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PREFACE

This book with CD-ROM presents classical thermodynamics with an emphasis on
chemical aspects. It is written primarily for students and graduate engineers of metals
and materials. Since its treatment of the subject is sufficiently general, students in related
fields such as physical chemistry and chemical engineering can also use it.

As thermodynamics is a key discipline in most science and engineering fields, a great
number of books, each claiming originality in presentation and approach, have been
published on the subject. However, thermodynamics is still a confusing subject for
uninitiated students and an “easy to forget” one for graduate engineers.

After many years of experience both teaching thermodynamics at university and
actually practising it in industry, I have concluded that the most effective way of
presenting thermodynamics is to simulate the method that a lecturer would employ in
class. When teaching, the lecturer may write important equations and concepts on the
board, draw underlines, circle or place tick marks to emphasise important points, draw
arrows to indicate relationships, use coloured chalk for visual effect, and erase some
parts to write new lines. He/she may even repeat some parts to stress their importance. A
book written on paper alone cannot properly simulate the techniques mentioned above.

This package consists of a book and a computer-aided learning package, and is both
unique and beneficial in that it simulates the classroom interaction much more closely
due to its employment of multimedia capabilities. Unlike the passive presentation found
in most textbooks, this package provides the user with an interactive learning
environment. Fast topic selection, free repetition and cross-referencing by toggling
between sections or even other packages are just some of the advantages this package
has. This approach is in many important respects better than those adopted by other
available books on the subject.

This package provides a comprehensive treatment of all the important topics of
thermodynamics. It is comprised of a number of smaller sections, each of which deals
with a specific topic of thermodynamics. Each section is divided into three parts:

Text : This part covers the fundamental concepts of thermodynamics.
Examples : This part presents extended concepts through questions and anc wers.
Exercises : This part develops skills necessary to deal with numeric problems.

This book is intended for use primarily at the undergraduate level, but will also be
useful to the practising graduate engineers in industry.

Having been evolved from my teaching materials, this book unavoidably includes a
blending of knowledge of many other authors with that of my own. I acknowledge their
contributions. I am indebted to my teacher, Professor Y.K. Rao for introducing me to the
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viii Chemical Thermodynamics for Metals and Materials

world of thermodynamics. I am particularly grateful to my former colleague Professor
Peter Hayes at The University of Queensland, Australia, for making many useful
comments and giving me constant encouragement.

I want to acknowledge the major effort expended by many of my students: Y. B. Kang,
T. L. Kim, C. H. Park and S. S. Lee for helping me to design this electronic book and H.
J. Kong for helping to typeset the manuscript.

[ am also pleased to acknowledge the financial support from The Commonwealth
Government of Australia and Pohang University of Science and Technology, Korea.

Finally, I am deeply thankful to my wife and children for the love and encouragement
they have given to me.

Hae-Geon Lee
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CHAPTER 1

FUNDAMENTAL PRINCIPLES AND FUNCTIONS

1.1. First Law of Thermodynantics
1.1.1. Heat, Work and Internal Energy

The First Law of Thermodynamics is really a statement of the Principle of Conservation
of Energy:
Eneérgy can neither be created, nor destroyed.
Energy can be transported or converted from one form to another, but cannot be
either created or destroyed.
Chemical and/or physical changes are accompanied by changes in energy.
The types of energy commonly encountered include:
Heat energy
Wark or mechanical energy
Electrical energy
Chemical energy

Heat (g}

Heat flows by virtue of a temperature difference. Heat will flow until temperature
gradients disappear. When heat flows, energy is transferred. The sign convention is that
heat is positive when it flows to the system from the surroundings and negative when it
flows from the system to the surroundings.

System is defined as a portion of
the universe that is chosen for

Surroundings thermodynamic discussion and
the surroundings is the remainder
of the universe.

Work (w)

Work is the transfer of energy by interaction between the system and the surroundings.
There are many types of work:

Mechanical work

Electrical work

Magnetic work

Surface tension
For now, we will be dealing mainly with mechanical work.

1
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2 Chemical Thermodynamics for Metals and Materials

The system can do work on the surroundings. The surroundings can also do work on the
system. The sign convention employed in this text:

If the system does work on the surroundings, then work (w) is positive.

If the surroundings does work on the system, then work (w) is negative.

T

X——r
/_;}-'Stcm g ; Surroundings

li'-.'.‘.v'; . -‘.:tJ

Some texts adopt different sign
convention: i.e., w is positive when
work is done on the system.

Internal Energy (U)
Energy contained in the system is called the internal energy.
y. m  Ifheat (g) is supplied to the system, the
/ ' \ __—q internal energy of the system (U) will
istem S8 . increase.
| \7/ Surroundings s If the system does work (w) to the
N / P surroundings, energy will be expended
\"_;xf" *w and hence the internal energy (U) of the

system will decrease.

Net change in the internal energy (AU) is then

—
| AU=g-w

L D —

This principle is referred to as the First Law of Thermodynamics: Energy may be
converted from one form to another, but it cannot be created or destroyed.

a—
| Example I |

Work can be expressed in terms of a force and the
displacement of its point of action. If the gas inside the
cylinder shown expands and pushes the piston against the

external pressure P, can the force (F) exerted by the gas on

the piston be represented by the following equation?

F = AP,

where A is the cross sectional area of the piston.

As force = area X pressure, the expression is correct. If the gas expands against the
external pressure P, from L; to L; in the figure, the work done by the system (i.e., the

gas) is

www.lran-mavad.com
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Fundamental Principles and Functions 3

w= Z’APw‘dL = [} PV P,

If the external pressure is continuously adjusted so that it is | ]
kept the same as the internal pressure P, o

w=]tZ‘PdV

Work under these conditions is called reversible work.

More about reversible work
Work is a mode of energy transfer which occurs due to the existence of imbalance
of forces between the system and the surroundings. When the forces are
infinitesimally unbalanced throughout the process in which energy is transferred as
work, then the process is said to be reversible.

-( Example 2 =
P

A system can change from one state to Alnitial 5
another in many different ways. Suppose a P,
system changes from the initial state (A) in
the figure to the final state (B). Determine
the work done by the system for each of the E
following paths:
Pathl :A->C-HB p c B
Path2 :A—-E-B 2 Final
Path3 :A—->D-B M N
Vi V2 4

Recall that
ws= [ Pdv

Path [ Initially the pressure is decreased from P, to P, (i.e., A—C) at the constant
volume F; by decreasing the temperature. In this process no work has been done as there
was no volume change. Next, the volume of the system expands from ¥, to V; (i.e.,
C-B) at the constant pressure P,. The amount of work done in this process is
represented by the area CBNM. This is the total work done if the system follows the path
1.

Path 2: If the system follows the path A>E—B, work done by the system is represented
by the area AEBNM.

Path 3: Similarly, the amount of work done by the system is given by the area ADNM.

www.lran-mavad.com
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4 Chemical Thermodynamics for Metals and Materials

The amount of work done by the system depends on the path taken, and hence cannot be
evaluated without a knowledge of the path.

—( Example 3 }

Suppose that a substance can exist in several different m

states as shown in the figure. The substance in state A 2 ™ \\\
undergoes a change to state B via state 1, and then AJ E\
comes back to state A via states 2 and 3. - ,)

Is the gain of internal energy in the forward process N
(A—B) different from the loss in the backward \ 2
process (B->A)?

No. It should be the same. If different, the system will return to the initial state A with a
net gain of internal energy. In other words, if different, the system will gain even more
energy by repeating the process from nowhere. This is contrary to the First Law of
Thermodynamics. Therefore the internal energy gained in the forward process must be
equal to that lost in the return process.

We have seen here that internal energy (U} differs from heat (¢) and work (w) in that it
depends only on the state of the system, not on the path it takes. Functions which depend
only on the initial and final states and not on path are called state functions.

Example 4

Which of the following thermodynamic terms are state functions?
Temperature (T), Pressure (P), Heat(q), Work (w), Volume (V)

State functions : 7, P, V Non-state functions : g, w

State functions which depend on the mass of material are called extensive properties
(e.g., U, V). On the other hand some state functions are independent of the amount of
materials. These are called intensive properties (e.g., P, T).

=  Thermodynamics is largely concerned with the relations between state functions
which characterise systems:

» A state function can be integrated between the initial (A) and final (B) states, being
independent of integration path.

(Example) AU = ['aU

= An exact differential can be written in terms of partial derivatives. For instance, as U

=ATV),
dU=(a_U] dr+(£’£’.] av
ar ), v ),

www.lran-mavad.com
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Fundamental Principles and Functions 5

a  The order of differentiation of a state function is immaterial.

3] AF5))

s The First Law of Thermodynamics may be summarised by the following equation :

AU =q-w

] For infinitesimal change of state

dE = dg- dw

But dg and 4w are not exact
differential because they depend on the
path. To remind us of this, they are
il customarily written as &g and Jw.

dU = 8q- &w

More about q and w
“Heat” and “work” are defined only for processes: heat and work are modes of
energy transfer. A system cannot possess either heat or work. There is no function
of state that can represent heat or work.

Exercises

1.  Calculate the work done by one mole of an ideal gas when it isothermally expands
from 1m’ to 10m’ at 300K.

2. A system moves from state A to state B as shown in the figure. When the system
takes path 1,500 J of heat flow into the system and 200 J of work done by the
system.

a) Calculate the change of the internal energy.

b) If the system takes path 2, 100 J of work is done by the system. How much heat
flows into the system?

¢) Now the system returns from state B to state A via path 3. 100 J of work is done
on the system, Calculate the heat flow.

Path 1
(B)

0 Path 2

www.lran-mavad.com
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[ Chemical Thermodynamics for Metals and Materials

1.1.2 Enthalpy and Heat Capacity

Enthalpy (H)

If a process takes place at constant volume,
w=PAV =0
From the first law of thermodynamics,
AU =q-w=gq
Therefore, the increase or decrease in internal energy of the system is equal to the heat
absorbed or released, respectively, at constant volume. If a process is carried out at a

constant pressure rather than at a constant volume, then the work done by the system as a
result of the volume change is

w= [} Pav =P[dV = P(V,~¥;)

From the first law of thermodynamics,

!AU=q-w

U,-U, PWV,-V)

Rearrangement yields

U+ PV)-(U+PV))=¢q

The function U + PV occurs frequently in chemical thermodynamics and hence it is given
a special name, enthalpy and the symbol H.

H=U+PV

Then
AH = Hz-H1=q

For a system at constant pressure, therefore,

/— assuming PV work only.
Increase in enthalpy = Heat absorbed
Decrease in enthalpy = Heat released —-—-—»i AH = g

www.Iran-mavad.com
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Fundamental Principles and Functions 7
For changes at other than constant pressure, AH still has a definite value, but AH # g.

Heat Capacity (C)

The heat capacity of a system is defined as the amount of heat, g, required to raise the
temperature of the system by AT. Thus,

C= where C is the heat capacity.

For an infinitesimal change in 7,

B
i P
dr

Heat capacity is the measure of the capacity of a system to take in energy as heat.

Recall that heat ¢ is not a state function, so that the change in g depends on the other
variable, for instance, ¥ or P, in addition to 7. Therefore,

at constant ‘L‘Ohl!?!é, at constant pressure,

ci{ = dU —» CL‘ :.‘;;j_; and, ‘-)‘ff’ = dH {_‘P : %{.

where Cy is the heat capacity at constant volume, and Cj is the heat capacity at constant
pressure. The variation with temperature of the heat capacity, Cp, for a substance is often
given by an expression of the form :

Cp=a+bT +cT™>

where a, b and ¢ are constants to be determined empirically.

Some examples,
Cp a0, =106.6+17.8x 1073 7-285%10°T 2, Imol ' K !
Cpco,(g) =44.1+9.04x107 T -8.54x10° T2, Jmol 'K

www.lran-mavad.com
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8 Chemical Thermodynamics for Metals and Materials

—| Example 1 IL

1) Prove the following statements :
a) AU and AH are usually very similar to each other for processes involving solids
or liquids.
b) If gases are involved in a process, these may be significantly different.

2) If a reaction involves an increase of 1 mole of gases in the system, calculate the
difference AH - AU at 298K.

1) PV work of condensed phases is normally negligibly small :
AH = AU+ A(PV) = AU,

If gases are involved in a process,

AH =AU+ A(PY)

PV = nRT for a perfect gas

y

AH =AU+ A(mRT

Therefore, if there is a change in the total number of moles of the gas phase, AH
may be significantly different from AU.

2) AH-AU= A(n)RT= (1)(8.314 J mol"' K™')(298K) =2.48 kJ mol’'

—-I Example 2 }

1) Prove the following statements :
a) For condensed phases, i.e., solids or liquids, Cy and Cp are quite similar in
magnitude.
b) Cy and Cpare significantly different for ideal gases.
2) Cp and C) for argon gas are as follows:
Cp=20.8 I mol'K
Cy=12.5 I mol'K"
Calculate Cp- Cy .

1) a) For condensed phases,

AH= AU+ A(PV) = AU

ouU OH
c, =| &< = o1
v (aT]V Cr (ar)p

|CP:CV,

www.lran-mavad.com
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Fundamental Principles and Functions 9

b) For ideal gases,

H=U+PV

PV =nRT
v

H=U+ nRT

Differentiating
¥
dH = dU+ nRdT

U=1AT) only for ideal gases.

dH dU
—=—+n
dl dT

v
C;_J"‘ V;nR

2) Cp-Cyp=20.8 - 12.5=8.3 Jmol"'K™ : This value is very close to the gas constant R,
which verifies the relationship Cp - Cy = nR.

Example 3

Substances usually expand with increase in temperature at constant pressure. Is Cp
usually larger than C?

When heat is supplied to a substance,

_Heatg B @
/ \\\
N v

[ Part of the heat ‘ and the rest ‘ : All the heat
‘ may be used will produce supplied produces
in the work of ' arise in arise in
volume L‘xpansion,J L temperature. l temperature.
4 J

Therefore, C, is larger than C,.

www.lran-mavad.com
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10

More rigorous analysis:

Chemical Thermodynamics for Metals and Materials

CP —CV —(

OH
or

), (%),

from the definition of
Cp and C Ve

A 4

H=U+PV

CP —CV —(

ou
or

)5, (5,

—

E

=ATV)
v
+(ﬂ) ar
aT ),

)
EECICRE)

!

- A5), (), 5),
N a

The contribution to C, caused by
change in the volume of the system
against the constant external pressure.

The contribution from the energy
required for the change in volume
against the internal cohesive forces
acting between the constituent particles
of a substance.

For liquids and solids, which' have
strong internal cohesive forces, the
term (OU/OT)s is large.

For gases this term is usually small
compared with P. An ideal gas is a gas
consisting of non-interacting particles,
and hence this term is zero.

www.Iran-mavad.com
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Fundamental Principles and Functions

11

——| Example 4 }

dU=-dw
CpdT = -PdV

In a reversible, adiabatic process of a system comprising of one mole of an ideal gas,
prove the following relationships :

1) dU= &q - éw, but &g = 0 in an adiabatic process.

2

|dU=-§w

dU = CydT
w = PdV

b
| CydT = PdV | From this equation, a useful

relationship can be derived,
as given below:

"PV= RTor P =RT/V

A

Cp—=-R

dT av
T V

Y

On integrating between states 1 and 2

Gy Irr[

T_z] L ,{ﬁ]
Tl Vz

&) ()

==

Put C/Cy =y

www.lran-mavad.com
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12 Chemical Thermodynamics for Metals and Materials

—( Example 5 ll

For reversible adiabatic expansion of an ideal gas, we have seen

PV’ = ¢ (constant)

When a system comprising of one mole of an ideal gas changes its state from
(P, V,,T)) to (P, V5, T3), prove that work done by the system is

BV, - BV
i L Bkl 1

=Cy(h -T,)
y-1

PVi=c
ow = cd_V
yY
On integrating
v

W .l_‘—c_‘Y-(V{l-—Y) _p) )

C=1’lllly =P2V27

PV, -
W= AV,
y-1

N w=C, (T, -T)
T C

For an ideal gas, PV = RT
And knowing Cp - Cy = R, and
CoCy=y

Exercises

1. When heat is supplied to an ice-water mixture at 0°C, some of the ice melts, but the
temperature remains unchanged at 0°C. What is the value of C, of the ice-water
mixture?

2. Metallic vapours generally have a monatomic constitution. According to the kinetic
theory of gases, only three translational degrees of freedom need to be considered for
a monatomic gas and hence the translational kinetic energy is given by

www.lran-mavad.com
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Fundamental Principles and Functions 13

E =snRT

s

1) Calculate AH when the temperature of 3 moles of the gas is raised from 700 to
1,000K.
2) Calculate Cy for the gas.
3) Calculate Cp for the gas.
1.1.3. Enthalpy Change (AH)

For a substance of fixed composition, the enthalpy change with change in temperature at
constant pressure P can be calculated as follows :

From the definition,
; dH T
On integration from T; to T3,

AH =[CpdT

Cp=a+bT+cT™

AH = LT (a+bT +cT™2)dT
1

The enthalpy change associated with a chemical reaction or phase change at constant
pressure and temperature can be calculated from the enthalpy of each species involved in
the process. When species A undergoes the phase transformation from a. to f,

// ;
) A AL

N u\_ l\ hase ( \\

\\ i transformation ¥ 5\(?” )

AH, =H 43, —H 4,

The enthalpy change due to chemical reaction (AH) is the difference between the sum of
enthalpies of the products and the sum of enthalpies of the reactants :

AH = Z H prodicis Z H reactants

(Example) Fe,0, + 2A1 = ALO, + 2Fe: AH =(H 0, +2Hp, )~ (Hpeo, +2H 4)

www.Iran-mavad.com
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Chemical Thermodynamics for Metals and Materials

Example 1

Pure copper melts at 1,084°C. Calculate the enthalpy change when 1 mole of copper
is heated from 1,000°C to 1,100°C. (Cp,cupy = 31.4 I mol'K™', Cpcuy = 22.6 + 6.28 x
10°T, J mol'K"*, Heat of fusion (AH)) : 13,000J mol™)

Total enthalpy change = Enthalpy change associated with heating of solid copper to the
melting temperature +
Heat of fusion at the melting temperature +

Enthalpy change associated with heating of liquid copper to the
temperature of 1,100°C.

I R —— ;"‘\
He.:.rmw of liquid Cu AH; = _[

1257 .-"_.' uf'l)

dT =340J mol™"
|
1L OBAPC i ' Melting of Cu AH, =13,000J mol™"

1,000°C |

Y

Total enthalpy change, AH = AHg + AH, + AH |, =15,930J mol™

Example 2

Heating of solid Cu AH ¢ |I C, curs)dT =2,590J mol B

Molten copper is supercooled to 5°C below its true melting point (1,084°C).

Nucleation of solid copper then takes place and solidification proceeds under
adiabatic conditions. Calculate the percentage of the solid copper.

A ) —
Reversible [ - e il

- db d S ’ Lo L= <l

T, /‘\ path 2 /i; Final state | LNe actual path is not convenient

1,084°C . | for thermodynamic calculations in

i bl / | this case, because copper solidifies

| Revetsible )
| phth 1~ Actualpath 5| during the process and the heats of
I {fl*/ fusion at temperatures other than
79°C I N s -

LHTE 'nt\_{'j a the true melting point are not

Inital state =

{ readily known.

Path

Instead, it is more convenient to take imaginary paths :
1) Liquid copper is heated from 1,079°C to 1,084°C (path 1), and then
2) portion of the liquid copper solidifies at the true melting point (path 2).

www.Iran-mavad.com
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Fundamental Principles and Functions 15

Since enthalpy is a state function, the enthalpy change along this imaginary paths should
be the same as that along the true path.

1357 -
patht = 1352CP,CM(I)dT=157J mol !

N 31.4] mol'K"

AH

AH py =-xAH, = -13,000x

where x = fraction of copper solidified, AH, = heat of fusion of copper (13,000 mol™)

As solidification proceeds under adiabatic conditions,

AH 4o, process — 0=AH patht AH path2

Therefore, x = 0.012 : fraction of solid copper

-{ Example 3 }

Consider the reaction between methane and oxygen to produce carbon dioxide and
water vapor.
Reaction path 1 : CH, + 20, —» CO, + 2H,O AH,
Reaction path2 : CH; —» C + 2H, AH,,
! L5 2H, + 0, = 2H,0 AHy,
C + 01 ~» CO, AH,,

Provethat AH, = AH,, + AH,;, + AH,..

Because enthalpy is a state property, the enthalpy change depends on the initial and final
states only, not on the path the process follows. As the sum of all the reactions in path 2
results in the same reaction as the one in path 1, the enthalpy change should be the same
for both paths.
The additive properties of enthalpy is known as Hess ‘s Law. According to this law,
o the enthalpy change associated with a given chemical reaction is the same whether
it takes place in one or several states, or
o enthalpies or enthalpy changes may be added or subtracted in parallel with the
same manipulations performed on their respective components or reactions.
The above is in fact a different expression of the state property of enthalpy.

Exercises
1. The melting point of CaTiSiOs is 1,400°C and the heat of fusion at the normal

melting point is 123,700] mol™. Calculate the heat of fusion at 1,300°C.
Chsotia= 177.4 +23.2x10°T - 40.3x10°T?,  mol"'K"!
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16 Chemical Thermodynamics for Metals and Materials

Ch.iiquia = 279.6 J mol 'K

2. Enthalpy changes resulting from temperature change can be represented on an
enthalpy-temperature diagram as shown in the figure. Express on the diagram the
answers to the following questions:

1) Enthalpy change when solid A melts at 7},

2) Enthalpy change when liquid A is supercooled @ H .
from T, to T, and then solidifies. Solid

3) Enthalpy change when solid A is superheated
from 7, to T, and then melts

Liquid

1.2. Second Law of Thermodynamics
1.2.1. Reversible and Irreversible Processes

¢ Wood will burn spontaneously in air if ignited, but the reverse process, i.e., the
spontaneous recombination of the combustion products to wood and oxygen in air,
has never been observed in nature.

e Ice at 1 atm pressure and a temperature above 0°C always melts spontaneously, but
water at 1 atm pressure and a temperature above 0°C never freezes spontaneously in
nature.

¢ Heat always flows spontaneously from higher to lower temperature systems, and
never the reverse.

A process, which involves the spontaneous change of a system from a state to some other
state, is called spontaneous or natural process. As such a process cannot be reversed
without help of an external agency, the process is called an irreversible process.

i ™
Some \

AT Irreversible -
An arbitrary p other
\ ik process
\ sldty I _state
. =
B
o ) ) i
| Such a state is called a | [ As a result of the irreversible or sp{miancous}

! . .
energy which was available for doing useful
work to the surroundings has become converted |
into thermal energy (heat) in which form it is no ‘

| non-equilibrium state. process, the system has become degraded, i.e., ‘

‘ longer available for external purposes. i

- : =4
4 v ™~
1 This state is ‘ The system will eventually arrive at a state in ]

| called the «—| which the energy cvailable for doing useful work ‘
Lw the surroundings is completely consumed.

equilibrium state.
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Fundamental Principles and Functions 17

The equilibrium state is a state of rest. Once at equilibrium, a system will not move away
from equilibrium unless some external agency (the surroundings) acts on it. A process
during which the system is never away from equilibrium is called a reversible process.
This statement is obviously contradictory to the definition of equilibrium.

Therefore the reversible process is an imaginary one. However, if a process proceeds
with an infinitesimally small driving force in such a way that the system is never more
than an infinitesimal distance from equilibrium, a condition which is virtually
indistinguishable from equilibrium, then the process can be regarded as a reversible
process. Thus a reversible process is infinitely slow.

1.2.2. Entropy (S)

If we are faced with the problem of deciding whether a given reaction will proceed, we
might intuitively think whether there is enough energy available.

We might suppose that

if the reaction is exothermic,
(A+B->C+D, AH<0)
if the reaction is endothermic,
(A+B—>C+D, AH>0)

— it takes place spontaneously, and

it does not take place spontaneously.

However, there are numerous endothermic reactions that occur spontaneously. Thus
energy alone then is not sufficient.

(Example)
Phase transformation of Sn

Sn(white, 298K) = Sn(grey, 298K)  AH =-2,100 J mol

Thus transformation of white tin to grey tin at 298K is exothermic, but in fact white tin is
stable at 298K.

Therefore some other criterion is necessary for predicting stability or direction of a
reaction. The criterion that has been found to satisfy the requirements is a quantity
termed entropy. What is entropy then? To answer this question, we need to consider the
degradation of a system.

There are two distinct types of spontaneous process :
» conversion of work or mechanical energy into heat, and
o flow of heat from higher to lower temperature systems.
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18 Chemical Thermodynamics for Metals and Materials

First consider the degradation of mechanical energy of the following system :

¢ Initially the temperature inside the cylinder equals that of the heat reservoir at 7.
o  The pressure inside the cylinder is the saturation vapour pressure (P,) of water at 7.
o The external pressure, P,, is kept the same as the internal pressure P,., P, = P;

Now the system is af equilibrium and the piston does not move in either ditection.

o  If the external pressure is suddenly decreased by dP, the piston moves out due to the
pressure imbalance (Refer to the following figure).
The volume inside the cylinder expands and the internal pressure decreases.

e  Water vaporises and heat flows from the reservoir because the vaporisation is
endothermic.

e  After one mole of water has vaporised, the external pressure is restored to its original
value, P, and thus equilibrium is restored.

In the process described above, the system (cylinder) did work against the external
pressure of P, - dP. The amount of work done is

w = (P,- dP)V

where V' = molar volume of water vapour.
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——[ Reversible processjJ

Fundamental Principles and Functions

The maximum work the system can

{Irreversible process }——

If the pressure drop, dP, is a finite

do occurs when dP — 0. amount, i.e., dP # 0, in other words,
Woae = PV the system undergoes an irreversible
rocess, then syste; jes less
e When the system does the P K ’ p tt:e ysterm doesl es
. . wor or e sam
maximum work, in other words, the . ¢ volume
expansion:

system undergoes a reversible
process, then from the first law of W = (Po-dP) < Wpax
thermodynamics e Heat
AU=g-Ww=q - W
or q, = AU + wpy

transferred  from  the
surroundings to the system is
gq=AU+w

s g, is the maximum amount of heat
which the system can absorb from
the surroundings (heat reservoir) for
the vaporisation of 1 mole of water.

| Comparison |

The initial and final states are the same in both cases.
We have seen that the maximum capacity of work that the system has is wy,.
In the irreversible process, however, the amount of work the system does, w, is
less than its maximum capacity.
Where has the rest of the capacity gone?
The mechanical energy of (W - W) has been degraded to
thermal energy (heat) in the system (cylinder).

In summary,
Total heat Heat Heat
appearing _ entering from the + produced by degradation of
in the system surroundings work due to irreversibility
(qtolal) (q) (wmax - W) or (qr = q)

Q'tom =q + (g~ Q)f";.qi;f

Note that the total heat is the same for both reversible and irreversible processes.
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20 Chemical Thermodynamics for Metals and Materials

The fact that less heat enters from the surroundings in the irreversible process than in the
reversible process is due to the heat produced by the degradation of work in the
irreversible process.

Therefore an irreversible process is one in which the system is degraded during the
process. The extent of degradation, however, differs from process to process. This
suggests that there exists a quantitative measure of the extent of degradation, or degree of
irreversibility, of a process.

Consider the following example in which energy is transferred by heat flow :

e Heat q is to flow from the hot body to the cold body.

e  The flow may take place either
(1) directly from the hot to cold bodies, i.e., Path 1, or
(2) from the hot to warm to cold bodies, i.e., Path 2 + Path 3.

e Each of these processes is spontaneous and hence irreversible. Therefore
degradation occurs in each process.

Path1 = Path2 + Path3
Therefore, Degradation in Path 1 > Degradation in Path 2,
and Degradation in Path 1 > Degradation in Path 3.
Thus, Path [ is more irreversible than either Path 2 or Path 3.

Examination of these three paths clearly indicates that the degree of irreversibility is
related to temperature T and the amount of heat q.
¢  The more the heat flow, the higher the degree of irreversibility.
¢ The lower the temperature of the body to which heat flows, the higher the
degree of irreversibility.

Therefore,

Degree of irreversibility oC

~ =
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Now we define a new thermodynamic function, S, called entropy, as

Total heat input

Entropy change =
Py g Temperature

or

Ao G total
i ? i

The entropy change (AS) is the measure of the degree of irreversibility of a process.

The total entropy change associated with the process consists of two terms :
¢ Entropy change of the system 1 ASy,
» Entropy change of the surroundings  : AS,,,

i| ;lSIrJ.' o ";"\‘é“_!-i = */-\’S‘-‘f“’

21

Recall that the total heat appearing in the system is the sum of heat entering from the

surroundings (¢) and heat produced by degradation due to irreversibility (¢, - g) :

o, sysem = 47

The total heat leaving the surroundings is g :

Got,sur = =4

88, =2

Negative sign is due to heat loss of the surroundings.
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9 ., ~9_4-~
ASyy = ASsys +ASy, = ’;‘"’7 = ’LT—Z
ASrot = qr; 9
[ !
Reversible Process Irreversible Process
q = q q<q
-4 q
ASS),S=£I-TL=% Sys”?r>?
— _.q = —q
ASgy =___;‘!r_=? AS-W’ _?
AS, =—qu—_q 0 ASlo: = qr;q >0

Reversible Process
& = &g,
dq, dq
Boe=7 =7
dSSllI‘ = ~8qr = _6q
T T
8q, -8
dS,y ==L =0
T

In the reversible process
the total entropy change is zero;
i.e., the entropy gain of the system
is equal to the entropy loss of the
surroundings, or vice versa. In
other words there is no creation of
entropy. Entropy is only

transferred between the system

k and the surroundings. j

For infinitesimal change

Irreversible Process

& < &,
8q, ©6q
Bos=7>7
-8
dSsur =Tq

]
dStor =6q_,T_q>0

/ In the irreversible process the )

total entropy change is always
positive; i.e., there is a net
creation of entropy.
Degradation of work due to its
irreversible nature accounts for

\ this creation of entropy. j

o Entropy, like energy, is a fundamental thermodynamic concept.

e  Entropy is not a thing,

s  Entropy is not directly measurable,
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Fundament 1l Principles and Functions 23

e But entropy changes are calculated from measurable quantities such as

temperature, pressure, volume and heat capacity.

Entropy is a measure of “mixed-up-ness” of a system (J.W. Gibbs).

Entropy increases in all irreversible, spontaneous or natural processes.

Change in entropy measures the degree of irreversibility of a process, or the
capacity for spontaneous change of a process.

e Every physical or chemical process in nature takes place in such a way as to
increase the sum of entropies of all the bodies taking any part in the process (Max
Planck).

o Things left to themselves proceed to a state of maximum possible disorder (i.e.,
entropy).

Heat always flows spontaneously from higher to lower temperature systems.

The energy of the universe is constant, but the entropy is continually increasing

until it reaches its maximum value.
The last four are some of many equivalent statements of the Second Law of
Thermodynamics. Unlike internal energy (U) or enthalpy (H), entropy has its absolute
value,

dq

T

&g = dH at constant pressure
dH = deT

Integration between the temperatures of 0K to 7K yields,

rC So =0 rC
- = —}:"dT » 0 = -——dP
S-S5 J‘0 T Refer to the 3rd law St J.o T T
of thermodynamics Superscript “*” denotes
the standard state at 1 atm.
-‘ Example 1 ;
Entropy is defined as

ds224

T

for a system, where equality sign holds for reversible process and inequality sign
holds for irreversible process. We know that 8¢ is not a state function, i.e., it depends
on the path the process takes. Is entropy then a state function or a non-state function?
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24 Chemical Thermodynamics for Metals and Materials

Consider one mole of a perfect gas.

dU = 8q - 8w First law of thermodynamics

dq = 3q, for a reversible process

dU =CydT
d Sw = PdV for PV work

CVdT = dqr —PdV

PV = RT for one mole of a perfect gas

dqr =CV £+Rd_V
T T 14

dS = &,/ T by definition

A

S,-8 = Imnaq’ e, i 2|sri 22
2 ! statel T v T 4

This side depends only on the initial and final
states. (T,,V, and T,,V,)

So does this.

Therefore S is a state function for a perfect gas.
More general arguments of this type enable us to show that
entropy is a state function for all substances.

Example 2

If one mole of a perfect gas undergoes an isothermal process, is AS independent of
pressure?

From Example 1,

T V. T, = T, = constant,
AS=C, In =2 |+ Rin -2 | |—— AS =R 2L
T, V1 )| PV =RT= constant P,

The entropy change depends on the pressure change. This equation tells us that as the

pressure is raised the entropy of a gas decreases: i.e., molecules in the gas become more
ordered.
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Fundamental Principles and Functions 25

Example 3

When a system undergoes a process at a constant pressure, does the entropy change
depend on the temperature?

As entropy is a state function, we are free to choose a path from the initial and final
states. The path along which a process takes place reversibly would be most convenient
for thermodynamic calculations, because the heat absorbed or released can be directly
related to the entropy change :

ds = i;- for a reversible process
ar ),

4
as =S ar

T

A
dS Cp
— = —_) 0} at constant pressure.
T ?

This equation tells us that the entropy of a substance held at constant pressure increases
when the temperature increases.

Suppose that energy is transferred spontaneously as heat ¢ from a system at a fixed
temperature T, to a system at a fixed temperature T; without performing any work.
Prove that the total entropy change of the process, AS,,., is positive.

,l Recall }~ \

is. = 8q , 89’ | where g : heat from the surroundings

Yor T 8 ¢" heat from degradation of work

No work — No degradation of work to heat

is. = Oq | This equation is valid irrespective of whether or not the process
8~ 7 | is reversible, provided that no energy is transferred by the system

\ in terms of work. j
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26 Chemical Thermodynamics for Metals and Materials

| System 1 ‘ —q

1 . | AS; =—
L’f | W= l\i |—}§ '-\Sr.'_r_-,'l,-,-‘ — _A\f’h -+ _.:\3‘2 — (” ?!_ S : [ |
x | \ 17 {5
|
System 2 g ]
o N A =t ]
!: & 15 | —
2 frin I { J.r‘. T.
| "\‘(jf’rai\h‘ = {f| ——+:. ()
1

Whenever a system undergoes a change in state and the amount of work done by the
system is less than the maximum possible amount of work, then there is a net entropy
production.

Example 5

Prove the following statement :
An isothermal change in phase (phase transformation) of a substance produced by
input of energy as heat always leads to an increase in the entropy of the substance.

AS = % for a reversible process.

g = AH, (heat of transformation)
T = T, (transformation temperature)

AH,
T,

AS = >0

Exercises

1. Calculate the work done by the reversible, isothermal expansion of 3 moles of an
ideal gas from 100 litres initial volume to 300 litres final volume.

2. Tin (Sn) transforms from grey to white tin at 286K, The heat of transformation (AH))
has been measured as 2.1 kJ mol™.

Sn(grey, 268K) — Sn(white, 268K)
1) Calculate the entropy change of the system (Tin).

2) Calculate the entropy change of the surroundings.
3) Calculate the total entropy change of the universe (system + surroundings).
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Fundamental Principles and Functions 27

Suppose that the following reaction takes place at 298K :
Fe;o; + Al = 2Fe + Aleg
The temperatures of both the system and the surroundings are maintained at 298K.

Calculate the entropy change of the system associated with the reaction, The
following data are given :

Al Fe F6203 A1203
8205 (J mol'K™) 28.3 27.2 87.5 51.1

One mole of metal block at 1,000K is placed in a hot reservoir at 1,200K. The metal
block eventually attains the temperature of the reservoir. Calculate the total entropy
change of both the system (the metal block) and the surroundings (the reservoir).
The heat capacity of the metal is given as

Cp=23+6.3x10°T, I mol'K"’

Liquid metal can be supercooled to temperatures considerably below their normal
solidification temperatures. Solidification of such liquids takes place spontaneously,
i.e., irreversibly. Now one mole of silver supercooled to 940°C is allowed to solidify
at the same temperature, Calculate the entropy change of the system (silver). The
following data are given :

Cp([) =30.5] mol"K"
Cppy =21.3 +8.54x10°T + 1.51x10°T?, J mol 'K’
AH,’ = 11,090 J mol (Heat of fusion at T,,, = 961°C)

Calculate the entropy change of the surroundings.
Does the process proceed spontaneously?

1.2.3. Criterion of Equilibrium

When a system is left to itself, it would either

remain unchanged in its initial state, |or | move spontaneously to some other state.

If this is the case, the initial state is If this is the case, the system is initially
the equilibrium state. in a non-equilibrium state.
The system will spontaneously move
to the equilibrium state.
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28 Chemical Thermodynamics for Metals and Materials

o  All real processes involve some degree of irreversibility and thus all real processes
lead to an increase in the total entropy (AS,,, = ASgs + ASg,).

e Entropy is not conserved, except in the hypothetical limiting case of a reversible
process.
The total entropy can never decrease. It can only increase.

o A process will cease to proceed further, if the total entropy has reached its
maximum.

Equilibrium

S 1ot

Process path

1.2.4. Heat Engines

A heat engine is a device for converting heat into work. (e.g., steam engine, internal
combustion engine)
The following figure is the schematic representation of a heat engine.

e Each cycle takes heat from the high temperature
TESErvoir : gy,
use some of it to generate work : w,
and rejects unused heat to the cold reservoir : g,.

(f ;;_g;,; > — et What is the maximum amount of work that can be
e obtained per cycle from the heat engine?
The maximum work we can obtain from the operation
| —— .
| of a heat engine is that generated when all the
1 » . . v
! | Heat reservoir processes are reversible, since there is no degradation

1 _ of work in a reversible process.

The Carnot cycle is the operation of an idealised (reversible) engine in which heat
transferred from a hot reservoir, is partly converted into work, and partly discarded to a
cold reservoir.
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* Isothermal
expansion

PI!VI.

Adiabati
iabatic

Step 2
compression Adiabatic

expansion
=0
V—
Work done by the engine for each cycle Entropy change for each cycle
w=w +tw,+w; +w, ASeycie = AS; + AS; + AS; + AS; =0
The first law, | From the figure From the figure |
AU =g-w=0 g=q T q2
ﬂ + iz. =0
w=q+q, L T
Efficiency of the engine |, _ W"’k dong- i
is defined as Heat takenin q,

This is a remarkable result :
The efficiency depends only on the temperatures of the reservoirs, and is
independent of the nature of the engine, working substance, or the type of work
performed.
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—'1 Example 1 i

If any part of the operation of the Carnot engine is irreversible, prove that the
following relationship holds:

T,
g<l-—L
2

Entropy is a state function and hence is independent of the path a system takes.

AScycl’e =AS; +4AS,
for a complete cycle
A
AScycle =ASl +AS2 =0
94
AS, 2 7*‘_ From the first law,
AS, 2_(1_2_ AU=(q +q)-w=0
T,
A\ 4
€ =X 1~£
92 T,

A Carnot engine can be run in reverse and used to transfer energy as heat from a low
temperature reservoir to a high temperature reservoir. The device is called a hear
pump, if it is used as a heat source, or a refrigerator, if it is used to remove heat.
Prove that in the latter case work must be done on the engine.

"] Just as for a Carnot engine running in the forward
| direction we have an engine running in the reverse

1

| direction.
T AS e = AS; +AS, =0 | for a complete cycle.
< AS] 2 gl— ASZ 2 12—
5 n
| Heat reservoir N,y
| T I T,

L — | 3
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From the first law
AU=(g+¢q)-w=0

w< q{l—-?%-)
2

T
1-=L>0 <0
7, L))

w<0 | Work is done on the engine.

The coefficient of performance of a heat pump is defined as

= _ﬂ_
w

[# ') . ! .
4 +32 <0 from the earlier discussion.

L T

T,
ns——
T,-T,

Note that the coefficient of performance of a heat pump of a refrigerator, unlike the
efficiency of a heat engine, can be greater than unity.

Exercises

1. Refer to the diagram in the text of the Carnot cycle. An engine operates between
1,200°C(7,) and 200°C(T)), and Step 1 (isothermal expansion) involves an
expansion from 6x10°N m? to 4x10°N m™, The working substance is one mole of an
ideal gas.

1) Calculate the efficiency of the heat engine.
2) Calculate heat absorbed in Step 1.
3) Calculate the amount of heat rejected in Step 3 (isothermal compression).

2. The following diagram shows the operation cycle of a Carnot refrigerator. The
refrigerator operates between 25°C(T:) and -10°C(T\) and step 2 involves heat
absorption of 5001J.

1) Calculate the coefficient of the refrigerator.
2) Calculate the total work done per cycle.
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PLV,

Step 1
Adiabatic
expansion

P4V,

q1, Wi, T]

Isothermal
expansion

Isothermal
compression

S_tgp_&' :
Adiabatic
compression

P], V3

1.3. Auxiliary Functions

1.3.1. Free Energies

v

V—

Why does a reaction take place?

Answer

v

v

Reactants are unstable in the presence
of each other.

Systems have a tendency to acquire
a maximum amount of freedom.

v

v

Reactants exchange energy to acquire
a more stable state as products.

A tendency to have a maximum
entropy. (The Second Law)

v

All systems - mechanical, chemical
or any other type, react so as to
acquire a minimum energy state.

Therefore,
when a chemical reaction occurs,
it tries to satisfy two opposing tendencies :
(1) minimisation of energy
(2) maximisation of entropy.
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Is there a function which can represent the balance between these two opposing factors,
and thus be a measure of the tendency for a reaction to take place? Such a function does
exist and is known as the free energy function or simply fiee energy. We now derive two
different free energies, namely, Helmholtz free energy and Gibbs free energy.

From the First Law of From the Second Law of
Thermodynamics, Thermodynamics,
dU = & - éw as>%
T

For a reversible process, l equality sign :
i reversible process
inequality sign :

dU = TdS - dw,,

irreversible proces

Reminder
A reversible path traverses
a succession of equilibrium states.
Therefore, if a system is somewhere in
the reversible path, it must be in an
equilibrium state.

In other words, any system
which satisfies this equation is
in a state of equilibrium.

Rearrangement yields

h 4

dU - TdS = -dw,,

We now define a new function
called Helmholtz free energy :

Differentiating
dA = - dw,, : for areversible process Y
dA < -dW,, : for an irreversible process dA = dU - TdS - SdT
(AWrey = DWmax > DWirrer) At constant T,
If the “PV work” is the only kind of work, \ dA = dU - TdS /
AWy = PAV —————

Y

dA = - PdV

At constant V,

dd =0

In other words, when only P} work is permitted, and 7 and ¥ are kept constant, then d4
= 0 or 4 is a minimum at equilibrium. Therefore, the Helmholtz free energy (4) offers
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criteria for thermodynamic equilibrium at constant temperature and volume. However,
we are often more interested in systems at constant pressure and temperature rather than
at constant volume and temperature, since most practical chemical processes take place at
constant pressure. A free energy function, which is based on the constant pressure and
temperature, would thus be more convenient to use. Recall that enthalpy H represents

heat of reaction at constant pressure;

H=UH+ PV

Differentiating
Y

dH = dU + PdV + VdP

Constant pressure

dH = dU + PdV

dU =80 | ds= e

r We now define a new function, G\
dH - TdS = PdV - dw,.. called the Gibbs free energy by:
G=H-1TS
4 Differentiating
v dG = dH - TdS - SdT
dG = PdV - dw, 4 Constant T

\ dG = dH - TdS /

We now divide work into two groups,
PV work and additional work. Then
d'wmv = PdV + alwadd

—

dG = -dwW.uy

If work is restricted to PV work,
there would be no additional work ;
dWaag = 0

dG = 0

AdWaqq : maximum ( or
reversible) additional
work other than PV
work

This is a significant result that if a system at constant P and T does no work other than
PV work, the condition of equilibrium is that dG = 0 or G is minimum.
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AG .
/S)'SIL‘m

¥ 4

| Process Process
| path path
AG = -Wadd AG =0
Equilibrium with additional work. Equilibrium with no additional work.

We now have found a function G

dG = dH - TdS

which represents the balance at constant P and T between the tendencies of a system to
maximise its entropy and to minimise its energy, i.e., enthalpy at constant P.

Example 1

Is the following statement true?
Change in Gibbs free energy is a measure of the net work, i.e., work other than PV
work, done on the system in a reversible process at constant P and 7.

4G = - dwaas For a finite change AG = - W

Additional work other than
PV work, or
net work, or
useful work.

—I Example 2 |L

Is the following statement true?

The sum of the entropy change of the system and surroundings is zero for a reversible
process and is greater that zero for a spontaneous process. Therefore one must
calculate S for both the system and the surroundings to find whether a process is at
equilibrium or not. However, if the Gibbs free energy function (G) is used instead,
one need to calculate the Gibbs free energy change of the system (AG,,) only,
because AG, alone is sufficient to indicate whether or not a given process is
potentially spontaneous.
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According to the Second Law of Thermodynamics,

dS.\.r.\. t I:“'JIS&'J.H- 2 0 ‘

Surroundings

/ S
e, ot
\\P

But, from the definition of
Gibbs free energy,
dGys = dHyy - TdS,

dGys = dHy, - TdSy, < 0

Therefore, the Gibbs free energy change of the system alone is sufficient to indicate
whether a process is spontaneous (dG,,, < 0 ), at equilibrium (dG,,, = 0 ), or can not
proceed (dG,ys > 0).

—{ Example 3 [L
The diagram schematically shows the

G relationship between the free energy of the
system and the reaction path. Identify the
position representing equilibrium of the
system at constant temperature and pressure.

Process path

Recall that dG < 0. At equilibrium dG = 0; i.e., the minimum point of the curve. A
system always moves toward equilibrium and never away from the equilibrium state
unless an external agency (the surroundings) does work on the system.

Exercises
1. Tin transforms from grey to white tin at 286K and constant pressure of 1 atm. The

following thermodynamic data are given :
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Cp=21.6 + 18.2x10°T,  mol'K" for both grey and white tin
Heat of transformation (AH;") = 2.1 ] mol™ at 286K

1) Calculate the free energy change (AG) of the transformation at 286K and 1atm.
2) Calculate AG of the transformation at 293K and latm.
3) Is the transformation at 293K spontaneous?

1.3.2. Effect of Pressure on Free Energy

From the definitions of the Gibbs free energy and enthalpy,

v ]
P

G=H-TS=U+PV-TS |
I !

i dG = dU + PdV + VdP - TdS-SdT

{H' s (i).' - ('fu'
A A Reversible
e / \
n o  ycqian , Y |
TdS PdV (for PV work only) |
- J

N3
Yy

Fi;}‘ = VdP - SdT

This is an important equation as it tells how free energy, and hence equilibrium position,
varies with pressure and temperature.
At constant temperature,

dG = VdP or QG—) =V
oP )r
For an isothermal change from state 1 to state 2,

AG =62 —Gl - Islate2

Istate 1

If the variation of ¥ with P is known for the substance of interest, this equation can be
integrated. For a simple case of one mole of an ideal gas, PV = RT. Thus

AG =RT!I f’-)
A

This equation gives the change in free energy on expansion or compression.
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In an isothermal process for an ideal gas,

dA = - dw,, = - PdV dG = VdP - S4T
Integrating ] Integrating
\
Ad=RTI| & AG=RTIn| 2
7 R

\\k PV, =PV,

A =AG = RTln[ﬁJ
2

Exercises

1. One mole of an ideal gas is compressed isothermally at 298K to twice its original
pressure. Calculate the change in the Gibbs free energy.

1.3.3. Effect of Temperature on Free Energy

Recall the basic eauation:

dG = VdP - SdT

“At constant pressure

dG = - 8dT

T T T2 72
G=H-1T8
! o
.E{E L] or %?}
CI_
)]
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The equations given above in the shaded boxes are called the Gibbs-Helmholtz
equations. These permit us to calculate the change in enthalpy AH and entropy AS from a
knowledge of AG. They relate the temperature dependence of free energy, and hence the
position of equilibrium to the enthalpy change.

—| Example 1 }

Internal energy (U), enthalpy (H), entropy (S), Heimholtz free energy (4) and Gibbs
free energy (G) are functions of state. Each of these can be expressed as a function of
two state variables. Prove the following relationships :

\
(QG_) s (E - (QIiJ _v (?_’i) T
aT ), oP ), aP ) as J,

dG = VdP - SdT

Constant pressure Constant temperature
dP=0 dr=0
v v
oG
(_:“_] =8 ?.(_} =F
or )p P )7

|aH=au+Pav+vap |

( dU= &g - 5w E

v
&g = TdS for a reversible process.
*1 | Sw = PdV for PV work.

v
dU= TdS - PdV
e %
dH=TdS + VdP
|
[ ]
Constant pressure Constant entropy
dP=0 ds=0
v ! v
(=) .r )

as Jp OP )¢
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Exercises

1. The following equation shows the temperature-dependence of the free energy change
of a reaction :

AG = -1,750,000 - 15.7T logT + 3707, J mol"
1) Calculate AS for the reaction at S00K.

