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Preface to the First Edition

Since the generality of thermodynamics makes it independent of molecular consid-
erations, the expression ‘‘molecular thermodynamics’’ requires explanation.

Classical thermodynamics presents broad relationships between macroscopic
properties, but it is not concerned with quantitative prediction of these properties.
Statistical thermodynamics, on the other hand, seeks to e~tablish'relationships be-
tween macroscopic properties and intermolecular forces through partition functions;
it is very much concerned with quantitative prediction of bulk properties. However,
useful configurational partition functions have been constructed only for nearly
ideal situations and, therefore, statistical thermodynamics is at present insufficient
for many practical purposes.

Molecular thermodynamics seeks to overcome some of the limitations of both
classical and statistical thermodynamics. Molecular phase-equilibrium thermody-
namics is concerned with application of molecular physics and chemistry to the in-
terpretation, correlation, and prediction of the thermodynamic properties used in
phase-equilibrium calculations. It is an engineering science, based on classical ther-
modynamics but relying on molecular physics and statistical thermodynamics to
supply insight into the behavior of matter. In application, therefore, molecular ther-
modynamics is rarely exact; it must necessarily have an empirical flavor.

In the present work I have given primary attention to gaseous and liquid mixtures.
I have been concerned with the fundamental probiem of how best to calculate
fugacities of components in such mixtures; the analysis should therefore be useful to
engineers engaged in design of equipment for separation operations. Chapters 1, 2,
and 3 deal with basic thermodynamics and, to facilitate molecular interpretation of
thermodynamic properties, Chapter 4 presents a brief discussion of intermolecular

xi



xii Preface to the First £dition

forces. Chapter 5 is devoted to calculation of fugacities in gaseous mixtures and
Chapter 6 is concerned with excess functions of liquid mixtures. Chapter 7 serves as
an introduction to the theory of liguid solutions with attention to both *‘physical’’
and ‘‘chemical’’ theories. Fugacities of gascs dissolved in liquids are discussed in
Chapter 8 and those of solids dissolved in liquids in Chapter 9. Finally, Chapter 10
considers fluid-phase equilibria at high pressutes.

While it is intended mainly for chemical engineers, others interested in fluid-
phase equilibria may also find the book useful. It should be of value to university
seniors or first-year graduate students in chemistry or chemical engineering who
have completed a standard one-year course in physical chemistry and who have had
some previous experience with classical thermodynamics. -

The subjects discussed follow quite naturally from my own professional activi-
ties. Phase-equilibrium thermodynamics is a vast subject, and no attempt has been
made to be exhaustive. 1 have arbitrarily selected those topics with which I am fa-
miliar and have omitted others which 1 am not qualified to discuss; for example, I do
not consider solutions of metals gr electrolytes. In essence, 1 have written about
those topics which interest me, which I have taught in the classroom, and which
have comprised much of my research. As a result, emphasis is given to rvesults from
my own research publications, not because they are in any sense superior, but be-
cause they encompass material with which I am most closely acquainted.

In the preparation of this book T have been ably assisted by many friends and
former students; 1 am deeply grateful to all. Helpful comments were given by J. C.
Berg, R. F. Blanks, P. L. Chueh, C. A. Eckert, M. L. McGlashan, A. L. Myers, J.
P. O’Connell, Otto Redlich, Hesri Renon, F. B. Sprow, and H. C. Van Ness. Gen-
erous assistance towards improvement of the manuscript was given by R. W.
Missen and by C Tsonopoulos who also prepared the index. Many drafts of the
manuscript were cheerfully typed by Mrs. lrene Blowers and Miss Mary Ann
Williams and especially by my faithful assistant for over twelve years, Mrs. Edith
Tyalor, whose friendship and conscientious service deserve special thanks.

Much that is here presented is a reflection of what I have leammed from my
teachers of thermodynamics and phase equilibria: G. J. Su, R. K. Toner, R. L. Von
Berg, and tge late R. H. Wilhelm; and from my colleagues at Berkclcy,;, B. J. Alder,
Leo Brewer, K. S. Pitzer and especially J. H. Hildebrand, whose strong influence
on my thought is evident on many pages.

