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The second and third law of thermodynamics 

 

1- Introduction: All natural transformations in an isolated system are spontaneous and not 

influenced by the external environment. The spontaneous transformation is defined as a 

physical or chemical process that occurs on its own under certain conditions without the 

influence of any external factors. It is not necessary for this process (transformation) to be 

fast, as speed is not a crucial factor in determining spontaneity. 

Examples: 

• Heat transfer from a hot body to a cold one, but not the reverse. 

• Rolling of objects from elevated positions to lower ones, but the reverse does not occur 

without external intervention. 

• When two gases are placed in a vessel (A) and a vessel (B) after opening the valve, the two 

gases diffuse into the vessels spontaneously without the intervention of an external 

environment. 

 

Conclusion: These examples illustrate that processes occurring spontaneously in a specific 

direction cannot occur spontaneously in the opposite direction, even though internal energy is 

conserved even in the reverse transformation. This necessitates the existence of a second law 

of thermodynamics, which specifies the spontaneous direction of the transformation. 

2- Second Law Statement: An isolated system undergoing a transformation 

(evolution) cannot return to its initial state. 

3-Carnot cycle of an ideal gas: (Principle of operation of some heat 

engines): 

It is a set of reversible transformations undergone by an ideal gas such that the initial state 

corresponds to the final state, meaning these transformations form a cycle. 

This cycle consists of four reversible transformations, two of which are isothermal and two 

are adiabatic. 
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So, the heat engine takes a quantity of heat from the hot source, and from this 

heat, it produces useful work and transfers a quantity of heat to the cold source. 

 

Within a certain period of time, the system returns to its initial state, thus 

completing a cycle or closed loop, where the loop consists of two 

transformations at constant temperature and two adiabatic transformations. 

Studying the Carnot cycle: 

• The transformation from A to B: 
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• The transformation from B to C: 

 

• The transformation from C to D: 

 

• The transformation from D to A: 

 

From equations (2) and (4), we find: 
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From equation (1), we find: 

 

From equation (3), we find: 

 

So: 

 

It means: 

 

The efficiency of the engine τ: It is the amount of work done by the engine 

on the external medium divided by the amount of heat taken from the 

external medium. 

 

The total internal energy remains conserved during the cyclic 

transformation. 

 

 

 

 

Note: 

To obtain work from a heat cycle, there must be at least two heat sources, 

one hot and the other cold. However, it's not possible to convert all the heat 

into work because the efficiency is less than one, and efficiency is better 

when the temperature difference between the two sources is greater. 
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Practical Example: A heat engine operates according to the Carnot cycle 

between two reservoirs, one hot with a temperature of T1 = 630°C and the 

other cold with a temperature of T2 = 45°C. Calculate the efficiency of the 

heat engine and the work done by the engine if the amount of heat taken 

from the hot reservoir Q1 is equal to 100 Kj. 

Solution: 

 
4- Entropy: 

Through the previous relationship: 

 

Proven in the Carnot cycle, this result can be generalized to any reversible 

cycle for any ideal gas. We define a new function called entropy, 

represented by: S, and its differential expression is: 

 
Entropy is a perfect differential (the integral of this quantity over a cyclic 

transformation is zero), and this relationship is the differential expression 

of the second law. Thus, during a reversible transformation from initial 

state A to final state B along a reversible path, the change in entropy is 

path-independent, where: 

 

 

And its unit is: J/mol. K or cal/mol. K 

Studying the cycle ABA in the case of non-reversible transformation: We 

consider the evolution from the initial state A to the final state B through a 

non-reversible (real) path. 
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We assume the existence of a reversible path that returns the system from 

state B to state A. Therefore, the ABA cycle is non-reversible, and the 

Clausius inequality can be applied: 

 

 

 

So:  
 

Knowing that: 

 

So:  

 
If the system is isolated during the non-reversible path (from A to B), there is no 

heat exchange with the external surroundings. 

So: 

 

 

 

Through the non-reversible ABA cycle, we observe that the entropy of an 

isolated system increases during a real (non-reversible) transformation and 

remains constant during a reversible transformation. 

 
Conclusion: 

• During a real (non-reversible) transformation, the entropy of an isolated system 

increases. 

• During a reversible transformation, the entropy of an isolated system remains 

constant. 

• The universe is an example of an isolated system; therefore, the entropy of the 

universe remains constant during a reversible transformation and increases for a 

non-reversible transformation. The entropy of the universe cannot decrease. 
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The entropy of a system or a closed system: The entropy of a system or a 

closed system is defined by the following relationship: 

 
Where: 

ΔS  : The change in entropy (state function) of a system as it evolves, is the same 

for both reversible and irreversible transformations. 

Δσ : The entropy generated within the system or the system, and based on its 

value, we can determine the nature or type of transformation. 

 

 
ΔeS : The change in entropy acquired from the external surroundings, known as 

the exchange entropy, is not a state function. And it equals the ratio of the 

amount of heat gained by the system to the temperature of the source (the 

temperature of the external surroundings), where: 

 

 

 

 

 The sign of ΔeS is related to the sign of the exchanged heat quantity. 

