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1.7 

Some Thermodynamic Relations 
for Binary Liquid-Gas Equilibria 

H. N. Stein 

1 INTRODUCTION 

In the space available, only a short treatment of the thermodynamics of binary 
systems can be given. A more complete treatment of the subjects covered by this 
chapter can be found in textbooks on thermodynamics such as [1-3). Since the main 
body of heat-transfer data available at present is restricted to binary systems, the 
present chapter is also restricted to these systems, the more so since this restriction 
makes many formulas simpler and easier to survey. 

In employing thermodynamic relationships, it should always be kept in mind 
that they describe equilibrium situations. Kinetics and nonequilibrium situations 
cannot be described by the thermodynamics treated here. 

According to Gibbs' phase rule, the number of independent parameters for a 
system (degrees of freedom F) is given by C .- P + 2, where C =number of compo
nents, and P =number of phases. Thus, in a binary system (C = 2), F = 3 for a 
homogeneous system (P = 1); F = 2 for a system containing two phases in equilib
rium; F = 1 for a system containing three phases in equilibrium; etc. If a binary 
system contains four phases (e.g., two solid phases, a liquid, and a gas), it chooses its 
own temperature and pressure (non variant or invariant system). Similarly, if a binary 
system contains three phases, one parameter can be chosen at will, e.g., the tempera
ture; then all other intensive parameters such as pressure and composition of the 
three coexisting phases are fixed, as long as equilibrium is maintained (univariantor 
monovariant system). As an example, a system composed of two liquid phases in 
equilibrium with a gas is mentioned. 

2 CHEMICAL POTENTIAL IN HOMOGENEOUS SYSTEMS 

Phase equilibria are governed by the condition that for all components the 
chemical potentials in the coexisting phases be equal. It will be necessary therefore to 
review the expressions for the chemical potential for homogeneous systems. 
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536 H. N. STEIN 

2.1 Single-Component Gases 

According to a "Maxwell" relation, 

(~~) = (!~) = kilomolar volume v 
p T ,n T,p 

(1) 

where n = number of kilomoles present. Therefore, at one particular temperature, 

p" 

~ = ~0 (T) + f v dp 
1 

(2) 

For ideal gases, v = RTfp; thus, 

~ = ~0 (T) + RT In p' (3) 

For nonideal gases, one writes 

~ = ~0 (T) + RT lnf (4) 

absorbing all deviations from ideal gas behavior into the fugacity f This implies that 

lim(£) = 1 
p-+0 p 

(5) 

and that ~0(T) in Eq. (4) is, for a particular gas, the same quantity as ~0(T) in Eq. (3). 
The quotientffp is called the fugacity coefficient. Usually, it deviates markedly from 1 
at pressures larger than about 2 atm. 

2.2 Binary Gas Mixtures 

Relation (3) becomes, for ideal gas mixtures, 

(6) 

where Y; = kilomolar fraction of component i in the gas. The product Y; Ptotal is 
usually called the partial pressure of component i, and indicated by P;· 

For nonideal gases, 

(7) 

where/; = X; Y; Ptotal = fugacity of component i. The fugacity coefficient X; expresses 
deviations from (6) b.oth 'due to large pressure and due to the fact that the molecules 
of component i are surrounded, in the mixture, not only by other molecules of 
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component i but by molecules of th~ other component as well. Thus, X; will be a 
function of Y; and of PtotaJ · At relatively low pressures, however, X; may be taken to be 
equal to 1. 

2.3 Single-Component Liquids 

Again, the relations (1) and (2) hold. However, vis here much smaller than for a 
gas, and may usually be taken to be independent of pressure (unless very high 
pressures are considered). 

2.4 Binary Liquid Mixtures 

Here, 

~; = ~1(T, p) + RT In X; (8) 

where X;= kilomolar fraction of component i in the liquid, and ~1(T, p) is the 
chemical potential of the pure liquid component i. This expression is valid for so
called ideal mixtures, in which no enthalpy change results on mixing the components 
(llHmix = 0), and for which the entropy change on mixing at constant T and p is 
given by 

(9) 

which is > 0 for all x1 and x2 larger than zero and smaller than 1. 
Thus, on mixing, llG = llH- T llS will always be negative, and an ideal mixture 

will show no tendency toward separation into two liquid phases at a given T and p 
(since such a separation would be accompanied by an increase in G). ·· 

On a molecular level, an ideal mixture is expected to exist whenever a molecule 
of component i experiences. the same interaction with other molecules i as with 
molecules of component j. This is approached in mixtures such as, benzene + 
toluene, or decane + dodecane. 