I hope that | have been able to communicate to the reader some of the fascination
I have experienced in working on and writing about phase-equilibrium thermody-
nan ‘cs. To think about and to describe natural phenomena, to work in science and
engineering—all these are not only useful but they are enjoyable to do. In writing
this book I have become aware that for me phase-equilibrium thermodynamics is a
pleasure as well as a profession; 1 shall consider it a success if a similar awareness
can be awakened in those students and colleagues for whom this book is intended.
Felix qui potuit rerum cognoscere causas.



Preface 10 the First Edition xiii

Finally, 1 must recognize what is all too often forgotten—that no man lives or
works alone, but that he is molded by those who share his life, who make him what
he truly is. Therefore I dedicate this book to Susie, who made is possible, and to
Susi and Toni, who prepared the way.

J. M. Prausnitz
Berkelev. California



Preface to the Second Edition

Molecular thermodynamics is an engincering science in the sense that its goal is to
provide quantitative estimates of equilibrium properties for mixtures as required for
chemicatl process design. To provide these estimates, molecular thermodynanics
uses not only classical thermodynamics but also concepts from statistical thermody-
namics and chemical physics; the operational procedure can be summarized by
these steps:

1. Use statistical thermodynamms whenever possible, at least as a point of
departure.

2. Apply appropriate concepts from molecular science.

3. Construct physically grounded models for expressing (abstract) thermody-
namic functions in terms of (real) measurable properties.

4. Obtain model parameters from a few, but representative, experimental
measurements. ‘

5. Reduce the model to practice through a computer program that efficiently in-
terfaces with engineering-design calculations.

-

The second edition, like the first, attempts to provide some guidance toward es-
tablishing the principles of molecular thermodynamics. This guidance is intended
primarily for seniors or first-year graduate students in chemical engineering, but
practicing engineers also may find it useful.

In preparing the second edition, I have taken & position of compromise between
on the one hand, a ‘“‘scientific’’ book that stresses molecular theory and on the
other, an ‘‘engincering’’ book that gives practical advice toward specific design
procedures. As in the first edition, emphasis is placed on fundamental concepts and
how they can be reduced to practice to yield useful results.

Like the earlier edition, the second edition contains ten chapters and several ap-
pendices. All chapters have been partially revised and updated. Major changes are
in Chapters 4, 6, 7, and 8, and much of Chapter 10 is totaily new. Some earlier
appendices have been removed and others have been added: Appendix II gives a
brief introduction to statistical thermodynamics, while Appendices VIII and IX
present summaries of some special aspects of the theory of solutions as addenda to
Chapter 7.

XV



XVi . Preface to th Second Edition

Many new problems have been added. Solving problems is essential for serious
students. Numerical answers to numerous problems are given in the final Appendix.

Since work for the first edition ceased in 1968, there have been formidable devel-
opments in a variety of areas that bear on molecular thermodynamics. It is not possi-
ble, in a reasonable number of pages, to do justice to all or even a major part of
these developments. I have had to omit much that might have been included, lest
this book become even larger; I can only ask my colleagues to forgive me if some of
their contributions are not here mentioned for reasons of economy.

Perhaps the most promising development in the last fifteen years is in the statis-
tical thermodynamics of fluids and fluid mixtures, especiatly through perturbation
theory and computer simulativn. There is little doubt that these developments will
continue toward eventual direct application in engineering design. However, it is
also likely that such direct application is not in the immediate future and that there-
fore, the semi-empirical methods discussed in this book will be utilized for many
more years. Nevertheless, chemical-engineering students should now receive at
least some introduction to the statistical thermodyndamics of fluids, not only because
of utility in the future, but also because idealized results from contemporary statis-
tical thermodynamics are “already now of much use in guiding development of
semitheoretical models toward thermodynamic-property correlations. Therefore,
some limited discussion of applied statistical thermodynamics is now included in
Chapters 4, 7, and 10. )

1 am deeply grateful to many colleagues who have contributed to my understand-
ing of molecular thermodynamics and its applications, and thereby to this book;
perhaps the most helpful of these has been B. J. Adler. In addition to those men-
tioned in the Preface to the First Edition, I want to record here my thanks to R. A.
Heidemann, E. U. Franck, K. E. Gubbins, R. C. Reid, the late T. K. Sherwood, H.
Knapp, F. Kohler, C. Tsonopoulos, L. C. Claitor, H. C. van Ness, F. Selleck, and
C. 1. King. Further, | owe much to my numerous co-workers (graduaté students and
post-doctoral visitors) who have provided me with new information, stimulating
questions and good fellowship.

