Physical M

Chemistry




FEDERAL UNIVERSITY OF TECHNOLOGY MINNA,
NIGER STATE, NIGERIA

2
& %,

) e
Ology for EmpOY

CENTRE FOR OPEN DISTANCE AND
e-LEARNING (CODelL)

B.TECH. COMPUTER SCIENCE
PROGRAMME

COURSE TITLE
PHYSICAL CHEMISTRY

COURSE CODE

CHM 111



Module

Chemical
Thermodynamics

OUnit 1: The first Law of Thermodynamics
Unit 2: Thermochemistry
Unit 3: The Second Law of Thermodynamics

94



Unit 1

The First Law Of
Thermodynamics

Content

1.0  Introduction

2.0 Learning Outcomes

3.0 Learning Content

3.1 Thermodynamic Terminology
3.2  The Zeroth Law of Thermodynamics
3.3 Extensive and Intensive Variables
3.4 Types of Processes
3.5 Work, Heat and Heat Capacity
3.6 The First Law of Thermodynamics

4.0 Conclusion

5.0 Summary

6.0 Tutor-marked assignment

7.0 References/further reading
95



1.0 Introduction

In this unit, we shall introduce you to some of the terms used in thermodynamics; The
definitions of work, heat and heat capacity will be stated. The first law of
thermodynamics will be explained with particular reference to isothermal and adiabatic
processes. The calculation of work, internal energy change and heat absorbed or
evolved in reversible and irreversible processes will be outlined. The significance of
enthalpy and enthalpy change of a system will be stated. We shall study the
applications of the first law of thermodynamics in making thermochemical calculations.

2.0 Learning Outcomes

After studying this unit, you should be able to
i. explain the terms-system, surroundings and thermodynamic variables
ii. stattthe zeroth law of thermodynamics
ii. differentiate between extensive and intensive variables
iv. define isothermal, adiabatic and cyclic processes
v. explain the terms-work, heat and heat capacity
vi.  state the first law of thermodynamics
vii.  explain the term, internal energy of a system
viii.  calculate the work done on an ideal gas in isothermal and adiabatic processes

ix. state the significance of enthalpy and enthalpy change of a system,

3.0 Learning Content

3.1 Thermodynamic Terminology

In this section, a number of commonly used terms in thermodynamics are defined and
explained. These terms should be understood clearly before you proceed further.

System

Any part of the universe which is under study is called a system. It can be as simple
as a gas contained in a closed vessel or as complicated as a rocket shooting towards
moon. A system may be homogeneous or heterogeneous depending on its
contentsand ' conditions. A system is homogeneous If physical properties and
chemical composition are identical throughout the system. Such a system isalsocalled
a single phase system.

Surroundings

The rest of tne universe around the system is considered its surroundings. A system
and its surroundings are always separated by boundaries across which matter and
energy may be exchanged. The boundaries can be real (fixed or moveable) or
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imaginary. Based on the exchange of matter and energy between the system and the
surroundings, a system can be classified into the following three types:

1. Isolated system
2. Closed system
3. Open system

Let us explain these terms.

Isolated system is one which exchanges neither energy nor matter with its
surroundings. There is no perfectly isolated system; but, a system which is thermally
well insulated (i.e., does not allow heat flow) and is sealed to inflow or outflow of matter
can be considered as an isolated system. A sealed thermos flask having some matter
thus approximates to an isolated system.

Closed system allows exchange of energy (heat or work) with the surroundings but,
matter is not allowed to enter or leave it. A properly sealed system (to prevent the
passage of matter across its boundary) can be considered as a closed system.

Open system allows exchange of both matter and energy with its surroundings. This
is the most common type of system encountered in our daily life. All living things are
examples of open system since these are capable of freely exchanging energy and
matter with their surroundings. Reaction vessels with permeable membranes are
examples of open system.

Let us now explain the terms, state variables and state of the system.
State Variables

A thermodynamic system has to be macroscopic (i.e. of sufficiently large size); this
facilitates measurement of its properties such as pressure, volume, temperature,
composition and density. Such properties are therefore called macroscopic or bulk
properties. These are also called state or thermodynamic variables. These do not
depend on the past history of the system. A state variable which depends on other
variables is called a dependent variable; others, on which it is dependent, are called
independent variables.

For example, if you write ideal gas equation as

V =nRT
P

then, V is the dependent variable, whereas n, T and P are independent variables. We
know that R is the gas constant. On the other hand if you write this equation as,

P = nRT
Y,

then P is the dependent variable, whereas n, T and V are independent variables. The
choice of dependent and independent variables is a matter of convenience.
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State of a System

The state of a system is defined when the state variables have definite values. It is not
necessary to specify all the state variables since these are interdependent. For
example, if the system is an ideal gas, then its pressure, volume, temperature, and the
amount of the gas (number of moles) are related by the gas equation. Thus, if we
specify three of these, the fourth variable is automatically fixed. Similarly many of its
other properties like density, heat capacity etc. are also fixed although through more
complicated relations.

Self-Assessment Exercise 1

Identify the type of system in each of the following cases:

i) A beaker covered with a lid
ii) A closed thermos flask
i) A beaker without lid.

3.2 The Zeroth Law of Thermodynamics

The zeroth law of thermodynamics is based on the concept of thermal equilibrium. It
helps us in defining temperature. If two closed systems are brought together so that
these are in thermal contact, changes take place in tae properties of both the systems,
but, eventually a state is reached when there is no further change in any of the
systems. This is the state of thermal equilibrium. Both the systems are at the same
temperature..

In order to find whether two systems are at the same temperature, the two can be
brought into thermal contact; then the changes in the properties of either of these are
to be observed. If no change occurs, they are at the same temperature.

The zeroth law of thermodynamics states that if a system A is in thermal equilibrium
with system C. and, system B is also in thermal equilibrium with C, then A and B are
also in thermal equilibrium with each other.

This is an experimental fact and may be illustrated by assuming that systems A and
B are two vessels containing different liquids, and C is an ordinary mercury
thermometer. If A is in thermal equilibrium with C, then mercury level in the
thermometer will show a constant reading: This indicates the temperature of system
A as well as that of C. Now if A is also in thermal equilibrium with B, then the height of
mercury level in the thermometer (in contact with B) is the same as before; B also has
the same temperature as A. There is thermal equilibrium in both A and B or these are
at the same temperature. Here we have only explained the concept of temperature;
the temperature scale will be discussed in Unit 3.
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3.3 Extensive and Intensive Variables

We have defined homogeneous and heterogeneous systems in Sec. 3.1.2. Let us now
discuss the difference between the two with respect. to the value of some variables.
In this connection, we must first define extensive and intensive variables.

Self-Assessment Exercise 2

1. What is extensive property of a homogenous system ?

For a heterogeneous system made up of several phases, the total value of an
extensive property is equal to the sum of the contributions from various phases. Mass,
volume and energy are examples of extensive properties. Thus, if a system, at
equilibrium consists of 0.100 kg of ice and 0.100 kg of liquid water at 273.15 K, the
total volume of the system is the sum of the two volumes, each of which is directly
proportional to its mass.

Volume of 0.100 kg of ice = Mass of ice =0.100 kg
Density of ice 917 kg m3
=1.09 x 10*m3

Similarly, the volume 0.100 kg of water = Mass of water
Density of water
0.100 kg =1.00 x 10* m3

1.00 x 103 kg m3
Total volume =(1.09 + 1.00) x 10* m3
=2.09x 10*m3

An intensive property of a phase is independent of the amount of the phase. Thus
refractive index, density and pressure are intensive properties. However, if a system
consists of several phases, then some of the intensive properties may be different. For
example, density is an intensive property but its value is different for ice and liquid
water in equilibrium at 273.15 K. For thermal equilibrium, the intensive property,
temperature, has to be same throughout the system. Otherwise heat will flow from one
point of the system to another. Similarly, for mechanical equilibrium, the intensive
property, pressure, has to be the same throughout the system. An extensive property
when divided by mass or molar mass of the system becomes an intensive property.

Self-Assessment Exercise 3

Identify the extensive or intensive variables from among those indicated below:

i) Energy required to cook your meals.
ii) Volume per unit mass of milk.
iii) Your body temperature.
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3.4 Types of Processes

When the state of a system changes, it is said to have undergone a process. Thus a
process means change in at least one of the state variables of the system. The process
may be accompanied by an exchange of matter and energy between the system and
the surroundings. There are certain processes in which a particular state variable
(thermodynamic property ofthe system) remains unchanged. Such processes are of
the following types:

Self-Assessment Exercise 4

1. What is isothermal process ?
2. What is adiabatic process ?
3. What is an isochoric process?
4

. When is a process cyclic?

In An Isothermal Process, the temperature of the system remains constant. When a
system undergoes an isothermal process, it is in thermal contact with a large constant
temperature bath, known as thermostat. The system maintains its temperature by
exchange of heat with the thermostat .

In An Adiabatic Process, no heat is allowed to enter or leave the system. Systems
in which such processes occur are thermally insulated from the surroundings. An
adiabatic process may involve increase or decrease in the temperature of the system.
We shall discuss these two processes in detail in Secs. 3.7 and 3.11.

An Isobaric Process is one in which the pressure of the system remains unchanged.
A reaction taking place in an open beaker is always at atmospheric pressure and
hence, the process is isobaric.

In An Isochoric Process, the volume of the system remains constant. Thus, a
chemical reaction in a sealed flask of constant volume is an isochoric process.

A Process Is Cyclic if the system (after any number of intermediate changes) returns
to its original state. The initial and final values of each thermodynamic variable is
identical after the completion of a cyclic process. Based on the value of the driving
force applied, we can classify the processes into' two types, namely, reversible and
irreversible.

A Reversible Process is one in which at any time, the driving force exceeds the
opposing force only very slightly. Hence, the direction of the process can be reversed
by merely a small change in a variable like temperature and pressure. The idea of a
reversible process will become clear by considering the following example.

Consider a gas at pressure P in a cylinder fitted with an-air-tight piston. If the' external

pressure on the gas is equal to the pressure of the gas, then there is neither expansion

nor compression and the piston remains at its position. However.ion increasing the
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external pressure (Pext) infinitesimally, the gas can be compressed. On the other hand
by slightly decreasing the external pressure, the gas may be expanded. Thus

If Pext= P ; the system is static and piston does not move.

If Pex = P + dp; the gas is compressed and the piston moves downwards
infinitesimally slowly.

If Pext = P — dp; the gas expands and the piston moves outwards infinitesimally slowly

Hence you can see that in a reversible process, the direction of a process is changed
by changing the magnitude of the driving force by a small amount. In Module 4, you
will study how reversible condition is used in constructing electrochemical cells. Any
process which is not reversible is termed as irreversible. All natural processes are
irreversible. The flow of heat from a high temperature body to a low temperature body
is a natural process and hence, irreversible. So is the expansion of a gas against
vacuum, known as free expansion. Irreversible processes are also called spontaneous
processes: We will be studying reversible and irreversible processes in detail in Secs.
3.7 and 3.11.

3.5 Work, Heat and Heat Capacity

Work, heat and energy have the same units, namely joule (J). Energy is a
thermodynamic property of a system, whereas work and heat are not. The latter two
aremeaningful only when a process takes place. Let us first define heat.

Heat is a form of energy. Heat is not the property of a system but is exchanged
between a system and the surroundings during a process, when there is a temperature
difference between the two.

Self-Assessment Exercise 5

Explain the term : work, and its different kinds.

Let us now explain the term, work, and its different kinds

Work (W) is defined as the product of the force applied (F) and the distance (X) moved
along the direction of the force.

Forces have different physical origin, and work can be done in a variety of ways.

