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CHAPTER INTRODUCTION

Course has five chapters. Under this theme we have covered the following

topics:
S. No Module No Unit No
01 Module 01 Classical Thermodynamics
Unit 01 Law of thermodynamics
Unit 02 Free Energy & Chemical Potential
Unit 03 Fugacity & Its Determination Partial
Unit 04 Molar Properties
Unit 05 Non-ldeal Systems
Unit 06 Phase Rule & Phase Transitions
02 Module 02 Statistical Thermodynamics:
Unit 07 Statistical Thermals
Unit 08 Partition Functions & Thermal Properties
Unit 09 Non-Equilibrium Thermodynamics
Unit 10 Thermodynamics  for biological systems,
coupled. Reactions
03 Module 03 Electrodics:
Unit 11 Electrodes & Electrochemical Cells
Unit 12 Electrode Potential & Liquid Junction
Potential
Unit 13 Double Layer Theory & Electro capillarity
Unit 14 Mechanisms of Charge Transfer Theoretical
Unit 15 Models
04 Module 04 Electrochemistry:
Unit 16 Debye-Hiickel Theory
Unit 17 lon-Solvent Interactions
Unit 18 Models of Electrified Interfaces
Kinetics of Electrode Rejoinders
05 Module 05 Surface Chemistry & Micelles
Unit 19 Adsorption Phenomena
Unit 20 Electro Kinetic Phenomena
Unit 21 Micelles & Surface-Active Agents

This book aims to provide a comprehensive understanding of thermodynamics, starting with
classical principles and extending to statistical and non-equilibrium approaches, enabling
students to analyze energy transformations and system behavior at macroscopic and
microscopic levels. Building upon this foundation, the course delves into electrodics and
electrochemistry, exploring the fundamental principles governing electrochemical reactions,
electrode interfaces, and their applications in various electrochemical cells and processes.
Finally, the course introduces the concepts of surface chemistry and micelles, focusing on
interfacial phenomena, adsorption, surface tension, and the self-assembly of amphiphilic
molecules, highlighting their crucial roles in diverse chemical and biological systems.



MODULE 1
CLASSICAL THERMODYNAMICS
Learning objectives-

¢ Explain the Zeroth, First, Second, and Third Laws of Thermodynamics
and their engineering significance.
¢ Apply the First and Second Laws to analyze energy and entropy changes
in closed and open systems.
¢ Calculate thermodynamic properties of pure substances using equations
of state, property tables, and charts.
¢ Analyze the performance of ideal and real thermodynamic cycles such
as Carnot, Rankine, Otto, and Brayton.
¢ Evaluate energy conversion processes for efficiency and sustainability
using entropy and exergy principles.

1.1 Laws of Thermodynamics

1.1 Introduction - It relies on (almost) all results from thermals that was
founded & developed in the late 19th century. The Laws of Thermals
describe how energy (abilty to work) transfers within systems & how it

changes from one form to the other.

Laws of Thermodynamics

Zeroeth law First law
Temperature Conservation of Energy
Two systems in equilibrium with a Energy can change forms, but is
third system are in thermal neither created nor destroyed.

equilibrium with each other. // total \ -

A= Jvk = 4‘4, <¢ ‘e Cld

Second law Third law
Entropy of an isolated system always| Entropy of a system approaches a
increases. constant as temperature approaches
T absolute zero.

entropy &

SCiEﬂCEﬂD[ES.OI’g
These principles are deeply consequential in multiple areas — from
engineering & chemistry to biology & cosmology. What follows is a
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detailed tour through the four laws of thermals, starting with the most
underrepresented of them all: The Zeroth Law, moving onto the more pre

defined First, Second & Third Laws.

1.1.1The Zeroth Law of Thermodynamics

If two thermal systems are in thermal equilibrium with a third system, then
the two thermal systems are also in thermal equilibrium with each other.
More formally, if systems A & C are at the same temperature, & systems
B & C are at the same temperature, then systems A & B must be at the
same temperature. This transitive property might seem self-evident, but it

has deep consequences for how we learn temperature.

Thermal equilibrium is reached where two systems in thermal contact do
not transfer heat energy (abilty to work) anymore. None of them has
added any more heat or coolness. So in this context Duckies from the pool
of systems become 1.0 (Q=0) i.e. if the flow of heat for two systems is
equal zero (Q=0), then the system will be forced to come into contact with
each other as the temperature can be the same for the two while all other
properties of the system can be different. Hence Q=0 proves the zeroth law
& hence it establishes temperature as the inquired property for temperature
measurement. This law, there is no well-founded learning of what
temperature is. The most practical example of the Zeroth Law is in
thermometry. Similarly, when we wish to measure the temperature of
some system we place it in contact with a thermometer, & wait until the
thermometer & system are at thermal equilibrium. At this stage, the
reading of the thermometer shows the value of distension, in other words
both, the temperature of the thermometer itself, & also of the system.
Reassuringly, the Zeroth Law states that if multiple thermometers
equilibrate with the same system, they will read the same temperature,
assuring consistency in temperature determination. The descriptor
"Zeroth Law" emphasizes its basic importance & position relative to the
development of thermal theory. Ralph Fowler named it in the 1930s,
realizing that this principle was more fundamental than what had already

been pre defined as the First & Second Laws. Its strange numbering
2
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reflects both its elemental role & its order of discovery. Though simple,
the Zeroth Law lies at the heart of the whole structure of thermals by
allowing a rigorous starting point of temperature comparison. It provides
the theoretical underpinning for the other thermal laws, allowing for a
coherent framework to learn heat transfer & energy (abilty to work)

transformations.
1.1.2 First Law of Thermodynamics :

The First Law of thermodynamics is one of the most basic & universal
laws of all physical science: energy (abilty to work) cannot be created or
destroyed, only changed from one form to another. Energy (abilty to work)
conservation serves as the underlying principle on which energy (abilty

to work) is accounted for as it traverses systems & transforms.

The First Law of Thermodynamics

Energy Energy
Before After

:

AR
0

The First Law is usually formulated mathematically as:

AU =g+ w

Where AU is the change in internal energy (abilty to work) of a system,
Q is the heat added to the system systems

W is the work done on the system.

3
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Heat (Q) — the energy (abilty to work) transferred between systems as a
result of their temperature difference. When two bodies with different
temperatures contact each other, heat will transfer from the hotter body to
the cooler body until equilibrium occurs between the two bodies from a
temperature position. We experience this energy (abilty to work) transfer

as heat.

Work (W) is the energy (abilty to work) transfer in the case that a force
moves something through a distance. In thermals, work sometimes takes
the form of volume fluctuations against some outside pressure, like the
expansion or compression of a gas. We define work as: W = PAV =>

where P is pressure & AV is the change in volume.

The First Law has several important corollaries. But for an isolated
system, for which no heat can enter from the outside (Q = 0) nor any work
can be done (W = 0) from the outside, it must be that the internal energy
(abilty to work) does not change (AU = 0) either. This has confirmed our
intuition that energy (abilty to work) shall be conserved in an isolated

system.

The first law suggests a very useful state function, enthalpy (H), for

processes occurring at constant pressure. Enthalpy is defined as:

H=U+PV

U is internal energy (abilty to work), P is pressure, & V is volume. The
heat transferred during a process at constant pressure is equal to the change

in enthalpy (AH) for that process:

AH=Q p

This relation between internal energy (abilty to work) & pressure makes
enthalpy very useful in chemistry & engineering, where many rejoinders

& processes occur at constant pressure. The enthalpy change is also in

4
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direct relation to the quantity of heat absorbed or released during

processes that occur at constant pressure.

PHYSICAL

The First Law also is introduced with several process classifications that CHEMISTRY

. . I1
are again heart & soul to any thermal analysis:

e Ifyour process is isothermal the temperature stays the same.

e In the case of adiabatic processes, Q = 0, there is no heat transfer
with the surroundings.

e Upon the isobaric process there is a constant pressure
environment.

e Isochoric (or isovolumetric) processes are those which occur at

constant volume.

All of these processes differ in the way energy (abilty to work) is

conserved & transformed.

The First Law may be powerful & universal but is not without its
limitations. It speaks to us of the conservation of energy (abilty to work),
but says nothing about the direction of spontaneous changes, nor of
energy (abilty to work) quality. It doesn’t account for why heat’s transfer
is always in the direction of the hot body to the cold, never the opposite,
or why some processes happen spontaneously & others don’t. These
constraints also gave rise to the Second Law, which describes the quality

of energy (abilty to work) & the irreversibility of natural processes.
1.1.3 The Second Law of Thermodynamics: Entropy & Spontaneity

Nevertheless, the Second Law of thermals creates an essential asymmetry
regarding our comprehension of natural processes. The First Law indicates
energy (abilty to work) is conserved in all processes, & Second Law
describe why so many processes go spontaneously in only one direction &

not the other, though both directions are compatible with the First Law.

5
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The Second Law can be phrased in many equivalent forms:

e The principle of increase of entropy states that heat cannot
spontaneously flow from a colder body to a hotter body (Clausius
statement).

e Impossible to devise a cyclical process that produces no effect
other than the transfer of heat from a colder to a hotter body
(Kelvin-Planck statement).

e The entropy of an isolated system never diminshes; it may only

change if the process is reversible (entropy inequality).

The Second Law itself revolves around the concept of entropy (S).
Entropy is commonly referred to as a measure of disorder or r&omness in
a system; nevertheless, more accurately, entropy represents the number of
possible microscopic configurations (micros State) that could result in the
observed macroscopic state of a system. The more ways you can arrange

the individual constituents of a system the higher the entropy.

In mathematical terms, for a reversible process the change in entropy is

specified by:

AS =J(dQ rev/T)

6
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Here, dQ rev is the heat being exchanged in a reversible process & T is
the absolute temperature. The Clausius equality, which becomes an

inequality for irreversible (real-world) processes:
AS > [(dQ/T)

This is called the Clausius inequality, & it certainly expresses the Second
Law’s statement that any real process in an isolated system must result in

an increase in entropy.

For an isolated system (one that is not exchanging matter or energy (abilty
to work) with the rest of the universe), the Second Law states in its most
common form that any spontaneous process will increase the entropy of
the system. This gives an unambiguous criterion for spontaneity: processes
that have the potential to raise the total entropy of an isolated system are
spontaneous processes, while those that would cause a drop in total
entropy will only occur if an external influence causes them to happen.
For non-isolated systems, we have to consider both system &
surroundings. The total entropy change determines whether the rejoinder

will occur spontaneously:

e Where the total change in entropy, AS total, is equal to the change
in entropy of the system, AS_system, plus the change in entropy of
the surroundings, AS surroundings.

e A spontaneous process occurs if AS total > 0. If AS total =0, then
the process is at equilibrium. AS total O then the process is non-
Spontaneous.

e From a perspective of determining spontaneity, this relationship
gracefully summarizes the battle of enthalpy (energy (abilty to

work) minimization) versus entropy (maximization).

The implications of the Second Law are deep & far-reaching in how
energy (abilty to work) can be converted. It sets basic boundaries on the

performance of heat engines, which transform thermal energy (abilty to
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work) into mechanical work. Carnot efficiency gives us the maximum

possible efficiency:

n._max=1-T cold/T hot

T cold is absolute temperature of the cold reservoir & T hot is the
absolute temperature of the hot reservoir. This means that no heat engine
can operate at 100% efficiency unless the cold reservoir is at absolute

zero, which the Third Law prohibits.

This Second Law also brings with it the concept of irreversibility. In most
real-world processes, some energy (abilty to work) is lost to the
surroundings, & the total entropy of the universe increases, meaning that
processes can never be reversible without further energy (abilty to work)
input. Friction, heat transfer across finite temperature differences, &
unrestrained expansion are among the common sources of irreversibility.
Most profoundly, perhaps, the Second Law is an allusion to a “thermal
arrow of time.” Although most physical laws are time-symmetric (they
work the same way forward & back), the Second Law provides a distinct
arrow to time. It also describe why broken eggs don’t spontaneously
reassemble, why heat flows in the direction from hot to cold, & why the

universe seems to be tending to a state of ever-greater disorder.

1.1.4 The Third Law of Thermodynamics : Absolute Entropy &

Towards Zero Kelvin

The Third Law of the thermals finishes the basic framework concerning
the behavior of systems made when they approach a temperature called
absolute zero. This law serves as a reference point for entropy calculations

& sets theoretical limits on our ability to achieve absolute zero.

8
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Ares= entropy change,
between two different
femperalures.

heat capacity (C)

Temperature (kelin)

The Third Law can be expressed as follows:

As a system approaches absolute zero T — 0 K (-273.15 °C), the entropy
of a perfect crystal approaches a well defined number. Hence, it can be

taken as zero.

Increasing
temperature

—

lim(T—0) S =0

There are several important implications of this statement. It seems to be
doing two things, first it sets a reference to absolute entropy values. The

Third Law allows us to assign absolute values of entropy at any

9
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temperature to any substance, by integrating the heat capacity from 0 K

to the desired temperature:
S(T) = J(0—T) (C_p/T)dT

C pisthe heat capacity at constant pressure. That enables us to compute
entropy values as opposed to only differences in entropies, which can be

useful for melting points or rejoinder entropies or other thermal quantities.

THIRD LAVW OF TERMODYNAMICS

S - So = Ke INO

The Third Law likewise entails that one cannot achieve zero temperature
in a finite number of steps or operations. Due to the fact that the entropy
of the system & the environment works at the same time, when the system
gets very close to finding absolute zero in the process, it becomes more &
more difficult to extract energy (abilty to work), because it is equally in a
state of equilibrium. This is called the principle of unattainability. The
stipulation that a perfect crystal possesses zero entropy at absolute zero
arises from the statistical definition of entropy. At absolute zero, a perfect
crystal has only one possible microscopic arrangement (microstate)
corresponding to the ground state. If there's only one possible microstate,
then the entropy (which is proportional to the log of the number of

microstates) is zero.

In reality, though, materials behave far from this ideal. & this is because
many substances still have states left over, even at very low temperatures,

for example close to |0| due to:

e E.g. molecular disorder, where molecules can take several

equivalent orientations.

10
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e Hotisotopic variations, where different isotopes of the same
element can have different distributions in the crystal lattice of a
lattice.

e Defects at the structural level that allows many possible

microscopic configurations.

For instance, ice has a large residual entropy since there are so many
configurations of hydrogen bonding that can occur between water

molecules even with crystallization, as described in the article above.

There are significant practical implications of the Third Law especially in
chemical thermals. This facilitates the calculation of the pre defined
entropy values found in thermal tables, which are used to calculate the
entropy changes for chemical rejoinders. The Steam Tables are based on
the Third Law of thermals & thus utilized when it comes to defining the
absolute entropy values but when it comes to calculating steam you can

get data simply using a reference temperature of 298.15 K (25°C).

Not only does the Third Law supply a reference point for entropy, but it
also has implications for other thermal properties at extreme low
temperatures. As temperatures reach [this Tiezen temperature,] i.e. close

to absolute zero:

e Heat capacities approach zero

e Thermal expansion coefficients tend to zero

e LETOH KIN II Rejoinder rates slow down dramatically

e Numerous materials display quantum  effects  like

superconductivity or superfluidity

The Third Law has cosmological implications as well, informing our
learning of the ultimate fate of the universe. Along with the Second Law,
it implies that the universe, continue to bigger in size & cool, will evolve
toward maximum entropy—what is sometimes referred to as the “heat
death” of the universe—when it becomes impossible to extract more work
of any practical sort.

11
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1.1.5 Learning Laws & Their Connections

Although each of the four laws of thermals can be expressed in different

terms & has differing consequences, they are interrelated & collectively

describe the movement of energy (abilty to work) & matter within the

universe. These laws build on one another for a comprehensive picture of

thermal systems.

1.

Zeroth Law: Basis for temperature measurement, In a nutshell,
there is a temperature, it is possible to compare the degree of hot
& cold of an object to another & learn the system of thermal
equilibrium. Without this law, we would have no way to compare
temperatures in a meaningful way or to figure out how long it will
be until systems interact thermally by transferring heat.

The first law: The first law introduces the concept of conservation
of energy (abilty to work), defines internal energy (abilty to work),
& states that energy (abilty to work) transformations must be
balanced. It enables us to follow energy (abilty to work) as it
moves & transforms, but it doesn’t suggest which processes will
happen spontaneously.

The Second Law: Entropy & the arrow of time. Its formulated the
second law, which states that the total entropy of isolated systems
tends to a maximum value & defined certain conditions for
spontaneity.

The Third Law makes the picture comprehensive: It establishes a
reference point for absolute entropy values & describes how

systems behave as they approach absolute zero temperature.

When considered together, they form a consistent set of constructs that

have been incredibly potent in a wide range of science & engineering

domains. The interrelations of the laws become particularly apparent when

scrutinizing complex processes:

12
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e The Zeroth Law of Thermals states that when two systems at
different temperatures come in contact with each other, they
eventually reach thermal equilibrium.

e As this happens, the First Law tells us that the energy (abilty to
work) specified up by the hotter system is equal to the energy
(abilty to work) taken up by the cooler one, maintaining total
energy (abilty to work).

e The Second Law describes how heat flows from hot to cold &
never the opposite, & quantifies the rise in entropy that occurs
whenever this irreversible process takes place.

e The baseline provided by the Third Law lets us use this
relationship to find absolute entropies for both systems so that the
entropy change can be determined exactly.

e This cross-scale framework has held reliably from subatomic
particles to galactic clusters, rendering thermals one of the most

ubiquitous & durable physical sciences.

1.1.6 History of Development & Philosophical Aspect

Thermals was developed as a coherent scientific discipline throughout the
19th century, largely motivated by practical issues with the steam engine
& the industrial revolution. The historical progression of thermal concepts
provides a window on how scientific knowledge evolves in response to
technological challenges & theoretical conundrums. The First Law was
derived from the foundational discoveries by scientists such as James
Joule, Julius Robert Mayer, & Hermann von Helmholtz, who each pre
defined that heat & work are equivalent forms of energy (abilty to work)
& even enunciated their principles of conservation. & so they pre defined
energy (abilty to work) as a conserved quantity with their experiments
demonstrating that you could turn mechanical work into heat with the

abuse of a fixed ratio.

The Second Law took shape through the work of Sadi Carnot, Rudolf
Clausius, William Thomson (Lord Kelvin) & Ludwig Boltzmann. While
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Carnot's analysis of heat engines provided the foundation, Clausius
developed the notion of entropy. Later, Boltzmann gave the statistical
interpretation of entropy, linking thermals to the molecular structure of
matter. Although implicit reference to temperature equilibrium had been
made long before by philosophers, the Zeroth Law itself had not been
formally stated until the 1930s by Ralph Fowler. It was this historical
quirk that resulted in the odd numbering. In fact, the third law emerged
largely through the labored efforts of Walther Nernst in the early 1900s,
& it was subsequently fine-tuned by Max Planck & others. Its formulation
was the final piece of the basic thermal puzzle. The laws of thermals have
deep philosophical implications beyond their practical applications. The
Second Law, especially, has inspired much philosophical speculation
about the nature of time, the determinants of irreversibility, & the ultimate
destiny of the cosmos. Of course, the notion of entropy has migrated from
physics to information theory, where it measures the information content,
to accounts of complexity & order in various systems. This insight that
information processing costs energy (abilty to work) (formalized in
Lé&auer’s principle) bridges thermals & computation, with implications to
fundamental limits on computing technology. But the Second Law
constructs a thermal arrow of time, & there are profound questions about
why we experience this asymmetry while the vast majority of fundamental
physical laws are time-symmetric. This links thermals with cosmology &
questions that touch on the initial conditions of the universe. The Second
Law of Thermals states that all natural processes tend toward increasing
disorder; & yet complex organized structures — especially living
organisms — exist & not only that, but they have provided for some
fascinating insights about how open systems can maintain local order as
long as they export entropy to their environment; the theory of dissipative

structures.

1.1.7 Recent Advances & Challenges

Though the classical laws of thermals were fully developed by the early

20th century, the study & application of thermal concepts have continued

14
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into the current age. A number of modern advances have extended &

sharpened our learning of thermals:

PHYSICAL
1. Besides equilibrium thermals, there is, of course, also non- CHEMISTRY

equilibrium thermals which deals with systems that are not in 1
thermal, mechanical or chemical equilibrium. This domain has

birthed mathematical tools for studying irreversible processes &

systems very far — regularly, even very far — from equilibrium,

ranging from complexes of biophysics to materials science.

2. Quantum thermals is the study of how quantum effects affect
thermal behaviour at very small scales or at very low temperatures.
This includes studying quantum heat engines & investigating deep
connections between quantum information theory & thermals, as
well as how thermal laws emerge from quantum mechanics.

3. This plays a key role in connecting the macroscopic, thermal
properties of matter to the statistical behavior of its microscopic
components & was largely developed by Ludwig Boltzmann & J.
Willard Gibbs. Fast computational technologies allow the
application of statistical mechanical principles to complex
systems in ways that were previously unimaginable.

4. Stochastic thermals generalises thermal definitions into small
systems affected by thermal noise. This framework has specified
rise to fluctuation theorems that extend the Second Law to the
microscale.

5. The field of information thermals is concerned with fundamental
relationships between information processing & thermals, & has
evolved due to the pioneering work of people such as Claude
Shannon & Rolf L&auer. This area of study has implications for
computing, biology & our fundamental learning of information as
a physical quantity.

6. States, the visions of Walter Mindel inducing thermalally
optimized efficient, smart, & complex systems, & the new
research frontiers of black hole thermals; where entropy was
proportional to surface area rather than volume; the new

15
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applications of thermal principals to complex systems like
ecosystems & economies; & the development of more efficient

technologies through the lens of thermal optimization.

The laws of thermals constitute one of science’s deepest & most far-
reaching intellectual achievements. These laws originally emerged from
practical considerations related to steam engines but now extend to
countless areas of modern studies, providing a framework for learning
energy (abilty to work), matter, & their transformations that is surprisingly
resilient & universally relevant. The fourth law, known as the Zeroth Law,
helps to define temperature by introducing the idea of thermal
equilibrium. The First Law formalizes conservation of energy (abilty to
work), enabling us to follow energy (abilty to work) as it flows & changes
form. The Second Law introduces entropy & addresses the temporality of
natural processes, setting certain crucial boundaries on energy (abilty to
work) transformations. The Third Law fills in the details by telling us
about behavior at absolute zero & reference points for absolute entropy
values. These laws collectively create an interconnected framework that
helps us manage our learning of everything from basic heat transfer to
complex biological systems, chemical processes, & the evolution of the
universe. Their applications range from engineering, to chemistry,
biology, earth science, materials research, & even cosmology. Thermals is
not just science; its philosophical implications cross into our learning of
time & complexity in the nature of the universe itself for the better.
Entropy, first introduced in the context of thermals, has evolved into a
versatile concept used not just to analyze heat transfer, but also to learn
phenomena in information theory & complex systems. Scholarly action
surrounding thermal principles continues to this day, especially
concerning non-equilibrium processes, quantum effects, & information
processing. The thermal laws have not only withstood the test of time but
also continue to hold something of a magic power guiding to learn the
physical processes. Well, when everything is changing, when everything
is flux, then the laws of thermals offer some of the few unchanging rules
in the universe — some of the few unchanging principles guiding our

16
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learning about the changes, the fundamental possibilities & limits that
govern our physical reality. Few scientific frameworks are as universal,

as powerful, or as philosophically rewarding as the laws of thermals.

Summary: The laws of thermodynamics are fundamental principles governing
energy transformations in physical and chemical systems. The zeroth law states
that if two systems are each in thermal equilibrium with a third, they are in
equilibrium with each other, forming the basis of temperature measurement. The
first law, also called the law of energy conservation, states that energy can
neither be created nor destroyed, only transformed, expressed as AU=q+w where
AU is change in internal energy, q is heat, and www is work. The second law
introduces entropy and states that in any spontaneous process the total entropy of
the system and surroundings increases; it defines the direction of natural
processes and sets limits on the efficiency of heat engines. The third law states
that as temperature approaches absolute zero, the entropy of a perfect crystalline
substance approaches zero, providing an absolute scale for entropy values.
Together, these laws describe how energy flows, limits of conversion, and the

nature of equilibrium in thermodynamic systems.

MCQs

1. The zeroth law of thermodynamics forms the basis of:
a) Work measurement
b) Heat engines
¢) Temperature measurement
d) Entropy measurement
Answer: c) Temperature measurement
2. The first law of thermodynamics is essentially the law of:
a) Conservation of energy
b) Conservation of mass
¢) Entropy change
d) Equilibrium condition
Answer: a) Conservation of energy
3. For a spontaneous process, the entropy change of the universe is:
a) Zero
b) Negative
c) Positive
d) Infinite
Answer: c) Positive
4. Which law sets the absolute zero reference for entropy?
a) Zeroth law
b) First law
¢) Second law
d) Third law
Answer: d) Third law
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S.

The maximum efficiency of a heat engine depends on:
a) Work done only

b) Temperatures of source and sink

c¢) Entropy change of system

d) Heat capacity of system

Answer: b) Temperatures of source and sink

Very Short Answer

AW =

State the zeroth law of thermodynamics.

Write the mathematical form of the first law of thermodynamics.
Define entropy in one sentence.

What is the significance of the second law of thermodynamics?
State the third law of thermodynamics.

Short Answer

W

b

Explain why the first law of thermodynamics does not predict the
spontaneity of a reaction.

Derive the expression AU=q+w for the first law.

How does the second law of thermodynamics explain the direction of
heat flow?

Discuss the significance of entropy as a measure of disorder.

Why is the entropy of a perfect crystal zero at absolute zero?

Long Answer

1.

2.

State and explain all four laws of thermodynamics with suitable
examples.

Discuss the Carnot cycle in relation to the second law of
thermodynamics and derive the expression for maximum efficiency of
a heat engine.

UNIT -1.2 Free Energy & Chemical Potential

1.2 Introduction- Free energy (abilty to work) functions are potent tools

in thermals for predicting which sequences of states occur spontaneously

& for determining the states that are in equilibrium under a variety of
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W,

energy (abilty to work) (A) reflect the most work that can be retrieved

from a system to perform that work with constant pressure & constant PHYSICAL
.. . . . . CHEMISTRY
volume conditions, respectively. Meanwhile, chemical potential (p) I

generalizes these ideas to the individual species in a system, telling us how
energy (abilty to work) varies upon changing composition. We need to be
able to get our head around these basic thermal quantities to analyze
chemical rejoinders, phase transitions & the behaviors of complex
systems, & these quantities are critical across different scientific

disciplines from chemistry, & biology to materials science & engineering.

1.2.1 Gibbs Free Energy (abilty to work) (G) & Helmholtz Free
Energy (abilty to work) (A)

Free energy (abilty to work) was born out of applying thermal principles
to reality, to see whether a process could occur spontaneously & how
much useful work could be extracted from it. Please note that the first law
of thermals describes energy (abilty to work) conservation & not the

direction of processes.

EXERGONIC REACTION: AG <O ENDERGONIC REACTION: AG > O
Reaction is spontaneous Reaction is not spontaneous

> >
2 2
(] Q
i Energy is released & | Energy is added
§ reactants § products
(T8 |8
[72] (2]
2 AG<0 8 AG>0
(5} (o]

______________________ ;;raducts [reactants

Time Time

A mathematical definition of Helmholtz free energy (abilty to work) (A):
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A+ B —= C+ D

Reactants Products
AG = AH - TAS

AG : Change in Gibbs free energy
AH : Change in Enthalpy
AS : Change in Entropy

A process that occurs at constant T & V will be spontaneous. The
Helmholtz free energy (abilty to work) is minimized at equilibrium. The
Helmholtz free energy (abilty to work) is particularly useful for the
analysis of systems at constant volume such as in cases of electrochemical
cells, stretchable materials, & select microscopic processes. But, because
most chemical rejoinders (& many physical processes) take place at
constant pressure rather than constant volume, Gibbs free energy (abilty

to work) was created.
The Gibbs free energy (abilty to work) (G) is defined such that:
G=H-TS

The relation is (31) Where H is the enthalpy, H=U + PV, & where T is
the absolute temperature & S is the entropy. This is the maximum usable
work that can be obtained in a system at constant temperature & pressure.
In a rejoinder at constant temperature & pressure, AG is the determining
factor for spontaneity, where AG 1 & thus the formation of product is
favored, whereas rejoinders with positive values of the pre defined change
in free energy (abilty to work) (AG®> 0) will have equilibrium constants

K, AG is positive. At equilibrium, Q =K AG =0.

The temperature dependence of the equilibrium constant can be derived

from the van't Hoff formula:
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d(In K)/dT = AH°/RT?

where AH° is the pre defined enthalpy change of rejoinder. Jd
Q=AH°/dT=AH°=[dQ/[dT (2) (if we can take H° constant within the

temperature range of interest)
AG® = AH° - TAS® In( K2/Ki1 ) = - (AH®/R)(1/T2 - 1/T1)

This relationship enables the prediction of equilibrium constants at
different temperatures. Equilibrium constants decrease with increasing
temperature for exothermic (AH® 0) rejoinders. Gas-phase rejoinders with
changes in the number of moles are an important example of pressure
dependence of equilibrium constants. Pressure effects are typically

negligible for condensed phase rejoinders, except at very high pressures.

For such complex chemical systems with multiple equilibria, the net
equilibrium composition can have suitable equilibrium constraints be
satisfied simultaneously with mass balance constraints. Nevertheless, this
method allows the analysis of systems from acid-base scenarios in
aqueous results to industrial processes. AG®' is commonly defined for
biochemical systems at pH 7, making it more relevant to physiological
conditions. This convention results in altered equilibrium constants,

which in include the hydrogen ion concentration:
AG®' =-RT In K

This relationship between free energy (abilty to work) & equilibrium is
not limited to chemical rejoinders; it also applies to phase equilibria. In
phase transitions, we need to equalise the chemical potentials in both
phases. At the normal boiling point of a liquid, for instance, the chemical

potentials of the liquid & vapor phases are equal, thus giving:
pliquid = pvapor

This condition establishes the equilibrium temperature at which the

phases coexist.
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For results, the partitioning of a solute between two phases (extraction
coefficient, partition coefficient) is directly linked to the difference of the

pre defined chemical potentials of the solute between the two phases:

InKd = -(},llo - },lzo)/RT

Where Kd is the distribution coefficient, & p° & p° represent the pre

defined chemical potentials in phases1 & 2 respectively.

