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mentioned that the ROC is the proper 
basis for an evaluation of the usefulness 
of a diagnostic system, which would in- 
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production are often highly dissimilar 
from those used for small-scale produc- 
tion. For example, a standard laboratory 
method for producing a few grams of hy- 
drogen is to react hydrochloric acid with 
zinc, giving zinc chloride in addition to 
hydrogen. However, when hydrogen is 
needed in large amounts this procedure 
is inefficient, not only because the reac- 
tants are too expensive, but also because 
the available supply of zinc is too small 
to meet the world's need for hydrogen 
and because there would be a severe 
problem of what to do with vast amounts 
of zinc chloride. In principle, the zinc 
chloride could be reduced to recover 
zinc, but the expense of that operation 
would be prohibitive. For large-scale 
production of hydrogen, the traditional 
industrial method is to react steam with 
coal or other hydrocarbons or to oxidize 
partially natural gas with air. 

In addition to dominant economic fac- 
tors, there is a significant technical dif- 
ference between laboratory-scale and 
industrial-scale production of typical 
chemical products. In the laboratory, the 
chemist generally uses pure reactants 
(for example, pure hydrochloric acid 
from one bottle and pure zinc from an- 
other) and the reaction is often so carried 
out that the desired product (gaseous hy- 
drogen) and the undesired side product 
(solid zinc chloride) appear as separate 
phases, thereby avoiding any cumber- 
some separation operation. In industrial 
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reactants 
are recycled to reactor 

Stages I and III require separation operations (such as distillation, 
absorption, extraction). In a typical chemical plant, 40-80% of 
investment is for separation-operation equipment. 

Fig. 1. Schematic of a chemical plant. 

tures that is encountered in chemical in- 
dustry and the wide ranges of pressure, 
temperature, and composition that are 
met in chemical processes, it is not pos- 
sible to measure experimentally all the 
physical properties needed for the design 
of efficient separation operations. It is 
desirable, indeed necessary, to establish 
generalizations for estimating physical 
properties of mixtures, using only limit- 
ed experimental information. Molecular 
thermodynamics is an important tool for 
providing such generalizations. 

processes, however, separations play a 
major role because more often than not 
the reactants as well as the products are 
mixtures, usually fluid mixtures. 

The bulk raw materials that nature 
provides (such as petroleum and air) are 
rarely in pure form and therefore it is of- 
ten necessary to separate desired from 
undesired reactants prior to chemical re- 
action and, similarly, to separate desired 
from undesired products after chemical 
reaction. Further, since a chemical reac- 
tion is rarely complete, it is usually nec- 
essary in addition to separate from the 
product stream the unreacted reactants, 
which are then recycled. Figure 1 illus- 
trates schematically the need for separa- 
tion operations in industrial chemical 
processes. 

The heart of a chemical plant is the re- 
actor, where reactants are converted to 
products. But in addition to a heart, a 
chemical plant also requires a mouth and 
a digestive system; purification (separa- 
tion) operations are often necessary to 
prepare the reactants for reaction, and 
extensive purification is almost always 
necessary after the reactor to separate 
the products wanted from those that are 
not and from those reactants that have 
failed to react. 

Separation of Mixtures 

In typical cases, the various chemical 
species needed for reaction, as well as 
those leaving the reactor, are in the same 
phase (usually a gas or a liquid) and 
therefore separation can usually not be 
accomplished by a simple mechanical 
method such as filtration. Instead, it is 
necessary to establish separation by dif- 
fusional operations, such as distillation, 
absorption, and extraction. The costs as- 
sociated with these operations often rep- 
resent a substantial fraction of the total 
cost of the final product. In many chem- 
ical plants, the investment costs for sep- 
aration operations account for 40 to 80 
percent of the total; in some cases (for 
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example, petroleum refineries), that per- 
centage may be larger. 

Design of chemical reactors depends 
strongly on the chemical properties of 
the reactants; that is, the properties that 
determine the tendency of the reactant 
molecules to react chemically to form 
new molecules. By contrast, design of 
separation operations depends strongly 
on the physical properties of the various 
molecules in the mixture, as on their rel- 
ative volatilities in absorption or their 
relative solubilities in extraction. Effi- 
cient design of separation equipment 
therefore requires reliable techniques for 
estimating the physical properties of 
mixtures, not only to minimize the size 
and complexity of the equipment but al- 
so to minimize the energy requirement 
(heating, cooling, compressing, expand- 
ing) for operating it. This requirement 
has been of major importance for many 
years in the chemical (and related) indus- 
tries, and it is becoming much more im- 
portant now as energy is increasingly ex- 
pensive and as convenient raw materials 
are increasingly scarce, to be replaced 
by other raw materials of lower grade. 
The chemical process industries there- 
fore have a large financial incentive to 
find effective methods for determining 
the physical properties of mixtures to fa- 
cilitate design of economic separation 
operations. 

