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This syllabus introduces the fundamental principles of physical chemistry, including
thermodynamics, chemical kinetics, quantum mechanics, statistical mechanics, and
spectroscopy. The syllabus covers the behavior of atoms and molecules, providing a clear
explanation of molecular structure, reaction rates, and the laws governing chemical
processes. It integrates both theoretical concepts and practical applications, with detailed
examples, illustrations, and problem sets to reinforce learning. The text is known for its
accessibility, modern approach, and focus on bridging the gap between microscopic behavior
and macroscopic observations, making it an essential resource for students and professionals

.In the field of chemistry

Aalad) il g

After studying the book, students will gain a deep understanding of core concepts in physical
chemistry, including the behavior of gases, thermodynamics (laws governing energy and
spontaneity), chemical equilibrium, and molecular structure. They will explore quantum
theory, atomic and molecular spectra, and how molecular symmetry affects
chemical properties. Students will also learn about solid-state chemistry, processes at
solid surfaces, and the motion of molecules, providing them with a
comprehensive foundation in physical chemistry.

Laldl) Calagliy

e Ideal and Real Gases: Understand the differences between ideal and real gases.
Study the behavior of real gases and how to describe them using equations of state.

e Mixture of Gases: Learn how to handle multiple gases in a system and calculate
properties like pressure, volume, and temperature in a gas mixture.

e Basic Thermodynamic Concepts: Understand the different types of systems in
thermodynamics (closed, open, and isolated systems). Comprehend thermodynamic
processes and how energy and heat transfer in systems.

e First Law of Thermodynamics: Study the concepts of internal energy, work, and heat
in systems. Apply the first law to calculate changes in energy for various systems.

e Second Law of Thermodynamics: Study the concept of entropy and its applications
in thermodynamic systems. Understand the direction of natural processes in closed
systems.

e Third and Zeroth Laws of Thermodynamics: Explain the laws that govern the
thermal behavior of systems at low temperatures. Study the impact of the Zeroth
Law on thermal equilibrium.

e Helmholtz and Gibbs Free Energy: Study the importance of Helmholtz and Gibbs

free energies in determining the feasibility of thermodynamic processes.




Electrochemistry and its Applications: Understand the concepts of electrochemistry
and its applications in industrial processes such as batteries, fuel cells, and water
treatment. Study electrochemical reactions and their applications in energy

conversion.

Types of Electrochemical Cells: Understand the different types of electrochemical
cells (galvanic cells, electrolytic cells, fuel cells) and their applications. Study the

role of electrochemical cells in electrolysis and energy generation.

el a3l g g8 ghod gl
Ideal and Real Gases:
Identify the behavior of ideal and real gases using equations of state.
Apply the Van der Waals equation for real gases in practical calculations.
Mixture of Gases:
Calculate the composition of a gas mixture using Dalton’s Law of Partial
Pressures.
Apply gas laws to determine the composition of gases under specific conditions.
Thermodynamics:
Distinguish between different thermodynamic systems and identify the type of
process (expansion or compression) in a given system.
Solve thermodynamic problems using fundamental laws and principles.
First Law of Thermodynamics:
Apply the first law to calculate changes in internal energy in closed systems.
Solve problems related to work and heat in thermodynamic systems.
Second Law of Thermodynamics:
Explain the concept of entropy and calculate its change during natural processes.
Analyze natural processes using the second law to determine the feasibility of
processes.
Third and Zeroth Laws of Thermodynamics:
Calculate entropy changes at low temperatures and understand the third law’s
impact on systems.
Apply the Zeroth Law to understand thermal equilibrium.
Helmholtz and Gibbs Free Energy:
Interpret and study the roles of Helmholtz and Gibbs free energies in determining
the direction of processes.
Apply these energies to understand chemical reactions and transformations in
systems.
Electrochemistry:
Analyze electrochemical reactions using equations like the Nernst equation.
Design and apply electrochemical cells for various applications such as batteries.
Types of Electrochemical Cells:
Classify and explain the different types of electrochemical cells.
Apply the principles of electrochemical cells in practical applications like
electrolysis and energy production.
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e Student should know basic chemistry and physics with simple Algebra.
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Chapter 1
Introduction to Physical Chemistry Basis




Introduction To Physical Chemistry Basis

Physical chemistry deals with the principles of physics involved in

chemical interactions. It examines:

e How matter behaves on a molecular and atomic level

e How chemical reactions occur

Physical chemists are focused on understanding the physical properties
of atoms and molecules, the way chemical reactions work, and what
these properties reveal. Their discoveries are based on understanding
chemical properties and describing their behavior using theories of

physics and mathematical computations.

1.0 Measurement in physical chemistry: Unit is a scientific way of
guantifying substances or parameters. It is used to give insight about the
magnitude or dimension of matter. SI UNITS means international system
of units. It is a means or system that is used to provide a set of
internationally accepted standard units of measurement. Basically, there
are seven primary Sl units. The remaining units are derived from the

primary units and they are referred to as secondary units or derived units.



1.1 PRIMARY UNITS

These are the units of measurement that take their origin from the base quantity.

Table 1: Primary Units and their symbol:

S/No Symbol Name of | Base Parameter
Units

1 S Second Time

2 Kg Kilogram Mass

3 M Meter Distance/Length

4 K Kelvin Temperature

5 A Ampere Electric current

6 Mol Mole Amount of
substance

7 Cd Candela Luminous
intensity

1.2 DERIVED UNITS

These are secondary units that are derived or obtained by combination of two or
more primary units. The unit of Area is a derived unit because it is a combination

of two primary units.

Area Length x breadth

m Xm
= m?

Similarly, the unit of volume is a derived unit;

Volume length x breadth x height

= m X m X m

= m3




Other derived units are given in table 2

Table 2: Secondary units and their quantity

S/No | Parameter | Derivation Unit
1 Force Mass X | Kg x m/S? = Kgm/S2 =
acceleration N
2 Work Force x distance | Kgm/S? x m =
Kgm?/S? =]

3 Density Mass/Volume Kg/m2,

4 Pressure Force/Area Kgm/S? + m? =
Kg/S°m = Kg/mS?2.

5 Power Work/time = | Kgm/S2 x m/S =
force X | Kgm?/S3 = J/S
distance/time

6 Electric Currentxtime= | Ax s =As = Coulomb

charge q=It =C

1.3 Unit Equivalent

There is always a conversion factor when charging from one unit to another

1.3.1 Length

Unit | Equivalent
lcm | 10”m

1dm | 10*m = 10cm
1mm | 10°m

1nm | 10°m

A 10¢cm = 10"°m




1.3.2 Mass
Unit Equivalent
1Kg 10%y
1mg 10°g
1ug 10°g
1ng 10°g

1.3.3 Volume
Unit | Equivalent
1mm?® | 1ulL=10°m3
lcm® | ImL=10%m?
1dm?® |[1L=10°m3
1L 1000ml
Iml lcc (cc= cubic

centimeter)

1.3.4 Pressure

Unit Equivalent
latm 760mmHg = 760torr =
14.692psi
1mmHg | 1 torr
1 pa 1N/m?
1barr 10°N/m?
1.3.5 Energy
Unit Equivalent
1cal 4.184)
lerg 107J
leV 1.602 x 10%9]
1.3.6 Time
Unit Equivalent
Iimin 60 seconds
1 hr 60 mins
lday |24hr
1 week | 7 days
1year |52 weeks =365 days




Exercise 1

1 Convert the following

(@ 50.3km to nm

(b)  1.60 x 10ug to kg
(c) 15.66psi to bar

(d) 185uL to dm?®

(e) 7.865caltoJ]

() 3.5 weeks to seconds
(g) -10°C to Kelvin

(h)  2.5yrs to seconds

(i)  1.75N/m?to atm

()  9.26atm to mmHg




Chapter 2

Behavior of Gases




(GASES
Properties, Behavior and Equations of state

Gases are the least dense and the most mobile among the three states of matter. A gas molecule
moves at very high velocities and has high kinetic energy.