1. Gravitational Work: When a body of mass m is moved through a height h against
gravity, then force is equal to mg and the gravitational work done is mgh.

2. Electrical work: If an electric potential E is applied across a resistance R so that
current i flows through it, then work done per second is Ei and in t seconds it is
equal to Eit.
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3. Pressure- volume work: This is a type of mechanical work performed when a
system changes its volume against an opposing pressure. This also is known as
work of expansion or compression. We will study this in detail in later sections. The
energy gained or lost during heat exchange between the system and the
surroundings can be stated in terms of heat capacity values. Let us now define the
term heat capacity.

Heat Capacity is the heat required to raise the temperature of a body by 1K. If, during
the process, the volume of the system remains constant, then it is called heat capacity
at constant volume (Cv); if the pressure remains unchanged, it is called heat capacity
at constant pressure (Cp). For one mole of a pure substance, these are called molar
heat capacity at constant pressure, Cp and at constant volume, Cv. Heat capacities
per unit mass are called specific heats. The heat capacities change with temperature.
This means that, the heat required to change the temperature by 1 K is different at
different temperatures. However, over small ranges of temperature, these are usually
taken as constant. The molar heat capacity and specific heat are intensive properties
whereas heat capacity is an extensive property (guess the reason).

For changing the temperature of a particular system by dT, if the heat required is dqv
(at constant volume) or dqp (at constant pressure), then we have

Cv=nCv =dagv
AT o (2)

Cp=nCp = dap
o (3)

wheren is the amount (i.e., number of moles) of the substance constituting-the
system.

From these equations, it is possible to determine the heat required for a process, by
integration over the temperature range T1 and T2. Hence,

Qv = [ CvdT L2 RCVAT oo (4)

9 = [, CpdT L RCPAT e, (5)

In later sections, we will be studying the use of Cp and Cv in the calculation of energy
changes. Let us give an example here for the calculation of..qp, if n, Cp,T1 and T2are
given.

Example 1

The equation for the molar heat capacity of butane is Cp = (19.41 + 0.233 T) J mol’
K-1. Calculate the heat necessary to raise the temperature of 3.00 mol of butane from
2 to 573 K at constant pressure. We have to calculate qp as per Eq. 5.

G =, nCpdT  (T1=298, T2 =573K, n=3.00mol, Cp = (19.41 + 0.233 T) J mol")

_ (573
“Jaog

3.00(19.41 + 0.233 T)dT
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573

dT +3.00 x 0.233 [, TdT

=3.00x19.41 [>7°

298

[3.00 x 19.41 (573 — 298) + 3.00 x 0.233(5732 — 2982)] J
2

9.97 x 10*J =99.7 kJ

Hence, heat required to raise the temperature of 3.00 mol of butane from 298 K to 573
Kis 99.7 kJ.

We are now familiar with various terms used in the study of thermodynamics. In the
next section, we shall discuss the first law of thermodynamics. Before proceeding to
th next section, answer the following SAE.

Self-Assessment Exercise 6

The molar heat capacity of ethane at constant pressure is 52.6 J K-' mol-!. Calculate
the energy required to heat 3.00 mol of ethane from 305 K to 405 K at constant
pressure

3.6 The First Law of Thermodynamics

The first law of thermodynamics was first stated by Mayer and Helmholtz in 1840 in
Germany, Joule in England, and Colding in Denmark. This law is also known as the
law of conservation of energy.

The first law of thermodynamics can be stated in anyone of the following ways:
The energy of an isolated system remains constant.

Energy can neither be created nor destroyed although it can be changed from one
form to another.

It is not possible to construct a perpetual motion machine which can work endlessly
without the expenditure of energy. (Such a machine is known as perpetual motion
machine of the first kind.)

All the above statements are equivalent to the principle of conservation of energy.
These statements point out that energy of a system will remain constant if it is left
undisturbed. If, on the other hand, the system interacts with the surroundings, then its
energy may change; but then, there will also be equal and opposite change in the
energy of the surroundings. Since work is a form of energy, it is not possible for a
machine to keep on doing work indefinitely. As Soon as its own energy is exhausted,
it will require a source of energy to continue, doing work. The first law of
thermodynamics has no theoretical proof. It is a law based on observation. Since the
law has never been contradicted, its truth is taken for granted.
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Einstein in 1905 showed that matter and energy are interconvertible according to the
equation,

This means that if mass m is destroyed, then energy E is produced; c is the velocity
of light. This is not a contradiction since mass can also be considered as a form of
energy. We shall shortly arrive at the mathematical forms of the first law of
thermodynamics. Before that let us first introduce the term, internal energy.

3.6.1 Internal Energy

The internal energy U of a system is the entire energy of its constituent atoms or
molecules including all forms of kinetic energy (due to translation, vibration and
rotation) as well as energy due to all types of interactions between the molecules and
subparticles, It is a state variable and an extensive property and its absolute value
cannot be determined. However, in thermodynamics we are interested in the changes
in internal energy which accompany any process, but not in the absolute value of U.
These changes in internal energy can be brought about only by interaction of the
system with its surroundings. The change in internal energy (AU) depends only on the
initial and final states and is independent of the path adopted.

The total energy of a system is the sum of the internal energy and some energy due
to the motion or position of the system as a whole. For example, the total energy of
water on the ground floor is different from its energy on the top of the building. The
difference in total energy is mgh (m is the mass of water, h the height of the building
and g the acceleration due to gravity) whereas the internal energy is the same in both
cases. Similarly for a moving bullet, the total energy is the sum of the internal energy
and its kinetic energy, %mv? (where m is the mass of the bullet and v its velocity).

he heat change, dq, and the work done, dw, contribute towards the change in the
internal energy of the system. We actopt the convention that the change in the internal
energy is equal to the sum of the heat absorbed by the system and the work done on
it. If dq is positive (heat absorbed by the system is positive), this leads to an increase
in the internal energy of the system. A negative dq implies loss of heat from the system
and denotes a decrease in internal energy.

If the work done on the system (dw) is positive, this increases the internal energy of
the system. A negative value of dw implies that work has been done by the system at
the expense of its internal energy.
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Fig. 1: Energy change through difterent onward paths, |, Il and Ill and return path, IV.

[Note that the value of the work (dw) done on the gas is obtained by reversing the sign
of work (dw') done by the gas; or dw= -dw']

Let us now derive the mathematical forms of the first law of thermodynamics.

3.6.2 Mathematical Forms of the First Law of Thermodynamics

As mentioned earlier, work and heat bring about changes in the internal energy of the
system. If the system absorbs a certain amount of heat, dq, then its internal energy
increases by this amount; further if dw is work done on the system, then the internal
energy again increases. Hence, the net change in the internal energy is given by

This equation is for infinitesimal changes. If, however, a system is taken from its initial
state to another state by a process in which the heat absorbed is g and work-done
on the system is w, then the net change in internai energy will be given by

AU = Ut = Ui = QWi et (8)

where Uf and Ui are the initial arid final internal energies of the system, and AU, the
net change. It is obvious that AU can have either negative or positive value depending
on q and w. But once the initial and final states of a system are fixed, AU is
automatically fixed, no matter what path is adopted in carrying out the process. In other
words, internal energy is a state function while heat and work are not.

As an example, consider a system being taken from the initial state where it has energy
Ui to the final state having energy Uf along different paths I, Il and Ill (Fig.1). Then in
all these cases, AU is same. If this were not so, then it would have been possible to
construct a perpetual motion machine by reaching the final state via a high energy
change path (say, lll) and coming back via a low energy change path (IV) thereby
releasing the energy difference for work. Eqgs. 7 and 8 are mathematical expressions
of the first law of thermodynamics.
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Self-Assessment Exercise 7

1. Suggest a statement for the first law of thermodynamics such that the law of
conservation of mass is not violated.

3.7 Isothermal Expansion

In this section, we are going to calculate the work done on the gas in an isothermal
process. For this we must first arrive af a general expression for pressure-volume work
done in an infinitesimal process. Suppose that a gas is enclosed in a cylinder fitted
with an air tight piston of area A. Assume that pressure of the gas is P and the external
pressure is Pext which is slightly less than the gas pressure. The gas will, hence,
expand against an opposing force which is given by .

If during expansion, the piston moves through a distance dx, then this small amount
of work dw' done by the system is given by,

AW'SFAXZPextAAX ... (10)
But Adx is the change in volume of the gas, dV. Hence,
AW'SPextV ..o (11)

Thus the work done by the system (i.e., by the gas) is dw' Therefore, the work done
on the gas is -dw' which we shall denote by dw. Hence, work dw done on the system
is

AWEPextAV .o (12)

Eq. 12 is a general expression useful in calculating pressure-volume work whether it
is isothermal or adiabatic process. It can be seen that dw is negative when the gas
expands and it is positive when the gas contracts. [dv = +ve in expansion and dv = -
ve in compression].

We shall now calculate the work of expansion (as also of compression) under
isothermal conditions. First let us take up the work done under isothermal irreversible
conditions.

3.7.11sothermal Irreversible Process

Let us assume that the gas kept in a cylinder expands isothermally and irreversibly
against a constant pressure. This means that (i) the gas expands against a constant
external pressure (Pext = constant) (ii) there is considerable difference between the
gas 'pressure (inside the cylinder)and the external pressure (iii) that the temperature
does not change during the process.

Let the initial and final volumes be V1 and V2, respectively. The total work, W, done
on the system is obtained by integrating Eq. 12.
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W = -fvvlz Pext dV =-Pext fvvlz av
= Poxt (V2= V1) T -PextAV ..o (13)
The symbol, AV, denotes the total change in volume during the process:
Let us work out an example to illustrate the use of Eq. 13. .
Example 2

A gas expands from 10 m?3 to 12 m?3 against a constant pressure of 1 bar at 298 K.
What is the work done on the gas?

We have to calculate work done under constant pressure using Eq. 13.
Hence, W = -Pext (V2 - V1) = -1 x 10°Pa x (12 m3-10 m?)
=-2x10°Pam3

=-2x10°J.

[because 1 bar=1x10°Paand 1 Pamé=1J]

It can be seen that the work done on the system is negative, this means, actually
system has done work equal to 2 x 10° J during expansion.

It is also possible to calculate the work done under irreversible isothermal conditions,
when the external pressure changes continuously. But then, the concerned equation
is more complex than Eq. 13. Let us now calculate the work done under isothermal
reversible process.

3.7.2 Isothermal Reversible Process

We have already mentioned that a reversible process can be carried out when external
pressure (Pext) is only infinitesimally different from the gas pressure inside a cylinder
(P). . In such a case, Pext= P and hence, Eq. 12 can be written as,

The total work done, W, as the gas expands isothermally and reversibly from a volume
Vito a volume V2 is then given by integrating Eq. 14 within limits V7 and V2

W = = [PFPAV oo (15)
Let us assume that the gas behaves ideally. Hence,
P= nRT
\

Usingthis in Eq. 15,
W =- ["*nRT/VdV

= - RT [T21/VAV o (16)
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=-nNRTINV2/V1 = NRTINVA/V2 o (17)
Hence, W=-2.303nRTlogV2/V1 = 2.303nRTlog Vi/V2 .....ccooiiiiiiiiiiie . (18)

It can be seen that if V> is less than V;then the gas has been compressed and, W'is
positive. Also, the value of W then happens to be the minimum work required for
compressing the gas from (volume) V7 to Vo.

Similarly, if V2 is greater than V1then the gas undergoes expansion and W s negative.
This means, work is done by the gas; - W represents the maximum work available
through expansion.

Eq. 18 can also be given in terms of initial and final pressures (P1 and P2) of the ideal
gas.

