l i e r discussions. The thermometric t i t r a t i o n type 
of calorimeter has been perfected during the past f i f t e e n or 
twenty years. It i s e s p e c i a l l y useful for measuring heats of 
reaction that take place i n several steps. The a v a i l a b i l i t y of 
advances i n thermometry has had a major e f f e c t on calorimetry. 
New types of thermometers include s e n s i t i v e and r e l i a b l e ther
mistors and quartz c r y s t a l thermometers. 

Reversible c e l l p o t e n t i a l s have been the source of much 
thermodynamic data on aqueous e l e c t r o l y t e s . In recent years, 
t h i s technique has been extended to nonaqueous solutions and to 
molten s a l t systems. Its use for aqueous solutions, r e l a t i v e to 
other techniques, has decreased. Various ion s p e c i f i c elec
trodes have been developed i n recent years. These are used 
p r i m a r i l y i n a n a l y t i c a l chemistry and have not produced much 
thermodynamic data. 

Figures 3 and 4 i l l u s t r a t e some trends i n the p u b l i c a t i o n 
of experimental data from 1931 to 1976. They graph the number of 
a r t i c l e s appearing during c e r t a i n selected years for the f o r t y -
four year period. A r t i c l e s published before 1967 were i d e n t i f i e d 
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by a scan of appropriate sections of Chemical Abstracts. From 
1967 to 1976, they were i d e n t i f i e d by searching the b i b l i o g r a p h i c 
section of the B u l l e t i n of Chemical Thermodynamics (1). At t h i s 
time, only two volumes of the B u l l e t i n have been issued since 
1976. Since at leas t three volumes are needed to c o l l e c t a l l 
references for a p a r t i c u l a r year, the count for 1976 i s probably 
about 20% low. Only those papers which reported quantitative 
measurements of equilibrium thermodynamic properties of w e l l -
defined systems were counted. Aqueous systems were defined as 
those i n which water i s a major component. Studies on c o l l o i d s 
or polymers were not included. 

The o v e r a l l increase i n rate of p u b l i c a t i o n r e f l e c t s the 
general trend i n s c i e n t i f i c l i t e r a t u r e . However the slump during 
the 1940-1960 period i s obvious, and a peak during the e a r l y part 
of the 1970's i s suggested. Figure 3 graphs the measurements 
derived from phase equilibriu
properties of a single
components. They are c l a s s i f i e d according to the type of com
ponents other than water. The figure shows the rapid increase 
i n studies of nonelectrolytes and i n e l e c t r o l y t e - n o n e l e c t r o l y t e 
systems during the past f i f t e e n years. Figure 4 shows the num
ber of a r t i c l e s which report data on electrode and c e l l poten
t i a l s , on thermodynamic properties of i o n i c reactions, and on 
transport properties. I t points out the great popularity of 
i o n i c equilibrium studies during the period of 1967-1970. 

The largest increase i n experimental measurements on aqueous 
solutions has been i n those designed to furnish information on 
molecular i n t e r a c t i o n s and order. These techniques, along with 
the kinds of information which can be derived from them, are out
l i n e d i n Figure 5. Although the p r i n c i p l e s behind a l l these 
techniques have been known fo r many years, advances i n i n s t r u 
mentation and i n data c o l l e c t i o n have encouraged t h e i r wide
spread a p p l i c a t i o n to solutions of a l l kinds. The use of mass 
spectrometry to study i n t e r a c t i o n s between i s o l a t e d solvent and 
solute molecules has been perfected l a r g e l y w i t h i n the past ten 
years. This topic i s reviewed i n reference (113). 

The l i s t of 145 references at the end of t h i s chapter has 
been c o l l e c t e d to help those looking f o r numerical values of 
thermodynamic properties of aqueous solutions f o r i n d u s t r i a l 
a p p l i c a t i o n s . The emphasis has been p r i m a r i l y on items published 
since 1964, although a few older ones of special u t i l i t y have 
been included. 

The f i r s t group consists of eleven bibliographies on various 
aspects of the thermodynamics of aqueous solutions. Extensive 
bibliographies may also be found i n many other references i n 
the l i s t . The B u l l e t i n of Chemical Thermodynamics (formerly the 
B u l l e t i n of Thermodynamics and Thermochemistry), reference (1_), 
deserves s p e c i a l mention. This document i s issued annually 
under the sponsorship of the International Union of Pure and 
Applied Chemistry (IUPAC). I t began p u b l i c a t i o n under the 
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I. Spectroscopic Techniques 
A. Infrared and Raman — vibrational energy levels 

Vibration-translation energy transfer, solute-solvent interaction, H-bonds, 
ion pairs 

B. Nuclear Magnetic
Molecular conformations, solute-solvent interactions, chemical reactions 

II. Ultrasonic Absorption — Relaxation Phenomena Involving Τ and Ρ Changes 
Molecular conformations, solute-solvent interactions, chemical reactions 

III. Dielectric Relaxation — Relaxation Phenomena Involving Electric Moment 
Changes 

IV. Scattering Phenomena 
A. X-Ray — electron density 

Structure and order at molecular level, radial distribution function 
B. Light — density and concentration fluctuations 

Orientation relaxations, long range order 
C. Neutron — nuclear position 

Molecular rotation, diffusion, chemical equilibria 
V. Ion-Molecule Reactions in the Gas Phase — Mass Spectra 

Thermochemistry of ion-solvent reactions, proton affinity 
VI. Computer Simulations — Testing of Models 

A. Monte-Carlo 
B. Molecular dynamics 

Figure 5. Techniques for studying intermolecular forces and structure 
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editorship of H. A. Skinner i n 1955. Professor Edgar Westrum 
served as edi t o r from 1965 to 1976, and Dr. Robert D. Freeman 
has served since that time. I t was not comprehensive or widely-
c i r c u l a t e d u n t i l 1963. I t i s an i n t e r n a t i o n a l cooperative 
project. For the past f i f t e e n years, the Offi c e of Standard 
Reference Data of the National Bureau of Standards has supplied 
a major f i n a n c i a l subsidy f o r the work. 

Each issue of the B u l l e t i n consists of two major parts. 
One part presents b r i e f descriptions of work on thermodynamics 
and thermochemistry i n progress at the time, which are submitted 
by research investigators from around the world. The other part 
consists of a substance-property index and a bibliography of 
published l i t e r a t u r e . This l a t t e r part i s separated into four 
main sections: Organic substances, organic mixtures, inorganic 
compounds and mixtures, and b i o l o g i c a l systems. Since 1970, 
the substance-property
Bureau of Standards by
by tapes prepared by cooperating i n s t i t u t i o n s . The B u l l e t i n 
also contains news items and other information about developments 
i n chemical thermodynamics. Details about the contents and 
ins t r u c t i o n s f o r ordering copies can be obtained from Professor 
Freeman (see reference (1)). 

The second group of c i t a t i o n s i d e n t i f i e s compilations of 
numerical data. Additional s p e c i a l i z e d tables can also be 
found i n some of the references l i s t e d i n the t h i r d and fourth 
groups. References (13) and (14) are the l a s t two volumes of a 
four volume compilation of properties of mixtures prepared by 
J. Timmermans. They contain a large compilation of various 
properties of aqueous solutions c o l l e c t e d from a l l the previous 
l i t e r a t u r e . They are neither complete nor s e l e c t i v e , however. 

References (20, 22, 23, 24, 29, and 74) comprise the ser i e s 
of Technical Notes 270 from the Chemical Thermodynamics Data 
Center at the National Bureau of Standards. These give selected 
values of enthalpies and Gibbs energies of formation and of 
entropies and heat capacities of pure compounds and of aqueous 
species i n t h e i r standard states at 25 °C. They include a l l i n 
organic compounds of one and two carbon atoms per molecule. 
They also l i s t enthalpies of formation at a series of concentra
tions f o r many solutes i n water. 

There are four other major projects which are conducting 
continuing and systematic compilations of evaluated thermodynamic 
data on aqueous solutions. One of these i s the E l e c t r o l y t e Data 
Center of the National Bureau of Standards. Publications of 
t h i s and rel a t e d groups at NBS are c i t e d i n references (10, 11, 
17, 2J5, 52_, 59, 63̂ , 71_, 72_, 73̂ , 122, and 139). This work w i l l 
be described more f u l l y by Dr. Staples i n the f i f t h lecture of 
t h i s session. 

The Deutsche Gesellschaft fur Chemisches publishes a series 
of data compilations under the DECHEMA series. I t i s intended 
p r i m a r i l y for engineering a p p l i c a t i o n s . Reference (50) c i t e s 
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tables f o r aqueous nonelectrolyte solutions from t h i s s e r i e s . 
Another continuing project on aqueous nonelectrolytes i s 

the International Data Series B. The e d i t o r i s Dr. J. A. Larkin 
of the National Physical Laboratory i n England. It i s published 
i n the form of supplements of loose-leaf sheets and issued at 
i r r e g u l a r i n t e r v a l s of a few months. Each sheet i s prepared and 
submitted by an author or authors. The data are presented i n a 
standard format and must follow c e r t a i n rules with regard to 
kind of properties, s t y l e , u n i t s , and kind of a u x i l i a r y i n f o r 
mation to be included. Standard table formats have been designed 
fo r each kind of property included. Each table i s reviewed by 
an editor s p e c i a l l y selected from an in t e r n a t i o n a l panel. 

The data may be the r e s u l t of o r i g i n a l measurements not 
previously published, data which have been published elsewhere 
but have been modified to conform to the requirements of IDS B, 
or compilations gathere
national Data Series combine
search journal with those of a data compilation. 

The f i r s t issue of IDS Series Β appeared i n 1978 and con
tained 66 data sheets. Two issues containing about the same 
number of data sheets are planned f o r 1979. 

IDS Series Β i s a companion project to the International 
Data Series A. Series A reports data on nonaqueous organic 
mixtures. It i s published by the Thermodynamics Research Center 
at Texas A CM U n i v e r s i t y i n College Station, Texas. The 
Executive O f f i c e r i s Professor Bruno J. Zwolinski. The general 
objectives and manner of processing data are quite s i m i l a r f o r 
the two series of IDS. Series A started p u b l i c a t i o n i n 1973 
and about 750 data sheets have been issued. Other sections, or 
ser i e s , of IDS are planned, including a series on e l e c t r o l y t e s , 
one on metal a l l o y s , and one on mixtures of special importance 
to industry. The e d i t o r - i n - c h i e f of IDS Series A i s Henry V. 
Kehiaian of M a r s e i l l e , France. 

The f i n a l major continuing project i s the S o l u b i l i t y Data 
Project, which i s sponsored by the International Union of Pure 
and Applied Chemistry (IUPAC). The project has been underway 
for several years, and the r e s u l t s are appearing as a series of 
volumes of the " S o l u b i l i t y Data Series". The c o l l e c t i o n , com
p i l a t i o n , and evaluation of data are being c a r r i e d out by a 
large s t a f f of experts i n each area on a world-wide basis. The 
f i r s t eight volumes have been announced f o r 1979. References 
(67, 68, 69, and 70) are scheduled f o r p u b l i c a t i o n i n 1979 and 
1980. Dr. A. S. Kertes of Is r a e l i s e d i t o r - i n - c h i e f of the 
se r i e s . 

Special mention should be made of recently published v o l 
umes of the Landolt-Bornstein Tables, references (35) and (51). 
These contain a large amount of data on aqueous solutions pre
sented i n a compact form. Reference (58) c i t e s a new handbook 
on the thermodynamic properties of inorganic compounds. I t 
gives tables of enthalpy, Gibbs energy, entropy, and heat 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



480 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Electrolytes Electrolyte 
Non-electrolyte 

Non-electrolyte 

Phase Equilibria 
Gas Solubility 

Vapor-Liquid 

Condensed Phases 

Gibbs Energy & Derived 
Properties 

Enthalpy & Heat 
Capacity 

Volumetric Properties 

Transport Properties 

Thermochemical and 
Chemical Equilibria 

Electrode & 
Cell Potentials 

Distribution 
Coefficients 

13.14.18.19, 
21,57,64,99 
13,14,28,36, 
41,43,67,70 

13,14,25,26, 
40,42,52,53
57,58,59,65
66,71,72,73, 
87,119,122, 
128,130,131, 
134,140 
13.14.17.20, 
22,23,24,29, 
33,42,48,51, 
74,94,120, 
141,144 
13,14,21,41, 
49,51,57,75, 
91 
13,14,21,38, 
48,57,76 
16,20,22,23, 
24,29,33,34, 
43,45,47,55, 
58,61,62,63, 
64,69,74,80, 
85,115,117 

30,43,60 

31,32,55,61 

37,64,123,124, 
127 
108,126 

37 

12,64,95,108, 

108 

44,54,88,102, 
111,138 
14,18,27,34,35, 
50,56,57 
14,15,37,43,44, 
56,68,99,104, 
111,137 
14,15,56,57, 

14,17,20,22,23, 
24,29,51,56,74 

14,51,56,57 

14,38,57 

20,22,23,24,29, 
43,74 

31,32,55,61 

Note: Numbers refer to references cited in Bibliography. 

Figure 6. Index to sources of compiled or correlated properties 
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capacity over a range of temperatures f o r both pure compounds 
and ions i n so l u t i o n . 

The t h i r d section of the reference l i s t i d e n t i f i e s t r e a t i s e s 
and reviews which deal p r i m a r i l y with the t h e o r e t i c a l aspects of 
aqueous solutions. Many of them contain some numerical data as 
we l l . The section e n t i t l e d Miscellaneous Reports c i t e s r e f e r 
ences which give useful methods of c o r r e l a t i n g and p r e d i c t i n g 
data and also discussions of special and re l a t e d topics. 

Figure 6 i s an index to numerical compilations of data 
according to the class of property and type of solute. Although 
an impressive number of compilations have been published i n the 
past f i f t e e n years, only a small f r a c t i o n of the s c i e n t i f i c 
l i t e r a t u r e on aqueous solutions has been covered. In s p i t e of 
the increasing volume of data on mixtures of e l e c t r o l y t e and 
nonelectrolyte solutes which i s being produced, there are few 
comprehensive compilation h systems  Accordingly  th
engineer who needs thermodynami
often must s t i l l spend  grea g  primary 
l i t e r a t u r e . 
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25 
Prediction of Activity Coefficients of Strong 
Electrolytes in Aqueous Systems 

H. P. MEISSNER 

Chemical Engineering Department, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

In planning the processing of an aqueous solution containing 
more than one strong electrolyte
a) upon evaporation, whic
b) at what concentration will precipitation start, c) how much 
precipitation will occur as evaporation proceeds before a second 
electrolyte starts to co-precipitate, and d) what is the effect 
of temperature on this behavior. Answers require information on 
the activity coefficients of the solution components over the 
composition and temerature ranges of interest. The object here 
is to review a simple empirical method for predicting these 
activity coefficients, which involves the use of a single charac
teristic constant for each cation-anion combination present. 
This constant is unchanged by the presence of other electrolytes, 
and is readily derived from experimental measurements. 

Electrolyte Characterization. The generalized dissociation 
of a strong electrolyte is as follows: 

(1) 

where subscripts i and j designate the cation A and the anion Β 
respectively, with zi and zj being the ion charges, and vi and 
vj the stoichiometric c o e f f i c i e n t s , whose sum ( v . + v . ) i s design-
J ι J 

nated as ν... The ion charges ζ. and ζ. are used to characterize 
i j J ι 

el e c t r o l y t e s ; thus NaCl, NH^NO^ etc are 1:1 e l e c t r o l y t e s , MgCl^ 
i s a 2:1 e l e c t r o l y t e , etc. E l e c t r o l y t e s l i k e MgC^ forming an 
ion having a charge greater than unity are c a l l e d higher e l e c t r o 
l y t e s . Values of ζ and ν for t y p i c a l e l e c t r o l y t e s are l i s t e d i n 
Table 1. 

In a sol u t i o n of a singl e e l e c t r o l y t e , here c a l l e d a "pure 
s o l u t i o n " , subscripts 1 and 2 are used to designate cations and 
anions respectively. When more than two ions are present, then 
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the s o l u t i o n i s c a l l e d a "mixed" s o l u t i o n , with cations i d e n t i f i e d 
by the odd integers 1,3,5, et c . , and anions by the even integers 
2,4,6, etc. Concentrations are expressed both i n m o l a l i t i e s and 
i n i o n i c strength u n i t s , related as follows for ions: 

I . = O.Sim.z. 2); 1. = 0.5(m j Z j
2) (2) 

The t o t a l i o n i c strength of solutions i s defined as I T , where 

2 2 2 I T = 0.5(m 1z 1 + m 2z 2 + m^z^ + ...) (3) 

A superscript "°" w i l l be used to designate a pure s o l u t i o n , for 
which I T therefore becomes I° 2 . I t i s e a s i l y shown (1_) that for 
a pure s o l u t i o n , I° 2 i
ap p l i c a t i o n of these equations
strengths for pure solutions of t y p i c a l e l e c t r o l y t e s having a 
mo l a l i t y of unity are shown i n Table 2. 

A c t i v i t y C o e f f i c i e n t s . The mean i o n i c a c t i v i t y c o e f f i c i e n t s 
of a cation-anion p a i r (here shortened to " a c t i v i t y c o e f f i c i e n t " 
for convenience) are d i r e c t l y measureable i n pure and occasional
l y i n mixed solutions. The mean i o n i c a c t i v i t y c o e f f i c i e n t i s 
designated as γ?. i n pure s o l u t i o n and γ.. i n mixed s o l u t i o n . 
In t h i s development, attention i s focused e x c l u s i v e l y on a c t i v i 
ty c o e f f i c i e n t s of cation-anion p a i r s , with no use being made 
of a c t i v i t y c o e f f i c i e n t s of i n d i v i d u a l ions. 

E l e c t r o l y t e s i n Pure Solution. I t has been found that i n 
pure s o l u t i o n (2) at any constant temperature, experimentally 

1/z ζ 
determined values of the term (Ύ^) 1 2 , when plotted against 
I° 2 f o r various e l e c t r o l y t e s , form the curve family of figure 1. 
„ . / Οχ1/ζ 1ζ 0 i s designated as Γ° and c a l l e d the For convenience, (γ ) 1 2 & 12 
"reduced a c t i v i t y c o e f f i c i e n t " . The data points at 25°C for s i x 
d i f f e r e n t e l e c t r o l y t e s are plotted on F i g . 1 to show t y p i c a l 
agreement with the isotherms presented. These curves are drawn 
from an a n a l y t i c a l equation which was f i t t e d to published 
a c t i v i t y c o e f f i c i e n t data i n pure solutions at 25°C for about 100 
d i f f e r e n t e l e c t r o l y t e s (3). By t h i s equation, γ° 2 at a given 
temperature i s uniquely determined by two f a c t o r s , namely the 
t o t a l i o n i c strength I° 2 and the quantity q°2« The term q° i s a 
constant for each curve i n figure 1, but d i f f e r s from one curve 
to the next. Each e l e c t r o l y t e , therefore, can be characterized 
by i t s q° value at 25°C The a n a l y t i c a l equation involved i s 
presented below, and i s applied to pure solutions by using 1°. 
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Table I 

NaCl 
CaCl 2 

(NH 4) 2S0 4 

MgS04 

A 1 2 ( S 0 4 ) 3 

I l l u s t r a t i v e Values of ν and ζ 

V . 1 ν . 
_J

ζ . 
1 

ζ . 
_J

ζ . : ζ . 
1 1 

1 2 3 2 1 2:1 
2 1 3 1 2 1:2 
1 1 2 2 2 2:2 
2 3 5 3 2 3:2 

Table I I 
Values of 1° i n Pure Solution f o r a M o l a l i t y (m. . ) of Unity 

_ i l _ i l _ J L _ ! _J_ _J_ 
NaCl 1 1 1 1 / 2 1 1/2 
CaCl 2 1 3 1 2 2 1 
(NH 4) 2S0 4 1 3 2 1 1 2 
MgS04 1 4 1 2 1 2 
A 1 2 ( S 0 4 ) 3 1 15 2 9 3 6 
Na.PO. 1 6 3 11/2 1 4 1/2 
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Ionic S t r e n g t h , I 

American Institute of Chemical Engineering 

Figure 1. Typical isotherms for various electrolytes of the reduced activity 
coefficients vs. the total ionic strength (data points presented at 25°C): (0) LiBr; 
Ο HCI; (%) LiCl; (U) CaCl,; (*) Pb(ClOhh; (O) Ca(N03)2; ( + ) ΝΗ>Ν03; 

(Q)AgNO, (3) 
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for I , and for <1· 

Γ° = [1 + B ( l + 0.1I) q - Β]Γ* (4) 

where 

Β = 0.75 - 0.065q 

r * -0.5107/Ϊ 
l o g i o r * = 1 + C/I 

C = 1 + 0.055q exp (-0.023I3) 

Equation 4, which i s obviously an extended Debye-Hiickel equation, 
involves only the independent variables I and q . While appear
ing formidable at f i r s t inspection  equation 4 i s e a s i l y solved 
for Γ°, even on a hand
a graphical s o l u t i o n t

The curves of Figure 1 are re-drawn as Figure 2, with the 
associated q° values for each curve indicated i n the margins. 
Knowing an e l e c t r o l y t e ' s q° value, Γ° can be obtained gr a p h i c a l l y 
from Figure 2, or from equation (4) at any i o n i c strength 1°, 
even fa r i n the region of supersaturâtion. S i m i l a r l y , a sin g l e 
experimental point of Γ° versus 1° s u f f i c e s to locate the e n t i r e 
curve for an e l e c t r o l y t e i n the curve family of Figure 2, and 
so determines i t s value of q°. Other methods of determining q° 
involve use of so l u t i o n vapor pressures (1) s o l u b i l i t i e s i n 
mixed so l u t i o n s , or published estimation methods (2). 

The isotherms i n Figure 2 cover the commonly encountered 
range of q° values from -2.6 to +9. Values of q° calculated from 
experimental γ° 2 data presented i n the l i t e r a t u r e for 120 d i f f e r 
ent strong e l e c t r o l y t e s have been complied (3), with a selected 
few of these values l i s t e d i n the f i r s t column of table 3. 

Effect of Temperatures. The isothermsof e l e c t r o l y t e s at any 
temperature between 25°C and 120°C a l l f a l l i n t o the curve family 
of Figure 1, and so conform to equation 4. However, an el e c t o -
l y t e ' s isotherm generally s h i f t s somewhat i n p o s i t i o n as tempera
ture changes, due to a change i n q°. Knowing q° 2

 a t 25°C, i t s 

value at other temperatures i s obtained by the empirical equation 

qt°C = q25°C 
where t i s i n °C. The temperature e f f e c t on q appears to be 
better predicted by t h i s equation than by those published e a r l i e r 
Ç3) . As indicated by t h i s equation, q° decreases with temperature 
when q° 5 i s p o s i t i v e , increases when q^ 5 i s negative, and remains 
unchanged when q° i s zero. 

0.0027(t - 25) 
Z 1 Z 2 

(5) 
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1 2 3 4 5 6 7 8 9 10 20 X 4 0 50 60 70 8090100 

Ionic Strang*, I 

American Institute of Chemical Engineering 

Figure 2. Isothermal "q" lines showing variation of the reduced activity coeffi
cients vs. the total ionic strength. The dotted lines, which apply only to 1:1 electro
lytes, show the activity of water. This plot applies at any constant temperature (3). 
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Table I I I 
Water A c t i v i t i e s i n Pure Solutions 

q25 
q i o o ° c 

Eq.(5) 
ττ 

Eq.(3) 

w,100°C 
Experiment 

from Eq.(6) (3,12) 

A 1 2 ( S 0 4 ) 3 0. 36 0
A1C1 3 1. 92 1. 79 18 0.58 0.58 
BeSO, 4 0. 45 0. 43 24 0.77 0.79 
CuSO^ 0. 0 0. 0 14 0.93 0.92 
HCI 6. 69 5. 33 11.7 0.37 0.41 
KN03 -2. 33 -1. 86 10 0.84 0.81 
KH oP0* 2 4 -2. 5 -2. 0 6 0.89 0.86 
MgCl 2 2. 9 2. 61 12 0.70 0.69 
MgS04 0. 15 0. 14 12 0.93 0.94 
Na 2C0 3 0. 2 0. 18 12 0.83 0.86 
NaHC03* 0. 63 0. 50 10 0.70 0.69 

2 4 -1. 94 -1. 80 6 0.90 .89 
NaOH 3. 0 2. 4 19 0.3 0.28 
NH.N0o 4 3 -1. 15 -0. 92 10 0.78 0.76 
Pb(N0 3) 2 -1. 0 -0. 90 9 0.94 0.92 

* Acid s a l t s of debasic acids act l i k e 1:1 e l e c t r o l y t e s ; for 
t r i b a s i c acids, dihydrogen s a l t s act l i k e 1:1 e l e c t r o l y t e s , 
monohydrogen s a l t s act l i k e 1:2 e l e c t r o l y t e s (11). 
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Vapor Pressures. The a c t i v i t y of water over a pure s o l u t i o n 
of a strong e l e c t r o l y t e can be calculated at any temperature by 
rearrangement and in t e g r a t i o n of the Gibbs equation (1), with 
r e s u l t s as follows: 

Γ° 
-55.5 loga° = + 2 w z±z2 

Q T l 2 d l n r l 2 (6) 

The i n t e g r a l term i n equation (6) can be evaluated with the help 
of equation (4), ei t h e r g r a p h i c a l l y or by use of a simple 
computer program. A general s o l u t i o n to equation (6) has been 
made for 1:1 e l e c t r o l y t e s , with r e s u l t s presented gra p h i c a l l y 
as the dotted l i n e s l a b e l l e d (a°)1 - i n Figure 2. Thus knowing 

strength and temperatur  b d d i r e c t l  fro  Figur  2  Thi
figure can also be use

ι J 
e l e c t r o l y t e s by obtaining ( a^)^.]_ a t t n e <1° a n d 1° values of 
i n t e r e s t , and then correcting ( a 0 ) - Ί by use of the following 

w 1:1 

equation (1) : 

1 ο ^ Ζ ι ζ 2 - ° · 0 1 5 6 I12< 1 - > + l o S < a ; > l : l ( 7 ) 

A general test of Equations (4), (5) and (6) involves c a l c u l a t i n g 
the a c t i v i t y of water at some convenient i o n i c strength for a 
pure s o l u t i o n at 100°C, knowing only the q° value at 25°C for 
the e l e c t r o l y t e at issue. Values of (a°) calculated i n t h i s 

w Z l z 2 

fashion for various e l e c t r o l y t e s are l i s t e d i n table 3, along 
with experimental values for the same condition. Inspection shows 
agreement i s t y p i c a l l y w e l l w i t h i n 10%. Greater success i s 
i n v a r i a b l y attained at lower i o n i c strengths than those l i s t e d . 
The same r e s u l t s would, of course, be attained by the use of 
Figure 2 i n place of equation (6). 

Mixed Solutions. A mixed s o l u t i o n i s prepared by d i s s o l v i n g 
Ν12' Ν23' N34' e t c * m ° l e s °f t n e indicated e l e c t r o l y t e s i n t o at 
least enough water to bring then a l l into s o l u t i o n . The t o t a l 
i o n i c strength I attained depends on how much water i s used. 
However, regardless of the amount of water added, for a given set 
of values of N^ 2, N,^, , etc., the composition on a dry basis 
of a l l the solutions made and also the r a t i o s I ^ / I T , I^/I^y I^/I^9 

e t c . , obviously remain constant. 
For a set of solutions of constant dry composition, prepared 

as j u s t indicated, the values of Γ 1 0 . plotted against I_ at 
lz,mix 1 
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any f i x e d temperature, again are found to form a curve f a l l i n g 
into the curve family of Figure 2. This curve i s i d e n t i f i e d by 
q12 mix w ^ t n t n e subscript 12,mix showing that the indicated 
e l e c t r o l y t e e x i s t s i n a mixed s o l u t i o n . A l l other ion pairs i n 
t h i s mixed s o l u t i o n behave s i m i l a r l y , i n that the curves of 
Γ 0 0 . versus I _ , Γ 0 / . versus I m , e t c . , again f a l l i nto the 23,mix T' 34,mix Τ ' & 

curve f a l m i l y of Figure 1. Thus, i f q 1 0 . i s known for t h i s J & ' U2,mix 
mixture, then the value of Γ1_ . at any desired I_ can again 

12,mix Τ 
be read d i r e c t l y from the appropriate curve of Figure 2, or 
al t e r n a t i v e l y calculated from equation (4). Note therefore that 
equation (4) applies to a mixed s o l u t i o n a f t e r s u b s t i t u t i n g Γ 0 . , I , and q_ 0 . for Γ° and q° 0 12,mix' T' ^12,mix 12' 12 n12. 

It i s found that for a given ion p a i r at any temperature, 
q 1 ? . i n a mixture i, mix l
sol u t i o n . On the othe , q- 0 y  weighte

12,mix 
average of the q°_. values of selected ion pairs present, calcu
lated with the following isothermal ecmation: 

h h h h h 
_ -*-0 ι - 'Ο ι - ' ο ι ^~ Ο ι _ Ο 
«12.mix ^ «112 + «32 + Ζ «52 + «12 + 1̂  «14 

This equation applies to any system of three cations and three 
anions between 0°C and 120°C Terms are added or removed from 
equation (8) as ions are added or eliminated from the s o l u t i o n 
under study. Thus when a fourth cation i s present, then the term 
! 7 

— q° i s added. S i m i l a r l y i n a three ion s o l u t i o n containing 
Τ 

only MgCl 2 and NaCl, with q° values at 25°C of 2.90 and 2.23 
re s p e c t i v e l y , equation (8) reduces to: 

_ V + + » + h ^ : a o + ± ç n n o ( 9 ) 

M S C 1 2 , m i x ~ *T M 8 C 1 2 XT N a C 1 *T M g C 1 2 

In t h i s mixed s o l u t i o n , when ro^^ S o e s t o zero r e l a t i v e to ro^g^ 
then by equation (9), q., . i s c o r r e c t l y shown to equal 

nMgCl 2,mix J 

q° η Λ . A further test of t h i s r e l a t i o n involves the c a l c u l a t i o n ^MgCl 2 

2 
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at 25°C of the a c t i v i t y c o e f f i c i e n t s of trace amounts of MgCl^in a 
strong s o l u t i o n of NaCl, and the reverse, as follows: 

a) Trace MgCl 2 i n NaCl. In 3 molal NaCl(I T=3), by equations 
(8) or (9), q ^ e . Is à x 2 . 9 + ^ x2.23+ ^ x 2 . 9 ) , namely MgCl 2,mix J J J 

t race 2,57. From equation 4, T w „, . i s 0.77 and so by d e f i n i -M MgCl 2,mix 
t i o n , y*T*,e . i s (0.77) 2 or 0.59, versus 0.63 by experi-MgCl 2,mix 
ment (4). 
b) Trace NaCl i n MgCl 2- In 1 molal MgCl 2 (I T=3) containing 
a trace of NaCl, 1 ^ + + / ! ^ i s 0.67, 1 ^ + / ! ^ i s zero and 
I C 1 _ / I T i s 0.33. B  equatio  (8)  q j ' g ^ i

(0x2.33+0.67x2.90+0.33x2.33) , g , i r
' ' b NaCl,mix 

equal to 0.78 by equation (4). By d e f i n i t i o n , 
Ύ 5 τ

Γ Ο ? Θ · i s then also 0.78, versus 0.77 by experiment (4). NaCl,mix ' J r — 

El e c t r o l y t e A c t i v i t i e s . The a c t i v i t y of a s o l i d e l e c t r o l y t e 
i n equilibrium with i t s pure saturated s o l u t i o n , by d e f i n i t i o n 
i s : 

( ai2>Sat = ^ P s a t ^ P s a t ^ ) " 1 2 ^ ^ ( 1 0 ) 

S i m i l a r l y , the a c t i v i t y of t h i s same s o l i d e l e c t r o l y t e i n e q u i l i b 
rium with any one of i t s saturated mixed solutions i s : 

V l V2 V12 η 
^ m i x ^ a t = ^ i W V s a t ^ m i x * ( aw }Sat 

When the s o l i d e l e c t r o l y t e c a r r i e s no water of c r y s t a l l i z a t i o n , as 
with NaCl and KCl, then η i s zero. Obviously, i f the a c t i v i t y 
c o e f f i c i e n t s used i n these equations are c o r r e c t l y predicted, then 
for any given temperature, the l e f t sides of these equations 
must be equal* I f the value of ( a - 0 . ) calculated from equation 

1Z,mix 
(11) for a given mixed s o l u t i o n i s found to be greater than 
v>°12^Sat from equation (10) then the s o l u t i o n i s supersaturated, 
while i s the reverse i s found, then the so l u t i o n i s not saturated. 

A simple test of these r e l a t i o n s i s presented i n Table 4, i n 
which are l i s t e d several a r b i t r a r i l y chosen mixed solutions of 
NaCl and KCl (q° values at 25°C respectively of 2.23 and 0.91) 
saturated with one or both s a l t s . The f i r s t column shows the 
s o l i d phase(s) present, the next two columns l i s t the 
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m o l a l i t i e s of NaCl and KCl, reported i n the l i t e r a t u r e (5), the 
next two present q.. . values calculated from equation (8), the r n i j , m i x M 

next two l i s t Γ._ . and Γ„_, . calculated from equation (4) NaCl,mix KCl,mix n 

while the l a s t two columns present (a X T . ) n _ and ( a ^ - . )« «_ 
v NaCl,mix 7Sat KCl,mix Sat 

calculated for the mixtures by Eq. (11). Inspection shows that 
for pure NaCl s o l u t i o n , ( a ^ a C 1 ) S a t

 i s 3 3 · 3 a t 2 5 ° c a n d 3 8 · 8 

at 100°C. S i m i l a r l y , (a° Λ ) at 25°C i s 8.2 and at 100°C i s 18.6. 
KCl 

Further inspection shows that,as expected, a) as long as s o l i d 
NaCl i s present at 25°C,(a„ . )„ calculated form equation 

NaCl,mix Sat 
(11) i s (approximately) equal to 33.3, and as long as 
s o l i d KCl i s present, ( a ^^ mi x)s at c a l c u l a t e d from equation (11) 
i s again (approximatelysaturated with NaCl a,NaClmi
less than 33.6, while when not saturated with KCl, m x 

calculated form equation (11), i s less than 8.3; c) inspection 
of the data for 100°C show that analogous conclusions can be 
drawn at t h i s temperature. I t follows that by these c a l c u l a t i o n s , 
the presence or absence of the s o l i d phases l i s t e d i n the f i r s t 
column are c o r r e c t l y predicted. 

S o l u b i l i t y . Assume now that the s o l u b i l i t y of KCl i s to be 
predicted at 100°C i n 3.48 molal NaCl which when saturated with 
KCl i s known to be 5.34 molal i n t h i s l a t t e r s a l t . To predict 
t h i s m o l a l i t y , i t i s merely necessary to know q^aC^ a n d ^c i a t 

25°C, and the s o l u b i l i t y of KCl at 100°C. Thus at 100°C, q̂J c l 

qNaCl a n d q K C l a r e f o u n d t o b e 2 , 0 3 a n d 0 , 7 2 r e s p e c t i v e l y by 
equation (5), hence by equation (10), (a^Qi^at

 i n P u r e s o l u t i o n 
i s 18.6. By equation (11): 

18.6= ( ^ ( 3 . 4 8 + V > < 4 l . . i * ) ( 1 2 ) 

Solution of t h i s equation i s by t r i a l , assuming a value of 
^ C l mix a n c* t n e n c a l c u l a t i n 8 t n e following i n turn: i o n i c 
strengths from equations (2) and (3), qKC^ m ^ x from equation (8), 
and Γ Ί . from equation (4). When equation (12) "balances", KCi,mix 
the proper value of n^ç^ n a s been found. By such a procedure, 
rn^ç,^ i s found to be 5.1, versus the experimental value of 5.34, 
which represents good agreement. 

Vapor Pressures of Mixed Solutions. I t has been pointed 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



506 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Table IV 
Salt A c t i v i t i e s i n Saturated 
Solutions of NaCl and KCl 

So l i d Phase 
25°C 
NaCl 
NaCl 
NaCl 
NaCl + KCl 
KCl 
KCl 
KCl 

L i t e r a t u r e 
Values (5) From Eq. (8) _m 

mNaCl ^CCl % a C l , m ix qKCl,mix NaCl KCl NaCl KCl 
r m Eq(4) a Eq (11) m 

6.17 0.0 2.23 1.57 0.94 0.75 33.3* 0.0 
5.84 0.67 2.16 1.50 0.95 0.73 33.8 2.35 
5.64 1.07 2.12 1.46 0.94 0.74 33.7 4.0 
5.11 2.19 2.03 1.37 0.96 0.74 34.3 8.69 
3.14 3.0
1.07 4.1
0.0 4.93 1.57 0.91 0.70 0.58 0.0 8.19* 

100 °C 
NaCl 6.78 0.0 2.03 1.38 0.92 0.72 38.8* 0 
NaCl 5.75 2.05 1.86 1.20 0.93 0.71 38.9 8.0 
NaCl + KCl 4.71 4.74 1.70 1.04 0.96 0.70 41.5 21.4 
KCl 3.48 5.34 1.64 0.98 0.90 0.66 26.0 20.0 
KCl 1.75 6.32 1.52 0.86 0.82 0.61 9.5 19.0 
KCl 0.0 7.56 1.38 0.72 0.75 0.57 0.0 18.6* 

*From Eq. (10) 

Table V 
MgCl 2 Solution at 25°C Saturated with MgSO^-7H20 

Experi-
mental m(7) Τ 
MgSO, MgCl 0 Eq(3) 

4MgS04,r 
Eq(8) 

qMgCl2,m AMgS04,m 
Eq(8) Eq(4) 

w,m Ep,m 
Eq(13) E q ( l l ) 

a) 0.59 4.00 14.36 0.92 2.67 0.74 0.57 .0048 
b) 1.21 2.06 11.12 0.66 2.29 0.59 0.76 .0085 
c) 2.5 0.44 11.33 0.26 1.69 0.47 .89 .0078 
d) 3.06 0.0 12.24 0.15 - 0.44 .93 .0079 

A l l solutions saturated with MgS04*7H20; so l u t i o n "a" 
also saturated with MgCl 2*6H 20. 
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out above that, for mixed solutions having the same dry composi
t i o n , curves of Γ 1 0 , Γ 0 0 , r o / , etc. versus I each l i e 

12,m 23,m 34,m' m 
on a separate q l i n e on Figure 2. Values of water a c t i v i t y at 
any i o n i c strength can be calculated from these l i n e s , assuming 
each l i n e to represent a hypothetical pure e l e c t r o l y t e whose 
q 1 0 , value i s i d e n t i c a l with that of q- n for t h i s l i n e . n12,hypo. M12,m 
These hypothetical water a c t i v i t i e s are labeled A, with appro
p r i a t e subscripts, and can be used to calcula t e a . the t o t a l 

w,mix 
water a c t i v i t y over t h i s mixed s o l u t i o n , as follows: 

a . = A ^ 2 · A ^ 3 · > ... (13) w,mix 12 23 34 

where 

Ν Ν12 _ 23 
R12 " N 1 0 + N O Q + N_, + R23 = N- 0 + N _ + N Q. + e t C ' 12 23 34 12 23 34 

Values of A 1 0 . at the desired t o t a l i o n i c strength I are 12 ,mix & m 
obtained as usual from equation (6) a f t e r s u b s t i t u t i n g A ^ m 

for (a^)-L2 ̂ n t n i s equation, or from Figure 2 plus equation (7). 
To i l l u s t r a t e a p p l i c a t i o n of equation (13), consider a mixed 

(unsaturated) s o l u t i o n at 25°C, 4.11 molal i n NaCl (q° i s 2.23) 
and 8.55 molal i n NaNO^ (q° i s -0.39), making I T equal to 12.66. 
By equation (8), q N a C 1 > m i x i s 1.35 and q K C 1 > m i x i s 0.04, hence 
by equation (6), A

N a C ^ i s 0.57 and i s 0.67. From equation 
(13), a^ as predicted equals the experimental value of 0.64 

<D 
Use of equation (13) i n conjunction with equations (10) and 

(11) i s i l l u s t r a t e d i n Table 5 for various solutions of MgCl^ 
at 25°C, each saturated with MgSO^^H^O, namely Epsomite, 
i d e n t i f i e d by subscript "Ep". In t h i s t a b l e , the known m o l a l i t i e s 
of these saturated solutions are l i s t e d i n the f i r s t two columns, 
the next three columns respe c t i v e l y show I ^ , q w „~ . and 

r J Τ MgS04,mix 
q_, -,Ί . , followed by columns of T.. Ο Λ . , a . (from nCaCl 2,mix' J MgS04,mix w,mix 
equation 13), and f i n a l l y a ^ m^ x> namely the a c t i v i t y of s o l i d 
Epsomite. Values i n t h i s l a s t column were calculated from equa
tions (10) and (11), remembering that for MgSO^, γ equals (Γ) 
by d e f i n i t i o n , as follows: 
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3Ep ,mix = ( m S 0 4
= ) ( rMgS0 A ,ταίχ> Κ,πΐχ* ( 1 5 ) 

In pure s o l u t i o n , shown at point d of table 5, a°^ i s found to be 
0.0079. At points c and b,a„ . i s again (approximately) equal 

' Ep,mix 
to 0.0079, thus c o r r e c t l y i n d i c a t i n g these mixed solutions to be saturated with Epsomite. At point a, however, a^ . i s r v Ep,mix 
s i g n i f i c a n t l y lower than 0.0079, i n c o r r e c t l y i n d i c a t i n g no satur
ation for t h i s s a l t . An error of only a few percent i n e i t h e r 
Γ__ _.. . or i n a a . , or i n both, would of course account MgCl^jmix w,mix 
for t h i s d i f f e r e n c e , because of the high exponents on these terms 
i n equation (15). Nevertheless, i t i s clear that by these c a l u -
l a t i o n s and contrary t
predicted to be not saturate

Salts for Low S o l u b i l i t y . A d i f f e r e n t test of these r e l a 
tions involves c a l c u l a t i n g s o l u b i l i t i e s of s a l t s of low s o l u b i l i t y 
i n mixed solutions at 25°C. Thus a pure s o l u t i o n saturated with 
Gypsum, namely CaSO^^R^O, has a m o l a l i t y of 0.0156 (7), hence 
1° i s 0.062. Using the estimating method published e a r l i e r (2) 

Gyp q° i s found to be 0.50, making ( Γ ° ) equal to 0.79 
Labu^ Gyp sat 

by equation (4), so that (γ° ) equals (0.79)^ or 0.39. Since 
Gyp 

^ aw^sat ^ S aPP r o x^ a m t : e-'-y unity over t h i s s o l u t i o n , ( aQyp) s aj-
i s 3.69x10 by equation (9). Gypsum s o l u b i l i t y i n three mixed 
solutions i s now c a l c u l a t e d : 

1. In 6.31 molal NaCl. By equation(6), a^ over a pure 
NaCl s o l u t i o n of t h i s concentration i s 0.77. Gypsum's 
s o l u b i l i t y i s so small that i t s addition to t h i s NaCl s o l u 
t i o n has no e f f e c t on either L or a . . Thus for t h i s trace w > m l x 

s o l u t i o n , by equation (8), q . i s 
LâoU^,mix 

2 (<Na,S 0 /
 + «CaCl > Ο Γ Ι ( " 0 · 1 9 + 2 ' A 0 ) ' n a m e l y 1 Λ 0 ' 4 2 

When I m i s 6.31, Γ . i s 0.64 by equation (4), making Τ Gyp,mix J n 

YGyp mix e c * u a l t c 0.168. Substituting into equation (11): 

3.69 χ 10" 5 = m^ y p(0.168) 2(0.77) 2 

Solving Gypsum's s o l u b i l i t y m i s found to be 0.047 molal, 
Gyp 
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versus an experimental value of 0.048 (6). 
2. In 0.178 molal K^SO^. Over t h i s s o l u t i o n , since 
q v n„ i s -0.25 and I i s 0.534, a° i s 0.997 by equation (6). K ob0. Τ w 2 4 

i s mix Gypsum s o l u b i l i t y i s again minute, hence iça++ 
n e g l i g i b l e , I

S 0 = / I
T i s 2/3 and I K + / I T i s 1/3, making 

4 2 1 q^ . equal to (-0.25x=- - O.lSx^) or -0.22 by equation (8). nGyp,mix ^ 3 3 ^ J n 

trace Using t h i s q value, when I m i s 0.534, Γ 0 ™ . i s 0.594 Τ ' CaSO^mix 
trace 4 by equation (4), making γ . equal to (0.594) or 0.124. 
uabu^,mix 

By equation (11): 

3.69 χ 10" 5 = in (π
G G Solving, m i s 0.013, versus an experimental m o l a l i t y of G 

0.011 (7). 
3. In 3.0 molal (NH^^SO^. Cal c u l a t i n g as above, Gypsum 
s o l u b i l i t y i n t h i s s o l u t i o n i d found to be 0.043 molal, ver
sus an experimental value of 0.039 (7). 

Discussion. The approach to mixtures discussed here i s 
based on the f i n d i n g that f or a so l u t i o n of constant dry composi
t i o n , a l l curves of Γ.„ . , Γ 0 0 . , etc. versus the t o t a l i o n i c 

12,mix 32,mix 
strength f a l l i n t o the curve family of Figure 2, and therefore 
also conform to equation (4). This i s a d i r e c t consequence of 
the form of equations (8) and (9) of reference ( 8 ) , showing the 
r e l a t i o n between Γ Ί Ο . , and Γ° , Γ° , etc. and I m . These i z ,mix 1Z Ζ J l 
e a r l i e r equations, of course, do not involve "^^χ" a n d t h e i r 
replacement by equaiton (4) for l o c a t i n g the mixture curve i s 
l a r g e l y a matter of convenience. 

Equation (13) for c a l c u l a t i n g a . over a mixed s o l u t i o n n & w,mix 
i s derived from the modified Gibbs equation for a mixture (7), 
namely 

-55.5 d i n a W j m i x = v^dm^ + v ^ d n ^ . . . + m ^ v ^ d l n y ^ 
+ n . 2 3 v 2 3 d l n Y 3 2 m + ... 

By combination with equation (3), terms i n v o l v i n g m and ν are 
replaced by terms inv o l v i n g I and Z. Recognizing that Γ 

1/z ζ I Z ,mix 
equals m-j[^> then for a mixture of constant dry composition, 
equation (13) follows d i r e c t l y . 

I t i s evident that the examples presented here show consider
able success. Similar r e s u l t s have been obtained with other 
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systems, including some involving double s a l t s (9,10). S u l f u r i c 
acid and some cadmium and zinc s a l t s , however, so do not conform to 
these r e l a t i o n s . In view of the many uncertainties involved, 
therefore, calculated compositions of saturated solutions should 
be treated with caution and, where possible, checked by 
experiment. 
Nomenclature 

A.. Hypothetical water vapor a c t i v i t y for a hypothetical pure 
1 J s o l u t i o n of e l e c t r o l y t e i j , f or which ( q ° i j ) h y p o t h e t i c a l 

i s assumed equal to q.. . for the mixture under considerable ,mix t i o n . J ' 
a^j a c t i v i t y (a°^) i s f° r e l e c t r o l y t e i j i n pure s o l u t i o n , 

(a.. . ) i s for t h i s e l e c t r o l y t e i n mixed s o l u t i o n , (a° ) i j ,mix J w 
i s for water i n a
mixed s o l u t i o n . 

I i o n i c strength, equations (2) and (3); I T i s the t o t a l i o n i c 
strength for mixed s o l u t i o n s , and equals 1 ° ^ f° r pure 
solutions. 

m m o l a l i t y ; gram moles per 1000 grams water. 
N_. gram moles of e l e c t r o l y t e i j added to water to make up a 

so l u t i o n system. η moles water of hydration per formula weight of an e l e c t r o 
l y t e : Α Β · nH o0 ν . ν. 2 

q^. c h a r a c t e r i s t i c constant as i n equations (4), (5), and (8). 
R see equation (14) 
t °C 
ζ ion charge 

Greek. 

ν stochiometric c o e f f i c i e n t , equation (1). 
γ., mean i o n i c a c t i v i t y c o e f f i c i e n t of i j i n so l u t i o n 

1 J 1 / z l z 2 . Γ "Reduced11 a c t i v i t y c o e f f i c i e n t , namely γ 
Subscripts and Superscripts. 

° denotes a "pure" s o l u t i o n 
i refers to cation i , stands for odd integers 1,3,5 etc. 
j refers to cation j , stands for even integers 2,4,6 etc. 
mix denotes a mixed s o l u t i o n 
sat denotes a saturated s o l u t i o n 
Τ refers to " t o t a l " s o l u t i o n , as i n I T 

w refers to water i n the s o l u t i o n . 
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The Solubility of Gases in Water from 350 -
600 Κ 

Η. LAWRENCE CLEVER and CHUL H. HAN 

Department of Chemistry, Emory University, Atlanta, GA 30322 

Two recent events allow a more detailed picture 
of the solubility o
the noble gases in
been given even a year ago. First, a careful compila
tion and evaluation of the gas solubility values in 
water at a gas partial pressure of one atm between 
the temperatures of 273.15 and about 350 Κ was car
ried out by Battino [1-5]. Second, an experimental 
study of the solubility "of the noble gases in water 
at moderate pressures and at temperatures up to 561 Κ 
by a new method was reported by Potter and Clynne [6]. 

Battino's selected values between 273 and about 
350 K, Potter and Clynne's new values, and selected 
older literature data on the solubility of gases in 
water at temperatures up to 600 Κ have been combined, 
and fitted to an equation to give the inverse of the 
limiting low pressure value of Henry's constant over 
t h e t e m p e r a t u r e i n t e r v a l o f 273 t o 600 K . B a t t i n o ' s 
e q u a t i o n s [^-5] a r e recommended f o r use o v e r t h e 273 
t o 350 Κ r a n g e and t h e e q u a t i o n s o f t h e p r e s e n t work 
a r e t e n t a t i v e e q u a t i o n s f o r t h e 350-600 Κ r a n g e o f 
t e m p e r a t u r e . 

H e n r y ' s c o n s t a n t i s d e f i n e d , 

H 2 , l = X 2 ^ ( P 2 / X 2 ) " V ? 2 = 0 2 Ρ 2 / Ύ 2 Χ 2 ( 1 ) 

where H2 η i s t h e H e n r y c o n s t a n t , P2 t h e gas p r e s s u r e , 
t h e mole f r a c t i o n gas s o l u b i l i t y , ±2 t h e gas f u g a 

c i t y , a 2 t h e d i s s o l v e d gas a c t i v i t y , 02 t h e f u g a c i t y 
c o e f f i c i e n t , and y2 t h e d i s s o l v e d gas a c t i v i t y c o e f 
f i c i e n t . In t h e H e n r y ' s law r e g i o n t h e d i s s o l v e d gas 
a c t i v i t y c o e f f i c i e n t , 72 = 1/ by d e f i n i t i o n . F o r 
t h e g a s e s d i s c u s s e d i n t h i s p a p e r t h e f u g a c i t y c o e f 
f i c i e n t , 0 2 , d i f f e r s l i t t l e f r o m u n i t y a t t h e m o d e r 
a t e p r e s s u r e s a t w h i c h s o l u b i l i t i e s a r e n o r m a l l y 
r e p o r t e d . A t u n i t gas p r e s s u r e ( a t m ) , t h e mole f r a c -

0-8412-0569-8/80/47-133-513$06.00/0 
© 1980 American Chemical Society 
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t i o n s o l u b i l i t y i s e q u a l t o t h e i n v e r s e o f H e n r y ' s 
c o n s t a n t , X 2 = I / H 2 a s s u m i n g u n i t v a l u e s o f 0 2 and 
Ύ 2 · 

A l i n e a r r e g r e s s i o n on a l l o f t h e s e l e c t e d d a t a 
f o r a g i v e n gas was r u n t o o b t a i n t h e c o n s t a n t s o f an 
e q u a t i o n o f t h e f o r m 

l n X 2 = In 1 / H 2 ± = 

A l + A 2 / ( T / 1 0 0 ) + A 3 l n (T/100) + A 4 ( T / 1 0 0 ) (2) 

The use o f (T/100) as a v a r i a b l e has t h e a d v a n t a g e o f 
m a k i n g t h e p a r a m e t e r s A - , , A 2 , A3 , and A4 o f s i m i l a r 
m a g n i t u d e . The a p p l i c a t i o n o f s t a n d a r d t h e r m o d y n a m i c 
d e f i n i t i o n s t o t h e e q u a t i o n a l l o w s t h e e q u a t i o n p a r a 
m e t e r s t o be u s e d t
c h a r a c t e r i s t i c s o f t h
i n T a b l e I . When a l l f o u r p a r a m e t e r s o f t h e e q u a t i o n 

T a b l e I . S o l u b i l i t y e q u a t i o n and t h e r m o d y n a m i c 
d e f i n i t i o n s . 

In Χλ = A 1 + A 2 / ( T / 1 0 0 ) + A3 in (T/100) + A 4 ( T/100) 

A G C = - R T In Χλ = - R T in d / H 2 χ ) 

= -RA-j^T - 100RA 2 - R A 3 T £ n (T/100) -• R A 4 T 2/100 

A S ° = - O A G ° / 3 T ) = R A 1 + RA3 £ n (T/100) + RA3 

+ 2RA4T / IOO 

Δ Η c = -100RA 2 4- RA3T + R D T 2/100 = AG° + ΤΔ§*° 

A C ; = (3ΔΗ°/3Τ) = R A 3 + 2RA 4 T/100 = a + bT 

a r e e v a l u a t e d , a h e a t c a p a c i t y change f o r t h e d i s s o 
l u t i o n p r o c e s s t h a t i s l i n e a r i n t e m p e r a t u r e i s o b 
t a i n e d . When o n l y t h e f i r s t t h r e e c o n s t a n t s o f t h e 
e q u a t i o n a r e e v a l u a t e d , a h e a t c a p a c i t y change i n d e 
p e n d e n t o f t e m p e r a t u r e i s o b t a i n e d . A l t h o u g h a 
t e m p e r a t u r e d e p e n d e n t h e a t c a p a c i t y change i s more 
r e a l i s t i c , t h e s o l u b i l i t y d a t a a r e o f t e n n o t a c c u 
r a t e enough t o j u s t i f y t h e e v a l u a t i o n o f t h e f o u r 
c o n s t a n t s . 

The s o l u b i l i t y o f g a s e s between t h e t e m p e r a t u r e o f 
273 and 350 Κ. 
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Battino has used the above equation i n h i s e v a l 
uation of the s o l u b i l i t y of gases i n water at one 
atmosphere gas pressure at temperatures between 2 7 3 
and about 3 5 0 K. Tables II and III and Figure 1 
summarize his evaluation of the s o l u b i l i t y data. 
Table II gives the temperature i n t e r v a l , the number of 
lab o r a t o r i e s that Battino judges have published 
r e l i a b l e s o l u b i l i t y data, the number of experimental 
values used i n the l i n e a r regression, the l i n e a r 
regression standard d e v i a t i o n at the midpoint tempera
ture, and the temperature of minimum mole f r a c t i o n 
s o l u b i l i t y (maximum value of Henry's constant) at one 
atmosphere p a r t i a l pressure of the gas. For a l l of 
the gases except oxygen only a three constant equation 
was used. 

The temperatur
l i t y at one atmospher
culated from the three constant equation. The d i f
f e r e n t i a t i o n of equation (2) with respect to tempera
ture gives T m ^ n = 1 0 0 A2/A3. The values that f a l l 
outside the temperature range of the experimental data 
used i n the regression must be looked on as only ten
t a t i v e values of the temperature of minimum s o l u b i 
l i t y . 

Table III gives values of the changes i n Gibbs 
energy, enthalpy, entropy, and heat capacity of the 
s o l u t i o n process as c a l c u l a t e d from the equations of 
Table I. Figure 1 shows the recommended noble gas 
mole f r a c t i o n s o l u b i l i t i e s at un i t gas p a r t i a l pres
sure (atm) as a function of temperature. The tempera
ture of minimum s o l u b i l i t y i s marked. 

The order of increase i n the s o l u b i l i t y of the 
gases at any given temperature i n the 2 7 3 - 3 5 0 Κ range 
p a r a l l e l s , to a f i r s t approximation, the p o l a r i z a b i -
l i t y of the gas. Table IV summarizes the p o l a r i z a b i -
l i t i e s and the molar volumes at 2 7 3 . 1 5 Κ and 1 atm of 
the gases. The gases are l i s t e d i n the order of de
creasing molar volume which gives some i n d i c a t i o n of 
th e i r non-ideal character. The p o l a r i z a b i l i t y i n d i 
cates the magnitude of the London d i s p e r s i o n energy 
between the gas and a given solvent. 

The s o l u b i l i t y of the gases i n water from 3 5 0 to 
6 0 0 K. 

The l i t e r a t u r e was searched, and the data on the 
s o l u b i l i t y of gases i n water between the temperatures 
of 350 and 600 Κ were compiled. The measurements i n 
the 350 to 6 0 0 Κ temperature range were u s u a l l y made 
at moderate gas p a r t i a l pressures. The s o l u b i l i t y at 
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518 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

Figure 1. Solubility of the noble gases in water. Mole fraction solubility at 1 atm 
noble gas partial pressure vs. temperature. The curves are based on the equations 

of Battino (1-5). 
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26. CLEVER AND HAN Solubility of Gases in Water 519 

T a b l e I V · P o l a r i z a b i l i t y and M o l a r Volume a t 
273 .15 Κ and 1 atm (101.325 k P a ) . 

Gas V / d m 3 mol"" 1 a Q x 1 0 2 4 / c m 3 m o l e c " 1 

H e l i u m 22 .4263 0 .2036 
Neon 22 .4256 0 .3926 
H y d r o g e n 22 .4225 0 .8023 
I d e a l 22 .41383 
N i t r o g e n 22 .4035 1.734 
A r g o n 22 .3933 1.6264 
Oxygen 22 .386 1 .561 
K r y p t o n 22 .3517 2 .4559 
Radon 22 .290 
Xenon 

P o l a r i z a b i l i t i e s f r o m E . A . M o e l w y n - H u g h e s , 
P h y s i c a l C h e m i s t r y , 1961 

one a t m o s p h e r e gas p a r t i a l p r e s s u r e was e s t i m a t e d 
f r o m t h e d a t a and t h e v a l u e was t a k e n t o e q u a l t h e 
i n v e r s e o f t h e H e n r y c o n s t a n t . Some h i g h p r e s s u r e 
s o l u b i l i t y d a t a a t t e m p e r a t u r e s be low 350 Κ were 
i n c l u d e d . 

The e s t i m a t i o n o f t h e s o l u b i l i t y a t one a t m o s 
p h e r e gas p r e s s u r e was made by one o f two p r o c e d u r e s . 
I f t h e s o l u b i l i t y was measured a t o n l y one p r e s s u r e 
a t a g i v e n t e m p e r a t u r e , H e n r y ' s l aw was u s e d , and t h e 
i n v e r s e o f H e n r y ' s c o n s t a n t was c a l c u l a t e d as 
X 2 ( l atm) = 1 / H 2 ]_ = x 2 / p 2 * T h e P r o c e d u r e works w e l l 
a t m o d e r a t e gas p a r t i a l p r e s s u r e s , b u t a t h i g h e r gas 
p a r t i a l p r e s s u r e s o f 25 atm o r more t h e p r o c e d u r e 
o f t e n a p p e a r s t o g i v e low s o l u b i l i t y v a l u e s . However , 
i t i s t h e o n l y p r a c t i c a l p r o c e d u r e when t h e s o l u b i 
l i t y was measured a t o n l y one p r e s s u r e . When s o l u b i 
l i t y v a l u e s were measured a t s e v e r a l p r e s s u r e s a t a 
g i v e n t e m p e r a t u r e , t h e d a t a were f i t t e d by a l i n e a r 
r e g r e s s i o n t o an e m p i r i c a l f u n c t i o n X 2 / P 2 = a + b P 2 

t o o b t a i n t h e u n i t p r e s s u r e s o l u b i l i t y v a l u e . In 
some c a s e s a q u a d r a t i c r a t h e r t h a n a l i n e a r f u n c t i o n 
o f p r e s s u r e was u s e d . 

A f t e r a l l o f t h e d a t a were t a b u l a t e d on a g i v e n 
g a s , t h e one a t m o s p h e r e p a r t i a l p r e s s u r e v a l u e s e s t i 
mated f r o m t h e m o d e r a t e t o h i g h p r e s s u r e measurements 
up t o 600 Κ were c o m b i n e d w i t h t h e s e l e c t e d d a t a o f 
B a t t i n o i n t h e 273 t o 350 Κ t e m p e r a t u r e r a n g e i n a 
l i n e a r r e g r e s s i o n t o o b t a i n t h e c o n s t a n t s o f e q u a t i o n 
( 2 ) . The e q u a t i o n p a r a m e t e r s a r e l i s t e d i n T a b l e V . 

The e v a l u a t i o n o f t h r e e c o n s t a n t s was u s u a l l y 
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adequate to represent the data. For several of the 
gases four constants were evaluated. Because of the 
s c a t t e r of the data i n the 3 5 0 to 600 Κ temperature 
i n t e r v a l the four constant equation i s not a s t a t i s 
t i c a l improvement. However, i f the four constant 
equation gave a noticeably better f i t to the data i n 
the 2 7 3 - 3 5 0 Κ temparature i n t e r v a l , the four constant 
equation was used. 

Battino's [_1-5] evaluations contain the recom
mended equations to represent the gas s o l u b i l i t y from 
2 7 3 . 1 5 to 3 5 0 K. The equation parameters i n Table V 
are f o r a t e n t a t i v e equation f o r the c a l c u l a t i o n of 
values i n the 350 to 6 0 0 Κ temperature range. 

Table V. Parameters f o r the Equation £n x g a s = £n 

( 1 / H 2 , 1 ) = A

+ A 4 ( T / 1 0 0 ) for the Temperature I n t e r v a l 

3 5 0 to 6 0 0 Κ 

System A-ĵ  A 2 A3 A4 

Helium + Water - 4 1 . 7 4 7 6 4 3 . 0 4 0 4 14 . 1 3 2 5 
Neon + Water - 2 1 . 2 6 4 7 1 6 . 3 4 7 1 -0 . 1 4 1 7 1 . 4 1 9 5 
Argon + Water - 8 0 . 8 0 2 2 1 0 5 . 6 7 7 8 40 . 6 3 4 8 - 3 . 2 2 5 7 

Krypton + Water - 6 1 . 1 8 0 2 8 2 . 3 2 4 4 2 1 . 5 7 5 7 
Xenon + Water - 6 6 . 2 2 6 9 9 2 . 5 7 6 5 2 3 . 5 5 6 7 

Hydrogen + Water 1 5 . 2 0 5 1 - 3 3 . 3273--28 . 9 6 6 4 5 . 5 2 6 5 
Nitrogen + Water - 5 5 . 0 1 6 5 6 9 . 2 1 9 9 18 . 7 2 9 2 
Oxygen + Water - 5 4 . 0 4 1 1 6 8 . 8 9 6 1 18 . 5 5 4 1 

Figures 2 to 9 show the s o l u b i l i t y values used 
i n the l i n e a r regressions and three curves. The 
curves were c a l c u l a t e d from Battino's recommended 
equation f o r data between 2 7 3 - 3 5 0 Κ ( s o l i d 
l i n e ) , the t e n t a t i v e three constant equa
t i o n from a l l of the data (dash-dot line-·-·-·), and 
the t e n t a t i v e four constant equation from a l l of the 
data (dashed l i n e ) . 

