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Summary lecture 6

e Chemical equilibrium

— Van ‘t Hoff equation

2
N . 16 ([1—0? ? p°
— Change of composition with pressure K, = 5 — (example)

e Electrochemistry

— Electrochemical cells, half- and cell reactions

— Reaction Gibbs energy and cell potential A,G = —vEFEe

RT

— Nernst equation Ecen = E — o In@

— Standard hydrogen electrode Pt(s)|Ha(g)[H' (aq) E° =0 atall T



Content of the course

Introduction to Thermodynamics and gases

The First Law of Thermodynamics

Heat Capacities, Enthalpy and Thermochemistry
The Second Law of Thermodynamics

Helmholtz and Gibbs free energies

Phase Transitions and Chemical Equilibrium

X X < X X X

Chemical Equilibrium and Electrochemistry

¢ |deal solutions, Colligative properties

e Condensation in the Van der Waals equation of state
Today, lecture 7



Today’s lecture (7)

e Beyond perfect gases: Van der Waals gas

— Condensation and the critical point

¢ |deal solutions

— Thermodynamics of mixing

e Colligative properties of ideal solutions
— Vapour pressure: Raoult’s law
— Depression of freezing point (and elevation of boiling point)

— Osmosis



Recall from lecture 1:
Van der Waals Equation of State

Over de continuiteit van den
gas — en vloeistof toestand

PhD-Thesis, Leiden, 1873
The Netherlands

B nRT (TL)Q
P= V —nb o

Johannes Diderik Van der Waals
(1837 — 1923) ‘

Condensation requires repulsion and attraction (lecture 7)



Perfect gas equation of state: no condensation

... ho interactions ... no condensation ... no matter how far we cool it down ...

Perfect gas isotherms in the P-V plane

PA
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not very realistic ... (as we’ve seen in Lecture 5: phase diagrams)



Phase diagram and isotherms of CO,

Recall from lecture 5:

Phase diagram of CO, in the P-T plane Isotherms of CO, in the P-V plane
. C — critical point
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Temperature (°C) Isotherms close to the critical point — where condensation

happens — are not described by the perfect gas law



Van der Waals isotherms

fluid

v

> T
T, v

T, > T. : single fluid phase with perfect gas isotherms at T, > T.
T =T, : critical temperature

T1 < T. : unphysical ‘Van der Waals loops’ — liquid-gas coexistence



The critical point for a Van der Waals gas
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Exercise 32

-

Condensation requires repulsion (b) and attraction (a)

>

At the critical point (T=T,, p=p., V=V,):

Vin.c = 3b
8a
T. =
27TRb
. a
Pe = o012



Van der Waals loops: The Maxwell construction

N

P ON THE DYNAMICAL EVIDENCE OF THE o .
MOLECULAR CONSTITUTION OF BODIES * 1831 . 1875

J.C. Maxwell, Nature, 357, March 4 (1875)

Now let us suppose the medium to pass from Z to / along

the hypothetical curve B C D L F in a state always homo-

eneous, and to return along the straight line /.5 in the form of

a mixture of liguid and vapour, Since the temperature has

been constant throughout, no heat can have been transformed

I<T — into work. Now the heat transformed into work is represented
by the excess of the area /70D Zover B CD. Hence the condi-

tion which determines the maximum pressure of the vapour at
given temperature is to=t the line 2 # cuts off equal areas from

the curve above and bezlow. ]

v

<

* Replace unphysical ‘Van der Waals loop’ by straight line (liquid-gas coexistence)

 |Impose condition that this line cuts the loop in equal areas: Area FDE = Area BCD



The Maxwell construction

 Replace unphysical ‘Van der Waals loop’ by straight line (liquid-gas coexistence)

* Impose condition that this line cuts the loop in equal areas: Area | = Area Il

B RT a
M, P=y,. v 2
P Area | = Area ll

I

Hliquid — Hgas | (of course!)

v, (p,) V,9(po)

, condensation requires interactions
Thanks to Prof Susan Perkin (Oxford)



Today’s lecture (7)

e Beyond perfect gases: Van der Waals gas

— Condensation and the critical point

¢ |deal solutions

— Thermodynamics of mixing

e Colligative properties of ideal solutions
— Vapour pressure: Raoult’s law
— Depression of freezing point (and elevation of boiling point)

— Osmosis



Solutions: thermodynamics of mixing

Component 1: )
solvent

> Solution = mixture

Y

Component 2:
solute

Gibbs free energy of mixing
From lecture 5: ‘

Gibbs free energy: G = Guomixed + AmixG
1 > Enthalpy of mixing

with: AmiXCJ — AmiXI{ — TAmixS



Thermodynamics of solutions
. model to find expressions
AmixG __ forA . Sand A . H

G = Czunmixed + AmiXG

l Condition for chemical equilibrium

0G o B

i = <—(‘9 , — Ky = Ky
n@ Tapanj#z 1

Colligative properties:
properties that depend on amount of solute particles




Recall from lecture 6:

Chemical potential in terms of activities a;

e Solutions a; = Vil x;: mole fraction (as seen before)

% = 1 for ideal solutions (see lecture 7)

... SO we already know the chemical potential for ideal solutions ...

i = ,LL;|< + RT' In X; Note different ‘reference point’ ,u;-k

Now we will see a ‘taster of statistical thermodynamics’ to derive this

(recall: classical thermo: independent of molecular hypothesis & stat. thermo: based on molecular hypothesis)