For an ideal gas at constant temperature,

PV = PV (19)
VoIV 1 = P P2 (20)
W = -2.303 nRT log P1/P2

W= 2303 NRT10g Po/P1 ... (21)

Let us illustrate the use of Eq. 21.
Example 3

An ideal gas initially at 3.00 x 102 K and 3.00 x 105 Pa pressure occupies 0.831 m3
space. What is the minimum amount of work required to compress the gas isothermal
and reversibly so that the final pressure is 6.00 x 10° Pa?

P1=3.00 x 10° Pa; P2=6.00 x 10° Pa
R =8.314J mol' K'; T=3.00 x 102 K

We have to calculate the value of n (the amount of the gas) in order to use Eq. 21; the
value of n can be found out from the initial conditions using ideal gas equation.

n=PV =3.00 x 10% Pa x 0.83I m?
RT 8.314Jmol'K-! x 3.00 x10%2K
n=1.00 x 102 mol
Substituting the values in Eq. 21.

6.00 x 106Pa
3.00 x 105 Pa

W =2.303 x 1.00 x 102 mol x 8.314J mol' K-' x 3.00 x 102K log

=2.303 x 1.00 x 10% x 8.314 x 3.00 x 102 x (6.7782-5.4771) J
=2.303 x 1.00 x 102x 8.314 x 3.00 x 10?2 x 1.3011 J
=7.47 x10°J

Using the principles studied above, answer the following SAE.
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Self-Assessment Exercise 8

1. A gas expands against vacuum. What is the work done on it?

[Note that dx and Ax refer to infinitesimal and finite (considerable or even large)
changes in x, respectively. If dx or , Ax is,

i. +ve, then x increases;
ii. +ve, then x decreases and
iii. zero, thenx does not change or x remains a constant.

Note that the difference between Egs. 13 and 15 is that P depends on volume in the
latter; whereas, Pext in Eq. 13 is constant throughout. As a result of this, Pext is taken
out of integration sign in Eq. 13 whereas P in Eq 15 is to be expressed as a function
of volume. Note that n, R and T are constants and are taken out of the integration sign
in Eg. 16. Note that formula 2 of Sec. 3.5 is used here].

[Note that Egs 18 and 21 are applicable only for an ideal gas undergoing isothermal
reversible expansion or compression. If the gas does not have ideal behaviour,
suitable equation of state must be used. . Using Egs. 18 and 2

3.8 Heat Change Under Constant Volume

The reactions are carried out under constant volume or under constant pressure
conditions. Let us now arrive at an expression useful in calculating the heat change in
a system under constant volume conditions. In the next section, we shall discuss heat
change under constant pressure conditions.

Let us examine Eq. 7. Let us assume that the work done on the system is only
pressure-volume work, whereas electrical, magnetic or other types of work are not
involved. Then from Egs. 7 and 14,

U= dgepaV o e (22)
Ordg = dU + PAV ..o (23)
If the process is carried out at constant volume, then,

dV=pdVv=0

Hence, dgv = dU .o (24)
For finite changes in internal energy Eq. 24 becomes,

o 17 (25)

That is, heat absorbed by a system at constant volume is exactly equal to its internal
energy change.

Let us try to correlate internal energy change with heat capacity at constant volume,
assuming that there is no phase change or chemical reaction. From Eqgs. 2 and 24,

AU = CVAT = NCVAT ettt (26)



This holds good for n mol of an ideal gas.
Eq. 26 can be rewritten as
CV = (QU O IV e (27)

i.e., heat capacity at constant volume is equal to change in internal energy per 1K
rise in temperature at constant volume. (6U/0T)v =patrtial differentiation of internal
energy with respect to temperature, at constant volume.

In order to obtain AU when an ideal gas is heated from temperature T+to T> at
constant volume, the integrated form of Eq. 26 is to be used

T2 T2
AU = [ " CvdT = [/ nCVAT ..cocvviiiiiiiiiiiiic e (28)

Hence, by knowing Cv over the temperatures T1to T2 it is possible to obtain the
value AU.

We have defined Cv through Eq. 27. What about Cp? |Is there some thermodynamic
property to which Cp can be related in a similar way? For this purpose, we define the
term, enthalpy, in the next section.

Using the ideas developed in this section, answer the following SAE.

3.9 Enthalpy and Enthalpy Changes

Enthalpy of a system is defined by the relation,

where V, P, and V, are the internal energy, pressure and volume of the system. Since
U, P and V are state variables, H also is a state function. That is, the enthalpy of a
system in a particular state is completely independent of the manner in which that state
has been achieved. If H1 and Hz are the enthalpies of the initial and final states of a
system, then the enthalpy change accompanying the process is given by,

AHT Ho — Hi o (30)
= (U2+P2V2) - (U1 +P1V1)
SAU + (P2V2 - PV ) (31)

In case of a constant pressure process (P1= P2 =P), Eq. 31 can be written as,

AH= AU+P(V2-V1)

AH= AU + P AV e (32)
Rewriting Eq. 23 for a finite change, we get

Gp= AU + P AV (33)
Using this equation in Eq. 32, qp= AH

The subscript p in gp stands for the constant pressure condition. In other words, the
enthalpy change is equal to the heat absorbed by the system at constant pressure .
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For a small change in enthalpy, we can write

Using Eq. 3 and assuming that there is no phase change or chemical reaction we
have

AH = CPAT = NCPAT et (31)

In order to obtain AH value when an ideal gas is heated from temperature T1 to T2 at
constant pressure, the integrated form of Eq. 36 is to be used.

AH = [ *CpdT = [, nCpdT

[heat capacity at constant pressure is equal to the partial differential, of H with respect
to temperature at constant pressure].

Since many laboratory processes are carried out at constant pressure (atmospheric
pressure), the enthalpy change of a system is of great significance. It may be noted
that since the absolute value of the internal energy of a system is not known, it is also
impossible to know the absolute enthalpy of the system. Fortunately, for most
processes we are only concerned with the changes in enthalpy which may be
measured by taking any suitable reference states of elements.

Those processes in which heat is supplied to the system are called endothermic and,
AH is given a positive sign; in exothermic processes (in which heat is evolved), AH
negative. Enthalpy changes connected with certain typical processes are given special
names.

For example, enthalpy of vaporization or evaporation is the enthalpy change
accompanying the conversion of one mole of a liquid to its vapour. Similarly, enthalpy
of fusion and sublimation are the enthalpy changes accompanying fusion or
sublimation of one mole of a substance. For a chemical reaction, the enthalpy of
reaction is the difference in the enthalpies of the products ami the reactants as per the
stoichiometry given in the chemical equation. We shall study enthalpy changes in
detail in the next unit. In the next section we shall study the relationship between Cp
and Cv; values of an ideal gas.

4.0 Conclusion

We have discussed the, terms used in thermodynamics and defined work, heat and
heat capacity. We have also explained the the first law of thermodynamics and looked
at the calculation of work, internal energy change and heat absorbed or evolved in
reversible and irreversible processes. The significance of enthalpy and enthalpy
change of a system and Joule-Thompson effect.

5.0 Summary

In this unit, you have been introduced to the first law of thermodynamics. The main
aspects of this unit are given below:

111



The zeroth law of thermodynamics and the first law of thermodynamics have been,
stated.

The extensive and intensive variables are explained with examples.

The terms heat capacity, internal energy and enthalpy have been defined and
discussed.

The formulae for the calculation of work, heat exchange and internal energy change
in isothermal and adiabatic processes are derived. Examples are also worked out to
explain the use of these formulae.

Joule-Thomson effect is explained and its importance in the liquefaction of gases is
indicated.

6.0 Tutor-Marked Assignment

1. A gas is expanded from 4.00 x 10-*m? to 8.00 x 10-3 m® against a constant pressure
of 1.00 x 10° Pa and it has been used to heat 0.010 kg of water. Calculate the final
temperature of water. Given: Initial temperature of water = 296.2 K and Cp for water =
75.2 J mol' K-

2. A sample of 0.200 mol of argon expands adiabatically and reversibly such that
temperature drops from 298 K to 188 K. If molar heat capacity for argon at constant
volume is 12.48 J/mol/K, calculate the change in internal energy and the work done
on the gas.

3. Calculate the heat required to increase the temperature of 1.00 mol of methane
from 298 K to 398 K at constant pressure. Cp for methane = 35.3 J mol K.

4. 1.00 mol of an ideal gas at 3.00 x 102 K and 2.00 x 108 Pa pressure is expanded
reversibly and isothermally till its pressure is 2.00 x 10° Pa. Calculate, AU, g and W.
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1.0 Introduction

The branch of science dealing with heat changes during a chemical reaction is known
as Thermochemistry. In this unit, we shall deal with heat change accompanying a
chemical reaction when it is carried out under constant volume or constant pressure.
We shall define standard enthalpy of formation and enthalpy changes in different
chemical reactions.

We shall also discuss the experimental method of determination of enthalpy changes.
We will list some of the applications of Hess's Law of constant heat summation. Finally,
we shall derive Kirchhoff's equation and discuss its importance.

2.0 Objectives
After studying this unit, you should be able to:

i.  derive the relationship between AU and AH and make calculations based on
this relationship

ii. define standard enthalpy of formation
iii. state Hess's law of constant heat summation and explain its significance
iv.  calculate the enthalpy of a reaction using enthalpies of formation of compounds

v. describe an experimental method for the determination of enthalpy of
combustion

vi.  derive Kirchhoff's equation and state its significance
vii.  define bond enthalpy and

viii.  calculate enthalpies of reactions from bond enthalpies.

3.0 Learning Content

3.1 Relationship Between AU and AH

A chemical reaction can be carried out in two ways:
i) In a closed vessel, so that there is no volume change.
ii) In a pressure regulated vessel, so that there is no pressure change.

Accordingly, the heat change accompanying a chemical reaction can also be
measured in two ways, viz., heat change at constant volume (qv) and at constant
pressure (qp). From Eqgs. 25 and 34, qv = AU and gp = AH. In thermochemistry, the
enthalpy change accompanying a chemical reaction is called the reaction enthalpy
and is denoted by the symbol AH, Similarly, the internal energy change accompanying
a chemical reaction is given the symbol AV. To denote formation, combustion and
vaporization processes, subscripts used are f, ¢ and vap, respectively. As in the case
of Egs. 25 and 34 we can write,
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Self-Assessment Exercise 1

1. In which two ways chemical reactions can be carried out?

The significance of AU and AH can be explained by the following equations:
AU = UProducts - UReactantS ......................................................................... (3)
AH = Hproducts = FIREAGIANS «+ .+« v e e eeeteea et ettt e ettt (4)

Since most reactions are carried out at constant pressure AH is more commonly use
than AU.

3.1.2 Thermochemical Equations

In a thermochemical equation, in addition to the chemical reaction, the physical state
of the various chemical species and the energy change are also specified. For
example,

Ha(g) + %02(g) — H20(I) AH = 2858 KJ MOl oo, (5)
C(graphite) + O2(g) — CO2(g) AH=-393.5kdmol" ..............cocoiiiiiin. (6)

are thermochemical equations. In such equations, s, | and g, refer to solid, liquid and
gaseous states, respectively. If a substance can exist in ,various allotropic forms, the
particular form must be mentioned.