I am, however, especially grateful to my two co-authors, R. N. Lichtenthaler and
E. G. Azevedo, who ably assisted me in making revisions and additions to the origi:
nal manuscript. Their contributions to the second edition are considerable and they
deserve much credit for whatever success the second edition may achieve. All three
authors are particularly indebted to P. Rasmussen for his critical review, to S. F.
Barreiros for preparing the index and to R. Spontak for assistance in proof-reading.

Almost all of the new and revised sections of the second edition were prepared in
the period 1978-80. It is unfortunate that, for a variety of reasons, publication was
so long delayed. The final manuscript was sent to the publisher in February 1983.

The second edition maintains the pragmatic (engineering-science) philosophy
that characterized the first edition: it is useful and ultimately economic to utilize
whatever theoretical concepts may be suitable, but it is also important consistently
to bear in mind the ultimate applied objective. To attain that objective, theory is
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rarely sufficient and inevitably at least some experimental data are required. The'
goal must always be to attain a beaithy balance between theory a2 e. pcnmem m
avoid extreme emphasis in either directicn.

This need for balance was recognized many years ago by a pioneer in applied
science, Sir Francis Bacon, who used an analogy between scientific enterprise and
the world of insects. In ‘‘Novum Organum’’ {1620). Bacon wrote about ants, spi-
ders, and bees:

Those who have handied sciences, have been either men of experiment or men of
dogmas. The men of experiment are like the ant; they only collect and use. The reason-
ers resemble spiders who make cobwebs out of their own substance. But the bee takes a
middle course: it gathers its material from the flowers of the garden and of the field, and
tra' . forms and digests it by a power of its own. Therefore, from a closer and parer
league between these two faculities, the experimental and the rational, much may be
hoped.

Finally, as in the Preface faculties, the First Edition, 1 want to stress ouve again
that studying, practicing and extending molecular thermodynamics is not only =
useful activity but also one that provides a sense of i~y and satisfaction. I shail be
glad if some of that sense is infectious so that the read>r may attait: {:om molecular
thermodynamies the same g-nerous rewards that it has given to me.

J. M. Prausnic
Berkeley, California

About 14 years ago [ met J. M. Prausnitz for the first time. He immediately stim-
ulated my interest in the exciting science of phase-equilibrium thermortynamics and
ever since he has strongly sustained my work in this field. Throughout the years, we
usually agreed quickly on how to approach and to solve problems but when we did
not, open, honest and sometimes tuugh discussions always brought us to mutual
agreement. To be one of the co-authors of this book is the culminating point so far
in our joint effort to establish molecular thermodynamics as a useful engineering
science for practical application. Thank you, John!

A scientist demands a lot of sacrifice from those who share his life. Therefore 1
owe many, man; thanks 10 my wife Brigitte, and to my children, Ulrike, Heike,
Felix and Philipp who give me enduringly all the support I need to pursue my
scientific work in the way I do it.

R. N. Lichienthaler
Heiaelberg, Federal Republic of Germany



Contents

N\

Preface to the First Edition Xi
Preface to the Second Edition XV
1  The Phase-Equilibrium Problem 1
i1 Essence of the Problem 2

1.2 Application of Thermodynamics to Phase-Equilibrium
Probiems 4
2 Classical Thermodynamics of Phase Equilibria 8
21 Homogeneous Closed Systems 9
2.2 Homogeneous Open Systems 13
2.3 Equilibnum in a Heterogeneous Closed System 15
2.4  The Gibbs-Duhem Eqguation " 16
2.5  The Phase Rule 17
2.6  The Chemical Potential B
2.7  Fugacity and Activity 18
2.8 . A Simple Application: Racult’s Law 21