2) Calculate AH for the reaction at 500K
3) Will the reaction take place spontaneously at SO0K?

1.3.4. Some Useful Equations

Consider the following equation :

dU = 6q - éw

o6q = TdS and éw = PdV
for reversible process.

v
| dU= Tds - pav |

constant volume constant emr'opy

¥

&)
P e o
oV Jg

We know the following general relationship :

oz) o(z) 2
oz\oy), y\ez), ooz

Thus
_"_(QJ :[ﬂj ofey . (eF
av\as ), \ov)s as\av ), \as),
0
v )s  \as ),
Similarly,
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ar av i An example of the use N
(E‘L . [gl} of these equations
(0S/6V)r and (8S/0P)y are difficult to
e s obtain in direct measurements through
dA = -PdV - SdT —» [_} =[_] experiment, but may be calculated
oV )r \oT)y from a knowledge of the variation of P
with T at constant ¥, (9P/6T)y, and the
dG = VdP - SdT —» [%} 2 _[?ﬁ] variation of ¥ with T at constant P,
OP Jp| \ (8V/0T)p.
T \( )y )

These equations are applicable under reversible conditions, and very useful in
manipulation of thermodynamic quantities. These equations are known as Maxwell's
equations.

dH = TdS + VdP —»

P

Example 1

Is the following statement true?
The internal energy of an ideal gas at constant temperature is independent of the
volume of the gas.

For a closed system,

dU = TdS - Pdv

Differentiating with respect to
V at constant T,

4

(5_UJ &) _p
o)y \ov);

From Maxwell’s equations

ore
ov)r \or),
y

(57), ),
ov )y or ),

PV = RT for an ideal gas

[E{’_] _R_P
or), V T

A
(ﬂ] 0
v )y
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Thus, the statement is true; i.e., the internal energy of an ideal gas is independent of the
volume of the gas at constant temperature. In a similar way, one may prove the following
statement : The enthalpy of an ideal gas is independent of the pressure of the gas.

—| Example 2 %

The volume of thermal expansion coefficient @ of a substance is defined as

I(BVJ
o=—| —
v\er),

and the compressibility £ is defined as
1(oV
B=——| 2
V\éP ),

o*VT

Prove the following relationship :

C,=Cy+

Recall the following two equations :

cr-r-[r+(39) [ %),

Combination of these two equations yields

(5, -5, -2
av ) \aT),

g

Consider ¥'=f{P,T) and thus

o B
oT jy\eT )p

dV=(QKJ dP+(§f- dr
op )" "\ar),

A

Dividing by 4T and

holding V constant yields
y

(av) [ap) (av
0:— ——— +_
op).\aorT ), \or

)

!

"
o

2
ar ),

v
oP ),

&
p

A
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This equation shows that C, can be obtained from Cp, compressibility and thermal
expansion coefficient for a substance. For solids, C is generally more difficult to
measure experimentally and the equation offers a way to overcome this difficulty,

1.4. Third Law of Thermodynamics

1.4.1. Third Law of Thermodynamics

If AG and AH for a reaction are plotted as a function of temperature, results are like those

shown in the following figure :
The plots suggest that as the temperature
decreases, AG and AH approach equality, and
AG AG approaches AH in magnitude with
AG decreasing T at a much faster rate than 7
or approaches zero.
AH From the definition of G and for an isothermal
AH process,
AG = AH - TAS

0

From the above we can conclude that

lim AS=0

T=>0

This equation is known as the Third Law of Thermodynamics.

When the temperature approaches zero, it is seen from the figure that

Recall that

Thus

(?éfi) _(a_AH._) -0
aT ), \aT Jp

?.‘ﬁ) =-S and (a_A_]i) =AC)
P oT Jp

or

AsT— 0K, AS— 0and ACp— 0.
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o  The third law is different from the first two laws :
1) The third law does not give rise to a new thermodynamic function. (1st law — U,
2nd law > S)
2) The third law applies only at 7 — 0, whereas the first two laws hold at all
temperatures.
o What the third law does say is that the entropy change AS for any isothermal
thermodynamic process becomes zero in the limit of 0 K.

—l Example 1 }

Prove the following statements :

The third law does not give rise to a new thermodynamic function.

(1st law — U, and 2nd law — S)

The third law applies only at 7 — 0, whereas the first two laws hold at all
temperatures.

What the third law does say is that the entropy change AS for any isothermal
thermodynamic process becomes zero in the limit of 0K.

—| Example 2 }

Is the following true?
For the reaction

2Ag(s) + PbSO, = Pb(s) + Ag,SO4(s)
(Sum of the entropy of the products) - (Sum of the entropy of the reactants) = 0 at 0K.

AS reaction = 2 (S products )_ Z (S reactants )
According to the third law, AS,.z0n = 0 as T — 0. In the limit at 7= 0K, AS,.;cp0n =0

—{ Example 3 [f

Consider the phase change of metallic tin :

Sn(s, grey) = Sn(s, white)

The two phases are in equilibrium at 13.2°C and 1 atm. The entropy change AS for the
transformation of grey to white tin is 7.82 J mol'K™". Find the entropy change for the
transformation at OK.

According to the third law, in the limit of absolute zero there is no entropy difference
between grey and white tin. The value of the entropy difference decreases from 7.82
Jmol-1K-1 to zero as the temperature decreases from 286.4K to 0K.
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Exercises

1. Sulphur has two solid allotropes: Monoclinic sulphur can readily be supercooled to
very low temperatures, completely bypassing the phase transformation at 368.5K.
The temperature dependence of the heat capacities of both allotropes can be
determined experimentally. It has been found that

368.5 -1
AS pom = .[o Cr(rhom @ InT =36.86 JK K Monoclinic

AS pono = 03 68 C p(mono )d InT=37.82JK"'| 368.5 Phase transformation

Rhombohedral
AH, =402

Calculate the entropy change at OK.

2. Calculate the entropy change for the dissociation reaction at 0K :

2Cu0(s) = Cu,0(s) + $0,(g)

The following data are given : J mol'K”!
Scuo Scu,0 So,
298K 42.64 93.10 205.04

For the dissociation reaction at 298K and 1 atm,
AH° = 140,120
AG®=107,150])

1.4.2. Absolute Entropies

The equation known as the third law of thermodynamics was originally suggested by W.
Nemst :

lim AS = 0

70
Consider the phase transformation of metallic tin.
Sn(s, grey) = Sn(s, white)

From the Third law,
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Ssn(s, white) ~ Ssn{s, grey) 0 at7T=0K

or Ssn(s, white) = Osn(s, grey)

However, this does not necessarily mean that

Ssn(s, white} = Sm(s, grey) =0

Max Planck offered a different version of the Third law :

lim § =0
| T-=»0

Planck’s hypothesis is based on the statistical thermodynamics in that the entropy is

related to the number of possible energy states for a given energy or thermodynamic
probability W :

S=rinl |

where & is Boltzmann’s constant.
At absolute zero there is only one way in which the energy can be distributed in a gystem;

i.e., atoms or molecules and electrons are all in the lowest available quantum states and
therefore

Thus
S=0 aT=0
Planck’s statement of the Third law suggests that a scale for the absolute value of
entropy can be set up :
1) Set the entropy of a substance equal to zero at 7= 0 K.
2) Determine the entropy increase from 0 K to the 7 of interest.

3) Set the result equal to the absolute entropy of the substance at that temperature.

Recall that the entropy change under isobaric conditions is given by

95) =CpdTl or as =S ar
oT ), T

Integration yields

7 Cp |  Since S;=0, l
Sr=S0= | == dT‘ ad RN
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—-{ Example 1 }

At low temperatures, especially near absolute zero, data on heat capacities are lacking
for mary substances. This lack of data is overcome by making extrapolations to lower
temperatures. In this regard the following relationships for heat capacity Cp have
proved useful at low temperatures :

Cp=arl’ : most nonmagnetic, nonmetallic crystals
Cp=bT : layer lattice crystals, like graphite and boron nitride, and
surface heat capacity

Cp=yT+al’ :metals

Cp=jT"? + aT® : ferromagnetic crystals below the magnetic transition
temperature

Cp=mT’ : antiferromagnetic crystals below the magnetic transition
temperature

For metals y can be neglected at low temperatures (but not at 7 < 1K). Express
entropy for metals at low temperatures as a function of heat capacity.

rCp

T =0atlow T T C
Sp= [y dr= | (y+ar?ar [ L2RONT g 9T _Cr

1.5. Calculation of Enthalpies and Free Energies
1.5.1. Standard States
Absolute values of many thermodynamic properties cannot be obtained. This difficulty is

overcome by choosing a reference or standard state so that properties can be given in
terms of the difference between the state of interest and the reference or standard state.