The solubility of sparingly soluble salts, as measured by the solubility
product (Ksp), is also related to pre defined free energy (abilty to work)

changes:

AG° =-RT In Ksp

This relationship accounts for why solubility typically rises & falls
respectively with temperature for endothermic & exothermic disresult
processes.Another key application lies in electrochemical cells. Pre
defined cell potential (E°) is related to pre defined free energy (abilty to
work) change by:

AG® = -nFE°

Where n - number of electrons transferred & F - Faraday's constant. In
combination with the relationship between AG® & K, this gives the Nernst

formula:

E° = (RT/nF) n K

Chemical rejoinders are subtle & diverse, but these relationships reveal
how thermal principles bind them into the framework of free energy

(abilty to work)/go & equilibrium.

1.2.2 Applications of Free Energy (abilty to work) & Chemical

Potential
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Free energy (abilty to work) & chemical potential are used throughout
science & technology. In doing so, one learns the relevance of these
thermal theories. Free energy (abilty to work) considerations direct
rejoinder design & optimization in chemical synthesis. Through free
energy (abilty to work) profiles along relevant rejoinder coordinates,
chemists can establish rate-limiting steps, design relevant catalysts, &
identify suitable rejoinder conditions. Free energy (abilty to work) of
activation (AGY) relates thermals to kinetics through transition state

theory:

k = (kBT/h) exp(-AG1/RT)

Where k is the rate constant, & kB is Boltzmann's constant, h is Planck's

constant, & AGf is the free energy (abilty to work) of activation.

Free energy (abilty to work) principles are used in materials science to
determine phase stability, phase transformations, & microstructural
evolution. Phase diagrams — which describe equilibrium phases as
functions of composition, temperature, & pressure — follow directly
from free energy (abilty to work) minimization. Phase coexistence regions
are determined by the common tangent construction on free energy (abilty
to work)-composition curves. For metallurgical processes, free energy
(abilty to work) diagrams (also called Ellingham diagrams) represent the
pre defined free energy (abilty to work) changes of oxidation rejoinders as
a function of temperature, which is useful to metal extraction & refining.
They are useful for predicting the conditions in which metals can be

reduced from their ores.

The methods of free energy (abilty to work) describe aspects of chain
confirmation, blending, & phase separation in polymer science. The
authors describe polymer result behavior using chemical potential
expressions based on a well-known polymer physics technique, the Flory-
Huggins theory, & then use it to predict the conditions under which phase
separation occurs with critical behavior. In electrochemistry this free

energy (abilty to work) - cell potential relationship underlies the design
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of batteries, the prevention of corrosion, & electroplating. The Nernst

formula:

E=E°-(RT/nF) InQ

It is E = E° — (RT/nF)InQ where E is the cell potential & E° its pre defined
value, R is the universal gas constant, F is the Faraday constant, n is the
number of electrons transferred in the redox rejoinder, & Q is the rejoinder
quotient, that can predict the potential of a cell under non-pre defined
conditions. In environmental science, free energy (abilty to work) is used
to learn the transport & transformation of pollutants & their
immobilization in remediation processes. Fugacity, a thermal property
closely related to chemical potential, offers a unifying paradigm for
describing the partitioning of these hazardous compounds within
environmental compartments. Free energy (abilty to work) minimization
can be applied to learn geological processes such as the formation of
minerals, metamorphism & the evolution of magmas. Most geochemical
modelling software run an algorithm that minimizes the Gibbs free energy
(abilty to work) to predict stable mineral assemblages for a set of
conditions. Free energy (abilty to work) changes power biological
processes in biochemistry & molecular biology. Metabolic pathways link
energetically unfavorable with favorable rejoinders, frequently via ATP

hydrolysis:

ATP+H20=ADP+PiAG° =-30kJ/ mol

Such a favorable free energy (abilty to work) change drives processes such
as active transport, muscle contraction, & biosynthesis. The principle that
determines protein folding is free energy (abilty to work) minimization,
where the native structure usually corresponds to the global free energy
(abilty to work) minimum at physiological conditions. In drug design,
binding free energy (abilty to work) calculations are employed for
predicting lig&-receptor interactions & improving drug c&idates.
Computational approaches, such as molecular dynamics simulations with

free energy (abilty to work) perturbation methods, allow for in silico
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screening of putative therapeutics. In food science, we consider free
energy (abilty to work) to explain food stability, preservation, & texture.
Water action is a measure that relates to the chemical potential of water,
which used for predicting microbial growth, enzyme action & the shelf life

of food products.

The selective extraction of solutes from supercritical fluids is an
industrially important process known as supercritical fluid extraction
across industries including food processing & pharmaceutical
manufacturing, where extraction is regularly performed using a
supercritical fluid phase as a porous solvent, as accomplished through the
pressure-dependent chemical potential of solutes. Chemical potential
gradients drive membrane separation processes like reverse osmosis for
water desalination. The free energy (abilty to work) change or AG of this
process is equal to the minimum work needed for separation. This broad
range of applications illustrates how the underlying ideas of free energy
(abilty to work) & chemical potential become useful tools for describing,

predicting, & controlling natural & engineered systems.

1.2.3 Models of Thermal Systems: Ideal vs. Non-Ideal Systems

Although ideal models are useful as conceptual models, real systems
regularly deviate from ideal behavior when molecular interactions are
taken into account. Advanced thermal models describe these deviations,
extending the applicability of the concepts of free energy (abilty to work)
& chemical potential to complex systems. For non-ideal results, we have
excess functions to quantify these deviations. The excess Gibbs free
energy (abilty to work) (GE) is the difference between the free energy
(abilty to work) of the actual mixture, & that of an ideal mixture with the

same composition:

GE = Gmixture - Gideal mixture

Action coefficients can be extracted from this surplus function:
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In yi = (A(nGE/RT)/@ni)T,P,nji

Different models describe GE as functions of the composition & the
temperature. The most basic is the regular result model where all entropy
of mixing is ideal, but there are deviations from the ideal behavior of

enthalpy:

GE/RT =Zi ¥j aij xi xj

Where aij interaction parameters among components i & j.

More complex models are the Margules formulas, Wilson formula, NRTL,
& UNIQUAC formulas More importantly, these models have parameters
that may be fit to experimental data, enabling later predictions. For ionic
aqueous results, where the behaviors are governed significantly by ionic
interactions, there are a number of models that take into account long-
range electrostatic forces, like Debye-Hiickel theory & other extensions
like the Pitzer formulas. These models express the excess free energy
(abilty to work) as a function of ionic strength & a number of specific ion
interaction parameters. Non-ideality requiring correction for gas phase
behavior is traditionally accounted for from formulas describing
pressure/volume/temperature relationships. The most straightforward

result to ideality is specified by the virial formula:

Z=PV/RT=1+B(T)/V + C(T)/V>+...

Here, Z is the compressibility factor, & B(T), C(T), etc., are temperature
dependent virial coefficients. Complex formulas of state others than ideal
gases in the literature are van der Waals, Redlich-kwong, Peng-Robinson,
SAFT (Statistical Associating Fluid Theory). At very high pressures or
near a critical point, the approaches become more sophisticated The first-
principles formula-of-state approach gives the Helmholtz free energy
(abilty to work) as a function of density, temperature, & composition, &
all other thermal properties can be derived by taking appropriate

derivatives. Models which account for the ordering phenomena, size
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mismatches & electronic interactions are required for solid results &
alloys. The Bragg-Williams model, quasi-chemical models & cluster
variation methods more & more embed detailed physical pictures of how
the atoms are arranged. If the system includes chemical rejoinders, both
rejoinder equilibria & phase equilibria must be included in the design of
the system. Combined chemical & phase equilibrium calculations
minimize the total Gibbs free energy (abilty to work) subject to material
balance constraints & stoichiometric relations. Modern computational
methods, from molecular simulation to quantum chemistry techniques,
are assembling increasingly predictive estimates of free energies &
chemical potentials from first principles. Monte Carlo simulations can
compute the chemical potentials directly with methods such as Widom test

particle insertion:

Where pi = pi® + RT In{exp(—AU/kBT))

where AU is the interaction energy (abilty to work) of a test particle with

the rest of the system, & the angle brackets indicate an ensemble average.

They employ these advanced models & computational techniques to
extend the thermal analysis to systems including supercritical mixtures,
ionic liquids & complex biological structures, allowing prediction &
design of a variety of processes across scientific & engineering

disciplines.

1.2.4 Historical Development & Conceptual Evolution

The free energy (abilty to work) & chemical potential are concepts that
evolved in a compelling historical process that mirrors broader trends in
thermals & physical chemistry. This evolution yields essential context for
how to draw meaning from these fundamental ideas. Thermals was built
in the 19th century by the work of those studying heat engines & industrial
processes. Sadi Carnot analyzed heat engines (1824) & introduced the idea
of reversible processes, a major step toward thermals. The first & second

laws of thermals were formalized, & the concept of entropy introduced
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(1850s) by Rudolf Clausius who defined it in terms of heat transfer &
temperature. The idea of free energy (abilty to work) arose from a more
practical concern, the maximum useful work one could obtain. The
Helmholtz free energy (abilty to work) it is now called (originally labeled
simply "free energy (abilty to work)") was conceived in this form by
Hermann von Helmholtz in 1882, as internal energy (abilty to work) minus
the temperature times the entropy. This function was the maximum work
which could be extracted from a closed system over the period of interest
at a constant temperature. Josiah Willard Gibbs, who labor independently
in America, created a more universal thermal framework. In his 1&mark
paper “On the Equilibrium of Heterogeneous Substances”, published
between 1876 & 1878, Gibbs introduced the concepts that we now refer
to as Gibbs free energy (abilty to work) & chemical potential. He knew
that for constant temperature & pressure processes, the relevant function
to assess spontaneity was enthalpy minus temperature multiplied by

entropy.

Gibbs (in his 1873 paper) introduced the chemical potential (which he
used the term: the “potential of a component”) which is defined as the
partial derivative of the total free energy (abilty to work) with respect to
the amount of a component. This provided a very useful tool to analyze
equilibria in multicomponent systems. The importance of Gibbs work
was largely unappreciated until converted from his original mathematical
formulation by scientists such as Wilhelm Ostwald & Max Planck.
Jacobus Henricus van't Hoff was responsible for the application of these
concepts to chemical rejoinders, deriving the relation of equilibrium
constants to temperature (1884) & expressing the concept of chemical
affinity in terms of maximum work. At the beginning of the 20th century,
Gilbert Newton Lewis then reformulated the relationship between free
energy (abilty to work) & chemical equilibrium to arrive at the modern
expression relating the pre defined free energy (abilty to work) change
with the (equilibrium) constant. Thermals was specified a microscopic
foundation through the statistical interpretation (Ludwig Boltzmann,
James Clerk Maxwell, & later Gibbs himself) of macroscopic (thermal)

28
MATS Centre for Distance and Online Education, MATS University



functions. Also, by this statistical treatment, free energy (abilty to work),
& chemical potential could be recast as a function of molecular
distributions & interactions. Lewis introduced the idea of action as a way
to better learn non-ideal behavior, thus broadening the scope of chemical
potential to encompass real systems. Lewis & Merle R&all’s influential
textbook, Thermals & the Free Energy (abilty to work) of Chemical
Substances (1923), systematized the use of these concepts in the analysis

of chemical systems.

Non-ideal behavior result models were developed starting from empirical
constructs that were gradually replaced by more & more theoretical ones.
Johannes To be a van gas & critically phenomenapike Van Der Waals (19
century end) helps to reveal the interaction of molecules that can affect
the thermal properties of gas. It was not until the introduction of concepts
such as "energy (abilty to work)-rich phosphate bonds" by scientists such
as Fritz Lipmann that free energy (abilty to work) concepts were applied
to biological systems & chain metabolic pathways explained in terms of
biochemical energetics. Subsequently, researchers such as Terrell Hill &
Alberte Pullman introduced rigorous thermalal & quantum mechanical
treatment of biological systems. These calculations were made possible by
the computational revolution of the later 20th century that made possible
ever more sophisticated calculations free energies & chemical potentials.
These led to increased applications to complex systems, from perturbation
theory to free energy (abilty to work) sampling techniques in molecular
simulations. To this day, free energy (abilty to work) & chemical potential
remain powerful unifying concepts across the sciences. Novel
experimental techniques yield ever more precise measurements of these
quantities, & theoretical & computational approaches extend their
applicability to more complex systems. The degree to which such notions
link together from quantum to macroscopic scales is a still-active area of

research, since these concepts undergird our learning of the natural world.

1.2.5 Partial Molar Properties
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Partial molar properties represent one of the most powerful conceptual
tools in result thermals, providing insight into how individual components
contribute to the overall properties of a mixture. When substances mix, the
resulting properties rarely follow simple additive rules. Instead, each
component influences the behavior of the entire system in complex,
regularly concentration-dependent ways. Partial molar properties capture
these contributions mathematically, allowing scientists & engineers to

quantify, predict, & learn the thermal behavior of mixtures.
1.2.6 Definition & Physical Meaning

A partial molar property represents the contribution that one component
makes to the total property of a result per mole of that component.
Mathematically, for any extensive property M of a result containing
components 1, 2, ..., i, ..., n, the partial molar property of component i is
defined as the rate of change of the total property with respect to the
number of moles of that component, while temperature, pressure, & the

amounts of all other components are held constant:

_ oM
M; = (%)

L T,P,nj$1

This definition may seem abstract, but it carries profound physical
significance. It tells us how the addition of an infinitesimal amount of
component i affects the total property M of the result. The partial molar
property is not simply the property of the pure substance, but rather reflects
how that substance behaves within the specific environment of the result

at a specified composition.

The total value of an extensive property M for a result can be expressed as

the sum of the contributions from each component:

M = ZniMl'

n
=1
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This formula demonstrates that partial molar properties provide a

comprehensive description of the thermal properties of a mixture.
1.2.7 Partial Molar Volume

Among the most intuitive partial molar properties is the partial molar
volume. The partial molar volume of component i, denoted V;, represents
the change in the total volume of a result when an infinitesimal amount of
component 1 is added at constant temperature, pressure, & amounts of

other components:
- (30
L Onl-

The physical meaning becomes clear with examples. Consider a water-

T,P,le¢1

ethanol mixture. The partial molar volume of ethanol in this mixture is
generally less than the molar volume of pure ethanol. This reduction
occurs because ethanol molecules can occupy spaces between water
molecules, resulting in a volume that is less than the sum of the individual
volumes. The extent of this reduction varies with composition, reflecting
changes in molecular interactions & packing efficiency across different

concentration regions.

Partial molar volumes can exhibit remarkable behavior. They may
increase or decrease with changing composition, & in some cases, can
even become negative. A negative partial molar volume does not mean
that the component occupies negative space, but rather that its addition
causes a contraction in the overall volume that exceeds the volume of the
added component itself. This phenomenon is observed, for instance, in
certain electrolyte results where strong ion-solvent interactions lead to

significant restructuring of the solvent.

The total volume of a result is specified by:

n
V=">nl
i=1
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This expression affirms that the total volume can be conceptualized as the
sum of the "effective volumes" contributed by each component, where

these contributions depend on the result's composition.
1.2.8 Partial Molar Enthalpy (Heat Content)

The partial molar enthalpy, H;, represents the contribution that component

1 makes to the total enthalpy of a result:
()

i = \3..

on T,PNjsq

This property is crucial for learning heat effects in mixing processes.
When two substances mix, the enthalpy change (heat of mixing) occurs
because the partial molar enthalpies in the mixture differ from the molar
enthalpies of the pure components. If the partial molar enthalpy of a
component in result is less than its molar enthalpy in the pure state, adding
that component to the result releases heat (exothermic mixing).

Conversely, if the partial molar enthalpy exceeds the pure component

value, heat is absorbed (endothermic mixing).

The enthalpy of a result follows the same summation principle:
n
H = z niﬁi
i=1

Partial molar enthalpies directly relate to calorimetric measurements &

provide essential information for thermal analysis of mixing processes.
Other Partial Molar Properties

The partial molar concept extends to any extensive thermal property,

including:

1. Partial Molar Gibbs Energy (abilty to work) (Chemical
Potential): Perhaps the most significant partial molar property, the
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partial molar Gibbs energy (abilty to work) is identical to the

chemical potential (i) of component i:

_ aG
Gi = pi = ( )
H-]rl-t' T.P.Tt_l:,

The chemical potential determines phase equilibria, chemical

rejoinder equilibria, & drives mass transfer processes. It represents

the driving force for material transport & chemical transformation.

Partial Molar Entropy: Describes how a component contributes

to the overall disorder of a result:

(08
- 51"13' T Pnj

This property reflects changes in molecular arrangements &

degrees of freedom within the result.

Partial Molar Heat Capacity: Quantifies a component's

contribution to the result's ability to store thermal energy (abilty to

_ acC,
- (29)
6-”!- T,Pnjz

work):

These properties collectively provide a comprehensive thermal description

of multicomponent systems.
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1.2.9 Methods of Determination

Determining partial molar properties requires careful experimental
measurements & appropriate mathematical analysis. Two principal

approaches exist: graphical methods & analytical techniques.
Graphical Methods

Graphical methods leverage the geometric interpretation of partial molar
properties. The tangent method, one of the most widely used graphical
approaches, relies on the Gibbs-Duhem formula, which establishes a
relationship between the partial molar properties of components in a

mixture.

For a binary mixture of components 1 & 2, the total property M can be

expressed as:

M=mn lﬂ;f 1+ 12 J"E{g

Dividing by the total number of moles (n=n1+n2) gives an expression for

the molar property:
M, = :[.'14'";{1 —+ :L'Qﬂ'_irg

where x1 & x2 are the mole fractions.
The tangent method involves the following steps:

1. Experimental Measurement: Measure the molar property Mm
as a function of composition (x1) across the entire concentration
range, from pure component 2 (x1=0) to pure component 1 (x1=1).

2. Plot the Data: Graph Mm versus x1 to obtain a curve representing
the molar property as a function of composition.

3. Draw a Tangent: At the composition of interest, draw a tangent
to the curve.
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4. Determine Partial Molar Properties: The intercepts of this
tangent with the y-axis at x1=0 & x1=1 give the partial molar

properties M, & M, respectively.

This method works because of the mathematical relationship:

— ﬁj‘r{fn
ﬂirl_ﬂfm-l—(l—l‘-l}( d )
L1 JSrp

- M.,
ﬂfg = ﬂﬂfm — I ( - )

The tangent method provides a visual & intuitive approach to determining
partial molar properties. It is particularly valuable for educational purposes

& for quickly estimating values from experimental data.
1.2.10Analytical Techniques

While graphical methods offer valuable insights, analytical techniques
provide greater precision & are better suited for complex systems or

computational implementation.
1.2.11 Method of Intercepts

The method of intercepts represents a systematic analytical
implementation of the tangent method. For a binary system, it involves
fitting the molar property data to a mathematical function of composition,

typically a polynomial:

M, — ag+ ayx;, + ug:cf + e+ GLI'![

From this fitted formula, the partial molar properties can be calculated:

_ AM,,
ﬂirl__ﬂvf-m-l-(l—l‘-l}( d )
L1 Jrp
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Bigger in sizeing the derivative:
M, = M,, + (1 — z1)(a; + 2asz; + --- + Fi:a;;:;:jf_lj

Similarly, the partial molar property for component 2 is specified by:

_ dM,,
ﬂ’fz = jl"'-irm — i ( )
T.FP

(".}m]_

Bigger in sizeing the derivative:

My = M,, — x1(a; + 2asz; + --- + ka;;:ci:_l)

This approach allows precise calculation of partial molar properties at any

composition once the coefficients of the polynomial are determined.
1.2.12 Derivatives from Excess Properties

For many results, the deviation from ideal behavior is characterized by
excess properties. The excess property SM*ES$ is defined as the difference
between the actual property & the property the result would have if it were

ideal:
ME = M, — (&, M? + zo M)

where M? and MJ are the molar properties of the pure components.

Excess properties are regularly modeled using empirical expressions such

as the Redlich-Kister expansion:

k
rE . o}
M= = :cl:czz A_;r(-rl — ..[.'2)'?
g=0
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From the excess property, partial molar excess properties can be

calculated:

dny

ATE — d(nM E )
2 e
& T P

ME — (a(nﬂff}j})
T, P.ny

The partial molar properties are then obtained by adding the corresponding

pure component values:

My, = M} + MF
M, = MY + MF

This approach is particularly useful for systems where deviations from

ideality are relatively small.
1.2.13 Determination from Formulas of State

For gaseous mixtures & some liquid results, formulas of state (EOS)
provide relationships between thermal variables. Common examples
include the van der Waals formula, the Peng-Robinson formula, & the

Soave-Redlich-Kwong formula.

From an formula of state, partial molar properties can be derived through
appropriate differentiation. For instance, the partial molar volume can be

calculated from:

o (O _ (2(nVm)
' ﬁ'ﬂi T.Pn ani TPy

o

where:
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 V; is the partial molar volume

e 1/ is the molar volume from the EOS

This approach is powerful for predicting partial molar properties across
wide ranges of temperature, pressure, & composition without requiring

extensive experimental data.
1.2.14 Experimental Methods

The determination of partial molar properties ultimately relies on accurate

experimental measurements of the corresponding total properties.
1.2.15 Partial Molar Volume Measurements

Partial molar volumes can be determined from density measurements. The

density of a result p is related to its volume V & mass $m$ by:
_m
7
For a binary result with components 1 & 2, the total volume is:
V= Hl-'l?l + 'ﬂ.gfrg

By measuring the density of the result at various compositions while
maintaining constant temperature & pressure, the partial molar volumes

can be extracted using the methods described earlier.

Densitometry techniques, including vibrating tube densimeters &
pycnometers, provide precise density measurements required for these

calculations.

1.2.16 Partial Molar Enthalpy Measurements
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Partial molar enthalpies are determined through calorimetric experiments.
The enthalpy of mixing AH,,;, is measured directly using calorimeters, &

from this, the partial molar enthalpies can be derived.

For a binary mixture, the enthalpy of mixing is related to the partial molar

enthalpies by:
3 0 ) i}
-&Hmi;r = 'ﬂ.l{Hl — Hl} + 'ﬂ-g(Hg — H2

where HY & HY are the molar enthalpies of the pure components.

Modern calorimeters, such as isothermal titration calorimeters &
differential scanning calorimeters, enable precise measurement of heat

effects associated with mixing processes.
1.2.17 Partial Molar Gibbs Energy (abilty to work) Measurements

The partial molar Gibbs energy (abilty to work) (chemical potential) is
particularly important but challenging to measure directly. It is regularly
determined indirectly through action measurements, which relate to the

chemical potential by:
pi = p + RT Ina;

where u? is the pre defined chemical potential & a; is the action of

component 1.
Activities can be measured using various techniques, including:

e Vapor pressure measurements

e Osmotic pressure determinations

e Electromotive force (EMF) measurements for electrolyte results
e Solubility measurements

e Gas-liquid equilibrium studies
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Each of these methods provides insights into the thermal behavior of

results & allows calculation of partial molar properties.
1.2.18 Mathematical Relationships & Constraints

Partial molar properties are subject to important mathematical

relationships & constraints that arise from fundamental thermal principles.
Gibbs-Duhem Formula

The Gibbs-Duhem formula establishes a relationship between changes in

the partial molar properties of all components in a mixture:

T

Tlid(?i =0
2

i=1
More generally, for any partial molar property:

TE

Z {L'g:dﬂ?f:' — 0

i=1

This formula imposes a constraint on the partial molar properties,
indicating that they cannot differ independently. For a binary mixture, if
the partial molar property of one component changes with composition,
the partial molar property of the other component must also change in a

complementary manner.

The Gibbs-Duhem formula is particularly useful for checking the
consistency of experimental data & for calculating the partial molar

property of one component from that of another.

Homogeneous Functions
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Extensive thermal properties are homogeneous functions of the first
degree with respect to the amounts of all components. This mathematical

property leads to the Euler theorem, which states:
TL TL
aM -
M = n; | — = n; M;
S (Gar) = Som
i=1 T',Pnjz i=1

This formula confirms that the total extensive property can be expressed

as the sum of the contributions from each component, as noted earlier.
1.2.18 Applications of Partial Molar Properties

Partial molar properties find applications across various fields in physical

chemistry, chemical engineering, & materials science.
Phase Equilibria

The equality of chemical potentials (partial molar Gibbs energies) across
phases is the fundamental criterion for phase equilibrium. For a

component 1 distributed between phases a & f3:
) 8
Hi = W

This principle governs processes such as:

e Vapor-liquid equilibrium (distillation, evaporation)
e Liquid-liquid extraction
e Solid-liquid equilibrium (crystallization)

e Membrane separations

Learning partial molar properties enables prediction & optimization of

these separation processes.

1.2.19 Chemical Rejoinder Equilibrium
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The chemical potential is used to evaluate the driving force of the
chemical rejoinder. The Gibbs energy (abilty to work) change for the

rejoinder is:
AG = Z Vj JLg
1

Where u; is the stoichiometric coefficient of component i (positive for

products, negative for reactants)

At equilibrium, AG = 0, resulting in the familiar expression for the
equilibrium constant defined by activities. Thus, the partial molar
properties form the basis of thermals that enables learning & prediction of
the chemical equilibria. The design of mixing processes in an industrial
environment can be derived from partial molar properties. The heat
effects due to mixing are governed by the enthalpy change upon mixing
& how these are to be managed, & the change in volume that accompanies
this governs equipment sizing/operation. Partial molar volumes play a
significant role when designing industrial results or in formulating
pharmaceutical drugs, where knowledge of the final volume & density of

aresult can help better prepare, dose, & process the final mixture.

Colligative properties (vapor pressure lowering, boiling point elevation,
freezing point depression, & osmotic pressure) are defined at the chemical
potential of the solvent. These properties are described by the partial molar
Gibbs energy (abilty to work) & lend themselves to applications such as
molecular weight determination, membrane processes, & freeze

concentration processes.

Summary

Free energy (Gibbs free energy, G=H—TS) predicts whether a process is
spontaneous. A reaction is spontaneous if AG<0, non-spontaneous if
AG>0, and at equilibrium if AG=0. It also relates to the equilibrium
constant by AGo=—RTIn{/0{K.Chemical potential (uW\mup) is the partial
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molar Gibbs free energy of a component and indicates the tendency of a

substance to change or move. At equilibrium, the chemical potential of a

component is the same in all phases. Free energy and chemical potential

together determine reaction spontaneity, phase stability, and equilibrium.

Exercise questions —

MCQs (1 mark each)

L.

A process is spontaneous when:

a) AG>0\

b) AG<0

c) AG=0

d) AH>0

Answer: b) AG<O\

Gibbs free energy is defined as:

a) G=H+TS

b) G=U+PV

c) G=H-TS

d) G=TS-H

Answer: ¢) G=H-TS

The chemical potential (p\muyp) is:
a) Total energy of the system

b) Partial molar Gibbs free energy
c¢) Enthalpy per mole

d) Entropy per mole

Answer: b) Partial molar Gibbs free energy
At equilibrium, the Gibbs free energy change is:
a) Maximum

b) Zero

c) Positive

d) Negative

Answer: b) Zero

Very Short Answer

DA W=

Define Gibbs free energy.

Write the condition for spontaneity using AG\Delta GAG.

Define chemical potential.

How does chemical potential relate to equilibrium?

Write the equation linking AGo\Delta G™\circAGe and the equilibrium
constant.

Short Answer

1.
2.
3.

Explain the significance of Gibbs free energy in chemical reactions.
Derive the condition for equilibrium using chemical potential.
How is free energy used to predict the spontaneity of a reaction?
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4. Discuss the relationship between chemical potential and phase
transitions.
5. What is the effect of temperature on Gibbs free energy?

PHYSICAL Long Answer
CHEMISTRY
II 1. Explain the concepts of Gibbs free energy and chemical potential and

discuss their role in determining reaction spontaneity and equilibrium.
2. Derive the relation AGo=—RTIn;/0:K and explain its significance in
chemical thermodynamics.

UNIT -1.3 Ideal & Non-ideal Result Behaviour
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Results are further classified as ideal or nonideal, based on the behavior of
partial molar properties, that allow for an learning of the interactions of

molecules.
1.3.1 Ideal Results

An ideal result has composition-independent partial molar properties for

each component. For the component 1 in a perfect result:

Partial molar volume:
V=V
Partial molar enthalpy:
H; = H}
Partial molar Gibbs energy (abilty to work) (Chemical potential):
Gi — ;E + RT'In x;

Such ideal results, which show no volume or enthalpy change on mixing,

also simplify their thermal description.
1.3.2 Non-ideal Results

This differs from an ideal behavior due to molecular interactions in real
results. These differences are presented in the form of composition-
dependent partial molar quantities. The degree & type of mismatch,
yields important information about the details of such inter-molecular

interactions.

For example, strong attractive interactions between unlike molecules

regularly result in:

e Negative excess volumes (i.e. volume contraction upon mixing)
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e Negative excess enthalpies (exothermic mixing)

e Negative deviations from Raoult's law (being G 1)

In real results, the partial molar properties can differ with composition,
regularly including extrema or inflection points associated toward
different chemical environments being the more favourable as the relative

concentration regimes differ.

1.3.3 Action models for regular results

Various models have been developed to describe non-ideal behavior,
including the regular result theory & more advanced action coefficient
models like UNIQUAC, NRTL, & Wilson formulas. These models offer
mathematical descriptions that connect partial molar quantities to
molecular characteristics, allowing for the prediction of solvation behavior

over broad ranges of conditions.

1.3.4 Computational Approaches

Determination & calculations of partial molar properties have been greatly

improved by modern computational techniques.

1.3.5 Monte Carlo & Molecular Dynamics Simulations

Molecular simulation methods yield atomic-level information on partial
molar properties. Properties such as the partial molar volumes &
enthalpies can be calculated directly from statistical mechanical
principles by simulating the behavior of molecules under particular
conditions. These strategies are especially useful for complex systems for
which experimental measurements are difficult, or for conditions that are

hard to realize in the laboratory.

