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Summary Lecture 1 (glossery: see App. B, SG) 

- First law: conservation of energy 
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Summary Lecture 2 (second law and entropy) 

Second law: 
for any spontaneous process 
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S is a state function, so independent of path  

Alternative form: Clausius inequality: 
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Summary Lecture 2 (alternative energy functions) 
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Summary Lecture 3 (chemical equilibria) 
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Summary Lecture 3 (formation energies) 
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Summary Lecture 4 (activity) 

For perfect gas mixtures 
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Summary Lecture 4 (electrochemistry) 
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Summary Lecture 4 (electrochemistry) 

THG allfor0
)aq(Hf)aq(Hf





TE allfor0
2H/2H





   HloglogpH
10

H

10
a



9 

Lecture 5: Solutions and colligative processes 
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Lecture 5: Solutions and mixing processes 

Solutions or mixtures with NO chemical reactions: 
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Lecture 5: Solutions and mixing processes 

Solutions or mixtures with NO chemical reactions: 
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Importance of the chemical potential: 

ssll
dndnSdTVdPdG  

1)    Equilibrium between phases    sl OHOH
22



K 273.15 bar,1@

Lecture 5: Solutions and mixing processes 
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Importance of the chemical potential: 

ssll
dndnSdTVdPdG  

1)    Equilibrium between phases    sl OHOH
22



K 273.15 bar,1@

  0
,
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2nd law: in equilibrium: 0
,
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Lecture 5: Solutions and mixing processes 
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Importance of the chemical potential: 

ssll
dndnSdTVdPdG  

1)    Equilibrium between phases    sl OHOH
22



K 273.15 bar,1@
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 in equilibrium: 

Lecture 5: Solutions and mixing processes 
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Importance of the chemical potential: 

1)    Equilibrium between phases     OHOH
22



  in equilibrium: 

2)    Equilibrium between phases of component i in mixtures 

 
,, ii

in equilibrium: 

Lecture 5: Solutions and mixing processes 

phase α 

phase β 

(Study guide p.16) 
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Importance of the chemical potential: 

1)    Equilibrium between phases     OHOH
22
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in equilibrium: 

2)    Equilibrium between phases of component i in mixtures 
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in equilibrium: 

3)    For a general mixture of two or more components A, B, ∙ ∙ ∙ : 

  

Lecture 5: Solutions and mixing processes 

G is a state function 

(Study guide p.16) 
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Importance of the chemical potential: 

1)    Equilibrium between phases     OHOH
22



in equilibrium: 

2)    Equilibrium between phases of component i in mixtures 

 
,, ii

in equilibrium: 

3)    For a general mixture of two or more components A, B, ∙ ∙ ∙ : 
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Lecture 5: Solutions and mixing processes 

(Study guide p.16) 
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The process of mixing two or more components @ P,T 

→ 

Initial: 
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The process of mixing two or more components @ P,T 

→ 

Final: 
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Lecture 5: Solutions and mixing processes 
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The process of mixing two or more components @ P,T 

→ 
P,T P,T 
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phase β 
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Lecture 5: Solutions and mixing processes 
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The process of mixing two or more components @ P,T 

→ 
P,T P,T 

phase α 

phase β 
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Perfect gas mixing  

Lecture 5: Solutions and mixing processes 
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BBAAmix

lnln xxxxnRTG Perfect gas mixing  

Lecture 5: Solutions and mixing processes 
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BBAAmix

lnln xxxxnRS Perfect gas mixing  

0
mix

 H

2nd law: Mixing is spontaneous, towards increasing entropy 

Lecture 5: Solutions and mixing processes 
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The process of mixing two or more components @ P,T 

P,T 
phase α 

phase β 

Equilibrium 

Lecture 5: Solutions and mixing processes 
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perfect gas 

(similar for B) 
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The process of mixing two or more components @ P,T 

P,T 

Lecture 5: Solutions and mixing processes 
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The process of mixing two or more components @ P,T 

P,T 

Lecture 5: Solutions: Ideal solutions (Raoult) 
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Ideal solution or Raoult’s law 

(Study guide p.17-18) 
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The process of mixing two or more components @ P,T 
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Lecture 5: Solutions: Ideal solutions (Raoult) 
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The process of mixing two or more components @ P,T 

lll
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P,T P,T 
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Lecture 5: Solutions: Ideal solutions (Raoult) 
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The process of mixing two or more components @ P,T 

lll
xRT
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→ 
P,T P,T 

phase α 

phase β 

Lecture 5: Solutions: Ideal solutions (Raoult) 
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The process of mixing two or more components @ P,T 

Ideal solution or Raoult’s law 

Lecture 5: Solutions: Ideal solutions (Raoult) 
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(Study guide p.17-18) 
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Lecture 5: Solutions: Ideal solutions (Raoult) 
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The process of mixing two or more components @ P,T 
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Lecture 5: Solutions: Real solutions 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 