 To determine the value of ∆σ, it is necessary to know the values of ΔS 

and ΔeS, where: 

 
Special case (isolated system): In this case, there is no heat exchange. 
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The physical interpretation of entropy: Entropy S is a thermodynamic state 

function and is considered a measure of the degree of disorder or randomness of 

the system. 

 
ΔS for physical changes: 

 

 
 

 
The process of dissolving a solid in a liquid: 

 
 

 

The transition from state (1) orderly to state (2) less orderly. 
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So entropy describes the extent of disorder or randomness of the particles 

in the system and the dispersion of energy associated with these particles. 

We summarize in the following table the different physical transformations 

and the sign of the corresponding entropy change. 

 

 
Applying the second law to ideal gases during reversible transformations: 

1- Entropy expression in terms of T and V: 

According to the first law: 

 

 

 

 
Note: 
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2- Entropy expression in terms of T and P: 

 

 
Note: 

 
3- Entropy expression in terms of P and V: 
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By substituting (3) into (1), we find: 

 
Note: 

 
We can summarize all the previous relationships in the following tables for 

the reversible transformation of n moles of an ideal gas: 
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Isothermal transformation 

Q 𝑸 = 𝒏𝑹𝑻𝑳𝒏 (
𝑽𝟐

𝑽𝟏
) = 𝒏𝑹𝑻𝑳𝒏 (

𝑷𝟏

𝑷𝟐
) 

 

W 𝑾 = −𝒏𝑹𝑻𝑳𝒏 (
𝑽𝟐

𝑽𝟏
) = −𝒏𝑹𝑻𝑳𝒏 (

𝑷𝟏

𝑷𝟐
) 

 

ΔU ∆𝑼 = 𝟎    𝟏 𝒂𝒄𝒄𝒐𝒓𝒅𝒊𝒏𝒈 𝒕𝒐 𝒕𝒉𝒆 𝒇𝒊𝒓𝒔𝒕 𝒍𝒂𝒘 𝒐𝒇 𝑱𝒐𝒖𝒍 
 

ΔH ∆𝑯 = 𝟎  𝒂𝒄𝒄𝒐𝒓𝒅𝒊𝒏𝒈 𝒕𝒐 𝒕𝒉𝒆 𝒔𝒆𝒄𝒐𝒏𝒅 𝒍𝒂𝒘 𝒐𝒇 𝑱𝒐𝒖𝒍 
 

ΔS ∆𝑺 = 𝒏𝑹𝑳𝒏 (
𝑽𝟐

𝑽𝟏
) 

∆𝑺 = −𝒏𝑹𝑳𝒏 (
𝑷𝟐

𝑷𝟏
) 

 

Isochoric transformation 

Q 𝑸 = 𝑸𝑽 = ∆𝑼 = 𝒏𝑪𝑽(𝑻𝟐 − 𝑻𝟏) 
 

W 𝑾 = 𝟎 

ΔU ∆𝑼 = 𝒏𝑪𝑽(𝑻𝟐 − 𝑻𝟏) 

ΔH ∆𝑯 = 𝒏𝑪𝑷(𝑻𝟐 − 𝑻𝟏) 

ΔS ∆𝑺 = 𝒏𝑪𝑽𝑳𝒏 (
𝑻𝟐

𝑻𝟏
) 

 

Isobaric transformation 

Q 𝑸 = 𝑸𝑷 = ∆𝑯 = 𝒏𝑪𝑷(𝑻𝟐 − 𝑻𝟏) 
 

W 𝑾 = −𝑷𝟐(𝑽𝟐 − 𝑽𝟏) 
𝑾 = ∆𝑼 − ∆𝑯 

 

ΔU ∆𝑼 = 𝒏𝑪𝑽(𝑻𝟐 − 𝑻𝟏) 

ΔH ∆𝐻 = 𝒏𝑪𝑷(𝑻𝟐 − 𝑻𝟏) 

ΔS ∆𝑺 = 𝒏𝑪𝑷𝑳𝒏 (
𝑻𝟐

𝑻𝟏
) 
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Adiabatic transformation 

Q 𝑸 = 𝟎 
 

W 𝑾 =  ∆𝑼 = 𝒏𝑪𝑽(𝑻𝟐 − 𝑻𝟏) 
 

𝑾 =
𝑷𝟐𝑽𝟐 − 𝑷𝟏𝑽𝟏

𝜸 − 𝟏
 

ΔU ∆𝑼 = 𝒏𝑪𝑽(𝑻𝟐 − 𝑻𝟏) 

ΔH ∆𝐻 = 𝒏𝑪𝑷(𝑻𝟐 − 𝑻𝟏) 

ΔS ∆𝑺 = 𝟎 

 

Types of Entropy: 

1- Entropy Change of State: At constant pressure (P Cst) and constant 

temperature (T Cst). During a phase change of a pure substance, the pressure 

remains constant and equals atmospheric pressure, and likewise, the temperature 

of the phase change remains constant. In this case, the change in entropy equals: 

 

 
L: Latent heat (J/mol ; cal/mol) 

 

Example : 

Calculate the change in entropy ΔS corresponding to this transformation: 
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2- Mixture Entropy: 

2-1) Two different gases at constant temperature: Let's consider two different 

gases present in separate containers, insulated from each other by a heat-

insulating cover, as systems under the same pressure and temperature. 
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Where : 

ni : the number of moles of gas i. 

xi : The molar fraction of gas i. 