The extrapolation of Battino's recommended equa
tions above about 3 5 0 Κ i s not recommended. However, 
f o r several of the systems, e s p e c i a l l y helium + water 
and krypton + water, the extrapolated equation repre
sents the higher temperature data s u r p r i s i n g l y w e l l . 
The extrapolation of Battino's equation for the neon + 
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w a t e r s y s t e m i s l e a s t r e l i a b l e . I t may i n d i c a t e t h e 
low t e m p e r a t u r e d a t a on t h e neon + w a t e r s y s t e m i s 
n o t as r e l i a b l e as f o r t h e o t h e r g a s e s . 

Some s p e c i f i c comments on e a c h o f t h e sys tems 
f o l l o w . 

H e l i u m + w a t e r . B a t t i n o s e l e c t e d s o l u b i l i t y d a t a 
f r o m n i n e p a p e r s f o r t h e 273-348 Κ r e g i o n ( 1 ) . We 
have added v a l u e s c a l c u l a t e d f r o m t h e d a t a o f P o t t e r 
and C l y n n e {6) and f r o m Wiebe and Gaddy (7). The 
s o l u b i l i t y v a l u e w h i c h was c a l c u l a t e d f r o m t h e d a t a o f 
Wiebe and Gaddy a t 590 K , was n o t u s e d i n t h e l i n e a r 
r e g r e s s i o n . The d a t a and c u r v e a r e shown i n F i g u r e 2 . 
O n l y one c u r v e i s shown. B a t t i n o 1 s recommended e q u a 
t i o n f o r t h e s o l u b i l i t y d a t a be low 348 Κ and t h e 
e q u a t i o n f o r t h e e n t i r e d a t a s e t d i f f e r by o n l y a 
f r a c t i o n o f a p e r c e n t  The c u r v e f o r t h e f o u r c o n
s t a n t e q u a t i o n i s n o

Neon + w a t e r . Th y y
Κ a r e t h e d a t a o f P o t t e r and C l y n n e (6). T h e s e were 
c o m b i n e d w i t h B a t t i n o 1 s s e l e c t e d d a t a (1) f o r t h e 
l i n e a r r e g r e s s i o n . F i g u r e 3 shows t h e e x t r a p o l a t i o n 
o f B a t t i n o 1 s e q u a t i o n , w h i c h i s much t o o h i g h , and t h e 
c u r v e s f o r b o t h t h e t h r e e and f o u r c o n s t a n t f i t s t o 
t h e e n t i r e d a t a s e t . V a l u e s o f t h e p a r a m e t e r s f o r t h e 
f o u r c o n s t a n t e q u a t i o n a r e g i v e n i n T a b l e V . The f o u r 
c o n s t a n t e q u a t i o n g i v e s a b e t t e r f i t t o t h e d a t a a t 
t h e low t e m p e r a t u r e t h a n does t h e t h r e e c o n s t a n t e q u a 
t i o n . Of t h e f i v e n o b l e gas + w a t e r s y s t e m s , t h e neon 
+ w a t e r s y s t e m i s t h e o n l y one f o r w h i c h t h e P o t t e r 
and C l y n n e v a l u e s a r e l o w e r t h a n B a t t i n o 1 s s e l e c t e d 
v a l u e s n e a r 350 Κ t e m p e r a t u r e where t h e d a t a s e t s 
o v e r l a p . 

A r g o n + w a t e r . T h i s i s t h e o n l y s y s t e m f o r w h i c h 
a d e t a i l e d c o m p a r i s o n c a n be made between t h e s o l u b i 
l i t y d a t a o f P o t t e r and C l y n n e (6) and t h e s e l e c t e d 
d a t a o f B a t t i n o (3) . P o t t e r and~"dynne made numerous 
measurements between t h e t e m p e r a t u r e s o f 298 and 365 
Κ as w e l l as measurements a t t e m p e r a t u r e up t o 561 Κ 
on t h e a r g o n + w a t e r s y s t e m . A t t e m p e r a t u r e s o f 298 , 
30 3 , 308 , and 313 Κ P o t t e r - a n d C l y n n e ' s one atm a r g o n 
s o l u b i l i t y v a l u e s show an a v e r a g e d e v i a t i o n o f 0 .20 
p e r c e n t f r o m B a t t i n o ' s recommended v a l u e s . However , 
a t t e m p e r a t u r e s o f 323 , 338, and 353 Κ P o t t e r and 
C l y n n e ' s v a l u e s a r e h i g h e r t h a n t h e recommended v a l u e s 
by 5, 14 , and 22 p e r c e n t , r e s p e c t i v e l y . The d i s c r e 
p a n c y between t h e s o l u b i l i t y v a l u e s d e t e r m i n e d by 
P o t t e r and C l y n n e ' s h i g h p r e s s u r e method and t h e 
recommended v a l u e s d e t e r m i n e d by a t m o s p h e r i c methods 
i s d i s t u r b i n g . I t does n o t a p p e a r t h a t t h e d i s c r e 
p a n c y c a n be r e s o l v e d w i t h i n f o r m a t i o n p r e s e n t l y 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 2. Helium + water—mole fraction solubility at 1 atm helium partial 
pressure vs. temperature. At temperatures above 353 K: (O) (6); (A,A) P). The 

590 Κ value of Wiebe and Gaddy was not included in the linear regression. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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a v a i l a b l e , b u t t h a t more e x p e r i m e n t a l work i n t h e 
t e m p e r a t u r e r e g i o n where t h e a t m o s p h e r i c p r e s s u r e and 
h i g h p r e s s u r e methods o v e r l a p i s n e e d e d . One p o i n t 
o f c o n c e r n i s t h a t most o f t h e a t m o s p h e r i c p r e s s u r e 
t e c h n i q u e s a r e O s t w a l d methods i n w h i c h t h e s o l u b i l i t y 
i s measured a t a t o t a l p r e s s u r e o f gas + s o l v e n t v a p o r 
o f one a t m o s p h e r e . The e x p e r i m e n t a l l y measured 
O s t w a l d c o e f f i c i e n t i s c o n v e r t e d t o a one a t m o s p h e r e 
mole f r a c t i o n s o l u b i l i t y w i t h t h e a s s u m p t i o n s t h a t t h e 
gas i s i d e a l , t h e O s t w a l d c o e f f i c i e n t i s i n d e p e n d e n t 
o f p r e s s u r e , and t h a t H e n r y ' s law i s o b e y e d . In t h e 
p r e s e n c e o f n e a r l y o n e - h a l f a t m o s p h e r e o f w a t e r v a p o r 
(a t 3 5 3 K) t h e s e a s s u m p t i o n s may n o t be v a l i d as c u s 
t o m a r i l y a c c e p t e d . 

S i s s k i n d and K a s a r n o w s k y ( 8 ) measured one h i g h 
p r e s s u r e s o l u b i l i t y
The one a t m o s p h e r e a r g o
work and t h e v a l u e s f r o m P o t t e r and C l y n n e ' s work a r e 
shown i n F i g u r e 4 a l o n g w i t h t h e c u r v e s o f B a t t i n o ' s 
e q u a t i o n , and t h e t h r e e and f o u r c o n s t a n t l i n e a r r e 
g r e s s i o n o f a l l t h e d a t a e x c e p t t h e S i s s k i n d and 
K a s a r n o w s k y v a l u e . P a r a m e t e r s f o r t h e f o u r c o n s t a n t 
e q u a t i o n a r e g i v e n i n T a b l e V f o r use i n t h e t e n t a t i v e 
e q u a t i o n f o r s o l u b i l i t y v a l u e s i n t h e 3 5 0 - 6 0 0 Κ t e m 
p e r a t u r e r a n g e . 

K r y p t o n + w a t e r . B a t t i n o (2 )̂ s e l e c t e d 30 s o l u b i 
l i t y v a l u e s f r o m 3 p a p e r s f o r t h e b a s i s o f h i s 2 7 3 -
3 5 3 Κ recommended e q u a t i o n . B o t h P o t t e r and C l y n n e 
( £ ) , and A n d e r s o n , K e e l e r , and K l a c h (9 )̂ r e p o r t t h e 
s o l u b i l i t y o f k y r p t o n i n w a t e r a t h i g h e r t e m p e r a t u r e s , 
b u t q u i t e d i f f e r e n t p r e s s u r e c o n d i t i o n s . P o t t e r and 
C l y n n e worked a t k r y p t o n p r e s s u r e s between 4 and 6 
a t m o s p h e r e s . A n d e r s o n e t a l . worked w i t h r a d i o a c t i v e 
k r y p t o n a t p r e s s u r e s o f 0 . 4 t o 5 3 . 2 χ 1 0 ~ 4 p s i a i n t h e 
p r e s e n c e o f oxygen gas and w a t e r v a p o r a t p r e s s u r e s 
between 1 1 0 and 2 0 1 5 p s i a . A l t h o u g h t h e e x p e r i m e n t a l 
c o n d i t i o n s were v a s t l y d i f f e r e n t , t h e k r y p t o n mole 
f r a c t i o n s o l u b i l i t i e s a t one a t m o s p h e r e p r e s s u r e e s t i 
mated f r o m t h e two p a p e r s a g r e e r e a s o n a b l y w e l l ( F i g 
u r e 5 ) . No e f f o r t was made t o a p p l y c o r r e c t i o n s f o r 
n o n - i d e a l gas b e h a v i o r . The two s e t s o f d a t a were 
combined w i t h B a t t i n o ' s s e l e c t e d low t e m p e r a t u r e a t 
m o s p h e r i c p r e s s u r e d a t a i n a l i n e a r r e g r e s s i o n . 
F i g u r e 5 shows o n l y t h e s o l u b i l i t y v a l u e s f r o m t h e 
h i g h t e m p e r a t u r e e x p e r i m e n t s ( 6 , SO and t h e l i n e s f o r 
B a t t i n o ' s low t e m p e r a t u r e e q u a t i o n , and t h e t h r e e and 
f o u r c o n s t a n t e q u a t i o n s f r o m a l l o f t h e d a t a . The 
t h r e e c o n s t a n t s a r e g i v e n i n T a b l e V f o r t h e t e n t a t i v e 
e q u a t i o n t o c a l c u l a t e s o l u b i l i t i e s i n t h e 350 t o 6 0 0 
Κ t e m p e r a t u r e i n t e r v a l . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 4. Argon + water—mole fraction solubility at 1 atm argon partial pressure 
vs. temperature: (O) (&); ([J) (6); figure from Ref. 3 
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Xenon + w a t e r . The s o l u b i l i t y d a t a o f P o t t e r 
and C l y n n e (6) and o f S t e p h a n , H a t f i e l d , P e o p l e s and 
P r a y (100 were u s e d t o e s t i m a t e t h e mole f r a c t i o n 
s o l u b i l i t y a t one a t m o s p h e r e xenon p r e s s u r e a t t h e 
h i g h e r t e m p e r a t u r e s . The two s e t s o f d a t a were com
b i n e d w i t h t h e 20 s o l u b i l i t i e s s e l e c t e d f r o m f i v e 
p a p e r s by B a t t i n o (2 )̂ i n a l i n e a r r e g r e s s i o n . F i g u r e 
6 shows t h e d a t a , and B a t t i n o 1 s e q u a t i o n and t h e t h r e e 
c o n s t a n t e q u a t i o n . The t h r e e c o n s t a n t s f o r t h e t e n t a 
t i v e e q u a t i o n f o r use between t h e t e m p e r a t u r e s o f 3 5 0 
and 600 Κ a r e i n T a b l e V . The S t e p h a n e t a l . s o l u b i 
l i t y v a l u e a t 574 Κ was n o t i n c l u d e d i n t h e r e g r e s 
s i o n . 

H y d r o g e n + w a t e r . B a t t i n o (4) s e l e c t e d 69 s o l u 
b i l i t y v a l u e s f r o m n i n e p a p e r s t h a t r e p o r t e d m e a s u r e 
ments between t e m p e r a t u r e s o f 27 3 and 3 4 8 K  The 
mole f r a c t i o n s o l u b i l i t i e
p r e s s u r e o f h y d r o g e
e s t i m a t e d f r o m t h e d a t a o f Wiebe and Gaddy ( L I ) , P r a y , 
S c h w e i c h e r t , and M i n n i c h {12) , and S t e p h a n , H a t f i e l d , 
P e o p l e s and P r a y (10). The d a t a f r o m P r a y , S c h w e i 
c h e r t and M i n n i c h were c o m b i n e d w i t h B a t t i n o 1 s 
s e l e c t e d d a t a i n a l i n e a r r e g r e s s i o n t o o b t a i n t h e 
t e n t a t i v e f o u r c o n s t a n t e q u a t i o n f o r t h e h y d r o g e n 
s o l u b i l i t y i n w a t e r between 350 and 600 Κ ( F i g u r e 7 
and T a b l e V ) . 

N i t r o g e n + w a t e r . B a t t i n o (4) s e l e c t e d 74 s o l u 
b i l i t y v a l u e s f r o m n i n e p a p e r s t h a t r e p o r t e d m e a s u r e 
ments between t h e t e m p e r a t u r e s o f 2 7 3 and 3 4 8 K . 
S o l u b i l i t y d a t a measured a t h i g h e r t e m p e r a t u r e s f r o m 
s e v e n o t h e r p a p e r s (1J J , 1 2 - 1 7 ) were c o n s i d e r e d . As 
c a n be s een i n F i g u r e 8 , many o f t h e v a l u e s g i v e low 
a t m o s p h e r i c p r e s s u r e s o l u b i l i t i e s when compared w i t h 
B a t t i n o 1 s s e l e c t e d low t e m p e r a t u r e d a t a . The v a l u e s 
e s t i m a t e d f r o m t h e work c i t e d i n r e f e r e n c e s ( 1 2 - 1 4 , 1 7 ) 
( l a r g e f i l l e d c i r c l e s on F i g u r e 8 ) were s e l e c t e d t o 

be c o m b i n e d w i t h B a t t i n o ' s recommended low t e m p e r a t u r e 
v a l u e s i n a l i n e a r r e g r e s s i o n . The p a r a m e t e r s f o r 
t h e t h r e e c o n s t a n t e q u a t i o n a r e g i v e n i n T a b l e V . 

Oxygen + w a t e r . B a t t i n o ' s recommended f o u r c o n 
s t a n t e q u a t i o n f r o m an e a r l i e r work (5) was u s e d t o 
r e p r e s e n t t h e low t e m p e r a t u r e (27 3 - 3 4 8 K) mole f r a c 
t i o n oxygen s o l u b i l i t y v a l u e s . The d a t a d e t e r m i n e d 
a t t h e B a t t e l l e M e m o r i a l I n s t i t u t e l a b o r a t o r i e s i n 
t h e e a r l y 1 9 5 0 ' s (1£,12.) were u s e d t o e s t i m a t e t h e 
one a t m o s p h e r e oxygen p r e s s u r e s o l u b i l i t i e s a t h i g h e r 
t e m p e r a t u r e s . The d a t a s e t s were c o m b i n e d i n a 
l i n e a r r e g r e s s i o n t o o b t a i n t h e p a r a m e t e r s o f t h e 
t h r e e c o n s t a n t t e n t a t i v e e q u a t i o n f o r t h e s o l u b i l i t y 
between 350 and 600 Κ ( T a b l e V , F i g u r e 9 ) . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 6. Xenon + water—mole fraction solubility at 1 atm xenon partial pres
sure vs. temperature: (O (6j; ( 0) (10); the value of Stephan et al. at 574 Κ was 

not included in the linear regression 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 7. Hydrogen + water—mole fraction solubility at 1 atm hydrogen partial 
pressure vs. temperature: ( + )(12); value at 323 Κ not used in the linear regression 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 8. Nitrogen + water—mole fraction solubility at 1 atm nitrogen partial 
pressure vs. temperature: (·) (10, 15, 16j; (Φ) (12, 13, 14, 11) (values used in the 

linear regression) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 9. Oxygen + water—mole fraction solubility at 1 atm oxygen partial 
pressure vs. temperature: (Ο) ( 10); (Δ) (12j 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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T h e r e a r e o t h e r i m p o r t a n t p a p e r s on t h e b e h a v i o r 
o f t h e gas + w a t e r s y s t e m s . L e n t z and F r a n c k (18) 
made a s t u d y o f t h e a r g o n + w a t e r s y s t e m t o e s t a b l i s h 
t h e e x i s t e n c e o f g a s - g a s i m m i s c i b i l i t y . The d a t a 
were p r e s e n t e d i n g r a p h i c a l f o r m . F r a n c k , L e n t z and 
W e l s c h (19) s t u d i e d t h e xenon + w a t e r phase b o u n d a r y 
c o n d i t i o n s a t t e m p e r a t u r e s up t o 635 K . T h e r e a r e 
o t h e r p a p e r s on t h e s o l u b i l i t y o f h y d r o g e n , n i t r o g e n , 
and oxygen i n w a t e r . P a r t i c u l a r l y n o t e w o r t h y a r e t h e 
r e s u l t s o f W. L . S i b b i t t and c o - w o r k e r s ( 2 £ ) d e t e r 
m i n e d i n t h e e a r l y 1 9 5 0 ' s . T h e i r p u b l i s h e d r e s u l t s 
a r e i n g r a p h s . We a r e t r y i n g t o o b t a i n c o p i e s o f t h e 
t h e s e s w h i c h may c o n t a i n n u m e r i c a l d a t a . 

The e f f e c t o f p r e s s u r e on gas s o l u b i l i t y 

The t e n t a t i v e e q u a t i o
a l l o w s t h e c a l c u l a t i o n o f t h e s o l u b i l i t y a t one a t m o s
p h e r e gas p a r t i a l p r e s s u r e w h i c h i s n u m e r i c a l l y e q u a l 
t o t h e i n v e r s e o f H e n r y ' s c o n s t a n t ( e q u a t i o n 1 ) . 
A l t h o u g h H e n r y ' s law may be a d e q u a t e up t o m o d e r a t e 
p r e s s u r e s , i t r e q u i r e s some c o r r e c t i o n s f o r t h e s o l u 
b i l i t i e s a t h i g h e r p r e s s u r e s . T a b l e V I summarizes 
some a p p r o a c h e s t h a t have been u s e d t o c o r r e l a t e s o l u 
b i l i t y p r e s s u r e i s o t h e r m s . T h e s e have been d i s c u s s e d 
i n many p l a c e s i n c l u d i n g r e f e r e n c e s [21_ and 22] . 

T a b l e V I . E f f e c t o f P r e s s u r e on Gas S o l u b i l i t y 
( C o n s t a n t T e m p e r a t u r e ) 

H e r n y ' s Law H 2 f l ~= ! | 

E m p i r i c a l x 2 = ap + b p z 

x 2 / p = a + bp 

K r i c h e v s k y - K a s a r n o v s k y e q u a t i o n 

l n ( f 2 / x 2 ) = l n H 2 f l + vw(p - p ^ ) / R T 

K r i c h e v s k y - I l i n s k a y a e q u a t i o n 

l n ( f 2 / x 2 ) = l n H 2 f l + ( x * - l ) A / R T + v ~ ( p - p ^ ) / R T 

The K r i c h e v s k y - K a s a r n o w s k y e q u a t i o n t a k e s i n t o 
a c c o u n t b o t h t h e t e m p e r a t u r e and p r e s s u r e dependence 
o f H e n r y ' s c o n s t a n t . The vo lume t e r m i n t h e e q u a t i o n 
i s t h e p a r t i a l m o l a l vo lume o f t h e gas i n t h e l i q u i d 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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T a b l e V I I 

P a r t i a l M o l a l Vo lumes o f Gases i n W a t e r / 2 98 Κ 

Gas V m / c m 3 m o l " 1 Comments 

He 1 5 - 1 7 . 5 H i g h p r e s s u r e s o l u b i l i t y d a t a 
2 9 . 7 V o l u m e / h y d r o s t a t i c p r e s s u r e 

78 .4 ± 1 .9 D e n s i t y

A r 3 1 . 7 - 3 2 . 3 T h r e e d i f f e r e n t methods 
55 .2 ± 0 . 7 D e n s i t y , gas s a t u r a t e d w a t e r , 

9 .7 - 95 .8 atm 
3 1 . 7 1 ± 0 .43 Recommended. T i e p e l & G u b b i n s , 

1972 

K r 38 ± 5 4 .70 atm D e n s i t y , gas s a t u r a t e d 
32 ± 2 12 .00 atm w a t e r , 4 .7 - 2 0 . 1 a t m , 
31 .2 ± 1.4 15 .20 atm Popov & D r a k i n , 1974 

H 2 1 9 - 2 1 . 5 H i g h p r e s s u r e gas s o l u b i l i t y 
24 - 26 D i l a t o m e t r y 

25 .20 ± 0 .56 Recommended. T i e p e l & G u b b i n s , 
1972 

N 2 3 2 . 5 - 3 3 . 5 S e v e r a l methods 
37 - 40 M i c r o p y k n o m e t e r , d i l a t o m e t r y . 

0 2 ^25 E a r l y d i l a t o m e t r y 
30 - 32 By s e v e r a l methods 

30 .38 ± 0 .97 Recommended. T i e p e l & G u b b i n s , 
1972 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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a t i n f i n i t e d i l u t i o n . Many t e s t s o f t h e e q u a t i o n show 
t h a t t h e vo lume t e r m r e q u i r e d t o make t h e e q u a t i o n f i t 
t h e e x p e r i m e n t a l d a t a i s u s u a l l y a p p r e c i a b l y s m a l l e r 
t h a n t h e d i r e c t l y mea sured p a r t i a l m o l a l v o l u m e . A l 
t h o u g h t h e e q u a t i o n works w e l l f o r many sys tems i t 
o f t e n f a i l s u n d e r c o n d i t i o n s o f h i g h p r e s s u r e and h i g h 
s o l u b i l i t y . 

When t h e K r i c h e v s k y - K a s a r n o w s k y e q u a t i o n f a i l s i t 
may be b e c a u s e o f e i t h e r c h a n g i n g a c t i v i t y c o e f f i c i e n t 
o f t h e s o l u t e gas w i t h c o m p o s i t i o n , c h a n g i n g p a r t i a l 
m o l a l vo lume o f t h e gas w i t h p r e s s u r e , o r b o t h . The 
K r i c h e v s k y - I l i n s k a y a e q u a t i o n t a k e s i n t o a c c o u n t t h e 
v a r i a t i o n i n t h e a c t i v i t y c o e f f i c i e n t o f t h e s o l u t e gas 
w i t h mole f r a c t i o n by means o f a t w o - s u f f i x M a r g u l e s 
e q u a t i o n . 

Goldman has s t u d i e
b e h a v i o r on t h e s o l u b i l i t
neon i n s i m p l e s o l v e n t s and benzene (2_3) . He has 
d i s c u s s e d t h e H e n r y ' s c o n s t a n t o f w a t e r as a s o l u t e 
(24). So f a r h i s r e s u l t s do n o t a p p l y t o w a t e r as a 
s o l v e n t . 

The p a r t i a l m o l a l vo lumes o f gase s i n w a t e r a r e 
needed t o a p p l y t h e K r i c h e v s k y - K a s a r n o w s k y and t h e 
K r i c h e v s k y - I l i n s k a y a e q u a t i o n s . A s u r v e y o f t h e a v a i l 
a b l e e x p e r i m e n t a l l y m e a s u r e d p a r t i a l m o l a l vo lumes i s 
g i v e n i n T a b l e V I I . The r e s u l t s o f T i e p e l and G u b b i n s 
(25») seem e s p e c i a l l y r e l i a b l e . The r e c e n t r e s u l t s o f 

Popov and D r a k i n (26) u s u a l l y a p p e a r t o be much t o o 
h i g h , p o s s i b l y b e c a u s e o f Popov and D r a k i n depended on 
l i t e r a t u r e s o l u b i l i t y v a l u e s f o r t h e c o n c e n t r a t i o n t o 
be u s e d i n t h e i r c a l c u l a t i o n o f t h e p a r t i a l m o l a l 
vo lume f r o m t h e d e n s i t y d a t a . 

A more d e t a i l e d a n a l y s i s o f t h e e f f e c t o f p r e s 
s u r e on t h e s o l u b i l i t y o f gase s i s p l a n n e d f o r t h e 
f u t u r e . 
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Correlation of Thermodynamic Properties of 
Aqueous Polyvalent Electrolytes 

BERT R. STAPLES 
Electrolyte Data Center, National Bureau of Standards, 
National Measurement Laboratory, Washington, DC 20234 

Studies of problems in the area of water quality control, the 
application of geothermal energy, the desalination of water, 
sewage treatment, industrial applications, and bioengineering all 
must treat aqueous solutions containing ionic species. A signifi
cant need for reliable quantitative data on the properties of 
aqueous solutions has become apparent in recent years, particularly 
with the development of large scale models that attempt to simulate 
complex aqueous ecosystems (Morel and Morgan, 1972 and Zemaitas, 
1975). Reliable quantitative data must often be selected from 
discordant results of various experimenters. A critical evaluation 
is the best approach to providing "standard" sets of data. 

Critical evaluations of activity and osmotic coefficient data 
were undertaken early in the 1930-1940 period by Harned and Owen 
(1958) and by Robinson and Stokes, (1965). Wu and Hamer (1968) 
evaluated activity and osmotic coefficient data for a series of 
electrolytes but their work on polyvalent electrolytes was not 
completed. Their work on the 1:1 e l e c t r o l y t e s was published i n 
1972. The evaluation of polyvalent e l e c t r o l y t e data has been 
continuing i n the E l e c t r o l y t e Data Center at the National Bureau 
of Standards, and t h i s paper w i l l summarize the methods used i n 
evaluating data for over 100 aqueous polyvalent e l e c t r o l y t e s . 
Models and the associated c o r r e l a t i n g equations w i l l be discussed 
as w e l l as the methodology for the c o r r e l a t i n g schemes. 

Models and Correlating Equations 

In 1923, the Debye-Hiickel l i m i t i n g law was derived and i t has 
served as an excellent model for simple s a l t s at very low concen
t r a t i o n s . The l i m i t i n g form of t h i s theory can be derived i n 
several ways which should also give correct r e s u l t s at moderate 
concentrations. The mathematics involved i n proceeding beyond the 

This chapter not subject to U.S. copyright. 
Published 1980 American Chemical Society 
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l i m i t i n g law stage are so formidable that the theories have been 
of very l i m i t e d usefulness i n the experimental range of concentra
t i o n s . 

Friedman (1962) has used the c l u s t e r theory of Mayer (1950) 
to derive equations which give the thermodynamic properties of 
e l e c t r o l y t e solutions as the sum of convergent s e r i e s . The f i r s t 
term i n these series i s i d e n t i c a l to and thus confirms the Debye-
Huckel l i m i t i n g law. The second term i s an U n i term whose co
e f f i c i e n t i s , l i k e the c o e f f i c i e n t i n the Debye-Hiickel l i m i t i n g 
law equation, a function of the charge type of the s a l t and the 
properties of the solvent. From t h i s theory, as w e l l as from 
others referred to above, a higher order l i m i t i n g law can be 
wr i t t e n as ^ ̂  

1/2 ( ï V i z i ) 2 Uny =- z ± z A I X / - 0 A Z U n i . (1) ± 1 + m  2

where γ + i s the mean i o n i c a c t i v i t y c o e f f i c i e n t , ζ the i o n i c 
charge,"A^, the Debye-Hiickel constant on the m o l a l i t y scale, I i s 
the i o n i c strength and Vj_ i s defined i n equation (2). For symmetri
c a l e l e c t r o l y t e s the c o e f f i c i e n t of the U n i term i s zero. 

Higher terms involve d i r e c t p o t e n t i a l s corresponding to the 
forces between sets of ions and become mathematically very d i f f i c u l t . 

P i t z e r et a l (1972, 1973, 1974, 1975, 1976) have proposed a 
set of equations based on the general behavior of classes of 
e l e c t r o l y t e s . P i t z e r (1973) writes equations for the excess 
Gibbs energy, AG e x, the osmotic c o e f f i c i e n t φ, and the a c t i v i t y 
c o e f f i c i e n t γ + f o r single unassociated e l e c t r o l y t e s as 

(AG e x/n wRT) = f G x
 + m2 ( 2 ^ ) ^ + 

* 3[2(ν Μν χ) 3 / 2] C m x
G x (2) 

• - 1 . | Ν ^ £ Φ + . ( ^ ) 4 + 

22<Vx> * m V 
2V V 

tey- |ζ Μζ χ| f * + « (-ÏL5) + 
2(v v ) 1 

where v M and ν χ are the numbers of M and X ions i n the formula 
M v X v and z M and ζχ are t h e i r respective charges i n el e c t r o n i c 
unxts; xalso V = + νχ, while n w i s the number of kg of solvent 
and m i s the conventional mol a l i t y . The functions f, B^, and Ο^χ 
are v i r i a l terms and the reader i s referred to P i t z e r 1 s publications 
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for d e t a i l s concerning the model equations and d e f i n i t i o n s of 
these other q u a n t i t i e s . 

In a d d i t i o n , several other forms of c o r r e l a t i n g equations 
give comparable f i t s to the experimental data. One equation uses 
the higher order l i m i t i n g law, followed by an empirical polynomial 
i n the square-root of m o l a l i t y . S i m i l a r l y , another equation uses 
the Debye-Hiickel l i m i t i n g law with Β set equal to zero, followed 
by an empirical polynomial i n the square-root of m o l a l i t y . Both 
of these have been discussed i n d e t a i l elsewhere (Staples and 
Nu t t a l f , 1977). 

C r i t e r i a f or s e l e c t i n g c o r r e l a t i n g equations should include 
an adequate des c r i p t i o n of the experimental data over a wide range 
of concentrations. Not only should they reproduce the data w e l l , 
but they should take into account the very d i l u t e region because 
they are used to evaluate the i n t e g r a l i n the Gibbs-Duhem r e l a t i o n . 
Thus we endeavor to includ
f i r s t term. What i s appropriat
i s d i f f i c u l t to determine. Correlations are ca r r i e d out at NBS 
using a va r i e t y of equations but the tabulated and recommended 
values are generally based on the empirical form of an equation 
used previously by Hamer and Wu (1972) and Lietzke and Stoughton 
(1962): 

- I V J V 2 3 
l n γ + = TJZ— + Cm + Dm + Em + . . . (5) 

1 + B I i / Z 

The i o n i c strength I i s given by I = l/2£m.z., and Β i s used to 
denote Β ·α, with a being the distance or" closest approach i n the 
Debye-Hiickel expression. The constants, B, C, D, E, etc. are 
empirical. 

The osmotic c o e f f i c i e n t and excess Gibbs energy can be express
ed i n terms of the same parameters by 

φ = 1 + ^ + m [- (1 + B I 1 / 2 ) + 21n(l + B I 1 / 2 ) 
B J I 

+ 1/(1 + B I 1 / 2 ) ] + (l/2)Cm + (2/3)Dm2 + (3/4)Em3 + (6) 
and I ζ ζ IA 

AG e X = VmRT + " m [ ( 2 - B I 1 / 2 ) B I 1 / 2 - 21 n ( l + B I 1 / 2 ) ] 
Β I 

+ (l/2)Cm + (l/3)Dm 2 + (l/4)Em 3 + . . . (7) 
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Values for the parameters are determined by a lea s t squares f i t of 
experimental data using eq (5) for experiments such as galvanic 
c e l l s measurements that measure solute a c t i v i t y and thus Y/Y r e£ 
values, and eq (6) f o r experiments such as vapor pressure measure
ments that measure solvent a c t i v i t y and thus φ values. A l l the 
o r i g i n a l data are used i n a single f i t t i n g program to determine 
the best values for the parameters. A detai l e d d e s c r i p tion of the 
evaluation procedure has been i l l u s t r a t e d for the system calcium 
chloride-water (Staples and N u t t a l l , 1977), and cal c u l a t i o n s 
d e r i v i n g a c t i v i t y data from a v a r i e t y of experimental technique 
measurements have also been described. 

Experimental Techniques 

Most determinations of a c t i v i t y and osmotic c o e f f i c i e n t s of 
an e l e c t r o l y t e s o l u t i o

(1) i s o p i e s t i c or vapor pressure equilibrium 
(2) vapor pressure lowering 
(3) freezing-point depression 
(4) b o i l i n g - p o i n t elevation 
(5) vapor pressure osmometry measurements 
(6) electromotive force (emfs) of galvanic c e l l s 

without l i q u i d j u n ction 
(7) emfs of galvanic c e l l s with transference 
(8) d i f f u s i o n measurements 
(9) solvent ex t r a c t i o n measurements 

(10) u l t r a c e n t r i f u g e measurements. 

The f i r s t f i v e measure the a c t i v i t y of the solvent and the 
l a s t f i v e measure the a c t i v i t y of the solute. The b o i l i n g point 
method i s generally not included i n evaluations for two reasons: 
there are l i t t l e data from these measurements or the thermal data 
are not adequate to apply an accurate correction to obtain an 
a c t i v i t y at 298 K. 

Vapor pressure osmometry i n p r i n c i p l e , should produce v a l i d 
r e s u l t s at moderate m o l a l i t i e s (a few hundredths to a few mol ekg~^) 
but the r e a l accuracy and pr e c i s i o n of t h i s method have not yet 
been properly demonstrated and/or documented (Goldberg, N u t t a l l , 
and Staples, 1979). 

Solvent extraction measurements and ul t r a c e n t r i f u g e measure
ments have been reported only i n sin g l e instances but agreement 
with other methods has been observed for U0 ?(N0^) ? (Goldberg, 
1979) and Ba C l 2 (Goldberg and N u t t a l l , 1978J, respectively. 

The primary sources of data used i n our c r i t i c a l evaluations 
are to be found i n a recent compilation by Goldberg, and others, 
(1977). A d d i t i o n a l data sources concerning the thermal properties 
of e l e c t r o l y t e s have also been published (Smith-Magowan and Goldberg, 
1979). Results of c o r r e l a t i n g data from a v a r i e t y of experimental 
sources generally ind i c a t e agreement among a wide range v a r i e t y of 
these experiments. 
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A c t i v i t y and osmotic c o e f f i c i e n t data derived from ten 
experimental methods have been c r i t i c a l l y evaluated and c o r r e l a t i n g 
equations have been formulated for more than 100 aqueous polyvalent 
e l e c t r o l y t e systems at 298 K. Evaluations for the major reference 
solutions KCl and NaCl (Hamer and Wu, 1972), and CaCl 2 (Staples 
and N u t t a l l , 1977) have been published; that for ^SO^ (Staples, 
1980) i s a v a i l a b l e on request. 

About a dozen recent publications have appeared i n the l i t e r a 
ture or are i n press. These describe other evaluations for the 
a l k a l i n e earth halides (Goldberg and N u t t a l l , 1978); the b i -
univalent compounds of i r o n , n i c k e l and cobalt (Goldberg, N u t t a l l , 
and Staples, 1979); lead, copper, manganese and uranium (Goldberg, 
1979). Several other publications are i n preparation (Goldberg, 
1980a, 1980b). 

Generally, agreemen
and those of P i t z e r , and others (1972, 1973, 1974, 1975, 1976) and 
Rard, and others (1976, 1977). Many of our c o r r e l a t i o n s agree 
f a i r l y w e l l with Robinson and Stokes, (1965) and Harned and Owen, 
(1958) but i n most cases a much larger data base and more recent 
measurements have been incorporated into the evaluations. I t has 
been observed that agreement with P i t z e r 1 s equations i s found 
below moderate concentrations (several molal), but often deviate 
at higher concentrations where the P i t z e r equations do not contain 
enough parameters to account for the behavior of the a c t i v i t y (or 
osmotic) c o e f f i c i e n t . 

The agreement with P i t z e r 1 s equations for s u l f u r i c acid i s 
reasonably good up to nearly 5 molekg""^. This agreement i s depicted 
i n F i g . 1, where the square symbols show values from P i t z e r 1 s 
equations, the crosses are experimental r e s u l t s , and the s o l i d 
l i n e i s my evaluation (Staples, 1980). 

Figure 2 shows the osmotic c o e f f i c i e n t as a function of the 
m o l a l i t y for the a l k a l i n e earth chlorides (Goldberg and N u t t a l l , 
1978) . Figure 3 i l l u s t r a t e s the osmotic c o e f f i c i e n t s for the 
i r o n , cobalt, and n i c k e l chlorides (Goldberg, N u t t a l l , and Staples, 
1979) . Periodic trends are observed. 

Other Thermodynamic Properties 

Other thermodynamic properties of aqueous solutions are being 
evaluated. A recent p u b l i c a t i o n reports values calculated for the 
association constants of aqueous i o n i c species at 298 Κ for a l k a l i n e 
earth s a l t s (Staples, 1978). 

In a d d i t i o n , the c r i t i c a l evaluation of enthalpies of d i l u t i o n 
and s o l u t i o n , as w e l l as evaluations of heat capacities have been 
i n i t i a t e d . These evaluations w i l l allow c a l c u l a t i o n s and c o r r e l a 
tions of a c t i v i t y and osmotic c o e f f i c i e n t s as a function of temper
ature and composition. 
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Figure 1. Osmotic coefficient of aqueous sulfuric acid (up to 2m) at 298 Κ as a 
function of the square-root of molality (YQ) Pitzer evaluation; (+) experimental 

data) 

MgCl 2 

CaC12 

SrC l 2 

BaCl 2 

298 Κ 

0 2 k -,6 ύ 10 m / mo 1 · kg 

Figure 2. Osmotic coefficient of aqueous alkaline earth chlorides as a function of 
the molality 
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Figure 3. Osmotic coefficient of aqueous chlorides of iron, cobalt, and nickel as a 
function of the molality 
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Abstract 

The techniques used in the critical evaluation and correlation 
of thermodynamic properties of aqueous polyvalent electrolytes 
are described. The Electrolyte Data Center is engaged in the 
correlation of activity and osmotic coefficients, enthalpies of 
dilution and solution, heat capacities, and ionic equilibrium 
constants for aqueous salt solutions. 

The substances includ
are available. The rang
dilute to saturation. The Debye-Huckel theoretical slopes are 
used as the basis of correlations in the very dilute region and 
an empirical equation in powers of m 1 / 2 is to extend the 
correlating equation to high concentrations. 

Current results for sample correlations will be compared and 
observed periodic trends, and trends according to charge-type, 
will be discussed. 
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Ionic Solutions 
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The basic question
the role of the forces
molecules in determining the thermodynamic properties of the 
solutions. Also there are qualitatively new thermodynamic 
features in some of the less well known regimes of composition 
and temperature. 

The forces among the ions and solvent molecules are not 
well known so one commonly starts with approximations for these 
"basic functions, i.e. with Hamiltonian models. Currently there 
is intense activity in applying new powerful methods of statis
tical mechanics to ionic solution models and it is already 
possible to compare some features of the results as calculated by 
different techniques. 

The study of McMillan-Mayer level models, in which the 
solvent coordinates have been averaged over so that only solvent-
mediated ion-ion forces need be treated, is relatively well 
developed. However the real forces at this level are even more 
poorly known than the forces at the Born-Oppenheim level referred 
to above. It is found that McMillan-Mayer level models can be 
brought into good agreement with solution thermodynamic data. 
The effort of comparing such models with appropriate non-thermo-
dynamic experiments, such as diffraction experiments and NMR 
relaxation experiments, is s t i l l at an early stage. 

A l s o a t t r a c t i n g g r o w i n g a t t e n t i o n i s t h e phase c o e x i s t e n c e 
c u r v e c h a r a c t e r i s t i c o f i o n i c systems ; i t p l a y s a r o l e i n some 
i o n i c s o l u t i o n phenomena, a l t h o u g h examples i n aqueous s o l u t i o n s 
a r e n o t known a t t h i s t i m e . O t h e r new f e a t u r e s a r e t h e i n t e n s e 
c o n c e n t r a t i o n dependence - a t l o w c o n c e n t r a t i o n - o f c e r t a i n o f 
t h e H a r n e d c o e f f i c i e n t s t h a t c h a r a c t e r i z e m i x e d e l e c t r o l y t e 
s o l u t i o n s and t h e e v i d e n c e f o r a s o l v e n t - s e p a r a t e d s t a t e o f t h e 
h y d r o p h o b i c b o n d , t h e a t t r a c t i v e f o r c e between h y d r o p h o b i c i o n s , 
even t h o s e o f z e r o c h a r g e , i n w a t e r . 
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1. THERMODYNAMICS AND STRUCTURE 

The thermodynamic theory of solutions i s complete i n the 
sense that the exact r e l a t i o n s among thermodynamic c o e f f i c i e n t s 
are a l l known, the GihbsHïelmholtζ equation for example. However 
i n p r a c t i c e i t commonly i s necessary to make predictions on the 
basis of incomplete data, therefore to make extrapolations and 
other approximations. R e l i a b l e approximations depend upon a 
knowledge of the s o l u t i o n structure. 

The most widely used measure of structure i n f l u i d s i s 
the p a i r c o r r e l a t i o n function ( I 7 6 . ) (° r r a d i a l d i s t r i b u t i o n 
function) g i j ( r ) . I t i s defined so that 

c i / j ( r ) = c i g i j ( r ) { 1 ) 

i s the l o c a l concentration of p a r t i c l e s of species i i n a small 
volume at a distance r
j . Also Ci=N^/V i

of species i . Examples are shown i n F i g . 1 . At small r , 
g i j ( r ) = 0 because the p a r t i c l e s each occupy space from which 

other p a r t i c l e s are excluded, b a s i c a l l y because of the P a u l i 
exclusion p r i n c i p l e . Values of g-j* greater than unity r e f l e c t 
a t t r a c t i o n between i and j , while values less than unity 
r e f l e c t repulsion. Indeed the p o t e n t i a l w^j(r) of the force 
between i and j i s given by the equation 

-w ( r ) / k Τ 
g,,(r) = e 1 J 3 (2) 

where kg i s Boltzmann's constant and Τ the temperature. 
I f the functions g^j f o r a l l of the species pairs i n a 

f l u i d are known over a s u f f i c i e n t range of the state variables 
one can calculate the thermodynamic properties. (1-5.) So forces 
determine structure through Eq. (2) and the thermodynamic 
properties are determined by the structure. 

The p o t e n t i a l w^j i s not generally the p o t e n t i a l of the 
force acting between p a r t i c l e s i and j i n a vacuum, or even at 
i n f i n i t e d i l u t i o n i n the solvent, i n the case of a s o l u t i o n . 
Rather i t i s the p o t e n t i a l of the force between p a r t i c l e s i and 
j i n the medium i n which g^j i s measured. In t h i s case the 

force i s mediated by a l l of the other p a r t i c l e s . An important 
class of problems i n s t a t i s t i c a l mechanics deals with the c a l 
c u l a t i o n of g^j or w^j from models i n which the forces i n 
simpler s i t u a t i o n s are s p e c i f i e d . Generally these ca l c u l a t i o n s 
cannot be made exactly; the w-̂ j or g-̂ j merely are estimated 
on the basis of one of a number of approximation methods that 
have been developed for t h i s purpose. (1-6.) In t h i s report I 
w i l l describe some of the r e s u l t s of these approximation methods 
which are of i n t e r e s t here without going in t o the approximation 
methods themselves. 
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Figure 1. Correlation functions in NiCl2(aq) at 0.1M and 0.7M. 

The solid curves below 7 À are calculated accurately for a model (Section 4) that fits 
the osmotic coefficient data. The curves above 7 À are merely schematic, showing in 
exaggerated form the oscillations that appear in gab at large r when the concentration is 
large, even for the models in Section 4. The dashed curve indicates the location and 
intensity of the peak in g+.(x) identified in aqueous NiCl2 in neutron diffraction and 

EXAFS studies, as reviewed in Section 5. 

Ζ. HAMILTONIAN MODELS AT VARIOUS LEVELS 

The word 'model1 now i s so often used to mean any set of 
approximations that i t i s convenient to use the term Hamiltonian 
model to mean a physical model. The model's Hamiltonian 
s p e c i f i e s the forces acting upon each p a r t i c l e i n each possible 
configuration of the system, i . e . each set of locations of a l l of 
the p a r t i c l e s . This may be done at several l e v e l s . (5., 8_) 
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At the deepest l e v e l of i n t e r e s t here, the Schroedinger 
l e v e l , the p a r t i c l e s are the n u c l e i and electrons making up the 
s o l u t i o n of i n t e r e s t . The Hamiltonian i s w e l l known. The laws 
of quantum mechanics must be used to calculate the wave functions 
which carry the information about the structure of the system. 

Among the functions one can, at least i n p r i n c i p l e , c a l 
culate at the Schroedinger l e v e l i s the Born-Oppenheimer (BO) 
p o t e n t i a l surface, the p o t e n t i a l of the forces among the n u c l e i 
assuming that at each nuclear configuration the time-independent 
Schroedinger equation i s s a t i s f i e d . We may think of t h i s as the 
'electron-averaged 1 p o t e n t i a l . Such an N-body p o t e n t i a l U N 

often may be adequately represented as a sum of p a i r p o t e n t i a l s 
ϋ Λ ΐ > Ϊ 2 ' · · · ' £ Ν ) = Σ U i j ( r i j } ( 3 ) 

pairs ° ° 
where the p a r t i c l e indice
monatomic p a r t i c l e s or
coordinates must i n general include o r i e n t a t i o n a l and other 
i n t e r n a l coordinates as w e l l as the center-to-center distance 

r u · 
The program of c a l c u l a t i n g the B 0 - l e v e l p o t e n t i a l s from 

Schroedinger l e v e l cannot often be c a r r i e d through with the 
accuracy required f o r the intermolecular forces i n solution 
theory. (9.) Fortunately a great deal can be learned through the 
study of B 0-leve l models i n which the N-body p o t e n t i a l i s p a i r -
wise additive (as i n Eq. ( 3 ) ) and i n which the p a i r p o t e n t i a l s 
have very simple forms. (2_53_,6_) Thus f o r the hard sphere f l u i d 
we have, with a=sphere diameter, 

u(r)=GD i f r<o 
=0 i f r>a (h) 

while for the 6-12 f l u i d we have 

u(r) = e 0 [ ( a / r ) 1 2 - 2 ( a / r ) 6 ] (5) 

The 6-12 p o t e n t i a l i s only q u a l i t a t i v e l y l i k e the r e a l i s t i c 
p o t e n t i a l s that can be derived by c a l c u l a t i o n s at Schroedinger 
l e v e l f o r , say, Ar-Ar i n t e r a c t i o n s . But i t requires c a r e f u l and 
d e t a i l e d study to see how r e a l simple f l u i d s ( i . e . one component 
f l u i d s with monatomic p a r t i c l e s ) deviate from the behavior c a l 
culated from the 6-12 model. Moreover the p r i n c i p a l s t r u c t u r a l 
features of simple f l u i d s are already quite r e a l i s t i c a l l y given 
by the hard sphere f l u i d . 

The lesson, that d r a s t i c a l l y simple Hamiltonian models 
are adequate to generate quite r e a l i s t i c f l u i d properties and 
hence to understand the structure of f l u i d s , can be reinforced by 
many other examples. For the present Symposium the most important 
may be the Stillinger-Rahman series of studies of a B 0-level 
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Hamiltonian model for water. ( 10 ,11 ) 

In a McMillan-Mayer l e v e l model (MM-level) for a so l u t i o n , 
the p a r t i c l e s are the solute p a r t i c l e s ( i . e . the ions with p o s i 
t i v e , negative, or zero charge). The ion-ion p o t e n t i a l s can, i n 
p r i n c i p l e , be generated by calculations i n which one averages 
over the solvent coordinates i n a BO-level model which sees the 
solvent p a r t i c l e s . (^ ,5 . ,12) Pairwise a d d i t i v i t y (we use overbars 
for solvent-averaged p o t e n t i a l s ) 

°N ( rl' r 2 ' - " ' r N ) = Σ V - 1 ^ ( 6 ) 

pairs or ions 
i s not so accurate or r e a l i s t i c as at BO-level, but i s perhaps 
r e a l i s t i c enough for solutions i n which the i o n i c concentrations 
do not much exceed IM . 

The simplest mode
the p r i m i t i v e model, (13>1^

HS 
u. = u.. 

i j i J î J ' 
+ e.e ,/er (7) 

HS 
where Uj_j i s the p o t e n t i a l given i n Eq. (U), with cr-hjij , and 
where ε i s the d i e l e c t r i c constant of the solvent medium. This 
i s i m p l i c i t l y the model studied by Debye and Hiickel, and i n most 
l a t e r studies of io n i c s o l u t i o n theory as w e l l . Their w e l l known 
res u l t for the p o t e n t i a l of average force, 

w..(r) = u?*? (r) + e.e.e~ K r /ετ , (8) -̂•J îj i J 
where κ 1 i s the Debye s h i e l d i n g length, i s not very accurate, 
even for t h i s model, compared to some of the l a t e r r e s u l t s . Some 
of the advances are incorporated in the system of equations f o r 
the thermodynamic excess properties developed by K. S. P i t z e r . (15) 

In Section k we discuss some more r e f i n e d MM-level models. 

3. MM-LEVEL û+_(r) FROM BO LEVEL 

U n t i l very recently there was no information about how an 
MM p a i r p o t e n t i a l should look, based upon ca l c u l a t i o n s from the 
deeper BO l e v e l . In the simplest BO l e v e l model f o r an i o n i c 
s o l u t i o n the solvent molecules are represented as hard spheres 
with centered point dipoles and the ions as hard spheres with 
centered charges. Now there are two sets of c a l c u l a t i o n s , (16 ,17) 
by very d i f f e r e n t approximation methods, for t h i s model where a l l 
of the spheres are 3 A i n diameter, where the dipole moments are 
near 1 Debye, and where the ions are s i n g l y charged. The 
temperature i s 25° and the solvent concentration i s about 50M, 
corresponding to a l i q u i d state. The d i e l e c t r i c constant of the 
model solvent i s believed to be near 9 · 6 · 

As shown i n Fig. 2 the p r i m i t i v e model with ε=9·6 i s 
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Figure 2. Solvent-averaged potential for charged hard-sphere ions in a dipolar 
hard-sphere solvent. MC approximation by Patey and Valleau (\6) and LHNC approxi
mation by Levesque, Weis, and Patey (11). Also shown are the primitive model functions 

for solvent dielectric constants 9.6 and 6. 

only very close to the calculated û+_(r) f o r r>72 . At 
r=3S , corresponding to a configuration i n which the ions are 

i n contact, the deviation of ù+_ /kgT from the p r i m i t i v e model 
i s about 11 u n i t s . About 1 unit i s expected on the basis of 
so-called l i q u i d structure e f f e c t s . Thus i f the charges and 
dipole moments were made vanishingly small one would f i n d 
u+./k-gT - -1 . The remaining 10 units i s associated with the 

poor s h i e l d i n g of the i o n i c charges by the solvent dipoles when 
the ions are i n contact. Indeed the contact value observed f o r 
û+_/kgT corresponds to a p r i m i t i v e model with ε-6 and the 
same ion sizes as the actual model, as shown i n the fi g u r e . 

The small- r behavior i n F i g . 2 i s quite s u r p r i s i n g from 
the following point of view. For r e a l 1-1 e l e c t r o l y t e s i n s o l 
vents with ε - 1 0 , e.g. tetrabutylammonium p i c r a t e i n ethylene 
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d i c h l o r i d e , the mass action constant f o r forming +- ion p a i r s , 
as estimated from the conductivity data, i s rather close to what 
may be calculated from the p r i m i t i v e model, with a r e a l i s t i c ion 
size parameter, using the theory of Bjerrum ( l 8 ) . However the 
mass action constant for forming ion pairs estimated from the 
non-primitive model curve i n F i g . 2 i s l a r g e r than the p r i m i t i v e 
model r e s u l t by about three orders of magnitude. This comparison 
suggests that the p a r t i c u l a r BO-level model treated i n F i g . 2 i s 
not very r e a l i s t i c . One does not yet know what a d d i t i o n a l 
features are required to improve the model. 

Another method of c a l c u l a t i o n developed by Adelman and 
applied by him to a model f o r a 1-1 e l e c t r o l y t e i n water eives 
much smaller deviations from the p r i m i t i v e model. (19) 

We turn to w-j_j(r) i n the case that both i and j are 
hydrophobic solute p a r t i c l e
bond (20) corresponds t
corresponding g i j ( r ) . From a BO-level model f o r a solution of 
two Ne atoms i n water,with the Bjerrum-like ST2 model for water 
(10), Geiger, Rahman, and S t i l l i n g e r (ll) f i n d that t h e i r c a l 
culations suggest that % e , N e ( r ) has a minimum at an r value 
that corresponds to a solvent-separated hydrophobic bond. In a 
more de t a i l e d and s p e c i a l i z e d c a l c u l a t i o n along s i m i l a r l i n e s but 
for a model f o r Xe i n ST2 water, Pangali, Rao, and Berne (21) 
f i n d that ûxe?xe(r) has two w e l l s , one near k%. that corresponds 
to the usual idea of contact hydrophobic bonds and one near 7^ 
that corresponds very c l o s e l y to the type of solvent-separated 
hydrophobic bond that one can get i f the water near the hydro
phobic species has the c h a r a c t e r i s t i c hydrogen bonded structure 
of water i n the clathrate hydrates. Moreover the ûXe x e(r) 
p o t e n t i a l function i s i n excellent agreement with that calculated 
by Pratt and Chandler (22) by means of a very d i f f e r e n t approxi
mation method and also a somewhat d i f f e r e n t model. Thus Pratt 
and Chandler are able to finesse the s p e c i f i c a t i o n of the water-
water p a i r p o t e n t i a l i n the BO-level model by introducing, at an 
appropriate point i n the theory, the experimental (x-ray) d i s t r i 
bution function ( e s s e n t i a l l y goo(p)) f o r p u r e water. 

The e a r l i e r rather complicated evidence f o r clathrate 
structures enforced by hydrophobic pairs (from EPR lineshape 
phenomena for paramagnetic hydrophobic solutes, (23)) and f o r two 
states of the hydrophobic bond (from thermodynamic excess 
functions (2^,25)) i s provided with a det a i l e d background by 
these important t h e o r e t i c a l developments. 

k. REFINED MM-LEVEL MODELS 

Extensive studies have been made of MM-level models with 
the p o t e n t i a l (26) 

Û..(r) = COR.. + CAV.. + e.e./er + GUR.. (9) 
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The COR t e r n represents the short range repulsion between the 
ions, e i t h e r by a power law (o±^/r)9 or by an exponential 
function e ~ r ' a i j . I t s parameters are calculated from the known 
s i z e s , e.g. c r y s t a l r a d i i , of p a r t i c l e s i and j . The CAV 
term, which varies l i k e l / r ^ , accounts for a p a r t i c u l a r 
d i e l e c t r i c e f f e c t , something l i k e the one i n the s a l t i n g - out 
theory of Debye and McAulay. (2j) I t turns out to be numerically 
unimportant even for Setchenow c o e f f i c i e n t s . The Coulomb term i s 
w e l l known. The GUR term i s intended to account for an ef f e c t 
pointed out some time ago by Gurney (2_8) and by H. S. Frank. (29) 
Thus i f there i s a region (the cosphere) around each ion within 
which the solvent i s modified by the i o n , then the force between 
two ions w i l l have a contribution from the free energy changes 
when the cospheres overlap. This idea i s qu a n t i f i e d i n the form 
(26) 

GUR..(r) = Α..V (r)/V (10) IJ I
where V w i s the molecula m u ( r )
the mutual volume of the cospheres of i and j when the 
distance between t h e i r centers i s r . The amplitude of the 
e f f e c t , A^j , the only parameter i n Eq. (9) that i s adjusted to 
f i t the so l u t i o n data, has the s i g n i f i c a n c e of the free energy 
change per molecule of water displaced from the overlapping 
cospheres. Most often the cospheres are assumed to include one 
molecular layer of solvent. 

The osmotic c o e f f i c i e n t s calculated from Eq. (9) can be 
brought i n t o good agreement with solution data up to about IM for 
aqueous solutions of a l k a l i (26) and a l k a l i n e earth h a l i d e s , (30) 
t e t r a a l k y l ammonium h a l i d e s , T3l) mixed e l e c t r o l y t e s , where the 
Harned c o e f f i c i e n t s are measured, (32) and electrolyte-non 
e l e c t r o l y t e mixtures, where Setchenow c o e f f i c i e n t s are measured. 
(33) Equally good r e s u l t s have been found for excess enthalpies 
and volumes when these have been attempted. 

Contributing to AJ;J are, i n addition to the solvent 
s t r u c t u r a l e f f e c t s e x p l i c i t l y considered, contributions from 
d i e l e c t r i c s aturation, from the l i q u i d structure e f f e c t s one has 
even i n simple f l u i d s , from solvent-mediated dispersion i n t e r 
actions of the ions, from c h a r g e - p o l a r i z a b i l i t y i n t e r a c t i o n s of 
the ions, and so on. I t i s d i f f i c u l t to t e l l a - p r i o r i which 
ef f e c t s are dominant or how b i g they are. However the c o l l e c t i o n 
of A j i c o e f f i c i e n t s has c h a r a c t e r i s t i c s that are consistent 
with the f i r s t named eff e c t being dominant. 

We f i n d , from the models that f i t the experimental data, 
that -A-ij/kgT i s most often i n the range from - 0 . 3 to 0 . I t 
varies quite r e g u l a r l y with v a r i a t i o n of species i n a manner that 
i s consistent with the conclusion that the important e f f e c t s of 
ion size are e x p l i c i t l y accounted for i n Eq. ( 9 ) . (.33*34.) The 
most s t r i k i n g r e g u l a r i t y i s that i f i and j are both species 
that are a l l or l a r g e l y hydrophobic then Aj_j tends to be nearly 
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independent of species. This behavior makes i t r e l a t i v e l y easy 
to predict the thermodynamic excess functions of aqueous solutions 
of hydrophobic solutes with a ce r t a i n accuracy, which doubtless 
could be improved by further work. (35) 

One of the further refinements which seems desirable i s 
to modify Eq. (9) so that i t has wiggles (damped o s c i l l a t o r y 
behavior). Wiggles are expected i n any r e a l i s t i c MM-level p a i r 
p o t e n t i a l as a consequence of the molecular structure of the 
solvent; ( 2 , 3 , 1 0 , 1 1 , 2 1 , 2 2 ) they would be found even fo r two hard 
sphere solute p a r t i c l e s i n a hard-sphere l i q u i d or fo r two 
E2^0 solute molecules i n ordinary l i q u i d H 2 O , and are found i n 
simulation studies of solutions based on BO-level models. In 
io n i c solutions i n a polar solvent another source of wiggles, 
evidenced i n F i g . 2 , may be associated with an o s c i l l a t o r y non
l o c a l d i e l e c t r i c function s ( r ) . (_36) These various studies may 
be used to guide the introductio
r e a l i s t i c way. 

5. NON-THERMODYNAMIC DATA 

E l e c t r i c a l c o n d u c t i v i t i e s are much easier to measure than 
thermodynamic c o e f f i c i e n t s and,of courseware affected by the 
solvent-averaged ion-ion forces. Using charged hard sphere 
models ref i n e d by incorporation of a Gurney-like term Ebeling 
and coworkers ( 37 ,38 ) and J u s t i c e and J u s t i c e ( 3 9 , ^ 0 ) have 
adjusted Gurney parameters for aqueous a l k a l i halides and some 
other systems to f i t the conductivity data. Quite remarkably the 
Gurney parameters adjusted to f i t the conductivity data are very 
w e l l correlated with the Gurney parameters adjusted to f i t the 
thermodynamic excess functions. (Fig. 3) On t h i s basis one could 
use conductivity data to f i n d Gurney parameters i n cases i n which 
the thermodynamic data were incomplete and then use the r e s u l t s to 
predict thermodynamic excess functions which otherwise would be 
poorly known. A useful and s i g n i f i c a n t c o r r e l a t i o n between the 
Gurney parameters and the solvation free energies also has been 
reported. (38) 

Next we describe some work that i s directed at the 
question, does the agreement with experiment of model pot e n t i a l s 
l i k e the one i n Eq. (9) imply that the models are ri g h t ? I t seems 
u n l i k e l y that the answer i s aff i r m a t i v e because of the great 
v a r i e t y of equations which, over the years, have been reported 
to give p r e c i s i o n f i t s to the thermodynamic excess function data; 
apparently there i s r e l a t i v e l y l i t t l e information i n these data. 
More d i r e c t l y , we f i n d that we can change some important aspects 
of the models within the scope of Eq. (9) and s t i l l f i t the data 
for thermodynamic·excess functions. Typical examples are given 
below. 

For the rate constant k a^ of an a c t i v a t i o n c o n t r o l l e d 
reaction of a solute p a r t i c l e of species a with one of species 
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0.5 h 

Figure 3. Gurney parameters for + — pairs determined by fitting data for osmotic 
coefficient φ and conductivity Λ (3$). The line in the figure represents ideal correlation. 
The data are for alkali halides, except fluorides, in water. The parameter d+_ is defined 
for a simpler MM-level model than Equation 9; in Ref. 38 it is reported that d+./k/T 
= 0.75 + 3.6 A + ./k B T. These correlations have been found by Justice and Justice 

as well (39, 40). 

b one has 
kab = K b ( r ) i a b ( r ) d ' (11) 

where kàb(r) i s the rate when the distance between the 
reactants i s r . Comparing calculated and experimental i s 
a much better way to tes t models than comparison of the thermo
dynamic excess functions because ka-^ depends only on gat, 
whereas the thermodynamic excess functions depend on a l l of the 
solute-solute g^j , weighted by the concentration product 
c i c j · (3^»^l) While the theory for ordinary chemical k i n e t i c s 
i s not s u f f i c i e n t l y advanced so that one knows enough about 
k a b ( r ) f o r "this purpose,the s i t u a t i o n i s much better f o r spin 
r e l a x a t i o n induced by the dipolar spin-spin i n t e r a c t i o n , as i n 
the process 

7 L i + ( m ) + N i 2 + = 7Li +(m') + Ni 2+ 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



28. FRIEDMAN Fundamental Theory of Ionic Solutions 557 

where m-*mf represents a change i n nuclear spin state of the TLi , 
in t h i s case due to c o l l i s i o n with the paramagnetic N i 2 + . The 
rate constant i s determined by measuring Τη_ of ÎLi as a function 
of N i ^ + concentration i n aqueous solutions of L i C l and NiCl2* 
with added MgCl2 to keep the i o n i c strength f i x e d . The rate con
stant i s calculated for models based on Eq. (9) for each one 
of the following cases. 
A. N i ^ + and L i + both are r i g i d l y hydrated so that the i o n i c 
r a d i i used i n Eq. (9) are r e s p e c t i v e l y , 0.7+2.76 S and 
0.6+2.762 . 
B. Ni i s r i g i d l y hydrated but L i + i s not; i t s radius i n Eq. 
(9) i s only 0.6 8 , 
C. Neither N i ^ + nor L i + i s r i g i d l y hydrated. 
A l l three models may be f i t to the thermodynamic data for aqueous 
solutions of N i C l 2 , L i C l , and t h e i r mixtures by adjusting t h e i r 
Gurney parameters. Thus  i  i  d i f f i c u l
dynamic data whether on
However only model Β i s i n s a t i s f a c t o r y agreement with the spin 
r e l a x a t i o n data. (kl) 

At t h i s time d i f f r a c t i o n data f o r ion-ion d i s t r i b u t i o n s 
i n aqueous solutions of moderate concentration are beginning to 
become a v a i l a b l e . In aqueous N1CI2 solutions very r e f i n e d neutron 
d i f f r a c t i o n studies indicate that the N i 2 + - C l ~ p a i r c o r r e l a t i o n 
function has a peak near 3 . l S under conditions i n which the C l ~ 
does not penetrate the Ni(H20)g 2 + u n i t . (h2) I t i s reported that 
EXAFS studies give the same r e s u l t . (h3) While the information 
i s most welcome i t i s puzzling because a geometrical c a l c u l a t i o n 
indicates that the closest center to center distance f o r the N i 2 + 

and a C l ~ that does not penetrate the hydration s h e l l i s closer 
to 3.98. (1) 

6. CORRESPONDING STATES FOR IONIC SYSTEMS 

It has been proposed to define a reduced temperature T r 

f o r a so l u t i o n of a single e l e c t r o l y t e as the r a t i o of kgT to 
the work required to separate a contact +- ion p a i r , and the 
reduced density p r as the f r a c t i o n of the space occupied by 
the ions, (kk) The p r i n c i p a l feature on the T r,p r corresponding 
states diagram i s a coexistence curve f o r two phases, with an 
upper c r i t i c a l point as for the liquid-vapor equilibrium of a 
simple f l u i d , but with a markedly lower reduced temperature at 
the c r i t i c a l point than f o r a simple f l u i d (with the corresponding 
d e f i n i t i o n of the reduced temperature, i . e . the r a t i o of kgT 
to the work required to separate a van der Waals p a i r . ) In the 
case of a plasma, an i o n i c f l u i d without a solvent, the coexistence 
curve i s f o r the liquid-vapor e q u i l i b r i u m , while f o r solutions i t 
corresponds to two solution phases of d i f f e r e n t concentrations i n 
equilibrium. Some non-aqueous solutions are known which do unmix 
to form two l i q u i d phases of s l i g h t l y d i f f e r e n t concentrations. 
While no examples i n aqueous solution are known, the corresponding 
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states p r i n c i p l e f o r i o n i c f l u i d s suggests that solutions of 
even 1-1 e l e c t r o l y t e s i n water might unmix above 300°C i n some 
concentration range. I t i s d i f f i c u l t t o be more precise because 
the coexistence curve apparently i s s e n s i t i v e to d e t a i l s i n the 
pa i r p o t e n t i a l s . (36) 

7. MIXING COEFFICIENTS 

In a symposium concerning i n d u s t r i a l applications one 
expects solutions of single e l e c t r o l y t e s to take second place i n 
importance behind solutions of mixed e l e c t r o l y t e s . The l a t t e r 
have scarcely been mentioned i n t h i s review. To redress the 
balance we r e c a l l here an i n t e r e s t i n g question regarding the 
mixing c o e f f i c i e n t gj_ that appears i n the expansion of the 
excess free energy of mixing two e l e c t r o l y t e s with a common ion 
at constant molal i o n i  strength I

A m G e X ( y , l ) = y ( l - y ) l W R T [ g 0 ( l )  ( l - 2 y ) g ; L ( l ) ] (12) 

Here y i s the f r a c t i o n of the i o n i c strength due to one of the 
el e c t r o l y t e s and W i s the mass (kg) of solvent i n the mixture. 
I t i s w e l l known {h) that higher order l i m i t i n g laws, depending 
upon only the charge type and ε , determine the behavior of 
gQ at very low I. Recently i t was found experimentally by 

Cassel and Wood {k5) that i n mixtures of d i f f e r e n t charge types 
at low I the c o e f f i c i e n t g± ( a c t u a l l y 3(g;j/T)/3(l/T) ) seemed 
to be diverging as I-K) and, moreover, that the species-dependence 
of the divergence indicated that the divergence was a l i m i t i n g 
law phenomenon. Calculations by two approximation methods (k6) 
showed that g j would indeed appear to diverge i n the range 
studied by Cas s e l and Wood, and that the eff e c t was indeed due to 
the long range Coulomb i n t e r a c t i o n s , but the calculated and 
experimental c o e f f i c i e n t s disagreed i n both sign and magnitude! 
On the other hand, more recent measurements i n a d i f f e r e n t system 
by Khoo and coworkers (hj) seem consistent with the theory, 
although the comparison has yet to be c a r e f u l l y developed. 
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Activity Coefficients, Ionic Media, and 
Equilibrium Constants 

R. M. PYTKOWICZ 

Oregon State University, Corvallis, OR 97330 

In this work the concepts of ionic medium effective ionic 
strength and free versu
ined. Then they are applie y  permissibl
incorrect translations of equilibrium constants from one medium 
to another. 
Ionic Media 

Ionic media are solutions of background electrolytes which 
are concentrated enough so that the activity coefficients of the 
electrolytes of interest do not change during processes which are 
occurring. Typical ionic media are a 1 m HClO4 or NaClO4 solution 
and seawater. 

