
Infinite Dilution Fugacity Coefficients and the 
General Behavior of Dilute Binary Systems 

A universally valid formal expression for the composition dependence 
of solute and solvent fugacity coefficients in any dilute binary system far 
from criticality is derived in this paper. In the present context, dilution 
denotes the y1 - 0 limit, regardless of the mixture’s molar density. The 
results are independent of the system under study and of the choice of 
equation of state. The solute fugacity coefficient is simply the product of 
a composition-independent term (the infinite dilution fugacity coeffi- 
cient) and an exponential decay composition correction. These two 
parameters have important thermodynamic implications: their tempera- 
ture and pressure derivatives are related to the solute’s partial molar 
enthalpy and volume, respectively. When applied to activity coeffi- 
cients, the same theoretical analysis yields universal relationships for 
the composition dependence of activity coefficients which can be used 
as consistency checks for empirical correlations. The relationship 
between infinite dilution activity and fugacity coefficients can be used to 
estimate relative solubilities of a given solute in different solvents. 
Excellent agreement is found when the theoretical expressions are 
tested with three different binary systems involving a nonvolatile solid 
solute and a supercritical fluid. 
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SCOPE 
Fugacity coefficients are important in phase equilib- molecules, and solute-solute effects are essentially 

rium calculations via the equation of state approach. absent. The composition dependence of the solute and 
They can be obtained from standard thermodynamic solvent fugacity coefficients in dilute solutions are 
expressions by means of a suitable pressure-explicit found to obey simple and universally valid relation- 
equation of state. Highly nonlinear expressions result in ships, which are derived in this paper through purely 
all cases. thermodynamic arguments, with no reference what- 

In particular, we have been interested in the fugacity soever to any particular choice of equation of state. 
coefficient of a very dilute component. In some ways, An analysis of such infinitely dilute fugacity coeffi- 
this is analogous to the study of infinitely dilute activity cients should prove valuable in interpreting data in, 
coefficients, a concept that has proved of value in mod- say, supercritical extractions where the solute is often 
eling liquid solutions. In such cases, the dilute compo- present in quite low concentrations. 
nent experiences interactions only with the solvent 

CONCLUSIONS AND SIGNIFICANCE 

The solute fugacity coefficient in dilute binary sys- 
tems is shown to obey the simple expression 6, = 

&exp(-Ky,), where 4; is the infinite dilution fugacity 
coefficient, Kis a function of temperature and pressure, 
and y1 is the solute mole fraction. The temperature and 
pressure dependence of K are related to the composi- 
tion dependence of the solute partial molar enthalpy 

Correspondence concerning this paper should be addressed to P.G. Dcbencdetti at the Depart- 
ment of Chemical Engineering. Princeton University, Princeton, NJ 08544. 
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and volume expansions about their respective infinite 
dilute limits. 

It is shown that the solute activity coefficient in dilute 
binary systems obeys a formally identical expression, 
Y1 = 77 exP(-KY,). 

The relationship between infinite dilution activity and 
fugacity coefficients can be used to estimate relative 

solubilities of a given solute in different solvents. 
Because the treatment foregoes any reference to 

specific systems or equations of state, the conclusions 
are completely general, and are in fact found to be valid 
throughout the entire range from infinite dilution to satu- 
ration when tested for several binary systems consist- 
ing of a solid solute and a supercritical fluid. 

Fugacity Coefficients 
The chemical potential, ji;, fugacity, A, and fugacity coeffi- 

cient, 4, of a component i (i = 1, . . . , n) in a mixture are related 
as follows 

where X i  is a function of temperature, and yi is the mole fraction 
of component i. 

In the equation of state approach to phase equilibrium calcu- 
lations, component fugacities in coexisting phases are equated, 
and the corresponding fugacity coefficients are expressed as a 
function of temperature, pressure, and mixture composition 
through an appropriate equation of state. 

For a simple n-component mixture and A coexisting phases, 
there are (n - 1 ) ~  + 2 intensive variables [r(n - 1) mole frac- 
tions, system temperature, and pressure], n + 2 - A of which 
must be specified a priori, according to the phase rule (Gibbs, 
1875). The resulting n ( ~  - 1) unknowns must be calculated 
from a system of n ( ~  - 1) equations of the form 

where a and @ denote different phases. If we consider, as an 
illustration, an n-component system and two phases, n equations 
of the form of Eq. 3 must be solved to calculate, for example, 
(n - 1) mole fractions in the B phase and the system tempera- 
ture, given the a-phase composition and system pressure. 