Hypothetical axis for a thermodynamic property.

~~~~~~~~~~ The state of interest. This value cannot be measured.

... The difference between the two states. This value can be measured.

-------- The standard state. This value cannot be measured, either.
The particular choice of a standard state is arbitrary.
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The standard states for solids, liquids and gases which are most commonly used from the
point of view of convenience are,

Solid Liquid Gas
The most stable, The most stable, Ideal gas
pure substance pure substance at 1 atm pressure and
at 1 atm pressure and at 1 atm pressure and the temperature specified.
the temperature specified. | the temperature specified.

-—‘l Example 1 Ir

Data on the enthalpy change of titanium (Ti) at 298K is given as follows:

AH
o-Ti 0
B-Ti 3,350Jmol"!

Which is incorrectly stated in the following?

1) «-Ti is the stable form at 298K.

2) «-Ti is the standard state at 298K.

3) The enthalpy of B-Ti is 3,350Jmol".

4) The enthalpy difference between «- and B-Ti, i.e., Hpr; - Hop, is 3,350] mol™.

The incorrectly stated one is 3). The value of 3,350 Jmol' merely indicates that the
enthalpy of B-Ti is larger than that of «-Ti by 3,350 Jmol™.

'—'t Example 2 }

Discuss the validity of the following statements :

1. Unless otherwise specified, the standard state of an element / customarily chosen
to be at a pressure of latm and in the most stable structure of that element at the
temperature at which it is investigated.

2. However it is possible to choose as a standard state one that does not correspond
to the most stable form of the species under consideration.

3. The standard state may also correspond to a virtual state, one that cannot be
physically obtained but that can be theoretically defined and for which properties
of interest can be calculated.

1) This statement describes the general definition of the standard state.

2) This statement is also true. For example, it may be convenient to choose as the
standard state of H,O at 298K that of the gas instead of the liquid, or one may choose
at 298K the fcc structure of iron (austenite) rather than the bee one (ferrite).

3) This statement is also correct. Further discussion in detail is given in Section 3.1.5.

www.lran-mavad.com

Slgo ks 9 lglild 22 0



Fundamental Principles and Functions 49

1.5.2. Heat of Formation

We shall recall that the enthalpy change for a process (e.g., a chemical reaction), AH, is
equal to the value of the heat absorbed or evolved when the process (e.g., reaction) takes
place at a constant pressure :

AH=qp

We shall also recall that it is not possible to measure the absolute value of a
thermodynamic property such as the enthalpy of a substance.

Nevertheless, let’s consider a hypothetical system in that it is assumed we know absolute
enthalpies of substances at constant temperature and pressure, say,

Species

A

B,

AB

AB,

H, Jmol

20

30

30

40

Then the enthalpy change for the reaction

A + B, = AB, AH,=H 5 —(H, +Hpy )=40-(20+30)=-10Jmol™’

Similarly,

A + 12B, = AB AH,=H,p—(H +1/2Hg )=30~(20+30/2)=-5Jmol
Those enthalpy values listed in the table are in fact not possible to measure. However, the

enthalpy changes of the reactions discussed above can be obtained by measuring heats

evolved or absorbed from the reactions. As we are more interested in enthalpy changes

rather than absolute enthalpies, a new term called enthalpy of formation (AHj) or heat of
Jformation is introduced.

The enthalpy of formation is defined as the enthalpy change for the reaction in which one

mole of the substance is formed for the elements at the temperature of interest.

Species A B, AB AB,

AH; Jmol™! 0 0 -5 -10
~N

These are zero because they themselves are elements.

If all elements and species are in their standard states, then we use the symbol  AH 7
and call it standard enthalpy of formation.

Let’s check the validity of the concept of the enthalpy of formation by using an example.
Consider the following reaction :
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AB + 172 Bz = ABZ AH3

By using absolute values of H,  AH, = 40 -( 30+ 30/2) = -5 Jmol"
By using enthalpy of formation, AH, = -10-(-5+0) = -5 Jmol"

1l

Note that assigning a value of zero to AH; for each element in its most stable form at
the standard state does not affect our calculations in any way.

Thus, the enthalpies of formation (AH)) or the standard enthalpies of formation (AH })
which are experimentally measurable are of great practical value and give an easy way of
determining the enthalpy change accompanying a process or a reaction.

—{ Example 1 ,L

Standard sources of thermodynamic data list the heat or enthalpy of formation at a
standard or reference temperature. Most commonly room temperature (298K or
298.15K to be more precise) is chosen as the reference temperature. A few examples
are listed in the table given below:

298K, kimol™
Ca(s)* | Hye)* | Hg [ snsw)* | sns,g) | caO(s) T caCO(s)
AR 0 0 0 2.51 | -6433 | -1207.1

“*” represents the standard state.
Find an element or species the standard enthalpy of formation (AHy) of which is
incorrectly specified. Is the following reaction exothermic or endothermic?

Sn(s, white) — Sn(s, grey)

1) As Hy(g) is specified as the standard state, AH7 of H(g) is not zero. It is
experimentally found to be 218kJ mol.
2) Sn(s,white) — Sn(s,grey) : AH=2.51-0=2.51>0 : endothermic reaction.

-—{ Example 2 }

Are the following statements all true?

1) The standard enthalpy of formation is defined as the heat change that results
when one mole of a compound is formed from its elements at a pressure of 1 atm.

2) Although the standard state does not specify a temperature, it is customary that
we always use AH, values measured at 25°C (298.15K to be exact).

Both statements are correct. Once AH;’ is known at 25°C, then AH, at other temperatures
can be calculated using information on the heat capacity. Refer to Section 1.5.3 for
further discussion.
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1.5.3. Heat of Reaction

Consider enthalpy changes that accompany chemical reactions. The enthalpy of reaction
or heat of reaction is defined as the difference between the enthalpies of the products
and the enthalpies of the reactants :

AH = szroducl.r = ZHnaclam.v

Consider an example of the combustion of methane :

CH, + 20, = CO, + 2H,0 AH,

CH; + 20, ——® TH(reactants) = Hcy, +2H),

Heat givenoff AH
atconstant Pand T =~ =~

COz + 2H,0}—M—> EH(pl’OdUCtS) = HCO; + 2HH10

Thus
AH, =(Ho, +2H,,20)-(HC,,‘ +2H,, )

\—> However we are not able to measure
these values of absolute enthalpies.

The enthalpy of formation, which we have discussed in the previous section, offers an
easy way to overcome this difficulty. We now introduce Hess'’s Law. Recall that enthalpy
is a state function, and hence the enthalpy change depends on only the initial and final
states. Hess’s law is basically the same as stated above, but expressed in a different way :
Hess’s law states that the enthalpy change for a chemical reaction is the same whether it
takes place in one or several stages.

Consider the combustion of methane again.

CH, + 20, = CO, + 2H,0 AH,
CH, = C + 2H, 1 =AH ey,
20, = 20, 1 20H ;=
C+ 0, =C0O, : AH; e,
2H; + O, =2H,0 1 2AH ;y0
+)
CH, + 20, = CO, + 2H,0 : =AH ; oy, +AH ;o +2AH ;1
Therefore

AH'. = _AHf,Cl'h +AHf,C02 +2AHf,H10
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or
AH, =(AH ;co, +2AH 1 y0)~(AH oy, )

Weighted sum of Weighted sum of

the enthalpies of  the enthalpies of

formation of the ~ formation of the
products reactants

Now it is in order to generalise our discussion. Consider the following reaction :
aA + bB = ¢C + dD AH,
The heat of reaction is given by

AH'. =(CAH/',C +dAHf'D)—(aAHf.A +bAHf‘B)

This equation applies to a system undergoing a chemical reaction at constant pressure
and temperature.
s If AH, > 0, the reaction takes place with an absorption of heat from
surroundings (endothermic).
o If AH, < 0, the reaction takes place with an evolution of heat to the
surroundings (exothermic).
If temperature is not constant, but changes, recall that
oH

—) =Cp or dH = CpdT atconstant P.
oT Jp

For a system undergoing a temperature change from 7, to T,
AH = [ CpdT
1‘] P
Consider a general reaction which occurs at a constant pressure :

aA + BB = ¢C + dD
¢ N
[Em:halpy change of reactants (@ moles [Enthalpy change of products (c moles\
of A and b moles of B) undergoing of C and d moles of D) undergoing
temperature change from T, to T>. temperature change from 7| to T;.

AH oo = H Ty.react ~ H T react

AI-lprod = HTz,prod - HT],prod
= j:"z (CCP,C +dCP,D)dT
1

L = IT. (aCp 4 +bCp )T )

But the enthalpy change of reaction at T; is

.

AH = H Ty.prod — H T, react
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T,

Hr, prod = Hr prod + [} (¢cCpc +dCp p)dT
Ty

H Tyreact = H T react T '[’i (aCp 4 +5Cp p)dT

Thus

=
AH,; =AH, . + J‘Tl‘ ACpdT

where AH, ;. = heat of reaction at T;, and

ACp = (¢Cpc+dCpp) - (aCpa+t bCpp)

This equation is known as Kirchhoff’s law in integral form. It enables us to calculate the
heat of reaction at different temperatures by knowing the heat of reaction at one
temperature, say, 298K, and heat capacities of reactants and products.
In a differential form,
(24) i,
or Jp

Consider a general reaction aA + B = ¢C + dD.
The following figure shows the change of enthalpy of reactants and the products with
temperature. Answer to each of the following questions :

* / 1) Which point represents the sum of
< enthalpies of reactants at 7?

2) Which point represents the sum of
enthalpies of the products at 7,?
3) Which one represents the enthalpy

reactants

H change of the products with change
- in temperature from T; to 7,?
b 4) Which one is the heat of reaction at
AH, 7,?
. 5) Is the reaction endothermic or
T, T, ' exothermic at 7,?

1Y a 2)d 3) AH((=d-b) 4) AH,(=d-c) 5) Exothermic (AH,; <0)
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—{ Example 2 }

The diagram shows the variation with temperature of enthalpy for a general oxidation
reaction :

P\ M + 120, = MO.
M) +1/2 O, -

— | 1) One mole of M(s) reacts to completion
M(s) + 172 O, with 1/2 mole of O,(g) at 298K under an
H ol adiabatic  condition. Which point
represents the temperature of the product

MO?
| MO(s). § 2) Under the adiabatic condition, it is

P . .

desired to raise the temperature of the
{ R product MO to 7s. To what temperature

298 T, T, T, T, TS' would the reactions need to be
preheated?
3) Which part of the diagram represents the heat of fusion of M?

T w_ 1) Heat liberated by the reaction = AH,
This heat is used up in raising the
M(s) + 1/2 aH; P temperature of the product MO.
gl — MOUL 3 When the temperature of MO is raised to
T,, the amount of heat abosorbed by MO
AHY AH Mo AH BH. is AH,.
WL
- AH, + AH, = 0.
> .. Product temperature = 7.

208 T, 7, T, T.Ts

2) Amount of heat liberated by the reaction = Amount of heat absorbed by the
product (adiabatic)
If the reaction takes place at 7, the amount of heat liberated is AH;. This heat is
enough to raise the temperature of the product MO from 7 to 75 (AH,). Therefore
the reactants need to be preheated to 77.

3) Fusion is an isothermal phase transformation and hence the enthalpy change of M
increases without accompanying a temperature change. A, represents the heat of
fusion of M.

Exercises
1. The enthalpy change associated with freeze of water at 273K is -6.0kJmal’’. The

heat capacity (C,) for water is 75.3Jmol'K"' and for ice 37.6Jmol'K". Calculate the
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enthalpy change when water freezes at 263K.
The enthalpy changes at 298K and latm for the hydrogenation and for the
combustion of propane are given below :

C;Hi(g) + Hi(g) = C;Hs(g) AH, = -124kJmol”
CiHy(®) + 50,(g) = 3CO(g) + 4H,0() AH, = -2,220kJmol”’

In addition the enthalpy change at 298K and latm of the following reaction is
known :

Hy(g) + 1204(g) = H0() AH; = -286kJmol’!

Calculate the heat liberated by the combustion of one mole of propane at 298K and
latm,

The extraction of zinc by carbothermic reduction of zinc oxide sinter at 1,100°C can
be represented by the reaction

ZnO(s) + C(s) = Zn(g) + CO(g)

Calculate the heat of reaction at 1,100°C. the following data are given :

AH'f208 T AH, Cp
(kJmol ™) (K) (kJmol™) (Jmol'K™")
ZnO(s) | -348.1 49.0 +5.10x10°T - 9.12x10°T*?
CO(g) | -1105 28.4 +4.10x10°T - 0.46x10°T?
C(sj 0 17.2 + 4.27x10°T - 8.8x10°T2
Zn(s) 0 693 (s > 1)) 7.28 22.4 +10.0x10°T
Zn()) . 1,180(»>g) | 1142 314
Zn(g) . 20.8

1.5.4. Adiabatic Flame Temperature

Exothermic chemical reactions can be used as energy sources. The more heat evolved per
unit mass of fuel, the greater the utility of the fuel as an energy source.

The heat released by the combustion raises the temperature of the combustion products.
If there is no heat loss to the surroundings and all heat goes into raising the temperature
of the products, then the flame temperature will be the highest. This flame temperature is
called the adiabatic flame temperature.
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Fuel —»f " ! Combustion
. i Combustion

Air —» {  products

For a steady-flow adiabatic combustion system, the total enthalpy is conserved:

Sensible heat | Sensible heat | Heat of _ | Sensible heat

of fuel of air combustion products

—-{ Example ! }

Consider the following exothermic reaction :
Y-.l ” - “ﬁf
f’\ —[)' .- i o Y‘ )
s GA+BB @il ———————>C
B B R ¢ moles
b moles | .
The reaction proceeds to completion
B . o AFL STTOIES and all the heat generated by the
)i (A) + (B) —» {C) . : : fo
! § <= reaction is wused in raising the
' T T temperature of the product. You are
AHs asked to calculate the adiabatic flame
temperature (7). Referring to the
b moles |AH; diagram given below, answer the
T i following question: Do the following
" | amobles . .
A relationships hold?
T4
AH, =
Y x _\‘h’ ’J 1) AH] + AHZ + AHR + AHj = 0
A—+—B—» —C——
- - 2) AH, + AHs + AH, = 0
Reaction path

1) The equation is correct because the total enthalpy is conserved and the enthalpy is a
state function so that the enthalpy change is independent of the path the process
takes as long as the initial and final states are kept unchanged. The adiabatic flame
temperature 7, can be found by solving the equation for 7

2) This equation is also correct. We can construct several different paths between the
initial and final states because enthalpy is a state function.
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Exercises

1. A fuel gas containing 22% CO, 13% CO, and 65% N, by volume is combusted with
the theoretically required amount of air in a furnace to heat a solid burden. The
gases enter the furnace at 250°C and the following data are available :

AH 5 (Jmol ™) Cr (Jmol'K™)
CO(g) -110,530 28.41 +4.1x10°T - 0.46x10°T?
CO,(g) -393,510 44.14 +9.04x10°7-8.54x10°T?
042) 29.96 + 4.18x10°T - 1.67x10°T?
N(g) 27.87 +42710°T

Calculate the adiabatic flame temperature.

1.5.5. Gibbs Free Energy Changes

The value of the Gibbs free energy change for a chemical reaction at the temperature
specified is given by the difference in Gibbs free energy between the products and the
reactants.

For reaction

aA + bB = ¢C + dD AG,

AG, = (cG¢ + dGp) - (aG, + bGp)

Gibbs free Total Gibbs Total Gibbs
energy change free energy of free energy of
of the reaction the products the reactants

If the reactants and products are all in their standard states at the temperature specified,

AG? = (cGe +dGg)-(aG4 +bG3)

As in the case of enthalpies, it is not possible to obtain the absolute values of these
standard free energies. However, this difficulty can be overcome by introducing a term
called standard free energy of formation.
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Standard free energy of formation: AG}

\

The standard Gibbs free energy As in the case of enthalpy,
change of reaction for the formation the standard free energy of formation
of a compound from its elements of each element is put “zero® at all
at their standard states. temperatures.
For example,
C(s) + 1/204(g) = CO(g) AGY ¢
C(s) + Oxfg) = COx(g) AGY .
CO(g) + 1/20,(g) = COx(g) AGY?

AGY = AGS.co, -(AG% o +%AG}.02)

.................. ;

zero because it is
an elemental species.

Thus the standard free energy change of reaction can be calculated from the
standard free energy of formation of species involved in the reaction.

Reminder
AG/ is the change of Gibbs free energy which occurs when all the reactants and
products are in their standard states. To deal with systems in which there are some
species not in their standard states, but in mixtures (solutions), we shall have to
consider partial properties which will be discussed later.

From the definition of Gibbs free energy,
G=H-TS

Thus, for a chemical reaction taking place under constant temperature 7,

AG, = AH, - TAS,

S—|

If all the reactants and the products are in their respective standard states at constant
temperature 7,

AG? = AH? — TAS?
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Consider the following reaction of formation of species AB, :
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A + 2B = AB, AG}’ 48, T'= constant

The following statements are all true. Discuss the application of the statements using
the example of the formation of TiSi,(s).

1) AG}' 4B, is the difference between the free energy of 1 mole of AB, and the sum
of the free energies of 1 mole of A and 2 moles of B, all in their standard states
at temperature 7.
2) AG}‘ 48, 1s the standard free energy of formation of compound AB; measured
with the free energy scale established by setting
AGS 4 =0 and AG} 5 =0.
3) The state of each element (i.e., A or B) for which the above relationships are set,
that is, the standard state of each element, is arbitrarily chosen.
4) The form of element A or B for which the free energy of formation is taken zero
must be the same form for which AH ¢ =0 is taken.
1) Ti+28i=TiSi, AGYpg =G —(Gf+2G§)
2) AGS 1, is the standard free energy of formation of TiSi, measured with the basis
of AG}p =0 and AG} g =0.
3) The standard state of a species can be arbitrarily chosen
4) As G isrelated with H by G = H - TS, the standard state should be consistent.

1y

2)

—{ Example 2 }

Consider the following reaction :

AB + B = AB, AG? T = constant

Check the validity of each of the following statements :

AG? is the difference between the free energy of 1 mole of AB, and the sum of
the free energies of 1 mole of AB and 1 mole of B, all in their standard states at
temperature 7.

The choice of a standard state is arbitrary. If we choose the most stable and pure
form of AB at temperature T as its standard state, however, we must choose the
most stable and pure forms of all other species (i.e., B and AB;) as their
respective standard states.
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1) The standard free energy change of a reaction (AG?) is the net free energy change
resulted from the reaction. The statement is true.

2) This statement is not true. Each species can take any state as its standard state, but
one must be consistent in choosing the standard state of a species throughout the
computations

Exercises
1. Calculate the standard Gibbs free energy change of the following reaction at 1,000K
and 1 atm :
CO(g) + 12 0,(g) = COx(g) AG?
The following data are available :
AG$ o =-112,880-86.51T, Jmol-!
AG? o, =~394,760 - 0.836T, Jmol-}

2. Compute AG? for the reaction

CHy(g) + 20.(g) = COx(g) + 2H,0(g)
at 298K. The following data are given :

AH 294 Jmol’ 8% 298 Jmol'K"!
CHi(®) 74,850 186.2
CO.(g) -393,510 213.7
H,0(g) 241,810 188.7
0Ox(g) 0 205.0
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CHAPTER 2

SOLUTIONS

2.1. Behaviour of Gases

2.1.1. Ideal Gases

An experimentally found relationship is that,

%—)l as P—>0 for all gases.

This equation relates the state variables of the system. This equation is called the ideal
gas equation or perfect gas equation. A gas, which obeys this relationship over a range
of states of interest, is said to behave ideally in the range. A gas, which obeys this
relationship in all possible states, is called an ideal gas or a perfect gas.

Recall the following equation :

dG = VdP - SdT

For isothermal process

dG = VdP

PV=RT

dG=EdP
P

Integration from the standard state (P = latm) to the state of interest at constant
temperature yields

G= G T RTIP

Where G° is molar free energy of an ideal gas in its standard state and G is molar free
energy of an ideal gas in the state of interest.

We now consider mixtures of ideal geses.

61
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l Initial state

%

n, moles of A(g) ng moles of B(g)
at Tand P at Tand P

} }

Gy =G4 +RTinP Gy =Gj + RTInP

“i™ stands
for “initial.”

Total free energy at the initial state G' is then given by

i_ i i
G —nAGA +nBGB

:

G' = (n,G%+nyG3)+nRTInP | where n=n,+ng

S )
Final state

e

Mixture of

ny moles of A(g) and Py=N,P

ng moles of B(g) Pg=NpP
at Tand P

where

T 1 "

G =G%+RTInP, G} =G} +RTInP, =

“f” stands
for “final.”

Total free energy at the final state G is

Gf =nAG‘£ +nBG£

A 4

G' =(n,G4 +nyGS)+n RTInP, + ngy RTInP,

\4

G’ = (n,G5 +nsG3)+ RT(n NN 4 +nginN )+ nRTInP

Thus, the change in Gibbs free energy on mixing, G”

G" =G’ -G'
l From the equations developed above
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. G"
For one mole of the mixture, G e,
v n

GM =RT(N,InN,+NyInNy)

—{ Summary lr

GM =RT(N 4N +NyinNg) Gibbs free energy change for the formation of
one mole of mixture or solution.

G, =G4 +RTinP, Gibbs free energy of one mole of A after mixing
or in solution
Gy =Gjg +RTInPg Gibbs free energy of one mole of B after mixing

or in solution

G, and Gp (later we will be using symbols 5;) are called partial molar free energles of
A and B, respectively. These are also called chemical potentials (11). GM is called
relative molar free energy of the solution. A fuller discussion on these properties is
given in Section 2.2.2.

Note that G ¥ < 0 because N, < 0. Therefore mixing is a spontaneous process.

For S™ and HM,

S:_[_J ——»|{SM =_R(N,InN+N,zInNy)
J)

G=H-TS —H" =0
\_—» For ideal gases, no heat is evolved,
or absorbed in the mixing process.

Exercises

1. n, moles of gas A and ng moles of gas B are mixed at constant temperature and
pressure. Calculate the ratio of A and B which minimises the free energy of the
mixture. Assume that both A and B are ideal gases.

2. A Im’ cylinder contains H,(g) at 298K and latm, and is connected to another
cylinder which contains 3m® O,(g) at 298K and 0.8atm. When the valve is opened,
the gases diffuse into each other and form a homogeneous mixture under isothermal
conditions. Calculate the free energy change of mixing, G”, for the process. Assume
the gases behave ideally.
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2.1.2. Fugacities and Real Gases

In the previous section we have developed the following equation for an ideal gas:

G=G° + RTInP

If a gas deviates from ideality, this equation ceases to apply. However, it is desired to
preserve this simple form of expression as much as possible for non-ideal, real gases. The
above equation shows that the free energy G is a linear function of the logarithm of the
pressure of an ideal gas. Now, let’s introduce a function which when used in place of the
real pressure ensures linearity between G and the logarithm of this function in any state
of any gas. This function is called fugacity ( f), a sort of corrected pressure.

G=G°+RTInf

How do we evaluate the fugacity /'?

|dG =vdPp - sdr |
constant T

dG =VdP

We now express ¥ as a function of P:

Volume of real gas N

If the gas were ideal, the volume would be : V4o = RT/P

The difference (a) is i Q= Videar = Vieat = RT/P « Vyeat
Rearrangement yields : V=RT/P-a where V="V,

da = (BZ- - a)dP
P

dG=RTdinf

RTdInf = (%-a)dp

Integration from P = 0 to a state of interest,

P=p p=P( RT
b, RTINS = [ (T—a)dP

l Rearrangement yields
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| S— |
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o
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ll(nowing that f//P—> las P — 0.

RTI fJ- ~[o adp

P=0

This equation enables us to evaluate the fugacity at any pressure and temperature,
provided that data on PV'T for the gas of interest are available.

Graphical Method
1.  Plot the deviation (&) from ideality of the gas against P.
2. Evaluate the area between the integration limit.

Analytical Method
1. Express « as a function of P.
2. Evaluate the integral analytically.

We now discuss more on the analytical method. Rearrangement of the above equation

yields _
f P=P( o
In—|=- — P
[ P IP=“ RT
We introduce a term called

a=RT/P-V the compressibility factor Z
defined as

I
RT

”I.apz

Zis 1 for ideal gases, but for real gases, it is a function of the state of the system, e.g., Z=
AP,T). Some equations of state for non-ideal gases are given below:

ﬂf--—l+BzP+B3P +e
RT
£K.=]+C2 4 C3 FIr

where B;'s and C;’s are called virial coefficients and depend only on the temperature.
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At low pressure or densities the first two terms in the state equations are sufficient to
represent the state :

BV vemp FY 15
RT RE 7

Thus it is now possible to evaluate analytically the integral in the previous equatior:.

—| Example 1 l

A real gas obeys the following equation of state:

PV =RT + BP

where B is independent of pressure and is a function of temperature only. Choose an
incorrect one from the following relationships:

L:exp(&) L=1+_B£ L:[n(.B_P) _f.=Z
P RT P RT P RT P

f P=pP( Z -1 / \
m{;)zjge[ 3 }w PV'=RT+BP

v
PV BP
<4 =14 —
RT RT
y _P¥
o{D)-Z )
i Z=1+%
lL_wwtﬁﬁ - /
P RT

Expanding the exponential term,
and taking the first two terms,

BP BP I(BP]z
exp =l+—t—=| —| +
RT RT 2\ RT

i o 7
P

=Z
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—{ Example 2 |L

The most powerful equation of state that describes the behaviour of real gases rather
well is the van der Waals equation :

(P+;‘52-)(V—b)=xr

where a and b are constants which are characteristic of each gas. This equation was
derived by taking into considerations the properties of real gases :

Difference in physical properties between ideal gases and real gases

Ideal gases Real gases
Particle volume Volumeless A finite volume.
Particle interaction No interaction Interaction

In the above equation, which constant is related to the fact that the particles of a real
gas occupy a finite volume? Which constant in the equation is related to the fact that
interactions occur among the particles of a real gas?

The constant & is related to the correction for the finite volume of the particles in a real
gas, and the constant a is related to the correction for particle-particle interactions.
Exercises

1.  The virial equation for hydrogen gas at 298K in the pressure range 0 to 1,000atm is
given below :

PV=RT(1 +6.4x10™P)
1) Calculate the fugacity of hydrogen at 100atm and 298K.

2) Calculate the free energy change associated with the compression of 1 mole
of hydrogen at 298K from latm to 100atm.

2.2 Thermodynamic Functions of Mixing
2.2.1. Activities and Chemical Potentials
We have proved in Section 2.1.2. that fugacity, as a sort of modified pressure, plays a

valuable role in dealing with non-ideal, real gases. We extend the concept of fugacity to
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condensed phases, i.e., solids and liquids. Let’s begin our discussion with the
vaporisation process of substance A in a condensed phase.

Alc) = A(g) AG,

Where “c” is for a condensed phase, and AG, is the molar Gibbs free energy change for
the vaporisation process.

At equilibrium the pressure of A in the gas phase is the
Gas phase  PJ saturation vapour pressure of A at temperature 7, and hence

AG, =Gy -G%., =0
A ’A(g) ALc)

Condensed A /7 AN
(pure) Molar free energy of Molar free energy of condensed
gasecous AatP= P; A at the pure state.

Next, consider the vaporisation of A not in the pure state, but in the state of solution.

The vapor pressure of A in the gas phase will be P, at

P, Gas P, temperature 7, and
AG, = S;A(c) - GALg) =0
- AN
Sc:utu:c)lnB{)f Molar free energy Molar free energy of A
= of A in the solution in the gas phase

Now we consider the free energy change associated with the change in state of A from
pure condensed state to the state of liquid or solid solution.

Pure A A in solution

»

~ u o e
AG Af pure—solution) — G:lr’{') = G.Jir’c'j = Gd(g) = GA{ g)

- .
Recall that

dG =RTdInf
Integration from the pure state
to the state of solution yields

. - A
Gag)=Carg) = RT’J’”{ I

A

b

Gare) =Glre)t RTI”[ ;1 ]

A
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Note that this equation relates the free energy change in the condensed phase to the
fugacities of the vapour phase. For substances which have rather low vapour pressures,

I

P

P

“0 P
Gty =) +RTI»{-I;”(—’;]
A

Now we define the fugacity of a substance in condensed phase :

—

Fugacity of a substance in the Fugacity of the vapour that is in
condensed phase, i.e., solid of liquid. | — | equilibrium with the substance.

We introduce a function called activity, a, which is defined as

fi where i is the i-th
f° | component in solution.

In most cases of chemical reaction systems, particularly in
metallurgical systems, vapour pressures are not high so that
f=P
P
a: =—

3 ]
i

Using the new function of activity, we have

A

P
GA(C) = Gz(c) ‘["RT: ’é}

GA{c) =G§(c) +RT:”0A

In the equations, the term G, is the molar free energy of A in the solution with the
concentration which exerts the vapour pressure of P,. This term is called partial molar

free energy of A and denoted using the symbol G4. It is also called chemical potential
of A and expressed by symbol 4.
Thus for i-th component in a solution,

Gi=p; =G° +RTIna,

This equation is true for any solutions: gas, liquid or solid solutions; the only
approximation made is the use of pressures rather than fugacities.
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For a gaseous phase, P,° is the pressure of species i at the standard state, i.e., P’ =1 atm.
Thus

a;=F

Note that the activity of a gaseous species is numerically the same as the pressure in atm
unit of the species.

We next examine the change in vapour pressure with the change in composition in a
solution.

If the condensed phase consists of
( purei,N;=landP;=P;°

P’

How would the vapour
pressure change with the
change in composition?

0 N; 1
If there is no / in the solution, then the
vapour pressure of / is obviously zero.

Py _— Would it change linearly?
< Or would it change in a
manner deviated upward?
P i \
0 T Or would it change in a non-linear
0 N, 1 manner deviated downward?

The answer is that it depends on how species / interacts with other species in the solution.
Atoms (or molecules) in the solution interact with their neighbouring atoms (or
molecules). Consider an i-j binary solution. If /-, i-f and j-j interactions are all identical,
the vapour pressure will be linearly proportional to the concentration. If the i-/ attraction
is weaker than the i~/ interaction, i will become freer by having j as some of its
neighbours, and hence more active in the solution and easier to vaporise (upward
deviation). If the i~/ attraction is stronger than the /-/ attraction, on the other hand, i will
become more bound by having j as some of its neighbours, and hence less active and
more difficult to vaporise (downward deviation).

From the definition of activity, we can convert PN, relationships to a-N, relationships:

www.lran-mavad.com

Slgo ks 5 lglidld g2 0



Solutions 71

Positive deviation

™~

a; —— Ideal solution

\

[~Negative deviation

0 N, 1

Activity may be regarded as active or effective concentration, and can be related to the
actual concentration by the equation

a;, =v;N,

[

where v ; is called activity coefficient.

The value of the activity coefficient is the barometer of the extent of deviation from ideal
behaviowr and the determination of y is of prime importance in chemical
thermodynamics. The variation of the activity coefficient with temperature and
composition is generally determined experimentally.

—-[ Example 1 }

Is the following statement true?
“When activity is defined by

b
a; =
})10
P’ is the saturation vapor pressure of species / which is in equilibrium with pure / at
the temperature of interest irrespective of the standard state chosen.”

The statement is incorrect. £° is the pressure of species of / at the standard state chosen.
If i is a component in the gaseous phase, £° =1 atm. If / is a component in the liquid or
solid solution, A’ is the vapour pressure which is in equilibrium with species i which is
at the standard state. Therefore only if the pure state is chosen at the standard state for the
species /, the statement given is true.

The activity of a species is unity when it is at the standard state. This is true, even
though the choice of the standard state is arbitrary. Is this statement true?
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fi
“i='—'; or 4=—~
b/ F

Ji = 1 or P, = P’ at the standard state.

a,'=1

irrespective of
the choice of the standard state.

—-I Example 3 IL

Is the following statement true? _

Although the partial molar Gibbs free energy (G;) or the chemical potential (u)
defined by the equation given below pertains to the individual components of the
system, it is a property of the system as a whole. The value of the partial molar free
energy depends not only the nature of the particular substance in question but also on
the nature and relative amounts of the other components present as well.

Gi =y, =G? + RTIna,

In the equation, G/ is independent of the system, but dependent only on the standard
state chosen for the component ;. However the activity a, is dependent on the system,
because its value is affected by the nature of interaction with the other components in
the system.

Example 4

Is the following statement true?
The value of the partial molar free energy or the chemical potential of a component in
the solution is independent of the choice of the standard state for the component.

The statement is true. Gi=u,; =G +RTIna,

RT In (a))g

‘Standard state B
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Exercises

1. The vapour pressure of pure solid silver and solid silver-palladium alloys are given
in the following :
For silver,

log P =

'13;00 +8.73 (torr)

For the solid silver-palladium alloy at N, = 0.8,

+8.65 (torr)

-13,.800
logP = ~
g T

1) Calculate the activity of silver in the alloy at 1,150K. Pure solid silver is taken
as the standard state for silver in the alloy.

2) Calculate the activity coefficient of silver in the alloy at 1,150K.

2. In A-B binary solutions at 600K, the vapour pressures of A at different compositions
are

atm
Ny 1.0 0.9 0.6 0.4 0.3 0.2 0.1

Px10° | 49 4.2 2.0 0.9 0.6 0.4 0.2

Assuming the free energy of pure A at temperature 600K is set to zero, calculate the
chemical potential of A in the solution of N, = 0.6.

3. The activity coefficient of zinc in liquid zinc-copper alloys in the temperature range
1,070 - 1,300K can be expressed as follows :

RTInyz, =-31,600N%,  where R=8.314 J mol'K".

Calcuiate the vapour pressure of Zn over a Cu-Zn binary solution of N, = 0.3 at 1,280K.
The vapour pressure of pure liquid zinc is given by

logP = _6’:20

—2.26l0gT +12.34 {torr)
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2.2.2. Partial Properties

We consider mixtures of substances, i.e., solutions, that do not react with each other.
Suppose we have substance A :

AAAAAAAA
AAAAA AA AA A A A
AMAAAAAA ool AR BAAl A A A
AMAAAAAA | [R AR A AAAa A A A
A AA AL AA AA
AAAAAAAA] laa n aaal | 8. A

Would A in a solution behave the same as in the pure state?
How would A behave in the solution if the concentration is different?
What if the concentration is the same, but other substances in the solution are
different?
In general, thermodynamic properties of the components in a solution vary with
composition because the environment of each type of atom or molecule changes as the
composition changes. The change in interaction force between neighbouring atoms or
molecules with the change in composition results in the variation of the thermodynamic
properties of a solution. The thermodynamic properties that components have in a
solution are called partial properties.
In many processes, we are concemned with mixtures, i.e., gas, liquid or solid solutions,
and hence we are concerned with the thermodynamic properties of a component in a
solution - partial molar quantities:
Partial molar volume (V)
Partial molar energy (1)
Partial molar enthalpy (H)
Partial molar entropy (S)
Partial molar free energy (&)

We begin our discussion with volume, since it is perhaps easiest to visualise. The results
obtained will then be extended to other quantities. We will also consider a binary-two
component-system initially, and then generalise the results for multi-component systems.

The molar volume of a pure substance can be measured with ease. When the same
amount of the substance enters a solution, however, it may not take up the same volume.
For example,

Water Ethanol Water + Ethanol
100mL | ++ | 100mL | = 200 mL ?
25°C 25°C 25°C

No. The volurre after mixing is not 200mL, but about 190mL.

As seen in this example, the volume of a solution is not, in general, simply the sum of the
volumes of the individual components.

www.Iran-mavad.com

Slgo ks 5 lglild g 0



V, =] — :
A 2
NI P,TJIB

V=Vn+Vgny

www.lran-mavad.com

390 Crmrdige 9 lgaalls g o



76 Chemical Thermodynamics for Metals and Materials

'

dV =V dn, +Vgdnyg

I

Recall that

V = L_,AHA + 178 HB
Differentiation of this equation yields

dV =V dn, +Vgzdny +n,dV +ngdVy

Comparison of the above two

differential equations yields
v

Dividing by the total number of moles, n,

Y

N, dV,+NgdVy =0

It is also readily seen that

where V is the molar volume of the solution or integral molar volume.

Similar equations may be developed for other thermodynamic properties:

Enthalpy Entropy Free energy
Definitionof | __ — —
on on on
properties A4/PTng AJPTng 4/PTny
Integral _ _
molar H=HN,+HgNy | S=S,N,+SzNg G=G,N,+GpNy
properties
Relationships _ _ _ _ _ _
properties A

!
This equation is particularly
important and called
Gibbs-Duhem equation.
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Generalisation for multi-component systems:

oY

}7 =] — ] V - VAT
s, | B o

where Y=V, U H, S, Aor G

These equations are of value for solution thermodynamics. For example, if a partial
molar quantity of one component in a binary solution has been determined, then the
partial molar quantity of the other component is fixed:

N, dY, +Nyd¥y =0

All the general thermodynamic relations can be applied with minor symbolic
meodifications to the partial molar quantities :
Examples: G=H-TS —> G,=H,+TS,
dG = VdP . SdT —»  dG,=V,dP~SdT

A graphical method of determining the partial molar quantities from the data on the
integral molar quantities is frequently employed.

E
‘,/”/ In an A-B two component
D . system, the molar quantity of the
y // ’—\ F solution or the integral molar
Akl H quantity, ¥, at constant P and 7
is plotted against the mole
/ fraction of B, N, in the figure.
B
J G
0 X N 1

Y=n,¢}7‘4 "‘”B?B

Dividing by the total number of moles
L 4

Y=NA}_!A+NB?B

Differentiation
dY=?A‘ﬁVA +?BMB "I"NAd}_,A +NBd?.B

v
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N ,dY ; + N 3dYy =0 (Gibbs-Duhem equation)

Ny+Ng=1
dNys+dNg=0
Y,=Y+N, «@ MY, =Y~Ny gF
dN , dN g
At N = x in the figure,
x=CJl=AH
d
- = Slope of the tr:mg,ent=E
Y=DJ
b
Y, . A
AH

Similarly, | ¥z = EG

This method is known as the method of intercepts and is of proven value in determining
partial molar quantities.

Suppose that n4 moles of pure A and nz moles of pure B are mixed to form a binary
solution at constant T and P. The total free energy change, G, associated with the
mixing may be obtained in the following manner :

G, =G? +RTna,
Rearrangement yields
G, -G? = RTina;

(—},. —~G/ is the change in molar free energy of i due to the change in state from the
standard state to the state of solution of a particular composition. This is called the
partial molar free energy of mixing or relative partial molar free energy of i and is
designated

GM =G, -G/

4

6! = RTIng;
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The free energy The free energy
before mixing after mixing
n,GS+ngGy n,G,+nyGp

The free energy change
due to mixing is then,

GM =(n,Ga+nyGg)—(n,GS +ngG3)

=ny(G,-G3)+ng(Gy-Gj)
=nAG;4 +nBG§f

=RT(n lnay +nglnag )

v
GM = RT(N ylna, + Nginag)

in terms of one mole
of the solution.

This is called the relative integral molar free energy or the molar free energy of mixing.
The method of tangential intercepts which we have applied for determination of partial
molar quantities from the integral molar quantities can also apply to the relative
quantities :

A ¥ N B
For a solution of specified composition, the relative partial molar entropy can be

determined from the data on activities at different temperatures.
D I sl pt

[ﬁ] =_S
ar ),

A
2
=
R B
2~
I
|
o)
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I
|
=
5
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Exercises

A container having three compartments contains 1 mole of gas A, 2 moles of gas B
and 3 moles of gas C, respectively, at the same temperature and pressure (298K and
1 atm). The partitions are lifted and the gases are allowed to mix.

Calculate the change in the Gibbs free energy G*. Assume the gases behave ideally.

The volume of a dilute solution of KCl of molality m (m moles of KCl in 1 kg of
water) is given by the equation

V =1,003+27.15m +1.744m*  (cm’)

1) Calculate the partial molar volume of KCl (VKCI Yatm=0.5,
2) Calculate the partial molar volume of KCl at the infinitely dilute solution.

The activity coefficient of zinc in liquid zinc-copper alloys in the temperature range
of 1,070 to 1,300K can be expresses as follows :

RTIny,4, = -31,600N2,  where R=8.314 J mol 'K

Calculate the activity of Cu in Cu-Zn binary solution of N, = 0.7 at 1,300K.

2.3. Behaviour of Solutions

2.3.1. Ideal Solutions

We consider the vaporisation of substance A:

Pure A A in solution
Vapour Vapour
’n.-l A Hag) PA A,B,C Huay)
Ael. A,B,C M

At equilibrium,

* »
Famy = Ha) Haw) = Hag)

= ﬂf‘(g) + RTlnP; = ,uloq(g) + RTlnPA
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Combination yields,

. P
Hagy = Baqy + RT —'3‘)
Py

In a series of experiments on liauid mixtures. the French scientist F. Raoult found that.

the ratio of the partial vapour pressure of each component of a solution to its
vapour pressure as a pure liquid is approximately equal to the mole fraction of the
component in the solution.

r P
Raoult's Law : —%+-=N
Py

|

Hany = Han + RTInN

Solutions that obey these equations throughout the composition range are called ideal
solutions. Recall that ;f,m) is the chemical potential of pure A at the temperature of
interest, but at an arbitrary pressure, and hence is different from 4’4y which is the
chemical potential of pure A at the pressure of 1atm. However, the effect of pressure on
the chemical potential is so small that

/1:4(1) = .U:(l)
Recall the definition of activity :
ag= —}3%
Py

From the Raoult’s law, thus,

when A behaves ideally.

Example 1

Prove the following statement:
When components are mixed to form an ideal solution at constant temperature, no
heat is absorbed or released.

M
y Oa_ GM =RTina, =RTInN,
T M
~—2| - n > H¥ =0
17

P
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Example 2

Prove the following statement :
If species A behaves ideally in the whole composition range of A-B binary solutions,
the species B also behaves ideally.

Recall the Gibbs-Duhem equation :

N4dG, +NydG, =0

\

N ,dGY + NydGY =0

GM =RTlnq,

One form of Gibbs-
Duhem equation.

Nydina,+Nydinay =0

Ideal behaviour of A:
Q4= NA
dina, = dinN,
= dNyN, =- dNy/N,

A
“dNB +NBdInaB =0

y

dlnaB =-¢gi=d1nNB
B

Integration yields

Inag ==InN g + constant

But,asNg—> 1,a5 > 1.
Thus, constant = 0,

A

ag=Ng

Exercises

1. Liquids A and B are completely miscible and forms an ideal solution. The vapour
pressures of two liquids are 2x10atm and 5x10~atm at temperature 7, respectively.
Calculate the mole fraction of A in liquid phase when the vapour pressure is 4x107
atm.
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2. An ideal solution is made of 79mol% of A, 20mol% of B and 1mol% of C at 298K
and latm.

1) Calculate the relative partial molar fee energy of A, G¥.
2) Calculate the relative integral molar free energy of the solution, G¥,
3) Calculate the relative partial molar entropy of A, S ;‘f .

3. A liquid gold-copper alloy contains 45mol% of copper and behaves ideally at
1,320K. Calculate the amount of heat absorbed in the system when 1g of solid
copper is dissolved isothermally at this temperature in a large bath of the alloy of this
composition. The following data given :

Cr.cuy = 22.64 + 6.28x10°T, ] mol 'K’
Crcup= 31.38J mol'K™!

AHY{ o= 12,980 J mol” (Heat of fusion of Cu)
Tomcu= 1,083°C (melting point of Cu)

M., = 63.5 (atomic weight of Cu)

Calculate the change in entropy of the system in the above process.

4. A solution is composed of benzene (B) and toluene (T). The Raoult’s law holds for
both benzene and toluene. The equilibrium vapour pressures of benzene and toluene
are 102.4kPa and 39.0kPa, respectively, at 81°C. Calculate the mole fraction of
benzene in the vapour which is in equilibrium with the Nz = 0.5 solution.

2.3.2. Non-ideal Solutions and Excess Properties

| Solutions

l—( Two different types of solutions J—l

a; = N; |ldeal solutions a; # N; |Non-ideal solutions
T
l l—{ Two different types ]_l
Raoult’s law

a;:YiNj a; 1Ni a; ‘i Ni'
=1 Positive Negative
deviation deviation

ai":Yfo' ai=Y1N.'

¥i>1 vi<l
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1
Positive deviation
vi>1
a;
Ideal
Negative deviation
vi<l
0
0 N, 1

Knowledge of the variation of the value of y with temperature and composition is of
prime importance in solution thermodynamics. Now a question arises as to how to
express the extent of deviation of this value from ideal behaviour. As we have discussed
in the preceding section, in ideal solutions attractive forces between the unlike molecules
in solution are the same as those between the like molecules in the pure phase. Therefore
the escaping tendency of the component / in an ideal solution is the same as that in its
pure state. From the Raoult’s law,

P, = N,P,‘ for ideal solutions

The positive deviation is characterised by vapour pressures higher than those calculated
for ideal solution. If the attraction between the unlike molecules (i-j) is weaker than the
mutual attraction of like molecules (i-i or j-j), then the escaping tendencies of the
molecules are higher than the escaping tendencies in the individual pure states.

P,-){P,-
. iy > 'Yi>1
Pi P‘ deal

\
i N; N;
The negative deviation, on the other hand, is characterised by vapour pressures lower
than those calculated for ideal solution. If the attraction between the unlike molecules (i-
J) is stronger than the mutual attraction of the like molecules (i-i or j-j), then the escaping
tendencies of the molecules in the solutions are lower than escaping tendencies in the

individual liquids. Thus
v | <| =+
Pi P’ ideal
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We have seen that the properties of non-ideal or real solutions differ from those of ideal
solutions, In order to consider the deviation from ideality, we may divide thermodynamic
mixing properties into two parts :

A A contribution which An excess contribution
thermodynamic | _ [ would be exhibited by | which expresses the
mixing property an ideal solution deviation from ideal solution

ad M ideal ¥

‘ Y M _ Y.M.edcaf + Yf_' \

!

‘y.i? _yM _yM ideal

Consider the relative partial molar free energy, G¥,

~ E ~M +M ideal
G =GM -G} e

GM =RTIna, =RRTIn(y,N,)
and
G‘IM ideal _ RT In AV,

v

GF =RT iny,

This is called the excess partial molar free energy of i. The excess integral molar free
energy or the excess molar fiee energy of solution is given by

G‘-E boes Z(-‘V;'G;E): RTZ{‘MJ In Ni)

In a similar way we may obtain H and 5% :

“Olna, \l !

g E a3
Ler |

—RlIny; — RT|

The general thermodynamic relationships, which apply to partial molar quantities, are
also valid for the excess quantities,

In general, as the temperature increases, the extent of deviation from ideal behaviour of a
non-ideal solution decreases.
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i 1
Yi<1
Z [n>n>ﬁ
a z a;
7y
T.
¥i> 1 !
0 0
0 N, 1 0 N, 1

Thus in a solution, if y;> 1, then v, decreases as T increases. If y; < 1, then ¥, increases as
T increases.

The activity coefficient of a particular component in solution is a measure of the
interaction that occurs between atoms or molecules in solution. If y; > 1, then GE>o
(recall G = RT Iny)).

Example 1

Prove that, if a component in a solution exhibits positive deviation from ideality, i.e.,
¥;> 1, then the solution process is endothermic.

aGHITY| _ HE| [6‘(1??’!;:7,-)} __HF
or |, T T T |, T
GE = RTIny,

Recall that, if v, > 1, increase in 7 results in decrease in y, Thus the left-hand side of
the above equation becomes negative and hence H/ is positive - endothermic. In a
similar way one may find that, if y; < 1, then the solution process is exothermic. If the
solution process in an /-f binary system is endothermic, the i-i and j-j attractions are
greater than the /- attraction. / atoms attempt to have only i atoms as nearest neighbours
- tendency toward phase separation or clustering.

If the solution process is exothermic, the i~/ and j-j attractions are smaller than the i
attraction. / atoms attempt to have only j atoms as nearest neighbours, and j atoms
attempt to have only 7/ atoms as nearest neighbours - tendency toward compound
formation.
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Exercises
1. The excess integral molar free energy of the Ga-P binary solution containing up to
50mol% P is
G = (-1.53T-2,500)NpNg,, Jmol’
Calculate the amount of heat associated with the formation of one mole of solution
containing 20mol% P.
2. The integral molar enthalpy and entropy of the Cd-Zn liquid alloy at 432°C are
described by the following empirical equations :
HY = 6,700NciNy, - 1,500Nz, In Ny, Jmol”
SY = 8.4(Ncaln Neg+ Ngnin Nzy) Jmol'K!

Calculate the excess partial molar free energy of cadmium, GZ,, at Ny=0.5.

2.3.3. Dilute Solutions

When the following relationship holds:

Vapour pressure Mole fraction of Vapour pressure of i
exerted by componenti | - component i x | inequilibrium with
in a solution in the solution pure i
(P) (N) %)
b =NF, ;'.

then we say that the solute / in the solution obeys Raowit’s law and behaves ideally. The
ideal behaviour is graphically represented in the following figure :

P,

Raouit’s law
P,

N,
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In real solution, on the other hand, the vapour pressure of a solute deviates from Raoult’s
law.

P’
Ideat
R 1
P, (Raoult’s law)
Real,
non-ideal
0 . i

5,

t}

A N,
When a solution is sufficiently dilute in
component J, the vapour pressure exerted by
component ; is linearly proportional to the
concentration of component i .

This relationship is known as Henry’s Law.

P =k N,]

e Note that % is the slope of the
tangent drawn from the zero
concentration.

e Note also that, if k = Py, then

P; Henry’s law becomes identical to
Raoult’s law. Thus, Henry’s law may
be considered more general than
Raoult’s law.

e From the figure we can see that the
component i obeys Henry’s law up
to the mole fraction of x.

Summary of Raoult’s law and Henry’s law:

Raoult's law
" 5P Raoult's law, P, = N, P, a, =N,

f" P Iy )
B . Henry's law, P, =k, N, pleniryslan
if the vapour above a, =y’N,
the solution is ideal. ——

where ¥° = k/P,’
(constant at constant T)
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In a binary solution, if the solute follows Henry’s law, the solvent follows Raoult’s law.
(One may prove this using Gibbs-Duhem equation.)

Exercises

The following table shows the vapor pressures of A exerted by A-B alloys at
1,273K :

Ny 01 |02] 03 104 05|061] 07 |08]09]|10

Px10°%atm | 025 [05( 075|012 |20 }285|375| 485460

Up to what mole fraction does the solute A obey Henry’s law?

The activity of carbon, ac, in liquid Fe-C alloys is given by the following equation:

g g e+ 2007 0724 2900

where the standard state of carbon is pure graphite.

1) Find Henrian activity coefficient, ¥¢ of liquid Fe-C solutions at 1,600°C.
2) Calculate HY in the composition range over which carbon obeys Henry’s law.