General Characteristics of Gases
1. Expansibility
Gases have limitless expansibility. They expand to fill the entire vessel they are placed in.
2. Compressibility
Gases are easily compressed by application of pressure to a movable piston fitted in the
container.
3. Diffusibility
Gases can diffuse rapidly through each other to form a homogeneous mixture.
4. Pressure
Gases exert pressure on the walls of the container in all directions.
5. Effect of Heat

The Perfect Gas

Firstly: The Perfect Gas law

The equation of state of a gas at low pressure was established by combining a series of
empirical laws. The volume of a given sample of a gas depends on the temperature and
pressure applied to it. Any change in temperature or pressure will affect the volume of the
gas. As results of experimental studies from 17th to 19th century, scientists derived the
relationships among the pressure, temperature and volume of a given mass of gas. These

relationships, which describe the general behavior of gases, are called the gas laws.

Parameters of a gas:

A gas sample can be described in terms of four parameters (measurable properties):
(1) the volume, V of the gas

(2) its pressure, P

(3) itstemperature, T

(4) the number of moles, n, of gas in the container

17



Boyle’s law:
Through a series of experiments, Robert Boyle (1627-1691) determined the relationship

between the pressure (P) and volume (V) of a particular quantity of a gas. This relationship of

P and V is known as Boyle’s law:

At constant temperature (T), the volume (V) of a fixed mass of a gas is inversely
proportional to the pressure (P), which may be expressed as:

1
V x P PV, = P,V, (fordifferentcondiotions)
P=1atm P=2atm P=4atm

L]
.1.. l TR

.-
* a e ’ o Pra ,

© > '.’.o '.:.oon::

L 4

- q PN e, .'3.'...',.-.'

V =1000 mL & V =500 mL = V =250 mL

PV = 1 atm X 1000 mL 5 2 atm x 500 mL 5 4 atm x 250 mL

Figure 1

Charles’ law:

In 1787 the French Physicist J. A. C. Charles observed the effect of temperature on the volume
of a gas. As we see in the figure below, the net result is an increase in volume due to an

increase in temperature.

5L
P=1atm

Free-floating —* :
piston d V¢4 p '@

@

Figure 2
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/A

to the absolute temperature, which may be expressed as

Vi Ve
T2

t constant pressure, the volume of a fixed mass of any gas is directly proportional

VT ,

T (for dif ferent condiotions)
1

o

Avogadro’s law:

The volume of a gas depends on the temperature, the pressure, and the number of gas

molecules. Different gases at the same temperature have the same average kinetic energy.

Hence, if two different gases are at the same temperature, occupy equal volumes, and exhibit

equal pressures, each gas must contain the same number of molecules. This statement is true

because systems with identical PVT properties can be produced only by equal numbers of

molecules having the same average kinetic energy.

-

Equal volumes of different gases at the same temperature and pressure contain the
same number of molecules.

Vi

ni

Vs,
n_ (for dif ferent condiotions)
2

~

Add gas

Remove gas

Figure 3

19




Combined Gas laws:

Boyle’s Law and Charles’ Law can be combined into a single relationship called the Combined
Gas Law

Boyle’s law V x p

(T, n constant)

Charles’law V «< T (P, n constant)

o N

Therefore, V x (n constant)

For a fixed mass of gas, the volume is directly proportional to kelvin temperature
and inversely proportional to the pressure.

PV

= k (n constat)

If the pressure, volume and temperature of a gas be changed from P,, V,and T, to P,,
T2 and V>, then

P1V1 _ P2V2
T: T2

Gay-Lussac’s law

In 1802 Joseph Gay-Lussac as a result of his experiments established a general relation
between the pressure and temperature of a gas. This is known as Gay-Lussac’s Law or

Pressure-Temperature Law. It states that:

/A

Kelvin temperature or absolute temperature.

~

t constant volume, the pressure of a fixed mass of gas is directly proportional to the

Px T or ——

N J

20



Ideal Gas law:

Now we can summarize the whole above relationships that used in gas calculations by

combining them in a single equation:

Boyle’s law Charles’s law Avogadro’s law
V o< % Vo T Vo< n
constant T, n constant p, n constant T, p

Ideal gas equation
Gas pressure —_ p V - nR T Absolute
(in Pa) f 7 / temperature
f (in K)

Volume
occupied Gas constant =
8.314 J K moI"J

Amount of

(in m®) gas (in mol)

Where Vis the volume, P is the pressure, T is the temperature, n is the number of molecules
of moles, and R as known is the ideal gas constant. The units of R depend on the units of P, V

and T. In addition, we can calculate R by taking 1 mole of a gas at STP conditions:

PV  (1atm)(22.4L) L.atm

== = V.
nT (1mol)(237 K) mol. K

Values of gas constant, R
e 8314 JK'mol?
e 0.0821 L.atm/ mol. K
e 8314 Pam3K!mol?
e 623 mmHgLK!mol?

21



Secondly: Mixtures of Gases

Dalton’s Law of Partial Pressures:

There is plenty of space between the molecules in a gas. This means that, when gases mix
together, the molecules can easily intermingle (mix).

The figure below shows three containers of equal volume. The first one contains a gas
exerting a pressure Pa, the second one contains a different gas exerting a pressure Pg. While
in the third container, the two gases occupy the same volume together.

Gas A only Gas B only Mixture of gases
Aand B
Pressure = p, Pressure = pg Pressure = p+ pg
Figure 4

Therefore, the total pressure is simply the sum of the two individual pressures. This is
expressed in Dalton’s law:

The total pressure of a mixture of gases is the sum of the partial pressures
exerted by each individual gas.

The partial pressure: is the pressure that can be exerted if the gas was alone in the container.

In general, for a mixture of gases, A, B, C, .......

[ Ptotal = Pat+ Pg+ Pc+ ......... = ); Pi ]

To describe the proportion of each component in a mixture, the mole fraction, X, of the
component is used. This is given by:

number of molesof A _ _ny
XA == = T

Mole fraction of gas A: = e O G Ty

22



Note:
< The sum of the mole fractions for all the components in a mixture is equal to (1).

«* The mole fraction has no units because it is a ratio.

For an ideal gas, at constant Vand T, Pa X na
So, for a component A in a mixture of gases
P
Pa na , So, - = x
P total Nyotal P total

then the partial pressure: [ Py= XpPotar }

The Real Gases

For many gases (such as Nz, Oy, and He) at around atmospheric pressure, the ideal gas
equation describes their bahaviour very well. However, these gases are termed nonideal or
real gases. The behavior of other gases (such as CO; and butane) deviates slightly from the
ideal model behavior even at atmospheric pressure. So how might ideal gas equation be

tested?

An ideal gas obeys Boyle’s law under all conditions. If the volume of a fixed amount of a gas
is measured as a function of pressure at constant temperature, a plot of P versus 1/V will give
a straight line of the gas obeys Boyle’s law. As shown in Figure 5, there is a very good
agreement between Boyle’s law and experimental data at low pressures but deviations from

ideal behavior occur when the pressure increases.

23



An alternative approach is to plot P versus V. Plots of pressure versus volume at fixed

temperatures are called p-V isotherms. Examples for three temperatures are shown in the

figure below, where the solids lines are predicted from the ideal gas equation and the points

are experimental measurements. There is a good fit of the experimental results to ideal

behavior, particularly at higher temperatures and lower pressures. However, at low

temperatures or high pressures, there are marked deviations from ideal behavior.

200
The observed behaviour is
described very well by Boyle's law
at low pressures but deviations
occur at high pressures. 150 | At high temperatures, the
- experimental results show
® 2 good agreement with the
= isotherms for an ideal gas.
Observed s € 100l At lower temperatures, the
behaviour a agreement is less good,
of a real gas. o particularly at high pressures.
Q o .o
)
2 Behaviour 2
@2 of an ideal 1000K
o gas; . 500K
0 L L - — —— 300K
0 1 2 3 4
Volume/dm?®
1/volume, 1
vV
Figure 5 Figure 6
Comparison of the behavior of a P-V isotherms for gases. The points show

real gas with that of an ideal gas
(the straight line)

experimental measurements; the solid lines show
the behavior of an ideal gas

The plots in Figure 5 and 6 Suggest that pressure of a sample of a gas can be increased

indefinitely with little change in gas behavior. However, this does not happen in reality

because, if the pressure is increased enough, especially at low temperatures, the gas will start

liguefy, as shown in Figure 7.