Let us consider the dissolution-precipitation process in 
seawater in the following example. The normal concentrations of 
calcium and of carbonate in the near-surface oceanic waters are 
about [Ca2+] = 0.01 and [C032-] = 2 X 10-4 M. The CaC03 in 
solution is metastable and roughly 2u0% saturated (1). Should 
precipitation occur due to an abundance of nuclei, [C032-] will 
drop to 10-4 M but [Ca2+] will change by no more than 2%. There
fore, the ionic strength of the ionic medium seawater will remain 
essentially constant at 0.7 M. The major ion composition will 
also remain constant. We shall see later what the implications 
are for equilibrium constants. 

I t i s i m p o r t a n t to r e a l i z e t h a t one must t ake i n t o c o n s i d e r 
a t i o n i o n a s s o c i a t i o n o f the i o n i c media e l e c t r o l y t e s because i t 
a f f e c t s the e f f e c t i v e i o n i c s t r e n g t h ( 2 ) . T h i s i n t u r n changes 
the a c t i v i t y c o e f f i c i e n t s o f the i o n s under s t u d y . The e f f e c t i v e 
i o n i c s t r e n g t h , I e , o f a 2-1 e l e c t r o l y t e CA 2 wh i ch a s s o c i a t e s i s 
g i v e n by 

I e = 0 . 5 { 4 [ C 2 + ] p + [ A - ] F + [CA + ] } (1) 

where the s u b s c r i p t F r e f e r s to f r e e s p e c i e s . We s h a l l see t h a t 
I e p l a y s a key r o l e i n e q u i l i b r i a . 

0-8412-0569-8/80/47-133-561$05.00/0 
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E l e c t r o l y t e s which o f t e n a r e c o n s i d e r e d t o be c o m p l e t e l y 
d i s s o c i a t e d but i n e f f e c t a re not a r e NaCl and NaClO^ ( 3 ) . 

I o n - P a i r i n g 

In the p r e c e e d i n g s e c t i o n ment ion was made o f i o n a s s o c i a t i o n 
( i o n - p a i r i n g ) w h i c h , f o r the purposes o f t h i s p a p e r , w i l l r e f e r 
to cou lomb i c e n t i t i e s w i t h o r w i t h o u t cosphere o v e r l a p . E x p e r i 
mental suppo r t f o r i o n - p a i r i n g has come from sound a t t e n u a t i o n 
( 4 J , Raman s p e c t r o s c o p y [5) and p o t e n t i o m e t r y ( 2 , 3). C r e d i b i l i t y 
has r e s u l t e d from the model o f Fuoss {§) appl iecT by K e s t e r and 
Py t kow i cz (7). 

Our method a t p r e s e n t i s not based upon t h e o r e t i c a l models 
o r d e p a r t u r e s from i d e a l b e h a v i o r . I t c o n s i s t s i n the use o f 
p o t e n t i o m e t r i c d e t e r m i n a t i o n s and l i t e r a t u r e v a l u e s o f a c t i v i t y 
c o e f f i c i e n t s , s t a r t i n g h HCI-HCI0  e l e c t r o l y t d 
w i t h the assumpt ion t h a
the a s s o c i a t i o n c o n s t a n t pK = 7 i s e x t r e m e l y sma l l i n t h i s c a s e . 
A compar i son o f e x p e r i m e n t a l r e s u l t s w i t h those c a l c u l a t e d from 
the Fuoss (6>) t h e o r y i s p r e sen t ed i n Tab le I. The t h e o r y i s o n l y 
v a l i d a p p r o x i m a t e l y so t h a t the o r d e r o f magni tude agreement i s 
f a i r l y good , excep t i n the cases o f MgC03° and CaC0 3 ° . S t o i c h i o 
m e t r i c a s s o c i a t i o n c o n s t a n t s K* a re then o b t a i n e d from the a c t i v 
i t y c o e f f i c i e n t s , e x p r e s s i o n s f o r K*, and from e q u a t i o n s f o r the 
c o n s e r v a t i o n o f mass . The l a t t e r exp res s the t o t a l c o n c e n t r a t i o n 
o f a g i v e n i o n as the sum o f the c o n c e n t r a t i o n s o f the f r e e i o n 
and o f the i o n - p a i r s . Va lues o f K* and o f the a c t i v i t y c o e f f i 
c i e n t s o f f r e e i o n s i n i o n i c media depend o n l y upon the e f f e c t i v e 
i o n i c s t r e n g t h as i s shown l a t e r . 

Tab le I. 
A compar i son o f s t o i c h i o m e t r i c a s s o c i a t i o n c o n s t a n t s 
c a l c u l a t e d from the Fuoss [6) model w i t h Debye r a d i i 

and from the measurements o f Johnson and P y t k o w i c z ( 3 ) . 
Ion P a i r C a l c u l a t e d Measured 
NaS<V 2.1 2.02 
MgSOi, 0 4 .6 10 .2 
CaSO^ 0 6.5 10 .8 
NaHC0 3° 0 .46 0.28 
MgHC03+ 2.8 1.62 
CaHC0 3+ 2.4 1.96 
NaC0 3 - 2.0 4 .25 
MgC0 3° 3.9 112 .3 (?) 
CaC0 3 ° 
NaCl° 

4 .9 279 .6 (? ) CaC0 3 ° 
NaCl° 0 .43 0.321 
MgCl + 2.5 1.91 
CaCl + 2.3 2.24 
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From the f r e e a c t i v i t y c o e f f i c i e n t s and v a l u e s o f K* 
o b t a i n e d i n b i n a r y s o l u t i o n s i t i s p o s s i b l e then t o c a l c u l a t e 
t o t a l ( s t o i c h i o m e t r i c ) a c t i v i t y c o e f f i c i e n t s i n more complex 
s o l u t i o n s . 

Our r e s u l t s l e a d to good p r e d i c t i o n s o f a c t i v i t y c o e f f i c i e n t s 
i n mu l t i component systems from da ta measured i n s i m p l e s o l u t i o n s . 
A l s o , they y i e l d v a l u e s s i m i l a r to those o f P i t z e r and Kim (8) as 
i s shown i n Tab l e I I . 

Tab le I I . 
A compar i son o f t r a c e mean a c t i v i t y c o e f f i c i e n t s 

c a l c u l a t e d by the methods o f Johnson and Py tkow i cz 
(3) and P i t z e r and Kim ( 8 ) . 

System A 
A/B (

KCl/NaCl 0 .62
KCl/CaC l U.639 0.628 0.662 
KCl/MgCl 0 .649 0.636 0 .6/4 
NaCl/CaCT z 0.671 0.643 0.682 
N a C l / M g C l 2 0 .682 0 .650 U.694 
C a C l 2 / M g C l 2 0.461 0.460 0 .4b l 
(1) Expe r imen ta l 
(z) Johnson and Py tkow i cz 
(3) P i t z e r and Kim 

For an a r t i f i c i a l seawater c o n s i s t i n g o f Na , Κ , M g 2 + , C a 2 + 

and C l - (HC0 3 - and C 0 3
2 " m i s s i n g ) we o b t a i n as examples t h a t N a + 

i s 8 5 . 1 % and C a 2 + i s 45 .7% f r e e . 

A c t i v i t y C o e f f i c i e n t s 

The i o n - p a i r concept l e ads to two types o f a c t i v i t y c o e f f i c 
i e n t s ; γ ± τ f o r f r e e p l u s d i s s o c i a t e d s p e c i e s and γ _ . These y ' s 
a re r e l a t e d by 

a - Y ± F
2 [ F ] = y ± T

2 [ T ] (2) 

where [FJ and [T] a re c o n c e n t r a t i o n s and a i s the a c t i v i t y ( 2 ) . 
Y + F i s a c o n s t r u c t wh ich i n c l u d e s e f f e c t s such as those due 

to h y d r a t i o n , i o n - c a v i t y i n t e r a c t i o n s , hard c o r e , e t c . , but not 
to i o n - p a i r i n g . P y tkow i cz and Kes t e r (2_) and Johnson and 
Py tkow i cz (3) have shown t h a t y ± p depends o n l y upon the I o f the 
medium w h i l e γ+y i s a l s o a f u n c t i o n o f the c o m p o s i t i o n . 

I t i s i m p o r t a n t i n e q u i l i b r i u m c a l c u l a t i o n s t o s e l e c t the 
proper e q u a t i o n f o r a c t i v i t y c o e f f i c i e n t s when the au tho r s do not 
a c t u a l l y measure them o r i f measured v a l u e s i n the medium o f 
i n t e r e s t a re not d i r e c t l y a v a i l a b l e . Much o f what I say i s known 
but some new concep t s a r e en te red i n t o what f o l l o w s . 
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Some measurements i n s i n g l e e l e c t r o l y t e s o l u t i o n s a r e 
a v a i l a b l e a t c o n c e n t r a t i o n s o f the o r d e r o f 1 0 * 3 m a l t h o u g h most 
o f the da ta has been o b t a i n e d i n the range 0.1 - 6 .0 m f o r cases 
when the s o l u b i l i t y o f the s a l t was not exceeded . 

In s i n g l e e l e c t r o l y t e s o l u t i o n s the Debye-Huckel l i m i t i n g 
e q u a t i o n works up to 1 0 " 3 m. I t s w e l l known extended form used 
a t m > 1 0 " 3 i s 

l o g γ = - C (3) 
1 + B D a D l 0 . s 

however , i t i s e n t i r e l y e m p i r i c a l because Frank and Thompson (9) 
showed t h a t the i o n i c atmosphere i s then c o a r s e - g r a i n e d . The 
sphere o f r a d i u s l/κ may c o n t a i n o n l y one o r a f r a c t i o n o f an i o n 
i n c o n t r a s t t o the r equ i r emen t
i s used then a D has to
the e l e c t r o l y t e o f i n t e r e s t . T h i s f i t t o e x p e r i m e n t a l da ta means 
t h a t y+j r a t h e r than γ+p i s be ing d e t e r m i n e d . 

In terms o f e m p i r i c a l e q u a t i o n s , the f o l l o w i n g one p r o v i d e s 
good f i t s from 1 0 " 3 to I.0 m s o l u t i o n s a c c o r d i n g t o our work . The 
Dav ies e q u a t i o n (10) 

Ζ Ζ Α I 0 · 5 

l o g γ = - JLi_Ç + C , + Q T 1.5 + Ε 12 (4) 
± 1 + B c l 0 - 5 C C C 

i n c o n t r a s t t o the above e q u a t i o n s , i s a p r e d i c t i v e t o o l t h a t 
works w e l l up to I = 0 . 1 . Note shou ld be made, however , t o the 
e f f e c t t h a t , i f i o n - p a i r i n g o r comp lex ing o c c u r s , then the Dav ies 
e q u a t i o n o n l y works i f γ+ i s c o r r e c t e d f o r a s s o c i a t i o n . Thus , 
t h i s e q u a t i o n y i e l d s ( γ + ) τ = ( γ + ) ρ when t h e r e i s no a s s o c i a t i o n 
and ( γ ± ) ρ when i o n - p a i r i n g o c c u r s . 

S e ve ra l approaches a r e a v a i l a b l e i n the case o f mixed 
e l e c t r o l y t e s o l u t i o n s . The G u n t e l b e r g e q u a t i o n can be used a t 
v e r y h i gh d i l u t i o n s t o a v o i d t he a m b i g u i t y i n the meaning o f a D , 
the d i s t a n c e o f c l o s e s t a p p r o a c h , when s e v e r a l e l e c t r o l y t e s a r e 
p r e s e n t . T h i s e q u a t i o n i s e m p i r i c a l and has fewer terms than the 
Debye-Huckel extended e q u a t i o n . I found i t t o y i e l d poor a g r e e 
ment w i t h e x p e r i m e n t a l r e s u l t s even a t m = 0.01 f o r NaCl a t 25°C 
( γ ± c a ] C = 0.8985 and γ ± e x p = 0 . 9 0 2 4 ) . For the Dav ies e q u a t i o n 
f o r m = 0 .20 one o b t a i n s γ+ c a i c = 0.752 and γ + e x D = 0.735 a l s o 
f o r NaCl a t 25°C. " H 

An extended form o f the Debye-Huckel e q u a t i o n i s the h y d r a 
t i o n one o f Robinson and S tokes ( 1 1 ) . I t c o n t a i n s two a d j u s t a b l e 
p a r a m e t e r s , ar) and h , where h i s r e l a t e d to the h y d r a t i o n number. 
I t can be f i t t e d t o γ ± f o r s e v e r a l e l e c t r o l y t e s f o r c o n c e n t r a t i o n s 
i n excess o f 1 m. T h e i r e q u a t i o n has the v a l u a b l e f e a t u r e o f 
d e s c r i b i n g not o n l y the s a l t i n g - i n but a l s o the s a l t i n g - o u t p a r t 
o f the γ + v e r sus m c u r v e . I t shou ld be n o t e d , however , t h a t the 
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a r b i t r a r y a l l o c a t i o n o f n o n - h y d r a t i o n terms t o the Debye-Huckel 
e q u a t i o n f o r the e s t i m a t e o f an a t h igh c o n c e n t r a t i o n s weakens the 
t h e o r e t i c a l v a l i d i t y o f the h y d r a t i o n e q u a t i o n . Fu r t he rmore , i t 
i s an o v e r s i m p l i f i c a t i o n to o n l y c o n s i d e r the n o n s p e c i f i c 
cou lomb i c and the h y d r a t i o n t e r m s . 

Note t h a t , u n l e s s o t h e r w i s e i n d i c a t e d , I am u s i n g I e and 
( γ ± ) τ = (γ+) θ χρ Ί ' η t h i s r e v i e w . Fu r the rmore , the s i m p l e e q u a t i o n s 
p r e sen ted so Tar do not i n c l u d e terms f o r the cosphere o v e r l a p , 
the hard c o r e t e r m , and i o n - c a v i t y i n t e r a c t i o n s . 

N e x t , p r e d i c t i v e e q u a t i o n s f o r a c t i v i t y c o e f f i c i e n t s i n 
mixed e l e c t r o l y t e s o l u t i o n s , based upon r e s u l t s i n s i m p l e r o n e s , 
w i l l be m e n t i o n e d . The work o f Brt fnsted (12) and o f Guggenheim 
(13) l e d to the s p e c i f i c i n t e r a c t i o n e q u a t i o n 

x / ( l - x ) i s the mo la l r a t i o o f Β t o C where Β i s MX and C i s NY. 
A s i m i l a r c o n d i t i o n a p p l i e s t o l o g γ+ç. One can d e r i v e Ha rned ' s 
r u l e from t h i s e x p r e s s i o n a l t h o u g h i t can a l s o be done from the 
i o n p a i r i n g model ( 2_). The e q u a t i o n s work w e l l f o r I up to 0.1 m 
and p e r m i t the c a l c u l a t i o n o f γ+β and y ± c i n a m i x t u r e o f the two 
e l e c t r o l y t e s from da ta o b t a i n e d i n s i n g l e e l e c t r o l y t e s o l u t i o n s . 
The method s u f f e r s , however , because the Β c o e f f i c i e n t s a re not 
a l l o w e d t o v a r y w i t h the i o n i c s t r e n g t h . 

The s t a t i s t i c a l thermodynamic approach o f P i t z e r ( 1 4 ) , 
i n v o l v i n g s p e c i f i c i n t e r a c t i o n terms on the b a s i s o f thêTk inet i c 
co r e e f f e c t , has p r o v i d e d c o e f f i c i e n t s wh ich a r e a f u n c t i o n o f 
the i o n i c s t r e n g t h . The c o e f f i c i e n t s , as the s t o i c h i o m e t r i c 
a s s o c i a t i o n c o n s t a n t s i n our i o n - p a i r i n g m o d e l , a r e o b t a i n e d 
e m p i r i c a l l y i n s i m p l e s o l u t i o n s and a re then used to p r e d i c t the 
a c t i v i t y c o e f f i c i e n t s i n complex s o l u t i o n s . The P i t z e r approach 
u s e s , however , a f i r s t term a k i n t o the Debye-Huckel one to 
r e p r e s e n t n o n s p e c i f i c e f f e c t s a t a l l c o n c e n t r a t i o n s . T h i s 
weakens somewhat i t s t h e o r e t i c a l f o u n d a t i o n . 

As most o t h e r methods , i n c l u d i n g our i o n - p a i r i n g model wh ich 
was d e s c r i b e d e a r l i e r , t he P i t z e r approach i s e m p i r i c a l i n 
p r a c t i c e . The i n t e r a c t i o n c o e f f i c i e n t s i n t h i s case a r e d e t e r 
mined by cu r ve f i t t i n g i n s i n g l e e l e c t r o l y t e s o l u t i o n s . 

In the e q u a t i o n s deve loped by R e i l l y and Wood (15) from the 
c l u s t e r i n t e g r a l model ( l j 5 ) , γ + i s c a l c u l a t e d i n compTex s o l u t i o n s 
from excess p r o p e r t i e s o f s ingTe s a l t s o l u t i o n s . Note t h a t the 
c l u s t e r i n t e g r a l approach i s based upon terms which r e p r e s e n t the 
c o n t r i b u t i o n s o f p a i r - w i s e i o n i n t e r a c t i o n s i n v a r i o u s t ypes o f 
c l u s t e r s to the p o t e n t i a l i n t e r a c t i o n ene rgy . Then , the p a r t i t i o n 
f u n c t i o n and the excess p r o p e r t i e s o f the s o l u t i o n can be 
e v a l u a t e d . The procedure i s a k i n t o the v i r i a l expans ion i n terms 
o f c l u s t e r s . 

The more r e c e n t s t a t i s t i c a l thermodynamic work approaches the 

l o g γ ± Β = -
1 + 10
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problem from the s t a n d p o i n t o f the r a d i a l d i s t r i b u t i o n f u n c t i o n 
( 17 ) . In u s i n g t h i s method , Ramanthan and Fr idman (1J3), i n c o n 
t r a s t to the method o f P i t z e r , made the Gurney cosphere o v e r l a p , 
the i o n - c a v i t y r e p u l s i o n , and r e p u l s i v e co re p o t e n t i a l e x p l i c i t . 
The cu r ve f i t t i n g was done by means o f the Gurney t e r m . 

The most f e r t i l e approaches so f a r , from the s t a n d p o i n t o f 
p r e d i c t i n g γ ± i n complex s o l u t i o n s from data i n s i m p l e o n e s , have 
been t h a t o f P i t z e r ( 14 J , and the i o n - p a i r approach o f P y t kow i cz 
and Kes t e r [2) and o f Johnson and Py t kow i cz (3). The l a t t i c e 
model o f P y t kow i cz and Johnson (19) i s , a t thTs t i m e , an e x p l a n a 
t o r y r a t h e r than a p r e d i c t i v e t o o f . 

The o n l y t h r e e methods which do not r e q u i r e c u r v e - f i t t i n g a t 
p r e sen t a r e the use o f the Debye-Hiickel l i m i t i n g law and o f the 
e q u a t i o n s o f Gun te l be rg and o f D a v i e s . U n f o r t u n a t e l y these 
e q u a t i o n s a r e o f v a l u e o n l y i n v e r y d i l u t e and s i m p l e s o l u t i o n s . 

E q u i l i b r i u m Cons tan t s 

Le t us examine the f o l l o w i n g t ypes o f c o n s t a n t s now. in use 
and t h e i r r e l a t i o n s h i p s to the thermodynamic c o n s t a n t s Κ** ) : 
a) Apparent d i s s o c i a t i o n c o n s t a n t s wh ich a r e o f p r a c t i c a l use i n 

i o n i c media (20) 

= K, , ( t ) l Y H A ; T 
ΉΑ T7^~ (6) 

b) S t o i c h i o m e t r i c s o l u b i l i t y p r o d u c t s , such as 

K S ; = [C*+] T[C03*-] T - K ^ / ( Y ± C a C 0 3 ) i (7) 

c ) Free s o l u b i l i t y p roduc t 

K s p " = [o*+]F[C03*-]F = K Î J , / ( Y ± C a C 0 3 ) 2
F 

( 8 ) 

d) S t o i c h i o m e t r i c a s s o c i a t i o n c o n s t a n t f o r i o n - p a i r s 

e) A f f i n i t y c o n s t a n t s f o r compl 

( 9 ) 

(10) 

( γ ± ) £ d epends ( j on l y upon the e f f e c t i v e i o n i c s t r e n g t h o f the 
medium. Thus , κ " , Κ*, and 3 can be de te rmined i n one i o n i c 
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medium such as HC104 and a p p l i e d i n ano the r one such as seawa te r , 
p r o v i d e d t h a t I e i s the same i n the two s o l u t i o n s . 

K u A ' and K s p ' , on the o t h e r hand, must be de te rmined and^ 
a p p l i e d i n the same medium because γγ depends upon the c o m p o s i t i o n 
o f the s o l u t i o n . Note t h a t i o n - p a i r i n g models a re r e q u i r e d f o r 
both c l a s s e s o f c o n s t a n t s to a s c e r t a i n t h a t I e i s indeed the 
same. 
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30 
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Temperatures up to 325° C 
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1) Need 
The fact that we ar  gathere  togethe

"Thermodynamics on Aqueous Systems with Industrial Application" 
indicates the importance of thermodynamic data on aqueous solu
tions. In particular, there is a great need for data on high 
temperature aqueous systems. Because of the experimental diffi
culties, there are relatively few measurements on these systems 
and yet they are of very great industrial importance. 

As the temperature of water approaches the critical tempera
ture, 374°C, it becomes a low dielectric constant solvent with 
the dielectric constant approaching one tenth its value at 25°C. 
This is about the same dielectric constant as 1,1 dichloroethane 
at 25°C. Because of this large change in solvent properties 
there are corresponding very large changes in the properties of 
electrolytes dissolved in water. The few data available indi-
cate(1-4) that the heat capacities of dilute aqueous solution be
come very large and negative as the temperature approaches the 
critical temperature and the data presented below will show that 
the relative apparent molal enthalpy, L Φ , becomes very large and 
positive at higher temperatures. These very large changes in 
thermodynamic properties make it very difficult to predict high 
temperature properties of solutions from low temperature measure
ments and increase the need for accurate measurements. 

2) I n f o r m a t i o n Obta ined 

C a l o r i m e t r i c measurements , when combined w i t h the n o r m a l l y 
a v a i l a b l e room tempera tu re thermodynamic p r o p e r t i e s , g i v e v a l u e s 
f o r f r e e e n e r g y , e n t h a l p y , heat c a p a c i t y and even volume a t h i gh 
t e m p e r a t u r e s . 

We have been a c t i v e l y d e v e l o p i n g two types o f c a l o r i m e t e r s 
which w i l l o p e r a t e a t e l e v a t e d tempera tu res and p r e s s u r e s . One 
type i s a heat o f m i x i n g c a l o r i m e t e r t o measure e n t h a l p i e s o f 
d i l u t i o n i n o r d e r t o o b t a i n d i f f e r e n c e s i n p a r t i a l mo l a l e n t h a l p y 

0-8412-0569-8/80/47-133-569$05.00/0 
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o r heat c o n t e n t s : 

T h i s p r o p e r t y s i m p l y c o n s i d e r e d i s the f i r s t t empera tu re d e r i v a 
t i v e o f the f r e e energy o r a c t i v i t y and can be used t o o b t a i n o s 
m o t i c c o e f f i c i e n t s and a c t i v i t y c o e f f i c i e n t s by the r e l a t i o n s h i p s : 

T 3L 
Φ(ϋΙ , Ι ) - 4>(m,T2) = {mV2vR}/ 2 ( - £ ) d ( i ) 

and 

£ny(m,T) = [<|>(m,T)-l
ο 

where ï i s a r e f e r e n c e t empe ra tu r e . We have a l s o deve loped a heat 
c a p a c i t y c a l o r i m e t e r f o r these extreme c o n d i t i o n s . 

The heat c a p a c i t y i s the second tempera tu re d e r i v a t i v e o f the 
f r e e energy and can be used t o c a l c u l a t e the tempera tu re depend
ence o f e q u i l i b r i a by the r e l a t i o n s h i p : 

AGiLP i . Δβί Ι ,Ρΐ + Δ Η ( ΐ > ρ ) [ | . V, + / ζ ( Δ £ ρ d T 1 1 ) d ( | ( ) 

S i m i l a r l y the tempera tu re dependenc ies o f the r e l a t i v e apparen t 
mo l a l heat c o n t e n t can be de te rmined f rom the heat c a p a c i t y by : 

V" 1' 1^ 88 V111»*) + / 2 ( ^ ( m , T ) - C p ° ( 0 , T ) ) d T 

These c a l o r i m e t e r s can be used t o de te rmine these thermal 
p r o p e r t i e s th roughou t a wide range o f p r e s s u r e s . The p r e s s u r e 
dependence can be used t o c a l c u l a t e v o l u m e t r i c p r o p e r t i e s by 
means o f the r e l a t i o n s h i p s : 

Φτ - "τ(1τ>ρ

 + v 

Φ* =-T4) 
3 P Τ 3Γ Ρ 

3 ) Advantages 

In a f l o w c a l o r i m e t e r the thermodynamic p r o p e r t i e s a r e mea-
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su red i n a f l o w i n g s t ream c o n t a i n e d i n a sma l l d i ame te r t u b i n g . 
Flow c a l o r i m e t r i c t e c h n i q u e s have been used f o r many y e a r s a t 
room tempera tu re because o f t h e i r speed and c o n v e n i e n c e ^ : ^ ' . 
For o p e r a t i o n s a t h i g h t empera tu res o r w i t h a h i g h vapor p r e s s u r e 
s o l v e n t , the advantages o f u s i n g f l o w c a l o r i m e t r i c t e c h n i q u e s a r e 
overwhe lming . In the f i r s t p l a c e t h e r e i s no vapor space so 
t h e r e i s no n e c e s s i t y f o r c o r r e c t i o n s f o r the change i n the vapor 
space c o m p o s i t i o n . Because o f the sma l l d i ame te r t u b i n g u s e d , 
r e l a t i v e l y t h i n w a l l e d t u b i n g i s s t r o n g enough t o c o n t a i n the 
h i g h p r e s s u r e s and as a r e s u l t the c a l o r i m e t e r can be c o n s t r u c t e d 
f o r v e r y r a p i d thermal r e s p o n s e . A t h i r d advantage i s t h a t e x 
per imen ts can be run c o n s e c u t i v e l y w i t h o u t c o o l i n g and r e l o a d i n g 
the c a l o r i m e t e r . A l l t h a t i s neces sa r y i s t o s t a r t pumping i n t o 
the c a l o r i m e t e r f rom room tempera tu re the f l u i d s f o r the nex t 
measurement. In the f o l l o w i n g s e c t i o n we w i l l show t h a t these 
advantages o f f l o w c a l o r i m e t r i
p r a c t i c e f o r measurement
by d i s c u s s i n g the o p e r a t i o n o f s e v e r a l i n s t r u m e n t s t h a t have been 
c o n s t r u c t e d i n ou r l a b o r a t o r y . 

4) Measurements o f Δ^Η 

The f i r s t a t t empt i n our l a b o r a t o r y t o a p p l y f l o w t e c h n i q u e s 
to h i gh t empera tu re o p e r a t i o n was the c o n s t r u c t i o n by Dr . E.E. 
Mess ikomer o f a f l o w , h e a t - o f - m i x i n g calorimeter(12). U n f o r t u 
n a t e l y , because the t h e r m o p i l e s used i n t h i s i n s t r u m e n t d i d not 
work above 100°C the i n s t r u m e n t was l i m i t e d to t h i s t e m p e r a t u r e . 
However, the r e s u l t s were encou rag ing because they showed t h a t 
ve r y r a p i d and a c c u r a t e thermodynamic d a t a c o u l d be o b t a i n e d and 
t h a t the o p e r a t i o n o f the c a l o r i m e t e r was as easy a t 100°C as i t 
was a t room t e m p e r a t u r e . 

Because o f the encou rag ing r e s u l t s o b t a i n e d w i t h the f i r s t 
c a l o r i m e t e r , D r . James Mayra th b u i l d a new v e r s i o n wh i ch was s u c 
c e s s f u l l y ope ra t ed up to 200°c(LU. A schemat i c o f t h i s c a l o r i 
meter i s g i v e n i n f i g u r e 1. B a s i c a l l y i t i s a h e a t - f l o w c a l o r i 
meter i n which the two l i q u i d s t o be mixed a re pumped a t room 
tempera tu re i n t o a c o u n t e r c u r r e n t heat e x c h a n g e r , a f t e r wh ich 
they a re e q u i l i b r a t e d w i t h an aluminum c a l o r i m e t r i c b l o c k . Next 
the two l i q u i d s a re m i x e d , and the heat gene ra ted by the m i x i n g 
p rocess i s e x t r a c t e d f rom the f l o w i n g s t ream by a s e r i e s o f t h e r 
mop i l e s which can measure the heat e x t r a c t e d . Us ing s e v e r a l heat 
e x t r a c t o r s guaran teed t h a t most o f the heat gene ra ted i s measured 
by the t h e r m o p i l e s and the sum o f the v o l t a g e on the t h e r m o p i l e s 
i s then a measure o f the r a t e o f heat p r o d u c t i o n . 

A d iagram o f a t y p i c a l run i s g i v e n i n f i g u r e 2 which shows 
the power gene ra ted by m i x i n g o f magnesium c h l o r i d e w i t h wa te r 
a t 200°C. In t h i s c a l o r i m e t e r a heat o f d i l u t i o n t akes 30 m i n 
utes and from an i n i t i a l base l i n e i t t akes about 15 minutes f o r 
the c a l o r i m e t e r t o reach a s t eady s t a t e . The s e n s i t i v i t y o f t h i s 
c a l o r i m e t e r was e q u i v a l e n t t o be ing a b l e t o d e t e c t a 2 X 10~ 4 K 
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Figure 1. Flow heat of mixing calorimeter: (a and b) solutions to be mixed; (c) 
calorimetric block; (d) thermopiles for detecting heat flow; (e) exit for mixture 
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Figure 2. Results of an enthalpy of dilution run on aqueous MgCl2 at 473 Κ 
(thermopile voltage vs. time—maximum 1.23 zt 0.002; Q = 1.129 watts; Δ Τ 

= 12.8 K) 
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t empera tu re r i s e on m i x i n g the c a l o r i m e t r i c f l u i d s . Some t y p i c a l 
r e s u l t s f rom t h i s c a l o r i m e t e r a re shown i n f i g u r e s 3 and 4. I t 
s h o u l d be noted t h a t the heat o f d i l u t i o n o f magnesium c h l o r i d e 
a t 200°C i s 40 kJ m o l " 1 and t h a t t h i s i s c l o s e t o the heat o f 
r e a c t i o n o f H + w i t h OH*" a t room t e m p e r a t u r e . T h u s , the heat e f 
f e c t s i n wa te r a t 200°C a re ex t r eme l y l a r g e and chang ing r a p i d l y 
w i t h t e m p e r a t u r e . T h i s i s a f u r t h e r reminder o f the d i f f i c u l t y 
o f p r e d i c t i n g the p r o p e r t i e s o f h igh t empera tu re aqueous s o l u t i o n s 
f rom t h e i r p r o p e r t i e s a t room t e m p e r a t u r e s . 

5) Heat C a p a c i t y Measurements 

The success o f the m i x i n g c a l o r i m e t e r s f u r t h e r encouraged us 
t o c o n s t r u c t a f l o w , h e a t - c a p a c i t y c a l o r i m e t e r u s i n g the b a s i c 
d e s i g n p r i n c i p a l s o f P a t r i c k P i c k e r e t alW» A s chemat i c d i a 
gram o f our heat c a p a c i t  c a l o r i m e t e  i  g i v e  i  f i g u r  5  Th
o p e r a t i o n o f the i n s t r u m e n
a h i g h p r e s s u r e l i q u i d chromatography pump th rough a 1.5 mm o u t
s i d e d i ame te r h a s t a l l o y tube th rough a heat exchanger and onto 
a copper c a l o r i m e t r i c b l o c k where i t i s e q u i l i b r a t e d a t the r e f e r 
ence t e m p e r a t u r e . The f l u i d i n the tube i s then heated about 2°Κ 
and the r e s u l t i n g tempera tu re r i s e d e t e c t e d by a t h e r m i s t o r . The 
s t ream then l e a ve s the c a l o r i m e t r i c b l o c k th rough the c o u n t e r c u r 
r e n t hea t exchanger and goes t o a sample i n j e c t i o n v a l v e wh ich 
a l l o w s a sample l oop ( c o n t a i n i n g 10 ml o f the s o l u t i o n t o be 
measured) t o be i n t e r j e c t e d i n t o the f l o w s t r e a m . The s t ream 
then goes th rough a. second c o u n t e r c u r r e n t heat exchanger and 
i n t o an i d e n t i c a l Q l o r i m e t r i c u n i t w i t h h e a t e r and t h e r m i s t o r t o 
d e t e c t the tempera tu re r i s e . A f t e r l e a v i n g the b l o c k th rough the 
c o u n t e r c u r r e n t heat exchanger the s o l u t i o n e x i t s the system 
th rough a back p r e s s u r e r e g u l a t o r . In o p e r a t i o n the pump and 
h e a t e r s a re t u rned on w i t h wa te r f l o w i n g th rough both c a l o r i m e t r i c 
u n i t s and a wheats tone b r i d g e c o n t a i n i n g the two t h e r m i s t o r s i n 
o p p o s i t e arms i s b a l a n c e d . A f t e r a s t eady s t a t e i s reached the 
sample l o o p v a l v e i s opened and the sample s o l u t i o n f l o w s th rough 
the second c a l o r i m e t r i c u n i t . When the sample h i t s the h e a t e r 
and t h e r m i s t o r on the second u n i t t h e r e i s a change i n heat c a p a 
c i t y and a consequent change i n t e m p e r a t u r e . The h e a t e r on t h i s 
u n i t i s a d j u s t e d t o r e b a l a n c e the t h e r m i s t o r b r i d g e and thus t o 
keep the tempera tu re r i s e e x a c t l y the same. The r a t i o o f the 
power a p p l i e d t o the h e a t e r w i t h wa te r f l o w i n g and w i t h the sam
p l e f l o w i n g i s then the r a t i o o f the v o l u m e t r i c heat c a p a c i t i e s 
o f the two s o l u t i o n s . The r a t i o o f the mass f l o w s th rough the 
c a l o r i m e t r i c u n i t s i n the two cases i s j u s t the r a t i o o f the d e n 
s i t i e s o f wa te r and o f the s o l u t i o n t o be measured a t the t empera 
t u r e o f the sample l o o p . T h i s can be e a s i l y shown u s i n g the 
assumpt ions t h a t 1) a t c o n s t a n t c o m p o s i t i o n , the mass f l o w i s i n 
dependent o f t empera tu re 2) a t c o n s t a n t t e m p e r a t u r e , the vo lume
t r i c f l o w i s independent o f the c o m p o s i t i o n and 3) the heat and 
volume o f m i x i n g a t the i n t e r f a c e between the two s o l u t i o n s p ro-
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Figure 3. Apparent molal enthalpy of aqueous NaCl as a function of molality 
and temperature 
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Figure 5. Schematic of flow, heat-capacity calorimeter 
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duces a n e g l i g i b l e change i n vo lume. E x p e r i e n c e w i t h the P i c k e r 
i n s t r u m e n t has shown t h a t t h i s l a t t e r assumpt ion i s q u i t e a c c u r 
a t e . The r e s u l t i n g e q u a t i o n f o r the heat c a p a c i t i e s o f the two 
s o l u t i o n s i s 

P 2 

S,2 . p l 
P ' 1 1

 Λ . 

Where P. and P 2 a re the powers i n the h e a t e r w i t h s o l u t i o n s 1 and 
2 f l o w i n g and p-| and p 2 a r e the d e n s i t i e s o f the s o l u t i o n s a t the 
tempera tu re o f the sample l o o p . 

The r e s u l t i n g i n s t r u m e n t has a response t ime f o r changes o f 
e l e c t r i c a l power i n p u t o f 50 seconds f o r 99% r e s p o n s e , a s e n s i 
t i v i t y t o a change i n powe f about 0 .005% d  c a p a b i l i
t y o f o p e r a t i n g w i t h t h i
as 325°C. 

The r e s u l t s o f some measurements on sodium c h l o r i d e s o l u 
t i o n s a re g i v e n i n f i g u r e 6 . The d i f f i c u l t y o f p r e d i c t i n g p r o 
p e r t i e s o f s o l u t i o n s a t h i g h t empera tu res i s emphas ized by these 
r e s u l t s . A t low c o n c e n t r a t i o n s t h e r e i s a ve ry l a r g e change i n 
heat c a p a c i t y as tempera tu re i n c r e a s e s wh ich i s not p r e s e n t a t 
h i g h e r c o n c e n t r a t i o n s . I ndeed , the heat c a p a c i t y d i f f e r e n c e s a t 
25°C seems a lmos t n e g l i g i b l e compared w i t h the changes found w i t h 
chang ing t empera tu re a t low m o l a l i t y and w i t h chang ing m o l a l i t y 
a t h igh t e m p e r a t u r e . 

I t i s d i f f i c u l t t o compare these r e s u l t s w i t h the p r e v i o u s 
r e s u l t s o f o t h e r au tho r s s i n c e we chose to make measurements 
a l o n g an i s o b a r wh ich was a c c e s s i b l e a t a l l t e m p e r a t u r e s . T h i s 
a l l o w s c o n v e n i e n t d a t a r e d u c t i o n . Other au tho r s have g e n e r a l l y 
measured a l ong the s a t u r a t e d wa te r vapor p r e s s u r e cu r ve w i t h c o n 
sequent c o m p l i c a t i o n s i n da ta r e d u c t i o n . Wh i l e a t p r e s e n t , o n l y 
t h i s one i s o b a r has been s y s t e m a t i c a l l y i n v e s t i g a t e d , a few 
measurements o f the p r e s s u r e dependence a t 320K and 572K have 
been made. These r e s u l t s show t h a t a t a l l t empera tu res the p r e s 
su re dependence o f the heat c a p a c i t y i s a p p r e c i a b l e and needs t o 
be more f u l l y e v a l u a t e d , s i n c e the p r e s e n t body o f v o l u m e t r i c 
da ta i s no t s u f f i c i e n t l y p r e c i s e t o make these c o r r e c t i o n s a c 
c u r a t e l y . In f a c t , ou r ve r y l i m i t e d r e s u l t s a t d i f f e r e n t p r e s 
su res sugges t t h a t the p r e c i s i o n o f t h i s p rocedure may be s u f f i 
c i e n t t o s u p p l a n t v o l u m e t r i c d e t e r m i n a t i o n s a t h i gh t empera tu re 
and p r e s s u r e s . 

6) C o n c l u s i o n 

These p r e l i m i n a r y r e s u l t s show t h a t the promise o f f l o w c a l 
o r i m e t r i c t e c h n i q u e s f o r i n v e s t i g a t i n g the thermodynamic p r o p e r 
t i e s o f h i g h t empera tu re aqueous s o l u t i o n s has been r e a l i z e d . 
A l t h o u g h t h e r e a re many e x p e r i m e n t a l d i f f i c u l t i e s i n a d a p t i n g 
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Figure 6. Apparent molal heat capacity of aqueous NaCl at 177 bars as a function 
of molality and temperature 
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t hese t e c h n i q u e s t o h igh t empera tu re o p e r a t i o n , t hese problems 
have now been s o l v e d and we have a r a p i d and s e n s i t i v e measur ing 
i n s t r u m e n t . As a r e s u l t we can now ge t down t o the b u s i n e s s o f 
e x p l o r i n g aqueous s o l u t i o n c h e m i s t r y a t t empera tu res up to 325°C. 
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31 
Review of the Experimental and Analytical 
Methods for the Determination of the Pressure-
Volume-Temperature Properties of Electrolytes 
FRANK J. MILLERO 

Rosenstiel School of Marine and Atmospheric Science, University of Miami, 
Miami, F L 33149 

The pressure-volume-temperature (PVT) properties of aqueous 
electrolyte and mixed electrolyt
needed to make practica  engineering  exampl
precise PVT properties of natural waters like seawater are re
quired to determine the vertical stability, the circulation, and 
the mixing of waters in the oceans. Besides the practical inter
est, the PVT properties of aqueous electrolyte solutions can also 
yield information on the structure of solutions and the ionic 
interactions that occur in solution. The derived partial molal 
volumes of electrolytes yield information on ion-water and 
ion-ion interactions (1,2). The effect of pressure on chemical 
equilibria can also be derived from partial molal volume data (3). 
I. Experimental Methods 

The PVT properties of aqueous solutions can be determined 
by direct measurements or estimated using various models for the 
ionic interactions that occur in electrolyte solutions. In this 
paper a review will be made of the methods presently being used 
to determine the density and compressibility of electrolyte solu
tions. A brief review of high-pressure equations of state used 
to represent the experimental PVT properties will also be made. 
Simple a d d i t i v i t y methods of estimating the density of mixed 
electrolyte solutions l i k e seawater and geothermal brines w i l l be 
presented. The predicted PVT properties for a number of mixed 
electrolyte solutions are found to be i n good agreement with 
direct measurements. 

A. One Atmosphere Densities. The densities or volume prop
erties of solutions have been studied by a number of methods 
which are extensively reviewed elsewhere Qy^y^Z) °^ a ^ °^ 
methods, only the magnetic fl o a t (7-14), the hydrostatic balance 
(5,15-20), the vibrating flow densimeter (2JL,22,), and dilatometric 
(23,24,25) methods give data with s u f f i c i e n t precision to study 
the densities of dilute solutions. For more concentrated 
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solutions (above 1 m) the c l a s s i c a l pycnometer methods (4»J5,6) 
can also be used to obtain r e l i a b l e d e n s i t i e s . I w i l l not d i s 
cuss a l l of these methods, but w i l l b r i e f l y o u t l i n e the three 
systems (hydrostatic balance, magnetic f l o a t and v i b r a t i n g densi
meters) that are presently being used to measure the de n s i t i e s of 
s o l u t i o n s . Since the PVT properties of water are w e l l known 
(26-32) over a wide range of temperatures, most density measure
ments are made r e l a t i v e to water. By making r e l a t i v e density 
measurements (Δρ = ρ - ρ ) , where ρ i s the density of pure water, 
i t i s possible to make very precise measurements with r e l a t i v e 
ease. 

1. Hydrostatic Balance. Many studies using a hydrostatic 
balance have been made of the d e n s i t i e s of s o l i d s and l i q u i d s 
( 20-25 ) . By weighing s o l i d s of a known density (determined by 
independent measurement
i s possible to determin
a n a l y t i c a l balance can be adapted to a high-precision l i q u i d 
density apparatus by attaching a platinum wire or nylon s t r i n g 
with a "sinker" to the balance arm (Figure 1 ) . The sinker and 
wire are weighed i n a i r and then i n the s o l u t i o n . The surface 
of the s o l u t i o n i s brought to the same mark on the wire each 
time so that i t contributes the same (small) amount to the t o t a l 
volume (V). The difference between the weight i n vacuum (W^) and 
i n water (W0) i s equal to the mass of displaced f l u i d . For r e l a 
t i v e density measurements the system i s c a l i b r a t e d by weighing 
the sinker i n a s o l u t i o n of known density (water). The volume 
of the sinker i s determined from 

V = (Wv - W o ) / p o (1) 

where p 0 i s the density of water ( 2 8 ) . Once the volume of the 
sinker i s known, the density of an unknown s o l u t i o n can be deter
mined from 

Ρ - (Wv - W)/V (2) 

where W i s the weight i n the s o l u t i o n of unknown density. The 
r e l a t i v e density (Δρ) can be determined from 

A P = ρ _ p 0 = (Wo _ W ) / V = ζξΐΐ) p o (3) 

The s p e c i f i c g r a v i t i e s (p/p ) can be determined from the r a t i o of 
the weights i n s o l u t i o n and water 

P/PO = (wv - w)/(wv - wo) (4) 
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Journal of Solution Chemistry 

Figure 1. Sketch of the hydrostatic bal
ance densitometer—-(A) magnetic stirrer; 
(B) glass float; (C) stirring motor; (D) 
constant temperature bath; (E) nickel 
thermometer; (F) lucite plug; (G) sample 
container; (H) nylon wire; (I) suspension 

hook; (J) Mettler H20 balance (33) 
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A sketch of the hydrostatic balance that we have used (20,33,34) 
i n my laboratory i s shown i n Figure 1. A 100g glass f l o a t 
(66 cm* i n volume) i s suspended by a nylon l i n e (0.02 cm diameter) 
from a hook on the bottom pan of a Mettler (H-20) balance. The 
glass sample c e l l has a Lucite top with a hole i n the center to 
accomodate the suspension l i n e and i s suspended i n a constant 
temperature bath controlled to ± 0.001°C. A submersible mag
n e t i c s t i r r e r agitates the so l u t i o n inside the c e l l . A weight 
difference of ± 8 χ 10~"^g gives a pr e c i s i o n of ± 1 ppm i n den
s i t y . The accuracy of the system was checked by using NaCl s o l u 
tions and found to be ± 2 ppm. 

The largest uncertainty with using t h i s method to measure 
den s i t i e s arises from the surface tension e f f e c t between the 
l i q u i d surface and the wire or s t r i n g . To circumvent t h i s prob
lem many workers (4) have p l a t i n i z e d the wire i n the region at 
which i t contacts the l i q u i d surface  Anothe  proble  with t h i
method i s that i t i s d i f f i c u l
s o l u t i o n being studied  precis y
analyze an alloquot of s o l u t i o n a f t e r the density i s determined. 

2. Magnetic Float Densimeter. The f l o a t a t i o n method of 
determining the density of a l i q u i d i s a modification of the 
hydrostatic method. In the f l o a t a t i o n method, however, the f l o a t 
has no suspension thread or wire. E a r l i e r workers adjusted the 
buoyancy of the f l o a t by mixing two l i q u i d s , adding Pt weights 
and by changing the temperature (4 ,_7). In a l l of these early 
a p p l i c a t i o n s , the accuracy was l i m i t e d by how accurately the 
c o e f f i c i e n t of thermal expansion of the so l u t i o n was known. Lamb 
and Lee (8) extended the accuracy and pr e c i s i o n of the method by 
imposing a magnetic f i e l d on a f l o a t containing a soft i r o n core. 
They showed that t h i s electromagnetic method of weighing was able 
to y i e l d a p r e c i s i o n of better than 1 χ 10~^g cm~^ i n density. A 
number of workers (7,9-14) have modified t h i s method by using a 
magnetic core i n the f l o a t . A sketch of the magnetic f l o a t 
system which we have used f o r a number of years (7) i s shown i n 
Figure 2. The densimeter consists of the following major compo
nents: A) the so l u t i o n container (110 cm^); B) the magnetic 
f l o a t (32.2 cm3); C) the pulldown solenoid; D) the main solenoid; 
and E) the support and l e v e l i n g platform. The magnetic f l o a t i s 
made of pyrex glass and contains a magnetic core. The pulldown 
solenoid C i s used to bring the f l o a t i n t o the f i e l d of the main 
solenoid (̂  716 turns of Cu wi r e ) . The e n t i r e system i s placed 
on the bottom of a constant temperature bath controlled to 
± 0.001°C. 

I f a magnetic force from the main solenoid i s used which i s 
j u s t s u f f i c i e n t to hold the f l o a t on the bottom of the so l u t i o n 
container, the buoyancy forces give 

pV = W + f i (5) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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Figure 2. Sketch of the magnetic float densitometer: (A) solution container; (B) 
magnetic float; (C) pull down solenoid; (D) the main solenoid; (E) support and 

leveling platform (1) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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w h e r e ρ i s t h e d e n s i t y o f t h e s o l u t i o n , V i s t h e v o l u m e o f t h e 
f l o a t , W i s t h e w e i g h t o f t h e f l o a t , f_ i s a n i n t e r a c t i o n c o n s t a n t 
a n d jL i s t h e c u r r e n t t h r o u g h t h e s o l e n o i d . T h e s y s t e m i s c a l i 
b r a t e d b y m e a s u r i n g t h e c u r r e n t w h i c h i s j u s t s u f f i c i e n t t o h o l d 
t h e f l o a t o n t h e b o t t o m i n w a t e r w h e n v a r i o u s P t w e i g h t s (w) a r e 
a d d e d t o t h e f l o a t . T h e b u o y a n c y e q u a t i o n i s 

p ( V + w / p p t ) = W + w + f i ( 6 ) 

w h e r e p p t i s t h e d e n s i t y o f P t . B y r e a r r a n g i n g t h i s e q u a t i o n o n e 
o b t a i n s t h e l i n e a r e q u a t i o n 

w ( l - p / p p t ) = - f i + (ρ V - W) ( 7 ) 

w h i c h c a n b e u s e d t o d e t e r m i n e f a n d V . T h e r e l a t i v e d e n s i t y o f 
a n e l e c t r o l y t e s o l u t i o n c a n b e d e t e r m i n e d f r o m 

Δρ = ρ

w h e n t h e same w e i g h t s a r e u s e d ( Δ 1 = i - i ) . T h e p r e c i s i o n o f 
t h e s y s t e m i s ± 0 . 3 ppm a n d t h e a c c u r a c y i n d i l u t e s o l u t i o n s i s 
± 2 p p m . F o r m o r e c o n c e n t r a t e d s o l u t i o n s t h e a c c u r a c y i s l i m i t e d 
b y o u r p r e s e n t k n o w l e d g e o f t h e d e n s i t y o f p l a t i n u m ( 2 1 . 4 8 3 ± 
0 . 0 0 2 g c m " 3 a t 2 5 ° C ) ( 1 1 ) . We h a v e u s e d t h i s m a g n e t i c f l o a t 
s y s t e m t o s t u d y t h e v o l u m e p r o p e r t i e s o f a n u m b e r o f e l e c t r o l y t e 
s o l u t i o n s ( 7 , 3 5 - 5 2 ) . 

B y p u t t i n g t h e s y s t e m i n t o a h i g h p r e s s u r e bomb ( 3 6 ) t h e 
m a g n e t i c s y s t e m c a n b e u s e d t o m e a s u r e t h e d e n s i t i e s o f a q u e o u s 
s o l u t i o n s o v e r a w i d e p r e s s u r e r a n g e w i t h a p r e c i s i o n o f ± 1 1 
p p m . We p r e s e n t l y a r e d e v e l o p i n g a m a g n e t i c f l o a t s y s t e m t h a t 
c a n b e u s e d t o m e a s u r e t h e d e n s i t i e s a t l o w p r e s s u r e s t o h i g h 
t e m p e r a t u r e s ( 2 0 0 ° C ) . 

3 . V i b r a t i n g F l o w D e n s i m e t e r . One o f t h e m a j o r a d v a n c e s 
made i n m a k i n g d e n s i t y m e a s u r e m e n t s o f s o l u t i o n s was t h e s y s t e m 
d e v e l o p e d b y K r a t k y et^ a l . ( 2 1 ) w h i c h m e a s u r e s t h e n a t u r a l v i b r a 
t i o n f r e q u e n c y o f a t u b e c o n t a i n i n g a l i q u i d . T h e o s c i l l a t i n g 
f r e q u e n c y ( f ) o f t h e t u b e i s r e l a t e d t o i t s m a s s (m) b y 

f = 1/2π ( k / m ) 1 / 2 ( 9 ) 

w h e r e k i s a n i n s t r u m e n t c o n s t a n t . S i n c e t h e v o l u m e o f t h e t u b e 
i s c o n s t a n t , t h e d e n s i t y o f a l i q u i d c o n t a i n e d i n t h e t u b e i s 
d i r e c t l y r e l a t e d t o t h e p e r i o d ( τ ) b y 

ρ = A + Β τ 2 ( 1 0 ) 

T h e p r i n c i p l e h a s b e e n k n o w n f o r a l o n g t i m e , h o w e v e r , t h e m o d i 
f i c a t i o n made b y K r a t k y e t a l . ( 2 1 ) a n d P i c k e r e t a l . ( 2 2 ) h a v e 
l e d t o c o m m e r c i a l i n s t r u m e n t s t h a t c a n b e u s e d t o m e a s u r e 
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—6 ~3 
densities routinely to a precision of ± 3 χ 10 g cm . The 
system described by Kratky et_ a l . (21) (available commercially 
from Mettler) requires small volumes, has a wide operating tem
perature range, and a d i g i t a l readout. Its major drawback i s 
that i t requires a long time to achieve thermal equilibrium. The 
flow densimeter developed by Picker et a l . (22) requires only 
5 to 7 cm3 of solution and gives densities to a precision of 
± 2 ppm i n times of 5-10 minutes. A sketch of the Picker et a l . 
(22) system i s shown i n Figure 3. A brass plate holds the s t a i n 
less s t e e l vibrating tube i n place. Magnetic pickups are used to 
keep the tube vibrating at i t s natural frequency and sense the 
period of the vibration. A thermoregulated jacket surrounds the 
densimeter and the heat exchanger encompassing the l i q u i d intake 
l i n e s . The r e l a t i v e densities are determined by measuring the 
period i n a solution and solvent 

Δρ

The instrument constant Β can be determined by measuring the τ 
i n two f l u i d s of known density. A i r and water are used by most 
workers (22). In our laboratory we used seawater of known con
ductivity and pure water to calibrate our vibrating flow systems 
(53). The system gives accurate densities i n d i l u t e solutions, 
however, care must be taken when using the system i n concentrated 
solutions or i n solutions with large v i s c o s i t i e s . The development 
of commercial flow densimeters has caused a rapid increase i n the 
output of density measurements of solutions. Desnoyers, Jolicoeur 
and coworkers (54-69) have used this system to measure the densi
t i e s of numerous electrolyte solutions. We have used the system 
to study the densities of electrolyte mixtures and natural waters 
(53,70-81). We routinely take our system to sea on océanographie 
cruises (79) and find the system to perform very well on a 
rocking ship. 

B. One Atmosphere Compressibilities. Most isothermal com
p r e s s i b i l i t y (3) measurements are made over extended pressure 
ranges and very few direct measurements have been made near 1 atm. 
It i s d i f f i c u l t to obtain r e l i a b l e values of β at 1 atm from high 
pressure PVT data due to the problems of extrapolating the com
pression [k = ( v P - v^)/v^P, where ν i s the s p e c i f i c volume] to 
zero applied pressure. If the compressions, volumes, or densities 
are f i t to functions of P, the compressibility 

» • τ® • - *S> <12> 
at Ρ = 0 i s dependent upon the function used. Since there i s no 
a p r i o r i method that can be used to obtain the correct pressure 
dependence, 1 atm compressibilities are more r e l i a b l y determined 
by using sound speed measurements (29,82,83,84,85,86). 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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I η Out 

Journal of Solution Chemistry 

Figure 3. Sketch of the Sodev vibrating densitometer (22) 
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1. Piezometer Method. To measure the compressibility of 
l i q u i d s near 1 atm we have developed a piezometer system (87). 
A sketch of t h i s system i s shown i n Figure 4. The piezometer, 
C, i s a c y l i n d r i c a l glass vessel with a volume of ̂  450 cm3. The 
piezometer contains the s o l u t i o n and ^ 330 gms of Hg. The top of 
the piezometer i s f i t t e d with a Taper j o i n t f or f i l l i n g . A 
pre c i s i o n bore c a p i l l a r y , E, (2mm i n diameter) i s f i t t e d to the 
bottom of the piezometer. The piezometer i s suspended (B) i n a 
brass or s t a i n l e s s s t e e l pressure v e s s e l , H. A glass b o i l e r tube, 
J , encloses the upper portion of the c a p i l l a r y . The pressure 
vessel i s f i l l e d with ethylene g l y c o l which serves as a thermal 
and pressure medium. The e n t i r e apparatus i s submerged i n a con
stant temperature bath cont r o l l e d to ± 0.001°C. The temperature 
i n s i d e the pressure vessel i s monitored with a Hewlett-Packard 
quartz c r y s t a l thermometer (to determine when thermal e q u i l i 
brium i s reached a f t e r compressio d decompression)

The compressibilit
the volume change of Hg  c a p i l l a r y  pressure
are applied to the system. The change i n height of the meniscus 
(Ah) and the pressure change (ΔΡ) are dependent upon the volume 
of mercury ( V H g ) , the volume of the s o l u t i o n ( V s 0 i n )» and the 
i n s i d e volume of the glass container to a reference mark (Ah). 
The t o t a l volume of the system i s given by 

V = V + V + Ah (13) T Soin Hg 
where A i s the cross s e c t i o n a l area of the c a p i l l a r y and h i s the 
i n i t i a l distance of the mercury meniscus below a reference mark. 
The d i f f e r e n t i a t i o n of equation (13) with respect to pressure 
gives 

Τ _ Soin Hg_ • Ί_ 3A . dn 
3P 9P 5P + h 3P + A 3P ( 1 4 ) 

where the negative signs in d i c a t e a decrease i n volume. Substi
t u t i n g 3A/3P = -(2/3)A8 g, 3VT/8P = - V T 3 g , ( 3 g i s the compressi
b i l i t y of g l a s s ) , β = -(1/V )OV /3P7, an! 3 = " 1 / ν

δ ο 1 η 
<3VQ 1 im, we have 1 8 H g H g S o l n S ° l n 

bom 

G Soin e Soin Soin Soln 

The system i s c a l i b r a t e d by using known values of 3 for H2O and 
Hg. I f the same volume of Hg i s used i n the c a l i b r a t i o n and i n 
the measurement of the unknown s o l u t i o n , the r e l a t i v e compres
s i b i l i t i e s are given by 

3 " 3o = ^ " t ^ S o l n - ( ! ~ § ) H 2 0 ( 1 6 ) 
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This system has been shown to y i e l d values of β - β 0 at 1 atm 
for D2O, seawater and sea s a l t s to an accuracy of ± 0.07 χ 10"" 
b a r " 1 (85,88,89,90). The greatest d i f f i c u l t y with using t h i s 
system i s that i t takes a long time to reach thermal equilibrium. 

2. Sound Speed Measurements. The most precise values of 
compressibility at 1 atm can be determined from speed of sound 
measurements. The adiabatic compressibility (β§) i s related to 
the speed of sound (u) by 

β δ - l/u 2p (17) 

The isothermal c o m p r e s s i b i l i t i e s (β) are rela t e d to the adiabatic 
values by the thermodynamic r e l a t i o n s h i p 

β =

where Τ i s the absolute temperature, α i s the thermal expansi
b i l i t y [a = l/v(3v/8T)] and C p i s the s p e c i f i c heat capacity at 
constant pressure of the s o l u t i o n . Since sound speeds can be 
measured to a pr e c i s i o n of ± 0.02 m sec" 1 (85), the adiabatic 
c o m p r e s s i b i l i t i e s can be determined to a pr e c i s i o n of ± 0.002 χ 
10"" b a r - 1 . The conversion of β δ to β can be made providing 
e x p a n s i b i l i t y and heat capacity data are a v a i l a b l e (3). The d i f 
ferences between β and β$ for H2O at 25°C i s 0.473 χ 10" 6 b a r " 1 

and increases to 0.810 χ 10"6 b a r " 1 f o r a i m NaCl s o l u t i o n (3). 
Since s p e c i f i c heats are known to ± 0.001 j g" 

-1 ^ 1 
and expan

s i b i l i t i e s are known to ± 1.0 χ 10"6 K"1, values of β - β δ can be 
estimated to ± 0.004 χ 10~ 6 b a r " 1 for most e l e c t r o l y t e systems at 
1 atm. 

