
 
Chapter 11 

Solution Thermodynamics: Theory 
 

• Chapter 6: constant composition fluids. 
• Most commonly in chemical engineering application “multi component 

mixtures” of gases or liquids undergo (composition change). Mixing 
process, separation, mass transfer process or chemical reactions.  

 
• Objectives: 

 
1. To develop a fundamental property relation for homogenous solution of 

variable compositions. 
 

2. Introduce new properties known as Partial Properties. 
 

3. Ideal gas mixtures and ideal solution concept. 
 

4. Fugacity property. 
 
 
11.1  Fundamental Property Relation 
 

The Chemical Potential of species i in the mixtures, 
 

μi ≡ [  ∂(nG) / ∂ni ] P,T,nj
                                                     (11.1) 

      The derivative of nG with respect to the number of moles of species i. 
   

Fundamental of Gibbs energy for closed system 
      d(nG) = (nV) dp – (nS) dT                                                                          (6.6) 

 
For open system it becomes, 
d(nG) = (nV) dp – (nS) dT +  ∑ μi dni                                                        (11.2) 
 
 

   
 
 
 
 
 
 
 



11.2  Chemical Potential as a Criterion for Phase Equilibrium 
 

• Write equation 10.2 for each phase in this closed system.                             
 
  α β  
 

n1,n2,.. n1,n2,..  
                                      

• Total change in the Gibbs free energy of this closed system is given by 
summation 
 

d(nG) = (nV) dp – (nS) dT + ∑ μi
α dni

α + ∑ μi
β dni

β  
 

• But for closed system, eq’n 6.6 applies 
                       d(nG) = (nV) dp – (nS) dT 

             
• Then at equilibrium,  

∑ μi
α dni

α + ∑ μi
β dni

β    = 0 
 

• Since   dni
α = - dni

β 
 

• Then  ∑ (μi
α - μi

β ) dni
α  = 0 

 
                                                          μi

α = μi
β               (i=1,2,……,N)  

                                              Criteria of phase equilibrium. 
 

• More than 2 phases,  
    μi

α = μi
β = ……..= μi

π            (i=1,2,……,N)        (11.6) 
 
Thus, multiple phases at the same T and P are in equilibrium when the chemical potential 
of each species is the same in all phases. 
 
 



11.2  Partial Properties 
 

¯Mi ≡ [∂(nM) / ∂ni ] P,T,nj
                                                     (11.7) 

Partial molar property of species i in solution 
¯Ui, ¯Hi, ¯Si, ¯Gi, ……etc. 
 
It is a response function, representing the change of total property nM due to the addition 
of a differential amount of species i to a finite amount of solution at constant T and P. 
 
Equations relating molar and Partial properties: 
 

A-                   M = ∑ xi ¯Mi                                                             (11.11) 
                nM = ∑ ni ¯Mi                                                             (11.12) 
              
            “Summability Relations” 

 
B- Gibbs/Duhem equation 

 
(∂M / ∂P )

T,x
dP + (∂M / ∂T )

P,x
dT - ∑ xi d¯Mi =0                        (11.13) 

 
At constant T and P 

 
∑ xi d¯Mi =0                                 (11.14) 
 

• In summary, 
 

M, Solution Properties. 
 

¯Mi, Partial Properties. 
 

Mi, Pure-species Properties. 
 

• Binary Solution: Writing Summability equation for 2 components 
  
                                ¯M1 = M + x2   dM/dx1             (11.15) 
   
                                 ¯M2 = M + x1   dM/dx1             (11.16) 
 

 
 
 
 
 
 
 
 



Ex. 11.2: Describe a graphical interpretation of equations 11.15 and 11.16 
      

 
- Draw a tangent of the curve M vs x. 

 
- From taking two slopes of this line, 

(Large triangle):      dM/dx1  =  M- I2  / x1 – 0 
(Small triangle):      dM/dx1  =  I1- I2  / 1 – 0   = I1- I2 
Then solve these two equations. 
 

- Values of intercept,  
    I1 = ¯M1     ,            I2 = ¯M2 
The tangent intercepts gives directly the partial properties. 
 

- The intercepts shift as point tangency moves along the curve and the limiting 
value are indicated by fig 11.1 (b). 
 

- At pure species 2 [(x1=0), (x2=1)] 
Subs. in 11.16,    ¯M2 = M2 
The molar property = partial property. 
The opposite intercept gives ¯M1 = ¯M1

∞  
(Partial property of species 1 when it 

is present at infinite dilution) 
 

- Similar at pure species 1 [(x1=1), (x2=0)] 
Subs. in 11.16,    ¯M1 = M1 
The molar property = partial property. 
The opposite intercept gives ¯M2 = ¯M2

∞
(Partial property of species 2 when it is 

present at infinite dilution) 



 
Ex. 11.3 
 

 
 
 
 
Note that the simple sum of the initial volumes = 2,070 cm3. A volume more 
than 3% larger than that of solution formed (2000cm3).  
 
 
 

 
 
 



Plot values of ¯V1, ¯V2 and V for the binary solution methanol(1)/water(2) at 25oc as 
function of x1.  

 
• Plot V curve from the known values. 

(V1= 40.727,      V2= 18.068,        V @x1=0.3 = 24.025) 
 

• Draw tangent line to the V curve @x1=0.3 
Obtain values ¯V1, ¯V2  
 

• Now construct ¯V1, ¯V2 by the same method. (Or substitute in a given equation as 
in ex. 11.4) 
 

• From intercept at x1= 0  →  ¯V1
∞ 

 
From intercept at x1= 1  →  ¯V2

∞ 
 

 
• Note that  ¯V1 curve becomes horizontal (slope = 0) (d¯V1 / dx1 = 0) at x1 = 1 

And           ¯V2 curve becomes horizontal (slope = 0) (d¯V2 / dx1 = 0) at x1 = 0 
This is required by Gibbs/Duhem equation  
                         ∑ xi d¯Mi = 0                                 (11.14)  
 
It becomes x1 d¯V1 + x2 d¯V2  = 0 
Divide by dx1 and arrange, 
d¯V1 / dx1   = - x2 / x1    d¯V2  / dx1    
 

• The results show:  d¯V1 / dx1    and  d¯V2  / dx1   must be of opposite signs. 
 

• Read Ex.11.4 



11.4  Ideal Gas Mixtures 
 

 
 
 



Problem 11.2 
 

 



 



11.5  Fugacity and Fugacity Coefficient: Pure Species 

 



 



 
 
Continue iteration till   Z =  0.925 

 



Generalized Correlation 
 

 
 
 



 
 
 
 



 



 

 



 
 
Comments on fig. 11.3: 
 

• fi starts at the origin. 
 

• Deviation from ideality (dashed line) increases as pressure increase. 
 

• At Pisat there is discontinuity in fi curve slope. 
 

• Fugacity of liquid water at 300oc is weak function of pressure. (Characteristics of 
liquids at temp. well below Tc). 

 
• φi decreases from unity steadily from its zero pressure value as the pressure raises. 

 
• Then decrease rapidly in the liquid region as a result of fugacity behavior.  

 
 
 
 



11.6  Fugacity and Fugacity Coefficient: Species in Solution 
 

 
 
 



11.8  The Ideal Solution 
 
 

 