24




A gas is compressed At a certain When the gas is
by moving the pressure, the gas completely liquefied,
piston downwards. starts to liquefy. it is much harder to
compress.

Gas Liquid

Figure 7

In Figure ...., at low pressures, the isotherm looks like that for an ideal gas. However, as the
pressure increases, a value is reached where the gas starts to liquefy and noticeable decrease
in volume occurs with no change in gas pressure (the flat step in the graph). When all the gas
has turned to liquid, the curve is much steeper since it takes very large pressure changes to

significantly change the volume of a liquid -it is much less compressible.

At high pressure,
the substance
is liquid.

The flat portion
corresponds to the
pressure where the gas
condenses to a liquid.

Pressure

At low
pressure,
the substance
is gaseous.

Volume

Figure 8: A p -V isotherm showing condensation of a real gas.
Some experimental data for the isotherms of carbon dioxide CO;, Figure ..., demonstrate the
behavior of a real gas at different temperatures. At 50 °C, the isotherms looks like that for an
ideal gas. At this T, the compound exists as a gas at any pressure. While at low temperature
of 20 °C , the isotherm shows that liquefaction occurs when the pressure reached about 60

atm.

25



140

120

100

80

60

Pressure/atm

40

20

1

T

1

i

31.04°C
20°C

0

0.2
Volume/dm?

0.4

0.6

(Above 31.04 °C, CO, is a gas at all
pressures.

Below 31.04 °C, CO, shows a liquid
phase at high pressures.

31.04 °C is the maximum temperature
at which liquid CO, can exist—the
\ critical temperature.

N

)

Figure 9: Experimental p—V isotherms for 1 mol of carbon dioxide, CO,.

At 31.4 °C, the behavior is different and the isotherm shows a point of inflection. 31.4°C is the

highest temperature at which the liquid CO; can exist and known as the critical temperature

Tc. Above Tc, the gas cannot be liquified simply by increasing the pressure. Liquid CO2 can

only exist below T..

To summarize, real gases show deviations from the perfect gas law because molecules

interact with one another. A point to keep in mind is that repulsive forces between molecules

assist expansion and attractive forces assist compression.

Two assumptions that are defining an ideal gas:

1. The size of the molecules is negligible.

2. There are no intermolecular interactions.

Ideal gas

Molecules have no size.
There are no intermolecular

foces.

Real gas

Molecules have size, which reduces volume
available to move in.

Molecules have intermolecular attraction,

which reduces the force with which they hit walls.

Figure 10
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(a) The compression factor

The compression factor, Z, of a gas is the ratio of its measured molar volume, V= V/n, to
the molar volume of a perfect gas, Vm(), at the same pressure and temperature:

Vin
Vin

Z =

Because the molar volume of a perfect gas for 1 mol is equal to: V°m = RT/P, an equivalent

expression is
PVm
RT

Because for a perfect gas Z =1 under all conditions, deviation of Z from 1 is a measure of
departure from perfect behaviour. Some experimental values of Z are plotted in Fig. 11 At
very low pressures, all the gases shown have Z = 1 and behave nearly perfectly. At high
pressures, all the gases have Z > 1, signifying that they have a larger molar volume than a
perfect gas. Repulsive forces are now dominant. At intermediate pressures, most gases have
Z < 1, indicating that the attractive forces are reducing the molar volume relative to that of a

perfect gas.

C,H
N CH,
g H,
E [
|- — ///:7 Perfect
% / Hz%
e 1 |
S Z p/atm 10
= 0.98— CH,|
O ;
NH 0.96— CH
3 . ‘NHS 2t J
0 200 400 600 800
p/atm

Figure 11: The variation of the compression factor Z, with pressure for several gases at 0°C
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(b) The van der Waals equation for gases:

The first successful attempt to account for the behavior of real gases was introduced by the
Dutch physicist Johannes van der Waals in 1873. He started from the ideal gas equation and

introduced some additional terms to account for the behavior of real gases.

1. The first correction accounts for the attractions between the molecules. These mean
that, in a real gas, the pressure is somewhat less than in the ideal case. Thus, van der
Waals suggested that a correction factor should be added to the actual value of (P) to
make up for the slightly reduced pressure, and so obtain the ideal value:

Wall of container

Attractive forces from other
molecules hold A back.

Figure 12

2. The second correction concerns the finite size of the molecules. Because the
molecules have a small volume of their own, the volume in which molecules can move
is less than the total volume of the container. So, van der Waals subtracted a
correction factor from the actual value of V to allow for this reduction. This takes the
form (V — nb), where the value of (b) is a constant related to the volume of the

molecules.
Ideal Ideal
pressure volume
n 2
(V—nb) = nRT

Correction factor
to account for the
finite size of the
molecules

Measured
pressure

Measured
volume

Correction factor
to account for
intermolecular

attractions
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The constants a and b are called the van der Waals coefficients. Therefore, a represents the
strength of attractions interactions between the molecules. They are characteristic of each

gas but independent of the temperature.

Effusion and Diffusion

In 1833, Thomas Graham studied the effusion of a range of gases and found that:

At a given temperature and gas pressure, the rate of effusion (the number of molecules
passing through the hole per second) is inversely proportional to the square root of the

1
molar mass. Rate of effusion X —

VM

The effusion process in which gas molecules pass through a small hole such as a pore in a
membrane, as shown in the figure below. Therefore, effusion can be defined as the process

when gas molecules escape through a tiny hole into an evacuated space.

Before effusion Porous barrier
e © [ © - © i‘
© © |
° |
© © ©
Since He has a smaller
¢ He molecules (M, = 4) molar mass, it effuses
After effusion N, molecules (M, = 28) through the porous
barrier at a faster rate.
© ° o =
5 @
o © ©
° ©
Figure 13

For a mixture of two gases, A and B, with molar masses, Ma and Ms, the Graham’s law of
effusion can be written as:

Rate of ef fusionof A Me
Rate of ef fusionof B CMf

29



Gases with different molar masses will effuse at different rates. A gas with a low molar mass
(such as helium) effuses faster than a gas with higher molar mass (such as Nitrogen). This

explains why a balloon filled with helium collapses faster than if filled with air.

The process of Diffusion also depends on the movement of molecules. The figure below
illustrates how diffusion differs from effusion. Diffusion occurs when two (or more) gases

come into contact and mix. There are large spaces between molecules, so they can easily mix.

Effusion:
gas escapes
through a hole

EXATAN)

P)) o~ /):)l/ ) [
\/ \/ \/ o " " _ ’ gases mix

N

Figure 14

Diffusion is the random motion or movement of gas molecules from a region of high
concentration to a region of lower concentration.
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Chapter 3

Thermodynamics




THERMODYNAMICS

Thermodynamics is the branch of science th

heat or work. Thermodynamics is concerned with the study of macroscopic systems, those

consisting of large, measurable amounts of

individual molecules.

at deals with the transformations of energy as

matter. It does not deal with the properties of

Thermodynamics terms and basic concepts

An important part of the study of thermodynamics is a few terms and definitions that must

be understood clearly:

» System, Boundary, Surroundings

- Asystem is any part of the Universe that is of interest (chosen for studying).

- Surrounding is the rest of the universe.

- A boundary is the actual or notional surface that separates the system from its

surrounding.

Figure 1: The system and surroundings. A change for the system causes a change with the same magnitude

SURROUND’NGS
— the rest of
the Universe
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Matter or energy
leaving the system
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leaving the
must enter the
surroundings.

surroundings must
enter the system.

SYSTEM
— the part which
is of interest

(size) but with opposite sign in the surroundings.
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» Types of Thermodynamic systems

There are three types of thermodynamic systems depending on the nature of the boundary:

1.

