
PART 2

• SPONTANEITY & ENTROPY

• THE SECOND LAW

• THE THIRD LAW
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Course Name:  Thermodynamics

Course Code: 4022135-3 



The purpose of this chapter is to explain chemical change and spontaneity in 

quantitative terms.  Entropy is a measurement that defines the spontaneity of a 

chemical or physical change.  Three spontaneous processes are discussed: 

isothermal expansion process, isobaric and isochoric processes in heating, and in-

phase transition.  Heat engines and their efficiency are discussed as examples of 

systems with spontaneous processes. The chapter ends with an introduction to the 

third law of thermodynamics and that the entropy of a perfect crystal is zero at 0 

K. This means that the entropy of a reaction can be measured from the entropies 

of the reactants and products in their standard states. 

2

CHAPTER OVERVIEW
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❑ Show the direction of spontaneity in different situations

❑ Define different statements of the Second Law of thermodynamics

❑ Derive different mathematical forms of the Second Law of thermodynamics

❑ Apply suitable thermodynamic entropy measurements for different processes

❑ Discuses Carnot cycle and Carnot engine

❑ Calculate efficiency of a heat engine

❑ Measure coefficient of performance for non-spontaneous processes

❑ State the Third Law of thermodynamics and the Nernst heat theorem

❑ Measure standard entropy of a chemical reaction
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CHAPTER OBJECTIVES

By the end of this chapter, the students will be able to:
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 “Essentials of Physical chemistry,” Arun Bahl, B.s. Bahl,  and G.D. Tuli, Chapter ( 9 )

 “Physical Chemistry,” Peter Atkins and Julio de Paula, Chapter ( 3 )

 Lectures slides in PDF format: Part 1, Part 2, Part 3
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Chapter Assignments:

 Equations review worksheet

 Concepts review worksheet

 Problem solving worksheet (Evaluation will be oral)

Chapter Assessments:

 Warmup questions

 Quiz (practice quiz)

 Examination questions

 Check Your Understanding
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 The disorder in a solid is greater than that in a liquid. ( ✓ or  ✗ )

 The tendency of a process to occur naturally is called equilibrium. ( ✓ or   ✗ )

 A spontaneous change happens unidirectional or in one way. For a reverse change to occur, 
work always has to be done.  ( ✓ or   ✗ )

 For a spontaneous change to occur, time is not a factor. A spontaneous reaction can be a rapid 
or very slow reaction. ( ✓ or   ✗ )

 If the system is not in the equilibrium, a spontaneous change is unavoidable. The change will 
continue until the system reaches the state of equilibrium.   ( ✓ or   ✗ )

 Thermal heat transfers between cold and hot reservoirs in both directions.  ( ✓ or  ✗ )

 Absolute zero kelvin is attainable. ( ✓ or   ✗ )
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WARMUP QUESTIONS
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A spontaneous process WILL OCCUR (Naturally) in a system WITHOUT any outside 

action being performed on the system.
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SPONTANEOUS PROCESS

Ice will melt, but water will not 

spontaneity return back to ice 

above 0 oC Heat goes from high to low 

temperature spontaneity
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A non-spontaneous process WILL NOT OCCUR in a system UNTIL an outside action is

performed on the system.
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NON-SPONTANEOUS PROCESS

Object rising from earth is 

non-spontaneous
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In general, a spontaneous change is accompanied by a decrease of internal energy or 
enthalpy
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CRITERIA OF SPONTANEITY

Ice melting Water 

evaporating

Internal energy and enthalpy may 

not always predict spontaneity

• What about free expansion?

DU = 0

• What about endothermic process?

Entropy is a new criteria for 

spontaneity 

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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Entropy: A thermodynamic state quantity that is a measure of the randomness or 
disorder of the molecules of the system.
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ENTROPY

More disordered Less disordered 

Higher entropy                                 Lower entropy
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STATEMENTS OF SECOND LAW OF THERMODYNAMICS

Kelvin Statements

➢ “No process is possible in which the sole result is the 

absorption of heat from a reservoir and its complete 

conversion into work”

Work

100%

Heat

100%
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STATEMENTS OF SECOND LAW OF THERMODYNAMICS

Kelvin Statements

➢ “It is impossible for a system to undergo a cyclic process that 

turns heat completely into work done on the surroundings.”

Hot

Reservoir

Heat Engine Work

Heat
Cold

Reservoir√
- Flow of 

energy
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STATEMENTS OF SECOND LAW OF THERMODYNAMICS

Mathematical Forms

➢ “The entropy of an isolated system increases in the 

course of a spontaneous change.”