2.3.4. Gibbs-Duhem Equation

In Section 2.2.2. we have developed the following general form of the Gibbs-Duhem
equation .

Y Ndf, =0

Applying to A-B binary solution
for partial molar free energies,

NAdC_;A +NBdEB =0

G =G, -Gy

dGM = dG, at constant T
\ 4

N dGY + NgdGY =0
l GY = RTlIna,
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a; = YN,
Nl,f+NH:l

N ,diny 4 + Ngdinyg =0

Chemical Thermodynamics for Metals and Materials

—> dN4+dNH’=0

The last two equations are particularly useful in the determination of activities. If the
activity of one component is known over a range of compositions, then it is possible to
determine the activity of the other component by employing either one of the equations.
Suppose that the activities of component B are known over a range of compositions,

N dina, + Ngdinay =0

Rearrangement and integration

ag=a,>Nys=N,

la=1->N,=1

=N Ns=N, N
J‘N’1 i dlna, = IM" Y -—L dina,

a,=1 Nl N,

Ny=N4

!ﬂa‘,‘ | N, =N, = J‘N__, =y .

Ny
—dlna
N B

This equation can be solved by graphical integration as shown below:

Ny=N, Ng
Ny=l N,

Shaded area = —_

dinag

Thus it is difficult to
accurately evaluate the
area under the curve.

/ 2L d \>-—) o0 K

-Inag I
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Now, let’s consider the other form of the Gibbs-Duhem equation which involves activity
coefficients in place of activities :

N, dlny 4+ Ngdinyy =0

'

N
diny 4 =——2-dinyg
A
Ya=Ya _ [Ya=Ya Ng
IYA=| dh’l"YA = j}',4=1 —N—Aidfﬂyﬁn
Yi=¥a>Ny=N,
va=1—>N,=
Ny=N, - Ny=N, N.H
f, o diny g = [ —y i
_Na=Ny Ng
mYAl-\"_fNa = -(Nf] —Edlnyﬁ

This equation can be solved by graphical integration.

NN, Np
Shaded area = N:_l 4 -E— dinyg
b
o
/ /-ln Y5
0 -Inyy

With this method, thus, it is possible to accurately evaluate the area under the curve.

Darken and Gurry have introduced a new function called the alpha function, a

Iny;

Combination with

“TRNY

where i= A orB,

Gibbs-Duhem equation

Iny,=-agNNp-

Ng=N,
Ng=l

agdN 4
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This equation enables us to calculate y, at Ny = N, by graphically integrating ap values
over the range from Ny=1to Ny= N,

It is obvious from the equation that the activity coefficient of A at infinite dilution of A,
i.e., the Henrian activity coefficient, ,° is given by

Exercises

1. The activity of zinc in liquid cadmium-zinc alloys at 708K is related to the alloy
composition by the following equation :

Iny;, =0.8TIN%, -0.3N2,
Calculate the activity of cadmium at N, = 0.1.

2. The relative integral molar enthalpy or the molar heat of mixing of liquid Sn-Bi
solutions at 330°C is represented by

HY = 400N,NgJmol™

Determine HY atN,,=0.3.

2.3.5. Solution Models

The activity of component i in a solution is related to the concentration of / in the
solution and determination of the variation of y; with T and composition is of critical
importance in chemical thermodynamics.

¥, determines a;.

a; = YN
lthen
GM = RTina,
AR

or , v T
H
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Several formalisms have been developed to relate the activity coefficient of a component
in the solution to the temperature and composition of the solution. We now discuss the
following two models :

o Regular solution model

¢ Margules formalism

Regular Solutions

Some solutions exhibit that mixing is random (ideal solution), but net heat absorbed or
released is not zero (4" # 0: non-ideal solution). Solutions, which exhibit the behaviour
above-mentioned, are called regular solutions.

Random Mixing + Ideal entropy

v

S¥ =—RinN
Sg{ =—RInN, for A-B binary solution,

SM = _R(N 4nN ; + NginNg)

G/ =H}' -Ts!

g

3 GM =RTIng,
HY =RTny,
HY =RTiny,
HY™ = RT(N jiny ,+ Nginy )

Hildebrand® showed that in the regular binary A-B solution,

RTIny , =QN} RTIny 5 = QN

Q is called the interaction parameter and independent of composition and temperature.
Let’s examine the properties of a regular solution using the concept of excess properties.

GE =GY -Gg¥ % = RTIny ,

GE =G§ -Gyl = RTinyy

Comparing the excess free energies with the excess enthalpies, we obtain

GF = HF = RTIny, | for regular solutions

!

* 1.H. Hildebrand, J. Amer. Chem. Soc., 51, 1929,p66-80
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G* =HM =RT(N jny 4 + Nginy)

v
~E - -
GE = QN,N; EI{:e that G” is independent of
perature.

B

v

g
oT 3

v Because of random
[aQJ mixing, i.e., ideal

A

=0 entropy.
or ), Py

The interaction parameter, Q, is thus proved to be independent of temperature.
For regular solutions, activity at one temperature can be calculated, if activity at other
temperature is known:

RTyin(y 4)7, = QN

T

In(vpy, T,

/‘ In(y 4)r, T
RTIn(Y o)y, =QN§‘

RTIny , =QN}

I

Margules Formalism

Margules suggested a power series formula for expressing the activity-composition
variation of a binary solution :

1
Iny y=a,Ng +-;Ta2N§ +§a3N§ + o

1

1
Inyg=pN, +“2',32Nj +§ﬂ3N¢34 o

Applying the Gibbs-Duhem equation with ignoring coefficients @;’s and 5’s higher than i
=3, we can obtain

a=pH=0, p=+ta, B=-0
Then

oo 1 My o
Iny 4 :';“zNzg tyah, 3| |ira= ;(a, +a )Nig;"g'asN-i
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or

where, A=1/20, +1/3a;andB=1/2 o, + 1/6 a;
These equations are known as three suffix Margules equations.

Exercises

1. Zinc and cadmium liquid alloys conform to regular solution behaviour. The
following table shows the relative integral molar enthalpies (or the molar heats of

mixing) at various zinc concentrations at 723K.

0.61 0.76 086 | 0.95

0.06 | 0.09 | 0.15 0.37
2,030 | 1,585 | 1,039 | 423

1,126 | 1,985

Nzn
HY(J/mol) | 493 | 714

1) Calculate the average interaction parameter .
2) Calculate the activity of Zn in the solution containing N, = 0.3.

In the A-B binary solution the activity coefficients are given by the three-suffix

Margules equations :

1 21 3
Iny y==—a,Ng+—0;3N
Ya 3 L2 T3 %3N

1 1
inyp = '2'(‘12 +0, )N: - ;a,Ni

It was found that the Henrian activity coefficients of A and B at the temperature 7,
¥%-and y3 were 0.75 and 0.54, respectively. Determine o,.
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CHAPTER 3

EQUILIBRIA

3.1. Reaction Equilibria
3.1.1 Equilibrium Constant
Consider a general chemical reaction occurring at constant temperature and pressure :

aA+bB+.o=mM+nN+..-

where g, b, ..., m, n, ... are stoichiometric coefficients indicating the number of moles of
respective species A, B, ..., M, N, ....

Let AG, denote the free energy change associated with the above reaction.

AGr = ZGpmducf.r - ZGn-acmms

LG enctans = aG 4 +bGy ++-+ | and, for any species in solution,

ZGpmduc‘t.v = mEM +?‘IC_;N e -GT, = G,-a +RT;HG,-

a _b
ayag--

AG,:AGf+RTh{i£5£l]

where

We now define the

AG) =(mGy +nGy +.)—(aG4 +bGY +.)
activity quotient, Q as 0

The free energy change of reaction when

ayyajy; all reactants and products are at their
a’ aﬁ respective standard states - Standard free

energy change of reaction.

h 4

AG, =AG? + RTInQ

AG, = 0 at equilibrium.

v

0=AG; + RTiInQ,, | where Q., = Q at equilibrium.

I
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98 Chemical Thermodynamics for Metals and Materials

AG?
e =ex —
Q. = exp) RT]

Let K=Q,,
F

K= exg{— %} K is called equilibrium constant.

Y
K =[_—-_‘:II'::fr ag‘“‘J
b
ajag-- 5%
Note that the values of g,’s in this expression for X are the values at equilibrium, and
hence AG, becomes zero when these values are plugged into the equation for AG,.
e Note that since g;’s are dimensionless, both K and 0 are also dimensionless.
¢ Note that K can be determined from the knowledge of either AG,” or g’s at
equilibrium, whereas O has nothing to do with AG,”.

e We may obtain the following equation by proper combination of the equations for
AG, Qand K :

AG, = RT!r{-g)
K

Note that

if /K <1 — the reaction is spontaneous from left to right as written,
if /K =1 —» the reaction is at equilibrium, and

if /K> 1 —» the reaction is spontaneous from right to left as written.

—{ Example 1 [L

The figure given below depicts some reaction paths that the following general
reaction may take :

aA + 5B = mM + nN  AG,

———— AG®
Standard states | RGHCMUHS‘ > Products
AG, AG,

States of interest | Reactants L,{ Prsditees |

Prove the following relationships :

ajap

ayay
AG, =-RTinla%a})  AG, =-RTialia}y)  AG, =AG? +RTin 2420
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Standard
states

States of
interest

Equilibria 99
For reactants For products
aA + bB |—aG4 +bGy|| | S9Hd (oM + nN)— mGy, +nGY,
TAGI AG,
- — States of = —
[_“é + B ]'——'GGA +5Gp interest | "M + #N |9 mGy +nGy

AG, = a(GS -G 4)+b(G5 —Gs)

AG, =m(G ~Gu )+n(G% -Gn)

A

Gi =G? +RTlIna,
Y

Gi =G? + RTlna,
v

AG, = -RTin(a%a%)

AG, =-RTin(asa})

The free energy change of reaction at the states of interest is then

AG, = AG, +AG; +AG,

AG, = AG? + ern[

ayay

1

aap

This example clearly shows the distinction between AG, and AG?.

—' Example 2 }

Is the following statement true or false?
Since the equilibrium constant K does not have units, one does not have to be
concerned with units in the formulation of K.

Consider the following simple reaction involving a gas species :

2A(c) + B(g) = M(c)

where ¢ = condensed phase, and g = gaseous phase.

a
K==
aAag

/B

ag = "

S8
a
K==H
a, Py

~

If we choose the latm ideal gas standard state for gas
B, Pg =latm).
Thus, it is customary to express activities of gaseous

Py species in terms of the pressure symbol P. It has to be
Pg  remembered that P; in the formulation of X is in fact

P/P/ and hence has the same numerical value as the
pressure in afm unit of the species / only if the latm
ideal gas standard state is chosen for species /.
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100 Chemical Thermodynamics for Metals and Materials

Exercises
1. Consider the following reaction at 873K :

280,(g) + O:(g) = 280s(g)

1) Calculate the standard free energy change of reaction (AG; ) at 873K.
The following data are given :

AGY g5, =~361,670+72.68T 3
AGY g5, =—457,900+163.34T 3

2) Calculate the equilibrium constant K of the reaction at 873K.

3) A gas mixture includes SO,, SO; and O,. Partial pressures of these species are
given in the following :

Psp, =0.0latm, Pgo =0.latm, P, =02latm.

Calculate the activity quotient Q.
4) Calculate the free energy change of the reaction, AG,.

5) Is this reaction spontaneous from left to right as written under the conditions
given above?

6) If the partial pressures are changed as indicated below, calculate the free energy
change of the reaction:

PSOI = 001atm, PSO3 =0 latm, P01 =0.21atm.
7) Is this reaction spontaneous from left to right as written?

8) Calculate the partial pressure of SO, which would be in equilibrium at 873K
with

PSOI = 001atm, POI =(.21atm.
2. Excess amount of pure carbon is reacted with H,O(g) at 1,000°C.

C(s) + HyO(g) = COg) + Hylg)

The gas phase does not contain any other species and is maintained at latm of the
total pressure. Calculate the equilibrium partial pressure of H,O(g). The following
data are given :

C(s)++0,(g)=CoO(g) AG/ =-112,880-86.51T Jmol™!
Hy(g)+10,(g)=H,0(g) AGj =-247390+5585T Jmol™
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Equilibria 101

3.1.2. Criteria of Reaction Equilibrium

Prior to deriving conditions for equilibrium of a system, mathematics on the extremum
principle is revisited in the following:

—{ Extremum Principle ]

Consider a function g of a variable x, y

g = gk

An extreme value of g can be found by
differentiating the equation, and the extreme
values occur at the points on the curve at
which the derivative is zero ;

ig__ x
dx

Next, consider a function g of two independent variables x and y :

g = g(xy) lefe{entiation o dg = _E}ﬁ g _E,E &
yields ox ), dy

Referring to the figure below,
at the minimum,

These two equations
g determine the extremum
of the function g. The
values of x and y at the
extremum can be found
by solving the two
equations simultaneously.

www.lran-mavad.com

Slgo Cypwrtizs 9 (ligoalidld @ po



102 Chemical Thermodynamics for Metals and Materials

In general, for a function g,

g=g(x;,x;,-)

Differentiation yields

Y

%
dg = (—Og—]dx, +£-?£1a{r, 4
Ox, ox, =

At the extremum,

By (2],
Ox, ox,

For a function g = g(x,y), suppose y is not independent of x, but related to x as

y = yx

In this case, as shown in the following figure, the extremum with this constraint, gy,
may differ from the unconstrained absolute extremum, g,,,:

-1
g myc)

Em

As an example, suppose g is a function of x and y as given below :
g=x+y-2x-6y+14
Differentiation yields
dg = 2xdx +2pdy - 2dx -6dy = (2x - 2)dx + (2y - 6)dy
For the absolute eytremum (minimum in this case),

2x-2=0 and 2y-6=0, Thus x=1,andy=3.
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Equilibria 103

If we have a constraint of
y=2x
Differentiation yields
dy=2dx
Then the equation above for dg becomes
dg = 2xdx + 2(2x)(2dx) - 2dx -6(2dx) = (10x - 14)dx

The constrained extremum thus occurs at 10x - 14 =0 orx =14 and y =2.8.
The above example clearly shows the difference between the absolute extremum and
the constrained extremum.

A system has the minimum value of the Gibbs free energy at equilibrium. Suppose we
have a system which consists of three phases, namely gas, liquid and solid solutions, with
a number of different species (1,2, 3, ...} :

988 . 4—'—I G . _ZJ U
(1,2, 3,.) |
G \,_u : |
) |
\ |
liquid 4—: ( =S G
A (1.2:3,..) |

Gsys:em = Ggas + Gltquid + Gyt

v

Gsysrem =Zni(g)G'(8) +Zni(l)Gi(1) +Zni(:)Gi(5)

G: =G +RTIna,

4
Goguem = (S 15/ Gl + ) Gi) + EngesGis)) +
RT n[(g) In ai(g) +Zn,(,) In ai(]) +Zn,~(s) In a,»(s))
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104 Chemical Thermodynamics for Metals and Materials

At equilibrium, the total Gibbs free energy of the system, Gysrem, is at minimum: i.e.,

G gysem _ | wherei: component 1,2, ...
Ny k:phaseg, /s '

but subject to two constraints :
¢ The atom balance relations must be satisfied.
e n; and a, have non-negative values.

Solving the above set of simultaneous equations subject to the two constraints, one can
find, at least in principle, distribution of each component between phases at equilibrium
(mg). The following diagram shows a two dimensional graphical interpretation of the
equilibrium conditions discussed above :

Constrained minimum -
Absolute minimum

| C (“.\ ystem | A

| omig) | -

N i n \ L"”r{‘k J o

| ’ , |
{ \
-0 F [ G system J =0 :
(]

subject to constraints

>

x" Free/energy contour

/Conslraims

Initial conditions

r—{ Example 1 }—

In a reactor CO(z) and O,(g) were introduced and allowed to react to form CO,(g) at
constant temperature 7 and 1 atm pressure. At equilibrium it was found that all three
gaseous species coexisted together. Find the equilibrium conditions of the system by
utilising the fact that the Gibbs free energy of the system is minimum at equilibrium.
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Equilibria 105
Initial Reactions Equilibrium
CoO O, I CO 0, CO,

Total free energy at equilibrium, G,o,;,

Giow =ncoGco +ng, Go, +ncp, Geo,

y

Differentiation
y

dG ot = (ncodGco +np, dGo, +nco, dGco, )+

(Eco dngo + 50, dnoz + Eco, d"CO, )

Gibbs-Duhem equation
neodGeo + no’dao, +nco, dGco, =0

dG, 1 = Geodngo +Go, dngy, + Gco, dnco,

At equilibrium

dG = 0 = Geodngo + Go,dng, +Geo,dnco,

As chemical reactions are allowed to
occur in the system, the number of moles
of the components are not conserved.
Even if the process proceeds in a closed
system which does not allow matter to
cross the system boundary, the number of
moles of each of the components may still
vary: i.e., a component may be either
consumed  or produced by reactions.
However, the number of gram atoms of
each of the elements in the system must
be conserved as atoms cannot be created
or destroyed. This fact imposes
constraints to the above equation.

Atom balance
Oxygen: mg =nco +2ncq, +2n0,

Carbon: m¢ = nco +nco,

Atom conservation
dmO =0= dnco + 2dncoz + 2dn02

dmc =0= dnco + dnco2

dGlotaI =0= (acoz - 5CO _12'501 )dnco2

As dngo, 20
y

Geo, -Geo

—-%-—G-o, =0

v

acoz —(Eco +12-502 )=0
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106 Chemical Thermodynamics for Metals and Materials

This equation is significant. Notice that the lefi-hand side of the equation is in fact the
change in the free energy for the reaction

CO+10,=C0,

This free energy change is zero as shown in the above equation, and hence there is no
driving force for the reaction to proceed in either direction. This means that the above
reaction is at equilibrium.

Using the relationship
Gi=G? +RTInP,

Feo,
]

PeoPy,

=0

Glo, ~ (Ggo +3Go, )+ RTIn

Feo, _ p[ AG®° J where
oA o
feofy, RT )| AG® =G¢o, —(Glo +%G5,)

The above equation determines the relationship between the partial pressures of CO, CO,
and O, at equilibrium. The analysis given above is the basis of the concept of equilibrium
constant discussed in the prior section.

—‘ Example 2 IL

Pure FeO(s) is reduced to Fe(s) by CO(g) in a reactor at constant temperature T and
latm pressure. At equilibrium, Fe(s) and FeO(s) coexist with CO(g) and CO,(g).
Relate the equilibrium ratio of CO,/CO to the standard free energies of formation of
species existing in the system and to the temperature 7.

Initial Equilibrium

-0 . () 5
e Reactlonsb C CO;
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Total free energy of the system

Grotat =B GFe +1pep G Fe0 +ncoGeo +ncp, Geo,

v

Differentiation

tholal = nFedGFe +nFeodGFeO +ncodGCO “'nco2 dGCO2 +

G Fe ane +G FeO dnpeo +G co dnco + GCO; dncoz

Pure Fe : G, =G}, = constant
Pure FeO : G rep = Gy = constant

_Therefgrc
dGFe = dGFeO =0

v

Gibbs-Duhem equation
for the gas phase

ncod-éco + nco2 daco, =0

dem’ = GFe ane + GFeO dnpeo +G co dnco + GCO2 dncoz

Atom balance
Mg, =Ng, + g
mc =nco + hcg,
mg =ncp +Acp, + 2"00,

A

Atom conservation
dmpg, =0=dng, +dng,,
dmC =0= dnco + dncoz

dmo =0= dnco + d"lcoz + 2dnCO2

dG = (ape -Greo

-Gco + aco, danco,

At equilibrium

dG g =0=(Gre =G reo ~Gco +Gco, )dncy,

This equation shows the equilibrium criterion with the atom balance constraints of
the reaction system in which Fe and FeQ coexist with CO and CO, in the gas phase.

As dnco, 20,
v
Gre —Greo —Gco +Gco, =0

A

Rearrangement

Gre +Gco, —(Greo +Gco) =0

This equation shows that the free energy change associated with the following reaction is

Zero
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108 Chemical Thermodynamics for Metals and Malterials

FeO + CO = Fe + CO,

In other words the reaction is at equilibrium, which is consistent with the imposed
condition of @G = 0.

15,- =G +RTIng,

ar, P,
(G2, +G2o,)~(Glp +Glo) + ern(i‘i"#} =0

a0 Fco
Rearrangement
Y
Arfeo, _ .f 4G
areoFco RT

AG? = (G, +G2o, )- (620 +G20)

Pure Feand FeO: ag =1 app =1
Y

Feo, AG? J
————— ax —
oo RT

-—{ Example 3 }

In a steel refining process, molten steel eventually comes into equilibrium with slag
and gas phases coexisting in the furnace. The furnace can be considered as a closed
system. The species identified in each phase are given in the following :

Metal phase : Fe, Si, Mn, C, O, N, §, Al
Slag phase : CaQ, SiO,, MnO, FeO, CaS, Al,O;
Gas phase :N,, CO

Determine thermodynamic relationships between these species by using the free
energy minimisation method, i.e., the fact that the free energy is minimum at
equilibrium.

Gas — -
N,. CO Ggas = anGNz +nCOGC0
Slag _ _ _
Ca0, Si0,, MnO, Fe0. | Ostag =Hcao G cao +ngip, G5i0, + Ppgno G o +
G o0 G Fe0 +Ncas Geas +n 4,0, G 4,0,
Metal —- _ _ -
Fe, Si.Mn, C, Grretat =05, Gre +0gGsi +ny, Gin +00GC +
: O’Na S;Al noao +nN5N +nsas +nA[5AI
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Gt = Ggas + Gslag +G et
Differentiation
tholal = ngas + dG:Iag + dGmetal
Substituting Ggas, Giigg, aNd Gperar
with the equations given above, and
applying Gibbs-Duhem equation,
v
thatal = -G-NJ anJ + acodnco + -G—Cao dncao + Z;-S{OJ dnS’oz + aMnO anno +
E;'Feo dnpeo + ECaS dncas + 5,41,0_, dnA[JoJ + EFe ane + ESi dnS, +
EMnan,, +5cdnc +50dno +5)van +5sdns +6,udnA,
f Atom balances
dmN =0=2an2+an dee =0=dnpeo +dnpe
dmC =0= dnco + dnc dmca =0= dnCao + dnCaS
dmo = 0 = dnco + dncao +2dnS102 + annO + den =0= anno + ann
aneo + 3dnA1103 + dno dei =0= dnSiO, + dnSi
Qims =0=dng,g +dng dmy =0=2dny o, +dny
dG i = (EN —%EN, Ydny + (aco -Gc -Go) dngo +
(ECaS +Go ~Gcao -Gs Ydncus + (53:0, -Gs —350) dn sio, +
(-G—Mno —aMn "60) anno +(—G-Fe0 _aFe —-60 )dnpeo +
(_G—,«u,oj -2G 4 - 3Go) d"Al,o,
‘ At equilibrium, dG,,,y =0 and dn/’s # 0
A
0=Gw -{G_ N, (Notice that each of these reactionsw
0=Gco - (Ec +-C-;o) indicates that t.he free energy change of
_ — _ _ the corresponding reaction must be zero:
0=Gcas +Go —(Gcao +Gs) i.e., the reaction is at equilibrium.
0=5Mno—(5m +50) L, 12N; = N
= - - C+0=CO
0=Gso, ~(Gsi +2Go) CaO + S =CaS + O
0=Gro —(Gre +Go) Mn + O = MnO
0= 6‘41103 —(25/“ +350) Si +20 = Si02
Fe + O = FeO
k 2Al + 30 = Aleg j
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110 Chemical Thermodynamics for Metals and Materials

The above analysis results in an important conclusion : If a system is at equilibrium, all
subsystems in the system must also be at equilibrium.

Combining each of the above equations with the equation G = G/ +RTing

AGy
ali/ =exp{— RTI:J} where AGY, =Gy ‘“%'G)‘:I,
Py,
AG¢
Peo_ _ exp{——&) where AG¢g =Geo -Ge -G
acao RT

AGY.
Acaso _ exp| — —cas. where AG(,s =Glos +G3 - Gao —G§
aca09s RT

Arn0 - _ AGltan /] _ o0 0 0
—_—=axp| - —— where AGy,0 =Grmo — G —Go
Apm 8o RT

asio, AGsio, 0 2 g 0
= expl ~—— where AGgo, =Ggp, —Gs —2Gg
asi9o

a AGYp,
—FeO_ - gxp| - —F0 where AGr,o =Gr,0 —Gr, —Go
A ap RT

a0, AG 0, 0 0 0 0
—_a = exp - where AG/ﬂzO; = GAI;O, - 2GAI - 3GO

2 3
a480 RT

o If the system is at equilibrium, all of the above equations must be satisfied
simultaneously.

¢ Each of the equations is the condition for equilibrium of the corresponding reaction
which occurs in the system.

e Notice that the number of equations, i.e., the number of independent reactions (r) is
related with the number of components (¢) and the number of elements (e) by the
equation

For instance, for the system under discussion,

¢ = 16 (N,, CO, Ca0, SiO,, MnO, FeO, CaS, Al,O;, Fe, Si, Mn, C, O, N, S, Al)
e= 9 (N,C,0,Ca,Si,Mn,Fe, S, Al

r=1-9=17

More discussion with rigor is given in the section 3.2.1.
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Exercises

1.

A system consisting of ZnO(s), C(s), CO(g), Zn(g), COx(g) and O, is at equilibrium
at 1200K and latm. Using the free energy minimisation method, calculate the
equilibrium partial pressures for gaseous species in the system. The following data
are given :

Zn(g)++0,(g)=In0(s)  AG’ = -460,240 +198.32T Jmol™
C(s)+30,(g)=CO(g)  AG’=-112,880-86.51T Jmol™
C(s)+0,(g)=CO,(g)  AG° =-394,760-0.836T Jmol™

Excess K,CO; and C are heated together in an initially evacuated vessel to a
temperature of 1,400K and allowed to reach equilibrium. No liquid or solid phases
are formed. The gas phase contains K, CO and CO,. Calculate the partial pressures
of these species at 1,440K. Use the free energy minimisation method. The following
data are given :

Species K Co CO, K,CO;
AG2(Jmol™) | 0 -235,100 -396,300 -708,700

A reducing gas mixture consisting of 24 mol% CO, 4 mol% CO,, 60 mol% H, and
12 mol% H,O is passed through a packed bed of wustite (FeO) pellets held at
1,100K. The pressure is maintained constant at 2.8atm. Assuming that the gas phase
and the solids are in equilibrium, calculate the composition of the exit gas phase
using the free energy minimisation method. The following data are given :

C(s)+30,(g)=CO(g)  AG°=-112,880-86.51T Jmol™
C(s)+0,(g)=C04(g) AG®° = -394,760 — 0.836T Jmol ™
Fe(s)+10,(g)=FeO(s) AG’=-264,000+64.59T Jmol™!
Hy(g)+10,(g)=H,0(g) AG®=-247,390+55.85T Jmol™

3.1.3. Effect of Temperature on Equilibrium Constant

How will the position of equi ibrium change when the temperature is altered?
We can answer this question b;’ using the thermodynaraic relations we have developed so

far.
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112 Chemical Thermodynamics for Metals and Materials
Recall that
[ G)]
o —
T
a{ : ]
Jp

Applying to a chemical reaction,

--;|_.

At equilibrium

AG;’ ~0 r -
= or AG, =—RTInK

K = exp| —

[aanJ _AH?
or )}, RT*

This equation is known as the van't Hoff equation, and expresses the temperature
dependence of the equilibrinm constant in terms of the heat of reaction. This equation
tells us that

e Ifthe reaction is endothermic, i.e., AH,’ > 0, K increases with increasing 7,
o Ifthe reaction is exothermic, i.e., AH,’ <0, K decreases with increasing T.

If AH? is independent’ of T, the integration of the van’t Hoff equation yields

X) Atfyoo1
In —= |= Bt
[K,j R [7'1 T:J

Temperature dependence of an equilibrium constant may be examined by plotting /nK
versus 1/7. From the van’t Hoff equation, it can be seen

olnk - AHG
oy, R

]
This is generally the case when the range of temperatures involved is not appreciable, and in the absence of
any phase changes in the participating species.
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Equilibria 13

The temperature dependence of an equilibrium constant can thus be determined by
plotting /nK versus 1/T:

* the slope of the line is
(]

InkK _AH?
R

/T

As the slope of the line is positive as shown, the reaction is exothermic. In other words,
AH? <0.

Exercises
1. The equilibrium constant for the ammonia synthesis reaction
$Na(g)+3Hy(g)=NHy(g)

is 775 at 25°C based on 1 atm ideal gas standard states. The enthalpy change
associated with the reaction, or simply the heat of reaction, AH;, is -45.9kJ.
Assuming that AH; is independent of temperature, estimate the equilibrium
constant for the reaction at 45°C.

2. Equilibrium of the system containing MnO(s), Mn;O,(s) and O,(g) was examined.
Both MnO and Mn;0, were pure and stable states. It was found that equilibrium
partial pressures of oxygen were

Py, =1.4x107°atm  at 1,000°C
Py, =2.8x107atm  at1100°C

Calculate the heat of reaction AH; of the reaction
3MnO(s)+30,(g)=Mn;0,(s)

Assume that AH; is independent of 7.
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114 Chemical Thermodynamics for Metals and Materials

3.1.4. Effect of Pressure on Equilibrium Constant

The equilibrium constant depends on the value of the standard free energy change of a

reaction:
g
K =exp| - AG,
RT

Recall that in the equation AG,’ is the free energy change when all the reactants and
products are at their respective standard states in which P, = latm. Therefore K is
independent of pressure. This conclusion does not necessarily mean that the equilibrium
composition is independent of pressure. Consider the reaction

2
Xy(g) = 2X(g) s
XZ

K is independent of pressure. This does not mean that the individual partial pressures are
independent of the total pressure, but the ratio P2 / Py, is independent of the total
pressure. Recall that P, = N,P,,. Substitution of this equation into the equation for X
yields

pz [ N2
=% = £ Pto(al
PXZ NXZ

If the total pressure, P, changes, values N2
of the individual mole fractions change in | Let K. = -—’LJ
such a way that the ratio cancels the

change of Py

v

K = KC P total
7 <
N
Independent of pressure Dependent on pressure

For the general reaction :

aA(g) + bB(g) = mM(g) + nN(g)

mph { AT arn
K= ‘P.‘lf PN :] N M N N Wpr'mﬂi -a-=b)
pnd pb Ard arb
P4y Pg \ N4Ng J

‘\‘ m ,"V nl

<« Let K- ='i“‘7‘:|
. ra To |

mAhBi

v

K=K P.'.rr.l+ri—u—!"_.-
=K.
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K is the equilibrium constant expressed in concentrations, and note that it is independent
of pressure, only if m+n-a-b = 0 ie, no net change in the number of moles by the
reaction.

—{ Example I }

Consider the reaction

P,
If the total pressure in the reactor is increased by injecting an inert gas into the
reactor, would the equilibrium constant X change?

A(g) = 2B(g)

Consider the definition of partial pressure : Partial pressures of perfect gases are the
pressures that each species would exert if it were alone in the system. Therefore the
presence of another gas has no effect on the equilibrium constant and on the equilibrium
molar concentrations (e.g., mol/cm’) of species so long as the gases are perfect.

—{ Example 2 }

Consider the reaction

A(g) = 2B(g) =

If the total pressure in the reactor is increased by compression, would the equilibrium
constant X change? Would the partial pressures of the individual species change?

!"_‘

r_] 1 i | Recall that

; 0

G ® LD — . .

® =~ ®

[l ~ & = | = H\,E) @ _-»;,;'.\;\ AG? is independent of

Wi | | B/ { J |
Y @ @ | He A 'g pressure and hence X is

e @ | independent of pressure.

As K is independent of pressure, P? / P, (= K) should also be independent of pressure.

However, the compression, or pressure change in general, adjusts the individual partial
pressures of the species in such a way that, although the partial pressure of each species
changes, their ratio appearing in the equilibrium constant expression remains unchanged.
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Exercises

1. The standard free energy change of the dissociation reaction

N204(g) = 2N02(g)
is 4,770 J at 25°C. The system initially contains N,O, only.

1) Calculate the equilibrium partial pressure of NO, at 1 atm total pressure.
2) Calculate the equilibrium partial pressure of NO, at 10 atm total pressure,

2. The equilibrium constant K for the reaction

250,(g) + Ox(g) = 2804(»)

is 110.7 at 600°C. Assuming that the gases behave ideally, calculate the equilibrium
constant K, when the concentrations are expressed in mol per liter.
(Gas constant R = 0.082 liter atm mol"'K™")

3.1.5. Le Chatelier’s Principle

Consider the general reaction which is at equilibrium :
aA + bB = mM + nN

The reaction is then subjected to a change in conditions that affect the reaction
equilibrium. This perturbation will cause the reaction to proceed toward a new
equilibrium. But in which direction? Toward right or left or unaffected?

Le Chatelier’s principle provides a convenient way of predicting the direction in which
the reaction proceeds toward a new equilibrium state.

Le Chatelier's Principle
Perturbation of a system at equilibrium will cause the equilibrium position to
change in such a way as to tend to remove the perturbation.

We do not need to evaluate the equilibrium constant X to apply Le Chatelier’s principle.

(Examples)
e If a reaction is exothermic, the reaction will be promoted by lowering the
temperature.

¢ [fareaction results in a change in volume, then increase in pressure will cause the
reaction to proceed in the direction which results in decrease in volume.

Le Chatelier’s principle provides a good guide to the effects of pressure, temperature and
concentration. For a quantitative analysis, however, more rigorous treatments are
required as seen in the previous sections.
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[ Example 1 |

Consider the reaction which is at equilibrium

C(s) + CO4(g) = 2CO(g)
The gases are assumed to behave ideally.

1. If the equilibrium is disturbed by adding some additional CO(g) into the reactor,
in which reaction will the reaction proceed?

2. If some additional solid carbon is added in the reactor, what would happen?

3. [If thetotal pressure in the reactor is increased by compression, in which direction
will the reaction proceed?

4. The reaction is endothermic as written. In which direction will an increase in the
temperature shift the reaction?

1. Because the concentration of CO is increased, the reaction proceeds in the
direction which results in the consumption of CO(g). : To the left

2. The concentration of a solid is independent of the amount of the solid present so
that there is no shift in the reaction equilibrium. : Unaffected.

3. Anincrease in the total pressure will shift the reaction equilibrium towards the side
with the smaller number of moles of gas. : To the left.

4. An increase in temperature favours the absorption of heat (endothermic) and thus
shifts the reaction equilibrium to the right.

Exercises

1. Consider the reaction at equilibrium :
A(s) + 2B(g) = M(s) + N(g) AH; <0

Determine the direction of the reaction for each of the following changes of the
thermodynamic conditions :

1) Increase in temperature

2) Decrease in pressure

3) Increase in the concentration of B
4) Increase in the concentration of N.

3.1.6. Alternative Standard States

Recapitulation }~

a =.!fL = B The choice of a standard state is arbitrary, and the activity is
J° P°  always unity at the standard state chosen.
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The activity of a component in a solution is essentially a relative quantity. From the
definition of activity it follows that the numerical value of the activity of a particular
component is dependent on the choice of the standard state. There is no fundamental
reason for preferring one standard state over another. Convenience dictates the choice of
the standard state. Up to now, we have chosen the pure state as the standard state. That
is, a pure component in its stable state of existence at the specified temperature and 1atm
pressure is chosen as the standard state. This particular choice is known as the Raoultian
standard state.

The Raoultian standard state is quite satisfactory in dealing with many solution systems.
But there are some inconvenience and limitations associated with this standard state :

e If the pure component exists in a physical state which is different from that of the
solution at the temperature of interest (e.g., pure oxygen is a gas, but it is liquid
when dissolved in water.), how can the pressure terms in the definition of activity
be determined?

¢  With the Raoultian standard state, it is found not infrequently that the activity of a
solute in a dilute solution is very small.

To resolve these problems, we now define a new standard state called the Henrian
standard state which originates from Henry’s law.

1 0
Raoultian l::;l;l:rzn
ivi
activity scale\A e
Henrian
a; standard
State
Henry 's law Henrian
Activity
0 scale
0 N, 1

www.lran-mavad.com

Slgo ks 5 lglild g 0



Equilibria 119

The Henrian standard state is a hypothetical, non-physical state for component . suppose
that we are interest in the composition marked x in the following figure :

1

Raoultian
activity scale ~
Yw
Henrian
Activity
/ 1 / S ca[ e

Activity of j
on the Henrian
scale

Activity of j
on the Raoultian
scale

0
0 N, 1/

Note that the numerical values are
different for the same composition x.

Two important points
1. If j obeys Henry’s law, the value of the activity on the Henrian scale is

numerically equal to the mole fraction of j.
2. The numerical value of the activity of j at the Henrian standard state is 1 on

the Henrian activity scale, but v on the Raoultian activity scale.

~~

1

Henrian

am) stc;:zzgrd
Y; 1

YY)
X
0 ; 0
0 T N 1 The activity of j
on the Henrian activity

scale is x.

j obeys Henry’s law
at the mnle fraction
of x.
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Recall that

a;=1,;N;

Raoultian Henrian
scale scale

ajer) =" jeRyNj ajer) =Y )N

Combination
yields

aim _Yi®
ajm  Yim

ajr) =Yy fora;y) =1

4

iRy =Yi9(H)

This equation relates the activity on the Henrian scale to the activity on the Raoultian
scale. The Henrian standard state is sometimes called the infinitely dilute solution
standard state because it is mostly used for dilute solutions.

The concentration of solutions is frequently given in terms of weight percent. From a
practical point of view, therefore, it is more convenient to use the concentration scale
expressed in weight percent (wt% /) rather than in mole fraction (N). We thus define a
new standard state called the I wt% standard state.

Raoultian
) standard
Raoultian state
activity
scale \ Henrian
a. . standard
i® Henrian state
activity
scale h/
AH)

1 W%
standard
state

The position of I wt% in the scale is
a bit exaggerated to help visualisation.
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Note that both the Henrian standard state and 1wt% standard state are based on Henry’s
law. The difference is that the former is at N; = 1 on the Henry’s law line whereas the

latter is at wt% j = 1. Note also that in dilute solutions in which j obeys Henry’s law the
value of Qg is numerically the same as (wt% jj.

Relationship between N; and wt% j
/ (i-f binary solution) \
Base : 100g of solution
_ wt%i
M,
wi% j wt% j
i wt% j = M, Dilute N = M, 0
- M, 1T wti i wit% | solution :/+ wt%
M, M, M, 1,
(100 - W% ) '
n MO l
Nj=—2%—1 |
Tom+n, e (Wt% )M,
_ 7 100M,
M, and M, : Molecular weights of i and j, respectively.

\H: and n; : Number of moles of i and j, respectively.

/

From the relationship Combination
belwr'leen thi l-I‘enr‘1a‘n Ay _ N, of the last 1OGMJ-'
and the 1 wt% activity s Wi% 7 | two equations " | %im =| — |3
scales in the range of Sy i yields i
dilute solutions,

I

Note that the 1 wt% standard state is real if the solution obeys Henry’s law up to 1 wt%,
otherwise it is hypothetical.

~

Summary of the relationships \

Raoultian
standard

state
_ Y;M f
am =158 %® =\ Toont, 1659
Henrian 100M ;
Stmdar d a  jwisy) = ( v ]a 1k
K state !
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Recall that the partial molar free energy or chemical potential of a component in a
solution is independent of the standard state chosen. In other words, it is an absolute
thermodynamic property of the component in the solution.

K Free energy axis \

— G § A M 0
RTInayp
LGy RTInay
_G;@ RTInaus

k Gy )
<_~

(4]

JH)

G, =Gig+RT Ina g =Gy + RTIna gy = Gy + RTINa 50

In thermodynamic considerations of A-B binary solution, if the standard state of B is
changed from the Raoultian standard state to the Henrian standard state, the standard
molar free energy changes accordingly.

Bf.‘{ur_aum'.m standard state) ~— Bf:'fmrmn standard state)

-0
AOH[’ R

el ~ (7
= C’Hf H)™ (’Hr R)

—=H)

=1 ~0 —
Gy =Gpp) +RTlnagp, s
Ayr) =Y j9 jer)

=G5 #)+RTlnag,

A

In a similar way we may find the free energy change associated with the change in the
standard state from the Raoultian to the 1 wt% standard state.

0
YpM
AGH(R—»M%) = RT{”[]O“:}MA ]
B

Consider the heterogeneous reaction

aA(l) + bB(g) = mM(s)
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The standard free energy change at temperature T for the reaction is AG, when
Raoultian standard states, i.e., pure liquid A, gaseous B and pure solid M at latm are
used.

aA (I, Raoultian) + bB(g, Raoultian) = mM(s, Raoultian) AGy)

It is sometimes more convenient to use alternative standard states for the species
involved in the reaction. When the standard state of liquid A is changed from Raoultian
to Henrian standard state, the free energy change of the reaction

aA (I, Henrian) + bB(g, Raoultian) = mM(s, Raoultian) AGy,
can be obtained as follows :
)} aA (I,R) + bB(g,R) = mM(s,R)  AG;)
@ AGR =AGH) AGY gy = RTIny
3) aA(,R) =aA(l,H) aAGyr ) = aRTiny

(1)-(3)aA (i, H) + bB(g,R) = mM(s,R) |AG?, = AG?) —aRTinyS

Similarly, if the standard state of A is changed from Raoultian to 1 wt% standard state,

aA (I, ] wt%) + bB(g, Raoultian) = mM(s, Raoultian) AG; ,

100M

o
AG?s = AGY, —aRn»(lé-Aﬂ‘—)

where M, and My are molecular weights of A and solvent X
in the A-X binary solution.

/ Recall that \

a,=y N This equation is valid
/ "/ 7] for all standard states.
Raoultian standard state Henrian standard state 1wt% standard state
am =Y yrN; Ay =V jer )N Aoty = Y jowsgN

We often use symbol f'to denote the activity

coefficient for 1 wt% standard state.
A 4
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As both the Henrian and | wt% standard states are based on Henry’s law, for dilute
solutions,

Exercises

1. The activity of silicon in a binary Fe-Si liquid alloy containing Ny = 0.02 is
0.000022 at 1,600°C relative to the Raoultian standard state. The Henrian activity
coefficient yg; is experimentally determined to be 0.0011.

1} Calculate the activity of silicon in the same alloy, but relative to the Henrian
standard state.

2) Calculate the change of the standard molar free energy of silicon for the change
of the standard state from Raoultian to Henrian.

3) Calculate the activity of silicon relative to the 1wt% standard state, The
molecular weights of Fe and Si are 55.85 and 28.09, respectively.

2. A liquid Fe-Al alloy is in equilibrium at 1,600°C with a Al,O;-saturated slag and a
gas phase containing oxygen. The partial pressure of oxygen in the gas phase is
maintained at 5 x 10" atm, Calculate the activity of aluminium in the alloy in 1 wt%
standard state. The following data are given :

2A2(I)+% 0,(8)=A41,0;(s) AG; =-1,077,500J
for all the species at Raoultian standard states.

Y% =0.029 M, =5585 M, =2698

3. The residual oxygen present in a copper melt can be removed by equilibrating the
melt with a H,O-H, gas mixture. It is desired to keep the oxygen concentration in the
copper melt lower than 0.001 wt% at 1,200°C. Calculate the ratio of H,O to H, in the
gas mixture which is in equilibrium with 0.001 wt% oxygen in the melt. The
following data are given:

Hy(g)+10,(g) =H,0(g) AG{ =-247,400+55.85T ]

30,(8) = O(wt%) AG3 =~-85350+18.54T,]
log f = —0.158{wt%0]
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3.1.7. Interaction Coefficients

Much of the discussion thus far has been concerned with binary solutions. Most practical
systems, however, are more complex and consist of several components. It is now in
order to examine the thermodynamics of solutions which contain several dilute solutes.
The activity of B in dilute solution with respect to the Henrian standard state is given by

aprH) =fsNp

where f5 is the activity coefficient of B on the Henrian activity scale.
First, suppose that we have the A-B binary solution, and let f BB denote the activity
coefficient of B in the A-B binary solution in which B is the only solute. Then

B
/i B = f B
Next, consider the A-B-C binary solution. Holding the concentration of B constant, we

add a small amount of C. C will then influence the interaction between A and B in the
solution, and hence alter the activity coefficient of B.

i =f1§fﬂc

where f;° is the effect of C on the activity coefficient of B.
For the A-B-C-D quaternary solution,

B +C pD
fe=Ss/8 /8
In this relationship it is assumed that addition of D in the solution does not give any
influence on f;“ and vice versa. This condition is generally satisfactory in most practical

systems.
For a multicomponent system in general,

fe=18l5/5
Taking logarithms,
Infy=Inf+inf§ +infg +-

Since Infp is some function of the mole fractions of B, C, D, ..., the Taylor-series
expansion yields

Infy = Nﬂ(aznf,g} .\ Nc(alnfg } .\ No[alnfBJ
Ng )y, Ne Jy.m0 N
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Define interaction
coefficient g/ .

frp
i olnf;
41 b = o
oN 4

. N}.:O

Y

B o7 & D
Infg = egNp+ €N+ €gNp +-

From a practical point of view it is often more convenient to use weight percent for
expressing the concentrations in conjunction with the 1 wt% standard state and
logarithms to the base ten.

log fy =eh (wi%B) + e (Wt%C) + el (wt%D) +--

The last two equations offer an important means in calculating the activity coefficient of
a dilute solute in multicomponent solutions.
e These equations are valid only for dilute solution because of approximations taken
in the Taylor-series expansion :

Infy =infg +| N onfy +N| Sn +N,| 2
B B Bl 2N Cl 2N D
B JNg=0 C JNe=0

2 2
%N(ﬂ_f_] ””(5%%—}
ONB JNy=0 BTC I Ny=Ne=0

B

Approximations
O  As the Henrian standard state is chosen, N3 2 0, g = f° = L
o For dilute solutions, the second and higher order terms are negligible.

e The following relations exist between interaction coefficients :

g
E4=Ep
g M, 4
€4 €p
Mg
i
28 - Mg B \\hge lut
s o A, B : solutes
230.3M
S : solvent
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Exercises

1.  Oxygen dissolved in molten steels is reduced by using deoxidizing elements like Al
and Si. In a steel refining process at 1,600°C, aluminium content in the melt was
found to be 0.01 wt% by sample analysis. Assuming that oxygen is in equilibrium
with Al in the melt and pure AL, O;(s) which is the oxidation product, calculate the
wt% of oxygen dissolved in the melt. The following data are given:

2A1()+30,(g) = ALO,(s) AG =-1682900+32324T]
Al() = Al(, wt%) AGY sz =~63180~27.91T]
10,(glatm) =0, W%)  AG§a_ sy =—-117,150-2.897,]

el =0048 ¢, =-66 i =-39 €9=-020

2. A liquid copper containing dissolved oxygen and sulfur is in equilibrium with the
gaseous phase consisting of N,, O,, SO, SO, and SO, at 1,206°C. Calculate the SO,
partial pressure which is in equilibrium with the melt containing 0.02 wt%S and 0.1
wt%0. The following data are available :

18,(8)+0,(g)=80,(g)  AG! =-361,670+72.68T,]
10,(g) = 0(, wt%) AGj =-85350+18.54T ]
18,(g) =S/, wt%) AG{ =-119,660 +25.23T ]
e =-033 &=-019 e3=-016 e5=-0.16

3.1.8. Ellingham Diagram

The standard free energy of formation ( AG; ) of a compound varies with temperature.
The variation with temperature is usually presented by means of a table or some simple
equations like

AG}7 = A+BTInT+CT, or

AGY = A+BT
Ellingham presented the variation of AG} with temperature in a graphical form in that
AGj7 was plotted against temperature. He found that relationships in general were /inear

over temperature ranges in which no change in physical state occurred. The relations
could well be represented by means of the simple equation :

[.-{\ 7% =A+BT
o
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AGS

-7

In plotting AG; -T diagrams Ellingham made use of A@} which is the standard free
energy of formation of the compound, not per mole of the compound, but per mole of the
gaseous element consumed. For instance,

2Cr(s) + %O2 (8)=Cr0s(s) AG}

4 2 ~o

ECT(S)'*‘Oz(g) =§Cr203(s) AGf

Consider a general reaction of formation :

M + O,(g) = MO, AG} = A + BT

This figure is known
as the Ellingham diagram
which graphically shows
the change in Aé’} with 7.

‘-_)
T —

- T7,°C

Recall that

AG} = -RTInK

K = f".-‘vf{»‘_; ay = a-'-«‘t'»‘.- =]
aFo, | when M and MO, are pure.

AG; = RTIn Py,
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The above equation relates A@} to the oxygen pressure in equilibrium with M(s) and

MO,(s) at temperature 7. Each discontinuity point in the diagram indicates the phase
change of a species involved in the formation reaction. For instance,

M+03=M02

M(g) + O, (g) = MOs(s
AGY —

T Mo+ o= W
M(S) + 02 )W
M(s) M) | M(@)

0 - T,°K

Recall that

( 8G)
—J =S| —
oT

AGS = A+ BT

.
L

Thus the slqge of the line in the Ellingham diagram is -A§}’ and the intercept of the line
at 0K is AH ;. Simplifying the notations in the diagram, we have

M+ 0, = MO,
AG?
1 B
where M and B stands
for the melting and boiling
points, respectively.
- T,°C

As we may add as many formation reactions as we want, this method of presentation
provides a large amount of thermodynamic data and shows the relative stability of
compounds for given conditions.
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The Ellingham diagram for some oxides is given below :

0 i }
- 1 00 R . ] M...i 1
; m |
P ; L Pt
-200 : e _ : =
4Cu +|0, 9 2Cu,0- Mj+Q=INj0—" | 3/2Fe+0,%|1/2Fe,0,
H ¥ ! L m ¥ vk |
300 ><</ | L ‘,,‘/j//':
B ; 270 HO, %2C00 = 1
a — ? [~ ,——ﬁ"ﬁ e+ 0= 2Fe0
'\ /7// .
-400 N - - ,
— /// P~ C+0,= Foz /-.

e 5 P
4:/ 2¢+0, c%/

. M, +0,=2H,0 | 43Cr+ 0,=RRCK0, o | T~ | M|
3 //m ><\
5 -600 ; T el

: : T - m
= 2Mn +0, 2 2MpQ -+ /,;:;,/ A
p 4i Tk 7
4
-800 /7 ’
Tiq, {‘ _ / |
=2/3:d7 ‘ i .
-900 s /ﬁ/ /
-1000 =
o 2Ca+ 0,=2Ca0
~m
-1100
Trrem: melt;ng pbint of metal -
-1200 ¢ b : boiling point of metal

o M : melting point of oxide |

298 500 700 900 1100 1300 1500 1700 1900
Temperature, K
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3.2. Phase Equilibria
3.2.1. Phase Rule

Suppose that we have one mole of ideal gas A.

4 )

o  Are we free to vary temperature? Yes.

e Are we free to vary both temperature and pressure
independently? Yes.

e Can we then vary temperature, pressure and volume
independently? No.

N J

We must specify only two variables, i.e., (P,V), (P,T) or (V,T). The third variable is
uniquely determined by the equation of state. In other words, the equilibrium condition of
the system is fully defined by specifying two variables.

we may say that we have two variables under our control. We then say that the number of
degrees of freedom = 2.

What if the gas phase is the mixture of the ideal gases A and B?

o Is the number of degrees of freedom still the same? ID
other words, can we fully define the thermodynamic
state of the system by specifying two variables, say, 7
and P?  No.

Specifying T and P will determine ¥, but the composition
of the gas phase is left undetermined until the
concentration of either A or B is fixed. D

That is, even after fixing 7 and P we can freely vary the concentration of either A or B
(but not both because N,+ Np = 1), and hence have one additional degree of freedom.
Thus, the number of degrees of freedom is three in this case.

-

What if a liquid phase coexists with the gas phase?
e  What if a solid phase coexists as well?
Would it be thermodynamically feasible to have

Gas ; two solid phases together with a liquid phase and a
= AlB gaseous phase in equilibrium?
Liquid— oild
A¢ Soild 1 Are there systematic methods available
\ A3

to answer these questions?
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J.W. Gibbs developed the thermodynamic methods for the characterisation of
equilibrium states of heterogeneous systems involving any number of substances. Before
deriving a thermodynamic method for the characterisation of equilibrium states of
heterogeneous systems, we define two important terms: i.e., phase and component.

Phase

Phase is defined as a physically distinct, homogeneous and mechanically separable part
of a system.

(Examples)

o The ice —water — steam system at 0°C has three distinct phases: solid(ice),
liquid(water) and gas(steam).

e Vapours and gases, either pure or mixed, constitute a single phase because the
component gases are miscible.

o Solutions (liquid and solid) are single phases.

o Immiscible liquids constitute separate phases (e.g., liquid slag and metal ina
furnace)

Component

The number of components of a system is the minimum number of composition variables
that must be specified in order to completely define the composition of each phase in the
system,

The number of components is not necessarily the same as the number of elements,
species or compounds present in the system, but given by

where ¢ = number of components,
s = number of chemically distinct constituents,
r = number of algebraic relationships among the compesition variables

{Examples)
In the nitrogen-hydrogen-ammonia system
e A non-reactive mixture of N5(g), H(g) and NH;(g) at a low temperature
s=3,r=0->c¢=3

¢ A mixture of Ny(g), Hy(g) and Hy(g) at a high temperature where the following
equilibrium is established :

_ P,
Na(g) + 3Ha(g) = 2NHs(g) K=———
Py, P,

Thus, s =3, r=1—>c¢=2
Each independent chemical reaction at equilibrium gives rise to a restrictive
condition.
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o If the above mixture was initially obtained by heating NHs(g), there exists an
additional restrictive condition :

PH2=3PN3
Thus, s =3, r=2 —=c¢=1

Note that each stoichiometric relation or constraint gives rise to a restrictive condition.

We now consider more on the equality of chemical potentials at equilibrium.

G for a closed system G for an open system
4 Bt N
G=f(T’P) G:ﬂT,P,nl,ng,...)
Differentiation Differentiation
dG =-S8dT+ VdP dG = - 8dT + VdP + pdny + pydn, + ...
yAt constant T'and P At constant 7 and P
dG=10 dG = p.idl‘ll iy p.ldlig T
B AN ¥,

ol

[ This equation applies to all phases in a system.]

o )
8 _ B 5 & B 1.8
dG® =pjdn) +p5dn; +-%€ dG" =pldn! +pldnl +--.
dG* =pidn¥ +p5dns +:- dG® =pfdnf +p8dn} +--
4

For simplicity we first consider two component (1 and 2)-two phase (o and ) system.

dG = dG® +dG® = p{dnf +pSdng +pubdnf +pbdnd

From mass balance

L dni* +dn; =0 and dny +dn} =0

3

dG = (¢ =P )dn® +(pg —pb )dn$ =0/ at equilibrium.

Since dn{* and dnj in the equation
are arbitrary and hence not zero,
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134 Chemical Thermodynamics for Metals and Materials

At equilibrium, therefore, the chemical potential of each component is constant
throughout the entire system.

We are now ready to derive an equation known as the phase rule which applies to both
homogeneous and heterogeneous systems at equilibrium. Consider a system composed of
¢ components that are distributed between p phases.

Number of variables Number of restricting equations
fThere are (¢ - 1) component variables\ [The chemical potential of componem\
in each phase, because by knowing the i is constant throughout the system:

concentrations (e.g., mole fractions) of