Relation between

AU and AH

If in a chemical reaction, the enthalpy of the system changes from H1 to H2 and if U+
P1 Viand U2 P2 V2 are the corresponding internal energies, pressures and volumes,

then

Hu=  Upd Py s oo (7)

ANA Uy F Pol e (8)
AH = H2 — H1 = U2+ P2V2— (U1 + P1V1) = U2 — U1 + (P2V2 — P1Vh)

Hence, AH =AU + (P2V2 — P1V1) oo 9)

At constant pressure (P1=P2=P)

AH = AU + (PV2— PV1) = AU + P(V2- V1)

AH = AU + PAV oo e (10)
Using Egs. 1 and 2,
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If we assume that (i) all gaseous reactants and products are ideal and (ii) there are
n1and n2moles of gaseous reactants and products, respectively, then,

P1V1=niRT and P2V2=n2RT

Hence, P2V2 — P1V1=(n2—n)RT

Since pressure is constant,

P(V2- V1)=PAV=(N2— N1)RT oo e (12)

Replacing (n2-n1) by An to represent the change in the number of moles of gaseous
species in Eq. 12,

PAV=ANRT .o e (13)
Using this in Eq. 11,

Op=0v + AR T e (14)
AH=AU + ANRT e (15)
or

Note that only the gaseous reactants and products are considered in the calculation
of An. It may be noted that An can be

(i) positive, if the number of moles of gaseous products is more than those of
gaseous reactants

(ii) negative, if the number of moles of gaseous reactants is more than those of
gaseous products

(iii) zero, if n1=n>

For example, consider the following reactions:

Hz2 (g) + 7202(g) — H2O0(l) . eeveieieeeee e (16)
C(graphite) + O2(g) —CO2(Q) -.uvviriniiie e (17)

In Eq. 16, An= (0 - (1 + '2)) = 3/2; there are no gaseous products, but one mole of
hydrogen and half a mole of oxygen are present as gaseous reactants. In Eq. 17, An
= (1-1) = 0, since there is one mole each of gaseous reactant and product.

Using the above ideas, answer the following SAE.
Self-Assessment Exercise 2

1. Calculate f::.ngfor the following reactions:
i) NHs(g) — Y2N2(g) + 3/2H2(9g)
i) ¥2H(g) + 72Cl2(g) —HCI(g)
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3.2 Standard Enthalpy of Formation

The standard enthalpy of formation of a compound is the enthalpy change
accompanying the formation of one mole of the compound from its elements in their
most stable state, all substances being in their standard state (1 bar pressure and any
specified temperature). The standard enthalpy of formation is denoted by AH.

The superscript © indicates the standard state and the subscript 'f' denotes formation
reaction. Although we do not know the absolute enthalpy of the compound, we know
its relative enthalpy with respect to the elements from which it is formed. Therefore,
we adopt an arbitrary convention that the standard enthalpies of formation of all
elements is zero at any specific temperature at 1 bar. If an element shows allotropy or
exists in different phases, then the enthalpy is taken as zero for the most stable
allotrope or phase. Phosphorus is an exception (yellow phosphorus is taken as
standard).

As a result of this, the enthalpy of any substance in its standard state is equal to AH°,
the enthalpy change of the reaction in which one mole of the substance is formed from
the elements in their standard state.

For example, the enthalpy of the reaction:
C(graphite) + O2(g) — CO2(g) is AH° =-393.5 kJ mol"’
Thus, we have

AH°=AH°(COz2)- AH°(graphite) - AH°(O2)

= AH° (CO2) — 0 — 0 = AH° (CO2)

Therefore, the standard enthalpy of formation for COz2 is equal to AH° which in turn is
equal to - 393.5 kJ mol". If temperature has also to be indicated, then it is shown in
the parenthesis. Thus, AH% (298.15K) means standard enthalpy of formation at 1bar
and 298.15K. Most of the data are available at 298.15 K in thermodynamic tables.
Standard enthalpy of formation of some substances are given in Table 1.

Table 1: Standard Enthalpy of Formation of Some Selected Substances at 298.15

K
AfH°(298.15 K) AfH°(298.15 K)
Substance Substance
kjmol-1 kjmol-1
H20()) -285.8 H202()) -187.8
H20(g) -241.6 N2H4(1) +50.6
CO2(g) -393.5 NO2(g) +33.2
NHs(g) -46.1 N204(g) +9.2
CH4(g) -74.81 NaCl(s) -411.2
C2He(2) -84.68 KCI(s) -436.8
CH30H(J) -238.7 Glucose(s) -1268.0

CeHe()) +49.0
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3.3 Calculation of Reaction Enthalpies

It is possible to calculate standard reaction enthalpies using thermodynamic tables
such as Table 1. The principle is that,

AH= (Sum of AH values of products) - (sum of AH values of reactants) ............ (18)
This relationship can be explained using general reaction of the following type:
PA+ QB 5 rCH SD L (19)

where p, g, rand s are the stoichiometric coefficients and A, B, C and D are reactants
and products. Let the standard enthalpies of formation of A, B, C and D be
represented by AH°(A), AH°(B), AH°(C), and AH°(D), respectively: The standard
reaction enthalpy for the reaction mentioned in Eq. 19 is given by,

AH° = (rAH°(C) + sAH°(D)) - (pAH°(A) + QAHO(B) ) ceuveviieiiiiieeee (20)

[Earlier the standard state was defined as 1 atmosphere and any specified
temperature but IUPAC has now adopted the standard state as 1 bar at any specified
temperature. Since 1 atm. is equal to 1.01325 bar, it does not cause much change in
AH°, specially for substances in liquid and solid states]

Let us illustrate the calculation of AH® using an example.

Example 1
For the reaction given in Eq. 21, let us calculate AH® at 298.15 K.
CsHs(g) + 9/202(g) — 3C02(g) + 3H20(1) envriiii e (21)

Given that: AH° values of propene, carbon dioxide and water at 298.15 K are 20.42,
-393.5 and

-285.8 kJ mol', respectively.

From Eqgs. 18 and 21,

AH° = ( 3 AH°(COg2) + 3 AH°(H20) ) - (AH°(CsHe) + 9/2AH°(0O2) )

=3 x(-393.5) + 3 x(-285.8) - (1 x 20.42)

(since the standard enthalpy of formation of oxygen is zero.)

AH° = - 2058 kJ

Hence, we are in a position to calculate AH° for a reaction using AH® values.

Enthalpy is a state property; its value changes by the same amount irrespective of the
path from the reactants to the products. Hence, it is possible to calculate AH® of a
reaction from a sequence of reactions. This is generalised as Hess's law of constant
heat sumation; we shall study this law in the next section.
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Self-Assessment Exercise 3

1. Express the standard reaction enthalpy of the reaction,

C2Hs(g) + 7/202(g) —2CO02 (g) + 3H20(l) in terms of the standard enthalpies of
formation of the components.

3.4 Hess's Law of Constant Heat Summation

Hess's law can be stated as follows:

The standard enthalpy change for a reaction is the sum of standard enthalpies of a
sequence of reactions (at the same temperature and pressure); the overall reaction
should be capable of being represented by the given sequence of reactions.

Hess's law is a direct consequence of the law of conservation of energy. It is not
necessary that every reaction in the given sequence should be conducted in a
laboratory. A particular reaction can also be imaginary. The only requirement is that
the individual chemical reactions in the sequence must balance and add up to the
equation for a particular reaction. Also Hess's law enables arithmetic operations of
chemical equations. This law is helpful in calculating enthalpies of reactions which
cannot be experimentally determined; what is required is to select a correct sequence
of reactions. We give below the use of Hess's law in calculating the enthalpy of
conversion of graphite to diamond which is very difficult to determine.

Example 2
C(graphite) + O2(g) — CO2(9) AH1 = -393.5kJ
C(diamond) + O2(g) — COz2 (g) AH2 = -395.4kJ

Then subtracting, we get

C(graphite) - C(diamond) =0 and AH= AH1 - AH2= - 393.5 kJ - (-395.4 kJ) = 1.9kJ
Hence, we can write

C(graphite) — C(Diamond) AH=1.9kJ

We shall consider many examples of the use of Hess's Law in the next section. Before

proceeding to the next section, answer the following SAE.

Self-Assessment Exercise 4

Calculate AH?° for the reaction,

C(graphite) + 202(g) — CO(g) at 298 K, using the following thermochernical
equations:

C(graphite) + O2(g) —COz2 (g) AH° =-393.5kJ .
CO (g) + O2(g) — CO2(9) AH° = -283.5 kJ
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3.5 Enthalpy Changes in Different Processes and Reactions

Enthalpy changes take place in almost all physical and chemical processes. Due to
their importance in science and engineering, special names have been assigned to
enthalpy changes of some such processes. We define below the enthalpy changes for
some of these processes.

3.5.1 Enthalpy of Combustion

The change in enthalpy during the complete combustion of one mole of a substance
in oxygen is called its enthalpy of combustion (AH®:). The final oxidation products for
a compound containing only C, H, and N are CO2(g), H20(I) and N2(g); its compound
also contains Cl, Br, I, F, S, P, the final products include the aqueous solutions of HCI,
HBr, HI, HF, H2SO4 and H3POs4 at infinite dilution. Thus, the enthalpies of combustion
for methanol and urea are represented by the reactions:

CH3OH(l) + 1.502(g) — CO2(g) + 2H20()) AH° = - 726.1kJmol!
CO(NH2)) + 1.502(g) — CO2(g) + 2H20(1) + N2 (g) AH° = - 633.4 kJ mol"

The enthalpy of combustion is quite useful to determine the enthalpies of formation of
those substances which are difficult to measure experimentally. Here again we make
use of Hess's law.

Example 3

The enthalpy of combustion for methanol at 298.15 K is -726.1 kJ mol'. What is its
enthalpy of formation? Given: AH% (CO2) = -393.5 kJ mol' and AH% (H20) = -285.8
kJ mol.

The combustion reaction of methanol can be written as,

CH3O0H(l) + 1.502(g) — CO2 (g) + 2H20(I)  AH° =-726.1 kJ mol’
Using Eq. 18,

AH° = AH%(CH3OH) = AH%(COz2) + 2AH%(H20) - AH°(CH30H)

( since AH%¢(O2) =0)

Hence, AH%(CH3sOH) = AH®% (COz2) + 2AH°® (H20) - AH°: (CH30H )
=((-393.5) + (2 x (-285.8) + 726.1)) kJ mol"!

= - 239.0 kdmol"’

It can be seen that it agrees with the value given in Table 1.

3.5.2 Enthalpy of Solution

The formation of solution (by dissolution of a solute in a solvent) is also accompanied

by heat changes, but these heat changes are dependent not only on the nature of the

solute and solvent but also on the composition of the solution. Therefore, the enthalpy

change accompanying the complete dissolution of one mole of solute in a definite
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amount of the solvent so as to give a solution of a specified concentration is defined
as the integral enthalpy of solution (or integral heat of solution). As an example,
consider the dissolution of 1 mol of NaCl in 200 mol ( water as represented by the
equation,

NaCl(s) + 200H20() — NaCl (200 H20) AHsoin = 5.36 kJ mol!

Where AHsoin = 5.36 kdJ mol-1 represents the integral enthalpy of solution. In general,
it can be positive or negative depending on the nature of the solute and solvent. A
special case of enthalpy of solution arises when a sufficiently large amount of solvent
is used so that further dilution does not bring any heat changes. This is defined as the
enthalpy of solution at infinite dilution. For aqueous solution, this reaction is
represented by,

Ureas) + H20() — Urea(aq)

The symbol (aq) is used to represent an aqueous solution which is so dilute that
additional dilution is not accompanied by any heat changes. In contrast to integral
enthalpy of solution, we define a quantity called differential enthalpy of solution. This
is the enthalpy change when 1 mol of solute is dissolved in a sufficiently large volume
of solution of concentration, ¢, so that the final concentration remains almost
unchanged. The differential enthalpy of solution depends on the concentration of the
solution. It can be calculated from the integral enthalpy of solution.

Another type of enthalpy term often used in solutions is the enthalpy of dilution, AHai.
This is defined as the enthalpy change when a solution containing one mole of solute
at concentration Ciis diluted by the addition of solvent so that the final concentration
is C2 It is obvious that the enthalpy of dilution depends on both Cjand Co.