3.

An open system: is a system in which both matter and energy can be exchanged with
the surroundings.

Hot water contained in a beaker placed on laboratory table is an open system. The
water vapour (matter) and also heat (energy) is transferred to the surroundings
through the imaginary boundary.

A closed system: is a system that can exchange only energy with the surroundings.

A specific quantity of hot water contained in a sealed tube, is an example of a closed
system. While no water vapor can escape from this system, it can transfer heat
through the walls of the tube to the surroundings.

An isolated system: is a system that can be no exchange energy and matter with the
surroundings.

Let us consider a system 100 ml of water in contact with its vapor in a closed vessel
which is insulated. Since the vessel is sealed, no water vapor (matter) can escape from
it. Also, because the vessel is insulated, no heat (energy) can be exchanged with the
surroundings.

Vacuum
flask ™~

Matter can be transferred The flask is stoppered Heat transfer is
through the opening S0 no matter can prevented by
in the flask. be transferred. the vacuum flask.
Heat can be conducted Heat can be conducted Matter cannot be
through the flask walls. through the flask walls. transferred. This is an
This is an open system. This is a closed system. isolated system.

Figure 2: Types of Thermodynamic systems
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> Properties of a system: Intensive and Extensive properties

The macroscopic or bulk properties of a system (volume, pressure, mass, etc.) can be
divided into two classes:

(a) Intensive properties
(b) Extensive properties

Intensive Properties

A property which does not depend on the quantity of matter present in the system, is
known as an intensive Property.

Some examples of intensive properties are pressure, temperature, density, and concentration.
If the overall temperature of a glass of water (our system) is 20°C, then any drop of water in
that glass has a temperature of 20°C. Similarly, if the concentration of salt, NaCl, in the glass
of water is 0.1 mole/litre, then any drop of water from the glass also has a salt concentration

of 0.1 mole/litre.

Extensive Properties

A property that does depend on the quantity of matter present in the system, is called an
Extensive Property.

Some examples of extensive properties are volume, number of moles, enthalpy, entropy, and
Gibbs’ free energy. Some of these properties are unfamiliar to you but these will be defined

and illustrated later.

Intensive properties Extensive properties
Temperature Mass
Pressure Length
Density Volume
Specific heat capacity Amount of substance
Molar heat capacity Enthalpy
Concentration Entropy
All molar properties Gibbs free energy
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» State of a system

The fundamental properties which determine the state of a system are pressure (P),
temperature (T), volume (V), mass and composition. Since a change in the magnitude of such

properties alters the state of the system, these are referred to as State functions.

A state function is a property that its values depend only on the current state of the system.

The most important thing to remember about a state function is that the change in value of
the function depends only on the final and initial conditions. It is independent on the path
between them. For example, internal energy, entropy, enthalpy, Gibbs free energy, mass,
pressure, volume, temperature, .... etc. Therefore, for any state function, X

[ AX = Xfinul state — Xinitial state ]

» Thermodynamic Processes

When a thermodynamic system changes from one state to another, the operation is called
a Process. These processes involve the change of conditions (temperature, pressure and
volume). The various types of thermodynamic processes are:

(1) Isothermal Processes

Those processes in which the temperature remains fixed, are termed isothermal processes.
This is often achieved by placing the system in a thermostat (a constant temperature bath).

(2) Adiabatic Processes

Those processes in which no heat can flow into or out of the system, are called adiabatic
processes. Adiabatic conditions can be approached by carrying the process in an insulated
container such as ‘thermos’ bottle. High vacuum and highly polished surfaces help to achieve
thermal insulation.

(3) Isobaric Processes

Those processes which take place at constant pressure are called isobaric processes. For
example, heating of water to its boiling point and its vaporization take place at the same
atmospheric pressure.

(4) I1sochoric Processes

Those processes in which the volume remains constant are known as isochoric processes.
The heating of a substance in a non-expanding chamber is an example of isochoric process.
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(5) Cyclic Process

When a system in a given state goes through a number of different processes and finally
returns to its initial state, the overall process is called a cycle or cyclic process.

A A
225 K Isobaric
30 900 K
Isobaric o
o]
= % 5
g 20 % 3
Pl g /&007 S %
<] S, =
o =
[3] %/ a
2 % o
. o 300 K
(a]
% 0 10 20 30 40 50
Volume

Figure 3:Types of Thermodynamic Processes

Work, Heat & Energy

» Work

Mechanical work:

The fundamental physical property in thermodynamics is work: work is motion against an
opposing force. Doing work is equivalent to raising a weight somewhere in the
surroundings. An example of doing work is the expansion of a gas that pushes out a piston
and raises a weight. A chemical reaction that drives an electric current through a
resistance also does work, because the same current could be driven through a motor and

used to raise a weight.

dw = F dz (definition of work)

The state of a system is changed by the supply or removal of energy in the form of heat
or work. In molecular terms, heating is the transfer of energy that makes use of disorderly,
apparently random, molecular motion in the surroundings. In contrast, work is the

transfer of energy that makes use of organized motion in the surroundings.
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Surroundings
Surroundings

System
System

Work Heat

Therefore, when energy is transferred to the surroundings as heat, the transfer stimulates
random motion of the atoms in the surroundings. On the other hand, when a system does

work, it stimulates orderly motion in the surroundings.

Expansion Work

Expansion work is the work that arising from a change in volume. This type of work
includes the work done by a gas as it expands and drives back the atmosphere. Many
chemical reactions result in the generation of gases or consumption of gases (for instance,
the thermal decomposition of calcium carbonate as illustrated in - ), and the
thermodynamic characteristics of a reaction depend on the work it can do. The term

‘expansion work’ also includes work associated with negative changes of volume.

‘ tmospheric pressure ¢

B Y
fw 2 N

| 1

iston
T ) =) | coyg \

_ |
1 Mam—
CaCO3;s + C a — 8BS —58 \
) L))

CaCO3s +2C a —»CaCza +COzg + 20 \

The reaction of an acid ( Work is done in

with CaCO; produces moving the piston up

CO, gas which pushes against the pressure of
up the piston the atmosphere
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(a) The general expression for work

The calculation of expansion work starts from the External

definition used in physics, which states that the work S ,
required to move an object a distance ds (dz) against an é{fga,A' dz' qv= Adz
opposing force.

w= — f:f Pexdv
The negative sign tells us that, when the system moves an

. . . . Pressure, p |
object against an opposing force, the internal energy of

the system doing the work will decrease.

(b) Expansion against constant pressure

Po
Q
Suppose that the external pressure is constant % —
throughout the expansion. For example, the piston may | ¢ .
be pressed on by the atmosphere, which exerts the same
pressure throughout the expansion. \I/ Volume, V \'/

W= —Pex Av

(c) Reversible expansion:
A reversible change or process means that a process which can be reversed in

direction at any stage. The main idea of reversible expansion work is the system in
equilibrium. P = Pey

P,
p=nRTV
/

o

(d) Isothermal reversible expansion
The expansion is made isothermal by keeping the system

Pressure, p

in thermal contact with its surroundings (a constant

temperature bath).

T
v Volume, V V.

w = —nRT lnz"f
Vi
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Note:

Energy gained (heat absorbed by or work done on) a system is positive;
Energy lost (heat released from or work done by) a system is negative.

== motion of the piston
s transfer of heat

q is the energy
transferred as heat,

w is the energy
transferred as work

The system loses energy The system gains energy
when: when:
« it does work (1) « work is done on it 3)
« it transfers heat to « heat is transferred
the surroundings @ to it from the
surroundings ()

» Energy is the capacity to do work.

Sl Units: Joule, ) which is equal to 1INm =1 Kg.m?. s

Power is the rate of supplying energy. Its unit is the Watt, 1IW =1). s?

There are many forms that energy can take. Some of these forms are thermal, mechanical,
kinetic, potential, electric, magnetic, chemical, and nuclear. When you sum all of the forms of
energy acting within a system you will obtain the system’s total energy.

There are two types of energy that make up the energy of a system:

1.