However, in liquid mixtures, deviations from ideal behavior are very common. In 
most liquid mixtures, the validity of relation (8) is restricted for every component ito 
the concentration range where X;~ 1. Often, a relation similar to (8), 

~; = ~P(T, p) + RT In X; (10) 

but with ~p not equal to the chemical potential of pure liquid i, is valid for x; ~ 0. 
For all liquid mixtures, the relation of Gibbs-Duhem must hold. At constant T 

and p, this relation can be written as 

(11) 
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or 

(12) 

Thus it can be shown that, whenever relation (8) holds for one component, then 
either relation (8) or relation (10) must hold for the other component. For, introduc
ing (8) into (12) for component 1, we obtain, for component 2, 

x 1 RT RT ) 
dJ1 2 = - - RT d(ln xd = -- dx 1 = - dx 2 = RT d(ln X2 

x2 x2 x2 

(13) 

(for x2 = 1 - x1). 
Integration of ( 13) leads to either Eq. (8) or Eq. ( 10 ). 11t or 11P is obtained as an 

integration constant, not determined by the Gibbs-Duhem rel~tio~.. . , 
Deviations from formula (8) or (10) are accounted for by actiVlty coeffictents 

Yi· The chemical potential of component i then becomes 

J.li = J.l{(T, p) + RT In yixi (14) 

or 

J.li = 11P(T, p) + RT In yixi (15) 

according to whether Yi is considered to describe the deviation from (8) or from (10), 
respectively. Relation (14) is the most obvious one to employ whenever both_ pure 
components of a binary liquid mixture can exist at the temperature concerned m the 
liquid state (example: acetone+ chloroform). Relation (15) must be used for a com
ponent that does not exist in the liquid state, when pure, at the temperature con
cerned (examples: sugar dissolved in water, nitrogen dissolved in molten iron). 

For solutions of electrolytes such as MgC12 in, for example, water, 

(16) 

where m, the molality, is the number of moles dissolved in 1 kg of solvent. In relation 
(16), neither 11° nor y can be determined unambiguously for a single type of !on, but 
only for an electroneutral combination of ions. Therefore, ( 16) could be wntten as 

(17) 

However, by adopting a special convention (arbitrarily choosing J.l~+ = 0 at all 
temperatures and pryssures), 11° for separate ionic species can be tabulated. 

It follows from the preceding that Yi approaches unity for xi- 1 if relation (14) 
applies; and that Yi approaches unity for xi - 0 if relation (15) or (16) applies. 
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However, the activity coefficients for electrolytes differ appreciably from unity, even 
for quite dilute solutions, especially for highly charged ionic species. 

3 LIQUID-GAS EQUILIBRIA 

Experimental data on liquid-gas (LG) equilibria can be found in tabulations 
such as (4-8]. 

3.1 Ideal Behavior Exists in Liquid and Gas over the 
Whole Concentration Range 

In the liquid, relation (8) holds; in the gas, relation (6). Thus, from the equality of 
chemical potential for every component in the liquid and in the gas, 

J.li.L = J.l{ + RT In xi= J.li,G = J.li 0 + RT In YiPtotal (18) 

For the pure component i, 

(19) 

where pi0 = vapor pressure of pure component i. After subtraction and reworking, 
we obtain 

(20) 

This relationship is called Raoult's law. It is quite generally valid near x i ~ 1 but, by 
the restricted validity of (8), only seldom over the whole concentration range 
0 :::; xi :::; 1. 