Self-Assessment Exercise 5

1. What is enthalpy of dilution

3.5.3 Enthalpy of Neutralization

The enthalpy of neutralization of an acid is the enthalpy change which accompanies
the complete neutralization of a dilute aqueous solution of an acid containing one mole
of H* ions by a dilute aqueous solution of a base containing one mole of OH ions.

An example is given below:
HCl(aq) + NaOH (aq) — NaCl (aq) + H20 AHneut = - 57.3 kJ mol’

It is observed experimentally that the enthalpy of neutralization of strong acids or
bases (with strong bases or acids, respectively) is essentially the same (i.e., -57
kJ/mol). This is because of the fact that strong acids and bases are completely
dissociated in their aqueous solutions, and the process of neutralization of strong acids
and bases is represented by

H*(aq) + OH(aq) — H20 AH° = -57.3 kJ mol"
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Hence, the enthalpy of neutralization of strong acids and bases is the enthalpy of
formation of one mole of water from one mole each of H* and OH- ions. When a weak
acid or base is neutralised, the enthalpy of neutralisation deviates from the value of -
57.3 kJ mol-'. This is due to the low dissociation of weak acids and bases; a portion of
the energy is utilised in the process of dissociation of the weak acids and bases.

So far, we defined enthalpies of some processes; let us now study the experimental
determination of enthalpy changes. On the basis of the above material, answer the
following SAE.

Self-Assessment Exercise 6

At 298 K, the standard enthalpies of formation of NO2(g) and N204(g) are 33.2 and
9.2 kJ mol'. Calculate the standard enthalpy of the following reaction: N2O4 (g) —
2NO2(g)

3.6 Experimental Determination of Enthalpy of Combustion

Calorimeters are used for determining the enthalpy changes in various processes. As
a matter of fact, calorimetry is the most important experimental technique in
thermodynamics and a lot of attention has been devoted to make it very sensitive. At
present calorimeters are available which can measure heat and temperature changes
accurately. Let us explain here the experimental determination of the enthalpy of
combustion.

The enthalpy of combustion is determined using a Bomb Calorimeter (Fig. 1).

al

&4,

e

Fig. 1: Bomb Calorimeter.
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The method consists of the combustion of a definite amount of the substance in an
inner vessel called the '‘bomb’. The bomb is placed inside a definite quantity of water
taken in an outer vessel. The outer vessel is thoroughly insulated. The temperature
readings of the water kept in it are measured before and after the combustion using a
sensitive thermometer. From the heat capacity of the calorimeter, the amount of the
substance taken and the temperature readings, the enthalpy of combustion can be
calculated. In general, using adiabatic calorimeters, the enthalpies of reactions can be
determined.

3.7 Kirchhoff's Equation

For a given reaction, AH and AU generally vary with temperature. It is of great
importance to study these variations quantitatively so that these may be calculated,
for any temperature from the known values of AH and AU at any other temperature.
The variation of AH and AU with temperature is described by Kirchhoff’'s equation. Let
us derive this equation.

If Cp is the heat capacity of a substance, then for a temperature rise dT, the increase
in enthalpy is given by Eq. 36 (of Unit 1) as

In the case of enthalpy of a reaction (AH), we can rewrite Eq. 22 as,

d(AH) = ACpdT

Where ACp = (sum of Cp values of products) - (sum of Cp values of reactants)
Also, d(AH) is the change in enthalpy of reaction due to change in temperature, dT.

Eq. 23 on integration gives,
AHz = AHI= [ ACDAT oo (24)

Where AH2 and AHi are the enthalpies of reaction at temperatures T2 and T+«
respectively. Eq. 24 is called Kirchhoff’'s equation. Similarly we can also obtain the
expression,

AUz= AUt + [ ACUAT oottt (25)

Where AU and AU- are the changes in internal energy of the reaction at temperatures
Trand T2, and ACv is the difference in heat capacities between products and reactants
at constant volume. Let us now consider three of the special cases of Eq. 24:

i) If ACp = 0, then AH2 = AH1 implying thereby that the enthalpy of reaction does not
change. .

ii) If ACp is constant i.e. it does not vary with temperature, then
AH2 = AH1 4+ ACP(T 27T 1) e (26)

i.e. AH either decreases or increases regularly with temperature. For most reactions
Eq. 26 is valid for a small range of temperatures.
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iii) If ACp changes with temperature, then Eq. 24 has to be integrated by expressing
Cp as a function of temperature. The variation in Cp is usually expressed in the
following way:

Cp=a+bT+cTz+....; the coefficients a, b, c, .... etc., are characteristic of a particular
substance .

[The heat change measured using a bomb calorimeter is equal to the internal energy
change accompanying combustion process, To calculate enthalpy of combustion. use
Eq. 15. Cp is usually given in J mol' K- units. You should remember to convert it into
kJ/ mol/K (by division by 1000), if AH is in kJ/ mol units].

Let us work out an example to show the use of Eq. 26.
Example 4: AH for the reaction.

C (graphite) + H20 (g) —»CO(g) + Hz(g) at 298 Kis 131.2 kJ. The Cp values are given
below in the temperature range, 298 to 348 K.

Substance CP(J mol' K1)
Graphite 15.93
H20() 30.04
CO(g) 26.51
H2(g) 29.04

Calculate AH at 348 K.

The Cp values given above are independent of temperature; hence, we can find
AH at 348 K using Eq. 26.

Let us first calculate ACp

ACp={[I x Cp(CO) + | x Cp(H2)] - [ 1 x Cp(graphite) + | x Cp(H20)] }J.K-"
(Since one mole of each component appears in the thermochemical equation)
{(26.51 +29.04) - (15.93 + 30.04) } J K"

=9.58 J K

=9.58 x 103 kJ K"

ACp is 'expressed in kJ K1, since AH at 298 K is given in kJ.

Using Eq. 26, .

AH at 348 K = AH at 298 K + ACp(348-298)

=(131.2 +9.58 x 103 x 50) kJ

=137 kJ .

Using the ideas developed above, work out the following SAE.
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Self-Assessment Exercise 7

For the reaction,
C(graphite) + H20(g) — CO(g) + H2(g)

Calculate ACp if the molar heat capacities at constant pressure for various species
vary as per the equation. Cp =a + b T + cT? where CI' is in J mol"' K. The a. b,
and c values of each of the substances are given below:

a bx 103 cx 103
Graphite 15.93 6.52 0.0
H20(g) 30.04 9.920 8.71
CO(g) 26.51 7.68 11. 71
Haz(g) 29.04 -0.836 20.09

3.8 Bond Enthalpies and Estimation of Enthalpies of Formation

Bond enthalpy is a useful concept in thermochemistry. It finds application in the
calculation of standard enthalpy of formation and standard enthalpy of reaction of
many compounds. In a molecule, atoms are linked through chemical bonds. When a
molecule decomposes into atoms, the bonds are broken and the enthalpy increases.
This is also defined as the enthalpy of atomization, AHatm, and is always positive. For
example, the enthalpy of the following reaction is the enthalpy of atomization of ethane
gas:

C2Hs(g) — 2C(g) + 6H(9) AHatm = -2828.38 kJ mol!

On analysis of AHam for a large number of such reactions, it has been found that
specific values of bond enthalpies may be assigned to different types of bonds (Table
2). These bond enthalpies correspond to the decomposition of a molecule in the
gaseous state to atoms in the gaseous state, Certain substances in the solid state
when sublimed are converted into gaseous atoms. Thus, graphite when heated is
converted into gaseous atoms, and the heat required for one mole can be called the
molar enthalpy of atomization of graphite which is equal to 717 kJ mol-'. If graphite is
considered the reference state for carbon, then the atomisation can be written as
follows

C(graphite — C(g) AHatm =717 kJ mol’

[NB: Enthalpy of atomization is the enthalpy change accompanying a reaction in which
a molecule is shattered into its component atoms. Enthalpy of atomization of graphite
is useful in the calculation of standard enthalpy of formation of organic compounds].
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Table 2: Bond Enthalpies (B)

Bond B Bond B Bond B
KJjmol-1 Kjmol-1 Kkjmol-1
H-H 436 C-F 484 Cc=C 813
O-H 463 C-Cl 338 N-N 163
C-H 412 C-Br 276 N=N 40
F-F 155 C-l 238 N=N 945
CI-Cl 242 C-C 348 0-0 146
Br-Br 193 Cc=Ca 612 0=0 497
I-1 151 C=Cb 518 F-H 565
C-0 358 CI-H 431
C=0 745 Br-H 366
I-H 299

a-in alkenes, b-in aromatic compounds

The enthalpies of atomization of some more elements which become atomized on
sublimation are given in Table 3.

Table 3 : Standard enthalpies of Atomization at 208.15 K

Substance AgtomH®
k] mol-1
C(Graphite) 717
Na(s) 108
K(s) 90
Cu(s) 339

It should be made clear that bond enthalpy is not bond dissociation energy. This could
be understood if we consider bond dissociation energy of water:

H20(g) — OH(g) +H(g) D:= 501.9 kJ mol”
OH(g) — O(g) + H(g) D2 = 423.4 kJ mol !

[NB: Bond enthalpy is the average amount of energy required to break one mole of
similar bonds present in different gaseous compounds into gaseous atoms. Note that
in the place of bondenthalpy, the enthalpy of atomization is used for carbon (graphite)
and other elements in the solid state]

.The quantities D1 and D2 are the first and second bond dissociation energies and are
different from the bond enthalpy given for O-H in Table 2. Again, bond enthalpy is
some kind of average of a large amounts of experimental data. These are of immense
value in estimating the standard enthalpy of formation of a large number of compounds
being synthesized and also for estimating the standard enthalpy of reactions involving
these new molecules.
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The following steps will help you in the calculation of standard enthalpy of formation
from the bond enthalpies and enthalpies of atomization of elements:

i) First write the stoichiometric equation; then write (the most acceptable) Lewis
structure of each of the reactants and the product.

i) Use bond enthalpies from Table 2 and enthalpies of atomization from Table 3 to
calculate the heat required to break all the bonds in the reactants and the heat
released when the atoms form the product. The bond enthalpy of X-X bond can be
denoted as B(X-X) in arithmetic expressions.

iii) The standard enthalpy of formation

= (Heat required to break all the bonds in the reactants) - (heat released when the
atoms form the product)......... ... (27)

iv) Bond enthalpy values can be applied to compounds only if these are in gaseous if
the compounds are in solid or liquid state, molar enthalpies of sublimation or
vaporization also must be considered.

Example 5: Estimate the standard enthalpy of formation of acetone vapour and
acetone liquid. (Enthalpy of vaporization of liquid acetone = 29 kJ/ mol).

Step (i): The stoichiometric equation for the formation of acetone vapour is
3H2(g) + 3C(graphite) + 7202(g) — C2H6CO(G) - vvemeneieiiieiieiii e, (28)
In terms of Lewis structures, the equation is given below:
HOH
RN
3H-H + 3C + %20=0 — H -C- C- C-H
I I
H H
Step (ii): The heat required to atomize the reactants
= 3B(H - H) + 3 6 AHatm (graphite) + 2B (0=0)
= [(3 x 436) + (3 x717) + /2(497)] kJ
= 3708 kJ
The heat released when the atoms form the product
6B(C-H) + 2B(C-C) + B(C=0)
=[(6 x 412) + (2 x 348) + 745] kJ
=3913 kJ
Step (iii): AH°(acetone(g)) = (3708-3913) kd/mol
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= -205 kJ/mol

Hence the standard enthalpy of formation of acetone vapour is -205 kd/mol and, the
actual value is -216 kJ/mol.

