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sat+= =

P y1P y2P+ x1P1
sat x2P2

sat+= =

Modified Raoult’s Law

Raoult’s Law

2-propanol + water, 30°C

Ki
yi
xi
----≡

γiPi
sat

P
-------------=
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γi
yiP

xiPi
sat

--------------=
xi

yi

T, Psat

P

GE

RT
------- x1 γ1ln x2 γ2ln+=

Model for GE, γi.
(Model parameters fitted 
to experimental γi).

Experiment:

γi
yiP

xiPi
sat

--------------=

Bubble, Dew, Flash
Calculations. 
Process Design.
Process Troubleshoot-
ing.
e.g.

xiγiPi
sat yiP=Stage I Stage II

Stage III
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        lnγi = A12(1–xi)2GE

RT
------- A12x1x2=
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(γ
i)

GE

RT
------- x1x2 A21x1 A12x2+( )=

γ1ln x2
2 A12 2 A21 A12–( )x1+[ ]=

γ2ln x1
2 A21 2 A12 A21–( )x2+[ ]=



5

Gibbs-Duhem Equation

   at constant T, P

,  

 binary at fixed T and P

0 SdT– VdP nidμi
i
–+= nidμi

i
 0=

nidμi
E

i
 0= nidμi

E

i
 RT nid γiln

i
 0= =

x1
∂ γ1ln

∂xi
------------- 
 

T P,
x2

∂ γ2ln
∂xi

------------- 
 

T P,
+ 0=
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Relations Between Various Excess Properties

H E = U E + PV E, G E = H E – TS E, AE = U E – TS E

;

;  for P° = Psystem

;

GE∂
T∂

---------- 
 

P x,
 SE–=

Gi
E∂

T∂
---------- 
 

P x,
 Si

E–=

GE∂
P∂

---------- 
 

T x,
VE=

Gi
E∂

P∂
---------- 
 

T x,
Vi

E=

GE T⁄∂
T∂

----------------- 
 

P x,

 HE–
T2------------=

Gi
E T⁄∂
T∂

----------------- 
 

P x,

 Hi
E–

T2------------=

γiln∂
T∂

------------ 
 

P x,

 Hi
E

–
RT2------------=



7

Henry’s Law
Ideal Solution,

Lewis/Randall
Ideal Solution, 

Real
Solution

f2° h2=

f2° f2=

f2
ˆ

x2 or y2
0 1

f̂2
is x2f2=

f̂2
is x2h2=

f2 ϕ2
satP2

sat≈
common for liquid

f2 ϕ2P≈
common for vapor

Henry’s Law

hi γi
∞fi=
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x10 1

ln γi 0

ln γ1

ln γ2
*

ln γ2 γln 2
∞

h2
f2
----- 
 ln=

ln γ2
* = 0
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Margules, one parameter

Henry’s Law on the molal activity scale
  

γi
*ln γiln γi

∞ln–=

γ2
*ln γ2ln γ2

∞ln– A12x1
2 A12– A12 x1

2 1–( )= = =
γ1ln A12 x2

2( )=

fi
ˆ xiγi

* hi miγi
 KH( )⁄= = xi mixw0.001Mw w,=
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Osmotic Pressure

,  

McMillan-Mayer framework 

Ci the solute mass density (in units of grams/(volume of solution))

W + CW

μW T P pure, ,( )

μW T P pure, ,( ) RT awln VW Π( )+ +

PΔ
mixing

(a) (b)
μW T P pure, ,( ) RT awln+

Π RT
VW
------- aWln–=

RT aWln R– TVW C[ ] B2 T( ) C[ ]2 B3 T( ) C[ ]3 …+ + +( )=

Π
RT
-------

Ci
Mw i,
----------- 1 B2 T( )Ci B3 T( )Ci

2 …+ + +( )=
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