A sketch of the 1 atm sound velocimeter that we use i n my 
laboratory (52,7fJ,74,7i6,77^,^,81,85,86,91,92^) i s shown i n Figure 
5. The system consists of a Nusonics "sing around" velocimeter 
(93) submerged i n a constant temperature bath (A). The s o l u t i o n 
c e l l (C) has a volume of 80 cur and i s s t i r r e d by a submersible 
magnetic s t i r r e r (B). A pulse from a transmitting transducer (D) 
tra v e l s through the s o l u t i o n , i s r e f l e c t e d from the bottom (E) 
and i s received by a receiving transducer (F). The received 
pulse i s used to r e t r i g g e r the f i r s t transducer to send a second 
pulse, repeating the process. The measured quantity i s the pulse 
r e p e t i t i o n frequency f. The sound speed i s related to the mea
sured frequency by (94) 

1/f = l/u + τ (19) 

where i s the e f f e c t i v e path length between the transducers and 
τ_ i s the e l e c t r o n i c delay time. The values of ̂  and τ_ are deter
mined by c a l i b r a t i n g the system with water (85) and using the 
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sound v e l o c i t i e s based on the measurements of Del Grosso and 
Mader (95). The r e l a t i v e sound speeds (Au = u - u 0 ) can be 
determined from (94) 

Au = A(f - f 0 ) / [ ( l - f T ) ( l - f 0 T ) ] (20) 

where the subscript zero refers to water. The advantage of 
using the velocimeter to measure r e l a t i v e sound speeds i s that 
the values determined for l_ and τ_ do not have a strong influence 
on Au. For example, a 1% error i n τ_ causes only a 0.03 m sec" 1 

error i n Au. The frequencies at a given temperature are repro
ducible to ± 0.5 Hz, which i s equivalent to ± 0.02 m sec" 1 i n 
Au. The prec i s ion of the re la t i ve sound speeds i s ± 0.02 m sec" 
while the accuracies are thought to be ± 0.1 m sec" 1 (85). We 
have used th i s system to determine the adiabatic compress ibi l i ty 
of a number of aqueous solution t 1 at  (52,70,74,76,77,80,81
85,86,91,92). 

As pointed out by Haywar  (96) equatio  (17)
u n c r i t i c a l l y . In the presence of adsorption (which i s known to 
occur for MgSO^ solutions) (97-104) the ve loc i ty of sound (u 0) i s 
sh i f ted and becomes a complex function (105). The sh i f t or d i s 
pers ion, i n ve loc i ty (Au) caused by re laxat ion can be estimated 
from (105) 

( < W » > U - < f / f R > 2

 f 2 n Au = 7y (21) 
1 + ( f / f R ) 

where i s the absorption per wavelength at the re laxat ion 
frequency, f_ i s the frequency of the measurement (^ 2 MHz), f R 

i s the re laxat ion frequency, and u a = u 0 + Au i s the sound ve loc
i t y at i n f i n i t e frequency. At concentrations of 0.5 m, equation 
(21) y i e lds a value of Au = 1.0 m sec" 1 i n MgS04 solutions (105). 
A s h i f t of 1.0 m sec" 1 i n u w i l l sh i f t the adiabatic compressi
b i l i t y by 0.06 χ 1 0 " ° bar""^ Since α has not been measured at 
high concentrations for many e l ec t ro ly t e s , an exact correct ion 
cannot be made at present to a l l the published data measured at 
a f ixed frequency. 

C. High-Pressure PVT Propert ies . Three methods are pres
ently being used to measure the high-pressure PVT properties of 
e l ec tro ly te so lut ions: volumetric methods, (26,32,106) high 
pressure magnetic f loat systems, (36,107,108) and high pressure 
speed of sound systems (109,110,111,112). I w i l l not attempt to 
review a l l the modifications made to these systems. 

1. High Pressure PVT Propert ies . The e a r l i e r volumetric 
methods (113,114) consisted of a piezometer, s imi lar to the one 
shown i n Figure 6, which i s contained i n a pressure bomb. The 
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atmospheric pressure—(A)
perature bath; (B) magnetic stirrer; (C) 
solution cell; (D) transmitting transducer; 

(E) reflector; (F) receiving transducer (85) 
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Figure 6. Weight dilatometer 
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Hg d i s p l a c e d a f t e r p r e s s u r i z a t i o n o f t h e s y s t e m i s w e i g h t e d a f t e r 
e a c h m e a s u r e m e n t . T h e s e n s i t i v i t y o f t h e m e t h o d i s l i m i t e d t o 
a b o u t 1 0 0 ppm b y t h e d i s c r e t e v o l u m e o f t h e m e r c u r y d r o p s a n d t h e 
s m a l l v o l u m e o f t h e p i e z o m e t e r . M o r e r e c e n t w o r k e r s ( 1 0 6 ) h a v e 
d e t e r m i n e d t h e c h a n g e s i n t h e v o l u m e o f t h e s y s t e m b y u s i n g i n 
d i r e c t m e t h o d s t o m e a s u r e t h e h e i g h t o f Hg i n t h e p i e z o m e t e r . 
B r a d s h a w a n d S c h l e i c h e r ( 1 0 6 ) h a v e d e s i g n e d a d i l a t o m e t e r s y s t e m 
t h a t c a n m e a s u r e t h e e x p a n s i o n a n d c o m p r e s s i o n o f a s o l u t i o n u n d e r 
p r e s s u r e . A s k e t c h o f t h e i r a p p a r a t u s i s s h o w n i n F i g u r e 7 . T h e 
v o l u m e c h a n g e o f t h e s a m p l e w i t h t e m p e r a t u r e o r p r e s s u r e i s o b 
t a i n e d b y m e a s u r i n g t h e c h a n g e i n h e i g h t o f m e r c u r y i n t h e p r e 
c i s i o n b o r e t u b i n g s e c t i o n o f t h e d i l a t o m e t e r . T h e t u b i n g s e c t i o n 
i s s e p a r a t e d f r o m t h e d i l a t o m e t e r f l a s k b y a t a p e r e d j o i n t . T h e 
r e l a t i v e h e i g h t o f t h e m e r c u r y i s d e t e r m i n e d b y m e a s u r i n g t h e 
d i s t a n c e b e t w e e n a m a g n e t i c s t e e l c y l i n d e r f l o a t i n g o n t h e t o p 
o f t h e m e r c u r y ( f l o a t i n ) d a n o t h e  c y l i n d e  f i r m l
t a c h e d t o t h e t o p o f t h
d i l a t o m e t e r i s m o u n t e d  p r e s s u r  c h a n g e
d i s t a n c e b e t w e e n t h e c o r e s i s m e a s u r e d b y u s i n g a l i n e a r d i f f e r 
e n t i a l t r a n s f o r m e r w i t h a m i c r o m e t e r h e a d . T h e s y s t e m w a s c a l i 
b r a t e d b y m a k i n g m e a s u r e m e n t s o n m e r c u r y . T h e p r e c i s i o n o f t h e 
s y s t e m i s ± 1 p p m / d e g f r o m 0 t o 1 0 0 0 b a r s a p p l i e d p r e s s u r e . T h e 
s p e c i f i c v o l u m e s o f w a t e r d e t e r m i n e d w i t h t h e s y s t e m f r o m 0 t o 
3 0 ° C a r e i n e x c e l l e n t a g r e e m e n t w i t h v a l u e s d e t e r m i n e d f r o m t h e 
s o u n d d e r i v e d e q u a t i o n o f s t a t e o f C h e n , F i n e a n d M i l l e r o ( 3 1 ) 
( s e e F i g u r e 8 ) . 

K e l l a n d W h a l l e y ( 2 6 , 3 2 ) h a v e d e s c r i b e d a v o l u m o m e t e r m e t h o d 
( F i g u r e 9 ) t o m e a s u r e t h e v o l u m e o f l i q u i d s . A c a l i b r a t e d p i s t o n 
( s e e F i g u r e 9 ) i s u s e d t o m e a s u r e t h e c h a n g e i n v o l u m e o f a s o l u 
t i o n w i t h a c h a n g e i n t e m p e r a t u r e o r p r e s s u r e . T h e s y s t e m i s 
s i m i l a r i n p r i n c i p l e t o t h e a p p a r a t u s d e s c r i b e d b y K e y e s ( 1 1 5 ) . 
T h e p r e s s u r e v e s s e l o f k n o w n v o l u m e i s i m m e r s e d i n a t h e r m o s t a t . 
T h e p r e s s u r e o f t h e w a t e r i s m e a s u r e d b y means o f p r e s s u r e b a l 
a n c e s . T h e w a t e r i s s e p a r a t e d f r o m t h e o i l b y m e r c u r y i n a U 
t u b e o r t w o l e g s o f a W t u b e . T h e c h a n g e i n t h e v o l u m e o f w a t e r 
i n t h e p r e s s u r e v e s s e l d u e t o a c h a n g e i n Τ o r Ρ i s m e a s u r e d b y 
t h e c h a n g e o f t h e p o s i t i o n o f t h e p i s t o n o f t h e v o l u m o m e t e r . T h e 
c a l i b r a t e d p i s t o n w a s a d v a n c e d i n t o t h e c y l i n d e r b y means o f a 
s c r e w t h r e a d a n d w a s b a l a n c e d b y a s i m i l a r p i s t o n . T h e p r e s s u r e 
v e s s e l a n d c y l i n d e r o f t h e v o l u m o m e t e r w e r e j a c k e t e d b y o t h e r 
p r e s s u r e v e s s e l s t o p r e v e n t d e f o r m a t i o n . T h e b a l a n c i n g p r e s s u r e 
o f t h e b a l a n c i n g w a t e r a n d t h e e x p e r i m e n t a l w a t e r w a s m e a s u r e d 
b y a t h r e e l e g g e d o r W t u b e . T h e s y s t e m was c a l i b r a t e d w i t h 
w a t e r a t 1 a t m a n d m e r c u r y a t h i g h p r e s s u r e s . T h e s y s t e m was 
u s e d t o m e a s u r e t h e s p e c i f i c v o l u m e o f w a t e r f r o m 0 t o 150 °C t o 
a p r e c i s i o n o f ± 10 ppm ( 2 6 ) a n d 1 5 0 t o 350 °C t o a p r e c i s i o n o f 
1 0 0 ppm ( 3 2 ) . F i n e a n d M i l l e r o ( 2 9 ) h a v e s h o w n t h a t t h e h i g h 
p r e s s u r e v o l u m e m e a s u r e m e n t s o f K e l l a n d W h a l l e y f r o m 0 t o 100 °C 
a n d 1 k b a r d i s a g r e e d f r o m v a l u e s d e r i v e d f r o m t h e s o u n d s p e e d 
m e a s u r e m e n t s o f W i l s o n ( 1 0 9 ) b y * 1 2 0 p p m . K e l l a n d W h a l l e y ( 3 0 ) 
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Figure 7. Dilatometer system (106) 
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Figure 8. Comparisons of the specific volumes of water determined from sound 
speed measurements (3\) and direct measurements (106) 
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a t t r i b u t e d t h i s difference to an error i n the compression of the 
pressure v e s s e l . They used sound derived d e n s i t i e s to redeter
mine the compression of the vessel and gave corrected values of 
ν for water. Comparisons of the s p e c i f i c volumes of water at 
1000 bar of various workers (29,30,106) with those calculated 
from the sound derived equation of state of Chen, Fine and 
M i l l e r o (31) are shown i n Figure 10. The r e s u l t s are i n good 
agreement and indicate that values of ν for water are accurately 
known to ± 15 ppm from 0 to 100°C at 1000 bars. The differences 
at lower pressures are smaller. 

The volumetric systems of Bradshaw and Schleicher (106) and 
K e l l and Whalley (26,32) are the most precise methods of d i r e c t l y 
measuring the absolute d e n s i t i e s or volumes at high pressures. 
These methods, however, are not i d e a l l y s u i t a b l e f o r making sys
tematic density studies of aqueous e l e c t r o l y t e solutions as a 
function of Ρ and Τ becaus  experi
mental work and the los

2. High Pressure Magnetic Float Methods. As discussed 
e a r l i e r the magnetic f l o a t method can be used to measure r e l a t i v e 
d e n s i t i e s (Δρ) with great p r e c i s i o n . We have developed a high 
pressure magnetic f l o a t system (36) that i s i d e a l l y suited to 
measure r e l a t i v e d e n s i t i e s as a function of pressure. A sketch 
of the high pressure system i s shown i n Figure 11. The pressure 
bomb (B) has o p t i c a l ports f o r observing the motion of the mag
ne t i c f l o a t and i s made of berylium copper or s t a i n l e s s s t e e l . 
The top (A) and Bottom (C) plugs were made of s i m i l a r m a t e r i a l . 
The bottom plug contains an i n s e r t plug (D) that supports the 
solenoid (G) which i s 300 turns of No. 28 Cu wire. The window 
cones were machined from cast p l e x i g l a s rod and have a p i t c h of 
30 degrees. The pressure i s transmitted to the contents through 
port (H). The magnetic f l o a t i s made of t h i c k - w a l l (0.4 cm) 
pyrex glass tube and contains a permanent magnet. A high tem
perature Apiezon wax was used to hold the magnet i n place. 

The system i s c a l i b r a t e d with water i n the same manner as 
the 1 atm magnetic f l o a t system. The density of platinum as a 
function of pressure was estimated from the com p r e s s i b i l i t y . 
Since the density of Pt decreases by only 0.009 g cm"3 from 0 to 
1200 bars, the e f f e c t of pressure on the density of Pt can be 
neglected i f weights below 1 g are used. Both f and V were found 
to be functions of pressure (36). Cali b r a t i o n s of the f l o a t at 
a given pressure i n d i c a t e that the pr e c i s i o n of the system i s 
± 10 ppm while the accuracies are about ± 20 ppm (116). We have 
used t h i s system to measure the r e l a t i v e d e n s i t i e s of D2O (117), 
seawater (116,118), and some major sea s a l t s Ç36, 119). 

The major d i f f i c u l t i e s we have had with the high pressure 
magnetic system i s that the f l o a t s e a s i l y break due to pressure 
shocks. This greatly disturbs one who has spent many hours c a l i 
b r ating the f l o a t i n water at various pressures. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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100 

Figure 10. Comparisons of the specific volumes of water at 1000 bars calculated 
from the sound derived equation of state of Chen, Fine, and Millero (31) and the 
data of various workers; (A) Bradshaw and Schleicher; (%) Kell and Whalley; 

(O) Fine and Millero 

Figure 11. High pressure magnetic float 
system (36) Journal of Solution Chemistry 
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3. High Pressure Sound Velocimeters. As discussed e a r l i e r , 
sound v e l o c i t y measurements can y i e l d precise c o m p r e s s i b i l i t i e s 
of solutions. Wilson (109) was the f i r s t to develop a high pres
sure sound velocimeter that could be used over a wide range of 
pressures and temperatures. He used the "sing around" system to 
measure the high pressure sound speeds of water (109), D 2 O (120), 
and seawater (121) to a pr e c i s i o n of ± 0.2 m s e c ~ l which i s 
equivalent to ± 0.012 χ ΙΟ"** b a r " 1 i n &s» Barlow and Yazgan 
(111) have described a s i m i l a r system used to measure speed of 
sound i n water. Del Grosso and Mader (110) have developed a more 
elaborate inteferometer system and used i t to measure the high 
pressure speed of sound i n seawater s o l u t i o n to a pr e c i s i o n of 
± 0.05 m sec*"1 (̂  ± 0.006 χ 10" 6 b a r " 1 i n B g). A l l of these 
systems are capable of making absolute measurements on pure water. 
Unfortunately, at present (112) the two sound studies made on 
pure water d i f f e r by as much as 1.22 m sec " 1 at high temperatures 
and pressures (P = 800 ba
sound speeds of Wilson
with our independent studies (122,123), we f e e l that at present 
Wilson's r e s u l t s f o r water are the best a v a i l a b l e . We have (112) 
reanalyzed the sound speed measurements of Wilson f o r water and 
derived an equation for the speed of sound i n water from 0 to 
100°C and 0 to 1000 bars applied pressure (with σ = 0.08 m s e c " 1 ) . 
The 1 atm portion of the equation i s based on the r e s u l t s of 
Del Grosso and Mader (95). We suggest that t h i s equation be used 
to c a l i b r a t e high pressure sound velocimeters u n t i l more r e l i a b l e 
r e s u l t s become a v a i l a b l e . 

We have designed a high pressure sound velocimeter (112,123, 
124). A sketch of the system i s shown i n Figure 12. The v e l o c i 
meter consists of a Nusonic high pressure s i n g l e transducer "sing 
around" system suspended i n a bomb. The high pressure bomb i s 
made of s t a i n l e s s s t e e l and has a volume of ̂  500 cm3. The bomb 
i s submerged i n a constant temperature bath c o n t r o l l e d to ± 
0.001°C. A Harwood Engineering c o n t r o l l e d clearance piston gauge 
i s used to set the pressures (±0.1 bar at 1000 bars applied P ) . 

The system was c a l i b r a t e d with water and the sound path (£) 
was found to increase s l i g h t l y as the pressure i s increased (as
suming τ i s independent of pressure) (112). Since we are i n t e r 
ested i n measuring the r e l a t i v e speed of sound (Au) i n aqueous 
so l u t i o n s , we use the velocimeter i n a d i f f e r e n t i a l mode. The 
value of _τ i s not a function of pressure (or temperature), as the 
el e c t r o n i c s are kept under ambient pressures. The values of Au 
were determined from 

(f - f )u 
A u = u - u o = f (1 - fx) ( 2 2 ) 

0 

where f and f are, r e s p e c t i v e l y , the pulse r e p e t i t i o n rates of 
the velocimeter i n the s o l u t i o n and pure water. The length of 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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the sound path i s not needed to determine Au at a given Ρ and 
T. The el e c t r o n i c delay time i s determined at 1 atm i n water at 
various temperatures. The system has a pre c i s i o n of ± 0.19 m 
sec" 1 from 0 to 50°C and 0 to 1000 bars. We have used t h i s sys
tem to measure the speed of sound i n D 2 O (122), seawater (123), 
the major sea s a l t s (91), and mixtures of the major sea s a l t s 
(125). 

To generate isothermal c o m p r e s s i b i l i t i e s from sound speeds, 
i t i s necessary to have r e l i a b l e e x p a n s i b i l i t y and heat capacity 
data (equation 18). We have developed an i t e r a t i v e method to 
convert high pressure sound speed to isothermal c o m p r e s s i b i l i t i e s 
(84). The e f f e c t of pressure on the volume of a so l u t i o n 
(3V/3P) T at a constant pressure i s given by 

-(3v/3P) P = v P / u P + T ( a P v P ) 2 / C p
P (23) 

where the superscript Ρ
of pressure on the heat capacity can be determined from 

C p
P - C p° - T Q/ P (3 2v/3T 2)dP (24) 

where C p^ i s the value at 1 atm (P = 0)· Since the second term 
i n equation (23) i s small compared to v P / u P i t can be treated as 
a perturbation term or adiabatic correction 

-(3v/3P) P = (v 2/u 2) + A s (25) 

To determine Ag i t i s necessary to use an equation of state to 
express the PVT properties. We have selected a second degree 
secant bulk modulus to represent the PVT properties of aqueous 
solutions (84) 

Κ = Pv°/(v° - v P ) = K° + AP + BP 2 (26) 

where K^, A and Β are functions of temperature and concentration. 
D i f f e r e n t i a t i n g t h i s equation with respect to pressure y i e l d s 

(3v/3P) P = v°(K° - BP2)/(K° + AP + B P 2 ) 2 (27) 

The term i s determined from the known 1 atm sound speeds (u^), 
e x p a n s i b i l i t i e s (α^), s p e c i f i c volumes ( v ^ ) , and heat capacities 
<Cp0) 

K° = v°/(9v/3P)° = v°[(v0/uV + T C W / S , 0 ] " 1 (28) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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The values of A and Β are determined by an i t e r a t i v e computer 
technique using equations (23) and (27). As a f i r s t step, an 
a r b i t r a r y equation of state i s used to generate 3 2V/3T 2 and to 
cal c u l a t e C p

P, and a p . The equation of state f o r water (31) 
i s used f o r e l e c t r o l y t e s o l u t i o n s . The values of C p , ν and 
a p are combined with u p to calc u l a t e (3V/3P) P. The values of 
(3V/3P) P are f i t to equation (27) by taking an a r b i t r a r y value of 
Β = Β'. The newly obtained equation of state i s then used to 
generate C p

P, v P and a P , which are again combined with the sound 
speeds to calc u l a t e (3V/3P) P. The values are again f i t to equa
t i o n (27) where the Β' term i s replaced by the Β term generated 
from the previous leas t squares f i t . This process i s repeated 
u n t i l the newly generated values of (3V/3P) P agree with the pre
vious values to wi t h i n ± 0.01 χ 1 0 ^ bar""1 at every concentra
t i o n , temperature, and pressure. This method has been shown to 
y i e l d values of v p for wate d seawate  that  with d i
r e c t l y measured data t
(31,126,127). 

We prefer t h i s method of generating PVT from sound speeds 
to the i n t e g r a t i o n of the equation 

P P _ po . Q / P d£ + T Q / P [ ( i / p ) ( a p / a T ) 2

l d p ( 2 9 ) 

u p 

This equation can also be solved by an i t e r a t i v e method (128) , 
however, the r e l i a b i l i t y of t h i s method i s i n doubt (84) because 
i t i s the c o m p r e s s i b i l i t y , not the s p e c i f i c volume or density 
that dominates (equation 23). This i s also the reason why the 
pr e c i s i o n of the sound speeds can only be compared d i r e c t l y with 
the p r e c i s i o n of compressibility (not successive i t e r a t i o n s of 
density) . 

The only d i f f i c u l t y with using t h i s method i s the lack of 
heat capacity data. With the wide spread use of the Picker et 
a l . (129) heat capacity calorimeter one can usually f i n d pub
l i s h e d heat capacities f o r most systems of in t e r e s t (3) at 25 C. 
Since the C p does not a t t r i b u t e much to the adiabatic c o r r e c t i o n , 
t h i s i s not a serious l i m i t a t i o n . 

I I . High Pressure Equation of State of E l e c t r o l y t e Solutions 

Many attempts (130,131,132) have been made to derive an 
equation of state from molecular theory, but none of them have 
resulted i n an adequate equation capable of expressing the re
s u l t s of d i r e c t measurements to w i t h i n the experimental err o r . 
To meet t h i s need, i t has been necessary to employ empirical 
equations; the major j u s t i f i c a t i o n f o r each i s that i t f i t s the 
experimental data. I t i s also desirable to choose an equation 
that gives r e l i a b l e concentration, temperature, and pressure 
d e r i v a t i v e s . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
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The most frequently used equations of state are summarized 
i n Table I . Many of the equations used are based on the Tait 
(133) equation 

0 Ρ ν - ν 
0 Ώ π + Ρ ν Ρ 

(30) 

or rearranged 

ρ 0 / ι ΑΡ χ / ο Ί \ ν - ν (1 - Τ Τ Ύ ) (3D 

0 Ρ 
where k i s the mean or secant compression, ν and ν are the 
s p e c i f i c volumes at zero and Ρ applied pressure. A i s a constant 
and π i s a temperature dependen
equation to f i t the compressio
t i o n s . 

I t was recently revealed by Hayward (134) that two genera
tions of workers were misled into using what they came to c a l l 
"the Tait equation". They d i d not r e a l i z e that t h i s w e l l known 
equation was not Tait's o r i g i n a l equation. The Tait equation 
was f i r s t misquoted by Tammann (135). The misquoted form of 
the Tait equation (which we s h a l l r e f e r to as the Tammann equa
tion) i s 

0 ^ P ; Β + Ρ K } 

ν 

or integrated (Β and C are independent of pressure) 

Ρ 0 Γ 0 0 Β + P ν = ν - Cv in — g — (33) 

Comparisons with equation (30) reveal that Tammann replaced 
Ta i t ' s compression term, (ν - ν )/v Ρ by the corresponding d i f 
f e r e n t i a l c o e f f i c i e n t (3v/3P) P/v . In the low pressure range 
(below 500 bars) that concerns the majority of workers, 
(v° - ν )/v°P i s almost equal to (3v/3P) P/v , enabling one to 
understand the long h i s t o r y of misuse. 

By rearranging the Tammann equation (32) , we have 

(3P/3v) P = (3P/3v)° + a Ρ (34) 

where (3P/3v)° = -B/Cv° and a = -1/Cv°. D i f f e r e n t i a t i o n of the 
Tait equation (30) with respect to pressure gives, 

(3P/3v) P = (3P/3v)° + a fP + b'P 2 (35) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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where (3P/3v)° = -TT/AV°, a 1 = -2/Av°, and b 1 = -1/Αττν°. By com
paring equations (34) and (35), i t i s cle a r that the Tammann 
equation contains one less pressure term than the Tait equation 
i n bulk modulus form. [ I t should be pointed out that both equa
tions have the same number of adjustable parameters, the term 
(3P/3v)°, a T and b f are i n t e r r e l a t e d to each other.] The Tait 
equation ( i n bulk modulus form, equation 35) f i t s compression 
data about 100 times better than the Tammann equation (126). 
This i s demonstrated i n Figure 13 by examining (3P/3v) P deter
mined from sound speed data (121). The maximum deviation of the 
f i t t e d data i s 1.068 χ 10 2 bar g cm"*3 for equation (34) and 1.1 
bar g cm"3 f o r equation (35). These differences are equivalent 
to 0.2 χ 10" 6 b a r " 1 and 0.002 χ 10" 6 b a r " 1 , r e s p e c t i v e l y , i n 
compressibility and demonstrate that the Tait equation i s superi
or to the Tammann equation. ρ 

The pressure dependenc
[(3P/3v) P - (3P/3v)°]/
Figure 14 that the values of [(3P/3v) p - (3P/3v)°]/P fo r pure 
water and 35 °/oo s a l i n i t y seawater determined from sound speed 
data (112,123) increase almost l i n e a r l y with pressure. This i n 
dicates that Ρ or even higher order terms are needed to repre
sent (3P/3v) over the pressure range of 0 to 1000 bars. In other 
words, the Tammann equation and the o r i g i n a l Tait equation do not 
represent the PVT properties for pure or s a l i n e water w i t h i n the 
accuracy of the data. 

Tumlirz (136) presented an equation of state of the form 

where B, C, and D are temperature dependent parameters. 
Tumlirz's equation i s j u s t a rearrangement of the Tait equation. 
Replacing B, C, D i n equation (36) by v° - v 0 A . π and ν Απ, r e 
sp e c t i v e l y , gives 

( v P - Β) (P + C) = D (36) 

( v P - v° + v°A) (Ρ + π) = ν°Απ (37) 

or 

ν 
Ρ 
= ν 0 v°AP 

π + : (38) 

which i s the o r i g i n a l Tait equation (30). 
Gibson (137^) ex tended the Tammann equation to solutions and 

published what i s referred to as the Tait-Gibson equation 
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Figure 13. (dP/dv)p determined from sound speed data (\26) ((%) linear equa
tion; (®) quadratic equation) 

Figure 14. Values of [(dP/dv)p - (dP/dv)°]/P for pure water and 35%0 salinity 
seawater determined from sound speed data (112, 123). 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



31. M I L L E R O Pressure-Volume-Temperature Properties of Electrolytes 607 

or integrated 

v P = v° - CX, In 2-±± (40) 
L D 

where X-̂  i s the weight f r a c t i o n of water, C i s a constant 
(0.135/v^) and Β i s a function of temperature and concentration. 
For most of the systems examined,(114,137,138,139), C was found 
to be nearly independent of temperature and concentration. 

Murnaghan (140,141) published an equation of the form 

v P - v ° (1 + ηβ ° Ρ Γ 1 / τ ι (41) 

i n which 3^ i s the isothermal c o m p r e s s i b i l i t y at sea l e v e l pres
sure, η i s 9 ( l / 3 ) / 3 P . 

K e l l and Whalley (26
s p e c i f i c volume measurements to the polynomial 

ν = v°(l + I l A t V ) (42) 
k £ 

The standard deviation was reported to be 3 ppm at the lower 
pressures and 10 ppm at the higher pressures. 

L i (142) published a v a r i a t i o n of the Tait-Gibson equation 
for seawater from both c o m p r e s s i b i l i t y and sound speed data 

V
P = v ° _ (1 _ io"3S)C Un (43) 

where S i s the s a l i n i t y i n parts per thousand, C i s a constant, 
and Β i s a temperature and s a l i n i t y dependent parameter. L i 
examined the seawater r e s u l t s of Ekman (143) and Wilson (120) 
using t h i s equation and found that the r e s u l t s could be f i t to 
ί 10 χ 10""6 cm^ g" 1 over the oceanic range of pressure, temper
ature, and s a l i n i t y . He also noticed a difference at 1 atm 
between the c o m p r e s s i b i l i t i e s of Ekman and the sound derived data 
of Wilson. These differences were l a t e r shown by Lepple and 
M i l l e r o (88) to be due to errors i n Ekman's work. 

We attempted (126) to use L i T s equation to represent K e l l 
and Whalley 1s (26) as we l l as Fine and M i l l e r o 1 s (29) pure water 
r e s u l t s and found that i t could not f i t the data to wit h i n the 
experimental error (± 10 ppm). 

Hayward (134) extensively investigated d i f f e r e n t forms of 
equations of state and suggested the r e c i p r o c a l form of the 
Tait equation 

i = 0
V ° P ρ = Κ = K° + BP (44) 

v - ν 
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where K w = π/A and Β = 1/A i n equation (30). In equation (44) Κ 
i s the secant bulk modulus, i s the secant bulk modulus at an 
applied pressure Ρ = 0, and equals the r e c i p r o c a l of the i s o 
thermal c o m p r e s s i b i l i t y , 1/3, Β i s a function of concentration 
and temperature. Hayward concluded that the l i n e a r secant bulk 
modulus equation best represented the compression properties of 
l i q u i d s over the pressure range from zero to several hundred 
bars. With the addition of one or two extra terms, the equation 
can be extended to cover a l l l i q u i d s at pressures up to 12 Kb 
over a wide range of temperature. 

Macdonald (144) analyzed several equations of state which 
had a v a r i e t y of mathematical forms including the Tammann equa
t i o n and the secant bulk modulus equation chosen by Hayward. (In 
his s t a t i s t i c a l a n a l y s i s , Macdonald used the PVT data of K e l l and 
Whalley (26) which has been shown to be i n error (29). Thus, the 
conclusions of Macdonal
Hayward and selected th
ei t h e r the Tammann equation or the l i n e a r secant modulus equation 
chosen by Hayward. I f , however, the Tammann equation and the 
Murnaghan equation were both expanded to second order i n pres
sure, then Macdonald found that the r e s u l t s obtained from both 
equations would agree. As shown e a r l i e r , the expansion of the 
Tammann equation to second order i s equivalent to the bulk mod
ulus form of the o r i g i n a l Tait equation. 

In work i n our laboratory (29,31,84,116,118,126,127) we have 
used a second degree secant bulk modulus equation to f i t d i r e c t 
measurements and sound derived s p e c i f i c volumes of sol u t i o n s . 
The equation i s given by 

O O P 0 2 Κ = Pv U/(v - ν ) = Κ + AP + BP (45) 

A plot of Κ fo r pure water as a function of pressure at d i f f e r e n t 
temperatures i s shown i n Figure 15. This figure c l e a r l y demon
strat e s that the Β term i s small and that A does not vary much 
with temperature. A s i m i l a r behavior i s found f o r seawater so l u 
tions at a given concentration (see Figure 16). Another i n t e r 
esting feature of Κ f o r e l e c t r o l y t e solutions i s shown i n Figure 
17. The slopes (A) of. Κ plo t t e d vs. Ρ are not strongly depen
dent upon concentration. These findings are s i m i l a r to e a r l i e r 
work (114,137,138,139) of Gibson using the Tammann equation. 

What t h i s comparison indicates i s that as a f i r s t approxi
mation, the terms A and Β i n equation (45) are not strongly de
pendent upon temperature and concentration. The pressure 
dependence of Κ for e l e c t r o l y t e solutions can be thus estimated 
from the properties of pure water. Since K° = 1/3°, the r e c i p 
r o c a l of the 1 atm co m p r e s s i b i l i t y , i t thus becomes possible to 
make reasonable estimates of v p from 1 atm s p e c i f i c volume data 
(v°) and compressibility data (3°). 

This can be demonstrated by considering the high pressure 
PVT properties of seawater. For seawater solutions the values 
of K D, A and Β at a given temperature are given by (127). 
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Figure 16. Seawater solutions at a given concentration 
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K ° = K y 0 + a S + b S 3 / 2 ( 4 6 ) 

A = A w + c S + d S 3 / 2 ( 4 7 ) 

Β = B w + e S ( 4 8 ) 

w h e r e S i s t h e s a l i n i t y ( g r a m s o f s a l t p e r k g o f s o l u t i o n ) a n d 
t h e s u b s c r i p t W r e f e r s t o p u r e w a t e r . F o r s e a w a t e r o f S = 3 5 . 0 
t h e d i f f e r e n c e s b e t w e e n V p c a l c u l a t e d w i t h t h e f u l l e q u a t i o n a n d 
w i t h c , d , a n d e = 0 a r e s h o w n i n T a b l e I I . A s i s c l e a r l y d e m o n 
s t r a t e d i n t h i s t a b l e , t h e s p e c i f i c v o l u m e s o f s e a w a t e r c a n b e 
e s t i m a t e d t o p r e s s u r e s o f 1 0 0 0 b a r s a n d f r o m 0 t o 4 0 e C t o ± 1 3 6 χ 
1 0 ~ 6 c m 3 g ~ l u s i n g t h e e q u a t i o n o f s t a t e f o r p u r e w a t e r (K^ , A ^ 
a n d BJJ) a n d t h e 1 a t m v a l u e f Κ f o  s e a w a t e  ( d b ) 
d e t e r m i n e d f r o m s o u n d s p e e

T A B L E I I 
COMPARISONS OF THE MEASURED AND CALCULATED S P E C I F I C VOLUMES OF 

35 ° / o o S A L I N I T Y SEAWATER US ING PURE WATER H I G H PRESSURE 

Δν 1 0 6 (Meas - C a l c ) a 

Ρ 0 ° C 1 0 ° C 20 °C 30 °C 4 0 ° C 

0 0 0 0 0 0 
1 0 0 3 3 2 1 1 
2 0 0 10 9 7 4 2 
3 0 0 20 17 14 1 0 5 
4 0 0 34 29 23 16 9 
5 0 0 5 0 4 3 34 24 15 
6 0 0 67 5 8 46 34 19 
7 0 0 85 74 6 1 4 4 26 
8 0 0 102 9 1 76 54 32 
9 0 0 119 1 0 9 92 67 39 

1 0 0 0 136 127 109 8 0 45 

a ) T h e c a l c u l a t e d v a l u e s o f Ρ 
ν w e r e 

d e t e r m i n e d f r o m Ρ 
ν = 

ν (1 - P/K ) w h e r e Κ = K ° + v + V 2 »? - f o r 

s e a w a t e r ) . 

U n f o r t u n a t e l y , a t p r e s e n t , r e l i a b l e PVT d a t a f o r e l e c t r o 
l y t e s a t h i g h p r e s s u r e s , t e m p e r a t u r e s a n d c o n c e n t r a t i o n s a r e n o t 
a v a i l a b l e t o f u r t h e r t e s t t h e a p p l i c a b i l i t y o f t h e s e s i m p l e 
m e t h o d s t o n a t u r a l w a t e r s . R e l i a b l e m e a s u r e m e n t s o f t h e s p e e d o f 
s o u n d i n a q u e o u s e l e c t r o l y t e s a s a f u n c t i o n o f t e m p e r a t u r e , p r e s 
s u r e a n d c o n c e n t r a t i o n s h o u l d p r o v i d e t h e d a t a n e e d e d t o t e s t t h e 
p o s t u l a t i o n p r e s e n t e d a b o v e . S i n c e 1 a t m m e a s u r e m e n t s o f ν ϋ a n d 
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β are r e l a t i v e l y easy to make over a wide temperature range, i t 
would be possible to generate reasonable estimates of the high 
pressure PVT properties for electrolytes with the minimal experi
mental work. 

III . Estimation of the PVT Properties of Mixed Electrolyte 
Solutions 

In recent years a great deal of progress has been made i n 
interpreting *he physical-chemical properties of mixed electro
l y t e solutions (145,146). Simple a d d i t i v i t y models have been 
developed (145) that can be used to examine how the physi
cal-chemical properties are related to the ion-water and ion-ion 
interactions of the major constituents of natural waters. The 
models have been used to predict the density and compressibili
t i e s of seawater (48,86,88,118,147,148,149,150)
arine waters (35,72,151,152)
using binary solution data for the ionic components. The pre
dictions are made by using an a d d i t i v i t y rule for the apparent 
molal properties f i r s t developed by Young (154) and modified by 
Wood and coworkers (155,156,157). The general form of Young's 
rule for the apparent molal volume of a mixed electrolyte solu
tion i s given by 

φ ν = Σ W v ( M X ) ( 4 9 ) 

MX n Λ 

where E^ i s the equivalent fraction of cation M and anion X, and 
φγ(ΜΧ) i s the apparent molal volume of MX at the ionic strength 
of the mixture. The value of φγ for the mixture i s related to 
the density by 

(50) 

where N T i s the normality of the solution (equivalents per 1000 
cm^) and M T i s the mean equivalent weight (M T = £ EjM.^, i s the 
equivalent weight of component i ) . The concentration dependence 
of φγ i s given by 

v̂ = V + s v I v 1 / 2 + b v I v + - - - - ( 5 1 ) 

where Φ ν° = £ % Ε χ φ ν ° (MX) , sv - I E ME XS V(MX) , and b v = 
I E ME xb v(MX). The f i r s t term i s related to the ion-water i n t e r 
actions of the components of the mixture and the higher order 
terms are related to ion-ion interactions. Combining equations 
(50) and (51) one obtains 
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d = d

0

 + V v + V v 3 / 2 + V v 2 + · · · · ( 5 2 ) 

where A v = 1θ" 3(Μ τ - d ^ v
0 ) k , B v = -10~ 3 S ^ k , and C v = -10""3 

byd Qk. The value of k i s related to the r a t i o of equivalents and 
ionals i n the mixture (N T = k I v ) . Since the φγ°(1) of the ionic 
components are additive at i n f i n i t e d i l u t i o n and the term Sy can 
be equated to the Debye-Hiickel l i m i t i n g law, i t i s possible to 
simplify the estimations of the terms Ay and By by using the 
ionic components of the solution rather than salts (145). 

The use of equation (52) to estimate the density of a mixed 
electrolyte solution can be demonstrated by considering average 
seawater. The equivalent fra c t i o n of the cations and anions i n 
seawater are shown i n Figure 18. The solution mainly consists 
of the ions Na +, Mg 2 +, CI", and SO4 . The calculation of Φν° 
and b v for "sea s a l t " i

