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Two-Component Phase Equilibria
Goal: Understand & predict effects of mixing of substances on vapor
pressure, boiling point, freezing point, etc.

Binary liquid-gas mixtures (non-reacting):

A(g), ya (T.p) Total # of variables: 4
B(g). ys=1-ya (T, p, Xa, Ya)
T e e e

Constraints due to coexistence: 2
A(lig), x na(€) = na(g)
B(lig), xe=1-xx me(£) = pe(g)

# independent variables F=4-2=2
Only 2! e.g. knowing (T,p) uniquely determines the compositions in the
liquid & gas phases

Generalization: Gibbs phase rule gives # independent variables
needed to describe a multi-component system where different
phases coexist in equilibrium

F=C-P+2

F = # degrees of freedom (independent variables)
C = # components
P = # phases

How do we get this?
Suppose a system has C components and P phases.

What are all the variables?
First, T and p.
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Then in each phase "o, each component is specified by its mole
4

fraction, with the constraint that > x =1.
/=1

So the composition of each phase is specified by (C - 1) variables.
With P phases, we have P(C - 1) variables.
Including T and p, the total # variables is P(C - 1) + 2.

Now add constraints due to phase equilibria:
Chemical potential of each component is the same in all the phases.
e.g. for component “i", 4" = 4® =... 4 = P -1 constraints

/

For C components, it's C(P - 1) constraints altogether

So total # independent variablesis F=P(C-1)+2 - C(P-1)
F=C-P+2  Gibbs phase rule

For 1-component system: F = 3 -P

= F=2 Canvary freely in (T,p) plane

= F=1 Canvary along coexistence curve T(p)
= F =0 No free variables at triple point (T:,p+)
= Impossible! Can't have 4 phases in equilibrium
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Raoult's Law and Ideal Solutions

w . . Alg). ya=l T,
A" is a volatile solvent (e.g. water) @ vs (Te)
"B" is a nonvolatile solute (e.g. antifreeze) |—~_— —_
p Al:llq:l..x_,q

4 * B(lig). xa=1-=a
Py’
"~ o
~. e T
~. -
S o
~. .
~.
T~ Raoult's Law assumes
T~ linear behavior - pa~1l-x4

xg

pa* = vapor pressure of pure A at temperature T
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Raoult's Law assumes a linear dependence
Solvent and solute do not interact, like in mixture of ideal gases

Pa = Xapa™| = (1-Xg)pa™

Application: Vapor pressure lowering (our first “colligative” property)

A(g) pa PA™ - pa = pa* - Xapa™ = (1 - xa)pa™ = xpgpa* > 0
A(liq) + S0 pa<pa*
impurities Vapor pressure is lowered in the mixture

Now let's consider both A and B volatile

Pa P=Pa*pe A
. ™
Alg). ya (Tp) P e £
B(g). ye=1-ya T
e —— . — .
i e i i) |1 HHE - - o PE
Allig). xu / "\\‘ o :hi"‘x
B(lig). xa=1-xa4 P _— (\ \H'H_
0 xg \\ 1
Pa

Pa = Xapa™ and  pg = Xgps™
P = Pa+ Ps = Xapa™ + Xgpg™
(xa + xg = 1)
"Ideal” solutions = both components obey Raoult's Law

The diagram above shows the composition of the liquid phase
It does not provide information about the gas phase composition
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N Liquid EJ P T _
P phase r:e_-:’ r Coexistence
P . curve, or
__""'--—--__'_'f_ bubble line
| o
0 X 1

The gas phase is described by y4 or yg. If T and x4 are given, then y,
and yg are fixed (by Gibbs phase rule). That is, if T and the
composition of the liquid phase are known, then the composition of
the gas phase is determined.

So how do we get y4?

Pa = Yap (Dalton's Law)
Pa = Xapa™ and pg = Xgps™ = (1 -x4)ps™ (Raoult's Law)
P P _ X,P
P PitPe XAP/*! + (1 _XA)/D;
v, XaPs

o+ (- P X

Inverting this expression = x,=— Y2P2
P +(P3 _PA)YA

Combining these two results = p=24_XsPa
YVa Ya

PabPs

or =
P pa+ (P —Pa)Va

This is summarized in the following diagram:
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P& & Coexistence
P | | —— curve,or
A T~ — dew line
~__
gas — T
phase
0 1
Ve
Combining both diagrams into one plot:
p Liquid Coexistence
+ phase % curve,or
P," = "bubble line"
gas T w—| P
phase q:é_ Coexistence
T curve, op
0 i "dew line"
Xg: Yz

This allows us o see the compositions of both liquid and gas phases

If we know the composition of one phase at a given T, we can
determined the composition of the other phase from the diagram