Example: 

Calculate ΔS corresponding to the preparation of a mixture consisting of 1 mole 

of oxygen gas and 2 moles of hydrogen gas, assuming no chemical reaction 

between them and that it is reversible. 

solution: 

 

 

 

 

2-2) Two gases of the same nature at different temperatures: 

 

After removing the barrier and at thermal equilibrium, we have: 

 

 

Assuming the gas is an ideal gas and CP is constant, then: 
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Practical Example 1: A setup consists of two equally sized insulated containers 

connected by a valve. We place 1 mole of gas in one of them and completely 

evacuate the other. Calculate the change in entropy when the valve is opened 

between the containers, allowing the gas to spread throughout the entire volume. 

(Temperature remains constant). 

 

 

Practical Example 2: 

Calculate the change in entropy and the work done for a gas compression 

process at constant temperature from the initial state (T1 = 15°C; V1 = 0.03 m3; 

P1 = 1.05 atm) to the final state (P2 = 4.2 atm). 

 

 Solution:  

Calculate n: 

 

Let's calculate the work: 
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Second method : 

 

The third Law of thermodynamics: 

Introduction: The experiments conducted by both Nernst and Planck on solid bodies 

at low temperatures have demonstrated that the specific heat of solid bodies decreases 

significantly. 

 

Text of the third law principle: 

The entropy of a pure crystalline solid in its most stable form is zero at absolute zero, 

and we write: 

 

 

From the results of this principle, the following are observed: 

1- The specific heat of all bodies tends towards zero as the temperature approaches 

absolute zero. 

2- At absolute zero, the internal motion of molecules becomes nonexistent, thus the 

crystalline body is in a state of maximum regularity and its corresponding entropy is 

zero. After raising the temperature, molecules begin to move randomly, increasing the 

state of disorder and consequently increasing entropy. 

3- This principle allows us to calculate absolute entropy at temperatures other than 

absolute zero using the aforementioned relationships. 

Example: 

 

 

At absolute zero, water exists in a solid state, and from it: 

 

  



18 
 

The absolute entropy of a pure substance at T °K: We consider 1 mole of a pure 

substance and raise its temperature from 0 °K to T °K at constant pressure: 

 

 

 

Special cases: 

1- Calculation of the absolute entropy under standard conditions S°298 K: If the solid 

remains solid under standard conditions, then: 

 

The following table provides some values of absolute entropy under standard conditions 

for some elements: 

 

 2- Calculation of the absolute entropy at temperature T °K:  

 

 

In case there is no change in physical state during the temperature change from 298 °K 

to T °K. 
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Chemical reaction entropy: 

 The change in entropy for a chemical reaction at constant 

temperature is calculated using Hess's law. 

 In standard conditions (P = 1 atm, T = 298 °K), the change in entropy 

for a reaction is given by the following equation: 

 

 
 In the case of variable temperature, the change in entropy is 

calculated using Kirchhoff's law (assuming no change in physical 

state for the reactants and products during the temperature change): 

 
Examples: 

1- Let the chemical reaction be: 

 
The change in entropy for this reaction is: 

 
2 - Let the chemical reaction be: 
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The change in entropy for this reaction is: 

 

 

Practical Example 1: 

1- Calculate the standard molar absolute entropy of water at 298 °K, where: 

= 10,28 cal/mol.k SO)2(H273; S° = 1440 cal/mol SO)2(H fus,273HΔ 

CP(H2O)L = (11,2+7,17.10-3T) 

2- Calculate the change in standard molar entropy for the formation of water at 298 °K, 

where: 

  )g = 49 cal/mol.K2(O298;   S° )g = 31,21 cal/mol.K2(H298S° 
 

Solution: 

1- Calculating the standard molar absolute entropy of water at 298 °K: 
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2- Calculating the change in standard molar entropy for the formation reaction of water 

at 298 °K. 

 
 

Practical Example 2: 

Let the following chemical reaction be: 

 

 

Calculate ΔS° for this reaction at: 

• Temperature 298 °K. 

• Temperature 300 °K where water is in the liquid state. 

• Temperature 400 °K where water is in the gaseous state. 

Given: at T = 25 °C and P = 1 atm. 

 

 

Solution: 

• Calculating ΔS° at a temperature of 298 °K: 

 

 

 
• Calculating ΔS° at a temperature of 300 °K 
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There is no change in the physical state for the reactants or the products during the 

temperature change from 298 °K to 300 °K. Therefore, according to Kirchhoff's law: 

 

 

• Calculating ΔS° at a temperature of 400 °K. 

When the temperature is raised to 400 °K, water converts to the gaseous 

state. 
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Practical Example 3: 

The following figure represents a Clapeyron diagram for the three 

transformations undergone by 1 mole of an ideal gas, forming a closed 

cycle. 
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Calculating ΔS for the cycle: 

 

 

 

 

 

 

 

 

 

 

 