➢ Total entropy is positive for spontaneity;

2ed Law for a closed system:

➢ Reversible processes do not generate entropy overall.”

➢ 2ed Law Clausius Inequality equation:

∆𝑺𝒊𝒔𝒐
𝒔𝒚𝒔

≥ 0

∆𝑺𝑻𝒐𝒕 = ∆𝑺𝒔𝒚𝒔 + ∆𝑺𝒔𝒖𝒓 ≥ 0

∆𝑺𝑻𝒐𝒕= 0

∆𝑺𝒔𝒚𝒔 ≥  
𝒒𝒔𝒚𝒔

𝑻𝒔𝒚𝒔

Equality applies to 

the reversible case 

(maximum work)

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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 From Clausius Inequality: 

 Overall change:
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MATHEMATICAL ENTROPY EXPRESSIONS FOR SYSTEMS

𝒅𝑺𝒔𝒚𝒔 =  
𝒅𝒒𝒓𝒆𝒗

𝒔𝒚𝒔

𝑻𝒔𝒚𝒔

∆𝑺𝒔𝒚𝒔 𝒊׬ =
𝒇 𝒅𝒒𝒓𝒆𝒗

𝒔𝒚𝒔

𝑻𝒔𝒚𝒔
=  

𝒒𝒓𝒆𝒗

𝑻

 Exercise: Calculate the change of entropy when 25 kJ of energy is transferred reversibly 

and isothermally as heat to a large block of iron at 100 0C.

∆𝑺 = 
𝟐𝟓 ×𝟏𝟎𝟑𝑱

𝟑𝟕𝟑.𝟏𝟓 𝑲
=  67 J/K

Unit J/K

∆𝑺=  
𝒒

𝑻

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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A.  Isothermal Reversible Expansion/ Compression:
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MATHEMATICAL ENTROPY FOR DIFFERENT PROCESSES

▪ For isothermal expansion:  ΔT= 0, ΔU= 0, q = -w 

▪ For reversible isothermal expansion:  q = nRT ln 
𝑽𝒇

𝑽𝒊

▪ Entropy for isothermal expansion:   ΔS = nR ln 
𝑽𝒇

𝑽𝒊

ΔS = nR ln 
𝑽𝒇

𝑽𝒊

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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MATHEMATICAL ENTROPY FOR DIFFERENT PROCESSES

 Exercise: Calculate the change of entropy for an irreversible compression of oxygen gas. 

The initial pressure of the gas is 1.00 bar in a volume of 100 L. The final pressure of the gas 

is 10.0 bar and the temperature is 400 K.

n = 
𝑷𝒊 𝑽𝒊

𝑹 𝑻𝒊
= 

(𝟎.𝟗𝟖𝟕 𝒂𝒕𝒎)(𝟏𝟎𝟎 𝑳)

𝟎.𝟎𝟖𝟐 𝑳𝒂𝒕𝒎 /𝑲𝒎𝒐𝒍 (𝟒𝟎𝟎 𝑲)
= 3.00 mol                                     

ΔS = nR ln 
𝑷𝒊

𝑷𝒇
=   (3.00 mol) (8.314 J/K mol)  ln 

𝟏.𝟎𝟎

𝟏𝟎.𝟎
= - 57.4 J/K

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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B.  Entropy Change upon Heating / Cooling:
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MATHEMATICAL ENTROPY FOR DIFFERENT PROCESSES

▪ For isobaric process (Constant P):

ΔS = ׬𝐢
𝐟 𝐝𝐇

𝐓
𝐢׬ =

𝐟 𝐂
𝐏
𝐝𝐓

𝐓
=𝑪𝐩 ln 

𝑻𝒇

𝑻𝒊

▪ For isochoric process (Constant V):

ΔS = ׬𝐢
𝐟 𝐝𝐔

𝐓
𝐢׬ =

𝐟 𝐂
𝐕
𝐝𝐓

𝐓
= 𝑪𝐕 ln 

𝑻𝒇

𝑻𝒊

▪ Entropy from 2ed Law:  ΔS = ׬𝐢
𝐟 𝐝𝐪

𝐓

𝒅𝒒(P) = 𝒅𝑯 = 𝑪𝑷𝒅𝑻

𝒅𝒒(V) = 𝒅𝐔 = 𝑪𝐕𝒅𝑻

Δ𝐒 = 𝐧𝑪𝐏, 𝐦 ln 
𝑻𝒇

𝑻𝒊

Δ𝐒 = 𝐧𝑪𝐕,𝐦 ln 
𝑻𝒇

𝑻𝒊
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MATHEMATICAL ENTROPY FOR DIFFERENT PROCESSES

 Exercise: Calculate the change in entropy ∆S for the system of Argon gas at 25.00°C and 

1.00 atm in a 500.0 cm3 container compressed to 50.0 cm3 and simultaneously cooled to 

-25.00°C, given Cv,m= 12.48 J K-1 mol-1. How do you rationalize the sign of sign of ∆S?