TABLE III 
CALCULATION OF Φ τ τ ° AND b T T FOR SEA SALT AT 25° C 

Ion Ε φ °<i) bv Ε :,b ( i ) 
~~~~· i V J. V V Λ. V 

Nat 0.77268 -1.21 -0.935 1.078 0.833 
Mg 2 + 0.17573 -10.59 -1.861 -0.197 -0.035 
C a 2 + 0.03390 -8.93 -0.303 0.242 0.008 
K+ 0.01684 9.03 0.152 1.129 0.019 
S r 2 + 0.00030 -9.08 -0.003 0.569 o.ooo2 

CI" 0.90078 17.83 16.061 -1.030 -0.928 
SO42" 0.09318 6.99 0.651 0.134 0.013 
HCO3" 0.00318 24.28 0.077 -0.302 -0.010 
Br" 0.00139 24.71 0.034 -1.107 -0.001 
CO32" 0.00067 -1.89 -0.001 -0.780 -0.001 
B(0H) 4" 0.00014 21.84 0.003 3.630 0.001 
F" 0.00011 -1.16 -0.000! -0.538 -0.000 
Β (OH) 3 0.00054 39.22 0.021 1.300 0.0011 Β (OH) 3 

Φ γ ° = 13.896 bv = -0.101 

Combining these values of Φττ° and b v with S v = 2.150, M T = 58.046 
and k = 0.86906, we have 

(d - d Q)10 3 = 38.404 I v - 1.863 I v 
3 / 2 + 0. 088 l / (53) 

The values of d - d 0 calculated from equation (53) are compared 
to the measured values i n Table IV. The agreement i s quite rea
sonable considering the binary solution data at high concentra
tions are only r e l i a b l e to ± 10 χ 10"" g cm"3. Calculations at 
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Na tu ra l Seawate r 

Figure 18. Equivalent fraction of cations and anions in seawater 
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the higher concentrations of natural brines (Iy - 5.0 usually 
agree to ± 250 χ 10""" g cnT 3 with d i r e c t measurements (80) (see 
Table V). Predicted d e n s i t i e s f or saturated solutions to t h i s 
accuracy are s u f f i c i e n t f or most p r a c t i c a l c a l c u l a t i o n s . To make 
more r e l i a b l e p r e d i c t i o n s , i t i s necessary to know the volume of 
mixing the common ion pairs of the major components (e.g., NaCl + 
MgCl 2, Na 2S04 + M g S 0 4 , MgCl 2 + M g S 0 4 and Na 2S0 4 + NaCl). 

TABLE IV 
COMPARISON OF THE CALCULATED AND MEASURED DENSITIES OF 

SEAWATER SOLUTIONS AT 25°C 

(d - d )10 3 

ο 
(S(°/oo) Meas Calc Δ, ppm 

5 0.09968 
10 0.20012 7.511 
15 0.30128 11.254 11.270 -16 
20 0.40323 15.002 15.023 -21 
25 0.50590 18.757 18.781 -24 
30 0.60933 22.523 22.547 -24 
35 0.71351 26.300 26.323 -23 

mean 18 

TABLE V 
COMPARISONS OF THE MEASURED AND CALCULATED RELATIVE DENSITIES OF 

ORCA BASIN BRINES AT 25°Ca 

10 3 (d -— ο 
Temp S(°/oo) Meas Calc Δ, ppm 

15°C 250.85 194.76 194.51 250 
25 250.85 191.56 191.52 40 
35 250.85 189.37 189.45 80 

a) From Ref. 80, I = 5.22 

The c o m p r e s s i b i l i t i e s of mixed e l e c t r o l y t e solutions (48,86, 
88,148) can also be estimated. The adiabatic apparent molal com
p r e s s i b i l i t y of a mixed e l e c t r o l y t e i s given by 

*K(S> - Σ W K ( S ) ( M X ) (54) 

and i s rel a t e d to the adiabatic compressibility (3 Q ) by 

6 S = e o ( S ) + Α β 1 + Β β l 3 / 2 + ° β l 2 
(55) 
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where Α β = [ $ ° ( g ) - 6 q ( s ) $ v°]k, Β β = [ S R - B q ( s ) S^k, and 
C3 = ^BK ~ ^o(S)^V^ k e T b e s P e e c * o f s o u n d c a n ^ e estimated from 
the predicted Φ Κ ζ£) using 

A / 3 ( s ) d (56) 

Comparisons of the predicted and measured values of $g a n c* u f° r 

seawater solutions using the a d d i t i v i t y method are shown i n 
Table VI. The agreement i s quite good and s u f f i c i e n t f o r most 
needs. 

TABLE VI 
COMPARISONS OF THE MEASURED AND CALCULATED VALUES OF β AND u 

FOR SEAWATE

(u - U q ) f m sec  -[β,, - 0 ( ç )  10 bar 

S(°/oo) Meas a C a l c b Δ Meas a C a l c b Δ 

5.024 5.50 5.49 0.01 0.495 0.495 0.000 
10.057 10.96 10.91 0.05 0.980 0.978 0.002 
15.142 16.44 16.38 0.06 1.461 1.458 0.004 
20.000 21.60 21.61 -0.01 1.910 1.911 -0.001 
24.943 26.91 26.92 -0.01 2.364 2.365 -0.001 
30.031 32.41 32.41 0.00 2.827 2.827 0.000 
35.003 37.72 37.78 -0.06 3.270 3.273 -0.003 
35.005 37.72 37.78 -0.06 3.270 3.273 -0.003 
40.025 43.18 43.21 -0.03 3.716 3.718 -0.002 

Mean ± 0.03 Mean ± 0.002 
a) From r e f . 85 
b) From r e f . 86 

Once the density and c o m p r e s s i b i l i t i e s of mixed e l e c t r o l y t e 
solutions are known at 1 atm, values at high pressures can be 
made by using the secant bulk modulus equation of state. The 
major d i f f i c u l t y , at present, with using a d d i t i v i t y methods to 
estimate the PVT properties of mixed e l e c t r o l y t e s i s the lack of 
experimental data for binary solutions over a wide range of con
centrations and temperatures. Hopefully, i n the near future we 
w i l l be able to provide some of these data by measurements i n 
our laboratory i n Miami. 
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Abstract 

A brief review is made of the methods that are currently 
being used to determine the density (ρ) and compressibility (ß) 
of electrolyte solutions as a function of pressure. The high 
pressure equations of state used to represent these properties 
are also discussed. The linear secant bulk modulus 
[K = PρP/(ρP - ρO)] equation of state 

Κ = KO + Β Ρ 
is shown to give a reasonable representation of the high pressure 
PVT properties of water from 0 to 350°C, where K° = 1/ß° the 
reciprocal of the 1 atm compressibility (applied pressure Ρ = 0) 
and Β is a constant. Since Β is not strongly dependent upon tem
perature and concentration  th  equatio  b d t
estimate the high pressur
reasonable accuracy, using 1 atm values of density and compres
sibility. Simple additivity methods of estimating the density 
and compressibilities of mixed electrolytes like seawater and 
geothermal brines is presented. The predicted PVT properties for 
a number of mixed electrolytes are in good agreement with direct 
measurements. 
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In the past several years interest i  hydrometallurgica  processing of 
ores has grown significantly. This growth can be attributed to several 
factors, among which are the necessity for environmental protection and 
pollution control, the increase in cost and decrease in availability of oil 
and natural gas, the increased complexity of ores processed, and the in
creased exploitation of non-sulf ide ores. Whether or not hydrometallurgi
cal processing will provide satisfactory answers to many of the problems 
facing the minerals industry today is yet to be demonstrated. However, 
there have been several instances in recent years where hydrometallurgical 
processing, totally or in part, has proven to be advantageous. 

Hydrometallurgical processes involve the treating of a raw ore or con
centrate with an aqueous solution of a chemical reagent in areaotor. The 
desired metal values are leached from the ore or concentrate, and the 
residue, after washing, is rejected as tailings. The leach liquor, containing 
one or more metal values in solution is then processed to the metals. The 
leaching reactor can be a conventional stirred tank or autoclave, or, as in 
the case of dump leaching, can be a large pile of rejected ore. In in-situ 
type leaching, the reactor is the ore-body itself, into which a suitable 
lixiviant is pumped. 

Hydro processes operate at lower temperatures than pyro processes, 
usually 50-250 C, and as a result the rates at which reactions occur are 
frequently several orders of magnitude slower. Consequently, in the de
velopment of such processes, kinetic studies become important. However, 
application of thermodynamics can still give valuable insight into the 
nature of various processes and should be used to determine process limita
tions. 

One important way in which thermodynamics is utilized in hydrometal
lurgical process development is as a guide to experimental planning and 
process selection and evaluation. A high degree of accuracy is not needed 
at this stage of process development. Estimates which are within 15 to 
20% of the true value are frequently adequate for making feasibility 
calculations. 

0-8412-0569-8/80/47-133-625$05.00/0 
© 1980 American Chemical Society 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



626 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

There are numerous areas which can be treated by thermodynamic 
analysis. Some of them are: 

1. Calculation of the solubility of simple and complex salts and 
gases, including estimation of "metal loading" in leach liquors 

2. Estimation of vapor pressures of volatile components 
3. Determination of the extent of reaction or position of equilib

rium under various conditions of temperature, pressure and concentrations. 
4. Estimation of extent of complex ion and ion pair formation. 
5. Calculation of distribution coefficients for ion exchange 

processes. 

Earlier Reviews 

A number of earlier reviews on this subject have been published. 
MacDonald (1) has addressed the electrochemistry of metals in aqueous 
systems at high temperature
ture data and the activity
Two contributions from the Warren Spring Laboratory in England (2, 3) 
have reviewed pressure hydrolysis at high temperature and the extrapola
tion of potential-pH (Pourbaix) diagrams to high temperatures. Kwok and 
Robbins (4) have also considered the thermodynamics of high-temperature 
solutions with emphasis on separation of metal values from leach solutions; 
the CuS0 4 - H 2S0 4-H„0 was treated in some detail. 

Peters (5) has reviewed the leaching of copper, nickel, zinc, lead and 
molybdenum concentrates in terms of the thermodynamic stability of the 
sulfide minerals of these metals. Process developments associated with 
the most favorable decomposition paths are considered. 

From a geochemistry point of view, Helgeson 7, 8) has presented the 
properties of water at high temperature and pressure, Debye-Huckel 
parameters as a function of temperature and pressure, and the partial 
molal properties of electrolytes. Helgeson (9) has in addition published a 
comprehensive monograph on the thermodynamic aspects of hydrothermal 
ore-forming solutions. Barnes (10) has also presented a review of hydro-
thermal geochemistry with emphasis on thermodynamic interpretation and 
experimental measurements at high temperature and pressure. 

Species in Solution 

Before any thermodynamic estimates can be made, there must be an 
assessment of the major solution, solid phase, and gaseous phase species 
present in a given system. In some instances physico-chemical measure
ments must be made to identify the species to be considered, but fre
quently chemical intuition and judgement flavored with experience are 
sufficient to provide a basis for initial estimating. Generally, for metal 
species in solution one needs to know how metal ions are hydrated, the 
number of ligands associated with the metal, the charges on the complex 
ions present, and whether or not the metal species are primarily mono
nuclear. For many metals such as copper, zinc, nickel, silver, etc. there is 
reasonable agreement as to what type of complexes are formed with the 
relatively simple ligands of interest to hydrometallurgy, e.g., hydroxide, 
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chloride, sulfate, nitrate, cyanide, thiocyanate. For a few metals, such as 
molybdenum and tungsten, the species formed are extremely complex in 
nature and there is little agreement on their constitution, particularly in 
weak acid or neutral solutions. 

A recent report on the recovery of metal values from geothermal brine 
indicated the presence of lead, silver, copper, and iron in the cat ionic form. 
Because the brine contained 155 g/1 of chloride the metals must be present 
as chloroanions. The presence of chloroanions rather than aquated cations 
suggests a different type of processing and would certainly alter the re
sults of thermodynamic estimates. 

Equilibrium Constants and Free Energy of Formation 

It is necessary to consider a number of equilibrium reactions in an anal
ysis of a hydrometallurgical process. These include complexing reactions 
that occur in solution as wel
for the dissolution and precipitatio
analyzing the precipitation of iron compounds from sulfuric acid leach 
solutions, McAndrew, et al. (11) consider up to 32 hydroxyl and sulfate 
complexing reactions and 13 precipitation reactions. Within a restricted 
pH range only a few of these equilibria are relevant and need to be con
sidered. Nevertheless, equilibrium constants for the relevant reactions 
must be known. Furthermore, since most processes operate at elevated 
temperatures, it is essential that these parameters be known over a range 
of temperatures. The availability of this information is discussed below. 

Data at 25°(^. Free energy of formation, equilibrium constants and re
lated data at 25 C exist for a wide range of minerals, other solids, gases 
and aqueous species, including ions and complexes (see later discussion on 
data sources). Availability of data at this reference temperature is usually 
not a major stumbling block. 

On the other hand, new solution species are being identified. For ex
ample, some polynuclear species and some ion pair complexes are now 
recognized as being more significant in aqueous solutions than previously 
thought. There is therefore a need to develop, extend and up-date the data 
on new species which come to be recognized as significant. 

Temperature Effects. The most reliable source of information on the 
temperature dependence of a specific equilibrium constant is experimental 
measurement. Occasionally, sufficient experimental data are available. 
In the more usual situation, however, only sporadic high-temperature data, 
if any at all, are available. It is then necessary to use some form of extra
polation procedure to extend the 25 C data to higher temperatures. 

A number of approaches are available to extrapolate low-temperature 
equilibrium constants. Various aspects of this problem have been discussed 
and some comparisons to experimental data have been made. See, for ex
ample, Criss and Cobble (12), Helgeson (13), MacDonald (1), and Manning 
and Melling (3). We are not, however, aware of any recent comprehensive 
evaluation, error analysis or overall assessment. We summarize below 
what we believe to be the present situation. 
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The equation that relates the Gibbs free energy of a chemical reaction 
at temperature Τ to that at the reference temperature 298°C is given by 

Τ Τ 
Δ 0 Τ . = Δ 0 298 " Δ 8 298 Δ Τ

 +^98

 Δ<£ dT " ΤΧ98
 Δ ° ρ d ( 1 " T ) ( 1 ) 

The various approaches for estimating AG° (and hence the equilibrium 
constant at elevated temperature) correspond to the assumptions made in 
estimating the heat capacity term, A C 0 . 

1. A C = 0. With this assumption, pthe last two terms in Equation (1) 
vanish.* pIt can be shown that the resulting equation is equivalent to the 
integrated form of the van!t Hoff equation where the heat of reaction term 
is assumed to be constant, 

Δ ° Τ = Δ ° ? 9 8 + Τ Δ Η 2 9  ( )

For aqueous systems, this assumption can lead to an error of several 
orders of magnitude at 250°C-300 C (3, 13, 14), as illustrated in Figure 1 
for the dissociation of HSO. · Clearly,"the use of this assumption in 
aqueous systems should be avoided. 

2. A C°(T) = A C 0 (298°K). Since C° values at 298°K are available 
for most ions,pthis assumption permits estimation of A G T for many re
actions of interest. This assumption has not been widelv tested, but is 
certainly a substantial improvement over assuming, AC = 0 (see Figures 1 
and 2). p 

3. AC proportional to absolute temperature. Harned and Owens 
(15) have observed that 

A C ° = 2cT (3) 
Ρ 

This leads to the expression 

A G 0 = A G ° g 8 - A S ° 9 8 (T-298) + c(T-298)2 (4) 

where the constant e can be evaluated from Eq. (3) at 298°K. 
Khodakovskiy (16) used this assumption to extrapolate dissociation conr 
stants for acids, HenryTs law constants for gases and solubility products for 
salts. In a variation of this technique Khodakovskiy (17) has extrapolated 
partial molal heat capacities of ions and neutral molecules by using C = bT. 

4. AC estimated from "correspondence principle". This approacn, 
proposed By Criss and Cobble (12), appears to be the most widely used one. 
It rests on what has been called the entropy correspondence principle which 
states that the partial molal entropy of an ion at temperature Τ is related 
to its partial molal entropy at 298 Κ by a relation 

= a T + b T §£ 9 8 (absolute) (5) 
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0 50 100 150 200 250 300 

TEMPERATURE °C 

Figure 1. Extrapolation of H SO,' dissociation constants ((%) (62); (A) (63); 
(- - -) ACp = 0; ( ) ACp = ACp at 25°C; (- • -) ACp oc abs. temp.; ( ; 

ACp from Correspondence Principle (Criss & Cobble); (- · · -) Helgeson) 
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-20 h 

0 50 100 150 200 250 300 
TEMPERATURE °C 

Figure 2. Standard partial molal entropy for NaCl in aqueous solution (experi
mental data based on Liu and Lindsay, taken from Ref. \) ( ) Cp° = constant 
= Cp° (298°K); (- · -) Cp° oc abs. temp.; ( ) Cp° from Correspondence 

Principle (Criss & Cobble); (Φ) experimental (Liu & Lindsay) 
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The coefficients a T and t>T are dependent on temperature and the type 
of ion (cations, OH and simple anions, oxyanions and acid oxyanions) and 
have been established by Criss and Cobble by analyzing available experi
mental data. s£g Jabsolute) is the 298 Κ entrojjy on an absolute scâ e 
corresponding to the partial molal entropy of H (aq) as -5.0 cal deg" 
mole" at 298°K. The absolute and conventional partial molal entropy for 
any ion are related by 

S° (absolute) = S? O Q (conventional) - 5.0 ζ (6) 

where ζ is the ionic charge. 
Çriss and Cobble calculate the average heat capacity of an ion between 

298 Κ and temperature Τ in terms of its partial molal entropy: 

( 3 ° 7 ° 

298 

( S ^ - S ° 9 8

and hence, the free energy of reaction from Eq. (1) becomes 

Τ 
ΔΟ° = AG°29S - AS°29S ΔΤ + AC°] [(T-298) - Τ ln Τ/29δ] (8) 

298 

Having evaluated the average heat capacity of ions by Eq. (7), 

for the chemical reaction is obtained by merely adding the average heat 
capacities of products minus reactants. (The average heat capacities of 
solids and gases are calculated from generally well-known C data.) Thus, 
AG,p can be estimated from Eq. (8). Ρ 

The Criss and Cobble procedure has been widely used and is generally 
accepted to yield reliable results up to the 150°C - 200°C range. The 
parameters at higher temperatures were obtained by Criss and Cobble by 
extrapolation, so the predictions here may be expected to be less reliable. 
The comparison in Figure 1 suggests that the dissociation of HSO ~ is pre
dicted reasonably well up to 300 C. On the other hand, Figure 2 indicates 
tha^the entropy of sodium chloride electrolyte is not predicted well above 
200 C. Tremaine and Goldman (18) have also reported significant dis- 2+ 
crepancies tor this method in precïïcting the free energy functions of Ca , 
Sr andBa above 200°C. 

While the above comparisons are hardly conclusive, they do suggest 
caution in applying the correspondence principle as it presently exists to 
temperatures above 200°C. 
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5. Statistical Thermodynamic Approach. Helgeson (y) has described 
the dissociation for complexes (such as for N H . O H ^ ^ N H . + OH ) in 
terms of two functions - an electrostatic temperature function and a non-
electrostatic (dielectric) temperature function. The following equation has 
been suggested to obtain A G T for the dissociation of complexes in solu
tion: 

-AG° = A S 0 f T r - £ { 1 - exp [exp (b+aT) - c + (τ - τρ)/θ] | ] 
(9) 

r 

Values for the coefficients a, b, c, θ and ω are given by Helgeson; Tr is 
a reference temperature, usually taken to be 298 K. Eq. (9) appears to be 
reliable up to about 200°C  but break  dow t highe  temperatures  Not
that for this approach ther
reference temperature; the method is particularly useful for complexes 
where such data are often not available. 

The (admittedly limited) comparisons shown in Figures 1 and 2 suggest 
that either the assumption of a constant AC or the correspondence 
principle leads to reasonable estimates of trfe free energy of formation at 
temperatures up to 150°C to 200 C. Beyond this range, the extrapolations 
are in doubt. It appears that an overall assessment of the correspondence 
principle with emphasis on temperatures of 200 C and above, and with re
finement of the Criss and Cobble parameters would be very desirable. 

Activity Coefficients 

In applying thermodynamics to the aqueous systems important in hydro-
metallurgy, one quickly meets the problem of activity coefficients. Most 
hydrometallurgical systems can be classed as strong electrolytes with ionic 
strength values ranging from 0.1m to over 6m. Values of thermodynamic 
parameters can vary several orders of magnitude as the ionic strength in
creases from infinite dilution to 6m. 

Various attempts have been made to increase the valid range of the 
Debye- Huckel equation to regions of high ionic strength by the use of 
empirically fitted parameters. Several of these equations are listed in 
table I. 

None of these extensions has been really satisfactory and they are not 
very useful at high ionic strength. The Davies equation (19) differs from 
the others in providing an additional term which alters the response of the 
activity coefficient to changes in ionic strength, particularly at higher 
values. The authors have had some success with this type of equation by 
replacing the .2 factor in the second term with a variable. The variable 
can be determined by experiment at a particular set of conditions. 

In the last decade, however, several significant advances have been 
made in the treatment of activity coefficients. Meissner and colleagues 
(20, 21j 22̂  23) were reasonably successful in correlating a large amount of 
experimental activity coefficient data in terms of a reduced activity 
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coefficient* They developed a series of curves of reduced activity co
efficient vs ionic strength. If information is available which can locate the 
system of interest on one curve, then values of the activity coefficient at 
other ionic strengths can be obtained by following the curve. Further, a 
procedure was devised, to allow selection of a reference curve when no 
experimental reference value is available. 

Table I 

Equations for Estimating Individual Ion Activity Coefficient 

Equation Range, m 

2 i 
log y = -AZ I Debye-Hucke

-AZ 2 I* 
log V = 1 , Extended Debye-Huckel I < 0.1 

1 + Bal* 
-AZ 2 I* 

log V . Guntelberg I < 0.1 
1 + 1* 

log V = A Z i \ + 0.21 Davies I < 0.5 
1 + 1* 

A one-parameter equation was developed by Bromley (24), again by 
correlation of published experimental data, which allows estimation of 
activity coefficients with an error of less than 10% up to ionic strength of 
6m. Values of the parameters for over 170 salts of various charge types 
were calculated. A method was also given for calculating individual ion 
activity. Cognet and Renon (25) have used this formulation in determining 
the effect of chloride and sulfate ion on the liquid ion exchange behavior of 
copper (II). 

An important series of papers by Professor Pitzer and colleagues (26, 27, 
28, 29), beginning iri 19ΐε, has laid the ground work for what appears to be 
the most comprehensive and theoretically founded treatment to date. This 
treatment is based on the ion interaction model using the Debye-Huckel ion 
distribution and establishes the concept that the effect of short range 
forces, that is the second virial coefficient, should also depend on the ionic 
strength. Interaction parameters for a large number of electrolytes have 
been determined. 

An important application of PitzerTs work is that of Whitfield (30) who 
developed a model for sea water. Single ion activity coefficients for many 
trace metals in sea water are tabulated over the ionic strength range of 
0.2m to 3.0m. 

It is interesting to note that the system developed by Bromley may be 
described as a simplification of the Pitzer system. 

Volatile weak electrolytes, such as ammonia, carbon dioxide, and hydro-
hydrogen sulfide are of great interest in hydrometallurgy. The vapor-liquid 
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equilibria of these electrolytes have been treated recently by Edwards, et 
al. (31, 32). In this treatment, PitzerTs equations for activity coefficient 
were used up to 170 C and for electrolyte concentrations of 10-20 molal. 

From the foregoing discussion we conclude that some sophisticated 
tools are now available by which the activity coefficient in hydrometal
lurgical systems can be addressed. What is lacking is the actual applica
tion of these tools by the industry. The next step in establishing the accu
racy of the available approaches lies in providing a broader data base for 
complex multicomponent systems which can be used for parameter refine
ment. Trie lack of data is most serious in the weak electrolyte area, but 
even familiar systems such as those encountered in sulfuric acid leaching 
need attention. 

Sources of Data 

Sources of thermodynami
valuable in hydrometallurgica
II. 

With respect to parameters for activity coefficient equations, the lit
erature referenced earlier under this topic should be consulted. 

Computer Programs 

Very few generalized computer-based techniques for calculating chemi
cal equilibria in electrolyte systems have been reported. Crerar (47) 
describes a method for calculating multicomponent equilibria based on 
equilibrium constants and activity coefficients estimated from the Debye 
Huckel equation. It is not clear, however, if this technique has beeji 
applied in general to the solubility of minerals and solids. A second 
generalized approach has been developed by OIL Systems, Inc. (48). It also 
operates on specified equilibrium constants and incorporates activity co
efficient corrections for ions, non-electrolytes and water. This technique 
has been applied to a variety of electrolyte equilibrium problems including 
vapor-liquid equilibria and solubility of solids. 

Several computer-based techniques have been developed for more 
specific applications. Truesdell (45) describes a computer program for 
calculating equilibrium distributions in natural water systems, given con
centrations and pH. Edwards, et al. (31, 32) have developed computer 
programs for treating volatile weak electrolytes such as ammonia, carbon 
dioxide and hydrogen sulfide systems; however, in their present state these 
programs (presumably) do not accommodate metallic species in solutions. 
A number of computer programs for generating potential -pH diagrams 
have been described (49, SJ^ 51). Helgeson (52) describes a method often 
used within geosciences whereby compositional changes, mass transfers 
and the order of appearance of stable and metastable phases are deter
mined in tracing reaction paths from an initial set of conditions to a final 
state of equilibrium. 

Generalized computer techniques for calculating vapor-liquid equilibria 
and solubility relationships in electrolyte systems are not readily avail

able in the metallurgical industry. 
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Table Π 

Useful Data Compilations for Hydrometallurgical Applications 

NBS Technical Notes 
Series 270 (33) 

Latimer (34) 

Garrels and Christ (35) 

Sillen and Martell (36) 

Smith and Martell (37) 

Milazzo and Coroli (38) 

JANAF (39) 

Barner and 
Scheuerman (40) 

Barin and Knacke (41) 

Kelley (42) 

Robie and 
Waldbaum (43) 

Naumov, Ryzhenko and 
Khodakovsky (17) 

Helgeson (44) 

Truesdell (45) 

Barnes, Helgeson 
and Ellis (46) 

Comprehensive source of 25^C data; com
pounds and aqueous species. 

Somewhat dated, but still of interest for 
25 C data on some compounds. 

25°C data; compounds and aqueous species. 

Valuable collection of experimental data 
on stability constants

Compilation of standard electrode potentials. 

Comprehensive source of data for compounds. 

Properties of ions and complexes extrapolated 
to high temperatures by methods of Criss 
and Cobble, and Helgeson. 

Thermochemical data for inorganic compounds. 

High temperature heat-content, heat-capacity 
and entrophy data for inorganic compounds. 

Thermochemical data for minerals and 
inorganic compounds. 

Thermochemical data for inorganic compounds; 
HenryTs constants; dissociation constants; 
ionic and neutral species in aqueous solution. 

Equilibrium constants for hydrothermal 
systems; heat capacities of ions at elevated 
temperatures. 

Equilibrium constants for reactions important 
in natural water systems. 

Ionization constants in aqueous solutions. 
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Table ΠΙ 

Some Published Applications 

Bianchi and 
Longhi (53) 

Biernat and 
Robins (54) 

Brook (55) 

Linkson, Nobbs 
and Lake (56) 

Ferreira (57) 

Cognet and 
Renon (25) 

Manning (2) 

Kwok and 
Robbins (4) 

Mc Andrew, 
Wang and 
Brown (11) 

Meddings and 
Mackiw (58) 

Vega and 
Funk (59) 

Bratt and 
Gorden (60) 

Osseo-asare 
Fuerstenau (61) 

Potential -pH diagram (25°C) for copper in sea water; 
activity coefficient corrections included. 

Potential -pH diagrams for Fe-H 9 0 and Fe-S-H 90 systems; 
temp, up to 300°C. 

Potential -pH diagrams for Al, Cu, Cr, Pb, Ni, Sn and 
T i -H 2 0 systems; temp, up to 150 C. 

Potentia
from aci

Potential -pH diagrams for S-H^O, Cu-S-H 20 and Fe-
S-H 20 systems; temp, to 150°CT. 

Thermodynamic interpretation of Cu(II) extraction by 
LIX 64 organic reagent. 

Precipitation of metal oxides and hydroxides by hydrolysis; 
includes interpretation in terms of potential -pH diagrams. 

Precipitation of metals by heating solutions to high 
temperatures; separations involving Cu, Fe, Ni, Zn, Cd 
and Cr. 

Precipitation of iron compounds from sulfuric and leach 
solutions; temp, up to 140 C. 

Thermodynamic feasibility and equilibria in gaseous 
reduction of dissolved metal species. 

Prediction of solid-liquid equilibria in multicomponent 
salt systems based on parameters estimated from binary 
and ternary systems. 

Purification of solutions for electrolytic production 
of zinc. 

Potential -pH and other stability diagrams for the Cu-, 
Ni-, and Co-NH 3 -H 2 0 systems at 25 C. 
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Some Published Applications 

In many of the published applications of thermodynamics in hydrometal
lurgy, activity coefficients have been either omitted or crudely estimated. 
No doubt, this has been due in part to the difficulties in estimating ionic 
activity coefficients at high ionic strengths. However, with the recent 
surge of developments, some of the more current studies have addressed 
the activity coefficient problem more realistically. Representative pub
lished applications are presented in Table ΠΙ. 

A large number of publications deal with the construction and interpre
tation of potential -pH (Pourbaix) diagrams, and some of these have been 
included in Table HJ. Most of these studies avoid the question of activity 
coefficients because the stability fields are calculated for arbitrarily speci
fied activities of the species in solution. 

Other references in Table ΙΠ discuss applications in precipitation of 
metal.compounds, gaseou
of copper in solvent extraction
equilibria in concentrated salt solutions. The papers by Cognet and Renon 
(25) and Vega and Funk (59) stand out as recent studies in which rational 
approaches have been used for estimating ionic activity coefficients, fci 
general, however, few of the studies are based on the more recent develop
ments in ionic activity coefficients. 

Conclusions 

Most hydrometallurgical systems operate in the 50°C to 250°C temper
ature range and can be classified as strong electrolytes with ionic strengths 
ranging from 0.1m to 6m or higher. Furthermore, experimental data are 
seldom available in the regions of interest. Consequently, the successful 
use of thermodynamics requires that extrapolations be made in tempera
ture, and that estimates be made of ionic activity coefficients. 

Our review of the literature and assessment of the state of affairs in 
practice leads us to the following conclusions: 

1. Reasonably reliable procedures exist for extrapolating low-tempera
ture free energy data to temperatures in the 150°C -200°C range. Beyond 
this range extrapolations are in doubt. An overall assessment and refine
ment of the Criss and Cobble correspondence principle with emphasis on 
temperatures of 200°C and above would be valuable. 

2. Recent advances in the treatment of activity coefficients now allow 
realistic predictions of ionic activity to be made. However, actual appli
cation of these newer tools by the industry is lacking. 

3. Greater emphasis on generalized computer techniques for calculating 
solubility and vapor-liquid equilibria would be helpful in encouraging greater 
application of thermodynamics in practice. 

Abstract 

The application of thermodynamics in hydrometallurgy is surveyed. 
The types of systems and problems encountered are reviewed and the 
ranges of conditions (temperature, pressure, ionic strength) typically 
approached are considered. The difficulties encountered in making thermo
-dynamic estimates in industrial applications are discussed, with particular 
reference to the assessment of species and temperature effects, and the 
estimation of activity coefficients. 
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Mixed aqueous electrolyte solutions such as body fluids
rivers, lakes, oceans and
fluids present importan  problem  singl
electrolyte solutions. New perceptions and results are being 
obtained in complex media and some examples will be covered in 
this paper. 

The behavior of carbonates will be used to illustrate hetero
geneous processes, with emphasis upon the formation of inorganic 
surface coatings and solid solutions. This is a vital topic in 
the study of solid-solution interactions since it is coatings 
rather than bulk phases which are sensed by liquid solutions. 
Homogeneous reactions will be studied in terms of the competition 
of coulombic ion pairs with true complexes for anions. An 
extended form of the phase rule will be used. 
Phase Rule 

The phase rule is often used in the form f = c - p + 2 to 
ascertain the number of degrees of freedom of a system even when 
the concentration units in the aqueous phase are molal im) or 
molar. This is not correct because the phase rule is derived in 
terms of mole fractions (X). Thus, an additional quantity, the 
total number of moles, is required to convert X into m. This is 
illustrated by equations below which we shall find useful later 
on. 

For the system CO2-H2O w i t h two p h a s e s , vapor and aqueous 
s o l u t i o n , i f we assume f o r s i m p l i c i t y t h a t pr^O and the a c t i v i t y 
c o e f f i c i e n t s f o r a l l the components a r e known, the e q u a t i o n s a r e 

Ρ = pC02 + ξρ. 

[ C 0 2 ] = k PC0 2 

(1) 

(2) 
I 

K h = rH 2C0 3]/[C0 2 ] [H 20] (3) 

0-8412-0569-8/80/47-133-643$05.00/0 
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^ ' = a H [ H C 0 3 - ] / [ H 2 C 0 3 ] 

K 2 ' = a H [ C 0 3
2 ' ] / [ H C 0 3

_ ] 

K w ' • [Η + ] [ 0Η " ] / ΓΗ 2 0 ] 

(4 ) 

(5) 

(6) 

[H + ] = [HC0 3 " ]+ 2 [ C 0 3
2 " ] + [OH"] 

T C 0 2 + TH 2 0 = [ C 0 2 ] + [ H 2 C 0 3 ] + LHC0 3 " ] + 

(7) 

+ [ H 2 0 ] + [H + ] + [OH"] (8) 
T h u s , t h e r e a re e i g h t e q u a t i o n s i n n i n e unknowns. 

The phase r u l e t e l l s us t h a t f = 2 - 2 + 2 = 2 s o t h a t , i f Ρ 
and Τ a r e f i x e d then the system i s a t e q u i l i b r i u m and i s s p e c i f i e d . 
T h i s i s t r u e i n terms o
m o l a l i t i e s , f = f + 1
number o f c o m p o s i t i o n a l v a r i a b l e ? wh ich must be s p e c i f i e d . I t s 
v a l u e i s 3 - 2 = 1 i n a c c o r d w i t h the a n a l y s i s o f the above system 
o f e q u a t i o n s , t h a t i s , i n a c c o r d w i t h a system o f e i g h t e q u a t i o n s 
i n n i ne unknowns. In the absence o f a vapor phase , f = 3 and 
f m = 4 w i t h c = 2 . m m 
S o l i d - S o l u t i o n I n t e r a c t i o n s 

A t t h i s p o i n t I s h a l l f o cus upon the e f f e c t o f the f o r m a t i o n 
o f Ca x Mg-|. x C03 s o l l d s o l u t i o n s , e i t h e r i n bu lk phases o r i n 
s u r f a c e c o a t i n g s , upon the k i n e t i c and the e q u i l i b r i u m b e h a v i o r 
o f c a r b o n a t e s . My thoughts have r e s u l t e d i n p a r t from the e x t e n 
s i v e l i t e r a t u r e i n t h i s f i e l d , w i t h s p e c i a l r e f e r e n c e to the 
papers by Plummer and Mackenz ie (1_) and by W o l l a s t and Re inha rd-
D e r i e ( 2 ) . 2 + 

C o n s i d e r an aqueous s o l u t i o n c o n t a i n i n g Ca , Mg and CI 
i o n s to which enough Na2CÛ3 i s added to induce s u p e r s a t u r a t i o n o f 
C a C 0 3 . I t has been w e l l e s t a b l i s h e d t h a t , f o r ( M g 2 + ) / ( C a 2 + ) < 4 , 
magnesian c a l c i t e s o f f o r m u l a CaxMg-j_ xC03 p r e c i p i t a t e w h i l e f o r 
r a t i o s above f o u r a r a g o n i t e s e t t l e s down (3_, £ ) · Seawater f a l l s 
i n the l a t t e r c a t e g o r y . 

The reason f o r the a r a g o n i t e p r e c i p i t a t i o n i s not i t s i n t r i n 
s i c s t a b i l i t y . The s o l u b i l i t i e s o f c a l c i u m ca rbona t e s i n c r e a s e 
from pure c a l c i t e to magnesian c a l c i t e s c o n t a i n i n g up to about 
10 mole pe r cen t MgC03, to a r a g o n i t e , and then on to h igh magnesian 
c a l c i t e s . T h u s , a r a g o n i t e i s l e s s s t a b l e than low-magnesian 
c a l c i t e s [5). I s u spec t t h a t a r a g o n i t e comes down because , a t 
h i gh v a l u e s o f [ M g 2 + ] , the c a l c i t e n u c l e i a re q u i t e s o l u b l e due 
to t h e i r h igh magnesium c o n t e n t s and the f o r m a t i o n o f c r i t i c a l 
n u c l e i i s i m p r o b a b l e . T h i s t ype o f r a t e c o n t r o l o f the polymorph 
formed i s one a s p e c t o f t y p i c a l s o l i d - m i x e d e l e c t r o l y t e s o l u t i o n 
s y s t e m s . 2 2 + 

Le t us f o cus upon the low [Mg ]/ [Ca ] case as i t y i e l d s 
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i n t e r e s t i n g s o l i d s and i s r e l e v a n t t o many f r e s h w a t e r s y s t ems . A 
s teady s t a t e i s e v e n t u a l l y reached when a s o l i d i s exposed t o a 
s o l u t i o n and t h i s s t a t e may be the r e s u l t o f r a t e f a c t o r s o r o f 
thermodynamic o n e s . We s h a l l see the thermodynamic case wh ich 
o c c u r s i s not t he c o n v e n t i o n a l one a l o n e . 2+ 

I t i s known t h a t c a l c i t e s formed i n the presence o f Mg i o n s 
t u r n ou t to be magnesian c a l c i t e s w i t h 0.70 < χ < 1 (1_, 6). The 
c a l c i t e s may be bu lk p r e c i p i t a t e s a s , f o r examp le , i n mar ine 
cements o r , i n the case o f seeded r u n s , may form c o a t i n g s o f a 
d i f f e r e n t c o m p o s i t i o n from t h a t o f the bu lk phase . Under s p e c i a l 
c i r c u m s t a n c e s d o l o m i t e may r e s u l t ( 6 ) . 

D i f f e r e n t r a t e s o f p r e c i p i t a t i o n can cause d i f f e r e n t amounts 
o f M g 2 + to be i n c o r p o r a t e d i n t o the s o l i d . One may expec t t h a t 
a h i g h r a t e , a c h i e v e d by a l a r g e r i n i t i a l a d d i t i o n o f ^ C O s , 
shou ld cause a l a r g e r uptake o f MgC03 and an i n c r e a s e i n the 
s o l u b i l i t y o f c a l c i t e . T h i
M g 2 + w i t h the growing c a l c i t
f o r e q u i l i b r a t i o n as i n s l owe r r u n s . T h i s i s indeed shown to be 
the case i n Tab le I i n which the runs were seeded w i t h c a l c i t e 
so t h a t we a re o b s e r v i n g the e f f e c t o f c o a t i n g s and to which 
d i f f e r e n t amounts o f Na£C03 were added . The p r i n c i p l e i s the same 
f o r bu lk phases formed i n unseeded r u n s , namely , t h a t m e t a s t a b l e 
s o l i d s can be formed and may p e r s i s t f o r l o n g t i m e s . The p a r t i 
c u l a r impor tance o f s u r f a c e c o a t i n g s i s t h a t t h e y , r a t h e r than the 
i n t e r n a l bu lk p h a s e s , govern the i n t e r a c t i o n s w i t h aqueous 
s o l u t i o n s . The i n c r e a s e i n the f i n a l pH r e s u l t s from an enhanced 
s o l u b i l i t y o f the magnesium c a l c i t e s as the pH i n c r e a s e s w i t h a 
h i g h e r [CO32-] o f the magnesium c a l c i t e s . The i n c r e a s e s o l u b i l i t y 
r e s u l t s from a h i g h e r magnesium c o n t e n t . 

K ^ C a ) = [ C a 2 + ] [ C 0 3
2 " ] (9) 

K'(M9) = [ M g 2 + ] [ C 0 3
2 - ] (10) 

X C a C 0 3
 + K M g C 0 3

 = 1 

where the K s p v a l u e s p e r t a i n to the presence o f a s o l i d s o l u t i o n . 
These a re t h r e e e q u a t i o n s i n f o u r unknowns so t h a t t h e r e i s an 
a d d i t i o n a l degree o f c o m p o s i t i o n a l f reedom. In terms o f the phase 
r u l e the system w i t h the components C a ^ - M g ^ - C O ^ - r ^ O and w i t h 

Seeded runs 
Tab le I 

a t s e v e r a l i n i t i a l s u p e r s a t u r a t i o n s 
(Ca2+) 
(mo l a l ) 

( M g ' + ) 
(mo l a l ) 

N a 2 C 0 3
 a d d e d 

(m moles/kg-SW) 
C a l c i t e added 

(g/kq-SW) p H f 

0.01 
0.01 
0.01 

O.ul 
0.01 
0.01 

1.1 
2.3 
3.5 

0.§2 
0.82 
U.82 

7779 
7.83 
7.90 
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one s o l i d , one l i q u i d , and one vapor phase has f = 3 , f m = 4 , and 
c« = 2 . T h i s ag rees w i t h what e q u a t i o n s (1) t h rough (11) t e l l u s . 
The v a r i a b l e s t o be f i x e d may be , f o r examp le , and χ = XçaC0 3-
T h i s t e l l s us t h a t , f o r each s o l i d c o m p o s i t i o n , t h e r e i s o n l y 
one e q u i l i b r i u m aqueous s o l u t i o n o f a g i v en c o m p o s i t i o n y = 
[ C a 2 + ] / { [ C a 2 + ] + [ M g 2 + ] } . T h i s i s shown i n F i g . 1 by X f l Y f l and 
x f 2 Y f 2 « x i i s t h e i n i t i a l s u p e r s a t u r a t e d s o l u t i o n w h i l e X ^ and 
Xf2 a r e the aqueous s o l u t i o n s i n e q u i l i b r i u m w i t h the s o l i d s Y f | 
and Y f2- We s h a l l see nex t why the i n i t i a l aqueous c o m p o s i t i o n 
Χη· i s shown to y i e l d two ( a c t u a l l y many) e q u i l i b r i u m s y s t e m s . 

Conven t i ona l thermodynamics shows t h a t f o r each X f l- t h e r e i s 
one and o n l y one but does not t e l l us a n y t h i n g about the 
r e l a t i o n s h i p between i n i t i a l s o l i d s and aqueous s o l u t i o n s and the 
f i n a l e q u i l i b r i u m sys t em. T h i s i s where the approach o f W o l l a s t 
and Re i nha rd-De r i e (2j), upon which I have e l a b o r a t e d somewhat, 
comes i n . 

These a u t h o r s (2) p r e sen te
In the case o f p r e c i p i t a t i o n , wh ich I t r e a t , i t s t a r t s w i t h 

D. = Ρ + D (12) 

where ϋΊ· i s the amount o f i n i t i a l s o l u t e s and Ρ and D a r e the 
amounts o f the p r e c i p i t a t e and o f D«j l a t e r o n . The r a t i o s o l i d / 
s o l u t i o n i m p l i e s the s o l i d s u r f a c e / t o t a l s o l u t e s r a t i o . Le t χ 
be the mole f r a c t i o n o f CaC0 3 i n the s o l i d and y be m C a / ( m C a + 
m M g ) . Then , f o r c a l c i u m 

y 1 D 1 = xP + yD (13) 

Through the m a n i p u l a t i o n o f Eqns . (12) and (13) one a r r i v e s a t 
y D. D. - D 

T h i s i s the c o n d i t i o n f o r c o n s e r v a t i o n o f mass shown i n F i g . 2 . 
Note t h a t 1 s e t χ = X C a w h i l e W o l l a s t and R e i n h a r d - D e r i e use the 
symbol χ = X M g . The e q u i l i b r i u m c o n d i t i o n i s o b t a i n e d i n a . 
s t r a i g h t f o r w a r d manner f rom the r a t i o o f K * n a ' = Y+CaC03 K s p / 
x c a C 0 3 x CaCy3 a n d 0 T * a s i m i l a r e x p r e s s i o n f o r K^tjg). 

T h i s f i g u r e shows t h a t the e q u i l i b r i u m v a l u e s x-f, y f depend 
upon the s o l i d / w a t e r r a t i o . There i s no thermodynamic i n c o n s i s 
t ency i n t h i s because , i n terms o f F i g . 1 a l l t h a t F i g . 2 i m p l i e s 
i s t h a t Χη· f o r two s o l i d / w a t e r r a t i o s w i l l y i e l d two v a l u e s o f 
X^, each w i t h i t s t h e r m o d y n a m i c a l l y c o r r e s p o n d i n g Y f (see F i g u r e 

Thus , l a r g e r s o l i d / w a t e r r a t i o s such as a re encounte red i n 
pore waters o f sed iments l e a d to s m a l l e r MgC0 3 c o n t e n t s i n the 
e q u i l i b r i u m magnesian c a l c i t e s a l t h o u g h i n e i t h e r case the mag
nesium c o n t e n t o f the s o l i d i n c r e a s e s . W o l l a s t and R e i n h a r d - D e r i e 
p r e sen t ed da ta t o suppo r t the t h e o r y from the s t a n d p o i n t o f 
d i s s o l u t i o n and some o f our r e s u l t s f o r the p r e c i p i t a t i o n case 
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Figure 1. Triangular solid solution-aqueous solution equilibria 

Increasing water/ 
solid ratio 

l-x 

Figure 2. Equilibrium Curve A and conservation of mass Curve B. The equili
brium point D corresponds to a very large solid/water ratio and the reverse is 

true for E. 
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a re shown i n Tab l e I I . A k i n e t i c c o n t r o l would l e a d to a f a s t e r 
p r e c i p i t a t i o n a n d , c o n s e q u e n t l y , t o a h i g h e r MgC0 3 c o n t e n t and 
s o l u b i l i t y f o r a l a r g e r a d d i t i o n o f c a l c i t e as more s u r f a c e f o r 
n u c l e a t i o n would be a v a i l a b l e . 

Tab le I I 
The e q u i l i b r i u m pH i n the m u l t i s t a t e e q u i l i b r i u m as a 

f u n c t i o n o f the s o l i d / w a t e r r a t i o (Co l e and P y t k o w i c z , 
i n p r e p a r a t i o n ) f o r a r t i f i c i a l seawaters w i t h m o d i f i e d 

( M g 2 + ) . The l a s t two columns f o r c a l c i t e r e f e r to 
s u c c e s s i v e a d d i t i o n s o f s o l i d . 

(Ca* + ) lMg^ + ) Na 2 C0x added C a l c i t e added S teady C a l c i t e S teady 
(mo l a l ) (mo l a l ) (mol/kg SW) (g/kgSW) S t a t e pH added s t a t e pH 

0.01 0.01 3.27 0.62 0.62 7.88 
0.01 0.01 1.61 0 .20 7.95 0 .20 7.89 
0.01 0.01 1.3

We obse rve the o p p o s i t e t r e n d , expec ted from the m u l t i p h a s e 
h y p o t h e s i s as a h i g h e r s o l i d / s o l u t i o n r a t i o l e a d s t o a s m a l l e r 
mole f r a c t i o n o f MgCOq a n d , c o n s e q u e n t l y , t o a lower s o l u b i l i t y 
(and pH) o f the s o l u t i o n . In the f i r s t run the h igh Na 2 C03 added 
i s o f f s e t by tne l a r g e amount o f c a l c i t e added . In the d i s s o l u 
t i o n p rocess the magnesium c o n t e n t o f the s o l i d dec reases and does 
so to a g r e a t e r e x t e n t f o r s m a l l e r s o l i d / s o l u t i o n r a t i o s . 

For f a b l e m the s o l u b i l i t y p roduc t s o f CaC03 and MgC0 3 were 
p l a c e d i n the form 2 , 

X K s p 
ι 

λ was c a l c u l a t e d f o r known v a l u e s o f γ + and K S £ ) i n seawater and 
from assumed v a l u e s o f X. Then y^ w a s ~ c a l c u l a t e d from the e q u i l i 
br ium e q u a t i o n and compared t o y * = 0 .01/ (0 .01 + 0.05) = 0.167 f o r 
seawa te r . I t can be seen t h a t tne most s t a b l e c a l c i t e i n seawater 
must c o n t a i n r o u g h l y l e s s than one mole p e r c e n t MgC03« 

The t ime b e h a v i o r s f o r the v a r i o u s t ypes o f p rocesses a r e 
shown i n F i g u r e 3. The t h r e e upper cu r ves c o r r e s p o n d to a k i n e t i c 
c o n t r o l w h i l e the t h r e e lower ones r e s u l t from thermodynamic c o n 
t r o l . I t shou ld be noted t h a t a t i n t e r m e d i a t e r a t e s o f p r e c i p i 
t a t i o n the two types o f mechanisms may a c t a t the same t ime i n 
terms o f the d i f f e r e n c e between the i o n p roduc t and Κ ' . 

The i m p o r t a n t c o n c l u s i o n i s t h a t complex c o n t r o l l i n g 
p rocesses can o c c u r i n s o l u b i l i t y phenomena i n mixed e l e c t r o l y t e 
s o l u t i o n s . T h i s i s e s p e c i a l l y t r u e o f s u r f a c e c o a t i n g s formed 
k i n e t i c a l l y o r by m u l t i s t a t e thermodynamics and which p reven t the 
aqueous s o l u t i o n from i n t e r a c t i o n w i t h i n t e r n a l bu l k phases . One 
shou ld remember o f cou r se t h a t , when the degree o f s u p e r s a t u r a t i o n 
i s l a r g e enough f o r bu lk p r e c i p i t a t i o n to o c c u r , the k i n e t i c and 
m u l t i p h a s e thermodynamic p rocesses s t u d i e d above w i l l a p p l y t o 
the a c t u a l bu lk phases . 
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Figure 3. Controls of precipitation (idealized curves) A, B, C result from the 
addition of different amounts of Na2CO,{. At D and Ε Ig of calcite was added per 
kg of seawater for Curve DEF, at D 2g were added for curve DF, and 3g for DG. 
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Tab l e I I I 
C a l c i t e mole f r a c t i o n X, s o l i d s t a t e a c t i v i t y 

c o e f f i c i e n t s λ, and Yp , the s o l u t e mole 
f r a c t i o n s o f c a l c i u m a t e q u i l i b r i u m i n seawa te r . 

X A C a C 0 3 
A M g C 0 3 

0.99 1 .13 166 0.174 
0.98 1.14 8 3 . 0 0.178 
0.97 1.15 55 .3 0 .179 
0.88 1.27 13 .8 0 .218 

Ion Pa i r-Complex C o m p e t i t i o n 

The concep t s o f i o n i c m e d i a , f r e e and t o t a l a c t i v i t y c o e f f i 
c i e n t s , p r o p e r t i e s o f e q u i l i b r i u m c o n s t a n t s , and e f f e c t i v e i o n i c 
s t r e n g t h to be used here were examined i n an e a r l i e r paper i n t h i s 
vo lume. 

T h i s s e c t i o n i s base
Py t kow i cz {]) and o f S i pos et_ a l_ . ( 8 ) . The concep t s used a re the 
f o r m a t i o n o f cou lomb i c i o n - p a i r s between the major i o n s o f s e a 
water ( N a C i o , NaHC0 3 ° , N a C 0 3 " , N a S O ^ , and s i m i l a r p a i r s f o r C a 2 + 

and M g 2 + ) and the f o r m a t i o n o f t r u e complexes such as P b C l + , 
P b C l 2 ° , C d C l + , PbOH + , PbC03<>, e t c . The c o e x i s t e n c e o f t hese two 
t ypes o f e n t i t i e s i m p l i e s c o m p e t i t i o n , e . g . , f o r C T i o n s , one has 
NaClo and P b C l + , and y i e l d s t r a c e meta l s p e c i a t i o n q u i t e d i f f e r e n t 
from those o b t a i n e d i n the absence o f i o n p a i r s . In Tab l e IV a re 
shown the f r a c t i o n s o f the major i o n s wh ich a re f r e e and i o n -
p a i r e d . 

Tab l e IV 

% Free M-Cl M-SO4 M-HC0 3 M-C0 3 

8 4 . 0 T2T2 3.8 0 .0 0 .0 
78 .5 17 .2 4 .3 0 .0 0 .0 
50 .9 39.1 9.7 0.2 0.0 
4 5 . 8 4 3 . 8 1 0 . 0 0.3 0.1 

a = Y T ( T ) - Y F ( F ) 

N a + 

K+ 
M g 2 + 

Ca2+ 
e t c . 

100% change i n C 0 3
2 _ -»• 1% change i n C a 2 + 

( ï C 0 3 ) T = ( Y C 0 3 ) F/n + K N a C 0 3 < N A + ) F + · · · ] 
K s p " = K s p / ( Y C a ) T ^ C 0 3 ) T 

K* = K*( t ) ( Y C a ) F ( Y C 0 3 ) F / C a C 0 3 o 

The s o l u t i o n o f the c o m p e t i t i o n problem c o n s i s t s e s s e n t i a l l y 
i n s o l v i n g a system o f e q u a t i o n s c o n t a i n i n g the s t o i c h i o m e t r i c 
s t a b i l i t y c o n s t a n t s f o r the i o n - p a i r s and the complexes p l u s 
e x p r e s s i o n s f o r the c o n s e r v a t i o n o f mass o f the t ype 
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[ N a + ] T = [ N a + ] p + [ N a C l 0 ] + [NaHC0 3 ° ] + [ N a C 0 3 " ] + [ N a S 0 4 " l (16) 

and 

[ P b 2 + ] T = [ P b 2 + ] p + [ P b C l + ] + [ P b C l 2 ° ] + tPbOH + ] + 

+ [PbOH 2 ° ] + [ PbC0 3 ° ] (17) 

O r i g i n a l l y , t he s t o i c h i o m e t r i c s t a b i l i t y c o n s t a n t s 3 f o r t he 
l e a d and t he cadmium complexes w i t h c h l o r i d e had been de te rmined 
i n NaC l-NaC lO4 s o l u t i o n s and i t had been assumed t h a t the NaCl was 
c o m p l e t e l y d i s s o c i a t e d . The nominal i o n i c s t r e n g t h was one m o l a l . 
The c o n s t a n t s were l a t e r c o r r e c t e d by r e p l a c i n g the a c t u a l f r e e 
c h l o r i d e s f o r the t o t a l c h l o r i d e s i n the c a l c u l a t i o n o f 

Β ( 0 = (WE
1 ( M ) F ( C T ) F  (d")p 

and 

2 ( M 2 + ) F ( C l ' ) p 

where ( c j i n d i c a t e s the c o r r e c t e d v a l u e s . T h i s was done a t the 
e f f e c t i v e i o n i c s t r e n g t h o f the seawater o f i n t e r e s t wh ich was 
r o u g h l y 0 . 7 . 

U n c o r r e c t e d and c o r r e c t e d r e s u l t s f o r the t r a c e meta l 
s p e c i a t i o n o f l e a d a re p resen ted i n Tab l e V . I t can be seen t h a t 
the c o m p e t i t i o n between t r u e complexes and cou lomb i c i o n - p a i r s 
m o d i f i e s c o n s i d e r a b l y the s p e c i a t i o n o f l e a d . The f r a c t i o n s do 
not add up to 100% because s p e c i e s such as P b C l 2 ° , P b c l 3 " , e t c . , 
were no t en t e r ed i n t o the t a b l e . 

A g l o s s a r y o f symbols can be found i n Tab l e V I . 

Tab l e V 
Lead s p e c i a t i o n i n seawater c o r r e c t e d and 

u n c o r r e c t e d f o r C I " i o n - p a i r s . 
U n c o r r e c t e d C o r r e c t e d 

[Pb2+] 
[HbC l * ] 

1.94% 
4 .48% 

0 .57% 
1.57% 

[PbOH + ] 61 .55% 35 .89% 
[ P b C 0 3 ° ] ϋ2.53% 4 4 . 3 3 % 
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Tab le VI 
Symbo ls . 

c number o f components 
D amount o f s o l u t e d u r i n g the c o u r s e o f an expe r imen t 
D-j amount o f i n i t i a l s o l u t e s 
f number o f degrees o f freedom 
K s p s t o i c h i o m e t r i c s o l u b i l i t y p roduc t o f CaC03 
K^Mg) s t o i c h i o m e t r i c s o l u b i l i t y p roduc t o f MgCU3 
m m o l a l i t y 
[Na + ] p f r e e i o n c o n c e n t r a t i o n o f N a + 

[ N a + ] j t o t a l c o n c e n t r a t i o n o f N a + 

Ρ amount o f s o l i d d u r i n g the c o u r s e o f an e x p e r i m e n t ; a l s o 
the p r e s s u r e 

ρ number o f phases 
p C 0 2 p a r t i a l p r e s s u r e o f C 0
p H f f i n a l pH 
Τ t empera tu re 
X mole f r a c t i o n 
χ mole f r a c t i o n o f component such as CaCU3 i n the s o l i d 
y s o l u t e mole f r a c t i o n o f the e lement i n the aqueous 

s o l u t i o n 
mean mo l a l a c t i v i t y c o e f f i c i e n t 
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34 
Thermodynamics of High-Temperature Aqueous 
Systems 
What the Electricity Generating Industry Needs to Know 

D. J. TURNER 
Central Electricity Research Laboratories, Kelvin Avenue, Leatherhead, England 

In the conversion of fossil and nuclear energy to electricity
the value of high temperatur
improving plant reliabilit
classical thermodynamics in predicting Carnot cycle efficiency. 
Experimental studies under conditions appropriate to modern 
boiler plant are difficult and with little pressure from 
designers for such studies this area of thermodynamic study has 
been seriously neglected until the last decade or two. 

A recent editorial in the journal "Corrosion" (1) referred to 
the lack of thermodynamic data in high temperature water as 
"appalling". In the author's opinion this is no exaggeration, 
since it is unlikely that methods of treating boiler water or of 
predicting the long term corrosion behaviour of boiler plant will 
ever be much better than empirical until a much better under
standing of the solution phase chemistry is available. In the 
present circumstances it is hardly surprising that laboratory 
corrosion tests have frequently provided an inadequate basis for 
designing more reliable steam generators (2). 

Water of various degrees of p u r i t y i s the normal heat 
transfer f l u i d employed and a number of important problems with 
modern b o i l e r water c i r c u i t s are markedly influenced by so l u t i o n 
composition. Most problems arise where solutions can concentrate 
and the compositions of such solutions can only be obtained by 
ca l c u l a t i o n from thermodynamic data. This paper concentrates on 
the kind of aqueous phase data which are currently most needed. 
Many of the needs overlap with those of geochemical i n t e r e s t . 
However, since Barnes (3) has recently reviewed the l a t t e r f i e l d , 
s p e c i f i c a l l y geochemical needs w i l l not be discussed. "High 
temperature" i n t h i s paper i s generally taken to mean wi t h i n about 
100°C of the c r i t i c a l point of water (374 C), though some 
important problems which occur at lower temperatures are also 
considered. 

The solvent properties of water change considerably between 
25 C and the c r i t i c a l point with the r e s u l t that q u a l i t a t i v e 
conclusions based on room temperature experience can be t o t a l l y 
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misleading when applied to b o i l e r conditions. Though there are 
at present too few r e l i a b l e high temperature data to allow many 
quantitative p r e d i c t i o n s , current knowledge i s s u f f i c i e n t to 
allow quite important q u a l i t a t i v e conclusions to be drawn. 

An attempt i s made here to define the main types of data 
needed. Available data and estimation procedures are considered 
as are some important experimental and more fundamental problems 
which complicate c e r t a i n types of study. F i n a l l y , some examples 
are given of attempts to apply thermodynamic arguments to a 
v a r i e t y of power s t a t i o n problems. F i r s t , however, an i n d i c a t i o n 
i s given of c i r c u i t conditions and the more economically important 
problems i n which high temperature aqueous solutions play a 
s i g n i f i c a n t r o l e . 

1.Power Station Water C i r c u i t s 

F i g . 1 represents
water c i r c u i t operating with the water i n the drum at about 350 C 
and at a pressure of about 165 bar. Most modern plant (except for 
water reactors which operate nearer 300 C) employs roughly these 
conditions though with s u p e r c r i t i c a l units (pressure above the 
c r i t i c a l pressure) the f l u i d can be considered l i q u i d - l i k e w e l l 
above the c r i t i c a l temperature. Since there i s no phase change i n 
a s u p e r c r i t i c a l u n i t , no drum i s provided and the b o i l e r i s a 
"once-through" u n i t . S u b - c r i t i c a l once-through b o i l e r s are also 
used (for example i n Advanced Gas Reactors, AGR) and here the 
water i s simply allowed to evaporate to dryness i n the b o i l e r 
tubes. To drive one 500 MW turbine t y p i c a l l y requires b o i l i n g 
1.5 m i l l i o n kg of water an hour; the b o i l e r capacity would be 
about 0.5 m i l l i o n kg. 

The heat required can be supplied by burning f o s s i l f u e l , by 
gas heated i n a reactor core (e.g. AGR and Magnox), by l i q u i d 
metal (e.g. f a s t breeder reactors) or by water heated i n a 
reactor (Pressurized Water Reactor, PWR). The steam generator of 
a PWR i s constructed quite d i f f e r e n t l y from the other types i n 
that the heating f l u i d (primary c i r c u i t water) rather than the 
b o i l i n g f l u i d i s inside the tubing. In a B o i l i n g Water Reactor 
(BWR), the b o i l e r i t s e l f i s i n the reactor core with the f u e l cans 
inside the b o i l e r tubes. In a l l units except the water reactors, 
the steam i s considerably superheated before passing to the 
turbine and condenser which i t w i l l leave as l i q u i d water under a 
vacuum at t y p i c a l l y 30 C and 40 mbar. 

Few high pressure drum b o i l e r s are equipped with the 
condensate p o l i s h i n g plant i l l u s t r a t e d i n F i g . 1 but once-through 
b o i l e r s (having no drum to allow the accumulation of impurities i n 
the water phase) normally are. The water i s pumped from the 
condenser back through feed-heaters and into the b o i l e r again. 

The materials of construction vary considerably with 
d i f f e r e n t b o i l e r designs. Conventional drum b o i l e r s generally use 
carbon s t e e l b o i l e r tubes and s t a i n l e s s s t e e l superheater tubes. 
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Figure 1. Simplified water circuit for a high-pressure boiler (( ) main circuit; 
( ) bled steam lines; (— · —) cooling water) 
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Nuclear stations tend to employ f e r r i t i c chrome s t e e l s , s t a i n l e s s 
steels and n i c k e l based a l l o y s i n t h e i r b o i l e r s . Turbines 
contain a v a r i e t y of steels while condensers are usually of brass 
or, i n c r e a s i n g l y , of titanium. Low pressure feed heaters have 
t r a d i t i o n a l l y been made of brass als o , but increasingly steels are 
used. 

Chemical treatment i s p r i m a r i l y aimed at minimizing the 
corrosion rate of the c i r c u i t construction materials. The exact 
methods chosen w i l l depend on the design of the c i r c u i t as w e l l as 
on the nature of these materials. The usual approach i s to main
t a i n low oxygen levels and keep the water s l i g h t l y a l k a l i n e . In a 
drum b o i l e r a va r i e t y of s o l i d a l k a l i s can be used but the most 
common ones are d i l u t e caustic soda or mixtures of Na3P04 and 
Na2HP04« With once-through b o i l e r s ammonia i s normally used 
instead and i t i s sometimes also used i n drum b o i l e r s and PWR 
secondary c i r c u i t s . Hydrazin  i  frequentl  dosed int  th  feed 
t r a i n to control O2 l e v e l s
oxygen a l k a l i n e s o l u t i o  regime s to r e l y o  the protective 
haematite f i l m which i s formed i n very high p u r i t y water i n the 
presence of controlled quantities of oxygen. This approach i s 
favoured i n some once-through plant ( p a r t i c u l a r l y i n Germany) 
following the work of Fr e i e r (4,5) and a s i m i l a r chemistry i s used 
i n most BWR plant where the continuous r a d i o l y t i c production of 
oxygen makes i t impractical to maintain low oxygen l e v e l s . A 
somewhat more detai l e d summary of methods of boiler-water t r e a t 
ment, including the ap p l i c a t i o n of chelating agents on-load, has 
been given recently (6). 

The most serious current problems where knowledge of solu t i o n 
compositions are required are of three main types: b o i l e r 
i n t e g r i t y , turbine i n t e g r i t y and out-of-core r a d i o a c t i v i t y . The 
f i n a n c i a l costs of the f i r s t two problems arise mainly when 
f a i l u r e s i n modern, e f f i c i e n t plant require t h e i r replacement by 
plant which i s considerably more expensive to run. The t h i r d 
problem manifests i t s e l f i n the need to share any extensive main
tenance work i n highly radioactive areas among hundreds of men so 
that none exceeds his permitted r a d i a t i o n dose. 

Plate 1 i l l u s t r a t e s what can be the consequences of a stress 
corrosion f a i l u r e i n a turbine and Plate 2 the consequences of two 
forms of b o i l e r tube corrosion: tube thinning and hydrogen 
embrittlement. The economic consequences of such problems and 
ce r t a i n other areas where information on high temperature 
solutions i s needed have been discussed elsewhere (6). 

I l l u s t r a t i o n s of what can and cannot be done (on the basis of 
currently available thermodynamic data) towards understanding and 
solving a v a r i e t y of water c i r c u i t problems are b r i e f l y discussed 
i n Section 3. 

2.Thermodynamic Considerations 

Types of E q u i l i b r i a . In a l l the problems discussed i t i s the 
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Plate 1. Consequences of turbine disc failure (Hinkley) 
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Plaie 2. Corrosion damage of boiler tubing 
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free energy properties which are of concern, though enthalpies, 
entropies and (molar) volumes may, of course, be used to obtain 
them. With strong e l e c t r o l y t e s , concern i s p r i m a r i l y with how 
free energies change with concentration and i t w i l l be seen that 
knowledge i n t h i s f i e l d i s f a r more advanced and i n most respects 
less troublesome than with standard free energies of reaction 
where much larger uncertainties can be introduced. Accordingly 
most attention w i l l be devoted to free energies and equi l i b r i u m 
constants. C l e a r l y hydrolysis constants, s o l u b i l i t i e s , steam-
water p a r t i t i o n c o e f f i c i e n t s and chelation e q u i l i b r i a are involved 
i n the problems described as are redox e q u i l i b r i a and the 
formation of ordinary (monodentate) complexes and ion p a i r s . 

D i f f i c u l t i e s at High Temperature. A number of d i f f i c u l t i e s 
combine to explain the singular lack of c e r t a i n kinds of thermo
dynamic data i n high temperatur  s o l u t i o n

Experimentally thes
good solvent and corrosiv  l i q u i y  hig
temperature and pressure. Few metals (for containment), 
i n s u l a t i n g materials (for electro-chemical measurements) or 
windows (for o p t i c a l measurements) are i n e r t i n more than a small 
range of sol u t i o n s . Furthermore many reactions which can be 
ignored for k i n e t i c reasons at 25°C are l i k e l y to proceed f a s t at 
300 C. Thus i t i s doubtful whether one could study the chemistry 
of F e l l l i n the presence of hydrogen or of F e l l using a standard 
perchlorate supporting e l e c t r o l y t e . 

Nevertheless, following the pioneering work of 
Prof. E.U. Franck, experimental data of various kinds have been 
obtained at temperatures and pressures considerably higher than 
those appropriate to b o i l e r water. Without t h i s lead i t i s doubt
f u l whether more than a f r a c t i o n of the data now available would 
have been obtained. 

Systems involvi n g aqueous t r a n s i t i o n metal ions are 
i n e v i t a b l y somewhat complicated because of t h e i r r e l a t i v e l y high 
charge, t h e i r tendency to form coordination complexes and t h e i r 
tendency to e x i s t i n more than one oxidation state. At high 
temperatures, the d i e l e c t r i c constant of water i s very much lower 
than at 25 C so that the a b i l i t y of water to s t a b i l i z e highly 
charged species i s greatly reduced and reactions which lead to a 
reduction i n t o t a l charge are correspondingly favoured. These 
include ion association, complex formation with anions, hydrolysis 
and reduction. This e f f e c t makes i t d i f f i c u l t or impossible to 
obtain meaningful reaction free energies from techniques which 
require pH buffers or supporting e l e c t r o l y t e s . 