Considering the wide variety of mix- 

Abstract world: 

Real world: Problem Real world: Problem 

II 

IAn Answer 

Step I 
Projection of real problem into an abstract (math- 

ematical) formulation. (Definition of abstract 
quantities such as chemical potential.) 

Step I I 
Solution of mathematical equations. 

Step III 
Reprojection of mathematical solution into physi- 

cal reality. This is the hard step. 

Fig. 2. Thermodynamics in practice: abstrac- 
tion and reality. 

Classical and Statistical Thermodynamics 

Classical chemical thermodynamics, 
as developed more than 100 years ago by 
J. W. Gibbs, gives a comprehensive 
methodology for a broad description of 
the equilibrium properties of materials, 
including fluid mixtures. Gibbsian ther- 
modynamics, because of its breadth and 
elegance, is one of the highlights of clas- 
sical science, but at the same time it pos- 
sesses severe limitations for practical 
work. Classical chemical thermodynam- 
ics gives a sweeping view, but it is not 
sufficient for quantitative results unless 
coupled with extensive-often prohibi- 
tive-experimental effort. The positive 
and negative features of classical ther- 
modynamics are easily summarized: 

1) Positive features: Broad, general 
description of nature. Applicable (in 
principle) to many phenomena. Rigorous 
mathematical formulation. Elegant, es- 
thetically pleasing. Independent of any 
theory of matter. 

2) Negative features: Uses abstract 
quantities, difficult to visualize. Inter- 
relates experimental measurements but 
cannot predict a priori. Incomplete. For 
many practical applications need "meta- 
thermodynamics" (for example, phys- 
ical models). 

During the last 90 years, a vast litera- 
ture on thermodynamics has accumu- 
lated. There are hundreds of textbooks 
and thousands of journal articles and 
every university offers several courses 
on various aspects of thermodynamics, 
thereby attesting to its academic respect- 
ability. Nevertheless, in practice, ther- 
modynamics is often a disappointment to 
the chemical engineer. In textbooks, the 
reader finds dozens of equations wherein 
property A, which he seeks, is related to 
property B, which he does not know; 
property B is then related to property C 
and so on, until, at last, property Z is re- 
lated to property A. To the nonexpert 
reader, texts on chemical thermodynam- 
ics seem to provide little more than a bu- 
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reaucratic runaround. Unfortunately, 
classical thermodynamics never predicts 
any property by itself but only relates 
one property to another. The chemical 
engineer, seeking answers, often feels 
frustrated; thermodynamics has let him 
down. At the same time, many articles 
and compendiums tabulate large quanti- 
ties of thermodynamic data, but more 
often than not, the published data do not 
apply to the practical problem of interest. 

Classical thermodynamics is revered, 
honored, and admired, but in practice 
it is inadequate. The place of thermo- 
dynamics in relation to chemical engi- 
neering may be illustrated by two fa- 
mous quotations about Helen of Troy: 
"Admired much, and much reviled" 
(Goethe, Faust, part II) and "Was this 
the face that launched a thousand ships?" 
(Marlowe, Dr. Faustus). 

Application of abstract thermodynam- 
ics to real problems requires a three-step 
process, shown in Fig. 2. The real prob- 
lem is first projected into an abstract 
mathematical world through the use of 
ingenious abstract functions (such as 
the chemical potential introduced by 
Gibbs) which, through the use of stan- 
dard mathematical operations, allow the 
problem to be solved in the abstract 
world. The genius of classical thermody- 
namics lies in providing the abstract 
functions that enable elegant perform- 
ance of steps I and II. The difficulty in 
reducing thermodynamics to practice 
lies in step III. In performing this last 
step, classical thermodynamics, by it- 
self, is not sufficient. For step III, it is 
necessary to link abstract thermodynam- 
ic concepts with real physical properties. 