Fugacity coefficients can be calculated from a suitable pres- 
sure-explicit equation of state from the relationship 

R T l n  & = - y] d l  - R T l n  Z (4) 
aN, T,1[.N[i] 

where underbars denote extensive quantities, N [ i ]  implies con- 
stancy of all mole numbers except Ni, and 2 is the mixture com- 
pressibility factor. The resulting expressions for the composition 
dependence of & are, in general, highly nonlinear. 

For dilute binary mixtures, to which we shall henceforth limit 
our attention, simple, universal expressions for the solute and 
solvent fugacity coefficients are derived in this paper. The rela- 
tions are applicable to all systems far from criticality, and are 
independent of the equation of state used to model the specific 
system. The solute fugacity coefficient is shown to be the prod- 
uct of a composition-independent term (the infinite dilution 
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fugacity coefficient) and an exponential decay composition cor- 
rection. The former represents a new concept with interesting 
implications; the exponential factor, on the other hand, is related 
to the system's composition a t  the limit of stability. The temper- 
ature and pressure dependence of the exponential decay factor 
and of the infinite dilution fugacity coefficient, moreover, are 
related to the thermal and volumetric properties of the mixture. 

Derivation of the Basic Relationships 
We consider a dilute binary mixture far from criticality. Let 1 

denote the solute and 2 the solvent. We expand the solvent 
fugacity coefficient about they, - 1 limit, a t  constant tempera- 
ture and pressure, 

In 4 2 v 7  p ,  Y z )  = [In 4z(T9 P)Iy*-, 

and differentiate, to obtain 

or, defining 

(7) 

we rewrite Eq. 6 as 

where the coefficients are a function of Tand P. 
From the Gibbs-Duhem equation, we can write 

( 9 )  

which, in the light of IZq. 8 yields 

Since In ; can be expanded in series for any finite and non- 
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zero 4, all Cis are finite or zero. For dilute solutions, therefore, 
we drop quadratic and higher order terms, and integrate from 
infinite dilution to y I ,  

At any given temperature and pressure, Eq. 20 can, in principle, 
be solved for y , ;  this represents the solute mole fraction at the 
mixture's limit of stability ( y W ) .  From Eqs. 19 and 20 we 
obtain 

1 

YW 
K = -  

and obtain whereupon the solute fugacity coefficient reads 

and, in addition, because of Eq. 16, we have 
where the notation 

which suggests an interesting connection between the mixture's 
behavior a t  infinite dilution and its limit of stability. 

Although the validity of Eq. 21 (and therefore of Eqs. 22 and 
23) will be discussed below in connection with the derivative 
properties of K and $7, it follows at  once from their derivation 
that the resulting expressions are valid if and only if the dilute- 
ness assumption is realistic up to the mixture's limit of stability. 
This represents a severe constraint, and we therefore expect Eqs. 
21 to 23 to be less general than Eq. 15. 

Because y ,  cannot exceed yLs, it follows from Eq. 22 that the 
compositional variation of GI  must necessarily fall between the 
limits 1 and e-I, a conclusion that is of course subject to the 
same constraints that apply to the relationships used in its deri- 
vation. 

From general thermodynamic arguments, it has been shown 
that the solute and solvent fugacity coefficients of all binary sys- 
tems obey very simple relationships in the dilute limit. The 
solute fugacity coefficient can then be written as the product of 
two terms: the infinite dilution fugacity coefficient (which is 
composition-independent) and an exponential decay composi- 
tion correction, whose parameter (K) is related to the system's 
composition at  its limit of stability. 

We now derive relationships between infinite dilution fugac- 
ity coefficients and infinite dilution activity coefficients. An 
activity coefficient is defined as (Modell and Reid, 1983) 

has been used, and will henceforth be called the infinite dilution 
fugacity Coefficient. We now neglect quadratic terms in Eq. 12 
(as demanded by the corresponding approximation in Eq. 10) 
and write 

a fundamental property derived in Appendix A, to obtain 

$1 = i7exp  (-KY1) (15) 

with 

From Eq. 15 we obtain, using Eq. 9, and after integrating 
from infinite dilution to the actual mixture composition, 

with 

The previous derivations are independent of the equation of 
state used to model the system of interest. The basic relation- 
ships (Eqs. 15 and 18), are therefore valid for all binary systems 
in the dilute limit and far from criticality. 