3.2 Ideal Behavior Exists in the Liquid in Dilute Solutions Only 

Combining relations (10) and (6), we obtain 

11P + RT ln xi= J.li0 + RT In YiPtota! (21) 

However, since now 11P does not equal the chemical potential of pure liquid i, we 
cannot write relation (19). Therefore, after reworking, relation (21) becomes 

Pi= YiPtota! = Kixi (22) 

with Ki = const for a given solute in a given solvent at a given temperature, but 

Ki =/= Pi
0

· 

Relation (22) is called Henry's law. It is quite general in dilute solutions, where a 
dissolved molecule is surrounded by such a large quantity of solvent that it experi
ences no significant interaction with other dissolved molecules. yJxi is called the 
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Henry's-law constant or equilibrium constant; however, the latter designation should 
be avoided since it may give rise to confusion with chemical equilibrium constants. 

In general, the partial pressure of a component i will, as a function of X; at 
constant temperature, show a course of the kind plotted in Fig. 1. In the regions I, 
Raoult's law is valid; in regions III, Henry's law holds. When one component obeys 
Raoult's Jaw, the other component must at least obey Henry's Jaw. For, if component 
i obeys Raoult's law, its chemical potential is given by {8). But then, as has been 
shown earlier, the chemical potential of the other component is given either by {8} or 
by {10). The former implies Raoult's-law behavior, the latter Henry's-law behavior 
for this second component. 

A behavior according to Fig. la is called negative deviation from Raoult's law. It 
is to be expected whenever a strong mutual interaction exists between molecules A 
and molecules B. For instance, in acetone-chloroform mixtures, the hydrogen bond 
between the two molecules makes the interaction between them stronger than the 
interaction between acetone molecules mutually or chloroform molecules mutually. 
On the other hand, positive deviation from Raoult's law {Fig. lb) is to be expected 
when the interaction between molecules A mutually, and between molecules B mu
tually, is stronger than the interaction between molecules A and B (example: 
benzene-methanol mixtures). 

3.3 Total Pressure in the Gas Phase 

Since Pi + Pi = Y; Ptotat + Yi Ptotat = Ptotat• we obtain, at constant temperature, for 
ideal behavior in the liquid phase over the whole concentration range, a straight line 
for Ptotat (see Fig. 2}. 

In the case of nonideal behavior in the liquid phase, the P; and Pi versus x curves 
are not linear, and neither is the Ptotat curve {Fig. 3 }. 

m n I 

P'; ---- ------ - - -------

Pi 

t 

/ 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

/ 

/ --
0.5 

Pi ~-- ---- --n ___ ----~-j 

Pi 

0.5 
_.....,. ICj 

(b) 

Fig. 1 Typical partial vapor pressure versus mole fraction graph for (a) negative and 
(b) positive deviations from Raoult's law. 

SOME THERMODYNAMIC RELATIONS 541 

300 

250 

~ 200 

a. 
, 
0 

~ 150 

1 ,, 

50 

Be-nUnt'- l'thylene chloride 

/ 
/ 

/ 323 K 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

benze-ne 

0~----~----~----~----~~--~ 
0 0.2 0.4 0.6 0.8 1.0 

mole fraction ·ethyl enene chloride in liqiud 

Fig. 2 Benzene- ethylene chloride. Partial and total vapor pressures at a temperature of 
323 K for an ideal binary system. 

3.4 LG Equilibrium Diagram at Constant Temperature 

The Ptotat versus x curve does not, however, give all relevant information on 
liquid-gas equilibria, since a gas in equilibrium with a. liquid will have the same 
pressure as the liquid (unless the interface is curved*), but will in general have a 
different composition. This gas composition, however, is not contained in the figures 
mentioned. 

For ideal behavior (Raoult's law) over the whole concentration range, the com
position of a gas phase of pressure Ptotat• in equilibrium with a liquid with mole 
fraction of component i = X;, can be calculated as follows: 

Pi X;P;
0 

Y; =--
Ptotat Ptotal 

(23} 

(24} 

* Compare the pressure in small droplets or gas bubbles. 
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benzene - metharol 
1.00 

- xmethanol 

Fig. 3 Benzene-methanol. Partial and total vapor pressures at a temperature of 328 K. 
( 0) Partial vapor pressure of methanol; (e) partial vapor pressure of benzene; 
(.6.) total pressure. The straight lines are the vapor pressures of methanol and benzene, 
as expected from Raoult's law. 

Eliminating xi from (23) and (24), we obtain the following relation between Yi and 
Ptotal• with Pi0 and p/, the vapor pressures of the pure components, as parameters: 

(25) 

Equation (25) is presented by a hyperbolic curve passing through the points Yi = 0, 
Ptotal = P/; and Yi = 1, Ptotal = Pi0 (see Fig. 4 ). 