Classical thermodynamics' indepen- 
dence of any particular theory of matter 
provides its glory, but this independence 
is also responsible for its weakness. In 
his later work, Gibbs tried to overcome 
this weakness through application of sta- 
tistical physics as developed by Boltz- 
mann, leading to statistical thermody- 
namics: an attempt to describe bulk 
(macroscopic) properties of matter in 
terms of (microscopic) intermolecular 
forces and the molecular structure of ma- 
terials. Although statistical mechanics 
(the basis of statistical thermodynamics) 
has made remarkable progress since the 
early efforts of Gibbs and Boltzmann, it 
has not yet reached a stage where, by it- 
self, it can yield practical methods for 
calculating the properties of real mix- 
tures. 

A candid view of statistical mechanics 
has been provided by Eugene Wigner, 
who said, "With thermodynamics, one 
can calculate almost everything crudely; 
24 AUGUST 1979 

Fig. 3. Equation of 
state from partition 
function Q. 

P = kT F afnQ 1 [ aV JT,N 

For ideal gas: 

1Q [ N N 

A = h 
(2irmkT)1/2 

with kinetic theory, one can calculate 
fewer things, but more accurately; and 
with statistical mechanics, one can cal- 
culate almost nothing, exactly." A chemi- 
cal engineer is likely to be in full agree- 
ment with that view, except that he will 
be tempted to omit the word "almost." 

Molecular Thermodynamics 

Although statistical thermodynamics 
alone cannot provide the mixture proper- 
ties needed for the design of separation 
operations, it does suggest techniques 
for constructing sensible physical mod- 
els which, when coupled with appropri- 
ate concepts from molecular physics and 
physical chemistry, can be used to cor- 
relate limited experimental data. Such 
correlations can very much reduce the 
necessary experimental effort by pro- 
viding good estimates of bulk properties 
through physically meaningful interpola- 
tion and extrapolation. These estimates 
are often sufficiently reliable for chemi- 
cal process design. 

Molecular thermodynamics is a syn- 
thesis of classical thermodynamics, sta- 
tistical thermodynamics, molecular phys- 
ics, and physical chemistry. It is an 
applied science in the sense that it com- 
bines, toward practical ends, the per- 
tinent tools that physical science offers 

Vf = Free volume 

0/2 = Potential energy associated with 
one molecule 

p = p(l) + p(2) + p(3) 

p(i) = kT [av[i]T,N 
T, N 

i = 1,2,3 

Fig. 4 (left). Basic assumptions of generalized 
van der Waals theory. Fig. 5 (right). Free 
volume Vf. 

N = No. of molecules 
V = Total volume 

qr,v,e = Molecular partition function 
for rotational, vibrational 
and electronic motions 

h = Planck's constant 
m = Molecular mass 
k = Boltzmann's constant 

to the design engineer to help him solve 
important engineering problems. It is 
thus a compromise and a synthesis, as 
indicated by the following steps: 

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

2) Apply appropriate concepts from 
molecular physics and physical chemis- 
try. 

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

4) Obtain model parameters from very 
few, but representative, experiments. 

In the next sections I present a few ex- 
amples to illustrate how molecular ther- 
modynamics provides quantitative esti- 
mates of mixture properties that are di- 
rectly useful for chemical process de- 
sign. 

Applications of a Generalized 

van der Waals Partition Function 

The first example indicates how an ap- 
proximate partition function may be em- 
ployed to obtain useful expressions for 
calculating phase equilibria typically en- 
countered in the petroleum, natural gas, 
and polymer industries. To start, Fig. 3 
reviews some well-known relations in 

Free volume = total volume - excluded volume 

- 
- , ,0" 

Dilute region (no overlap) 

Vf = V - b 

Dense region (extensive overlap) 

Vf > V - b 
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statistical thermodynamics. The parti- 
tion function Q gives all thermodynamic 
properties through standard procedures: 
differentiation with respect to composi- 
tion gives the chemical potential, dif- 
ferentiation with respect to temperature 
gives internal energy or entropy, and dif- 
ferentiation with respect to volume gives 
the equation of state. The last differ- 
entiation is of particular importance for 
molecular thermodynamics because it 
links the abstract partition function Q 
to directly measurable quantities: pres- 
sure P, volume V, and temperature T. 

For an ideal gas it is simple to write an 
expression for Q, but for real fluids 
(gases and liquids) we can only write an 
approximate expression, following ideas 
that go back more than 100 years to van 
der Waals, as indicated in Fig. 4. 