(¢ - 1) components the last one can be
found from N; + N, + ...+ N, =1 Hence the number of independent
equations for each component is

pl=pl=pl ==pf

Since there are p phases, the total
number of component variables of the @-1.

system is p(c - 1). Since there are ¢ components in the
system, the total number of restricting

There are two additional variables, L
equations is c(p - 1).

temperature and pressure.

Thus the total number of variables is

\p(c-l)+2 ) k

Therefore, the number of undetermined variables is given by,

Number of undetermined variables = p(c-1)+2 - o(p-1) = c-p+2

This is called the number of degrees of freedom and denoted by the symbol f.

f=evpt 2

This equation is called the Gibbs phase rule or simply the phase rule.

e The phase rule offers a simple means of determining the minimum number of
intensive variables that have to be specified in order to unambiguously determine the
thermodynamic state of the system.

e The application of the phase rule does not require a knowledge of the actual
constituents of a phase

* The phase rule applies only to systems which are in equilibrium.

Example 1

Suppose we have a system which is composed of water and steam in equilibrium.

1) Can we choose at will the equilibrium temperature of the system?

2) We add ice to the system and want to have all three phases in equilibrium. Can
we choose at will the equilibrium pressure of the system?
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1) ¢ = 1(H;0),and p = 2 (gas, liquid). Thus, from the phase rule, f = 1.
The significance of the value /= 1 is that we can choose either the equilibrium
temperature or the equilibrium pressure, but not both.

2) ¢ = 1 (H,0),and p = 3 (gas, liquid, solid), Thus f = 0
The significance of the value = 0 is that we are not allowed to freely choose either
T or P. In other words the system can only exist at a unique temperature and a
unique pressure. This unique point is called the triple point, which is discussed in
Section 3.2.2. in more detail.

Consider the substance M which has two allotropes a and f. Is it possible that four
phases (solid o, solid B, liquid M and vapour of M) coexist in equilibrium?

c=1M), p = 4(q, , liquid and vapour) — f = -1
The significance of a negative value of f'is that the system is not capable of having all
the phases enumerated coexisting in equilibrium.

Example 3

The term phase signifies a state of matter that is uniform throughout, not only in
chemical composition, but also in physical state. Determine the number of phases in
each of the systems specified in the following :

1)Ice chipped into small pieces

2)An alloy of two metals which are immiscible

3)An alloy of two metals which are miscible

4)A gas mixture composed of N,, O, and CO

5)A liquid solution of A and B in equilibrium with their respective pure solids
6)A liquid solution of A and B in equilibrium with a liquid solution of their oxides

1)1 2) 2 N1 4) 1 5) 3 6) 2

Exercises

1. Shown below is a one-component phase diagram. There exist 4 different phases,
namely, o, B, y and 3.
1)Calculate the number of degrees of freedom in the area A.
2)Calculate the number of degrees of freedom on the line B.
3)Calculate the number of degrees of freedom at the point C.
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4)An experimenter has reported that a new phase ¢ was found to coexist in
equilibrium with B, y and 8 phases at a particular set of conditions. What is your
opinion about this report?

Consider a system in which the following equilibrium occurs :
CaCO,(s) = CaO(s) + COq(g)
Calculate the number of degrees of freedom.

Solid zinc oxide is reduced by solid carbon at a high temperature. The system is in
equilibrium and found to contain the following species :

ZnO(s), C(5), Zn(g), CO(g), CO(g)

1) Calculate the number of degrees of freedom.
2) Calculate the number of degrees of freedom if the system is initially prepared
from ZnO(s) and C(s).

Solid solutions consisting of GaAs and InAs can be produced by equilibrating a gas
mixture composed of H,, HCl, InCl, GaCl and As,. The composition of the solid
solution is determined by the thermodynamic conditions of the system. In order to
produce GaAs-InAs solid solution with a particular composition, how many
intensive thermodynamic variables need to be fixed?

3.2.2. Phase Transformations

The intensive properties of a system include temperature, pressure and the chemical
potentials {or partial molar free energies) of the various species present,
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o [If there is a difference in remperature, the transfer of energy occurs as heat:
Temperature is a measure of the tendency of heat to leave the system.

o [If there is a difference in pressure, the transfer of energy occurs as PV work:
Pressure is a measure of the tendency towards mechanical work

o Ifthere is a difference in chemical potential, the transfer of energy occurs as fransfer
of matter. Chemical potential is a measure of the tendency of the species to leave the
phase, to react or to spread throughout the phase through chemical reaction,

diffusion, etc.

A substance with a higher chemical potential has a spontaneous tendency to move to a
state with lower chemical potential. Why do solid substances melt upon heating? Why do
liquid substances vaporise rather than solidify upon heating? Why do phase transitions
occur? The chemical potential provides the key to these questions. Consider a one-

component system .

(9_0_) -8
aT )p

or

(G=p)

3
T J,

This equation shows that, because entropy is always positive, the chemical potential of a
pure substance decreases as the temperature is increased. As Sy > Sp > S, the slope of
the plot of 4 versus T is steeper for the vapour than for the liquid, and steeper for the

liquid than for the solid.

A

u Liquid

Vapour

T,

pd

T, T

AN

Below this temperature, Ji, < Ji; and
hence the solid phase is more stable.
Above this temperature, on the other
hand, the liquid is more stable.

At T,, the chemical potential of the
solid and the liquid are the same and
hence both phases coexist.

T : Melting temperature

Below this temperature, pq, < j and
hence the liquid phase is more stable.
Above this temperature, on the other
hand, the gas is more stable.

At T, the chemical potential of the
liquid and the gas are the same and
hence both phases coexist.

T; : Boiling temperature

www.Iran-mavad.com

Slgo ks 9 lglidld 22 0




138 Chemical Thermodynamics for Metals and Materials

A phase transition, the spontaneous conversion from one phase to another, occurs at a
characteristic temperature for a given pressure. This characteristic temperature is-called
the transition temperature.

Next, examine the effect of pressure on the chemical potential:

(2&) -y
oP )r
As V is always positive, an increase in pressure increases the chemical potential of any

pure substance. For most substances, ¥y > V) and hence, from the equation, an increase
in pressure increases the chemical potential of the liquid more than that of the solid.

A

Liqui

|

Tn Tm T
(lowP)  (high P)

[
| o

Thus an increase in pressure results in an increase in the melting temperature. If V) <
Vi), however, an increase in pressure effects a decrease in T,,. (€.8.,Vyarer < Vice)

It would be useful to combine the effects of temperature and pressure on phase transition
of a substance in a same diagram.

A

. Liquid
P Solid

\

T

This figure is known as the phase diagram of a substance. It shows the
thermodynamically stable phases at different pressures and temperatures. The lines
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separating phases are called as phase boundaries at which two phases coexist in
equilibrium. The point “t” is the triple point at which three phases coexist in equilibrium.

Now, a question arises, “Is there a way to quantitatively describe the phase boundaries in
terms of P and T?” The phase rule predicts the existence of the phase boundaries, but
does not give any clue on the shape (slope) of the boundaries. To answer the above
question, we make use of the fact that at equilibrium the chemical potential of a substance
is the same in all phases present.

Consider the phases o and p which are in equilibrium.

ue =pb
] Differentiation
dp® = duf
Recall that Therefore

dG =dp=VdP~SdT | gu* =V*dP-S*dT
dpP =vPap-stdr

A 4

VodP-S*dT =vPdp-SPdr

Rearrangement yields
A 4
dp _(Ss*-8%)
a P -re)
s"-5% -9
Entropy change (AS) associated | Volume change (AV) associated
with the phase change of o —f with the phase change of o — f
y
dp _as
dT AV
For a transition from one phase to | Therefore
another under equilibrium conditions AH
at constant temperature and pressure, AS = T
AG=AH -TAS =0
dP _ AH
dT  TAV

This equation is known as the Clapeyron equation. The Clapeyron equation is limited to
equilibria involving phases of fixed composition (e.g., one-component system) because p
has been assumed independent of composition :
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du = VdP - SdT + wdr; + WL, +

For the solid-liquid phase boundary,

dap _BH;
T~ TAV,

where AH is the heat of fusion , and greater than zero, AV is the volume change upon
melting, and greater than zero in most cases and always small. Therefore dP/dT is
positive and very large. This indicates that the slope of the solid-liquid phase boundary is
positive and steep in most cases.

Integrating the Clapeyron equation assuming that AHrand AV, are constant,

AH T AH
P,-P =—”—b{;’]s L(r,-1,)
1

For the liquid-vapour phase boundary,

AH, : Heat of vaporisation > 0| AV, : Volume change upon vaporisation
=Vg-Vgy =Vy = RT/P

dinP _ AH,
dT  RT?

This equation is known as the Clausius-Clapeyron equation. Integration yields,

Using this equation AH, can be estimated with a knowledge of the equilibrium vapour
pressure of a liquid at two different temperatures. For the solid-vapour phase boundary
(sublimation), an analogous equation is obtained by replacing AH, with the heat of
sublimation AH..
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Shown is the sketch of the phase
diagram of carbon. For the phase
change from graphite to liquid carbon
along the line PQ, choose the correct
one:

Diamond

v

1) Vigraphies > Viiguiay
2) V(gmpkitc) =V, (iquid)

100 Graphite 3) Vigraphiy < Viguay
0 5 1 1 1
0 1000 2000 3000 4000
7K
From Clapeyron equation,

dP AHg
— = >
T~ TAY, 0 (from the slope)

AH; > 0 (Fusion is endothermic.)

AV}' = Vﬁqwia‘ = ngphfte >0

—' Example 2 }

Substance A in the condensed phase is in equilibrium with its own vapour at
temperature T. A is the only species in the gas phase. Now an inert gas is introduced
into the system so that the total pressure rises from P° to P’. Assuming that the inert
gas behaves ideally with A and does not dissolve in the condensed phase, choose the
correct one from the following :

1. The vapour pressure of A is independent of the total pressure of the system.
The vapour pressure of A is affected by the total pressure, but the change in the
vapour pressure is generally negligibly small.

3. The vapour pressure of A is affected to a large extent by the total pressure.

From the knowledge that A in the condensed phase is in equilibrium with A in the
gaseous phase,
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Gaw = Gaw
dGA(c) = dGA(g)

constant 7
dG = VdP - }ﬂ‘

A

Vawd@Paey = VawdPag

P4 : Pressure exerted on the condensed
phase, that is, the total pressure of

the gas.
P4 : Vapour pressure of A in the gas
Varg) = RT R phase, that is, the partial pressure
Pyg) of A in the gas phase.

f
RT
VA(c)dPA(c) = P ]dPA(g)

Integration with the following limits :
Before adding the inert gas

b _ pb
Parg)=Pacg)> Parc) = Farg)
After adding the inert gas :
Pyrg)=Pirgys Paec)=P

v

Pires | _Vare) b
Alg)

v

b
Pirg) > Pae)

However, V./RT in the equation is small and hence the difference between Py, and

Pf(g ) is negligibly small.

Exercises

1. A system contains ice at 0°C and 1 atm. Calculate the change in the chemical
potential of ice associated with the increase in the pressure from 1 atm to 2 atm, The
density of ice is 0.915 g/cm’. Calculate the change in the chemical potential of water
associated with the inc.ease in the pressure from 1 atm to 2 atm. Ice is now in
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equilibrium with water at 0°C and 1 atm. If the pressure in the system is increase to 2
atm, will ice melt, freeze or remain unchanged?

Consider the phase transformation

HgS(s, red) = HgS(s, black) AG? =4,180—5.44T )
1) Determine the enthalpy change of the reaction.
2) Determine the transition temperature at P = 1 atm.

3) Determine the pressure at which both HgS(s, red) and HgS(s, black) coexist in
equilibrium at 500°C.

Mygs=232.7 g/mol, pugspes = 8.1 g6, Prigspiaeyy = 7.7 g/em’
4) Calculate dP/dT at 495°C using Clapeyron equation.

The vapor pressure of liquid iron is given by the equation

-19,710

log P, = -1.270log T +13.27 (torr)
Calculate the standard heat of vaporization at 1,600°C

The vapor pressures of solid and liquid zinc are given by

-15,780

In Py, = ~0.755InT +19.3 (atm)

~15,250

Calculate the temperature at which solid, liquid and gaseous zinc coexist in
equilibrium (triple point).

The equilibrium vapor pressures of solid and liquid NH; are given by
InPyy,(s) =23.03 —-3—'? (torr)

I”PNH3(1) = 1949-"3':‘%9‘3— (tOlT)

Calculate the heat of fusion (AH)) of NH;.
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3.2.3. Phase Equilibria and Free Energies

When a liquid solution is cooled slowly, temperature will eventually reach the liguidus
point, and a solid phase will begin to separate from the liquid solution.

This solid phase could be a pure component, a solid
solution or a compound. Now a question arises as to in
which direction the system will proceed with cooling.

Precipitating

a pure component? a solid solution?
a compound? or something else?

The answer is
To the state at which the free energy of the system is
minimum under the given thermodynamic conditions.

Therefore phase changes can be predicted from thermodynamic information on the free
energy-composition-temperature relationship.

Suppose that the temperature of the A-B

7 >T, 7, .. . .
s Gy, solution is sufficiently high so that

GH
Ats) \ 7> Tty Togsy

0 0 and hence liquid is stable for both A and B.

oM \5\_/“/ Therefore the natural choice of the

1 olid solutio standard state for A and B will be the pure
liquid A and B.

Liquid solution \ A1) B(1)
B The free energy of mixing (G*) will change

—> Ny

with composition.

GM =N, GY + N,GY

GM =RTIng,

GM =RT(N  Ina,+Nyinay)

As the temperature 7 is higher than the melting points of both A and B, 7, and Tz,
pure solid A and B will be unstable at this temperature

Pure solid A unstable Pure solid B
“+ M M
Gj;’;s) >Gj;;3) =0 states GB(S} >GB(2') =0
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The free energy of mixing (G™) of the solid solution, if it existed indeed, will vary with
composition as shown in the figure,

At the temperature 7), therefore, liquid solutions have free energies lower than solid
solutions, and hence are stable over the entire range of composition.

Next, suppose that the temperature of the
Ty < T Togn) G AB solution is sufficiently low so that
B
Gf;’;,) L <Tww, Tz
\ and hence solid is stable for both A and B.
0 0 Therefore the natural choice of the standard
GTM Liquid solutio state for A and B will be the pure solid A
and B.
Solid solution
The free energy of mixing (G*) will change
A —> N3 B with composition.

As the temperature T; is lower than the melting points of both A and B, 7,y and 7T,
pure liquid A and B will be unstable at this temperature

Pure liquid A unstable | Pure liquid B
Gl )Y Glts; =0 [ states "| Gir1y ) Ghre, =0

The free energy of mixing (G*) of the liquid solution, if it existed, will vary with
composition as shown in the figure.

At the temperature T, therefore, solid solutions are stable over the entire range of
composition,

If the change in the free energy of mixing (G*) of a mixture with composition is concave
downward at constant temperature and pressure, why is homogeneous solution is stable
over the entire range of composition?

Consider a mixture of A and B with an average composition of “4” shown in the
following figure. If this mixture forms a homogeneous solution (at), the free energy of
mixing of the solution is given by Gi‘ . Is there any way to lower the free energy of
mixing below this vaiue? If the mixture forms two separate phases, f§ and y, with the
composition of b and c, respectively, the molar free energies of mixing are G{,” and

G;“ , respectively. As the average composition of the system (sum of B and y phases)
must be the same as the initial mixture (a), the proportion of each phase is given by
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ac ba
N = — = —
2 be 7
M
T
0
¥
Gé“ X
G;:;f > > S
.
GM .
Gy’
Ab a cC >N B

The average free energy of mixing of the mixture of 8 and y phases is thus G,/ as shown
in the figure. It is clear that the phase separation has resulted in an increase in the free

energy of mixing (G, > G, and hence there is no way of lowering the free energy of
mixing below G,”.

Now we have a question as to the shape of the free energy curve: Why is the curve of G
versus N, concave downward?

fHY <0

GM = H" . 78" | at constant T

| As S¥> 0 always, -TS¥ <0

G" < 0 always and concave downward,
v

7, P constant
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At highT, Atlow T,
- 75™ will dominate, and hence H" term dominates, and hence
GY (= B - TS™) will be concave G" (= H" - TS") will change with
downward. composition in a more complicated manner.
| |
7, P constant 7, P constant
Y HY
0
0
GM GY
-Is¥
-Ts¥
A - N B A - Np B
If this occurs,

the solution will not be homogeneous, but phase separation
will take place in a certain range of composition.

v

7, P constant

Ad b a ¢ e B
- Njp

Consider a solution of composition “a” at constant temperature and pressure. If the
solution does not dissociate, but maintains homogeneity, GM of the solution is
represented by “J” in the figure. It can be seen from the figure that it is possible to lower
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G™ below J by dissociating into two separate coexisting solutions. For instance, if the
solution dissociates into two solutions of compositions “b” and “c”, respectively,

G" for solution b : K G" for solution ¢ : L

Applying the lever rule,

Y

Average GV of the two solutions : M

Note M<]J

y

Minimum G occurs
when the solution dissociates into two solutions of composition “@” and “¢”
which are the intercepts of common tangent to the free energy curve.

I

Average G of the two solutions : N
Fraction of solution d= 2%
de
. . da
Fraction of solution e= —
de
l Summary |
e L a
T, P constant
0
Solutions in these composition
GM
ranges are stable and do not
dissociate into other phases
since G™ does not decrease by
dissociation.
Ad / —N, B € B
Solution in this composition range, however, are not stable to maintain one-phase
solutions, and hence dissociate into two coexisting phases d and e. In other words, a
miscibility gap will appear in the phase diagram.

& J
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Miscibility gap
T o
10
T’
a’ a’ + a” a”
T,
Ad B Sy ¢ B
T Py
0
¥ a, + a” “ Q”‘
A d b 4 NB € B
1
R
o )2
7
a <

— Np

Suppose we have a solution of
composition “g” at a sufficiently high
temperature.

When the solution is slowly cooled, it
maintains homogeneous o phase until
the temperature reaches 7” at which it
begins to dissociate into phase o’ and
o’

As the temperature is further decreased,
the compositions of & and o' are
changed along the gap boundary curve.
At the temperature T;

composition of o’ : d
composition of " : e

. , ae
fractionof o’ = —
de

. - _ da
fractionof " = —
de

When the average composition is
changed, the proportions of o’ and o”
are changed accordingly, but the
compositions of o’ and o” stay at 4 and
e, respectively, as long as the average
composition lies between 4 and e.

Now, we examine the change in the
activity of B, ag, with the change in the
overall composition. Recall that

GY =RTlInag

Since G is constant between d and e

(common tangent), ag is also constant
in this composition range. This is
obvious, because, although the average
composition changes, the compositions
of the individual phases (o' and a”)
remain unchanged.

More discussions on the miscibility gap
are given in Chapter 4.
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We now consider an A-B binary solution at temperature 7, which is above the melting
point of A (7}, 4), but below the melting point of B (7}, »).

Tos Liquid B : unstable — G/, pye) ) 0
T, Slt:xble <B : Solid —» Solid phase standard state Gj?(s, pure) =0
phases A :Liquid — Liquid phase standard state G4, .., =0
Tm,A
Solid A : unstable —»| G, ,ure) )0
T
Gils) 2 M
\ / Gs)
M
Gl 0 G
Free energy of n.xixing/ '\\Free energy of mixing
of liquid solutions of solid solutions
?—. < >4 ‘\=‘
=
Liquid /|
solutions A \ B
2N Solid
Coexistence of solutions
liquid and solid
solutions
Liquid
T
< Liquid + Solid
(4}
Solid
This is an example
of phase diagrams
when A and B have
B the same or similar
A —> Ng crystal structures.
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Complete solid solubility requires that components have the same crystal structure,
similar atomic size, electronegativity and valency. If any of these conditions are not met,
a miscibility gap will occur in the solid state.

Consider a system which consists of components A and B that have differing crystal
structure and has the phase diagram as shown below :

L
T
L+p
+
a [+a There are two terminal
Let’s examine B || solid sotutions, namely
free energies of . o and B.
mixing at the atp
temperature 7).
A - Np B
Free energy of mixing |_Free energy of mixing
to form homogeneous\\ "l to form homogeneous
a solid solution from B solid solution from
solid Aand B solid A and B
G"
0 / /
e
Free energy of mixing
to form homogeneous
liguid solution over .y
the entire composition Liquid - » ~L A B=ﬁ <— Stable phases at T}
range
A ~ Np B

Example 1

Prove that addition of an infinitesimal amount of a solute to a pure substance always

results in decrease in free energy of the system.
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The free energy of mixing of the solution, or the relative integral molar free energy,
GM, for a A-B binary solutions given by

GM =N ,GY +NG¥

'G;u =RTIna;, a,=yN,

GM =RT(N,InN +NgInNy)+RT(N Iny ,+Nylnyy)

N, + Ny = 1 and differentiation

r

M
[56 ] =RT:,{ N }-Rﬂn“mrmﬁxrm Oty , prw, 2n1s
Ny ), N, N, N
When Ng > 0, Np -0
1- N,
and hence
in Np - -®
I—NB
v
Therefore,

the change in G with N at N = 0 is negative,
irrespective of the values of y; and y3.

——'{ Example 2 lﬁ

If the temperature is not much lower than the true melting point (7,,), the free energy
of fusion can be estimated by the following equation :

¥ (4] T
AGy = x_\.H__,-(i ” ,w,_]

m

where AH ; : enthalpy of

Susion at T,

Prove the above equation.

( At the true melting poina ( At the temperature T, X
AG} =AH} -T,AS] AG, =AH  -T,AS,
AGS =0 » Change in AH and AS with a small change in T is
/ negligibly small. Thus AH , =AH; AS, = AS7.
AHj
AS? = AG, = AH}(l—TLJ
- e " W,
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'—' Example 3 l

The critical temperature, T, associated with the miscibility gap in the phase diagram
shown, is the temperature-below which phase separation occurs.
If A-B binary solution behaves regularly, the critical temperature is given by

where £21is the interaction parameter.
Using the figure shown below, prove the above equation.

T,
. /\
0
A B
Tc
T
T,
A B
GM=H'- 18"
Recall that, for the regular solution,
HY = N\Np2

SM = -R(N,In N4+ Ngin Ng)

A 4

GM =N Ny +RT(N,InN,+NyInN,)
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This is the equation which represents the free energy curve in the figure.
e Below T, the equation gives two minima and hence two inflection points as shown.
o Above T, the equation gives a curve concave downward.
e At T, the two minima and the two inflection points coincide. Mathematically,

oGM  p'gM

ONp oN}

Combination of the above two equations yields

_2NR(1-Np )R
R

T

The maximum 7T occurs at
NB =(.5, or =0
oN

B

—{ Example 4 }

Shown is the free energy of mixing
versus composition diagram of the A-
B binary system at the temperature 7
and the pressure P. The diagram shows
two terminal phases, o and §, and one
l intermediate phase y. If the overall
0 composition of the system is given by
o B the point X shown in the diagram, find
the stable equilibrium phase(s) at 7
and P.

A X B

The minimum value of free energy the system with the composition of X can have is
found by drawing the common tangen’ to the free energy curves of o and § phases. For
the system at the overall composition of X, the equilibrium structure is the mixture of
phase a and phase B with the following proportions (refer to the figure below.):

Fraction of o = & Fraction of p = fﬁ
ab ab
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¥ ¥
0
« { p
Homogeneous d common Homogeneous
o phase is stable.\ € _ tangent r/ 5 B phase is stable.
& pte— >
A 4 X b B

Two phases(a. and B) coexist
in this range of composition.

Note that y phase does not exist as a stable phase at the present temperature and pressure.
In other words, if yphase is seen in the structure, then the system is not in the
equilibrium , but a meta-stable, non-equilibrium state. However, if the thermodynamic

state of the system is changed (e.g., different temperature or pressure), y phase may exist
as a stable phase in a certain composition range :

T
M
If the free 0 N
energy of mixing
for y phase is as > B
show in the y stable phases at
diagram, different composition
ranges are determined
o o+Y S/ y+p | B as this. Notice that y
A phase appears over
the wide range of
L composition.
Thisis a
i T
.hkely phas.e If we draw the
diagram which o Y
" h + + B free energy
Shows :f:bovc L L + z diagram at this
ty]:;:)r e a ¥ p temperature, it
din ifn T "\ must look like
gram. J a+y Y+P the one given
A B above.
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Exercises

1. The A-B binary system conforms to regular solution behaviour and the interaction
parameter Q is 17,400 J/mol. Find the critical temperature T below which phase
separation occurs. Calculate the compositions of o’ and " in equilibrium at 900K,

2. At 1273K, a copper-zinc alloy containing 16mol% Zn lies on the solidus, and that on
the liquidus contains 20.6mol% Zn. The activity coefficient of Zn in liquid Cu-Zn
alloys, relative to the pure liquid zinc standard state, is represented by

RTIny,, =-19,246N2, where R=8.314Jmol™ K~!

Find activity of copper in the alloy of the solidus composition, relative to the pure
solid copper standard state. The standard free energy of fusion of copper is given by

AGY ¢, =6,883-8.745InT +3.138x10° T2 + 53.7397, Jmol™!

3. Shown below is the diagram of free energy of mixing of liquid and solid solutions of
the A-B binary system at temperature 7.
1) Isittruethat 7, < T, and T) < T, ?. Ty is the melting point of i.
2) The diagram shown occurs when the heat of mixing, /", is positive. Prove that

M M
Hotia ) Hiiguia

iquid

Solid
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Combinations of P (Similarly this is the )
and T which give area in which the
points falling \lethln liquid phase is stable
this area permit only at equilibrium
the solid phase to exist — —
at equilibrium.

quriiorl (" This represents the )

area permitting the

gas phase to exist at

\_ equilibrium. )

»
»

Points falling directly on the phase boundaries represent conditions which require that two
neighbouring phases coexist at equilibrium :

e.g. point a : coexistence of the solid and gas phases
point b : coexistence of the solid and liquid phases
point ¢ : coexistence of the liquid and gas phases

4 The curve O-B

represents the
conditions under
which a solid-and
a liquid can

coexist and called
L the fusion curve. )

Combinations of P
and 7 falling on

/ The boundary A-O\P
defines conditions of g
P and T which allow
a solid and a vapour
to coexist and is
called sublimation T

the boundary O-C
k curve. / The point O represents a set of allows coexistence
conditions under which all three of liquid and

phases coexist in equilibrium and is vapour phases and
called the triple point. the boundary is

called vaporisation
curve.

v

The vaporisation curve (O-C) does not extend indefinitely, but ends abruptly at point C
which is called the critical point. Let’s examine the physical significance of the critical
point.

Suppose that a liquid is contained in a sealed vessel and in equilibrium with its vapour at the
temperature T, (Fig A). When the liquid is heated, the vapour pressure increases and hence
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the density of the vapour phase increases, but the quantity of the liquid decreases due to
vaporisation and the density of the liquid decreases due to thermal expansion (Fig B).
Eventually there comes to a stage at which the density of the vapour becomes equal to that
of the remaining liquid and the interface between the two phases disappears and thus the
two phases are indistingunishable (Fig C).

Fig A Fig B

The temperature at which the interface disappears is called the critical temperature (T¢),
and the corresponding vapour pressure is called the critical pressure Pc. At and above T¢,
therefore, the liquid phase does not exist.

Now we discuss dynamic changes which take place when a system under equilibrium is
disturbed by change in temperature or pressure. Consider a system represented by point &, in
which the liquid and vapour phases are in equilibrium at 7} and P,. If the temperature of the
system is suddenly increased to T, while keeping the total volume constant, the initial
equilibrium conditions are disturbed and the position of the system is now shifted to point
m. This appears to put the system into a single phase (vapour phase) region. The position of
m is however not the equilibrium one for the system, because the volume of the system is
kept constant. What should happen in reality is that the thermal energy supplied to raise
temperature will cause the liquid to vaporise and hence increase the pressure of the system
to P, so that a new equilibrium is established at point .

A
P
Solid Liquid
P, : / {
P 1 k > m
Gas
T T] T2 -
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1)

2)

—‘| Example 1 }

The P-T diagram for the substance A is given below :

A P=1 atm
P(atm)
Licuid Frictionless ek
1qu i
o Solid / ;1 1 piston
0.8 Gaseous A
Gas
liquid A
T T >

Chemical Thermodynamics for Metals and Materials

If a cylinder (system) containing pure liquid A and pure gaseous A in equilibrium
with the external pressure of 1 atm at the temperature T is brought to a new
condition where the temperature is 7, and the pressure is 1 atm, what change would
occur to the system?

If the gaseous phase in the cylinder is initially not the pure A, but a mixture of A
and an inert gas, what would be the pressure of A in the gas phase at the new
condition?

D

2)

-—'[ Example 2 }

Since the external pressure of the cylinder is 1 atm, the vapor pressure of the

gaseous A should be 1 atm. If conditions do not allow for the gaseous A to maintain
the pressure at 1 atm, the gaseous A cannot exist under the conditions. From the P-T
diagram given above, the gaseous A can exist up to 0.8 atm of its pressure at 7}, and
hence the gaseous A cannot exist in equilibrium with the liquid A. Therefore all the
gaseous A will liquefy at 1atm and 7).
This is not a true unary system, but a binary system of A and the inert gas. In this
case, the vapor pressure of A will be adjusted so that the gaseous A at 0.8 atm exists
in equilibrium with the liquid A at 7,. The partial pressure of the inert gas will be 0.2
atm to maintain the total pressure of 1 atm.

. The figure shown is the phase diagram of the

substance A. P, is the vapour pressure of A in

Solid iqui
Liquid equilibrium with the liquid A at the temperature 7.

/ P, indicates the ambient pressure. If the temperature

G is raised to 7}, what would happen to the liquid?
as

v

nn T
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At the temperature 7}, the vapour pressure of A is equal to the ambient pressure. Therefore
vaporisation occurs throughout the bulk of the liquid A. The condition of free vaporisation
throughout the liquid is called boiling. Note that, in the presence of inert gas(es), a liquid
does not suddenly start to form a vapour at its boiling temperature, but even at lower
temperatures there is a vapour which is in equilibrium with the liquid. (See Example 1)

-——{ Example 3 IL

A liquid sample is allowed to cool at a constant pressure, and its temperature is
monitored, The results are shown in Figure A, The phase diagram of this substance is
given in Figure B. Which point in the phase diagram represents the process b — ¢ in the
cooling curve?

A Fy
d Liquid
Solid qul
T plA B C/..D
1
Gas
Time i’ T "
FigA Fig B

2) the sample temperature will eventually 1) When a liquid sample is allowed
hit the phase boundary at point B. to cool at a constant pressure P,,

4 ;
T /...D

FigA > FigB

Time
3) and then the sample 4) During the phase transition from liquid to

begins to solidify. This is solid at the point B, heat is evolved and the
represented by the point b cooling stops until the transition is complete
in the cooling curve, at the point ¢ in the cooling curve.
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162 Chemical Thermodynamics for Metals and Materials

decreases again toward A from B in the phase diagram, or along the c-d in the

5) Once the transition has been complete at the point ¢, the sample temperature
cooling curve.

F-l Example 4 %

The relationship between pressure and
volume is examined with a substance A.
As the pressure is increased keeping the
temperature at 7, the volume of the gas
decreases. When the pressure reaches a
certain value, the volume suddenly reduces
to the low value as the gas liquefies. A
further increase in pressure causes - little

T4 further reduction in volume as liquid is
T3 generally not compressible to a large
T, extent. When the P-V relationship is
?2 examined at a number of different
% temperatures, one may obtain results

shown in the diagram. Discuss the physical
significance of the point A in the diagram.

At the point A the liquid and vapour are indistinguishable and the densities are identical.
The point A is thus the critical point and the corresponding temperature T is the:critical
temperature and P is the critical pressure. All gases exhibit this type of behaviour, but
the values of critical pressure and critical temperature vary considerably from one
substance to another.

"—' Example 5 }

A
P For the majority of metals the triple point lies far
(atm) o below atmospheric pressure and the critical point
Solid b qumg ./ well above atmospheric pressure. The diagram
given below is the P-T phase diagram of the
metal M. Discuss the change of the vapour
€ Gas pressure when the metal is gradually heated from
d the solid state (a) to the temperature above the
boiling point.

1 a

v
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The behaviour of the metal during heating under a constant pressure of 1 atm can be

predicted from the diagram :

¢ At point g, the solid metal is in equilibrium with the gas phase consisting of the vapour
of M at the partial pressure of 4 and air (or inert gas) at the partial pressure of d-q, to
make the total pressure of 1 atm.

¢ Ag the temperature is increased, the partial pressure (i.e., the vapour pressure) of the
metal vapour increases along the curves de and ec. Note that the metal M melts at b
during heating.

o At point ¢, the vapour pressure of the metal M becomes identical to the ambient

pressure (1atm), and hence the liquid metal boils.
o Further heating will result in the metal being completely in the vapour phase.

Exercises

1. Calculate the number of degrees of freedom at the triple point.

2. Calculate the number of degrees of freedom at the critical point.

3. A metal is sealed in a completely inert and pressure-tight container. Initially the metal
fills half of the container, the balance of the space being filled with an inert gas at a
pressure of 1 atm. What changes will occur within the container as the system is heated.
The phase diagram of the metal is similar to the that given in Example 5.

4.1.2. Allotropy

Let’s look at the fundamental difference between liquids and solids :

Liquids Solids
General atomic array Random arrays of atoms and {krrays of atoms or molecules
molecules in regular patterns
Atomic | Only one type of random Many types of ordered arrays
One array array is possible. are possible.
component
system Number | Only one liquid phase can A number of different solid
of phases | exist. phases may exist.

The various crystalline forms in which a solid may exist are called allotropes or
polymorphs. The transformation from one allotrope to another is called allotropic or
polymorphic transformation. This transformation may occur either with pressure change or
with temperature change.
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—-I Example 1 }

o and P are two solid phases which are possible to appear in the substance A. At low
temperatures o phase is more stable. Prove that one of the thermodynamic requirements
for the appearance of allotropic transformation from o to B at constant pressure is

Entropy of #(Sp > Entropy of a(S,)

Different phases, say, o and B, in a given substance in general have different free energies
and entropies at a specific temperature and pressure. First, let’s look at the o phase.

Recall that
p (6_9,_) =8, = the slope of the free
oT Jp energy curve

Thus the slope of the curve is the negative
entropy of the o phase. In order for B phase
to appear at high temperatures, the free
energy of f should fall more rapidly than that
of o as the temperature is raised. In other
words the free energy curve for B is steeper
‘than that for o. This means that the entropy
of the ( phase should be larger than that of
the o phase.

—-I Example 2 }

The following diagram (Fig A) shows the relation between a stable phase and an
unstable phase in a given set of conditions. If cooling is carried out slowly from the
liquid phase, the liquid solidifies at 7, to form solid § phase. An allotropic
transformation from B to o phase occurs at 7, On slow heating the process will be
reversed.

Thus the equilibrium can be expressed as

ceopfpel

If cooling is carried out rapidly, however, a supercooled liquid phase may appear below
the temperature 7,. Further cooling may result in either further supercooling or
solidifying into o phase which is metastable.

If the curve for b phase is located differently as shown in Fig B, can the phase f§ be
obtained directly from the phase o.?
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Fig B

T

Note from Fig B that the transition point from o to B phase lies above the melting point of
both o and B phases. Thus the transition from o to p cannot be observed. The only way to
produce the B phase is

o to melt the & phase,

¢ and then to rapidly cool the melt (supercooling).

Exercises

1. The following is the phase diagram of sulphur. The stable form of sulphur at ordinary
temperature is a sulphur which has a rhombic crystal structure. At what temperature
will rhombic sulphur melt upon slow heating? If the sulphur is heated rapidly, at what
temperature will it melt?

4.2, Binary Systems
4.2.1. Binary Liquid Systems

When two liquids are brought together, they may
o totally dissolve in one another in all proportions,
¢ partially dissolve in one another, or
o  be completely immiscible.

Total miscibility

Consider the A-B binary liquid system in equilibrjum with the vapour phase at a constant
temperature. Is the composition of the vapour the same as that of the liquid? Not
necessarily. Let’s apply the Gibbs-Duhem equation to the liquid phase.
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Vapour

A B

A B
Liquid

N dlna,+Ngdinag =0

P where P’ is the saturation

*

a“ =
P vapour pressure of i.

A 4

N din 24 |4 Nyain T2 | <0
PA PB

P’ : constant at a given temperature

Y

N dinP,+NgdinPy =0

:

N
__A..dPA .{..ﬁ’i
PA PB

dPB =0

P=P,+Pyg| P:total pressure

Differentiation with respect to N
y

dp__dp, _dP,
dN, dN, dN,

dP _dpy (| NyPy
dN, dN,\ NP,

First we apply this equation to an ideal solution. Recall that an ideal solution is the one in
which all components obey Raoult’s law, which states that the partial pressure of a
component in solution is directly proportional to its molar concentration.

Let’s assume A is more volatile than B : i.e., P; > P;. Consider an arbitrary composition
N4 (Refer to the following figure.). P is the total vapour pressure which is in equilibrium
with the liquid solution of composition N,. Now a question arises as to how the fraction of
A in the vapour phase (P,/P) is related to the fraction of A in the liquid phase (V). To
derive a quantitative relationship, we need to make use of the last equation :
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Py
P=PA+PB
P
P, Py
Py
A Ny B

dN, dN, N, P
ar (P; - Pg) : Slope of the total P
daN 4
Py P .
BB —_p; :-(slope of P curve)
av, dN,
v

P -PF; =_pg(1- NBPA)

P PN P
B _ _';i. - puta=_'§. and add 1 to both sides.
Py Py )Ny Py

Py Ny

PA NA

e~ —— = +
P N, +aNg P=Pa+ Py

*

a=;£i- <i, Nq+ Ng=1->N;+aNg<l1
A

P 4

e N,—i

This last equation tells us that even for the ideal solution the mole fraction of a component
in the vapour phase is not the same as that in the liquid phase. In the A-B binary solution of
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the above example in which A is more volatile than B, the vapour phase is richer in A than
the liquid phase.

3

This point represents
e the total vapour

Py pressure and
\4 =Py + Pg e  the composition of
P R the liquid phase.
\ P
]

point indicates
the composition of
the vapour that is

in equilibrium with
the liquid at the
pressure P.

Fraction of A in the
vapour phase.

%)

Fraction of A in the
liquid phase.

P
! =P, + Pg
P
b PB.
A — N, B B
l by connecting all the points,
P; Liquid
Liquid + Vapour (—__ ol
P i ~a
Pz > -~ o
P Vapour
A —> N, B B
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Consider lowering the pressure on a liquid solution of “a” in the above diagram.

Until the pressure is lowered to P;, the sample maintains a single liquid phase.

Right at the point b, the vapour phase begins to appear, and hence the liquid coexists
with its vapour of the composition ¢. According to the lever rule, the amount of the
vapour phase is found to be negligibly small.

Further decrease in pressure results in the change in both the composition and the
relative amount of each phase. At the pressure P, the compositions of the vapour
and the liquid are given by the points d and e, respectively. Again, the relative
amounts of the liquid and vapour are determined by the lever rule.

If the pressure is further reduced to P;, the composition of the vapour (f) bécomes
the same as the overall composition. This means that at this pressure the liquid
vaporises nearly completely and thus the amount of liquid is virtually zero.

Decrease in pressure below P; will bring the system to the region where only vapour
is present.

Next we consider a temperature-composition diagram.

diagram :

Vapour . Vapour .
composition \ b®) \
Boiling point
Boiling point of pure B
of pure A
Tow Liquid \ Boiling point
of liquid solution
A - N, B B
Consider the heating process of a liquid represented by the point p in the following
T Vapour
Ty
ki T/
T2 / [
T b a
°
Tb(A) p
Liquid
A SN, B
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o  Until the temperature of the system reaches T, only the liquid phase exists.

» At T, the liquid begins to boil. The compositions of the liquid and vapour are given
by the points a and &, respectively. However, the amount of the vapour is negligibly
small. Note that the vapour is richer in A than the liquid, since A is more volatile.

e On further heating, the compositions of both the liquid and the vapour are re-
adjusted : the liquid composition from a toward ¢ along the curve (/iguidus), and the
vapour from b toward d along the curve (vaporus).

e At T, the liquid of c coexists in equilibrium with the vapour of d. The proportion of
each phase is determined by the lever rule.

o At T; the composition of the vapour (f) becomes equal to that of the original liquid.
This means that the liquid vaporises at this temperature nearly completely and hence
the liquid of the composition e is present only as a trace.

e  Attemperatures higher than T; only vapour phase can exist.

Although temperature-composition phase diagrams of many liquids are similar to the one
for an ideal solution shown above, there are a number of important solutions which exhibit a
marked deviation.

Recall the following equation which we have developed earlier :

dP _ dpPg (I_NBPA)

dN, dN,\' NPy
When the total vapour pressure curve It is obvious that the boiling point curve
for a liquid solution shows a minimum in temperature-composition diagrams
or a maximum, i.e., will show a maximum or minimum. As
ap,
_‘i& = 0, B # 0,
dN , dN ,

P, N, Therefore the composition of the

Py = -1‘73— vapour is the same as that of the

liquid.

T

T

Ty

Tym)
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Note that at the maximum or minimum point the liquidus and vaporus curves are coincident
and thus the composition of the vapor is the same as that of the liquid. In other words,
evaporation of those liquid solutions denoted by a and & in the above diagrams occurs
without change of composition. This type of mixture is said to form a azeotrope.

Ligquid mixtures showing no miscibility

Certain liquids are completely immiscible in each other :

| 1’) = P__; T PH
[ .
: _| Py
We may regard
S —
@ O () | this mixture as Py
- B ( B
o ©
o .. C) A

The liquid A is in equilibrium with its vapour at the vapour pressure of P, and the liquid B
is in equilibrium with its vapour at the vapour pressure of Pp. The total pressure (P) above
the liquid mixture is thus the sum of the two vapour pressures :

P =P+ Pp

When the mixture is heated in an open container, it boils at P = 1 atm, not P, = 1 atm or Py
= 1 atm. This means that any mixture of immiscible liquids will boil at a temperature below
the boiling point of either component. This is the basis of steam distillation.

Liquid mixtures with partial miscibility

We have so far discussed two cases, namely complete solubility of liquids and complete
immiscibility of liquids. But there are a number of liquid systems which show partial
miscibility; i.e., liquids that do not mix in all proportions at all temperatures.

T
Any liquid system o
represented by a point in Fully miscible
this .reglion lforms a s e
single phase. y liquid system
d b/ :\c represented by a point in
this region forms two
laui oS
Imnhiscible iquid solutions
A N B

When a liquid mixture of the mean composition N is prepared at the temperature T, two
immiscible liquid solutions will form ; one of the composition b and the other of the
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composition ¢. This point 4 in the diagram indicates merely the mean composition of the
two immiscible solutions.

T IS
Tc
T, b ¢
A d N € B

When a homogeneous liquid solution represented by the point 4 in the above diagram is
cooled, the phase separation into two immiscible solutions (b and ¢) occurs at the
temperature 7;. On further cooling compositions of both liquids change along the phase
boundaries (bd and ce). T is the highest temperature at which phase separation can occur
and is called the critical temperature.

Given below are diagrams which are representative of partial miscibility or phase
separation :

Homogeneous
Homogeneous T Two phase T liquid solution
T liquid solution region
Two phase
region
Two phase 70”,15@7@“
region iquid solution
A B A B A B
Fig A FigB FigC

As can be seen in Fig B, some systems show a lower critical temperature below which they
form a homogeneous liquid solution in all proportions and above which they separate into
two phases, Some systems have both upper and lower critical temperatures (Fig C).

We now consider systems which include a vapour phase together with liquid mixtures with
partial miscibility. The first example is a system which shows partial miscibility and a
minimum boiling point azeotrope.
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This example shows that the liquids become fully miscible before they boil.

T Vapour
T
Liquid
Two phase
region
A B

In some systems an upper critical temperature does not occur and the liquids boil before
mixing is complete.

Two phase

region

—( Example | [f

A liquid of composition a is heated
1. Find the point which represents the
T temperature and composition of the liquid
Vapour when it begins to boil.
T ” 2. Find the point which represents the
4 temperature and composition of the vapour in
equilibrium with the boiling liquid.
3. Now the vapour of the above question is
withdrawn and completely condensed and
14 then reheated. Find the point which represents
Liquid a the temperature and composition of the liquid
at the boiling point.

www.Iran-mavad.com

Slgo ks 5 lglidld g 0




Phase Diagrams 175

1. b, 2. 4, 3. e
If the boiling and condensation cycle is repeated successively, some interesting
consequences will be resulted in. Notice in the following figure that the condensed liquid
becomes richer in the more volatile component A as the cycle is repeated. This process is

called fractional distillation. Almost pure A may be obtained by repeating the cycle.

Vapour
T c
T
Boilin,
d b
Cordensing Heating]
£ Boilin,
Conde ¢
ondensirg | iquid P
A B

The efficiency of the fractional distillation depends very much on the shape of the phase
diagram:.

— (oo }—

Vapour Vapour
T
T
i /
Liquid Liquid a
v
A B A B

The efficiency is sometimes quantified by the number of the theoretical plates, the number
of effective vaporisation and condensation steps that are required to achieve a condensate of
given composition form a given distillate.
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——{ Example 2 =

Liquids A and B dissolve completely in one another in all proportions. If the change in
vapour pressure P (= P, + Pg) with the fraction of A, N, is positive, i.e.,

prove that the vapour phase is richer in component A that the liquid phase.

Recall the following equation :

dP _ dPg (I_NBPAJ

aN 4 —dNA N Py
Given
dP 50 dPy =_dPB <0
dN dN, dN,
v
I—NBPA <0
N 4Py
Pa Ns
Py Ng

Exercises

1. Liquids A and B exhibit a miscibility gap as shown in the following phase diagram. A
mixture of 60 mol% of A and 40 mol% of B was prepared at 600°C. Calculate the mole
fraction of the liquid rich in A.

900

0,

4+ 800( l -

700 F e S

600

500

0 02 04 06 08 10
-—)NB
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4.2.2. Binary Systems without Solid Solution
Eutectic Systems

Consider a system of two components, A and B, which are completely soluble in one
another in the liquid state, but completely insoluble in one another in the solid state.

The melting point of a liquid is normally depressed if the liquid contains some other
substance in solution.

The melting point of A will The melting point of B will
gradually decrease with increase gradually decrease with increase
in B in the liquid solution. in A in the liquid solution.
Melting point_,
of pure A "IN
T v AT < Melting point
4 of pure B
A B

‘When this liquid
solution is cooled,

the temperature will

eventually hit this curve,
T and crystals of pure A
) ) begins to form.
Tnm)

In other words "@ ) ]
crystallisation of pure A A Similarly this curve
from the liquid solution represents the depression

begins at a lower of the temperature for
temperature than from crystallisation (freezing
the pure liquid A. point) of pure B from the
solution.
A B

5
1t is clear that this is the point
below which no liquid can exist.
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Considering all the facts discussed above, we are able to draw a diagram which shows the
temperature-stable phase relationship of a binary system in which no solid solution forms.
The completed equilibrium diagram or phase diagram may look like the following figure:

d
liquid solution
c
T .
liquid
T | liquid q+
+ solid B
solid A
e g
solid A + solid B
A B

e The region above the broken curved line ced represents liquid solution. Any possible
combination of temperature and composition which lies in this region will be