Step (iv): Let us now calculate the standard enthalpy of formation of liquid acetone.
The condensation of acetone (), from acetone (g) can be represented by Eq. 29.

Note that for condensation of acetone (g), the enthalpy change
= - AH%4, (acetone) = -29kJmol-’
C2HsCO(G) — C2HBCO(I) . vneniteeee e e e e (29)
Adding Eqgs, 28 and 29,
3H2(g) + 3C(graphite) + 202 (g) — C2HsCO(l)

Hence, AH% (acetone (1)) = AH% (acetone (g)) - AH° vap (acetone). So, the standard
enthalpy of formation of liquid acetone is -234 kJ/mol. Using the above principles,
answer the following SAE.

Self-Assessment Exercise 8

1. Calculate the standard enthalpy of formation of hydrogen chloride gas. Use Table
2.

4.0 Conclusion

We have discussed the heat change accompanying a chemical reaction when it is
carried out under constant volume or constant pressure. We have also defined
standard enthalpy of formation and enthalpy changes in different chemical reactions.
Experimental method of determining enthalpy changes was also examined. Hess's
Law of constant heat summation was defined and some of its applications mentioned.
We also derived Kirchhoff's equation and discussed its importance.

5.0 Summary

In this unit, some of the aspects of thermochemistry have been discussed.

The relationship between AU and AH has been derived and its use in the calculation
of internal energy change and enthalpy change has been indicated.

Standard enthalpy of formation has been defined; the relationship between standard
enthalpies of formation of substances and standard enthalpies of reactions has been
explained with an example.

Hess's law of constant heat summation has been stated and, its use in thermochemical
calculations explained.

Kirchhoffs equation has been derived and used in the calculation of AH at a given
temperature knowing its value at any other temperature.
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Bond enthalpy values have been used in the calculation of standard enthalpies of
formation.

6.0 Tutor-Marked Assignments

1. For the reaction
Fe20s3 (s) + 3H2 (g) — 2Fe (s) + 3H20 (I)
AH at 298 K is -35.1 kJ. What will be the enthalpy of reaction at 375 K, if the
difference between the sum of the Cps of the products and that of the reactants is
85.7 J/IK and, itis' independent of temperature?

2. Using Table 1 for the standard enthalpies of formation for CO2(g) and H20(1),
calculate the
standard enthalpy of formation for naphthalene, if its standard enthalpy of
combustion is -5153 kJ mol'.

3. The standard enthalpy of formation of H20(1) at 298 K is -285.8 kJ/mol. Calculate
the standard internal energy change [AU°(H20)] for the formation of water at 298
K.

4. Calculate the standard enthalpy of formation of PCls(s), using the following data:
P(s) + 1.5 Cl2(g) — PCI3(l) AH =-318kJ
PCl3(1) + Clz(g) — PCls(s) AH =-137kJ

5. Using the Cp data given in SAES5, calculate AH at 1000 K for the reaction:
C (graphite) + H20(g) — CO (g) + H2(9)
AH at 298 K is 131.2 kJ. Use the integration formulae given in Sec 3.5 of Unit 1.
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1.0 Introduction

It was seen in Unit 1 of this module that transfer of energy between a system and its
surroundings takes place through heat and work. This is governed by the first law of
thermodynamics which says that increase in the energy of a system must be
accompanied by an equal decrease in the energy of the surroundings and vice versa.
However, it does not tell us anything about the feasibility and direction of flow of
energy.

According to the first law of thermodynamics, all processes in which energy is
conserved are possible. For example, if a cup of hot tea is left on a table then according
to the first law, it may be cooled by transferring energy to the surroundings or be
heated by absorbing energy from the surroundings. But we all know from daily
experience that the cup of tea will always cool till it acquires the temperature of the
surroundings. Similarly, if a bottle of perfume is opened in a room, the perfume spreads
throughout the room. The reverse process in which all the perfume vapours are
collected in the bottle does not take place.

These are examples of what are known as spontaneous processes which are
irreversible and proceed only in one direction. Again, according to the first law, there
exists a direct relationship between heat and work. But it does not tell us whether heat
can be completely transformed into work and if so, what is the effect on the system
and the surroundings. These aspects are discussed in this unit. We shall start this unit
with the description of Carnot cycle and calculate the efficiency of Carnot engine. This
discussion helps us in arriving at the concept of entropy and thermodynamic scale of
temperature.

We will also show how entropy changes can be used to distinguish between reversible
and irreversible cyclic processes. Based on this discussion, the statements of the
second law of thermodynamics will be given. The expressions useful in calculating the
entropy changes under different conditions will then be derived. We shall finally
discuss the physical meaning of entropy. Based on this unit, we can conclude that all
spontaneous changes must be accompanied by entropy increase.

2.0 Learning Outcomes

After studying this unit, you should be able to

i. differentiate between reversible and irreversible processes based on the value of
q

i. describe Carnot cycle and derive an expression useful in calculating the
efficiency of a Carnot engine

iii. discuss thermodynamic temperature scale
iv.  define the term entropy

v. state the second law of thermodynamics, and

131



vi. calculate the entropy changes in chemical reactions

3.0 Learning Outcomes

3.1 Reversible, Irreversible and Cyclic Processes

As already mentioned in Unit 1 all thermodynamic properties are state functions and
are independent of the path adopted by the system. Also, the internal energy change
of a system is given by Eq. 8 (Unit 1) as AU= g+ w. Here AV is independent of the
path chosen but q and w certainly depend upon it. Thus for the same AU, different
values of g and w are possible by bringing about the process in different ways. It was
also mentioned that the work done by a system is maximum if a reversible path is
adopted and this maximum work can be determined from the initial and final states of
the system. Let us consider a reversible' and an irreversible process in which AU is
same. No matter how we carry out the process (reversible or irreversible), AU depends
only upon the initial and final states of the system. Thus

AU =qrev + wrev for reversible process.............coooiiiiiiiiiii (1)
and AU =qirrev +Wirrev for irreversible process .............cccoiiiiiiiiiii (2)
and so grev + Wrev = qirreV+HWIITEV ... (3)

We know that the work done by a system under reversible conditions (-wrev) is larger
than the work done by a system under irreversible conditions (-Wirrev)

i.e.,
SWIEV > WY o e (4)
ANA WY S WWiITBY o (5)

This is true when we compare the work done on the system under reversible and
irreversible conditions. Let us assume that the driving forces under the two conditions
mentioned above are fairly different. Also, let us assume that the processes are not
adiabatic so that grev or girrev is not equal to zero. Using Egs. 3 and 5, we can write,

L0 S o = (6)

This means that in a nonadiabatic process, heat absorbed by a system from the
surroundings is more under reversible conditions than under irreversible conditions.
This relationship will be used by us in Sec 3.5 while calculating the entropy changes
of isolated systems. Now let us consider AU, g and w values of a system in a cyclic
process. As defined in Sec. 3.4 of Unit 1, a cyclic process is one in which the system
after undergoing any number of processes returns to its initial state. This means that
AU = O; hence, the work done by the system during all these processes should be
equal to the heat absorbed by the-system.

., =qrt g2t ... T -(WiH W2H..) T =W o (7)
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where g and w are the heat absorbed and work done on the system in the entire cyclic
process consisting of several processes; in the individual processes 1,9z .... etc., are
the heat absorbed by the system and, w1, wz.... etc., are the work done on the system.

Using Example 1discussed below, you can understand the validity of Egs. 5 and 6.

Example 1

1.00 x 102 mol of an ideal gas at 3.00 x 10%K temperature and 6.00 x 108 Pa pressure
occupies 4.16 x 102 m3 space initially. Calculate the work done on the gas and the
heat absorbed by the gas if it undergoes expansion under the following conditions
sush that the final volume and pressure are 0.832 m?3 and 3.00 x 10° Pa:

(a) Isothermal reversible conditions (b) isothermal irreversible conditions.

Solution

In an isothermal process, for an ideal gas, AU =0

Hence, using Eq; 8, g= -w i.e., Heat absorbed by the gas = -(work done on the gas)
This equation is applied for both the processes discussed below.

(a) Let us first calculate gqrev and Wrev using Eq. 18 for the isothermal reversible
expansion,

grev = -wrev = -2.303nRTlogV1/V2
= 2.303nRTlog V2/V1
=2.303 x1.00 x 10> mol x 8.314J mol' K" x 3.00 x102K log(0.832m?3/4.16 x 102m3)
=7.47x10%J

Hence, the heat absorbed by the gas during isothermal reversible expansion (qrev) =
7.47x10%J and the work done on the gas (Wrev) = -7.47x105J-

(b)Let us calculate girev and wirev for the isothermal irreversible process using Eq.
13(Unit 1); in this process, the final pressure of the gas is equal to the external
pressure (Pext):

Hence, using Eq. 13(Unit 1),

irrev= -Wirrev = Pext (V2 - V1)
= 3.00 x 105Pa (0.832 m3-0.0416 m3)
= 3.00 x 10°x 0.7904J
=2.37 x 10%J

You can compare q and W values in the above two cases to verify the validity of Eqgs.
5and 6 .:

Wrev= -7.47x 10° J; Wirrev = -2.37x10°%J

Hence, wrev < Wirrev as per Eq. 5.
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grev =7.47 x 10% J; Qirrev,,= 2.37 x 105 J
Hence, grev> qirrev as per Eq. 6.

[The work done on the system is given the symbol, w. Since work done by the system
is obtained by reversing the .sign of the work done on the system, work done by the
system = - w. Work done by thesystem under .reversible conditions = -Wrev. Work
done by the system under irreversible conditions = -Wirev. The transformation of Eq. 4
to Eq. 5 becomes clear once we understand the following relationship between
numbers: -3 > -4 and 3 < 4]

3.2 The Carnot Cycle

Carnot analysed the functioning of an engine with the following features:
a.The engine works in cycles.

b.It absorbs heat from a reservoir known as source.

c. It does some work out of the heat absorbed.

d. It returns the unused part of the heat to another reservoir, known as sink.
e. Finally it returns to its original state.

Such an engine is known as Carnot engine. The temperature of the source (Th) is
higher than that of the sink (T¢). The source and the sink are assumed to be of infinite
heat capacity; that is, the temperatures of the source and the sink are not affected by
small amounts of heat exchange. Carnot showed that the entire amount of the heat
absorbed cannot be converted into work in a cyclic process, no matter how ideal the
heat engine is. He deduced that only a fraction of the total heat absorbed is converted
into work and this fraction is known as the efficiency of the Carnot engine. Let us now
derive an equation useful in calculating its efficiency.

For the sake of simplicity, let us assume that the engine consists of a cylinder and a
piston containing one mole of an ideal gas in between the two. The cylinder has
perfectly insulated walls and a perfectly conducting base; the piston is frictionless. It
is only for the sake of convenience that we have considered that the engine has ideal
gas; actually there can be any suitable fluid. We make use of the following expressions
from Unit 6 (for one mole of the gas) in this section.

Wisothermal = RT '“VV;—;ZI (Eq. 17, Unit 1)
Woadiabatic = CV(Tfinal — Tinitial) (Eq. 53, Unit 1)

where W is the work done on the system and Cv is the molar heat capacity of the gas.
The plot of the pressure-volume data is shown in Fig. 1.

[In our discussion on expansion or contraction process, w is the work done on the
system and q is the heat absorbed by the system. The second term on the right hand
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side of Eq. 18 and also the right hand side expressions 0; Egs. 9, 12 and 19 are
obtained through the transformation based on the general formula: In % =-1In g]

prPa

¥im?