The thermodynamic implications of K will now be derived. 
From Eq. 15 we obtain 

wherej: is the fugacity of component i at  T and reference pres- 
sure (P') and composition ( y : ) .  

and, therefore, 

For a binary mixture, stability criteria can be expressed in many 
equivalent ways (Modell and Reid, 1983). In the present case, 
we choose or, in other words, 

(27) 
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This is an identity, and is valid for all choices off:. From 
Eqs. 27, 15,  and 17, we obtain 

y1 = yye-Ky1 (28) 

Yz = 7; e-K(lnyz+yi) (29) 

where the superscripts w and 0 denote the y ,  - 0 limit as 
applied to solute and solvent, respectively. 

Therefore, all dilute binary systems must obey Eqs. 28 and 
29. It follows from Eq. 28 that the limiting slope of Iny ,  is 
related to K through 

Furthermore, in the dilute limit we can expand the exponential 
and neglect quadratic terms, to obtain 

YI = YT(1 - KYl) (31)  

which imposes a linear composition dependence upon yI 
as y ,  - 0. 

Examples 
To test the practical usefulness and applicability of the 

expressions derived in the previous section, we consider phase 
equilibrium between a solid solute and a supercritical fluid 
under conditions where a classical treatment is valid (i.e., away 
from any critical point). The extent of the narrow critical region 
where classical approaches fail has been discussed elsewhere 
(Sengers and Levelt-Sengers, 1983). Binary supercritical sys- 
tems have attracted considerable interest (Kurnik et al., 1981; 
Johnston et al., 1982; Krukonis et al., 1984), since they consti- 
tute the simplest (and hence the most theoretically tractable) 
case of multicomponent phase equilibrium involving a super- 
critical fluid. 

For these systems it is customary to assume a pure, incom- 
pressible condensed phase; if, in addition, the pressure is much 
greater than the solute’s vapor pressure, the equilibrium solubil- 
ity of the solute in the supercritical fluid is given by (Prausnitz, 
1965) 

where Pup is the solute’s vapor pressure and V; its molar volume 
in the condensed phase. The righthand side, then, is the product 
of three terms: the ideal gas solubility (Pup /P ,  which by itself 
predicts a solubility that is inversely proportional to pressure at  
any given temperature), the inverse solute fugacity coefficient, 
and an exponential correction which, a t  the pressures of interest 
(t500 bar; 50 MPa) is typically less than 10. The ratio of actual 
to ideal gas solubility (Le., Pyl /Pup)  is called the enhancement 
factor. 

The essential features of the y\@ vs. T and P relationship 
[solubility minima (Kurnik et al., 198 I ) ,  solubility maxima 
(Kurnik and Reid, 1981), enhancement factors of order lo6 
(Schmitt and Reid, 1985)] are therefore contained in the 6;’ 
term. 
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Fugacity coefficients are normally obtained from a pressure- 
explicit equation of state, using Eq. 4. As an example, we con- 
sider cubic equations of state, which in their most general form 
can be written as (Schmidt and Wenzel, 1980) 

(33) 
a - RT p = -  

V -  b V2 + uVb + wb2 

where u and w are numbers that characterize the particular 
equation of state being used. When the mixture a and b parame- 
ters are obtained from pure component parameters through the 
following mixing rules, 

the expression for & reads 

bi 
b 

In Gi = - ( Z  - 1) - In (Z - B) 

In z + B ( u -  -1 2 

(35) 

with 

A = aP/ (RT) ’  (37) 

B = b P f R T  (38) 

The composition dependence of & follows from Eqs. 34, 35, 
37, and 38, and from the implicit y-dependence of Z. Other 
equations of state or mixing rules can, of course, be used. The 
approach is not predictive, and it necessitates the introduction of 
a t  least one adjustable parameter. The latter is generally a 
binary interaction coefficient (ki j ) ,  which is ordinarily defined 
through a combining rule, 

aij = (aiaj)”’ [ 1 - kij (1 - a,)]  (39) 

( 6 ,  is Kronecker’s delta), and regressed from experimental data 
by minimizing a suitable objective function-in the present 
case, Z I log [ y , ( k , ) / y l  (exp)] 1 where yl(exp) is the experimen- 
tally measured equilibrium solubility. Binary interaction coeffi- 
cient regressions are usually made in temperature-dependent 
fashion (i.e., one k ,  per isotherm). 