1.3.6 Group Contribution Methods

Methods for predicting thermal properties from molecular structure—

based on the structural groups found in a molecule—are called group
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contribution methods. These semi-empirical methods can quickly predict
partial molar properties for many different compounds without needing a
significant body of experimental data. Some examples of these parameters
are the UNIFAC method for calculating action coefficients & the

COSMO-RS method for predicting thermal properties of liquid mixtures.

1.3.6 Quantum Chemical Calculations

Quantum chemical methods yield information about the electronic
structure of molecules & their correlations, which determine thermal
properties. Although computationally expensive, these methods hold
promise for predicting partial molar properties from first principles,
especially when experimental data are scarce or nonexistent for a specified

system.

1.3.7 Considerations & Limitations in Practice

When applying partial molar properties to real-world situations, it is
important to be cognizant of some constraints & caveats. Most partial
molar properties are determined by the extrapolation or interpolation of
experimental data. These arithmetic operations can also induce large
errors, especially if the behavior of the property changes rapidly with
regard to composition. For reliable extrapolation or interpolation, it is
important to carefully choose the fitting functions & critically evalute the
results. Partial molar properties depend on the temperature & the
pressure. The calibration methods discussed above assume fixed
temperature & pressure, & separate investigations are needed to elucidate
the dependence on temperature & pressure. When implementing a thermal
model, it is critical that the dependence of partial molar properties on all
relevant variables (i.e. composition, temperature & pressure) is accounted
for. Particularly important are the limiting values of partial molar
properties in the limit of infinite dilution (as the concentration of a
component approaches zero. These quantities describe the behavior of
isolated molecules of one component in a bath of pure other species

chemistry.
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Applications of infinite dilution partial molar properties include:

e Characterization of solute-solvent interactions

o Establishing structural impacts of additives

e Formulating correlations for action coefficients

e Regarding extractive distillation or other separation processes

design

Accurate measurements of infinite dilution properties regularly necessitate
specialized experimental methods or careful extrapolation from finite

concentration results.

1.3.8 Advanced Topics & Ongoing Research

Partial molar properties remain an area of active research, with the
challenges being overcome & new systems being added into their purview.
The high compressibility & densities of supercritical fluids lead to special
partial molar properties. — Recent studies have highlighted the potential
use of supercritical solvents in extraction & rejoinder processes informed
by the study of partial molar volumes within the supercritical state. Due to
their multivariate structures & tunable properties ionic liquids show both
potential but at the same time the challenge to determine their partial molar

properties.

1.3.9 Fugacity & Its Determination

The concept of fugacity also extends the ideal gas behaviour & is an
important idea in thermals. Fugacity (represented by f) is a pseudo
pressure introduced by G.N. Lewis in the early 20th century that allows
one to utilize expressions that hold inevitably for an ideal gas in general
gas systems. The relationship between fugacity & chemical potential is
one of the most important remain in the area of chemical thermals because
it is unifying the ideal system have in theoretical with the non-ideal system

appeared in practice such as industrial & natural process.

1.3.10 Fugacity in Ideal vs Non-Ideal Systems
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Fugacity calculations underpin a central challenge in applied thermals, &

many techniques have been advanced to solve systems of various

complexity. These approaches span from simple analytical expressions for PHYSICAL
CHEMISTRY

ideal gases to advanced computational methods for very non-ideal I

mixtures. The choice of a fugacity calculation method must be made
based on the data at h&, the degree of accuracy required, the type of

system, as well as pressure & temperature a specified study describes.

2.0 -

= CH,

Ideal gas ’ e H,

— 02
CO,

0.5 -
0 I I I I e
0 200 400 600 800 1000
P (atm)

Fugacity is thus easy to obtain for ideal gases (f = P). This simplicity is

part of why the ideal gas model is a kind of reference state in thermals.

For their mathematical simplicity & reasonable accuracy, these formulas
are regularly used for industrial applications. So, let’s say, for instance,
using the Peng-Robinson EOS the fugacity coefficient for a pure

component can be written as:
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A (Z+(1+vV2)B
In(¢p) =(Z—-1)—In(Z —B)— = 1In + ( +JV’,_}
B Z+(1-+v2)B

where A & B represent constants based on critical properties & the
acentric factor, & Z is the compressibility factor. This gives good,
reasonable accuracy for most hydrocarbons & light gases around

conditions relevant for petrochemical processing.

The fugacity from experimentation is based on P-V-T measurement or
phase equilibrium data. The compressibility factor Z can be obtained

from accurate P-V-T data & it relates to the fugacity coefficient by:

In(¢) = LF (%) dP

Integration can be done graphically, numerically, or analytically —
depending upon the functional form of Z(P) because J is without any
constant in denominator. In the case of mixtures, partial molar volumes
or the compressibility factor are the basis for the experimental
determination of the partial fugacities. Another pragmatic avenue to
fugacity determination comes from measurements of phase equilibria.
For example, in vapor-liquid equilibrium, the condition of equal
fugacities in both phases can be applied to obtain form SCF of fugacity
values, provided form SCF of composition, T, & P data are known. In a
binary system, for example, action coefficients can be calculated from
measurements of bubble-point pressures as a function of liquid
composition, & fugacities are then easily obtained from action coefficients

using the appropriate pre defined state conventions.

1.3.11 Non-Ideal Systems
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o Excess Functions: Excess Gibbs Energy (abilty to work), Excess
Volume, & Their Significance
e Action Coefficients:
o Debye-Hiickel Theory for Electrolytic = Results
(Mathematical Derivation)
o Determination of Action & Action Coefficients

o lonic Strength & Its Role in Result Chemistry

Excess Functions: Excess Gibbs Energy (abilty to work), Excess Volume,
& Their Significance Any ideal system behaves according to identical
rules, bond energies are equivalent & ignoring interactions between

particles. But real-world systems seldom meet such ideality.

1.3.12Action Coefficients: Debye—Hiickel Theory for Electrolytic

Results (Math ematical Derivation)

One example of non-ideality that is especially problematic are electrolytic
results because of the long-range electrostatic interactions between ions.
In 1923, Peter Debye & Erich Hiickel published a pioneering theory to
explain the behavior of ions in dilute electrolyte results, incorporating
these interactions into a mathematically rigorous framework. The Debye-
Hiickel theory starts with a simple question: How do the other ions in
result interact with the environment around a central ion? To do this, the
theory is based on the distribution of ions around a central ion & the
calculated electrostatic potential generated as a result. This results in an
expression for the action coefficient, a measure of result departure from

ideality for electrolytes.

This derivation starts with a few important assumptions:

¢ In a continuum dielectric, ions are treated as point charges.
e Poisson's formula governs the electrostatic potential around an
ion.

e Jons obey Boltzmann statistics in their distribution.
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e The result is dilute enough for linearization of the Boltzmann

factor to be valid.

We begin with Poisson's formula, which relates the electrostatic potential

(y) to the charge density (p):
V2y = -p/ece_t

Where o is the permittivity of free space & € r, relative permittivity

(dielectric constant) of the solvent.

The charge density at each point depends on the distribution of the ions,

which follows Boltzmann statistics:

e/
a =Y zen;el #eV/kT)

Where zy i is the valency of ion i e elementary charge ni_collisionl of ion

11n bulk k 1s Boltzmann constant & T absolute temperature.

As the concentration of solute in dilute results, the exponential term can

be linearized through a Taylor series expansion:

ziep/kT) 1 — ZC¥

(
€ kT

Using this approximation in the expression for the charge density:

p= Z zien; (1 — z;t;b) = Z zien; — Z(zie)zni%

Upon using electroneutrality (X z_in_i= 0), the first term vanishes, & we

obtain;:

o (Setn)
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So that, substituting this into to Poisson's formula:

2

V= (St v =y
T

Where « is the inverse Debye length, which is defined as:

k2 = ¢ E 2’n
— = T !
epe kT !

For spherical symmetry, Poisson's formula can be simplified to:

i Tzd_ﬂ’ — r2%
dr dr

The result of this differential formula, obeying the boundary conditions

that y goes to zero as r goes to infinity, is:

In a more concrete form, on one h&, @ =e, 6 = 4neoe_1, kappa is more

regularly expressed as:

ZjE

Y(r) =

dmege,r exp(—rr)

Where z_j is the valence of the central ion.

Work done to bring an ion from infinity to the distance r from the central

ion is:
w = z;ed(r)

The excess chemical potential of an ion in result relative to an ideal (or
dilute) result is specified by the work done to bring the ion from infinity
to its position in the result:
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" = ziey(0)

PHYSICAL
CHEMISTRY But for a point charge, y(0) is infinite. Debye & Hiickel solved this by

II

treating the ion as having a finite radius a (nearest distance of approach),

giving:

)2
ur = FE (14 )
dege,

It is related to excess chemical potential as:

JI_Lf.-‘.']“
in(y) = 5

So the limiting law using the action coefficient from Debye-Hiickel is:

This is the formula specified in the paper:

Azf VT

In(y;) = —
(%) 1+ Bay'I
Where:

* A is the Debye-Hiickel parameter, is a function of the temperature & the

solvent characteristics.
* B is connected to the distance of closest approach.
* [ is the ionic strength of the result.

In the case of very dilute results this reduces to the limiting law:
_ 2
log,, (i) = —Az; VI
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A =0.509 for aqueous results at 25°C (when I is specified in mol/kg).
1.3.13 Experimental Methods

Measurement of Vapor Pressure: Vapor pressure data for volatile
components within liquid mixtures is a direct path to action coefficients.
For ideal results, the partial pressure (p_i) of a component is proportional

to its mole fraction (x i) in the result, according to Raoult's law:
Pi = Tip;

p_i° is the vapor pressure of the pure component. For non-ideal results,

this should be:
Pi = TiVip;

T: By measuring the partial pressure & having knowledge of the pure

component vapor pressure, we may calculate the action coefficient:

Pi
T;p;

Vi =

V Measurements: Galvanic cells are a versatile tool for action
measurements in electrolytic results. The cell potential (E) can be linked

to the activities of the species involved using the Nernst formula:
RT
E=E — —In
nkF @

Where E° is pre defined cell potential, R is gas constant, T is temperature,
n is the number of electrons transferred, F is Faraday's constant, & Q 1is
the rejoinder quotient in terms of activities. We can thus derive activities

when measuring E at different concentrations, assuming we know E°.
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Thus, the experimentally measured voltage of a redox half-rejoinder
changes with temperature, for example, in a cell consisting of a hydrogen

electrode & a silver-silver chloride electrode:

Pt|H,

HCl(m)|AgCl|Ag

The cell rejoinder is: H2 + AgCl — Ag+ H* + Cl™

& so the Nernst formula reads:

. RT
FEF=FE" ? lll(ﬂﬂr X A )

As E is measured, y£ can be determined because a H" x a Cl™ = (y£)* X

m2

Freezing Point Depression: The freezing point depression (AT f) of a
solvent due to the presence of a solute is related to the action of the

solvent:
AT; = Ky xm X1 X

where K _f is the cryoscopic constant, m is molality, i is the van't Hoff
factor, & ¢ is the osmotic coefficient, which relates to solvent action. All
that is needed is to measure AT f for several concentrations to enable
calculation of the solvent action, & from that the solute action coefficients.
Isopiestic Method—The above method is not commonly applied; this is a
comparative method that places results of unknown & reference
electrolytes in a closed chamber to come to the same vapor pressure
(isopiestic condition). At equilibrium the water activities are equal in both
results so that the action coefficients for the unknown electrolyte can be
computed from the known reference. Gas Solubility: The solubility of
gases in liquids is determined by an action coefficient for the gas in the

liquid phase. Action coefficients can be found by making solubility
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measurements at various pressures & using Henry's law with suitable

corrections.

1.3.12 Methods for Theoretical & Computational

Thermal models Various models relate the excess Gibbs energy (abilty to
work) to the composition, & consequently the action coefficients can be

derived. Notable examples include:

1.3.13 Considerations & practical applications

The method of determining the action coefficients will depend on a series
of factors such as: the type of system, accuracy required, available
equipment, feasibility, etc. As an example, volatile component
measurements of vapor pressure are useful & well understood, while

involatile species cannot be analyzed this way.

Result Chemistry: The Importance of Ionic Strength

The basic physical parameter intuitive in the result chemistry to
characterize solvation & its ionic strength measures of the strength of the
electric field in the result attributable to the ion. lonic strength, defined by
G.N. Lewis & M. R&all in 1921, offers a scale that considers both the
concentration & charge of ions, thus embodying the nature of the

electrostatic interactions in results.

The ionic strength (I) of a result can be defined as:

where c i is the concentration of ion i (regularly the molality or molarity)
& z 1 is its charge. The summation is over all the ionic species in the

result.
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This definition beautifully embodies two important facets of electrostatic

interactions:

The z i* term describes that electrostatic interactions are proportional to

the square of the charge (from Coulomb's law).

The 1/2 factor ensures that interactions between multiple pairs of ions are

not counted more than once.

1.3.14 Real-World Considerations & Use-Cases

One member of the pair is a weak acid & the other is its conjugate base:
The effectiveness of buffer results depends not just the ratio of acid to
conjugate base but also ionic strength. One important aspect of pH control
in critical applications is that the apparent pKa of a buffer depends on

ionic strength, & thus it must be corrected accordingly.

Summary-

Ideal gases are hypothetical gases that perfectly follow gas laws under all
conditions, assuming no interactions between molecules and negligible
molecular size. Their behavior is predictable, and properties like pressure,
volume, and temperature are related linearly. Non-ideal (real) gases deviate from
this ideal behavior, especially at high pressures and low temperatures, due to
intermolecular attractions and the finite size of molecules. Real gases can also
condense into liquids under appropriate conditions, unlike ideal gases.
Understanding these deviations is important for practical applications in

thermodynamics and chemical processes.

MCQs

1. Ideal gases are assumed to have:

a) Strong intermolecular attractions

b) Negligible molecular volume and no interactions

c¢) Large molecular size

d) Variable behavior at low pressures

Answer: b) Negligible molecular volume and no interactions
2. Real gases deviate from ideal behavior primarily at:

a) Low pressures and high temperatures

b) High pressures and low temperatures

¢) High temperatures only
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d) Standard conditions

Answer: b) High pressures and low temperatures

Unlike ideal gases, real gases can:

a) Follow gas laws perfectly

b) Condense into liquids

c¢) Ignore intermolecular forces

d) Have zero molecular volume

Answer: b) Condense into liquids

The deviation of real gases from ideal behavior is due to:
a) Intermolecular attractions and finite molecular size

b) Constant temperature

c) Low molecular weight

d) None of the above

Answer: a) Intermolecular attractions and finite molecular size
Ideal gas behavior is most closely followed at:

a) High pressures

b) Low temperatures

c¢) Low pressures and high temperatures

d) Condensation point

Answer: c) Low pressures and high temperatures

Very Short Answer

bl

Define an ideal gas.

Give one factor that causes real gases to deviate from ideal behavior.
Why do real gases condense while ideal gases do not?

State one practical application where understanding real gas behavior is
important.

Name one condition under which real gases behave almost ideally.

Short Answer

—

Explain the difference between ideal and real gases.

Discuss why high pressure and low temperature cause gases to deviate
from ideal behavior.

Give one example of a real gas and describe its deviation from ideal
behavior.

Why is ideal gas behavior an approximation?

How does molecular volume affect the behavior of real gases?

Long Answer

1.

2.

Compare ideal and non-ideal gas behavior and explain the causes of
deviations with examples.

Discuss the importance of understanding real gas behavior in industrial
and chemical processes.
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UNIT -1.4 Phase Rule & Phase Transitions

1.4 Gibbs Phase Rule for Multi-Component Systems

One of the most set of laws in chemical thermals is what is known as
Gibbs Phase Rule. This elegant mathematical relationship between the
number of components, phases, & degrees of freedom for any system at
equilibrium was developed by Josiah Willard Gibbs (figure 1) in the late
1800s. This rule is described by the deceptively simple formula: F = C —
P + 2, where F is the degrees of freedom (or degrees of variance), C is the
number of components, & P is the number of phases in the system. It gives
profound insight to the nature phase equilibria & forms the basis for
modelling complex multicomponent systems in materials science,
geology, chemical engineering, etc. F, the degrees of freedom, is the

pumber of intensive variables (temperature, pressure, & composition

1.4.2 Three-Component Systems (Ternary Diagrams)

Ternary systems are a considerable step in complexity from binary
mixtures due to the inclusion of a third species which enriches the
geometric phase space & provides an bigger in sizeed spectrum of phase
behaviors & equilibria. From the Gibbs Phase Rule, a three-component
system (C = 3) at constant pressure has a limit of 4 degrees of freedom.
In instances where temperature is also kept constant, which is regularly
the case in many applicable settings, the system has three degrees of
freedom, & thus phase equilibria can be adequately described with a two-

dimensional representation called a ternary diagram

1.4.3 Second-Order Phase Transitions: Overview & Thermal

Features

Second-order phase transitions form a different category of
transformations in which the primary thermal variables undergo continual,
but non-uniform changes whilst all derivatives remain discontinuous.

Notably, where first-order transitions are accompanied by heat absorption
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or release as well as volume discontinuities, second-order transitions occur
without such latent heat & represent an impeccably subtle but incredibly
crucial form of phase transformation salient in materials science,
condensed matter physics, & other fields. Paul Ehrenfest introduced the
classification system to group phase transitions based on the order of the
derivative of Gibbs free energy (abilty to work) that is discontinuous at the
point of transition. For example, at second-order transitions, the first
derivatives of the Gibbs free energy (abilty to work) with respect to
temperature & pressure (entropy & volume, respectively) are continuous
while the second derivatives (the heat capacity, thermal expansion
coefficient, & isothermal compressibility) diverge or otherwise become

discontinuous at the transition temperature.

1.4.4 Practical Applications of Thermodynamic Principles
Introduction
Thermodynamics forms the bedrock of our understanding of energy

transformations in the physical world. What began as a study of heat engines
during the Industrial Revolution has evolved into a fundamental branch of
science with far-reaching implications across diverse fields. The laws of
thermodynamics, free energy concepts, and phase equilibria govern countless
natural processes and engineered systems that shape our modern world. This
comprehensive exploration delves into the practical applications of
thermodynamic principles, demonstrating how theoretical constructs translate
into tangible technologies and methodologies that address contemporary
challenges in energy production, materials science, chemical manufacturing,

environmental science, and biological systems.

Summary: The phase rule, formulated by Gibbs, provides a relationship
between the number of phases (P), components (C), and degrees of freedom
(F) in a system at equilibrium: F=C—P+2. It determines the number of
independent variables (like temperature, pressure, or composition) that can be
changed without disturbing the number of phases in equilibrium. Phase
transitions are the physical transformations between different states of matter,
such as melting, freezing, vaporization, condensation, sublimation, and
deposition. During a phase transition at equilibrium, the temperature and pressure
remain constant while the system absorbs or releases latent heat. The phase rule

helps explain the behavior of single-component systems, binary mixtures, and
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complex multicomponent systems, and is essential for understanding phase

diagrams, critical points, and triple points

PHYSICAL
CHEMISTRY
II

MCQs (1 mark each)

1. The Gibbs phase rule is given by:
a) F=P—C+2
b) F=C-P+2
c) F=C+P-2
d) F=2C-P
Answer: b) F=C—P+2
2. In a single-component system with ice, water, and vapor in equilibrium,
the degrees of freedom are:
a)0
b) 1
c)2
d)3
Answer: a) 0
3. Which of the following is a phase transition?
a) Evaporation
b) Melting
¢) Sublimation
d) All of the above
Answer: d) All of the above
4. At the triple point of a substance, the number of coexisting phases is:
a)l
b) 2
c)3
d)4
Answer: ¢) 3
5. During a phase transition at equilibrium, the temperature:
a) Increases continuously
b) Decreases continuously
¢) Remains constant
d) Fluctuates randomly
Answer: c) Remains constant

Very Short Answer (VSA, 1-2 marks)

State Gibbs phase rule.

Define a phase transition.

What is a triple point?

Give one example of sublimation.

How many degrees of freedom exist in a single-component system at
the triple point?

SNk W=

Short Answer (SA, 3—4 marks)

1. Explain the significance of the phase rule in chemical systems.
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Describe the difference between melting and sublimation.

What happens to temperature and pressure during a phase transition?
Give an example of a binary system and describe its phase behavior.
Explain why the number of degrees of freedom decreases as the
number of phases increases.

Long Answer (LA, 5-6 marks)

1.

2.

Derive the Gibbs phase rule and explain its application to single-
component and two-component systems.

Discuss the different types of phase transitions and explain their
characteristics with examples.
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MODULE 2

STATISTICAL THERMODYNAMICS

2.0 Objectives

1. To learn thermal probability & ensemble theory.

2. To derive distribution laws wusing Lagrange’s method of
undetermined multipliers.

3. To analyze translational, rotational, vibrational, & electronic
partition functions.

4. To calculate thermal quantities such as energy (abilty to work),
entropy, & heat capacity.

5. To apply statistical thermals to chemical equilibria & heat capacity

of solids.

Statistical thermals bridges microscopic properties of matter with
macroscopic thermal behavior, providing a fundamental learning of
energy (abilty to work), entropy, & equilibrium from a statistical
perspective. This approach allows us to derive the laws of classical
thermals from first principles based on the collective behavior of atomic

& molecular constituents.

UNIT- 2.1 Basics of Statistical Thermodynamics

2.1.1 Basic Concepts

The central premise of statistical thermals is that macroscopic properties
emerge from the average behavior of enormous numbers of microscopic
particles. While individual particles follow the laws of mechanics
(classical or quantum), their collective behavior can be described through
statistical methods when dealing with systems containing approximately

10723 particles.
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Thermal Probability & Most Probable Distribution

When we consider a macroscopic system in equilibrium, we observe only
the most probable microscopic state, not because other states are
impossible, but because they are overwhelmingly unlikely. The thermal
probability, denoted as W, represents the number of distinct microscopic
states (microstates) that correspond to a particular macroscopic state

(macrostate).
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For a system with N identical particles distributed among energy (abilty to
work) levels, the thermal probability is specified by:

PHYSICAL
CHEMISTRY W N!
11 ny! X no! X ng! x -+ x n;!

where n; represents the number of particles in the ith energy (abilty to

work) level.

Using Stirling's approximation (In N! = N In N - N for large N), we can
work with the logarithm of W:

InW=NInN - N Z(ni Inn; —n;))=NlN Z n; lnn;

The most probable distribution occurs when W is maximized, subject to

the constraints of constant particle number & energy (abilty to work):

2n; = N (constant number of particles) Znie; = E (constant total energy

(abilty to work))
where &; is the energy (abilty to work) of the ith level.

The equilibrium distribution represents the state with maximum
probability, & hence maximum entropy, as defined by Boltzmann's

relation:

S=kInW
where k is Boltzmann's constant.
Ensemble Theory

To formalize the statistical approach to thermals, we use the concept of
ensembles—collections of identical systems that differ only in their
microscopic states. There are three primary ensembles used in statistical
mechanics:
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Microcanonical Ensemble

The microcanonical ensemble describes isolated systems with fixed
volume, particle number, & energy (abilty to work). All accessible
microstates have equal probability, exemplifying the fundamental
postulate of statistical mechanics. This ensemble is mathematically

represented as:

PE) = am)

where Q(E) is the number of microstates with energy (abilty to work) E,
& P(E) is the probability of each microstate.

The entropy of a microcanonical ensemble is:
S=kIn Q(E)

The microcanonical ensemble is particularly useful for developing
fundamental principles, though regularly challenging for practical

calculations.
Canonical Ensemble

The canonical ensemble represents systems in thermal equilibrium with a
heat reservoir at constant temperature. The system can exchange energy
(abilty to work) with the reservoir, but the particle number & volume
remain fixed. The probability of finding the system in a state with energy

(abilty to work) E is:
1 —E/ET
P(E)=—e ™
VA
where Z is the partition function:
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Z — Z E_Efl.":kT

The partition function serves as the cornerstone for calculating thermal
properties in the canonical ensemble. For instance, the Helmholtz free

energy (abilty to work) F is:
F=-kTInZ
From F, we can derive other thermal quantities:

Energy (abilty to work):

B d(In Z) _ kTEa(an)

0B oT

Entropy:
E
S=klnZ + —
nz T
Heat capacity:
OF
Cy = —
Yoar

where § = 1/kT.

Gr& Canonical Ensemble

The gr& canonical ensemble describes systems that can exchange both
energy (abilty to work) & particles with a reservoir. Here, temperature &
chemical potential are fixed. The probability of finding the system with N
particles & energy (abilty to work) E is:
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(E pN)

e K

P(N,E) =

[1]] —

where E is the gr& partition function:

= — E E.:"];Lﬂ' Z}\;‘

with Z N being the canonical partition function for N particles.
From the gr& partition function, we can calculate the gr& potential:
O=-kTIn=
which relates to pressure through:
PV=kKTInE

The gr& canonical ensemble is particularly useful for studying phase

equilibria & systems with variable particle numbers.
Distribution Laws

Distribution laws describe how particles are allocated among available
energy (abilty to work) states at equilibrium. These laws form the
foundation for calculating macroscopic properties from microscopic

considerations.

P=kgT (0 In Q trans/oV) T,N = NkgT/V
recovering the familiar ideal gas formula PV = NkgT.
Rotational Partition Function

Hence we introduce the partition function for rotational motion of a
molecule, which takes into account the contributions due to rotation as
well & depends heavily on the type of structure of a molecule. In the

high-temperature limit, the rotational partition function for a linear
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molecule with rotational constant B=#A%/(21), where I is the moment of

inertia reads:
q _rot =kgT/(cB)

Here o is the symmetry number that accounts for the number of
indistinguishable orientations of the molecule. For example, ¢ = 2 for
homonuclear diatomic molecules such as H: or O & ¢ = 1 for
heteronuclear diatomic molecules such as CO or HCI. For nonlinear
molecules with three different moments of inertia (I A, I B, I C), the

rotational partition function is specified by:

3/2

/2 [ (872kgT
Grot = — ( hf) (IxIplc)**

The rotational partition function is temperature-dependent & increases
with temperature since at higher temperatures, molecules have
accessibility to higher rotational energy (abilty to work) levels. But, at
sufficiently low temperatures, quantum effects become relevant & the
continuous approximation that appears in the expressions above fails.
Here, the discrete rotational energy (abilty to work) level must be
summed explicitly. In some cases, for example, certain molecules at low
enough temperatures, rotational motion may be "frozen out" & can be
neglected, requiring special treatment. These constraints could result in
lower-dimensional rotational partition functions, for example, since

rotational motion of adsorbed molecules on surfaces might be restricted.

Vibrational Partition Function

The vibrational partition function, which describes the contributions from
molecular vibrations (which, for most molecules, are quantized even at
room temperature) For a harmonic oscillator with fundamental frequency

v the vibrational partition function is:
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1 — ehv/(ksT) PHYSICAL
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e™(-hv/(2kgT)) — the zero-point energy (abilty to work) contribution, IT

which is regularly dropped when one only cares about relative energies.

For a polyatomic molecule with many vibrational modes with frequencies
v_1, the total vibrational partition function is the product of the individual

mode contributions:

e —hu; [ (2kpT)
qvib — H 1 e—}w,-_,:’{-’f,r_;T]

i

3N-6 for a non-linear molecule with N atoms, & 3N-5 for a linear
molecule. These vibrational frequencies can be pre defined experimentally
(e.g., using spectroscopic techniques) or computed (e.g., through
computational quantum chemistry). For T > 0Ov, the vibrational qr
becomes kgT/(hv), like a classical oscillator. At low temperatures (kgT >
hv, then U vib = NkgT as per the equipartition theorem. At low
temperature (kgT<<hv), it tends to Nhv/2, indicating that zero-point energy
(abilty to work) dominates at small thermal excitation. For the electronic
case, if we assume that only the ground state is occupied, then U elec =
0 (if we set Eo = 0). If other excited electronic states can be reached, their

contribution must be explicitly calculated using the general formula.

Entropy

The entropy, S, is another key thermal function derivable from the

partition function:

F=U- TS=U-HéaInQ/aT V.

This can be rewritten as:

S=kslnQ+U/T
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Like the internal energy (abilty to work), for a factorizable partition

function, the entropy can be written as the sum of contributions from each

PHYSICAL mode:
CHEMISTRY

II S — Strans } Srm. i Svil; } Selec

For the translational mode, we obtain an entropy contribution of:

onmkpT ) 32y 5

h? N 2

Straus — NkB In ( N 2

This formula, the Sackur-Tetrode formula, gives the translational entropy
of an ideal gas. It also will show you the explicit dependence of entropy

on volume, mass, temperature, etc.

In the rotational mode, the entropy contribution for a linear molecule is:
S_rot = Nkg[In(kgT/(cB)) + 1]

It is then, for a nonlinear molecule:

So this gives us the entropy of the gas:

w2 (8mlkpT 3/2 1/2 3
Srot = Nkp lln( > ( 52 ) (Ialplc)™ | 2

In the case of the vibrational mode, the entropy contribution of a single

harmonic oscillator is:

(hv/kpT)

Svib = Nkp elhv/ksT) _ 1q

].ﬂ(]_ E—I{fu{_.-"kﬁT}l)

For the electronic mode, S_elec = Nkg In go, assuming that only the ground
state is populated. By summing these contributions we get the total

entropy, which gives us important information on the processes
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spontaneous character & systems equilibrium state. Particularly through
describing behaviour related to phase transitions, chemical rejoinders &

the temperature dependence of equilibrium constants.

Heat Capacity

Thermal Capacities & Specific Heats The heat capacity (or thermal
capacity) is essentially the ratio of "heat" exchanged at constant volume to
the temperature variation; it is denoted C_V. Its value can be derived from

the internal energy (abilty to work) via:

C_V =(U/eT) V

Or it can be obtained directly from the partition function:

C_V=ks+ kT (3/0T)(T (0 In Q/OT)_V)

For a system with a factorizable partition function, the heat capacity can

be written as a sum of contributions from each mode:

C V=C V,trans+C V,rot+C V,vib +C V,elec

For the translational mode, the heaUNITt capacity contribution is

specified by:

C_ V. trans = (3/2) Nkg

The fact that this value is not temperature-dependent, reflects the fact that
translational kinetic energy (abilty to work) in the classical limit does not

depend on T.