The Ptotal versus xi curve, described by relation (24 ), is called liquidus curve; the 
Ptotal versus Yi curve, described by relation (25), is called the dew-point or gas curve. In 
the case of a maximum or a minimum in the Ptotal versus xi curve, the curves are 
tangent to each other in the extremum (Fig. 5). 

In terms of expe~imental phenomena, a diagram such as Fig. 4 is read as follows: 
A system with tempera:ture, pressure, and composition represented by point P, with a 
pressure larger than that corresponding to the liquidus curve, will be in the liquid 

1 
G 

0 

L 

5 

' dew pomt '- ....._ 
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liquidus or 
bubble point curve 

curve ..._ 

0.5 1.0 
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Fig. 4 Isothermal LG equilibria of an ideal liquid mixture. 
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Fig. 5 Benzene-methanol. LG equilibrium diagram at 328 K. 
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state. A system represented by point Q, at a pressure lower than that corresponding 
to the dew-point curve, will be gaseous. A system represented by point R, lying 
between the liquidus and the dew-point curves, will separate into a liquid phase S 
and a gas phase T of equal pressures, so as to make the ratio of the quantity of liquid 
phase to the quantity of gas phase equal to the ratio of the line segments RT/RS {that 
is, the quantity of a particular phase is proportional to the not-neighboring part of 
the connecting line, according to a "lever rule"). This lever rule can be derived from a 
mass balance. 

3.5 LG Equilibrium Diagram at Constant Pressure 

A constant-pressure LG equilibrium diagram is, roughly speaking, the mirror 
image of a constant-temperature diagram: At compositions where, at a given temper
ature, the pressure over the liquid is low, the temperature at which equilibrium with a 
gas phase exists at a given pressure is high; if the constant-pressure diagram shows a 
minimum, the constant-temperature diagram has a maximum, etc. (see Fig. 6). 
However, the mutual mirror character of the diagrams is not a quantitative one. 
Especially if the liquidus curve in a constant-temperature diagram is a straight line 

380.----------------, 
benzene -methanol 

360 

G 

320 
L 

0 0.5 1.0 

- X methanol • Yrrethanol 

Fig. 6 Benzene-methanql. LG equilibrium diagram at atmospheric pressure. The nearly 
fiat course of the liquiqus curve near the azeotrope, as compared with the liquidus curve 
in Fig. 5, illustrates that the mutual mirror character of these graphs is not a 
quantitative one. 

::<: 
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~o~-------------, 
water- d,l- butanol -2 

..... : 370 

1 

I I 
I 

L1 + L2 I L2 L11 
I I 
I I 

I 
I I 

0 0.5 1.0 - X butanol' Ybutanol 

Fig. 7 Water-d,l-butanol-2. LG equilibria at atmospheric pressure. 

(as for ideal behavior in the liquid phase over the whole concentration range), the 
T.apor versus X; curve in a constant-pressure diagram is not linear. 

3.6 Equilibria between Two Liquid Phases and a Gas Phase 

The liquid may separate into two liquid phases. This is to be expected when the 
interaction between molecules A mutually, and between molecules B mutually, sur
passes the interaction between A and B molecules to such an extent that the mixing 
enthalpy f..Hmix becomes strongly positive. Then, f..Gmix = f..Hmix- T f..Smix may 
become positive, or at least less negative than f..Gmix of two liquids of neighboring 
compositions. This means that complete mixing will not occur. 

Figure 7 shows a typical constant-pressure diagram. According to Gibbs' phase 
rule, the three-phase L1L2G equilibrium is monovariant: At a chosen pressure (that 
is, 1.013 bar) the temperature and compositions of the coexisting phases are fixed. 

Again, a constant-temperature diagram would be, roughly speaking, a mirror 
image of the constant-pressure diagram. 