∆S is a state function, so we can separate the whole process into separate processes:

n = 
𝑷𝒊 𝑽𝒊

𝑹 𝑻𝒊
= 

(𝟏.𝟎𝟎 𝒂𝒕𝒎)(𝟓𝟎𝟎×𝟏𝟎
_
𝟑𝑳)

𝟎.𝟎𝟖𝟐 𝑳𝒂𝒕𝒎𝑲−𝟏𝒎𝒐𝒍 −𝟏 (𝟐𝟗𝟖.𝟏𝟓 𝑲)
= 2.04 × 𝟏𝟎

_𝟐 mol

Δscompression = nR ln 
𝑽𝒇

𝑽𝒊
= (2.04 × 𝟏𝟎

_𝟐 mol) (8.314 J/K mol) ln 
𝟓𝟎.𝟎𝟎

𝟓𝟎𝟎.𝟎
= - 0.391 J/K

ΔScooling = n Cv,m ln
𝑻𝒇

𝑻𝒊
= (2.04 × 𝟏𝟎

_𝟐 mol) (12.48 J/K mol) ln 
𝟐𝟒𝟖.𝟏𝟓

𝟐𝟗𝟖.𝟏𝟓
= - 0.0468 J/K

ΔSTot = Δscompression + Δscooling = - 0.391 J/K - 0.0468 J/K = - 0.438 J/K for the system

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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MATHEMATICAL ENTROPY FOR DIFFERENT PROCESSES

C.  Entropy Change of Phase Transitions:

𝒅𝒒(P) = 𝒅𝑯

▪ Entropy from 2ed Law:  𝒅𝑺𝑻𝒓𝒂𝒏𝒔 = 
𝒅𝒒𝒕𝒓𝒂𝒏𝒔

𝑺𝒚𝒔

𝑻𝑻𝒓𝒂𝒏𝒔
= 

𝒅𝑯𝒕𝒓𝒂𝒏𝒔
𝑺𝒚𝒔

𝑻𝑻𝒓𝒂𝒏𝒔

Overall Change: ∆𝑺𝑻𝒓𝒂𝒏𝒔 𝐢׬ =
𝐟 𝒅𝑯𝒕𝒓𝒂𝒏𝒔

𝑺𝒚𝒔

𝑻𝑻𝒓𝒂𝒏𝒔
=

∆𝑯𝒕𝒓𝒂𝒏𝒔
𝑺𝒚𝒔

𝑻𝑻𝒓𝒂𝒏𝒔

▪ At constant P: 

Note: use temperature 
of phase transition

∆𝑺𝑻𝒓𝒂𝒏𝒔 =  
∆𝑯𝒕𝒓𝒂𝒏𝒔

𝑺𝒚𝒔

𝑻𝑻𝒓𝒂𝒏𝒔
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ENTROPY OF VAPORIZATION

vap,m

Tb

ΔH
=

Entropy change of vaporization:

“More liquids give the same Sm of vaporization about 85 JK-1 mol -1 

called Trouton’s rule”

ΔS vap
vap,m

Tb

=
n ΔH

ΔS vapΔS vap,m

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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D.  Entropy Change upon Heating and Phase Transitions:
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ENTROPY OF A SUBSTANCE AT SOME TEMPERATURE

Entropy of a system increases from S = 0 

at T = 0 to some final S at T is given by 

the contribution up to that temperature

 +++++=

T

T

P

b

vap

T

T

P

f

fus

T

0

P

b

b

f

f

T

(g)C

T

HΔ

T

(l)C
 

T

HΔ

T

(s)C
S(0)S(T)
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ENTROPY OF A SUBSTANCE AT SOME TEMPERATURE

Exercise: Calculate the standard entropy change when 1.50 mole of Br2 (s) at - 7.25°C is 

heated to Br2 (g) at 75.35°C .   Br2(s)    → Br2 (l)     → Br2(l)     → Br2(g)     → Br2(g) 