For the heat capacity contribution for a linear molecule in the r&om

rotational mode:

C_V,rot = Nkg

For a non-linear molecule, it is:
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C_V,rot = (3/2) Nkg

For the vibrational mode, the contribution to heat capacity by a single

harmonic oscillator is:

C_V,vib = EncodeE Nks (hv/ksT)? x e*(hv/ksT) / (e"(hv/ksT) - 1)?

C V,vib = d (A)/dT, showing typical temperature dependence; at high
temperatures (kgT >> hv), C_V,vib — Nkg; at low temperatures (kgT >
0_D).

The Debye model is based on a more realistic treatment of the vibrational
spectrum of solids, namely the presence of low frequency acoustic modes
that control the thermal properties of a solid at low temperatures. This
model has enabled learning of thermal properties of very diverse materials,

from elemental solids to complex compounds.

Beyond the Debye Model

Although the Debye model describes many simple solids well enough,

more complex materials need more sophisticated methods. These include:

Born-von Karman models, which are explicit about the discrete lattice
structure, & allow for the full phonon dispersion relation. Two-level
systems & other models to describe the anomalous low-temperature heat
capacities in glasses & amorphous materials. This relates the phonon
contribution to heat capacity, which becomes important in metals &
semiconductors, especially at low temperatures when the electron
contributions are negligible. Care must be taken though — each of these
contributions can be related to the relevant partition function, so we are
still working within statistical mechanics. Therefore, the total heat
capacity is the sum of all contributions, giving a comprehensive picture of
the material's thermal behavior. Larger systems can take on many different
configurations or arrangements, & these configurations play a critical role
in determining heat capacity, showcasing the link between statistical

mechanics & macroscopic observables. It has been important toward
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characterizing thermal properties of materials relevant to various

applications, from cryogenics to thermal management in electronic

devices. PHYSICAL
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Further Topics & Extensions

Fermi-Dirac Statistics & Bose-Einstein Statistics

The discussion up to this point has implicitly assumed Maxwell-
Boltzmann statistics, which is valid for the case of distinguishable
particles or the case of indistinsguishable particles at high enough
temperatures & low enough densities. Nevertheless, there are certain
conditions in which quantum effects become relevant & leave the
temperature dependence of quantum statistics unable to cover these
effects. For fermions (half-integer spins), which obey the Pauli exclusion
principle, the relevant statistics is Fermi-Dirac. In particular, for a state at

energy (abilty to work) €, the occupation number is:

where ¢ is the energy (abilty to work), u is the chemical potential, kg is

Boltzmann's constant, & T is the temperature.

where L is the chemical potential.

Bose-Einstein statistics are applied to bosons (particles with integer spin)

which can occupy the same quantum state. The occupation number is:

ne) =1/ (e ((e-)ksT) — 1)

This accounts for the fact that partition functions & consequently thermal
properties are modified to include quantum statistics. They are key to
comprehending phenomena such as electron action in metals (Fermi-

Dirac) & ultracold atomic gases (Bose-Einstein condensation).

Statistical Mechanics of Non-Equilibrium

Although this voyage has spent most of its time with equilibrium

statistical mechanics, non-equilibrium has regularly equal footing in many

75
MATS Centre for Distance and Online Education, MATS University



PHYSICAL
CHEMISTRY
II

fields. In non-equilibrium statistical mechanics, these same ideas of
partition functions can be applied to systems that are outside of thermal
equilibrium, either because they are driven by external forces or other

mechanisms, or because they are simply not in thermal equilibrium.

Methods in non-equilibrium statistical mechanics include:

e Linear response theory, which establishes the relationship between
a small perturbation to a system & its response, in equilibrium.

e Fluctuation-dissipation theorems that relate fluctuations in
equilibrium to dissipative processes out of equilibrium.

e Master formulas & kinetic theories describe the time evolution of
probability distributions in phase space.

e This framework has played a foundational role in describing
transport phenomena, relaxation processes, & the approach to

equilibrium in complex systems.

Cross-Discipline Computational Statistical Mechanics

Developments in computational methods in the modern era have
significantly broadened the applicability of statistical mechanics, allowing
for the calculation of partition functions (& thus thermal properties) for

systems that are intractable analytically. These methods include:

Then they can be compared with molecular dynamics simulations that
evolve a system in time according to classical formulas of motion &
provide a trajectory that allows to compute time averages & to relate them
to ensemble averages through the ergodic hypothesis. Monte Carlo
methods, which generate samples from the configuration space according
to the Boltzmann distribution thereby allowing direct computation of
ensemble averages without having to compute the partition function
explicitly. Data types are reported electronic structures calculated using
density functional theory (DFT) or using ab initio methods which
compute electronic structures from quantum mechanical principles, giving
rise to input for statistical mechanical calculations. Numerous approaches
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have been proposed within machine learning, which are data-driven
models trained to predict thermal properties using patterns from previous
data or simulations. These computational techniques have become
essential tools of modern statistical mechanics, allowing us to predict
properties of them, as well as to design new materials with specific

properties.

Summary : Statistical thermodynamics, also called statistical mechanics,
connects the microscopic properties of atoms and molecules with the
macroscopic thermodynamic properties of a system. It explains
macroscopic quantities such as pressure, temperature, internal energy, and
entropy in terms of molecular motion and distribution of energy states.
The Boltzmann distribution describes how particles occupy energy
levels at a given temperature, and the partition function (Z) serves as a
key link between microscopic energy states and macroscopic
thermodynamic functions, allowing calculation of properties like internal

energy, free energy, and entropy.

Exercise questions —

MCQs (1 mark each)

1. Statistical thermodynamics connects:
a) Macroscopic properties to chemical formulas
b) Microscopic properties to macroscopic thermodynamic properties
¢) Thermodynamics to classical mechanics only
d) Pressure to volume only
Answer: b) Microscopic properties to macroscopic thermodynamic
properties
2. The central concept of statistical thermodynamics is:
a) Energy conservation
b) Averaging over all possible microstates
¢) Ideal gas behavior
d) Phase transitions
Answer: b) Averaging over all possible microstates
3. The Boltzmann distribution describes:
a) How particles occupy energy levels at a given temperature
b) The phase transitions of solids
¢) Equilibrium constant in reactions
d) Pressure-volume relationships
Answer: a) How particles occupy energy levels at a given temperature
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The partition function (Z) is important because it:

a) Measures entropy only

b) Links microscopic energy states to macroscopic thermodynamic
functions

¢) Determines the number of molecules

d) Predicts phase transitions

Answer: b) Links microscopic energy states to macroscopic
thermodynamic functions

Statistical thermodynamics bridges:

a) Thermodynamics and quantum mechanics

b) Thermodynamics and classical mechanics only

¢) Chemical kinetics and thermodynamics

d) Electrochemistry and kinetics

Answer: a) Thermodynamics and quantum mechanics

Very Short Answer (VSA, 1-2 marks)

M

Define statistical thermodynamics.

What is a microstate?

What is the significance of the partition function?

State the Boltzmann distribution law in one sentence.

How does statistical thermodynamics explain heat capacity?

Short Answer (SA, 3—4 marks)

Explain how microscopic molecular behavior relates to macroscopic
thermodynamic properties.

Describe the role of the partition function in calculating thermodynamic
quantities.

How does the Boltzmann distribution determine the population of
energy levels?

Give an example of a thermodynamic property explained using
statistical mechanics.

Differentiate between a microstate and a macrostate.

Long Answer (LA, 5-6 marks)

1.

2.

Discuss the fundamental principles of statistical thermodynamics and
explain how it links microscopic and macroscopic behavior.

Derive the expression for internal energy using the partition function
and explain its significance in statistical thermodynamics.
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UNIT -2.2 Practical Applications of Statistical and Non-Equilibrium
Thermodynamics

2.2.1 Introduction

Statistical and non-equilibrium thermodynamics represent two powerful
frameworks that extend classical thermodynamics by incorporating microscopic
perspectives and addressing systems away from equilibrium. These fields have
transcended their theoretical origins to become indispensable in solving complex
real-world problems across numerous disciplines. Statistical thermodynamics
bridges the microscopic world of atoms and molecules to macroscopic
thermodynamic properties through probability and ensemble theory, while non-
equilibrium thermodynamics tackles the challenging domain of irreversible

processes and systems in flux. Together, they provide the theoretical foundation
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for understanding, predicting, and manipulating the behavior of matter and
energy under diverse conditions. The practical applications of these disciplines
are remarkably broad, touching virtually every field of modern science and
engineering, from materials science and chemical engineering to biology and
environmental science. This comprehensive exploration delves into the multitude
of ways these theoretical frameworks translate into practical solutions for
technological advancement, sustainability challenges, biomedical innovations,
and our fundamental understanding of natural systems.

2.2.2 Materials Science and Engineering

The development of advanced materials with tailored properties represents one
of the most significant applications of statistical thermodynamics. By
understanding how atomic and molecular interactions determine macroscopic
properties, materials scientists can design materials with unprecedented
functionality. Semiconductor manufacturing, which forms the backbone of our
digital world, relies heavily on statistical thermodynamics to predict and control
defect formation, doping profiles, and electronic band structures. The precise
manipulation of these properties enables the production of transistors, diodes, and
integrated circuits with ever-increasing performance and miniaturization.
2.2.3Chemical Process Optimization and Control

Chemical industries rely extensively on statistical thermodynamics to design and
optimize complex chemical processes. Separation processes, which account for
a substantial portion of industrial energy consumption, benefit immensely from
accurate thermodynamic modeling. Distillation, extraction, and adsorption
operations depend on vapor-liquid equilibria, liquid-liquid equilibria, and solid-
fluid interactions that can be predicted using partition functions and ensemble
theory. These predictions enable engineers to design more energy-efficient
separation systems, reducing operational costs and environmental impact.
Statistical thermodynamic models also facilitate the development of novel
separation technologies, such as membrane-based processes and ionic liquids, by
providing insight into molecular interactions and transport phenomena that
determine separation performance. The remarkable precision of these models
allows for the design of processes that can separate complex mixtures with
minimal energy input, addressing one of the most significant challenges in
sustainable chemical manufacturing.

Reactor design and optimization represent another crucial application domain for
statistical thermodynamics in chemical engineering. By incorporating detailed

thermodynamic descriptions of reaction kinetics and phase equilibria, engineers
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can predict reactor performance under various operating conditions and design
reactors that maximize yield while minimizing energy consumption and waste
production. Statistical thermodynamic calculations inform catalyst design by
revealing how surface properties and molecular interactions influence reaction
pathways and activation energies. This understanding has led to the development
of catalysts with unprecedented activity and selectivity for important industrial
reactions, from ammonia synthesis to petroleum refining. The ability to predict
how reaction conditions affect product distribution allows for the precise control
of chemical processes to meet changing market demands while operating within
environmental  constraints. In  polymerization reactions, statistical
thermodynamics provides insights into chain growth mechanisms, molecular
weight distributions, and phase behavior, enabling the production of polymers
with tailored properties for applications ranging from packaging materials to
biomedical devices.

The optimization of refrigeration and heat pump systems demonstrates how
statistical thermodynamics contributes to energy efficiency improvements in
thermal processes. By accurately modeling the thermodynamic properties of
refrigerants across wide ranges of temperature and pressure, engineers can design
systems that approach theoretical efficiency limits while meeting safety and
environmental criteria. Statistical thermodynamic calculations help identify
working fluids with optimal vapor-liquid equilibrium curves, heat capacities, and
transport properties for specific applications, from industrial refrigeration to
residential air conditioning. This capability has been instrumental in the
transition away from ozone-depleting substances and high-global-warming-
potential refrigerants to more environmentally benign alternatives. In the
emerging field of non-equilibrium molecular distillation, where thermal
gradients drive separation processes far from equilibrium, non-equilibrium
thermodynamics provides the theoretical framework for understanding mass
transfer rates and separation efficiencies, enabling the development of energy-
efficient purification technologies for heat-sensitive compounds used in
pharmaceuticals and fine chemicals.

2.2.4.Biotechnology and Pharmaceutical Development

The application of statistical thermodynamics to biological systems has
revolutionized our understanding of biomolecular structure, function, and
interactions. Protein folding, perhaps the most fundamental problem in molecular
biology, illustrates how statistical thermodynamic principles govern the

spontaneous organization of linear polypeptide chains into complex three-
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dimensional structures. By modeling the ensemble of possible conformations and
their associated free energies, computational biologists can predict native protein
structures and understand folding pathways. This capability has profound
implications for pharmaceutical development, as protein misfolding underlies
numerous diseases, including Alzheimer's, Parkinson's, and various forms of
amyloidosis. Statistical thermodynamic approaches inform the design of
therapeutic agents that stabilize native protein conformations or prevent
pathological aggregation, opening new avenues for treating previously
intractable conditions. The same principles apply to nucleic acid folding and
hybridization, enabling the design of diagnostic tools like PCR primers and
microarrays with optimal specificity and sensitivity for detecting genetic
sequences associated with diseases or pathogens.

Drug discovery and development processes benefit enormously from statistical
thermodynamic modeling of molecular recognition events. Computational
methods based on statistical thermodynamics allow researchers to predict
binding affinities between drug candidates and target proteins, screen virtual
libraries containing millions of compounds, and optimize lead structures for
improved potency and selectivity. These approaches have dramatically
accelerated the early stages of drug discovery while reducing dependence on
costly and time-consuming experimental screening. For example, structure-based
drug design employing statistical thermodynamic calculations of ligand-protein
interactions has led to the development of highly effective antiviral drugs
targeting HIV protease and neuraminidase inhibitors for influenza. Beyond small
molecule drugs, statistical thermodynamics informs the engineering of
therapeutic proteins and antibodies by predicting how sequence modifications
affect stability, solubility, and target affinity. This application has been
particularly valuable in developing biopharmaceuticals with improved shelf-life
and reduced immunogenicity for treating cancer, autoimmune disorders, and
other complex diseases.

The formulation of pharmaceutical products represents another area where
statistical thermodynamics delivers practical benefits. By predicting the physical
stability of drug formulations under various conditions, pharmaceutical scientists
can develop dosage forms that maintain efficacy throughout their shelf life.
Statistical thermodynamic modeling helps optimize parameters such as
crystallinity, polymorphic form, and excipient compatibility to ensure consistent
bioavailability and therapeutic efficacy. For example, amorphous solid

dispersions, which enhance the solubility of poorly water-soluble drugs, can be
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designed using thermodynamic predictions of miscibility, phase separation
kinetics, and crystallization tendency. In the emerging field of nanomedicine,
non-equilibrium thermodynamics provides insights into the formation, stability,
and biological interactions of drug delivery systems such as liposomes,
polymeric nanoparticles, and lipid nanoparticles. These insights have enabled the
development of sophisticated delivery platforms for nucleic acid therapeutics,
including the mRNA vaccines that have proven transformative in addressing the
COVID-19 pandemic.

2.2.5 Environmental Science and Technology

Climate modeling represents one of the most consequential applications of
statistical and non-equilibrium thermodynamics to environmental science. The
Earth's climate system operates far from equilibrium, driven by solar radiation
and characterized by complex energy and mass flows between the atmosphere,
oceans, land, and cryosphere. Non-equilibrium thermodynamic principles
provide the theoretical framework for understanding these flows and their
coupling through phenomena such as evaporation, precipitation, and atmospheric
circulation. Statistical thermodynamics enables the accurate modeling of
radiative transfer processes that determine how greenhouse gases influence
Earth's energy balance. These theories underpin the general circulation models
used to predict climate change impacts and evaluate mitigation strategies. The
ability to model complex climate feedbacks, including water vapor amplification
and ice-albedo effects, derives directly from statistical thermodynamic
descriptions of phase transitions and energy partitioning in environmental
systems. This application exemplifies how theoretical thermodynamics translates
into practical tools for addressing one of humanity's most pressing challenges.
Water treatment and desalination technologies illustrate how thermodynamic
principles translate into practical solutions for addressing water scarcity.
Membrane-based desalination processes, including reverse osmosis and forward
osmosis, operate based on osmotic pressure differences predicted by statistical
thermodynamic models of electrolyte solutions. These models inform membrane
material development and process optimization to maximize water flux while
minimizing energy consumption. Thermal desalination methods, such as multi-
effect distillation and membrane distillation, rely on accurate thermodynamic
property predictions across phase transitions to achieve efficient operation. Non-
equilibrium thermodynamics provides the theoretical foundation for
understanding concentration polarization phenomena that limit membrane

performance and for developing mitigation strategies through optimized flow
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patterns and membrane surface modifications. In emerging water treatment
technologies like capacitive deionization and electrochemical desalination,
statistical thermodynamic modeling of ion distribution and transport in charged
interfaces enables the design of electrode materials and operating protocols that
maximize energy efficiency and salt removal capacity.

2.2.6Energy Conversion and Storage

The development of advanced energy conversion systems represents a domain
where statistical and non-equilibrium thermodynamics deliver tremendous
practical value. Fuel cells, which convert chemical energy directly to electrical
energy without combustion, benefit from detailed thermodynamic modeling of
electrochemical reactions, ion transport, and multiphase flow phenomena.
Statistical thermodynamic calculations predict how catalyst composition and
electrode microstructure influence activation overpotentials and reaction
kinetics, guiding the development of more efficient and durable fuel cell
components. For solid oxide fuel cells operating at high temperatures,
thermodynamic models help optimize material composition to prevent chemical
degradation while maintaining high ionic conductivity. In polymer electrolyte
membrane fuel cells, statistical thermodynamics informs water management
strategies by predicting phase equilibria and transport properties under variable
operating conditions. The ongoing development of more efficient and cost-
effective fuel cells for applications ranging from portable power to grid-scale
generation illustrates how thermodynamic theory translates into practical energy
solutions with significant environmental benefits.

Thermoelectric materials, which enable direct conversion between thermal and
electrical energy, represent another application domain fundamentally rooted in
statistical thermodynamics. The efficiency of thermoelectric devices depends on
a dimensionless figure of merit that combines electrical conductivity, thermal
conductivity, and Seebeck coefficient—all properties that can be predicted using
statistical thermodynamic models of electron and phonon transport. By
understanding how material composition and nanostructure affect these
properties, researchers have developed thermoelectric materials with
substantially improved performance for waste heat recovery in industrial
processes, automotive exhaust systems, and remote power generation. Non-
equilibrium thermodynamics provides the theoretical framework for optimizing
device architectures and operating conditions to maximize power output and
efficiency under specific temperature gradients. This application demonstrates

how fundamental thermodynamic principles guide the development of
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technologies that address energy efficiency challenges across multiple sectors.

Battery technology development illustrates perhaps the most commercially
significant application of statistical thermodynamics in energy storage.
Rechargeable lithium-ion batteries, which power everything from smartphones
to electric vehicles, have been progressively improved through thermodynamic
modeling of intercalation reactions, phase transitions, and ion transport
processes. Statistical thermodynamic calculations predict voltage profiles,
capacity limitations, and thermal behavior of electrode materials under various
charging and discharging conditions. These predictions guide the development
of new electrode compositions and structures with improved energy density,
power capability, and cycle life. Beyond lithium-ion technology, statistical
thermodynamics informs the development of next-generation Dbattery
chemistries, including sodium-ion, solid-state, and metal-air systems, by
identifying material combinations with favorable thermodynamic stability and
transport properties. In grid-scale energy storage applications, thermodynamic
analysis helps optimize flow battery compositions and operating protocols to
maximize energy efficiency and system lifespan while minimizing cost. The
rapid advancement of battery technology over the past decades exemplifies how
thermodynamic theory enables practical innovations with far-reaching societal

impact.

Summary

Statistical thermodynamics and non-equilibrium thermodynamics provide a
molecular-level — understanding of real-world processes.  Statistical
thermodynamics is applied in predicting thermodynamic properties such as
heat capacity, entropy, and free energy from molecular behavior. It is widely used
in chemical equilibrium calculations, reaction rate analysis, phase
transitions, and understanding the behavior of gases, liquids, and solids at
different temperatures. Non-equilibrium thermodynamics deals with systems
away from equilibrium, describing the transport of matter, energy, and charge
in irreversible processes.
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Multiple-Choice Questions (MCQs)

1. Which of the following ensembles corresponds to a system

PHYSICAL . .
CHEMISTRY with constant N (number of particles), V (volume), & E
II (energy (abilty to work))?

a) Canonical ensemble
b) Microcanonical ensemble
¢) Gr& canonical ensemble
d) Isothermal-isobaric ensemble
2. The thermal probability (W) of a system is related to entropy
(S) by which formula?
a) S=kBWS =k B WS=kBW
b) S=kBIni/o;WS =k B \In WS=kBInW
c) S=kBW2S =k B W"2S=kBW2
d) S=W/kBS = W/k_BS=W/kB
3. Which method is used to derive the Boltzmann distribution
law?
a) Taylor expansion
b) Fourier analysis
c¢) Lagrange’s method of undetermined multipliers
d) Euler’s method
4. The partition function (Q) of a system is defined as:
a) The sum of all possible energy (abilty to work) states of the
system
b) The product of thermal probabilities
c) The statistical average of entropy
d) The integral of all energy (abilty to work) functions
5. Which partition function contributes to the heat capacity of
solids?
a) Translational partition function
b) Rotational partition function
c¢) Vibrational partition function

d) Electronic partition function
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Fermi-Dirac statistics is used to describe:

a) Classical gas molecules

b) Photons in a cavity PHYSICAL
. CHEMISTRY
c) Electrons in metals I

d) Molecular vibrations

Bose-Einstein condensation occurs when:

a) Fermions pair up

b) Particles obeying Bose-Einstein statistics occupy the lowest
quantum state at low temperatures

c¢) Molecular vibrations freeze at high temperatures

d) The heat capacity of a gas reaches its maximum value
Entropy production in non-equilibrium systems is due to:
a) Reversible chemical rejoinders

b) Equilibrium fluctuations

c) Irreversible processes like heat flow & diffusion

d) Zero-point energy (abilty to work)

Onsager’s reciprocity relations apply to:

a) Systems in thermal equilibrium

b) Coupled irreversible processes

c¢) Gas-phase rejoinder dynamics

d) Classical mechanics of solids

Which phenomenon is an application of non-equilibrium
thermals in biological systems?

a) Heat conduction in metals

b) Enzyme kinetics & ATP synthesis

c) Ideal gas expansion

d) Liquid-vapor phase transition

Short-Answer Questions

1.
2.

Define thermal probability (W) & explain its relation to entropy.
Explain the difference between microcanonical, canonical, & gr&

canonical ensembles.
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10.

What is the partition function (Q), & how is it used to calculate
thermal properties?

Describe the importance of translational, rotational, vibrational, &
electronic partition functions.

Derive the Boltzmann distribution law using Lagrange’s method
of undetermined multipliers.

Explain the significance of Fermi-Dirac & Bose-Einstein statistics,
& where they apply.

What is Bose-Einstein condensation, & why does it occur?
Discuss the concept of entropy production in non-equilibrium
thermals.

What are Onsager’s reciprocity relations, & why are they
important in irreversible thermals?

How do coupled rejoinders apply to biological systems in

thermals?

Long-Answer Questions

Derive the expression for entropy (S) in statistical thermals,
starting from the Boltzmann relation.

Explain the three types of ensembles (microcanonical, canonical,
gr& canonical) & their applications in thermals.

Discuss the physical significance of partition functions & derive
an expression for internal energy (abilty to work) in terms of the
partition function.

Compare Maxwell-Boltzmann, Fermi-Dirac, & Bose-Einstein
distributions, including their key differences & applications.
Explain the derivation of the Fermi-Dirac distribution law & its
importance in describing electron behavior in metals.

Describe the Bose-Einstein distribution law & how it applies to the
behavior of bosons like photons & helium atoms.

What is Onsager’s reciprocity principle, & how does it relate to

coupled irreversible processes? Provide examples.
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8. Explain the thermal criteria for non-equilibrium states & the role
of entropy flow in irreversible processes.

9. Discuss electrokinetic phenomena & diffusion mechanisms, &
their relevance in real-world applications.

10. How does non-equilibrium thermals apply to biological systems,

& what role does entropy play in biological rejoinders?

Answer Key- 1.b,2.b,3.c,4.a,5.c,6.c,7.b,8.c,9.b, 10.b
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MODULE 3

ELECTRODICS

UNIT 3.1 Electrodes & Electrochemical Cells

Types of Electrodes: Reference Electrodes, Metal-Metal Ion, Gas

FElectrodes

Construction & Working of Concentration Cells

Standard electrode potential
Half-cell with metal M electrode e gt_a_n:i;r_d_l-_l;d_r:);(;n_élégt;;d_e_ i
under standard conditions | (SHE) |
I i
]
: Platinum :
: H: | — wire :
High-resistance | 1 bar / - 1
M M+ + & voltmeter | Ht + o 1/2H2 ExcessH: |
I 1
Salt bridge : [ H
M | 1
= - | e = 1
I 1
P=1 bar ! 1
T=298K
T-298K | i
I 1
T-aT :H+ solution - :
| Ht 1
T Mo~ | imol/dm? | - H
@ N :
I e 1
+ ]
@ T Lal| -
@ J~ 1 b - i
M+ solution : H
Imol/dm* ———~~~"~"~"~"~"~"~"~"~"~"""""~"" 7777

3.1 General Information About Electrodes & Electrochemical Cells

Electrochemistry, the branch of chemistry that is concerned with the
relations between electrical & chemical changes, is one of the cornerstones
of modern science & technology. Electrodes & electrochemical cells are
the essential devices used to investigate & exploit electron transfer
rejoinders, & they are the pillars of electrochemical processes. The
discipline encompasses applications including batteries, fuel cells,
corrosion protection, & electroanalytical methods, providing methods for

converting chemical energy (abilty to work) to electrical & vice versa.

3.1.2 Types of Electrodes
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Electrode acts like an electronic conductor interfacing with ionic

conductor (electrolyte).
Reference Electrodes

Reference electrodes are among the critical components in
electrochemical measurements. These electrodes serve as stable &
reproducible potentials that act as references for measuring the potentials

of other electrodes. t.
J (Reference Electrode)

The Pre defined Hydrogen Electrode is the primary reference in
electrochemistry, with an assigned potential of 0.000000 volts at all

temperatures..

The Standard Hydrogen Electrode
— COmRCtiOn

Hydrogen gas (M,(g]) { W
#1atm Platinum wire
A
Hydrogen
Buobbles
fokl

1M Hydrochloric add solution

e Platinised platinum electrode
1 covered in platinum black

The electrode rejoinder is:

2H* +2e = Ha(g)

Although it is the most essential SHE, it is quite challenging to run in
practice in routine laboratory due to its intricate apparatus. As a result, the
use of more user-friendly second reference electrodes emerged.
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Calomel Electrode

As one of the most popular reference electrode used in laboratories around
the world, the saturated calomel electrode (SCE) It is made up of mercury
in contact with mercury(I) chloride (calomel) & a saturated potassium

chloride result.

- Bent side tube

Gilass wool plug |

Calomel electrode

The electrode rejoinder is:

ngClz +2¢ = 2Hg+ 2CI

Glass Electrode

The glass electrode, which is primarily an ion selective electrode, deserves
mention with the reference electrodes because of its widespread use in pH

measurements.
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wires to pH meter

—m«—— filling port

q4+— Kl solution
Ag/AgCl reference
electrode (internal)
0.1 M HC1
— Ag/AoC] reference
electrode (sample)
+————— permeable porous

junction

thin pH glass

membrane

The glass electrode's sensitivity to hydrogen ions is due to ion exchange
that occurs at the glass-air interface: sodium ions in the glass exchange

with hydrogen ions in result.

3.1.3 Metal-Metal Ion Electrodes

Metal-metal ion electrodes are probably the most intuitive electrodes: a
metal that contacts a result containing its ions. These electrodes represent

the most straightforward variety of redox equilibrium.

Electrons Flow down

_—
I
I

vwateer water
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Electrodes based on metal-metal ion interactions are widely used in
galvanic cells, potentiometric titrations, & electrochemical sensors. They
are simple to operate & have well defined electrochemistry by way of the

Nernst formula which is useful in electrochemical studies.

Amalgam Electrodes

Amalgams, alloys of mercury & other metals, are a special case of metal-
metal ion electrodes. This phenomenon can also be observed in various
metals when dissolved in mercury to form so-called amalgams; the

resultant electrode is regularly more reversible than that of the pure metal

electrode.
-200 mV
psevdo-RE: ’ AP carbion ’““fdc'nr ’ AE: carbon
silver stlver
WE: silver WE: silver amalgam
[;.‘H'N. Hy py= —1592 mV J !";.II"U; /Hz (= =1979 mV

silver-SPE | "2y’ silver amalgam-SPE

As an example, consider a zinc amalgam electrode (Zn(Hg)) in contact

with result of Zn**, which adheres to the rejoinder:

Zn** +2e = Zn(Hg)

The challenge of metallization is distinct to every ion & depends on the
action of metal ions in the result & that of the metal in the amalgam phase,
which is usually lower than one. This dilution effect shifts the potential

compared to pure metal electrodes according to the Nernst formula.

Inert Metal Electrodes
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In certain instances, the electrode material is not directly involved in the
redox process but only acts as an electron conductor. Platinum & gold
usually serve as inert electrodes, for systems containing a multitude of
redox species in result. For instance, an electrode made of platinum
submerged in a result where Fe?" & Fe*" ions are present would maintain

an electrode potential set by:

Fe*" + e = Fe?*

Ni(s) \% Pt(s)

salt bridge

KNO;(ag)
M ' M .

— - Clz(g) in

Ni(NO,),(aq) KCl(aq)
(pale green) (colourless)

Electrode potential is described by the Nernst formula:
E = E°+ (RTnF) * In(Fe*")

Such systems are indispensable in potentiometry & voltammetry

investigations of redox couples in result.
Gas Electrodes

Gas electrodes will form a three-phase boundary between a gas, an

electrolyte, & an electrically conducting solid (generally a noble metal
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like platinum). They enable the electrochemical exploration of gas-phase

species.