A s l i g h t l y d i f f e r e n t aspect of the same problem makes i t 
exceptionally d i f f i c u l t to estimate c e r t a i n types of equilibrium 
constant at high temperatures from data at low temperatures. The 
we l l known rel a t i o n s h i p s between equilibrium constant, K, AG , ΔΗ 
and AS may conveniently be wr i t t e n 
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ΔΗ° AS° 
L N K = "-RT + -R-

which, i f ΔΗ° and AS° are reasonably independent of temperature 
predicts a l i n e a r p l o t of l n Κ vs. 1/T. With gases and s o l i d s , 
ACp i s usually r e l a t i v e l y small and such plots approximate w e l l 
to s t r a i g h t l i n e s over wide temperature ranges. Even when there 
i s some curvature, ACp can often be estimated w i t h i n reasonably 
w e l l defined l i m i t s . 

Log Κ for any endothermic reaction ( p o s i t i v e AH ) which 
produces ions w i l l i n e v i t a b l y go through a maximum as a function 
of r e c i p r o c a l temperature because, above some temperature, the 
decreasing solvating power of water must make the reaction 
exothermic. The i o n i c d i s s o c i a t i o n of water i s an example as seen 
i n F i g . 2. An al t e r n a t i v e way of saying t h i s , of course, i s that 
the reaction has a larg  negativ  AC2  Estimatio  i  d i f f i c u l
because, even where i tο —believe that AC p i s independent of temperature. Cp for NaCl 
decreases from -92 J K'1 mol"*1 at 25°C to -836 J Κ 1 mol" 1 at 
300 C (7), and Criss (8) has suggested why such large negative 
values could be expected at high temperature. 

An even more serious problem can ari s e when dissolved species 
expected to predominate at high temperatures are undetectable at 
25°C or are only present at concentrations which are too low for 
them to be adequately characterized thermodynamically. Examples 
are c e r t a i n t r a n s i t i o n metal chloro-complexes (9,10) and mixed 
complexes of such metals with hydroxide and another ligand (11,12). 
Thus i t seems that chloride complexing so a l t e r s the aqueous 
chemistry of copper and gold that supposedly i n e r t gold components 
i n autoclaves are r e v e r s i b l y oxidized by C u l l (10) and i t i s 
l i k e l y that mixed oxine and hydroxy complexes of F e l l contribute 
considerably to the gross under-estimation (by a factor of up to 
10^) of magnetite s o l u b i l i t y i n oxine (12,14). 

These sort of problems make i t d i f f i c u l t to obtain r e l i a b l e 
high temperature data on the aqueous chemistry of t r a n s i t i o n metal 
ions. Unfortunately the necessary timescales f o r even the simpler 
experimental studies are frequently too long for a Ph.D. student 
to make reasonable progress i n 3 years from scratch or for 
i n d u s t r i a l researchers to make much reportable progress before the 
patience of those supporting the work i s exhausted. Results can 
be reported f a r more r a p i d l y from, for example, corrosion 
experiments and since corrosion theories are i n general of so 
l i t t l e p r e d i c t i v e value, each relevant a l l o y / e l e c t r o l y t e com
bination needs i t s own study. In such circumstances i t i s hardly 
s u r p r i s i n g that thermodynamic studies have been (with a few notable 
exceptions) r e l a t i v e l y poorly supported, while corrosion data con
tinue to be amassed without any r e l i a b l e thermodynamic framework 
wit h i n which to understand them. 

Thermodynamic Data Av a i l a b l e . Excellent reviews of available 
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r e s u l t s up to 1973 were presented at a recent conference by most 
of the major contributors to the f i e l d (15-20). That of Franck 
(15) covers various properties of water and solutions up to 1000 C 
and 100 kbar. The s e l f - d i s s o c i a t i o n constant of water, Ky i s 
reported over t h i s range but due to the large compressibility of 
water near the c r i t i c a l p oint, i t i s not easy to extrapolate Ky to 
the lower densities appropriate to SVP (saturated vapour pressure) 
conditions above 300 C. 

Marshall's extensive review (16) concentrates mainly on con
ductance and s o l u b i l i t y studies of simple (non-transition metal) 
e l e c t r o l y t e s and the a p p l i c a t i o n of extended Debye-Huckel 
equations i n describing the i o n i c strength dependence of e q u i l i 
brium constants. The conductance studies covered conditions to 
4 kbar and 800°C while the s o l u b i l i t y studies were mostly at SVP 
up to 350 C. In the l a t t e r studies above 300°C deviations from 
Debye-Huckel behaviour wer  found  Thi  i  s u r p r i s i n  sinc
the Debye-Huckel theor
as seen i n F i g . 3, wate  r a p i d l y  compressibl
300 C. U n t i l a theory which accounts f o r électrostriction i n a 
compressible f l u i d becomes a v a i l a b l e , extrapolation to i n f i n i t e 
d i l u t i o n at temperatures much above 300 C must be considered 
untrustworthy. Since water becomes i n f i n i t e l y compressible at the 
c r i t i c a l point, the standard entropy of an ion becomes i n f i n i t e l y 
negative, so that the concept of a standard i o n i c free energy 
becomes meaningless. 

The work described by Marshall (16) , together with the vapour 
pressure studies on 1:1 and 1:2 e l e c t r o l y t e s up to 300 C reported 
by Lindsay and L i u (17) and recent t h e o r e t i c a l work by S i l v e s t e r 
and P i t z e r (21) and by Helgeson and Kirkham (22) provide a good 
understanding of the behaviour of simple e l e c t r o l y t e s over wide 
ranges of temperature and concentration. However, as jus t seen, 
the behaviour under SVP conditions above 300 C becomes 
decreasingly w e l l defined towards the c r i t i c a l point. 

The review of Martynova (18) covers s o l u b i l i t i e s of a v a r i e t y 
of s a l t s and oxides up to 10 kbar and 700 C and also availabl e 
steam-water d i s t r i b u t i o n c o e f f i c i e n t s . That of Lietzke (19) 
reviews measurements of standard electrode potentials and i o n i c 
a c t i v i t y c o e f f i c i e n t s using Harned c e l l s up to 175-200 C The 
review of Mesmer, Sweeton, Hitch and Baes (20) covers a range of 
p r o t o l y t i c d i s s o c i a t i o n reactions up to 3 0 0 ^ at SVP. Apart from 
the work on Fe304 s o l u b i l i t y by Sweeton and Baes (23) , the only 
references to hydrolysis and complexing reactions by t r a n s i t i o n 
metals above 100 C were to aluminium hydrolysis (20) and n i c k e l 
hydrolysis (24) both to 150 C Nikolaeva (24) was one of several 
at the conference who discussed the problems a r i s i n g when 
hydrolysis and complexing occur simultaneously. There appear to 
be no experimental studies of solution phase redox e q u i l i b r i a 
above 100°C. 

In view of the findings of Lindsay and L i u (17) that at 300 C 
MgCl2 behaves l i k e a 1:1 e l e c t r o l y t e , MgCl + + CI", i t seems 
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Figure 2. Temperature dependence of molal ion product of water: (a) Fisher and 
Barnes (36); (b) Sweeton et al. (35); (c) Sirota and Shviraev (31); (d) Correspond

ence Principle estimate of Lewis (9\) 
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u n l i k e l y that the r e a d i l y polarized Fe^ + ion remains uncomplexed 
at 300 C i n CI -containing media. Sweeton and Baes (23) i n t e r 
preted the s o l u b i l i t y of Fe3Û4 i n HCI without invoking C l ~ -
complexing. Thus i t seems u n l i k e l y that r e l i a b l e thermodynamic 
data on the aqueous Fe^ + ion can be obtained from t h e i r data at 
300 C without independent evidence concerning the extent of C l ~ -
complexing. The i n t e r p r e t a t i o n with regard to anionic species 
seems to be unambiguous, however. 

Exactly the same problem arises with the recent studies of 
NiO s o l u b i l i t y by Tremaine and Leblanc (25) and again the thermo
dynamic data on the aqueous anionic species at 300 C are l i k e l y to 
be more r e l i a b l e than on the N i ^ + ion. There i s good spectro
scopic evidence for complex formation i n chlorides of n i c k e l ( I I ) , 
(26) cobalt (II) (27), and copper (II) (28)_at 300°C and above. 
Most of the work was done at rather high CI concentrations but 
q u a l i t a t i v e l y the ef f e c t  d i e l e c t r i  concentratio
are as expected. A noteworth
procedures w i l l have to allow for) i s the change from 6 to 4 
coordination at the lower pressures (150-300 bar) and the higher 
CI concentrations. This change appears to take place with only 
2 or 3 CI ions coordinated to the metal (at least i n the case of 
N i ( I I ) ) . 

Since 1973, progress has been made i n a l l the f i e l d s 
reviewed and a more complete review of Franck 1s work has appeared 
(29). For the present purposes i t i s necessary to concentrate on 
the two areas which are least w e l l studied: simple e l e c t r o l y t e s 
between 300 C and the c r i t i c a l point and the chemistry of aqueous 
t r a n s i t i o n metal cations. A number of studies which do not f a l l 
i n t o these categories must, however, be mentioned because of t h e i r 
d i r e c t relevance to b o i l e r water chemistry. These are studies of 
sodium phosphate phase e q u i l i b r i a (30), ammonia d i s s o c i a t i o n (31) 
and i s o p i e s t i c studies of calcium and magnesium chlorides (32). 
Two studies of the s e l f - d i s s o c i a t i o n of D~0 have also appeared 
(33,34). 

The Ky re s u l t s of Sweeton, Mesmer and Baes (35) plotted i n 
Fi g . 2 were reported i n 1974 and although they only extend to 
300 C they may w e l l be more accurate above t h i s temperature than 
the experimental r e s u l t s of Fisher and Barnes(36), since, as 
mentioned, e a r l i e r , the Debye-Huckel theory may not give r e l i a b l e 
extrapolations to i n f i n i t e d i l u t i o n at temperatures where water i s 
highly compressible. While t h e i r work (35) involves extrapolation 
to i n f i n i t e d i l u t i o n as w e l l as to higher temperatures i t i s very 
encouraging to note that t h e i r ACp at 300°C (-960 J K"1 mol" 1) i s 
of the magnitude expected on the basis of the NaCl studies 
referred to i n Section 2. The conductance r e s u l t s of S i r o t a and 
Shviriaev (37) above 300 C also seem more consistent with the 
r e s u l t s of Sweeton, Mesmer and Baes (35), than with those of 
Fisher and Barnes (36). Marshall and Franck 1s recent 
representation of data up to 1000°C and 10,000 bars (38) predicts 
high temperature SVP r e s u l t s somewhat lower than those of S i r o t a 
and Shviriaev (37). 
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Marshall has extended h i s high temperature s o l u b i l i t y studies 
(39,40,41) and has begun some work on liquid-vapour c r i t i c a l 
temperatures of solutions (42,43) which should prove valuable. 
Some of Marshall's higher temperature r e s u l t s (>300 C) have been 
questioned (44) and there do seem to be unexplained differences 
between studies i n s t a i n l e s s s t e e l and titanium vessels (45). 

The problem of measuring the thermodynamic properties of 
aqueous t r a n s i t i o n metal ions above 100 C has also received_some 
attention with studies on ¥e*+ complexing with CI (46) , Br (47) 
and SO^" (48) up to 150°C and the formation of anionic hydroxy 
complexes of P b 2 + up to 300°C (49). 

Preliminary heats of so l u t i o n of C0CI2 and CuCl2 have been 
measured up to 300 C by Cobble and Murray (50). Hydrolysis was 
suppressed by HCI addition so that when the work i s completed and 
when the extent of CI complexing (and C u 2 + reduction) can be 
allowed for the data w i l l  extremel  valuable  Preliminar
concentration c e l l studie
up to 170 C (51) suppor  give
complexing with f i r s t row t r a n s i t i o n metal ions i s l i k e l y to be 
s i g n i f i c a n t by 300 C. 

The s o l u b i l i t y of Ye^O^ has been studied i n the temperature 
range 500-600°C by Chou and Eugster (52) using the HCI fugacity 
buffer developed e a r l i e r (53). Under the conditions used both HCI 
and the soluble i r o n species FeCl2 are completely associated. 
C l e a r l y the derived thermodynamic data are also of p o t e n t i a l value 
but more work on Cl~-complexing i s needed before they can throw 
l i g h t on the aqueous chemistry of F e 2 + under high pressure b o i l e r 
conditions. 

Many of the 25 C oxidation p o t e n t i a l estimates of Latimer (54) 
were obtained simply from a knowledge of what reactions proceed 
and what do not. Hence preparative and decomposition experiments 
i n simple autoclaves are also of considerable value provided that 
f u l l experimental d e t a i l s are published. Swaddle's group has 
performed a number of such studies on the t r a n s i t i o n metals from 
which b o i l e r water c i r c u i t s are made (55,56,57) and also on species 
of more d i r e c t relevance to laboratory studies (58,59,60). Quite 
t r i v i a l unexpected observations i n autoclave studies can be used 
to place l i m i t s on equilibrium constants. In complex systems, 
unique interpretations w i l l usually be impossible but the 
observations may s t i l l prove useful i f they can be supplemented 
by estimated data (H), 61). 

Estimation Procedures. There are b a s i c a l l y two ways which 
have been developed to deal with the fact that heat capacity terms 
are large i n reactions involving ions. One i s based on empirical 
re l a t i o n s h i p s (the entropy correspondence p r i n c i p l e ) between 
i o n i c entropies at d i f f e r e n t temperatures which Cris s and Cobble 
(62) developed and checked to 200°C. Lewis (63) has checked a 
number of i t s predictions against available experimental evidence 
and has found the method reasonably s a t i s f a c t o r y for several 
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systems up to 250°C. He (64) and others, for example Macdonald 
and colleagues (65,66) have used the method to estimate equilibrium 
constants to 300°C and above. 

I t cannot be claimed, however, that the method has been ο · · extensively checked above 250 C and i t appears that i t i n e v i t a b l y 
must become unreliable over 300 C. The average heat capacities of 
ions calculated by Criss and Cobble (67) show no sign that C p 

values of ions are becoming increasingly negative with temperature, 
although, as was seen i n Section 2, the e f f e c t i s becoming 
considerable by 300 C. Nevertheless many equilibrium constants 
could probably be obtained to w i t h i n an order of magnitude at 
300 C i f a r e l i a b l e estimate could be made of the thermodynamic 
properties of any uncharged species or ion p a i r s . Unfortunately, 
there i s , as yet, no r e l i a b l e method of characterising such 
species i f (as w i l l frequently be the case) they are only stable 
at high temperatures. Wit  s e l f - d i s s o c i a t i o  t h i  i
not, of course, a proble
the entropy correspondence method only begins to manifest i t s 
underestimation of the magnitude of AC p above 300 C. 
2_ I t i s not a problem e i t h e r for the protonation constant of 

S ( i . e . the r e c i p r o c a l of the second d i s s o c i a t i o n constant of 
H 2 S ) some estimates of which are shown i n F i g . 4. Neither 
Cobble's estimate (68), using the correspondence p r i n c i p l e (curve 
a) nor Pohl's (69) extrapolation (curve b) using an empirical 
equation due to Harned and Embree (70) i s showing any i n d i c a t i o n 
of the expected minimum i n K. The extrapolation used by 
Khodakovskii et a l (71) (curve c) i s based on the more frequently 
used expression of Harned and Robinson (72) and a d i f f e r e n t 
s e l e c t i o n of low temperature data. While t h e i r r e s u l t looks more 
reasonable i t i s d i f f i c u l t to have much confidence i n any of the 
r e s u l t s even up to 200 C. The apparent f a i l u r e of the correspon
dence p r i n c i p l e may arise as much from the choice of low 
temperature data as a f a i l u r e of the r e l a t i o n s h i p i t s e l f . 

The disagreement between the calculated standard free 
energies of formation of aqueous F e 2 + and those deduced by Sweeton 
and Baes (23) has been commented on by the author (9) and by 
Tremaine, Van_Massow and Shierman (73). In view of the problem at 
300 C with CI -complexing (discussed e a r l i e r ) i t seems u n l i k e l y to 
the author that the thermodynamics of d i s s o l u t i o n of magnetite i n 
acid s o l u t i o n are quite as w e l l characterized as i s suggested by 
the calculations of Tremaine et a l (73). 

The second method of estimation which has so f a r been 
developed i s based on consideration of those AC p values which were 
avai l a b l e i n 1967 when Helgeson developed i t (7%). This method 
e s s e n t i a l l y separates e l e c t r o s t a t i c and non-electrostatic 
contributions to AS and. AC and Helgeson has compared the pre
dict i o n s of a number of d i f f e r e n t assumptions concerning AC° with 
published high temperature equilibrium constants. He concluded 
that the best one to make i s that ACp i s proportional, at each 
temperature, to the e l e c t r o s t a t i c contribution, AC . This 
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assumption, combined with a simple e l e c t r o s t a t i c model, leads to 
an e x p l i c i t r e l a t i o n s h i p between log Κ and temperature which 
includes i n i t the temperature dependence of the d i e l e c t r i c 
constant of water: 

l n Κ - A S ^ 9 8 ) {298 " f (1 - exp [exp(b + aT) - C + (Τ - 298)/θ])} 

AH°(298) m 

RT '·· U ; 

Here C(= exp (b + 298a)), ω(= 1 + aC6), b and θ are constants i n 
an expression for the temperature dependence of ε, the d i e l e c t r i c 
constant of water: 

ε = ε ο exp Q- exp (b + aT)  Τ/θ]  (2) 

Equation (1) was  s i m p l i f i c a t i o g 
more complete, but less r e a d i l y usable equation: 

S°(298) 
l n Κ = — ^ {298 - Τ +^ (1 - exp Qexp(b + aT) -C + (Τ- 298)/θ])} 

_ ^ ! g 9 8 ) _ + A S ^ + a [ l n ( T / 2 9 8 ) . 1 + 2 9 8 / T ] + 3 ( T - g 8 ) 2 

. . . (3) 

The f i r s t term represents how the e l e c t r o s t a t i c contributions 
d i f f e r from those at 2 5 ° C , A S ° (298) being the e l e c t r o s t a t i c 
contribution to the reaction's standard entropy at 25 C . The l a s t 
two terms derive from the assumption that the non-electrostatic ο ο part of AC , AC , can be represented by Ρ Ρ>η' 

AC° = α + $T ... (4) ρ,η 
2 

Following Helgeson (74) a term XT ( i n (4)) i s ignored. On hi s 
model the contribution of each ion to AS^ i s given by 

S° = -A [exp{exp(b + aT) } + Τ/θ] Ql/Θ + a exp(b + aT)] /ε ... (5) 

2 
where A = (Ze) N/2r, Ze i s the charge on the ion, r i t s radius 
and N, Avogadro's number. ε 0 i s defined i n equation (2) and takes 
the value 3 0 5 . 7 . The e l e c t r o s t a t i c model i s crude and the choice 
of r to be employed i s somewhat a r b i t r a r y , but Helgeson 1s model to 
a c e r t a i n extent allows for t h i s by taking up uncertainties i n the 
e l e c t r o s t a t i c contribution i n α and 3 . This was a quite 
i n t e n t i o n a l feature of the model because i t i s believed that much 
of the u n r e l i a b i l i t y of hydration models arises from non-
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e l e c t r o s t a t i c contributions. Helgeson used equation (3) to curve 
f i t a l l s u f f i c i e n t l y r e l i a b l e experimental data and from t h i s 
obtained best f i t values of a, 8 and AS for a number of 
e q u i l i b r i a . 

The author has recently attempted to use t h i s method to 
estimate the equilibrium constant, K^, of the reaction 

3 I 2 + 3H20 = 5I~ + I 0 3 + 6H + 

up to 300°C from experimental data at 25°C and 60°C (75). The 
reaction i s , of course, a severe test as i t produces 12 ions from 
3 molecules of neutral solute. Equation (1) i s t o t a l l y 
unsatisfactory since i t f a i l s to predict the expected maximum i n 
the equilibrium constant as seen i n F i g . 5. Thus an attempt was 
made to use a calculated AS  ( v i a equation (5)) and see i f a 
better estimate was possibl
suggested were reasonabl
t r i e d , one was that ACp j n i s independent of temperature - i . e . 
3 = 0 - and the other made use of the observation that i n 
Helgeson 1s Table 2 there i s an approximate r e l a t i o n s h i p between 
α and 3, α = -313 (±48). These estimates are also shown i n 
Fi g . 5 and i t i s clear from the divergence of r e s u l t s above 100 C 
that the method i s too s e n s i t i v e to the values of α and 3 to be of 
use at least i n t h i s case. 

The author believes (75) the correspondence p r i n c i p l e method 
(as used by Lewis (64) based on Cp ( I 2 ) = 65, although uncertain 
due to lack of appropriate data on I 2 , provides the best estimate. 
Almost c e r t a i n l y free energy approaches l i k e Helgeson 1s can be 
improved by better i o n i c hydration models. To t h i s end a number 
have been q u a l i t a t i v e l y compared (76) and checked against 
experimental data on NaCl (77,78). More extensive ca l c u l a t i o n s 
based on one (fi x e d hydration) model have also been presented (79) 
and found to predict i o n i c free energies better than the 
correspondence p r i n c i p l e between 150 and 275 C. At higher 
temperatures, however, the model i s less s a t i s f a c t o r y . Much more 
work i s needed i n t h i s area since, i f such methods are to prove 
r e l i a b l e i n the d i f f i c u l t region between 300 C and the c r i t i c a l 
point, the hydration models must be as free as possible from 
empirical f i t t i n g parameters. 

3.Applications 

There follow some examples of attempts to apply thermodynamic 
arguments to a number of plant problems. Attention i s directed as 
much to what can and cannot be done with currently a v a i l a b l e data 
as to the p r a c t i c a l s i g n i f i c a n c e of the r e s u l t s . Areas where work 
i s p a r t i c u l a r l y needed are stressed. 

Generation of Corrosive Environments. The materials of 
construction of a water c i r c u i t are, of course, selected to be 
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1000Q/K)"1 

Figure 5. Predictions of Kh: (1) Helgeson Equation 1; (2) Equation 5, β = 0; 
(3) entropy correspondence~Cp°(I2(aq)) = 0; (4) entropy correspondence Cp°(I2(aq)) 

== 65; (5) Equation 3,a= -313β 
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corrosion r e s i s t a n t i n whatever solutions they are expected to 
see. Most serious problems ar i s e because impurities i n or 
additives to the water are able to concentrate, sometimes by many 
orders of magnitude. This can occur where water i s b o i l i n g on t h i n 
porous oxide layers under high heat fluxes and i n regions of 
turbines where the steam i s nominally dry but of such a pressure 
that concentrated solutions could be i n e q u i l i b r i u m with i t . 
Simulations of the former occurrence have shown concentration 
factors of ΙΟ» to be possible while i n theory the l a t t e r 
s i t u a t i o n s cotfld r e s u l t i n even higher concentrations. In PWR 
steam generators, e l e c t r o l y t e s can concentrate between the tubes 
and t h e i r support plates. The accelerated production of corrosion 
product leads to "denting" by crushing of the supported tubes. 

I f the impurity leaking ( v i a the condensers) to a b o i l e r i s 
sea-water, the chemistry i s f a i r l y simple and i t i s easy to pre
d i c t roughly under wha
go acid due to Mg 2 + hydrolysi
r e l i a b l e data on t h i s hydrolysis reaction the best that can be 
hoped for i n estimating the pH i s ±0.5 pH unit at 300°C (80). The 
much more complex s i t u a t i o n which arises when the condenser leak 
allows i n r i v e r or lake water can be dealt with formally (82,83) 
but the uncertainties i n the data are usually too large to y i e l d 
r e l i a b l e pH estimates. 

We have been able, however, on occasions to use a very simple 
model to help understand s p e c i f i c plant problems where r i v e r water 
analyses were available and on one occasion to show that at 
di f f e r e n t times the b o i l e r water had (as corrosion evidence 
suggested) alternated between a c i d i c and a l k a l i n e conditions. The 
model assumes that by 350 C any normally dissociated multi-charged 
ions w i l l be s u f f i c i e n t l y unstable that they w i l l undergo whatever 
appropriate hydrolysis reactions can reduce t h e i r charge to unity. 
Whether the water goes acid or a l k a l i n e then simply depends on 
whether the t o t a l (equivalent) concentration of mul t i p l y charged 
cations exceeds or i s smaller than the concentration of mul t i p l y 
charged anions. 

When a 60 MW turbine at Hinkley A power s t a t i o n disintegrated 
i n 1969 from stress corrosion cracking of a low pressure turbine 
disc (consequences shown i n Plate 1) i t was considered that Na^H 
solutions were most probably involved (84) and i t was soon found 
that i f NaOH were the sole e l e c t r o l y t e present i t s maximum 
concentration (based on vapour pressure depression) was 
s u f f i c i e n t to have caused the cracking. However, i t was also 
found that i n mixtures i t was only the free NaOH which led to 
rapid stress corrosion cracking. Considerations of acid gas 
s o l u b i l i t y and s o l u t i o n thermodynamics showed that at the CO2 and 
acetate levels present i t was most u n l i k e l y that free NaOH was 
present i n s u f f i c i e n t quantity to be responsible for the Hinkley 
f a i l u r e (85). 

Ammonium acetate and ammonium carbonate had also been found 
to induce stress corrosion cracking of the appropriate s t e e l s but 
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s i m i l a r thermodynamic arguments showed that neither e l e c t r o l y t e 
could i n practice approach the l e v e l s required to cause cracking 
(86,85). Subsequent attempts to improve the estimates (87) con
firmed these findings. The ef f e c t of acid gases l i k e CO2 and 
ac e t i c acid on reducing the free NaOH concentrations i n turbines 
makes one wonder i f i t may be possible to p u r i f y b o i l e r water too 
much for the good of the turbine. I f t h i s i s so, then some of the 
observations recently made by Bussart, Curran and Gould (88) on 
the e f f e c t of water chemistry on modern large turbines may not, 
a f t e r a l l , be "paradoxical". 

I t was eventually concluded that the most l i k e l y chemical 
c u l p r i t i n the Hinkley turbines was molybdate which can be formed 
from the M0S2 lubricant under the conditions used during turbine 
assembly (89) or leached from the s t e e l under stagnant conditions 
i n s u f f i c i e n t quantity to induce stress corrosion (90). 

Understanding Corrosio
Pourbaix diagrams to corrosion problems i s w e l l known and w i l l not 
be considered here. Much e f f o r t has gone int o producing such 
diagrams for high temperature use. A recent paper (91) l i s t s 15 
references to the subject. The diagrams are p a r t i c u l a r l y useful 
i n i n t e r p r e t i n g corrosion or electrochemical studies conducted at 
control l e d p o t e n t i a l . However, with few exceptions (92) l i t t l e 
a ttention has been given to the r o l e of so l u t i o n phase additives 
and impurities i n influencing the composition o l the corrosion 
f i l m , although quite subtle compositional differences across a 
corrosion f i l m have been discussed i n terms of redox p o t e n t i a l 
(93,94). Since a l l chemical reactions w i l l be much faster above 
300°C than at 25 C i t seems l i k e l y that redox buffering by 
solu t i o n components should be more predictable thermodynamically 
(once the data become available) at the higher temperatures. 

A feature of corrosion studies which has been stressed 
recently (2) i s the complete f a i l u r e of laboratory tests on t h e i r 
own to predict how r e l i a b l e operation of some nuclear steam 
generators can be maintained. At least a part of t h i s problem i s 
l i k e l y to a r i s e from d i f f e r e n t redox and/or pH conditions imposed 
by the s o l u t i o n i n autoclave tests and i n plant conditions and 
many low l e v e l contaminants could be involved. In view of what 
has been said e a r l i e r concerning the r o l e of Mo(VI) i n stagnant-
water i t i s clear that some data, at least on the thermodynamics 
of aqueous Mo species, should be sought at high temperatures. 
Some molybdate appears to be able to enter s o l u t i o n through the 
vapour at 250 C (61), so the contamination problem i s not 
necessarily solved by the use of l i n e r s . Presumably other species 
capable of influencing redox po t e n t i a l s and pH can also contamin
ate solutions through the vapour. 

I t seems to the author that u n t i l some means i s a v a i l a b l e for 
estimating the pH and redox p o t e n t i a l of solutions both i n auto
clave studies and under s p e c i f i c l o c a l plant conditions there w i l l 
always be doubt about the p r e d i c t i v e value of many corrosion 
studies c a r r i e d out i n autoclaves. 
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Out of Core R a d i o a c t i v i t y . In water reactors the main source 
of out of core a c t i v i t y arises from the corrosion products of the 
out of core c i r c u i t which are transported into the core and, a f t e r 
neutron i r r a d i a t i o n , subsequently transported back. Since the core 
of a PWR w i l l i n e v i t a b l y be hotter than the steam generator, there 
has been i n t e r e s t , p a r t i c u l a r l y at Atomic Energy of Canada Ltd. 
(A.E.C.L.), i n the e f f e c t of temperature on the s o l u b i l i t y of the 
various corrosion products present and how t h i s influences t h e i r 
transportation round the c i r c u i t (95). The s o l u b i l i t i e s could, 
even with perfect data, only be t i e d down to a range of le v e l s for 
most elements because of the presence of r a d i o l y t i c a l l y produced 
H2 and O2 at lev e l s which are not at equilibrium. The system i s 
further complicated by the presence of mixed spinels as w e l l as 
pure oxides amongst the corrosion products. Despite these 
complications, however, a combination of det a i l e d sampling and 
thermodynamic r a t i o n a l i z a t i o
66) i s r e s u l t i n g i n a greatl
processes involved (96) . There i s l i t t l e doubt that the 
experimental programme being pursued by A.E.C.L. w i l l lead to 
better understanding of the behaviour of corrosion products i n a l l 
types of plant. 

Thermodynamic arguments have also been used i n support of 
work on decontaminating the c i r c u i t s of BWRs (11). I t was shown 
that conventional c i t r i c acid cleaning solutions could not 
dissolve either Fe2Û3 or important Co-containing spinels unless 
quite strong reducing agents were present and i t was also shown 
that the r i s k of electrodeposition on s t e e l surfaces during 
the decontamination i s greatly reduced under strongly reducing 
conditions. There was some evidence from r e s u l t s on 
decontamination of the W i n f r i t h SGHWR (Steam Generating Heavy 
Water Reactor) that ^°Co may have been electrodeposited ei t h e r 
during early decontaminations or on load; the l a t t e r seems 
possible thermodynamically though u n l i k e l y k i n e t i c a l l y under 
normal (radiation-free) conditions. The high temperature thermo
dynamic data were, however, considered i n s u f f i c i e n t l y r e l i a b l e to 
be c e r t a i n of the s i g n i f i c a n c e of some of the plant observations. 
I t i s , however, clear that electrodeposition of ̂ Co Q n load (as 
we l l as during decontamination) i s u n l i k e l y under strongly 
reducing conditions such as those which are nominally maintained 
i n PWR primary c i r c u i t s . 

The release of radioactive iodines from BWR c i r c u i t s , f i r s t 
i n to the steam phase and then i n t o the turbine h a l l , has also been 
considered thermodynamically (75) . A re-analysis of some 
experimental data of Sty r i k o v i c h et a l (97) , suggested that 
iodates were not, as had been t e n t a t i v e l y proposed, l i k e l y to be 
present. Styrikovich's p r e d i c t i o n of HIO as a p r i n c i p a l species 
under BWR conditions was confirmed, but i t was concluded that h i s 
experiments had not measured i t s steam/water p a r t i t i o n c o e f f i c i e n t . 
In view of the meagre experimental evidence, however, more work on 
th i s system i s desirable. 
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New Methods of Chemical Treatment, As described elsewhere 
(98) considerable success has been achieved i n t r e a t i n g low 
pressure b o i l e r s with polyamino-carboxylic acid type chelating 
agents. Some years ago the author suggested that weaker, but more 
thermally stable, chelating agents such as oxine (8 hydroxy 
quinoline) might f i n d a p p l i c a t i o n i n maintaining once-through 
b o i l e r s free of debris. The main doubt (98,99) was whether such 
bidentate chelating agents are strong enough (thermodynamically) 
to be of any value and early estimates of magnetite s o l u b i l i t i e s 
up to 200 C (14) were not encouraging. Apart from some recent 
work of Alexander (100) there i s s t i l l hardly any data on metal 
ion chelation above 100 C. However i t has been possible to 
estimate roughly some relevant high temperature s t a b i l i t y 
constants (12) and crudely correct them on the basis of measured 
ir o n l e v e l s dissolved from Fe304 by oxine (101). On t h i s basis 
the chances of using oxin
look good, catechol ma
usable i n an adaption of a Russian method of t r e a t i n g super
c r i t i c a l b o i l e r s (102) to s u i t s u b - c r i t i c a l once-through b o i l e r s . 

Estimation i n t h i s f i e l d i s , at the moment, i n e v i t a b l y 
grossly approximate because of the lack of high temperature data 
and the l i k e l i h o o d (discussed i n Section 2) of forming mixed 
hydroxy-chelate complexes at high temperatures. Experimental work 
i n t h i s area i s p a r t i c u l a r l y needed. 

4.Concluding Remarks 

There are many ad d i t i o n a l ways i n which thermodynamic 
arguments could, i n p r i n c i p l e , be used both for pure p r e d i c t i o n 
and for r a t i o n a l i z i n g plant findings. I t i s also necessary to 
quantify most of the rather q u a l i t a t i v e conclusions discussed i n 
Section 3. The least predictable systems involve the behaviour 
of t r a n s i t i o n metal ions at high temperatures and u n t i l a good 
deal more work i s done to disentangle t h e i r complexing and 
hydrolysis reactions i t i s u n l i k e l y that much progress can be 
made. The author very much hopes that the complexity of the 
t r a n s i t i o n metal systems w i l l not i n h i b i t work i n t h i s area. 

The loss to a user of thermodynamics i n my f i e l d would have 
been considerable i f Sweeton and Baes had been put off beginning 
or reporting t h e i r (23) Fe3Û4 s o l u b i l i t y work by the fear that on 
i t s own, i t might not y i e l d a complete answer to the understanding 
of Fe304 s o l u b i l i t y . In t h i s p a r t i c u l a r case the decision was q 

probably not d i f f i c u l t as there may be no problem below 250-300 C. 
The question which worries me i s how people are to be encouraged 
to study systems which are obviously more complex, experimentally 
d i f f i c u l t and u n l i k e l y , on t h e i r own, to y i e l d r e l i a b l e thermo
dynamic reaction free energies, (e.g. Fe304 s o l u b i l i t y at higher 
temperatures or studies on mixed complexes). 

S i m i l a r l y , i f St y r i k o v i c h et a l (97) , had worried about 
iodates and not given what the present author believes i s an 
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incorrect i n t e r p r e t a t i o n of the r e s u l t s , the data might s t i l l be 
unavailable. While a more detailed tabulation of the raw data 
would have been better, the data themselves are valuable i n 
providing the only available experimental work on the behaviour of 
iodine i n high temperature water. I t i s to be hoped that, 
in c r e a s i n g l y , Journals w i l l provide f a c i l i t i e s for authors to 
tabulate t h e i r raw data. The Journal of Chemical Thermodynamics 
i s to be congratulated on the amount of data they printed i n the 
paper of Sweeton and Baes (23). I f the formation constant of 
F e C l + and related constants can eventually be measured or 
estimated, and i f a reanalysis proves necessary, the data are a l l 
there to use. 

In view of the d i f f i c u l t i e s discussed i n Section 2 i t seems 
that many of the more important e q u i l i b r i a of relevance to power 
s t a t i o n operation w i l l not be d i r e c t l y measurable. I t i s c e r t a i n , 
therefore, that great emphasi
of estimating high temperatur
these are to be checked up to 350 C,a v a r i e t y of experimental 
techniques may w e l l prove necessary to sort out usable thermo
dynamic data from experiments which, on t h e i r own, cannot give 
them. A l t e r n a t i v e l y , i f estimation procedures can be developed 
which are s u b s t a n t i a l l y free from empirical f i t t i n g parameters, 
they may not require extensive checking. 

This review was ca r r i e d out at the Central E l e c t r i c i t y 
Research Laboratories and i s published by permission of the 
Central E l e c t r i c i t y Generating Board. 

5.Literature Cited 

1. Staehle, R.W., Corrosion, 1977, 33, 1 
2. Faster, D., Kernenergie, 1979, 22, 118 
3. Barnes, H.L., "High Temperature High Pressure Electrochemistry 

in Aqueous Solutions", N.A.C.E.-4, Houston, Texas, 1976, p.14 
4. Freier, R.K., VGB-Speisewassertagung, 1969, p.11 
5. Freier, R.K., VGB-Speisewassertagung, 1970, p.8 
6. Turner, D.J., paper presented at symposium "Industrial Uses of 

Thermochemical Data", 1979, sponsored by NPL and Chemical 
Society, University of Surrey, Oct. 

7. Liu, C. and Lindsay, W.T. Jr., J. Solution Chem., 1972, 1, 45 
8. Choi, Y-S. and Criss, CM., Faraday Disc, of Chem. Soc., 1977, 

64, 204 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



34. TURNER High-Temperature Aqueous Systems 675 

9. Turner, D.J., C.E.R.L. Note, 1976, RD/L/N 165/76 
10. Turner, D.J., C.E.R.L. Note, 1979, draft "Some Unexpected 

Reactions Between Metals and Aqueous Solutions at High 
Temperature; Part I. Gold and Platinum Dissolution" 

11. Turner, D.J., C.E.R.L. Note, 1976, RD/L/N 213/76 
12. Turner, D.J., C.E.R.L. Note, 1978, RD/L/N 11/78 
13. Passell, T.O., E.P.R.I. Jnl., 1977, 2, 42 
14. Bawden, R.J., C.E.R.L. Note, 1976, RD/L/N 72/76 
15. Franck, E.U., "High Temperature Pressure Electrochemistry in 

Aqueous Solutions"  N.A.C.E.-4  Houston  Texas  1976  p.109 
16. Marshall, W.L., ibid, p.117 
17. Lindsay, W.T. and Liu, C., ibid, p. 139 
18. Martynova, O.I., ibid, p.131 
19. Lietzke, M.H., ibid, p.317 
20. Mesmer, R.E., Sweeton, F.H., Hitch, B.F. and Baes, Jr.,C.F., 

ibid, p.365 
21. Silvester, L.F. and Pitzer, K.S., J. Phys. Chem., 1977, 81, 

1822 
22. Helgeson, H.C. and Kirkham, D.H., Amer. J. Sci., 1976, 276, 

97 
23. Sweeton, F.H. and Baes, C.F., Jr., J. Chem. Thermodynamics, 

1970, 2, 479 
24. Nikolaeva, N.M., "High Temperature High Pressure Electro

chemistry in Aqueous Solutions", N.A.CE.-4, Houston, Texas, 
1976, p.146 

25. Tremaine, P.R. and Leblanc, J.C., "The Solubility of Nickel 
Oxide and Hydrolysis of N i 2 + in Water to 573 K". In press 

26. Lüdemann, H.D. and Franck, E.U., Ber Bunsenges. physik. Chem., 
1968, 72, 514 

27. Lüdemann, H.D. and Franck, E.U., Ber Bunsenges. physik. Chem., 
1967, 71, 455 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



676 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

28. Scholz, Β., Lüdemann, H.D. and Franck, E.U., Ber. Bunsenges. 
physik. Chem., 1972, 76, 406 

29. Franck, E.U., "Phase Equilibria and Fluid Properties in the 
Chemical Industry", ed. T.S. Storvik and S.I. Sandler, A.C.S. 
Symposium, Series No. 60, Chap. 5, p.99 

30. Broadbent, D., Lewis, G.G. and Wetton, E.A.M., J. Chem. Soc. 
Dalton Trans., 1977, 464 

31. Hitch, B.F. and Mesmer, R.E., J. Soln. Chem., 1976, 5, 667 
32. Holmes, H.F., Baes, Jr., CF. and Mesmer, R.E., J. Chem. 

Thermodynamics, 1978, 10, 983 
33. Shoesmith, D.W. and Lee  W.  Can  J  Chem.  1976 54  3553 
34. Mesmer, R.E. and Herting, D.L., J. Soln. Chem., 1978, 7, 90
35. Sweeton, F.H., Mesmer, R.E. and Baes Jr., CF., J. Soin. 

Chem., 1974, 3, 191 
36. Fisher, J.R. and Barnes, H.L., J. Phys. Chem., 1972, 76, 90 
37. Sirota, A.M. and Shviriaev, Yu.V., "High Temperature High 

Pressure Electrochemistry in Aqueous Solutions", N.A.C.E.-4, 
Houston, Texas, 1976, p.169 

38. Marshall, W.L. and Franck, E.U., Paper presented at 
International Association for the Properties of Steam, Sept. 
1979, Munich, West Germany 

39. Marshall, W.L., J. Inorg. Nucl. Chem., 1975, 37, 2155 
40. Marshall, W.L. and Slusher, R., J. Inorg. Nucl. Chem., 1975, 

37, 2165 
41. Marshall, W.L. and Slusher, R., J. Inorg. Nucl. Chem., 1975, 

37, 2171 
42. Marshall, W.L. and Jones, E.V., J. Inorg. Nucl. Chem., 1974, 

36, 2313 
43. Marshall, W.L. and Jones, E.V., J. Inorg. Nucl. Chem., 1974 

36, 2319 
44. Templeton, C.C., J. Chem. Thermodynamics, 1976, 8, 99 
45. Marshall, W.L., ibid, p.100 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



34. TURNER High-Temperature Aqueous Systems 677 

46. Nikolaeva, N.M. and Tsvelodub, L.D., Zh. Neorg. Khim., 1977, 
22, 380 

47. Nikolaeva, N.M., Zh. Neorg. Khim., 1977, 22, 2447 
48. Nikolaeva, N.M. and Tsveladub, L.D., Zh. Neorg. Khim., 1975, 

20, 3033 
49. Tugarinov, I.Α., Ganeev, I.G. and Khodakovskii, I.L., 

Geokhimya, 1975, 9, 1345 
50. Cobble, J.W. and Murray, Jr., R.C., Faraday Disc, of Chem. 

Soc., 1977, 64, 144 
51. Bawden, R.J. and Turner, D.J., unpublished results 
52. Chou, I.-M. and Eugster
53. Frantz, J.D. and Eugster, H.P., Amer. J. Sci., 1973, 273, 268 
54. Latimer, W.L., "Oxidation Potentials", Prentice Hall Inc., 

New Jersey, 1952 
55. Swaddle, T.W., Lipton, J.H., Guastalla,G. and Bayliss, P., 

Can. J. Chem., 1971, 49, 2433 
56. Kong, P-C., Swaddle, T.W. and Bayliss, P., Can. J. Chem., 

1971, 49, 2442 
57. Gainsford, A.R., Sisley, M.J., Swaddle, T.W. and Bayliss, P., 

Can. J. Chem., 1975, 53, 12 
58. Henderson, M.P., Miasek, V.I. and Swaddle, T.W., Can. J. 

Chem., 1971, 49, 317 
59. Newton, A.M. and Swaddle, T.W., Can. J. Chem., 1974, 2751 
60. Fabes, L. and Swaddle, T.W., Can. J. Chem., 1975, 53, 3053 
61. Turner, D.J., C.E.R.L. Note, 1979, draft "Some Unexpected 

Reactions Between Metals and Aqueous Solutions at High 
Temperature. Part II. Steam Volatilization of Components 
from Stainless Steel" 

62. Criss, C.M. and Cobble, J.W., J. Amer. Chem. Soc., 1964, 86, 
5385 

63. Lewis, D., Arkiv. Kemi., 1971, 32, 385 
64. Lewis, D., Aktieb. Atomenergi Report, 1971, AE-436 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



678 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 

65. Macdonald, D.D., Shierman, G.R. and Butler, P., Atomic Energy 
of Canada Ltd. Reports, 1972, AECL-4136, 4137, 4138, 4139 

66. Macdonald, D.D. and Rummery, T.E., Atomic Energy of Canada 
Ltd. Report, 1973, AECL-4140 

67. Criss, CM. and Cobble, J.W., J. Amer. Chem. Soc., 1964, 86, 
5390 

68. Cobble, J.W., J. Amer. Chem. Soc., 1964, 86, 5394 
69. Pohl, H.A., J. Chem. and Eng. Data, 1962, 7, 295 
70. Harned, H.S. and Embree, N.D., J. Amer. Chem. Soc., 1934, 56, 

1050 
71. Khodakovskii, I.L.

Geokhimiya, 1965, 827 
72. Harned, H.S. and Robinson, R.A., Trans. Faraday Soc., 1940, 

36, 973 
73. Tremaine, P.R., Von Massow, R. and Shierman, G.R., 

Thermochimica Acta., 1977, 19, 287 
74. Helgeson, H.C, J. Phys. Chem., 1967, 71, 3121 
75. Turner, D.J., "Water Chemistry of Nuclear Reactor Systems", 

British Nuclear Energy Society, London, 1978, p.489 
76. Turner, D.J., C.E.R.L. Note, 1969, RD/L/N 25/69 
77. Bawden, R.J., C.E.R.L. Note, 1977, RD/L/N 85/77 
78. Turner, D.J., Faraday Disc, of Chem. Soc., 1977, 64, 231 
79. Tremaine, P.R. and Goldman, S., J. Phys. Chem., 1978, 82, 

2317 
80. Turner, D.J., "High Temperature High Pressure Electro

chemistry in Aqueous Solutions", N.A.C.E.-4, Houston, Texas, 
1976, p.188 

81. Bawden, R.J., C.E.R.L. Note, 1973, RD/L/N 20/73 
82. Bawden, R.J., C.E.R.L. Note, 1977, RD/L/N 87/77 
83. Bawden, R.J., C.E.R.L. Note, 1979, RD/L/N 100/79 
84. Hearn, B. and D. de G. Jones, C.E.R.L. Report, 1971, 

RD/L/R 1699 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



34. TURNER High-Temperature Aqueous Systems 679 
85. Bawden, R.J. and Turner, D.J., C.E.R.L. Note, 1973, 

RD/L/N 213/73 
86. Turner, D.J., C.E.R.L. Note, 1971, RD/L/N 269/71 
87. Turner, D.J., C.E.R.L. Note, 1974, RD/L/N 238/74 
88. Bussert, B.W., Curran, R.M. and Gould, G.C., Trans. ASME, 

1978, Paper No. 78-JPGC-Pwr-9 
89. Turner, D.J., C.E.R.L. Note, 1974, RD/L/N 204/74 
90. Newman, J.F., C.E.R.L. Note, 1974, RD/L/N 215/74 
91. Lewis, D., Chem. Scripta, 1974, 6, 49 
92. Lewis, D., Aktieb
93. Bignold, G.J., Garnsey, R. and Mann, G.M.W., Corros. Sci., 

1972, 12, 1325 
94. Turner, D.J., C.E.R.L. Note, 1979, draft "Thermodynamics and 

the Nature of Oxides Formed on Iron-Chromium Alloys" 
95. Tomlinson, Μ., "High Temperature High Pressure Electro

chemistry in Aqueous Solutions", N.A.C.E.-4, Houston, Texas, 
1976, p.221 

96. Montford, B. and Rummery, T.E., Atomic Energy of Canada Ltd. 
Report, 1975, AECL-4444 

97. Styrikovich, M.A., Martynova, O.I., Katkovskaya, K.Ya., 
Dubrovskii, I.Ya. and Smirnova, I.N., Atom Energya, 1964, 

45 (transi, p.735) 
98. Turner, D.J., J. Appl. Chem., 1972, 22, 983 
99. Turner, D.J., "High Temperature High Pressure Electro

chemistry in Aqueous Solutions", N.A.C.E.-4, Houston, Texas, 
1976, p.256 

100. Alexander, R.D., "Dissociation Constants in Water at High 
Temperatures: 1, 10-Phemanthroline, Related Bases and their 
Complexes with Iron (II)", Ph.D. Thesis, University of 
Surrey, 1976 

101. Osborne, O., Wilson, J.S., Fried Jr., A.R. and 
Pryor Jr. W.M., Dow Chemical Co. Report, 1973, Final Report 
on ASME Contract C-9-2-D 

102. Margulova, T.Kh., Yalova, R.Ya., Bulovko, A.Yu. and 
Krol' , A.Ya., Thermal Eng., 1972, 19, 114 

RECEIVED January 31, 1980. 
In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



35 

The Computation of Pourbaix Diagrams 

T. I. BARRY 
Chemical Standards Division, National Physical Laboratory, 
Teddington, Middlesex, TW11 OLW, UK 

Pourbaix diagrams illustrat
tion or precipitate species of a component or components as a 
function of pH and oxidation potential (1). They are particu
larly useful for defining the conditions for selective precipita
tion or solution in hydrometallurgical extraction (2) and for 
passivation of metals. However, they are tedious to produce 
manually, especially when a number of components are present. 
The purpose of this paper is to demonstrate the principles of 
automatic computation for simple and complex systems and to illus
trate these by reference to the copper and sulphur systems both 
separately and combined. The same methods are applied to the 
delineation of the conditions under which various chloride com
plexes of copper will predominate as a function of chloride 
activity rather than pH. 
Principles 
Figure 1 shows a Pourbaix diagram for sulphur compounds in water. 
The point of the diagram is to indicate which compound of sulphur 
has the highest activity at combinations of pH and oxidation 
potential. It shows for example that in oxidising, alkaline 
solutions the sulphate ion dominates, whereas in reducing, acid 
solutions aqueous hydrogen sulphide is the major sulphur compound. 
In acid conditions of intermediate oxidation potential a wedge-
shaped region is found which defines the circumstances under which 
precipitation of sulphur can occur. 

An odd feature of the diagrams, as described here, is that 
unless the solution compounds have equal and constant activity 
coefficients, the concentrations of these compounds in their 
respective zones are not equal and could in principle be very 
different. To remove this anomaly the activity coefficients 
could readily be incorporated provided they were independent of 
pH and pE, the variables of the system. 

O-8412-0569-8/80/47-133-681$05.00/O 
Published 1980 American Chemical Society 
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Figure 1. A pH-pE diagram for the S-H20-H+-e system at 298.15 K. The 
activities of the predominant sulphur compounds in solution are 10'1. 
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The diagrams calcul a t e d by the methods described d i f f e r to 
some extent from many ava i l a b l e i n the l i t e r a t u r e i n that they 
omit the predominant solution compound i n areas where a condensed 
compound also forms. This greatly s i m p l i f i e s the diagrams with
out impairing t h e i r usefulness f o r most purposes. 

The system defined by figure 1 has four components, 
S - H2O - H + - e. I t i s important to note that these f a l l i n t o 
two classes. Sulphur w i l l be c l a s s i f i e d as a type 1 component 
to s i g n i f y that we are interested i n what compounds i t forms. 
Condensed type 1 compounds, have an a c t i v i t y of 1 i f present and > 
1 i f absent. The a c t i v i t i e s of the predominant type 1 compounds 
i n s o l u t i o n can be f i x e d at any desired value. In figure 1 they 
are set at 1 C T 1 . Thus the sulphate ion has an a c t i v i t y of 1 0 " 1 

i n i t s area and HS~ has an a c t i v i t y of 1 C T 1 i n i t s area. On the 
l i n e between these areas HS and the sulphate ion coexist with 
equal a c t i v i t i e s and th
these two compounds ca
for the equilibrium 

so£~ = HS + kK20 - 9H - Be. 

The remainder of the components are of type 2 . Their 
a c t i v i t i e s are eit h e r f i x e d , as fo r H 2 0 , or they form the inde
pendent variables of the system, H + and e. The a c t i v i t i e s of H 
and the notional a c t i v i t y of the electron are expressed i n loga
rithmic form as pH and pE where pE i s re l a t e d to the oxidation 
p o t e n t i a l , E h, by the r e l a t i o n 

There are 6 sulphur compounds to be considered and therefore 
15 possible coexistence l i n e s of which only 9 represent stable 
e q u i l i b r i a . Moreover, even these 9 l i n e s are v a l i d ( i . e . corres
pond to stable coexistence) along only part of t h e i r possible 
extents. The problem then i s to determine the equations f o r the 
l i n e s and the range over which they are v a l i d , and to provide a 
method f o r p l o t t i n g them. 

Methods for a simple case 

The p r i n c i p l e s of the method become much clear e r i f applied 
to a p a r t i c u l a r rather than the general case. 
1 The f i r s t step i s to l i s t the compounds of the type 1 compon
ent together with t h e i r Gibbs energies of formation at the chosen 
temperature, or the function [ΔΗ°(f, 298) + G°(T) - H ° (298)] which 
i s much easier to cal c u l a t e i n a data-bank. The two functions 
must not be used for d i f f e r e n t substances i n the same c a l c u l a t i o n . 

The data used i n t h i s paper are taken from the monograph by 
Duby {3) on aqueous systems of copper. 

RT In 10 

F pE 
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Table I 
Compound A f G ° ( 2 9 8 ) 

No. Formula /kJ mole" 1 

1 S 0 

2 HS0 4~ - 7 5 6 . 0 1 

3 s < \ 2 - -lkk.63 
k H 2S(aq) - 2 7 . 8 7 

5 HS~ 1 2 . 0 5 
6 s 2 - 8 5 . 7 7 

This i s not a complete l i s t of type 1 compounds i n the system but 
i t i s s u f f i c i e n t to demonstrat  th  p r i n c i p l e s  I  t h i  t a b l e
the formulae of the compound
as the Gibbs energies, , , y
generate the stoichiometry numbers i n the equations f or reactions. 
2 The next stage i s to choose a reference compound of the type 1 
component. Unless i t i s very f a r from stable i n the system, i t i s 
advantageous to choose the element, rhombic sulphur i n t h i s case. 
3 Equations are then w r i t t e n f o r the conversion of one mole of 
the reference compound to a l l other compounds of the type 1 com
ponent using the type 2 components to balance the equations. 

1 , 2 s = HS0 4- - U H 2 O + 7H + + 6e 

1 ,3 s = S0i+- - U H 2 O + 8H + + 6 e 

1,^ s = H 2 S(aq) - 2 H + - 2e 
1,5 s = H S - - H + - 2e 
1,6 s = S 2 " - 2e 

The numbers to the l e f t of the equation i d e n t i f y the compounds of 
sulphur p a r t i c i p a t i n g i n each equation. Note that any other 
equation can be generated by subtraction of pairs of these equa
t i o n s . Thus equation 3 , 5 i s generated by subtracting equation 
1 ,3 from equation 1 , 5 . The order i s important. 

3 , 5 S0£~ = HS" + 1*H20 - 9H + - 8e 

h The standard Gibbs energy changes f o r the reactions of the 
reference compound are then calculated. They are l i s t e d i n 
column 2 of table 2 . 

Non-standard Gibbs energy changes can be calcula t e d from the 
following equation. 

m+1 
AG = AG° + RT Τ ν In a 2 

g=1 S S 
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where g defines the p o s i t i o n of the compounds i n the equation and 
m i s the number of components. For the system S - H2O - H + - e, 
there are h components and, therefore, 5 compounds i n each equa
t i o n . The stoichiometry number fo r compound g i n the equation i s 
given the symbol v g , which may be zero. The stoichiometry number 
for the reference compound i s always - 1 , as i t always l i e s on the 
l e f t of the equation and i s always assigned 1 mole. 

For a given diagram the a c t i v i t y of the sulphur s o l u t i o n 
species can be set to any desired value. The a c t i v i t y of elemen
t a l sulphur and water are both unity. The logarithms of the 
a c t i v i t i e s of the hydrogen ion and the electron are for convenience 
assigned the symbols X and Y respectively. Thus X = -pH and 
Y = -pE. For the p a r t i c u l a r case of reaction 1,3 the following 
equation i s obtained for AG/RfT where Rf = R l n 10 

- U = ("

where a 2 i s the predetermined a c t i v i t y of the sulphur compounds i n 
solution. Log a^ = 0 and i s therefore omitted. 

In the general case i t i s convenient to assign the symbol ψ 
to the bracketed term where 

Φ = " R^T " I V g l 0 g a g k 

and where the summation now omits the variables of the diagram to 
be calculated. 

When i t i s remembered that - AG /RfT = lo g Κ i t can be seen 
that φ has the nature of l o g Κ adjusted f o r the a c t i v i t i e s of the 
fi x e d components. 

Equation 2 can now be rewritten 

χ = ψ - αΧ - 3Y 5 

where α and 3 are stoichiometry c o e f f i c i e n t s f o r the independently 
variable components and where 

χ = - AG/RTT 6 

At equilibrium χ = 0 and l i n e s of coexistence between the compounds 
of the type 1 component have the algebraic form 

ψ - αΧ - 3Y = 0 (equilibrium condition) 7 

Stage k i s completed by making a table of values of φ, α and 3 
f o r the chemical equations 1,2 to 1,6. I f the maximum a c t i v i t y of 
the s o l u t i o n compounds of sulphur i s set at 1 0 _ 1 , the following 
table i s obtained: 
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Table I I 
Parameters f o r the S-H20 system 

•Equation 
Number AG°/kJ mole" 1 l o g Κ Ψ α 3 

1.2 192.TOT -33.T63 -32.T63 Τ 6 
1,3 20U.08T -35.T5T -3U.T5T 8 6 
1,U -2T.8T 1+.882 5.882 -2 -2 
1,5 12.050 -2.111 -1.111 -1 -2 
1,6 85.TT2 -15.027 -1U.027 0 -2 

The l a s t three columns of table 2 form the basic set of input data 
for further c a l c u l a t i o n . Values of φ, α and 3 for any other 
reaction can r e a d i l y b

Ψ(ϊό) = Ψ(1j) - Ψ(1i) g 

cx(ij) = a( 1 j ) - a( 1i) etc 

Thus only the data for reactions of the reference compound need to 
occupy space i n the computer core. 
5 Key features of Pourbaix diagrams are the points of i n t e r 
section between the coexistence l i n e s . In a simple diagram, three 
compounds of a dependent component can coexist at these points. 
Thus, i f compounds i , j and k coexist at a point, 3 coexistence 
l i n e s must radiate from the point, i j , j k and i k . The coordi
nates of p o t e n t i a l t r i p l e i n t e r s e c t i o n points can be determined by 
simultaneous s o l u t i o n of pairs of equations. For example the 
coordinates of the equilibrium point between sulphur, SO 2" and 
HS~ are determined by s o l u t i o n of the equations 

1,3 -3U.T5T - 8X - 6Y =0 
1,5 -1.111 + X + 2Y =0 

X(1,3,5) = -7.618 , pH = 7.618 
Y(1,3,5) = .̂ 361*5, pE = 36U5 

6 The next step i s to determine whether the calcul a t e d points 
are v a l i d or not. The simplest t e s t i s to determine which 
reactions f o r formation of the sulphur compounds have the highest 
values of χ , i . e . the lowest (most negative) AG. I f a p o t e n t i a l 
i n t e r s e c t i o n point, X ( i j k ) , Y ( i j k ) i s v a l i d then the values of 
x ( l , i ) , x ( l , j ) and χ(1,k) should f u l f i l three c r i t e r i a . They 
should be higher than any other value of x ( l , g K greater than or 
equal to zero and equal to each other except f o r rounding o f f 
errors. 
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Referring to table 2 i t i s found that f o r X = -7.618, Y = k.36k5 

X(1,2) = -5.62U 
X(1.3) = 0 
X(1,U) = -O.625 
x(i ,5) = 0 
X(1,6) = -5.298 

Note that χ(1,1X need not be calculated as i t i s always zero. 
The r e s u l t s show the t r i p l e i n t e r s e c t i o n i s v a l i d because X(1,1), 
χ(ΐ,3) and χ(ΐ,5) are higher than the remaining values of χ. 
Thus coexistence l i n e s 1,3, 1,5 and 3,5 do indeed radiate from 
pH = 7.618, pE = —36U5. V a l i d i n t e r s e c t i o n points are stored 
together with values o
7 For the purpose o
l i n e s f a l l i n t o a number of classes. 

a they are nowhere v a l i d (other compounds are always more 
stable). 

b They are v a l i d only outside the boundaries of the diagram. 
c They make two v a l i d intersections with the diagram 

boundaries but make no intersect i o n s w i t h i n i t . 
d They make one v a l i d i n t e r s e c t i o n with the diagram 

boundary and one v a l i d i n t e r s e c t i o n within the diagram. 
e They make two v a l i d intersections w i t h i n the diagram. 

Intersections with the diagram boundary must therefore be c a l c u l a 
ted for each p o t e n t i a l l i n e and tested f o r v a l i d i t y i n an 
analogous way to the t r i p l e i n t e r s e c t i o n s . Once two v a l i d i n t e r 
sections of either kind have been found f o r a l i n e i t need not be 
reconsidered. 

For s i m p l i c i t y intersections between pairs of l i n e s i j and j k 
can be taken i n numerical order, evaluating x ( i j k ) and Y ( i j k ) with 
i < j < k and k < n, where η i s the number of compounds. The 
maximum number of i n t e r s e c t i o n points that need to be examined i s 
(3), i . e . n(n-l)(n-2)/6. For ho compounds i t i s 9880. This i s 
not a very large number for a computer to handle because the 
actual c a l c u l a t i o n s are very t r i v i a l . Nevertheless, methods are 
avail a b l e for improving the programme e f f i c i e n c y as b r i e f l y 
described under program comparisons. 

I t should e x p l i c i t l y be stated at t h i s point that i t i s not 
possible, except by accidental coincidence, f o r an i n t e r s e c t i o n 
between two l i n e s i , j and k , l to be v a l i d i f e i t h e r i or j i s not 
equal to eith e r k or 1. Thus such interse c t i o n s need never be 
considered. 

The coordinates of the two v a l i d i n t e r s e c t i o n points f o r each 
r e a l l i n e can be stored i n an array. When a l l i n t e r s e c t i o n s have 
been calc u l a t e d , t h i s array constitutes the output f i l e to the 
p l o t t e r , which should be programmed to draw stra i g h t l i n e s between 
the coordinate pairs corresponding to a given l i n e . I t i s u s e f u l 
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to note that the l i n e s themselves do not need to be i d e n t i f i e d i n 
the output to the p l o t t e r . A l l that i s necessary i s to have a 
method for l a b e l l i n g the areas they enclose. 

The following method can be used to l a b e l the areas i n which 
the compounds predominate. The X and Y coordinates respectively 
are summed fo r the corners of the areas occupied on the diagram by 
each compound i n t u r n , i n c l u d i n g the diagram corners i f the com
pound i s stable there. The average values of X and Y are used to 
centre the l a b e l . A f l a g can be assigned to any compound that i s 
nowhere predominant, so that i t s l a b e l can be omitted from the 
diagram. 

The methods described above were used to produce figu r e 1 f o r 
the S - H 20 system and figure 2 for the Cu - H 20 system. In common 
with p r a c t i c a l experience, figure 2 shows there i s no combination 
of pH and oxidation p o t e n t i a l for which the cuprous ion i s the 
dominant compound of copper

Methods f o r more complex diagrams 

Up to t h i s point the paper has been concerned only with 
simple diagrams f o r which there i s only one type 1 component. I f 
more than one type 1 component i s present each area of the diagram 
corresponds i n general to as many compounds as there are type 1 
components. Moreover, i f the type 1 components form compounds 
between each other, i n t h i s case Cu 2S and CuS, i t i s necessary to 
f i x from the s t a r t the proportions of the type 1 components. 
L o g i c a l l y , the proportions should correspond with the values set 
for the s o l u t i o n concentrations. Thus, i f the concentration of 
sulphur i n s o l u t i o n greatly exceeds that of copper, each area w i l l 
correspond to one copper compound, which may also be a compound of 
sulphur, and one sulphur compound which i s not also a compound of 
copper. 

I d e a l l y a computer system for c a l c u l a t i o n of Pourbaix d i a 
grams would comprise a database f o r a wide range of compounds 
coupled to a computer program that would undertake the following 
tasks. 
1 Upon input of the system expressed as components the com
puter would r e t r i e v e data f o r compounds of the type 1 components 
with each other and with the type 2 components. Data are given 
i n table h. 

I f variables other than pH and pE are to be used as coordi
nates of the diagram, they must be s p e c i f i e d , together with any 
other type 2 components, so that data can be retrieved. 
2 The type 1 compounds would be sorted i n t o l i s t s . For 
example, i f the proportion of sulphur s u b s t a n t i a l l y exceeded that 
of copper, the l i s t s would comprise 
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Figure 2. A pH-pE diagram for the Cu-H20-H+-e system at 298.15 K. The 
activities of the predominant copper compounds in solution are 10~6. 
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Copper Compounds Sulphur Compound! 
1 Cu 6 C u 0 2H~ 1 S 
2 Cu + 7 C u 0 2

2 " 2 HSO^ 
3 C u 2 + 

8 Cu2S 3 SO^ 2 -

h Cu 2 0 9 CuS k H2S 
5 CuO 5 

6 
HS" 

2_ 

S 

I f , on the other hand the diagram were required for the case where 
the proportion of copper exceeded that of sulphur, Cu2S and CuS 
would occur i n the sulphur rather than the copper l i s t . 
3 Equations would be wr i t t e n i n matrix form f o r formation of 
a l l possible combination  1
time from each l i s t , usin
i n proportions adequate to ensure that the dominant type 1 compo
nent i s always present independently. In the chosen example 
sulphur i s the dominant component and an S:Cu r a t i o of 2:1 i s 
adequate for t h i s purpose. Equations can r e a d i l y be calculated 
by matrix algebra for a l l possible reactions of the reference 
compounds. Eg 

(CuS + S) = 0 . 5 C u 2 S + 1.5S01+ 2"" - βΗ 2 0 + 12H + + 9 e 

(CuS + S) = 0 . 5 C u 2 S + 1 . 5 H S " - 1.5H+ - 3 e 

Note that (CuS + S) i s used as the reference state rather than 
(Cu + 2S) because i t i s the combination of lower Gibbs energy. 
The combination (CuS + S) i s treated as a sing l e compound i n the 
programs used at NPL with a stoichiometry number of -1 as i t i s on 
the l e f t of the equation. 

The computer would store the stoichiometry numbers i n an 
array. Because the number of combinations may i n some cases be 
la r g e , i t may be desirable to eliminate incompatible combinations 
such as H 2S(aq) + C u 0 2

2 ~ e i t h e r manually or automatically on the 
basis of previously calculated diagrams for the i n d i v i d u a l 
systems. 
k For each equation values of ψ, α and 3 calculated. I f the 
same values of α and 3 are found f o r more than one equation, only 
the equation corresponding to the highest value of φ i s selected 
for reasons given i n the following section. 
5 The i n t e r s e c t i o n points between coexistence l i n e s and of 
coexistence l i n e s with the boundaries of the diagram are c a l c u l a 
ted i n the same way as already described for simple diagrams. 
However, i n systems of more than one type 1 component quadruple_ 
int e r s e c t i o n s can occur at which f o r example HSO^ , SO^2 , Cu 2 

and Cu2S coexist. In such a case four values of χ w i l l be found 
to be equal at the i n t e r s e c t i o n point showing that i t i s the 
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i n t e r s e c t i o n point of four l i n e s . 
The resultant diagram i s shown i n figure 3. The correspon

dence with fig u r e 1 can r e a d i l y be seen but the s t a b i l i t y of the 
copper sulphides r e s u l t s i n great differences from figure 2. The 
sharp changes i n d i r e c t i o n of the boundaries of the regions where 
the sulphides of copper predominate show how marked are the 
ef f e c t s of change of i o n i c state of the sulphur. The sulphides 
are stable only at intermediate oxidation p o t e n t i a l s . 

I f copper rather than sulphur had been made the dominant 
type 1 component the Cu - H 20 diagram would form part of the d i a 
gram and i t would be ove r l a i n by a region i n which Cu2S was also 
present. Neither CuS nor S would appear on the diagram. 

Variations of Pourbaix diagrams 

The chief l i m i t a t i o
only the dominant compoun
show the presence of other compounds, which may be of comparable 
concentration nor the fact that the a c t i v i t i e s of s o l u t i o n species 
are continuous functions. 

A p a r t i c u l a r problem i s found f o r systems i n which a complex
ing agent such as CI or NH3 i s present. In such cases a number 
of d i f f e r e n t complexes may be found for the same valence state of 
the cation. Because the valence state i s constant these must be 
represented on a Pourbaix diagram only by the dominant complex. 