Given: Cp,m (Br2 (l)) =  75.69 J/Kmol ,   ΔHmelt,m (Br2) =  10.57 KJ/mol

Cp,m (Br2 (g))=  36.02 J/Kmol ,   ΔHvap,m (Br2) =  49.45 KJ/mol

Tf (Br2) =  - 7.25°C ,    Tb (Br2) =  59.25°C

∆𝑺𝒎
𝒐 = 

∆𝑯𝒎𝒆𝒍𝒕
𝒐

𝑻𝒇
+ 𝑪𝒑,𝒎(𝒍)𝒍𝒏

𝑻𝒃

𝑻𝒇
+  

∆𝑯𝒗𝒂𝒑
𝒐

𝑻𝒃
+ 𝑪𝒑,𝒎(𝒈)𝒍𝒏

𝑻

𝑻𝒃

∆𝑆𝑚
𝑜 = 

10.57×103 J/mol

265.9 𝐾
+ 75.69 J/K mol 𝑙𝑛

332.4

265.9
+  

49.45×103 J/mol

332.4 𝐾
+36.02 J/K mol 𝑙𝑛

348.9

332.4

∆𝑆𝑚
𝑜 = 207.1 J/K mol → ∆𝑆0 = 1.50 mol × 207.1 J/K mol = 311 J/K

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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ENTROPY DISCUSSION QUESTIONS

Problem 1: Calculate the entropy change in the evaporation of 1.00 mole of water at 100°C. 

Latent heat of evaporation of water is 9,650 cals per mole.

Answer: 25.9 cal K-1

Problem 2: Calculate the entropy change involved in thermodynamic expansion of 2.0 mol of 
a gas from a volume of 5.0 liters to a volume of 50 liters at 303 K.

Answer: 38 JK-1

Problem 3: 30.40 kJ is required to melt one mole of sodium chloride. The entropy change 

during melting is 28.40 J mol-1 K-1. Calculate the melting point of sodium chloride.

Answer: 1070 K
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THERMODYNAMIC CYCLE

A system has completed a thermodynamic cycle when the system undergoes a series of 

processes and then returns to its original state, Thus: Pf = Pi, Tf = Ti, Uf = Ui, Vf = Vi, etc

Since ΔS is a state function

ර
𝒅𝒒𝒓𝒆𝒗
𝑻

= 𝟎

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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THE BASIC CARNOT CYCLE

1. Reversible isothermal expansion

2. Reversible adiabatic expansion

3. Reversible isothermal compression

4. Reversible adiabatic compression

Net: ׯ
𝒅𝒒𝒓𝒆𝒗

𝑻
= 𝟎

Proof using the Carnot cycle for a perfect gas
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 A classic example is the steam engine: Fuel heats the water; the vapor expands and 
does work against the piston; the vapor condenses back into water again and the 
cycle repeats.
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HEAT ENGINES

All heat engines have:

• Working substance

• High-temperature 

reservoir

• Low-temperature 

reservoir

• Cyclical engine
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HEAT ENGINE & CARNOT EFFICIENCY

• A heat engine is a thermodynamic system operating in a thermodynamic 

cycle to which net heat is transferred and from which net work is delivered. 

A finite amounts of heat ( qh ) can 
be transferred from hot reservoir 

Waste heat ( qc ) is transferred 
to cold reservoir

Engine undergoes a 
series of processes 
that constitute the 
heat engine cycle.

• Efficiency (𝛜) is the fraction of the heat supplied to the engine that appears as 

work.

𝛜 =
−𝐰𝐦𝐚𝐱

𝐪𝐡

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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Carnot Efficiency: 

 An amount of heat qh is supplied from the hot reservoir to the engine during each 
cycle. Of that heat, some appears as work, and the rest is given off as waste heat qc 

to the cold reservoir for spontaneity.
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HEAT ENGINE & CARNOT EFFICIENCY

qh = (-w)+ qc -w = qh - qc Negative sign for work by system

𝝐 =
−𝒘𝒎𝒂𝒙

𝒒𝒉
= 

𝒒𝒉 −𝒒𝒄

𝒒𝒉
= 

𝒒𝒉

𝒒𝒉
-
𝒒𝒄

𝒒𝒉

Entropy for reversible maximum work: 

∆𝑺𝑻𝒐𝒕 = ∆𝑺(𝒉) + ∆𝑺(𝒄) = -
𝒒𝒉

𝑻𝒉
+  

𝒒𝒄

𝑻𝒄
= 0

𝒒𝒉

𝑻𝒉
=  

𝒒𝒄

𝑻𝒄
,   
𝑻𝒄

𝑻𝒉
=  

𝒒𝒄

𝒒𝒉

𝝐 = 1-
𝑻𝒄

𝑻𝒉

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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 Efficiency of a heat engine increases when
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CARNOT EFFICIENCY

𝝐 = 1-
𝑻𝒄

𝑻𝒉
𝝐 =

−𝒘𝒎𝒂𝒙

𝒒𝒉 • Th  increases• Tc decreases

𝝐 = 1-
𝑻𝒄

𝑻𝒉
=  1-

𝟑𝟎𝟎

𝟏𝟎𝟎𝟎
=  0.70 or 70%

Exercise: An inventor claims to have invented a heat engine that develops a thermal 

efficiency of 80 percent when operating between two heat reservoirs at 1000 K and 300 K.  