Fig. 1: Camot cycle.
The Carnot cycle operation can be described by the following four steps:

(1) Isothermal expansion (2) Adiabatic expansion (3) Isothermal compression and (4)
Adiabatic compression. Let us discuss them one by one.

Step I: Isothermal Expansion

Initially the gas has pressure P1 and volume V1 The cylinder is placed on a heat source
maintained at the temperature Th. The gas is isothermally and reversibly expanded-to
a volume V2 and pressure P2. Let the work done on the gas be W1 and the heat
absorbed from the source be gn. In an isothermal process, AU =0 .

Hence, using Eqgs. 8 and 17

Wi = -gH = RTHIN(V1/V2) oo (8)
or gH = RTHIN(VA/IV2) oo 9)
Step II: Adiabatic Expansion

The cylinder is now placed on a thermally insulated stand and the gas is adiabatically
and reversibly expanded till it attains a pressure P3, volume V3 and temperature Tc.
During this period, no heat is absorbed by the system. The work done on the gas,
W>,as the gas gets cooled from Ty to Tc is given by using Eq. 53(Unit 1) as,

W2= COV(TCTH) e eeee ettt (10)
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Step lll :Isothermal Compression

The cylinder is now placed on a sink at temperature Tc and the gas is isothermally
and reversibly compressed to a volume V4 at pressure P4. During the process the work
done on the gas is W3 and the heat evolved to the sink is -gc (or qc is the heat
absorbed from the sink). Using Egs. 8 and17(Unit 1),

W3=-0C = RTCIN (V3/ Vi) (11)
OF gC = RTCIN (Va/ V3) oo (12)
Step IV : Adiabatic Compression

In the last step, the cylinder is again placed on an insulating stand and the gas is
adiabatically and reversibly compressed until it reaches its initial state of volume V7,
pressure P; and temperature TH Hence the work done. on the gas; W4 is given by Eq.
53(Unit 1) as,

The net work done on the system

W =W+ Wat Wat Wa e (14)
or W =RTHIn(V1/V2) + Cv(Tc-Th)+RTcIn(V3/Va)+ CV(TH-TC) «evrveiiiiieaanen (15)
e. W=RTHINV1/V2+ RTCIN V3/Va oo (16)

Eq. 48 of Unit 1 can be applied to relate the initial and final values of volume and
temperature of the two adiabatic processes described in steps |l and IV.

Applying Eqg. 48(Unit 1) to Step Il we get,
Te = (2y-1
TH (VS)Y

Similarly applying Eq. 48 (Unit 1) to Step IV, we get,

TH — (V-1 Ie - (Yiyy-1
Tc (Vl)V or TH (V4)V
V2w = (Ll
Hence, 2 G
V2 Vi
l.e., T3 P rerTeerrerreosi (17)
V3 V2
or — =
V4 Vi
Using this in Eq.16, w =RTHInV1/V2+ RTc In V2/V1
W=RTHINV1/V2-RTCIN V1/V2 e (18)

Hence, total work done on the system = w = R(Tu- Tc) InV1/V2
or total work done by the system, w'= -w = R(Tru-Tc) InV2/V1 ..., (19)
since work done by the system = -(work done on the system)

We know that the heat exchange between the gas and the source or sink takes place
only in isothermal processes (steps 1 and 3); in adiabatic processes (steps 2 and 4),
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there is no heat exchange. Again, g~ is the heat absorbed from the source in step 1
and qgc is the heat absorbed from the sink in step 3.

The total heat absorbed by the system is,

7 GH F Q0 oo, (20)

As expected, g turns out to be equal to -w or w' since for the overall cyclic process,
AU=0.

Hence g=qn +qc=w =-W=R(TH-Tc) INV2/V1 ..o, (21)

It may however be noted that out of the heat qu (=RTH In V2/V1 as per Eq. 9) absorbed
from the source, only some of it is converted into useful work and the rest is lost to the
sink. Let us now calculate w'/gn i.e., the ratio between the total work done by the
system during one cycle and the heat absorbed in the first step. This quantity is called
the efficiency 'n' of a Carnot engine.

. Total work done by the system wr
Efficiency(n) = yey =, (22)
Heat absorbed from the source at higher temperature qH
Egs. 9 and 21,
__ qH+qC _ R(TH — To)inv2/vV1 (23)
- qH RTHanZ/Vl --------------------------------------------------------
__ qH+qC _TH-Tc 24
= e (24)

Since Tc and TH are always positive and Tc/TH is less than one, Eq. 24 can be

rearranged as follows :

—1_TIc - ac_
N=lo g = I (25)

Since qc is negative and g+ is positive; ZLH is a negative quantity; 1 +ZLH is also less
than one.

This means that efficiency is always less than one, i.e., all the heat absorbed at a
higher temperature is not converted into work. It is also clear that efficiency will be
more if the ratio Tc/Tw is small. Thus, for efficient working of the engine, it should
absorb heat at as high a temperature as possible and reject it at as low a temperature
as possible. It should also be noted that efficiency is independent of the nature of the
fluid.

This is called Carnot theorem which can also be stated as: In all cyclic engines working
between the same temperatures of the source and the sink, the efficiency is same. It
must be pointed out that in the Carnot cycle, all processes have been carried out
reversibly. Hence, maximum and minimum amount of work are involved in expansion
and compression, respectively; this implies that there cannot be any engine more
efficient than Carnot engine. In actual engines, there is irreversibility due to sudden
expansion and compression and also due to the friction of the piston.

The following example will show the use of Eq. 24.
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Example 2

A Carnot engine works between 3.00 x 102 K and 4.00 x 102 K. Calculate its efficiency.

Solution
TH=4.00 x 102K Tc=3.00 x 102K
Using Eq. 24, n=Th-Tc  =(4.00 x 10%2-3.00 x 102) K
TH 4.00x 102K
=0.250

Using the data given in this example, answer the following SAE.

Self-Assessment Exercise

1. If the Carnot engine mentioned in Example 2 absorbs 8.00 x 102 J of heat from
the source, calculate the work done by the engine and the heat rejected to the sink.

3.3 Thermodynamic Temperature Scale

For an engine of the type discussed above, both the efficiency and the ratio qc/gH can
be easily calculated by measurement of the work and heat changes involved. The
ratio, qc/gu, as shown above, depends only on the temperatures Tc and Tw and are
completely independent of the properties of any particular substance. Thus, it is
possible to establish a scale of temperature (the absolute or thermodynamic scale)
which is not dependent on any particular substance. We can see from Eq. 25, that if
Tc=0,n=1.

We can now define absolute zero as that temperature of the sink at w hich the
efficiency of a Carnot engine will be unity. The size of the degree on this scale is the
same as that on the centigrade scale. The kelvin unit is named in honour of Lord
Kelvin, who arrived at the thermodynamic scale of temperature based on the
properties of reversible heat engines.

3.4 Entropy

The efficiency of an engine working on the principle of Carnot cycle is of immense use
to engineers; but, its major use in physics and chemistry is in the discussion and
understanding of the second law of thermodynamics. It leads to the definition of an
important thermodynamic function called entropy.

If in a Carnot engine, heat qz is absorbed at the higher temperature T2 and g1 is
absorbed at the lower temperature T, (actually q; will be a negative quantity since heat
is rejected) then, according to Eq. 24,

qQ2+q1 _ T2-T1
2 g e (26)

or  1+Q1/Q2 = 1T =T T2 oo (27)




1., Q1T = = Q2 T2 e (28)
Hence,

B o ) e, (29)

T1 T2

Thus, the sum of such quantities as obtained by dividing the heat absorbed reversibly
by the temperature is zero-over a complete Carnot cycle.

Any reversible cyclic process can be broken into a large number of infinitesimal Carnot
cycles (as in Fig. 2). If in each such small Carnot cycle, heat dqi is absorbed at
temperature T+1' and dqgz absorbed at T2', then for each small Carnot cycle,

A1/ Ta 4 A2/ T2 = 0 e (30)
Summing these over all the cycles we can write in general, sum of dqi/Ti terms over
All e CYCIES = 0 .. (31)

where 'i' stands for an individual process of expansion or contraction in each cycle.
Since the summation is continuous, we can replace the summation by integration and
have,

JAGrev/T=O e (32)

where dgrev is the heat absorbed reversibly at a temperature in an infinitesimal step in
the cyclic process and | is the integral over a whole cycle.

p/Pa

Vim?

Fig. 2 : Infinitesimal Carnot cycles.

Now consider a system going in a reversible manner from an initial state A to an
intermediate state B and then back to A via another path (Fig. 3).
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A

Fig. 3 : The cyclic change ABA.

This cyclic process can be broken up into a large number of Carnot cycles. Starting
from A and following all these cycles we may reach A once again. The paths inside
the figure cancel out each other and only a zigzag path is left. The larger the number
of Carnot cycles, the closer will be the resemblance between this zigzag path and the
overall path ABA.

Hence, in the entire cycle,
sum of dgrev/T terms =3 dqreviT = 0 ..o (33)

where once again dqgrev is the heat absorbed reversibly at temperature T in an
infinitesimal process. We can break this up into two parts, i.e., one in which we go
from A to B and the other in which we go from B to A. Thus,

2 dgre/T =3 dgrev/T + > dqre/T =0 oo (34)
cycle A—B B —A
Orin terms of integrals,
[dare/ T = f; dqrev/T + ff AQrev/T =0 oo (35)
and so
f; dqrev/T = - ff AQreV/ T i (36)

Thus, the quantity ff dgrev/T is not dependent on the path chosen and is only

dependent on the initial and final states of the system. This means that it represents a
change in some thermodynamic property. This property is called entropy (S), and we
write,

AOrE T =S e (37)
THUS, JAS = 0 oo (38)

Also if we represent the entropy of the initial state A as Sa and that of the final state
B as Sg, then

AS=Sg-Sa= ff AQrev /T (39)

Let us relate the changes in internal energy and enthalpy to entropy change.
If we now put dq = TdS (from Eq. 37), dU = nCvdT (from Eq. 26) and
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dw = -pdV (from Eq. 12, Unit 1) in Eq. 7 (Unit 1), we get Eq. 40.

dU =dq + dw

Hence,

dU = NCVAT = TAS-PAV e e e e (40)
As per Eq. 29 of Unit 1,

H=U+pV

Differentiation of this gives,

dH =dU + pdV + Vdp

using Eq. 40, dH = TdS-pdV + pdV + Vdp =TdS + Vdp .....ceoeviniiiiiiiiiiiiens (41)

Eqgs. 40 and 41 are the combined mathematical statements of the first and second
laws of thermodynamics. The first law of thermodynamics is concerned with the
conservation of energy and the second law of thermodynamics introduces the concept
of entropy. It is worth mentioning that the entropy change in a system is given by,

S 2 0V vevreere e ettt (42)
T

This means that the entropy change in a system is to be calculated assuming the
process to be reversible, irrespective of the fact that the process is reversible or not.
This fact will be highlighted in the next section.

On the basis of the above ideas, answer the following SAE.

Self-Assessment Exercise 2

Calculate the change of entropy when 2.40 x 10* J of heat is transferred reversibly

and isothermally to a system at 3.00 x 102K.

3.5 Entropy Changes in Isolated Systems

We are now interested in estimating the entropy change in an isolated system where
cyclic processes of isothermal expansion and compression take place. Such cyclic
processes can occur in two ways; one in which both expansion and compression are
reversible and, another, in which one is irreversible while the other is reversible. Let
us consider an isolated system consisting of a cylinder which contains a gas between
it and a smooth air tight piston and is placed in a heat reservoir.