4 RELATION BETWEEN LG EQUILIBRIUM DATA AND 
THE ENTHALPY OF VAPORIZATION 

4.1 Single-Component Systems 

Here, F = C - P + 2 = 1 at · LG equilibrium. The system is monovariant; at 
each temperature there is one single equilibrium pressure; and (apja T)coex is uniquely 
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determined and given by the well-known Clausius-Clapeyron equation : 

f..H 

T f..V 
(26) 

where f..H is the enthalpy change on evaporating 1 kmol of liquid (i.e., the heat of 
vaporization), and !1. Vis the accompanying volume change. 

This relation can be derived as follows: If there is equilibrium between liquid and 
gas at T1 and Pt, 

(27) 

If equilibrium exists at T2 and p2 as well, 

(28) 

The relations (27) and (28) can be connected by two so-called Maxwell relations: 

(8J1.) (8S) . 8T p,n = - on T.p = -s (kiiomolar entropy) (29) 

(
811 ) (av) . a = an = v (blomolar volume) 

p T ,n T,p 

(30) 

where n =number of kilomoles present in the liquid or gas, respectively. Thus, for 
the liquid, 

T2 P2 

J1.L, T 2.P2 = Jl.L. T !. PI - I SL ,p! dT + I VL ,T2 dp 
T1 PI 

(31) 

for small values of T2 - T1 and p2 - p1, and similarly for the gas phase. Combining 
these relations with (28) gives 

J1.L.T 2.P2 = Jl.L , T~oPI - SL f..T + VL f..p = J1.G,T 2,P2 

= Jl.G,T!.PI - SG !1. T + VG f..p 

and, from (27) and (32), 

(32) 

(33) 

leading to (26) if it is realized that sG - sL = f..H/T. If vG ~ vv and if the gas phase 
behaves ideally, vG ....:! v L >:::: RT/p. Then, relation .(26) becomes 

(34) 
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which is usually written as 

(35) 

4.2 Binary Systems with One Liquid and One Gaseous Phase 

Here, F = C- P + 2 = 2; the system is bivariant; and (8p/8T)coex is in itself not 
uniquely determined and must be specified further. One possibility is (8p/8 T)coex.x· 
For this quantity, a relation will be derived for the case of ideal behavior in the gas 
phase. 

For every component, 

Jl.i,L = Jl.~G + RT In YiPtotal 

Dividing by RT and applying 

}_ (Jl.i,L) = _ Jl. ; ,~ + _!_ (0 Jl.i) 

8T T p ,x T T 8T p ,x 

and 

0 (Jl.i ,L) 

op T T ,x 

V;,L 
T 

where H;,L = partial kilomolar enthalpy 
Si,L = partial ki)omo)ar entropy 

H;,L 
- Tz 

V;,L = partial kilomolar volume of component i in liquid phase 
we obtain 

(
8 ln P;) 

i)T coex,x 

(36) 

(37) 

(38) 

(39) 

Here H~G is the kilomolar enthalpy of the pure gaseous component i. For ideal gas 
mixtures, this is equal to the partial kilomolar enthalpy of component i in the gas. 
Thus, 

(
8p;) 
i)T coex,x 

(H~G - H;,L}Y;Ptotal 
RT2 

If we sum over all components in the gas phase, we obtain 

L (OP;) = ( OPtotal) 
i OT coex,x i)T coex,x 

Li (H~G - H;,L)Y;Ptotal 
RT2 

(40) 

(41) 
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or 

(42) 

In this expression, the numerator on the right side may be called the heat of 
evaporation. But it should be realized that this means, in the case at hand, the heat 
necessary to obtain 1 kmol of gas of equilibrium composition from the liquid con
cerned. Thus, it does not mean the heat necessary to evaporate 1 kmol of liquid of 
composition X;, for then the numerator should read "'· (H?a- H. L)x·. 

~l l, '· ' 

4.3 Binary Systems with Two Liquid Phases and a Gas Phase 

Here, F = 1. Thus, no further specification of (apjaT)coex is required. However, 
Eq. (42) cannot simply be applied, since this relates to constant composition of the 
liquid phase, whereas, with changing temperature, in general the compositions of the 
liquid phases coexisting with a gas phase in an L 1L2G equilibrium will change. 
The simplest way to obtain a formula for this case is to realize that the Clapeyron 
equation is a special case of the Maxwell relation 

{43) 

since for a binary three-phase equilibrium the pressure is uniquely determined by the 
temperature, and therefore at a given temperature is independent of the volume. 
Thus, in this case, 