3  Thermodynamic Properties from Volumetric Data 26
3.1  Thermodynamic Properties with Independent Variables P
and T 27

3.2 Fugacity of a Component in a Mixture at Moderate Pressures 32
3.3 Fugacity of a Pure Liquid or Solid 4



vi

3.5

3.6

Contents

Termodynamic Propetties with Independent Variables V and
T

Fugacity of a Component in a Mixture According to van der
Waals' Equation

Phase Equilibria from Volumetric Properties

4  Intermolecular Forces and the Theory of Correspond-

ing States
4.1 Potential-Energy Functions
4.2  Electrostatic Forces
4.3  Polarizability and Induced Dipoles
4.4  Intermolecular Forces between Nonpolar Molecules
4.5  Mie’s Potential-Energy Function for Nonpolar Molecules
4.6  Structural Effects ,
47  Specific (Chemical) Forced
4.8  Hydrogen Bonds
49  Electron Donor-Electron Acceptor Complexes
4.10  Molecular Theory of Corresponding States
411 Extension of Corresponding-States Theory to More Compli-*
cated Molecules
4.12 Summary

5  Fugacities in Gas Mixtures

5.1
5.2
53
5.4
5.5
5.6
5.7
5.8

5.9
3.10
5.11
3.12
5.13
5.14
5.15

The Lewis Fugacity Rule

The Virial Equation of State

Extension to Mixtures

Fugacities from the Virial Equation

Calculation of Virial Coefficients from Potential Functions
Third Virial Coefficients

Virial Coefficients from Cormesponding-States Correlations
The “*Chemical’’ Interpretation of Deviations from Gas-Phase
Ideality '
Strong Dimerization: Carboxylic Acids

Weak Dimerizations and Second Virial Coefficients
Fugacities at High Densities .

- Fugacities from Generalized Charts for Pure Components

Fugacities from an Empirical Equation of State
Solubility of Solids and Liquids in Compressed Gases
Summary

37

39
42

48

49
50
55
56
60
64
66
68
75
81

86
88

93

94

96
101
103
104
119
124

137
138
142
151
151
158
171
184



Contents

6  Fugacities in Liquid Mixtures: Excess Functions

6.1
6.2
6.3

6.4

6.5

6.6

6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15

6.16

The ldeal Solution

Fundamental Relations of Excess Functions

Activity and Activity Coefficients

Normalization of Activity Coefficients

Activity Coefficients from Excess Functions in Binary
Mixtures

Application of the Gibbs-Duhem Equation: Activity
Coefficients for One Component from Data for Those of the
Other Component

Application of the Gibbs-Duhem Equation:- Partial Pressures
from Isothermal Total-Pressure Data

Application of the Gibbs-Duhem Equa:non Partial Pressures‘
from Isobaric Boiling-Point Data

Application of the Gibbs-Duhem Equation: Testing Equilib-
rium Data for Thermodynamic Consistency

Wohl's Expansion for the Excess Gibbs Energy

Wilson, NRTL, and UNIQUAC Equations

- Excess Functions and Partial Miscibility

Upper and Lower Consolute Temperatures

Excess Functions for Multlcomponcnt Mixtures Using Wohl’s
Method

Wilson, NRTL, and UNIQUAC Equations for Multi-
component Mixtures

Summary

vii

193

194
196
197
200

202

209
212
218
221
226
233
245
250
254

258
266

7  Fugacities in Liquid Mixtures: Theories of Solutions 274

7.1
7.2
7.3
7.4
7.5

7.6
1.7

7.8
7.9
7.10
7.11

The Theory of van Laar

The Scatchard-Hildebrand Theory

Excess Functions from an Equation of State

The Lattice Theory

Calculation of the Interchange Energy from Molecular
Properties

Nonrandom Mixtures of Simple Molecules

Mixtures Whose Molecules Differ Greatly in Size: Polymer
Solutions

Wiison's Empirical Extension of the Flory-Huggins Equation
Corresponding-States Theory of Liquid Mixtures