The following references were used in Figures 1 to 5 to regress 
binary interaction parameters from experimental data: C02-  
benzoic acid (Schmitt, 1984); SF,-naphthalene (Debenedetti, 
1984); C02-acridine (Schmitt, 1984); C0,-phenanthrene (Kur- 
nik, 1981). 

Vol. 32, No. 8 AIChE Journal 



1 

0.98 

0.96 

0.94 

0.92 

0.9 

0.88 

0.86 

0.84 

0.82 

- 

- 
- PR EOS. 308.2K 
- 28Obar. K-27.048 
- 
- b. SF6-Naphthalene, SRK EOS 
- 328.2K. 120bar. K ~ 1 7 . 0 5 6  
- 
- c. C02-Acridine, SRK EOS 

- 328.2K. 350bar. K=55.022 

0 0.001 0.002 0.003 0.004 
I I 1 I I I I I 

Mole Fraction (4) 
Figure 1. 1 + (d In In yl)T,p vs. y, relationship for different systems. 

From Eq. 19 it follows that, for dilute systems, a plot of the 
quantity 1 + (a In & / a  In J J , ) ~ , ~  vs. solute mole fraction should 
yield a straight line of slope - K  and unit ordinate-intercept. 
Differentiating Fq. 36, and after considerable algebraic manip- 
ulation, a complicated expression for the quantity 1 + (a In &/ 
d In y , )  results (Debenedetti, 1984). Figure 1 is a plot of the cal- 
culated values of this quantity vs. solute mole fraction, from infi- 
nite dilution to saturation, for different binary systems involving 
a solid solute and a supercritical fluid, and two cubic equations 
of state (Soave-Redlich-Kwong and Peng-Robinson). 
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Figure 2. Comparison of Peng-Robinson prediction for 4, 
with Eq. 15. 

The predicted linearity is exhibited in all cases. This is 
remarkable since the simplicity of this relationship is not a t  all 
evident in the full expression for [ 1 + (d In &,/a In Y , ) ~ , ~ ] .  Fig- 
ure 1 shows only examples of a behavior that was observed 
whenever a binary system consisting of a solid solute and a 
supercritical fluid was investigated. Because Eq. 15 is a univer- 
sal dilute limit, whenever a binary system exhibits low equilib- 
rium solubilities (as is typically the case with solid-supercritical 
fluid equilibria), then the exponential decay expression consti- 
tutes an accurate representation of the fugacity coefficient from 
infinite dilution to saturation. 

From the calculated values of the [ 1 + (8 In &/a In J J , ) ~ . ~ ]  vs. 
y ,  line, a value of K can be obtained by least-squares regression. 
Furthermore, 4, follows from Eq. 36, and hence $7 follows from 
its operational definition (Eq. 13). Figure 2 is a comparison of 
the equation of state prediction for &, in the C0,-phenanthrene 
system (line) with the corresponding values predicted by Eq. 15 
(triangles), with K and 6; obtained as explained above. The 
same comparison is shown in Figure 3 for the benzoic acid-CO, 
system on a linear solute mole fraction scale. At saturation the 
difference between the equation of state prediction and Eq. 15 is 
only 0.35%. 

It follows from the nature of the arguments used in the deriva- 
tion of Eq. 15 that this is a general formal relationship, valid for 
all dilute binary systems. Equation 15, however, is not predic- 
tive: this can be seen from the way in which K and i;. were 
obtained in the previous examples. The usefulness of an expres- 
sion such as Eq. 15, however, lies in the fact that both K and 4, 
represent concepts with interesting thermodynamic implications 
and significance, as will be shown below. 

In the first place, I&' is, by definition, composition-indepen- 
dent; because the exponential correction is a number of order 1,  
it follows from Eq. 32 that the behavior of the system at  infinite 
dilution (i.e., 47) is of fundamental importance in determining 
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Figure 3. Comparison of Peng-Robinson prediction for 4, with Eq. 15. 

the equilibrium solubility of the solute in the supercritical fluid. 
A quantity that is independent of composition, furthermore, 
should be amenable to a group contribution interpretation. 