(44) 

Here the right side means the entropy change accompanying an isothermal volume 
change caused by evaporation of the two liquid phases. For low pressures and ideal 
behavior in the gas phase, .1 V::::::: RT/ p if 1 kmol of gas is formed. An isothermal 
equilibrium evaporation of a binary liquid consisting of two phases L 1 + L will be 
isobaric, and for reversible isobaric changes involving no other work except the work 
of volume change, .1S = .1H/T. Thus, again we have 

(
a In p) 

aT coex 
(45) 

but now .1H is the heat necessary to form 1 kmol of gas of equilibrium composition 
from the two coexisting liquid phases. This can, in the present case, be written as 

.1H = L (H~c Y; - m1 X;, t Hu - m 2 x;, 2 Hi.2) 
i 

(46) 
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where m~> m2 = number of kilomoles of the two liquid phases necessary to form 
1 kmol of gas under equilibrium conditions 

H;, 1, Hi.2 = partial kilomolar enthalpies of component i in the two liquid 
phases, respectively 

x;,1, X;,2 = kilomolar fractions of component i in the two liquid phases 
Y; = kilomolar fraction of component i in gas phase 

This expression results because the formation of 1 kmol of gas from m1 kmol of 
liquid phase 1 and m2 kmol ofliquid phase 2 is accompanied by the passage of m1 x;, 1 

kmol of component i from liquid phase 1, and m2 x;, 2 kmol of component i from 
liquid phase 2, into the gas phase, there forming Y; kmol of component i. 

5 INFLUENCE OF CONCENTRATION GRADIENTS IN 
THE LIQUID ON (8 lnpjoT)coex 

In Sect. 4.2, an expression was derived for (a In pjaT)coex,x for the case of a 
homogeneous liquid. However, when a bubble is formed in boiling, the liquid in its 
vicinity becomes enriched with respect to the nonvolatile component, since the vola
tile component is transferred preferentially to gas. If we assume that the pressure and 
composition of the gas in the bubble correspond to equilibrium with the surface 
layer, then (a In pjaT)coex will be smaller than (a In pjaT)coex,x· This can be derived as 
follows: 

For every component, 

0 
f..L;,L = f..L;,a + RT In P; 

(
a In P;) (a In P;) (a In P;) (ax1 ) 

~ coex = ~ coex,xt + ~ coex,T aT coex,p 

(47) 

(48) 

Here, x 1 is the kilomolar fraction of the more volatile component in the liquid. 
On multiplying by P;, we obtain 

(
ap;) (OP;) (a In P;) (axt) ~ = ~ + YiPtotal - - -
aT coex aT coex,x 1 ax! coex,T aT coex ,p 

(49) 

Summing over all components gives 

(
aPtotai) _ (aPtotai) (ax1) • L (a In P;) 
aT coex - aT coex.x + Ptotal aT coex.p ; Y; axt coex,T 

(50) 

From (47), it follows that 

RT --' - -~-·-· (a In P·) (0"· L) 
ax! coex.T - ax! coex,T 

{51) 
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For the right side of relation (51), we can derive an expression starting from 

(52) 

where g is the Gibbs free energy per kilomole of the liquid. We differentiate with 
respect to x 1 at constant T and p: 

(53) 

However, the sum of the two last terms on the right side is zero, because of the 
Gibbs-Duhem relation ( 11 ). Thus, 

(aa: ) = J.lt - J.lz 
I T,p 

(54) 

and we obtain, from (52), 

g = 112 + x 1 (aag ) 
X1 T,p 

(55) 

or 

J.lz = g - x~(aag) 
Xt T,p 

(56) 

(57) 

Similarly, 

(58) 

or 

(59) 
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Thus, (50) becomes 

(
8Ptotat) = (aPtot••) +Ptotat(8xt) 
8T coex aT coex.x, RT aT coex ,p 

(60) 

= (aPtotai) + Ptotal (8x1) (Yt _ xt} (!!JL) 
aT coex ,Xt RT aT coex ,p 8x/ T,p 

(61) 

which, if Henry's law is valid for the volatile component 1, can be converted into 