In an ideal gas, molecules are points 
that do not influence each other. How- 
ever, molecules in a real fluid have a 
finite size, leading to repulsive forces 
at close molecule-molecule separations, 
and they have electronic configurations, 
leading to forces of attraction at inter- 
mediate separations. In the generalized 
van der Waals model, repulsive forces 
are taken into account through the con- 
cept of free volume Vf and attractive 
forces through the concept of a uniform 
potential field 4), as briefly explained be- 
low. But in addition to translational mo- 
tions, molecules also have rotational and 
vibrational degrees of freedom, which 
contribute to the partition function. 
(Electronic degrees of freedom are im- 
portant only at high temperatures and 
therefore are not of concern here.) 

As shown in Fig. 4, there are three 
contributions to the equation of state. In 
recent years there has been much prog- 
ress in understanding the first two contri- 
butions, but little is known about the 
third. Nearly all theoreticians who work 
in the area of fluids restrict attention to 
argon-like molecules where the third 
contribution disappears; the usual as- 
sumption is that for small, nearly spheri- 
cal molecules, rotational and vibrational 
motions depend only on temperature and 
are independent of density. For larger 
molecules, especially those that are non- 
spherical, this simplifying assumption is 
not valid. 

Figure 5 gives a two-dimensional view 
of the free-volume concept. The free vol- 
ume is that part of the total volume 
which is accessible; because of the finite 
size of all molecules, a particular mole- 
cule, wandering about, does not have ac- 
cess to every part of the total volume 
since some of that volume (the excluded 
volume) is occupied by other molecules. 
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Potential energy between two molecules is rF(r). 
Potential energy between central molecule and 
all others is 

= (N/V r(r)g(r) 47rr2 dr 

g(r) = Radial distribution function, tells where 
molecules are. 

1 2 5 10 20 50 100 

Pressure (bars) 

Fig. 6 (top). Potential energy 0. Fig. 7 
(middle). Perturbed-hard-chain theory pro- 
vides an equation of state for fluids containing 
simple or complex molecules, covering all 
fluid densities. Fig. 8 (bottom). K factors 
in the binary system methane-propane. 

In Fig. 5, each molecule is represented 
by a billiard ball, or hard sphere. The fi- 
nite size of a molecule is indicated by the 
dark line. Let one molecule approach an- 
other until the two surfaces are in con- 
tact; this is the closest possible mole- 
cule-molecule distance. The center of 
one of the molecules cannot penetrate 
the volume bounded by the dashed line 
around the other; that volume is not 
available: it is excluded. When the num- 
ber of molecules is small (low density), 
this excluded volume is given by the van 
der Waals parameter b, which is propor- 
tional to the actual volume of all the fi- 
nite-sized molecules. 

At high densities, it is much more diffi- 
cult to calculate the excluded volume be- 
cause of overlap, as shown by the 
shaded areas in the lower part of Fig. 5. 
The excluded volume is less than the pa- 
rameter b because in the calculation of b 
the overlapping regions are now errone- 
ously counted more than once. Van der 
Waals and his co-workers were well 
aware of overlap but no satisfactory so- 
lution to this difficult mathematical prob- 
lem was achieved until the middle 
1960's. There is no need here to go into 
details; it is sufficient to say that for 
hard-sphere molecules we now have a 
reliable expression for the free volume, 
valid for all fluid densities (1, 2). 

Figure 6 gives a two-dimensional view 
of the uniform potential field concept. 
Consider the molecule at the center; we 
want to calculate the attractive-force 
field experienced by that molecule. The 
potential energy for any pair of mole- 
cules is designated by F(r) where r is the 
center-to-center distance of separation. 
To sum up the contributions of all mole- 
cules interacting with the one at the 
center, we perform an integration, as 
shown. Imagine a sphere of radius r; the 
area of that sphere is 47rr2. We now build 
a thin shell on that area; the thickness of 
the shell is dr and its volume is 4lTr2dr. 
As a first estimate, we calculate the num- 
ber of molecular centers in the shell by 
multiplying 4Trr2dr by the overall density 
N/V. But that is a crude calculation 
which erroneously assumes that the local 
density (the density at position r) is al- 
ways equal to the overall (or average) 
density. The structure of a fluid is not 
completely random; because of the finite 
size of the molecules, there is short- 
range order. When the magnitude of r is 
similar to that of the molecular diameter, 
the local density is very much different 
from the average density and therefore it 
is necessary to put into the integral some 
structural information given by the radial 
distribution function g(r), which is the 
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ratio of local density to average density. 
The notation g(r) is deceptive; it errone- 
ously implies that g is a function only of 
r, whereas in fact it is a strong function 
of density and, to a lesser extent, of tem- 
perature. 