Macroscopic forms: are those which can be influenced by external effects such as
gravity, magnetism electricity and surface tension.

a. Kinetic Energy, Ke: is the energy that the body possesses as a result of its motion.

Ko = ;mv2 where, m = mass, v =velocity Unit: Joule

b. Potential Energy, PE: is the energy that body possesses as a result of its position.

Po = mgh  where m:mass, g:acceleration of gravity, h: height
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2. Microscopic forms: are those related to the molecular structure of a system. The sum
of microscopic energies is called internal energy.

» Heat is the energy that transferred from on system to another as a result of thermal
interactions.

There are two main processes in the energy transferring as heat:

1. An exothermic process is a process that releases energy as heat into the surroundings.
All combustion reactions are exothermic.

2. An endothermic process is a process in which energy taken in from the surroundings.

Question:

1. Calculate the energy transferred as work, when 1 mol of a gas expands from a volume
of 5 dm3 to 10 dm? against a constant pressure of 760 torr.

2. When a sample of 1.0 mol of Ar, regarded as a perfect gas, undergoes an isothermal
reversible expansion at 20.0°C from 10.0 dm?3 to 30 dm?3. Calculate the work done.

3. A chemical reaction takes place in a container of cross-section area 75.0 cm2. As a

result of the reaction, a piston is pushed out through 25.0 cm against an external
pressure of 150 kPa. Calculate the work done by the system.
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THERMODYNAMICS

Laws of Thermodynamics

1. Zeroth law of thermodynamics
If two bodies are in thermal equilibrium with a third body, they are in thermal

(thermodynamics) equilibrium with each other.

B in equilibrium with C

Therefore Aand Care in
thermal equilibrium. If
they were brought into
contact, there would be

A in equilibrium with B no net heat transfer.

2. First law of Thermodynamics
the first law can be state as “ Energy can be transferred or transformed but
cannot be created or destroyed”.

The internal energy of an isolated system is constant.

Mathematical formula: [ AU=q+w ]

where AU: the change in internal energy
q: energy transferred as heat
w: work done on/by the system

> Internal Energy

Theinternal energy is the total energy of a system. It is the sum of potential and kinetic
energy of the atoms, ions or molecules of the system.

The internal energy is a state function, so it depends only on the initial and final states

of a system.
AU =Uys — Ui Unit: Joule, J = Kg.m?.m™
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The internal energy of a system is an extensive property (depends on the amount of a
substance). While the Molar Internal energy is an intensive property. The Molar
internal energy is the internal energy divided by the amount of substance in a system.
I

Unit: kJ/mol

» There are two ways that the value of expansion work can be zero:

1. Free expansion: free expansion workwhen P=0,sow=0

No expansion work is done because the gases expand into a vacuum. From the
first law of thermodynamics
AU =q+w

Therefore, AU = qp Heat supplied to the system at constant pressure

2. Reactions at constant volume:

W = —Pex Av because of at constant volume Av =0
so, w=20
AU =q+w
Therefore, AU = qv Heat supplied to the system at constant volume
» Enthalpy

Enthalpy can be defined as a thermodynamic property, its value is the sum of internal
energy plus the product of the pressure and volume of the system.

3

The Enthalpy change, AH: is the heat transferred at constant pressure by a chemical
reaction or a process.
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Because of the internal energy, pressure and volume are state function, therefore the
enthalpy is a state function. In addition, it depends on the amount of a substance, so it

is an extensive property.

Q/ How to prove that enthalpy change is equal to the transferred heat at constant
pressure?

[ AH = gp ]

» Heat capacities

Heat capacity is the heat needed to raise the temperature of a substance by 1K.
Unit: J/K
Mathematical formula:

where c: the heat capacity
g: quantity of heat supplied
AT: change in temperature

Heat capacity is an extensive property but can be an intensive property when:

1. Specific heat capacity, Cs, which is the heat capacity of a sample divided by the mass.

q Unit: J

C.=
s mfEx K.kg

2. Molar heat capacity, Cm, which is the heat capacity of a sample divided by the amount

of substance.

J
so, C,= 4 Unit:

C.. =
e nk K.mol

C
n
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> Isochoric and Isobaric Heat Capacities:

1. Heat capacity at constant pressure (isobaric): is the heat capacity that recorded at
constant pressure.

qr
Cp = AT so, qp= CpAT

The heat capacity at constant pressure is used to relate the change in enthalpy to the
change in temperature. Therefore, from the definition of the change in enthalpy, we
proved that AH = q

so, [AH = Cp AT ]

The heat capacity at constant pressure is the analogue of heat capacity at constant
volume, and both of them are extensive properties. The molar heat capacity at constant

pressure, Cp,m, is the heat capacity per mole pf substance; it is an intensive property.

2. Heat capacity at constant volume (Isochoric heat capacity): is the heat capacity that
recorded at constant volume

12
C,= AT so, q,= C,AT

From the first law of thermodynamic we proved that there is no expansion work is done
at constant volume, therefore: AU = qv

The molar heat capacity at constant volume, Cym, is the heat capacity per mole of
substance.
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THERMODYNAMICS

Laws of Thermodynamics

3. The Second law of thermodynamics: what are spontaneous processes
A spontaneous process is a process that occurs naturally without any external

intervention. As shown in the figures below, when the tap in figure (a) is opened, gas flows
into an evacuated vessel until the pressure is equal on both sides. The same thing that
happens when a block of hot metal is placed against a cold one, as in figure (b), it very
unlikely that it will get hotter while cold one cools down. Heat will be transferred until
both blocks are the same temperature.

(@) (b) ()

y

T=0°C | T=100°C

' 3 HN

When the tap is opened, A hot block and a cold & :
( the gas expands into J [ block in contact—the J ‘ Iheiniediffises thipugh J
t .

the empty bulb. emperatures become equal the solution.

» Entropy and the second law of Thermodynamics

The main use of Entropy is in predicting the direction of chemical (or any other) change.
This is summarized in the Second Law of Thermodynamic. The second law can be stated
in a number of ways, but the most straightforward is:

[ Spontaneous processes are those that increase the total entropy of the Universe ]

Since the entropy is related to disorder, the second law shows that spontaneous
processes are those that lead to an increase in disorder of the Universe. The total entropy
change for a process is made up of the changes for the system and the surroundings. The
Second law can therefore be expressed as:
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[Astotal = ASsystem + ASsurroundings ]

AStotal = ASsystem + ASsurroundings > 0 spontaneous process
AStotal = ASsystem + ASsurroundings < 0  non-spontaneous process

AStotal = ASsystem + ASsurroundings =0 process is at equilibrium

> The definitions of Entropy

Entropy is a measure of the randomness or disorder in a system. There are two
approaches, one classical and one molecular. They turn out to be equivalent, but each

one enriches the other:

a. The thermodynamics definitions of entropy
The thermodynamic definition of entropy concentrates on the change in entropy,

AS, that occurs as a result of a physical or chemical change. As illustrated before,
heat stimulates random motion in the surroundings. On the other hand, work

stimulates uniform motion of atoms in the surroundings and so does not change

<(Quantity of heat J
q added reversibly (J)
A S s

T

their entropy.

temperature (K)
Entropy change '

(JK™)

according to the above equation, when the energy transferred as heat is expressed
in joules, J, and the temperature in kelvin, so the units of entropy are (J/K). entropy
is an extensive property. Molar entropy is the entropy divided by the amount of

substance, Sm = S/n, units are J/K.mol.
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b. The statistical definitions of entropy
The entry point into the molecular interpretation of the Second law of

thermodynamics is Boltzmann’s formula.

Number of ways
of arranging
molecules and
their energies

S=klnW

Boltzmann constant

=1.381x 108 JK!

W is the number of ways (microstates) of arranging the molecules and their energy
in the system. The larger the number of arrangements, the less ordered the

system, the larger the entropy.

> The Entropy as a state function
Entropy is a state function

A. The first step is to prove that Entropy is a state function and AS = qrev / T is
independent on the path that taken between the initial and final states by Carnot
Cycle. It is the most efficient heat engine cycle. It’s a theoretical thermodynamic

cycle named by the French engineer Carnot.

