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According To The Second Law Of Thermodynamics, In Order For A Reaction To Be
Spontaneous Which Value, understanding the concept of entropy and its role in thermodynamics is
essential. This principle provides a foundational framework for predicting whether a chemical or
physical process will occur naturally without external intervention. In this article, we will explore the
second law of thermodynamics, define key thermodynamic quantities, and examine the specific value
that determines reaction spontaneity.

Understanding the Second Law of Thermodynamics

What Is the Second Law of Thermodynamics?
The second law of thermodynamics states that the total entropy of an isolated system can never
decrease over time. Entropy, often associated with disorder or randomness, tends to increase in
natural processes, leading systems toward equilibrium. This law explains why certain reactions occur
spontaneously, while others require external energy input.

Key Concepts in the Second Law
- Entropy (S): A measure of the disorder or randomness of a system.
- Spontaneous Process: A process that occurs naturally without external energy input.
- Reversible Process: A theoretical process that occurs infinitely slowly, with no entropy production.
- Irreversible Process: Real-world processes that increase the total entropy.

Thermodynamic Quantities Essential to Spontaneity

Enthalpy (H)
Enthalpy reflects the heat content of a system at constant pressure. Exothermic reactions release
heat (negative ΔH), while endothermic reactions absorb heat (positive ΔH).

Entropy (S)
As mentioned, entropy indicates the degree of disorder. A higher entropy value signifies a more
disordered state.



Gibbs Free Energy (G)
Gibbs free energy combines enthalpy and entropy to predict reaction spontaneity at constant
temperature and pressure:
\[ G = H - T S \]
where:
- G: Gibbs free energy
- H: Enthalpy
- T: Temperature in Kelvin
- S: Entropy

Gibbs free energy is the most critical thermodynamic potential for determining spontaneity.

Gibbs Free Energy and Reaction Spontaneity

Change in Gibbs Free Energy (ΔG)
The key to understanding whether a reaction is spontaneous lies in the change in Gibbs free energy:
\[ \Delta G = \Delta H - T \Delta S \]
- ΔG < 0: The reaction is spontaneous.
- ΔG = 0: The system is at equilibrium.
- ΔG > 0: The reaction is non-spontaneous; it requires energy input.

This equation applies at constant temperature and pressure, common conditions in chemical
reactions.

Interpreting ΔG Values
- Negative ΔG: Indicates that the process can proceed spontaneously in the forward direction.
- Zero ΔG: The system is at equilibrium; no net change occurs.
- Positive ΔG: The process is non-spontaneous; the reaction favors the reverse direction unless driven
by external energy.

The Critical Value for Spontaneity

Determining the Sign of ΔG
The fundamental value that dictates spontaneity is the sign of ΔG. To predict whether a reaction will
occur spontaneously, scientists analyze the thermodynamic parameters involved:

- If ΔH is negative (exothermic) and ΔS is positive (entropy increases), then ΔG will be negative at all
temperatures, favoring spontaneity.
- If ΔH is positive (endothermic) and ΔS is negative (entropy decreases), then ΔG will be positive at all
temperatures, indicating non-spontaneity.



- For other combinations, the temperature influences the spontaneity, and the critical temperature
where ΔG changes sign can be calculated.

Critical Temperature (Tc)
When ΔH and ΔS have opposite signs, the temperature at which ΔG becomes zero is known as the
critical temperature:
\[ T_c = \frac{\Delta H}{\Delta S} \]
- Below Tc, ΔG may be positive or negative depending on the signs.
- Above Tc, ΔG may change sign, altering the spontaneity.

Therefore, the key value is the sign of ΔG, which depends on ΔH, ΔS, and temperature.

Practical Examples of Reaction Spontaneity

Example 1: Spontaneous Exothermic Reaction
Suppose a reaction has:
- ΔH = -100 kJ/mol (exothermic)
- ΔS = +50 J/(mol·K) (entropy increases)
Calculating ΔG at T = 298 K:
\[ \Delta G = -100,000\, \text{J/mol} - (298\, \text{K} \times 50\, \text{J/(mol·K)}) \]
\[ \Delta G = -100,000 - 14,900 = -114,900\, \text{J/mol} \]
Since ΔG < 0, the reaction is spontaneous at this temperature.