The last 20 years have produced signif- 
icant progress in our understanding of 
the radial distribution function, espe- 
cially because of the molecular dynamics 
studies of Alder et al. (3). Again, there is 
no need to go into details; it is sufficient 
to say that we now have useful theoreti- 
cal methods for calculating t as a func- 
tion of density and temperature. 

Large Molecules 

For large molecules we must say 
something about the contributions from 
rotational and vibrational degrees of 
freedom or, more precisely, about the ef- 
fect of volume on rotational and vibra- 
tional motions. To do so, contributions 
to the partition function from rotational 
and vibrational degrees of freedom are 
factored into an internal part (a function 
only of temperature) and an external 
part, which depends primarily on volume 

Q = N!~ L [exp(-2 7)j [qext]N [qint]N 

where qint is independent of density and 
therefore does not contribute to the 
equation of state. 

For the external part we assume a 
simple relation, suggested by Bazua and 
Beret (4), which, in effect, is an inter- 
polation between the known result at ze- 
ro density and the high-density approxi- 
mation of I. Prigogine, who assumed that 
those rotations and vibrations which are 
external (dependent on volume) can be 
treated as equivalent translations (5). 

Bazua and Beret suggest 

qext =- 
() 

where 3c is the number of external (den- 
sity-dependent) degrees of freedom: low- 
frequency, high-amplitude vibrations 
and rotations. For argon, c = 1. At liq- 
uid-like densitities, V = constant. Then 
this partition function is the same as 
Prigogine' s. 

The domain of the resulting partition 
function, here called perturbed-hard- 
chain (PHC) theory, is shown in Fig. 7, 
where molecular complexity is one vari- 
able and density is the other. The PHC 
theory provides a smooth interpolation: 
At low densities, we have theoretical 
knowledge for simple and complex mole- 
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Fig. 9 (left). Weight-fraction Henry's con- 
stants in low-density polyethylene. Fig. 
10 (right). Local compositions and the con- 
cept of local mole fractions. 

cules; for simple molecules we have the- 
oretical knowledge at all fluid densities 
(perturbed-hard-sphere theory); and at 
high densities, we have at least some 
theoretical knowledge if we adopt Prigo- 
gine's assumption. This theory is surely 
not rigorous, but it covers a wide region 
of practical interest by meeting the ap- 
propriate boundary conditions. 

The previous discussion has been con- 
fined to pure fluids but extension to mix- 
tures is relatively simple through the 
one-fluid theory (6). This theory says 
that the thermodynamic properties of a 
fluid mixture are the same as those of a 

Pure Hypothetical 

Pure Li? 
liquid ? Li 

Pure 
liquid ? ? Li( 

2 

( 
15 of type 1 

O 15 of type 2 

Overall mole fractions: x1 = x2 = 1/2 

Local mole fractions: 

Molecules of 2 about a central molecule 1 
x21 = Total molecules about a central molecule 1 

x21 + xll = 1, as shown 

x12 + X22 = 1 

xll ~ 3/8 

x21 ~ 5/8 

pure hypothetical fluid; the molecular 
parameters which characterize that hy- 
pothetical fluid are composition averages 
of the parameters which characterize the 
mixture's components. 

Two examples illustrate possible ap- 
plications of the PHC theory. First, Fig. 
8 shows K factors for the binary mixture 
methane-propane, which is representa- 
tive of mixtures found in a natural-gas 
technology. The K factor is a distribution 
coefficient, the ratio of the mole fraction 
in the vapor phase to that in the liquid 
phase. The top part of Fig. 8 (where 
K > 1) shows K factors for methane, 

Umixture = xlU(1) + x2U(2) 

U = Internal energy 

U(1) = x11u11 + x21u21 

U(2) = X22U22 + X12U12 

Gibbs-Helmholtz equation Physical assumption 

A E/T = 
1/T Ud/T) x21/x11 = 

x2/x x exp - (u21 - u11)/RT 

AE = Excess free energy x12/x22 = x1/x2 x exp - 
(u12 - u22)/RT 

T = Temperature 

Fig. 11. Local compositions and the two-liquid theory of mixtures. 
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while the lower part (where K < 1) 
shows K factors for propane, both 
plotted against pressure, up to the criti- 
cal pressure where vapor and liquid are 
identical (K = 1 for every component). 
To make the indicated calculations, it 
was first necessary to reduce experimen- 
tal pressure-volume-temperature (PVT) 
and vapor-pressure data for each of the 
pure components to obtain three charac- 
teristic molecular parameters: a hard- 
core size, a characteristic potential ener- 
gy, and 3c, the number of external de- 
grees of freedom. (For methane, c = l.) 
The mixing rules for applying one-fluid 
theory to the mixture contain only one 
adjustable binary parameter, designated 
by kl2, which gives the deviation from 
the geometric-mean assumption for cal- 
culating the characteristic potential ener- 
gy for an unlike pair: E12 = (ell22)1/2 

(1 - k12). All parameters are indepen- 
dent of temperature, density, and com- 
position. With only one adjustable bi- 
nary parameter, PHC theory can repre- 
sent the experimental mixture data for 
methane-propane over a wide range of 
conditions. 