Hydrogen Electrode

In addition to being a reference, the hydrogen electrode is a very ordinary
gas electrode. It is basically hydrogen gas stormed through a platinum
electrode dipped in hydrogen ion result. The platinum is oven-coated with
platinum black to increase surface area & catalyzes the electrode

rejoinder:

2H* + 2e- = Ha(g)

The electrode potential obeys the Nernst formula:

E=E°+ (RT/2F) In(a_{H"}>P_{H})

P_{H:}: partial pressure of hydrogen gas. If we keep P_ {H2} = 1 atm we

can rewrite the expression as:

Functional formula can be specified:

E=E°+ (RT/F) In(a_{H*}) = E° - (2.303RT/F) x pH

This relationship is leveraged in measuring pH using hydrogen electrodes,
though glass electrodes have largely supplanted them in practical use

because of the convenience of measuring with glass electrodes.

Oxygen Electrode

Oxygen gas is bubbled over a platinum electrode immersed in the aqueous
result to form the oxygen electrode. Two different rejoinders may

dominate, depending on the pH of the result:

In acidic results:

02 +4H' + 4e” < 2H20 In alkaline results: Oz + 2H-O + 4e~ < 40H"
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Oxygen electrode in acidic results has pre defined potential of +1.229 V
vs. SHE, meaning it is a strong oxidizing agent. According to the Nernst
formula, the potential varies with oxygen partial pressure, hydrogen ion
action, & temperature. Just because of the use in the fuel cells, O2
sensors, & environmental monitoring. Nevertheless, the practical
application of metal air batteries is hindered by the sluggish kinetics of
oxygen reduction rejoinders, regularly necessitating the use of specialized

catalysts to obtain satisfactory performance.

Chlorine Electrode

As we did with the hydrogen & oxygen electrodes, we can form a chlorine
electrode from chlorine gas bubbled over a platinum electrode immersed

in a result containing chloride. The electrode rejoinder is:

Cl(g) + 2¢ = 2CI°

Chlorine electrode (pre defined potential +1.358 V vs. SHE), being a very
strong oxidizing agent. Its potential varies according to the Nernst formula

with chlorine partial pressure & chloride ion action:

Or you can use this formula: E=E0+(RT/2F)In(P_{Cl:}/a_{CI}?)

Chlorine electrodes have important applications in the chlor-alkali
industry, the disinfection processes & are used as reference electrodes in

some types of electrochemical studies.

Ton-Selective Electrodes

Ion-Selective Electrodes Although not explicitly listed in the outline of
this section, ion-selective electrodes are another important class of
electrodes that merit discussion, owing to their prominence in the field of
electroanalytical chemistry. These electrodes specifically respond to
individual ions in result so that the ion activities can be directly
determined using the potentiometric approach. The pH meter, for example,

uses a glass electrode, but many other ion-selective electrodes are
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available for Na*, K*, Ca?", F, etc. lon-selective membranes (glass,
crystalline, or polymeric) that produce a potential proportional to the log
for the action of that particular ion are usually used in these electrodes in

the Nernstian fashion.

Electrochemical cells have two electrodes (anode & cathode) which are in
electrolyte results, oxidation takes place at the anode & the reduction at
the cathode. There are galvanic (or voltaic) cells, which generate
electricity spontaneously, & electrolytic cells, which use electricity to fuel

rejoinders that would not otherwise occur spontaneously.

3.1.4 Fundamental Parts of Electrochemical Cells

Electrodes: Generally solid electronic conductors that facilitate electron
transfer rejoinder. The anode is where oxidation (electron loss) occurs, &
the cathode, reduction (electron gain). Electrolyte: Specific ionic
conductor, in result, melt or solid form, creating environment for ion
transportation from electrode to electrode, without electron discharge.
Salt BridgeSeparatorIn cells that have different electrolytes, a salt bridge
or separator allows ions to migrate & prevents the bulk mixing of results.
External Circuit: In galvanic cells, it acts as a route for electrons to move
from anode to cathode, usually through a load where electrical work 1is
done. For electrolytic cells, it is connected to an external power source

which pushes electrons in the opposite direction.

Galvanic Cells

In galvanic cells, spontaneous redox rejoinders transfer chemical energy
(abilty to work) to electrical energy (abilty to work). The classic example
is the Daniell cell of zinc & copper electrodes in their sulfate results, with

a salt bridge connecting the two.

In the Daniell cell:

* Anode (Zn): Zn — Zn*" + 2¢ (oxidation)
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* Cathode (Cu): Cu** + 2e- — Cu (reduction)

e Net: Zn + Cu*t — Zn*" + Cu PHYSICAL
CHEMISTRY
II
Zinc ancde Copper cathode
e == e
. "_,-p x"f -
@)/ Nt 1 yle
Porous + |
i T mambrane 1
N ™ ™t S N .__' “,____,/\__ =R e
Zn (s U (g
<L L Anoon
- T flow
| FETN 75\
b AR AL | Cu’? | —/‘
| ZnSO. {aa) L % e/ CuSO« (o) |

The cell potential (electromotive force, EMF) is the difference between

cathode & anode potentials:

E(:e]l = E(Zﬂth(ldt‘ - Ea_tmde =E E

i = 0337V — (—0.763V) = 1100V

Cu®*/Cn

This potential is the highest voltage that can be obtained from the cell
under pre defined conditions. In actual use, concentration polarization,

activation overpotential, & so forth depress the effective output voltage.
Concentration Cells

Concentration cells are a special fall into the category of galvanic cells in
which both electrodes have the same material at the same electrodes, but
one is at a substantially different concentration or action. This potential
difference is only due to the concentration gradient, thus the concentration

difference is enough to produce electrical energy (abilty to work).

Types of Concentration Cells
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Based on the concentration of electroactive species, we can classify the

concentration cells into two general types:

PHYSICAL . i . .
CHEMISTRY e Electrode Concentration Cells: These cells utilize identical
II electrodes that are placed in results of the same electrolyte at

differing concentrations.
e Electrolyte Concentration Cells — The electrodes & electrolytes
are the same but with differing concentrations of an ion that is not

involved in the electrode rejoinder.

Electrode Concentration Cells — Construction

An example of an electrode concentration cell would be:

e Two identical metal electrodes (e.g., copper rods)
e Two results that contain the metal ion (for example Cu?®") at

different concentrations

e A salt bridge joins the two half-cells

To construct a concentration cell in copper electrode:

e Left half-cell: Cu electrode in Cu*" result of
concentration Ci

e Right half-cell — Cu electrode in Cu2+ result of
concentration C2

e Salt bridge: Usually filled with KCI or any other

inactive electrolyte

Physically similar to a conventional galvanic cell, the crucial difference is
using the same materials for the anode & cathode but with different

concentrations for the results.

Suppose we have a cell containing copper electrodes in results of Cu?" at

concentrations Ci & Cz, with Ci > Ca.

The half-cell rejoinders are:
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* Right electrode: Cu** (Cz) + 2¢- — Cu (reduction) PHYSICAL
CHEMISTRY
* Overall rejoinder: Cu** (C1) — Cu?** (C2) II

From the Nernst formula, the cell potential is:

e E cell=E cathode - E _anode
e E cathode= E° Cu*/Cu+ (RT/2F)In(az2) E anode =E° Cu*"/Cu
+ (RT/2F) In(a:)

Since E° Cu?*/Cu is equal for both half-cells, we can write:

e E cell =(RT/2F) In(az/a:)
e At 25°C, this simplifies to:
e E cell =(0.0592/2) log(az/ai)(8)E_cell =0.0296 log(az/ai1)(8)

Because a1 > a: (if [a] & [b] are at the same temp then their action
coefficients are going to be very similar, so we can just consider this in
terms of concentration rather than action), log are going to be negative,
therefore making E _cell negative. This means that in the external circuit,
electrons move from the right electrode (in dilute result) to the left
electrode (in concentrated result). The idea is that metal ions move from
areas of high concentration to low concentration &, as they do, releases
electrical energy (abilty to work). This highlights that changes in entropy
may provide strongest driving forces for electrochemical processes even

when there are no different chemical species aware at the electrodes.

3.1.5 Nomenclature of Electrolyte Concentration Cells

Electrolyte concentration cells have similar electrodes (usually gas
electrodes such as hydrogen) in results with different electrolyte
concentration. A typical instance is the hydrogen-hydrogen concentration

cell:

Platinum black coated (PLB) platinum electrodes
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Hydrogen gas percolated at both electrodes at the same pressure

Acid results(e.g. HCI) of variant concentrations

Radians >> The is there something up to.

Now, lets go into the working of electrolyte concentration cells.

For a hydrogen-hydrogen concentration cell of H* with concentrations C:

& Co with Ci > Ca:

The half-cell rejoinders are:

* Anode: H. — 2H*(C:) + 2e™ (oxidation)

* Cathode: 2H* (Cz2) + 2e~ — H: (reduction)

* Overall rejoinder: 2H* (Ci) — 2H* (C2)

The cell potential is:

E cell =(RT/2F) In(az/a:) = —(RT/F) In(ai/az)

At 25°C, where a1 = C1 & a2 = Ca:

E cell =-0.0592 log(C:/Cz)

This formula illustrates that the cell potential is logarithmically dependent
on the ratio of concentrations. Fig 2 The direction of electron flow is
dependent on the cell potential. Ci1 > C hencecell potential is negative so
oxidation of hydrogen takes place in the more concentrated result &

reduction of hydrogen takes place in the more dilute result.

Examples of Concentration Cell Applications

Here are a number of applications of concentration cells in science &

technology:
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e (alculation of action coefficients: the EMF of concentration cells
can be measured to obtain action coefficients of electrolytes, thus
shedding light on the degree of non-ideality in a result.

e The principle of concentration cells serves as a basis for pH
measurement using hydrogen or glass electrodes.

e Jon-Selective ElectrodesMany ion selective electrodes are
concentration cells that produce potential proportional to the
logarithm of the activities of ions.

¢ Biological Membranes: Cell membranes preserve concentration
gradients that create bioelectric potentials similar to concentration
cells.

e Corrosion: Concentration cells are used to explain localized forms

of corrosion such as crevice corrosion & pitting.

Thermal Analysis of Concentration Cells

From the thermal aspect, these concentration cells work to convert the
free energy (abilty to work) due to concentration differences into electrical
energy (abilty to work). The maximum work resulting from electricity

equals the decrease of Gibbs free energy (abilty to work):

AG = -nFE _cell

For an electrode concentration cell,

AG =-nFE_cell = nF(RT/nF)In(a: /a1) = —RT In(a-/a:)

This has a direct connection to the basic definition of chemical potential

difference:

Ap = RT In(az/a:)

In this way, concentration cells will simply illustrate the transformation
of differences in chemical potential into differences in electric potential,
which is a fundamental principle of electrochemical energy (abilty to
work) transformation.
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Specialized Concentration Cells

Amalgamation, Concentration Cells: Two amalgam electrodes featuring
different concentrations of the same metal in mercury are utilized here, &
the cell operates by the same principle as electrode concentration cells but

with the metal action in the amalgam phase now becoming relevant:

E cell =(RT/nF) In(a_2,amalgam/a 1,amalgam)

Gas Concentration Cells: Same gas electrode (eg: hydrogen), different

partial pressures at each electrode:

For hdyrogen: E_cell = RT/2F In(P./P2)

Molemular Concentration cells: These include semi-permeable
membranes that only allow specific ions through it & are used in bio-

systems & membrane potential research.

3.1.6 Electrodes & Electrochemical Cells Advanced Topics

Electrode Kinetics

Whereas thermals dictates the thermal driving force & the ultimate thermal
limits of electrochemical cells, electrode kinetics dictates the actual rate of
electron transfer processes in electrochemical cells. At electrodes, the

current-potential relationship is governed by the Butler-Volmer formula:

1=1o[exp(anFn/RT) —exp((1 — a)nFn/RT)]

where 1 is the current density, io is the exchange current density, o is the
transfer coefficient, & nis the overpotential. This allows faster kinetics at
the electrodes & decrased activation overpotentials for an improved cell

performance.

Potential Drop due to Polarization & Overpotential
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In real electrochemical cells, for various polarization effects the real

potential differs from the thermalally expected value:

e Activation Polarization: Resulting from the energy (abilty to
work) barrier for electron transfer at the electrode-electrolyte
interface.

e Ohmic Polarization: Results due to the impedance of the

electrolyte, the electrodes & connections.

These polarization effects are observed as an overpotential, which
diminshes the cell voltage in a galvanic cell or increases the voltage

needed for an electrolytic cell.

3.1.7 Double Layer & Interfacial Phenomenon

The EDLC at the interface of the electrode & the electrolyte is composed
of a compact layer of adsorbed ions near the electrode surface & a diffuse
layer which goes into the result. This arrangement gives rise to a
capacitance-like behavior that impacts electrode processes, most
pronounced in transient measurements such as cyclic voltammetry. The
Gouy-Chapman-Stern theory provides a well-studied framework for
describing the double layer structure, comprising the specifically adsorbed
ions in the inner Helmholtz plane, & the diffuse layer of solvated ions

further away from the electrode.

Modern Electrode Materials

Electrode materials have seen spectacular developments in contemporary

electrochemistry:

e View ArticleElectrode MaterialsModified ElectrodesPolymer,
Enzyme, or Nanoparticle-Functionalized Electrodes

e The distinct & desirable performances of nanostructured
electrodes can be related to the increased surface area, remarkable

catalytic characteristics & enhanced mass transfer phenomena.
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e (Carbon-Based Electrodes: Such as glassy carbon, carbon paste,
carbon nanotubes, & graphene can serve diverse platforms for
electrochemical applications.

e Semiconducting Electrodes: Catalysis for photoelectrochemical

rejoinders & harnessing solar energy (abilty to work).

The next generation of electrochemical technologies from sensors to
energy (abilty to work) storage & conversion devices has been

revolutionized by these advanced materials

Summary: Electrodes and electrochemical cells are the fundamental
components of electrochemistry. An electrode is a conductor that allows
the transfer of electrons between a chemical species and an external
circuit. Common electrodes include metal-metal ion electrodes, gas
electrodes, and redox electrodes. An electrochemical cell is a device in
which chemical energy is converted into electrical energy or vice versa
through redox reactions. Galvanic (voltaic) cells produce electricity from
spontaneous reactions, while electrolytic cells drive non-spontaneous

reactions using an external power source.

Exercise questions —

MCQs
1. In an electrochemical cell, oxidation always occurs at:
a) Cathode
b) Anode
c) Salt bridge
d) Electrolyte

Answer: b) Anode
2. A galvanic cell operates by converting:
a) Electrical energy into chemical energy
b) Heat energy into electrical energy
¢) Chemical energy into electrical energy
d) Mechanical energy into chemical energy
Answer: c) Chemical energy into electrical energy
3. The function of a salt bridge is to:
a) Produce electrons
b) Maintain electrical neutrality
¢) Supply ions continuously
d) Increase voltage
Answer: b) Maintain electrical neutrality
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4.

In an electrolytic cell, the cathode is:
a) Positive electrode

b) Negative electrode

¢) Neutral electrode

d) Same as in a galvanic cell
Answer: b) Negative electrode

The cell potential (EMF) of an electrochemical cell depends on:

a) Nature of electrodes

b) Concentration of electrolytes
c¢) Temperature

d) All of the above

Answer: d) All of the above

Very Short Answer

1. Define an electrode.
2. What is the difference between anode and cathode?
3. Write one example of a gas electrode.
4. What is EMF of a cell?
5. State one use of electrochemical cells in daily life.
Short Answer
1. Explain the role of a salt bridge in an electrochemical cell.
2. Differentiate between galvanic and electrolytic cells.
3. Write the reactions occurring at the anode and cathode in a Daniel cell.
4. Why is the potential of a single electrode not measurable?
5. Describe briefly the construction of a simple electrochemical cell.

Long Answer

1.
2. Describe the principle, construction, and applications of electrolytic

Explain the working of a Daniel cell with a neat diagram.

cells.
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UNIT -3.2 Electrochemical Cells & Production of the Electrodes

The concepts of electrodes & electrochemical cells are the foundation of

PHYSICAL ‘ o
CHEMISTRY many technological applications:

II

3.2.1 Energy (abilty to work) Storage & Conversion

o Batteries: You have lead-acid & lithium-ion, & emerging
technologies like sodium-ion & solid-state, all of which depend on

carefully designed electrode materials & cell configurations.

e Fuel Cells: Fuel cells turn chemical energy (abilty to work) directly
into electricity via electrode rejoinders — types include proton
exchange membrane, solid oxide, & microbial fuel cells.

e Supercapacitors: Using high surface area electrodes & double-
layer capacitance for quick energy (abilty to work) storage &

release.

3.2.2 Electroanalytical Methods

o Potentiometry: Quantification by the electrode potentials usually
applicable for ion concentration determinations.

e Voltammetry: The investigation of electrode rejoinders by
measuring the electric current as a function of an applied electrical
potential to gain information about the mechanisms of the
rejoinders & to allow trace analysis.

e Coulometry: these techniques exploit the fact that the amount of a
substance reacted is directly proportional to the amount of charge
transferred by an electrochemical rejoinder, making it a very

accurate analytical technique.

3.2.3 Industrial Processes

e Electrowinning & Electrorefining: This is the process of extracting

or purifying metals through controlled electrode rejoinders.
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e Chlor-Alkali Process: Electrodialysis of brine to manufacture
chlorine, hydrogen, & sodium hydroxide, a fundamental process
in the chemical industry.

o Electroplating, whereby metals are plated on substrates using an
electrically induced process for decorative, protective or functional

purposes

Corrosion & Protection

o Sacrificial anodes or impressed current generate cathodic potential
on the structures to ensure that they do not corrode.
e AnodizingAnodic oxidation (Anodizing): A metal surface

treatment to form a porous oxide layer.

Electrode Potential & Liquid Junction Potential

The electrode potential is a fundamental concept in electrochemistry that
arises from the electron transfer rejoinders occurring at the interface
between an electrode & an electrolyte result. When a metal electrode is
immersed in an electrolyte result containing its ions, a potential difference
develops across this interface due to the tendency of the system to reach
equilibrium. This potential difference is what we call the electrode
potential. The origin of electrode potential can be traced back to the basic
redox rejoinders occurring at the electrode-electrolyte interface. Consider
a metal M immersed in a result containing its ions M"n+. The electrode

rejoinder can be represented as:

M = M”n+ + ne-

When a metal electrode is placed in a result of its ions, there exists a
dynamic equilibrium. Some metal atoms lose electrons (oxidation) & enter
the result as cations, while simultaneously, some cations in result gain
electrons (reduction) & deposit on the metal electrode. At equilibrium, the
rates of these forward & reverse processes become equal, but there is a

separation of charge across the interface, leading to the development of an
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electrical potential difference. The magnitude of this potential difference
depends on several factors, including the nature of the metal, the
concentration of its ions in result, & the temperature. The relationship
between these factors & the electrode potential is described quantitatively
by the Nernst formula, which postions as one of the cornerstones of
electrochemical theory. The Nernst formula was developed by Walter
Nernst in the late 19th century. It relates the electrode potential to the pre
defined electrode potential & the activities of the species involved in the

electrode rejoinder. For the general electrode rejoinder:

aA+bB+..+ner-=cC+dD + ...

The Nernst formula is specified by:

E=E°- (RT/nF) In[(a_C*c xa D" x ...)/(a_A%axa B"b x..)]

Where:

o E is the electrode potential under the specified conditions

o E°is the pre defined electrode potential

e Ris the universal gas constant (8.314 J mol*-1 K*-1)

o T is the absolute temperature in Kelvin

e 1 is the number of electrons transferred in the rejoinder

e Fis the Faraday constant (96,485 C mol*-1)

o a Xrepresents the action of species X (which can be approximated

by concentration for dilute results)

To illustrate the practical application of the Nernst formula, consider a zinc

electrode immersed in a zinc sulfate result. The electrode rejoinder is:

/n = Zn""2+ + 2eN

The pre defined electrode potential E° for this rejoinder is -0.76 V versus
SHE. If the action of Zn"2+ in the result is 0.01 M, the electrode potential

can be calculated using the Nernst formula:
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E =-0.76 + (0.0592/2) log[0.01] E = -0.76 + (0.0296)(-2) E = -0.76 -
0.0592 E=-0.8192 V

PHYSICAL
This example demonstrates how the electrode potential becomes more CHEMISTRY

negative as the concentration of zinc ions diminshes, reflecting the greater 1
tendency for oxidation to occur. The development of electrode potential
can also be conceptualized in terms of energy (abilty to work)
considerations. When a metal is immersed in a result of its ions, the system
will naturally evolve towards a state of minimum free energy (abilty to
work). The electrode potential represents the driving force for this energy
(abilty to work) minimization, quantifying the tendency for electron
transfer to occur. The Nernst formula is derived from fundamental thermal

principles. The change in Gibbs free energy (abilty to work) for an

electrochemical rejoinder is related to the electrode potential by:
AG = -nFE

At equilibrium, AG = 0, which means E = 0 for the comprehensive cell
rejoinder. Nevertheless, for a half-cell rejoinder, the potential E reflects
the tendency for the rejoinder to proceed in one direction or the other.
Learning the origin of electrode potential is crucial for many practical
applications. In analytical chemistry, electrode potentials form the basis
for potentiometric measurements, including pH determination using glass
electrodes. In electrochemical energy (abilty to work) storage devices like
batteries & fuel cells, electrode potentials determine the cell voltage &
energy (abilty to work) storage capacity. In corrosion science, the relative
electrode potentials of different metals govern galvanic corrosion
processes. The concept of electrode potential extends beyond simple metal
electrodes to include more complex systems like redox electrodes, ion-
selective electrodes, & biological electron transfer systems. In each case,
the Nernst formula provides a quantitative framework for relating the

measured potential to the concentrations of the relevant chemical species.

3.2.4 Liquid Junction Potential & Its Evaluation
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When two electrolyte results of different compositions come into contact,
a potential difference develops at their interface. This phenomenon,
known as the liquid junction potential (LJP), arises due to the differences
in the mobilities of ions present in the two results. The liquid junction
potential represents one of the most significant sources of uncertainty in
electrochemical measurements & learning its origin & methods for its
evaluation is crucial for accurate electrochemical analysis. The
fundamental cause of liquid junction potential lies in the differential rates
of diffusion of ions across the boundary between two electrolyte results.
When results with different ionic compositions are brought into contact,
ions will diffuse from regions of higher concentration to regions of lower
concentration. Nevertheless, not all ions move at the same rate. The
mobility of an ion depends on several factors including its size, charge, &
degree of solvation. Typically, smaller ions with higher charge density
move faster than larger ions with lower charge density. This difference in
ionic mobilities creates a separation of charge at the junction, leading to
the development of an electrical potential difference. For instance, if a
result of HCl is in contact with a result of NaCl, the highly mobile H+ ions
will diffuse more rapidly than Na+ ions, creating a charge imbalance &
consequently, a potential difference. The liquid junction potential can be
mathematically described using the Henderson formula, which relates the
potential to the concentrations & mobilities of all ions present in the two
results. For a junction between two results containing multiple ions, the

Henderson formula is specified by:

: Y A_ o
E i >z (e —¢f) 3o
..:'l F >< e ,ZET.L,- |:-I'.' ] — .| >< lIl \}‘: i Ti-rf-'f.l
et T i L b

e E jis the liquid junction potential
e Ris the gas constant

o T is the absolute temperature

e Fis the Faraday constant
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e 7 iisthe charge of ion i
e u iisthe mobility of ion 1
e c i®a & c_i”*p are the concentrations of ion i in results a & P

respectively

This formula, though comprehensive, is regularly difficult to apply in
practice due to the complexity of determining accurate values for all the
ionic mobilities in various result conditions. Therefore, several simplified
approaches & experimental methods have been developed for the
evaluation of liquid junction potentials. One of the most common
approaches for dealing with liquid junction potentials in electrochemical
measurements is to use a salt bridge. A salt bridge contains a high
concentration of an electrolyte whose cations & anions have similar
mobilities, such as potassium chloride (KCl). When a concentrated KCl
result (typically 3M or saturated) is used as a salt bridge, the liquid
junction potentials at both ends of the bridge tend to cancel each other out,

minimizing the overall impact on the measurement.

Despite the use of salt bridges, some residual liquid junction potential
regularly remains, necessitating methods for its evaluation. Several

approaches have been developed for this purpose:

1. Theoretical Calculation: Using formulas like the Henderson
formula or its simplified forms to calculate the LJP based on
known ionic concentrations & mobilities. This approach, while
straightforward in principle, regularly suffers from inaccuracies
due to the difficulty in determining precise mobility values in
complex results.

2. Extrapolation Methods: By measuring cell potentials with
differing concentrations of the salt bridge electrolyte &
extrapolating to infinite concentration, the LJP can be estimated.
This approach is based on the assumption that at infinite electrolyte

concentration, the LJP approaches zero.
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Reference Electrode Calibration: Using pre defined results with
known activities to calibrate reference -electrodes, thereby
incorporating the LJP into the calibration.

Computer Simulation: Modern computational methods can
simulate ion movement at liquid junctions, providing insights into

the development of LJPs in complex systems.

Summary :Electrochemical cells convert chemical energy into electrical
energy in galvanic cells or electrical energy into chemical energy in
electrolytic cells. They consist of two electrodes, an electrolyte, and
sometimes a salt bridge to maintain charge balance. Electrodes are
produced from conductive and stable materials like metals, graphite, or
inert platinum, depending on their application. They can be prepared by
methods such as coating, pressing, or deposition. Special electrodes like
reference and gas electrodes are designed for accuracy and stability.
These cells and electrodes are widely used in batteries, fuel cells,

electroplating, corrosion prevention, and sensors.

Exercise questions

MCQs (1 mark each)

1.

In a galvanic cell, the electrode where oxidation occurs is:
a) Cathode
b) Anode
¢) Salt bridge
d) Electrolyte
Answer: b) Anode
Electrolytic cells convert:
a) Chemical energy — Electrical energy
b) Electrical energy — Chemical energy
¢) Mechanical energy — Chemical energy
d) Heat energy — Electrical energy
Answer: b) Electrical energy — Chemical energy
Which material is commonly used for inert electrodes?
a) Zinc
b) Copper
¢) Platinum
d) Sodium
Answer: c) Platinum
The main purpose of a salt bridge in an electrochemical cell is:
a) To increase voltage
b) To complete the internal circuit and maintain charge balance
c¢) To act as an electrode
d) To supply electrons
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Answer: b) To complete the internal circuit and maintain charge
balance

Reference electrodes like the standard hydrogen electrode are used to:

a) Store charge

b) Provide a fixed reference potential

¢) Produce high current

d) Conduct electrolysis

Answer: b) Provide a fixed reference potential

Very Short Answer (VSA, 1-2 marks)

M

Define an electrochemical cell.

What is the role of the anode in a galvanic cell?
Give one example of an inert electrode.

Name one method of producing electrodes.
State one use of reference electrodes.

Short Answer (SA, 3—4 marks)

Nk W=

Differentiate between galvanic and electrolytic cells.

Explain how electrodes are selected for electrochemical cells.
What is the principle of the standard hydrogen electrode?
Write the reactions occurring at the electrodes in a Daniel cell.
Why is platinum often used as an electrode in gas cells?

Long Answer (LA, 5-6 marks)

1.

2.

Explain the construction, working, and applications of galvanic and
electrolytic cells.

Describe different types of electrodes (metal-metal ion, gas, and
reference electrodes) and explain how they are produced.

UNIT -3.3 Theories of electrodics
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3.3.1 Double Layer Theory & Electrocapillarity- One of the most
intriguing & complex structures in electrochemistry is the electrode-
electrolyte interface. When the two phases meet at the boundary (e.g. when
an electrode is immersed into an electrolyte result) something magical
happens. While the interfacial region only physically spans a few
nanometers, this region of space contains a plethora of rich underlying
mechanisms that are the basis for governing charge transfer,
electrochemical rejoinders & many interfacial phenomena. Over the last
century, our learning of this interface has advanced greatly, leading to
ever-more sophisticated models of the distribution of ions, solvent
molecules, & charge at this frontier. At its most fundamental level, the
electrode-electrolyte interface can be thought of as a region that separates
a layer of charge depletion on both sides of the interface, resulting in the
build-up of excess charges. On the side of the electrode, excess electrons
or holes pile ups on the surface. This charge cannot penetrate too deeply
into the bulk of the metal as electronic screening is efficient. On the
electrolyte side, a counter ion arrangement based on the salt concentration
forms to preserve electroneutrality. The set-up of these charges on each

side of the interface is called the electrical double layer.

The first theoretical formulation of the electrical double layer goes back to
Helmbholtz in the 19th century who postulated a simplistic model in which
counterions condense into a rigid layer in front of the electrode surface at
a defined distance carrying a fixed charge analogous to the plates of a
parallel plate capacitor. Although this model captured the broad capacitive
behavior of the interface, it did not take into account the thermal motion
that dilutes ions away from the electrode surface & also did not consider
specific interactions among the ions, the solvent & the electrode. The
Gouy-Chapman model, which was developed independently within the
community of researchers in the early 1900s by Gouy & Chapman, was a
mayjor step further because they proposed the idea of a diffuse layer. In this
model, the counterions are not fixed in distance to the electrode but settle
uniformly in result as a result of the electrostatic attraction to the electrode
& thermal diffusion that favors obtaining a uniform concentration. The
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distribution of ions around the planar confining walls follows a
Boltzmann-type exponential relation, with counterions density decreasing
with distance from the electrode & co-ions doing the opposite. For the
Gouy-Chapman model, at low electrolyte concentration & small electrode
potentials, the spatial distribution of ions in the electrolyte is generally
more realistic. But it approximates the treated ions as a point charge &
does not consider the finite size of ions, which becomes troublesome at
either high electrolyte concentrations or large electrode potentials, where
the predicted concentration of counterions adjacent to the electrode

becomes non-physical.

These phenomena are rather complex & fundamentally dynamic & are
dictated by the electrode potential, electrolyte composition,
electrochemical fluxes & many other experimental parameters, so the
structure of the electrode-electrolyte interface is not fixed but rather
changing in time & space. In other words, as the potential of the electrode
is varied, the excess charge in the electrode surface changes, & the
distribution of ions in the electrolyte side of the interface is reorganized.
Underlying this reorganization can be a variation in the degree of specific
adsorption, the thickness of the diffuse layer, & the orientation of the
solvated molecules. In aqueous systems, for example, solvent molecules,
their orientation, & density near the charged interface strongly dictate the

structure & properties of the electrical double layer.