Even excluding p a r t l y hydrolysed complexes (by s e l e c t i n g a c i d + 

conditions), there are at l e a s t 11 i o n i c forms of Cu and Cu 2 

Cu C u C l 3
z CuCl 2 aqueous 

CuCl s o l i d C u 2 + CuCl 3~ 
CuCl aqueous CuCl CuCl^ 2" 
CuCl 2~ CuCl 2 s o l i d 

I t would be possible to consider chloride as a type 1 compo
nent i n t h i s system so that the diagram could reveal areas i n 
which C l 2 ( g a s ) , C l , CIO3 and ClO^ predominated. However, to 
do so here would obscure the question of how to deal with the 
various chloride complexes of cuprous and cupric ions, which i s 
the p r i n c i p l e concern of t h i s section. 

The equations for the formation of a l l chloride complexes of 
Cu 2 d i f f e r only i n the number of C l ~ ions necessary to balance 
the equations. The stoichiometry numbers, α for Η and 3 f o r the 
electron are a l l zero and two r e s p e c t i v e l y , as shown i n table 3. 
A method f o r s e l e c t i n g the dominant complex must be included i n 
the program i f the program i s not to f a i l by d i v i s i o n by zero. 
The method i s simply to choose the equation for which ψ i s highest. 

In table 3 data for the cupric complexes are presented. φ 
(0) has been evaluated f o r a chloride a c t i v i t y of 10° and a copper 
ion a c t i v i t y of 10" 6,and ψ(-ΐ) for the case where the chloride 
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ogC105aCCuCaq)D = -6 

logC10DaCSCaq)D = -1 

Figure 3. A pH-pE diagram for the Cu-S-HzO-H-e system at 298.15 Κ where 
the sulfur is present in excess of copper. The activities of the predominant sulfur 

and copper solution species are 101 and 10~6, respectively. 
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a c t i v i t y has been changed to 10 . 

Table I I I 
Parameters f o r chloride complexes of the cupric ion 
Equation l o g 1 0 K Φ(ο) Ψ(-0 α 3 α' 

Cu = C u 2 + + 2e -11.51 -5.51 -5.51 0 2 0 
Cu = CuCl + - C l ~ + 2e -11.05 -5.05 -6.05 0 2 -1 
Cu = CuCl 2(c) - 2C1~ + 2e -15.57 -15.57 -17.57 0 2 -2 
Cu = CuCl 2(aq)- 2C1~ + 2e -11.32 -5.32 -7.32 0 2 -2 
Cu = CuCl 3"" - 3Cl" + 2e -13.72 -7.72 -10.72 0 2 -3 
Cu = CuCl^ 2" - h c i ~ + 2e -16.05 -10.05 -1U.05 0 2 -U 

The highest value
for the formation of CuCl , i n d i c a t i n g that t h i s compound w i l l 
dominate a l l other cupric species under these conditions. How
ever, at a chloride a c t i v i t y of 10"1, only ten times lower, the 
uncomplexed i o n , Cu 2 , becomes dominant. 

Figure k shows a Pourbaix diagram f o r t h i s case. Even at 
t h i s r e l a t i v e l y low a c t i v i t y the presence of chloride has a pro
found e f f e c t by increasing the s t a b i l i t y of cuprous by complex 
formation, c f figu r e 2. However, the e f f e c t of changing the 
chloride a c t i v i t y cannot r e a d i l y be predicted from figu r e k alone. 
I t would be possible to draw fa m i l i e s of diagrams on the same 
p l o t , each i n d i v i d u a l diagram corresponding to a p a r t i c u l a r 
chloride a c t i v i t y , but diagrams of t h i s kind are very confusing, 
p a r t i c u l a r l y as i n the present case, when the dominant species i n 
c e r t a i n zones would change from one i n d i v i d u a l diagram to another. 
An advantage to the user of a computer-based system of diagram 
c a l c u l a t i o n from a databank i s that diagrams need be produced 
only f o r systems and conditions of d i r e c t relevance. There i s no 
need to pack the diagrams with confusing information. 

Fortunately a simple s o l u t i o n i s a v a i l a b l e to the problem of 
representing a l l the chloride complexes. The algebra of Pourbaix 
diagrams remains unchanged i f l o g a(Cl ) replaces pH as_one_ of the 
variables. Figure 5 shows a diagram f o r the Cu-H20-Cl -H -e 
system under conditions of low pH and low solute a c t i v i t y ^ where 
the only stable compounds of copper are copper i t s e l f , Cu , C u 2 + 

or t h e i r complexes with CI . The new stoichiometry c o e f f i c i e n t s 
are l i s t e d under a' i n table 3. CuCl 2(c) i s eliminated because 
i t has a lower value of ψ than CuCl 2(aq) but the same a' and 3. 

Figure 5 shows that at very high chloride a c t i v i t i e s the 
cuprous complex, CuCl3 2~, becomes very dominant, being oxidised to 
cupric complexes only above pE = 10. This information i s of 
value because methods of s t a b i l i s i n g p a r t i c u l a r valence states 
such as Cu o f f e r means of separating metals that would be 
d i f f i c u l t to separate i n t h e i r normal valence states. 
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Figure 4. A pH-pE diagram for the Cu-Cl-H20-H-e system at 298.15 K. The 
activity of Cl~ is 101; the activities of the predominant copper solution species are 
10~6. The diagram can represent only the most stable chloride complexes of cuprous 

and cupric and not the proportions of the various complexes. 
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Table IV 
Data used i n t h i s paper are taken almost ex c l u s i v e l y from the 

review by Duby(3) i n order that diagrams should be consistent with 
his . AG° for CuCl(aq) was estimated from data given by Smith 
and M a r t e l l ( 6 ) . 

Compound AfG°(298K)/kJ mole" 1 Compound Δ G°(29δΚ)/kJ mole" 1 

H + 0 CuO -127.90 
e 0 HCu02~ -258.57 

H20 -237.18 Cu0 2
2" -183.68 

S 0 Cu2S -Ql.hk 

HS01+" -756.01 CuS -53.1U 
SOL,2" -Ikk.63 CuCl(c) -119.66 
H2S -27.87 CuCl(a) -96.65 
HS~ 12.05 CuCl 2~ -2k0.16 
S 2" 85.77 C u C l 3

2 ~ -376.56 
C l ~ -131.26 CuCl + -68.20 
Cu 0 CuCl 2(c) -173.6h 
Cu + 50.63 CuCl 2(a) -179.90 
Cu 2 + 65.69 CuCl3" -315.U7 
Cu20 -1U7.90 CuCl^ 2" -U33.U6 
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COPLOT: Cu - CIC-O - H20 - HC-O 298K 

1 =Cu 
2=CuC-0 
3=CuCICaq) 

7=CuCI CO 
8=CuCI2Caq) 
9=CuCI3C-0 
10=CuCI4C2-) 

-1 0 
logC10)aCCI-) 

pH < 5 

logC10)aCCuCaq): < -5 

Figure 5. A predominance area diagram for the Cu-Cl~1-H20-H*-e system at 
298.15 Κ analogous to a pH-pE diagram but in which log(10)a(Cl~) replaces pH 
as a variable. The pH is less than 5. The activity of the predominant copper 

solution species are 10~6. 
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Even t h i s diagram does not give a cl e a r impression of the 
r e l a t i v e proportions of the various copper compounds present i n 
solution. However, provided no polynuclear species are present, 
i t i s a r e l a t i v e l y simple matter to use the values of χ to evalu
ate these proportions and to plo t them as a function of a single 
variable. Figure 6 shows a diagram of t h i s kind using the same 
data as figure 5 calculated for pE = 10 and varia b l e chloride 
a c t i v i t y under the assumption that a l l compounds have the same 
a c t i v i t y c o e f f i c i e n t . I t would not be d i f f i c u l t to allow f o r 
d i f f e r e n t values of a c t i v i t y c o e f f i c i e n t s i f these were known. 

Program comparisons 

The actual program used at NPL was wri t t e n by N.P. Barry on 
the basis of the methods described previously. I t i s w r i t t e n 
i n FORTRAN and has bee  370  1100 
computers operated by compute
employed. The reason why the graphs have double boundaries i s 
that the c a l c u l a t i o n can be performed f o r boundaries of any convex 
polygon of up to 30 sides. This permits c a l c u l a t i o n s to be 
r e s t r i c t e d to the s t a b i l i t y range of p a r t i c u l a r components, f o r 
example, that of water or chloride. 

Because the program i s not coupled to a data base, the input 
at present comprises values of ψ, α and 3 f o r reactions of the 
reference compound(s). The output comprises the number of l i n e s 
i n the diagram including those of the boundaries, the coordinates 
of the ends of each l i n e , the number of compounds and the coordi
nates of the l a b e l for each compound i n number order. Compounds 
that are not present are assigned the coordinates 0,0. 

The p l o t t i n g program i s w r i t t e n on a Tektronix U051 graphics 
micro-computer which i s coupled to a U662 p l o t t e r . 

A much simpler method of producing Pourbaix diagrams i s to 
divide the coordinate system up in t o as many points as can con
veniently be p l o t t e d by a p r i n t e r . At each point the function χ 
i s then evaluated f o r each equation 1,i and the value of i 
determined that gives the highest value of χ. A symbol corres
ponding to i can then be printed. The method has the v i r t u e s 
that t h i s simple procedure completes the operation and a p l o t t e r 
i s not required. This i s the basis of the method described by 
Duby.(3) I t s disadvantages are that i t i s rather slow, i t has a 
poor r e s o l u t i o n and the r e s u l t i s not v i s u a l l y s a t i s f y i n g . 

A number of other methods have been described as reviewed by 
Linkson, P h i l l i p s and Rowles.(U) Some of these use the point by 
point method b r i e f l y described above and others, using a convex-
polygon method, search f o r the boundaries of one predominance 
region at a time. An advantage of t h i s approach i s that the 
number of intersec t i o n s that need to be considered can be reduced 
s u b s t a n t i a l l y as follows. The boundaries of any convex polygon 
necessarily l i e i n a sequence of progressively changing slope. 
Thus t e s t i n g f o r i n t e r s e c t i o n s with l i n e s i n order of t h e i r slope 
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- CuC2-o\ 

-

V /CuCI2Caq)\ /CuCI3C2-\ 

- \ / \ / \ CuCi4a - y 

- CuCi o y 

ι ι ι — r — 1 1 •— ι ^ * * - ι —+- > < ~ 1 1 
-3 -2 -1 0 1 2 

pE = 10 logC10}aCCI-O 

Figure 6. A diagram showing the proportions of various chloride complexes of 
copper calculated as a function of chloride activity for pH < 5, pE = 10, and 
copper ion activities less than about 10~6. Note that the cuprous complex CuCls

2' is 
dominant at very high chloride activities. The calculation is based on a number of 
assumptions (see text) that are unlikely to be entirely valid: chloride activities much 

greater than 100 cannot be achieved readily. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



35. BARRY Computation of Pourbaix Diagrams 699 

greatly improves the rate of finding valid intersections. 
Perhaps the most significant development is that of Turnbull(5) 
who has linked a computational program to a database. Moreover, 
up to 5 type 1 compounds can be considered. 

In considering the value of different approaches to automatic 
drawing of Pourbaix diagrams the efficiency of the computer pro
gram is only one factor. The simplicity and adequacy of input 
and output operations are equally or more important. The value 
of a coupled database is high because it greatly reduces input 
time and the probability of error. It should not be necessary to 
call for compounds by formula name for data retrieval since it is 
clearly possible to call for all the compounds in a given system 
and to have a means of deleting or adding compounds. This is the 
method used in the operation of the Gibbs energy minimisation 
calculations on condensed and gaseous substances using the NPL 
system MTDATA. 
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I. Introduction. 
Historically, ther

provide a firm thermodynamic base for the development of processes 
involving metal extraction and refining. There can be no argument 
that equilibrium principles can and have been applied to advantage 
in aqueous processing. Certain inherent characteristics in the 
thermodynamic approach have prevented its use as extensively as it 
might be used in certain areas of electrometallurgy. The initial 
science of electrochemistry was almost exclusively thermodynamic 
in nature, and explanations of cell behavior were sought using the 
familiar equation of Nernst: 

where Ε and E° are the equilibrium and the standard potentials re
spectively, F is the Faraday constant, R the gas constant, Τ the 
absolute temperature, n the moles of electrons and a is the acti
vity. The Ε or E° could be used in determining the spontaneity of 
a reaction, depending on the state of reactants and products, by 
the expression: 

AG = -nFE (2) 
The use of these expressions is effectual only in cases where 

there is no extensive deviation in the system behavior due to 
charge transfer overpotential or other kinetic effects. (l_) The 
calculated threshold or thermodynamic energy requirement {2) (AG 
in the previous equation) is often much lower than actually en
countered, but is s t i l l useful in estimating an approximate or 
theoretical minimum energy required for electrolysis. Part of th e 
difficulty in applying thermodynamics to many systems of indus
trial interest may reside in an inability to properly define the 
activities or nature of the various species involved in the 

0-8412-0569-8/80/ 47-133-701$05.00/0 
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reactions. Many electrochemical reactions i n v o l v i n g metals, such 
as cathodic reduction, cementation, gaseous reduction from so l u 
t i o n or corrosion, are very susceptible to changes caused by the 
presence of trace concentrations of c e r t a i n chemicals i n s o l u t i o n . 
Their e f f e c t s can be h e l p f u l or harmful, depending on the p a r t i 
c u l a r s , but the conditions r e s u l t i n g from the presence of the 
trace impurities are most often d i f f i c u l t to c o n t r o l and p r e d i c t . 

One of the objectives of t h i s paper w i l l be to show some spe
c i f i c examples of these e f f e c t s i n e l e c t r o l y s i s and i l l u s t r a t e the 
s u b s t a n t i a l need f o r a better understanding of the thermodynamics 
of the s o l u t i o n chemistry involved i n e l e c t r o d i c s . Some of these 
needs are more obvious and have been indicated previously (3,) and 
include such items as AG°, K s o and Cp data on the systems of i n 
t e r e s t . However, much more extensive information i s necessary on 
adsorption phenomena, complex ion formation and the equilibrium 
concentrations of thes
existed but i t i s even
ges being imposed by energy and materials shortages and environ
mental co n t r o l are to be met. 

I I . E x t r a c t i o n Processes. 

A. Flowsheet Design. The basic process flowsheet f o r the 
ex t r a c t i o n and r e f i n i n g of metals when e l e c t r o l y s i s i s involved i s 
s i m i l a r i n many respects. The s p e c i f i c s may change to s u i t the 
ph y s i c a l needs and chemistry of the p a r t i c u l a r metal system i n 
question, but the objectives of the unit operations and uni t pro
cesses are comparable i n general terms. As an example, the pro
cessing scheme for the production of e l e c t r o l y t i c zinc i s shown i n 
Figure 1. Zinc i s a good example because i t incorporates many of 
the items that must be addressed by the extra c t i v e metallurgist i f 
a pure metal i s to be produced e f f i c i e n t l y . The very act i v e 
standard p o t e n t i a l of zinc forces considerable care to be taken 
during processing to insure that troublesome i m p u r i t i e s , ones that 
can reduce current e f f i c i e n c y , are removed from the system. The 
f i n a l q u a l i t y of the metal i s also important, f o r many ap p l i c a 
t i o n s require s p e c i a l high grade metal of 99·99% p u r i t y . Time 
does not permit an extensive evaluation of the roast, leach, p u r i 
f i c a t i o n and e l e c t r o l y s i s steps i n d i v i d u a l l y . B r i e f l y , the ob
j e c t i v e i s to convert the ZnS to an oxide which can be leached i n 
s u l f u r i c a c i d e l e c t r o l y t e . Impurities such as Cu, N i , Co, Sb and 
As are then removed by cementation using zinc powder p r i o r to 
e l e c t r o l y s i s . Throughout the procedure a close scrutiny i s made 
of the types and concentrations of various chemical species pre
sent. A t y p i c a l chemical analysis range required for s a t i s f a c t o r y 
e l e c t r o l y s i s i s given i n Table I . The very low contents for cer
t a i n trace metals, such as n i c k e l , cobalt, copper, antimony, and 
germanium are notable, and i f these l e v e l s aren't attained then 
decreased current e f f i c i e n c y can r e s u l t . Elements such as lead 
and cadmium must be minimized to insure proper metal p u r i t y . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



O'KEEFE AND NARASAGOUDAR Thermodynamics in Electrometallurgy 703 

Zinc Cone. 
(ZnS) 
Ψ 

Roasting S0 2 •> H2SO4 Prod. 

Leaching -> Fe(0H)3 P r e c i p i t a t e 
( Z n + 2 + Impurities) 

Zinc Dust -> P u r i f i c a t i o n 

Ψ 
E l e c t r o l y s i s 

Ψ 
Cathode Zn 

F/gare 1. Zinc flow sheet block diagram 

Table I . Analysis of Neutral P u r i f i e d Solution f o r 
Zn E l e c t r o l y s i s . ( k ) (mg/£) 

Zn Flow Sheet Block Diagram 

Element 
Solution Prepared 

i n Laboratory 
Actual Plant 

Solution 

Zn 
Mn 
Cd 
Sb 
As 

1 3 0 , 0 0 0 
<0.1 

1 . 3 
0 . 0 1 

<0.0k 

1 7 0 , 0 0 0 

3 , 5 0 0 

1 .7 

Ge 
Co 
Ni 
Fe 
Cu 
F~ 
c i -

Sb+As 
0 . 0 0 2 

0.0k 
0.00k 

<0.1 
<0.05 
O.k 
0 . 0 8 
0 . 1 
1 .0 

0 . 1 
<0.05 

5 . 9 
0 . 3 
1 .0 
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The processing of copper, t i n , manganese, n i c k e l , etc., f o l 
lows a s i m i l a r pattern, but the emphasis required at the various 
stages of processing may change with the nature of the metal. For 
example, current e f f i c i e n c y i n manganese e l e c t r o l y s i s i s even more 
se n s i t i v e to impurities than z i n c . Simultaneous hydrogen evalua
t i o n from impurities i n the deposit i s not a problem with copper 
because of i t s n o b i l i t y . However, the f i n a l p u r i t y required f o r 
copper i n t e n s i f i e s the need to eliminate undesirable impurities 
that may co-deposit and contaminate the cathode or adversely 
a f f e c t e l e c t r o c r y s t a l i i z a t i o n or deposit growth by causing a 
rough, i r r e g u l a r surface. 

B. Recycling. Besides the production of metal from ore, i t 
w i l l become increasingly common i n the future to have waste r e s i 
due as the s t a r t i n g feed. The te c h n i c a l d i f f i c u l t i e s encountered 
i n t r e a t i n g waste residues are quite formidable. The material i s 
often i n a f i n e l y divide
waste becomes a l i k e l y
cessing scheme, but there are other complicating f a c t o r s . The 
chemical composition of wastes i s often quite v a r i e d , unlike most 
ore concentrates obtained by f l o t a t i o n and other mineral dressing 
operations. Undesirable trace impurities are often more abundant 
and l e s s r e a d i l y eliminated than those found i n the ore. I f the 
production of zinc using such materials were examined, the prob
lems that might r e s u l t due to a v a r i e t y of entrained impurities 
from multiple sources are evident. Thus, e l e c t r o l y t i c metal pro
duction promises to become even more complicated than i t i s at 
present, and an improved l e v e l of understanding of the thermodyna
mic behavior of these undesirable elements would be very u s e f u l . 

C. Selected A o n l i c a t i o n s . Some b r i e f examples of the types 
of uses that can be made of thermodynamics i n electrometallurgy 
are given. Pourbaix diagrams, which have received rather exten
sive use, are excluded since they are discussed i n greater d e t a i l 
i n other papers that are a part of t h i s symposium. 

One of the steps i n the leaching and p u r i f i c a t i o n of zinc 
e l e c t r o l y t e i s the oxidation of ferrous to f e r r i c i r o n , with the 
subsequent p r e c i p i t a t i o n of Fe(0H)3. Calculations (j>_) may be per
formed to determine the influence of pH and oxygen pressure on the 
f i n a l e q u ilibrium r a t i o obtained f o r these two ions. 

The o v e r a l l reaction i s : 

kFe+* + 0 2 + hE+ = hFe+3 + 2H20 

/sun + 3 > Λ 

with Κ = \;\ } ^ — = 1 0 3 1 (3) 
( aFe + 2 ) " (V )^ P ° 2 

S u b s t i t u t i o n i n t o t h i s expression reveals that at constant pH, the 
F e + 2 / F e + 3 r a t i o goes from 1.0 (a r b i t r a r y reference) at 0.3 atmo
spheres 0 2 to 0 .6 at 2 atmospheres. S i m i l a r l y , at constant ρ θ 2 

t h i s r a t i o changes from 1.0 at pH 5 to 6.2 at pH 5· 8 . (For 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



36. O'KEEFE AND NARASAGOUDAR Thermodynamics in Electrometallurgy 705 

example, the a c t i v i t y r a t i o decreases from 2.U2 χ 10" 8 to 
1.50 χ 10~ 8 at aft+ = j_ when the ρ θ 2 i s increased from 0.3 t o 2 
atmospheres. At ρ θ 2

 = 1» th« r a t i o increases from 1.78 χ 10" 3 at 
pH 5 to 1.12 χ ΙΟ" 2 at pH 5.8). 

The elimin a t i o n of impurities by cementation with zinc dust 
can be estimated by examining an expression of the type: 

+2 +2 Ni + Zn = Ni + Zn 

from which the equi l i b r i u m concentration of N i + 2 i s found to be 
about 1 0 " 1 7 using a reaction p o t e n t i a l E° of 0.51 v o l t s . Using 
estimated a c t i v i t y c o e f f i c i e n t s , t h i s value becomes approximately 
5 x 10~13. Thus, the i n d i c a t i o n i s that n i c k e l may be successful
l y removed from aqueous s o l u t i o n using zinc dust and t h i s i s borne 
out i n commercial p r a c t i c e . The s i t u a t i o n i s somewhat complicated 
i n a c t u a l p r a c t i c e , as
antimony are commonly neede
l e v e l . As mentioned previously, i t i s i n areas such as these that 
a d d i t i o n a l thermodynamic analyses are needed i f the r o l e of the 
act i v a t o r s i s to be properly understood. 

I I I . Trace Metals and Additives i n Electrodeposition. 

A. Role of Metal Ions. The previous discussion alluded to 
the somewhat involved behavior encountered at an electrode when 
even l i m i t e d amounts of c e r t a i n elements are present i n s o l u t i o n . 
C e r t a i n l y , a t t e ntion must be paid to the composition of an elec
t r o l y t e when parts per m i l l i o n or even parts per b i l l i o n can have 
a major impact on the processing. Table I I l i s t s data that show 
the influence of c e r t a i n metal impurities on zinc electrowinning 
current e f f i c i e n c y . The impurity s i t e s o f f e r l o c a l i z e d regions 
where, because of a more noble p o t e n t i a l and lower overpotential, 
hydrogen ions are s e l e c t i v e l y reduced rather than z i n c . The beha
v i o r of impurities i s also d i f f i c u l t to predict because t h e i r i n 
fluence on deposit growth or current e f f i c i e n c y i s time dependent. 
A c r i t i c a l time often e x i s t s f o r various concentrations of an im
p u r i t y beyond which a dr a s t i c drop i n current e f f i c i e n c y occurs, 
an example of which i s shown i n Figure 2. The exact cause of t h i s 
e f f e c t of p l a t i n g time i s not known, but i t i s thought to be r e l a 
ted to some condition on the cathode surface which causes a r e l a 
t i v e increase i n impurity concentration. Once i n i t i a t e d , the 
l o c a l area i s subjected to a p i t t i n g type of corrosion, a condi
t i o n which forces an a u t o c a t a l y t i c d i s s o l u t i o n of the deposited 
z i n c . The condition can become so catastrophic that there i s com
plete d i s s o l u t i o n of the zinc previously deposited, which corres
ponds to a negative current e f f i c i e n c y . There are p r a c t i c a l , 
i n d u s t r i a l implications to t h i s phenomenon since the time of depo
s i t i o n and other processing parameters are di c t a t e d by the q u a l i t y 
of the e l e c t r o l y t e . In c e r t a i n instances, i t may be desired to 
plate f o r kQ hours but reduced e f f i c i e n c y with time forces the 
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7 0 ' 1 1
0 4 8

TIME (hour) 

Figure 2. Effect of nickel concentration on the incubation period in zinc electro-
winning (7) at 40°C and 75 A/ft2 ((A) 0.0 mg/L; (B) 1 mg/L; (C) 1.75 mg/L; 

(D) 2.5 mg/L; and (E) mg/L 

Figure 3. Scanning electron micrograph 
for the deposit obtained from acidified 
zinc sulfate electrolyte (9) (0.77M Zn++, 

IM H2SOJi)> χ 880 
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cathodes to be p u l l e d and stripped a f t e r only 2k hours. 
In copper e l e c t r o l y s i s , there are only a very l i m i t e d number 

of impurities that w i l l cause a current e f f i c i e n c y decrease, and 
these occur p a r t i c u l a r l y i n electrowinning. One troublesome im
p u r i t y i s i r o n , as the f e r r i c ion i s p r e f e r e n t i a l l y reduced at the 
cathode to ferrous i o n . The ferrous ion i s subsequently r e -
oxidized at the anode. The a c t u a l current e f f i c i e n c y obtained i s 
dependent on the i r o n concentration. (8_) For example, an e l e c t r o 
l y t e containing 10 gpl i r o n gives a 77% current e f f i c i e n c y , but 
with 1 g p l , a 90% value can be obtained. 

Cathode deposit morphology can also be affected by the pre
sence of trace elements i n s o l u t i o n . An SEM micrograph of a zinc 
deposit from a pure or unadulterated e l e c t r o l y t e and time duration 
of two minutes at hO mA/cm2 i s shown i n Figure 3. When hO parts 
per b i l l i o n of antimony was added to t h i s s o l u t i o n , and a s i m i l a r 
electrodeposition cycl
crease i n c r y s t a l l i t e s i z

The influence of antimony at a l e v e l of 300 ppm i n copper 
e l e c t r o l y s i s i s also s i g n i f i c a n t . The morphologies of deposits 
made from a pure acid-copper s u l f a t e e l e c t r o l y t e and from an iden
t i c a l s o l u t i o n to which the antimony was added are shown i n 
Figures 5 and 6. There are many other combinations of impurities 
and e l e c t r o l y t e s which e x h i b i t t h i s changing surface appearance 
and deposit o r i e n t a t i o n besides those selected as examples. Anion 
effects are also not uncommon, with the halogens often causing the 
more notable changes. 

B. Role of Protein A d d i t i v e s . P r o t e i n additives have been 
used extensively i n the e l e c t r o l y t i c production of metals. There 
are few, i f any, commercial operations that do not r e l y almost ex
c l u s i v e l y on the use of addition agents to a s s i s t i n process e f f i 
ciency and cathode growth c o n t r o l . The animal glues, synthetic 
protein c o l l o i d s , and g e l a t i n are the most common reagents em
ployed. However, there are a multitude of other organic and i n o r 
ganic additives employed. The presence of low concentrations of 
active organics i n an e l e c t r o l y t e can have a major influence on 
the p o l a r i z a t i o n behavior and deposit growth. The influence of an 
organic additive on zinc deposition can be seen by comparing the 
structure i n Figure 3 with that i n Figure 7, which was made with 
80 parts per m i l l i o n glue i n the e l e c t r o l y t e . The fibrous appear
ance i s due to the basal plane o r i e n t a t i o n being perpendicular to 
the substrate. 

The deposit o r i e n t a t i o n i s a l t e r e d when additives are present 
as seen from Table I I I , and the degree of change i s a function of 
both concentration and type of glue added. There are a v a r i e t y of 
l e v e l i n g agents besides glue used i n copper e l e c t r o l y s i s . A few 
of the more prominently mentioned include thiourea, Separan, gum 
arabic, jaguar C, Avitone, lignon sulphonate, casein and goulac 
being examples. Chlorine i s added (usually as HCl) to a s s i s t i n 
c o n t r o l l i n g the s i l v e r i n the cathode, but i t also can influence 
the deposition process. I t would be very desirable to be able to 
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Figure 4. Scanning electron micrograph 
for the deposit obtained from acidified 
zinc sulfate electrolyte (9) (0.77M Zn++, 
IM H2SOt) containing 40 ppb Sb, X 920 

Figure 5. Copper deposit with no additives (10) X 80 
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Figure 6. Copper deposit with 300 ppm Sb (10) X 80 

Figure 7. Scanning electron micrograph 
for the deposit obtained from acidified 
zinc sulfate electrolyte (9) (0.77M Zn++, 
IM HzSOj,) containing 80 ppm glue, X 

880 
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Table I I . E f f e c t of Impurities on Current E f f i 
ciency f o r Zn Electrowinning. (6) 

Element 
Concentration 

(w/l) 

% Change i n 
C.E. Relative to 
Pure Zn Solution 

Ag 
Au 
As 1 - 2 8 
Cd 12 +k Co 10 -15 Cu 15 - 3 6 
Ge 1 - 5 6 
In 5 -5h 
Ni 10 -16 
Pb 10 +5 Pt 2 - 6 9 
Sb 2 - 7 7 Sn 10 - 3 2 

Table I I I . E f f e c t of A d d i t i 
Cu Deposit, ( l l ) 

Addition (mg/l) ( i l l ) (200) (220) 

Blank 0 0 100 
TCP-EZ3, 2.1* 1 1 100 TCP-EZ3, h.Q U5 25 100 
TCP-EZ3, 9.6 100 100 61* 
TCP-EZ3, 19.2 i+7 100 2 
TCP-69, 2.h 6 100 
TCP-69, h.Q 3 3 100 
TCP-69, 9.6 5 0 100 
TCP-69, 19.2 2 2 100 
TCP-69, 38.k 100 2 k 

on the Orientation of 

(3111 (222) (400) (331) (U20) 

0 0 0 0 0 
9 0 0 2 0 

3 1 16 31* 
50 7 3 19 29 
6 2 5 1* 2 
k 0 0 8 2 
h 0 3 9 5 

16 0 0 7 0 
0 0 5 1 

5 0 0 5 0 
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determine the thermodynamic contribution to the o r i e n t a t i o n chan
ges. Unfortunately, a v a i l a b l e techniques and data do not allow 
such evaluations to be made, but i t i s a goal worth a t t a i n i n g . 

C. Chemical Interactions i n Solution. The rather dramatic 
e f f e c t of trace metal ions and additives on electrodeposition was 
reviewed b r i e f l y i n the previous sections f o r copper and z i n c . 
The examples given were t y p i c a l of the response to low concentra
tions of numerous chemical species observed for many e l e c t r o l y t i c 
systems. The problem of deposit control i s d i f f i c u l t enough be
cause of the strong influence of these minor constituents, but i t 
i s complicated even further due to i n t e r a c t i o n s among the various 
ions and additives i n the e l e c t r o l y t e . 

Zinc morphologies varied s u b s t a n t i a l l y when e i t h e r antimony 
or glue was i n s o l u t i o n . When both are present, an i n t e r a c t i o n 
occurs which tends to eliminate the e f f e c t s of both. This i s r e 
vealed not only i n the s t r u c t u r e
w e l l . The detrimental
ted by adding the proper amount of glue (see Figure 8). 

In the past, a number of factors were responsible for the 
d i f f i c u l t y i n evaluating the point when the proper r a t i o was a t 
tained. F i r s t , there i s no f a s t , r e l i a b l e means fo r chemically 
analyzing the amount of organics i n these strong e l e c t r o l y t e s . 
Secondly, even though the antimony concentration can be determined, 
i t i s found that other ions (e.g. f l u o r i n e ) can cause the " e f f e c t 
i v e " concentration of the antimony to vary from the actual physi
c a l amount present. This can be demonstrated by measuring the 
degree of i n i t i a l p o l a r i z a t i o n on c y c l i c voltammograms from s o l u 
tions containing antimony and glue. Figure 9 i l l u s t r a t e s both the 
strong influence of the s i n g l e additives and the i n t e r a c t i o n bet
ween them that appears to reduce the e f f e c t of each. Undesirable 
s y n e r g i s t i c e f f e c t s can also be obtained, an example of which i s 
given i n Figure 10 for the combination of cobalt and antimony. 

As might now be expected, c e r t a i n s i m i l a r occurrences are 
present i n copper e l e c t r o l y s i s . Table IV l i s t s the concentration 
of antimony analyzed i n the copper cathode when various l e v e l s of 
the additives were i n the e l e c t r o l y t e . The data i n d i c a t e a c r i t i 
c a l concentration of antimony i n s o l u t i o n i s necessary (approxi
mately 300 ppm) before appreciable amounts are taken i n t o the 
cathode. Glue does not a l t e r the r e s u l t s f o r 6 0 0 ppm antimony but 
chloride ion reduces the e f f e c t i v e antimony to 200 ppm or l e s s . 
To further complicate matters, when 30 ppm chloride ion i s present 
and titanium cathode blanks are used f o r the copper deposition, an 
incomplete or lacy structure i s obtained. I f 30 ppm glue i s , i n 
t u r n , added to t h i s s o l u t i o n , the e f f e c t of chloride ion i s coun
teracted and complete coverage i s again obtained. 

IV. Summary and Conclusions. 

A very l i m i t e d view of some of the t e c h n i c a l problems that 
might be encountered i n electrometallurgy has been given. 
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o 
50 h 

40 I 1 1 1 1 1 1 
0 10 20 30 40 50 

GLUE CONCENTRATION (mg/l) 

Figure 8. Effect of glue addition on current efficiency (12) of zinc electrowinning 
for antimony-containing solutions ((A) 0.0 mg/L Sb; (B) 0.04 mg/L Sb; and (C) 

0.08 mg/L Sb) 

-ΙΟ* 
-0.85 

_L_ 
-0.90 -0.95 -1.00 
POTENTIAL (Volts vs SHE) 

-1.05 

Figure 9. Transient polarization curves for acidified zinc sulfate electrolyte (9) 
(0.77M Zn*\ IM H2SO,J: (A) no additions; (B) 10 ppm glue; (C) 20 ppm glue; 
(D) 40 ppm glue; (E) 10 ppb Sb; (F) 20 ppb Sb; (G) 40 ppb Sb; (H) 40 ppb Sb + 

20 ppm glue. Area of aluminum cathode = 1.18 cm2. 
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1001 1 1 1 r 

COBALT (mg/l) 

Figure 10. Current efficiency for zinc electrowinning vs. cobalt concentration for 
prepared electrolytes (4) containing 65 g/L Zn and 100 g/L H2SO,,; Τ = 45°C, 

current density = 40 mA/cm2; (A) 0.0 ppb Sb; (B) 28 ppb Sb 

Table IV. Atomic Absorption Analysis of Antimony i n the 
Copper Deposit. (9) 

Addition (ppm) % Antimony i n Deposit 

Sb 6o 0.0023 
Sb 100 0.0033 
Sb 200 0.0058 
Sb 300 0.12 
Sb 600 0.30 

Sb 600, glue 7·5 0.26 
Sb 600, glue 15 0.37 
Sb 600, glue 30 0.35 
Sb 600, glue 6θ 0.31 

Sb 600, C l " 1*5 0.0027 
Sb 600, C l " 3-5 0.0038 
Sb 600, C l " 7-5 0.0023 
Sb 600, C l " 15 0.0035 
Sb 600, C l " 30 0.0027 
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Hopefully, it has been shown that the existing ability to truly 
control the electrodeposition of metals is limited indeed and that 
an extensive amount of work is necessary in this area. A better 
understanding of the actual mechanisms of reduction will probably 
come through a kinetic evaluation. However, it may be equally im
portant to provide a better understanding of the thermodynamics 
and solution chemistry of these complex systems even before polar
ization occurs. The need to gain more insight into the interact
ion among chemical species in solution, particularly between trace 
impurities and organics, can't be overlooked. Identification of 
the species as they exist in the double layer and the determina
tion of their thermodynamic properties would be of assistance in 
gaining insight into their influence on electrode processes. Some 
sort of thermodynamic interaction coefficient for trace metals and 
organics in various high concentration aqueous electrolytes is 
badly needed. This facto  b  stric  activit
efficient similar to tha
talurgy. At this stage, so little is understood about these para
meters in industrial operations that it is even difficult to iden
tify the specific problem. The consequences, however, are more 
easily determined. With the ever increasing pressure to improve 
processing efficiencies in this era of predicted shortages, it is 
obvious the technical problems will magnify proportionally. If 
this challenge is to be met, then a much higher level of under
standing of our electrolytic systems must evolve. The role of 
thermodynamics in attaining this goal could be very substantial, 
and undoubtedly a greater emphasis must be placed on a more com
plete characterization of electrolyte systems i f there is to be 
any meaningful level of success attained. 
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Activity Coefficients at High Concentrations in 
Multicomponent Salt Systems 

EDWARD W. FUNK1 

Corporate Research—Science Laboratories, Exxon Research and Engineering Company, 
Linden, NJ 07036 

Phase behavior in
is of interest for a variety of applications such as separation 
processes for complex salts, hydrometallurgical extraction of 
metals, interpretation of geological data and development of 
high energy density batteries. Our interest in developing 
simple thermodynamic correlations for concentrated salt systems 
was motivated by the need to interpret the complex solid-liquid 
equilibria which occur in the extraction of sodium nitrate from 
complex salt mixtures which occur in Northern Chile (Chilean 
saltpeter). However, we believe the thermodynamic approach can 
also be applied to other areas of technological interest. 

Understanding of phase behavior in concentrated salts 
systems requires liquid-phase activity coefficients for the 
electrolytes and for water in the multicomponent system. 
Although there is a large number of experimental data (]_,2_,_3) 
for ternary aqueous electrolyte systems, few equations are 
available to correlate the activity coefficients of 
these systems in the concentrated region. The 
most successful present techniques are those dis
cussed by Meissner and co-workers (4,5) and Bromley 
(£) 

Our approach is different from previous methods in two 
basic aspects. First, we define our standard state as the 
saturated solution and, second, we define our activity coefficients 
in a way similar to that commonly used for nonelectrolytes. 
This approach allows a simple thermodynamic treatment of the 
concentrated region although the approach is not appropriate, 
either practically or theoretically for the highly dilute region. 

To illustrate the use of our thermodynamic treatment for 
concentrated systems, we have selected the system HCI-NaCl-hLO 
where there are complete and precise thermodynamic data for the 
ternary system and the constituent binaries from low molality 

1 Work done at Universidad Técnica del Estado, Santiago, Chile. 
0-8412-0569-8/80/47-133-717$05.75/0 
© 1980 American Chemical Society 
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up to h i g h l y c o n c e n t r a t e d s o l u t i o n s . F i g u r e 1 shows the mean 
i o n i c a c t i v i t y c o e f f i c i e n t s o f HCI and NaCl as f u n c t i o n s o f 
the t o t a l m o l a l i t y a t 25 °C; t h i s f i g u r e shows t h a t the a c t i v i t y 
c o e f f i c i e n t s o f the e l e c t r o l y t e s show a l a r g e change w i t h 
c o m p o s i t i o n i n the c o n c e n t r a t e d r e g i o n . 

We p resen t r e s u l t s d e s c r i b i n g the s o l i d - l i q u i d and the 
v a p o r - l i q u i d e q u i l i b r i a i n the NaCl-HCI-HpO sys tem. In 
the f i r s t p a r t , p u r e l y e m p i r i c a l r e l a t i o n s a re used t o d e s c r i b e 
the a c t i v i t y c o e f f i c i e n t s and the second p a r t i n c l u d e s use o f 
a s e m i - e m p i r i c a l model (2) t o d e s c r i b e the c o m p o s i t i o n a l 
dependence o f the a c t i v i t y c o e f f i c i e n t s . 

The f i n a l s e c t i o n o f the paper d i s c u s s e s a reas o f a p p l i c a 
t i o n s o f t h i s thermodynamic t e c h n i q u e s t o systems o f p r a c t i c a l 
i n t e r e s t and a l s o l i m i t a t i o n s o f ou r app roach . 

Thermodynamics o f D i l u t

The a c t i v i t y c o e f f i c i e n t s i n d i l u t e aqueous s o l u t i o n s 
( m o l a l i t i e s l e s s than 0 .2 ) can be d e s c r i b e d u s i n g the B r o n s t e d -
Guggenheim t h e o r y The e q u a t i o n s f o r the a c t i v i t y 
c o e f f i c i e n t s are d e r i v e d by f i r s t d e f i n i n g the excess 
G ibbs energy as the d i f f e r e n c e between the Gibbs energy 
o f the s o l u t i o n and t h a t when each ion i s i n i t s s t a n d a r d s t a t e 
o f i n f i n i t e d i l u t i o n . For c o n v e n i e n c e , t h i s e x p r e s s i o n 
i s d i v i d e d i n t o two p a r t s ; the f i r s t l e a d s t o the Debye-Huckel 
l i m i t i n g l a w , and the second i s t h e c o r r e c t i o n t o the Debye-
Huckel t h e o r y . 

The f i r s t p a r t o f t he excess Gibbs energy i s no t w r i t t e n 
e x p l i c i t l y , s i n c e i t i s not p o s s i b l e t o form a s i m p l e , i n t u i t i v e 
e x p r e s s i o n t h a t g i v e s , a f t e r a p p r o p r i a t e d i f f e r e n t i a t i o n , the 
Debye-Huckel l i m i t i n g l aw . However, t he second p a r t o f t h e 
excess G ibbs energy i s v e r y s i m i l a r t o t h e Wohl expans ion used 
f o r n o n - e l e c t r o l y t e s o l u t i o n s (1). C o n s i d e r i n g a t e r n a r y 
aqueous s o l u t i o n o f i ons j , k and a common ion i , the excess 
G ibbs energy ( g E ) i s : 

g E = g E (Debye-Huckel ) + 2A^ .XjX. + 2 A i k x . x k 0) 

where i on j be longs t o e l e c t r o l y t e 2 and k t o e l e c t r o l y t e 3. 
x . i s the i o n i c mole f r a c t i o n o f i on i , and the parameters 
Α . . , Α.. c h a r a c t e r i z e the i n t e r a c t i o n s between p a i r s o f i o n s . 
A $ J s u g g e s t e d by t h e B rons t ed r u l e , no terms appear f o r t he 
i n t e r a c t i o n between i ons o f l i k e s i g n . 

Equa t ion 1 i s d i f f e r e n t i a t e d t o c a l c u l a t e t he i o n i c a c t i v i t y 
c o e f f i c i e n t s u s i n g the same t e c h n i q u e as f o r n o n - e l e c t r o l y t e s . 
Combining these i o n i c a c t i v i t y c o e f f i c i e n t s t o form the mean 
i o n i c a c t i v i t y c o e f f i c i e n t s , γ.., we o b t a i n the B r o n s t e d -
Guggenheim e q u a t i o n s f o r two 1-1 e l e c t r o l y t e s w i t h a common 
ion : 
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Figure 1. Mean ionic activity coefficients for the HCl-NaCl-H20 system at 25°C 
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1ηγ2 - c l ^ / d + i l/2) + 2 A ^ + ( A + A ^ ) ^ 

1ηγ3 =-ciV2/(i + + + ( « + 

(2) 

(3) 

where c i s t he Debye-Huckel c o n s t a n t , n^m- a re the m o l a l i t i e s 
o f t he e l e c t r o l y t e s , and I i s the i o n i c s t r e n g t h . The i n t e r 
a c t i o n parameters o f E q u a t i o n s 2 and 3 can be r e a d i l y c a l c u l a t e d 
u s i n g o n l y da ta f o r t he b i n a r y s o l u t i o n s . However, w i t h o u t 
f u r t h e r i n t e r a c t i o n s t e r m s , t he Bronsted-Guggenheim e q u a t i o n s are 
l i m i t e d t o m o l a l i t i e s below 0.2. 

Harned*s Rule 

A c t i v i t y c o e f f i c i e n t s i n c o n c e n t r a t e d s o l u t i o n s a re o f t e n 
d e s c r i b e d u s i n g Harned
f o r a t e r n a r y s o l u t i o n
the l o g a r i t h m o f the a c t i v i t y c o e f f i c i e n t o f each 
e l e c t r o l y t e i s p r o p o r t i o n a l t o the m o l a l i t y o f t he o t h e r 
e l e c t r o l y t e . The e x p r e s s i o n s f o r the a c t i v i t y c o e f f i c i e n t s a re 
w r i t t e n : 

where s u b s c r i p t 2 r e f e r s t o HCI and 3 t o N a C l . The a c t i v i t y 
c o e f f i c i e n t Y 2 ( n ) * s c a l c u l a t e d a t t h e t o t a l m o l a l i t y o f t he 
s o l u t i o n and assuming the absence o f 3; t h e r e i s a s i m i l a r 
d e f i n i t i o n f o r YO/QV T h e parameters ouo and α~2 c h a r a c t e r i z e 
the i n t e r a c t i o n s ôccuring between e l e c t r o l y t e s 2 and 3. Ha rned ' s 
r u l e c o r r e l a t e s t h e expe r imen ta l a c t i v i t y c o e f f i c i e n t s f o r most 
t e r n a r y aqueous e l e c t r o l y t e s s o l u t i o n s . 

For d i l u t e s o l u t i o n s , Equa t ions 4 and 5 reduce t o the 
Bronsted-Guggenheim e q u a t i o n s , and t he parameters ou- and a~ 2 

can be expressed i n terms o f the i n t e r a c t i o n parameters o f t ne 
Bronsted-Guggenheim t h e o r y . For c o n c e n t r a t e d s o l u t i o n s , Ha rned 1 s 
r u l e i s a s i m p l e e m p i r i c a l e x t e n s i o n o f the Bronsted-Guggenheim 
t h e o r y . Thus , i t i s s u r p r i s i n g how w e l l t he r u l e d e s c r i b e s 
a c t i v i t y c o e f f i c i e n t s i n h i g h l y c o n c e n t r a t e d s o l u t i o n s . 

F i gu re 2 p r e sen t s t he parameters o f Equa t i ons 4 and 5 as 
f u n c t i o n s o f t empera tu re and t o t a l m o l a l i t y . The e x p e r i m e n t a l 
da t a comp i l ed and d i s c u s s e d by Harned and Owen (]_) were used 
t o c a l c u l a t e the experimental parameters shown i n F i gu re 2. 
The parameter c u 3 changes s i g n i f i c a n t l y w i t h tempera ture and 
m o l a l i t y , however becomes independent o f m o l a l i t y a t h i gh 
m o l a l i t i e s . On the o t h e r hand, ou ? v a r i e s i n a c o m p l i c a t e d 
manner w i t h t empera tu re and m o l a l i t y . The r e s u l t s o f F i gu r e 2 
show t h a t t he parameters o f Ha rned ' s r u l e cannot be r e l i a b l y 

Tog γ 2 = l o g γ 2 ( 0 ) ^ Λ 

l o g γ 3 = l o g γ 3 ( 0 ) - α ^ 

( 4 ) 

( 5 ) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 2. Interaction parameters for Harned's Rule as a function of temperature 
and total molality 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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e x t r a p o l a t e d t o u n s t u d i e d c o n d i t i o n s o f t empera tu re and t o t a l 
s o l u t i o n mol a l i t y . 

The success o f Ha rned ' s r u l e f o r t e r n a r y s o l u t i o n s i s 
l a r g e l y f o r t u i t o u s , and the r u l e has no t h e o r e t i c a l b a s i s t o 
expec t t h a t i t would be u s e f u l f o r s o l u t i o n s c o n t a i n i n g more 
than two e l e c t r o l y t e s . Fu r t he rmore , f o r h i g h c o n c e n t r a t i o n s o f 
s e v e r a l e l e c t r o l y t e s , a c t i v i t y c o e f f i c i e n t s such as YO/QN A R E 

h y p o t h e t i c a l . There a r e , u n f o r t u n a t e l y , few expérimentai da ta 
a v a i l a b l e t o t e s t Ha rned ' s r u l e f o r c o n c e n t r a t e d s o l u t i o n s o f 
t h r e e o r more e l e c t r o l y t e s . 

Thermodynamics o f Concen t r a t ed S o l u t i o n s 

The Bronsted-Guggenheim e q u a t i o n s p r o v i d e a h i g h l y s a t i s 
f a c t o r y d e s c r i p t i o n o f the a c t i v i t y c o e f f i c i e n t s i n d i l u t e s o l u 
t i o n s ; however, t h e i r e m p i r i c a
t i o n s (Harned ' s r u l e ) i n t r o d u c e

For c o n c e n t r a t e d s o l u t i o n s , t he a c t i v i t y c o e f f i c i e n t o f an 
e l e c t r o l y t e i s c o n v e n i e n t l y d e f i n e d as though i t were a n o n 
e l e c t r o l y t e . T h i s i s a p r a c t i c a l d e f i n i t i o n f o r t he d e s c r i p t i o n 
o f phase e q u i l i b r i a i n v o l v i n g e l e c t r o l y t e s . T h i s new a c t i v i t y 
c o e f f i c i e n t f\ can be r e l a t e d t o the mean i o n i c a c t i v i t y c o 
e f f i c i e n t by e q u a t i n g e x p r e s s i o n s f o r the l i q u i d - p h a s e f u g a c i t y 
w r i t t e n i n terms o f each o f the a c t i v i t y c o e f f i c i e n t s . For 
any 1-1 e l e c t r o l y t e , the r e l a t i o n i s : 

where the a c t i v i t y c o e f f i c i e n t o f e l e c t r o l y t e i a l one i n s o l u t i o n , 
P ? , i s n o r m a l i z e d such t h a t : 

The s t anda rd s t a t e f o r the mean i o n i c a c t i v i t y c o e f f i c i e n t i s 
Hen r y ' s c o n s t a n t H . , f ? i s t he s t a n d a r d - s t a t e f u g a c i t y f o r t he 
a c t i v i t y c o e f f i c i e n t Γ.> and x . i s the mole f r a c t i o n o f e l e c t r o 
l y t e i c a l c u l a t e d as tftough the e l e c t r o l y t e s d i d no t d i s s o c i a t e 
i n s o l u t i o n . The a c t i v i t y c o e f f i c i e n t Γ° i s n o r m a l i z e d such 
t h a t i t becomes u n i t y a t some mole f r a c t i o n x * . For N a C l , x i 
i s c o n v e n i e n t l y taken as the s a t u r a t i o n p o i n t . Thus Γ? "is 
u n i t y a t 25°C f o r the s a t u r a t i o n m o l a l i t y o f 6 . 0 5 . The a c t i v i t y 
c o e f f i c i e n t o f HCI i s n o r m a l i z e d t o be u n i t y a t an HCI m o l a l i t y 
o f 1 0 . 0 f o r a l l t e m p e r a t u r e s . These s t anda rd s t a t e s have been 
chosen t o be c l o s e to c o n d i t i o n s o f i n t e r e s t i n phase e q u i l i 
b r i a . 

F i gu re 3 shows the a c t i v i t y c o e f f i c i e n t o f HCI i n aqueous 
s o l u t i o n , » as a f u n c t i o n o f l i q u i d - p h a s e c o m p o s i t i o n f o r 
1 0 , 25 and 50°C. Expe r imen ta l a c t i v i t y - c o e f f i c i e n t da ta g i ven 
by Harned and Owen (]_) were used i n c o n j u n c t i o n w i t h 

x.r.f? = Π , ^ Η . (6) 

as (7) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Equa t ion 6 to c a l c u l a t e expe r imen ta l v a lues o f 2 ; t he r a t i o o f 
s t a n d a r d s t a t e s a p p e a r i n g i n Equat ion 6 , f ? / H . , was c a l c u l a t e d 
u s i n g e x p e r i m e n t a l da ta f o r t h e s t a n d a r d - s t a t e c o m p o s i t i o n and 
the n o r m a l i z a t i o n c o n d i t i o n , Equa t ion 7. The a c t i v i t y c o e f f i c i e n t 
shown i n F i gu re 3 changes smooth ly w i t h c o m p o s i t i o n and does no t 
have a minimum such as the mean i o n i c a c t i v i t y c o e f f i c i e n t o f 
HCI shown i n F i gu r e 1. F i gu re 4 shows t h e a c t i v i t y c o e f f i c i e n t o f 
N a C l , Vy as a f u n c t i o n o f X3-X3 f o r v a r i o u s t empera tu res from 
0 t o 5 0 * 0 . Aga in the mean i o n i c a c t i v i t y c o e f f i c i e n t da ta 
comp i l ed by Harned and Owen were t r a n s f o r m e d u s i n g Equa t ion 6 
to o b t a i n the TS a c t i v i t y c o e f f i c i e n t s shown i n F i g u r e 4. For 
both HCI and NaCl the a c t i v i t y c o e f f i c i e n t Γ? changes r a p i d l y 
w i t h l i q u i d - p h a s e mole f r a c t i o n o n l y i n d i l u t e s o l u t i o n s . These 
c o n c e n t r a t i o n s a re not o f p r e sen t i n t e r e s t , s i n c e they a re a l r e a d y 
w e l l d e s c r i b e d by the Bronsted-Guggenheim e q u a t i o n s . 

The a c t i v i t y c o e f f i c i e n t f
above 0.2 i n t h e i r r e s p e c t i v
by : 

l n = (-59.56 + 0.1 79 t ) [0 .1525 - x 2 ] (8) 

In Γ3 = -28 .05 [ x * - X g ] - 0.0436 e
5 0 ( 0 - 0 5 9 4 " X 3 } (9) 

from 0 t o 50°C and where t he change o f t he s a t u r a t i o n mole 
f r a c t i o n , x * , w i t h t empera tu re accounts f o r t he tempera tu re 
v a r i a t i o n o f the a c t i v i t y c o e f f i c i e n t o f N a C l . The da ta o f 
S e i d e l l (3) were used to exp ress x^ a s : 

x * = 0 .0990 + 0.00028 ( t /10 ) (10) 

from 0 to 50°C where t i s the tempera ture in °C . 
For t e r n a r y aqueous s o l u t i o n s o f HCI and N a C l , t he f o l l o w i n g 

s e m i e m p i r i c a l e q u a t i o n s a re proposed t o d e s c r i b e t he a c t i v i t y 
c o e f f i c i e n t s o f the e l e c t r o l y t e s : 

In C2 = In P* + A 2 3 x 3 (11 ) 

In C3 = In P3 + A 3 2 x 2 (12) 

where A 2 3 and A 3 2 a r e parameters used t o c h a r a c t e r i z e the i n 
t e r a c t i o n s between the two d i f f e r e n t e l e c t r o l y t e s a n d , l i k e the 
parameters i n Harned ' s r u l e , must be c a l c u l a t e d f rom da ta f o r 
the t e r n a r y m i x t u r e . The a c t i v i t y c o e f f i c i e n t p? i s c a l c u l a t e d 
a t the m o l a l i t y o f e l e c t r o l y t e i , not a t the t o t a l m o l a l i t y . 
S i n ce f? i s c a l c u l a t e d u s i n g Equa t ion 8 o r 9 , Equa t i ons 11 and 12 
a re l i m i t e d to the c a l c u l a t i o n o f ft a t e l e c t r o l y t e m o l a l i t i e s , 
m.., above 0 . 2 . 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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The f ° . terms o f Equa t i ons 11 and 12 g i v e t he c o n t r i b u t i o n 
t o t he e x c e i s G ibbs energy due t o t h e e l e c t r o l y t e s no t b e i n g a t 
t h e i r r e s p e c t i v e s t a n d a r d - s t a t e c o n c e n t r a t i o n s . The terms 
c o n t a i n i n g the i n t e r a c t i o n parameters g i v e the c o n t r i b u t i o n t o 
the excess Gibbs energy due t o i n t e r a c t i o n s between e l e c t r o l y t e s 
2 and 3. T h i s second p a r t o f t he excess Gibbs energy has the 
same form used i n the Bronsted-Guggenheim t h e o r y , Ha rned 1 s r u l e , 
and n o n - e l e c t r o l y t e s o l u t i o n s . Equa t i ons 11 and 12 can be 
e a s i l y extended t o s o l u t i o n s c o n t a i n i n g more than two e l e c t r o l y t e s . 

Equa t i ons 11 and 12 were f i t t o the e x p e r i m e n t a l a c t i v i t y 
c o e f f i c i e n t s o f HCI and NaCl as d e s c r i b e d by Ha rned ' s r u l e . 
F i gu r e 2 was used t o c a l c u l a t e the parameters f o r Ha rned ' s r u l e 
from 10 to 40°C and f o r t o t a l m o l a l i t i e s 0.2 t o a p p r o x i m a t e l y 6. 
The i n t e r a c t i o n parameter A 2 3 i s independent o f the t o t a l m o l a 
l i t y ; t he parameter A^o dec reases w i t h t o t a l m o l a l i t y but appears 
t o reach a c o n s t a n t v a l u
are weak f u n c t i o n s o f t empera tu r

A 2 3 = 48 .50 - 0 .70 ( t /10 ) (13) 

A 3 2 = 68 .80 - 1.33 ( t /10 ) - 3.20 m. (14) 

from 0 t o 50°C and i n the t o t a l m o l a l i t y range 0.2 t o a p p r o x i 
ma te l y 10 m. A c t i v i t y c o e f f i c i e n t s o f HCI c a l c u l a t e d u s i n g 
Equa t i ons 11 and 13 a re w i t h i n + 1% o f t he e x p e r i m e n t a l v a l u e s . 
For N a C l , d e v i a t i o n s between e x p e r i m e n t a l and c a l c u l a t e d 
a c t i v i t y c o e f f i c i e n t s a re l e s s than + 3%. E s t i m a t e s o f t he 
a c t i v i t y c o e f f i c i e n t s a t t o t a l m o l a l i t i e s above 10 are p r o b a b l y 
no t r e l i a b l e . 

A c t i v i t y C o e f f i c i e n t o f Water i n Concen t r a t ed S o l u t i o n s 

Equa t i ons 8 and 9 can be used w i t h t he Gibbs-Duhem e q u a t i o n 
to c a l c u l a t e ΓΊ°(.Μ> the a c t i v i t y c o e f f i c i e n t o f w a t e r , f o r each 
o f the b i n a r y sys tems . The Gibbs-Duhem e q u a t i o n f o r a b i n a r y 
aqueous e l e c t r o l y t e s o l u t i o n i s w r i t t e n : 

where the a c t i v i t y c o e f f i c i e n t o f wate r i s n o r m a l i z e d such t h a t 
i t becomes u n i t y when t h e a c t i v i t y c o e f f i c i e n t o f the e l e c t r o l y t e 
i s u n i t y . S u b s t i t u t i o n o f Equat ion 8 i n t o Equa t ion 15 g i v e s : 

l n ΓΓο·) • (15) 

In f f ( 2 ) = (-59.56 + 0 . 1 7 9 t ) [ ( χ * - χ £ ) + Ι „ (16) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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f o r t he a c t i v i t y c o e f f i c i e n t o f wate r i n the HCl-h^O s y s t em , 
where x*=0 .1525 . F i gu r e 5 shows a compar ison between p r e d i c t e d 
and e x p e r i m e n t a l a c t i v i t y c o e f f i c i e n t s o f water i n the HCI-HO 
systçm a t 1 0 , 25 and 50°C; Equa t i on 16 p r e d i c t s a c c u r a t e v a l u e s 
o f f l ( 2 ) excep t i n ve ry d i l u t e s o l u t i o n s . For such s o l u t i o n s , 
the Bronsted-Guggenheim t h e o r y can be used t o c a l c u l a t e t he 
a c t i v i t y c o e f f i c i e n t o f w a t e r . 

The a c t i v i t y c o e f f i c i e n t o f water i n the NaCl-H^O system can 
be w e l l d e s c r i b e d by s u b s t i t u t i o n o f o n l y the f i r s t te rm o f 
Equa t ion 9 i n t o Equa t ion 1 5 . The r e s u l t i n g e x p r e s s i o n f o r the 
a c t i v i t y c o e f f i c i e n t o f water i s : 

1 η Γ 1 ( 3 ) = . 2 8 . 0 5 C(x§ - x 3) + i n (17) 

The second term o
c a l c u l a t i o n o f the a c t i v i t y c o e f f i c i e n t o f NaCl a t l ow c o n c e n t r a
t i o n s , and makes l i t t l e c o n t r i b u t i o n t o the i n t e g r a l i n Equa t ion 
1 5 . Equa t ion 17 p r e d i c t s t he a c t i v i t y c o e f f i c i e n t s o f water 
w i t h i n 1% o f the expe r imen ta l v a l ues f o r m o l a l i t i e s above 0 . 2 . 

For the t e r n a r y s o l u t i o n , t he Gibbs-Duhem e q u a t i o n can be 
e a s i l y i n t e g r a t e d t o c a l c u l a t e the a c t i v i t y c o e f f i c i e n t o f wate r 
when the e x p r e s s i o n s f o r the a c t i v i t y c o e f f i c i e n t s o f the 
e l e c t r o l y t e s are w r i t t e n a t c o n s t a n t m o l a l i t y . For Harned ' s r u l e , 
i n t e g r a t i o n o f the Gibbs-Duhem e q u a t i o n g i v e s t he a c t i v i t y o f 
water a s : 

-55.51 Ί „ a w ( Y 3 )
 v , , \ ο n*\ 

l o 9 a fv =n\ = Y Q (ou- + o u 9 ) - 2 ou- (18) v m- a (Y q =0) • ' 3 v u 2 3 u 3 2 ' u u 2 3 • 3 ,r 

f o r a c o n s t a n t t o t a l m o l a l i t y o f m. The f r a c t i o n o f t o t a l 
e l e c t r o l y t e i n s o l u t i o n as i i s exp ressed by Y . ; a w (Y~ ) i s t he 
a c t i v i t y o f wa te r f o r a g i ven v a l ue o f Y-. The s t a n d a r d s t a t e 
f o r wate r i s pure water a t the tempera ture o f the sys tem. The 
Bronsted-Guggenheim e q u a t i o n s can a l s o be s u b s t i t u t e d i n t o the 
Gibbs-Duhem e q u a t i o n to c a l c u l a t e the a c t i v i t y o f wate r i n d i l u t e 
s o l u t i o n s . Harned and Robinson (J3) g i v e the r e s u l t and a 
d e t a i l e d d i s c u s s i o n o f the Bronsted-Guggenheim e q u a t i o n s . 

Equa t i ons 11 and 12 a re no t w r i t t e n f o r c o n s t a n t m o l a l i t y , 
and can not be e a s i l y used w i t h the* Gibbs-Duhem e q u a t i o n t o o b 
t a i n an a n a l y t i c a l e x p r e s s i o n f o r the a c t i v i t y o f wa te r i n the 
t e r n a r y s o l u t i o n . However, i t i s p o s s i b l e t o propose a sepa r a t e 
equa t i on f o r the a c t i v i t y c o e f f i c i e n t o f wate r t h a t i s c o n s i s t e n t 
w i t h the proposed model o f c o n c e n t r a t e d s o l u t i o n s . 

The a c t i v i t y c o e f f i c i e n t o f water i n the t e r n a r y s o l u t i o n 
Π (2 3 ) ' l s e s t l ' m a t e d by : 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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(Ό.1525 — Χ * ) 

Figure 5. Activity coefficients of water in the HCI-H20 system at 10° (O), 25° 
(A), and 50°C (%) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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1 Η Γ 1 ( 2 , 3 ) = Υ 2 Ί η ^ ( 2 ) + Υ 3 1 η Γ 1 0 ( 3 ) ( 1 9 > 

The s t a n d a r d - s t a t e f u g a c i t y o f wate r i n the t e r n a r y s o l u t i o n , 
τ*ί(2 i s exp re s sed s i m i l a r l y b y : 

In f « ( 2 f 3 ) = Y 2 In f » ( 2 ) + Y 3 In f ° ( 3 ) (20) 

where f ? / .> i s the s t a n d a r d - s t a t e f u g a c i t y o f wate r i n the b i n a r y 
s o l u t i o n ^ o r e l e c t r o l y t e i . The a c t i v i t y c o e f f i c i e n t Γ?/*\ i s 
c a l c u l a t e d u s i n g the mole f r a c t i o n o f i i n the t e r n a r y soTu t i on 
and e i t h e r Equa t i on 16 o r 1 7 . The s t a n d a r d - s t a t e f u g a c i t y o f 
water i n the t e r n a r y s o l u t i o n changes w i t h Y. s i n c e the s t a n d a r d -
s t a t e f u g a c i t y o f wate r i s d i f f e r e n t i n each b i n a r y s ys tem. 
Equa t ion 20 i s s i m i l a r t  th  e x p r e s s i o  d e r i v e d b  O 'Conne l l 
and P r a u s n i t z (KO f o
c o n s t a n t i n a mixed s o l v e n t  Equat io y 
c o e f f i c i e n t o f water i n the t e r n a r y s o l u t i o n u s i n g o n l y da ta f o r 
the b i n a r y m i x t u r e s ; t h e r e f o r e , i t cannot be expec ted t o g i v e 
v e r y p r e c i s e r e s u l t s . 

V a p o r - l i q u i d e q u i l i b r i u m da t a f o r t he two b i n a r y systems 0]_) 
were used to c a l c u l a t e the s t a n d a r d - s t a t e f u g a c i t i e s r e q u i r e d 
i n E q u a t i o n s 6 and 2 0 . In the tempera ture range 0-50°C, t h e r e 
f u g a c i t i e s can be expressed by : 

l n f | = 1.332 + 0.781 ( t /10 ) 

In f ^ 2 ) = 0.885 + 0.610 ( t /10 ) 

In f f j g j = 1.485 + 0.591 ( t /10 ) 

where the f u g a c i t y i s i n mm. Hg. 
F i g u r e 6 compares expe r imen ta l and c a l c u l a t e d a c t i v i t y 

c o e f f i c i e n t s o f wate r i n the t e r n a r y system a t 25°C and a t o t a l 
m o l a l i t y o f 3 .0 . Equa t ion 18 was used t o exp ress t he e x p e r i m e n t a l 
a c t i v i t y c o e f f i c i e n t s . Agreement between expe r imen ta l and c a l c u 
l a t e d v a l u e s i s s u r p r i s i n g l y good c o n s i d e r i n g t h a t Equa t ion 19 
c o n t a i n s no t e r n a r y pa ramete r s . The a c t i v i t y c o e f f i c i e n t o f 
water i n the HCI-NaCl-H^O system i s not a s t r o n g f u n c t i o n o f com
p o s i t i o n , and Equa t ion T9 p r o v i d e s an adequate d e s c r i p t i o n o f 
the a c t i v i t y c o e f f i c i e n t s . 

V a p o r - L i q u i d E q u i l i b r i a 

Equa t i ons 11 and 19 exp re s s the n e c e s s a r y l i q u i d - p h a s e 
a c t i v i t y c o e f f i c i e n t s f o r t h e c a l c u l a 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 i n the HCI-NaCl-H ? 0 sys tem. Equa t ion 11 i s ve r y c o n v e n i e n t 

(21) 

(22) 

(23) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 6. Activity coefficients of water in the HCl-NaCl-H20 system at 25°C 
and total molality of 3.0 ((%) experimental) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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f o r v a p o r - l i q u i d e q u i l i b r i u m c a l c u l a t i o n s , s i n c e HCI i s t r e a t e d 
as a n o n - e l e c t r o l y t e i n both l i q u i d and vapor phases . T h i s 
a vo id s the cus tomary e q u a l i t y (12) between the f u g a c i t y 
o f HCI vapor and t he mean i o n i c T u g a c i t y o f HCI . 

At moderate p r e s s u r e s , t he v i r i a l equa t i on o f s t a t e , t r u n c a 
t e d a f t e r the second v i r i a l c o e f f i c i e n t , can be used t o d e s c r i b e 
the vapor phase. As sugges ted by H i r s c h f e l d e r , e t . a l . (1 3) 
the t empera tu re dependence o f the v i r i a l c o e f f i c i e n t s i s e x p r e s s e d : 

B n = 49 .85 [ 1 . 0 - 0.328 e
1 2 8 8 / T ] (24) 

B 2 2 = 77 .43 [ 1 . 0 - 0.704 e
4 0 0 / T ] (25) 

where Τ i s the tempera tu re i n °K  The c o r r e l a t i o n o f P i t z e r (14) 
was used t o c a l c u l a t e th
and the expe r imen ta l da t
used t o c a l c u l a t e Β-μ f o r w a t e r . The c r o s s v i r i a l c o e f f i c i e n t s 
a re e s t ima t ed by : 

B 1 2 = 63 .69 [ 1 .0 - 0.516 e
7 3 5 / T ] (26) 

where s i m p l e m i x i n g r u l e s were used f o r t h e t h r e e parameters i n 
Equa t i ons 24 and 2 5 . 

F i g u r e 7 shows the p r e d i c t e d vapor-phase mole f r a c t i o n s o f 
HCI a t 25°C as a f u n c t i o n o f the l i q u i d - p h a s e m o l a l i t y o f HCI f o r 
a c o n s t a n t NaCl m o l a l i t y o f 3. A l s o i n c l u d e d a re p r e d i c t e d vapor-
phase mole f r a c t i o n s o f HCI when t he i n t e r a c t i o n parameter A 2 3 

i s taken as z e r o . There a re u n f o r t u n a t e l y no e x p e r i m e n t a l vapor-
l i q u i d e q u i l i b r i u m da ta a v a i l a b l e f o r the HCI-NaCl-H 2 0 s y s t e m ; 
however , c o n s i d e r i n g the e x c e l l e n t d e s c r i p t i o n o f the l i q u i d -
phase a c t i v i t y c o e f f i c i e n t s and t he low t o t a l p r e s s u r e s , i t i s 
expec ted t h a t p r e d i c t e d mole f r a c t i o n s would be w i t h i n 2-3% o f the 
expe r imen ta l v a l u e s . 

S o l i d - L i q u i d E q u i l i b r i a 

The s o l i d - l i q u i d e q u i l i b r i u m f o r NaCl i s r i g o r o u s l y e x 
pressed by : 

f S
3 

f f " χ

3 Γ 3 (27) 

where f | i s t he f u g a c i t y o f s o l i d sodium c h l o r i d e . The r a t i o 
o f f u g a c i t i e s i n Equa t ion 27 i s the s o l u b i l i t y p roduc t o f NaCl 
and can be de te rmined u s i n g s o l u b i l i t y d a t a . At s a t u r a t i o n i n 
the NaCl-HpO s y s t e m , Ç° i s u n i t y and t h e s a t u r a t i o n mole f r a c -

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 7. Predicted vapor-liquid equilibria in the HCl-NaCl-HzO system at 25°C 
for NaCl molality of 3.0 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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t i o n , x ^ , i s equal t o the s o l u b i l i t y p r o d u c t . T h e r e f o r e , Equa
t i o n 10 can be used t o exp ress the s o l u b i l i t y p roduc t o f NaCl 
as a f u n c t i o n o f t e m p e r a t u r e . 

The s e l e c t e d n o r m a l i z a t i o n o f the NaCl a c t i v i t y c o e f f i c i e n t 
has two p a r t i c u l a r advantages f o r s o l i d - l i q u i d e q u i l i b r i a . F i r s t , 
the s o l u b i l i t y p roduc t i s c a l c u l a t e d d i r e c t l y from a v a i l a b l e 
s o l u b i l i t y d a t a ; no a c t i v i t y - c o e f f i c i e n t da ta a re r e q u i r e d . 
Second, the a c t i v i t y c o e f f i c i e n t o f NaCl has a c l e a r i n t e r p r e t a 
t i o n ; i t p r o v i d e s a q u a n t i t a t i v e measure o f how HCI changes 
the s o l u b i l i t y o f NaCl f rom i t s s t a n d a r d - s t a t e v a l ue o f x i 

S o l i d - l i q u i d e q u i l i b r i u m da ta (]6) f o r the HCI-NaCl -
H 2 0 system a t 25°C were used w i t h Equat ion 27 to 
c a l c u l a t e expe r imen ta l a c t i v i t y c o e f f i c i e n t s o f N a C l . Tab le 1 
shows a compar ison between t he expe r imen ta l a c t i v i t y c o e f f i c i e n t s 
and t hose c a l c u l a t e d u s i n g Equa t ion 1 2 . The agreement between 
expe r imen ta l and c a l c u l a t e
and Equa t ion 12 s h o u l d
e q u i l i b r i a a t o t h e r t e m p e r a t u r e s . 

Equa t ion 27 i s s i m i l a r to the s o l i d - l i q u i d e q u i l i b r i u m r e l a 
t i o n used f o r n o n - e l e c t r o l y t e s . As i n the case o f t he vapor-
l i q u i d e q u i l i b r i u m r e l a t i o n f o r HCI , t he s o l i d - l i q u i d e q u i l i b r i u m 
e x p r e s s i o n f o r NaCl i s s i m p l e s i n c e the e l e c t r o l y t e i s t r e a t e d 
t h e r m o d y n a m i c a l l y the same i n both phases . 

E x t e n s i o n o f Technique by Vera and Co-Workers 

Vera and co-workers (7,1_7,1JB) have extended the the rmo
dynamic c o r r e l a t i o n and macTe two a d d i t i o n s . F i r s t , t hey have 
deve loped a s e m i - e m p i r i c a l e x p r e s s i o n f o r the excess 
Gibbs energy i n p l a ce o f the s imp le e m p i r i c a l e q u a t i o n s 
o r i g i n a l l y used ( Equa t ions 8 and 9 ) . A l s o , w h i l e t hey 
use a s t anda rd s t a t e o f the e l e c t r o l y t e o f a s a t u r a t e d 
s o l u t i o n , they change the s t anda rd s t a t e o f water back 
to the c o n v e n t i o n a l one o f pure wa t e r . 