This first application is perhaps not 
very dramatic because there is only a 
modest difference in the molecular sizes 
of methane and propane. To indicate ap- 
plication to systems where the molecular 
size difference is large, Fig. 9 shows 
Henry's constants for several volatile 
solutes in polyethylene. As defined here, 
Henry's constant is the reciprocal of the 
solubility (weight fraction) when the par- 
tial pressure of the solute is 1 atmo- 
sphere. Again, the calculations require 
three molecular parameters for each 
pure component and one binary parame- 
ter. It is evident that PHC theory can 
represent a wide range of solubilities; 
note that the (logarithmic) scale on the 
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Fig. 12. Temperature-composition diagram 
for butanol (1)-water (2) system. Calculations 
are based on the UNIQUAC equation with 
temperature-independent parameters. 
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ordinate covers five orders of magnitude. 
It is particularly gratifying that PHC the- 
ory can correctly reproduce the effect of 
temperature on solubility over an appre- 
ciable temperature range. 

Phase equilibrium data, such as those 
shown in Fig. 9, are of particular impor- 
tance in the design of a polymer devola- 
tilization process wherein volatile, possi- 
bly toxic, solutes are removed from 
polymeric materials used for making 
clothing or food containers. 

Strongly Nonideal Liquid Mixtures 

Another application of molecular ther- 
modynamics concerns strongly nonideal 
mixtures of liquids where orientational 
forces are appreciable; for example, mix- 
tures of polar organic fluids, such as 
aldehydes, chlorinated hydrocarbons, 
ethers, nitriles, esters, and alcohols, in- 
cluding water. Such mixtures occur fre- 
quently in the petrochemical industry 
and, because of strong preferential inter- 
actions such as hydrogen bonding, it is 
not easily possible to describe such mix- 
tures by a generalized van der Waals 
treatment coupled with the one-fluid the- 
ory of mixtures. 

For liquid mixtures with strong orien- 
tational forces, we must take into ac- 
count the tendency of molecules to seg- 
regate; that is, the existence of local or- 
der where molecules do not mix at 
random but instead show strong prefer- 
ences in choosing their immediate neigh- 
bors. Although many outstanding scien- 
tists have tried to solve this difficult com- 
binatorial problem, no satisfactory 
solution has been obtained for practical 
purposes. Therefore, it is necessary to 
construct an approximate model as sug- 
gested in Fig. 10, which introduces the 
concept of local composition. 

The essential idea here is that, because 

of local order, the composition in a very 
small region of the solution is not the 
same as the overall composition. To il- 
lustrate, Fig. 10 shows 30 molecules, 15 
shaded and 15 white; the overall mole 
fraction, therefore, is 1/2 for each com- 
ponent. We focus attention on one arbi- 
trarily selected molecule of component I 
and describe the composition in the im- 
mediate vicinity of that molecule by two 
local mole fractions x1i and x21; here xi 
is the number of molecules of type 1 
about the central molecule divided by 
the total number of molecules about that 
central molecule. An analogous defini- 
tion holds for x21, and there is the obvi- 
ous conservation condition xl + x21 = 
1. As shown in Fig. 10, there are eight 
molecules about the central molecule; 
five are white and three are shaded. 
Therefore, the local compositions are 
x , = 3/8 and x21= 5/8. 

The local-composition concept can be 
used as a point of departure to construct 
a simple expression for the nonideality of 
a liquid mixture, as shown in Fig. 11. 
The important feature is the boxed equa- 
tion, which expresses a two-fluid theory 
of binary mixtures: the molar internal en- 
ergy U is given by the mole-fraction av- 
erage of U'I', the molar internal energy of 
hypothetical liquid (1), and U(2), the mo- 
lar internal energy of hypothetical liquid 
(2). Hypothetical liquid (1) consists of a 
region in which molecule 1 is at the cen- 
ter and the local mole fractions are x1l 
and x21; similarly, hypothetical liquid (2) 
consists of a region in which molecule 2 
is at the center and the local mole frac- 
tions are x22 and x12. Parameter uij char- 
acterizes the potential energy of an ij 
pair; where i = 1 or 2 andj = 1 or 2. 