Example 2: Endothermic Reaction with Negative Entropy
Change
Suppose:
- ΔH = +80 kJ/mol
- ΔS = -20 J/(mol·K)
Calculate Tc:
\[ T_c = \frac{80,000}{-20} = -4000\, \text{K} \]
A negative critical temperature indicates the reaction is non-spontaneous at all positive temperatures.

The Role of Temperature in Reaction Spontaneity

Temperature plays a pivotal role in determining spontaneity when ΔH and ΔS have opposite signs:
- For reactions with positive ΔH and positive ΔS, increasing temperature favors spontaneity.
- For reactions with negative ΔH and negative ΔS, decreasing temperature favors spontaneity.
- When both ΔH and ΔS are positive or negative, temperature effects are less significant; the sign of
ΔG remains consistent across temperatures.



Summary: The Key Value for Reaction Spontaneity

In conclusion, the critical value that determines whether a reaction is spontaneous according to the
second law of thermodynamics is the sign of ΔG (Gibbs free energy change):
- ΔG < 0: Reaction is spontaneous.
- ΔG = 0: System is at equilibrium.
- ΔG > 0: Reaction is non-spontaneous.

The calculation of ΔG involves understanding the thermodynamic parameters ΔH, ΔS, and
temperature. Recognizing the interplay of these factors allows chemists and engineers to predict
reaction behavior and design processes accordingly.

Final Thoughts
Understanding the second law of thermodynamics and the critical role of Gibbs free energy is
fundamental in fields ranging from chemical engineering to biochemistry. By analyzing the
thermodynamic quantities involved, one can predict the spontaneity of reactions and optimize
conditions for desired outcomes. Whether working on industrial synthesis, environmental processes,
or biological systems, grasping the concept of ΔG and its key value—its sign—is essential for scientific
and practical advancements.

Frequently Asked Questions

According to the second law of thermodynamics, what change
in entropy is required for a reaction to be spontaneous?
The total entropy of the system and surroundings must increase, meaning the change in entropy (ΔS)
should be positive for spontaneity.

In the context of the second law of thermodynamics, what is
the significance of a positive ΔS for a reaction?
A positive ΔS indicates an increase in disorder or randomness, which favors a spontaneous process
under the second law.

For a chemical reaction to be spontaneous, what must happen
to the entropy of the universe?
The entropy of the universe must increase, which typically requires that the overall ΔS (system plus
surroundings) be greater than zero.

How does the second law of thermodynamics relate to the



spontaneity of a reaction in terms of entropy change?
It states that reactions are spontaneous when the total entropy change (ΔSuniverse) is positive, often
driven by an increase in entropy within the system or surroundings.

What is the criterion involving entropy change that
determines whether a reaction occurs spontaneously
according to the second law?
The reaction is spontaneous if the entropy change of the universe (ΔSuniverse) is positive, which
generally means ΔS system + ΔS surroundings > 0.

Additional Resources
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Introduction

The Second Law of Thermodynamics is a fundamental principle that governs the direction of energy
transfer and transformation within physical systems. It is pivotal in understanding the spontaneity of
chemical reactions, the behavior of engines, and the evolution of the universe itself. A core question
that arises in thermodynamics and chemistry is: According to the second law of thermodynamics, in
order for a reaction to be spontaneous, which value must it exhibit? This inquiry is not merely
academic; it underpins the practical design of chemical processes, the prediction of reaction
pathways, and the interpretation of natural phenomena.

In this comprehensive review, we delve into the core concepts of the second law of thermodynamics,
dissect the thermodynamic criteria for spontaneity, and elucidate the significance of entropy and
related variables. Our goal is to clarify the conditions under which a chemical or physical process
proceeds spontaneously, emphasizing the critical thermodynamic parameters involved.

---

The Second Law of Thermodynamics: Foundational Principles

Historical Context and Formulation

The second law was formulated in the 19th century to describe the irreversibility of natural processes.
Unlike the first law, which states the conservation of energy, the second law introduces the concept of
entropy, a measure of disorder or the number of microscopic configurations consistent with a
macroscopic state.

The classic statement by Clausius is:

> "The entropy of the universe tends to a maximum."



This implies that spontaneous processes increase the total entropy of an isolated system (system plus
surroundings).

Key Concepts

- Entropy (S): A state function quantifying the degree of disorder.
- Reversible Process: A hypothetical process with no net change in entropy.
- Irreversible Process: Real processes that increase the total entropy of the universe.