completely molten. The lines ce and ed are called liguidus.

e The region below the horizontal line feg represents the mixture of solid A and B. Any
possible combination of temperature and composition which lies in this region will be
completely solid. The line feg, or more precisely, cfegd is called solidus.

¢ In the regions surrounded by the liquidus and solidus (cfe and deg), a solid phase
coexists with a liquid phase. Consider the region cfe. Within this region, pure solid A
can coexist with a number of different liquid solutions. Since solid A is the only solid
present in this region, it is called the primary field of A. Similarly the region of deg is
the primary field of B.

e The point e represents the lowest temperature at which a liquid solution can exist. At
this point all remaining liquid solution solidifies. This point is called the eutectic point.

We may extract a considerable amount of information from this type of phase diagram.
Let’s consider the case represented by the point p in the following figure. We know that this
point is in the primary field of A in which pure solid A coexists with liquid. When an
isothermal line passing the point of interest (p) is constructed, the point r represents the
composition of the liquid phase which exists in equilibrium with pure solid A represented
by the point q. The isothermal line gr which connects the compositions of the two phases
that coexist in equilibrium is called the tie line.
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A B
The relative amount of each phase is determined according to the lever rule :

Fraction of solid A = £ Fraction of liquid = &
(o

qr

The microstructure at point p therefore would look like the figure given below :

We now consider the eutectic point e. If the temperature is just above the eutectic
temperature, it is a single liquid phase that is present. If the temperature is just below the
eutectic temperature, however, two solid phases, solid A and solid B, are present. At the
eutectic point, therefore, all three phases, ie., solid A, solid B and liquid, coexist in
equilibrium. We may thus write a reaction which occurs at the eutectic point :

L(e) = AG) + BE)

This is called the phase reaction for the eutectic reaction. On cooling at the eutectic point
the reaction will proceed to the right. On heating the reaction will proceed to the left. Solids
produced by the eutectic reaction is in general a fine grain mixture of A and B.

We now examine the cooling of a composition from the liquid state to the complete solid
state.
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d
L
00
T [+
1+ n
D,
K- L+B
L+A
A G e g
A B
+ E+ B I +
eutectic eutectic
A t B

e  When the liquid solution o is cooled, it remains in liquid until the temperature reaches
the point m.

e At m, pure solid A(n) begins to precipitate.

e  On further cooling the system enters the two phase region, and at p the system consists
of pure solid A(g) and liquid solution of ». Note that the liquid composition has been
changed from m to r along the liquidus mr.

e At just above the eutectic temperature, the composition of the liquid in equilibrium
with solid A is e.

e  The fraction of the liquid =f5 /fe .

¢ On further cooling to just below the eutectic temperature, the remaining liquid which
has the eutectic composition will freeze immediately according to the eutectic reaction.
The solid structure will thus be the mixture of the primary phase of A and the eutectic
structure which is the fine mixture of A and B.

¢ The solid phase region fABg thus can be divided into two sub-regions: fAte for solid A
+ eutectic and erBg for solid B + eutectic.

In a binary system two components may undergo a chemical reaction to form a compound.
The compound formed may possess a definite or congruent melting point. If this is the case,
the compound forms a separate phase and possesses a different crystal structure from those
of the constituents. From many points of view a compound with a congruent melting point
can be regarded as a pure substance. This type of compound will coexist in equilibrium with
a liquid of identical composition. In other words the compound does not decompose below
its melting point. The phase diagram of a binary system which forms a congruently-melting
compound is somewhat different from the one shown above.
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The phase diagram of a binary system as shown below is effectively two simple eutectic
diagrams linked together. Therefore there are two eutectic points in this kind of the system.
A maximum point appears on the liquidus, which is the melting point of the congruently-
melting compound.

L
Tomy
L
+
Tot . AnB, L+H
+
A+ A,B,
B+ A,B,
A+A,B,
A A,B, B

Peritectic Systems

Some compounds do not have a sharp melting temperature, but rather decompose on
heating into a liquid and another solid below the liquidus temperature. When the compound
A,B, is beated, it decomposes into solid A and liquid of p at the temperature Tp. The
compound A,B, is stable only up to the temperature 5. This type of compounds is called
an incongruently-melting compound.

me '\!is (13

.61+L Ty
e W ¥

A

+ e

A,B,
A A,B, B
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Consider the cooling of the liquid solution s.

1)
2)
3)
4)

5)

6)

7
8)

Until the temperature reaches the liquidus, the solution is fully molten.

When the solution crosses the liquidus, primary crystals of pure A form.

On further cooling the crystals of A grow and the liquid becomes richer in B.

At a temperature just above Tp, the phases in equilibrium are pure solid A and the
liquid of the composition of p. The relative amount of each phase is determined by the
lever rule :

Fraction of solid A = £ Fraction of liquid = ik
qr qp

At the temperature 7 the crystallised A reacts with liquid and forms compound A,B,,.
L(atp) + A(atg) = A,B,atr)

This kind of reaction is called a peritectic reaction and the point p is called the
peritectic point. The temperature T is called the peritectic temperature.

The peritectic reaction proceeds until all the remaining liquid is exhausted.

Just below the peritectic temperature, the coexistence of two solid phases, A at g and
A,B, at r, is resulted in. Thus the microstructure of the system will consist of large
primary crystals of A and small crystallites of A,,B,.

Next, consider the cooling of the liquid solution ¢ :

1)
2)
3)
4)

5)

6)
7
8

9

Until the temperature reaches the liquidus, the solution is fully molten.

‘When the solution crosses the liquidus, primary crystals of pure A form.

On firther cooling the crystals of A grow and the liquid becomes richer in B.

At a temperature just above 7p, the phases in equilibrium are pure solid A and the
liquid of the composition of p. The relative amount of each phase is determined by the
lever rule:

Fraction of solid A = 2 Fraction of liquid = id
/4 qp
At the temperature 7, the crystallised A reacts with the liquid and forms compound

AnB,.
L{atp) + Afatq) = A,B,atr)

The peritectic reaction proceeds until all the primary solid A is completely exhausted.
Since the quantity of B in the original composition is excessive for formation of A,B,
alone, the crystallisation process does not end after the peritectic reaction, but continues
to proceed by further cooling.

Just below the peritectic temperature, the coexistence of the liquid phase at p and A,B,
at r, is resulted in.

On further cooling the crystals of A, B, grow and the liquid becomes richer in B along
the liquidus pe.

At the temperature T,, the remaining liquid (fraction =cf/ce) undergoes the eutectic
reaction.

The final solid consists of large crystals of A,,B, and small crystals of both A,,B, and B
in a eutectic matrix.
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Monotectic Systems

The phase diagram given below shows a two-phase region consisting of two different
liquids which are not miscible.

[ )
L
T
A) T
A+D
Tuls
T,
A B

Consider-the cooling of the liquid solution of .

1)
2)

3)

At the liquidus (p), the melt begins to separate into two liquids, L, (at p) and L, (at ¢).
As the temperature decreases, the compositions of the liquids alter along the liquidus
pn and gn, respectively.

At the temperature T, the liquid phase L, (at 7) decomposes into pure solid A (at o)
and liquid L, (at #). This reaction may be written as

Li(atm) = A(ato) + L,(atn)

This kind of reaction is called a monotectic reaction and the point m is referred to as the
monotectic point.

-—‘ Example 1 }

It is possible, for any conceivable combination of temperature and total composition, to

determine by inspection of the phase diagram exactly what phases will be present at

equilibrium. It is also possible to determine the exact amount of each particular phase

present under any given est of conditions.

Consider a simple eutectic system shown in the following figure. When the melt s is

cooled, find

1) the fraction of the primary solid phase of A just above the eutectic temperature 7,

2) the fraction of the eutectic structure (mixture of fine crystals of A and B) just below
Tﬂ

3) the fraction of A in the eutectic structure below 7,

4) the fraction of A in total, i.e., the sum of A in the primary phase and the eutectic.
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.
T
T
L+ L+B
e f i‘l e g
A B
+ +
eutectic eutectic
A B

1) According to the lever rule, the fraction of A = he/fe.
2) The liquid fraction just above the eutectic temperature is converted into the eutectic
structure when the temperature is lowered below the eutectic.

fh

Fraction of the eutectic structure = 7
e
3) The liquid composition at the eutectic reaction is represented by e. This liquid is
transformed into solid A and solid B by the eutectic reaction.
Fraction of A in the eutectic structure = 27g—
g

4) Fraction of the total A = hg/fg.

Is the peritectic point in a binary system invariant?

Consider the Gibbs phase rule,

f=c-p+2

¢ - p : chemical contribution

2 : temperature and pressure
However, the pressure is fixed for
the phase diagram. Thus 2 — 1.

v
f=c-p+1

Refer to the binary peritectic diagram
in the text.

¢ =2(Aand B)

p = 3 (A, liquid and A,B,)

=0 Invariant.
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-—-{ Example 3 l[

If one of components or compounds in a binary system undergoes polymorphic
transformations, there will be horizontal lines in the phase diagram separating the stable
region of each polymorph. The figures given below represent two possible forms which
a system can take when such transformations take place. Prove that conditions lying on
these horizontal lines are univariant.

g \ L
+
T TL Ag
! ! L+A
L+A L+B a L+B
Ag+ B
A, +B Aqa + B
A B A B
Fig1 Fig2
From the Gibbs phase rule,
f=c-p+t1
¢ =3(AnAsB)
r =3(A,AsBinFigl,

A, Ag LinFig2)

f =1 | univariant

Exercises

1. In the eutectic alloy system AB, the compositions of the three conjugate phases of the
eutectic are pure A, pure B and liquid of 80% B. Assuming equilibrium solidification of
an alloy composed of 40% A and 60% B at a temperature just below the eutectic
temperature, calculate the percentage of the primary A. Calculate the percentage of the
total A.
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4.2.3. Binary Systems with Solid Solution

It is possible for solids to form a solution, i.e., solid solution. The concept of either liquid
solution or gaseous solution is familiar and easy to conceive of. By the term solid solution, it
simply means that the solute component enters and becomes a part of the crystalline solvent,
without altering its basic structure. This is not limited to solids involving elements, but
applies equally to solids involving compounds.

There are two kinds of solid solutions, namely, substitutional solid solutions and interstitial
solid solutions. In substitutional solid solutions, the solute element occupies a position of
one of the solvent elements in the solvent crystal. In interstitial solid solutions, on the other
hand, the solute element occupies on of the vacant spaces between solvent elements in the
solvent crystal lattice without displacing a solvent element.

Total Solid Solubility

Solid solutions with complete solid solubility, i.e., solid solubility over the entire range of
the composition, are possible to form, but always of the substitutional kind. For a metallic
binary solution to exhibit a complete solid solubility, for instance, both metals must have the
same type of crystal structure, because it must be possible to replace, progressively, all the
atoms of the initial solvent with solute atoms without causing a change in crystal structure.

For a binary system in which two components are mutually soluble in all proportions in both
the liquid and solid states, the possible phase diagram shapes are as shown below:

:‘; Liquid solution Liquid solution Liquid solution
[
a
T ~7b
T2 e / d
T & f
Solid solution Sotid solution Solid solution
A B A B A B
Fig 1 Fig2 Fig 3

These diagrams are similar in shape to those discussed in section 4.2.1. (Liquid solution
systems) and the interpretation of the diagrams is also much the same. First, consider the
cooling of the liquid s in Fig.1.

1) Freezing of the liquid solution will commence at 7;. Crystals which begin to form at
this temperature are a solid solution of the composition b, but the amount of the solid
solution forming at 7, is as a trace. Nevertheless, the liquid solution of a is in
equilibrium with the solid solution bat T}.

2) As the temperature falls, the composition of the solid solution changes following the
solidus and the composition of the liquid solution changes following the liquidus. At the
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temperature 7T;, the liquid solution of ¢ and the solid solution of d coexist in
equilibrium. The relative amount of each phase is determined by the lever rule.
3) At T, solidification is complete, and further cooling will bring the system to the solid
phase.
Fig 2 and 3 show the minimum and maximum melting points, respectively. The solid
solution which corresponds to the minimum or maximum melting point behaves much like a
pure component. It melts and freezes undergoing no changes in composition. In other words
it melts congruently.

Partial Solid Solubility

In many cases, atom size, crystal structure or other factors restrict the ease with which solute
atoms can be dissolved in the solvent in the solid state. Thus it is much more common to
find that solids are partly soluble in one another rather than be either completely soluble or
completely insoluble. The following is an example of a phase diagram for a binary system
which shows partial solid solubility :

l<— Hypoeutectic —»i<Hypereutectic »
Ty
Liqhid
bl Tomy
B +liq
d
i p

a+p
AS ¢€B
where o : solid solutions.

ae, be : liquidus

ac, cd, bd : solidus
of dg : solvus.

Note that the solvus ¢f denotes the solubility limit of B in A, and the solvus dg shows the

solubility limit of A in B.

Consider the cooling of the solution s.

1) At g, solidification begins. On further cooling the solid composition changes along the
solidus pc, and the liquid composition along the liquidus ae.

2) When the system arrives at the eutectic temperature, the liquid left undergoes the
eutectic transformation:

L{ate) = afatc) + fatd)
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3) On completion of the eutectic reaction, the resuiting structure will be the mixture of the
primary « phase and the eutectic structure which is the mixture of o and  phase.

In a binary phase diagram it is customary that the more common component is put on the
left. Those structures which occur on the left side of the eutectic composition are calied
hypoeutectic, and those on the right side are called hypereutectic.

If a substance is allotropic this will affect the shape of phase diagrams for systems involving
the substance. Consider a system which involves two allotropic substances, A and B. The
following figure shows one of the possible diagrams which involve allotropic substances.
The point e in the diagram is called the eutectoid point, and the eutectoid reaction is

y(ate) = afatc) + B(atd)

Interpretation of the eutectoid phase diagram is generally the same as that of the eutectic

phase diagram.
o &
Tm(s)
y
a+
« Y B+y
e

o+p

w

A B

Now we consider another type of phase diagram as shown below:

/

T

o+
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e As B in the o phase increases, the temperature at which liquid begins to form on
heating rises along the solidus ar.

o The o phase at » decomposes upon heating into a liquid phase of p and the solid p
phase at s. This reaction can be represented by

o(atr) = L(atp) + P (ats)
e This reaction is called the peritectic reaction, and the point p is known as the peritectic

point and 7, the peritectic temperature.

Next we examine the cooling behaviour of several different total compositions with the
figure given below.

A 4 5B

¢ Cooling of the liquid ¢
1) c¢-»u :Homogeneous liquid solution
2) Atu :Precipitation of solid o of the composition v
3) u—>3 :Increase in solid o phase. The compositions of the liquid and the o
phase change along the %2 and v3, respectively.
4) At3 :Completion of solidification. The composition of o phase is given by 3.
5) Below 3: Homogeneous o phase

e Cooling of the liquid d

1) d—k :Homogeneous liquid solution

2) Atk :Precipitation of solid P phase of the composition /

3) k—»m :Increase in the solid B phase. The compositions of the liquid and the B
phase change along kp and Is, respectively. The relative amount of each
phase is determined by the lever rule.

4) Atm :Peritectic reaction : Portion of liquid p reacts with the solid f to form
solida. at r.
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L(atp) + B(ats) = a(atr)

On completion of the peritectic reaction, the system consists of the
liquid p and the solid a at .

5) m—z :Increase in the o phase. The compositions of the liquid and the o phase

change along py and rz, respectively.

6) Atz :Completion of solidification.
7) Below z : Homogeneous o phase

Cooling of the liquid e

1) e—i :Homogeneous liquid solution

2) Ati : Precipitation of solid  phase of the composition ;

3) i—n :Increase in the solid B phase. The compositions of the liquid and the f§
phase change along ip and js, respectively. The relative amount of each
phase is determined by the lever rule.

4) Atn  :Peritectic reaction : Portion of liquid p reacts with the solid p to form
solid o at r.

L(atp) + B(ats) = a(atr)
On completion of the peritectic reaction, the system consists of the liquid
p and the solid o at 7.

5) n—t :Increase in the o phase. The compositions of the liquid and the o phase
change along pq and r¢, respectively.

6) At¢ : Completion of solidification.

7) t—>w :Homogeneous a phase

8) Atw :Precipitation of B phase of the composition x

9) Below w: Mixture of the o and P phases. The compositions of the o and B phases
change along the solvus w4 and x5, respectively. The relative amount of
each phase is determined by the lever rule.

Cooling of the liquid

1) f— g :Homogeneous liquid solution

2)
3

4)

5

Atg  :Precipitation of solid B phase of the composition &

g—> o :Increase in the solid B phase. The compositions of the liquid and the B
phase change along gp and bs, respectively. The relative amount of each
phase is determined by the lever rule.

Ato  : Peritectic reaction : All liquid p reacts with a portion of the solid f to
form solid ot at r.

Latp) + B(ats) = a(atr)

On completion of the peritectic reaction, the system consists of the solid
BOat s and the solid e at ».

Below o: Mixture of the o and B phases. The compositions of the o and §§ phases
change along the solvus r4 and s5, respectively. The relative amount of
each phase is determined by the lever rule.
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Given below are some other types of binary phase diagrams

Fig 1 Fig2
where o and B phases : terminal solid solutions
¥ phase : intermediate solid solution
v in Fig 1 : congruently melting
y in Fig 2 : incongruently melting

Interpretation of these diagrams is much the same as those discussed previously.

—-l Example | 'r

The Fig 1 in the following shows part of the phase diagram of the A-B binary system.
When a liquid sample of the composition x was cooled to the room temperature, it was
found that each crystal or grain was ricker in A toward the centre (Fig 2). Discuss the
solidification process which would enable the formation of this non-uniform
concentration grain structure and determine whether the structure shown in Fig 2 is the
equilibrium one.

Liq _ !
o % o “a A
A x B
Fig 1 Fig2
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True equilibrium freezing is almost unattainable in practice, because it requires that both
phases, the liquid and the solid, be homogeneous throughout at all times. This is possible
only if a sufficiently long time is given at each decrement of temperature. Therefore
equilibrium freez'ng requires infinitesimally slow rates of heat extraction and thus with
ordinary cooling rates certain departures from equilibrium are to be expected.

Consider the cooling of the liquid solution of s in the following diagram.

oS
T, 2 b Liquid
L cl'd y {
Ligt+a
T 7 {
o
T. ~ /
4 j k \
A x B
¢ The liquid remains homogeneous upon cooling from s to b.
o Freezing begins at 7, with the deposition of crystals of the composition a.
®  As cooling proceeds, the liquid composition changes along the liquidus.
[ ]

Solid forming at 7, will have the composition of e and the liquid has the composition
of f.

During cooling from T, to T,, a number of new nuclei form, each with the
composition given by the solidus ae at its formation temperature. These nuclei will
grow at the expense of the liquid.

At the temperature 7,, none other than crystals having the composition e is in
equilibrium with the liquid. However, not enough time is available for the
compositions within the solid to change fully to the equilibrium values, Therefore the
solid will have compositions ranging from ¢ to e with an average somewhere between
the two, say, d.

On further cooling the liquid composition changes along the liquidus fi, the
equilibrium solid composition along the solidus e/, and the average composition of
the solid in a real practice along the line dg.
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o Solidification would be completed at 7;, should equilibrium be maintained during the

cooling. In reality, however, there is still liquid remaining.

Fraction of liquid remained = g_}z

g1

¢ On further cooling, the liquid composition changes along the liquidus i/ and the

average solid composition along the line gj.

e At T, solidification is completed. It is thus seen that nonequilibrium freezing is

characterised by

1) increased temperature range over which liquid and solid are present
2) T, e T, for equilibrium solidification

3) T, o T, for nonequilibrium solidification

4) acomposition range remaining in the solids { at least j «> ).

s  Insummary, the solidification begins with the formation of numerous solid nuclei and
the growth of these nuclei follows. Each nucleus has a gradient of composition from

its centre to the periphery. This nonequilibrium effect is referred to as coring.

—-{ Example 2 }

Consider the A-B binary system. If A and B
form a random solid solution with, say, 10
atom percent B, the probability of finding a Liquid
B atom on any specific lattice site is just
0.1. Under certain conditions, however, B
atoms may favour certain specific sites than
the rest. B atoms will then preferentially 7,

c
position themselves on these specific sites,

The probability of finding B atoms in these o p

sites will greatly increase. This type of +

arrangement is referred to as an ordered o'

structure. The process in which a random
disordered solid solution is rearranged into

. where
an ordered solid solution is called an order-

o :disordered phase

B

disorder transition. o' : ordered phase
Discuss the order-disorder transition using

the phase diagram given :

¢  Ordered structure in the o’ field

e  Disordered structure in the o field

o  Coexistence of ordered and disordered structures in the (¢ + ') field

s Disordered structure only at temperatures above 7
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1. Consider the A-B binary peritectic system as shown in the following diagram :

\y X
\ Liquid
L +Ha
T, o
o+ L h
p \\\\¥
A 10 25 40 60
— B (wt%)

When liquid x is cooled maintaining
equilibrium conditions, calculate
wt% o that exists just above the
peritectic temeperature 7T, When
liquid y is cooled maintaining
equilibrium conditions, calculate
wt% P that exists just below the
peritectic temperature 7,,.

2. Phase diagram is one way of expressing thermodynamic equilibrium of a system. Every
part of a phase diagram therefore has to conform to thermodynamic principles. Find
errors in the phase diagrams shown below. Justify your answer.

L+a

Liquid

oa+p

L+p
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4.2.4. Thermodynamic Models

Ideal Solutions

Recall that the partial molar free energy, or chemical potential, of the component i in a
solution is given by

G, =G? +RTIna,

If the solution behaves ideally over
the entire range of composition,

a,=N,-

A\ 4

G,=G° +RTInN,

Consider the A-B binary system consisting of liquid solution and & solid solution phases.

Chemical potentials of components of the liquid and phase are given as follows:

Liquid

GA(L) =Gfi(L) +RTlnNA(L)
GB(L) =G§(L) +RTInNB(L)

o phase

EA(G) =G;(S) +RTlnNA(a)
GB(U.) =Gg(s) +RTlnNB(a)

Recall that at equilibrium the chemical potential of a component must be the same in all
phases throughout the system. Therefore
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GA(L) = G.»z(a)

Y
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GB(L) =GB(0()

)

G;{L)-PRTIHNB(L) =G§(S)+RTIHNB((:)

v

GO __Go
Ll AL A(S)
RT

:

N 4o
Ny

v

N _ .| Gbc) ~Cies)
v
I“NA(Q.J o : G;(L}_GE(S)

Note that
: Standard free energy of fusion of A at 7,

: Standard free energy of fusion of B at 7. )

G:{L} “Gft(a‘) - AG}.AFT)
Ghr) —Gas) =AGypr)

%

v

v

o 3
Naw _ | 2Cr.ur) "Ny _, | AGrar)
[Recall that, neglecting differences in‘\
heat capacities of the pure solid and

liquid phases for both A and B,
a a T
AGf,A(T)=AHf,A[1_ ]
m(A)
— T —p
m(B)
AH} , and AH}p : enthalpies of
fusion of A and B, respectively, at their
true melting points.
S
NA(a) AHfA l ] } NA(«) M?B[ 1| ]
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Thus in the ideal solution model of a two phase field, a knowledge of the enthalpies of
fusion of the pure components at their respective melting points allows simultaneous
solution of these two equations for the two unknowns, Nyq, and Ny at the temperature of

interest.
At temperature T’

Composition of
Tonaye liquid solution
T-e————e
Composition of
solid solution
p T, m(B)
A B

At several other temperatures

Tty

Liquid

T

A B

Given below is a typical form of phase diagram for an ideal binary solution:

) Liquid

Ty

>
oo
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Pattern of a phase diagram depends on values of the enthalpies of fusion of the components
in the solution, i.e., AH; 4, and AHY p , and some examples are shown below :

A
Liquid Liquid
T T
AHY 4 a *
A B A B
Liquid Liquid
T T
o o
A B A B
AH? 4 ”

Non-ideal Solutions

Recall that the partial molar free energy, or chemical potential, of the component i in a
solution is given by

G, =G°® +RTInaq,

Consider the A-B binary system consisting of a and B solid solutions.
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o phase

GA(G) =G§(u) +RTInaA(u)
GB(U.) = Gg(u) +RT1naB(a)

Chemical potentials of the components in o and B phases are

f phase

Gyp) =Glp) +RT Ina
Gpgp) =Gap) +RT Inagy,

Gaca) =Carp)

¢

G:;(a) +RTInaA(a) =G$(B) +RT1naA(p)

Standard free energy
of transformation of A
from o to B phase

Gas) ~ Giray =AG grap)
y

as i)
RT 1,,[_‘”_“)_
Tap) )

=AG, 4rasp)

a; =v;N,

y

Y Afa ) }v/‘ﬂ(&) ']
RT Inf ——— |+ RT'[ e =f\G",“)1|fu_‘|-_|“l
Yas) N yp)

In a similar way for the component B,

I_NA(u)

Y Bra
RTIn ~2) | RT In
YBp)

1=Nap)

] = AGI?B[‘Q—»E;J
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Recall that at equilibrium the chemical potential of a component must be the same in all
phases throughout the system. Therefore,

We now have two equations for two unknowns, Ny and Ny, provided that the standard
free energies of transformations are known and the activity coefficients are given or
expressed in terms of compositions. The values of Ny and Ny thus found from the
equations are the phase boundary compositions.
As real solutions may depart from ideality in a number of different ways, the activity
coefficients in the above equations may take various expressions. We here discuss one
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simple type of departure from ideality, namely, the regular solution model, for the purpose
of illustration.

For the A-B binary regular solution, we have seen in the section 2.3.5 that
RTIny, =QN} RTIny, = QN3

Combination vields.

A(p)

Ny :
Qo) A1=N 4 ) =25, A=Ny ) + RT*"{ﬁ] = AG; grasp)

1-N
2 2 Afw) | _ 0
G )Nata)=S2p)Nagp) + R”"[—l N ] = AG, prasp)

Parameters which are the input components for the calculation of phase boundary
compositions, Ny and N, in the above equations are

(27 : Interaction parameter for the o phase standard state
Qo : Interaction parameter for the B phase standard state
AG? yramsp) : Standard free energy of phase transformation of A from a to B
AG/prassp) : Standard free energy of phase transformation of B from o to 8

The first two parameters (£, and £, ) are independent of temperature, and the last two

are constant at a given temperature. Thus all of these parameters are constant at any given
temperature. The procedure of the phase boundary calculation will thus be represented by
the following algorithm :

Supply the values of
oy and Sy, .

v

Choose a temperature.J

Lt

v

Supply the values of
AG; pta—sp) a4 AG prqsp) -

Increment
the temperature”,

y
‘ Solve the equations simultaneously
to find the phase boundary

compositions (N and Nyg).

* Repeat until
desired phase
boundaries are all
calculated.
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The regular solution model is much more flexible than the ideal solution model and a wide
variety of phase diagrams can be produced with this model. Topographical changes in the
phase diagram for a system A-B with regular solid and liquid phases brought about by
systematic changes in the interaction parameters, O and Qg are illustrated in the
following.* Melting points of pure A and B are assumed 800K and 1,200K, respectively,

and standard entropies of fusion of A and B are assumed to be 10 J/mol K.

Qg , kI mol' —»

-20 =10 o *0

+20

+30

+30

{e) (a)

L L !
T L
0 T 1
< [
"E P, Y[ | { |
g
= n to) (n (i m 1]
[ ] it L Jia00
t ] 1200 x
(9
° * / fooo &
1 b s 4 000 5
' i
b . 9 9 } 4800 !
4 1 } q400 F
N to)
]
d 41400

T
§

(o} (@) e}

* Pelton, A.D. and Thompson, W.T.: Prog. Solid State Chem. 10, part 3, 1975, p119
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—' Example 1 IF

Prove that, if the heat capacity of pure liquid phase is the same as that of pure solid
phase for both A and B in the A-B binary system, the equations of the liquidus and

solidus are
o Yaces |, o Naca) | AH7ac) (11
YaL) Ny R T Ty

o 180 |, o Mocws | AH Ty (11
YB(L) NB(L) R T Tm(B)

N
ern[“(“’ ]+ ern[ Als) ] =AG% 47,

YacL) A(L)
- ' p
At T
AGY yr) =AH] 47)~TAST 47,
v

At the melting point, Ty
[4] — — o 0
AGy 41,) =0=AH ¢ 41 ) ~Tnea)ASy (1,
AHG 41

Tora)

0 -
ASy 4c1,) =

IfCP,A(L) = CP,A(S)
AHG vy =AH G 41,

_ AQO
| AS? y1) =AST g1,
A

T
AGY 1) =AH ?,A(Tm)(l T ]
K m(A)

v N 400 AHG r
i T | pf D) | 2T Am) |1 ]
Yarr) NA{I,) R T Tm(A_J

For B, in a similar way,

Y Ba Nata AHS gor
I8y |, o Naey | AByam) (1 1
YB(L) N1 R T Ty
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If the assumption that the heat capacities of the pure liquid and solid A are equal is

unwarranted, the expression for the standard free energy of fusion of A at T must be
corrected

AGy y1) =AH 7 47) - TAGS 41,

I

AHG vy =Hyryr —Hiys)r

AS;,A(T) = SZ(L),T _S:;(S),T

T
AH;.A(T) = AH},A(TM) + L_m“) ACP'AdT

T ACP,A
AS} a1y =87 amy+ | —dT
where
\ ACP,A = CP,A(L )~ CP,A(S )

'

o T ] T ACP.A
AG;,A{?‘) =[AHf,A(T,,) * -[1',,.“” ACp 4 dT)_T[M}A(TMJ & _[ =l

Tmeay T

Exercises

L.

Metals A and B behave ideally in both liquid and solid solutions. Calculate
compositions of the solid and liquid solutions in equilibrium at 1,250K. The following
information is known :

A : Tw = 1,350K AH} 4 =1,500Jmol™
B : Tw = 700K AH 5 =3,300Jmol™"

Components A and B behave regularly in both liquid and solid solutions. Find the
compositions of the liquid and solid solutions in equilibrium at 1,300K. The following
data are available :

A : Tw = 1,350K AH$ 4 =9,330Jmol ™
B : Tw = 1,150K AH % g =9,760Jmol ™"
Q) =5,600Jmol ™" Qs =-11,400Jmol ™’

The A-B binary syster behaves ideally in both its liquid and solid solutions. The
element A melts at 1,500K with the heat of fusion of 14,700 Jmol', and the heat
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capacity difference, ACp 4 (= Cpany - Cpass), is approximately constant aud equal to 4.6
Jmol'K". The element B melts at 2,300K, but the heat of fusion is unknown. The heat
capacities of the pure liquid and solid B are equal. It was found in an experiment with a
liquid solution of Ny = 0.22 that in cooling the first solid crystals appeared at 1,700K.
Calculate the heat of fusion of B.

4. A and B have negligible mutual solid solubilities in the solid state and their phase
diagram shows a eutectic transformation. The liquid phase at 1 atm is represented by
the equation

GE =2,100N (N, ==L Vmoi™!
3000

The following information is known :
A: T,=1500K  AHY , =15100Jmol™ ACpsy=0

B:  T,=1200K  AHS%, =11100Jmol™ ACppsy=0

Develop equations of the liquidus of the above system and explain how to find the
eutectic temperature and composition using the equations developed.

4.3. Ternary Systems
4.3.1. Composition Triangles

Ternary systems are those possessing three components. Therefore there are four
independent variables in the A-B-C ternary system :

¢ Temperature

¢  Pressure

¢ Two composition variables (Third one is not independent since the sum of the

mole (or mass) fractions is unity : Ny + Ng + Nc=1).

Construction of a complete diagram which represents all these variables would require a
four-dimensional space. However, if the pressure is assumed constant (customarily at 1
atm), the system can be represented by a three dimensional diagram with three independent
variables, i.e., temperature and two composition variables. In plotting three dimensional
diagrams, it is customary that the compositions are represented by triangular coordinates in
a horizontal plane and the temperature in a vertical axis.

Phase equilibria can be

expressed in this space of
the triangular prism.
Temperature T | gularp
C
Composition
triangle
A
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For plotting ternary compositions, it is common to employ an equilateral composition
triangle with coordinates in terms of either mole fraction or weight percent of the three

components.

C

]ncfrcaec
in C

Mixtures
of

~~A,BandC..
ilg;:tvc'as.c InCrc.f,a,sc
o IN A inB "y
A B

e  Three pure components are represented by the apices, A, B and C.

o Binary compositions are represented along the edges : e.g., A point on the line B-C is
composed entirely of components B and C without A.

o Points inside the triangle represent mixtures of all three components.

We now discuss several different methods of determining the proportions of three
components represented by a point in the triangle.

represented by the point P in the following figures,

<~

[ To determine the composition of the mixture ]

’l Method 1 Iﬁ
C
e Draw lines through P parallel to
J each of the sides of the triangle.
y Bb _eC
Proportion of A = — = —
AB AC
p c
7 Proportion of B = Aa _dC
AB BC
Proportion of C = ﬁ-‘—fc— = g%
A a b B
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|l Method 2 |

e Draw lines through P parallel to
each of the sides of the triangle.

o Notice that each side is now
divided into three parts.

e Ifthe side A-B is chosen,

Proportion of A = i

B
AB
Proportion of B = Aa
AB
ab
AB

Proportion of C =
A

A a b B

The composition can also be found from the sides B-C and A-C. The two end parts
of each line represent the proportions of the components at the opposite ends and the
middle part represents the proportion of the third component.

{ roring 2 L
| Method 3
¢ e Draw lines from apices through
P to the opposite sides of the
triangle.

Proportion of A _ ¢B

b a Proportion of B Ac

Proportion of B _ Ca

Proportion of C aB

Proportion of C _ Ab

A c B Proportion of A &C

All the methods presented above are based on the same principle: i.e., the material balance
using the Jever rule. Therefore these are not limited to equilateral triangles, but equally valid
for scalene triangles which frequently appear when dealing with subsystems.
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Consider the subsystem XYZ within the system ABC.
Cc

B

¢ Points X, Y and Z are mixtures of A, B and C and the composition of each point can be
determined by one of the methods described above.
s Since the point P is inside the subsystem XYZ, it may be considered as a mixture of X,

YadZ:

Proportion of X = -%Z—

Z

. ab
Proportion of Y = —
Xz

a

Proportion of Z = Xa
Xz

Another important relationship which can be drawn from composition triangles is that

“If any two mixtures (or solutions) or components are mixed together, the composition of
the resultant mixture lies on the straight line which joins the original two compositions.”

C e If the component C is added to the
binary mixture D, the composition of the
resultant ternary mixture lies on the line
CD.

e If the component B is added to the
ternary mixture X, the composition of
the mixture lies on the line XB.

X o If the two ternary mixtures, Y and Z, are
mixed together, the composition of the
mixture lies on the line YZ.

Y e In all cases, the position of the resultant
mixture on the line is determined by the

A D B leverrule.
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As explained earlier, the temperature is represented by an axis perpendicular to the plane of
the composition triangle. The point S in the diagram below left represents a ternary mixture
of the composition P at the temperature 7). (Recall that the pressure is assumed constant in
this type of composition-temperature coordinates.). The diagram below right is an example
of the three dimensional ternary phase diagram drawn using the composition triangle -
temperature coordinates.

Isothermal

/ plane
®S

e

—

_‘ Example 1 }

A The point P in the equilateral composition diagram
represents a ternary mixture of components A, B
and C. Prove that
b Proportion of A = Pa
c Ad
P
X, Proportion of B = Pb
y Ad
Proportion of C = Fe
Proportion of A = Bx _ »a =ﬁ. The proportions of B and C can be obtained in a
AB Ad Ad

similar way.
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Example 2 |
A

The point P represents a ternary alloy.

1) When pure A is added to the alloy, in which
direction does the overall composition
change?

P 2) When pure A precipitates out, in which
direction does the composition of the
remaining alloy change?

B a C
1) FromPtocA 2) FromPtoa

-—{ Example 3 E

The Gibbs phase rule is of use in phase equilibrium studies of multicomponent systems.

1) Determine the maximum number of phases which can coexist in equilibrium in a
ternary system.

2) For condensed systems the effect of pressure is negligible in many cases. Therefore,
when the pressure is fixed at 1 atm, the number of variables of the system is
reduced by one unit. When equilibrium conditions of a ternary system at a constant
pressure are represented in the space of the composition triangle - temperature
prism, prove the following:

a) Four phase equilibria are represented by points.
b) Three phase equilibria are represented by lines.
¢) Two phase equilibria are represented by surfaces.
d) Single phase equilibria are represented by spaces.

1) From the Gibbs phase rule,

f=c-p+2

¢ = 3 (ternary system)
£ = 0 (the maximum number of phases
occurs at zero degree of freedom.)

A
p=3

A maximum of five phases can coexist in equilibrium.
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2) Ifthe pressure is fixed at a constant value,

f=c-p+1
1

plceclf Explanation

No degree of freedom : Neither composition nor temperature can be
a) ! 4131 01| chosen freely. In other words four phases can exist together in
equilibrium only at a fixed composition and temperature : invariant

One degree of freedom : One variable (either the concentration of
b) | 3|3 | 1| oneof the components or temperature) can be freely varied, and
then all others are fixed : univariant.

ol213]2 Two degrees of freedom : Two variables are at our discretion, and
the rest are then fixed : bivariant.

Three degrees of freedom : Three variables can be varied freely:
alils3]s e.g., After choosing a composition of the ternary system,

temperature can still be varied while maintaining single phase state :
trivariant.

Exercises

1. Fig. A below shows the composition triangle of the ABC ternary system. Determine the
composition of the mixture represented by the point P.

'C

2. A mixture represented by the point P in Fig. B above is to be prepared by mixing the
mixtures X and Y. Determine the ratio of X to Y to obtain the right composition. The
composition of each point is given in the following table:

A B C
P 35% 40% 25%
X 2% 70% 10%
Y  40% 30% 30%
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4.3.2. Polythermal Projections

This figure represents a simple ternary phase diagram. However, it has the disadvantage that
lines in the figure are not seen in true length, and hence it is difficult to obtain quantitative
information.

There are two ways to solve this problem:

1) A two dimensional representation of the ternary liquidus surface on the base
composition triangle. -

2) Two dimensional isothermal diagrams which represent isothermal plane intersections
with various surfaces (liquidus, solidus, etc).

The first method consists of a polythermal projection of all features (liquidus, etc) down

onto the base composition triangle.

The figure below shows such a polythermal projection of a simple ternary eutectic system
without solid solution like the one represented by the figure above.

In the figure,
point a : BC binary eutectic
point b : AC binary eutectic
point ¢ : AB binary eutectic
point ¢ : ABC ternary eutectic
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Now, let’s examine crystallisation paths of this simple ternary system. If a liquid of
composition p is allowed to cool,

e The liquid solution remains liquid until the system temperature reaches the liquidus.
e At the liquidus, pure solid A begins to crystallise.

e As the temperature decreases further, solid A continues to precipitate out of the liquid,
and hence the liquid is depleted in A and the liquid composition changes along the line
pg.

e At g, the second phase B appears, and the liquid composition moves along the curve
ge. Until it reaches the ternary eutectic point e, both A and B crystallise.

e Ate, solid phases A, B and C crystallise and the temperature remains constant until all
liquid has exhausted.

s The final product will consist of large crystals of A and B which have crystallised
before reaching the point e, and small crystals of eutectic structure of A, B and C which
have crystallised at the point e .

The polythermal projection is generally given with constant temperature lines as shown in
the following figure:

These lines are called liquidus isotherms. The intersections of adjoining liquidus surfaces
like ae, be and ce are called the boundary curves. When a liquid whose composition lies in
the region surrounded by Aceb is cooled, the first crystalline phase that appears is A, and
hence A is called the primary phase and the region Aceb is the primary field of A. In this
field, solid A is the {ast solid to disappear when any composition within this field is heated.
Similarly,B and C are primary phases in their respective primary fields, Baec and Caeb.

In multicomponent systems, compounds are frequently formed between components. The
following phase diagrams are for ABC ternary system forming a binary compound AB
which melts congruently, as it is stable at its melting point :
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The straight line C-AB is called an Alkemade line. An Alkemade line divides a temary
composition triangle into two sub-composition triangles. The final phases produced by
equilibrium crystallisation of any composition within one of these sub-triangles are those
indicated by the apices of the triangle. For instance, any composition within the composition
triangle A-C-AB results in producing phases A, C and AB at equilibrium. The crossing
point on the boundary curve ef by the Alkemade line is the maximum in temperature on the
curve ¢f, and the points ¢ and f are eutectic, and each sub-composition triangle can be
treated as a true ternary system. The Alkemade line in this case represents a true binary
system of C and AB. The arrows in the diagram indicate directions of decreasing
temperature,

The following phase diagrams are for ABC ternary system forming a binary compound AB
which melts incongruently, as it is unstable at its melting point :
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In this case, the Alkemade line C-AB does not cross the boundary curve (¢f) between these
primary phases. Now, we state the Alkemade theorem in a more general form :

The direction of falling temperature on the boundary curve of two intersecting primary
phase areas is always away from the Alkemade line.
o If the Alkemade line intersects the boundary curve, the point of intersection
represents a temperature maximum on the boundary curve.
o If the Alkemade line does not intersect the boundary curve, then temperature
maximum on the curve is represented by that end which if prolonged would
intersect the Alkemade line.

Now, it is obvious from the Alkemade theorem that for the case of the incongruently-
melting compound as shown above only the point e is eutectic. It is also apparent by
examining the above phase diagrams for the congruently-melting compound and the
incongruently-melting compound that the composition of the compound lies

o within the primary field of the compound if it has a congruent melting point, and

o outside the primary field of the compound if it has an incongruent melting point.

The ternary invariant points (e.g., € and £ in the above diagrams) that appear in a system
without solid solution are either ternary eutectics or ternary peritectics. Whether it is
eutectic or peritectic is determined by the directions of falling temperatures along the
boundary curves.

e If an invariant point is the minimum point in temperature along all three boundary

curves, it is a ternary eutectic.

e Ifthe point is not the minimum point, it is a ternary peritectic.
In the previous diagrams, points e and f for the congruently-melting compound are both
ternary eutectic. On the other hand, for the incongruently-melting compound the point ¢ is
the ternary eutectic, whereas the point f'is the ternary peritectic.

Alkemade lines are also called in many different ways including comjugation lines and joins.
Both Alkemade lines and Alkemade triangles (composition triangles produced by Alkemade
lines) are of use in the understanding of ternary systems. They play an essential role in
understanding crystallisation or heating paths :

—-‘ Example 1 l;

C This figure is a simple ternary phase
diagram which shows a ternary eutectic at
the point e,

Explain the crystallisation path of each of
liquids represented by the points p, g, and
r. Explain also the change in (1) liquid
composition, (2) mean solid composition,
(3) solid phase(s), (4) instantaneous
composition of solids crystallising, and
(5) change in the ratio of liquid to solid
phases.
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As the whole diagram is an Alkemade triangle and point ¢ is the ternary eutectic, all
crystallisation curves of this ternary system should terminate at this ternary eutectic.
However, binary liquid compositions such as points p and s terminate their respective binary
eutectic, ¢ and a.

1) Pointp

The system remains liquid until the temperature reaches liquidus.

At the liquidus, solid B begins to crystallise.

As the temperature decreases, solid B continues to crystallise and the liquid
composition changes toward point ¢ along the line pc.

The ratio of solid (B) to liquid at the moment the liquid composition arrives at
point ¢ is represented by the lever rule, p-B/c-p.

At point ¢, both A and B co-crystallise forming eutectic structure until all liquid
is consumed. The temperature remains constant during this eutectic reaction :

L = A(,) + B(_‘-)

2) Pointg

At the liquidus solid B begins to
crystallise.

As the temperature decreases, solid

B continues to crystallise and the
liquid composition moves straight
away from B along the straight line

qu.

At point u, the second phase A
appears.

With  further  cooling, the
crystallisation path follows the A
boundary curve wue  with
crystallisation of both A and B.

At point w which is an arbitrary point on the boundary curve we, the mean
composition of the solid is represented by the point x. Proportions of solid A and
solid B are determined by the lever rule: (solid A)/(solid B) = x-B/A-x. The ratio
of liquid to solid is also given by the lever rule - g-x/w-q.

The instantaneous composition of the solid phases crystallising at w can be
determined by drawing the tangent to the curve ue at w and finding the
intersection of the tangent with line AB. Therefore, point z represents the
instantaneous composition of the solid phases.

At point e, the eutectic crystallisation occurs :

\
g

O
AN

e —y¥ B

L =Agy + By + Cy

During the eutectic reaction, the mean composition of the solid phases changes
along the line yg. The solid composition reaches point g when the liquid is
completely consumed by the eutectic crystallisation.
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e In summary, the liquid composition changes along the path quwe, whereas the
mean composition of solid phases follows the path Bxyg.

o The final structure of the system after complete solidification consists of large
crystals of A and B which have been crystallised during the path guwe and a
mixture of small crystals of A, B and C (eutectic structure).

3) Pointr
e  The crystallisation path can be determined in the same manner as the above case.
However, the second phase crystallising in this case is C instead of B.

r‘l Example 2 ,L

This figure is a phase diagram of ABC ternary system which forms two binary
compounds, AC and BC.

A

1) Why is an Alkemade line connecting A and BC not drawn?

2) Describe crystallisation paths of liquid compositions p,q and r.

3) Describe heating paths of mean solid compositions of p,q and r.

4) Would the compounds AC and BC melt congruently or incongruently?

1) Because the primary fields of A and BC are not in contact with each other, and hence
these two fields do not form a boundary curve.

2) Pointp

As point p lies in the Alkemade triangle C-AC-BC, the final solid phases in
equilibrium should be C, AC and BC. From the figure given below,
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A e B

On touching the liquidus at p, solid C begins to crystallise.

From p to x, solid C continues to crystallise.

At x, solid compound AC appears.

From x to £, both AC and C crystallise.

As the mean composition of the solid crystallised out between p and f'is given by
point k, there is some liquid left when crystallisation path arrives at .

At £, the final solidification takes place through a peritectic reaction : AC and BC
crystallise out together at the expense of liquid and portion of C. This can easily
be seen from the Alkemade triangle C-AC-BC. During the peritectic reaction, the
mean solid composition moves from & to p.

At completion of the solidification at point f; the final solid phases in equilibrium
are C, AC and BC, since the mean composition of the system lies within the
Alkemade triangle C-AC-BC as mentioned earlier.

As point g lies in the Alkemade triangle AC-BC-B, the final solid phases in