Simplest model for solutions: ideal solutions

AmiXCTY —

Enthalpy of mixing

AmiX]{ =0

all interactions are the same

(different from perfect gas!)

model to find expressions
forA,Sand A H

mix

Ideal entropy of mixing

Lattice model of a binary mixture

O|@|0[0|0|®O[O]0|O N; molecules of type 1
0|@0|e0]0 e e e|O

O|0|0|@[0]0|0|e[0O|® N, molecules of type 2
O|0[0|0|@]|O|O|0|0[O

O|O|0|0(0|0|e|0|0|e N = N; + N, lattice sites
010101081010 81010 Random mixin
Ole|o[olo[o[o[0]e[O g
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@ 00000000 |e®

(note: here is the statistical thermo bit: based on particles)



Recall from lecture 3:

Statistical interpretation of entropy

S:k‘BIHW

W: number of microstates associated with a macrostate

 LVDWIG
BOLTZMANN
1844 -1906

Number of ways in which you can
realise a given configuration

Ludwig Boltzmann
(1844 — 1906)



Recall from lecture 3:

W: N, + N, molecules on N lattice sites

N

44
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Combinatorics: see e.qg. Molecular driving forces, Dill and Bromberg



Entropy of mixing for ideal solution

Recall from lecture 5: A..S=S

mix after mixing Sbefore mixing

AnixS = —nR(x1Inz; + z9 Inxs)
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Entropy, enthalpy and Gibbs energy of mixing (ideal)

Enthalpy of mixing ldeal entropy of mixing

ApicH =0 ApS =-—-nR(x1Inzy + x21nx9)

AmiXG — AmiXI{ — TAmiXS

v

AmixG — nRT(azl In r1 + ITo In 513‘2)

Note: same expressions as for the mixing of perfect gases (lecture 5)!




Chemical potential of ideal solution

G = Gunmixed + AmiXG AmiXG — TLRT(ZUl 11133‘1 + Zo In 332)

v

G = Gunmixed + NRT(z1Inxy + 22 Inx5)

oG
Wi = o Exercise 33 (hint: express x; in n;)
an T7p7nj#7,

\ 4

w; = p; + RT Inx;




Today’s lecture (7)

e Beyond perfect gases: Van der Waals gas

— Condensation and the critical point

¢ |deal solutions

— Thermodynamics of mixing

e Colligative properties of ideal solutions
— Vapour pressure: Raoult’s law
— Depression of freezing point (and elevation of boiling point)

— Osmosis



Colligative properties of ideal solutions

Colligative properties: physical properties that depends on concentration of solute particles (not their identity)

* Vapour pressure
* Depression of freezing point

* Osmotic pressure

l

Chemical equilibrium of solutions

Hi = My

Chemical potential of ideal solutions

pi = p; + RT Inx;



Vapour pressure of ideal solution (Raoult’s law)

p Mixture of CCl, and hexene
Perfect gas (mixture) 250
200 —
o
. P/mm Hg
Ideal solution
150 —
100 —
a_ B
Hi = H; .
solution __  vapour - N
He — Hi pi = T;p
0
| I I

0 0.25 0.50 0.75 1.0
Mole fraction of CCl4



Depression of freezing point

p
Ideal solution ideal solution
(water and alcohol)
o
(pure) solid (solvent) solid solvent (ice)
a _ B
M1 = Ky . RT*?
solid __ ., solution AT =T -T" = — T2 Ae H
H1 = H fus

T*: freezing point of water

X,: mole fraction of solute (e.g. alcohol)

(not derived here)



Depression of freezing point and James Bond
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reezing Jokulsarlon?




Freezing Jokulsarlon?
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Depression of freezing and elevation of boiling point

u1 = p7 + RT Inxq

3.

_ Depression of freezing point

ne

= RT*?

- Afus.]—-’

2

5

S Elevation of boiling point
RT*Q

AT = i)
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e Beyond perfect gases: Van der Waals gas

— Condensation and the critical point

¢ |deal solutions

— Thermodynamics of mixing

e Colligative properties of ideal solutions
— Vapour pressure: Raoult’s law
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Osmotic pressure of ideal solutions

Hypotonic solution Isotonic solution Hypertonic solution

oL ... B
® o ®
® ®
.‘ ¢

Osmosis: crucially important in biology



Osmosis: driven by 1= 11!

T *k
o , @ @ B L :ul T /’L]_ Jacobus H. van 't Hoff
: g 1l = 1852 - 1911
¢ ® ® l,m
Y ®
® o
e Still completely general!!!

I1=P - P

Osmotic pressure for ideal solutions?

Ideal osmotic pressure
(Van ‘t Hoff’s equation)

Subin:  py = p] + RT Inxq Il = [B|RT

(Yes | know, another one ...)
Osmosis in the kitchen

https://youtu.be/H6N1liJTmnc



https://youtu.be/H6N1IiJTmnc

And now for something completely different ...

https://www.bbc.com/news/av/uk-scotland-63974538
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https://www.bbc.com/news/av/uk-scotland-63974538

Content of the course

Introduction to Thermodynamics and gases

The First Law of Thermodynamics
7 Jan 2026, 8:30, LIN 8:

Heat Capacities, Enthalpy and Thermochemistry * past exam questions
* Q&A

The Second Law of Thermodynamics
Helmholtz and Gibbs free energies

Phase Transitions and Chemical Equilibrium
Chemical Equilibrium and Electrochemistry

Condensation in the Van der Waals Equation of State

L X X X X X X X

|deal solutions, Colligative properties