Given the relations shown, it is easily 
possible to derive an expression for AU, 
the energy change on mixing, in terms of 
the uij and the local mole fractions. This 
expression for AU is then substituted in- 

UNIFAC 

For example: OH3O O 

Aceton e Toluene 

Inyi =l nyic +lnyjR 

2nyiC (as in UNIQUAC) = FC (x,4,0O) 

,tnyiR = FR (X,Q,T,amn) 

X = Group mole fraction; Q = Group external surface area 

amn = Interaction energy between groups m and n 

Fig. 13. Activity coef- 
ficient yi for molecu- 
lar species i from 
group contributions. 
The configurational 
contribution FC de- 
pends on (molecular) 
mole fraction x, site 
fraction (P, and sur- 
face fraction 0. The 
residual contribution 
F" depends on tem- 
perature and on group 
properties and group 
composition. 
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to the (classical) thermodynamic equa- 
tion (shown at the lower left of Fig. 11) to 
obtain an expression for the excess 
Helmholtz energy, which in turn gives us 
the activity coefficients and thereby the 
deviations from ideality for the liquid 
mixture. 

The remaining requirement is to say 
something useful about the local mole 
fractions, which are conceptual quan- 
tities and are not easily measured. To re- 
late the local mole fractions to the mea- 
sured overall mole fractions, we postu- 
late a simple relation (shown at the lower 
right of Fig. 11) suggested by statistical 
mechanics: for each hypothetical liquid, 
the ratio of local mole fractions is as- 
sumed to be equal to the ratio of overall 
mole fractions, multiplied by a Boltz- 
mann factor. This relation is in no sense 
rigorous, but it provides a reasonable ap- 
proximation consistent with what statis- 
tical mechanics suggest about the prop- 
erties of an assembly of molecules that 
differ appreciably in their intermolecular 
attractive forces. 

Figure 11 illustrates the essential fea- 
tures of molecular thermodynamics of 
mixtures. At the lower left, we have clas- 
sical thermodynamics; at the top, we 
have a physical model that attempts to 
reflect our limited knowledge of molecu- 
lar behavior; and at the lower right, we 
have a relation suggested by statistical 
mechanics. Synthesis of these figures 
yields an expression for calculating mix- 
ture nonideality in terms of two adjust- 
able parameters U21 - uli and u12 - u22. 

For simplicity, Figs. 10 and 11 repre- 
sent only mixtures of equisized spherical 
molecules. However, the procedures 
outlined in Figs. 10 and 11 can be gener- 
alized to molecules of different size and 
shape by using local surface fractions 
(instead of local mole fractions), which 
are based on geometric properties of the 
molecules obtained from x-ray and simi- 
lar data (7). 

Figure 12 shows a temperature-com- 
position diagram for a strongly nonideal 
mixture, n-butanol and water, based on 
the local-composition concept. By using 
only two adjustable parameters, it is pos- 
sible to obtain an almost quantitative 
representation of the experimental data 
at a constant pressure of 1 atmosphere; 
at low temperatures, there are two liquid 
phases (partial miscibility) and at higher 
temperatures the vapor-liquid equilibria 
produce an azeotrope. 

The phase diagram shown in Fig. 12 
was calculated with a particular equa- 
tion, called UNIQUAC for universal 
quasi-chemical (8, 9), based on the local- 
composition concept. 
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Activity Coefficients from 

Group Contributions 

The local-composition concept is eas- 
ily reconciled with an old idea (10) in ap- 
plied thermodynamics: group contribu- 
tions. The idea is that some thermody- 
namic properties of fluids containing 
polyatomic molecules can be calculated 
from interactions, not between the mole- 
cules, but between functional groups 
that constitute the molecules. This pos- 
tulate can also be used for calculating ac- 
tivity coefficients, as shown in Fig. 13. In 
Fig. 13 an acetone molecule is divided in- 
to two functional groups and a toluene 
molecule into six functional groups of 
which five are identical. An extension of 
UNIQUAC yields simple expressions 
for activity coefficients in terms of sur- 
face fractions 0, site fractions (), and 
group-group interaction parameters amn, 
where m and n refer not to molecules, 
but to functional groups. This expression 
is called UNIFAC, an abbreviation for 
universal functional activity coefficient 
(11, 12). It is advantageous to use a 
group-contribution method for petro- 
chemicals, in which the number of dis- 
tinct functional groups is much smaller 
than the number of distinct molecules. 
Almost all petrochemicals, including 
polymers, can be constituted from per- 
haps 30 to 40 functional groups. If the in- 
teractions between these groups can be 
characterized, it is possible to estimate 
activity coefficients for a very large num- 
ber of mixtures for which no experimen- 
tal data have been obtained. 