We now return to Eqs. 26 and 27. If the reference composition 
(ie., y:) is taken as unity, we can write, for a given P" 

where I and 11 denote different solvents. Because exp ( - K y , )  is 
of order one, it follows that Eq. 40 can be used to estimate a 
priori relative solubilities of a given solute in different solvents a t  
given T and P. This is so because infinite dilution activity coeffi- 
cients can be estimated readily by group contribution methods 
such as UNIFAC (Reid et al., 1977). 

Derivative Properties 

sure dependence of K and &, we first write the relationships 
In  order to derive expressions for the temperature and pres- 

- 

= K 

whereupon, from Eq. 1 we obtain 

where H: is the i t h  component's ideal-gas enthalpy, and 

v , l  
(44) 

But, from Eq. 15 we can write, for dilute systems, 

so that 

H, - IT; g)p = ylRTZ 

($= -- - -  v, - v; 

(47) 

In addition, if we consider Eqs. 43 and 44 a t  infinite dilution, 
we can write 

1 
R T ~  = _ -  [ J j ,  - H : ]  (43) 

1 
R T ~  - [ F -  H : ]  (49) 
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ferent temperatures. 
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0.0138;T-  3 1 8 . 2 K , k ~ - O . O 1 0 3 0 8 ; T =  328.2K,k,,-  -0.003336; 
T - 338.21% k, - -0.01 172. 

From Eqs. 47 and 48 and the fact that K is independent of y I ,  
we conclude that the righthand side numerators must be linear 
in y , .  This has already been derived (Krichevskii, in Rozen, 
1976), in connection wih the general properties of partial molar 
property expansions about the infinitely dilute limit. (See Ap- 
pendix B for a derivation of these expansions and their asyrn- 
metric behavior.) Here we state the final result, 

6 = & + a y l  + higher order terms (51) 

( 5 2 )  
- a Y: B2 = B - - + higher order terms 

2 

where 6. is a generic partial molar property, B a pure solvent 
molar property, and R a n d  a are  composition-independent (but 
T- and P-dependent) quantities. 

Figure 4 is a plot of K vs. pressure, a t  various temperatures, 
for the C0,-benzoic acid system. In order to interpret the 
curves, we write (&. 48) 

where p is the quadratic coefficient in the solute expansion (Eq. 
51). At any given temperature, a is negative a t  low pressures, 
and positive at  high pressures. When (aK/aP) ,  vanishes, the 
solute partial molar volume is independent of composition, and 
this implies the vanishing of all of the coefficients in Eq. 5 1. 

The coefficients a and fi  have an important implication. We 
first write 

(54) 

which follows from Eq. 1 and its ideal gas mixture limit (Den- 
bigh, 1981) 

i$" = c:' = R T  In Pyi + Xi( T )  (55) 

and differentiate to obtain 

a v ,  (56) 
a In 6, 

R T  - ( aYl )T,P = ( G ) T , P  d p  

Next, we use the expansion of about v, (Eq. 5 1) 

a In & 
RT - = ( ~ Y I  ) T J  

1 
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Figure 5. 1 + (a  In & / a  In yJfP for C0,-benzoic acid from infinite dilution to the predicted limit of stability. 
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which can be rewritten as (12 MPa) implies that, for this system, Fq. 61 is satisfied in the 
vicinity of 328.2 K and 120 bar. 

where ( ) implies an average over the pressure range 0 to P. 
However, from Eq. 15 we can write 

a In G I  
(TG-)r.p = - 

(59) 

We can therefore conclude that the criterion for the validity of 
Eq. 15, or, in other words, the dilute limit assumption, is 

Although a plot such as Figure 4 can provide useful informa- 
tion about a, nothing can be said about @. We simply note that 
if, a t  any given temperature, the pressure dependence of @ is 
such that (@( T, P) ) vanishes, i.e., 

1 

P o  
( P ( T ,  P)) = - j‘ p(T, P ) d P  = 0 

then Eq. 15 is valid even beyond y f4 ’ .  
Because Eq. 15 was obtained from a truncated series expan- 

sion, it is always possible to preserve its form and note that, 
when the dilute limit assumption breaks down, K becomes com- 
position-dependent. This can be seen in Figure 5, which was 
obtained by calculating the function 1 + (a In &/a In Y ~ ) ~ , , -  
from infinite dilution to the limit of stability for the benzoic 
acid-CO, system, a t  328.2 K and three different pressures, with 
the Peng-Robinson equation of state. If Eq. 15 is strictly valid 
(i.e., with K composition-independent) throughout the full 0 5 
y ,  5 yLs range, then the curves in Figure 5 would be straight 
lines, and, therefore, the relationship 

would be exact. In Table 1 ,  the equation of state predictions for 
yLs corresponding to Figure 5 are compared with the corre- 
sponding K-’ values. 