. The Two-Liquid Theory

Chemical Theory

275
279
291
293

297
299

306
316
319
328
333



viii

10

Contents

7.12  Activity Coefficients in Associated Solutions. 335
7.13  Associated Solutions with Physical Interactions 344
7.14  Activity Coefficients in Solvated Solutions 349
7.15  Solutions Containing Two (or More) Complexes 353
7.16 Distribution of a Solute Between Two Immiscible Solvents 357
7.17 Summary 360
Solubilities of Gases in Liquids 371 -
8.1  The Ideal Gas Solubility ‘ 372
8.2  Henry's Law and its Thermodynamic Significance 373
8.3  Effect of Pressure on Gas Solubility 376
8.4  Effect of Temperature on Gas Solubility 382
8.5  Estimation of Gas Solubility 389
8.6  Gas Solubility in Mixed Solvents 398
8.7  Chemical Effects on Gas Solubility 404
Solubility of Solids in Liquids 415
9.1  Thermodynamic Framework 415
9.2  Calulation of the Pure-Solute Fugacity Ratio 418
9.3  Ideal Solubility 420
9.4  Nonideal Solutions 422
9.5 Solubility of & Solid in 2 Mixed Solvent 430
9.6 Distribution of a Solid Solute Between Twoe Immiscible
Liquids : . 432
9.7 Solid Solutions N 435
High-Pressure Equilibria 442
10.1  Phase Behavior at High Pressure 443
10.2  Thermodynamic Analysis 453
10.3  Calculation of High-Pressure Vapor-Liquid Equilibria 464
10.4  High-Pressure Vapor-Liquid Equilibria from a Corresponding-
States Corrclation 471
10.5  High-Pressure Vapor-Liquid Equilibria from a Generalized
van der Waals Partition Function 474
10.6  Liquid-Liquid and Gas-Gas Equilibria ' 482



Contents

'I':

V.

Vi,

Vil

\4LR

Appendices

Uniformity of Intensive Potentials as a Criterion of
Phase Equilibrium 501

A Brief Introduction to Statistical Thermodynamics 504
I. Thermodynamic States and Possible Quantum States of a

System 504

2. Ensembiles and Basic Postulates 505
3. The Canonical Ensemble 506
4. The Grand Canonical Ensemble 511
S. The Semiclassical Partition Function 516
II-1  Two Basic Combinatorial Relations 5i8
II-2 Maximum-Term Method - 519
lI-3 Stirling's Formula 519

The Virial Expansion. Coefficients for Quantum

Gases 522
1. Viral Equation as a Power Series in Density or Pressure 522
2. Vinal Coefficients for Hydrogen, Helium and Neon 525

The Gibbs-Duhem Equation 530

Liquid-Liquid Equilibria in Binary and
Multicomponent Systems 534

Estimation of Activity Coefficients 544

A General Theorem for Mixtures with Associating or
Solvating Molecules 552

A van der Waals Type Theory for Liquid Mixtures of
Smali and Large Molecules 555



Xl.

XIk.

Contents

Brief Introduction to Perturbation Theory of Dense

Fluids ~ 573
Solubility of Gases in Mixed Solvents 579
Conversion Factors and Constants 582
1. Conversion Factors to SI Units 582
2. Some Fundamental Constants in Various Units 585

3. Critical Constants,_and Acentric Factors for Selected Fluids 586

Answers to Selected Problems 587

Index 591



The Phase-Equilibrium
Problem

We live in a world of mixtures—the air we breathe, the food we eat, the gasoline
in our automobiles. Wherever we turn, we find that our lives are linked with
materials which consist of a variety of chemical substances. Many of the things
we do are concerned with the transfer of substances from one mixture to an-
other; for example, in our lungs, we take oxygen from the air and dissolve it

in our blood, while carbon dioxide leaves the biood and enters the air; in our’

coffee maker, water-soluble ingredients are leached from the coffee grains into
the water; and when someone stains his tie with gravy, he relies on cleaning
fluid to dissolve and thereby remove the greasy spot. In each of these common
daily experiences, as well as in many others in physiology, home life, industry,

and so on, there is a transfer of a substance from one phase to another. This,

occurs because when two phases are brought into contact, they tend to exchange

their constituents until the composition of each phase attains a constant value;
when that state is reached, we say that the phases are in equilibrium. The
~ equilibrium compositions of two phases are often very different from one
another, and it is precisely this difference which enables us to separate mixtures
by distillation, extraction, and other phase-contacting operations.

The final, or equilibrium, phase compositions depend on several variables,
such as the temperature and pressure, and on the chemical nature and concen-
trations of the substances in the mixture. Phase-ethbmlm thermodymamics
seeks to establish the relations among the various properties (in particular,

1
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