---

Thermodynamic Criteria for Spontaneity

Gibbs Free Energy: The Central Criterion

While entropy is fundamental, the most practical criterion for spontaneity in chemical
reactions—especially at constant temperature and pressure—is given by the Gibbs free energy (G).

Gibbs Free Energy (G):

\[ G = H - TS \]

Where:
- H: Enthalpy (heat content)
- T: Temperature in Kelvin
- S: Entropy

Spontaneity Condition:

\[ \text{At constant T and P:} \quad \Delta G < 0 \Rightarrow \text{Reaction is spontaneous} \]

This criterion simplifies the analysis of chemical reactions, linking enthalpy and entropy changes to
spontaneity.

Relation between Entropy and Gibbs Free Energy

The change in Gibbs free energy for a process is related to entropy changes as:

\[ \Delta G = \Delta H - T \Delta S \]

Where:
- \(\Delta H\): Change in enthalpy
- \(\Delta S\): Change in entropy

The sign and magnitude of \(\Delta G\) determine whether a reaction proceeds spontaneously.

---

The Role of Entropy in Spontaneity

Entropy Change (\(\Delta S\))



The second law emphasizes the importance of entropy change in determining spontaneity. For a
process:

- \(\Delta S_{\text{universe}} = \Delta S_{\text{system}} + \Delta S_{\text{surroundings}}\)

Spontaneous processes are characterized by:

\[ \Delta S_{\text{universe}} > 0 \]

This principle applies broadly, but in chemical thermodynamics, the focus often shifts to the system's
entropy change (\(\Delta S\)), especially when considering reactions at constant T and P.

When is a Reaction Spontaneous?

- If \(\Delta S > 0\), the system's disorder increases.
- If \(\Delta S < 0\), the system's disorder decreases, but the process may still be spontaneous if the
surroundings' entropy increase compensates.
- Overall, the total entropy change (\(\Delta S_{\text{universe}}\)) must be positive for spontaneity.

---

Quantitative Analysis of Spontaneity

Standard Gibbs Free Energy Change (\(\Delta G^\circ\))

For reactions under standard conditions, the change in Gibbs free energy is tabulated:

\[ \Delta G^\circ = -RT \ln K \]

Where:
- \(R\): Universal gas constant
- \(T\): Temperature
- \(K\): Equilibrium constant

Implication:

- \(\Delta G^\circ < 0\), reaction proceeds spontaneously forward; \(K > 1\)
- \(\Delta G^\circ > 0\), reaction proceeds spontaneously in reverse; \(K < 1\)

---

Practical Implications and Examples

Spontaneity in Chemical Reactions

- Combustion reactions, such as methane burning, have negative \(\Delta G\), indicating spontaneity.
- The synthesis of complex molecules often requires energy input, corresponding to positive \(\Delta
G\), thus non-spontaneous.

Temperature Dependence



Some reactions are spontaneous only at certain temperatures, depending on the signs and
magnitudes of \(\Delta H\) and \(\Delta S\):

- If \(\Delta H < 0\) and \(\Delta S > 0\), the reaction is spontaneous at all temperatures.
- If \(\Delta H > 0\) and \(\Delta S < 0\), the reaction is non-spontaneous at all temperatures.
- If \(\Delta H\) and \(\Delta S\) have the same sign, temperature determines spontaneity.

---

Summary: The Key Value for Spontaneity

Based on the thermodynamic principles discussed, the critical value that determines whether a
reaction is spontaneous, according to the second law of thermodynamics, is:

The change in Gibbs free energy (\(\Delta G\)) must be negative (\(< 0\)).

This condition encapsulates the combined effects of enthalpy and entropy changes at constant
temperature and pressure, providing a practical and predictive criterion for spontaneity in chemical
processes.

---

Conclusion

The second law of thermodynamics is an elegant and powerful framework that explains the
directionality of natural processes. In the context of chemical reactions, the key thermodynamic
parameter is the Gibbs free energy, with the criterion:

A reaction is spontaneous if and only if \(\Delta G < 0\).

This condition integrates the concepts of enthalpy and entropy, reflecting the balance between
energy content and disorder. Understanding this criterion not only aids in predicting reaction behavior
but also guides the design of chemical processes, energy systems, and even the interpretation of
natural phenomena.

By mastering the relationship between the second law and Gibbs free energy, chemists and physicists
can better harness the principles governing spontaneity, efficiency, and the evolution of complex
systems.

---
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