Carnot cycle consists of four reversible stages or processes:
1. Reversible isothermal expansion from A to B at Th; the entropy change is qn/Th,

where qn is the energy supplied to the system as heat from the hot source.

2. Reversible adiabatic expansion from B to C. no energy leaves the system as heat,
so the change in entropy is zero. In the course of this expansion, the temperature
falls from Th to Tc the temperature of the cold sink.

3. Reversible isothermal compression from C to D at Tc. Energy is released as heat to
the cold sink; the change in entropy of the system is qc¢/T¢; in this expression qc is

negative.

4. Reversible adiabatic compression from D to A. no energy enters the system as
heat, so the change in entropy is zero. The temperature rises from T¢ to Th.
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Isotherm . Adiabat

Pressure, p

Adiabat

Isotherm 3

Volume, V

. The second step is to show that AS = grev / T can be applied to any material, not
just a perfect gas. And this will be by finding the Efficiency of the heat engine. The

efficiency of a heat engine relates how much useful work is output for a given

amount of heat energy input.

Heat engine is basically a device that converts heat energy into mechanical work.
Heat naturally flows from hot to cold reservoir. The system can absorb some of

the heat energy and use it to convert it to mechanical work.

_ work performed lwl
1= heat absorbed from hot source ~ |qn|

47



The work in this case is equal to the difference between the heat energy of hot
source and cold source.

[ w=lasl~ lad |

While the efficiency of Carnot cycle will be

» Entropy changes accompanying specific processes:

We now see how to calculate the entropy changes that accompanying a variety of
basic processes:

(a) Expansion
The change in Entropy of a perfect gas that expands isothermally from V;to Vsis

Vs Entropy change for the
AS = nRl1n V. isothermal expansion of
t a perfect gas

Because S is a state function, the value of AS is independent of the path between
the initial and final states, so this expression applies whether the change of state

occurs reversible or irreversible.

(b) Phase transitions
Entropy changes during of phase-fusion (melting), vaporization, sublimation

provide straightforward applications of of equation AS = g/T. At the normal
temperature of phase change, the reversible heat change at constant pressure is

the enthalpy change so that qrev = AH

Avaps = S(vapour) - S(liquid) and Grev = AvapH

AfusS = Stiquiay — S(solia) and Qrev = AfusH
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therefore,

Ampio A fu_sio
AvapS = =
vap Ty A f usS Tp

where AvapH° and AsusH® are the standard enthalpy changes of vaporization and
fusion at the boiling point and melting point, Ty and Tm, respectively. The entropy
changes for the reverse processes- condensation and freezing- have the opposite

sign but the same magnitude as those for vaporization and fusion.

AvapH® and AgusH have positive values since vaporization and fusion are
endothermic processes and an input of energy required. This is consistent with the
idea of entropy as a measure of disorder. A vapor is more disordered- and so has

higher entropy than liquid as illustrated in the figure below:

high order

low order

high disorder

low disorder
Entropy Increasing
LOW entropy > HIGH entropy )

(c) Heating — how the entropy of a system changes with temperature:
As the temperature increases, matter generally becomes more disordered. The

entropy of a system will increase with temperature.
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The difference between the entropy of 1 mol of a substance (its molar entropy) at
two temperatures is given by the equation below. When Sr;is the molar entropy of
a substance at an initial temperature T; and Sy, is the molar entropy at the final

temperature Ty.

T
Sty = Sti + Cp ln;'f

4

T/K

Questions

1. A heat engine absorbs 2500J of heat and discards 2100J of heat. Calculate the work
performed by this engine and its thermal efficiency.

2. A jet engine releases 5000 J of energy per cycle and performs 800J of work. (a) how
much heat is absorbed by this engine per cycle? (b) what is the thermal efficiency? (c)
how much work can this engine perform in 50 cycles? (d) if the engine completes each
cycle in 0.20 seconds, what is the power rating of this engine?

3. 8000 of heat energy is absorbed per cycle by a diesel engine that is 15% efficient. (a)
How much work does it perform per cycle? (b) how much energy does it expel to the
environment per cycle?

4. An engine has a heat input of 175 kW and a work output of 21 kW. (a) what is the
thermal efficiency? (b) at what rate is heat discarded into the environment?

5. A Carnot engine takes in 4500J of heat energy from a reservoir at 800K. (a) how much

energy will be released to a cold reservoir at 300K? (b) how much work is performed
by this engine? (c) what is the efficiency?
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THERMODYNAMICS

Laws of Thermodynamics

4. The Third law of Thermodynamics

Entropy is related to disorder, so a perfectly ordered system has zero entropy. Such a
system would be a perfect solid crystal at absolute zero of temperature so that there
is no disorder of any type. A perfect crystal is one with all the atoms, ions, or molecules
aligned perfectly and with no defects. At 0K, all molecules will be in their ground state.
There is only one way of arranging the molecules, so W= 1 in the Boltzmann formula

and hence S = 0.

(a) The Nernst heat theorem
The experimental observation that turn out to be consistent with the view that
entropy of a regular array of molecules is zero at T = 0. So, it is summarized as “The
entropy change accompanying any physical or chemical transformation
approaches zero as the temperature approaches zero: AS - 0 as T — 0 provided
all the substances involved are perfectly ordered. This conclusion is summarized by

the Third law of Thermodynamics:

[ The entropy of all perfect crystalline substances at zero kelvin is zero. J

(b) Third-law entropies
Entropies reported on the basis that S (0) = 0 are called Third-law entropies (and
commonly just ‘entropies’). When the substance is in its standard state at the

temperature T, the standard (Third-law) entropy is denoted s The standard

entropy 50298, of a substance is the entropy of 1 mol at 298K and 1 bar pressure.
The units are J K*mol.2
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» Standard entropy change of reaction

The standard entropy change of a reaction is defined as the difference between the
molar entropies of the pure, separated products and pure, separated reactants. For

values at 298K

Ars%s = ZV,-S%B (products) — ZV,S%S (reactants)

The sum of The sum of
the standard the standard

entropies of all entropies of all
of the products of the reactants

Since 50293r8fer5 to one mole of a substance, it must be multiplied by the

stoichiometric coefficient, v;, in the balanced equation for the reaction.

Example
Calculate the standard entropy change of a reaction at 298K for each of the

following reactions:
a. Cyraphite + OZ(g) - COZ(g)
b. CHsOH()+ CH3COHj) —  CH3CO2C;Hsq)+ H20q)

» Reactions at other temperatures

The entropy change at other temperature can be calculated by using the equation
below to find the standard entropies of the reactants and products at other

temperatures. The standard entropy change of reaction at temperature T, given by:

Temperature of
reaction

Standard entropy
change of reaction at
temperature, T

3 5 © T
A ST = A S5 + AC,In 598 K
Standard entropy The molar heat capacity change for
change of reaction the reaction (the difference between
at 298 K products and reactants)
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The above equation enables the calculation of entropy changes for reactions at any
temperature as long as heat capacity data are available. ACp is the difference in molar

heat capacities of the products and reactants given by this equation:

ACp = a viCp (products) — a viCp (reactants)

/E I

xampie

o

2NH3(g)

The entropy changes at 298K for the following reactions are as shown. Calculate AaS for
each reaction at 1023 K.
a. Cgraphite + OZ(g) - COZ(g)
b. Nz(g)+ 3H, >

AsSCs33 = +2.96 JKImol?
AsS®saa = - 198.7 JKImol?

~

> Gibbs free energy

Total entropy change and Gibbs energy change

The sign of total entropy change for a reaction indicates whether or not it will be
spontaneous. The Gibbs energy change, AG, combines changes in enthalpy and
entropy into a single state function that describes the spontaneity of a process at

constant temperature and pressure and uses only properties of the system.