(
8Ptot••) = (aPtotat) + Ptotal (8x1) (C; _ l)x1 ( 8

2

g
2

) 

aT coex aT coex,x RT 8T coex,p axl T,p 

(62) 

where C; is the Henry's-law constant, y;/x;. 
Since x1 is the kilomolar fraction of the more volatile component, (8x1 /8T)coex 

will be negative (see the remark at the beginning of this section), but y 1 - x 1 will be 
positive. Furthermore, it can be shown that, for a stable liquid phase, (a 2g/8x 1

2 h.P 
must always be positive. If it were negative, separation into two liquid phases would 
be accompanied by a decrease in the Gibbs free energy (see Fig. 8). Thus, the second 
term on the right side of Eq. ( 61) or (if Henry's law is valid) of Eq. ( 62) will be 
negative, and 

(a In p) (a In p) 
aT coex < aT coex,x 

g g 
1'-

t t 
I ' I " L I 'i, 

I ' 

" " ' .. 
0 c A B 0 G F H _x, _x, 

(a) (b) 

Fig. 8 Gibbs free energy versus x 1 at constant T and p. (a) a2gjax 1
2 < 0: demixing of 

phase A into phases Band Cis accompanied by a decrease in g from D toE; thus, 
phase A is not stable. (b) a2gjax 1

2 > 0: demixing of phase F into the phases G and H 
would be accompanied by an increase in g from K to L; thus, phase A is stable. 

(63) 
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It will be noted that the validity of Henry's or Raoult's law is not necessary for 
relation (63) to hold ; only ideal behavior in the gas phase has been assumed. 

6 A RELATION FOR (8Tjox1)coex,p 

If we consider a constant-pressure LG equilibrium diagram, (iJPtotai /iJT)coex = 0. 
Thus, from (61), 

(:~L ... p 

Ptotai(Yl- xt}(iJ 2g/OXt 2
) 

RT(iJPtotal /oT)coex,x 

(y1 - xt)(o 2g/ox/) 
RT(o In Ptotal /iJT)coex,x 

(64) 

or, with ( 42 ), 

(:~Lex,p T(Yl- x1 )(o 2g/ox/) 
!J.HG 

(65) . 

where !J.H G is the heat necessary to obtain 1 kmol of gas of equilibrium composition 
from the liquid. 

NOMENCLATURE 

c 

f 
G 
!J.Gmix 
g 
H 
H; 
H;o 

!J.Hmix 
mt 
m; 

n 
p 

p 

P; 
P;

0 

R 
s 

number of components (or number of substances whose chemical potentials 
can be chosen) 
Henry's-law constant [Pa] 
degrees of freedom, or number of independent intensive parameters that 
must be specified before a system, restricted by certain conditions, is 
uniquely determined 
fugacity [Pa] 
Gibbs free energy, U - TS + p V [1] 
change in Gibbs free energy on mixing two components [1] 
kilomolar Gibbs free energy [1/kmol] 
enthalpy [1] 
partial kilomolar enthalpy of component i [1] 
kilomolar enthalpy of gaseous component i [1 jkmol] 
enthalpy change on mixing two components [1] 
number of kilomoles of liquid phase 1 
molality of component i, number of moles dissolved in 1 kg of solvent 
number of kilomoles present 
number of phases present 
pressure; if not otherwise specified, total pressure [Pa] 
partial pressure of component i [Pa] 
vapor pressure of pure component i [Pa] 
gas constan([1/ (K · kmol)] 
entropy [1/K] 

v 
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partial kilomolar entropy of component i [1/(K · kmol)] 
entropy change on mixing two components [J/K] 
kilomolar entropy [1/ (K · kmol)] 
temperature [K] 
internal energy [J] 
volume [m3

] 

kilomolar volume [m 3jkmol] 
kilomolar fraction of component i in a liquid 
kilomolar fraction of component i in a gas 
activity coefficient of component i 
chemical potential, or partial kilomolar Gibbs free energy of component i 
[1/kmol] 
chemical potential of gaseous component i at a pressure of 1 atm if ideal gas 
behavior is assumed at that pressure [1/kmol] 
chemical potential of pure liquid component i [1/kmol] 
quantity in the expression for the chemical potential of a dissolved sub
stance i, independent of the composition of the liquid [Jjkmol] 
fugacity coefficient of component i 
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