Accordingly, specifically adsorbed ions can affect several characteristics
of the electric double layer such as its capacitance, the potential profile at
the interface, or the kinetics of electrode rejoinders. For example, ions that
are specifically adsorbed can screen the charge on the electrode more
effectively than ions that are not specifically adsorbed, resulting in a larger
interfacial capacitance. They can also change the potential of zero charge
(PZC) of the electrode — the potential where the electrode has no excess
charge. The zero charge potential is an essential property of the electrode-
electrolyte interface & is informative to describe the nature of the

interaction between the electrode & electrolyte. The distribution of charge
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of this PZC, minimizing the electrostatic contribution to the adsorption of
ions & molecules, gives rise to other types of interactions in which the
van der Waals forces & the specific chemical bonds dominate the behavior
of this interface. The PZC also depends on the characteristics of the solid
& the electrolyte, & on the adsorbed species.

.Lippmann builder & multilayer Capacitance

Electrocapillarity, first introduced by Gabriel Lippmann around the end of
1800, has shown how electrical phenomena at certain interfaces are
related to surface tension at the mercury-electrolyte interface. This
trailblazing study not only offered a robust tool for investigating the
properties of electrical double layers, but also set the stage for explaining
how electrical potentials affect interfacial tension—creating repercussions
in electrochemistry, surface science, & a multitude of technological
applications. The Lippmann formula, a fundamental principle of
electrocapillarity, describes mathematically how the surface tension (y) of
an electrode-electrolyte interface & the electrode potential (E) are related.
In differential form, the formula describes how the negative derivative of
surface tension relative to potential is equal to the density of surface

charge (o) on the interface:

-Oy/CE = &

This elegant & superficially simple relationship enables a straightforward
route to obtain the surface charge density from measurements of the
surface tension as a function of applied potential. This formula arises from
thermal treatment of the electrode-electrolyte (e.g., solid electrolyte
interphase) interface, where excess charge (over a neutral state)
contributes to the interfacial free energy (abilty to work) of the system.
For Lippmann's experiment, a mercury electrode was placed in an

electrolyte result.

The second derivative of the electrocapillary curve is a quantity of key

importance as well, as it provides the differential capacitance of the
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electrical double layer. In mathematical terms, this relationship is defined

as:

0*y/0E* = -06/0E = -C

where C is the capacitance per unit area. Thereby, this relationship has
enabled the investigation of double layer properties & the determination
of capacitance values from electrocapillary measurements. This
phenomenon is key to learning the structure of the electrode-electrolyte
interface, known as the double layer capacitance. The Stern model of the
electrical double layer describes the total capacitance (C_T) with a series

of the compact layer capacitance (C_H) & the diffuse layer capacitance

(C_D):

1/C_T=1/C_H+1/C_D

The compact layer capacitance (linked to the Stern layer) varies relatively
weakly with the potential & is primarily set by the characteristics of
specifically adsorbed ions & the orientation of solvent molecules at the
interface. They can be closely modeled as a parallel plate capacitor, with
the distance parameter corresponding to the effective thickness of the
compact layer. Diffuse layer capacitance than depends on the electrode
potential & electrolyte concentration in a more complicated way. The

Gouy-Chapman theory defines the capacitance of the diffuse layer as:

C_D = (zoexz’¢*no/2kT)*(1/2) cosh(zey_d/2KT)

where g0 — permittivity of the free space, ex — relative permittivity of
the result, z — valence of the electrolyte ions, e — elementary charge, no
— bulk concentration of the electrolyte, k — Boltzmann constant, T —
absolute temperature, & y_d — potential at the outer Helmholtz plane.
This means that the diffuse layer capacitance grows both with increasing
electrolyte concentration & with increasing absolute magnitude of the
electrode potential with respect to its PZC. Under high electrolyte

concentrations or high potential difference, the diffuse layer compresses,
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leading to enhanced capacitance. In contrast, at lower electrolyte
concentrations or potentials near the PZC, the diffuse layer penetrates

much deeper into the result, & thus the capacitance becomes small.

3.3.3 Electrode Kinetics & Energy (abilty to work) Barriers at

Interfaces

Charge transfer at electrochemical interfaces is one of the most
fundamental processes in electrochemistry, controlling phenomena from
corrosion to energy (abilty to work) storage. Electrode kinetics
fundamentally describes the rate at which electrons are transferred from
an electrode surface to species in result & vice versa. This motion takes
place at the electrode-electrolyte interface, a highly complex region with
the properties of both solid (the electrode) & liquid (the electrolyte)
combining to generate novel energetic 1&scapes. The interface itself
consists of multiple layers, such as the inner Helmholtz plane (IHP), in
which specifically adsorbed ions are in direct contact with the electrode,
& the outer Helmholtz plane (OHP), where solvated ions come as close as
their hydration spheres will permit. Beyond this is the diffuse layer, where
the concentration of ions gradually allows for a profile similar to that of
bulk electrolyte. Various factors contribute to the energy (abilty to work)
barriers present at these interfaces. As an ion or molecule approaches the
electrode, it needs to overcome a region of repulsion between similarly
charged species & work to reorganize its solvation shell, breaking
chemical bonds if necessary, & orienting itself properly for electrons to
transfer. Such barriers act as the activation energies of charge transfer
rejoinders. The Butler-Volmer formula gives a mathematical description
of these processes, relating the current density to the exchange current
density (a measure of the tendencies the electrode-electrolyte interface has
to promote rejoinders); the overpotential (the necessary additional work to
be provided, above the thermal limit); & the transfer coefficient (a measure

of the energy (abilty to work) barrier symmetry).
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Summary

Electrodics is the branch of electrochemistry that focuses on the kinetics
and thermodynamics of electrode processes occurring at the electrode—
electrolyte interface. It explains how electrical energy is converted to
chemical energy and vice versa in redox reactions. A key aspect is the
electrode potential, which reflects the tendency of an electrode to gain or
lose electrons. The Nernst equation relates the electrode potential to ion
concentration and temperature:

RT
E-=F — In@

T

where Eo is the standard electrode potential, n is the number of electrons
transferred, Fis Faraday’s constant, and Q is the reaction quotient.
Electrodics also studies electrode kinetics, including the rate of electron
transfer,

Multiple-Choice Questions (MCQs)

1. Which of the following is a commonly used reference
electrode?
a) Calomel electrode
b) Silver-silver chloride electrode
c) Hydrogen electrode
d) All of the above
2. The Nernst formula is used to determine:
a) Electrode potential
b) Overpotential
¢) Liquid junction potential
d) Electrode capacitance
3. Which type of electrode consists of an inert metal in contact
with a gas & an electrolyte?
a) Metal-metal ion electrode
b) Gas electrode
c¢) Concentration cell electrode

d) Reference electrode
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Liquid junction potential arises due to:

a) The presence of an electric double layer

b) Unequal ionic diffusion at the junction between two results
c) Electron transfer between electrodes

d) Electrode surface oxidation

The structure of the electrical double layer at an electrode-
electrolyte interface is best described by:

a) Helmholtz model

b) Gouy-Chapman model

¢) Stern model

d) All of the above

Which formula describes the relationship between current
density & electrode potential in electrochemical kinetics?
a) Tafel formula

b) Butler-Volmer formula

c¢) Nernst formula

d) Arrhenius formula

Overpotential is defined as:

a) The additional potential required to drive an electrochemical
rejoinder

b) The pre defined electrode potential of a half-cell

c¢) The equilibrium potential of an electrochemical cell

d) The difference between anodic & cathodic potential

The Butler-Volmer formula is important for:

a) Determining corrosion rates

b) Describing electrode rejoinder kinetics

¢) Measuring liquid junction potentials

d) Predicting equilibrium constants

The Tafel slope is used to determine:

a) Rate-determining steps in electrode rejoinders

b) Equilibrium constants

¢) Electrode potential at infinite dilution

d) Pre defined Gibbs free energy (abilty to work) change
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10. Which process does NOT contribute to overpotential in an

electrochemical rejoinder?

a) Activation overpotential PHYSICAL
CHEMISTRY

b) Concentration overpotential I

¢) Ohmic overpotential

d) Nernst potential
Short-Answer Questions

1. Define electrode potential & explain how it originates.

2. What are reference electrodes? Give two examples & their
applications.

3. Describe the construction & working of a concentration cell.

4. Explain liquid junction potential & why it occurs in
electrochemical cells.

5. What is the electrical double layer, & how does it affect
electrochemical rejoinders?

6. Explain the Lippmann potential & its significance in
electrocapillarity.

7. What are overpotentials? Discuss their types & measurement
techniques.

8. Derive the Nernst formula & discuss its applications in
electrochemistry.

9. Compare the Helmholtz, Gouy-Chapman, & Stern models of the
electrical double layer.

10. What is the Tafel formula, & how is it used in analyzing

electrochemical rejoinders?
Long-Answer Questions

1. Discuss the different types of electrodes used in electrochemical
cells & their roles.
2. Explain the origin & evaluation of liquid junction potential in

electrochemical systems.
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10.

Describe the electrode-electrolyte interface & explain the structure
of the electrical double layer.

Explain the mechanisms of charge transfer in electrochemical
rejoinders, including deposition & disresult processes.

Discuss the different types of overpotentials, their causes, & their
effect on electrochemical rejoinders.

Derive the Butler-Volmer formula & explain its significance in
electrode kinetics.

Explain the Tafel formula, derive its mathematical form, & discuss
its practical applications.

Discuss the rate-determining step in electrode rejoinders & its role
in electrochemical kinetics.

Explain the applications of electrochemical principles in corrosion,
battery technology, & fuel cells.

Compare the different models of the electrical double layer &

explain their impact on electrode processes.

Answer Key- 1. D, 2.a,3.b,4.b, 5.d, 6.b, 7.a, 8.b, 9.a, 10.d
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MODULE 4 ELECTROCHEMISTRY

UNIT 4.1 Debye-Hiickel Theory
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The Debye-Hiickel theory is one of the most important theoretical
developments of electrolyte results in physical chemistry. The Debye-
Hiickel theory, introduced by Peter Debye & Erich Hiickel in 1923,
describes the non-ideality of electrolyte results through the consideration
of long-range electrostatic interactions between ions. Before this
advancement, the dynamics of electrolytes were mainly explained through
nearly comprehensive dissociation according to Arrhenius & van 't Hoff's
theory of colligative properties derived from empirical results. But in
practice, these terms did not work out in explaining deviations from ideal
behavior observed in common electrolyte results, especially at
intermediate to high concentrations. This important gap was filled by the
Debye-Hiickel (DH) theory, which offered a mathematical description that
considers ionic interactions & their influence on thermal properties.
Debye & Hiickel’s key insight was to note that ions in result are not
discrete objects in isolation, but charged entities bathed in a sea of
countercharged “ionic atmosphere.” This causes a screening effect that
diminshes the effective charge of each ion & the action coefficient, thus
accounting for the observed deviations from ideality. The theory still
postions as one of the most fundamental achievements in result chemistry,
& its principles are widely used to inform our learning of electrolyte
behavior in areas as disparate as biochemistry, materials science, &
environmental chemistry. The original theory has indeed its drawbacks,

especially when predicting cases with high concentration, but the further
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developed, extended & modified versions of this theory has proved to be

very useful & comprehensive for new prediction.

Treatment of Debye-Hiickel-Onsager; its Extension

Different theories exist for ionic interactions, many of which are limited
to even thermal-style properties (like action coefficients) of electrolyte
results, such as Debye-Hiickel theory. But a holistic learning of
electrolyte behavior must also consider transport properties, such as
electrical conductivity & ionic mobility. The formulation of Debye-
Hiickel-Onsager extends these considerations theoretically to account for
the concentration dependence of these & other dynamic properties. In an
electrolyte result, the molar conductivity (A) is regularly characterized as
decreasing with its respective concentration, which is referred to as the
"concentration effect" or "relaxation effect." Empirically, this relationship

obeys Kohlrausch's law:

A=A°-K\c

where A° is the limiting molar conductivity at infinite dilution, c is the
concentration & K is a constant. This empirical observation is supported
by the Debye-Hiickel-Onsager treatment, which has two contributions,
the electrophoretic effect & the relaxation effect. The electrophoretic
effect is generated by the drift of the ionic atmosphere in a direction
opposite the central ion under an external electric field. This counterflow
serves to drag-down the central ion whose effective mobility is decreased.
The math starts from the Stokes-Einstein relation for the diffusion

coefficient of an ion:

Di =kT/6mnri

where 1 is the solvent viscosity & ri is the hydrodynamic radius of the
ion. Ton mobility is linked to the diffusion coefficient by the Einstein

relation:

wi = zieDi/KT = zie/6mnri
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When an electric field E is applied, the ion migrates with a velocity vi =

uiE. But the ionic atmosphere is itself mobile, inducing a local solvent

flow that counteracts the motion of the ion itself. So the net effect is a PHYSICAL
CHEMISTRY

decrease in the apparent mobility: I

Api(electrophoretic)=—zieFi/(6mr)
where Fi is a function of ionic properties & concentration.

The relaxation effect is a consequence of the alteration of the ionic
atmosphere when the central ion is subjected to an external field. Because
the atmosphere cannot respond instantaneously to the new position of the
ion, there is an asymmetric charge distribution that exerts a restoring force
opposite to the ion's motion. Mathematically, the ionic atmosphere
impacts an formula of time-dependent diffusion for the species itself,

resulting in:
E {relax} ~ z \cdot \frac{z} {\sqrt{D}} ~ o - E

where i is angular frequency associated to relaxation time of ionic

atmosphere.

The combination of these effects can be written in terms of the molar

conductivity:
A=A (A1 + AV

where A: denotes the contribution of the relaxation effect & A> denotes

the contribution of the electrophoretic effect:
A1 = (zierk/3me)(1 + q)Az = (Fzie®NA/6m)(1 + q\2)

where F is Faraday’s constant & q is a parameter connected to the ion-
size parameter. This theoretical expression retains the type of Kohrausch's
empirical law & he gives formalized formulae of determining coefficient
K by basic properties of the electrolytic system. Independent of the

specific origins of resistance breakdown at higher concentrations, the
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Debye-Hiickel-Onsager theory had considerable success both in
predicting the qualitative concentration dependence of molar conductivity
in very dilute electrolyte results & identifying molecular mechanisms for
that dependence. While its predictions are an improvement upon the
original Debye-Hiickel theory, it still fails at high concentrations where
other factors enter. Extensions & modifications to the Debye-Hiickel &
Debye-Hiickel-Onsager theories have been developed to correct their
limitations & extend their range of applicability. One major extension is
the use of ion-size parameters to account for steric effects. The extended

Debye-Hiickel formula:
log(yi) = -VI/(1 + Bal*(1/2))Az(i)"2

introduces the parameter ¢, denoting the distance of closest approach
between ions. This change addresses some difficulties in predicting higher

concentrations by allowing for non-zero ion size.
Davies formula Another significant extension:
log yi =-Azi"2(NI/(1 + 1) - 0.31)

that includes an empirical linear term to improve agreement with
experimental data at greater ionic strengths (up to roughly 0.5 mol/kg).
This more truncated approach does come at the cost of some theoretical
purity but drastically increases the practical application of the model. In
principle, the Extended Debye-Huckel model may be used up to moderate
concentrations, while the systems with high electrolyte concentrations
could be described by the Specific Interaction Theory (SIT) & Pitzer
formulas that lead to more comprehensive frameworks. The SIT method
introduces terms to factor in certain short-range interactions between

pairs of ions:
log(yi) =—(A/(VI(1 + BavD)))i 2 + % &(i,j)mj

where &(i,j) are empirical interaction coefficients of specific pairs of ions,

& mj is the molality of ion j. The Pitzer formulas is a more advanced
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extension which involves virial-type expansions to account for binary &

ternary interactions between ions:
Inyi = zi"2F + ¥j mj(2Bij +ZCijj) +...

where F is a Debye-Hiickel related function, Bij & Cij are binary &
ternary virial coefficients respectively & Z is a function of ionic charges
& concentrations. Extensions of the Debye-Hiickel-Onsager treatment
include the incorporation of ion association & ion pair formation, an aspect
of significant importance for multivalent electrolytes. Fuoss & Onsager

added further terms to address these effects:

You are familiar with the synthetic likelihood that is based on the
statistical background with A = A° — (SVc + Ec log ¢ + J¢)

where S, E & J are coefficients from theoretical considerations of higher-
order effects in electrolyte results. Computational methods have extended
our learning beyond the analytical theories. Explicit solvent molecules are
accounted for in molecular dynamics simulations & Monte Carlo methods,
providing information on the molecular-level properties (e.g.
confinement, pressure) that are hard to quantify analytically including
specific ion effects, ion pairing, & solvent reorganization. The Debye-
Hiickel theory & its extensions are a shining example of moving from a
simple idealized scenario to a more elaborate description of a more
complex physical system. Starting with the conceptual advance of
including the ionic atmosphere, these theories have developed to account
for a wider variety of physical effects while keeping the computations
tractable. This balance allows them to contribute to elegance of theory as
well as usefulness in the laboratory, providing their continued role when

coupled with modern physical chemistry.

4.1.2 Ion-Solvent Interactions Wien Effect & Debye-Falkenhagen
Effect
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Ion—solvent interactions are one of the most basic phenome of the
physical chemistry that are fundamentally important for a multitude of
biological, environmental, & industrial processes. Simply adding ions to a
solvent — especially polar solvents (especially water) — creates a lot of
molecular mess. Since the beginning of the 20th century, these interactions
were investigated, being determined both by electrostatic effects & more
subtle quantum mechanical effects, with extreme phenomena emerging.
The Wien effect & the Debye-Falkenhagen effect are two important
phenomena that can occur in electrolyte results under certain
circumstances. Drawbacks of the new ions_The group expects to see
some of the same effects of the ions on the solvent, since the new ions will
play with the same game of layering & exclusion: water can act like many
salts in ionic results, providing insight into ion-solvent interactions &

many electrochemical systems.

The Wien Effect

108 Vim<E<2x107 V/im

++ 4+ +++ + +

First reported by Max Wien in 1927, the Wien effect is the increase in the
electric conductivity of an electrolyte result placed in a strong electric
field. This is particularly fascinating because it does not seem to follow
the classical notions of conductivity of electrolytes, which makes an
important assumption, that the current response to an applied electric field
is linear, hence Ohn's law. At low electric fields, ions show solvation shells
themselves consisting of cloud of counter ions that compensate some of
their charge & lower their effective mobility. What does cause ionic

'atmosphere' around an ion, & it is bounded by relaxation time after which
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this atmosphere charge will become zero. This relaxation process upholds
the balance in the weak electric field, & the result exhibits the features of
Ohm's law. But the ions in an electrolyte result move too fast when
exposed to a very strong electric field (usually above last hundreds of
kV/m) for the clouds of ions (the ionic atmospheres) surrounding them to
have time to evolve or remain symmetrically distributed. This effect is
called the Wien effect (or second Wien effect). As a consequence, the
effective screening effect caused by the ionic atmosphere is weakened,
resulting in an increase in the effective mobility of the ions, & then

causing the improved electrical conductivity of the result.

The Wien Effect & Its Mathematical Formulation

A(E)/A(0) = 1 + f(xa, E)

where A(E) is the molar conductivity at field strength E, A(0) is the molar
conductivity at zero field, k is the Debye-Hiickel parameter, a is the
distance of closest approach between the ions & f is a function that
depends on these parameters & the applied field strength. The effect is
stronger when the ionic concentration is low, as ionic atmospheres extend
over a greater distance into the result. It has been employed as a sensitive
probe in the study of ion pairing & association phenomena in electrolyte
results, while also providing information on the nature of ion-solvent
interactions that is not readily available using other experimental
techniques. Applications of the Wien effect that can be regarded as
modern days were the development of analytical methods for the detection
& determination of trace ionic species in result. Another implication of the
effect is the same to describe the behavior of biological systems
consisting on domestic local strong electric fields when approaching to
cell membranes & within protein surfaces, respectively, may alter the

behavior of ions in such systems.

The Debye-Falkenhagen Effect
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In 1928 Peter Debye & Hans Falkenhagen described the Debye-
Falkenhagen effect -- the frequency dependence of the conductivity of
electrolyte results. This effect comes from the fact that there can be a
finite time to both form & relax ionic atmospheres around ions in result.
As ions in result migrate through the result in an electrostatic or low-
frequency alternating electric field, the ions are surrounded by their ionic
atmospheres, which move along with them. Due to ionic atmospheres, a
retarding effect appears & thus decreasing the effective mobility of the
central ion & the conductivity of the result. Nevertheless, if you apply a
high-frequency alternating electric field to an electrolyte result, the ions
will oscillate in a fast back-&-forth motion. If the field frequency exceeds
the inverse of the ionic atmosphere relaxation time (Megaherzt-Gighehz
frequency range), the ionic atmosphere will not be able to
comprehensively form or change at these rates. Consequently, at high
frequencies, the obstruction of the ionic atmosphere becomes weaker,

which counteracts the conductivity of the result.

In mathematical terms, the Debye-Falkenhagen effect is reflected in the

complex conductivity of the result:

You can refer to o as the frequency & t the relaxation time to get the

conductivity for AC () = 6(0)[1 + (@t (1/2) / [1 + (01/2)7]

o(w) are the conductivity at angular frequency ®, o(0) is the static
conductivity, & 1 is the relaxation time of the ionic atmosphere. So, the
Debye Falkenhagen effect gives important information on the processes
of ion solvent interaction & structure of the electrical double layer at
interfaces. In different electrolyte results undertaken, relaxation times of
ionic atmospheres have been studied to learn about the mobility of ions &
the structure of their solvation shells. But modern uses of the Debye-
Falkenhagen effect are the basis for more sophisticated electrochemical
impedance spectroscopy methods used to investigate the electrode-
electrolyte interface in batteries, fuel cells, & other electrochemical
devices. The impact, of course, goes beyond just bioelectronics — it has

implications for learning how biological matter works, because high-
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frequency electromagnetic fields can also interact with ionic species in

biological fluids.

Comparison & Implications

The Wien effect & Debye-Falkenhagen effect both originate from changes
to the ionic atmosphere surrounding ions in result but occur on separate
premises. The Wien effect arises in strong static electric fields, while the
Debye-Falkenhagen effect arises in high-frequency alternating electric
fields. The following important implications for our learning of ion-

solvent interactions arise from these effects:

It Charles Brodersen the dynamic nature of ionic atmospheres in result,
that can be perturbed by an external influencer (e.g. electric fields). These
results serve as experimental validation of theoretical models of ion-
solvent interactions developed by Debye, Hiickel, Onsager, & others,
confirming many of the simplifying assumptions employed in these
models. They deliver important points about the shortcomings of pre
defined electrostatic considerations for ion-solvent interactions &
emphasize the importance of relaxation times when considering dynamic
effects. These measurements shed light on the architecture of the electrical
double layer at interfaces, which is vital for explaining events like
electrode kinetics, colloidal stability & membrane transport. These
techniques have applications in analytical chemistry, electrochemistry, &
materials science, facilitating novel methodologies to study electrolyte
results & interfaces. Additionally, modern experimental techniques,
coupled with computational methods, are being used to further learn &
characterize the complex nature of ion-solvent interactions, an active area
of research. Probing the dynamics of ion-solvent interactions on shorter &
shorter time scales via advanced techniques such as time-resolved
spectroscopy, ultrafast laser methods, & molecular dynamics simulations

has offered new perspectives on these basic phenomena.

Summary: The Debye—Hiickel theory explains the non-ideal behavior of strong

electrolytes in solution by considering ionic interactions. According to this
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theory, each ion in an electrolyte solution is surrounded by an ionic atmosphere
of opposite charges, which reduces the effective force of attraction or repulsion
between ions. This modifies the activity of ions compared to their actual
concentration. The theory introduces the concept of activity coefficient, which
accounts for deviations from ideality, showing that at low concentrations, strong
electrolytes behave nearly ideally, but deviations increase with higher
concentrations. The Debye—Hiickel limiting law quantitatively relates the activity
coefficient to ionic strength of the solution. This theory is fundamental in
understanding  conductivity, equilibrium  constants, solubility, and

electrochemical cell potentials in real solutions.

Exercise questions —

MCQs (1 mark each)

1. The Debye—Hiickel theory is mainly used to explain:
a) Ideal gas behavior
b) Non-ideal behavior of strong electrolytes
¢) Kinetics of reactions
d) Phase transitions
Answer: b) Non-ideal behavior of strong electrolytes
2. In Debye—Hiickel theory, each ion is surrounded by:
a) Solvent molecules only
b) lons of the same charge
¢) An ionic atmosphere of opposite charge
d) Neutral molecules
Answer: c¢) An ionic atmosphere of opposite charge
3. The quantity that accounts for deviations from ideal electrolyte
behavior is:
a) Concentration
b) Activity coefficient
c¢) Molarity
d) Conductance
Answer: b) Activity coefficient
4. According to the Debye—Hiickel limiting law, deviations from ideality
increase with:
a) Higher concentrations
b) Lower concentrations
¢) Ideal solutions
d) Gas mixtures
Answer: a) Higher concentrations
5. Debye—Hiickel theory is significant for:
a) Solubility and conductivity
b) Electrochemical potentials
¢) Equilibrium constants
d) All of the above
Answer: d) All of the above
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Very Short Answer (VSA, 1-2 marks)

M

What is the main idea of Debye—Hiickel theory?

Define ionic atmosphere.

What is an activity coefficient?

At what concentrations do electrolytes behave nearly ideally?
Name one application of Debye—Hiickel theory.

Short Answer (SA, 3—4 marks)

Nk W=

Explain why strong electrolytes deviate from ideal behavior.
Describe the role of ionic atmosphere in Debye—Hiickel theory.
What is the significance of the Debye—Hiickel limiting law?
How does ionic strength affect the activity coefficient?

Give one application of the theory in electrochemistry.

Long Answer (LA, 5-6 marks)

L.

2.

Discuss the Debye—Hiickel theory in detail, highlighting assumptions,
concept of ionic atmosphere, and activity coefficient.

Derive the Debye—Hiickel limiting law and explain its applications in
understanding electrolyte solutions.

135
MATS Centre for Distance and Online Education, MATS University

\

{nars)

UNIVERSITY |/,

ready for life.

=

PHYSICAL
CHEMISTRY
II



PHYSICAL
CHEMISTRY
II

UNIT 4.2 Thermals of Electrified Interfaces (Lippmann formulas)

Thermals of electrified interfaces is an essential aspect of physical
chemistry that intersects electrochemistry with surface science &
thermals. This work is grounded in the foundations of a well-pre defined
domain characterized by a set of theoretical mathematical descriptors,
known as the Lippmann formulas, which explain the connections between
the electric state of an interface & its thermal ID. Traditional formulas
describing the overarching principles of membrane operation were derived
by Gabriel Lippmann in the late-19th century & are applicable to
innumerable biological, physical, & electrochemical phenomena such as

colloidal stability & bioenergetics.

4.2.1 Electrified Interfaces: Fundamentals

Nevertheless, an electrified interface usually means interface between two
phases with the charge separation. Some of the more typical examples
are: the boundary between a metal electrode & an electrolyte result, the
surface of a charged colloidal particle suspended in result, or a biological
membrane separating two different compartments with various ionic
compositions. One of the fundamental concepts in electrophoresis is the
presence of an electrical potential gradient across such interfaces,
ultimately resulting in the formation of an electrical double layer (EDL),
consisting of two parallel layers of charge. The first layer consists of ions
directly adsorbed on the surface through chemical mechanisms. The
second layer comprises ions, drawn to surface charge via Coulombic
forces that form a diffuse layer of counter-ions screening the surface
charge. Helmholtz first modeled this structure & later Gouy, Chapman,
Stern, & others struggled to account for thermal motion & finite ion size
effects. Dem&ing as such, this phenomenon is traditionally described
classically & is characterized by an electric double layer surrounding an
electrified interface & is significant in electrodic interphases governing
electrochemical processes, colloid stability & membrane transport. Thus,
it is necessary to learn the thermals of these interfaces for various

applications.
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The Lippmann Formulas

The Lippmann formulas are a series of thermal formulas describing the PHYSICAL
dependence of interfacial tension at a charged interface on the electrical CHEMISTRY
II

potential difference applied across the interface. These formulas can be
derived from basic thermals & electrostatics, treating an electrified
interface as a thermal system. The first Lippmann formula can also be
written for a simple electrified interface between a metal electrode & an

electrolyte result as:

(8. /0E)

T —

— —ET_':: ¥ ,—._T ] {Ej;;l.' "’IIHEJ Tt

Where vy is the interfacial tension, E is the electrical potential difference
across the interface, q is the charge density at the interface, & the subscript
pu & T are corresponding to fixed chemical potential & temperature. This
formula means that the interfacial tension is a decreasing function of the
magnitude of the surface charge, because of the contribution to the free
energy (abilty to work) of the interface from electrostatics. It conceptually
relates a measurable mechanical property (interfacial tension) to an
electrical property (surface charge density), allowing direct experimental
access to the electrical double layer. The second Lippmann formula
connects the change in surface charge density with the change in electrical

potential:
(09/CE)u, T =-C

Where C is the differential capacitance of the electrical double layer. As
a result, one can state that the electrical double layer acts as a capacitor.
This approach leads to a connected description of thermals of electrified
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interfaces, has far-reaching implications for predicting how interfacial

properties change over electrical conditions.

Experiments & Applications

Those Lippmann formulas are confirmed using various experimental
approaches, with electrocapillary measurements being the most prominent
ones. In these experiments, we measure the interfacial tension at the
interface between a mercury electrode & an electrolyte result, as a
function of applied potential. The characteristic curve that emerges from
this process is known as an electrocapillary curve & usually takes the
shape of a parabola with a peak at the potential of zero charge (PZC), the
point where the electrode surface is charge-neutral. The negative of the
surface charge density at any potential is specified by the slope of the
electrocapillary curve at that point according to the first Lippmann
formula. According to the second Lippmann formula, the curvature of the
electrocapillary curve is indicative of the differential capacitance of the
electrical double layer. These measurements have been used to develop a
deeper learning of the structure of the electrical double layer & to obtain
primary electrochemical parameters, such as the potential of zero charge,
the adsorption of ions & molecules at electrified interfaces, & the

capacitance of various electrode-electrolyte systems.