equilibrium should be AC, BC and B. Refer to the figure given below:

On touching the liquidus at g, solid C begins to crystallise.

From q to x, solid C continues to crystallise.

At x, solid AC appears.

From x to f; AC and C crystallise out together.

As the mean composition of the solid crystallised out between g and f'is given
by point &, there is some liquid left when crystallisation path arrives at /.

At f, a peritectic reaction takes place: AC and BC crystallise out together at the
expense of C and portion of liquid. During the peritectic reaction, the mean solid
composition moves from k to m.
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A B

From fto g, AC and BC crystallise out together, and the mean solid composition
moves from m to n.

At g, a eutectic reaction takes place until the last portion of liquid is completely
consumed : three solid phases AC, BC and B crystallise out together to form a
eutectic structure.

During the eutectic reaction at g, the mean solid composition changes from » to
q.

At completion of the solidification at point g, the final solid phases in
equilibrium are AC, BC and B since the mean composition of the system lies
within the Alkemade triangle AC-BC-B as mentioned earlier.

As point r lies in the Alkemade triangle AC-A-B, the final solid phases in
equilibrium should be AC, A and B.

Referring to the figure given below:

On touching the liquidus at 7, solid AC begins to crystallise.

From r to z, solid AC continues to crystallise.

At z, solid A appears.

From z to A, both AC and A crystallise.

As the mean composition of the solid crystallised out between r and 4 is given
by point £, there is some liquid left when crystallisation path arrives at A.

At h, the final solidification takes place through a eutectic reaction: AC, A and B
crystallise out together to form a eutectic structure, During the eutectic reaction,
the mean solid composition moves from & to r.
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A e B

3) Heating from below the liquidus can be considered as the opposite to cooling from
above the liquidus. Heating path of composition p is illustrated below. Others may be
determined in the same manner.

Mean solid composition of p

o At the peritectic point f; the peritectic reaction of AC and BC reacting form both C
and liquid phase proceeds until BC is consumed completely. This occurs
isothermally. The composition of the liquid phase formed by this peritectic
reaction is that of point /.

o Above the peritectic temperature, solids C and AC continue to dissolve into the liquid
phase, and the liquid composition changes from f'to x.

¢ When the liquid reaches point x, solid AC has completely dissolved and C is the only
solid phase left.

o As the temperature increases, solid C continues to dissolve and the liquid
composition moves from x to p.

o When the liquid reaches point p, solid C has completely dissolved and the system
becomes a liquid phase of the composition of p.

4) Both AC and BC melt incongruently, as the stoichiometric compositions of these
compounds lie outside their respective primary fields.
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1y

2)
3)

—-‘ Example 3 Iﬁ

Referring to the figure given below,
Determine whether -binary compound & and ternary compounds € and ¢ melt
congruently or incongruently.
Draw all Alkemade lines.
Determine the crystallisation path of a liquid of composition p.
C
)
a B
A B

Chemical Thermodynamics for Metals and Materials

1) The binary compound & and the ternary compound ¢ melt congruently, since they are
within their respective primary fields, but the ternary compound & melts incongruently
as it is outside its primary field.

2)
3)

All the Alkemade lines are given in the following diagram.

Crystallisation path (Refer to the figure given below) :

When the temperature reaches the liquidus, & phase begin to crystallise.

Phase & continues to crystallise out until the liquid composition contacts the
boundary curve between & and P at point k.

At k, phase P appears, and thereafter 5 and P crystallise together with the liquid
composition changing along the path km.

At point m, a ternary peritectic reaction occurs isothermally.

L+8+8oc¢

There are three possible results after completion of the above peritectic reaction:
1) The liquid is exhausted before either 8 or B, and hence solidification is
completed at point m.
2) & phase is exhausted first, and crystallisation continues along the path mo.
3) B phase is exhausted first, and crystallisation continues along the path mn.
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Which is the case depends on within which Alkemade triangle the total
composition lies. Since point p lies within the triangle 8-e-B(B), solidification
should terminate at point m.

C

Exercises

1. Discuss the crystallisation paths of the overall liquid compositions p and ¢ in the
following ternary phase diagram :

C
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2. Shown below is the phase diagram of the Si0,-Ca0-AlL,O, system.* Discuss
solidification paths for the compositions p, ¢ and r indicated on the diagram.

Crystalling Phoses

Nototion Oxide Formuia
s s
Pseudowollastonite Ca0-Si02
Rankinite 3Ca0: 2Si0p
Lime Ca0
Corundum Al,Oy
Mullite 3AL05-2Si0,
Anorthite Co0-AkOy 25i0,
Gehlenite 2Ca0- AkO3- Si0z

ite %

\
X
.
\\N
\ Alp,- 25i0;
~ 850
\

0 - SiO; i
Cum“ z‘ Pseudowollogtonite

Ronkinite “ @FP
B
3Ca0- 2510, g NN e
~3 '_'400

=

Co run\dum

\ ~ B840

kY RN AN N
a0 ' 1835° ] 1395° 1400° ~ 1595° ~ 17300~ 1858° AlOs
2570 00 - Al,0. 12Ca07A Ca0 - Al Ca0-24Al Ca0- 6A ~2020°*
~ 3¢ 203 0 TAIDs Cag L10s 90, 28103  Ca0- 6Al03
CagAlOn

* “Phase diagrams for ceramists”, EMM. Levin, CR. Robbins and H.F. McMurdie,
The American Ceramic Society, Inc. (1964), p219
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4.3.3. Isothermal Sections

The following figure represents a simple ternary phase diagram. However, it has the
disadvantage that lines in the figure are not seen in true length, and hence it is difficult to
obtain quantitative information.

In order to solve this problem, the polythermal projection method was discussed in the
previous section (Section 4.3.2). In this section, the other method, namely, two dimensional
isothermal diagrams are discussed.

First, we discuss a simple ternary eutectic system without solid solution as shown above.
The following figures show isothermal sections at a number of different temperatures

I; C

B

B

T is lower than
the melting point of A
B and C, but higher

than that of A.
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L+B

T, is lower than
the melting points A
of A,Band C.

T; is the eutectic
temperature of B-

C binary system.

y+B+L

T,

T, is the eutectic
temperature of A-C
i binary system.
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T is the eutectic
temperature of A-B \
binary system. A

T, is lower than all binary \ 4

eutectic temperatures, A
but higher than the ternary
eutectic temperature.

T; is the ternary
eutectic
temperature.
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atp+y

Ty
B

T is lower than
the ternary eutectic A
temperature.

Polythermal projections of the liquidus discussed in section 4.3.2. do not provide
information on the compositions of solid phases if solid solutions or non-stoichiometric
compounds are formed at equilibrium. For providing this information, the method of
isothermal section is particularly useful. The following figure represents a simple ternary
eutectic system with terminal solid solutions formed.
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Shown in the following are the isothermal sections at a number of different temperatures of
an hypothetical system ABC like the one given above :

B C B_ C

T= Teumﬁc.AC
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T Teulecuc lematy T < Teutecuc fernary

o If the overall composition of an alloy lies within the liquid phase region at a particular
temperature, the alloy will exist as liquid.

¢ If the overall composition lies within one of the solid solution regions, the alloy will
exist as the cotresponding solid solution.

e If the composition lies within one of two-phase regions, say, B and liquid phases, both
@ and liquid phases will coexist.

Now a question arises as to how to determine the compositions of B phase and the liquid
phase which are in equilibrium with each other. The usual practice is to include tie lines in
the isothermal sections, which join the composition points of conmjugate phases which
coexist in equilibrium at a given temperature and pressure,

Tie lines are in fact common tangents to the Gibbs free energy surfaces of the phases that
coexist in equilibrium. Let’s assume that o and B phases, both of which form solid
solutions, coexist. The following figure shows two arbitrary surfaces, o and p :

Common tangent plane

Line connecting
two contact points
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A common tangent plane shown above produces a pair of contact points. By rolling the
plane on the surfaces, an infinite number of pairs of contact points are generated. Mapping
on a reference plane of lines which connect selected conjugate pairs will show how contact
points on one surface correspond to those on the other surface.

At a given temperature, the Gibbs free energy of each phase in a ternary system may be
represented in a graphical form with the composition triangle as base and the free energy as
vertical axis. Then it would look like this :

The phases that would exist at equilibrium and the compositions of the phases are
determined by the contact points of a common tangent plane to their Gibbs free energy
surfaces; Connection of the contact points forms a #ie /ine. In a ternary system, a common
tangent plane can contact two Gibbs free energy surfaces at an infinite number of points,
and henee an infinite number of tie lines are generated. However, a common tangent plane
to three Gibbs free energy surfaces generates only one set of contact points. Connection of
these points forms a tie-triangle.

The following is an example of an isothermal section showing a number of tie lines :
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-—-{ Example 1 ,L

In construction of isothermal sections or isothermal ternary phase diagrams a tie
triangle together with contacting single phase and two-phase areas play an important
role. In fact it may be considered as a building block of isothermal phase diagrams.
Isothermal ternary phase diagrams are composed of a number of these building blocks.
Shown below is an example of a tie-triangle with adjacent single and two phase areas :

B+vy ——-—Ez.i‘é\y

—

E

F
==

1. Determine relative proportion of each phase that exist at equilibrium for a
system of overall composition of p in the diagram.

2. Determine the fraction of o phase that exist at equilibrium for the overall
composition of g.

3. Are the boundary curves at the o phase corner correct?
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1)

2)
3)

Exercises

Fraction of a phase = £=-
mn

Fraction of a phase = L
ar

Both extensions of the boundary
curves of the single phase areas must
project either into the triangle (y
comner), or outside triangle (8 corner),
but not in mix. The o corner is wrong,

1. Prove that tie lines must not cross each other within any two phase region.

2. ABC ternary system forms three binary eutectics and a ternary eutectic as shown below.
Discuss equilibrium cooling paths for the overall compositions p, g and  indicated in
the diagram. Discuss also the change in microstructure that should occur during

cooling,

P

I

A
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CHAPTER 5

ELECTROCHEMISTRY

5.1. Electrochemical Concepts and Thermodynamics
5.1.1. Basic Electrochemical Concepts

Reactions which involve electron transfer are of the general category of oxidation-reduction
or redox reactions.

———@ |‘ Reduction

The element involved The element involved
undergoes a loss of electrons. undergoes a gain of electrons.
(e.g., Cu— Cu*, 20" - 0,) (e.g, Cu** - Cu, 0, >20%)

Since electrons are transferred,
oxidation and reduction must occur simultaneously.

The electrons lost by one species are taken up by the other.
FeO + C = Fe + cO

L ReductionJ

—>|Fe2++2e—)Fe o
Oxidation

I———>|£ - C* + 2

o5 0]

The stoichiometry of a reaction which involves electron transfer is related to the electrical
quantities determined by Faraday's law which states
¢  One equivalent of product is produced by the passage of 96,487 coulombs of
charge, or
e  One equivalent of chemical change produces 96,487 coulombs of electricity.
One equivalent of a substance undergoing oxidation produces Avogadro’s number (N), or
one mole of electrons :

M
A

N atoms N ions N numbers
of M of M* of electrons

233
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According to Faraday’s law, therefore, the passage of 96,487 coulombs of electricity
corresponds to the passage of Avogadro’s number, N = 6.023 x 10%, of electrons. Faraday’s
law is understandable because an Avogadro’s number of electrons added to or removed
from a reagent will produce an equivalent of product. The quantity of charge that
corresponds to a chemical equivalent is known as the Faraday, F :

F-= 96,487 Coulombs

Suppose a redox reaction takes place in such a way that the reaction produces a detectable
electric current. This will be possible only if the reaction can be separated physically so that
electrons are lost in one part of the system and gained in another.

LA+BX—>Ax+ﬂ

|A+BX - AX +B]

Oxidation Reduction
g e )
A, AX B, BX
A-> A +e) (B"+e—>B)
N \\1—_"_’/ J

In the above device, a mixture of A and AX, and a mixture of B and BX are physically
separated, but joined by two connections, i.e.,

e  Electronic conductor which allows the passage of electrons only

o Ionic conductor which allows the passage of X" ions only.

With the arrangement shown above, the reaction proceeds spontaneously, in which electrons
move from left to right and X ions from right to left so that the electroneutrality is
maintained. This type of reactions which take place in an electrochemical manner is called
electrochemical reaction. A device like the one shown above, which permits a spontaneous
electrochemical reaction to produce a detectable electric current, is termed a galvanic cell.
As shown in the above figure, oxidation occurs in one half-cell and reduction occurs in the
other half-cell. The electrode at which oxidation occurs is referred to as the anode, while the
electrode at which reduction occurs is termed cathode.
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Acell
v
A half-cell - A half-cell
(oxidation) (reduction)
Anode Cathode
If the free energy change for the reaction
A+BX > AX +B AG,

is negative, the reaction proceeds from left to right as written. As the electrochemical
reaction is basically the same as the above chemical reaction (but in different arrangement in
which electrons move from the anode to the cathode), the driving forces for the chemical
reaction (AG,) and for the electrochemical reaction (i.e., driving force for the electron
movement) must be related to each other.

Electrons flow if there is an electric potential difference or an electrical voltage. If a
galvanic cell is set up in conjunction with an appropriate external circuit so that the electric
potential difference which exists in the cell is opposed by an identical, but opposite in
direction, voltage from an external source, the electrochemical reaction of the cell ceases to
proceed. The electrochemical reaction is now brought into equilibrium. This type of
equilibrium is referred to as electrochemical equilibrium. That is, when the chemical
driving force (AG,) is balanced with the opposing electrical driving force, the reaction is in
equilibrium electrochemically even though AG, # 0.

o e A _ _fooxing driving force
o y T
//. e S
/ N
A AX Electro- B. BX
. . l&— chemical —»] N
(A—>A+e) equilibrium (B"+e—>B)
\\“-\ ///
S~ X

The application of thermodynamic principles to this type of electrochemical processes is
discussed in the next section (5.1.2).

Exercises

1. Calculate the number of electrons released when one gram mole of calcium is oxidised.
Calculate the coulombs of electricity generated by the oxidation.

www.lran-mavad.com

Slgo ks 9 lglild 22 0



236 Chemical Thermodynamics for Metals and Materials

2. The galvanic cell performs an electric work when the electrochemical reaction of the
cell occurs. As work is not a state function, the amount of work which a system does
depends on the path it takes for given initial and final states. Under what conditions
does the amount of work the cell performs become maximum?

5.1.2. Electrochemical Cell Thermodynamics
Consider the reaction
A+BX 5> AX + B AG, <0
If the mixture of all reactants and products is in a same reactor, the above chemical reaction
will proceed from left to right with a driving force equivalent to the free energy change of

AG,. The reaction will continue until AG, = 0. If a galvanic cell is constructed as shown
below, the same reaction will occur, but in an electrochemical manner.

P e o : _(_)j_l{f‘:.&'f}rg driving force
> il R
..// \
. A AX | lz.lccl'lr'm— B, BX |
| | AsAt+e) chemical —» B*+e—s B
[ aTe equilibrium (B +e-»1)

In the absence of the opposing driving force, the electron transfer from left to right, which
enables the electrochemical reaction to occur, will enjoy the full driving force equivalent to
AG,. If an external force opposing to this driving force is applied, the net driving force for
the electron transfer will be reduced accordingly. The electrochemical reaction of the cell
will then suffer a decrease in the driving force. When the opposing external force (voltage)
is increased to exactly balance the driving force of the electrochemical reaction of the cell,
the electrons will cease to flow and so will the cell reaction.

Now we examine the amount of work the cell performs under various conditions. To help
understand the concept of work of a cell, the case of gas expansion in a cylinder is reviewed
below :

Piston (frictionless)

Cylinder P

www.lran-mavad.com

Slgo ks 9 lglild 22 0



Electrochemistry 237

e If P, =0, the piston moves without doing work because there is nothing to work
against.

e IfP,,is increased, the piston moves with doing work against P,,,.
If P,,, is only infinitesimally smaller than P, i.e., Py, = Py, - dP, the piston moves
with doing the maximum work, Wy, against P,y

e If P,, is infinitesimally larger than P,,, i.e., Poy = Py + dP, the direction of the
piston movement will be reversed.

o The last two cases depict the conditions for reversibility of gas expansion.

Work under reversible conditions (W) = the maximum work (Wpg)

Work of electrochemical cells has analogy with work of gas expansion discussed above.

-~

Driving force generated ( Opposing force from |

b\» the ceil;eacnon(l r,)J\ / external source (V)

,/"fﬂ_ — |
L b
A, AX Electro- B, BX
(A3 A +8 #— chemical —p oo
8 equilibrium (B"+e—B)
" P
iy, PR

If there is no opposing force from an external source, i.e., Ve, = 0, electrons will move
without doing work because there is nothing to work against.

If the external opposing force (V) is increased, the electrons move with doing work
against V,,,. The net driving force for the electron transfer (AV') is

AV = Vet = Veu
If V4, is only infinitesimally smaller than V., i.e.,
Vexr =V cell = av

the electrons move with doing maximum work, Wz, against V. Since the net driving
force for the electron transfer is infinitely small (dV), the cell reaction will proceed at
an infinitely slow rate, but performing the maximum work.

If V. is only infinitesimally larger than V., i.e.,
Vexl = Veen + av

the direction of the electron transfer is reversed. In other words, the direction of the cell
reaction can be reversed by an infinitesimal change in the external opposing force.
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o The last two cases depict the conditions of reversibility of the electrochemical reaction
of the cell.

Work under reversible conditions (W) = the maximum work (W)
Weev = Wi
In general the electromotive force of a cell operating under reversible conditions is referred

to as emf (€), while that observed when conditions are irreversible is termed a voltage. In
other words, emf, €, is the maximum possible voltage that a galvanic cell can produce.

I[ Sign convention for em/f Jl

~

I \e'ff/ | o If oxidation occurs at the left electrode,

Lef Right the emf is positive.
half cell half cell o If reduction occurs at the left electrode,
T T the emf is negative.

/

Electrical work (we.) per mole of reactant of a galvanic cell is the product of the charge
transported (g, coulombs/mol ) and the voltage (¥, volts) .

Wetee = gV (Joules/mol)

Electrical charge (g) is the product of
the number of coulombs per equivalent
(Faraday, F) and the valency (n)

q = nF

If the transportation of the
charge is carried out
reversibly, that is, the

voltage is the electromotive

force (emf, € ), the work
has the maximum value.

Welee =

Y

Welee, max = NFE ‘

Recall that when a system undergoes a reversible process at constant T and P,

dG = - AWaaa | w,y,: reversible (or maximum)
or AG = - Wy work exclusive of PV work

For the galvanic cell, electrical work is
virtually only work other than PV work.

Woadd = Welee max

y
"™
AG = - Welec, max

AG = -nFE
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This equation is significant in that :

e It enables us to measure AG for the reaction by applying an opposing electric
potential of magnitude £ externally, which results in no current to flow.

e It means that when the chemical driving force (AG) is exactly balanced by the
external opposing voltage (-€), the whole system (the cell) is at equilibrium, i.e.,
electrochemical equilibrium.

e  The measured AG can be used as a criterion of whether the process (or reaction)
will take place spontaneously when all the species involved in the cell reactions
are mixed in a reactor under otherwise same conditions.

Consider the general reaction

aA + bBB = mM + nN AG

n n \'
= i . Ayrdy
AG = AG +R?Mﬁi?$y

ayap

If this reaction takes place electrochemically,

- A&
ul €°

: emf when all species are present
in their standard states.

h i

n .?l ._
E=g°- sz{ ‘J

b
nF aias

This equation is known as the Nernst equation, and it plays a central role in
electrochemistry.
e  This equation enables us to determine how the emf of a cell should vary with
composition.
o The emf at the standard states (€°) can be determined by constructing the cell with
all the reagents at unit activity.
e  Activities or activity coefficients of reagents can be obtained.

We now derive several important equations in terms of emf :

G A \ I( hY
J =-AS [— = AS = nF(aE ——»|AH =-nF| E—- TL EJ
\ ] oy oT )p
AG =-nFE

Y

I
l

\n

— | :lemperature coefficient
oT ), |
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The value of AS is independent of temperature to a good approximation:

AS = nF[E)
or )p

Integration with AS being constant

Y

AS
€, =€g +n_F(T2 -T;)

It can be seen in the above equation that the emf is a linear function of temperature. Thus,
by measuring € and the temperature coefficient, we can obtain the thermodynamic
properties of the cell, AG, AS, AH.

1)
2)
3)
4)

3)
6)

——-| Example 1 }—

The figure shown below depicts the following redox reaction which occurs in an
electrochemical manner :

Zn + CuSO,; = Cu + ZnSO,

Cell emf (E,;) Opposing force from

external source (V)

el

Zn, ZnSO, Cu, CuSO,
(Zn — Zn** + 2¢) (Cu** +2e — Cu)

W

If |€ce] > |Vexd, Will Zn be oxidized or reduced?
If |€ce] < |Vexd, In which direction is work done? On the cell or by the cell?
Find conditions for the cell to perform the maximum work.
The standard free energy change of the above reaction is -213,000 J at 25°C. If all
species involved in the reaction are at their standard state, calculate the maximum
amount of work the cell can perform per mole of Zn.
Calculate the standard emf (€°) at 25°C.
If the cell consists of pure solid Zn and pure solid Cu,

and CuSO,(aqueous solution)

and ZnSO,(aqueous solution), both with the same activity,
calculate the emf of the cell at 25°C.
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1) The reaction will proceed from left to right with the net driving force of
AV =€t - |Vexs |. For Zn, thus, Zn — Zn** ; oxidation.

2) As the external voltage is larger than the cell emf, work is done on the system.
This is an electrolysis process : i.e., current is consumed rather than produced.

3) The cell performs the maximum work when {€..1| = [Vex

4) AsAG=-Wpa, Wna = 213,000 J/mol

5) AG° = -nFg° n = 2, F =96,487 coulombs, — £°=1.104 volts

6) Using the Nernst equation,

Da
£og’ 8=“04_(8.314)(293)1’{( ) znso,]
nF | a, uso, 2)(96,487) \ (Nacusos
Azns0, = 9cuso,
€ = 1.104 volts
Example 2
Is the following statement true?

“If the physical size of an electrochemical cell is doubled, the cell emf will also be
doubled.”

We check the validity of the statement with the following example :
Zn + CuSO, = Cu + ZnSO, AG°=-213,000J at 298K

ar,a
AG = AG® + RTI;{M]

Suppose that azm9cuso,

Az, -'—'1, acy =1,

azmso, =504cuso,

A

AG =-213,000+(8.314)(298) Ir{ Ix 50) =-203,300/

1x1
AG = -nFE
n=2
y
€ = 1.054 volts
If we double the stoichiometry of the reaction,
2Zn + 2CuSO, = 2Cu + 2ZnSO, AG®°=-426,000J at 298K
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2 2
acya
AG =AG” + RT1n[§‘ﬂ’i-]

a0 Acyuso,

azx =1, ac, =1, azys0, =50acysp,

A4

2
AG =-426,000 +(8.314)(298) ln[l);S(: } =-406,600J
X
AG = -nFE
n=4
y
€= 1.054 volts

As seen in the above, the electromotive force of a cell is an intensive property. Like
temperature and pressure it is independent of the size of the system.

Exercises

1. The standard emf of the cell reaction
Zn + CuSQ, = Cu + ZnSO,

is 1.104 volts at 25°C. Calculate the equilibrium constant of the above reaction at 25°C.

2. The standard emf of the cell reaction
Cd(s) + Hg,Cly(s) = 2Hg() + CdCly(ag)
is given as a function of temperature :
€° = 0487 + (13.3x 10T - 2.4 x 10°7%, (volts)
Calculate the values of AG®, AH°, and AS® of the reaction at 35°C.

3. Calculate the emf at 25°C of the cell represented by the following reaction :
Zn(s) + CdSO4(aq) = Cd(s) + ZnSOaq)

The activities of CdSO4(aq) and ZnSO,(aq) are 7.0x10” and 3.9x107, respectively, and
cadmium is in the form of alloy with more noble metal (ac, = 0.6). The standard emf of
the cell at 25°C is 0.36 volts.
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5.2. Electrochemical Cells
5.2.1. Cells and Electrodes

The following figure gives a typical example of electrochemical cells (galvanic cells) :

Cations —»
Pt | « Anions

il HCI

(aq)

Ag/AgCl

The cell consists of
* ahydrogen electrode,
o asilver-silver chloride electrode, and
® an aqueous solution of HCI.

The two electrodes are immersed in the HCI solution and connected to a potentiometer
which measures the emf of the cell.

Cell Reactions
Lefi-hand Right-hand
electrode electrode
1H, >H" +e AgCl+e — Ag+CI™
(Oxidation) (Reduction)
v v
Anode Cathode
Net Reaction
1H, + AgCl = Ag + HCl(ag)

The convention is that,
o Since the left-hand electrode (anode) is in excess of electrons due to oxidation
reaction, it is negative, and
*  Since the right-hand electrode (cathode) is in deficit of electrons due to reduction
reaction, it is positive.
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It is awkward to present a cell in such a manner as described above. The cell assembly is
thus, by convention, represented, without producing a figure like the one given above, by a
diagram as shown below :

Pt| Hy(g, P = p atm) | HCl(ag, a = m)| AgCl| Ag
or in abbreviation,
Pt| Hy | HCl(aq) | AgCl| Ag

where P :pressure at p atm
aq : aqueous solution
a : activity of the value of m
vertical line : phase boundary

When PH2 = latm and ayc, = 1, the above cell drives electrons from the hydrogen electrode

to the silver electrode with the emf of 0.222 V at 25°C. This means that oxidation occurs at
the left-hand electrode, and reduction at the right-hand electrode. Therefore the emf of the
cell is positive 1€ =+0222 V.

If the cell were described in the opposite way, i.e.,
Ag | AgCl | HCI(ag) | H, | Pt

the emf would be negative (€ = - 0.222 V) because reduction would occur at the left-hand
electrode.

In summary, the convention of representation of the electrochemical cell is

anode | solution | cathode

An important feature of electrochemical cells:
The reaction must be capable of being separated physically so that
the direct chemical reaction is prevented from occurring.

Example
Pt|H, | HCl(aq) | AgCl | Ag
Anode Solution Cathode

Reactants H, and AgCl are isolated at the separate electrodes, but maintain the electrical
contact with each other through the aqueous HCI solution.

In some cases, two different solutions are used to prevent direct chemical reaction. A typical
example is the Daniell cell illustrated below :
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e—>

N

B +
Zn Cu
Porous
diaphragm
=
ZnS0;,
(aq) .
Anode Cathode

The cell comprises
e a zinc anode dipping into ZnSO, solution,
e  acopper cathode dipping into CuSO, solution, and
¢ a porous diaphragm which prevents the two solutions from mixing, but allows
electrical contact by the passage of SO;~ ions through it.
The two solutions constitute the electrolyte of the cell, which is the medium through which
ionic current flows.

Cell reactions:

Anode: Zn+S03 (aq)=ZnSO,(aq)+2e or Zn = Zn*(aq)+2e

Cathode: CuSO,(ag)+2e=Cu+S03 (ag) or Cu’*(ag) +2e=Cu
Net:  Zn+ CuSO(ag) = ZnSO,(ag) + Cu or  Zn+Cu®**(ag) = Zn*'(ag) + Cu

Again, it is not convenient to draw the cell figure and write the cell reactions as shown
above, The cell is thus conventionally represented by the following diagram :

Zn | ZnSO(aq) : CuSO4(aq) | Cu
or
Zn | Zn**(aq) : Cu**(ag) | Cu

where the dashed vertical line represents the porous diaphragm separating the two aqueous
solutions:

The emf of the cell depends on the activities of ZnSO, and CuSO, (recall the Nernst
equation). Suppose all the reagents of the cell are in their standard states at 25°C, i.e., Zn
(pure), Cu(pure), ZnSO,(saturated) and CuSO,(saturated).

AG® = - nFg’ » g°=
AG =213000Jat25°C LE - L104V
n=2
Thus, Zn|Zn*(aq) : Cu*’(ag) | Cu € =1.104V
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If the reaction is written in the opposite direction, i.e.,
Cu| Cu*(aq) : Zn*(aq)| Zn £=-1.104V

The emf of the cell at a non-standard state may be determined by the Nernst equation :

£=g° —Ez-ln 8cu9znso,
nf | @z,acuso,

The standard emf can be evaluated for all possible cells by one of the following two ways:
¢ Direct measurements of £° under standard conditions
e  Measurements of € under non-standard conditions and calculations of €° using
the Nernst equation.

A complete list of the emf’s of all possible cells, however, would be inordinately long and
impractical. It would be much more convenient to develop some means of expressing the
tendency of oxidation (or electron-donating power) of the individual electrodes. This can be
done by using a reference electrode against which the electron-donating power of other
electrodes is compared. It is agreed that the hydrogen electrode comprising H, gas at 1 atm
and an aqueous solution containing hydrogen ions at unit activity (i.e., standard hydrogen
electrode) is chosen as the reference electrode.

When we construct the following cell with all the reagents at their standard states, the
standard emf of the cell at 25°C is found to be + 0.763 V :

Zn|Zn™ |H' |H, € =+0.763V
Meaning of . ;

Oxidation occurs at the left-hand electrode.
Zn —> Zn™ + 2e
Reduction occurs at the right-hand electrode.
2H + 2¢e > H,

In other words, Zn is stronger than H,
in terms of electron-donating tendency.

When we construct the following cell with all the reagents at their standard states, the
standard emf of the cell at 25°C is found to be - 0.337 V.

Cu|Cu* |H' |H, €=-0337V
Meaning of . ;

Reduction occurs at the left-hand electrode.
Cu* + 2¢ - Cu

Oxidation occurs at the right-hand electrode.
H, » 2H" + 2¢

In other words, Cu is weaker than H,
in terms of electron-donating tendency.
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If the above results may be presented using a diagram as follows:

[\

Zn > In* + 2e4,ﬁr

Electron-donating power, || Ag® = +0.763 V
or
tendency of oxidation A =+1.1V

€) H, > 2H' + 2e
AE® = -0337V

Cu - Cu® + 2 -

From the above figure one can easily see that Zn is stronger than Cu in terms of the
electron-donating power and hence, if we construct a cell with Zn and Cu as follows, the
standard emf of the cell willbe + 1.1 V (=0.763V + 0.337V).

Zn | Zn*(aq) : Cu**(aq) | Cu €=11V

Although it is impossible to measure the emf of a single half-cell or electrode like H, —
2H' + 2eand Zn — Zn*™ + 2e, it is possible to assign an emf value for a cell, not an
absolute value, but a value relative to the standard hydrogen electrode. This last statement is
equivalent to saying that the standard hydrogen electrode is assigned a standard emf of zero.
The value of the emf of a single electrode, or half-cell, which is relative to the standard
hydrogen electrode, is called the standard (single) electrode potential or the standard half-
cell potential,

0.763 |—| Zn — Zn** + 2e

Standard electrode
potentials

(gj;*m;) 0+ H » 2H + 2¢

-0.337 Cu » Cu®* + 2e

If we are concerned with the electron-accepting power, i.e., the tendency of reduction, the
emf is the same in the numerical value as the one for the oxidation, but opposite in sign, i.e.,
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A

0.337 Cu* + 2¢ - Cu

Standard electrode
potentials O 2H +2 - H,
{reduction)
(), volts

0763 Zn*™ + 2¢ > Zn

The standard oxidation and reduction potentials of a number of half-cells are given in
Appendix II1.

—-| Example 1 I[

Consider two hypothetical half-cells

A - AV + ae €%
B > B + be €%
When a cell is built from these two half-cells, the cell reaction will be
bA + aB” — bA™ + aB
Prove the standard emf of the cell (€°) is given
€°=€%-E}

Recall that the emf is related to the fiee energy change by AG = - nFE.

(1) A A" +ac  AGj =-aFgEf
(2) B> B" +be  AGy=-bFE]

! bx(1)-ax(2)
bA + aB® — bA™ + aB  AG® = —(ab)FE®

When we add or subtract chemical equations, we also add and subtract changes in
thermodynamic functions like U, H, S and G.

AG® = bAGS - aAG? »E° =£9 €9
AG§ =-aF€
AGS = -bFES
AG® =—(ab)FE°
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Half-cell potentials are directly combined without taking stoichiometric coefficients into
consideration. However, calculation of free energy change must take stoichiometric
coefTicients into account. Why?

There is a sienificant diff | G and§ :

e G is an extensive property of the system so that when the number of moles is
changed, G must be adjusted accordingly.
e E is an intensive property of the system so that it is independent of the size of

the system.
AG = -nFg
Extensive Extensive  Intensive
variable quantity variable

Calculate €° and AG® for the cell at 25°C.
Li| Li*(aq) | Cd**(aq) | Cd

From the table of the standard half-cell potentials

Li=Li"+e €9,= 3.045V
Cd = Cd*”* + 2¢ €04= 0403V
Cell reaction 2Li + Cd** = 2Li* + Cd g

1) Direct calculation from the standard half-cell emf’s
€° = €%, —E€2, =3.045-0.403 = 2.642V
2) Calculation from AG®
AG], =—(1)(96,487)(3.045) = =293,800J
AGE; =—(2)(96,487)(0.403) = ~77,770J
AG® =2AGY{, - AGY, = (2)(-293,800) - (=77,770) = —509,830.

AG® = nFee -1 =2 Jeo = 2642V

——-l Example 3 }

Calculate the standard potential of the half-cell

Cr = Cr** + 2e €
Given : (1) Cr —» Cr* + 3e €7 o = 074V
@ O > Cr +e €0t o= 041V
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AG® = - nFE®

|
e ™

AG) =-nFe]
AGY =—-(3)%(96,487)%(0.74) = —214,200J
AG? = ~(1)x(96,487)x(0.41) = —39,560J

AG® = AG{ -AGS
= -214,200-(-39,560) = —174,640.J

n=2
- ; J
€ =0905V
of. Direct calculation : €° =€(, 1 — €l 30 =0.33V : Incorrect

“When half-cell potentials are combined to produce a new half-cell, the potentials are not
additive. When in doubt, do the calculation of € from AG.”

Exercises

1.

Write the electrode reactions and the cell reactions for the following galvanic cells, and
calculate the standard emf’s of the cells at 25°C. Determine the positive electrodes :

1) Cu|CuCly(ag) | Cly(g), Pt
2) Ag, AgCl|HCl(aq) |[Hbr(aq) | AgBr, Ag

Devise galvanic cells in which the cell reactions are the following :
1) Fe + CuSO,(aq) = FeSO,(aq) + Cu
2)  Pb(s) + PbO,(s) + 2H,SO4(aq) = 2PbSO,(s) + 2H,0()

Indicate electrode reactions in each case. Calculate the standard emf of each of the cells
at 25°C.

Calculate the standard emf (€°) and the equilibrium constant (X) at 25°C for the
reaction

TI + Ag' = TI' + Ag
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5.2.2. Concentration Cells

When two half-cells are connected, an electrochemical cell is formed. The connection is
made by bringing the solutions in the half-cells into contact so that ions can pass between
them.
o If these two solutions are the same, there is no liquid junction, and we have a cell
without transference.
o If these two solutions are different, transport of ions across the junction will cause
irreversible changes in the two electrolytes, and we have a cell with transference.

The driving force of a cell may come from a chemical reaction or from a physical change.
When the driving force of a cell is changes in compaosition (concentration) of species (or of
gas pressures), the cell is called concentration cell. The change in concentration can occur
either in the electrolyte or in the electrodes.

The electrochemical cells can therefore be classified as follows :

Electrochemical Cells
| I
Chemical Cells Concentration Cells
[ |
| l [ I
With Without Electrolyte Electrode
Transference Transference Concentration Concentration
Cells Cells
I
[ |
Without With
Transference Transference

To form an electrode concentration cell the electrode material must have a variable
concentration. Amalgam and gaseous electrodes fall into this classification. An example of
electrode concentration cells is the one in which two amalgam electrodes of different
concentrations dip into a solution containing the solute metal ions.

Hg-Cd(aCd(,}) l CdSO.,(solution) ' Hg-Cd(aCd(g))

Lefi-hand electrode
(anode)
Cd(acd(l)) - Cd* + 2e

Right-hand electrode
(cathode)

Cd* + 2¢ > Cd(a(;d(z))
Net cell reaction
Cd(acay) — Cd(aciz)
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g=g° ~ XLy Zodt2)
nF

Acdqn)
n=2
=0

(because at the standard state the cell
reactions at both sides are the same)

y
RT | a

g BT 1 9ca2)
2F aCd(l )

As seen above, no chemical change occurs, and the process consists of the transfer of

cadmium from an amalgam of one concentration to that of another concentration. The

cadmium will tend to go spontaneously from the high activity amalgam to that of low
activity.

o If acyn)>acasz;, € > 0 and hence the reaction proceeds as indicated in the cell

reaction.
e If acyn)<acyss)» € <0and hence the reaction proceeds in the opposite direction.

If the activity of cadmium in one amalgam is known, the activity of cadmium in the other
amalgam can be determined by measuring the emf of the cell.

An electrode concentration cell can be constructed using two electrodes which consist of a
gas at different partial pressures. The following is an example of the hydrogen electrode
concentration cell :

Pt | Hy(P,) | HCl(aq) | Hy(P,) | Pt

Cell Process

Left-hand electrode Right-hand electrode
(anode) (cathode)

1Hy(R)->H" +¢ H' +e—>1H,(A)

Overall Change
THy(R) = 3Hy(P)

8:—.&21,;.1)_2
2F P

The emf of this cell is thus determined by the hydrogen pressures.
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It has been found that ZrO,(s) stabilised with CaO or YO, s is an ionic conductor of oxygen
ions in certain ranges of oxygen pressure and temperature. Using this material as the solid

electrolyte, an oxygen concentration cell can be constructed:

Pt, Ox(g, Fo,(a)) | ZrO,+Ca0 | Oq(g, Po,(c) ), Pt

Cell Process
Left-hand electrode Right-hand electrode
(anode) (cathode)
0% >10,(Py,(a))+2e L0,(Py,(c))+2e > O?

Overall Change

10,(Pp,1c)) >3 0,(Po,1a))

Oy(a)

v

E=

RT P()z.:'a)
———In
4F I )r_J,(c,

)

(Oxygen sensor)

Protective tube

(reference)

Zr0; (+Ca0)
(lonic conductor)

(to be measured)

Schematic diagram of oxygen concentration cell

Pt wire
(electronic conductor)

This type of oxygen concentration cell called the oxygen sensor is of considerable use in
and in combustion processes. The

high temperature processing of metals and materials

oxygen sensor with proper design enables in situ measurements of

e oxygen partial pressure in a gas mixture,

oxygen content in a liquid metal.
activity of a metal in an alloy
activity of an oxide in an oxide solution.

equilibrium oxygen potential in a metal-metal oxide mixture, and
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The oxygen pressure of the reference electrode ( Fy, s ) can be fixed either
by using a gas mixture containing oxygen of known pressure (e.g., air), or

by using a metal-metal oxide mixture.

}

2Cr + E\O—} — C1r_;{_)j
M + MO
4-&-. Cr+Cr0)4— | K=

acr,0,

ac, P ;

P{}, . f\_

%j 5

Suppose a cell is constructed by using metal-metal oxide couples for both electrodes :

Assumptions

Cr, Cr;0; | ZrOy(+Ca0) | Ni, NiO All metals and

oxides are pure.
Chemical Equilibrium
34 at each of (o )
2Cr+30, =Cn0; the half-cells Ni+30, = NiO
aC O a s
K¢, = _2_5:;_ Ky = __Ni_O_
%o, ccr) ani POZZ(N,')
-2 -
L Fo,ccry = K¢? ) L FPo,(ni) =KN%J
Electrochemical Process
Cr, Cr,0; | ZrO,(+Ca0) | Ni, NiO
(anode) (electrolyte) (cathode)
¥ ¥ N
0¥ —»10,+2e 0% « 0% 10, +2¢ 0%
(P 0,(Cr) ) (P O, Ni))

Net Process

%Oz(Poz(M')) - %OZ(Poz(Cr))

Emf of the cell

Fo,(cr
€= _ﬂln[w]
4F Poz(Ni)
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Provided that the oxygen pressure of the reference electrode is known (say, Py, (c;)), the
oxygen pressure of the other electrode (Fo,(niy) can be determined by measuring the emf

of the cell. This enables the determination of the free energy of formation of the oxide (say
NiO).

A cell in which the emf is derived only from the free energy change of dilution of the
electrolyte is called the electrolyte concentration cell.
Consider a simple cell

Pt|H; |HCl(aq) | AgCl | Ag
The net cell reaction is
1H, +AgCl - Ag + HCl(aq)

If two such cells are electrically connected in the opposed manner, the combination
constitutes a cell that may be written
Ag| AgCl{HCl(ag, a)) | H; | HCl(ag, a,) | AgCl| Ag

The overall change in this cell is simply the difference between the changes in the two
separate cells,

Cell Reactions
~ Left-hand electrode Right-hand electrode
HCl(ag.a) + Ag — AgCl + 1 H, AgCl+1H,; - HCl(ag,a,) + Ag
Net Reactions

HCl(aq, a,) > HClaq, a,)

Note that there is no direct transference of the electrolyte (HCI) from one side to the other.
HCl is removed from the left-hand side by the lefi-hand electrode reaction and it is added to
the rightshand side by the right-hand electrode reaction. This cell is an example of a
electrolyte concentration cell without transference.

If two electrolytes of different concentrations are directly in contact with each other, this
give rise to a junction potential. An example of a concentration cell with a liquid junction is
Pt| H; (1atm) | HCl (aq, c,) : HCl (ag, ¢,) | H; (1atm) | Pt
Cell Reaction

Anode reaction Cathode reaction
1H,(latm) - H*(¢)) +e H*(c,)+e — 1 H,(latm)
Net reaction
H*(c;) > H ()
In the above cell, the two HCl solutions are in electrolytic contact, but are prevented from
mechanical mixing. In general, this is done by means of a porous diaphragm or by stiffening
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one of the solutions at its point of contact with the other by agar-agar or gelatine. Since the
direct contact between solutions of different concentrations is not a balanced state, as
required for reversible processes, the system is not directly susceptible to thermodynamic
analysis. The liquid junction problem may be circumvented by connecting the different
solutions by means of a bridge containing a saturated KCl solution.

—‘ Example 1 [L

Concentration cells have been used extensively to determine thermodynamic properties
of metallic solutions. The following cell is built to measure the thermodynamic
properties of Mg in Mg-M alloys :

Mg(/, pure) | MgCl,, CaCl, | Mg-M())

Choose the correct one in the following :

1) The alloying element M should be more noble than Mg.
2) The alloying element M should be /ess noble than Mg.

The element M has to be nobler than M. In other words, the chloride of M should be much
less stable than either MgCl, or CaCl,. Otherwise the element M would react with MgCl, or
CaCl, in preference of Mg,

The cell process of the above cell is

Mg()) — Mg(in alloy)

E=_ _R_T ln( Qg ailoy) }

2F aMg
aMg = 1
A\ 4
2FE
Arfg(ailoy) = €XP)| —’ﬁ'

v

M
GMg =RTIn aMg( alloy )

. Thus an electrochemical measurement enables the determination of the activity of a
component in the solution and hence the partial molar free energy of the component. If we

measure the emf in a range of temperature, we can determine Sﬂg and H A";g from the

relationships developed in the previous section :

M ot M %
=2F & HM - org+2FT| &
Shig 2F(ar) R Mg (ar ,
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A g 2
—l Example 2

The standard free energy of formation of an oxide can be determined by measuring the
emf of a cell appropriately designed. Consider the following cell :

M,M ,0,| ZrO,(+Ca0)|0,(g.Py.;c)) €

Prove that the free energy of formation of M,0,, AG? ), o , is given by the equation

AGJ‘;_Mﬂ(}b = ~4[§]F‘8 + (-g ]RT InPg ()

MM,,O,,|ZI‘02 (+Ca0),02(g, PO;(C)) €

Anodic Reaction [ e Cathodic Reaction
electrolyte
aM+£0, =M,0, o <o 10, +2e=0%"
or or
b0 =£0, + (2b)e $0; +(2b)e =50
Net Cell Reaction
0,(Fo,0c)) > 0:,(Po,(a))
P B
€=- 511 _Oofa@) From the anodic reaction,
©  4F P, (e)
2 AG.‘;rMaOb =—RTInK
aMaob - -5
K=ot~ Tola
A 0O,(a)
v
_b
< AG;.MnOb —‘Z'RTIH PO;(H)
v

b b
AG}M‘OI’ = 4(‘5)& +(‘2"JRT In POZ(C)

If a metal-metal oxide couple (e.g., Me-MeO) is used for the reference electrode ( the
cathode in the present example), Fp, ) must be replaced with the equilibrium oxygen

pressure of the couple :

Me+10,=MeO K=—TMO __,p, K

1
aMe Polzfcj
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—-l Example 3 }

Galvanic cells with solid ZrO, (+CaO) electrolyte are used as the oxygen sensor for high
temperature applications. The oxygen sensor enables determination of the activity of a
metal element in an alloy. Consider the following cell :

Ni, NiO | ZrO, (+Ca0) | M (in alloy) | MO

Prove that

RT
€=€°-—lna
2F M

The cell reaction can be written as
Ni+ MO=NiO+M

From the Nernst equation

€= E:-"J c3: __R_;:‘;n{ dyg a.‘v‘lf} \J

2F ayi A0

anio =1 ayp =1 ay =1

Y

el —ﬁmaw
od

An important point : For the analysis described above to be valid, all other components in
the metal alloy must be considerably nobler than M so that these are practically inert under
the oxygen potential prevailing in the electrode.

—" Example 4 }

The method described in the example 3 can also be used to determine the activity of an
oxide in the oxide solution. Consider the following cell :

M) | MO()) | ZrO, (+Ca0) | Me(/) | MeO({, in solution)

Prove that

RT
€E=€°+—In
2F AMeO

Cell Reaction
M + MeO = Me + MO

RT Tass O
g-go 2 «’rr( ApMe MO W
2F Ay Are0 )

E=E%4 f—Tfn Apre0

ay =1, ayo=1 ay =1 =
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The oxygen sensor is capable of in situ measurement of oxygen potential in liquid

Electrochemistry

259

metals. Consider the following cell :

Prove that

M, MO | ZrO, (+Ca0) | Q (dissolved in metal)

€=¢g° + R, ap
2F

Cell Reaction
M+ Q = MO

€E=€g°-

RT | %m0
2F

Ay 8o

J

ayy =1,

y

g=¢g° +£—7:-Ina0

2F

avo =1

where €° is the standard emf of the cell with the unit oxygen pressure at the cathode:

Exercises

L.

The emf of the following cell

was found to be

M, MO | ZtO, (+Ca0) | O; (Fp, =1latm)

Mg(/) | MgCl,-CaCl,(7) | Mg.Si(s), Si(s)

€° = 021767 -8.607x10°T, (V)

Express the standard free energy of formation of Mg,Si(s) as a function of temperature.

The emf of the following cell was measured at a number of different temperatures :

Cu,O(s), CuO(s) | ZrO,(+Ca0) | Oxg, air)

The results were reported as follows :

T(K)

973

1023

1073

1123

1173

1223

1273

€ (mV)

170.0

143.9

117.7

91.6

65.5

39.3

13.2
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Calculate the standard free energy of formation of CuO(s) as a function of temperature.
The free energy of formation of Cu,0 is given :

AGY ¢y0 = -168,400+71.25T, J/mole

3. The activity of chromium in liquid Ni-Cr alloys was measured using the following cell :
Pt | Cr(s), Cr,O4(s) | ZrO,(+Ca0) | Ni-Cr(J), Cr,O; | Pt
The cell emf was measured to be 125 mV at 1,600°C for the Ni-Cr alloy of N¢, =
0.109. Calculate the activity of Cr in the alloy.
4. The oxygen content of molten iron can be measured using the following cell :
Pt | Cr(s), Cr04(s) | ZrO,(+Ca0) | O (in liquid Fe) Mo
Derive an equation which relates the measured emf to the oxygen content (wt%) in the
Fe melt at 1,600°C. The following data are given :
2Cr+30, =Cr,0;  AGY, =-1110,100+247.32T, Jmole™
10,(g)=0(1wt%) AGH =-117,150—2.887T, Jmole™
1 wt% in Fe melt standard state.

5.3. Aqueous Solutions
5.3.1. Activities in Aqueous Solutions

The thermodynamics properties of an electrolytic solution are generally described by using
the activities of different ionic species present in the solution. The problem of defining
activities is however somewhat more complicated in electrolytic solution than in solutions
of nonelectrolytes. The requirement of overall electrical neutrality in the solution prevents
any increase in the charge due to negative ions. Consider the 1:1 electrolyte AB which
dissociates into A" jons and B" ions in the aqueous solution.

AB=AY +B~

The partial molar free energies of the two ions, G Gy, ,are,

4%
G, =G°, +RTIna,. and G,- =Gg- +RTina,.

From the definition of the partial molar free energy,

— oG
G, =
A [amA+ ]mB_,T,P
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— oG
G, =
B [amB,]
m, TP

*

Where m T and m - are the molalities of A* and B~ ions, respectively, in the solution. The
molality is defined as the number of moles of solute in 1,000g of water (H,0).

As the molality of an jon (m,, and my_) cannot be altered independently, it is not

possible to measure either G, or G, . In order to overcome this difficulty, we introduce
mean thermodynamics properties of two ions.

Suppose that » moles of AB are dissolved in water :

nAB =nA* +nB”

G=nG ot nG. g- | G:Total free energy of A"and B’

G, =G% +RTIna,,
G,- =G +RTlna,.

A 4
G=nG}. +nGy. +nRTIn(a a,.)

G in the above equation is the total free energy of 2n moles of ions ( » moles of A* ion and
nmoles of B" ions). If we define the mean partial molar free energy of ion (G, ) as

G

o
* (n, +n)

where n,_ is the number of moles of positive ions and n_ is the number of moles of
negative ions.

+G,. G, +G

¥
= ) o
(,-".'fean standard molar | P’J‘eaﬂ activity of

free energy of ion J ion (a.)

E’L-fean partial molar

free energy of ion
5 X
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1/2
a, =(a.ay)

A =Y oM g

Ag- =yp-my.

A
1/2
)

1/2

a; =(},A*7B' (mA4mB-)

Activities in aqueous solution are generally based on the 1 molality standard state.

1 molality standard state

aq;
1 molality
standard

State

v

The mean ionic molality (m, ) and the mean ionic activity coefficient (v, ) are defined as

-

- 1/2 <Y
mi:(m,q"mg') Y+ :(YA*—AI'B—)!'

l

a; =Y My

As the activities in aqueous electrolyte solutions are defined with respect to the 1 molality
standard state ( or infinitely dilute solution standard state), the activity of an ionic gpecies
becomes equal to its molality as the concentration approaches zero (Henry’s Law).

N a,.
tim (%2 ) lim | =2 |=1
m —>0th* m._ =0 m

at B~

Thus, at infinite dilution, y . =1, y,- =1, and y, =1, and hence

ag =m,

Fora 1-1 electrolyte, m . = m,. = mj,and hence a, =mg,.
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We now generalise our discussion with more complex types of electrolyte. Consider the
nonsymmetrical electrolyte, A,B,, which dissociates into A** positive ions and B*~

negative ions in an aqueous solution :

A,B, =xA™ +yB*

For the dissolution of one mole of A,By

G=xG . +yGg-
G =Ghz +RTIna ;.
Gyz- =Gpz- +RTInag,.

G=xGz. +yGpz +RT In(alz. a;,_ )

G in the above equation is the total free energy of (x+y) moles of ions ( x moles of A** ion
and y moles of B*" ions). If we define the mean partial molar free energy of ion (G, ) as