-Freezing point depression  
-Boiling point elevation 
-Osmosis 
-Solubility 

Effects due to the presence of a mixture in the  
liquid phase in equilibrium with a 

solid phase 
gas phase 
pure liquid 
dissolved solute 

Colligative properties: 
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Lecture 5: Solutions: Colligative properties 

-Freezing point depression  
-Boiling point elevation 

Effects due to the presence of a mixture in the  
liquid phase in equilibrium with a 

solid phase 
gas phase 
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Lecture 5: Solutions: Colligative properties 

 m,m,m,m,
)(and)( STSHTH 
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Pure compound 
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Lecture 5: Solutions: Colligative properties 

(α = s, l, g) 

dTSHdGd
****

m,m,m, 
 

Pure compound 

(* pure α) 
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)(and)( STSHTH 

dTSHTdG  m,m,m,
)( 



38 

Lecture 5: Solutions: Colligative properties 

gls
SSS

m,m,m,


Entropy is a measure for 
amount of freedom of 
the movement of molecules 

(α = s, l, g) 

dTSHdGd
****

m,m,m, 
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Lecture 5: Solutions: Colligative properties 

gls
SSS

m,m,m,


Add a solute to only the solvent 

  →phase g stays pure 

  →phase s stays pure 

  →phase l becomes a solution 

(α = s, l, g) 

dTSHdGd
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m,m,m, 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 

(α = s, l, g) 
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Real mixture of A and B 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 

solute  theis B

solvent theisA 

New equilibrium: 
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Lecture 5: Solutions: Colligative properties 

solute  theis B

solvent theisA 

Freesing point depression 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 
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Assume ideal solution 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 
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Lecture 5: Solutions: Colligative properties 

Freezing point depression 
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Lecture 5: Solutions: Colligative properties 

Freezing point depression 
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Lecture 5: Solutions: Colligative properties 

Freezing point depression 
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Lecture 5: Solutions: Colligative properties 

Freezing point depression 
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Boiling point elevation 
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Analogously: 

Assumptions made: 

  →phase g stays pure 

  →phase s stays pure 

  →phase l becomes an ideal solution: al ≈ xl 

  →ΔtrsH, ΔtrsS independent of T 
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Lecture 5: Solutions: Colligative properties 

-Freezing point depression  
-Boiling point elevation 
-Osmosis 
-Solubility 

Effects due to the presence of a mixture in the  
liquid phase in equilibrium with a 

solid phase 
gas phase 
pure liquid 
dissolved solute 

Colligative properties: 
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Lecture 5: Solutions: Colligative properties 

Gain in entropy (2nd law) 
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Al Al+B 

Permeable for solvent A 

Impermeable for solute B 

Al 
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P 
P P P+Π 

Equilibrium: 

Π is the osmotic pressure 
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Lecture 5: Solutions: Colligative properties 

solute  theis B

solvent theisA 

Equilibrium: 
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liquid ≈ incompressible 
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Lecture 5: Solutions: Colligative properties 

solute  theis B

solvent theisA 

Equilibrium: 
Osmosis 
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Lecture 5: Solutions: Colligative properties 

solute  theis B

solvent theisA 

Equilibrium: 
Osmosis 
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equation 
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Lecture 5: Solutions: Colligative properties 

solute  theis B

solvent theisA 

Equilibrium: 

Osmosis 

P 

h 
P 

Al 

Al+ 

B 

A*
ln

mA,

a
V

RT
Πgh 

 BRTΠgh 

Solution mass density ρ 

Van ’t Hoff 

How to measure Π ? 
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Summary Lecture 5 (solutions) 
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Summary Lecture 5: solutions or mixtures 

Equilibrium between phases of component i in mixtures 

 
,, ii

in equilibrium: 

phase α 

phase β 


i

iiTP
G n

,


 
lglglglg

lg
axaxnRTG

,B,,B,,A,,A,

,

mix
lnln 

 
BBAAmix

lnln xxxxnRS 

0
mix

 H

Real phase mixing  

 
lglglglg

lg
xxxxnRTG

,B,,B,,A,,A,

,

mix
lnln Perfect gas mixing  

Ideal solution 
(Raoult)  
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Summary Lecture 5: colligative properties 

Osmosis 

P,T 

h 

Al 

Al+ 

B 

B*

Am,fus

*2

fusA,
x

H

RT
T




B*

Am,vap

*2

vapA,
x

H

RT
T




Freezing point depression 
Boiling point elevation 

A*
ln

mA,

a
V

RT
Πgh 

 BRTΠgh 

A*

Am,fus

*2

fusA,
ln a

H

RT
T




A*

Am,vap

*2

vapA,
ln a

H

RT
T




Ideal solution: Ideal solution: 