From Table I and Figure 5 we conclude that, in general, the 
dilute limit assumption cannot be rigorously used up to the limit 
of stability. The good agreement between K-’ and yLs a t  120 bar 

Table 1. Test of the K = y - A  Relationship: C0,-benzoic acid; 
T = 328.2 K; Peng-Robinson Equation of State 
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Notation 
a = attractive parameter in cubic equation of state, MLSC2 mo1-2 
b = repulsive parameter in cubic equation of state, L’ . mol-I 
B = generic molar property, Eqs. 51 and 52 

C. = expansion coefficient, Eq. 7 
1; = fugacity of component i in a mixture, ML-Ir-’ 
G = molar Gibbs energy, ML2t-2mol-1 
H = molar enthalpy, ML2t-’mol-’ 
K = exponential decay factor 
k,, = binary interaction coefficient 
Ni = mole number of component i, mol 
P = pressure, ML-V 

Pup = vapor pressure, ML-1f-2 
R = universal gas constant, MLZr-2mol-1T-’ 
T = absolute temperature, K 
u = algebraic constant in cubic equation of state 
v = molar volume, ~ ~ m 0 1 - l  
- V = volume, L’ 
w = algebraic constant in cubic equation of state 
ya = mole fraction of ith component in a mixture 
2 = compressibility factor (=P_V/NRT) 

Greek letters 
a = coefficient in generic partial molar expansion 
0 = coefficient in generic partial molar expansion 
y = coefficient in generic partial molar expansion 
6 = coefficient in generic partial molar expansion 
c = coefficient in generic partial molar expansion 
yi = activity coefficient of ith component in a mixture 
Xi = temperature-dependent constant for component i, ML2r-’ mol-’ 
4; = chemical potential of ith component in a mixture, ML2rr2 mol-’ 
@; = fugacity coefficient of ith component in a mixture 

Superscripts 
IG = ideal gas mixture 
S = solid 
a = a phase 
B = B phase 
o = solvent at they, - 0 limit 
m = solute at they, - 0 limit 
+. = reference conditions 

- = partial molar property 
= value of a property in solution 

Subscripts 
I = solute; first-order constant in IZq. 7 
2 = solvent; second-order constant in Eq. 7 
i = ith component in a mixture 
j = j t h  component in a mixture 
- = total (extensive) property 

c P 
bar YLS K - l  % Appendix A: Proof of Eq. 14 

To prove the identity expressed in Eq. 14: 
80 1.434 x lo-’ 2.601 x 81.8 

I20 1.067 x lo-’ 9.450 x lo-’ 11.4 
200 4.217 x lo-’ 2.338 x lo-’ ~ 44.6 c, = = o  

. I  SI conversion: k R  = bar x 100 
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we first expand In 4, and In 4, in terms of y , ,  a t  constant T and 
P 

where 

and differentiate to obtain 

a In $, a In $, 
( X ) T . J '  = - [(%-)T,P,yl-O 

We now invoke Eq. 9, an identity which follows from the 
Gibbs-Duhem equation, and write 

This expression must hold for all values of y,. From they, - 0 
limit, we immediately obtain 

Appendix B: Partial Molar Expansions 
We rederive here results originally obtained elsewhere (Kri- 

chevskii, in Rozen, 1976) and used in the present paper, Eqs. 5 1 
and 52. We first expand any partial molar property in terms of 
y, ,  at constant T and P 

a = a ( T , P )  = - (z)T,p,y,-o 
and analogous definitions for y and 6. Note that, as y ,  - 0, 8 
approaches BY and & approaches the pure solvent molar proper- 
ty. Expansions such as Eqs. B1 and B2 are  valid away from criti- 
cality (Rozen, 1976). 