Evaluate his claim

The claim is false since no heat engine may be more efficient than a Carnot engine operating 

between the heat reservoirs.

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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Carnot Engine: is a theoretical engine explaining the process in terms of Th and Tc

It assumes: *An ideal engine *An ideal gas, and * A reversible process.

31

THE CARNOT ENGINE

Carnot showed that:

▪ All reversible engines have the same efficiency.
▪ No engines have an efficiency higher than that of a reversible 

(Carnot or ideal) engine.
▪ Such an engine would have the maximum possible efficiency for 

any engine working between Th and Tc.
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CARNOT EFFICIENCY DISCUSSION QUESTIONS

Problem 1: An engine operating between 150°C and 25°C takes 500 J heat from high 

temperature reservoir. Calculate the work that can be done by this engine.

Answer: 148 J

Problem 2: The boiling point of water at a pressure of 50.0 atmosphere is 265°C. Compare 

the theoretical efficiencies of a steam engine operating between the boiling point of water at 

(i) 1.00 atmosphere. (ii) 50.0 atmosphere, assuming the temperature of the sink to be 35°C in 

each case.

Answer: (i) 0.174, (ii) 0.428

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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 Coefficient of performance: The least possible work required to withdraw a 

given amount of heat out of the cold reservoir   

33

COEFFICIENT OF PERFORMANCE: REFRIGERATION

➢ Heat cannot flow spontaneously from a cooler 
to a hotter object if nothing else happens

Clausius statement of 2ed law:

C0 = 
𝑻𝒄

𝑻𝒉 − 𝑻𝒄
C0 = 

𝒒𝒄

𝒘

 Coefficient of performance 
decreases when

• Tc decreases

• Temperature difference 

Th- Tc  increases

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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“It is impossible to reach absolute zero in a finite number of steps”
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THE THIRD LAW OF THERMODYNAMICS

Nernst heat theorem

ΔS → 0 as T → 0 provided that the substance is perfectly crystalline

In a perfect crystal all particles are arranged uniformly. This perfection 

suggests that S(0) = 0

“The entropy of all perfect crystalline substances is zero at T=0 K”

* From 3ed law entropies in their standard phase are non zero. 

∆S = σ𝒏 𝑺𝒎
𝒐 (𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒔) − σ𝒏 𝑺𝒎

𝒐 (𝑹𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝒔)

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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STANDARD ENTROPY OF REACTIONS

Exercise: Calculate the standard entropy of reaction at 298 K of:

C12H22O11(s) + 12 O2 (g) → 12 CO2 (g) + 11 H2O (g)

𝑆𝑚
𝑜

360.2 JK-1 205.14 JK-1 213.74 JK-1        69.91 JK-1

∆𝑺𝒓
𝒐 = σ𝒏 𝑺𝒎

𝒐 (𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒔) − σ𝒏 𝑺𝒎
𝒐 (𝑹𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝒔)

= 12 × 𝟐𝟏𝟑. 𝟕𝟒 + 11 × 𝟔𝟗. 𝟗𝟏 − [𝟑𝟔𝟎. 𝟐 + 𝟏𝟐 × 𝟐𝟎𝟓. 𝟏𝟒 ]

= 512.0 J/K mol

https://elearn.uqu.edu.sa/d2l/le/722750/discussions/topics/11126/View
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CHECK YOUR UNDERSTANDING

1. Define the following terms:

a) Entropy  b) Second law of thermodynamics c) Carnot cycle d) Carnot engine 

e) Spontaneous reaction f) Coefficient of performance g) Nernst heat theorem

2. Derive an expression for entropy change for ideal gas associated with pressure changes at 
constant temperature.

3. A process which proceeds on its own, without any outside assistance, is called:

(a) non- spontaneous process (b) irreversible process

(c) spontaneous process (d) reversible process 

4. Entropy is a measure of …………. of molecules in a system.

(a) concentration (b) velocity

(c) thermal motion (d) randomness
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