The e x p r e s s i o n f o r the excess Gibbs energy sugges ted by 
Cor rea and Vera i s : 

g^./RT = Ax In χ + B x 1 / 2 + Kx + c x 3 / 2 + Dx 2 + . . . (28) 

to d e s c r i b e a b i n a r y system o f e l e c t r o l y t e i i n aqueous s o l u t i o n 
and where A , B, C, D, . . . a r e a d j u s t a b l e pa ramete r s . Κ i s no t 
an independent parameter and i s de te rmined by t he n o r m a l i z a t i o n 
c o n d i t i o n f o r the a c t i v i t y c o e f f i c i e n t . A p p l i c a t i o n o f s t a n d a r d 
thermodynamics l e a d s to the f o l l o w i n g e x p r e s s i o n f o r the a c t i v i t y 
c o e f f i c i e n t o f w a t e r : 

l n P, = ax + b x 1 / 2 + c x 3 / 2 + d x 2 + (29) 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE I 

CALCULATED ACTIVITY
VALUES OBTAINED FROM SOLID-LIQUID EQUILIBRIUM DATA 

m 3 T 3(Exp.) P 3 (Cal. ) 

0 .00 6.126 1 .00 1.00 

1.00 5.096 1 .20 1.24 

2 .00 4.054 1.51 1.53 

3.00 3.100 1 .97 2 .07 

5.00 1.884 3.27 3.27 

6 .00 1.020 6 .09 5.83 

7.50 0.496 1 2 . 7 3 1 2 . 1 0 

8 .50 0.306 2 0 . 6 9 20 .10 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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where A=-a, B-2b, C=-2c, and D=-d. Use o f the Gibbs-Duhem 
e q u a t i o n and the n o r m a l i z a t i o n c o n d i t i o n l e a d s t o t h e e x p r e s s i o n 
f o r the a c t i v i t y c o e f f i c i e n t o f the e l e c t r o l y t e : 

l n Γ1 = (K-a) - a l n χ + b x " 1 / 2 + c^x + c y < 1 / 2 + c x 3 / 2 + d x 2 . . ( 3 0 ) 

where o^=a-2d and a 2 = b - 3 c , and where t he parameter Κ i s g i ven by : 

Κ = a + a l n x * - b x * " 1 / 2 - x * - x * " 1 / 2 - c x * 3 / 2 - d x * 2 . . (31) 

These e q u a t i o n s do no t reduce t o t he Debye-Huckel model f o r 
d i l u t e s o l u t i o n s and a re thus o n l y j u s t i f i e d f o r the t r e a tmen t o f 
ve ry c o n c e n t r a t e d s o l u t i o n s . 

T h i s model has bee
NaCl-HCI-H 2 0 sys t em. Tab l
p r e s s u r e s o f wa te r and t he a c t i v i t y c o e f f i c i e n t s i n the NaC l-
H 2 0 sys tem. As can be seen i n Tab le 2 , the agreement between the 
model and the expe r imen ta l da ta i s ve r y good down t o 0.2 m o l a l i t y . 
In a s i m i l a r way, i t was a l s o found p o s s i b l e t o o b t a i n an 
e x c e l l e n t f i t t o the e x p e r i m e n t a l da ta f o r the HC1-H 20 sys tem. 

F i g u r e 8 p r e s e n t s the s o l i d - l i q u i d e q u i l i b r i a i n the NaC l-
HC1-H 20 system a t 30°C; t he r e s u l t s o f t he Vera approach a re i n 
ve ry good agreement w i t h the expe r imen ta l d a t a . 

Vera (18) has a l s o examined how h i s model can be used t o 
p r e d i c t the a c t i v i t y o f wa te r i n s u p e r s a t u r a t e d s a l t s o l u t i o n s . 
A g a i n , the agreement o f the model w i t h e x p e r i m e n t a l da ta i s 
s u r p r i s i n g l y good g i ven the s i m p l e na tu r e o f the mode l . 

C o n c l u s i o n s 

We have p re sen ted a thermodynamic t e c h n i q u e wh ich i s u s e f u l 
f o r the c o r r e l a t i o n o f thermodynamic da t a o f aqueous e l e c t r o l y t e 
systems i n the c o n c e n t r a t e d r e g i o n . The approach was i l l u s t r a t e d 
u s i n g the t e r n a r y system o f HCI-NaCl-HgO. The c o r r e l a t i o n g i v e s 
a good d e s c r i p t i o n o f s o l i d - l i q u i d and v a p o r - l i q u i d e q u i l i b r i a ; 
the two t e r n a r y parameters r e q u i r e d t o c a l c u l a t e t he a c t i v i t y 
c o e f f i c i e n t s o f the e l e c t r o l y t e s are s i m p l e f u n c t i o n s o f t he 
tempera tu re and the t o t a l m o l a l i t y . 

T h i s c o r r e l a t i o n i s l i m i t e d to r e l a t i v e l y c o n c e n t r a t e d 
s o l u t i o n s (above 0.2 mola l f o r t he HC l-NaC l-H 2 0 system) and has 
no t h e o r e t i c a l s i g n i f i c a n c e i n d i l u t e s o l u t i o n s s i n c e the 
t r ea tmen t does no t e x p l i c i t l y t ake i n t o account i o n i c d i s s o c i a 
t i o n o f the e l e c t r o l y t e s . Fu r the rmore , the c o r r e l a t i o n i s 
a l s o l i m i t e d to systems w i t h a common i o n . 

The proposed c o r r e l a t i o n i s , however , a s i m p l e t e c h n i q u e 
f o r p h a s e - e q u i l i b r i u m c a l c u l a t i o n s i n c o n c e n t r a t e d s o l u t i o n s . 
The p h a s e - e q u i l i b r i u m r e l a t i o n f o r v o l a t i l e e l e c t r o l y t e s , such 
as HC I , has t he advantage t h a t t he e l e c t r o l y t e i n aqueous s o l u t i o n 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE I I 

COMPARISON OF EXPERIMENTAL AND CALCULATED PROPERTIES 
FOR THE SYSTEM NaCl-HpO- TECHNIQUE OF CORREA AND VERA JZ l 

P/F° 3± 
M o l a l i t y Exp

0.2 0.9934 0.9935 0.735 0.720 
0.4 0 .9868 0 .9867 0 .693 0.694 
0.6 0.9802 0.9801 0 .673 0.675 
1 .0 0 .9669 0.9667 0.657 0 .659 
1.2 0.9601 0 .9599 0.654 0 .657 
1.4 0.9532 0.9531 0.655 0.656 
1.8 0 .9389 0 .9389 0.662 0.662 
2 .0 0.9316 0.9316 0 .668 0 .668 
2.4 0.9166 0.9168 0 .683 0.682 
2.6 0 .9089 0.9091 0.692 0.692 
2 .8 0.9011 0.9012 0.702 0.702 
3.0 0.8932 0.8931 0.714 0 .714 
3.2 0.8851 0.8850 0.726 0 .727 
3.6 0.8686 0.8684 0 .753 0.754 
4 . 0 0.8515 0 .8513 0 .783 0.785 
4 .2 0 .8428 0.8426 0 .800 0.801 
4 .4 0 .8339 0.8338 0.817 0 .819 
4 .6 0 .8250 0 .8249 0.835 0.837 
4 . 8 0 .8160 0 .8157 0.854 0.856 
5.0 0.8068 0.8068 0.874 0.875 
5.2 0.7976 0 .7973 0.895 0.897 
5.4 0 .7883 0.7881 0.916 0 .918 
5.6 0.7788 0 .7790 0.939 0 .939 
5.8 0 .7693 0.7696 0.962 0.962 
6 .0 0.7598 0 .7600 0.986 0.986 
6 .17 1.006 1 .006 

Canadian Journal of Chemical Engineering 
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Canadian Journal of Chemical Engineering 

Figure 8. Solid-liquid equilibria for the HCl-NaCl system at 30°C—correlation 
of Vega and Vera ((Φ) experimental; ( ) calculated) 
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is treated as a non-electrolyte, consistent with its state in the 
vapor phase. Similarly, in the description of solid-liquid 
equilibria, sodium chloride is considered as the same thermo
dynamic component in both solid and liquid phase. 

The correlation has also been applied to a wide variety of 
ternary and quarternary systems by Vega and Funk (1_9). Again, 
the correlation is very good for the concentrated region and was 
effective in describing complex equilibria occuring in the 
quaternary system of NaCl-NaNÔ NapSCL-HpO. 

The work of Vera and co-workers has led to a semi-empirical 
expression for the excess Gibbs energy which is consistent with 
our choice of the saturated solution as the standard state for 
the electrolyte. Vera has, however, shown that pure water is 
a more convenient standard state for ΗΛ) in place of the saturated 
solution used by Vega and Funk (]_9)  This is particularly 
convenient for ternary
complication of having

The correlation presented in this paper can be very simply 
applied to phase-equilibrium calculations for concentrated 
electrolyte systems, however, care must be taken to remember that 
it is basically a correlational approach and not a molecular 
model for aqueous electrolyte solutions. 
Abstract 

Semi-empirical equations are proposed to describe activity 
coefficients at high concentrations in multicomponent salt system. 
The approach is limited to systems containing a common ion. The 
proposed equations highlight the region of high concentration 
and thus complement the various thermodynamic treatments developed 
for dilute aqueous solutions. The proposed equations for the 
activity coefficients of the electrolytes contain two parameters 
determined using activity coefficient data for the ternary system. 
The activity coefficient of water is well described using only 
data of the binary subsystems. The activity coefficients in the 
proposed equations have been defined similarly to those of 
non-electrolytes. However, they are easily related to the familiar 
mean ionic activity coefficients. These new equations have 
potential use in processing of salt systems, hydrometallurgy and 
interpretation of geological data. 

Literature Cited 
1. Harned, H. S., Owen, Β. B., "Physical Chemistry of 

Electrolyte Solutions", 3rd Edition, Reinhold, New York, 
New York, 1958. 

2. Robinson, R. Α., Stokes, R. H., "Electrolyte Solutions", 
2nd Edition, Butterworths, London, 1970. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



37. FUNK Multicomponent Salt Systems 739 

3. Seidell, S., Linde, W. F., "Solubilities", Vol. 2, ACS, 
Washington, D.C., 1965. 

4. Meissner, H. P., Kusik, C. L., AIChE Journal, 1972, 
18, 294. 

5. Meissner, H. P., Kusik, C. L., Tester, J. W., ibid., 
1972, 661. 

6. Bromley, L. Α., AIChE Journal, 1973, 19, 313. 
7. Correa, Η. Α., Vera, J. H., Can. J. Chem. Eng., 1975, 

53, 204. 
8. Harned, H. S., Robinson, R. Α., "Multicomponent 

Electrolyte Solutions"  London
9. Prausnitz, J. Μ., "Molecular Thermodynamics of Fluid-

Phase Equilibria", Prentice-Hall, Englewood Cliffs, 
New Jersey, 1969. 

10. O'Connell, J. P., Prausnitz, J. Μ., Ind. Eng. Chem. 
Fund., 1964, 3, 347. 

11. Perry, R. H., Chilton, C. H., "Chemical Engineers' 
Handbook", 5th Edition, McGraw Hill , New York, 1973. 

12. Hala, E., Proc. Int. Symp. Distill. , 1969, 3, 8. 
13. Hirschfelder, J. 0., McClure, F. T., Weeks, I. F., 

J. Chem. Phys., 1942, 10, 201. 
14. Lewis, G. N., Randall, Μ., "Thermodynamics", Revised at 

Pitzer, K. S., Brewer, L., 2nd Edition, McGraw-Hill, 
New York, 1961. 

15. O'Connell, J. P., Ind. Eng. Chem. Fund., 1964, 3, 
347. 

16. Åkerlöf, G., Turck, Η. Ε., J. Am. Chem. Soc., 1934, 
56, 1875. 

17. Vega, R., Vera, J. H., Can. J. Chem. Eng., 1976, 54, 
245. 

18. Vera, J. H., Can. J. Chem. Eng., 1977, 55, 484. 
19. Vega, R., Funk, E. W., Desal ination, 1974, 15, 225. 

RECEIVED January 31, 1980. 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



38 

Mode l ing the Chemical Equi l ibr ia in So l id -L iqu id 
Reactions 
Application to Leaching of Ores 

KNONA C. LIDDELL1 and RENATO G. BAUTISTA 
Ames Laboratory USDOE and Department of Chemical Engineering, 
Iowa State University, Ames, IA 50011 

Classical thermodynamic approaches have limited utility 
when applied to many heterogeneou
phase in such a system y  larg
species reacting relatively rapidly with one another. The solid-
fluid reaction may be considerably slower and it often happens 
that a heterogeneous reaction does not reach equilibrium. After 
a lengthy observation period, the measured concentrations for 
many systems give a mass action quotient much smaller than the 
equilibrium constant for the heterogeneous reaction. This is 
true for the dissolution of several copper sulfides by Fe^+ or O2 
in leach dumps, for example. Under some conditions, it is also 
true for a gas-liquid heterogeneous reaction such as 

4Fe2+ + 02 + 4H+ -> 4Fe3+ + 2^0. (1) 
If the discrepancy in the rates of the fluid phase and 

heterogeneous reactions is great enough, one is justified in con
sidering that the species in the fluid adjust rapidly enough to 
the changes in fluid phase analytical concentrations from reac
tion of the solid that chemical equilibrium is maintained 
within the fluid even though the fluid-solid reaction itself is 
far from equilibrium. As far as the fluid phase is concerned, 
reaction of the solid causes perturbations in the analytical 
(or total) concentrations but these perturbations are applied 
gradually in infinitesimally small steps; the equilibrium con
centrations within the fluid adjust smoothly and remain at 
equilibrium as the heterogeneous process proceeds. 

Following the changes in fluid phase concentrations 
accompanying heterogeneous reaction is potentially of great value 
in hydrometallurgy and other applied areas. Knowing how the 
fluid composition changed during a mineral processing operation, 
for example, would be useful in optimizing the process. 

Equilibrium concentrations in a solution can be calculated by 
1 Current address: Department of Chemical Engineering, Montana State University, Bozeman, Montana 59717 
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s o l v i n g a set of simultaneous nonlinear algebraic equations con
s i s t i n g of mass action and material balance expressions. ( I f 
ions are present, a charge balance may be wr i t t e n as well.) The 
a n a l y t i c a l ( t o t a l ) concentrations of the solution's components 
must be known and appear i n the material balance equations. 

The a n a l y t i c a l concentrations change during the hetero
geneous reaction. These changes are governed by the s t o i c h i o 
metry of the heterogeneous reaction and are proportional to one 
another. For example, chalcopyrite i s dissolved i n a c i d i c 
f e r r i c chloride s o l u t i o n according to 

CuFeS 2 + 4FeCl 3 -> CuCl 2 + 5FeCl 2 + 2S°. (2) 

The a n a l y t i c a l concentrations needed for a des c r i p t i o n of such 
a s o l u t i o n are those of FeCl3, CuCl2» FeCl2 and HCI. For a 
constant s o l u t i o n volume
drops while those of CuCl
-4:1:5. The a n a l y t i c a l concentration of HCI i s unchanged be
cause H + i s not a reactant. The t o t a l number of negative ions 
(or C l ~ concentration) remains the same while the i d e n t i t i e s 
of the p o s i t i v e l y charged ions change during reaction. 

I t i s possible to ca l c u l a t e the equilibrium s o l u t i o n con
centrations during a heterogeneous reaction by changing the 
a n a l y t i c a l concentrations to take account of the ongoing trans
f e r of reactant out of and product into the s o l u t i o n but i t i s 
usually impractical to do so. Large amounts of computer time 
would be required for such a computation unless the system of 
equations i s a small one and the changes i n a n a l y t i c a l concen
t r a t i o n s are f a i r l y large. 

The method presented here provides a more convenient means 
of obtaining t h i s type of information. 

Development of the P a r t i a l Equilibrium Model 

In a s o l i d - f l u i d reaction system, the f l u i d phase may have 
a chemistry of i t s own, reactions that go on quite apart from 
the heterogeneous reaction. This i s p a r t i c u l a r l y true of 
aqueous f l u i d phases, which can have acid-base, complexation, 
oxidation-reduction and l e s s common types of reactions. With 
rapid r e v e r s i b l e reactions i n the so l u t i o n and an i r r e v e r s i b l e 
heterogeneous reaction, the whole system may be said to be i n 
" p a r t i a l equilibrium". Systems of t h i s kind have been treated 
i n d e t a i l i n the geochemical l i t e r a t u r e (1) but to our knowledge 
a p a r t i a l equilibrium model has not previously been applied to 
problems of i n t e r e s t i n engineering or metallurgy. 

P h y s i c a l l y , the s o l i d and the f l u i d are l i n k e d by the mass 
transfer between them. The equilibrium concentrations i n the 
so l u t i o n are continually changing as the a n a l y t i c a l concentra
tions change; the adjustments are constrained to be such that the 
mass action expressions and balance equations are always 
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s a t i s f i e d . 
The d e r i v a t i o n of the equations of the model i s discussed i n 

more d e t a i l elsewhere (1_,2) but i s summarized here. 
Assume f o r the moment that there i s a si n g l e i r r e v e r s i b l e 

reaction. Let ξ be a progress v a r i a b l e describing the extent of 
reaction; (Κξ£ΐ. As ξ increases i n i n f i n i t e s i m a l increments dξ, 
the solution's a n a l y t i c a l concentrations are perturbed and the 
a c t i v i t i e s of the species i n s o l u t i o n change. Thus for each 
solute species s j , a., i s a function of ξ. 

Taking a basis of 1 kg of s o l u t i o n , the chemical equation 
for the i r r e v e r s i b l e reaction can be w r i t t e n 

EN.S. + En.s. = 0 (3) 
i 1 1 j J J 

where N^ i s the numbe
number of moles of s o l u t i o
the s o l u t i o n i s affected: changes i n the a c t i v i t y a and the 
mol a l i t y m, of a s o l u t i o n phase species are rela t e d by 

d a j = dCYjm ) (4) 

while the concentration change i s related to the heterogeneous 
reaction by 

îudÇ = dm . (5) 

This assumes that the so l u t i o n phase a c t i v i t y c o e f f i c i e n t s do not 
change during an incremental change i n the extent of the hetero
geneous reaction. 

For each s o l u t i o n reaction, there i s a mass action 
expression 

V l 
Κ = ïïa . (6) 

1 1 

Because the a c t i v i t i e s change as the heterogeneous reaction 
progresses, t h i s may be d i f f e r e n t i a t e d with respect to ξ, givi n g 

dlna-
0 = Σν -r~± . (7) 

1 X α ξ 

Substituting from Equations (4) and (5) and neglecting the de
pendence of l n a^ on m̂ , and a c t i v i t y changes for any but the 
solute species 

V.n. 
0 = Σ-J-l 

. m. 
J J 

(8) 
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Equation ( 8 ) i s the basic equation of the p a r t i a l equilibrium 
model. There i s one equation of t h i s form for every f l u i d phase 
reaction that i s at equilibrium. The unknowns to be determined 
are the ηj. Once an increment dξ of sui t a b l e s i z e i s selected, 
the nj give the m o l a l i t y changes through Equation ( 5 ) . 

Two a d d i t i o n a l points about Equation ( 8 ) need to be d i s 
cussed here. Equation ( 8 ) contains mj i n the denominator. Thus 
the s o l u t i o n concentrations must be known before the f i r s t 
increment dξ i s taken and none of them can be zero. In practice 
t h i s means that the set of nonlinear equations (mass action and 
balance equations) describing the f l u i d phase i n i t s i n i t i a l 
unperturbed equilibrium state must be solved once. Further, 
Equation ( 8 ) does not completely describe a heterogeneous system 
at p a r t i a l equilibrium. 

Consider the following simple example. Suppose there are 
j u s t two reactions occurring
sociates to give the solubl
dimerizes i n Equation (10). The second reaction i s r e v e r s i b l e 
but the f i r s t i s not. 

S ^ + M 2 ( 9 ) 

M i + M i * — * D · ( 1 0 ) 

One would l i k e to know the changes i n the amounts of the four 
species for an_increment dξ of reaction ( 9 ) . There are four 
unknowns, N g, n ^ , n M and n^. Applying Equation ( 8 ) gives 

0 = -ϋ i (il) 

Two material balances can be wr i t t e n 
0 = K + \ + 2% (12) 

0 = Ν + V ' (13) 

With only three equations, the problem i s not as yet determinate. 
Two possible approaches can be taken. One i s to introduce 
k i n e t i c information on the rate of d i s s o c i a t i o n , using f o r 
example 

"ν Ί Γ = r s < 1 4> 
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where r g i s a function of concentration, temperature, etc., and 
t i s time. Equations (11-14) would give the number of moles of 
each substance formed d i r e c t l y as a function of time but may be 
rather d i f f i c u l t to solve. In order to make use of Equation (5) 
to obtain concentration changes, moreover, a r e l a t i o n s h i p be
tween ξ and t i s required. The other p o s s i b i l i t y i s to remove 
a v a r i a b l e . Dividing each v a r i a b l e by -Ng gives 

moles formed 

1 -Ng moles S reacting 
(15) 

moles M„ formed 
"M ~ (16) 

2 -Ng moles S reacting 

n D moles D formed 
« D = — - (17) 

-Ν^ moles S reacting 

The sign convention i m p l i c i t i n Equation (3) i s preserved; n. 
i s p o s i t i v e for a product and negative f o r a reactant. Then 
Equations (11-13) become 

0 = -ϋ i (18) 

0 - -1 + + 2n D (19) 

0 = -1 + (20) 

Once m̂  and m̂  are known, t h i s system i s easy to solve. 

Now suppose that under some conditions formation of a 
trimer may be important. There i s an a d d i t i o n a l reaction to 
take in t o account 

D + M 1 Τ (21) 

and an a d d i t i o n a l unknown n T (or n T ) . However, there i s also an 
a d d i t i o n a l equation that can be w r i t t e n (and an extra term to be 
added to Equation (19)). 
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0 = — - — (22) 
*T "D \ 

Considering more species that are involved i n equilibrium 
reactions makes the, number of unknowns la r g e r , therefore, but 
an equation i s added to the system along with each new unknown. 

That i s not the case for species that p a r t i c i p a t e only i n 
i r r e v e r s i b l e reactions. Consider another s t r u c t u r a l form of 
the s o l i d , S T, with a d i f f e r e n t reaction rate. 

S' + M 1 + M 2 (23) 

The unknown Ng appears i n the material balance equations but 
there are no a d d i t i o n a l equation  t  b  appended t  th  set

Each i r r e v e r s i b l e
number of unknowns and  equations, g
(1) s c a l i n g of the v a r i a b l e s , (2) use of k i n e t i c data or 
(3) both. 

Setting up the model equations for various s i t u a t i o n s i s 
discussed i n more d e t a i l below but we digress here to out l i n e 
the steps involved i n applying the p a r t i a l equilibrium model. 
They are as follows : 

(1) Decide what reactions need to be considered and 
which of them are i r r e v e r s i b l e and which are 
r e v e r s i b l e . 

(2) L i s t the unknowns. 
(3) Write an equation of the form of Equation (8) for 

each r e v e r s i b l e reaction. To obtain the i n i t i a l 
f l u i d phase concentration nij, i t i s necessary to 
know the a n a l y t i c a l concentrations i n the s o l u t i o n 
at the s t a r t of the heterogeneous reaction as w e l l 
as equilibrium constants for the r e v e r s i b l e reactions. 

(4) Write as many independent mass balances among the 
unknowns as possible. I f there are ions i n the 
f l u i d phase, a charge balance expressing e l e c t r o 
n e u t r a l i t y can be wr i t t e n i f desired. 

(5) Check the equations w r i t t e n i n step (4) to be sure 
they are a l l independent. 

(6) Reduce the number of equations by s c a l i n g them and/or 
select k i n e t i c data. I f k i n e t i c data are to be used, 
i t i s advisable to change the v a r i a b l e s , replacing 
t by ξ and by ̂  or 

Appl i c a t i o n of the P a r t i a l Equilibrium Model 

We now consider the various f i n e points i n the use of the 
model and then discuss several a p p l i c a t i o n s . 
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One difference between conducting and nonconducting media 
i s that i n the former case a charge balance may take the place 
of one of the material balances. For the same number of s o l u t i o n 
species, however, the number of independent balance equations i s 
the same i n the two cases. 

M a t e r i a l balances can be writt e n for moieties which are 
conserved during the reaction, such as the atoms of a p a r t i c u l a r 
element or the t o t a l charge, or for reactant or product species 
i f the stoichiometry i s unambiguous. Oxidation-reduction reac
tions may be p a r t i c u l a r l y troublesome. In the following 
s i t u a t i o n , for example, one cannot w r i t e a material balance re
l a t i n g protons to water molecules. Consider the oxidation of 
0 2 to H 20 and the equilibrium d i s s o c i a t i o n of Ĥ O. 

... + 0 2 + 4H + > ... + 2H20 (24) 

2H + + 20H

The r a t i o of H + to H 20 i s 2:1 i n Equation (24) and 1:1 i n 
Equation (25); i t i s not possible to w r i t e an equation that 
describes the o v e r a l l changes i n the amounts of these two 
species. 

Once the chemical reactions of the system have been iden
t i f i e d , the number of unknowns chosen a f f e c t s the s i z e of the 
set of equations but has no influence on the number of equations 
that need to be used. To a cer t a i n extent, the unknowns to be 
solved for can be selected a r b i t r a r i l y ; a va r i a b l e may be ex
cluded from the l i s t of unknowns as long as (1) i t i s not i t s e l f 
of p h y s i c al i n t e r e s t and (2) i t appears only i n the i r r e v e r s i b l e 
reactions. Omitting such a variab l e does not a f f e c t the imbal
ance between the number of unknowns and the t o t a l number of 
equilibrium and balance equations. 

Suppose the reactions of the system are the following: 

S + R + > + P 2 (26) 

Ρ χ
+ ; * ( P ^ ) 0 (27) 

for 
M a t e r i a l 

w e l l as 
a charge balance but t r i a l and error shows that i t i s impossible 
to do so without introducing n R

+ and n A~. Ρ 2 need not appear, 
however. A set of three independent balances i s : 

\ + - " Ss - 5 ( P l A ) 0 <28> 

-n A_ (29) 
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nR+ + \ + = nA" ( 3 0 ) 

(Equation (30) assumes that A was the only anion present before 
reaction began.) The equation f or the equilibrium reaction i s 

"(Ρ,Α) 0 V + V-
0 ± - (31) 

There are four equations and f i v e unknowns. I f Ρ 2 i s o f physical 
i n t e r e s t , the unknown n p can be included; an independent 

2 
material balance for i t i s e a s i l y w r i t t e n : 

= -N s (32

There are now s i x unknowns and f i v e equations. The imbalance 
between the number of unknowns and the number of equations i s 
unchanged. I f there i s no reason to include the extra v a r i a b l e , 
i t i s best to leave i t out, thereby s i m p l i f y i n g the computation 
as much as possible. 

This example also shows that the amount of k i n e t i c i n f o r 
mation needed to complete the set of equations (one equation i n 
t h i s case) depends on the number of independent i r r e v e r s i b l e 
reactions (one) and not on the number of chemical species i n 
volved only i n the i r r e v e r s i b l e reactions (two) or on the number 
of these species appearing as unknowns. 

With an aqueous f l u i d phase of high i o n i c strength, the 
problem of obtaining a c t i v i t y c o e f f i c i e n t s may be circumvented 
simply by using apparent equilibrium constants expressed i n terms 
of concentrations. This procedure i s recommended f o r hydro-
m e t a l l u r g i c a l systems i n which complexation reactions are impor
tant, e.g., i n ammonia, c h l o r i d e , or s u l f a t e s o l u t i o n s . 

Sometimes the equilibrium reaction for the formation of a 
species i n s o l u t i o n may be w r i t t e n i n more than one way. For 
example, the hydrolysis reactions of f e r r i c ion have t h i s 
c h a r a c t e r i s t i c ; the formation of FeOH 2 + may be w r i t t e n as 

F e 3 + + H 20 r—A FeOH 2 + + H + (33) 

or F e 3 + + 0H~ f==^ FeOH 2 + (34) 

Quite apart from the question of whether i t i s desirable to take 
H 20 as a v a r i a b l e , i t may be best i n a strongly acid s o l u t i o n to 
work from Equation (33) rather than Equation (34). This i s be
cause, i n such a s o l u t i o n , the hydroxide ion concentration i s 
orders of magnitude smaller than the concentrations of the other 
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species and the accuracy with which the model equations can be 
solved becomes an important consideration. 

I f k i n e t i c data are to be used, i t i s necessary to transform 
the variables to conform with those of the p a r t i a l equilibrium 
model. The units used i n the model equations for R-̂  and 5j are 
moles formed/kg of s o l u t i o n . Thus the mass of s o l u t i o n i n the 
reacting system from which the k i n e t i c data comes must be known. 
Frequently, one w i l l know the volume and have to approximate the 
density. A r e l a t i o n between ξ and t i s also needed. For t h i s , 
the mass of s o l i d o r i g i n a l l y present must be known. The amount 
of s o l i d reacing, -ANg, for a time i n t e r v a l At can be obtained 
from rate curves or calculated from an integrated rate equation. 
The f r a c t i o n of the o r i g i n a l mass reacting i n the time i n t e r v a l 
gives an approximate value of ζ, e.g., 

where ξ 3 ν i s interpreted as the extent of reaction averaged over 
the time i n t e r v a l At and Ng 0

 i s t h e o f t n e s o l i d present 
before the heterogeneous reaction. I t i s then possible to plot 
Ng versus ζαν and to r e l a t e variables by an algebraic equation. 
I t i s t h i s algebraic equation that i s used to complete the set 
of equations of the p a r t i a l equilibrium model. Once the com
plete set i s solved, the concentration changes can be given 
as functions of time. 

This technique can be generalized i f two or more indepen
dent heterogeneous reactions occur. In t h i s s i t u a t i o n , rate 
data must be av a i l a b l e for each reaction under comparable 
conditions. 

I f a si n g l e s o l i d reacts i r r e v e r s i b l y i n separate reactions, 
ANg i s the sum of two or more contributions. I d e a l l y , the 
k i n e t i c data w i l l include o v e r a l l reaction rates under con
d i t i o n s when a l l the i r r e v e r s i b l e reactions occur simultaneously 
as w e l l as the i n d i v i d u a l rates of the d i f f e r e n t reactions. 
Then the f r a c t i o n of the t o t a l i r r e v e r s i b l e process due to each 
of the reactions can be determined. Like ANg, C a v _ i s a s u m o f 

terms. For the same i n i t i a l mass of s o l i d Ng^o» ÂNg ̂  and 
are obtained from i n d i v i d u a l rate curves. Unless each ANg^i 
depends on i t s i n the same way, the r e l a t i v e importance of 
the various heterogeneous reactions changes with the t o t a l ex
tent of reaction. In any event, i t i s necessary to express each 
^ N s , i a s a function of ξ α ν. 

We now discuss i n d e t a i l s e t t i n g up the p a r t i a l equilibrium 
model fo r a p a r t i c u l a r case. The d i s s o l u t i o n of chalcopyrite, 
CuFeS2, has been studied extensively i n the laboratory (3^,5) 
and we have been interested i n i t because of i t s importance i n 
dump leaching. Under dump leaching conditions, two d i s s o l u t i o n 
reactions have been i d e n t i f i e d f o r t h i s mineral (3^4,j>): 

- ξ 
Ν, av 
S,0 
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CuFeS 2 + 4Fe 3 + + C u 2 + + 5Fe 2 + + 2S° (36) 

CuFeS 2 + 0 2 + 4H+ •> C u 2 + + F e 2 + + 2S° + 2H£0 (37) 

The equilibrium constants for both reactions are very large: 
6,76 χ 10 2 0 for Equation (36) and 8.62 χ 10 5 4 for Equation (37) 
(2). Concentration data from dump leaching operations indicates 
that neither reaction i s close to equilibrium. Hence these are 
i r r e v e r s i b l e reactions. The leach s o l u t i o n i s a s u l f a t e medium 
and the s o l u t i o n chemistry involved a number of species. S u l 
fate and b i s u l f a t e ions are i n equilibrium, Fe^ + undergoes a 
series of reactions producing hydroxo complexes and C u 2 +, Fe J 

and F e 2 + form a number of complex ions with s u l f a t e and b i s u l 
fate ions. 

The s o l i d s u l f u r produc
Near room temperature,
to soluble sulfur-containing anions(4). I t can be assumed, 
therefore, that none of the s u l f u r atoms o r i g i n a l l y present i n 
the s o l i d chalcopyrite enter the s o l u t i o n . The s u l f u r product 
i s not recovered i n the leaching process and does not a f f e c t the 
s o l u t i o n chemistry. 

To a f i r s t approximation, the concentration and a c t i v i t y of 
the water molecules do not change during d i s s o l u t i o n so nj^o can 
be neglected. _ _ 

The unknown parameters of i n t e r e s t are N ^ ^ g , nQ2> n Ή + , 

the various F e ( I I I ) , Fe(II) and Cu(II) species, n s o^2- a n d 

nHS04-e 

To obtain the i n i t i a l e quilibrium concentrations of the 
various ions, the s o l u t i o n i s taken to contain Fe2(804)3, F e S 0 4 , 
H2SO4 and a small amount of CuSO^. Leach l i q u o r i s recycled 
a f t e r the recovery step so traces of CuSO^ are always present. 
A n a l y t i c a l concentrations of these substances and the equilibrium 
constants for each equilibrium reaction must be known. Mass 
balances for F e ( I I I ) , F e ( I I ) , Cu(II) and SO42- and a charge 
balance supplement the mass action equations. This nonlinear 
set of equations can be solved by the well-known Newton-Raphson 
method (6). 

In w r i t i n g balance equations for the p a r t i a l equilibrium 
model, two quantities are absolutely conserved. These are the 
t o t a l number of s u l f a t e moieties and the net charge i n s o l u t i o n . 
The r e s u l t i n g equations are: 

0 = 5S0, 2" + W" + «FeSO, + 2 5 F e ( S O . ) , " 4 4 4 4 2 
< 3 8 > 

+ "FeHS0,2+ + nFeS0 0 + nFeHS0+ + nCuS0,° 4 4 4 4 
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(39) 

0 = n j j + - 2n 2- - \ S Q - + 3 n p e 3 + + 25,^2+ 
4 4 

+ 5Fe(OH) 2+ + 4 i iFe 2(OH)^+ + ^FeSO^ 

" S e ( S 0 4 ) 2 - + 2 iFeHS0 42+ + 2n F e2+ 

+ "FeHSO+ + 2 5Cu2+ " 5OH" 4 

Mat e r i a l balances can also be wr i t t e n f or F e ( I I I ) , Fe(II) and 
Cu(II) from the chemical equations for the two d i s s o l u t i o n 
reactions. Expressing other quantities i n terms of the amount 
of reactant consumed give

W s 2 - 1 / 4 5 F e ( I I I ) + \ ( 4 0 ) 

5 F e ( I I ) = - 5 / 4 5 F e ( I I I ) " «0,, ( 4 1 ) 

"cu(II) - SCuFeS 2
 ( 4 2 ) 

where 

n F e ( I I I ) _ n F e 3 + + *FeOH2+ + ··· + ^ ( S O ^ -
+ 5 F e H S 0 /

2 + ( 4 3 ) 

4 

5 F e ( I I ) = V 2 + + »FeS040 + 5FeHS0 2+ ( 4 4 ) 

HCu(II) = HCu2+ + "cuSO 0 <45> 
4 

These f i v e balance equations are a l l independent. 3 + 

Among the s o l u t i o n phase species Η , SO^ 2 -, HSO4", Fe , 
FeOH2+, Fe(OH) 2

+, F e 9 ( 0 H ) 2
4 + , FeS0 4

+, Fe(S04> 2", FeHS0 4
2 +, 

Fe 2+, FeS04°, FeHS04*+, C u 2 + , and C U S O 4 0 , independent mass act i o n 
expressions can be w r i t t e n f o r the formation of HSO4"", FeOH , 
Fe(OH) 2+, F e 2 ( O H ) 2

4 + , FeS0 4
+, F e ( S 0 4 ) 2 - , FeHS0 4

2+, FeS04°, 
FeHS04^, a n d C u S 04°> giving an additonal 10 equations. 

There are a t o t a l of 15 equations and 17 unknowns. 
Each unknown can be divided by ~ N

C u F e s 2
 t o reduce the 

number of unknowns by one but c l e a r l y the use of k i n e t i c 
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info mat ion cannot be avoided. 
The only k i n e t i c data that permits d i r e c t comparison of 

the rates of Reactions (36) and (37) i s that of Baur, Gibbs and 
Wadsworth (3). After a very b r i e f i n i t i a l period of rapid reac
t i o n , Reactions (36) and (37) are followed. Extrapolation of 
the data of Baur, Gibbs and Wadsworth to long times and trans
formation of variables i n d i c a t e that a f t e r the i n i t i a l r a p id 
re a c t i o n , chalcopyrite and oxygen react i n a constant r a t i o , 
i . e . , the f r a c t i o n of the t o t a l copper dissolved due to 0 2 i s 
a constant. A constant value can then be assigned for η Λ ; 

ϋ2 
f o r t u i t o u s l y , the completed set of algebraic p a r t i a l equilibrium 
equations i s l i n e a r i n t h i s case. 

Summary and Conclusion 

We have solved th
model for a number of d i f f e r e n t i n i t i a l a n a l y t i c a l concentrations 
and choices of η Λ . The r e s u l t s of the greatest immediate 

°2 
p r a c t i c a l importance concern the e f f e c t s of the i n i t i a l a n a l y t i 
c a l F e 2 ( 8 0 4 ) 3 concentration and the f r a c t i o n of copper dissolved 
by 0 2 and IT*". I t was assumed that the dissolved oxygen concen
t r a t i o n d i d not l i m i t the rea c t i o n , i . e . , oxygen entered the 
so l u t i o n as fa s t as i t was used up i n the reaction so that a 
constant dissolved oxygen l e v e l was maintained. The model equa
tions were solved f o r successive reaction increments u n t i l 
e i t h e r the t o t a l Fe(III) concentration had dropped to 1 0 ~ 4

 m or 
the s o l u b i l i t y product f o r p r e c i p i t a t i o n of amorphous F e ( 0 H ) 3 
was exceeded. P r e c i p i t a t i o n of Fe^ + i s a major problem i n 
dump leaching operations and should be prevented i f possible. 
Typical r e s u l t s are shown i n Figure 1 . At the same value of 
|no«|, the f i n a l copper recovery i s increased by increasing the 
i n i t i a l F e 2 ( S 0 4 ) ^ concentration. For a given F e 2 ( S Û 4 ) 3 concen
t r a t i o n , increasing the f r a c t i o n dissolved by 0 2 and causes 
an increase i n the f i n a l Cu(II) concentration but the curve 
eventually drops o f f sharply as F e ( 0 H ) 3 p r e c i p i t a t e s . Moreover, 
the decline i n copper recovery occurs at smaller values of 
| η θ 2 | f o r higher f e r r i c s u l f a t e concentrations. 

The complete r e s u l t s of the ca l c u l a t i o n s applying the par
t i a l e quilibrium model to the ambient temperature d i s s o l u t i o n 
of chalcopyrite by f e r r i c i on and by oxygen and acid are being 
reported i n another p u b l i c a t i o n (7). The concentration changes 
occurring during the chalcopyrite d i s s o l u t i o n i n the dump can 
be predicted by the model. This i n e f f e c t indicates how the 
in f l u e n t leaching s o l u t i o n concentration should be changed i n 
order to maximize copper d i s s o l u t i o n and prevent the p r e c i p i 
t a t i o n of t r i v a l e n t i r o n . This can best be attained by main
t a i n i n g a high Fe(III) concentration and by high acid concen
t r a t i o n s . A very low concentration of dissolved oxygen i s 
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0020 

0002 h 

Ql 02 03 04 05 06 

FRACTION DISSOLVED BY REACTION WITH 0 . 

Figure 1. Final Cu(II) concentration as a function of the fraction of chalcopyrite 
dissolved by 02 and H+ for various initial Fe2(SOk)3 concentrations: CFc2(80i)S: (O) 
0.025m; Ο 0.010m; (A) 0.005m; CFcSOi—0.2m; CCusou—-0.001m; Ch.28Ol0.01m 

In Thermodynamics of Aqueous Systems with Industrial Applications; Newman, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



754 THERMODYNAMICS OF AQUEOUS SYSTEMS WITH INDUSTRIAL APPLICATIONS 
indicated since high levels of dissolved oxygen have a delete
rious effect on the acid concentrations. This in turn affects 
the precipitation of ferric hydroxide. 
Abstract 

In many solid-liquid systems of practical interest, the 
heterogeneous reactions do not reach equilibrium. Reactions 
among dissolved species, however, generally are faster. Hence 
it is often possible to regard the heterogeneous reactions in 
such a system as producing changes in the concentrations of 
some of the liquid phase species, thereby causing the equilibria 
in the solution to shift. Classifying the reactions in such a 
system as reversible or irreversible makes possible the develop
ment of a mathematical model of the changes in solution concen
tration accompanying a heterogeneous process  The derivation 
and use of the model equation
that would be needed to  equilib
ruim liquid phase system must be supplemented by kinetic infor
mation in order to make the heterogeneous problem determinate. 
The information needed includes: (1) the stoichiometry of each 
reaction, reversible or irreversible, taking place; (2) analyt
ical concentrations in the solution phase at the start of the 
heterogeneous reactions; (3) equilibrium constants for the 
reversible reactions, which may be either true thermodynamic or 
apparent constants; and (4) kinetic data in the heterogeneous 
reactions. A set of equations is obtained that includes a 
linear equation for each reversible liquid phase reaction, 
material balances and, in the case of an aqueous liquid phase, 
a charge balance; following a change of variable, kinetic 
equations complete the set. The equations are algebraic in 
form and in favorable cases may all be linear. This type of 
model may readily be applied to various hydrometallurgical 
systems. Mineral leaching is discussed in detail. 

Terms and Solutions 

aj activity of solute species 

Κ equilibrium constant 
mj molality of solution phase species sj; moles/kg 

solution 
n. number of moles of solution phase species s. formed 
_J per mole of solid reacting J 

nj number of moles of solution phase species s. formed per 
_ kg of solution ^ 

number of moles of solid S. formed per kg of solution 
Yj activity coefficient of solution phase species s_. 

stoichiometric coefficient of species 1 in equilibrium 
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constant 

ξ progress variable for extent of reaction; fraction 
reacted 
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heating values of selected 296/ 

Free energy of formation, equilibrium 
constants and 627-632 

Fuel(s) fossil 
characteristics 295-296 
H / C ratios for various 298/ 
heating values of selected 296/ 

G 
Gas(es) 

in binary mixture with water, effect 
of temperature on the activity 
coefficient of 113/ 

Claus processing of low H 2S 29-30 
cleanup, tail 27 
process efficiency 30 
-processors association research on 

substitute gas thermody
namics 317-321 

reducing 36 
and related systems, thermodynamic 

data for synthesis 305-315 
removal, acid 15-23 
research institute, gas supply 

research program at 323-331 
salting out of 113-131 
shift, water 303/ 

critical lines 386 
binary pairs, critical lines in 385/ 
mixtures 383 

in sodium chloride solution, correla
tion of salting-out coefficients 
of various 130/ 

solid hydrate 318 
supply program 325-326 

research at the gas research 
institute 323-331 

systems, application of the PFGC-
MES equation of state to 
synthetic and natural 333-358 

thermodynamics, gas processors 
association research on 
substitute 317-321 

unconventional natural 326-327 
in water 

partial molal volumes of 533 
solubility of 108-113 

Gas(es) (continued) 
in water (continued) 

solubility of (continued) 
from 350-600 Κ 513-534 
noble 518/ 

Gasification 297-299 
Gasifier with typical reactor tempera

ture profiles, coal 
entrained-flow 300/ 
fluidized-bed 298/ 
moving-bed 298/ 

GLC apparatus, modified 370/ 
Glue addition on current efficiency of 

zinc electrowinning for antimony-
containing solutions, effect of 713/ 

GPA projects involving water 318-320 
GRI 

history 323-324 
R&D budget f 325/ 

calcium sulfite and 
calcium concentration as a function 

of chloride-to-magnesium ratio 257/ 
chloride-to-magnesium ratios 257/ 
magnesium concentration 255/, 259/ 

Gypsum saturation 
equations for calculating the 

degree of 258-260 
from measurements of dissolved 

calcium 258-260 
from measurements of dissolved 

S0 2 260 

Η 

H+-e system 
Cu-Cl^-HoO- 694/, 695/ 
Cu-HoO- 689/ 
Cu-S-H 2 0- 692/ 
S -H 2 0- 682/ 

H 2 mixture vapor phase water con
centrations, N 2 - 340/ 

HBr in halide solutions, mean ionic 
activity coefficients of HCI and .. 79/ 

H / C ratios for various fossil fuels 298/ 
HCI 

activity coefficient of 723/ 
and HBr in hailed solutions, mean 

ionic activity coefficients of .... 79/ 
and KCl aqueous solution, ionic 

activity coefficient of 84/ 
HC1-H 20, FeCl 2 - 242 
HC1-H 20 system, activity coefficients 

of water in 728/ 
HCl-NaCl system, solid-liquid 

equilibria for 737/ 
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HCl-NaCl-H 2 0 
activity coefficients of water in 730/ 
mean ionic activity coefficients for .. 719/ 
vapor-liquid equilibria in the 732/ 

H 2 0 
n-butane 425/, 426/ 
critical lines in reacting mixtures 

of CO with excess 387/ 
FeCl 2 -HCl- 242 
methane 424/ 
mixtures, pH of N H 3 - H 2S - C 0 2 - 198-222 
NH 3 -H 2S- 156/ 
-nitrogen, system 428/ 
problem, input to ECES to describe 

N H 3 - C 0 2 - 239/ 
-propane, system 424/, 425/ 
system 

activity coefficients of water in 
the HCI- 728

NaCl- 730
mean ionic activity coefficient

for the HCl-NaCl- 719/ 
H 2 0 429/ 
N H 3 - C 0 2 - 152-155,228,236 

model summary for single 
stage flash 240/ 

NH3-C02-HoS- 159, 161 
NH 3 -H 2S- 155-159, 161, 178/ 
N H 3 - S 0 2 - 159 
vapor liquid equilibria in the 

HCl-NaCl- 732/ 
H 2 0 - C 0 2 system 429/, 430/ 
H 2 0-H + -e system 

Cu- 689/ 
Cu-Cl 1 - 694/, 695/ 
Cu-S- 692/ 
S- 682/ 

HoS-COo-H20 mixtures, pH of 
N H 3 198-222 

HoS-Η,ό, N H 3 - 156/ 
system 155-159, 161 

C 0 2 - 161 
H 20-H2S, system 429/ 
Hamiltonian models at various 

levels 549-551 
Harned's rule 720-722 

interaction parameters for 721/ 
Heat 

capacity 
of aqueous NaCl, molal 579/ 
calorimeter, flow 577/ 
measurements 574-578 

exchangers 5 
of reaction of H + with concentrated 

sodium citrate buffers 277/ 
recovery efficiency 302 

theoretical methane yield and .... 304/ 
values of selected fossil fuels 296/ 

Helium + water 521, 522/ 
Henry's constants 176/ 

coefficients for 164/ 
for solubility of hydrogen sulfide 

in water 111/ 
Az-Heptane, enthalpy steam 438/, 440/ 
Η-Heptane, results for the mixture 

steam + 436 
/i-Hexane-water system 406 
Hydrocarbon 

flash 
dry 350/ 
wet 351/ 

-methanol- 352/ 
solubility in water phase, effect of 

methanol on predicted 354/ 
-water systems, other 409 
-water systems, ternary 341/ 

with concentrated sodium citrate 
buffers, heat of reaction of .... 277/ 

conversion 303/ 
sulfide 2,3 

correlation equations for 
salting-out 127/ 

effect of C 0 2 on the solubility of 58/ 
first ionization constant of 115/ 
methanol system, bubble point 

pressure for the nitrogen-
carbon dioxide 346/ 

molar volumes of 112/ 
partial pressures of N H 3 156/, 158/ 
on the solubility of C0 2 , effect of 58/ 
system, bubble point pressures 

for methanol 345/ 
temperature-dependent interac

tion parameters, nitrogen, 
carbon dioxide 411/ 

in tower bottoms If 
in water, effect of temperature on 

the activity coefficients of .. 111/ 
in water, Henry's constant for 

solubility of 111/ 
-water system 395 

compositions for 396/, 397/ 
Hydrogen + water 527, 529/ 
Hydrometallurgical applications, 

useful data compilations for .635-636 
Hydrometallurgy, application of ther

modynamics in 625-637 
Hydrophobic bonding 468 

I 

Ideality, deviations to 181-183 
Immiscible liquids and solids 

separation 37 
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Inert components, mixtures of 
water and 421-427 

Incubation period in zinc electrowin-
ning, effect of nickel concen
tration on 706/ 

Industrial processes utilizing 
thermodynamic data 469/ 

Industrial waste treatment processes, 
survey of some 15-44 

Integrated processing 30 
sulfuric acid 29/ 
Interactions 17k 
between 

molecular and ionic species, 
parameters for 17 h 

solute molecules, water and 468 
water molecules 468 

coefficient of a cation-anion pair .... 231 
model, separated associated fluid  445/ 

model for polar + nonpola
mixtures 44

parameters 384/, 442 
binary ion-ion 168/ 
molecule-molecule 168/ 
as determined from isothermal 

fits 83/ 
for Harned's rule 721/ 
Pitzer ionic 177/ 
tenary 168/ 

second virial coefficients by chroma
tography, considerations affect
ing observation of 361-377 

solid-solution 644-650 
in solution, chemical 711 

Intercept as a function of temperature, 
predicted 375/ 

Intermodular forces and structure, 
techniques for studying 477/ 

Iodines, release of radioactive 672 
Ions 

activity coefficients of 182 
interactions between 182 
and ion-pair activity coefficients, 

calculations of 93-99 
pair-complex competition 650 
pairing 562-563 
product of water, temperature 

dependence of molal 662/ 
Ionic 

characterization factor 50 
media and equilibrium constants, 

activity coefficients 561-567 
systems, corresponding states for .... 557 

Ionization constants 113 
effect of temperature on 141/ 
of hydrogen sulfide, first 115/ 

Iron oxide 22 

Isotherms 
representative absorption 368/ 
values of the slope and intercept 

predicted for each 373/ 
for various electrolytes, typical 498/ 

Isothermal fits, interaction parameters 
as determined from 83/ 

Κ 
KBr solutions, aqueous 78/ 
KC1 aqueous solution, ionic activity 

coefficient of HC1 and 84/ 
Kinetic problems in mixed electrolyte 

solutions, equilibrium and 643-652 
Krypton + water 524, 526/ 

L 
Land availability 34  44 

reactions—application to 741-755 
Lead speciation in seawater 651/ 
LiCl system, methanol-water- 81/ 
Locus(i), three-phase 409 
H-Butane-water system along 408/ 
propane-water system along 407/ 
for selected paraffin-water binary 

systems 412/ 
Limestone, effects of aqueous chem

ical equilibria on wet scrubbing 
of S0 2 with magnesia-
enhanced 247-266 

Limestone processes, equilibria 
present in flue gas scrubbing 
slurries for the lime or 94/ 

Linearization methods 99 
Liquefaction 299-301 

processes, flowchart for coal 300/ 
Liquid membrane processes 22 
Liquor composition, equilibrium S0 2 

partial pressure and 252-258 
Liquors saturated with calcium sulfite 

and gypsum 
calcium concentration as a function 

of chloride-to-magnesium 
ratios for 257/ 

chloride-to-magnesium ratios for . 257/ 
magnesium concentration for 255/, 259/ 

M 
Magnesium 459/ 

chloride solution, osmotic coeffi
cient for 459/ 

concentration 
for liquors saturated with calcium 

sulfite and gypsum 255/, 259/ 
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Magnesium (continued) 
concentration (continued) 

and pH, correction parameter as a 
function of 254/ 

sulfite concentration as a func
tion of 257/ 

ratio for liquors saturated with cal
cium sulfite and gypsum, 
chloride-to- 257/ 

calcium concentration as a 
function 257/ 

Magnetic float 584-586 
densimeter 585/ 
methods, high pressure 597-598 
system, high pressure 598/ 

Margules constant for carbon dioxide 
in water, effect of temperature 
on 110/ 

Mass balances 56, 181,248-250 
Metals and additives in electro

deposition, trace 705-71
Metal ions, role of 705-707 
Methanation 303/ 
Methane 5 

effect of temperature on 338/ 
enthalpy departures for pure 7/ 
mixture, enthalpy departures for 

an equimolar steam 10/ 
-water system 398,424/ 

compositions for 404/ 
solubilities for 340/ 

yield and heat recovery efficiency, 
theoretical 304/ 

Methanol 
carbon dioxide system, bubble point 

pressures for 345/ 
concentration profile, vapor phase .. 354/ 
hydrocarbon flash, wet- 352/ 
hydrogen sulfide system, bubble 

point pressures for 345/ 
on predicted C 0 2 solubility in water 

phase, effect of 355/ 
on predicted hydrocarbon solubility 

in water phase, effect of 354/ 
salt effect on the vapor pressure of 83/ 
system 

bubble point pressure for the 
nitrogen-carbon dioxide-
hydrogen sulfide 346/ 

-water-LiCl 81/ 
-water-NaBr 80/ 

uni-univalent electrolyte effect on 
the vapor pressure of 78/ 

Method(s) 
of Beutier and Renon 162-168 
for more complex diagrams 688-691 
of data development 307-310 

Method(s) (continued) 
of Edwards et al 169-171 
isopiestic 471 
by Van Krevelen, Hoftijzer, and 

Huntjens 143-145 
piezometer 589-591 

MgCl 2 506 
enthalpy of dilution run on aqueous 573/ 
molal enthalpy of aqueous 576/ 

MgS04 · 7H 20 506 
Models 416 

association 416 
continuum 416 
and correlating equations 537-540 
validation 339-344 
at various levels, Hamiltonian ... 549-551 
of volatile weak electrolytes vapor-

liquid equilibrium, Beutier's .. 181 
Moving-bed l gasifie  with typical 

aqueous solutions of electrolytes, 
predicting vapor-liquid-solid 
equilibria in 227-245 

mixture composition, experimental 342/ 
salt solutions 232 
systems, water contents of 343/ 

Ν 
N 2 - H 2 mixture vapor phase water 

concentrations 340/ 
N H 3 

-acid gases-water systems 174-180 
and C 0 2 , calculated partial 

pressures of 149/ 
concentration 197 
and H 2S, partial pressures of 158/ 
partial pressures of 153/, 156/ 
pH of water-ammonia mixtures 

with 203/-218/ 
N H 3 - C 0 2 aqueous solution 68/ 
N H 3 - C 0 2 - H 2 0 problem, input to 

ECES to describe 239/ 
N H 3 - C 0 2 - H 2 0 system 152-155, 228, 236 

model summary for single stage 
flash 240/ 

N H 3 - C 0 2 - H 2S - H 2 0 - system 159, 161 
NH3-Ho£-COo-H20 mixtures, 

pHof 198-222 
NH3-HoS-H20 156/ 

system 155-159,161 
partial pressures in 6/ 

NH3-SHo-H20 system 178/ 
NH 3 -S0 2 -H 2 0 , system 159 
NaBr system, methanol-water- 80/ 
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NaCl 506/ 
activity coefficients of 725/ 

calculated 734 
aqueous 

molal enthalpy of 575/ 
molal heat capacity of 579/ 
solutions 78/ 

standard partial molal entropy for . 630/ 
system, solid-liquid equilibria for 

the HC1- 737/ 
NaCl-H 2 0 system, in the HC1-

activity coefficients of water 730/ 
mean ionic activity coefficients 719/ 
vapor-liquid equilibria 732/ 

Natural gas systems, application of 
the PFGC-MES equation of state 
to synthetic and 333-358 

Natural gas, unconventional 326-327 
Neon -f water 521  523/ 
Neutral species, interaction betwee
Neutralization, equalization an
Neutralization, fraction 

PSOo prediction vs 283/ 
titration with HC1 or S0 2, 

dependence of pH on 276/ 
titration with NaOH, dependence 

of pH on 276/ 
Nickel concentration on the incubation 

period, in zinc electrowinning, 
effect of 706/ 

Nitrogen 
-carbon dioxide-hydrogen sulfide-

methanol system, bubble point 
pressure for 346/ 

-carbon dioxide-hydrogen sulfide, 
temperature-dependent inter
action parameters 411/ 

-water system 398, 527, 528/, 530/ 
compositions for 400 

Non-thermodynamic data 555 

Oil sands 363 
Oil shale, synthetic natural gas from .. 329 
Ores, modeling the chemical equilibria 

in solid-liquid reactions—appli
cation to leaching of 741-755 

Osmotic coefficient for magnesium 
chloride solution 459/ 

Osmotic coefficient for sodium 
chloride solutions 459/ 

Oxidation 
gas-phase (Claus process) 23 
liquid-phase (Stretford process) .... 23 
processes, absorption- 17 

Oxygen conversion 303/ 
Oxygen + water 527, 531/ 

Psoo prediction vs. fraction 
neutralization 283/ 

PSo2

 o n solution composition, 
dependence of 286/ 

Parameters 
binary ion-ion 170/ 
for dielectric effects 177/ 
interaction 384/ 

Pitzer ionic 177/ 
temperature sensitive 176/ 

£jj Parameters for interactions 
between molecular and ionic 
species 171/ 

Paraffin-water binary systems, three-
phase loci for selected 412/ 

Peng-Robinson equation 442/ 

behavior 272-275 
correction parameter as a function 

of magnesium concentration 
and 254/ 

equilibrium 648 
S0 2 partial pressure as a func

tion of 255/ 
on fraction neutralization, titration 

with HC1 or S0 2, dependence 
of 272/ 

on fraction neutralization, titration 
with NaOH, dependence of .... 276/ 

measurements 270-271 
of N H 3 - H 2 S - C 0 2 - H 2 0 

mixtures 198-222 
SOo concentration as a function of .. 259/ 
of sodium citrate buffer solutions 

with dissolved S0 2, S0 2 vapor 
pressure and 269-291 

on total anion concentration, 
dependence of 274/ 

vs. composition, down to ppm 
levels 187-226 

of water ammonia mixture with 
C O , - H 2 S - N H 3 . 207/-209/, 216/-218/ 
C 0 2 - N H 3 2Ό3/-206/, 214/, 215/ 
H 2 S-NH 3 201/, 202/, 211/-213/ 
no acid gas present 200/, 210/ 

Phase equilibria 319 
Phase rule 643-644 
Piezometer method 589-591 
Pipeline conditions, process 349/ 
Pitzer equation 62-64 

application of the extended 66-69 
extension of 65-66 
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Pitzer equation (continued) 
limitations of 70 
to weak electrolytes, previous 

applications of 64-65 
Pitzer ionic interaction parameters .... 177/ 
Polar components, mixtures with .310-315 
Polarizability and molar volume 519/ 
Pourbaix diagrams, computation 

of 681-699 
Power station water circuits 654-656 
Precipitation, controls of 649/ 
Predictions of K h 669/ 
Pressures 

analysis of the results at high ... 439-441 
over aqueous solutions 157/ 
in N H 3 - H 2 S - H 2 0 system, partial .. 6/ 
processing 23 

Procedure 
of Beutier and Renon 145-148 
of Edwards, Maurer, Newman

Prausnitz 148-15
of van Krevelen et al. for 

calculating V L E 161-162 
Process(es) 

alternatives 15-28,31-36 
pipeline conditions 349/ 
installations 37 
regenerative 91 
selection 22-23, 28-30, 36-37, 44 
throwaway 91 

Processing steps, typical 37-44 
Program 

builder 235 
comparisons 697-699 
generator 235 

Propane-water system 403, 424/, 425/ 
along the three-phase locus 407/ 

Protein additives, role of 707-711 
Protonation constant of S2" 666/ 
Purification processes, hot-gas 22 
PVT 

apparatus, diagrammatic sketch of 596/ 
properties, high-pressure 592-602 
properties of mixed electrolyte 

solutions, estimation of 612-616 
Pyrolysis 297 

Quench step 317 

R 

Radioactivity, out of core 672 
Radius of the anion, correlation of 

salting-out coefficients for 
ammonia in ammonium salts 
with 123/ 

Ratio, solid/water 647/ 
Reacting mixtures, critical 

points in 379-391 
Reaction 

coal conversion chemical 303/ 
equilibrium 386-388 
step 317 

Reactor(s) 5 
boiling water 654 
pressurized water 654 

Recovery processes 33 
Recycle processes 28, 704 
Research program at the gas research 

institute, gas supply 323-331 

S 

SHo-H20 system, N H 3 159, 178/ 
so2 

concentration as a function of pH .. 259 
electrode 272 

S0 2 vapor pressure obtained by 
dynamic saturation of . 279/-281/ 

gypsum saturation from measure
ments of dissolved 260 

with magnesia-enhanced limestone, 
effects of aqueous chemical 
equilibria on wet scrubbing 
of 247-266 

partial pressure 
equilibrium 253-255 

as a function of pH 255/ 
and liquor composition 252-258 

removal 
enhancement effect of magnesia-

induced dissolved sulfite on 260 
as a function of dissolved sulfite 

concentration and slurry 
flow rate 263/ 

for the Shawnee turbulent contact 
absorber 262/ 

species, dissolved concentrations of 
calcium and 256-258 

vapor pressure 275-284 
obtained by dynamic saturation .. 278/ 

of the S0 2 electrode 279/-281/ 
and pH of sodium citrate buffer 

solutions with dissolved 
SOo 269-291 

Salt(s) 
effect on the vapor pressure of 

methanol 83/ 
for low solubility 508-509 
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Salt(s) (continued) 
solutions 

activity of water for water- 455/ 
alkali 17 
multicomponent 232 

systems, activity coefficients at high 
concentrations in multicom
ponent 717-738 

in water, activity coefficient of a 
pure 230 

Salting-out 
of ammonia, correlation equations 

for 127/ 
of ammonia, effect of temperature 

on 128/ 
of carbon dioxide 

correlation equations for 127/ 
effect of temperature on 128/ 
by sodium chloride and calciu

chloride solutions 126
coefficients 

at 25°C 113-124 
experimental 118/-119/ 

correlation of 
for ammonia in ammonium 

salts with radius of the 
anion 123/ 

for ammonia in ammonium 
salts with entropy of the 
anion 123/ 

of various gases in sodium 
chloride solution 130/ 

effect of cation on 120/ 
effect of temperature on 124-129 
and parameters for ammonium 

salts 121/ 
of gases 113-131 
of hydrogen sulfide, correlation 

equations for 127/ 
Saturation, dynamic 271-272 

apparatus for 274/ 
of the S0 2 electrode, SOL> vapor 

pressure obtained by 279/-281/ 
S0 2 vapor pressure obtained by 278/ 

Scrubbing slurries 
calculation of supersaturation 

ratios of flue gas 101-102 
chemical equilibria in flue 91-105 
for the lime or limestone processes, 

equilibria present in flue gas 94/ 
Scrubbing of S0 2 with magnesia-

enhanced limestone, effects of 
aqueous chemical equilibria on 
wet 247-266 

Sea salt 613 
Seawater 614/, 615, 616, 648 

calcium 650 
solutions 609/ 
sound speed data 606/ 

Seawater (continued) 
speciation 650 

lead 651 
using pure water high pressure, 

volumes of 611 
Separation equipment 5 
Setschenow equation 65 
Sieves, molecular 22 
Slopes, experimental data for 

determination of 374/ 
Sludge, complete mix activated 

(CMAS) 43 
Sludge, waste 91 
Slurry flow rate, S0 2 removal as a 

function of dissolved sulfite 
concentration and 263/ 

Sodium 
acetate effect on ΝΗ Λ volatility, 

sodiu  hydroxid d 222-225 

chloride 458 
and calcium chloride solutions, 

salting-out of carbon 
dioxide by 126/ 

solutions, osmotic coefficient for 459/ 
solution, correlation of salting-

out coefficients of various 
gases in 130/ 

buffer solutions with dissolved S0 2, 
SO » vapor pressure and pH 
of 269-291 

citrate buffers, heat of reaction of 
PP with concentrated 277/ 

hydroxide electrolyte on ammonia 
volatility 223/ 

hydroxide and sodium acetate effect 
on N H 3 volatility 222-225 

Solubility(ies) 505 
the effect of pressure on gas 532-534 
equation and thermodynamic 

definitions 514 
of gases in water from 350-

600 Κ 513-534 
for methane-water systems 340/ 
of the noble gases in water 518/ 
phase equilibrium calculations by 

equation of state for aqueous 
systems with low mutual 
solubility 415-435 

of volatile weak electrolytes in 
aqueous solutions 139-171 

Solute molecules, interactions between 
water and 468 

Solutes, activity coefficients of neutral 182 
Solutions 

current trends in the fundamental 
theory of ionic 547-558 

mixed 502-504 
preparation 270 
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Solvent 
extraction 470 
physical 17 
type 22 
(water) in a solution of pure electro

lyte dissolved in water, activity 
of 232 

Sorption calculations 3 
Sound velocimeters, high pressure 599-602 
Sour gas treating 318 
Sour-water 

absorber/stripper 4/ 
strippers 2, 3 
thermodynamic data 2-5 
treating 318 

Speed data, sound 606/ 
seawater 606/ 

Speed measurements, sound 591-592 
direct 596

Separation, immiscible liquids an
solids 3

Steam 
-containing mixtures, enthalpies of 5-10 
conversion 303/ 
enthalpy diagram for 8/ 
+ Ai-heptane, enthalpy 438/, 440/ 
+ /i-heptane, results for the mixture 436 
methane mixture, enthalpy depar

tures for an equimolar 10/ 
mixtures, excess enthalpies of some 

binary 435-446 
pure 9 

enthalpy departures for 8/ 
requirements, actual 288/ 
requirements, minimum 287/, 289/ 

Stoichiometry 379-380 
Stress corrosion cracking 670 
Stretford process (liquid-phase 

oxidation) 23 
Stretford tail gas processes 29/ 
Strippers, sour-water 2, 3, 4/ 
Stripping 

calculations 3 
design calculations for 

absorption 284-289 
wastewater 37 

Structure breaking 468 
Structure making 468 
Sulfite concentration, dissolved 256 

and slurry flow rate, S0 2 removal 
as a function of 263/ 

Sulfite concentration as a function of 
magnesium concentration 257/ 

Sulfite on S0 2 removal, enhancement 
effect of magnesia-induced 
dissolved 260 

Sulfur dioxide removal 30-37 
Sulfur recovery 23-30 

processes, guidelines for selection .. 29/ 

Sulfuric acid 28 
integrated processing 29/ 
options 30 

Supersaturation ratios of flue gas 
scrubbing slurries, calculations 
of 101-102 

Supersaturations, seeded runs at 
several initial 645 

Supply program, gas 325-326 
Syngas processing 5 
Synthesis gas production 357 
Synthesis gas and related systems, 

thermodynamic data for 305-315 
Synthetic natural gas 

from biomass 329-331 
from coal 327 
from oil shale 329 

Synthetic and natural gas systems, 

Τ 

Temperature(s) 
-dependent interaction parameters 

for nitrogen, carbon dioxide, 
and hydrogen sulfide 411/ 

-dependent interaction parameters 
for paraffin-water binary 
systems 410/ 

diagram for steam, enthalpy- 5 
difficulties at high 659-660 
effects 499,627-632 
predicted intercept as a function of 375/ 
predicted slope as a function of 376/ 
on salting-out coefficients, 

effect of 124-129 
by Vera and co-workers, 

extension of 733-735 
Theory 334-339 
Thermodynamics 139-142 

of aqueous electrolytes at various 
temperatures, pressures, and 
compositions 451-464 

of concentrated solutions 722-726 
considerations 656-668 
data 

available 660-664 
industrial processes utilizing 469/ 
sour-water 2-5 
for synthesis gas and related 

systems 305-315 
definitions, solubility equation and 514 
of dilute solutions 718-720 
in electrometallurgy, applications 

and needs of 701-714 
framework 229-234 
gas processors association research 

on substitute gas 317-321 
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Thermodynamics (continued) 
of high temperature aqueous 

systems 653-674 
properties of aqueous polyvalent 

electrolytes, correlation of .537-544 
of aqueous solutions 467-481 
techniques for measuring 472/ 

of solution, water + gas 517 
and structure 548-549 

Throwaway processes 31 
Transition indicator, phase 372/ 
Turbine disc failure, consequences of 655/ 

V 

Vapor pressures 502 
of mixed solutions 505-508 

Variables 
search 10
specified and calculated 24
state 100 

Velocimeter, sound 593/ 
high pressure 599-602, 600/ 

Virial coefficient equations for 
electrolytes 456-464 

Virial coefficient equations, param
eters for 463 

V L E , procedure of van Krevelen et al. 
for calculating 161-162 

Volume and partial molar volume, 
relationship between saturated 
liquid 368/ 

Volume, polarizability and molar 519 

W 

Waste sludge 91 
Waste treatment processes, survey of 

some industrial 15-44 
Wastewater 

streams, other process 36 
stripping 37 
treatment 37-44, 575 

Water 307 
activity(ies) 182, 500/ 

in pure solutions 501 
-ammonia mixtures with 

no acid gas present, pH of 200/ 
CO>-H>S-NHs, pH of 207/-209/, 

216/-218/ 
CO>-NH s, pH of 203/-206/, 

214/, 215/ 
HoS-NH,, pH of 201/, 202/, 

211/-213/ 
argon + 521, 525/ 
binary systems, temperature-

dependent interaction 
parameters 410/ 

Water (continued) 
binary systems, three-phase loci 

for selected paraffin 412/ 
circuit for a high-pressure boiler, 

a simplified 658/ 
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coefficient of 726-729 
concentration profile, vapor phase .. 353/ 
concentrations, N 2 - H 2 mixture 

vapor phase 340/ 
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density dielectric constant and 
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determination of the parameters 
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dilatometer 593/ 
dissociation of 142 
electrolysi f 467 

critical lines 386 
binary pairs 385/ 

mixtures 383 
in the HC1-H 20 system, activity 

coefficient of 728/ 
in the HCl-NaCl-H 2 0 system, 

activity coefficients of 730/ 
helium + 521, 522/ 
hydrogen + 527, 529/ 
and inert components, 

mixtures of 421^27 
from 350-600 K, the solubility of 

gases in 513-534 
krypton + 524, 526/ 
LiCl system, methanol- 81/ 
mixture, acetic acid- 174 
molecules, interactions between 468 
-NaBr system, methanol- 80/ 
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nitrogen + 527, 530/ 
oxygen + 527, 531/ 
parameters for the assumed 

species in 420 
salt solutions, activity of water for .. 455/ 
solubility of 428/ 
specific volumes of 598/ 
system(s) 
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«-butane 408/ 
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propane 407/ 

ammonia 398 
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compositions for 399/ 
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solubilities for 340/ 
for the nitrogen 400 
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N H 3 acid gases 174-180 
nitrogen 398 
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vapor-liquid equilibrim measure
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Water (continued) 
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for antimony-containing solutions, 
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current efficiency 713/ 
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flow sheet block diagram 703/ 
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