We now write the Gibbs-Duhem equation, 

which can be rearranged as follows, 

Because the Cibbs-Duhem equation must be satisfied identical- 
ly, we must have 

y = o  (B7) 

(which follows from letting y ,  - 0), and 

whereupon we can rewrite Eqs. B1 and B2 

B = Ey + a y ,  + higher order terms (B9) 

(B 10) 
a Y: & = B - - + higher order terms 

2 

We note that this derivation is formally identical to the proce- 
dure used in Appendix A. In fact, Eqs. B9 and B10 are not 
restricted to partial molar properties but are valid for the expan- 
sion of any composition-dependent property in a binary system 
for which the infinite dilution limits are defined, and which 
satisfies a Gibbs-Duhem relation. Thus, we can write 

In 4, = In 47 + a'), + higher order terms (B11) 

- a"yi 
In G2 = In 4; - - + higher order terms (B12) 2 

where 2 is defined in Eq. 18. 

Literature cited 
Debenedetti, P. G.,  "Diffusion and Mass Transfer in Supercritical 

Denbigh, K., The Principles of Chemical Equilibrium. 4th ed., Cam- 
Fluids," Ph.D. Thesis, MlT, Cambridge, MA (1984). 

bridge Univ. Press, Cambridge, 128 (1 98 1). 

AIChE Journal August 1986 Vol. 32, NO. 8 1261 



Gibhs, J. W., “On the Equilibrium of Heterogeneous Substances,” 
Trans. Conn. Acad., 111, 108 (Oct., 1875-May, 1876); 343 (May, 

Johnston, K. P., D. H. Ziger, and C. A. Eckert, “Solubilities of Hydro- 
carbon Solids in Supercritical Fluids: The Augmented van der Waals 
Treatment,” Ind. Eng. Chem. Fundam., 21, 191 (1982). 

Krukonis, V. J., M. A. McHugh, and A. J. Seckner, “Xenon as a Super- 
critical Solvent,” J. Phys. Chem.. 88,2,687 (1984). 

Kurnik, R. T., “Supercritical Fluid Extraction: A Study of Binary and 
Multicomponent Solid-Fluid Equilibria,” Sc.D. Thesis, MIT, Cam- 
bridge, MA (1981). 

Kurnik, R. T., S. J. Holla, and R. C. Reid, “Solubility of Solids in 
Supercritical Carbon Dioxide and Ethylene,” J .  Chem. Eng. Data, 26, 
47 (1981). 

Kurnik, R. T., and R. C. Reid, “Solubility Extrema in Solid-Fluid Equi- 
libria,” AIChE J., 27, 861 (1981). 

Modell, M., and R. C. Reid, Thermodynamics and its Applications, 2nd 
ed., Prentice-Hall, Englewood Cliffs, NJ, 21 I ,  244 (1983). 

Prausnitz, J. M., “Solubility of Solids in Dense Gases,” US. Nat. 
Bureau Std., Tech. Note 316 (1965). 

1877-J~ly, 1878). 

Reid, R. C., J. M. Prausnitz, and T. K. Shenvood, The Properties of 
Gases and Liquids, 3rd ed., McGraw-Hill, New York, 347 (1977). 

Rozen, A. M., “The Unusual Properties of Solutions in the Vicinity of 
the Critical Point of the Solvent,” Russ. J. Phys. Chem.. 50(6), 837 
(1976). 

Schmidt, G. and H. Wenzel, “A Modified van der Waals Type Equation 
of State,” Chem. Eng. Sci.. 35, 1,503 (1980). 

Schmitt, W. J., “The Solubility of Monofunctional Organic Compounds 
in Chemically Diverse Supercritical Fluids,” Ph.D. Thesis, MIT, 
Cambridge, MA (1984). 

Schmitt, W. J., and R. C. Reid, “The Solubility of Monofunctional 
Organic Solids in Chemically Diverse Supercritical Fluids,” submit- 
ted J .  Chem. Eng. Data (1985). 

Sengers. J. V., and J. M. H. Levelt-Sengers, “A Universal Representa- 
tion of the Thermodynamic Properties of Fluids in the Critical 
Region,” 4th Japan Symp. Thermophysical Properties, Yokohama 
(1983). 

Manuscript received Apr. 11,  1985. 

1262 August 1986 Vol. 32, No. 8 AIChE Journal 