Group interaction parameters an,n are 
calculated by data reduction for binary 
mixtures for which good experimental 
data are at hand. This has been done for 
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Fig. 14. Continuous extractive distillation of 
methyl cyclohexane (1)-toluene (2) with phe- 
nol (3) in 21 stages. 

a substantial number of group pairs. The 
UNIFAC equations are easily pro- 
grammed for computer calculations, and 
the resulting equilibria for separation- 
process design. The accuracy of these 
estimates is not high but it is often suf- 
ficient for design purposes. Especially 
for preliminary calculations, UNIFAC 
provides a useful tool since it is appli- 
cable to a very large variety of mixtures 
for which no experimental information is 
available. It is not surprising that UNI- 
FAC is popular with practicing chemical 
engineers, since it provides useful design 
data with little effort. 

An engineering application of UNI- 
FAC is shown in Fig. 14 which presents 
the composition profile of an extractive- 
distillation column. This equipment is 
used to separate a mixture of toluene and 
methyl cyclohexane (MCH). Since the 
boiling points of these liquids are close, 
ordinary distillation is difficult, requiring 
a large number of stages and hence a 
very tall (and expensive) distillation col- 
umn. To facilitate separation, phenol is 
added to the liquid mixture because po- 
lar phenol depresses the volatility of 
(aromatic) toluene and raises the vol- 
atility of (saturated) MCH. Since an aro- 
matic hydrocarbon has pi electrons and a 
saturated hydrocarbon does not, phenol 
"likes" toluene but "dislikes" MCH. 
Thus, phenol acts as an extractive agent, 
which in engineering language is called 
the entrainer. The presence of phenol 
drastically reduces the number of stages 
required for separation. 

For proper design, it is necessary to 
calculate the equilibrium composition on 
each stage in the distillation column. The 
composition profile (Fig. 14) is calcu- 
lated by using UNIFAC and material 
balances. Nearly pure MCH is obtained 
at the top of the column, while the bot- 
tom of the column yields a mixture of tol- 
uene and phenol, virtually free of MCH. 
The latter binary mixture must be sepa- 
rated in another distillation column, not 
shown here; however, that separation is 
simple, requiring only a few stages be- 
cause the boiling point of phenol is much 
higher than that of toluene. 

Conclusion 

A few examples have been presented 
to illustrate the use of molecular ther- 
modynamics to obtain a quantitative rep- 
resentation of mixture properties from a 
minimum of experimental data. These 
examples stress the important features 
of molecular thermodynamics. We start 
with the abstract concepts of thermody- 
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namics, in particular the chemical poten- 
tial, and then use whatever physical con- 
cepts we have to reduce abstract ther- 
modynamics to reality. 

Figure 2 shows the three-step ther- 
modynamic process. The focus of molec- 
ular thermodynamics is on the last step: 
for useful results, the answer to the prob- 
lem solved easily in the abstract world 
must be reprojected into the real world. 
To achieve this reprojection, we must go 
beyond classical thermodynamics, utiliz- 
ing physical models based on molecular 
science. 

In performing this reprojection step 
we must make compromises because rig- 
orous procedures are hardly ever avail- 
able for real situations. The last step re- 
quires some knowledge of appropriate 
physical concepts. But an even more im- 
portant requirement is courage, willing- 
ness to make bold simplifying assump- 

tions, to try them out and, if they fail, to 
choose some other simplifying assump- 
tions and try again. Molecular thermody- 
namics is guided by Whitehead's famous 
advice to scientists: "Seek simplicity, 
but distrust it." But it is propelled for- 
ward by another, less well known sen- 
tence of Whitehead's: "Panic of error is 
the death of progress." 

For chemical process design, molecu- 
lar thermodynamics provides a useful 
tool for estimating, with a minimum of 
experimental effort, those equilibrium 
properties of mixtures which are re- 
quired for efficient design of separation 
operations (for instance, distillation, ex- 
traction, and absorption). Since separa- 
tion operations represent large invest- 
ment and operating costs in the chemical 
and related industries, molecular ther- 
modynamics contributes to the econom- 
ic manufacture of chemical products. 
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