3.5.1 Isothermal Reversible Expansion and Reversible Compression

Let the gas (system) undergo isothermal reversible expansion from volume V7 to V2 at
a temperature T. In this reversible process, the gas absorbs heat, grcv, from the
reservoir; the entropy change of the system, 65, , is given by,
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DS = Qrev/ T e (43)

Since the reservoir also loses heat qgrcv in a reversible way, the entropy change, AS2
of the reservoir is given by,

AS2= - Qrev/T ........................................................................................ (44)

The total entropy change of the isolated system, 65" , in this reversible expansion
process is given by,

ASa=AS1+ AS2=qreviT —qreviT =0 ... (45)

Let the gas undergo isothermal reversible compression back to its original state.
Assume that during this compression, heat lost from the system and the heat gained
by the reservoir are both reversible. Then, the total entropy change (ASy) of the
isolated system mentioned above, during reversible compression, is also equal to
zero.

Hence, AS in this cyclic process = ASa+ ASb=0 .......ovivieiiiiiiiiiiiiieeean 47)

This means that the total entropy change in a reversible cycle is zero. Let us now see
how the entropy changes in a cyclic process involving an irreversible stage.

3.5.2 Isothermal Irreversible Expansion and Reversible Compression

Let the gas undergo isothermal irreversible expansion from a volume V7 to V2 at a
temperature T. In this process, let us assume that the gas absorbs heat q irreversibly
whereas the reservoir loses the same heat reversibly. However, the entropy changeof
the system (AS1) is still given by Eq. 43 as per definition.

ASq = qrev/T ....................................................................................... (48)

But since the reservoir loses heat q reversibly, the entropy change of the reservoir,
AS>, is given by,
DS o= - T (49)

Hence the total entropy change of the isolated system, ASa, in this irreversible
expansion process is given by,

ASa = AS1+ AS2=qreviT — /T > 0 .o (50)
Since grev > q as per Eq. 6.

Let the gas now undergo isothermal reversible compression such that the heat loss by
the system and the heat gain by the surroundings are both reversible. The total entropy
change of the isolated system, ASp, in this reversible compression process is given

by,

[A substance of high heat capacity does not suffer much of temperature change by
gain or loss of even significant amount of heat. A reservoir losing or gaining heat
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reversibly implies that it contains a substance of high heat capacity. The entropy
change in a process is calculated by dividing the heat change under reversible
condition by temperature whether or not the process is

reversible].

Hence, the total entropy change of the isolated system over the whole cycle

ZASa+ASb >0 e (52)
Hence for any reversible process or cycle AStotal =0 ...ooeieiiiiiiiiiiiieeee (53)
For any irreversible process or cycle AStotal > 0 .......oenieiniiiiiiiii e, (54)

In other words, the second law of thermodynamics suggests that the entropy must
increase in an irreversible or a spontaneous process. Since all natural processes are
.irreversible, the entropy of the universe is continuously increasing. The first and the
second laws of thermodynamics can be summed up as follows:

The first law: Energy of the universe is constant.
The second law:. Entropy of the universe is tending to a maximum.

The fact that the entropy of an isolated system increases in an irreversible process
can be illustrated using Example 3.

Example 3

Assume than an ideal gas undergoes isothermal irreversible expansion and is in
contact with a heat reservoir inside an isolated system. Using the data given in
Example 1, calculate the entropy change of (a) the gas, (b) the heat reservoir and (c)
the isolated system as a whole.

Solution

It is true that the gas expands irreversibly and absorbs heat irreversibly from the heat
reservoir. But the heat reservoir (or as a rule, the surroundings always) would lose (or
gain) the heat reversibly.

As per Example 1 (b), the heat absorbed by the gas under isothermal irreversible
conditions = 2.37 x 10°J.

That is, the gas absorbs 2.37 x 10° J irreversibly from the heat reservoir. But the
heat reservoir loses 2.37 x 10° J reversibly.

It is to be remembered that the entropy is a state function and its value is given by
dividing the heat change under reversible conditions by temperature.

a) To calculate the entropy change of the gas, we have to consider the heat absorbed
if the gas were to expand reversibly. Hence, from Example 1, for g value of the gas,
we should use 7.47 x 10% J which is the heat absorbed under reversible conditions but
not 2.37 x 10° J. The temperature of the gas is 3.00 x 102 K.

Using Eq. 43, the entropy change of the gas (ASgas)
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= Heat change under reversible conditions
Temperature

=7.47 x 105J
3.00 x 102K
= 2490 J K"

b) The heat reservoir loses 2.37 x 10% J heat reversibly,
Using Eq. 37, the entropy change of the heat reservoir (ASreservoir)

=-2.37 x10%J
3.00x 102K
=-790J K

The negative sign is due to loss of heat from the heat reservoir.

c) The total entropy change of the isolated system = ASgas + ASreservoir
= [(2490)+ (-790)] J K"
=1700 J K™

Hence the entropy of the isolated system increases by 1700 J K-'in this irreversible
expansion. To calculate the entropy change in the universe for a particular process,
we should know the entropy change of the system and of the surroundings. We shall
study in Secs. 3.7 to 3.10 the ways of calculating the entropy changes in the system.
Let us now see how to calculate the entropy change of the surroundings in any
particular process. The surroundings of a system constitute a huge heat
reservoir..Hence, the heat loss or gain from the surroundings (qsur) is always'
considered reversible; this is true whether the system behaves reversibly or
irreversibly.

Let the temperature of the surroundings be T sur.

Hence, the entropy ,change of the surroundings =_gsur
TSUIT

This is true for all types of processes.

If a chemical reaction takes place at constant pressure with an enthalpy change, AH,
then qsurr=-b.H.

Hence, the entropy change of the surroundings = gsur = -.AH

TSUIT TSUI'I'

Self-Assessment Exercise 3

Calculate .the entropy change in the surroundings in the formation of one mole of
water from its elements in their standard state at 298.15 K. The standard enthalpy
of formation of water is -285.8 kJ mol-'. (Caution: This entropy change in the
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surroundings is not related to the entropy of water or entropy of formation of water;
see Example 7 in this unit.)

3.6 Statements of the Second Law of Thermodynamics

What we have studied so far in this unit can be generalised to obtain the statements
of the second law of- thermodynamics. Three such statements are given below:

1. The entropy of an isolated system tends to increase and reaches a maximum. This
implies that the most stable state of an isolated system is the state of maximum
entropy. Since the universe may be considered as an isolated system, it follows that
the entropy of the universe always increases.

2. ltis impossible to transfer heat from a cold body to a hotter body without doing some
work. This was postulated by Clausius.

3. According to Kelvin, it is not possible to take heat from a source (i.e., a hot reservoir)
and convert all of it into work by a cyclic process without losing some of it to a colder
reservoir.

3.7 Entropy Changes in Chemical Reactions

Let us now. calculate. the entropy change accompanying a general chemical reaction
of the type,

A+ DB+ ... 5 COHAD + coii oo, (55)

We define the entropy change for a reaction (AS) as the difference between the total
entropy of the products and the total entropy of the reactants. Thus, if Sa, Ss .... are
the entropies of one mole of reactants, A, B, etc., and Sc, So.... of the products, C, D,
etc., then

AS = (CSCHdSD + ...) - (@SA T DSB + ...)  cii (56)
where c, d, a, b, ... etc., are the stoichiometric coefficients in Eq, 55,

The variation of entropy change for a reaction with temperature can be readily
deduced from Eq. 56.

According to Eq. 41, dH = TdS + Vdp
or CpdT = TdS + Vadp

At .constant pressure (dp=0),

CpdT =TdSp or

dSp = Cp
dT T
or (6S/dT)p =Cp

T
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Cp is the molar heat capacity of a substance at constant pressure.
A(AS) = ACP AT T o e (57)

Assume that AS1 and AS:2 are the entropy changes at temperatures 77 and T2 and,
0.Cp is independent of temperature. Then Eq, 57 on integration gives,

JisZd(AS) = ACP [T2AT/T oo (58)
OF AS2— AS1= ACP IN T2/ TH e (59)

Eq, 59 is useful in determining AS value of a reaction at any particular temperature, if
it is known at any other temperature along with Cp values.

Entropy values of substances can be determined using the third law of
thermodynamics; we shall study this in the next unit. The entropy values of some of
the substances in their standard states at 298.15 K are given in Table 1. These are
known as standard entropy (S°) values. Similar to the calculation of AS as per Eq. 56,
we can calculate AS° from the standard entropy values of the reactants and the
products.

Table 1: Standard Entropy (So) values at 298.15 K

Substance $°/JK " 'mol -1 Substance $°/JK " 'mol~1
C(Graphite) 5.7 CeHe (1) 173.3
C(Diamond) 2.4 He(g) 126.2
AgCl(s) 96.2 Hz(g) 130.7
AgBr(s) 107.1 Cl2(g) 223.1

Ag(s) 42.6 CO2(g) 213.7

Hg (1) 76.0 02(g) 205.1

Brz(1) 152.2 CHa(g) 186.3
H20(2) 69.9

Example

Calculate the standard entropy of formation of H20(l) at 298.15 K using Table 1.

Solution
H2(g) + O2 (g) = H20(I)

The standard entropy of formation of water (AS° (H20)) can be calculated using Eq.
56. Note that the substances are in their standard states at 298.15 K; hence S° values
are used instead of S.

AS° (H20) = S° (H20) - (S° (H2) + 72S° (02))
= [69.9-(130.7+('2 x 205.1))] J K-1
Since one mole of water is formed,
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AS° (H20) = -163.4 J mol! K-
Self-Assessment Exercises 4

1. Calculate the entropy change of the system for the combustion of one mole of
methane gas at 298.15 K; use Table 1

2. Calculate the entropy change of the surroundings for the combustion of one
mole of methane gas at 298.15 K, if the molar enthalpy of combustion of
methane is -8.90 x 105 J/mol

4.0 Conclusion

Entropy changes can be used to distinguish between reversible and irreversible
processes. Entropy changes under different conditions can be calculated with the aid
of some useful expressions.

5.0 Summary

In this unit, we described the second law of thermodynamics and the concept of
entropy. We started the unit indicating the main aspects of reversible, irreversible and
cyclic processes. We then described Carnot cycle and derived an equation for
calculating its efficiency. Using this equation, the concept of entropy was arrived at.
The expressions were derived for calculating the entropy changes in different physical
processes.

The method of calculation of entropy changes in chemical reactions was indicated
towards the end of the unit. Also, the physical meaning of entropy was discussed. For
a spontaneous change, the total entropy of the system and the surroundings must
increase. If entropy is used as a criterion for spontaneity', it is necessary to determine
the entropy change for both the system and the surroundings. This is inconvenient as
one has to consider the changes taking place both in the system and the surroundings.
Therefore, a criterion for spontaneity is developed in such a manner that only changes
in the properties of the system are considered.

6.0 Tutor-Marked Assignments

1. If the efficiency of a Carnot engine is 20% and the temperature of the sink is 3.00 x
102K, calculate the temperature of the source.

2. A Carnot engine works between 5.00 x 102 K and 3.00 x 102 K. Calculate the
minimum amount of heat that must be absorbed by the engine from the source at 5.00
x 102 K in order to obtain 1.50 kJ of work.

3 (a) 2.80 x 102 kg of nitrogen at 415 K has an initial pressure of 1.50 x 10 Pa. It is
isothermally and reversibly expanded such that its final pressure is 1.00 x 10° Pa.
Calculate the entropy change in the process.

(b) Also, assuming that the process is irreversible calculate the entropy change.
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(Hint: Assume that the gas expands against an external pressure of 1 x 10° Pa.)

4. Assuming that air is made up of 80% nitrogen and 20% oxygen only, calculate the
entropy ol-mixing of nitrogen and oxygen to form two moles of air at 298 K.

5. Calculate the standard entropy of formation of CO(g) at 298.15 K. Use Table 1.
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