A B
(n, +n_)
H,=X, n_=y
Y

G

G *G .z +yG,. _ G5 +5G). '

g = e
xX+y

x+y

o v
g +RT!n(aAz+aHz_)

' 1
ag = (C;n a;z- e

y

A

a = o4 74
A%+ }’,4.: mAz

ﬂﬁz- = }’Bz- mBP'

ol
as = (7;Z+T;;z- )™ (m 7z, m';z_ )

!
y

i
x y o
my =(ml431mﬁz-) ki

=
Ye =0 2eY )™

Qg =1.Mm,
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The total Gibbs free energy of the ions in the electrically neutral solution is the sum of the
free energies of positive ions and of negative ions :

G= \Gr;; o }:(_J";;;,_- +RTIn (_'EI'L;_'. LJ'::'_._ ] ‘

7
.

G= \(;r; . + _1'6;,-. + Rri’n[rn;;,. m H )+ RT In(y 2. v%2.) \

" —— T e 7
s 4 Y.

Free energy for
ideal solution (G )
\

All deviations from

ideality are contained

Y. =( TR S T I in this term.
" s

v

G=G" +RT Iny ™ '1

Observed deviations from ideal behaviour are ascribed to electrical interactions between
ions. Oppositely charged ions attract each other. As a result, in the immediate
neighbourhood of a given ion, an oppositely charged ion is more likely to be found. Overall
the solution is electrically neutral, but near any given ion there is an excess of oppositely
charged ions. Consequently the chemical potential of an ion is lowered as a results of its
electrostatic interaction with its ionic neighbours. This lowering of energy appears as the
difference between the Gibbs free energy G and the ideal value G of the solution; i.e.,

RT Iny ¥+

On the assumption that deviations of a dilute solution from ideality are caused entirely by
the electrostatic interactions, the activity coefficient can be calculated from the Debye-H u
ckel limiting law :

logy, =-0.509 :+:__]1] ? ‘
where
z,,z_ : charge numbers of positive and negative ions, respectively
I : ionic strength of the solution

1 2
I=—§ z;
2 J Iml’
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Consider the solution of La,(SO,); at a molality m. Express the mean ionic activity a,
in terms of y, and m.

La,(S0,); = 2La** + 380F

[a=tm | [

2 .3 \13
mi = (mLas‘ mSO}’ )2&3

—— m,,

3+ =2m

n

m, =[2m*m)* 1 =108V m

N

a, =v,(108)"" m

sor = 3m

——| Example 2 %

Values of the mean ionic activity coefficients for several electrolytes in water at 25°C
are given in the following table :

Mean activity coefficients y, for strong electrolytes at 25°C

Electro- Molality(m)

Ivtes  “5001 0002 0005 001 005 01 05 10 20 40
HCI 0996 0952 0928 0.904 0.830 0.796 0.758 0.809 101 1.76
HNO, 0965 0.951 0.927 0.902 0.823 0.785 0.715 0.720 0.783 0.982
H,SO, 0.830 0.757 0.639 0.544 0.340 0265 0.154 0.130 0.124 0.171
CaCl, 089 085 0785 0725 057 0515 052 071

CuCl, 089 085 078 072 058 052 042 043 051
CuSO, 0.74 053 041 021 0.16 0068 0.047

FeCL, 0.89 086 080 075 062 058 059 067

KCl 0965 0952 0927 0.901 0.815 0.769 0.651 0.606 0.576 0.579
K,SO, 0.89 078 071 052 043

MgCl, 056 052 062 105
NaCl 0966 0.953 0.929 0904 0.823 0.780 0.68 0.66 067 0.78
PbCl, 086 080 070 0.6l

ZnCl; 088 084 077 071 056 050 038 033

NaOH 0.82 069 0.68

KOH 092 090 082 08 073 076

NaBr 0.966 0.934 0914 0.844 0.800 0.695 0.686

MgsO, 040 022 0.18 0088 0.064

ZnSO, 070 0.61 048 0.39 0.15 0.065 0.045 0.036

Calculate the mean activities of HCI and CuCl, in the aqueous solution at 25°C. The
concentration of both electrolytes is 0.01 molality.
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HCl - H* +CI”
| ay =Yy l
- ™
.
my =(miz*m§z-)”y
my. =001,
mg,- =0.01 »
x=1,y=1 7+ =0.904 from the table
A
| m, =0.01 l
\_ J
A
a, =9.04x107

CuCl, » Cu** + 2CI°

l a, =Yy;m, i

el
my =(m5z. m;Z_ )<+
mcuh =0.01,
me,- =0.02 >
x=1, y=2 v, =0.72 from the table
v
. J

4
[[a.=00114 ]

Example 3

Estimate the mean activity coefficient of the aqueous solution of KCl at 0.005 molal at
25°C.

logy, =—0.509|z,z_|1'"?

1
1 =E;z,2m,-

z, =), z_=~1

| my.= 0.005, me,.= 0.005

v

1=0.005
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The solubility of AgCl in water is 1.274x10™° molal at 25°C. Calculate the standard
Gibbs free energy change of reaction

AgCl(s) — Ag'(aq) + Cl(aq)

AG® =~RT Gagfcr
a qgCi

172

ai = (aAg* aCI- )

aAg’ =YAg+mAg+

AG® = —RTln( G J - =Y Mer

- 1/2 172
ai - (YAg+YCI-) (mAg* mCI-)

Ye=( 1"

- 1/2
v e _(mAg+'"cr)

I ay =Y My |
m, . =1.274x107°
g
_ -5
m.,- =1.274x10
my =1.274x107°

v

a, =(1.274 x107 )y,

T=298K ( ~
- I/ =-0.509|z.z_|1'?
<« R=8314]/molK 0gY: |z,z_|

aec1= 1 (saturation) /= 1 > m.
2 - [} i

[1=1274x107°
L |yi =0.996|
\ 4

a, =1.269 x107°

v

AG’® =55,870)/mol
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5.3.2. Solubility Products

Consider the dissolution of a sparingly soluble salt or electrolyte A,B,. Saturation of the
aqueous solution occurs when A,B, has dissolved to the extent that the activity of A,B, in
the solution, with the respect to the solid A,B, as the standard state, is unity.

A,B, =xA""(aq) + yB* (aq)

The equilibrium constant K, is
called the solubility constant or
solubility product of the salt.

- s X np) x ¥
Kp = s ¥ N e, ) ~

.

Ky =(ram, )

—‘ Example 1 |L

Evaluate the solubility constant K, of NaCl at 25°C using cell potential data and the free
energy of formation of NaCl :

2CI = Cl, + 2e £ =- 1360V
Na = Na* + ¢ £°=2.714V
Na(s) + 1/2Cli(g) = NaCl(s)  AG®=- 383,880 J mol” at 298K

1) CI =1/2CL +e AGYy =-nFE° = - (1)(96487)(-1.360) 131,220 J
2) Na=Na"+e AGY, = -nFE =- (1)(96487)(2.714) = - 261,870 ]

3) Na(s) + 12Cly(g) = NaCl(s) AGjue =-383,880]
Combination of the above reactions yields

NaCl(s) = Na'(aq) + CI'(aq) AG® = -9210)
-AG°
K, =(y,m, ) =exp) ——|=412
p (Yt 1) P( RT )

For NaCl,
mi = mNa+ =mCl_ = mNaC, .

('tht)z =(thNaC1)2 =412
or
YeMpacy =642
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Calculate the concentrations of H' and OH" in water at 25°C. Use cell potential data.

From the table of the standard half-cell potentials,

H; + 20H = 2H,0 + 2e g = 0.828V

H, = 2H" + 2¢ € =0V
Combination yields

H,0 = H + OH €° = -0.828v

P S o _ 0
K, =00 _ g SAG e -2 99510
aHzo RT RT

A =Yg+ Pyes Boy- =You-Mog-+ A0 =L Ys =(YyYou-)

Since

o=

n

Yimy.mg., =9.9x107"*

Y+ = l(very dilute)

m,. =m.,,.(from stoichiometry)

A

ey
My =10

Definition
pH = -log[H']
where [H'] : molarity of H'

Molarity :
Number of moles of
solute per liter of water,

Y

For dilute solutions,
molarity = molality

4

pH = 7 for water

pH
B « lower T higher — .
) acidic A basic i
neutral
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—-{ Example 3 =

The thermodynamic behaviour of weak electrolytes is based on the conditions for
equilibrium between dissociated ions and undissociated portion in the solution. Prove
that, for most weak electrolytes, the degree of dissociation increases as the electrolyte
concentration decreases.

Consider the weak electrolvte A.B.,

AB(aq) = xA™(aq) + yB"(aq)

X ¥
. a,,.
) PR
aa.B,
a; =y;m,
h
x ¥ x y
Y.IH'Y - m .M z=
A B A B
Kf_‘ =
Ya,B, Ma.B,
In dilute solutions, the activity
coefficients, y,, approach 1. Thus
x y
YA-"‘ ‘Y B:— - l
Ta.B,
¥
x ¥
K - mAHmB;_
v ”IH:B‘_
Let m . = xEm,
m : molality of the electrolyte dissolved m,.. =yEm
£ : fraction of dissociation of i ’
; ot B
the dissolved electrolyte myp,=(1-5)m
r

x ¥ jelxty)  (x+y-1)
K, < (FY S Im
(1-8)

For dilute solutions, & <<1.

A 4

gt
K(' x+y (HI_U

§=[ x'y] m **
x*y

4 (==-1)
As m increases, m *** * decreases, and hence & decreases.
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——-{ Example 4 lrw

A strong electrolyte is defined as a compound that, when added to a solvent, dissociates
completely into its ionic components. If a strong acid such as HCl is dissolved in water,

it dissaciates completely into H' ions and CI' ions. Calculate the pH of a 0.1 molal
solution of HC! in water.

HCl - H" + CI

Every HCl molecule dissociates
forming one H' ion.

mHC; =mH+ =0.1§[H+]

v

pH =-log[H*]=1

A solution is prepared by mixing two litres of 0.02 molal HCI and one litre of 0.05

molal NaOH. Calculate the pH of the solution. HCl and NaOH are both sfrong
electrolytes.

+ - 0.04HCI + 0.05NaOH
HCl-> H' + CI' . i 4
NaOH — Na' + OH
Mycy i 0.02 mwaOH =0.05 0.04H" + 0.04CI' + 0,05Na" +
0.050H" — 0.04CI + 0.05Na’ +
ngar = 2x0.02 Prneorr = 0 05 mole
= 0.04 mole 0.010H" + 0.04 H,0

Upon mixing, 0.04 mole of H' reacts with 0.04 mole of OH to form 0.04 mole of H,0,
leaving 0.01 mole of OH'. The total volume of the solution becomes 3 litres.

on- E[OH™ )= -(-)—;E =0.0033mole/litre

¥[H*][OH'] = 10"

A

[H'] = 3.03 x 10""* mole/litre

:

pH = 115
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Exercises
1. The solubility product of Cu,S is 3 x 10™**. Calculate the solubility of this salt.

2. 5 grams of Pb(NQ;), is added to 1 litre of 0.01molal NaCl solution. Would PbCl,
precipitate? The solubility product for PbCl, is 2 x 10”.

3. A solution contains 0.10 molal each of Ba®* and Sr**. The solubility products of BaCO,
and SrCO, are 2.0 x 10 * and 5.2 x 10°"°, respectively. Describe what happens as each
of the solids is added to the solution.

4. Magnesium hydroxide is slightly soluble in water. If the pH of a saturated solution of
Mg(OH), is 10.38, find the solubility product of Mg(OH),.

5. Find the concentration of Ca® and CO3™ in air-saturated water (the partial pressure of
CO, is 3 x 10 atm) assuming K, = 3.84 x 10" for CaCO, and the equilibrium constant

K= 1.4 x 10 for the reaction

CO,(g) + H,O()) + CaCOs(s) = Ca®* + 2HCO3 (ag)
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APPENDIX 1

Heats of formation, standard entropies and heat capacities

AHY 50 S%0s Cp=a+bT+cT?(Jmol'K")

Substance Phase ’

(kJ mol") | (J mol'K™") a bx10* | ¢x 10°
Ag Solid 0 42.70 21.30 8.54 1.51
Ag Liquid 8.94 47.19 30.54
AgCl Solid -127.1 96.28 62.26 4,18 -11.30
AgBr Solid -100.7 107.2 33.19 64.46
Agl Solid, o -61.95 115.5 24.36 100.9
Ag,0 Solid -30.56 121.8 59.36 40.81 -4.19
Ag,S Solid, -31.31 143.6 42.40 110.5
Al Solid 0 28.34 20.67 12.39
Al Liquid 8.23 34.74 31.80
AlF, Solid, o -1511.1 66.52 72.29 45.88 -9.63
AlCI Gas -51.49 2279 37.67 -2.85
AlClL, Solid -706.0 109.3 55.46 117.2
AlCl, Gas -584.8 3145 82.88 -11.05
ALO, Solid -1678.2 51.07 106.7 17.79 -28.55
ALS, Solid -723.8 123.5 102.2 36.08
AIN Solid -318.6 20.18 34.40 16.95 -8.37
As Solid 0 3571 23.18 5.52
As, Gas 1534 3275 82.94 0.13 -5.13
As)O, Solid -653.6 122.8 59.83 175.7
As,S; Solid -167.4 163.7 105.7 36.46
Au Solid 0 47.39 23.69 5.19
B Solid 0 2.99 19.82 5.78 -9.21
B,0, Solid -1272.5 54.0 57.06 73.05 -14.06
B,0, Liquid -1253.7 7849 | 1277
BN Solid -252.4 14.32 3391 14.73 -23.06
B,C Solid -71.58 27.13 96.24 22.60 -44.87
Ba Solid 0 62.46 -44.43 158.4 22.49
BaCl, Solid, o -1207.7 96.40 92.93 3.18 -16.74
BaO Solid -553.8 70.45 5333 | 4.35 -8.31
Be Solid 0 9.50 21.22 5.69 -5.88
BeO Solid -608.6 14.15 41.61 10.21 -17.37
Bi Solid 0 56.72 18.80 22.60
Bi,0, Solid, o -571.0 151.5 103.6 33.49
Bi,S; Solid -201.8 200.5 110.0 41.02
Br Gas 1119 174.9 19.88 1.49 042
Br, Gas 309 2454 37.36 0.46 -1.30
C(graphite) | Solid 0 5.74 17.15 4.27 -8.79
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Substance Phase AHE 25 Siss CoZa+ DT+ el ™ (I mol'K")
(kI mol) | (J mol'K'Y) a bx10® | ¢x10°
CH, Gas -74.85 186.2 23.64 47.87 -1.93
C,H, Gas 226.8 200.9 43.66 31.67 -1.51
CcO Gas -110.5 197.6 28.41 410 -0.46
CO, Gas -393.5 213.7 44.14 9.04 -8.54
CcOS Gas -1384 231.5 4741 2.61 -7.66
Ca Solid, a 0 41.6 25.51 2.61
Ca Liquid 10.90 50.65 30.13
CaF, Solid, o -1220.2 68.86 59.86 3047 1.97
CaCl, Solid -796.2 104.7 30.06 12.73 -2.51
CaO Solid -635. 38.10 49.62 4.52 -7.00
Ca(OH), Solid -985.8 83.43 105.4 11.95 -18.98
CaSO, Solid -1434.8 106.7 70.24 98.79
CaC, Solid, o -59.02 70.32 68.65 11.89 -8.67
CaCO, Solid -1207.1 88.70 104.5 21921 -2594
CaS Solid -476.1 56.48 45.19 7.74
CaSiO, Solid -1634.9 82.01 108.2 16.49 -23.64
Ca,SiO, Solid -136.9 120.6 151.7 36.96 <30.31
Cd Solid 0 51.80 22.22 12.30
Cd Liquid 5.81 61.05 29.71
Cd Gas 111.8 167.6 20.79
CdCl, Solid -391.0 115.3 47.30 91.67
Cdo Solid -259.4 54.80 48.24 6.38 -4.90
CdSs Solid -141.4 69.04 44.56 13.81
Ce Solid, o 0 72.00 23.50 10.40
Ce,0, Solid -1822.6 150.7 107.9 41.44 -9.21
Cl, Gas 0 223.0 36.90 0.25 -2.84
Co Solid, o 0 30.04 21.39 14.31 -0.88
Co Solid, B 1.29 32.66 13.81 24.52
CoO Solid -238.9 52.93 48.28 8.54 1.67
CoS Solid -121.7 63.95 44.37 10.51
Cr Solid 0 23.64 24.44 9.87 -3.68
Cr Liquid 26.10 36.23 39.33
Cr,0, Solid -1130.2 81.21 119.4 9.21 -15.66
CrC, Solid -109.7 85.39 125.7 23361 -31.23
Cr,C, Solid -228.1 200.9 2384 60861 -42.36
Cs Liquid 0 85.27 31.90
Cu Solid 0 33.15 22.64 6.28
Cu Liquid 9.31 36.25 31.38
Cu Gas 336.8 166.3 9.93 5.07
Cu,0 Solid -167.4 93.09 62.34 23.85
CuO Solid -155.2 42.68 38.79 20.08
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Substance Phase AH$ 04 S39s Cp=a+bT+cT?(J mol'K")
(kJ mol") | (J mol'K™) a bx10® | ¢x10°
Cu,S Solid, o -79.50 120.9 81.59
Cu,S Solid, -79.53 121.0 97.28
Cu,S Solid, y -79.53 1210 8502
CuS Solid -52.30 66.53 44.35 11.05
CuSO, Solid -771.1 109.2 78.53 71.97
Fe Solid, o 0 27.28 17.49 24,77
Fe Solid, ¥ 6.78 33.66 26.61 6.28
Fe Solid, 6 3.89 29.71 28.28 7.53
Fe Liquid 13.13 3429 35.40 3.75
Fe Gas 416.3 180.4 15.72 3.47
FeCl, Solid -3424 118.1 79.28 8.71 -4,90
FeoorO | Solid -264.6 58.81 | 4881 837| -2.80
FeO Solid -264.4 58.79 51.80 6.78 -1.59
Fe,O, Solid, o -1116.7 155.5 91.55 201.7
Fe,O, Solid, o -821.3 87.45 98.28 77.82 -14.85
FeS Solid, o -100.4 60.29 21.72 110.5
Fe,C Solid, o 25.12 104.7 82.21 83.72
Ga Solid 0 41.02 26.10
GaAs Solid -81.63 64.26 45.21 6.07
GaN Solid -109.7 29.72 38.09 9.00
Ga,0, Solid -1083.3 84.68 112.9 15.45 -21.01
GaP Solid -122.2 52.33 41.86 6.82 0
GaSb Solid -41.86 77.36 45.63 12.56 0
Ge Solid 0 31.10 21.60 5.86 0
GeO, Solid -580.2 39.77 66.64 11.60 -17.75
H, Gas 0 130.6 27.28 3.26 0.50
HBr Gas -36.38 198.6 26.15 5.86 1.09
HCI Gas 92.31 186.8 26.53 4.60 1.09
HI Gas 26.36 206.5 26.32 5.94 0.92
H,O Liquid -285.8 69.95 75.44
H,O Gas -241.8 188.7 30.00 10.71 0.34
H,S Gas -20.50 205.6 32.68 12.39 -1.93
Hf Solid 0 43.58 23.47 7.62
HfO, Solid -1113.5 59.44 72.79 8.71 -14.57
Hg Liquid 0 75.93 30.39 -11.47
HgCl, Solid -228.4 140.1 63.96 43.53
HgO S,red 90.84 70.32 37.67 25.12
HgS S,red 53.37 82.46 43.79 15.57
I, Gas 62.43 260.6 37.40 0.57 -0.63
In Solid 0 57.85 24.32 10.47
In,0, Solid <926.4 108.0 123.9 7.95 -23.06
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Substance Phase AH?’Z% Sass CoZar b7+ cT” 0 mol'K)
(kI moly | (J mol'KH) A bx10° | ¢x10°

K Solid 0 64.72 25.28 13.06

KCl Solid -436.9 82.59 41.40 21.77 3.22

K,0 Solid -363.4 94.19 95.69 -4.94 11.05

K,CO, Solid -1150.2 155.5 80.29 109.0

La Solid 0 56.93 25.83 6.70

La,0, Solid -1794.1 128.1 120.8 12.89 -13.73

Li Solid 0 29.09 13,94 34.37

LiF Solid -617.2 3558 38.26 21.73

Li,0 Solid -596.9 37.93 62.54 2545 -14.15

Mg Solid 0 4251 22.30 10.25 -0.43

Mg Liquid 9.29 148.6 22.05 10.90

Mg Gas 147.6 26.95 20.79

MgF, Solid -1123.9 57.26 70.87 10.55 -9.21

MgCl, Solid -641.7 89.66 79.12 5.94 -8.62

MgO Solid -601.5 26.95 49.00 3.14 -11.72

MgS Solid -351.6 50.36 43.12 8.25

MgCO, Solid -1111.7 65.86 77.91 57.74 -17.41

Mn Solid, o 0 32.02 23.86 14.15 -1.57

MnCl, Solid -482.2 118.3 75.52 13.23 -5.73

MnO Solid -385.1 59.86 46.51 8.12 -3.68

Mn,0, Solid, o -1387.2 154.0 145.0 4529 -9.21

Mn,0, Solid -957.3 110.5 103.5 35.08 -13.56

MnO, Solid -520.3 53.16 69.49 10.21 -16.24

MnS S, green 2135 80.37 471.72 7.53

MnSO, Solid -1065.8 112.2 122.5 37.34 -29.47

Mo Solid 0 28.67 25.57 2.85 -2.18

MoO, Solid -1164.1 77.82 84.01 24.70 -15.40

Mo,N Solid -69.49 87.91 46.84 57.77

N, Gas 0 191.5 27.87 427

NH, Gas -45.94 192.7 37.32 18.66 -6.49

N,O Gas 82.09 220.0 45.71 8.62 -8.54

NO Gas 90.33 210.8 29.43 3.85 -0.59

Na Solid 0 51.28 82.51 -369.5

NaCl Solid -412.8 72.17 45.96 16.33

Na,O Solid, o -415.3 75.10 55.51 70.24 -4.14

NaOH Solid -426.1 64.46 71.79 -110.9

Na,SO, Solid, o 1396.0 149.6 98.37 1329

Na,CO, Solid -1130.9 138.8 58.49 227.6 -13.10

Na,AlF, Solid, « -82.88 238.6 1924 123.3 -11.64

Nb Solid g 36.54 23.72 4.02

NbO Solid -419.9 46.05 42.03 9.84 -3.27
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AHZ 508 S%s Cp=a+bT+cT?({J mol'K")
Substance Phase ’
(kJ mol") | (Jmol'K™) a bx10* | ¢x10°%
NbO, Solid, o -795.3 55.67 61.45 25.79 -10.13
Ni Solid, . 0 29.87 12.54 35.82 247
Ni Solid, B 0.63 30.95 25.10 7.53
Ni Liquid 8.32 27.38 38.91
NiCl, Solid -305.6 97.74 73.26 13.23 -4.98
NiO Solid, o -240.6 38.08 -20.88 157.2 16.28
NiO Solid, B -240.6 38.08 58.10
NiO Solid, y -240.6 38.08 46.80 8.46
NiS Solid, o -94.14 52.93 43.76 22.20 -2.90
NiSO, Solid -873.6 103.9 126.0 41.53
0, Gas 0 205.0 29.96 4.18 -1.67
P S, white 0 41.11 19.13 15.82
PO, Solid -1492.7 114.5 74.93 162.4 -15.61
Pb Solid 0 64.80 23.56 9.75
Pb Liquid 4.29 71.72 3243 -3.10
Pb Gas 195.6 175.3 6.67 8.96
PbCl, Solid -359.6 136.1 67.39 16.74
PbCl, Liquid -174.1 3173 118.1
PbO S, red -219.3 65.27 38.20 25.52
PbO S, yellow -217.9 67.36 45.09 12.23
PbO Liquid -1954 85.97 65.00
PbS Gas 131.9 2515 44.62 16.41
S S, ortho 0 32.05 14.81 24.06 0.73
S S, mono 0.34 32.97 68.35 -118.6
S, Gas 128.5 228.1 36.49 0.67 -1.77
SO, Gas -296.8 248.1 43.43 10.63 -5.94
SO, Gas -395.7 256.7 57.32 26.86 -13.05
Sb Solid 0 45.54 23.06 7.28
SbCl, Gas -313.7 3374 43.12 239.0
Sb,0;4 Solid -708.9 141.1 79.95 71.58
Sb,S, Solid -205.1 1821 1019] 6057
Se Solid 0 42.28 17.90 25.12
Se0, Solid <2252 66.72 69.61 3.90 -11.05
Si Solid 0 18.84 23.94 247 -4.14
Si Liquid 455.9 167.9 25.62
SiC Solid -66.98 16.53 50.78 1.97 -49.23
SiCl, Gas -167.4 2820 57.60 0.38 -5.65
SiCl, Gas -663.1 3310 101.5 6.87 -11.51
Sil, Solid -199.3 265.6 82.00 87.49
SiOo, Solid -190.7 4146 46.95 34.31 -11.30
Si;N, Solid -745.1 113.0 4391 1.00 -6.03
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Substance | Phase AHE 98 Sass CoZa+bT+ ol mol'K')
(kI mol™) | (J mol'K™) a bx 10 [ ¢x10°
Sm Solid 0 69.57 52.62
Sm,0, S, cubic 128.3 21.26 -16.58
Sn S, white 0 51.21 21.59 18.16
Sn Liquid 6.63 63.97 34.69 9.21
SnO, Solid -580.7 52.30 73.89 10.04 -21.59
Sn§, Solid -153.6 87.49 64.92 17.58
Ta Solid 0 41.53 27.84 -2.18 -1.88
Ta,0; Solid -2047.0 143.2 154.9 27.46 -24.78
Te Solid 0 49.52 19.17 21.98
TeOQ, Solid -323.6 74.09 65.22 14.57 -5.02
Ti Solid, o0 0 30.63 22.09 10.04
Ti Solid, B 6,59 38.38 19.83 7.95
TiO Solid, o -542.9 34.74 4425 15.07 -7.79
TiO Solid, B -542.9 34.74 49.60 12.56
Ti, 0, Solid, o -1521.6 77.27 30.60 224.0
Ti,0 Solid, B -1521.6 77.27 145.2 5.44 -42.70
Ti,0;4 Solid, o -2460.5 129.5 148.5 123.5
Ti;O; Solid, p -2460.5 129.5 174.1 33.49
TiO, S, rutile -944.8 50.33 75.19 1.17 -18.20
Tl Solid, o 0 64.21 15.66 25.28 2.80
TLO, Solid -390.6 137.3 131.9 3.56 -22.27
U Solid, a 0 50.20 10.92 37.45 4,90
uo, Solid -1085.0 77.03 80.33 6.78 -16.57
v Solid 0 28.95 20.50 10.80 0.84
VN Solid -217.3 37.30 45.79 8.79 -9.25
vO Solid -432.0 39.01 47.39 13.48 <5.27
VO, Solid, o -713.7 51.78 62.62
VO, Solid, p -713.7 51.78 74.72 7.12 -16.53
V,0, Solid -1219.4 98.12 122.9 19.93 -22.69
V,04 Solid -1551.3 130.6 194.8 -16.33 -55.34
W Solid 0 32.64 23.81 3.26
wC Solid -38.09 41.86 4341 8.62 9.33
WO, Solid -843.3 75.93 73.17 28.42
Y Solid, o 0 44.50 23.94 7.56 0.33
YN Solid -299.3 37.67 45.63 6.49 -7.33
Zn Solid 0 41.63 22.38 10.04
ZnCl, Solid, o -415.3 1115 60.70 23.02
ZnO Solid -350.6 43.64 49.00 5.11 -9.12
ZnS Solid -205.2 57.66 50.88 5.19 -5.69
ZnSO, Solid -981.8 110.6 91.67 76.19
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AH® S9 Cp=a+bT+cT?(J mol'K")
Substance Phase f.29% 298 d
(kJ mol") [ (J mol'K™") A bx10® | ¢x10°
Zr Solid, o 0 39.00 21.97 11.63
ZN Solid -368.4 38.89 46.46 7.03 -7.20
20, Solid, o -1100.8 50.71 69.62 7.53 -14.06

Source: Data are largely from Metallurgical Thermochemistry, O. Kubaschewski and
C.B. Alcock, 5™ ed. Pergamon Press, 1979.
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APPENDIX 11

Standard free energies of formation

AG® = AH® ~TAS®

. AH?® AS° Temperature

Reaction (kimol)  (mol K) Range (K) Ref

Ag(s) + ViBr,(g) = AgBr()) -97.3 -27.7 715~838 11

Ag(s) + Cly(g) = AgCI() -106.0 -254 803~1193 11

Ag(s) + ¥BF,(g) = AgF(s) -200.8 54.8 298~708(M) 4,7

Ag(s) + l(g) = Agl() -74.1 -24.1 873~973 11

2Ag(s) + 120,(g) = Ag,0(s) -28.1 -60.6 298~1000 1

2Ag(s) + ¥4S,(g) = Ag,S(s) -161.3 168.6 298~1103(M) 4

Al(Dy + Cl(g) = AICI(g) -71.4 582 933(m)~2273 4

Al(D) + 1'4CL(g) = AICL(2) -602.1 -67.9 933(m)~2273 4

Al(D) + 1'4F4(g) = AlFy(s) -1,507.7 -2579 933(m)~1549(s) 4

Al + 1%4F(g) = AlF,(g) -1,227.8 -78.1 933(m)~2000 2

Al(l) + YaN,(g) = AIN(s) -327.1  -1155 933(m)~2273 4

Al(/) + 3Na(/) + 3F,(g) = -3,3782 -6234 1285(M)~2273 4
Na;AlF ()

2A1(0) + 40,(g) = ALLO(g) -170.7 494 933~2273 15

2AI() + 1120,(g) = AL Os(s) -1,675.1 3132 298~933(m) 2

2A1(0) + 1140,(g) = ALOy(s) -1,6829  -323.2 933~2315(M) 2

2A1(D + 140,(g) = ALO,(D -1,574.1 -275.0 2315~2767(b) 2

2Al(g) + 1140,(g) = ALO() -2,1064  -468.6 2767~3500 2

ALOL(s) + Si0y(s) = -8.8 -3.9 298~1973 4
A1203 ¢ Sio:(s )

3ALO(s) + 2Si0,(s) = 8.6 174 293~2023(M) 15
3A1,0;:28i0,(s)

ALOy(s) + TiO(s) = -25.3 -3.9 298~2133(M) 8
AlefTiO:(S)

CaO(s) + ALO,(s) = -18.0 19.0 773~1878(M) 18
CaO‘A1203(s)

3Ca0(s) + ALOy(s) = -12.6 24.7 773~1808(M) 18
3Ca0: Al,04(s)

CaO(s) + 2ALO(s) = -17.0 25.5 773~2023(M) 18

Cao * 2A1103(S)
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. AH® AS° Temperature
Reaction (kJ/mot)  (J/mol K) Range (K) Ref
LI + Al(D) + 3F(g) = -3,240.0 -400 1058(M)~1615(M) 15
Li,AlF ()
MgO(s) + ALOy(s) = -35.6 2.1 298~1673 15,
MgO-ALO,(s) 18
MnO(s) + AL Oy(s) = -48.1 -7.3 773~1473 18
MnQO-ALO,(s)
Na,O(s) + AL,Oy(s) = -185.0 29 773~1404 18
Na,0-ALO,(s)
CaO(s) + AL O5(s) + SiOy(s) -105.9 -14.2 298~1673 4
= Ca0-Al,0,-5i0,(s)
CaO(s) + AL O;(s) +28i0,(s) -139.0 -17.2 298~1826 8
= Ca0-AL0;-28i0(s)
2Ca0(s) + ALO,(s) +8i0,(s) -170.0 -8.8 298~1773 8
= ZCao’A1203'Si02(S)
3Ca0(s)+ALO,(s) +38i0,(s) -389.0  -100.0 298~1673 8
= 3Ca0-AL0,-35i0,(s)
Ga(l) + YaAs,(g) = GaAs(s) -115.0 -72.0 303~1238 12
In(/) + Y4As,(g) = InAs(s) -99.3 -64.8 430~1215 12
4B(s) + C(s) = B,C(s) -41.5 -5.6 298~2303 15
B(s) + ¥:N,(g) = BN(s) -250.6 -87.6 298~2453(m) 4
B(s) + 1%0,(g) = BO(g) -3.8 88.8 298~2303 15
2B(s) + 1%40,(g) = B,04(g) -1,229.0 =210 723~2316(B) 15
Ba(/) + C(s) + 1140,(g) = -1,203.3  -249.2 1073~1333 4
BaCO,(s)
Ba(/) + Cl,(g) = BaCl,()) -811.3  -1215 1235(M)~1235(M) 15
Ba(l) + Fy(g) = BaF,()) -1,154.0 -129 1641~1895 15
Ba(s) + Hy(g) + O,(g) = -941.3 -291.1 298~681(M) 7,8
Ba(OH),(s)
Ba(/) + Hy(g) + Oy(g) = -9184  -2484 1002(m)~1263 7,8
Ba(OH),())
Ba(s) + 20,(g) = BaO(s) -568.2 -97.0 298~1002(m) 3
Ba(/) + 40,(g) = BaO(s) -5512 -102.7 1002~1895(b) 4
Ba(/) + '4S,(g) = BaS(s) -5439  -1234 1002(m)~1895(b)
3Be(]) + Ny(g) = Be;Ny(s) -616.0  -203.0 1560~2473(M) 15
Be(s) + 120,(g) = BeO(s) -608.0 -97.7 298~1560 15
Be(/) + 40,(g) = BeO(s) -613.6  -100.9 1560~2273 15
Be(s) + ¥4S,(g) = BeS(s) -300.0 -86.6 298~1560 8
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. AH® AS° Temperature
Reaction (Vmol)  (Vmol K) Range (K) Ref
2Bi(]) + 1'40,(g) = Bi,0,(s) -590.2  -292.6 545~1097(M) 1
2Bi(]) + 140,(g) = Bi,0,()) -4452  -159.6 1097(M)~1773 4
2Bi(J) + 1Y4S,(g) = Bi,S;(s) -360.0 -274.0 545~1050(Mm) 8
C(s) + 2Cly(g) = CCl(g) -89.1 -129.2 298~2273 15
C(s) + 2F(g) =CF(g) -933.2  -151.5 298~2273 15
C(s) + 2H,(g) = CH(®) -874  -108.7 298~2500 2
C(s) + ¥aN,(g) = CN(g) 433.5 99.6 298~2273 15
C(s) + 20,(g) = CO(g) -112.9 86.5 298~2500 2
C(s) + Oy(g) = CO,(2) -394.8 0.836 298~2500 2
C(s) + %48,(g) = CS(g) 163.2 87.9 298~2273 4
C(s) + S,(2) = CS(g) -11.4 6.5 298~2273 4
Ca(f) +2C(s) = CaC,(s) -60.3 26.3 1115~1755 15
Ca(s) + C(s) + 1120,(g) = -1,196.3  -242.1 298~1112(m) 3
CaCO,(s)
Ca(D) + C(s) + 120,(g) = -1,196.2  -245.0 1112~1473 4
CaCO4(s)
Ca(s) + Cly(g) = CaCly(s) -794.5  -142.3 298~1045(M) 3
Ca(/) + Cly(g) = CaCl,()) -798.6  -146.0 1112(m)~1764(b) 4
Ca(s) + F,(g) = CaF,(s) -1,221.8  -164.9 298~1112(m) 2
Ca(l) + Fy(g) = CaF,(s) -1,212.6 -156.7 1112(m)~1691(™m) 2
Ca(s) + Hy(@) + Ox(2) = -983.1 -2852 298~1000 7,8
Ca(OH),(s)
Ca(s) + 450,(g) = CaO(s) -633.1 -99.0 298~1112(m) 3
Ca(l) + 40,(g) = CaO(s) -640.2  -108.6 1112~1764(b) 4
Ca(g) + £0,(g) = CaO(s) -7954  -195.1 1764~2500 3
3Ca(s) + P,(g) = Ca,P,(s) -650.0 -216.0 298~1115 8
Ca(s,a) + 48S,(g) = CaS(s) -541.6 -95.4 298~721 3
Ca(s,8) + 4S,(g) = CaS(s) -542.6 -96.1 721~1112(m) 3
Ca()) + ¥4S,(g) = CaS(s) -548.1 -103.8 1112~1764(b) 4
Ca0(s) + SO,(g) + 04(g) = -454.0 -232.0 1468~1638(M) 16
CaSO,(s, @)
CaO(s) + SO,(g) + 120,(g) = -460.0  -238.0 1223~1468 16
CaSO,(s,8)
CaO(s) + ALO,(s) = -18.0 19.0 773~1878(M) 18
CaO‘Alzog(s)
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AHO

ASa

Temperature

Reacti

eaction (J/mol)  (J/mol K) Range (K) Ref

Ca0(s) + 2A1,0,(s) = -170 25.5 773~2023(M) 18
Ca0-2AL,04(s)

3Ca0(s) + ALOs(s) = 126 247 773~1808(M) 18
3Ca0-ALOL(s)

CaO(s) + Fe,O5(s) = -30.0 4.8 973~1489(M) 18
CaO-Fe,04(5)

2Ca0(s) + Fe,04(s) = -53.1 25 973~1723(M) 18
2Ca0-Fe,04(s)

2Ca0(s) + Py(g) + 2%0,(8)=  -2,190.0  -586.0 298~1626(M) 8
2Ca0-P,04(s)

2Ca0(s) + SiOys) = 1200 113 298~2403(M) 8
2Ca0-SiO,(s)

3Ca0(s) + 28i0,(s) = 2370 96 298~1773 8
3Ca0-28i0,(s)

CaO(s) + TiO,(s) = -80.0 34 2981673 18
CaO-TiOy(s)

3Ca0(s) + 2TiO(s) = 2700 115 298~1673 18
3Ca0-2TiO,(s)

4Ca0(s) + 3TiO(s) = -293.0 17.6 298~1673 18
4Ca0-3TiO,(s)

3Ca0(s) + Py(g) + 2%40,g)=  -2,314.0  -556.0 298~2003(M) 8
3Ca0-P,0(s)

3Ca0(s) + SiOy(s) = -118.8 6.7 2981773 4
3Ca0-8i0,(s)

2Ca0(s) + SiOy(s) = 1188 113 298~2403(M) 4
2Ca0-Si0,(s)

Ca0(s) + SiOy(s) = -92.8 2.5 298~1813(M) 4
Ca0-SiO,(s)

3Ca0(s) + 2Si0y(s) = 2368 9.6 298~1773 4
3Ca0-28i0,(s)

Cd(7) + Cly(g) = CdCL(s) 3896 -153.0 594(m)~8421(M) 4

Cd(/) + Cly(g) = CACL() 3526 -1103 B41(M)~1040(6) 14

Cd(l) + ¥:0,(g) = CdO(s) 2632 -104.9 594(m)-~1040(b) 4

Cd(g) + %0,(g) = CdO(s) 3567 -198.5 1040~1500 5

Ce(s) + Oy(g) = CeOy(s) -1,084.0 -212.0 298~1071 20

2Ce(s) + 1%40,(g) = Ce,05(s)  -1,788.0  -286.6 298~1071(m) 4

Ce(l) + ¥S,(g) = CeS(s) 5349 910 1071(m)~2723(M) 4

Cofs) + %O0y(g) = CoO(s) 2339 707 298~1400 3

Cofs) + Sy(g) = CoS,(s) 2803 1824 208~872 4

www.lran-mavad.com

Slgo Cuwigen 9 L glild g o



Appendices

287

Reaction ( k?/g;) (J/mﬁIgI:) g:?;:ggm Ref
3Cr(s) + 2C(s) = Cr;Cy(s) -79.1 17.7 298~2130(m) 4
7Cr(s) + 3C(s) = Cr,C,(s) -153.6 372 298~2130(m) 4
23Cr(s) + 6C(s) = Cr,,Ce(s) 309.6 774 208~1773 4
Cr(s) + %0,(g) = CrO()) -334.2 63.8 1938~2023(M) 4
2Cr(s) + 1%40,(g) = Cr,04(s) -1,110.1  -249.3 1173~1923 4
3Cr(s) + 204,(g) = Cr,0,(s) -1,3550  -265.0 1923~1938(M) 21
Cu(s) + 1%0,(g) = CuO(s) -152.5  -853 298~1356(m) 2
2Cu(s) + %0,(g) = Cu,0(s) -1684 712 298~1356(m) 4
2Cu(f) + %40,(g) = Cu,0(s) -181.7  -80.6 1356~1509(M) 2
2Cu(l) + ¥0,(g) = Cu,0()) -1187  -395 1509~2273 2
Cu(s) + ¥4S,(g) = CuS(s) -1156  -76.1 298~708 4
2Cu(s) +%4S,(g) = Cu,S(s, ) -140.7  -433 298~708 4
2Cu(s) +%4S,(g) = Cu,S(s, w) -131.8  -30.8 708~1356(m) 4
Cu(s) + Fe(s) + S,(g) = 2786  -1153 830~973 4

CuFeS,(s,a)
3Fe(s, @) + C(s) = Fe,C(s) 29.0 28.0 298~1000 4
3Fe (5,) + C(s) = Fe,C(s) 11.2 11.0 1000~1410 4
Fe (s, @) + Cly(g) = FeCly(s) 3394 -119.2 298~950(M) 3
Fe(s) + Cl,(g) = FeCL()) 2864  -63.7 950(M)~1297(B) 3
Fe(s) + Cly(g) = FeCly(g) -169.6 26.5 1297(B)~1809(m) 3
Fe(s) + 1%4Cly(g) = FeCly(s) 3965 -2104 298~577(M) 2
Fe(s) + 1%4ClL(g) = FeCly(g) 2613  -280 605(B)~1809(m) 2
0.947Fe(s) + %0,(g) = 2637  -64.4 298~1643(M) 15
Feq0:/0(s)

Fe(s) + 1%04(g) = “Fe0”(s) 2640  -64.6 298~1650 2
Fe(/) + 1404(g) = FeO()) 256.0  -53.7 1644(M)~2273 4
2Fe(s) + 1440,(g) = Fe,04(s) 8150 -251.1 298~1735 2
3Fe(s) + 20,(g) = Fe,0,(s) -L,103.1  -3074 298~1870(M) 2
Fe (5,7) + ¥4S,(g) = FeS(s) -1549  -56.9 1179~1261 4
Fe(s) + %S,(g) = FeS()) -164.0  -61.1 1261~1468(M) 4
Fe(s) + S,(g) = FeS,(s) 3369 2445 903~1033 4
Cu(s) + Fe(s) + S,(g) = 2786  -115.3 830~973 4

CuFeS,(s, a)
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Reaction ( kﬁgo (1)) (J/m?ﬁ:) E:Lngp;el('aKn)xre Ref
Ga(l) + Y4As,(g) = GaAs(s) -115.0 -72.0 303~1238 12
Ga()) + 4Cly(g) = GaCl(g) -79.6 524 303~2000 12
Ga(/) + 1'4Cl(g) = GaCly(g) -442.0 84.7 351(M)~575(B) 3,8
2Ga()) + 1'20,(g) = Ga,0,4(s) -1,089.9  -323.6 303(m)~2068(M) 4
Ga(l) + Y4P,(g) = GaP(s) -142.3 -77.0 303~1790(M) 7,8
Ga()) + %2S,(g) = GaS(s) -276.0  -111.0 303~1233(m) 8
2Ga(l) + 1%48,(g) = Ga,S,(s) -719.6 -3184 303(m)~1363(M) 4
Ge(s) + O,(g) = GeO,(s) -575.0  -188.0 298~1210 8
¥2H,(g) + “4Br,(g) = HBr(g) -53.6 6.9 298~2273 4
2H,(g) + Y4Cly(g) = HCl(g) -94.1 6.4 298~2273 4
VaH (@) + V2F,(g) = HF(g) -274.5 3.5 298~2273 4
YaH(g) + %l(g) = HI(g) 4.2 8.8 298~2273 4
H,(g) + 120,(g) = H,0(g) -247.4 -55.8 298~2500 2
YaH,(g) + %S,(g) = HS(g) 79.7 15.5 718~2273 2
H,(g) + ¥4S,(g) = H,S(g) -91.6 -50.6 298~2273 4
Hf(s) + O,(g) = HO,(s,a) -1,060.0 -174.0 298~1973 7
Hg(D+ 404(g) = HgO(s, red) -90.8 -70.3 298~773 15
Hg(D+ ¥2S,(g) = HegS(s, red) -53.0 -82.0 298~618 3
HgS(s,black) = HgS(s,red) -4.0 -6.3 618~618 3
In()) + Y4As,(g) = InAs(s) -99.3 -64.8 430~1215 12
In(/) + ¥2Cly(g) = InCI()) -169.1 -37.1 498(M)~881(B) 7.8
In(/) + 2Cly(g) = InCl(g) -87.2 56.3 430(m)~2000 12
In()) + 114ClL(g) = InCl,(s) -5334 2424 430(m)~856(M) 7.8
In(/) + 1'4Cl(g) = InCl,(g) -375.0 -36.7 500~800 3,8
In(/) + %P (g) = InP(s) <924 -74.1 430~1328(M) 7,8
Ir(s) + O,(g) = IrO0,(s) 2340  -170.0 298~1273 7
Ir(s) + Sy(g) = IrS,(s) -268.0 -190.0 298~1273 8
2K()) + C(s) + 1%40,(g) = -1,1493 2885 336(m)~1037(b) 2

K,CO;(s)
2K(g) + C(s) + 1140,(g) = -1,277.1 4104 1037~1174(M) 2
K,CO4(s)
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AHO

ASo

Temperature

Reaction (lmol)  (/mol K) Range (K) Ref
2K(g) + C(s) + 1440,(g) = -1,2048  -353.7 1174~2500 2
K,CO:()
K({) + %Cl(g) = KCl(s) -438.9  -100.4 336(m)~1037(b) 3
K(g) + %Cl(g) = KCI() -4740  -131.8 1044(M)~1710(B) 4
K(g) + Cly(g) = KCI(g) 23063 -355 1710(8)~2273 4
K()) + iH,(g) + 40x(g) = -4023  -118.0 673(M)~1037(b) 2
KOH()
K(g) + %H,(g) + %04(g) = -469.6  -182.9 1037~1600(B) 2
KOH()
2K () + 1%0,(g) = K,0(s) 23632 -1404 336(m)~1037(b) 2
2K(g) + 140,(g) = K,0(s) -478.7  -253.0 1037~2000 2
2K(D) + ¥4Sx(g) = K,S(s) 4812  -143.5 336~1037(b) 4
2K(g) + %4S,(g) = K,S(s) -633.1  -289.8 1037~1221(M) 4
2K(g) + ¥48x(2) = K,S() 6169 -276.6 1221~2000 4,8
2La(s) + 1%0,(g) = La,04(s) -1,790.0  -278.0 298~1193 8
La(s) + %4S,(g) = LaS(s) -527.0  -104.0 1193~1773 8
2La(s) + 1%485,(g) = La,S,(s) -1,4200  -286.0 1193~1773
Li(}) + 14F,(g) = LiF(J) -5834  -66.8 1121(M)~1620(b) 4
Li(g) + %F,(g) = LiF(g) -500.0  -43.0 1990(B)~2273 15
2Li(7) + %40y(g) = Li,O(s) -603.8 -136.6 454(m)~1620(b) 2
2Li(g) + %0,(g) = Li,0(s) -8547  -290.8 1620~1843(M) 2
2LiJ) + 14Sx(g) = Li,S(s) 5146 -121.3 454(m)~1273 4,8
Mg() + Cly(g) = MgCL() -596.8  -114.2 987(M)~1378(b) 2
Mg(g) + Cli(g) = MgCL() -649.0  -157.7 987(M)~1710(B) 15
Mg(s) + Cly(g) = MgCly(s) -637.0 -1554 298~923 15
Mg()) + Fy(g) = MgF,(s) -1,1268 -177.8 922(m)~1276 3
Mg(g) + Fy(g) = MgF,()) -1,172.0 2156 1536(M)~2536(8) 15
Mg(s) + F{g) = MgF,(s) -1,1200  -171.2 298~922(m) 15
Mg(s) + C(5) + 11404(g) -1,109.5 2744 298~922(m) 2
=MgCO,(s)
Mg(s) + Hy(g) + Ox(g) = 9229  -300.8 298~922(m) 2
Mg(OH),(s)
Mg(s) + 140,(g) = MgO(s) 6012 -107.6 298~922(m) 2
Mg()) + %0,(g) = MgO(s) -609.6 -116.5 922~1378(b) 2
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AH®

ASo

Temperature

Reaction imol)  (W/mol K) Range (K) Ref
Mg(g) + 10,(g) = MgO(s) -732.7  -206.0 1378~2000 2
Mg(s) + 14S,(g) = MgS(s) -409.6 -94.4 298~922(m) 4,8
Mg()) + 4S,(g) = MgS(s) -408.9 -98.0 922~1378(b) 2,4
Mg(g) + 4S,(g) = MgS(s) -539.7  -193.0 1378~1973 4,8
MgO(s) + ALO,(s) = -35.6 2.1 298~1673 15
MgO-ALO,(s)
MgO(s) + SiO,(s) = -41.1 -6.1 298~1850(M) 4
MgO-5i0,(s)
2MgO(s) + SiO,(s) = -67.2 -4.3 298~2171(M) 4
2MgO-SiO,(s)
2MgO(s) + TiOy(s) = -26.4 -1.3 298~1773 15
2MgO-TiO,(s)
3Mn(s) + C(s) = Mn,C(s) -13.9 -1.1 298~1310 4,7
Mn(s) + 3C(s) = Mn,C,(s) -127.6 -21.1 298~1473 4,8
Mn(s) + Cl,(g) = MnCl,(s) -4782  -127.7 298~923(M) 4
Mn(s) + Cly(g) = MnCl (/) -440.6 -86.9 923(M)~1200 4
Mn(s) + 120,(g) = MnO(s) -388.9 -16.3 298~1517(m) 4
3Mn(s) + 20,(g) = Mn,0,(s) -1,3849 3444 298~1517(m) 4
2Mn(s) + 1120,(g) = -953.9 -255.2 298~1517(m) 4
Mn,04(s)
Mn(s) + O,(g) = MnO,(s) -519.0  -181.0 298~783 18
Mn(s) + '4S,(g) = MnS(s) -296.0 -76.7 973~1473 4
Mn(s) + Si(s) = MnSi(s) -61.5 -6.3 298~1519 8
MnO(s) + ALLO,(s) = -48.1 -1.3 773~1473 18
MnO-ALO;(s)
MnO(s) + SiO,(s) = -28.0 -2.8 298~1564(M) 4
MnO-8i0,(s)
2MnO(s) + SiO,(s) = -53.6 -24.7 298~1618(M) 4
2MnO-SiO,(s)
Mo(s) + C(s) = MoC(s) -1.5 5.4 298~973 4,7
2Mo(s) + C(s) = Mo,C(s) -45.6 4.2 298~1373 4,7
Mo(s) + 2Cl,(g) = MoCl,(s) -4724 2364 298~590(M) 2
2Mo(s) + AN, (g) = Mo,N(s) -60.7 -14.6 298~773 8
Mo(s) + O,(g) = MoO,(s) -5782  -166.5 298~2273 4
Mo(s) + O,(g) = MoOy(g) -18.4 339 298~2273 4
Mo(s) + 1'20,(g) = MoO,(s) -740.2 -246.7 298~1074(m) 4

www.lran-mavad.com

Slgo ks 9 lglild 22 0



Appendices

29

. AH® AS° Temperature
Reaction (imol)  (J/mol K) Range (K) Ref
Mo(s) + 1%40,(g) = MoO,()) -664.5 -176.6 1074~2000 2
Mof(s) + 1%40,(g) = MoO4(g) -359.8  -59.4 298~2273 4
2Mo(s) + 1%4S,(g) = -594.1 2653 298~1473 4,8
Mo,S,(s)
Mo(s) + S,(g) = MoS,(s) -397.5  -182.0 298~1458(M) 48
Na(/) + %Cly(g) = NaCl(s) 4116  -93.1 371(m)~1074(M) 4
Na(g) + %Cly(g) = NaClI(J) -464.4  -133.9 1074(M)~1738(8) 4
Na()) + %F,(g) = NaF(s) -576.6  -105.5 371(m)~1269(M) 4
Na(g) + %F,(g) = NaF()) 6243  -1482 1269(M)~2060(B) 4
3Na(g) + Al() + 3F,(g) = 3,3782  -623.4 " 1285(M)~2273 4
Na,AlF ()
2Na()) + C(s) + 1%40,(g) = -1,127.5  -273.6 371(m)~1156(b) 2
Na,COy(s)
2Na(g) + C(s) + 1%40,(g) = -1,229.6  -362.5 1123(M)~2500 2
Na,CO4())
Na(l) + 4H,(g) + %0,(g) = -408.1  -125.7 592(M)~1156(b) 2
NaOH()
Na(g) + YH,(g) + %0,(g) = -486.6  -192.5 1156(b)~1663(B) 2
NaOH())
2Na(l) + %0,(g) = Na,0(s) -421.6 -141.3 371(m)~1156(b) 4
2Na(g) + %0,(g) = Na,0(s) 5717 -269.8 1156~1405(M) 2
2Na(g) + %0,(g) = Na,0()) -519.8 2343 1405~2223 2
2Na()) + %S,(g) = Na,S(s) -3940  -83.7 371(m)~1156(b) 2
2Na(g) + %S,(g) = Na,S(s) 5212 -200.1 1156~1223(M) 2
2Na(g) + %8S,(g) = Na,S()) 6109 2747 1223~2000 2
5iN,(g) + 1%H,(g) = NH,(g) 537 -116.5 298~2273 2,4
14N,(g) + 1404(g) = NO(g) 90.4 12.7 298~2273 4
ViN,(g) + Ox(g) = NO,(g) 323 -633 298~2273 15
2Nb(s) + C(s) = Nb,C(s) -1940  -11.7 298~1773 7
Nb(s) + 0.98C(s)= NbC, (s) -137.0 2.4 298~1773 15
Nb(s) + 04(g) = NbO,(s) -784.0 -167 298~2175(M) 15
2Nb(s) + 2%40,(g) =Nb,04(s) -1,888.0 -420 208~1785(M) 15
Nb(s) + %40,(g) = NbO(s) 4150  -87.0 298~2210 15
3Ni(s) + C(s) = Ni,C(s) 39.7 17.1 298~773 4,8
3054  -146.4 208~1260 4

Ni(s) + Cly(g) = NiCly(s)
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Reaction (kJA/]n-lIoT) (J/mﬁigI:) ;er:lgl’ee;?(t;lre Ref
Ni(s) + %48,(g) = NiS() -111.7 436 1067~1728(m) 913
Ni(s) + 120,(g) = NiO(s) 2358  -86.2 298~1728(m) 6
3Ni(s) + S,(g) = Ni;S,(s) 23367 -162.9 298~1064(M) 913
3Ni(s) + S,(g) = Ni,S,(D) 2373 -62.4 1064~1728(m) 9,13
Ni(s) -+ ¥4S,(g) = NiS(s) -1536  -83.6 298~1067(M) 913
NiO(s) + SO(g) + %40,(g) = -3475  -293.2 873~1133 17
NiSO,(s)
YaP(g) = P(s,red) 32.1 -45.6 298~704 15
4P, (s) =Pg) 1285  182.6 298~704 4
%P (g) = Py(g) 108.6 69.5 298~1973 4
YP.(g) + 1%4H,(g) = PH,(g) 15 -108.2 298~1973 4,8
2P,(g) + 50,(g) = P,0,4(8) -3,155.0  -1011 631~1973 15
Y4P,(g) + O,(g) = POL(g) -386.0  -60.3 298~1973 15
4P,(g) + 40,(g) = PO(g) -77.8 11.6 298~1973 15
Pb(/) + Cly(g) = PbCL(J) -324.6  -103.5 774(M)~1226(B) 4
Pb()) + Cl,(g) = PbCl,(g) -188.3 15 1226(B)~2023(b) 4
Pb(}) + 140,(g) = PbO (s,red) 2215 -104.6 600(m)~762(t) 2
Pb(l) + %0,(g) = 218.1  -100.2 762~1170(M) 2
PbO (s,yellow)
Pb(J) + %0,(g) = PbO(s) 219.1  -1012 600~1170(Mm) 4
Pb(J) + %0,(g) = PbO()) -185.1 720 1170~1789(B) 15
3Pb(/) + 20,(g) = Pb,0,(s) 27025 -368.9 600~1473 4
Pb(J) + %S,(g) = PbS(s) -163.2  -88.0 600(m)~1386(M) 4
Pb(/) + %S,(g) = PbS(g) 59.0 54.0 1100~1400 5
PbO(s) + SO,(g) + 140,(g) = 4010 -262.0 298~1363(M) 7
PbSO,(s)
S() = S(s) -1.7 -4.4 388(M)~388(M) 15
14S,(g) = S(J) -586  -68.3 388(M)~718(B) 15
14S,(g) = S(g) 217.0 59.6 298~1973 2
28()) = S,(g) 1200  139.6 388(m)~718(b) 10
25(g) = S,(8) -469.3  -161.3 298~1973
114S,(g) = S3(2) 563  -80.4 298~800 10
28,(2) = S4(8) -117.9  -154.7 298~800 10
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Reaction ( kJA/{r-\Iol) (J/mﬁﬁ() E:;ngp;ez?(n)lre Ref
28,(2) =S«(g) -62.8 -1155 298~1973 4
2%S,(8) = S4(g) -203.0  -240.0 298~800 10
3S,(8) = S¢(g) 276.1  -305.0 298~1973 4
3%8,(g) = S/(2) 3316 -374.1 298~800 10
48,(8) = S«(g) -397.5  -448.1 298~1973 4
14S,(g) + %0,(g) = SO(g) -57.8 5.0 718(b)~2273 4
14S,(g) + 0,(g) = SO,(g) 3617 <727 718(b)~2273 4
14S,(g) + 1%0,(g) = SO4(g) -4579  -163.3 718(b)~2273 4
2Sb(s) + 1%204(g) = Sb,05(s) -687.6 -241.1 298~904(m) 3
2Sb(}) + 1%:0,(g) = Sb,0,()) -660.7  -198.1 929(M)~1860(b) 4
4Se,(g) + O,(g) = SeO,(g) -1780  -66.1 958~1973 8
4Sey(g) + 1%0,(g) = SeO(g) 9.2 -4.2 958~1973 8
Si(s) + C(s) = SiC(s,8) -73.1 7.7 29 8~1685(m) 4
Si(J) + C(s) = SiC(s,0) -122,6  -37.0 1685~2273 4
Si(s) + 2Cly(g) = SiCl,(g) -660.2  -128.8 334(B)~1685(m) 4
3Si(s) + 2N,(g) = Si;N,(s,) -723.8  -315.1 298~1685(m) 4
3Si(l) + 2N,(g) = Si;,N,(s,2) -874.5  -405.0 1685(m)~1973 4
Si(s) + ¥20,(g) = SiO(g) -104.2 82.5 298~1685(m) 4
Si(s) + O,(g) = 907.1  -175.7 298~1685(m) 4
SiO, (s,quartz)
Si(s) + Ox(g) = 9048 -173.8 298~1685(m) 2
8i0,(s,S-cristobalite)
Si(}) + O,(g) = 9463 -197.6 1685~1996(M) 2
8i0,(s,B-cristobalite)
Si(l) + O4(g) = Si0,()) 9217  -185.9 1996~3514(b)
Si(s) + ¥2S,(g) = SiS(g) 51.8 81.6 973~1685(m)
Si(s) + Sy(g) = SiS,(s) 3264  -139.0 298~1363(M)
Sn(J) + Cly(g) = SnCL(}) -333.0  -1184 520~925(B) 3
Sn(/) + Cl,(g) = SnCl,(g) 2259  -13.0 925(8)~1473 4
Sn(/) + 2Cl,(g) = SnCl,(g) 5125 -150.6 500~1200
Sn(/) + %40,(g) = SnO(g) 6.3 50.9 505(m)~1973
Sn(/) + Ox(g) = SnO,(s) -5749  -198.4 505~1903(M)
Sn(/) + %S,(g) = SnS,’g) 26.0 49.4 505~1973 8
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AH®

AS()

Temperature

Reaction (k¥/mol)  (J/mol K) Range (K) Ref
Ta(s) + %40,(g) = TaO(g) 188.0 87.0 298~2273 15
Ta(s) + O,(g) = TaO,(g) -209.0 20.5 298~2273 15
% Tey(g) + 504(g) = TeO()) 7.1 6.0 1282~1973 8
Ti(s) + B(s) = TiB(s) -163.0 5.9 298~1939 15
Ti(s) + 2B(s) = TiB,(s) 2850 205 298~1939 15
Ti(s) + Ox(g) = -941.0 -177.6 298~1943(m) 4

TiO, (s,rutile)

Ti(s) + 2Cly(g) = TiCl(g) -764.0  -121.5 298~1943(m) 4
3Ti(s) + 2440,(g) = Ti,O(s) 2,435.1  -420.5 298~1943(m) 4
2Ti(s) + 1140,(g) = Ti,04(s) -1,502.1  -258.1 298~1943(m) 4
Ti(s) + 140,(g) = TiO (s,8) 5146 741 298~1943(m) 4
U() + C(s) = UC(s) -109.6 -1.8 1405(m)~1800 4,7
U(s) + ¥5N,(s) = UN(s) 2929  -80.8 298~1405(m) 4,7
U(s) + Oy(g) = UOy(s) -1,079.5  -167.4 298~1405(m) 3
U(l) + O(g) = UO,(s) -1,086.6  -172.3 1405~2273 4
V(s) + B(s) = VB(s) -138.0 -5.9 298~2273 8
V(s) + 0.23N,(g) = VN, 5(5) -1300  -444 298~1973 15
V(s) + ¥N,(g) = VN(s) 2146  -824 298~2619 4
V(s) + O,(g) = VO,(s) -706.0  -155.0 298~1633(M) 15
2V(s) + 140,(g) = V,04(s) -1,203.0 -238.0 298~2343 15
V(s) + 140,(g) = VO(s) 4250  -80.0 298~2073 15
W(s) + C(s) = WC(s) 423 5.0 1173~1575 4
2W(s) + C(s) = W,C(s) -30.5 23 1575~1673 19
Zn(l) + ¥4S,(g) = ZnS(s) 2778  -107.9 693(m)~1180(b) 4,8
Zn(g) + ¥4S,(g) = ZnS(s) 3754 -191.6 1120~2000 3
Zn(g) + 4S,(g) = ZnS(g) 50  -30.5 1180~1973 4,8
Zr(s) + 2B(s) = ZrB,(s) 3280 234 298~2125 15
Zr(s) + C(s) = ZrC(s) -196.6 9.2 298~2125(m) 4,7
Zr(s) + YaN,(g) = ZrN(s) -363.0 92,0 298~2125(m) 4,7
Zr(s) + ¥4S,(g) = ZrS(g) 237.2 78.2 298~2125(m) 4,8
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Zr(s) + S,(g) = ZrS,(s) -698.7 -178.2 298~1823(M) 4,8

Note:  (m)=melting point of metal, (M) = melting point of compound

(b) = boiling point of metal,  (B) = boiling point of compound
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Properties of Selected Elements

APPENDIX III

Atomic Element Element Atomic Density*  Melting Boiling
number Symbol Name weight (kgm?) point,t K point, K
1 H Hydrogen 1.0079 (0.090) 14.025 20.268
2 He Helium 4.00260  (0.179) 0.95 4215
3 Li Lithium 6.941 530 4537 1615
4 Be Beryllium 9.01218 1850 1560 2745
5 B Boron 10.81 2340 2300 4275
6 C Carbon 12.011 2620 4100 4470
7 N Nitrogen 14.0067 (1.250) 63.14 7735
8 o) Oxygen 15.9994 (1.429) 50.35 90.18
9 F Fluorine 18.9984 (1.696) 5348 84.95
10 Ne Neon 20.179 (0.901) 24.553 27.096
11 Na Sodium 22.9898 970 371.0 1156
12 Mg  Magnesium  24.305 1740 922 1363
13 Al Aluminium  26.9815 2700 93325 2793
14 Si Silicon 28.0855 2330 1685 3540
15 Phosphorus  30.9738 1820 3173 550
16 Sulphur 32.06 2070 388.36 717.75
17 Cl Chlorine 35.453 3.17) 172.16 239.1
18 Ar Argon 39.948 (1.784) 83.81 87.30
19 K Potassium 39.0983 860 33635 1032
20 Ca Calcium 40.08 1550 1112 1757
21 Sc Scandium 44.9559 3000 1812 3104
22 Ti Titanium 47.90 4500 1943 3562
23 \Y% Vanadium 50.9415 5800 2175 3682
24 Cr Chromium 51.996 7190 2130 2945
25 Mn  Manganese  54.9380 7430 1517 2335
26 Fe Iron 55.847 7860 1809 3135
27 Co Cobalt 58.9332 8900 1768 3201
28 Ni Nickel 58.70 8900 1726 3187
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Atomic  Element  Element Atomic Density* ~ Melting Boiling

number Symbol Name weight kgm?) point, K point, K
29 Cu Copper 63.546 8960 1357.6 2836
30 Zn Zinc 65.38 7140 692.73 1180
31 Ga Gallium 69.72 5910 30290 2478
32 Ge Germanium 72.59 5320 12104 3107
33 As Arsenic 74.9216 5720 876
34 Se Selenium 78.96 4800 494 958
35 Br Bromine 79.904 3120 265.9 33225
36 Kr Krypton 83.80 3.74) 115.78 119.80
37 Rb Rubidium 85.4678 1530 312.64 961
38 Sr Strontium 87.62 2600 1041 1650
39 Y Yttrium 88.9059 4500 1799 3611
40 Zr Zirconium 91.22 6490 2125 4682
41 Nb Niobium 92.9064 8550 2740 5017
42 Mo Molybdenum  95.94 10200 2890 4912
43 Tc Technetium 98 11500 2473 4538
44 Ru Ruthenium 101.07 12200 2523 4423
45 Rh Rhodium 102.9055 12400 2236 3970
46 Pd Palladium 106.4 12000 1825 3237
47 Ag Silver 107.868 10500 1234 2436
48 Cd Cadmium 112.41 8650 594.18 1040
49 In Indium 114.82 7310 429.76 2346
50 Sn Tin 118.69 7300 505.06 2876
51 Sb Antimony 121.75 6680 904 1860
52 Te Tellurium 127.60 6240 722.65 1261
53 I Iodine 126.9045 4920 386.7 4584
54 Xe Xenon 131.30 (5.89) 161.36 165.03
55 Cs Cesium 132.9054 1870 301.55 944
56 Ba Barium 137.33 3500 1002 2171
57 La Lanthanum 138.9055 6700 1193 3730
58 Ce Cerium 140.12 6780 1071 3699
60 Nd Neodymium  144.24 7000 1289 3341
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Atomic  Element Element Atomic Density*  Melting Boiling
number Symbol Name weight (kgm?) pontt K point, K
62 Sm  Samarium 150.4 7540 1345 2064
72 Hf Hafnium 178.49 13100 2500 4876
73 Ta Tantalum 180.9479 16600 3287 5731
74 w Tungsten 183.85 19300 3680 5828
75 Re Rhenium 186.207 21000 3453 5869
76 Os Osmium 190.2 22400 3300 5285
77 Ir Iridium 192.22 22500 2716 4701
78 Pt Platinum 195.09 21400 2045 4100
79 Au Gold 196.9665 19300 1337.58 3130
80 Hg Mercury 200.59 13530 234.28 630
81 Tl Thallium 204.37 11850 577 1746
82 Pb Lead 207.2 11400 600.6 2023
83 Bi Bismuth 208.9804 9800 54452 1837
84 Po Polonium 209 9400 527 1235
86 Rn Radon 222 9.91) 202 610
88 Ra Radium 226.0254 5000 973 1809
89 Ac Actium 227.0278 10070 1323 3473
90 Th Thorium 232.0381 11700 2028 5061
92 U Uranium 238.029 18900 1405 4407
94 Pu Plutonium 244 19800 913 3503

* Density at 300K for solids and liquids, and at 273K for gases indicated by ().
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APPENDIX 1V

Standard half-cell potentials in aqueous solutions

(T =298 K, Standard state = 1 molal)

Potentials (V)
Electrode reaction Oxidation Reduction

Acid solutions

Li=Li* +e 3.045 -3.045
K=K*+e 2.925 -2.925
Cs=Cs*" +e 2.923 -2.923
Ba=Ba** +2¢ 2.90 -2.90
Ca=Ca® +2e 2.87 -2.87
Na=Na* +e 2.714 -2.714
La=La* +3e 2.52 -2.52
Mg =Mg* +2e 2.37 -2.37
2H =H, +2e 2.25 225
Th=Th" +4e 1.90 -1.90
U=U> +3e 1.80 -1.80
Al = AP** +3e 1.66 -1.66
Mn = Mn®* +2e 1.18 -1.18
Zn=2Zn" +2e 0.763 -0.763
Cr=Cr** +3e 0.74 -0.74
U¥ =U" +e 0.61 -0.61
0; =0, +e 0.56 -0.56
S* =8+2e 0.48 -0.48
Ni+6NH, (aq)= Ni(NH; ){* +2e 0.47 -0.47
Fe=Fe®* +2e 0.44 -0.44
Cu+CN™ =CuCN; +e 0.43 -0.43
ot =cr*t +e 0.41 -0.41
Cd=Cd* +2e 0.403 -0.403
Pb+SO} = PbSO, +2e 0.356 -0.356
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Potentials (V)
Electrode reaction Oxidation Reduction
TI=Tl" +e 0.336 -0.336
Co=Co* +2e 0.277 -0.277
Pb+2CI™ = PbCl, +2e 0.268 -0.268
Ni= Ni** +2e 0.250 -0.250
Ag+1 = Agl +e 0.151 -0.151
Sn=8n** +2e 0.136 -0.136
Pb=Pb* +2¢ 0.126 -0.126
Cu+2NH,(aq)=Cu(NH, ), +e 0.12 -0.12
H,=2H"*+2¢ 0.000 0.000
28,0 =8§,0F +2e -0.08 0.08
Ag+Br~ = AgBr+e -0.095 0.095
H,S=S8+2H" +e -0.141 0.141
Sn=Sn* +2e -0.15 0.15
Ag+Cl™ = AgCl +e -0.222 0.222
2Hg +2CI™ = Hg,Cl, +2e -0.2677 0.2677
Cu=Cu® +2¢ -0.337 0.337
Cu=Cu" +e -0.521 0.521
217 =1, +2e -0.5355 0.5355
Fe* = Fe* +e -0.771 0.771
2Hg = Hg}" +2e -0.789 0.789
Ag = Ag* +e -0.7991 0.7991
Hg2* =2Hg* +2e -0.920 0.920
Au+4CI™ = AuCl] +3e -1.0 1.0
2Br™ =Bry(l)+2e -1.065 1.065
H,0=10,+2H" +2¢ -1.229 1.229
Mn** +2H,0 = MnO, +4H"* +2e -1.23 1.23
2Cr** +7H,0=Cr,0¥ +14H* +6e -1.33 1.33
2CI" =Cl, +2e -1.3595 1.3595
Pb¥ +2H,0 = PbO, ++4H"* +2¢ -1.455 1.455
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Potentials (V)
Electrode reaction Oxidation Reduction

Ce* =Ce*™ +e -1.61 1.61
PbSO, +2H,0 = PbO, + SO} +4H* +2e -1.685 1.685
Co** =Co* +e -1.82 1.82
Ag* = Ag™ +e -1.98 1.98
280} = 8,0} +2e -2.01 2.01
0, +H,0=0, +2H" +2e 22.07 2.07
2F" =F, +2e -2.89 2.89
SO} =8(s5)+20, +2¢ -3.8587 3.8587
Basic solutions
Ca+20H™ =Ca(OH ), +2e 3.03 -3.03
Cr+30H™ =Cr(OH ), +3e 1.3 -1.3
Zn+40H ™ =ZnO¥ +2H,0+2e 1.126 -1.126
CN~ +20H™ =CNO™ + H,0+2e 0.97 -0.97
SO¥ +20H = SO} + H,0+2e 0.93 -0.93
Fe+20H™ = Fe(OH ), +2e 0.877 -0.877
H, +20H™ =2H,0+2¢ 0.828 -0.828
Ni+20H™ = Ni(OH ), +2e 0.72 -0.72
Fe(OH ), +OH™ = Fe(OH ), +e 0.56 -56
2Cu+20H™ =Cu,0+H,0+2e 0.358 -0.358
24g+20H_ = Ag,0+ H,0+2e -0.344 0.344
40H™ =0, +2H,0+4e -0.401 0.401
Hg2* =2Hg? +2e -0.920 0.920
0, +20H™ = 0; + H,0+2e -1.24 124
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Activity
activity 67
aqueous solution 260
coefficient 71, 83
coefficient, mean ionic 262
mean, jionic 261
quotient 97
Adiabatic expansion 29, 32
Adiabatic compression 29, 32
Adiabatic flame temperature 55
Alkemade line 213
Alkemade theorem 214
Alkemade triangle 214
Allotrope 163
Allotropy 163
Alpha function 91
Anode 233
Aqueous solution 260
Avogadro’s number 233
Azeotrope 172

Binary
eutectic 178
solution 167
system 166, 186
system, with solid solution 186
system, without solid solution 177
Bivariant 210
Boiling
boiling 161
temperature 137
Boltzmann’s constant 46
Boundary curve 212

Carnot cycle 28
Cathode 233
Cell

chemical 251

INDEX

concentration 251
Daniell 244
electrochemical 243
electrode concentration 251
electrolyte concentration 251, 255
with transference 251, 255
without transference 251
galvanic 233, 243
Chemical cell 251
Chemical potential 63, 67, 69
Clapeyron equation 139
Clausius- Clapeyron equation 140
Clustering 86
Performance coefficient of heat pump 31
Common tangent 147
Component 132
Composition triangle 204
Compound formation 86
Compressibility
compressibility 42
factor 65
Compression
adiabatic 29,32
isothermal 29, 32
Concentration cell 251
Congruent melting 180, 191, 212
Conjugate phases 228
Conjugation line 214
Cooling curve 161
Coring 193
Criterion of equilibrium 101, 271
Critical pressure 159, 162
Critical temperature
critical temperature 153, 159, 162
lower 173
upper 173
Crystallisation path 214-222
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Daniell cell 244
Debye-Huckel limiting law 264
Degradation 17

Degree of freedom 131, 134
Degree of irreversibility 20
Dilute solution 87

Distillation 175

Effective concentration 71
Efficiency of engine 29
Electrochemical cell 243
Electrochemical equilibrium 235
Electrochemical reaction 234
Electrochemistry 233
Electrode

electrode 243

hydrogen 243

reference 246

standard hydrogen 246
Electrolysis 241
Electrolyte

electrolyte 245

solid 253
Electromotive force 238
Ellingham diagram 127
Emf 238
Endothermic 17, 52
Energy

energy 1

chemical 1

electrical 1

mechanical 1

Enthalpy
enthalpy 6
change 13

of formation 49
of reaction 51
Entropy
entropy 17,21
change 21
absolute 45
Equilibrium
equilibrium 16, 27
constant 97, 98

criteria 27, 101
effect of pressure 114
effect of temperature 111
electrochemical 235
phase 131
reaction 97
Eutectic
binary 177
point 178
reaction 179
structure 188
system 177
ternary 214
Eutectoid
point 188
reaction 188
Excess integral molar free energy 85

Excess molar free energy of mixing 85

Excess partial molar enthalpy 85
Excess partial molar entropy 85
Excess partial molar free energy 85
Excess property 85
Exothermic 17, 52
Expansion

adiabatic 29, 32

coefficient 42

isothermal 29, 32
Extensive property 4
Extremum principle 101
Faraday’s law 233

First law of thermodynamics 1
Fractional distillation 175
Free energy
free energy 32, 33
change 33, 34
minimisation method 104, 108
Gibbs 34, 57
Helmbholtz 33
effect of pressure 37
effect of temperature 38
ion 260
Fugacity 64, 69
Fusion curve 158
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Galvanic cell 233, 243
Gibbs free energy
Gibbs free energy 34, 57
change 34
of mixing 62
Gibbs phase rule 134
Gibbs-Duhem equation 76, 89
Gibbs-Helmholtz equations 39

Half-cell 233
Heat 1
Heat capacity
heat capacity 7
constant pressure 7
constant volume 7
Heat engine 28
Heat of formation 49
Heat of fusion 14
Heat of reaction 51
Heat pump 29
Heat reservoir 28, 30
Heating path 219
Henry’s law 88
Hess’s law 15
Hydrogén electrode 243
Hypereutectic 188
Hypoeutectic 188

Ideal gas 61

Ideal gas equation 61
Ideal solution 80, 81, 83
Incongruent melting 181, 191, 213
Integral molar volume 76
Integral property 76
Intensive property 4
Interaction coefficient 125
Interaction parameter 93
Intermediate phase154
Internal energy 1
Invariant 184, 210
Irreversibility 20
Irreversible process 16
Isobar 157

307

Isotherm

isotherm 157

liquidus 212
Isothermal plane 208
Isothermal compression 29, 32
Isothermal expension 29, 32
Isothermal section 223

Join 214
Junction potential 255

Kirchhoff’s jaw 53

Le Chatelier’s principle 116
Leverrule 148

Liquid solution 144
Liquidus 171, 178

Liquidus isotherm 212

Margules equation
Margules equation 94
three suffix 95
Maxwell’s equations 41
Mean activity coefficient 262
Mean activity of ion 262
Mean ionic molality 262
Mean molar free energy of ion 261
Mean thermodynamic property 261
Melting temperature 137
Melting
congruent 180, 191, 212
incongruent 181, 191, 213
Meta-stable phase 155
Miscibility gap 148
Miscibility
miscibility 166, 172
partial 172
total 166
Molality 261
Molar free energy of mixing 79
Molarity 269
Monotectic
point 183
reaction 183
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system 183

Natural process 16
Negative deviation 83
Nernst equation 239
Non-equilibrium state 16, 27
Non-ideal solution 83
Non-state function 4

Order-disorder transition 193
Ordered structure 193
Oxidation 233

Oxygen sensor 253

Partial molar energy 74
Partial molar enthalpy 74
Partial molar entropy 74
Partial molar free energy
partial molar free energy 63, 74
of mixing 78
mean 261
Partial molar volume 74, 75
Partial property 74
Perfect gas 61
Perfect gas equation 61
Peritectic
point 181
reaction 182
system 181
temperature 181
ternary 214
pH 269
Phase
phase 132
boundary 139, 157
diagram 150, 157, 178
equilibrium 131
intermediate 154
meta-stable 155
primary 212
reaction 179
separation 86, 147
terminal 151, 154
transformation 136

transition 138
Phase rule 131, 134
Polymorphic transformation 163
Polymorph 163
Polythermal projection 211
Positive deviation 83
Pressure-Temperature diagram 157
Primary field 178, 212
Primary phase 212

Racult’s law 81

Real gas 64

Reduction 233

Reference electrode 246

Reference state 47

Regular solution 93

Relative integral molar free energy 79
Relative molar free energy 61
Relative partial molar free energy 78
Reversible process 16, 17
Reversible work 3

Second law of thermodynamics 16
Solid electrolyte 253
Solid solubility
solid solubility 186
partial 187
total 186
Solid solution
intermediate 191
interstitial 186
substitutional 186
terminal 191, 226
Solidus 178
Solubility constant 268
Solubility product 268
Solution model 92
Solution
solution 61
aqueous 260
dilute 87
ideal 80, 81, 83
liquid 144
model 92
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non-ideal 83

regular 93

solid 144
Spontaneous process 16
Standard electrode potential 247
Standard free energy of formation 58
Standard half-cell potential 247
Standard hydrogen electrode 246
Standard state

standard state 47

alternative 117

1 molality 262

1wt% 120

Henrian 118

infinitely dilute solution 120

pure state 118

Raoultian 118
State function 4
Sublimation curve 158
Surface tension 1
Surroundings 1, 2
System

system 1,2

binary 166, 186

closed 75

eutectic 177

monotectic 183

multicomponent 77

open 75

peritectic 181

ternary 204

unary 157

Temperature coefficient 239
Temperature-composition diagram 171
Terminal phase 154

Index

Terminal solid solution 191
Ternary eutectic 214
Ternary peritectic 214
Ternary system 204
Theoretical plate 175
Thermodynamic model
ideal solution 195
non-ideal solution 198
regular solution 200
Third law of thermodynamics 43
Tie line 178, 228
Tie triangle 229
Transition temperature 138
Triple point 135, 139
Trivariant 210

Unary system 157
Univariant 185, 210

van der Waals equation 67
van’t Hoff equation 119
Vaporisation curve 158
Vaporus 171

Virial coefficient 65

Work
work 1
additional 34,238
electrical 1
irreversible 19
magnetic 1
maximum 19
mechanical 1
PV 33
reversible 3, 19
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