Since the enthalpy and entropy are state functions, Gibbs energy must also be a state
function. The requirement for a change to be spontaneous is AS > 0. Since

AG = — TAS. Therefore, the key relationships are summarized as follows:

Change in Gibbs
energy of the system

Temperature
(in kelvin)

AG = AH-TAS

E

Change in enthalpy
of the system

Change in entropy
of the system
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- If AG <0 thereaction or process is spontaneous
- If AG >0 thereaction or process is non- spontaneous

- If AG=0 the reaction or process is at equilibrium

Processes that have AG < 0 are spontaneous because they increase the entropy of
the Universe and thus obey the Second law. The Gibbs energy just gives a convenient

way of applying the Second Law while considering properties only of the system.

Example
Calculateé&xdm pclhea:nge in Gibbs energy when 1.00 mol of ice melts at: (a) 0°C (b) 10 °C

(c) -10 °C. Comment on the results of each temperature.
(AseeH® (H20) = +6.01 kJ mol™ and A¢esS° (H20) = +22.0 J K mol?)

- J

» Gibbs energy: the balance between enthalpy change and entropy change

If we look again in detail to the equation of the definition of Gibbs energy, as below,

Criterion to
be applied

Temperature
(in kelvin)

Change in Gibbs
energy of the system

AG = AH- T AS < 0 for spontaneity

Change in enthalpy Change in entropy
of the system of the system

the Gibbs energy change must be negative for a process to be spontaneous at constant

temperature and pressure. But for the contributions of enthalpy and entropy changes:
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AH <0 (negative, exothermic change) makes a favorable contribution to
spontaneity.
AH >0 (positive, endothermic change) makes an unfavorable contribution to
spontaneity.

e AS <0 (negative, entropy decreases) makes an unfavorable contribution to
spontaneity.

e AS >0 (positive, entropy increases) makes a favorable contribution to
spontaneity.

The contribution of AS works in the opposite way to that of AH because of the minus

sign in the (—TAS) term. The temperature determines the relative importance of these

two contributions.

[AG = AH — TAS)
—TAS
~TAS
AH AH
N
At low temperature, the At high temperature,
enthalpy change part the enthalpy change part
of AG has a greater of AG has a smaller
magnitude than TAS. magnitude than TAS.
The sign of AG depends The sign of AG depends
on the sign of AH ) on the sign of AS

An exothermic reaction that also has an increase in entropy will be spontaneous at all
temperatures, since both contributions lead to a negative value for AG. An
endothermic reaction that also has a decrease of entropy will be non-spontaneous at
all temperatures, since both contributions lead to a positive value for AG. As

illustrated in the table below:
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Endothermic Positive, > 0 Negative, < 0 Positive for all T Never
spontaneous
Endothermic Positive, > 0 Positive, > 0 Positive at low T, Becomes
Negative at high T  spontaneouson
heating
Exothermic Negative, < 0 Positive, > 0 Negative forall T  Always
spontaneous
Exothermic Negative, < 0 Negative, < 0 Positive at high T; = Becomes
Negative atlow T | spontaneouson
cooling
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> Helmholtz Free Energy

Helmholtz energy, A, is a thermodynamics property that determine the the criteria of
spontaneous change.

[ dAry < 0 =spontaneous ]

Helmholtz energy is independent on the path of the reaction or the process, so it’s a

state function. Moreover, it is an extensive property.

» The Helmholtz and Gibbs energies

Consider a system in thermal equilibrium with its surroundings at a temperature T.
When a change in the systems occurs and there is a transfer of energy as heat between
the system and the surroundings, the Clausius inequality (the expression Clausius
inequality proves to be of great importance for the discussion of the spontaneity of

chemical reactions) reads
d
as— o =20

we can develop this inequality in two ways according to the conditions (of constant
volume or constant pressure)
(a) Consider heating at constant volume and temperature. Then in the absence of

additional (non-expansion) work, we can write dqy = dU , consequently

au
TZO

ds - [ dAr» < 0 =spontaneous ]

(b) Consider heating at constant pressure and temperature. When energy transferred
as heat at constant pressure, and there is no work other than expansion work, we

can write dqp = dH , consequently

dH

dS—T =0

[ dGrp < 0 =spontaneous ]

» Maximum work
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The change in the Helmholtz function is equal to the maximum work accompanying a
process at constant temperature:

[ dWmax = dA Maximum work (constant T) ]

As a result, A is sometimes called the ‘maximum work function’ or the ‘work function’.

Maximum non-expansion work

The analogue of the maximum work interpretation of AA, and the origin of the name
‘free energy’ can be found for AG. In the following equation, we show that at constant
temperature and pressure, the maximum additional (non-expansion) work, Wadd,maxis

given by the change in Gibbs energy:

[ Waddmax =AG  Maximum non-expansion work (constant T and p) J

This expression is particularly useful for assessing the electrical work that may be

produced by fuel cells and electrochemical cells.
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Chapter 4
Electrochemistry




Electro chemistry

2- ELECTROCHEMICAL CELLS

Let us consider the reaction
2 Na + Cl, ——> 2Na* + 2CI-

It occurs by the transfer of electrons from Na to Cl. Na loses an
electron and is said to be oxidized to Na+ ion. At the same time, Cl
gains an electron and is reduced to Cl~ ion. Such a reaction which is
brought about by loss of electrons (oxidation) and gain of electrons
(reduction) simultaneously, is called an Oxidation-Reduction

reaction or Redox reaction in brief.

2-1 Types of electrodes

1- Metal-Metal ion electrodes

A metal rode that dipped in an electrolyte solution containing
metal ions. Ther is a potential difference between these two

phases and this electrode can act as a cathode or anode
Anode: M —->M"+ ne’

The potential of a single electrode in a half-cell is called the Single

electrode potential. So the Nernst eq. takes the form:

E =p° -Tha
zF M 0
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2--Gas electrode (Standard Hydrogen Electrode (SHE)

Electrode gases like H, Cl,....etc. are used with their respective ions,
for example: H; gas is used with a dilute solution of HCl (H* ions). The

metal should be inert so that it does not react with the acid.

Anode: H, ——> 2H* + 2e~
Cathode: 2H*+2e—> H,

This electrode is also used to measure other potentials ( emf). Its
own potential is est to Ov as a reference, the Con. Of HCl is 1M and
the electrode is called Standard Hydrogen Electrode (SHE) ,(fig.6)

+

L

___4+— Hsgasat1atm
N o Ppressure

—— Glass hood

I Pt electrode
covered with Ho

1 M solution of H
\_ /) ionsat25%C

Standard Hydrogen Electrode (SHE)

The emf of the unknown half-cell, E°, can then be calculated from the
expression

Enmeasured = ER— EL
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where ER and EL are the reduction potentials of the right-hand
and left-hand electrodes respectively, The standard hydrogen half-

cell or Standard Hydrogen Electrode (SHE), is selected for coupling
with the unknown half-cell.

The emf of the standard hydrogen electrode is arbitrarily assigned
the value of zero volts. So,SHE can be used as a standard for other
electrodes.

Example/ itis desired to determine the emf of the zinc electrode,
Zn | Zn%. It is connected with the hydrogen electrode and the emf
ofthe complete cell determined with a voltmeter. The emf of the cell
is the emf of the half-cell.

Ecell = ER— E|_
=—0.76-0=-0.76 V

—0.76 Vis the emf for Zn

3- Metal- insoluble salt electrode

The standard hydrogen electrode (SHE) is not the most convenient
standard electrode to use in the laboratory. The gas has to be
carefully controlled.Metal- insoluble salt electrode system whose
potential has been determined relative to the SHE can also be
used as Secondary standard electrode.

a-The Standard Silver-Silver chloride Electrode:

In this electrode system, silver wire is covered with silver chloride
(a highly insoluble substance). It is dipped in potassium chloride
solution in which the concentration of ClI~ion is 1 M This electrode
can be represented as
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The corresponding half-reactions can be presented as follows:

Agt + e = Ag(s)
AgCl(s) + e~ — Ag(s) + CI”

or can be written together:
AgCl(s) + Ag(s) + e~ = Ag(s) +e~ +Cl- + Ag*
which can be simplified:

AgCl(s) — Ag" + Cl”

The Nernst equation below shows the dependence of the
potential of the silver-silver(l) chloride electrode on the activity or
effective concentration of chloride-ions:

RT
E=Eﬁ—?]ﬂﬁm—

The standard electrode potential E° against standard hydrogen
electrode (SHE) is 0.230V

b- The Calomel Electrode

It is the most commonly used secondary standard reference
electrode. The standard calomel electrode, SCE,

The calomel electrode is represented as
ClI- (1M) | Hg.Cl,, Hg
and the half-cell reaction is:

Hg,Cl, + 2e- —-> 2Hg + 2CI
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4- Glass Electrode

A commonly used secondary standard electrode is the so-called
glass electrode. Its emf is determined by coupling with a standard
calomel electrode (SCE). The glass electrode provides one of the
easiest methods for measuring the pH of a given solution.