Lippmann formulas & thermal approach to electrified interfaces have

multiple applications well beyond basic electrochemistry:

e This theory provides a foundation for the stability of suspended
particles such as colloids in the presence of an electrolyte.

e They inform the design of supercapacitors, fuel cells & other
electrochemical energy (abilty to work) storage & conversion
devices in materials science.

e In analytical chemistry, they form the basis of methods like

polarography, voltammetry & impedance spectroscopy.
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o In biological systems, they provide insight into phenomena
ranging from membrane potentials to ion transport across the cell

membrane & movement of charged biomolecules.

In environmental science, they improve our learning of processes which
include but are not limited to ion exchange within soils, the behavior of

charged-toxicants, & water treatment technologies.

The extended Lippmann formula

The Lippmann formula can be generalized to add terms accounting for

the adsorption of species at the interface:

dy=-qdE - X Tidu

Where I'i surface excess concentration of species 1 & pi the chemical
potential. This extended formula embeds the coupling between electrical
& chemical effects at the interface, since changing the chemical
composition of the interface can influence its electrical properties & vice
versa. This coupling is especially relevant for systems that exhibit some
degree of specific adsorption, e.g. the adsorption of organic molecules on
electrode surfaces, the binding of proteins to charged membranes, the
formation of self-assembled monolayers, etc. These complex interactions
can be understood in a thermal framework using the extended Lippmann
formula & can be predicted how they respond upon variation of the

electrical & chemical environment.
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Summary: The Lippmann formulas describe the thermodynamics of the
electrode—electrolyte interface by relating interfacial tension to electrical
parameters. The first formula shows that the surface charge density is the
negative slope of interfacial tension with respect to electrode potential, while the
second relates the double-layer capacitance to the curvature of this dependence.
These relations connect interfacial tension, surface charge, and capacitance,

forming the basis of electrocapillarity and the study of electrical double layers.

Exercise questions —

MCQs (Choose the correct option)

1. According to the first Lippmann formula, surface charge density
(q) is related to:
a) Interfacial tension ()
b) Electrode potential (E)
c) Slope of y vs E curve
d) Curvature of y vs E curve
Answer: ¢)
2. The second Lippmann formula gives a relation between:
a) Interfacial tension and electrode potential
b) Surface charge density and capacitance
c) Capacitance and curvature of y vs E curve
d) Potential and ionic strength
Answer: ¢)
3. Which property of the double layer can be determined using
Lippmann equations?
a) lonic strength
b) Surface charge density and capacitance
¢) Solubility of salts
d) Diffusion coefficient
Answer: b)
4. Electrocapillarity experiments are used to measure:
a) lon mobility
b) Capacitance of the double layer
c¢) Partial molar volume
d) Gibbs free energy
Answer: b)
5. Lippmann’s theory primarily applies to:
a) Bulk electrolyte solutions
b) Electrode—electrolyte interfaces
c¢) Gas-phase reactions
d) Homogeneous catalysis
Answer: b)
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VSA (Very Short Answer)
1. State the first Lippmann formula.
2. State the second Lippmann formula.
3. What experimental curve is used in Lippmann’s analysis?
4. Which double-layer property is related to the curvature of y vs E?
5. Define electrocapillarity in one line.
SA (Short Answer)
1. Explain how surface charge density is obtained from Lippmann’s
first equation.
2. Derive the relation between capacitance and interfacial tension
using the second Lippmann formula.
3. What is the significance of the y vs E curve in electrocapillarity?
4. Describe the thermodynamic basis of Lippmann equations.
5. How do Lippmann’s formulas connect thermodynamics with

electrochemistry?

LA (Long Answer)

1.

2.

Derive both Lippmann formulas and discuss their physical
significance.

Explain the role of Lippmann equations in understanding double-
layer capacitance and surface charge with suitable diagrams.
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UNIT-4.3 Models of Electrified Interfaces

Electrified interfaces are of great importance to electrochemistry, &
colloid science & materials science. The interface between a solid material
& an electrolyte result gives rise to characteristic charge distributions at
the interface that play a critical role in a range of electrochemical
phenomena. Over the last century, scientists have created increasingly
complex models to describe these electrified boundaries. Three major
models developed—based on each other, adding refinements—the
Helmbholtz-Perrin parallel plate condenser model, the Gouy-Chapman
diffuse double layer theory, & last the combination of the two approaches

(ie, Stern modification).

4.3.1 Helmholtz—Perrin Theory (Parallel Plate Condenser Model)

One of these models, devised by Helmholtz & Perrin in the last decade of
the 1800 s & the first years of the 1900s, is the first relevant model that
attempts to describe the electrical double layer at an electrified interface.
This model was proposed by Helmholtz in 1879 & refined by Perrin. The
model treats the electrode-electrolyte interface like a parallel plate
capacitor, a simple but effective analogy that paved the way for future
theoretical progress. Upon an electrode's immersion in a result of
electrolyte, a charge density (positive or negative) is acquired at the
electrode surface in this model. In order to maintain electrical neutrality,
there must be a corresponding opposite charge in the adjacent result.
Helmholtz-Perrin model argues that this countercharge in the result is
anchored at a fixed distance from electrode surface & forms the so-called

Helmholtz plane or Outer Helmholtz Plane (OHP).

Some of the main characteristics of the Helmholtz—Perrin model are:
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e The counterions are also adsorbed as a mono layer at the electrode
face, with their center appearing at a distance approximately equal
to their hydrated ionic radius from the electrode.

e Optimize for: d=electrode surface to plane of counterions - on the
order of a few angstroms (0.3-0.5 nm).

e The potential distribution between the electrode & the result
decays linearly over the thin region of the double layer in a manner
very much like the potential drop across a parallel plate capacitor.

e Here, C = eoe/d is the capacitance of this interface, o is
permittivity of vacuum, &, is the relative permittivity or dielectric
constant & d is the distance between the two plates.

e This model showed the capacitance does not differ with the

applied potential or with the concentration of the electrolyte.

The Helmholtz-Perrin model can account for many experimental results,
which are especially true with high electrolyte concentration & very high
electrode surface charge. But it has substantial shortcomings. The model
neglects the thermal motion ofions in result, which would tend to disperse
the counterions instead of leading them to form a locked layer.
Furthermore, experimental measurements indicate a potential &
electrolyte-dependent capacitance of the electrical double layer that
directly contradicts the predicted constant capacitance of the model.
Despite these limitations, the Helmholtz-Perrin model formed an essential
conceptual basis & starting point for the elucidation of electrified
interfaces. It is too simple for quantitative perspectives but useful for
qualitative discussions & rough approximations, but more sophisticated

models are needed to complement quantitative analysis.

Noting the faults in the Helmholtz-Perrin model, Gouy (1910) &
Chapman (1913) independently derived a more comprehensive theory that
allowed for the effects of thermal motion on the ionic distribution near an
electrified interface. Within the Gouy-Chapman model, a diffuse double
layer is adopted, wherein counterions can not only be abstracted with

rigid binding arrangement at certain distances from the surface but
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disperse radially throughout a three-dimensional region extending from

the surface of the electrode into the result bulk.

Here are the main guiding principles behind the Gouy-Chapman theory:

Due to the point charge nature of ions in result (i.e., they have no physical
size), they can approach the electrode surface arbitrarily closely. These
ions experience two opposing forces: the electrostatic attraction to the
charged electrode & the thermal motion of the ions that opposes the
concentration of ions near the charged electrode, which tends to distribute
the ions throughout the result. This competition gives rise to a dynamic
equilibrium specified by the Boltzmann distribution, where the
concentration of ions at any point is related to their concentration in the
bulk result by: n+ = no exp(-zey/kT) for cations n- = no exp(zey/kT) for
anions where no is the number concentration of ions in the bulk result, z is
the valence of the ions, e the elementary charge, y the electrical potential
at that point, r the Boltzmann constant & T the absolute temperature. As
a consequence of this, the potential in the diffuse layer can be derived from
the Poisson-Boltzmann formula (which means the Poisson formula of
electrostatics, combined with the Boltzmann distribution) V2y = -(p/eog;)
= -(ze/eoer)(n+ - n-) (19) This differential formula can be solved, to give a
function which describes the electrical potential as a function of distance

from the surface (electrode).

4.3.2 The Modified Double Layer Model (Stern Model)

Nevertheless, in 1924, Otto Stern put forward a general model that
effectively incorporated both the Helmholtz-Perrin & Gouy-Chapman
approaches, & overcame many of their shortcomings. The Stern model is
a combination of these mechanisms, capturing both the Helmholtz layer
of oriented, adsorbed ions on the electrode surface as well as the diffusive

layer in result.
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Substrate

Stern's modification has the following main features:

e The double layer can be separated into two areas: inner compact
layer (Stern layer) & outer diffuse layer.

o The Stern layer is composed of specifically bound ions (regularly
desolvated) & solvent molecules that are in direct contact with the
electrode surface. This layer has a thickness on the order of the
hydrated or partially desolvated ions radius.

e This incoming plane of the molecule is called the Inner Helmholtz
Plane (IHP) through which ions are specifically adsorbed.

e The specific adsorbed ions give the Stern layer & the boundary
between this layer & diffuse layer which is defined by the OHP -
the centers of the nearest solvated ions.

e In Stern layer, the potential diminshes linearly with distance from
the electrode, which is similar to the Helmholtz-Perrin model.

e The second, diffuse layer, where potential drops off
exponentially, as predicted in the Gouy-Chapman calculations, lies

outside the OHP.

We treat the total capacitance of the double layer (CDL) as two capacitors
in series: 1/CDL = 1/CH + 1/CD; where CH is the Helmholtz capacitance
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(constant) & CD is the diffuse layer capacitance (potential & concentration
dependent). In this effort, Stern also accounted for the finite size of ions
by imposing a minimum approach distance to the electrode surface,
thereby removing one of the primary shortcomings of the Gouy-Chapman
model. This model incorporates specific adsorption of ions: The specific
rod-shaped, “water” molecule rather than of metallic nature ions at the
surface that can lose some part of their hydration shell & start to form the

chemical bonds with the surface of electrodes.

Moreover, the model also misses the intricate structure of the solvent at
the interface in addition to not accounting for the ion-ion interactions &
correlation effects comprehensively. In addition, it operates under the
assumption of a static comprises of charge, while many interfaces will
behave dynamically. Subsequent refinements of Stern’s model have fixed
a few of these shortcomings. For instance, Grahame (1947) built upon this
by differentiating between specifically adsorbed ions (yielding the THP)
& non-specifically adsorbed ions (yielding the OHP). Bockris,
Devanathan, & Miiller (1963) included solvent molecules in the picture,
& in particular water, asserting that at the interface, the first layer is mostly

oriented water molecules & ions only appear in a secondary layer.

Experimental methods used to measure exchange current density. One
common method involves the extrapolation of Tafel plots, where the
logarithm of current density is plotted against overpotential in both anodic
& cathodic regions with the intercepts at zero overpotential providing jo.
An alternative is electrochemical impedance spectroscopy, which is
particularly useful for systems with high exchange current density &
allows for measurement to obtain the charge transfer resistance (Rct) in
equilibrium & inversely relates to jo through the relation jo = RT/nFRet.
The linear polarization technique also employs the slope of current-
potential curves close to equilibrium to derive the exchange current
density due to the linear relationship between current & potential in the
small overvoltage region. This concept of exchange current density is

fundamental in many electrochemical applications. In corrosion science,
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it is equivalent to the corrosion current density when registered at the
corrosion potential, & it is directly proportional to the velocity of metal
disresult. Exchange current densities are used as a measure of HER
catalyst action, where higher values correspond to higher HER catalytic
action & lower overpotentials for hydrogen generation. Scientific
background electricity flow in battery & fuel cell systems is heavily
dependent on the exchange current density (jo) at the electrodes;activation
losses are lower with increasing jo, resulting in higher power densities &
voltage efficiency. The reresult leads to learning & optimizing exchange
current density, controlling deposition rates & deposit properties for
electroplating processes & employing it as a parameter to facilitate more
sustainable industrial electrolysis operations with lower power
consumption in such a way to build energy (abilty to work)-efficient

systems.

Introduction to Eengineering Electro Derivation of Butler-Volmer

Formula & Tafel Formula

The most fundamental relationship between current density & electrode
potential is encapsulated in two formulas: out of the full nonlinear Butler-
Volmer formula (& its limit at high overpotential) the Tafel formula,
which describe the electrode kinetics. These formulas create the
quantitative basis to predict how electrode rejoinders respond to applied
potentials, & thus can help analyze & predict behavior in many different
electrochemical systems. Based primarily on thermals kinetics, with some
empirical behavior, these expressions emerge & bring with them a
comprehensive theory of electron transfer at the electrode-electrolyte
interface. The derivation starts with a simple redox rejoinder: O + ne” =
R, where an oxidized species O receives n electrons to be converted to a
reduced species R. At the electrode, this rejoinder occurs in both the
anodic (oxidation) & cathodic (reduction) directions: the cathodic
(reduction) direction produces R, while the anodic (oxidation) direction
regenerates O. The rates of those processes depend on the concentrations

of the electroactive species at the electrode surface, & on the rate constants
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for electron transfer, which are themselves potential-dependent. The net
current density j due to this rejoinder will be the difference between the

respective cathodic & anodic partial current densities:

j=jc —ja=nF(kcCO(0) — kaCR(0))

where jc & ja are the cathodic & anodic partial current densities,
respectively; F is the Faraday constant; kc & ka the potential-dependent
rate constants for the cathodic & anodic processes, respectively; CO(0) &
CR(0) the surface concentrations of species O & R. Generally, the
derivation is based on the variation of rate constants k¢ & ka with
electrode potential. The transition state theory indicates that electron
transfer takes place over an energy (abilty to work) barrier whose height
is affected by the applied potential. You can write the way in which rate

constants correlate with potential as:

The values for kc & ka are described by the formulas specified below. kc
= k°c exp[—anF(E — E°')/RT] ka = k°a exp[(1 — a)nF(E — E°')/RT]

where k°c & k°a are the pre defined rate constants at the formal potential
E°’; a is the transfer coefficient (or symmetry factor), a value that lies
between 0 & 1, which relates the energy (abilty to work) barrier for the
charge transfer process to the applied potential; R is the gas constant; &
T is the absolute temperature. The parameter o dictates the distribution of
the potential energy (abilty to work) between the forward & reverse
rejoinders, 0 118 mV/n at 25°C), one of the exponential terms in the
Butler-Volmer formula can be neglected (38). At high positive

overpotential (anodic process prevailing), Formula 1 can be reduced to:

71 =]0 * exp((1-a)nFn/RT)

Thus, taking the natural logarithm of both sides gives us:

In(j) = In(jO) + (1-0)nFn/RT
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Measurement: Similarly for large negative overpotentials (cathodic

process dominant):

PHYSICAL

These logarithmic relations between the density of current & overpotential CHEMISTRY
. . . I1
at high overpotentials are known as Tafel formulas, which can be

expressed in general form:
n=a+b e log|

These formulas are based on several assumptions that need to be
evaluated. The derivation itself assumes there are no chemical steps
preceding or following electron transfer for either a one-electron or n-
electron transfer. This is also under the assumption that the rejoinder is
activation-controlled rather than mass transport-limited, meaning the
operations are conducted with relatively lowcurrent densities (or at
sufficiently high mass transport conditions). Also, this model assumes
surface concentrations are equal to bulk concentrations, but this
assumption fails at high current densities when concentration gradients
develop close to the electrode. Although the transfer coefficient a is
assumed to be constant with respect to potential, in complex multiple-step
rejoinders an effective transfer coefficient will depend on the conditions.
Finally, we consider an idealized & homogeneous electrode surface, while
in real electrodes the surface is regularly heterogeneous, & an action may
differ in different places. Many of these shortcomings are indeed
addressed with modern extensions & modifications of the Butler-Volmer
framework. In rejoinders requiring multiple electron transfers, modified
formulas account for rejoinder intermediates & identify the rate-limiting
step. The mass transport limitations are addressed with the application of
the Butler-Volmer formula combined with terms from Fick's laws of
diffusion, forming nonlinear relationships where the concentration
gradient is explicitly accounted for. To describe such rejoinders, if the
intermediates are adsorbed, the Butler-Volmer formula is modified,
known, as Frumkin correction. As analytical results become intractable in
realistic systems, numerical methods increasingly enable the simulation

of complex electrode kinetics.
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The Butler-Volmer & Tafel formulas have practical applications in a
variety of fields. In electrochemistry, Tafel extrapolation allows for the
determination of corrosion rates from polarization curves, which is critical
in material selection & providing a means to assess protective strategies.
These formulas are used in electrocatalysis research to assess & compare
the performance of catalysts towards rejoinders by parameters such as the
exchange current density & Tafel slope, which provide information about
intrinsic action & rejoinder mechanisms. These models enable a
fundamental learning of battery & fuel cell development, minimizing
activation losses to improve device performance. These principles are
used in industrial electrochemical processes ranging from chlor-alkali
production to electroplating to optimize the operating conditions &
minimize energy (abilty to work) consumption. Nevertheless, even their
theoretical simplicity belies their excellent capacity for describing the
kinetics of the electrodes, & they remain the basis for learning more
complex electrochemical systems. The development of these models will
be extended to nanostructured electrodes, non-aqueous systems, &
unusual electrode materials in recent studies [94], while more detailed &
accurate measurements of kinetic parameters are offered by advanced
techniques such as electrochemical impedance spectroscopy &
microelectrode studies. These computational approaches, such as density
functional theory & molecular dynamics simulations, can now predict key
parameters (e.g., transfer coefficients & exchange current densities) that
link fundamental theory with practical applications in electrochemical

science & technology.

Summary: Electrochemistry is the study of chemical processes that
involve the movement of electrons—i.e., redox reactions—and the
conversion between chemical and electrical energy. It covers both
galvanic cells (which generate electricity from spontaneous redox
reactions) and electrolytic cells (where electrical energy drives non-
spontaneous reactions). A key concept is electrode potential, which
reflects the tendency of a species to gain or lose electrons. The Nernst
equation relates the electrode potential to ion concentration, helping
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predict cell voltages under non-standard conditions. Electrochemistry also
includes conductance and ionic mobility in solutions, described by
Kohlrausch’s Law. Electrolysis, Faraday’s laws, and electrochemical cells
are central to understanding the quantitative aspects of redox reactions.
The field explores electrode kinetics (rate of electron transfer),
overpotentials, and concentration gradients near the electrode surface.
Techniques like potentiometry, conductometry, and voltammetry are
essential tools for chemical analysis and research. Applications range from
batteries, fuel cells, and corrosion to industrial electrolysis and biosensors,
making electrochemistry fundamental in both theoretical chemistry and

modern technology

Multiple-Choice Questions (MCQs)

1. Debye-Hiickel theory is used to describe:
a) The behavior of strong electrolytes in result
b) The kinetics of electrode rejoinders
c¢) The corrosion of metals
d) The capacitance of electrochemical cells
2. The Debye-Hiickel formula accounts for:
a) The action coefficients of ions in result
b) The oxidation potential of an electrode
c) The overpotential in electrochemical rejoinders
d) The stability of colloidal dispersions
3. The Debye-Falkenhagen effect refers to:
a) The variation of ionic action with temperature
b) The increase in ionic mobility at high frequencies
c¢) The effect of electrode surface roughness on charge transfer
d) The impact of ion size on diffusion coefficients
4. The Helmholtz-Perrin theory models the electrochemical
double layer as:
a) A diffuse layer of ions with no specific adsorption

b) A rigid layer of counter-ions at the electrode surface
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10.

¢) A conductive interface for electron tunneling

d) A capacitor with multiple charge distributions

Which model incorporates both diffuse & compact layers in
the electrical double layer?

a) Gouy-Chapman model

b) Helmholtz model

¢) Stern model

d) Butler-Volmer model

Overpotential is caused by:

a) The effect of temperature on electrode rejoinders

b) Resistance due to activation, concentration, or ohmic losses
c¢) The formation of a passivation layer on the electrode
d) The Nernst potential being reached instantaneously
The Butler-Volmer formula describes:

a) The relationship between overpotential & current density
b) The potential of an electrode in equilibrium

c¢) The diffusion of ions in a dilute electrolyte

d) The formation of an electrochemical double layer
The Ilkovic formula is used in:

a) Corrosion studies

b) Polarography

c) Fuel cell efficiency calculations

d) Electrochemical impedance spectroscopy

Half-wave potential in polarography is related to:

a) The equilibrium potential of the redox couple

b) The capacitance of the electrochemical double layer
c¢) The resistance of the electrolyte result

d) The activation energy (abilty to work) of the rejoinder
Which of the following is NOT a form of corrosion?
a) Pitting corrosion

b) Crevice corrosion

c¢) Photochemical corrosion

d) Intergranular corrosion
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Short-Answer Questions

o =N W

10.

Derive the Debye-Hiickel formula & explain its significance.
What is the Wien effect, & how does it relate to ion-solvent
interactions?

Explain the Helmholtz-Perrin model of the electrical double layer.
How does the Stern model modify the Gouy-Chapman theory of
the double layer?

Define overpotential, & list its different types with examples.
Derive the Tafel formula & explain its practical significance.
What is the Ilkovic formula, & how is it used in polarography?
Explain the concept of exchange current density & its role in
electrode kinetics.

Describe the half-wave potential & its importance in
electrochemical analysis.

What are the major methods used in corrosion prevention &

monitoring?

Long-Answer Questions

Discuss the Debye-Hiickel theory, its mathematical derivation, &
its extension by Onsager.

Explain the thermals of electrified interfaces using the Lippmann
formulas.

Compare the Helmholtz, Gouy-Chapman, & Stern models of the
electrical double layer.

Explain the Butler-Volmer formula, derive it, & discuss its
applications.

Describe the different types of overpotentials & their impact on
electrochemical rejoinders.

Explain the Ilkovic formula in polarography & its application in
electrochemical analysis.

Discuss the various forms of corrosion, including their causes &

effects.
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8. Explain the methods for corrosion prevention, including coatings,

cathodic protection, & inhibitors.

PHYSICAL 9. Discuss the kinetics of electrode rejoinders, with emphasis on
CHEMISTRY exchange current density & rate-determining steps.
I1

10. Explain the Onsager reciprocity relations & their significance in

electrochemical systems.

Answer Keys — 1.a, 2.a, 3.b, 4.b, 5.c, 6.b, 7.a, 8.b, 9.3, 10.c

MODULE 5- SURFACE CHEMISTRY & MICELLES

+ Explain the fundamental concepts of surface chemistry,
including adsorption, surface tension, and catalysis.

» Differentiate between types of adsorption (physisorption and
chemisorption) and their characteristics.
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* Describe the formation, structure, and properties of micelles, and
their role in colloidal systems.

* Analyze adsorption isotherms (Freundlich, Langmuir) and
interpret experimental data related to surface phenomena.

* Apply the principles of surface chemistry and micelle formation
in industrial, biological, and environmental contexts.

UNIT -5.1 Surface phenomenons

5.1.1 Surface chemistry deals with the study of phenomena that occur at
the interface of different phases of matter. From these phenomena,
adsorption is yet a promising process that plays an important role in
catalysis, environmental remediation, & even materials science.
Molecular action across interfaces is different from that in bulk phases;

the energetic 1&scape is distinct at the interface.

This chapter provides the fundamentals of theory & mathematical
expressions of adsorption phenomena, surface tension & other interfacial

properties.

5.1.2 Surface Tension, Capillary Action

At the interface of a liquid with a gas, or between two non-mixing liquids,
molecules experience an asymmetry of forces. Molecules located in the
bulk of a liquid undercan attractive forces from surrounding molecules
from all directions, while surface molecules experience these forces
solely from below & lateral sides. This imbalance generates a net inward
force that pulls the liquid surface inwards, reduces its surface area. This
contractile effect is seen as surface tension, represented by y (gamma),

which is the work required to increase the surface area by a unit area.
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Surface tension accounts for much of our everyday experience, from the
roundness of a water droplet to the ability of some insects to walk on water.
Surface tension is quantitatively expressed in terms of forced foam, energy
(abilty to work) per unit area (J/m?) or, equivalently, as a force per unit
length (N/m). The strength of surface tension varies according to the kind
of intermolecular forces that are present in the liquid. Indeed, substances
that have strong interaction between them at the intermolecular level (SO)
show higher surface tension values than which have weaker interactions
(oganic solvents) Water have extensive hydrogen bonding network. With
increased kinetic energy (abilty to work) of the molecules, surface tension
values are lower the temperatures are raised, which is expected due to the
increased kinetic energy (abilty to work) cancelling out the forces that

cause cohesion.

5.1.3 Laplace Formula

Laplace’s formula describes the pressure across a curved interface in
terms of surface tension. For spherical interface radius of curvature, R:

pressure difference (AP):

AP =2y/R

This formula shows that smaller droplets or bubbles have greater pressure
difference across their interfaces than larger ones, which is the reason why
small bubbles will tend to coalescence into larger bubbles in order to

minimize surface energy (abilty to work).

The Laplace formula becomes: for a general curved surface having

principal radii of curvature R1 & Ro.

AP = y(1/R: + 1/R>)

By using the mean curvature of the droplet, this formula becomes essential
in describing the stability of foam bubbles, emulsion droplets, & other

dispersed systems.
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5.1.4 Kelvin Formula

The Kelvin formula generalizes the Laplace formula to the case of vapor
pressure above a convex liquid surface. For liquids with a curved surface
(as in a capillary), the vapor pressure over it differs from that over a flat
surface to the extent that there is an additional pressure due to the
curvature of the surface. The Kelvin formula can be written in the

following form:

In(P/Po) = 2yVm/RTr

Where:

* P is the vapour pressure above the dome

* Po is the vapour pressure above a flat surface

* VmP = molar volume of liquid

* R is the gas constant

* T is the temperature in kelvins

* r is radius of curvature (positive for convex surfaces & negative for

concave surface)

The Kelvin formula is behind the ability of water vapor to condense way
more easily in small pores or cracks, which is an important aspect of cloud
formation, during which water vapor condenses around small specks of
particulate matter. It also takes into account the process of capillary
condensation, where vapor condenses in porous materials at pressure
below the saturation vapor pressure. This formula shows that the
equilibrium vapor pressure over a convex surface (like a small droplet) is
greater than that over a flat surface, thus favoring the evaporation of small
droplets. For concave surfaces (for capillaries, on the other h&) the
equilibrium vapor pressure is below that over a flat surface, favoring the

condensation.Adsorption, the accumulation of molecules (adsorbate) on
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the surface of another molecule (adsorbent), is a spontaneous process due
to a decrease in surface energy (abilty to work). The nature of adsorbate
& adsorbents, surface area along with t pressure, temperature or
concentration of adsorbate are among the parameters affecting the extent

to which the adsorbent can adsorb or remove the adsorbate from the fluid.

Based on the nature of interactions between the adsorbate & adsorbent,

adsorption processes can be broadly classified into two categories:

e Physical adsorption (physisorption) : In physisorption, weak van
der Waals forces or electrostatic interactions take place with heat
of adsorption in the range of -20 to -40 kJ/mol, high kinetics,
multilayer adsorption may happen & adsorption is reversible by
changing temperature or pressure.

e Chemisorption: Also known as a chemical adsorption,
chemisorption refers to the interaction in which chemical bonds are
formed between the adsorbate & the adsorbent, which have higher
enthalpy change (between —40 & —400 kJ/mol), activate energy
(abilty to work) is sometime needed, & only monolayers are

formed according to specific adsorbate-adsorbent pairs.

Adsorption isotherms are useful in developing a mathematical relationship
between the amount of adsorbate on the surface & the concentration or
pressure of the adsorbate in the bulk phase at constant temperature. Focus
have relied on the plateau isotherm (Gibbs adsorption isotherm also gives
information on specific behaviour) & the Brunauer-Emmett-Teller (BET)
theory which describe various adsorption behaviours. The Gibbs
adsorption isotherm correlates the surface excess concentration of an
adsorbate with changes in surface tension with respect to changing
concentration. If the solute has an effect on surface tension in the result,

the Gibbs formula can be expressed as:

T = -(1/RT) x (8y/6ln C)T

Where:
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* I'— Surface excess (mol/m?)

* R is the gas constant

* Cis the concentration of solute in bulk

(0y/0ln C)T — The slope of the surface tension as a function of the natural

logarithm of the concentration at constant temperature.

Whether I' is positive or negative will indicate if a surface active material
with the addition of the material reduces (surfactants) or increases
(inorganic salts in water) the surface tension resulting in accumulation
(positive I') or depletion (negative I') in the surface layer. Consequently,
the Gibbs formula is a fundamental concept in the study of surface
chemistry, & will be particularly useful when considering surfactant
systems. Amphiphilic nature of surfactants (having hydrophilic &
hydrophobic moieties) attracts surfactants to the interface, which
considerably lowers the surface tension. This property is the basis for

their applications in detergency, emulsification & foaming.

For infiltrate results of non-ionic surfactants the Gibbs formula can be

simplified into:

I'=-(1/RT) x (dy/dln C)

The formula reduces to: (For ionic surfactants with excess electrolyte, the

action coefficients remain constant)

I =-(1/2RT) x (dy/dIn C)

The 1/2 is due to both surfactant ion & its counterion are typically

adsorbing.

The Gibbs adsorption isotherm helps us learn surfactant efficiency as well
as the critical micelle concentration (CMC) of surfactants, the
concentration above which surfactants aggregates forming micelles. The

surface of an aqueous result below the CMC is filled with surfactant
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particles which are mainly used to adsorb on its surface, & when the
surfactant reaches the CMC, it is now concentrated enough to enter the
bulk which leads to a sharp drop in the surface tension. Once the CMC has
been reached, the excess surfactant aggregates into micelles in the bulk

result, leading to little further decrease in surface tension.

5.1.4 Surface area estimation via BET theory

The Brunauer-Emmett-Teller (BET) theory was formulated by Stephen
Brunauer, Paul Emmet & Edward Teller in 1938 as the extension of the
Langmuir model which applicable to multilayers instead of only

monolayer adsorption. The BET model assumes that:

e Adsorption takes place on an energetically homogenous surface
e Adsorbed molecules are independent, not seeing lateral

interactions

The first layer of adsorbate interacts with the surface, while the following
ones interact with the previous adsorbate layer with energetics similar to

liquefaction

They can form an infinite number of layers

The BET formula can be written in general as:

This assumes you can calculate temperatures, etc using P =nRT/V, where
P, T, V are laboratory (or external) conditions, Vm is the molar volume

of the gas.

Where:

* P is the equilibrium pressure

* Po is the vapor pressure in saturation

* V is the gas adsorbed at pressure P
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* Cis the BET constant, depending on the enthalpy of adsorption. PHYSICAL
CHEMISTRY
This rearranges in a linear form: IT

P/[V(Po-P)] = 1/(VMC) + [(C-1)/(VmC)] x (P/Po)

When P/[V(Po-P)] is plotted against P/Po, it will yield a straight line of
slope (C-1)/(VmC) & intercept 1/(VmC) from which Vm & C can be
determined. This linear relationship is usually valid in the relative pressure
range (P/Po) from 0.05 to 0.35, depending on the adsorbent-adsorbate

system.

After the Vm has been determined, Adsorbent specific surface area S can

be calculated using:

S=Vm xNA xc/(V Xm)

Where:

* NA is Avogadro's number

* o is the area per adsorbate molecule

* Vis the molar volume of the adsorbate gas

* m: adsorbent mass

Pre defined BET surface area measurements are made using nitrogen gas
at 77 K as the adsorbate, & has a cross-sectional area (o) of 0.162 nm? per
molecule. Nevertheless, for materials with very low surface areas other
gases such as argon or krypton may be used. The BET theory has served
as the basis to evaluate the surface areas of porous materials used as
catalysts, adsorbents, pharmaceuticals, & nanomaterials. Although the
method is limited, especially for microporous species, for which pore-
filling does not occur until low relative pressures, & for materials with
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heterogeneous surface energetics, it is still the accepted technique for

surface area analysis largely as a result of its simplicity & reproducibility.

5.1.5 Type of Adsorption & its Relevance

The most employed mechanism behind the heterogeneous catalyst is
adsorption on the catalytic active centers which makes possible rejoinder
pathways with lower activation energies. The extent of adsorption is
important for catalytic efficiency — install too weak, & reactants don’t
bind tightly enough; too strong, & products don’t desorb, poisoning the
catalyst. In addition, insights gained from adsorption isotherms can
facilitate the optimization of catalyst design & provide useful information

to describe performance under a range of rejoinder conditions.

Adsorption processes drive water & air purification technologies. This
makes activated carbon an excellent adsorbent for organic contaminants
in water due to its high surface area, porous structure, & carbonized nature.
Like other specialized adsorbents, zeolites are able to remove heavy
metals & other pollutants selectively based on specific adsorption
properties. A key indicator of adsorbent performance is the BET surface

arca.

Analytical methods like gas chromatography & high-performance liquid
chromatography depend on the different degrees of adsorption of mixture
components on stationary phases. Retention time & separation efficiency

are determined by the adsorption isotherms of various compounds.

These affect drug disresult rates, stability, & bioavailability via surface
area & adsorption characteristics. Application of BET analysis for
pharmaceutical powders & excipients can improve formulation in relation

to drug delivery & efficacy.

The Gibbs adsorption isotherm should underlie the development & use of
surfactants in detergents, emulsifiers, & foaming agents. By deciphering
the connection between surfactant structure & reduction in surface
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tension as a function of concentration, we can develop more efficient &

less harmful surfactant systems.

PHYSICAL
A number of experimental techniques have been developed to probe CHEMISTRY

adsorption phenomena & surface properties: This method determines the 1
volume of gas adsorbed at different pressures at constant temperature. In
the most common form of the technique, following an outgassing of the
sample to remove any previously adsorbed species, the adsorbate gas is
added in situ stepwise & the amount adsorbed is calculated from pressure
changes according to gas laws. The resulting adsorption isotherm can be
analyzed by suitable models like BET for surface area & porosity
determination. These techniques make use of highly sensitive
microbalances to measure the increase in mass due to adsorption directly.
Since quartz crystal microbalance (QCM) techniques are capable of
detecting nanogram-level mass changes, QCM-based methods can be
useful for studying adsorption kinetics & thin film formation. The heat
released upon adsorption is a good proxy for adsorption energetics, & can
differentiate between physisorption & chemisorption processes.
Techniques such as microcalorimetry & temperature-programmed
desorption (TPD) measure adsorption enthalpies & energy (abilty to
work) distributions of surface sites. Infrared spectroscopy, Raman
spectroscopy & X-ray photoelectron spectroscopy (XPS) reveal the nature
of adsorbate—adsorbent interactions & the chemical state of adsorbed
species. These approaches are specifically wuseful for studying

chemisorption & catalytic mechanisms.
5.1.5 Surface Tension Measurements

Surface tension is measured directly through methods such as the
Wilhelmy plate technique, pendant drop analysis, & maximum bubble
pressure techniques. These measurements over a range of concentrations

can then be analyzed using the Gibbs adsorption isotherm model.

5.1.5.1Computational Approaches
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Computational chemistry has made giant strides in the prediction of
adsorption phenomena: Tracking molecular time evolution allows
molecular dynamics simulations to provide information on adsorption
kinetics, diffusion processes, & the temporal motion of molecules at

interfaces.

5.1.5.2Monte Carlo Methods

Gr& Canonical Monte Carlo (GCMC) simulations are especially
advantageous for estimating adsorption isotherms as they sample over

configurations constrained by chemical potential, temperature, & volume.

If you are reading this you are probably already familiar with Density

Functional Theory (DFT)

DFT calculations provide quantum mechanical information on the
energetics associated with adsorption, potential binding sites & electronic
characteristics of adsorbate-adsorbent species, which can be particularly
useful for gaining further insights into the mechanisms of chemisorption

or catalytic processes.

5.1.5.3Electrokinetic Phenomena

Electrokinetics are a fascinating amalgamation of electrochemistry, fluid
dynamics, & interface science. These effects arise from the unique
interplay between electric & mechanical forces within an electrical
double layer (EDL) that forms at the interface of solid—liquid surfaces. The
phenomenon of electrical double layer occurs when ions preferentially
adsorb onto the surface of a charge surface, which leads to the
accumulation of charged immobile counter-ions near the surface (Stern
layer) & diffuse layer of mobile ions (Helmholtz layer) into the result. The
plane that separates these two regions is termed the slipping plane or shear
plane, & is defined by the zeta potential, a key parameter dictating
electrokinetic behavior. Four major electrokinetic phenomena have been

thoroughly investigated: electrophoresis, electroosmosis, streaming
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potential, & sedimentation potential. Electrophoresis is the process that
causes charged particles in a liquid suspension to move out under the
influence of an applied electric field. The relation between the
electrophoretic mobility (n) of a particle & its zeta potential () is
specified by the Helmholtz-Smoluchowski formula: p = €{/n, where ¢ is
the permittivity of the medium & m its viscosity. This relationship has
major implications on analytical methods like capillary electrophoresis &
gel electrophoresis commonly used in biochemistry & molecular biology

to separate & characterize proteins, nucleic acids & other biomolecules.

Electroosmosis is the movement, induced by an electric field, of a liquid
through a stationary charged surface (e.g. capillary tube or porous
medium), which is the complementary phenomenon to electrophoresis.
The velocity profile under electroosmotic flow is fundamentally different
from that of pressure-driven flow; The pressure-driven profile is parabolic
because of the no-slip boundary condition at the walls, while the
electroosmotic flow has a flat plug-like profile in cross-section of the
channel excluding the near-wall region. This special feature has been
utilized within the scope of microfluidic devices & capillary
electrophoresis systems for optimal separations with negligible b&
broadening. This streaming potential arises when a pressure gradient
causes the liquid to be driven through a charged capillary or porous
medium, resulting in an electric field along the flow direction. This
generated electric field counteracts the flux of ions induced by convection,
eventually just passing the threshold of a steady state. The streaming
potential (Es) is related to the pressure difference (AP) in the liquid phase
by Es = (e{/4nmnA)AP, where € is the porosity, { is the zeta potential, 1 is
the viscosity, & A is the electrical conductivity of the result. It has practical
application to received data from porous material characterization, & also
for energy (abilty to work) harvesting devices, where the mechanical
energy (abilty to work) can be converted into electrical energy (abilty to

work).
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When charged particles in a suspension move under an external
gravitational field or centrifugal field, it leads to the formation of an
electric field parallel to the direction of particle motion, which gives rise
to sedimentation potential. This phenomenon, called the Dorn effect, can
be used to measure zeta potential of particles in suspension. Esed=
(eCApg/4mnA)h where 'h' is the height of the flow suspension & Esed is
sedimentation potential related to the density difference between the solid
particles & the medium (Ap), the force of gravitational acceleration (g) &
the zeta potential. The familiar Gouy-Chapman-Stern model yields a
theoretical description of electrical double layer structure & helps explain
electrokinetic phenomena. Within this framework, the decay of the
potential in the diffuse layer is described by an exponential reaching a
characteristic decay length called the Debye length (kx-1), which is a
function of the ionic strength of the result: k-1 = (¢kBT/8me2n0)1/2, with
kB the Boltzmann constant, T the absolute temperature, e the elementary
charge, & n0 the bulk number density of ions. In high ionic strength
results, the electrical double layer is compressed, leading to a decreased

Debye length & reduced electrokinetic effects.

Recent advances in experimental methodologies allow for improved
comprehension of electrokinetic phenomena occurring at the nanoscale.
The ability to measure forces within the electrical double layer directly
with atomic force microscopy with electrochemical capabilities (EC-
AFM) & to visualize particle dynamics near charged interfaces with
nanometer reresult using total internal reflection microscopy facilitate the
study of this dynamic regime in ion-containing results. Coupled to
advanced theoretical models & molecular dynamics simulations, these
experimental approaches helped uncover nontrivial behaviors that are not
described by classical theories, especially for systems in confined
geometries & systems with multiple ionic species or mixed solvents.
Electrokinetic phenomena have many applications in science &
technology. Methods of analytical chemistry take advantage of
differential electrophoretic mobilities in order to reach high reresult

separations of complex mixtures (e.g., capillary electrophoresis &
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isotachophoresis). Environmental remediation, in which applied electric
fields mobilize & extract contaminants from soil or groundwater, can also
benefit from this approach to soil processing. Examples of biomedical
applications include iontophoresis for transdermal drug delivery,
dielectrophoresis for cell sorting, & electroporation for gene delivery.
Nanofluidic diodes are an emerging technology that achieve current
rectification similar to semiconductor diodes by exploiting the
electrokinetic transport through asymmetric nanochannels to create new

electronic components.

The active area of research includes nonlinear electrokinetic phenomena
including induced-charge electroosmosis & electrokinetic energy (abilty
to work) conversion. Induced-charge electroosmosis is a phenomenon that
happens when an external electric field is applied around polarizable
objects producing vortices & increasing mixing in microfluidic systems.
One such energy (abilty to work) conversion process, electrokinetic
energy (abilty to work) conversion, involves converting mechanical
energy (abilty to work) directly to electrical energy (abilty to work) via the
streaming potential or vice versa, & possesses potential for sustainable
energy (abilty to work) generation from sources like ocean waves & river
flows. Real-world applications within this cooperation include the
fundamental investigation on electrokinetics & hydrodynamics of slurries
of chemically or mechanically modified solids, nonlinear electrokinetic
effects in polyhedral particles & non-Newtonian suspensions. Likewise,
studying electrokinetics using oil-water interfaces & in ionic liquids have
pushed the realm of this field beyond just an aqueous medium, & have
provided unique results from the different physicochemical properties of

these medium.

5.1.5.4 Liquid Films Stretched Over Surfaces & Their

Funcationalities

Surface films on liquids constitute a unique family of two-dimensional
systems that present phenomenal physical & chemical properties, with

profound impacts on fundamental science & technological applications.
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Surface pressure (m), characterized in terms of the decrease in surface
tension compared with the pure liquid substrate (m = y0 - y, where Y0 & vy
are the surface tension of the pure liquid & of a mixed film state,
respectively), is a central component of surface film classification. The o
isotherm provides insight into the phase behavior of the film by correlating
the surface pressure to the molecular area n-A. At low surface pressures
(large molecular areas), the film behaves as a gas, in which molecules are
far apart from one another & interact only minimally. As compression
progresses, the film evolves from a liquid-bigger in sizeed phase, showing
some form of cohesion, but large configurational freedom, toward a liquid-
condensed phase with a more constrained molecular mobility. What
happens with additional compression are high enough pressures that
molecules settle into a close-packed arrangement with extremely limiting
motion; they transition into a solid-like state. Beyond a certain critical
compression, the film will collapse — buckling, folding, or forming
multilayers. Various experimental methods can be used to describe the
molecular organization in surface films. Brewster angle microscopy takes
advantage of the difference in refractive index properties of the two film
domain types, allowing for the visualization of film structure without the
use of fluorescent probes. Notably, methods like X-ray diffraction &
neutron reflectivity have provided detailed insights regarding the
molecular ordering & orientation in the film, while vibrational
spectroscopies, notably infrared reflection-absorption spectroscopy
(IRRAS) & sum-frequency generation (SFG) spectroscopy, have provided
additional insights into the conformational state of the building blocks of

the molecules.

The thermals of surface films is discussed in terms of two-dimensional
analogs of three-dimensional systems. The compressibility of the film (Cs
= -1/A(0A/om)T, with A being the molecular area) is a measure of its
resistance against compression & shows typical dependences on the ©
across different phase regimes. Phase transitions in surface films can be
first-order with discontinuities in the n-A isotherm or higher-order, with
smooth changes in properties. It is indeed the Maxwell construction, as
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commonly used for locate the equilibrium coexistence of different phases
in such three-dimensional systems. In addition to static properties, surface
films exhibit stunning dynamic properties. The viscosity of a thin film,
which measures the degree of resistance to shear deformation, varies
significantly among different phases, ranging from nearly zero in the gas
phase to values comparable to solids in the condensed phase. Likewise,
the film elastic modulus, which describes film response to dilation or
compression, depends strongly on molecular packing & interactions.
These measurable rheological properties influenced processes including
foam stability & interfacial mass transport, & can be ascertained with

oscillating barriers, canal viscometers or interfacial rheometers.

This can particularly be attributed to the dipole moments of the molecules
at the interface & how they align. The surface potential (AV) of a film
interacts with the normal component of the molecular dipole moment
(ul), both of which can be determined from the potential difference (the
potential difference between the film-covered & clean surface) & the
molecular area via AV = 4nnul/e, where n is the surface concentration of
molecules & ¢ the permittivity. This creates a surface potential that
modulates the distribution of ions around the molecular interface, tunable

through changes to the molecular identity or packing density of the film.

Langmuir-Blodgett (LB) deposition, the transfer of surface films onto
solid substrates, is an pre defined approach for structuring well-defined
organic thin films with controlled molecular architecture. Multilayers can
be constructed that control the molecular thickness & orientation through
repeated dipping of a solid substrate between the monolayer through a
compressed monolayer at the air-water interface. These LB films have
been employed in the fields of molecular electronics, optical coatings,
chemical sensors, & biological interfaces. Nevertheless, in Langmuir-
Schaefer deposition, in which the substrate contacts the monolayer
horizontally, transfer of films of rigid molecules resistant to vertical
transfer are able to be achieved. Surface films are important in many

natural phenomena & technological applications. In biological systems,
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lipid monolayer surface layers at the air-water interface of lungs function
by lowering surface tension & inhibiting collapse during respiration. The
eye surface is covered by a tear film that has a lipid layer that slows its
evaporation & serves as a smooth optical surface. For example, in natural
systems, organic matter can create films on the water surface that regulate
gas exchange in aquatic environments & provide a habitat surface for
microorganisms. Surface films are technologically exploited for purposes
as diverse as foam & emulsion stabilization in foods & personal care
products & for the controlled-fabrication of nanomaterials via template-

directed strategies.

Recent progress in this area of research consists of responsive surface
coatings, in which surface properties are tailored to respond to external
stimuli, such as light, temperature or pH. These films contain
photochromic, thermochromic, or pH-sensitive moiety that produces the
macroscopic change in the properties of film after a stimulus, inducing

conformational change or chemical rejoinder.

5.1.5.5Mechanism of the Catalytic Action of the Surfaces

Surface chemistry manifests itself most deeply, in terms of its
implications for chemical manufacturing, energy (abilty to work)
conversion, environmental remediation, & next-gen technologies, in
catalytic action at surfaces. It is called surface catalysis because herein a
solid surface accelerates a chemical rejoinder (by providing an alternative
rejoinder pathway with lower activation energy (abilty to work)) without
being itself consumed in the process. The learning of catalytic
mechanisms has developed tremendously over the last century, from
simple qualitative observations in the early 20th century to atomic level
detail available in modern surface science techniques & computational
methods. The origins of surface catalysis as a field of study are regularly
traced back to the early 19th century when Humphry Davy reported that a
platinum filament could considerably enhance the oxidation of coal gas at
temperatures lower than its ignition temperature. It was through the

subsequent work of Faraday, Sabatier, Haber, & others that the practical
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significance of heterogeneous catalysis was pre defined, especially for
industrial processes like ammonia synthesis & petroleum refining. It was
not until the 2nd half of the 20th century that surface sensitive techniques

were developed to begin elucidating the molecular level mechanisms.

Summary

Surface chemistry deals with phenomena that occur at the interface between two
phases, such as solid—gas, solid-liquid, or liquid—gas. The most important
processes include adsorption, catalysis, and colloidal formation. Adsorption is
the accumulation of molecules at the surface, classified as physical (weak van
der Waals forces) or chemical (strong chemical bonding). Catalysis occurs at
surfaces where reactants are adsorbed, lowering activation energy and speeding
reactions. Colloids are dispersions with particle sizes between true solutions and
suspensions, showing properties like the Tyndall effect, Brownian motion, and
stability due to charge on particles. Applications of surface chemistry are wide-
ranging, from heterogeneous catalysis (Haber process, catalytic converters) to

adsorption in gas masks, drug delivery, detergents, and emulsions in daily life.

Exercise questions -

MCQs (Choose the correct option)

1. Adsorption of gases on solids is generally:
a) Endothermic
b) Exothermic
c¢) Neutral
d) Unpredictable
Answer: b)
2. In physisorption, the force of attraction between adsorbent and
adsorbate is:
a) lonic bond
b) Covalent bond
¢) van der Waals forces
d) Metallic bond
Answer: ¢)
3. The Tyndall effect is observed in:
a) True solutions
b) Suspensions
¢) Colloids
d) Both suspensions and colloids
Answer: ¢)
4. In heterogeneous catalysis, the role of the catalyst is to:
a) Increase activation energy
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b) Lower activation energy

¢) Change equilibrium constant

d) Get consumed in the reaction

Answer: b)

Which of the following is an example of micelle formation?
a) Gelatin in water

b) Soap in water above CMC

¢) Smoke in air

d) Gold sol

Answer: b)

VSA (Very Short Answer)

M

Define adsorption.

State one difference between physisorption and chemisorption.
Give one example of a heterogeneous catalyst.

What is Brownian motion in colloids?

Define critical micelle concentration (CMC).

SA (Short Answer)

M

Explain the difference between adsorption and absorption.
Write two characteristics of chemisorption.

Describe the Tyndall effect with an example.

How does a catalyst affect the rate of a chemical reaction?
Mention two applications of colloids in daily life.

LA (Long Answer)

1.

2.

Explain Freundlich’s adsorption isotherm with a graph and its
limitations.

Discuss the types, properties, and applications of colloids with
examples.
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UNIT 5.2 Surface-Active Agents

Surfactants, or surface-active agents, are amphiphilic molecules
containing both hydrophilic (heads) & hydrophobic (tails) moieties in a
singlular molecular structure. Their dual nature, one hydrophobic & the
other hydrophilic, affords surfactants the ability to position themselves at
the phase boundaries, for example at the air-water, oil-water, or solid-
water interfaces, thus minimizing the surface or interfacial tension.
Surfactants are used in various industries such as detergents, personal care,
pharmaceuticals, food processing, petroleum recovery, & various
industrial processes. Their capability of tune the interfacial properties
makes them an essential substances in formulation science & technology.
This amphiphilic characteristic of surfactants is derived from their unique
molecular structure, generally consisting of a non-polar hydrocarbon tail
(hydrophobic) connected to a polar or ionic functional group
(hydrophilic). These molecules will spontaneously self-assemble in an

aqueous environment to minimize the energetically unfavorable surface
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area between the hydrophobic species & the surrounding water molecules.
Surfactant molecules exist in low concentrations as an extensive
monomer phase & adsorb to the air-water interface with their hydrophobic
tails extending away from the water phase. But, when surfactant
concentration is increased, finally they come up with certain threshold
value which is known as Critical Micelle Concentration CMC, the
surfactant molecule aggregates spontaneously in a way that they form

organized supramolecular structures called micelles.

Classification of Surfactants

The surfactics can be divided into four major classes: anionic, cationic,
non-ionic, & zwitterionic surfactants & their classification is based on the
nature of the hydrophilic head groups. Every class have unique

physicochemical properties that govern their behavior in result &

appropriateness for certain applications.

Type of Surfactants
Non-ionic group
®0%%6%%%% ¢ ¢ Non-ionic Hydrophobic sro
©.%%%%%% Cationic s O
©4%%%%% % — Anionic "

Anionic Surfactants

Anionic surfactants are the most commonly produced & commercially
used class of surface-active agents. These surfactants are distinguished by
negatively charged hydrophilic head groups (e.g. carboxylates, sulfates,
sulfonates, or phosphates) usually neutralized by their counterions (e.g.
sodium, potassium, ammonium, or calcium. The head group is negatively
charged, allowing the surfactants to adsorb efficiently onto positively
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charged surfaces, in addition to possessing good detergent properties.
Sodium dodecyl sulfate (SDS), the dirty old man of cleaners or sodium
lauryl sulfate, is a prototypical example of anionic surfactants, containing
a 12-carbon hydrophobic tail under its sulfate group. With its excellent
surface action & detergency properties, SDS is a well-known component
of household cleaning products, personal care formulations, & is also used
in many laboratory applications such as protein denaturation & gel
electrophoresis. On the other h&, sodium dodecylbenzene sulfonate
(SDBS) is another important anionic surfactant that is widely used in
laundry detergents due to its high cleaning efficiency & environmental
biodegradability. Anionic surfactants have been known to remove soil
well because they reduce interfacial tension, solubilize oils, & give
surfaces negative charge to inhibit redeposition of soil particles due to
electrostatic repulsion. Their sensitivity to water hardness from the
precipitation with calcium & magnesium ions, nevertheless, is a
considerable drawback, which regularly requires the addition of chelating

agents &/or water sregularlyers in formulations.

Cationic Surfactants

Cationic surfactants are characterized by positively charged hydrophilic
head groups (usually quaternary ammonium compounds or pyridinium
derivatives), combined with counterions like chloride or bromide. This
positive charge on the head group allows these surfactants to adsorb onto
negatively charged surfaces such as textiles, hair, & bacterial cell
membranes, imparting useful functional properties. Commonly
encountered cationic surfactants include cetrimonium bromide (CTAB)
& benzalkonium chloride. CTAB, a surfactant containing a 16-carbon
hydrophobic tail bonded to a trimethylammonium head group, is utilized
in nucleic acid precipitation protocols, gold nanoparticles syntheses, & as
an ingredient in hair conditioners. Benzalkonium chloride is an
antimicrobial agent used for pharmaceutical, ophthalmic, & surface
disinfectants, it consists of a benzyl group & a long-chain alkyl group, that

causes the disruption of the bacterial cell membrane. The substantivity of
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cationic surfactants to negatively charged surfaces is the basis for their
use as fabric sregularlyers, hair conditioners, & antimicrobial agents.
These surfactants mitigate static electricity & also enhance the h&-feel
properties of treated surfaces through their ability to neutralize negative
surface charges & their formation of a lubricating film. Nevertheless, due
to charge neutralization & possible precipitation, they are incompatible
with anionic surfactants, which limits their use in formulation together

without specialized compatibility agents.

Non-ionic Surfactants

In non-ionic surfactants, the hydrophilic part does not possess any charged
groups but is instead soluble in water due to hydrogen-bonding
interactions between water molecules & polar functional groups such as
ethylene oxide chains, hydroxyl groups or sugar residues. Because they
are uncharged, these surfactants are less sensitive to changes in electrolyte

concentration & pH than ionic surfactants.

Zwitterionic Surfactants

Zwitterionic surfactants: Also known as amphoteric surfactants, they are
surfactants that have polar functional groups that are positively &
negatively charged in the molecular structure of the compound. Because
of this dual-charge nature, the surfactant behaves differently depending on
the pH with respect to the nature of the ion, becoming cationic in acid
medium, anionic in alkaline medium, & zwitterionic in the intermediate
values close to the isoelectric point. Common zwitterionic surfactants are
cocamidopropyl betaine & lecithin. Cocamidopropyl betaine is a
zwitterionic surfactant that contains a quaternary ammonium cation & a
carboxylate anion, which make it mildly surfactant in personal care
products (especially shampoo & body wash) & help it to stabilize foam
through electrostatic stabilization & anti-static property & also reduce
irritation.  Lecithin is a natural phospholipid that contains

phosphatidylcholine & is commonly used for food emulsification,
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liposome preparation, & pharmaceutical formulations due to its

biocompatibility & emulsifying capabilities.
PHYSICAL

Zwitterionic surfactants maintain an evenly distributed charge, making CHEMISTRY
them milder than cationic or anionic surfactants & less likely to cause 1
protein denaturation while remaining compatible with other surfactant

classes. They have made them valuable constituents in the formulations of

sensitive skin cosmetics, baby care products, & biomembrane mimetic

systems. In addition, their innate salt tolerance allows them to perform

well in high-electrolyte settings, such as hard water conditions, & are very

well-suited for a marine application.
Micellization Process

Micellization is a thermal process involving self-assembly of surfactant
molecules into organized supramolecular structures referred to as micelles
above a specific concentration, termed Critical Micelle Concentration
(CMC), that is characteristic of the surfactant molecules. Such self-
assembly behavior results from competition of multiple thermal factors,

with hydrophobic interactions being the dominant driving force.
Hydrophobic Interactions & Micelle Formation

Hydrophobic interactions are the primary driving force that acts to cluster
surfactant molecules into micelles in the aqueous environment.
Surfuctants pull the beloved hydrogen-bonding structure of water apart,
because when surfactant molecules enter water the non-polar (or
hydrophobic) moieties of the surfactant need to reorganize surrounding
water molecules into more ordered structures surrounding non-polar
regions. This reorganization, called the "hydrophobic effect," represents a
decrease in entropy & is energetically disfavored. In order to pay the
minimal entropic penalty, surfactant molecules will spontaneously
aggregate, with their hydrophobic tails grouped together in a micelle

hydrophobic core & away from water contact, while their hydrophilic head
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groups protruding into the aqueous environment, the surface of the

micelle.

Summary: Surface active agents, or surfactants, are substances that lower
the surface tension of a liquid or the interfacial tension between two phases
such as liquid—gas or liquid-liquid. They consist of two parts: a
hydrophilic (water-loving) polar head and a hydrophobic (water-repelling)
nonpolar tail. This dual nature allows them to accumulate at interfaces and
form structures like micelles above the critical micelle concentration
(CMC). Surfactants are broadly classified as anionic (soap, detergents),
cationic (quaternary ammonium salts), non-ionic (polyethylene glycol
derivatives), and zwitterionic (both positive and negative groups in the
same molecule). They play an essential role in detergency, emulsification,

foaming, drug delivery, wetting agents, and cosmetics.

Multiple-Choice Questions (MCQs)

1. Which formula describes the relationship between surface
tension & pressure difference across a curved surface?
a) Van der Waals formula
b) Laplace formula
c¢) Arrhenius formula
d) Boltzmann formula

2. The Kelvin formula describes the effect of:
a) Temperature on surface tension
b) Curvature of a liquid surface on vapor pressure
¢) Adsorption of gases on solid surfaces
d) Micelle formation in aqueous results

3. The Gibbs adsorption isotherm relates:
a) The concentration of a gas to its pressure
b) Surface excess concentration to surface tension
c) The rate of adsorption to catalyst action
d) The critical micelle concentration to hydrophobic interactions

4. The BET theory is used to determine:
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a) The critical micelle concentration (CMC)

b) The surface area of a solid

c) The electrokinetic potential of a colloid

d) The rate of micellization

Which of the following best describes electrokinetic
phenomena?

a) Adsorption of gases on solid surfaces

b) Movement of charged particles in an electric field

c) Surface film formation on liquids

d) Capillary action in narrow tubes

Which type of surfactant carries both positive & negative
charges in the same molecule?

a) Anionic

b) Cationic

¢) Non-ionic

d) Zwitterionic

The critical micelle concentration (CMC) is defined as:
a) The concentration at which surfactants begin to form micelles
b) The concentration at which all surfactant molecules dissolve
¢) The maximum solubility of a surfactant in water

d) The point at which surfactants precipitate out of result
Which of the following factors affects the CMC of
surfactants?

a) Temperature

b) Salt concentration

c¢) Type of hydrophobic tail

d) All of the above

Microemulsions differ from regular emulsions because:
a) They are thermalally stable

b) They require mechanical agitation to form

c) They are only formed by anionic surfactants

d) They do not contain surfactants

Reverse micelles form in:

a) Aqueous results only
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b) Nonpolar solvents with polar head groups inside
c¢) Results with only non-ionic surfactants

d) Supercooled liquids

PHYSICAL
CHEMISTRY Short-Answer Questions
1 1. Define surface tension & explain its significance in surface

chemistry.

2. Write the Laplace formula & explain how it relates to capillary
action.

3. What is the Kelvin formula, & how does it explain the effect of
curvature on vapor pressure?

4. Explain the Gibbs adsorption isotherm & its importance in surface
chemistry.

5. What is the BET theory, & how is it used to determine surface

area?

Long-Answer Questions

1.

Explain the Laplace & Kelvin formulas & their applications in
surface chemistry.
Derive the Gibbs adsorption isotherm & discuss its significance in

adsorption phenomena.

Answer Key- 1.b,2.b, 3.b, 4.b,5.b, 6.d, 7.a, 8.d, 9.a, 10.b
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