A simple type of glass electrode (Fig. 7) consists of a glass tube
having a thin-walled bulb at the lower end. The bulb contains a
1M HCI solution. Sealed into the glass-tube is a silver wire coated
with silver chloride at its lower end. The lower end of this silver
wire dips into the hydrochloric acid, forming silver-silver chloride
electrode.

4

Ag wire

1M HCI

AgCl

— Thin-walled
glass tube

Fig. 7:glass electrode

The glass electrode represented as

Ag, AgCl | TMHCIiH (Test Solution)

When placed in a solution, the potential of the glass electrode
depends on the H* ion concentration of the solution. The potential
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develops across the glass membrane as a result of a concentration
difference of H* ions on the two sides of the membrane. This
happens much in the same way as the emf of a concentration cell
develops.

The potential Equation of a glass electrode can be determined :

2.303RT
+

E=E = PH

2-2ELECTROCHEMICAL CELLS

A device for producing an electrical current from a chemical reaction
(redox reaction) is called an electrochemical cell.

1- Galvanic Cells

A galvanic cell, also known as a is Voltaic cell one in which electrical
current is generated by a spontaneous redox reaction. A simple
voltaic cell is shown in Fig. 5. Here the spontaneous reaction of zinc
metal with an aqueous solution of copper sulphate is used.

Zn + Cu** —=> Zn?* + Cu

A bar of zinc metal (anode) is placed in zinc sulphate solution in the
left container. A bar of copper (cathode) is immersed in copper
sulphate solution in the right container. The zinc and copper
electrodes are joined by a copper wire. A salt bridge containing
potassium sulphate solution interconnects the solutions in the anode
compartment and the cathode compartment.

The oxidation half-reaction occurs in the anode compartment.
Zn —-> Zn%* + 2e”

The reduction half-reaction takes place in the cathode compartment.
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Cu**+2e—> Cu

— /‘ —

Anode | Zn Salt bridge Cu | Cathode
) ( ()

~, ' ~ w '

ZnS0y, _ | cuso,
solution l.\_ Y, I.\_ Y, solution

Fig. 5: A simple galvanic cell

When the cell is set up, electrons flow from zinc electrode through
the wire to the copper cathode. As a result, zinc dissolves in the
anode solution to form Zn2+ ions. The Cu2+ ions in the cathode half-
cell pick up electrons and are converted to Cu atoms on the cathode.
At the same time, SO4%7ions from the cathode half-cell migrate to
the anode half-cell through the salt bridge. Likewise, Zn?* ions from
the anode half-cell move into the cathode half-cell. This flow of ions
from one half-cell to the other completes the electrical circuit which
ensure continuous supply of current. The cell will operate till either
the zinc metal or copper ion is completely used up

Cell reaction:

The flow of electrons from one electrode to the other in an
electrochemical cell is caused by the half-reactions taking place in
the anode and cathode compartments. The net chemical change

66



obtained by adding the two half-reactions is called the cell reaction.
Thus, for a simple voltaic cell described above, we have

(a) Half-reactions :

Zn(s) ——> Zn?* (aq) + 2e Anode

Cu?* (aq) + 2e— —-> Cu(s) Cathode

(b) Cell reaction(cell over all reaction) by adding up the half-reactions
Zn(s) + Cu2+ (aq) ——=> Zn2+ (aq) + Cu(s)

Cell diagram or Representation of a Cell

In 1953 IUPAC recommended the following conventions for writing
cell diagrams. We will illustrate these with reference to Zinc-Copper
cell.

(1) a single vertical line (]|) represents a phase boundary between
metal electrode and ion solution (electrolyte).

(2) A double vertical line (||) represents the salt bridge, porous
partition or any other means of permitting ion flow while preventing
the electrolyte from mixing.

(3) Anode half-cell is written on the left and cathode half-cell on the
right.

(4) In the complete cell diagram, the two half-cells are separated by
a double vertical line (salt bridge) in between. The zinc-copper cell
can now be written as

v

2 2
7znlzn~ " || cu | cu

Anode Cathode
Half-Cell Half-Cell
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Calculating the emf (electromotive force) of a cell

The emf of a cell can be calculated from the half-cell potentials of the
two cells (anode and cathode) by using the following formula

Ecel = Ecathode — Eanode
= ER - E|_

Let us predict the emf of the cell

Zn(s)| 20" (aq) || Ag'(aq) | Ag
by using the E° values from the Table
E'an =E%R-E%
= 0.80—(-0.763)
= 0.80+0.763
= 1.563V

The answer 1s so clear from Fig. 29.12.

-2 -1 =0.763 0 +0.80 +1 +2
Ha A\
&l &)
" 1.563 =
Cell emf '

M Figure 29.12
Diagrammatic representation of Cell emf.
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SOLVED PROBLEM 1. Predict whether the reaction
2Ap(s)+Zn™ (ag) — Ag" (aq) + Zn(s)

1s feasible or not. Consult the table for the E° values.

SOLUTION
The cell half reactions are _
Anode : 2Ag(s) —> 2Ag (aq) +2e E°=0.80V
Cathode : Zn’"(ag)+2e” —— Zn(s) °=—-0.763V
E° et = B athode B anode
E°_, =—0.763V—0.80
= —1.563

Since E°_ 1s negative, the given reaction is not feasible.

2-1 Electrolytic Cell

Electrolysis: The decomposition of some substance by means of an

electric current.

Electrolytic Cell: A cell that requires electrical energy to cause
nonspontaneous oxidation-reduction reactions to occur.

1- It utilizes an external source of electrical energy.

2- It forces electrons to flow in the opposite direction by applying
a voltage greater than the cell potential.

3- It converts electrical energy into chemical energy

4- A salt bridge can be used in the Electrolytic Cell or not used

Voltaic Cell Electrolytic Cell
Spontaneous redox Nonspontaneous redox
reaction releases energy reaction absorbs energy to

drive it
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Voltaic Cell

T

ml

Zn—>Zn*>* e Cu2*+2e —Cu

1OOM ZdNO i) 100 M Coi NOOstag)

Anode = oxidation = negative
(negative charge supplied by reaction)
Cathode = reduction = positive
Ecell >0

I athode
&
i

Electrolytic Cell

Zn2i+2e —7Zn Cu—Cur+2e

1.00 M ZniNO +ia 00 M CulNO o aq)

Anode = oxidation = positive
Cathode = reduction = negative
(negative charge supplied externally)
Ecell <0

Another Example of electrolytic cells :

Electrolysis of water: is the decomposition of

water into oxygen and hydrogen gas due to the passage of an electric
current( fig. 6).. This technique can be used to make hydrogen gas, a
main component of hydrogen fuel, and breathable oxygen gas,

the base-balanced reactions predominate in basic (high pH)
solutions.

Cathode (reduction): 2 H,O(/) + 2e” = Hz(g) + 2 OH (aq)
2 OH (aq)

Anode (oxidation): —>1/2 0y(g) + H,O(/) + 2 e~

Combining either half reaction pair yields the overall decomposition
of water into oxygen and hydrogen:

Overall reaction: 2 H,O(/) = 2 Ha(g) + 02(g)
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The number of hydrogen molecules produced is thus twice the
number of oxygen molecules.

Electrolysis of water
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